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CHAPTER 1

Geometry of Numbers

1.1. Introduction

The foundations of the Geometry of Numbers were laid down by Hermann
Minkowski in his monograph “Geometrie der Zahlen”, which was published in 1910,
a year after his death. This subject is concerned with the interplay of compact
convex 0-symmetric sets and lattices in Euclidean spaces. A set K C R™ is compact
if it is closed and bounded, and it is convez if for any pair of points x,y € K the
line segment connecting them is entirely contained in K, i.e. for any 0 < ¢t < 1,
tx + (1 —t)y € K. Further, K is called 0-symmetric if for any x € K, —x € K.

Given such a set K in R", one can ask for an easy criterion to determine if K
contains any nonzero points with integer coordinates. While for an arbitrary set K
such a criterion can be rather difficult, in case of K as above a criterion purely in
terms of its volume is provided by Minkowski’s fundamental theorem.

It is not difficult to see that K must in fact be convex and 0-symmetric for a
criterion like this purely in terms of the volume of K to be possible. Indeed, the
rectangle

R={(z,y) eR*:1/3<2<2/3,—t<y<t}
is convex for every ¢, but not O-symmetric, and its area is 2t/3, which can be
arbitrarily large depending on t while it still contains no integer points at all. On
the other hand, the set Rt U —R™" where

R* ={(z,y) € R:y >0}

and —R" = {(—xz,—y) : (x,y) € RT} is 0-symmetric, but not convex, and again
can have arbitrarily large area while containing no integer points.

Minkowski’s theory applies not only to the integer lattice, but also to more
general lattices. Our goal in this chapter is to introduce Minkowski’s powerful
theory, starting with the basic notions of lattices.
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1.2. Norms, sets, and volumes
Throughout this section we will work in the real vector space R", where n > 1.

DEFINITION 1.2.1. A function F : R™ — R is called a norm if

(1) F(x) > 0 with equality if and only if z = 0,
(2) F(az) = |a|F(x) for each a € R, € R”,
(3) Triangle inequality: F(x +vy) < F(x)+ F(y) for all z,y € R™.

For each positive integer p, we can introduce the L,-norm || ||, on R™ defined by

n 1/p
||, = <Z x#’) ,

i=1
for each = (21,...,2,) € R". We also define the sup-norm, given by
|| = max |z;].
1<i<n

These indeed are norms on R™ (Problem 1.1).

Unless stated otherwise, we will regard R™ as a normed linear space (i.e. a
vector space equipped with a norm) with respect to the Euclidean norm || ||2: from
now on we will refer to it simply as || ||. Recall that for every two points x,y € R,
Euclidean distance between them is given by

d(z,y) = ||z — yl|.

We start with definitions and examples of a few different types of subsets of R"
that we will often encounter.

DEFINITION 1.2.2. A subset X C R" is called compact if it is closed and bounded.

Recall that a set is closed if it contains all of its limit points, and it is bounded if
there exists M € R~ such that for every two points @,y in this set d(x,y) < M.
For instance, the closed unit ball centered at the origin in R™

B, ={x eR": x| <1}
is a compact set, but its interior, the open ball

By ={x eR": x| <1}
is not a compact set. If we now write

Sn—1={x eR":|x| =1}

for the unit sphere centered at the origin in R™, then it is easy to see that B, =
Sn—1 UB?, and we refer to S,,_; as the boundary of B,, (sometimes we will write
Sn—1 = 0B,,) and to BY as the interior of B,,.

From here on we will also assume that all our compact sets have no isolated
points. Then we can say more generally that every compact set X C R" has
boundary 0X and interior X°, and can be represented as X = 0X U X°. To make
this notation precise, we say that a point * € X is a boundary point of X if every
open neighborhood U of & contains points in X and points not in X; we write 0X
for the set of all boundary points of X. All points & € X that are not in X are
called interior points of X, and we write X for the set of all interior points of X.
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DEFINITION 1.2.3. A compact subset X C R" is called convex if whenever &,y € X,
then any point of the form

te+ (1 —t)y,
where ¢t € [0,1], is also in X; i.e. whenever @,y € X, then the entire line segment
from « to y lies in X.

We now briefly mention a special class of convex sets. Given a set X in R", we
define the convex hull of X to be the set

CO(X)Z{th:BZthOVJ:EX, Ztm:1}~
reX zeX
It is easy to notice that whenever a convex set contains X, it must also contain
Co(X). Hence convex hull of a collection of points should be thought of as the
smallest convex set containing all of them. If the set X is finite, then its convex
hull is called a convez polytope. Most of the times we will be interested in convex
polytopes, but occasionally we will also need convex hulls of infinite sets.

There is an alternative way of describing convex polytopes. Recall that a
hyperplane in R™ is a translate of a co-dimension one subspace, i.e. a subset H in
R™ is called a hyperplane if

n
(1.1) H:{weR”:Zaixi:b}7

i=1
for some ay,...,a,,b € R. Notice that each hyperplane divides R™ into two halfs-
paces. More precisely, a closed halfspace H in R™ is a set of all & € R™ such that
either Y7 | a;z; > bor > i a;x; <b for some ay,...,a,,b € R. Minkowski-Weyl
theorem (Problem 1.4) asserts that a set is a convex polytope in R™ if and only if
it is a bounded intersection of finitely many halfspaces. Polytopes form a very nice
class of convex sets in R™, and we will talk more about them later.

There is, of course, a large variety of sets that are not necessarily convex.
Among these, ray sets and star bodies form a particularly nice class. In fact, they
are among the not-so-many non-convex sets for which many of the methods we
develop in this chapter still work, as we will see later.

DEFINITION 1.2.4. A set X C R" is called a ray set if for every @ € X, tx € X for
all t € [0,1].

Clearly every ray set must contain 0. Moreover, ray sets can be bounded or un-
bounded. Perhaps the simplest examples of bounded ray sets are convex sets that
contain 0. Star bodies form a special class of ray sets.

DEFINITION 1.2.5. A set X C R" is called a star body if for every € R™ either
tex € X for all t € R, or there exists to(x) € Ry such that tx € X for all t € R
with [¢t] < tg(x), and tx ¢ X for all |¢| > to(x).

REMARK 1.2.1. We will also require all our star bodies to have boundary which is
locally homeomorphic to R*~!. Loosely speaking, this means that the boundary of
a star body can be subdivided into small patches, each of which looks like a ball
in R"~!. More precisely, suppose X is a closed star body and X is its boundary.
We say that 0X is locally homeomorphic to R"~! if for every point & € X there
exists an open neighborhood U C 0X of x such that U is homeomorphic to R™~!.
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See Remark 1.2.2 below for the definition of what it means for two sets to be
homeomorphic. Unless explicitly stated otherwise, all star bodies will be assumed
to have this property.

Here is an example of a collection of unbounded star bodies:

1 1
— 2.
Stn{(a:,y)e]R .xngyg},

xTL
where n > 1 is an integer. There is also an alternative description of star bodies.
For this we need to introduce an additional piece of notation.

DEFINITION 1.2.6. A function F': R" — R is called a distance function if
(1) F(x) > 0 for all x € R",
(2) F is continuous,
(3) Homogeneity: F(ax) = |a|F(x) for all x € R™, a € R.

Let f(Xy,...,X,) be a polynomial in n variables with real coefficients. We say that
f is homogeneous if every monomial in f has the same degree. For instance, 2% +zy—
y? is a homogeneous polynomial of degree 2, while 22 — y + zy is an inhomogeneous
polynomial of degree 2. If f(Xy,...,X,) be a homogeneous polynomial of degree
d with real coefficients, then

F(z) = |f ()"

is a distance function (Problem 1.5). As expected, distance functions are closely
related to star bodies: for a distance function F' the set

X={xzeR": F(x) <1}
is a bounded star body (Problem 1.6). In fact, a converse is also true.

THEOREM 1.2.1. Let X be a star body in R™. Then there exists a distance function
F such that
X={xeR": F(x) <1}.

PROOF. Define F' in the following way. For every @ € R™ such that tz € X for

all t > 0, let F'(x) = 0. Suppose that & € R" is such that there exists to(z) > 0

with the property that tx € X for all ¢t < ¢y(x), and tx ¢ X for all t > ¢o(x); for
1

such x define F(x) = @ It is now easy to verify that F' is a distance function;

this is left as an exercise, or see Theorem I on p. 105 of [Cas59]. O

Notice that all our notation above for convex sets, polytopes, and bounded
ray sets and star bodies will usually pertain to closed sets; sometimes we will use
the terms like “open polytope” or “open star body” to refer to the interiors of the
closed sets.

DEFINITION 1.2.7. A subset X C R™ which contains 0 is called 0-symmetric if
whenever « is in X, then so is —x.

It is easy to see that every set A, (C) of Problem 1.2, as well as every star
body, is 0-symmetric, although ray sets in general are not. In fact, star bodies are
precisely the 0-symmetric ray sets. Here is an example of a collection of asymmetric
unbounded ray sets:

1
Rn{u,y)eR?:OSys},

:L-’I'L
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where n > 1 is an integer. An example of a bounded asymmetric ray set is a cone
on L points x1,...,x; € R", ie. Co(0,xy,...,xy). If X is a star body and F' its
distance function, i.e. X = {& € R": F(z) < 1}, then X is convex if and only if

F(x+y) < F(x)+ F(y),

for all ,y € X (Problem 1.7). Next we want to introduce the notion of volume
for bounded sets in R™.

DEFINITION 1.2.8. Characteristic function of a set X is defined by

@{ 1 fzeX
XXEI=V0 ifee X

DEFINITION 1.2.9. A bounded set X is said to have Jordan volume if its character-
istic function is Riemann integrable, and then we define Vol(X) to be the value of
this integral. A set that has Jordan volume is called Jordan measurable.

DEFINITION 1.2.10. Let X and Y be two sets. A function f : X — Y is called
injective (or one-to-one) if whenever f(z1) = f(xz2) for some z1,25 € X, then
x1 = x9; f is called surjective (or onto) if for every y € Y there exists € X such
that f(x) =y; f is called a bijection if it is injective and surjective.

REMARK 1.2.2. In fact, it is also not difficult to prove that f : X — Y has an
inverse if and only if it is a bijection, in which case this inverse is unique. If such a
function f between two sets X and Y exists, we say that X and Y are in bijective
correspondence. Furthermore, if f and f~! are both continuous, then they are
called homeomorphisms and we say that X and Y are homeomorphic to each other.
If f and f~! are also differentiable, then they are called diffeomorphisms, and X
and Y are said to be diffeomorphic.

THEOREM 1.2.2. All convex sets and bounded ray sets have Jordan volume.

SKETCH OF PROOF. We will prove this theorem for convex sets; for bounded
ray sets the proof is similar. Let X be a convex set. Write 0.X for the boundary of
X and notice that X = 90X if and only if X is a straight line segment: otherwise
it would not be convex. Since it is clear that a straight line segment has Jordan
volume (it is just its length), we can assume that X # 0X, then X has nonempty
interior, denote it by X° so X = X° U 0X. We can assume that 0 € X?; if
not, we can just translate X so that it contains 0 - translation does not change
measurability properties. Write S,,_1 for the unit sphere centered at the origin in
R™ i.e. S,_1 = 0B,,. Define a map ¢ : 0X — S,,_1, given by

o(z) = m

Since X is a bounded convex set, it is not difficult to see that ¢ is a homeomorphism.
For each € > 0 there exists a finite collection of points ®1,...,Tye) € S,—1 such
that if we let Cy,(¢) be an (n — 1)-dimensional cap centered at x; in S,,_; of radius
g, i.e.

Cai(e) ={y €Sp—1: |y — mill2 <€},
then S,,_1 = Uffl) C,(¢), and 50 OX = | =1 (Ca, (€)). For each 1 < i < k(e),
let y,,z; € 1 (Cx,(€)) be such that

ly; ]| = max{lz|| : @ € ™" (Ca, (€))}
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and

]| = min{||z : x € ¢ (Ca,(€))}-
Let 41 (¢) and d2(¢) be minimal positive real numbers such that the spheres centered
at the origin of radii ||y;|| and ||z;|| are covered by caps of radii d;(¢) and d2(e),
Ca,(y;,€) and Cq, (24, €), centered at x,;. Define cones
(12) Cll = CO(()?Cmi (yivg))a sz = CO(O,Cmi (zi,g))v
for each 1 < ¢ < k(e). Now notice that

k(e)

k(e)
UectcxclJcl
i=1 =1

Since the cones C}, C? have Jordan volume (Problem 1.10), the same is true about
their finite unions. Moreover,

k(e) k(e)
Vol [ [Jc} | =Vol| | Jc?] —o,
=1 i=1

as ¢ — 0. Hence X has Jordan volume, which is equal to the common value of

k(e) k(e)
. 1 1 2
§%w1gq ﬂg%lgq

This is Theorem 5 on p. 9 of [GL87], and the proof is also very similar.
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1.3. Lattices

We start with an algebraic definition of lattices. Let a1, ..., a, be a collection
of linearly independent vectors in R™.

DEFINITION 1.3.1. A lattice A of rank r, 1 < r < n, spanned by ai,...,a, in R
is the set of all possible linear combinations of the vectors a,...,a, with integer
coefficients. In other words,

A =spang {aq,...,a,} := {Zniai:ni € Z for all 1 <i<r}.
i=1

The set a1, ..., a, is called a basis for A. There are usually infinitely many different
bases for a given lattice.

Notice that in general a lattice in R™ can have any rank 1 < r < n. We will often
however talk specifically about lattices of rank n, that is of full rank. The most
obvious example of a lattice is the set of all points with integer coordinates in R™:

72" ={x = (x1,...,2p) 1 x; € Zforall 1 <i<n}.
Notice that the set of standard basis vectors eq, ..., e,, where
e, =(0,...,0,1,0,...,0),
with 1 in i-th position is a basis for Z™. Another basis is the set of all vectors
e, +e1, 1<i<n—1.

If A is a lattice of rank r in R™ with a basis a1,...,a, and y € A, then there
exist mq,...,m, € Z such that

T
Y= E m;a; = Am,
i=1

where
mi
m=| . |€Z",
my
and A is an n X r basis matriz for A of the form A = (a; ... a,), which has rank r.

In other words, a lattice A of rank r in R™ can always be described as A = AZ",
where A is its m X r basis matrix with real entries of rank r. As we remarked above,
bases are not unique; as we will see later, each lattice has bases with particularly
nice properties.

An important property of lattices is discreteness. To explain what we mean
more notation is needed. First notice that Euclidean space R" is clearly not com-
pact, since it is not bounded. It is however locally compact: this means that for
every point € R” there exists an open set containing & whose closure is compact,
for instance take an open unit ball centered at . More generally, every subspace
V of R™ is also locally compact. A subset I' of V is called discrete if for each
x €T there exists an open set S C V such that SNT = {a}. For instance Z" is a
discrete subset of R™: for each point & € Z™ the open ball of radius 1/2 centered
at & contains no other points of Z™. We say that a discrete subset I' is co-compact
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in V if there exists a compact 0-symmetric subset U of V' such that the union of
translations of U by the points of I' covers the entire space V, i.e. if

V:U{Uer:wEI‘}.

Here U+ x ={u+z:ucU}.
Recall that a subset G is a subgroup of the additive abelian group R™ if it
satisfies the following conditions:

(1) Identity: 0 € G,
(2) Closure: For every &,y € G, x +y € G,
(3) Inverses: For every © € G, —x € G.

By Problems 1.13 and 1.14 a lattice A of rank » in R"™ is a discrete co-compact
subgroup of V' = spany A. In fact, the converse is also true.

THEOREM 1.3.1. Let V' be an r-dimensional subspace of R™, and let T' be a discrete
co-compact subgroup of V.. Then T is a lattice of rank r in R™.

PRrROOF. In other words, we want to prove that I' has a basis, i.e. that there
exists a collection of linearly independent vectors aq,...,a, in I' such that I' =
spang{ai,...,a,}. We start by inductively constructing a collection of vectors
ai,...,a,, and then show that it has the required properties.

Let a; # 0 be a point in I' such that the line segment connecting 0 and a;
contains no other points of I"'. " Now assume aq,...,a,_1, 2 < ¢ < r, have been
selected; we want to select a;. Let

H;_1 = spang{ay,...,a;_1},

and pick any ¢ € "'\ H;_1: such c exists, since I' € H;_; (otherwise I' would not
be co-compact in V). Let P; be the closed parallelotope spanned by the vectors

ai,...,a;_1,c. Notice that since I' is discrete in V', ' P; is a finite set. Moreover,
since ¢ € P;, 'N P; € H;_1. Then select a; such that
dla;, Hi—1)=  min  {d(y, H;-1)},

ye(PNT)\H;-1
where for any point y € R™,
dly, Hiw) = _inf {d(y,x)}.
Let ay,...,a, be the collection of points chosen in this manner. Then we have
a1 #0, a; ¢ spang{ai,...,a;—1} V2 <i<r,
which means that aq,...,a, are linearly independent. Clearly,
spang{ay,...,a,} CI.

We will now show that

I' C spang{ai,...,a,}.
First of all notice that aq,...,a, is certainly a basis for V, and soif ¢ € T' C V,
then there exist c¢q,..., ¢, € R such that

r
Tr = E C; ;.
i=1
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Notice that

T

' = Z[ci]ai € spang{ay,...,a,} CT,
i=1
where [ ] stands for the integer part function (i.e. [¢;] is the largest integer which is
no larger than ¢;). Since I' is a group, we must have

s

z=x—x = z:(cz — [ei])a; €T.

i=1
Then notice that
d(z,H,_1) = (¢, — [¢]) d(ay, Hr—1) < d(a,, Hq-—_1),
but by construction we must have either z € H,_1, or
dla,,H._1) <d(z,H,_1),

since z lies in the parallelotope spanned by a,...,a,, and hence in P, as in our
construction above. Therefore ¢, = [¢;]. We proceed in the same manner to
conclude that ¢; = [¢;] for each 1 <4 < r, and hence € span;{ai,...,a,}. Since
this is true for every x € I, we are done. ]

From now on, until further notice, our lattices will be of full rank in R”, that
is of rank n. In other words, a lattice A C R™ will be of the form A = AZ™, where
A is a non-singular n X n basis matrix for A.

THEOREM 1.3.2. Let A be a lattice of rank n in R™, and let A be a basis matriz
for A. Then B is another basis matrixz for A if and only if there exists an n X n
integral matriz U with determinant +£1 such that

B = AU.

PrOOF. First suppose that B is a basis matrix. Notice that, since A is a basis
matrix, for every 1 < i < n the i-th column vector b; of B can be expressed as

n
bi: E uijaj,
j=1

where aq,...,a, are column vectors of A, and u;;’s are integers for all 1 < j < n.
This means that B = AU, where U = (u;5)1<i,j<n Is an n X n matrix with integer
entries. On the other hand, since B is also a basis matrix, we also have for every

1<i<n
n
a; = Zwijb]’,
j=1

where w;;’s are also integers for all 1 < j < N. Hence A = BW, where W =
(wij)1<ij<n is also an n x n matrix with integer entries. Then

B = AU = BWU,
which means that WU = I,,, the n x n identity matrix. Therefore
det(WU) = det(W) det(U) = det(1,,) = 1,
but det(U), det(W) € Z since U and W are integral matrices. This means that
det(U) = det(W) = £1.
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Next assume that B = U A for some integral n x n matrix U with det(U) = +1.
This means that det(B) = +det(A) # 0, hence column vectors of B are linearly
independent. Also, U is invertible over Z, meaning that U~! = (w;;)1<i j<n is also
an integral matrix, hence A = U~!'B. This means that column vectors of A are in
the span of the column vectors of B, and so

A Cspang{by,...,b,}.
On the other hand, b; € A for each 1 <i <n. Thus B is a basis matrix for A. O

COROLLARY 1.3.3. If A and B are two basis matrices for the same lattice A, then
| det(A)| = | det(B)].

DEFINITION 1.3.2. The common determinant value of Corollary 1.3.3 is called the
determinant of the lattice A, and is denoted by det(A).

We now talk about sublattices of a lattice. Let us start with a definition.

DEeFINITION 1.3.3. If A and Q are both lattices in R™, and Q C A, then we say that
Q is a sublattice of A.

There are a few basic properties of sublattices of a lattice which we outline here —
their proofs are left to exercises.
(1) A subset Q of the lattice A is a sublattice if and only if it is a subgroup
of the abelian group A.
(2) For a sublattice 2 of A two cosets  + Q and y + 2 are equal if and only
if x —y € Q. In particular,  + Q = Q if and only if = € Q.
(3) If A is a lattice and p a real number, then the set
pl = {ux:x e A}
is also a lattice. Further, if y is an integer then uA is a sublattice of A.
From here on, unless stated otherwise, when we say 2 C A is a sublattice, we always
assume that it has the same full rank in R™ as A.

LEMMA 1.3.4. Let Q) be a subattice of A. There exists a positive integer D such that
DA C Q.

PROOF. Recall that A and Q are both lattices of rank n in R". Let a1,...,a,
be a basis for 2 and bq,...,b, be a basis for A. Then

SpanR{ah - 7an} = SpaDR{b1, o bn} — R"™.
Since €2 C A, there exist integers u11,. .., Upy such that

a; =uiiby + - +upby,

a, = unlbl +---+ unnbn~

Solving this linear system for by,...,b, in terms of ai,...,a,, we easily see that
there must exist rational numbers %, e % such that

_ e.4 Pln
bi = q11 a; + + qin an

bn: leal_i_..._;'_Man_
dn1

dnn
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Let D = q11 X -+ - X ¢nn, then D/q;; € Z for each 1 < i, j, < n, and so all the vectors

D Dpin
Dby = Titas + -+ T an

D D
Dbn — DPni a; + -+ Pnn a,
dn1 dnn

are in €. Therefore span,{Dby,...,Db,} C Q. On the other hand,
spany{Dby,...,Db,} = Dspany{by,...,b,} = DA,
which completes the proof. O

We can now prove that a lattice always has a basis with “nice” properties with
respect to any given basis of a given sublattice, and vice versa.

THEOREM 1.3.5. Let A be a lattice, and  a sublattice of A. For each basis
bi,...,b, of A, there exists a basis aq,...,a, of Q of the form

a; =vi1by

az = v21b1 + v22bo

Ay = Vp1 b1 + -+ Upn by,

ai,...,a, of Q there exists a basis by,...,b, of A such that the relations as above
hold.

where all vi; € Z and vy; # 0 for all 1 < i < n. Conversely, for every basis

PrOOF. Let by,...,b, be a basis for A. We will first prove the existence of
a basis aq,...,a, for ) as claimed by the theorem. By Lemma 1.3.4, there exist
integer multiples of by,...,b, in £, hence it is possible to choose a collection of
vectors aq,...,a, € Q of the form

7
a; = E Uijbja
j=1

for each 1 < i < n with v;; # 0. Clearly, by construction, such a collection of
vectors will be linearly independent. In fact, let us pick each a; so that |v;| is as

small as possible, but not 0. We will now show that a1,...,a, is a basis for €.
Clearly,
spang{ai,...,a,} C €.
We want to prove the inclusion in the other direction, i.e. that
(1.3) Q C spang{ai,...,a,}.
Suppose (1.3) is not true, then there exists ¢ € 2 which is not in spanj{a,...,a,}.

Since ¢ € A, we can write

k
C = Z tjbj,
j=1
for some integers 1 < k < n and t1,...,t. In fact, let us select a c like this with
minimal possible k. Since v # 0, we can choose an integer s such that
(14) ‘tk — svkk| < ‘rUkk|~
Then we clearly have

c—say € Q\spang{ay,...,an}.
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Therefore we must have tj, — svgr # 0 by minimality of k. But then (1.4) contradicts
the minimality of |vgk|: we could take ¢ — say instead of ay, since it satisfies all the
conditions that aj, was chosen to satisfy, and then |vgk| is replaced by the smaller
nonzero number |t; — svgg|. This proves that ¢ like this cannot exist, and so (1.3)
is true, hence finishing one direction of the theorem.

Now suppose that we are given a basis aq,...,a, for . We want to prove
that there exists a basis by, ..., b, for A such that relations in the statement of the
theorem hold. This is a direct consequence of the argument in the proof of Theorem
1.3.1. Indeed, at i-th step of the basis construction in the proof of Theorem 1.3.1,
we can choose i-th vector, call it b;, so that it lies in the span of the previous
i — 1 vectors and the vector a;. Since by, ...,b, constructed this way are linearly
independent (in fact, they form a basis for A by the construction), we obtain that

a; € spanZ{bl, ey b,} \ spanZ{bl, ey bi—l}a

for each 1 < ¢ < n. This proves the second half of our theorem. O

In fact, it is possible to select the coefficients v;; in Theorem 1.3.5 so that the
matrix (vij)1<ij<n is upper (or lower) triangular with non-negative entries, and
the largest entry of each row (or column) is on the diagonal: we leave the proof of
this to Problem 1.19.

REMARK 1.3.1. Let the notation be as in Theorem 1.3.5. Notice that if A is any
basis matrix for 2 and B is any basis for A, then there exists an integral matrix V'
such that A = BV. Then Theorem 1.3.5 implies that for a given B there exists an A
such that V is lower triangular, and for for a given A exists a B such that V is lower
triangular. Since two different basis matrices of the same lattice are always related
by multiplication by an integral matrix with determinant equal to +1, Theorem
1.3.5 can be thought of as the construction of Hermite normal form for an integral
matrix. Problem 1.19 places additional restrictions that make Hermite normal form
unique.

Here is an important implication of Theorem 1.3.5.

THEOREM 1.3.6. Let Q@ C A be a sublattice. Then gizgxg is an integer; moreover,

the number of cosets of Q in A, i.e. the index of Q0 as a subgroup of A is

_ det(Q)

~ det(A)

PRrOOF. Let bq,...,b, be a basis for A, and aq,...,a, be a basis for 2, so

that these two bases satisfy the conditions of Theorem 1.3.5, and write A and B
for the corresponding basis matrices. Then notice that

B = AV,

[A:Q]

where V' = (vij)1<i j<n is an n x n triangular matix with entries as described in
Theorem 1.3.5; in particular det(V) = [];, |vi;|. Hence
det(Q2) = |det(A)| = | det(B)|| det(V)| = det(A) H v,
i=1

which proves the first part of the theorem.
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Moreover, notice that each vector ¢ € A is contained in the same coset of 2 in
A as precisely one of the vectors

@b+ -+ gpby, 0< g <vy V1<i<n,

in other words there are precisely [])"_, |vs;| cosets of Q in A. This completes the
proof. O

There is yet another, more analytic interpretation of the determinant of a
lattice.

DEFINITION 1.3.4. A fundamental domain of a lattice A of full rank in R™ is a
convex set F C R™ containing 0, so that

R" = U(]-"—i—:c),

xEA
and for every x Zy € A, (F+z)N(F+y)=0.

In other words, a fundamental domain of a lattice A C R™ is a full set of coset
representatives of A in R™ (see Problem 1.20). Although each lattice has infinitely
many different fundamental domains, they all have the same volume, which is equal
to the determinant of the lattice. This fact can be easily proved for a special class
of fundamental domains (see Problem 1.21).

DEFINITION 1.3.5. Let A be a lattice, and aq,...,a, be a basis for A. Then the
set
f:{Ztiai:0<ti<1, V1<i<n}7
i=1
is called a fundamental parallelotope of A with respect to the basis a1, ..., a,. It is

easy to see that this is an example of a fundamental domain for a lattice.

Fundamental parallelotopes form the most important class of fundamental domains,
which we will work with most often. Notice that they are not closed sets; we will
often write F for the closure of a fundamental parallelotope, and call them closed
fundamental domains. Another important convex set associated to a lattice is its
Voronoi cell, which is the closure of a fundamental domain; by a certain abuse of
notation we will often refer to it also as a fundamental domain.

DEFINITION 1.3.6. The Voronoi cell of a lattice A is the set
VA)={z eR": z| < |z -yl VyeA}

It is easy to see that V(A) is (the closure of) a fundamental domain for A: two
translates of a Voronoi cell by points of the lattice intersect only in the boundary.
The advantage of the Voronoi cell is that it is the most “round” fundamental domain
for a lattice; we will see that it comes up very naturally in the context of sphere
packing and covering problems.

Notice that everything we discussed so far also has analogues for lattices of not
necessarily full rank. We mention this here briefly without proofs. Let A be a lattice
in R™ of rank 1 < r < n, and let aq,...,a, be a basis for it. Write A = (a1 ... a,)
for the corresponding n x r basis matrix of A, then A has rank r since its column
vectors are linearly independent. For any r X r integral matrix U with determinant
41, AU is another basis matrix for A; moreover, if B is any other basis matrix for
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A, there exists such a U so that B = AU. For each basis matrix A of A, we define
the corresponding Gram matriz to be M = AT A, so it is a square r x r nonsingular
matrix. Notice that if A and B are two basis matrices so that B = U A for some U
as above, then

det(B" B)

det((AU)T(AU)) = det(UT (AT A)U)
det(U)?det(AT A) = det(AT A).
This observation calls for the following general definition of the determinant of a

lattice. Notice that this definition coincides with the previously given one in case
T=n.

DEFINITION 1.3.7. Let A be a lattice of rank 1 < r < n in R™, and let A be an
n X r basis matrix for A. The determinant of A is defined to be

det(A) = 1/det(AT A),

that is the determinant of the corresponding Gram matrix. By the discussion above,
this is well defined, i.e. does not depend on the choice of the basis.

With this notation, all results and definitions of this section can be restated for
a lattice A of not necessarily full rank. For instance, in order to define fundamental
domains we can view A as a lattice inside of the vector space spang(A). The rest
works essentially verbatim, keeping in mind that if 2 C A is a sublattice, then
index [A : ], which is the number of cosets of 2 in A, is finite (and hence given by
the formula of Theorem 1.3.6) if and only if rk(Q2) = rk(A).



1.4. THEOREMS OF BLICHFELDT AND MINKOWSKI 15

1.4. Theorems of Blichfeldt and Minkowski

In this section we will discuss some of the famous theorems related to the
following very classical problem in the geometry of numbers: given a set M and a
lattice A in R™, how can we tell if M contains any points of A?

THEOREM 1.4.1 (Blichfeldt, 1914). Let M be a Jordan measurable set in R™. Sup-
pose that Vol(M) > 1, or that M is closed, bounded and Vol(M) > 1. Then there
exist ¢,y € M such that 0 £ x —y € 7.
ProOOF. First suppose that Vol(M) > 1. Let
P={xeR":0<z; <1V1<i<n},
and let
S={ueZ": MnN(P+u)#0}.
Since M is bounded, S is a finite set, say S = {u1,...,up, }. Write M, = M N(P+
u,) for each 1 < r < ry. Also, for each 1 < r < rg, define
M; = Mr - U,
so that Mj,...,M; C P. On the other hand, U2, M, = M, and M, N M, =0 for
all 1 <7 #£ s <, since M, C P+u,, Ms C P+ ug, and (P+u,)N(P+us) = 0.
This means that

1 < Vol(M) = Vol(M,).
r=1

However, Vol(M,) = Vol(M,) for each 1 < r < rg,
To
> Vol(M]) > 1,
r=1

but 2, M/ C P, and so

Vol (U M;> <Vol(P) = 1.

r=1
Hence the sets My,..., M] are not mutually disjoined, meaning that there exist
indices 1 < r # s < rp such that there exists @ € M) N M.. Then we have

x4+ u,,x+us € M, and
(x+u,) — (x+us) =u. —us € 2"

Now suppose M is closed, bounded, and Vol(M) = 1. Let {s,}>2; be a sequence
of numbers all greater than 1, such that

lim s, = 1.
T—>00

By the argument above we know that for each r there exist
Ly 7& yr € STM

such that @, —y, € Z". Then there are subsequences {x,, } and {y,, } converging
to points @,y € M, respectively. Since for each ry, T, —y,, is a nonzero lattice
point, it must be true that & # y, and & — y € Z™. This completes the proof. [

As a corollary of Theorem 1.4.1 we can prove the following version of Minkowski
Convex Body Theorem.
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THEOREM 1.4.2 (Minkowski). Let M C R™ be a compact convex 0-symmetric set
with Vol(M) > 2™. Then there exists 0 # x € M NZ"™.

PRrROOF. Notice that the set

/2 0 ... 0
1 1 o 1/2 ... 0
“M=q-x:xeM;= . . M
2 2 : s
0 0o ... 1/2
is also convex, 0-symmetric, and by Problem 1.22 its volume is
/2 0 ... 0
0o 1/2 ... 0
det | . . .| Vol(M) =27"Vol(M) > 1.
0 0 ... 1/2
Thererfore, by Theorem 1.4.1, there exist %az % %y € %M such that
1 1
—xr— = 7",
3* " 3Y €
But, by symmetry, since y € M, —y € M, and by convexity, since ,—y € M,
1 1 1 1
—r—-y=-— —(— M.
5T 5Y = 5T+ 2( y) €
This completes the proof. O

REMARK 1.4.1. This result is sharp: for any € > 0, the cube
€
C:{CEGRn: max |xi|<1—}

1<i<n 2
is a convex O-symmetric set of volume (2 — &)™, which contains no nonzero integer
lattice points.
Problem 1.23 extends Blichfeldt and Minkowski theorems to arbitrary lattices as
follows:

e If A C R" is a lattice of full rank and M C R"™ is a compact convex set
with Vol(M) > det A, then there exist @,y € M such that 0 # x —y € A.
e If A C R" is a lattice of full rank and M C R"™ is a compact convex O-
symmetric set with Vol(M) > 2" det A, then there exists 0 # x € M NA.

As a first application of these results, we now prove Minkowski’s Linear Forms
Theorem.

THEOREM 1.4.3. Let B = (bjj)1<ij<n € GLn(R), and for each 1 <1i < n define a
linear form with coefficients b;1, ..., by, by

n
Li(X) = Zbijxj.
j=1
Let c1,...,c, € Ryg be such that
el ...cp = |det(B)].

Then there exists 0 # x € Z™ such that
|Li(z)| < ci,
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for each 1 < i <mn.

PROOF. Let us write by, ...,b, for the row vectors of B, then

Li(z) = bz,
for each & € R™. Consider parallelepiped
P={xcR":|Li(z)| <c;V1<i<n}=DB'R,
where R = {x € R" : |z;] < ¢; V 1 < ¢ < n} is the rectangular box with sides of
length 2cq, ..., 2¢, centered at the origin in R™. Then by Problem 1.22,
Vol(P) = | det(B)|~* Vol(R) = | det(B)|'2"¢; ...c, = 27,

and so by Theorem 1.4.2 there exists 0 £ x € PNZ". O
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1.5. Successive minima
Let us start with a certain restatement of Minkowski’s Convex Body theorem.

COROLLARY 1.5.1. Let M C R™ be a compact convezx 0-symmetric and A C R™ a

lattice of full rank. Define the first successive minimum of M with respect to A to
be
A1 =inf{A € Ryg: AM N A contains a nonzero point } .

det A \ /"
< _— .
0<A=2 (Vol(M))

PRrROOF. The fact that A\; has to be positive readily follows from A being a
discrete set. Hence we only have to prove the upper bound. By Theorem 1.4.2 for
a general lattice A (Problem 1.23), if

Vol(AM) > 2™ det(A),
then AM contains a nonzero point of A. On the other hand, by Problem 1.22,
Vol(AM) = A" Vol(M).

Then

Hence as long as

A" Vol(M) > 2™ det(A),
the expanded set AM is guaranteed to contain a nonzero point of A. The conclusion
of the corollary follows. O

The above corollary thus provides an estimate as to how much should the set
M be expanded to contain a nonzero point of the lattice A: this is the meaning
of A1, it is precisely this expansion factor. A natural next question to ask is how
much should we expand M to contain 2 linearly independent points of A, 3 linearly
independent points of A, etc. To answer this question is the main objective of this
section. We start with a definition.

DEFINITION 1.5.1. Let M be a convex, 0-symmetric set M C R™ of nonzero volume
and A C R" a lattice of full rank. For each 1 < ¢ < n define the i-th succesive
minimum of M with respect to A, A;, to be the infimum of all positive real numbers
A such that the set AM contains at least i linearly independent points of A. In other
words,
A; = inf {A € Ry : dim (spang{AM NA})} >i.

Since A is discrete in R™, the infimum in this definition is always achieved, i.e. it
is actually a minimum.

REMARK 1.5.1. Notice that the n linearly independent vectors u,...,u, corre-
sponding to successive minima Ai, ..., \,, respectively, do not necessarily form a
basis. It was already known to Minkowski that they do in dimensions n = 1,2, 3,
and in dimension n = 4 there always exists a basis consisting of vectors correspond-
ing to successive minima, but when n = 5 there is a well known counterexample.
Let

Z5

=

Il
cocoor
cocoor o
cor oo
o~ oo o
8] 0010 0] —00] =
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and let M = Bj, the closed unit ball centered at 0 in R™. Then the successive
minima of Bs with respect to A is

M==Xs =1,
since eq,...,e5 € Bs N A, and
-
11111
=|=,=,=,=, = Bs.
v (2’2 2’2’2) % Bs
On the other hand, © cannot be expressed as a linear combination of eq,...,e;5

with integer coefficients, hence

spang{ey,...,e5} C A.

An immediate observation is that
O0< A <A< <\,

and Corollary 1.5.1 gives an upper bound on \;. Can we produce bounds on all
the successive minima in terms of Vol(M) and det(A)? This question is answered
by Minkowski’s Successive Minima Theorem.

THEOREM 1.5.2. With notation as above,
2" det(A) 2" det(A)
n! Vol(M) Vol(M) *
PrOOF. We present the proof in case A = Z", leaving generalization of the

given argument to arbitrary lattices as an excercise. We start with a proof of the
lower bound following [GL87], which is considerably easier than the upper bound.

<Aoo <

Let uq,...,u, be the n linearly independent vectors corresponding to the respective
successive minima A1, ..., A, and let
U1 Lo Unpt
U= (uy...uy) =
Uln oo Upn

Then Y = UZ" is a full rank sublattice of Z™ with index | det(U)|. Notice that the
2n points
uy Unp
VR + N
lie in M, hence M contains the convex hull P of these points, which is a generalized
octahedron. Any polyhedron in R™ can be decomposed as a union of simplices that
pairwise intersect only in the boundary. A standard simpler in R™ is the convex
hull of n points, so that no 3 of them are co-linear, no 4 of them are co-planar,
etc., no k of them lie in a (k — 1)-dimensional subspace of R", and so that their
convex hull does not contain any integer lattice points in its interior. The volume
of a standard simplex in R™ is 1/n! (Problem 1.24).

Our generalized octahedron P can be decomposed into 2™ simplices, which are
obtained from the standard simplex by multiplication by the matrix

+

Uil Un1
~ . bW
)

Uin Unn
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therefore its volume is

Uil Uni
A
2" 1 " 2"| det ()| o
15)  Vol(P)=" |det| : .. : ||= >
(L5)  Vol(P) =2 \de B WA AN T A A
Tl" 7)::1

since det(U) is an integer. Since P C M, Vol(M) > Vol(P). Combining this last
observation with (1.5) yields the lower bound of the theorem.

Next we prove the upper bound. The argument we present is due to M. Henk
[Hen02], and is at least partially based on Minkowski’s original geometric ideas.
For each 1 <1¢ <n, let

E; = spang{ey,...,e;},

the i-th coordinate subspace of R™, and define

s
M; = =M.
2
As in the proof of the lower bound, we take ui,...,u, to be the n linearly inde-
pendent vectors corresponding to the respective successive minima A1,..., A,. In

fact, notice that there exists a matrix A € GL,,(Z) such that
AspanR{ul, ce ,’U,i} - EZ',

for each 1 < ¢ < n, i.e. we can rotate each spang{us,...,u;} so that it is contained
in E;. Moreover, volume of AM is the same as volume of M, since det(A) =1 (i.e.
rotation does not change volumes), and

Au; e NAMNE;, V1<i<n,

where A}, ...\, is the successive minima of AM with respect to Z™. Hence we can
assume without loss of generality that

spang{ui,...,u;} C E;,

for each 1 <1i <n.
For an integer ¢ € Z~(, define the integral cube of sidelength 2¢g centered at 0
in R™
Cr—{zez": || <q},
and for each 1 <4 < n define the section of Cg by E;
Cé =Cy NE;.

Notice that Cy' is contained in real cube of volume (2¢)", and so the volume of all
translates of M by the points of Cj' can be bounded

(1.6) Vol(Cy' + M) < (2¢ +7)",

where v is a constant that depends on M only. Also notice that if x # y € Z",
then

int(x + My) Nint(y + My) =0,

where int stands for interior of a set: suppose not, then there exists

z € int(x + My) Nint(y + M),
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and so
(z—x)—(z—y) = y—xcint(M;)—int(My)
(17) = {Zl — 22 :21,22 GMl}:int()\lM),
which would contradict minimality of A\;. Therefore
)\ n
(1.8) Vol(Cy' + My) = (2¢ + 1)" Vol(M;) = (2¢ + 1)" (21) Vol(M).
To finish the proof, we need the following lemma.

LEMMA 1.5.3. For each 1 <i<n-—1,

)\i n—u
(1.9) Vol(CP + My41) > ( ;1) Vol(Cl! + M;).

PRrROOF. If A\;y; = )\; the statement is obvious, so assume \; 11 > A;. Let

x,y € Z" be such that
(xi—i-lv s 733n) 7& (yi-{—la s 7yn)-
Then
(110) ($ =+ int(Mi+1)) M (y + il’lt(MH_l)) = @
Indeed, suppose (1.10) is not true, i.e. there exists z € (x + int(M;41)) N (y +
int(M;4+1)). Then, as in (1.7) above, € — y € int(\;11M). But we also have
Ul,...,U; € int()\iJrlM),
since A\jy+1 > A;, and so \;M C int(N\;11M). Moreover, uy,...,u; € E;, meaning
that
ujp,=0v1<j<i, i+1<k<n
On the other hand, at least one of
Ty — Yk, 1+ 1< k<n,
is not equal to 0. Hence  — y, w1, ..., u; are linearly independent, but this means
that int(\;41.M) contains i+1 linearly independent points, contradicting minimality
of Aj+1. This proves (1.10). Notice that (1.10) implies
Vol(CJ' + Miy1) = (2q + 1)" " Vol(C}, + M;y1),
and _ '
Vol(Cy + M;) = (2¢ + 1)" " Vol(Cy + M;),
since M; C M; 1. Hence, in order to prove the lemma it is sufficient to prove that
1.11 Vol(C + M) > (222) " Vol +

(1.11) ol(Cq + Mjt1) = BYS ol(Cy + M;).
Define two linear maps f1, fo : R™ — R", given by

i Ai
fl(w> = ( A-‘;_lmlw"a):].xiaxiﬁ*la"wxn) ’

A A
f2(m) = ('Ila"'vxiv)flxi+17"'7 )\—Hxn) )

and notice that fa(f1(M;)) = Miy1, f2(CL) = CJ. Therefore
F2(Cy + [1(M;)) = Cf + M.
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This implies that

, \; n—i ,
Vol(C’;JrMiH)( +1) Vol(Cl + (M),

Aq
and so to establish (1.11) it is sufficient to show that
(1.12) Vol(C}y + f1(M;)) = Vol(Cl + M;).
Let
Ei* = spang{eii1,...,en},

i.e. Ei is the orthogonal complement of E;, and so has dimension n — i. Notice
that for every « € E;- there exists t(x) € F; such that

M0 (z+ E;) € (f1(M;) N (z + E;)) + t(x),

in other words, although it is not necessarily true that M; C f1(M;), each section
of M; by a translate of E; is contained in a translate of some such section of f1 (M;).
Therefore

(Ci+ M) N (z+ E;) C (CL+ fL(M)) N (z + E;)) + t(x),

and hence
Vol(Ci 4+ M) = / Vol,((CL + M;) N (@ + E,)) da
B+
< / Vol (C} + fr(M:) N (x + E;)) da
mGE%

= Vol(Cy + f1(My)),

where Vol; stands for the i-dimensional volume. This completes the proof of (1.12),
and hence of the lemma. O

Now, combining (1.6), (1.8), and (1.9), we obtain:

2q+y)" > V01(03;+Mn)>< An >V01(C;‘+Mn1)>,,,

An—l
M\ (A (AT
> U Vol(C" + M-
B ()\n—l) (An—2> (/\1 I+ M)
Vol(M
= An.h OZ(n )2g+1)",
hence N
2™ 29+ A
M. < _
LA S I <2q—|— 1) = Nol(M)’
as ¢ — 00, since q € Z~ is arbitrary. This completes the proof. ([

We can talk about successive minima of any convex 0-symmetric set in R™ with
respect to the lattice A. Perhaps the most frequently encountered such set is the
closed unit ball B,, in R™ centered at 0. We define the successive minima of A to
be the successive minima of B, with respect to A. Notice that successive minima
are invariants of the lattice.
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1.6. Inhomogeneous minimum

Here we exhibit one important application of Minkowski’s successive minima
theorem. As before, let A C R™ be a lattice of full rank, and let M C R™ be a
convex O-symmetric set of nonzero volume. Throughout this section, we let

AL <<y

to be the successive minima of M with respect to A. We define the inhomogeneous
minimum of M with respect to A to be

p=inf{A € Ryg: A\AM + A =R"}.

The main objective of this section is to obtain some basic bounds on p. We start
with the following result of Jarnik [Jar41].

LEMMA 1.6.1. .
w< % Z i
i=1
PROOF. Let us define a function
F(x) =inf{a € Ryg: @ € aM},
for every & € R™. This function is a norm (Problem 1.25). Then
M={xeR": F(x) <1}

can be thought of as the unit ball with respect to this norm. We will say that F'
is the norm of M. Let z € R™ be an arbitrary point. We want to prove that there
exists a point v € A such that

F(z—v) Z/\

This would imply that z € (5 Z?:l /\i) M + v, and hence settle the lemma, since

z is arbitrary. Let uq,...,u, be the linearly independent vectors corresponding to
successive minima Aq, ..., \,, respectively. Then
F(ui):/\i, VlS’LSn

Since u1,...,u, form a basis for R™, there exist a1,...,a, € R such that

n

z = Z a;w;.

i=1

We can also choose integer vy, ..., v, such that

1
|&i—vz‘|§§,\71§i§n,

and define v = "' | v;u;, hence v € A. Now notice that

F (Z(al — vi)ui>

i=1

F(z—v)

n

< > e — il F(w) <
i=1

N)M—l

!

since F' is a norm. This completes the proof. [
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Using Lemma 1.6.1 along with Minkowski’s successive minima theorem, we can
obtain some bounds on g in terms of the determinant of A and volume of M. A
nice bound can be easily obtained in an important special case.

COROLLARY 1.6.2. If \; > 1, then
2"~ 1n det(A)

<
1= "No1(n)

PROOF. Since

Theorem 1.5.2 implies

2™ det(A)
An <A1 A, < )
= Vol (M)
and by Lemma 1.6.1,
1« n
< = i < =\,
H=73 ; =79
The result follows by combining these two inequalities. (I

A general bound depending also on \; was obtained by Scherk [Sch50], once
again using Minkowski’s successive minima theorem (Theorem 1.5.2) and Jarnik’s
inequality (Lemma 1.6.1) He observed that if \; is fixed and Ay, ..., A, are subject
to the conditions

2™ det(A)
M< <A, Mo, S —
1> = A\n, 1 n X VOI(M) )

then the maximum of the sum

A+ A,
is attained when

2™ det(A
A=A == Aoty A ct(4)

T A TVol(M)
Hence we obtain Scherk’s inequality for pu.

COROLLARY 1.6.3.
cn=1, 2 ldet(n)
H= T e Tl ()

One can also obtain lower bounds for x. First notice that for every o > u, then
the bodies oM + x cover R™ as x ranges through A. This means that pM must
contain a fundamental domain F of A, and so

Vol(pM) = "™ Vol(M) > Vol(F) = det(A),

hence
(1.13) o ( det(d) 1/
' F=\Volar))
In fact, by Theorem 1.5.2,
det(A) \" S QAT n
Vol(M) - 2 - 27
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and combining this with (1.13), we obtain
(1.14) p> 2L
Jarnik obtained a considerably better lower bound for y in [Jar41].

LEMMA 1.6.4.

An
>
F=
PROOF. Let uq,...,u, be the linearly independent points of A corresponding
to the successive minima A1, ..., \, of M with respect to A. Let F' be the norm of

M, then
We will first prove that for every © € A,

1 1
1.1 Flo—-u,)> -,
(1.15) (m 2u>_2)\

Suppose not, then there exists some x € A such that F (93 — %un) < %)\n. Since F'
is a norm, we have

1 1 1 1
< - — —_ — e
Flx)<F <a: 2un) + F <2un> < 2)\n—|— 2)\n An,

and similarly
1 1
Flu,—x)<F <2un — w) + F <2un) < An.
Therefore, by definition of A,

T, u, —x € spang{u1,...,Up_1},

and so #, =« + (u, —x) € spang{uy,...,U,_1}, which is a contradiction. Hence
we proved (1.15) for all ® € A. Further, by Problem 1.26,
= 1 F - .
hE R e
Then lemma follows by combining this observation with (1.15). d

We define the inhomogeneous minimum of A to be the inhomogeneous minimum
of the closed unit ball B,, with respect to A, since it will occur quite often. This is
another invariant of the lattice.
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1.7. Problems

PROBLEM 1.1. Prove that || ||, for each p € Zso and | |, as defined in Section 1.2
are indeed norms on R™.

PROBLEM 1.2. Let F' be a norm on R™, and let C' € R be a positive number. Define
A (C)={xeR": F(x) <C}.
Prove that A, (C) is a convex set. What is A, (C) when F = || |17

PROBLEM 1.3. Prove that a hyperplane H as defined in (1.1) is a subspace of R™
if and only if b = 0. Prove that in this case dimension of H is n — 1 (we define
co-dimension of an {-dimensional subspace of an n-dimensional vector space, where
1 <t<n, to be n—¥; thus co-dimension of H here is 1, as indicated above).

PROBLEM 1.4. Prove that each convex polytope in R™ can be described as a bounded
intersection of finitely many halfspaces, and vice versa.

PROBLEM 1.5. Let f(X1,...,X,) be a homogeneous polynomial of degree d with
real coefficients. Prove that
F(z) = |f (=)'

is a distance function.

PROBLEM 1.6. If F' is a distance function on R™, prove that the set
X={xeR":F(x) <1}

is a bounded star body.

PROBLEM 1.7. Let X be a star body, and let F' be its distance function, i.e. X =
{x e R": F(x) < 1}. Prove that
Fz+y) < F(z)+ Fy),

for all x,y € X if and only if X is a conver set.

PROBLEM 1.8. Let f: X — Y be a bijection. Prove that f has an inverse f~*. In
other words, prove that there exists a function f~' : Y — X such that for every
reXandy€ey,

@) =2, f(f7 ) =

PROBLEM 1.9. Let R be the set of all real numbers, and define sets
Ly ={(z,z) : z € R},
Ly ={(z,z) :x e Ryxz >0} U{(z,—z) : x € R,z < 0}.
(1) Prove that Ly is diffeomorphic to R.
(2) Prove that Ly is homeomorphic to R by explicitly constructing a homeo-

morphism.
(3) Is the homeomorphism you constructed in part (2) a diffeomorphism?
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PROBLEM 1.10. Prove that cones like C} and C? defined in (1.2) have Jordan
volume.

PrOBLEM 1.11. Let a4,...,a, € R™ be linearly independent points. Prove that
r<n.

PROBLEM 1.12. Prove that if A is a lattice of rank r in R"™, 1 < r < n, then spang A
is a subspace of R™ of dimension v (by spang A we mean the set of all finite real
linear combinations of vectors from A).

PROBLEM 1.13. Let A be a lattice of rank r in R™. By Problem 1.12, V = spang A
is an r-dimensional subspace of R™. Prove that A is a discrete co-compact subset
of V.

PROBLEM 1.14. Let A be a lattice of rank r in R™, and let V = spang A be an
r-dimensional subspace of R™, as in Problem 1.13 above. Prove that A and V are
both additive groups, and A is a subgroup of V.

PROBLEM 1.15. Let A be a lattice and 2 a subset of A. Prove that 2 is a sublattice
of A if and only if it is a subgroup of the abelian group A.

PROBLEM 1.16. Let A be a lattice and Q a sublattice of A of the same rank. Prove
that two cosets © + Q and y + Q of Q in A are equal if and only if x —y € Q.
Conclude that a coset & + Q is equal to Q if and only if x € Q.

PROBLEM 1.17. Let A be a lattice and 2 C A a sublattice. Suppose that the quotient
group A/Q is finite. Prove that rank of Q is the same as rank of A.

PrROBLEM 1.18. Given a lattice A and a real number 1, define
ulh = {ux:x € A}.

Prove that uA is a lattice. Prove that if p is an integer, then uA is a sublattice
of A.

ProBLEM 1.19. Prove that it is possible to select the coefficients v;; in Theorem
1.8.5 so that the matriz (vij)1<i j<n 15 upper (or lower) triangular with non-negative
entries, and the largest entry of each row (or column) is on the diagonal.

PROBLEM 1.20. Prove that for every point * € R™ there exists uniquely a point
y € F such that

T —yEA,
i.e. x lies in the coset y + A of A in R™. This means that F is a full set of coset
representatives of A in R™.
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PROBLEM 1.21. Prove that volume of a fundamental parallelotope is equal to the
determinant of the lattice.

PROBLEM 1.22. Let S be a compact convez set in R", A € GL,(R), and define
T=AS={Az:xz € S}.
Prove that Vol(T') = | det(A)| Vol(S5).

Hint: If we treat multiplication by A as coordinate transformation, prove that its
Jacobian is equal to det(A). Now use it in the integral for the volume of T to relate
it to the volume of S.

PROBLEM 1.23. Prove versions of Theorems 1.4.1 - 1.4.2 where Z" is replaced by
an arbitrary lattice A C R™ or rank n and the lower bounds on volume of M are
multiplied by det(A).

Hint: Let A = AZ™ for some A € GL,(R). Then a point x € A~*M NZ" if and
only if Ax € M NA. Now use Problem 1.22 to relate the volume of A~ M to the
volume of M.

PROBLEM 1.24. Prove that a standard simplex in R™ has volume 1/n!.

PrROBLEM 1.25. Let M C R™ be a compact convex 0-symmetric set. Define a
function F : R™ — R, given by
F(z) =inf{a € Ry : x € aM},
for each & € R™. Prove that this is a norm, i.e. it satisfies the three conditions:
(1) F(x) =0 if and only if x = 0,
(2) F(ax)=|a|F(x) for every a € R and x € R™,
(3) F(x+y) < F(z)+ F(y) for all x,y € R™.

PROBLEM 1.26. Let I be a norm like in Problem 1.25. Prove that the inhomo-

geneous minimum of the corresponding set M with respect to the full-rank lat-
tice A C R"™ satisfies
HE IR )
PROBLEM 1.27. Let n > 2, and let F : R™ — R be a continuous function such that
(1) F(x) >0 for all x € R",
(2) F(ax) = |a|F(x) for alla € R and x € R™.
Let
X={xeR": F(x) <1}.
Assume additionally that F satisfies the triangle inequality:
(1.16) Flx+y) < Fz)+ F(y),
for all x,y € R™. Let A be a lattice of full rank in R™. Prove that for every real

number y
det(A) \ /"
> 2
= <Vo1<x>)
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the intersection uX N A contains a nonzero vector. Is this statement still true if F
does not satisfy the triangle inequality (4.11)? Either prove your answer or give a
counter-example.

PROBLEM 1.28. Let A be a lattice of full rank in R™, and let M C R™ be a compact
convez set such that Vol(M) < det(A). Prove that there exists a point © € R™ such
that the intersection M N (A + x) is empty.

PROBLEM 1.29. Let a,b be positive real numbers, and suppose that

a b 0 0
_01@[)4
A_00112

1 0 0 1

is a full-rank sublattice of Z*.

(1) What are all the possible values of a and b?

(2) Suppose that a = b and Q is a full-rank sublattice of A, such that the
volume of a fundamental domain of Q in R* is equal to 20. What are all
the possible values of a?

(3) Assuming part b, can A be a sublattice of any of the following two lattices:

1 0 0 0 1 0 0 0

o1t o0 1|, ., |01 0 1| 4

Li=1lg o1 1% 2=|g o1 1|%
10 0 2 1 0 0 3

and if so, which one(s)? What are all the possible values of a in each
case?



CHAPTER 2

Discrete Optimization Problems

2.1. Sphere packing, covering and kissing number problems

Lattices play an important role in discrete optimization from classical problems
to the modern day applications, such as theoretical computer science, digital com-
munications, coding theory and cryptography, to name a few. We start with an
overview of three old and celebrated problems that are closely related to the tech-
niques in the geometry of numbers that we have so far developed, namely sphere
packing, sphere covering and kissing number problems. An excellent comprehen-
sive, although slightly outdated, reference on this subject is the well-known book
by Conway and Sloane [CS99].

Let n > 2. Throughout this section by a sphere in R™ we will always mean a
closed ball whose boundary is this sphere. We will say that a collection of spheres
{B;} of radius r is packed in R™ if

int(B;) Nint(B;) =0, Vi # j,
and there exist indices i # j such that
int(B;) Nint(B}) # 0,

whenever B. and B;- are spheres of radius larger than r such that B, C B}, B; C B}-.
The sphere packing problem in dimension n is to find how densely identical spheres
can be packed in R™. Loosely speaking, the density of a packing is the proportion of
the space occupied by the spheres. It is easy to see that the problem really reduces
to finding the strategy of positioning centers of the spheres in a way that maximizes
density. One possibility is to position sphere centers at the points of some lattice
A of full rank in R™; such packings are called lattice packings. Alhtough clearly
most packings are not lattices, it is not unreasonable to expect that best results
may come from lattice packings; we will mostly be concerned with them.

DEFINITION 2.1.1. Let A C R"™ be a lattice of full rank. The density of correspond-
ing sphere packing is defined to be

A =A(A) := proportion of the space occupied by spheres
volume of one sphere

volume of a fundamental domain of A
W,

det(A)’

30
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where 7 is the packing radius, i.e. radius of each sphere in this lattice packing, and
wy, is the volume of a unit ball in R™, given by

k
o if n = 2k f kelZ
(2.1) Wp = k2k+1k,7r 1 " or some & €
“EDT if n =2k + 1 for some k € Z.

Hence the volume of a ball of radius r in R" is w,r™. It is easy to see that the
packing radius r is precisely the radius of the largest ball inscribed into the Voronoi
cell V of A, i.e. the inradius of V. Clearly A < 1.

The first observation we can make is that the packing radius r must depend on the
lattice. In fact, it is easy to see that r is precisely one half of the length of the

shortest nonzero vector in A, in other words r = )‘1 , where A\ is the first successive
minimum of A. Therefore
_ Awn
27 det(A)”

It is not known whether the packings of largest density in each dimension are
necessarily lattice packings, however we do have the following celebrated result
of Minkowski (1905) generalized by Hlawka in (1944), which is usually known as
Minkowski-Hlawka theorem.

THEOREM 2.1.1. In each dimension n there exist lattice packings with density

(2.2) A> g,@l

where ((s) = > p, 7= is the Riemann zeta-function.

All known proofs of Theorem 7.3.3 are nonconstructive, so it is not generally known
how to construct lattice packings with density as good as (2.2); in particular, in
dimensions above 1000 the lattices whose existence is guaranteed by Theorem 7.3.3
are denser than all the presently known ones. We refer to [GL87] and [Cas59] for
many further details on this famous theorem. Here we present a very brief outline
of its proof, following [Cas53]. The first observation is that this theorem readily
follows from the following result.

THEOREM 2.1.2. Let M be a convexr bounded 0-symmetric set in R™ with volume
< 2¢(n). Then there exists a lattice A in R™ of determinant 1 such that M contains
no points of A except for 0.

Now, to prove Theorem 2.1.2, we can argue as follows. Let x s be the characteristic
function of the set M, i.e.

() = 1 ifeeM
XMTE)= 0 ifxg M
for every * € R™. For parameters T', &1,...,&,—1 to be specified, let us define a

lattice A = Ap(&1, ... @poq) :=

{( (a1 +€1b), ..., T(ap_1 + En_1b), T~ Ub) ..,an,l,beZ},
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in other words

T 0 0 &
0 T 0 &

(2.3) A= b : z".
0 0 ... T
0 0 ... 0 T (1

Hence determinant of this lattice is 1 independent of the values of the parameters.
Points of A with b = 0 are of the form

(Ta17 cee 7Tan—17 0)7

and so taking T to be sufficiently large we can ensure that none of them are in M,
since M is bounded. Thus assume that T is large enough so that the only points
of A in M have b # 0. Notice that M contains a nonzero point of A if and only if it
contains a primitive point of A, where we say that @ € A is primitive if it is not a
scalar multiple of another point in A. The number of symmetric pairs of primitive
points of A in M is given by the counting function nr(&q,...,&u—1) =

3 3y X (T(a1 +Eb), .. T(an1 + gn,lb),T—(”—%) .
b>0 a1y an—1
ged(at,...,an—1,b)=1

The argument of [Casb3] then proceeds to integrate this expression over all 0 <
& <1,1<i<n-—1, obtaining an expression in terms of the volume of M. Taking
a limit as T — oo, it is then concluded that since this volume is < 2¢(n), the
average of the counting function ny(&1,...,&.—1) is less than 1. Hence there must
exist some lattice of the form (2.3) which contains no nonzero points in M.

In general, it is not known whether lattice packings are the best sphere packings
in each dimension. In fact, the only dimensions in which optimal packings are
currently known are n = 2,3,8,24. In case n = 2, Gauss has proved that the best
possible lattice packing is given by the hexagonal lattice

1 1
2.4 Ay = 27?2
(2.4 o=y )2

and in 1940 L. Fejes Téth proved that this indeed is the optimal packing (a previous

proof by Axel Thue. Its density is ”T:S ~ 0.9068996821.
In case n = 3, it was conjectured by Kepler that the optimal packing is given

by the face-centered cubic lattice

-1 -1 0
1 -1 0 |z
0 1 -1

The density of this packing is ~ 0.74048. Once again, it has been shown by Gauss
in 1831 that this is the densest lattice packing, however until recently it was still
not proved that this is the optimal packing. The famous Kepler’s conjecture has
been settled by Thomas Hales in 1998. Theoretical part of this proof is published
only in 2005 [Hal05], and the lengthy computational part was published in a series
of papers in the journal of Discrete and Computational Geometry (vol. 36, no. 1
(2006)).
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Dimensions n = 8 and n = 24 were settled in 2016, a week apart from
each other. Maryna Viazovska [Vial7], building on previous work of Cohn and
Elkies [CEO03], discovered a “magic” function that implied optimality of the ex-
ceptional root lattice Eg for packing density in R®. Working jointly with Cohn,
Kumar, Miller and Radchenko [CKM™17], she then immediately extended her
method to dimension 24, where the optimal packing density is given by the famous
Leech lattice. Detailed constructions of these remarkable lattices can be found in
Conway and Sloane’s book [CS99]. This outlines the currently known results for
optimal sphere packing configurations in general. On the other hand, best lattice
packings are known in dimensions n < 8, as well as n = 24. There are dimensions
in which the best known packings are not lattice packings, for instance n = 11.

Next we give a very brief introduction to sphere covering. The problem of
sphere covering is to cover R™ with spheres such that these spheres have the least
possible overlap, i.e. the covering has smallest possible thickness. Once again, we
will be most interested in lattice coverings, that is in coverings for which the centers
of spheres are positioned at the points of some lattice.

DEFINITION 2.1.2. Let A C R"™ be a lattice of full rank. The thickness © of
corresponding sphere covering is defined to be

O(A) = average number of spheres containing a point of the space
volume of one sphere

volume of a fundamental domain of A
R"w,

det(A)’

where w, is the volume of a unit ball in R™, given by (2.1), and R is the covering
radius, i.e. radius of each sphere in this lattice covering. It is easy to see that R is
precisely the radius of the smallest ball circumscribed around the Voronoi cell V of
A, i.e. the circumradius of V. Clearly © > 1.

Notice that the covering radius R is precisely p, the inhomogeneous minimum of
the lattice A. Hence combining Lemmas 1.6.1 and 1.6.4 we obtain the following
bounds on the covering radius in terms of successive minima of A:

An 1 ¢ n\p
ey =R<=S "\ < ,
g =M 3*2; =7

The optimal sphere covering is only known in dimension n = 2, in which case it is
given by the same hexagonal lattice (2.4), and is equal to & 1.209199. Best possible
lattice coverings are currently known only in dimensions n < 5, and it is not known
in general whether optimal coverings in each dimension are necessarily given by
lattices. Once again, there are dimensions in which the best known coverings are
not lattice coverings.

In summary, notice that both, packing and covering properties of a lattice A are
very much dependent on its Voronoi cell V. Moreover, to simultaneously optimize
packing and covering properties of A we want to ensure that the inradius r of V is
largest possible and circumradius R is smallest possible. This means that we want
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to take lattices with the “roundest” possible Voronoi cell. This property can be
expressed in terms of the successive minima of A: we want

A== A

Lattices with these property are called well-rounded lattices, abbreviated WR; an-
other term ESM lattices (equal successive minima) is also sometimes used. Notice
that if A is WR, then by Lemma 1.6.4 we have
>\1 )\n
r=5 =3 =k

although it is clearly impossible for equality to hold in this inequality. Sphere
packing and covering results have numerous engineering applications, among which
there are applications to coding theory, telecommunications, and image processing.
WR lattices play an especially important role in these fields of study.

Another closely related classical question is known as the kissing number prob-
lem: given a sphere in R” how many other non-overlapping spheres of the same
radius can touch it? In other words, if we take the ball centered at the origin in a
sphere packing, how many other balls are adjacent to it? Unlike the packing and
covering problems, the answer here is easy to obtain in dimension 2: it is 6, and
we leave it as an exercise for the reader (Problem 2.1). Although the term “kissing
number” is contemporary (with an allusion to billiards, where the balls are said to
kiss when they bounce), the 3-dimensional version of this problem was the subject
of a famous dispute between Isaac Newton and David Gregory in 1694. It was
known at that time how to place 12 unit balls around a central unit ball, however
the gaps between the neighboring balls in this arrangement were large enough for
Gregory to conjecture that perhaps a 13-th ball can some how be fit in. Newton
thought that it was not possible. The problem was finally solved by Schiitte and
van der Waerden in 1953 [SvdW53] (see also [Lee56] by J. Leech, 1956), con-
firming that the kissing number in R? is equal to 12. The only other dimensions
where the maximal kissing number is known are n = 4,8,24. More specifically, if
we write 7(n) for the maximal possible kissing number in dimension n, then it is
known that

7(2) =6, 7(3) = 12, 7(4) = 24, 7(8) = 240, 7(24) = 196560.

In many other dimensions there are good upper and lower bounds available, and
the general bounds of the form

90-2075..n(1+0(1)) < 7(n) < 90.401n(1+0(1))

are due to Wyner, Kabatianski and Levenshtein; see [CS99] for detailed references
and many further details.

A more specialized question is concerned with the maximal possible kissing
number of lattices in a given dimension, i.e. we consider just the lattice packings
instead of general sphere packing configurations. Here the optimal results are known
in all dimensions n < 8 and dimension 24: al of the optimal lattices here are also
known to be optimal for lattice packing. Further, in all dimensions where the overall
maximal kissing numbers are known, they are achieved by lattices.

Let A C R™ be a lattice, then its minimal norm |A| is simply its first successive
minimum, i.e.

IA| = min {||z| : € A\ {0}}.
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The set of minimal vectors of A is then defined as
S(A) ={z e A:fle| = [Af}.

These minimal vectors are the centers of spheres of radius |A|/2 in the sphere
packing associated to A which touch the ball centered at the origin. Hence the
number of these vectors, |S(A)] is precisely the kissing number of A. One immediate
observation then is that to maximize the kissing number, same as to maximize the
packing density, we want to focus our attention on WR lattices: they will have at
least 2n minimal vectors.

A matrix U € GL, (R) is called orthogonal if U=! = U, and the subset of all
such matrices in GL,,(R) is

0,(R)={U €GL,R): U '=UT}.

This is a subgroup of GL,(R) (Problem 2.4). Discrete optimization problems on
the space of lattices in a given dimension, as those discussed above, are usually
considered up to the equivalence relation of similarity: two lattices L and M of
full rank in R™ are called similar, denoted L ~ M, if there exists @ € R and
an orthogonal matrix U € O,(R) such that L = oUM. This is an equivalence
relation on the space of all full-rank lattices in R™ (Problem 2.2), and we refer to
the equivalence classes under this relation as similarity classes. If lattices L and
M are similar, then they have the same packing density, covering thickness, and
kissing number (Problem 2.3). We use the perspective of similarity classes in the
next section when considering lattice packing density in the plane.
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FIGURE 1. Hexagonal lattice with Voronoi cell translates and as-
sociated circle packing

2.2. Lattice packings in dimension 2

Our goal here is to prove that the best lattice packing in R? is achieved by the
hexagonal lattice A, as defined in (2.4) above (see Figure 1). Specifically, we will
prove the following theorem.

THEOREM 2.2.1. Let L be a lattice of rank 2 in R?2. Then
m

A(L) < A(Ap) = —= =0.906899. . .,
(L) <A = 57

and the equality holds if any only if L ~ Ay,

This result was first obtain by Lagrange in 1773, however we provide a more con-
temporary proof here following [Fuk11]. Our strategy is to show that the problem
of finding the lattice with the highest packing density in the plane can be restricted
to the well-rounded lattices without any loss of generality, where the problem be-
comes very simple. We start by proving that vectors corresponding to successive
minima in a lattice in R? form a basis.

LEMMA 2.2.2. Let A be a lattice in R? with successive minima \; < \o and let
T, X2 be the vectors in A corresponding to A1, Ao, respectively. Then x1,xo form
a basis for A.

PROOF. Let y; € A be a shortest vector extendable to a basis in A, and let
Y5 € A be a shortest vector such that y,, y, is a basis of A. By picking +y,, +y, if
necessary we can ensure that the angle between these vectors is no greater than /2.
Then

0 <flyll < lly2ll;

and for any vector z € A with ||z|| < ||ys|| the pair y;, z is not a basis for A. Since
xq, X2 € A, there must exist integers ay, as, by, bs such that

25) @) = ) (0 11).

a

Let 6, be the angle between x1, x>, and 6, be the angle between y,,y,, then
/3 < 0, < w/2 by Problem 2.6. Moreover, /3 < 0, < 7/2: indeed, suppose
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6, < /3, then by Problem 2.5,
lyy = yall <yl

however y,,y; — Y, is a basis for A since y,, y, is; this contradicts the choice of y,.

Define
det <a1 bl)
as b2

then D is a positive integer, and taking determinants of both sides of (2.5), we
obtain

D =

)

(2.6) 1 [[[|22 | sin 0 = Dy, [|[|ys || sin by

Notice that by definition of successive minima, ||z ||||z2|| < ||ly1]/||y=|l, and hence
(2.6) implies that

_ lealllwafl sindz - 2 )
lyillllyell sinby, = /3

meaning that D = 1. Combining this observation with (2.5), we see that

(z1 22) (al z;)_l = (Y1 Y2)

az

—1

where the matrix (Zl Zl> has integer entries. Therefore x1, x5 is also a basis
2 b2

for A, completing the proof. ([

As we know from Remark 1.5.1 in Section 1.5, the statement of Lemma 2.2.2
does not generally hold for d > 5. We will call a basis for a lattice as in Lemma 2.2.2
a minimal basis. The goal of the next three lemmas is to show that the lattice
packing density function A attains its maximum in R? on the set of well-rounded
lattices.

LEMMA 2.2.3. Let A and Q be lattices of full rank in R? with successive minima
A1(A), Aa(A) and A1(Q), A2(Q) respectively. Let x1,xo and y,,y, be vectors in A
and ), respectively, corresponding to successive minima. Suppose that x1 = yq,
and angles between the vectors x1,xo and yi,Yy are equal, call this common value
6. Suppose also that

A(A) = Aa(A),
Then

A(A) > A(Q).

ProOF. By Lemma 2.2.2, 1,2 and y,,y, are minimal bases for A and €2,
respectively. Notice that

A(A) = A(A) =[] = [laz|
=yl = 2 () < llyall = A2(2).
Then
_omA(A)? A1 (A)2r o
Al) = 4det(A)  4||zy||||x2| sind  4sind
(27) /\1(9)27{' o /\1(9)27{' —A(Q)

Ay lllysllsing — 4det(2)
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The following lemma is a converse to Problem 2.6.

LEMMA 2.2.4. Let A C R? be a lattice of full rank, and let 1,22 be a basis for A
such that

21| = [|a2]],
and the angle § between these vectors lies in the interval [w/3,7/2]). Then 1,z is
a minimal basis for A. In particular, this implies that A is WR.

PROOF. Let z € A, then z = ax| + bxs for some a,b € Z. Then
|2]12 = a?||21||* + b2||x2 || + 2abx]| T2 = (a® + b + 2abcos 0)||x1||?.
If ab > 0, then clearly |z||*> > ||z1|>. Now suppose ab < 0, then again
1] = (a® + 6% — [ab])l|a1[|* > [l1 ],

since cosf < 1/2. Therefore o1, x2 are shortest nonzero vectors in A, hence they
correspond to successive minima, and so form a minimal basis. Thus A is WR, and
this completes the proof. ([

LEMMA 2.2.5. Let A be a lattice in R? with successive minima Ai, s and corre-
sponding basis vectors x1, Xz, respectively. Then the lattice

A
AWR = (131 1332) Z2
A2

is WR with successive minima equal to Ay.

PrOOF. By Problem 2.6, the angle § between a; and x, is in the interval
[7/3,m/2], and clearly this is the same as the angle between the vectors x; and

%wg. Then by Lemma 2.2.4, Awgr is WR with successive minima equal to A;. O

Now combining Lemma 2.2.3 with Lemma 2.2.5 implies that
(2.8) A(Awr) = A(A)

for any lattice A C R2, and (2.7) readily implies that the equality in (2.8) occurs
if and only if A = Awr, which happens if and only if A is well-rounded. Therefore
the maximum packing density among lattices in R? must occur at a WR lattice,
and so for the rest of this section we talk about WR lattices only. Next observation
is that for any WR lattice A in R?, (2.7) implies:
) 77

sinf = AL
meaning that sin @ is an invariant of A, and does not depend on the specific choice
of the minimal basis. Since by our conventional choice of the minimal basis and
Problem 2.6, this angle 6 is in the interval [7/3,7/2], it is also an invariant of the
lattice, and we call it the angle of A, denoted by 6(A).

LEMMA 2.2.6. Let A be a WR lattice in R?. A lattice Q C R? is similar to A if and
only if Q is also WR and 0(A) = 6(Q).

PROOF. First suppose that A and € are similar. Let xq, x> be the minimal
basis for A. There exist a real constant « and a real orthogonal 2 x 2 matrix U
such that Q@ = aUA. Let y;,y, be a basis for Q such that

(Y1 y2) = aU(z1 z2).
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Then ||ly,]| = ||ly,|l, and the angle between y, and y, is (A) € [x/3,7/2]. By
Lemma 2.2.4 it follows that y;, vy, is a minimal basis for 2, and so 2 is WR and
() = 0(A).

Next assume that Q is WR and 6(Q2) = 6(A). Let A(A) and A(Q) be the
respective values of successive minima of A and 2. Let x;,xs and y,,y, be the
minimal bases for A and €2, respectively. Define

A(A) AA)

zZ1 = myu Z2 = W?]Q-

Then @1, x5 and z1, 2o are pairs of points on the circle of radius A(A) centered at
the origin in R? with equal angles between them. Therefore, there exists a 2 x 2
real orthogonal matrix U such that

A(A) A(A)
= =5 =—=U
(yl y2) A(Q) (zl 22) )\(Q) (wl w2>7
and so A and 2 are similar lattices. This completes the proof. O

We are now ready to prove the main result of this section.

PROOF OF THEOREM 2.2.1. The density inequality (2.8) says that the largest
lattice packing density in R? is achieved by some WR lattice A, and (2.7) implies
that
(2.9) A(A)

o ™
~ 4sinf(A)’

meaning that a smaller sin #(A) corresponds to a larger A(A). Problem 2.6 implies
that §(A) > /3, meaning that sin (A) > v/3/2. Notice that if A is the hexagonal

lattice
3N,
Ap = A/
h (O éﬁ) )
then sinf(A) = /3/2, meaning that the angle between the basis vectors (1,0)
and (1/2,4/3/2) is § = 7/3, and so by Lemma 2.2.4 this is a minimal basis and
O(A) = m/3. Hence the largest lattice packing density in R? is achieved by the
hexagonal lattice. This value now follows from (2.9).
Now suppose that for some lattice A, A(A) = A(Ay), then by (2.8) and a short
argument after it A must be WR, and so
™ ™

T 4sinf(A) AlAn) = 4sinm/3’

Then 0(A) = 7/3, and so A is similar to Aj, by Lemma 2.2.6. This completes the
proof. O

A(A)

While we have only settled the question of best lattice packing in dimension
two, we saw that well-roundedness is an essential property for a lattice to be a
good contender for optimal packing density. There are, however, infinitely many
WR lattices in the plane, even up to similarity, and only one of them worked well.
One can then ask what properties must a lattice have to maximize packing density?
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A full-rank lattice A in R™ with minimal vectors x1,...,x,, is called eutactic
if there exist positive real numbers cq, ..., ¢, such that
m
ol = 3 cifwT)?
i=1
for every vector v € spang A. If ¢y = -+ = ¢,, A is called strongly eutactic. A

lattice is called perfect if the set of symmetric matrices
{;x] :1<i<m}

spans the real vector space of n X n symmetric matrices. These properties are
preserved on similarity classes (Problem 2.7), and up to similarity there are only
finitely many perfect or eutactic lattices in every dimension. For instance, up to
similarity, the hexagonal lattice is the only one in the plane that is both, perfect
and eutactic (Problem 2.8).

Suppose that A = AZ" is a lattice with basis matrix A, then, as we know, B is
another basis matrix for A if and ounly if B = AU for some U € GL,,(Z). In this way,
the space of full-rank lattices in R™ can be identified with the set of orbits of GL,,(R)
under the action by GL,(Z) by right multiplication. The packing density A is a
continuous function on this space, and hence we can talk about its local extremum
points. A famous theorem of Georgy Voronoi (1908) states that a lattice is a local
maximum of the packing density function in its dimension if and only if it is perfect
and eutactic (such lattices are called extreme). Hence, combining Problem 2.8
with Voronoi’s theorem gives another proof of unique optimality of the hexagonal
lattice for lattice packing in the plane. Further, Voronoi’s theorem suggests a way
of looking for the maximizer of the lattice packing density in every dimension:
identify the finite set of perfect and eutactic lattices, compute their packing density
and choose the largest. Unfortunately, this approach is not very practical, since
already in dimension 9 the number of perfect lattices is over 9 million (see [Bac18]
for more general estimates on the number of perfect lattices in a given dimension).
Explicit constructions of lattices with good properties, such as perfection or eutaxy
often come from various algebraic and combinatorial settings. We refer the reader to
the classical books [CS99], [Mar03], [TV91] for some standard constructions, as
well as the more recent ones detailed in [BFE*19], [Lad19], [BFG*16], [BF17],
[FNPX19].
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2.3. Algorithmic problems on lattices

There is a class of algorithmic problems studied in computational number the-
ory, discrete geometry and theoretical computer science, which are commonly re-
ferred to as the lattice problems. One of their distinguishing features is that they
are provably known to be very hard to solve in the sense of computational com-
plexity of algorithms involved. Before we discuss them, let us briefly and somewhat
informally recall some basic notions of computational complexity.

A key notion in theoretical computer science is that of a Turing machine as
introduced by Alan Turing in 1936. Roughly speaking, this is an abstract compu-
tational device, a good practical model of which is a modern computer. It consists
of an infinite tape subdivided into cells which passes through a head. The head can
do the following four elementary operations: write a symbol into one cell, read a
symbol from one cell, fast forward one cell, rewind one cell. These correspond to
elementary operations on a computer, which uses symbols from a binary alphabet
0,1. The number of such elementary operations required for a given algorithm is
referred to as its running time. Running time is usually measured as a function
of the size of the input, that is the number of cells of the infinite tape required to
store the input. If we express this size as an integer n and the running time as a
function f(n), then an algorithm is said to run in polynomial time if f(n) can be
bounded from above by a polynomial in n. We will refer to the class of problems
that can be solved in polynomial time as the P class. This is our first example of
a computational complexity class.

For some problems we may not know whether it is possible to solve them in
polynomial time, but given a potential answer we can verify whether it is correct
or not in polynomial time. Such problems are said to lie in the NP computational
complexity class, where NP stands for non-deterministic polynomial. One of the
most important open problems in contemporary mathematics (and arguably the
most important problem in theoretical computer science) asks whether P = NP?
In other words, if an answer to a problem can be verified in polynomial time,
can this problem be solved by a polynomial-time algorithm? Most frequently this
question is asked about decision problem, that is problems the answer to which is
YES or NO. This problem, commonly known as P vs NP, was originally posed in
1971 independently by Stephen Cook and by Leonid Levin. It is believed by most
experts that P # NP, meaning that there exist problems answer to which can be
verified in polynomial time, but which cannot be solved in polynomial time.

For the purposes of thinking about the P vs NP problem, it is quite helpful
to introduce the following additional notions. A problem is called NP-hard if it is
“at least as hard as any problem in the NP class”, meaning that for each problem
in the NP class there exists a polynomial-time algorithm using which our problem
can be reduced to it. A problem is called NP-complete if it is NP-hard and is know
to lie in the NP class. Now suppose that we wanted to prove that P = NP. One
way to do this would be to find an NP-complete problem which we can show is
in the P class. Since it is NP, and is at least as hard as any NP problem, this
would mean that all NP problems are in the P class, and hence the equality would
be proved. Although this equality seems unlikely to be true, this argument still
presents serious motivation to study NP-complete problems.
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As usual, we write A C R™ for a lattice of full rank and
O< <<y

for its successive minima. A lattice can be given in the form its basis matrix, i.e. a
matrix A € GL,(R) such that A = AZ™. There are several questions that can be
asked about this setup. We formulate them in algorithmic form.

Shortest Vector Problem (SVP).
Input: A matrix A € GL,,(R).
Output: A vector &1 € A = AZ™ such that ||z1|| = A1.

Shortest Independent Vector Problem (SIVP).
Input: A matrix A € GL,,(R).
Output: Linearly independent vectors xq,...,x, € A = AZ™ such that

|z =\ V1<i<n.

Closest Vector Problem (CVP).
Input: A matrix A € GL,(R) and a vector y € R™.
Output: A vector x € A = AZ" such that

|z -yl <|z—-yllVzeA

Shortest Basis Problem (SBP).
Input: A matrix A € GL,(R).
Output: A basis b, ..., b, for A = Z" such that ||b;|| =

min{||z|| : « € A is such that by,...,b;_1,x is extendable to a basis}
forall 1 <i<n.

Notice that SVP is a special case of CVP where the input vector y is taken to be O:
indeed, a vector corresponding to the first successive minimum is precisely a vector
that is closer to the origin than any other point of A. On the other hand, SIVP
and SBP are different problems: as we know, lattices in dimensions 5 higher may
not have a basis of vectors corresponding to successive minima.

All of these algorithmic problems are all known to be NP-complete. In fact, even
the problem of determining the first successive minimum of the lattice is already
NP-complete. We can also ask for y-approximate versions of these problems for
some approximation factor 7. In other words, for the same input we want to return
an answer that is bigger than the optimal by a factor of no more than ~. For
instance, the 7-SVP would ask for a vector & € A such that

]| < ~yA1.

It is an open problem to decide whether the y-approximate versions of these prob-
lems are in the P class for any values of v polynomial in the dimension n.

On the other hand, v-approximate versions of these problems for v exponential
in n are known to be polynomial. The most famous such approximation algo-
rithm is LLL, which was discovered by A. Lenstra, H. Lenstra and L. Lovasz in
1982 [LLL82]. LLL is a polynomial time reduction algorithm that, given a lattice
A, produces a basis by, ...,b, for A such that

. n—1
min ||b;]] <277 Aq,
1<i<n
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and

(2.10) T 0Bl < 277 det(a).
=1

We can compare this to the upper bound given by Minkowski’s Successive Minima
Theorem (Theorem 1.5.2):

n

2’!7.
2.11 < A).
(2.11) EA < det(A)

For instance, when n = 2k the bound (2.10) gives

[T 16:0 <2755 det(A),
=1

while (2.11) gives
e 4k k)
II» < — det(A).
=1

Let us briefly describe the main idea behind LLL. The first observation is that
an orthogonal basis, if one exists in a lattice, is always the shortest one. Indeed,
suppose uq, . .., U, is such a basis, then for any a4,...,a, € Z,

n 2 n
D am|| = affwl?
i=1 =1

which implies that the shortest basis vectors can only be obtained by taking one
of the coefficients a; = +1 and the rest 0. Of course, most lattices do not have
orthogonal bases, in which case finding a short basis is much harder. Still, the basic
principle of constructing a short basis is based on looking for vectors that would be
“close to orthogonal”.

We observed in Section 2.2 (in particular, see Problems 2.5, 2.6, Lemma 2.2.4)
that the angle between a pair of shortest vectors must be between [r/3,27/3],
i.e. these vectors are “near-orthogonal”: in fact, these vectors have to be as close
to orthogonal as possible within the lattice. This is the underlying idea behind
the classical Lagrange-Gauss Algorithm for finding a shortest basis for a lattice
in R2. Specifically, an ordered basis by, by for a planar lattice A consists of vectors
corresponding to successive minima A1, Ao of A, respectively, if and only if

b b, 1
ni= <.
a2~ 2
On the other hand, if |u| > 1/2, then replacing be with
b2 - Lu] b17

where | 1] stands for the nearest integer to u, produces a shorter second basis vector.
We leave the proof of this as an exercise (Problem 2.9). Hence we can formulate
the Gauss-Lagrange Algorithm:

Input: by, by € R? such that ||by| < ||be]|

-
Compute p: p = TorTe

Check p: if |p| < 1/2, output by, by; else set by < by — |1] by and repeat the
algorithm (swapping by, by, if necessary, to ensure ||b1|| < ||b2||)
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This algorithm terminates in a finite number of steps (Problem 2.10).
Let us demonstrate this algorithm on an example. Suppose A = span;{b;, by},

where
1 1
bl B <5) , b2 - (O> .

We notice that ||b1|| > ||b2]|, so we swap the vectors: by <+ ba. We then compute
b/ b,

K= 373

1612

The nearest integer to u is 1, so we set

b2(—b2—b1=(§>.

We still have ||b1|| < ||bz]|, so no need to swap the vectors. With the new basis
by, by we again compute p, which is now equal to 0 < 1/2. Hence we found a

shortest basis for A:
1 0
0/’ \5)"°

LLL is based on a generalization of this idea. We can start with a basis
by, ..., b, for alattice A in R™ and use the Gram-Schmidt orthogonalization proce-
dure to compute a corresponding orthogonal (but not normalized) basis b, ..., b/,
for R™. For any pair of indices 7, j with 1 < j < i < i, let us compute the Gram-
Schmidt coefficient

=1>1/2

b/ b,

165112
If this coefficient is > 1/2 in absolute value, we swap b; <= b; — [1] b;: this ensures
the length reduction, but one other condition is also needed. Formally speaking, a

resulting basis by, ..., b, is called LLL reduced if the following two conditions are
satisfied:

(1) Forall 1 <j <i<m, | | <1/2
(2) For some parameter § € [1/4,1), for all 1 <k <mn,
311051 [1? < 1031 + s 1o 1) 1651 112

Traditionally, § is taken to be 3/4. While we will not go into further details about
the LLL, some good more detailed references on this subject include the original
paper [LLL82], as well as more recent books [Coh00], [Bor02], and [HPS08].

Mg
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2.4. Problems

PROBLEM 2.1. Prove that the optimal kissing number in R? is equal to 6.

PROBLEM 2.2. Prove that similarity is an equivalence relation on the set of all
lattices of full rank in R™.

PROBLEM 2.3. Assume two full-rank lattices L and M in R™ are similar. Prove
that they have the same packing density, covering thickness and kissing number.

PROBLEM 2.4. Prove that the set of all real orthogonal n x n matrices O, (R) is a
subgroup of GL,(R).

PROBLEM 2.5. Let 21 and x5 be nonzero vectors in R? so that the angle 0 between
them satisfies 0 < 6 < %. Prove that

[@1 — @2 < max{|[@: ], [}

PROBLEM 2.6. Let A C R? be a lattice of full rank with successive minima Ay < Ag,
and let x1,xo be the vectors in A corresponding to A1, A2, respectively. Let 6 €
[0,7/2] be the angle between x1 and x5. Prove that

m/3<6<m7/2.

PROBLEM 2.7. Let L and M be two similar lattices. Prove that if L is eutactic
(respectively, strongly eutactic, perfect), then so is M.

PROBLEM 2.8. Prove that the hexagonal lattice Ay, is both, perfect and eutactic.
Further, prove that if L is a perfect lattice in R2, then L ~ Ay,.

PROBLEM 2.9. Prove that an ordered basis by, by for a planar lattice A consists of
vectors corresponding to successive minima A1, Aa, respectively, if and only if

b by, 1
= < —.
H i = 2
On the other hand, if |u| > 1/2, then replacing by with
by — [u] by,

where | 1] stands for the nearest integer to p, produces a shorter second basis vector.

PRrROBLEM 2.10. Prove that the Gauss-Lagrange Algorithm as discussed in Sec-
tion 2.3 terminates in a finite number of steps.

(1 1o oo (1 =2\,
- Yr0- )

be two full rank lattice in the plane. Which one of them has higher packing density?
Prove your answer.

PROBLEM 2.11. Let



CHAPTER 3

Quadratic Forms

3.1. Introduction to quadratic forms

The theory of lattices that we introduced in the previous chapters can be viewed
from a somewhat different angle, namely from the point of view of positive definite
quadratic forms. In this chapter we study some basic properties of quadratic forms
and then emphasize the connection to lattices.

A quadratic form is a homogeneous polynomial of degree 2; unless explicitly
stated otherwise, we consider quadratic forms with real coefficients. More generally,
we can talk about a symmetric bilinear form, that is a polynomial

B(X,)Y)= Zzbinina
i=1 j=1
in 2n variables Xq,...,X,,Y1,...,Y, so that b;; = b;; for all 1 <4,5 < n. Such a
polynomial B is called bilinear because although it is not linear, it is linear in each
set of variables, X;,..., X, and Y7,...,Y,. It is easy to see that a bilinear form
B(X,Y) can also be written as

B(X,Y)=X'"BY,

where
bir b2 ... bin
b12 b22 P b2n
bin ban ... bun

is the corresponding n x n symmetric coefficient matrix, called the Gram matriz of
the form, and
X Y
X = 5 Y = )
Xn Y,
are the variable vectors. Hence symmetric bilinear forms are in bijective correspon-
dence with symmetric n x n matrices. It is also easy to notice that

(31) BX,Y)=X'BY =(X'BY) =Y'B'X =Y 'BX =B(Y, X),

since B is symmetric. We can also define the corresponding quadratic form
n n
QX)=B(X,X)=)Y_ Y b;X;X; =X BX.
i=1 j=1
Hence to each bilinear symmetric form in 2n variables there corresponds a quadratic
form in n variables. The converse is also true (Problem 3.1).

46
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DEFINITION 3.1.1. We define the determinant or discriminant of a symmetric bi-
linear form B and of its associated quadratic form ) to be the determinant of the
coefficient matrix B, and will denote it by det(B) or det(Q).

Many properties of bilinear and corresponding quadratic forms can be deduced
from the properties of their matrices. Hence we start by recalling some properties
of symmetric matrices.

LEMMA 3.1.1. A real symmetric matriz has all real eigenvalues.

PRrROOF. Let B be a real symmetric matrix, and let A be an eigenvalue of 5 with
a corresponding eigenvector . Write X for the complex conjugate of A, and B and
x for the matrix and vector correspondingly whose entries are complex conjugates
of respective entries of B and @. Then Bx = Az, and so

BZ = Bx = Bx = \x = )T,
since B is a real matrix, meaning that B = B. Then, by (3.1)
Mz'Z)=(\x) z=Bx) z=x'Bx=x' O\F) = \z %),
meaning that A = ), since ' & # 0. Therefore \ € R. |

REMARK 3.1.1. Since eigenvectors corresponding to real eigenvalues of a matrix
must be real, Lemma 3.1.1 implies that a real symmetric matrix has all real eigen-
vectors as well. In fact, even more is true.

LEMMA 3.1.2. Let B be a real symmetric matriz. Then there exists an orthonormal
basis for R™ consisting of eigenvectors of B.

PROOF. We argue by induction on n. If n = 1, the result is trivial. Hence
assume n > 1, and the statement of the lemma is true for n — 1. Let @y be an
eigenvector of B with the corresponding eigenvalue A;. We can assume that ||z, || =
1. Use Gram-Schmidt orthogonalization process to extend x; to an orthonormal
basis for R™, and write U for the corresponding basis matrix such that x; is the
first column. Then it is easy to notice that U=! = UT. By Problem 3.2,

A1 0 - 0
UTBU B 0 ail N al(n_l)
0 am-n1 - A@m-1)nm-1)

where the (n — 1) x (n — 1) matrix

a11 cee A1(n—1)

A= :
An-1)1 -+  Q(n-1)(n—1)

is also symmetric. Now we can apply induction hypothesis to the matrix A, thus
obtaining an orthonormal basis for R"~!, consisting of eigenvectors of A, call them
Yo, ..., Y,. For each 2 < ¢ < n, define

0 n
y;(y)eR,
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and let &; = Uy,. There exist Mg, ..., A\, such that Ay, = \;y, for each 2 < i <,
hence
U'BUY, = Ny,
and so Bx; = \;x;. Moreover, for each 2 <i < n,
oli=@]0) () ) =0

by construction of U. Finally notice that for each 2 <i < n,

= (7(2)) v (2) = 0wnome (8) = i =1,

meaning that @y, s, ..., x, is precisely the basis we are looking for. O

REMARK 3.1.2. An immediate implication of Lemma 3.1.2 is that a real symmet-
ric matrix has n linearly independent eigenvectors, hence is diagonalizable; we will
prove an even stronger statement below. In particular, this means that for each
eigenvalue, its algebraic multiplicity (i.e. multiplicity as a root of the characteristic
polynomial) is equal to its geometric multiplicity (i.e. dimension of the correspond-
ing eigenspace).

LEMMA 3.1.3. FEvery real symmetric matriz B is diagonalizable by an orthogonal

matriz, i.e. there exists a matriz U € O, (R) such that U BU is a diagonal matriz.

ProoF. By Lemma 3.1.2, we can pick an orthonormal basis uq, ..., u, for R”
consisting of eigenvectors of B. Let

U= (u1 ... up),
be the corresponding orthogonal matrix. Then for each 1 <17 < n,
uZTB'u,Z = uj(/\luz) = /\l(ujuz) = /\i7
where ); is the corresponding eigenvalue, since
1= ||u,
Also, for each 1 < i # j <mn,
T T T
w; Buj = u; (Ajuy) = Aj(u; uj) = 0.
Therefore, UTBU is a diagonal matrix whose diagonal entries are precisely the

eigenvalues of B. O

REMARK 3.1.3. Lemma 3.1.3 is often referred to as the Principal Axis Theorem.
The statements of Lemmas 3.1.1, 3.1.2, and 3.1.3 together are usually called the
Spectral Theorem for symmetric matrices; it has many important applications in
various areas of mathematics, especially in Functional Analysis, where it is usually
interpreted as a statement about self-adjoint (or hermitian) linear operators. A
more general version of Lemma 3.1.3, asserting that any matrix is unitary-similar
to an upper triangular matrix over an algebraically closed field, is usually called
Schur’s theorem.

We now discuss the implications of these results for quadratic forms. A linear
transformation o : R® — R™ is a homomorphism of additive groups, which is an
isomorphism if and only if its matrix is nonsingular (Problem 3.3). We will call such
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homomorphisms (respectively, isomorphisms) linear. Then GL, (R) is precisely the
group of all linear isomorphisms R™ — R™.

REMARK 3.1.4. Interestingly, not all homomorphisms R™ — R™ are linear: in fact,
in a certain sense most of them are not linear. Nonlinear homomorphisms from R"
to R™, however, cannot be explicitly constructed. This has to do with the fact that
a basis for R as Q-vector space (called the Hamel basis), while has to exist by the
Axiom of Choice, cannot be explicitly constructed (see [Kuc09] for details).

DEFINITION 3.1.2. Two real symmetric bilinear forms By and By in 2n variables
are called isomorphic if there exists an isomorphism o : R™ — R"™ such that

Bl (0w7 Uy) = B2(ma y)7

for all &,y € R™. Their associated quadratic forms @7 and Q5 are also said to be
isomorphic in this case and o is called an isomorphism of these bilinear (respectively,
quadratic) forms.

Isomorphism is easily seen to be an equivalence relation on real symmetric
bilinear (respectively quadratic) forms, so we can talk about isomorphism classes of
real symmetric bilinear (respectively quadratic) forms. The set of all isomorphisms
from a bilinear form B to itself forms a group under matrix multiplication, which is a
subgroup of GL,, (R) (Problem 3.4): these are precisely the linear maps o : R — R”
such that

B(cX,0Y)=B(X,Y),
and so the same is true for the associated quadratic form Q.

DEFINITION 3.1.3. A symmetric bilinear form B and its associated quadratic form
Q@ are called diagonal if their coefficient matrix B is diagonal. In this case we can
write

B(X\Y) =Y bXY;, Q(X)=> bX}?,
i=1 i=1
where by, ...,b, are precisely the diagonal entries of the matrix B.

With this notation we readily obtain the following result.

THEOREM 3.1.4. Every real symmetric bilinear form, as well as its associated qua-
dratic form, is isomorphic to a real diagonal form. In fact, there exists such an
isomorphism o whose matriz is in On(R): in this case we call o an isometry.

PRrROOF. This is an immediate consequence of Lemma 3.1.3. [

REMARK 3.1.5. Notice that this diagonalization is not unique, i.e. it is possible for
a bilinear or quadratic form to be isomorphic to more than one diagonal form (no-
tice that an isomorphism can come from the whole group GL,,(R), not necessarily
from O, (R)). This procedure does however yield an invariant for nonsingular real
quadratic forms, called signature.

DEFINITION 3.1.4. A symmetric bilinear or quadratic form is called nonsingular
(or nondegenerate, or regular) if its Gram matrix is nonsingular.

Alternative equivalent characterizations of nonsingular forms are given in Prob-
lem 3.5. We now deal with nonsingular quadratic forms until further notice.
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DEFINITION 3.1.5. A nonsingular diagonal quadratic form @) can be written as

QX) = 30, X2 = S b, X2
j=1 j=1

where all coefficients b;,, by; are positive. In other words, r of the diagonal terms
are positive, s are negative, and r + s = n. The pair (r,s) is called the signature
of Q. If ) is a non-diagonal nonsingular quadratic form, we define its signature to
be the signature of an isometric diagonal form.

The following is Lemma 5.4.3 on p. 333 of [Jac90]; the proof is essentially the
same.

THEOREM 3.1.5. Signature of a nonsingular quadratic form is uniquely determined.

Proor. We will show that signature of a nonsingular quadratic form @ does
not depend on the choice of diagonalization. Let B be the coefficient matrix of
@, and let U, W be two different matrices that diagonalize B with column vectors
U, ..., U, and wy,...,w,, respectively, arranged in such a way that

Q(u1),...,Q(ur,) >0, Qur,+1),...,Q(u,) <0,
and
Q(wl)’ RN} Q(wm) > 07 Q(wr2+1)a ceey Q(wn) < 07

for some 71,75 < n. Define vector spaces
V" = spang{ui,...,u, }, Vi = spang{t,, 41,...,un},
and
V" = spang{wy,...,w,,}, Vo = spang{w,,11,...,w,}.
Clearly, Q is positive on V;", V;‘ and is negative on V;, V, . Therefore,
Vitnvy =V nv = {o}.
Then we have
ri+ (n—ry) =dim(V;t @ V) <n,
and
ro + (n—r1) =dim(Vyt @ V7)) < n,
which implies that r; = r5. This completes the proof. O

The importance of signature for nonsingular real quadratic forms is that it is an
invariant not just of the form itself, but of its whole isometry class.

THEOREM 3.1.6 (Sylvester’s Theorem). Two nonsingular real quadratic forms in n
variables are isomorphic if and only if they have the same signature.

We leave the proof of this theorem to exercises (Problem 3.6). An immediate impli-
cation of Theorem 3.1.6 is that for each n > 2, there are precisely n+1 isomorphism
classes of nonsingular real quadratic forms in n variables, and by Theorem 3.1.4
each of these classes contains a diagonal form. Some of these isomorphism classes
are especially important for our purposes.

DEFINITION 3.1.6. A quadratic form @ is called positive or negative definite if,
respectively, Q(x) > 0, or Q(x) < 0 for each 0 # & € R"; Q is called positive or
negative semi-definite if, respectively, Q(x) > 0, or Q(x) < 0 for each 0 # & € R™.
Otherwise, @ is called indefinite.
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A real quadratic form is positive (respectively, negative) definite if and only
if it has signature (n,0) (respectively, (0,n)). In particular, a definite form has
to be nonsingular (Problem 3.7). Positive definite real quadratic forms are also
sometimes called norm forms, since they do define norms (Problem 3.8).

We now have the necessary machinery to relate quadratic forms to lattices. Let
A be a lattice of full rank in R™, and let A be a basis matrix for A. Then y € A if
and only if y = Ax for some x € Z™. Notice that the Euclidean norm of y in this
case is

lyll = (Az) " (Az) = 2T (AT A)z = Qa(),
where @ 4 is the quadratic form whose Gram matrix is AT A. By construction, Q 4
must be a positive definite form. This quadratic form is called the norm form for
the lattice A corresponding to the basis matrix A.

Now suppose C' is another basis matrix for A. Then there must exist U &€
GL,(Z) such that C = AU. Hence the matrix of the quadratic form Q¢ is
(AU)T(AU) = UT (AT A)U; we call two such matrices GL,,(Z)-congruent. Notice
in this case that for each @ € R”

Qol(x) =x"U(ATA)Uz = Qa(Uz),

which means that the quadratic forms @ 4 and Q¢ are isomorphic. In such cases,
when there exists an isomorphism between two quadratic forms in GL,,(Z), we will
call them arithmetically equivalent. We proved the following statement.

ProrosiTiON 3.1.7. All different norm forms of a lattice A of full rank in R™ are
arithmetically equivalent to each other.

Moreover, suppose that @ is a positive definite quadratic form with Gram
matrix B, then there exists U € O, (R) such that

UTBU =D,
where D is a nonsingular diagonal n xn matrix with positive entries on the diagonal.

Write v/D for the diagonal matrix whose entries are positive square roots of the
T
entries of D, then D = D /D, and so

B = (vVDU)"(VDU).

Letting A = VDU and A = AZ", we see that Q is a norm form of A. Notice
that the matrix A is unique only up to orthogonal transformations, i.e. for any
W e 0,(R)
(WA)T(WA) =AT(WTW)A=ATA=B.

Therefore @ is a norm form for every lattice WAZ", where W € O, (R). Let us call
two lattices A; and Ag isometric if there exists W € O, (R) such that Ay = WA,.
This is easily seen to be an equivalence relation on lattices. Hence we have proved
the following.

THEOREM 3.1.8. Arithmetic equivalence classes of real positive definite quadratic
forms in n variables are in bijective correspondence with isometry classes of full
rank lattices in R™.

Notice in particular that if a lattice A and a quadratic form @ correspond to each
other as described in Theorem 3.1.8, then

(3.2) det(A) = /] det(Q)].
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Now that we have the bijective correspondence between lattices and positive
definite quadratic forms, we end this section with an application of Minkonwski’s
Convex Body Theorem to the context of quadratic forms: this is Theorem 4 on p.
44 of [GLS8T].

THEOREM 3.1.9. Let

n n

QX) = b X;X; = X"BX

i=1 j=1

be a positive definite quadratic form in n variables with Gram matriz B. There

exists 0 # x € Z"™ such that
1/n
Qx) <4 <ditu?) :

PROOF. As in the proof of Theorem 3.1.8 above, we can decompose B as

B = AT A for some A € GL,,(R). Then
det(B) = det(A).
For each r € Ry, define the set
E,={xcR":Q(x) <r}={x cR": (Az)  (Az) <7} = A7'S,,

where S, = {y € R" : ||y||> < r} is a ball of radius /7 centered at the origin in
R™. Hence F, is an ellipsoid centered at the origin with
=0

det(B)’

Vol(E,) = | det(A)|~! Vol(S,) = w,

o (det(B))l/”’

2
Wn,

then Vol(E,) = 2", and so by Theorem 1.4.2 there exists 0 # x € FE, NZ". O

Hence if
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3.2. Minkowski’s reduction

Let M C R™ be a 0-symmetric convex set with positive volume, and let A C R"™
be a lattice of full rank, as before. In Section 1.4 we discussed the following question:
by how much should M be homogeneously expanded so that it contains n linearly
independent points of A? We learned however that the resulting set of n minimal
linearly independent vectors produced this way is not necessarily a basis for A.
In this section we want to understand by how much should M be homogeneously
expanded so that it contains a basis of A? We start with some definitions. In case M
is a unit ball, this question is directly related to the Shortest Basis Problem (SBP)
we discussed in Section 2.3. There we reviewed the polynomial-time approximation
algorithm LLL for SBP. Here we will discuss the Minkowski reduction, which (in
case M is a unit ball) yields precisely the shortest vector. Minkowski reduction,
however, cannot be implemented as a polynomial-time algorithm.

As before, let us write F' for the norm corresponding to M, i.e.

M={zeR": F(z) < 1},

then

Fz+y) < F(z) + F(y).
We write Ay, ..., A, for the successive minima of M with respect to A.
DEFINITION 3.2.1. A basis {v1,...,v,} of A is said to be Minkowski reduced with

respect to M if for each 1 < ¢ < n, v; is such that
F(v;) = min{F(v) : v1,...,v,_1,v is extendable to a basis of A}.

In the frequently occurring case when M is the closed unit ball B,, centered at O,
we will just say that a corresponding such basis is Minkowski reduced. Notice in
particular that a Minkowski reduced basis contains a shortest nonzero vector in A.

From here on let {vy,...,v,} be a Minkowski reduced basis of A with respect to M.
Then

F(’Ul):Al, F(Ul)Z)\lVQgZSTL
Assume first that M = B,,, then F' = || ||. Write A for the corresponding basis
matrix of A, i.e. A = (vy...v,), and so A = AZ™. Let @ be the corresponding
positive definite quadratic form, i.e. for each x € R™

Qx)=z" AT Azx.
Then, as we noted before, Q(x) = ||Az||?. In particular, for each 1 <i <mn,
Qles) = [[oi]1>.
Hence for each 1 <i < n, Q(e;) < Q(x) for all & such that
V1,...,0i_1,Ax
is extendable to a basis of A. This means that for every 1 <i <n
(3.3) Qe;) <Q(x) Ve Z", ged(wmy,...,xy) =1

If a positive definite quadratic form satisfies (3.3), we will say that it is Minkowski
reduced. Every positive definite quadratic form is arithmetically equivalent to a
Minkowski reduced form (Problem 3.9).

Now let us drop the assumption that M = B,,, but preserve the rest of no-
tation as above. We can prove the following analogue of Minkowski’s successive
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minima theorem; this is essentially Theorem 2 on p. 66 of [GL87], which is due to
Minkowski, Mahler, and Weyl.

THEOREM 3.2.1. Let vy =1, and v; = (%)if2 for each 2 <i<mn. Then

(34) )\i S F(’Ui) S VZ/\Z
Moreover,
n 3 ('n.—l)z('n,—Q) d t(A)
e
. i) <2™| = .
(3:5) EF@) 2(» Vol(M)

PROOF. It is easy to see that (3.5) follows immediately by combining (3.4) with
Theorem 1.5.2, hence we only need to prove (3.4). It is obvious by definition of a
reduced basis that F(v;) > \; for each 1 <i <n, and that F(v;) = ;. Hence we
only need to prove that for each 2 <i <n

Let uq,...,u, be the linearly independent vectors corresponding to successive min-
ima A1, ..., A, Le.

Then, by linear independence, for each 2 < i < n at least one of uy,...,u; does
not belong to the subspace spang{vi,...,v;—1}, call this vector w;. If the set
v1,...,V;i—1,U; is extendable to a basis of A, then by construction of reduced basis

we must have
i >\ = F(u;) > F(vy),

and so it implies that A\; = F(v;), proving (3.6) in this case.

Next assume that the set v1,...,v;_1,u; is not extendable to a basis of A. Let
v € spang{vi,...,v,_1,u;} be such that the set vy,...,v,_1,v is extendable to a
basis of A. Then we can write

u; =kv1+ -+ kis1v; £mo,
where kq,...,k;_1,m € Z, and m > 2. Indeed, m # 0 since
u; ¢ spang{v1,...,vi—1}.
On the other hand, if m = 1 then
v € spang{v1,...,vi_1,U;},

which would imply that vy,...,v;_1,u; is extendable to a basis. Thus m > 2, and
we can write

v=ov + o+ oo v—1 £ —uy,
m

where a1, ...,a;_1 € R. In fact, for each 1 < k < ¢ — 1, there exists an integer I,
and a real number S, with |8;| < % such that

ag =l + B-
Then

i—1

1—1
1
= l + —u; = l !
v kz_l(k-i—ﬁk)vk U ;kvk+v7
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- ) ]
where v/ = Y} Brvp £ ~u;. Since v — v’ € spang{vi,...,v;_1}, it must be

that v’ € A, and the set vy,...,v;_1,v" is extendable to a basis of A. Then, by
definition of v;, we have

i—1
Flv;)) < FW)< ZF(Bkvk) +F (;uj>
k=1

i1
1 | B F'(vi) + %F(Uj)

(Z F(vy) + F(uj)> < % (Z F(og) + )\i> .

k=1
Combining this with the previous case, we conclude that

Hence we obtain

|
(]

N — ‘?lT‘

<

F(’Ug) < max {)\2, %()\1 + )\2)} = )\2,

hence F(v3) = A2. More generally, one can easily deduce (3.6) from (3.7). This
finishes the proof. O

As a corollary of Theorem 3.2.1, one can easily deduce a bound on the product of
diagonal coefficients of reduced positive definite quadratic forms (Problem 3.11).

There are also other reduction procedures for lattice bases, most notably there
is a notion of Korkin-Zolotarev reduced basis, which has many applications, for
instance in coding theory. In general, depending on particular situation or appli-
cation one has in mind, one or another reduction may be preferable. The common
feature of all reduced bases is that they all contain the shortest nonzero vector of
the lattice. One may then ask how to find a Minkowski-reduced basis for a lattice
A with respect to a convex 0-symmetric set M in R™? This problem happens to be
very difficult in a rather precise sense; in fact, it is a harder version of the Shortest
Vector Problem (SVP) that we discussed above.
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3.3. Sums of squares

A classical arithmetic problem has to do with representation of integers by posi-
tive definite quadratic forms. Indeed, let Q(X) be a positive definite quadratic form
in n variables with integer coefficients. Then its values at nonzero integer points
are necessarily positive integers. One can then ask which ones? More specifically,
given a positive integer m, does there exist a point @ € Z™ such that Q(x) = m?
If this is the case, we say that m is representable by Q.

This question can be interpreted in several different ways. The most obvious
one is a question about existence of integer solutions to the equation

(3.8) Q(X) =m.

Notice that the set of all possible real solutions to (3.8) is actually the surface of an
ellipsoid in R™. Then geometrically our question asks whether this surface contains
any integer points? On the other hand, as we know there is a lattice corresponding
to Q(X), call it A, so that Q(X) is a norm form corresponding to some choice of
basis matrix A of A. Then for any vector y = Ax € A,

lyll = Q(=),

and so our question is now about the possible integer norm values of vectors in A.

The most natural quadratic form to ask these questions about is the usual
Euclidean norm-form, that is the sum of squares: this is the problem we consider in
this section. Indeed, results on integers representable as sums of squares go back to
at least the work of Pierre de Fermat in 1640, who considered this question in two
variables. Namely, Fermat was able to characterize all the integers representable as
sums of two integer squares. We start with Fermat’s theorem on representation of
primes as sums of two squares: since 2 = 12 + 12, we focus on odd primes. There
are several known proofs of this result in the literature: we present an elegant proof
by an application of Minkowski’s Convex Body Theorem.

THEOREM 3.3.1. An odd prime number p is representable as a sum of two integer
squares if and only if p=1 (mod 4).

PROOF. First notice that for any integer x, 2% is congruent to either to 0 or 1

modulo 4. Hence a sum of two integer squares can be congruent to either 0, 1, or 2
modulo 4. Thus a prime that is congruent to 3 modulo 4 cannot be representable
as a sum of two squares.

We therefore only need to show that if a prime p = 1 (mod 4), then there exist
2,y € Z such that p = 2% + y2. There exists m € Z such that m? = —1 (modp)
(Problem 3.12). Hence

p|m?+ 1.

A:(l 0>Z2cz2,
m p

then det(A) = p and any point u € A is of the form

B a
w= am + bp

ul|? = a® + (am + bp)? = a®*(m? + 1) + (2abm + b*p)p = 0 (mod p),

Define a lattice

for some integers a,b. Then
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hence p | |[u||? for any u € A. Let € > 0 and B2(y/2p — €) be a circle of radius
v/2p — € centered at the origin in the plane. For sufficiently small €, the area of

Ba(v2p—¢) is

7(2p — €) > 2%p = 2% det(A),
and hence Bs(1/2p — €) contains a nonzero point of A, by Theorem 1.4.2. Let

u = 3?5 be this point, then

plllul>=2*+y*<2p—c < 2p.
This implies that z2 + % = p, and so we are done. ([

We can now deduce a sum of two squares criterion for all the positive integers.
For this, we need the following auxiliary lemma.

LEMMA 3.3.2. Suppose a,b are integers representable as sums of two squares. Then
so is their product ab.

PROOF. Suppose
a=a*+y% b=2"+1¢
for some x,y, z,t € Z. Then
ab = (2?2 +y*)(2* +1?)
(zz + yt)? + (at — y2)?
(3.9) = (zz —yt)> + (at + y2)*

O

THEOREM 3.3.3 (Sum of Two Squares). A positive integer m is representable as a
sum of two integer squares if and only if the prime factors congruent to 3 modulo
4 in its prime factorization occur to an even power.

PROOF. Let
(3.10) m =2°p{" - plgft gl

be the prime decomposition of m, where p, ..., py are distinct primes = 1 (mod 4),
q1,---,qn are distinct primes = 3 (mod4), e > 0 and the powers fi,..., fk,
g1,--.,9n, are all positive. We then need to show that m is representable as a
sum of two squares if and only if ¢q,..., g, are all even.

First suppose that all g1,..., g, are all even. Notice that each
2
i /2
¢ = (%) +02
Further, if e is even, then
2
2¢ — (26/2) + 027
and if e is odd, then

9¢ — ge=1 4 ge—1 _ (2(6—1)/2)2 + (2(5—1)/2>2.

Finally, each p; is representable as a sum of two squares by Theorem 3.3.1. Com-
bining these observations with Lemma 3.3.2, we see that the product m must be
representable as a sum of two squares.
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Now assume m = x2 + y? for some z,y € Z with d = ged(z,y). Let us write
m = a?b, where a,b € Z with b is squarefree. Then

2?4+ 9% = d*(2? + y}) = a’b,

so d? | a® and ged(x1,y1) = 1. Suppose some prime p divides b, then p must divide
zi +yi, ie.

2 = —y% (mod p).

Suppose p = 3 (mod4), then p—1 =404+ 2 =2(2¢+ 1), and so
(B11) b= (@ = ()M )" = ! (modp).

Hence if p divides x1, it must also divide y;, which is not possible since x1,y; are
relatively prime. Thus p { x1,y1, in which case Fermat’s Little Theorem implies
that af ~!and Yy ~! are both congruent to 1 modulo p, and hence congruent to each
other. This contradicts (3.11), meaning that p cannot be congruent to 3 modulo 4.
Hence any odd primes dividing the squarefree part of m must be congruent to 1
modulo 4, so primes congruent to 3 modulo 4 must come to an even power in the
factorization (3.10). O

A natural next step in the development of the sum of squares problem is the
question of which integers can be represented as sums of three squares? The an-
swer is provided by a theorem of Adrien-Marie Legendre (1797), although (as was
observed later) it also follows from an earlier result of Gauss (1796).

THEOREM 3.3.4 (Sum of Three Squares). A positive integer m is representable as
a sum of three integer squares if and only if it is not of the form m = 4*(8b + 7)
for some positive integers a,b.

The necessity of the condition m # 4%(8b+ 7) is not difficult to see: it follows from
the fact that any integer square is either 0, 1, or 4 modulo 8. The sufficiency of
this condition is considerably harder; we do not present it here.

Interestingly, the theorem about representing integers as sums of four squares
is easier to prove: it was first obtained by Joseph Louis Lagrange in 1770, earlier
than Legendre’s theorem. The proof we present here is similar in spirit to our proof
of Fermat’s Sum of T'wo Squares Theorem.

THEOREM 3.3.5 (Sum of Four Squares). Any positive integer m is representable as
a sum of four integer squares.

PROOF. Similar to the identity (3.9) expressing the product of two sums of
two squares as a sum of two squares, there is Euler’s identity for the sum of four
squares:

(2% + a3 + a3 +23)(yF + 93 + 93+ vi)
= (w11 — 2oy2 — T3y — Tays)’ + (2192 + T2y1 + T3ys — Tays)”
(3.12) + (fElyg — ToYs + x3Y1 + z4y2)2 + (z1y4 + Zoy3 — x3Y2 + $4y1)2.
This identity implies that the set of integers representable as sums of four squares

is closed under multiplication. Thus we we only need to show that every prime
representable this way (obviously, 1 is representable).
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Let p be a prime. There exist some two integers a and b so that a? + b% + 1 is
divisible by p (Problem 3.13). Define a lattice

p 0 a b
[0 p b —a]. 4
A700102’

0 0 0 1

then det(A) = p?. Let u € A, then
[w* = (p21 + azs + bwa)? + (pw2 + bas — awa)® + 23 + 2]
for some x1,...,x4 € Z. Hence
[ul® = (23 + 23)(a® + b + 1) = 0 (mod p),

thus p | ||u||? for any w € A. Let € > 0 and B4(y/2p — ¢) be a ball of radius /2p — &
centered at the origin in R*. For sufficiently small £, the volume of By(1/2p — ¢) is
2
2
and hence By(1/2p —€) contains a nonzero point of A, by Theorem 1.4.2. Let
u = (u1, uz,us3,us) ' be this point, then

(2p —€)? > 2%p? = 2* det(A),

plllull® =i +ul+ul+ui <2p—e<2p.

This implies that u? 4+ u3 + u3 + u3 = p, and so we are done. O

Questions about representation of integers by quadratic forms in general are
at the center of an important subarea of number theory, the arithmetic theory of
quadratic forms. Ever since the work of Fermat, Lagrange, Legendre and Gauss
many mathematicians have studied such representation questions, as well as ques-
tions about counting numbers of possible representations. In other words, given an
equation of the form (3.8), one can ask:

(1) Does it have integer solutions?

(2) If so, how many integer solutions does it have?
While we do not address these questions here, we refer the interested reader to the
books [HWO08] and [MSSWO06|, where these questions are considered. Some of
our arguments in this section followed the exposition of [Cla]. A classical account
of the theory of rational quadratic forms can be found in Cassels’ book [Cas78].
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3.4. Problems

PROBLEM 3.1. Let Q(X) be a quadratic form in n variables. Prove that
1
B(X,Y)=3(QX +Y)-Q(X) - QY))
is a symmetric bilinear form.

PROBLEM 3.2. Let B be an n X n real symmetric matrix. Let 1 be an eigenvector
of B with the corresponding eigenvalue A\ and |x1]| = 1. Let U € O,(R) be a
matriz whose columns are an orthonormal basis containing x, with 1 being the
first column. Prove that the matriz U BU is of the form

A 0 . 0
0 a1 ce al(n,l)
0 am-11 -+ Gu—1)(n-1)

where the (n — 1) x (n — 1) matriz

ail A1(n—-1)

An—1)1 -+  A(n-1)(n—1)

is also symmetric.

PROBLEM 3.3. Prove that a linear transformation o : R™ — R"™ is a homomorphism
of additive groups, which is an isomorphism if and only if its matriz is nonsingular.

PROBLEM 3.4. Prove that if o is an isomorphism of a symmetric bilinear form
B, then det(oc) = £1. Prove that the set of all isomorphisms of a symmetric
bilinear form is a group under matrix multiplication. Hence it must be a subgroup

of GL,(R).

PROBLEM 3.5. Let B(X,Y) be a symmetric bilinear form and Q(X) its associated
quadratic form. Prove that the following four conditions are equivalent:

(1) B is nonsingular.
(2) For every 0 # x € R™, there exists y € R™ so that B(x,y) # 0.
(3) For every 0 # x € R™ at least one of the partial derivatives

Q
X,

(4) Q is isometric to a diagonal form with all coefficients nonzero.

(@) £ 0.

PROBLEM 3.6. Prove Sylvester’s Theorem (Theorem 3.1.6), namely that two non-
singular real quadratic forms in n variables are isomorphic if and only if they have
the same signature.
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PROBLEM 3.7. Prove that a real quadratic form in n variables is positive (respec-
tively, negative) definite if and only if it has signature (n,0) (respectively, (0,n)).
In particular, a definite form has to be nonsingular.

PROBLEM 3.8. Let Q) be a positive definite real quadratic form in n variables. Prove
that the function x — /Q(x) is a norm on R™.

PROBLEM 3.9. Prove that every positive definite quadratic form is arithmetically
equivalent to a Minkowski reduced form.

PROBLEM 3.10. Let B = (b;j)i<ij<n be the symmetric coefficient matriz of a
Minkowski reduced positive definite quadratic form Q. Prove that
0<big <bga <+ Sbnna

and
|2bm\§me1§z<j§n

PROBLEM 3.11. Let o
QX) = by XiX;

be a Minkowski reduced positive deﬁni;f:qigilmtic form. Prove that

n (n=1)(n—2)
(3.13) Hbu‘ < g (3) 2 det(Q),

iy w2z \ 2
where w,, is the volume of a unit ball in R™, which is given by (2.1).
(Hint: Let A = Z", and let M = {a: eR”: /Q(x) < 1}; then apply Theorem
3.2.1.)

PROBLEM 3.12. Let p be a prime congruent to 1 modulo 4. Use Euler’s Criterion
to prove that there exists m € Z such that m* = —1 (mod p).

PROBLEM 3.13. Let p be a prime. Prove that there exist some two integers a and
b so that a® + b% + 1 is divisible by p.

PROBLEM 3.14. Let n > 2 be even, and define quadratic forms

n
Qi(X1,. . Xn) =D X7 = X1 Xp — XsXy— = Xp 1 X,
i=1
and
Q2(X1,...,X,) = X'BX
for some real symmetric matrix B. Suppose that Q1 and Qo are isometric, i.e.
there exists a real orthogonal matrix U such that

Q1(UX) = Qa2(X).

(1) Find eigenvalues of B. Prove your answer.
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(2) Let
1 n
Q)(Xy,...,Xn) = 52){3 — X1 Xy — XsXy— - — Xn1 X,

i=1
Are Q) and Q2 isometric? Prove your answer.



CHAPTER 4

Diophantine Approximation

4.1. Real and rational numbers

Diophantine approximation aims to quantify the quality of approximation of
real numbers by rationals. The set Q of rational numbers can be defined as the set
of equivalence classes of integer pairs (a,b) € Z? under the relation

(4.1) (a,b) ~ (¢,d) < ad = be.

We can then construct real numbers as equivalence classes of rational Cauchy se-
quences under the relation that two sequences are equivalent whenever they con-
verge to the same limit. In terms of decimal expansion we can define a real number

to be a power series
o0
E aklo_k,
k=0

where the coefficients ag, ai, ... are integers in the interval [—9,9], either all non-
negative or all nonpositive. As indicated in Problem 4.1, each such power series
converges.

Now, rational numbers are those power series for which either all but finitely
many aj are zero, or those for which the sequence of coefficients {ag,a,...} is
periodic. From this description it is clear that most real numbers must be irrational,
but can this statement be made more precise? In this chapter we will explore the
relationship between rational and all real numbers in some detail, drawing precise
conclusions.

The first observation we make is that although rationals are sparse among the
reals, it is always possible to find a rational number as close as we want to a given
real number.

THEOREM 4.1.1. The set of rational numbers Q is dense inside of the set of real
number R, i.e. if x <y € R, then there exists z € Q such that

x<z<y.
PRrROOF. Since y — x > 0, there must exist n € Z such that
n(y —x) =ny —nz > 1,
so nz + 1 < ny. Let m = [nx + 1], then m is an integer such that
m<nr+1l<m-+]1.

Hence we have
nr<m<nr+1<ny,
and hence
m
r< —<y.
n

63



64 4. DIOPHANTINE APPROXIMATION

Let 2 = * € Q, and this finishes the proof. ([

Theorem 4.1.1 implies that any real number can be approximated arbitrarily
well by rational numbers. In the next section we show that, while this is true, the
number of rationals is still incomparably smaller than the number of all reals in a
certain well defined sense.
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4.2. Algebraic and transcendental numbers

We start out with definitions and basic properties of algebraic and transcen-
dental numbers.

DEFINITION 4.2.1. A complex number « is called algebraic if there exists a nonzero
polynomial p(x) with integer coefficients such that p(a) = 0. If « is not algebraic,
it is called transcendental.

In other words, transcendental numbers are complex numbers that do not satisfy
any polynomial equation with integer coefficients. We will write A for the set of all
algebraic numbers and T := C \ A for the set of all transcendental numbers.
Examples of algebraic numbers are easy to construct. In fact, it is easily seen
that every rational number ™ is algebraic: it is the root of polynomial p(z) =
nz —m. More generally, any number of the form (%)1/ * where m,n are integers,
n # 0, and k a positive integer is also algebraic: it is a root of the polynomial
p(z) = naz® —m. Notice that this example includes such instances as v/2, i = v/—1,
and many others. These examples and the ease with which they can be constructed
may give an impression that most complex numbers are algebraic. In fact, this is

not true. Our first goal is to make this idea rigorous.

First let us introduce some additional notation. Recall that we write Z[x]
for the ring of all polynomials with integer coefficients. We think of constants as
polynomials of degree 0, and hence Z C Z[z]. The degree of an algebraic number «
is defined as

deg(a) = min{deg(f(x)) : f(x) € Zla], f(a) = O}.

Let d = deg(a) and let f(x) = Eiz:() amx™ € Z[x] be a polynomial of degree d such
that f(a) =0, ged(ag, - . .,aq) =1, and ag > 0. By Problem 4.2, this polynomial is
unique for each « € A: it is called the minimal polynomial of o, denoted by m, ().
A polynomial p(x) € Z[z] is called irreducible if whenever p(z) = f(x)g(x) for some

f(x),g(x) € Z[z] then either f(z) or g(x) is equal to £1.

DEFINITION 4.2.2. A set S is called countable if there exists a bijective (i.e., one-
to-one and onto) map f: N — S.

LEMMA 4.2.1. Let S1,59,... be a collection of finite sets. Then their union
S=1{]J 5
n=1

is countable.
ProoF. For each n > 1, let a,, be the cardinality of S, and write
Sp ={Zn1,--+Tna, }-
Then we can write
S={Z11,. -, T1a;, 21, -+, T2ag,-- - }-

Let 4., be the m-th element of S with respect to the above ordering, i.e. ym = Zn;
for some n and j such that

ai+---+ap_1+j=m.

Then define f : N — S by f(m) = yn,. This map is clearly a bijection, and hence
S is countable. O
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LEMMA 4.2.2. The set N x N is countable.
PrOOF. Notice that
NxN = {(m,n): m,n €N}
= {(m,n):mneN, m<n}U{(m,n):mneN, m>n}

= (U{(m,n)mﬁn}) U (U{(m,n):n<m}>,

n=1 m=1
which is a (countable) union of finite sets, and hence it is countable by Lemma 4.2.1
above. O

LEMMA 4.2.3. A countable union of countable sets is countable.
PROOF. Let S1,S53,... be countable sets, say
Sn = {xnlaxn% o }7

and let

o0
S={J Sn.
n=1
Then notice that there is a bijection f: N x N — S| given by f(n,m) = zpm. By
Lemma 4.2.2, N x N is countable, i.e. there exists a bijection g : N — N x N. Since
a composition of two bijections fog: N — S is again a bijection, we conclude that
S is countable. O

LEMMA 4.2.4. Let m > 1. The set
Z2" :={a=(a1,...,am):a1,...,am € L}
is countable.
PRrOOF. We argue by induction on m. First suppose that m = 1, then the set
Z=NU-NuU{0},

where —N = {—z : # € N}. This is a union of two countable sets and one finite
set, hence it is countable. Now suppose that the statement of the lemma is true for
m = d — 1. We prove it for m = d. Notice that

A < U {(z,a) :x € Zd1}> U (U{(sc,—a) ‘x € Zd1}> ,
a€Ng a€eN

Each set like {(z,a) : z € Z% '} or {(z,—a) : & € Z?~!} for a € N is in bijec-

tive correspondence with Z% !, and hence is countable by induction hypothesis.

Therefore Z% is a countable union of countable sets, and hence is countable by

Lemma 4.2.3. O

REMARK 4.2.1. One can use Lemma 4.2.4 to deduce that Q is a countable set.
Indeed, rational numbers are constructed as the set of equivalence classes of the
subset Z2 := {(a,b) € Z : b # 0} of Z? under the specified equivalence relation (4.1).
Identifying these equivalence classes with some choice of their representatives, we
can view Q as a subset of Z2. Lemma 4.2.4 implies that Z2 is countable, and then
Problem 4.4 guarantees that Q is countable.

We will now prove a much stronger fact, namely countability of the set of all
algebraic numbers, from which countability of Q follows yet again by Problem 4.4.
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THEOREM 4.2.5. The set A of algebraic numbers is countable.

PrOOF. Notice that each a € A is a root of some polynomial in Z[z]. Further-
more, each polynomial p(x) € Z[z] has finitely many roots. In fact, the Fundamen-
tal Theorem of Algebra (presented in Appendix B) guarantees that any polynomial
with coefficients in C has d roots in C, counted with multiplicity, where d is its
degree. For each p(z) € Z[z], let R, be the set of all roots of p(x). Then

A= |J R
p(z)€EZ[z]
This union is not disjoint, i.e. roots may be repeated. Hence, if we just think

of this union as a list of elements with repetition, then A is formally a subset of
Up(z)eZ[m] R,. Now notice that each polynomial

d
p(x) = Z anx” € Zlx)
n=0

can be identified with its vector of coefficients (ag,...,aq) € Z4t!, where d =
deg(p(z)). This defines a bijection between Z[z] and the set (J,cy, 74+ which is
a countable union of countable sets, hence is countable. Therefore Up(x)EZ[x] R,
is a countable union of finite sets, hence is countable, and so its subset A is also
countable. O

REMARK 4.2.2. In fact, we could rephrase the proof Theorem 4.2.5 in terms of just
irreducible polynomials. In other words, there is a bijection between A and the
disjoint union of sets of roots of all irreducible polynomials in Z[x]. Since the set
of irreducible polynomials is an infinite subset of the countable set Z[z], it is itself
countable, hence we are done.

In contrast, let us consider the set of all real numbers.
THEOREM 4.2.6. The set R of all real numbers is uncountable.

PrROOF. Assume that R is countable. Then there exists some bijection f :
N — R. Let us write x,, := f(n) for each n € N, so the image of f is the sequence
(zn)nen of distinct real numbers, which is supposed to be equal to all of R. We
will reach a contradiction by showing that every sequence (z,,)nen of distinct real
numbers misses at least one z € R.

Indeed, let (z,,)nen be such a sequence. We define a nested family of intervals
as follows. Let a1 = min{z1, 22} and by = max{xy,z2}. Since the elements of
our sequence are all distinct, a; < by, and hence I := [a1,b1] is an interval, not a
singleton. If I; contains only finitely many x,,’s, then pick some x € I; which is not
one of these numbers (by Problem 4.5, such z must exist), and we are done. Then
assume [; contains infinitely many x,’s. Let y and z be the first two such elements,
with respect to index, in the interior of I; and let ay = min{y, z}, by = max{y, z}
S0 ag < by and I := [ag, bo] is again an interval with non-empty interior such that
I C I;. Continue in the same manner to obtain a nested sequence of intervals:

o CI,Clh 1 C--CLCI,
where each I, = [ay, b,] with a,, < b,,. Then notice that

A< g < <L A < Ay < oo < by, < bp_q < --- < by <by.
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Therefore (ay)nen (respectively, (by,)nen) is a monotone increasing (respectively,
decreasing) sequence, which is bounded from above (respectively, below). By the
Monotone Convergence Theorem (recall from Calculus), these sequences have lim-
its, let us write

A:= lim a,, B:= lim b,.

n—roo n—oo

It is clear that A < B, so the closed interval I = [A, B] is not empty. Let h € I,
then h # ay,, b, for any n € N. In fact, we will show that h # z,, for any n € N.

Suppose that h = x; for some k € N, so there are finitely many points in the
sequence (z,)nen before h occurs, and hence only finitely many a,’s preceding h.
Let a4 be the last element in the sequence (a,)nen preceding h. Since h cannot
be equal to ag4, ag < h, i.e. h is in the interior of I;. Since it is contained in the
limiting interval I, it must be contained in Ijy1 = [agt1, bas1] by our construction
of the intervals. But this means that ay < ag+1 < h, which contradicts our choice
of ag.

This shows that & is not an element of the sequence (z,,)nen, and hence at least
one real number is not in this sequence. This means that R cannot be countable. [J

REMARK 4.2.3. The fact of uncountability of reals was first established by Georg
Cantor in 1874. In fact, Cantor presented at least three different proofs of this fact,
including his famous diagonal argument (1891). Our proof of Theorem 4.2.6 above
follows Cantor’s first argument (1874).

Since R C C, we conclude that C is also uncountable, by Problem 4.4. Now
recall that C = AUT, and A is countable. This means that T, the set of transcen-
dental numbers, is uncountable. Loosely speaking this means, that most complex
numbers are in fact transcendental. Ironically, while constructing algebraic num-
bers is quite straightforward, as seen above, it is not at all easy to construct a
transcendental number. Indeed, suppose we take a complex number «. To prove
that it is algebraic, we can find its minimal polynomial m(z) € Z[z]. Although
this may be somewhat laborious, there are standard techniques in algebraic number
theory that allow for such a construction. On the other hand, to prove that « is
transcendental we would need to establish that « is not a root of any polynomial in
Z[z]. This kind of fact clearly requires some sort of indirect argument, which is the
reason why it took mathematicians until mid-19th century to construct the first
transcendental number. This construction, by Joseph Liouville, used the recently
developed tools in the area of Diophantine approximation. It is our next goal to
develop the necessary tools and to present Liouville’s construction. Our exposition
in the next three sections follows the classical text of W. M. Schmidt [Sch91].
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4.3. Dirichlet’s Theorem

Since rationals are dense within reals, we can always approximate a real num-
ber with rationals. For many purposes, however, we may want to control how
“complicated” the rational numbers we use for such approximations are, i.e. we
may want to bound the size of their denominators. This is the starting point of the
theory of Diophantine approximation. The first result in this direction dates back
to Dirichlet, and is proved with the use of Dirichlet’s box principle (also known in
combinatorics as the pigeonhole principle); in fact, this is the theorem to which this
principle owes its name.

THEOREM 4.3.1 (Dirichlet, (1842)). Let o € R, and let Q € Z~q. There exist
relatively prime integers p,q with 1 < q < Q such that

1
(4.2) b ‘ <

T T @ty

Moreover, if « is irrational, then there are infinitely many rational numbers %7 such
that

a—p‘g

1
q 2

q

PROOF. If « is a rational number with denominator < ), there is nothing
to prove. Hence we will assume that either « is irrational, or it is rational with
denominator > (). Notice that

Pri-1
[0’1)U[Q+1’Q+1>'

i=1

(4.3)

Consider the numbers {la}, 1 <1 < @Q + 1, where { } denotes the fractional part
function, i.e. {2} = x—[z]. These numbers lie in the interval [0, 1) and are distinct.
Indeed, suppose that {la} = {ma} for some 1 <1 <m < @ + 1, then ma — la is
an integer, say

ma—la=alm—1)=keZ,
and so « = k/(m — 1), where m — [ < (Q + 1) — 1 = Q, which contradicts our
assumption.

i
Q+1
{la}, 1 <1< Q+1. In particular, subintervals [O, ﬁ) and [&, 1) contain such
points, so at least one of them must contain some {la} with 1 < < Q. Therefore,
either

Case 1. Suppose that each subinterval [ﬁ, ) contains one of the numbers

(4.4) llae — [1a]]| < Qil’
or
(4.5) lla — [la] — 1] < Qil.

This means that there exists an integer 1 <[ < ) and an integer m equal to either
[la] or [la] — 1, depending on whether (4.4) or (4.5) holds, such that

—_

lao —m| < .
| |_Q+1
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Let d = ged(l,m), and let p = " and ¢ = é, then

1
da — pd| < ,
|lgdor — pd| < 011
meaning that
P 1 1
o — — S S )
q‘ qd(Q+1) ~ ¢(@+1)

proving (4.2) in this case.

i—1 i
Q+1 Q+1
@ + 1 does not contain any of the numbers {la}, 1 <1 < @ + 1. Since there are
Q@ + 1 such numbers and @ + 1 subintervals, one of the subintervals must contain
two such numbers, say [é;é, ﬁ) for some 1 < j < Q+1 contains {la} and {ma}

for some 1 <1 <m < @+ 1. Therefore

Case 2. Now assume that one of the subintervals [ ) for some 1 < i <

1

Q+1
[ma]—[la]
d

|(mar = [mal) = (la — [la])| = [(m = Da = ([ma] — [la])] <

m—1

Once again, let d = ged((m — 1), ([ma] — [la])), and let p = and ¢ = M,

and so in the same way as above we obtain (4.2).
We can now derive (4.3) from (4.2): since ¢ < @Q,

1 1
<t

q| " a@+1) "¢
Now suppose that there are only finitely many rationals that satisfy (4.3), call them
P1 Pk

geeey

q1 gk

(4.6)

Let
bi
o — 2t
qi
then § > 0, since « is irrational. Let @) € Z~ be such that

1
— <4

Q
By (4.6), there must exist % with 1 < g < @ such that

6 = min

1<i<k ’

a—t|<—- <35,
q| ~ q(@+1)

hence % ¢ {%, e %}, which is a contradiciton. Thus there must be infinitely

many such rationals. O

p ‘ 1

REMARK 4.3.1. Notice that the argument that derives (4.3) from (4.2) is very
similar to Euclid’s proof of the infinitude of primes.

We also present an alternate proof of Dirichlet’s inequality (4.3), which is inspired
by the geometry of numbers approach and uses Minkowski’s Linear Forms Theorem.
Our exposition of this proof follows [Cla].
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MINKOWSKI-STYLE PROOF OF DIRICHLET’S THEOREM. With notation as in the
statement of Theorem 4.3.1, let us define two binary linear forms:

Li(z,y) = — ay, La(x,y) = y.

Coeflicients of these forms are given by the rows of the 2 x 2 matrix

1 —«
=0 7)
with det(B) = 1. Let ¢1,¢a € R be such that ¢jca = 1, then by Theorem 1.4.3 there
exists a nonzero point (p,q) € Z? such that |Li(p, q)| < c1, |L2(p, q)| < c2, i.e.

1
Ip—aq| < —, |q] < ca.
C2

If we take co > 1, the first of these inequalities implies that ¢ # 0: otherwise p
would have to be 0 too, contradicting the fact that (p, ¢) is a nonzero lattice point.
Let h € (0,1) and set ¢ca = @ + h, then for any such h there exist p,q € Z with
¢ < Q+ h (hence < @ since ¢ is an integer) such that

1
—aq| < ——.
lp—aq| < o
Since this inequality holds for any h, and there are only finitely many points (p, ¢) €
72 with |q| < @ satisfying this, there must in fact exist (p,q) € Z? such that
Ip— ag| < ﬁ and |g| < Q. Dividing through by ¢ completes the proof. O

Hurwitz (1891) improved Dirichlet’s bound (4.3) slightly by showing that for
any irrational a € R there exist infinitely many distinct rational numbers g such
that
P 1

4l T VB

We will now show that in a certain sense (4.7) is best possible.

(47) ]a ] <

LEMMA 4.3.2. Let a € R be a quadratic irrational satisfying f(a) = 0, where
f(z)=az’ + bz +c
with a,b,c € Z and a > 0. Write D = b? — 4ac for the discriminant of f. Then for
any real number A > /D, there are only finitely many rationals % such that
P 1
—Sl< —.
’a q’ Ag?

PrOOF. We know that « is one of the roots of f(z), then let 8 be the other
one, i.e.

(4.8)

f(a) = a(z - a)(z — f) = az® — a(a + B)z + aaf,
meaning that b = a(a + 8) and ¢ = aaS. Therefore
D =b* — 4ac = a*(a — B)2.
Now suppose that for some £ € Q (4.8) holds. Notice that since f(z) is a quadratic
polynomial with irrational roots, then

2 2
P ap® + bpq + cq 1
q q q
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since 0 # ap? + bpq + cq® € Z, hence |ap? + bpq + cq?| > 1. Therefore

1
g o= pC)l=k-ill-3
q q q q

a p a p

< —8-==-— —= —
Ag? q’ Ag? (a q) tf-e)

a P a a vD
< —|a— —|B-a| < —— + -,
= Az " q‘ A 15 = e g AP

and subtracting T\/g from both sides of the above inequality implies

1 \/B a

S |1-—| < ——.

e A A244
The left hand side of this inequality is not 0 since A > v/D, and hence

9 a
< —F.
T AA— VD)

This implies that there are only finitely many possibilities for the denominator g,
but for each such ¢ there can be only finitely many p so that (4.8) holds. This
completes the proof. O

REMARK 4.3.2. Let a = 1+2\/57 then the corresponding polynomial
f($)2$2—$—17

and its discriminant is D = 5. By Lemma 4.3.2, if A > /5 then there are only
finitely many % € Q such that

P 1
a_i 7’
q|  Ag?

which proves that Hurwitz’s bound (4.7) is best possible.
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4.4. Liouville’s theorem and construction of a transcendental number

More generally, for every quadratic irrational « there exists a constant C'(«) > 0
such that for any % €Q

4 PO}
q q

In other words, quadratic irrationals are badly approximable.

(4.9)

DEFINITION 4.4.1. An irrational number « is called badly approrimable if there
exists a positive real constant C(c) such that (4.9) holds for any £ € Q.

As can be expected after the above discussion, algebraic numbers although are
not necessarilly badly approximable, are certainly “worse” approximable than tran-
scendental numbers can be. This principle was first observed by Liouville in 1844.

THEOREM 4.4.1 (Liouville). Let « € R be an algebraic number of degree d =
deg(f) > 2, where f(x) € Zlx] is the minimal polynomial of o over Q. Then
there exists a positive real constant C(a) such that for any % €eQ

’a_p’ . C(j)_
al” g

(4.10)

PROOF. Let .
flz) = Zaixi € Zlx].
i=0

Then, since d > 2 means that « is irrational, for each g € Q we have

d
0#q'f (Z) = ap'¢" €L
=0

We can assume of course that ‘a — %’ < 1. Then, since f(a) =0,

vt (B) =t -1 (B)] =] e
q 4q p/a
< ¢*a- S’max{f/(u) Ca—u| <13}
Then pick C(a) = (max{f’(u) : |o —u| < 1})"", and the theorem follows. O

Liouville used his theorem to construct the first known example of a transcen-
dental number.

COROLLARY 4.4.2 (Liouville). The number

o

is transcendental for any integer a > 2.

PROOF. Let a > 1. For every k € Z~, let
k

1
Pk:ak!ZW, Qk:ak!€Z~

n=1
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Then

) o0 k+1)! 0

pr| 11 al 1 1

‘O‘ - qk’ =2 ! gt > o S D) > P
n=k+1 n=k+1 n=0

Clearly >°°° /- is a convergent series, so let

n=0 a”
= 1
C - E,
n=0
and then we have
Dk C C C
4.11 oa— — —_— = < .
(4.11) ’ ge| " oGNS
Suppose that « is rational, say a = ¢/d for some ¢,d, € Z. Then (4.11) implies that
Cd
leqr — dpr| < =
dp

for infinitely many pg/qx as above. The expression qffll is < 1 for all large enough

qr- On the other hand, |cqr — dpy| is a nonnegativl:a integer, which can be 0 for
at most one py/qr; hence |cqx — dpr| > 1 for infinitely many pg/qr. This is a
contradiction, and so o cannot be rational.

Now suppose that « is algebraic of degree d. Then, by Theorem 4.4.1, there
exists a constant C'(«) such that

>

9

C
’a Pk (54)
dk 9k
for every k € Z~o. However, if we take k large enough so that
C Cla
% < (d )
(%5 4
then (4.11) implies a contradiction; more specifically, we just need to take k large
enough so that

)

Kk — d) > InC —lnC(a).
Ina

This completes the proof. (Il
REMARK 4.4.1. Numbers that can be proved to be transcendental using Liouville’s
theorem are called Liouville numbers; they form a rather small set. In particular, e

and 7 (which are transcendental) are not Liouville numbers, and neither are most
transcendental numbers.
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4.5. Roth’s theorem

Theorem 4.4.1 implies that if & € R is an algebraic number of degree d > 2
and p > d, then there are only finitely many % € Q with ged(p, ¢) = 1 such that

(4.12)

Indeed, suppose there were infinitely many rational numbers for which (4.12) holds.
Let C(«) be the constant guranteed by Theorem 4.4.1. Let @ be an integer so that
C(a) > ga=a. Clearly there can be only finitely many £ with ged(p,q) = 1 for
which (4.12) holds with ¢ < @, hence there must be infinitely many such rationals

with ¢ > Q. Suppose g is one of them, then
1 1 C(a
a-llcc— < L,
al ¢+ Qrigt g

which contradicts (4.10). This proves finiteness of the number of solutions for
(4.12).

For an algebraic number a of degree d > 2, what is the smallest possible u
for which (4.12) will have only finitely many solutions? Combining the discussion
above with Dirichlet’s theorem (Theorem 4.3.1), we see that

2<pu<d+d,
for any 0 > 0. In 1908 Thue proved that pu < % + d; in 1921 Siegel proved that
1 < 2v/d + 8. Dyson (1947) and Gelfond (1952) proved that pu < v/2d + 6. The

major breakthrough came with the famous theorem of Roth (1955) [Rot55], for
which he received a Fields medal in 1958.

THEOREM 4.5.1 (Roth). Let o € R be an algebraic number. For any § > 0, there
are only finitely many rationals % with ged(p, q) = 1 such that
p 1

REMARK 4.5.1. Dirichlet’s theorem shows that Roth’s theorem is best possible, i.e.
the exponent on ¢ in the upper bound cannot be improved. Notice also that in case
« has degree 2, Lemma 4.3.2 gives a better result. An outline of the proof of Roth’s
theorem can be found in [Sch91]; complete versions of the proof can be found in
[Sch80], [EE93], and [Rot55].

In other words, Roth’s theorem implies that if « is algebraic, then the number of
sufficiently good rational approximations to « is finite, so perhaps one can actually
count them, although we are not quite ready to do this. If « is real, but not
necessarily algebraic, there may be infinitely many good rational approximations
to a, however we will now show that there are only finitely many of them within
a finite interval. To prove a result of this sort, we will first need a certain “gap
principle”.

DEFINITION 4.5.1. A set S C R is called a C-set for a real number C' > 1 if for any
two numbers m,n in .S, m < Cn and n < Cm.

Notice for instance that a C-set consisting of integers must be finite, although unless
we know at least one of its elements, we cannot say anything about its cardinality.
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DEFINITION 4.5.2. A set S C R is called a y-set for a real number v > 1 if whenever
m,n € S and m < n, then ym < n.

Notice that a v-set can be infinite, but it has a gap principle: its elements cannot
be too close together, i.e., there is always a gap between them. A set S C Zsg
that is both a C-set and a y-set will be called a (C,~)-set. Notice that a (C,y)-set
is always finite. It is possible to estimate the cardinality of a (C,~)-set without
knowing anything about its elements.

LEMMA 4.5.2. Let C > 1 and v > 1, and suppose that S C R is a (C,~)-set.
Then

InC
4.1 <1l+—.
(.13) SI< 1+ p

ProOOF. Clearly S is a finite set, so assume
Sz{m0<m1 <~-~<mk}7

ie. |S| =k+ 1. Then for each 0 <14 <k,

m; > moy',
and
Cmg > my > moy".
Hence
and (4.13) follows. O

DEFINITION 4.5.3. Given C' > 1, a window of exponential width C' is an interval of
real numbers x of type

w<x< wc7
for some w > 1.
We can now use Lemma 4.5.2 to prove a bound on the number of good rational

approximations to a real number « in a window of exponential width C' for any
C > 1. We will say that a rational number % is reduced if ged(p, q) = 1.

LEMMA 4.5.3. Let « € R, § > 0, and C > 1. Let No () be the number of reduced
rational numbers g such that

p 1
(414) ’Oé— q‘ < 2q2+6
and q is in a window of exponential width C'. Then
InC
4.15 N, <l4+—.
(4.15) cl@) 1+ o615

PRrROOF. Notice that if x,y are in a window of exponential width C', then

w§x<w0§xc, w§y<wogyc,
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for some w > 1, hence z < y“ and y < 2. Now suppose that £- # 22 are reduced
fractions that satisfy (4.14) with 1 < ¢; < ¢2 in a window of exponential width C.

Then
N )
q192 q1 q2 q1 q2
p1 D2 1 1 1
< -+ '04 -—|< + < )
‘ @ | 2470 20370 T it
and so
q2 > Q%+6~

In other words, if ¢ < ¢ are denominators of the rational approximations %, %
satisfying the hypotheses of the lemma, then

vIng; <Ingy,

where v = 14§, i.e. logarithms of these denominators form a -set. On the other
hand, if ¢1, g2 are in a window of exponential width C, then

Ing; <Clngs, Ingy < Clngy,

that is these logarithms also form a C-set, hence they form a (C,~)-set, and by
Lemma 4.5.2 the cardinality of this set is

<14 InC n InC
- Iny In(1+4)’
but this is precisely the number N¢ (). This completes the proof. O

REMARK 4.5.2. Suppose that 1 < A < B are given, and suppose that we want to
know the number of reduced rational approximations 5 to the real number o with

p 1
i<z

and A < ¢ < B. Notice that denominators ¢ lie in a window of exponential width

C= %, since

In B

A= elnA < q < B = (elnA)m

and so by Lemma 4.5.3, the number of such approximations is

)

In B
<142 ()
- In(1+46)
DEFINITION 4.5.4. Let @ € R and let 6 > 0. We will call % € Q a d-approzimation
to a if ¢ > 0, ged(p, ¢) = 1, and

1
e

‘a - p’ <
q
A method similar to the proof of Lemma 4.5.3 yields the following result; a

proof of this can be found on p. 59 of [Sch91].
LEMMA 4.5.4. Let « € R, 6 > 0. The number of §-approrimations % to a in a
window w < ¢ < wc, where w > 41/9 4s

In2C

<l4+-——-.
RS
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4.6. Continued fractions

In the previous sections we learned about existence and limitations of good
rational approximations to an irrational number, however we have not really dis-
cussed how to construct such approximations. In this section we introduce a new
way of thinking about real numbers, which will yield such a construction.

DEFINITION 4.6.1. For a real number «, an expression of the form

1
a=ag+ 1 s
ai + 1
as + 1
as + aq + ...
where ag is an integer and ai,as,... are positive integers is called a continued

fraction expansion for a. We will use more compact notation o = [ag; ay,as,as, . . . |
for this expansion, and for each n > 1 will define its n-th convergent to be
1
lao; a1, a2, as, ..., an] = ag + .
a; + ————
T
L
429
We will call a continued fraction expansion for « finite if there exists some n for
which « is equal to its n-th convergent, and infinite otherwise.

THEOREM 4.6.1. For each o € R there exists a continued fraction expansion, which
is finite if and only if a is rational.

PRrROOF. To prove this result, we present an actual algorithm to compute a

continued fraction expansion for . We do it recursively. Define ag = [a], the
integer part of a. If & = [a], we are done. If not, then
1
a= o]+ (a—[a]) = a0+ —,
1
where r; = a_l[a]. If 1 is an integer, we are done. If not, let a1 = [rq], and so
Ll
a=ag+ ——,
0 1
ay + —
T2

where 79 = ——. Continuing in the same manner, on n-th step we let a,_; =
r1—([r] ’

[T’n_l], Tn = m and obtain

o =ag +
ar +
1 . 1

a4+ ———

S

o

T'n
This algorithm terminates when r, is an integer. If this happens for some n,
then bringing all the fractions to a common denominator, we can obtain a rational
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expression for «, meaning that o € Q. Hence irrational numbers must have an
infinite continued fraction expansion.

On the other hand, suppose « is rational, then each r,, is a rational number,
say ry = pn/qn, and r, > 1. Therefore p, > ¢,, and

, _ Pnt1 1 B Gn
1 — - - )
r qn+1 Tn — [Tn] Pn — (4n [pn/qn]
and SO Pp+1 = Gn > Qpe1. This means that the sequence of denominators of
r1,T9,...,namely qi, qo, . .. is decreasing while consisting of positive integers. Hence
the algorithm must terminate, i.e. reach the point where some ¢z = 1 and hence
the corresponding rj is an integer. O
Let us consider some examples. For instance, % =2+ % =[2;3], as well as
93 1 103 1
22— _3 =[-3;2,18], =0 = 0;15,1
37 + o4 1 =3 ] 1647 * 15 1 | ]
18 + 1
1+ —

102
are rational numbers, hence finite continued fractions. On the other hand,

B 1+v2) 1 1
V2 = \/§<1+\/§>_1+1+\/§_1+1+(1+1+1\/§)

1 1

)
as well as 1
T=3+ T
7T+ 5T -
1+ T
202+ o =

1+ T
1+—_1
[ — —

3+

1+...
are examples of infinite continued fraction expansions for irrational numbers, which,

using our compact notation can also be written as V2 = [1;2,2,2,2,...] and 7w =
[3;7,15,1,292,1,1,1,2,1,3,...].

THEOREM 4.6.2. For every irrational o € R there is a unique continued fraction
expansion. If a is rational, there are two continued fraction expansions:

a = [ag;a,...,ay] = [ag;a1,...,an — 1,1].

PROOF. First consider the rational case, and notice that indeed

1 1
(4.16) ag + 1 =ag + 1
a + — ar +
1 . 1 1 . 1
o+ —
T @ 1
o S
an 1
(an — 1)+ -
1
Now suppose that [ag; a1, as,...] is either an infinite continued fraction expansion

for a real number « or a finite expansion with the last term # 1. Let us prove
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the uniqueness of this expansion. Suppose that there exists some other continued
fraction [bo; b1, be, . ..] so that

a = [ap;a1,az,...] = [bo; b1, ba,...],
then we want to prove that ax = by for each k > 0. We will argue by induction on
k. First notice that ag must be equal by, since otherwise
(417) |(J,()—b()|21>|[0;(J,1,...]—[O;bl,...“7

and so we cannot have [ag;a1,...] = [bo;b1,...]. Suppose ap = by for all k < m,
then we have

[ao;al,-- -7QTn7am+17~'~] = [aO;a17~--aamab7n+lv'- -]a

which implies that there must be equality of the new continued fractions:

[am+1;am+27 .o ] = [bm+1§bm+27 .. ]

By the same argument as above,

(418) |Cl,m+1 — bm+1| Z 1 > |[O;am+2,. . ] — [O;bm+27. . H,

and so we must have a;, 11 = by,1. We should stress that the inequalities in (4.17)
and (4.18) are strict: the only other option would be for the continued fraction to
be finite with the last term being equal to 1, which we assumed is not the case.
This completes the proof by induction. (Il

Since each n-th convergent «,, of an irrational number « is rational, we can

write it as a,, = 2@ for some integers p,, and q,. It is now natural to approximate

n

a real number « by its convergents a,,. How close is this approximation?
THEOREM 4.6.3. Let o € R and let a,, = z—z be its n-th convergent. Then for every
integer n > 1,

Pn

o — —
an

To prove this theorem, we first need a couple of auxiliary lemmas.

1
< .
dndn+1

LEMMA 4.6.4. With the notation of Theorem 4.6.3, for everyn > 1
Pn = nPn—1 + Pn-2, @n = GnGn—1 + Gn—2.

PRrROOF. We argue by induction on n. First notice that 5—8 = % and % =
%11“. If n = 2, we have
P2 _ 1 apaias +as+ap _ aspr +po
2 _ = = )
q2 a; + é ajaz +1 az2q1 + qo

Now assume the statement is true for all n < k — 1 > 2, and let us prove it for
n = k. Let us define

t—1
== [al; agz, ..., ak—l]
Sk—1
to be the (k — 1)-st convergent of the derived continued fraction [a;;as,...]. Then
induction hypothesis applies to t;_1/sg—1, and
Dk Sk—1  Qolp—1+ sk—1  ao(apti—1 +tp—2) + apsk—1 + Sp—2
—_— = ao + = =
qr tk—1 tk—1 agtr—1 +tp_2

ag(aotp—1 + sk—1) + (aoti—2 + Sp—2)
Oplp—1 +tp—2 '
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Now, Problem 4.10 guarantees that for each n,
Pn = Qolp + Sp, qn = tp.
Substituting this into the above equation with n = £ — 1 and k£ — 2, we obtain
DPr  QgpPr—1 + Pr—2
@ Qo1+ Q2
This completes the proof of this lemma. O

LEMMA 4.6.5. With the notation of Theorem 4.6.3, for every n > 1
Pn—1  Pn _ (_1)n
dn—1 qn dn—19n
Proor. Multiplying both sides of the above equation by ¢,_1q,, we see that
we need to prove
Pn—14n = Pndn—1 = (=1)".
Again, we argue by induction on n. If n =1, then
Po = ao, qo =1, p1 = apa1 +1, ¢1 = ay,
and so
_ _ _ 1
Poq1 — p1go = apa1 — (agar +1) = =1 = (-1)".
Assume now that the statement is proved for n < k — 1 and let us prove it for
n = k. Applying Lemma 4.6.4 along with the induction hypothesis, we have:

Ph—1GQk — PkQk—1 = DPr—1(arqr—1 + qr—2) — (@rDPr—1 + Pr—2)qk—1
= Pr_1Qk—2 — Pr—2qr—1 = —(—1)F 1 = (1),
O
COROLLARY 4.6.6. With the notation of Theorem 4.6.3,
D2k <a, P2k+1 > a
q2k q2k+1
for all k > 0.
PrOOF. By Lemma 4.6.5,
Pn—2 B P7n _ (pn—? o pn—l) + (pn—l _ pn)
gn—2 dn dn—2 gn—1 dn—1 dn
) e L e Vi (Lo 1)
dn—-19n—2 dndn—1 gn—1 dn—2 dn .

which is positive for odd n and negative for even, since the sequence of denomina-
tors g, is increasing by Lemma 4.6.4. Therefore, when n is even the sequence of
convergents p, /¢, is increasing, and when n is odd it is decreasing. Since in both
cases the convergents tend to «, the conclusion follows. O

PROOF OF THEOREM 4.6.3. We can now prove the theorem. By Corollary 4.6.6,
the odd-numbered convergents are greater or equal than o and the even-numbered
ones are less or equal than a. Therefore
Pn Pnt1| ‘(pn ) ( pn+1>‘ _ ‘ Pn
———|=|l==a|+ |la——"T=])|=|la——
qn Gn+1 qn n+1 qn

i pn—i—l
qn+1

+‘oz
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On the other hand, Lemma 4.6.5 guarantees that

Pn_ Potr| _ 1
Adn gn+1 dndn+1
Combining these two observations yields the result. ([l

THEOREM 4.6.7. Let o € R be irrational, and let a,, = g—" be its n-th convergent.
Then for any rational number p/q with q¢ < gy,

Pn ‘
a—=— a—=|.
dn q
In other words, p,/q, is the best rational approximation to o among all rational

numbers with denominators no bigger than q,.

< p

PROOF. Let % + % be any rational approximation to o with ¢ < g,,. Let
A= Pn Pn+1 ,
dn  Q4n+1

det(A) = Pnln+1 — Pn+14n = (_1)n+1
by Lemma 4.6.5. Therefore the lattice AZ? = Z2, so there exist z,y € Z such that

a(3)= ().

(4.19) P =TPn + YPn+1, 4= Tqn + Yqnt1.-

We cannot have z and y both equal 0. Suppose that x = 0, y # 0, then ¢ = yq, 11 >
qn by Lemma 4.6.4, which contradicts the choice of q. Then assume y = 0, = # 0,
then ¢ = zq,, so x = 1, and hence p = p,, ¢ = qn, again a contradiction. Hence we
must have x,y # 0. Further,

then

in other words

0<q=2qn +Yn+t1 < qn < Gn+1,
thus « and y must have different signs. Notice that
qne — Pp, and @pi1Q — Ppt1
must also have different signs, by Corollary 4.6.6. Therefore
g = p| = [2(gn e — )| + [Y(@nr10 = Prsr)| > [2(gne = pa)| > |gna — pal.
Then:

o Pl el e —pal | e —pal _ ‘apn '
q q q qn qn
This completes the proof. O

We proved that continued fraction expansion can be used to provide best ratio-
nal approximations to an irrational number. This fact can be interpreted geomet-
rically. Suppose « is an irrational number, and let p, /¢, be its n-th convergent.
Then (gn,pn) is an integer lattice point in the plane: it is the closest lattice point
to the line y = ax in the box

{(z,9) ER?*:0< 2 < qn,0 <y < pu}
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In this way, the lines with rational slope y = %w approximate the line y = az with
irrational slope, and no line through the origin and a lattice point inside this box
can come closer. Let us consider an example. Let

a=v2=[1;2,2,2,2,...] = 141421356237 .. .,
then:
D1 1 3
== =[L2=1+-=2-=1
g T [7] +2 2 5
Do 1 7
a="2=[1;2,2=14——=—-=14
2=, ~ 122 2+1 5
1 17
03:@:[1;2’2’2]:14-71:—:1.4166666666...
1 41
ag = = (1;2,2,22) =14+ ——— = = = 141379310345
qa 24 57— 29
2+1
50
40 ";29‘41)

30

20 (12‘1?)//

(2.3)4(5,7)

0

0 10 20 30 40

FIGURE 1. Continued fraction convergent approximations to v/2

These are the best rational approximations to v/2, where each odd numbered
convergent yields a lattice point above the line y = v/2z and each even numbered
one provides a point below this line. For a detailed exposition of the theory of
continued fractions see [Kar13].
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4.7. Kronecker’s theorem

Here we briefly mention a famous theorem of Leopold Kronecker, which is
obtained by an application of Dirichlet’s approximation theorem. Let {a} denote
the fractional part of the real number «.

THEOREM 4.7.1 (Kronecker). The sequence of fractional parts {na} as n ranges
over all positive integers is dense in the interval [0,1] if and only if « € R is
irrational.

PROOF. Problem 4.17 asserts that the sequence {na} is periodic with a finite
period for rational «, hence it cannot be dense. We now prove that in case «
is irrational the sequence is indeed dense in [0,1]. For a real number b, let us
write ||b|| for its distance to the nearest integer. For instance, ||3.14|] = 0.14 while
[|2.71]] = 0.29. Let « € [0,1] and let € > 0. It is sufficient to show that there exists
some positive integer n so that

(4.20) [lna — x| <e.

By Dirichlet’s Theorem 4.3.1, there exist infinitely many rationals p/q with ged(p, ¢) =
1 such that |a — p/q| < q%. Let us take ¢ > 1/e, then we have

1
0<lal <lag—p| < - <e.
q

This inequality implies that either

(4.21) 0<ag—p<l/q
or
(4.22) —-1/g<ag—p<D0.

First assume (4.21) holds. Subdivide the interval [0,1] into subintervals of length
aq — p (the last one will be shorter). Then x falls into one of these intervals, say
into the m-th one for some integer m > 1. If this is not the last such subinterval,
then m(ag —p) is the right end-point of it; if it is the last one, then (m —1)(aq —p)
is its left end-point. In any case, we have

1
llga — z|| < [l(ag —p) — x| < |ag —p| < 7 <°

where £ =m or m — 1. Then (4.20) holds with n = ¢¢q. The argument is the same
if (4.22) holds instead, where we simply replace ag — p with p — agq. O

REMARK 4.7.1. More generally, it is also true that for any integer £ > 1 the
sequence of fractional parts {n*a} is dense in the interval [0, 1] if and only if « € R
is irrational. Further, for irrational o the sequence {n*a} is equidistributed in the
interval [0, 1] for every k > 1: a sequence {x,}52, is said to be equidistributed in
the interval [0, 1] if

n <
L nin < T € o, b))
T—o0 T

for any 0 < a < b < 1. We refer the reader to [MTBO6], Chapter 12 for some
details.

=b—-a
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The general version of Kronecker’s theorem gives more. Suppose 1,aq,...,qp,
are real numbers, which are linearly independent over Q. Then the sequence of
points

({nal}7 LERE {nam.})zo:l
is dense in the unit cube [0,1]™ C R™. A detailed account of this multi-dimensional
theorem, as well as a general theory of simultaneous Diophantine approximation can
be found in Cassels’ classical book [Cas57]. A survey of some more recent results
in the direction of Kronecker’s theorem is given in [GM16]; see also [FM18] for a
very general effective version of this theorem.

We conclude this chapter by another remarkable result related to Kronecker’s
theorem, known as the Three-Gap Theorem.

THEOREM 4.7.2 (Three-Gap Theorem). Suppose that n points have been placed on
a circle at angles 0,260, ...,n60 from the starting point. Then there can be at most
three distinct distances between adjacent pairs of these points around the circle.

This observation was first conjectured by Hugo Steinhaus, and then proved in the
1950’s by Vera Sés, Janos Surdnyi, and Stanislaw Swierczkowski. The elegant proof
we discuss here is very recent: it is due to Marklof and Strémbergsson [MS17],
and is based on the geometry of lattices. We outline only a brief sketch of their
argument. Let us think of the angles as parts of the circle with the full angle 27
being 1. Hence all the angular positions can be thought as real numbers in the
interval [0, 1], where the endpoints have been identified: this is precisely a set of
coset representatives of the quotient additive group R/Z. Let « be the angular
position of §, then angular positions of the angles
0,20,...,n0
are given by the sequence of fractional parts

(€k)i=1 = {ka}i_;.
Then the distances between our angular positions on the circle are precisely the
gaps between corresponding numbers in this sequence (£x)7_;. The gap between
and its next neighbor in R/Z (in the direction to the right, so this is not necessarily
nearest neighbor, as the nearest may be on the left) is

Skn = min{(f—k‘)a—l—n>0:(é,n)EZQ,O<€§n}
= min{ma+n>0:(m,n)EZQ,—k<m§n—k},

where the second equality is obtained by the substitution m = ¢ — k. Let

1 0
Al — <OZ 1) )
and notice that

Sk :min{y >0: (:1c,y)—r e 7% -k <z < n—k}.
This way si , can be thought of as a function on the lattice A;Z%. More generally,
we can define
F(M,t)=min{y > 0: (z,y)" € MZ? —t <z <1—t}.
This is a function F' : SLy(R) x (0,1] — Ry, where SL2(R) = {M € GL2(R) :
det(M) = 1} is a subgroup of GL2(R) consisting of matrices with unit determinant.
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In fact, as the authors show in [MS17] (see Proposition 1), F(M,t) is well-defined
as a function on the space of lattices for every fixed ¢, i.e. F(M,t) = F(M',t)if M
and M’ are two basis matrices for the same lattice. Define

1
A, = (”O 2) A; € SLy(R),

and notice that

Sk = lmin {y >0:(z,y)" € A, 72, _k <zx<1l-— k} = lF(An,k;/n)
n n n n
Hence the proof of Theorem 4.7.2 is reduced to showing that for every M € SLo(R),
the function ¢t — F(M,t) is piecewise constant and takes on at most three distinct
values; in fact, if there are three values, then the third is the sum of the first and
second. This is the assertion of Proposition 2 of [MS17].
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4.8. Problems

PROBLEM 4.1. Let {a,}?2, be a sequence of integers in some interval [b, c|, where
b < ¢ are constants. Prove that the power series

i ak10*k,
k=0

is absolutely convergent.

PROBLEM 4.2. Let a € A and let f(x),g(x) € Z[z] be two polynomials of degree
deg(a) such that f(a) = g(a) = 0. Prove that f(x) = cg(x) for some constant c.

PROBLEM 4.3. Prove that mq(z) is irreducible for each oo € A. Furthermore, prove
that if p(x) € Z[x] is such that p(a) = 0, then my () | p(x), i.e. there exists some
g(z) € Zlx] such that p(z) = ma(z)g(z).

PROBLEM 4.4. Prove that any infinite subset of a countable set is countable. Use
this fact to conclude that a superset of an uncountable set is uncountable.

PROBLEM 4.5. Let a < b be real numbers and let I = [a,b] be a closed interval.
Prove that I contains infinitely many real numbers.

PROBLEM 4.6. A subset S of R is called discrete if there exists real € > 0 such that
for every two distinct elements o, 3 € S,

oo — | > e.

On the other hand, let us say that S is near-discrete if for every a € S there exist
a real € = e(a) > 0 such that
la—p| >¢
for every p € S distinct from a.
a) Prove that every discrete subset of R is countable.
b) Prove that every near-discrete subset of R is countable.

PROBLEM 4.7. Prove that if « = Qj_l for some integer a with

ged(a, @ +1) =1,
then there is equality in (4.2).

PROBLEM 4.8. Let u > 0. We say that p/q € Q is a p-approzimation to the real
number « if
a—=—| < —.
q qt
Let S C R be a set with the following properties:

p'l

(1) Ewvery element of S has infinitely many rational 3-approzimations.
(2) If a rational number p/q is a 3-approximation for some o € S, then it is
not a 3-approximation for any other element of S.
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a) Prove that S is countable.

b) Prove that every o € S is transcendental.

PROBLEM 4.9. Let {n;}32, be a sequence of natural numbers such that

lim dtL

Define
fla)=3 a™,
j=1

and let « be a rational number, 0 < a < 1. Prove that f(«) is transcendental.

PROBLEM 4.10. Let o have the continued fraction expansion [ag;aq,as,...], and
let pn/qn be its n-th convergent. Let t, /s, be the n-th convergent of the number
[a1;as,...]. Prove that

Pn = aotp + Sn, dn = ty.

PROBLEM 4.11. The golden ratio is defined as

o= 1T V5

-—5
This number appears in numerous places in mathematics, architecture, engineering
and science throughout history, starting with proportion calculations for particularly
symmetric structures in ancient Egypt (e.g. Great Pyramid of Giza) and then

ancient Greece and Rome. Prove that

¢ =0+1,

and derive from it that

(4.23) p=1+-.

PROBLEM 4.12. Derive a continued fraction expansion for ¢
[ao; a1, ag,...]

and use it to prove that ¢ is irrational.

PROBLEM 4.13. Let us write ¢, for the n-th continued fraction approximations
to ¢, i.e.

¢n = [aO;ala"'uan]~

Compute ¢1 through ¢s as fractions.
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PROBLEM 4.14. Now let us define the Fibonacci sequence. Let

P =1F=1,
and for every n > 3, let
(4.24) F,=F, 1+ F,_o.
This sequence is named after the 12th century Italian mathematician Leonardo Fi-
bonacci of Pisa, but its origins go back to the study of poetic structures in Sanskrit
in ancient India. These numbers are so important in mathematics, science and en-
gineering that there are many things named after them, including the mathematical
journal Fibonacci Quarterly devoted entirely to the study of the Fibonacci sequence

and its many connections.
Compute the first ten Fibonacci numbers.

PROBLEM 4.15. Now compute as fractions the ratios of the consecutive Fibonacci

numbers
3 Fy, Fs Fg Iy

Compare with convergents of the golden ratio.

PROBLEM 4.16. Prove the general formula:

¢n:M

Fn+1 ’
for everyn > 1.

PROBLEM 4.17. Let o = p/q with ged(p,q) = 1. Prove that the sequence of frac-
tional parts {na} as n ranges over positive integers is periodic with period q.

PROBLEM 4.18. Prove that the sequence a,, = sinn as n ranges over all the integers
is dense in the interval [—1,1].

Hint: To prove that sinn comes arbitrary close to any 8 € [—1,1], let a € [0,1) be
such that = sin(2wa), apply Kronecker’s theorem and use continuity of sinx.



CHAPTER 5

Algebraic Number Theory

5.1. Some field theory

Our next goal is to develop some further properties of algebraic and transcen-
dental numbers. For this we need to introduce some elements of field theory.

DEFINITION 5.1.1. Let K and L be fields with the same addition and multiplication
operations such that K C L. Then L is called a field extension of K, denoted L/ K,
and K is called a subfield of L.

If L is a field extension of K, then L is a K-vector space (Problem 5.1). Its dimen-
sion is called the degree of this field extension, denoted by [L : K]. If the degree is
finite, we say that L/K is a finite extension. A classical example of field extensions
comes from extending a subfield of C (often Q) by some collection of complex num-
bers. Let K C C be a subfield, a1, ...,qa, € C, and define K(aq,...,a,) to be the
smallest subfield of C with respect to inclusion that contains K and aq,...,q,. A
subfield K of C is called algebraic if every element o € K is an algebraic number.
We will also say that L/K is an algebraic extension if K C L C C are algebraic
fields.

DEFINITION 5.1.2. Let K C C and o € C. We define

Kla] := spang {1,04,042, .. }

n
= {Zamam:ao,...,anEK, nEZZO},
m=0

i.e., the set of all finite linear combinations of powers of o with coefficients from
K (notice that this notation is consistent with the notation K|[z] denoting the ring
of one-variable polynomials with coefficients in K (Problem 5.7)). Then K[a] is a
vector space over K, whose dimension dimg K[a] is equal to the number of powers
of o which are linearly independent over K. In fact, K[a] C K(«) (Problem 5.5).

We now establish some important properties of algebraic numbers.

THEOREM 5.1.1. Let o« € C.

(1) If a is transcendental, then dimg Q[a] = oco.
(2) If « is algebraic of degree n, then Qo] = spanQ{l,a,...,anfl}, and
1,a,...,a" ! are linearly independent over Q. Hence

dimg Q[a] = n.

(3) Qla] is a field if and only if « is algebraic.
(4) If « is algebraic, then Q(a) = Q[a].

90
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PrROOF. To prove part (1), assume that dimgQ[a] = n < co. Then the col-
lection of n + 1 elements 1, q,...,a”™ must be linearly dependent, i.e. there exist
Co, -+, Cn € Q such that

co+ca+ -+ =0.

Clearing the denominators, if necessary, we can assume that cg,...,c, € Z, and
hence « is a root of " _ o ¢,,a™ € Z[x], which means that it is algebraic.

To prove part (2), assume that « is algebraic of degree n and let
me(x) = Z amz™ € Z[z],
m=0

where a,, # 0 and ag # 0, since m,(z) is irreducible. Since m,, () = 0, we have

n—1
(5.1) o = Z ((sz> a™.
m=0 n

Therefore any Q-linear combination of powers of o can be expressed as a Q-linear
combination of 1,a,...,a™ '. Now suppose 1,q,...,a” ! are linearly dependent,
then there exist cg,...,c,_1 € Q such that

co+cra+...ch1a™ 1t =0.

In fact, clearing the denominators if necessary, we can assume that cg,...,c,_1 € Z.
But this means that « is a root of the polynomial

n—1
p(z) = Z cmax™ € 7|z,
m=0

which has degree n — 1. This contradicts the assumption that deg(a) = n, hence
L, a,...,a" ! must be linearly independent, so they form a basis for Q[a] over Q.

For part (3), assume first that o € C is algebraic. It is clear that Qo] is
closed under addition and multiplication. We only need to prove that for any
B € Q[a] \ {0}, there exists 7! € Q[a]. By part (2), there exist bg,...,bp—1 € Q

such that
n—1
B = Z anam~
m=0

We want to prove the existence of

(5.2) 7= ema™ € Qla]
m=0

such that Sy = 1. Let v be as in (5.2) with coefficients ¢y, ..., c,—1 to be specified,

then: . _
By = Z meckam+k = Z ( Z mek) al.

m=0 k=0 1=0 \m+k=l
For each | > n, we can substitute (5.1) for o™, lowering the power. After a finite
number of such substitutions, we will obtain an expression

n—1
(5.3) By=>_ filco, -, cn1)dd,
=0
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where fi(co,...,cn—1) is a homogeneous linear polynomial in variables co, ..., ¢p,—1
with coefficients depending on b;’s and a;’s, for each 0 <[ < n — 1. Since we want
By =1, we set

folco, ... enm1) =1
fileo, ..y en—1) =0

(54) fnfl(C(),..an,l) =0.
This is a linear system of n equations in n variables, which can be written as Fc =
ey, where F' is the n x n coefficient matrix of linear polynomials fy,..., fn_1, €1 =
(1,0,...,0)" € R™ is the first standard basis vector in R”, and ¢ = (cg,...,cn_1)".
The matrix F' must be nonsingular matrix. Indeed, suppose it is singular, then
there exists some 0 # ¢ € Q" such that Fe =0, i.e.

fileo, .o yeno1) =0V 0<I<n-1.

Let v as in (5.2) be defined with this choice of the coefficient vector ¢. Then,
by (5.3), By = 0, while 8, # 0. This is a contradiction, since there can be no zero
divisors in the field C. Therefore (5.4) has a unique solution c. Let  be as in (5.2)
with this choice of ¢, then v = 371 € Q[a], and so Q|a] is a field.

Now suppose « is not algebraic, i.e. it is transcendental. We show that Q[«] is
not a field. Assume it is, then a~! € Q[«a], which means that

n
al= Z ama™
m=0
for some n € Ny and agq,...,a, € Q. Hence
n
l=aa"!= Z ama™ L
m=0

and so

n
E ama™tt —1=0.
m=0

This is a polynomial equation over Q satisfied by «, and multiplying through by
the product of denominators of its coefficients we can obtain a polynomial equation
over Z satisfied by «. This contradicts the assumption that « is transcendental.
Hence Q[a] cannot be a field.

Finally we establish part (4) by proving that Q[o] = Q(«). First notice that
Q[a] € Q(a), since every Q-linear combination of powers of o must be contained
in any field containing Q and «. To show containment the other way, notice that,
by part (3), Q[a] is a field containing @ and «, and so it must contain Q(«). O

EXAMPLE 5.1.1. We give an example of finding the inverse of an element of Qo]
when « is algebraic. Consider

B=3%342x3Y3 _2¢eQ[3'/?.

We look for
B = a3/ 4313 — ¢ e Q33
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Then we need
1 = BB =a3"3 45333 — 3%/3 + 2433/ 4 2b3%/3 — 2c31/3
—2a3%/3 — 26313 + 2¢
= (2b—2a—¢)3%® + (3a — 2¢ — 20)3'/3 + (2¢ + 6a + 3b),
in other words we are looking for a,b,c € Q such that
2b6—2a—c=0, 3a—2c—2b=0, 2¢+6a+ 3b=1.

This system has a unique solution:

a—E b—l c—3

617 617 61’

hence 6 . 5
—1_ Oa2/3 , o173 4
p 613 +613 61

An immediate consequence of Theorem 5.1.1 is an algebraic criterion for tran-
scendence.

COROLLARY 5.1.2. A number o € C is transcendental if and only if [Q(a) : Q] = oo.

PrROOF. If a is transcendental, then dimgQ[a] = oo by part (1) of Theo-
rem 5.1.1. On the other hand, Q[a] C Q(«) by Problem 5.5. Hence Q(a)) must be
an infinite-dimensional Q-vector space, hence [Q(«) : Q] = cc.

Conversely, suppose that [Q(«) : Q] = co. Assume, towards a contradiction,
that « is algebraic of degree n. By part (4) of Theorem 5.1.1, we have Q(a) = Q[a/,
but by part (2) of Theorem 5.1.1

oo > n = dimg Qo] = [Q(«) : Q.
This is a contradiction, and hence o must be transcendental. O
Another important consequence is the following.

THEOREM 5.1.3. The set A of algebraic numbers is a field under the usual addition
and multiplication of complex numbers.

PrOOF. By Theorem 4.2.5, we know that A is countable, and so we can write
A={ay,09,0s,...},
choosing an ordering on A. For each n € N, define
K, =Q(ai,...,an).

By Problem 5.3, the degree [K,, : Q] < oo. Let n € N and let 8 € K,,, then
Q(B) € K,,, which means that

[Q(8) : Q] < [Kn : Q] < oo,
and so [ is algebraic, by Theorem 5.1.1. Therefore any element of any field K, is
in A, and hence we have

QCKICKyC---CA.

Now let 0 # B, € A, then there exist some integers 1 < k < n such that § = oy,
Y = an, and so B, € K,,. Since K,, is a field, we have

BNy BE7, B8y e Ky CA,
Therefore A is a field. O
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An immediate implication of Theorem 5.1.3 is that a sum, a difference, a prod-
uct, or a quotient of two algebraic numbers is again an algebraic number. This not
always true for transcendental numbers, which is what we show next.

LEMMA 5.1.4. A sum or product of an algebraic number and a transcendental num-
ber is transcendental.

PROOF. Let a € C be algebraic and 3 € C transcendental. Then —a and a~*
are algebraic. Suppose that o + 5 and af are algebraic. Since sum and product of
algebraic numbers are algebraic, we must have

B=(a+p)+(-a)=(af)a™" €A,

which is a contradiction. Hence o 4+ 8 and «f8 must be transcendental. (I

REMARK 5.1.1. A consequence of Lemma 5.1.4 is that, given one transcendental
number (3, we can produce infinitely many (but countably many) transcendental
numbers:

athB, af, a IfY0#£acA.

Take, for instance, S to be a Liouville number.

EXAMPLE 5.1.2. Let a € C be algebraic and 8 € C transcendental. Then af, o+
are transcendental by Lemma 5.1.4. On the other hand,
af

a:(a‘Fﬁ)_B:?

is algebraic. Hence T is not a field.

The notion of algebraicity can also be generalized over extensions of Q as fol-
lows. Let K C C be a field and o € C. We say that « is algebraic over K if
there exists a polynomial f(z) with coefficients in K such that f(«) = 0. Then the
minimal polynomial of a over K, denoted mq, i () is the monic such polynomial
of smallest degree. We say that a polynomial f(x) € K|[x] is érreducible over K if
whenever f(x) is factored as

f(x) = g(x)h(x)
with g(x), h(z) € K[z], then either g(z) or h(x) is a constant. By the same logic

as in Problem 4.3, mq i (x) is irreducible over K and mq x(z) | p(x) for every
p(x) € K|z] such that p(a) = 0.

To conclude this section, we introduce the notion of algebraic independence.

DEFINITION 5.1.3. Let a,8 € C be transcendental numbers. Then, as we know
from Corollary 5.1.2,

[Q(a) : Q] = [Q(B) : Q] = oo

These numbers are called algebraically independent if

[Q(a, B) : Q)] = [Q(ev, B) : Q(B)] = o0

More generally, a collection of transcendental numbers «sq, ..., a, is algebraically
independent if the degree of Q(ay,...,a,) over Q(S), where S is any proper sub-
collection of aq,...,q,, is equal to infinity. If K is a subfield of C, then its tran-
scendence degree, denoted trdeg K, is the cardinality of a maximal (with respect to
size) collection of algebraically independent elements in K.
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Notice that no subcollection of each infinite collection of transcendental num-
bers mentioned in Remark 5.1.1 is algebraically independent. In other words, while
we can construct infinitely many transcendental numbers given one, it is not so
easy to construct algebraically independent transcendental numbers.
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5.2. Number fields and rings of integers
We now need to introduce some further language of algebraic number theory.

DEFINITION 5.2.1. Let « € A, then the algebraic conjugates of « (also often called
just conjugates) are all the roots of its minimal polynomial m, ().

A polynomial f(x) € C[z] of degree n is called separable if all of its n roots in C
are distinct.

LEMMA 5.2.1. Let f(z) € Z[z] be an irreducible polynomial. Then it is separable.

PROOF. Suppose
f@) =Y apa® € Z[a),
k=0

and assume that a € C is a root of f(z). By Problem 4.3, mq(x) | f(z), which
means that f(z) = mq(z), since f(z) is irreducible. Then there exists some poly-
nomial g(z) € C[z] such that

f(z) = (z — a)g(2),
where £ > 1 is the multiplicity of « as a root of f(z) and g(a) # 0. We want to

prove that £ = 1. Arguing towards a contradiction, suppose that £ > 1. Let f'(x)
be the formal derivative of f(z), i.e.

f(z) = zn:kakxk_l € Zlz].
k=1

The standard differentiation product rule applies, and so

(@) =tz — ) tg(x) + (z — a)'g/(x).
Hence f'(a) = 0, and so by Problem 4.3, f(z) | f’(z). On the other hand, degree
of f'(z) is less than degree of f(z), while f’(z) is not identically 0. This is a

contradiction, therefore £ = 1. Since this is true for every root of f(x), it must be
separable. 0

This lemma has an immediate corollary.

COROLLARY 5.2.2. Let a € C be an algebraic number. Then all of its algebraic
conjugates are distinct.

PROOF. Since m,(z), the minimal polynomial of « is irreducible (Problem 4.3),
it must be separable by Lemma 5.2.1, and hence a and its conjugates are all distinct.
d

DEFINITION 5.2.2. A finite algebraic extension of Q is called a number field. In
other words, a number field K is a subfield of C such that [K : Q] < co and every
element of K is algebraic.

It is clear from the above definition that every number field K is contained in A.
Furthermore, if o € A, then Q(«) is an algebraic extension of Q, and [Q(«) : Q] =
deg(a) < 00, hence Q(«) is a number field. An element « in a number field K is
called a primitive element if K = Q(a), i.e. if « generates K over Q. In fact, all
number fields contain a primitive element.
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THEOREM 5.2.3 (Primitive Element Theorem). Let K be a number field. Then
there exists a € K such that K = Q(«).

PrROOF. Since K is a finite algebraic extension of C, there must exist a fi-

nite collection of algebraic numbers a1, ...,a, € K such that K = Q(ay,...,ay)
(Problem 510) Let Kl = Q(al), KQ = Q(al,ag) = Kl(ag), ey K = Kn =
Qat,...,an_1,ap) = K,—1(an). We can assume that no K, equal to K11,

since otherwise we do not need a,,,+1 in the generating set. Hence we have
QgKngQQ"'gKn—lg_Kn:K~

Notice that it is sufficient for us to show that there exists 5; € K such that Ky =
Q(a1, @) = Q(B1): if this the case, then applying the same reasoning, we establish
that

K3 = Ka(az) = Q(B1,a3) = Q(B2)
for some By € K, and continuing in the same manner confirm that K = K,, =

Q(Br—1) for some B,_1 € K.
Let deg(aq) = d, deg(as) = e, and let

a1 = a1, Q12,. .., 014 and g = Qo1, 022, ..., Q¢
be algebraic conjugates of oy and aw, respectively. Since mg, () and mq, (z) in
Z[z] are irreducible, they must be separable by Lemma 5.2.1 above, and hence all
a1,’s and all aw,,’s are distinct. This means that for each 1 <n <d, 1 <m<e
the equation
(55) a1y + tasg, = a1 + tagy

has at most one solution ¢ in Q (a solution ¢ in C always exists, but it may not
be in Q). There are only finitely many equations (5.5), each having at most one
solution, and hence we can choose 0 # ¢ € Q which is not one of these solutions,
then

Q1 + CQgm # 01 + Cagy
forany 1 <n<d,1<m<e. Let

p1 = a1 + caz,
then 8y # ay, + cagy, for any 1 <n < d, 1 < m < e. We will now prove that
Q(B1) = Q(an, ). Tt is clear that Q(B1) C Q(a1,a2), so we only need to show
that Q(aq,a2) € Q(51). For this, it is sufficient to prove that as € Q(81), since
then a; = 1 — cae € Q(f1), and hence Q(aq, @) € Q(B1). Notice that
Mo, (B1 — can) = Mgy, (o) = 0.
In other words, as is a zero of the polynomial
p(l’) = May (ﬂl - CI’),
which has coefficients in Q(f1). On the other hand, as is also a root of its minimal

polynomial mg, (x). The two polynomials p(x) and mg,,(x) have only one common
root. Indeed, if £ € C is such that

p(f) = Mqy, (61 - Cf) = May, (5) =0,

then & must be one of asy,...,as and B; — c€ one of ayq,...,a14, i.e., for some
1<n<d, 1<m<e,

§ = oy and B — c§ = B1 — cagy = aig,
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which means that
B = ain + cagm = 11 + caz.
This contradicts our choice of ¢ unless n =m = 1.

Now let h(x) be a minimal polynomial of as over Q(8;). Since p(x) and my, (x)
have coefficients in Q(81) and vanish at «s, they must both be divisible by h(z)
over Q(B1). This means that every root of h(z) would be a common root of p(z)
and m,, (z), but we know that they have precisely one root in common. This means
that h(z) can have only one root, and hence is of degree 1. Thus

h(z) = — ao,

which means that as € Q(81). This completes the proof. a

An algebraic number « is called an algebraic integer if its minimal polynomial
ma(z) € Zlx] is monic, i.e. its leading coefficient is equal to 1. The set of all
algebraic integers in a number field K is usually denoted by Og. For instance,
Og = Z (Problem 5.9). Let us define the set of all algebraic integers

I={a € A :my(x) is monic}.

Let a € T and let deg(a) = d. Define

d—1
Z]a) = {Z an,a” i ag,...,aq-1 € Z} .
n=0

LEMMA 5.2.4. Let o € I have degree d. Then Z[a] is a commutative ring with
identity under the usual addition and multiplication operations on complex numbers,
which contains Z. Rings like this are called ring extensions of Z.

PrOOF. The argument here bears some similarity with the proof of Theo-
rem 5.1.1 above. It is clear that Z C Z[«], and hence 0,1 € Z[a]. Also, if

8= Zi;h bpa™ € Zla], then —f = Zi;é(—bn)a" € Z[a]. Hence we only need to
prove that for every 8, € Z[a], 8+ v, By € Z[a]. Let

d—1 d—1
b= E bpa™, v = g cpa.
n=0 n=0

d—1
Bty= (b +cn)a" € Zlal.
n=0

Since a € I of degree d, its minimal polynomial is monic of degree d, say

Then

d—1
me(z) = ot + Z anx”,
n=0
and m(a) = 0, meaning that

d—1
(5.6) al = — Z apa™.
n=0

Now we have:
d—1 d—1

By = Z Z bpCrma ™,

n=0m=0
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and (5.6) can be used to express powers of a higher than (d — 1)-st as linear
combinations of lower powers of a with rational integer coefficients, hence ensuring
that 87 is a linear combination of the terms 1, ¢, ...,a% ! with coefficients in Z.
This means that Sy € Z[a] and completes the proof of the lemma. O
Problem 5.13 guarantees that 1, q,...,a% ! is a maximal linearly independent col-
lection of powers of « over d, and we know that it spans Z[«]. Hence this is a basis
for Z[a] over Z, and thus Z[a] is a lattice of rank d.

LEMMA 5.2.5. Let a € C be such that the additive abelian group generated by all
powers of a is in fact finitely generated. Then o € 1.

PROOF. Let G be the additive abelian group generated by all powers of «;, i.e.

k
G:{Zana":keNo, ao,...,akGZ}.
n=0

Assume that G is finitely generated and let vi,...,v, be a generating set for
G. Since each v, is a polynomial in «, there exists a positive integer ¢ which is
the maximal power of o present in the representations of vq,...,v,,. Then G is
generated by 1,c,...,a%. Since aft! € G, there must exist aq,...,a; € Z such

that
l
O/—i—l — Z anan’
n=0

which means that « is a root of the polynomial

¢
p(z) =2+ — Z anz” € Z[z].
n=0

Therefore we must have mg(z) | p(x). Since p(z) is a monic polynomial, it must
be true that mq(x) is also monic. Hence a € I. O

THEOREM 5.2.6. I is a commutative ring with identity under the usual addition
and multiplication of complex numbers.

PRrROOF. We only need to prove that for any o, 5 € I, o + 8 and af are in I.
Notice that o + 8 and «af can be expressed as integral linear combinations of
elements of the form o™ 3™ for some nonnegative integers m, n, which means that

a+ fB,af € G :=spang{a™p" :m,n € Z>o} C C.

This G is a subgroup of C under the usual addition of complex numbers, and hence
is an additive abelian group (Problem 5.14). Since o and § are algebraic integers,
we know that Z[a] and Z[5] are generated by only finitely many powers of a and
B, respectively, say, it is 1,c,...,a" and 1,3,...,3% Then G is generated by
all expressions of the form o™ 3™, 0 < m < k, 0 < n < £ as an additive abelian
group. Therefore G must also be finitely generated. We now need to use a standard
property of finitely generated abelian groups, the proof of which we postpone to
Appendix A.
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Fact 5.2.1. Let G be a finitely generated additive abelian group, i.e., there exist
V1,...,0 € G such that for every x € G,

k
T = Z QnUnp
n=1
for some ay,...,ax € Z. Let H be a subgroup of G. Then H is also finitely

generated.

Since additive groups generated by all powers of o 4+ § and «af, respectively, are
subgroups of G, they must also be finitely generated. Now Lemma 5.2.5 guarantees
that a 4+ 8 and af must be in I. O

Notice that we can now describe the set of all algebraic integers in a number
field K as
O =Knl
This implies that Ok is a ring (Problem 5.15). We now further study some prop-
erties of the ring of algebraic integers Ok of a number field K. First we observe
that every element of K can be expressed as a fraction a/c, where « is an algebraic
integer and c is a rational integer.

LEMMA 5.2.7. Let K be a number field and 8 € K. Then there exists some ¢ € N
such that cf € Ok. In fact, we can take c to be the leading coefficient of mg(z).

PROOF. Let d = deg(5) and let

d
mg(z) = Zana:" € Zlx]
n=0

with ag > 0. Notice that

d d
p(z) := a3 tmp(z) = Z anadtz" = Z anad " (agz)"
n=0 =0
has 3 as its root. Now
d d—1
f(z) = Z anad™" "l = 2 4 Z anad™ " e € Za]
n=0 n=0
is a monic polynomial, and f(aq8) = p(8) = 0. This means that a48 € O. Taking
¢ = agq completes the proof of the lemma. O

This lemma has some important corollaries.

COROLLARY 5.2.8. A number field K can be described as

K:{g:a,ﬁeoKﬁ;«éO}.

Hence we can refer to K as the field of fractions or quotient field of O .

PRrROOF. Let

E;{g;a,ﬂeoK,ﬁ¢o}.
We need to prove that £ = K. Lemma 5.2.7 implies that every § € K can be

written as 8 = < for some a € O and ¢ € Z. Since Z C O, we see that 8 € F,
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hence K C E. Now suppose /3 = af~! € E. Since a, 3 € O C K, we must
have 3~! € K and hence af~! € K, since K is a field. Therefore E C K, and thus
E=K. O

Theorem 5.2.3 guarantees that a number field always has a primitive element.
In fact, it always has a primitive element, which is an algebraic integer.

COROLLARY 5.2.9. Let K be a number field. Then there exists a € Ok such that
K =Q(a).

PROOF. Let 8 € K be a primitive element. By Lemma 5.2.7, there exists an
element ¢ € Z such that a := ¢ € Og. Since clearly Q(¢8) = Q(8), we are
done. O

We can now define embeddings of a number field K into C. Let K = Q(«),
then

d:=deg(a) = [K : Q].
Recall that
K = Q(a) = Q[a] = spang{l, ... ,ad=1)

d=1 are linearly independent over Q. Let

and 1,a,...,«
o= 01,02,...,0q

be the algebraic conjugates of a. For each 1 < n < d, define a map o,, : K — C,
given by

d—1 d—1
(5.7) On (Z amam> = Z A’
m=0 m=0

for each an;lo ama™ € K. From Problem 5.16 we know that each such o, is an
injective field homomorphism, so K = ¢,,(K) for each 1 < n < d, and

Q={BeK:0,()=BV1<n<d}.
These embeddings o1, ..., 04 are, in fact, the only possible embeddings of K into C.
LEMMA 5.2.10. Let K = Q(«) be a number field of degree d over Q. Let 7: K — C

be an embedding, i.e. an injective field homomorphism. Then T is one of the
embeddings o1, ...,04 as defined in (5.7).

Proo¥r. First we will prove that 7(c) = ¢ for each ¢ € Q. Since 7 is a field
homomorphism, we must have 7(1) = 1, and for each a/b € Q,

7(a/b) = 7(a)7(b) "' = ar(1)(br (1)) = a/b.
Since [K : Q] = d, we know that deg(«) = d, and so
K = Q[a] = spang{l,a,... ,ad1),

Let a = ag, as,...,aq be the algebraic conjugates of a. Let g = Zi;lo cpa" € K.
Since 7 is a field homomorphism,

d—1 d—1

r(8) = Y rlea)r(@)" = 3 eur(a)™.

n=0 n=0
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Hence we only need to show that 7(«) = «, for some 1 < n < d. Let

d
me(x) = Z bnz™ € Z[z],
m=0

be the minimal polynomial of a. Then

me(a) = Z bpa™ =0,
and so
d
0= bnr(a)™ = ma(r(a)).
m=0

Hence 7(«) is a root of mg(z), which means that 7(a) = «,, for some 1 < n < d.
Therefore 7 = o,, for some o, as in (5.7). This completes the proof. O

If K =0,(K) for each 1 <n < d, then the number field K is called Galois. In
this case, the set
G:={o1,...,04}
is a group under the operation of function composition (Problem 5.17). It is called
the Galois group of K over Q, where Q is precisely the fized field of G, as follows
from Problem 5.16. In this case, elements of G are called automorphisms of K
over Q.

DEFINITION 5.2.3. Given a Q-basis aq,...,aq € K, its discriminant is defined as
Ao, ..., aq) == (det(on(ar))1<nr<d)’
where d = [K : Q].
We will now prove an important property of the discriminant.
LEMMA 5.2.11. Let a,...,aq € K be a Q-basis. Then the discriminant
Alay, ..., aq) € Q.
Further, if as,...,aq € Ok, then Alay,...,aq) € Z.
PRrOOF. Let § € K be such that K = Q(f), then degree of 6 is equal to d

and 1,6,...,09 1 is a Q-basis for K, called a power basis. Hence there must exist
rational numbers cy1, ..., cqq such that
a7 C11 e C1d ].
= : ,
(7] Cdl  --- Cdd g1

i.e. C'= (Cmn)i<m,n<d is a rational change of basis matrix. Then by Problem 5.22
Alay,...,aq) = det(0)2A(L,...,007 1Y),
and thus it is sufficient to prove that A(1,...,0%" ') € Q. Let 0y,...,04 be the
embeddings of K into C and 01, ...,0, the conjugates of 0, i.e. 8y = ox(6). Then
16, .. egj ?
A=A(,...,00 ) = { det bl 92_

1 6g ... 6971
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Notice that each o} permutes the conjugates 61, . .., 84, which means that the action
of each o) only permutes the rows of the matrix above leaving the square of the
determinant unchanged. Thus o (A) = A for every 1 < k < d. Now, Problem 5.23
implies that any element of K that is fixed by all embeddings must in fact be in Q,
thus A € Q, and so A(ay,...,aq) € Q for any Q-basis aq,...,a4 of K.

Assume additionally that ay,...,aq € Ok, i.e. they are all algebraic integers.
From definition of the discriminant it is clear that A(ayq, ..., aq) in this case must
also be an algebraic integer. Hence A(ag,...,a4) isin Q and in I, but QN1 = Z.
Thus A(ay,...,aq) € Z. O

We now use the discriminant to prove that the ring of integers Ok in a number
field K of degree d is a lattice of rank d, i.e. its elements can be expressed as integer
linear combinations of a collection of d Q-linearly independent elements. A ring
with this property is called an order in K, and hence we are about to show that Og
is an order in K. Notice that if K = Q(6) for some algebraic 6, then Z[f] C Ok is
also an order in K, however Ok is a maximal order with respect to inclusion (we
will not prove it here), and Z[f] is a maximal order precisely when Ok = Z[6)].

THEOREM 5.2.12. Let K be a number field of degree d over Q. Then the ring Ok is
a lattice of rank d, i.e. there exists a collection of Q-linearly independent elements
at,...,aq € Ok such that

d
(’)K:{Zanan:al,...,adeZ}.

n=1

PROOF. Let aq,...,aq € K be a Q-basis for K. By Lemma 5.2.7 we know
that there exist ¢y, ..., cq such that ciaq,...,cqaq € Ok. Thus the set of linearly
independent collections of d elements of O is not empty. The discriminant of any
such collection is an integer, hence let us choose such a collection g1, ...,Bq with
the smallest |A(B1, ..., Ba4)l.

We will now prove that

d
OK:{Zanﬁn:al,...,adeZ}.

n=1

Suppose this is not true, then there exists some x € Ok, which is not an integer
linear combination of 3y, ..., B4. Since fy,..., 4 for a Q-basis for K, it still must
be true that

r=aif+- -+ adbd

for some ay,...,aq € Q, which are not all in Z. Assume, for instance, a1 is not an
integer. Let ¢ € (0,1) be such that a; — ¢ € Z. Then (a1 — ¢)f81 € Ok, and since
z € Ok, we have

d
yi=2—(a1—q)B = b1+ Y aP € Ok.

k=2
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The collection of elements y, s, ..., B4 € Ok is again linearly independent, hence
forms a Q-basis for K. Then

qg as ... ag

o 1 ... O
A:

o 0 ... 1

is the change of basis matrix from the basis §1,..., 84 to the basis y, fs,..., Bq.
Hence, by Problem 5.22

A(yv ﬁQa ceey Bd) - det(A)2A(ﬁ1a 627 cee 7ﬁd)
ABr, B2, ..., Ba) < A(Br, B, - .., Ba)

This contradicts the choice of Sy,..., B4, and hence completes our proof. [

A Z-basis (i.e. a basis over Z) aq,...,aq for the ring of integers Ok is called
an integral basis for the number field K. If aq,..., a4 and By, ..., B4 are two such
bases, then there must exist a change of basis matrix A € GL4(Z) between them
(Problem 5.24). Therefore we have, by Problem 5.22,

A(a17"'7ad) = A(/Bla"'vﬁd)'

This common value of the discriminant of all the integral bases of a number field
K is called the discriminant of K, denoted Ag. As we will see later, it has some
special geometric significance.
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5.3. Noetherian rings and factorization

We are now starting to study some properties of rings of algebraic integers like
Ok for a number field K in more details. We start with an important general
theorem.

THEOREM 5.3.1. Let R be a commutative ring with identity. The following proper-
ties in R are equivalent:

(1) Every ideal in R is finitely generated.
(2) Ewery ascending chain of ideals

L CLC...

in R stabilizes, i.e. there exists an n such that Iy, = Ix11 for all k > n.

(3) Given any nonempty collection of ideals S in R, there exists an ideal I € S
such that I £ J for any J € S, J # I: such an I is called a mazimal
element in S.

PROOF. Suppose every ideal in R is finitely generated, and let
LCIL C...

be an ascending chain of ideals in R. Let I = (J;, Ij, then I is also an ideal in
R (Problem 5.25). Hence I must be finitely generated, say x1,...,x, is a set of
generators for I. Then each generator xj, lies in some ideal I, , and so z1,...,z, €
1,,,, where m = maxj<p<y {. Hence

I:<x17"'7xn>g]mg]a

so I = I,,,. This means that for each k > m, Iy = I, 1.

Now assume that every ascending chain of ideals in R stabilizes. Let S be a
nonempty collection of ideals in R, and suppose that S does not have a maximal
element. Then for every I € S there exists some J € S such that I C J. Construct
an ascending chain of ideals from S

L CIL,C...

by picking each I,, such that I,,_; € I,,. This chain will never stabilize, which is a
contradiction. Hence S must have a maximal element.

Finally, suppose that every nonempty collection of ideals has a maximal ele-
ments. Let I be an ideal in R, and let S be the collection of all finitely generated
ideals contained in I. Since {0} € S, it is not empty. Let J be a maximal element
in S, then J C I and J is finitely generated. Suppose [ is not finitely generated,
then J C I, i.e. there exists x € I\ J. Let J' = (J,x), then J C J' and J’ is still
finitely generated, so J’ € S. This contradicts maximality of J in S, hence I must
be finitely generated. O

A commutative ring with identity satisfying the equivalent conditions of The-
orem 5.3.1 is called noetherian. One important property of noetherian integral
domains is that they allow factorization of elements into irreducibles.

DEFINITION 5.3.1. Let R be an integral domain. An element u € R is called a
unit if there exists an element v € R such that uv = 1. The set of all units in R,
denoted by R* forms an abelian group under multiplication (Problem 5.18). An
element x € R is called irreducible if whenever x = yz for some y, z € R then either
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y or z is a unit. Notice, in particular, that if x is irreducible, then so is ux for any
unit u € R.

THEOREM 5.3.2. If R is a noetherian integral domain and x € R, then there exist
irreducible elements aq,...,a, € R such that x = aq -+ - .

PROOF. Suppose u € R is a unit, then x = u(u~'x). Notice that £1 € R, and
hence the group of units R* # (). Therefore it is always possible to write x = yz:
if in every such factorization either y or z is a unit, then x is irreducible and we
are done. If this is not the case, then there exists a factorization x = x1x5, where
T1, %2 are both non-units. Now repeat this process for x1,x2, and keep repeating
until the process terminates. Hence we need to show that this process does in fact
terminate. Suppose not, then there exists an infinite sequence of distinct elements
in R, call them y;,y2,... such that

oA Yn [ Yn-1 [ Ty o |,
which means that there is an infinite ascending chain of ideals

() G () G () S ...,
which does not stabilize. This contradicts the assumption that R is noetherian.
Hence the process must terminate, meaning that we obtain a factorization of = into
irreducibles. U

We are now ready to discuss factorization of elements into irreducibles in Og.

LEMMA 5.3.3. Let K be a number field and Ok its ring of integers. Then Ok is
noetherian.

PrOOF. We prove this lemma by showing that every ideal in Ok is finitely
generated. By Theorem 5.2.12 we know that Ok is a lattice, i.e. a free abelian
group. Let I C Ok be an ideal, then it is a subgroup of O, which must therefore
also be free abelian as discussed in Appendix A. Let x1,...,x,, be a basis for I,
then

m m
I= {Zakxk:al,...,am GZ} C {Zakmk:al,...7am€(’)1{} clI,
k=1 k=1

hence I is generated by z1,...,x,. Thus it is finitely generated. ]

COROLLARY 5.3.4. Let K be a number field and Ok its ring of integers. Then
every element in Ok can be factored into a product of irreducibles.

ProoF. This is immediate by combining Theorem 5.3.2 with Lemma 5.3.3. O

Our next goal is to investigate uniqueness of factorization into irreducibles in
rings of algebraic integers of number fields.

DEFINITION 5.3.2. An element z in an integral domain R is called a prime if
whenever z | yz for some y,z € R, then x | y or z | z.

We are used to the situation of the ring of rational integers Z, in which the group of
units is {+1} and primes and irreducibles are the same (Problem 5.19). For more
general rings of integers, the situation is more complicated, starting with the fact
that the group of units can be larger. For instance, notice that

V2-1,V2+1€ 0y,
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and (v2 —1)(v/2 + 1) = 1, hence they are both units. The relationship between
primes and irreducibles is also not so simple.

LEMMA 5.3.5. Let x € Ok be a prime. Then it is irreducible.

PROOF. Suppose z = yz for some two y,z € Og. Since z is a prime, it must
be true that = | y or = | 2, say « | y. Then y = xt for some t € Ok. Hence we have:

T =xtz,

and multiplying this equation by x~! in K, we conclude that tz = 1, i.e. zis a
unit. Thus z is irreducible. d

The converse of this lemma however is not always true. For example, in OQ( V=E)

the elements 2, 3, 1 £+ +/—5 are all irreducible, 2 and 3 do not divide 1 + v/—5 or
1 —+/=5 (Problem 5.20), however

(5.8) 6=2x3=(1++v-5)(1—-+v-5),

and hence 2 and 3 are not primes. The underlying reason for this is the non-
uniqueness of factorization into irreducibles demonstrated in (5.8). Recall that an
integral domain R is called a unique factorization domain (UFD) if for any = € R
there exists a unique (up to permutation of terms and multiplication by a unit)
factorization
T =p1- Pk

where p1,...,pg are irreducible elements (notice that if p is an irreducible and u is
a unit, then up is also an irreducible). We are quite used to taking this property
for granted, as the Fundamental Theorem of Arithmetic is nothing else but the
statement that Z is a UFD, however, as (5.8) demonstrates, Og(y=5) is not a UFD.

THEOREM 5.3.6. The ring Ok is a UFD if and only if every irreducible in O is
a prime.

PRrROOF. First suppose Ok is a UFD. Let p € Ok be irreducible, and suppose
that p | ab for some a,b € Ok. Then there exists some ¢ € O such that pc = ab.
Let

a=qr-qr, b=1t1tm, C= 815
be unique factorizations of a, b and ¢ into irreducibles, then the factorization

DPS1- - Sp =(q1- - qrt1- -t
is also unique. Therefore p must be one of the irreducibles qi,...,qk,t1,...,tm,
which means that p | a or p | b. Hence p is prime.
In the opposite direction, assume every irreducible in O is prime. Suppose
some element o € Ok has two factorizations into irreducibles, say

T=PpP1""Pn=4q1" " Gm-
We want to prove that n = m and p;’s and ¢;’s are the same up to permutation.
Assume n > m, and let m be the length of the shortest factorization of x into
irreducibles. We argue by induction on m. If m = 0, then x is a unit, and so cannot
be divisible by any irreducibles, meaning that factorization is unique. Suppose now
that factorization into irreducibles is unique for every element with the length of
shortest factorization < m — 1. Let us prove it for m. Since ¢, is a prime and

qm |P1"'Pn,
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it must be true that g,, divides some p;, say p,. Thus p,, = ugy,, for some u € Ok,
which must be a unit since p,, is irreducible. Therefore
T =p1 Pn1(ugm) = q1 - Gm-
Since this equation can be viewed in the field K, we have:
upr - Pn—1 =41 4m-1,
which is an element in O with length of shortest factorization < m — 1. By in-

duction hypothesis, it has unique factorization into irreducibles (up to permutation
and multiplication by units), and hence so does z. [l
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5.4. Norm, trace, discriminant

We will now introduce two very important functions on number fields, that will
serve as essential tools in our study of properties of the rings of algebraic integers.
Let K be a number field of degree d with embeddings o1,...,04 : K — C. Let
a € K, then norm of a in K is defined as

d
= H Okl
k=1
and trace of o in K is

TI‘K de

It follows directly from these definitions that norm is a multiplicative function and
trace is linear over Q, i.e. for any «, 3 € K,

Ng(caB) = ¢ Ng(a)Ng(8), Trrx(ac +b8) = aTrg (o) + b Tri(B)

for any a,b,c € Q (Problem 5.26). There are some additional important properties
of norm and trace that we will establish here.

LEMMA 5.4.1. Let a € K, then Ng(a), Trg(a) € Q. Further, if a € Ok, then
NK(Q),TI‘K(OL) €.

SKETCH OF PROOF. Let L = Q(«), then L is a subfield of K of degree n
over QQ, so that, by Problem 5.3,

d:=[K:Q]=[K:L|L:Q]=(d/n)n,

where [K : L] = d/n. Let 71, ..., 7, be embeddings of L and o, ..., o4 embeddings
of K. Then o0;’s restricted to L must be equal to 7;’s, and 7;’s extend to o;’s on
K. In fact, every 7; extends to the same number of ¢;’s, namely to d/n of them,
and no two different 7;’s can extend to the same ;. Therefore

d/n

d n n
S CIEES | CTEEE 1 )
i=1 j=1 j=1
Tri (o ZG’ = Z (d 7 (e > ZTJ

Jj=1
Let mq(z) € Z[z] be the mlmmal polynomial of a over Z, then mg(x) can be
factored as

1) =30 = cala — 1)) (2 — u(a)),
=0

where cg,...,c, € Z and ¢, = 1 if and only if o € Ok . Hence we see that
Cn H Ti(®) = co, ¢n ZTj(a) = —Cp_1.
j=1 j=1
The result follows. O

COROLLARY 5.4.2. An element o € Ok is a unit if and only if Nx(a) = £1. On
the other hand, if N(a)) = p, a rational prime, then « is irreducible.
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PROOF. Suppose a € O is a unit. Then there exists a=' € Ok such that
aa~! = 1. Taking norms of both sides of this equation and using the fact that
norm is multiplicative, we have:

Ng(aa™) = Ng(a)Ng(a™) = 1.
By Lemma 5.4.1, Ng (o), Ng(a™1) € Z, hence we must have
NK(Q) = NK(Oéil) = +1.

On the other hand, suppose Nx () = £1. There certainly exists o=t € K: it
is our goal to prove that a~! € Og. We have that

1 =Ng(aa™) = Ng(a)Ng(a™t) = Ng(a™).

Since a € Ok is of norm +1, its minimal polynomial is of the form

n—1
p(x) =2 + chmk +1
k=1

for some c1,...,¢,_1 € Z. Then

n—1 n—1
0=pla)=a"" <a” + Z crpak + 1) =1+ Z cpa” R £ g7

k=1 k=1

that is a~! is a root of the monic polynomial
n—1

1+ Z e P 42" € Z[x).

k=1

Therefore o~ € O.
Finally, suppose a € Ok is such that Ng(«a) = p, a rational prime. Suppose
a = zy for some x,y € Ok. Then Lemma 5.4.1 implies that

Nk (z)Ng (y) = p,

meaning that one of z,y has norm £1 and the other £+p, hence one of them is a
unit. Since this is true for every factorization of a in O, we conclude that « is
irreducible. O

We now use the norm to prove an important property of rings Og.
THEOREM 5.4.3. Let P be a prime ideal in O . Then P is mazimal.

PROOF. Let o € P, and let
O = 1,092,...,0,

be algebraic conjugates of «. Notice that

Ng(«a
OéQ"'Qn:ﬁ €K.
@
On the other hand, « is an algebraic integer, therefore so are aq, ..., a, as well as

their product. Hence a3 - - - o, is an algebraic integer in K, i.e. it is an element of
Og. This means that

Ng(a) =a(az---a,) € P.
Lemma 5.4.1 guarantees that m := Ng(«) € Z, hence m € Z N P. This implies
that the ideal mOjy is contained in the ideal P, and so

Ok /P| < |0k /mOk]|.
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Since Ok is a finitely generated abelian group, so is Ok /mQk. Further, for any
B € Og/mOg it m-th power under addition, mf3, is 0. Hence O /mQOy is a finitely
generated abelian group in which every element has order < m (and dividing m):
this must be a finite group (Problem 5.27). This means O /P is finite, and since
P is a prime ideal, Ok /P is an integral domain. A finite integral domain is a field,
and hence Ok /P is a field, which means that P is a maximal ideal. O

In the proof of Theorem 5.4.3 we used the fact that the quotient ring Ok /P is
finite for a prime ideal P. In fact, this is true for all ideals in Og: notice that our
argument above proving this fact did not rely on P being prime. Hence we have:

LEMMA 5.4.4. Let I C Ok be an ideal. Then the quotient ring Ok /1 is finite.

We define the norm of ideal I to be the cardinality of this finite quotient ring, i.e.
Nk (I) =[Ok /1].
This norm is obviously an integer, which (as we will see) generalizes the notion of

the norm of an element in a number field. It plays an important role in number
theory. We will prove some properties of this new norm here.

LEMMA 5.4.5. Let K be a number field of degree d, so Ok is a lattice of rank d.
Let I C Ok be a nonzero ideal. Then I is a lattice of rank d and

Alay,...,aq)|"?
Ak

where aq, ...,qq 15 an integral basis for I and Ak is the discriminant of K.

)

N (I) = ‘

Proor. We know that Ok is a lattice of rank d and the ideal I C Ok is its
sublattice. Since O /I is finite, I must have the same rank as Ok (Problem 1.17),
and so |Og /I, the norm of I, is just the index of I as a subgroup of Ok. Then by
Theorem 1.3.6,

_det(I)  det(I)

- det(OK) o AK ’

since the discriminant Ak is precisely the determinant of an integral basis matrix
for Ok. Hence we only need to compute det(I). Let a, ..., aq be an integral basis
for I and w1, ...,wy an integral basis for Ok : notice that both of these are Q-bases
for the number field K. Since I is a sublattice of Ok, there must exist an integral
d X d matrix A = (aij)lgingd such that

d
o; = E aijwj
j=1

for each 1 < i < d. Then, by Problem 5.22, we have:
Ay, ... aq) = det(A)Awy, ... ,wy) = det(A)*Ag,

Ng ()

and thus
N

RilD) = den()] = [ 225

COROLLARY 5.4.6. If I = (a) C Ok is a principal ideal, then
Ni (I) = [Ng ()]
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PROOF. Let wy,...,wq be an integral basis for Ok, then aws,...,awy an in-
tegral basis for I, and so

Alows, ..., awg) = (det(oi(a)os(w;))i<ij<a)’

d
= (Hai(a)det(Ui(wj))lsi,jsd> = Nk (a)*Ax.

Then, by Lemma 5.4.5,
1/2

Alawr, ..., qwq) — INke(a)].

Ak

Ng (1) = ‘

O

We will next look in more details at the properties of ideals in the ring Og-.
The norm of an ideal will serve as an important tool, and further properties of the
norm will be established later.
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5.5. Fractional ideals

As we have seen, O may not necessarily have unique factorization of elements
into irreducibles. On the other hand, a certain analogue of unique factorization
holds for ideals in Og. To establish this result, we first discuss an important
generalization of the notion of an ideal in number fields.

DEFINITION 5.5.1. Let K be a number field with ring of integers Ok . A fractional
ideal in K is a subset

B:a_llz{a_lx:xef},
where @ € Ok and I C Ok is an ideal. Trivially, any ideal I C Ok is also a
fractional ideal.

Let §x be the set of all fractional ideals in K. We can define a commutative
multiplication operation on g : for B =a"'T and C = 8~ 'J in x,

BC ={bc:be B,ceC}=(af) '1J € Fx,
since a8 € Ok and I.J is again an ideal in Og. Notice that for any B = a~1I € §,
BOg = {oflxy rxelye OK} = {cflz 1z € I} = B.
We will now prove an important theorem.

THEOREM 5.5.1. The set of fractional ideals Tk is an abelian group under this
multiplication operation.

PrOOF. We already proved closure under the operation and existence of iden-
tity, Og. Hence we only need to establish existence of inverses. For each ideal
I C Ok, define

(5.9) I'={xe K:2I COk},

and for each fractional ideal B = oI € §g, define B’ = al’. Then each such B’
is again a fractional ideal, i.e. B’ € §i for every B € Fi (Probelm 5.29). It is
easy to see that Ok C B’ for each B’ € §x. Further, O} = Ok (Problem 5.28).
We will now prove that B’ is the inverse of B for every B € §x. This is a lengthy
proof, which will consist of a number of steps.

Step 1. For an ideal I C Ok we know that O C I’. Let us prove that if I is
a proper ideal, then Ok # I'. Let M C Ok be a maximal ideal such that I C M,
then M’ C I'. Tt will then suffice to prove that M’ # Ok, i.e. we want to find an
element of M’ which is not in Og. First we need an auxiliary lemma.

LEMMA 5.5.2. For every nonzero ideal I C O, there exist prime ideals Py, ..., P, C
Ok such that their product Py --- P, is contained in I.

PRrROOF. Suppose not, then let A be the collection of all ideals in O for which
this is not true, and let I be a maximal element in A (since Ok is noetherian, such
I must exist). Then [ itself cannot be prime, and so exist ideals J1, Jo C Ok such
that J1Jo C I while Jq, J5 are not in I. Let

Ay =1+ Jy, Ao =1+ Ja,
then I C Ay, As, while
AfAs = (T+J)I+Jo) =1 +1(Jy+Jo) + 1o C I
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By maximality of I in A, it must be true that Ay, Ay ¢ A, and hence there exist
prime ideals P, ..., P, @1,...,Qs in Ok such that

PP CA, Qr--Q, C A,

but then
Pl"'PrQl"'Qs gAlAQ g[,

contradicting the choice of I. (]

Back to our proof, let 0 # a € M, then the principal ideal (a) C M. Let r be
the smallest integer for which exists a collection of prime ideals Pi,..., P. € O
with the product P; --- P, C (a). Since M is maximal (hence prime) at least one
of Pi,...,P. must be in M, say it is P;. But in O every prime ideal is maximal,
and hence P, = M. On the other hand, by minimality of r,

PP ¢ (a),

meaning that there exists some b € Py --- P, which is not in (a). This being said,
bP, = bM C (a), i.e. ba™*M C O, hence ba~! € M’. But since b ¢ (a) = aOk,
we have that ba=! ¢ Ok, and thus we prove that M’ # Ok.

Step 2. Next, let I C Ok be an ideal and T' C K be a set such that T1 C I. We
will prove that T C Og. In other words, given 6§ € T, we will show that 6 € O-.
We know that [ is finitely generated as an ideal and is also a lattice of finite rank.
Let aq,...,a, be a generating set for I, which is also an integral basis. In other
words, for every = € I, there exist by,...,b, € Z such that

T =bia; +---+ bya,.
Since 81 C I, we have
arl = brra; + -+ - + bgpay
for each 1 < k < n, where by; € Z. In matrix form, this system of equations can
be written as
Ba = fa,
where B = (by;)1<kj<n is an integer matrix and a = (ay,...,a,)" is a vector
with coordinates in I. Then 6 is an eigenvalue of B, which is a root of the monic
polynomial
b11 - ... bln
det
bn1 . bpp—x

with integer coefficients. Hence 6 is an algebraic integer in K, i.e. 8 € Ok. Thus
T C Ok.

Step 3. We are now ready to prove that MM’ = Ok for a maximal ideal M
in Ok. Indeed, it is clear that MM’ C Ok is an ideal (as is 11’ for any ideal I in
Ok), and

M C MM’ C Ok.
Since M is maximal, then either M = MM’ or MM’ = Og. Assume M = MM,
then by Step 2 we know that M’ C O, which contradicts Step 1. Hence we must
have MM’ = O.
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Step 4. We now prove that II' = Ok for any nonzero ideal I C Ok. Suppose
not, then I'T' C Ok. In fact, let us take I to be a maximal element in the set of all
ideals J in Ok such that JJ' C Og. Let M be a maximal ideal in Ok containing
I. Then we know that

Or € M CUr,
hence
I=10x CIM CII' C Ok.
Since M’ is an ideal in O, the maximality condition on I implies that
(IM"Y(IM" = I(M'(IM")") = Ok.
This means that M'(IM')" C I', hence
Ok =I(M'(IM")) CII' C Ok,

which is a contradiction. Hence I’ = Ok.

Step 5. It now easily follows that BB’ = Ok for every B € Fi. Indeed, let
B = a~'I be a fractional ideal in K. Then B’ = al’, and so

BB = (a 'I)(al') = IT' = Ok.

This completes the argument, showing that §x is the abelian group of fractional
ideals in K. 0

This result and its proof have some important implications, the first of which
is a certain weaker analogue of unique factorization in Og.

THEOREM 5.5.3. Every nonzero ideal in Ok can be written uniquely (up to permu-
tation) as a product of prime ideals.

PROOF. We first show existence of such a factorization, and then its uniqueness.
Suppose such a factorization does not exist for every ideal, and let .S be the set of
all ideals in Ok which do not have such a factorization. Since Ok is noetherian,
S has a maximal element, call it I. Then I itself is not a prime ideal, hence not a
maximal ideal in Og. Let M be a maximal ideal in Ok such that I € M. Then
by the argument above (Step 4 in the proof of Theorem 5.5.1),

ICIM C Ok.
Since I is maximal without a prime factorization, the ideal M’ must have a fac-
torization into prime ideals, say
IM' =P ---P,
for some prime ideals Pi,..., P, C Og. Then, since M'M = Ok,
P ---PM=(IMM=IMM)=1I,

which is a factorization of I into a product of prime ideals.

We now establish uniqueness of such factorization. Let r be the length of a
shortest factorization into prime ideals for an ideal I C Ok . We argue by induction
onr. If r =1, then I itself is prime, and we are done. Assume the result is true for
all ideals with length of prime factorization < r — 1. Let us prove it for r. Suppose

I:Pl"'Pr:Ql"'Qs

are two factorizations of I into primes, s > r. Since the ideals P, ..., P.,Q1,..., Qs
are prime (hence maximal), we must have P, = @Q; for some 1 < i < s; in fact,
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after rearranging, if necessary, we can assume 7 = 1. Multiplying both sides of this
equality by Pj, we obtain

Py Pr=Qa--Qs,
since P{P, = Q1Q1 = Ok. By induction hypothesis, this factorization is unique,
and hence we are done. (|
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5.6. Further properties of ideals

We continue studying structure of ideals here with a view towards factorization
of elements into irreducibles in rings of algebraic integers of number fields. The main
goal of this section is to give a vital condition for such a factorization to be unique.
We start with an important property of the norm of an ideal: it is a multiplicative
function, same as norm of an element.

LEMMA 5.6.1. Let K be a number field, and I,J be nonzero ideals in the ring Ok .
Then

Ng (IJ) = Ng(I)Ng(J).

PRrOOF. It is sufficient to prove this statement in the case when one of these
ideals, say J, is prime, let us call it P (Problem 5.30). In other words, we want to
prove that

(5.10) |Ok /1P| = |0k /1| -|Ok/P|.
First let us prove that
(5.11) Ok /IP| = |0 /1] - 11/IP|.

For this, let us define a map ¢ : Ox /IP — Ok /I, given by ¢(x+IP) = x+1. This
is a surjective ring homomorphism (Problem 5.31). By First Isomorphism Theorem
for groups,
(Ok /IP) [ Ker(¢) = ¢(Ok /IP) = Ok /I,
and since these groups are finite, we have
|Ok /1P| = |Ker(§)| - O /1].

Notice that Ker(¢) consists of all cosets of I P which are in I, i.e. Ker(¢) =I/IP.
This establishes (5.11).
Next we prove that

(5.12) |I/IP| =|0Ok/P]|.
Let B C Ok be an ideal such that
IPCBCI.
Let I’ be the inverse of I in the group of Fx of fractional ideals of K, then
I'IP)=PCI'BCII =0k,

and since P is a prime ideal in Ok (hence maximal), we must have I’ B either equal
to P or to Og. This means that B is either equal to IP or I, i.e. there is no ideal
between IP and I. Let o € I\ IP, then we must have

IP+ (o) =1I.
Define a function f, : Ox — I/IP by f,(x) = ax + IP. This is an abelian group
homomorphism, which is surjective:
fa(Ok) = (@O + IP)/IP = (IP + (a))/IP =I/IP.

Therefore O/ Ker(f,) = I/IP. Clearly, Ker(f,) # Ok, since I # IP. On the
other hand, for every x € P,

falx)=azx+IP =0
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in I/IP, since ax € IP (aisin I and x is in P). Therefore P C Ker(f, ), and since
P is a maximal ideal, we have P = Ker(f,). Therefore Or /P = I/IP, and (5.12)
follows. Combining (5.11) with (5.12) proves (5.10). O

We next look closer at the norm values of ideals.

LEMMA 5.6.2. Let I C Ok be a nonzero ideal. Then:
(1) If Ng(I) is a prime in Z, then I is a prime ideal in Ok.
(2) Ng(I) e 1.
(3) If I C Ok s a prime ideal, then Nk (I) = p™ for some prime p € Z and
m<d=[K:Q).

PROOF. To prove part (1), suppose that I = AB for some two ideals A, B C
Ok . Then, by multiplicativity of the norm,
NK(I) = NK(A)NK(B) =pc Z,
where p is a prime number. Hence either Ng(A) or Ng (B) must be equal to 1, say
it is N (A). This means that |Ox/A| =1, and so A = Ok, hence
I=AB=0gB=B0B.
Therefore I does not have any nontrivial factorization, hence it is a prime ideal.
To prove part (2), let  + I € Ok /1. Since Ok /I is an additive abelian group
of order Ng (I), we must have
Ng()(z+1)=Ng(lx =1,
meaning that Ny (I)z € I for every x € Og. Then take z = 1, and we see that
Ny (I) el.
To prove part (3), assume that
Ng(I) =pi" - p
for some rational primes p1,...,p, € Z and positive integers my, ..., m,. By part
(2), we have
pyt-epit e I
Since [ is a primed ideal, we must have p; € I for some 1 <14 <. Suppose q € [ is

a rational integer prime different from p;, then, by Euclid’s Division Lemma, there
exist some a, b € Z such that

1 = ap; + by,
and so 1 € I, meaning that I = Og. However, a prime ideal has to be proper. Thus
p; is the only rational integer prime contained in I, which means that I | p;Ox and
It qOk for any prime ¢ # p;. Therefore

d
Ng (I)|Ng(pi) = Ng(pi) = H oi(pi) = pf,

where 01, ..., 04 are embeddings of K. Therefore Ng (I) = p* for some m <d. O

The next lemma contains some key finiteness observations about ideals of given
norm.

LEMMA 5.6.3. Let K be a number field with the ring of integers Ok . The following
are true:
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(1) Let I C Ok be an ideal. There exist only finitely many ideals J C Ok
such that J | I.

(2) Let m € Z, m # 0. There exist only finitely many ideals I C Ok such
that m € I.

(3) Let m € Z~q. There exist only finitely many ideals I C Ok of norm m.

PROOF. To prove part (1), we use Theorem 5.5.3: since there is a unique
factorization I into prime ideals, all ideals dividing I must be products of some
subcollections of these primes ideals, hence there can only be finitely many of them.

For part (2), let m € Z be nonzero and let I C Ok be an ideal such that m € I.
Then I | mOg, but by part (1) the ideal mOg can have only finitely many divisors.
Thus m can belong to only finitely many ideals in O.

Finally, for part (3) let I be an ideal of norm m, then by part (2) of Lemma 5.6.2
above, m € I. However, by part (2), there can be only finitely many ideals I so
that m € I. Thus there can be only finitely many ideals of norm m. O

We need one more technical lemma before we can prove the main theorem of
this section.

LEMMA 5.6.4. Let I,J C Ok be nonzero ideals. Then there exists an element a € I
such that
ol +J = Ok,

where I' is the inverse of I in Fx.
PROOF. Let a be any element of I, then al’ is an ideal in Of, since
I'={xeK:2l COgk}.

Thus al’ + J is an ideal in Ok, which contains ideals oI’ and J: in fact, it is
the smallest such ideal (with respect to inclusion). This means that oI’ 4 J is the
greatest common divisor of oI’ and J. Let

J=P - - P,
be the unique factorization of J into prime ideals. Then
al' +J|J=P P,
and al’ +J C al’ + P; for each 1 < i < r, since J C P; for each 7. Hence
al' +J = ﬂ(a[’ + P;).
i=1
We will now construct and o € I such that al’ + P; = Ok for each 1 < i < r. Since

each P; is a maximal ideal, it is sufficient to construct a € I such that oI’ € P; for
all 1 <i<r:if al’ € P;, then

P; - ol + P; C Ok,
which by maximality of P; means that al’ + P; = Of. Notice that
al'Z P, Pital < IP a0k & a ¢ IP;

for all 1 < < r. Hence we need to construct an element o € I\ ({J;_, I P;).
Notice that for each 1 < ¢ < r, IP; C I. Thusif r = 1, we can take any element

=

a € I\ IP;. Assume r > 1, and for each 1 < m < r, define
Iy =IPy - Py _1Ppii-- P,
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then I,,, P, = IJ. For each m, pick an element «,, € I, \ IJ, and define
a=o1+ -+ a.

Then « € I, since each o, € I,,, C I. Assume that o € IP,, for some 1 <m <.
Notice that for each j # m, o; € I; C IP,,, and so

om=0a— (a1 +- -+ am1+ampr+--+ap) €IP,.

This contradicts our choice of «,,,, meaning that a ¢ I P, for any 1 < m < r. This
completes the proof. O

We are now ready for the main result of this section. Recall that an integral
domain is called principal (abbreviated PID) if every ideal in it can be generated
by one element.

THEOREM 5.6.5. Let K be a number field and Ok its ring of integers. The Ok is
a UFD if and only if it is a PID.

ProOF. Every PID is a UFD (Problem 5.32: this is a standard theorem, found
in any algebra book), so we will only prove the reverse implication. Suppose Ok is
a UFD. Let I C Ok be an ideal and let

I=p---P,

be its factorization into prime ideals. If each P; is principal, say P; = z;Ok, then
I = (z1-- 2,)Ok is also principal. Hence we only need to prove that primes ideals
in Ok are principal. Let P C Ok be a prime ideal and let m = Ng(P). Then
Lemma 5.6.2 guarantees that m € P, i.e. P | mOg. Let us write m =z - -z be
the factorization of m into irreducibles in Q. Since Ok is a UFD, we know that
irreducibles are primes, and so the principal ideals (x1),..., (z)) are prime ideals
in Og. Then we have
P|mOk = {(x1),...,{(Tk),

which means that P | (z;) for some 1 < ¢ < k, since P is prime. Since prime
ideals are maximal in Ok, we must have P = (z;), so P is a principal ideal. This
completes the proof. O

Finally, we record here a simple, but somewhat surprising corollary of Lemma 5.6.4.
Many (in some sense, most) rings Ok do not have unique factorization into irre-
ducibles, and hence have non-principal ideals by Theorem 5.6.5. It turns out,
however, that every ideal in Ok can be generated by at most two elements.

COROLLARY 5.6.6. Let I C Ok be a nonzero ideal and let 3 be a nonzero element
of I. Then there exists an element o € I such that I is generated by the pair o, (.

PROOF. Let J = BI’, and ideal in Ok. By Lemma 5.6.4 there exists o € [
such that al’ + J = Ok, i.e.

al’ + BI' = Ok.
Multiplying both sides of this equality by I, we obtain:
al'l +BI'l = a0k + BOk = [0k = 1.
Thus I is generated by «, 8. O
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5.7. Minkowski embedding

We have previously proved that any nonzero ideal in the ring of integers O
of a number field K is a lattice, i.e. a free abelian group. In fact, ideals can be
embedded into a Euclidean space and viewed as lattices there, which helps to study
their properties. To do this, we use embeddings of our number field to form the
important Minkowski embedding.

As usual, let K be a number field of degree d over Q, and let 01, ...,04: K — C
be its embeddings. We will distinguish between real and complexr embeddings: o;
is said to be real if the the field o;(K) is contained in R, and complex otherwise.
Notice that complex embeddings come in conjugate pairs: if g; is complex, then
there is it conjugate embedding &; given by

5’1(33) = m

for every z € K. Let us order the embeddings

Olye+-30pyOpglyOptlye-y Optsy Opgs,
where o1,...,0, are real and o,41,0,41,...,0p4+s,0r45 are complex. Then d =
r + 2s, and we can define a map
Y i=(01,- s Opy Opgly ey Opps) s K 5 R7 x C?,
given by X(z) = (o1(z),...,00(),0r41(2),...,0r1s(x)) for every x € K. We can

identify C* with R?®, thinking of X(z) as
(01(2), ..., 0 (@), R(or41(2)), S(or11(2)) .., ROy s(2)), S(o715(2)))-

Let us now consider images of ideals in Ok under this Minkowski embedding of the
number field into RY.

LEMMA 5.7.1. Let M be a lattice contained in K and x1,...,xq be a Z-basis for M.
Then $(M) is a lattice of rank d in R with determinant

(5.13) det(X(M)) = 27° |det(A C)],
where A is an

(5.14) A= (oi(zj)h<icri<i<a, C = (0r4i(®;) Orri(®5))1cics1<j<a-

T, IS

PRrROOF. Notice that det(3(M)) is equal to the absolute value of the determi-
nant of the block matrix (A B), where A is the d x r matrix defined in (5.14) and
B is the d x 2s

B = (R(oy4i(z))) %(0T+i(xj)))1§igs7lgj§d
For any complex number z,
R(z) = %(2 +2), S(z) = 2%(2 —Z).
With this in mind, it is easy to see that the matrix B is column-equivalent to the
matrix
1 _ 1 _
(5 0rsst) + 0ras(an)) 57 @restay) = 3,1160:)) )

This means that

det(S(M)) = ‘(;)2 (1> det(A B')

e

=272 |det(A B')|,

2
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where
B = ((orti(zg) + 0r4i(x))) (Oryilz)) — 6T+i(xj)))1§i§5’1§jgdv
a matrix column-equivalent to
B" = (20, 4i(z;) 5r+i(xj))1§¢§s,1§j§d'
Thus
det(S(M)) =272 |det(A B")| = 2% |det(A C)],

and so we have (5.13). Notice that this determinant cannot be equal to 0 (Prob-
lem 5.33), and hence $(M) is a lattice of full rank in R%. O

COROLLARY 5.7.2. If I C Ok is an ideal, then
det(2(1)) = 27°|Ag |V 2Ng (I).
In particular,
det(2(0g)) = 27%| Ak |2
Proor. By Lemma 5.4.5,
Aoy, ..., 0q) 1/2
Ak

where 1, ..., qq is a Z-basis for I. Then, by Lemma 5.7.1 (and in the notation of
that lemma),

det(S(I)) = 275 |det(A C)| = 27 |A(ay, . .., aq)|? = 27Nk (I) | Ax /2.
IfI:(’)K,thenNK(I):L [l

b

Ng(I) = ‘

LEMMA 5.7.3. Let d = r+2s and let A C R? be a lattice of full rank with det(A) =
D. Letcy,...,crydy,...,ds € Rsg be such that

4 S
cr-eepdy - dy > () D.

™

Let
X = {w:($17-~-7$r7y117y12,~--,ysl,ys2)ERd:
|z < VI<i<r yh 4y <dj V1<j<s}
Then there exists 0 # x € X NA.

PRrROOF. This lemma is proved by an application of Minkowski’s Convex Body
Theorem. First notice that the set X is a Cartesian product of intervals [—c¢;, ¢;]
for all 1 < ¢ < r and circles of radius \/CTJ for 1 < j < s. Therefore X is convex
0-symmetric and its volume is

Vol(X) = (2¢1) -+ (2¢,) - (ndy) - - - (wds) > 277 <:> D =2D.

Then Theorem 1.4.2 (see also Problem 1.23) guarantees that there exists a nonzero
point ® € X N A. O

We can now apply the lemma above to prove that every ideal has a nonzero
element of small norm.
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COROLLARY 5.7.4. Let I C Ok be a nonzero ideal. There exists a nonzero element
o € I such that

M)l < (2) M) 1Ak,

where s is the number of conjugate pairs of complex embeddings of the number
field K, as above.

PrROOF. Let r be the number of real embeddings of K, € > 0 and let
ClyevesCrydy,...,ds € Ryg
be such that .
clocrdydy = <72T> Ng(I)|Ax|"? +e.

Let A =3(I) and let X = X, be as in Lemma 5.7.3. Applying Corollary 5.7.2, we
see that

CLoCpdyedy > <4> det(A).

T
Therefore Lemma 5.7.3 implies that there exists a nonzero point in X, N3(I), and
hence this point is of the form 3(«) for some a € I. We can then compute

Nuc(@)l = [LIo@)lx [Tl (@@ = [[lo@)lx []lowss (@l

2 S
< c1~-~cr~d1~--d5:<7r> N (D)|Ag |2 +e.

Since A is discrete in R?, there are only finitely such a for every € > 0. Hence as
€ — 0, the intersection of all sets
{ael:¥(a)e X}

will be nonempty, i.e. there exists a nonzero a € I satisfying the bound of the
lemma. (]
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5.8. The class group

Now that we understand that non-uniqueness of factorization into irreducibles
in a ring O is equivalent to existence of non-principal ideals, we look more closely
at the structure of the group of fractional ideals §x. We say that a fractional ideal
B € Fk is principal if B = =!I for « € O and I C Ok a principal ideal. The
set Px of all principal fractional ideals is then a subgroup of §Fx (Problem 5.34):
in fact, since §x is an abelian group, the subgroup P is normal.

DEFINITION 5.8.1. The ideal class group, or simply the class group of the number
field K is the quotient group

CI(K) = SK/YBK'

Elements of this group are called ideal classes, and the order hy := | C1(K)| of the
class group is called the class number of the number field K.

Two fractional ideals By and By are in the same ideal class, denoted by By ~ Bg
if and only if there exists some a,b € Ok such that (a) By = (b) Be; this is an
equivalence relation on Fx (Problem 5.35). We immediately have the following
important consequence of Theorem 5.6.5.

COROLLARY 5.8.1. The ring of integers Ok of the number field K is a UFD if and
only if the class number hyg = 1.

PrOOF. Theorem 5.6.5 asserts that O is a UFD if and only if any ideal
I C Ok is principal. This is equivalent to saying that every fractional ideal B € §g
is principal, since B = a1 for some a € Ok and I C O an ideal. This, in turn,
is equivalent to Px being all of F, i.e. the class group CI(K) being trivial and
hence having order 1. O

Hence we have a nice quantitative test to check if an analogue of the Funda-
mental Theorem of Arithmetic holds in Ok: compute the class number hx and
check if it is equal to 1. The problem is that hx can be very hard to compute. In
fact, it is not even clear whether it is finite. The truth is, it is, however proving
it requires all the machinery we developed thus far. The finiteness of the class
number, which we are about to establish, is one of the greatest achievements of the
classical Algebraic Number Theory: it was first proved by Minkowski with the use
of his Geometry of Numbers. In fact, discovery of the kingdom referred to in the
epigraph to this text alludes precisely to this result.

THEOREM 5.8.2. The class number hx of any number field K is finite.

To prove this theorem, we first need an auxiliary lemma, which follows from our
results of Section 5.7.

LEMMA 5.8.3. FEvery ideal class in C1(K) contains an ideal I C Ok with
2 S

(5.15) Ng(I) < () |Ag|Y2.
7r

PROOF. Since every ideal class contains an ideal (Problem 5.36), we only need
to prove that every ideal in O is equivalent to some ideal I C Oy satisfying (5.15).
Let J C Ok be an ideal and let M be an ideal equivalent to J’, then

JM ~ JJ ~ Ok.
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By Corollary 5.7.4, there exists a nonzero element o € M such that

INg ()] < (i)SNK(M)mKP/z.

Since o € M, it must be true that M | (a), i.e. there exists some ideal I C O
such that (o) = IM. Then, by multiplicativity of the norm,

Nic(Nic ) = Ni((a) = o) < (2) MacOODIAR] 7,
which means that s
Ng(I) < (i) |Ag |2,

Now,

IM = <Oé> € %K»
which means that IM ~ Ok, and so I ~ M’ ~ (J')’ = J. Hence the ideal class of
J contains an ideal with norm bounded as in (5.15). This completes the proof. [

PRrROOF OF THEOREM 5.8.2. By Lemma 5.8.3 we know that every ideal class
in CI(K) must contain an ideal of norm bounded as in (5.15). This means that
the hg, the number of ideal classes has to be no bigger than the number of ideals
I C Ok with norm less or equal than (%)S |Ak|'/?, a finite positive number. Now
Lemma 5.6.3 readily implies that there can be only finitely many such ideals. This
completes the proof. O

Theorem 5.8.2 establishes the finiteness of the class number hg, but does not
provide a direct way to compute it. In fact, explicit computation of the class
number for a given number field K can be very difficult: while there are some
known class number formulas, they are usually in terms of other invariants of the
number field that are also quite hard to compute. In particular, the classification
of number fields with class number equal to 1, i.e. those whose rings of integers
allow unique factorization into irreducibles is far from complete even in the case
of degree 2. Quadratic number fields are of the form K = Q(v/D) where D is a
squarefree integer: K is called real if D > 0 and imaginary if D < 0. The problem
of determining the class number of quadratic number fields goes back to Gauss,
who stated several highly influential conjectures. For imaginary quadratics, Gauss
conjectured that hQ( VD) — 00 as D — —oo: this was proved to be true by Heilbronn
in 1934. Furthermore, in 1935 Siegel showed that hQ( VD) Brows approximately like

\/ﬁ as D — —oo. Gauss also compiled lists of imaginary quadratic number
fields of low class number, such as 1,2, 3, believing them to be complete. The case
hx = 1, where Gauss listed 9 fields received especially a lot of attention. It was
proved by Heilbronn and Linfoot in 1934 that there can be at most 10 such fields,
and then Heegner in 1952 (and later independently Stark and Baker) produced the
10-th such field. As a result the full list of in integers D such that the imaginary
quadratic Q(v/D) has class number 1 is:

~1, =2, =3, -7, —11, —19, —43, —67, —163.

Interestingly, K = Q(v/—19) is the first example of a number field with Ok being
a PID, but not Euclidean, meaning that there is no Euclidean algorithm possible
on O . The full lists of imaginary quadratics with class numbers up to 100 have now



126 5. ALGEBRAIC NUMBER THEORY

been completed (Watkins, 2004). To contrast, the situation is far more complicated
with real quadratic fields: here the original Gauss conjecture that there are infinitely
many of them with class number 1 remains open.
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5.9. Dirichlet’s unit theorem

To finish our discussion of factorization in rings of algebraic integers, we turn
our attention to units. While the class number can be used as an indicator of
whether the factorization into irreducibles is unique, even when it is it only is
unique up to multiplication by units. This prompts a natural question: how big is
the unit group O for a given number field K? This question is answered by the
famous theorem of Dirichlet, although the proof we present here once again uses
techniques from Minkowski’s geometry of numbers. Our main arguments in this
section are partially based on the exposition of [Sam70].

We start with setting up some notation. Define z, = e2™/" for n € Z<: it is
an algebraic integer, since it is a root of the monic polynomial ™ — 1. Notice that
the set

o, = {zﬁ keZ}
contains precisely n distinct elements, specifically z¥ = e2kmi/n 0 < k< n—1.
Further, u, is a cyclic group under multiplication of complex numbers, and hence
is isomorphic to Z/nZ (Problem 5.37). Thus u., is called the group of n-th roots of
unity, and its generators are called n-th primitive roots of unity: clearly, z, is one
of them, and the others are precisely elements of the form z* where 1 <k <n —1
and ged(k,n) =1 (Problem 5.38).

Let K be a number field of degree d = r + 2s, where r is the number of real
embeddings and s is the number of conjugate pairs of complex embeddings, as
usual. Let G C Ok be the set of all roots of unity contained in K. It is easy to
see that G C O is a group (Problem 5.39). In fact, more is true.

2mi/n

Fact 5.9.1. The group G is a finite cyclic group generated by e , where n =

max{m > 1:¢e>™/™ ¢ K}.

We do not prove this fact here. Roots of unity and number fields they generate
(called cyclotomic fields) play an important role in algebraic number theory; while
we do not develop this theory here, we will refer the interested reader to [Lan94]
or [ST02] for some further information. With this notation, we have the following
theorem.

THEOREM 5.9.1. [Dirichlet, 1846] Let K be a number field of degree d = r + 2s as

above, and define t = r +s — 1. There exist uy,...,us € O such that for every
ue OF,
w=zuy' - upt,
for some ny,...,ny € Z>g and z € Gg.
The elements uq,...,u; in Theorem 5.9.1 are called a system of fundamental

units in K. To prove this theorem, we need to introduce the logarithmic space
corresponding to K. Let

Y= (01, ey Oy Opg1y ey Orgs) t K < R” x C$ 2 R™T28 =R?
be the Minkowski embedding of K, and define the logarithmic map ¢ : K* — R™+¢
given by
(z) =log|X(z)| := (log |o1(x)], ... ,log |or(z)],1og |ori1(x)], ..., log|orts()])
for every nonzero x € K. Then
U(zy) = £(x) + £(y)
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for all nonzero z,y € K, and thus ¢ is a homomorphism between multiplicative
group (K*, x) and additive group (R"™% +). Let us determine the kernel of this
homomorphism. First notice that ¢(z) = 0 if and only if |o;(x)] = 1 for every
1 < j <r+s. Now, any complex number z can be written as = = ae® for some
a € Ryg and 6 € [0,27), and |z| = 1 if and only if « = 1. Thus z € Ker(¥) if
and only if z = €* for some # € [0,27) and all of its conjugates are of the same
form for some values of 6. Algebraic integers that have this property are precisely
roots of unity: a proof of this fact can be found in any abstract algebra book, for
instance [DF03]. Thus we see that Ker(¢) consists precisely of the roots of unity
contained in K, i.e.

(5.16) Ker(¢) = Gk,
which is a finite cyclic group by Fact 5.9.1.
Define
r r+s
Wi=qyeR™™: ) gy +2 ) ;=0
j=1 j=r+1

LEMMA 5.9.2. ((OF) is a discrete subgroup of W.
PROOF. First notice that W and ¢(O};) are both additive groups in R"*¢. By
Corollary 5.4.2 we know that z € O if and only if
r+2s

Nie(@)| = [T los(a)l =1,

where |o;(z)| = |7,(x)| for every r +1 < 7+ 2s: this condition is equivalent to
r r+s
log [N (z)| = Y _logoj(x)| +2 ) logloj(x)| =0,
j=1 j=r+1

where the summands are precisely the coordinates of £(z). Hence ¢(O)) C W.

Let us now prove that £(O}) is discrete in W. Suppose not, then there exists

y = (z) = (log|or(2)],... . log|o,(x)], log |ori1(2)], . ., log|oris(2)])

for some € O such that ||y|| < e for any ¢ > 0. Taking sufficiently small e,
this produces an element z € O with |[Ng(z)| < 1. This contradicts the fact that
Nk (z) € Z. Hence £(OF) is discrete in W. O

LEMMA 5.9.3. ((Of) is a lattice of rankt =7 +s—1 in W.

PROOF. Lemma 5.9.2 implies that £(O}) is a lattice in W. Since dimg W = ¢,
we only need to prove that ¢(O) has full rank in W, which is equivalent to saying
that it does not lie in any proper subspace of W. Without loss of generality, we
can identify W with R?. Since any subspace is cut out by linear forms, we need to
show that for any linear form
(5.17) fy)=cyr+ -+ ey

there exists z € O such that f(¢(x)) # 0. Let us pick a real number

a > (2) |Ag|M2.
T
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Then for any ¢-tuple A = (A1, ..., A) of positive real numbers, pick A\;y1 > 0 such
that

r r+s

Iy I] ¥ =«

i=1 j=r+1
Let X be the set X as in Lemma 5.7.3 with ¢; = A; for 1 <¢ <r and d; = )\? for
r+1<j <r+s. By Corollary 5.7.4, there exists a nonzero element x € O N Xy
such that

1 S ‘NK(IA” S .
On the other hand, let A\j;, = A; for each 7 +1 < j < r + 5. Then for every
1<i<d,

loi(ea)] = Nk (@) [ ] o (@)= = T NI = X
J#i JFi
Thus, for every 1 <i < d, we have \;a~! < |o;(zx)| < A, which can be re-written
as \

1<
i ()]

< a.

Taking logarithms, we have
(5.18) 0 <logA; — log|o;(zx)| < loga.

Now, let f be a linear form as in (5.17) with coefficients ¢1,...,¢;. Multiplying
inequalities in (5.18) by ¢;, taking absolute values and summing over all 1 <i <,

we obtain
t

t
Fll(za)) = cilog | <logay el

i=1 i=1
Let 8 > log a 22:1 |ci|, and for each positive integer h pick A(h) = (A1(h), ..., A:(h))
be such that ,

> cilog Ai(h) = 2.

i=1
Then for the corresponding zj, := zx(1), we have

|f(t(zn)) — 2BR| < B,
and so
(2h—1)8 < f(t(en)) < (2h+1)8.
Notice that if h; +1 < hg, then (2h1 +1)8 < (2he — 1), and therefore the numbers
f(l(zp)) are distinct for different values of h. On the other hand, consider the
ideals of the form Iy, := Ogxj,: for each such ideal,

Nk (1) = N(zp,) < «,

and so there can be only finitely many such ideals, by Lemma 5.6.3. Hence there
must exist some two distinct algebraic integers xp,, xn, € Ok such that

OKxhl = OKCC;LQ.
Hence there are elements u;,us € Ok such that zp, = uizp, and xp, = usxp,, i.e.
LThy = U1Thy = ULU2T Ry,
and so u,us € (’)IX(. Thus we have

f(b(u1)) = F(l(zn,)) = f(E(zn,)) # O,
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and this completes the proof. O
We can now prove Dirichlet’s theorem.

PROOF OF THEOREM 5.9.1. Notice that any lattice of rank ¢ is isomorphic
to Z! as abelian groups. Combining Lemma 5.9.3 with (5.16), we see that

le(gGK XZt,

as abelian groups, where O and G g are multiplicatively written and Z! is additive.
Since every element of Gx x Z! can be written as

(ZD’nlela s 7ntet)

with ey, ..., e; the standard basis vectors for Z, the corresponding element of O}
mapped to it under this isomorphism can be written as

n1 nt
Zul ...ut ,

where the units uq,...,u; € Of are preimages of eq,...,e;. This completes the
proof. O
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5.10. Problems

PROBLEM 5.1. Suppose that L is a field extension of K. Prove that L is K-vector
space.

PROBLEM 5.2. Let K and L be subfields of C. Prove that their intersection K N
L is also a subfield of C. Use this fact to conclude uniqueness of the extension
K(ai,...,ap) for aq,...,a, € C, as defined above.

PROBLEM 5.3. Let K C C be a subfield, o, € C, and let K1 = K(«a), Ko = K(5),
L = K(a, ). Prove that L = K1(8) = Ka(«). Conclude that

[L:K]=|L: Ky|[K;:K]|=][L:K][Ks: K].
PROBLEM 5.4. Prove that dimg Q[v/2] = 2.
PROBLEM 5.5. Prove that K[a] C K(«a) for any subfield K C C and o € C.

PROBLEM 5.6. Let K C C be a finite algebraic extension of Q and let o € C be an
algebraic number. Prove parts (3) and (4) of Theorem 5.1.1 with Q replaced by K.

PROBLEM 5.7. Let K C C be a field and o« € C. Prove that K[a] C C is a ring
under the operations on C, as is K[x] under the addition and multiplication of
polynomials.

PROBLEM 5.8. Let a € C, and define a map ¢ : K[z] — Kla] by
o(f(z)) = f(a)

for every f(x) € K|x]. Prove that ¢ is a ring homomorphism. Describe its kernel
and specify under what conditions on « is this an isomorphism.

PROBLEM 5.9. Prove that Og = Z. Due to this property, elements of Z are often
called rational integers. Prove also that Z C Ok for any number field K.

PROBLEM 5.10. Let K C C be a finite extension of Q. Without using the Primitive
Element Theorem, prove that there must exist algebraic numbers aq,...,a, € C
such that K = Q(aq,...,an).

PROBLEM 5.11. Let K = Q(v/2,v/3). Find an integral primitive element for K,
i.e. an algebraic integer a so that K = Q(«).

PROBLEM 5.12. Consider the number field K = Q(v/3,/~3).

(1) Determine the degree of K over Q. Prove your answer.

(2) Find a primitive element for K over Q. Prove your answer.

(3) Find the minimal polynomial of the primitive element you found in part
b. Prove your answer.
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(4) Is 2 a prime in K ? Prove your answer.

PROBLEM 5.13. Let a be an algebraic integer of degree d > 1 and let n be a positive
integer. Prove that the numbers
La,...,a"

are linearly independent over Z if and only if n < d.

PROBLEM 5.14. Prove that this G is a subgroup of C under the usual addition of
complex numbers, and hence is an additive abelian group.

PROBLEM 5.15. Let A and B be subrings of the same ring R. Prove that AN B is
also a ring. Use this fact to prove that for any number field K, the set Ok of all
algebraic integers in K is a commutative ring with identity.

PROBLEM 5.16. Prove that each oy, as defined in (5.7) is an injective field homo-
morphism, and hence K = 0, (K) for each 1 <n < d. Prove also that

Q={BeK: o)=Y 1<n<d}.

PROBLEM 5.17. Let K be a number field of degree d so that K = 0,(K) for each
1 <n <d, where o1,...,0, are embeddings of K into C. Prove that the set

G:={o1,...,04}

is a group under the operation of function composition.

PROBLEM 5.18. Let R be an integral domain and
R* ={u€ R:3 v € R such that uv =1}

the set of units in R. Prove that R* is an abelian group under multiplication.

PROBLEM 5.19. Prove that the group of units of the ring Z is {1} and an element
x € Z is an irreducible if and only if it is a prime.

PROBLEM 5.20. Prove that the elements 2, 3, 141/ —5 are all irreducible in (’)Q(\/js),
and 2, 3 do not divide 1 ++/—5 or 1 —+/—5.

PROBLEM 5.21. Let K = Q(+/—13). Is Og a PID (principal ideal domain)?

PROBLEM 5.22. Let aq,...,aq and B1,...,Bq be two Q-bases for the number field
K. Let C be the rational change of basis matriz from the o to the B basis. Prove
that

A(Bi, ..., Bq) = det(C)* A, ..., aq).
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PROBLEM 5.23. Let 01,...,04 be embeddings of a number field K, and let o € K
be such that

gila) =aV1<j<d
Prove that o € Q.

PROBLEM 5.24. Let ay,...,aq and Bi,...,Bq be two integral bases for a number
field K. Prove that there exists a change of basis matriz A € GLg(Z) between them.

PROBLEM 5.25. Let R be a commutative ring and
LCLC...

an ascending chain of ideals in R. Prove that I = \J;—, Ir, is also an ideal in R.

PROBLEM 5.26. Let K be a number field, a, 3 € K and a,b,c € Q. Prove that
Ng(caf) = ¢ Ng(a)Ng(8), Trx(aa+b5) = aTrg(a) + b Trg(B).

PROBLEM 5.27. Let m be a positive integer and G be a finitely generated abelian
group so that every element of G has finite order dividing m. Prove that G is finite.

PROBLEM 5.28. For an ideal I C Ok, let I' be as in (5.9). Prove that O = Ok.

PROBLEM 5.29. Prove that for each B € §x, B’ is again a fractional ideal, i.c.
B’ € §k for every B € §k.

PROBLEM 5.30. Complete the proof of Lemma 5.6.1 by showing that if
N (IJ) = N (I)Ng(J)

when J is a prime ideal, then this is true for all ideals J.

PRrROBLEM 5.31. Let I C Ok be an ideal in the ring of integers Ok of a number
field K, and P C Ok a prime ideal. Define a map ¢ : O /IP — Ok/I, given by
¢(x + IP) =x+ I. Prove that this is a surjective ring homomorphism.

PROBLEM 5.32. Let R be a principal ideal domain. Prove that every a € R has a
unique factorization into irreducibles.

PROBLEM 5.33. Prove that det(X(M)) in (5.13) of Lemma 5.7.1 cannot be equal
to 0.

PROBLEM 5.34. Prove that the set P of all principal fractional ideals is a subgroup
of the group §x of all fractional ideals in a number field K.

PROBLEM 5.35. Prove that two fractional ideals By, B € §x are in the same ideal
class, denoted by By ~ Bs, if and only if there exists some a,b € Ok such that
(a) By = (b) By. Prove that this is an equivalence relation on the group Fi.
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PROBLEM 5.36. Prove that every ideal class in C1(K) contains an ideal I C Ok.

PROBLEM 5.37. Let n > 1 be an integer, and let
L = {e%”i/" ke Z}.

Prove that pi,, contains precisely n distinct elements, specifically e* /™ 0 < k <
n — 1. Further, prove that p, is a cyclic group under multiplication of complex
numbers, and hence is isomorphic to Z/nZ.

PROBLEM 5.38. Let notation be as in Problem 5.37 above. Prove that an element
z is a gemerator of the cyclic multiplicative group w, if and only if

2 = e2kmi/n for some 1 <k <n—1 such that ged(k,n) = 1.

PROBLEM 5.39. Let K be a number field and G C Ok be the set of all roots of
unity contained in K. Prove that Gk C Oj, i.e. every root of unity in K is a
unit in Ok. Further, prove that Gy is a group under multiplication of complex
numbers.

PROBLEM 5.40. Let K be a number with the ring of integers Ok . Use finiteness of
the class number to prove that there exists a number field L containing K with ring
of integer Oy, such that for every ideal I in Ok, Orl is a principal ideal.

PROBLEM 5.41. Let D be a squarefree integer and let K = Q(v/D).
(1) Determine the ring of integers Ok of K.
(2) Let p € Z be a prime number not dividing 2D. Show that if the ideal
(p) = pOx is prime then the congruence x> = D(mod p) has no solutions.



CHAPTER 6

Transcendental Number Theory

6.1. Function fields and transcendence

We have already been introduced to transcendental numbers and their basic
properties. The goal of this chapter is to further investigate this fascinating topic.
In this section, we briefly take a more algebraic look at transcendence and alge-
braic independence. We start by defining polynomial rings in several variables. A
monomial in the variables z1,...,zg, k > 1, is an expression of the form

(6.1) A R

where mq,...,mi € Ny with m; +--- 4+ myi > 0. Let R be a commutative ring
with 1. Define R[x1,...,zx] to be the set of all finite linear combinations of 1 and
all possible monomials as in (6.1) with coefficients from R. This is a commutative
ring with identity under the standard operations of addition and multiplication on
these multivariable polynomials (Problem 6.1).

Let K be a field and K[x1,...,x] be the polynomial ring in k£ > 1 variables
with coeflicients in K. Define

Xyye.o, T

K(xq,...,z5) = {p(lk) :p,q € Klxy, ...,z q#()},
q(z1,...,x)

where we say that

p(x1, ... xk)/q(x1, ... xk) = fx1, ... 2k)/g(x1, ..., Tk)
if and only if p(x1,...,2)g(x1,...,2x) = f(z1,...,28)q(21,...,2k); this can be
viewed as an equivalence relation on the set of pairs of polynomials and then
K(x1,...,2) is the set of equivalence classes, analogously to construction of Q
from Z. K(z1,...,xx) is a field, called the function field or field of rational func-
tions in k variables over K, and is precisely the quotient field of the polynomial ring

Klxy,...,zx] (Problem 6.2). We can now give an alternative definition of algebraic
independence.

LEMMA 6.1.1. A collection of numbers ay, .. .,ax € C is algebraically independent if
and only if there does not exist any nonzero polynomial p(x1,...,x%) € Qlz1,...,zk]
such that

(6.2) plag,...,ax) =0.

PROOF. Suppose that there exists some nonzero polynomial p satisfying (6.2).
Define

f(x) = p(ah s 7ak—17$)'
Then f(z) € Q(a1,...,ak_1)[z] and f(ax) = 0. Let d = deg(f(x)), then 1, ag, ..., a¢
are linearly dependent over Q(av, ..., ak—1). This means that
[Qaq,...,ak) : Qag,...,ax_1)] < d < oo,

135



136 6. TRANSCENDENTAL NUMBER THEORY

and hence ag,...,ap are not algebraically independent. Thus, if the numbers
aig,...,q are algebraically independent, then no nonzero polynomial p satisfying
(6.2) can exist.

Conversely, suppose now that no nonzero polynomial p satisfying (6.2) ex-
ists. Suppose, towards a contradiction, that aq, ..., ay are algebraically dependent.
Then, without loss of generality, we can assume that

Q(a,. . ag) : Qou, ..., ap—1)] < co.

Hence 1, ag,... ,aﬁ are linearly dependent over Q(ay,...,a;_1) for some d. In
other words, there exist ag,...,aq € Q(a1,...,ar_1) such that

d
(6.3) > anaj =0.
n=0

Notice that ag, ..., aq are rational functions in aq,...,ar_1, say
_ p’ﬂ(a17 ) ak*l)
Up = >
QTL(alv cee 7ak—1)
where p, (21, ..., Tk—1), @n(X1, ..., Tk—1) € Q[z1, ..., 25_1]. Write x for (z1,...,25-1),
a for (aq,...,ar—1), and notice by (6.3) we have:

d

d
an(a) H gm(a) | af =0.
n=0

Then define
d

d
p(ml,...,xk):an(:c) H qm (@) | 2} € Q[z1, ...,z
n=0

m=0,m#n

and notice that p(aq,...,ax) = 0. This contradicts our assumption, and hence
ag,...,ar must be algebraically independent. ([

Let a,...,a, € C, and consider a subfield Q(ay,...,ar) C C generated by

these elements. Let us write a for the k-tuple («v, . . ., ax), and define the evaluation
map Yo : Qx,...,2x) = Q(aq,. .., ar) given by sending x,, — «,, and extending
to the rest of Q(z1,...,xy), i.e., a rational function in x1,...,z; will map to its
value at the point with z1 = aq, ..., xx = ay.

THEOREM 6.1.2. The following statements are equivalent:

(1) The map @ is well-defined for all f € Q(x1,...,xx).
(2) The map e is an isomorphism of fields.
(3) The numbers aq,...,ar are algebraically independent.

PRrOOF. (1) = (2): Let f,g € Q(z1,...,xx), then
a(f+9)=(f+9)(a) = fla) + g(a) = palf) + valg),

valfg) = (f9)(a) = f(a)g(a) = va(f)Palg)-

Hence ¢4 is a ring homomorphism. Suppose that f € Ker(py), then po(f) =
f(a) = 0. We can write f = g/h, where g,h € Q[z1,...,x)] are polynomials in k
variables with coefficients in Q. Since f(a) = 0, we must have

g(ala"'aak) =0.
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Assume g # 0, then 1/g € Q(x1, ..., xx), however ¢, is not defined at 1/g. Hence
we must have ¢ = 0, meaning that f = 0. Therefore Ker(yv) = {0}, and so
Vo 1s injective. Finally, every element § of Q(ay,...,ax) is a rational function in
a1, ..., which means that 8 is the value of some f € Q(z1,...,z) at a. This
proves surjectivity, and hence ¢4 is a field isomorphism.

(2) = (3): If pq is a field isomorphism, it must be well-defined as a function
for each f = g/h € Q(x1,...,x), where g,h € Q[z1,...,2,]. This means that

cannot exist a polynomial p(z1,...,z;) € Q[x1,..., 2] such that p(a) = 0. Hence
i, ..., are algebraically independent by Lemma 6.1.1.
(3) = (1): Since ay,...,q; are algebraically independent, Lemma 6.1.1 im-

plies that for any 0 # p € Q[z1,..., 2], p(a) # 0. Then for any f = g/h €
Q(z1,...,x), where g, h € Q[z1,...,2k], pa(f) = g(a)/h() is well-defined. O

Hence we have the following immediate characterization of transcendence and
algebraic independence.

COROLLARY 6.1.3. A collection of complex numbers aq, ..., ayx is algebraically in-
dependent if and only if Q(aq,...,ax) =2 Q(z1,...,2%). In particular, « € C is
transcendental if and only if Q(a) =2 Q(x).
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6.2. Hermite, Lindemann, Weierstrass

Arguably the two most famous transcendental numbers are e and 7. Transcen-
dence of e was originally established by Charles Hermite in 1873, and transcendence
of 7 established in 1882 by Ferdinand von Lindemann by an extension of Hermite’s
technique. The much more general statement, from which these two results follow,
was obtained by Karl Weierstrass in 1885. The most general form of the Hermite-
Lindemann-Weierstrass Theorem is as follows.

THEOREM 6.2.1. Lets € N, aq, ..., a4 be distinct algebraic numbers, and dy, . .., ds
nonzero algebraic numbers. Then

i dkea’“ 7& 0.
k=1

In this section we will establish the famous results of Hermite, Lindemann,
and Weierstrass. The general idea of the method used is similar in all three cases,
however it will be easier to follow the development of this technique starting with
transcendence of e, then m, and only then the general Theorem 6.2.1. Through-
out this chapter, we freely use the exponential and logarithmic functions, the basic
properties of which are briefly recalled in Appendix C. Our exposition here fol-
lows [MR14]. We start with some preliminary observations.

Let f(x) be a polynomial with complex coefficients, and let F(z) be the poly-
nomial obtained from f(z) by replacing each coeflicient of f with its absolute value.
For a complex number ¢, define

t
(6.4) I(t, f) = / e' " f(u) du.
0
Then it is easy to see that
(6.5) 1(t, )| < [tlel T F(J2)).

On the other hand, integrating by parts, we see that
I(t, f) = €' f(0) = f(t) + (¢, f).

If degree of f(x) is equal to m, then iterating the above procedure m times, we
obtain:

(6.6) It ) =3 [0 =3 2.
§=0 §=0
THEOREM 6.2.2 (Hermite, 1873). The number e is transcendental.

Proor. Working towards a contradiction, suppose that e is algebraic. Then
there exist some integers ag, ..., an, n > 1, such that

(6.7 S aget =0,
k=0

where ag, a, # 0. Let p > |ag| be a prime, and define a polynomial
flx) =2z —1)P - (z —n)P.

Then degree of f(x)is m = (n+1)p — 1 and each of the roots z = 1,...,n of f(x)
has multiplicity p and the root = 0 has multiplicity p — 1, which implies that

(6.8) fOk)=0Y1<k<n0<j<p, fP0)=0v0<j<p-1.
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With this notation, define

J = apl(k, f),

k=0
where I(k, f) is as in (6.4). Then, by (6.6) above, we have

7= S a0 - w Y 0w
k=0 j=0 j=0
= Em: (f(j)(()) zn: akek) - i zn: anf9 (k)
=0 k=0 =0 k=0
= SO =— S S a0,
=0 k=0 j=p—1 k=0

where the last line follows by (6.7) and (6.8). For j = p — 1, the contribution from
fis

FUD(0) = (p— DI-1) a1y,
hence, if n < p, then f(P=1(0) is divisible by (p — 1)!, but not by p. Now, for every
j > p, then fU)(0) and fU)(k) for every 1 < k < n are divisible by p!. In other
words, J is a nonzero integer divisible by (p — 1)!, and so
(6.9) [J]=(p—1)!
On the other hand, let A = maxo<k<n |ax|, then (6.5) implies that

J1 < (n+ DA, )] < nn+ 1) A" max F().

Notice that
max F(k) = (2n)P~ 1 (2(n — NP = %((271)!)10,

1<k<n
and so
(6.10) |[J] < A(n+ 1)e™((2n)H)?.
Combining (6.9) and (6.10), we obtain:
(p— DI <A(n+ De™((2n)))?,
which is certainly not true for sufficiently large p, and so we have a contradiction.

O

To attempt the proof of transcendence of m, we need the notion of symmet-
ric polynomials. Let n > 1 and define S,, to be the set of all permutations of
the set of n elements {1,...,n}: this is a group under the operation of function
composition, called the symmetric group on n letters (Problem 6.3). A polynomial
flz1,...,z,) € Qlay,. .., xy,] is called symmetric if for every 7 € Sy,

f(xl,“'yxn) = f(xT(l)"")xT(n))'

The following property of symmetric polynomials we state without proof.
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FACT 6.2.1. Let o € A be of degree n and let o = a1, ..., oy be algebraic conjugates
of a. Let f(x1,...,25) € Q[z1,...,zy,] be a symmetric polynomial. Then
flag,...,an) €Q.

Moreover, if « € I and f(x1,...,x,) € Z[x1,...,2,], then
flag,...,an) €Z.

Let us also recall that m is half the circumference of a circle of radius 1, which
is precisely the angle that the ray emanating from the origin through the point
(—1,0) on the unit circle makes with the ray indicating the positive direction along
the z-axis in the Cartesian plane. Hence

cosm = —1, sinm = 0.
THEOREM 6.2.3 (Lindemann, 1882). The number  is transcendental.

PROOF. As in the proof of Theorem 6.2.2, suppose 7 is algebraic. Since we
know that ¢ € A and A is a field, o = i must also be algebraic. Let d = deg(«) and
let @ = ay,...,aq be conjugates of a. Let N be the leading coefficient of m,(z),

then Lemma 5.2.7 implies that N« is an algebraic integer. By Euler’s formula,
em =1

)

and hence

(6.11) (I+e*) - (14e%) =0.

This product can be written as a sum of 2% terms of the form e?, where
0=ciar+---+eqagq, e =0,1V1<k<d.

Suppose that exactly n of these numbers are nonzero, denote them Sy, ..., 3,. Let

h(l‘) = H H(x—(61a1+~--+€dad))
e1=0 eq4=0

and notice that h(x) is symmetric in o, . . ., ag. Then Fact 6.2.1 implies that h(z) €
Q[z]. Notice that the roots of h(z) are fi,..., 54 and 0, which has multiplicity
a = 2¢ — n. Clearing the denominators, this means that for some C € Z, h(z) =
Cz%g(x), where g(x) € Z[z] is the polynomial of degree n with roots f1,..., B,.
Now (6.11) implies that

(6.12) (27— n)ed 4+ e 4 vv 4P =0,
Let
f(@) = NP2t [ (@ = B
k=1

for some large prime p, and let I(¢, f) for this choice of f(x) be as in (6.4) above.
Notice that degree of f(x) is m = (n+ 1)p — 1. Define

n

J =Y 1(Br, f)-

k=1
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Then, by (6.6),

T o= Y > 100 = f9 8
k= =

J=0

=
<.

= (Z eﬁk) (Z f(J) _ ZZf(j)(ﬁk)

=0 j=0 k=1

= 2 =n) [ D0 | =D D 9B,
=0

=0 k=1

where the last equality follows by (6.12). Notice that >__, fU)(B) is a symmetric
polynomial in Nj3y,..., NS, for each j. Furthermore, each Nfj is a linear combi-
nation of algebraic integers ay, ..., ag, and hence is an algebraic integer. Therefore,
by Fact 6.2.1, for each 1 < j <m, > }_, fY9(By) € Z. Further, each By, is a root
of f(x) of multiplicity p, which means that each derivative f)(3;) vanishes for all
j < p. For each j >p, S°}'_, fU)(Bg) is divisible by p!l. Also,

FOD0) = (o= DI-N)"P (B 5,
which is not divisible by p provided that p is large (specifically, whenp > NS - - 3,,).
In addition, £)(0) is divisible by p! for all j > p. Therefore K is divisible by (p—1)!,
and hence

1> (p—1)!

On the other hand,

n

[T <> (B, f) Zwk\e‘Bk‘F 18k ])
k=1

by (6.5) and F(z) related to f(x) is as above. Then we have
-l <|J[ < ACP

for some constants A and C'. Taking p sufficiently large, we reach a contradiction.
O

We are now ready to prove the Lindemann-Weierstrass Theorem.

PrOOF oF THEOREM 6.2.1. Towards a contradiction, suppose that there exist

some algebraic numbers dy, ..., ds, not all zero, such that
(613) Z dkeak = 0
k=1

Multiplying both sides by some N, by Lemma 5.2.7 we can assume that dy, ..., ds
are algebraic integers. Let K = Q(dy,...,ds), n =[K : Q], and let o, : K — C for
1 <k <n be embeddings of K. Notice that (6.13) implies that

(614) ﬁ (i Jl(dk)eak> =0.

=1 \k=1
The equation (6.14) can be written as

(6.15) a1’ + -+ ape’™ =0,
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where each coefficient a; is a sum of terms of the form o,,(dy), which is invari-
ant under each of the embeddings ¢,,. Then Problem 5.16 above implies that
ai,...,a, € Q, and clearing the denominators, if necessary, we can assume that
ai,...,0;,; € Z. Further, we can assume that the set ~1,...,v,, contains all the
conjugates of each of the ~;’s: if some of them are not there, they can always be
included by choosing the corresponding a; coefficient to be 0. Notice also that the
exponents 71, ..., Ym are distinct algebraic numbers.

Let us write 7](]) for the [-th conjugate of 7;. Let ¢ be a real variable and for
each [ define the conjugate function

m
() = 3 ane s
k=1

We will use the fact that when the 74’s are all distinct, the functions A;(t) are not
identically zero. Define

M
B(t) =[] Aut) = bre,
l k=1

where the product is over all the conjugate functions A;(¢). Notice that B(1) =0
by our original assumption. Since ai,...,a,, € Z, the coefficients by, ...,by are
also rational integers, not all equal to zero. Since 1, ..., B are algebraic numbers,
let N € Z be such that Nf1,..., N3y are algebraic integers. For each 1 <r < M,
define a polynomial

Mp M
fr@) = 2 [ =
" k=1

where p € Z is a prime. Let
M
fl@)=2_ fr(@),
r=1

then coefficients of f(x) are symmetric polynomials in the algebraic integers N1, ..., NfS;.
On the other hand, this set of numbers contains all of their algebraic conjugates,
since fi,...,0n were generated by 71, ...,7vm, which included all the algebraic
conjugates. Hence coeflicients of f(z) must be in Z by Fact 6.2.1.

Define

M
JT' = Z bkl(ﬂkn f7)
k=1
foreach 1 <r < M and let J := Jy -+ Jp. Let m := deg(f.) = Mp—1, and notice
that by (6.6),

M m m
Teo= 3 b [ €D FD0) =3 F9(8)
k=1 7=0 7j=0
M m )
= => by VB,
=1 j=0

where the last equality follows from the assumption that B(1) = 0. Arguing analo-
gously to our proofs of Theorems 6.2.2 and 6.2.3, we conclude that J is an algebraic
integer which is fixed by all the embeddings of the number field Q(f1,. .., Bm),
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hence it must be in Z. Further, J is divisible by (p — 1)!, but not by p for a suf-
ficiently large p. In the opposite direction, each |J,.| can be bounded by c? for a
suitable positive real ¢,, and hence |.J| can be bounded by C? for some constant C.
Therefore,

p-DI<|J<CP,
which leads to a contradiction for a large enough p. This completes the proof. [
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6.3. Beyond Lindemann-Weierstrass

In this section we discuss some consequences of Theorem 6.2.1. First notice that
transcendence of e and 7 follow easily from the Lindemann-Weierstrass Theorem.
Although we have already proved these facts separately, it is still worthwhile to see
them derived as consequences of the Lindemann-Weierstrass Theorem. We present
these derivations here.

COROLLARY 6.3.1. e is transcendental.

PRrROOF. Suppose e € A. Then there exists some nonzero polynomial

p(z) = Z arz® € Z[x]
k=0

such that N
ple) = Zakek =0.
k=0
This, however, clearly contradicts Theorem 6.2.1. O

COROLLARY 6.3.2. 7 is transcendental.

PROOF. Suppose 7 is algebraic. We know also that ¢ € A, and hence ir € A
since A is a field. By Euler’s formula,

e’ =cosm4isinm = —1,
and hence we have ,
e +1=0,
which clearly contradicts Theorem 6.2.1. O

Theorem 6.2.1 has many other important consequences. Here are some of them.

COROLLARY 6.3.3. Let 0 # « € A. Then the numbers e*, Ina, sina and cos « are
transcendental.

PROOF. Suppose e® is algebraic, say v = e“ € A. Then
e —ve =0,

which contradicts Theorem 6.2.1. Hence e® is transcendental. Now assume that
In o is algebraic, then e™® = o would have to be transcendental, which is a con-
tradiction. Furthermore, Euler’s formula implies that

sina = % (em — e_m) , Cosa = % (em + e—m) )

and so 1 1
0 : 2o —iq
_ = il =0,
e’ sin« 21’6 + 27:6
1 . 1 .
0 [2eY —i
— 'Y — = =0.
e’cosa — e 5€
Now Theorem 6.2.1 implies that sin «, cos & cannot be algebraic. O
COROLLARY 6.3.4. Let ay,...,a, € A be linearly independent over Q. Then the
numbers
et et

are algebraically independent.
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PROOF. Suppose that e®?, ... e* are algebraically dependent, then there ex-
ists some non-constant polynomial
p(r1,. .., xn) € Qlzy, ..., x4)
such that
p(e™, .. €)= Y aiy g, T =0,
i

17“-7in
where the coefficients a;,,...;, are rational numbers, not all zero. Then Theo-

rem 6.2.1 implies that the exponents
11 + o F o
cannot be all distinct. Hence there exist some two distinct families of indices
i1, ---,0n and ji,...,Jn such that
ton + - Finay = jron + -+ i,

in other words
n
E CLO — 0,
k=1

where not all of ¢ := i — jx € Z are equal to zero. This contradicts the assumption
that aq,...,a, are linearly independent over Q. (]

In fact, it is easy to see that Corollary 6.3.4 is equivalent to the Lindemann-
Weierstrass Theorem, i.e. it is a convenient reformulation of the famous result. A
substantial strengthening of Corollary 6.3.4 is arguably the most important open
problem in transcendental number theory.

CONJECTURE 6.3.1 (Schanuel’s Conjecture). Let aq,...,an € C be linearly inde-
pendent over Q. Then

trdeg(Q(aq, ..., apn,e* ..., e*)) > n.
We now discuss some of the many remarkable implications of this conjecture.
First we mention (a weak form of) the famous theorem of Alan Baker (1966) on

linear independence of logarithms of algebraic numbers, for which he received a
Fields Medal in 1970.

THEOREM 6.3.5 (Baker’s Theorem, 1966). Let
A={leC:e" cA}.

If by,..., 0, € A are linearly independent over Q, then they are algebraically inde-
pendent (and hence linearly independent over A ).

Proor. Baker’s theorem has been proved unconditionally, however the proof
is quite complicated. Here we will only show how this result follows from Schanuel’s
Conjecture. Indeed, Schanuel’s Conjecture implies that

trdeg(Q(£y, ..., ln, e, ... ef)) > n.
Since (1, ...,¢, € A, we know that e,... e‘» € A, which implies that
trdeg(Q(£1, ..., 4n)) = trdeg(Q(£1, ..., Ly, e, ... ef)) > n.

Hence /4,..., ¢, are algebraically independent. O
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In fact, a strong version of Baker’s Theorem establishes transcendence of any
nonzero linear combination of ¢y,..., ¢, with algebraic coefficients, which, in its
turn, is a generalization and strengthening of the celebrated Gelfond-Schneider
Theorem, established independently in 1934 by Alexander Gelfond and Theodor
Schneider. Their theorem presented a solution to Hilbert’s 7th Problem.

THEOREM 6.3.6 (Gelfond-Schneider Theorem, 1934). Let a,b € A be such that
a#0,1 andb¢ Q. Then a® € T.

Furthermore, Schanuel’s Conjecture implies algebraic independence of e and
7, which is currently an open problem, as well as a wide variety of other known
results and open problems in transcendental number theory. We conclude with yet
another famous open problem, which would follow from Schanuel’s Conjecture.

CONJECTURE 6.3.2 (Schneider’s Four Exponentials Conjecture). Let x1,xo and
Y1, Y2 be pairs of complex numbers linearly independent over Q. Then at least one
of the four numbers e*i¥% where 1 < j, k < 2 is transcendental.

If the linearly independent pair y,y2 in the conjecture above is replaced with the
linearly independent triple 41, 2, y3, then the conjecture becomes a theorem, known
as the Six Exponentials Theorem. It is our next big goal to prove this result.
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6.4. Siegel’s Lemma

We now develop an important tool, which will be used to prove another cele-
brated transcendence result, the Six Exponentials Theorem. This tool is Siegel’s
Lemma, the simplest version of which was originally observed by Axel Thue in 1909
and then formally proved by Carl Ludwig Siegel in 1929. While Siegel’s Lemma
originated as a tool used in transcendence arguments, it took on a separate life in
the more recent years as a first case of a result on points of bounded height on
algebraic varieties: we will talk more about this direction in Section 7.6 below.

Our presentation here partially follows [Sch91] and [MR14]. Let

a1 ... Qip
A=
ap ... Qg
be an [ X n matrix with integer entries and rank equal to [ < n. Define
A={xeZ": Ax = 0}.
THEOREM 6.4.1 (Siegel’s Lemma, version 1). With notation as above, there exists
0#xc A with
(6.16) & < 2+ (n]A])7T,
where |x| = max{|z;| : 1 <i <n}, |[A| =max{|a;;|:1<i<I, 1<j<n}.
PROOF. Let R € Z~, and let
Cr={xeR":|z| <R}
be the cube centered at the origin in R™ with sidelength 2R. Then
|ICRNZ"| = 2R+ 1)™.
Let T4 : R™ — R! be a linear map, given by T4 () = Az for each x € R™. Notice
that for every © € C3,
[Ta(x)| < n|AlR,
i.e. T4 maps C} into C’Il'LlAIR C R!, since tk(A) = I. Now
|C}air NZ!| = (2n]A|R+ 1)\,
Now let us choose R to be a positive integer satisfying

(n|A|)7 < 2R < (n|A|)7T + 2.

Then
|ICENZ"| (2R+1)" = 2R+ 1)'(2R+ 1)
(2R + 1)!(n]A)! > (2n|A|R + 1)

= |CLarNZ.

Y

This means that T4 cannot be mapping C% NZ" into C’I%Ll AR N 7' in a one-to-one
manner. Hence, there must exist © # y € C NZ" such that Ty (x) = Ta(y), i.e.

Ta(x—y) =0,
and so x — y € A. On the other hand,

|z —y| < |z| + Jy| < 2R < (n]A|)77 +2,
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and this finishes the proof. O

Notice that the main underlying idea in the proof of Siegel’s Lemma was the
pigeon hole principle. It is remarkable that the exponent ﬁ in the upper bound of
(6.16) cannot be improved. To see this, let for instance [ = n — 1 and for a positive
integer R consider the (n — 1) x n matrix

R -1 0 ... 0 O

0O R -1 ... 0 O
A:

0 O 0 ... R -1

Then |A| = R, and every nonzero integer solution of the system of linear equations
Az = 0 must have x,, = R" '2;. Therefore, if

A={zeZ": Ax =0},
and 0 # x € A, then
| > R" = |A[7T.

Siegel’s Lemma-type results have been proved in a variety of considerably more
general settings by a number of authors, employing quite sophisticated machin-
ery from number theory and arithmetic geometry (more on this in Section 7.6).
However, the original motivation for Siegel’s Lemma came from Diophantine ap-
proximation and transcendental number theory.

For our use, we will also need a basic version of Siegel’s Lemma over number
fields. Let K be a number field of degree d with embeddings o1,...,04. For each
a € K, define its height

H(a) := max{|og(a)] : 1 < k < d}.

Height functions more generally are devices meant to measure arithmetic complex-
ity of objects, in a certain well-defined sense. This is a somewhat simplified version
of a height function, which takes into account only partial information about the
arithmetic properties of an algebraic number. We will discuss the theory of height
functions and introduce more sophisticated machinery in Section 7.4 below.

As we know, the ring of integers Ok is a free Z-module of rank d. In other
words, Ok has a Z-basis: there exists a linearly independent collection wy, . ..,wq €
Ok such that

d
Ok = {Zakwk:al,...,adeZ}.

k=1

Define the corresponding d x d basis matrix W := (o¢(wg))1<¢,k<d, Which of course
is nonsingular. With this notation and information in mind, we can now prove our
next result.

THEOREM 6.4.2 (Siegel’s Lemma, version 2). Let K be a number field of degree d,
and let A = (av;) be an | x n matriz of rank | < n with entries a;; € O . Define

H(A) == max{H(e;): 1 <i<1,1<j<n}
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There exists a solution 0 # x = (z1,...,2,) € O% to the homogeneous linear
system Ax = 0 with
(6.17) max H(x;) < Bx(L,n)H(A)7T,

1<j<n

where Bi (I,n) is some constant depending only on l,n and the number field K.

PROOF. Let wy,...,wq € Ok be a Z-basis for O, as described above, and let
W be the corresponding basis matrix. Then for each entry o;; of our matrix A,
there exist a;j, € Z, 1 <k < d, such that

d
Qij = E QijkWk-
k=1

Applying embeddings o1, ...,04 to the above equation, we obtain

d
ou(aij) =Y aijeoe(ws)
k=1

for each 1 < ¢ < d, and hence
aij = (Ul(aij)7 e ,O'd(()[ij))t = W(aijl, ey aijd)t.
Since W is invertible, we have
a;j = (ai1,...,a;q)" = W_laij.

If we write vy for the entries of W1, then

d
A5k = ZUMUZ(O%]‘),
=1
and so
, k| < )| <
(6 18) |a7,jk| S dfg?gxd |UkZU€(aw)| = dCKH(A)v

where C'i is a constant depending only on the number field K such that Cx >

max; < e<d [Vke|-
Now suppose z € O} is a nontrivial solution of the system Az = 0, and write

d d
(6.19) r = (Z buu)z, ey Z b,wu)z)
{=1 (=1

for some bj, € Z for 1 < j <n, 1 <{ < d. Then i-th entry of the vector Az is

n d
Z E aijkbjgwkwg =0.

)
Since wrwy € Ok, it can also be expressed as a linear combination of w,,’s with
Z-coefficients:

d
WEWy = § CletmWm
m=1

for each 1 < k,/¢ < d, and hence we have

d n
E E aijkbjeCremwm = 0.
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Since wi,...,wy are linearly independent over Z, all the coefficients in the above
equations must be zero, and hence we have a system of ld homogeneous linear
equations with integer coefficients in the nd variables b;y:

n d d

SN airbieckem =0,

j=1t=1m=1
forall 1 <i <1, 1<m <d. Applying Theorem 6.4.1 along with (6.18), we see
that there exists a solution with

max [bye| < 2+ (nd®CiH(A)) 7,
7,
and hence, by (6.19),
max H(z;) <d (2 + (ndzCK’H(A))ﬁ> 1riléa<xd7-l(wg).

1<j<n
Since the choice of wy,...,wy depends only on K, the conclusion of the theorem
follows. 0
Recall that for any 8 € K, there exists ¢ € N such that ¢ € Og. In fact, for
any collection fi,..., 8, € K, let us define their common denominator to be
D(B1,...,0n) =min{c e N: ¢ € Ox V1 <k <n}.

For an | x n matrix A with entries in K, we will write D(A) for the common
denominator of all of its entries, i.e.,

With this notation in mind, we have one more version of Siegel’s lemma.

COROLLARY 6.4.3 (Siegel’s Lemma, version 3). Let K be a number field of degree
d, and let A = (ay;) be an | x n matriz of rank | < n with entries c;; € K. There

exists a solution 0 # ¢ = (z1,...,2,) € O to the homogeneous linear system
Ax = 0 with
(6.20) max H(xj) < Bic(l,n)(D(AYH(A) 7,

<j<n

where Bi (I, n) is the same constant as in Theorem 6.4.2 above.

PRrROOF. Let A’ = D(A)A, then A’ is an I x n matrix with entries in O, and
Ax = 0 if and only A’z = 0. Then apply Theorem 6.4.2 to the system A’z = 0
while keeping in mind that H(A") = D(A)H(A). O
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6.5. The Six Exponentials Theorem

In this section we use Siegel’s Lemma and Maximum Modulus Principle to
prove the Six Exponentials Theorem. Our presentation here follows [MR14]. Let
us set some notation. Let K be a number field of degree d over Q, and let o1, ..., 04
be the embeddings of K into C. Recall that for every a € K, the norm of a over
K is

d
Nic(a) = [] ow(e),
k=1
and we write N(a) for Ng(ay(a). It is not difficult to observe that

Nk (a) = N(a)FQ@)],

Notice also that N(«) is precisely the free coefficient of the minimal polynomial of
a over Q, and hence is a rational number. If a € O, then the minimal polynomial
of o over Q is equal to mq (), and hence N(«) € Z. This in particular implies that
for every a € Ok,

(6.21) 1 < Ng(a)] = [N(e)[FH < IN(0)|? < H(a)*al,
since one of the embeddings o1, ...,04 is the identity map.

THEOREM 6.5.1 (The Six Exponentials Theorem). Let 21, z9 € C be linearly inde-
pendent over Q. Let y1,y2,ys € C also be linearly independent over Q. Then at
least one of the six numbers e*%i where 1 <1 <2, 1< j < 3 is transcendental.

PROOF. Suppose that e®i% € A forall 1 < j <2, 1<k <3, and let K
be a number field containing all of these numbers. Let r € N, a;; € Ok for all
1 <4,7 <r, and define

(6.22) F(2) = Z Z a; T Hive)z
i=1 j=1
for a variable z € C. Let n € N and let k1, ko, k3 € N range between 1 and n. Then
3 r r
F (Z kmym> =Y aiyexp ((imy + jza) (kiyr + koyz + kays)) -
m=1 i=1 j=1

Since each exp ((iz1 + jza)(k1y1 + k2y2 + k3ys)) is algebraic, setting each

3
(6.23) F (Z kmym> =0

yields a system of n3 equations with algebraic coefficients in the r? variables a;;.
We want to apply Siegel’s Lemma to this system to obtain a small-height solution
vector; for this we need r2 > n3. Let D be the common denominator of the six
exponentials
{e¥i:1<i<2,1<5 <3},
then the common denominator of the coefficients of the system (6.23) is bounded
above by D% and heights of these coefficients are bounded above by e®™ for
some constant ¢g. Now Theorem 6.4.3 guarantees that (6.23) has a solution vector
with coordinates a;; € Ok, not all zero, such that
3

manH(aij) < BK(7’L3,T2) (Dﬁrnecorn)ré'iing )
2y
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Then, choosing 7 = 8n°/2, we ensure that
L 5
(6.24) ma_XH(aij) < BK(n3,8n3/2) <D48n5/26800n0/2) 63 < ecan/Q
irj

for some appropriately chosen constant ¢;. Then let a;; € O be a solution to (6.23)
with r = 8n%/2 satisfying (6.24), and let F(z) be as in (6.22) for this choice of a;;’s.
Notice that F(z) is not identically zero, since x1, x2 are linearly independent over Q.
Also notice that the set

S = {kiy1 + kayo + k3ys : k1, k2, k3 € N}

is not discrete, since the numbers y1, y2, y3 are linearly independent over Q. Since
F(z) is not identically zero, it cannot vanish on a non-discrete set, and hence there
must exist elements of S on which F is not zero. Let

s:max{tEN:F(k1y1+k2y2+k3y3):0V1 Sklﬁt}
Clearly, s > n. Define
w = kiy1 + kay2 + k3ys
with some k; = s+ 1 and all 1 < k; < s+ 1 be such that F(w) # 0. Using (6.24),
we can obtain an estimate on the height of F'(w):
5/ ; 5
H(F(U})) < CSL 24 (s+1)r < Cf /2

for some positive constants Cp, C;. Observe also that D" (1) F(w) is an algebraic
integer. Then, by (6.21) we have:

1< NK(D6r(5+1)F(w)) < H(Dﬁr(s+1)F(w))[K:Q]—l|D6r(s+1)F(w)|’
and so
(6.25) |[F(w)] = D0 DKl (o)) =0 > =",

where C is another constant independent of s.
Our next goal will be to arrive at a contradiction with (6.25) by obtaining an
incompatible estimate for |F'(w)| from above. Notice that

(62 ) (U)) lim F(Z) | I (w ( 1Y1 2Y2 393))
- 1<k ko, k3< (klyl k2y2 + kgyg)
SKR1,R2,R358

The right hand side of the above identity is a holomorphic function that has s>
factors in the product. Let R be a real number such that |w| < R and

|z — (k1y1 + k2y2 + k3y3)| > R/2

for all z on the circle of radius R. Applying the Maximum Modulus Principle
(specifically, Corollary B.2) to the right hand side of (6.26) on the disk of radius R,
we conclude that it assumes its maximum value on the boundary, i.e. on the circle
of radius R, and hence
3
|F(w)| < |F|r(Css/R)*,

for some constant Cs, where |F|g, the maximum of F'(z) on the circle of radius R,
can be estimated as follows:

5/2
[Fla < Caerrn™/*+earty?,
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for some constants Cy, ¢2, and with ¢; as above. Taking R = s3/2, recalling that
r2 = 64n3, and combining these inequalities yields:

3
C S
|F(w)] < 64nPCyecrn”*Heas () (JZ) .

Since s > n, taking n large will cause a contradiction with (6.25), hence completing
the proof. O
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6.6. Problems

PROBLEM 6.1. Let R be a commutative ring with 1. Prove that R[xy,..., x| is
a commutative ring with identity under the standard operations of addition and
multiplication on these multivariable polynomials.

PROBLEM 6.2. Let K be a field. Write x for the variable vector (x1,...,x), and
prove that K(x) is a field under the standard operations of addition and multipli-
cation of rational functions:

ple)  f(=@) _pe)g(@) + f(@)e(x) plz) flx) _ pl)f(=)

q(x)  g(x) q(x)g(x)

PROBLEM 6.3. Prove that S,, the set of all permutations of the set of n elements,
is a group under the operation of function composition.

PROBLEM 6.4. Let K be a subfield of C. Recall that an embedding of K into C is
an injective field homomorphism 1 : K — C.
(1) Suppose that 7 : K — C is a field homomorphism such that for some
a € K, 7(a) #0. Prove that T is an embedding.
(2) Let K = Q(«) for some o € C. Prove that o is transcendental if and only
if there exist infinitely many distinct embeddings of K into C.

PROBLEM 6.5. Let R be a subring of the ring S, both commutative rings with
identity. Let o € S, and define

Rla] ={f(a): f(z) € Rlz]}.
More generally, for ay,...,a, € S define recursively
Rlay,...,an) = Ry—1|ay),

where Rp—1 = Rlay, ..., an_1]. A subring T of S is called a finitely generated ring
extension of R if T = Raq, ..., ap] for some a,...,a, € S.

(1) Prove that Rla] is a subring of S.

(2) Prove that R[a] is the smallest ring containing R and o, with respect to

inclusion.
(3) LetT =7 [%] for an integer n > 1. Compute the group of units T* of T
(4) Prove that Q is not a finitely generated ring extension of Z.

PROBLEM 6.6. Let o, 8 € C, both nonzero, let v = /3, and suppose Q(a) = Q(f5).

(1) Give necessary and sufficient conditions on o, 8 so that [Q(7) : Q] < oo.

(2) Suppose a and (B are algebraic and v € Q. Let f(x) =3 ,_, apz® be the
minimal polynomial of . Determine the minimal polynomial g(z) of 3.

(3) Suppose o and B are algebraic and f(x) = g(x), i.e. they have the same
minimal polynomial. Is it true that v € Q¢



CHAPTER 7

Further Topics

In the previous chapters we have given an introduction to the geometric topics
in number theory, many of which stem from the pioneering work of Minkowski. In
fact, geometric ideas underline many different directions in arithmetic. In this final
chapter we will briefly mention several topics for further exploration and provide
references to more advanced reading on these subjects. Many results in this chapter
will be stated without proof.

7.1. Frobenius problem
Let us start with a simple binary linear Diophantine equation of the form
(7.1) ar +by =c,

in which a, b, ¢ are nonzero integers. There are always rational solutions to (7.1).
For which values of a,b,c does it have solutions in integers x,y? The greatest
common divisor provides a criterion for the existence of solutions.

LEMMA 7.1.1. Let a,b, ¢ be nonzero integers. Then (7.1) has a solution in integers
x,y if and only if gcd(a, b)|c.

PROOF. (=) Suppose that ax + by = ¢ for some z,y € Z. Since ged(a,b)
divides a and b, it divides az + by = c.
(<) If ged(a,b)|c, write ¢ = dged(a,b), in which d € Z. By Euclid’s Division
Lemma, there exist 2/, y" € Z such that aa’+by’ = ged(a, b). Thus, a(dz’)+b(dy’) =
d(ax’ + by') = dged(a,b) = ¢ and hence (7.1) has integer solutions = dz’ and
y=dy'. O

In fact, we can classify all integer solutions to (7.1).

THEOREM 7.1.2. Let a,b, ¢ be nonzero integers, and let d = ged(a,b). Assume d|c.
Then the equation ax + by = c has infinitely many integer solutions. In fact, if
o, Yo 1S one such solution pair, then all solutions are given by

b a
7.2 =10 — t— — t=
( ) Ty = Xo d’ Yt = Yo + d

as t ranges over all the integers.

PrROOF. First let t € Z and x4,y be as in (7.2). Then

b a ab ab
aa:t+byt:a(xo—td> +b(yo+t8> = (axo+byo)+t<d—d> =c,

hence our pair z,y is a solution to (7.1) for any t € Z.

155
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We now show that any solution is of this form. Indeed, suppose x, y is a solution

pair, then

axg + byg = ¢ = ax + by,
and so

a(zo — ) = b(y — yo).

Let us divide both sides of the above equation by d and write a’ = a/d, b’ = b/d,
then ged(a’, ) =1 and

a(zo — ) = b'(y — yo)-

Then Euclid’s Lemma implies that a'|y — yo and b'|zg — 2, say o' = Y% and
b’ = #o=% for some integers ¢ and s. Then we have
(y — yo)(wo — ) _ (zo — 2)(y — yo)
t s ’
and so s = t. Therefore we obtain
y=1yo+at r=mxy—0bt,
which is precisely what we wanted. O

COROLLARY 7.1.3. If ged(a,b) = 1, then for any c the equation ax + by = ¢ has
infinitely many solutions. Furthermore, if xo,yo is one such solution pair, then all
solutions are of the form

xy =0 — tb, Yyt = yo +ta
forteZ.

EXAMPLE 7.1.1. Leta =4, b =6, c = 9. Since ged(a,b) = 219, the equations
4dx 46y = 9 has no integer solutions. On the other hand, if ¢ = 10, then ged(a, b)|c,
and so the equation 4z +6y = 10 has infinitely many integer solutions. Since x =1,
y = 1 is one such solution, all solutions are of the form

Zt:1—3t,yt:1+2t
as t ranges over all the integers.

These observations also have a simple geometric interpretation. Notice that
the set of integer solution pairs to (7.1)

{(z,y) €Z° : ax + by = ¢}

is the set of all integer lattice points on the line given by the equation (7.1) in the
Euclidean plane. For instance, the set of all such points in the case a = 4,b = 6,¢c =
10 of Example 7.1.1 is {(1 — 6t,1+4¢t) : t € Z}.

Assume now that ¢ > 0 and ged(a, b) divides ¢, so the line ax + by = ¢ contains
infinitely many integer lattice points, but does it necessarily contain any such points
with nonnegative coordinates? As we will show in the next section, this question
has some rather interesting applications. Upon a quick inspection, we can see for
instance that the line

(7.3) 3z +5y=c

contains integer lattice points for any ¢, but no such points with x,y > 0 when
c=1,2,4. For which values of ¢ is our line guaranteed to have nonnegative integer
points?
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Here is an initial observation, which follows from Theorem 7.1.2 via a geometric
argument.

COROLLARY 7.1.4. Let a,b, c be positive integers with d := ged(a,b) dividing c. If
¢ > ab/d, then the equation (7.1) has integer solution pairs x,y > 0.

PROOF. Let t,s € Z and consider the solution pairs (z,y:) and (xs,ys), as
in (7.2), where (x0,y0) is some fixed solution pair. Notice that the Euclidean
distance between the points (2, y:) and (zs,ys) is

b2 2 t— 21 p2
V(e — 22+ (yr — ys)? = \/d2(t_ 5)2 + %(t —5)2 = %’

which is minimized when [t — s| = 1. Let ¢, 3(c) be the line ax + by = c in the
FEuclidean plane, then the minimal distance between two integer lattice points on
Lap(c) is 7”12“’2, which is assumed for any neighboring pair of integer lattice points
(x,y) and (x¢41,yi+1). Notice that the intersection of the line ¢, ;(c) with the
positive quadrant

{(z,y) eR* 1 2,y > 0}

is a line segment with endpoints (¢/a,0) and (0,¢/b), so the length of this line

segment is
c? n 2 cva?+b?
a? b ab '

If the length of this line segment is no less than the distance between the neighboring
integer lattice points, then the line segment must contain at least one integer lattice
point. This means that when

eva? + b2 S VaZ + b2

ab - d ’
the equation (7.1) has integer solution pairs x,y > 0. This happens when ¢ >
ab/d. O

Going back to the example of equation (7.3) and applying Corollary 7.1.4, we
are guaranteed that there are nonnegative solutions at least for all ¢ > 15. Checking
by hand, we quickly see that in fact there are nonnegative solutions already for all
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c > 8, suggesting that the bound of Corollary 7.1.4 may not be very good. Indeed,
we can obtain more precise results.

Let a,b be relatively prime positive integers, and suppose that we have unlim-
ited supply of coins of denominations a and b. What is the maximal amount of
change which we cannot give with such coins?

At first it may not seem clear that such a maximal impossible amount of change
even exists. Notice, however, that if we use x coins of denomination a and y coins
of denomination b, then the total amount of change we are giving is ax + by. Hence
it is possible to give change in the amount of c if and only if the equation

ax+by=c

has a nonnegative integer solution x,y. Since gecd(a,b) = 1, we know from Corol-
lary 7.1.4 that is certainly possible at least for all ¢ > ab. Hence the maximal
impossible amount of change must be no bigger than ab — 1. But is there an exact
formula?

This problem, although possibly in different terms was mentioned in the lectures
of a famous German mathematician Ferdinand Georg Frobenius in the late 1800s,
although Frobenius himself never published anything in these regards. Nonetheless,
this problem became known as the (binary) Frobenius coin exchange problem with
the maximal impossible amount of change denoted g(a,b) and called the Frobenius
number of a and b. Interestingly, closely related problems also appear in recreational
mathematical literature under different names, such as postage stamp problem
or the chicken McNugget problem. The origins of the latter name are curious:
apparently, in the 1980s chicken McNuggets were sold by McDonalds in the UK in
boxes of 3, 6 and 20 pieces, prompting a mathematician Henri Picciotto to ask what
is the maximal number of nuggets that cannot be purchased (and then answering
his own question — it is 43).

Let us now derive a formula for the binary Frobenius number.

THEOREM 7.1.5. Let ged(a,b) =1, then
g(a,b)=(a—1)(b—1) — 1.

In other words, this is the largest number that cannot be represented as ax+ by with
z,y nonnegative integers.

PROOF. Since a and b are relatively prime, for every ¢ € Z there exist x,y € Z
such that
c=ax + by.
We will say that c is representable in terms of a and b if there exist such x,y > 0.
Notice in fact that we can assume without loss of generality that 0 < = < b: if
x > b, then © = nb + 2’ for some n, 2’ € Z with 0 < 2z’ < b, and so

c=a(nb+ ') + by = az’ + b(an + y),

meaning that we can replace x with z’ by replacing y with an + y, if necessary.

Now, if 0 < z < b, then for every c there is a unique pair (z,y) such that
¢ = ax + by, and so c is representable if and only if y > 0. Notice then that the
largest non-representable ¢ corresponds to the largest choice of © (namely, © = b—1)
and the largest negative choice of y (namely, y = —1). This means that the largest
non-representable integer is

gla,b)=a(b—1)+b(-1)=ab—a—-b=(a—1)(b—1)—1.
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d

Theorem 7.1.5 therefore guarantees that for every ¢ > ab — a — b the line
ax + by = ¢ contains a nonnegative integer lattice point, however for ¢ < ab—a —b
such a point may or may not exist. Revisiting for instance our example (7.3), we see
that while ¢(3,5) = 7, the equation 3z 4+ 5y = ¢ has nonnegative integer solutions
for ¢ = 3,5,6, but does not for ¢ = 1,2,4,7. Non-representable positive integers
with respect to relatively prime a and b are often called gaps, so the Frobenius
number g(a,b) is the largest gap. Given a and b, how many gaps are there? This
natural question was asked as a challenge problem in a journal called Educational
Times by James Joseph Sylvester in 1884. Specifically, Sylvester, who has already
obtained and published the answer himself in 1882, asked for a proof that this
number is equal to 3(a —1)(b—1); in other words, out of (a —1)(b—1) — 1 integers
between 1 and the Frobenius number g(a,b) about half are non-representable. A
clever solution was produced by W. J. Curran Sharp. We prove this result here.

THEOREM 7.1.6. The number of gaps with respect to a relatively prime pair of
positive integers a and b is

%(a 1) -1).

ProOF. Let 0 < ¢ < g(a,b), and define
d=gla,b)—c=ab—a—-b—c.

By our argument in the proof of Theorem 7.1.5, there must exist the unique integers
z,y with 0 < x < b such that ¢ = ax + by, then

d=ab—a—-b—c=ab—a—b—ar—by=az’ + by,

where 2’ =b—x —1 and ¢y = —y — 1. Since 0 < 2’ < b, we see that ¢/ must also
be unique.
Suppose that ¢ is representable by a and b (including ¢ = 0), then y > 0, and
y' < 0, hence ¢’ is not representable. On the other hand, assume that ¢ is not
representable, then y < 0, and so ¢y’ > 0, meaning that ¢’ is representable. It is
clear that ¢ and ¢’ are in a bijection with each other, and ¢ = ¢’ if and only if
1
c= -
2
but this cannot be an integer, since a and b cannot both be even. Hence precisely
a half of g(a,b) + 1 integers between 0 and g(a,b) are representable and the rest
are gaps, meaning that there are

1

L@ b) +1) = Sa— 1))

gaps. [

(ab—a—b),

The Frobenius number has also been defined more generally. Let n > 2 be an
integer and let

(7.4) <o < <agp

be relatively prime integers. We say that a positive integer ¢ is representable by the
n-tuple a := (ay,...,a,) if

(7.5) t=ayx1+ -+ apxy
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for some nonnegative integers xi,...,z,, and we call each such solution = :=
(z1,...,25) of (7.5) a representation for t in terms of a. Let s > 0 be an in-
teger, then the s-Frobenius number of this n-tuple, gs(a), as defined by Beck and
Robins in [BRO4], is the largest positive integer that has at most s distinct repre-
sentations in terms of a. In the binary case (n = 2), Beck and Robins proved the
following natural generalization of Theorem 7.1.5.

THEOREM 7.1.7. Let ged(a,b) =1 and s > 0, then
gs(a,b) = (s + 1)ab— (a+b).
In the case s =0, the formula of Theorem 7.1.5 is recovered.

This is a generalization of the classical Frobenius number go(a), i.e., the largest
positive integer that has no such representations. The Frobenius number has been
studied extensively by a variety of authors, starting as early as late 19th century;
see [RamO5] for a detailed account and bibliography. The condition

(7.6) ged(ay, ..., an) =1

implies that gs(a) exists for every s. The algorithmic Frobenius problem, known to
be NP-hard, is to determine gy (or more generally g5 for s > 1) given n and the
relatively prime n-tuple ai,...,a, on the input. The hardness of this problem in
particular implies that no general closed form formulas for the Frobenius numbers
exist, sparking interest in upper and lower bounds.

A geometric approach to the classical Frobenius problem has been pioneered
in the influential paper of R. Kannan [Kan92|, leading to a polynomial-time al-
gorithm to find the Frobenius number for each fixed n. Bounds on the classical
Frobenius number stemming from further geometry of numbers applications have
been obtained in [FRO7] and [AGO7]. These ideas have also been extended to the
more general s-Frobenius problem in [FS11] and [AFH12]. A higher-dimensional
analogue of the Frobenius problem has also been considered in the recent years by
several authors, notably in [AH10]|, [AHL13], and [ALL16]. A generalization of
this problem to certain number fields has been studied in [FS20].

Let us briefly describe Kannan’s approach to the Frobenius problem. Let

n—1
L, = {w ez 1. Zaixi =0 (mod an)} ,
i=1
then Lg is a sublattice of Z"~! of full rank. Define also a simplex
n—1
S, = {zc € Rggl : Zaixi < 1}.
i=1

With this notation, Kannan proves the following remarkable identity.

THEOREM 7.1.8.
(77) gO(a) = M(Saa La) - Zai~
i=1

where (1(Sq, La) is the inhomogeneous minimum (also known as the covering radius)
of Sq with respect to L, namely

(7.8) (1(Sa, La) = 1inf {t € Rug : tSq + Lq = R" '}
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On the other hand, Kannan showed that in every fixed dimension n there is a
polynomial-time algorithm to find the covering radius, given S, and L, (which is
to say, given a). This result, along with his identity (7.7) implies a polynomial-time
algorithm for the Frobenius number in fixed dimension. Kannan’s Theorem 7.1.8
has been extended to the s-Frobenius numbers in [AFH12]. For integer s > 1,
define

(79)  ps(Sa,Le) =min{t >0:Vax € R" I by,...,bs € Ly s.t. « €b; +1S,}

be the smallest positive number ¢ such that any & € R™ is covered by at least s
lattice translates of ¢Sg: this ps(Sa, La) is called the s-covering radius of S, with
respect to Lg. If s = 1, this is precisely the classical covering radius as in (7.8).
With this notation, the following theorem is established in [AFH12].

THEOREM 7.1.9. .
gs(a) = //ferl(Sa»La) - Zai-
i=1

Such geometric ideas have also been used by different authors to give expected val-
ues of Frobenius numbers with respect to the uniform probability distribution on
ensembles of vectors in Z"™ defined with respect to different norms; see [Arn99],
[Arn06], [AHO09], [AHH11]|, [BS07], [Lil5], [Mar10], [Str12], [SSU09], [Ust10],
and [AFH12] for results on average behavior of Frobenius numbers.

Frobenius numbers and their various generalizations tend to play an important
role in several areas of mathematics, including theory of numerical semigroups,
commutative algebra, algebraic geometry, number theory, combinatorics, opera-
tions research, and theoretical computer science, to name a few. The literature
on this subject is vast with a large number of relevant references available in the
bibliography to the book [RamO05].
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7.2. Lattice point counting in homogeneously expanding domains

Another famous optimization problem closely related to the Frobenius problem
is known as the integer knapsack problem. Let n > 2 be an integer, a € Z%, with

ay < - <ap, ged(ay,...,an) =1,

and b € Z~o. The corresponding knapsack polytope is defined as

P(a,b) := {a: eRY,: Zaixi = b} .
i=1

The problem then is to determine whether P(a,b) N Z" = ()7 Here we can think
of ai,...,a, as weights of different types of objects, then positive integer values of
Z1,...,T, stand for corresponding numbers of objects of each type, and b is the
total weight of a knapsack with z; objects of weight a;, 1 < i < n. Once it is known
that for some given values of the total weight b the knapsack is not empty, one can
maximize the cost function of this knapsack, provided the objects of different types
have assigned prices. This problem comes up frequently in the fields of operations
research and resource allocation.

Similar to the Frobenius problem, the integer knapsack problem is also known to
be NP-hard. In fact, the Frobenius problem can be stated in terms of the knapsack
polytopes as follows: find the smallest positive integer g so that P(a,b) NZ" #
for every b > g.

Notice that we can actually state a more general problem: count the number of
integer lattice points in a given knapsack polytope, i.e. determine the cardinality
of the set P(a,b) NZ™. Then integer knapsack problem becomes:

Is |P(a,b)NZ"| =07
and the Frobenius problem becomes:
Find min{g € Z>¢ : |P(a,b)NZ"| > 0¥ b > g}.

Notice also that
i =b <= i (J) =1,

ie. € P(a,b) if and only if = € P(a,1), meaning that P(a,b) = bP(a,1), a
homogeneous expansion of the polytope. This does not necessarily apply directly
to the integer points, since for € Z™ the rescaled points %ac may no longer be
in Z™. Still, it suggests a natural question: how can we count the number of integer
lattice points in homogeneous expansions of polytopes? An area of mathematics
that aims to answer this question is Ehrhart theory.

Let P C R™ be a convex polytope such that Vol(P) > 0, and vertices of P are

points of Z™: such P is called a lattice polytope. Write
Gp(t)=tPNZ"|.

We want to understand the behaviour of Gp(t) for all ¢ € Zq; specifically, we
will prove a famous theorem of Ehrhart, which states that Gp(t) is a polynomial
in ¢t. Our presentation closely follows [Ewa96]. First we consider a special case of
polytopes, namely simplices.



7.2. LATTICE POINT COUNTING IN HOMOGENEOUSLY EXPANDING DOMAINS 163

LEMMA 7.2.1. Let aq,...,a, € Z"™ be linearly independent, and define the simplex
S:CO(O,al,...,an) = {Ztlaltl ZOV ]. SZSTL, ZQ S 1}
i=1 =1

Then there exist B1,...,Bn € Z>o such that for every t € Zso, we have

G(tS) = [tSNZ"| = ("Zt> +3 <"+;Z)ﬂ

i=1

PROOF. Let A be the half-open parallelotope spanned by the vectors a1, ..., a,,
i.e.
n
A:{Ztiaizogti<1V1§i§n}.
i=1

For every y € tS NZ" there exists a unique representation of y of the form
n
(7.10) y=z+» ma;
i=1

where € € ANZ" and oy,..., 00 € Z>o. For each 0 < j < t, let H; be the
hyperplane which passes through the points jaq,...,ja,. We will determine the
number of points of Z" in H; NtS, and the number of points of Z™ NS in the strips
of space bounded by H;_; and H; for each 1 < j < ¢; notice that Hy = {0}.

First, let = 0 in (7.10). Then y as in (7.10) lies in H; if and only if

n
(7.11) dai=j0<<jvVi<i<n
i=1
We will prove now that there are precisely ("::1 Il) possibilities for aq, ..., a, sat-

isfying (7.11) for each j. We argue by induction on n. If n = 1, then there is only

1 = (J) possibility. Suppose the claim is true for n—1. Then there are (”+(];f2"’)_2)
possibilities for aq, ..., a,_1 such that

n—1

Z a; =j—ap

i=1
for each value of 0 < a,, < j. Then the number of possibilities for aq,...,a,

satisfying (7.11) is

(7.12) XJ_IO (") - io (".57)

Then our claim follows by combining (7.12) with the result of Problem 7.2:
zj: nt+i—2\  (n+j—1
—\ n-2 S\ n-1 )

Now to find the number of points y as in (7.10) with = 0 on U;:o Hj, we
sum over j, using the result of Excercise 7.2 once again:

n+j—1\ [(n+t
= n—1 “\n )

M-~
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If « in (7.10) lies properly between Hy and H;, then the number of possible y
as given by (7.10) that lie in U;:O H; reduces to ("tffl). Similarly, the number
of possibilities for y as in (7.10) with = lying properly between H; 1 and H; or
on H; is ("t’i_i) for each 1 < i < n. Therefore, if 8; is the number of points
x € ANZ" which lie properly between H; _; and H; or on H;, then the number of
corresponding points y as in (7.10) is

<n+ti>ﬂi'
n

Finally, in the case t < n, we let §; = 0 for each t + 1 < i < n. The statement of
the lemma follows.
O
Let a1,...,a, € Z" be linearly independent, and let
S =Co(0,aq,...,a,)
be the simplex as in Lemma 7.2.1. Define the pseudo-simpler associated with S
So =5\ (Co(0,ay,...,an_1) U ... U Co(0,as,...,a,)).

LEMMA 7.2.2. G(tSo) is a polynomial in t € Z>g.

ProOOF. We argue by induction on dimension of Sy. If dim(Sy) = 0, there is

nothing to prove, so assume the lemma is true for pseudo-simplices of dimension
<n. Let FO .. F®) be proper faces of S which contain 0 and satisfy

0<dim(FY) <n, V1<i<s.
Then
S\So={0} UF"V U ... u FY¥
is a disjoint union. By induction hypothesis,
G(S\ So) = 1+ GUF) + - + G(tF®)
is a polynomial in ¢. Hence, by Lemma 7.2.1,
G(tSo) = G(tS) — G(L(S\ Sp)) = G(tS) — 1 — GAF) — ... — GUtF™)
is a polynomial in t. O
We are now ready to prove Ehrhart’s theorem.

THEOREM 7.2.3 (Ehrhart). Let P be a lattice polytope in R™. Then Gp(t) is a
polynomial in t € Z>g.

PROOF. We can assume 0 to be a vertex of P, since such translation would not
change the number of integer lattice points. Notice that each (n — 1)-dimensional
face of P which does not contain 0 can be given a decomposition as a simplicial
complex whose O-cells are the vertices of this face. We can then join each simplex,
obtained in this manner, to 0 resulting in a decomposition of P into a simplicial
complex whose 0-cells are precisely the vertices of P. Then P can be represented
as a disjoint union

P={o} us® u...u s,

where Sél), ey S(()T) are precisely the cells of this simplicial complex which contain
0, but are not equal to {0}. The theorem follows by Lemma 7.2.2. O
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Gp(t) as in Theorem 7.2.3 is called Ehrhart polynomial of P. An excellent ref-
erence on Ehrhart polynomials, their many fascinating properties, and connections
to other important mathematical objects is [BRO6]. For a general lattice polytope
P very little is known about the coefficients of its Ehrhart polynomial Gp(t). Let

n

Gr(t) = Y (P
i=0
then it is known that the leading coefficient ¢, (P) is equal to Vol(P), and ¢,—1(P)
is (n — 1)-dimensional volume of the boundary OP, which is normalized by the
determinants of the sublattices induced by the corresponding faces of P. Also,
¢o(P) is the combinatorial Euler characteristic x(P):

n

x(P) = Z(fl)i(number of i — dimensional faces of P).
i=0
The rest of the coefficients of Gp(t) are in general unknown, however there are
known relations and identities that they satisfy; see [BRO6]| for further details.

Let us present the first simple example of Ehrhart polynomial. Consider the
n-dimensional cube of sidelength 2 centered at the origin:
(7.13) Cp={xeR":|z| <1},
then for each t € Z~g

n_ - i
tC, NA| = (2t +1) _§2 <k>t

is the corresponding Ehrhart polynomial. We will give two more explicit examples
of Ehrhart polynomial. The first one is for an open simplex, which is precisely the
interior of the simplex S of Lemma 7.2.1 with a; = e; for each 1 < ¢ < n; the
following observation along with the proof is due to S. I. Sobolev.

PROPOSITION 7.2.4. Define an open simplex

Soz{weR":xi>0V1§i§n, in<1}.
i=1
Then Ggo(t) =0 if t < n, and for every t € Zs,,

(7.14) Gso(t) = (t - 1).

n

PROOF. Let t > n, and notice that the simplex t5° can be mapped by an affine
transformation to the simplex

tS;={xeR":0< 21 <--- <z < t}.

This transformation is volume-preserving and maps Z" to itself. Integral points of

tS7 correspond to increasing sequences of integers 0 < y; < --- < y, < t. The
number of such sequences is precisely (*>'), which is the number of all possible
n-element subsets of the set {1,...,¢ — 1}. O

Notice that (7.14) can be thought of as a geometric interpretation of binomial
coefficients. The next example is closely related to the one in Proposition 7.2.4: it
has been established in [BCKV00].
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PROPOSITION 7.2.5. Let
Sn:{wGR":Z|xi|§1}.
i=1

Then for every t € Zq

15) 6= 3 2(7) (1)

=0

PRrROOF. Notice that for each 0 < ¢ < min{¢,n} the number of points in ¢S, NZ"
with precisely ¢ nonzero coordinates is

2(1) ()

Indeed, the number of choices of which coordinates are nonzero is (”), for each such

i
choice there are 2' choices of + signs, and (f) choices of absolute values. Summing
over all 0 <4 < min{t,n} completes the proof. O

REMARK 7.2.1. A remarkable property of the polynomial in Proposition 7.2.5 is
that the right hand side (7.15) is symmetric in ¢ and n. This means that

[tS, NZ™| = |nS; N Z.

All of the lattice point counting results above were specifically for integer points
in polytopes, which is a rather special class of convex bodies in R™ and only one
lattice. What can be said for more general convex bodies and lattices? Let M C R™
be closed, bounded, and Jordan measurable with Vol(M) > 0, and let A C R™ be
a lattice of full rank. Suppose we homogeneously expand M by a positive real
parameter ¢, i.e. for each positive real value of ¢ we will consider the set tM. How
many points of A are there in tM as t grows? To partially answer this question, we
will be interested in the asymptotic behavior of the function

Gua(t) = tM N A|

as t — oo. In general, this is a very difficult question. We will need to make some
additional assumptions on M in order to study G (%).

DEFINITION 7.2.1. Let S be a subset of some Eucildean space. A map
p: S —=>R"
is called a Lipschitz map if there exists C € Ry such that for all x,y € S
lo(x) — o)z < Cllz — yl2.
We say that C is the corresponding Lipschitz constant.

Let C, be the cube as in (7.13). We say that a set S C R"™ is Lipschitz
parametrizable if there exists a finite number of Lipschitz maps

@ Cn — S,
such that S = J; ¢;(Cy).
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DEFINITION 7.2.2. Let f(t) and g(t) be two functions defined on R. We will say
that

f(#)=0(g(t)) ast — ¢
if there exists a positive real number B and a real number ¢y such that for all ¢ > %,

[f@)] < Blg(t)]-

We usually use the O-notation to emphasize the fact that f(¢) behaves similar to
g(t) when t is large. This is quite useful if g(¢) is a simpler function than f(¢); in
this case, such a statement helps us to understand the asymptotic behavior of f(t),
namely its behavior as t — oc.

Let OM be the boundary of M, and assume that OM is (n—1)-Lipschitz parametriz-
able. Notice that for t € Ry, 9(tM) = tOM. The following result is Theorem 2
on p. 128 of [Lan94].

THEOREM 7.2.6. Let t € Ry, then

~ Vol(M)
~ det(A)

where the constant in O-notation depends on A, n, and Lipschitz constants.

G (t) t" +O(t" 1),

PrOOF. Let x1,...,x, be a basis for A, and let F be the corresponding fun-
damental parallelotope, i.e.

f:{Ztiwi:OSti<1,V1§i§n}.

i=1
For each point € A we will write F, for the translate of F by x:
Fe=F t+x.
Notice that if € tM N A, then F, NtM # (. Moreover, either
Fz Cint(tM),
or
FuNOAM) # 0.
Let
m(t) ={x e A: Fp Cint(tM)},
b(t)=|{x e A: FoNIEM) # 0}].
Then clearly
m(t) < Gara(t) < m(t) + b(t).
Moreover, since Vol(F) = det(A)
m(t) det(A) < Vol(tM) = t" Vol(M) < (m(t) + b(t)) det(A),
hence Vol(A)
ml) = Gawm
Therefore to conclude the proof we only need to estimate b(¢). Let
p:Ch_1 = OM

be one of the Lipschitz paramterizing maps for a piece of the boundary of M, and
let C be the maximum of all Lipschitz constants corresponding to these maps. Then
ty parametrizes a corresponding piece of (tM) = tdM. Cut up each side of Cy,—1

" < m(t) + b(t).
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into segments of length 1/[2t], then we can represent C,_; as a union of [t]*~!
n—1

small cubes with sidelength 1/[2t] each, call them C*,...,CM""". For each such

C;, we have
Cvn—1
le(@) — )2 < Cllz —yl2 < G

for each x,y € C}, i.e. the image of each such C; under ¢ has diameter at most

Cyv/n—1
[21]

. Hence image of each such C; under the map ¢y has diameter at most

C\/ﬂ—lﬁSZC\/nfl.

Clearly therefore the number of @ € A such that the corresponding translate F,
has nonempty intersection with tp(C;), for each 1 < i < []*~!, is bounded by some
constant C’ that depends only on A, C, and n. Hence

b(t) <C'[t]" .
This completes the proof. ([l

Theorem 7.2.6 provides an asymptotic formula for G4 (t), demonstrating an
important general principle, namely that as ¢ — oo, Gara(t) grows like ‘ézlt((%) t",
which is what one would expect. However, it does not give any explicit information
about the constant in the error term O(t"~!). Can this constant be somehow

bounded, i.e. what can be said about the quantity
~ Vol(M) , 2
det(A)

A large amount of work has been done in this direction (see for instance pp. 140
- 147 of [GL87] for an overview of results and bibliography). This subject essen-
tially originated in a paper of Davenport [Dav51], who used a principle of Lipschitz
[Lip65]; also see [Thu93] for a nice overview of Davenport’s result and its gener-
alizations and [Wid12] for further recent results. We present here without proof
a result of P. G. Spain [Spa95], which is a refinement of Davenport’s bound, and
can be thought of as a continuation of Theorem 7.2.6.

GM,A(t)

THEOREM 7.2.7. Let the notation be as in Theorem 7.2.6, and let C be the mazimal
Lipschitz constant corresponding to parametrization of OM . Then for eacht € Rsg,
Vol(M)
det(A)
Finally, for very explicit inequalities in the case of counting lattice points in rect-
angular boxes see [Fuk06a], [Fuk06b] and [FH13].

Gura(t) " <2m(ct+1)" L
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7.3. Simultaneous Diophantine approximation

A fundamental problem of Diophantine approximation, which we discussed
in Chapter 4 is to approximate a given real number by rational numbers with
controlled denominators. Dirichlet’s theorem of 1842 (Theorem 4.3.1) is the original
result in this direction. In fact, we can ask the same question in higher dimensions:
given a point a € R", how closely can we approximate it by points in Q" with
bounded denominators? This question can be answered by Dirichlet’s theorem
on simultaneous Diophantine approximation, which also dates back to 1842 (our
exposition here follows [Sch80]).

THEOREM 7.3.1. Let m,n > 1 be integers, and let
(a1, ) €R”
for 1 <i <m bem real points. For any integer Q > 1 there exist integers

q1y---34n,P1y-+--yPm
such that 1 < maxi<;<n g < Qm/n and

lojiqr + -+ ajngn — pj| < o’
foralll1 <j<m.

PrOOF. While different proofs of this result exist in the literature, we will
present a geometric argument based on Minkowski’s Linear Forms Theorem: this
is a generalization of the Minkowski-style proof of Theorem 4.3.1 that we presented
in Chapter 4. Let £ = n+ m and define the following collection of ¢ linear forms in
¢ variables with real coefficients:

Li(zy,...,20) =2;, V1<i<n
Lpyj(x1,... @) = 1z + - + Qjny — Tpgy, V1< j<m.

Let B be the matrix of coefficients of these linear forms, i.e.

1 0 0 ... 0

0 1 0 0

b= Q11 ar,  —1 0
mtl  --r Qmp 0 .. =1

This is a lower-triangular matrix with +1’s on the diagonal, and hence det(B) = +1.
Then Theorem 1.4.3 guarantees existence of a point 0 # « € Z* such that

|Li(z)] < Q™™ ¥V1<i<n
[Loti(®)| Q71 V1<j<m,
since (Q™/™)"(Q1)™ = 1. Let ¢; = z; for 1 <i < mn, and p; = x4, for 1 < j < m.

Then we have

| = . m/n
max |gj| = max |L(x)] < Q™

and

1
|aj1q1 + ... ingn *pj| = |Ln+j(m)| < 6’
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for all 1 < j < m. We now only need to show that

1> 1
max |gj] =

Assume not, then ¢,...,q, =0, and then for all 1 < j < m,
[Lntj(®)] = pj] £1/Q <1,
and so all the integers p; must be equal to 0, and hence & = 0, which contradicts

Minkowski Linear Forms Theorem. This completes the proof. [

COROLLARY 7.3.2. Let the notation be as in Theorem 7.3.1. Suppose in addition
that

(7.16) Zaquj7 ce Zaquj eR™N\Z™, YV (qu,...,qn) € Z™ \ {0}.
j=1 j=1

Then there exist infinitely many co-prime integer (n + m)-tuples

q1s---,qn;P15- -, Pm
such that

1 )
(7.17) lajigr + - Qjngn —pjl < ——, V1 <j<m,

qn/m’
where q == maxi<i<n |g;| > 0.

PrROOF. Derivation of this corollary from Theorem 7.3.1 is very similar to the
Euclid-style exhaustion argument used in the proof of Theorem 4.3.1 to derive (4.3)
from (4.2). Let

2:=(q1,-.1qn,D1s- -, Pm) € Z"T™
be the (n + m)-tuple with ¢ < Q™/" guaranteed by Theorem 7.3.1. Then
1 < 1
Q g™
for all 1 < j < m. Suppose that there are only finitely many such (n 4+ m)-tuples,
call them

|ajIQI + .. - Qindn _pj| S

z] = (qllv' c s qinysPlly - - - 7plm)
for 1 <1< k. Let

0= min o + .. — Puj
1§l§k,1§j§m| j1411 inQin pl]'a

then 6 > 0 by (7.16). Let Q € Z~¢ be such that % < 4. By Theorem 7.3.1, there

must exist 2’ := (q},...,4,, P}, -, P such that
1
loyigl + - .. ajng, fp;| < 0 <6,
for all 1 < j < m. Hence 2’ ¢ {z1,..., 2%}, which is a contradiciton. Thus there
must be infinitely many such (n + m)-tuples. |

Notice that taking m =n =1 in Theorem 7.3.1 and Corollary 7.3.2 reduces to
the classical Dirichlet’s Theorem 4.3.1: in this case, condition (7.16) means precisely
that the real number oy is irrational. On the other hand, taking just n = 1 gives
simultaneous approximation to m real numbers by rationals with the same bounded
denominator, where as taking just m = 1 results in producing an integer point of
bounded sup-norm at which an irrational linear form is close to an integer. For
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instance, taking n = 1 and m = 2 we see that for an irrational point (z,y) in the
plane there exist infinitely many rational points (p/q,r/q) such that
z—=|,ly— -

1

What if our point (z,y) is on some curve, say a unit circle: can we approximate it
by rational points on the same circle? This can be done with the use of the following
interesting result of E. Hlawka [H1a80] on simultaneous Diophantine approximation
by quotients of Pythagorean triples, i.e. integer solutions to the equation

r

bl

z? +y2 =22

THEOREM 7.3.3. Let x € (0,1) be a real number. Then there exist infinitely many
Pythagorean triples (p, q® — p?, q) € 7?3 such that

(7.18) ‘x - ‘ < Ve

We can use Theorem 7.3.3 to approximate points on a unit circle with rational
points on the same circle. The following corollary was established in [Fuk09a].

COROLLARY 7.3.4. Let (x,y) be a point on the unit circle. Then either x,y €

{0, £1}, or there exist infinitely many rational points (p/q,r/q) on the same circle

such that

_r } <22
q q

PROOF. First notice that it suffices to prove the statement of this corollary for
the case 0 < x,y < 1, namely the case when the point in question lies in the first
quadrant, since any other point on the circle can be obtained from those in the first
quadrant by a rational rotation. Let ¢ be an arbitrary real number in the interval
(0,1), then either

(7.20) O<ax<V1l-c2<l1 c<y<l,
or
(7.21) O<y<vV1l-e2<1, ec<z<l.

First assume that (7.20) holds. By Theorem 7.3.3, there exist infinitely many
Pythagorean triples (p,r,q) with r = \/¢? — p? which satisfy (7.18). Then:

p

Tr——1,

(7.19) max{

r? 2
2v/2 / 2 ﬁ*y’
\[Z‘J?—p‘ — ‘1/1_y2_ 1_%: q :
q q q 1_y2+ /1_272
sty r 0(1—1—#) 7
(7.22) _ : |y -1

The last inequality is true because #ﬁ/@ is an increasing function in both

variables for 0 < z,w < 1; since y > ¢, we can pick ¢ large enough so that r/q

would have to be sufficiently close to y so that r/q > ¢ for some n € Z, then
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r/g+y > c(l—l—n%rl), and 1—y2+1/1—2—§ < 2,/1—%02. Then (7.22)

implies:
VI- et 4z
(7.23) ’y_?“ < (n+1) y \f.
q

c(1+5%) q
Since our choice of ¢ € (0, 1) and positive integer n was arbitrary, we can for instance
choose

o +2
(7.24) c= T

V8n2 +dan +1’
and take n = 2, in which case, combining (7.18), (7.23), and (7.24), we obtain
(7.19).

If, on the other hand, (7.21) holds instead of (7.20), simply repeat the above
argument interchanging x with y and p/q with r/q. This completes the proof. O

A related result has also been obtained by Kopetzky in [Kop80] (also see
[Kop81]), however his bounds are different in flavor in the sense that the constants
in the upper bounds depend on x and y. Notice that the bound of Corollary 7.3.4
can be easily extended to any rational ellipse.

COROLLARY 7.3.5. Let (x,y) be a point on the ellipse E, given by the equation

(&)

where a,b are positive rational numbers. Then either (x,y) = (%a,0), (0,+b), or
there exist infinitely many rational points (p/q,r/q) on the same ellipse such that
p

P T } < 2\/§max{a,b}.

q q q
PROOF. Problem 7.1. O

(7.25) max {

Stronger and more general results on approximating points on spheres by ra-
tional points on the same spheres (with sharper constants, as well as in higher di-
mensions) have appeared recently in [KM15] and [Mos16]. Additionally, [Cas57],
[Sch80] and [Sch91] are excellent classical references on Diophantine approxima-
tion, including simultaneous and higher dimensional approximations.

Another classical problem on simultaneous approximation that we will briefly
mention here is Minkowski’s Conjecture. Define a function N : R™ — R by

N(z) = |x1 - 2p].
This function is inspired by a number field norm under Minkowski embedding: if
K is a number field of degree n with all real embeddings o1, ..., 0,, then

Y= (o01,...,0,): K > R"
is its Minkowski embedding, and for any = € K \ {0}
INg ()] = N (3(x)) # 0.

Suppose we have a fixed point y € R™. How closely can we approximate it with
respect to A by points of Z"? It is not difficult to see that

sup inf M(y—x)=2"".
y€ERn xTEL™
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In other words, there exist points in R™ that cannot be approximated by points of

Z"™ better than up to 2% with respect to N. Indeed, if

=

y=|:|€R"

N .

then in fact

inf Ny —z)=N(y—-0)=N(y)=2"".
mETn
Can we do better if we replace Z" with perhaps another unimodular lattice, i.e.
another lattice of determinant 1?7 Minkowski conjectured in [Min00] that at least
we will not do any worth. Define a group of diagonal matrices

ay ... 0

A= ot iai >0, a1 a0, =1
0 ... ap

CONJECTURE 7.3.1. For any unimodular lattice A C R™, we have:

(7.26) sup inf M(y —x) <27
yeRn TEA

Equality holds if and only if there exists A € A such that
A = A7Z" = spang{aie,...,anen},

where eq,...,e, are the standard basis vectors in R"™, and ai,...,a, € R are
positive with ay ...a, = 1.

The significance of this conjecture is perhaps best demonstrated by its implication
for the totally real number fields, i.e. number fields with all real embeddings as
above.

COROLLARY 7.3.6. Let K be a totally real number field of degree n and discriminant
Ag. Then for every x € K there exists an algebraic integer y € Ok such that

Ng(z —y) <27"V|Ak].

In other words, every element of a totally real number field can be appropriately
approximated with respect to norm by an algebraic integer. Minkowski’s conjecture
has been proved for n = 2 by Minkowski himself [Min00], for n = 3 by Remak in
1923 [Rem23], for n = 4 by Dyson in 1948 [Dys48], for n = 5 by Skubenko in
1972 [Sku72], and for n = 6 by McMullen in 2005 [McMO5].

Let us very briefly describe McMullen’s geometric approach to this problem.
His main contribution was to prove that any lattice can be appropriately “rescaled”
to a well-rounded one. More specifically, he prove the following result.

THEOREM 7.3.7. For any lattice A C R", there exists A € A such that the lattice
AN is well-rounded, i.e. has n linearly independent shortest vectors.

Recall now that covering radius of a lattice A in R™ is

A) = sup inf ||y — z|.
p(A) ybeuRmelrelAlly x||
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Notice that this is the same expression as in (7.26), but with respect to the Euclidean
norm || || instead of M. By the inequality between arithmetic and geometric means,
we have

1 _ =l
7.27 o< I
(7.27) Nyt < 22,
for all x € R™. The following bound on the covering radius has been proved by
Woods in 1972 [Woo72] for well-rounded lattices when n < 6.

THEOREM 7.3.8. Let n < 6, and let A C R™ be a well-rounded unimodular lattice.
Then

(7.28) u(A) < g
Equality holds if and only if A = BZ" is isometric to Z".

Now, combining Theorem 7.3.7 with (7.27) and Theorem 7.3.8 yields Conjecture
2.2.2 for n < 6. Hence McMullen’s fundamental contribution to Minkowski’s con-
jecture was the understanding of “distribution” of well-rounded lattices among the
orbits of lattices in R™ under the action of the diagonal group A. In fact, Woods
conjectured that the inequality (7.28) holds in any dimension n. Woods’ conjecture
was proved for n = 7,8,9 (([HGRS09], [ HGRS11], [KR16]) hence also establish-
ing Minkowski’s conjecture (now in all dimensions n < 9), by combination with
McMullen’s theorem. Interestingly, Woods conjecture has been disproved by a
family of explicit counterexamples in all dimensions n > 30 ([RSW17]).
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7.4. Absolute values and height functions

In this section we introduce the basic machinery of absolute values and heights,
which is used to investigate further questions in Diophantine Approximations and
Diophantine Geometry.

DEFINITION 7.4.1. Let K be a field. An absolute value on K is a function | | : K —
R>¢ such that for all z,y € K we have:

(1) |z| > 0 with equality if and only if 2 = 0,
(2) |zy| = ||yl
(3) Triangle inequality: |z + y| < |z| + |y|-

Sometimes (3) can be replaced by the stronger property:
(4) Ultrametric inequality: |z + y| < max{|z|,|y|}.

If | | satisfies (1), (2), (3), but fails (4), we say that it is archimedean absolute value;
if it also satisfies (4), it is called non-archimedean.

Here is the most basic example of an absolute value on K: it is called the trivial
absolute value, and is defined by

| = 0 ifz=0,
11 ifz#£o.

This is the only possible absolute value on a finite field.

We will say that two absolute values | |; and | |2 on K are equivalent if there

exists § € Ry such that

el = |3
for all z € K. In this case we will write | |1 ~ | |2. It is easy to see that an
archimedean absolute value cannot be equivalent to a non-arhimedean one. This
relation ~ is an actual equivalence relation (Problem 7.3), and the only absolute
value equivalent to the trivial one is itself (Problem 7.4).

Equivalence classes of nontrivial absolute values on K are called places. The
set of all places of K will be denoted by M(K). Notice that an absolute value | |
defines a metric on K:

(@,y) = |z =yl
for every x,y € K. Therefore | | induces a metric topology on K. Moreover, we
can talk about the completion of K with respect to this topology. K equipped
with the metric induced by | | is a metric space, we will write (K, | |) to mean that
we are thinking of K as a metric space with respect to this metric. Recall that a
metric space (K, | |) is called complete if every Cauchy sequence in K converges to a
point in K. The completion of (K| |) is the set of all equivalence classes of Cauchy
sequences on (K, | |), where two Cauchy sequences {a,} and {b,} are equivalent if

lim |a, —b,| = 0.
n—oo

Notice that | | is also defined on the completion of (K| |), and so this completion
also has a metric topology induced by | |. Then (K,| |) is complete if and only
if it is equal to its completion; by “equal”’ here we mean isometrically isomorphic
as fields: it is a well known fact that completion of a field is also a field, where
addition and multiplication on Cauchy sequences are defined component-wise.
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Notice that for an absolute value | | on K, z — |z| is a homomorphism from
the multiplicative group K* = {x € K : = # 0} to multiplicative group Rsg.
Therefore:

()1 =1,

(2) |¢| =1 for every root of unity ¢ € K, i.e. for every ( € K
such that (" = 1 for some n € Z~g,

(3) | — x| = |z, for all z € K*,

(4) |z7Y = |z| 7%, for all z € K*.

If L/K is an extension of fields and | | is an absolute value on L, then its restriction
to K is an absolute value on K. It is in general possible that | | is non-trivial on
L, but is trivial on K.

We will now demonstrate some standard absolute values on Q. The first one is
the usual absolute value, which we will denote by | |so:

2]e = T if x >0,
7] —z ifz<0.

This is an archimedean absolute value (Problem 7.6), which induces the usual metric
topology on Q; the completion of Q with respect to this topology is R. Sometimes
we will write Q, instead of R to stress this fact.
Now let p € Z be a prime, and define the p-adic absolute value | |, on Q as
follows. For each n € Z, let
Inl, = pfu(n),
where p*(™ is the largest power of p dividing n, hence In|, < 1 for each n € Z.
Now for each ™ € Q, let
’@’ _Imb
nip nlp
This is a non-archimedean absolute value on Q for every prime p (Problem 7.7).
The topology induced by | |, on Q is called p-adic topology; the completion of Q
with respect to this is called the field of p-adic numbers, denoted by Q,. The set

Zp={a€Qp:|al, <1}

is a ring, and is called the ring of p-adic integers. Problem 7.8 implies that Z C Z,
for every prime p € Z. Moreover, if we write P for the set of all primes in Z, then

7= Zp.
peEP
The important result classifying all absolute values on Q is Ostrowski’s theorem.

THEOREM 7.4.1 (Ostrowski, 1935). Any non-trivial absolute value on Q is equiva-
lent to either | |« or | |, for some p € P.

PrROOF. We start with the following fact, the proof of which is deferred to
Problem 7.9.

LEMMA 7.4.2. An absolute value | | on Q is non-archimedean if and only if |n| <1
for every m € Z. Moreover, for any absolute value | | on Q there exists p € Rsq
such that

(7.29) In| < |nlf.
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Now suppose | | is an absolute value on Q. We will use Lemma 7.4.2 throughout

this proof, assuming without loss of generality that p = 1 in (7.29); indeed, | |% is

equivalent to | |, so it is not important whether we prove that | |% or | | is equivalent

to | |so O | |, for some p € P.

Let a,b € Z~g, a > 1,b > 1. For any v € Z~, there exists integers ¢y, . . .

with 0 < ¢; < a and ¢, # 0 such that
b =co+cra+---+cpa”.
Notice that by Lemma 7.4.2 for each 0 <14 < n,
lci] < leiloo < lafoo = a.

Also notice that
a™ < cpa” < b,

and so n < 218 Then

Toga °
pl” = 16" < Y leillal’ < (n+1) amax{L, |al}"
i=0
< (1 + Vli(;gab> amax{l,|a|}".
Therefore
b < <1 + ”kl)‘;gab>1/ya1/v max{1,al} 555 — max {1, ]a| P2 },
as v — 00, in other words
(7.30) b| < max{1, |a|%§3}.

7C7l

Case 1. Assume | | is archimedean. Then by Lemma 7.4.2, there exists b € Z
such that |b] > 1. Then by (7.30), |a|] > 1 for every a € Z except for -1,0,1.

Therefore if a,b € Z, a,b > 1, then
1 1 1
5% < Ja] 5% < [o| w5,
and so
1 1
|b|logb — |a|loga'
We have
1< b < 1bloo = b,
so |b] = |bl8, = bP for some 0 < p < 1, and hence

log a

laf = [b#F = bRET = 0 = a2

Same way therefore |a| = |a|?, for every a € Q.

Case 2. Assume | | is non-archimedean. Then by Lemma 7.4.2, |n| < 1 for
every n € Z, and since | | is non-trivial, there exists a € Z such that |a| < 1. Let

I={a€Z:la| <1}.
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This is an ideal in Z (Problem 7.10). Therefore there exists a prime p € Z such
that I = pZ. Let 0 # o € Q. Write
» T
a=p—

with z,y € Z such that ptxy. Then z,y ¢ I, hence
| = [y| =1,
and so
laf = [p"| = Ip|"-
Since p € I, |p| < 1, so |p| = p~* for some s > 0. Then

TS:|,r,

la| =p~ lp-

We have shown that | | must be equivalent to either | |o or | |, for some prime
p. This completes the proof. ([

Therefore we can write

M(Q) = {oc} UP,
this way indexing the archimedean place by oo, and non-archimedean places by p
for each p € P.

THEOREM 7.4.3 (Artin - Whaples Product Formula). If 0 # a € Q, then

|aloo H lal, = 1.

peEP

PRrROOF. Problem 7.11. O

Next we discuss absolute values on a number field K. If | | is an absolute value
on K, its restriction to Q is an absolute value on Q, and so must belong to either
oo or one of the p-adic places on Q. Hence absolute values on K are precisely
extensions of those on Q. If v € M (K), we will write | |, for an absolute value that
represents it. We know that | |, extends either | | or | |, for some p € P, and
we say that v lies over oo or p respectively; we denote it by writing v|co or v|p.
The place v € M(K) is archimedean if and only if v|co. Sometimes we will write
v 1 00 to mean that v is non-archimedean, i.e. lies over some p-adic place of Q. For
each place u € M(Q) there may be more than one place v € M(K) such that v|u,
however each places v € M (K) lies over precisely one place u € M(Q).

First we describe all archimedean places of K. Let oq,...,0, be real embed-
dings of K, and 7,,71,...,7s,Ts conjugate pairs of complex embeddings, then
r+2s=d=[K:Q)l.

Notice that since Qo = R C C, the absolute value | | is defined on R and on C.
Also, for each a € K

oi(a) eR, Tj(a),ﬂ-(a) eC
foreach 1 <i<rand1l<j<s. If pis one of these embeddings, then we define
an absolute value | |, on K by

lalp = [p(@)]oo-
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It is easy to notice that if | |, = | |7, for each 1 < j < s. However, the absolute
values

Howseoosl ors [ e
are not equivalent to each other. These represent all the archimedean places of K.
For each v € M(K), we will write K, for the completion of K at v. If v|u for some
u € M(Q), then K,/Q, is an extension of fields, and we will define the local degree

of K at v to be the degree of this extension, and denote it by
dy = [Ky : Q.

We will also write sometimes Q, where v € M (K) to mean Q,,, where u € M(Q) is
the unique place over which v lies. Notice that if v € M(K) is archimedean, then
K, is either R or C, depending on whether v is real or complex, i.e. corresponds to
a real or to a complex embedding. Therefore, for each v|oco

1 if v is real
dy = [Ky : Qo] = [K, - R] = { 2 if v is complex.

Therefore
Z dy =74+ 2s =d.

v|oco

Next we describe non-archimedean places of K. Let p be a prime in Z, so that
(p) = pZ is a prime ideal in Z. Recall that Ok, the ring of algebraic integers of K,
is a Dedekind domain, which means that there is unique factorization into prime
ideals in O . Notice that Z € Ok, and so pOk is an ideal in Ok, although it may
no longer be prime. Then there exist prime ideals Py, ..., P, and positive integers
€1,...,ex such that

pOk = Pt ... P,
and Zle e; = d; each such e; is called the ramification degree of P; over p. First
we define |0|p, = 0. Now let 0 # a € Ok, then for each P;, 1 <i <k, define
ordp,a =max{j € Z:a € P},

and let

ordp; a
p=p

The number ordp, a is well-defined due to unique factorization of ideals into powers
of prime ideals: it is precisely the power to which P; divides aOg. Notice that K
is the field of fractions of Ok, i.e.

K:{%:a,be(’)K}.

la

Then for each a = ¢ € K with a,b € O, define

_ |G‘P7v

(7.31) a

P;

This is an absolute value on K, which restricts to the usual p-adic absolute value
on Q (Problem 7.12). Hence for each prime p in Z, we defined absolute values lying
over it; these are all the non-archimedean places of K. Suppose v € M(K) lies
over p, and P; is the corresponding prime ideal of Ok with ramification degree e;
over p. In a Dedekind domain every nonzero prime ideal is maximal, hence P; is a
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maximal ideal, and so Ok /P; is a field; in fact, it is a finite field of characteristic
p, meaning that

|0k /Pi| = p'",
for some f; € Z~¢. This f; is called the inertia degree of P; over p. Its significance
for our purposes is that the local degree d, = [K, : Q] is equal to e;f;. A result

from algebraic number theory implies that if Pj,..., P, are prime ideals in Og
lying over a rational prime p with respective ramification degrees ey, ...,e; and
ramification degrees f1,..., fx, then

k
Z eifi =d.
i=1
In particular this means that

> d,=d

v|u
is true for any v € M(Q). The Artin - Whaples product formula works over a
number field in a similar way as over Q: we state here without proof.

THEOREM 7.4.4. If 0 # a € K, then

IT lali =

vEM(K)

EXAMPLE 7.4.1. Let K = Q(v/2), then d = 2. Since K is totally real, there are
no compler embeddings. Hence if v € M(K) is archimedean, then K, =R, and so

d, = 1. Since
> dy =2,

v|oo
K must have two archimedean places. These are precisely the places corresponding
to embeddings 01,05 : K — R, given by

a1 (V2) = V2, 02(V2) = —V72,

and fixzing Q, hence o1 is the identity. Let vi,vs be the archimedean places corre-
sponding to embeddings o1, 09 respectively. Notice that for every a € K, there exist

a,b € Q such that o = a + b\/2, hence
Al = lo1(a+ bVD)loe = |+ bv2]uc,
and
|l = loz(a +bV2) | = |a — bV2|.
Now let us look at mon-archimedean places of K. Consider for instance all
places v € M(K) lying over 7. Notice that
7=(3+V2)(3-V2),

therefore the ideal 7Ok no longer prime in Ok splits as the product of these two
prime ideals:

70k = P Ps,
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where P, = (3 4+ V2)Ok and P, = (3 —/2)Ok. This means that there are two
places lying over 7, corresponding to Py and Ps, call them uy and ug respectively.
Then d,, = dy, = 1. Notice for instance that

3+V2e P, 3+V2¢ P} 3+V2¢ P,
3-V2eP, 3-V2¢ P2 3-V2¢ P,

hence

134+V2l, =771 13— V2|, =7°,

B4 V2lu, =7 3= V2], =77"
Recall that prime ideals in Ok are mazximal. This implies that 3 + V2 are not
contained in any other prime ideal of Ok, hence for every place v € M(K) which
is not equal to vy, v2, Uy, or ug, |3+ V2|, = 1. Hence

I B£v2l =3+ V2lw3 - V27 =1.
veEM(K)

This is a demonstration of the product formula at work.

REMARK 7.4.1. The same construction of absolute values as described in this sec-
tion can be carried out for any field extension of number fields L/K. In this case,
we would replace the ground field Q with K, and talk about places of L lying
over places of K in the same precise manner. We will assume this more general
construction going forward.

We now introduce height functions, which serve as the main tool used to mea-
sure arithmetic complexity. We have already seen an example of a height function H
in Section 6.4, however H only carries archimedean information: it only measured
the size of a given algebraic number at the archimedean places. We are now prepared
to define more general heights on vectors, which incorporate arithmetic information
at all the places of a number field. As above, K is a number field of degree d over
Q and M(K) is its set of places. Let n > 2 be an integer. For each place v of K
we define a local height H, for each vector x € K' by

i .
H,(z) = (i zil2)® if vloo,
maxi<i<n |Tily if v {00,
Then for each 0 # x € K", define the global height Hy by
(7.32) Hg(x) = H Hv(w)d”_
veEM(K)

Notice that for each 0 # x € K™, H,(x) = 1 for all but finitely many places v
of K, hence the product in (7.32) is actually finite, therefore convergent, meaning
that Hg is well-defined. Also notice that if 0 # a € K and 0 # « € K", then

HK(OéIB) = H |Oé ﬁ"Hv(w)d“
veEM(K)
(7.33) = II 1| I Eo@* =Hk(=)
veEM(K) veEM(K)

by the product formula. This means that Hg is a homogeneous function, and so is
projectively defined. Indeed, define an equivalence relation on K™ \ {0} by writing
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x ~ y whenever x = ay for some 0 # o € K. It is easy to check that this indeed is
an equivalence relation, and we write [z : -+ - : 2] for the equivalence class of the
vector € = (x1,...,x,) € K", which is called the projective point corresponding
to x. The space of all projective points on K™ is called the (n — 1)-dimensional
projective space over K, i.e.

Pn—l(K) — {[ml e xn] : (xl,...,a?n) S Kn\{o}}

Notice that this is precisely the space of all lines through the origin in K™, i.e. the
space of 1-dimensional subspaces of K™. This is the simplest example of the more
general construction of Grassmannian that we will encounter later. Then (7.33)
implies that Hg is well-defined on P*"~1(K), i.e. it can be viewed as a function
Hg : PP71(K) — R

Notice that the definition of Hyx depends on K. Let L be an extension of K of
degree e, hence [L : Q] = de. For each place v € M (L), we will write e,, = [L, : K,],
hence [L,, : Q,] = dye,. Also notice that

> e
veM(L),v|u
for each place u € M(K). Suppose that 0 # & € K™, then
Hy@)= [[ #m@*= 1 [ H@=",

veM (L) uweM (K)veM(L),v|u
but since « € K", H,(x) = H,/(x) whenever v,v" € M (L) lie over the same place
u € M(K). Hence:

Hi(z) = H H, ()% Zvem@)op v = H H,(x)%¢ = Hg(x)°.
uwEM(K) weM(K)

This suggests that if we want a height function that does not depend on the field

of definition, we may want to introduce the normalizing exponent m

DEFINITION 7.4.2. Let A be the field of all algebraic numbers, as before. Define
the absolute height H : A™\ {0} — R+ by

H(z) = Hy(z) w9
for every 0 # x € A", where K is any number field containing the coordinates of
x. By the discussion above, H does not depend on the choice of this number field.
Once again, notice that H is projectively defined. We will also adopt a convention
that H(0) = 1.

We also define the inhomogeneous height hi : K™ — R~ by

hK(QJ) = HK(L iB)7
for every @ € K™, and the absolute inhomogeneous height h : A™ — Ry by

h() = h () <,

for every & € A™, where K is any number field containing the coordinates of a.
Notice that hx and h are no longer projectively defined, i.e. if a € A, then h(ax)
is not necessarily equal to h(x). Also notice that for every & € A™,

H(x) < h(x).
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For any algebraic number « € A, we define its Weil height to be
h(a) = H(1, ).

We now briefly outline the basic properties of heights, proofs of which are left to
the exercises.

LEMMA 7.4.5. The following statements are true:
(1) If ¢ € Z is such that ged(z1, ..., z,) = 1, then
1
H(z) = ||z = (« + - +23)*

i.e. height of an integer vector is the Fuclidean norm of the corresponding
primitive vector.

(2) If0#£ 20 €Z, and

x1 Tn n
r=|—,...,— ) €Q",
Zo Zo

is such that ged(xo, 21, ..., 2n) =1, then

D=

h(x) = (m%—km%—!—-'-—!—xi) ,

i.e. the inhomogeneous height of a rational vector is the Fuclidean norm
of the corresponding reduced integer vector (xqg,T1,...,Ty).

PRroOOF. Problem 7.13. O

LEMMA 7.4.6. If my,...,my € Z, and x1,...,x, € A", then

k k 3k
i=1 i=1 i

i=1
In particular, if aq, ..., € A, then

k k z ok
h (ZmiaZ) < <Z mf) Hh(ai).

i=1
Additionally, for any o, B € A,

h(aB) < h(a)h(B).
PRrROOF. Problem 7.14. O

LEMMA 7.4.7. Suppose that K and L are isomorphic number fields with o : K — L
an isomorphism, and let us also write o for the isomorphism it induces from K"
to L™ for each integer n > 1. Then

H(o(x)) = H(x)

for each x € K. Hence conjugate vectors have the same height. Notice in particular
that this implies that conjugate algebraic numbers have the same height.

PRrROOF. Problem 7.15. O

The notion of height also extends to polynomials. In particular, if F' is a
polynomial with coefficients aq,...,a, € A, then we define

H(F)=H(ay,...,an).
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LEMMA 7.4.8. Let P(X),Q(X) € A[X] be polynomials in one variable with coeffi-
cients in A of degrees nyi,ny respectively, and let n = min{ny,ns}. Then

H(PQ)<+vn+1H(P)H(Q).

PROOF. Let K be a number field containing coefficients of P and @, and sup-
pose it has degree d over Q. It is easy to observe that for every v € M(K) such
that v { oo,

H’U(PQ) = HU(P)HU(Q),

where these are precisely the local heights of corresponding coefficient vectors. Let
v € M(K), v|oco, then by Problem 7.16

H,(PQ) < vn+1 H,(P)H,(Q).

Therefore we have:

HPQ) = [] HPQ)T
veM(K)
< TTen@m@)® I] (n+1 #Pm@) *
vfoo v|oo
— HP)HQ) [] In+1/5
v|oo
Cofoo dv
= (Vn+1) 7 H(P)H(Q)=+vn+1H(P)H(Q).
This completes the proof. O

COROLLARY 7.4.9. Suppose that

PX)=ag(X —a1)...(X — aqg),
where aq, a1, ...,aq € A. Then
(7.34) H(P) <27 h(a). .. h(ag).

PROOF. Notice that here we can view P(X) as a product of d linear polyno-
mials in one variable, hence applying Lemma 7.4.8 d — 1 times yields (7.34). O

For a vector & € A", we define its degree to be

deg(z) = [Q(z1,...,2,) : Q.

Also, for a projective point [x] we write deg([x]) to mean the minimum of deg(x)
taken over all representatives of [x]. We are now ready to prove the fundamental
property of heights, which was first established by Northcott in 1949 [Nor49]: this
result is known as Northcott’s theorem, and any height function satisfying this
theorem (there are others, not only our H) is said to satisfy Northcott’s finiteness
property.

THEOREM 7.4.10. Let n,d, B be positive integers. Then the set
Sn(B,d) = {[z] e P"'(A) : deg([z]) < d, H(z) < B}

s finite.
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PrOOF. If & = (z1,22,...,2,) € A™ with z; # 0 for some 1 < i < n, then
H(x) = H (f) Therefore we can always choose a representative x of [z] €

P"~1(A) with one coordinate equal to 1. Without loss of generality assume x =
(1,z9,...,x,) € A", then

H(x)> HQ,z;) = h(x;), V2<i<n.
Therefore it suffices to prove that the set
S(B,d) = {a € A :deg(a) <d, h(a) < B}

is finite. Notice that if & € S(B,d), then it must be a root of a monic polynomial
with rational coefficients of degree at most d

PX)=X—-a)(X —ag)...(X —ay),

where o = g, g, ..., aq are conjugates of a. By Lemma 7.4.7, h(a) = h(«;) for
every 1 <i <d, and so h(ce;) < B for all 1 <i < d. By Corollary 7.4.9,

(7.35) H(P) <27 h(ay)...h(ag) < 27 B

Since P(x) is monic, let (22,..., ™4=2 1) € Q be the coefficient vector of P, written

is such a way that ged(m,mo,...,mg—1) = 1. Then by Lemma 7.4.5,

H(P) = \Jm? +md + - +m3_, = [|ml].,

where m = (m,mq, ..., mg_1) € Z%2 and || |2 stands for the Euclidean norm, as
usual. It is now easy to see that there are only finitely many integral vectors m
with ||m]s < 2“2 B?, and so there are only finitely many polynomials P satisfying
(7.35). This means that S(B,d) must be finite, and so completes the proof. O

REMARK 7.4.2. The cardinality of S,,(B,d) has been investigated by various au-
thors, starting with a result of Schanuel in 1979. More recently there were upper
and lower bounds produced by Schmidt, Gao, Thunder, Masser, Vaaler, and Wid-
mer among others, however there still is no known general asymptotic formula for
|Sn(B,d)| (see [Wid09] and [Wid10] for some recent results and a more detailed
bibliogrpahy).

Next we will show how the notion of height can be extended to subspaces of
K". Let V C K" be an ¢-dimensional subspace, 1 < ¢ < n. Let xy,...,x; be a
basis for V, and write X = (x; ... xy) for the corresponding n x ¢ basis matrix.
Let Z be the set of subsets of {1,...,n} of cardinality ¢, then

a- ()

For each I € Z, let X; be the ¢ x £ submatrix of X whose rows are indexed by
elements of I. We introduce lexicographic ordering on elements of Z, and write

I:{Il,...,l(?)}

with respect to that order. Then define a vector of Grassmann coordinates (also
known as Pliicker coordinates) of V' with respect to the basis x1,...,xy to be

g(X) = (det(XIl),...,det <XI(2))> e k().
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Suppose yq,...,Yy, is a different basis for V, and write Y for the corresponding
basis matrix. Then there exists a matrix U € GLy(K) such that
Y = XU,

and so it is easy to see that
9(Y) = det(U)g(X).

As before, we write [g(X)] for the projective point in p(%)-1 represented by the
vector g(X), hence [g(X)] = [¢(Y)], and so we denote this projective point [g(V)]
to indicate that it does not depend on the choice of the basis. Define

Gy, (K) = {[lg(V)]: V € K", dimg (V) = £}.

GL(K) is called the (7)-Grassmann component of K™, and this is the projective
space whose points correspond to ¢-dimensional subspaces of K™. Notice that this
is a generalization of the projective space P"~!(K), which can be thought of as the
space of one-dimensional subspaces of K™. This is perhaps the simplest example
of a parameter space, i.e. of a general type of objects in algebraic geometry which
are called moduli spaces.

Using this notation, we can now define height of an /-dimensional subspace V'
of K™ by

(7.36) H(V) = H(g(V)).

Of course, this works in precisely the same manner for subspaces of A™. This height
function on subspaces of a vector space was originally introduced by W. M. Schmidt
in [Sch67] and is called the Schmidt height. Height can also be defined for more
general objects, such as algebraic varieties and intersection cycles; this is done in
a manner similar in spirit to the simplest case of linear varieties (namely vector
subspaces) that we considered here, namely by parametrizing these objects in an
appropriate manner. This, however, is more in the realm of arithmetic geometry,
and out of the scope of our exposition.

Let us use Weil height on algebraic numbers to briefly revisit Roth’s theo-
rem from Diophantine approximation. Recall that for a positive real number §,
a d-approximation to an algebraic number « is a rational number g with ¢ > 0,
ged(p, ¢) = 1, and
1

Then Roth’s theorem (Theorem 4.5.1) can be restated by saying that any algebraic
number « has only finitely many d-approximations for each 6 > 0. A natural
question to ask is how many §-approximations are there for a fixed algebraic o and
a fixed § > 07 Recall that in Section 4.5 we were counting the number of - and
related approximations to « in fixed intervals and windows of exponential width.
We can now state a result on the overall number of d-approximations. There are
bounds produced by Davenport, Roth, Luckhardt, Mueller, and Schmidt, among
others. A version of the following theorem is due to Bombieri and Van der Poorten.

THEOREM 7.4.11. Let a be an algebraic number of degree d > 3, and let 0 < § < 1.
Then the number of §-approximations to « is less than

log, log h(o)

(7.37) log(1+ 9)

+ ¢(d, ),
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where log, a = max{0,loga}, and

8 2
e(d,0) = %(log 2d)? log ((5;) log 2d> .

The first term in (7.37) is best possible, however ¢(d, §) can likely be improved; see
[Sch91] for many further details on this subject.



188 7. FURTHER TOPICS

7.5. Mahler measure and Lehmer’s problem

Notice that the bound on the number of §-approximations to an algebraic num-
ber « in Theorem 7.4.11 depends on the height of «; in particular, the smaller h(«)
is, the fewer such approximations are there. This underlines the meaning of h(«) in
the following sense. Height measures arithmetic complexity of an algebraic number,
incorporating together its size (i.e. archimedean norms) with its divisibility prop-
erties (i.e. non-archimedean norms). Hence, roughly speaking, the larger height
is, the more “complicated” the algebraic number is, the “closer” it is to transcen-
dental numbers. We know, on the other hand, that transcendental numbers are
better approximable than algebraic numbers, so the dependence of the number of
d-approximations on the height makes sense. But how small can h(«) be? In order
to investigate this question, it will be convenient to use a different height h; on
algebraic numbers, which is closely related to h. For each o € A, define

hi(a)= [ max{1,lal,}%,
veM(K)
where K = Q[a], d = [K : Q)], and d,, = [K, : Q,]. Then (Problem 7.17) for every
a €A,
hi(a) < h(a) < V2 hi(a).
Hence instead of investigating lower bounds for h(«) we can talk about lower bounds
for hi(a). It is easy to see that
h1 (Oé) Z 1.

Further, a classical theorem of Kronecker guarantees that hi(«) = 1 if and only if
« is either 0 or a root of unity. So suppose that o € A is of fixed degree d, and
hi(a) > 1. How small can h;i(a) be? In other words, is there a gap in values of

hi(a), or is it continuous? In this direction we state a famous conjecture of D. H.
Lehmer, dating back to 1932 [Leh33].

CONJECTURE 7.5.1. There exists an absolute constant C' € Rsq such that for any
algebraic number o of degree d which is not 0 or a oot of unity, we have
hl(a) Z C%

In this section we briefly review some of the material required to understand
this outstanding conjecture and its significance. For more detailed information
on the material of this section see [EW99], which is an excellent account of this
fascinating subject.

Let aq,...,aq be conjugate algebraic numbers of degree d, and let

d d
fl@)=aq H(x —q;) = Zaixi € Z|x]
i=1 i=0

be their minimal polynomial. We define the Mahler measure of f(x) to be

d
(7.38) M(f) = |adloo [ [ max{1, |ov]oo }-

i=1
If o is an algebraic number of degree d and f(z) € Z[x] is its minimal polynomial,
then (Problem 7.18)



7.5. MAHLER MEASURE AND LEHMER’S PROBLEM 189

Hence we can restate Lehmer’s conjecture in terms of Mahler measure, which inci-
dentally is how it was originally stated.

CONJECTURE 7.5.2. There exists an absolute constant C' € Rsq such that for any
polynomial f(x) € Zlx] which is not a product of cyclotomics and a power of x, we
have

M(f) = C.
Moreover,
C = M(g) =1.1762808...,
where
glx) =20+ 2% — 2" —2® —2® —2t — 2P 441

is the so-called Lehmer’s polynomial.

We can think of Mahler measure as another height function defined on poly-
nomials in Z[z]; in particular it satisfies Northcott’s finiteness property as in The-
orem 7.4.10. More specifically, let B,d € R>;, and consider the set

S(B.d) = {f(z) € Zla] : deg(f) < d, M(f) < B}.

Northcott’s theorem (Theorem 7.4.10) implies that it is finite. Indeed, if f(z) €
S(B,d), then its roots a, ..., aq must be in the set

S'(B,d) = {a € A : deg(a) < d, h(a) < B < B},
which is finite by Theorem 7.4.10.
The definition of Mahler measure immediately implies a few nice properties
that it satisfies. First of all, M (f) = 1 if and only if f(z) is a product of cyclotomic

polynomials and z" for some n € Z~(. Also notice that unlike the height H on
polynomials, which only satisfies Lemma 7.4.8, M is a multiplicative function, i.e.

M(fq) = M(f)M(q),

for any two polynomials f(x),g(x). On the other hand, Mahler proved that M (f)
is comparable to H(f), specifically that there exist constants ¢;(d) and co(d), de-
pending only on the degree d of the polynomial f, such that

(7.39) ci(d)H(f) < M(f) < ca(d)H(F).

Notice that the definition of Mahler measure automatically extends to polyno-
mials in Clz]. Although we can no longer think of it as a height function, since
the roots of a polynomial in C[x] are not necessarily algebraic, the multiplicative
property remains true. Mahler measure can also be defined as an integral via an
application of the classical Jensen’s formula from complex analysis:

THEOREM 7.5.1. For any a € C,

27wi6

do

el tolo—e = max{1,|a[},

where | | stands for the regqular | |oo absolute value on C.

This is a standard theorem, a proof of which can be found for instance in [EW99],
Lemma 1.9. An immediate application of this is the following result, which was
originally proved by Mahler; in fact, this along with (7.39) is the reason why M(f)
is called Mahler measure.
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COROLLARY 7.5.2. For any nonzero f(z) € Clx],
M) = R o) a0

PROOF. Let d = deg(f), then there exist aq, a1, ...,aq € C such that

d
f@) = aq [[(x - ay),
j=1
and so

d
log | f (ezma)| = log |aq| + Z]og loj — 270

j=1
Therefore, by Theorem 7.5.1
d
gfol 10g|f(62”9)| a0 _ |ad| H efol 10g|aj762"i9 do
j=1
d
= aa| [ max{1, ||} = M(f).
=1
This completes the proof. O

Corollary 7.5.2 hence implies that Mahler measure is a continuous function on Clz].

Now let us review some of the results in the direction of Lehmer’s conjecture.
For a polynomial f(z) € Clz] of degree d, define its reciprocal polynomial

fra)y=a'f(z7").
We will say that f(x) is reciprocal if f(x) = f*(x), and that it is non-reciprocal
otherwise. The reciprocal condition on f(z) is equivalent to the condition that its

coefficients read forward same as backward. The following theorem was proved by
C. Smyth in 1971 [Smy71].

THEOREM 7.5.3. If f(x) € Z[z] is non-reciprocal such that f(0)f(1) # 0, then
M(f)> M(2® —2—1) = 1.324...

Smyth’s theorem implies that we can restrict our attention to reciprocal polynomi-
als. However, in this case no absolute lower bound is known. The best unconditional
bound known depends on the degree of f(z): it was obtained by E. Dobrowolski in
1979 [Dob79] and looks as follows.

THEOREM 7.5.4. Let ¢ > 0. Then there exists do(e) € Z such that for every
f(z) € Z[z] of degree d > dy(e),

loglog d) 3

(7.40) M(f) > 1+(1—g)( brd

Actually, Cantor, Straus, Loubotin, and Rausch slightly improved Dobrowolski’s
method in several papers published between 1982 and 1985, which allowed to replace
(1 — ¢) in the lower bound of (7.40) with (9/4 — €), however getting rid of the
dependence on d seems to be a major obstacle. Dobrowolski’s theorem stated in
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terms of height of algebraic numbers implies that there exists a positive constant
C such that for every a € A of degree d, we have

which is weaker than the bound of the form C'@ proposed by Conjecture 7.5.1 where
the constant C' is independent of d. However, if we consider pairs of algebraic
numbers o and 1 — «, it turns out to be possible to produce a lower bound on
the product of their heights which is completely independent of d. The following
Lehmer-type result with an implicit constant was first obtained by Zhang in 1992
with the use of Arakelov theory; in 1995 Zagier obtained an elementary proof of it
with an explicit constant.

THEOREM 7.5.5 (Zhang, Zagier). Let « € A be not equal to 0,1, or 1i‘2/j?’, then
1+5
2 )

with equality if and only if o or 1 — « is a primitive 10-th root of unity.

hl(a)hl(l — 04) Z

Notice that Theorem 7.5.5 can be viewed as a uniform lower bound on the
height of algebraic points on the curve

rz+y=1
There is also a uniform upper bound on all such points that satisfy one additional
condition.
DEFINITION 7.5.1. Two numbers «a, 3 € A are called multiplicatively dependent if
there exist t € A, a,b € Z, and €1, €5 roots of unity such that

a=et?, f = ext”.

The following bound was obtained in 1998 by P. Cohen and U. Zannier in [CZ98].
THEOREM 7.5.6. Let 0,1 # « € A be such that a and 1 — a are multiplicatively
dependent, then

hl (a) S 27
with equality if and only if « =2 or 1/2.

Hence by combining the results of Theorems 7.5.5 and 7.5.6, we conclude that if
(z,y) is an algebraic point on the curve

r+y=1

with multiplicatively dependent coordinates # 0, 1, 1+ 5 =3 then

1++5
2

This is a rare example of a uniform bound for the height of a set of algebraic points
on an algebraic variety.

< hi(z)hi(y) < 4.
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7.6. Points of small height

In the previous section we saw an example of uniform bounds on height of
points on a simple curve. In a more general situation we cannot hope to obtain
such nice results. In fact, on higher dimensional varieties it is usually very difficult
to prove existence of even a single point of relatively small height. If however we
were to prove existence with an explicit bound on height, it would reduce the search
for such points to a finite set due to Northcott’s theorem. In other words, we can
think of a bound on the height of a point on variety over a fixed number field K as
a search bound.

We start discussing this topic with the case of a linear variety, i.e. by revisiting
Siegel’s lemma we introduced in Section 6.4, but this time in a more powerful form.
Let us look back at Theorems 6.4.1 and 6.4.2: they provide a bound on the height
of a solution to a homogeneous linear system in terms of the height of the coefficient
matrix A of this system. Notice, however, that if we multiply A by 2 the solution
space does not change, but height of A certainly changes in a way that would
affect the upper bounds of these theorems. This problem is circumvented by using
Schmidt height (7.36) on the solution space instead of the height of a coefficient
matrix. The following version of Siegel’s lemma was proved by Bombieri and Vaaler
in 1983, see [BV83|.

THEOREM 7.6.1. Let V be an ¢-dimensional subspace of K™, ¢ < n. Then there
exists a basis x1,...,xy € OF for V such that

¢ 2
(7.41) [TH@) < {n|AK|1/d}f/ H(V),
i=1

where Ak is the discriminant of K, and d = [K : Q] as usual.

In other words, Theorem 7.6.1 states that a subspace V of K™ has a basis of
relatively small height with coordinates in O, where the bound on the height is
explicit and depends on the height of V. In particular, it implies the existence of a
non-zero point of small height in V', bounded as follows.

COROLLARY 7.6.2. Let V' be an {-dimensional subspace of K™, { < n. Then there
exists 0 # x € O% NV such that

(7.42) H(x) < {n\AK|1/d}1/2H(V)1/f.

This corollary can be viewed as a generalization of Minkowski’s Convex Body The-
orem, specifically of Corollary 1.5.1 (Problem 7.19). The dependence on H(V) in
(7.41) and (7.42) is sharp. An analogous bound has been proved for a small-height
basis of a subspace V of A™ by Roy and Thunder, see [RT96], where the constant
in the upper bound does not depend on any number field; this is often desired,
since Ak can be quite large.

Next we consider the case of a quadratic hypersurface. Namely, let

F(X) :ZZfinin € K[X1,...,X,]

i=1 j=1
be a quadratic form in n variables with coefficients in the number field K of degree
d over Q. We say that F is isotropic over K if there exists 0 # & € K™ such that
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F(x) = 0. Provided that F is isotropic over K, we are interested in proving the
existence of a non-zero point of bounded height in the quadratic variety
Vig(F)={x e K": F(x) =0}

with an explicit bound on height. The following theorem was originally proved by
Cassels in 1955 for the case K = Q, and then extended to arbitrary number fields
by Raghavan in 1975; see [Cas55] and [Rag75].

THEOREM 7.6.3. Let F' be a quadratic form, which is isotropic over K as above,
then there exists 0 # x € Vi (F) such that

H(z) < ei(K,n)H(F)"7,
where the constant c1 (K, n) in the upper bound is explicit and depends on K and n.

The dependence of H(F') in the upper bound of Theorem 7.6.3 is best possible, as
demonstrated by the following example due to M. Kneser [Cas56]. Consider an
integral quadratic form

n n—1 n
F(X)=X7-) (Xi—cXi1)® = (1-) X7~ (1+7) D X7 = X242 Xi1X;
=2 =2 =2

for some large positive integer c¢. Then H(F) =1+ ¢?. Now, if F(z) = 0 for some
0 # x € 7™, then it must be true that
n

0# a7 = Z(xz —cxic1)’ =ys + 2,
i=2
where y; = x; — cx;_1 for each 2 <7 < n. We can express
Tn =Y+ CYp-1+ -+ " Typ + " lay.
Then the smallest possible absolute value of z,, becomes
1 1 n—1
("t — ")y | > ic"_l =3 (H(F)—-1) 7 .

Let us now consider the case when instead of being a quadratic form, F' is an
inhomogeneous quadratic polynomial over K. In other words, let

FX) =3 £ XeX; + Y foiXi + foo € K[X1,..., X,

i=1j=1 i=1
and suppose that

Vi(F)={x e K": F(x) =0}
is not empty. We want to prove the existence of a point @ € Vi (F') of bounded

height. Notice that we can “homogenize” F' by adding one more variable X, i.e.
consider the quadratic form in n + 1 variables

F(X) = ZZfinin € K[Xo,...,Xn]
i=0 j=1

Problem 7.20 guarantees that a point & = (zg,21,...,2,) € K"T! with z¢ # 0 is
a zero of F(Xy,...,X,) if and only if the point &’ = (x1,...,z,) € K™ is a zero of

Fl(Xl,...,Xn) = F(l,Xl,...,Xn).
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Hence we want to look for small-height zeros of F' with additional condition zy # 0.
The following theorem was originally proved for the case K = Q by Masser in
1998 [Mas98] and extended over an arbitrary number field in [Fuk04].

THEOREM 7.6.4. Let F' be a quadratic form in n+ 1 > 2 variables with coefficients
in K. Suppose that there exists © = (zg,...,xn) € K" such that F(x) = 0 and
xo # 0, then there exists such x with

(7.43) H(z) < co(K,n)H(F)"%,

where the constant in the upper bound is explicit, and depends in particular on Ak .

This implies that if an inhomogeneous quadratic polynomial in n variables with
coefficients in K has a zero over K, then it has such a zero of height bounded as in
(7.43). The exponent in the upper bound of (7.43) is best possible as demonstrated
by an example of Masser presented in [Mas98]: for a fixed integer a > 2, consider
the inhomogeneous quadratic polynomial

F(X1,...,X,) =2X; — (Xo —aX1)? — - — (X,, —aX,_1)* — 2d°.

The height of this polynomial is a constant multiple of a?. It is not very difficult
to show that the “smallest” rational zeros this polynomial has are of the height
> c(n)a"tt = c’(n)H(F)% for appropriate dimensional constants ¢(n), ¢/(n). See
also [Fuk13] for a survey of a vast variety of further results on Cassels’ theorem and
its many generalizations, including the more complicated inhomogeneous situation
over the ring of integers instead of a field.

What can be said about bounds on height of solutions of polynomials of degree
higher than 2 in an arbitrary number of variables over a fixed number field K?
There are some known results in this direction for rational cubic forms in large
enough number of variables: the current state of the art in this direction is a rather
technical result obtained in [BDE12]. For sufficiently general polynomials of higher
degree, this problem seems to be out of reach at the present time. In fact, such a
bound would provide an algorithm to decide whether a Diophantine equation has
an integral solution, and so would imply a positive answer to Hilbert’s 10th problem
in this case, i.e. this would mean that there exists an algorithm to decide whether
such an equation has nontrivial integral solutions. However, by the famous theorem
of Matijasevich [Mat70] Hilbert’s 10th problem is undecidable. This means that in
general such bounds do not exist over Q; in fact, they seem unlikely to exist over any
fixed number field even for a quartic polynomial (see [Mas02] for further details).
The problem becomes easier if we allow for solutions to lie over some extension of
K of bounded degree. The following basic bound is easy to prove (see [Fuk09b]).

PROPOSITION 7.6.5. Let d > 1, n > 2, and F(Xy,...,Xy) be a homogeneous poly-

nomaal in n variables of degree d with coefficients in a number field K. There exists
0 # z € A™ with degy (z) < d such that F(z) =0 and

H(z) < V2 H(F)Y/,
Here degy (z) is the degree [L : K|, where L is the number field generated over K
by the coordinates of the point z.

Further investigations of small-height solutions of polynomial equations have
strong connections with arithmetic geometry via the study of points of bounded
height on algebraic varieties. This subject requires a more extensive theory of height
functions. An excellent source for further reading in this direction is [BGO06].
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7.7. Problems
PRrROBLEM 7.1. Prove Corollary 7.3.5.

PROBLEM 7.2. Prove that

z]: n+i—2\  (n+j-1
—~\ n-2 S \n—-1 )

PROBLEM 7.3. Prove that ~ as defined in Definition 7.4.1 is an equivalence relation
on the set of all absolute values on a field K.

PROBLEM 7.4. Prove that the only absolute value equivalent to the trivial one is
itself.

PROBLEM 7.5. Prove that two absolute values | |1 and | |2 on a field K are equivalent
if and only if they induce the same topology.

PROBLEM 7.6. Prove that | | is an archimedean absolute value on Q.

PROBLEM 7.7. Prove that | |, is a non-archimedean absolute value on Q for each
prime p € Z.

PrROBLEM 7.8. Prove that
Z={a€Q:|a|l, <1V primesp € Z}.

PROBLEM 7.9. Prove Lemma 7.4.2.
PROBLEM 7.10. Prove that I = {a € Z : |a|] < 1} is a prime ideal in Z.

PROBLEM 7.11. Prove Theorem 7.4.3 (Artin - Whaples Product Formula over Q):
if 0 #a €Q, then
|a]oo H lal, = 1.

peEP

PROBLEM 7.12. Prove that (7.31) defines an absolute value on a number field K,
which restricts to the usual p-adic absolute value on Q.

PROBLEM 7.13. Prove Lemma 7.4.5.
PROBLEM 7.14. Prove Lemma 7.4.6.

PROBLEM 7.15. Prove Lemma 7.4.7.
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PROBLEM 7.16. Let K be a number field, v € M(K), v|co, and let P and Q be
polynomials in one variable of degree < n with coefficients in K. Use Cauchy’s
inequality to prove that

PROBLEM 7.17. Prove that for every a € A,
hi(a) < h(a) < V2 hi(a).

PROBLEM 7.18. Let o € A be of degree d, and let f(x) € Z[x] be its minimal
polynomial. Prove that

PROBLEM 7.19. Let A be an n x £ integer matriz of rank £ < n. Let A = AZ be a
sublattice of Z™ of rank £. Let

V = spang A = AR’

be the £-dimensional subspace of R™ spanned by A, then A =V NZ™. The famous
Cauchy-Binet formula then implies that the Schmidt height

H(V)=4/det (AT A) = det A.

Use Cauchy-Binet formula along with Corollary 1.5.1 (stated verbatim for the full-
rank lattice A in the Euclidean space V') to prove that there exists 0 # x € A such
that

H(x) < ¢, H(V)V!,

for some constant c,, depending only on n.

PROBLEM 7.20. Let K be a number field. Prove that a point @ = (xg,x1,...,%,) €
K™ with xg # 0 is a zero of a quadratic form F(Xo,...,X,) if and only if the
point ' = (x1,...,2,) € K™ is a zero of the quadratic polynomial

Fl(X17~-~aXn) = F(I,Xl,...,Xn).
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APPENDIX A

Some properties of abelian groups

Here we briefly discuss some properties of abelian groups, in particular outlining
a proof of the fact that any subgroup of a finitely generated abelian group is finitely
generated. Throughout this section, we will mostly deal with a finitely generated
abelian group G, written additively with 0 denoting the identity element and nax,
for n € Z and = € G, denoting the n-th power of the element x. A collection of
elements @1, ..., x in an abelian group G is called linearly independent if whenever

nixy+ -+ ngxr =0

for some ny,...,ng € Z,thenny = --- = ng = 0. A linearly independent generating
set for an abelian group G is called a basis. An abelian group G is called free if it
has a basis. Hence free abelian groups are precisely lattices, and the most common
example of a finitely generated free abelian group is Z*, k € Z~q. In fact, it turns
out that Z* is the only example of a finitely generated free abelian group, up to
isomorphism.

LEMMA A.1. Let G be a finitely generated free abelian group. Then G = ZF for
some k € Zy.

PROOF. Let xq,...,x; be a basis for G, then

k
G = {Zniwi:nh...,nk EZ}.
i=1

Define a map ¢ : G — ZF, given by

k k
i=1 i=1

We leave it to the reader to check that this is a group isomorphism. O

COROLLARY A.2. Let G be a finitely generated free abelian group. Then every basis
in G has the same cardinality. This common cardinality is called the rank of G.

PrROOF. Let x1,...,x, and yq,...,y,, be two different bases for G. Then by
the argument in the proof of Lemma A.1, G = Z* and G = Z™. now Problem A.2
implies that Z* 2 Z™ unless k = m. Recall that isomorphism is an equivalence
relation on groups. Thus, since G = Z* and G = Z™, we must have Z* = Z™.
Hence k = m. ([l

If H is a subgroup of a finitely generated free abelian group G of rank k, then H
is also free abelian of rank < k: it is simply a sublattice of a lattice G of smaller
rank. A standard proof is along the lines of linear algebra, using Smith normal
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form for matrices, which constructs a basis for a subgroup starting with a basis for
the group: it is very much along the lines of arguments given in Section 1.3.

We now recall some additional basic algebraic notation without proofs. We refer
the reader to [DF03] for details. If G is an abelian group and H is a subgroup
of G, then a coset of H in G is a set © + H where € G. The group G can be
represented as a disjoint union of all cosets of H in G. We write G/H for the set
of such cosets, which is a group under the operation of addition of cosets:

(x+H)+(y+ H)=(x+y)+ H.

G/H is called the quotient group of G modulo H. The identity element in this
group is the trivial coset 0+ H = H = x+ H for every € H, and inverse of y+ H
is —y + H for every y € G. The order of G/H, i.e. its cardinality as a set (could
be infinite) is called the index of H in G, and denoted by |G : H|. Suppose that G
and F are two abelian groups and ¢ : G — E is a group homomorphism between
them. Recall that Ker(y) is a subgroup of G and ¢(G) is a subgroup of E. The
First Isomorphism Theorem states that

(A1) G/ Ker(p) = o(G).

Finally, notice that a finitely generated group can only be isomorphic to another
finitely generated group. We are now ready for the main result of this section.

THEOREM A.3. Let G be a finitely generated abelian group, and let H be a subgroup
of G. Then H is finitely generated.

PROOF. Let us assume G is addivtiely written. Let @1, ..., ) be a generating
set for G, then every element y € G is expressible as

k
Y= Z 1T
i=1

for some ny,...,n; € Z. Define a map ¢ : Z*¥ — G, given by

k k
i=1 i=1

We leave it to the reader to check that this is a group homomorphism. Let K =
Ker(p), then K is a subgroup of Z*, hence it is free abelian of rank £ < k. Now H
be a subgroup of G, then there exists a subgroup M of Z* such that (M) = H; in
other words, M is the pre-image of H in Z* under ¢. Then M is also free abelian of
rank m < k. Furthermore, M contains K: indeed, for every @ € K, p(x) =0 € H,
hence € M. Therefore £ < m, and by (A.1),

H=~M/K,

hence we only need to show that M/K is finitely generated.

By Lemma A.1 we know that M = Z™ and K = Z*. By viewing vectors in Z¢ as
m-tuples with last m — ¢ coordinates equal to 0, we can think of Z’ being contained
in Z™. Hence we only need to show that Z™/Z’ is finitely generated. If m = ¢,
then Z™ = Z' and so Z™/Z' = {0}, the trivial group. Then assume that m > /.
Considering the standard basis ey, ..., e, for Z™, we can view e1,...,e; as the
standard basis for Z¢ under its embedding into Z™. Then Z™ /Z* is isomorphic to
Z™~* via the map sending an element > ;| n;e; + Z° in Z™ /Z* to > 41 M€
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in Z™~* (this is easily checked to be a group isomorphism). Now, Z™ ¢ is finitely
generated, and hence we are done. ([

Problems

PRrROBLEM A.l. Suppose that G is a free abelian group. Prove that the following
property holds: whenever nx = 0 for some n € Z and © € G, then either n =0 or
z =0.

PROBLEM A.2. Suppose that 1 < k < m. Prove that free abelian groups Z* and Z™
are not isomorphic.



APPENDIX B

Maximum Modulus Principle and Fundamental
Theorem of Algebra

Our main goal here is to prove the Fundamental Theorem of Algebra. For this,
we will use the Maximum Modulus Principle. We first need some basic notation
from complex analysis. A region in C is a subset R of C, which is open and
connected. A function f(z) on a region R is called analytic if for any z¢ € R,

f2) = an(z—20)",
n=0

where a,, € C for every n > 0 and the series is convergent to f(z) in an an open
neighborhood of zg. It is a well-known fact that every holomorphic (i.e., complex-
differentiable) function is analytic, and vice versa.

THEOREM B.1 (Maximum Modulus Principle). Suppose f(z) is a non-constant
analytic function in a region R. Then the real-valued function |f(z)| does not
attain its mazimum in R. In other words, if for some zo € R, |f(2)| < |f(z0)| for
all points z € R, then f(z) is constant on R.

A proof of this theorem can be found in any book on complex analysis, for
instance [Rud87]. Here is an immediate consequence of Theorem B.1, which is
very useful in applications.

COROLLARY B.2. Let
D,={z€C:|z|<r}

be the closed disk of radius v and let f(z) be a continuous function on D,., which is
analytic on the open disk

D) ={zeC:|z| <r}.
Then f(z) assumes its mazimum value on D, on its boundary
0D, ={z€C:|z|=r}=D,\D;.

PROOF. Since f(z) is continuous and D, is closed and bounded, f(z) must
have a maximum on D,. On the other hand, since the open disk DY is a region in
C, by Theorem B.1 f(z) cannot have a maximum on D2. Thus it must be assumed
on the boundary. O

We will now derive an important consequence of this fundamental principle.

THEOREM B.3. [Fundamental Theorem of Algebra] Any polynomial p(z) € Clx] of
degree n has precisely n roots in C, counted with multiplicity. In other words, the
field of complex numbers C is algebraically closed.
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PROOF. Notice that it is sufficient to prove that any polynomial p(x) of degree
n > 1 has at least one root in C. Suppose not, say p(z) € C[x] of degree n > 1 has
no complex roots. This means that 1/p(z) is an analytic (holomorphic) function.
Notice that 1/p(z) tends to zero as |z| tends to infinity. This means that for any
o € C there exists an r € R such that

1lp(@)] < 1/|p(e)]

for all x € C with || > r. Now pick r large enough so that |a| < r, and let D,
be the closed disk of radius r, as in Corollary B.2 above. Then « € D, and, since
1/|p(x)] is continuous, it assumes its maximum on D,., specifically on its boundary,
by Corollary B.2. Then there exists 5 € 9D, such that

1/|p(x)| < 1/Ip(B)| ¥ = € D,.

Now pick t > r and D{ be the open disk of radius t. Then D, C D7, and for all
x € D¢\ D,,

1/lp(z)] < 1/Ip(e)] < 1/Ip(B)]-
Hence 1/|p(x)| assumes its maximum on DY at = = /. Since 1/p(z) is not a constant
function (degree of p(x) is > 0) and Dy is a region (it is open and connected), this
violates the Maximum Modulus Principle. Hence p(x) must have a zero in C. O



APPENDIX C

Brief remarks on exponential and logarithmic
functions

We recall the basic properties of the exponential and logarithmic functions. We
give only an abbreviated and restrictive definition here; for a detailed treatment
of this important topic, the reader may want to consult a good book on complex
analysis, such as [Rud87].

We first define the exponential function f, : C — C given by f,(x) = a” for each
base a € C and outline some of its basic properties. We will do this in multiples
steps. First assume that 0 # a € C and b € N, then

a®:=a-----ataken b times, a’:=1, 0°:=0, o := (a—l)b.

If b = 2 € Qs with ged(m,n) = 1 (a fraction can always be reduced) and
a is a positive real number, then a® is defined as the unique positive real root
(Problem C.1) of the polynomial

2" —a™ € Rz].

We also define a= := (a~1)", same as for integer exponents. Now, if b € R, then
there exists a rational Cauchy sequence {c,}>2 ; converging to b, and so we define
(C.1) ab := lim a°.
n—oo

Equation (C.1) above needs some clarification. Consider the sequence (a,) =
{a~}22 ;. Each element a,, of this sequence is a real number, and it can be shown
that this sequence is a Cauchy sequence of real number, meaning that for every
positive real number € there exists a positive integer N such that for all integers
m,n > N,

|am — an| < €.

A Cauchy sequence of real numbers always converges to a real number. This means
that every Cauchy sequence of real numbers is equivalent to some Cauchy sequence
of rational numbers. A field with this property is called complete, and R is the most
common example of a complete field. Hence a® in (C.1) is precisely the equivalence
class of the Cauchy sequence {a®}52 .
LEMMA C.1. Let a,b € Ry, ¢c,d € R. Then

(C.2) atd = a?, (ab)® = ab®,a’? = (a)™.

This means that for each a € Ry, a # 1, the exponential map x — a” is an injective
group homomorphism from Z, Q, or R (viewed as additive groups) to Rt = Ryq
(viewed as a multiplicative group).

PrRooOF. Problem C.2. O
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In fact, the exponential map is an isomorphism of abelian groups (R, +) and (R™, )
(we do not prove it here, but a proof can be found in many standard algebra and
analysis books). The inverse of this isomorphism is called the logarithmic function
with base a, denoted log, .

Next, let us recall a definition of e. Let a € Rs( and consider the exponential
function with base a, fo(x) = a” for z € R. Notice that the derivative of this
function at z is

z+h _ ,x h_l
fule) = Jim = = o Jim S
— —
and so .
, _.a -1
fa(o) _}ILE)I%)

This limit depends only on a, and there exists a unique value of a for which this
limit is equal to 1. This value is called e. Hence e is the unique value of the base
a for which the graph of f,(x) has slope =1 at x =0, as well as f,(z) = f.(z) for
all z. It is also possible to define e in terms of its well-known properties:

o0

1 1\"

n=0
e
1
/ —dx=1.
1 T

This number is denoted by e in honor of Leonard Euler, who was first to prove
its irrationality in 1737, although the number itself was first introduced by Jacob
Bernoulli in 1683.

Recall from calculus the following power series expansions:

as well as

> T 0 (_1)nx2n ) o (_1)nx2n+1
C.3 ¥ = - = AV =  J+s
(C.3) e ; ] COST 7;) O sinx nzz:o CEE]

These power series converge for all z € C (Problem C.3), and hence one can treat
these power series expansions as definitions of e®, cosx, and sin x for any complex
number x. In case of e*, one can also derive an easier to use Euler’s formula
(Problem C.4):

(C.4) e =cosx +isinx

for all z € C. Notice that the argument of a complex number is not uniquely
defined: it is easy to see from Euler’s formula that if 6 is equal to arg(a) then so
is 8 4+ 2mn for any n € Z. This problem leads to the general logarithmic function
not actually being a function in the usual meaning of this word, but a multivalued
function instead. We avoid this complication by restricting the argument: from
here on, we will assume that

—m<arg(a)<mVaeC

whenever it matters. Placing this restriction is usually called selecting the principal
branch.

Now let ¢ € C and b € R. We can define

. b .
ab = (|a|e“‘rg(a)) = \a|be”’mg(“) = \a|b (cos(barg(a)) + isin(barg(a))),
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by Euler’s formula. In other words, a® is the complex number with modulus |a|’
and argument barg(a). It is easy to notice that the properties (C.2) of Exercise C.1
apply to this situation as well.

We can now define the exponential for any base and exponent. We want our
general definition to be consistent with all previous cases, which in particular means
that me must have

(ab)c _ U,Cbc, ab+c — abac7 abc _ (ab)c

for all a,b,c € C. Let a,b € C. It will be convenient to write a = |a|e’®8(®),
b= b1 + b27/ Then

b b1

ab = a’ a2,

a

We already know what a® is, so it only remains to define
. . ) ib L )
albz _ |a|zb2 (ez arg(a)) 2 _ |a‘lb2622b2 arg(a) _ |a|zb267b2 arg(a).

Now, |a] € R*, and hence by our discussion above
‘CL| _ 6ln |a\’

where In := log,. Then

. b2 .
|G,‘Zb2 — (eln|a) — ezbg ln|a|-

Thus we have

b T .
b= 3B i(by arg(a)+ba In |a]))

(05) ab — |a|b1€7b2 arg(a)ei(bl arg(a)+bz21nal)) _ |CL|

for any a = |a|e’®#(® and b = by + iby in C.

Now for every a € C, we have the exponential function with base a, f, : C — C
given by f,(z) = a*. It is a homomorphism of groups (C,+) and (C*,-), which
is surjective whenever a # 0,41, however is not injective: its kernel is equal to
{2nmi : n € Z} as can be seen from Euler’s formula. Restricting the argument of
x to the interval [—7, 7), as discussed above, we can define the inverse of f,, the
logarithmic function, denoted by log,: since f, is surjective, for each y € C there
exists the unique z € C with arg(z) € [—m, 7) such that a* = y; define log, (y) to be
this z. Unfortunately, our restriction of argument causes the logarithmic function
not to be continuous. This difficulty can be overcome by introduction of a Riemann
surface for the logarithm function, which is usually done in complex analysis (see,
for instance, [Rud87]).

Problems
PROBLEM C.1. Let p(x) = 2™ — a™ for n,m € N with ged(m,n) =1 and a € Rxy,
as above. Prove that p(x) has precisely one positive real root.

ProBLEM C.2. Prove Lemma C.1.

PROBLEM C.3. Prove that the power series in (C.3) converge for all x € C.
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PROBLEM C.4. Use expansions (C.3) to prove Euler’s formula, established by him
in 1740:

e =cosx +isinx
for all x € C. Furthermore, using Euler’s formula, prove that any complexr number
a+ bi can be written as

a+bi = |a+bile’ = /a2 4 b2 ¥
for some 6 € R. Here v/a? + b2 is called the modulus and 0 the argument of a + bi,

denoted arg(a+bi). It is not hard to notice that modulus and argument identify the
complex number uniquely.

PROBLEM C.5. Derive a power series expansion for the exponential function fq(x) =
a® with base a € C, a # 0,£1, which converges for all x € C.
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