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Abstract

In this thesis we explore the unit group of the ring of integers of number fields. In our
exploration we look at Dirichlet’s unit theorem which shows that the unit group is a finitely
generated abelian group. This will allow us to explore computing the generating set of the
unit group. From this basis we then extend the computation of unit groups to describe
and implement an algorithm in PARI for finding elements in the kernel of the norm mapping
K*/K*? — Q*/Q*2. Elements in this mapping are of particular interest for finding Brauer
Manin obstructions with current implementations using a set of fundamental units.



Contents
1 Introduction

2 Background in Algebraic Number Theory

2.1 Algebraic Structures . . . . . . . ...
2.2 Embeddings and Field Norms . . . . .. .. .. . . L o o
2.3  Unique Factorisation of Ideals . . . . . . .. .. .. ... .. ... .. ...
2.4 Minkowski’s Theorem . . . . . . . . . . . .
2.5 Finitely Generated Abelian Groups . . . . . . . . . .. ... ...
2.6 Dirichlet’s Unit Theorem . . . . . . . . . . .. ... .
2.7 Regulator and Zeta functions . . . . .. ... L Lo Lo
2.8 Linear Algebra . . . . . . . ..

3 Computing Fundamental Units

4 Square Norm Elements

4.1 Example . . . . ...
4.2 Algorithm . . . . . . . . . e
4.3 Limitations and Improvements . . . . . . . . .. ... ... L o ..
4.4 Optimisation . . . . . . . . L
4.5 Algorithm Testing . . . . . . . . . . .
4.6 Result for degree 20 number field . . . . . . .. ..o oL

5 Summary

References

25

28
29
31
32
33
34
34

35

37



1 Introduction

Let K = Q[z]/ (f(x)) for some monic irreducible polynomial f(z) € Z[z], Zxk be the ring of
integers of K and Zjy the unit group. From understanding the unit group we can solve nu-
merous mathematical problems including Pell’s equation. The most useful theorem on the unit
group is Dirichlet’s unit theorem (see Theorem 2.6.1) which tells us the structure of the unit
group. From this theorem we can develop a way of generating a set of fundamental units for
these applications. In this thesis we will explore the computation of the unit group, subsets of
the unit group and finding non-square elements with square norm (with useful application in
finding Brauer Manin obstructions). Finally, we will develop and implement an algorithm for
generating elements of square norm that are not squares [Ken23|.

A famous example of the use of units in number rings is Pell’s equation which was posed by
Fermat in 1657 and solution attributed to John Pell. Pell’s equation is the following

2 —dy?* =1 (1)

where we are looking for solutions x,y € Z with fixed d € Z. Now, consider the number field
K = Q(v/d) with @ the root of the minimal polynomial of K. For this equation the norm is
defined as (x 4+ yvd)(x — yvd) = x> — dy? = 1 which means that we are looking for solutions
of norm 1. These solutions will be equivalent to elements = + y8 € Zx where 0 is a root of
the polynomial x? — d. Thus, if we can find units in Z then we can find the solution to our
Pell’s Equation as units are elements with norm +1 (See Lemma 2.2.4). Now it remains to be
seen that there are non-trivial units in Zg, we will check this using Dirichlet’s Unit Theorem.
If d is not a square then f(z) is irreducible otherwise we can define the minimal polynomial
2?2 —d = (z + Vd)(x — V/d). Since f(z) is irreducible for d not square from Dirichlet’s Unit
theorem (see Theorem 2.6.1) we know that only one unit that is not a root of unity is required
to generate the unit group. Thus, we know that we have a solution assuming d is not a square.
Furthermore, if d = d? is a square then Pell’s equation becomes x? = 1+ (d'y)? which is
impossible to solve as there are no integer squares that are adjacent to each other (except the
trivial x = 1 and y = 0 = d'y = 0 which is always a solution to Pell’s Equation). Consider
the example where d = 6 which will have a unit since d is not a square. Thus, the unit of Zg
where K = Q(+/d) is 20 + 5 (the roots of unity are 4+1). This means that we have the solution
x = b5,y = 2 to Pell’s equation when d = 6. This solution is fairly easy to compute, however,
it quickly becomes impractical. Consider the case when d = 1153. The fundamental unit for
this is 301789025687507360 — 102475040023072656 which is of order 10'" making it impractical
to brute force. Thus, we must use more advanced techniques to compute the fundamental units.

A naive way to compute the set of fundamental units is to run through each number in a brute
force manner. From our example above we see that this is impractical and would take trillions
of computations. Instead, we construct the set of fundamental units using methods that are
based on constructive proofs of Dirichlet’s Unit theorem. These methods start by generating
elements until we obtain elements «, 8, such that their norm is equivalent. Then we can take
a/ 8 which will have a norm of 1 as the norm mapping is a homomorphism. Practically, we take
the valuations of our elements over a prime ideal factorbase p1, ..., pg, that is if (o) = pi* ... p;*
we store the vector (v1,...,vr). We do this as it converts the problem to finding the kernel of
a matrix formed by the valuation vectors. If an element does not factor over our chosen factor
base then we ignore it for computational efficiency. This leads to a balancing act of including
sufficient primes to generate the unit group but having the smallest possible factor base to
increase computational efficiency. A sufficient bound on the primes is Minkowski’s constant
(see Subsection 2.4) as all the primes below it are a sufficient representation of the rest of the
number ring for our application. However, practically we can use a smaller bound (for exam-



ple 12log | D|) which is sufficient if one assumes the General Riemann Hypothesis (GRH) is true.

Units are used in numerous algorithms, however, an algorithm of interest is finding Brauer
Manin obstructions on hyperelliptic curves using the algorithm seen in [CS23]. This algorithm
uses the subgroup of (K* /K *?)g that lies in the kernel of the norm map K> /K*? — Q*/Q*2.
(K*/K*?)g is a subgroup of K* /K *? where every element is not ramified over the prime ideals
above the primes not in S where S is a set of prime numbers. For this thesis we will assume
that S is all the prime numbers. Elements in Zy are always going to map to +1 with the
norm map, so it is natural to use this set for finding elements. Thus, we can simply try to find
units in Zy which we can use the fundamental unit algorithm to do. However, experiments
show that one does not need a full set of fundamental units to still have success when finding
obstructions [Ken22]. Indeed, one only needs about a quarter of the full set of fundamental
units to find obstructions with sufficient reliability. Thus, it is reasonable to assume that an
algorithm could be developed to terminate when a small number of units are found. For this
project in particular, we will modify the algorithm to find elements of square norm in Zy that
are not squares as they will be in the kernel of the norm mapping. This could be done by storing
the factorisations of the norm of the elements generated using current methods and then finding
the kernel of this matrix modulo 2.

In section 2 we explore the relevant background in algebraic number theory. In section 3 we will
go through the history and a detailed implementation of a unit group algorithm. In section 4
we will explain the generation of square norm elements and then provide a tangible example
and algorithm for generating these elements. Finally, in section 5 we will briefly summarise the
results of this thesis.

2 Background in Algebraic Number Theory

2.1 Algebraic Structures

To start we will define the basic algebraic structures that are used.

Definition 2.1.1 (Group). A group G is a set X and a binary operator x on X such that:
e There is an identity element 1 such that ax1=1x%a =a for all a € X.
e X is closed under .
e For all a € X there exists b € X such that ab=1

One can extend the definition of a group to obtain a ring.

Definition 2.1.2 (Ring). A ring is a set R with two binary operators X, + such that the
following axioms are satisfied

e (R,+) for a commutative group.
e The operator x is associative.

e Va,b,c € R the distributive laws a x (b+¢) =axb+axcand (a+b) Xxc=axc+bxc
hold.

An example of a ring is the integers Z with the operators of addition and multiplication. Z
forms a commutative group with addition as Va € Z there is an additive inverse (a + (—a) = 0)
with identity element 0 and Z is closed (you can never add two integers and not get an integer).
7 is associative under multiplication as a x b = b x a for all a,b € Z. Finally one can see that the



distributive laws hold. Thus, Z forms a ring with the operators of addition and multiplication.
There are also a number of unique properties that elements in rings can have with the following
an important definition.

Definition 2.1.3 (Unit). A unit a is an element in a ring R with a corresponding element o~
such that a x a~! = 1, that is, a has a multiplicative inverse.

For example, Z only has the units +1 which has itself as its inverse, but in the ring of rational
numbers Q, all non-zero elements are units (consider 2 and 1/2). This definition of a unit
naturally leads to a field I’ which is a commutative ring where every nonzero element is a unit.
From the definition of a field it is easy to see that Q is a field. We can also define subrings as a
subset of a ring R that is a ring under the induced properties of R. Note that a subfield is the
same as a subring except it is a subset of a field and is itself a field.

Another type of subset is the subset of ideal

Definition 2.1.4 (Ideal). An ideal I is a subring of a ring R with the property that with a € I
and b € R that ab € I.

For example, the subring 27 is an ideal of Z as with a,b’ € Z and b € 27 with 20’ = b and then
ab = 2ab’ € 27. There are many properties that an ideal can have, the following are the more
useful properties for this thesis. A prime ideal p of a ring R is an ideal with the property that
if a,b € R and ab € p then either a € p or b € p. Consider the ideal 3Z, as 3 is a prime it has no
non-trivial divisors in Z, thus if @ x b € 3Z it implies either a or b is a multiple of 3 and thus,
is in 3Z. Thus, 3Z is a prime ideal of Z. However, consider the ideal 6Z, now 6 = 2 x 3 and
2,3 ¢ 67 thus, 67Z is not a prime ideal. A principal ideal is an ideal that is generated by a single
element in the ring. For example the ideal (2) in Zy where K = Q[z]/ (2% — 5) is a principal
ideal but the ideal (2,2 — 1) in Zk is not a principal ideal. A proper ideal is an ideal I that
is neither the complete ring R or the trivial ideal {0}. For example the ideal 6Z is a proper
ideal. A maximal ideal is an ideal that is not a subset of any proper ideal. For example 3Z is a
maximal ideal but 6Z C 3Z is not a maximal ideal. Now we come to the following observation

Lemma 2.1.1. A ideal is prime if it is mazximal.

Proof: Let R be a ring and a be an ideal of R. The ideals of R/a is correspond to ideals of
R lying between a and R. Suppose a is maximal. Then there are no proper ideals in R/a.
This implies that R/a is a field as otherwise there would exist a non-unit 1 # a € R/a and the
ideal a would not be the R/a or {0}. Since a is maximal we know that a # R. Now let us
assume that there exists bc Cabut b € a, b € a. Then we can find elements b € b, ¢ € ¢ with
b,c ¢ a but with bc € a. However, this implies that a + b and a + ¢ are non-zero in R/a but
(a+b)(a+c) =a+bc = aimplying (a+b) and (a + ¢) are zero-divisors, however, R/a is a field
so there are no zero divisors a contradiction. Thus, a is prime. 0
A natural question from this lemma would be whether every prime ideal is maximal. However,
this is not the case generally and in Lemma 2.2.9we will show that there is a case where this is
true. Finally, we will define a property that some rings have relating to ideals, a number ring
is noetherian when all the ideals of the number ring are finitely generated. This property will
allow us to write out our ideals as a set of elements.

Another area in algebraic number theory that we will consider is that of polynomials. For our
case in particular we are mostly interested in the following type of polynomial

Definition 2.1.5 (Irreducible Polynomial). An irreducible polynomial f(x) is a polynomial
with coefficients in a ring R such that f(x) # g(x)h(z) for all g(z), h(z) € R[x].



For example, the polynomial f(z) = 2+ 1 is irreducible over R (the roots of the polynomial are
+i ¢ R). We define the degree of a polynomial as highest exponent, that is n in the polynomial
nx™ + ap_12" 1 + -+ + a1z + ap. A polynomial is called a monic polynomial when a, = 1.
Naturally one can ask if there is a field where all the roots of a polynomial are contained, that
is, a field where there are no irreducible polynomials. This leads to the following theorem.

Theorem 2.1.2 (Number of complex roots of a polynomial). Every polynomial f(x) € C of
degree n has exactly n roots in C counting multiplicity.

Proof: Suppose n = 1, then f(x) = x — 6 and f(f) = 0 proving the statement. Thus, suppose
that the theorem holds for n — 1. Now from the Fundamental Theorem of Algebra we know
that f(x) € C[z] has a root in C. Let § € C be this root of f(z), then we can write f(z) =
g(xz)(x — ¢') € C and g(z) is of degree n — 1 which by our assumption has n — 1 roots. Thus,
f(z) has n roots in C. O
We have considered polynomials as you can create extension fields from monic irreducible poly-
nomials. We define an extension field E of a field F as a field which has F' as a subfield. We
can build these by taking quotients of F'[z], that is, we can let F = F[z]|/ (f(x)). For example,
we can build the complex numbers as an extension of R with C = R(z]/ (f(z)) = R(i) which
is a ring containing the roots of f(z) (that is, i) and R. This can be seen in the following
theorem.

Theorem 2.1.3 (Extension of F'). Let F be a field and p(x) € F|x] be irreducible over F. If 6
is a zero of p(x) in some extension E of F then F(0) = Flx]/ (p(x)).

Proof based on Theorem 20.1 in [Gal21]: Define ¢ : Flz|] — E taking f(z) — f(#). This is
a ring homomorphism and the image is contained in F'(f). It can be seen that (p(x)) C ker ¢
as p(#) = 0. We also have that ker¢ # Flx] as ¢(1) = 1 # 0. This implies that (p(z)) =
ker ¢ because p(z) is irreducible so (p(z)) is maximal and ker ¢ # F[z]. This shows us that
F[z]/ (p(x)) = F[x]/ker ¢. Which is isomorphic to img(¢) by the first isomorphism theorem
(See Theorem 15.3 in [Gal21]). Thus, we see that img(¢) C F(0) C E. Now Flz]/ (p(x)) is a
field as (p(z)) is maximal which implies that the image of ¢ is a field containing ¢(z) = 6 and
that F'(0) is the smallest field containing F' and € implying img(¢) = F(6). This proves that
F(0) = Fla]/ {p(x)). 0
Now we need to have a way to select elements in a field that is easy to understand and read.
To do this we need to have a basis.

Definition 2.1.6 (basis). Let F' be a ring. An F-basis of a group or ring F is a set of elements

{a1,a9,...,a,} from E such that the following two conditions are true
e For all § € F there are values a1,a9,...,a, € F such that 8 = a1 + asae + ... anap
e There are no values ay,ao,...,a, € F with at least one non-zero such that ajaq + asas +
...apoy, =0

The first condition is that the basis spans E and the second condition is that all the elements
are linearly independent. This allows us to consider E as a vector space over F' and also describe
each element in E uniquely as a combination of elements. However, this concept is useless if
there does not exist an F'-basis over E

Theorem 2.1.4 (Basis of F(0) over F). Let F' be a field and p(x) € F|x] be irreducible over
F and F(0) = Flz]/ (p(x)). If deg(p(x)) = n, then every member of F(0) can be expressed
uniquely in the form

Cn_19n71 + Cn_29n72 + -+ b+ (2)

where cg,c1,...,cn_1 € F. In other words {1,0,...,0" '} is a F-basis for F(f).



Proof based on Theorem 19.3 in [Gal21]: Suppose 1,0,...,0" 1 is a F-basis for F(0). Let
¢ : Flz] — FE taking f(z) — f(0). Let 8 € F(«a) = img(¢) by Theorem 2.1.3. So 5 = ¢(g(x))
for some g(x) € Flx]. Now writing g(z) = p(x)q(x) + r(z) with deg(r(z)) < n we obtain

?(g) = ¢(p)9(q) + ¢(r) =r(0) (3)
Now from this we see that r(z) = co + c12 + -+ + ¢p_12" ! thus,
B=r(0)=cr 10" +en o 2+ + 10+ (4)

Implying that this vector space spans. Suppose c¢,_10" "' + ¢, 20" "2 + .- 4 ¢10 + ¢y = 0 with
c; € F. Then h(z) = co +c1z+ -+ + cp12" ! € ker¢p = (p()). So h(z) = p(x)g(z) with
deg(h(z)) < n and deg(p(x)g(x)) > n. Thus, h(x) = g(x) = 0, which implies all the coefficients
are zero implying that they are linearly independent. Thus, our basis 1,6,...,0" ! spans and
is linearly dependent. O

We will now generalise our notation and define some critical definitions. An algebraic integer is
an element in K such that it is the solution of some monic polynomial with integer coefficients,
that is, it is a root of some polynomial in Z[z|. For this project we define K to be the extension
field Q(#) where 6 is an algebraic integer. Similarly to how we can consider integers in Q we
can consider the following.

Definition 2.1.7 (Ring of Integers). The ring of integers Z g of an extension field K is the ring
of all algebraic integers contained in K.

For example we can consider the ring of integers Zy where K = <;Q;kf}5>. K has the roots 6

which map to +v/5 in C however, this does not mean that Z is equivalent to Z[v/5]. Consider

1+5
2

is a root of the polynomial (z — 1_2‘/5)@ - 1+2\/5) = 2% — 2 — 1 € Z[z], thus, it is an algebraic
integer and is in Zg. An integral basis for Zg is a Z-basis for Zy. We will define wy,...,w, to
be an integral basis for K and we will now show that every ring of integer has a basis. To do
this we need to consider the following definition

the element o = , now this element is clearly in K, but it is also in Zg. This is because «

Definition 2.1.8. The discriminant of a set of element aq, ..., «a, is defined as follows.
gi(ar) oi(az) ... oi(en)]\?
S, an) = det | |20 202 oalan) (5)
an(‘al) on(a2) on (o)

This definition will also be useful later for the norm of an ideal.
Lemma 2.1.5. The ring of integers Zx has a Z-basis {wi, ... ,wn}.

Proof from Theorem 1.9 in Chapter 5 of [Ros94]: From Theorem 2.1.4 we know there is at
least one set of elements {wi,...,w,} that forms a Q-basis for K. We can assume that this
Q-basis is a set of algebraic integers as we can multiply by the greatest common denominator.
Since {1,6,...,0" 1} is a Q-basis for K we can have w; = cio+ci10+---+ ci,n,19”*1 and the
conjugates as j(w;) = ¢;0 + ¢;105(0) + -+ - + ¢in—10;(0"71). This means that A(wy,...,w,) =
(det(M))2A(1,0,...,0" 1) with M being a matrix with coefficients ¢; ;. Now since {w, ..., wy}
form a Q-basis in of K that det(M) € Q and will be non-zero. As well as this we know that
A(1,0,...,6" 1) will be non-zero and rational as all the conjugates are distinct and form a
Q-basis. Thus, we have that there is a minimum set of algebraic integers that is a Q-basis
over K as the discriminant is always positive (solution is rational and non-zero). Now suppose



Wi,...,Wwn is a Q-basis over K with minimum discriminant but is not a Z-basis of Zg. Then
there is an element 8 € Zg such that § = ajwy + agws + - - - + a,w with at least one a; ¢ Z. We
will choose a; to be one of those elements. Now a1 = a} + ¢ with 0 < ¢ < 1. From this let use
choose a new Q-basis {a1,...,a,} with a1 = f — djw; and a; = w; for integer 2 < i < n. From
this we can form the transformation matrix as

t ay ... apn
0o 1 ... 0

T=1{. . . : (6)
0 0 0 1

Taking the discriminant of this new QQ-basis we obtain
Ao, ag, ... o) = det(T)2Awy, . . ., wn) = 2 A(wr, . .., wn) (7)

as the determinant mapping is a homomorphism. The determinant of this QQ-basis is smaller
than that of {w1,...,w,} which we choose to be minimal. Thus, we have a contradiction and
so there is no S that is not an integral linear combination of {wy,...,w,} meaning there is a
Z-basis for Z. ]
Another feature of the ring of integers is the following

Lemma 2.1.6. Zg is noetherian.

The proof of this can be seen in Theorem 5.3b in [ST79]. The unit group Zj; is a group that
contains all the units in Zyx with multiplication the binary operator. A root of unity is an unit
a such that for some non-zero n € Z, a™ = 1. For example consider —1 € Z*, (—1)? = 1. The
set of roots of unity form a subset of the unit group. Another group that is closely related to
the unit group is the class group. Let Jx be the group of fractional ideals of K, that is ideals
I C K that satisfy the property ¢l C Zi where ¢ € Zg is non-zero. Let P be the group of
principal fractional ideals of Z g, which is a subgroup of Jk.

Definition 2.1.9 (Class group). The class-group is the quotient group Jx /Pk [ST79].

The order of the class group is called the class-number which we will show is finite in Theo-
rem 2.5.1. We say that two ideals a, b are equivalent, that is a ~ b if they map to the same
element in Jx /Pgr. We notate [a] as the set of ideals equivalent to a and the class group can
be seen as the set of these equivalency classes.

2.2 Embeddings and Field Norms

The two fundamental tools used to find units are embeddings and norms. We first define an
embedding.

Definition 2.2.1 (Embeddings). An embedding is an injective homomorphism from a field E
to another field F'.

From this one can observe the following.
Lemma 2.2.1. Let 0 be an embedding from K — C, o(a) = a if a € Z.

Proof: We can write a =Y i ;1 as a € Z. Thus, o(a) =c(> ;1) => 7 ,01)=>7"1=a
as (1) =1 and o(ab) = o(a)o(b) from homomorphism properties. O
For a number field K we define an embedding as real if 0(K) C R and complex if o(K) C C
but o(K) € R. We define the number or real embeddings as r; and the number of pairs of
complex embeddings as 7. Note that they vary from number field to number field. A non-
obvious property of embeddings in rational extensions to complex numbers is that there is a
finite number of them. Consider the following lemma.



Lemma 2.2.2. Let 0 be an embedding from K — C where K = Q[z]|/ (f(z)) and f(x) is a
polynomial of degree n with f(0) = 0. Then there are exactly r1 + 2ry = n linearly independent
embeddings.

Proof: Consider the embedding o : 6 — 6" where §' € C is a root of f(x) (There are n
of these from Theorem 2.1.2). By Theorem 2.1.4 we know that every element in K can be
uniquely represented as a combination of roots . Thus, if we are only mapping the roots to
distinct elements in C thus, if we are mapping to distinct roots in C we know that they will be
uniquely represented and the map will be injective, thus, an embedding. Suppose that there
is another embedding from K — C, that takes o(f) — « where f(a) # 0. Now consider

=0(0) = o(f(0)) = f(c(f)) = f(a) # 0 which gives a contradiction, thus, § must map to
a root of f(x). Thus, since every embedding must be of the form o : § — 6" and all these are
embeddings then there are an equal number of embeddings to number of roots. O

Now to define the norm. Let E be an extension of F' of finite degree which forms a vector space
over F'. From Theorem 2.1.4 we know there exists an F-basis for . From this we can build a
linear map for an element o € E that takes M, : b — ba. This linear map M, can be seen as
a matrix over the F-basis for E. From this linear map we can define the following

Definition 2.2.2 (Norm of an Element). The norm of an element « is the determinant of the
matrix M,.

From this we can obtain the following lemmas
Lemma 2.2.3. Let a, € E. Then Ngjp(af) = Ngjp(a)Ngp(8).

Proof: The statement in the lemma can be restated as follows
det(Myp) = det(M,) det(Mpg) (8)

Since the determinant is a homomorphism from GL,(F) — F* all we need to show is that
M,g = M,Mpg. This can be seen as M,z : b — ba3 and M Mgb = M,bS = bfa = ba. Thus,
My Mg : b ba3 which is equivalent to M,z thus, the theorem holds. ]

Lemma 2.2.4. Bvery unit in Zx has the norm Ngg(a) = +1.

Proof: Suppose a € Zg is a unit and o~ ! is the corresponding inverse. From Lemma 2.2.3 we
know that N |g(aa™) = Ngg(@)Ngg(a™). However, N g(aa™) = Ng(£1) = 1 and
s0 Ngjo(a) = 1/Ngjg(a™"). However, since a, ! € Zg we see that the determinant of either
of the elements must be in Z (as the M, depends on the coefficients of the minimal polynomial
which is integral). This results in Ny |g(@), Ngg(a™") € Z* which means that they have the
possible values of +1. O

Lemma 2.2.5. The following statement is true
n
Nig(a) = [ oi(e) (9)
i=1

where g; is an embedding of K — C.

Proof based on proof in Lemma 4.2 in [Ste20]: Suppose we have that K = Q(«) then the
embeddings map « to the roots of the irreducible polynomial of «. Thus, h(z) = f(z) =
[[;(z — 0i(a)) is the minimal irreducible polynomial of . Consider the general case, then
Q(«) has [K : Q(«)] extensions, and so we obtain that [[I,(z — 04(a)) = f(z) = h(x)KQ)]
where h(z) is the minimal polynomial of a.. Thus, we have that the minimal polynomial of «
at least divides f(x). Let g(x) = det(A — M,) be the characteristic polynomial of M,. M,



is a root of g(z) from Cayley-Hamilton Theorem. Similarly M, is a root of f(x) as M, is the
matrix representation of a. Thus, since g(x) and f(z) both have M, as roots the minimal
polynomial must divide g(z) and f(x). In fact these two polynomials are the same as M, is
also a solution to the minimal polynomial of the conjugates of a (each column represents a
conjugate of o). From this we obtain that the constant element in f(z) is (—=1)* []}_, o(«) and
the constant element of g(z) = (—1)¥ det(M,) which means that if g(z) = f(z) we have that
Nijo(a) = det(M,) = [[;, 0i() proving our theorem. O
The elements o;(«) are called conjugates of a. So far we have only considered the norm of an
element, however, we can extend this idea to norms of ideals. We define 6(I) as the discriminant
of basis elements of the ideal I and §(K) as the discriminant of the Q-basis elements of the field
K. And now to consider the norm of an ideal

5(1)

Definition 2.2.3 (Norm of an ideal). The norm of an ideal I is Nk g(I) = 3B

A useful property of the norm of an ideal is
Theorem 2.2.6. Let I be a non-zero ideal of Zx . Then Nio(I) = card(Zg /I).

That is, the number of elements in the quotient ring of Zx and [ is equal to the norm. The
proof of this can be found in Theorem 9.1.3 from [AWO03].

So far we have two definitions of the norm, the norm of elements and the norm of ideals. These
two definitions are not unrelated, in fact we have the following connection.

Theorem 2.2.7. Let o € Zg, then Nig({(a)) = [Ngo(a)l.

Proof from Theorem 9.2.5 in [AWO03]: The ideal («) has the basis {wiq,...,w,a}. Now from
this we can consider the discriminant of this basis

o1(awy) o1(aws) ... o1(owy)
5(an, ..., an) = det 0—2((?&01) 02(?‘“’2) UQ(O:M”) (10)
onlawr) oplaws) ... op(awy)

From this we can extra the embedding of « to get the following

0'1(06) ( ) 0 Ulgwlg JIEWZ§ Ulgwng
oo 0 o2(wy1) o9(ws o2 (Wn

o(ar,...,ap) = det (11)
0 0 o1(a)| |op(wr) on(we) on(wp)

= (o1(a)oz(a) ... on(a))?5(K)

From Lemma 2.2.5 we obtain that 6({a)) = Ng(«)?6(K). Thus, from the definition we obtain
that Nyjg((a)) = Wicg(e). .

From this connection we will now prove the following useful theorem.

Theorem 2.2.8. There are only a finite number of ideals in Zx with a given norm and every
ideal in Zx has integer norm.

Proof based on proof of Theorem 5.12 in [ST79]: Let I be an ideal of Zx From Theorem 2.2.6
we know that N q(I) = card(Zg/I). Now since every element x € Zg has order dividing
Nkio(I) we know that Ng|g(I)z € I. Thus, we know that Ngg(f) € I as x =1 € Z. From
Theorem 2.3.1 we know that every ideal has a unique factorisation into prime ideals. This im-
plies that there are a finite number of divisors of I (as there is only a finite number of elements
in the factorisation). If a € I then (a) is contained in I implying I divides (a). Since there are
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a finite number of divisors that means there are a finite number of I that contain (a) or a € I.
Thus, there is a finite number of ideals in Zx with a given norm proving the first half. The
norm of an element must be in the image of the map and in Zg from the statement earlier.
However, there is no a ¢ Q\Z with a € Zy as the generating polynomial of a would not be
integral. Thus, ever ideal in Zg has integer norm. O

Finally, we will give a case where the other direction of Lemma 2.1.1 holds.
Lemma 2.2.9. Fvery prime ideal in Zi is mazximal.

Proof as seen in Theorem 5.3d in [ST79]: Let p be a prime ideal of Zx with 0 # « € p. Then
NK|Q(a) = aay...q, € p from Lemma 2.2.5 where «; is the conjugate o;(a)) and since p is a
prime ideal. Thus, (Ngg(a)) € p so we see that Zx /p is a quotient ring of Zx / (N g(a)) Zxk-
This group will be of size [Zg : p] which is finite so every element will have finite order. Zy /p is
finite, and it will have no zero divisors. This is because otherwise there are elements a,b € Zg /p
such that ab € p which would mean that p is not a prime ideal. Since p C Zg we have that
there are at least two elements with one nonzero. Forall 0 # = € Zg /p with y € Zg /p we know
that zy are distinct as otherwise xy = xz and we have that z(y — z) = 0 with y # z implying
we have zero divisors. Thus, the set of elements xy must be Zg /p so there must be at least
one y such that xy = 1. So every element in Zg /p is a unit, so it is a field. Now suppose
p C I C Zk with I an ideal then {1} C Zx /I C Zk/p with Zk /I an ideal. However, Zg /p is
a field, so it has no proper ideals, a contradiction. Thus, there is no I such that p C I C Zg so
p is maximal. O

2.3 Unique Factorisation of Ideals

In the integers Z there is the well known concept of factorisation where any two numbers can
be factored uniquely into prime numbers. For example, it is known that 6 factors uniquely into
2 x 3. It is therefore natural to ask if we can factor elements in the ring of integers Zg. In the
general case this is not true as if we consider the number ring K = Q[z]/ (x? — 5) where there
is the unit (1 ++/5)/2 any element o € Zg can factor into o x (1 ++/5)/2 x (1 —+/5)/2. Thus,
we see that if we have non-trivial units that there is no longer unique factorisation. However,
the following can be said about factorisation in Zg.

Theorem 2.3.1 (Unique Factorisation of ideals in Zg ). Every proper ideal of Z can be written
as a product of prime ideals, uniquely up to the order of the factors.

It gets around the problem of divisibility by a unit as the ideal of a unit is the ring of integers
and so is not included in the ideal factorisation. So we can factor elements by factoring the
ideal generated by the element.

To prove Theorem 2.3.1 we need a few preliminaries. Since we are considering factorisation it
is useful to consider what an inverse of an ideal actually is.

Definition 2.3.1. The inverse of an ideal I is defined to be I™! = {z € K|zI C Zg}.

From this definition we can observe the following.

Lemma 2.3.2. If I C p C Zg with I an ideal and p a prime ideal then Zx Cp~t C 17!

Proof: Suppose p~! & I=1 then there exists x € p~! such that 2p C Zg with I ¢ Zg. This
implies there exists a € I with za ¢ Zg but since a € p we see that xp ¢ Zk a contradiction.
Thus, p~' C I% O
Another property of inverses of ideals is

Lemma 2.3.3. For every ideal I #0, [17!' = Z.
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This property is similar to the property that an element times its inverse is the same as the
multiplicative identity element (the ideal generated by the identity element is (1) = Zg ). Before
we prove this lemma we need the following observation about ideals

Lemma 2.3.4. If I is a non-zero ideal and IS C I for any subset S C K then S C Zg.

Proof from Theorem 5.5 part (iv) in [ST79]: Let a € S. From Lemma 2.1.6 we know that Zg is
noetherian so we can write I = (ay, ..., a;), where we can write not all a; as zero. This implies
that Ia C I gives

aror = brray + - + biman (12)
: (13)
ama = byp1a1 + - -+ + by, (14)

with b;; € Zg. From this we can construct the set of equations

(bll — Oz)l‘l + -+ blmxm =0 (15)

: (16)

biz1 + -+ (bm — @)y =0 (17)

which can give use a non-zero solution x; = ai,...,Tm = an. Taking the determinant the
matrix formed by this system of equations we obtain a polynomial equation with coefficients in
Zy for every . Thus, we obtain that o € Zg implying S C Zg. O

Now to prove Lemma 2.3.3 based on Theorem 5.5 part (vi) in [ST79]: Consider the case when
I is a maximal ideal. Then from definition I C IT~! C Z. However, since [ is maximal we
have that I7~! must either be Zg or I. II~' # I as the contrary implies from Lemma 2.3.4
that I=! C Zg which is a contradiction to Lemma 2.3.2. Thus, I1-! = Zg if I is a maximal
ideal. Now consider the case that I is not a maximal ideal and select I such that II~! # Zg
where there is no b C Zg where I C b and bb~! # Zk. That is, consider I maximal to the
condition that it is not contained in any ideal which when multiplied by together is the ring
of integers. Then I C p where p is maximal. From Lemma 2.3.2 we have that Zg C p~! C I.
Thus, I C Ip~! C II7' C Zg as pp~! must be contained within Zx by definition and I C p.
From this we can observe that Ip~' C Zg implies that it is an ideal. Suppose that I = Ip~!
then by Lemma 2.3.4 we have that p~! C Zx a contradiction to Lemma 2.3.2 so I C Ip~'.
Now by our maximality condition on I we have that Ip~'(Ip~!)~! = Zg. This means that
p~!(Ip~1) € I7'. Then, Zyx = Ip~'(Ip~1)~! C II7! C Zk a contradiction and proving the
statement. O
Note that we say that an ideal I divides the ideal A when there exists B such that A = IB.
This condition is equivalent to A C I.

We will now finally prove Theorem 2.3.1 which is based on the proof to Theorem 5.5 in [ST79]:
Suppose that an ideal a is not a product of prime ideals and choose a such that it is maximal
subject to this condition. That is there is no b with a C b C Zj that is also not a product
of prime ideals. Then it is not prime but it will be contained in some maximal prime ideal
p. Now ap~! ¢ a as from Lemma 2.3.4 we see that this implies p~! C Zg a contradiction to
Lemma 2.3.2. We also have that ap~! C Zx as pp~! must be contained within Zg by defi-
nition and @ C p. Thus, a C ap~! C Zg. Now by maximality condition of a we obtain that
ap~! = po...p,. Hence, we obtain that a = pps ... p, proving every ideal of Zg can be written
as a product of prime ideals. Thus, now it suffices to show that this factorisation is unique.
From the definition p dividing ab where a and b are ideals implies that p divides a or b. Let
Py, Pryq1,--., s be prime ideals. Suppose there is the factorisation a =p;...p, =q1...qs.
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The norm of a prime ideal will be a prime number as from Theorem 2.2.6 we know that
Nnjo(p) = card(Zg /p) and if the cardinality is not prime then there is a subgroup in Z /p im-
plying that there is another proper ideal containing p which is a contradiction to Lemma 2.2.9.
The norm of py...p, and q; ... qs will be the same and thus, we can expect to have the same
prime numbers in the norm however, this requires that » = s as otherwise there is an unac-
counted for prime number in the norm. Let k& be the number of factors. Now let £ = 1 then
a = p1 = q1 and clearly there is only one factorisation. Now suppose that factorisation is unique
for k£ — 1 factors. Then a = py...px = q1...qx. For each p; they must divide at least one of q;
so multiplying each side by p,;l we can cancel each out (as by Lemma 2.3.3). This relabeling
this obtains py...px—1 = q1...px—1 which is unique from the assumption. Thus, by induction,
ideal factorisation into prime ideals is unique. O

Now that we have proven there is unique factorisation of ideals we can consider practical uses of
this and data structures which will be useful later on. We define a set of primes pi,...,pr C Zg
a factor base and say that « factors over the factor base if all prime ideal factors of (a) are
contained in the factor base. For practicality, we define the following valuation:

Definition 2.3.2 (Valuations). A wvaluation of (o) = pi'...p;" in some field F' where p is a
prime ideal in F' is defined as valy, () = e; for some i € {1,...,k}.

This leads to a very useful way to store ideals as valuations over a factorbase as a vector. For
example the element 14 € Z factors over the factor base 2,3,5,7 as 14 = 2! x 3% x 59 x 7! so
we would store this as (1,0,0,1) over this factor base. As we see in the example above this
definition of valuations also works for prime numbers in Z.

Lemma 2.3.5. If o« € K has a valuation of at least zero over all primes ideals then it lies in
Zy . Moreover, if the valuation is exactly zero over all prime ideals then it is a unit.

Proof: If a has a non-negative valuation over all the prime ideals then for the factorisation
(o) = pi' ... p¥ the set ey, ..., ey is all positive. If e; is non-negative then p* C Zg as p; € Zg,
thus, every prime ideal that («) factors into is in Zg so (a) C Zg. Since a € («) this implies
that a € Zg. If o has a valuation of zero over all prime ideals then then « is contained in
no prime ideals. By Lemma 2.1.1 all maximal ideals are prime. This implies that («) is not
contained in any ideal and is not maximal. This implies (a) = Zg which requires « to be a
unit. 0
Now there are an infinite number of prime ideals for the ring Zy (consider the prime ideals
above the ideals (p) where p is a prime number). Thus, it is practical to only consider elements
who have valuations over specific prime ideals (consider bounding the norm of prime ideals).
This definition of valuation provides the following useful definition.

Definition 2.3.3 (Unramified). A prime p is ramified over a factor base if val,({p)) > 1 for
some prime ideal p, otherwise it is considered unramified.

For example, consider the prime 2 in Z and let L = Q/ (x® 4+ 22 + 52 — 16) which factors into
275 = paps = (2,0) - (2,6 + 6 + 1) so 2 would be unramified. Now consider 3 which factors
into 3Zx = p3qs = (2,0 +1)%- (3,0 — 1) so it would be ramified.

2.4 Minkowski’s Theorem

Minkowski’s Theorem was proved by Hermann Minkowski in 1889 and is used in many algebraic
number theory results. The nature of the proof is geometric in nature. In particular, it can
be used in the proof of Dirichlet’s Unit Theorem and for proving that the class group is finite.
From these it also provides the Minkowski constant which provides a useful bound. Before we
get into the theorem we need to cover a number of geometric concepts. A lattice L is a subgroup
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of F™ generated by the Z-basis eq,...,e,. A lattice has a fundamental-domain defined to be
all the elements ) a;e; with a; € R with 0 < a; < 1. A subset X of F™ is convex if any point
on a straight line from x to y with z,y € X also are in X. Our subset X is symmetric if x € X
implies —z € X. We define the volume of X C R™ as [ v dry...dz,. The circle group S is the
set {z € C| |z| = 1} which is a group under multiplication. A n dimensional torus is a product
of n circle groups. For example a 2 dimensional torus can be considered a mapping from points
in a square to points on the surface of a donut. The following lemma connects some of these
concepts.

Lemma 2.4.1. If L is an n-dimensional lattice in the vector space R™ then R™/L is isomorphic
to the n-dimensional torus T".

Proof based on Theorem 6.4 in [ST79]: Let {ei,...,en} be a generating set for L. As the
set of vectors {e1,...,e,} are linearly independent, they form a R-basis for R™. Consider the
mapping ¢ : R"/L — T", ajey + --- + apey +— (€274, ... 2™ where 0 < ay,...,a, < 1.
Now since we are going from an additive group to a multiplicative group we need to show that
d(a+b) = ¢p(a)p(b) for all a,b € R™.

¢(a+b) = ¢((ar +bi)er + -+ (an + bn)en)

— (eZmilartb) | 2mi(antbn))

— (ePmiarg2mib | o2mian 2mibn)

— (ePmion, | Pmiany(p2miby | 2miba

= ¢(arer + -+ + apep)p(brer + -+ - + bpey)
= ¢(a)o(b)

Thus, we see that ¢ is a homomorphism. Each element in R" /L will map uniquely to an element
in 7" as 0 < a; < 1 and ¢ maps onto T". Thus, ¢ is an isomorphism from R"/L to T™ and
thus, R"/L is isomorphic to T™. O
Using the mapping ¢ as defined in Lemma 2.4.1 we can see that we can define the volume of
a subset X of a torus as vol(X) = vol(¢~1(X)) as ¢~1(X) C T. Now consider Minkowski’s
Theorem.

Theorem 2.4.2 (Minkowski’s Theorem). Let L be an n-dimensional lattice in R™ with funda-
mental domain T, and let X be a bounded symmetric convex subset of R™. If vol(X) > 2™vol(T)
then X contains a non-zero point in L.

Proof is based on Theorem 7.1 in [ST79]: Double the size of L to obtain a lattice 2L with
fundamental domain 27". The volume of this will be 2"vol(T") as there are n elements in T'
and we are doubling the size of the generating vectors. Consider the torus T"™ = R"/2L, then
we see that vol(T") = vol(2T') = 2"vol(T). Now the mapping ¢ : R™ — T" where ¢ is the
extension of the mapping ¢ in Lemma 2.4.1 by letting a; € R. This mapping cannot preserve
the volume of X as vol(X) > 2"vol(T") = vol(T"), thus, vol(¢(X)) # vol(X). Let us assume
the mapping ¢ : X — T" is injective. Since X is bounded we see that it shares elements with
a finite number of sets 7'+ [ with [ € L. Let X; = X N (T +1). From this one can observe that
X =X, U---Uux, where {l1,...,1,} is the finite set of [ such that X; is non-empty. Now for
each element l; € {l1,...,l,} define Y}, = X;, —[; with ¥;, C 7. From our assumption these
Y, must be disjoint which implies that vol(UY;,) = > vol(Y},). Now vol(X;,) = vol(Y,) for all 4
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and (X)) = ¢(Y,). Now let us compute the following

vol(¢(X)) = vol(y(UX,))
= vol(UY},)

= Z VO](}/li)
= Z VOI(XI«L)

= vol(X)

However, we have already seen that vol(¢(X)) # vol(X) thus, 1 is not injective. Hence, there
exists 1, zo € X with x1 # z2 such that ¢ (z1) = ¥ (z2). Thus, we can write z1 = al+¢(x1) and
x9 = bl+ ¢(x2) with a, b € Z which results in 1 —x2 = (a—b)l € 2L. Since X is symmetric and
zo € X we also have that —z5 € X and from of X concavity we have that %xl + %(—xg) e X.
It follows from x1 — 2o € 2L that %(xl — x9) € L hence %(ml —x9) € LN X which gives us our
required observation. O
Now to apply Minkowski’s Theorem to number fields we need to define a lattice for our number
field. To do this let us consider Zx which has a Z-basis {w1,...,wy} from Lemma 2.1.5 and let
O : Zg — C" where @ : x — (01(x),...,0n(x)). It can be seen that ®(Zg) forms a lattice in
C™ with C-basis vectors ®(w1), ..., P(wy,). This leads to the following theorem

Lemma 2.4.3. The volume of the fundamental domain of an ideal I over the lattice ®(I) is
NrjoI)V/|A] where A is the determinant of Zr.

Proof: Let {wi,...,wy} be a Z-basis for I and let M be the n x n matrix where M;; = o;(w;).
Now the volume of the fundamental domain of this is equivalent to taking the square of the
determinant of M. However, from our definition of a norm of an ideal we see that det(M)? =
NK|@(I)\/W proving our statement. O
Another useful mapping is the complex logarithmic embedding which can be used to create a
map from multiplicative group of a number field to a lattice allowing us to use Minkowski’s
Theorem. The complex logarithmic embedding is defined as follows

Lofo) = (o)) - DY) o (18)

n

where n; =1 for 1 <i<ryandn; =2 for r1 +1 <i <ry+ re. One can observe from this is
the following

Lemma 2.4.4. The complexr embedding of 1 is zero.

Proof: For all embeddings we have that o;(1) = 1 and the norm of 1 is 1. Thus, clearly from
this Lo (1) = 0. O
An application of Theorem 2.4.2 is in showing that every ideal is equivalent to an ideal with
bounded norm where the bound is called Minkowski’s Constant.

Theorem 2.4.5 (Minkowski’s Constant). Every ideal class of the class group H of K contains
an integral ideal of norm not exceeding Minkowski’s constant given by

M= ()" LVl (19)

T
where A is the discriminant of K.

Proof as seen in Theorem 5.8 in [Ste20]: Let I C K be an ideal of K and X; be a box consisting
of elements x = (01(z),...,0,(z)) where

=1
D oi(x) <t (20)
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This box has volume vol(X;) = 2"7 ”Qt to which we are going to prove with induction. We
can simplify our system by only con51der1ng pairs of complex embeddings and instead show
that vol(X;) = 2" (5)" ';L!. The reason there is a difference is that we are not counting the
conjugates but the conjugate. Let V;. ,(t) be the volume of the box X; with r; and r; being
the number of real embeddings and number of pairs of complex embeddings respectively. Now
Vio(t) = 2t as X; = [~t,t] and Vo1 (t) = 7t?/4 as X; = {|o(z)| < t/2}. Now assume that the
Vi e = 271(5)2 L Then

t
‘/;“14-1,7"2 = / ‘/;“1,7“2(75 - ‘$|)d$

—ft

L)
2“()2/t ;
(3) 2] ;fﬂ

B 2(T1+1 I T2 tn-‘rl
2 (n+1)!

2 t
Vi a1 = / / Vi ro (t —2p)pdddp
0 p=0

e

T Lot —2p)"
- d
2) T PP

(
2T127r<72r> [H?w)"“( t+2(1+n)x)]"?
v

(4(n+2)!
T2 tn+1t
> 4(n + 2

ro+1 tn+2
_ 27'1
<2> (n+2)!

Thus, by induction vol(X;) = 2" (5)" £ And from our earlier assumption we see vol(X;) =
2" St . From Lemma 2.4.3 we know that the fundamental domain of the lattice ®(I) can
be g1ven by N, Kol )\/W . Now from Theorem 2.4.2 we have that this set X; will contain
an x such that ¢(z) € ¢(I) N X, if vol(X) > 2”/\/}(‘@([)\/@ Now let us choose ¢ such that

vol(Xy) = 2"Ngo(I)/|A], thus
2r1(g)mm — 2T1+2T2NK|Q(I)\/W

Now the norm of the element z will be [Ny g(z)| = [T}, [o(z)]. Now ([T, lo(z)|)Y/" will not
exceed 2 3% | |o(z)| from Equation 20. Thus, there is an element 2 € I N Zx with norm

Widal@)| = [Tlo@)] < (S lo@lr < e/ = 2 (1) NioVIAT @2
=1 =1

nT’L

Let z = pe'?, then

p=0

(21)
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If I is invertible then we can create the ideal z1~! which will be contained in the equivalence
class [I7'] with norm N g(zl™") = |Nko(@)Nke(I ™) < % (%)™ Nxjo(I) VIA[. Thus,
since I was an arbitrary ideal in Jx and every ideal in Jx except the zero ideal is invertible we
see that every equivalence class has an ideal as described above. O
One result for this theorem is that it gives us a bound for the prime ideals required to generate
the class group as every equivalence class contains an ideal with norm smaller than Minkowski’s
constant. This does not imply that the bound is necessarily small, in particular consider the
field K = Q[z]/ (f(x)) where f(z) = 2% — 427 + 325 — 22° + 42* — 923 + 22 + 52 + 2. This has
the discriminant of —77837869969751 which means that Mg > 21202.94071 and there are 2384
prime numbers below 21202.94. And for larger degree and larger coefficients the discriminant

can get even larger. Later we will se that we can consider a smaller bound with the GRH.

2.5 Finitely Generated Abelian Groups

Now we come across the concept of Finitely Generated Abelian groups

Definition 2.5.1 (Finitely Generated Abelian Group (FGAG)). A finitely generated abelian
group is an abelian group G that is generated by a finite number of elements where Va,b € G
ab = ba.

Z

A trivial example of this is the group Z x % which can be generated by the elements (1,0)
and (0,1). We will see later that all FGAG are of the same form as the previous example (See
Theorem 2.5.4). The unit group and class group are less clear examples of finitely generated
abelian groups (which the unit case will be seen in Dirichlet’s unit theorem in Theorem 2.6.1).
To show the class group is a FGAG consider the following.

Theorem 2.5.1. The class group is a FGAG.

Proof (for more see Theorems 5.4 and 5.8 in [Ste20] and Theorem 9.7 in [ST79]): The class
group H = J/P is abelian as K is a number field. From Theorem 2.2.8 we know that there
is only a finite number of ideals for a given norm and that the norm of these ideals must be
integers. From Theorem 2.4.5 we know that every equivalence class contains an integral ideal
below a bound. Thus, there is only a finite number of ideals below a given norm and as extension
there are only a finite number of equivalence classes. Thus, the group is finite (implying it can
be finitely generated) and abelian. O
Earlier we saw that for a number field that we can uniquely describe every element in a number
ring as a linear combination of elements. It is the same for a Finitely Generated Abelian Group.

Theorem 2.5.2. FEvery FGAG has a Z-basis.
Before proving this we need to consider the following

Lemma 2.5.3. Ifx1,...,x is a generating set for G and integers ci, . .., cp > 0 with ged(c;) =
1 then there exists a generating set yi,...,yx with y1 =Y ¢;x;.

Proof as based on Lemma 1.53 in [Mil21]: Let s = ) ¢;. Suppose s = 1 then that implies
that there is one ¢; = 1 and all others are zero which can be seen as reordering of x1,...,z,
and is sufficient for the case where s = 1. Now suppose s > 2 implying, without loss of
generality, that ¢; > ¢ > 0 and that the theorem is true when > d; < s. Consider the gen-
erating set x1,r; + =9, x3,...,r; and integers dy = ¢1 — ¢co,dy = co,...,dp = ci. From this
ged(d;) = ged(e;)) = 1 and > d; = (D) ¢i) — ¢ca < s. Thus, from the induction hypothesis we
obtain y1 = dyx1+da(x1+22)+- - +drx = (c1m1 —cox2) + o1 +coxa+ -+ epxp = Y. iy, O

Proof of Theorem 2.5.2 based on Theorem 1.54 in [Mil21]: Let k be the size of a generating set
of G. Suppose k = 1 then we have that G = (z1) so it has a basis. Now suppose that k > 1
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and that every FGAG generated by fewer than k elements has a Z-basis. Among all elements
r1,%2,...,T) in the generating set of size k, choose one element x whose order is minimal and
relabel elements so that this element is x1. If the order of x; is one then xo, ...,z generate G so
G has a Z-basis. Thus, assume the order of z; is greater than 1 and suppose that z1,xo, ...z is
not a basis. Then there are a; € Z such that > a;z; = 0 where not all a;z; = 0. We can assume
that 0 < a; < ord(x;) and let d = ged(a;) so that ¢; = a;/d. By Lemma 2.5.3 this results

in a generating set yy,...,y, with y; = Y %x;. However, note that 1 < d < a; < ord(z1) so
dyp =d) Gr; =) a;x; =0so0 ord(y;) < ord(x;) a contradiction. Thus, z1,...,r; must be a
Z-basis. ]

This leads us to the following theorem.

Theorem 2.5.4 (Structure theorem for FGAGs). Let G be a finitely generated abelian group.
There exists unique integers r > 0,myq,...,my > 0 such that my|ms|...|my and

A
GXZ" X —— X -
Xmlzx kaZ

(23)

This tells us that every FGAG is a product of cyclic groups.
Proof as based on Theorem 1.57 in [Mil21]: From Theorem 2.5.2 we know that a FGAG G has

a basis x1,..., %k, Tgt1,- - -, Thtr Where ord(x;) = m; < oo for i € {1,...,k} and ord(z;) = o
fori € {k+1,...,k+r}. Thus, there are r infinite order elements and k finite order elements
which gives
Z Z
G2 X —— X -+ X 24
le me ( )
L]

2.6 Dirichlet’s Unit Theorem

Now we come to the crucial theorem required to compute units, Dirichlet’s unit theorem devel-
oped by Peter Dirichlet (who was born in 1805 and died in 1859). This theorem shows that the
unit group is a FGAG, and it gives the structure of this into a set of units and a set of roots of
unity.

Theorem 2.6.1 (Dirichlet’s Unit Theorem). Let K be an algebraic number field of degree n.
Let r1 be the number of real conjugate fields of K and 2ry the number of complex conjugate
fields of K. Then Zy contains r1 + 1o — 1 units €1, ..., € 4ry—1 Such that each unit of Zyx can
be expressed uniquely in the form in the form nej* 6225;221 where 1 is a oot of unity in Lk
and 71, dots, Tr 4ro—1 € Z.

These units described in Dirichlet’s Unit Theorem are called fundamental units and the theorem
tells us how big this set of fundamental units is. For example, by Dirichlet’s Unit theorem there
is one fundamental unit of Z(v/2) being {1+ v2} (1 + v2)(—=1+v/2) = =1+ 2 =1). Adding
on the roots of unity we obtain that the unit group is Z; =< +1,1+ V2 >, note that the unit
(14 \@)2 = 3+ 22 would not be a fundamental unit as one cannot generate 1+ /2 using this
unit. There are a number of proofs of Theorem 2.6.1, the proof we will be closely following can
be found in Chapter 13 of [AWO03]. The basic idea is to generate a set of units where each unit
is unique using bounds on the embeddings of elements and by extension on the norm for all
but one embedding. Then we show that these units are linearly independent and using bounds
on the last embedding we show that every element is generated using these fundamental units
and roots of unity. To start let us define some notation that will be useful for the theorem. Let
a = clwy + cowa + -+ + cpwn with « € Zg, ¢1,... ¢ € Z, {w1,..., w2} is a basis for Zgx and
Bi(x) = |oi(z)| where o;(x) is an embedding in K over Q. First we will have to prove a number
of lemmas
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Lemma 2.6.2. Let 0 < p; < ¢; and p;,q; € Q where i € {1,2,...,r+ s}. There exists a € K
such that p; < Bi(a) < ¢;.

Let h; = %(pZ + ¢;) € Q such that p; < h; < ¢;. Now let h; = hj_,, where j € {r; + 72 +
1,...,7m1 + 2re} and consider a system of n equations where

h; = 1)10'1(0.)1) + -+ bnon(wn). (25)

Now let D = det(oj(wj)) # 0 as D* = d(K) and the determinant of K is non-zero. Thus, since
D is the determinant of the matrix of the system of n equations, there is a unique solution for
bi,...,b, € C". h; € Q thus, Equation 25 must have a real rational solution. In fact b; can
be considered real coefficients as for the complex embeddings we can simply let b; = —b; i,
for j € {r1 +1,...,7r1 + ro} which cancels the imaginary part, thus, b1,...,b, € R. From this

let § = miny<i<r, 47, (L577) where M = maxi<; j<ri4r, |0:(w;)| so that 0 < 6 < LEP4 for any

2Mn
i€ {l,...,r1 +ra}. Now choose ¢; € Q such that |b; — ¢;| < § and form a = cjwy + -+ - + cpwh.

Thus, we obtain
oi(a) —h; = (c1 —by)oi(wi) + -+ (cn — bp)oi(wn), i=1,2,...,n (26)
Taking absolute value of Equation 26 we find

0i(a) — hi| < M(jer —bi| + -+ |en—bal)y i=1,2,....n
<Mnéd, 1=1,2,....n
SQZ_pla ’L.:1,2,...,TL

Thus, we see that h; — (¢; — pi)/2 < oi(a) < h; + (¢; — p;)/2 which since h; = (¢; + p;)/2 we
obtain that p; < Bi(a) < g;. O

Lemma 2.6.3. Let k € Z with k > 0 and let I be an integral or fractional ideal of Zx with
NrjoI) < k". Then there is a non-zero a € I such that fi(a) < nMk Vi € {1,2,...,r1 + 12}
with M = maxi<i j<r +ry Bi(w))-

Proof: Suppose [ is integral and let S = {b € Zg|b = bjwi + -+ + bywp, by,...b, €
{0,1,2,...,k}}. The cardinality of this set will be (k4 1)" > k™ > Ng(I). This means
that from Theorem 2.2.6 there are more elements in S than in the quotient group Zg /A so we
see that there must be two elements in S that map to the same element in Zg /I or that there
exists b, 0" € S with b’ £ b” such that b’ + (=b") € I. Let a =0 — V' = aqwy + -+ - + apw, # 0
with a € Zg and a € I. Thus, we have that each a; satisfies |a;| = |b} — | < k where
i€{1,2,...,r1 +r2}. From this we obtain the following

Bi(a) = |oi(arwr + -+ - + apwy)|
= |a1|oi(wi)] + - + |an||oi(wn)|
<K(M+---+M)
< nMEk

proving the lemma for the integral case. Now consider when [ is fractional and let v be the
common denominator of I. Let y; =y and let 49, ..., v, be the conjugates of 7, that is elements
in K such that m = Ngg(7) = 1172 ... Y (from Lemma 2.2.5). These elements will be integral
asy € Zg from Theorem 2.2.8. From this we obtain N o(7)] =2 ... 7a(vI) = mA = B which
is an integral ideal. We know that there will be an element in b € B such that 3;(b) < mkMn,
and since b € B we have that there exists a € I such that am = b thus, there exists a a € I such
that B;(a) = kMn for i € {1,2,...,r; +r2}. This proves the lemma for the fractional case. [
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Lemma 2.6.4. For each j € {1,2,...,71+7ro—1} with ri +1ry > 2 there exists an unit €; € Zg
such that

,31(6j)<1, Z':1,2,...,7“1+7“2,’L'7£j
Bjlej) > 1.

Proof: Let a € L be an element unique for each €; such that if j € {1,2,...,r1} with
Lemma 2.6.2 we have

B < Bi(a) <2Y"B, i=1,2,...,11+ 72,0 #
1 1 o (27)

9pBn—1 < Bl(a) < 91-1/n gn—-1"’ t=J

and if j e {r+1,...,r + 72— 1} then
B< Bia) <2Y"B, i=1,2,...,r1+7rsi#]

1 1 o (28)
91/2 g(n—2)/2 < Bi(a) < ol/2—1/ngn-2)/2° "= J

Either of these cases has f§;j(a) > B where i = 1,2,...,71 + 12,7 # j. From Lemma 2.2.5 we
know that N|g(a) = [[;Z, oi(a) and it can be clearly seen that

r1+r2

Wiig(a)l = ] Bi(a)® (29)
=1

where d; = 1 if ¢; is real and d; = 2 if 0; is complex. From this we can compute the norm of a
using Equation 27 to be

1 r(R2s 1 1/np\r—1/91/n p)\2s
S B (BY) <WNiig(@)] < 5oy (VB (2/7) -
1
= 3 <|Nkola)l <1
when j € {1,2,...,r} and using Equation 28
1 r—1/n2(s—1) 1 1/n o\ /91/n R\2(s—1)
sipgnapl (B ) <Wxkiela)l < Sia-ingm—ya 2 B)(2/"B) (31)

1
= 5 <\NK|Q(a)\ <1

when j € {ri1+1,...,r1+r2—1}. Let € € Z}; be a unit and let I = (a). Now from Lemma 2.6.3
we know that there exists b = qa € I such that 5;(b) < nM,i =1,2,...,r + s. From this we
can obtain the following

r+s (32)

< (nM)"

Which shows that N g((q)) = Nijo(q) < 2(nM)" hence there are only finitely many principal
ideals (¢) below a bounded norm as there are only finitely many ¢ € Zgx with norm smaller
than 2(nM)™. We will call these principle ideals (q1),...,(g). Now we can write ¢ = eq; with
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€ € L (consider letting ¢; = e 'q € Zg). Now let | = max;—1,__r4ryj=1,..t Bi(qj_l). Then we
obtain that
1=8i(1) = Bi(gjaq; ") < 1Bilgy) (33)
Which results in
Bi(ea) < 1B;i(q;)Bi(ea) = 1Bi(qa) = 16;(b) < InM = B (34)

Thus, B;(ea) < B = InM. Earlier we found that §;(a) > B for i = 1,2,...,71 + ra,1 # j, thus
we have the following

_ Bi(eja) _ B : .

Bi(€; <==1, i=12,...,7r+s,i#] 35

From this we have
ri+r2
NKIQ ) H Bi( 6]
< ﬁj(ﬁj)

And it follows that 5;(e;) > 1 as the norm of ¢; is 1. O
We say that a set of {a1,...,a;} elements are independent if of*o4? ... of* = 1 implies that
p1:p2:..:pk:O.
Lemma 2.6.5. There exists a set €1,€2,...,€r1r,—1 Of independent units when ri +ry > 2.

Proof: From Lemma 2.6.4 we know that there exists at least r1 + ro — 1 unique units. Suppose
these units are not linearly independent, then Jp; € Z with ¢ € {1,...,71 +r2 — 1} and at least
one p; > 0 such that H”M2 ! ij = 1. Now we ensure that at least one of these p; is positive
as we can take p; <~ —p; which is simply the inverse of ¢;. Relabel these such p; > 0 with
ie{l,....,k},k>1and p; <0foric {k+1,...,r1 +r2}. Now let 3'(x) = B1(z)% ... Bp(x)%
and f'(2) = Brr1(z) %+ ... By sy (2)¥1+72 where d; = 1 if 0; is a real embedding and d; = 2 if
o; is complex. Now we define it this way as we obtain

r+s
B(x)8'(x) = [] los(2)*| (36)
i=1
Which since |o;(z)| = |o;(x)| where o} is a complex embedding we obtain that

B(z)8 (@) = [T lo(x)] (37)
i=1

Which by Lemma 2.2.5 tells us that 5(x)8'(z) = |[Ng|g(x)|. Thus, B(e)3'(e) = 1 and f(e) =
B'(e)~! for every unit € € Z%.. From Lemma 2.6.4 have that we can choose ¢; such that 3;(e;) > 1
and B;(ej) < 1 for i # j. Since f'(ej) = Brr1(e;) ¥+ .. 5r+8(63)dr+5 we obtain that '(e;) < 1
for j € {1,...,k}. Similarly, we can show that B(e;) = Bi(e;)% ... Bk(e;)% and obtain that
B(ej) < 1for je{k+1,...,m +r2}. Now from our assumption we see that H”Mz ! fj =1
now applying /3 to this we obtaln

rit+ra—1 k ritre
1=gm=81 ] & |=118C)" || I] Be)” (38)
j=1 j=1 j=k+1
However, we see that this is smaller than 1 a contradiction proving our statement. O

Thus, we have a set of units who are all linearly independent, now we need to show that these
units and the roots of unity span Zj and that they are unique.
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Lemma 2.6.6. For each unit € € Zj; with By(e) <1, v =1,2,...,11 +ry — 1 there exists an
unit n € Lj,

___p1 Pri+ro—1
n=eey 6 (39)

that satisfies 1 < By(n) < ay, and Br,4ry(n) > 1.

Proof: Let € be a fixed unit satisfying £,(e) < 1 withv =1,2,...,r1+7r2—1. From Lemma 2.6.3
we can obtain the following

ri+ro—1

Britra (1) = Bri4rs(€) H Britrs (€)”
i=1

< /61“1 +r2 (6)

Now we can also write n = cijw1 + -+ + cpwy, with ¢; € Z (from Theorem 2.1.5) which leads
to 0;(n) = c1oi(w1) + -+ + ¢poi(wyp). Now by Cramer’s rule we have that ¢; = N;/D where
N; is the determinant of the matrix formed by o;(w;) with the ith column replaced with o;(n).
Expanding N; we obtain

N =3 onl@)(~DHA, (40)
k=1

with Ay the determinant of the (n —1) x (n — 1) matrix with entries in o,(wq)|p,q € 1,2, ..., n.
This can be seen as the matrix whose ¢th row and column are removed. Importantly all the
values in that matrix are bounded, specifically |o,(w,)| < M and thus, [Ag| < (n — 1)IM"L,
This brings Equation 40 to be

INi| = Brla)|Ag| < Lnldm! (41)
k=1

This results in each element ¢; being bounded and as a result, we see that there are a finite
number of 7. Thus, we see that there exists (3,(n) < a, Now among these 1 we choose one which
has the least valuation f,,4,,(n). Let us assume that for some vy € {1,2,...,71 + 12 — 1} we
have (3,,(n) < 1. Now let €,, be a unit such that 8,(vg) < 1 for v =1,2,...,r; +72,v # v and
Buo (v0) = ay, > 1 (exists from Lemma 2.6.4). Now from this we have for v # vy that

5@(%077) = ﬁv(evo)ﬁv(n) < ﬁv(n) < ay (42)
for v = vg we obtain
Buo (6v077) = Ay Bug (77) < Ay (43)
for v = r1 + r9 we obtain
Brts(€wgn) = Brts(€vy)Brs(n) < Brss(n) (44)
Thus, we see that €,,7 is smaller over 3,4, a contradiction of the minimality of n, thus, 5,(n) > 1
forallve {1,2,...,7+s—1}. O

Proof of Dirichlet’s Unit Theorem: Suppose r1 + rp = 1 then £, 4r,(e) = 1. Now suppose
ri+ 712 > 2. Let € € Zj be a unit with X = maxi<y<y,4ro—1 Bu(€). By Lemma 2.6.6 we
know that there exists a g = €7" ... jfﬁgfll with integers o1, ...,0,, +r,—1 such that satisfies
1 < By(n) < ay and By 4ry(n) > 1 for v € {1,2,...,r1 + 12 — 1} as B,(1) = 1. Now set
Y = minj<y<r+r,—1 Bu(€0) which has the property Y > 1. Now there exists k € N such that
Y* > X and this implies that 8,(eo)* > By(e) for all v € {1,...,71 + 72 — 1}. This leads to
the statement 5v(eeo_k) <1 forv e {1,2,.. .,rlp—i— ro — 1}. Thus, if we let A = ¢ye we obtain
r14ro—1

from Lemma 2.6.6 that there exists n = e[ ... €ry g1 With p1,..., pry4r,—1 integers such that
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—k_p1 Pri+ro—1

1< Bu(n) < ay, ve{l,2,...,r1 +r2 — 1}. Expanding 7 out we obtain n = ey "e|" ... €.} 27
. . . — T Ty — _k T Ty — . . . .
which can be simplified to n = €€/ kou . €f+ls+—§ LRIt Gince ) is a unit we obtain that

Bris(n) <1 (as otherwise N g(n) # 1). Rearranging this we obtain that e = nej' .. .6:;:;;2:11
with 7; = ko;—p;. This n has the property that 5;(n) < Bforalli € {1,2,...,r1+7r2} and we can
write it as = cjwi +- - - + cpwy, With ¢; € Z. From this we obtain that 8;(n) = M """, |¢;| < B
which implies that there are only finitely many 7 as |¢;| < B/M where ¢; is an integer. Let h be
the number of n and H = (€1, ..., € 4r,—1) be a subgroup of Zy. Now n ¢ H as [ 4r,(n) > 1
while By 4r,(€;) < 1 for i € {1,2,...,71 +rp — 1}. Thus, the quotient group Zj /H has order
h and any n € Zy/H are units of finite order which divides h, implying they are roots of

unity. This also implies that any unit € € H, thus, we can write it as €® = e%l . ..efzqu;:ll
with &1,...,& 4r,—1 € Z. Now suppose there are m > r; + ro independent units. Then there

cannot exist Aj s ...\, # 1 however this becomes a system of equations with m unknowns and
r1 + ro — 1 equations which will have a solution. This implies that there are at most r{ + 79 — 1
independent units and from Lemma 2.6.5 we see that there is such a set of units. Now suppose
there is an element that can be represented as nel® ... e 727" and 0¥ ... e 727 with 7,6

el “Critra—1
roots of unity and x; # y; from some i € {1,2,...,r; + o — 1}. Equating and rearranging we
obtain
A N v (45)

Taking this to the power of k such that (n6~1)* = 1 as , @ are roots of unity and by group laws
so are nf—1.

_ kyr—=1) E(Yry+ro—1=%r +r3-1)
1=¢ B Ak | (46)
However, since €1, ..., €, 4+r,—1 are independent we must have that k(y; — x;) = 0 which im-
plies that y; = x; a contradiction. Thus, every unit in Zj can be represented uniquely as
T1 Tri+ro—1 D
ne 6

2.7 Regulator and Zeta functions

The concepts in this section are useful in computing the full set of fundamental units but are
not vital in generating units. Thus, we will briefly discuss them. The first such concept is the
regulator

Definition 2.7.1 (Regulator). Let o1,...,0 4r, be a set of pairwise non-conjugate embed-
dings. The regulator of a set of {e1,..., € 4r,—1} is defined as
reg(er, ..., €y yry—1) = | det(d; log |oye; )] TR (47)

with d; being the usual 1 if g; is a real embedding and 2 if ¢; is a complex embedding.

We say that the regulator of Z is the regulator over a set of fundamental units and the regulator
of K is the regulator of the ring of integers.

Theorem 2.7.1. The requlator of K is independent on the set of fundamental units.

The proof of this can be found in 13.7 in [AW03]. Now the regulator is vital for computing the
class group and is useful for checking the set of fundamental units. To understand how we need
to consider zeta functions.

Definition 2.7.2 (Dedekind zeta function). The Dedekind zeta function is defined as

Ce(t) =Y WNkjo(D)™ (48)
140

where [ is a non-zero ideal in the ring of integers.
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We can see this by considering the following connection

Theorem 2.7.2. Let R(K) be the requlator of K, h(K) be the class number of K and w(K)

the number of fundamental units of K. Then the following it true
2" (2m)"2h(K)R(K) 1-1/p

w(K)V/A(K) S 1L 1= 1/Nke(p)

= (x(1) (49)

where p is the prime ideals over the primes p and (1) is the residue at 1.

For more details on this see Theorem 6.3 in [Ste20] and chapter 5 section 1 in [BS66]. We call
1-1/p . . . .
the sum Hp L, =1/ N ®) the Euler product. An immediate application of Theorem 2.7.2

is we can compute an estimate for the regulator and class number. However, this is not the
only application of the Dedekind zeta function. Indeed, the results of the famous Riemann
hypothesis can be applied to the Dedekind zeta function in the following way

Conjecture 2.7.3 (General Riemann hypothesis). For the zeta function

Ck(t) = Z(N’K\QU))% (50)

the only values of t with 0 < Re(t) < 1 such that (i (t) = 0 is only when Re(t) = %

This is useful in our case as it provides a much better bound on the prime ideals that generate
the class group than Minkowski’s constant [CDO97]. Details of this bound can be seen in [Bac90]
and is based on the proof seen in [LO77].

2.8 Linear Algebra

The LLL algorithm, also known as Lenstra-Lenstra-Lovasz algorithm, is a lattice basis reduction
algorithm. The algorithm computes a basis for a lattice that is LLL reduced given by the
following definition

Definition 2.8.1 (LLL reduction, Definition 2.6.1 [CCC93]). Let by,...,by be a basis for a
lattice L and bj,..., b} denote an orthogonal basis. We call a basis reduced if for |u; ;| < 3
where 1 < j < i < k we have
* |2 3 2 * |2
|b;|* > <4 —/~Lm'1> |b;_q]%. (51)

A more general definition is that a Z basis for a lattice is LLL reduced if over a particular metric
if our vectors are short. Now a metric of particular note is the following.

Definition 2.8.2 (v-norm). Let v = (v;)1<i<n be a vector of real numbers such that v,,4; = v;
for 1y < i <71+ ry. The v-norm ||al|, of « is defined by

n

lally = e"loi(a)® (52)

i=1
where o; is an embedding.
Which allows use to define an ideal being LLL reduced in a random direction [CDO97].

Definition 2.8.3 (LLL reduced in a random direction). A Z-basis a1, ..., a, of an ideal I is
LLL-reduced in the direction v if it is LLL-reduced for the quadratic form ||a/||?.
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Basically here we are changing the metric for LLL reduction so that it is suitable for an ideal.
Another linear algebra method that will be of use is finding the Hermite Normal Form (HNF).
Hermite Normal Form is a method for row reducing (or in our case column reduce) an integral
matrix without dividing. More formally we have the following

Definition 2.8.4 (Hermite normal form, Definition 2.4.2 [CCC93]). We will say that an m x n
matrix M = (m; ;) with integer coefficients is in Hermite normal form if there exists r < n and
a strictly increasing map f from [r + 1,n] to [1,m] satisfying the following properties.

o Forr+1<j<nmypu ;> 1,mi;=0ifi> f(j) and 0 <mppy; < mppr if b <J.

e The first 7 columns of M are equal to zero.

3 Computing Fundamental Units

The initial method for finding a set of fundamental units revolved around generating elements
until we find elements o, 3 € Zg such that Ng|g(8/a) = 1. This finds units due to Lemma 2.2.4
which tells us that all units have norm +1 and Lemma 2.2.3 telling us that if two elements have
the same norm then we can divide one from the other to get a unit. Note that this method is
not as effective for any number fields of degree greater than 3. This method was developed by
Minkowski and expanded in 1975 by Zassenhaus. Zassenhaus also modified the method to use a
linear combination of elements to obtain units decreasing the number of elements required. The
main problem with these methods was finding units which where linearly independent of units
already found. This was solved with the development of the LLL reduction [Zim96]. In 1989
James Hafner and Kevin McCurley developed the first algorithm with subexponential expected
performance [HM89]. This algorithm and the following classical algorithms assume the General
Riemann Hypothesis as a bound on the prime numbers that generate the class group. In 1997 H.
Cohen, F. Daiz Y Daiz and M. Olivier [CDO97] generalised and improved a method by James
Hafner and Kevin McCurley using a technique described by Buchmann [Buc90] and . This
algorithm is subexponential in performance and is currently implemented in PARI/GP. More
recently computing the unit group and class group has become useful in being able to break
certain cryptographic methods. With quantum computers being capable of breaking modern
encryption, a search has begun for cryptographic methods that are not quickly broken using
quantum computers or any classical algorithm. One type of encryption method is lattice-based
cryptography which is promising in their resistance to classical and quantum attacks [NDR*19).
Some of these methods make the well based assumption that it is hard to find short vectors
in an ideal lattice which the unit group and class group provide significant insight into. As
such two algorithms were developed in 2014 for computing the unit group faster, one classical,
one quantum. The classical algorithm was developed by Jean-Francois Biasse and Claus Fieker
in [BF14] which was still subexponential time but performed better in large degree number
fields. The key difference in the algorithm is that it utilises another lattice reduction algorithm
(BKZ) instead of LLL reduction which allows for relations between ideals being found faster.
The quantum algorithm was developed by Kirsten Eisentrager, Sean Hallgren, Alexei Kitaev
and Fang Song in 2014 [EHKS14]. This algorithm is polynomial time with degree and log of the
discriminant and does not assume the General Riemann Hypothesis. This result was improved
by Jean-Francois Biasse and Fang Song in 2016 [BS16] which does assume the General Riemann
Hypothesis.

The algorithm that we will be looking at is the 1997 version (See [CDO97]) as it is implemented
in PARI/GP [PAR22], an open source computational algebra package. The full algorithm for
computing a set of fundamental units can be found in [CCC93]. However, we will outline some
key details.
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Our first step is to select a factor base. Our factor base F'B, over the integers will contain all
prime numbers bellow the bound 121n? |D| where D is the determinant of the number ring,
and it will contain a number of prime numbers bellow the Minkowski’s constant as seen in
Theorem 2.4.5. We use Minkowski’s constant as it gives a sufficient representation of the ring
of integers. Since we are assuming the GRH we do not use all the prime numbers below the
Minkowski bound. This reduces the size of our factor base and reduces the computational time
to find units. After selecting our prime number factor base we factor the prime number ideals
into prime ideals in Zy and store these to obtain our prime ideal factor base F'B,. We also store
the prime number valuations over the factor base F'By in a relation matrix M and we do this
in the following way. The relations matrix M is a [ X m matrix with [ the number of elements
in the prime ideal factor base and m the number of relations. Each column is the valuation of
an element « over the prime ideal factor base. From this construction of a matrix we can store
relations by adding another column onto the matrix. As well as this we store our element «
in a n X m matrix M¢ as a logarithmic embedding using Equation 18. We do this as it allows
for us to do the same operations on Mc as M and the logarithmic embedding is significantly
smaller than containing the elements themselves. The only downside is that we have to reverse
the complex embedding to get units.

After generating the factor bases we generate and store relations in M and M¢. In the previous
section we have already outlined a method for generating the trivial relations. This method is
factoring the elements in F'B), over F'B,, and is done as it increases the number of columns in M
to require fewer relations computed using more involved methods. Another method is that we
generate elements of small norm and then factor that over the factor base F'B,. We only store
the element if it completely factors over the factor base. We look at small norm elements as they
are likely to split over the factor base F'B,. The most important method for generating relations
is generating random ideals and then LLL reducing them in a random direction. We start by
selecting random numbers v; < 20, where each v; corresponds to an element in F'B,, before we
select an ideal q in the factor base. Finally, we compute a random ideal as I = q[[;;~,p*
Note that we can speed up this computation by computing p® earlier. Then we LLL reduce
this ideal in a random direction to get J = I /a (See subsection 2.8). We then try to factor this
« over the factor base and, if it does factor, store this relation in the relation matrix M and
store the complex embedding of o in M.

We use the methods described above to generate relations until we think we have enough to
generate a set of fundamental units. We then compute the roots of unity so that we can
compute the Euler number z so that we can compute the regulator of the number field from
Theorem 2.7.2. We need the Euler number as we see from the definition of the regulator that a
set of fundamental units can compute the regulator and since the regulator is independent on
the set of fundamental units from Theorem 2.7.1 this means we have a way of checking that
we have a set of fundamental units. Now we are going to compute the kernel of M with each
element in the kernel corresponding to a combination of elements which by Lemma 2.3.5 are a
unit. To do this we get the matrix M A = W where W is the Hermite Normal form of M and
similarly compute McA = M{,. Thus, any zero column in W will correspond to a unit in M.
From this matrix M{, we LLL-reduce the matrix to get C.

From this we now compute an approximation of the regulator. To start we assume the regulator
is R=0andlet j =71 +7r3—2. Let Abea (r; +r3—1) X (r; + 72 — 1) matrix from taking a
sufficient number of rows C' and the rows j —r1 + 12+ 2 to j. Now we compute the determinant
of A as R; before we compute the greatest common divisor of R; and R which becomes our new
regulator approximation. In finding the greatest common divisor we compute the values u, v and
d in uR; +vR = d. Using these values we set the column Cj to be vC; + (—1)""2uCj_,, 41.
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We repeat this until j > r where r is the number of columns in C' corresponding to units
and the final R becomes our approximation of the regulator. From C we define F' to be the
last 71 + 79 — 1 columns which we will use to compute units, the coefficients will be labelled
fi,j- This step also minimises the first 71472 —1 units so will be where the fundamental units are.

To finally obtain the set of fundamental units we need to reverse the complex embedding. We
start this by forming a n x r; +ry — 1 matrix B with coefficients b; ; = f; ; if i <71, b ; = fi;/2
ifry <i<ri+mryand b;; = fi—p,; if 1 +7r2 < i < n. This step in terms of the logarithmic
embedding seen in Equation 18 can be seen as

bij = (Lo(aj)/ni)i<i<r +r, = In(0i(y)) (53)

We can ignore the second half from Equation 18 as the norm of a is 1. Before we take the
exponent of this, we will first LLL reduce the real part of the matrix B to get BU. Now we
take the exponents of the elements in BU to get E with coefficients e; ;. Looking at the form
of this we see that

ei,j = exp((Lo(ay)/ni)i<i<e +r2) = oi()) (54)
Finally we need to solve for a;;. To do this we take a Z-basis w1, ...,w, for Zg and form the
matrix 2 with each coefficient as w; j = 0;(w;). Then we solve Fy, = O~ 1E where each column
of F,, corresponds to a unit with components over the basis wi,...,w,. The components of

these units will be near integer but will not be exactly, so we will need to round. Note that
from this method we can easily tell if a unit is the trivial unit 1 as from Lemma 2.4.4 we know
that this is the zero vector.

Then we can compute the regulator using this set of fundamental units to check that they
actually are a full set of fundamental units. That is, we check that Rh = zv/2 where h is the
class number and R is the regulator from the set of units. If this is not true then we compute
some more relations and go back to the Hermite reduction stage. This algorithm also computes
the class group as the overhead is marginal in the computation process, however, this is not
particularly relevant to computing the unit group, so we will not go over the details here.

If we only need a small number of units we can attempt to prematurely halt the fundamen-
tal unit algorithm. To prematurely halt we can generate the relations, reduce our matrix and
extract any units we find. We would generate relations the same way and would reduce the
relation matrix in the same way. The only difference would be that for every column in our
matrix corresponding to a unit we would check to see if the element is non-trivial. This would
skip having to wait for r; 4+ r9 — 1 relations, computing the regulator to check we have a fun-
damental set and computing things like the class group.

In theory this should be possible and reasonable to do, however the current implementation
stores them as the complex logarithmic embedding meaning we have to extract elements which
is not a simple task. We also cannot just consider the elements in non-logarithmic form as they
result in elements that contain large exponents. We could bypass this by storing the factorisation
of an element, however, this makes it harder to check whether we have a non-trivial unit. To
check if we have a unit we could look for units whose complex embedding is not the zero vector.
However, in the process of trying to implement such an algorithm we struggled to compute
non-trivial units and even when we did it was rarely faster than the original algorithm. This
is also before we attempted to check if the units were square or linearly independent. Thus,

instead we have pivoted to directly computing elements in the kernel of the norm mapping from
KX/K><2 N QX/QX2_

27



4 Square Norm Elements

We have explored finding random units in our algorithm with limited success. However, we
can consider finding elements that are not in K*? but have norm in Q*2. To do this we will
generate elements {«1, ..., a,} in the same way as the complete fundamental unit algorithm as
seen in Section 3. Then we will factor the norm of these elements over a factor base of primes
below a bound (consider the Minkowski’s constant) modulo 2, let us call this relation matrix
W, which is a matrix over Zs. From each vector v = (v1,...,vy)" € ker(W,) we can construct
B =aj"...al. Each element /3 will correspond to an element with square norm. Now we need
to find § that are not in K*. To do this one can consider factoring a; over the prime ideal
factor base of L modulo 2 to get the relation matrix W,. Now each element v € ker(W,) corre-
sponds to an element 3 € K *? using the construction described earlier. Thus, if we want to find
elements that are not in K*? but have norm in Q*? then we need to find v € ker W)\ ker W,
We can still look for units as from Lemma 2.2.4 we know that a unit will always map to one the
multiplicative identity of the multiplicative group Q* /Q*? so it will always be in the kernel of
¢ if the unit is not a square. However, that does not mean that it will be in K* /K *? as it may
be a square.

Consider the following two lemmas

Lemma 4.0.1 (Element not in K*2). An element « is not a square in K if val,(a) # 0 mod 2
for at least one prime ideal p in Z.

Proof: Suppose a € K*2, then there exists 3 € K* such that 3? = a. Clearly (a) C (8). Now
by Theorem 2.3.1 we know that (3) = p7*...p;* for some ei,...,e; € Z and py,...,p; prime
ideals of Zg. We also can see that a € p°' .. .pze’“ and by extension (a) C p3°' .. .pie’“. Thus,
if (a) = pd .. .pzk with dy,...,d € Z then e; < d; but (a) is the smallest ideal containing a,
thus, e; = d;. This implies that d; is even or zero which is a contradiction as there is at least
one d; that is odd. ]

Lemma 4.0.2 (Square Norm Element). An element o € K has square norm if val,(Ngg(a)) =
0 mod 2 for all primes p € Z and Nk g(a) > 0.

Proof: The norm of Ng|g(a) € Z, now if Ng|g() is a square then there is € Z such that
B? = Nk|g(e). For this to be true val,(Ng|g()) = 2 x val,(8) and since val,(8) € Z for all
primes p we know that val,(Ngg(a)) =0 mod 2 for all primes p. O
Lemma 4.0.2 is a sufficient condition but not a necessary condition, to obtain a necessary
condition consider the following Lemma.

Lemma 4.0.3. An element o € K where K is a number field is a square in K if and only if
the polynomial x? — o € K|[x] is not irreducible.

Proof: If a is a square then 32 = a and we can factorise the polynomial 22 — a = 2?2 — 2 =
(xr — B)(z + B). If a is not a square then there is no B such that this is true and ? — « is
irreducible. O
This leads to what we will be using for our algorithm.

Theorem 4.0.4. An element o € K* is a non trivial element of the kernel of the norm map
K*/K*? — Q*/Q*? if one of the following is true

* val(a) #0 mod 2 for some prime ideal p in K, val,(Ngg(a)) =0 mod 2 for all primes
p € Z and Ni|g(«) is positive.

e valy(a) = 0 for all prime ideals p in K and on the polynomial x* —a € K x| is irreducible
and the morm is positive.
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Proof: From Lemma 4.0.2 we know that « has square norm and from Lemma 4.0.1 we know that
it is not square, thus, it will be in the kernel proving the first part. From Lemma 2.3.5 we know
that o is a unit and from Lemma 2.2.4 we know that a unit has norm £1. If val_; (Vg |g()) = 1
mod 2 then we know that the norm will be —1 and will not be in the kernel. Now we need to
check if @ € K*? which by Lemma 4.0.3 we see that if 22 — « is irreducible that it is not a
square. O
There are a number of things to note with this. Firstly, we are not interested in elements
k € Z whose norms are k™ with n the degree. These elements will always have square norms
in even degree. To see this consider the element 2 factored over the number ring Zg where
K = Q[z]/ (z* + 923 — 2% — 62 — 9). This element factors into the prime ideals paqa02 yet the
norm of the element is 2% which is clearly a square. This satisfies our conditions, yet this will
always be true for any element & € Z in an even degree field. Secondly, we are not interested
in elements of the form al? where | € K* and a € Z for even degree as the norm of a is a”. To
check for this we can factor our norm of « into prime numbers and if a prime number p appears
more than n times, it is likely that it was a factor. Thus, we can check if a linear combination
of p and « results in them becoming a square. Thirdly, if an element has negative norm then
it cannot be in Q*2, however we can bypass this by multiplying by —1. This works as from
Lemma 2.2.3 we have that N o(—1 x ) = Ngjo(=1)Nkg(a) = —Nkg(a). Finally, this is
a sufficient check but not a necessary check. This can be seen in Subsection 4.1. A necessary
condition is if y? + 3 € K[z] (See Lemma 4.0.3) is irreducible over K.

For our case we will not be directly looking for linear independence as that is impractical
to compute without computing the unit group, which we are trying to avoid. Thus, we are
going to say that two elements are linearly independent if you can make a square from a linear
combination of the two. To do this we form a matrix with each column being the element over
the prime ideal factor base and check that the kernel is empty. To form the element we do not
need to factor the element over the prime ideal factor base but can instead take Wyv where
v € ker(W),) to get the factorisation of 3 over the prime ideal factor base.

4.1 Example

Consider the number field K = Q[z]/ (f(z)) where f(z) = 23 + 22 4+ 5z — 16 and let f(#) = 0.
We are going to consider elements over the prime number factor base 2,3,5,7. The factor
base of ideals in Zg as pa = (2,0) ,q2 = (2,0 +0+1),p3 = 3,0+ 1) ,q3 = (3,0 +2) ,p5 =
(5,0 4+2) ,q5 = (5,02 —0+2) ,p7 = (7,0 —3) ,q7 = (7,0 + 1) ,07 = (7,0 + 10). Now consider
Table 1. The kernel of W, modulo 2 is given as

G G e I o R

ker(W),) = span (55)

SO OO Hr OO oo oo
O R OO OO oo
SO O OO+, OOoOOoOOo
O OO OO OO ==
_ O == OO0 oOooOo
OO DD DO OO == O O

Now clearly elements 1 and 2 are not going to produce square norm elements as if we have a
look at their factorisation € + 3 factors into p2 and 6 — 1 factors into p2. This can also be seen
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Table 1: Ideals of K factored over the two factor bases

Ideals |2 3 5 7 60+1 0+2 60+3 0+4 60+8 6-—-1 6-2
Wp
2 10 0 O 0 1 0 0 1 0 1
3 0 1 .0 0 1 1 0 1 0 0 1
5 0 01 0 0 1 0 0 0 0 0
7 0 0 0 1 1 0 0 1 1 0 0
W
P2 1 0 0 0 0 1 0 0 1 0 1
q2 10 0 O 0 0 0 0 0 0 0
P3 0 0 0 O 1 0 0 1 0 0 1
q3 01 0 0 0 1 0 0 0 0 0
Ps 0 0 1 0 0 1 0 0 0 0 0
a5 0 01 0 0 0 0 0 0 0 0
p7 0 0 0 1 0 0 0 1 0 0 0
q7 0 0 0 1 1 0 0 0 1 0 0
vy 0 0 0 1 0 0 0 0 0 0 0

as they sit in the kernel of W,

ker(W,) = span (56)

O O OO OO oo oo
OO OO, OO OO oo

However, using Magma [BCP97] to check if they are squares we find that they are not squares.
This shows that our tests are not conclusive if elements are squares or not.

From element 3 we can make 83 = (0 + 1)(6 +4) = 62 + 50 + 4 which will not be in K*2 but its
norm will be in Q*2. Checking this we see that Nkjo(B3) = 1764 = 223272 = 422 € Q*2 and
that

(Ba) = (2,2 +2)* 3,2+ 1)* (7,2 = 3) 7,z + 1) (57)

which is not in K*2. Similarly, for element 4 we have 84 = 2 x 3 x 5 x (x +2) = 30 x (0 + 2)
with norm Ny g(fs) = 2* x 3* x 5 and prime ideal factorisation

(Ba) = (2,0 +2)2(2,0 +0+3) (3,0 +1)* (3,0 +2)* (5,0 + 2)* (5,6% — 6 + 2) (58)

which is not in K*2. For element 5 we have 5 = (0 — 2)(0 + 8)(0 + 4) = 90% + 30 — 48 with
norm N|g(f5) = —1 x 26 x 3% x 72 = —254016 and prime ideal factorisation

(Bs) = (2,0 +2)5 (3,0 +1)* (3,0 + 2)* (7,60 — 3) (7,0 + 1) (59)

which is not in K*2. Thus, —f5 would be in the kernel. For element 6 we have g = 3 x 7 x
(04 1) = 21(0 + 1) with norm N g(8s) = 3* x 7* = 194481 and prime ideal factorisation

(Be) = (3,0 +1)% (3,0 +2) (7,0 +1)* (7,6 + 10) (60)
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which is not in K*2. This provides a way for odd degree number fields to quickly generate
elements in the kernel.

From the above example we can see that we do not actually need to compute W), as this is only
needed to check that we are finding a square norm element that is not a square in L. Thus, we
could instead compute ker(W),) and then check that the element is indeed an element of square
norm not in K*2. To do this we need to factor the ideal generated by the element into prime
ideals and take the valuation of each of the prime ideals. If the valuations are non-zero modulo
2 then we know that the element is not in K *2. If the valuations are zero then we have found
a unit in Zg.

4.2 Algorithm

An implementation of this algorithm was made in PARI by modifying the fundamental unit
algorithm described by Cohen in [CDO97]. The general structure of the algorithm is as follows

Algorithm 4.2.1 (Finding elements of square norm). Let f € Z[z] be a monic irreducible
polynomial and A the number of elements needed.

1. Do Steps 1 through 5 in Algorithm 6.5.6 in [CCC93].
2. Apply Step 6 in Algorithm 6.5.6 in [CCCI3] for & relations.
3. Apply Algorithm 4.2.2.

4. If previous step computed at least A elements then return the elements otherwise go to
Step 2.

The part that we have modified the most is the following

Algorithm 4.2.2 (Computing and checking elements). Let A = {aq,...,an} be m elements
that factor over the prime ideal factor base of size l, let Wy be the m x 1 matriz with each column
being the valuation of each c; over the prime ideal factor base and let \ be the number of desired
elements.

1. Let i <= 1, F'B the prime number factor base of size k and W), be a m x k matriz.

2. Find the valuation of the norm NK‘@(ai) over the prime number factor base and store it
as the ith column of Wp,.

3. If i <m then i<+ i+ 1 and go Step 2.

4. Compute the right kernel modulo 2 ker(W),) and store each element in the kernel as a
column in the matrizc Wye,, if there are no elements in the kernel then find more elements
and return to Step 1.

5. Compute M = WyWyer modulo 2.
6. Let j « 1.

7. Let B correspond to the jth element of ker(W),). If the jth column of M is zero modulo 2
or the jth column of W,Wyer is non-zero then go to Step 10.

8. Set C =BU{p1,...,pi} wherep,...,p are the primes where val,(Nkg(8)) > n.

9. If the element is independent to C using Algorithm 4.2.3 then set B < B U {f}
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10. If j <m then j < j+ 1 and go Step 7.

11. If the number of elements in B is greater than X\ then return B otherwise find more
elements and return to Step 1.

Algorithm 4.2.1 can be outlined as follows. We start by computing the factor base and gen-
erating elements as described in [CDO97]. Then we factor the norm of the elements over the
prime number factor base and store it in the matrix W), we do not store each vector modulo
2 as this means we cannot check whether this element is a unit. Then we compute the kernel
ker(W),,) modulo 2 with each column corresponding to a square norm element. Due to how the
algorithm is set up, we still generate W, and can compute M = W), ker(WW,,) modulo 2 to get
the prime ideal factorisation of the elements in the kernel. From this we can check each column
in M using the checks described above to see if what we have is not in K*2. A benefit of this
method is that at no point do we have to deal with the actual element, it is sufficient to simply
store the factors and their valuations of the element. This means that we can store and check
elements that would otherwise be impossible to store.

For our algorithm it is important that we check for uniqueness of elements and so to do this we
have the following checking algorithm.

Algorithm 4.2.3 (Independence of elements). Let B be a set of valid elements and o an
element we want to test.

1. For each element in B add the valuations of the elements over the prime ideal factor base
to a matriz M.

2. Add the valuation o over the prime ideal factor base to M.
3. Compute the kernel of M modulo 2.

4. If the kernel is empty then « is independent to all elements in B.

The implementation of the algorithm can be found on GitHub [Ken23|.

4.3 Limitations and Improvements

There are a number of other ways that this algorithm could be improved. For example if the
relation between the ideals of the primes and the prime ideals is linear then we could compute
WyB = W,. This would likely speed up the computation as we are no longer having to factor
the norm over the primes (as factoring large elements quickly becomes computationally expen-
sive compared to matrix multiplication). However, this speed is probably marginal as factoring
the norm of an element is likely not all that expensive as the prime factors are guaranteed to
be over a small factor base. Another potential improvement is to store the relation matrix in
as reduced of a form as possible. This would likely reduce the time that it would take to find
the kernel and would easily prevent repeated checking of elements. If we were to build the
algorithm from scratch it would be better to store the norm of the element and not compute
W, at all and instead factor each element over the prime ideals as needed. However, that would
be beyond the scope of this project.

Another limitation of this approach is that the check in Theorem 4.0.4 is a sufficient condition
but not a necessary condition. For example, consider the number ring K = Q[z]|/ (f(x)) where
f(z) =28 — 427 4 32% — 22° + 42* — 923 4+ 22 + 52 + 2 and the element
B = 160103386684687502307 — 70038838338254456250° + 72418350845183160736°
— 528336292240696316460% + 772397219982904368760% — 1487389466321083712860%  (61)
+ 78988455335273102516 + 3766359828176068618.
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This element has square norm but is itself not a square and was not found with the algorithm.
Alternatively, consider the examples § — 1 and 6 + 3 in Subsection 4.1, here we saw that it
was in the kernel of both matrices but it is not a square. To get past this limitation we could
directly test whether or not each element is a square as for each element 5 we can make the
polynomial 22 — 8 € K|[z] and check if it is irreducible over K (see Theorem 4.0.3). If it is then
(B is not a square if it is reducible then it is a square. This has not been implemented for the
algorithm. Also from computing elements in thousands of number rings there have been less
than ten unsuccessful number rings and they were all in degree less than 7 and, as we will see,
the difference in speed is trivial compared to computing a full set of fundamental units which
provides sufficient insight for our application.

4.4 Optimisation

For this algorithm we have to choose the number of relations § we find before running Algo-
rithm 4.2.1. To work this out we are going to use a bracketing technique to find the optimal
number of relations for each degree. To do this we assume that there is a single minimum
point over the entire domain. For each value of § we are going to compute the average time for
approximately 1000 polynomials (2000 polynomials for degree less than 15) that have maximum
coefficients of 10. We will start by computing a = 1,b = 100 where a and b are the boundaries
of our bracket before selecting two points ¢ = (b —a)/3 and d = 2 x (b —a)/3. If ¢ < d then
a < a,b + d and repeat until the difference of a and b are sufficiently small. Applying this
algorithm for our problem we find optimisation seen in Figure 1.

—— Finding one element

Finding n/2 elements

= N N
(6] o (€]
1 1 1

_
o
1

Number of relations before checking

8 10 12 14 16 18 20
Degree n

Figure 1: Optimal [ value for our algorithm.
From this data it is hard to tell if there is a correlation between the number of elements

selected and degree. This could be because a small number of number fields skewed the data.
Interestingly, the two different lines match very closely showing that there is very little difference
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between finding one element and many elements.

4.5 Algorithm Testing

Using the algorithm implementation described in Algorithm 4.2.1 we can compare the perfor-
mance of our algorithm verses computing the fundamental set of units. From Figure 2 we

—— Fundamental unit algorithm —— Fundamental unit algorithm
Finding one element Finding one element

60000 o X

—— Finding 1/2 elements 10 4 —— Finding /2 elements

50000 -

E 40000
o
E
£ 30000 o
g
2

20000

Log of Average time (ms)

10000 -+

T T T T T T T T T T r T T T
8 10 12 14 16 18 20 8 10 12 14 16 18 20
Degree n Degree n

(a) Average time comparison between the funda- (b) Log of the average time comparison between the
mental unit algorithm and Algorithm 4.2.1 fundamental algorithm and Algorithm 4.2.1

Figure 2

see that Algorithm 4.2.1 is faster than the fundamental unit algorithm. Interestingly the dif-
ference between computing a single element and n/2 elements is fairly similar. When fitting
a exponential function to each of the performances we obtained that the average time was
¢(0-63060.0005)2-2.0740.10 f5; the original algorithm, e(0-52240.0004)2—1.08£0.09 o1 the single ele-
ment and e(0-498430.0003)z—0.8320.06 £ /2. This new algorithm performs better than the original
by a reasonable margin.

4.6 Result for degree 20 number field

Consider the following polynomial f(z) = 2% + 62! 4 628 + 5217 — 7216 — 3215 4- 102 —
6213 + 10212 + 921 — 8210 + 528 — 27 — 22% + 923 — 22 — 62 — 9 with f(0) = 0 and p;; as
the jth relevant prime ideal above the prime ¢. Running Algorithm 4.2.1 on the number field
K = Qlz]/ (f(z)) we find that we obtain the element 8 = ajasasay which is an element in the
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kernel of the norm mapping from K> /K*? — Q*/Q*2. The four elements are the following

-1 5 7 10 10 8
— 7919 _ 2918 . 2917 o 7916 7915 014 . 7013 2912 o 7911 o 3(910 799
aq 3 3 + 3 + 3 + 3 + 3
5 1 5 14
R A N R R |
3 + 3 + 3 3 +
ay = ;2919 _ ?918 _ Eel'? _ @916 _ 1915 + 3014 _ 2013 _ 2912 _ 2911 _ EQIO
9 3 3 9 9 9 9 3
1 1 1 1 4 1
—799+ 08 Wyr By Lgs  13gs Bpo 43, 13
9 9 3 9 3 9 3 (62)
—1 13 31 35 91 2
— 7€ _ 7918 7017 7016 7015 4014 7913 9912 _ 7011 _ 7910
as 9 3 + 3 + 9 + 9 + + 9 + 9 3
125 26 ¢ 85 97 -~ 25 38 o 26 17 11
S/ A Mt L/ /1t i
9 3 + 9 + 9 3 + 9 3 9 3
—_ %919 + gng + %917 + 171916 + 2015 + 914 + 4;70913 . 18912 94011 4310
203 56 11 172 25 4% 107 20 22 8
0 S =0T — — S0 0P - — — 3 07— 0+ -
9 3 + 9 9 3 + 0 9 + 3 9 + 3
with the following prime ideal decomposition
(1) = P?), P3,2P29,1P2273,1P3079,1P5021,1P5387,1
() = p% P3,1P29,1P2273,1P3079,1P5021,1P5387,1 (63)
(az) = p§ 193,3P79,1P139,1P193,1P523,1P1657,1P2467,1P5417,1
(oq) = Pa, 1133 1133 3P79,1P139,1P193,1P523,1P1657,1P2467,1P5417,1
Multiplying these together we obtain
ajaazoy = f3
—481 19124 101 284
= T8019 168205 — 5505017 — ) 3 gio _ 10 330915 + 46050 + %913
1817 23152 2 114 64
— 36376'2 + %9” — 136700 — %99 + 4346% — 993 Op7 _ 380 6% (64)
7736 6281
+69090° + 76330% + ——0% + 19446° — Ta — 2243
This has the norm
Nijo(B) = 2% x 3 x 297 x 797 x 139 x 193% x 523 x 1657 x 2273% x 2467% x 3079° 65)

x 50212 x 53872 x 54172

and the prime ideal factorisation

(B) = P%JPg,193,213§,313§9,113%9,113%39,1P%93,1p§23,113%657,113%273,113%467,1133079,113%021,113%387,113%417,1-
(66)
Thus, by Theorem 4.0.4 we obtain that this is an element in the kernel. This took 115 relations
to find this element and took 5098ms compared to the fundamental unit algorithm which took
29728ms.

5 Summary

We have explored the background for computing units and the unit group of the ring of integers
of a number field which has led us to attempt to develop a random unit algorithm. With the
limited success of the random unit algorithm we then explored finding elements of square norm

35



in a number field. This led to the development of an algorithm in PARI to compute elements of
square norm. This algorithm performed better than finding a full set of fundamental units and
is able to compute a large quantity of elements with minimal additional cost. These results are
good but could be improved if one checked whether the elements were square directly (using
Theorem 4.0.3). One could also expect improvements if the algorithm was built from the
ground up as this algorithm is based of an algorithm for computing a full set of fundamental
units. Additionally, modifying the method for finding the kernel in the matrix W), as described
in Section 4 would likely improve the efficiency of the algorithm. We also did not explore any
different bounds on the primes which could reduce the time or reduce the spread of the elements.
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