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Abstract

Continued fractions and integral binary quadratic forms belong to the classical objects
of number theory. At first, both theories have been studied independently. Short time
later, mathematicians discovered their natural connection. Unfortunately, there is not a
unique way to combine both theories and neither is there a general consent about which
approach should be considered. Most of the time, the approaches are chosen depending
on the problem to solve.

The aim of this Master thesis is first to present one such approach in the modern
mathematical language by giving formal definitions and second to highlight that there
is indeed a natural connection between integral binary quadratic forms and continued
fractions. This fact will be used to prove some classical results of continued fractions.
Finally, those results lead to a characterization of irrational numbers with purely periodic
continued fractions. By the natural connection of both domains, the given non-standard
approach develops simultaneously some well-known properties of integral binary quadratic
forms. In particular the equivalence of integral binary quadratic forms will be studied and
cycles of strongly reduced forms will be discovered. Ultimately, all the main results will
be combined to deduce in a first instance when a given integral binary quadratic form
and its negative are equivalent and to obtain in a second step a well-justified algorithm
to compute the class number for a given positive non-square discriminant,.

Key words: Continued fractions, integral binary quadratic forms, purely periodic, equiv-
alence, strongly reduced, class number.
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1 Introduction

Although they have been known a long time ago, it was only in 1695 that JOHN WALLIS
(1616-1703) published in his book Opera Mathematica the theoretical framework of so called
continued fractions. Those number theoretical tools convinced the mathematicians not only
because of their own surprising properties but also because of their properties to approximate
real numbers, to solve a specific Diophantine equation and to study integral binary quadratic
forms.

Integral binary quadratic forms are special polynomials in two variables. They have been
extensively studied by GAUss (1777-1855) and LAGRANGE (1736-1813). As a result of their
connection to quadratic fields, integral binary quadratic forms are still of great interest in
modern mathematics. In particular integral binary quadratic forms were used in the study of
lattices of quadratic fields, the ideals of quadratic fields and zeta functions of quadratic fields.

Both theories described previously seem to be independent from each other and indeed,
as the classical approach shows, they can be studied independently. However, as already the
founders and pioneers of those domains guessed, they can be studied simultaneously. This
combination of both theories allows to state and prove several results in a natural and elegant
manner. However, since there are several different approaches to continued fractions, as well
as to quadratic forms, this combination has to be well chosen to work out fine.

This Master thesis is split into three parts which are subdivided into several chapters.

The first part defines continued fraction in an algorithmic way which shows that there
is a firm difference between finite and infinite continued fractions. Then it goes on to prove
that each continued fraction is identified with a unique real number which is summarized in
the final conclusion given by theorem 3.27. However the main work is hidden in proposition
3.19 where the connection of real projective points and continued fractions is established and
in proposition 3.21 where it is proven that any infinite continued fraction converges to an
irrational number. The first part ends by studying the equivalence of real projective points
through continued fractions in further detail and by developing in proposition 4.5 a product
decomposition of matrices with non-negative entries and +1 determinant which will become
an important tool in part IIT chapter 12.

The second part starts by defining integral binary quadratic forms but will quickly consider
indefinite integral binary quadratic forms only. Next, the equivalence of those objects and the
class number will be defined. Actually, the class number of indefinite integral binary quadratic
forms which is the number of equivalence classes of indefinite integral binary quadratic forms
consists in the main interest of this Master thesis and hence the rest of the document will
study its properties. In this regard, the second part will ultimately conclude some rough
upper bounds of the class number in section 8.3. To achieve this task, the idea is to show
that any integral binary quadratic form is equivalent to some integral binary quadratic form
of a special form and that there are only finitely many such special integral binary quadratic
forms. Those special integral binary quadratic forms are exactly the strongly reduced integral
binary quadratic forms that are defined in chapter 6. Furthermore, two easy verifications
to determine whether a given integral binary quadratic form is strongly reduced or not will
also be developed in this chapter. The reduction method used to obtain the main result
that any integral binary quadratic form is equivalent to a strongly reduced one (theorem 8.4)
relies on so called derived forms which are defined in chapter 7. Additionally some of their
properties are already developed in this chapter as well as an efficient computation method of



the derived form of a strongly reduced integral binary quadratic form (c.f. proposition 7.10).
Let us highlight the fact that from chapter 6 on, the definitions given in this document will, in
order to keep up the natural path of deductions, slightly differ from the standard definitions
found in the literature.

The third and final part will finally combine explicitly both theories to obtain several re-
sults in both domains. The first application of the theory of integral binary quadratic forms
onto continued fractions is in chapter 11 where in theorem 11.4 the connection of strongly
reduced quadratic surds and purely periodic continued fractions is outlined. The proof of
this result needs an important conclusion about strongly reduced integral binary quadratic
forms which is developed in chapter 10. This result states that by consecutively taking the
derived form of a given strongly reduced quadratic form, one ends up at the initial form and
so produces a cycle of strongly reduced integral binary quadratic forms (this can be found in
theorem 10.1). Then some special continued fractions will be developed for whose development
we need so called associate forms. They will reappear in chapter 12 when one of the main
results of part Il is proven, namely that two strongly reduced integral binary quadratic forms
are equivalent if and only if they belong to the same cycle or associate cycles (c.f theorems
12.7 and 12.8). Up to this point the main work of the Master thesis was to collect and rewrite
the results in a modern mathematical language. This bibliographic work will finally be used
in chapter 13 to obtain a method to study cycles of integral binary quadratic forms from a
different perspective and to to obtain several innovative results. These results are new as to
the knowledge of the author. At last, these results will justify a basic algorithm to compute
the class number of integral binary quadratic forms.

Each chapter is accompanied with several bibliographic references which are given as pre-
cisely as possible and such that the main sources and the complementing sources are well
distinguished. Since several definitions and results have been slightly modified, the individual
parts of each chapter are not referenced on their own.



Part 1
Continued fractions

The first part is divided into chapter 2, 3 and 4. The main goal of this part is to introduce
continued fractions, to define the group action of GL(2,Z) onto continued fractions when they
are the first coefficient of a (normalized) real projective point, to show the identification of
continued fractions with real numbers and to develop the equivalence of real projective points
through continued fractions which consists in a handy tool to work with later on.

In chapter 2 a recursive algorithmic process will be defined which attributes to each real
number a particular fraction. Due to this expansion, continued fractions will be defined as
abstract mathematical objects that generalize this expansion.

In chapter 3, it is shown that there is a one-to-one correspondence between real numbers
and continued fractions. In a first place, the correspondence between finite continued frac-
tions and rational numbers is established in section 3.2 and then the same is done for infinite
continued fractions and irrational numbers in section 3.3. However, this proof is more chal-
lenging and thus several preparations need to be developed. The method used to prove this
result relies on a special equivalence relation of the real projective line caused by the action of
the general linear group of order two. Actually, one observes in proposition 3.19 that certain
actions of matrices of the general linear group of order two onto real projective points produce
formal continued fractions. Using this proposition, it is shown in proposition 3.21 that any
infinite continued fraction converges to an irrational number. At last, theorem 3.27 concludes
the one-to-one correspondence.

Chapter 4 can be seen at this point as a complementing chapter. In fact, it analyzes the
equivalence of real projective points in further detail and ends at the conclusion that two
(normalized) real projective points are equivalent if and only if the continued fractions of their
first entries are both finite (c.f. proposition 4.1) or both infinite and equal after finitely many
partial quotients (c.f. proposition 4.8). However, the main work of this chapter is given by the
product decomposition of matrices of GL(2,7). This is developed in lemma 4.4, proposition
4.5 and corollary 4.7. This decomposition will play a crucial role in chapter 12.






2 Continued fractions

Sources: [1, p.3-4], [2, p.1-3], [3, p.325-327], [4, p.5-8]
Other approaches: [5, p.6], [6, p.3-9], [7, p.8-9]

Continued fractions can be introduced through different approaches. Some approaches
arise naturally from number theoretical facts but most of those approaches treat the continued
fractions of rational numbers only. One such approach is given in appendix A.

We are going to use in this chapter a modern algorithmic approach to define continued
fractions.

The definition of continued fractions

In order to formalize the idea of continued fractions, let us first formalize some basic number
theoretical notions.

Definition 2.1. The integral part of x € R is the unique integer |z | such that z—1 < |z]| < .
Example. L%J =2, L—l—gﬂ = —4 L%J =0and [1] =1

Definition 2.2. The derived number of x € R\ Z is the unique number Jz that satisfies
x = |z] + o or equivalently Oz = ﬁ (hence 0z > 1).

The derived number of x € Z U {oo} is set by convention to be dz = oco.

We use the notation 0% = x, 9'z = dx and 9%z = 9(0F'z) for all k € N and call 9¥z the
k-th derived number of x.

Example. 0 (%) =2,0° (%) =02 =00 and 9 (—%) = %.

The modern mathematical background of continued fractions can be reduced to the fol-
lowing algorithm.
Let 2 € R and set 0% = 2 = 9. We define a recursive process by the following two rules:

1. If x; ¢ Z, then x;11 = Ox;.
2. If z; € Z, then the process ends (i.e. 3 does not exist for k > 7).

We can observe that if x,, exists for some n € N, then x;, exists for all 0 < k£ < n and hence
xp ¢ 7 for all 0 < k < n — 1. Furthermore, the first rule implies that in this case x,, = 9"x.
Hence, if z,, exists, then the following system of equations is satisfied:

1
zo = 0%z = |z + ;1;
1

1 =0z = x| + —;
Z2

_ 1
Tpo1=0" 1z = |Zp-1] + —.
n



If we insert the expression of the last equation into the second last equation and then the
resulting equation into the third last equation and so on, we obtain
1

|0z] + ——2——
. Lan—lxj_i_ﬁ

z=|z]+ (1)
This leads us to the first main definition.

Definition 2.3. A (simple, integral) partial continued fraction of order j is any display of the
form

o +
1+ L

TrrE
where 79 € Z, r; € N\ {0} for alli € {1,...,7—1} and C €]1, +o0o[. One calls r; the i-th partial
quotient of the (partial) continued fraction and C the j-th complete quotient of the partial
continued fraction.

Consider the right hand side of (1). Since the integral part of a real number is an integer,
||, [0x],...,|0" x| are integers. Since zy = 9%z ¢ Z for all 0 < k < n — 1, we deduce
that z > 1 for all 1 < k < n by definition (2.2). Hence 9"z €|1, +o00] and {aka > 1 for all
1 <k <n—1. Hence the right hand side of (1) is a partial continued fraction and is called
the partial continued fraction expansion of order n of . Notice also that the n-th complete
quotient of the continued fraction expansion of x corresponds to the n-th derived number of
x.

Example. The continued fraction expansion of order 1 of % is given by

21 14 1
27 =
15 5
We deduce that % is the first complete quotient of % and 1 is the 0-th partial quotient of %
Since the above notation of partial continued fractions is quite cumbersome, we will use
the so called bracket notation

T = [10,T1, s Tn—1,Tn] =70 + 1

Example. 21 =1+ ﬁ =11,2,2].

Our construction method uses a recursive process to compute a partial continued fraction
expansion of a real number x with a real complete quotient that is strictly greater than 1.
However, we want to obtain a quantity that involves integers only. Thus, we could tempt
to replace the n-th complete quotient by another partial continued fraction expansion with
some real complete quotient that is strictly greater than 1, as we did for the real number x
in the first place. If we do so, we will elongate the partial continued fraction expansion of
x and obtain a partial continued fraction expansion of order k of x where &k > n. Since the
construction method is based on a recursive process which is defined by two if-rules, we have
to consider two cases:



1. Either, the k-th complete quotient z; € Z and so the process ends. Then |xp| = zp
which implies that xp = rp is a partial quotient. Then we obtain a so called finite
continued fraction.

Definition 2.4. A finite continued fraction is any display of the form

[T‘Q,Tl, 9, ...,Tj] =179+ —

where g € Z, r; € N\ {0} for all i € {1,...,j — 1} and r; € N\ {0,1}.

Example.
1

1,2,2) =1+ —.
2

2. Or, for all k& € N the k-th complete quotient z, ¢ Z. Then the process will never end
and we obtain a so called infinite continued fraction.

Definition 2.5. An infinite continued fraction is any display of the form

[ro,7r1,72,...] =710 + ——5—

where g € Z, r; € N\ {0} for all i € N\ {0}.

Example.
[3,7,15,1,292,1,1,1,2,1,3,1,...] (= ).

Remark 2.6. Through history, there have been a lot of different approaches to continued
fractions. That’s why in today’s literature, one can still find different approaches and even
different definitions of continued fractions. We are going to highlight some of them in this
remark.

First of all, one can find general continued fractions which are displayed by

bo

b1
ai +
LT 2

ap +

and involve two general sequences (an)nen and (bp)nen. Then, one can consider simple con-
tinued fractions by setting by, = 1 for all k € N. Actually, the sequences (an)nen and (bn)nen
i general continued fractions can be defined in any number field and hence the theory of
general continued fractions has a wider spectrum than the theory that will be presented in this
document. However the general theory is not yet well understood and has still a lot of inconsis-
tencies. Because of the difficulties of general continued fractions, the biggest part of literature
about continued fractions treats simple continued fractions only.

A big separation of the different studies of simple continued fractions is due to the choice of
the considered number field. By setting a,, € Z U {0}, one considers formal (simple, integral)
continued fractions. Several authors use these hypotheses on the partial quotients of continued



fractions. Indeed, in some fields of mathematics (like for example knot theory), it is easier to

accept the value of the partial quotients to be negative and 0 and co with the convention that

% = 00 and é = 0. A big disadvantage of the theory of formal continued fractions is that

there may be several different continued fractions that denote the same real number.

21 _ 1 _ 1 — I S
Example. 1571+2+%71+2+ T 72+_1+ -
2+ o -1+-5

In order to bypass the plurality of continued fractions that denote the same real number,
one can consider the sequence (an)nen to be defined by ag € Z, a, > 1 as it is the case in
definition 2.8, 2.4 and 2.5. In section 3, we will see that under our hypotheses continued
fractions and real numbers can be identified one-by-one.

On the other hand, the uncomplicated character of formal continued fractions simplifies
several proofs. Fortunately, every formal continued fraction with finitely many negative, 0 or
oo partial quotients denotes a real number or oo and can be converted into a continued fraction
(except those who denote co). Hence, there shall not be a problem in using formal continued
fractions, in this document too. We are going to use our hypotheses as the main hypotheses
and emphasize the change to formal continued fractions each time we use them. Nevertheless,
the use of formal continued fractions will be restricted to some proofs only and one should
note that one could have given the same results and proofs without relying on formal continued
fractions (by accepting more complicated and longer arguments).



3 The set of continued fractions is equal to the set of real num-
bers

Sources: [1, p.4-7]1, [2, p.3-20], [3, p.327-340], [4, p.8-28,51-76]
Other approaches: [5, p.7-8]1,[6, p.30-69, p.191-200], [7, p.9-19]

In chapter 2, we defined continued fractions independently from real numbers. Since we
do not know any properties of continued fractions yet, we can imagine them as abstract
mathematical objects. In order to quantify the set of continued fractions, we should find a
bijection between this set and a known algebraic set. The considered set will be the set of real
numbers.

Actually continued fractions are not only in one-to-one correspondence with real numbers,
but each continued fraction is equal to a real number. In the interest of proving this fact, we
are going to get a bit more abstract by defining the value of a continued fraction in 3.1. Then,
in 3.2, we prove that the value of a finite continued fraction is a rational number and that each
rational number is the value of exactly one finite continued fraction. Unfortunately at this
point, we do not know if a rational number might also be the value of some infinite continued
fractions. Thus, we are going to show that the value of any infinite continued fraction is an
irrational number in section 3.3. This result will finally allow us to conclude in section 3.4
that continued fractions and real numbers are identified one-by-one.

3.1 The continued fraction expansion of a real number and the value of a
continued fraction

The continued fraction expansion of a real number

In the previous chapter, we discussed briefly what we mean by the continued fraction expansion
of a real number. Nonetheless, let us repeat this here.

Using a recursive process, we gave in chapter 2 a general method to construct a partial
continued fraction for any real number (c.f. formula (1)). By including this process into a
possibly infinite algorithm, we deduced that we can obtain a continued fraction for any real
number.

Definition 3.1. Let € R. The unique continued fraction obtained by the maybe infinite
process described above is called the continued fraction expansion of x.

Proposition 3.2. Any real number x has a continued fraction expansion.

Example. 5 =[2,2], -8 = [-4,1,4], 8 = [8], V2 =[1,2,2,2,2,2,2,2, ..,
m=1(3,7,15,1,292,1,1,1,2,1,3,1,..] and 25 = [1,1,1,1,1,1,1,..].

The value of a continued fraction

Since the rational number field Q is closed under addition, multiplication and division by non-
zero elements and since for any finite continued fraction [rg, 1,72, ..., 7], the partial quotients
r1,T2,...,7n are all strictly positive, we deduce that a finite continued fraction is actually
equal to a rational number. We would like to obtain a similar statement for infinite continued
fractions. Thus, consider the following definition.



Definition 3.3. Let [rg,r1, ..., ] be a finite continued fraction, then, the value of [rg, r1, ..., 7]
is defined to be

1
ro+ ————
mt r2+
1
Let [ro, 71, ..., "n,...] be an infinite continued fraction. If the rational number sequence
1
To, ro + —, To + 1
1 1+ P
converges, then, the value of [rg,r1,..., 7, ...] is defined to be the limit value of this sequence.
If this sequence does not converge, then the value of [rg,r1, ..., 7y, ...] is defined to be oo.

Corollary 3.4. The value of a continued fraction is unique.

In this logic, the proof that real numbers are identified one-by-one with real numbers is
reduced to the proof that the value of any continued fraction is a real number and that any real
number is the value of exactly one continued fraction, namely its continued fraction expansion.

3.2 The value of a finite continued fraction is a rational number and each
rational number is the value of exactly one finite continued fraction

Let x,y € Z with y > 0 and consider the rational number £. Then our recursive algorithm to
compute a continued fraction expansion of % corresponds to the Euclidean division algorithm.
Actually, each step of the Euclidean division algorithm will produce one partial quotient of the
continued fraction expansion of % (c.f. appendix A). Since the Euclidean division algorithm
ends after a finite number of steps, the resulting continued fraction expansion will be finite.

Proposition 3.5. Any rational number has a finite continued fraction expansion.

Example. Using the Euclidean algorithm (or equivalently our construction to obtain (1)), we
obtain the following continued fraction expansions:

5 10101
-=10,1,5 d — =1(98,14,1,2,2

S o015 and S =[98 |

Hence, any rational number R is the value of at least one continued fraction and at least

one of all the continued fractions with value R is finite. Now, we should prove that R is equal
to exactly one continued fraction, namely its continued fraction expansion. In this regard, we
tackle the problem from the other side and observe that by definition of the value of a finite
continued fraction the following proposition holds.

Proposition 3.6. The value of a finite continued fraction is unique and rational.

Example. Using the operations of Q, we can simplify the value of a finite continued fraction:

2789144166880 126

1,2,3,4,5,6,7,8,9,10,11,12,13,14,15] = —————— d 2,3,2,3,2] = —
[ g Ay Sy Xy Iy Uy 15Oy Ty 9 9 9 9 9 ] 1946194117057 an [ gy Ly Iy ] 55
Next, we would like to prove that there is only one finite continued fraction that is equal

to a given rational number, namely its continued fraction expansion. To do so, consider the

following lemma.

10



Lemma 3.7. Let [ro, C] and [r{, C'] be two partial continued fractions. Then [ro, C] = [r(, C']
if and only if ro =1, and C = C".

Proof. We have [rg,C| = [r(, C'] if and only if

1 1 1 1
0:7’0+C—7’6—C,:(7"0_7"6)‘1‘(0—0,)- (2)
1

Since 0 < %, o < 1 by the definition of partial continued fractions, we deduce that —1 <

% - % < 1. Since 1o, 7(, € Z, equation (2) holds if and only if rg = r{ and C' = C". O

If the value of [r(,r],...,7,] is the rational number R and if [rg,rq,..., 7] is the con-

tinued fraction expansion of R, then by definition of the value of finite continued fractions
(16,71, ..., 7] = R and by construction [ro, r1, ..., 7| = R. Hencelry, r}, ...,75] = [ro, 1, ..s Tm]-
If one of the two integers n, m is zero and the other is strictly positive, we get a contradic-
tion since a continued fraction with one partial quotient only is an integer, whereas continued
fraction with at least two partial quotients can be shown not to be an integer. Using this, the
previous lemma and induction on the number of partial quotients, we deduce the following

corollary.

Corollary 3.8. The continued fraction expansion of a rational number is the unique finite
continued fraction whose value is equal to this rational number.

In order to conclude that each rational number is the value of exactly one continued
fraction, namely its continued fraction expansion (which is finite), we need to exclude the case
that the value of an infinite continued fraction is equal to a rational number.

3.3 The value of an infinite continued fraction is an irrational number and
each irrational number is the value of exactly one (infinite) continued
fraction

If an irrational number is the value of a continued fraction, then this continued
fraction is infinite.

By proposition 3.2 any irrational number has a continued fraction expansion. Assume by
contradiction that an irrational number Ir is the value a finite continued fraction. Since by
proposition 3.6, the value of any finite continued fraction is unique and rational, we get a
contradiction by the fact that the real number Ir cannot be both rational and irrational.
Hence we conclude the following result.

Proposition 3.9. If an irrational number is the value of a continued fraction, then this
continued fraction is infinite.

Proposition 3.10. Any irrational number has an infinite continued fraction expansion.

Example. Using our construction (c.f. formula (1)), we obtain the following continued frac-
tion expansions:

V2=11,2,2,2,2222.] and w=[3,7151,29211,1,21,31,..]

11



In order to grant continued fractions the status of real numbers, the search of a formal proof
which confirms that the value of any continued fraction is equal to a real number (and not co)
was probably one of the most difficult tasks. Whereas the statement for rational numbers and
finite continued fractions is an easy exercise as is shown above, the corresponding statement
for infinite continued fractions has to be developed cautiously. Today, there are different ways
to do so. We are going to carry out a proof that uses the general linear group and a certain
equivalence relation of points of the real projective line.

3.3.1 The general linear group of order two over the integers, the real projective
line and their connection to continued fractions

Before we fulfill the main task of this section, let us recall the definition of the general linear
group of order two over the integers and the real projective line and let us show how the
general linear group of order two over the integers acts on the real projective line.

The general linear group of order two over the integers and the real projective
line

Throughout the whole document, we are going to use a special type of 2-by-2 matrices to
perform computations and actions on different sets. These matrices are exactly the elements
of the general linear group of order two over the integers.

Definition 3.11. The general linear group of order two over the integers GL(2,7Z) is the
group of 2 x 2 matrices S = (2%) where (a,b,c,d) € Z* that satisfy det(S) = ad — be = £1.
In other words GL(2,Z) = {(%%) : ad — bc = +1}.

Example. Some elements of GL(2,Z) are (}9), (j _01) and (}1 _25)

As we will see in the second part of this section, the real projective line consists in a handy
tool to study continued fractions. In order to avoid any confusions, let us remind the definition
and computation rules of the real projective line.

Definition 3.12. Let (z,9), (w,2) € R? and define the equivalence relation (z,y) ~ (w, 2) if
and only if (z,y) = (tw,tz) for some t € R\ {0}.

The real projective line P!(R) is the set of equivalence classes in R\ {(0,0)} of the equivalence
~. Elements of P!(R) (i.e. the equivalence classes of ~) are denoted by (z : y) where (z,y)
is a representative of the equivalence class. In other words

PYR) = {(z:y) : (z,y) € B2\ {(0,0)}} = N0 / _

{(z.y)~(Az,Ay)}

Let (z1: m2), (y1 : y2) € PY(R). Then, if 25 # 0, we have (1 : 23) = (% : 1). Whence the
set of couples (x : 1) is in bijection with the real affine line R. If 25 = 0, then (27 : 0) = (1 : 0)
and we call this element oco. Thus P1(R) &2 R U {oo}.

Furthermore, we define the operations 4, —, juxtaposition and ( )~! on the real projective

line as follows:

1. (x1 2 @2) + (Y1 : y2) = (x1y2 + y122 = x2y2) (if at least one of the two points is not o)
and thus the neutral element for addition is (0 : 1). Moreover (z : 1) + oo = oo and
—(z:1) = (—x: 1). Furthermore co+ 0o = 0o and oo does not have an additive inverse.

12



2. (z1 @ w2)(y1 ¢ y2) = (z1y1 : x2y2) (not defined for (0 : 1)oo) and thus the neutral
element for addition is (1 : 1). Moreover (z : 1)oo = oo (if z # 0), cooco = oo and
(z:1)7t = (L :1) (if z # 0). Furthermore oo does not have a multiplicative inverse.

Example. (1:1) and (2: 1) denote two different elements of the real projective line, whereas
(1:1) and (2 : 2) denote the same.
Furthermore (—2 : 1) is the additive inverse of (2 : 1) and (5 : 1) is its multiplicative inverse.

Remark 3.13. There may be multiple representatives of a single equivalence class (called
points) of the real projective line for example (1 : 1) and (2 : 2), however this does not mean
that their individual coordinates (or respective points in the FEuclidean plane) are identified
(2 # 1). However, if one coordinate is non-zero and equal in both points, then both points
are equal if and only if the second coordinate is also identified. In particular, this implies that

(x:1)=(y:1) if and only if x = y.
The group action of GL(2,Z) on P}(R) and the resulting equivalence relation

Let us study the interplay of the above defined sets, discover some of their properties and
develop some computation rules.

Proposition 3.14. GL(2,Z) acts on P*(R) by
Sx(zx:y) = (ax+by: cx+dy)
forall S ==+(2%) € GL(2,Z).

Remark 3.15. Since (—z : —y) = (x : y) for any point (x : y) on the real projective line, we
deduce that for any matric S € GL(2,Z), we have that S x (x : y) = (=S) x (x : y) for any
(z:y) € PY(R).

By the properties of the projective line, we can summarize the action of GL(2,Z) on P'(R)
by the following computation rules. For all S =+ (‘; fl) € GL(2,7Z), we have

b d
S*(:c:1):<zgfid:1> if o # =
d

Sx(—=:1)=00

C

S*oo:<%:1> ife#0

Sxoco=00 ifec=0

Example. Let S = £(12) € GI(2,Z). Then Sx(1:1) = ($:1), Sx(2:1) = oo and
S*oo:(—%:l).

Notice that if S =+ (‘Z Z) € GL(2,Z) with ¢ = 0, then a,d = £1. By the last equation
above, we know that the matrices + (io1 ’1’) where b € Z stabilize co. Actually, one easily

shows that those are the only matrices that stabilize oc.
n € Z}

+1 n

Proposition 3.16. The stabilizer of co in GL(2,7Z) is's = { < 0 41

) € GL(2,Z)

where the sign of the first entry does not depend on n.
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We define an equivalence relation on the real projective line via the action of GL(2,7Z).

Definition 3.17. We say that two points X and Y in PY(R) are equivalent if there exists
S € GL(2,7Z) such that X = S«Y.

Example. Since (2:1) =+ (§1)*(1:1), (2:1) and (1: 1) are equivalent. Moreover, since
+({1)x(n—1:1)=(n:1)for all n € Z, we deduce by transitivity that (n : 1) is equivalent
o(1l:1) forallneZ.

The connection of GL(2,Z) and P!(R) to continued fractions

We are going to use the above group action to prove one of the most important results of
this document. To this end, let us get back to the notions of chapter 2. Let us begin with a
preliminary observation that connects chapter 2 and chapter 3.

Remark 3.18. Let x € R\ Z. Then (x : 1) is equivalent to (Ox : 1) where Ox is the derived
number of x. Indeed, consider the matriz T'(r) = (7 §) with r = |x]. Then T(r)* (dz : 1) =
(r+4:1)=(z:1).

By transitivity, we conclude that if 0"z exists for some n € N, then (z : 1) is equiva-
lent to (0"x : 1). More precisely, we deduce that (x : 1) = Dy % (0"x : 1) where D,, =
T(ro)T(r1)...T(rn—1) with r; = |[0'z|. Using the notation z, = 0"z, we deduce that
([To, T, ...,rn_l,xn] : 1) = T(T’Q) . T(Y’n_l) * (:L’n : 1),

This seemingly coincidental observation will be one of the strongest arguments in future
proofs. Therefore we should study the given equivalence under this kind of matrices in further
detail.

Proposition 3.19. Let (r,)n>0 be a sequence of integers and set

rn 1
- > 0):
7= (7 ) (n > 0);
D, =T(ro)...T(rp-1) (n>1).
1. For (z:1),(2': 1) € PYR) with z,2" # 0 the following two are equivalent:
(a) (x:1)=Dyx(2':1);
(b) ©=[ro,r1,..., n—1,2].

Notice that [ro,r1, ..., 'n—1,2'] may denotes a formal continued fraction since we do not
suppose that v, > 1 for all 1 <k <n —1, nor that 2’ > 0.

Dn: (pnl pn2)
Gn—1 Gn—2

where the sequences (pp)n>—1 and (qn)n>—1 are defined by the recurrence relations:

2. We have

(a) p—1 =1 and py = ro;
(b) Pn = "nPn—1 + Pn—2,
(¢) g1 =0 and go = 1;
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(d) Qn = TnQn—1 + Gn—2.

Moreover we have det(Dy,) = pn—1gn—2 — @n—1Pn—2 = (—1)" and so D, € GL(2,Z) for
all n € N.

Proof. 1. We prove the equivalence of (a) and (b) by induction on n.
For n = 1 one observes that if (z : 1) = Dy.(2’ : 1), then

(l‘:1):D1*(LE,11):T(7’0)*(1}/21):(T0+%21):([T0,$/]21)

and so x = [rg, 2'].
On the other hand, if x = [rg, 2], then

(x:l):([rg,a;']:1):(r0+%:1):T(r0)*(x’:1):D1*(x’:1).

Next, assume that the claim holds for n — 1 > 0, then we will prove it for n. Indeed, if
(z:1) =Dy *(2': 1), then (z : 1) = Dy 1T (rp—1) * (¢ : 1) = Dy * (rp—1 + & : 1).
Thus by induction x = [ro,71,...,"Tn—2,"n—1 + %] = [ro,71, sy "n—1,2']. Conversely,
assume x = [rg, 71, ..., "n—1, 2|, then = [ro, 71, ..., Tp—2,rn—1 + %] Thus by induction
(LU : 1) = Dn,1 * (Tn,1 + % : 1) = anlT(’l"nfl) * (i‘, . 1) = Dn * (iEl : 0)

D, — <pn1 pgb_l) '
q?’l—l qn—l

Then the relation Dy+1 = D,T(ry,) yields:

2. For all n > 1, set

Pn = Tppn—1+p,_1 and pl, = py_1;
Gn =Tnqn—1+q,_1 and ¢, =gn_1.

This gives us the claimed formula of D, for all n > 1 and the three term recurrence
relations of the sequences (p,) and (gy,). The initial values of the sequences are given by
Dy = T(rp). By noticing that det(7T'(r;)) = —1 for all @ > 0 and by the multiplicative
property of the determinant, the determinant formula follows.

O

The second part of proposition 3.19 describes the matrix D,, in terms of recurrence relations
which depend on the sequence (ry,)n>0. This knowledge will simplify future computations.
Since proposition 3.19 is one of the most important results of this document and since we are
going to use the established formulas and notations several times hereinafter, we reserve the
following notations T'(ry,), Dy, pn and gy, for the objects described in proposition 3.19.

Corollary 3.20. For any finite sequence of integers rq, ..., r, we have [ro,...,mp] =

£

Po

Proof. The claim holds for n = 0 since [ro] =r¢ = = &

Moreover, for n > 1, we observe that

Pn—1Tn + Dn—2 Pn
70y, Tn] : 1) =Dpx(rp:1)=|————:1 ]| =(—:1]).
([ 0 n] ) " ( " ) <Qn—lrn + qn—2 ) <Qn )
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3.3.2 The value of an infinite continued fractions is an irrational number

We are finally able to prove the main result, namely that the value of every infinite continued
fraction is an irrational number.

Proposition 3.21. Take an infinite sequence of integers (ry)n>0 with r, > 1 for n > 1 and
set

p
Cn = [10s s 7] = =7
dn
Then the sequence of finite continued fractions (respectively rational numbers) ((n)nen =
(%) N converges and defines an irrational number ( = lim,_,oo (.. Thus, the value of
(70,71, ooy Ty -] 48 equal to C.
Moreover X )
‘C ~ Pl < < .
qn dndn+1 dn

Proof. We separate the proof into four parts:

1. First we prove by induction (using the determinant formula from the second part of
proposition 3.19) that

-1 2 -1 n+1
dn qoq1 dn—14n

for alln > 1.
Indeed, for n = 1 we have

2

= + ro.
q1 4140 q0 4140
Next assume that the claim holds for n — 1 > 1, then
- _ _ -1 n+1 —1)" -1 2
Cn:]ﬁ:annl dnPn 1+pn1:( ) n ( ) ++( ) + 7
qn gndn—1 Gn—1 qndn—1 dn—14n—2 4140

where we used induction on Z Zj to obtain the last equality.

2. Next, we show by using the first part of the proof that the sequence of rational numbers
(finite continued fractions) ((,)nen converges.
Since by proposition 3.19 the sequence (gn)n>—1 satisfies ¢_1 = 0, ¢ = 1 and ¢, =
TnGn—1~+qn—o for all n > 1 and since r; > 1 for all ¢ > 0, we conclude that g,11 > ¢, > n
for all n > 1. From this we take the following conclusions:

(a) The sub-sequence ((on)nen is strictly increasing. Indeed, for all n € N, we have

Con < Qan+2 since
(_1)2n+2 _ (_1)2n+3 _ —(2n+2 + q2n
2nq2n+1 qon+192n+2 2ngon+192n+2

Con — Qa2 = — <0.
(b) The sub-sequence ((2n41)nen is strictly decreasing. Indeed, for all n € N, we have
C2n+1 > (ong3 since

(=18 (1) Q2n+3 — @2n+1

= > 0.
2n+192n+2 42n+292n+3 42n+192n+292n+3

Gon+1 — Cong3 = —
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(¢) For any n € N, we have (o, < (2541 since

(_1)2n+2

C2n - C2n+1 = - < 0.

q2nq2n+1

By (a),(b) and (c), we conclude that for all n,m € N, we have

Con < CGant2m < Cnt2m+1 < C2m+1

and thus
C0<C2<<4<...<C5<C3<<1.

Since the sub-sequence ((op)nen is strictly increasing and bounded above by (1, the
monotone convergence theorem implies that the sub-sequence ((2p,)nen converges to
some real number .

Since the sub-sequence ((2n+1)nen is strictly decreasing and bounded below by (p, the
monotone convergence theorem implies that the sub-sequence ((2n+1)nen converges to
some real number y.

Let € > 0. Since gnt1 > g, > n for all n € N, (¢) implies that there exists N7 € N such
that for all n > Nj, we have |(op, — Cont1| < ﬁ < §. Furthermore, since (C2n)nen
converges to x and ((2n41)neN converges to y, there exist No, N3 € N such that for all
m > N we have |z — (2| < § and such that for all & > N3 we have [(op1 — y| < §.
Let N = max{Nj, Ny, N3}. Then for any n > N, we have

|$ - y| < ‘35 - CQn‘ + |C2n - <2n+1| + |C2n+1 - y‘ < e

Since € > 0 was arbitrary, we deduce that x = y.

Hence the sequence ((,,)nen converges to some real number ¢ which is then by definition
the value of the infinite continued fraction [ro,r1, 72, ...].

. Let us compute the speed of convergence of the sequence ({y)n>0 to its limit .

By the second part of the proof, any infinite continued fraction [r(,r],7%,...] converges

to an irrational number 7 which verifies 7 < n <+ =
1

Let n, = [rnt1,Tn+2,..] with n > 1 be the n-th remainder of the infinite continued
fraction ¢ = [rg,r1,72,...]. Since r,4+1 > 1, we deduce that n, > 1.

Observe that (¢ : 1) = ([ro, -, Tnys M) : 1) = Dpg1 % (nn 2 1) and so

(o) =en=(Gn) = (G an) - (G)

DnMn + Pn—1 1) _ (Pn . 1>
An"n + Gn—1 qn

gqn Pnlln +pn 1) = Pal@niin + Gn-1) 1)
(s

Qn An"n + qn— 1)
dnPn—1 — Pndn—1 | 1>
dn %17771 + qn— 1)

n+2
: 1> .
QTL Indn + qn— 1)
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Thus
(_ 1>n+2

Qn(ann + Qn—l)

_Pn
an

0<‘C

. At last, let us show that ( is irrational.

Observe that by the third part of the proof 0 < ‘( — g—:

< q% for all n > 0 and so the

inequality 0 < ‘C — %‘ < q% with unknowns p, g € Z such that ¢ > 0 has infinitely many
solutions.

Assume by contradiction that ¢ is rational. Then ¢ = ¢ with a € Z, b € N\ {0} and
ged(a,b) = 1. Then consider again the system of inequalities

a p 1
o< |——=|< = 3
’b q’ 9 )
with unknowns p, ¢ € Z such that ¢ > 0. Observe that if 0 < |¢ — g‘ = WT:IM , we have
that é <|§- %‘ since b > 0, ¢ > 0 and 0 < |ag — pb|. We claim that the system of
inequalities (3) has only a finite number of solutions for p and gq.

q )
inequality 0 < %

obtain 0 < I;);—g and so b > ¢ > 0 and thus there are only b—1 possible integer values
for q. Moreover, for each fixed ¢ there is a finite number of integer values for p such

that bl—q <3 - g < q% or equivalently such that —q (é - %) >p>—q (q% - %)

(a) If é <g¢-Pc< q% then by the first inequality 0 < % and by the second
_ag2 . By taking the sum of those two positive fractions, we

(b) If & < — (% - g) < L then by the first inequality 0 < =<1 and by the

2
second inequality 0 < 1%72—;»@_ By taking the sum of those two positive fractions,

we obtain 0 < % and so b > ¢ > 0 and thus there are only b — 1 possible integer

values for q. Moreover, for each fixed ¢ there is a finite number of integer values for
p such that é < — <% — B) < qig or equivalently such that —q (—b—lq — %) <p<

q
1 a

Hence, the system 0 <

7= %‘ < q% has only a finite number of solutions for p and gq.

However, this contradicts our initial observation of the fourth part of the proof. Hence
¢ is an irrational number.

O
In particular, since any infinite continued fraction [rg,r1,79,...] can be approximated by
an infinite sequence of finite continued fractions (, = [ro,71,..., 7], proposition 3.21 yields

that the value of any infinite continued fraction is an irrational number.

Corollary 3.22. The value of an infinite continued fraction is an irrational number.

Example. The value of the infinite continued fraction [1,2,2,2,2,2,2,2,2,...] is v/2 and the
value of [1,2,1,2,1,2,...] is 153,
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By proposition 3.10, any irrational number has an infinite continued fraction expansion.
By proposition 3.9, we know that if an irrational number is the value of a continued fraction,
then this continued fraction is infinite. Assume that an irrational number is the value of
multiple continued fractions, then they all are infinite. Furthermore, by using lemma 3.7 and
induction, one can easily prove that all those continued fractions are equal.

Proposition 3.23. The continued fraction expansion of an irrational number is the unique
continued fraction whose value is equal to this rational number.

3.4 Conclusions

Finally, we would like to conclude the one-to-one correspondence between the real number set
and the set of continued fractions.

Actually, without proposition 3.19 (or a similar result), one cannot state any such result
since one does not know if infinite continued fractions converge to real numbers at all and
hence one cannot exclude the case that the value of a given continued fraction is oco.

By corollary 3.8, we know that the continued fraction expansion of a rational number
is the unique finite continued fraction whose value is equal to this rational number. By
corollary 3.22, we can now exclude the case that the value of an infinite continued fraction is
equal to a rational number. Hence, we conclude that the continued fraction expansion of a
rational number is the only continued fraction whose value is equal to this rational number.
Furthermore, since any finite continued fraction is equal to a rational number, we deduce the
following proposition.

Proposition 3.24. The set of finite continued fractions is equal to the set of rational numbers.

Since the value of any infinite continued fraction is an irrational number, we can naturally
embed the set of infinite continued fractions into the real number set by setting that an
infinite continued fraction is equal to its value. Then proposition 3.23 implies the following
proposition.

Proposition 3.25. The set of infinite continued fractions is equal to the set of irrational
numbers.

The last two results show the one-to-one correspondence between the real number set and
the set of continued fractions and how the set of continued fractions is identified with the set
of real numbers.

We can finally summarize all the previous results in the following proposition.

Proposition 3.26. 1. Any real number is the value of a unique continued fraction which
is finite if and only if the number is rational.

2. The value of any continued fraction is a real number which is rational if and only if the
continued fraction is finite.

Hence, we conclude that our method to generate the continued fraction expansion produces
the only possible continued fraction of a given real number. Furthermore, all the previous
results lead to the following conclusion.

Theorem 3.27. The set of continued fractions is equal to the set of real numbers.
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Hence, in the preceding continued fractions and their values and real numbers and their
continued fraction expansions will be interchanged without further notifications and we will
drop the logical and linguistic difference between those four objects.
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4 An analysis of the equivalence relation of real projective points
with the help of continued fractions

Source: [1, p.8-12]
Other approaches: [8, p.350-352]

The following chapter is a complementing chapter and introduces some notations that
will be needed later on in the document. We use this chapter to study, in addition to the
preparations for future computations, the equivalence relation of the real projective line in
further detail.

The equivalence relation described in sub-section 3.3.1 partitions the real projective line
into equivalence classes. Since we observed that PY(R) = {(z : 1) : z € R} U {o0}, we are
going to study the equivalence relation on oo and points of the form (z : 1) with z € R.

We are going to study the equivalence relations between points of the form (x : 1) where
x € R through an analysis of the continued fraction of their first component. This will finally
lead to the conclusion that we can reduce the search for equivalence classes to the unit interval.

Let us first discover the complete equivalence class of the special element oo and then
develop the other equivalence classes.

4.1 The equivalence class of oo

The following result will gather all rational numbers and show their membership to the same
equivalence class.

Proposition 4.1. Any point (z : 1) with x € Q is equivalent to co. Furthermore, those are
the only points that are equivalent to oco.

Proof. Let 1 € Q. Then r = % for some x,y € Z with y > 0. Since % is rational, its

continued fraction is finite. Let [rg,...,7n—1] be the continued fraction of r = - Then
(5 :1) = ([ro,-..,7m-1] : 1) and so by the first part of proposition 3.19
x
(y : 1> =T(ro) * ([r1,.cestm=1] : 1) = ... = T(r0)T(r1)...T (rm—2) * (rm—1: 1) = Dy, * 00.

Since Dy, € GL(2,Z), (r : 1) is equivalent to co. Furthermore, by the computation rules in
subsection 3.3.1 of the action of GL(2,Z) onto P'(R), we know that for any S = (¢%) €
GL(2,7Z), we have Sx oo = (2 : 1) (if ¢ # 0) or S %00 = oo (if ¢ = 0). Hence oo can only be
equivalent to real projective points of the form (z : 1) where x is rational. O

By transitivity, we conclude the next corollary.
Corollary 4.2. The equivalence class of oo is given by {(r: 1) : 7 € Q} U {o0}.

Since rational points are identified with finite continued fractions, we deduce the following
corollary.

Corollary 4.3. The equivalence class of oo is given by
{(Iroy-eestn) : 1) :m eNjrg € Z,r; > 1 for alli=1,...,n and r,, > 1} U {c0}.

Example. By the previous proposition, the two points (—% : 1) and (% : 1) are equivalent
to co on P!(R). Thus in particular the two points ([—2,2] : 1) and ([1,2,2] : 1) are equivalent

on PL(R).
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4.2 The equivalence classes of the remaining points

The analysis of the equivalence of the remaining points is not as straightforward as the pre-
ceding analysis. To study the equivalence relation of real projective points of the form (z : 1)
where z is irrational, we need to develop some properties of the group GL(2,7Z).

Product decomposition of elements of GL(2,7)

In order to have a better control over the elements of GL(2,Z), let us exhibit a set of generators.
Let us denote the subgroup {+(§9);+('9)} of GL(2,Z) by A. Then A is generated
by = (19).

Lemma 4.4. For any S = (‘CL Z) € GL(2,Z), there exist Z1,Zy € A such that S = Z; (“Zf ||Z|\) Zs.

Proof. Since any element of A is its own inverse, we deduce that there exist Z1, Zo € A such

that S = 73 (“Zf \|Z|\> Zo if and only if 71575 = <‘|Z|| ‘|Z||) Hence it is sufficient to prove that

there exist Z1, Z5 € A such that 21575 = <||Z|| IIZ‘I ) In order to prove this, we observe that

eg 0 a b\ (€ 0\ [ecla eresyd
0 e)\c d)\0 €) \eéc eehd

for any €, €, €}, €, € {—1,1}.
If at least one of the integers a, b, ¢, d is equal to zero, it is easy to check that there exist
€1, €2, €], €5 € {—1,1} such that (elgla Elgzb) = ('{é" JZD

626/10 626/2d
If none of the integers a, b, ¢, d is equal to zero, then, we observe that since ad — bc = %1,
the two products ad and bc have equal sign. Thus either two or four entries have the same

sign'. Then, the lemma can be easily proven by direct case by case computations. O

Hence any element of GL(2,Z) is given by a matrix with non-negative entries which is
multiplied on the left and right by elements of A.

01 1 1
W = (1 O> and U= <O 1) .
Then

(1 7 s _(r 1 » (0 1 rar (100
U —(0 1), UVV—T(?“)—(1 0), wuU —<1 7")’ WUW—(T 1).

Proposition 4.5. Let S = (‘CL 2) € GL(2,Z) with a,b,c,d > 0.
Then S can be written in a unique manner as a product

Set

S=wWUurwurw.umrwurmw

where m € N, ro, 7 > 0 and if m > 2 thenr; > 1 for alli =1,....m — 1. We are going to
refer to this product as the product decomposition of S.

!The sign distribution of a matrix in GL(2,Z) with non-zero entries, up to identification, can only take the
forrr)ls +(3I1),£(53),£(5F),£(Z 1) where + denotes a positive entry (i.e. > 0) and — a negative (i.e.
<0
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Proof. We prove the existence of such a product by strong induction on b.

1. If b = 0, then since det(S) = £1 and since a, b, ¢,d > 0, this implies that

Sz(l O>:WUCVV.
c 1

2. If b= 1. Then we have to consider two sub-cases.

(a)

(b)

If det(S) = ad — bc = —1, then ¢ = ad + 1 and so

. a 1_10 al_ F pp——,
5= (ad—%l d) "(d 1> (1 0) = WUWwuUrw.

If det(S) = ad — bc = 1, then ¢ = ad — 1 and so

a1\ (1 0\ (1 1\[a—1 1\ . a1 ot
5= 1 a)= (20 DG o) (71 o) =wortwowrew

3. Assume that the claim holds true for all b € {0,1,...,n — 1} for some n —1 > 1 and let
b=mn > 1. We distinguish again two sub-cases.

(a)

If 0<a<b. Then
S:SWW:(g‘C‘)W

Since b,a,d,c > 0 and since a < b, by strong induction, we conclude that (Z CC”) =
WUWUW...UmWU™W for some m € N, rg,r, > 0 and if m > 2 then
r; > 1foralli=1,....m— 1. Hence, if r,, # 0, then

S =WUWU"W..U WU WUW,
if r,, = 0 and m > 1, then
S=WUr wurw..umw
and if 7, = 0 and m = 0, then
S =WU'WUw.

If a>b>1, then a = pub+ p with 0 < p < b. Since det(S) = ad — bc = +1,
we deduce that ged(a,b) = 1 and that in particular a is not a multiple of b. Thus
p#0. Set 0 = ¢ — pd. Then

_ (b p\(n 1
s=(a 0) (1 0):
Since S € GL(2,Z) and since (’f(l)) € GL(2,Z), we conclude that also (Zg) €
GL(2,Z).
Assume by contradiction that ¢ < 0. Then bo — pd < bo since 0 < p and d < 0.

Then, bo < —b < —1 since b > 1 and ¢ < —1. Hence det(sg) =bo—pd < —1
which contradicts the fact that (Z g) € GL(2,Z). Hence 0 > 0.
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Since b, p,d,o > 0 and since p < b, by strong induction we conclude that (Z (’;) =

WUWUW...U 1 WU™W for some m € N, rg,7, > 0 and if m > 2 then
r; > 1foralli=1,...m — 1. Hence, if r, # 0, then
S=WUwurw..UumwumwU*w,
if r, =0 and m > 1, then
S =WU " WU"W...U ™ T
and if r,,, = 0 and m = 0, then
S =WUWU"W.
Let us now prove uniqueness of this product. Let
S =WUWUW..U WU W = WU WU W..U WU W

for some m,n € N, ro,rp, 70,7, > 0 and if m > 2 then r; > 1 for all ¢ = 1,...,m — 1 and if
n>2thenr,>1foralli=1,..,n— 1.

1. If n = m = 0, the claim is trivial since WU™W = WU"W implies ro = r(, and so the
two products are equal.

2. Assume by contradiction that one of the two non-negative integers n, m is zero and the
other is strictly positive. Assume without loss of generality that n = 0 and m > 0.
Then, we deduce that

WSW = UWUW..U ™ WU™ = ",

Thus
U WUW..U ™™ 1W = UTG(UTm)—l — UTE)_T"L,

If m = 1, this yields that U™W = U=, This implies that (77 §) = (077 ) which

is clearly a contradiction.

If m > 1, we observe that U"W = T(r) = (7 }). Thus, we can use proposition 3.19 to
rewrite UWU™W..U™'W = D,, = (Zz:} pm—2 )
Since rg > 0 and r1, ..., "m—1 > 0, the second part of proposition 3.19 implies that ¢; > 1

for all i € {0,1,...,m — 1} hence in particular ¢,,—1 > 1 which gives a contradiction since
the lower left entry of U0~"m is (.

3. If n,m > 1, we deduce that
WSW = U WU W..U™ " WU™ = UTOWUTW...U - W U™,
This implies that
UNWUW...U™ W U™ % 00 = UOWUW...U ™=t WU"™ % oo,
Since by proposition 3.16, U™ and Un belong to the stabilizer of co, we deduce that

UYWUW...U™ W % 00 = USWUTW...U ™1 W * oo.
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Since U"W =T(r) = (7 {), by the first part of proposition 3.19, we deduce that

([ro, 71, ooy rm—1] = 1) = ([rh, 75 oy h_q] 1 1).

Hence [ro,71,...,"m—1] = [r{, 7}, .., 7h_1]. Since by construction [rg,71,...,7m—1] and

[0, 715 .oy 7)) are finite continued fractions that are equal, we deduce by lemma 3.7
that m —1 =n — 1 (and hence m = n) and that r; = 7} for all i € {0,1,...,m — 1}. By
considering again our initial assumption

S e WUTOWUTIW“U"‘mfl WUT7nW — WUT‘{)WUT,IWUT;L*lWUT;LW

we deduce from the last conclusion that (WU WU W..U™™ W)~ LSW = U™ = U'n.
Hence, both products are equal.

O

The last proposition does not only state that each matrix in GL(2,7Z) with non-negative
entries has a product decomposition, but its proof gives also a general method to construct
this product decomposition.

Remark 4.6. Let S = (‘; fl) € GL(2,Z) with a,b,c,d > 0. Assume
S=wWUurwurw..umwurmw.

If rmy # 0, then
(¢d)y=U"WU"W..U™ ' WU™W

yields that the continued fraction of ¢ = [ro,r1,...,7m] since

(C

= 1)=(¢¢) %00 =U"WUW.. U™ WU™W %00 = ([ro,r1, ..., Tm] : 1)
Similarly, since
(¢9)=8T = (WU wWUnw..U WU W)l = wurmwurmw. .UM WU W,
we deduce that if rog # 0, then g = [Py i1 -y T1, T0]
Combining lemma 4.4 and proposition 4.5 gives the following corollary.

Corollary 4.7. Any S € GL(2,7Z) can be writlen as a product
S=Z21WUWU"W..U™*WU™W Zy

where Z1,Z5 € A, m € N, ro, 7, >0 and if m > 2 thenr; > 1 for alli=1,....,m — 1. This
product is unique up to multiplication to the left and to the right by elements of A.
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Equivalence of irrational real projective points and the relation between their
continued fractions

We proved in the last subsection that each matrix S € GL(2,Z) has a product decomposition
with finitely many terms. This result will now be used to compute the equivalence classes of
PL(R). To understand intuitively what we are going to prove, we will briefly explain a new
point of view. Actually, we know that two points (z : 1) and (y : 1) of P}(R) are equivalent
if there exist S € GL(2,Z) such that S* (z: 1) = (y : 1). Instead of considering two different
points (z : 1) and (y : 1) and analyzing whether they are equivalent or not, we can take one
point (z : 1) and study the action of any matrix S € GL(2,Z) on this point. In this way,
we find all points that are equivalent to (z : 1). Moreover, instead of considering S to act on
(z : 1) we can consider its product decomposition. Hence, instead of considering the action of
each possible element of GL(2,7Z), we can simply study the action of the generators at those
elements. This intuitive idea will be used in the proof of the next result.

Proposition 4.8. Let © and y be two irrational numbers. Then (x : 1) and (y : 1) are
equivalent in P1(R) if and only if

L= (10,71, ey Tpy UQs Uy -]y
Y =[S0, 51, .., Sq» U0, U, -],
where the sequence of partial quotients of the continued fraction of x after the p-th partial

quotient is the same as the sequence of partial quotients of the continued fraction of y after
the q-th partial quotient.

Proof. First assume that

L= (10,71, ey Tpy UQs Uy -y

Y =[50, 81, vy Sqs U0s UL, ..
Set
z = [ug,u1, ...],
_(ro 1 ry 1 rp 1
=1 o) (1 o) (T o)
_ (S0 1) [s1 1 sq 1
Y= (1 0) (1 0>'”<1 0/
From the first part of proposition 3.19, we deduce that (z: 1) = Xx(z:1)and (y: 1) = Yx(z:

1). Since X € GL(2,Z), X has an inverse X ! € GL(2,Z). Then X ' % (z : 1) = (2 : 1).
Thus YX 1% (z:1)=(y:1) and YX ' € GL(2,Z). Thus (z : 1) and (y : 1) are equivalent.

On the other hand, let (x : 1) and (y : 1) be equivalent with x € R\ Q. Then there exists
S € GL(2,7Z) such that (y : 1) = Sx(x : 1). From corollary 4.7, we know that S has a product
decomposition S = ZiWUWUW.. .U 'mWU™W Zs for some m € N.

Since x is irrational, theorem 3.27 yields that x has an infinite continued fraction. Let
x = [ry, 71,75, ...]. Then we are going to show that y = [s0,51, ..., Sm/, T, Triy 15 Try gy -] fOT
some m',n’ € N. Since S = ZyWU™ WU W..U™WU™W Zs, it is sufficient to prove that
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for any infinite continued fraction [ro,r1,72,...] and any X € {Z1, Zo, U™, U™, ..., U™ W} we
have X % ([ro,71,72,...] : 1) = ([S0, S1, -+ Sng» "'ns Tn+1, - + 1) for some ng,n € N (n > 0) and
for some sp € Z and s; > 1 for all i € {1,...,no}. If this holds, then the action of each matrix
in {Z1, 29, U™, U™, ..., U™ W} changes only the beginning of a continued fraction and so
does then any finite product of them. In order to prove the claim, we are going to carry out
a case-by-case proof depending on the value of X.

Consider first X = Z; (and so at the same time X = Z3). By construction Z; € A.
Furthermore, we know that A is generated by + (_1 0) and that the action of S and —S is
the same for any S € GL(2,Z). Thus we consider the action of X = (7'?) only. There are
two sub-cases to consider.

If r1 > 1, we have
10 1\ (r1 1 )
0 > < 0> <1 0> * ([7“2,7"3, ] . 1)

<_01 (1]> * ([ro, 71,72, ... : <
(—7"07“1 -1 —’I”O) x ([ro,7r3,...] : 1)
<—m—1 1> G (1)) <r11—1 (1)) * ([r2,73,...] : 1)

([=ro—1,1,r — 1,79,73,..] : 1).

If 1 = 1, then the previous computation can be simplified to

2 etman - (2 (3 )t
( _m>*qmﬁ&my1)

<_T0_1 1) G (1)> (? é)*([rm,---]:l)
(0 (o) (8 o) (7 ) e
(™

() e

([ ro—1,rg+1 7“3,7’4,...] : 1).

—7“0—1

azr+b . 1
cx+d

we observe that the action of ('Y) sends (2 : 1) to (—z : 1) for any 1rrat10nal x and so we
obtain a formula to compute the continued fraction of the additive inverse of an irrational

number from its continued fraction.
11 rg 1 )
(0 1> <1 O> *([r1,72,...] 1 1)

Next consider X =U = ({ 1).
ro+1 1
( 01 0> *([r1,72,...] 1 1)

([TO + 1,171,792, ] 1)

By using the general formula (¢ %)« (z: 1) = ) (since z # —¢ since z is irrational),

X * ([ro,r1,72,...] : 1)
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azr+b .
cx+d °

we observe that the action of U sends (x : 1) to (x+1 : 1). In the same fashion, one can show
that U* * ([ro,r1,79,...] : 1) = ([ro + k,71,72,...] : 1) for any k € Z and that the action of U*
sends (z : 1) to (z + k : 1) for any k € Z. We deduce the effect of the addition of an integer
to an infinite continued fraction.

At last consider X = W = (9 ). We have to distinguish three sub-cases.
If rg > 0 then

By using the general formula (2 9) % (z: 1) = ( 1) (since x # —% since x is irrational),

= ([0,70,71,..] - 1).

If 7o = 0, then
X« ([ro,r1,72,] 1 1) = (g é) (? é) (7“11 é) «([rara, ] 1)
_ (7"11 é) (a7, 1 1)
= (fr1, 72, 1 1).

If rg < 0, then we have

|
—_
]

2
X * ([ro,r1,72,...] 1 1) = > W x ([ro,r1,72,...] : 1)

(
_ <—01 ?) W (é _01) « (o, r, 2] £ 1)
_ <—01 ‘i) W (‘01 ?) w([ro, 71,7200 : 1)
- <_01 ?) 1474 (‘01 (1)) * ([ro,71,72...] = 1)
<‘01 ?) . (W* <(‘01 (1)) « ([ro, 1,72 ¢ 1)>)
10

We can use the case X = (B 1) to perform the rightmost action which changes the first
partial quotients only and which sets the 0-th partial quotient to be —rg — 1 > 0. Then we
can use one of the two first sub-cases of X = W to compute the action of X = W and at last
we can use again the case X = (_01 (1)) to perform the leftmost action. Since the three actions

change the beginning of the continued fraction only, so does their product.

o
—

By using the general formula (CC‘ g) *(z:1)= <Z$I§ : 1) (since x # —% since z is irrational),

we observe that the action of W sends (z : 1) to (% : 1). In particular, this gives a general
method to compute the continued fraction of the multiplicative inverse of an irrational number
from its continued fraction. O

Example. Let us check the if part of the proposition on an easy example. Consider v/2. Let
(12) € GL(2,Z). Then (12) (v2:1) = (4+77\/5 : 1). Thus (v2 : 1) and (Lﬂ : 1) are
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equivalent in P'(R) and hence their continued fractions should end in the same sequence of
partial quotients. Indeed, the continuous fraction of v/2 = [1,2,2,2,2,2, ...] and the continuous

fraction of Y2 = [0,2,1,2,2,2,2,2,..].

Remark 4.9. Notice that, under some assumptions, proposition 4.8 could also be used to
obtain the equivalence class of co.

Indeed, by considering 0 as the sequence of partial quotients with no partial quotients
wmside, one can also conclude that finite continued fractions end up with the same sequence
after discarding finitely many terms.

On the other hand, one can use exactly the same proof as the one given above to prove the
other direction (except that this time x = —g might be possible and has to be excluded). This
implies that we can also use all the computation rules that we concluded for infinite continued
fractions on finite continued fractions.

Remark 4.10. We showed during the proof of proposition 4.8 that for irrational number x,
the real projective points (x : 1), (—z : 1), (L : 1) and (x+n: 1) (n € Z) are equivalent. Hence
their continued fractions end up with the same sequence of partial quotients.

The last example verified the proposition on an easy example, namely on the square root
of an integer. In part I, we are going to develop some computation rules to construct the con-
tinued fraction of square roots of rational numbers in general. After we do so, the last example
seems then trivial. Unfortunately a similar construction does not exist yet for other irrational
numbers and that’s the strong characteristic of proposition 4.8. Indeed, one can apply its
conclusions to any kind of numbers for example transcendental numbers like 7 and conclude
that =, —77,% have continued fractions that end up, after some initial partial quotients that
may be different, with the same sequence of partial quotients. This is rather difficult to check
since we can only use simple algorithms that rely mostly on the Fuclidean division algorithm
to construct the partial quotients and hence do not end when they compute the continued
fraction of irrational numbers.

By proposition 4.5 and proposition 4.8, we deduce that in order to find all the equivalence
classes of P!(R) it is sufficient to find all equivalence classes with representative (z : 1) where
xz € [0,1] \ Q and to include the equivalence class of co. This actually amounts to finding
all possible different endings of infinite continued fractions. Using Cantor’s diagonalization
method, one can show that there are uncountably many such endings and hence uncountably
many equivalence classes in P*(R).
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Part 11
Integral binary quadratic forms

The second part is divided into chapter 5, 6, 7 and 8. The main goal of this part is to introduce
integral binary quadratic forms, to define their equivalence, to define the class number and to
prove that the class number is finite for positive discriminants. To do so, a certain reduction
method is chosen where each integral binary quadratic form is shown to be equivalent to a
strongly reduced one.

Chapter 5 consists in an introductory chapter where all the basic definitions of integral
binary quadratic forms are set and their equivalence relation is described. Let us highlight
that we do only consider indefinite integral binary quadratic forms from this point on.

In chapter 6 the strongly reduced integral binary quadratic forms of a given discriminant
are defined. The set of strongly reduced integral binary quadratic forms of a given discriminant
will be shown to have finitely many elements and to consist in a complete set of representatives
for the equivalence classes of integral binary quadratic forms of this discriminant. Furthermore,
the chapter gives two easy verification methods to check if a given integral binary quadratic
forms is strongly reduced or not (c.f. proposition 6.10 and lemma 6.11).

In chapter 7 the reduction method is prepared. The chosen method relies on derived forms
and not as is common in the literature on GAUSS’ right neighbor forms. One strong result and
motivation to consider derived forms to perform computations is given in proposition 7.10,
where an effective method to compute the derived form with respect to the first root of the
corresponding polynomial of a given strongly reduced quadratic form is given.

Finally, chapter 8 concludes the finiteness of the class number for positive discriminants.
More precisely, in section 8.1 the result is proven for positive square discriminants. Then
in section 8.2 the result is proven for positive non-square discriminants. To this end, the
reduction operator given by the derived forms that have been developed in chapter 7, as
well as the properties of the strongly reduced integral binary quadratic forms that have been
developed in chapter 6 are combined. At last, some rough upper bounds for the class number
of positive discriminants will be discovered in section 8.3.
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5 Integral binary quadratic forms

Sources: [1, p.1-8], [8, p.318-321], [9, p.1-12], [3, p.150-152,155-159],

[10, p.9,12-15,21-23], [11, art. 153-154,157-159]
Other approaches: [12, p.354-356]
Another source which is particularly difficult to decompose into different chapters is given by LA-
GRANGE’s Recherches d’Arithmétiques which can be found in [7, 3rd volume p. 695-795]. This
source develops the classical approach (which is modernized by WEIL) which is nearest to our develop-
ment and shall be considered as complementing source for the second and third part of this document.

Integral binary quadratic forms belong to the classical mathematical objects of number
theory. Several mathematicians studied their properties and in 1801 GAUsS published in [11]
a general method to completely classify them.

Using the strong results that GAUss developed, mathematicians found a connection be-
tween continued fractions and integral binary quadratic forms and proceeded to deduce prop-
erties of continued fractions from the known theory about integral binary quadratic forms.

Although this is a successful way to study both theories, we are not going to follow this
path. We are going to fusion both theories so that we obtain results in both fields in a
simple, elegant and modern manner. This will finally lead to a classification of integral binary
quadratic forms and a basic algorithm to obtain this classification.

Since several definitions throughout the rest of the document are non-standard, we would
like to warn the reader to not confuse them with the (gaussian) standard definitions.

The definition of integral binary quadratic forms

Definition 5.1. An integral binary quadratic form is a homogeneous polynomial in two vari-
ables of degree two with integral coefficients

Q(X,Y) =aX?+bXY +cY? € Z[X,Y].
Its discriminant is D = b? — 4ac (and satisfies D = 0,1 mod 4).

Since we are going to work with integral binary quadratic forms only, there should be no
confusion in calling them quadratic forms in the rest of the document.

2a b X
A_<b 20) andV—<Y>.

1
5VTAV = Q(X,Y)

Set

Then

and det(A) = —D. We say that the matrix A represents the quadratic form Q(X,Y).
In order to shorten the notation and for better perception of the coefficients of the quadratic
forms, one usually uses the notation

(a,b,¢)xy = aX? +bXY + V>

Quadratic forms can be distinguished by the value of their discriminant.
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Definition 5.2. A quadratic form Q(X,Y) = aX? + bXY + cY? with discriminant D is
called:

1. indefinite if D > 0;
2. semi-definite if D = 0;
3. definite it D < 0.

Example. Q(X,Y) = 2X? + 3XY + Y2 = (2,3,1)xy is indefinite whereas Q(X,Y) =
(1,0,1) xy is definite.

Although the general theory about quadratic forms is quite interesting, we are going to
consider indefinite quadratic forms only. For more general developments, we refer the reader
to |9, p.13-20], [3, p.170-175], [10, p.85-105], [12, p.356], [11, art. 171-181,215-221].

Definition 5.3. The set of all quadratic forms of discriminant D is denoted by Quad(D).
Example. Q(X,Y) =2X2 +3XY + Y? € Quad(1).

Since the sets Quad(D) partition the indefinite quadratic forms, they are a great tool to
classify them. In this logic, we are going to study those sets in detail.

GL(2,Z) acts on Quad(D)
Proposition 5.4. GL(2,7Z) acts on Quad(D) by

1 1
Q(X,Y)oS = 5vTAv 0§ = §VTSTASV

forall S =(21) e GL(2,Z).

Remark 5.5. Actually the action of S € GL(2,Z) on Q(X,Y) € Quad(D) can be seen as a
linear change of the variables X and Y. Indeed, one observes that if S = (£1) € GL(2,7Z),
then we have

1
Q(X,Y)oS = 5VTSTASV

§(pX +qY,rX +sY)A <£§i§¥>

=Q(pX +qY,rX + sY).
Remark 5.6. Notice that for all GL(2,7Z) we have Q(X,Y) oS =Q(X,Y) o (-5).

Let Q(X,Y) = (a,b,c)x,y € Quad(D) with representative matrix A = (%2 02) and S =
(P9) € GL(2,Z). Then the matrix that represents Q(X,Y) o S is given by

T
gTag— (P 4} (20 D)\ (p 4
r s b 2c) \r s
B ( 2ap? + 2bpr + 2cr? 2apq + b(ps + qr) + 26’/’8)

2apq + b(ps + qr) + 2crs 2aq% + 2bgs + 2cs?
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Thus (a/,V,d)xy = Q(X,Y) o S is given by

a = Qp,7)
Vo= (qs)(Qbach)(]v?)
d = Q(Qa S)

We deduce the following proposition.
Proposition 5.7. If Q(X,Y) = (a,b,¢)xy € Quad(D) and S = (2 %) € GL(2,Z), then

QX,Y) oS =(Q(p,), (a:5) (¥ 5.) (7), Qla,9)xy

Equivalence of quadratic forms and the class number

Through the above group action of GL(2,Z), we can define an equivalence relation on quadratic
forms as follows.

Definition 5.8. Two quadratic forms Q(X,Y) € Quad(D) and Q'(X,Y) € Quad(D) are
said to be equivalent (in the wide sense) in Quad(D) if Q(X,Y) = Q'(X,Y) o S for some
S e GL(2,7) (i.e. det(S) = £1).

More precisely, we say that Q' (X,Y) and Q(X,Y) = Q'(X,Y) o S are

1. properly equivalent if det(S) =1 and
2. improperly equivalent if det(S) = —1.

Example. Since (1,3,3)xy = (1,1,3)x,yo(} 1), we deduce that X%+ XY +3Y? is equivalent
(in the wide sense) and properly equivalent to X2 +3XY + 3Y2.

Since (1,—1,6)x,y = (1,1,3)xy o (' {), we deduce that X? + XY + 3Y? is equivalent (in
the wide sense) and improperly equivalent to X? — XY + 6Y?2.

Remark 5.9. Observe that a quadratic form Q(X,Y) € Quad(D) can be properly and im-
properly equivalent to another quadratic form Q'(X,Y) or itself.

Example. Since Q(X,Y) = (1, —2,1) x y satisfies Q(X,Y)o({ 9) = (1,-2,1) xy and Q(X,Y )o
(98)=1(1,-2,1) xy, we deduce that Q(X,Y) is properly and improperly equivalent to itself.

Let H(D) denote the quotient space Quad(D)/GL(2,7Z) (i.e. the set of equivalence classes
in the wide sense) and let us define the class number of Quad(D) (denoted by h(D)) to be
the number of equivalence classes in Quad(D).

Remark 5.10. Observe that equivalence (in the wide sense) and proper equivalence are equiv-
alence relations in Quad(D), whereas improper equivalence is not an equivalence relation since
transitivity is not fulfilled.

In the following, we are going to say that two quadratic forms are equivalent when we
mean equivalent in the wide sense.

Before we close this chapter, let us consider two general examples of equivalent forms which
will reappear later on.

Example. Let Q(X,Y) = aX? +bXY +cY? and let Q'(X,Y) = cX? +bXY + aY?. Since
RIX,Y) = QY. X) o (9}), Q(X,Y) is equivalent to Q(Y,X) (thus quadratic forms are
equivalent under the exchange of their variables).
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Example. Let Q(X,Y) = aX? +bXY +cY? and Q'(X,Y) = aX? — bXY + c¢Y?2. Since
Q(X,)Y)=Q(X,Y)o (3'Y), Q(X,Y) is equivalent to Q'(X,Y).

Let us highlight the fact that quadratic forms that are equivalent share a lot of properties
for example they represent the same numbers. Hence, in order to study indefinite quadratic
forms, it is sufficient to study their equivalence classes. In other words, it is sufficient to
analyze the sets H(D) for all D € N\ {0}.
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6 Quadratic surds and reduced quadratic forms

Sources: [1, p.12-15], [8, p.321-322,353], [3, p.159-160], [4, p.96-104],
[10, p.79-82,107-111]
Other approaches: [9, p.21-22]

Chapter note: Assume throughout this chapter that D € N\ N2,

In order to find the equivalence classes of Quad(D), we would like to reduce the set of all
quadratic forms of discriminant D to a smaller set of quadratic forms which includes at least
one representative for each equivalence class of Quad(D). In the second part of theorem 8.4
in chapter 8, we are going to see that such a set is given by the set of all strongly reduced
quadratic forms of discriminant D. Before we can prove this result, we have to define what it
means for a quadratic form to be strongly reduced. Since there are again several definitions
of strongly reducedness that can be found in the literature, where most of them are given
synthetically by a certain comparison of the coefficients that define the quadratic form, we
would like to give a more natural definition and show how this can be seen by comparing the
coefficients. That’s why we start this section by defining so called quadratic surds which will
be shown to partially define quadratic forms.

6.1 The definition of quadratic surds

Definition 6.1. A quadratic surd (or quadratic irrationality) is a real irrational number which
is a root of a quadratic polynomial with integral coefficients.

Example. /2 is a quadratic surd since it is the root of X2 — 2 and irrational.

1—79 is not a quadratic surd since it is not irrational.
7 and /2 are not quadratic surds since they are not roots of a quadratic equation with integral

coefficients.

Let Q(X,Y) = (a,b,c)xy € Quad(D) and consider the polynomial Q(T,1) = aT?+bT +
c € Z[T). Since D € N\ N2, the roots of Q(T,1) are distinct and given by the two quadratic

surds
n —b++VD —2c _ —b—+D —2c
" = = and z = = .
2a b+ VD 2a b— D
We define x1 = max{z™, 2~} to be the first root of Q(T,1) and y2 = min{x*,z~} to be the
second root of Q(T,1). One can easily verify that if a > 0 then y; = 2% and y2 =z~ and if
a < 0 then x1 = 2z~ and y2 = . In particular, we have {z*, 27} = {x1, x2}-

Example. Consider Q(X,Y) = X2 —2Y? € Quad(8), then the first root of Q(T,1) = T? — 2
is y1 = 27 = v/2 and the second root of Q(T,1)is xo =2~ = V2.

Proposition 6.2. Let Q(X,Y) = (a,b,¢)xy be a quadratic form and let S = (P{) €
GL(2,Z). Then the roots of Q'(X,Y) = Q(X,Y) o S = (d,V,d)xy are

— 4 det(S)vVD nd —b' — det(S)vVD
2a’ 2a/ '
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Consider the roots + and 2~ of Q(T,1) where Q(X,Y) € Quad(D) (0 < D ¢ N?). Let
S € GL(2,Z) and let Q'(X,Y) =Q(X,Y)oS = (d/,V, ) xy, then a brute force computation
shows that

Slx(zt:1) = <_b/ + det(5)v'D : 1) and S7lx(z:1)= <_b/ — det(S)vD : 1) .

2a’ 2a’

Hence, the above conclusion gives us a method to generate the roots of a polynomial given
by a quadratic form in terms of the roots of a polynomial given by a quadratic form that is
equivalent to the first one. We verify this with an example.

Example. Let Q(X,Y) = (1,2, —4)xy € Quad(20) and let S = (' ]) € GL(2,Z). Then
Qi1(X,Y) = Q(X,Y)o S = (1,-4,—1)xy. The roots of Q(T,1) are z* = —1 + /5 and
2~ = —1 — /5. The roots of Q:1(T,1) are wi“ =2+ /5 and r] =2— /5. Furthermore the
inverse of S is given by 57! = (1) =S, Thus Sl x (a2t : 1) =S x(-1+V5:1) =

(_(_1%\@)“ : 1) =(2—-+6:1)=(z] : 1) and similarly S~ % (z7 : 1) = (2] : 1).

Notice that the above conclusion states that if the two quadratic forms Q(X,Y’) and
Q" (X,Y) are equivalent, then the points (x1 : 1) and (xj : 1) or the points (x1 : 1) and
(x3 : 1) are equivalent in P!(R) where 1 denotes the first root of Q(T,1), x5 the first and x5
the second root of Q”(T,1).

Unfortunately the converse does not hold. One can prove that the two forms Q(X,Y) =
(2,-2,-1)xy and —Q(X,Y) are not equivalent (c.f. appendix D). However the first root of
Q(T,1) is equal to the first root of —Q(T, 1) and thus trivially equivalent to itself.

Corollary 6.3. If x is a quadratic surd and (y : 1) = S * (z : 1) where S € GL(2,Z), then y
1s a quadratic surd.

6.2 Weakly and strongly reduced quadratic surds

Definition 6.4. Let = a + bv/D with a,b € Q and D € N \ N2. Then the conjugate of x is
the number 2’ = a — byV/D.

Observe that the function z — 2’ is the non-trivial automorphism of Q(v/'D). Hence the
computation rules of z — 2’ are well studied and will be used without further precisions
hereinafter.

Definition 6.5. We say that a quadratic surd = is weakly reduced (in the sense of Lagrange)
if >0 and 2’ < 0 and that z is strongly reduced if z > 1 and —1 < 2/ < 0.

Example. Since the conjugate of 1+4v2is1—+v2and since 1+v2>land -1 < 1—-V2 < 0,
the quadratic surd 1 + v/2 is strongly reduced.

Let Q(X,Y) = (a,b,c)x,y be a quadratic form with positive non-square discriminant D.
Let 2 be aroot of Q(T, 1), then we know that z is a quadratic surd. Let 2 = x1+x2v/D for some
x1,x2 € Q. Since Q(z,1) = 0, we deduce that aac% —i—aac%D—i—ba:l +c¢=0and 2ax1z9+bxy = 0.
Then ' = x; — 22V/D is also a root of Q(T,1) since Q(z',1) = ar? — 2ax129V D + axyD +
by — bxey/D + ¢ = 0. In particular this shows that {x,2'} = {27} = {x1, x2}.

Hence, we deduce that the first root of a polynomial of second degree can be weakly or strongly
reduced, whereas the second root cannot be weakly or strongly reduced since x1 > xo.
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Lemma 6.6. Let Q(X,Y) = (a,b,c)xy and Q°(X,Y) = (as,bs, ) xy be two quadratic
forms. Let D € N\N?, D, € N\N? be the discriminants of Q(X,Y) and Q>(X,Y') respectively.
Let x1 be the first root of Q(T,1) and let x5 be the first root of Q°(T,1).

1. If the sign of a and the sign of ay are equal, then
Q(X,Y) =Q(X,Y) if and only if D = Dy and x1 = Xj.

2. If the sign of a and the sign of as are opposite, then
Q(X,Y)=-Q"(X,Y) if and only if D = Dy and x1 = Xj.

Proof. If Q(X,Y) = £Q"(X,Y), then their corresponding polynomials have the same roots

and their discriminant are equal.

Conversely, if D = D, and x1 = xj = 7b§a‘/D71, then since D € N\ N2, the second root of
Q(T,1) and Q"(T,1) is given by (x})". Hence Q" (X,Y) = kQ(X,Y) for some k € Z. Since
both quadratic forms have the same discriminant, this yields that Q*(X,Y) = £Q(X,Y).

The claim follows by comparing the signs of @ and a. O

6.3 Reduced quadratic forms

Definition 6.7. Let Q(X,Y) = (a,b,¢)xy € Quad(D) with D € N\ N2 Let y1 be the
first root of Q(T,1). We call Q(X,Y) strongly reduced (respectively weakly reduced) if x1 is
strongly reduced (respectively weakly reduced).

Example. Let Q(X,Y) = X2-2XY —Y?2. Then the first root of Q(T,1)is x1 = 2+ = 1+/2.
Since 1 + /2 is strongly reduced, so is then Q(X,Y).

For any Q(X,Y) € Quad(D), the polynomials Q(7,1) and —Q(T, 1) have the same roots.
Thus, we deduce the following proposition.

Proposition 6.8. Q(X,Y) = (a,b,c)xy € Quad(D) is strongly reduced if and only if
—Q(X,Y) = (—a,—b,—c)xy is strongly reduced.

Unfortunately, the direct method to check whether a quadratic form is weakly reduced,
strongly reduced or none of these demands a lot of computational work. In particular, one has
to determine the first root of the corresponding polynomial and check whether it is weakly or
strongly reduced. Fortunately, one can bypass these computations and deduce the reducedness
of a quadratic form by a direct comparison of its coefficients.

Lemma 6.9. Let Q(X,Y) = {(a,b,c)xy € Quad(D) with D € N\ N2 Then Q(X,Y) is
weakly reduced if and only if ac < 0.

Proof. Let Q(X,Y) = (a,b,¢)xy € Quad(D) and observe that the two roots of Q(T,1) are
given by #* = 7b;r(;/5 = b;\Q/% and 77 = 7b;(;/5 = b:\Q/%. Let x1 be the first and y2 be the
second root of Q(7',1). Then x1x2 = .

By definition Q(X,Y’) is weakly reduced if and only if x1x2 < 0. Since x1x2 = ¢,
we deduce that Q(X,Y) is weakly reduced if and only if £ < 0 which holds if and only if
ac < 0. O

Proposition 6.10. Let Q(X,Y) = (a,b,¢)xy € Quad(D) with D € N\ N2. The following
are equivalent:
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1. Q(X,Y) is strongly reduced.

2.a>0, —vVD<b<0,c<0andb++vVD < 2a<—-b++D
or

a<0,0<b<vVD,c>0and —b++vVD < —2a <b++/D.

3. a>0, —VD<b<0,c<0andb++vVD < —2c< —b++VD
or
a<0,0<b<@,c>0and—b+@<2e<b+\/ﬁ.

The conditions above are called Gauss conditions.

Proof. Let Q(X,Y) = (a,b,¢)xy € Quad(D) and observe that the two roots of Q(7,1) are

given by zt = _b;ra‘/ﬁ = b;f/% and = = _bgﬁ = b__\Q/%. Let x1 be the first and x2 be the

second root of Q(T',1). Then x1x2 = .

1. Assume first that Q(X,Y") is strongly reduced reduced. Since Q(X,Y) is weakly reduced,
lemma 6.9 implies that ac < 0. Hence D = b*> — 4ac > b? and so 0 < [b] < V/D.

(a) If a > 0, then x; = 27, x2 = 2~ and ¢ < 0. Since Q(X,Y) is strongly reduced,
27 is strongly reduced and so 1 < 2% and —1 < 2~ < 0. Firstly, 1 < 2T implies
that 2a < —b+ /D and b+ vD < —2¢ and secondly —1 < z~ < 0 implies that
b+ VD < 2a and —2¢ < —b + v/ D. We observe in particular that b + VD < 2a <
—b+ /D and hence b < —b and so —v/D < b < 0.

(b) If a < 0, then x; = 2, x2 = 21 and ¢ > 0. Since Q(X,Y) is strongly reduced,
2~ is strongly reduced and so 1 < 2~ and —1 < 27 < 0. Firstly, 1 < 2~ implies
that —2a < b+ VD and —b + /D > 2¢ and secondly —1 < zt < 0 implies that
—b++vD < —2a and 2¢ < b+ v/D. We observe in particular that —b + VD <
—2a < b+ /D and hence —b < b and so 0 < b < v/D.

2. Assume next that the conditions in (2.) hold.

(a) If a > 0, then x; = 2t and x2 = 2. Since 0 < 2a < —b+ /D, we deduce that
T > 1 and since 0 < b+ /D < 2a we deduce that —1 < 2z~ < 0.

(b) If @ < 0, then x; = 2~ and yo = x7. Since 0 < —2a < b+ /D, we deduce that
2~ > 1 and since 0 < —b+ VD < —2a we deduce that —1 < T < 0.

3. Finally assume that the conditions in (3.) hold.

(a) If a > 0, then x; = 27 and x2 = 7. Since 0 < —2¢ < —b+ /D, we deduce that
0>a2" > —1 and since b+ vV D < —2¢ we deduce that = > 1.

(b) If @ < 0, then x; = 2~ and yo = xT. Since 0 < 2¢ < b+ /D, we deduce that
0>z > —1 and since 0 < —b+ v/D < 2¢ we deduce that 1 < 2.

O

Example. Let Q(X,Y) = X? — 4XY — 13Y? € Quad(68). Since 1 > 0 and —13 < 0, the
quadratic form Q(X,Y’) is weakly reduced. However, since v/68 —4 > 4 > 2, the Gauss
conditions are not satisfied and so the quadratic form Q(X,Y") is not strongly reduced.
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Let Q(X,Y) = (a,b,¢)xy € Quad(D). Let x1 and x2 the roots of Q(T,1). Then an easy

computation shows that x1 4+ x2 = —g and x1x2 = . Furthermore, we deduce that

QLO)QO.1) =ac=a’> = axixz

Q(1,00Q(1,1) = a(a+ b+ c) = a* (1 + g + c) =a’(1 - (x1+ x2) + x1x2) = a*(1 — x1)(1 = x2)

Q(1,0Q(-1,1)=a(a—b+c) =a’ <1 - g + Z) =a*(1+ (x1+ x2) + xix2) = @*(1 + x1)(1 + x2)

Lemma 6.11. Q(X,Y) = (a,b,c)x,y is strongly reduced if and only if
a>0, ¢<0, a+b+c<0, a—b+c>0

or
a<0, ¢>0, a+b+c>0, a—-b+c<O.

Proof. Let Q(X,Y) be strongly reduced and let x1 be the first and let xo be the second root
of Q(T,1).

Suppose a > 0 then ¢ < 0 by the Gauss conditions. Furthermore since x1 > 1 and x2 < 0, the
above observation yields firstly that 0 > a?(1—x1)(1—x2) = a(a+b+c) and thus a+b+c < 0
and secondly that 0 < (1 + x1)(1 + x2) = a(a — b+ ¢) and thus a — b+ ¢ > 0.

Suppose a < 0 then ¢ > 0 by the Gauss conditions. Furthermore since x; > 1 and x2 < 0, the
above observation yields firstly that 0 > a?(1—x1)(1—x2) = a(a+b+c) and thus a+b+c > 0
and secondly that 0 < a®(1+ x1)(1 + x2) = ala — b+ c¢) and thus a — b+ ¢ < 0.

Conversely, assume that the conditions hold.

If a > 0. Then since a > 0 and a+ b+ ¢ < 0, we have 0 > a(a+ b+ c) = a®(1 — x1)(1 — x2)
and thus (since x1 > x2) we have 1 — x; < 0 < 1 — x2 whence x; > 1. Moreover a > 0 and
a—>b+c>0implies 0 < a(a — b+ c) = a®(1 + x1)(1 + x2) whence x2 > —1. Last of all since
a > 0and ¢ < 0, we have 0 > ac = a®x1x2 and so x2 < 0. Hence Q(X,Y) is strongly reduced.
If a < 0. Then since a < 0 and a + b+ ¢ > 0, we have 0 > a(a + b+ ¢) = a®(1 — x1)(1 — x2)
and thus (since x1 > x2) we have 1 — x; < 0 < 1 — x2 whence x; > 1. Moreover a < 0 and
a—b+c < 0implies 0 < ala —b+c) = a®(1 + x1)(1 + x2) whence y2 > —1. Last of all
since a < 0 and ¢ > 0, we have 0 > ac = a®x1x2 and so x2 < 0. Hence Q(X,Y) is strongly
reduced. O

Example. By the first example of this section, we know that Q(X,Y) = (1,-2,—-1)xy is
strongly reduced. Moreover, 1 >0, -1 <0,1-2—-1=-2<0and 1+2—1=4 > 0, which
verifies the lemma.
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7 Derived forms

Sources: [1, p.15], [8, p.353-354], [10, p.112-113]
Other approaches: [9, p.22-23], [11, art.160]

Chapter note: Assume throughout this chapter that D € N\ N2,

In order to prove that the set of all strongly reduced forms of discriminant D includes at
least one representative for each equivalence class of Quad(D), we need to prove that each
quadratic form of discriminant D is equivalent to a strongly reduced one.

To do so, one can tempt to exhibit a chain of equivalent quadratic forms which ends up
at a strongly reduced quadratic form. Any such approach needs a so called reduction method
that defines the chain of equivalent quadratic forms. For this purpose, GAUSS defined the
right neighbor of a quadratic form and right neighbor chains. However this method is not
suited for our construction. That’s why we are going to consider so called derived forms and
cycles of derived forms.

7.1 The derived form of a quadratic form

Definition 7.1. Let Q(X,Y) € Quad(D) with D € N\ N2, Let x be any root of Q(T,1).
Then the (first) derived form of Q(X,Y) with respect to x is

0:Q(X,Y) = 0,Q(X,Y) = Q(X,Y) o T(|z]), where T(r>=<§ é)

We observe that 0,Q(X,Y) and Q(X,Y) are improperly equivalent and by using propo-
sition 5.7, we get the following result.

Proposition 7.2. Let Q(X,Y) = (a,b,¢)xy € Quad(D) and let = be any root of Q(T,1).
Then 0,Q(X,Y) = (a1,b1,c1)x,y is given by:

ar= alz]*+blz|+e
by = b+ 2a|x]
Ccl = a

Example. Let Q(X,Y) = (1,-4,-13)xy € Quad(68). Then, y; = z* = 24+ V17 is
the first and yo = 2~ = 2 — /17 is the second root of Q(T,1). Since L2—|—\/ﬁJ = 6,
we deduce that 0y, Q(X,Y) = (—1,8,1)xy and since |2—+/17] = —3, we deduce that
0y, Q(X,Y) = (8,-10,1)xy.

Remark 7.3. Since the definition of derived forms is quite similar to GAUSS’ definition of left
neighbors, we want to highlight the difference. For any quadratic form Q(X,Y) = (a,b,¢)xy €
Quad(D), the left neighbor of Q(X,Y) (in the sense of GAUSS) is given in our notation by
02 (Q(X,Y) o (1Y) where Q(X,Y) o (1Y) = (a,—b,c)x,y and where x denotes the first
root of aT? — bT + c.

Since Q(T,1) and —Q(T,1) have the same roots, proposition 7.2 implies the following
corollary.
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Corollary 7.4. Let Q(X,Y) = (a,b,c)x,y € Quad(D) and let x be any root of Q(T,1). Then
2:(—Q(X,Y)) = -0,.Q(X,Y).

Let Q(X,Y) € Quad(D) with D € N\ N? and let = be any root of Q(T,1). By a direct
computation, one deduces that 0x = x_lm and :c’—ll_a:j are the roots of 0,Q(T,1).

Example. Consider Q(X,Y) = (1, -4, -13)xy € Quad(68) and 0, Q(X,Y) = (-1,8,1) x,v.

Then the two roots of 0,,Q(T,1) are given by dx1 =4 + V17 and 27\/11776 =417

In what follows, we will discover some interesting properties of derived forms. However
some of those properties will not take place if we take the (first) derived form of a given
quadratic form, but only if we take again the derived form of its derived form and so on.

Unfortunately, we have always to choose the root with whose respect we compute the
derived form. Thus, it might be difficult to determine, prior to some explicit computations,
with respect to which root we compute the derived form. Even worse, one could think that
one cannot even say anything about those forms. Although we do not have much information
about derived forms of derived forms, we know one very strong fact for sure.

By computing the derived form of a given quadratic form Q(X,Y) with respect to the
root x of Q(T,1), one knows beforehand that one root of 0,Q(T,1) will be dx. Thus, we
are able to define the derived form of 9,Q(X,Y) with respect to the root x. By using this
argumentation recursively, we obtain the following definition.

Definition 7.5. Let Q(X,Y) € Quad(D) with D € N\ N2 and let  be any root of Q(T,1).
Then, the 0-th derived form of Q(X,Y) with respect to x is 2Q(X,Y) = Q(X,Y) and the
n-th derived form of Q(X,Y') with respect to x is

IQ(X,Y) = 0gn-1,(0"'Q(X,Y)) for all n > 1.

In other words, for all n > 1, the n-th derived form of Q(X,Y) with respect to x is

9rQ(X,Y) = Q(X,Y) o T(|2])T(|0x]).. T(|0" 'z]), where T(ﬂ:(g é)

Using the notation developed in proposition 3.19, we deduce that 97Q(X,Y) = Q(X,Y)o
Dp=Q(X,Y)o (41 9272) and so if 9FQ(X,Y) = (an,bn, cn)x,y, then, for all n € N\ {0},
the following equations are satisfied:

an = Q(pn—la qn—l)
bn = (pn—2 Qn—2) (2ba de) (ZZ:;)
Cn = Q(pnf% Qn72) = ap—1

7.2 The derived form of a weakly reduced quadratic form

Lemma 7.6. Let Q(X,Y) = (a,b,c)xy be a weakly reduced binary quadratic form and let x1
be the first root of Q(T,1). Then:

1. 0,,Q(X,Y) is weakly reduced.
2. If xa > 1, 0y, Q(X,Y) is strongly reduced.

3. 02, Q(X,Y) is strongly reduced.
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Proof. Let x2 be the second root of Q(T',1). Then, the first root of 0y, Q(T, 1) is Ox1 > 1 and

; 1 _ /
the second root is = = (0x1)’.

1. Since x2 < 0 and since |x1| > 0, we deduce that x2 — |x1] < 0, whereby we conclude
that the second root of d,,Q(T,1) is negative. Thus Jx; is weakly reduced and so is
then 0,,Q(X,Y).

2. If x1 > 1, then |x1| > 1, we deduce that y2 — [ x1] < —1, whereby we conclude that the
second root of 0y, Q(T, 1) lies strictly between —1 and 0. Thus Jx; is strongly reduced
and so is then 0,,Q(X,Y).

3. Since 0y, Q(X,Y) is weakly reduced and since the the first root of 9y, Q(T, 1) is Ox1 > 1,
we deduce by the second part that 8§1Q(X, Y') is strongly reduced.

O

Example. Consider Q(X,Y) = (1,—4, —13) x y € Quad(68). By previous examples, we know
that Q(X,Y) is weakly reduced, that y; = 2++/17 > 1 and that 0,,Q(X,Y) = (—1,8, 1) x y.
The last lemma implies that 0,,Q(X,Y) is strongly reduced. This conclusion can be easily
verified with lemma 6.11.

7.3 The derived form of a strongly reduced from

Since any strongly reduced quadratic form is also weakly reduced and the first root of its
corresponding polynomial is greater than 1, lemma 7.6 implies the following result.

Corollary 7.7. Let Q(X,Y) € Quad(D) be strongly reduced and let x1 be the first root of
Q(T,1). Then 0y, Q(X,Y) is strongly reduced.

Example. The quadratic form Q(X,Y) = (—1,10,3)xy € Quad(112) is strongly reduced.
The first root of Q(T,1) is x1 = 5+ 2v/7. The last corollary yields that d,,Q(X,Y) =
(3,—10,—1)x,y is strongly reduced.

Unfortunately, the general method to compute the derived form of Q(X,Y") with respect to
the first or the second root of Q(7T', 1) consists in computing first the roots of Q(T', 1) explicitly,
then the integral part of the considered root and finally the derived form of Q(X,Y) with
respect to the considered root. We would like to shorten the computations. Whereas this
is not possible for quadratic forms in general, it is possible for strongly reduced forms. This
is due to the fact that we can predict the value of the integral part of the roots of Q(7,1)
whenever Q(X,Y) is strongly reduced.

Indeed, if Q(X,Y) is strongly reduced, then its second root g satisfies —1 < x2 < 0 and
so | x2] = —1. By proposition 7.2, we deduce the following proposition.

Proposition 7.8. Let Q(X,Y) = (a,b,¢)xy € Quad(D) be a strongly reduced quadratic form
and let x2 be the second root of Q(T,1). Then 0,,Q(X,Y) = (a—b+c,b—2a,a)xy.

Example. The quadratic form Q(X,Y) = (—1,10,3)xy € Quad(112) is strongly reduced.
The second root of Q(T,1) is x2 = 5 — 2v/7. Then the last proposition gives 9,,Q(X,Y) =
(—1—-10+3,10+ 2, -1)xy = (—8,12, 1) x y.
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Remark 7.9. Observe that if Q(X,Y) = (a,b,¢)xy € Quad(D) is a strongly reduced quadratic
form and x2 is the second root of Q(T, 1), then 0y, Q(X,Y) is not strongly, nor weakly reduced
since the first and last coefficient of 0y,Q(X,Y") have equal sign.

If Q(X,Y) is strongly reduced, then the integral part of the first root x;1 of Q(7’, 1) depends
on the quadratic form Q(X,Y"). Since x1+x2 = —g and since —1 < x2 < 0, one obtains easily
that | 2] € {|x1] — 1, [xa]}- Since x2 <0< 1< [x1] < x1 and since |x1] < x1 < [x1] +1,
we conclude that aQ(|x1],1) < 0 and a@Q(|x1] + 1,1) > 0. By those two observations, we
deduce that aQ( L—%J +1,1) < 0ifand only if [x1] = L—%J +1 and that aQ(L—%J +1,1) >0
if and only if [x1] = L—%J. This gives an efficient way to compute the integral part of the
first root x; of Q(T',1) and can be used to efficiently compute the derived form of Q(X,Y)
with respect to x1 (without explicitly computing x1).

Proposition 7.10. Let Q(X,Y) = (a,b,c)xy € Quad(D) be a strongly reduced quadratic
form and let x1 be the first root of Q(T,1). If aQ(L—SJ +1,1) >0, set p = L—gJ, else set
p=|-2] +1. Then 0,,Q(X,Y) = (ap® + bp+c,b+2ap,a)xy.

Example. The quadratic form Q(X,Y) = (—1,10,3)xy € Quad(112) is strongly reduced

and {—%J = 10. Since Q(11,1) = 8 > 0, we set p = {—%J = 10. Let 1 be the first

root of Q(T,1). Then by the last proposition 9y, Q(X,Y) = (ap® + bp + ¢,b + 2ap,a)xy =
(3,-10,—1)xy-

Remark 7.11. In the last proposition, we did not use the fact that if Q(X,Y) = (a,b,c)xy €
Quad(D) is strongly reduced and if x1 is the first root of Q(T,1), then 0y, Q(X,Y") is also
strongly reduced. One can show that |x1| is the unique integer & such that /D — 2|a| <
o(b + 2a¢) < /D where o denotes the sign of a. Hence, if we know the value of \/D, then
this observation can also be used to find |x1]| and to compute 0,,Q(X,Y) in a fast way
without computing x1 explicitly. However, one should observe that the method given in the
last proposition is more effective.
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8 Reduction of indefinite forms and rough upper bounds for
the class number of positive discriminants

Sources: [1, p.13-14,16], [8, p.216-219, 321-322,354-358], [3, p.160-161],
[10, p.113-114,120-125]
Other approaches: [9, p.22-23], [12, p.359-364], [11, art. 183-185]

We are finally able to prove that there are only finitely many equivalence classes in
Quad(D) for any D > 0.

In section 8.1, we will prove that this holds for all D € N2\ {0}. This proof could have
been given earlier since it uses some number theoretical facts and the action of GL(2,Z) on
Quad(D) only. However this chapter seemed to be the best place to develop this result.

In section 8.2, we will prove the claim for non-square positive discriminants. We are going
to use the concepts introduced in chapter 6 and chapter 7 to prove first that any quadratic
form is equivalent to a weakly reduced one and then that any quadratic form is equivalent to
a strongly reduced one. Thereafter the conclusion will follow by giving an upper bound for
the number of strongly reduced quadratic forms of a given discriminant.

8.1 The class number h(D) for D € N?\ {0} is finite

Lemma 8.1. Any quadratic form Q(X,Y) = (a,b,c)xy € Quad(D) with D € N2\ {0} is
equivalent to a quadratic form of the form (a’,\/D, 0) where 0 < d' < VD.

Proof. Let Q(X,Y) = {(a,b,c)xy € Quad(D). Let D = n? with n € N\ {0}. Then at least

one of the roots of Q(T, 1) is non-zero (either z = b+f = =bn gp g = =b=VD  Zbo 52" )
2a 2a

Let z = Z (where p,q € Z with ged(p,q) = 1 and Wlth q > 0) be a non-zero root of Q(T 1).
By Bezout’s theorem, there exist u,v € Z such that pu + qu = 1. Let

Q(X,)Y)=Q(X,Y)o <_vu 2) = (Q(v, —u), (2avp — ubp + bqv — 2ucq), 2Q(p, 9)) x v

Observe first that Q(p, q) = ap? + bpq + cq® = qz(a(g)2 + b% + ¢) = 0 since % is a root of
Q(T,1). Observe secondly that since (_vu 5) € GL(2,7), the discriminant of Q(X,Y)o ( 5 Z)
is the same as the discriminant of Q(X,Y). Hence (2qup — ubp + bgr — 2ucq)? = D = n? and
thus 2qup — ubp + bgr — 2ucq = £n and so Q'(X,Y) = (Q(v, —u),£n,0)xy.

If 2qup — ubp + bgr — 2ucq = n, then set Q"(X,Y) = Q' (X,Y).

If 2qup—ubp+bqr—2ucq = —n, then set Q"(X,Y) = Q(X,Y)o(§ %) = (Q(v, —u),n,0) x y-

Hence, in any case @ is equivalent to Q"(X,Y) = (Q(v, —u),n,0)xy. Choose now ¢ € Z
such that 0 < Q(v, —u) + ny < n (which clearly exists) and set

Q"(X,Y) = Q"(X, Y)o<1 0> = %VT <2Q(2 —u) 8) vo<1 0) — (Q(v, —u)+n1p,n, 0) x y

P 1 Y1
Since (1}, ) € GL(2,Z), we finally conclude that Q(X,Y) is equivalent to Q" (X,Y) =
(Q(v, —u) + n1,n,0) x y which satisfies the prescribed condition. O]

Theorem 8.2. For all D € N2\ {0}, the class number h(D) is finite.
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Proof. Let D € N?\ {0} be fixed. By lemma 8.1, any quadratic form in Quad(D) is equivalent
to a quadratic form of the form (a, \/T), 0)x,y where 0 < a < VD. Thus, there are at most

VD non-equivalent quadratic forms in Quad(D) (one for all possible value of a). Hence
h(D) < v/D. O

Example. By lemma 8.1, the equivalence classes of H(1) are of the form (a,1,0) o GL(2,Z)
where 0 < a < 1. Thus, there is at most one equivalence class and so

H(1)={(0,1,0)xy c GL(2,Z)} .

A general method to find the equivalent quadratic forms of the form (a,v'D,0)xy with
0 < a < VD for all D € N? is developed in appendix B. This completes the classification
of the quadratic forms with non-zero square discriminant and so the determination of their
class number. Hence, in the rest of the document, we shall consider positive non-square
discriminants only.

8.2 The class number h(D) for D € N\ N? is finite

Any quadratic form of discriminant D € N\ N? is equivalent to a strongly reduced
one

Lemma 8.3. 1. For any quadratic surd x, there exists N € N such that 0"z is weakly
reduced for allm > N.

2. Any quadratic form of discriminant D € N\ N? is equivalent to a weakly reduced one.

Proof. Let = be a quadratic surd and let x be a root of Q(7,1) € Z[T] with Q(X,Y) =
(a,b,c)xy. Consider the quadratic forms 07Q(X,Y) = (an,bn,cn)x,y for all n € N. Then
we know by chapter 6 that 0"x is a root of 9}Q(T,1).

By lemma 6.9, it is sufficient to show that there exists N € N such that a,c, < 0 for all
n > N. Since ¢, = an—1, it is sufficient to show that the sequence (ay)n,>1 has alternating
signs for sufficiently large n.

Since z is a quadratic surd, and a root of Q(T, 1), we know that the other root of Q(7,1)

. . . / . . !/ __ b ! __
is given by the conjugate 2’ of x. In particular we have that x + 2’ = —> and z2’ = ¢. Thus

an = QPn—1,qn-1) = a(Pn—1 — TGn—1)(Pn—1 — Z'qn—1)-
1. In the proof of proposition 3.21, we deduced that
N G e
G Gn(@Tngn + Gnt1)

where x, = 0"« denotes the n-th complete quotient of the continued fraction of x. By
multiplying both sides by g,, we get

(71)71—&-2
qn® —Pn = ————— .
TnQn + qn+1

Since the denominator on the right side is positive for all n > 1, the sign of the fraction,
and thus the one of the expression on the left hand side, is given by the parity of n.
Hence, the sign of the expression on the left hand side is alternating. Hence the sign of
the sequence (pn, — ¢y )n>1 is alternating.
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2. Since |z — 22| — 0 when n — 400 and since 2’ # z, there exists N € N'\ {0} such that
‘1:— Pol <]z —a'[ for all n > N. Thus 2= — 2" = (22 — 2) + (2 — 2) has the same sign

as (x — ). Therefore p, — 2'q, = qy (% - :E’) has the same sign as ¢,(x — 2’) for all
n > N. Since g, > 0 for all n > 1, the sign of g,(z — 2’) is non-alternating. Hence the
sign of the sequence (p, — /¢y )n>nN is non-alternating.

By the points 1. and 2., we conclude that the sequence (ay)nen has alternating signs for
all n > N and hence 0"z is weakly reduced for all n > N.

Furthermore this implies that 07Q(X,Y) is weakly reduced for all n > N and since
Q(X,Y) is equivalent to 97 Q(X,Y) for all n € N, this proves the second statement. O

Example. Let x = 37%@ Since o/ = 31=Y1T 3, x is not weakly reduced. The first

13
3”13‘,%*3 - 72;3@ =24 +/17 > 1. The conjugate of

Oz is 2 — /17 and since 2 — /17 < —2 < 0, we deduce that 0z is weakly reduced.

complete quotient of x is given by dz =

By lemma 8.3 and lemma 7.6, we can conclude the following theorem.

Theorem 8.4. 1. For any quadratic surd x, there exists N € N such that 0™x is strongly
reduced for alln > N.

2. Any quadratic form of discriminant D € N\ N? is equivalent to a strongly reduced one.

Example. The quadratic form Q(X,Y) = (13,—-74,104)xy € Quad(68) is not weakly re-
duced and its first root is x1 = Wﬁigﬁ The form 0y, Q(X,Y) = (—1,4,13)xy is weakly
reduced and has first root dx1 = 2 + v/17. Then the form 5‘>2<1Q(X, Y)=(1,-8,-1)xy is

strongly reduced and has first root 9%y = 4 + V/17.

By part 2. of theorem 8.4 any quadratic form Q(X,Y’) with positive non-square discrim-
inant D is equivalent to a strongly reduced one. This strongly reduced quadratic form can
be obtained by choosing a root x of Q(T, 1), computing the sequence (92Q(X,Y))nen of n-th
derived forms with respect to x of Q(X,Y’) and checking for each n € N whether 97 Q(X,Y)
is strongly reduced or not. Unfortunately this construction does not yield an upper bound
for n and so, one cannot guess how many terms of the sequence (07Q(X,Y))nen have to be
calculated to obtain a strongly reduced one.

However, this proves that H (D) is completely determined by the strongly reduced quadratic
forms of discriminant D and hence, we can now discuss the class number h(D).

The class number h(D) for D € N\ N? is finite

Theorem 8.5. Let D € N\N2. There are only finitely many strongly reduced quadratic forms
in Quad(D).

Proof. Let Q(X,Y) = (a,b,¢)x,y € Quad(D) be strongly reduced. Then in particular the
Gauss conditions are satisfied. Thus 0 < |a|, 0 < [b| < V/D, 0 < |¢| and v'D — |b| < 2|a| <
VD + |b| and VD — |b| < 2|c| < VD + |b]. By definition of the discriminant, we have
D = b — 4ac = |b|? + 4lal|c|. Since 0 < |b] < VD and 2|a| < VD + |b], we deduce that
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la] < v/D. Since 0 < |b| < v/D and 2|c| < VD + |b|, we deduce that |¢|] < v/D. Therefore
a,b,c € 7Z satisfy
1 < minflal, [b], |e]} < max{]al, ], |c|} < VD.

Since there are at most (2v/D)3 = 8D+/D (a finite number) possibilities to choose the values of
a, b and ¢ (among the numbers +1,+2, ..., + L\/EJ ), there is only a finite number of strongly
reduced forms in Quad(D). O

Since by the second part of theorem 8.4 every binary quadratic form in Quad(D) is equiv-
alent to a strongly reduced one and since by the proof of theorem 8.5 there are at most 8Dv/D
different strongly reduced forms in Quad(D), we conclude that h(D) < 8D+v/D. Hence we
conclude the following theorem.

Theorem 8.6. For all D € N\ N2, the class number h(D) is finite.

Example. By theorem 8.4 the equivalence classes of H(D) are given by Q(X,Y) o GL(2,Z)
where Q(X,Y) = (a,b,¢)x,y is a strongly reduced integral binary quadratic form. By the
Gauss conditions, we have D = |b|? + 4|a]|c].

If D =5, the equation 5 = |b|? + 4|a||c| implies that |a| = |c| = |b| = 1 and thus a = 1
andb=c=—1ora=—1and b=c=1. Hence the only strongly reduced quadratic forms of
discriminant 5 are (1, =1, —1)xy and (—1,1,1) x y. Moreover (—1,1,1)xy = (1,—1,—1)x yo
(% ¢). Whence H(5) = {(1,—1,-1) o GL(2,Z)} and h(5) = 1.

8.3 Rough upper bounds for the class number of positive discriminants

From the proof of theorem 8.2, we deduce the following corollary.
Corollary 8.7. For all D € N?\ {0}, h(D) < v/D.

From the proof of theorem 8.6, we deduce the following corollary.
Corollary 8.8. For all D € N\ N2, h(D) < 8Dv/D.

Remark 8.9. The upper bound on the class number given by corollary 8.8 is not the best
possible bound and can be reduced via different number theoretical arguments. For example,
one can notice in the proof of theorem 8.6 that b has to present the same parity as D and that
the signs of b and c are always the opposite of the sign of a. Moreover, one can reduce the
upper bound by taking into account that D — b? is divisible by 4 and by giving an upper bound

for the number of factorizations of DZbQ mto a and c.

Since we have upper bounds for the class number of positive discriminants and since
we know that for each positive discriminant D there is a set S of quadratic forms that
includes at least one representative for each equivalence class of Quad(D) (this set is given
by S = {{a,v/D,0)xy : 0 < a < v/D} if D € N2\ {0} and by S5 = {Q(X,Y) €
Quad(D) : Q(X,Y) is strongly reduced} if D € N\ N2?), we can compute h(D) by brute force
by computing all quadratic forms of this set and by determining its equivalence classes.

However, we do not have an efficient method to check if the quadratic forms in SZ are
equivalent. Hence, already for small D, the brute force computation might be impossible to
carry out. In this logic, the next step of our analysis will be to develop an efficient method to
determine the equivalence relation on the quadratic forms in SZ for all D > 0.

20



Part 111
The fusion of both theories

The third part is divided into chapter 9, 10, 11, 12 and 13. The final part will merge the first
two parts, in order to deduce new results about continued fractions, as well as about integral
binary quadratic forms. This will finally lead to a characterization of irrational numbers
with purely periodic continued fractions and to an easy method to compute the class number
for a given positive non-square discriminant. Unfortunately, these conclusions do not follow
instantly from the previous work and so some more properties have to be developed.

In chapter 9 yet another special form of integral binary quadratic forms will be defined.
These integral binary quadratic forms are called associate forms and will present some con-
venient properties. Furthermore, they will be very important to formulate which strongly
reduced integral binary quadratic forms are equivalent and which are not.

Chapter 10 will use associate forms to prove that if one starts with a strongly reduced
integral binary quadratic form and one computes recursively the derived form with respect to
the first root of its corresponding polynomial, then one ends up at the initial strongly reduced
quadratic form (c.f. theorem 10.1). This gives rise to so called cycles of strongly reduced
integral binary quadratic forms.

In chapter 11, the results from chapter 9 and 10 will be combined to prove in theorem 11.4
that purely periodic continued fractions are identified with strongly reduced quadratic surds.
Then the continued fraction of the first root of the corresponding polynomial of the associate
form of a given integral binary quadratic form will be computed, which plays a crucial role in
chapter 13. Next, the continued fraction of a square root of a positive non-square integer will
be computed which can be used to construct an algorithm to solve the Pell equation.

Chapter 12 will then concentrate on integral binary quadratic forms and start again the
study of the class number of positive non-square discriminants. In order to do so, it revisits
the definition of derived forms and analyzes in a first place why it was chosen as it is. Then in
theorem 12.7 this discussion finally pays out when the resulting lemmas and propositions are
used to prove that two strongly reduced integral binary quadratic forms are equivalent if and
only if they belong to the same cycle or associate cycles. This is one of the most important
results of this Master thesis.

Finally, chapter 13 uses the conclusion of chapter 12 to discover how one can find the
equivalence of strongly reduced integral binary quadratic forms by considering the first root of
their corresponding polynomial only (new results). Then this will be used to show some new
facts about integral binary quadratic forms and to construct a basic algorithm to compute the
class number for positive non-square discriminants.
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9 Associate forms

Sources: [1, p.17-18], [8, p.356]
Other approaches: [9, p.24]

In this chapter, we are going to define the associate form of a given quadratic form. Those
are actually important to conclude the general shape of the continued fraction of a square-root
of a positive non-square integer and to conclude which strongly reduced quadratic forms are
equivalent.

9.1 Associate forms

Definition 9.1. Let Q(X,Y) = (a,b,¢)xy be a quadratic form. Then we call Q(X,Y) =
Q(X,Y)o (97") = (c,—b,a)xy the associate form of Q(X,Y).

Example. Let Q(X,Y) = (1,2, 3) x,y. Then the associate of Q(X,Y) is QX,Y) = (3,-2, Dxy.

Notice that the associate form of a quadratic form is properly equivalent to the quadratic
form and that the map () : Quad(D) — Quad(D) defined by Q(X,Y) — Q(X,Y) is an
involution.

Using lemma 6.9 and lemma 6.11, one can easily confirm the following result.

Proposition 9.2. The quadratic form Q(X,Y) is strongly (weakly) reduced if and only if its
associate form Q(X,Y) is so.

Example. By the Gauss conditions Q(X,Y) = (1,—-2,—-2)xy is strongly reduced and so
Q(X,Y) =(-2,2,1)xy is also strongly reduced.

Let x be a non-zero root of Q(7,1). Then

1 1 1 1\2 ~ 1
Qr,1)=0®a+b-+tec5=0a-bl—]+c(—=) =0Q(——,1)=0.
X X e e e

Hence, we conclude the following proposition.

Proposition 9.3. Let Q(X,Y) = (a,b,¢)xy € Quad(D) with D > 0 be weakly reduced and
let Q(X,Y) = (c,—b,a)xy be its associate. Assume x1 is the first and x2 the second root of
Q(T,1). Let X1 be the first and X2 be the second root of Q(T,1). Then

_ 1 _ 1
X1=—— and Xg=——.
X2 X1
Example. Let Q(X,Y) = (1, —10)x,y € Quad(41), then the roots of Q(T,1) are x1 =
1+‘ﬁ and yo = 1= ‘ﬁ The roots of Q(T 1) are x1 = 1+‘ﬁ = —é and yz = 1 Q‘S‘H = _%.

9.2 The relation between the n-th derived form and the associate form

Lemma 9.4. Let Q(X,Y),Q”(X,Y) € Quad(D) for D € N\ N? be two strongly reduced
quadratic forms. Let x1 be the first root of Q(T,1) and let x5 be the first root of Q>(T,1).
Then

Q><X7 Y) = 8X1Q(X7 Y) < Q(Xa Y) = ax?QD(X?Y)'
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Proof. Since the map Q — @ is an involution, it is sufficient to prove the result in the forward
direction only.

Notice first that the quadratic forms Q(X,Y), Q*(X,Y) = 0,,Q(X,Y), @(X, Y) and
8X§67>(X ,Y) have all the same discriminant and are all strongly reduced.

Let Q(X,Y) = (a,b,c)x,y. Then notice that the last coefficient of Q(X,Y) and the last
coefficient of 8@(X ,Y) is given by a. Since both quadratic forms are strongly reduced, the
sign of their first coefficient is the opposite of the sign of a. In particular their first coefficients
have the same sign. .

Let x2 be the second root of Q(7,1) and let x5 be the second root of Q>(T,1). By
proposition 9.3, the first root of @(T, 1) is given by —X. The second root of Q*(T,1) =

X2
0y, Q(T,1) is given by m By proposition 9.3, the first root of @Q>(7,1) is given by
X5 = [x1] —x2. Hence the first root of 6X§CA2';(T, 1) is given by Ox§ = LX1J—X2—1LL><1J—X2J = —é

since | |x1] — x2] = [x1] (since =1 < xo < 0). Hence Q(T,1) and Oxx Q" (T, 1) have the same
first root.
By lemma 6.6, we conclude the statement.
O

Example. The quadratic form Q(X,Y) = (3,-8,—-1)xy € Quad(76) is strongly reduced
and the first root of Q(7,1) is given by xi :~%. Thus Q°(X,Y) = GXLC;Q(X,Y) =
(5,—4,—=3)xy is strongly reduced. Moreover Q(X,Y) = (1,-8,-3)xy and Q*(X,Y) =
(3,—4,—-5)x,y. Thefirst root of@';(T, 1)isxj = w and so 8X§QVD(X, Y)=(1,-8,-3)xy =

QX,Y).
The last result can be extended to the n-th derived form of a quadratic form.

Corollary 9.5. Let Q(X,Y),Q>(X,Y) € Quad(D) for D € N\ N? be two strongly reduced
quadratic forms. Let x1 be the first root of Q(T,1) and let x5 be the first root of C/ZVD(T, 1).
Then ~ —

Q(X,Y) =08, Q(X)Y) & Q(X,Y) = 05Q"(X,Y)

for any n € N.

Proof. We prove the claim by induction on n. Since the map () is an involution, the statement
holds for n = 0 and by lemma 9.4 the statement holds for n = 1. Thus assume the claim holds
for some n > 1. Then

QD<X7 Y) = GQ;HQ(Xa Y)
<:>(§)2\1Z2(X7Y) = 8X?@T>(X7Y>

S0P (X,Y) = 0. Q(X,Y) = 0" Q(X,Y)

—_—
—~—

SQX,Y) = 950 Q(X,Y) = 9 Q7 (X, Y)

where we get the first equivalence by lemma 9.4, the second equivalence since (~) is an invo-
lution, the third equivalence by induction and the last equality since () is an involution. [
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10 Cycles of strongly reduced forms

Sources: [1, p.18-19], [8, p.354-358], [3, p.160-161], [10, p.127-131]
Other approaches: [9, p.23-24]1, [12, p.356-364] (with an innovative notation for cycles),
[11, art. 186]

Chapter note: Assume throughout this chapter that D € N\ N2,

Note: Throughout the rest of the document, we shall denote the n-th derived form of
a quadratic form Q(X,Y) with respect to the first root x1 of Q(T,1) by 9"Q(X,Y) =
0%, Q(X,Y). Whenever the second root is used, we will mention this explicitly.

In chapter 8 theorem 8.5, we proved that the number of strongly reduced forms with
discriminant D is finite. Furthermore, we proved in corollary 7.7 that the derived form with
respect to the first root of a strongly reduced quadratic form is also strongly reduced. Hence,
if we start with a strongly reduced quadratic form, compute its derived form with respect to
the first root and then compute recursively the derived form with respect to the first root of
the obtained quadratic form, we necessarily end up with a cycle of strongly reduced forms.

This chapter describes those cycles and proves some of their basic properties as for example
that they partition the set of strongly reduced quadratic forms of a given discriminant, which
helps us later on to study the equivalence relations of strongly reduced quadratic forms.

10.1 The definition of cycles of strongly reduced quadratic forms
Let us first formally prove the above stated observation.

Theorem 10.1. Let Q(X,Y) € Quad(D) with D € N\ N? be strongly reduced. Then there
exists m € N\ {0} such that 0"Q(X,Y) = Q(X,Y).

Proof. Consider the sequence (Qn(X,Y))n>0 where Qn(X,Y) = 0"Q(X,Y) is the n-th de-
rived form with respect to the first root of Q(X,Y). Since Q(X,Y) is strongly reduced, by
corollary 7.7 0"Q(X,Y) is strongly reduced for all n > 0. By theorem 8.5, there are only
finitely many different strongly reduced quadratic forms. Thus there exists m,n € N where
m > 0 such that Qumin(X,Y) = Q,(X,Y) which rewrites 0"Qn(X,Y) = Q,(X,Y). By
corollary 9.5 we have 8"@2()(, Y) = @\,;(X, Y). Since 0"Qy(X,Y) = Q,(X,Y), corollary 9.5
implies 8"Qn(X,Y) = Qo(X,Y). Thus Qm(X,Y) = Qo(X,Y).

Since the map Q(X,Y) — Q(X,Y) is an involution, this implies Q. (X,Y) = Qo(X,Y). Thus
Q(X,Y)=0"Q(X,Y) for some m € N\ {0}. O

Example. Consider the strongly reduced quadratic form Q(X,Y) = (15,—-18,-5)xy €
Quad(156). Then, we have the following

Q(X,Y) = (15,-18, -5) xv;
0Q(X,Y) = (—8,12,15) x y;
Q(X,Y) = (7,-20,-8)x.v;
PQX,Y) = (=5,22,T)xv;
I*Q(X,Y) = (15,-18, -5) x v

Hence 0*Q(X,Y) = Q(X,Y).

5%)



This gives rise to the following definition.

Definition 10.2. Let Q(X,Y) € Quad(D) be a strongly reduced quadratic form and let
M € N\ {0} be the smallest integer such that OMQ(X,Y) = Q(X,Y). Then we call
{Q(X,Y),0Q(X,Y),....0M1Q(X,Y)} the cycle of Q(X,Y) and we call M the length of
the cycle of Q(X,Y).

Example. By the last example, we conclude that the cycle of Q(X,Y) = (15,18, =5)xy €
Quad(156) is given by

{(15, 18, -5) x,v, (—8,12,15) x vy, (7, =20, =8) x,v, (—5,22, ) x v }
and the length of the cycle of Q(X,Y) is 4.

Remark 10.3. The cycles of strongly reduced forms will play later on in this document the
same role as GAUSS’ cycles of right neighbors in [11]. However, using the cycles of strongly
reduced forms has two advantages. Using proposition 7.10, we can compute the cycles in a
fast manner and we will see later on that the cycles can be used to find result about continued
fractions. However, cycles of strongly reduced forms might include more quadratic forms than
right neighbor cycles.

10.2 Basic properties of cycles of strongly reduced quadratic forms
General properties

Since the derived form of a quadratic form is unique, one can easily prove the following lemma.

Lemma 10.4. If the strongly reduced quadratic form Q'(X,Y") belongs to the cycle of Q(X,Y).
Then the cycle of Q' (X,Y) is equal to the cycle of Q(X,Y).

Hence, cycles of strongly reduced quadratic forms partition the set of strongly reduced
forms with discriminant D. In this logic, they can be used to classify (strongly reduced)
quadratic forms.

Lemma 10.5. Let Q(X,Y) be a strongly reduced quadratic form. Then the length of the cycle
of Q(X,Y) is even.

Proof. Let Q(X,Y) = (a,b,c)x.y, then the sign of the first coefficient of O*Q(X,Y) is the
same than the sign of a if and only if k is even. O
Cycles that can be deduced from another cycle

Let us assume that we know the cycle of some strongly reduced quadratic form Q(X,Y’). Then,
we would like to know if we can deduce another cycle from the cycle of Q(X,Y). Actually,
this is possible.

By corollary 7.4, we know that d(—Q(X,Y)) = —0Q(X,Y). Hence, we conclude the
following lemma.

Lemma 10.6. Let Q(X,Y) € Quad(D) be a strongly reduced quadratic form and let
{Q(X,Y),0Q(X,Y),...,oM1Q(X,Y)}
be the cycle of Q(X,Y). Then the cycle of —Q(X,Y) is given by
{-Q(X,Y),-0Q(X,Y),....—oM1Q(X,Y)}.
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Example. Since the cycle of Q(X,Y) = (15, —18, =5) x,y € Quad(156) is given by
{(15,—-18, =5) x,y, (—8,12,15) x v, (7, =20, =8) x v, (5,22, ") x v }
we deduce that the cycle of —Q(X,Y) = (—15,18,5)xy, is given by

{(—=15,18,5)x v, (8, —12,-15) x v, (—7,20,8) x v, (5, =22, =T) x v }.

Furthermore, we can deduce the cycle of the associate form of a quadratic form from its
cycle.

Proposition 10.7. Let Q(X,Y) € Quad(D) be a strongly reduced quadratic form and let
{Q(X,Y),0Q(X,Y),...., 0" 1Q(X,Y)}

be the cycle of Q(X,Y). Then the cycle of its associate form Q(X,Y) (also called associate
cycle of Q(X,Y)) is given by

(O(X,Y), M 1Q(X,Y), ..., 0Q(X, Y)}.

Proof. By corollary 9.5, we have that Q(X,Y) = 0MQ(X,Y) if and only if Q(X,Y) =
8M@(X, Y). Hence, we deduce that the length of the cycle of @ is equal to the length of
the cycle of Q(X,Y). Thus the length of the cycle of @ is equal to M. Hence the cycle of
@(X, Y') is given by B B B

{Q(X,Y),0Q(X,Y),.... oM~ 1Q(X,Y)}.

~——

Since Q(X,Y) = 9™Q(X,Y) = 9"(dm—"Q(X,Y)) for all n € {0,1,...,m}, corollary 9.5

—_—

implies that 0m"Q(X,Y) = Q”Q(X, Y’). Hence the cycle of @(X, Y') is given by

(O(X,Y), M 1Q(X,Y), ..., 0Q(X,Y)}.

Example. Since the cycle of Q(X,Y) = (15, —18, =5) x,y € Quad(156) is given by
{(15,—-18, =5) x v, (—8,12,15) x v, (7, =20, =8) x v, (5,22, ") x v }
the cycle of Q(X,Y) = (—5,18, 15) x vy € Quad(156), the cycle of (—8,12,15) x y is given by

{(-5,18,15)x v, (7,—22,-5)x vy, (—8,20, ) x v, (15, —12, —8) x v }.

o7



28



11 Ultimately periodic continued fractions and their identifica-
tion with quadratic surds

Sources: [1, p.16-20], [2, p.47-50], [3, p.344-350], [4, p.88-96,104-113], [13]
Other approaches: [6, p.101-107]1, [5, p.8-10]

In part II, we developed several results about quadratic forms. The constructions that
we used seemed independent of continued fractions. However, at different places, we used
implicitly the familiar concepts of continued fractions to obtain results about quadratic forms.

In particular, for any Q(X,Y) € Quad(D) for D € N\ N? and any root = of Q(T,1), the
definition of the n-th derived form of Q(X,Y) with respect to = hides the continued fraction
structure of x. Indeed, if the continued fraction of z is known, say = = [rg, 71,2, ...], then one
can easily compute 97Q(X,Y) = Q(X,Y) o T(ro)T(r1)...T (rn—1) with T'(r) = (7 ) for any
n € N. Since derived forms were used on a regular basis to develop the previous theory, it
is not surprising that the continued fraction structure is deeply involved in the theory about
quadratic forms. However, up to now, we did not have the opportunity, nor the necessity to
highlight the connection between those two fields.

In this chapter we will begin to fusion both theories and use both theories explicitly to
obtain the wished results. Indeed, we are going to show in this chapter that a strongly reduced
quadratic surd (which is the root of a polynomial which corresponds to a strongly reduced
quadratic form) has a so called purely periodic continued fraction. This will be one of the key
results to analyze the set H(D) for D € N\ N2. Several other sources use either the theory of
continued fractions or the one of quadratic forms to prove this result. However, both theories
are always implicitly used. We are not going to disguise the used material and we will present
an elegant modern proof.

After proving this identification, we are going to develop the continued fraction of some
particular quadratic surds.

11.1 The definition of ultimately periodic continued fractions

Definition 11.1. An infinite continued fraction [rg,r1,72,...] is called ultimately periodic if
there exist n,m € N such that ry4,, = rp for all & > n. In other words, the continued
fraction of some irrational number x is ultimately periodic if there exist n,m € N such that
JFtmy = gk g for all k > n.

Example. The continued fraction of v/23 is [4,1,3,1,8,1,3,1,8,1,3,1,8,1,...] and thus v/23
has an ultimately periodic continued fraction.

If the continued fraction of # € R is ultimately periodic, then its continued fraction is
given by
T = [507 81y ey Sn—1,70,T15 -y T"m—1,70,T1y ---s "m—1,T0, ]
To shorten the presentation of those infinite repetitions of the same block of partial quotients,
we are going to use the following notation

€T = [50,51, ~--,8n—1,7“0,7“1,---,Tm—l]'

Example. The continued fraction of /23 is [4,1,3,1,8 = [4,1,3,1,8,1,3, 1, 8].
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Definition 11.2. Let x € R have an ultimately periodic continued fraction. The minimal
positive integer m such that "™z = 0%z holds for all k > n is called the caliber of x. The
ordered m-tuple of partial quotients (rg, ..., "m—1) that satisfies x = [sq, ..., Sn, 70, .-, Tm—1) and
minimizes n € N is called the period of x.

Example. The caliber of v/23 is 4 and its period is (1, 3,1, 8).

Definition 11.3. An infinite continued fraction [rg,r1,72,...] is called purely periodic if there
exists m € N such that rgy,, = ri for all £ > 0. In other words, the continued fraction of
some irrational number x is purely periodic if there exists m € N such that 9™z = 9%z for
all k> 0.

Example. The continued fraction of 14 /2 is [2] and so it is purely periodic with caliber 1.

Although the computation of the continued fraction of an irrational number may be an
infinite process, we observe that the computation of an ultimately periodic continued fraction
can be performed in a finite number of steps. Indeed, if one computes the continued fraction
of an irrational number x whose continued fraction is known to be ultimately periodic, then
one can stop the computation after obtaining the period once which is exactly when for some
minimal n € N, we have 9"z = d*z for some k € {0,1,...,n — 1}. Hence, we would like to
know prior to any computation if the considered number has an ultimately continued fraction.

11.2 The continued fraction of z € R is purely periodic if and only if z is a
strongly reduced quadratic surd

The next theorem is one of if not the most important results of this document.

Theorem 11.4. The continued fraction of x € R 1is purely periodic if and only if x is a
strongly reduced quadratic surd.

Proof. 1. Let x € R be a strongly reduced quadratic surd and let = be the first (positive)
root of Q(T,1) where Q(X,Y) denotes a strongly reduced quadratic form. Then, by
theorem 10.1, there exists M € N\ {0} such that M Q(X,Y) = Q(X,Y). Since 0™ is
the first root of OMQ(T, 1), we deduce that 9™z = x. Hence the continued fraction of
x is purely periodic.

2. Let z € R have a purely periodic continued fraction. Then
T = [T0, s Fne1] = [F0y ooy Tm—1, Z]

for some ro, .., rm—1 € N\{0}. (Notice that [ro, ..., "m—1, x] is a partial continued fraction
since x = [Fg, -, Tm—1) > 1 since rg > 1). By the first part of proposition 3.19, we deduce
that (2 : 1) = Dy, % (z: 1) where Dy, = (70 §) o ("1 5) = (Gmzt 4m2).

Therefore (z: 1) = (% : 1). Hence z = % and 0 ¢m_12°+ gm—2T =

Pm-1Z + Pm—2 which implies that ¢, 122+ (¢m—2 — Pm—1)T — Pm—2 = 0. In other words,
xis a root of f(T) = qm_1T? + (gm-2 — Pm—1)T — DPm—2.

Since x has an infinite continued fraction, x is irrational. Since z is irrational and the root
of the quadratic polynomial f(7") which has integral coeflicients, x is a quadratic surd.
By the properties of the sequences (py,)n>—1 and (g, )n>—1 developed in proposition 3.19
and proposition 3.21, we deduce that f(0) = —pp—2 < 0 and f(—1) = gm-1 — ¢gm-2 +
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Pm—1 — Pm—2 > 0. Thus the second root 2’ of f(T') satisfies —1 < 2’ < 0. Hence z is

strongly reduced.
O

As stated previously, the above theorem can be used to compute efficiently the continued
fraction of strongly reduced quadratic surds. Actually, if x is a quadratic surd, the above
theorem yields that the continued fraction of z is purely periodic. Thus, there is a minimal
M € N such that 0™z = x. Hence, we can optimize the algorithm to calculate the continued
fraction of z by including the condition that the algorithm computes r, = L@ka of x as long
as 0"r # = and if O™z = z, then the algorithm concludes that = = [Fg,71,..,737-1)- In
particular the algorithm will end after finitely many steps.

Let us consider an example of such a computation and let us consider at the same time
the corresponding derived forms.

Example. Consider the strongly reduced quadratic surd x = 44+/19 > 1. Then x is the first
root of the polynomial 7?2 — 8T+ 3. By the previous theorem, we know that the continued frac-
tion of 44+/19 is purely periodic. Let us verify this by computing the continued fraction. Since

zo=4+V19 ro =38 Qo(X,Y) =(1,-8,-3)xv;
T = 4—’_3\/@ ro=2 Qi1(X,)Y) =(-3,8,1)x,v;
xTo = 2+5\/E ro =1 Q2(X,Y) = (5,—4,-3)xv:
x3 = ?H_;/E r3 =3 Q3(X,Y) =(-2,6,5)xy;
24 = “5‘/@ =1 Qu(X,Y) = (5,6, ~2)x v
T5 = H?:/E 5 = 2 Q5(X,Y) =(-3,4,5)xy;
x5 =4+V19 Te = Qe(X,Y) =(1,-8,-3)xv;

Thus we conclude that 4 ++/19 = [8,2,1,3,1,2].

Observe that in the last example the quadratic forms Qo(X,Y),Q1(X,Y),...,Q5(X,Y)
are all strongly reduced and are all equivalent. Furthermore, by considering the last example,
one could think that the number of equivalent strongly reduced forms obtained by derivation
is equal to the caliber of the first root of one such form. However, this is not always the case
as the next example shows. A formal proof of these observations will be given in the next
chapter.

Example. Consider the strongly reduced quadratic surd x = 11% V9197 > 1. Then « is the first
root of the polynomial 1972 — 227 — 4. By the previous theorem, we know that the continuous
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fraction of =75~ is purely periodic. We compute:
2o = 1“1:)/@ ro =1 Qo(X,Y) = (19,22, ) xy;
11 = 8*‘7/@ =3 QUX,Y) = (~7,16,19)x.v;
Ty = 134_4\/@ r9 = 6 Q2(X,Y) = (4,-26,-T)x v;
x3 = H—i-lg/1977 rg =1 Q3(X,Y) = (-19,22,4)xy;
24 = 8“7/1977 ry=3 Qu(X,Y) = (7,~16,19) x.y;
75 = 13*4*/@ r5 =6 Qs(X,Y) = (—4,26, ) x.v;
Tg = 11—#15/@ reg =1 Qs(X,Y) = (19,-22,-T)x v;
Thus we conclude 11%‘5@ = [1,3,6], although we count six equivalent strongly reduced

equivalent forms obtained by derivation.

Theorem 11.5. The continued fraction of x € R is ultimately periodic if and only if x is a
quadratic surd.

Proof. Let = be a quadratic surd. By theorem 8.4, there exists a sufficiently large N € N
such that x, = 0"z is strongly reduced for all n > N. Thus by theorem 11.4 we know that
x, has a purely periodic continued fraction and so x,, = [Fo, ..., Tm—1) for some m € N and
70, .-, "m—1 € N'\ {0}. Thus

xr = [80, ...,sn_l,xn] = [80, ey Sn—1,T0, ---;Tm—l]

for some n € N and s, ..., sp—1 € N\ {0}.

Assume x has an ultimately periodic continued fraction. Then = = [s, ..., Sp—1,y] where
y has a purely periodic continued fraction. Thus by theorem 11.4 y is a strongly reduced
quadratic surd. Since (x : 1) = D, % (y : 1) where D,, = T'(sg)...T'(sp—1), corollary 6.3 implies
that x is a quadratic surd. O

Example. 1+v19=4+19-3=[8,2,1,3,1,2| - 3=[5,2,1,3,1, 2, 8].

By applying a similar condition on our algorithm as in the case of strongly reduced
quadratic surds, we can define an efficient method to compute the continued fraction of
quadratic surds.

11.3 Some particular ultimately periodic continued fractions

We finish this chapter by developing the continued fraction of some particular quadratic surds.

62



The continued fraction of the first root of the associate form of a strongly reduced
form

Let Q(X,Y) € Quad(D) with D € N\ N? be a strongly reduced quadratic form and let
be the first root of Q(T',1). GALOIS discovered that one can express the continued fraction of
the first root of Q(7,1) by the continued fraction of ;.

Corollary 11.6. Let Q(X,Y) € Quad(D) with D € N\ N* be a strongly reduced quadratic
form. Let x1 = [0, -, Tm—1) be the first root of Q(T,1). Then the first root x1 of Q(T,1) is
given by X1 = [Fm—1, -, 70)-

Proof. By the calculus of conjugates, we deduce that xj = [ro, ..., Tm—1, X1]" = [0 -+, "m—1, X1]
where [rg, ..., "m—1, X}] denotes a formal partial continued fraction since x} < 0. Let us rewrite
the equation as follows

Xll = [7"0,7"1,7“2, "'armflaxll] ~ [Oaxll - TO] = [T17T2a -~-arm717X,1]

with formal partial continued fractions on both sides of the last equation (since x| —rg < 0).
Repeating the above computation for all r; (i € {1,2,...,m — 1}) yields that

!
Xl [T07T17T27"'7T’m—17Xﬂ

<0, x5 — o] = [r1,72, s Tm—1, X1]

&[0, —r1, X1 — o] = [r2, oo Tm—1, X1

&[0, =72, =71, X1 — 0] = [r35 e, Tm—1, X1
&[0, —rm_1, ..., =72, =71, X1 — 0] = [X1] = X}

Thus we conclude that

/ / /
—X1—= _[07 —Tm—1,.-s =72, =71, X1 — TO] = [07rm—17 -T2, 71,70 — Xl]

where the rightmost expression denotes a partial continued fraction since ro — x} > 1 because
ro > 1 and x} < 0. Furthermore, we can replace recursively —y/ into the expression on the
right hand side and deduce that

X1 = [0, 71, -, 72,71, 70)-

Thus, since the first root of Q(T 1) is given by x1 = 1, , we finally conclude that
- 1
X1=—— = [Fm—1, 72,71, 70)-
X1

O

Corollary 11.7. Let Q(X,Y) € Quad(D) with D € N\ N2 be a strongly reduced quadratic
form. Let x1 = [Fo, -, Tm—1) be the first and xo be the second root of Q(T,1). Then there
exists n € N such that 0"x2 = [Fm—1, -+, 70)-
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Proof. By corollary 11.6, the first root X1 of @(T,l) is given by X1 = [Fm—1,.--,70). Fur-

thermore, we know that X1 = —é. In other words, (x1 : 1) = (? _01> * (x2 : 1). Hence

(X1 :1) and (x2 : 1) are equivalent in P!(R) and so proposition 4.8 implies that there exist
p,q € N such that 0Py; = 99x2. Since X1 = [Fm_1,..-,70), there exists k € N such that
Ty = OPTEYY = [F=1, - 7o) O

Example. Since 4 + /19 = [8,2,1,3,1,2] is the first root of T? — 8T — 3, corollary 11.6

vields that [2,1,3,1,2,8] is the first root of —37% + 8T + 1. Indeed [2,1,3,1,2,8] = Y19
2

and —3 (4+§/E) + 84+§/E + 1 = 0. Moreover, corollary 11.7 is verified since 4 — /19 =

[-1,1,1,1,3,1,2,8,2] is the first root of (1, -8, —3)r1 and 9%(4 — V19) = [2,1,3,1,2,8].

Corollary 11.8. Let Q(X,Y) € Quad(D) with D € N\ N2 and let x1 be the first root of
Q(T,1). Then Q(X,Y) = (a,—b, —a)xy for some a,b € Z with ab > 0 if and only if x1 has
a purely periodic symmetric continued fraction (i.e. if x1 = [F0, -, Tm—1) then r; = ry_1-; for
alli €{0,1,....,m — 1}).

Proof. Let Q(X,Y) = (a,—b,—a)xy for some a,b € Z. Then since ab > 0, the Gauss
conditions imply that Q(X,Y) is strongly reduced. By theorem 11.4, x; is purely periodic.
Let x1 = [Fo, -, Tm—1]. By the last corollary we deduce that the first (positive) root X1 of
Q(X,Y) is given by X1 = [Fm—1,--,70].- Since Q(X,Y) = —Q(X,Y) and since Q(T,1) and
—Q(T,1) have the same first root, we deduce that x; = Xx1. Hence the continued fraction of
X1 1s symmetric.

Conversely, let x1 have a purely periodic symmetric continued fraction. Then theorem 11.4
implies that y; is a strongly reduced quadratic surd. Let x1 = a+bv/D with a,b € Q. Then x;
is the first (positive) root of (T — x1)(T — x}) = T? — 2aT + (a® — b*>D) where x|, = a — bv/D

1 1

denotes the conjugate of xi. Since xi is symmetric x; = Xx1. Thus x| = T T
Hence a — bv/D = —a+b1\/5 = —g;_bgég. Hence a?> — b’D = —1. Thus x; is a root of
22 — 2az — 1. (Since x; is strongly reduced, we deduce that 0 < y1 + x; = 2a.) Since
a € Q, there exists k € N such that 2ak = o’ with ¢/ € N and ged(a’,k) = 1. Thus x;
and ' are the roots of k(T — x1)(T — x}) = kT? — a'T — k and the roots of Q(T,1). Hence

Q(X, Y) = l<k‘, —CL,, —k‘>X’y = <lk‘, —la’, —lk>X’y for some [ € Z. O

Example. The quadratic form Q(X,Y) = (2,-5,—-2)xy is strongly reduced and its first
(positive) root is y; = xT = E’*T\/‘H =[2,1,5,1,2].
Continued fractions of square-roots

At last, we would like to highlight the form of the continued fractions of square-roots of
non-square positive integers.

Corollary 11.9. For any r € N\ N2, \/r = [ro, 71, 79,73, ..., 3, T2, I'1, 270) -

Proof. Let «/r = [ro,r1,72,...] . Then /7 is the first root of Q(T,1) where Q(X,Y) =
1,0, —r hich is weakly reduced). Consider x = 0/r = L = > 1, then

Vv 1

LR W €] —1,0[. Thus 94/r is strongly reduced and has

its conjugate is 2’ =
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by theorem 11.4 a purely periodic continued fraction. Let x = [r1, -, 7] for some k € N\ {0}.
Thus

Vr = [ro, @] = [ro, 71, k).
From an other point of view, we can observe that « and 2’ are the roots of 9Q(T, 1). Observe
that 0Q(X,Y) = 0(1,0,—r)xy = NI ING ,1)xy is strongly reduced Hence
corollary 11.6 states that the first root of Q(T, 1) is given by [Ty, 71 = — & = \f+ V7]
Since |v/r+ |/r]] = 2|v/r], we deduce that rp = 2r¢. Since J(\/r + L\fj) T =
0+/r, we conclude that rp_1_; = r14; for all i € {0, ...,k — 2}. Thus

\/; = [TUaTl»'-'Tk—l’Tk] — [TO,T13T27"'?T27Tla2T0]-

Example. V19 =4+19-4=[8,2,1,3,1,2] —4=[4,2,1,3,1,2,8].

Using the special form of the continued fractions as well as the properties of strongly
reduced quadratic forms that have been developed so far, one can construct a basic algorithm
to solve a particular Diophantine equation, namely the Pell equation. An easy step by step
construction of this algorithm is given in appendix C.
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12 Equivalence of strongly reduced forms

Sources: [8, p.353-359]
Other approaches:[1, p.21-23], [9, p.23-26], [10, p.120-132], [12, p.359-364],
[11, art. 186-189,193,223-227]

Chapter note: Assume throughout this chapter that D € N\ N2,

By combining the theory of continued fractions and the theory of quadratic forms, we were
able to prove some strong properties of continued fractions. Next, we would like to do the
same for quadratic forms. This approach will be developed in chapter 13.

However, before we start with this development, we would like to know more about
quadratic forms and their equivalence classes.

In chapter 8, we concluded that the equivalence classes of Quad(D) are completely deter-
mined by the strongly reduced forms. More precisely, we deduced that

H(D) = Quad(D)/GL(2,Z) = | Q(X,Y)oGL(2,Z)
Q(X,Y)esk
where SE = {Q(X,Y) € Quad(D) : Q(X,Y) is strongly reduced} for all D € N\ N2, Hence,
in order to study the set of equivalence classes H (D), it is sufficient to study the equivalence
relations inside the set SZ.

In this chapter, we are going to develop general results that indicate which strongly reduced
quadratic forms are equivalent and which are not. Indeed, theorem 12.8 states that two
strongly reduced forms are equivalent if and only if they belong to the same cycle or associate
cycles.

In order to obtain this result, we go back to the very beginning and analyze finally the
definition of derived forms in more detail. At a first glance, the results of section 12.1 might
not seem to bring along new information about strongly reduced quadratic forms, however
they will be the key results needed to prove theorem 12.7. This particular development comes
from the third appendix of WEIL’s book [8] and seemed to the author of this Master thesis
to be one of the best approaches to obtain theorem 12.8. Furthermore, as WEIL describes
himself, this method goes back to LAGRANGE and can be seen historically as being the first
such approach. We are going to discover how well this fits into our construction.

12.1 Various facts about weakly and strongly reduced quadratic forms

Up to now, we used derived forms in order to obtain most results about quadratic forms.
However, we did not yet try to look behind the definition of derived form. This will be done in
this section which gives eventually a good reason why the definition of derived forms is stated
as given in definition 7.1.

Let us start to analyze the action of similar matrices onto weakly reduced quadratic forms.

Lemma 12.1. Let Q(X,Y) = (a,b,¢)xy € Quad(D) be weakly reduced and let x1 be the first
root of Q(T,1). Let Q'(X,Y) = Q(X,Y) o T(r) for some r € N\ {0} where T(r) = (7).
Then

1. Q'(X,Y) is weakly reduced if and only if v < x1.
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2. Q'(X,Y) is strongly reduced if and only if r = | x1].
Proof. Let x2 be the second root of Q(T,1). By proposition 5.7, we know that Q'(X,Y) =
{(ar? 4+ br + c,b + 2ar, a)x,y. Since x1 + x2 = —g and since x1x2 = ¢, we conclude that
Q(X,Y) = (ar® +br +¢)X?* + (b4 2ar) XY + aV?
= (ar? — a(x1 + x2)7 + ax1x2) X2 + (—a(x1 + x2) + 2ar) XY + aY?
=aY = (x2 —n)X)(Y = (x1 —)X)

Thus the roots of Q'(T,1) are ﬁ and Since x2 < 0 and r > 1, we deduce that

1
1< 5= <.

X2—T

1. Hence r < x1 if and only if x; —r > 0 if and only if > (0. This holds if and only if

Q'(X,Y) is weakly reduced.

1
xX1—r

> 1. This holds if and

2. Hence r = [x1] if and only if 1 > x; —r > 0 if and only if
only if Q'(X,Y) is strongly reduced.

1
X1—r

O

We observe that our definition of derived forms is the only definition that works out fine
to obtain strongly reduced forms when we consider derived forms of weakly reduced forms
whose first root of their corresponding polynomial is greater than 1 (c.f. lemma 7.6).

The next lemma will only be used later on but since its proof is quite similar to the previous
one, we are going to state it already at this point.

Lemma 12.2. Let Q(X,Y) = (a,b,¢)xy € Quad(D) be weakly reduced. Let Q'(X,Y) =
Q(X,Y)o (1) for somer € N. Then Q'(X,Y) is not strongly reduced.

Proof. Let x2 be the second root of Q(T,1). By proposition 5.7, we know that Q'(X,Y) =
{a,b+2ar,ar? + br + c)x,y. Since x1+x2 = —g and since x1x2 = ¢, we conclude in a similar
way than in the last proof that

Q(X.Y) =a(X — (x2 = )Y)(X - (xa = 1)Y)

Thus the roots of Q'(T,1) are x1 —r and x — r. Since y2 < 0 and r > 1, we deduce that
X2 — 1 < —1. Hence Q'(X,Y’) cannot be strongly reduced. O

Since by definition two quadratic forms Q(X,Y) and Q'(X,Y) are equivalent if and only

if there exists S € GL(2,Z) such that Q' (X,Y) = Q(X,Y) oS, we would like to reduce
the equivalence to easier matrices. Fortunately, we proved in lemma 4.4, proposition 4.5 and
corollary 4.7 that any matrix S € GL(2,Z) has a product decomposition into easier matrices
Z=(%L), W= (94 and U" = (}7) where U"W = T(r) = (} ). Hence, we restrict
ourselves in a first instance to those easy matrices.
Proposition 12.3. Let 8’ = (}?) € GL(2,Z) such that b,p,d,c > 0. Let S = S'T(r) =
S(18) = (%) for somer € N\ {0} where a =rb+p >0 andc=rd+oc > 0. Let
Qo(X,Y) = (ao, bo, co) x,v be weakly reduced. Let Q'(X,Y) = Qo(X,Y)o S = (A", B, C")xy
and Q(X,Y) = Qo(X,Y)oS =Q'(X,Y)oT(r) = (A, B,C)xy. If Q(X,Y) is weakly reduced,
then so is Q'(X,Y).
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Proof. Let x1 be the first and y2 be the second root of Qo(7,1). Then, since x1 + x2 = bg
and since x1x2 = g2, we conclude that Qo(X,Y) = ao(X — x1Y)(X — x2Y).
By proposition 5.7, we know that :

A = Qo(a,c) = ap(a — x1¢)(a — x2¢),
C=A"=Qo(b,d) = ap(b — x1d) (b — x2d),
C" = Qo(p,0) = ao(p — x10)(p — x20)-

Since Qo(X,Y") is weakly reduced, we deduce that ys < 0. Since x2 < 0 and since neither
a and ¢, nor b and d, nor p and o can be equal to zero at the same time (since the matrices
(ab), (Zg) € GL(2,Z)), we deduce that (a — x2¢) > 0, (b — x2d) > 0 and (p — x20) > 0.
Since Q(X,Y) is weakly reduced, lemma 6.9 yields that AC' < 0 hence (a — x1¢)(b— x1d) < 0.

Since

p—xi10 = (a—rb) — xi(c—rd) = (a — x1¢) — (b — x1d),
we conclude that
A'C" = af(b— xad) (b — x2d)(p — x10)(p — x20),
(b—x1d)(b— x2d)((a — x1¢) — r(b— x1d))(p — Xx20),
(b= x1d)(b — x2d)(a — x1¢)(p — x20) — rag(b — x1d)*(b — x2d) (p — x20).

(e}

oN O

Q

Since a2 > 0, 7 > 0, (b — x2d) > 0 and (p — x20) > 0, we deduce that —rad(b — x1d)*(b —
x2d)(p — x20) < 0. For the same reasons and since (b — x1d)(a — x1¢) < 0, we deduce that
ag(b—x1d)(b—xad)(a—x1¢)(p—x20) < 0. Hence A'C’ < 0 and so Q'(X,Y) is weakly reduced
by lemma 6.9. 0l

By considering some particular matrices, we can even obtain the strongly reduced property
of quadratic forms.

Proposition 12.4. Let Q(X,Y) be weakly reduced and let x1 be the first root of Q(T,1). Let
ri,mo € N\ {0}. Let Q1(X,Y) = Q(X,Y)oT(r1) and Q2(X,Y) = Q1(X,Y) o T'(rg) with
T(r) = (73) If QX,Y) is weakly reduced, then Q:(X,Y) is strongly reduced, x1 > 1 and
r =[x

Proof. Set 8" = T(r1), S = S'T(r2) and Qo(X,Y) = Q(X,Y). Since Q2(X,Y) is weakly
reduced, proposition 12.3 implies that Q1(X,Y") is weakly reduced.

Furthermore, if x2 denotes the second root of Q(7,1), we know that Q1(X,Y) = a(Y —
(Xl —m)X)(Y — (Xg —r)X) and that the roots of (7, 1) are given by 1 — and le - Since
o (X,Y) is weakly reduced, we deduce that - > 0 is the first root
of Ql(T 1) and so 1 < x1.

Since @1(X,Y) is weakly reduced, since the first root of Q1(7,1) is x1£r1 and since
Q2(X,Y) = Q1(X,Y) 0 T'(r2) is weakly reduced, lemma 12.1 implies that 5 < L

Since 19 > 1, we deduce that 1 < x1£r1
that 0 < x1 —rp < 1.

Hence 71 < x1 < r1 + 1 which implies that . = |[x1]. Since Q(X,Y") is weakly reduced,
since 1 is the first root of Q(7,1), since Q1(X,Y) = Q(X,Y) o T(r1) and since r; = [x1],
lemma 12.1 implies that Q1(X,Y) is strongly reduced. O

and so 0 < x1 —r1 < 1. Since x1 ¢ N, we deduce
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The last proposition can be generalized to several quadratic forms which are one obtained
from each other by similar matrix actions.

Proposition 12.5. Let m € N\{0} and r1,72,73, ..., € N\{0}. Let S; = T(r1)T(re)...T(r;)
where T(r) = (7 }). Let Qo(X,Y) be weakly reduced. For all i € {1,2,...,m}, let Q;(X,Y) =
Qo(X,Y) 0 S;. Denote the first root of Q;(T,1) by x} for all i € {0,1,2,...,m}.

If Qi (X, Y) is weakly reduced, then Q;(X,Y") is strongly reduced for alli € {1,2,....,m—1}
and r; = inl_lj forallie{1,2,....,m—1}.

Proof. Since all the entries of S; are non-negative for all i € {1,2,...,m} and since S;1; =
SiT(riz1) for all ¢ € {1,2,....,m — 1} and since @, (X,Y) is weakly reduced, proposition
12.3 implies recursively that Q,,—1(X,Y), Qm—2(X,Y), ..., Q2(X,Y) and Q1(X,Y) are weakly
reduced. Since for any i € {0,1,2,...,m — 2}, the quadratic forms Q;(X,Y), @Q;+1(X,Y) =
Qi(X,Y)oT(riy1) and Qi12(X,Y) = Qi+1(X,Y) o T(ri42) are weakly reduced, proposition
12.4 implies that Q;+1(X,Y) is strongly reduced and that r;1q = [r;] foralli € {0,1,2,...,m—
2}. O

At this point, we should notice that in view of the preceding results, we could not have
defined derived forms in another way if we would like to conclude the results about strongly
reduced forms and continued fractions of the last two chapters. Indeed, we can state the last
proposition differently in more familiar terms as follows.

Corollary 12.6. Let m € N\ {0} and r1,r2,73, ..., € N\ {0}. Let S; = T(r1)T(r2)...T(r;)
where T(r) = (7 4). Let Qo(X,Y) be weakly reduced. For all i € {1,2,...,m}, let Q;(X,Y) =
Qo(X,Y) o S;. Denote the first root of Q;(T,1) by x} for all i € {0,1,2,...,m}.

If Qu(X,Y) is weakly reduced, then Q;(X,Y) is strongly reduced for alli € {1,2,...,m—1},
Qi(X,Y) = 0'Qu(X,Y) for alli € {1,2,....m — 1}, r; = inl_lJ forallie {1,2,...,m—1}
and x4 = 03 for all i € {1,2,....,m — 1}.

Furthermore, in this case X = [r1,72, ..7m—1, X7

If Qun(X,Y) is strongly reduced, then, beside the conclusions that follow since Qn(X,Y)
is weakly reduced, Qm(X,Y) = 0mQo(X,Y), rm = |Tm—1] and X7 = 0™xJ.

Now, we are prepared to get back to the equivalence of strongly reduced forms in general.
Since there is a certain loss of information by doing so, we need to include the associate form
of a quadratic form into our statements of the next section.

12.2 Equivalence of strongly reduced quadratic forms

Let us prove the main result of this chapter.

Theorem 12.7. Let Qo(X,Y) = (ao, bo, co) x,y and Q1(X,Y) = (a1, b1, c1)x,y be two strongly
reduced quadratic forms. If Qo(X,Y) and Q1(X,Y) are equivalent, then Q1(X,Y) or Q1(X,Y)
is in the cycle of Qo(X,Y).

Proof. By definition, Qo(X,Y) and Q1(X,Y) are equivalent if and only if there exists S €
GL(2,Z) such that Q1(X,Y) = Qo(X,Y) oS. We divide our proof into two parts depending
on the signs of the entries of S.
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1. Let the entries of S be all non-negative. Then, by proposition 4.5, we have
S=WUwWU"w..u ™ *wWu'™wW =WT(ro)T(r1)...T(rm)

for some m € N, rg,r, > 0 and if m > 2 then r; > 1 for all i = 1,...,m — 1. Let us
distinguish four sub-cases depending on the values of r¢ and 7,.

(a) Assume rg =7y, =0 and m = 0. Then

10
= (o 7)
and so QI(X7Y) = QO(X7Y)
(b) Assume 79 = 0 and r,,, > 0 (m > 0). Then

S = UNW..U " WU™ W = T(r1)...T(rm).

Since Q1 (X, Y) is strongly reduced, corollary 12.6 implies that Q1(X,Y) = 0™ Qo (X,Y).

(¢) Assume by contradiction that rg = r,,, = 0 and m > 0. Then
S=UW..U™ ' =T(r)..T(rym_o)U™ .

Hence,
SW =T(r1)..T(rm—2)T(rm-1) = S'T(rm-1),

where S = T(r1)...T(rm—2). Since Q1(X,Y) = Qo(X,Y) o S, we deduce that
Qi(X,Y)oW = Qo(X,Y) 0o ST (rm—1). Since Q1(X,Y) is weakly reduced, so is
Q1(X,Y) oW (which can be easily concluded by lemma 6.9). Since Qo(X,Y") and
Q1(X,Y) o W are weakly reduced, since S’ has non-negative entries only and since
Q1(X,)Y)oW = Qo(X,Y) o S'T(rpm—1), lemma 12.3 implies that Qo(X,Y) o S is
weakly reduced. By lemma 12.2 and since ({7) = T'(r)W, we deduce that

Q1(X,Y) = (Qo(X,Y)oS)oT(rpm_1)W

is not strongly reduced, which contradicts our assumption.

(d) Assume by contradiction that 79 > 0. Then, set Sp = WS such that
Q1(X,)Y) = (Qo(X,Y)oW)oSy=(Qo(X,Y)o W) oT(ro)T(r1)..T(rm).

If m = 0, by assumption Q1(X,Y) = (Qo(X,Y) o W) oT(rg) is strongly reduced.
If m > 1, then proposition 12.5 implies that (Qo(X,Y) o W) o T'(rg) is strongly
reduced. By lemma 12.1, we deduce that if the first root of Qo(7',1)o W is given by
¥, then 1 <1y = [¢]. Let the first root of Qo(7T,1) be given by x1, then, the first
root of Qo(T,1) o W is equal to ¢ = % (which can be easily verified by a direct
computation). Since Qo(X,Y") is strongly reduced y; > 1. Hence 1 < ¢ < 1 which
clearly is a contradiction.
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2. Let S € GL(2,Z). Then, by lemma 4.4, there exist Z1, Zy € A such that S = Z15'Z
with all the entries of S’ being non-negative.
Notice that A = {£(§9),=(§ %)} ={=(39), £ (%) W} and that (4§ W =
—W (% §). Hence, we can rewrite S as one of the following

" 0 " nf 0 1 0 s (0 1
L5 i< 1 O>s L5 (_1 0), i( 1 O)s (_1 O)

where S” has non-negative entries only.

Since Q1(X,Y) = Qo(X,Y) oS and since the action of a matrix and its negative are the
same, Q1(X,Y) is given by one of the forms

Qo(X,Y)o0 5", Qo(X,Y)o ( 01 0> S”,

Qo(X,Y)o0 8" <_01 (1)> ; Qo(X,Y)o ( 01 0) 5" (-01 (1)> '

In the first case, we conclude by the first part of the proof that Qi(X,Y) is in the
cycle of Qo(X,Y). In the second case, we conclude by the first part of the proof that
Q1(X,Y) is in the cycle of Qo(X,Y)o (0 §) = QVU(X,Y). In the latter two cases,
we observe that then Q1(X,Y) = Q1(X,Y) o (%) = Qo(X,Y) o0 S" or Q1(X,Y) =
Qo(X,Y)o (% §)S”. Furthermore, since Q(X,Y) is strongly reduced, @(X, Y) is
strongly reduced. Hence, in the third case, we conclude by the first part of the proof
that @:(X, Y) is in the cycle of Qo(X,Y). Finally, in the fourth case, we conclude by
the first part of the proof that Q1 (X,Y) is in the cycle of Qo(X,Y) o( %)= Qo(X,Y).

Since Ql(X Y) is in the cycle of Qo(X,Y) if and only if Q1(X,Y) is in the cycle of
QO(X Y') and since Ql(X Y') is in the cycle of QO(X Y) if and only if Q1(X,Y) is in
the cycle of Qo(X,Y), we conclude the theorem.

O

Thus, we conclude that any strongly reduced quadratic form that is equivalent to the
strongly reduced quadratic form Q(X,Y’) belongs necessarily to the cycle of Q(X,Y) or its
associate cycle. Since furthermore any quadratic form in the cycle of Q(X,Y) or its associate
cycle is strongly reduced and equivalent to Q(X,Y"), we deduce the following theorem.

Theorem 12.8. Let Q1(X,Y),Q2(X,Y) € Quad(D) with D € N\ N? be two strongly re-
duced quadratic forms. Then Qa2(X,Y) is equivalent to Q1(X,Y) if and only if Q2(X,Y) =
"Q1(X,Y) for somen € N or Q2(X,Y) = 0"Q1(X,Y) for some n € N.

Example. Consider the strongly reduced quadratic form Q(X,Y) = (19,—-22,—4)xy. By
the last theorem the strongly reduced forms that are equivalent to Q(X,Y) are exactly the
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following ones :

Qo(X,Y) = (19,-22, —4)x y, Qo(X,Y) = (—4,22,19) x v;
Q1(X,Y) = (=7,16,19)x v, Qu(X,Y) = (19,-16, ~7)x v;
Q2(X,Y) = (4,-26, -7)x y, Q2(X,Y) = (7,26, 4)x.v;
Q3(X,Y) = (~19,22,4) x v, Qa(X,Y) = (4,-22, - 19)xv;
Q4(X,Y) =(7,-16,-19)x v, Qu(X,Y) = (~19,16,7) xv;
Qs(X,Y) = (~4,26,7)xy, Q5(X,Y) = (7,26, —4) x v

where Q;(X,Y) = 0°Q(X,Y) for all i € {0,1,2,3,4,5}. Recall that we deduced in a previous
example that °Q(X,Y) = Q(X,Y).

We have now an easy tool to verify equivalence of strongly reduced forms. Thus, we could
now try to find all the equivalent quadratic forms in SZ) and obtain in this manner the class
number. However, this method needs still a lot of computational work and so one might try
to optimize it first.
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13 The equivalence of strongly reduced quadratic forms through
the comparison of the continued fraction of the first root of
their corresponding polynomials and a method to compute
the class number

Sources: Personal work
Other approaches: [10, p.118-119]

Chapter note: Assume throughout this chapter that D € N\ N2,

Chapter 12 concluded that the only strongly reduced quadratic forms that are equivalent
to a given strongly reduced form are the quadratic form in its cycle and in its associate
cycle. Since H(D) = Quad(D)/GL(2,Z) = UQ(X,Y)Esg Q(X,Y) o GL(2,Z) where S5 =
{Q(X,Y) € Quad(D) : Q(X,Y) is strongly reduced} for all D € N\ N2, we conclude that
H (D) is now completely determined and we could start by developing an algorithm to obtain
the class number. This is exactly GAUSS’s approach and solution to the problem. However,
by pushing our analysis a bit further, we will obtain some more results which will simplify the
computations.

Indeed, we discovered in chapter 10 that if the cycle of Q(X,Y) is known, then the cycle
of Q(X,Y) and the cycle of —Q(X,Y) are known. The results of section 13.1 present some
surprising and innovative results about when those cycles are identified and so, when the cycle
of Q(X,Y) and of —Q(X,Y) denote the same or different equivalence classes.

The whole analysis will make clear which computations are necessary and which are not
to compute the class number. This will lead finally to a method to compute the class number
h(D).

13.1 On the number of cycles and equivalence classes that can be deduced
from one cycle

Recall that in chapter 10 in section 10.2; we discovered that if one knows the cycle of a given
quadratic form, then one knows also its associate cycle and the cycle of its negative form and
therefore also the associate cycle of its negative form.

Hence, one could think that from a single cycle, one obtains four distinct cycles and four
distinct equivalence classes. However this is wrong. Indeed, the associate form of a given
quadratic form and this form are equivalent and so are then their cycles.

Hence, from the four cycles above, we get at most two distinct equivalence classes. Then,
because of the first counter intuitive result, one might think that a given quadratic form and
its negative are always equivalent and hence define a single equivalence class, however this
does not hold in general. An easy counterexample to this fact which does not rely on our
development and a late motivation for our non-standard approach of this document is given
in appendix D.

Because of these confusing possibilities, we would like to determine the number of distinct
cycles as well as the number of equivalence classes that can be obtained from the cycle of
Q(X,Y) depending on the forms that belong to this cycle. To achieve this task, we will take
a small deviation and develop results that depend on the continued fraction of the first root

of Q(T,1).
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To facilitate this analysis, we are first going to study the relation between the length of
the cycle of Q(X,Y) and the caliber of the first root of Q(7,1). Then, we are going to develop
some general results about which cycles are identical and finally, we will have confirmation
that a quadratic form and its negative are not always equivalent.

The relation between the length of the cycle of Q(X,Y) and the caliber of the first
root of Q(T,1)

To begin with, we would like to find the relation between the length of the cycle of Q(X,Y)
and the caliber of the first root of Q(7',1).

Lemma 13.1. Let Q(X,Y) be a strongly reduced quadratic form and let x1 be the first root of

Q(T,1). Let m denote the caliber of x1 and let M denote the length of the cycle of Q(X,Y).
Then M is a multiple of m.

Proof. By definition of the caliber of x1, we know that m is the smallest positive integer such
that 0™x1 = x1. By definition of the length of the cycle of Q(X,Y), we know that M is the
smallest positive integer such that M Q(X,Y) = Q(X,Y).

Since the first root of 9M Q(T', 1) is given by 9™ 1 and since the first root of Q(T', 1) is given
by x1 and since 9MQ(T, 1) = Q(T, 1), we deduce that 9 y; = x1. Thus, there exist k,r € N
such that M = km +r and 0 < r < m. Hence y; = 0™y = 0"y = 0" (0F"x1) = 0" x1.
Since 0"y and since 0 < r < m, the minimality of m implies that » = 0. Furthermore, since
M, m > 0, we conclude that M = km for some positive integer k. O

Proposition 13.2. Let Q(X,Y) be a strongly reduced quadratic form and let x1 be the first
root of Q(T,1). Let m denote the caliber of x1 and let M denote the length of the cycle of

QIX,Y).
1. Firstly, the following are equivalent:

(a) m is even.
(b) I"Q(X,Y) = Q(X,Y).
(c) M =m

2. Secondly, the following are equivalent:

(a) m is odd.

(c) M =2m
Proof. First of all, we observe that since 9"x1 = x1, the polynomials Q(7,1) and 0™Q(T, 1
have the same roots. Moreover, since they are equivalent, the quadratic forms Q(X,Y

and 0™Q(X,Y) have the same discriminant. Hence, lemma 6.6 implies that 0" Q(X,Y) =
+Q(X,Y).
1. Let m be even. Since the signs of the first coefficient of 9™Q(X,Y) and of the first
coefficient of Q(X,Y’) are equal, this implies that 0™Q(X,Y) = Q(X,Y).

Let 0mQ(X,Y) = Q(X,Y). Since by lemma 13.1 M = km for some k € N\ {0}, we
deduce by minimality of M that M = m.

Let M = m. Then, since by lemma 10.5, M is even, so is then m.
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2. Let m be odd. Since the signs of the first coefficient of 9™Q(X,Y) and of the first
coefficient of Q(X,Y’) are equal, this implies that 0™Q(X,Y) = —Q(X,Y).

Let 0"Q(X,Y) = —Q(X,Y). Then 9*"Q(X,Y) = 9™(0™Q(X,Y)) = 0™ (-Q(X,Y)) =
-0MQ(X,Y) = —(—Q(X,Y)) = Q(X,Y). Since by lemma 13.1 M = km for some
k € N\ {0} and since k # 1 by assumption, we deduce by minimality of M that
M = 2m.

Let M = 2m. Assume by contradiction that m is even. Then by part 1., M = m which
contradicts our assumption. Hence m is odd.

O

Example. Let Q(X,Y) = (1,—-8,-3) xy € Quad(76). Then the first root of Q(7, 1) is given
by 4+ v/19. By a previous example from chapter 11 section 10.2, we know that the caliber of
X1 is 6 and that indeed the length of the cycle of Q(X,Y) is also 6 as is predicted by the last
proposition.

Example. Let Q(X,Y) = (19,-22,—4)xy € Quad(788). Then the first root of Q(T,1) is

given by 11+17 5197. By a previous example from chapter 11 section 10.2, we know that the

caliber of x1 is 3 and that indeed 9*Q(X,Y) = —Q(X,Y) and that the length of the cycle of
Q(X,Y) is 6 as is predicted by the last proposition.

Some general observations

Let Q(X,Y) € Quad(D). Then, we would like to compute the cycle of Q(X,Y) and deduce
other cycles from this cycle.

While computing the cycle of Q(X,Y), one can easily check if —Q(X,Y), @ or —@ belong
to the cycle of Q(X,Y) by comparing them with each of the quadratic forms that belong to
the cycle of Q(X,Y).

Then, by the properties of associate forms and derived forms, we can deduce the following
statements:

1. —Q(X,Y) belongs to the cycle of Q(X,Y) if and only if —@(X, Y') belongs to the cycle
of Q.

2. Q(X,Y) belongs to the cycle of Q(X,Y) if and only if —Q(X,Y) belongs to the cycle
of —Q(X,Y).

3. —@(X, Y) belongs to the cycle of Q(X,Y) if and only if Q belongs to the cycle of
—Q(X,Y).

Hence, if two of the three quadratic forms —Q(X,Y), @ and —@ belong to the cycle of
Q(X,Y) so does then also the third. At this point, we should ask if it is even possible that
the cycle of Q(X,Y") includes one of those forms or all of them.

The three following subsections will answer this question and give direct methods to con-
clude the inclusion of one of those forms in the cycle of Q(X,Y) by analyzing the general
shape of the continued fraction of the first root of Q(7,1). Then in a fourth subsection, we
will conclude when a strongly reduced quadratic form and its negative are equivalent.
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Condition on when —Q(X,Y) belongs to the cycle of Q(X,Y)

Using arguments similar to those in the proofs of lemma 13.1 and of proposition 13.2, one can
prove the following corollary.

Corollary 13.3. Let Q(X,Y) be a strongly reduced quadratic form, let x1 be the first root of
Q(T,1), let m be the caliber of x1 and let M be the length of the cycle of Q(X,Y). Then the
following are equivalent:

1. —Q(X,Y) =0*Q(X,Y) for some k € {0,1,2,..., M —1}.
2. k=m and m is odd.

Example. Using again the two examples above, we observe that the cycle of Q(X,Y) =
(1,-8,-3)xy € Quad(76) does not include —Q(X,Y) and that the caliber of the first root
of Q(T,1) is even, whereas the cycle of Q'(X,Y) = (19,-22,—4)xy € Quad(788) includes
—@Q'(X,Y) and the caliber of the first root of Q'(7,1) is odd.

Condition on when Q(X,Y) belongs to the cycle of Q(X,Y)

Proposition 13.4. Let Q(X,Y) be a strongly reduced quadratic form, let x1 be the first root
of Q(T, 1), let m be the caliber of x1 and let M denote the length of the cycle of Q(X,Y).

1. If m is even, then the following are equivalent:

(a) Q(X,Y) =0*Q(X,Y) for some k € {0,1,2, ..., M — 1}.
(b) For some j,n € N,
X1 = [7“0,?”1, ...,Tj_l,Tj,Tj_l, s T1,7T0, Tj—i-l? ...,Tj+n_1,7“j+n,7“j+n_1, n-ﬂ"j—i—l]-

2. If m is odd, then the following are equivalent:

(a) Q(X,Y) =0*Q(X,Y) for some k € {0,1,2,....,m — 1}.
(b) For some j,n € N,
X1 = [7“0,7"1, ...,T‘jfl,Tj,ijl,...,7“1,1"0, 7“]'+1, ...,’l“jJrn,l,?“jJrn,T‘j+n,rj+n,1, ...,Tj+1].

3. If m is odd, then the following are equivalent:

(a) Q(X,Y) =0mQ(X,Y).
(b) For some j € N,
X1 = [T‘Q,’I“l, ...,T’jfl,T’j,T’jfl,...,7‘1,7'0].

4. If m is odd, then the following are equivalent:

(a) @(X,Y) =0*Q(X,Y) for some k € {m+1,m+2,..., M —1}.
(b) For some j,n € N,

X1 = [T(]vrla ces 51,753,745, T5—1,---,71, 70, Ti4+15 s Tj4n—1,Tj4n, Tj4n—1, .-+ 7ﬁj—i—l]-

Proof. Because of the similarity of the arguments, we are going to prove first that if @(X YY) =
0FQ(X,Y) for some k € {0,1,2,..., M — 1}, then the continued fraction of xi is given by one
of the above forms depending on the parity of m and the value of k. Then we are going to
show that the respective converses also hold.
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1. Observe that if Q(X, Y)= OFQ(X,Y) for some k € {0,1,2,..., M — 1}, then the sign of
the first coefficient of Q(X,Y) and of 9*Q(X,Y) are equal and thus k = 2j + 1 for some
j € N. Since Q(X,Y) is strongly reduced, so is its first root. Let x1 = [Fo, -, Tm—1)-
We observe that X1 = 0%x1 = 0%*!y; since both real numbers are the first root of

Q(T,1) = 9*Q(T, 1).

(a) Assume m is even. Then since M = m, we deduce that k < m. Let m = 2my for
some mo € N\ {0}. We deduce that

T — p2+l, .
[T2m0—1; ...,T‘2j+1, 7“2]‘, ...,To] =X1= 8 J X1 = [T2j+17 ey T2mop—1, To, ...77'23‘}.

Thus, we conclude that the continued fraction of x; is given by

-

[T()a s 51,75, T5—15---570, 25415 «+s Tmo+j5—15Tmo+js Tmo+ji—15 > T2j+1]'

(b) Assume m is odd. Let m = 2mg + 1 for some mg € N.

i.

ii.

il.

If25+1=%k<m=2mg+ 1, then we deduce that

-

— v — /¥t - -
[Tgmo, ...,T2j+1, 7“2j, ...,7“0] =X1= 6 J X1 = [7’234_1,...,7“27”0, To, ...,7’2]].

Thus, we conclude that the continued fraction of x; is given by

[T()u"'7Tj—17Tj7Tj—17"'7T07 T2j+17-‘-7ng—&-j—lvTmo+jyrm0+jprm0+j—17---7r2j+1]-
If25+1=k=m=2mg+ 1, then we deduce that

. —~ 2741 .

[Famo, 70 = X1 = 07T x1 = x1 = [F0, - T2mo)-

Thus, we conclude that the continued fraction of x; is given by

[T0; 3 Trmg—1, Trgs Trmo—1s -+ 70) -

If2j4+1=%k>m=2mg+ 1, then kK = m + 2 for some [ € N\ {0} (and
21 < m) and we deduce that 1 = 9y = 9%+ x; = 6% x1 and so

—~ 21
[T2m07'-')r217 TQZ—I)"')TU] = X1 :a

X]. - [T217"'7T2m07 TO)"')TQZ—I]'

Thus, we conclude that the continued fraction of x; is given by

(705 T2, TI— 1, TI—1> T1—25 -+, 70, 7205 s TrmgH—15 Tmo-+1s Trngti—1» -3 721

2. Let X1 denote the first root of Q(T,1) and assume that x1 is of one of the given forms.

(a) If X1 = [7’0, T1ly ey Tj—1,T5,T5—15 -3 T1,705,  Tj415 s Tj4n—1,Tj4n, Tj4n—1, -+ T’j+1],
then x1 = 0%Tly;. Since 2j + 1 is odd, the first coefficient of Q(X,Y) and
0%T1Q(X,Y) have opposite signs as do the first coefficients of Q(X,Y") and @(X, Y).
Since the signs of the first coefficients of 9%1Q(X,Y) and Q(X,Y’) are equal and
since 0% *1Q(T,1) and @(T, 1) have the same first root and since both quadratic
forms have the same discriminant (as does Q(X,Y)), we conclude by lemma 6.6
that Q(X,Y) = 9% T1Q(X,Y).
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(b) T x1 = [Fo, 70,5 TG0, T35 T 15 s TL 70, Ty o Tk Ly Tt T Tjn—Ls oo Ti1
then the same arguments as in the first case show that Q(X,Y) = 0¥ 1Q(X,Y).

(c) If x1 = [Fo,71,---,7j=1,74,Tj—1,---,T1,70), then the same arguments as in the first
case show that Q(X,Y) = 0¥ Q(X,Y).

(d) If X1 = [7’0, Ty ey T5—1,T5,T5,T5—15 -3 71,705 Tj415 s Tj4n—1,Tj4n, Tj4n—1, -+ T’j+1],
then we observe that the caliber m of x is odd (and given by m = 2j+2+2n—1 =
2j + 2n + 1) and that Y1 = 0% 12y, = 0¥ 24y, Since 2§ + 2 + m is odd, the
first coefficient of Q(X,Y) and §¥+*T™Q(X,Y) have opposite signs as do the
first coefficients of Q(X,Y) and Q(X,Y). Since the signs of the first coefficients
of 9% +2tmQ(XY) and Q(X,Y) are equal and since 0¥ +2TmQ(T, 1) and Q(T,1)
have the same first root and since both quadratic forms have the same discriminant
(as does Q(X,Y)), we conclude by lemma 6.6 that Q(X,Y) = 0¥ 2 mQ(X,Y).

O

Example. Consider again the example of Q(X,Y) = (1,—-8,—-3)xy € Quad(76). Then, we
observed that 0Q(X,Y) = (-3,8,1)xy = Q(X,Y). Furthermore, the first root of Q(T,1) is
given by 4+ 19 =8, 2,1,3,1,2].

Condition on when —Q(X,Y) belongs to the cycle of Q(X,Y)

Proposition 13.5. Let Q(X,Y) be a strongly reduced quadratic form, let x1 be the first root
of Q(T,1), let m be the caliber of x1 and let M denote the length of the cycle of Q(X,Y).

1. If m is even, then the following are equivalent:

(b) For some j € N,
X1 = [T0, 71, oy Tj—1, 7§, 755 Tj—1, s T0) -

2. If m 1is even, then the following are equivalent:

(a) —Q(X,Y) = *Q(X,Y) for some k € {1,2,..., M —1}.
(b) For some j,n € N,
X1 = [To, ...,T’j_l,T’j,T’j,T’j_l, oy 7O, T’j+1, ...,Tj+n,7'j+n,...,Tj+1].

3. If m is odd, then the following are equivalent:

(a) —Q(X,Y)=Q(X,Y).
(b) For some j € N,
X1 = [7‘0, ...,T’jfl,’l"j,rjfl, ...,1”0]_

4. If m is odd, then the following are equivalent:

(a) —Q(X, Y) =0"Q(X,Y) for some k € {1,2,...,m — 1}.
(b) For some j,n € N,
X1 = [T‘Q, w753 Ty ey TO, T’j+1, ...,Tn+j_1,Tn+j,Tn+j_1, ...,Tj+1]. .

5. If m is odd, then the following are equivalent:
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(a) —QV(X7 Y)=0"Q(X,Y) for some k € {m+1,m+2,.. M — 1}.

(b) For some j,n € N,
X1 = [TOa'--Tj—lvrjvrj—lv'--aTOa Ti41s ooy Tjtn—1, Tj+n, Tj+n, Tj+n—1, - Tj+1]-

Proof. Because of the similarity of the arguments, we are going to prove first that if —@(X YY) =
OFQ(X,Y) for some k € {0,1,2,..., M — 1}, then the continued fraction of x; is given by one
of the above forms depending on the parity of m and the value of k. Then we are going to

show that the respective converses also hold.
1. Observe that if —Q(X,Y) = 8*Q(X,Y) for some k € {0,1,2,..., M — 1}, then the sign
of the first coefficient of —@(X, Y) and of 9*Q(X,Y) are equal and thus k = 24 for some
j € N. Since Q(X,Y) is strongly reduced, so is its first root. Let x1 = [0, .-, Tm—1]-
We observe that —x1 = 0%x1 = 0%y since both real numbers are the first root of

-Q(T.1) = 8kQ(T7 1).
(a) Assume m is even. Then since M = m, we deduce that £ < m. Let m = 2my for
some mg € N\ {0}.

i. If kK =0, we deduce that

[?”Qmo_l,?”QmO_g, ceey T‘o] = SC\I =X1= [7“0, T, ...,Tgmo_l].

Thus, we conclude that the continued fraction of x; is given by

[7"(), T1y o5 Tme—25Tmo—1s Tmo—15 T'mg—25 -++» 7‘0].

ii. If & > 0, we deduce that

[Tomo—1s 7255 T2j—1,-70] = X1 = 07 X1 = [T25, s T2mg—15 70 s T25—1)-

Thus, we conclude that the continued fraction of x; is given by

4

[7‘0, PN 7“]',2, ’I“jfl, Tj,l, ’r‘j,Q, ey 7O, 7“2]', ceey T‘mOJrj,l, T‘mOJrj,l, cery T’ij.

(b) Assume m is odd. Let m = 2mg + 1 for some mg € N.

i. If 2j = k =0, then we deduce that
[712m0; ceey 7“0] = /X\I =X1= [7"0, ...,Tgmo}.

Thus, we conclude that the continued fraction of x; is given by

[TO, s Tmo—15Tmgyr Tmo—15 -++» TO]‘

ii. If 0 <2j=4k<m=2mg+ 1, then we deduce that

4

T2mos - T2j,  T2j—1s - 70) = X1 = 07X1 = [T2j5 s T2mgs 705 s T2j—1-

Thus, we conclude that the continued fraction of x; is given by

[’rOa ey Ti—15T5—15+-T0y 7255 -y "mo+5—15 Tmo+j5 "'mo+5—15 --+» r2j]'
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iii. f2j =k >m=2mp+1, then k =m+2/+1 for some [ € N (and 21+ 1 < m)
and we deduce that x; = 9Fy; = 0%+ H™y; = 9%*1y; and so

o~ o+l
[Tomos s T20+1> T2l 70 = X1 = 07" X1 = [F2i11, s T2mg> 705 --» 721

Thus, we conclude that the continued fraction of x; is given by

[T()v =157 TI—=15 5 T0s  T20415 ooy Tmo+l—15 Tmo+1s Tmo+1s Tmo+1—15 ++» r?l-{—l]-

2. Let X1 denote the first root of Q(T,1) and assume that x1 is of one of the given forms.

(a)

If X1 = [7“0,7‘1,...,T’jfl,?“j,Tj,T‘jfl,...,7’0]., ~

then X1 = x1. Since the first coefficient of Q(X,Y) and —Q(X,Y) have the
same sign and since Q(7,1) and —Q(T, 1) have the same first root and since both
quadratic forms have the same discriminant (as does Q(X,Y)), we conclude by

lemma 6.6 that —Q(X,Y) = Q(X,Y).

If X1 = [T07 s Ti—15T5, 75,7515 -5 T0s  Tj+1s -5 Tjtns Tj4ny -y errl]a

then x1 = 0%12y;. Since 2j + 2 is even, the first coefficient of Q(X,Y) and
0%12Q(X,Y) have equal signs as do the first coefficients of Q(X,Y)and —Q(X,Y).
Since the signs of the first coefficients of 0% +2Q(X,Y) and —Q(X,Y) are equal and
since 0% +2Q(T,1) and —Q(T, 1) have the same first root and since both quadratic
forms have the same discriminant (as does Q(X,Y")), we conclude by lemma 6.6
that —Q(X,Y) = 8¥+2Q(X,Y).

If x1 = [Fo,--,Tj=1,7j,Tj—1,----T0, then the same arguments as in the first case

show that —Q(X,Y) = Q(X,Y).

If x1 = [Fo, 75,75, -, 70, rj+1,...,rnﬂ_l,@ﬂ,rnﬂ_l,...,7"j+1}, then the same
arguments as in the second case show that —Q(X,Y) = 0¥ 2Q(X,Y).

If X1 = [T'[), T, T3, =15 5705 Tj415 s Tj4n—1,Tj4n, Tj4n, Tj4n—1, -+ Tj+1],

then we observe that the caliber m of y; is odd (and given by m = 2j + 1+ 2n =
2j 4 2n + 1) and that Y1 = 0%y, = 0% H1F™y . Since 2j 4+ 1 + m is even, the
first coefficient of Q(X,Y) and ¥+ Q(X,Y) have equal signs as do the first
coefficients of Q(X,Y) and —Q(X,Y’). Since the signs of the first coefficients of
0¥FTHMQ(X,Y) and —Q(X,Y) are equal and since 0% 1+ Q(T, 1) and —Q(T, 1)
have the same first root and since both quadratic forms have the same discriminant
(as does Q(X,Y)), we conclude by lemma 6.6 that —Q(X,Y) = 0%+ mQ(X,Y).

O

Example. Consider the strongly reduced quadratic surd x = 9 + /221 > 1. Then z is the
first root of the polynomial 772 — 9T —5. The continued fraction of z is given by z = [1,1, 2, 2]
and the cycle of Q(X,Y) = (7, -9, —5) x,y is given by

{<7a _9) _5>X,Ya <_7a 57 7>X,Y) <5a _9) _7>X,Ya <_55 ]-17 5>X,Y}'

We observe that —Q(X,Y) = (5,9, —7)x,y belongs to the cycle of Q(X,Y) which verifies
the proposition.

An interesting coincidence is given in the next corollary.
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Corollary 13.6. Let Q(X,Y) be a strongly reduced quadratic form. Then —@(X,Y) belongs
to the cycle of Q(X,Y) if and only if there exists d € N such that 09Q(X,Y) = (a, —b, —a) xy
for some a,b € Z such that ab > 0.

Proof. Let x1 be the first root of Q(7T,1) and let m be the caliber of y;.

Let —@(X, Y') belong to the cycle of Q(X,Y’). Then the continued fraction of x; is of one
of the forms given in proposition 13.5. One notices that for any such form, there exists d € N
such that 9%y, is symmetric. We can assume without loss of generality that d < M where M
denotes the length of the cycle of Q(X,Y). Since %y, is the first root of 9¢Q(T, 1), corollary
11.8 implies that 9?Q(X,Y) = (a, —b, —a) x,y for some a,b € Z such that ab > 0.

Let there be d € N such that 9?Q(X,Y) = (a, —b,a)xy for some a,b € Z such that ab > 0.
Then by corollary 11.8, the first root of 92Q(T, 1) is symmetric.

If m = 2n + 2 is even, then we notice that %1 = [Fo, 71, ., Ty Ty -y 71, 70] - Hence

X1 = [Tda <71, 70,70, 71y -5 Tdy Td4-15 -4y Ty Ty '-')Td—i-l]'

If m = 2n+ 1 is odd, then we notice that 0%y, = [Fo, 71, .., 7n, s 71, 70). Hence, if 0 < d < m,
then
X1 = [Tda s 1,770,705, 71y o5 Tdy Td415 +++y Ty ...,T‘d+1],

ifd=0o0rd=m, then

X1 = [T()ﬂ“l, ey 'y "'7T17T0]7

and if d > m, then d = m + d’ and so

X1 = [’rd’v <o TLT0, 70, Tl ooy Td s Td 415 -+ Ty '-'7Td’+1]'

We observe that in each case, we can conclude that —Q(X,Y’) belongs to the cycle of Q(X,Y)
by proposition 13.5. O

Condition on when —Q(X,Y) is equivalent to Q(X,Y)

By theorem 12.8, we know that —Q(X,Y) is equivalent to Q(X,Y) if and only if either
—Q(X,Y) is in the cycle of Q(X,Y) or —Q(X,Y) is in the cycle of Q(X,Y). The first
condition is easy to verify by corollary 13.3. The second condition is equivalent to —@(X YY)
belonging to the cycle of Q(X,Y’). By corollary 13.6, this latter condition holds if and only if
the cycle of Q(X,Y) includes a quadratic form of the form (a, —b, —a)xy where ab > 0.

Hence, we conclude the following theorem.

Theorem 13.7. Let Q(X,Y) be a strongly reduced quadratic form and let x1 be the first root
of Q(T,1). Then the following are equivalent:

1. —Q(X,Y) is equivalent to Q(X,Y).

2. The caliber of x1 is odd or there exists a,b € 7Z such that ab > 0 and such that
(a,—b,—a)xy belongs to the cycle of Q(X,Y).

This solves one of the motivating questions for this Master thesis as is described in appendix
D. Furthermore, it confirms that we have to pay attention to not identify the equivalence
classes of Q(X,Y) and —Q(X,Y") without testing the above conditions or similar ones.
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Conclusions

In the last four subsections, we discovered conditions on when —Q(X,Y), Q(X,Y) or —Q(X,Y)
belong to the cycle of Q(X,Y). By inspecting these conditions, we observe that it is possi-
ble that either none or only one or all three of those quadratic forms belong to the cycle of
Q(X,Y). Furthermore, the conditions give us easy methods to construct all examples and
counter-examples that we want for each possible case.

The last subsection gives us an easy method to verify if a given strongly reduced quadratic
form is equivalent to its negative or not. In particular, we concluded that not every quadratic
form is equivalent to its negatives.

Because of all the possibilities, we must indeed pay attention when concluding on the
number of cycles and equivalence classes that can be deduced from a given cycle and check all
the possibilities when we develop the algorithm which computes the class number for a given
positive non-square discriminant.

Unfortunately the above results rely on the continued fraction of the first root of the
corresponding polynomial of a given strongly reduced quadratic form Q(X,Y’) which might
not be given. Instead of checking if the first root is of one of the forms, it certainly is more
effective to check if one of the quadratic forms —Q(X,Y), Q(X,Y) and —Q(X,Y) belongs to
the cycle of Q(X,Y). In this regard, the previous results have to be seen as a confirmation
that all these verifications have to be done in order to conclude the number of cycles that are
obtained from one cycle, as well as to conclude the number of equivalence classes that are
obtained from one cycle.

13.2 A basic algorithm to compute the class number for positive non-
square discriminants

In order to compute the class number for a given positive non-square discriminant D, one of
the most basic approaches is to list all the elements of

SD = {Q(X,Y) € Quad(D) : Q(X,Y) is strongly reduced},

find all equivalence relations between those elements, conclude the number of equivalence
classes in S and deduce so the class number H (D).

Using proposition 7.10, we can effectively compute the cycle of a given strongly reduced
form Q(X,Y). Then, using the conclusions of section 13.1, we can effectively compute the
number of equivalence classes that can be deduced from its cycle and deduce by theorem 12.8
all the strongly reduced equivalent forms of Q(X,Y’). Hence, the only part that is missing is
to describe how one can list all the strongly reduced quadratic forms. This is actually still an
unsolved problem since no effective method to do so has been found yet.

The algorithm which will be described below includes all possible optimizations (as far as
the author knows) that can be obtained by our development. The algorithm divides into two
parts which will be developed separately.

Listing all strongly reduced quadratic forms of a given positive non-square dis-
criminant

We know that if Q(X,Y) = (a,b,¢c)xy € Quad(D) is strongly reduced, so is then —Q(X,Y),
Q(X,Y) and —Q(X,Y). Thus, in order to find all strongly reduced quadratic forms of dis-
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criminant D, it is sufficient to find all strongly reduced quadratic forms (a,b, ¢) x y such that
0<a<]el.

Let us consider a strongly reduced quadratic form Q(X,Y) = (a,b,¢)xy € Quad(D)
where 0 < a < |¢|. Then, from the Gauss conditions and the definition of the discriminant,
we can deduce the following properties for b:

1. D and b have the same parity.
2. —vVD <b<0.

12
3. —D4b = ac.

4. b++VD < 2a < —b+D.

Thus, in order to find all strongly reduced quadratic forms (a, b, ¢) x y such that 0 < a <|¢|,

we list all positive b with the same parity as D which are smaller than or equal to L\/ﬁj
D—b?

Then, for each b, we set R, = =;~. Next, for each b, we list all a > 0 which satisfy
{@H}J < ap, (which is deduced from the Gauss conditions) and which satisfy a; > [\/RbJ

(which is deduced from the assumption that 0 < a < |¢| and since |ac| = D%”Q). Finally, for
each ap, we compute f—: = ¢q,. Now for each b and each ay, if ¢4, is an integer, then we write
ap, —b, —c into our list of strongly reduced quadratic forms, (else we restart with other
(ap, =b, —cay) Xy gly q :

values).

Remark 13.8. Notice that the integral part of a square root of a given positive integer N can be
efficiently computed (for ezample by Newton’s iterative method). Furthermore, subtraction and
division by 4 are efficient computations. Thus the quantities L\/EJ , Ry, {\/EJ and [@J
can be efficiently computed. However, the global approach to list all the strongly reduced forms
15 not effective since it relies partially on the factorization of each quantity Ry. Furthermore,

as one notices fast, this approach does a lot of unnecessary computations as to find a, and cq, .
However, up to now it is one of the only approaches that seem to work out fine.

Let us now formalize the given approach.

Algorithm (list(D)).
Input: A positive non-square integer D.
Output: A list L of strongly reduced quadratic forms whose first coefficient is smaller
than or equal to their last coefficient in absolute value which is arranged such that if [,k €
{1,2,...,length(L)} with k <[ then the two elements L[k] = (ag, bk, cx) and L[] = (a7, b, ;)
satisfy by < by or by, = by and ap < q;.
Functioning:
DQ < \‘\/EJ
11
If D=0 (mod 2), then b < 2, else b+ 1
While b < Dy do:
R« 22

Ry + L\/T%J
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a%%Jrl

While a < Ry do:
If R=0 (mod a), then
L[] ¢ (a,~b, %)

a

14—1+1
else nothing
a+a+1
b«—b+2
Return L

Let us give a minimal example on how the algorithm works.

Example. Consider D = 41. Then list(41) computes Dy = 6 and sets i = 1. Since 29 # 0
(mod 2), it sets b = 1. Then it starts the first iteration of the first While loop (since b =1 <
5 = Dy).

The first iteration of the first While loop works as follows. It starts by setting R = 10,
Ry = 3 and a = 3. Since a < Ry, the condition of the second While loop is fulfilled. The
first iteration of the second While loop works as follows. Since 10 # 0 (mod 3), the if loop is
skipped. Then a = 4 and since the condition of the second While loop is no longer fulfilled, it
ends. Finally, the first While loop sets b = 3.

Since b = 3 < 5, the condition of the first While loop is still fulfilled. The second iteration
of the first While loop works as follows. It starts by setting R = 8, Rp = 2 and a = 2.
Since a < Ry, the condition of the second While loop is fulfilled. The first iteration of the
second While loop works as follows. Since 8 = 0 (mod 2), the first entry of L is given by
L[1] = (2,—3,—4) and then i is set to be i = 2. Then a = 3 and since the condition of the
second While loop is no longer fulfilled, it ends. Finally, the first While loop sets b = 5.

Since b = 5 < 5, the condition of the first While loop is still fulfilled. The third iteration
of the first While loop works as follows. It starts by setting R = 4, Rp = 2 and a = 1.
Since a < Ry, the condition of the second While loop is fulfilled. The first iteration of the
second While loop works as follows. Since 4 = 0 (mod 1), the second entry of L is given by
L[2] = (1,—5,—4) and then ¢ is set to be i = 3. Then a = 2 and since the condition of the
second While loop is still fulfilled, we enter a second time the second While loop. The second
iteration of the second While loop works as follows. Since 4 = 0 (mod 2), the third entry of
L is given by L[3] = (2,—5,—2) and then ¢ is set to be ¢ = 4. Then a = 3 and since the
condition of the second While loop is no longer fulfilled, it ends. Finally, the first While loop
sets b=17.

Since the condition of the first While loop is no longer fulfilled, it ends.

Finally, the algorithm returns L = [(2, -3, —4), (1, =5, —4), (2, =5, —2)].

A real optimization for this algorithm could be obtained by finding a sequence of strongly
reduced quadratic forms that cannot be equivalent one to each other. Even if this sequence
would not contain one strongly reduced quadratic form of each equivalence class (which would
make this development unnecessary since it would give directly the class number), it would
still reduce the computations above. Unfortunately no such sequence has been found yet, nor
a general applicable criterion on when quadratic forms cannot be equivalent which does not
rely on theorem 12.8 or an equivalent statement.
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Finding all equivalence relations of strongly reduced quadratic forms

In order to deduce all equivalence relations of strongly reduced quadratic forms, it is sufficient
by theorem 12.8 to construct all the cycles of strongly reduced quadratic forms, to identify
their associate cycles and then conclude the class number.

By the first algorithm explained above, we obtain a list of strongly reduced quadratic forms
whose first coefficient is smaller than or equal to their last coefficient in absolute value.

Let us choose one such quadratic form Q(X,Y) = (a, b, ¢) x y. Proposition 7.10 can be used
to efficiently compute the cycle of Q(X,Y). Instead of doing so and then check to conclude
the number of cycles that can be deduced from this cycle, as well as the number of equivalence
classes, we are going to do those verifications after each application of the proposition. This
has the advantage that one does not necessarily have to compute the whole cycle.

Indeed, if the first coefficient of some quadratic form @Q'(X,Y) in the cycle of Q(X,Y) is
equal in absolute value to a or to |¢| and if at the same time its second coefficient is equal
in absolute value to |b|, then @Q'(X,Y") is necessarily one of the forms Q(X,Y), Q(X,Y),
—Q(X,Y) or —@(X, V) If Q(X,Y) = —-Q(X,Y), then we can stop the computation of the
cycle, deduce that the second half of the cycle is given by the negative of the first part and
that the cycle denotes exactly one equivalence class. If Q'(X,Y") is one of the other two forms,
then we cannot shorten the computation. However, if Q'(X,Y) = —Q(X,Y), then we can
conclude that the cycle of Q(X,Y’) comprises exactly one equivalence class.

The last part to analyze is how we can use our initial list inside this computation. Ac-
tually, when we compute the cycle, as soon as a quadratic form Q'(X,Y) = (¢/,V,)xy
appears inside the resulting cycle, exactly one of the forms Q'(X,Y), ZQJ’(X7 Y), —Q'(X,Y) or
—Q'(X,Y) is inside our list (except if some of them are identified), we can delete this form
then from our list since by our conclusions about the cycle and the equivalence classes, we
won’t need it later on.

All the observations above lead to the following algorithm.

Algorithm (relations(L)).
Input: A list L of strongly reduced quadratic forms whose first coefficient is smaller than
or equal to their last coefficient in absolute value which is arranged such that if [,k €
{1,2,...,length(L)} such that k < [ then the two elements L[k] = (ax,bg,cx) and L[l] =
(ar, by, ¢p) satisfy by < b or by = by and ay, < a;.
Output: The positive integer N which denotes the number of equivalence classes represented
by the quadratic forms in L.
Functioning:
N <+0
C+0
For j < 1 to length(L) with step 1 do:
L[] 1
For k < 1 to length(L) with step 1 do:
If L'[k] = 1, then
L'k]+0
a < LIK|[1
b L[K][2]
¢ < L[K][3]
Ifa(a(|-2] + 1) —|—b([—gj +1)+¢) >0, then p= L—%J else p = L—gJ +1
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7'+ (ap? +bp+ ¢, b+ 2ap, a)
While |Z'[1]| # a or |Z'[2]| # —b do:
ap + minf|Z'[1]|, [Z'[3]|}
bo  —[2'[2]|
For p < k to length(L) with step 1 do:
If L[p][1] = ap and L[p|[2] = by, then
L'lp]+0
break
else if [L[p][2]| > |bo|, then break
else nothing
If Z'[1] = —c and Z'[2] = b, then C = 1, else nothing

[1]
If Z'[1]

1( L %m +Z’(kéﬁJ+D+Z%D>0¢mn
- s
p - Z/[l}
d%ﬂz{—éﬂj+1
7'« (Z'[Np* + Z'[2]p + Z'[3], Z'[2] + 2Z"[1]p, Z'[1])

IfZ'[1]=—-aor C=1then N+ N+ 1,else N=N +2
else nothing
Return N

Remark 13.9. In the above algorithm | | denotes the absolute value, | | denotes the integral
part of a real number, L[k|[i] denotes the i-th coefficient of the k-th quadratic form inside L
and similarly Z'[i] denotes the i-th coefficient of the quadratic form Z'.

Example. Consider the list L = [(2,—3,—4), (1, —5,—4),(2,—5,—2)]. Then the algorithm
relations(L) will first set N = 0 and C = 0. Then, the first For loop produces the list L'[1,1, 1].
Then the second For loop begins which we will detail a little bit more than the previous part.

First £k = 1.

Then, the algorithm changes L’ into L’ = [0,1,1]. Then it sets a =2, b= —3 and ¢ = —4.
This step could be skipped but is given to visualize the process. Next the algorithm computes
the first derived form of the form (2, —3, —4) xy. Since a (a(|—2| +1)2 +b(| 2| +1) +¢) =
—4 < 0, the algorithm sets p = L_%J + 1 = 2. Then it computes the derived form Z' =
(—2,5,2).

Since the second coefficient of Z’ is not equal to 3 = |b|, the conditions of the While loop
are fulfilled and so the algorithm starts the first iteration.

In a first step, it will identify the quadratic form inside the list L that corresponds to Z’.
To do so, it sets ag = 2 and bg = —5. Now it verifies for all p = 2,3 if first coefficient of the
p-th quadratic form is given by ag and the second by by, in which case it sets L'[p] = 0. Here,
it will find this for p = 3 and set L' = [0, 1, 0]. Notice here that the quadratic forms of L are
ordered lexicographically via their second and then first coefficients, it would not make sense
to let the algorithm verify all the possibilities. Thus it ends as soon as it passes the values of
the given form Z’. Let us return to our computation.

Since the quadratic form has been identified and tagged in our list L', the algorithm
verifies if maybe the quadratic form Z’ is the negative of the associate form of the given form
(2,-3,—4)xy in which case we know, the negative of (2,-3,—4)xy and (2,-3,—-4)xy.
would be equivalent and the cycle of (2, —3, —4) x y would give us only one equivalence class.
Since this is not the case here, nothing happens.
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Finally, the algorithm computes the derived form of Z’' in the same manner as Z’ has
been computed in the first place and then it replaces Z’ by its derived form. Here, it obtains
Z'=(4,-3,-2).

Since the conditions of the While loop are still fulfilled, the algorithm repeats the proce-
dure. In order to not repeat ourselves, we state the important observations only. This time,
the identification step will we be interrupted by the fact that |L[k]| = |L[2]| = |—5| > |bo| = 3.
Furthermore, since Z'[1] = —c and Z’[2] = b, the algorithm sets C' = 1. Then the algorithm
repeats the While loop three more times to obtain at each iteration respectively Z' = (—1,5,4)
and L' = [0,0,0], Z/ = (4,—5,—1) and finally Z" = (—2,3,4). Then the conditions of the
While loop are no longer satisfied since | — 2| =2 =a and |3| = —(—3) = —b.

Since Z'[1] = —2 = —a and also C' =1 (although one of both conditions is sufficient), the
algorithm sets N = N +1=1.

Next it restarts the For loop where it will find for £ = 2,3 that L'[k] = 0 and thus nothing
is changed.

Finally the algorithm returns N = 1.

Finding all equivalence relations of strongly reduced quadratic forms

After analyzing each part of the algorithm, the final algorithm can be given in the following
easy terms.

Algorithm (h(D)).

Input: A positive non-square integer D.

Output: A positive integer N which corresponds to the class number h(D).
Functioning:

Return relations(list(D))

Example. Consider D = 41. By the two previous examples, the algorithm h(D) returns
N =1.

Remark 13.10. As stated before, the algorithm h(D) is not effective and some strong theo-
retical results would be necessary to obtain an effective and polynomial algorithm to compute
the class number. Any such result would indirectly also be a result to factorize a given class of
numbers which is still one of the most important questions in number theory.

13.3 Perspectives

Today, quadratic forms are still used in several algebraic domains and their connections to
quadratic fields have been proved by several mathematicians. Because of this relation, any
result or optimization of results of quadratic forms consists at the same time in an advancement
in other algebraic fields. This document shows that also continued fractions can be used to
discover such results. Since neither of those directions have been studied yet by the author
of this Master thesis, this document should not end with a final conclusion but rather with
ideas describing where one could be looking for some new results.

A natural way to generalize the development of the first part of this document would be to
study continued fractions in all generality and to connect the resulting theory with different
algebraic fields. The theory about integral continued fractions allowed to see the real number
field from a different perspective and so should also other algebraic fields be observable from
other points of views by considering continued fractions defined by elements from those fields.
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We discovered another method (instead of the traditional gaussian method) to study
quadratic forms. It might be useful to find a third independent and complementing method to
do so. Actually, our approach showed quite naturally the connection between quadratic forms
and continued fractions and solved the question which quadratic forms are equivalent to their
negatives. In this regard, one might asks what can be deduced by another third method and
what could be the gain by combining all those methods.

Since some important results have been obtained by discussing the shape of continued
fractions, a detailed investigation about the n-th convergent and tails of continued fractions
might bring along some unexpected results. Since we discovered the general shape of the
continued fractions of square-roots and quadratic surds in general, one might be tempted to
look out for the general shape of the continued fraction of other algebraic numbers. This could
help to study eventually n-ary quadratic forms and solve some number theoretical problems.

Because of a lack of time, this document did not outline the use of the developed theory in
the study of lattices, quadratic fields, ideal theory and class groups. This has been developed
by many of the cited sources and should not be neglected.

At last, let us mention that quadratic forms, as well as continued fractions have already
been used to factorize big numbers (method of SHANKS or LEHMANN). In particular, as we
highlighted above, a polynomial algorithm to compute the class number would also consist in a
polynomial algorithm to factorize a special class of numbers. The unconventional factorization
methods which use the developed theory could in this logic become breakthroughs in number
theory. Further, this application shows once more the wide spectrum of this theory and which
interesting results can be achieved by some supplementary analysis of the results presented in
this Master thesis.

90



Part IV
Appendix

A A natural way to construct continued fractions of rational
numbers

Sources: [1, p.1-3], [3, p.325-327], [4, p.8-13]
Other approach: [5, p.1-5]

The Euclidean division algorithm

Continued fractions arise quite naturally from some number theoretical results. Let us start
with some reminders.

Proposition A.1. For any two integers a and b # 0, there exist two unique integers r and c
such that a =br 4+ c and 0 < ¢ < |b].

The expression of the last proposition is well known and has a precise definition.

Definition A.2. The function f : Z x (Z \ {0}) — Z x N defined by (a,b) — (r,c) where
a=>br+cand 0 <c<|bis called Fuclidean division.

For a,b € Z and b # 0, we call f(a,b) the Euclidean division of a by b. Furthermore, if
f(a,b) = (r,c), then we call a the dividend, b the divisor, r the quotient and c the remainder
of the Euclidean division of a by b.

Example. The euclidean division of a = 21 by b = 15is f(21,15) = (1,6) since 21 = 21.1+6.

Consider the Euclidean division of a € Z by b € Z \ {0}. Let f(a,b) = (r,c). If ¢ # 0,
then one can compute the Euclidean division of b by ¢. Thus, as long as the remainder of
a Euclidean division does not vanish, we can compute recursively the Euclidean division of
the divisor by the remainder of the previous Euclidean division. Since the remainder of an
Euclidean division is strictly smaller than the divisor, Fermat’s principle of descent yields that
after a finite number of steps the remainder will vanish and the process will end.

Definition A.3. Let f be the Euclidean division. Then, the Fuclidean division algorithm
is the function F' : Z x (Z \ {0}) — U;21(Z x N) defined by (a,b) — {(ai,b;)}ien where
(ap,bo) = (a,b) and for all i € N\ {0} the pair (a;,b;) is given by (a;,b;) = f(ai—1,bi—1) if
bi—l 75 0 and by (ai,bi) = (0,0) if bi—l =0.

Let a,b € Z and b # 0 and let

F(a, b) = {(ao, al), (7’0, CLQ), (7”1,&3), ceey (Tn_g, an), (Tn_l,O), (0,0), (0, 0), (0, 0), }

Then, by definition, the pairs satisfy the following relations to which we will refer as (Relation
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system 1):

f(ao,a1) = (o, az) where agp = airg + as and (0 < a2 < |a]);
fla,a2) = (r1,a3) where a1 = asr1 + as and (0 < a3 < az);

;

f(an—27 an—l) = (rn—27 an) where a,—2=a,-17,—2 +a, and (O <ap < an—l);

flan—1,an) = (rn-1,0) where  a,_1 = aprn_1

Example. The Euclidean algorithm of 21 by 15 is F(21,15) = {(21,15), (1,6), (2, 3), (2,0),
(0,0),(0,0),...} since

21=15.1+6 (0 <6 < 15);
15=6.2+4+3 (0<3<6);
6=3.2

The Euclidean division algorithm was first (from the historical point of view) used to
determine the greatest common divisor of two non-zero integers ag and a; which is denoted by
ged(ag, ar). Indeed, one can easily verify that if F(ag,a1) = {(ao,a1), (ro,a2), ..., (rhn—2, an),
(rn—1,0),(0,0),...}, then ged(ap, a1) = an.

Example. By the previous example ged(21,15) = 3.

Moreover, since a; — a;+171; = a;42 for all 7 € {0,1,...,n — 2} and since ged(ag, a1) = an,
one can express gcd(ap,ar) as a linear combination of ag and a;. This result is known as
Bezout’s theorem.

Theorem A.4 (Bezout’s theorem). Let a,b # 0 be integers. Then there ezxist x,y € Z such
that ged(a, b) = az + by.

A natural way to construct continued fractions of rational numbers

The purpose of the Euclidean division algorithm in the following analysis will differ from its
historical use. Before we can go on, we want to highlight some of its maybe unnoticed aspects.

Remark A.5. 1. The remainder of an Fuclidean division 1s always non-negative.

2. By construction, the Euclidean division algorithm gives a unique sequence of integers
70,71, -, Tn_1 Which satisfy the equations in (Relation system 1).

3. Each divisor of the Euclidean divisions computed by the Euclidean division algorithm,
except maybe a1, is positive.

4. If the divisor of the Euclidean division algorithm (a1) is positive, then each r;, except
maybe ro, is positive.

Let a,b € Z and b > 0 and let

F(a,b) = {(ag,a1), (ro,a2),(r1,a3), ..., (rn—2, an), (rn—1,0), (0,0), (0,0), (0,0), ... }.
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Then, by definition, the pairs satisfy the following relations to which we will refer as
(Relation system 2):

a a a
flag,a1) = (ro,a2) where 204 2 and (0 < =2 < 1);
al al aq
a a a
fla1,a2) = (r1,a3) where Ao 42 and (0 < =3 < 1);
a9 a9 a9
;
Gy a a
flan—2,an—1) = (rp—2,a,) where n=2 _ T + —— and (0 < —/— < 1);
Ap—1 an—1 Qn—1
On—1
flan—1,an) = (rp—1,0) where Z = Tp_1.
n

Observe that rg, 71, ..., 7,1 is the unique sequence of integers which satisfy the equations in
(Relation system 2).

Definition A.6. The integral part of x € Ris |x] € Z where z — 1 < |z] < z.
Example. L%J =2, L—I—Eﬂ = —4 L%J =0and [1] =1
Proposition A.7. The integral part of x € R is unique.

Proof. Let r1 and ro be integral parts of x, then x—1 < r1, 19 < x implies that —1 < r1—ry < 1.
Since 71,19 € Z, 11 = T2. O

Since in (Relation system 2) of the Euclidean division algorithm, we have 0 < Z:—ﬁ <1
for all ¢ € {0,...,n — 2}, we deduce that —1<r< aiil for all 7 € {0,...,n — 1} and so

PR
)

Definition A.8. The derived number of x € R\ Z is the unique number Ox that satisfies

x = |z] + 5 or equivalently dz = ﬁ (thus 0z > 1).

The derived number of x € Z U {oo} is by convention dx = oo.

a;
ai+1

We use the notation °x = z, 'z = dx and OFz = 9(0F ') for all k € N.
Example. 0 (3) =2, 0% (3) = 02 = oo sud 0 (1) = 1
In (Relation system 2) of the Euclidean division algorithm, we can observe that 0 (ﬁ) =
2l for all i € {0,1,...,n — 2}
1+2

Using definition A.7 and A.8, we can completely rewrite the (Relation system 2) of the
Euclidean division algorithm. Indeed, let a,b € Z and b > 0 and let

F(a,b) = {(ao, a1), (ro,a2), (r1,as), ..., (rn—2, an), (rn—1, 0), (0,0), (0,0), (0,0), ... }.
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Then the pairs satisfy the following relations to which we refer as (Relation system 3):

agp ag 1 ao
s = N h _— = — d 1 < 8 ;
f(ag,a1) = (1o, a2) where = _alJ + 82(1) an ( —al)
N ag . aq 1 2a0 .
flai,a2) = (r1,a3) where a—al = _BGIJ + F2 and (1<0 —al),

ai
’

);

ao

f(an—Qvan—l) = (T'n—Q,Cln) where an72@ = anZaOJ +

and (1<o™ !
ar | a

an—1@

a1 ai

flan—1,an) = (Tn_1,0) where 6”’1@ = anlaOJ
ai L aq

Example. The Euclidean algorithm of a = 21 by b = 15is F'(21,15) = {(21,15),(1,6), (2,3),(2,0),
(0,0),(0,0),...} and we have

21 14 1

el =
15 N
15 1

7:2+€;
6 3

6

— = 2.

3

with |2 =1, 92 =1 |92L] =2, 9?2 =2.

From (Relation system 3) of the Euclidean division algorithm we deduce that £ is given
by

ag . \‘aoJ
== |2+ : (4)
aq al 8%) 4 1
\~ J + . 1
CaEak

Example. From the previous examples, we deduce that

21 . 1
15~ 2+%

Remark A.9. Since ag and a; > 0 were arbitrary integers in this whole construction, we
showed that any rational number can be written in a form as in (4).

An object of the form (4) will be called a finite continued fraction. Unfortunately, the
above construction allows to rewrite only rational numbers under such a form. A method to
construct continued fractions for any real number and more general continued fractions are
presented in chapter 2.
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B A set of representatives of the equivalence classes of Quad(D)
for D € N*\ {0}

Sources: [11, art. 206-211]
Chapter note: Assume throughout this appendix that D = n? for some n € N\ {0}.

Lemma 8.1 states that any quadratic form Q(X,Y) € Quad(D) with D € N?\ {0} is
equivalent to (a, \/T), 0)x,y for some 0 < a < Vv/D. This gives rise to theorem 8.2 which states
that h(D) is finite and to corollary 8.7 which gives a rough upper bound (h(D) < /D) for
the class number h(D).

We would like to determine a set of quadratic forms which includes exactly one represen-
tative of every equivalence class of Quad(D), in other words a set of quadratic forms with
discriminant D with h(D) elements that are non-equivalent one-by-one.

To achieve this, we can use the previous work and find a general condition to determine
the equivalence of two quadratic forms (a, v D,0)xy and (b,v/D,0)xy with 0 < a,b < v/D.

Let us first consider proper equivalence.

Lemma B.1. Let (b,n,0)xy = (a,n,0)xyo(L 1) for some 0 <a,b<nand(L?)ec GL(2,7Z)
such that det (2 1) = 1. Then a =b.

Proof. By proposition 5.7 and since det (£ ¢) = 1, we deduce the following system of equations.

b= ap® + npr (5)
n = 2apq + n(ps + qr) (6)
0 = aq® + ngs (7)
1=ps—qr (8)

Assume ¢ = 0, then equation (6) becomes n = nps which implies that p = s = £1 (since
n,p,s € Z). Then equation (5) becomes b = a &+ nr which implies that b — a = 0( mod n).
Since —n < b — a < n, we deduce that b —a = 0 and hence b = a.

Assume ¢ # 0, then by dividing equation (7) by ¢, we obtain 0 = ag+ns and so ag = —ns.
Substituting this into equation (6) gives n = —2nps + n(ps + qr) = —nps + ngr. Hence, we
deduce that 1 = —ps + gr and so —1 = ps — gr which contradicts equation (8). O

Hence, if two distinct quadratic forms of the set {(a,vD,0)xy : 0 < a < v/D} are equiv-
alent then they are necessarily improperly equivalent. This implies the following corollary.

Corollary B.2. The equivalence classes of the set {{a,n,0)xy : 0 < a < n} include at most
two elements.

Proof. Assume by contradiction that there are three distinct quadratic forms (ai,n,0)xy,
(a2, m,0)xy, (a3,n,0)xy with 0 < a1, a2,a3 < n which are equivalent. Let (az,n,0)xy =
(a1,n,0)xy oS and (a3, n,0)xy = (az,n,0)xy o S’ for some S, 5" € GL(2,Z). Since a; #
az # a3, lemma B.1 implies that det(S) = det(S’) = —1. Then (az,n,0)xy = ({(a1,n,0)xy o
S)o S = (ai,n,0)xy oSS’ Since det(SS’) = 1, lemma B.1 implies that ag = a; which is a
contradiction. O

Hence, we deduce that for D = n? € N?\ {0}, the class number h(D) satisfies 2 < h(D) <
n. Let us now consider improper equivalence.
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Proposition B.3. Two quadratic forms (b,n,0)xy and (a,n,0)xy with 0 < a,b < n are
improperly equivalent if and only if gcd(a,n) = m = ged(b,n) and m? = ab (mod mn).

Proof. Assume first that (b,n,0)xy and (a,n,0)xy are improperly equivalent. Let (L) €
GL(2,Z) such that det (£ ?) = —1 and (b,n,0)xy = (a,n,0)xy o (£?). By proposition 5.7

and since det (£?) = —1, we deduce the following system of equations.
b= ap® + npr (9)
n = 2apq + n(ps + qr) (10)
Ozaq2+nqs (11)
—1=ps—qr (12)

Then (10) — n(12) gives 2n = 2apq + n(ps + qr) — nps + ngr = 2apq + 2ngr and hence:
n = q(ap + nr) (13)

Similarly 7s(10) — 2r2(11) — (2a + 2aqr 4+ nrs)(12) gives after simplifications the following:
a = —s(ap+nr) (14)

Consider now a(9) which gives ab = ap(ap + nr). Substituting this into (ap + nr)? — ab
gives
(ap 4+ nr)? — ab = (ap + nr)? — ap(ap + nr) = nr(ap + nr) (15)

By equation (13), we know that (ap 4+ nr) divides n and by equation (14), we know that
(ap + nr) divides a. Hence (ap + nr) divides ged(a,n) = m. Conversely, since m divides a
and since m divides n, we deduce that m divides (ap 4+ nr). Thus (ap 4+ nr) = £m. Hence by
equation (15), we conclude that m? = ab (mod mn).

By equation (9), we deduce that b = +pm. Since m? = ab (mod mn), we deduce that
m? = ab + kmn for some k € Z. Let a = kqm, b = kym and n = k,m for some kg, ky, k,, €
{0,1,...,n}. Then m? = ab + kmn implies m? = k,kym? + kk,m?. Since m > 0, we deduce
that 1 = k.kp + kky,. Hence ged(kqky, kk,) = 1 and so ged(ky, ky) = 1. Hence ged(b,n) =
ged(kym, kpym) = m.

Assume that ged(a,n) = m = ged(b,n) and m? = ab (mod mn). Then —%, -, “bn_lzﬂ, s
Z. A direct computation shows that

b

_n
<b7 n, 0>X,Y = <CL, n, O>X,Y © (ab_:ﬂ,ﬂ m)

a
mn m

_b _n
and that det ( b o a’") =—1. O

Remark B.4. One can prove that if, for fized a,n (and gced(a,n) = m), the equivalence
m? = ab (mod mn) has a solution b, then there is a unique B satisfying 0 < B < n and
m? = aB (mod mn) which verifies corollary B.2.

Using proposition B.3, we can easily compute the class number h(D) for any positive
square discriminant D.
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Example. Consider D = 36. Then /D = n = 6. Hence, consider the set S2¢ = {(a,6,0)xy :
0 < a < 6}. In order to determine h(6), we only have to determine the number of equivalence
classes in S39.

First of all, we can distribute the numbers 0,1, ..., 5 into sets depending on their greatest
common divisor with 6 and obtain {0}, {1,5}1,{2,4}2,{3}s (where the indices of the sets
denote the greatest common divisor of the elements of the set and 6).

By the first condition of proposition B.3 (gcd(a, n) = ged(b, n)), we conclude that (0,6, 0) x v
and (3,6,0)x,y form their own equivalence classes.

Since 12 # 5.1 (mod 1.6), we conclude that (1,6,0)xy and (5,6,0)x y form their own
equivalence classes.

Since 22 # 2.4 (mod 2.6), we conclude that (2,6,0)xy and (4,6,0)xy form their own
equivalence classes.

Hence h(36) = 6.

Example. Consider D = 49. Then /D = n = 7. Hence, consider the set S% = {(a,7,0)xy :
0 <a < 7}. In order to determine h(6), we only have to determine the number of equivalence
classes in S%.

First of all, we can distribute the numbers 0, 1, ..., 5, 6 into sets depending on their greatest
common divisor with 6 and obtain {0}7, {1,2,3,4,5,6}; (where the indices of the sets denotes
the greatest common divisor of the elements of the set and 7).

By the first condition of proposition B.3 (ged(a, n) = ged(b, n)), we conclude that (0,7,0) xy
forms its own equivalence class.

Since 12 = 1.1 (mod 7), we conclude that (1,7,0)xy forms its own equivalence class.

Since 12 = 2.4 (mod 7), we conclude that (2,7,0)xy and (4,7,0)x yform an equivalence
class.

Since 12 = 3.5 (mod 7), we conclude that (3,7,0)xy and (5,7,0)x yform an equivalence
class.

Since 12 = 6.6 (mod 7), we conclude that (6,7,0)x y forms its own equivalence class.

Hence h(49) = 5.
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C A basic algorithm to solve the Pell equations

Sources: [1, p.23-28], [5, p.10-11], [3, p.351-357], [3, p.351-357], [4, p.113-121]
Other approaches: [9, p.31-34,42-43], [6, p.413-418], [10, p.133-136]

The Pell equations are special Diophantine equations that were already studied by Brah-
magupta and Fermat. The developed theory about quadratic forms and continued fractions
offers an easy way to develop an algorithm to solve these equations. This algorithm is the
topic of this appendix.

Definition C.1. The (positive) Pell equation is the equation X?—~NY?2 = 1 where N € N\ {0}.
The negative Pell equation is the equation X2 — NY? = —1 where N € N\ {0}. Any pair of
integers (x,y) such that 22 — Ny? = £1 is called a solution to the (positive or negative) Pell
equation.

Since (z,y) is a solution of a Pell equation if and only if (—z,y), (x,—y) and (—z, —y) are
so, it is sufficient to study the solutions (x, y) of the Pell equations where x, y are non-negative
integers. We will call such a solution a non-negative solution and we will ignore any other
solutions in the preceding.

Solutions to the Pell equations with N being a non-zero square integer

Proposition C.2. 1. The Pell equation X> — NY? =1 with N € N2\ {0} has ezactly one
non-negative solution, namely (x,y) = (1,0).

2. The negative Pell equation X? —Y? = —1 (i.e. N = 1) has ezactly one non-negative
solution, namely (z,y) = (0,1).

3. The negative Pell equation X2 — NY? = —1 with 1 < N € N2\ {0} does not have
solutions.

Proof. Let N € N2\ {0}, then N = m? for some m € N\ {0}. Let (x,y) be a non-negative
solution to the Pell equation X? — NY?2 = § where 6 € {—1,1}. Then

2 - Ny? =2 —(my)?=a-22=9

where z = my € N. We observe that x # z since else 0 = ¢ (which would be a contradiction).
Hence z = z + k for some k € Z\ {0}. Thus

b=a? -2 =2 —(z+k)? =22 (2% + 22k + k) = —k(2z + k).

Thus, § = —k(2x + k) and so —k = +1 and 2z + k = £1. Let us distinguish the different
cases and deduce so all the possible solutions.

1. If 6 =1, then 1 = —k(2z + k) and so —1 = k(2z + k).

If k=—-1,then 2r — 1 =1and so x = 1. Thus, z = x + k = 0. Since z = my and
m # 0, this implies that y = 0 and hence (z,y) = (1,0).

If k =1, then 2z+1 = —1 and so x = —1 which is a contradiction since z is non-negative
by assumption.
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2. If § = —1, then —1 = —k(2z + k) and so 1 = k(2z + k).
If k=-1,then2x —1=—-1andso x = 0. Thus, z =z + k = —1. Since z = my
and m > 0, this implies that y < 0 which is a contradiction since y is non-negative by
assumption.

If k=1,then2x+1=1and so z =0. Thus, z =z + k = 1. Since z = my and m # 0,
this implies that m = 1 and y = 1 and hence (z,y) = (0, 1).

O

Solutions to the Pell equations with N being a positive non-square integer

For the sake of simplicity, we are going to deduce one property at a time. Hence the approach
below might not be the most effective one but surely one of the easiest.

Before we start solving the Pell equations, we can notice that the polynomial X? — NY?
is actually a particular binary quadratic form. Indeed, we can rewrite this as Qo(X,Y) =
Q(X,Y)=(1,0,—N)xy € Quad(4N). By noticing that the roots of Q(T',1) are VN >1>0
and —v/N < 0, one deduces that Q(X,Y) is weakly reduced. By lemma 7.6 and corollary 7.7,
Qn(X,Y) =0"Q(X,Y) is strongly reduced for all n € N\ {0}.

Since v/N is irrational, proposition 3.10 implies that v/N has an infinite continued fraction.
Let VD = [rg,71,72,73,...]. Since 0"V/N is the first root of "Q(T,1), we deduce that
Qn(X,Y) = (an, bn, cn)x,y is given by

IQX,Y)=Q(X,Y)oT(ro)T(r1)..T(rn-1) = Q(X,Y)o D,

where T'(r) = (] (1]), D, =T(ro)T(r1)..T(rp-1) = (sz ZZ:;) and r, = |0"] V/'N. Hence

an = Q(pn—L Qn—l) = an_17'721_1 4+ bp—1Tn—1 + Cn_1
bn = (Pn—2 qn—2) (25? de) (ZZ:}) = bn—1+ 2an_17n—1
Cn = an—1 = Ap—1

Furthermore, we know by corollary 11.9 that dv/N is strongly reduced and so is then
0Q(X,Y). Hence, theorem 10.1 implies that there exists minimal M € 2N\ {0} such that
OMHIQ(X,Y) = 0Q(X,Y).

Since OV/'N is strongly reduced, its continued fraction is purely periodic and the general
form of this continued fraction is given in corollary 11.9. Let m be the caliber of 9v/N.

One can easily prove that if m is odd, then M = 2m and Q,+1(X,Y) = —Q1(X,Y) and
if m is even then M = m and Qn+1(X,Y) = Q1(X,Y) (c.f. proposition 13.2). Hence, we
deduce that Qgm+14n(X,Y) = £Q140(X,Y) for all £ > 0 and n > 0.

Let us find in a first step some particular non-negative solutions of the Pell equations.

The Pell equation X? — NY2 = 1 has the trivial non-negative solution (1,0).The negative
Pell equation does not have trivial solutions. Furthermore, the next proposition gives a lot of
non-trivial solutions.

Proposition C.3. For alln > 1, the following holds
p?z—1 - N%%—1 = Qnp.

In particular
2 2 k
Prm—1 — qumfl = (_1) .
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and so all the couples (x,y) = (Prm—1, Gom—1) € N? with k > 1 are non-negative solutions of
the Pell equations.

Proof. We observe that for all n > 1, we have Q,(1,0) = Q(1,0) 0 D,, = Qo(Pn—1,9n—1) =

p2_| — Ng2_,. At the same time, we have Q,(1,0) = a,. Hence p2_; — N¢2_;| = ap.
Assume first that m is odd. Then, Qn+1(X,Y) = —Q1(X,Y) and s0 ay = ¢pm1 =

—c; = —ag = —1 = (—1)™. Similarly, since Qrm+1(X,Y) = (—=1)"Q1(X,Y), we deduce that

apm = (—1)¥™ for all k > 1.

Assume next that m is even. Then, Q,,+1(X,Y) = Q1(X,Y) and 80 ay, = ¢1 = ¢1 = ag =

1 = (—1)™. Similarly, since Qrm.1(X,Y) = (=1)™Q1(X,Y), we deduce that az, = (—1)k"

for all £k > 1.

Using now the first part of the proposition, we deduce the second part. O

The previous proposition gives us infinitely many solutions to the Pell equations. Next,
we should find out if there are any other solutions. Actually this is not the case as proposition
C.5 will show. In order to prove this fact, we need the following lemma.

Lemma C.4. Let Q(X,Y) = (a,b,c)x,y be a strongly reduced quadratic form. Let (Xo,Yp)
be any integer solution of the equation Q(X,Y) = where § € {—1,1} such that 0 < Yy < Xj.
Let x1 be the first root of Q(T,1) and let r = |x1|. Then

1. (XY") = (X0, Y0)T(r) "t = (X0, Y0) (Y 1) = (Yo, Xo—rY0) is a solution of 0Q(X,Y) =
J.

2. If Yo >1,then0<Y' < X', X' < Xp and Y' < Yj.

3. If Yo =1, then X' = 1. Furthermore, in this case, if ad <0, then Y' =0 and if ad > 0,
then Y' = 1.

Proof. Since (X, Y')T(r) = (X,Y), we conclude that 0Q(X",Y') = Q(X",Y') o T(r) =
Q(X,Y) =46. Hence (X',Y”) is a solution of 0Q(X,Y) = 4.
Set f(T) = Q(T,1), denote the second root of Q(7,1) by x2 and set ¢(T) = f(T') — 5%.
0

The function f(T) = Q(T,1) satisfies af(t) > 0 for all ¢ €] — oo, x2[U]x1, +o0], af(t) =0
for t = x1, x2 and af(t) < 0 for all t €]x2, x1][.
Since —1 < x2o <0< 1<7r <y <r+1, we deduce that

af(=1) >0, af(0)<0, af(r)<0, af(r+1)>0.

1. Assume Yy > 1.
Then —1 < § % < 1. The above observation yields that

ap(—1) >0, ap(0) <0, ap(r)<0, ap(r+1)>0.

Since Q(Xo, Yp) = J, we have that f(%) = Q(%, )= YLOQQ(XO,YO) = 5}%02. Thus )1% is
a root of ¢(T'). Since by construction X’ = Y and since by hypothesis 0 < Yy < Xj, we
deduce that 0 < X’ < Xj. Since )}f—g > (0, we deduce by the above that r < %’ <r41
This can be rewritten as rYy < Xg < (r+1)Yp. Finally, we deduce that 0 < Xo—rY) < Yy
andso 0 <Y’ <Yy = X'
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2. Assume Yy = 1. Then, by construction X’ = 1 and it suffices to show that if ad < 0,
then Xg =r and if ad > 0, then Xo— 1 =7r.

(a)

Assume af(Xg) = a(aXg +bXo +¢) = ad < 0. Since Xy > 0, we have also
a’Xo+ab+ ;—‘; = )“(—i. Thus

af(Xo+1) = a(a(Xo +1)* + b(Xo + 1) + ¢)
= a2Xg + 24’ Xo + a® + abXo + ab + ac
= ad +2a*Xo + a* + ab
= ad + a*Xg + a® + (a*Xo + ab)
ad — ac
Xo
ad — ac
Xo

=ad +a’Xy+a® +

= a?Xo +aa+96) +

Hence af(Xo+1) = a®?Xo + ala + §) + a‘SX;OC.

Since Q(X,Y) is strongly reduced, the Gauss conditions imply that ac < 0. Since
Xo > 1 and ac < 0, we deduce that a®>Xg > 0, a(a + ) > 0 and aéX;Oc > 0. Thus
af(Xo + 1) > 0.

Since af(Xo) < 0 and af(Xo+1) > 0 and X > Yp = 1, we deduce by the above
observation that Xg < x1 < Xg + 1 which implies that Xy = r.

Therefore X' =Yyg=1land Y = Xg—r =0.

Assume af(Xo) = a(aX? 4+ bXo +c¢) = ad > 0. Since Xp > 0, we have also
a’Xy + ab + )“(—% = )“(—i. Thus

af(Xo—1) = a(a(Xo — 1) +b(Xo — 1) +¢)
= a?X? —2a*Xo + a* + abXy — ab + ac
=ad — 2a*°Xo+ a® — ab
= ad — a*Xo + a® — (a®*Xo + ab)
ad — ac
Xo

1) ac — ad
2

— Xo 12

a(o a)+ X,

=ad —a’Xo+a® —

Hence af(Xo—1) = —a* (Xo—1— g) + %.

Since Q(X,Y) is strongly reduced, the Gauss conditions imply that ac < 0. Since
Xo>1,0< g < 1and ac < 0, we deduce that —a? (Xo— 1-— g) < Oanda% <0.
Since f(T',1) does not have integer roots, we deduce that af(Xo — 1) # 0. Thus
af(Xo — 1) < 0.

Since af(Xp) >0 and af(Xpo—1) <0and Xg—1>Yy—1=1—-1=0, we deduce
by the above observation that Xg — 1 < x1 < Xg which implies that Xg — 1 =r.
Therefore X' =Yy =1and Y = Xg—r = 1.
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Example. Consider the strongly reduced quadratic form Q(X,Y) = (5, =7, =3) x,y € Quad(109).
Then observe that the equation Q(X,Y) = 1 has the solution (Xo,Yp) = (7,4). The first

root of Q(T,1) is 7*'17‘/0@ and set r = VJrli\/o@J = 1. Set (X".Y) = (Xo,Y0)(2) =

(7,4) (Y 1)) = (4,3). Now it is easy to verify that (4,3) is a solution of 1 = 9Q(X,Y) =
(—5,3,5)x,y.
We can repeat this to obtain the solution (3,1) of 1 = 92Q(X,Y) = (3, -7, —5) x.y-
Then the first root of 9?Q(T, 1) is %109 %109 and so LL V6109J = 2. One easily verifies that

(3,1) (9 4) = (1,1) is a solution of 1 = 33Q(T, 1) = (~7,5,3)x,y.
At last, we can repeat the process to obtain the solution (1,0) of 1 = 9*Q(T,1) =
(1,-9,-T")xy.

Lemma C.4 gives a method to reduce a solution (Xo, Yp) of an equation Q(X,Y) = § where
0 € {—1,1} and Q(X,Y) denotes a strongly reduced quadratic form to a solution (X', Y") of
0Q(X,Y) = 6 where 0 <Y’ < X' X’ < Xy and Y’ < Yj. Furthermore, by applying the
lemma recursively at the resulting solutions, one will end up at a solution (1,0) as indicates
already the last example.

In the proof of proposition C.5, we are going to see that any solution of the Pell equa-
tion Q(X,Y) = X? — NY? = £1 gives rise to a solution of the kind of lemma C.4 of the
equation 0Q(X,Y) = £1 where 0Q(X,Y) is strongly reduced. Thus, we can use lemma C.4
to obtain recursively easier solutions for the derived forms of Q(X,Y). This will then be
the key ingredient to prove that the only solutions of the Pell equation are the one given in
proposition C.3, namely the pairs (Prm_1,qrkm—1) where k € N'\ {0}, m is the caliber of v N

and (5272 P2=2) = T(rg)T(ry)...T(rp_1) with 7y, = Lan\/NJ.

Proposition C.5. The non-trivial non-negative solutions (x,y) of the Pell equations are
exactly the couples

(x,y) = (pkm—laq}cm—l) with k > 1.

In particular the solution (xo,y0) = (Pm—1,9m—1) 8 the minimal non-trivial non-negative
solution, i.e. x > xo and y > yo for every other non-trivial non-negative solution (x,y) of the
Pell equations.

Proof. By proposition C.3, we know already that the couples (pgm—1,qrm—1) are solutions of
the Pell equations. Thus, it suffices to show that there are no other solutions.

Assume (u,v) is a non-negative solution of the Pell equation X? — NY? = § with § €
{—1,1}. Assume by contradiction that u = 0.

with v > 0 and v > 0 and u? + Nv? = § with 6 € {—1,1}.

In order to show that (u,v) has to be one of the couples (pmr—1, ¢mk—1), we are going to
show, after dealing with some special cases, that in general the solution (u,v) of Q(X,Y) =4
where Q(X,Y) = X2 — NY? and 6 € {—1,1} gives rise to a solution (x1,y1) of the equation
0Q(X,Y) with 0 < y; < 1. Then re can apply lemma C.4 recursively to obtain a solution
(wx, yx) of OFQ(X,Y) = & that satisfies 0 < yp < xy forall k € {1,...,n} for some n and y,, = 1.
Then lemma C.4 will be used again once or twice to obtain the solution of 9¥Q(X,Y) = ¢ for
some 9 > n. A short analysis will show that actually 9¥Q(X,Y) = £0™Q(X,Y) which leads
to the conclusion that ¢ = k'm for some k' € N\ {0} and (u,v) = (Pr'm—1,Gk'm—1)-

Now, that the outline of the proof is clear, let us start with the formal proof.
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Assume by contradiction that v > w > 0. Then v > v+ 1 > 1 and so v?2 > u? 4
2u + 1 > u? + 3. This implies that Nv? > v? > «? 4+ 3 and so —Nv? < —u? — 3. Hence
u? — Nv? < u? —u? — 3 = —3. This contradicts the fact that (u,v) is a solution of a Pell
equation.

Assume that v = v > 0. Then u? — Nv? = (1 — N)u? < 0. Since (u,v) is a solution of a
Pell equation we deduce that u? — Nv? = £1. Since u? — Nv? = (1— N)u? < 0, u? — Nv? # 1.
Furthermore, u?2 — Nv? = —1 holds if and only if N = 2 and « = v = 1. One can easily observe
that in this case (u,v) is one of the considered couples, namely it is the minimal non-trivial
solution of X2 —2Y?% = —1.

Assume 0 < v < u. Set rg = L\/NJ > 1 and consider

(z1,11) = (u,v)T(r9) "' = (u,v) ((1) 1

_fro

> = (v, u — roV).

Since N is not a square 0 < rg < VN < ro + 1 and since (u,v) satisfies the Pell equation
X% - NY? =6, we deduce that u> = Nv? + §. Thus

2 < N < (rg+1)>
RH1<N<(ro+1)2 -1
(ré + 1)v? < Nv? < ((rg + 1) = 1)0?
(rd +1)v?> =1 < No* +6 < ((ro +1)*> = 1)v* + 1

r%v2 + (02 -1 < u? < r%vQ +2rgv? + 1

If v > 1, then v2 —1 > 0 and T%UQ +2rgv? +1 < 7‘87)2 + 2rgv? + v% = (ro + 1)%v? and so
the last line implies that r3v? < u? < (19 + 1)%v%. Since 79, u,v > 0, we obtain

rov < u < (ro + 1)v.

Since v < w and since x = v, we deduce that x < w. By the right inequality, we have
u—rov < v and so y < v. Furthermore, by the same arguments as in the proof of lemma C.4,
we deduce that (x1,y1) is a solution of 0Q(X,Y) = 4.

Consider now the initial quadratic form Qo(X,Y) = (1,0, —N)x,y. Then we showed that
Q1(X,Y) = 0Q(X,Y) = (r3 — N, 2ro, 1) xy is strongly reduced. By lemma C.4, we deduce
that if we start from Q1(X,Y") and the solution (z1,y1) of Q1(X,Y) = J, then we can obtain
a solution (zg,y2) of the equation Q2(X,Y) = 0Q1(X,Y) = ¢ such that 0 < y2 < y; and
0 < z9 < x1. We can reiterate this process as long as the resulting second entry is strictly
greater than 1. By Fermat’s principle of descent, there is one n € N such that y,—1 > 1 and
yn = 1. Thus the reiterating process ends. At this point we obtained two decreasing sequences
of integers 1 =y, < yp—1 < ... < yo < yp and z, < Tp_1 < ... < 29 < 1 that are defined by

(@i, i) = (u,0)T(ro) ' T(r1) " T (i)™

for all i € {1,...,n} where since r; is the integral part of the first root of Q;(T,1) = 8'Q1(T, 1)
since VN = [rg,71,72,...] (i.e. {(WWJ) Furthermore, we know that z; = y;,_1 and
Qi(xi,y;) =0 foralli =1,...,n.

Let us use lemma C.4 again on (2,,yn) = (zn,1) and Qn(X,Y) = (an,bn,cn)xy. If
and < 0, then we obtain x, > xpy1 = 1, 1 = vy > yny1 = 0 and Qpi1(Tnt1,Ynt1) = 0.
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If ap,d > 0, then we obtain z, > zp41 = 1, 1 = y, = yn+1 and Qni+1(Tnt1,Ynt1) = 9.
In the latter case one uses lemma C.4 again on (Zn41,Yn+1) = (Tnt1,1) and Qn+1(X,Y) =
(@n+1,bnt1, Cnt1) x,y- Since the signs of a,41 and a,, are opposite, we then have a,416 < 0
and so we obtain yp+2 =0, 219 = 1 and Qni2(Tnt2, Ynt2) = 9.

Either way, we end up at the final pair (xy,yy) = (1,0) for some ¥ € N\ {0}. Since
Qu(xy,yyp) = d, we conclude that Qy(1,0) = ay = 0. Thus Q(X,Y) is a strongly reduced
quadratic form with discriminant 4N which satisfies Qy = (6, b, ¢).

Since Qn(X,Y) is strongly reduced, we know that |b| < VAN = 2v/N. Moreover by the

Gauss conditions, 2v/N — [b| < 2 and so 2v/N — 2 < |b|. Since rq = L\/NJ <VN <rg+1,

we obtain

219 —2 < 2V/N —2 < |b| < 2V/N < 2rg + 2.

Hence |b| € {2rg — 1,270, 2r¢ + 1}. Since b* — 46c = 4N, 4 divides b? and so 2 divides b. Thus
we conclude that |b| = 2r¢. Since Q,,(X,Y) is strongly reduced, the sign of b is the opposite
sign of a, we finally obtain b = —§2rg. From the relation lfv— 46c = 4N we deduce that
c=68(r3 — N). Hence Qu(X,Y) = 6(1,—2rg, 72 — N)xy = 6Q1(X,Y).

By corollary 11.9, we know that N = [rg, 71,72, ..., 72, 11, 2rg] which is the first positive
root of Q(T,1). Thus the first root of Q1(T,1) is [r1,72,...,72,71,2r]. By corollary 11.6 the

first root of Q1(T,1) is [2r9, 1,72, ..., 72, 1], Which is also the first root of @,,(T,1) (since the
caliber of v/N is m). Since Q1(X,Y) is strongly reduced, proposition 9.2 yields that @vl(X, Y)
is strongly reduced. Since é)vl(X, Y) and @ (X,Y) are strongly reduced, have the same first
root and have the same discriminant, lemma 6.6 yields that @/1()(7 Y)=2Qn(X,Y).

Since Qu(X,Y) = 5@(X, Y) =+£5Qm(X,Y), we conclude that ¢ = km for some k& > 1.
Thus

(u,v) = (1L,0)T(ro)T(r1)--.T (Tkm-1) = (1,0) D = (Pkrm—15 Qlern—1)-
O]

Example. Consider the equation X? — 14Y2 = 1. Then since v/14 = [3,1,2,1,6] (and so
m = 4), the last two propositions yield that the positive integers solutions of X? — 14Y? =
+1 are given by (pgr—1,quk—1) = Djfk(l,()) and moreover, since m is even, we have that
pi_1 — 4¢3, _; = 1. Indeed Dy = T(3)T(1)T(2)T(1) = (P ) and the smallest positive
integer solution of X2 — 14Y2 = 41 is (15,4).

Corollary C.6. There exist integer solutions to the equation
2?2 — Ny? = -1
if and only if the caliber m of VN 1is odd.

Proof. By proposition C.5 the solutions (z,y) to the Pell equation with z > 0 and y > 0
are exactly the couples (z,y) = (Pkm—1,qkm—1) with & > 1. By proposition C.3 one has
Pem—1—Nqem—1 = (—1)¥™. Thus if m is odd, then (pp,_1, ¢m_1) is a solution of 22— Ny? = —1.
However if m is even, then pgm—1 — N@em—1 = 1 for all k > 1 and so 22 — Ny? = —1 does not
have solutions. O

Example. Consider the equation X? — 13Y? = 4+1. Using the same method as in the last
example, we deduce from the continued fraction /13 = [3,1,1,1,1,6] (and so m = 5) that
(18,5) is a solution to X2 — 13Y?2 = —1.

105



Let us summarize the previous results in a single theorem.

Theorem C.7. Let N € N\ N? and let m be the caliber of N.
1. If m is odd, then:

(a) The non-negative solutions of the Pell equation X? — NY? = 1 are ezactly the pairs
(P2km—1, @2km—1) with k € N\ {0} and the trivial pair (1,0).

(b) The non-negative solutions of the Pell equation X2 — NY? = —1 are ezactly the
pairs (P2k+1ym—1, 4(2k+1)m—1) with k € N.

2. If m is even, then:
(a) The non-negative solutions of the Pell equation X? — NY? =1 are evactly the pairs

(Pkm—1, Qem—1) with k € N\ {0} and the trivial pair (1,0).
(b) The Pell equation X?> — NY? = —1 does not have solutions.
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D Another proof that in general a quadratic form and its neg-
ative are not equivalent and a late motivation for the non-
standard definitions used in this document

In corollary 13.7, we developed a general condition on when a strongly reduced quadratic
form Q(X,Y) € Quad(D) with D € N\ N? is equivalent to —Q(X,Y). Using corollary
7.4, we deduce that any general quadratic form @Q'(X,Y) with positive square discriminant
is equivalent to —Q'(X,Y) if and only if the strongly reduced forms that are equivalent to
Q'(X,Y) satisfy this same condition.

We are going to exhibit a general counterexample which shows that some strongly reduced
forms are not equivalent to their negative forms. This counterexample will be developed
independently from the theory that we developed in this document.

Counterexample

Proposition D.1. The quadratic form Q(X,Y) = (2,-2,-1)xy € Quad(12) is not equiva-
lent to —Q(X,Y) =(-2,2,1)xy.

By comparing all the sources in the bibliography, one can convince oneself that the
quadratic form Q(X,Y) = (2,—-2,—1)xy is strongly reduced in almost every source (and
for the ones where it is not, —Q(X,Y) is strongly reduced). Furthermore, one of the only
common definitions in all of the given sources is the definition of equivalence of quadratic
forms which is formulated as in definition 5.8 and can be computed using proposition 5.7.
Since those definitions are the only theoretical points on which most classical texts agree, we
are going to use no more theory to prove the next proposition.

Proof. Assume by contradiction that —Q(X,Y") is equivalent to Q(X,Y’). Then there exists
S =(2%) € GL(2,Z) such that —Q(X,Y) = Q(X,Y) o S. Then, by proposition 5.7, we
deduce that

-2 = 2p% — 2pr — r?
2 = 4dpg—2qr —2ps —2rs(?)
1 = 2¢% — 2gs — s?

By the last equation, we deduce that
0=s%+2¢s + (1 —24%.

We solve for s and deduce that

g+ /1282 — 4
s=—1 5 T o g+ 32 -1 (16)

Since S € GL(2,Z), we deduce that q,s € Z. Since q, s € Z, this implies that s + ¢ € Z and
hence (16) implies that \/3¢2 — 1 € Z. Hence 3¢®> — 1 = y? for some y € Z. Then —1 = >
(mod 3) or in other words 2 = y? (mod 3). But this contradicts the fact that the only squares
modulo 3 are 0 and 1. O

Because of the universality of this counterexample, we deduce that a general approach to
quadratic forms cannot rely on the equivalence of quadratic forms and their negatives.

107



A late motivation for the non-standard definitions used in this document

Throughout the whole document, we compared regularly our approach to quadratic forms
with the method used by GAuss. This does not only have historical reasons but is also due to
the fact that, after a detailed analysis, one can get to the conclusion that his method is well
developed and without apparent mistakes. However, GAUSS’ approach is not well suited to
solve the problem of the equivalence of a quadratic form and its negative, nor can it be applied
directly to continued fractions which are two points in which we were especially interested in.

Thus, one can think of an easier method to do so. That’s what we developed in this
document. Indeed, we gave in chapter 7 section 7.3 an easy computation method to compute
the derived form of a quadratic form. Furthermore, the n-th derived form of a given quadratic
form with respect to the first or second root of the corresponding polynomial is completely
determined by the continued fraction of this root. Hence, the computation of derived forms
is an effective task.

The main idea of our approach is due to the document |1] and was strengthened partially
by the book [10]. Actually both sources end up at the same conclusions as did GAuss. Fur-
thermore, both sources conclude some more sophisticated results. Because of the simplicity
of this approach and the supplementary results which can be obtained through it, this ap-
proach seemed perfect to study quadratic forms and to use the obtained results to discover
a relation between quadratic forms and lattices of quadratic fields. Unfortunately both cited
sources present minor inconsistencies throughout their development whereby one could not
have concluded some results, neither the wished supplementary results.

Example. Let us set ourself in the context and notation of [1]. In this document, the definition
of a quadratic form @, the equivalence between quadratic forms, the definition of the two roots
xt, 2~ of the polynomial Q(T,1) and the definition of strongly quadratic surds are the same
as in our development. However a quadratic form Q(X,Y) = aX? + bXY + cY? is strongly
reduced if @ > 0 and z™" is strongly reduced. (We have generalized this to accept also a < 0
but then we need to consider the z~instead of ™, which explains the definition of the first
root.)

At p.15, the derived form of a weakly quadratic form @ is defined to be —Q o T'(r) where
T(r) = (7§) with » = |27]. At p.21, the document concludes that the only reduced forms
equivalent to a reduced form @ are its derived forms. Furthermore a development that appears
at the end of this same page yields that all of them are equivalent to ). This development
goes as follows: "Consider the whole set K (D) of reduced quadratic forms with discriminant
D. [...]. Take Q € K(D); [...]. C denotes the wide equivalence class of Q; [...], we see that
the set K(D) N C is the orbit of Q under the operator 0". Unfortunately, we see that if @
is equivalent to —@Q o T'(r), then since —Q o T'(r) is equivalent to —(@), this yields that @ is
equivalent to —@Q which by our counterexample is not true in general.

At p.17, the associate form of a quadratic form @ is defined to be —Qo({ ') Furthermore,
immediately after the definition the document concludes the equivalence of () and its associate.
This leads to the same contradiction as the definition and equivalence of derived forms.

Since most of the results rely on the derived and associate forms, the conclusions become
insecure.

Example. Let us set ourself in the context and notation of [10]. In this document, the
definition of a quadratic form f, the equivalence between quadratic forms are the same as in
our development. However a quadratic form f(X,Y) = aX?+bXY +cY? is (strongly) reduced
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if [v/D — 2|a|| < b < v/D. This differs slightly from our definition which is strengthened by

the fact that if (01(f),02(f)) = (B2, 2=¥D) then f is reduced if and only if |0,(f)| > 1,
162(f)] < 1 and 01(f)f2(f) < 0. (For example —2X?2 + 2XY + Y? is reduced). The whole
reduction algorithm which finds an equivalent reduced form for any given quadratic form
presented from p.112 to p.126 is really effective and has a low complexity.

At p.127, the book defines in formula (6.27) for given f = (a,b,c), the transformation
T(f) = f ([1) 91) = (—a,b,—c). However, by the computation rules, one has f ((1) 91) =
(a,—b,c). Hence the second equality is wrong. Furthermore, immediately after the definition,
the authors claim that 7(f) is equivalent to f which holds certainly for 7(f) = f ((1) _01), but
does not hold in general for 7(f) = (—a, b, —c) as our counterexample shows.

Although, the subsequent development seems to be correct, it should be verified using

different methods since most results rely on the definition of this transformation.

Since the initial sources presented some minor inconsistencies, another reference had to be
found. One such reference is the book [8]. Unfortunately, the theory described in this book
was not detailed and did not present all the wanted results. Furthermore, the definitions used
in this book left space for generalizations, which we used to combine quadratic forms with
continued fractions in an elegant manner. However, the first hint that the strongly reduced
forms equivalent to a of a given strongly reduced form Q(X,Y) are split into the cycle of
Q(X,Y) and the cycle of its associate form is due to the last observation in the last appendix
of this book.

Finally, several other books like [11], [12], [9], which follow the approach of GAUSS con-
firmed our guesses and pushed us to prove the results formally.

At last, let us highlight the fact that, although most of the results were first obtained by the
computation of multiple examples, each non-standard definition was obtained naturally from
the previously developed theory in such a way that it bypasses the problem of the equivalence
of a quadratic form and its negative.
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