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Abstract

In this thesis, I discuss Hermite’s continued fraction algorithm. First, I talk
about the ordinary continued fraction algorithm and some of its properties.
After that, I treat Hermite’s algorithm, visualize it and deduce some of its
properties. Then, I compare the two algorithms, by both comparing the
properties and actually calculating approximations using both algorithms
in Mathematica. It turns out that for most numbers, Hermite’s algorithm
gives a more precise approximation than the ordinary continued fraction
algorithm. However, the ordinary algorithm is easier to execute by hand
and is more intuitive.
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Chapter 1

Introduction

A systematic way of approximating a real number « is by using continued
fractions. A continued fraction is an expression of the form
1

a=apt —— (1.1)
a1 + ;

where a; are integers. The algorithm for computing this continued fraction
for a € R is as follows.

Trog =«

ao = [0, zy =1/{zo}

a; = [z1], zo = 1/{z1}
an = [Tn],  Tnp1 =1/{zn}

Another way of writing 1.1 is as
a = [ag,a1,azg,...].
Examples of continued fraction expansions are:

T =[3,7,15,1,292,1,1,1,2,1,...]
e=12,1,2,1,1,4,1,1,6,1,1,8,...]
V2=1[1,2,2,2,2,2,...].



Theorem 1.0.1 Let ag,aq,... € R. Suppose

p2=0 p1=1 po=ao DPn = ApPp—1 + pp—2 (n >0)
g2=1 qg1=0 ¢g=1 In = angn-1+ qn—2 (n>0)

Then, for everyn >0 and x € Ry,

_ TPn—1 + Pn—2
[ag,a1,...,ap-1,0] = —————=.
TGn—1 + dn—2

Proof. We will prove this by induction on n. For n = 0, we have

Tp_1+p_9
o] = LTl
rq-1+q-2

so the statement holds. Now, assume it holds for n > 0. Note that we can
write
l[ag, a1, ..., an,x] = [ag,a1,...,an + E]

We now have n terms, for which the theorem holds, so we have

an +1/7)pp-1+ pn—2
an +1/2)qn-1+ gn—2
anx + 1)pn—1 + Pn—2x
anT + 1)qn-1 + qn—27
~ @(anpn—1+ Pn—2) + Pn—1
- x(anQn—l + Qn—2) + qn-1
TPn + Pn—1

Tqn + Gn-1’

[ag, a1, ..., an, x|

_
(
_
(

so the statement holds for n + 1, which completes the proof. O
When we take x = a,, it follows that

[a07a17"'7an_1,an] = - = =,
AnGn—1 + qn—2 Gn

We call fl’—: the convergents of the continued fraction.

Theorem 1.0.2 Let the notation be as above. Then, for all n > 0

n

Pn—149n — Pndn—-1 = (_1) .



Proof. We will prove this by induction on n. For n = 0, we have p_1qp —
pog—1 =1 = (—1)°. Assume it holds for n > 0. Then,

Prln+l — Pnt1@n = Pr(@nt1@n + @n-1) — @u(@nr1Pn + Pn-1)
= PnGn—-1 — Pn—14n = *(*1)11 = (71)714—1.
OJ

Theorem 1.0.3 For an irrational number «, the convergents p/q satisfy the
following inequality

1
< Z (1.2)

- -

‘ p
q

_ _ Tn41PntPn-1 :
Proof. Denote a = [ag,a1,...,0n, Tni1] = Mﬁ’ with z,11 > 1.
Then,

Pn ZTnt1Pn t Pn-1
qn Tn+1Gn + Gn—1
pn(xn + 1(]71 + anl) - (xn+1pn + pnfl)Qn
Qn(anrl(In + anl)
Pndn—1 — Pn—14n
Qn(xn-HQn + Qn—l)
1 1
<

Tni1G2 ~ 2

1
An (xn-‘rl An + dn—1

O]

This means that by computing the convergents, we get very good rational
approximations for irrational numbers with respect to the denominators.

Charles Hermite (1822-1901) came up with a different way of approximat-
ing irrational numbers [3, p. 167]. For approximating a positive irrational
number «, he uses a binary positive definite quadratic form. He then finds
integers p and g which satisfy the inequality

1
< 77
RVAYE

which means that p/q is an even better approximation of a rational number
« than the one given by the regular continued fraction algorithm. In this
thesis, we will discuss Hermite’s continued fraction algorithm.




Chapter 2

The Hermite Approximation

The Hermite Approximation is based on quadratic forms. First, we need
the notion of these quadratic forms and discuss some properties necessary
for the Hermite Approximation.

2.1 Quadratic forms

Definition 2.1.1 A quadratic form is a polynomial whose nonzero terms all
have degree two.

In n variables, we can write a form as
n
Q({L‘l, c ,1'2) = E qijT;Tj, where qij = qji € R.
i,j=1

Definition 2.1.2 A binary quadratic form is a quadratic form in two vari-
ables.

In general, we can write a binary quadratic form as
Q(z,y) = ax® + 2bxy + cy?,

with a, b, c € R. Sometimes, we will write this form as @ = (a, 2b,c). When
a,b,c € Z, we will call the form integral. In this thesis, we will only discuss
positive definite forms.

Definition 2.1.3 A positive definite binary quadratic form is a binary quadratic
form which is greater than zero for any (x,y) # (0,0).



We define the discriminant of Q) to be D = ac — b. Note that the discrimi-
nant of a positive definite binary quadratic form is positive. From now on,
we will just call a positive definite binary quadratic form a form. We will
be interested in reduced forms, which are defined as follows.

Definition 2.1.4 A form Q(x,y) = ax? + 2bxy + cy? is called reduced if
12b] <a <ec.

Gauss introduced a way of reducing a form, i.e. finding a substitution which
turns a non-reduced form into a reduced one.

Definition 2.1.5 (Gauss’ reduction) Let Q(z,y) = ax?® + 2bxy + cy®. Let

k=252,

(1) If a < |2b|, replace = by x — ky. Go to (2).
(2) If a > ¢, replace © by —y and y by x. Go to (3).
(3) If the form is reduced, stop, else go to (1).

By combining the substitutions for z and y, we can reduce the form Q(z,y) =
ax? +2bxy +y? to the form Q'(X,Y) = aX?+2bXY + Y2, by a substitution

xr=m1X +myY,
y=nmX +ngY.
Lemma 2.1.6 Using the notation above, ming — nims = 1.

Proof. Note that for the intermediate substitutions (z,y) = (X — kY,Y)
and (x,y) = (=Y, X) this holds. Then it has to hold for any concatenation
of these substitutions as well. O

Lemma 2.1.7 A form and its reduced form have the same discriminant.

Proof. 1t suffices to show that both transformations keep the discriminant
intact. First, note that

Q(z—ky,y) = a(z—ky)?+2b(x—ky)y+cy® = ax®+2(b—ak)zy+(ak?—2bk+c)y>.
The discriminant is
D = a®k? — 2abk + ac — b + 2abk — a*k* = ac — b*.
Secondly, note that
Q(~y,z) = cx® — 2bxy + ay?,

so D = ac — b%2. We conclude that a form and its reduced form have the
same discriminant. O



Reduced forms have the following property which will be used by Hermite
in his approximation.

Theorem 2.1.8 Let Q(x,y) = ax? + 2bxy + cy?, 2,y € R be a reduced
form. The minimum of Q for integers x and y, not both negative, is a and
is assumed for (z,y) = (1,0).

Proof. Clearly,
Q(x,y) = ax® 4+ 2bxy + cy? > amin(z?, y?) — [2b| min(2?, y?) + cmin(z?, y?),

SO
Q(z,y) = (a — |26 + ¢) min(?,?).

If z or y is 0, then clearly Q(z,y) > a. If zy # 0, then since |2b] < a < ¢,
Q(x,y) > a — |2b] + ¢ > a, so the minimum of @ is assumed at a. Since
Q(1,0) = a, the minimum is attained for (x,y) = (1,0). O

For a reduced form, the conditions |2b] < a and |2b| < ¢ give 4b? < ac. Since
D = ac — b?, this gives 3ac < 4ac — 4b> = 4D, so ac < %D. Since a < ¢, we

must have
4
a <4/ §D. (2.1)

This will be useful for the Hermite Approximation.

2.2 Hermite’s Idea

Hermite looked at the following form:

Q(z,y) = (x — ay)® + ty°, (2.2)

where o and ¢ > 0 are real numbers. By using the reduction algorithm, we
can find a reduced form

Q(X,Y) =aX?+2bXY +2Y?
together with a substitution

z=pX +9pY
=q¢X +dY,



which transforms @ to @’. Since by Theorem 2.1.8 the minimum of @’ is
attained for (X,Y) = (1,0), for @ it has to be attained for (z,y) = (p, q).
Note that we can write

Q(z,y) = z? — 2oy + (a2 + t)yQ, (2.3)

so D =a?+t—a’ =t From Lemma 2.1.7, it follows that the discriminant
for Q'(x,y) is D as well. Hermite noticed that the minimum of @’ is a,
which is attained for (X,Y) = (1,0). Since

Q(X,)Y)=QpX +pY,¢X +¢Y),

it follows that the minimum a is equal to a = Q'(1,0) = Q(p,q) = (p —
aq)? + tq?. Combining this result with (2.1) and D = ¢, we get

p-ogf+ 1t <2/ 24

Since for every two real numbers 3 and v we have 32 —28y++% = (8—7)% >
0, we have 32 + 2 > 23v. Applying this to (2.4), we get

7
2q|p — ag|V't < oVl

V3
We can assume ¢ # 0. Then we get

1
V3q2

This means that for a real number «, for each ¢ > 0 we can find integers p
and ¢ such that inequality (2.5) holds. So if « is irrational, the fraction g
gives an even better rational approximation of «, with respect to ¢ than by
using continued fractions.

The trick now is that for approximating a positive irrational number «, we
look at the form (2.2) and let ¢ descend from oo to 0. Every time the form
gets irreduced, we reduce the form and we obtain a p and ¢. This way, we
get a sequence of fractions which approximate a. Hermite has shown that
these fractions possess multiple properties. Before we discuss them, we’ll

first show a visualisation of the algorithm.

p
T _al< 2.5
i &



Chapter 3

Visualisation

3.1 The upper half-plane

For the visualisation, we will have a look at the upper half-plane (see figure
3.1). This upper half plane, denoted with H, consists of the complex numbers
whose imaginary parts are positive:

H={z+iy|y>0and z,y € R}.

The upper half-plane can be divided in domains, which are the triangles in
the figure, whose sides are line or circle segments. The vertex at infinity
or on the horizontal axis will be denoted by tip, the other two will just be
called wvertices. The triangles have a base, which is the side on the opposite
of the tip, and two sides. Two domains are important: the fundamental
domain, denoted with Dy and the domain D;. The fundamental domain
has the vertices A = —% + z\/3/7, B = % + z\/ﬁ and the tip at co. Dq
also has vertices A and B, and the tip at O. Note that Dy is bounded by
the lines x = i% and the unit circle.

Every domain can be transformated into another domain, by using a trans-

formation
, ar+b

T +d
which transforms a point 7 to 7. Here, a,b,c and d are integers such that
ad—bc = 1. From just the fundamental domain, we can obtain every domain
using these transformations. The transformations can be represented by

matrices
a b
c d)’



with determinant 1. These matrices can be formed by repeated multiplica-
tion of the following two matrices:

1 1 0 -1
Tz(o 1> and Sz(l 0).
x_ (1 -k
= V)

so T~ and S correspond to the first two steps of Gauss’ reduction algorithm
as defined in Definition 2.1.5.

Note that

DO
A B
Dl
-2 -1 -2 0 Bala % 1 2

Figure 3.1: The upper half-plane

3.2 Hermite’s approximation

There is a one-to-one correspondence from the positive definite binary quadratic
forms to HI, given by
—b+ivac — b2

ax® + 2bxy + cy? «— . (3.1)
a

Since for positive definite forms D = ac — b? > 0, this always gives points in
the upper half plane.

10



Lemma 3.2.1 A form is reduced if and only if its corresponding point lies
i the fundamental domain Dy.

Proof. First, note that a > 0, since the imaginary part of the left hand side
of (3.1) has to be positive. Now, note that the real part of the left hand side
of (3.1) is %b. Since we have %b < :l:%, we have % < %, since a > 0. This
gives |2b] < a.

Furthermore, since Dy is bounded by the unit circle, we have

c E+ac—b2>1
a Va2 a2 T

which gives ¢ > a. We now have [2b| < a < ¢, so the form is reduced.
Since all steps are equivalences, we also have that reduced forms correspond
to points in Dy, so we have proven the lemma. O

Now, let’s have a look at

Qz,y) = (z — ay)® + ty*, (3.2)

with « and ¢t > 0 again real numbers. Then, since in this casea =1, b= —«
and D = t, see (2.3), we get the one-to-one correspondence

(z —ay)? +ty? «— a + iVt

Note that for ¥ = o & iv't, the form (3.2) is zero. We will call the point

2z = a4/t in the upper half-plane the representative point of ). From now
on, we will assume a € (—%, %) z is situated on the line z = « as shown in
figure 3.1 and it travels from oo to 0.

On its way down, the point travels through multiple successive domains,
which become smaller while approaching the horizontal axis. Let D be one

of the domains which z traverses. The transformation

, _art+b
et +d’

with ad — be = 1, used to obtain D from Dy transforms a 2’ in Dg to our z
in D. That means that there exists a 2’ in Dy, such that

az' +0b
= —. 3.3
i cz +d (3.3)

By using the corresponding substitution (x,y) = (aX 4+ bY,cX +dY) on @,
we get an equivalent form of (). Since z is the representative point of @), the

11



point 2’ in Dy represents Q(aX + bY,cX 4+ dY). By Lemma 3.2.1, this last
form is reduced, since it corresponds to a point in Dg. This means that for
X =1,Y =0, we have (z,y) = (a,c), which is the minimum of Q. On the
other side, in (3.3), we can see that z = & corresponds to z’ = oo, the tip of
Dgy. This means that z must be the tip of D.

We can now give the following interpretation of Hermite’s algorithm:

Interpretation: 7To find approximations of an irrational number «, we
let a point in the upper half-plane travel along the line x = «, down from oo
to the horizontal axis. We take the x-coordinates of the tips of the domains
which the point traverses successively.

1

For a as in Figure 3.1, we get the points oo, 0, 5, and so on.

12



Chapter 4

Properties

4.1 Basic properties

Hermite himself has shown multiple properties of his approximation method.
Some others were shown by Humbert in his article in le Journal de Mathématiques
Pures et Appliquées. We start with the following lemma.

Lemma 4.1.1 If « is irrational, the line x = a will not go through a vertex
of any domain.

Proof. Assume, to the contrary that o goes through the vertex of a domain.
Then by a modular substitution like (3.3) with a, b, ¢ and d integers, we can
transform it to the vertex B of Dy. However, B has has z-coordinate %,
which is impossible since « is irrational. Now, it follows that o doesn’t go
through a vertex of any domain. O

We conclude that the mobile point z passes a domain through either a base
or a side. Note that when two domains are adjacent by a side, they have
the same tip (see Figure (3.1)).

Theorem 4.1.2 Let %’ and Z—: be two successive Hermite fractions. Then,
pd —p'q= =+l

Proof. Let D be the last domain with tip g which z = « traverses from
oo to 0. It leaves D through a base, since otherwise it will enter another
domain with the same tip. Let the domain which it enters be D’, with tip
%. From the same argument, it follows that = « will enter D’ through the
base. There is a transformation like (3.3) which transforms D to Dy and D’

13



to the domain adjacent to Dy by the base, which is D;. We let

az+b
}_>
cz+d

be this map. Then, the tip of Dy, which is co to corresponds to §> the tip of
D. Moreover, the tip of D1, which is 0, corresponds to the tip of D', which
is %. In other words, we want

a_p b _p

— ==, and - =—.
c q d ¢

Since ad — bec = 1, we know that a and c are coprime, as are b and d. Since
both p and ¢, and p’ and ¢’ are coprime as well, this gives

a=01p, b=dap
C= 51Q7 d= 52‘]/7

with d1,02 € {—1,+1}. Now, it follows that since ad — be = 1, 102pq" —
d109p'q =1, so

pqd —p'q==+1,
which proves the theorem. O

Remark: In fact, this is a statement which holds for two convergents of the
ordinary continued fraction algorithm as well (see Theorem 1.0.2).

We now want to know how we can find a fraction when two consequtive
fractions are given.

4.2 Finding the next fraction

We will use the notation of the previous section. First, note that all vertices
of the modular domains with tip at oo lie on the line AB, which has the
equation y = @ We are interested in the vertices of the domains with the
tip at v (we will later see why). In Figure 4.1, we can see that they will
all lie on a circle. To find the equation of this circle, first note that we need

a transformation which transforms oo to %. Then, we want to know what

this transformation does to y = ? Choose p, q € Z such that p'q —pqg’ = 1.
Now,
p/z/ _|_ p
2=
77 +4q

14



is a mapping which transforms 2z’ = oo to z = 2. Now, we want to know

what this mapping does to the line AB. First, we rewrite this as

Z_Zl/:p/2/+p_]i,:p,qlzl_}_pq/_p/qlzl_p,q: _1
¢ d¥+q q'(q'z' +q) ¢(¢z +q)
This gives
1

o =—q(d% +q)
=

[}

We know that the imaginary part of the right-hand side is —q'QQ since

2
2’ is on the line AB with equation y = § For the imaginary part of the

left-hand side, rewrite z = u + ¢v. Then,

_r
P _ P2 4 2]

u—5+iv (u-5)+v

1 U — v

Comparing the imaginary parts, now gives

v V3
2 )

- - —4q
(u—2)2 + 02

_Q

so we know that

/
p 2 2
C: PWP+v*)—2%u— —v+p?=0. 4.1
(2 + 1) 250 - Tt (4.1
Note that this circle touches the horizontal u-axis at v = %. Denote by m
and m’ the two points where z = « intersects C' (see Figure 4.1).
Now, let % and % be two consecutive Hermite fractions. We want to find

the next one, say f]’—,,;. We know that p'q — pq’ = §, with § = +1. Take a look
at the substitution .

,_P= + p5.

¢z +q0

Since p'qd — pq’d = 1, this substitution is modular. It changes the points

z = 5—: to 2 = oo and z = g to 2 = 0. Let D be the last domain with tip

g and D’ be the first domain with tip % which z = « traverses. Then, D
and D’ are necessarily adjacent by the base. Since Dy and D; are the only

couple of domains with tips at co and 0 which are adjacent by their bases,
this means that transformation (4.2) transforms D to Dy and D’ to D;.

(4.2)

15



A a
Figure 4.1: The circle C

By this transformation, the circle C' becomes the line AB, and m’ and m
become points M’ and M on the line y = @ The base ab which D and
D’ share becomes the arc AB, and the arc am’b becomes the line segment
AB. Tt now follows that M lies on this line segment, so it lies in domain D; .
We also know that m lies in a domain D” which has a tip which is different
from the tip of D’, since m is the intersection of z = a with C. We want to
know the tip, since this will become our next fraction 2 Tt suffices to find
the tip of the domain in which M lies, since by transformation (4.2) we can
then find the tip of D", which is Z—,l:.

S

Note that, since M lies on y = 23, the tip of the domain in which M lies

is an integer, call this s. We now know that the x—coordinate of M lies in
1

between s — 5 and s+ % If we can compute this z—coordinate, we will know

§ SO we can compute %.

From (4.1), we can compute the intersections with x = a.. To do so, substi-
tute « for u and solve for v. This gives

2
q/2(a2+,v2) _2p/q/a_ 7’U+p/2 :O,

V3

16



SO

This means that

7 1 1 ) 1 1
— = A 2( — A4l )2 d [ Z a2 = da)2 .
m oz—i—q,Q <\/§ \/3 q?(p qa)) and m a+q,2 (\/34—\/3 q?(p qa))

Remark: Since the square root in m has to be real, we must have

1
¢*(p — da)? < 3
SO , 1
v ‘ < ‘
q V3q2

This is the same as (2.5), but now obtained geometrically.
Note that we can rewrite (4.1) to
/
P2 1
C: (u—=)"+(v-
O

We can now see that the radlus of this circle is \f —. If the line z = a goes

1
3q/4 )

P =

through a domain with tip Z 7 the line must intersect the circle C'. This

means that the distance between o and % has to be smaller than the radius
of this circle. This is yet another way of interpreting this inequality.

If we fill in the value of m for z in (4.2), we can compute 2’, whose real
part will be the x—coordinate of M. Now, write

q@ —da)=ev,

with € = £1, such that v is always positive. Then, after some calculation,
we can find the x—coordinate of M, which is

)
—1+ € (L VI-3).
Now, since this lies in between s — % and s + %, we must have

s:{—qé-i—e (I++v1-3v2)+ J
q

17



The same calculation gives that the z—coordinate of M’ is

LB 1o,

qg 2w

This means that Y

P’ ps+pé
¢"  qs+qd
This gives us the following theorem.

Theorem 4.2.1 Let % and % be two successive Hermite fractions. Denote
d=pq—pd ==£1, ¢(p — da) = ev, with e = +1 such that v is positive,

and
3:{ a0 6(1+\/1—3y2)+;J.

- _l’_ -
q 2v
Then, the next fraction is given by

P’ ps+pé

¢ ds+ad

Remark: Since we know the first two fractions are % and ¥, we have now

1’
found another way of obtaining the Hermite fractions.

We will now have a look at the denominators of the Hermite fractions and
conclude that they increase, meaning that we get better approximations the
longer we continue with the algorithm.

4.3 Denominators

The transformation (4.2) transforms m’m to a circular arc which contains

the points M and M’. The circular arc M’M lies above the line y = @,
so since m/m crosses domains with tip %, we must have that M’'M crosses
domains with tip co. The number of these domains is |s| + 1, which is clear
from Figure 3.1. This means that the number of domains with tip g which
x = « crosses is also |s| + 1. Since the z = « enters its first domain with
tip g through the base and must leave the last one through the base, there
must be at least two domains, so |s| +1 > 2, so |s| > 1.

Since the xz—coordinate of M lies in between s — % and s + %, and the
x—coordinate of M’ in between —% and %, the difference of the x—coordinates
of M and M’ has the sign of s. We know that this difference is also equal

to
S+ V1+302),
14

18



so since v > 0, we have that s and € have the same sign. In other words,
es = |s|. We can now also write (using the notation of Theorem 4.2.1)

pf”_p’es+p6€_p’|s|+p5e (4.3)
¢"  qes+qde  ¢'ls| + g€’ ’

Theorem 4.1.2 gives us that p'|s|gde — ¢|s|pde = 1, so
(¢'[s| + pde)gde — (¢'|s| + gde)pde = 1,

so p'ls| + pde and ¢'|s| + gde are relatively prime. Assume p” and ¢’ are
relatively prime as well (we can always reduce the fraction such that this
holds). We know that p” and ¢” correspond to the numerator and the
denominator of (4.3) respectivily, except for maybe a sign change.

Let’s have a look at the denominator. If e = 1, it is clear that ¢'|s|+qde > 0,
since ¢/, |s| and ¢ are positive.

Let now de = —1. Then, using the notation from Theorem 4.2.1, we find
that p'g —p¢’ =6 = —e and ¢/ (p' — ') = ev, so p'q — pq’ and p’ — ¢’ have
opposite sign. If p’ — ¢’a > 0, this means that g—: —a >0, so Z—: > «. Then,

p'q — pq’ is negative, so %—g <0, so % < %, SO % > f]i: >a. Ifp—q¢da<0,
it follows that % < % < a. We conclude that the tips % and %: are on the
same side of the line x = «a.

By substitution (4.2), the line segment * = « becomes a half-circle. In
Figure (4.2), two possible half-circles are drawn in green. This half-circle
(we call it ¢) necessarily intersects the shared base of Dy and D; (the arc

AB). Moreover, ¢ keeps 0 and oo on the same side (since the tips £ and

q
% are on the same side of «), or in other words, lies either completely on
the right of 0 or completely on the left. Either way, it travels at least three
domains (see the figure), so we have |s| +1 > 3, so |s| > 2.

We can now write down the following theorem.

/ /1!
Theorem 4.3.1 For two successive Hermite fractions % and %, we have

q// > q/.
Proof. Let

//

P’ P[s| + pe
q// o q/‘8| —i—qée’

and the notation be as above.

If e = 1, we have ¢'|s| + gde > 0, so since |s| > 1, we have ¢” > ¢/, so the

theorem holds.
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%

-2 -1 -2 0 BAl2 %5 1

Figure 4.2: The upper half-plane with two possible half-circles

If 0e = —1, we have ¢/|s| + qde = ¢'|s| — ¢ > 2¢' — q. The first two Hermite
fractions are % and ¢, with a € Ny. For these fractions, the theorem holds.
Let ’q%, Z—: and Z;‘—i be three successive Hermite fractions. Assume it holds
for all fractions up to g—:. Then, we have ¢, +1 > qn|S| — Gn-1 = 2¢n — -1 >
2¢n — Gn = Qn, S0 by induction the theorem holds.

We have now proven the theorem. O

Remark: From the proof above, we see that the denominator ¢'|s| + qde is
always positive. This means we must have

p" =p|s| +pde and ¢" = q'|s| + qde.

4.4 Recognizing Hermite fractions

Since we now know how to find the Hermite fractions, another question rises.
How do we know if a certain fraction is a Hermite fraction (i.e. is obtained
by Hermite’s algorithm)?

Let % be a fraction. We want to know if it is a Hermite fraction for «. For
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this to be true, x = « has to traverse a domain with tip g. Let g(p—qa) = ev,
with € = 41 such that v is positive.
Let ¢’ be the integer such that 0 < ¢’ < ¢ and

pq =€ (mod g),

and p’ be the integer such that
pq =e+qp.

Note that all integers p, q, p’ and ¢’ are positive.
Now, have a look at the substitution

B pZ/ + 6p/
- qzl + eq"

Since pq’ = € + qp’, we have epq’ — ep’q = 1, so this substitution is modular,

and § = €. In this substitution, z = % corresponds to 2/ = oo and z = Iqii

corresponds to 2’ = 0. It changes # = « to a half-circle ¢, which intersects the

line y = @ in two points M and M’ (see Section 4.1). The z—coordinates

of M and M’ are respectivily

/

/
_7_’_ 1—i-\/1—3y2 and —E—l—;(l—\/l—l’w?).
q q v

If ¢ intersects a domain with tip at oo, this means that x = « intersects a
domain with tip g, so that means that g is a Hermite fraction for «. Note
that this means that M and M’ are in different domains (with tips which are
integers), since if they are in the same domain, ¢ will not cross any domain
with tip at oo (see Figure 3.1). This means that if we add or substract %
from both x—coordinates, there has to be at least one integer between them.
Since

/ /

——+ —(1+ 1—3u2—|—67 —+2i(1+y+\/1—3y2),
14

q

we have that there has to be at least one integer between the numbers (we
can leave out the ¢)

/
1
—q—+5(1+u+\/1—3y2) (4.4)
/

_(‘;4—1(14—1/—@). (4.5)

2v
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If this holds, £ is a Hermite fraction for «, and vice versa.

We will now look at the restrictions of v.

Since v/1 — 312 has to be real (and we knew v > 0), we have 0 < v < %
If the difference between (4.4) and (4.5) is at least 1, it is clear that they
contain an integer. Note that the difference is 7”;3”2 This is at least 1 if
1-32>1% sov < % We now know that for 0 < v < %, g is a Hermite
fraction. Now, let’s have a look at

<v<

DO =
Sl
w

Note that —1 < —% < 0, since ¢ > ¢'. Note that

1
5(1+V+ \/1_3V2)

is biggest for v = %, then it is equal to 2. On the other hand,

i(l—FV—\/l—?)VQ)

2v

is smallest for v = %, where it is equal to 1. This gives that for % <v< %,

(4.5) is greater than 0 and (4.4) is smaller than 2. The only integer they
can contain is 1. They contain 1 if and only if

/

| ro
0<—q—+2—(1+u—\/1—3u2)<1<—q—+2—(1+u+ 1-32) <2,
q v q v

SO

/

/
V1i-32>-@2L1v-1) and V1i-32>2L 101
q q

This gives

/

Vieszs |l i1
q

9

SO
q 2
1—32> <2y+1/—1) .
q

We now obtain ( 2)
q(q + 2q
v < . 4.6
2(¢% + qq' + ¢ (4.6)
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This means that for % <v< %7 this is the necessary and sufficient condition
for % to be a Hermite fraction.
We know that g > ¢/, so

q(g+24¢) S qlq+2¢) 1
202+ qd' +q%) " 2(®+qd +aqd) 2

This means that condition (4.6) always holds for 0 < v < 1 as well. This
means it holds for all 0 < v < % Moreover, if (4.6) is greater than %, we

have
V3% + 2V3qq — 2¢% + 294 + 24" > 0,

so, multiplying with —2 gives
2(2 - V3)¢® + 4(g — V3)aq' +4¢” <0,

SO

((vV3-1)q- 2q’)2 <0,

but this is impossible. We conclude that the right-hand side of (4.6) is
always less or equal to %, so (4.6) is the only condition for g to be a
Hermite fraction. We now have the following theorem.

Theorem 4.4.1 Let g be a fraction and o > 0 a number. Let v = eq(p—qa),
with € = &1 such that v is positive. Let q' be the smallest positive number
such that pg’ = € (mod q). Then, g is a Hermite approzimation of a if and
only if
(g +24¢)
2(¢* +qq' + ")

v <<

Remark: We know that 0 < v < % Let’s look at the extreme values of
v. If v =0, we have q(p — qa) =0, so a = %. If v = %, this means the
right-hand side of (4.6) is greater than %, which is impossible like we have
shown above. We conclude that 0 < v < % and v =0 if and only if o = %.
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Chapter 5

Comparison

We will now compare the results from this thesis about Hermite fractions
with the known results for convergents of ‘regular’ continued fractions.

5.1 Hermite fractions and Convergents

Legendre (1752 - 1833) has shown the following theorem for regular contin-
ued fractions [6, p. 29].

Theorem 5.1.1 (Legendre) Let g be a fraction and o > 0 a number. Let
v = eq(p — qa), with e = £1 such that v is positive. Let q' be the smallest
positive number such that p¢’ = € (mod q). Then, £ is a convergent of the

q
continued fraction of a if and only if

P
q+q
We know that 0 < ¢’ < ¢, so 0 < qq¢’ < ¢?, which gives
q(q +24) q(q +24) q(q +24) q

2 +a0 + %) @ +3¢0 +207  (@+20)a+d) q+d
It now follows that if v is smaller than the left-hand side, it certainly is
smaller than the right-hand side, so we conclude that (by Theorem 4.4.1)

Corollary 5.1.2 Fvery Hermite fraction for an irrational number o is a
convergent of the reqular continued fraction of a.

The converse, however, is not true.

For0<v < %, we have already seen that p/q is certainly a Hermite fraction.
Since v = |q(p — qa)|, we have the following theorem.
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Theorem 5.1.3 Suppose « € R and p,q € Z, q > 0 such that

Then p/q is a Hermite fraction.
Note that for continued fractions, we have the same theorem by Legendre:

Theorem 5.1.4 (Legendre) Suppose o € R and p,q € Z, ¢ > 0 such that

P 1

Then p/q is a convergent of the continued fraction of .

For all convergents p, /g, of the continued fraction of o € R, we have |2,
p. 84]
1

< -
an+19y

' P
a R —
an

If an41 > 2, we know that the convergent p,/q, satisfies Theorem 5.1.3.
Since a,41 is an integer, we can now conclude the following.

Corollary 5.1.5 Let p,/q, be a convergent of the continued fraction of
a € R. If apy1 as defined in Chapter 1 is greater than 1, we know that
Pn/qn is a Hermite fraction of .

We know that all Hermite fractions of @ € R are convergents of «, and,
conversely, that we obtain the sequence of Hermite fractions by taking the
sequence of convergents and removing some of the convergents. It turns out
that we never remove two consecutive convergents.

Theorem 5.1.6 The difference of the sequence of Hermite fractions and
the sequence of ordinary convergents never contains two consecutive conver-
gents.

Proof. Let
Pn—2 Pn—-1 ]ﬁ Pn+1

gn—2 ’ dn—1 ’ dn ’ dn+1

be four consequtive convergents. Assume we have to remove both p,—1/¢,—1

and py, /qn. Now Z”—*; and ’q’"—j: become two successive Hermite fractions, so
n— n

we have (Theorem 4.1.2)

Pn—2Gn+1 — Pnti1dn—2 = £1. (5.1)
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Since we have to remove both p,_1/¢,—1 and py,/qn, we know that a, =
an+1 = 1, so we have (Theorem 1.0.1)

Pn = Pn—1 + Pn—2, DPnt+1 = Pn + Pn-1 = 2pn—1 + Pn—2;
n = Qn—1 + Qn—2, Gn+1 = Gn + Gn—1 = 2Gn—1 + Gn—2.
This gives

Pn—24n+1—Pn+14n—-2 = pnfl(2Qn71+Qn72)_Qn72(2pnfl+pn72) = 2(Qn71pn72_Qn72pn71) = :|:2,

where the last equation follows from the fact that p,—2/¢n—2 and pnp—q/gn—1
are two successive convergents (see Remark under Theorem 4.1.2). However,
this contradicts (5.1), so we never remove multiple consecutive convergents.

O]

5.2 Implementation

I have implemented the algorithm in Mathematica. I used Theorem 4.2.1
to compute Hermite fractions. Algorithm 1 contains the pseudocode of the
algorithm I used.

input : Irrational number «, natural number n
output: Series of n fractions which approximate «

po=1,q0=0,p1 = Floor(a + 3),q¢1 = 1;

Print(p1/q1);

for i =2 to n do

0 =Ppi-1Gi—2 — Pi—2qi—1;

v = Abs(gi-1(pi-1 — ¢i—10));

€ = (gi—1(pi-1 — qi—100)) /v;

s = Floor (-(qze25/qz;1 +e/2v x (141 —302) + %),

Di = Pi—15 + Di—20;
¢ = ¢i—18 + ¢i—20;
Print(p;/qi);

end

Algorithm 1: Hermite’s Algorithm

I also implemented the calculation of convergents of the ordinary continued
fraction algorithm, by using Algorithm 2. This way, I was able to compare
the two results. I chose to put the fractions in a table and calculate the errors
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(the difference between the fraction and «) of both the ordinary continued
fraction algorithm and Hermite’s algorithm. A couple of those tables are
added below.

input : Irrational number «, natural number n
output: n convergents which approximate «
Ty = a;
for t =0 to n do
a; = Floor(zy);
T = 1/(z1 — ar);
b, = ak;
for i =t to 0 do
b1 = ar—1+1/by;
Print(bo);
end

end
Algorithm 2: Ordinary continued fraction algorithm

Note that, for m and e, the series of Hermite fractions are the series of conver-
gents but with some convergents left out. This way, in general, it takes less
steps to compute the same approximation when using Hermite’s algorithm
instead of the ordinary continued fraction algorithm. For example if we ap-
proximate m, it takes 7 steps in Hermite’s algorithm to get the 12-decimal
precision which takes 10 steps in the ordinary continued fraction algorithm.

I also looked at the so-called badly approzimable numbers. We call an irra-
tional number « badly approximable if

P 1
q

for all % € Q. These numbers are further discussed in [7]. The results
of two of those numbers are displayed in the tables in Figure 5.2. Note
that for these numbers, the Hermite Fractions are exactly the same as the
convergents. This holds for all those numbers discussed in [7].
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Convergent Error Hermite Fraction Error

3 0.14159265358979323846 3 0.14159265358979323846

z 0.0012644892673496186802 z 0.0012644892673496186802
% 0.000083219627529087510247 ‘;_ 2.6676416906242231237 %1077
1 13

=2 2.6676418906242231237 %107 332‘1‘: 3.3162780624607255831 10 *°
1 3
103933 14 20B 341 1
s 5.7789063439038188851 % 10 e 1.2235653294218859793 % 10
104 348 10 31268% 11
o 3.3162780624607255831 % 10 e 2.9143384934B56918131 % 10
208 341 10 1146 408 12
o 1.2235653294218859793 x 10 Lo 1.6107400198990309398 x 10

37 364513
312689 2.9143384934856918131 %10 ! 5418 351 2.2144779300394027946 % 10 ¢
93532 1725033
B33719 12 BO143 BS57 16

8.7154672582240766976 = 10 BOl43EST 5.7908701643756732744 % 10

265381 25510582

1.61074001985%90309398 =« 10

165 65

52746197

1.6408351553695506872 = 10

(a) w

Convergent

Error

Hermite Fraction

Error

0.718281B2845904523536

0.28171817154095476464

0.2B171817154095476464

W m

0.051615161792378568694

|

0.051615161792378568694

0.031718171540954764640

0.031718171540954764640

0.0039961141733309496460

0.0039961141733309496460

0.00046817154095476463971

0.00046B817154095476463971

0.00033311051032728664234

0.0003331105103272B664234

0.00002B030655884342104501

0.000028030655884342104501

1264
465

2.2585665721170807176= 10 ¢

1264
465

2.2585665721170807176 = 10°¢

1457
536

1.7536305070034456827 x 10°°

1457
536

1.7536305070034456827x 10 ¢

2711
10l

1.1017732695364200575x 107

(b) e

Figure 5.1: Approximations of two irrational numbers
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Error

Convergent Error Hermite Fraction
0 0.41421356237309504880 0 0.41421356237309504880
L 0.085786437626904551198 L 0.085786437626904951198
2 0.014213562373095048802 2 0.014213562373095048802
: 0.0024531042935716178650 : 0.0024531042935716178650
u 0.00042045892481918673272 u 0.00042045892481918673272
2 0.000072151912619236912597 2 0.000072151912619236912597
n 0.000012378941142386079795 n 0.000012378941142386079795
1 2.1238014147551198799 % 10°¢ 1 2.1239014147551198799x 10" ¢
108 3.6440355190159356690x 10 7 108 3.6440355190159356690 x 10
s 6.2521774589549867205x 10 ° s 6.2521774589549867205x 10 °
(a) V2 -1
Convergent Error Hermite Fraction Error
0 0.38660687473185055226 0 0.38660687473185055226
: 0.11339312526814944774 : 0.11339312526814944774
: 0.053273541398517218928 : 0.053273541398517218928
z 0.013393125268149447739 z 0.013393125268149447739
: 0.0019914801164659368766 : 0.0019914901164659368766
u 0.00048989946169783483557 u 0.00048989946169783483557

0.00024323836B2141EB6248B4

0.00024323B36B2141EB8624B4

0.000059791934816114405466

0.000059791934816114405466

8.9365875206553539B843 107 ¢

8.9365875206553539843 < 10°¢

2.1965424475038943067 =10

2.1965424475038943067= 10 ¢

(b) 75

V221 — 11)

Figure 5.2: Approximations of two badly approximable numbers
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