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EXPLICIT INFRASTRUCTURE FOR REAL QUADRATIC
FUNCTION FIELDS AND REAL HYPERELLIPTIC CURVES
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Carl-von-Ossietzky Universitdt Oldenburg, Germany

ABSTRACT. In 1989, Koblitz first proposed the Jacobian of a an
imaginary hyperelliptic curve for use in public-key cryptographic proto-
cols. This concept is a generalization of elliptic curve cryptography. It can
be used with the same assumed key-per-bit strength for small genus. More
recently, real hyperelliptic curves of small genus have been introduced as
another source for cryptographic protocols. The arithmetic is more in-
volved than its imaginary counterparts and it is based on the so-called
infrastructure of the set of reduced principal ideals in the ring of regular
functions of the curve. This infrastructure is an interesting phenomenon.
The main purpose of this article is to explain the infrastructure in explicit
terms and thus extend Shanks’ infrastructure ideas in real quadratic num-
ber fields to the case of real quadratic congruence function fields and their
curves. Hereby, we first present an elementary introduction to the contin-
ued fraction expansion of real quadratic irrationalities and then generalize
important results for reduced ideals.

1. INTRODUCTION

In 1989, Koblitz [14] first proposed the Jacobian of the imaginary model
of a hyperelliptic curve for key exchange protocols as a natural extension to
protocols based on elliptic curves. In recent years, hyperelliptic curves of small
genus have become very popular research topics with a variety of interesting
results making its arithmetic almost comparable in speed to elliptic curve
arithmetic. In [23], real hyperelliptic curves have been introduced as another
source for cryptographic protocols. Its underlying key space was the set of
reduced principal ideals in the ring of regular functions of the curve, together
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with its group-like infrastructure. The arithmetic turned out to be more
involved, however the main operation, a giant step, is ideal multiplication
plus reduction and it is comparable in efficiency to that of the imaginary
model as explained in [30]. More recently, in [12] the authors showed that
the arithmetic in the real model is almost as fast as the one in imaginary
model. The same observation has been made by comparing explicit formulas
in the imaginary model (see e.g. [15]) with the real model (see [8]) of small
genus. For details on general arithmetic of hyperelliptic curves we refer to
[18, 10, 5, 12], and for recent results on real hyperelliptic curves we refer
to [34, 23, 33, 19, 30, 7, 12, 11]. There exists an explicit correspondence
between real quadratic function fields and real hyperelliptic curves. We refer
to [17, 11, 12, 19] for details. From now on, we only consider the arithmetic
in the notation of function fields a la Artin.

Since any hyperelliptic function field can be represented as a real qua-
dratic function field, it is important to investigate the arithmetic in real qua-
dratic function fields in detail. We summarize some basic properties and pro-
vide elementary proofs of some results. In this view, this paper is intended as
a “low-brow” approach to the theory of real quadratic function fields. For the
number-theoretic background, we refer to the excellent books of Stichtenoth
[38] and Rosen [22]. For the purpose of this paper, only an elementary knowl-
edge of the subject is needed, and we mainly follow the introductory notes
of Artin [2]. Most of the results in this paper are stated for convenience in
terms of an odd characteristic field. However, all of them carry through to
even characteristic fields (see [7, 42, 43, 44]).

Let k = F, be a finite field of odd characteristic and let K = k(x)(v/D),
where D is a squarefree polynomial. Such a field is known as a quadratic
function field over k (of odd characteristic). Throughout, the following termi-
nology will be fixed. The integral closure of k[z] in K is given by Ok = m
and is called the ring of integers of K. Let E = Ok™ the group of units in
Og. If in addition D is monic and of even degree, then K is called a real
quadratic function field over k (of odd characteristic). If D is monic and of
odd degree, we call K imaginary quadratic. For real quadratic function fields
of characteristic 2, we refer to [42]. The relationship between the imaginary
and the real model has been explained in detail in [19, 29, 30]

If K = k(z)(v/D) is real quadratic, where D € k[z] is monic and square-
free, then the genus of K is defined by g = deg(D)/2 — 1. K is a Galois
extension of the rational function field k(z) with Galois group {1,0}, where
o is the K-automorphism which takes vD to —vD. The conjugate of an
a = u+vVD € K with u,v € k(x) is given by @ = o(a) = u — vv/D.
The norm of « is defined by N(a) = a-@ = u? — v2D, which gives a ra-
tional function. The decomposition of the infinite place P, of k(z) in K is
P = PB1 - Po, where P, and P, are the infinite places of K/k. Because
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there are exactly two extensions of the infinite place from k(z) to K we can
conclude from the Dirichlet unit theorem (see for example [40]) that

E =Fk* x (e),

where € € K is a fundamental unit. If we denote by @0 and Uy the two
1 2

normalized extensions of the negative degree valuation oy from k(z) to K,
we call the positive integer

R = ‘Uml(e)‘ = ‘Uml(e)‘ >1

the regulator of K/k with respect to Ox. We remark here that the regulator
is one of the important invariants in real quadratic function fields. A result
of F. K. Schmidt [25] shows its connection to further invariants, namely

h=R-I,

where h/ denotes the ideal class number of K with respect to Ok and h the
divisor class number of K. The meaning of these quantities is described in
[2, 6].

The purpose of this paper is to show how the infrastructure techniques of
Shanks [27], originally applied to real quadratic number fields, can be applied
to real quadratic function fields. In order to do this we must first discuss
the continued fraction expansion of elements of K. This algorithm goes back
to Artin [2] and has been implemented by Weis [39]. We then modify the
techniques of [41], [37], and [36] in order to apply Shanks’s infrastructure
ideas to K. These results, discussed in much greater detail in [34] and [28§],
provide us new insight into the infrastructure of the ideal class group.

2. CONTINUED FRACTIONS IN THE FIELDS OF PUISEUX SERIES

The classical method to calculate the fundamental unit of K and the
regulator of K is based on the continued fraction expansion of a = /D.
Many properties of these continued fractions can be found in [2], and [39];
many others can easily be established by proceeding in complete analogy
to the case of real numbers, as for instance done in [20] and [41]. Further
references are [37, 36, 1]. Therefore let L := k(:c);p be the completion

of k(x) with respect to PB.,. Then L is the field of Puiseux series and the
completions of K with respect to ; and B, are isomorphic to L:

Kml = Km2 = k‘(I)mm = k‘((l/I))

Also, K is a subfield of k((1/z)), K < k((1/x)). Now, we only have to fix one
of the two places. Let PB; be the place which corresponds to the case where
V/1 = 1. Then we define continued fraction expansions in K via Puiseux series
at PB; in the variable 1/z.
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In this section, k can be an arbitrary field. If k£ is not finite, then we put
q=2. For an o € L = k((1/z)) such that 0 # a = >" ¢z’ and ¢, # 0,
we define

deg(e) = m,
|a| = qm’
(2.1) sgn(a) = ¢,

o] = Xiyea’.
If m is negative, then we have that |« = 0. For completeness, we set deg(0) =

—oo and |0] = 0. Now, we introduce continued fraction expansions in L in
the sense of Artin. Let o € L and

Qo = @, ap = \_QOJ .
Qitl = g =g Qi+l = Lavis1]

Because |«] is the unique polynomial such that |« — |«]| < 1, we note that

(2.3) || = la;| > g>1 (i eN).
We get
1
(2.4) a=a+ i =:lag, a1, az, ...].
ot
G2+ ——
az + —

As usual, we define

p—2:=0; q—2:=1
(2.5) p_1:=1; g_1:=0

Di = aipi—1 + Pi-g; ¢ =aiqi-1+q-2 (i €Np)
We derive by induction that

(2.6) gl > lat]  and  al=q (€N
The polynomials p; and g; satisfy, for all ¢ € Ny,
(27) %:[QO;alaaQa"'aai]a
(2.8) o = Pi%it1 +Di—1 (i>—1)
: T Qi0iy1 T g1 = ’
or, equivalently,
(2.9) g = —TGE= Pl (2 1),
Furthermore,

(2.10) ¢iPi—1 — pigi—1 = (—1)* (1>-1)
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and

, —1)! ,
2.11 — b= ( z-b.
(2.11) T4 T GG + 41 2 -1)

For an oo € L we put

%

1
(212) 91 =1 9i+1 = — (Z € No),
- Oy
J=1
and we derive from (2.9) and (2.12) that
(213) 9i+1 = (71)1 (pi,1 — Oéqifl) (Z S No) .

In contrast to real quadratic number fields it does not suffice to analyze
the period of the continued fraction expansion of quadratic irrationalities be-
cause the quasi-period plays a more important role. Therefore, we have to
distinguish two forms of periodic behavior. Let o« € L. We say the continued
fraction expansion of « is quasi-periodic if there are integers v > vy > 0 and
a constant ¢ € k* such that

(2.14) Qy = C Q-

The smallest positive integer v — v for which (2.14) holds is called the quasi-
period of the continued fraction expansion of . The continued fraction ex-
pansion of « is called periodic if (2.14) holds with ¢ = 1. The smallest positive

integer v — vy for which (2.14) holds with ¢ = 1 is called the period of the
continued fraction expansion of .. From [39, Proposition 3.5], we know:

PROPOSITION 2.1. If the continued fraction expansion of o € L is periodic
with period n, then it is quasi-periodic with quasi-period m and m divides n.

It is easy to see that for a € L the period n and the quasi-period m start
at the same index 1y. Thus, the nonnegative integer 1 is minimal such that

(2.15) Qytm = C Oy and Olygtn = Oy
with ¢ € k*. By induction we get the following helpful lemma:

LEMMA 2.2. If the continued fraction expansion of a € L is quasi-periodic
with quasi-period m then, with vy and ¢ chosen as in (2.15), we have that

L+ (=1) ™. (1) A= .
Qitam = C; - = a; (i>vy, A>0),
where _
¢ =D,

To obtain more information about the relation between the period and
the quasi-period we have to distinguish between even and odd periods. In
special cases, we will obtain explicit results for even periods.
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COROLLARY 2.3. Let « be an arbitrary element of L.
(a) If the continued fraction expansion of « is quasi-periodic with odd
quasi-period m, then it is periodic with period n, andn = m orn = 2m.
(b) If the continued fraction expansion of « is periodic with odd period,
then it is quasi-periodic with quasi-period m = n.

PRrROOF. The first assertion is clear from the above lemma. The second
assertion immediately follows from the first assertion and Proposition 2.1. O

3. REAL QUADRATIC IRRATIONALITIES AND REDUCTION

Now, let k be a field of odd characteristic. We consider the continued
fraction expansion of expressions of the form

(3.1) azpbi\/z (0#£Q, P, A € kfz]),

where o € L — k(z), 0 < deg(A) even, A not a perfect square in k[z], and
Q| (A — P2). We call such an element a real quadratic irrationality. In this
situation, we put Qo = Q, Pp = P, a9 = o, Q_1 = (A —P?)/Q, and
d = |V/A]. For i € Ny we use the recursions

Pii1=0,Q; — F;;
(3'2) Q A - ]Dz%rl
=T,

?

We immediately have

P+ VA

(3.3) Q; 0, (i € No),
where 0 # Q;, P; € k[z] and Q;| (A — P?). We compute a; = [a;] by

Here, we use div and mod, respectively, to denote division and remainder
when dividing two polynomials. First, we see from (3.2) that

(3.5) Qi = Qi—1 +a;i(P; — Piy1) (i € Np).
Defining r; € k[z] to be the remainder when dividing P; + d by Q;, i.e.
(3.6) P +d=a;Q;+ r;,where 0 < deg(r;) < deg(Q;) (i € Ng),

we then optimize the formulas as follows:

Ppi=d—r; (i€ Np);
(3.7) Qit1=Qi—1 +ai(ri —mi—1) (i eN);
' ai = (P +d)div Q; (i € No);

’I“i:(Pi-i-d)mOin (iENo).
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These optimized formulas are an adaptation of the so-called Tenner’s algo-
rithm known from the real quadratic number field case. We notice that the
computation of r; requires no further effort. Also, by applying (3.3) to (2.9)
and comparing rational and irrational parts, we get for i € Ny:

(3.8) Agi—1 = P;(pi—1Qo — Pogi—1) + Qi(pi—2Qo — Pogi—2);
' QoPi—1 =¢i—1P; + qi—2Qi + Pogi—1.
Finally, we deduce that

(39) N(9i+1) = 91'4_15[4_1 = (—1)i % (Z S NO)

A real quadratic irrationality is called reduced if |@| < 1 < |«|, where @ is
the conjugate of a. In view of (3.1), the conjugate of o is @ = (P — vV/A)/Q.
So, « is reduced if and only if

P-VA|<|Q|<|P+ VA

REMARK 3.1. If the real quadratic irrationality a of the form (3.1) is
reduced, then we have:
(a) |P|=VA|=ld|.
(b) sgn(P) = sgn(v/A) = sgn(d). Even the two highest degree coefficients
must be equal.

() QI < [VA[ =[P+ VA

The proof of this remark is easy and can be found in [2, p. 194]. Also
Artin, showed that if «; is reduced for ¢ € Ny, then «; is reduced for j > i.
Combining this fact with the above remark and (3.2) we get the following

PRrROPOSITION 3.2. If, in the continued fraction expansion of a real qua-
dratic irrationality o, it happens that oy, is reduced for some ig > 0, then it
follows for i > ig:

(a) [P = |Pi+ VA| = |VA| = |dl.

(b) sgn(P;) = sgn(v/A) = sgn(d). Even the two highest coefficients must
be equal.

(¢) a;Qi| = |VA|. In particular, we have that

1< jail <VA], 1<]Q4 < VA

It is well-known that the continued fraction algorithm can be interpreted
as a reduction process. In the continued fraction expansion of a real quadratic
irrationality there is an index 79 > 0 such that «; is reduced for i > ig. We
give an explicit bound for this index ig. But, this bound is not minimal and
can not be used for algorithmic purposes. In fact, we are able to solve this
problem. Hereby, we apply the same beautiful ideas that Kaplan and Williams
[13] used to prove the corresponding sharp result in real quadratic number
fields.
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THEOREM 3.3. Let a be a real quadratic irrationality. Then oy is reduced
for
i >y = max{O, %deg(@o)f %deg(A)Jrl}.

PROOF. Let i € N be chosen such that ¢ > ip. First, note that ¢ € N, and
we know from (2.3) that |a;| > 1. Now, ¢ > i is equivalent to

||3%|| < 2,
From (2.6) we know that |g;—1| > ¢*~! and therefore
R+vVA R -VA _ VA | -
Qo Qo Qol ™ Jgi—1[*
On the other side, we get from (2.10) and (2.11) for ¢ € Ny:
1 1
Gio1(Gi—10 + Gim2)  qi—1(qi—10% + Gi2)’

Assuming that «; is not reduced, i.e. |@;| > 1, we have that

log — @o| =

(3.10) (-1 (a—a) =

|gi—10 + qi—2| = [gi—10u| and  [gi—1@ + gi—2| = |qi—1@).
Hence,
oo — @] < max{ 1_ , 1 }
|gi—1llgi—10 + qi—2| " |gi-1llgi—106 + qi—2]
1 1 1
el max{@ " ol }
< #
B |Qze1|27

because |o;| > 1, and, by assumption, |[a@;| > 1. This leads to a contradiction,
and the assertion is proved. 0

THEOREM 3.4. Let a be a real quadratic irrationality and let i € Ny.
Then a;y 1 is reduced if and only if |Q;| < |[VA].

PROOF. If ;41 is reduced, we have by definition that [@; 1] < 1 < |41
From (3.2) and (3.3) it is easy to see that

Pi+1_\/Z.Pi+1+\/Z:_ Qi
Qit1 P+ VA P+ VA
Together with Proposition 3.2, we have that

Qi| = [@it1||Piv1r + VA | = [@ia[[VA] < VA

(3.11) Qi1 =
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Conversely, let i € Ny with |Q;] < |[V/A|. By (2.3) we have to show that
[@is1] < 1 or, equivalently, that | Py — VA | < |Qi_1]. From (3.7) we know
that P11 = d — r;, and by (3.6) we then obtain that

0< |ril < Qi < [VA|=1d].
Because the characteristic of k is different from 2, we deduce that
|Pip1+ VA| = [VA| = |Piyal.
Substituting this into (3.2), we get

IA—PXy|  |VA+ P
|Qiva| = IQ-IM = TN WA = P

A
= ||\é21_|| - WA~ Py

> |\/Z7Pi+1|a

by assumption. O

LEMMA 3.5. Let « be a real quadratic irrationality. If there exists a mini-
mal ip € N such that |Q;,| < [VA|, i.e. |Q;] > [VA| for j € {0, ..., ig—1},
then oy, is not reduced.

PROOF. (3.11) together with the assumption leads to
|a_ |: |Q’i0*1| > |\/Z|
’ |Pi0+\/z|_|13io+\/x|
Suppose that «a;, is reduced. We then deduce from Proposition 3.2 that
VA _ .
VA

which gives a contradiction. O

|a'i0| >

We are now able to provide a simpler proof of Theorem 3.3 by using
the above lemma, (2.12), and (3.9). Let | € N be minimal such that ;41
is reduced. It follows from Theorem 3.4 that deg(Q;) < deg(A)/2 — 1, and
we then have that «; is reduced for ¢ > [ + 1. However, we derive from
the above lemma that «; is not reduced. Thus, by Theorem 3.4, we have
that deg(Q;—1) > deg(A)/2 and deg(a;) > 0. Since we also have that «; is
not reduced for ¢ = 1,...,1 — 1, we must have that deg(c;) > 1 and that
deg(c;) = deg(@;) = deg(P;) —deg(Q;) > 1 (1 <i<l-1). By (2.12), and
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(3.9), we then easily see that

-1 -1
deg(Qo) = deg(Qi—1)+ Y deg(ai) + » _ deg(a:)
=1 =1

> Tdeg(A)+2(1-1),

or, equivalently,
I < 1deg(Qo) — 1 deg(A) +1.

The bounds in Proposition 3.2 and Theorem 3.4 for the polynomials P;
and @; lead to the periodicity of the continued fraction expansion of a real
quadratic irrationality in the case of a finite field k. Now, we summarize our
results in the following theorem. We remark that the proof of ”(¢) = (a)”
can be shown similar to [21, Lagrange’s Theorem, p. 378].

THEOREM 3.6. Let a be an element of L — k(x), where k is a finite field
of odd characteristic. Then the following statements are equivalent:

(a) The continued fraction expansion of « is periodic.
(b) The continued fraction expansion of « is quasi-periodic.
(¢) « is a real quadratic irrationality.

Next, we state that the reduction of a real quadratic irrationality by
means of the continued fraction algorithm is equivalent to the computation of
the pre-period. This is a well-known result and can be shown as in the case
of a real number quadratic number field (see for example [20]).

THEOREM 3.7. If the continued fraction expansion of the real quadratic
irrationality o € L is periodic, then it is purely periodic, i.e. the period begins
at vg = 0, if and only if a is reduced.

Finally, we develop properties for the polynomials P; and (); in view of
their periodic behavior. We apply Lemma 2.2 to (3.3) and obtain

PROPOSITION 3.8. If the continued fraction expansion of a real quadratic
irrationality a is quasi-periodic with quasi-period m and vy > 0, then we have
fori>vy and A > 1 that

Pi == Pi+Am;

TH(=1) " A (=A™
Qi = C; i+Am

where ¢; == ¢~V and ¢ € k* is defined as in (2.15).

4. SYMMETRIES

The case o = /D plays a particular role because the fundamental unit
of a real quadratic function field k(z)(v/D) can be calculated by applying
the continued fraction algorithm to the element o = v/D. Also, there are
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symmetries with respect to the period and to the quasi-period. Throughout,
let k be a field of characteristic different from 2, and let o € L — k(x) with

(4.1) a=VA, 0<deg(A) even,

where A is not a perfect square. Of course, « is a real quadratic irrationality
in the sense of (3.1), where P =0, Q = 1 and 1|(A — 02). Also, note that the
case a = v/D is included in these considerations, since D is squarefree.

Furthermore, we assume that the continued fraction expansion of « is
periodic. For example, this is true if k is a finite field. We easily see that «
is not reduced. However, we know from Theorem 3.4 that «; is reduced for
i € N. Theorem 3.7 implies that the period starts at vy = 1. If ¢ € k* is such
that

(4.2) Ql4m =COq and Q1 4n = Q1,

then oy, = «; for ¢+ € N. Results concerning periodicity can be deduced in
the same way as for real numbers. We list them without proof.

THEOREM 4.1. If the continued fraction expansion of o = VA is periodic
with period n, then we have the following symmetries:

a/n:2a/07
A; = Ap—4 (i:l,...,n—l),
1 )
Aip1 = — = (ZZO,...,TL*].),
Ap—j
Pi—i-l:Pn—'L' (i:l,...,n—l),

Qi = Qn—i (i=1,...,n).
In particular, we have Qxp = Qn = Qo =1 for A > 1.

The additional fact of the theorem provides us with a criterion to recognize
the period. Now, we give an analogous criterion to recognize the quasi-period.

THEOREM 4.2. If the continued fraction expansion of o = VA is periodic
with period n and quasi-period m, then Qs € k* if and only if s = Am for
some X € Ng.

PROOF. Let s = Am. If A = 0 or n = m, then there is nothing to

(—ymt

show. Now, let n = Im where [ > 2. Defining ¢, = ¢ , we see from

Proposition 3.8 that
(43) Qu = epr CIT AT g (A2 ).

Therefore, we only have to prove that Q,, € k*. But, the assertion follows
from the same result with A =1 and @Q;,, = @, = 1. Conversely, let Q, € k*.
If s = 0, then the assertion is true. Therefore, let s > 1. We have to
show that m = s. From the first assertion we have that m > s, because
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Qm € k*. It suffices to show that as11 = caq, since then m < s. First, we
know that Py = 0, Qo = 1, ap = d = |[VA], P, = d, and Q; = A — d>.
Furthermore, oy = (Ps + VA)/Qs = (Ps + V/A)/c is reduced. This means
that [@,| = |Ps — VA| < 1. Consequently P, = [VA| = d and a, = 2d/c.
Also, Psy1 =d =P and Q541 = Q1/c. We get ais11 = cag and the assertion
is proved. O

COROLLARY 4.3. In the situation of Theorem 4.2 we have that
N(g)\erl) :pim—l 7Aqg\m—1 € k" (A GN)
PROOF. See (3.9), (2.13), and Theorem 4.2. O

LEMMA 4.4. Let the continued fraction expansion of o = VA be periodic
with period n and quasi-period m. Then, for every A € N there ezists a
constant ¢(\) € k* such that

Ormi1 = c(A) (§m+1 ))\-
PROOF. From Lemma 2.2 we get for ¢ € N that

1+(—1)’"+...+(—1)(**1)’"
Ay m = C; (7%

where ¢; := (=D By (2.12) we derive that

j=am+1 7 j=1 a)‘erj
where
i ,1,(71)7”7 (71)()\—1)7‘&
¢ = H ¢
j=1
Then, the assertion easily follows by induction. O

Now, we use symmetries with respect to the period to derive relations between
the period and the quasi-period.

THEOREM 4.5. Let the continued fraction expansion of o = v/A be peri-
odic with period n.
(a) If there exists an index v, 1 < v < n —1, such that P, = P,1, then
n = 2v. Conversely, if n = 2v for some v € N, then P, = P,41.
(b) If there exists an index p, 0 < p < n —1, such that Qu, = Qu+1,
then n = 2u+ 1. Conversely, if n = 2u + 1 for some p € Ny, then
Qu = QM+1'

PrOOF. Easy. See [20, p. 24]. O
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COROLLARY 4.6. Let the continued fraction expansion of o = VA be
periodic with period n and quasi-period m. Then there are three cases that
can occur:

(a) n=m odd;
(b) n=m even;
(¢) n=2m even, m odd.

PRrROOF. If the period n is odd, then we know from Corollary 2.3 that
n = m, and thus both m and n are odd. Now, let n be even and n # m.
First, we know from Proposition 2.1 that n = Im with [ > 2. We get

Prnt1 = Pu_1iyms1 from Proposition 3.8,
= Pi_g-1m from Theorem 4.1,
= Pma

because n = Im. From Theorem 4.5 we deduce that n = 2m. Assuming that
m = 2s even, we conclude as above that
Ps+1 = Pm+s+1 = Pnf(m+s) = Psa

sincen —(m+s8)=2m—(m+s)=m-—s=2s—s=s. Again, we deduce
that n = 2s = m, which contradicts the fact that n # m. Therefore, m is
odd. O

Note that all three cases do occur and that there is exactly one nontrivial
case, i.e. one case where the period is different from the quasi-period. Next,
we develop symmetries with respect to the quasi-period.

THEOREM 4.7. If the continued fraction expansion of o = /A is periodic
with period n and quasi-period m, then we have the following symmetries with
respect to the quasi-period:

]DiJrl:mei (ZZO,,mf].),

Qizc(_l)iil'Qm—i (i:O7"'am)a
1

Qi

:C(il)%'ai«}»l (Z:()’,m*].),

where ¢ € k* is given as in (4.2).

PROOF. If n = m, then there is nothing to prove, because the symmetries
can be deduced from Theorem 4.1 with ¢ = 1. Therefore, let n = 2m, m odd.
From Proposition 3.8 we have that

Pii1=Pyimn and Qi ="V Qi

Furthermore, we know from Theorem 4.1 that

Pi+m+1 = Pn—(i+m) and Qier = Qn—(i-{-m)a
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and the symmetries hold true, since n = 2m. The index transformation
i — i+ 1 for Q; and (3.3) leads to

D gy = D <Pi+1+VA> _ Bnitva 1
. Z+lic . Q = =
i+1

Qm—i—1 Qi

O

THEOREM 4.8. Let the continued fraction expansion of o = VA be peri-
odic with period n and quasi-period m.

(a) If there exists an index v, 1 <v < m —1, such that P, = P,11, then
m = 2v = n. Conversely, if m = 2v for some v € N, then P, = P,
and n =m.

(b) If there exists an index p, 0 < p < m — 1, such that Q41 = ¢ - Q,
where ¢ € k*, then m = 2v + 1. If in addition ¢ = 1, then n = m.
If ¢ # 1, then n = 2m. Conwversely, if m = 2u+ 1 for some p € Ny,
then there exists a ¢’ € k* such that Q41 = ¢ - Q.

Proor. If P, = P,;1, then we know from Theorem 4.5 that n = 2v.
Since v < m — 1, Corollary 4.6 tells us that m = 2v = n. Conversely, if
m = 2v, then we conclude from Corollary 4.6 that n = m, and the assertion
follows from Theorem 4.5. To prove the second statement we use (3.3) and
Theorem 4.7 to derive that

o Pm—;t + \/Z o (_1)u*1 PH+1 + \/Z o (_1)u*1
Oy = ———— = ¢ | ——] =c-c SOt
Qm—p Qu
Because m is minimal with this property we deduce that m — pu = p + 1, or,
equivalently, that m = 2u + 1 odd. The final part is trivial. O

We wish to finish the continued fraction algorithm at about m/2 steps
in the continued fraction expansion. In this context, we have to consider
different constants. We use the constant ¢ € k* of (4.2) only for theoretical
purposes. The further constant ¢’ € k* can be determined after half of the
quasi-period has been computed:

;o Sgn(Q;H-l )

Sgn(Qu) .
We need the further constant
I3 ,
(4.4) e(p) = Hc(_l)J € k.
=0

The following remark shows how ¢(u) can be computed and how it is related
to ¢, ¢’. The proof of this remark is easy.
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REMARK 4.9. In above notation we get:

(a) ¢ ==V,

(b) c(u) = {

cd, peven

1, podd

Finally, we are able to formulate the duplication formulas. They are based
on symmetries with respect to the quasi-period.

THEOREM 4.10. Let the continued fraction expansion of o = /A be pe-
riodic with period n and quasi-period m.
(a) If there exists an index v, 1 <v < m —1, such that P, = P,11, then
we have that
— —2
— 0,.1 0 Q
7 _ 1) . v+ _ v+1 _ v )
m+1 ( ) 9y+1 Qz/ 91/2+1

(b) If there exists an index p, 0 < p < m — 1, such that Q41 = ¢’ - Qu,
where ¢’ € k*, then we have that

— 9#+19#+2 . =2 EMH

Om+1 = c(p) - Onir —c(p) '9,¢+1Q— = —c(p) - M
M 7

H;H-l ’
where c(p) is defined as above.

PROOF. In the first case, we know from Theorem 4.8 that n = m = 2v.
By using Theorem 4.7, we get

ﬁ 1 1:[ —1)”
- = = —Qj +1
Oé ]:OOL =0 7 9j+1
Thus,
1 S D . (—1)”
M =5 I 5 =0 50
j=1 Qi j=1 Qa; j=v+1 Q v+1

This proves the first equality. The other equalities follow from (3.9). In the
second case, we see that n = 2u + 1. Let ¢ € k* as in (4.2) and c(u) as in
(4.4). Again, by using Theorem 4.7 and (2.12) we get

m

1 AR —1)Ht e
a_j:H (-1 (u).

Qm—j 9u+2

Thus,
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The statements can now be derived from (3.9) and the fact that
L Qun

(4.5)

O

Since we are also interested in the degree of 6,1, or more generally in the
degree of 0;41, we introduce the positive numbers

(4.6) Aﬂlz§:@g%) (i €N).

By (2.12) and (3.9), we see that
(4.7) Aip1 = —deg(fi1) = deg(fi41) + deg(Q:).
COROLLARY 4.11. Let the continued fraction expansion of a = VA be

periodic with period n and quasi-period m.

(a) If there exists an index v, 1 <v < m —1, such that P, = P,11, then
we have that

deg(Om+1) = 2deg(f,11) — deg(Q,) = 24,41 + deg(Q,).
(b) If there exists an index p, 0 < p < m — 1, such that Q.41 = ¢’ - Qu,
where ¢’ € k*, then we have that

deg(0+1) = 2deg(,,41) — deg(Q,,) + deg(a,41) = 24,41 + deg(VA).

PROOF. We can immediately derive the statements from Theorem 4.10.
Note that for the second equality in the second statement we apply Proposition
3.2 to derive that

deg(\/Z) = deg(ayuy1) + deg(Quy1) = deg(aut1) + deg(Qp),

since we must have that Q41 = ¢’ - Q, in this case. O

COROLLARY 4.12. Let the continued fraction expansion of o = VA be
periodic with period n and quasi-period m and let ¢(u) be defined as in (4.4).

(a) If there exists an index v, 1 <v < m — 1, such that P, = P,y1, then
we have that
Pm—1=Pv—1qv—2 + Pvqv—1,
dm—1 = qufl(QV + QV72)~

(b) If there exists an index p, 0 < p < m — 1, such that Q41 = ¢’ - Qu,
where ¢’ € k*, then we have that

C
Pm—-1= I/L : (pqu + clp}t—lq;t—l))

C
g1 =S8 (g2 4 g2 ).
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PROOF. In the first case, we have m = n = 2, and we can apply Theorem
4.10 with

— =2
Qu : 9m+1 = 91,+1~
By equating rational and irrational parts, we deduce from (2.13) that
Qupm—1 :p371 + qy271A§
Ql/qm—l = 2pu—1Qu—1-

Hence, by (3.9) and (3.8), we have that

Ql/pm—l = (_1)’/621/ + QV—I(pu—IQPu + 2pu—2Ql/)-

From (3.2) and the fact that P, = P,;; we derive that a,Q, = 2P,. There-
fore, we can delete ), on both sides. Then the assertion for p,,_1 follows
from (2.10) and (2.5). Again, by (3.8) and the above equation, we see that

QuQm—l = %—1(%—12131/ + 2q1/—2Q1/)-

Because a,Q, = 2P,, we delete (), on both sides. Then the assertion follows
from (2.5). In the second case, we have that m = 2u + 1, and we can apply
Theorem 4.10 with

Qut1 - Om1 = c(p) - Ops1 - Opa.
By using the same reasoning as above, we get
Qu1 - Pm—1=c(p)(Pu—1Pp + Q-1 )
{ Qut1 * gm—1=c(1)(Pu—19u + qu—1Pp) } .
Hence, by (3.8) and (3.2), we have that

Qu-{-l *Pm—-1 = C(N)(pu—lq;tauQu +pu—1qH—1Qu+1 + pu—QQ;LQH)-

Since Qu+1 = ¢ - Q,, we can delete @, on both sides. Together with (2.5) we
see that

'pm—1 = (W) (quPp + €' qu—1Pp-1)-
By using (3.8) twice, we get
Qu+1 - Gm-1 = C(ﬂ)(‘lﬁ@u +q7 1 Qur)-
Replacing Q41 by ¢’ - @, and deleting ), on both sides leads to

gm1 = c(p)(q; + 1)
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5. FUNDAMENTAL UNIT AND REGULATOR

Let K = F,(2)(v/D) be a real quadratic function field over the finite field
F, of odd characteristic, where D € F,[z] is a monic, squarefree polynomial
of even degree. From Theorem 3.6 we know that the continued fraction ex-
pansion of & = v/D is periodic and quasi-periodic. First, we need a simple
remark.

REMARK 5.1. Let n = U +V - VD € Ok, where U, V € F,[z]. Then 7 is
a unit in Ok if and only if N(n) is a trivial unit, i.e. N(n) € k*.

PROOF. see [2, p. 195]. O

THEOREM 5.2. Let D € Fylx] be a monic, squarefree polynomial of even
degree. Then the continued fraction expansion of o = /D is periodic and
quasi-periodic. If m denotes the quasi-period, then

€=DPm—-1+qm-1- \/5
is a fundamental unit of K = Fy(z)(v/D) and
E =k x <§m+1> =k" x <pm—1 + qm—1- \/5>
PROOF. The second equality follows from (2.13). We have to show that

FE=k* x <§m+1 ). 7 C 7 is an easy consequence of Corollary 4.3 and the
above remark. To show ” D ” we choose an arbitrary unit n = U4V -v/D € E,
where U, V' € F,[z]. If |n| = 1, then the assertion is trivial. Let [n| > 1. In a

first step, we prove that there exists a ¢y € k* and an index j > 0 such that
U=co-pj-1, Vi=co-qj-1.
From the above remark we know that N(n) € k*. On the other side,
N(n) = U2 - V2 D = 0(2) (pj271 7Qj271 ! D) = C(2) ' (71)] ' Q]7
by (3.9). Thus, Q; € k*. Theorem 4.2 and Lemma 4.4 then imply that
. St
n=«c- 9m+1;

with ¢ € k* and t € N. If |n| < 1, then || = |%| > 1, and we use 1/7 instead
of n. O

COROLLARY 5.3. In the situation of Theorem 5.2, we have that

R = deg(0m+1) = Ama,
where R is the requlator of K/k with respect to Ok, and A; is defined in (4.6).

PRrROOF. The first equality follows from Theorem 5.2, since the regulator
is defined to be the degree of the fundamental unit. The second equality is
a consequence of (4.7) and Theorem 4.2. We have Q,, € k*, and therefore

deg(Qm) = 0, deg(an,) = deg(A)/2. O
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From the above theorem and corollary one can derive algorithms to com-
pute the fundamental unit and the regulator of K. For the fundamental unit,
we calculate recursively the quantities a;, i, pi, qi, Pi, Q:, where we use (2.5)
and the optimized formulas in (3.7). We terminate the algorithm as soon as
one of the conditions of Corollary 4.12 is satisfied. To calculate the regula-
tor, we don’t need the quantities p;, ¢;. Instead, we calculate the additional
quantities A;. Note that the A;’s are nonnegative integers. It is a great ad-
vantage to avoid the computation of the polynomials p; and ¢;, because they
both increase in degree, as can be deduced from (2.6). Whereas, we see from
Proposition 3.2 that a;, r;, P;, Q; are bounded in its degree because «; is
reduced (¢ € N).

6. IDEALS

In the previous section we have presented in detail a baby step algorithm
for computing the regulator R of K with respect to O. This has been done
via the computation of the continued fraction algorithm of a real quadratic
irrationality. There exists a well-known connection between the continued
fraction expansion of a = /D as defined in the previous section and reduced
Og-ideals. As in real quadratic number fields, we will show in the remainder
of this article that using ideal arithmetic allows one to improve on the methods
presented above by making use of the infrastructure. In Section 11, we will
present baby step-giant step algorithms that combine the continued fraction
algorithm (baby steps) with the infrastructure ideas (giant steps). Further
and more advanced optimizations of these ideas by making use of the zeta
function have been presented in [32, 33, 31].

In this section, we summarize some important facts about Og-ideals in
a quadratic function field K = k(z)(v/D), where O = k[z][v/D] and k is an
arbitrary field of odd characteristic. Here, D is a squarefree polynomial in
klx]. The properties of the ideals and the corresponding proofs can be found
in [2]. We call a non-zero subset a of K an Ok -ideal, or simply an ideal, if a
possesses the properties:

(a) if A1, 2 € Ok and aq, as € a, then \jag + Aaas € g
(b) there exists a A(# 0) € O such that Aa C Ok.

If the second condition holds with A = 1, we say that a is an integral

Ok -ideal. For elements aq,as,...,a, € K the set
T
(1,a9,...,q,) = { Z)\iai; AN €Ok ,i=1,...,r }
i=1
is clearly an ideal, and it is called the ideal generated by oy, s, ..., .. If a

is generated by a single element « € K, i.e. a = (o) = aOk, we call a a
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principal Ok -ideal. For wi,wa,...,w, € Ok we let

T
[wl,wg,...,w,«] ::{ZAiwi; Aiek[.ﬁ],i:l,...,’r} g OK.
i=1
If this set is an integral ideal, and wy,ws, ..., w, are linearly independent over
klx], then {w,ws,...,w,} is called a k[x]-basis of a.
In [2] it is shown that every k[z]-base of an integral ideal a consists of two
elements.

THEOREM 6.1. A nonzero subset a of Ok is an integral ideal if and only
if there exist S, P, Q € klx] with Q|(D — P?) such that

(6.1) a= [SQ,SP+S\/5}.

We say that an integral Ok-ideal a is primitive, if in (6.1), S can be
chosen to be 1, i.e. if

a= {Q,PJr\/B}

with Q|(D — P?). A k[z]-base of an integral ideal a can be chosen to be in
adapted form, meaning that

(6.2) a= [T, R+ S\/B} (T, R,S € k[z]),

where deg(R) < deg(T'). The polynomials T, R, S are unique up to constant
factors. More precisely, if sgn(T") = sgn(S) = 1, then the adapted representa-
tion is unique.

Let a be an integral Ok-ideal given with an arbitrary k[z]-base {w1,w2}.
It is easy to see that a = [wi,ws] = (w1,w2). We define the norm of a,
N(a) € k[z], by
w1 W2 2
= ¢ (N(a)*) - D,

w1 W2

where ¢ € k* and sgn(N(a)) = 1. The norm of an Og-ideal does not depend
on the given k[z]-base. If an integral Ok-ideal a is given with a k[x]-base as
in (6.1), we see that
Q-s?
(6.3) N(a) = ——— € k[z].
sgn (Q - S?)
Note that sgn(N(a)) = 1.
Next, we generally define the product of two Ok-ideals a and b by

n
a-b::{Zaibi; neN,aiEa,bieb,izl,...,n}.

i=1
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Again, this set represents an Og-ideal. For §,a1,aq,...,q, € K, we cal-

culate (ﬁ) . (061,062, cee 7a7“) = (5alaﬁa25 e 7ﬁa7‘)a and (Oél,Oég) : (ﬁ17ﬁ2) -
(151, @182, a8y, e B32). For any Ok-ideal a, the Ok-ideal

a:={a;, aca}

is called the conjugate Ok-ideal of a. If a = {1, a2, ..., @, }, then @ =
{@, @2, ..., @ }. The following lemma describes some properties of the
norm and the conjugate of an integral Og-ideal.

LEMMA 6.2. Let a and b be integral Ok -ideals.
(a) We have that aa = (N(a)).
(b) We have that N(ab) = N(a)N(b).
(¢) Ifais principal, i.e. a = («), where o € Ok, then there exists a c € k*
such that N(a) = c¢N(a).

Finally, we say that two integral Og-ideals a and b are equivalent, written
a ~ b, if there exist some non-zero elements «, 5 € Ok such that («)a = (3)b.

7. IDEAL PrRODUCT

For an efficient arithmetic in quadratic function fields, we have to define
an operation that corresponds to the group operation in a finite abelian group.
The first step is to compute the product of two Og-ideals a; and as given
with their unique adapted k[z]-bases. By Theorem 6.1 and (6.2), there exist
Si, Qi, P; € klz] (i = 1,2) such that Q;|(D — P?), and

a; = (S) Qi P+ VD] = (S)a} (i =1,2),

where a; = |:Qi, P+ \/D} is a primitive Og-ideal. Then a;-as = (S152)a) -aj
and we have to compute the product of the primitive Og-ideals a} and af.
Without loss of generality, we therefore assume that a; and as are primitive,
i.e. S; = 1, and that they are given with their unique adapted bases. This
means that

a; = Qi P+ VD],
where Q;, P; € k[z], Q;|(D — P?), and
deg(F;) < deg(Qi) and sgn(Q;) = 1.

To compute the product of a; and as, we use the same ideas as Shanks, [26], as
employed, for example, in [16] or [37]. Our aim is to find a primitive Og-ideal
¢ = [Q,P + /D] and a polynomial S € k[z] such that ajas = (S)c, where
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Q|(D — P?), deg(P) < deg(Q) and sgn(Q) = 1 = sgn(S). We obtain

(71) S = ng(QlaQQ;Pl +P2)a
@ Q
(72) @ = *5°

(73) P

(P1 + % {U(PQ—P1)+W (Dépf)} ) (mod Q),

1

where U, V, W € k[z] are polynomials such that S = UQ1+V Qo+ W (P1+ P).
Therefore, we proceed as follows: using the extended Euclidean algorithm, we
compute polynomials S, X7 such that S; = ged(Q1,Q2) = X1Q1 (mod Q2).
By using the extended Euclidean algorithm again, we compute polynomials
S, X5,Ys such that S = ged(G1, Pr + P2) = X251 + Ya(P1 + P2). Thus,
U = XX and W =Y5. Finally, we can apply the formulas for P and Q. In
many cases, we have S; = 1, and we continue with S =1, Xo =1, Y5 = 0.

8. REDUCED IDEALS IN THE REAL CASE

Here and throughout the remainder of this paper, we consider K to be a
real quadratic function field over the finite field £ = I, of odd characteristic,
i.e. K = k(z)(vV/D), where D is a monic, squarefree polynomial in k[z] of even
degree. First, we state a helpful Lemma which describes equivalent ideals in
the real case.

LEMMA 8.1. If a and b are two equivalent integral O -ideals, then there
exists a v € a such that

where 0 < |y] < |N(a)].

PROOF. Since a and b are equivalent and integral, there exist nonzero
a, B € Ok such that

From Lemma 6.2 it follows that
craa@N (a) = coB6N(b)
for some ¢y, co € k*. We put
T =ar

Then 0 # +' € a, since N(b) € b. Furthermore, we have that
(@) ()b = (B)(N(b))b = (a) (N (b)) a.
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Deleting (o) on both sides leads to (7')b = (N (b)) a. In view of Theorem 5.2,
the unit group E is nontrivial in the real quadratic case. Therefore, let € €
with |e| > 1. If we choose a nonegative integer ng such that

ol
e < IN@I,
then the assertion follows with v := e "0 . 4/, O

An integral Ok-ideal a is called a reduced Ok -ideal if a is primitive and
if there exists a k[x]-base of the form {Q, P + v/D} with polynomials Q, P €
Fylz], Q|(D — P?) and

|P—vD| < |Q|=|N(a)| < |P+ VD],

or, equivalently, if (P ++/D)/Q is a reduced real quadratic irrationality. The
equality |Q| = |N(a)| is an immediate consequence of (6.3). In this case, we
call the k[z]-base {Q, P+ v/D} a reduced k[z]-base of a. If sgn(Q) = 1, then
the reduced k[x]-base is unique. We can characterize reduced ideals as follows.

THEOREM 8.2. A primitive Ok -ideal a is reduced if and only if

IN(a)] < ‘\/5‘

PRrOOF. If ais a reduced Og-ideal, then a = [Q, P+ \/5} , where Q, P €
k[z] are such that Q|(D — P?) and

|P—VD| <|Q|=|N(a)| < [P+ VD].

This can only happen if |P| = ‘\/5 ‘ and even the two highest degree coef-

ficients of P and /D are equal (note that the characteristic of k is different
from 2). Thus,

IN(@)| = Q| < |P+VD| = |VD)|.
Conversely, if a is a primitive Og-ideal with |N(a)| < ‘\/5, then a =
[Q,P + \/5} with Q, P € k[z]. We put
P—+D 0
—0 :

P’::P—{

Clearly, a = {Q,P’ + \/5} and ‘P’ — \/5‘ < |Q)|, since

PP-vD|_|\P-VD | P-VD ||
Q B Q Q '
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Furthermore, we see that
’P’—i—\/ﬁ’ = ’(P’—\/E) +2\/5’ = ’\/5’ >1Q|,

by assumption. Therefore, {Q,P' + \/5} is a reduced k[z]-base of a, and
thus a is reduced. O

LEMMA 8.3. If a is a reduced Og-ideal, then there does not exist any
nonzero o € a such that

la] <[N(a)] and [a] <|N(a)].
PrOOF. We have a = [Q, P+ \/5} where @, P € k[z] and

‘P— JB‘ <1Q| = |N()| < ‘P+¢5‘.
For any nonzero « € a there exist U,V € k[z] such that
a:UQ+V(P+\/5) and azUQ—i—V(P—\/E).
If V=0 then U #0, ie. |U| > 1, and |a| = |[a|. Hence
lal = UQ| = |Q[ = [N (a)].
and the assertion is true. Now, let V' # 0, i.e. |V| > 1. We distinguish
between two cases. If |U| < |V, then |UQ| < |V| ‘P + \/5‘, by assumption.
Thus
jal =|V|[P+VD| = [P+ VD| > N ().
If |U| > |V|, then we analogously show that |[a&| > |N(a)|. O

9. CONTINUED FRACTIONS AND IDEALS

In this section, we show that the continued fraction expansion of real
quadratic irrationalities and the continued fraction expansion of primitive
ideals is closely related. Let a be any primitive Ox-ideal, and let Q, P € Fy[z]
with Q|(D — P2) be such that a = [Q, P+ v/D]. If we set a := (P ++/D)/Q,
then « is a real quadratic irrationality, and we can compute the continued
fraction expansion of a. With Q;, P; € F,[z] defined as in (3.2), we let a; = a,
Qo=Q, Py=P, and for i € N, we let

(9.1) a; = |Qi—1, P11 + \/5} .

From (3.3) we know that a;_1 = (Pi_1 ++vD)/Qi_1, for i € N, where 0 #
Qi—1,Pi—1 € Fy[z] and Q;—1|(D—P? ;). We deduce that each a; is a primitive
(integral) Ok-ideal. Most of the following results correspond to those for real
quadratic number fields which can be found, for example, in [41]. However,
we shall prove them using the terminology of integral ideals.
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First, we show that each a; is equivalent to a = a;. By (3.2), we notice
that

(9.2) a; = [QH, —P+ \/5} (1 eN),

(9.3) (\/5 - R-) a1 = (Q)ai (i eN).

THEOREM 9.1. If a = [Q,P + \/5} is any primitive O -ideal and a; is
defined as in (9.1), then a; is a primitive Ok-ideal for i € N, and we have
that

(Qobi)a; = (Qi—1) a1 (i €N),
where Qob;, Qob; € O
PrOOF. Let i € N. We know from (2.13) that Qof;, Qof; € Ox. The

main assertion can be proved by induction. For ¢ = 1, we trivially have that
(Q091)a1 = (Qi,l)al. Since D — Pi2 = QiQifl, we find that

o — Pi+\/57 Qi1
‘ Qi VD - P’
It follows by (2.12) that
(9.4) Qi_10i41 = (\/5 - Pi> ;.

Using this fact and (9.3) we obtain

(Qi-1) (Qobit1) div1 = (Qobs) (Q:) ai.

By induction, the last term equals (Q;—1)(Q;)a1. Thus, we can delete (Q;—1)
on both sides and our result follows. O

In view of (6.3), the statement of the theorem is equivalent to
(9-5) (N(a);) a; = (N(ai)) a,
COROLLARY 9.2. In the situation of Theorem 9.1, we have for i € N that
a1 = [Qobi, Qobit1] -
PRrROOF. From (9.4) and (9.2), we derive that
(Qi—1) [Qobi; Qobi+1] = (Qob:) a;
and the statement is an immediate consequence of Theorem 9.1. o

Next, we deal with the question, whether there is an index ¢ € Ny such
that a; 4 is reduced. We are interested in finding a criterion which is sufficient
for this property.
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REMARK 9.3. If, in the continued fraction expansion of a = ¢ =
(Py +vD)/Qo, there is an index i € Ny such that o; = (P, +v/D)/Q; is
reduced, then the ideal a;y; is reduced, because the reduced k[z]-base for

ai1 is given by {Qi, P, + VD}.

THEOREM 9.4. Ifa = a; = [Qo, Po+ /D] is any primitive O -ideal, then
a; is reduced for

i > Ip:=max{l,deg(Qo)/2 — (g +1)/2+2}.

PROOF. See Theorem 3.3, Remark 9.3, and note that the genus of K is
defined by g = deg(D)/2 — 1. O

Conversely, if a; is reduced, the basis representation in (9.1) need not be
the reduced one. This means that «;_1 is not necessarily reduced.

LEMMA 9.5. If a; is reduced for an index i € N, then «a; is reduced.

ProOOF. This follows from Theorem 8.2 and Theorem 3.4. |

Using similar ideas as those employed in the proof of Theorem 4.3 of [41], we
can prove the following Lemma, where a = ag := (Py + vD)/Qo.

LEMMA 9.6. If, in the continued fraction expansion of «, there exists a
minimal | € N such that |Qi_1| < |VD]|, then a; is reduced, and

|Qi—1]
|Qol -

PROOF. By the assumption and (6.3), we have that

Qi = [N () < |vVD].

6] <1, 16>

Thus, we can apply Theorem 8.2 to conclude that a; is reduced. If [ = 1, then
Qi—1 = Qo and ‘91‘ =1=|64]. Let [ > 2. First, we notice that
la;| >1 (je{1,...,1—2}.

If we assume that |@;] < 1 for some index j € {1,...,1—2}, then «; is
reduced. By the above remark, a;y; is reduced, and by Theorem 8.2 we
conclude that |Q;| = |N(aj41)| < ‘\/ﬁ‘, which is a contradiction to the
minimality of [ with this property.

Furthermore, we know from Lemma 3.5 that «; is not reduced. Since
[ > 1, this happens only if |&@;| > 1. Thus, we see from (2.12) that

_ 1
Pl = =1

The final part of the theorem follows from (3.9). O

I /\
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The latter lemma gives an algorithmic criterion for recognizing an index
[ for which the ideal a; is reduced. Now, let b be another reduced ideal
which is equivalent to a = a;. We would like to know if b can appear among
the ideals found by applying the continued fraction algorithm to a in the
above manner. The following theorem gives an answer to this question. It
corresponds to [41]*Theorem 4.5, and a complete proof for the case of a real
quadratic congruence function field is given in [28].

THEOREM 9.7. Let a = a3 and b be two equivalent reduced integral Ok -
tdeals, and let v € a be such that

(7)o = (N(b))a,

where 0 < |y| < |N(a)|. Then there exists some v € N and ¢ € F,* such that
b=a, and v = cN(a)b,.

PRrROOF. The existence of such a v € a is guaranteed by Lemma 8.1. We
prove the Theorem in several steps.

STEP 1: There exists an index v € N such that
IN(a)0u41| < |v] < [N(a)f,].

Proof of Step 1: Since a = ay is reduced, we know from Theorem 9.5 that «;
is reduced for i € N. Therefore |@;| < 1 < |o;|. By (2.12) we get

(96) |9i+1| < |91| , |91| =1 and |§i+1| > ‘51‘

1
Also, we see from (2.3) that |0;,1| < —. This means that {|0;|},. is strictly

decreasing and converges to 0. Since 0 < |y| < |N(a)|, there must exist some
v € N such that

. 0,

0y
Ol < T =

STEP 2: We have that
‘N(a)au+1‘ > 7]
Proof of Step 2: By Corollary 9.2, we have that N(a)f,41 € a. Hence,
N(a)fh,41N(b) € (N(b))a = (7)b

and N(a)f,.1N(b) = v for some 0 # 5 € b. From the first step, we see that
|B] < |N(b)|. Since b is reduced, we can apply Lemma 8.3 to deduce that

|N(a)§y+1 ‘
il
and the assertion follows by deleting |N(b)| on both sides.

IN(b)] < [B] = IN(b)],

STEP 3: There exists a ¢ € F," such that v = ¢- N(a)d,.
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Proof of Step 3: Since € a, Corollary 9.2 yields some polynomials U, V' € k[z]
such that

v=UN(a)d, +VN(a)d,,1 and 7= UN(a)d, +VN(a)f,.
Suppose that |U| < |V|. Then,
7l = [VN(a)8u14].

It follows from the second step that we must have |[V| < 1. Thus, U =V =0
and v = 0, which is a contradiction. Now, let |U| > |V'|. Hence,

v = [UN(a)0y|.

Using Step 1 we conclude that |[U| < 1. Then V = 0 and U = ¢ for some
ceF,"

STEP 4: We have that
N(b) = N(a,).

Proof of Step 4: First, we obtain that N(a)N(6,) = ¢1N(a,) by applying
Lemma 6.2 to (9.5). Step 3 yields N(v) = caN(a)>N(6,) = c3N(a)N(a,).
On the other hand, N(v) = ¢4N(b)N(a), since (7)b = (N (b)) a. We find that
N(b) = N(a,), since sgn(N(b)) = sgn(N(a,)) = 1 (note that ¢1,ca,c3,¢4 €

STEP 5: b=aq,.
Proof of Step 5: By Step 4, we have that

(7)o = (N(b)) a = (N(a)) a.

From (9.5) and Step 3, we know that the last term equals (y)a,. Thus, we
must have that b = a,. O

So far, we have proved that the continued fraction algorithm applied to
a reduced ideal produces all equivalent, reduced ideals. This fact is essential
for the establishment of our giant steps. In each Ok-ideal class, we therefore
have precisely one cycle of reduced ideals. Since k is finite, this cycle is finite.
The continued fraction expansion applied to any primitive Og-ideal in a class
yields a reduced Og-ideal in the same class after a finite number of steps
and then produces all reduced ideals in the class. Thus, each ideal class can
be represented by exactly one cycle of reduced ideals. Basically, one has
a structure (the cycle of reduced ideals) within a structure (the ideal class
group). This concept is called the infrastructure in real quadratic function
fields and is due to Shanks [27]. These considerations correspond to the
observations made in real quadratic number fields (see also [4]).
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10. DISTANCE AND GIANT STEPS

We now introduce the concept of distance between equivalent, reduced
ideals; this will allow us to provide an ordering of the reduced ideals belonging
to the same ideal class. We will follow the notation of [37] which differs
somewhat from that of [41]. Let a = a; and b be two equivalent, reduced,
integral Ok-ideals. By Theorem 9.7, there exists some v € N such that b = a,,
and by Theorem 9.1, we have (N(a)d,)a, = (N(a,))a. Then we define the
distance from a to b as

(10.1) (b, a) = 6(a,, a) := deg () -

REMARK 10.1. Distance is only defined between equivalent, reduced
ideals. From (2.12) and because a; is reduced for ¢ > 1, we deduce that
the distance function §; is strictly increasing in i, i.e. d(a;41,a) > d(a;, a).
Since the values of the distance function are integers, we have d;4; > &; + <.
Thus, if it happens that 6(a;,a) = §(a;,a), we conclude that a; = a;. Es-
pecially, if there are v, 5,1 € N such that §(a;,a) < é(a,,a) < §(a;, a), then
ay € {a;;5 < i <1}, and 6(a;,a) = 0 if and only if a; = a;. Conversely, if
a; = a; then 6(a;,a) = 6(a;,a) + IR, where R is the regulator of K. In this
case, we deduce from Theorem 9.1 that 6; and 6; differ only by a Ok-unit.

Furthermore, by (3.9), (2.12), and Proposition 3.2, we see that
i—2
(102)  &(a;,a) = 3 deg(D) — deg(Qo) + > _ deg(a;) (i €N,i>2).
j=1
In the sequel, we let v = v; = (1) = Ox = [1,V/D]. With reference to
(9.1), we have Py = P =0, Qo = Q = 1 and ag = a = V/D. Clearly, t
is reduced, because |N(tr)| = 1 < [v/D|. From Theorem 9.1 and (3.9), the
ideals in (9.1) are reduced principal ideals, i.e. t; 1 = (6;11), for i € N,
where 0,11 € Or. We always put &; := 6(v;,t). Then §; is defined for all
i € N. Let b be an arbitrary reduced Og-ideal. We develop the continued
fraction expansion of b as in (9.1) and denote by P/, @}, 6} and ¢ := 6(b;, b)
the quantities appearing in the continued fraction expansion applied to b.
For any s,t € N, we find a polynomial S € k[z] and a primitive Og-ideal ¢
such that tsb; = (S)c. We apply the continued fraction algorithm to ¢ = ¢;.
By Theorem 9.4, it is guaranteed that, after a finite number of steps, we
obtain a reduced ideal equivalent to c. We denote by P/, Q/ and 6 the
quantities appearing in the continued fraction expansion applied to ¢. In view
of Lemma 9.6, let [ € N minimal such that |Q}_,| < |v/D|; hence, ¢; is reduced.
Summarizing, we get the following chain of equivalent ideals

¢~y (S)C = tsbt = (95)[]15 ~ bt ~ b.

Thus, ¢; and b are equivalent. Since they both are reduced, by Theorem 9.7
there must exist some v € N such that ¢; = b,,.
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THEOREM 10.2. In the above situation there exists some C' € k* such that
"
6, — o, 0, %l
Furthermore, we have that
8, =0; +0s — f,
where f := deg(S) — deg(0)) € N such that 0 < f < 2g.
PROOF. From (9.5), we see that
(05)rs = (N(xs)),
(N ()06, = (N(5,))b,
and
(N ()0 )er = (N (er))e.
Since tsb; = (5)¢, we can apply Lemma 6.2 to conclude that
N(xs)N(b;) = Cy - S*N(c)
for some constant C; € k*. This yields
(N(b)N()50,6,6]) ¢; = (S*N(c)N(e1)) b.
Hence,
/i1
05 - Nopusaa
~ also has the property that (y)¢; = (N(¢;))b. We also derive from (9.6) that
0 <y < [N(b)[.

Theorem 9.7 then says that there must exist some v € N and a constant
C5 € k* such that

N
N(e) = 0,000 %d e b.

By comparing this with the definition of 7, we find that
9//
0, =C-0,0,-L
14 t S
for some C € k*. Conjugation and evaluating degrees yields
8, =68, 4+ s — f.

Finally, by (9.6), (9.5), and (3.9) we obtain

197] > O] N () > !

S| 1S TSN T N ()N (Bo) |
since |N(ts)N(bs)| = [S?N(c)| and 0 # S € k[z]. Equivalently, we have that
f < deg(N(vs)) + deg(N(be)) < 2g,
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since ts and b; are reduced, and from Theorem 8.2 we deduce
1
deg(N(rs)), deg(N (b)) < 5 deg(D) —1=g.

Thus, we proved the upper bound on f. The lower bound trivially follows
from Lemma 9.6. O

Note that the quantities s, t can be arbitrarily large here, but [ is bounded
by a fixed small quantity which depends on D. Furthermore, the integer f, the
“error”, is bounded and is always nonnegative. In general, f is small compared
to 05 or ;. The result is of special interest for large s,¢. As in the number
field case, we expect the distance function to be roughly linear. Therefore, we
really have large steps through the cycle of reduced ideals equivalent to b. In
the situation of the theorem we define a new operation called giant step by

(10.3) te ok by = (b,, f) = (ar, f) .
Consequently, a giant step is a composition of two operations, namely compu-
tation of the product of two primitive Og-ideals and reduction of the primitive
part of the product using the continued fraction algorithm.

So far, we haven’t used any information about periodicity and symmetry.
Let m be the quasi-period of the continued fraction expansion of o = v/D.
From Theorem 4.2, we deduce that v,,41 = v1, and from Theorem 5.2, we see
that R = §,,41, where R is the regulator of K. By Proposition 3.8 we get

(10.4) Crm4itl = Cit1 (’L S N) .
Also, by Lemma 4.4, Lemma 2.2, and 2.12, we get
(10.5) Oxmtitl = A R+ 0,41 (i, S N) .

By Remark 10.1 and (10.2) with ¢ := 2 and i = ¢ + (¢ — 2) we have that
1
(10.6) 6> 5deg(D)+i—2=g+i—1 (ieNi>2).

Next, we consider the effects of symmetries in the case a = v D. We continue
applying the continued fraction algorithm to v; = v = Og. For v; defined in
(9.1), we get

(10.7) T = |Qi—1,— P11+ \/5} = {Qifla P,+VD| (ieN),
where T; denotes the conjugate ideal of t;. We can improve this by making
use of the following Proposition.

PROPOSITION 10.3. Let &; := §(%;,t). Then, we have fori=1,... m+1:

(a) T = tm_ita;
(b) 8; = dm—i+a2;
(C) R = (51 -+ (51 — deg(Qi,l).

PRrROOF. This follows easily from Theorem 4.7 and (3.9). O
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We see that the conjugate ideals are exactly those which occur before the
quasi-period is reached.

11. BABY STEP-GIANT STEP ALGORITHMS IN THE INFRASTRUCTURE

The goal of this section is to describe two variants of infrastructure meth-
ods for real quadratic function fields. The first algorithm is an immediate
consequence of the results in Section 10. Baby steps are iterative steps in
the continued fraction expansion. A giant step is the combined multiplication
and reduction operation of (10.3). The idea is to create a stock of principal,
reduced ideals up to an index s which we determine later for complexity rea-
sons. By continued giant steps we jump to principal, reduced ideals in the
same chain which lie about d; away from each other. Because of the quasi-
periodicity of the continued fraction expansion of & = v/D we must reach
one of the stored ideals. We only have to guarantee that the step width is
positive, and that the step width is not greater than the length of the initial
interval. In the algorithm the quantity s is chosen sufficiently large such that
we really take a step forward. This is guaranteed if s > % deg(D) + 1. The
inputs are ¢ € N such that [, is a finite field with odd characteristic, and a
monic squarefree polynomial D € Fy[z] of even degree. The output is R, the
regulator of the real quadratic function field K = F,(z)(VD).

ALGORITHM 11.1. Regulator (original baby step-giant step)
Input: ¢, D
Output: R
1.) Put ¢g:=3/2 and s := [co - qdeg(D)/4].
2.) By developing the continued fraction expansion of o = VD, compute
a; and §; for ¢ = 1, ..., s, starting with a; = (1) = Ok. Store them
in the form
(a;,0;) = (N(a;), Pi—1,0;)
If Q; € F," for a minimal 1 < j < s —1 then

R := 041 ; return (R).
3.) byi=as f1:=0; 0] =0 j:=0;
4.) Do {
J o= g+
(ijrla fj+1) = Qg * bj;
Fyr = 05 T8 + fizrn;

while (ijrl ¢ {Cll, az, ..., as});
5.) We have bj11 =a; € {a1, as, ..., a; } and then

R = 0, — 05 return (R).
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PROOF. If we can terminate the algorithm after the second step, we have
Q; € F,”. From Theorem 4.2 we know m = j, and the result is correct,
because R = 041 = 0j41.

In the other case we get R > §, = ¢;. By definition of b; and Theorem
10.2 we deduce that for each b; there exists an index A; € N such that
bj = ay,, where

(11.1) Oiy1 = 0 + s + fixn and  —deg(D) + 2 < fj41 <0.
Certainly, we have
41— 05 < ds.
Now, we easily see that
s> % deg(D) + 1.
By (10.6) we conclude 65 > deg( D) — 1. Inserting this in (11.1) leads to
8ipq > 0%
Since R > 07 and b; = ay,, there must be an index v € N such that
or, =0, < R =641 <0, = 6
By Remark 10.1 we get A\,11 = m + 4, where i > 2. Using (10.5) we see that
81,11 = Omyi = R+ 0y,
and by (11.1), we conclude that
0 =0, —R =10+, + fuy1 — R < 4.
Remark 10.1 says that a; € {a;, a2, ..., a5 }. Finally,

vl

bV+1 = 0y y1 = Omys = G4,
by (10.4), and R =6, — ;. O

We now show how the symmetry results of the previous section apply to
produce an even faster baby step-giant step method. With the knowledge of
Proposition 10.3 we are able to take giant steps with step width about 245
with the same amount of storage. Again, we have to guarantee that the step
width is not too great. Therefore, we enlarge the initial interval a little bit,
i.e. we develop the continued fraction algorithm up to an index s +7T. We
only claim that s > £ deg(D)+ 1 and T > 1 deg(D).

The inputs of the algorithm are ¢ € N such that IF, is a finite field with
odd characteristic, and a monic squarefree polynomial D € Fy[z] of even
degree. The output is R, the regulator of the real quadratic function field

K =F,(e)(VD).

ALGORITHM 11.2. Regulator (optimized baby step-giant step)
Input: ¢, D
Output: R
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1.) Put s := [¢qe(P)/4] and T := [ 1 deg(D) +1].

2.) By developing the continued fraction expansion of o = VD, compute
a; and §; for i = 1, ..., s + T, starting with a; = (1) = Ok. Store
them in the form

(a;,0;) = (N(a;), Pi—1, 0¢)
If P, = P,41 for a minimal 1 < v < s+ T then
R:=26,41 —deg(Q,); return (R).

Qu _ Qu-{-l
sen(Qu)  sgn(Qut1)
R:=20,41 —deg( Q) +deg(aut1); return (R).

3.) (b1, f1):=as xag 8] =20+ f1; j = 1;

4.) While (hj ¢ {ag, a9, ...,0547 U {ay, a2, ..., 857 }) {

for a minimal 1 < p < s+ T then

(bjt1, fix1) = b1 xby;
Oiyr = 01+ + fiz;

o= g+

}
5.) We have b; € {ai, as, ..., agyp } U {a1, a2, ..., Gsq7 }
Ifbj =a; € {a1, a2, ..., asy7 } then
R:= 0} — d;; return ( R).

Ifb; = € {ay, @y, ..., @47 } then

R := 0} + & — deg(Qi—1); return (R).

PROOF. (Sketch) We mainly follow the ideas of the proof of Algorithm
11.1. If we can terminate the algorithm after the second step, it follows from
Corollary 4.11 that the result is correct. Otherwise, we have R > ] and we
get from Theorem 10.2 that for all j € N we have b; = ay, with A\; € N. Also

0 =205+ fi and —deg(D) +2< f1 <0,
01 =05 + 01 + fin and  —deg(D) + 2 < fj41 <0.

Then §] < 2,. Furthermore, by the choice of s, we see that ds > deg(D) —
1.1t follows for i € N that the step width is 5;-“ — 5;- <) <24, and

5;‘4_1 :6_;+255+f1+f]+1 >5;
By Proposition 10.3, Remark 10.1 and (10.5) we conclude
5m+s+T - gs+T > 265 + 27T — deg( Qs-l—T—l) > 265-

This is the length of the interval which we control. Then (10.4), Remark 10.1
and Proposition 10.3 imply that there must exist some p € N such that

bMG {Cll, ag,...,as+T} U{El,ﬁg,...,EHT}.
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Ifb, =a; € {a1, a2, ..., as }, then R =4, —J; as in the proof of Algorithm
11.1. If b, =& € {@a1, Ao, ..., Gey7 }, then we have from Proposition 10.3
that 6], = 6; = dm—1+2, and that

R=R+6,— b0 =0, +6 — deg(Qi_1).
0

We end this section by a brief discussion of the complexity of the algo-
rithms. The baby step-giant step algorithms to compute the regulator R of a
real quadratic congruence function field K have a complexity

0 <q%deg(D))’

where we use normal Big-O notation. This follows e.g. from a result of [9]
which is known as the Brauer-Siegel Theorem for algebraic function fields:

log(h)
g—o0 10g(q9_1) N

)

where g denotes the genus and h the divisor class number of K. Since g =
1/2deg( D) — 1, we may assume that

=0 (qF*P)).

On the other hand, we know that h = R - h/, where h’ denotes the ideal class
number of K. In general, we expect on average that h’ is small, and that h’

is 1 almost always. If the regulator is big, we may assume that in most cases
h' =0(1), and then

R—0 (q%deg(D))'

Furthermore, if we assume that an analogue result of Levy’s Theorem is true
(see for example [41], Theorem 5.1), then

m =O0(R) =0 (q% deg(D)).
We see that an optimal choice for the number of baby steps s should be
s~ O (q%deg(D)),
and that the number of giant steps
2= 0 (q%deg(D)»

In the continued fraction expansion there are only operations which depend
on polynomial arithmetic in finite fields. We know from Proposition 3.2 that
the degrees of the polynomials are bounded by deg( D). The same argument
holds for the quantities appearing in the ideal product, and by Theorem 9.4
the number of steps to reduce a primitive ideal is O(deg(D)). Thus, the
complexity of a giant step and a baby step is polynomial in log(q) and deg( D ),
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i.e. O((log(q))¢ deg(D)?) for appropriate ¢, 3 > 0. Asymptotically, those
factors are included in O (¢ 1/4 deg(D) ). Then the total complexity equals

O(s+2z2)=0 (qi deg(D)).
The baby step algorithms have a complexity of
0 (q% deg(D)) ,

because m iterations in the continued fraction expansion have to be per-
formed. Thus, the combined baby step-giant step strategy produces a very
quick method to calculate R.

In this paper, we have discussed various elementary results and algorithms
in the infrastructure of real quadratic function fields of odd characteristic. In
particular, we showed explicitly how Shanks’ baby step-giant step algorithm
known from the group-like setting also generalizes to the infrastructure in the
ideal class group of a real quadratic function field. With this model, more
involved methods such as the ones in [32, 33, 31] are applicable. There, the
authors were able to optimize computations by making use of the arithmetic
of the zeta function and an approximation of the divisor class number A of K.
The idea in those papers is as follows: First, one uses the analytic class number
formula for A in order to derive an approximation F of h. By evaluating all
Euler factors up to a degree A, one obtains E and also computes a real number
U such that

|h—E| <U.
Thus h € [E — U,E 4+ U]. One then uses a generic method such as the
baby step-giant step method or the Pollard rho method for searching through
the interval [E — U, E 4+ U] to compute h. By choosing A ~ (2¢g — 1)/5,
one then obtains an approximate complexity of the algorithm of O(g 20 ).
For details on the complexity and an implementation, we mention [31]. For
generalizations and further results, we refer to [35, 24].
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