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Abstract: In this work, by using Pauli matrices, we introduce four families of polynomials indexed over the positive
integers. These polynomials have rational or imaginary rational coefficients. It turns out that two of these families are
closely related to classical Lucas and Fibonacci polynomial sequences and hence to Lucas and Fibonacci numbers. We
use one of these families to give a geometric interpretation of the 200-year-old class number problems of Gauf3, which is

equivalent to the study of narrow ideal classes in real quadratic number fields.
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1. Introduction

A number field, K, is a finite extension of Q. Elements of K that are roots of monic polynomials with integral
coefficients form a subring of K called the ring of integers of K, denoted by Zy . Being an extension of Z,
Zy shares many properties with Z. However, determining for which K Zg is a unique factorization domain
(which is in this case equivalent to being a principal ideal domain) is one of the most fundamental open questions
of algebraic number theory. A measure for this property is the class number of K, denoted hg, that is the
order of the ideal class group H(K), which is the multiplicative group of ideals of Zyx modulo the subgroup of
principal ideals. The class number hx = 1 if and only if Zk is a unique factorization domain.

As Zj is a Dedekind domain, every fractional ideal of K can be generated by at most two elements.
Hence, one has a map from projectivized ordered pairs of elements of Zy , which is a group under ideal
multiplication denoted by H'(K), to Hg . This map is bijective exactly when Zx admits a unit of norm —1.
Otherwise, this map becomes a 2-to-1 map and the group H¥(K) is called the narrow class group. Analogously,
the order of H(K), denoted h*(K), is called the narrow class number.

Let us now restrict the extension degree to 2, i.e. consider the quadratic case. Any such number field
K is equal to Q(v/d) for some square-free integer d. In this case, both the narrow class group and the class
group are computed using the corresponding binary quadratic forms of Gauf} [4]. Whenever d > 0, K is called
real quadratic, and whenever d < 0, K is called imaginary. In fact, for the imaginary quadratic case Gaufl
determined “almost” all such number fields with class number one. It turns out that Zjy is a principal ideal
domain if and only if d € {-3,—4,-7,—8,—11,—19,—43, —67,—163}. However, the question of determining
real quadratic number fields of class number one is still open and is referred to as the class number one problem
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of GauBl. It must be noted that the number of such number fields is expected to be infinite.

In this paper, we introduce four families of multivariate polynomials named Ay, By, Cy, and Dy . This
work is focused on studying the family Ay, though we point out properties of the remaining three polynomial
families, too. For instance, we will see that the polynomial family By, is closely related to Fibonacci polynomials.
The family Ay will be called multivariate Lucas polynomials. This naming stems from the fact that if one reduces
these polynomials to one variable, then the classical Lucas polynomials are obtained. A similar phenomenon
occurs for the family By ; that is, they restrict to classical Fibonacci polynomials. Our main motivation for
introducing such a family of polynomials is that given any real quadratic number field K we use multivariate
Lucas polynomials to define an affine surface, called the cark surface of K, whose integral points are in one-to-
one correspondence with narrow ideal classes in K. This allows us to access the more than 200 years old class
number problems of Gaufl from a completely different point of view. Indeed, cark surfaces produce high degree
projective surfaces, which are conjecturally Kobayashi hyperbolic. By a conjecture of Lang they have finitely
many Q-rational points. The reader is suggested to consult [13] and the references therein for further details
on this point of view.

This paper is organized as follows: the next section is devoted to defining and establishing basic properties
of the aforementioned polynomial sequences. In particular, multivariate Lucas and Fibonacci polynomials are
defined. In the last section, after a quick review of narrow ideal classes and the narrow ideal class group of a
quadratic number field, we define the automorphism group of a narrow ideal class. In the real quadratic case,
this group is isomorphic to Z generated by a hyperbolic element of PSLy(Z). Using this we attach an infinite
bipartite ribbon graph, called ¢ark in a joint work of the author with Uludag and Durmus [11], to a narrow

ideal class and show how they give rise to integral points of an appropriate affine surface.

2. Multivariate Lucas and Fibonacci polynomials

In this section, we will introduce four families of polynomials, Ax, By, C, and Dy, indexed over positive
integers. These polynomials have either rational or imaginary rational coefficients. The second part is devoted
to listing certain properties that will be required in upcoming sections.

2.1. The families Ag, Br,Cy, and D

Pauli matrices, which have proven themselves to be useful tools in the context of quantum mechanics, are

defined as
_ (0 1 B 0 —v/—1 (1 0
w=( o) == (A ) = D)

They are of order two and satisfy 10203 = v/—1. They are traceless and their determinant is —1; hence, their
eigenvalues are +1.

Together with the identity matrix Pauli matrices form a basis for the vector space of matrices of size
142y =«

2 x 2 with complex entries. In particular, for the matrix M (z,y) = < y 1

> with z and y being complex

variables, the coefficients of I, o1, 02, and o3 become A = %(2 +ay), B = %(ac +y), C = ‘/Tj(x —y), and
D = %, respectively. More generally, for a sequence of even number of complex numbers z1,y1,...,Tg, yx We
define

M(xlvyla v 7xk,yk) = M(xlayl) et M(mkayk)
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Then there should exist polynomials Ay, By, Ck, and Dy in z1,y1,..., %k, Yr So that

M=A,-I+By-01+Cy-09+ Dy -03.

For instance, for M (z1,y1,x2,y2), one finds immediately that

1
Az, y1,22,2) = (24 (21 +22)(y1 +y2) + T12201%2),

Bs(x1,y1, %2, y2)

2

1
5((961 +x2) + (Y1 + y2) + z2y1 (71 + ¥y2)),

V=1

Ca(z1,y1,72,92) = (@1 +22) = (Y1 + y2) + z2v1(z1 — Y2)),

2

1
Dy(x1,y1,2,92) = g(iﬂl(yl +y2) — x2(y1 — y2) + T12291Y2)-

The four families of polynomials satisfy the following recursive relations:

L2kl 41,2000k gkt 1,2,k pkt1l 1,2,k k41 1,2,..,n yk+1

ALy = A, AT+ By B+ C Ci™ + D, DY
1L2,0k+1  _ pl2.k 4k+1 1,2,k pkt1 (1,20 k k1 1,2,0n k1

By = By AT+ A B+ v=1(Cy Dy =Dy )
L2kl A2k gkt 1,2,k k41 1,2,...k pkt1 1,2,..,n yk+1

Ciii = C, AT+ AL Ci™ +V-1(D, B — By Di™)
1L2k+1 L2000k gkt 1,2,k k1 1,200,k vkt 1,2,00m k1.

D, = D AT+ A Dy +V=1(B;, G O Bi™);

where A" " stands for Ag(@i,,Yi,, ..., T, Yi, ). This set of relations can be obtained directly from the

relations among Pauli matrices. It must be pointed out that this is not the only set of equations that define the

families Ay, Bk, C, and Dy. In fact, if we let p(k) denote the number of partitions of the positive integer k,

then there are 3p(k)-many different such formulations.

We refer to Tables 1, 2, 3, and 4 for the first four members of these families, in which to avoid rational

coefficients we multiplied each polynomial by 2.

Table 1. First few members of the family A .

24,

T1y1 + 2

24,

T1T2Y1Y2 + T1y1 + Tayr + T1Yo + Toy2 + 2

24,

T1T2X3Y1Y2Y3+T122Y1Y2+T2T3Y1Y2 +T122Y1Y3+T1T3Y1Y3+21T3Y2Ys+
ToT3Y2Y3+T1Y1 +T2Y1 +T3Y1 +T1Y2+Tayo +T3y2+T1Y3+Tays+x3ys+2

244

T1T2T3T4Y1Y2Y3Y4 + T1T2T3Y1Y2Y3 + T2T3T4Y1Y2Y3 + T12223Y1Y2Y4 +
T1T2T4Y1Y2Y4 + T1T2T4Y1Y3Y4 + T1T3T4Y1Y3Y4 + T1XT3T4Y2Y3ys +
T2T3T4Y2Y3Y4+T1T2Y1Y2+T2T3Y1Y2+T2TaY1Y2 +T1T2Y1Y3+T1T3Y1Y3+
T2T4Y1Y3 + T3T4Y1Y3 + T1T3Y2Y3 + T2T3Y2Y3 + T3T4Y2ys + T1T2Y1Y4 +
T1T3Y1Y4 + T124Y1Y4 + T1T3Y2Ya + T2T3Y2Y4 + T1T4Y2Ya + T2T4Y2Ys +
T1T4Y3Y4 + X2X4Y3Ys + T324Y3Ys + T1Y1 + Toy1 +T3y1 + Tay1 +21Y2 +
Toy2 +T3Y2 + TaY2 + T1Y3 + T2Y3 + T3Y3 + Tays +T1Ya + Tays + T3ys +
Tqys + 2
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Table 2. First few members of the family Bj .

2B,

T+

2B,

T122Y1 + T2Y1Y2 + 1 + 22 + Y1 + Y2

2B;

T1X2T3Y1Y2+T2T3Y1Y2Y3+T1X2Y1+T1X3Y1 +T1X3Y2+T2T3Y2+X2Y1Y2+
T2Y1Ys + T3Y1Ys + T3YayYs + 1 + T2+ 23+ Y1 + Y2+ Y3

2B,

T1T2X3T4Y1Y2Y3 + T2T3TaY1Y2YsYs + T1T2T3V1Y2 + T1T2TaVr1y2 +
T1T2X4Y1Y3 + T1T3T4Y1Y3 + T1T3T4Y2Y3 + T2T3TaY2Y3 + T2T3Y1Y2Ys +
T2T3Y1Y2Y4 + T2TaY1Y2Y4 + T2T4Y1Y3Y4 + T3T4Y1Y3Y4 + T3T4Y2Y3ya +
T1T2Y1+T123Y1 +2124Y1 +T1T3Y2+T2T3Y2 +T1T4Y2+T2T4Y2+T2Y1Y2+
T124Y3+2224Y3+2324Y3+22Y1Y3+23Y1Y3 +T3Y2y3 +T2y1Ya+T3y1ya+
TaY1Ya +T3Y2Ya +TaY2Ya + Tay3Ya +T1 + T2+ T3+ Ta+ Y1+ Y2+ Y3+ Y

Table 3. First few members of the family Cj .

2C

\/jl(ﬂﬁ — Y1)

2C5

V—1(r122y1 — T2y1Y2 + 1 + T2 — Y1 — Y2)

2C5

V=121 Z223Y1Y2 — T2T3Y1Y2Y3 + T1T2Y1 + T1T3Y1 + T1T3Y2 + T2X3Y2 —
ToY1Y2 — T2Y1Y3 — T3Y1Y3 — T3Y2ys + 1 + To + T3 — Y1 — Y2 — Y3)

2Cy

V1212203841 Y2Y3 — T2X3T4Y1Y2Y3Y4 + T1T2T3Y1Y2 + T1T2T4Y1Y2 +
T1T2T4Y1Y3 + T1X3T4Y1Y3 T T1T3T4Y2Y3 + T2T3T4Y2Y3 — T2X3Y1Y2Y3 —
T2T3Y1Y2Y4 — T2TaY1Y2Ys — T2TaY1Y3Y4 — T3TaY1Y3Ya — T3TaY2Y3Ya +
T1T2Y1 +T123Y1 +T1T4Y1 +T1T3Y2+T2T3Y2+T1T4Y2+T2TaY2 —T2Y1Y2+
T1T4Y3+T2T4Y3+T3T4Y3 —T2Y1Y3 —T3Y1Y3 —T3Y2Ys —T2Y1Ya —T3Y1Y4 —
T4Y1Ys — T3Y2Ys — TaYoYs — Taysys + 21+ To + X3+ T4 — Y1 —Y2 — Y3 —Ya)

Table 4. First few members of the family Dj.

2D,

T1Y1

2D,

T1T2Y1Y2 + T1Y1 — T2Y1 + T1Y2 + T2y

9Ds

T1X2T3Y1Y2Y3+T122Y1Y2 —T2T3Y1Y2+T1T2Y1Y3+T1X3Y1Y3+T123Y2Ys+
ToX3Y2Y3 +T1Y1 — Tay1 —T3Y1 + 1Yz +Toy2 —X3Y2 +21Y3 +T2Y3 +2T3Y3

2D,

T1T2X3T4Y1Y2Y3Y4 + T1T2X3Y1Y2Y3 — T2T3T4Y1Y2Y3 + T122T3Y1Y2Ys +
T1T2X4Y1Y2Ys + T1T2T4Y1Y3Y4 + T1XT3T4Y1Y3Y4 + T1T3T4Y2Y3Ys +
T2XT3T4Y2Y3Y4+T1X2Y1Y2 —T2T3Y1Y2 —T2L4Y1Y2+2T1T2Y1Y3+L123Y1Y3—
T2T4Y1Y3 — T3T4Y1Y3 + T123Y2Y3 + T2X3Y2Ys — T3T4Y2Y3 + T1T2Y1Y4 +
T1T3Y1Y4 + T1T4Y1Y4 + T123Y2Y4 + T2X3Y2Ya + T1T4Y2Y4 + T2T4Y2Ys +
T1T4Y3Ya + TaTaY3Ya + T3T4Y3Y4 + T1Y1 — T2Y1 — T3Y1 — TaY1 + T1Y2 +
ToY2 —T3Y2 —T4Y2 +T1Y3+T2Y3+T3Y3 —TaYz +T1Ya +T2Ya +T3Ya + T4y

2.2. Properties

The following is a list of properties satisfied by these polynomials:

1

e By,Ck,and Dy do not have any degree 0 term. That of Ay is equal to = - 2.

o For any integer k > 1 neither of the families contain a term of the form =z

o The families of polynomials Ag(z,y,z,y,...,x,y) and Dg(x,y,x,y,...,2,y) comprise only monomials of

the form z'y! for every 1 <1< k. As a result, all monomials in A; and Dj are of even degree.

1546
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o The families of polynomials By(z,y,z,y,...,z,y) and Cx(z,y,z,vy,...,z,y) comprise only monomials of
the form xlyl"’l forevery 1 <1 <k—1 and xl‘Hyl for every 1 <1 < k — 1. Moreover, the number of
terms of the form z'y'T! is equal to the number of terms of the form z't'y'. As a result, all monomials

in By and C} are of odd degree.

e The degrees of Ay and Dy are 2k, whereas those of By and Cj are 2k — 1.

o 24A1,2By, \/%TC’“ and 2Dy, are elements of the ring Z[x1,y1,. .., %k, yx] and are irreducible in this ring.

Proofs of the facts listed above can be obtained by induction, which we leave to the reader. The proof

of the following theorem exemplifies arguments involved in such proofs. For its statement let us recall that the
kT Lucas polynomial, Ly (), is defined as Ly(z) = 27%((x — Va2 + 4)F 4 (x + V22 + 4)F). For k > 1, Lucas
polynomials satisfy the recursion Lyyi(z) = xLi(x) + Ly—1(x), with initial conditions being Ly(z) = 2 and
Ly(z) = . The first few Lucas polynomials are Lo(z) = 2% + 2, L3(z) = 23 + 3z, Ly(z) = 2* + 422 + 2.

Theorem 2.1 The polynomial 2Ag(x,x,...,x) s equal to the 2k Lucas polynomial, denoted by Loy(x).

Proof We know that Loy (z) = xLog—1(x) + Lox—1)(z). Writing the same recursion formula for Loj_1(7),
multiplying by z, and subtracting from the first, we obtain Loy (x) = (2% + 1)Lo(k—1) +xLog_3(x). Solving for
xLog_3(x) from the recursion for Lg,_1)(x) we finally obtain the recursion formula for the even terms in the
Lucas polynomial sequence, which reads Loy (x) = (2 + 2)Log_1)(2) — Lag—2)(x) for k > 2. On the other
hand, by definition, we have M(x,z,...,x) = M(z,7)*. As noted above for k = 1, 24 = 2 + 22, B = 2z,
C =0, and 2D = 2%. Suppose that M*~! = f,_1(x) + Bgp_1(x)o1 + Cgrp_1(x)os + Dg_1(x)o3. If we write
MP* with respect to the basis consisting of identity and the Pauli matrices then we obtain the following set of

equations:

Afp_1(z) + B?gr—1(2) + C?gr—1(2) + D?gi_1(z)),
gr(r) = Agp_1(x)+ fu—1(x).

=
8

~—
[

We rewrite the first equality using det(M) = 1 = A2 — (B% + C? + D?) and get fp(x) = Afp_1(x) + (A% —
1)gr—1(z). This establishes the fact that there are polynomial families f; and gx indexed over the set of
positive integers so that M* = fi.(z) + Bgi(x)o1 + Cgr(z)o2 + Dgi(x)os. A short algebraic manipulation of
these equations gives us the recurrence relation fii1(x) = 2Afx(x) — fr—1(x), subject to the initial conditions
of fo(x) =1 and fi(x) =24 =2+ 22. O

Let us remark that the above method can be applied in a slightly more general setup where one obtains
polynomials f; and gr of A and det(M); see [5]. One may immediately ask analogous questions for the
remaining polynomial families. It is immediate to prove that Ci(x,z,...,z) = 0 for any positive integer
k. The probably more interesting result is the following result, whose proof is almost identical (the only

essential difference being determining the initial condition) to the proof of Theorem 2.1 and therefore will be

omitted. For the statement of the theorem let us note that the k*' Fibonacci polynomial is defined as Fj(z) =

gk (E+VTPFD* — (z— VT D)

—— . For k > 1 Fibonacci polynomials satisfy the recursion Fyy1(x) = xFg(x)+Fi_1(x)
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subject to the initial conditions Fy(x) =0 and Fj(x) = 1. The first few Fibonacci polynomials are Fy(z) = =z,
F3(x) =22 +1, Fy(z) = 2 + 2.
Theorem 2.2 The polynomial By(z,x,...,x) is the 2kt Fibonacci polynomial, denoted by For(x).
Encouraged by Theorem 2.1, we give the following;:
Definition 2.3 For k € Z>, we call the polynomial 24, the 2kt multivariate Lucas polynomial and denote
it by Lo . Similarly, we define the 2kth multivariate Fibonacci polynomial as By and denote it by Foy .
To answer the analogous question for Dy we note the following:
Proposition 2.4 For any positive integer k we have

By(z,z,...,2)  Dg(x,z,...,1)

2z 2

Proof [Sketch of proof.] Using the method above, one obtains a recursion formula for the polynomial

2Dy (z,z,...,x)

> , which is exactly the same as Fibonacci polynomials with the same initial conditions. O

Lucas numbers are defined recursively as Ly = 1, Ly = 3 and Liy1 = Ly + Li—1. The multivariate
Lucas and Fibonacci polynomial families enjoy the expected properties of their one variable versions, which are

consequences of Theorems 2.2 and 2.1. For instance, L£55(0,0,...,0) =2, Lox(1,1,...,1) = Loy, where Lo

denotes the 2kt Lucas number. We also have:
Lok (1,41, Th—1,Yk-1,0,0) = Log—1)(T1, Y15 -+, Th—1, Y—1)-
We may then obtain the following using induction:
Lemma 2.5 For any positive integer | we have
Loy (1,915 Ths Yk, 0,0,...,0,0) = Log (1, Y1, - - -, Tk, Yk )-
NCRLERNREA

20—many

Fibonacci numbers are defined recusively as Fy41 = F), + Fi—1 subject to the initial conditions Fy =0

and Fy = 1. Similar properties hold also for the Fibonacci family Foy. Namely, For(1,1,...,1) = Fy, where
F5, stands for the 2kt Fibonacci number. We finally have

For(®1,91, -+ Th—1,Yk—1,0,0) = Foe—1)(T1, Y15+ -+, Th—1, Y1)

We invite the reader to discover the related phenomenon for the families Cy and Dy.
The generator 1 of the group Z/kZ acts on the ordered pair (z1,y1,...,2k,yx) by sending it to

(Thy Yks 1, Y15 - - - Th—1,Yk—1) . This action leaves Lo invariant; that is,

£2k(1 ! (xlayh s axkvyk)) = ‘C2k(x17y13 v 7xk,yk)' (21)

1548



ZEYTIN/Turk J Math

Indeed, this symmetry can be seen easily by considering the action on the matrix M (z1,y1,..., Tk, Yk)
and noting that the trace is invariant within a conjugacy class. This property has the consequence that for any
1<i<k:

Lok(z1,Y1, -+, Ti1,Yi-1,0,0, i1, Yit1, - - -, Ty Yk)

= Loe—1)(T1,Y1, -+, Th1, Y—1)-

Although By and C} do not enjoy such a property, let us state, without the proof, the following symmetry
of Dki
L Di(y1, 21,5 Yks T) = Dp(T1, 91, -+ Ty Yi)-

3. Cark surfaces

The main aim in this section is to define ¢ark surfaces using the multivariate Lucas polynomials and obtain a
one-to-one correspondence between integral points of these surfaces and narrow ideal classes. Throughout K
stands for a real quadratic number field. We will only explain the theory of narrow ideal classes in such fields,

although a much more general theory exists. Interested readers may consult [6-8].

3.1. Narrow ideal classes.

For such a number field K, there is a square-free positive integer d so that K = Q(\/a) Since the extension

degree is two its Galois group is of order 2, and for any element a € K, by @ we denote the image of «

under the unique nontrivial element. The ring of integers, Zg , of K = Q(\/&) depends on d. More precisely,
Zx =1-7Z ++/d-7Z whenever d=2,3 mod4 and Zg :1-Z+1+T‘/EZ if d=1 mod4. A subset a of K

is called a fractional ideal of Zy (or K) if a is a 2-dimensional Z-module and for which there is an integer
& € Z so that &a C Zg . Note that the product of two fractional ideals is again a fractional ideal. The norm of
a fractional ideal a, denoted by N (a), is defined as g%[ZK : €a], where [Zk : £a] stands for the index of £a in

Zy . As £a is an ideal in a Dedekind domain, there are at most two elements «, 8 € £a so that («a,8) = €a. In

this case, we say that a = (%, %) and the elements are called the generators of a.

For a fractional ideal a generated by «a,f € K, the function f, defined on the ideal a sending any

| 2%

element v € a to N(a) is an integral valued binary quadratic form on a. If we write v = Xa+Y 3 then we have

fo(X,Y) =aX?+bXY +cY?, where a = #au)’ b= affé_gﬁ ,and ¢ = % One finds that the discriminant of

this form, A(fs) := b — 4ac, is equal to 4d if d =2,3 mod 4 and is equal to d if d =1 mod 4, i.e. is equal
to the discriminant of K. Given a square-free d, the discriminant of the corresponding number field is called a
fundamental discriminant. As a result of the choice of « and 3, f, is integral; that is, a,b,c € Z and as d > 0
the form f, is indefinite. The binary quadratic form f, is, in addition, primitive, i.e. the greatest common
divisor of the coefficients a, b, and c is 1.

To avoid ambiguity caused by the ordering of generators, we say that a basis («, ) of a is oriented if
@B — af > 0. Any element of K of positive norm, say )\, maps an oriented basis to an oriented basis via
sending (o, 8) to (Ao, AB). We define two fractional ideals a and b to be equivalent if there is an element

A € K of positive norm so that a = Ab. The set of equivalence classes of fractional ideals in K is denoted by
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HT(K) and is a group under multiplication called the narrow class group. An element of H+(K) is denoted by
[a] = [, 8] and is called a narrow ideal class. Note that whenever Zj has a unit of norm —1, H*(K) turns
out to be isomorphic to the classical ideal class group H(K), or else it is a degree two extension of the class
group. In either case, we say that a narrow ideal class of [a] in HT(K) lies above its ideal class in H(K).

We refer to [12] for details and proofs of the facts above.

3.2. Automorphisms of narrow ideal classes

The group PSLy(Z) acts on the set of indefinite integral primitive binary quadratic forms via change of variable.
The PSLy(Z)-orbit of f is denoted by [f]. For such a form f(X,Y) = aX? + bXY + cY? its stabilizer

is isomorphic to Z. We call the equation X2 — AZ? = 4 the corresponding Pell equation, where A is the
z—2zb _

discriminant of f. The map sending an integral solution (z,z) to the matrix W(z,z) = < 2 . +czzb) gives

2

az
a bijection from the set of integral solutions of the corresponding Pell equation and the stabilizer of f. By
(%o, 2o) we denote the solution that has the smallest positive second component among all solutions. It is called
the fundamental solution. The matrix Wy = W (x,, z,) is called the fundamental automorphism of f, which is

the generator of the stabilizer of f [1, Theorem 2.5.5]. The other generator is Wf_1 = W(zo, —2,). A direct

result of this is the following:

Corollary 3.1 If f is an integral primitive indefinite binary quadratic form of discriminant A and W is an
automorphism of f, then tr(W)? —4 = 22A for some 2z € Z.

If f= fa for some narrow ideal class a of K, then an element W of the stabilizer (Wy) is called an
automorphism of a and the matrix W(z,,z2,) (with z, > 0) is called the fundamental automorphism of a.
We remark that the fundamental automorphism of all narrow ideal classes of K arises from the same solution;

hence, the fundamental solution (z,,z,) is an invariant of the number field.

1 1
therefore induce the isomorphism PSLo(Z) = Z/2Z + Z/3Z. In particular, W; can be written as a word in

The two matrices S = (0 01) and L = (1 01) generate the modular group PSLy(Z) freely and

S, L, and L?. Without loss of generality, we may assume that W has no cancellations.

The action of PSLy(Z) on the set of narrow ideal classes of K is defined as v-(«, 8) — (pa+¢8,ra+sg),
where v = (i’) ;]) . Note that fy.o =~ fa. The correspondence defined as [a] — [fa] is one-to-one; see [12,

§10, Satz]. This correspondence is far from being onto as there are many primitive forms of the non-square-free
discriminant. For instance, if f = (a,b,c) is an indefinite binary quadratic form arising from Q(v/d) with d
being square-free (hence, its discriminant A is either d or 4d depending on the class of d € Z/4Z), then for
any prime number p > 2 not dividing a, the form (a, bp, cp?) is a primitive form of discriminant p?A.

One can also prove that the correspondence [a] — [Wy, ], where [Wy, | stands for the conjugacy class of
the stabilizer of f,, is one-to-one [11, Proposition 2.1]. As above, this correspondence is not surjective even

when one restricts to primitive elements (i.e. elements that are not powers of other elements).
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3.3. Carks

The modular group PSLy(Z) acts on the upper half plane § = {z € C: Im(z) > 0}. An element v = (f Z)

sends an element z € h to 2242 ¢ . Fixed points of the matrices S and L are v/—1 and (3 = e2mV=1/3

rz+s
respectively. We mark +/—1 by a o and (3 by e. These points are on the unit circle centered at 0 € C.
The PSLo(Z) orbit (in h) of the part of the circle between o and e is defined as the Farey tree, which will be
denoted by F; see Figure 1.

Figure 1. The Farey tree, F.

The Farey tree is by construction bipartite and planar. Moreover, it admits a free action of PSLy(Z) in
such a fashion that edges of the Farey tree can be identified with elements of PSLo(Z). A similar correspondence
holds between vertices of type o (resp. ) and cosets of the torsion subgroup {I,S} (resp. {I,L,L?}). Hence,
for any subgroup I' of PSLy(Z), one may talk about the quotient graph, T'\.F, which is again bipartite but
not necessarily planar as a ribbon graph. In such a graph, every vertex of type e is of order 1 or 3 and every
vertex of type o is of order 1 or 2. In particular, the full quotient, PSLy(Z)\b, is called the modular orbifold.
Let us remark that the covering category consisting of étale covers of the modular orbifold is so rich that the
whole absolute Galois group can be recovered from it; see [10]. In [9], a project that outlines a is discussed.
The quotient PSLo(Z)\F has only two vertices; one is o and the other is ® with a single edge joining the two.

The conjugation action of PSLy(Z) on its subgroups is equivalent to the translation action of PSLy(Z)

on the set of edges of the corresponding graph, [11, Theorem 2.2]. Let us give the following:

Definition 3.2 Let a be a narrow ideal class in K. Then the graph (W )\F is called the cark corresponding
to a. This graph is denoted by €.

Similar to other correspondences stated, this is again one to one but far from being surjective, as there
are ¢arks that come from binary quadratic forms of the non-square-free discriminant. Nevertheless, carks that
come from a narrow ideal class inherit all invariants of ideal classes and corresponding binary quadratic forms,
e.g., discriminants and traces. The graph €, is planar, can be embedded in an annulus conformally, see[11,
§3.2], and has a unique cycle called a spine. The number of vertices on the spine is finite and the number of
vertices of type o on the spine is equal to the number of vertices of type e. The graph €, is then formed by
attaching Farey trees to all vertices of type e on the spine so that they should expand both inside and outside
the spine. FEach such attached Farey tree is called a Farey branch. The number of consecutive Farey branches
that point in the same direction is called a Farey bunch. The graph €, and hence the conjugacy class of Wy,
is completely determined by the formation of these Farey bunches and the number of Farey branches within

these bunches.
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Figure 2. The gark representing a = (2,/30).

Example 3.3 For K = Q(+/30), we set a = (2,v/30). N(a) = 2. This gives rise to the indefinite binary

11 30
4 11

Wy, = (LS)?L2S(LS)?L?S(LS)*. Figure 2 depicts the corresponding cark.

quadratic form fo(X,Y) = 2X% —15Y%. We have Wy, = ( ) and in terms of the generators one has

3.4. Carks as integral points

Let a be a narrow ideal class in K and Wy, € PSL2(Z) be its fundamental automorphism. Elements in the
conjugacy class [Wy ] can be partially ordered according to their lengths (i.e. number of letters S, L, and L?
that appear). Under the correspondence between the edges of the ¢ark €, and [Wy, | one may observe that
those that are of smallest length (called minimal words) correspond exactly to edges on the spine. Minimal
words are not unique because if W is such a word then so is SWS. In fact, minimal words can be written as a
disjoint union of those that start with S and those that start either with L or with L?. Among the latter there
are those that can be written of the form (LS)™ (L2S)™ ... (LS)™*(L?S)™*, where my,nq,...,mg,ng > 1.
To each such element in the conjugacy class, we associate the ordered pair (mq,nq,..., mg,ng) and call k the
length of the cark. Observe that the integers m,; represent the number of Farey trees in consecutive Farey
bunches that expand in the direction of the outer boundary. Analogously n; stands for the number of Farey
tree in the Farey bunches that expand in the direction of the inner boundary.

A couple of remarks are in order. If the conjugacy class of a word W gives rise to the sequence
(my,n1,...,mg,ng), then W gives rise to the same sequence repeated [ times, and in particular it is represented
by a 2kl-tuple. Let us define a ¢ark to be primitive if it is not a repetition of a shorter ¢cark. Therefore, although
W and W' give rise to the same binary quadratic form, their carks are different. Secondly, the number kq := k
is fixed for a narrow ideal class a and the length of the minimal word is equal to 2 Zle(mi + n;). However,
different narrow ideal classes of the same number field K may be represented by minimal words of different
lengths, e.g., for K = Q(v/30) Ht(K) = (Z/2Z)?, with two narrow ideal classes that lie above the class of the

principal ideal being represented by a 2-tuple, and as we have seen earlier (Example 3.3), the two narrow ideal
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classes lying above [(2,4/30)] being represented by a 4-tuple. We are now ready to prove our main theorem:

Theorem 3.4 Let K be a real quadratic number field of discriminant A. Then each narrow ideal class in K

gives rise to an integral solution of the equation
£2k(x17y17"'axk7yk)2_4:ZQA? (31)
for some positive integer k and for some z € Z, which depends only on K .

Proof We let k = ki be the maximum of k, as a runs through H*(K) and let A be the discriminant of
K. Set (x,,2,) to be the fundamental solution of the corresponding Pell equation X? — AZ? = 4. Remark
that for any narrow ideal class, the fundamental automorphism will be obtained using (z,, z,). For each gark
represented by a 2{-tuple, say (maq1,Ma,1,---Mai,Na,), for I < k we complete it to a 2k-tuple by appending
2(k—1) many zeros to the end of the tuple and obtain (mq,1,Mq,1;---Ma,i;Na, 0, ...,0). Given such a 2k-tuple,

say (mi,ny,...,mgng), we set:
W = (LS)™ (L*S)™ ... (LS)™ (L*S)"".

By construction the matrix W € PSLy(Z) is a fundamental automorphism of the binary quadratic form f.
Using the correspondence between automorphisms and solutions of the Pell equation X2 + AZ? = 4, see
Section 3.2, we obtain tr(W) = x = z, and this satisfies 22 —4 = Az2.

Now we observe that M(m,n) = (LS)™(L?>S)". The multivariate Lucas polynomial Lo = 2Aj
is merely the trace of the matrix M (z1,y1,...,2k, yx) and hence the trace of the matrix W is equal to

Lok(mi,na, ..., Mg, k). O

Definition 3.5 We let Cx C C2:5 denote the solution set of the equation

‘CQkK(xlvyla e akaaykK)Q —4= ZQAa
we refer to it as the affine cark hypersurface.

Recall that there is an action of Z/kZ on Ly . This means that the set C'x admits an action of Z/kxZ;

see Equation 2.1.

Definition 3.6 The affine cark surface of K is defined as the quotient Ck /(Z/kxZ). This surface will be
denoted by Ck .

Corollary 3.7 Let K be a real quadratic number field. Then there is a one to one correspondence between

integral points of the cark surface Cx and narrow ideal classes in K .

Proof One way this correspondence can be obtained is by using Theorem 3.4 and noting the fact that the
action of Z/kxZ does not change the conjugacy class of the fundamental automorphism of narrow ideal classes.

Conversely, if (mi,n1,..., Mg, Mg, ) is an integral point on Ck , one can construct the element
W = (LS)™ (L2S)™ ... (LS)™ (L?S)"*
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and look at the narrow ideal class that arises from the binary quadratic form whose fundamental automorphism
is W; namely, if W = (f g) then the corresponding indefinite primitive binary quadratic form is f(X,Y) =

3 (rX? + (s — p)XY — qY?), where 4 is the greatest common divisor of 7, s — p, and ¢. Since this point is a

solution of Equation 3.1, where by definition z, is minimal, the discriminant of this form must be square-free.
O

Let us conclude the paper with a few remarks. Instead of considering the fundamental solution we may
consider other z arising from nonfundamental solutions of the corresponding Pell equation. Even more generally,

we may treat z as variable in the equation and consider the affine hypersurface with equation
ﬁ?k(xla Y1, 7xkayk)2 —4= ZzA

in C2#+1, Each integral point on the quotient of this hypersurface with the obvious action of Z/kZ gives rise
to a binary quadratic form whose discriminant’s square-free part is equal to A. Such integral points give rise
to nonmaximal orders in Zg . One may then intersect the hypersurface with z = A\ planes, where \ € Z, and
then consider integral points of the intersection. In this case, again each integral point gives rise to a narrow
ideal class in an appropriate class group; see [2, Theorem 5.2.9]. One may generalize Corollary 3.7 immediately
to this case. Indeed, assuming one can compute the class number for K, or almost equivalently find the number
of integral points on the cark surface of K, one can determine the number of integral points of this surface; see
[3, Corollary 7.28].
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