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Kurzfassung. Wurzelsysteme und kristallographische Coxeter-Gruppen sind zen-
trale Werkzeuge in der Theorie der halbeinfachen Lie-Algebren. Eine ahnliche
Rolle sollen Weyl-Gruppoide in der Theorie der Nichols-Algebren spielen: Die
endlich-dimensionalen Nichols-Algebren vom diagonalem Typ wurden mit Hilfe
von Weyl-Gruppoiden klassifiziert. In dieser Dissertation sollen affine Nichols-
Algebren diagonalen Typs vom Rang zwei durch affine Weyl-Gruppoide, welche
als eine Symmetriestruktur betrachtet werden kénnen, klassifizert werden.

Wir fiithren affine Weyl-Gruppoide, affine kristallographische Arrangements
und die Korrespondenz zwischen ihnen ein. Wir definieren affine Weyl-Gruppoide
vom Rang zwei mit Grenzwert 1 und charakterisieren affine kristallographische
Arrangements vom Rang zwei mit Grenzwert 1.

Mithilfe von zwei Satzen von M. Cuntz erhalten wir alle Teilsequenzen der
Lange vier von potenziellen Perioden affiner charakteristischer Sequenzen. Wir
bestimmen deren zugehorige Bicharaktere und Cartan-Graphen. Dies schlief3t die
Klassifikation aller affinen Nichols-Algebren vom Rang zwei ab.

Abstract. Root systems and crystallographic Coxeter groups are key tools in
the theory of semisimple Lie algebras. Weyl groupoids play a similar role in the
theory of Nichols algebras: the finite dimensional Nichols algebras of diagonal
type were classified using Weyl groupoids. In this thesis, affine rank two Nichols
algebras of diagonal type are classified by rank two affine Weyl groupoids, which
can be seen as symmetry structures.

We introduce affine Weyl groupoids, affine crystallographic arrangements, and
the correspondence between them. We then proceed to give the definitions of affine
rank two Weyl groupoids with limit 1 and the characterization of affine rank two
crystallographic arrangements with limit 1.

Using two theorems by M. Cuntz, we obtain all of the length four subsequences
of potential periods of affine characteristic sequences. We compute their corre-
sponding bicharacters and Cartan graphs. This completes the classification of all
affine rank two Nichols algebras of diagonal type.

Schlagworte: Nichols-Algebra, Weyl-Gruppoid, affines Arrangement
Keywords: Nichols algebra, Weyl groupoid, affine arrangement
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Introduction

A Hopf algebra H over a field k is called pointed if all its simple left or right
comodules are one-dimensional ([2]). In order to make a classification of pointed
Hopf algebras, we need to study the structure of Nichols algebras. Theories of
Nichols algebras have a closed relation to that of semi-simple Lie algebras. Many
examples of Nichols algebras come from quantum groups.

One of the most important branches is the Nichols algebras of diagonal type.
Just like root systems and crystallographic Coxeter groups in the theory of semi-
simple Lie algebra, Weyl groupoids play an important role in the theory of Nichols
algebras. The finite-dimensional Nichols algebras of diagonal type can be classified
by using the Weyl groupoids. In this thesis, we classify infinite dimensional Nichols
algebras of diagonal type of rank two using the affine Weyl groupoids of rank two.

Weyl groupoids are the symmetry objects of Nichols algebras of finite group
type, which were first reported in [I7] and later in [1] in a more general setting.
An introduction about Weyl groupoids and their root systems was given in [19]
and [10]. To classify finite dimensional Nichols algebras of diagonal type, it is im-
portant to determine whether a given Cartan matrix (a categorical generalization
of the notion of a generalized Cartan matrix) has a finite root system. A number
of papers ([9], [12], [11], [13]) reported the characterization of these finite root
systems and a complete classification of finite Weyl groupoids has been made.

The theorems required for the classification share some common features: fi-
nite Weyl groupoids correspond to certain simplicial arrangements called crystal-
lographic [6]: Assume that A is a simplicial arrangement of finitely many real
hyperplanes in a Euclidean space V' and R is a set of nonzero covectors such that
A = {at|a € R}. For all a € R, assume that Ra N R = {£a}. The triple
(A, T, R) is called crystallographic, see [6, Def. 2.3], if for any chamber K the
elements of R are integer linear combinations of the covectors defining the walls
of K. The connection between a set of crystallographic arrangements of rank two
with n hyperplanes and the triangulations of a convex n-gon by non-intersecting
diagonals can be expressed by one bijection. It produces n-sequences, or on the
other hand, produces continued fractions (see Def. [3.10, Ch. 1).

In this thesis, we classify the affine Weyl groupoids of rank two who are more
general Weyl groupoids. These are meant to be the symmetry structures of Nichols
algebras which are not finite dimensional but almost, similarly to affine Kac-Moody
algebras. And we believe that our definition (see Def. [l.3| Ch. 2) is appropriate:
the axioms are the same as for ‘finite’ Weyl groupoids except that we replace the
finiteness of the root system by assuming that there is exactly one imaginary root
and that there does not exist other root system of the same type with more than
one imaginary root. These axioms correspond to conditions on arrangements (see
Def. , Ch. 2). The imaginary root corresponds a hyperplane which could be
viewed as the limit of the hyperplanes of the arrangement. Further, the notion
of Tits cone is introduced for connected Cartan graphs. For a Weyl groupoid,
the Tits cone is the whole space if and only if the associated Cartan graph’s root
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system is finite. For an affine Cartan graph, its corresponding Tits cone is a half
space minus one hyperplane.

As for finite Weyl groupoids of rank two, a parametrization is achieved by
certain characteristic sequences. Under some further natural conditions on the
imaginary root, an affine Weyl groupoid of rank two can be determined by a
sequence of n-sequences which are concatenated together (see Thm. Ch. 3).
The sequence is periodic if and only if a covering of the affine Weyl groupoid with
multiple finitely objects exists.

In the last part of this thesis, we give the main result and its proof.

THEOREM 0.1. If x is a bicharacter (see Def. Ch. 1) of an affine rank two
Nichols algebra of diagonal type, then x is one of the following types of bicharacters:

¢ ¢ ¢ . , -y .

(1) o—"—" ,( € ug, its corresponding period is [2,2,2,2,2,2];

(2) OC—C%?C € s, its corresponding period is [2,2,2,2,2,2];
¢t ("¢

(3) o———"—0,( € 12, its corresponding period is [2,2];

2 -2

(4) o—C%,C € ug, its corresponding period is [2,2];
¢ ¢ | S

(5) o———"—0 ,( € 2, ils corresponding period is [2,2];
¢ ¢ | .

(6) o———0 ,( € g, its corresponding period is [2,2];
¢? q q° o o .

(7) ,q € C\{£1}, it is a one-dimensional type bicharacter and
its corresponding period is [2,2];
¢ ¢ | T

(8) o———" ,( € o, its corresponding period is [1,4];
¢ ¢ (! , : Ny :

(9) o——"— ,( € us, its corresponding period is [1,4];

(10) OC—_lBl ,C € g, its corresponding period is [1,4];
¢ q¢*qt o o

(11) o0———0 ,q € C\{1 U po U u3 U py}, it is a one-dimensional type
bicharacter and its corresponding period is [1,4];
S | ‘ o

(12) o—"—0 ,( € s, its corresponding period is [1,3,1,6];
¢t

(13) &—"—" ,( € 12, its corresponding period is 1,3, 2, 3];
¢ ¢t

(14) &—"——0 ,( € 129, its corresponding period is [1,3,3,1,4,1,3,3,1,4].
where W, denotes the set of primitive mth roots of unity, C is the set of complex

numbers.

REMARK 0.2. With constraints of ¢;; and g;;¢;;, we can denote the bicharacters
of affine rank two Nichols algebras of diagonal type by generalized Dynkin diagrams
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(see Def. [I.11) Ch. 1). As for a generalized Dynkin diagram itself, it is only an
invariant.

Firstly apply Thm. (Ch. 4) four times, it yields a set of n-sequences E;5 and
a set of sequences Fj, both sets consist of elements whose length are at least five.
Apply Thm. (Ch. 4) again, we obtain the n-sequences set Fg and the set of
sequences Fy. For every element from FEjg or Fg, its length is at least six. The n-
sequences with lengths less or equal to five also should not be forgotten. By Thm.
(Ch. 3), all of length four subsequences of the potential affine characteristic
sequences are given. For these subsequences of length four, we computed their
associated bicharacters and Cartan graphs. Then we obtain the main result.

We organize the thesis in the following way: The first chapter are the prelimi-
naries consist of the basic notions, proposition and theorems of Nichols algebras,
Cartan graphs, Weyl groupoids, crystallographic arrangements, and so on. In the
second chapter, we recall the definition of affine crystallographic arrangements,
affine Cartan graphs and the correspondence between them. In the Chapter 3,
the notion of affine crystallographic arrangements with limit 1 and the interpreta-
tion of the periodicity of the affine crystallographic arrangements with limit 1 are
introduced. After the section of subsequences of n-sequences and the section of
bicharacters with entries not roots of unity, we give our main result and its proof
in the last chapter.

In this thesis, many associated lemmas, theorems and propositions come from
an unpublished manuscript of which I am the co-author [14]. And there are also
some parts come from my supervisor Prof. Cuntz [7]. I got these materials from
him through private communications in the past three years.
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CHAPTER 1

Preliminaries

1. Nichols algebras

In this section, we briefly introduce Nichols algebra and its history. Then we
recall the notion of bicharacter. More details of Nichols algebras are in paper
[2]. Before giving the definition of Nichols algebra formally, we need to recall the
notion of Hopf algebra.

DEFINITION 1.1. A Hopf algebra is a 6-tuple H = (H,pu,1,A,¢,S), where
(H,p,1) is a (unital associative) algebra, (H, A, ¢) is a coalgebra, and S : H — H
is a linear map such that A: H — H ® H and ¢ : H — k1 are algebra maps and
S satisfies

HoH<2H-2-HoH

(1d®5) l l le l (5®id)

Using Sweedler notation, this means that S(hu))h(2) = h@)S(he) = €(h) for all
heH.

DEFINITION 1.2. [2] Section 1.2] Let V' be a vector space,
c:VeV=VeV
a linear isomorphism with
(c®id)(id®c)(c®id) = (id ® ¢)(c ® id)(id ® ¢).
Then ¢ is a braiding, and (V) is a braided vector space.

Then we give the notion of Nichols algebra.

DEFINITION 1.3. [7] Define a map p : S, — End(V®") by:
For a transposition (i,7 + 1) € S,, let
p((Gi+1):=id® - RdecRid® - ®id,
where ¢ acts in the copies ¢ and i + 1 of V.
If w=m...7 is a reduced expression of w € .5,,, then
pw) := p(m1) .. p(7e).

Let &, == cs. p(w). The algebra

@ (V) / ker(S,,)

n>0

11



12 1. PRELIMINARIES
is called the Nichols algebra of (V,c).

There are some examples of Nichols algebras which were given in M. Cuntz’s
talk in Soltau, Germany (Mar. 2014).

EXAMPLE 1.4. e c(z®y)=y®Rzx foralzyecV:
B(V) = S(V) symmetric algebra

e c(z®y)=—y®x foralzyelV:
B(V) = A(V) exterior algebra

The Nichols algebra was first developed by W. D. Nichols in 1978. From
then on, considerable attention has been paid to this area and the subject is well
developed. Some important achievements for the research of Nichols algebra was
present below:

e In 1978, Nichols constructed examples of Hopf algebras.

e In 1988, Woronowicz built a quantum differential calculus.

e Abstract definition of quantized universal enveloping algebras was devel-
oped by Lusztig (1993), Rosso (1994) and Schauenburg (1996).

e In 1998, Andruskiewitsch-Schneider developed essential tool in the classi-
fication of pointed Hopf algebras

Actually, Nichols algebra is a special kind of Hopf algebra. There exists a
theorem about this fact.

THEOREM 1.5. [2] Prop. 2.2] The Nichols algebra is an Ny-graded braided Hopf
algebra.

To date, Nichols algebras have various branches (see [2]), such as the Hecke
type, the diagonal type, the non-Cartan diagonal type and finite non-abelian group
type. In this thesis, our attention focus on the Nichols algebras of diagonal type.
It is defined as follows.

DEFINITION 1.6. [2, Def. 1.6] Let {xy,...,z,} be basis of V,
C([Ei X Ij) = qijxj X ZTi, qij & (C
Then ¢ and B(V) are called of diagonal type.

DEFINITION 1.7. [2] Def. 1.2] Let H be a Hopf algebra and V' a module and a
comodule over H. Then V is called a Yetter-Drinfeld module if

(Sv(hv) = hlv_ls(hg) ® hovg Vh € HuveV.
A Yetter-Drinfeld module V is a braided vector space via
c:VRV-aVRV, vw—v_jw® .

In the following, we introduce the notion of bicharacter who plays an important
role in this thesis.
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DEFINITION 1.8. [18, Section 2| For a Nichols algebra of diagonal type, the
numbers ¢;;, 4,7 = 1,...,r define a bicharacter

X:Z XZ = C, ((ar,...,a,), (br,....b) = [] g
ij=1
THEOREM 1.9 (see [21]). Let (V,c) be of diagonal type. There exists a totally
ordered index set (L, <) and Z"-homogeneous elements X, € B(V), £ € L such
that

(xXpr Xy | v>0, by, b, €L, by >.0> 0,
0<mi<hy Vi=1,...,v}
is a vector space basis of B(V'), where
he=min{m e N|1+q+...+¢" " =0} U{oo}
and q, = x(deg Xy, deg Xy), ¢ € L.

And this fact also means that h; depends only on the Z"-degree of degX;
because B(V) is Z"-graded.

For finite cases, there exists a theorem of PBW generators of Nichols algebras
and root system of Weyl groupoids.

THEOREM 1.10 (see [17]). Let B be a finite dimensional Nichols algebra of
diagonal type. Let Ry be the set of degrees of the PBW generators of B. Then
R, U—R, s a root system of a finite Weyl groupoid.

As for the "Weyl groupoids’, we will give their definitions and related details
in next section.

In 2008, Heckenberger gives the definition of generalized Dynkin diagram of
bicharacter. We find that it is convenient to denote a bicharacter by a generalized
Dynkin diagram.

DEFINITION 1.11. Let x be a bicharacter on Z". The generalized Dynkin
diagram of y is a non-oriented graph with n vertices vy, ..., v,, where the vertex
v; is labeled by ¢;;. Let 4,7 € {1,...,n} with ¢ # j. If ¢;;¢;; = 1, then there is no
edge between v; and v;. Otherwise there is precisely one edge between them, and
it is labeled by ¢;;q;i. Notice that any Dynkin diagram itself is only an invariant.

DEFINITION 1.12 (compare to [2, Def. 1.6]). If (V,¢) is of diagonal type, then
we say that it is indecomposable if for all ¢ # j, there exists a sequence i =
i1,1g,...,4 = j of elements of {1,...,0} such that ¢; ;. ¢, .., #1,1 <s<t—1.
Otherwise, we say that the matrix is decomposable. For a Nichols algebra of
rank = 2, we denote its bicharacter by

(911 G12
X (Q21 CJ22) '
In this thesis, the cases of decomposable are not involved. We only consider

the cases that (V,c) are indecomposable. Thus our assumption is giag21 # 1.
According to the formula of bicharacter:
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C?j = _mln{mENO | 1+q'n+qz21++q:?:0 or qzlquqﬂ = 1}

if i#j and ¢ =2 (we will introduce this formula with more details later),

we find when we fix the minus minimum of m, the positions of entires g5 and
¢21 have nothing to do with the value of m. It implies that ¢;2 and go; can be
considered as one part. Thus for convenience, we can write ¢12¢o1 in the lower left

corner of the matrix:
q11 1
Gi12q21 G2/

2. Cartan graphs and Weyl groupoids

The general notion of a Weyl groupoid was introduced by Heckenberger and
Yamane [19] and redeveloped by Cuntz and Heckenberger in [10].

DEFINITION 2.1. [20, Section 1.1] Let I := {1,...,r} and {«;|i € I} the
standard basis of Z!. A generalized Cartan matriz C = (c;j)i jer is a matrix in
Z'™! such that

(M1) ¢;; =2 and ¢j; <0 for all 4, j, k € I with j # k,

(M2) if 4,j € I and ¢;; = 0, then ¢;; = 0.

DEFINITION 2.2. [10] Def. 2.1] Let A be a non-empty set, p; : A — A a map
foralli € I, and C* = (c;);rer a generalized Cartan matrix in ZI for all a € A.
The quadruple

C= C<[> A? (/%’)ie[; (Ca)aeA)
is called a Cartan graph if

(C1) p? =id for all i € I,

(C2) ¢, = cf;(a) foralla € A and i,j € I.

In the left of this section, all of the notions and remark without notes come
from the paper [10].

DEFINITION 2.3. Let C = C(I, A, (pi)icr, (C*)aca) be a Cartan graph. For all
i € I and a € A define 0¢ € Aut(Z') by

(2.1) o) = a; — ¢

The Weyl groupoid of C is the category W(C) such that Ob(W(C)) = A and
the morphisms are compositions of maps of with ¢ € I and a € A, where o is
considered as an element in Hom(a, p;(a)). We call the cardinality of I is the rank

of W(C).

DEFINITION 2.4. A Cartan graph is called connected if its Weyl groupoid is
connected, that is, if for all a,b € A there exists w € Hom(a,b). The Cartan
graph is called simply connected, if Hom(a,a) = {id*} for all a € A. And two
Cartan graphs C = C(I, A, (pi)ier, (C%)aeca) and C" = C'(I', A", (0))icr, (C')aear)
are termed equivalent if there are bijections ¢ : I — I’ and ¢1 : A — A’ such that

a; for all j € I.

p1(pi(a)) = P:oo(i)(‘ﬁl(a))a Ci;g?))¢0(j) = C?j,

for all 7,7 € I and a € A. We then write C = C’.
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Let C be a Cartan graph. For all a € A let
(Rre>a = {idaO'il . -aik(aj) ’ k € No, il, Ce ,ik,j € I} g ZI.

The elements of the set (R™)® are called real roots (at a). The pair (C, ((R*)*)aca)
is denoted by R™(C). A real root o € (R*)%, where a € A, is called positive (resp.
negative) if a € N! (resp. a € —N}).

DEFINITION 2.5. Let C = C(I, A, (pi)icr, (C%)aca) be a Cartan graph. For all
a € Alet R* C Z', and define m{; = |R* N (Noo; + Noa;)| for all 4,5 € I and
a € A. We say that

R =R(C,(R")aeca)

is a root system of type C, if it satisfies the following axioms.

(R1) R* = R% U—R%, where R% = R*NN{, for all a € A.

(R2) R“ﬁZOzZ = {al, —q;} foralli eI, a€ A.

(R3) 0%(R*) = R*(@ for alli € I, a € A.

(R4) Ifz ,J € I and a € A such that i # j and m{; is finite, then (pip;) ™ (a) =

a.

The root system R is finite if for all a € A the set R® is finite. By [10]
Prop. 2.12], if R is a finite root system of type C, then R = R™, and hence R is
a root system of type C in that case. The roots are called imaginary roots provided
they are not the real roots.

REMARK 2.6. If C is a Cartan graph and there exists a root system of type C,
then C satisfies

(C3) If a,b € A and id € Hom(a, b), then a = b.

The following definition constructs a connection between Weyl groupoids and
braided vector spaces.

DEFINITION 2.7. Let (V% ¢) be a braided vector space of diagonal type with
braiding defined by a bicharacter x* = (¢ij)ij=1,.., as above (with respect to a
basis x1, ...z, of V).

We call (V¢ ¢) locally finite if there is a well defined matrix (cf;)1<;j<n € Z™"
such that the following formula of bicharacter holds:

(2.2)

ci; = —min{m € Ny | I4+qi+q.+ - +q! =0o0rqlg;qu =1} ifi # jand ¢, = 2.

.....

Such a matrix (cj;) is called a Cartan matriz.

Let aq,...,a, be the standard basis of Z". Now we explain the construction
of the Weyl groupoid of a diagonal type Nichols algebra.

DEFINITION 2.8. Let o)X € Aut(Z’) acts on a bicharacter y,. Then we define
a new bicharacter y, = (0*) * x, by

(e, 8) = Xa((03") (), (1) 7 (B))-

Notice that o} = o**.
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Assume that the dimension of V' is two. The following definition offers a
technique to construct Cartan graph and characteristic sequence for a Nichols
algebra.

DEFINITION 2.9. Repeatedly applying the above steps, we yield a sequence

O_Xa72 O’Xﬂil O_Xao o_Xal
— Xa_1 2 Xao — Xay =
where each bicharacter y,, should be locally finite and produces a well defined
Cartan matrix CX«. The sequence of Cartan matrices connected by edges labeled

by the reflections is called the Cartan graph of x,,. We call the infinite sequence

_ Xa_1  Xag Xay Xag
c=(...,C 1,50, et sty

the characteristic sequence of CX% or B(V).
DEFINITION 2.10 (compare [9, Def. 3.1]). Let C = C(I, A, (pi)icr, (C*)aeca) and

C'=C'(I, A (p.)icr, (C")aecar) be connected Cartan graphs. Let 7 : A — A’ be a
map such that C'*(® = C® for all a € A and the diagrams

A oA
ﬂl,lﬂ
AN

commute for all # € I. We say that m : C — C' is a covering, and that C' is a
covering of C.

The composition of two coverings is still a covering. Any covering 7 : C — C’
of Cartan graphs C, C’ is surjective by the diagrams above, since A is non-empty
and C’ is connected.

3. Simplicial and crystallographic arrangements

The notions of (simplicial, crystallographic) hyperplane arrangements in T
will be recalled in this section. They were introduced in [15]. In order to apply
topological arguments, we fix an inner product (, ) of V' and V*. Further, denote
at = kera for o € V*. In this note, 0 € N.

DEFINITION 3.1 (see [15]). A hyperplane arrangement (of rank r) is a pair
(A, T), where T is a convex open cone in V = R", and A is a (possibly infinite)
set of linear hyperplanes such that H N'T # () for all H € A.

The arrangement (A, T) is called locally finite, if for every x € T there exists
a neighbourhood U, C T, such that sec(U,) is a finite set, where

secy(X) := U supp 4(z) ={H € A| HN X # 0}.
reX

If (A,T) is locally finite, the connected components of 7"\ | J,. 4 H are open sets
and will be called chambers, and denoted with K=/(A) .

Let A be a locally finite hyperplane arrangement, we associate to a chamber
K € K the walls of K
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WE.={HeH|(HNK)=H HNK = (}.
DEFINITION 3.2 (compare [15]). We call a hyperplane arrangement (A,7T)
simplicial, if
(1) A is locally finite,
(2) every K € K(A) is an open simplicial cone.
A locally finite hyperplane arrangement (A, T') is called thin, if WX C A holds for
all K € IC(A).
DEFINITION 3.3 (see [15]). We call a locally finite hyperplane arrangement
(A, T) spherical, if T = R". We call it affine, if
T={veV]|yw) >0}
For some 0 # v € V*. Such a ~ is unique up to multiples and called the imaginary
root of the arrangement.

REMARK 3.4. The cone of a hyperplane arrangement (A, T) is called T" as it
resembles the Tits cone for Coxeter groups. If T satisfies the following assumption,
the requirement of T to be convex can be omitted:

e 7' is an open and connected cone,
e 7' is the interior of its closure,
e A is thin,
o for H € A, T'\ H has exactly two connected components.
DEFINITION 3.5 (compare [I5]). Let V= R" and 7' C V be an open convex
cone. A root system (in T ) is a subset R C V* such that
(1) (A= {at | a € R}, T) is a simplicial arrangement in T
(2) (o) N R={+£a} for all « € R.

We call (A, T) the simplicial arrangement associated to R. Let K be a chamber.
The root basis of K is the set

BYX ={acR|atc WK a(x)>0foralzec K}
LEMMA 3.6 (compare [6, Lemma 2.2]). Let (A, T, R) be a simplicial arrange-

ment, K a chamber. Then R C £ _px Rsoa. That is, every root is a non-
negative or non-positive linear combination of BX.

DEFINITION 3.7. [6, Def. 2.3] Let (A, T, R) be simplicial as above. Then by
Lemma [3.6] (Ch. 1), fixing a chamber K we may define
R, :={BeR|Be D Rua}.
aeBK
Notice that R = R, U —R..

DEFINITION 3.8. [8, Def. 3.2] A crystallographic arrangement is a simplicial
arrangement with root system (A4, T, R) such that:

(3.1) RC ) Za.
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1 2 1
2 3
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1 1 1 2 2 1
1 3
1 2 2 1 1 3
4
4\ /23§ /33< 1,
1 2 1 2 1 3 3 1

Figure 1. Triangulations associated to and n-sequences.

for each K € IC(A).

REMARK 3.9. By (Ch. 1), if A is crystallographic, then in fact we even
have R C £ _px Na for all K € K(A).

By the notions of triangulations of polygons, the spherical crystallographic
arrangements of rank two can be parametrized. We briefly recall this correspon-
dence.

DEFINITION 3.10 (compare [1T], Def. 3.2]). We define the set € of n-sequences
recursively by:

(1) (0,0) € €.
(2) If (c1,...,¢c,) € &, then (cg,¢3,...,Ch1,Cn, 1) € E and
(CnyCn1y---,Co,01) €E.

(3) If (c1,...,¢,) € E, then (1 + 1,1, c0 4+ 1,¢3,...,¢,) €E.

The triangulations of convex polygons by non-intersecting diagonals correspond
to n-sequences which are also called quiddity cycles in [5]: To each vertex i we
attach the number of triangles adjacent to this vertex and obtain an n-sequence
(c1,¢2,...,¢n) € N (see Figure 1).

Finite crystallographic arrangements of rank two are in one-to-one correspon-
dence with n-sequences (see for example [11]). They could be expressed in the
following way. A given n-sequence is constructed recursively by definition. We
construct the set R, of the arrangements using the same recursion:

e The sequence (0,0) corresponds to ((1,0), (0,1)).
o If (¢1,...,¢,) corresponds to (aq,...,ay), then (¢; +1,1,c0 +1,...,¢,)
corresponds to (aq,aq + o, g, ..., ).

The coordinates of the elements of R, may also be computed using the triangu-
lation. To each vertex i, attach numbers ¢;(j),7 = 1,2,...,n, write 0 at vertex
1, 1 at each adjacent vertex, and if two vertices of a triangle have labels a and b
then write a + b at the third vertex. The number written at vertex j is ¢;(7) (see
Figure 1] (ii)). The numbers @;(j) are coordinates of roots of the associated Weyl
groupoid of rank two. Choose two neighbouring vertices i, i + 1 and write (1,0) at
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vertex ¢ and (0,1) at vertex ¢ + 1. Then if two vertices of a triangle have labels o
and (3, then write o + 5 at the third vertex (see Figure|l| (ii)). The set R, is then

Ry ={(¢i(4), pixa(4)) |7 =1,....n}.
For some fixed i (see Figure [1] (iii)).
The n-sequences also appeared earlier as the third line of frieze patterns (see
for example [5]). The numbers ;(j) are all entries of its associated frieze pattern.
We will illustrate this by an example in Section 2 of Chapter 3.

4. Weyl groupoids and crystallographic arrangements

Connected simply connected Cartan graphs are in one-to-one correspondence
with crystallographic arrangements (see [15] for more details).

ProPOSITION 4.1. [14] Let (A, T, R) be a crystallographic arrangement. Then

there exists a connected simply connected Cartan graph C with root system R such
that R = R* for some a € A.

PROOF. A construction of the desired Cartan graph C for R works in the same
way as for finite crystallographic arrangements, see [6]. The resulting Cartan
graph depends on a chosen starting chamber K, but all other choices for K yield
equivalent Cartan graphs. O

The Cartan graph constructed in Prop. (Ch. 1) is denoted by C(A, T, R, K).

THEOREM 4.2. [6, Thm. 5.4] Let 2 be the set of all crystallographic arrange-
ments and € be the set of all connected simply connected Cartan graphs for which
the real roots are a root system. Then the map

ANUA/y > C)n, (AT, R)—CAT, R, K),

where K is any chamber of A, is a bijection.







CHAPTER 2

Affine crystallographic arrangements

In this chapter, we introduce affine crystallographic arrangements and affine
Cartan graphs. The notion of characteristic sequences of affine crystallographic
arrangements is given. Then we recall the SLs-patterns of the half-plane. At
last, the correspondence between affine crystallographic arrangements and affine
Cartan graphs will be introduced.

1. Affine crystallographic arrangements and affine Cartan graphs

Affine crystallographic arrangements were introduced in [15] and affine Cartan
graphs were defined in [14].

DEFINITION 1.1. We call (A, T, R,v) an affine crystallographic arrangement
of rank r if (A, T, R) is a crystallographic arrangement and it satisfies one of the
following equivalent conditions:

(1) V=TU-T,1i.e. T is a half-space.
(2) Up to signs, there exists exactly one element 71 € R such that the hyper-
plane v is not a wall of a chamber of A. We call v, the imaginary root

of R.

REMARK 1.2. Let (A, T, R,v:) be an affine crystallographic arrangement of
rank .
(1) Since R is infinite, dim(R)g > 2.
(2) The hyperplane i is not a wall of a chamber. Every neighborhood U C
P(V*) of p(71) contains almost all elements of p(R).

DEFINITION 1.3. Let C = C(I, A, (pi)icr, (C*)aca) be a connected Cartan graph
of rank 7 (|I| = r) and assume that there exists a root system R of type C. Let
a € A be an object. Assume that there is exactly one imaginary root in R%, and
that there is no root system of type C with more than one positive imaginary at
a. Then we call C an affine Cartan graph and the Weyl groupoid W(C) an affine
Weyl groupoid.

REMARK 1.4. Since an affine Cartan graph is connected, the assumption on
the nummers of imaginary roots at a does not depend on the chosen object a.
PROPOSITION 1.5. Let C be an affine Cartan graph, then
(1) Any root system of type C is infinite.
(2) There are infinitely many real roots at each object of C.
(3) The universal cover of C has infinitely many objects.

21
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Proor. By [10, Prop. 2.12], any root system of type C is infinite. By [10]
Prop. 2.9], the real roots of C also form a root system of type C, thus there are
infinitely many real roots at each object of C. In particular, the universal cover of
C has infinitely many objects. O

2. Crystallographic arrangements of rank two

In the following, we will give the notion of characteristic sequences from which
we can get the corresponding Weyl groupoids. Except for some noted notions, this
section comes from [14].

Let (A, T, R) be a crystallographic arrangements of rank two. Assume that A
is not spherical, i. e. T is an open convex cone of the form

T={veV ]|y >0andy(v) <0}

for suitable 1,72 € V* (possibly 73 = —73). The linear forms 7, and v, are not
in R, they are imaginary roots.
Now fix an a € R, without loss of generality (choose —a otherwise)

{veV]aw) >0andy(v) >0} CT

Thus
R C {ka+mv | k,m € R}

DEFINITION 2.1. [7] We call
Ry :={ka+my € R|k,meR k> 0}
the set of clockwise roots of R (remark that R = R, U —Re).
DEFINITION 2.2. [7] Define a total ordering < on R by
ka+my <kKa+my, <= mk'<mk.
Notice that < does not depend on the length of ;.

DEFINITION 2.3. [7] Denote

Rc@ = { .. 75727571705 - ﬁOaﬂlaﬁZa .. '}7

where —y; < ... < 1 < By < By < ... <. The set R, defines a sequence of
adjacent chambers dual to the sequence of cones

ceey <60a _5—1>>07 <61a _60>>07 <62a _61>>07 <53a _52>>07 FR

By Axiom of crystallographic arrangements|3.8| (Ch. 1), every base change between
two consecutive cones is of the form

a —1
b 0
for some a,b € N. By Axiom of crystallographic arrangements (Ch. 1) again,

the determinant of such a base change is —1 (because of our choice of ordering of
the basis elements), so it is of the form

n(a) == (? _01>
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2 1 2 3 (1, 2) (2, 3)

(i) (ii) (iii)
Figure 1. Triangulation associated to (2, 1, 3, 1, 2).

for some a € N. Thus (A, T, R, «) defines a sequence of natural numbers (Cartan
entries) (¢;)iez such that the base change from (8;, —B;_1)s0 to (Bir1, —Bi)>0 is

n(ci-1).
We call the sequence (¢;);ez the characteristic sequence of R.

Then we can have the following proposition naturally:

PropoSITION 2.4. [7] Up to base change, an affine crystallographic arrange-
ment is uniquely determained by its characteristic sequence.

From the work what we have done, we find that maybe it is very difficult
to classify the characteristic sequences (¢;);cz corresponding to affine crystallo-
graphic arrangements completely. However, when we consider this question in the
context of continued fractions, we find that Tietze’s theorem offers a very useful
and hopeful interpretation. Then let us recall the following theorem:

THEOREM 2.5 (Tietze, [23], see also [22] Satz 2.18]). Let ai,aq,... € Z and

bo, b1, ... € Z and consider the continued fraction
al\ GQ‘ aq
bp+ —+—+...=by+ ———
TS Y rp—

b2+‘
If |bi| > |a;| + 1 for all i, then the continued fraction is convergent with limit &,
where £ is irrational except if
CLZ'<0, bzz\all—l—l
for all v greater than some fixed 1.

COROLLARY 2.6. Let (¢;)iez be the characteristic sequence of an affine crys-

tallographic arrangement. Then c¢; > 0 for all i € Z, and one of the following
holds:

(1) dj,k€Z : ¢;=2Vie€Z withi <j ori>k, or
(2) there exists j € Z with ¢; = 1.

PROOF. If there is an ¢ with ¢; = 0, then A has only four chambers; this is

excluded. Write
ne) )= (g7 o
v ! Bl/— 1 AV— 1
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T
o1 01€é;aitz1

Figure 2. The frieze pattern to the sequence (2, 1, 3, 1, 2).

for suitable A,, B,, v € N. Then

b+ Ty oA

0 ’bl ’bz . ‘bu Bl/ .
Since v, is rational with respect to for instance g, 81, the above continued frac-
tion cannot converge to an irrational number. Thus by Thm. (Ch. 2), either
(Cigs Cig415 - --) = (2,2,...) for some iy € Z, or there exists a j € Z with ¢; < 2.
Similarly, (¢, Cig—1,--.) = (2,2,...) for some ig € Z, or there exists a j € Z with
¢ < 2. O

REMARK 2.7. Since we have the rule (compare [9, Lemma 5.2])

n(a)n(b) = n(a+1)n(1)n(b+1)

for all a,b, we can “remove” and “insert” finitely many 1’s from a characteristic
sequence (equivalently remove elements of R) without affecting the fact that we
have an affine crystallographic arrangement. After removing finitely many entries
in the middle, the only characteristic sequence without a 1is (...,2,2,2,...); It
is the sequence of the affine Weyl group of type A. Certainly there are sequences
with infinitely many 1’s, for which the continued fraction is not convergent, and
which are also characteristic sequences of affine crystallographic arrangements.
The situation is much easier provided the characteristic sequence to be periodic.

3. SL,-Patterns of the half-plane

The correspondence between SLo-patterns and crystallographic arrangements
of rank two will be completed in this section.

DEFINITION 3.1. An SLg-pattern is a map z : Z X Z — Z such that
z(i, j) 267 +1) ) _
da(dﬂJJ)z@+Lj+U =1
for all (i,j) € Z x Z . (This is called the unimodular rule in [5].)

Notice that for historical reasons (because of the special case of friezes), the
map z is usually expressed in the form of a lattice rotated as for example in Fig.
. Friezes were classified in [5] by Conway and Coxeter, more general types of
SLy-patterns were classified in [4].
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.. 0 0 0 0 0 0 0 0
1 1 1 1 1 1
.. O 1 ﬂ 6 1 3 1 6
5 2 M 5 2 2 5
4 9 1 9 1 9 4
7 4 4 4 4 7
12 3 15 3 15 3 12
5 11 11 5 f 11 5
2 18 8 18 2 I 18 2 ..
7 13 13 7 7 3) 7
Figure 3. The frieze pattern to the periodic characteristic sequence ..., 6, 1, 3, 1,

6,1,3, 1,6, 1,3 1, ... .

DEFINITION 3.2 (see [3]). Let Z := {(i,j) € Zx Z | i > j}. A half-plane
SLo-pattern is a map z : Z — Z satisfying the unimodular rule where it is defined
and such that

2(i,4) = 0,2(i + 1,7) = 1,2(4,5) € N*

for all i € Z and i > j.

See Fig. 3| for an example of a half-plane SLo-pattern.

REMARK 3.3. If z is a half-plane SLy-pattern, then it is uniquely determined
by the entries

i =z(i+2,i), i€Z.

PROPOSITION 3.4. [7] Let ¢;,i € Z be arbitrary integers. Then there ezists a

map z : Z — 7 satisfying the unimodular rule with
2(i,i) =0,2(i + 1,i) =1, and 2(i + 2,i) = ¢;, i€ Z.

PROOF. We prove the existence of the entry z(j, i) by induction over j —i. We
need to go back four steps to perform the induction step, thus we extend our map
z to

2(i—1,i) := —1
for i € Z. Now consider the following local part of the pattern,
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where a,b,c¢,d,m,e,r,s € Z and t = z(j,4) is to be shown to be in Z by the
unimodular rule.

Assume first that b,c,r, s, m # 0. Notice first that b, ¢, r, s are all coprime to
m. Now t € Z if and only if rs — 1 is divisible by m, or rs =1 (mod m). We get

be=—br =—cs=1 (modm)

But then ¢ = —r and thus rs = 1, hence t € Z.

Now assume that m = 0. Then bc —a-0=1,thusb=c=1orb=c= —1.
In both cases, r = s € {1} since dm — br = 1 and me — ¢s = 1. Thus for m =0
we may choose t € Z arbitrary.

The last case is when one of b, ¢, r, s is 0. But then m = £1, thust = m(rs—1) €
7 is valid. U

For arbitrary given ¢;, usually, the resulting pattern will not be a half-plane SLo-
pattern although the map above always exists. The following example illustrate
this:

0 0 0 0 0 0
1 1 1 1 1 1

1 2 1 1 2 1
0 1 1 0 1 1

-1 0 -1 -1 0 -1
0 -1 -1 0 -1 -1

However, by using the results from the last section, we can obtain the following
correspondence.

THEOREM 3.5. [7] Let ¢; € Z fori € Z, z - Z — 7 satisfy the unimodular rule
where it is defined, and

2(i,i) = 0,2(i + 1,i) = 1, 2(i + 2,i) = ¢; for alli € Z

(1) The map z defines a frieze pattern if and only if (¢;)iez is the characteristic
sequence of a finite crystallographic arrangement of rank two.

(2) The map z is a half-plane SLy-pattern if and only if (¢;)iez is the charac-
teristic sequence of an infinite crystallographic arrangement of rank two.

4. The correspondence

The connection between affine crystallographic arrangement and Cartan graphs
will be explained in this section. The content of this section comes from [14]
except for some noted notions. For any affine crystallographic arrangement, we
firstly need to show that it defines a Cartan graph which is unique up to base
changes.

PROPOSITION 4.1. Let (A, T, R,v) be an affine crystallographic arrangement.

Then there exists a simply connected affine Cartan graph C with root system R
such that R = R® for some a € A.
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PROOF. A construction of the desired Cartan graph C for R works in the same
way as for finite crystallographic arrangements, see [6]. It remains to check the
additional assumption on imaginary roots. The imaginary root v, of R becomes
an imaginary root for C. Now assume that we have a root system R of type C
such that R® contains two different imaginary roots 7; and -] for some object a.
But then either ~i- or ~{t will intersect a chamber of R non-trivially, and thus
axiom (R1) will be violated at the object corresponding to the class of paths to
this chamber. O

REMARK 4.2. Notice that (2) of Def. (Ch. 2) is really stronger than the
fact that every neighborhood U C P(V*) of p(71) contains almost all elements of
p(R): Without (2) of Def. (Ch. 2), A could have a chamber with wall ~i-.
Such an arrangement would not allow the construction of a corresponding Cartan
graph.

In order to complete the correspondence, a convex cone associated to any
connected Cartan graph need to be constructed.

DEFINITION 4.3. Let C = C(1, A, (pi)icr, (C*)aca) be a connected Cartan graph

with root system R. Let a € A be an object and
A" = {at | a € R"}
Let B denote the standard basis of R and BY its dual basis. Then B C R* and
thus
Ko := (BY)so € K(A%)
because no hyperplane of A intersects Ky. Using the definition of o at p;(a) we
see that
ol (Ky) € K(AY), iel,

as well. But o is a linear automorphism, so the chambers of A* and A% are
isomorphic via of. We call the set

Mg = U U Opp 08, (Ko)

meN p1,...,um€l

the real cone of C. By induction every subset o, --- 0} (Ko) is a chamber of A,
and all of them are open simplicial cones. Notice further that choosing another
object b, there exists a morphism w € Hom(a, b) since C is connected, and we have
M} = w(Mg). Thus the real cone of C is unique up to base change.

Some associated notions and theorems of convex set are also needed. Let us
denote the boundary of a set A by bd A and relative interior of S by relint S and
interior of A by int A . We call aff A the affine hull of a set A. The relative interior
may be defined as relint S := {z € R" : (aff A)N (x +eB") C A for some e >
0, B is the unit ball of R"} and the closure of a set A is defined as Cl A.

DEFINITION 4.4 ([16], p.11). Two subsets A and A’ of R" are said to be
separated by a hyperplane H provided A is contained in one of the closed halfspaces
determined by H while A’ is contained in the other. The sets A and A" are strictly
separaed by H if they are separated and AN H = A'N H = ¢. In other words, A
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and A’ are strictly separated by H provided they are contained in different open
halfspaces determined by H.

THEOREM 4.5 ([16], p.11, Thm. 2). If A and A" are convex subsets of R" such
that aff(AU A") = R" then A and A" may be separated by a hyperplane if and only
of

relint A N relint A" = ¢.

From the Thm. (Ch. 2) above, we have the following proposition which is
given in the book ([16], p.12, Prop. 4) without proof. Here we give the full proof.

PROPOSITION 4.6. If K is a convex set in R" and if C' is a convex subset of
bd K (in particular, if C' is a single point of bd K ) then there is a hyperplane
separating K and C. In other words, there exists a supporting hyperplane of K
which contains C'.

PROOF. Assume that aff C' = R". In this case C' is nonempty and K C aff C'.
Since C' C bd K, then the interior of K is empty. If C' is nonempty, then relint C'
is never empty. By the definition of relative interior, ¢ # relint C' = {z € R" |
for some ¢ >0:2x+eB" C C} =intC. Since C C bd K = C1 K N Cl(~ K), the
fact int C' # ¢ leads to a contradiction (here ~ K denotes the complement of K).
It implies that aff C' # R".

Then there are three cases:

(1) aff C # aff K aff K = R™: If aff K = R", then relint K is the interior
of K in R". Then relintC' C C Nrelint K = ¢. Since C' and K are
convex subsets of R", then Thm. (Ch. 2) is satisfied. There exists a
hyperplane H; € R" separates K and C.

(2) aft C' # aff K, aff K # R": For any subset A of R", its dimension dim A
is defined by dim A = dim(aff A). If af C' # aff K,af K # R", i. e,
dimC =1 < r,dim K = m < r,l # m, then there exists a hyperplane
H; € R” contains K and C' (dim Hy > [;m). Then H, separates K and
C.

(3) aff C = aff K: If aff C' = aff K, i. e. dimC = dim K = p < r, then there
is a hyperplane H3 € R" such that C' C Hz, K C H3(dim H3 > p). Thus
Hj satisfies the definition of separating hyperplane.

O
The following proposition completes the correspondence.

PROPOSITION 4.7. Let C = C(I, A, (pi)ier, (C*)aca) be an affine Cartan graph
with root system R, and a € A. Then

(A" :={a" | @ € R*}, M¢, R")
is an affine crystallographic arrangement.

PROOF. Let 7; be the (positive) imaginary root of of C and T":= Mg # V be
the real cone of C. By construction, T is connected and by definition, 7 (u) > 0
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for all w € T. Further, by Remark [3.4] (Ch. 1), T is convex. Thus (A%, T, R?) is
crystallographic. It remains to prove that it is affine,

T={ueV |y >0}

i. e., that w € T if 71 (u) > 0. Thus let u € V' be such that y;(u) > 0 and assume
uw ¢ T. Then u € T\T. By Prop. (Ch. 2), there exists a hyperplane H € V/
which contains v and H N'T = ¢ . But then we find a 5 € V*, 8 # =, such that
H = B+ and B(v) > 0 for all v € T. In the lattice spanned by R?, we can choose
an element
0=y +pp eV with A\, u > 0.

Then still, §(u) > 0 for all uw € T, and 6 # 7. But then including +4 into the root
system R yields a root system of type C with two imaginary roots contradicting
the assumption. O

REMARK 4.8. The Cartan graphs corresponding to affine crystallographic ar-
rangements do not necessarily have a covering with finitely many objects. See
Section 2 of Chapter 3 for some examples of rank two.






CHAPTER 3

Affine Weyl groupoids of rank two with limit 1

In this chapter a large class of affine crystallographic arrangements are dis-
cussed. Those affine crystallographic arrangements include the ones with periodic
characteristic sequence (as well as all the classical types). This chapter is one part
of [14].

1. Affine Weyl groupoids of rank two with limit 1

DEFINITION 1.1. Let (A, T, R,~1) be an affine crystallographic arrangement of
rank 7 = 2 with imaginary root v;. We say that (A, T, R,v1) has limit 1 if there
exists an o € R with

(R)z = Za + Zm.
REMARK 1.2. The classical affine Weyl groups of rank two define affine crys-
tallographic arrangements with limit 1; see [2.8] of Ch. 3 for further

examples.

Throughout this section, assume that (A, T, R,~;) has limit 1 with respect to
a. Let

N :=N(R,a) :={k €Z | ka+mv € R for some m € Z}.
By Axiom of crystallographic arrangements, N = —N. Let N := NNRs(. Notice
that
R C{ka+mvy | k€ N, m € Z}\{0},

and that equality is not possible because 7, € R implies 0 € N and mvy; € R
implies m = +1 by Axiom of crystallographic arrangement (Ch. 1).

DEFINITION 1.3. As in Def. (Ch. 2), we have a total ordering < on R,.
We write
BAl:={0eR|p<d<}
and Ry := [a, o + 7]

LEMMA 14. If ka +mvy € Ry, then Ged(k,m) = 1.

PROOF. Let f := ka + my; € Ry and g := Ged(k,m). Choose any v €
R such that the dual cone to (5,7)s¢ is a chamber of A. Then by Axiom of
crystallographic arrangement (Ch. 1), the determinant d of a base change from
{a,71} to {,~} is an integer divisible by g. But the inverse base change also has
an integral determinant, so d = 4+1 and hence g = 1. U

31
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LEMMA 1.5. Let R, a, v, be as above. Then for alln € Z, a +nvy; € R and

R\{m} = {Jlo+nm, a+ (n+ 1)l

nel

PrOOF. It suffices to prove that o +ny; € R for all n € Z. Assume there is
an n € Z with a +nvy; ¢ R. Let 51, 2 € R be such that

Br<a+nyn <pB2, |[Biya+nn]N Ry =|[la+ny, B NRy =1

Hence (1, —f5 is the dual basis of a chamber and by Axiom of crystallographic
arrangement (Ch. 1),

(11) ]nlmg — m1n2] =1

if 51 = nia + ngvyy, Bo = mia + mey;. But f; < a4+ ny; < [y implies that
ny < nny, nmy < Mg, SO NyMy > miny + 1 contradicting Equation [1.1]. O

2. The periodicity

Now we characterize affine crystallographic arrangements with limit 1 of rank
two by their characteristic sequences.

DEFINITION 2.1. Let (¢;);ez be the characteristic sequence of R with respect
to

{. B2, By, = o, b1, Ba, - - - }-

By Lemma (Ch. 3), for any k € Z there exists an index uy € Z such that
a + ky1 = By, The characteristic sequence decomposes into sequences

Cr := (Cupy - -+ Cupyy)

for k € Z.

THEOREM 2.2. Let (A, T,R,v1) be an affine crystallographic arrangement of
rank two with limit 1 with characteristic sequence (¢;)iez decomposed into sequences
cw, k € Z as in Definition (Ch. 3). Then for all k € Z, there exist cj, =
(Chts-sChp) €E, T € NT such that

o / / / / /
Ck = (Chotry, T Ch1 T2 Chor s Chrp1 Chrp T Chyra T 2)-

PROOF. Assume first that Ry = {a+ kv | k € Z}, i.e. Ry is of type A,
so Or = a + ky;. The base change from {Sgi2, —0Oki1} to {Bri1, =Pk} is then
n(2) and does not depend on k. Thus in this case, the characteristic sequence is
(...,2,2,2,..)).

Consider now an arbitrary R. and let cg, £ € Z be one of the components

of the characteristic sequence. Let R;{m C Z? be the set of coordinate vectors of

[Buis Buyy,) with respect to {Bu,, Bu,,, }- Then Ry, is a set of positive roots of a
finite Weyl groupoid of rank two because of Axiom of crystallographic arrangement
(Ch. 1) and because R C Zfy, +Zfy,,,- Let ¢, = (¢, ..., ¢, ) € E, 1 € Noy
be its corresponding n-sequence. If |[By,, Bu,,,]| > 2, then by [9, Cor. 4.2] the
sequence cj, contains an entry 1, or in other words there is a label u, < j < g1
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such that 8; = B;_1 + Bj+1. The set Ry\{f;} is still a set of positive roots of an
affine crystallographic arrangement, the new component c;, of this arrangement is

(c;,,l, . ,c;w._l -1, C;w”rl —1,..., C;c,rk)'
Thus each component ci, k € Z may be reduced to the sequence (2, 2) of length 2

by excluding roots and thereby preserving the axioms of an affine crystallographic

arrangement. Performing this for all £ yields the above arrangement R, of type
A. O

DEFINITION 2.3. Let t; be the linear map
by : V' =>V* a—a+ky, a+ty—a+(k+1)7.
We call R periodic if
tr(Ro) = [+ ki, o+ (b + 1)7]
for all k € Z. We call R N-complete if
R, ={ka+mv | k€ Ny, m e Z, Ged(k,m) = 1}.

LEMMA 2.4. Any N-complete affine crystallographic arrangement of rank two
18 periodic.

PROOF. Let R be N-complete, and § = na + my; € Ry, i.e. Ged(n,m) = 1
and a < f < a + v which implies 0 < m < n. For k € Z,

te(B) = na + (kn +m).

But n € N, and Ged(n,kn + m) = Ged(n,m) = 1, so tx(8) € R. Further,
a+ky <tp(B) <a+ (k+1)mn. d

LEMMA 2.5. Let R be a periodic affine crystallographic arrangement of rank
two. Then N(R) is finite.

Proor. Consider the set S := {7 | ka+my € Ro}. If N, is infinite, then

S is infinite and has an accumulation point ¢ = 7+ with 0 < ¢ < 1, i.e. any
neighborhood of p(ka + m-y;) contains infinitely many elements of R. But then
p(ka+my1) # p() and since P(V') is Hausdorff, Axiom of affine crystallographic

arrangement cannot be fulfilled. U

Finally, we complete the interpretation about periodicity for affine Cartan
graphs.

THEOREM 2.6. Let C be an affine Cartan graph with corresponding affine crys-
tallographic arrangement (A, T, R,v:). Then there exists a covering of C with
finitely many objects if and only if the characteristic sequence of R is periodic. In

this case, R has limit 1 and is periodic (in the sense of Def. (Ch. 3)).

ProOF. If the set of objects of C is finite, then the object change diagram of
C is either a chain or a cycle (see [9, Section 6]). Thus the first claim is obvious

(see Def. 2.3 Ch. 2).

Now assume that the characteristic sequence of R is periodic, and assume that
R is not of type A. Then by Cor. 2.6/ (Ch. 2) and Rem. [2.7] (Ch. 2) it is possible to
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simultaneously remove a one in each period of the characteristic sequence. Since
the period has finite length, repeatedly removing ones will eventually yield the
sequence of type A. However, removing a one does not change the imaginary root.
Thus by Thm. 2.2(Ch. 3), R has limit 1. Again by Thm.[2.2(Ch. 3), the structure
of the positive roots between o+ kvy; and « + (k+ 1)~ is the same for all k£, hence
R is periodic. O

As an application, we get the full description of N-complete affine crystallo-
graphic arrangements of rank two.

COROLLARY 2.7. Let R be an N-complete affine crystallographic arrangement
of rank two. Then there exists an n € N such that

Ro={ka+my |1 <k<n,0<m<n, Ged(k,m) =1, m <k},
i.e. {7 | ka+my € Ry} is the Farey sequence of order n.

PROOF. Let R be N-complete. By Lemma (Ch. 3), R is periodic and by
Lemma [2.5) (Ch. 3), N(R) is finite. Let n := max N(R). Then na + v € Ry by
definition. But by Thm. (Ch. 3) and Thm. (Ch. 3), Ry = [, o + 1] gives
rise to an n-sequence. Thus na + 7, is the sum of two elements of R,. But the
only decomposition allowed by Axiom (R2) is ((n —1)a+;) + a. Using induction
we obtain N(R) = {-n,...,n}. O

ExXAMPLE 2.8. The N-complete affine crystallographic arrangement R with
n = 1 is the affine Weyl group of type denoted Aﬁ” in [20, Ch. 4].

ExXAMPLE 2.9. For the N-complete affine crystallographic arrangement R with
n = 2, we have
Ry = {a, 204y, + 7}
The characteristic sequence of R is (...,1,4,1,4,1,...). The components c} of
Thm. (Ch. 3) are all equal to (1,1,1) because R is periodic. There exists a
connected Cartan graph C’ whose covering is the Cartan graph of R. C’ is standard,
i.e. it has only one object. Its only Cartan matrix is

2 -1
-4 2 )
This is the affine Weyl group denoted Ag) in [20] Ch. 4].

ExAMPLE 2.10. Choose the n-sequence (2,1,3,1,2). Then by Thm. (Ch.
3),
...,6,1,3,1,6,1,3,1,6,1,3,1,6,...
is the characteristic sequence of an affine crystallographic arrangement with limit
1 (which is N-complete, n = 3). A covering of the corresponding simply connected

Cartan graph is:
o1 2 -6\, 2 -3 o1
O (_1 9 )2 (_1 9 ) Ot
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Let us finally complete the interpretation about the correspondence between
frieze patterns and arrangements (finite case and affine case).

We consider again the n-sequence (2,1, 3, 1,2) from Example (Ch. 3) cor-
responding to a triangulated pentagon (see Figure . The n-sequence is the third
line of a frieze pattern (which satisfies the unimodular rule (see [5]). The ordered
pairs in the quadrangles (see Figure [2|) are the positive roots of the associated
finite crystallographic arrangement.

Theorem (Ch. 3) associates a periodic characteristic sequence of an affine
crystallographic arrangement to the n-sequence (2,1, 3,1, 2):

...,6,1,3,1,6,1,3,1,6,1,3,1,6,...

We get this periodic sequence’s associated frieze pattern (see Figure |3 ) by
writing down this periodic sequence below the first two horizontal rows of Os and
1s and using the unimodular rule.

The affine crystallographic arrangement’s associated frieze pattern has infin-
itely many horizontal lines with infinitely many ordered pairs in the quadrangles
on a diagonal. Those pairs are the positive roots of the associated affine crystal-
lographic arrangement.






CHAPTER 4

Classification of affine rank 2 Nichols algebras of diagonal
type

At the beginning of this part, the notions, theorems and properties of subse-
quences of n-sequences are introduced. Then in the second section, we introduce
the bicharacters which have at least one entry not root of unity. Apply Thm. [1.8
(Ch. 4) and Thm. (Ch. 3), we give the set of all length 4 subsequence of po-
tential affine characteristic sequences. By computing bicharacters and associated
Cartan graphs for the subsequences of the set, we obtain the main result of this
thesis (Thm. 3.7 Ch. 4). In the last section, the proof of the main result is given.
It consist of the computations of bicharacters for periods of affine characteristic
sequences.

1. Subsequences of 7-sequences

This section comes from M. Cuntz’s manuscript. 1 got these materials from
private communications between us in the past three years. Thm. (Ch. 4) is
a very important theorem by which we can produce affine sequences’ subsequence
of length more than 4. It plays a key role in the construction of potential periods
of affine characteristic sequences.

DEFINITION 1.1. Let F, := Nj and
D, == Fn/ ~,

where (¢y,...,¢,) ~ (di,...,d,) if and only if there exists a permutation ¢ in
the dihedral group with (di,...,d,) = (¢csq1),-- -, Com)), 1. €. ~ is the equivalence
relation obtained by setting

(Cl7 . JCTL) ~ (027 C3y...,Cp—1,Cp, Cl)
(Cl, e ,Cn) ~ (Cn, Ch—1...,Co, Cl)
We write
D = nLEJNDn, F = nLeJN]:"
We further write (¢i,...,¢,) for the equivalence class of (c1,...,¢,).

REMARK 1.2. Whenever we consider elements of D in this section, all argu-
ments and definitions are using representatives and well-defined nevertheless. For
instance, speaking of positions 7,7+ 1 can be meant to be the last and first position
for a representative.

37
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DEFINITION 1.3. We say that ¢ = (¢1,...,¢,) € D contains d = (dy,...,dn) €
F and write d C c if there exists a k € Ny and a representative (cy,...,¢,) of ¢
such that
Chri =d;foralli=1,... ,m.

DEFINITION 1.4. For a a € 7Z, let

=1 3
Then there is the rule (compare |9, Lemma 5.2)):
n(a)n(b) =n(a+ 1)n(1)n(b+ 1), for all a,b.
Now we define a map on F.

DEFINITION 1.5. Let
Qﬁi]:—>]:, (Cl,CQ,...)'-)(Cl+2,1,62+2,1,...)
Denote n
E:={(c1,...,cn) €E|niseven and |{i | ¢; = 1}| = 5}

Since two consecutive 1’sin a ¢ € £ imply ¢ = (1,1, 1), every ¢ € £ may be written
as

c=(x1,%1,...,%1)
For a € Z let

Then we have the rule
E(@)EB)ED) = Ela— DEB - 1)
for all a, b, and thus obtain that v induces a map
v E€—=E, (c,c9,... ) (a1 +2,1,c0+2,1,...)
which is a bijection (E_l corresponds to removing all ears at once in the triangu-
lation). For ¢ = (¢1,1,¢3,1,...) € Fp, let
)= (1,c1,1,¢3,1,...) € Fria.
Only in this definition, the % represent ¢; in the odd number positions.
The following definition offers two maps of the n-sequences and sequences.
DEFINITION 1.6. For ¢ = (¢y,...,¢,) € F, construct a new sequence ¢ by

repeatedly replacing
(1) (-..y¢isCigty-o ) by (oo + 1, e + 1,000 ) if ¢, 000 > 1,
(2) (c1,...) by (1,e1 +1,...)if ¢4 > 1, and
(3) (...,cn) by (oo +1,1)if ¢, > 1
until none of these rules apply anymore. We write
p: F—F, c—c.

Similarly, define a map § : D\{(0,0),(1,1,1)} = &', ¢ — ¢, where ¢ is obtained
from c¢ repeatedly applying the rules
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(1) (-veiciprse )= (o + L e + 1,000 ) if ¢, c00 > 1,
(2) (c1,...,¢n) = (a1 +1,...,en+1,1)if ¢1,¢, > 1.
EXAMPLE 1.7.
p((37 17 27 27 1)) = (1747 17 37 17 37 1)7
p((3,1,2,3,1,2)) = (1,4,1,3,1,4,1,3, 1),
(5((3, 1,2,3,1, 2)) = (4, 1,3,1,4,1, 3, 1),
5((4,1,2,2,2,1)) = (4,1,3,1,4,1,3,1)

The following theorem can be used to produce longer subsequences for the
corresponding n-sequences and sequences.

THEOREM 1.8. Assume that E € £, F € F are finite sets such that:

(1) {(0,0), (1,1, 1)} € £,
(2) Forallc e &: ce E orthere exists f € F: f Cc,
(3) Every f € F contains a 1.

Then
E' =EUé*(Y(E)) €&,
F':=p~ (W(y(F))) € F,
are finite sets satisfying the same properties (1), (2),(3) as E, F', and such that

min{length ofc | ¢ € F'} < min{length ofc | c € F'}.

PROOF. The finiteness of £, F’ is obvious. Notice first that every d € £'\¢(E)
contains an element of 1 (F) since ¢ is a bijection. Now let ¢ € E\E. Then
§(c) € &', hence either 6(c) € ¥(E) or 6(c) contains an element of o (F). If
§(c) € Y(E), then ¢ € E'. Otherwise, d(c) strictly contains an element of ¢(F),
say ¥ (f); but ¥ (f) begins with an entry greater than 1, thus d(c) contains ¢(¢(f)).
This implies ¢ € p~'(t(¥(f))). Now every element of p~'(c(¢)(f))) has length
greater than the length of f, because f contains a 1. O

COROLLARY 1.9. Every n-sequence contains at least one of
(0,0),(1,1),(1,2), or(1,3)

Proor. If (1,1) C ¢ € € then ¢ = (1,1,1). Further, any n-sequence which is
not (0,0) contains a one. Thus we may apply Thm. (Ch. 4) to the set

E= {(070)7 (17 L, 1>}’ F = {(1)}
And obtain
E' = {(0,0),(1,1,1),(1,2,1,2),(1,2,2,1,3),(1,3,1,3,1,3) },
F= {(1,2),(2,1), (1,3, 1)},

which implies the claim. Il
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2. Bicharacters with entries not roots of unity

In Chapter 1, the notion of bicharacter has been given. We find that there
also exists a special sort of bicharacters which have at least one entry not the root
of unity. A theorem of this special type bicharacter is given as follows. In next
section, the first case of this theorem can be used in the proof of Prop. (Ch.
4) of the one-dimensional type bicharacters.

THEOREM 2.1. For any bicharacter x1 = (QH Q12) = (q 1), where q11 =
21 ¢22 ros

q,Go2 = S,q12q21 = T (see Def. Ch. 1), if at least one of its entries is not a
root of unity, then its associated Cartan graph is one of the following :

o2 2 —-m o1
O (—n 2 >O ’

o (2 =i\, (2 i\, (2 -m\. ..
o (5 D)= )= )
(where i,j,m,n € N ).

PROOF. For x;: ouo, assume that ¢ and s are roots of unity, r is not
a root, of unity. Here we are not planning to consider this case further. Because we
find it is contained in the following part of the proof with more details (x; of this
"s 1
case corresponds to Yo = qulssz . ) of the case that grs, s € i, rts? ¢ ).

Now assume that ¢ is not a root of unity. We have the formula of bicharacter:
(22,p. 15) ¢y =—min{m € No | 1+ g +¢; +---+ ¢} =0 or ¢}q;q; =1}
ifi # j and ¢ = 2.
2 —m

Let the Cartan matrix associated to y; be CX! = <—n 9 ) Then the two

reflections of CX' are o' = (_01 T), oyt = (io _01) By the notation of

generalized Dynkin diagram:

for 1 : ouo, let the reflection oy acts on y;. According to the formula

(2.2, p. 15), there are two cases:
i): q"-r=1= SO 4
y g ¢rt oqgs
orii): "N =1¢#1=o—-—0
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For x; : ouo, let the reflection 05" acts on x;. Because of the formula
of bicharacter as above, there also are two cases:
i) st r=1= o %

n
. qr's  p7lg? s
oriv): s"M=1s#1= o— 75

If ¢ is not a root of unity, then 7 is not a a root of unity. Otherwise if r* = 1,
q -7 is also a root of unity, then assume that (¢-7)" = 1. From the assumption
(q-7)* =1, we obtain ¢'* = 1. It leads to a contradiction.

Hence we get the following diagrams:

(1) ! r g, 7 and s are not roots of unity;
For this case, it satisfies 7) and iii). Then we obtain the following picture:

X1 q 1 X1
2 O(’r S>01

X1

This diagram’s associated Cartan graph is

o 2 —-m o1
O (—n 9 > O
q T

(2) o , ¢ and r are not roots of unity, s is the root of unity. For this
case, it satisfies 7) and iv). Then we can get a part of the bicharacter’s diagram:

?(fff;g i)a(j{ i) oo
X2 X1
For o, if 7~ 1s% is not a root of unity, we have the following cases:

(1) gr™s is not a root of unity. Then x» satisfies i) and iv) and the picture of
bicharacters is as follows.

0 (qflni 1)“2(q 1) i
rTtst s ros
X2 X1
The associated Cartan graph of this diagram is

-n 2
X2 X1

o1 ¢y (_2n —22)02( 2 —m) O, for some suitable i,m,n € NT.

(2) qr"s is a root of unity. Thus x, satisfies i7) and iv),

’ qr"s 1 o2 qr's 1 o (4 1 (501
—\ @ (gris)(rist)is )T\ ls? s )T \r s )

X3 X2 X1
X3 satisfies i7) and 4i7), then we have
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o qr"s 1 o, (a"s 1\, (a1 o1
O(QQTQ"H (qr"s)(r132)23>1(7“132 s)2<r S o™

X3 X2 X1
Then the corresponding Cartan graph of this diagram is

o (2 =i\, (2 =i\, (2 -m\ .
o )= D)= ) e
X1
for some suitable 7, j, m,n € NT.

3. Main theorem

Apply the Thm. (Ch. 4) given by M. Cuntz finitely many times, we find all
7-sequences containing some subsequences with given length. Construct potential
periods by 7n-sequences containing these subsequences, we get some length four
subsequences of the potential affine characteristic sequences.

Compute associated bicharacters and Cartan graphs of all these length four
subsequences, we can classify the affine rank two Nichols algebras of diagonal type
by some suitable bicharacters.

These zero-dimensional type bicharacters (we will give the corresponding def-
inition later) and their corresponding Weyl groupoids can be obtained from the
length four subsequences by the program implemented by M. Cuntz. These com-
putations are not included in this thesis. From some examples, we find that
one-dimensional type bicharacters always correspond to the Weyl groupoids with
characteristic sequences containing [a, b, a, b] type subsequences. Thus we give a
proposition of subsequences of [a, b, a, b] type from which the one-dimensional type
bicharacters are given. There are some different length four subsequences which
can be dealt with by program. Here we compute their corresponding bicharacters
and Weyl groupoids by hand.

In order to get all of length four subsequences of potential affine characteristic
sequences, we need to apply Thm. (Ch. 4) four times. Then it yields a set of
n-sequences and a set of sequences, both consist of sequences of length at least
five.

In the first three times, replace each sequence in F' by its lexicographically
smallest subsequence of length four containing a 1. After the third time, remove
from E those n-sequences which contain an element of F' as a subsequence. After
the fourth application of Thm. (Ch. 4), replace each sequence in F' by its
lexicographically smallest subsequence of length five containing a 1. Now we have
a set of n-sequences corresponding to £ and a set of sequences corresponding to
F', both consist of sequences of length at least five. The first set is denoted by Fj5
and the second one is denoted by Fj. These have 21 respectively 176 elements (up
to symmetries).

Elements of E5 containing an element of Fj are removed. And we denote the
new set by E;. Apply Thm. (Ch. 4) again on Ef and Fj, then we get a set Ejg
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of n-sequences and a set of sequences denoted by F{. Replace every sequence of
F by its lexicographically smallest subsequence of length six containing a 1. The
new set corresponding to Ff is defined as Fy. Eg and Fy consist of sequences of
length at least six.

After applying Thm. (Ch. 4) twice, the computation work become fairly
difficult by hand. So M. Cuntz has implemented a program in MAGMA that
computes E5, F5, Fg and Fg and all of the zero-dimensional type bicharacters with
potential affine characteristic sequences.

DEFINITION 3.1. By Thm.[2.2/(Ch. 3), we need n-sequences ¢}, = (¢}, 1, .-, . ),
r, € Nt to build potential subsequences of affine characteristic sequences. When
we fix the potential period of affine characteristic sequences, subsequences con-
taining at least 4 entries are needed. Choose any n-sequence c;, let it be the
first m-sequence. And let the n-sequence in the neighbor row of ¢, be the second
n-sequence.

There are two cases:

(I) For any ¢ € Z, the length of ¢ is less or equal to five;
(IT) There exists at least one ¢ € Z, such that the length of c] is greater than
five.

For the case (I), lengths of the n-sequences constructing potential periods are
less than or equal to 5. Then they are contained in the following set S:

S ={[0,0],[1,1,1],[1,2,1,2],[2,1,2,1],[1,2,2,1,3],[2,2,1,3,1],[2,1, 3, 1,2],[1,3, 1,
2,2],[3,1,2,2,1]}.

Choose any element of S as the first n-sequence and then choose another ele-
ment from S as the second 7-sequence. Apply Thm. [2.2 (Ch. 3), if the length of
subsequence is less than 4, then we need to choose an element of S again till the
length of subsequence is at least 4. All of the possible cases should be contained.
Then a set of 176 subsequences of the potential affine characteristic sequences is
given. These subsequences’ length are at least 4. For different elements of this
set, they may have the same subsequence of length 4. We collect all of such kind
subsequences and obtain a set of 74 elements.

{11,2,2,3],[1,2,2,4],[1,2,2,5],[1,2,3,2], [1,2,3,3],[1,2,3,4], [1,2,4,1],[1,2, 4, 2],
1,2,5,1],1,3,1,4],[1,3,1,5],[1,3,1,6], [1,3,2,2],[1,3,2,3],[1,3,2,4],[1,3,3, 1

4,3,1,2],15,1,2,2],[5,1,3,1],[5,2,1,3],[5,2,2,1],[5,3,1,2], 6,1, 2,2],[6, 1, 3, 1],
6,2,1,3],[7,1,2,2]}.
Every element of the above set is a length four subsequence of potential affine
characteristic sequences.

[ [ [ [ [ [ [ I [ ],
1,3,3,2],[1,3,4,1],[1,4,1,3],[1,4,1,4], [1,4,1,5], [1,4,2,1], [1,5,1,2], [2, 1,3, 3],
2,1,3,4],[2,1,3,5],[2,1,4,2],[2,1,4,3],[2,1,4,4], [2,1,5,1], [2, 1,5, 2], [2, 1,6, 1],
2,2,1,5,[2,2,1,6],[2,2,1,7],[2,2,1,8],[2,2,2,2],[2,2,2,3], [2,2,2,4], [2,2,3, 1],
2,2,3,2],[2,2,4,1],[2,3,1,3],[2,3,1,4], [2,3,1,5],[2,3,2,1],[2,4,1,2],[3, 1,2, 4],
3,1,2,5],[3,1,2,6],[3,1,3,2],[3,1,3,3],[3,1,3,4],3,2,1,4],[3,2,1,5], 3,2, 1, 6],
3,2,2,1],[3,3,1,2],[4,1,2,3], [4,1,2,4], [4,1,2,5], [4,1,3,1],[4,2,1,3], [4,2,2, 1],
[ I [ I [ I [ J,[5 I [ I [ I [ ]
[ I,
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For the case (II), without loss of generality, assume that ¢}, k € Z be the first
n-sequence and |cj| > 5. For any n-sequence except for elements from the set
S ={[0,0],[1,1,1],[1,2,1,2],(2,1,2,1],[1,2,2,1,3],[2,2,1,3,1],[2,1,3,1,2], [1, 3, 1,
2,2],[3,1,2,2,1]}, it contains at least one subsequence of length five from Ej5 or
F5. Let such a subsequence be [ay,as,as, a4, as]. By Def. (Ch. 4), the n-
sequence |..., a1, a9, as,ay,as, .. .| represents an equivalence class, it implies that
the positions of [ay, as, as, a4, as] are not fixed in this 7-sequence.

For any n-sequence except for the elements of S, it also contains at least one
subsequence of length 6 from Fg or Fy. Let such a subsequences be [by, ba, b3, by, bs, bg].
By Thm. (Ch. 3), we build potential periods.

In the following, when the subsequences of length 5 or 6 are cut into two pieces,
we call each of the pieces part. If a part in a n-sequence with more (respectively
less) entries than the other, then we call it longer part (respectively shorter part).

The following different cases should be considered.

(1) The first n-sequence contains an element of Fj and this subsequence of
length 5 is not cut into two parts.

,J]
[k7 ceey A1, G2, 3, G4, A5, ..., l]
2 lg, ..., ],
2
J k,l,g € NT.

In this case, without considering the second n-sequence, we can obtain
subsequences of affine characteristic sequences of length 4:
la1, as, as, a4),las, as, a4, asl,a; € {1,2,...,m},i=1,2,...,5,
m = {maximum entry of F;}.
(2) The subsequence of length 5 of the first n-sequence is cut into two parts
while the subsequence of length 6 of the second n-sequence is not.

, ]
2 [k, ..., by, by, bs, by, bs, bg, ..., |,
2
J, k€ NT.
In this case, we obtain subsequences of affine characteristic sequences
of length 4:

[bl, bg, bg, b4],[b2, bg, b4, b5],[b3, b4, b5, b6], bl < {1, 2, Ce ,m},i = 1, 2, ey 6,

m = {maximum entry of Fg}.

(3) Both of the subsequence of length 5 and the subsequence of length 6 are
cut into two parts. For the first n-sequence, the longer part of subsequence
of length 5 has 4 or 3 entries. Here we only need to consider the cases
that longer parts are on the right border because 7-sequences can be
transformed by reversing (see Def. [L.1] Ch. 4).

(a) For the first n-sequence, the longer part with 4 entries is on the
right border. Let the shorter part be (c¢5) and the longer part be
¢ = (c1,¢9,¢3,¢4). Then ¢ = {(a4, as, as, a1), (az,as,aq,as)}. For the
second n-sequence, the part on the left border has at least one entry.
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j € NT.
In this case, we get subsequences of length 4 of affine characteristic
sequences:
[c1,Co,c3, ¢4 Fu+2),u € {1,2,...,m},m = {maximum entry of Fg};
(b) In the first n-sequence, the longer part with 3 entries is on the
right border. Let the shorter part be (c4,c5) and the longer part
be ¢ = (c1,c2,¢3). Then ¢ = {(a3,as,a1), (as,aq,as5)}. For the sec-
ond 7-sequence, the part on the left border has at least two entries.
, J]
((cq, ¢5) 4oory (c1, c2, c3)]

2 (w, v ...)y ooy (o) )],
2

j e NT,

From this case, we get subsequences of length 4 of affine characteristic

sequences:

[c1, c2, c3+u+2,v],u,v € {1,2,...,m},m = {maximum entry of Fg};
(c) The longer part of the first n-sequence has 3 entries and the part

on left border of second n-sequence has only one entry. Let the

longer part of second n-sequence be d = (dy, da, d3, dy, ds). Then d =

{(bs, by, b3, ba, by), (b2, b3, by, b5, bg) }. Thus the subsequence of length 4

contained by affine characteristic sequences can be yielded in another

way.
,J]
[<C4, C5) yooe e (Cl, Co, 03)]
2 [(u), ey (dl, dg, dg d4 d5)]
2 [k
2

Jyok e Nt we{l,2,...,m},m = {maximum entry of Fs}.

From this case, we have subsequences of length 4 of affine character-
istic sequences:

[65, b4, bg, bg], [bg, bg, by, b5]; b; € {1, 2,... ,m},i =1,2,...,6,

m = {maximum entry of Fg}.

(4) The first n-sequence contains at least one element of Fj; and the second
n-sequence ¢, j € Z comes from Eg. For the second sequence, its length
is at least 6, we remove two entries on both borders. The left part of cj is
denoted by . Choose subsequence of length four on ¢’. Then we obtain
subsequences of affine characteristic sequence:

[c1, 69, ¢3,¢4],C1,Co,c3,¢4 € {1,2,...,m}, m = {maximum entry of Eg}.

(5) Assume that the first 7-sequence is ¢}, k € Z and it contains at least one
element of F5. The second 7-sequence comes from the set S of n-sequences
whose length are less or equal to 5:
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S ={[0,0],[1,1,1],[1,2,1,2],(2,1,2,1],[1,2,2,1,3],[2,2,1,3,1],[2, 1, 3, 1,
2],(1,3,1,2,2],[3,1,2,2,1]}.

Because of the fact that we can reverse an n-sequence (see Def. ,
Ch. 4), if a subsequence from Fj is divided into two parts, we only need
to discuss the cases that longer parts are on the light border of ¢. Thus
there are the cases as follows.

(a) For cj, the subsequences of length 5 are not divided into two parts.
In this case, we need not to know what the second 7n-sequences are.

J]
[ka <eey Q1, G2, a3, a4, 45, ..., l]
2 lg, ..., 1,

j,k,l,g € N*t. It yields subsequences of affine characteristic se-
quences of length 4:
[a1, as, as, as),las, ag, as, as),a; € {1,2,...,m},i=1,2,...,5,
m = {maximum entry of F;}.

(b) ¢}, is cut into two parts. The longer part of length 4 is on the right
border of C},.

7]
[(e5), - (c1, c2, €3, c4)
2 [u, ..., ]
2
jEeNT [u,...,] €S.

In this case, we obtain subsequences of length 4 of affine characteristic
sequences: [c1, ¢o,c3,¢4 +u+2],u € {0,1,2,3};
(c) The longer part with 3 entries is on the right border of the first

n-sequence.
,J]
[<C4, 05) N (Cl, Co, 63]
2 [u, v, ..., ]
2
j €Nt [u,v,...,] € S\{(0,0)}.

In this case, it yields subsequences of length 4 of affine characteristic
sequences: [cy, Co, 3 +u + 2,v],u,v € {1,2,3};

(d) In this case, the longer part with 3 entries is on the right border of
the first n-sequence and the second n-sequence is [0, 0].

,J]
[(04, 05) ceey (Cl, Co, 03]
2 [0, 0
2 fu, oo, ]
2

jEeNT [u,...,] €8S.
In this case, we get subsequences of length 4 of affine characteristic
sequences: [c1,co,c3+ 2,u+ 2], u € {0,1,2,3}.
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(6) For the first n-sequence cj, of length greater than 5 from Ej, it still has
at least four entries after removing two entries from both borders. We
call the corresponding sequence ¢’. Choose subsequences of length 4 from
c, then it produces subsequences of length 4 of the affine characteristic
sequences:

[c1, o, C3,C4], 01,00, ¢3,¢4 € {1,2,...,m}, m = {maximum entry of F5}.

From the steps as above, we obtain all of the length four subsequences of
potential affine characteristic sequences. They are all collected in a set L. For every
element ¢ in L, compute the constraints for a potential bicharacter which would
produce this part of a characteristic sequence: compute an ideal I in Q[qi, g, ¢2]
generated by the constraints. If the sequence has length k, then we obtain 2F
cases and thus 2% ideals. These ideals have dimension at most 1 because ¢ has
length greater than three. We find that one-dimensional ideals all originate from
elements of L with the following structure:

[a,b,a,b],a,b e NT.

Collect the ideals of the primary decompositions of all zero-dimensional ideals in
a set Z. For each zero-dimensional ideal in Z, we compute a cyclotomic field
large enough to contain all the points on its variety. For each point (up to Galois
conjugates) we compute the corresponding Cartan graph.

DEFINITION 3.2. A bicharacter corresponding to zero-dimensional ideal (re-
spectively one-dimensional ideal) is called zero-dimensional tpye bicharacter (re-
spectively one-dimensional tpye bicharacter).

For one-dimensional type bicharacters, we consider the general case of [a, b, a, b]
type subsequences which are contained by the period of potential affine character-
istic sequences. There is a proposition as follows.

PROPOSITION 3.3. If a characteristic sequence contains [a,b,a,b] as a sub-
sequence, then the Cartan graph with this characteristic sequence has only one
one-dimensional type bicharacter.

Before beginning the proof of this proposition, it is necessary to explain the
method by which we can obtain bicharacters with affine characteristic sequences.
This method will be used many times in this thesis. Firstly, for any subsequence
or period of potential affine characteristic sequences, it is expressed as a diagram.
From the known entries contained in subsequence or period, the corresponding
Cartan graph is constructed partly (because there are only finitely many fixed
entries).

We choose one Cartan matrix of this Cartan graph and denote its possible
bicharacter by x;. Let this chosen generalized Cartan matrix be CX'. CX! has
two reflections o' and of" (by Def. of Ch. 1). We also have a formula of
bicharacter (in Def. p. 15):
¢ =—min{m € No | 14 ¢+ ¢2+---+q = 0or ¢l'g;;q;; = 1} ifi # jand ) = 2.

Then we construct yi’s set of constraints which consists of inequalities and
equations. Further, let both reflections of CX* act on y;. Thus we have two
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new neighbor bicharacters. Apply the formula , p. 15) again, it yields new
corresponding Cartan matrices and reflections. Repeatedly applying the above
steps a few times, it produces enough potential bicharacters expressed by the
entries of x; and their corresponding sets of constraints. Then we construct a set
of equations whose elements come from the sets of constraints.

For the set of equations, we should consider all of the different cases of the
potential bicharacters. Those inequalities in sets of constraints also should be
considered. In this step, some cases maybe lead to contradictions. The correct
bicharacters are given in the form of generalized Dynkin diagram (see Def. [1.11]
Ch. 1). And the corresponding Cartan graphs and characteristic sequences of the
bicharacters can be given entirely by the same technique as above.

REMARK 3.4. The rows of sets of constraints and equations are independent
of each other. According to the formula of bicharacter , p. 15), some rows
of the sets contain a word 'or’. For each row of such kind, it has two equations
and at least one of the two holds. That is the reason why we need to discuss the
different cases. If a set of equations has k rows, then there are 2* cases should be
considered.

PROOF.

-, (1<e,ab, feNT),

the associated Cartan graphs are

(2 e\, (2 b\, (2 b\, (2 b\, (2 -b),
T\ca 2 )7 \ma 2)7 a2 )7 a2 )T \F 2 )7

X1 X2 X3

1
Assume that: y; = Qi da) _ (D , where 1 = qi1, ¢2 = ¢22, ¢ = 12 * @21
21 (422 q gz

(2 <D\ o [(-1b\ (1 0
CX_(—a 2)’01 _(0 1)"’2 “\a -1)

By formula , p. 15), we get the set of constraints of x:
(q#1

¢ A1i=1,2...b

@-q#1,j=1,2,....b—1

I:q gt =lorgl-g=1

@a#1,k=1,2,...,a

dq#1,1=1,2,...,a—1

[ @™ =Torgs-q=1

1
= 0X1 * = ( _Q1 _ 2 ),
2= EXA T 20 Pty

(2 b e (1B o (1 0
CXZ_(—a 2)"’1 _(0 1>"’2 e —1)

By formula , p. 15), we get the set of constraints of xs:
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(¢ A1

¢ #1,9=1,2,....b
q#A1L,h=1,2,...,b—1

In):§ o' =lorgl ;¢ =1

(ql1)2qb92)c #1l,c=1,2,...,a

(@ ) 7P #£1,d=1,2,...,a—1
\ (qZ{QQbQQ)a+1 =1lor (qlqubQZ)aql_qu—l =1

ab=1)* q4(ab—1) a
qg )q(b1)922 1 >

X2
X3 =097 * X2 = —2b(ab—1) _9q4 —2a
gy T grab g2 B b
2 b\ . (-1 b\ 4 (1 0

X3 —
A 2)"’1 0 1)%% ~\a <1

By using the formula (2.2} p. 15), we will get the set of constraints of ys:

( —2b(ab—1) _94 —2a
q ( )q2b+1q22 41

a(ab—l)qéﬁ)u 7& 1,U = 1’2, ce ,b

LS

1) :

R

’ b))t £ L,z =1,2,...,a

& Pq) ™ = 1or (¢7 ") q, q

q1

q
—2b(ab—1) _94 —2a
)V g g% £y = 1,2, a— 1
—2b(ab—1) —2ab+1q52a -1

ab—1)2 _a(ab—1) .a2\v . —2blab—1) _o4 —2a
)q(b 1)Q2)Q1 ( )q 2b+1Q22 FlLv=12,...,0-1

49

ds

(
1
i
ab—1)2 a(ab—1) .a ab—1)2 a(ab—1) .a —2b(ab—1) _9g —92a
q§ )? _a(ab 1)q22)b+1:10r<q§ )q(b 1)q22)b ( )q2b+1 2
!
b
1
b

From I), I1) and I1I) above, the set of constraints of bicharacters is fixed
partly. These equations and inequalities in this set of constraints are enough to
decide the possible bicharacters. Here we give only the set of equations. When we
need some constraints of inequalities in the following, we will choose them from

I),II) and I11) directly.

ab?— ab—
(qzla2qbq2)a+1 -1 @or qlb 2bq b 1q¢21 -1 @

ab—1)? a(ab—1) -a b(ab—1)2—2b(ab—1) ab(ab—1)—2a a2b—2a
(q% )q (ab 1)q22)b+1 —1 @orql( ) ( )q b(ab—1)—2 b+1q2 b—2a __

g
=
-+
=
D
»n
(@]
-+

of equations above, there are 16 different cases:

@
@

=1
=1

Y

Y

©)
@

Y

Y

®
©

,®)
30)

1®

Y
I

(@7@7@7 @)a (@a @7 @7 )7 (@7@7 @7 @)7 (@7 @7@7)7 (@7 @a @7 @)7
(@7 @7 @7 )7 (@7 @7 @7 @)7 (@7 @7 @7 )7 (@7 @7 @7 @)7
(@7 @7 @7 @)7 (@7 @7 @’ )’ (@7 @7 @7 @)7 (@7 @7 @7 )7
(@,®,,®).
o (- 4o
(1) % = ?;llaquga—%l = Z%(aﬂz)(blﬂ)
| ©) \ qa(abq)(bﬂ)q;?(bﬂ) —1 gPlate+)
( % at=1 Gt =
g+1 =1 §+1 —
(2): ® = Zb(a+1)(b+1) = gb _q
| \ q(a+1)(b+1) -1 qa+1 =1

=1
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.

N\~

\ 7~

N\~

N7

™\ 7~

~\ /7~

(11):

(12):

~

N\ 7~

9

N\ 7

PO OO MEEE VPO VOO PO OB VBB WEVWE VWO

e

(

N\ 7

N\ 7

Y

N\ 7~

N\ 7~

qi’fl = ql{i =1

a — 1 a — 1
g%ab—1)(a+1)(b+1) -1 = Zi —1
qa(abfl)(a+1)(b+1) -1 qb+1 -1

gt = gt =1

¢ =1 L) Bt =1
g(@—D(e+)+) — | gD+ — 1
gD+ — 1 =1

¢t =

%9 =1

g@=D(@+)E+) — |

qa(a2—2)(b+1) -1

gt=1 =1
79 =1 ) Ba=1
q(ab—l)(a+1)(b+1) -1 q(ab—l)(a+l)(b+1) -1
glablab—1)=2ab+1](b+1)—(ab=2)(b+1) — | G- DE+3)E+) — |
=1

09 =1

q(ab—2)(b+1) =1

qa(a272)(b+1) -1

¢t =

gq =1
q(ab—2)(b+1) =1

glab=D b+ (b+3) —
q’l’qlz 1
Gt =1

qgab—l)(a—kl)(b-&-l) 1

ql{q1= 1
.
Jlar D _

g =1

¢ =1

qll)(a—i-l) —1
qgabfl)(aJrl)(bJrl) 1
g =1

¢ =1
qb(a+1) —1

1
qllj(ab—l)(a-i-l) 1
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( % Bg=1
g9 =1
13): = pt
(13) ® @ =
@) Bt =1
\
4
% @g=1
(14): G =94 GBe=1
qg“ =1
\
4
% g =1
(15): © = gq =1
b+1 -1
@ qs
\
4
@
@ ¢q=1 @4 @ _ .
(16): 4 @ fo—1 =0 ,d=a 4 =5 ieqs

\
(here ieqs denotes the inequalities from the sets of constraints).

For each potential bicharacter of the first 15 cases, although we can not obtain
the bicharacter itself, we get its more new constraints. According to these new
constraints, the potential bicharacters are of zero-dimensional type.

When we consider these new constraints together with the other constraints
from set I),1I) and I1I), some of the 15 cases maybe lead to contradictions (for
example, see the contradictions in the computation of [1,4,1,4]).

The bicharacter of case (16) is the only one-dimensional type bicharacter:

@ g a2 b} 0
O—°,4¢=4¢q; ,q; = 43,2€4S
(here ieqs denotes the inequalities from the sets of constraints). i

In the following, we give a proposition of one-dimensional type bicharacters.

PROPOSITION 3.5. If x1 is a one-dimensional type bicharacter with character-
istic sequence containing |a,b, a,b|, then the Weyl groupoid of x1 is standard with

Cartan matriz
2 —b 2 —a
—a 2) " \=p 2 )

g 1
q q2)°

By Prop. (Ch. 4), a characteristic sequence containing [a, b, a,b] has only one
one-dimensional type bicharacter and we write it in the form of Dykin diagram:
a1 g 42

PROOF. Let x; be

—-b b a

vd =41 41 = Gs-
We find that the constraints of this bicharacter satisfy the first one of the three
cases of Thm. [2.1] (Ch. 4). According to Thm. [2.1] (Ch. 4) and its proof, we obtain
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the associated Cartan graph C;:

o9 2 _b o1
o(2 ) e
X1

Then for the one-dimensional type bicharacter yi, its Weyl groupoid is stan-
dard with Cartan matrix
2 b
—a 2/

Construct the associated Cartan graphs differently,

w2 —a\, (2 —a\,,(2 —a\, (2 —a), (2 —f o
T \—e 2 )7 \=b 2 )7\-b 2 )7 \-b 2 )7 \-b 2 )
X} X3 X3

by similar technique, we can also get a one-dimensional type bicharacter x}:

q1 q q2 _
O———-—7-50 7(]:(]1(1,(]%:‘]3-

And its corresponding Weyl groupoid is standard with one Cartan matrix
2 —a
-b 2 )

REMARK 3.6. From M. Cuntz’s computations, the following subsequences of
la, b, a,b] type yield one-dimensional type bicharacters:
[1,3,1,3],[1,4,1,4],[1,5,1,5],[1,6,1,6],[1,7,1,7],[1,8,1,8],[2,2,2,2],[2, 3, 2, 3],
2,4,2,4],[2,5,2,5],[2,6,2,6],[3,1,3,1],[3,3,3,3],[3,4,3,4], [3,5,3,5], [4,4, 4, 4],
where the subsequences [1,4,1,4] and [2, 2, 2, 2] produce affine Weyl groupoids.

g

For all of the length four subsequences of potential periods, we compute their
bicharacters for the potential periods of affine characteristic sequences. And we
obtain the associated Cartan graphs by program and by hand. Then we complete
the classification of affine rank two Nichols algebras of diagonal type by suitable
bicharacters. The main result is given as follows:

THEOREM 3.7. If x is a bicharacter of an affine rank two Nichols algebra of
diagonal type, then x is one of the following types of bicharacters (in form of

generalized Dynkin diagram, see Def. Ch. 1):

¢ ¢ ¢
(1) o&—"—" ,( € ug, its corresponding period is [2,2,2,2,2,2|;
(2) OC—C%?C € s, its corresponding period is [2,2,2,2,2,2];
C4 ClO
(3) ,C € paa, its corresponding period is [2,2];
—2 -2
(4) o—C%,C € ug, its corresponding period is [2,2);
¢ e | o
(5) o0 ,( € 2, ils corresponding period is [2,2];
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¢ o | R
(6) o———0 ,( € g, its corresponding period is [2,2];
¢ q q?
(7) o0—-———0 ,q € C\{=£1}, it is a one-dimensional type bicharacter and

its corresponding period is [2,2];

¢ ¢t | .
(8) o———" ,( € pio, its corresponding period is [1,4];
¢ ¢ ¢t | .
(9) o——"— ,( € us, its corresponding period is [1,4];
(10) OC—_lBl ,C € ps, its corresponding period is [1,4];
¢ q¢*q* o .
(11) o0———0 ,q € C\{1 U po U u3 U py}, it is a one-dimensional type
bicharacter and its corresponding period is [1,4];
¢ 0 -1 | . -
(12) &—"—0 ,( € s, its corresponding period is [1,3,1,6];
¢t
(13) & ,( € 12, its corresponding period is 1,3, 2, 3];
¢ ¢t -1

(14) &—"——0 ,( € 129, its corresponding period is [1,3,3,1,4,1,3,3,1,4].

where [, denotes the set of primitive mth roots of unity, C is the set of complex
numbers.

REMARK 3.8. With constraints of ¢;; and g;;¢;;, we can denote the bicharacters
of affine rank two Nichols algebras of diagonal type by generalized Dynkin diagrams
(see Def. [I.11 Ch. 1). As for a generalized Dynkin diagram itself, it is only an

invariant.

4. Proof of the main theorem

This section is the proof of Thm. (Ch. 4) in last section. For subsequences
of [a, b, a, b] type, we can fix their corresponding one-dimensional type bicharacters
and standard Weyl groupoids by Prop. (Ch. 4)and Prop. (Ch. 4). From
the proof of Prop. (Ch. 4), we find there exist also some cases which yield
zero-dimensional type bicharacters or contradictions (with more constraints of
inequalities). Naturally, these zero-dimensional type bicharacters can be dealt
with by program. From Rem. (Ch. 4), we know there are two subsequences
2,2,2,2] and [1,4, 1, 4] with bicharacters producing affine Weyl groupoids.

Most of the length four subsequences not of [a, b, a,b] type can be dealt with
program. There are finitely many subsequences with bicharacters producing affine
Weyl groupoids: [1,3,1,6], [1,3,2,3] and [1,3,3,1]. These three subsequences
correspond to three periods of affine characteristic sequences: (1,3,1,6), (1, 3,2, 3),
(1,3,3,1,4).

Thus it is sufficient to consider only the above two subsequences of [a, b, a, b]
type and three periods of affine characteristic sequences. We compute their corre-
sponding bicharacters and Cartan graphs and collect the bicharacters with affine
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Weyl groupoids. Then we complete the classification of affine rank two Nichols
algebras of diagonal type by bicharacters.

4.1. Subsequences of [a, b, a,b] type. In this part, computations of [a, b, a, b]
type subsequences of affine characteristic sequences are given. We compute the
bicharacters and their associated Cartan graphs corresponding to the subsequences:
2,2,2,2],[1,4,1,4].

1. For the affine characteristic sequences contain subsequence [2, 2,2, 2]:

e 2 2 2 2 f

oo — oo 06—, (1§6,f€N+),

the associated Cartan graphs are

(2 =e\. (2 =2\, (2 -2\, (2 -2\, (2 -2\,
co\—2 2 )7\ 2 2 )72 2 )T\ 2 2 )T\ 2 )T

X1 X2 X3
Assume that: x; = (qn Q12) = (QI ! ), where q1 = q11, ¢2 = G22, ¢ = 12 * @21
q21 422 qa Q2
Cx = (—22 22)’ oy’ = ( 01 f) 03 = G —01)
By formula , p. 15), we get the set of constraints of x;:
(¢#1
¢ # *1
ng #1
N:{ ¢G=lorgt-q=1
g2 # £1
G2q # 1
( @3 =1lorg; q=1
X2 =01 % = qu;’l qi*qlzqg)’
o = —22 22)’ o1 = 01 ? 05" = G —01
By formula (2.2 p. 15), we get the set of constraints of y»:
(4 1
¢ g #F1
q # £l

¢ (g'q) #1
II):{ ¢g=1lorg (q'¢ ) =1
4i1*q # £1
@ Pe - aitet #£1
| (1P@)® =1or (¢idPw)* ¢t =1
9 6
RS

o — [ 2 —2)70_163:(—1 2)7053:(1 0)_

-2 2 0 1 2 —1
By using the formula (2.2 p. 15), we can get the set of constraints of ys:
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(4 Pq gt A1
0'e°q; # +1
(479°a3) -y Pq gyt # 1
1) (419°0)" = Lor (¢14°a)* - q Py = 1
4iq*q # £1
(4idee) - a7 Pq gy =# 1
| (@1d*e)® =1or (¢ld*e)” a1 P g =1
From [), II) and III) above, the set of constraints of bicharacters is fixed
partly. These equations and inequalities in this set of constraints are enough to
decide the possible bicharacters. Here we give only the set of equations. When we
need some constraints of inequalities in the following, we will choose them from

I),11) and I11) directly.
¢ =1Qorg ¢=1Q2
=1Qorge=1@
(014°0)° =1 ®orgig’s; =1 ©
(419°¢;)° =1 Dor ¢i¢’gy = 1

For the set of equations above, there are 16 different cases:
(@7 @7 @7 @)7 (@7 @’ @’ ) (@ @7 @7 @)7 (@7 @7 @7 )7 (@7 @7 @’ @)
(@7 @7 @7 )7 (@a @a @a @)7 (@7 @7 @7 )7 (@7 @7 @7 @)7 (@7 @a @a )
(@7 @7 @7 @)7 (@7 @7 @7 )7 (@ @7 @7 @)7 (@7 @7 @7 )7 (@7 @7 @7 @)
(@7 @7 @7 ) *
% Ly =1 ai = F=1
: qg’ =1 ‘12 = 1 5 4 r S
(1) ®: (¢i?q)? =1 = q _1 { %-1 = )
@ (dlq3)* =1 q* ¢

B=1,r=1,8=1t#%l s# ﬂ:l,r;& 1,tr # 1,57 # 1,tr%s # £1.
Now we are trying to construct the entire Cartan graph associated to this
bicharacter,

t 1 2 =2 -1 2
_ X1 — X1 __ .
Xl_(?” S>’C _<_2 2)701 _(O 1>a

t 1
XQZUiG*Xl: (t—l —1 )
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srit 1 2 -2 1 0
X6 = Uiﬁ * X5 = (8_17“_1 S) ,CX6 = (_2 9 ) 7056 = (2 _1) )

_ X6 _ _
X7 =03 *X6 = r s = X1

Then the diagram of bicharacters is given as follows:

srit 1 o sr’t 1 o 5 1
sl o )7\t )7 \r ¢t

lo2 o1

t 1 o t 1 . S 1
ros) \tlr b tris) \r7tst tris)-

X1

By using the formula (2.2 p. 15), it is not difficult to get the entire Cartan graph

associated to xi:
2 =2\ _ (2 =2\_(2 -2
-2 2 )7 \-2 2 /)7/7\-2 2

|o2 o1
2 -2\, (2 -2 2 9

9 2 )7\=2 2 /)72 2

X1

%:qzzl 4= =1

gy =1 =1 3
2): = = =1
2N (g =1 ¢ =1 gzzq

®: Py =1 G =1

= Matg =1, =1,t#+1,s# +1,st #1.
Now we are trying to construct the entire Cartan graph associated to this

bicharacter.
(2 =2 w (-1 2\
= (5 5) = (0 0):

_(t 1
Xl—ss

s 1
X3:U§<2*X2_ s t)’
oxs — 2 2 s 1 2\
-2 2 )71 0o 1)’
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t 1 2 =2 . 1 0
— X5 — X6 — X6 __ .
X6 01" * X5 (8 S) 7C o (_2 9 ) y 09 (2 _1) ’

_ X6 _ _
X7 =09 *X6 = s s = X1-

Then the diagram of bicharacters is given as follows:

- to1\, t N, (s 1 -
*O (s s)l(t_ls_l t>2<3 t) o™
X1

By using the formula (2.2} p. 15), it is not difficult to get the entire Cartan graph
associated to xi:

o (2 =2\, (2 -2\, (2 -2\ .n
o (5 )5 F)= (5 F) o

X1

%:qzzl 4=1 g =1

pgy =1 g =1 3

3): = = =1

B ®: 4’ =1 Lt gs = SR
@: (dld°a)* =1 ¢ =1 nae

-3
N Mﬁ: 1,83 =1,t#1,s #+1,st £ 41, t 25 £ 1,t 35 £ +1.

Now we are trying to construct the entire Cartan graph associated to this
bicharacter.

C(t73s 1 (2 =2\ . [-1 2\
Xl_(t 8)7CX1—(_2 2)701_<0 1)7
| )

_ X5 _
X6 =01 *X5 =

X7=0§6*X6= = X1-

Then the diagram of bicharacters is given as follows:

A | t3s 1 t3s 1
o1 o o o2
O (t‘ls_l 5)2( t s)l(tzs_l g1 O™

X1

1
%2 = \2
) gL 1 2 -8 . (-18
X5:J;< *X4: <t1 —1 S) 7CX5 - (_2 2 ) 7O-i< - < 0 1)7
( (5 2) =

1
5
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By using the formula (2.2} p. 15), it is not difficult to get the entire Cartan graph
associated to xi:

oo (2 =8\, (2 -2\, (2 -2\ ..
o5 3)=(5 )5 )

D: ¢ =1 0 =1 g =1
: .,
@:qul 43 q3:1
() @'q%q?’q%:l | are=l = qi:q
: -1
®: ¢ggs =1 nggqg ] =1
a =1
S N S S N N
g1 =dq
q1 = g2

Now we are trying to construct the entire Cartan graph associated to this
bicharacter,

t 1 2 =2 -1 2
— X1 — X1 __ .
Xl_(t t)’c _<_2 1)701 _<O 1)7

Then the diagram of bicharacters is given as follows:

a2 t 1 o1
ot o

X1

By using the formula , p. 15), it is not difficult to get the entire Cartan graph

associated to xi:
o2 2 —2 o1
o (2 F) o

qu:1 q2q=1 Gq=1
9): = =
(5) ®: (¢lp) =1 g =1 g =1
@: () =1 ¢"%¢* = 1 ¢ =1
qi)Zl t S S
=<{ p=q =o—"— D t3=1,83=1,t#+1,5# +1,st # 1.
3
=1

92 =
For this bicharacter, it is as same as (2). The Cartan graph associated to x; is

o (2 =2\, (2 =2\, (2 -2\ ..
O(—z 2)(—2 2)(—2 2)0 :

X1
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o N b
D g3q=1 49 =1 49 =1
6): = =
( ) @: (qilq2q2)3:1 (]5(]221 q2q2:1
®: ¢7°q; = 1 ¢ =1 ¢ =1
¢ =1
1 t s S 13 _ 1 3 _
=1 =@ =>oc——— 0 t°=1,=1t#+xl,s#xl,st#1
3
¢ =1

For this bicharacter, it is as same as (2). The Cartan graph associated to x; is

oy 2 =2\, (2 -2\, (2 -2\ .,
o(% D)= (5 =5 ) e

X1
Do =1 @ =1 4=1
R R}
@: () =1 ag =1 ngt =1
-2

2 =1t # £1, 11 £ £1.
Now we are trying to construct the entire Cartan graph associated to this
bicharacter.

tt 1 2 =2 -1 2
_ X1 — X1 __ .
X1_<t2 t),Cl—(_Q 1)701 _<0 1)7
) # o1 2 -2\ . (1 0
X2 = Ui< *X1 = <t_2 t) = XlaCX2 = (_2 1 ) 70%( = (2 _1> )

o1
X3=U§2*X2= 2 ¢ = X1-

Then the diagram of bicharacters is given as follows:

a2 t4 1 o1
(8 Nom

X1

By using the formula (2.2} p. 15), it is not difficult to get the entire Cartan graph

associated to xi:
o2 2 2 o1
O (_2 9 ) O

%:qzzl 7= g =1
g =1 g =1 2
8): = =1
B ®: gietes - qg® =1 ZQq:q
®: ¢ig°qs =1 ¢ =1 '

[\

-9 —
SN S ST
Now we are trying to construct the entire Cartan graph associated to this

bicharacter.

t=2 1 2 =2 -1 2
_ X1 — X1 __ .
X1 = (t2 t) 7C - (_2 1 ) 01 = < 0 1) )
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t=2 1 2 =2 1 0
X2:U¥1*X1: (t—Q t) :X176X2: (_2 1 )70%(2: (2 _1)7

t—2 1
X3:U§2*X2: 2 ¢ = X1-

Then the diagram of bicharacters is given as follows:

02 t72 1 o1
(02 Do

X1
By using the formula , p. 15), it is not difficult to get the entire Cartan graph

associated to xi:
2 =2
g2 o1
O (_2 9 ) o7

@: gig=1 aiq = 20 1

@: g =1 ¢ =1 L
D ®: (gdewr=1 7 ) af=1 (q]% _ 1

@: (d)°g)* =1 ¢i"q"® =1 !

-2

= Ot#oatgz 1,s3 =112 41,13 # 1,5 # £1,t2s # 1,125 # 1,135 # 1.

Now we are trying to construct the entire Cartan graph associated to this
bicharacter.

t 1 2 =2 -1 2
= X = X1 = N
X1 (t_2 8) 7C ! (_2 2 ) 01 < 0 1) )
t 1 2 =2 1 0
X2 = O-ia *X1 = <t2 S) )CXQ = (_2 2 ) 70-%@ - (2 _1) )
o= 3o

X7=0§6*X6= 2 5 = X1-

Then the diagram of bicharacters is given as follows:

t3s 1 t3s 1 t 1
o2 p o o1
©< t t>1<t23‘1 s)Q(t_Q s) o
X1

By using the formula , p. 15), it is not difficult to get the entire Cartan graph
associated to xi:

o (2 =2\, (2 =2\, (2 -2\ ..
O<—8 2)(—2 2)(—2 2)0 :

X1
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@: qiqg=1 2
=1
@ @=1 419 + 2 4
N
®: ¢ie°a; =1 e

t2 =1t # £1,t* £ £1.
Now we are trying to construct the entire Cartan graph associated to this
bicharacter.

t 1 2 =2 -1 2
Xlz(t—Z t4)>CX1:(_2 1)70{1:(0 1)7
t 1 2 =2 1 0
X2 = O-ia *X1 = (t_2 t4) = XlaCX2 = (_2 1 > aO-%Q = (2 _1) 3

X3=U§2*X2= 12 44 = X1-

Then the diagram of bicharacters is given as follows:

1\ o
020(2 t4)© ]

X1
By using the formula (2.2} p. 15), it is not difficult to get the entire Cartan graph

associated to xi:
2 =2
g2 g1
O (_2 9 ) O

%:q§q=1 qzqzl q§q=1
gy =1 =1 g =1
11): = =
(11) ©: ¢ii*e =1 nglzl 4= a
@: (¢)¢°¢) =1 gt =1 ang’ =1
2
qq=1
3 _
N N S S A S [
g2 = ¢q
qg1 = q

For this bicharacter, it is as same as (4). The Cartan graph associated to x; is

o9 2 -2 o1
(3 )

@: qig=1 giq =1 2, 1
@:q=1 ¢ =1 e
12 ’ = = =1
121 ©: glgg =1 g3 =1 Z; ¢
®: did’q =1 ¢*g =1

=0 %o ,t5=1,12# £1.
Now we are trying to construct the entire Cartan graph associated to this
bicharacter.

t 1 2 =2 -1 2
_ X1 — X1 — .
X1 = (t2 t2> 7C - (_2 1 ) » 01 ( 0 1> )
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t 1 2 =2 1 0
X2 = Uia *X1 = (t—Q t_2) = Xl?cx2 = <_2 1 ) 70—52 - (2 _1) )

t 1

X3=U§2*X2= 2 42 = X1-

Then the diagram of bicharacters is given as follows:

o) t 1 o1
o ) or.

X1

By using the formula , p. 15), it is not difficult to get the entire Cartan graph
associated to xi:

=

=

o 2 =2\ .5
o(2 e

%:qiqzl qiqzl G =q

g =1 459 = G2 =q

13): = =

(13) ®: (¢iPp)>? =1 qu qul
@: (¢)d°q3)* =1 =1 =1

O S S R

For this bicharacter, it is as same as (4). The Cartan graph associated to x; is

o9 2 -2 o1
(3 )

%:ng:1 atq=1 gt =1
: =1
(14) @.(bgz 3.1 ~ Gg=1 =4 @=q
(1)’ = @ =1 @ =1
®: ¢ig’q; = ’ ?
t S 9
(0 =1,t% # £1.
The associated Cartan graph is
2 =2
o2 o1
S @g=1
%:353:1 arq =1 g =1
U ©: gz =1 7| B Ty as!
: =1 =1
@: (dd°a3)® =1 o 421
-2 42
A S S R N

For this bicharacter, it is as same as (8). The Cartan graph associated to x; is

o9 2 -2 o1
o3 P)en
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gig=1

%zngzl gg=1 _t r s
161 ®: qleted =1 i{ Go=1 7 7
®: ¢id’q; =1
r=1,s2r=1r#41,t#+l,sAF1,tr£1,sr #1,st72#1,ts72 #1.
Now we are trying to construct the entire Cartan graph associated to this
bicharacter,

[t 1 (2 -2 v (—1 2\
Xl_(?‘ S),CX _<_2 1)701 _(O 1)a
)_ x

_ X1 _
X2 =01 *X1 =

o t3st 1 t 1
X3 = 03" * X2 = 254 o) =\, 5

Then the diagram of bicharacters is given as follows:

o o) (t 1) s
T S

X1
By using the formula , p. 15), it is not difficult to get the entire Cartan graph

associated to xi:
2 =2
o2 g1
O (_2 9 ) O

From the above 16 cases, it yields the following bicharacters whose corresponding
characteristic sequences are the periods of affine characteristic sequences.

= o+
[V
|
<
aQ
Il
\//—\
|
N)M
s H|
[\
N——
Q
B 2
(V)
|
N\
DO —
=)
—_
N——

&5 cep
@& Scen
B &S e
(4) & <7C€M6§
6) &5 e
0 &5 Cepm

(7) L ,q € C\{£1}, it is a one-dimensional type bicharacter;
where u,, denotes the set of primitive mth roots of unity, C is the set of com-
plex numbers. The first two bicharacters have the same characteristic sequences:
2,2,2,2,2,2]; the other five bicharacters have the same characteristic sequences:

2,2].
2. For the affine characteristic sequences containing subsequence [1,4, 1, 4]:

]
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the associated Cartan graphs are
o2 e\ (2 N, (2 -4\, (2 N, (2 -4\,
T\ 2 )7 \—-1 2 )7 \—-1 2 )7 \—-1 2 )7 \—-f 2 ) "

1
Assume that: y; = (QM Q12) = (C‘h ), where ¢1 = q11, ¢2 = @22, ¢ = Q12 - Q1.

421 Q22 q Q2
2 —4 -1 4 1 0
X1 — X1 __ X1 __
A 2)’“1_(0 1)"’2_(1 —1>'
By formula , p. 15), we get the set of constraints of x:
q71

Qi%la(i:273;4)
I:¢ ¢ -q#1,(j=1,2,3)

@ =1lorgt-q=1

@=—lorg-qg=1

1
_ 0_X1 ” — _QI_ :
X2 =01 X (q1 *¢1 g% g

2 —4 -1 4 1 0
X2 X2 __ X2 __
o= (5 )= (o 1) =i )

By formula (2.2 p. 15), we get the set of constraints of x,:
-8 —1
¢ ¢ #1
¢ A1, (i =2,3,4)
1) q{-(ql’BQ‘l)#lé(jzlﬂﬁ)
¢ =Lorgi (a°g ) =1
0°¢"2 = —1or 1°¢" e g7 gt =1
9.3 1
— O_XQ ” — _Q1Q_(12_ 7
Xs =0 (q1 707 ai%e

2 —4 -1 4 1 0
X3 — X3 X3 _
o= (4 ) =3 1) )
By using the formula (2.2 p. 15), we can get the set of constraints of ys:
—24 7 —2
41 9 9o # 1‘
(qSl)q3QQ)’L_ 7£ 1724(Z = 2723a 4)
) § (@ Pa) ~a " q gy #1,(j=1,2,3)
)

(i]zqi% b=1lor (({*e) ¢ T =1

61°0* e = —1or ai°¢*qy - 7 g7 T * = 1

From [I), IT) and IIT) above, the set of constraints of bicharacters is fixed
partly. These equations and inequalities in this set of constraints are enough to
decide the possible bicharacters. Here we give only the set of equations. When we

need some constraints of inequalities in the following, we will choose them from
I),11) and I11) directly.

¢ =1Qorqg-¢q=1Q

@=-1Qorg ¢q=1@

6°¢' = —1 ®orgig’e =1 ©

((1¢°02)° =1 Dor¢f*P°g3 = 1
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For the set of equations above, there are 16 different cases:
O..®0), (0,0,5,Q), (D,6,D), (D,®), (D,W,6,D),
DO,6,0), (0,6,0), (DO®6,0), (@.,0), (2,0,5,Q),
@.6,0,0), (2,8,,0®), (@.0,6,D), (28,5,0®), (2,®,6,),
(@,@,©,®).
D qf =1 =1 o=1
% % 3?6?4;: -1 7 cqziqj:; I
@ (q?q3q2)5 _ ¢ =—1 @1 = —¢q
t  —t 1

=0 o P =112 £ +1.
Now we are trying to construct the entire Cartan graph associated to this

bicharacter.

A
X1 = -t —1/°

<0 1 1
£l
XQZUiCI*Xl: ¢ _1)7
2 —4 14 10
X2 — X2 _ X2 _ .
e (—1 2 ) ( 1):%2 =\1 —1)°
1

o= (% )= (1) =3 )
1
X5:O-%<4*X4: -1 _t3>’
2 —4 ~1 4 1 0
X5 — X5 __ X5 __
C‘(—5 2 ’0'1—( 1)°72 =5 -1
1

_ X5 _
X6 =01 *X5 =

CX6:(

X7 = 05° % X6 = ¢ 1) T X

Then the diagram of bicharacters is given as follows:

o 1 21 t 1 o
) ) ) e

X1
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By using the formula (2.2 p. 15), it is not difficult to get the entire Cartan

graph associated to xi:

2 -4
o (5

-~

L =1

g =—1
Lt = —1
Lateg =1
=1

g =—1
(P =1
()’ =1

SICISISISISIS

~ 7

—6
Ny

)

=

¢

N7~

\

2 4 2 4\ .,
-1 2)2(—1 2)01‘

X1

g =1 =1
g2 = —1 G =—1

= = 4.
Qg =1 Qg =1 ¢
i¢° =1 q-q#1,(j=12,3)
5:1
n q=1
g2 = .
3,3 — _q =49 @=-1
19" = @ =q°
q15:_1 1

ot O =1t A 1,60 # 1, (i =2,3,4),t° # 1,1° £ 1.

Now we are trying to construct the entire Cartan graph associated to this

bicharacter.

(%1
X1 = t —1/>

e = (—21 _24) o1 = <_0
X2 =01 ¥ x1 = <t__t62 _tlfz
o= (2 5= (7
X3 = 052 * X2 = (t__; _t1—2
e = (—21 _24) o= <_01
Xa = 01" % X3 = <t;6 _11> 5
e = (—21 _24) o1 = <_01
X5 = U%@ * X4 = <_tt15 _11) )
Cxe = (—21 _22) 01" = <_0
X6 = Ui<5 * X5 = <__tt_65 ;7) )
(5 D)o
1

9
no
I

9
[\
Il

9
[\
Il

9
[\)
I

9
[\
1

—_ =

—
|
—_

—_ = —_ =

W =
|
—_

Q
(S5
w
Il
N\ VR N C‘: VR N
=
—_
~_ ~ ~_ ~ ~ ~_
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2 =2 -1 2 1 0
X7 — X7 __ X7 __ .
e (G 5) = ()= 4):

—t 1

X8 = O-iw * X7 = tfl —1/>
2 =2 -1 2 1 0
X8 — X8 __ X8 __ .
= (A7) =0 ) -0 5)
=% 1
X9:U§6*X6: | = X1-

Then the diagram of bicharacters is given as follows:

" —t 1 -t 1 =6 1 | >
O (—t6 t_7)01( = —1)”( t —1>Ul<—t2 —t—2) o
X1

By using the formula (2.2 p. 15), it is not difficult to get the entire Cartan
graph associated to yi:

o (2 =2\, (2 =2\, (2 -4\, (2 -4\ .,
o5 F)=(4 =3 F)=(4 5)e

X1

%:q?:1 n=t g =1
=1 @ =-1
4): . = = —
W1 ®: gig'e =1 aq = -1 Zi _ P
L’ =1 7" =1
—t? & =1 ; » 5
= 0= 1 ¢ £ 4] (i =2,3,4),5 £ 1.

Now we are trying to construct the entire Cartan graph associated to this
bicharactezr.

Jor= (1) = 4
Xo =07 x X1 = <_t§2 tle') )
oo (3 )= () -6 8)
X3 = 052 * X2 = <_§51 tlﬁ) )
oo (3 D)= (3 -3 )
Xa= 07" % X3 = <tt5 ;2) )
co= (2% F)r=(4 D)= &)
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2 —4 -1 4 1 0
X5 — X5 __ X5 __ .
2

X5 —t 1
X6 =01 * X5 = —+1 1)

2 —4 -1 4 1 0
X6 — X6 __ X6 __ .
= (5 5) = (0 ) =0 5)

—t 1
X7:U§6*X6:<t 1)

2 —19 -1 19 1 0
X7 — X7 _ X7 __ .
(A )= ()-8

—t 1
X8:J¥7*X7:<t 1)

(2 S19\ (-1 19) . (1 0)\
CXS—(—l 2>"’1 —(0 1)"’2 =l 1)

— X8 —
X9 = 05 * X§ =

(2 A\ o (-1 4\ . (1 0\,
= (4 5) = ()= h):

X10 = 07" * X9 = (;—5 2>

Cx10 — (_29 _24) ’Uiao _

X12 _t2 1
X13 = 03 " * X12 = 8 46 )

2 —4 -1 4
X — X13 __
Clg—(—g 2)"’1 —(0 1
y -2 1
X14=U¥3*X13=(t 1 )>
1

2 —4 -1 4
X14 — X14 __
¢ _(—1 2)’01 _(0 1
X14 —
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1
X16 = 017 % X15 = 1 1)

CXx16 — (_21 _27> ’0.1616 — (_01 I) ’0.5(16 _

4. PROOF OF THE MAIN THEOREM
2 1

1 0.
1 =1/
X =1\ 4 1) =X

Then the diagram of bicharacters is given as follows:

X1
LY, (—t 1N\, ([t 1\, (t 1
—1)—\t —=1)—\ 8)—7\—t71 ¢

_ _X16
X17 = 03

t3

o1 O (t_l
-t 1

o -t 1), . —t?
o (T 4)=(55 L)

oy

1y, (t 1
t=2)—\t t2)

By using the formula (2.2 p. 15), it is not difficult to get the entire Cartan

graph associated to xi:

o (2
o (2

X1

2 —19 2
o1 o
o (% 2)=(4
(%:ﬁ:l (=1
g =1 q2q =
9): = =
(5) ®: %"= -1 q%g?’——l
| @ (i)’ =1 [ ¢’ =1
(D: g7 =1 (qi=1
@D: qg=1 Pq =1
6): =
1 ®: giogtg, = -1 Qe =1
[ ®: ¢’ =1 | @d¢ =1
(D: ¢ =1 (g1 =1
(7): @:Qqul = Q2q2:1 =
©: ¢dip=1 qig =1
| D (i) =1 (¢ =1
A A

= O =18 # £1,83 £ 1,4 £ +1.

2)=(5 3= 3)=(5 )

o1

BECEVE

@ =1
Gq =1
3 _
q = —¢
P # +1

@ =-1
pq=1
¢ #1,(i=2,3,4)

¢ =1

q2q =1
a=q*
q10:1

= 4.

= 4.

Now we are trying to construct the entire Cartan graph associated to this

bicharacter.
(1

2 —4 -1 4
X1 — X1
=t t1>’c _(—1 1)’“1_(0 1)

Y
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| 2 —4 1 0
X2:U¥1*X1:(t t—l):X17CX2:<_1 1)70—%(2:<1 _1);

t=* 1
X3=U§<2*X2= +ol = X1-

Then the diagram of bicharacters is given as follows:

4
7 o (t t;) o

X1

By using the formula , p. 15), it is not difficult to get the entire Cartan graph

associated to xi:
2 —4
o2 o1
O (_1 9 ) o7

D: g =1

@ gq=1 o = o =
(8) ®: ¢Pq =1 = CJ2Q*1 =49 ©¢=1

®: q%2q5q§:1 4iq’q =1 @1 =49

—1
SN S A Y

Now we are trying to construct the entire Cartan graph associated to this
bicharacter.

t 2 -4 -1 4
_ X1 — X1 __ .
X1 = (t tl)ac = (_1 1 >701 - (0 1)7
) t o1 2 4\ ., (1 0
X2:Ui< *X1 = <t t_l) :X176X2: <_1 1 )705< = (1 _1)3

t 1
X3:U§2*X2=(t 41 = X1-

Then the diagram of bicharacters is given as follows:

o2 1 g1
o) e

X1

By using the formula , p. 15), it is not difficult to get the entire Cartan graph

associated to xi:
2 —4
g2 g1
O (_1 9 ) o7

—_

4
% ad gig =1 qig =1
(9): ? = g2 = —1 = g = —1
% “n ! Q1q4 =-1 Q%S =-1
(g ) =1
t ot =1

=00 P =12 F 13 #£ L1114 1,104 1,15 £ 1.
Now we are trying to construct the entire Cartan graph associated to this

bicharacter.
[t 1
X1 = t74 -1/
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(2 -4 X1 1 4 v (1 0.
C”—( o= (0 D)= (1Y)
t 1
X2 =01 *X1 = |
1 4 1 0
X2 — X2 __ .
CQ—( 2) o <o Do =i )
=3 1
X3 = %< <t4 1)
1 4 1 0
X3 — X3 __ .
er= (2 3ot = (0 )= (1 1)
t3 1
X4 iC < t2
B 4 4 1 4 Ya 1 0.
e = (o 2>ﬂ (01%% (0 )
t3 1
X5_02* t27
. 4 . 1 4 vs 1 0.
e = (o z>ﬂ “(o )=o)
t3
X6_01 * X5 = <t4 )

_ 1 4 w (1 0.
o= (5 )= (0= 5),

t 1
X7 = 03° % X6 = | = X1-

Then the diagram of bicharacters is given as follows:
> t 1 —t3 1 t 1 -
o )= D)k L)
X1

By using the formula , p. 15), it is not difficult to get the entire Cartan
graph associated to yi:

o (2 A\, (2 -4\, (2 -4\ .,
O(—m 2)(—1 2)(—1 2)0 '

@: qiq= glg=1 "
~1
L) @ =1 g = —1 -
109 ®: gioglq, = -1 F=1 32:___11
®: ¢i’¢°g3 =1 q#1
S S B R S [ SRR I GV

Now we are trying to construct the entire Cartan graph associated to this
bicharacter.

t 1 2 —4 -1 4
_ X1 — X1 __ .
X1 = (_1 _1) 7C - (_1 1 ) 01 = ( 0 1) )
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t 1 2 -4 1 0
X2:U¥1*X1: (_1 _1) = x1,C* = (_1 1)70%(2: (1 _1)7

t 1
X3:O-;<2>|<X2: <_1 _1 :Xl'

Then the diagram of bicharacters is given as follows:

o2 t 1 o1
o(fy Lo

X1

By using the formula (2.2 p. 15), it is not difficult to get the entire Cartan graph

associated to xi:
2 —4
o2 g1
O (_1 9 ) O

%:qi‘qzl qtq = giqg =1
e =1 @ =-—1 @ =-1
(11) ©®: ¢tp=1 ~Yqg=-1 T\ qg=-1
@: () =1 q° = -1 ¢ =1
g =—1
= =1 =4
g =—1
¢ #1,(i=2,3,4)
@: ¢iqg=1 4
. _ (hq:l
gy = —1 Fo—1 -1
(12): %ggqq s By S
1 —
1(15‘]2_1 ¢=-1

th=—1,t* # il,t?’ # +1.
For this bicharacter, it is as same as that in (10). The Cartan graph associated

to x1 is
2 —4
U2©<_1 2)00’1‘
%t%‘q—l giqg =1 qi =1
Dgpg =1 G2q =1 ¢ =1
13 = =
(13) ®: ¢ty = -1 @ =—1 g=—1
@: () =1 ¢ =1 g =—1
=1
= Cq]?:__ll = 4.
¢ #1,(1=2,3,4)
@161%61:1 4 4
=1 =1
(14): @: qg=1 N Q1Q_1 (h__l
: L1604 429 = =4 ©=
®: ¢°¢'qp = —1
®: 2P =1 @ =-1 q=-1

= _1,t4:—1,t27éi1,t37£i1.
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For this bicharacter, it is as same as that in (10). The Cartan graph associated

to x1 is
2 —4
g2 g1
O (_1 9 ) O

D qig=1
A PTS pp
(15): o83 =< ©q=1 =< @q=1
@-Q1QQ2—1 P = P =1

@

() =1
t ot t—1

=0 tP=1,t2#1.
For this bicharacter, it is as same as that in (8). The Cartan graph associated

to x1 is
2 —4
g2 o1
@:qiqg=1
@

_ g =1 qig=1 tott ot .
(16) @: Q§QSQQ:1 :>{q2q:1 :>O—O,t %1,2—2,3,4.
®: ¢i*Pg; =1
Now we are trying to construct the entire Cartan graph associated to this
bicharacter.

(1N . (2 =4\ (-1 4\
Xl_(t4 t4)7CX _(_1 1)701 _<0 1)7
t 1 2 —4 1 0
X2:U¥1*X1:<t4 t4>:X1>CX2:(_1 1>7U§2:(1 _1>7

t 1
X3:0§<2*X2: 4 4 = X1-

Then the diagram of bicharacters is given as follows:

g2 t 1 g1
o B o

X1

By using the formula (2.2} p. 15), it is not difficult to get the entire Cartan graph

associated to yi:
2 —4
g2 o1
O (_1 9 ) Ot .

From the above 16 cases, it yields the following bicharacters whose corresponding
characteristic sequences are the periods of affine characteristic sequences.
¢t ¢ !
(1) o——— ,( € mo;
¢ ¢ ¢!
(2) O 0O 7< S M55
¢ -1 -1

(3) o——9 7C€,u8;
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(4) o0———0 ,q € C\{1U po U puz U py}, it is a one-dimensional type
bicharacter;

where 1, denotes the set of primitive mth roots of unity, C is the set of complex
numbers. All of the four bicharacters above have the same characteristic sequences:
[1,4].

4.2. Computations of periods of affine characteristic sequences. In
this part, we compute the bicharacters and Cartan graphs corresponding to the
periods of the affine characteristic sequences:(1,3,1,6), (1,3,2,3) and (1, 3,3, 1,4).

(1). For the affine characteristic sequences whose period is [1,3, 1, 6] :

e 1 3 1 6 f

(1 <e, f € NT), the associated Cartan graphs are

(2 =e\. (2 =3\, (2 -3\,[(2 -6\, (2 -6\,
o\ 2 )7\ 2 )7 o2 )T\ 2 )T\ 2 )T

X1 X2 X3

1
Assume that: y; = (CJn Q12) = (QI ), where ¢1 = q11, @2 = 22, ¢ = Q12 - Q21

421 422 q g2
2 =3 -1 3 1 0
X1 — X1 X1
er=1a 2)’“1 (0 1)"’2 (1 —1)'
By formula (2.2, p. 15), we get the set of constraints of y;:
q71

g #1,(i=2,3)
I:q q-q#1,(j=1,2)

gi=Torg-q=1

Go=—lorg-q=1

1
o 0.X1 * _ _(hi - ,
X2 =01 %X (q1 %1 e

(2 -3\ . (13 . (1 0
CXQ_(—l 2)’“1 _(0 1)"’2 “ 1)

By formula (2.2 p. 15), we get the set of constraints of ya:
g # L
i #1(=2.3

Iy 4 (o ‘1)751 (1=12)
Q1_1OTQ1 ((h q ):1
09%q = —1or qlq G- g gt =1

— O_XQ " _ _CI1C]_QQ_ - 7
X3 =02 X2 (q1 “07q7 e

1
q
o= (2 F)er=(3 D =(1 )

-1 2 0 1 -1
By using the formula (2.2 p. 15), we can get the set of constraints of ys:
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5 0 —2 7& 1
(g i‘ng) #1,(i=23,...,6)
IIT) - ¢ (di’q) - q1 PP #1,(=1,2,...,5)
(17°02)" = Lor ((10°0)° - ¢ "0 7" =1
BPe=-1or e ¢ g% =1
From I), I1) and I1I) above, the set of constraints of bicharacters is fixed
partly. These equations and inequalities in this set of constraints are enough to
decide the possible bicharacters. Here we give only the set of equations. When we
need some constraints of inequalities in the following, we will choose them from
I),II) and I11) directly.
@ =—1
¢t =1 Dorglg=1 @
Bt =—-1Qor ¢’ =1 @
(¢1°0)" =1 ®org’'e; =1 ©
For the set of equations above, there are 8 different cases:
@.8,0), (D6.6),D.0.0), (D.@,0).2.0,0), (@,0,6),
2.@,®), (2,®,0).

gt

4:1
(qDQ_Zl qiljl 21:(]
. cq =1 q1g° =1 2 _
DY @ deim=-1 T gi=-1 7 Zz:_i
. 4 2 7:1 —_— — ) .
| ©: (did'e & ((1Pg) #1,(i=2,...,06)
= 4.
s ol [ue
g =1 ng =1 ¢ =1
2) @:q%q?’qz:—l ~ q%z ~ q;:—l
| ©: ¢*d'gs =1 @ =-1 ¢ =
¢ =1
N BN 1 Ny
¢ =1
G 7 1,(0=2,3)
(5__1 g =1 =1
4 3 2
9 —1 qq’ = -1 ¢ =1
3 = = =
) @D: ¢ =1 ¢ =1 G =-1 :
\@ (1) =1 @ =-1 qi #1,(i =2,3)
( 4
@ =-1 =1
o Dzt e
@ ¢i*q = g=1
| ©: ¢*d'gy =1 q#1




76 4. CLASSIFICATION OF AFFINE RANK 2 NICHOLS ALGEBRAS OF DIAGONAL TYPE

3 14
CBa =1 gq=1 ¢ =-1
(5) % géggq _ 4 =y e=-1 =1{d¢=1
ok 22 7 qiq" = -1 P =—1
®: (¢iiPe) =1
t 3 =1 2 3 i ~
= 7t :_17t ?é:tlft #ilvtz%17(7’:4757778)‘

Now we are trying to construct the entire Cartan graph associated to this

bicharacter.

t 1 2 =3 -1 3
_ X1 — X1 __ .
Xl_(t—3 _1)701_(_1 2)701 _<O 1)1

t 1 2 =3 1
X2 = O-ia *X1 = +=3 _1) aCX2 = (_1 2 ) 70-%9 - (1
—t2 1 2 —6
X3:O'%<2>I<X2: t3 _1>,CX3: (_2 9 )70'%3_
—t% 1 2 —6

a
=
N
I

N N N N N N N N
ﬂ L
&
|
~
(V)

_ X3
X4 = 07" *X3

I
[\
|
—_

IS
=
I

_ x4
X5 = 09 * X4

|
[a—Y
=
|
(o]
N}

X6 = 01 * X5

[N
|
—

X7 =05 * X6

|
w
N

|
—_
—_
[\

|
—_

IS
b
I

X7
X8 =071 *X7

b
|

~

[\o}
|

(@)

(]

|
5 =
|
= =
NN I G D U N N
IS
Pas
Q9
I

IS
b
Il

_ X8
X9 = 09" * X8

—t2 1 —6
X10 = 01" % X9 = ( B 1 ,Cx10 = (_1 2),0%‘10_
t 1
X11 :U%(m*Xloz 3 1 = X1-

Then the diagram of bicharacters is given as follows:

i t 1 —t2 1 —2 1 —1
o D) D 2

X1

IS
=

(=)

Il
oo (\V)
o [

)

B >0
[=))
I

N———

S =
|
—_

w
=
—
S N N S

— =
=)
[S—
~_

1
—¢1

)

By using the formula (2.2} p. 15), it is not difficult to get the entire Cartan graph

associated to xi:

o (2 N2 6\, (2 6\,(2 -1
-1 2)7\-1 2)7\-6 2 )7 \-6 2

2 -1 o
)1(_3 2)0 .
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Q2—_1 3
—1
@: ¢q=1 49 P |
6 L = =1 =4
1 ®: gigig = -1 F—1
- gl2 q =

19 = 1,42 # £1,13 £ £1,t* # 1.
Now we are trying to construct the entire Cartan graph associated to this
bicharacter.

t 1 2 =3 -1 3
= X = X1 = N
X1 (t—3 _1) 7C ! (_1 2 ) 01 ( 0 1) )
t 1 2 -3 1 0
X2 = o.i(l *X1 = (t—3 _1) aCX2 = (_1 92 ) 70-%@ = (1 _1) )
—t2 1 , 2 —0 -1 6
X3:U§2*X2:< 3 _1)JCX3:(_1 2)70-%3:(0 1)7

X3 _
X4 =07 *X3=

X5 = 03" % X4 = (t‘3 1) T X
Then the diagram of bicharacters is given as follows:
t 1 —t2 1
o1 o o1
o (t3 —1>2< = —1) o
X1

By using the formula (2.2 p. 15), it is not difficult to get the entire Cartan
graph associated to y;. The associated Cartan graph is

(2 =\, (2 —6) .
O(—1 2)(—1 2)O

(=1 aq =1
By =1 @ =-1
™ 9 %: 3532@:1 Tyeds T
®: ((1]4q2q27:1 (19°¢2)" =1
* ! P2q 7 1
(=1 gig =1
CBe—1 @ =-1
®) %: dip =1 7 il T
OF q%2q7q4:1 1799 =
* P G2q 7 1

From the above 8 cases, it yields one bicharacter whose corresponding charac-
teristic sequence is the period of affine characteristic sequence.

¢t 1

(1) o—"—o0 ,( € s, where p,, denotes the set of primitive mth roots
of unity.

This bicharacter has the characteristic sequence: [1,3,1,6].
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2. For the affine characteristic sequence whose period is [1, 3,2, 3] :

e 1 3 2 3 f

.. ° P PY ° ° ° °

(1 <e, f € NT), the associated Cartan graphs are

(2 e\, (2 =3\, (2 -3\.,.[(2 -3\, (2 -3\,
o\t 2 )7 2 )72 2 )T \2 2 )T 2 )

X1 X2 X3
1

Assume that: y; = 2 _ (D , where q1 = q11, g2 = G22, ¢ = 12 - q21-
d21 422 4 42

(2 -3\ (13 . (1 0
CXI_(—l 2)’“1 _(0 1)"’2 “ 1)

By formula (2.2 p. 15), we get the set of constraints of x;:
q#1
g #1,(i=2,3)
gl =1lorgl-q=1
@=—lorg-qg=1

1
_ O_Xl * — ( _QI_ )7
X2 =0 F XA gt Py

2 =3 -1 3 1 0
X2 — X2 _ X2 __
oo (B F)r= () er (2 L)

By formula (2.2 p. 15), we get the set of constraints of xo:
—6 71 7& 1

q1 # 1 ( 2,3)

q1 t#1 =12

II): ql_lorq1 a1 _1—1

400 # £1

Aq’a - g0 # 1

| (1P)? = 1or (1P ) - ¢ %" =
25 .10 4 1
Q0 — O’X2 % = ql qf q
X3 2 X2 (q130q 11 24 glaq
2 -3 3 0
X3 — X3 — X —
¢ (—2 2 ) 71 0 1) 72 (2 —1)'

By usmg the formula 2.2, p. 15), we can get the set of constraints of ys:
q1—30 711 ?é 1
(Q%5q1°q§) #1,(0=2,3)
(@40l - a7V gyt # 1, =1 2)
1)y (a°0"g)" = Lor () - % gt =1
Qe # 1
BV gt A
| (P =1or (q)? ¢ ¢ gt =1
From I), I1) and I1I) above, the set of constraints of bicharacters is fixed
partly. These equations and inequalities in this set of constraints are enough to
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decide the possible bicharacters. Here we give only the set of equations. When we
need some constraints of inequalities in the following, we will choose them from
I),II) and I11) directly.

g =1Qorglg=1Q

@=-1@orgpg=1®

(7°@)> =1 ®or ¢’ =1 ©

(6°q"q2)* =1 Dor¢i°¢"%q3 = 1

For the set of equations above, there are 16 differen

=+
(@)
I
9
@D
92!

@.6.6.0), (@.6.6.0), (@.0.0.0), (@0.6.6), (@@ 6.0)
(D,®D,,0), (O,®,06,D), (OD6,R), (@,0,D), (@0,5,0®),
%%% % @,3,06,0), (2,@,6,0), (@,8,6,0), (@006,D),
| "’%!q%:l gi=1 gl =1
D=1 @ =-1 @ =-1
D ®: (dge) =1 0'¢’ =1 w=—q !
[ @ (¢°¢"g)* =1 gt =1 ¢°q # £1
(D:gi=1 gt =1 ¢t =1
2): ®: q=-1 L) e=—1 ) e=-1
) @ (@)’ =1 Gig’ =1 ¢* =1
| ®: ¢°¢"¢5 = ag” =1 qg =1
qi =1
- g%qzz_ll >
@) °q # £1
D:qf=1 ¢t =1
(3): % Eﬁ?})q—%l: . =\ €= 1osd o Tl ,
@ (¢Pq"g)* =1 =1

th=1,7 =1,t # +1,r # £1,tr # 1,tr2 £ 1,tr3 # +1.
Now we are trying to construct the entire Cartan graph associated to this
bicharacter.

t 1 2 =3 -1 3
_ X1 — X1 __ .
X1 = (’I" _1>7C - (_1 2>a01 - (0 1>a

t 1
X2 = O-lx1 *X1 = 25—27,—1 _tr3 )
2 =3 1 0
X2 — X2 __ .
e N
t 1
X3 = 03" % X2 = +—2p—1 —tr3) )
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—tr 1 2 —16 -1 16
X5:U§4*X4: (7,,—1 _1> aCX5: (_1 2 ) 70-i<5: ( 0 1) )
i —tr 1 2 16 1 0
X6 = O-i< * X5 = <T1 _1) 7CX6 = (_1 2 ) 70-%<6 - <1 _1) ;

1

t
X7 = 05° % X6 = r 1) — Xt

Then the diagram of bicharacters is given as follows:

—tr 1 t 1 t 1
o1 P p o2
O (r‘l —1)2(7“ —1)1(15_27“_1 —tr3) o7

X1

By using the formula (2.2} p. 15), it is not difficult to get the entire Cartan graph
associated to xi:

o (2 =16\, (2 =3\, (2 -3\ ..
©<—1 2) (—1 2) (—2 2)0'

%:qul g =1 g =1
D e =—1 @ =—1 g = —1
WY@ gtrg=1 T =1 T) =1
®: ¢i°¢"g =1 ©g” =1 G =q
=1
@ =—1
= g=1 =4
¢71
’%:Q%:l ¢ =1 g =1
. D g =1 P2q =1 g2q =1
DN @ ewi=1 T le=1 " a0 .
\ ®: <q%5q10q§)4:1 q24:1 (Q15q 0Q2)1%17<Z:273>
= 4
(%:(ﬁ:1 g =1 g =1
D g =1 qq =1 gq =1
6): = - = -
() ®: (Q?q3q2)3:1 q11q6: q11q6:
[ ®: ’¢Pg =1 ng't = ¢"=1
g =1
qq=1
=< ¢l =1 = 4.
Qg =1
g 71
%: qi =1 S 1
g =1 1 t sl g
) =1 =4 s
D) ©: 2 =1 Z?,q: )
@ (¢°q"g)" =1

th=1,8=1,t#+£l,s# £1,ts # £1,tst £ 1.
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Now we are trying to construct the entire Cartan graph associated to this
bicharacter.

xlz(sil e = (2 —3) r= (3 Y):
t 3 w»_ (1 0
e o !
@ t 3 -1 3
Xs =02 *X2:<t 2 ts) ( 2) :<0 1);
X4=ai‘3*><3=(8f1 )CX4=(2 23 ( _01);

x4 t 1

=X xys =1 _ = Y.
X5 2 * X4 1 X1

Then the diagram of bicharacters is given as follows:

g2 o 02
O (S 1 S) : (t 28 tS) o7

X1

By using the formula (2.2} p. 15), it is not difficult to get the entire Cartan graph

associated to xi:
o 2 3\, (2 -3\ .m
o (5 )L F)em

X1

4
: =1 =1 2
®) %: gigqf’qré A T S
. 45 19 8 11 _ g1 = ¢q
| ®: 61’3 =1 qg't =1 241
'%:fﬁq—l @qg=1
g = —1 g =—1
(9): @r(;q%) -1 qul =
| @D (6P g)' =1 Qg =
%391(1—1 aiq =
g =—1 G = —1
10): = =
1Y ®: (e =1 7 =1 ‘
| ®: ¢°¢"g5 =1 =1
3,
(@ ¢lq=1 i =
@: =1 42 = —1
WY ®@: gbpg=1 T3 T
L (.25 10 4 qq' =1
\®-(Q1q 7)) =1 q#1
'%:q?qzl g =1
) D Q2 1 g = —1
N ®: gtg=1 T q=1 T
®: ¢°¢"¢5 =1 qg#1

Ve
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'%:qi’qzl Gig=1 g =1
g =1 G2q =1 g9 =1
13): = = = /.
(13) ®: (¢1p)® =1 (qi)izl q =1 ¢
| @ (6°¢"g3)" =1 (g)* =1 GG #1
(
%:q?q:l Bq=1 Bq=1
g =1 G2q =1 qq =1
14): = = = 4.
( ) @I (qg)q?)qz)?’:l q?2:1 q= é
| ®: "¢ =1 @2 =1 g4 1
(
%:q?q:1 ¢jq =1 @ =1
D=1 o = =1
| @1 (¢P°¢"g)' =1 g’ =1 q#1
\
%:qi”qzl gg=1 ¢ =1
D geq =1 G2q =1 g =1
16): = = = 4.
(16) ©®: 6’¢°¢ = g =1 g=1 4
| ®: ¢’¢¥a =1 =1 q#1

From the above 16 cases, it yields one bicharacter whose corresponding char-
acteristic sequence is the period of affine characteristic sequence.

¢t
(1) &——"—" ,( € 2, where p,,, denotes the set of primitive mth roots
of unity:.

This bicharacter has the characteristic sequence: [1, 3,2, 3].
3. For the affine characteristic sequences whose period is [1,3,3,1,4,1,3,3,1,4] :
e 1 3 3 1 4 f

(1<e feNT),
the associated Cartan graphs are

012 —€),, 2 —3012 —3022 —1012 —1022 —f(71
“\-1 2)7\-1 2 )7\-3 2 )7 \-3 2 )7 \—-4 2)\-4 2 )

X1 X2 X3 X4
1
Assume that: y; = G G2y _ (6 , where ¢1 = qi1, @2 = @22, ¢ =
21 (22 q g2

q12 * 421-
2 =3 —
X1 — X1 _
o= (% 5=

By the formula of bicharacter
q71
@ #1,(0=2,3)

g a-qa#1,(j=1,2)
g =1lorgi-g=1
@=-lorg-q=1

1
— 0.X1 * — 7@71_ ,
X2 =00 FX T A 5 P
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(2 =3\ (13 . (1 0
CXQ_(—?) 2)’“1 _(0 1)"’2 “\3 1)

By formula 1 | p. 15), we get the set of constraints of ya:

II):q gf=lorg-¢°% " =1

(@Pq) g % #1,h = 1,2
| (@P@)* = 1or (¢{¢* )3 %' =1

64 .24 9 1
X3:0§2*X2= (q %}8 q—17q2 )
1

" dide
2 -1 -1 1 10
X3 — X3 _ X3 _
= (5 )= ()= (5 )
By using the formula p. 15), we obtain the set of constraints of x3:

q i g 7é 1
q?“q%qg —Lor Q?“q?“qg gy =1
1) (410°a)* %1 T =
(4/9°a) ;g™ 56 7& Ly =12
(V)" = Lor (7% a2)%q g Tg;° = 1
tetgd
Xa = 07" % X3 = a 80q—31q2 12 q25q10q4>
By using the formula (2.2} p. 15), we obtain the set of constraints of x4:

q —80 —31 12 ?é 1

q?4q24qg —Lorg'e* a3 i q Mgy =1

V)4 (6°¢Pg)" # L,u= 2,34
(q25q10q ) —80 —31 12 ?é 1 U_]. 2 3

(¢2°¢'°¢3)° = 10r ((ﬁ5q1°q§) @ 8°q‘31q2 =1

From I), I1),I11) and IV') above, the set of constraints of bicharacters is fixed
partly. These equations and inequalities in this set of constraints are enough to
decide the possible bicharacters. Here we give only the set of equations. When we

need some constraints of inequalities in the following, we will choose them from
I),II) and I1I) directly.

g =1Qorglg=1Q

@2 =-1Qorgpg=1@

i@'0’n=10oud'¢g =10

0'¢*qy = —1 Worgi®e'gd =1 ®

qi%qE’OQSO =1 Qorg¢’g; =1
For the set of equations above, there are 32 different cases:

(D,3,,D,®), (D,3,®,®,010), (D,d,®,®,0), (D,®,6,®,10),
(D.3,®,®,©), (D,3,0,®, >, (D.3.6,®,9), (,6,®,®,10),
(D.@,3,®,9), (0,@,6,®,00), (D.®,6,®,9), (D®,5,®,10),
(D.@,6,®,), (0,@,,®,10), (D.@,®.®,®), (D,®,®,®,10),
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@.0.6,0,0), (@,0,6,,10), (2,3,3,®.@). (@.0,5,®,00),
(@.3.6,,0), (2,3,0,,10), (2,3.,®,®.®). (@.3),6,®,10),
@.@.6,0,0), (2,@,6,,10), (2,@,3,®.9), (@.®,6,®,10),
(@.@,6,,0), (2,@,0,,10), (2,@,®,®.®). (O.®@,®.®,10),
( @ il —1 ( qil =1
©) E112 =-1 © j:_l
1):¢8 ® =< ¢?=1 = Z}lq ) = 4
@ ¢t =1 @ =1
\@ n =1 \ Q17’éi1
(@ =1
@ q2 1 Qil =1 -1
2):{ ® ={ =1 =2{ gg=-1 =20 o
@ q24 1 q3 —1
\ ¢’ =1

tr=1,83=1,t#+l,s#1,ts £ £1,t>s # 1.
Now we are trying to construct the entire Cartan graph associated to this
bicharacter.

t 1 2 =3 -1 3
= X = X1 = N
X1 (8 _1)7C1 (_1 2)701 (0 1)7
t 1 2 =3 1 0
X2 = O-ia *X1 = (—S_l —t) 7CX2 = (_3 ) 70-%@ = (3 _1) ;
1 2

X3 = 03" * X2 =
X4 =07 * X3 =
X5 =09 * X4 =

(

(

( ;
e (2 B3 D)

< 7 _

(

(

X7 =05 * X6 =



4. PROOF OF THE MAIN THEOREM 85
Then the diagram of bicharacters is given as follows:

—ts 1 t 1 t 1 -1 1 -1 1
o1 o2 o1 o2 o1 92
O < 52 —1)(3 —1)(—31 —t)( S —t><s2 ts) O™

X1

By using the formula (2.2} p. 15), it is not difficult to get the entire Cartan graph
associated to xi:

oo (2 A\, (2 =3\, (2 =3\, (2 -1\, (2 -1\ ..
o4 3)=(0 )= )= R)= (3 ) o

X1

( t =1
(b [a=! P
G = —1 7
=1
B¢ ® =< %=1 = 22_1 = 4
q7__1 2_1
€) 719" =1 -
. ¢ # *1
® g2 = —1 G = —1
4: 9 ® =< ¢2=1 ={ ¢d=-1 =4
¢ =-1 g=1
k 9:1 \q#l
rqilzl
(=1 = -1
(D gt=1 Q1__1 42 L
> w1 |5 o =
8 _ Qq° = -1 g =1
(5) © =< af=-1 = 24 = 2 =
24 g =1 Qg =1
@ q =1 2 _1 3 1
@ q1q50_1 Q%))q = q; =
. L ¢f =—1 @ =-1
(1 # *1
(=1
/ 4:1 QI
@ qf =1 ;11:_1 @ =-1
® g =—1 q2q8 _ ag® = -1
©):§ © =qaf=-1=q 0 | ={c=1 =/
@ q24_1 q9_1 q%:—l
qul q3:—1 Q1:_1
N kCh?éil
(=1
@® gt =1 g2 = —1
©) @ =—1 ng® =—1
(7) ® =< af=—-1 = ¢d=-1 =14
¢ = -1 ng” =1
©) ng™ =1 qg =1
\91CI7A1
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rqilzl
(D ¢ =1 g =—1
©) g =—1 ag° =—1
8):d ® ={ qt=-1 =2{ ¢=-1 =4.
(]7:_1 q9:
| 10) ¢’ =1 Qg =1
(g # 1
(O gi=1 (0 =1
=1
9):¢ ® =1 ¢#=1 = = 4.
@) g =1 g=1
© g% = @g* =1
. (¢ #1
’CD qil:]. (q4:1
@ Qqul ! =1
(10): { ® ={ ¢=1 = ¥ = 4.
@ q15:1 q:]-
o= L ¢#1
\
( gt =
(CD ¢ =1 4 @ =1
@ G2q = =1 Q2q2:1
) ® =4 =1 ={ el L rarsloy
¢ =1 nq = q =
© g = ¢t =1 ¢ =1
\ ( ¢ # *£1
(
@ pq=1 ! -1
(12: ¢ ® =3 ¢F=1 = P17 54
¢' =1 =
(@@ (o= 07
( 4 (Qil:l
@ =1 Pq=1
@ Ppq=1 @’ =1
13): ¢ ® =< q=1 =< ¢=1 =4.
@ ¢° =1 @ =1
| © g =1 g =1
L@y #1
(@ ¢ =1 (6 =1
=1
@ pq=1 qu5:1
(14):{ ©® ={ =1 ={ N1 = 4.
5 _
) gl = ¢ =1
¢ =1 n =1
. \QI#l




(15):

(16):

(18):

(19):

(20):

(21):
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g =1
G2q =1
ng® =1
¢ =1
ng =1

=

=1
Gq =1
ng’=1 =

ai¢’ =1

r q%II
G2q =1
qqg=1
¢ =1
g =1

\ Q1Q7é1

g =1

qG2q =1

ng®=1 =4.
qg=1

= 4.

~

(

¢ #1

g =1
g2 = —1
g’ =1
i’ =1
¢ =1

Q17£1

(g =1
g =—1
mf=1:$$

ig* =1

= 4.

¢ # +1

¢lqg=1
g = —1
qg=1
q=-1
q # *1
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~

@ ¢lq=1 g =1
® @ =-1 @ =-1
(22): L © = =—1 =< q¢g=-1 =4
@ Q1q3 = G =-1
\ ¢iq’ =1 @ # £1
(@ (qa-1 (D071
@ @ =-1 qz___l
(23): ¢ ©® = =—1 = q__ | =4
7, =~ Z%qu_
R e
(@ aig =1 ((@7=1
g2 = —1
@ o= —1 _—
24): X ® =< ¢=-1 = ____1 =4
qiqz - Z%qg:
. N ! \ ¢ # £1
, ((Gg=1
@ qq = (g =1
@ Gq =1 q% =1
25):¢ ® =24¢ =1 =1 ¢’=-1 =4
@ ¢’ = -1 @ =
L @ ¢’ =1 ¢ =1
Qi”f 1
(q1q =
(@ ¢lq = G2q =1
@ G2q =1 qg =1
(26): ® =< ¢=1 = ¢P=-1 =4
@ ¢’ =—1 ¢ =1
L ¢ =1 @ =-1
\ 1 7é *1
((qglg=1
@ qtq=1 G2q =1
@ G2q =1 q% =1
27): 4 ® =2¢ =1 =< q¢g=1 =4
¢ =1 ¢ =1
@ Qi% =1 ¢ =1

\ Q17£:l:1
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((qiq=1
(@ gjg =1 12q =
@ G2q =1 qézl
(28): X ® =< g¢i=1 =< g¢gi=1 =4.
q =1 ¢ =1
\ ¢ =1 @ =1
\@h#il
, ((Gig=1
% q?qzl ng_ll
Pq = @ =
(29):¢ ©® =q¢ =1 =1 ¢’=-1 =4
©) ¢’ =-1 ¢ =1
| © @’ =1 ¢ =1
\Q?;’él
( Pg=1
(@ 4iq = Z;g—l
@ g =1 @=1
(30) © =< =1 =< ¢?=-1 =4
) ¢’ = -1 ¢ =1
\ ¢ =1 o =-1
\Q17éj:1
(qiq=1
% Giqg=1 a2q = 1
Pq=1 =1
Bl):qg ® =4¢ =1 =< qg=1 =4
¢ =1 ¢’ =1
©) =1 ¢ =
\Q137éj:1
(g =1
@ gig =1 G2q =1
@ G2q =1 q%zl
32:{ ® =< @g=1 ={q¢g=1 =14
g =1 ¢ =1
g =1 @ =1
(h?éil

From the above 32 cases, it yields one bicharacter whose corresponding char-
acteristic sequence is the period of affine characteristic sequence.
¢ ¢t
(1) o0—0
of unity.
This bicharacter has the characteristic sequence: [1,3,3,1,4,1,3,3,1,4].

,C € 112, where p,, denotes the set of primitive mth roots
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