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Examples of finite-dimensional rank 2 Nichols algebras
of diagonal type

[. Heckenberger

ABSTRACT

Nichols algebras naturally appear in the theory of quantized enveloping algebras
of Kac-Moody algebras and in the classification of finite-dimensional pointed Hopf
algebras. Assuming that the base field has characteristic zero a list of finite-dimensional
rank 2 Nichols algebras of diagonal type is given. Each of them is described in terms
of generators and relations. Kharchenko’s restricted Poincaré—Birkhoff-Witt basis is
visualized using full binary trees.

1. Introduction

The classification of finite-dimensional Hopf algebras obtained a significant new branch with the
series of papers of Andruskiewitsch and Schneider (see the survey [AS02] and the references therein)
about pointed Hopf algebras. Their ‘lifting method’ to classify pointed Hopf algebras led immediately
to novel examples and very rich new structures. The study of Nichols algebras is part of this project,
and the aim of the present paper is to describe a big class of rank 2 Nichols algebras of diagonal
type in terms of generators and relations; see Theorem 7.1. In [Hec04] it is proven that in a natural
setting (the finiteness of the set of Poincaré-Birkhoff-Witt (PBW) generators given by Kharchenko
in [Kha99]) the set of examples is exactly the one studied in the present paper. In particular, all
finite-dimensional rank 2 Nichols algebras of diagonal type can be obtained from Table 1 (see § 7).
Additionally, the list presented here contains multiparameter versions of the upper triangular part of
quantized enveloping algebras of simple (super) Lie algebras and several new exceptional examples.

The roots of the theory of Nichols algebras can be found in the works of Nichols [Nic78]. Nichols
algebras are studied most intensively as part of Hopf algebra theory; see e.g. [AG99, And04, AS98,
AS02, Gra00b, Kha99, Ufe04] and the references therein. They can also be seen as a generalization
of exterior algebras; see [Sch96, Wor89).

The importance of Nichols algebras stems from the fact that the graded Hopf algebra H associ-
ated to the coradical filtration of a finite-dimensional pointed Hopf algebra over a field k£ can be writ-
ten as the Radford biproduct H & R#kG, where G is a finite group (the group of group-like elements
of H) and R is a braided Hopf algebra. In many known cases R is generated as an algebra by the
vector space V of its primitive elements and is then denoted by B(V') and is called a Nichols algebra.
Schauenburg [Sch96] proved that B(V') is uniquely determined by V' as a Yetter—Drinfel’d module.

One of the most remarkable properties of Nichols algebras is their relation to root systems of
semisimple Lie algebras [AS02, §4]. More explicitly, to any Cartan matrix and any nonzero ¢ € k
one can associate a Yetter—Drinfel’d module V' such that the braiding of V' is given in terms of
g and the matrix C. In general the Nichols algebra B(V') associated to V is finite dimensional if
and only if C' is of finite type. However there exist finite-dimensional Nichols algebras which are
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not of Cartan type. To these exotic algebras one still can associate a (slightly more complicated)
‘root system’ and ‘Dynkin diagram’, and one expects that it encodes the full information about
the relations of the algebra. In fact, all known finite-dimensional Nichols algebras B(V') admit a
restricted PBW basis labelled by Lyndon words (see e.g. [Kha99, Ros98]), and the degrees of these
elements can be interpreted as the set of positive roots of B(V).

If the action and coaction of kG on V are simultaneously diagonalizable then V is said to be
of diagonal type. Currently there exist several classification results in this case; see [AS00, Ros98].
They tell that under some assumptions on G the finiteness of the (Gel’fand—Kirillov) dimension of
B(V) implies that V is related to a symmetrizable Cartan matrix of finite type. Further there exists
a list of examples which do not fit into the above classification scheme [AS02]. Andruskiewitsch
stated in [And02] the following question.

Question 5.40. Given a braided vector space V of diagonal type and dimension 2, decide when
B(V) is finite dimensional. If so, compute dim B(V'), and give a ‘nice’ presentation by generators
and relations.

The first part of Question 5.40 of Andruskiewitsch is addressed in [Hec06] and [Hec04]. The aim
of the present paper is to give an answer to the second part of Question 5.40 for a large class of
rank 2 Nichols algebras. To all of these algebras one can associate on the one hand a generalized
Dynkin diagram and on the other hand one of 22 full binary trees. The generalized Dynkin diagram
encodes the most essential information of the structure constants of V. The full binary tree allows
one to read off a generating set of relations and a restricted Poincaré-Birkhoff-Witt basis of B(V).
From this one can also compute the dimension of B(V'). The full binary tree can be considered as
an analogue of the root system of a rank 2 semisimple Lie algebra. Indeed, if the braiding of V is
of Cartan type, then the set No(T') of those nodes of the full binary tree 7" which have two children
corresponds to the set of nonsimple positive roots of the Lie algebra. In general, the edges of T" and
the set of nodes having no children correspond to relations of the Nichols algebra.

The list of (all known and) new examples is contained in Theorem 7.1. Their construction
uses several ideas. The computational part relies heavily on the fact that there exists an action of
B(V*)#kG on B(V); see Lemma 4.1 and Corollary 4.1. This already seems to be known and there
exist various forms of it in the literature, usually as some bilinear pairing [Lus93] or as quantum
differential operators [Gra0Oa]. The theoretical part is based on the one side on an old result of
Stern [Ste58] on some special sequences of pairs of integer numbers. This theory is part of graph
theory and is contained also in the modern literature [CLR90]. An adapted version of it is described
in §6. On the other hand deep results of Kharchenko [Kha99] on the structure of certain Hopf
algebras are used. They imply that any Nichols algebra of diagonal type and of rank d has a
Poincaré—Birkhoff-Witt basis which corresponds to a subset of all Lyndon words of an alphabet
with d letters. Kharchenko also proves very strong restrictions on the generating set of relations of
such a Nichols algebra. Finally, using the special situation when V has rank 2 one can relate full
binary trees T and Nichols algebras B(V') such that nodes of T" correspond to PBW generators and
relations of B(V'). This is done in § 6, see Lemma 6.2. In order to check correlations between 7" and
V' one still has to perform tedious computations but as an advantage one can eventually avoid the
use of computer algebra programs.

If not stated otherwise the definitions and notation follow [AS98]|. Throughout this paper k
denotes a field of characteristic zero and tensor products ® are taken over this field. For Hopf
algebras the coproduct and the antipode are denoted by A and x, respectively. We use the Sweedler
notation A(a) = a(;) ® a(y for elements a of a Hopf algebra. The set of natural numbers not
including 0 is denoted by N and we write Ny for the set N U {0}. Define £* := k \ {0} and R, :=
{gek*|q" =1,¢™ #1 for all m € Nym < r} for an arbitrary r € N.
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2. Yetter—Drinfel’d modules

Let k be a field, G a group, and V a finite-dimensional vector space over k. Then V is called a
Yetter—Drinfel’d module over the group algebra kG if for all g € G there exist subspaces V;, C V
such that V = @ Vy, and V is a left G-module with left action . : kG @ V' — V' which satisfies
the condition g.v € V41 for all g,h € G and v € Vj. In Hopf algebraic terminology one says that
V is a left kG-module and a left kG-comodule with left coaction § : V' — kG ® V', and the condition

5((1.11) = a(l)v(_l)/{(a(g)) ® a(2)-v(0)
holds for all @ € kG and v € V, where §(v) = v(_1) ® v(g).

Any Yetter-Drinfel’d module has a braiding o € Aut,(V ® V') defined by the formula o(v®@w) =
gw v € Vg1 @V, for all v € V; and w € Vj,, and hence o satisfies the braid relation

(c®id)(id®o)(c®id) = (id ® 0)(0 ®id)(id ® o)
on V@V ®V. More generally, the braiding ¢ and its inverse are defined by the rules
o(v®@w) = (v_yw) vy, o (L@W)=wgp @ (K (w1))-v)

for all v,w € V. Note that Yetter—Drinfel’d module structures on V' with different groups can give
the same braiding ¢ and not all braidings of V' are induced by groups as described above. A pair
(V,o) with a finite-dimensional vector space V and an invertible braiding is called a braided vector
space.

If G is an abelian group, then for all g € G the space Vj is invariant under the action of G.
Moreover, if GG is finite and k is an algebraically closed field of characteristic zero then for all g € G
the subspace V,; decomposes into the direct sum of one-dimensional G-modules. Direct sums of one-
dimensional Yetter—Drinfel’d modules over kG are called of diagonal type [And02, Definition 5.8]. In
this case the braiding o has a particularly simple form. Assume that V = @ ; V; and each V; is a
one-dimensional Yetter-Drinfel’d module over kG. Then there are unique g; € G such that V; C V,,
and numbers ¢;; € k* = k\ {0} such that g; |v; = g;;id. One obtains that o(v ® w) = ¢;jw ® v for
all v € V; and w € V;. One says that o is of diagonal type. All braided vector spaces of diagonal
type can be obtained from Yetter—Drinfel’d modules over abelian groups as described above.

3. Definitions and notation

From now on let k be a field of characteristic zero. A bicharacter on a group (H,-) (with values
in k*) is amap x : H x H — k* satisfying the equations
X(lv (I) = X(av 1) =1, (1)
X(a - b, C) = X(CL, C)X(bv C)a X(av b- C) = X(av b)X(av C)
for all a,b,c € H. Then x°? : H x H — k*, x°P(a,b) := x(b,a) is again a bicharacter, and the
notation xx°P(a,b) := x(a,b)x(b,a) will be used for a,b € H.
Let d € N and x a bicharacter on Z?. Choose a basis £ = {e; | 1 < i < d} of Z%. The numbers

qij = X(e;, e;) are called the structure constants of x with respect to E. For given E they determine
X uniquely.

DEFINITION 3.1. Let E be a basis of Z%, and x a bicharacter on Z4. Let g;5, 4,5 € I := {1,...,d},
denote the structure constants of y with respect to E. The generalized Dynkin diagram of the pair
(x, E) is a (nondirected) graph D, g with the following properties.

(i) There is a bijective map ¢ from I to the set of vertices of D, g.
(ii) For all i € I the vertex ¢(i) is labelled by g;;.
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(ili) For all 4,j € I the number n;; of edges between ¢(i) and ¢(j) is either 0 or 1. If i = j or
¢iqji = 1 then ny = 0, otherwise n;; = 1 and the edge is labelled by g;;q;;-

Let (V, 0) be a d-dimensional braided vector space of diagonal type, where d € N. For the purpose
of the present paper the following definition of a Nichols algebra will be the most appropriate one.

DEFINITION 3.2. Let Sy, € Endy,(V®™) and S) ; € Endg(V®/T1) denote the maps

m—1
Sm= ][ ("7 ©51),
j=1
-1 —1 —1

. -1 -1 -1
S1j=id+ 01y + 0150035 +-- 015005 0,51

(in leg notation) for m > 2 and j € N. Then the subspace S = @,-_, ker S, of the tensor algebra
VO =@ _, VO is a two-sided ideal, and the algebra B(V) = V¥ /S is termed the Nichols algebra
associated to (V, o). The unique maximal ideal of B(V) is denoted by B(V)*.

Let {z; | 1 <i < d} be a basis of V such that there exist numbers ¢;; € k*, 4,5 € {1,2,...,d},
with o(z; ® ;) = giz; ® x;. Since V' is a braided vector space of diagonal type, such a basis
always exists and is called a canonical basis of V. For convenience choose an abelian group G
(for example Z¢) and elements g, ..., gq € G such that the assignments

0xi) = gi @xi,  9i-Tj = QT (2)

define a Yetter—Drinfel’d module structure on V. Let V* denote the Yetter—Drinfel’d module dual
to V. More precisely, for f € V* one has

(h.-f)(w) = f(r(h)v),  foy@)f—1y = flve)s (v1y) Yv eV, hekG,

where 0(f) = J(=1) ® f(0)- Note that the antipode x of group algebras satisfies x? = id and hence
left and right duals of Yetter—Drinfel’d modules coincide. Let {y; | 1 <1 < d} denote the dual basis
of V*. Then one has

Syi) =9, Quis 9y =4y Vi (Wi @ Y5) = 4y @ i
Thus for diagonal braidings the linear map ¢ : V. — V*, i(z;) := y; for 1 < i < d, extends to an
algebra isomorphism ¢ : B(V) — B(V™).
Let E = {e; | 1 <i < d} denote a basis of the Z-module Z¢. The tensor algebra V® admits a
Z4%-grading defined by
degz; :=¢€;, 1<1i<d. (3)
The corresponding total degree totdeg is the Z-grading of V® defined by totdeg(z;) = 1 for 1 <
i < d. Note that the map o is Z%graded and hence the Nichols algebra B(V) inherits the Z? and

the Z-grading of V®. Let B(V),, n € Ny, denote the set of homogeneous elements of B(V) of total
degree n.

Let V be a Yetter—Drinfel’d module of diagonal type over an abelian group G, and let {z1,...,z4}
be a basis of V' such that the equations in (2) hold for certain g; € G and ¢;; € k*. Choose a basis
E ={ey,...,eq} of 7% Then there exist a unique group homomorphism ¢ : Z — G and a unique
bicharacter y : Z% x Z¢ — k* satisfying

g(ei) =gi, xl(ei,e;) =qi (4)
for i,7 € {1,2,...,d}. For notational convenience we will also write g(z) and yx(z’,2”) instead of

g(degz) and y(dega’,degz”) for homogeneous elements z,2’, 2" € V® and x,2/,2"” € B(V). The
generalized Dynkin diagram of (y, F) will also be called the generalized Dynkin diagram of V.
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On the other hand, if £ = {ey,...,e4} is a basis of Z¢ and y is a bicharacter on Z? then
there exists a unique (up to isomorphism) braided vector space (V, o) such that the equations
o(x; ® x;) = x(e;,ej)x; ® x;, where 4,5 € {1,2,...,d}, hold with respect to a canonical basis
{z1,...,24} of V. One says that (V, o) is the braided vector space associated to the pair (x, E).

4. Duality of Nichols algebras

Now we are going to give a slightly modified version (see Lemma 4.1) of Lusztig’s bilinear form
[Lus93]; cf. [AS02]. It is closely related to differential operators on B(V') defined in [AS02, Gra0Oa,
Gra00b].

By Definition 3.2 there exists a bilinear map (-,-) : V* x B(V) — B(V) such that (f,1) := 0 and
(f,p) = Zf(ai),oi, where S ,—1(p) = Zai Qp; eV @Vemt

for m > 0 and p € V¥ Since (f @ id)o™ (v @ w) = (f_1).v) fo)(w) for all v,w € V and f € V*
the map (-,-) has the property

(f:p0") = (f.p)0" + (f—1)-P)(f(0): P')
for all f € V* and p, p’ € B(V). Note that p =0 in B(V)™ if and only if (f, p) = 0 for all f € V*.
Let B(V*)#kG denote the set B(V*) ® kG with the product

(fod)f"®d") = fg.fedd"
for all f/, f” € B(V*) and ¢, ¢” € G. Then B(V*)#kG becomes a Hopf algebra with coproduct
A(f)=f@1+4(f), Alg)=g®g [feV'igedl.

LEMMA 4.1. There exists a unique bilinear map (-,-) : (B(V*)#kG) x B(V) — B(V) satisfying
(f,v)=f(v) for feV*, veV, and

(f,00) = (00" + (f—ny)-0)(f0), 0)s (9:0) = g-p;
<hlh27p> = <h17 <h27p>>
for all f € V*, g € kG, hy,hy € B(V*)#kG, and p,p’ € B(V).

Since A(f) = f®@ 1+ d(f) for f € V and A(g) = g ® g for g € G the following corollary is an
immediate consequence of Lemma 4.1.

COROLLARY 4.1. For any f € B(V*)#kG and p,p" € B(V) the formula (f, pp") = (fx1y, p)(f(2), ")
holds where A(f) = f1) ® f(2)-

Proof of Lemma 4.1. It is clear that the restriction of (-,-) to V* x B(V) has to be the map (-,-)
introduced above. Therefore the uniqueness assertion immediately follows. Further, the equation

(g f.p) =9 Af,9p), 9gEG, feV*  peB(V),

implies that there exists at least a map (-,-) : (Bre_ V**"#kG) x B(V) — B(V) satisfying the
above equations.
For 1 <1 < m there exist linear maps S ,,—; € End, (V®™) such that the equation

l
H(id®l_j &® Sl,m—l-i-j—l) = (Sl & id®m_l)Sl7m_l
j=1

holds. Thus for I,m € No, [ <m, f; € V*, 1 <i <[, and p € V€™ one has
(f1, (for - (f10))) = (i@ fiir @ -+ f1@id™H((S; @ 1d™ ) S m—1(p))-
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Moreover, direct computation shows that

(fogevew) =0 (ge flwaw)

for f,g € V* and v,w € V. Therefore (ker S;, B(V)) = 0 where the map S; € Endy(V*®!) is defined
analogously to 5. O

The skew-differential operators (y;, ) € Endg(B(V')) give immediately the following information
about B(V). For p € B(V) define (adox;)(p) := ip — (gi-p)zi. Moreover, for n € Ng and g € k* set
(n)g = Y120 " and (n); := [Ty (i)g.

LeEMMA 4.2 [AS02, Lemma 3.7]. One has the following.
(i) One has z' =0 if and only if g¢;; € R,, where 1 <r < n.
(ii) Ifi# j then (adsx;)"(x;) = 0 if and only if (1");” ;:_Ol(qﬁiqijqji —1)=0.

Proof. By induction one obtains the formulas

(5 5) = (s ™ ) = 0,
T p— -1 l T r (5)
(), (adom:)" (7)) = [ [ (a5 — dhia)fs  (wi, (adoas)" (z)) = 0
=0
for all [ # j. This implies the claim. U

5. PBW bases of Nichols algebras of diagonal type

In [Kha99] Kharchenko proves that certain Hopf algebras ‘of diagonal type’ have a Poincaré-
Birkhoff-Witt basis. He also gives very useful information on the relations of the algebra. It is
worth mentioning that (as was shown by Ufer in [Ufe04]) such results hold in a more general con-
text, namely if the diagonal braiding is generalized to a triagonal one. In order to prove Theorem 7.1
results from [Lot83] and [Kha99] are recalled and adapted to our conventions. The symbol > for
the lexicographic order in [Kha99] is replaced by <.

Set X := {o,..., a4} and consider the total order < on X given by «; < a; for i < j. Let
X and XT denote the set of words and nonempty words, respectively, in the letters of X. Then <
induces the lexicographic order on X : u,v € X satisfy u < v if and only if either v = uw for some
w € XT or there exist uy,u2,u3 € X and i < j such that © = uja;us and v = uiojuz. For u,v € X
we write u < v if u = v or u < v. The length of a word u, i.e. the number of its letters, is denoted
by |u|l. A word u € X7 is called a Lyndon word if for any decomposition u = vw with v,w € X+
the relation vw < wv holds.

ProPOSITION 5.1. One has the following.

(i) A word u € X* is a Lyndon word if and only if u = vw with v,w € X" implies u < w (see
[Lot83, Proposition 5.1.2)).

(i) A word w € X' is a Lyndon word if and only if either uw € X or there exist Lyndon words
v,w € X such that v < w and u = vw (see [Lot83, Proposition 5.1.3]).

Any word u € X has a unique decomposition into the product of a nonincreasing sequence of
Lyndon words [Lot83, Theorem 5.1.5]. Further, any Lyndon word v ¢ X has a decomposition into
the product of two Lyndon words u = vw (which then satisfy v < w) such that |v| is minimal. This
is called the Shirshow decomposition of u.
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PROPOSITION 5.2 [Lot83, Proposition 5.1.4]. Suppose that u,v,w are Lyndon words and u = vw.
Then u = vw is the Shirshow decomposition of w if and only if v € X or for the Shirshow
decomposition v = vivy the relation w < vy holds.

Let k be a field of characteristic zero, G an abelian group, and V' € gg)ﬂ) a d-dimensional Yetter—
Drinfel’d module of diagonal type. Let Z be an Ng-graded ideal of V¥, A the Ng-graded algebra
V® /T, and A, the subspace of A of homogeneous elements of total degree n (where n € Ny). Let
AT denote the unique maximal ideal of A. The following results will be needed for A = V® and for

A=DB(V).
After fixing a canonical basis {z1,z2,...,24} of V one can associate to any Lyndon word u € X
an element [u] € A as follows. Set [a;] := z441-; for 1 < < d, and [u] := [w][v] — x([w], [v])[v][w]

if u = vw is the Shirshow decomposition of u. Note that this definition differs from that in [Kha99]
by a constant for each Lyndon word u. However this is not relevant for the following assertions.

LEMMA 5.1 [Kha99, Lemma 3]. If u,v are Lyndon words with u < v then u" < v for any h > 0.

LeMMA 5.2 [Kha99, Lemma 5]. Let u be a Lyndon word with |u| = m. Then [u] € A is a linear
combination of monomials [cv,][a,] - - - [as, ] € A, a;; € X, such that u < ajy iy -+ 0y

m*

LEMMA 5.3 [Kha99, Lemma 6]. Ifu < v € X are Lyndon words then [v][u]—x([v], [u])[u][v] is a linear
combination of products [ui][us]-- - [u;] for certain i € N and Lyndon words u; with v < u; < v
such that deg([v][u]) = deg([u1][uz] - - - [u;]) and vv < uqug - - - u;.

For a Lyndon word u € X define h,, as follows. If m is the smallest number such that [u]™ can be
written as a linear combination of products [u;|[us] - - - [u;], i € N, where u; are Lyndon words with
u < uj, and either m = 1 or x([u], [u]) is a primitive mth root of 1, then set h, := m. Otherwise
put hy := co. By Lemma 5.1 the relation u < wu; implies that u < wuy. Now since u" is not the
beginning of u; one obtains that u" < ujus ... u; has to hold as well.

Define B := {u € X | v is a Lyndon word, h,, > 1}. For each u € B let S(u)< and S(u) denote
the subalgebras of A generated by the sets {[v] | v € B,u < v} and {[v] | v € B,u < v}, respectively.
Define S(u)™ := S(u) N AT and S(u)L := S(u)- N AT.

THEOREM 5.1 [Kha99, Theorem 2]. The set {[uq]™ [ua]™* - - [u;]™ | i € No,u; € Byu; < -+ <wug <
w1, mj < oy, Vj} is a basis of the vector space A.

COROLLARY 5.1. For any n € N, u € B, the sets

{lua]™ [ug]™ -+ - [u]™ | i € No,uj € Byu <up <wug < -+ <ug,ng < hy, Vj}
and

{lua]™ [ug]™ -+ - [u]™ | i € No,uj € Byu <up <wug < -+ <ug,ng < hy, Vj}

form a basis of the vector space S(u)< and S(u), respectively.

Proof. Since S(u)< = U,ecp.u<, S(v) it suffices to prove the assertion for S(u). As A = ;2 An
and S(u) = @,~,S(u) N A, the proof can be performed by induction on n. Note that for given
n € Ny the set A, is finite-dimensional and {v € B | deg([v]) < n} is a finite set. Suppose that
{uy,ug,...,ui} ={v € Blu < wv,deg([v]) < n} and u; < ug < --- < u;. By Lemma 5.3 the elements
()™ [uj, J[wj,] - -+ [uj.], m < hy, mdeg([u]) + > i deg([u;,]) = n, span S(u) N A,. By induction
hypothesis the elements [u1]"![ug]"? - - - [u;]", n; < hy, for all j, where 23':1 n;deg([u;]) = n —

mdeg([u]), span S(u1)NA,_p, deg([u)) for all m > 0. Therefore the elements [u]™ [u1]™ [ug]"? - - - [u;]™,

nj < hy,; for all j, m < hy, where mdeg([u]) + E;zl njdeg([u;]) = n, span S(u) N Ay,. Then

Theorem 5.1 and a simple dimension argument imply the assertion. O
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F1GURE 1. Illustration of some definitions.

Later we will need the fact that for w € B one has
S(w) = (S(w)S(w)E + S(w)[w]?) & klw] & k1 (6)
as graded vector spaces which is one of the consequences of Corollary 5.1 and Lemma 5.3.

PropPOSITION 5.3 [Kha99, Corollary 2]. For a Lyndon word u of length [ one has h,, = 1 if and only
if [u] can be written as a linear combination of monomials [c, |[v,] - - - [a ], ai; € X for all j, such

that v < o vy - -+ 0y,

6. Types of rank 2 Nichols algebras

For basic definitions in this section we refer to [CLR9I0]. Recall that a binary tree 7' is a (nonempty
finite) tree such that each node has at most two children. One says that T is full if each node of
T has exactly zero or two children [CLR90]. For examples see Appendix A. For the set of nodes
of a full binary tree T which have zero and two children, respectively, we use the symbol Ny(7') and
Ny(T), respectively. Let r(T") or simply r denote the root of the binary tree T'. Further, we write
N(T) = No(T) U No(T) for the set of all nodes of T'. Let {'L’,‘R’} be a set with two elements and
define No(T) := No(T)U {‘L’,‘R’}, N(T) := N(T) U {*L’,*R’} (disjoint unions).

DEFINITION 6.1. Let T be a full binary tree and a € N(T). A node b € No(T) is called the left
godfather of a, denoted by b := a", if one of the following conditions holds:

(i) a=r(T) and b= ‘L
(ii) a is the right child of b;
(iii) a is the left child of its parent ¢ and b is the left godfather of c.

Similarly one defines the right godfather a® of a by replacing everywhere left by right and vice versa
and setting r® := ‘R’. If a € Ny(T) then let a;, and ag denote the left and right child of a,
respectively.

The above definitions should be demonstrated on an example (see Figure 1'). Note that
a*=r.

Observe that - and -} are well-defined maps from N(T) to Na(T) and any a € N(T) is uniquely
determined by a and a". Indeed, a € N(T'), b = a* implies that there is a subset {a1,ag,...,amn}
of N(T) such that m € N, a,,, = a, a;41 is the left child of a; for all i > 0, and either a; = by or
ap = r, b = ‘L’. Further, ;11" = a; for all i > 1 and a1® ¢ {a1,a9,...,a,}. Thus a is uniquely
determined by a™ and a®.

!The labels in Figure 1 belong to the nodes above them.
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FIGURE 2. Values of Q.

ot

We define functions ¢, ¢% ¢, , and ¢y : N(T') — N recursively to denote lengths of certain
branches of T'. Set

Ea")+1 if abg = 1 if No(T
EL((I) = (a )+ Ia R . a? EL(Q) — I ae€ 0( )7
1 otherwise, li(ar) +1 otherwise,
K™ +1 ifa®, = 1 if No(T
ER(CL) — ((1 ) + 1Iary a, gR(a) — 1Iac . 0( )7
1 otherwise, lr(ag) + 1 otherwise.

In the example of Figure 1 these functions take the following values:

a a, a* ad® d dy dy d*
b 2 1 2 3 2 1 2 4
e 2 1 5 2 3 1 2 4
el 1 1 1 3 1 4 2
R 3 4 1 2 1 2 1 1

Any full binary tree T' can be identified with a subtree of the infinite Stern—Brocot tree [GKP94,
pp. 116-117], see also [Ste58]. This means that there exists a map or : N(T) — Z x Z defined
recursively by or(‘L’) := (0,1), or(‘R’) := (1,0), and or(a) := or(a™) + or(a™) for any a € N(T).
Note that or(a) € N x N for a € N(T') by the definition of -* and -® and since o7 (r) = (1,1). Thus
the map Q : N(T) — QU {+oc},

_Jr/s ifor(a)=(rs), s #0,
Qa) = {+oo ifa="‘R, (7)

and the total order < on Q induce an order <g on N(T') such that for all @ € N(T) the relations
‘L’ <g a <g ‘R’ hold. Figure 2 shows the values of the map @ for the example in Figure 1.

Therefore in this case one has the relations
‘L <q a®. <Q a® <gaL <ga<g ar <Q a® <Q a®r <Q
<Q d- <Q dy, <Q d <Q dgr1 <Q dr <@ drr <@ ‘R’.
There is another natural map |or| : N(T) — Z defined by |or|(a) = r+s whenever or(a) = (, ).

It will be used mainly for inductive proofs.
Proofs for assertions (i)—(iii) of the following lemma can also be found for example in [GKP94].

LEMMA 6.1. Let T' be a full binary tree and a,b € N(T).

(i) Ifor(a) = (r,s), or(a®) = (r1,s1), or(a®) = (rg, s2) then the equations rs; —r1s = ro§—rsg =
T981 — Tr189 = 1 hold.
(ii) The entries of or(c), c € N(T), are relatively prime integers.
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(iii) The map Q : N(T) — QU {+o0} is injective and hence < is a total order on N(T).

(iv) One has a* <g a <g a*.

(v) Ifa <g b and |o7|(a) < |or|(b) + |o7|(b") then relation a <g b holds.

(vi) Ifa <q b and |or|(b) < |or|(a) + |or|(a™) then relation a™ <¢g b holds.

(vii) Relation a* € N(T') implies that a <¢g a™*.

(viii) Relation o € N(T') implies that a"" <g a.

(ix) Ifa e N(T),b € N(T), |or|(b) < |or|(a), and a* <g b <g a™ then one has b = a.
(x) Ifa,b € Nyo(T) such that a <g b then there exists ¢ € N(T) such that a <¢ ¢ < b.

Proof. (i) We prove this by induction on |o7|(a). If @ = r then or(a) = (1,1) and the assertion
holds. Otherwise let ¢ € N(T') denote the parent of a. If a is the left child of ¢ then a® = ¢,
a* = c*, and op(c) = (rg,s2). Since |or|(c) < |or|(a) equation op(c*) = (r1,s1) and induction
hypothesis gives ros; — r189 = 1. Thus rs; —ris = (r; +r2)s1 — r1(s1 + s2) = 1 and ros — rsg =
ro(s1 + s2) — (11 + 12)s2 = 1951 — 1182 = 1. If a = ¢y then one argues similarly.

(ii) One obtained this from assertion (i) using or(‘L’) = (0,1), or(‘R’) = (1,0).

(iv) This follows from assertion (i) and the fact that o7 (c) € N x N for ¢ € N(T).

(v) Suppose to the contrary that b" <g a <@ b and |or|(a) < |or|(b)+|or|(b"). If o7 (a) = (r,s),

or(b) = (re, s2), and op(b") = (r1, s1) then ros;—r1so = 1, rs;—r1s > 1 and ros—rsg > 1. Therefore
(r28)s1 = (rs1)s2 + 81 = 11852 + 82+ 51 = 51 + 82 < 5,

ro(rsy)

\VARY

r1(res) + 1y = rirsg + 11 +1r9 = 1r1 + 19 < 1

This is a contradiction to r + s = |or|(a) < |or|(b) + |or|(b*) = 1 + T2 + $1 + s2.

(vi) Use arguments as in assertion (v).

(iii) If Q(a) = Q(b) then or(a) = or(b) by assertion (ii). Now b" <q a, |o7|(b") < |o7|(b) =
lor|(a), and assertion (v) imply that b <g a”. By symmetry one gets Q(a") = Q(b") and similarly
Q(a™) = Q(b™). Thus using that a" and o™ determine a uniquely, induction on |op|(a) gives the
assertion.

(vii) Again we use induction on |or|(a). Note that a # r since a* € N(T'). If a is the left child of
its parent ¢ then a“ = ¢ and a" = c. By induction hypothesis ¢ <g ¢“" and, hence, assertion (iv)
implies that a <g a" = ¢ <@g a"". If on the other hand a is the right child of its parent ¢ then one
gets a" = c and a" = ¢*. Thus by assertion (iv) one obtains a <g a™ = c* = a"*.

(viii) The proof goes as for assertion (vii).

(ix) Relation b <g a®™ and the converse of assertion (vi) imply that b <g a. Similarly, a" <¢g b
and the converse of assertion (v) yield that a <g b. By assertion (iii) one gets a = b.

(x) Set ¢1 := ag and ¢ := b,. Then a <g ¢ and c3 <@ b by assertion (iv). If ¢; = b then
a=0b"=c" <@ 2 <g " = b again by assertion (iv). In this case one can take ¢ = cy. Similarly
if a = cy then a = 1" <@ ¢1 <g 1™ = a® = b and one can take ¢ = ¢;. Suppose now that ¢; # b
and ¢z # a. If |op|(a) < |or|(b) then using a <g 2™ the converse of (vi) implies that a <¢g ca.
Since |or|(c2) > |or|(a) one obtains a <g ¢z and hence one can set ¢ := cp. Similarly one gets
c:=c1 <@ bif|op|(b) < |or|(a). O

Suppose now that V is a Yetter—Drinfel’d module of diagonal type with d := dimg V' = 2. Let
{1, 22} denote a canonical basis of V. Then for a full binary tree T" the following assignment defines
a unique map 79 : N(T) — V&:

(i) 7o(‘L’) :=x9, T0(‘R’) := x1;
(ii) If a € N(T') then 19(a) := 1o(a®)m0(a™) — x(10(a®), 70(a™))10(a"™)10(a™).
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Note that if @ € N(T) and or(a) = (r,s) then degm(a) = re; + sez. To shorten notation we will
write x(a,b) and g(a) instead of x(7o(a),70(b)) and g(7o(a)), respectively, for any a,b € N(T). Let
7: N(T) — B(V) denote the composition of 79 with the canonical map V® — B(V).

Ezxample 6.1. Again consider the full binary tree in Figure 1. One obtains the following expressions
in B(V):
7(a") = 2122 — qr27271,
7(d") = 217(a") — qriqra7(a")w1,
7(a") = 7(d")7(a") — ¢f14tra21a207 (a")7(d").

DEFINITION 6.2. Let n € Ny, T" a full binary tree, V' a Yetter—Drinfel’d module of diagonal type
with dimy V' = 2 and with canonical basis {x1,z2}, and let B(V') denote the corresponding Nichols
algebra. We say that B(V) is of type T' in degree n if the sets

{ I @™

a€N>(T)

0 < i, < ord x(a,a) Ya € No(T), Z iqlor|(a) < m}
a€N>(T)

form a basis of the vector spaces @, B(V);, respectively, for all m < n. Here the elements of Na(T')
are ordered with respect to the order <q, and ord x(a, a) is the order of x(a, a) in the multiplicative
group k* if x(a,a) # 1 is a root of 1, and oo otherwise. Further, we say that B(V') is of type T if
B(V) is of type T in degree n for all n € N.

Note that B(V) is of type T in degree 0 for any full binary tree T'. Further, if B(V') is of type
T for a full binary tree T and ord x(a,a) < oo for all a € No(T") then B(V) is finite dimensional.
More exactly, one gets dimy B(V') = HaeNQ(T) ord x(a,a).
LEMMA 6.2. Let T be a full binary tree.
(i) There exists a unique map v : N(T) — X such that v(‘L’) = a1, 7(‘R’) = a2, and y(a) =
~v(a")vy(a®) for all a € N(T).
(i) For a € N(T) the equation |y(a)| = |or|(a) holds.
(iii) Any word y(a), a € N(T), is a Lyndon word and ~y(a")~y(a®) is the Shirshow decomposition
of v(a) for a € N(T).
(iv) For any a,b € N(T) the relation y(a) < ~y(b) is equivalent to a <¢ b.

Proof. (i) Existence and uniqueness of v follow from the facts that (-)* and (-)® are well-defined
maps from N(T) to N(T) and |or|(a*) < |or|(a), |or|(a®) < |or|(a) for all a € N(T).

(ii) This follows immediately from the definition of v and |o7|.

(iii), (iv) We use induction on |or|(a) and max{|or|(a), |or|(b)}, respectively. If a = ‘L’ or
a = ‘R’ then ~(a) is a Lyndon word. Further, if |op|(a) = |op[(b) = 1 then a,b € {‘L’,‘R’} and
hence a <¢ b is equivalent to a = ‘L’,b = ‘R’ which holds if and only if y(a) = a1 < az = (b).

Assume now that assertions (iii) and (iv) hold whenever a,b € N(T), |o7|(a) < n, and |o7|(b) <
n for some n € N. If a € N(T') then by induction hypothesis y(a") and y(a™) are Lyndon words. Since
a" <g a™ we also have y(a") < v(a®). Thus y(a"“)y(a") is a Lyndon word by Proposition 5.1(ii).
This proves the induction step of the first part of assertion (iii).

Now we prove assertion (iv) in the case |o7|(a) = n+1, |o7|(b) < n. The proof for |op|(b) = n+1
is completely analogous. Let (a1,as,...,a,) denote the set of nodes of T with |op|(a;) < n in
increasing order with respect to <¢. By Lemma 6.1(ix) the node a € N(T) is the unique ¢ € N(T)
such that |or|(c) < n+ 1 and a* <g ¢ <@ a®. Thus there exists ¢ € N such that ¢ = a; and
a™ = a;41. On the other hand, the induction hypothesis gives that v(a;) < v(a;) if and only if j < I.
Now note that v(a;) < y(a) = v(a;)y(ai+1) < v(ai+1) as vy(a) is a Lyndon word.
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It remains to show that vy(a™)vy(a™) is the Shirshow decomposition of v(a) where |or|(a) = n+1.
If a* = ‘L’ then |y(a")| = 1 and we are done. Otherwise a" € N(7T') and Lemma 6.1(vi) and (vii)
give a® <g a"®. Therefore y(a™) < v(a"®) by the induction hypothesis for assertion (iv). Further,
the induction hypothesis of assertion (iii) tells us that y(a“")y(a"*) is the Shirshow decomposition
of y(a"™). Thus Proposition 5.2 for u = y(a) together with the last two relations give the claim. [

Our aim in this section is to give a computable criterion which ensures that the Nichols algebras
in Theorem 7.1 are of the given type. To do so we have to introduce additional notation which will
be needed only for A = B(V). Recall the definitions above Theorem 5.1.

For a Lyndon word u and n € N let F(u), denote the kG-module
Flu)y = <s<u> N (BIV)S@W)E + BV 1 QD B<v>m> e
and set F(u)o = {0}. By Corollary 5.1 one obtains that -
Flu)y = (<s<u>s<u>z + SN B<v>m) e
N

Let n € N. Suppose that there exists a full binary tree 7' such that for any Lyndon word u with
|u| < n the relation h, > 1 is equivalent to u = v(a) for some a € Ny(T'). The definition of 7 and
[] and Lemma 6.2(iii) imply that for any a € Ny(T) one has 7(a) = [y(a)]. Then by Corollary 5.1
with u = o and by Lemma 6.2(iv) the set

BIRCE

a€N2(T)

ia < hy(a)s Z igtotdeg (1(a)) < n}
a€N>(T)

where the product is taken with respect to the order <¢ of No(T') forms a basis of @, _o B(V ).
For a € N(T) define p, := x(a,a)”! and
0

if a ¢ N(T),
Ma) = (LR - XCRD) ifa=, ®
x(a*, a®)1 — x(a®, a*) + A\(b) otherwise,
where b is the parent of a. Further, for any b € N(T') with b~ € N(T) set
NC b= by,
uiey =420 5
A(b)u(b®)  otherwise.
Finally, for any b € N(T') with ¢:=b" € N(T') and £*(b) < 2 set
o(b) = X(e,0) 7 = x(b, ") + ADA()((2),,) — (2),.)) if £4(b) =1,
(@ er) T AOAR)(2),1((2),) — (3),)) i () =2,

where f = ¢®, whenever all denominators are nonzero.

7. Explicit examples
The following theorem is the main result of this paper.

THEOREM 7.1. Let k be a field of characteristic zero and V' a braided vector space of diagonal type
with dimy V' = 2. Suppose that the generalized Dynkin diagram of V appears in Table 1 and is
marked with the tree Tn, wheren € {1,2,...,22} and the full binary tree Tn is given in Appendix A.
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TABLE 1. Generalized Dynkin diagrams of rank 2 Nichols algebras.

Generalized Dynkin diagrams Fixed parameters Tree
1 é 8 q,m € k* T1
I g€ k" \ {1} 12
s oLt e e
4 9 g2 ¢ g€ k*\{-1,1} T3
—1—q! - A\
AR rgn
6 Cat 1 gl e 313
0 O O O g€k \{1,¢,¢*}
. é ¢ —01 g;_c_l—ol C€R; T3 T3
< _g2_<3 _é2 _g2<71 z)l —éQ ¢ 51 ¢ € Ris T4 T5 Th
_OCB ¢ _01 —043_4—1 —Ol T7 T7
0 _ég ¢ _é2_é2 ¢3 51—2“;_43 —Ol ¢ € Ris T4 T5 T7
10 —Oc = g g ¢ 51 —g ¢ —Ol ¢ € Ro T6 T9 T14
T = qe/]:*\{—l,l}, T8
o S e Zi RS T8 T8 T8
O— 0 0—0 0—0 ;
3 Coﬁ _C_l_og—‘lgoﬁ ¢ ggl ¢ € Roy T10 T13
_g4 I z)1 é -5 z)1 T17 T21
u é % —01—40—24_2 —Ol ¢ € Ry T11 T16
15 é ¢-3 Z)1 234_473 z)1 ¢ € Ry T11 T11
_40—2 & _01_40—2_43 —Ol T16 T16
16 ég_c,g,g g’ _44—454 ¢ € Ris T12 T15
CO5_C_Q _Ol god _¢? —01 T18 T20
17 E;C —¢-3 z)1—53*2_43 z)1 (E€Ry T19 T22
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Then B(V) is of type Tn. Moreover, the algebra B(V') is the quotient of the tensor algebra V® by
the ideal generated by the set

{m0(a) | a € No(T)} U {To(a)ordp“ | a € No(T),2 < ordp, < oo}
U {7o(b)10(c") — x (b, c")10(c")70(D)
— u(®)/(*(b) + D} 10() T | b € No(T), ¢ := b € No(T)}. 9)

In particular, if q11, qo2, and q12q21 are roots of 1 (and q11, qo2 are different from 1 for type T1)
then the Nichols algebra B(V') is finite dimensional.

The proof of Theorem 7.1 will be given in §8.

Remark 7.1. (1) Many of the rank 2 Nichols algebras in Theorem 7.1 have appeared in the literature
previously. Those with gi2g21 = ¢17", 22 = ¢i4, n € {0,1,2,3}, are called of finite Cartan type
in [AS02]. They have type T1, T2, T3, and T8. Other examples (cf. § 3.3 in [AS02]) cover essentially
all Nichols algebras of type T2 and T3. Further, there exist recent computations on Nichols algebras
by M. Grana and Ch. Heaton (Grana, private communication) which give a PBW basis for the
examples of type T5 and T9.

(2) Theorem 7.1 does not claim that all elements in the set given in (9) are necessary to generate
the defining ideal of B(V'). For example it is known that if (Vo) is of Cartan type and the structure
constants ¢; are not roots of unity, then the two quantum Serre relations generate the ideal (9).
On the other hand the tree T3, which is associated to the generalized Dynkin diagram in row 4 of
Table 1, contains three nodes in Ny(T).

One should take into account that many of the mentioned generators of the defining ideal of
B(V) may become redundant by various different reasons. This is also why more explicit formulas
for relations will be omitted. However in general none of the three types of elements in (9) can be
avoided completely. The quantum Serre relations are clearly necessary, and root vector relations are
known to be needed for Nichols algebras of Cartan type when ¢p; is a root of 1. Finally, one can
check that starting with the second diagram in row 17 of Table 1, the element in the second line of
(9) for b = rpg, which has total degree 6, is not in the ideal generated by the other elements of (9)
of degree at most 6.

The presentation given here has the advantage that it can be described with the help of a simple
algorithm which works for all examples. Thus the description of a minimal set of relations, which
could be relevant for example for the classification of pointed Hopf algebras via the lifting method
of Andruskiewitsch and Schneider, remains an open problem.

8. The finiteness results

From now on let T" be a full binary tree such that
mln{ER(bL),EL(bR)} g 3 fOI" all b 6 NQ(T), (10)

i.e. either bprrr & N(T) or brri, ¢ N(T). Note that all binary trees in Appendix A satisfy this
condition.

DEFINITION 8.1. We call a triple (7, V,n), where n € Ny and V € *&YD is a two-dimensional
Yetter—Drinfel’d module of diagonal type, admissible if the following conditions are satisfied.

(i) For a € N(T') with |o7|(a) < n relation a € No(T) is equivalent to A(a) # 0.
(ii) Either No(T) is empty or the numbers p, for a € No(T), |or|(a) < n, are different from 1.
(iii) If @ € No(T'), ar, € No(T'), and |or|(a,) < n then p, # —1, p,r # —1.
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(iv) For all b € No(T) with ¢ := b" € No(T) and |op|(b) + |op|(b"") < n one has (¢*(b) + 1)]!0c # 0
and either £ (cr) < 7%(b) or £%(b) < 2, v(b) = 0.

Note that if b € Ny(T') and ¢ := b" € No(T') then £7(b) < 1 (cg). Thus by (10) for ¢ one has
either £%(b) < 2 or lg(cy) < £7(b).

ProprosiTiON 8.1. Let T denote a full binary tree and V & ﬁg)ﬂ) a two-dimensional Yetter—
Drinfel’d module of diagonal type. Let n € Ny. If (T, V,n) is admissible then B(V') is of type T in
degree n and all homogeneous relations of B(V') of degree at most n are elements of the ideal of V&
generated by the set

{ro(a) | a € No(T), |or|(a) < n}
U {710(a)°™P2 | a € No(T),|or|(a) - ordp, < n}

U {ro(b)ro(c*) — x (b, c)mo(c*)mo(b) — 1u(b) /(€% (b) + 1)}, 7o(c)" O+ | b € No(T),
c:=b" € Nyo(T),|or|(b) + |or|(c") < n}.

The following corollary is an immediate consequence of Proposition 8.1. It will be our main tool
to prove Theorem 7.1.

COROLLARY 8.1. Let T denote a full binary tree and V & ig)ﬂ) a two-dimensional Yetter—Drinfel’d
module of diagonal type. If (T, V,n) is admissible for allm € N then B(V') is of type T and all relations
of B(V') are elements of the ideal of V¥ generated by the set

{ro(a) [ a € No(T')}
U {r0(a)Pe [ a € No(T),2 < ordp, < oo}
U {ro(b)ro(c") = x(b, ) mo(c)mo(b) — p(b)/(€*(b) + 1), mo(e) O [ b € Ny(T),
c:=0b" € Nyo(T)}.
Proof of Proposition 8.1. We proceed by induction over n. As noted previously the assertion is true
for n = 0. Assume that Proposition 8.1 is valid for (T, V,n — 1) and that (T, V,n) is admissible. By

Corollary 5.1 for A = V® and with u = o and by Lemma 6.2 it suffices to prove that the following
assertions hold.

(a) If a € No(T) and |or|(a) < n then hy,y > min{ordpa, (n + 1)/|or|(a)}. If n > |or|(a) - ord p,
then [y(a)]°"dPe = 0.

(b) If a € No(T') and |o7|(a) < n then [y(a)] = 0.

(¢) If wis a Lyndon word, 2 < |u| < n, and u = y(a)y(b) is the Shirshow decomposition of u with
a,b € Nyo(T), a = c*, where ¢ = b*, then [u] = u(b)/(£*(b) + 1);}CT(C)ZR(1))+1 and u < y(c).

(d) If u is a Lyndon word, |u| < n, u ¢ {v(a) | @ € N(T)}, and u is not as in assertion (c), then
h,, = 1 and the relation corresponding to u (see the definition of h,, below Lemma 5.3) can be
obtained from those given in Proposition 8.1 for (T, V,n — 1).

In order to prove assertions (a)—(d) we additionally use the following induction hypotheses which
will be proven after the proof of assertions (a)—(d).

(e) If a € N(T'), m := |or|(a) < n, and u = v(a) has Shirshow decomposition u = vw then
A(e([u])) = o([u)) @ 1 = g([u)) ™" @ u([u]) = Ma)g([]) ™ e([w]) @ e([v]) € UF (W)m-1) ® B(V(*)-)
11
(f) If a,b € N(T) such that |o7|(a) < n, |or|(b) < n, and a <g b then (.(7(b)), 7(a)) = 0.
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a
A>\
b

FIGURE 3. First setting in assertion (h).

FIGURE 4. Second setting in assertion (h).

(g) If a € N(T) and |or|(a) < n then the following equations hold:

((r(a)),7(a)) = AMa){e(r(a")), 7(a"))7(a"),
(e(7(a), 7(a)) = Aa)(u(7(a")), 7(a"))(u(7(a")), 7(a")).
(h) Suppose that b € No(T), ¢ :=b" € N(T), and |op|(b) + |or|(c") < n. Set a := . If /*(b) =1
then b = ¢y (see Figure 3?) and one has

<L<T<a>>,r<b>7<a> (b a)yr()r(s) - g()b) r<c>2> — (@), 7@ (B)r(D).
Pc
If /%(b) = 2 then b = cpy, and with d := ¢, (see Figure 42) one has
<L<T<d>>m<b>f<a> (b ayr(a)r(h) gfﬁ) T<c>3> — B (@), (@) () ().

Note that for n = 0 all assertions (a)-(h) are trivially fulfilled and hence we may start with the
induction step.

To assertion (d). Suppose that u is a Lyndon word with |u| = n > 2 and Shirshow decomposition
u = vw and w is as in assertion (d). If h, = 1 or hy, = 1 then h, = 1 by Lemma 5.2 and
Proposition 5.3. More precisely, in order to ensure h, = 1 one does not need a new relation.
Otherwise by induction hypothesis there exist a,b € No(T) such that v(a) = v, y(b) = w. Note
that since or(a) = deg([v]) and o7 (b) = deg(Jw]) Lemma 6.1(iii) implies that a and b are uniquely
determined by 7(a) and ~(b), respectively.

Since u is a Lyndon word we have also v < w and hence a <g b by Lemma 6.2(iv). Further,
Proposition 5.2 and Lemma 6.2(iv) imply that either a = ‘L’ or a € No(T) and b <g a®. Assume
for a moment that a € No(T') and b = ™ and set ¢ := ag. Then a = c*, b = c*, and |op|(c) = n and
hence u = 7(c). This case is covered by assertions (a) and (b). Similarly, if a = ‘L’ and b = ‘R’ then
n = 2 and u = y(r) which again belongs to assertion (a) or (b). Therefore one has either a = ‘L’
and b € No(T') or a,b € No(T') and a <g b <g a*.

Now we prove that a <g b". First note that since a <¢g b, Lemma 6.1(vi) implies the relation
lor|(a) < |or|(b) in the case a € No(T). If @ = ‘L’ then this relation is trivial. Therefore one gets
a <@ b" by Lemma 6.1(v). Assume for a moment that a = b" and set ¢ := b.. Then a = ¢" and
b = ¢* and hence u = ~y(c) which is covered by assertions (a) and (b). Thus we arrive at the situation
that b € Nao(T), a <g b, and either a = ‘L’ or a € No(T') and b <g a*.

2The labels in Figures 3 and 4 belong to the nodes above them.
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If @ = ‘L’ then a <g b" implies that |or|(a) < |o7|(b"). If a € No(T') then the same relation
follows from a <g b" and Lemma 6.1(vi) as b* <g b <@ a". Therefore Lemma 6.1(v) gives a <¢g b"".
The case a = b“" can be omitted as it is exactly the situation in assertion (c). Otherwise set
u; = y(a)y(b"). Note that u; is a Lyndon word by Proposition 5.1(ii). We show that h,, = 1 holds
which proves assertion (d) by Lemma 5.2 and Proposition 5.3.

Suppose that h,, > 1. As the length of u; is less than n but at least 2 by induction hypothesis (a)
there exists ¢ € No(T') such that u; = v(c). Since y(a) < u1 < v(b") one obtains a <g ¢ <g b".
By Lemma 6.1(iv) and (v) this implies that a <g c¢“. As y(c*)y(c") is the Shirshow decomposition
of v(c) by Lemma 6.2(iii) the equation y(a)y(b") = v(c“)y(c®) implies that |y(b")| < |y(c*)| and
hence v(c*) < ~v(a). Thus a <o ¢, Lemma 6.2(iv), and Lemma 6.1(iii) imply that ¢* = a
and c® = b". Now we have c" = a <q b"" <g b* = c*, |op|(b"") < |or|(D%), and |or|(c) > |or|(b").
Then Lemma 6.1(ix) applied to the pair (¢, b"") gives a contradiction.

To assertion (c). The relation y(a)y(b) < v(c) follows from y(c) = y(a)vy(c®) and b <g b"* = c*
(see Lemma 6.1(vii)).

Set U := 7(b)7(a) — x(b,a)r(a)T(b) — u(b)/(£*(b) + 1)!pCT(C)éR(b)+1. First note that using asser-
tions (e), (f), and (g) one obtains

(Ur(0)), T(B)T(@) = x(b, a)7(a)7(B) — p(b) /(£*(b) + 1), () 1)
(@) = x (0%, a)7(a)(u(r(c)), 7(
= ((B)/ (€% (B) + 1), ) (€% (B) + D, (u(7(c)), 7
= (U7(0), (@) (A)T(6")7(a) — AB)x(b"; a)7(a)T(b") — (b)/(ﬁR(b))' (e)" ).

If /%(b) = 1 then b* = c*, 7(b")71(a) — x(b™,a)7(a)7(b®) = 7(c), and u(b) = A(b). Otherwise
w(b) = A(b)p(b¥) and we can use induction hypothesis (c). In both cases one obtains (¢(7(c)), U) = 0.
Thus by assertion (f) one gets (1(7(d)),U) = 0 for all d € No(T) with ¢ <¢ d. Hence it suffices
to show that (c([u']),U) = 0 for all Lyndon words «' with deg([u’]) = deg(U) and that equation
(u(r(a1)T(ag) -~ 7(am)),U) = 0 holds whenever a; € No(T), a1 <g a2 <@ -+ <@ am <@ ¢, m = 2,
and ), or(a;) = (¢7(b) + 1)or(c). In the second case set or(a;) := (74, 5;). Then a; <¢ ¢ implies
ri < Q(c)s; and hence ), r; < Q(c))_, s; which is a contradiction to ), or(a;) = (£%(b) + 1)or(c).
In the first case u' # ~(d) for all d since the entries of deg([u']) are not relatively prime. Thus by
assertion (d) one can reduce to the case where v’ = v'w’ is the Shirshow decomposition of ', v' =
v(a'), w' = ('), and @’ = b, Since (£%(b)+1)or(c) = deg(U) = deg([v'][w']) = (%) +1)op(b'")
and both the entries of o7 (c) and those of o (b'") are relatively prime one gets from Lemma 6.1(iii)
the equation ¢ = b'". Again by Lemma 6.1(iii) this yields a = ¢ = """ = o’ and hence b = b’ and
u =u.

Note that (¢(7(b)),U) = 0 and hence it remains to check that the relation (¢(7(b)7(a)),U) =0
holds. Using 7(b) = 7(b™)7(c) — x(b%, ¢)7(c)7(b™) this implies that it remains to check the equation

(L(r(b*)7(cr)),U) = 0. Set ¢; = cL and ci41 = ¢g for 1 < i < ly(cq). Further, set by := b*®
and b1 = b for 1 < ¢ < £%(b). Then using assertion (c) for (T, V,n — 1), the definition of
7, and Lemma 6.2(iii) one can show by induction over i that for all i < min{¢®(b),lx(c1)} the

assertions (.(7(b)7(a)),U) = 0 and (c(7(b;)7(c;)),U) = 0 are equivalent. Now we use that (T, V,n)
is admissible. More exactly, we have either ¢y (c1) < £%(b) or £%(b) < 2. In the first case one has
7(c;) = 0 for i = lx(c1). Otherwise assertion (h) gives (¢(7(¢;)),U) = 0 for i = ¢£%(b) — 1 where
¢p = a. Therefore in both cases we get (v(7(b)7(a)),U) = 0 and hence U = 0.

To assertion (b). By assertions (c), (d), (e), and (f) it suffices to show that the equations

(((r(ar)7(az) -~ 7(am)),7(a)) =0
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hold for all a1 <¢g a2 <q -+ <@ am <@ a with ), o7(a;) = or(a). Set (r4,8;) := or(a;). Then
a; <@ a implies r; < Q(a)s; for all ¢ with equality if and only if a; = a. Hence ), o7 (a;) = or(a)
implies m = 1 and a; = a. Note that (T, V,n) is admissible and hence A(a) = 0. Thus the equation
(t(r(a)),7(a)) = 0 follows from assertion (g).

To assertion (a). Let a € No(T) and set u := ~(a). Suppose that [u]®, h € N, is a linear
combination of elements [u][ug]- - [uy,] with u < w; for 1 < ¢ < m. By Corollary 5.1 and the
induction hypothesis one can assume that u; = v(a;) for some a; with a <g a;. Set (r;, s;) := or(a;)
for all ¢ and (r,s) := or(a). Then Lemma 6.2 implies that r; > Q(a)s; for all i and hence
(>_;ri) > (O2;5)Q(a). On the other hand, since 7(a1)7(az)---7(ay,) must have the same de-
gree as 7(a)" it follows that (hr,hs) = (3,7, Y, si) and hence 7(a)" has to be zero. In partic-
ular, 0 = («(7(a)), T(a)?) = (h)p, (t((a)), 7(a))T(a)"1 by assertions (e) and (f). If n = 1 then
(t(r(a)),7(a)) = 1. Otherwise since (T,V,n) is admissible one has A(a) # 0. In this case asser-
tion (g) gives (u(7(a)),7(a)) # 0 and hence the first part of assertion (a) is proven. To show
that 7(a)°"4Pe = 0 for n > |o7|(a) - ordp, by assertions (c) and (d) it suffices to check that
(l(r(ar)T(az) - T(am)), 7(a)°4Pa) = 0 whenever a1 <q a2 <q -+ <@ am <@ @, a; € No(T) for all
i, and ) ;o7 (a;) = or(a) - ord p,. However as argued at the beginning of the proof of assertion (a)
such a choice of a; is not possible.

It remains to prove the induction step for assertions (e)—(h) (n — n + 1) under the hypotheses
(a)—(h) and admissibility of (T',V,n + 1).

LEMMA 8.1. For a € N(T') with a® € N(T), |or|(a) = n+ 1 set v := y(a) and let v = vw be
the Shirshow decomposition of u. Let p € B(V)* N F(y(a™)) -1 be a homogeneous e]ement with

|w|—
respect to the Z*-grading. Then g([w]) ™' g(p)e(p)u([v]) = x([w], [v])e([v])g([w]) " g(p)e(p) € (F(w)n).
Proof. First note that

g([w)) " g(p)u(p)u[v]) — x([w], [W])e([w])g([w]) " g(p)e(p)
= g([w) " g(p)e(plv] — x(p, [v])[v]p),
p1p2lv] — x(p1p2; [v])[v]p1p2
= p1(p2[v] = x(p2; [v])[v]p2) + X (p2; [v]) (p1[v] = X (p1, [v])[v]p1)p2 (*)

for Z2-homogeneous elements p; € B(V), i = 1,2. As p € S(v)« Lemma 5.3 implies that p[v] —
x(p, [v)[v]p € S(v)<. Further, p[v], [v]p € B(V),, where m = totdeg(p)+ |v| < n. By Lemma 6.1(ix)
there exists no b € Ny(T) such that |o7|(b) < n and a* <g b <@ a®. Thus S(v)< N B(V),, =
S(w) N B(V)m. By (*) and since p € S(y(a®?))™ C S(w)Z it suffices to show that

plv] = x(p, W))[vlp € S(w)S(w)E + S(w)[w)? ()

for p = 7(a®?)? and for p = 7(b), a™* <g b. By (6) relation (xx) is obviously true if |v| > |w].
Otherwise a is the left child of a® and a™" = a". If p = 7(a"*)? then totdeg(p[v]) = |v|+2|o7|(a*?) =
|lw| + |or|(a®™¥) > |w| and hence (xx) holds. On the other hand deg([v]7(a™")) = deg(Jw]) and
Lemma 6.1(iii) imply that deg(7(b)) # deg([w]) — deg([v]) for b # a"*. Thus if p = 7(b), a"* < b
then again (xx) is valid. This completes the proof of Lemma 8.1. O

To assertion (e). Suppose that |or|(a) = n + 1. One has a <g a" and if a* € N(T) then
a® <g a"™ by Lemma 6.1(vii) and (vi). Therefore the induction hypothesis (e) for v and w and
Lemma 8.1 give

A(([) = (o) @ 1= g(a*) " @ u([v]) — Aa")g(a"") " (7 (a"™)) @ o(7(a"))
€ U(F(w)yy-1) @ B(VF),
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A(u([u])) = AG(w))A([0]) = x(a®, a") A(u([o])) A(u([w]))

L+ (x(a" )™t = x(a",a"))g(a") " e([w]) @ ([v]) + g(a) ™" @ e([u])
[w]T(a"")) " u(r(a"™)) @ o([w]r(a"") — x(a, a"")7(a"")[w])
™) "hu(r (@ )] = x(a™, a")[o] (@) @ o7 (™))
up to terms in «(F(w),) ® B(V*). Thus if a = r(T) then A(a") = A(a") = 0 and one gets (11).
If @ is the left child of its parent then either a" = ‘L’ or a" <g a"® by Lemma 6.1(vi) and (vii).
Further, o™ = a* and 7(a"%)[v] — x(a™®,a")[v]7(a™") = [w] and again we are done. Finally if a
is the right child of its parent then either a® = ‘R’ and A(a®) = 0 or |[v| > |w| and 7(a™%)[v] —
x(a™®, a")[v]T(a®") € F(w), by (6). Moreover a*® = o™ and [w]r(a"") — x(a™, a*")7(a™")[w] = [v].
Thus (11) holds in this case as well.

\]

To assertion (f). If |op|(a) < n and |o7|(b) < n then we are done by induction hypothesis. If
n+1=|op|(b) > |or|(a) then (¢(7(b)),(a)) = 0 clearly holds. Suppose now that |op|(a) =n + 1.
If n =0 then a = ‘L’ and b = ‘R’ and hence assertion (f) holds by definition of (-,-). Otherwise
a® <@ b by Lemma 6.1(vi) and hence assertions (e) and (f) imply that

((r (), 7(a)) = (7 (b)), T(a")7(a") — x(a”, a")7(a")7(a"))
= ((r(b), 7(a"))a" — x(a®, a")x(b,a*)"ra (7 (D)), T(a")).
By assertion (f) the last expression vanishes if a™ <¢ b.
To assertion (g). By assertion (f) and since 7(a) = 7(a®™)7(a™) — x(a®, a*)7(a"“)7(a®) the second
equation of assertion (g) follows immediately from the first one.

If a = r(T') then one gets

(u(r(a")), m(a)) = (y2, 2122 — X(21, 22)7221) = (X (22, 21) " = X (21, 22))21 = A(@)7(a").

If @ = a™y then a"* = a® and |o7|(a") > |o7|(a®) and hence assertions (e) and (f) give

)
(t(r(a")),7(a)) = ((r(a")), 7(a")T(a") — x(a",a")r(a")T(a"))
= x(a", a")"'r(a")(u(r(a")), T( )+ Aa") (@), (@) e(r (@), 7(a"))
= x(a",a")((r(a")), 7(a"))7(a™).

Since a™ € Na(T') in the second summand of the last expression one can use assertion (g) for a®
and the equation a"® = a®. One gets

(t(r(a"), 7(a)) = (A(a") + x(a",a") ™" = x(a®,a"))(u(7(a")), 7(a"))7(a")
= Ma){e(r(a")), 7(a"))(a").
Finally, if a = a®, then a"" = a". Moreover Lemma 6.1(vii) implies that a* = ‘L’ or a® <g

RLR — gMR. Thus using assertions (e), (f), and (g) computations similar to the previous case lead
to the desired assertion.

a

To assertion (h). We need the following lemma.

LEMMA 8.2. Suppose that (T, V,n+ 1) is admissible. Let d € No(T') such that ¢ := d* € N(T) and
d=cy. Set a:=c"=d" and f := c" (see Figure 4).

(i) If |or|(d) + |or|(f) < n then in B(V') one has

7(f)7(d) = x(f, d)r(d)7(f) = 5=7(c)*.
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(ii) If lo7|(d) + |o7|(f) (= lor|(a) + |or|(ca)) < n +1 then

(u(r(@)).r(en)) = 2B 1 a)) r(a)yr ()2,
@),

(iii) If cg € No(T) and |or|(crr) + |or|(a) < n+ 1 then

(1(r(d)), T(enn)) = A(CR)A(C“())( gég(“ ).7()

Py

Proof. (i) Note that ¢ = d" by assumption. Further, we may use the induction hypothesis (c). One
computes

T(f)T(d) = x(f, )7 (d)7(f) = 7(f)(T(c)7(a) — x(c,a)T(a)7(c)) — x(f, )T (d)T(f)

= (1(cr) + x(f, )7 ()7(f))7(a) — x(c,
+x(f,a)r(@)T(f))7(c) —

= x(cr,a)7(a)T(cr) + A(
+x(f,a)7(a)7(f)) — x(c, a)T(C)2 — X(cr,a)T(a)(7(cx)
+x(f,0)r()7(f)) = x(f, ()7 (f

= Mer)/(2)p.7()* + X (f,0)7(0)* + x
—x(c,a)m(c)* = x(cx, a)x(f,c)m(a)T(c)T

= (A(ew) + x(f,¢) + x(a,0) ™"

Then the defining recursion formulas for A(cg) and A(d) give part (i).

(ii) Note that (2),, # 0 by admissibility of (7', V,n + 1). Further, if 7(cg) = 0 then A(cg) = 0 by
assertion (a). Thus in this case we are done. Assume now that ¢ =r or ag = ¢ (i.e. a® = f). Then
one has (¢(7(a)),7(f)) = 0. Using assertions (e) and (f) one gets

((r(a)),7(cr)) = ((7(a), 7(f)7(c) = x(f;e)7(e)7(f))
= x(a, /)77 (H)e(7(a)), 7(0)) + Ma) (e (£), T())){e(r(a")), 7(c))
= x(f,0)(u(r(a), 7(c))7(f)-

If one starts with a;, instead of d in Lemma 8.2 then part (ii) gives a formula for the second
summand in the last expression. Further, assertion (g) can be used to compute (c(7(a)),7(c)) and
(t(r(a)),7(a)). One obtains

(u(r(a)), 7(en)) = Me)(u(r(a)), () (x(a, /)" = x(f,e))7(f)?

M@ () G ). a1
f
= AT () n(e ) =17 @) ()
,.

Note that these computations make sense also in the case when a = ‘L’. Thus the recursion formulas
for A(c) and A(cg) give part (ii) in this case. The proof of part (ii) in the remaining case (when
fL=c, ie. c" = fb) is obtained similarly.

(iii) The proof of this part is by far the most complicated. We give only a sketch of it. Set b := cgy,.
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Using assertions (e), (f), (g), and Lemma 8.2(i

(t(1(a)),7(b)) = Ale){u(7(a)),

i) one obtains

+ (x(f;0)
(@) )r(en)) = XTI (30) 4 x(e )7 2y (1
(17 (0). (e () = Mew){e(r(e)). () ()2
e (a)r(@), 7)) = XA (0), ) (), (a7

By assertions (c) and (h) one obtains v(cg) = 0. Now insert the second, third, and fourth equation

into the first one and replace the summand A(cg)A(c)(2), fl of the product

(Aler) = x(er: €)(2)p, ) (A(e) +x(e, )71 (2)p,)
by the expression A(cg)A(¢)(2),.} — x(a,cr) ™" + x(cr, a). Then use the recursion formulas for A(d),
A(b), and A(cg) to obtain part (iii). This completes the proof of Lemma 8.2. O

To show the first equation of assertion (h) one can use assertions (e) and (f) to obtain

A®)
<A(T(a))ﬁ(b)7(a) X a)r(a)r(0) = 7o >
) )

= (u(7(a)), 7())7(a) + x(a,b) " T(B) (7 (a)), 7(a))
= x(b,a)(u(7(a)), 7(a))7(b) — x(f,a)’r(a)(e(r(a)), (b))

(“) ) (((r(0)), 7(©))7(e) + x(a, &)~ (e) (@), 7(c))).

After inserting the formula in Lemma 8.2(ii) the latter expression becomes the sum of the expression
(t(1(a)), 7(a))r(b)7(b) and a multiple of 7(c)7(f). Apply (¢(7(f)),-) to this equation. Since one has

((r(f)), 7(b)) = 0 and ((7(f)), 7(c)7(f)) = x(f,) "' 7()((r(f)), 7(f)), Lemma 8.2(i) gives that
the coefficient of 7(c)7(f) is zero.

In order to prove the second equation of assertion (h) note that |o7|(d) = |or|(c) + |or|(a) <
2|lor|(¢) < |or|(b). Thus (e) gives that
A(r(d))) = u(r(d) @1 = g(d) ™" @ u(7(d)) = Md)g(a) " u(7(c) @ i(7(a))
€ (U(S(v(er)) T + 7(c)S(v(er)) )#RG) @ B(V™).
By this fact and assumption (f) one obtains that
AD)A(er) o 3
)

( _
Y [x(d, o) () (T (d)), 7(c)*) + A(d) (e(7(c)), (c)) (t((a)), T(c)*)].
p
Using Lemma 8.2(iii) and arguments as in the previous case one obtains the required result. This
completes the proof of Proposition 8.1. O

Proof of Theorem 7.1. The proof is based on Corollary 8.1 and consists of a case by case checking
of admissibility of (7, V,n) for all n € N. The computations are elementary, but they still need a
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FIGURE 5. The example with tree T22.

considerable amount of time. However, in order to prove the first condition of admissibility, it is
possible to avoid the explicit computation of the A(a), where a € Ny(T'), as follows.

Suppose that a € No(T). Let b,c € No(T') be the unique nodes such that b™ = ¢* = a. Then by
(8) one obtains that

Thus one gets

Ab) = A(c)
& x(a",a) T (1 (0))p, + X(™, a) (£7(0))p, = x(a, b) (£(b))p, + X(a, ™)~ (£%(©)),,
& (04(b) + £%() )p, (x(c™, @) — x(a, b)) =
& (£4(b) + £°(0))p, (Par —pf;L< )= ”‘@paL) = 0. (12)
Further, if a € N(T') and o™ = ‘R’ then
Aa) = g5 (1 = ) q12021) (4(0)) . 1 (13)
and if a € N(T) and a" = ‘L’ then
Ma) = g (1= g5 g1221) (£ (a) 1 (14)

Equations (12), (13), and (14) give an effective method to check the first condition of admissibility
of (T, V,n) for all n. In fact, the equivalence between A\(a) = 0 and a € Ny(T') holds for all a € N(T')
if and only if
lr(r) =min{m € N | (m)qﬁl(qﬁ_lq12q21 —1) =0},
fo(r) =min{m € N | (m) 1(d35 ' q12q21 — 1) = 0}, (15)
tr(ar) =min{m € N | (m + £y(ar))p, (Pnp ™™ — porp’) = 0}
for all a € No(T).
As an example consider the last entry of Table 1. Thus the generalized Dynkin diagram of V' is

—4‘2_43 -1

o——=0
and T is the tree T22. In Figure 5 the numbers p,, where a € No(T'), are given as a label below the
node a. Then (15) can be easily checked. Moreover, the second and third conditions of admissibility
concerning the values of the p, and the first relation of the fourth condition are also fulfilled by
Figure 5. The relation fx(c;,) < £%(b) in the fourth condition, where ¢ = b", is not fulfilled exactly
for those nodes b which are marked with a big circle. In this case one can see that ¢%(b) < 2,
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FIGURE Al.

and for all five nodes the computation of v(b), using the values of A(-) noted on the right-hand side
of Figure 5, gives 0.

Some data regarding the other examples can be found in Appendix A. They may be helpful to
check the admissibility of the corresponding triples (7, V,n). O
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Appendix A. Types of Nichols algebras

In Figure A1l we collect all full binary trees which appear as the type of some Nichols algebra of
diagonal type studied in the present paper.

Finally, in order to make it easier to check the admissibility of the triples (7, V,n), in each
example, the numbers p, are listed below. If for some node b it is necessary to compute v(b), the
values A(a) involved in the formula will be given, except when a® = ‘R’. In the latter case one can
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take formula (13). The nodes of the tree T" are denoted by ag, where @ = r/s is the value of the
function @ defined in (7). We write pg for Pag- Note that some diagrams are omitted since they
can be obtained from another one by choosing other parameters with the same properties.

r
@)

O =

¢? ¢ ¢t

CZ _471 —1

q,7T € k*> T1: Po = T_ly Poo = q_l'

qek \{1}, T2: po=q¢ " p1y1 =0 P =q "

gek*\{-1,1}, T2: po = =1, p11 = =1, pc = ¢~ .
gek*\{-1,1}, T2: po = =1, p11 = ¢!, poc = —1.

qe R \{-1,1}, T3 po=q¢ % pia=q " poy1 =0 % Poo = q .

qek, ¢*#1, T3 po= =1, p1j1 = —q, poy1 = =1, poo = —q¢~ .

CE€ERs, qek*, *#1, T3 po=q¢ ", p11=C" poyn =C 10 pos =1

(€ Rz T3 po=—1,piy1 =( poy = =1, poo = (L

¢ € Rig, T4: po = =72, prjo = —1, p1j1 = (%, poj1 = =1, Poo = —C*

¢ € Riz, T5: po = =1, prj1 = ¢, pyjp = =1, poj1 = —C%, poo = —C 2

¢ € Ria, TT: po = —1, p1j1 = —C*, poy1 = —C 2, p3j1 = —1, poo = ¢*.

(€ Rig, T4 po = =72, prjo = =1, p1j1 = = paj1 = —1, Poo = —C 2

¢ € Riz, T5:po = =1, piy1 = —C, pyjp = =1, pojy1 = —C 2 poo = —C 2

¢ € Ria, TT:po = —1, p1j1 = —C 2, poy1 = —C 2, p3j1 = —1, poo = —C.

¢ € Ry, T6: po = (%, p1jo=—1,p1y1 = —C % p3jo = =1, pay1 = (72, poo = —C 71

_C_17 Poo = C_3‘

¢ € Ry, T9: po = —1, p1j1 = —C % pays = —1, 32 = %, pap

(€ Ry, T14: py = =1, p1j1 =2, poj1 = —C L pyn = €2, pajn = =1, poo = =72

qek, P #1L, T8 po=q >, pin=q " p3p=q" poy1=q",

P31 =q % poo =q .

¢ €Rs, T8 po =, p1j1 = —C p3ja = =1, payy = ¢, p3y1 = =1, poo = —C2.

¢ € Rs, T8 po=—1,p1j1 = ¢ P32 = —1, pop1 = —¢%, P3/1 =G, Poo = —¢*
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3 o C€Rs, T8 po=—1 pip = —C* p3j2 = po1 = —C P31 = —1, poo = ¢

o S ¢ € Raa, T10: po = —C¢Y i =1 piyn = ¢ pays = =1, pyja = —C*, poj = —C°,
P3n = C) Poo = _C6'

o o € Ra, T13:po=( pijy = —C5 p3jo = —C* psy3 = —1, pay = €, psje = —1,
b3 = —447 Poo = —46-

¢4 -1 _
CO ¢ o CERu TIT:ipo=—1,pip=¢ L opsga = =1, payz = —C% pyjo = —CO, psj3 = ¢,

P21 = —C5 poo = —C4 Magpe) = 45 (1 + ¢+ 3 (1 = ¢3), AMagsz) = a57 21 = Q).

5 -1
OC " o CE€Ru, T2lipg=~1,pij1=—C* pap = —C 5o = G payn = —C° payn = =2,

P51 =—1, poo =C L.

—1 _
OC ¢ o C€Rs, Tllipo=—1,pip= (% pay3=—1,p3pp =C 1 psys = =1, oy = —C7,

P31 =—1, Poo = (7, Mazja) = g5 (1+ ¢ = ¢2), Masyz) = a5, (1 = O)(1 = ¢2).

_r—2, —1 _ —
CO <’ o CERs T16:po=—1,p11 =¢ L opspe = =1, pay = —C% psjp = —1, p3p1 = (71,

Py = _17 Poo = _C2'

_3 —1 _
é <’ o G €, Tllipo = —1,p1 = —C pays = =1, p3jo = —C L ps s = =1, poyy = —C2,

b3 = _17 Poo = 4_17 )\((13/2) = Q2_11(1 - 4)(1 - C_Q + C_4)7
Aasz) = a5, C(C2 = D)1+ 31+ (7).

e B -
CO ¢ o ¢ € Ryo, T16: po = —1, p1j1 = ¢4 p3jo = =1, poj1 = —C% p5jo = =1, p3jn = —C 71,

paji = =1, poo = —C2.

_ _3 (5 _ _ _
OC_C ’ CO ¢ € Ris, T12: po = C°, prjo = =1, pijg = 72, pyjo = —C4 oyt = €72, psye = —1,

P31 = <_57 Po = _C_l-

3 4
CO — Co ¢ € Ris, T15: po = —C* pijn = C 2, payzs = =L p3jo = C 0 poj1 = —C 7 pyn = 7,

paji = —1, poo = (2.

5o

CO — Ol ¢ € Riys, T18: po = =1, p1j1 = C %, payz = —C* w3y = C72, psys = =1, P53 = C°,
po1=—C1 oo = (7% Magpe) = a7 (1 + G+ C6) 1+ ¢78),
Masys) = a1 C(1+¢*)(1 +¢77).

3 -1 _ _ — _
CO - o) <ER157 T20: p0:_17 p1/1:< 57p2/1 :_< 17p5/2:C 5)p8/3:_17p3/1 :C 3)

Py = _447 Poo = C_g'

_ a1 _
OC_C ’ o CE€RTIO:po=—1,pi = —C psja=—1, paj3 = —C 1 prs = =1, pyjp = —C2,

psis = —L pss = —CH pra=—1, pay1 = —C% p3 = =1, Poo = (1,
Magja) = 4y (1 + (¢ = ¢ +¢73),
AMagss) = Mas/z) = g5, (1= (1 = ¢72), Marss) = Magys) = g5 (1+¢73).
(g 1 ¢ € Ry, T22: see Figure 5.
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