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Abstract

Let F denote an algebraically closed field. Denote the three-element set by X =
{A,B,C}, and let F(X) denote the free unital associative F-algebra on X. Fix a
nonzero q € F such that ¢* # 1. The universal Askey-Wilson algebra A is the quotient
space [F (X)) /I, where I is the two-sided ideal of F (X’) generated by the nine elements
UV — VU, where U is one of A, B,C, and V is one of
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Turn F (X) into a Lie algebra with Lie bracket [X,Y] = XY —Y X for all X, Y € F (X).
Let £ denote the Lie subalgebra of F (X) generated by X, which is also the free Lie
algebra on X. Let L denote the Lie subalgebra of A generated by A, B,C. Since the
given set of defining relations of A are not in £, it is natural to conjecture that L is
freely generated by A, B,C. We give an answer in the negative by showing that the
kernel of the canonical map F (X) — A has a nonzero intersection with £. Denote
the span of all Hall basis elements of £ of length n by L,, and denote the image of
Z?:l L; under the canonical map £ — L by L,,. We show that the simplest nontrivial
Lie algebra relations on L occur in Ls. We exhibit a basis for L4, and we also exhibit
a basis for Ls if ¢ is not a sixth root of unity.

Mathematics Subject Classification: 17B60, 16515, 33D80
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1 Introduction

Let F be an algebraically closed field and fix a nonzero ¢ € F such that ¢* # 1. Given
a,b,c € T, the Askey-Wilson algebra with parameters a,b, c is the unital associative F-
algebra AW := AW,(a, b, c¢) defined as having generators A, B, C' and relations

¢BC—q¢'CB

A+ = :
¢ —q? q+q!
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qCA — g LAC b
B+ 2 _ 2 = 1
q q q+q
gAB — ¢ 'BA c
C+ 2 _ 2 = 1
q q q+q

The algebra AW was introduced in [8] in order to desrcibe the Askey-Wilson polynomials
[2]. A wide range of applications of the Askey-Wilson algebra is discussed in [7, Section 1].
These applications include integrable systems, quantum mechanics, the theory of quadratic
algebras, Leonard pairs and Leonard triples, and quantum groups. A central extension of the
Askey-Wilson algebra AW is introduced in [7], which is called the universal Askey-Wilson
algebra.

Definition 1 (|7, Definition 1.2]). The universal Askey-Wilson algebra is the unital asso-
ciative F-algebra, which we denote by A, defined as having generators A, B, C, and relations
which assert that the following are central in A:

¢BC — ¢ 'CB

A+ W’ (1)
qCA — ¢ tAC

e )
gAB — ¢ 'BA

O+ g )

where q is a nonzero scalar that is not a fourth root of unity.

Our main object of study is the Lie subalgebra L of A generated by A, B, C'. We show
that a set of defining relations for A cannot be expressed in terms of Lie algebra operations
only, and yet this does not imply that L is freely generated by A, B,C. Denote the free
unital associative F-algebra on the three-element set X = {A, B,C} by F (X), and the free
Lie algebra on X’ by £. Recall that £ is the Lie subalgebra of F (X’) generated by A, B, C.
We use the basis of £ which was introduced by Hall [5]. Let us call the images of the
Hall basis elements under the canonical map £ — L as the standard Lie monomials of L.
We show that the kernel of the canonical map F (X) — A has a nonzero intersection with
L. The generators A, B, C are the standard Lie monomials of length 1. The standard Lie
monomials of lengths > 1 are constructed according to some rules, which we shall discuss
in later sections. We show that the simplest Lie algebra relations on L occur at length 5,
and we determine a maximal linearly independent set of standard Lie monomials of length
at most 5.

2 Preliminaries

Let F be an algebraically closed field. Throughout, by an F-algebra we mean a unital
associative F-algebra. Let 2 be an F-algebra. Recall that an anti-automorphism of 2 is a
bijective F-linear map 1 : A — 2 such that ¥(fg) = ¥ (g)y¥(f) for all f,g € A. We turn A
into a Lie algebra with Lie bracket [f,g] = fg — gf for f,g € 2.

Let N = {0,1,2,...} denote the set of natural numbers. Given a nonzero n € N, let X
denote an n-element set. We shall refer to any element of X' as a letter. For t € N, by a
word of length t on X we mean a sequence of the form

X1 Xp - Xy, (4)
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where X; € X for 1 < i <t. Given a word W on X, denote the length of W by |W/|. The
word of length 0 will be denoted by 1. Let (X) denote the set of all words on X. Given
words X1 Xs--- X5 and Y1Y5---Y; on X, their concatenation product is

X1 Xo- - X Y1Ye - Y,

We now recall the free F-algebra F (X). The F-vector space F (X) has basis (X). Mul-
tiplication in the F-algebra F (X) is the concatenation product. We endow F (X) with a
symmetric bilinear form (, ) with respect to which (X’) is an orthonormal basis. For any
f € F(X) and any word W, the coefficient of W in f is (f, W).

Given n € N, the subspace of F(X) spanned by all the words of length n is the
n-homogenous component of F(X). Observe that F(X) is the direct sum of all the n-
homogenous components for n € N. If f is an element of the m-homogenous component
and ¢ is an element of the n-homogenous component, then fg is an element of the (m + n)-
homogenous component. It follows that the set of all n-homogenous components of F (X)
for all n € N is a grading of F (X).

The following notation will be useful. Let W = X; X5 .- X; denote a word on X. We
define W* to be the word X; X;_1--- X7 on X. Let 0 denote the F-linear map

0:FX) — F(X),
W o= (=)W, (5)

for any word W. By [6, p. 19], the map 0 is the unique anti-automorphism of the F-algebra
F (X) that sends X to —X for any letter X.

Let £ denote the Lie subalgebra of the Lie algebra F (X) generated by X. Following [6,
Theorem 0.5], we call L the free Lie algebra on X.

Proposition 2 ([6, Lemma 1.7]). For f € L, we have 6(f) = —f.

We now recall the notion of a Lie monomial on X. The set of all Lie monomials on
X is the minimal subset of F(X) that contains X and is closed under the Lie bracket.
Observe that 0 is a Lie monomial. Let U be a Lie monomial. Then U is an element of some
n-homogenous component of F (X). We define the length of the Lie monomial U to be n.
Observe that 0 has length n for any n € N. Any nonzero Lie monomial has a unique length.
Observe that the set of all Lie monomials of length 1 is X. We now consider an ordering of
Lie monomials.

Definition 3 ([4, p. 581]). Fiz an ordering < on X. Suppose that the set of all Lie monomi-
als of lengths 1,2,...,t—1 have been ordered such that U <V if the length of U is strictly less
than that of V. If U,V both have length t, and can be written as U = [X1,Y1],V = [Xs, Y3],
then we compare U,V wusing the following rules:

1. Ile?éYQ, thenU<VzﬁY1<Y2
2. [lez}/'z7 thenU<Vz'ﬁX1<X2.
We now introduce a basis for £ consisting of Lie monomials.

Proposition 4 (|5, Theorem 3.1|). Let H be the set of Lie monomials such that X C H,
and that for any U,V € H, the Lie monomial [U,V] is also in H whenever the following
conditions hold.

1. U>V.
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2. If U = [X,Y] for some Lie monomials X,Y, then Y <V.
Then H is a basis for L, often referred to as the Hall basis of L.

Example 5. Suppose X = {A,B,C} and A < B < C. Then the elements of H of length
at most 4 are:

A,B,C, [B,A], [C,A], [C,B], [[B,A], Al [[C, A], 4], [[B, 4], B,
lc, 4], B, [[¢,B], B, [[B,A],C], [[C,A],CT, [[C,B],C],
(B, Al AL AL, [IIC, A]L AL AL (0B, AL AL B (IIC, AL AL B
(B, 4], B], B, [[[C;A], B, B], [[[C,B],B],B], [[[B,A],A],C],
[llc, 4], A1, ¢, [[[B,Al, B, C1, [[l¢, 4], B], C1, [[[C,B],B],C],
(B, 4], €1, ¢, [lle,4],¢1,¢1, [lie, B], ¢, ¢,

C, A],[B,All, (€, B, B, Al], [[C,B],[C, A]]. (6)

Observe that the above Lie monomials are listed according to the ordering in Definition 3.

Given a Lie algebra £ and z,y € £, recall the adjoint linear map
adz: £ — £

that sends y +— [z,y]. Denote an arbitrary word on X by W = X;X5---X;. The Lie
bracketing from left to right is the linear map F (X) — L that sends 1 — 0 and sends the
word W into a Lie monomial according to the following rules:

1. If [W| =1, then W — W.

2. Suppose that the images of all words of length < |IW| have been defined. Denote the
image of X7 Xs---X;_1 by V. Then

W s (—ad X4) (V) = [V, X,].

That is, X1 X5+ X3 — [[[X1,X2], -], X}] for ¢ > 2. A Lie monomial that is an image of
some word under Lie bracketing from left to right is said to be left-normed.

Notation 6. Given a word W, we denote the image of W under Lie bracketing from left
to right by [W].

Example 7. With reference to Example 5, we rewrite (6) using Notation 6.

A,B,C, [BA], [CA], [CB], [BA?], [CA?], [BAB],
[CAB], [CB?, [BAC], [CAC], [CBC],

[BA®], [CA%], [BA’B], [CA®B],

[BAB?|, [CAB?], [CB®], [BA*C],
[CA%C], [BABC], [CABC], [CB*C],
[BAC?], [CAC?], [CBC?],
[[CA],[BA]], [[CB],[BA]], [[CB],[CA]]. (7)
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Throughout, by an ideal of an F-algebra 2 we mean a two-sided ideal of 2. By a Lie
ideal of a Lie algebra £ we mean an ideal of £ under the Lie algebra structure. We now
recall the notion of algebras having generators and relations (i.e., having a presentation).
Denote the elements of X by G1,Gs,...,G,.

Let f1, fo,..., fm € F(X) and let I be the ideal of F (X) generated by f1, fa,..., fm. We
define F (X) /T as the F-algebra with generators G1, G, ...,G, and relations f; = 0, fo =
0,..., fm = 0. The Lie subalgebra of F (X’) /T generated by X is L/ (I N L).

Let g1,92,---,9m € L and let J be the Lie ideal of £ generated by ¢1,92,...,9m. We
define £/J as the Lie algebra with generators Gi1,Ga,...,G,, and relations g1 = 0,92 =
0,...,9m =0.

Suppose £ is a Lie algebra (over IF) generated by X'. Then there exists an ideal K of £
such that £ = L/K. Let ¢ : L — L/K be the canonical Lie algebra homomorphism. Then
the following span £:

o(U), for U € H. (8)

We call (8) the standard Lie monomials of the Lie algebra £. Observe that the list of the
standard Lie monomials of £ is identical to the list of elements of H. This is because the
Lie algebra homomorphism ¢ fixes generators. We order the list of standard Lie monomials
of £ in a manner analogous to that given in Definition 3.

3 The universal Askey-Wilson algebra

Hereon, let F be an algebraically closed field, and fix a nonzero g € F such that ¢* # 1. We
fix X = {A,B,C}. Let F(X) be the free associative algebra on X. We use the ordering
A < B < C to construct the Hall basis H of the free Lie algebra £ on X. Define the
following elements of the free algebra F (X).

¢BC — ¢ 'CB

a = (¢+q¢ HA+ B = (9)
_ CA—qtAC

B o= (a+q I)B‘f‘%a (10)
AB —q 'BA

We also define the following Lie products in F (X).

ro = [A,q], =[B,qa], re:=[C,q],
r1:=[B,f], =[C,8], rr:=14,0],
ro = [Ca ’y]v st [A,’Y] rg = [Ba’Y] .

Define T as the ideal of F (X') generated by rg,71,...,7s.
With reference to Definition 1, we express A as a quotient space of F (X}, and as a
consequence make explicit the defining relations of A.

Proposition 8. A =F (X) /I

Proof: Recall A has relations which assert that each of (1),(2),(3) commutes with
every element of A. Equivalently, each of (1),(2),(3) commutes with every generator A, B, C.
Observe that each of «, 38, is a scalar multiple of (1),(2),(3), respectively. Then it suffices
to define A as having nine defining relations of the form [X, 4], where X € {A, B,C} and
0 € {a, 5,v}. By the definition of I, we get the desired result. O
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We denote the images of «, 3,7y under the canonical map F(X) — A by the same
symbols.

Proposition 9. rg,r1,...,rg ¢ L.

Proof: Let 0 denote the F-linear map in (5). It is routine to show that in the free
algebra F (X), we have 6(r;) + r; # 0 for 0 < i < 8. Use Proposition 2. O

By a a word in A we mean the image of an element of (X) under the canonical map
F(X) — A. Observe that the list of all words in A is identical to the list of all the words on X
in the free algebra F (X) since the canonical map F (X) — A is an F-algebra homomorphism
that fixes generators. We also preserve the ordering of generators A < B < C in A. By a
A-word, we mean all elements of A of the form

Wa" B~ (12)

where W is a word in A, and r,s,t € N.

We now recall some properties of A as studied in [7]. Let U = X; X5 - - - X; be a A-word,
where X is either a generator of A or one of a, 3,7 for 1 <1 < ¢t. Without loss of generality,
we assume U is of the form (12) since «, 3,7~ are central in A. By an inversion for W we
mean an ordered pair (j,k) € N? such that 1 < j < k <t and X;, X} € {4, B,C} such that
X; > Xi. Any A-word with no inversions is said to be irreducible. For instance, CABA has
4 inversions and C B2 A has 5, while the A-words A2 BC, AB?C are irreducible. The shortest
words for which inversions exist are BA,C'A,CB and using (9) to (11), the following hold
in both F (X’) and A.

BA = ¢@AB+q(q+q N)a—q¢"C—qlg—q "), (13)
CA = qPAC—q Y g+qa VNa—qg HB+q ' (g—q )b, (14)
CB = ¢BC+q(q+q " )g—qg " A—q(qg—q e (15)

Consider the word C ABA, one of the 4 inversions in which is caused by the first two letters
C, A. Substituting for CA using (14), the result is a linear combination of ACBA, B?A,
BAgB, each having fewer inversions than C ABA.

Remark 10. Following [7, p. 7] and [3, Theorem 1.2/, for any A-word W, there exists a
finite number of steps of substituting for inversions using (13) to (15) such that the final
result is a unique linear combination of irreducible A-words. It follows that a basis for A
consists of the vectors

A'BICkar B3~ i 4k, s, t, € N. (16)

Given subspaces H, K of A, define HK := Span {hk | h € H,k € K}. If K is a subspace
of H, we say that a subspace K’ of H is a complement of K in H whenever

H=K+K' (direct sum)

We now recall a filtration for A as given in [7, Section 5]. This filtration is a sequence
{A,, }nen of subspaces of A defined by

Ay = 1,
Al = Ao—l—Span {A,Bycaa7ﬁv,7}v
A, = AlAn_l, n>1,
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and has the following properties for all 4,7 € N.

Ay C Aga, (17)
A = A,
neN

Given n € N, a basis for A,, consists of the vectors
A'BIC*ar B3~ 0,4k, r st €N, i4+j+k+r+s+t<n, (19)
while the following vectors form a basis for a complement of A,, in A, 4
A'BICka 854, 0,4k, s, €N, i4+j+k4+r+s+t=n+1. (20)

We denote the span of the vectors (20) by A¢.
By [7, Lemma 6.1], the following elements of A coincide and are central.

gABC + A% + ¢72B? + ¢*C? — qAa — ¢ BB — qC~, (
qBCA + *? A% + ¢*B? + ¢ 2C? — qAa — ¢BB — ¢ 'C, (
qCAB + ¢ %A% + ¢*B? + ¢*°C* — ¢ ' Aa — ¢BB — qC~, (23
¢ 'CBA+ ¢ A+ *B*+ ¢ *C* — ¢ ' Aa — qBB — ¢ 'O, (
¢ 'ACB+q A+ ¢ °B*+ ¢*C* —q ' Aa— ¢ ' BB — ¢C, (
¢ 'BAC + ¢*A? + ¢ ?B? + ¢ 2C?* — qAa — ¢ 'BB — ¢ 'C. (
Denote this element by €2, which is called in [7] as the Casimir element of A. As shown in

[7, Section 7], we have other bases for A, A,, (for n € N) that involve Q. First, the following
vectors form a basis for A.

A'BICRQ "B, iyg kL, s,t €N, ijk =0. (27)
Given n € N, a basis for A,, consists of the vectors
A'BICkQla Byt i,k s, t €N, ijk =0, i+j+k+3l+r+s+t<n, (28)
while the following vectors form a basis for a complement of A,, in A, ;.
A'BIC*Q o B3, i, ks, t €N, ijk=0, i+j+k+3l+r+s+t=n+1

Recall that A is a Lie algebra with Lie bracket [X,Y] := XY —-Y X for X, Y € A. Denote
the derived algebra of A by [A, A], and the ideal of A generated by [A, A] by A[A,A]A.
It follows that the Lie subalgebra of A generated by A, B,C is L := L/(IN L). Given
nonzero n € N, denote the span of all Hall basis elements of £ of length n by £,,. Denote
the image of ) ., £; under the canonical map £ — L by L,. It follows that all standard
Lie monomials of L of length at most n span L.

Proposition 11. L CFA+FB+FC + A[A,A]A.

Proof: By the definition of L, we have L C FA + FB + FC + [A, A]. Since A has
a multiplicative identity, we have [A; A] C A[A, A]A. From these we get the desired set
inclusion. O
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Proposition 12. If q is not a root of unity, then L has zero center.

Proof: Let ¢ be not a root of unity. Suppose that Z(L) has a nonzero element f. Since
the generators A, B,C of A are also in L, we have Z(L) C Z(A). By [7, Corollary 8.3],
Z(A) is generated by «, 3,7,{. Observe that there exists a filtration subspace A,, such
that f € A, and that A, N Z(A) has a basis consisting of the vectors

Qlapyt, Lrs,teN, 3l4+r+s+t<n. (29)

Since f is nonzero, there exists a nonzero ¢ € F and a vector Q¥ «a”8Y4* in (29) such that
=%y =g, (30)
‘]

where ¢ is a linear combination of vectors in (29) other than Q*«a*5Y~*. Let F [[1, B,
denote the F-algebra of polynomials in three mutually commuting indeterminates A, B, C,
with coefficients from F. As shown in |7, p. 17|, there exists a unique surjective F-algebra
homomorphism ¥ : A — F [4, B, C| with kernel A [A, A] A that sends

A— A B— B, Cw—C. (31)

Under this homomorphism, denote the images of a, 3,7,Q by &, /3,7, , respectively. As
shown in [7, Lemma 11.3|, we have

a (¢+q¢ A+ BC, (32)
B = (¢g+q ")B+CA, (33)
5 = (¢+q)C+AB, (34)
Q = (¢g+q¢HABC - A* - B* - C? (35)
It is routine to show that the vectors
A, B,C,Q'a By, LrsteN, 3l+r+s+t<n, (36)

are linearly independent in [[l, B, C’]. Observe also that by Proposition 11,
fEe€FA+FB+FC + ker U.
Applying ¥ to both sides of (30), we have
LA+ coB + c3C — QYa" Y5 = g, (37)

where § is a linear combination of the vectors in (36) except Q¥a”*3Y5*. We get a contra-
diction from (37). Therefore, Z(L) = 0. O

We end this section by discussing some properties of A related to the group PSLy(Z).
We denote by PSLo(Z) the free product of the cyclic group of order two and the cyclic group
of order three [1]. Let p,o denote the generators of PSLo(Z) such that p? = 1 and 02 = 1.
By [7, Theorem 3.1], the group PSLy(Z) acts faithfully on A as a group of automorphisms
in the following way:

p(u)
(

o(u)

C
A

A
B
B

= QW

DL
QIR
= (22

C+(qg—q ") 'AB]
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By [7, Theorem 6.4], Q is fixed by p, 0. It is routine to show that given n € N, the filtration
subspace A, is invariant under p.

Proposition 13. The Lie algebra L is PSLy(Z)-invariant.

Proof: Let 7 € {p,o}. It suffices to argue in the following way. Show that the images
of the generators A, B,C under 7 are in L, and show that if the images of f,¢g € L under 7
are in L, then so is the image of [f, g] under 7. By the above table, we are done with the
first step. For the second step, assume that the images of f,g € L under 7 are in L. Since
7 is an F-algebra automorphism, we have 7 ([f,g]) =7 (fg — gf) = [7(f),7(g9)] € L. O

4 L is not free

In this section, all computations are done in the free algebra F (X). Our goal is to show
that TN £ contains a nonzero element.

Proposition 14. In the free algebra F (X),

[BA] e B
__eAl LB = ac—
Y=Y (¢+q )B C -3 (39)
Proof: Use (13),(14) to get (38),(39), respectively. O

Proposition 15. In the free algebra F (X),

[BA?]  (¢g+q¢YH[CA N rs
*(g—q1)? qla—q Y AB+(g+q)AC— Ao+ q(g—q1) 10)
[BAC] 9 5 Aa—Bf+m 79
- B2-A “4
(¢+a)(a—q1)? A q”(q+q*1)(qiq*‘71)

Proof: Apply —ad A to both sides of (38). The linear combination in the right side of
the resulting equation contains ABA which can be further simplified using (13). From this,
we get (40). We show (41) holds. Apply —ad C to both sides of (38). This results to a right
side that involves C AB. We substitute for C A in CAB using (14). The result involves AC B
and BB in the right side, which can be further simplified using (15) and m = BS — 8B.
From this, we get (41). O

Definition 16. We define the following elements of L.

_ llcB],[BA]| - [BABC]  [BA*]
Ho = Gra)2q—g 2 g-q! 204 (42)
Iy := [Ho,[BA] (43)

Lemma 17. In the free algebra F (X),

[BA] a mB — Ars 2rs [ro, B]
e Hy+ — + . 44
(q+q1)? Tt e ) grqt g gt g )2 g—gY) (44)
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Proof: Apply —ad B to both sides of (41). The left side involves BA? which can be
written uniquely as a linear combination of A%2B, AC, Av, B, 3,75 by repeated use of the
relations (13),(14). We get

[BACB]
Pla+aq ) g—q ')

= A’B+q3(¢* +1)AC — Ay

—¢ g+a Ng—aH)B+a(a—q )8
LT _ [BAJa+Ars —nB
alg+a') ¢Flg+qa)Pa—aqh)
+ [T27 B]
q(g+q')*(g—q1)?
In (45), eliminate A%2B, Ay using (40), and eliminate AC, B, 3 using (39). In the resulting

equation, express all Lie monomials in terms of Hall basis elements. From this, we get
(44). O

Lemma 18. In the free algebra F (X)),
[T07B] — [T37A] + 2 [T5a [BA]] + [AT3 - TlBa [BA]]

(¢+q71)° q+q7! (¢+q71)°
[[r2, B, [BA]]
— . 46
¢ g+a ') (g—q) o)
Proof: Apply —ad [BA] to both sides of (44). The resulting left side is
(BA] 0. [BA]
(¢+q1)?

(45)

Iy = [BA]

(47)
It is routine to show that
[1”0, B} - [7‘3, A]

(g+q71)?
is equal to (47) using 1o = Ao — aA,r3 = Ba — aB. The result is (46). O
Theorem 19. The Lie algebra L = L/(IN L) is not freely generated by A, B, C.

[BA]

Proof: Observe that if we write Iy in terms of Hall basis elements, we have

[[CB].[BA]l, [BA]] - [[BABC], [BA]] | [[BA?],[BA]]
Iy = + —2[[CA],[BA]],
0 (@+q)2(q—q1)2 q—q ! [[CA], [BA]]
which, by the linear independence of the Hall basis elements, implies that Iy # 0. But by
(46), we further have Iy € IN L. Therefore, L/(IN L) # L. O

5 Properties of some standard Lie monomials of L
We discuss properties of some standard Lie monomials of L in relation to the filtration
{An}nen of A.
Proposition 20. For any i,j € N, the following hold in A.
[BAi] —¢'(q—q¢ A B € A, (48)
[CA] = (-1)'q " (q—q 1 )'A'C € A, (49)
(CB] —¢(q—q 'Y BC € A (50)
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Proof: We show (48) holds by induction on i. The case ¢ = 0 is trivial. Suppose that
for some ¢ € N, we have

[BA™ — ¢ Hqg—q ) TTAT Be Ay (51)

Denote the element in (51) by X. By the properties of the filtration {A, },cn, we have
[X, A] € A;. Using (48), we further obtain

(X, Al +q'(q—q )'A" ((a+ ¢ )C —7) = [BAT]| —¢'(a—q"')'A'B
which proves (48). The relations (49) and (50) are proven similarly. O
Proposition 21 ([7, Lemma 8.1]). Let i,j,k € N. Then the following hold in A.

[A,ABIC*] = (1-q?U=R)AHIBICr € Aiyjin, (52)
[B,A'BIC*]  —  (¢¥ —¢**) A'BICY € Aij, (53)
[C,A'BIC*] - (4?U=) —1)A'BIC* € Aijp. (54)

Proposition 22. For nonzero i, j, k € N, the following hold in A.

[BA'BY] — (=1)¢'(¢* = 1)/ (¢ — ¢ )'A'B'™" € Ay, (55)
[CAiCk} _ ( 1)@ —z(2k+1)( )k(q —1)iAiCl€+1 c Ai+k7 (56)
[CBICH] = (—1)F¢(¢¥ = 1) (g —q 'Y BICM e Ay (57)

Proof: To show (55), use the relation (48), the relation (53) with k set to zero, and
induction on j. The relations (56) and (57) are proven similarly.

Proposition 23. The complement A§ of Ay in Ay contains [CAB] and [BAC].

Proof: Use the canonical map F (X) — A on (41) in order to obtain

[BAC) , ., Aa—Bp
=B - A"+ —— c AY 58
(g+q1)(g—q1)? q+q! ! (58)
Apply —p? to both sides of (58). We get
[CAB] 9 5 Aa—Cy
=C*"—A"+ ———— e Af. O
(g+qH(g—q1)? q+qt !

Proposition 24. For nonzero i,j,k € N with i > 2, the following hold in A.
[BABIC*] — (=1)"*q 77 (¢¥ — 1)¥(q — ¢ )T BIC*'Q € Ajipr,  (59)
[CA'BT] — (-1)Mg = (gD — 1) (¢ — ¢ )'ATIBITIQ € Ay, (60)
[CAzBCk] _ (_1)i+1q(17i)(1+2k) (qZ(ifl) _ 1)k+1(q _ qfl)iAiflckQ c Ai+k+1- (61)
Proof: We show (59) holds. We first consider the case k = 1. By setting ¢ = 1 in (55),

we get _ o _ '
[BABY] — (~1)ig"*(q — ¢ )T ABIT € A, (62)

Apply —ad C to the element in (62). We get

[BABIC] — (—1) ¢t (g — ¢~ 'y [ABTT!,C] € Aj4a. (63)
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In (54) set i,7,k to 1,5 + 1,0, respectively, and combine with (63). We have
[BAB/C] — (=1)’ "¢ (¢ —1)(¢ — ¢ YT AB/TC € Aj . (64)
Using (13), it is routine to show that
AB"™ — ¢ "B"A € A, (65)
for n € N. Set n = j 4 1 in (65) and multiply the element by C from the right. We get
ABITIC — ¢ 20D BITLAC € A s, (66)
From (64) and (66), we get
[BABIC] — (1) g~ U (¢ —1)(g — ¢ )T BT AC € A0, (67)
Using the fact that  is equal to (26), we have
BITYAC — qBIQ € Ajs. (68)
From (67) and (68), we get
[BABIC] = (—1) "¢ (¢¥ —1)(q— ¢ ') B/Q € Aj9, (69)

from which we see that (59) holds for k£ = 1 and for nonzero j € N. Using (54),(69) and
induction on k, we find that (59) holds for nonzero j, k € N. We now show (60) holds. Since
1 > 2, we can rewrite (59) changing the exponents j, k to ¢ — 1, j, respectively.

[BABi—lcj] _ (_1)i+j—1q1—i(q2(i—l) _ 1)](q _ q—l)iBi—lcj—IQ c Ai+j (70)

Denote the element in (70) by X. Since A;4; is invariant under p, we have —p?(X) € A5,
where —p?(X) is the element in (60). Thus, (60) holds for nonzero i,j € N. Finally, we
show (61) holds. Set j =1 in (60).

[CAZB] _ (_1)i+1q17i<q2(i71) _ 1)(61 _ qfl)iAzFlQ c Az‘+1 (71)

Since € is central, if we apply —ad C to the element in (71), we get

[CATBO) — (-1 g (0D~ 1)(g— ¢ ) A, 0] Q€A (12)

From (54) we obtain
[A,0] Q- ¢ 207D (207D — 1) A0 € Ao (73)

From (71) and (73),
[CA'BC] - (-1)*1g0 032 - 1)2(g - Y ATICQ € A, (T4)

from which we see that (61) holds for k¥ = 1. Using (54),(74) and induction on k, we find
that (61) holds for nonzero i,k € N with ¢ > 2. O

Proposition 25. The following hold in A.
[CA’B] + (¢-q71)°AQ € As, (
[BABC] — (q—q'f'BQ € A, (
[CB],[CAl - (¢—-q7')°CQ € A (

N 33
N4 O ot
S— N N
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Proof: The relations (75),(76) follow from (60),(59), respectively. We show (77) holds.
Let V := — [BAC?] + [CABC)]. By Proposition 23, we have V € Az. Denote the element
in (76) by X. Using the fact that Ag is invariant under p, we have

p(X) = [CBCA] - (¢ —q ')’CQ e As.

Using the Jacobi identity to express [C BC'A] in terms of standard Lie monomials, we further
have

p(X)=[[CB],[CA]| -V = (¢ —q 1)’CQ € Ay,
and it follows that
[[CB],[CA] = (q—q )?’CQ=V +p(X) € As. O

6 The standard Lie monomials of L of length at most 4

Recall that the span of the standard Lie monomials of L of length at most n is L,. Our
goal in this section is to show that the standard Lie monomials of L of length at most 4 are
linearly independent, and hence form a basis for L.

Proposition 26. For nonzero j, k € N, the following hold in A.

[BABI] — (1)U (g — ¢ 'Y T ABTT € Ay, (78)

[CACH] + ¢~ "+ (g — g HHHACH! € Apyy, (79)

[CBC*] = (=1)fq" ) (g — g ' BCHM € Apyy, (80)

[BABI] — (—1)7¢? 0tV (g + ¢ 1) (g — ¢ Y2 A2BIHY € Ay, (81)
[CACH] =g V(g + g ) (g — g )MTAPCHT € Ay, (82)
[CB*C*] — (- )k g+ q Y g )TEBCRT € Apy (83)

Proof: Seti= 1,2 in (55) to get (78),(81). Do similarly to (56) and (57) in order to
show the other relations. O

Lemma 27. Fiz a nonzero n € N. The following vectors are linearly independent in A for
any t,7,k € N such that 1 <i,5,k <n.

1,A,B,C, (84)

[CAB],[BAC], (85)
[CA’B],[BABC|,[[CB],[CA]], (86)
[BA'], [BAB] ,[BA’B’], (87)
[CA'], [CAC*], [CcAC™], (88)
[CB], [CBC*], [CB*C*]. (89)

Proof: Fix n € N. It suffices to show that there exists an upper triangular transition
matrix from the above vectors to a subset of the basis of A consisting of the vectors in (27):

A'BIC*Q o B3, i, gkl s,t €N, ijk =0.

Let 7,5,k € N such that 1 < 4,5,k < n. From Propositions 20, 23, 25, 26 we have the
following data:

[CAB] — ¢1C? — d1 A* — dyCy — dzAa € A, (90)
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[BAC] — coB? — dyA? —dsBfB — dgAa € Ay, (91)
[CA’B] — c3AQ € A, (92)
[BABC) — c4BQ € As, (93)

[[CB],[CA]] —csCQ € As, (94)
[BA'] —e;A'B € A, (95)
[CAY] — f;A'C € A, (96)
[CB| —g;B’C € A, (97)

[BABY] — ¢} AB*" € Aji4, (98)

[CACK] — fLACH € Agyq, (99)

[CBC*] — g, BC*™ € Ay, (100)

[BA’B] — e/ A’BITt € Ajio, (101)

[CA2CF] — frAPCHYY e Ay, (102)

[CB*C*] — g/ B*C*™ € Ao, (103)

where the small letters (other than i, 7, k) denote scalars. Each of (92) to (103) is of the
form M —aV € A,,, where M is a Lie monomial, ¢ € F, and V is an element of the basis
of A consisting of the vectors in (27), and V ¢ A,,. Call V the leading term of M. For
(90),(91), define the leading terms of [CAB], [BAC] by C?, B2, respectively. Observe that
no two distinct Lie monomials found in (90) to (103) have the same leading terms. This
yields a transition matrix from the vectors (84) to (89) to some of the vectors in (27) such
that all entries below the main diagonal are zero, and that the diagonal entries are
Ciy--- 705761'3fivgj7e;'7fllwg;g76;/7 I/f/ag;g/'

By Propositions 20, 23, 25 and 26, all such scalars are nonzero. Hence, the transition matrix
is upper triangular. O

Notation 28. Let Z,, denote the set consisting of all the linearly independent vectors in
Lemma 27.

Lemma 29. Fiz nonzero m,n € N. The vectors Xa" 3~ are linearly independent in A
for any X € Z,, and any r,s,t € N such that r + s+t < m.

Proof: The proof is similar to that of Lemma 27, but with (90) to (103) modified as
follows. For each of (90) to (103), multiply the element by a”3%y* and add r + s + ¢ to the
index of the filtration subspace. Based on these new data, an upper triangular transition
matrix can be constructed. [

Notation 30. Let Z7" denote the set consisting of all the linearly independent vectors in
Lemma 29. Observe that the vectors

[CBl~, [BA]B, [CAla, [CB]B, [CA]y, [BA]e, (104)

are in T3. Let T* denote the set obtained from I} by replacing the vectors in (104) by the
vectors

[CAB?], [BA®C], [CABC], [BAC?], [[CA],[BA]], [[CB],[BA]. (105)
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Proposition 31. The following hold in A.

Bt ey
A - <£Bf q01]>2_<q[CiBg]2 * q[ci}l el 1o
iy - LB O ey
iy AR e,
ey - B oot
(q[ié]?ﬁ e ;E?;?f f ]611)2 - q[?f]l A e

Proof: Apply the canonical map F (X) — A to both sides of (44) to get (106). Apply
p, p* to both sides of (106) to get (107),(108), respectively. To get (109), apply o to both
sides of (106). Apply p, p? to both sides of (109) to get (110),(111), respectively. O

Lemma 32. The vectors in Z* are linearly independent in A.

Proof: We use (106) to (111) to construct a transition matrix from the elements of Z3
to the elements of Z*. Denote such transition matrix by 7. Order the rows of T such that
the last 17 correspond to

[BA], [CA], [CB], [BA?], [CA?], [BAB], (112)
[CB?], [CAC], [CBC], [CA%B], [BABC], (113)
[CAB?], [BA2C], [CABC), [BAC?], [[CA],[BA], [[CB],[BA]],  (114)

in that order, while order the columns of T" such that the last 17 correspond to the vectors
in (112),(113) together with

[CB]~, [BA]S,[CA]a, [CB]gB, [CA]~, [BA]a. (115)

Observe that all the vectors in Z3 to be replaced to form Z* are in (115), all the replacements
are in (114), and all the other vectors that appear in (106) to (111) (which we use to construct
the transition matrix) appear in (112),(113). Then T is of the form
I\ M
v ]
where I is an identity matrix, M is some matrix with 6 columns, and 7" is a 6 x 6 matrix
which has the following properties. All diagonal entries of T” are nonzero. Denote the 4j-

entry of 7" by T;. All entries of 7" below the main diagonal and all entries in the first two
columns are zero except the ones that appear below:

1
(¢—q7')?
By these observations about 7", we find that T is invertible. This implies that the vectors
in Z* are linearly independent. O

= _T1/1 = _Tél = _T2/2 = TéQ # 0.
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Theorem 33. The standard Lie monomials of L of length at most 4 form a basis for Ly.

Proof: All such vectors are in Z*. Use Lemma 32 and the fact that the vectors in the
statement span Ly4. O

7 The standard Lie monomials of L of length at most 5

In this section, we show the Lie algebra relations that hold in Ls. We also exhibit a basis
for L if ¢ is not a sixth root of unity.

Lemma 34. The following hold in A.

CAlp+ BAly = —UBALICAN+[[OA],[BA]]  [OA4C] + [BAE]
(g—q1)3 (q—q1)2
_(q+q—1)zé[l_3?(;1] — [CAB]) 116)
(CBla—(BAly = _IBABLICBI+[ICBY,[BA] [CB*C] - [BA*B]
(q—q71)3 (q—q~1)2
g+ Z—_l); _[10AB] -

Proof: In view of Remark 10, write each of the left and right sides of (116) as a linear
combination of irreducible A-words. This yields the same linear combination of the basis
vectors (16) of A. Apply p to both sides of (116) to get (117). O

Theorem 35. The following relations hold in L.

[BA’BC]  (2¢> + 1)(¢> +2) ([[BA?],[CB]] + [[BAB], [CA]])
q—qt 2¢*(g+q ') (g—qt)
_(¢* +3¢° +1) ([BAC], [BA]] - 2[[CAB], [BA]))
2¢*(q+q 1) (qg—q7Y)
— [BAC?] +2[CABC| — [BAB?] 4 [BA?], (118)
[[cB?],[CcA]] —(3q4 +5¢* + 3) [[BAC], [CB]]
20¢+q 1) (g—q") ?*lg+qa 1) (q—q")
(q + 3¢ +1) HCAB] [CB]]
?(g+qH*(q—qt)
(2q +3¢> +2) [[CBC} ; [BA]]
?(g+q 1) g—q)
[BABC?] — [CABC]
q—q!
+[CBC?| + [BA*C] - [CB?| + [CA®B], (119)
[[c4?].[cB]] ~ (¢*+3¢° +1) (=2[[BACY], [CA]] + [[CAB], [CA])
2q+q )2 (q—q ") 2¢%(q+q 1) (qg—q7t)
(2¢° +1)(¢* +2) [[CAC], [BA]]
2¢*(q+q 1) (g—qh)
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W?[[CB],[BAH[CACQ]

+2[BABC] — [CAB?] + [CA?], (120)
[CAC),[CB]] = -[[BABJ,[CB]]+ [[CBC],[CA]| - [[BA®],[CA]]

+ [[cB?],[BA]] + [[CA?],[BA]]. (121)

Before we prove Theorem 35, we first discuss a manner of computations using the rela-
tions of A that will be useful in the proof. Using (9),(10),(11), we have

[BA]

AB—~v = PR (¢+q71C, (122)
_g - __acA -1

AC - = TErE) (¢+a )8, (123)
o em

BC =Y (g+q )A. (124)

Consider (122). Apply —ad A on both sides. The resulting equation has a right side that
includes [BAQ] in the linear combination and a left side that is ABA — A%2B. Simplify
ABA — A?B using (13). The resulting equation has a left side which is a linear combination
of the basis (28) of A,, for n = 2, while the right side is a linear combination of standard
Lie monomials. We use this procedure for each of (122),(123),(124) until we obtain one
equation for each standard Lie monomial of length 3. The results are:

A’B = % +(g+a H[CA+Ay+(g+q " )*B—(g+q¢ "B, (125)
2 2

A20 = (((]][Cqu)]? +(q+q¢ H[BA+AB+(q+q1)*C—(¢g+q ), (126)
AT = qz(q[jigéj‘gl])2 —(g+a )[CBl+By+(a+¢ ")V’ A=(g+q o, (127)

5 a2 [CAB| Cy  Aa
R rEy i R 2
Be = qQ(tEC—Bq]l)2 —(q+q ") [BAJ+Ba+(qg+q ")’C—(qg+q ")y, (129)

s [BAC] B  Aa
BoA = G+a - qral qta (130)
AC? = m +@+a )ICBI+CB+(g+¢ A= (g+q a,  (131)
BC? = er(quql)[CA] +Ca+(qg+q¢ ')?B-(g+q "B (132)

Observe that the left sides are expressed in terms of the basis (28) of A,, for n = 3. The right
sides are expressed in terms of elements of Z}. We can continue this process of obtaining
equations of the said form such that there is one equation for each standard Lie monomial
of lengths 4 and 5. We simply apply the appropriate map —ad X where X € {4, B,C} to
both sides of each equation from (125) to (132). Use the relations (13) to (15) and those
which arise from the equality of each of (21) to (26) to 2, with the goal of writing the
left side as a linear combination of elements of some filtration subspace, and the right side
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as a linear combination of elements of Z)* for some m,n € N. These steps will yield the
equations for length 4. If we do the procedures again to all equations obtained thus far, we
get those equations for length 5. We will not show all such equations here, only the ones
needed in order to prove (133). Denote these equations by X; =Y; for 1 < i < 3 where the
left sides are

X, = A3B— A?%y,
4 4 2
X, = arpry L2 EI)Q —(¢*+1)C* —2B% - @A +41)A :
q q
X; = AB®-B?%y,
and the right sides for 1 <7 < 3 are
v, - _BA (@ +)[CA] (¢ 2)(q+q ) [BA]
Gla—q )P Blg—q1)? qq—q71)
—(qg+q ")3C—(g+q HAB+ (g+q ),
Y, = — [BA*B] __[cAB] (¢> +2) [BA]~y
g+ Na—q1)? le—q¢ ) Plag+at)(g—q)
‘12 +2)C 14+ 1)A
_(q +qq+ ) 7_(q+q—1)Bﬂ_(q +3) Oé+ 27
Ys = [BAB?’]  (®*+1)[CB*] (¢*—2)(qg+q ")*[BA]
Glg—q 1) Blg—q1)? qlg—q71)

—(g+q 1)’C—(a+q " )Ba+(g+q )y
We are now ready to prove Theorem 35.
Proof of Theorem 35. First, we claim that the following relation holds in A.
[BA*BC] — [BAC?] +2[CABC]
(g+q ") (g—q1)? q—q7!
(¢* +1) ([BAB?| — [BA?])
+ 2 —1
(g—qt)
204~ 1) ([CB?) - [CA%)
*(g—q)

m +[BAB] 8 + [BA?] a. (133)

Once we have established our claim, we argue as follows. To show (118), apply —ad A,
—ad B, —ad B, —ad C to both sides of (106),(108),(109),(110), respectively. Write all Lie
monomials in standard form. We get

[BA’]a = fi, (134)

[CA*|B = fo, (135)

CABly = (136)

[BAC|y + k[CAB]y = fu, (137)

for some k € F and some f1, f2, f3, fs € L. Eliminate [BA?| o, [CA?]| 8,[BAC]~ in (133)

using (134) to (137). The result is (118). Apply p, p? to both sides of (118) in order to
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obtain (119),(120), respectively. We now show (121) holds. Add (116) and (117). We get
[CB]a+ [CA] B = g1 + g2, (138)

where g1, g2 are the right sides of (116),(117), respectively. Apply —p to both sides of (117).
We get

[CB]a+ [CA] B = g, (139)

for some g3 € L such that [[CAC], [C'B]] appears with nonzero coefficient in g;. Eliminate
[CB]a+ [CA]B in (138),(139). We get (121) as desired. This completes the proof of the
theorem. We now prove our claim. We start with the equation X5 = Y5. Use (13) to express
A2B? in X, as a linear combination that involves ABAB. The resulting linear combination
in the left side involves AC' B, which we eliminate using the fact that € is equal to (25). This
yields a linear combination in the left side that involves AB~y. To eliminate AB+y at this
stage, use the equation which arises from multiplying both sides of (122) by v. Apply —ad C
on both sides of the resulting equation, and multiply both sides by ¢?. At this point, the
linear combination in the left side involves ABABC,CABAB. Consider ABABC'. Since §)
is equal to (21), we can write ABABC as a linear combination of

ABQ, ABA?, AB®, ABC? , ABA«a, AB%3, ABC*.
Similarly, since 2 is equal to (23), we find that CABAB is a linear combination of
ABQ, A®B, B*AB,C*AB, A’ Ba, BABS3,C AB~.

When we write ABABC,CABAB in terms of such linear combinations, the coefficient of
ABS) vanishes. The new linear combination in the left side contains the following vectors.

ABA?, ABA«, B®>AB, BABS, (140)
ABC?, C?AB, (ABC — CAB)y. (141)

Use (13) to write each of (140) into a linear combination that involves
BA®, A’Ba, B*A, AB?8,

respectively. As for the vectors in (141), use the fact that Q is equal to each of (21),(23)
in order to eliminate (ABC — CAB)~, and in order to write ABC? as a linear combination
of CQ), A%C, B2C,C?, ACo, BCj3,C?v, and in order to write C?AB as a linear combination
of CO,CA%,CB?,C3 CAa,CBB,C?y. After all these steps, call the resulting equation
X4 =Y,. Observe that the following appear in the linear combination for Xy.

A3B, AB3, A%C, B*C, (142)

(B? — A%y, A’Ba, AB*B, ACa, BCp, (143)
BA?, B3A, (144)

CA?, CB?, (145)

CAa, CBS. (146)

Consider A3B. We use the equation X; = Y to eliminate A3B in X,. The equations needed
in order to eliminate the other vectors in (142) are X3 = Y3 and (126),(129). To eliminate
(B% — A?)y in X4, use the equation which arises from multiplying both sides of (130) by
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~v. We do similarly for the other vectors in (143), by using the appropriate equation from
(125) to (132), which we multiply both sides by the appropriate § € {«a, 8,v}. To eliminate
BA3 in X4, use the equation which is the result of applying o to both sides of X3 = Y5. We
keep in mind that after the application of o (or any other element of PSLo(Z) which we
shall use in the succeeding steps), all Lie monomials are to be expressed in standard form.
Do similarly to X; = Y7, and use the result to eliminate B3A. We do similarly for (145),
but we use p? instead of o to the equations (127),(131). Apply p? to both sides of each of
(122),(123), and multiply both sides by «, 3, respectively. This yields equations that we can
use to eliminate (146) in X4. Recall that in all these eliminations, all Lie monomials in the
equations used must be written in standard form. When all the vectors in (142) to (146)
have been eliminated, the result is (133). This completes the proof of the claim. O

At this point we have shown that each of
[BA*BC], [[CB?],[CA]].[[CA?],[CB]],[[CAC],[CB]], (147)

is linearly dependent on standard Lie monomials of length at most 5 that are not in (147).
In what follows, we shall show that the standard Lie monomials of length at most 5 except
(147) are linearly independent in A.

Proposition 36. The following hold in A.

[CA®B] = (q+q )g—q )'A’Q € A, (148)
[CA’B?| —q(qg—q 1) ABQ € Ay, (149)
[CA’BC] +q ' (q— )4ACQ € Ay, (150)
[BAB*C] + (¢ +q~ 1)(q “HiB20 € Ay, (151)
[BABC?] + q(q — )BC’Q € Ay, (152)
[[CBC,[CA]l + (¢ +q~ )(q g HiC*a e Ay (153)

Proof: Use Proposition 24 to show (148) to (152) hold. To show (153), set ¢ = 2 in
(49). We get
[CA%] —q (¢~ ¢7")?A%C € Ao, (154)

Applying —p? to the element in (154) and using the fact that A, is invariant under p, we
have
[CBC]+q %(q—q ')*C*B € As. (155)

Set i =1 in (49). We get
[CAl+q ' (g— g HAC € Ay (156)

By taking the Lie bracket of the elements in (155) and (156), we have
[[CBC],[CA])—q %(q—q')* (C°>BAC — AC®B) € Ay. (157)
Using (14), it is routine to show that
C?A— ¢ *AC? € A,
from which we obtain

(g—q ") (¢C*ACB — ¢ *AC®B) € Ay. (158)
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Combining (157) and (158), we obtain
[[CBC],[CA] — (¢ — ¢ ")*C? (¢ *BAC — gACB) € A,. (159)
Using the fact that (25) and (26) are both equal to €2, we have
(q+qYqg—qgHQ+q *BAC — qACB € A,. (160)
Finally, we get (153) from (159) and (160). O

Proposition 37. For nonzero j, k € N, the following hold in A.

[BAPBI] — (-1Y¢°(¢° = 1) (¢ —q '’ A’BI* € Ay, (161)

[CABCIC] + q—3(2k+1)(q6 _ 1)k(q _ q—1)3A30k+1 c Ak+3a (162)

[CB3C*] — (1) ¢*(¢® — 1)F(qg— ¢ 1)3B*C* € Apys. (163)

Proof: Use Proposition 22. O

Lemma 38. Assume q is not a sixth root of unity. Fiz a nonzero n € N. The following
vectors are linearly independent in A for any i,j,k € N such that 1 <i,j,k <n.

1,A,B,C, (164)

[CAB],[BAC], (165)

[CAB],[BABCY], [[CB],[CA]], (166)
[CA®B],[CA®B?], [CA*BC], (167)
[BAB*C], [BABC?],[[CBC],[CA]], (168)
[BA'],[BAB’] ,[BA’B’] , [BA’B’], (169)
[CA'], [CAC*], [CcA*C*], [CcA3CH], (170)
[CB’],[CBC*], [CcB*C*],[CB*C*]. (171)

Proof: The proof is similar to that of Lemma 27. In order to construct the desired
upper triangular transition matrix, we combine the data from (90) to (103) to that in (148)
0 (153), and (161) to (163). Recall that the transition matrix that can be constructed from
the data is upper triangular if the scalar coefficients of the leading terms are nonzero. Those
n (90) to (103) are nonzero as shown in the proof of Lemma 27. The scalar coefficients
in (148) to (153) are nonzero by the manner ¢ is defined. Finally, the scalar coefficients in
(161) to (163) are nonzero since ¢ is further assumed to be not a sixth root of unity. O

Notation 39. Let J, denote the set consisting of all the linearly independent vectors in
Lemma 38.

Lemma 40. Assume q is not a sizth root of unity. Fix nonzero m,n € N. The vectors
Ya' 3%~ are linearly independent in A for any Y € J, and any r,s,t € N such that
r+s+t<m.

Proof: The proof is similar to that of Lemma 27. For each of the data used in the
proof of Lemma 38, which are (90) to (103), (148) to (153), and (161) to (163), multiply
the element by o” 3%y and add r + s + t to the index of the filtration subspace. Use these
new data to construct a similar upper triangular transition matrix. O
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Notation 41. Let J,7* denote the set consisting of all the linearly independent vectors in
Lemma 40. Observe that the vectors

[CBlv, [BA]B, [CA]a, [CB]B, [CA]ly, [BA]a, (172)

are in Ji. Let J* denote the set obtained from J} by replacing the vectors in (172) by the
following vectors

[CAB?], [BA®C], [CABC], [BAC®], [[CA],[BA]], [[CB],[BA]. (173)

Lemma 42. Assume q is not a sizth root of unity. The vectors in J* are linearly indepen-
dent in A.

Proof: The proof is similar to that of Lemma 32. [

Proposition 43. Assume q is not a sixth root of unity. If V is a subspace of Span J* such
that
Span J* =V + Span J7, (direct sum)

then a basis for V is JT*\J}.

Proof: This follows from the fact that J*, J) are both linearly independent sets and
that Jy C J*. O

Lemma 44. The following hold in A.

[CACl o+ ([qCABCj] € Span J7, (174)
_ [BAC?’} [C’ABC’Q] s 70
OBOIS ~ (=t (=g € Spen b (175)
[BA?)y (¢° — 13((5[314 ]) BAH c Span 7. (176)
[BAB}’}/ ( q (;2 [[‘qB_fi)B;] [BA]] c Span \7407 (177)
9 6 1) [[cA?],[CA
045 q3)<q[[— q]1>3[ L spu g, (178)
cac)p+ Ut qt;“gfj AL ¢ gpan 70, (179)
o @-v[CBLcE] _
[CB ] @ qg(q — q_1)3 € Span Jj, (180)
[CBCla + (¢+¢7)* [[CBCT, [CH] € Span J;. (181)

(q—q71)2

Proof: Apply —ad C to both sides of (111),(107) and write all Lie monomials in
standard form in order to get (174),(175), respectively. To get (176),(177), we first show
that the equation

[BA?] _ (¢° = 1) [[BA?], [BA]] B [BA3B]
2(q+q71)? 2¢*(q+q 1) (q—q ) 2(q+q ) (g—qt)?
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[[CA],[BA]] + [BA%C]
- + [CAC] - [BAB 182
o) (CAC] - [BAB] (182)
holds in A. In view of Remark 10, write each of the left and right sides of (182) as a linear
combination of irreducible A-words. This yields the same linear combination of the basis
vectors (16) of A. This proves (182), from which (176) follows. To prove (177), apply o to
both sides of (182). We obtain

[BABly _ —I[BAB),[BA] _ [BABY]
2(¢+q71)? 2(¢—q71)? 20¢+q ") a—q')?
[[CB],[BA]| + [BABC] 2

+ — [CBC]| — |BA*|, 183

2(q — q_l) [ } [ :I ( )

from which (177) follows. Finally, to prove (178) to (181), apply p,p? to both sides of

(182),(183). O
Notation 45. Observe that the vectors

(CAC]a, [CBC], [BA®]~, [BAB]~, (184)

[CAQ] B, [CAC] B, [C’BQ] a, [CBC)«, (185)

are in J*. Let ICo denote the set obtained from J* by replacing the vectors in (184),(185)
by the vectors

[CABC?], [BAC®|, [[BA?],[BA]], [[BAB],[BA]], (186)
[[cA?],[cA]], [[CAC).[CA)], [[¢B?],[CB]], [[CBC],[CB]. (187)

Lemma 46. Assume q is not a sizth root of unity. The vectors in Ky are linearly indepen-
dent in A.

Proof: We use Lemma 44 in order to obtain a transition matrix from the vectors in
J* into the vectors in Ky. Denote each of (174) to (181) by

M; + fi € Span Jy,

where 1 <14 < 8, the vector M; is an element of J* that is to be replaced in order to form
KCo, while the standard Lie monomials that appear in f; are the replacements. Using the
usual ordering of standard Lie monomials, define M; as the largest standard Lie monomial
in f;. Let j,k € N, with 1 < j,k < 8. Observe that if M; # M, then M; # M. Observe
also that M; € J*\J} for 1 < i < 8. By Proposition 43, the coefficient of M; in f; is —1
for all 7. By these observations, it follows that there exists an upper triangular transition
matrix from the vectors in J* into the vectors in Xy with nonzero diagonal entries. These
diagonal entries are precisely the scalar coefficients of M; for all i. These coefficients are
all nonzero since ¢ is assumed to be not a sixth root of unity. Since the vectors in J* are
linearly independent, the existence of a transition matrix just described implies that the
vectors in Ky are also linearly independent. O

Theorem 47. Assume q is not a sixth root of unity. The standard Lie monomials of L of
length at most 5 except the vectors from (147) form a basis for Ls.

Proof: Let K denote the set obtained from Ky by replacing the vectors
[BAC]~, [CAB)~, [BAB) B, [BA%)a, (189)
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[BA?] B, [CA?]~, [CA]B, (189)
[BAC] B, [CAC]y, [CA*]a, [CAB]B, (190)
[CB?] v, [CB]a, [BAB]a (191)
[CAB)a, [CB?| B8, [BAC]a, [CBC]y, (192)

by the vectors
[[CAB], [BAJ],[[BAC],[BA]], [[BAB], [CA]l, [[BA%] ,[CB]], (193)
[BA®C],[[CA?],[BA]], [[BA?],[CA]], (194)
[BA*C?],[[CACY, [BA]], [[CAB], [CA]l, [[BAC], [CA]], (195)
[CAB®],[[CB’],[BA]],[[BAB],[CB]], (196)
[CABC],[[CBCY, [BA]], [[CAB], [CB]], [[BAC], [CB]]. (197)

We claim that /C is linearly independent. Observe that all vectors mentioned in the statement
of the theorem are in K. By Theorem 35, the vectors in (147) are linearly dependent on
these vectors. The result follows. We now prove our claim. We construct five more sets in a
manner similar to the construction of J* from j41 and to that of Ky from J*. The goal is
that at each step, we prove that the constructed set is linearly independent. Let K; denote
the set obtained from Ky by replacing the vectors (188) in Ky by the vectors (193). Let Ko
denote the set obtained from K; in a similar manner until /5, which is obtained from K4 by
replacing the vectors (192) in K4 by the vectors (197). Observe that K5 = K. We show that
each of Kq,..., K5 is a linearly independent set in A. Apply —ad A,—ad B,—ad B,—ad A
to both sides of (110),(108),(109),(106), respectively. Write all Lie monomials in standard
form. We get

[BAC|~y + k[CAB]y = fi, (198)
[CAB]y = fo, (199)
[BAB]S = [, (200)
[BA* | = fu, (201)

for some k € F and some fi, fo, f3, f4 € L. Eliminate [BA2BC] in (198),(200),(201) using
the relation (118). Solve the resulting system in order to obtain

[BACly = g1, (202)

[CABly = gs, (203)

[BAB|B = g3, (204)

[BA* | = g, (205)
where each of g1,...,g94 € L, is a linear combination of

[CAB], [BA]], [[BACY, [BA)] [[BAB], [CA]], [[BA?],[CB]] ,

together with the vectors in Ky. We use the equations (202) to (205) to construct a transtion
matrix T from the vectors in Ky into those in ;. Index the columns of T7 such that the
last 4 correspond to (188), while index the rows such that the last 4 correspond to (193).
We find that 77 has the form
L | Uy
T =
= [oTa
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where [; is an identity matrix, U; is some matrix with 4 columns, and L; is a 4 X 4 matrix,
with

1 40
20q+q )2 g—qg )" 7
which implies that det Ty # 0. Thus, K is linearly independent. For 2 < i < 5, we can
also construct a transtion matrix T; from the vectors in /C;_; into those in KC; in a similar
manner. The equations that can be used to construct T; are also derived from (106) to (111)
with the application of the appropriate map ad X where X € {A, B,C}. Furthermore, we
find that T; can be partitioned into four matrices similar to 77, and that if we denote the
bottom right partition as L;, then

det L1 = —

1
m = —det L2 = det L4 # O,
1
m = —det L3 = —det L5 # 0,
which imply that T; is invertible for 2 < i < 5. Therefore, K5 = K is a linearly independent
set in A. ]
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