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ALGEBRAS DEFINED BY LYNDON WORDS AND
ARTIN-SCHELTER REGULARITY

TATTIANA GATEVA-IVANOVA

ABSTRACT. Let X = {x1,z2, -+ ,xn} be a finite alphabet, and let K be a
field. We study classes €(X, W) of graded K-algebras A = K(X)/I, generated
by X and with a fized set of obstructions W. Initially we do not impose
restrictions on W and investigate the case when the algebras in €(X, W) have
polynomial growth and finite global dimension d. Next we consider classes
¢(X, W) of algebras whose sets of obstructions W are antichains of Lyndon
words. The central question is ”when a class €(X, W) contains Artin-Schelter
regular algebras?” Each class €(X, W) defines a Lyndon pair (N, W), which,
if N is finite, determines uniquely the global dimension, gldim A, and the
Gelfand-Kirillov dimension, GKdim A, for every A € ¢(X,W). We find a
combinatorial condition in terms of (N, W), so that the class €(X, W) contains
the enveloping algebra Ug, of a Lie algebra g. We introduce monomial Lie
algebras defined by Lyndon words, and prove results on Grébner-Shirshov
bases of Lie ideals generated by Lyndon-Lie monomials. Finally we classify
all two-generated Artin-Schelter regular algebras of global dimension 6 and
7 occurring as enveloping U = Ug of standard monomial Lie algebras. The
classification is made in terms of their Lyndon pairs (N, W), each of which
determines also the explicit relations of U.
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1. INTRODUCTION

Let X = {x1,22, - ,x,} be a finite alphabet. We denote by X* the free monoid
generated by X, and by X -the free semigroup generated by X, X = X* — {1},
(the empty word is denoted by 1). Throughout the paper K(X) will denote the
free associative K-algebra generated by X, where K is a field. As usual, the length
of a word w € X7 is denoted by |w|. We shall consider the canonical grading by
length on K(X), assuming each x € X has degree 1.

In the paper we shall use three distinct orderings on X (denoted by distinct
notation) which will be introduced gradually and used in different contexts.

The first order is the so called ”divisibility order”, ”C”. This is a partial ordering
on the set Xt defined as: a C b iff a is a proper subword (segment) of b, i.e.
b = uav, |b| > |a|, u =1, or v = 1 is possible. In the case when b = av,a,v € X,
a is called a proper left factor (segment) of b. Proper right factors (segments) are
defined analogously.

Let V be a set of monomials in X, V # (). A monomial w € V is a minimal
element of V' with respect to the ordering "C” if it does not contain as a proper
subword any monomial u € V. Clearly, for any u € V there exists a unique minimal
element w € V', with w C .

A nonempty subset W C X7 is called an antichain of monomials (or shortly an
antichain) if any two elements u,v € W, u # v are not comparable with respect to
“C”. In other words, W is an antichain of monomials if every monomial a € W is
minimal with respect to “C”.

The following is straightforward.

Lemma 1.1. Let V be a nonempty set of monomials in XT. Let
W =Wy ={u eV |uis minimal in V with respect to C}.

Then W is the unique maximal antichain of monomials contained in V. Further-
more, every u € V has a subword w € W.

Let V, and W be as above. A monomial @ € X* is V-normal (V-standard) if a
does not contain as a subword any u € V. Clearly a is V-normal iff a is W-normal.
Denote by (W) the set of W-normal words

N(W) = {a € X* | ais W-normal}.

The set W(W) is closed under taking subwords, Anick calls such a set an order ideal
of monomidals, or o.i.m., [3].

Conversely, each nonempty order ideal of monomials 91 C X+ determines uniquely
an antichain of monomials W = W (M), so that 9N = N(W). Indeed, the comple-
ment V = X* — 9 has a unique maximal antichain of monomials W = Wy, and
the following implications are in force.

a €N<= ais W-normal; veV < wCwv, forsome weW.

In this case W is called the set of obstructions for 9, [3]. Note that W satisfies the
following condition

W ={w € X* | wis not in 9 but any proper subword u of w is in }.

The natural duality between 9 and W = W () is discussed with more details
in Section 3. We recall briefly some facts from (noncommutative) Grobner bases
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theory. By convention throughout the paper, we consider the degree-lexicographic
ordering < on X*, extending the (inverse) ordering

(1.1) Ty =Ty = = Tg1 - g

on X. Then (X*, <) is a well-ordered monoid that is ”<” is a total ordering on
(X) compatible with the multiplication and such that every non-empty subset of
(X)) has a least element. In all cases when Grébner basis of an ideal I in K (X) is
considered we shall use the degree-lexicographic ordering < on X*, extending (1.1).

Suppose f € K(X) is a nonzero polynomial, then its highest monomial w.r.t. <
will be denoted by f. One has f = af + >, .;-,, ®iui, where a,a; € K, a # 0,
u;j € X*,u; < f. Given a set F C K(X) of noncommutative polynomials, F
denotes the set

F={flfeF}
The free associative algebra 20 = K(X) is naturally graded by length,

A= P A, where Ay = K, Ay, = Span{u € X™,m > 1}.
m>0

Let I be a two sided graded ideal in K (X). We shall consider graded algebras, with
a minimal presentation, see Notation-convention 1.5, so without loss of generality
we may assume that I is generated by homogeneous polynomials of degree > 2 |
hence I = @,,~5 Im, with I,,, = I(\2,,. Then the quotient algebra A = K(X)/I
is finitely generated and inherits its grading A = @,,~ Am from A = K(X). We
shall work with the so called normal K-basis of A.

A monomial u € X* is said to be normal mod I iff it is I-normal. The set ()
of normal modulo I monomials coincides with 9(I).

Remark 1.2. Let W = W(I) be the maximal antichain of monomials in T, then u
is normal (mod I) iff w is W-normal. Hence W is the obstruction set for 91(I) and
there are equalities of sets

(1.2) N(I) =N(W) = {u € X* | wis normal mod I}.
In particular, the free monoid X* splits as a disjoint union

(1.3) X =n(I)| |T=0wW)| |T.

The free associative algebra K (X) splits into a direct sum of K- subspaces K (X) ~
Span N EP I, and there are isomorphisms of vector spaces

A ~ Span; N
(1.4)
Ay, ~ Spang M| dim A4, = [N, m =0,1,2,3,-- -,

where ™) is the set of all normal words of length m.

Definition 1.3. Given A = K(X)/I, M = N(I), and W = W(I) as above we
shall also refer to W as the set of obstructions for A, [17]. The monomial algebra
Aw = K(X)/(W) is called the monomial algebra associated to A.

Definition 1.4. A subset G C I of monic polynomials is a Grébner basis of I
(with respect to <) if (1) G generates I as a two-sided ideal, and (2) N(G) = M.
A Grobner basis R is minimal if the set R — {f} is not a Grdbner basis of I,
whenever f € R. Fquivalently, the set R C I is a minimal Grébner basis of 1
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iff R = W = W(I), the set of obstructions. A minimal Grébner basis R of [ is
reduced if each f € R is reduced modulo R — {f}, that is f is a linear combination
of normal modulo & — {f} monomials. Clearly, R is finite if and only if the set
of obstructions W is finite. In this case the algebra A = K(X)/(R) is called a
standard finitely presented algebra, or shortly an s.f.p. algebra.

It is known that each ideal I of K(X) has a uniquely determined reduced Grobner
basis G = G(I) (with respect to <). However, G may be infinite. In [17] we initiate
the study of algebraic and homological properties of graded associative algebras for
which the set of obstructions consists of Lyndon words. Lyndon words and Lyndon-
Shirshov bases are widely used in the context of Lie algebras and their enveloping
algebras, and also for PI algebras (see for example the celebrated Shirshov theorem
of heights, [9]). It will be interesting to explore the remarkable combinatorial
properties of Lyndon words in a more general context of graded associative algebras.

Notation-Convention 1.5. We fix an enumeration on the set X of generators,
X ={x1, 29, ,2n}, g > 2. By €&(X, W) we shall denote the class of all graded
K-algebras A = K(X)/I, with a finite set of generators X and a set of obstructions
W of arbitrary cardinality. 91 = (W) will denote the set of normal words (mod
W). 9 is a K-basis for each algebra A € €(X, W). By convention we consider only
minimal presentations of A, so

w ﬂ X =0, and therefore X C 9.

Without loss of generality we shall always assume that I is generated by a set
Ry of homogeneous polynomials of degree > 2 . This implies that R, the unique
reduced Grobner basis of I, (w.r.t. the degree-lexicographic ordering < on X*,
extending (1.1)), is also a set of homogeneous polynomials of degree > 2 . Each
class €(X, W) contains unique monomial algebra Ay = K(X)/(W). Clearly, all
algebras A € €(X, W) share the same associated monomial algebra is Ay, and the
same normal K-basis 91. There are equalities of sets

R=W NI)=NW)=""
As a consequence, all A € €(X,W) have the same Gelfand Kirillov dimension,
GKdim A = GKdim Ay, and the same Hilbert series Ha(z) = Ha,,. When we
work with Lyndon words we often consider a third order, ”<” on the set X,
namely, the pure lexicographic order which extends the ordering x1 < z2 < -+ < x,
on X as follows: for any u,v € X+ u < v iff either u is a proper left factor of v
(v=ub,b € X), or u=azb,v = ayc, where z < y; x,y € X, a,b,c € X*.

We study classes €(X, W) such that every algebra A € €(X, W) has polynomial
growth and finite global dimension. Moreover, starting from Section 3, throughout
the paper we are interested in the special case when the obstructions set W consists
of Lyndon words, see Definition 3.1. One of the central questions in our study is:
" When a given class €(X, W) contains an Artin-Schelter reqular algebra?” .

Remark 1.6. The problem of studying classes €(X, W), as above was posed first in
[17] and in several talks given by the author (Bedlewo, 2013, [16], ICTP 2013). On
these talks we reported the results of Theorem II, and Theorem III, (2).

A connected graded algebra A is called Artin-Schelter reqular (or AS regular) if

(i) A has finite global dimension d, that is, each graded A-module has a free
resolution of length at most d.
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(ii) A has finite Gelfand-Kirillov dimension, meaning that the integer-valued
function 7 — dimy A; is bounded by a polynomial in 3.
(iil) A is Gorenstein, that is, Exty(k, A) = 0 for i # d and Ext%(k, A) = k.
AS regular algebras were introduced and studied first in [4, 5, 6]. Since then AS
regular algebras and their geometry have intensively been studied. When d < 3
all regular algebras are classified. The problem of classification of regular algebras
seems to be difficult and remains open even for regular algebras of global dimension
5, see for example [24]. The study of Artin-Schelter regular algebras, their classi-
fication, and finding new classes of such algebras is one of the basic problems in
noncommutative geometry. Numerous works on this topic appeared during the last
two decades, see for example [5, 6], [22, 34, 25, 11, 15, 35], and references therein.
The main results of the paper are Theorems I, II, III and IV. Theorem IV is
formulated and proven in Section 9. Here we state Theorems I, IT and III proven
under the following hypothesis:

Hypothesis 1.7. In Notation-convention 1.5. Suppose X = {x1,22, - ,x,}, and
W C XT\{X} is an antichain of words of arbitrary cardinality. Denote by €(X, W)
the class of all graded K-algebras A = K(X)/I, generated by X whose set of ob-
structions is W (with respect to the degree-lexicographic ordering < on X*, where
X1 = Ty = e = xy). Aw = K(X)/(W) is the monomial algebra determined by
W, Ay € €(X,W). Let Nt = N(W) be the set of normal words modulo W, and let
N =N\ L be the set of normal Lyndon words.

Theorem 1. Assumptions as in Hypothesis 1.7. Suppose there are no d-chains on
W, but there exists a d — 1-chain on W. Let A = K(X)/I be an arbitrary algebra
in €&(X, W), assume that A has polynomial growth. Then the following conditions
hold.

(1) There are equalities
(1.5) gldim A = d = GKdim A.
(2) There exists a finite set M of normal words, called ”atoms”, in the sense
of Anick, [2]: M ={a1,a2, - ,aq} CN, X C M, such that:
(a) The normal K-basis M of A (and Aw) can be expressed in terms of
Anick’s atoms as ”a Poincaré-Birkhoff- Witt” basis

(1.6) N={aak>.- ak" | k; >0, 1<i<d}.
(b) The Hilbert series of A satisfies
(1.7) Ha(z) = H (1—2%)"1 where e; = |a;| > 1, 1 <i < d.
1<i<d

(c) Any word w € W can be written as a product w = aja;,1 <i < j <d.
(3) A is standard finitely presented- the ideal I has a finite reduced Grébner
basis R, with
(18) 93] = (W] < d(d — 1)/2
(4) The following conditions are equivalent.
(a) [W|=d(d—-1)/2.
(b) There is no atom a € M whose length is 2.
(¢) M = X and there exists a, possibly new, ordering of X :

(1.9) X={y1 < y2 ¢ - yn}, such that W ={y;u; | 1 <i<j<n}
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(d) gldim A =n.

(e) A is a PBW algebra in the sense of Priddy (see [29, 28]), equivalently,
the reduced Grobner basis R of I consists of quadratic homogeneous
polynomaals.

() Ha(z) = i

(5) FEach of the equivalent conditions in part (4) implies that A is Koszul.

The proof of the Theorem is given in Subsection 2.2

Corollary 1.8. Given a class €(X, W), where W is an arbitrary chain of monomi-
als in X, suppose the monomial algebra Ay = K(X)/(W) € €(X,W) has global
dimension gldim A = d and polynomial growth. Then every algebra A € €(X, W)
is standard finitely presented and gldim A = d = GKdim A.

Theorem II. Assumptions as in Hypothesis 1.7. Let W C X+ be an antichain of
arbitrary monomials.

(1) W is an anticain of Lyndon words if and only if the set of normal words N
has the shape

(1.10) M= {fif b | LeN, >l > >0, s>1, k>0, 1<i<s),

where the set of normal Lyndon words N is not necessarily finite.
Suppose that W is an antichain of Lyndon words, so (N, W) is a Lyndon
pair, see Definition 3.3. Let A= K(X)/I € €(X,W).
(2) A has polynomial growth of degree d if and only if N has order d, so N =
{li > 13 > - >1g}. In this case the following conditions hold.
(a) gldim A = d;
(b) A has a Poincaré-Birkhoff-Witt type K -basis

(L11) M= {1 [k > 0,1 <i<d}, and Ha(t) = [ 1/(1—#")).

1<i<d

(¢) The algebra A is standard finitely presented, more precisely, the reduced
Grébner basis of I consists of exactly |W/| polynomials, where

-1
(1.12) d—1<|W|< d(dT)
(3) The class €(X, W) contains Artin-Schelter reqular algebras, whenever
d(d—1
|W| = % or |W|=d—1, and N is connected, see Def 5.9.

The theorem is proven in Section 4.

Theorem III. Suppose the class €(X, W) is defined by an antichain of Lyndon
words W, where the set of Lyndon atoms N = N(W) has a finite order |[N| = d.

(1) The following conditions are equivalent:
(a) [W|=d—1 and N is a connected set of Lyndon atoms, see Def 5.9;
(b) X ={z <y}, and (up to isomorphism of monomial algebras Ay ) the
set N is determined uniquely:
d—2

N={z<azy<azy’< - <ay®? <yl
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(¢) X ={z <y}, and (up to isomorphism of monomial algebras Ay ) the
set W is determined uniquely:

W = {xy'zy™™ |0<i<d—3} U{xyd_l}.

In this case the class €(X, W) contains the universal envelopingU = UL4—1,
where Lq_1 is the standard filiform algebra of dimension d and nilpotency
class d — 1. U is an AS-reqular algebra with gldimU = d.

(2) The following conditions are equivalent:
(a) [W[=d(d—1)/2;
(b) N=X, and d=n;
(c) W={au; |1 <i<j<d}.
In this case the class €(X, W) contains an abundance of (non isomorphic)
Artin-Schelter reqgular PBW algebras of global dimension d, each of them
is presented as a skew polynomial ring with square-free binomial relations,
(in the sense of [14]) and defines a solution of the Yang-Baxter equation.

The theorem is proven in subsection 7.3.

The paper is organized as follows. In Section 2 we study graded algebras with
polynomial growth and finite global dimension and prove Theorem I. In Section 3
we recall the notion of Lyndon words and prove some new results. We introduce
the notion of Lyndon pairs, which are central for our theory. In Section 4 we prove
Theorem II, and Theorem 4.2 which is a purely combinatorial result on Lyndon
pairs. In Section 5 we give some basic information on classes €(X, W) containing
the enveloping algebra U of a Lie algebra (possibly infinite dimensional). We show
that for every such a class the set of obstruction W is an antichain of Lyndon
words, and the corresponding set of Lyndon atoms N = N(W) must be connected,
see Definition 5.9. and Proposition 5.11. In Section 6 we introduce monomial Lie
algebras g defined by Lyndon words -these algebras and their enveloping algebras Ug
are central for the paper. A natural problem arises: ” Classify Lyndon pairs (N, W)
such that the class €(X, W) contains an Artin-Schelter reqular algebra occurring as
an enveloping Ug of a concrete monomial Lie algebra g = Lie(X)/([W])rie”. This
motivates our study of Grobner-Shirshov bases for monomial Lie ideals. In this
case we find natural combinatorial conditions in terms of the Lyndon pair (N, W).
Propositions 6.12 and 6.14, give purely combinatorial conditions which in various
cases help to decide easily and without computations, whether a set of bracketed
monomials [W] is a Grobner-Shirshov basis of the Lie ideal J = ([W])pe of the
free Lie algebra Lie(X). In Section 7 we present some classical Lie algebras as
standard monomial Lie algebras, Lie(X)/([W])L:e, where [W] is a finite Grobner-
Shirshov basis of the ideal J = ([W])pie. Our first applications of the general
results on GS bases of are Corollary 7.3 and Theorem 7.9 which show that the
free nilpotent Lie algebra £(m) of nilpotency class m and the Filiform Lie algebras
L., and Q,, are standard Z™ multigraded monomial Lie algebras. In Section 8
we introduce the notions of a reqular Lyndon pair, a standard Lyndon pair, and
a nontrivial disconnected extension of a standard Lyndon pair, which are essential
for our classification. Important general results are Proposition 8.5, and especially
Proposition 8.8. In Section 9 we prove one of the main results of the paper, Theorem
IV, which gives a classification of the two-generated Artin-Schelter regular algebras
of global dimensions 6 and 7, occurring as enveloping of standard monomial Lie
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algebras. Our general results on Lyndon pairs from the previous sections are crucial
for the proof.

2. GRADED ALGEBRAS WITH POLYNOMIAL GROWTH AND FINITE GLOBAL
DIMENSION

2.1. Anick’s results on global dimension and growth of augmented graded
algebras. Given a finitely generated augmented graded algebra A = K(X)/I with
a set of obstructions W, Anick introduces the notion of an m-chain on W and
uses the n-chains to construct a resolution of the field K considered as an A-
module. He obtains important results on augmented graded algebras with finite
global dimension, see [3], and [2]. It is known that Anick’s resolution is minimal
in the cases when (a) A is a monomial algebra, that is A = K(X)/(W) and (b)
A is a PBW algebra, that is the ideal I is generated by quadratic homogeneous
polynomials which form a Grobner basis w.r.t. degree-lexicographic ordering < on
X*. We recall now some definitions and results from [2] and [3].

Definition 2.1. [2] The set of n-chains on W is defined recursively. A (—1)-chain
is the monomial 1, a O-chain is any element of X, and a 1-chain is a word in W.
An (n+1)-prechain is a word w € X T, which can be factored in two different ways
w = uvq = ust such that ¢ € W, u is an n — 1 chain, uv is an n-chain, and s is a
proper left segment of v. An (n + 1)-prechain is an (n + 1)-chain if no proper left
segment of it is an n-prechain. In this case the monomial g is called the tail of the
n-chain w.

In fact the global dimension of a finitely presented monomial algebra can be
effectively computed using some combinatorial properties of its defining relations,
as shows the following corollary extracted from [2], Theorem 4.

Corollary 2.2. [2] Suppose W C X is an antichain of monomials. The monomial
algebra Aw = K(X)/(W) has global dimension d iff there are no d-chains on W
but there exists a d — 1 chain on W.

2.2. Connected graded algebras with polynomial growth and finite global
dimension (the general case). In this section we shall study finitely generated
graded algebras with polynomial growth and finite global dimension. We prove
Theorem I assuming Hypothesis 1.7. Note that the set of obstructions W given in
the hypothesis is an arbitrary antichain of monomials in X+, no restrictions like
"W consists of Lyndon words”, or ”W is finite” have been imposed.

Proof of Theorem 1. The algebra A and its associated monomial algebra Ay
share the same set of obstructions W, hence the same K -normal basis, M = N(W) =
N(I), so GKdim A = GKdim Ay, and therefore Ay has polynomial growth. More-
over, by hypothesis there are no d-chains on W, but there exists a d—1-chain on W,
hence, by Corollary 2.2 gldim Ay < co. Now a result of the author, [12], Theorem
1I, implies that there are equalities

(2.1) gldim A = gldim Ay = d = GKdim A = GKdim Ay,

which proves part (1). It is clear, that Aw does not contain a free-subalgebra on two
monomials (since Aw has polynomial growth) and therefore the monomial algebra
Aw satisfies the hypothesis of [2], Theorem 5. It follows then that there exists a
finite, ordered set M = {a1 < ag < -+ < aq} C N consisting of atoms in the
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sense of Anick, where < is a linear ordering on M, and X C M. M satisfies the
good properties listed in [2], p. 297, which straightforwardly imply (2) (a), (b), (c).
By (c) each obstruction w € W can be presented in terms of atoms as w = a;a;,
where 1 < i < j < d and since there are (g) such pairs i, j, one has |W| < d(d—1)/2.

We know that the reduced Grébner basis R of I satisfies R = W, where R is
the set of highest monomials of the elements of M. Moreover, any two elements
f,9 €R, [ # g satisfy f #g. Hence || = |W| < (;l), and therefore A is standard
finitely presented. This proves part (3). (4). We recall some details from Anick’s
results, [2]. A partial relation — on the set of normal words, is introduced on p.
297, (2], and the set of atoms M is defined recursively as follows M = J5o, My,
where My = X, and given Ms_1, My is defined by

M, = sfluj\j/sv where
My ={ab|a,be M;_1,b+ a,ab e N, and |ab|] = s}.

It is proven that the set of atoms satisfy several properties, among which the fol-
lowing two.

E; (Exclusivity): for a,b € M, exactly one of the relations a < b,a = b and
a — b is valid.

R, (The relations in W): Any word w € W, with |w| < s is a "would-be-atom”,
i.e.w = ab, for some a,b € Ms_1, with b < a.

By part (2) the set X C M, thus n < |M| = d, and we use the restriction of the
(new) linear ordering — on X to “rename” the elements of X. so that

X={y1+y2 ¢+ yn}

(4a) = (4b). Assume |W| = d(d — 1)/2. It follows from Rs, and |M| = d,
that for each pair a;,a; € M with j > i (equivalently, a; < a;) one has aja; € W
(moreover, aja; # apay, whenever (4,1) # (p,q)). In particular, the set

(2.2) {yjyil1<i<j<n}CW
Note that the inclusion (2.2) is in force if and only if there is an equality
(2.3) My ={ab|a,bec X,b+ a,abe N} =10

Moreover, (2.3) is equivalent to (4b). Indeed, by the recursive definition, My = X,
and My = M; UJ\%, so there are no atoms of length 2 iff J\% = 0.

(4b) => (4c). Assume (4b). Then My =0, hence My = My = X, and (2.2) is
in force. Using induction on s one verifies that J\Z =0, for all s > 2, and therefore
M=DM =X ={y1 < y2 < - < yn}t. Moreover W ={yjy; |1 <i<j<n}
which proves (4c).

(4¢) = (4d). Assume (4c). Then Aw is a quadratic monomial algebra with
GKdim Ay = n, and gldim Ay = d, hence, d = n, and gldim A = gldim Ay = n.

(4d) = (4¢e). Assume gldim A = n. Part (1) implies gldim A = gldim Ay =
GKdim Ay = d, by part (2) |M| = d, hence n = |M|. Now X C M, and |X| =
n, imply M = X. It follows that the set of obstructions W satisfies (1.9). In
particular, the reduced Grobner basis R of I consists of homogeneous polynomials
of degree 2, so A is a PBW algebra in the sense of Priddy, [29].

(4¢) = (4c). Assume A is a PBW algebra in the sense of Priddy. Then W
consists of monomials of length 2, and Aw is a quadratic monomial algebra. By
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the hypothesis of the theorem Aw has polynomial growth and finite global dimen-
sion. Hence W does not contain squares. By [15], Theorem 3.7, p 2163 there is a
permutation y1,- -+ ,yn of X, such that W has the shape (1.9).

The implications (4e) = (4f) and (4c) = (4a) are clear.

(4f) = (4d). Suppose H,(z) = ﬁ Then A has polynomial growth of degree
n, hence, by part (1), gldim A = GKdim A = n. This proves part (4).

It is known that every (quadratic) PBW algebra A in the sense of Priddy, is
Koszul, see [29], and also [28], Theorem 3.1, p 84. This proves part (5). The theo-

rem has been proved. a

Corollary 2.3. Let A = K{(X)/I be an Artin-Shelter reqular algebra of global
dimension d, and with a set of obstructions W. Suppose that there are no d-chain
on W. Then conditions (1) through (5) of Theorem I, 1 are satisfied. In particular,
(i) there are equalities GKdim A = gldim A = d and gldim A = gldim Ay ; (%)
A is standard finitely presented and |R| = |W| < d(d — 1)/2; (iii) Moreover, if
|[W| =d(d—1)/2, then d =n =|X]|, and A is Koszul.

Recall the following conjecture of Anick, [2], p.301.

Conjecture 2.4. Suppose A is an augmented connected graded K-algebra with
polynomial growth and with global dimension d < co. Then the Hilbert series of A
is given by (1.7) for some positive integers {e;}.

Anick states in [2] that the conjecture has been verified for the cases when A
is commutative, A = U is an enveloping algebra of a Lie algebra, when A is a
monomial algebra, and also in the case when A is is a Noetherian PI ring (an
unpublished result of Lorenz). Our results verify Anick’s conjecture in the case
when A is an algebra whose associated monomial algebra Ay, has finite global
dimension.

3. LYNDON WORDS, LYNDON ATOMS, AND LYNDON PAIRS (N, W)

3.1. Lyndon words and Lyndon atoms. We recall first the notion of Lyndon
words and some of their basic properties (we refer to [26]). Consider the pure
lezicographic ordering ”<” on the set X+ which extends the ordering z1 < o <
-+ < xn, on X as follows: for any u,v € XT u < v iff either u is a proper left factor
of v (v=ubbe XT), or u=axb,v = ayc, where z < y; z,y € X, a,b,c € X*.
Recall that
L1: Vue X* a<b<+<= ua < ub.
L2: ifbd aXt, Vu,v e X*, a<b= au < bv.

So < is a linear ordering on the set X' compatible with the left multiplication
in X*. However, in the case when b = au,u # 1, the right multiplication does
not necessarily preserve inequalities. (For example, a < axi, but aze > axixs).
Furthermore, the decreasing chain condition is not satisfied on (X, <), forif 2,y €
X,z <y, one has xy > 2%y > 23y > - - -.

The following simple relation between the two (fixed) orderings < and < on the
free semigroup X7 is in force.

(3.1) u < v iff |u] <lv|, or |u| = |v| and u > v.

For example, if X = {a < y}, one has zzy < zyy, but zzy = zyy.
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Definition-Notation 3.1. [26] A nonperiodic word v € X is a Lyndon word if it
is minimal, with respect to <, in its conjugacy class. In other words, u = ab,a,b €
X™T implies u < ba. The set of Lyndon words in X will be denoted by L, L,
denotes the set of all Lyndon words of length s,s =1,2,3,---.

We shall use notation, terminology and some results from [17].

Definition-Notation 3.2. [17] Given an antichain W of Lyndon words, the set of
all W-normal Lyndon words is denoted by N = N (W), we shall refer to it as the
set of Lyndon atoms corresponding to W. By definition the set of Lyndon atoms
N satisfies

(3.2) N=NW)=L ﬂ MN(W) where L is the set of Lyndon words.

Assume that A = k(X)/I is a graded K-algebra such that its set of obstructions
W consists of Lyndon monomials, then we shall also refer to the normal Lyndon
words N = N (W) as the set of Lyndon atoms for A.

Definition 3.3. Let W be an antichain of Lyndon words, and N = N(W) C L be
the corresponding set of Lyndon atoms. Then the pair of sets (N, W) will be called
a Lyndon pair.

The canonical duality between the notions ”an antichain W of Lyndon words”
and "its set of Lyndon atoms, N = N(W)” is discussed in the next subsection, see
also [17].

Fact 3.4. (Lyndon’s Theorem), [27] 11.5. Every word w € X can be written
uniquely as a non increasing product w = lils---ls of Lyndon words, 11 > lo >
c >

The following useful facts are extracted from [26], Section 5.1..

Facts 3.5. (1) For all w € L, the equality w = ab, with a,b € X, implies

a<w<b.

(2) If a < b are Lyndon words then ab is a Lyndon word, so a < ab < b.

(3) If b is the longest proper right segment of w which is a Lyndon word, then
w = ab, where a is a Lyndon word. This is called the (right) standard
factorization of w and denoted as w = (a,b) = (a,b),.

(4) Analogously, suppose u is the longest proper left segment of w which is a
Lyndon word, then w = uv, where v is also a Lyndon word. This determines
the left standard factorisation of w denoted by w = (u,v),

=~
Notation 3.6. [17] For the monomials a,b € X we write a,b if a = uv, b = vw,
—~
where u,w € X*, v,uw € X+ (b = aw, or a = ub is possible). We write a,T,b if

. = N
T C ab, and 7 overlaps with a and b so that (‘a,7) and (7,b).

Lemma 3.7. [17]
(1) Let uwv and vw be Lyndon words, u,v € X*. Then uvw is a Lyndon word.
=
2) Ifa,be L and a,b , then a <b.

(2)
—~
(3) Suppose that a,b,w € L, with a,w,b. Then a < w < b.
(4) Let a < b be Lyndon words. Then a*b' are Lyndon words for all k,1 > 1.
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(5) If w = (a,b) is the right standard factorization of w, then the (right) stan-
dard factorization of (a*b) is (a,a*=1b). Analogously, if w = (a,b); is the
left standard factorization of the Lyndon word w then the left standard fac-
torization of ab® is (ab®); = (ab*~1,b).

Lemma 3.8. [17] Letly > 1s > -+ > I be Lyndon words, s > 2. If a Lyndon word
u 18 a subword of lils - - - ls, then u is a subword of l;, for some i, 1 <i<s

3.2. More results on Lyndon words. We shall prove some additional results on
Lyndon words which will be used in the paper.

Lemma 3.9. Suppose a,w € L,|a|,|w| > 2, and a is a proper subword of w.

(1) If w = (u,v) is the right standard factorization of w, and a is not a left
segment of w, then either a C u, or a C v.

(2) If w = (p,q); is the left standard factorization of w, and a is not a right
segment of w, then either a C p, or a C q.

Proof. We sketch a proof of (1). Assume the contrary. Then a overlaps with v, so
that a = ajas € L, v = aguy € L, where |a1]| > 1,|as| > 1, and ajaqvs is a proper
segment of w. By Lemma 3.7 (2) the product ajasvs = ajv is a Lyndon word,
moreover, ajv is a proper right segment of w with |ajv| > |v|. By assumption v
is the longest Lyndon word which occurs as a right segment of w, a contradiction.
The proof of part (2) is analogous. O

Proposition 3.10. Let N be a set of Lyndon words closed under taking Lyndon
subwords, let W = W(N) be the corresponding antichain of Lyndon words, see
Remark 3.13 (2).

(1) If u,v € Nyu < v and no Lyndon atom a € N satisfies u < a < v, then
uv € W.

(2) Suppose Ng = {l; <lp < --- < I} C N is a discrete convezr in N, that is
N does not contain a word w with l; < u < l;y1. Then l;l; 11 € W for every
pair li, li+1 € Ny.

(3) If N is a finite set of order d, then d —1 < |W]|.

Proof. (1). By hypothesis there is no Lyndon atom a such that u < a < v. By
Facts 3.5 uv € L and u < uv < v, hence uv € (W). We have to show that uv € W.
Assume the contrary, then (since uwv € (W)) some w € W, is a proper subword of
uv. Let w = ab, a,b € L be the standard factorization of w. By Remark 3.11 (1),
a,b € N, and by Facts 3.5 a < ab < b. Three cases are possible: (i) a overlaps with

/_M .. . /_/\ ces
uw and v, so that u,a,v ; (ii) b overlaps with v and v, so that u, b, v; (iii) u = uya,
v =bvy, uyv; # 1. Assume (i) is in force. Then Lemma 3.7 (3) implies u < a < v,

which contradicts the hypothesis. Similarly, in case (ii) the relation w,b, v implies
u < b < v, which is impossible. Suppose (iii) holds. Without loss of generality
we may assume that a is a proper right segment of u € L, so u < a. Now the
inequalities

(3.3) u<a<ab<b<w;, a€N,

where a,b € N contradict the hypothesis. The case when b is a proper left segment
of v is analogous, which proves (1). Part (2) follows straightforwardly from (1).
Clearly, (2) implies (3). |
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Remark 3.11. [17] Let (N, W) be a Lyndon pair. Then

(1) If u is a proper Lyndon subword of some w € W then v € N. In particular,
if w € W then the (right) standard factorisation w = (u,v) and the left
standard factorisation w = (a, b); satisfy a,b,u,v € N.

(2) If N has finite order d, and s is the maximal length of words in N then W
is also finite with |W| < d(d — 1)/2, and the length of each w € W is at
most 2s.

(3) Assume W is finite and let m be the maximal length of words in W. Then
N is finite if and only if every word [ € N has length |[| < m — 1.

3.3. Canonical dualities on sets of monomials. For completeness we consider
the canonical dualities between (a) the notions ”obtruction set”, and ”order ideal
of monomials”, see [3] and (b) the notions ”antichains W of Lyndon words” and
"Lyndon atoms, N = N(W)”, [17].

Let I be an ideal in K(X), A= K(X)/I. We use the notation and terminology
from the previous sections, in particular (1.2), (1.3), and Definition-notation 3.2.
We have seen that the set of monomials I contains uniquely determined maximal
antichain of monomials W = W(I) (with respect to C). W satisfies (i) every
element of W is minimal with respect to "_”, and (ii) each a € I contains as a
subword (a segment) some v € W, i.e. v C a. Denote by (W) the two-sided ideal
of K(X) generated by W.

Clearly, the set of normal words 91 = 91(W) is uniquely determined by the set
of obstructions W and is characterized by the properties:

N1l. Xef, N2. ueMNvlu=—veN; N3. uecN<=ud¢ (W)

We have seen in the introduction that every set of monomials 91 C X* which
satisfies conditions N1 and N2 determines uniquely an antichain of monomials
W C X7, so that condition N3 holds and W is the set of obstructions for 91.

An obstruction set W = W (M) is characterized by the following properties:

Vi. WNX =0.
V2. VueX*veWuCv,;u#v=—uc
V3. Vae Xt veWvla=a¢MN

Definition 3.12. (1) A set of monomials M < X which satisfies conditions
N1 and N2 is called an order ideal of monomials (0.i.m.), see [3].
(2) The anichain of monomials W = W (M) described above is called the set of
obstructions for M. When W is considered as W = W (), it is also referred
to as the set of obstructions for the algebra A = K(X)/I.

Remark 3.13. (1) Suppose that W C X7 is an antichain of Lyndon monomials,
and 91 = Y(W). Then W determines uniquely a set of Lyndon atoms
N =N(W) :=0NW)( L. It satisfies

Cl. XCN. C2. WwelLVueNvCu— veN.
C3. ue N << wel and u¢ (W)

(2) Conversely, each set N of Lyndon words satisfying conditions C1 and C2
determines uniquely an antichain of Lyndon monomials W = W(N), such
that condition C3 holds, and N is the set of Lyndon atoms corresponding
to W. In fact W is the unique maximal antichain of the complement L — N.
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We systematize the above discussion and add some results from [17] in the fol-
lowing proposition.
Proposition 3.14. (1) There exists a one-to-one correspondence between the

set V of all antichains V in Xt with V(X = 0 and the set R consisting
of all order ideals of monomials N, satisfying condition N1 and N2. In
notation as above this correspondence is defined as

d: V—R VeV
L. N—V N V(M.

There are equalities
NVEY) =% VN(V)) =V,

and each pair (N(V),V) (respectively (M, V(N)) obtained via this corre-
spondence satisfies condition N3.

There exists a one-to-one correspondence between the set W of all an-
tichains W of Lyndon words with X (YW = 0 and the set N consisting of
all sets N of Lyndon words satisfying conditions C1 and C2. In notation
as above this correspondence is defined as

o W — N W= N(W)
o': N—W N W(N).

There are equalities
N(W(N))=N; W(NW)) =W,

and each pair (N = N(W), W) (respectively (N,W = W (N)) obtained via
this correspondence satisfies condition C3.

[17] Each finite antichain of Lyndon words W € W determines a monomial
algebra Aw = K(X)/(W) of finite global dimension, gldim Ay < |W|+ 1
[17] If N € N is a finite set of Lyndon words of order d, then the corre-
sponding antichain W = W (N) is also finite with |W| < d(d —1)/2.

Each N € N with C1 and C2 determines uniquely a monomial algebra
Aw = K(X)/(W), with a set of defining relation W = W (N) and a set
of Lyndon atoms precisely N. The algebra Aw has polynomial growth of
degree d iff |N| = d.

Example 3.15. X = {z <y}, A= K(X)/(zy? + y*x, 2%y — ya?). The algebra

A is s.

2
y-r,
words.

f.p.- the defining relations form a Grébner basis of the ideal I = (zy? +
2%y — yz?). The set of obstructions W = {zxy, ayy} consists of Lyndon
The set of Lyndon atoms is N = {d; =y > d2 = 2y > d3 = =}, and (N, W)

is the corresponding Lyndon pair. The normal basis of A is

N = {dd3?de | a; > 0},

A is a classical AS-regular algebra of gldim A = 3, type A.

4. SOME COMBINATORIAL RESULTS ON LYNDON PAIRS

In this section X = {z1 < 29 < -+ < z,}, and (N,W) is a Lyndon pair in X*.
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4.1. Proof of Theorem II.

Lemma 4.1. Suppose X = {x1,22, -+ ,xn}, and let W C X be an antichain
of monomials of arbitrary cardinality. Let M = N(W) be the set of normal words
modulo W), and let N =N L be the set of normal Lyndon words. The following
conditions are equivalent.

(1) W is an antichain of Lyndon words.
(2) The set N of normal words has the shape given in 1.10.

Proof. As usual, Ay = K(X)/(W) denotes the monomial algebra with defining
relations w = 0,w € W. Then Ay € €(X, W), and the set M is a K-basis of Ay .
Note that the set of normal Lyndon words N = (] L satisfies conditions C1 and
C2, whenever W is an arbitrary antichain of monomials, but W is not necessarily
a set of Lyndon words. Indeed, X C 91 L, so N satisfies condition C 1. Suppose
u € N, and v € L is a subword of u. Then, since u € I, the word v is also normal,
(see N2) thus v € 91( L = N, and therefore condition C2 also holds. Use now the
canonical duality from Proposition 3.14 and consider the pair (N, Wy = W(N)).
Notice that if W is an arbitrary antichain of monomials, and N = 91 L, then, in
general, an inequality Wy = W(N) # W is possible. We claim that Wy = W holds
if and only if (1.10) is in force.

(1) = (2). Assume that W is an antichain of Lyndon words, so N = N (W)
is the set of Lyndon atoms corresponding to W. Then Ay is a monomial algebra
defined by Lyndon words in the sense of [17], hence, by Theorem A [17], the set of
normal words 91 = DM(W) has the shape (1.10).

(2) = (1). Assume that the set of normal words 9 is presented via (1.10).

We have seen that the canonical duality from Proposition 3.14 defines uniquely
the pair (IV,Wy), where Wy = W(N) is an antichain of Lyndon words. Then
the corresponding set of Lyndon atoms, N(Wy) = N(W(N)) = N. Now Ay =
K(X)/(Wp) is a monomial algebra defined by Lyndon words in the sense of [17],
and its set of Lyndon atoms is N. Use now the first duality in Proposition 3.14,
and consider the pair (Wy, My = 91(Wp)). The set 9y is the normal basis for the
monomial algebra Ag. Hence by Theorem A [17] again, Dy has a "PBW”-type
presentation via the Lyndon atoms in N which is exactly the set given in (1.10).
Therefore M(Wy) = N(W), so Wy = W(N(Wy)) = W(OUW)) = W. It follows that
the obstruction set W is an antichain of Lyndon words. (I

Proof of Theorem II. Part (1) of Theorem II is proven by Lemma 4.1.

Suppose that W is an antichain of Lyndon words, so (N,W) is a Lyndon pair.
Let A= K(X)/I € €¢(X, W), let Ay = K(X)/(W) be the corresponding monomial
algebra. Clearly, Ay € €(X,W).

(2). The two algebras A and Aw share the same set of obstructions W, the
same set of Lyndon atoms N = N(W), the same normal K -basis M and the same
Hilbert seies. In particular, Aw is a monomial algebra defined by Lyndon words in
the sense of [17], so the results in [17] are true for Ay .

There is an obvious equality GKdim A = GKdim Ayy,. Therefore by [17], Theorem
A, (2) each of the algebras A and Aw has a polynomial growth of degree d iff
|IN| =d. Assume A has polynomial growth of degree d. Then N has order d, say,
N ={ly >1la >--->14}. Then Theorem A, [17] implies gldim Ay = d. Hence
there is a d — 1-chain on W and there is no d-chain on W. Now the algebra A
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satisfies the hypothesis of Theorem I, so gldim A = GKdim A = d, which gives
(2a).

The two algebras A and Ay share the same normal K-basis M and the same
Hilbert series, therefore (2b) is in force. The monomial algebra Aw satisfies the
hypothesis of [17], Theorem B, and therefore its set of obstructions W satisfies the
inequalities (1.12), which implies (2¢). Part (3) follows from Theorem III, and is
given for completeness. The theorem has been proved.

4.2. Up to isomorphism, for every d > 2 there exists unique Lyndon pair
(N,W), where N is connected and |W| = |N| — 1 = d. Suppose (N,W) is a
Lyndon pair in X, where N = N (W) has finite order |N| = d. It follows from
Theorem II that W is a finite set with

d(d—1

CH
It follows from [17], Theorem B (2) that the upper bound |W| = d(d — 1)/2 is
attained if and only if W = {x;z; | 1 < ¢ < j < d}, or equivalently, d = n and
N = X, see Theorem II (2). In this case the class €(X, W) contains all binomial
skew polynomial rings with square-free relations generated by X, in the sence of
[14]. Each such a ring A is an AS-regular PBW algebra of global dimension n. For
example, for g = 8 there are more than 2000 non-isomorphic skew-polynomial rings
with binomial square-free solutions, each of which is an AS-regular and defines a
set-theoretic solution of YBE. It is interesting to describe the other ”extreme” case
of Lyndon pairs, when the order |W| attains the lower bound. Theorem 4.2 shows
that if N is connected then the pure numerical datum

(4.1) W|=d—1, |N|=d

determines uniquely (i) the order of X, |X| = 2, and (ii) unique Lyndon pair
(N,W) in Xt (up to isomorphisms of monomial algebras Ay/). Corollary 7.8
implies that in this case the class €(X, W) contains the universal enveloping U =
ULg—1, where L;_1 is the standard filiform algebra of dimension d and nilpotency
class d — 1. U is an AS-regular algebra with gldim U = d.

d-1<|W|<

Theorem 4.2. For every integer d > 2, there exists unique (up to isomorphism)
Lyndon pair (N, W), where N is a connected set of finite order d and |W|=d — 1.
Moreover, the following conditions are equivalent:

(1) [W|=d—1 and N is a connected set of Lyndon atoms, see Def 5.9;
2) N is a connected set of Lyndon atoms and

(
(4.2) W= {lili|1<i<d}
(

3) The set X has order 2, so X = {x < y}, and (up to isomorphism of
monomial algebras Aw ) the set of atoms N = N(W) has the shape

(4.3) N={r<zy<ayy < - <ay’® <zy®? <y}.
(4)
W = {xy'zy™ |0<i<d—3} U{xyd_l}.
Proof. (1) <= (2). By Proposition 3.10 (2) there is an inclusion of sets
{lilija |1 <i<d—-1} CW.
The equivalence of (1a) and (1b) is straightforward.



ALGEBRAS DEFINED BY LYNDON WORDS 17

(2 ) = (3). Assume W has the shape given in (4.2). We shall prove (3) in
several steps.
We start with an useful remark.

Remark 4.2.1. Suppose (4.2) holds, and N contains a subchain a < b < ¢. Then
ac is not in W. Furthermore, if each proper Lyndon subwords w C ac is an atom,
w € N, one has ac € N.

Step 1. |X| = 2. Assume the contrary, then X has at least three distinct
elements, say x < y < z. By assumption W contains only products of Lyndon
atoms which are ”"neighbors”, so by Remark 4.2.1 zz € N, and N contains the
subset < zz < y < z. Now by induction on k (using analogous argument) one
shows that N contains an infinite subchain

ac<ac,z<:v,z2<ac,23<---<x”“<-~-<y<z7

which contradicts the hypothesis. By convention X has at least 2 elements, so
X = {z < y}. We shall describe N.

The case |[N| = 3 is trivial, one has N = {z < zy < y}. Assume |[N| > 4.

Step 2. We prove that N does not contain simultaneously zzy and zyy. Oth-
erwise, N contains the subchain < zzy < zy < zyy < y, hence zxy and y
are not neighbours, so u = zxyy is not in W, and since every proper Lyndon
subword of w is in N, Remark 4.2.1 implies zzyy € N. Therefore N contains
r < zzry < xayy < vy < xyy < y. Remark 4.2.1 again implies zaxyzy € N, so
{z < zzy < zryzy < zoyy < zy < xyy < y} € N . Next one proves by induction
on k (and using Remark 4.2.1) that N contains an infinite set of Lyndon atoms:
{zxzy(xy)* k > 1} C N, which contradicts the hypothesis again.

From now on, without loss of generality, we may assume zzy € W. (If we as-
sume xyy € W we shall obtain an isomorphic monomial algebra Ay/). Since N
is connected, it contains a Lyndon word of length 3, hence zyy € N. Therefore
h=z<zy=lk<ayy=Il3 <---<lg=yis asubchain in N.

Step 3. We shall prove that N satisfies (4.3). Assume the contrary, then N
contains a Lyndon atom of the shape xy/zy®---, k> j > 1. Let ug be the short-
est Lyndon atom of such shape. By hypothesis N is closed under taking Lyndon
subwords, and it is easy to prove that ug = zy/zy/ ™!, for some j. Moreover, there
is no atom v € N satisfying zy/ < v < zy/zy/T!. Hence N contains the convex
h=x<zy=l<---<ljy1 = zy) < ug = xy’zy’ T, This implies that

m(N) > |ug| = 25 + 3.

We claim that w = xy?>*! € N. Indeed, by assumption uy € N is the shortest
atom with ug # zy®. Moreover, since uy € N, |ug| = 2j + 3 and N is connected,
one has

(4.4) zy® € N,1<s<2j+1.
One has |ry?/*1| = 2§ + 2. Now consider the inequalities of Lyndon atoms:
lit1 = Ty’ < ug = liya = zylazy’ T <zt <y =14

By hypothesis W satisfies (4.2), hence the product ljy1lq = zyizy’™? is not
in W. Note uy = lji2lqg = xylxy’ T2, has (right) standard factorisation u; =
(xy?).(zy?2). Clearly, every Lyndon subword of u; which is not its left segment
must be a subword of zy*2 (or of xy?), moreover, it follows from (4.2) that no
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element w € W is a subword of uy, hence by Remark 4.2.1 uy = lj11lg = zyfayi*t? €
N. The following sub-chain of atoms is contained in N:

(4.5) up = ljy1 = vyfzy’ < uyp = aylay’ P < <y T e N
Similar argument implies that ug = ;41 = zylzy’ T < 2y (2yT1)? € N, and
using induction on k, Remark 4.2.1, and similar argument as above one proves that
N contains an infinite increasing chain of Lyndon atoms:
(4.6) up =ljpr = zy oy’ ™ <ayl (wy?T)? <wyl ey TP <

’ <ayl(zythHr <. €N, k>1,
which contradicts |N| = d + 1. It follows that N satisfies (4.3).

The implications (3 ) = (4) and (3 ) = (2) are clear. This proves the theorem.
O

5. CLASSES €(X, W) CONTAINING THE ENVELOPING ALGEBRA OF A LIE
ALGEBRA

5.1. Finitely generated graded Lie algebras and their enveloping algebras,
standard Lyndon bases. Our main references are [26], [27] [33], [21], [19].

In this subsection we set notation and recall some classical facts about finitely
generated graded Lie algebras and their enveloping algebras which will be used in
the sequel. As usual, X = {z1,---,2z,}, n > 2, is a finite set, K is a field of
characteristic 0, £ = Lie(X) denotes the free Lie K- algebra generated by X, and
i = (L) is the universal enveloping algebra of £. It is known that 4 and K(X)
are isomorphic as associative algebras, and we shall identify them. X™ denotes
the set of all words of length m > 1 in X*. The set of all Lyndon words in X+
is denoted by L, and L,, = L[ X™ is the set of all Lyndon words of length m.
The free associative algebra 4 = K (X) is naturally graded by length. An element
f € Wis called a Lie element (or a Lie polynomial) if f € £. It is known that if f
is a Lie element, then each homogeneous component of f is also a Lie element. A
special case of homogeneous Lie elements are the so called (m — 1)-left nested Lie
monomials:

(5'1) Jfm = [[[xiuxiz]v' ’ ']’ximL T, € X, 1<s<m.
Clearly, the Lie monomial f,,, may also be considered as an element of the free
associative algebra $ = K(X), via the well-known equality [a,b] = ab — ba, so

fm € . The free Lie algebra £ = Lie(X) is also naturally graded by length,
(5.2)
£ :®m20£m7 where £y =K, £ = KX,
'Sm - SpanK{fnL = H te [xilvxiQL t ']axim] | xis S X, 1 S S S m}7 m Z 2.
Throughout the paper the right standard factorisation w = (u,v) will be called

simply " the standard factorisation of w”. Recall that v is the longest proper right
segment of w which is a Lyndon word, in this case u is also a Lyndon word.

Definition 5.1. [26] Let [ € L. Consider the unique (right) standard factorization
denoted | = (u,v),. The (right) standard bracketing [I] = [I], on the set L of all
Lyndon words is defined inductively as follows.

] ==z,Vr e X, [l|, :==[[u], [v]], wherel € L — X, | = (u,v),.

The left standard bracketing [w]; is defined analogously, but using the left standard
factorization.
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Definition-Convention 5.2. The notation [a] stands for the right standard brack-
eting, and [a]; will be used for the left standard bracketing of a. The Lie element
[u] is called also a Lyndon-Lie monomial (corresponding to u). Given a nonempty
set V of Lyndon words, V' C L, we denote by [V] the set of standard bracketings
of all elements of V:

(5.3) VI=A{l]lveV}
and refer to it as "the bracketing of V7.

Remark 5.3. (1) For each Lyndon word wu, the standard bracketing [u] con-
sidered as an element of the algebra # = K(X) is a (noncommutative)
polynomial which is a linear combination

(5.4) [u] =u+ Z Ca,

where each nonzero coefficient ¢, is an integer, all (distinct) monomials
a € X7 in this presentation satisfy a < u, |a| = |u|, in particular [u] = u,
see [26], Lemma 5.3.2, or [33], Theorem 5.1.
(2) It is not difficult to see that considered as ”commutative terms” all monomi-
als occurring in the right-hand side of (5.4) are equal,that is the monomials
a and u have the same multi-degree as u, (see Definition-Notation 6.3).
(3) The elements
(L] = {[u] [ue L}
form a basis of Lie(X), see [26], Theorem 5.3.1, or [33], Theorem 4.9.
In particular, for each m > 1 the set [L,,] of Lyndon Lie monomials of
degree m,

(L] = {[u] | v € L}
is a K-basis of the graded component £,, (considered as a vector space).
(4) On the other side, for each m > 2 the graded component £, is spanned by

all left-nested Lie monomials [[[z;,, %4,], - - -], 24,,], i, € X, hence there are
equalities of sets

(5.5)  Span{[u] | u € L} = L = Span{f = [[-- - [[ziy, @io ), -] @i, ] i, ]}
K K

The works [21]and [17] are central for this subsection. These two works use
different terminology for equivalent notions and, for convenience, we adapt the
terminology from [21] to our equivalent terminology given in [17], and typical for
the theory of non-commutative Grobner bases. The equivalence is given in Remark
5.5. The notion of ”an atom” was introduced by Anick, [2] in a more general
context, the special properties of ”the atoms” in the sense of Anick are listed in [2],
Theorem 5. It is easy to see that if (N, W) is a Lyndon pair, then the set of Lyndon
words IV has the properties analogous to the properties of a set of atoms, in the
sense of Anick. In fact IV coincides with the set of atoms for the monomial algebra
Aw, see also our comments in [17]. Recall that, by convention, all Grébner bases
of (associative) ideals I in K(X) and all Lyndon-Shyrshov bases of Lie ideals J in
Lie(X) are considered with respect to ” <" -the degree- lexicographic well-ordering
on X*.

Notation-Convention 5.4. From now on J will denote a Lie ideal in £ = Lie(X),
and I will denote the two-sided ideal in K (X) generated by J, where J is considered
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as a set of associative polynomials, I = (J,ss). Let
(5.6) g=Lie(X)/J, U=Ug=K(X)/I

It is known that U is the enveloping algebra of the Lie algebra g, see for example
[21], p. 1823. W = W(I) denotes the corresponding set of obstructions for the
associative algebra U = Ug. As usual, 91 = (I) = NY(W) denotes the set of normal
words modulo I (w.r.t. <). N = N(I) = N(W), is the set of all Lyndon words
which are normal mod I, we may also write N = N(J). By definition N = 91 L,
where L is the set of Lyndon words. We shall prove that the obstruction set W
is an antichain of Lyndon words, see Proposition 5.6 (1), so, by convention, we
call N = N(I) = N(W) the set of Lyndon atoms for U. In this case (N, W) is a
Lyndon pair.

The remark given below provides an useful interpretation of the terminology of
[21] in terms of our equivalent notions introduced in this paper and in [17]. Note
that our terminology is introduced in more general settings not necessarily in the
context in Lie algebras, and independently. We use results from [17] and [21], see
Theorem (2.1), Corollaries (2.5) and (2.8) to deduce straightforwardly the following.

Remark 5.5. In notation and assumption as above, g = Lie(X)/J, U = Ug =
K(X)/I, and W is the set of obstructions for U. (1) A word a € X* is standard
modulo I in the sense of [21] iff a is normal modulo I, that is no f € I satisfies
f C a (equivalently, no w C a, for some w € W). Moreover, the set 9(I) of normal
(mod I) monomials coincides with the set of ”standard mod I monomials” in the
sense of [21]. (2) The set N of Lyndon atoms, where N = 91(I) (" L coincides with
the set of ” Lie-standard Lyndon words”, in the sense of [21]. Moreover, the set
[N] C g is a K-basis of g. (3) The enveloping algebra U = Ug has a K-basis of "a
Poincaré-Birkhoff-Witt” type expressed in terms of its Lyndon atoms via (1.10).
This basis coincides with the set of normal words 91 (modulo I).

5.2. Basic information on classes €(X, W) containing the enveloping alge-
bra U of a Lie algebra.

Proposition 5.6. Suppose g is a Lie algebra, g = Lie(X)/J, U =Ug = K(X)/I is
its enveloping algebra. Let W be the set of obstructions for U, as usual, M = N(I)
denotes the set of normal monomial, and N = N(W) =M\ L is the set of normal
Lyndon words. The following conditions hold.

(1) W is an antichain of Lyndon words, so (N,W) is a Lyndon pair, and
Aw = K(X)/(W) is a monomial algebra defined by Lyndon words, in the
sense of [17].

(2) Assume furthermore, that J is generated by homogeneous Lie elements, so
the enveloping algebra U is canonically graded. Then the algebras U, and
Aw are in the class €(X,W). The following conditions are equivalent.

(a) U is an Artin-Schelter reqular algebra.

(b) U has polynomial growth.

(¢) The Lie algebra g is finite dimensional.
(d) The set of Lyndon atoms N is finite.
Each of these equivalent conditions implies that

gldim(U) = GKdim(U) = dimg g = |[N| = d.
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Moreover, U is a standard finitely presented algebra and
(5.7) d—1<|W|<d(d-1)/2, where d=|N]|.

Proof. (1). The algebra U has a K-basis of ”a Poincaré-Birkhoff-Witt” type ex-
pressed in terms of its Lyndon atoms via (1.10), see Remark 5.5. Hence by Lemma
4.1 the set of obstruction W is an antichain of Lyndon words. Clearly, then (N, W)
is a Lyndon pair. Moreover, Ay = K(X)/(W) is a monomial algebra defined by
Lyndon words and all results of [17] are applicable.

(2). The algebras Ay and U belong to €(X, W), they have the same K-basis,
N = JN(W), and the same set of Lyndon atoms N = N(W) = 91 L, in particular,
GKdimUg = GKdim Ay,. The equivalence below follows from [17], Theorem A

(2).

(5.8) GKdim(Aw) =d < |N| =d.

Moreover, [17], Theorem B (2) gives the following relations

(5.9) GKdim(Aw) =d = gldim(Aw)=d d-1<|W|<d(d-1)/2.

Now [21], Theorem (2.1) implies straightforwardly that the set [N] = {[u] | u € N}
is a K-basis of the Lie algebra g, there is an isomorphism of vector spaces g =
Spang [N]. Thus g is finite dimensional, if and only if the set of atoms N is finite,
in this case dimg = |N|. Assume now that U has polynomial growth of degree d,
SO
GKdim(U) = d = GKdim(Aw ).

It follows from (5.8) that |N| = d, hence (2b)<= (2d), and (2b) < (2¢). By
(5.9) gldim(Aw) = d, and by [12], Theorem II, gldim(U) = gldim(Aw) = d.
The obstruction set W is finite (by (5.9) again) therefore U is standard finitely
presented.

Suppose now U is Artin-Schelter regular, then by definition it has polynomial
growth of degree, say d, so (2a)== (2b), and therefore the remaining conditions (c)
and (d) are also in force. The discussion above implies gldimU = d = GKdim U =
dimg = |NJ|.

Conversely, assume that g is finite dimensional. It is known by the experts that
the enveloping algebra U = Ug of a finite dimensional positively graded Lie algebra
g is Artin-Schelter regular. A reference to the original result is difficult to find, and
we refer to the proof provided by Flgystad and Vatne, see [11], Theorem 2.1. O

We have seen that the enveloping algebra Ug of any Lie algebra g generated by
X has a set of obstructions W, consisting of Lyndon words, in general, W may be
infinite. Moreover, if g has finite dimension dim g = d, then the enveloping algebra
U = Ug is a standard finitely presented Artin-Schelter regular algebra of global
dimension d. The number r = |W]| of its relations satisfies the inequalities (5.7).
The following question arises naturally.

Question 5.7. Let (N, W) be a Lyndon pair, where N is a finite set. Under what
combinatorial conditions is W the set of obstructions for the enveloping Ug of some
Lie algebra g?

Proposition 5.11 gives a necessary condition in terms of N = N(W), the set
of Lyndon atoms. In section 6 we introduce and study the monomial Lie algebras
g = Lie(X)/([W]). In this case the enveloping algebra Ug belongs to €(X, W) if
and only if [W] is a Grébner-Shirshov basis of the Lie ideal J = ([W]) ;. of Lie(X).
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5.3. If the class €(X, W) contains the enveloping algebra U of a Lie algebra
then the set N = N(W) is connected.

Remark 5.8. Due to the duality W = W(N), N = N(W(N)), see Proposition
3.14, each class of associative graded algebras €(X, W), with obstruction set W
consisting of Lyndon words is also uniquely determined by the set of Lyndon atoms
N = N(W). Conversely, each set N of Lyndon words closed under taking Lyndon
subwords, with X C N determines uniquely a class €(X, W), where W = W (N), so
that (N, W) is a Lyndon pair. It is interesting to classify all Lyndon pairs (N, W)
such that the monomial algebra Ay, has polynomial growth and gldim Ay = d,
where d > 1 is fixed, we use our result gldim Ay = GKdim Ay = |N| = d (in
this case W is always finite). In fact it is more convenient (i) to classify the sets of
Lyndon atoms N of a fixed finite order |N| = d, N must satisfy C1, C2, and only
then (ii) to write down the corresponding set of obstructions W = W (N), so that
(N, W) is a Lyndon pair. In particular, one has

¢(X,W) =¢&(X,N), where (W, N) is a Lyndon pair.

Till the end of the paper we shall consider only the special case when the ideal I =
(Juss) of K(X) is graded by length, respectively, multi-graded, thus the enveloping
algebra U = K(X)/I is also graded, respectively, multi-graded. Moreover, U has a
set of obstructions W consisting of Lyndon words, and U € €(X,W).

Note that every Lyndon word u of length |u| > 3 in a finite alphabet X, contains
a Lyndon subword of length 2. Moreover, if N is a finite set of Lyndon monomials
in X = {z,y} with C1, C2, and N contains a word of length > 4, then N [ L3 # 0.

Definition 5.9. Suppose N is a set of Lyndon words (possibly infinite) with con-
ditions C1 and C2. (i.e. X C N, and N is closed under taking Lyndon subwords).
(1) We say that N is connected if

(5.10) IN(\Lm #0, m>2] implies [N()Ls#0, Vs,1<s<ml.

In particular, if N = {l; < Iy < l3--+ < lg} is a finite set, then N is
connected iff (5.10) is in force for m = max{|l;| | 1 < i < d}, and all
s, 1 <s<m.

(2) Suppose N is not connected, that is N (L; =0, N (L1 # 0 for some j.
Then the connected component of N, denoted by N, is defined as

Neon = Uj<s<p (N Ls), where N Ls # 0,Vs,1 < s <k,
and NﬂLk+1 = @

For completeness we set N.,, = N, whenever N is connected. Note that
Neon is the maximal connected subset of N, which satisfies C1 and C2.

(5.11)

One can find explicit examples in the last section, where we have classified the
Lyndon pairs (N, W) in the alphabet X = {z < y}, with |[N| =7, see Subsec. 9.3.
Each of the first 12 pairs (N, W), (7.4.1) through (7.6.12), has connected set of
atoms N. Each of the remaining pairs has a disconnected set of Lyndon atoms, but
we have identified explicitly the connected components N.,,. We illustrate this with
the Lyndon pair (N, W) given in (7.7.15). N is disconnected: N = {x < zy < xy? <
ry?ry® < xy® < zy* < y}. One has N\ Ly = {u = zy?zy®}, and N L = (. In
this case N has a connected component N.,, = N \ {zy?zy3} = N(L5), the set of
atoms corresponding to the Filiform Lie algebra L5 of dimension 6 and nilpotency
class of degree 5
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Suppose N is finite. Clearly, the property "IN is connected” is recognizable.
Moreover, this is a necessary condition so that "€(X, W) = €(X, N) contains the
enveloping algebra U = Ug of some Lie algebra g”, as shows Proposition 5.11.

Definition 5.10. Recall that g is a nilpotent Lie algebra of nilpotency class m if
m is the minimal value for which g™*! = 0, where

g' =g, andg' =[g" " q], t > 2
is the lower central series of g. In this case we shall also write g € M,,,.

Proposition 5.11. Suppose (N, W) is a Lyndon pair, such that the class €(X, W)
contains the enveloping algebra U = Ug of a Lie algebra g. Then the following
conditions hold.

(1) If NN\ Ls = 0, for some s > 2 then N(\Lsyx = 0, for allk > 1. In
particular, N is finite. Moreover, if s is the minimal positive integer with
this property, then g is a nilpotent Lie algebra of nilpotency class s — 1.

(2) If N is an infinite set, then N ()L, # 0 for allm > 1, so N is connected.

(3) Suppose N is a finite set, IN| = d and let m = max{|u| | u € N}. Then
the Lie algebra g is nilpotent of nilpotency class m < d — |X| + 1.

(4) The set N of Lyndon atoms is connected, and [N] is a K-basis for g .

Proof. Tt follows from the hypothesis that there exists a Lie algebra g = Lie(X)/J,
where J is a (graded) Lie ideal whose enveloping U = Ug = K(X)/I, has set of
obstructions W (I is the associative two-sided ideal generated by J). In fact U
determines uniquely the Lyndon pair (N, W), given in the hypothesis.

(1) Assume N Ls; = 0, for some integer s > 2. It follows from the equalities
(5.5) that there is an inclusion of subspaces

L= Span{[[[[mil’xh]a xis] a ]7xle]} CJ
K

This implies that for ¢ > s every nested Lie monomial wy = [[[[s,, %4,], - - - 24, ], ], 24,] €
J, i.e. gis a nilpotent Lie algebra of nilpotency class < s —1. Suppose that s is the
minimal integer with Ny = (). Then g*~! # 0, and ¢° = [[g°"',g] = 0, hence g is a
nilpotent Lie algebra of nilpotency class s — 1, see Definition 5.10.

Part (1) implies straightforwardly part (2).

(4). Suppose that N is a finite set. It follows from Definition 5.9 and part (1)
that N is connected. By part (2) N is connected, whenever it is an infinite set.

(3) Assume that N has finite order |N| = d and m = max{|u| | v € N}.
Without loss of generality we may assume m > 2. The set IV is connected, hence
Ny =N Ls#0,1 <s <m. The equality N =J, ,,, Ns implies

d=|N|=|X|+ Y [NJ>|X|+m—1,

2<s<m

therefore m < d+1— | X]|. It follows from part (1) that g is a nilpotent Lie algebra
of nilpotency class m < d — | X| + 1. d

Corollary 5.12. Let (N,W) be a Lyndon pair, where N is finite. Suppose N is
not a connected set of Lyndon words. Then (i) the class €(X, W) does not contain
the enveloping algebra U = Ug of any Lie algebra g. (4) In particular, [W] is not
a Lyndon-Shirshov basis of the Lie ideal J = ([W])Lie of Lie(X).
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6. MONOMIAL LIE ALGEBRAS DEFINED BY LYNDON WORDS

Asusual, X = {x1, -+ ,x,} is a fnite set and W denotes an antichain of Lyndon
words in XT. Our goal is to find explicitly (in terms of generators and relations)
classes €(X, W) containing enveloping algebras Ug of prescribed global dimension.
As a first step in this direction we introduce and study the monomial Lie algebras
defined by Lyndon words.

6.1. Basic definitions and first properties of Monomial Lie algebras.

Definition 6.1. We say that g = Lie(X)/J is a monomial Lie algebra defined by
Lyndon words, or shortly, a monomial Lie algebra, if J is a Lie ideal generated by
the Lie elements [W] = {[w] | w € W}, where W is an antichain of Lyndon words.
If moreover, the set of Lie monomials [W] is a Grébner-Shirshov basis of the Lie
ideal J = ([W])Lie) (see Definition 6.7) we shall refer to g as a standard monomial
Lie algebra and denote it by gy .

Definition 6.7 is one of the several equivalent definitions of a Grobner-Shirshov
basis of a Lie ideal in Lie(X) (or shortly a GS basis). Proposition 6.12 gives several
equivalent conditions each of which can be used for a definition. For now we shall
use the fact that [W] is a Grobner-Shirshov basis of the Lie ideal J iff the set
[W]ass considered as ”associative” elements of K(X) is a Grébner basis of the
associative ideal I = (Jyss), w.r.t the ordering < on X*, see Proposition 6.12. Our
first examples are classical.

Example 6.2. (1) The free-nilpotent Lie algebra £(m + 1), m > 2, generated
by X, is a standard monomial Lie algebra defined by Lyndon words, see
Corollary 7.3.

(2) The standard Filiform Lie algebra L,,, of dimension m + 1 and nilpotency
class m, see Subsec 7.4.

Each monomial Lie algebra defined by Lyndon words, g = Lie(X)/([W])Lie is
graded by length, and is also positively Z™-graded. Moreover, the two sided ideal
I = (Juss) of K(X) is generated by homogeneous elements and is also Z"-graded,
so the enveloping algebra U = Ug = K(X)/I is (non-negatively) Z™-graded.

Definition-Notation 6.3. A monomial w € X*, has (a non-negative) multi-degree

a = (ag, - ,a,) € Z", a; > 0, if w, considered as a commutative term, can be
written as w = {52 - - - 2%, In this case we write deg(w) = a. In particular, the

unit 1 € X* has multi-degree 0 = (0, --- ,0), and deg(z1) = (1,0, -+ ,0), deg(xz2) =
(0,1,---,0),--- ,deg(xz,) = (0,0,---,1). For each o = (a1, 2, -+ ,a,) € Z™, ; >
0, denote by X, the set X, = {w € (X) | deg(w) = a}. Then the free monoid X*
is naturally Z"-graded:

X = || Xa Xo={1}, XoXpC Xays.
a€Z™,a>0

The set of Lyndon words L inherits this grading canonically, it splits as a disjoint
union
L= |_| L., where L, = LﬂXa.
a€ZX™ a>0
The free associative algebra generated by X is also canonically Z*" -graded:

U=K(X)= @ Uy, where U, = Span X,,, o € Z*".

A
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For example, if X = {x < y}, then

L3 = {zvayyy < vayzyy < zzyyry} = {zzzyyy - soyzyy - rryyry}
Recall that a graded Lie algebra is a Lie algebra endowed with a gradation
compatible with the Lie bracket. The free Lie algebra is naturally Z"-graded:

£ =Lie(X) = @ Loy Lo =Span{[u| |u € Lo}, a= (a1, - ,0n) € Z", o; > 0}
anXTI,

If w € L has multi-degree deg(w) = «, then the standard (right) bracketing [w],

considered as an associative polynomial in 4l is a linear combination of words u €

X, u < w, so [w] € £4, and its highest monomial w.r.t. < is precisely [w] = w.

Sometimes we shall also write

L(w) := Ly, L(Z2w):={ue L(w),u 2w}, L(xw):={ue Llw),u < w}

For example, w = zxxyyy € L3y, L(=< w) = {zxyzyy = zryyry}. Let W be
an antichain of Lyndon monomials in X*. Then the Lie ideal J = ([W])p;. is
multi-graded, J = @, Ja, where J, = J( L, € Z", a0 > 0.

Remark 6.4. Recall that if Z = (W) is a monomial ideal in K(X), where W
is an arbitrary antichain of monomials (W (X = ), then Z is X *-graded. If
f=>cqa€Z, withae Xt ¢, € KX then every monomial @ in this presentation
is also contained in Z, or equivalently, w C a for some w € W. In contrast, a
monomial Lie ideal J = ([W])L:. generated by Lyndon Lie monomials may contain
a Lie element g € J, where g = Y ¢4fa], a € L, ¢, € K*, such that [a] is not in
J for some a. See the following example. Moreover, the reduced Grobner-Shirshov
Lie basis of a monomial Lie ideal J = ([W]) in Lie(X) may contain a Lie element
f € J, which is not a Lie monomial, as shows Example 8.4

Example 6.5. Let W = {zzy}, J = ([z2y])Lie- Then, clearly, g = [[[zzy],y],y] €
J. Consider the equalities:

f=llzzyl,y] = [z, [zyy]] € J,

g= [yl = llzzyl,yl,yl = [l [zyyl], yl = [[xy], [eyyl] + [z, [zyyyl]

= [eyzyy] + [zzyyy] € J.
So [ryxryy] + [xxyyy] = g € J, but the Lie monomials [zzyyy] and [zyxryy] are not
in J. Note that

rryyy = [voyyy] = [yzyy] = yzyy
hence g = [[[zzyl,y], y] = zayyy, w = zoy C 7.

6.2. Grobner-Shirshov bases of monomial Lie ideals, preliminaries. In this
subsection we present in terms of Lyndon words some notions and results from
Shirshov’s theory based on Shirshov’s reqular words. Recently some authors use
the so called ” Lyndon-Shirshov words”, which are analogous to Lyndon words (in
the classical sense), but are defined differently and the so called ” Lyndon-Shirshov
words” can not be used directly (without certain modification), for our theory based
on the original notion of Lyndon word. By convention, throughout the paper we
use the original definition of Lyndon words, following [26] and [21].

Our goal is to simplify the general procedure for finding Grobner-Shirshov bases
in the special case of Z"-graded monomial Lie ideals J = ([W])r; in Lie(X).
For the purpose we combine some known facts about Grébner-Shirshov bases with
results proven in [3], [21], [17] and especially with our combinatorial results in
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this paper. As a first step we yield Proposition 6.12, which can be used in some
special cases to decide straightforwardly (avoiding computations) whether [W] is
the Grobner-Shirshov basis of the monomial Lie ideal J = ([W]) ;.. We next prove
Propositions 6.14, and 8.5 which (in various cases) can be and will be used to find
straightforwardly the reduced Grébner-Shirshov basis of the Lie ideals J = ([W]) Lse
(and avoid the need of heavy computations prescribed by the standard procedure).
As an application, in Section 9 we classify all 2-generated AS-regular algebras U of
global dimension 6 and 7 which occur as enveloping algebras U = Ug, of standard
Lie monomial algebras g = Lie(z, y)/([W]), (in this case [W] is a Grébner-Shirshov
Lie basis).

Recall that if f € K(X) is a nonzero polynomial, then its highest monomial
with respect to the degree-lexicographic order < on X* (with 1 = z3 > -+ > )
is denoted by f. One has f = af + D cicm Qilli, where o, € K, a # 0,
w; € X*,u; < f.

Let w € L be a Lyndon word of length > 2. We know that the right bracket-
ing [u] = [u], and the left bracketing [u]; are Lie elements which (considered as
associative elements) are monic polynomials with equal highest terms

[u] = u = ([ul).

More generally, consider a new bracketing ("rebracketing”) [u]. of u, that is a Lie
monomial, obtained by writing Lie brackets in some way. It is called a regular
bracketing, or a regular Lie monomial of u if it is a monic (associative) polynomial
with highest monomial ([u].) = w.

Suppose 7,u € L, and u is a proper subword of 7,7 = aub,ab € X*. As usual,
[u] denotes the (right) standard bracketing of u. It follows from Shirshov’s results
that there exists a special regular bracketing denoted (7),, of 7 which respects the
bracketing [u] and (considered as associative polynomial) has highest monomial
(7)y = 7. We shall refer to (1), as a regular bracketing of T respecting [u] and
denote it also by (a[u]b) := (7),. Clearly, if u is a proper right segment: 7 = au,
one has (a[u]) = [au]. Suppose T € Ly, then its standard bracketing [7] € Span[L,],
and the regular bracketing (a[u]b) is a Lie element satisfying

(alu)b) = aub=r,
(6.1) (au)b) = [7]+ Ty<rco[v] € Span[Ly,], ¢, € K, Vo.

Moreover, the regular bracketing (a[u]b) is an element of the Lie ideal ([u])r;e of
Lie(X), generated by [u].

Lemma 6.6. Let w be a Lyndon word, w € L. Let w = uv, where u,v are Lyndon
words. If [u]«, and [v]. are regular bracketings (regular Lie monomial) of u and
v, then ([u]v). := [[ulx, [v]«] s a regular bracketing of w = uv respecting [u]. (and

[v]+)-

Proof. Tt follows from the hypothesis that © < uv = w < v < vu. Recall that for
any two elements of the free associative algebra, f,g € K(X) one has

(6.2) 9= ()@
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The following relations are considered in the free associative algebra:

[u]«; [ole] = (fule).([v]«) = ([o].)-([ul)

= w.v < v = (([v])(([u]+)) = ([v].).[u]

Recall that for monomials of the same length in X+ we have a < b iff a > b, so
[u].([v]+) = uv = vau = ([v]4).[u], and therefore

(6.3) ([u]+; [v}] = uo,
as desired. Clearly this bracketing of uv respects both [u]. and [v].. O

Definition 6.7. Let W be an antichain of Lyndon words. The set of Lie monomials
[W] is a Grobner-Shirshov basis of the Lie ideal J = ([W])L:c if every nonzero Lie
element f € J, can be written as

f=clul+ eylv] € SpanL],
v<u
where v = f,c € K*, and u = awb, for some w € W,a,b € X*. Note that in
this case [W] is the reduced Grébner-Shirshov basis of J, and [W,ss is the reduced
Grébner basis of the associative ideal I = (Jgss) in K(X).

Definition 6.8. Let W be an antichain of Lyndon words, W C L\ X.

(1) [2, 3] A 2-prechain is a word w = hbt, where u = hb € W, v = bt € W,
and h,t € X*. A 2-prechain w is a 2-chain if no proper left segment of
w is a 2-prechain. Note that every 2-prechain w is a Lyndon word, see for
example [17], Proposition 6.4.

(2) Suppose w = hbt is a 2-prechain, where u = hb € W, v = bt € W, and
h,t € X*. The difference of Lie elements

(u,)o = ([u]t) = (h[v]) = ([u]t) — [w]
is called a Lie composition of overlap, or also a Lie composition of inter-
section (in the sense of Shirshov).
(3) Suppose u,w € L, with w = aub. The composition of inclusion (in the
sense of Shirshov), corresponding to the pair u,w, is defined as

(w, u)e := [(alulb) — w].

Note that by assumption W is an antichain of Lyndon words, that is no
u € W is a proper sub-word of some v € W. Thus compositions of inclusion,
in the sense of Shirshov, will not occur in the initial step of the procedure
for finding a Grébner-Shirshov basis of the Lie ideal ([W1]) ;.. However, in
the process of resolving a composition of overlap, compositions of inclusion
may also occur.

Remark 6.9. (1) The Lie element (u,v),, = ([u]t)—[w] is in the ideal J. Indeed,
u,v € W, thus ([u]t) € J and (h[v]) = [hw] = [w] € J.
(2) One has ([u]t) = w = ([w], hence, either (u,v), = 0, or

0 # (u,v)w, and (u,v)y < w.
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(3) Suppose a two-prechain w € L, (notation as above). Then each of the Lie
elements ([u]t), and (h[v]) = [w] is in the graded component £, = Span[L,].
Therefore (u,v), = ([u]t) — [w] is a homogenous Lie element of multi-
degree «, or (u,v),, = 0. More precisely, (u,v), € Span[Ly(< w)]. In
particular, if w is the minimal element of L, (w.r.t. =) then, clearly,
(u,v)e = ([u]t) — [w] = 0, and the composition is solvable

Definition 6.10. Suppose w is a 2-prechain of multi-degree «, so w € L,. The
composition of overlap (u,v), is solvable mod [W] if either (u,v),, = 0, or there
exist an explicit presentation

(6.4) (u, )0 = colagwolbo) + c1(aifwi]br) + - - - + ¢j(a;[w;]b;),

where (i) a;w;b; < -+ < ajwiby < apwoby < w are words in Lg; (ii) w; € W,
and (a;[w;]b;) is a regular bracketing respecting the right standard bracketing
[wi], Vi, 0 <i<j.

One can find effectively whether a presentation of the form (6.4) exists. If not,
there exists a unique presentation

(u,v)y = colvo] + - - + ¢s[vs],

where ¢y # 0, w > v, and vy > --- > vs are Lyndon atoms in N () L,. In this case
W is not the obstruction set of the associative ideal I = (J,ss), neither is N the
set of Lyndon atoms for U.

The next corollary follows from Anik’s results, see [3], 2. Diamond Lemma revis-
ited (pp 646-647), part (ii) follows from [21].

Corollary 6.11. If all compositions on 2-chains are solvable, then the compositions
on 2-prechains are also solvable, so (i) [Wlass is a Grobner basis of the associative
ideal I = ([Wass) in K(X); (i) [W] is a Grébner-Shirshov basis of the Lie ideal
([W])Lie'

The following statement is a consequence from well-known results on Grobner
bases, Corollary 6.11, and our assumption that W is an antichain of Lyndon words.

Proposition 6.12. Let (N, W) be a Lyndon pair, let J = ([W]) i be the Lie ideal
of Lie(X), generated by [W], let I be the two sided ideal I = ([W]ass) in the free
associative algebra K(X). Suppose g = Lie(X)/J, so U = Ug = K(X)/I is the
enveloping algebra of g. The following conditions are equivalent.
(1) The set of Lie monomials [W] is a Grébner-Shirshov basis of the Lie ideal
J, see Definition 6.7.
(2) For every 2-chain w = abe,u = ab € W,v = bc € W, the Lie composition
of overlap (u,v), is solvable mod [W].
(3) The set
[N] = {[u] [u e N}
is a K-basis of g.
(4) The set [Wlass (considered as a set of “associative” elements of K(X)) is
a Grébner basis of the (associative) ideal I = ([W]ass) (w.r.t. the ordering
< on X*).
(5) The enveloping algebra Ug = K(X)/I is a graded algebra whose set of
obstructions is W, that is every f € I satisfies f = awb, for some w €

W,a,be X*.
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(6) The set of monomials
N={llyl|s>1, L >l > >, LN, 1<i<s} {1}
is a normal K- basis of Ug.
In this case N is a connected set of Lyndon atoms.

Definition-Notation 6.13. Let (N,W) be a Lyndon pair. We introduce the
following numerical invariants.
m=m(N) :=max{|u| | u € N}
¢=c(W) := min{|w| | wis a two-chain on W = W (N)}.

The following Proposition gives some purely combinatorial conditions sufficient
for [W] to be a Grébner-Shirshov basis of the Lie ideal J = ((W]) Lse.

(6.5)

Proposition 6.14. In notation and assumptions of Proposition 6.12. Let (N, W)
be a Lyndon pair.

(1) Suppose u = ab,v = bc € W, and w = abc is a 2-chain on W of multi-
degree degw = «, or equivalently, w € Ly. If (Lo(< w))\N = 0, then
the composition of overlap (u,v),, is solvable mod [W]. Clearly, this is so,
whenever m(N) < |w|.

(2) Suppose u € W, and w = aub € L,. The composition of inclusion cor-
responding to the pair w,u, (w,u), = [w] — (a[u]b), is solvable mod [W],
whenever (Lo (<X w)) (N = 0. In particular, this is so if m(N) < |w].

(3) Suppose |N| =d < oo, N is connected and some of the following conditions
is in force:

(a) m(N) < ¢(W) that is each 2-chain w on W has length |w| > |ul,Vu €
N;

(b) Every 2-chain w on W is a minimal word in its Z™-component, L,
that is Lo (< w) = 0.

(¢) Every uw € N, belongs to some Z™-component, L., which does not
contain any 2-chain w.

Then [W] is a Grobner-Shirshov basis of the Lie ideal J = ([W])Lie in

Lie(X), the Lie algebra g = gw is a standard monomial Lie algebra with

dimg = d and a K-basis [N]. In this case the enveloping algebra U = Ug

belongs to the class €(X, W) = €(X, N) and is an Artin-Schelter reqular

algebra of gldimU = d.

7. SOME CLASSICAL MONOMIAL LIE ALGEBRA DEFINED BY LYNDON WORDS

7.1. The free nilpotent Lie algebra £(m) of nilpotency class m is a stan-
dard monomial Lie algebra defined by Lyndon words.

Notation 7.1. Denote by J,4+1 the Lie ideal of Lie(X) generated by all m-(left)
nested Lie monomials fy,+1 (length m + 1), see (7.1).

The definition of J,,11 and (5.5) imply

(7.1)
Jm+1 2 Span{ferl = m[miuwh}v o ']7wim]7xim+1] l Ti, € X, 1<s<m+ 1}
= Span[Ly,+1].
Moreover,

(7.2) Jp D Jmg1 D, m > 2.
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Remark 7.2. Suppose that J is a Lie ideal in Lie(X) and g = Lie(X)/J is a graded
nilpotent Lie algebra of nilpotency class m. Then all m-left nested Lie monomials
fma1 of degree > m + 1 are zero in g.

The Lie algebra £(m) = Lie(X)/Jy41 is the free nilpotent Lie algebra of degree
m, see [19].

Recall that L, denotes the set of all Lyndon words of length s,s = 1,2,3,---.
Denote by L(m), m > 2, the set of all Lyndon words of length < m. Clearly, L(m)
is closed under taking Lyndon subword, so C1 and C2 are in force. Let W(m) be
(the unique) antichain of Lyndon words whose set of Lyndon atoms is L(m), so

Lim)  ={uel|lu <m}=U cicmLs

(73) W(m) :=W(L(m)), and (L(m),W(m)) is a Lyndon pair

Consider the Lie algebra
(7.4) m = Lie(X)/J(m), J(m):= ([W(m)])Lic,

where J(m) denotes the Lie ideal of Lie(X) generated by the set of Lyndon-Lie
monomials

(W(m)] = {[w] | w € W(m)}.

W(m)ﬂLs =0,1<s<m, W(m)>D Ly

Corollary 7.3. In notation as above the following conditions hold.

(1) The set [W(m)] is a Lyndon-Shirshov Lie basis of the Lie ideal J(m), so
Sm is a standard monomial Lie algebra, see Definition 6.1

(2) The Lie ideal Jy41 generated by all m-nested Lie monomials (Notation
7.1) coincides with the ideal J(m), generated by the Lyndon-Lie monomials
W), Js1 = J(m).

(3) The free nilpotent Lie algebra £(m) of nilpotency class m is isomorphic to
the standard monomial Lie algebra .., given in (7.4).

(4) Moreover, the enveloping algebra UL(m) is standard finitely presented as

UL(m) = K(X)/([W(m)]ass) = USm,
where the finite set [W(m)]ass s an associative Grobner basis for the ideal
I = ([W(m)]ass) of K(X).
(5) The class €(X,W(m)) contains an AS-regular algebra of global dimension
d = |L(m)|, namely the enveloping algebra U(m) = UL(m).

Proof. (1) Every 2-chain w on W (m) has length |w| > m+2, and the corresponding
composition is solvable, since there are no atoms of length > m + 1. Hence the
set [W(m)] is a Lyndon-Shirshov basis of the Lie ideal J(m) = ([W(m)])Lie- (2)
Clearly, every w € W (m) has length ¢ = |w| > m~+1, hence [w] € [Ly] C J; C Jpt1
(by (7.1) and (7.2)). Since the set of generators {[w] | w € W (m)} for the Lie ideal
J(m) is contained in J, 41, one has

J(m) Q Jm+1.
But L,,+1 C W(m), and (5.5) gives

Spch{[u] | u € Lm+1} = SI?D{H o Hxiuxiz}v o ']’xim]’xim+1]}a
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$0 Jm+1 C J(m), and therefore J(m) = J41. (3) The equality of the two ideals
implies straightforwardly

Fm = Lie(X)/J(m) 2 Lie(X)/Jmi1 = £(m),

S0 Fm is isomporphic to the free nilpotent Lie algebra of of degree m (or nilpo-
tency class m) see Remark 7.2. (3) implies (4). (5) follows straightforwardly from
Proposition 5.6. 0

Remark 7.4. The free nilpotent algebra £(m) with g generators x1,--- ,x, and
nilpotency class N,,, has a K-basis

{lwlwe |J L.,

1<s<m

and dimension
dim £(m) = |L(m)| = ) M(g,i),
1<i<m
where | X| = g, M (g, 1) is the necklace polynomials, or (Moreau’s) necklace-counting
function
g" =) _ dM(a,d).
d|n

One can also use the Witt’s formula

1
|L,| = — E ,u(d)(a)"/d, where p is the Mobius function.
n
d|n

The numbers of binary Lyndon words of each length, starting with length one, form
the integer sequence

2,1,2,3,6,9,18,30, 56,99, 186, 335, - - - .

Corollary 7.5. Let J be a Lie ideal in Lie(X), g = Lie(X)/J, U =Ug=K(X)/I
(in usual notation), and (N, W) is the corresponding Lyndon pair for the enveloping
algebra U. Suppose the set of Lyndon atoms N = N(W) is finite, and m > 2 is the
minimal integer, such that N contains atoms of length m, but there are no atoms
of length m+ 1. Then all m-nested Lie monomials f,4+1 belong to J, so Jy+1 C J,
and therefore the algebra g = Lie(X)/J is nilpotent of degree m. In particular,
m = max{|u| | v € N}.

Remark 7.6. Let g = Lie(X)/J, where J is a Lie ideal in Lie(X), and U = Ug =
K(X)/I be its enveloping algebra. Suppose (N,W) is the Lyndon pair for the
enveloping algebra U, so W is the set of obstructions for U. In general, this datum
does not determine uniquely the Grobner -Shirshov basis of the Lie ideal J. It is
possible that [W] is a Grobner-Shirshov basis of the Lie ideal T' = ([W])L:., and
W is the obstructions set of J, but J # T. However in some ”extreme cases”, see
Corollaries 7.7 and 7.11 the set of obstructions determines uniquely the defining
relations of U, and the ideal I.

Corollary 7.7. Let J be a Lie ideal in Lie(X), g = Lie(X)/J, U =Ug = K(X)/I
(in usual notation), and suppose the Lyndon pair for the enveloping algebra U is
exactly (N, W) = (L(m), W(m)), 7.3. Then J = ([W(m)])Lie
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7.2. The Z2?-graded Filiform Lie algebras, basic facts. Filiform Lie algebras
have been actively studied and numerous works on their algebraic and geometric
properties can be found in the literature. As an application of our approach (and
for completeness) we shall show that each of the classical Filiform algebras £,, and
Q,, has a canonical presentation as a naturally Z? -graded standard monomial Lie
algebra defined by Lyndon words. Similar presentation is given for the infinite
Filiform Lie algebras 9y, but, of course, its set of defining Lyndon-Lie monomial
relations is infinite.

Recall that a finite dimensional filiform Lie algebra is a nilpotent Lie algebra §
whose nil index is maximal, that is § has nil index n, (nilpotency class n), where
dim§ = n + 1. It is well-known that, up to isomorphism, there are two families of
filiform Lie algebras of rank 2.

{L,: n>2} and {Q,: n>5, n odd}.
Both algebras £,, and @, have dimension n 4+ 1. Each of them has a basis

Xo, X1, -+, X,, their nonzero brackets of basis elements are given below.
(75) En : [X(),Xj} = Xj+1, for 1 S] S n — 1.

in [Xo,Xj]:Xj+1,for1§j§n—1
(76) [XjaX’ﬂ—j] = (_1)iX’IL7 for 1 S] S n—1

n > 3, nis odd.

Infinite Filiform Lie algebra 9y, [10], is presented via generators e;,i > 1, and
relations [e1, e;] = e;41,Vi > 2. This algebra was first studied in [32], where was
shown that its enveloping U is an integral domain with a subexponential growth,
not bounded by any polynomial.

Note that if g is a graded Lie algebra generated by generators of degree 1,
g1 = SpanX, then the data dimg =n 4+ 1; g € 9M,, implies

(7.7) (i) 2=dimg, =|X|; (i4) dimgy =1, 2<k <n.

At the same time we have a result on "the minimality of the order |W| of W
independently of the context of Lie algebras. Recall that if (N, W) is a Lyndon pair

in X, with |N| = d, Theorem I implies that W is a finite set with d — 1 < |W| <
d(d—1
2

(7.8) IN|=d, |W|=d-1

. Theorem 4.2 shows that if N is connected then the pure numerical datum

determines uniquely (up to isomorphisms of monomial algebras Ay ): (i) the order
of X, |X| =2, and (ii) the Lyndon pair (N, W) in Xt with |W|=d - 1:

N :{z<_zg_/<:z:yy< <oyt < ayd? < gyl
W = {zylzy'tt |0 <i<d-3}U{ayd 1}

Corollary 7.8. Let X = {x < y}, let d > 2 be an integer, and let (N, W) be the
Lyndon pair (7.9). Then
(1) The set of Lie monomials [W] is a Lyndon-Shirshov Lie basis of the ideal
J = ([W])Lie, so [N] is a K-basis of g, and W is the set of obstructions of
the enveloping algebra Ug.
(2) The 2-generated monomial Lie algebra g = Lie(X)/J is isomorphic to the
standard filiform Lie algebra Lq_1 of dimension d and nilpotency class d—1.

(7.9)
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(3) In particular, the class €(X, W) contains the enveloping U = Ug which is
an AS-regular algebra of global dimension d.

Proof. Each two-chain w on W has multi-degree deg(w) = « = (k, j), where k > 2.
But L, ()N = 0, hence by Proposition 6.14 part (3c) [W] is a Lyndon-Shirshov
basis of the Lie ideal J = ([W])Lie. This implies that [N] is a K basis of g, and W
is the set of obstructions of the enveloping algebra U = K(X)/([W])ass. Clearly,
g = L,, the standard filiform Lie algebra of dimension d + 1, and nilpotency class
d. O

7.3. Proof of Theorem III.

Proof of Theorem III. (1). Theorem 4.2 proves the equivalence of conditions
(1.a), (1.b), (1.c). In this case the Lyndon pair (N, W) is given by (7.9), hence the
hypothesis of Corollary 7.8 is satisfied. This implies that the set of Lie monomials
[W] is a Lyndon-Shirshov Lie basis of the ideal J = ([W])Lie in Lie(X) so g =
Lie(X)/([W])Lie = 9w s isomorphic to the standard filiform Lie algebra Lq4—1 of
dimension d and nilpotency class d — 1. In particular, the class €(X, W) contains
the enveloping U = ULy, which is an Artin-Schelter reqular algebra of global
dimension d. This proves (1)

(2). The equivalences of conditions (2.a), (2.b) and (2.c) follow from [17], The-
orem B (2). In this case n = d and W = {z;z; | 1 < i < j < n}. The class €
contains all binomial skew polynomial rings introduced and studied by the author,
see [14]. Each of them is an Artin-Schelter reqular PBW algebra of global dimension
n, see [18], and also [15], and defines in a natural way a square-free solution of the
Yang-Baxter equation. When | X| = 8 more that 2400 (non-isomorphic) square-free
solutions were found by Schedler via a computer program.

7.4. The Z?-graded Filiform Lie algebras presented as standard monomial
Lie algebras defined by Lyndon words. In this subsection, as an application
of our approach (and for completeness) we show that each of the classical Filiform
algebras £,, and Q,, has a canonical presentation as a naturally Z? -graded standard
monomial Lie algebra defined by Lyndon words.

Theorem 7.9. Let (N,W) be a Lyndon pair, in the alphabet X = {x < y}. Let
J = ((W])pLie, and I be the corresponding ideals, and g = Lie(X)/J, U = Ug =
K(X)/I. Assume that N is connected, with order |N| > 4, and

(7.10) IN()Lm| < 1,Vm > 2.

Without loss of generality we may assume that zyy € N.
The following conditions hold.

(1) N is infinite if and only if
(7.11) N ={zy* | k> 0}U{y}, or equivalently, W = {zy*zy**1 |k >0}.

[W] is a Grébner-Shirshov basis of J, so g = gw is a standard monomial Lie
algebra with a K-basis [N], and g ~ My, the infinite-dimensional Filiform
algebra, see [10].

(2) N is a finite set of order d if and only if one of the conditions (a), or (b)
1$ in force.
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N={zy" |0 <k <d-2yU{y} = N(La-1)
W = {ayfay* ™ [0 <k < d -2} U{zy™ ')
In this case g = gw is a standard monomial algebra with a K -basis [N],

moreover, § = Lq_1, the standard filiform Lie algebra of dimension d

and nilpotency class d — 1.
(b) One has d =2m > 6 and (N,W) = (Noy, Way,), where

Now = A{ay? [0 <5 < 2m =3} Ufay™ 2ay™ 1} U{y} = N(Qam)

(7.12)

(7.13)  Wam = {azy®™ 72, (xy™ 2)(xy™ 22zy™ 1), (zy™ 2zy™ 1) (zy™ 1)}

U{zyFzy* |0 <k <2m —4, and k # m — 2}.

Again, g = gw is a standard monomial algebra with a K-basis [N],
g = Q,, the second type Filiform Lie algebra of dimension d = 2m > 6
and nilpotency class d — 1.

Lemma 7.10. In notation and assumptions as in the theorem, let d = 2m > 6.
Let (N, W) be a Lyndon pair, where N = {x =11 <l < -+ <ly =y} satisfies:

(7.14) IN(\Lil =1, VE,2< k < d.

Suppose xxy € W. The following are equivalent.

(1) [W] is a Lyndon-Shirshov Lie basis of the ideal J, and N contains an atom
different from xy®, for k > 1.

(2)
(7.15) N = Noy = {ay* [ 0 < &k < 2m — 3} J{y} (J{ay™ 22y 1},

and [N] is a K-basis of g.
(3) The Lie algebra g is generated by the set X = {x <y}, W = Wy, and its
Lyndon-Lie monomial relations [W] form a Grébner-Shirshov basis, where
(7.16)
W =Wap, = {ayfay™ [k #m —2,0 <k <2m— 4} U{ay®™ 2, zy™ 2ay™})
UL (ay™2) g™ 2ey™ 1), (wy™ 2ay™ 1) oy )},

Proof. Without loss of generality we have assume zyy € N, hence zzy W. It is
clear that (Nay,, Wa,y,, ) given in (7.15) and (7.16), respectively, is a Lyndon pair.
The implication (2) = (1) is obvious.

We shall prove that for W = Wa,,, the bracketing [W] is a is a Grobner-Shirshov
basis of the Lie ideal J = ([W])Lie, we use Proposition 6.14. Indeed, there are
exactly three-types of two-chains w on W. (a) w € L,, where a = (2, k), k > 2m—2.
Hence |w| > 2m > maz{|l| |l € N} =2m — 1, and N (L, = 0; (b) w € L, where
a = (3,s),s > 3, then, clearly, N (L, = 0; (¢) w € L, where a = (4,5),s > 2m—1,
hence N\ L, = 0 again. It follows from Proposition 6.14 part (1) that in each
of the cases (a), (b), and (c) the corresponding composition of overlap is solvable,
therefore [W] is a Grobner-Shirshov basis of the Lie ideal J. Now the equivalence
(2) <> (3) is clear.

(1) = (2). By the hypothesis of (1) [W] is a Grobner- Shirshov basis of the
ideal J. Moreover N contains an atom of multi-degree (k,s), k > 2,s > 1 Since
zxy € W, and N is closed under taking Lyndon subwords, it follows that N contains
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a subword of the shape xzy*xy™ ---, with k,m > 1. Let u be the shortest word in
N with this property. Clearly, u = zy*zy*T? € N, for some s > 1. Moreover, N
contains a convex subchain

(7.17) h=x<lo=ay<--lg=ay" ' <le =y ‘ay’.

In particular zy*~lzy® € N, with |ry*~lzy®| = 2s + 1, and since N contains no
other atom of length 2s 4 1, one has

(7.18) zy?* e W, xy®***!is not in N,Vt > 0.

We claim that v = I, = xy* 'zy® is the longest Lyndon atom in N, and s = m.
Note first that |u| = [ls41] = |zy*~tay®| = 25 + 1, and our assumption (7.14)
and (7.18) give (a) all elements [ € N with 2 < |l] < 2s + 1 have the shape
| = zy®, 1 <k <2s— 1. This implies an inclusions of sets

(7.19) {ayfay* T [0 <k < s -2} J{ay>} W

We shall prove that N () Lasyo = 0. Indeed, zy?**! is not in N, and there are
no atoms ! € N of length |I| = 2s + 2 of multi-degree a = (3, k), hence it will be
enough to prove that

(7.20) w =2y ey e W

It follows from (7.19) that a = zay,b = xy?**> € W, hence w = zay?® =
(zry)y** ! = z(zy®) is a two-chain on W, w € L£(2,2s). So there is a compo-
sition of overlap:

(wzy, 2y™*)w = ([p2yly® ™) — (2l2y™]) = lway™)) — [way™] € J.
which must be solvable, since by assumption [W] is a GS-Lie basis. Detailed com-
putation implies
[xxy®); — [z2y?®] = clry® tzy* T (modulo J),
1 s+1

for some integer ¢ # 0. Hence [zy*~lzy € J, and therefore v = zy*~ xy
not an atom. All proper Lyndon subwords of v are atoms, indeed these are

xy* tay® € Nyay* € NO<k<s+1y€eN,

s+ is

therefore [ = xy*lzy*t! € W.

This together with the information we already have (i) zy?*, zy* loy**tt € W
and zy®~'zy® is the shortest Lyndon word in which x occurs more than once imply
that that there is no Lyndon atom d € N of length |d| = 2s+2. By assumption [W]
is a GS-Lie basis, so by Lemma 5.11 N is connected, thus N ([ L; = 0,¢ > 2s + 2.

It follows that s = m, and N satisfies(7.15), so N = Na,,, and therefore |N| =
dim g = 2m. Clearly, g is a filiform Lie algebra of nilpotency class 2m — 1, and its
defining Lyndon Lie monomial relations are [Wa,,]. This proves (1) =>(2). |

Proof of Theorem. 7.9. Without loss of generality we have assumed that xyy €
N, hence xxy € W. Two cases are possible: (i) all atoms in N have the shape
zyF k> 1, or (ii)) N contains an atom different from xy*, for k > 1. Assume (i)
is in force. Then every atom u € N of length |u| > 2 has the shape us = xy®,
where 1 < s, and exactly one of the cases (i.1), or (i.2) given below is in force.
(i.1) N contains all words xy®,s > 0, then [N Ls| = 1,Vs > 2. Thus N and W
satisfy (7.11). In this case [W] is an (infinite) Grobner-Shirshov basis of the Lie
ideal J (this can be proved recursively), [N] is a K-basis of g and g = My, the
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infinite Filiform Lie algebra. The case (i.2) is explicitly described by Corollary 7.8.
Assume (ii) is in force, then Lemma 7.10 completes the proof of the theorem . O

Corollary 7.11. Let J be a Z"™ (non-negatively) graded Lie ideal in Lie(X), g =
Lie(X)/J, U = Ug = K(X)/I (in usual notation), and suppose the Lyndon
pair for the enveloping algebra U satisfies one of the conditions (a) N,2W) =
(N(Lyg),W(Ly)), is the pair corresponding to the Filiform Lie algebra L4 of nilpo-
tency class d and dimension the d + 1, see (7.12); or (b) (N,W) = (Nam, Wam),
is the Lyndon pair corresponding to Fillifotm Lie algebra of second type, Qg4, see
(7.15), and (7.16). Then the set of obstructions determines uniquely the Grébner-
Shirshov basis of J and the defining relations of U. More precisely, in case (a)
J=[W(La)lLie)s 8 = La, and U is the enveloping algebra of the Filiform Lie alge-
bra L4, gldimU = d+ 1. and in the case (b) J = [W(Qa)]Lic), 8 = Qd, and U is
the enveloping algebra of the Filiform Lie algebra Qg4, gldimU = d + 1.

Proof. Note that in each of the cases (a) and (b) every obstruction w € W is
minimal (w.r.t. <) in its Z"-component, L, where deg(w) = «. Hence the only
monic homogeneous Lie element f € Lie(X) with multi-degree o and with highest

monomial f = w is f = [w]. Therefore in the special cases when one of the
conditions (a) or (b) holds, the obstruction set W determines uniquely the set of
defining relations R for U, one has R = [W] . O

8. MORE ON GROBNER-SHIRSHOV BASES OF MONOMIAL LIE IDEALS.
APPLICATIONS

8.1. More on Groébner-Shirshov bases of monomial Lie ideals. We have a
natural problem.

Problem 8.1. Given X and a Lyndon pair (N, W), where |N| = d. Decide whether
[W] is a Grobner-Shirshov basis of the Lie ideal J = ([W])L;e in Lie(X).

Proposition 6.12 (2) implies an effective method (Procedure) to check whether
[W] is a Grobner-Shirshov basis of the Lie ideal J = ([W]). Moreover, Proposition
6.14 can be and will be used to simplify the procedure by omitting the unnecessary
computation of compositions corresponding to ”long” 2-chains.

Definition 8.2. (1) We say that a Lyndon pair (N, W) is regular if (i) N is
finite, and (ii) the class €(X, W) contains the enveloping U = Ug of a
Lie algebra g. In this case (i) U is an s.f.p. AS-regular algebra of global
dimension d = |N|, and (ii) the set [N] is a K-basis of g.

(2) We say that the Lyndon pair (N,W) is standard, if [W] is a Grobner-
Shirshov basis of the Lie ideal J = ([W])r in Lie(X). Every standard
Lyndon pair (W, N) with a finite set N is regular, since the class €(X, W)
contains the enveloping algebra U of the standard monomial Lie algebra
gw = Lie(X)/J.

We are interested in Lyndon pairs (N, W), where N is a finite set of order d.
Remark 8.3. Suppose (N,W) is a Lyndon pair, and J = ([W])Li is the corre-
sponding monomial Lie ideal in Lie(X), g = Lie(X)/J, U =Ug .

(1) In general, the reduced Grobuner-Shirshov basis of the Lie ideal J = ([W]) Lie

may contain a Lie element f € J, which is not a Lie monomial, as shows
Example 8.4.
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(2) If N is a finite set of order d, then the monomial Lie ideal J = ([W])Lse
has a finite reduced Grobner-Shirshov basis and determines uniquely the
corresponding Lyndon pair (N W) where W is the set of obstructions for
the enveloping algebra U = Ug. One has NCN. Moreover, the Lie algebra
g = Lie(X)/J is finite dimensional with a K-basis [N] and d = dimg =
IN| < d. The enveloping U = Ug is in the class ¢(X, W) = €(X,N), U
an AS-regular algebra of gldimU = d. The set [W} is not necessarily a
Grébner-Shirshov basis of the Lie ideal J = ([W]) Lse, see Example 8.4.

Example 8.4. Let X = {z < y} and let (N,W = W(N)) be the Lyndon pair,
determined by the set of Lyndon atoms N given below, g = Lie(X)/([W]),notation
as usual :
N = {z<zzy < zzyzy < zeyzyy < zeyryy < cxyryyy < rxyy
< zzyyry < rryyryy < rryyy < rryyyry < xy < ryryryy
< wyryy < zyryyy < ryy < vyyy < y}

IN| =18, m(N)=17, N is connected.
w = {xazy, xyyy} | J{appropriate Lyndon words of length > 7}.
w = (zzzy)yyy = xa(zyyy) is the unique 2-chain of length |w| = 7.

Every 2-chain p on W, p # w has length |p| > 7.

By Proposition 6.14, if a 2-chain p on W has length |p| > m(N) = 7, then the
corresponding composition is solvable. Thus there is only one composition of over-
lap which needs computation, namely the unique composition corresponding to the
two-chain w of length < 7. One has
(8.1)

(zzzy, zyyyy)ew = [lllzzzyl, ylyly] - lzzeyyy]

= [zzyzyyy] — 3[zeyyryy] — dlzryyyry] + 3layryryy] = f

The Lie element f is in J, it is presented as a linear combination of Lyndon Lie
monomials, each of which is in [N] (i.e. normal modulo [W]). Its highest monomial
(wrt. <)is f = [zwyryyy] = zzyryyy of length 7. The set 'y = {f} U[W]
generates J. Moreover, every composition of overlap is solvable, all compositions of
inclusion correspond to certain monomials of length > 8, and therefore are solvable.
The unique composition of overlap corresponding to a two-chain of order 7 is now
solvable, so I'; is a GS-Lie basis of J. Denote

Wo =W\ {u|ueWlul>8,fLCu}
Then the set
I'={s} U Wo
is the reduced GS Lie basis of the Lie ideal J. Note that [ [ ] = {[zzyzyy]} U[Wo]
is not a GS Lie basis of J. Moreover the Lyndon pair (N W) where

N = N\ {zzyzyyy}, B
W = {zzyzyy} UW \{u | v e W, |u| = 8, f = zyryyy C u})
corresponds to the enveloping algebra U = Ug, g = Lie /([W]) Lie = Lie /(T') Lie-
Using the terminology from Definition 8.2, the Lyndon pair (]\7, W) is regular,
i.e. W is the set of obstructions of the enveloping U = Ug (equivalently, [J\Nf ]is a
K-basis of g). However, this Lyndon pair is not standard since the set [W] is not
a GS-Lie basis of the Lie ideal ([W])Lm
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Recall that given a Lyndon pair (N, W), the connected component N, of N is
defined in Definition 5.9 (2).

Proposition 8.5. Let (N, W) be a Lyndon pair, N = {l; <ly <l3--- <lg}. Let
J = ([W])Lie be the Lie ideal in Lie(X), generated by [W], g = Lze( )/J, and let
I be the corresponding associative ideal in K(X). Denote by (N, W) the Lyndon
pair corresponding to the enveloping algebra U = Ug = K(X)/I. Let Neop be the
connected component of N, say Neop, = {l1 =u1 <wug < --- <wus} € N. Then the
following conditions hold.

(1) N = N if and only if [W] is the reduced Grébner-Shirshov basis of J. In
this case N is connected. B

(2) In the general case, one has N C Ngop € N.

(3) W is a finite antichain of Lyndon words, so the monomial Lie ideal J =
(W) Lie has a finite reduced Grébner-Shirshov basis R, and the enveloping
U = K(X)/I is standard finitely presented.

(4) Assume that N is disconnected, then

d=|N| < |Nen|=s<|N|=d

and U is an s.f.p. Artin-Schelter regular algebra of global dimension d<d.
(5) The Lie algebra g has nilpotency class m(N) < m(Neop,)-

Proof. Note first that if [W] is a Grobner-Shirshov basis of the Lie ideal J, then it
is a reduced Grobner-Shirshov basis.

(1). Assume N = N, then W = W, and W is the set of obstructions of the ideal
I, hence [W] (considered as a set of associative polynomials) is the reduced Grobner
basis of the ideal I, and therefore [W] is the reduced Grébner-Shirshov basis of the
Lie ideal J. Conversely, if [W] is the reduced Grébner-Shirshov basis of the Lie
ideal J then [W] (considered as a set of associative polynomials) is the reduced
Grobner basis of the (associative) ideal I, hence W is the set of obstructions for U,
anszVV, hence N = N.

(2) Suppose a € N is an atom for U, then a is normal modulo I (equivalently, a
does not contain as a subword the highest term of any element g € I). In particular,
for every w € W we have [w]qss € I, and [w]ass = w, hence w C a is impossible, so
a € N. This proves N C N, but since N is connected, one has N C Neon, € N.

(3) Without loss of generality we may assume that [W} is not a Grobner-Shirshov
basis of the Lie ideal J. It follows that there exist a 2-chain w = hbt where

=hbe W, v=>~b¢cW, and h,t € X, such that the Lie composition of
overlap

(u, )0 = ([u]t) = (h[v]) = ([u]t) — [w]
is not solvable. Let w be the minimal 2-chain with this property. Recall that the
composition (u,v), € J. Since it is not solvable, we can present it (modulo J) as
a linear combination of Lie monomials,

(u, )0 = afw] + 321 <, @ilwi] = f (mod J), where

8.2 =
(8.2) f=w»w;, w,w; €N, a,o; € K,a#£0,1<i<m.

This implies that the monomial w is not a Lyndon atom for U, and N C N \ {w}

In fact the Lyndon pair (N W) is uniquely determined by the ideal I, where W is
the set of obstructions for I, equivalently it is determined by the Lie ideal J. We
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have shown that N is finite, with |N| —d<d= |N|, therefore, by Theorem B, W
is also finite and satisfies

dd—1) d(d—1)

2 < 2
It follows that U is standard finitely presented, and the reduced Groébner-Shirshov
basis of the Lie ideal J is also finite.

Note that the Lie element f found in (8.2) is in the reduced Groébner-Shirshov
basis of J. One can effectively find the the reduced Groébner-Shirshov basis of J,
applying a standard procedure for constructing a Grobner-Shirshov basis of J, but
this is not in the scope of this paper.

(4). The set of Lyndon atoms N is connected and N C N implies N C N, C N.
Part (5) is clear. O

Corollary 8.6. Suppose (N,W) is a standard Lyndon pair with |[N| = d. Then
the universal enveloping algebra U = Ug = K(X)/I is an AS-regular algebra of
global dimension gldimU = d = |N| = GKdimU. Clearly, then the class €(X, W)
contains AS-regular algebras of global dimension d = |N]|.

W <

8.2. Nontrivial disconnected extensions of standard Lyndon pairs. In this
subsection X has arbitrary finite order n > 2. In the cases when Filiform algebras
occur, X = {z < y}, as usual.

Definition 8.7. Let (N*,W*) be a standard Lyndon pair (that is [W*] is a
Grobner-Shirshov basis of the Lie ideal J = ([W*])r in Lie(X)). A Lyndon
pair (N, W) is called a nontrivial disconnected extension of (N*,W*) if N is dis-
connected and N* = N,,, g N.

Proposition 8.8. Suppose (N,W) is a nontrivial disconnected extension of the
standard Lyndon pair (N*,W*), where |N*| = |Neon| = d. In notation as usual,
J = ([W])Lie is the corresponding Lie ideal in Lie(X), g = Lie(X)/J, and U = Ug
is the corresponding enveloping algebra. The following conditions hold.

(1) [N*] is a K-basis of g.

(2) The enveloping algebra U is in the class €(X,W*) = €(X,N*). U is an
s.f.p. Artin-Schelter reqular algebra with gldimU = d < |N/|.

(3) Furthermore, assume that (N*,W*) satisfies one of the following condi-
tions: (a) N* = N(Lg); (b) N* = N(Qq); (¢) N* = L(m), (the set of all
Lyndon words of length < m Then
(a) [W*] is the Grobner-Shirshov basis of the Lie ideal J.

(b) The monomial Lie algebra g = Lie(X)/([W])Lie coincides with the
standard monomial algebra gw+ = Lie(X)/([W*]) Lie

(¢) The enveloping algebra U = Ug = K(X)/([W]) = K(X)/I has defin-
ing relations [W*ass which form a (finite) Grobner basis of the corre-
sponding ideal I in K(X) .

Proof. (1) As in Proposition 8.5 denote by (N, W) the Lyndon pair corresponding
to the enveloping algebra U = Ug = K(X)/I. It will be enough to prove (N, W) =
(N*,W*). By Proposition 8.5, and by the hypothesis one has

(8.3) N C Ngop = N*.

We shall prove that N* C N , that is every Lyndon word a € N* is normal modulo
J. We claim that a word a € N* can not be affected in the process of resolving
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a composition of overlap corresponding to some 2-chain on W. Indeed, consider
the set of two-chains on W. Denote by m* = m(N*) the maximum of all lengths
of words in N*. Note that if a word w € W has length |w| < m*, then w € W*.
Suppose w is a two-chain on W. Two cases are possible (i) w = ut = hv,u,v € W,
has length |w| < m, then w is composed out of the Lyndon words u,v € W, of
lengths |u| < m*,|v] < m*. It follows hat u,v € W*, so w is a two-chain on
W*. Then the composition of overlap induced by w does not affect any of the
elements a € N*, since (N*,W*) is a standard Lyndon pair. (ii) w = ut = hv
has length |w| > m 4+ 1. Then the composition of overlap, induced by w is either
0, or it is a linear combination of elements [b;], with the same multi-degree as w,
b; € L(w),b; < w. But |w| > m + 1, hence L(w)(N* = (. It follows that the
composition of overlap induced by w can not affect any of the Lyndon words in
N*. We have shown that every Lyndon word in N* is normal modulo the ideal
(W])pie = J. Therefore N* C N, which together with (8.3) implies the desired

equality N* = N. This implies, that there is an equality of Lyndon pairs

(8.4) (N, W) = (N*,W™*).

Hence [N*] is a K-basis of the Lie algebra g. Part (2) is straightforward. In
particular U € €(X,W*) = €(X, N*)

However, as we have already discussed, in general, the set of obstructions W*
of U does not determine the Grébner-Shirshov basis of the ideal J = ([W])Le, its
elements are not necessarily Lyndon Lie monomials.

Part (3) follows from Corollary 7.7, and Corollary 7.11. We see that under the
restrictive hypothesis of part (3) the set of obstructions W* determines explicitly
the the Grobner-Shirshov basis of the Lie ideal J = ([W]) i, and the relations of
the AS regular algebra U. O

8.3. The Fibonacci monomial algebras F;,, and the Lie algebras g, =
Lie(X)/([W(Fy)]). In this subsection X = {& < y}. In [17], section 7, we define
the sequence of Fibonacci-Lyndon words {f.(x,y)} recursively, as follows: fy :=
x, f1 ;= y and, then for n > 1

(8.5) fon = fon—2fon—1,  font1 = fonfon—1 = fon—2fon—1fon—1.

This give the sequence

o123 | 4 | 5 | 6
vy xy | zyy | wyzyy | ayzyyzyy | syzyyzyzyyzyy.

Note that if we let a be fo(x,y) = xy and b be f3(x,y) = zyy, then the Fibonacci-
Lyndon word fu(a,) = funr2(z, y).
Facts 8.9. [17] The following holds:

a. The word f,(x,y) is a Lyndon word and its length is the n’th Fibonacci
number.
b. For the lexicographic order we have

fo<fo<- - < fon < < fopy1 < - < f3 < fr.

Let W(Fy) consist of all Lyndon words fon—2fon and fop+1fon—1, wheren > 1. A
Lyndon word w in x and y is not in the ideal (W(Fy)) of K(X) if and only if w
is a Fibonacci-Lyndon word.
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Let W(F,,) be the antichain of all minimal elements in W(Fy) U {fn(z,y)},
with respect to the divisibility order ”. (This is a finite set, since f, is a factor of
the Fibonacci-Lyndon words later in the sequence.) The corresponding monomial
algebra

Fo = K(X)/(W(Fy))
is called the Fibonacci-Lyndon monomial algebra, [17] (or shortly, the Fibonacci
algebra ).

The set of Lyndon atoms with respect to the ideal (W (F},)) in K(X) is N(F,) =
{fo,---, fn—1}. We shall call the corresponding Lyndon pair (N(F,), W (F,)) the
nth Fibonacci Lyndon pair. The monomial algebra F, has Hilbert series Hp, =
H?:_()l (1 — ti#:y=1 where f; is the i’th Fibonacci number. Clearly, the global
dimension and the Gelfand-Kirillov dimension of F;, are both n. Proposition 8.1.,
[17] states that the Fibonacci-Lyndon monomial algebra Fg does not deform to a
bigraded Artin-Schelter regular algebra.

Corollary 8.10. [17] The class €(X, W (Fg)) does not contain AS-regular algebras.

The next corollary is a particular case of Proposition 8.8, part (3), and shows that
each Fibonacci pair (N (F,,), W(F},)), with n > 4 induces different defining relations,
[W(F,)], for the corresponding monomial Lie algebra g,, = Lie(X)/([W(F,)]) Lie,
but the result is isomorphic to the same Lie algebra: g,, = Lie(X)/([W (F,)])Lie =
L3, the 4-dimensional Filiform Lie algebral!

Corollary 8.11. Let X = {z < y}. Let (N(F,),W(F,)) be the nth Fibonacci
Lyndon pair, n > 4. Denote by J(F,) the Lie ideal generated by [W(F,)] in
Lie(X), gn = Lie(X)/J(F,), I, denotes the two sided ideal I, = ([W(F})]ass) in
K(X), U, =Ug, = K(X)/I, is the enveloping algebra of g,. Then
(1) The class €(X,W(F,)) = €(X, N(F,)) contains an AS-reqular algebra oc-
curring as an enveloping algebra U of some Lie algebra g if and only if
2<n<4.
(2) N(Fy) = {z < zy < ayy <y} = N(L3), ga = Lie(X)/J(r,)) = L3, the
standard Filiform Lie algebra of dimension 4.
(3) Letn > 5, then the connected component of N(F,,) is exactly N(L3). There
are equalities J(Fy,) = J(Fy), I, = Iy, Vn > 4, and

o = Lie(X)/J(Fp) & L3, Uy, = Uy = ULy, ¥n > 4.
In particular, U, € €(X, W (Fy)), gldimU,, =4 for all n > 4.

9. TWO-GENERATED AS-REGULAR ALGEBRAS OF GLOBAL DIMENSIONS 6 AND 7,
OCCURRING AS ENVELOPING OF STANDARD MONOMIAL LIE ALGEBRAS

In this section we prove one of the main results of the paper, Theorem IV.
9.1. More properties of Lyndon pairs.

Remark 9.1. Suppose (N, W) is a Lyndon pair in the alphabet X = {zy, -+ ,z,},
N = {ll <ly < l3 < ld+1}, let m = max{|l| | l e N} . Then [} = X1, ld+1 = Tp,
and the following conditions hold
(1) Assume u € N\ X is maximal w.r.t. C, that is u is not a proper subword of
any | € N (this is always so if |u| = m). Then the set No = N\ {u} satisfies
conditions C1 and C2. Let Wy = W(Np) be the corresponding antichain so



42 TATIANA GATEVA-IVANOVA

(No, W) is a Lyndon pair, (| No| = d). Let Ag = Aw,, be the corresponding
monomial algebra. Then every algebra A € €(X,Wy) = €(X, Ny) satisfies
GKdim A = d = gldim A.

(2) Conversely, let (Ng, Wy) be a Lyndon pair, with |Ny| = d. Suppose that
u,v € Ng,u < v are such that w = uv € Wy, or, equivalently, w = wv is
not in Ny, but every Lyndon sub-word of uv belongs to Ny. Then the set
N = Ny |J{w} satisfies conditions C1 and C2. Let W = W(N) be the
corresponding antichain of Lyndon words, so that (N, W) is a Lyndon pair,
one has [N| = d + 1, and every algebra A € €(X,W) = €(X, N) satisfies
GKdimA =d+1=gldimA.

Problem 9.2. Given a full list B, of all Lyndon pairs (N, W) with |N| =d, (up
to isomorphism of monomial algebras Ay ). Find the list PB441 all Lyndon pairs
(N, W) with |N| =d+ 1, (up to isomorphism of monomial algebras Aw ).

Remark 9.1 gives a base for the strategy, conditions (2) and (1) can be and will
be used for inductive classification of all Lyndon pairs (N, W) in X+, with a fixed
order |[N| = d + 1. The interested reader may find a procedure for an effective
solution of Problem 9.2 in [20].

Till the end of the section we assume X = {z < y}. Applying directly our
strategy, we have found the sets P and P; independently of [20], and without
using computer programs. In Subsections 9.2, 9.3 we give lists of Lyndon pairs
(N,W) in X*t, where X = {z < y} and |N| = 6,7. The enumeration (6.m.j), or
(7.m.j) stands for a Lyndon pair (N;, W;), where m = m(XV;) is the maximal length
of all word I € N;. In each case when IV is not connected we identify the connected
component N.,, =: N*, and we prove that (in these cases) (N*, W*) is a standard
Lyndon pair, corresponding to an explicitly given standard monomial Lie algebra
gw~. Note that, in general, for large values of d this is not true.

9.2. A complete list of Lyndon pairs (N, W) where |N| = 6.

(6.4.1) N, ={z < 2%y <2y < 2y < 2® <y},

Wi = {2%y, 2?y? 2Pyay, yay®, ayay® oy')
(6.4.2) N ={z < 2%y < 2%y* < 2y < 29* < y},

We = {2%, oy’ 2®yay zyzy®, ®y2®y?, 2?yPay}
(6.5.3) Nj ={r<zy< ry? < zyd < xry4 <y} =N(Ls)

W3 = {xyzxyl+17 O S 1 é 37 xyo}
(6.5.4) Ny = {z < zy < zyry® < zy® < 2y® <y} = N(Qs)

Wy = {2%y, ayayzy®, zyzyey®, ay’ey’, zy'}
(6.5.5) Nj ={z < zzy < 1Yy < 2YTY? < WYY < Y}, N* = N(£(3)
(6.7.6) Ng ={z <zy < 2y? < xy?xy’ < zy3 <y}, N* = N(Ly))
(6.7.7) N7 = {z < 2y < ayzyry® < vyry’s < zy? <y}, N* = N(L3))
(6.8.8) N(Fs) = {z,y,zy,zyy,zyzyy, xyzyyzyy}, N* = N(L3))

N* := Ny, is the connected component of V.
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9.3. A complete list of Lyndon pairs (N, W) where |N| = 7.

(7.4.1)
(7.4.2)
(7.4.3)
(7.5.4)
(7.5.5)
(7.5.6)

(7.5.7)

(7.5.8)
(7.6.9)
(7.5.10)

(7.5.11)

Ny = {x < 23y < 2%y < 2%y < 2y < 23 <y},

Wy = {aty, 2®y?, 23ya?y, Pyxy 2Pyzy, zyzy?, y?ay, vyt}

Ny = {x < 23y < 2%y < vy < ay® < 2y <y},

Wy = {aty, 2%y? a*y?, 2ya?y, ?yxy, zyzy?, cyzy®, vy}

N3 = {z < 2%y < 22y < 2y < 2y® < 2y® <y},

Wy = {23y, 2%y3, 2?yay, zyzy?, 22y’zy, ?yz?y?, vy?ay®, oy}

Ny = {x < 2y < zyry? < 2y® < 2y < 2y* <y},

Wy = {2y, aya¥ay?, e¥ay’ay?, Vay®, cyley®, vyPay® xy®}

N5 = {z < 2%y < zy < 2y® < 2y < oy <y},

Ws = {aby, 2?92, 2®yxy, zyxy?, zy’ey®, ey, oy}

Ng = {z < 2%y < 2y < zyxyy < zy? < 2y° <y},

W = {2y, 2%y?, zayzy vyzyzyy, vyzy® zyzy’zy® zy’ay®, ay}

Ny = {x < 2%y < 2%y2y < 2%9y% < 2y < 29% < y},

Wy = {2y, 2*ya?yxy, B?yzyay, 2 yaya?y?, o?ya?y?, zyzy?,
z?yPwy, vy}

Ng = {z < 2%y < 2%y? < 2y < zyay? < zvy? < y},

Wy = {2%y 2?yzy 2?yz?y? 2?y oy syzyzy? zyzy?zy® vy},

Nog = {z <zy <zy® <zy® <ay' <ay® <y},

Wy = {zy'zy'™,0 < i < 4} U{zy°}

N = {z < 2%y < 2%yxy < vy < 2y® < 2y3 <y},

W = {ay, 22y?, 2?yalyzy, ?yzyzy, zya?, zyiey®, vyt}

N = {z < 23y < 2%y < zy < vyzy® < 2% <y},

W= {$4y, x2y2, xygv o }

N = {z < zy < zyzy® < vyxy® < 2y? < 2y < y},

W = {zzy zy* -}

N = {J: < mzy < xzyxy <zy < xya:yz < xyz < y},

N = {x < 2%y < 2%9y? < 22y%2y < 2y < 29° < ¥},

N* = {r < 2%y < 2%9? < 2y < 2y® <y} = N,

N={z<azy<ay’<azy’ry’ <ay’> <ay* <y},m=17,

N = {z <y < zyxy® < zy® < (zy?)(zy®) < 2y’ <y},

N ={z <2y <zy <azy’ < (zy°)(zy®) < 2y® <y},

N*={z < 2%y <zy <ay? <azy’ <y} =Ny,

N = {z < zy < (zy)(zyzy®) < zyzy® < zy® < zy® <y},

N = {z <2y < (2%y)(2*y?) < 2%y < 2y < zy® <y},

N* = {r < 2%y < 22y? < 2y < 2y® <y} = Ny,

N = {z < 2%y < 2y < zy(zyzy?) < zyzy? < xy? <y},

N = {z < 2%y < zy < zyzy® < (zyzy®)(zy?) < zy* < y},

N = {z <ay < zyzy® < (zyzy®)(zy®) < 2y® < zy® <y},

N = {z < zy < (zy)(zyzy?®) < zyzy® < (vyzy®)(zy®) < zy® <y},

N ={z <azy <zy® <ay® < (zy°)(zy?) < 2y <y},

N = {z < ay < (zy)(zyryry®) < (zy)(ryry®) < zyzy® < zy* <y},

N ={z <zy <zy® < (2y®)(zy’zy?®) < zy’azy® < zy® <y},

N ={z <ay <ay® <azy’azy’® < (zyzy®)(zy®) < ay® <y},

N = {z, zy, zyxy?, (zyzy®)(xy?), (eyzy*cy?) (zy?), 2y* < y},

N = {z, zy, zy(zyzy?), (zyzyzy?) (zyzy?®), zyzy?®, zy® < y},

N = N(F7) = {z,y, vy, xyy, xyryy, vyryyryy, (xyryy) (cyryyryy) },

43

N* = N(£(3))
N* = N,

see (6.4.2)

N* = N(L5)
N* = N(Qs)
N*=N;

see (6.4.1)

N* = N(Q5)
N* = Ny

see (6.4.2)

N* = N(£(3))
N* = N(£(3))
N* = N(Q5)
N* = N(L3)
N* = N(L5)
N* = N(L3)
N* = N(Ly)
N* = N(Ly)
N* = N(L3)
N* = N(L3)
N* = N(L3).
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The enumeration (7.m.j) indicates that m = m(N;) := max{|l| | [ € N;}. The
connected component of N is N* := N,,,, £(3) denotes the free nilpotent algebra
of nilpotency class 3, and L4 is the Filiform Lie algebra of dimension d + 1.

Theorem IV. Let X = {z <y}, and (N,W) be the Lyndon pairs in X given in
subsections 9.2 and 9.3. For each such pair J = ([W])Lie is the Lie ideal of Lie(X)
generated by (W], g = Lie(X)/J, I denotes the two sided ideal I = ([Wlass) in
K(X), soU =Ug= K(X)/I is the enveloping algebra of g.
I Suppose |[N| = 6. Then
(a) There are eight Lyndon pairs (N;, W;),1 < j <8, up to isomorphism
of monomial algebras Aw, see the list 9.2. Suppose (N;, W) is from
this list.
(b) The algebra U; = K(X)/([Wi]ass) s an Artin-Schelter regular algebra
of global dimension 6 if and only if 1 < ¢ < 4. In this case U; €
(X, W,).
(c) The class €(X, N(Fs)) = €(X, Wyg) does not contain any Artin-Schelter
regqular algebra.
(d) The class €(X,W;), 5 <i <7 does not contain AS regular algebras U
presented as an enveloping U = Ug of a Lie algebra.
(e) For 5 <1i < 8 the algebra U; is an AS regular algebra with gldim U; <
5.
IT Suppose |[N|=7. Then
(a) There are 30 Lyndon pairs (N;, W;),1 < i < 30, up to isomorphism
of monomial algebras Aw, see the list 9.3. Suppose (N;, W;) is a pair
from this list.
(b) The algebra U; = K(X)/([Wilass) is an Artin-Schelter regular algebra
of global dimension 7 if and only if 1 < i < 9. In this case U; €
(X, Wy).
(¢) Each class €(X,W;), 12 < i < 30, does not contain any AS regular
algebra U presented as an enveloping U = Ug of a Lie algebra.
(d) For 10 <i <30, U; is a finitely presented AS regular algebra of global
dimension gldimU; < 6. These algebras are identified in Corollary
9.4, and Remark 9.3.

Proof. 1. (b) Consider the Lyndon pairs (N;, W;),1 < i < 4 given in subsection 9.2.
We claim that each of the sets [W;] is a Grobner-Shirshov basis of the Lie ideal J;.
Note that for j = 1,2 the number m; = max{|u| | u € N;} is m; = 4, and the
minimal length of a 2-chain is ¢; = 6 > m;. Indeed, w = (zyzyy)y = zy(zyyy) is
the only 2-chain on W; with length |w| = 6. All remaining 2-chains have lengths
> 6. It follows from Proposition 6.14 (3.a), that all compositions of overlap are
solvable, hence [W;] is a Grobner-Shirshov basis of the Lie ideal J; = ([W;]) Lie-
For i = 3,4 we use the results from subsections 7.2 and 7.4. The Lyndon pair
(N3, W3) determines gz ~ L5, the standard 6-dimensional Filiform Lie algebra of
nilpotency class 5, while the pair (Ny, Wy) determines g4 ~ Qg, the second type
Filiform algebra of dimension 6. In particular, each of the sets [W;],i = 3,4 is a
Grobner-Shirshov basis of the Lie ideal J;, and the set [N;] forms a K-basis of g;,
i =3,4. It follows that U; = Ug; € €(X,W;) for all 1 < i < 4. Moreover, U; is an
Artin-Schelter reqular algebra of gldim U; = 6. Part (d) implies that for 5 < i <8,
[W]; is not a Grobner-Shirshov basis, and gldim U; < 5. This completes the proof

of (b).
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(¢) By Corollary 8.10 the class €(X, W (Fps)) does not contain AS-regular alge-
bras.

(d) Each of the sets N;, 5 < i < 8 is not connected, hence by Corollary 5.12; the
class €(X, ;) does not contain the enveloping algebra U = Ug of any Lie algebra
g. In particular, [W;] is not a Lyndon-Shirshov basis of the Lie ideal J; = ([W;]) Lie
of Lie(X). For i,5 < i < 8 (N;,W;) is a nontrivial disconnected extension of its
connected components N} = (N;)con, which is identified explicitly in the list. We
use Proposition 8.8 to identify the Lie algebra g; = Lie(X)/[W;])Lie, 5 < i < 8, and
Ug;. In the case (6.5.5) the connected component NZ = L(3) -the set of all Lyndon
words of length < 3. Proposition 8.8 implies that W = W(Ny) = W(L(3)),
satisfies ([W2])pie = ([Ws])rie = J5. The set [WZ] is a Grobner-Shirshov basis of
the Lie ideal J5. Moreover, g5 = Lie(X)/Js = £(3), the free nilpotent Lie algebra of
nilpotency class 3. Its enveloping algebra Us = U£(3) € €(X, W (L3)) is an Artin-
Schelter regular algebra of gldim Us = 5. In case (6.5.6) N = N(Ly4), so (Ng, Ws)
is a nontrivial disconnected extension of the standard Lyndon pair (N (Ly), W(L4)),
corresponding to the Filiform Lie algebra £4. Proposition 8.8 again implies that
Jg = ([W(£4))])Liea hence g = L4, and Ug = Ugg = ULy, Ug € Q:(X,W([,4))
is an Artin-Schelter regular algebra of gldim Ug = 5. In each of the cases (6.7.7)
and (6.8.8) g; = L3, so U = Ug,; € €(X,W(L3)) is an AS regular algebra with
gldimU; = 4, i = 7,8. Part I of the theorem has been proved.

IT. (b) We shall prove that for 1 < ¢ < 9 the Lie algebra [W]; is a Grobner-
Shirshov basis of the Lie ideal .J;. We split this in several cases.

(b.1). The cases (7.4.1), 1 <14 < 3. For each of the Lyndon pairs (N;, W;), the
maximal length of a Lyndon atom is m = 4, at the same time the minimal length of
a two-chain on W is 6, so Proposition 6.14 implies that all compositions of overlap
are solvable, and [W;] is a GS-basis of the Lie ideal J; = ([W;])rie. Therefore
U; € €(X,W;) is an AS regular algebra of gldimU; =7

(b.2) The Lyndon pairs (Ny, Wy), (N7, Wr), (Ns, Ws) are similar. For i =4,7,8,
the maximal length of Lyndon atoms in N; is m; = 5, and the minimal length
of a two-chain on W; is ¢; = 6. Proposition 6.14 implies again that [W;] is a
Grobner-Shirshov basis of the ideal J;, and U; € €(X,W;) is an AS regular algebra
of gldimU; = 7.

(b.3) The Lyndon pair (Ng, W) corresponds to the standard filiform Lie algebra
L7, in particular [Wy] is a Grobner-Shirshov basis of the Lie ideal Jy.

(b.4) It remains to consider only two cases: (7.5.5) and (7.5.6.) We have

(7.5.5) N5 ={z <2?y <ay<ay? <ay® <ay* <y}, m(Ns)=5
= {z%y, 2%y?, zayzy, zyzy?®, ey, zyPay?, oy}

(7.5.6) Ng={z <2y < 2y < 2yryy < 29* < 29> < y}, m(Ng) =5
Ws = {2%y, a*y?, zayzy zyzyryy, vyry® zyzy’cy® ay’cy®, vy}

For i = 5,6 there is unique 2-chain of length 5, w = (zzzy)y = z(zzyy), on W;.
The 2-chain w implies the following composition of overlap

(zazy, zeyy), = eyl y) = [z, [zeyyl] = [[z, 22y],y] = [2, [z2yy]]
o) = [loy, x2y] + [z [ezy. ] — [z, [ewyy)]
' ~[ray, ay] + [[awryy) - [erayy)
—[zzy, zy] = —[xzyzy] € Span[W;], i =5,6.
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Hence this composition is solvable. All remaining 2-chains on W; have length
> 6 > m(V;), i = 5,6, hence the corresponding compositions are solavble. It
follows that [W;] is a GS basis of the Lie ideal J;.

The cases (7.x.1), where 13 < ¢ < 30. Then each of the pairs (N,W) is a
nontrivial disconnected extension of a standard Lyndon pair (N*, W*), therefore by
Corollary 5.12, [W;] is not a Lyndon-Shirshov basis of the Lie ideal J; = ([W;]) ;e of
Lie(X). Moreover, the class €(X, W;), 13 < ¢ < 30 does not contain the enveloping
algebra U = Ug of any Lie algebra g. Explicit details for the Lyndon-Shirshov basis
of the Lie ideals J;, the corresponding monomial algebras g and their enveloping U
in these cases are given in Corollary 9.4.

It remains to study the cases (7.5.10), (7.5.11), (7.6.12), where the Lyndon pair
(N, W) has connected set N, but [W] is not a Grobner-Shirshov basis of the Lle
ideal J. Detailed information for each of these cases is given in Remark 9.3. (]

Remark 9.3. In notation and assumptions of Theorem IV.
(1) The Lyndon pair (Nyg, Wip) given in (7.5.10) defines a Lie algebra g whose
enveloping U = Ug has Lyndon atoms N and relations [W], where
N ={z <azy <zy <ay?<azy’ <y}
W = {23y, 22y?, 2%wy, zyx?, xy’oy3, vyl
This is exactly the Lyndon pair (N7, W) given by (6.4.1). Moreover, the
GS- basis of the Lie ideal Jyg is [W1], so g = gw, has basis [N1], and is 6

dimensional, Uyp € €(X, W7) is an AS regular algebra with gldim Uyy = 6.
(2) The Lyndon pair (N11, W11) given in (7.5.11) defines a Lie algebra g whose

enveloping U = Ug has Lyndon atoms N and relations [W], where

(9.2)

N={z<ady<ay<azy<mzy? <y}
W = {zty, 2*y?, Pya’y, 2Pyay, wya®, vy}
The monomial algebra Ay is isomorphic to Ayw,, corresponding to case

(6.4.1). U € €(X, W is an AS-regular algebra of gldim U = 6.

(3) For the Lyndon pair (Nq2, Wi2) given in (7.6.12) one has g = Lie /([W12]) ~
Qs, the second type filiform Lie algebra of dimension 6, U = UQ5; €
C(X,W(Qs)) is an AS regular algebra with gldimU = 6.

Proof. We give a proof of (1). Consider the pair (Nig, Wig), given in (7.5.10).
For simplicity we set N = Ny, W = Wi, J = Jig,I = I19. The two-chain w =
zxxyy = (zzzy)y = x(xeyy) on W gives a composition of overlap, (zzzy, xxyy)wy,
as in (9.1), so the same computations imply that (zzxy, zzyy), = —[zzyxy] € J.
By assumption zzyzy € N, thus [zzyzy] € [N][()J, and therefore the composition
(xxzy, xXYY), is DOt solvable. It follows that [Wio] is not a Grobner Shirshov basis
of the Lie ideal Jyo. Consider Ng = N\{zzyzy}. It is easy to show that the (actual)
Lyndon pair corresponding to the ideal Iq is the pair (]Tf7 W) given in (9.2). But
this is exactly the Lyndon pair (6.4.1) (N1, W7). Hence the the Grébner-Shirshov
basis of Jyg is [W] = [W1], see (6.4.1), g = gy is 6 dimensional and Ujp is an AS
regular algebra of global dimension 6, Uy € €(X, W)

Parts (2) and (3) are verified by similar arguments. In the case (2), (7.5.11) one
shows that (zayy, zyyy)., = [zy, xyy] € Ji1 () N11; and in the case (3) (7.6.12) the
composition (zzy, yyyy)e = [ryzyyy] € Ji2() N12. Analogous argument as in (1)
completes the proof. ([l
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Corollary 9.4. Notation and assumptions as in Theorem IV, part II. Let (N, W)
be a Lyndon pair listed in subsection 9.3, denote its connected component by N* =
Neon, (N*,W*) is the corresponding Lyndon pair.
(1) In each of the cases (7.8.23), (7.9.25), (7.11.28), (7.12.29), (7.13.50)
N* =N(L3)={x<azy<azyy <y}, W*=W(Ls)= {zzy,zyzy? 2y°}.
J o = (W]Lie = ((W(Ls))Lie, 9= Lie(X)/J ~ L3,
U =Uge€(X,W(Ls)), is an AS regular algebra with gldim U = 4.
(2) In each of the cases (7.7.20), (7.8.21)
N* ={z <2’y <ay<zy? <y} =L(3)=N(L£(3)), W*=W(3) = W(£L(3)).
J = (Wi = ((WB))rie = J3, 9= Lie(X)/J ~ £(3)
U =Uge&(X,W(3)), is an AS regular algebra with gldimU = 5.
(3) In each of the cases (7.10.26), (7.11.27)
N* = N(Ly) ={x < zy < zyy < zyyy <y},
W* =W(Ly) = {zy"ay* |0 <k < 2} U{ay').
J o = (Wl)wie = (W(Ls)])Lie; 9= Lie(X)/J >~ Ly
U =Uged(X,W(Ly)), is an AS regular algebra with gldimU = 5.
(4) In each of the cases (7.7.15), (7.9.24)

N* = N(Ls) ={r < zy < wyy < zyyy < zyyyy <y},

W* = W(Ls) = {zyFay™' |0 <k < 3}U{ay}.

J o = (WLie = ((W(Ls))rie» 8= Lie(X)/J >~ Ls

U =Uge&(X,W(Ls)), is an AS regular algebra with gldimU = 6.
(5) In each of the cases (7.7.16), (7.7.18), (7.8.22),

N* = N(Qs) ={z < zy < zyazyy < zyy < zyyy <y},
W =W(Qs) = {zay, (zy)*zyy, y(zyy)®, ay’zy®, ay'}.
J = (W)L = (W(Q5))Lie; 8= Lie(X)/J ~ Qs
U =Uge&(X,W(Ly)), is an AS regular algebra with gldimU = 6.
(6) Fach of the cases (7.6.14), (7.7.19) "degenerates” to (6.4.2), more precisely

N* ={z <2y <2*y? <zy <zy®? <y} = Na, see case (6.4.2)
W* = {2y, zy? 2?yxy xyxy?, 22yx®y?, 2?yPxy} = W, see case (6.4.2)

J = (W])Lie = ((Wa])Lie,» has a G-S basis the set [Wa]
g = Lie(X)/J ~ Lie(X)/([Wa])rie has a K-basis [N*]
U =Uge&(X,W,), is an AS regular algebra with gldim U = 6.

(7) The case (7.7.17) 7degenerates” to (6.4.1), more precisely

N* ={r <2’y <y <ay?<azy’ <y} = Ny, see (6.4.1)
wW* = {23y, 2%y? 22yzy, vyxy?, vylay® axyty = Wi, see (6.4.1)

J = (W))Lie = (W1l)Lie, has a G-S basis the set [W1]
g = Lie(X)/J =~ Lie(X)/([W1])Lie has a K-basis [N*]
U =UgeC(X,W), is an AS regular algebra with gldimU = 6.

Proof. Recall that by Proposition 8.8 a nontrivial disconnected extension (N, W) of
a standard Lyndon pair (N*, W*), (here |N*| = | Ngon| < |N|) does not ” contribute”
new classes of Lie algebras, whenever N* is one of the following (a) N* = N(Ly);
(b) N* = N(Qy); (¢c) N* = L(m), the set of all Lyndon words of length < m.
Clearly, parts (1) through (5) follow straightforwardly from Proposition 8.8. To
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prove parts (6) and (7) one uses first Proposition 8.8 to deduce that the correct
obstruction set for Ug is exactly W*. Note that every word w € W* is minimal
(w.r.t.<) in its multi-degree component L, where deg(w) = «, therefore [w] is the
unique Lie element in K[L,], whose highest monomial is w. This implies that the
monomial Lie algebra g = Lie(X)/([W]) L. is isomorphic to the standard monomial
Lie algebra gy = Lie(X)/([W*])Lie occurring in the list 9.2. O

Remark 9.5. We have seen that for d < 7 each non-regular Lyndon pair (N, W) with
|N| = d ”degenerates” to a standard Lyndon pair (N*, W*) with |[N*| < d, more-
over, in these cases the monomial Lie algebra g = Lie(X)/([W])Lie is isomorphic
to some (already known) standard monomial Lie algebra gy~ = Lie(X)/([W*])Lie
with a K-basis [N*] & [N], and the enveloping Ug € €(X, W*) is AS-regular with
gldimU < d. However, Example 8.4 shows that when d is large enough, (in this
case d = 18) a Lyndon pair (N,W), with |[N| = d may define a monomial Lie
algebra g = Lie(X)/([W])Lie, such that the reduced Grobner-Shirshov basis of the
Lie ideal J = ([W])ic contains Lie elements which are not Lyndon Lie monomials.
This way we can obtain Artin-Schelter regular algebras U = Ug with obstruction
set W # W, set of atoms N S N (gldimU < d) and explicitly given more sophisti-
cated relations which are non-trivial linear combinations of Lyndon-Lie monomials.

REFERENCES

(1] D. ANICK, Noncommutative graded algebras and their Hilbert series, J. Algebra 78 (1982), 120—
140.

[2] D. ANICK, On monomial algebras of finite global dimension, Trans. AMS 291 (1985), 291-310.

[3] D. ANICK, On the homology of associative algebras, Trans. AMS 296 (1986), 641-659.

[4] M. ARTIN AND W. SCHELTER, Graded algebras of global dimension 3, Adv. in Math. 66
(1987), 171-216.

[6] M. ARTIN, J. TATE, AND M. VAN DEN BERGH, Some algebras associated to automorphisms of
elliptic curves, in The Grothendiek Festschrift, Vil I, Progr. Math. 86, Birkhauser, Boston,
1990, 33-85.

[6] M. ARTIN, J. TATE, AND M. VAN DEN BERGH, Modules over regular algebras of dimension 3,
Invent. Math. 106 (1991), 335-388.

[7] BELMANS, PIETER, On non-quadratic 4-dimensional Artin-Schelter regular algebras and 3-
folds (2017) Preprint

[8] G. M. BERGMAN, The diamond lemma for ring theory, Adv. in Math. 29 (1978), 178-218.

[9] Bokut, L.A., Latyshev, V., Shestakov, I. and Zelmanov, E. eds., 2009. Selected Works of A.L
Shirshov, Springer Science and Business Media.

[10] F1aLowskl, A., AND F. WAGEMANN, Cohomology and deformations of the infinite-
dimensional filiform Lie algebra Mo, Journal of Algebra, 318.2 (2007), 1002-1026.

[11] G. FLoYSTAD, J. E. VATNE Artin—Schelter regular algebras of dimension five, Banach Center
Publications, 93 (2011), 19-39.

[12] T. GATEVA-IvVANOVA, Global dimension of associative algebras, Applied Algebra, Algebraic
Algorithms and Error-Correcting Codes, Lecture Notes in Computer Science, 357 (1989), 213—
229,

[13] GATEvA-IVANOVA, T., Noetherian properties of skew polynomial rings with binomial rela-
tions, Trans. Amer. Math. Soc 343 (1994), 203-219.

[14] GATEvA-IvVANOVA, T., Skew polynomial Tings with binomial relations, J. Algebra 185 (1996),
710-753.

[15] T. GATEVA-IVANOVA, Quadratic algebras, Yang-Bazter equation, and Artin-Schelter regular-
ity, Adv. in Mathematics 230 (2012) 2152-2175.

[16] T. GATEVA-IVANOVA, Associative algebras and Lie algebras defined by Lyndon words Talk
at the "CLASSICAL ASPECTS OF RING THEORY AND MODULE THEORY”, Bedlewo,
Poland, July 14-20, 2013.



ALGEBRAS DEFINED BY LYNDON WORDS 49

[17] T. GATEVA-IvANOVA, G. FLOYSTAD, Monomial algebras defined by Lyndon words, J. Algebra
403 (2014) 470-496

[18] T. GATEVA-IVANOVA, AND M. VAN DEN BERGH Semigroups of I-type, J. Algebra 206
(1998), 97-112.

[19] N. JACOBSON, Lie Algebras, 1979, Dover Publications, Inc, New York

[20] Z. JOVEsKI, Lyndon words and their applications in algebra, American University in Bul-
garia, Blagoevgrad, Bulgaria. (No. 315) Senior Thesis, (2014), (Unpublished bachelors thesis
in Mathematics, Advisor T. Gateva-Ivanova).

[21] P. LALONDE, A. RaM, Standard Lyndon bases of Lie algebras and enveloping algebras, Trans.
AMS 347 (1995), pp. 1821-1830.

[22] T. LEVASSEUR, Some properties of non-commutative regular graded rings , Glasgow Mathe-
matical Journal 2009 - Cambridge Univ Press.

[23] L1, JuN, AND XIN WANG, Some five-dimensional ArtinSchelter regular algebras obtained by
deforming a Lie algebra, Journal of Algebra and Its Applications 15.04 (2016): 1650060.

[24] L1, JuN, The quadratic algebras in Artin-Schelter regular algebras of dimension five, Com-
munications in Algebra (2019): 1-10, DOI: 10.1080/00927872.2018.1498861

[25] D.-M. Lu, J.H. PALMIERI, Q.-S. Wu, J.J. ZHANG, Regular algebras of dimension 4 and their
Aco-Ext-Algebras, Duke Math. J. 137 (2007) 537-584.

[26] M. LOTHAIRE, Combinatorics on Words, Encyclopedia if Mathematics and its Applications,
v.17 GC Rota, Editor Addison-Wesley Publishing Company, 1983.

[27] M. LOTHAIRE, Algebraic Combinatorics on Words, Encyclopedia if Mathematics and its
Applications, v.90 GC Rota, Cambridge University Press, 2002.

(28] A. POLLISHCHUK, L. POSITSELSKI, Quadratic Algebras, in University Lecture series, v.37
American Mathematical Society, 2005.

[29] ST. PRIDDY, Koszul Resolutions, Trans. Amer. Math. Soc. 152 (1970) 39-60.

[30] SHELTON, BRAD, AND CRAIG TINGEY, On Koszul algebras and a new construction of Artin-
Schelter regular algebras, Journal of Algebra 241.2 (2001) 789-798.

[31] A. I. SHIRSHOV, On free Lie rings, Matematicheskii Sbornik, 45 (1958), no. 2, 113-122.

[32] M. SMITH, Universal enveloping algebras with algebras with subexponential but not polyno-
mially bounded growth, Proc. Amer. Math. Soc 60 (1976), 22—-24.

[33] C. REUTENAUER, Free Lie algebras, London Math. Soc. Monographs (N.S.)7 Oxford Univ.
Press, 1993.

[34] J. TATE, M. VAN DEN BERGH, Homological properties of Sklyanin algebras, Invent. Math.
124 (1996) 619-647.

[35] RAEDSCHELDERS, THEO, AND MICHEL VAN DEN BERGH, The Manin Hopf algebra of a Koszul
Artin-Schelter regular algebra is quasi-hereditary, Advances in Mathematics 305 (2017) 601—
660.

[36] Zuou, G-S., AND D-M. Lu, Artin-Schelter regular algebras of dimension five with two gen-
erators, Journal of Pure and Applied Algebra 218.5 (2014), 937-961.

AMERICAN UNIVERSITY IN BULGARIA, 2700, BLAGOEVGRAD, BULGARIA, AND, MAX-PLANK IN-
STITUTE FOR MATHEMATICS, BONN, GERMANY
E-mail address: tatyana@aubg.edu



	32_Gateva_cover
	32_Gateva

