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ABSTRACT. We consider absolutely free algebras with (maybe
infinitely) many multilinear operations. Such multioperator alge-
bras were introduced by Kurosh in 1960. Multioperator algebras
satisfy the Nielsen-Schreier property and subalgebras of free alge-
bras are also free. Free multioperator algebras are described in
terms of labeled reduced planar rooted trees. This allows to ap-
ply combinatorial techniques to study their Hilbert series and the
asymptotics of their coefficients. Then, over a field of characteristic
0, we investigate the subalgebras of invariants under the action of
a linear group, their sets of free generators and their Hilbert series.
It has turned out that, except in the trivial cases, the algebra of
invariants is never finitely generated. In important partial cases
the Hilbert series of the algebras of invariants and the generating
functions of their sets of free generators are expressed in terms of
elliptic integrals.

Introduction

Let K be an arbitrary field of any characteristic. Although probably most
of the K-algebras considered in the literature are K-algebras equipped
with just one binary operation, some classical objects are equipped with
more than one binary operations, or even some non-binary operations.
For example, quite often Jordan algebras are considered with the usual
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multiplication v o v and one more ternary operation, the triple prod-
uct {uvw}. Poisson algebras have two binary operations — the Poisson
bracket and the commutative and associative multiplication. Apart from
the classical examples, there are of course also more recently introduced
very important algebra types that extend this list, such as dendriform
dialgebras and trialgebras. Then there are algebras with infinitely many
operations, such as homotopy algebras. The study of primitive elements
in free objects leads quite naturally to algebras with infinitely many op-
erations, cf. [Lo, HLRJ.

In contrast to the case of the free associative algebra, where the prim-
itive elements form the free Lie algebra, Akivis algebras (with up to
ternary operations) were introduced in 1976 and later used to model the
primitives of non-associative algebras. Then Shestakov and Umirbaev
[SU] showed that there exist primitive elements in the universal envelop-
ing algebras of free Akivis algebras which are not Akivis elements and
gave a description of the primitive elements. They arrived at algebras
with infinitely many operations, which they called hyperalgebras.

In 1960 Kurosh [K2| introduced multioperator algebras (or Q2-algebras)
as a generalization of multioperator groups introduced by Higgins [12] in
1956. In [K2] Kurosh established that free Q-algebras enjoy many of the
combinatorial properties of free nonassociative algebras (with one binary
operation) and suggested their simultaneous study.

Recall that a variety of universal algebras 91 and its free algebras
satisfy the Schreier property if any subalgebra of a free algebra of 90t
is free in 9 again. For example, free groups are Schreier. A result of
Kurosh [K1] from 1947 states that absolutely free binary algebras are
also Schreier. In [K2| Kurosh proved that free multioperator algebras are
Schreier again. The variety 91 satisfies the Nielsen property if for any
system of generators of a free subalgebra S of a free algebra of 90t there
exists an effective procedure (a sequence of elementary transformations
similar to the Nielsen transformations in free groups) for obtaining a free
set of generators of S. In many important cases a variety satisfies the
Schreier property if and only if it satisfies the Nielsen property, see Lewin
|L]. We shall say that such varieties and their free algebras satisfy the
Nielsen-Schreier property. See for example the book by Mikhalev, Sh-
pilrain and Yu [MSY] for different aspects of Nielsen-Schreier varieties.
Schreier varieties of multioperator algebras have been considered by Bur-
gin and Artamonov in [BA]. In particular, they showed that the Nielsen
and Schreier properties are equivalent for varieties of multioperator al-
gebras defined by homogeneous polynomial identities. A survey on the
results before 1969 is given by Kurosh in [K3]. This article is also intro-
ductory for several other papers published in the same issue of Uspehi
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Mat. Nauk (Russ. Math. Surv.) and devoted to different aspects of free
and close to free 2-algebras.

All above mentioned algebras are algebras defined over operads. In
this paper, we consider (2-algebras in the sense of Kurosh. Here 2 simply
is a set of multilinear operations, which can be quite arbitrary. The
only restriction is that we assume that Q@ = Q9 U Q3 U --- is a union
of finite sets of m-ary operations €2,,, n > 2, otherweise our quantitative
results have no sense. Then we consider the absolutely free nonunitary
Q-algebra K{X}q freely generated by a set X. The “Q2-monomials” form
the free Q-magma {X }o = Magq(X) which is a basis of the vector space
K{X}q and can be described in terms of labeled reduced planar rooted
trees. In particular, if @ = y consists of a single binary operation,
then K{X}q = K{X} is the free nonassociative algebra and {X} =
Mago(X) = Mag(X) is the usual free magma (the set of monomials
in noncommuting nonassociative variables). If X = {x} consists of one
element, then Mag(X) is canonically identified with the set of planar
rooted binary trees. Another special case is when 2, consists of one
operation for each n > 2. Then we obtain the algebra K{X}, and for
X = {z} we may identify {X}, = Mag,(X) with the set of all reduced
planar rooted trees.

Labeled reduced planar rooted trees have interesting combinatorics.
This allows to apply classical enumeration techniques from graph theory
and to study the Hilbert series of K{X }o and the asymptotics of their
coefficients.

Since free Q-algebras have bases which are easily constructed in algo-
rithmic terms, it is natural to develop a theory of Grébner (or Grobner-
Shirshov) bases. It was surprising for us that the theory of Grobner bases
of free ()-algebras is much simpler than the theory of Grébner bases of
free associative algebras. For example, if an ideal of K{X }q is finitely
generated then its Grobner basis is finite. If J is a homogeneous ideal of
K{X}q, we express the Hilbert series of the factor algebra K{X}q/J in
terms of the generating functions of €2, X and the Grobner basis of J.

Further, we assume that the base field K is of characteristic 0 and
study subalgebras of the invariants K{X}$ under the action of a linear
group G on the free Q-algebra K{X }q for a finite set of free generators
X, in the spirit of classical algebraic invariant theory and its general-
ization to free and relatively free associative algebras, see the surveys
[Dr2, F1, KS]. We show that the algebra of invariants K{X}§ is never
finitely generated, except in the obvious cases, when all invariants (if any)
are expressed by G-invariant free generators. The proof uses ideas of a
similar result for relatively free Lie algebras, see Bryant |Br| and Dren-
sky |[Drl]. Results of Formanek [F1] and Almkvist, Dicks and Formanek
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[ADF], allow to express the Hilbert series of the algebra K{X}& and the
generating function of the set of its free generators in terms of the Hilbert
series of K{X }q, which is an analogue of the Molien and Molien-Weyl
formulas in commutative invariant theory. In the important partial cases
of a unipotent action of the infinite cyclic group G and an action of the
special linear group SLo(K) we give explicit expressions for the Hilbert
series of the algebras of invariants and the generating functions of their
sets of free generators. Applying these formulas to the free binary alge-
bra K{X} we express the results in terms of elliptic integrals. We give
similar formulas when {2 has exactly one n-ary operation for each n > 2.

1. Preliminaries

We fix a field K of any characteristic and a set of variables X. In
most of the considerations we assume that the set X is finite and X =
{z1,...,24}. One of the main objects in our paper is the absolutely
free nonassociative and noncommutative K-algebra K{X} freely gener-
ated by the set X. As a vector space it has a basis consisting of all
non-associative words in the alphabet X. For example, we make a differ-
ence between (z122)rs and x1(x2x3) and even between (zx)z and z(zx).
Words of length n correspond to planar binary trees with n labeled leaves,
see e.g. |GH, Hal]. We omit the parentheses when the products are left
normed. For example, vvw = (uv)w and 2" = (2"~ 1)

More generally, following Kurosh [K2|, we consider a set 2 of multi-
linear operations. We assume that ) contains n-ary operations for n > 2
only and for each n the number of n-ary operations is finite. We fix the
notation

x.

Qp=A{vni|i1=1,..,pn}, n=2,3,...,

for the set of n-ary operations. The free Q-magma {X}q = Magq(X)
consists of all “Q2-monomials” and is obtained by recursion, starting with
{X}q := X and then continuing the process by

{X}a ={X}taU{vni(u,...,upn) | vni € Q,u1,...,u, € {X}a}.

The set {X }q is a K-basis of the free Q-algebra K{X }q, and the opera-
tions of K{X}q are defined using the multilinearity of the operations in
. We call the elements of K{X }q Q-polynomials.

The free Q-magma {X }q can be described also in terms of labeled
reduced planar rooted trees. Recall that a finite connected graph () #
T = (Ve(T),Ed(T)), with a distinguished vertex prp, is called a rooted
tree with root pr, if for every vertex A € Ve(T') there is exactly one path
connecting A and pp. Thinking of the edges as oriented towards the root,
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at each vertex there are incoming edges and (except for the root) one
outgoing edge. The leaves of T" have no incoming edges and the root has
no outgoing edges. The tree is reduced if there are no edges with one
incoming edge. A rooted tree T' with a chosen order of incoming edges
at each vertex is called a planar rooted tree. We label the vertices A of
the reduced planar rooted tree T in the following way. If A is not a leaf
and has n incoming edges, then we label it with an n-ary operation v,,;.
We call such trees Q-trees. If X is a leaf of the Q-tree T', we label it with
a variable x; € X. We refer to such trees as ()-trees with labeled leaves.
There is a one-to-one correspondence between the {-monomials and the
Q-trees with labeled leaves. For example, the monomial

va1(ves(21, 21), T3, v32(22, 21, T4))
corresponds to the following tree:

T L4

AN

Z1 T3

v23

N

.V31

V32

Fig. 1

We consider nonunitary algebras only. If we want to deal with uni-
tary algebras, we need certain coherence conditions, because we have to
express the monomials of the form vy;(u1,...,1,...,u,), uj € {X}q, as
linear combinations of elements of {X }q, see e.g. [H].

The algebra K{X}q has a natural grading, defined by deg(z;) = 1,
xj € X, and then extended on the {2-monomials inductively by

deg(vni(ug, ..., un)) = deg(uy), u; € {X}a.
j=1

Similarly, if |X| = d, then K{X}q has a Z%grading, or a multigrad-
ing, counting the degree deg,(u) of any {2-word u in each free generator
xzj € X. For a graded vector subspace V of K{X}q we consider the
homogeneous component V*) of degree k. In the multigraded case the
(multi)homogeneous component of V' of degree (ki, ..., kq) is denoted by
V (k1oka)  The formal power series with nonnegative integer coefficients

H(V,t)=> dim(V®),
k>1
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H(V,ty, ..o tg) =y dim(VFehaygin ke,
k;>0
are called the Hilbert series of V' in the graded and multigraded cases,
respectively. Similarly, if W is a set of (multi)homogeneous elements in
K{X}q, the generating function of W is

GW,t) = #(WE),

k>1

G(VVu tl) ey td) = Z #(W(khm’kd))tlfl e tgda
k;>0

where #(W*)) and # (W (1--%a)) are the numbers of homogenecous ele-
ments of the corresponding degree.

The above (multi)gradings work if the set X of free generators consists
of d elements. We may consider more general situation of Z?-grading,
when the set X is arbitrary (but still countable). We assign to each
x; € X a degree

deg(z;) = (aj1, ..., a4), ajr >0,

and assume that for each (ai,...,aq) € Z% there is a finite number of
generators of this degree. Again, the algebra K{X}q is Z%-graded and
we may speak about the Hilbert series of its graded vector subspaces and
generating functions of its subsets consisting of homogeneous elements.

2. Hilbert series and their asymptotics

The next result is standard and relates the Hilbert series of K{X }o and
the generating functions of its operations and generators. Compare with
the cases K{X} and K{X},. (For the relation between the Hilbert
series of K{X} with any Z%grading and K{x} see e.g. Gerritzen |G|
and Rajaee [R]. For general references on enumeration techniques for
graphs see the book by Harary and Palmer [HP].)

Proposition 2.1. Let

G(Q7t) = Z #(Qn)tn = antn

n>2 n>2

be the generating function of the set Q.
(i) The Hilbert series

H(K{a}o,t) = Y dim(K{c}y))t"
E>1
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satisfies the functional equation
G(Q, H(K{z}q,t)) — H(K{z}q,t) +t=0. (1)

The equation (1) and the condition H(K{xz}q,0) = 0 determine the
Hilbert series H(K{x}q,t) uniquely.

(ii) If the set X is Z%-graded in an arbitrary way, then the Hilbert
series of K{X}q is

H(K{X}q,t1,...,ta) = HK{z}o, G(X,t1,.. ., t)).

Proof. (i) The Hilbert series of K{x}q coincides with the generating func-
tion of {z}q. The set of all elements vy;(u1,...,u,) # = from {z}q,
uj € {x}q, is in one-to-one correspondence with the set

{(Vniyub cee 7un) ’ Unj S Q,U] € {.T}Q}

For example, if we apply this correspondence to the Q-monomial (Q-tree,
respectively) given by the monomial vs1(vo3(x,x), x, v32(x, x,x)), then
n = 3, Vn; = 31, and uq, ug, us are given by the following ()-trees:

L& L
Uy = ®153 ) U2 = Oy, us = .1/32

Fig. 2

Hence

H(K{}a,t) — t = G{z}o,t) —t = Y #({x} 3tk

k>2

=) #(Q)G({z}o.1)" = G, G({z}o, 1) = G H(K{z}q,t)).
n>2

The condition H(K{z}n,0) = 0 means that the formal power series
has no constant term, i.e., the algebra K{z}q is nonunitary. Since
does not contain unary operations, its generating function does not have
constant and linear terms. This easily implies that the k-th coefficient
dim(K{x}g)) of H(K{z}q,t) is determined by the first k — 1 coefficients
dim(K{x}gc)), m = 1,...,k — 1, and the Hilbert series H(K{z}q,t) is
determined in a unique way.
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(ii) Let us fix an Q-tree T' with k leaves, and consider the set of all
possible ways to label the leaves of T" with elements of X. Clearly, the
generating function of this set (with respect to the Z%grading on X) is
G(X,t1,...,tq)". Hence

H(K{X}q,t1,...,tq3) = Z #(Q-trees with k leaves)G(X, ty,. .., ty)*
k>1

= H(K{z}o,G(X, t1,....t2)).

O

Remark 2.2. If G(2,t) is the generating function of the set €2, and

u(ty, ... tq),v(t1,...,tq) € C[[t1,...,tq]] are formal power series such
that

G(Q7U(t17 s 7td)) - U(tl, ce 7td) + u(tla ce 7td) =0 (2)

and satisfying
u(0,...,0) =v(0,...,0) =0 (3)

then Proposition 2.1 (i) gives that
U(tlv s 7td) = H(K{‘T}Qau(tlv s 7td))'

Hence the functional equation (2) and the condition (3) determine uniquely
the series v(t1,...,tq) as a function of u(ty, ..., tq).

Example 2.3. (i) If Q consists of one binary operation only, i.e., K{z}q =
K{x}, then G(Q,t) = t? and Proposition 2.1 (i) gives

H(K{z},t)> — H(K{z},t) +t=0.
This equation has two solutions

1++v1 -4t
2

and the condition H(K{z},0) = 0 implies that we have to choose the
negative sign. Hence

H(K{a},t) =

1—+1—-4t

H(k{z},t) = —

(4)

is the well known generating function of the Catalan numbers.
(ii) If ©,, consists of one operation v, := v, for each n > 2, i.e.,

K{z}q = K{xz},, then

2
1—t

G, t) =2+ 4+ =



V. DRENSKY, R. HOLTKAMP 9

Hence H(K{z}.,t) satisfies the equation

H(K{x},t)°
1 — H(K{z}w,1)

— H(K{z}o,,t) +t=0,

2H(K{z},,t)> — (1 +t)H(K{z},,t) +t=0
and the solution satisfying the condition H(K{z},,0) =0 is

— _ 2
H(K{m}w,t):1+t \/i 6t+t. (5)

This is the generating function of the super-Catalan numbers (cf. [S]]
A001003).

(iii) Let Q@ = n := {v,} consist of one n-ary operation only, i.e.,
G(Q,t) = G(n,t) = t". Then the Hilbert series of K{x}, satisfies the
algebraic equation of degree n

H(K{z}p, t)" — HEK{z}p,t)+t=0
and is equal to the generating function of the planar rooted n-ary trees.

Remark 2.4. If f(z) is an analytic function in a neighbourhood of 0,
£(0) #0, and
t=2zf(2),

then the Lagrange inversion formula gives that

1=t 1\
2= apttay = Bl dcF1 <f(<)>

k>1

¢=0

The same holds if f(z) is a formal power series with complex coefficients
and f(0) # 0. Hence we may apply the formula for zf(z) = G(Q, z) and
express H(K{z}q,t) in terms of G(,¢).

Example 2.5. To obtain the coefficients of the Hilbert series H (K{z},t)
of Example 2.3 (iii) we apply Remark 2.4. (For an approach using Koszul

n—1

duals of operads, compare also [BH|). We obtain f(z) =1 —2""",

(7o) ~aem

et (e (e

1 ad! 1
k! dck—l (1 _ Cn—l)k

a

k>
¢=0
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Direct calculations show that

1

ak:m(n—l

)_’_1(7;2”), fork=m(n—1)4+1,m >0,

and a; = 0 otherwise. Hence

mn gm(n—1)+1
H (K {x}y,t) = 2;0 < o >m(n_1>+1

Mﬁ”—Q 4o

2
For small m this can be seen also directly by counting the planar rooted
n-ary trees with the corresponding number of leaves.

The set of n-ary trees with n leaves consists of exactly one tree, the
so-called n-corolla. The set of n-ary trees with 2n — 1 leaves consists of
n elements. The set of n-ary trees with 3n — 2 leaves consists of ( ) +n?
elements, typical examples (for n = 3) are depicted in Fig. 3.

S
/5N
AN

=t+t" 4+ nt? 4

Fig. 3

For n = 2 we obtain the explicit formula for the Catalan numbers

1(2k—2
= - =1,2,... .
* k(k—l)’ h=1z

Example 2.6. For ) = w, as in Example 2.3 (ii), Remark 2.4 gives

2(1—22:)’ f(z):1_2z

222 —(1+t)z4+t=0, t=

1—2 1—2z°

A (1—24) 1+ 1—2<>k
() O




()t (e
1+(lf>€1+2<+22 24233 4
#(5)¢ (14 (e (3)ze+ ()2 +)
#5)e (1 () )z () ) o
( )Ck 1<”(Z 2)2<+( 52)22<2+(’;j;>23g3+...>
(o (e (e (),
" ;'£k11<fc> _%«k)(kf)*(g)(kf)z
() ()7 (5D 6 2))

k—1
1 K\ (k—2\ .
= — 27 k=1,2,... .
2k 2.1@(]‘—1) ’ -

=

Hence ag, is the constant term of the Laurent polynomial

1 1\ k—2
e(i+g) a0

One of the important characteristics of a formal power series a(t) =
> i arth is its radius of convergency

1
lim supy,_, o, #/ag

By analogy with the (multilinear) codimension sequence for associative
Pl-algebras, see Giambruno and Zaicev |GZ|, we introduce the exponent
of free Q-algebras.

r(a(t)) =

Definition 2.7. Let | X| = d < co and let

H(E{X}o,t)=> apt*

k>1
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be the Hilbert series of the free Q-algebra K{X}o. We define the expo-
nent of K{X}q by

exp(K{X}q) = limsup ag.
k—oo
It is easy to see that
exp(K{X}a) = d- exp(K {w}q),
i.e., it is sufficient to know the exponent of one-generated free 2-algebras.

Example 2.8. Let Q = n := {v,} consist of one n-ary operation only.
Applying the Stirling formula

Kk ed(k) 1
1=/ ——\
k! 2rk . [9(k)| < 2%

to Example 2.5, we obtain

eXp(K{x}ﬂ) = nlgnoo mn=DH Am(n—1)+1

— lim m(n—1)+1 1 mn — lim m(n—1)+1 mn
m—oo mn—1)+1\m m—00 m

— 1 m(n—1)+1 nm Yy n n—\1/>
- mgnoo (n — 1)(n—1)m T n-—1 -

Hence
lim exp(K{z},) = 1.
n—0o0 a

Example 2.9. For = w, as in Example 2.3 (ii), in order to find the
coefficient ay of the Hilbert series of K{x},,, we may expand the function
(5) as a power series. Let

Tio=3+2V2
be the zeros of 1 — 6t + t2. The function
gi = 1—7'1'75, i:1,2,

is analytic in the open disc |¢| < 1/7; and its radius of convergence is 1/7;.
Since 1 — 6t + t2 = g1(t)g2(t) and the radius of convergence of the prod-
uct of two analytic functions is not less than the radius of convergence of
each of the factors, we conclude that r(H(K{z}.,t)) > 1/71 = 7. More
precisely, r(H(K{x}.,t)) = 72 because the derivatives of H(K{x},,t)
have singularities for ¢ = 7. Hence

1

exp(K{z},) = TH(K {2} 1)) = 7] ~ 5.8284.
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Problem 2.10. How does the exponent of K{x}q depend on the ana-
lytic properties of the generating function of Q¢ For |Q| < oo, express
exp(K{z}q) in terms of the coefficients and the zeros of the polynomial
f(z) = (z = G(Q,2))/z. What happens if the number of operations of
degree n is bounded by the same constant a > 0 for all n (or by an® or

by ak™ for a fized positive integer k)?

3. Nielsen-Schreier property and Grobner bases

We assume that the free Q-magma {X }q is equipped with an admissible
ordering <. This means that the set ({X}q, <) is well ordered and if
u < v in {X}q, then

Vni(wlu sy Wi—1, U, W1, - - '7wn) = Vni(’ll)l,. <o, Wj—1,V, Wi41, - - '7wn)

for any vy,; € Q and wy, ..., wj—1, Wjg1,...,w, € {X}q. If

m
f:ZOéiUi e K{X}a, 0#a; € K,u€{X}q,ui > > tn,
i=1

then f = w; is the leading term of u.

Example 3.1. If X = {z1,29,...} is countable, we order it by z; <
xo < -+ Ifu,v € {X}q and deg(u) < deg(v), we assume that u < v. If
deg(u) = deg(v) > 1,

U= Vpyiy (UL, oy Uny )y U= Vngin (V1,000 Uny ),

we fix u < v if n1 < ng, or n1 = no, i1 < iy or, if n; = ne, i1 = i9, and
(Uiy..ytUn,) < (V1,...,0p,) lexicographically (i.e., u1 = vi,...,up—1 =
Vg—1, U < v for some k).

By a result of Kurosh [K2] every subalgebra of the free Q-algebra
K{X}q is free. His proof provides an algorithm which easily produces a
system of free generators of the subalgebra. We present this algorithm
and some of its consequences for self-containess of our exposition from
the point of view of admissible orders.

Algorithm 3.2. Let S be a subalgebra of K{X }o. Assuming that the
base field K is constructive and starting with any system U of generators
of the subalgebra S, we want to find a system of free generators of S.
Given fi,...,fm € U which are algebraically dependent (i.e., the
homomorphism K{z1,...,zm}q — S defined by z; — f;, j =1,...,m,
has a nontrivial kernel), the procedure suggests in each step an elementary
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transformation which decreases one of the generators with respect to the
admissible ordering.

We may assume here that the leading coefficient of each f; is equal
to 1,1ie., fj = f? + -+, where --- denotes a linear combination of lower
{)-monomials.

In the following we sketch how to find one generator f; such that the
{)-monomial f7 belongs to the subalgebra generated by the other f;,i # 7.
(Then clearly we can replace in the generating set f; by lower elements.)

Let h(fi1,..., fm) = 0 for some 0 # h(z1,...,zm) € K{z1,...,2m}a.
For every Q-monomial h;(z1,...,Ty) € {z1,...,Tm}q,

hi(fh' . afm) = hl(ﬁv . 7f7m)
(because h;(f1,..., fm) # 0). Hence, there exist two different hi, hy €

{z1,...,2m}q such that

h(fi o fm) = ha(fr, o fn)- (6)

If hy = x; then fi = ho(fi,- .., fm). Since hy # x;, comparing
the degrees of f; and ha(f1,..., fm), we conclude that ha(z1,...,2n) =
ho(z1,...,Tj—1,Zj41,- .., Zm) does not depend on ;. The Q-polynomials

fioo s fi—u ff = fi = ha(f, s fjasfjrrs oo fm)s fi1s oo [

generate the same algebra as f1,..., fm. If f7 =0, then we may remove

fj from the system of generators of S. Otherwise, fT* < fj and the
new set {f1,..., ff,..., fm} is lower in the lexicographic ordering than
{f17 s ;fm}

The case where hy = =z is similar. In the remaining case, where
neither hi(z1,...,2m) nor ho(x1,...,Ty) is equal to a single variable x;,
may be treated recursively in view of equation (6).

The algorithm immediately gives the following well-known fact, see
[K2, K3, BA].

Corollary 3.3. Every graded subalgebra A of the Z%-graded Q-algebra
K{X}q has a homogeneous system of free generators.

Let X = {z1,...,z4}. By analogy with the case of algebras with
one binary operation, we call the automorphism ¢ of the free algebra
K{X}q tame if it belongs to the subgroup of Aut(K{X }q) generated by
the linear and triangular automorphisms, defined, respectively, by

d
p(r;) = Zaijxia a; €eK,j=1,...,d,
i=1
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where the matrix (a4;) is invertible, and

K,D(ZL'j):Oéjl'j—l—fj(l'jJrl,...,{L‘d), jZl,...,d,

where a; € K* = K \ {0} and the Q-polynomials f;(z;41,...,2q) do
not depend on the variables z1,...,x;. The discussion of Algorithm 3.2
shows also that all automorphisms of K{X }q are tame, which is a result
of Burgin and Artamonov [BA|. If the base field K is constructive, it
provides an algorithm which decomposes the given automorphism into a
product of linear and triangular automorphisms.

Corollary 3.4 (Burgin and Artamonov [BA|). If | X| < oo, then every
automorphism of K{X }q is tame.

The following gives a relation between the Hilbert series of graded
subalgebras and generating functions of their systems of free generators.

Corollary 3.5. If A is a graded subalgebra of the Z%-graded Q-algebra
K{X}q with Hilbert series H(A,t1,...,tq), then the generating function
of every homogeneous free generating set Y of A is

G(Ktla- . '7td) = H(A7t17---7td) - G(QvH(Avtla---atd))' (7)

Proof. Tt is sufficient to use Corollary 3.3 and to apply (2) in Remark
2.2. L]

Existence of admissible orderings allows to develop the theory of
Grobner (or Grobner-Shirshov) bases of Q-ideals J in K{X }q. The ob-
vious definition of Q-subwords of an 2-word (or an Q-monomial) u =
Uni(u1, ..., u,) € {X}q is by induction. The subwords of u are the words
u; and the subwords of the u;. Now we fix an admissible ordering on
{X}q. The subset B = B(J) of the ideal J of K{X }q is a Grébner basis
of J if, for every nonzero f € J, there is an element g € B such that the
leading term g of g is a subword of the leading term f of f. Most of the
standard properties of Grobner bases for free noncommutative algebras
hold also for free Q-algebras. In particular, the set of normal words, i.e.,
the Q-words which do not contain as subwords g, g € B(J), form a basis
of the factor algebra K{X}q/J. The set

I=I(J)={fl10#f€J}C{X}a

is an ideal of { X} generated by the set {g | g € B(J)}. We call I the
initial ideal of J.

There is an algorithm to compute the Grobner basis of an ideal J of
the free associative algebras K (X) which is an analogue of the Buchberger
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algorithm for ideals of polynomial algebras. (Compare with the approach
based on the diamond lemma in the paper by Bergman [Be|. See also the
survey article by Ufnarovski [U].) If the ideal J of K(X) is generated
by a set {fi}, we fix an admissible ordering and start the construction
of the Grobner basis B(J) defining B(J) := {fi}. If the leading terms
of f1,fa € B(J) are fi, fa, respectively, and u1 fiv; = usg fovg for some
monomials ug, v, k = 1,2, then, for suitable nonzero aq,as € K, the
S-polynomial fio = aquqfivr — agus fovs, if not 0, is lower than wuy fivg
and wug fovg in the admissible ordering of K(X). If fia # 0, we have
an “ambiguity” and, in order to solve it, we add fi2 to B(J). We have
two kinds of S-polynomials. In the first case, f; and fo overlap, i.e.,
u1 fi = fove. In the second case fs is a subword of fi, i.e., fi = ug fovs (or
f1 is a subword of fo). In the case of -algebras there are no overlaps and
it is sufficient to consider S-polynomials obtained when one of the leading
terms is an Q2-subword of the other. Hence the Buchberger algorithm has
the following form. (Of course, we fix an admissible ordering of K{X }q
and assume that the base field K is constructive.)

Algorithm 3.6. Let the Q-ideal J of K{X}q be generated by the set
{fx}. We may assume that the coefficients of the leading terms f, are
all equal to 1. We define B(J) := {fx}. Let fo be an Q-subword of f;
for some fi,fo € B(J), eg. fi = vni(uq,...,uy), where ui,...,u, €
{X}q and f5 is a subword of some uj. Then we replace in B(J) the
Q-polynomial f; by

f1 :f1—Vm(ul,...,zfj,...,un),

where the 2-polynomial u; is obtained from the {2-monomial u; by re-
placing fa by fo. If j?l # 0, we norm it (making the leading coefficient
equal to 1). If f; = 0, we remove it from B(J). We continue the process
as long as possible.

Proposition 3.7. Finitely generated ideals of K{X }q have finite Grib-
ner bases with respect to any admissible ordering.

Proof. Let the ideal J be generated by fi,..., fi,. Following Algorithm
3.6, we start with B(J) := {f1,..., fm}. In each step we either remove
one of the elements of B(.J) or replace it with a new polynomial, without
adding more elements to B(J). In a finite number of steps the procedure
will stop and we obtain a finite Grobner basis of J. O

Remark 3.8. Proposition 3.7 implies the solvability of the word problem
for Q-algebras. This means that if A is a finitely presented (-algebra,
there is an algorithm which decides whether an element f € A is equal
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to 0. In other words, if A = K{z1,...,z4}q/J for a finitely generated
Q-ideal J, and the generators fi,..., f;, of J are explicitly given, then
we can decide whether f € K{xi,...,x4}q belongs to J. One should
pay attention to the fact that the solvability of decision problems cannot
be transferred to factor algebras. There exist finitely generated ideals Jy
of the free associative algebra K (x1,...,x4), such that the word problem
has no solution in A = K(z1,...,24)/Jo. Of course, in this case A =
K{zy,...,xq4}/J for some ideal J of K{xy,...,z4} and J is not finitely
generated.

We conclude this section with an Q-analogue of a theorem of Rajaee
[R] for K{X}. We assume that K{X}q is Z%graded. Then, as in [R],
the reduced Grobner basis of a (multi)homogeneous Q-ideal J of K{X }q
consists of (multi)homogeneous elements.

Theorem 3.9. Let J be a homogeneous Q-ideal of K{X }q with respect to
any Z-grading of K{X}q. Then the Hilbert series of the factor algebra
A= K{X}q/J and the generating functions of the set of generators X
and of the reduced Grobner basis B(J) of J with respect to any admissible
ordering are related by

H(A ... 1) = H(E{z}a, G(X 1, . ... ta)—G(B(J),t1, ..., ta). (8)

Proof. We follow the idea of the proof in [R]. For convenience, we denote
the Hilbert series H (P, t1, ..., tq) or the generating function G(P, t1,...,tq)
of the graded object P by H(P) and G(P), respectively. Clearly, the iso-
morphism A = K{X}q/J implies H(A) = H(K{X}q) — H(J). Also,
H(K{X}q) = G{X}q) and H(J) = G(I), where I = I(J) <{X}q is
the initial ideal of J. Finally, G(B(J)) = G(B(I)), where B(I) is the
minimal generating set of the (-ideal I. Hence (8) is equivalent to

G({X}a) —G() = H(K{z}o, G(X) — G(B(I)))-

The elements of I which do not belong to the minimal set of generators
B(I) are characterized by the property that they are of the form

u:Vm(vl,...,vj_l,wj,vj+1,...,vn), UkE{X}Q, Wj el.
Hence
n

I/.,”'EQj=1 e

7—1 times n—j times
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n

=Y G Umi{X}a, (X}, I {X}a,... . {X}a) | +G(B(I)).

Vni cN 4=

7—1 times n—j times

By the principle of inclusion and exclusion,

U vi({X}a, . {X}a, [,{X}a,..., {X}a)

-~

7—1 times n—j times

=S (e Haxact
(X)) ~ (G X}a) G

This implies

G(I) = ) (G"({X}e) - (G{X}a) - G(I)") + G(B())

Uni€EQ
= G(Q,G({X})) - G(Q, G({X}a) = G(])) + G(B(I)).
Applying (1) and Proposition 2.1 (ii) we obtain
G(I) = G{X}a) - G(X) = G(Q,G({X}a) — G(I)) + G(B(I)),

G, G({X}o) - G()) = (G{X}a) - G()) + (G(X) — G(B(I))) = 0.
By (2) in Remark 2.2 we conclude that

H(A) = G({X}o) — G(I) = H(K{z}o,G(X) - G(B(I)))
and this completes the proof. O

Corollary 3.10. Let J be a homogeneous Q-ideal of K{X }q with respect
to any Z4-grading of K{X}q. Let B(J) be the reduced Grébner basis of

J with respect to any admissible ordering. Then
G(B(), 1, sta) = G(Q, H(K{X Yo/, t1, ... 1))
—H(K{z}q/J t1,.. ., ta) + G(X, t1,...,tq).

Proof. Applying (2) in Remark 2.2 to (8) we obtain for A = K{X}q/J
that
G(Q,H(A)) - H(A) + G(X) - G(B(J)) = 0,

which gives the expression for the generating function of the reduced
Grobner basis B(J) of J. O
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Example 3.11. Let Q = n = {v,} consist of one n-ary operation only,
as in Example 2.3 (iii), and let A be the free commutative and associative
n-ary algebra in one variable, i.e., A is the homomorphic image of K{z},,
modulo the ideal generated by all

Vn(U1,s -+ Un) = Un(Ug(1), - -+ Us(n))s O € Sn,
Un(Ut, ..o Un (), 02, ..., 0p), ..., Unp)
—Un(Un(u1,v2, ... Un), o Uy U,), J=2,...,1,

where S, is the symmetric group and u;, v, € K{x},. Hence the homo-
gencous component A*) is one-dimensional for k = (n — 1)m + 1 and is
equal to zero for all other k. We may assume that A(*=Dm+1) js spanned
by

n—1)m+1

{L‘( (x(n—l)(m—l)—l-l

=1, ,XTy.o,x), m>1.

Since G(£2,t) = t™ and

H(At) = Z gr=tmHl — 11
m>0

Corollary 3.10 gives that the generating function of the reduced Grébner
basis with respect to any admissible ordering is

G(B(J),1) = (LY ot

1—n=1) 1 —¢n1

__un m+n—1 (n—1)m
=t Z<< o >—1>t :

m>1

We fix the admissible ordering on {z},, which compares the monomi-
als first by degree and then by inverse lexicographic ordering: If u =
Un(Ut, ..., up), v = Up(vi,...,v,), then u < v if either deg(u) < deg(v)
or deg(u) = deg(v) and up < Vg, Ug41 = V41, ..., Up = Uy In this way
2(=1m+1 s the smallest monomial of degree (n — 1)m + 1. Then the
reduced Grobner basis of J consists of all

(n—1)m1+1 ) (n—l)mn-‘rl) _ m(n—1)+1

Un(x C T x
mi+ -+ my =m, (my,...,my) # (m,0,...,0). The number of such
polynomials of degree (n—1)m+1 is equal to the number of all monomials

2z -2t £ 27 of total degree m in n variables zp,. .., zp.
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4. Invariant theory

Till the end of the paper we fix a field K of characteristic 0. We assume
that the set X = {x1,...,24} is finite and consists of d elements. The
general linear group GL4(K) acts canonically on the d-dimensional vector
space K X with basis X and we identify it with the group of invertible
d x d matrices. If

Q11 v Qg
g= : : € GLg(K), ap, €K,

Qg1 -+ Qqdd

then the action on K X is defined by
g9(xj) = ajey + -+ agizg, j=1,...,d.
This action is extended diagonally on K{X}q by

gu(zy,...,zq) =u(g(z1),...,9(zq)), wu(zi,...,zq) € K{X}q.

If G is a subgroup of GL4(K), then the algebra of G-invariants is defined
in the obvious way as

K{X}§={fe K{X}alg(f)=Ff geG}

One of the main problems in classical invariant theory is the problem
for finite generation of the algebra of invariants which is a partial case
of the 14th Hilbert problem. The same problem has been intensively
studied in noncommutative invariant theory. See the surveys [F1] and
[Dr2] for free and relatively free associative algebras and the papers |Br|
and [Drl] for free and relatively free Lie algebras. It has turned out that
in the noncommutative case the algebra of invariants is finitely generated
in very special cases only.

For example, if G is a finite linear group acting on the free associa-
tive algebra K(X), a theorem established independently by Dicks and
Formanek [DF| and Kharchenko [Kh2| states that K (X )¢ is finitely gen-
erated if and only if G is cyclic and acts on K X by scalar multiplication.
A simplified version of the proof of Kharchenko is given by Dicks in [C2].
Koryukin [Kol]| considered the case of the action of any linear group G
on K(X). Let d; be the minimal integer with the property that there
exist linearly independent ¥, ..., ¥4, in the vector space KX such that
K(X)Y € K(y1,...,9a4,). Changing linearly the system of free genera-
tors X = {x1,...,24}, we may assume that K(X)¢ C K(zy,...,zq,).
The theorem of Koryukin [Kol| gives that K(X)¢ is finitely generated if
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and only if G acts on Kz; @ --- @ Kz4, as a finite cyclic group of scalar
multiplications.

In the case of the free Lie algebra L(X) Bryant [Br| showed that
L(X)% is not finitely generated if G # (e) is any finite group. The same
result holds from [Drl].

It is natural to expect that something similar holds for free 2-algebras.
If J is an Q-ideal of K{X }q which is GL4(K)-invariant, i.e., GL4(K)(J) =
J, then the action of GLg(K) on K{X }q induces an action on the factor
algebra K{X }q/J. Hence the G-invariants of K{X }o go to G-invariants
of K{X}q/J. If the group G is finite or, more generally, acts as a reduc-
tive group on K X, then every invariant of K{X }qo/J can be lifted to an
invariant of K{X }q. Hence, in this case we may study G-invariants of
factor algebras and then lift the obtained results to the algebra K{X}§
itself.

In the case of ordinary polynomial algebras, if the group G is finite,
the algebra of invariants K[X]“ is always nontrivial and even of the same
transcendence degree d as K[X]. Lifting the invariants, we obtain that
the algebras K (X)¢ and K{X}% are also nontrivial. In the case of (non-
binary) free 2-algebras, the picture is completely different:

Example 4.1. Let G = {e, —e}, where e is the identity d x d matrix and
let Q = 3 = {13} consist of a single ternary operation. Since

(—e)(u(z1,... ug)) = (—1)ku(a¢1, ceyUg)s

k = deg(u),u(z1,...,uq) € {X}3,

K{X }g is spanned by all homogeneous monomials of even degree. By
Example 2.5 (or by easy induction), K{X }3 is spanned by monomials of
odd degree only. Hence K{X}g = {0}.

Let T be an Q-tree with N leaves. It is a reduced tree such that every
internal vertex (i.e., vertex which is not a leaf) is labeled by an element of
Q,,, where n is the number of incoming edges of the vertex. We denote by
v the corresponding composition of operations from 2. If we label the
leaves of T by x1,...,xn and denote the corresponding {2-monomial by
vr(x1,...,2N), then the labeling of the leaves of T by x;,,...,x;, gives
rise to the monomial vr(xj,,...,z;, ). For example, if T is the Q-tree in
Fig. 4, then

VT(fUl, . 7$6) = V31(1/23(901,962),%3,1/32(954,905@6)),

and vp(z1, 21, T3, T2, X1, T4) corresponds to the Q-tree with labeled leaves
given in Fig. 1.
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Clearly, the GL4(K)-module vp(KX, ..., KX) is isomorphic to the N-th
tensor power (KX )®N by the isomorphism which deletes the operations

T v (T, Tjy) = Tjyp @ R Tjy - (9)

As in the classical case, if G is a subgroup of GLg(K), then the algebra
of invariants K{X }g is graded with respect to the usual grading defined
by deg(xz;) =1, j =1,...,d. Even more holds in K{X }q. The following
proposition easily implies that we may use results on the G-invariants
K({X)% in the free associative algebra K (X) to describe the G-invariants
K{X}§ for an arbitrary subgroup G of GL4(K).

Proposition 4.2. (i) Let

f@r,. . mg) = frlwy... za) € K{X}q,

where fr(z1,...,xq) € vp(KX,...,KX). Then f(x1,...,24) is G-inva-
riant if and only if w7 (fr(x1,. .., 2q)) € K(X)C for all Q-trees T}

(ii) The Hilbert series of K(X)%, K{z}q and K{X}§ are related as
follows. If

HEX) 1) =" amt™, H({z}o,t)= > but™,

m>1 m>1

then

{X}Qa Z Ambmt™.

m>1

Proof. Since GL4¢(K) sends vp(xj,,...,2;,) to a linear combination of
monomials of the same kind, we obtain immediately that each G-invariant
is a linear combination of G-invariants fr € vp(KX,..., KX), which
establishes (i). The proof of (ii) follows from the equahty

K{X}§ =P wr(KX,...,KX)Y,

where the direct sum of vector spaces is on all Q-trees T ]
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Let G be an arbitrary subgroup of GL4(K) and let us consider the
action of G on K X. Since every basis of the vector space K X is a system
of free generators of K{X }q, we fix a basis of the subspace of G-invariants
(KX)% and assume that {x1,...,24,} C X is a basis of (KX)“. Then
we complete this system to a basis of the whole KX by z4,+1,...,Zq4.
Obviously, every Q-polynomial f(z1,...,zq,) is a G-invariant. We call
such polynomials obvious invariants.

Example 4.3. Let d = 4, let G be the cyclic subgroup of GL4(K)
generated by the matrix

<

Il
SO O =
OO R O
O = O =
—_— O = O

and let Q@ = 3 = {v3} consist of one ternary operation only. The subspace
of G-invariants of K X is two-dimensional and is spanned by x1,zs. The
polynomial

flx1, z0, 23, 24) = v3(x3, T1, 22) — v3(21, 21, 24)

is a nonobvious G-invariant because ¢g(f) = f and f depends on variables
different from 1, xo.

The next result shows that the algebra of invariants is not finitely
generated in all nontrivial cases.

Theorem 4.4. Let G be any subgroup of GL4(K) and let K{X}§ contain
nonobvious invariants. Then the algebra K{X}§ is not finitely generated.

Proof. We choose a homogeneous nonobvious invariant of minimal degree.
We may assume that it is of the form

m
f:ZOéjwj', Qo EK,’LUJ' :I/T(:L‘jl,...,l‘jN) G{X}Q, (10)
j=1

where all w; correspond to the same €)-tree T' and there is no w; which
depends only on the G-invariant variables z1,...,z4,. Let, for some k =
1,..., N, and some wj, the k-th coordinate xj, in w; = vp(xj,,...,z;y)
be a noninvariant variable, i.e., jr > dg. We order the operations from
Q) first by degree and then in an arbitrary way. We fix the admissible
ordering on {X }q which compares the Q-monomials w = vp;(ug, ..., uy)
first by total degree deg(w), then by the degree deg, piny(w) with re-
spect to the noninvariant variables xg,11, ..., 24, then by the first (outer)
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operation v,;, and then lexicographically. In the special case of w =
vr(Zp,, ..., Tpy ), Where the Q-tree T' is as in (10), we start the lexico-
graphic ordering with the k-th position. Hence,

W = Unyiy (UL, -5 Uny ) < Vngin (U1, -, Uny) = w”
means that
1) deg(w') < deg(w");
2) or deg(wl) - deg(w”), degnoninv(w ) < degnoninv(w//>;
3) or deg(w,) = deg(w”)v degnoninv(w/) = dEgnoninv(w”)’ ny < mz or
ny = ng, 11 < 19;
4) deg(w/) = deg(w”), degnoninv(w,) = degnoninv(w”)’ Unyiy = Vnaip and
U = V1o vnyUe—1 = Ve—1, Ue < Ve

If in 4) both w’ and w” are of the same type w' = vp(xp,,..., Tpy)
and w” = vp(zq,, ..., xqy) for T from (10), we assume that first uj < vy
and if up = vy, then w1 = v1, ..., Ue1 = Ve_1, Ue < Ve. S0, without loss
of generality we may assume that k = 1, i.e., the first coordinate z;, of
some w; is noninvariant.

We construct a sequence fi, fo, ... of G-invariants, starting with f; =
f. If in (10) each w; has the form

/

Wi = I/T(l‘jl, A ,.’L‘jN) = Z/nl(uj'rl, - .,Ujrn), WUjr, S {X}Q,
we define
m
fk’-i—l = Zajynl(ujrla s 7uj7‘n—17ynl(ujrn; fk;a s 7fk’))
; —
j=1 n—1

In order to prove that fii1 is G-invariant, we use the GLg4(K)-module
isomorphism (9) which is also a G-module isomorphism and define the
G-module isomorphism

Pr+1 - VT<KX7' "7KX7Vn1(KX7fk7' . 7fk)) - (KX)@”@ (ka)®(n71)
—— S——

n—1 n—1
by
Okt1 v (@, T Ut (s frs -5 fR)) = 2, ®- -®xjN®f§(n_l).
Then

Pr1(fr+1) = Z a;rr(f) © fl?fll_l)’
j=1

which is G-invariant.
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If the leading term of f with respect to the introduced admissible
ordering is
T 0 0 0 0 0 0
f=vm(uy, . up_q,uy),  Ujy.. Uy g, Uy € {X}a,
then the Q-monomial u{ depends also on a noninvariant variable. Also,
it is easy to see that the leading term of f; 1 is

an(u(l)a ce 7U9L*17 an(u%,ﬁ, R fk))

n—1

Now, let the algebra K{X}§ of G-invariants be finitely generated by
some hy,...,h,. We may assume that the generators are homogeneous.
We choose a sufficiently large k such that deg(fr+1) > deg(hs), s =
1,...,m. Since fry1 belongs to the Q-subalgebra of K{X }qo generated
by hi,...,Rn, the leading term fr.q of frr1 can be expressed as an
Q-monomial of the leading terms hy and is different from them. Hence

frr1 = l/nl(u(l), ... ,u%_l,unl(ug,ﬁ, A ,ﬁ)) = Unyiy (U1, -+« Uny ),

n—1

where each v, is the leading term of an element of the (2-subalgebra gener-
ated by hi, ..., hy,. Thisimplies that v,1 = vy, and u? =V1,..., “2—1 =
Vn—1, Un1 (U0, fr, .- fx) = vn. Hence 4l is a leading term of a G-invariant
element. This is impossible because deg(f) > deg(u}) and deg(f) is the
minimal degree of an invariant depending not only on G-invariant vari-

ables. O

As an illustration of the proof, continuing Example 4.3, we can now
start with

f1=f = flay, x2, x3,4) = v3(3, 21, 22) — v3(21, 71, 74)

and construct

Jrp1 = v3(x3, x1, v3(w2, fi, fr) — v3(@1, w1, v3(24, frr [1))-

Remark 4.5. The main steps of the description of Koryukin [Kol]| of the
finitely generated algebras of invariants K (X)) can be applied also to the
case of the free binary algebra K{X}. Tracing his proof we obtain that
if K{X}% is finitely generated and K{X}% C K{z1,...,1q,}, where d;
is minimal with this property (with respect to all linear changes of the
system of generators of K{X}), then G acts on Kx; @ -+ ® Kxgq, as a
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finite cyclic group by scalar multiplications. If the order of this cyclic
group is equal to r, then the final arguments of our proof of Theorem 4.4
show that the elements :cfl(aslx{k), k=1,2,..., do not belong to any

finitely generated subalgebra of K{X}¢.

Corollary 4.6. Let Q # 0, i.e., K{X}q is not the vector space KX with
trivial multiplication and let G # (e) be a finite subgroup of GL4(K).
If the algebra of invariants K{X}g 18 nonzero, then it is not finitely
generated.

Proof. If K{X }8 contains a nonobvious invariant, then we apply directly
Theorem 4.4. Let us assume that all invariants are obvious and depend on
the G-invariant variables z1, ..., z4,. Since K{X}§ # 0 and G # (e), we
derive that 0 < dy < d. We use the well known fact that the tensor pow-
ers of any faithful representation of a finite group contain all irreducible
representations of the group, including the trivial representation. Ap-
plying the theorem of Maschke, we choose the variables x4,41,...,zq to
span a G-invariant complement of Kz1 @ ---® Kx4,. The representation
of G in span{xgy41,...,zq} is faithful. Hence there exists a G-invariant
h € (span{Zgy+1,-..,zq})®P of the form

m
h(xd0+1,...,xd):Zajxj1®---®mjp, OéjEK, jl,...,jp>d0.
7=1

We choose an Q-tree T" with N leaves, N > p, and consider the associ-
ated operation v7. Now we consider the isomorphism mp from (9). The
variable x1 is G-invariant and the Q-polynomial

m
-1 ®(N—p)
Tr E ozjxj1®~-®xjp X Ty
Jj=1

m
= Zozjl/T(le, ey T, T, D)
st \7:7
is a nonobvious G-invariant. This contradiction completes the proof. [

Let us add in Example 4.1 one more variable zy which is fixed by G.
Then G is generated by the (d + 1) x (d + 1) matrix
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and f = v3(x1,x1,x0) is a nonobvious G-invariant because

9(f) = vs(g(z1), g(x1), 9(x0)) = v3(—21, —21, 70) = V3(71,21,%0) = g

The proof of Dicks and Formanek [DF]| that the finite cyclic groups
G which act by scalar multiplication are the only groups such that the
algebra K(X)© is finitely generated uses ideas very different from the
proof of Theorem 4.4 given above. Dicks and Formanek proved that for
any finite group G the Hilbert series of K (X)) satisfies

H(K(X)% t) = ‘é’ > Q) (11)

where trg x(g) is the trace of the linear operator g in the d-dimensional
vector space K X. This is an analogue of the classical Molien formula

H(K[X]%,t) (12)

Z 1
|G| = det(1 — gt)

Later, Formanek [F1| generalized this result to the case of any factor
algebra K(X)/J of K(X) modulo a GL4(K)-invariant ideal J. The al-
gebra K (X)/J inherits the multigrading of K(X). Let G be any finite
subgroup of GL4(K) and let &1(g),...,&a(g) be the eigenvalues of the
d x d matrix g € G. Then

H((K(X)/J)¢ |ZH X)), &9t .. &alg)t).  (13)

geG

Since the Hilbert series of K[X]| and K (X) are, respectively,

and since

Zgj )t = tr(gt),

the formula (13) gives immedlately (12) and (11). Applied to invariants
of free Q-algebras, (13) implies the following.
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Proposition 4.7. Let G be a finite subgroup of GLy(K). Then

H(K{X)S,1) obrel ZH K{X}a,&1(9)t, ..., &alg)t),  (14)

geG
where £1(9g), ..., &q(g) are the eigenvalues of the d x d matriz g € G.

Proof. We recall the main steps of the proof of [F1], see also Section 6.3
of [Dr3], where the proof of (13) is given as a sequence of exercises. The
first fact we need is that for a finite dimensional vector space W and a
finite subgroup G of GL(W), the vector space of G-invariants in W, i.e.,
WY ={we W |g(w) =w, g€ G} coincides with the image of the
Reynolds operator ¢ : W — W defined by

|Zg
geG

and dim(W%) = try (), the trace of ¢ acting on W. Further, if g is a
diagonalizable matrix acting on KX (which is true when g is of finite or-
der), and W is a GL4(K)-invariant multihomogeneous finite dimensional
vector subspace of K(X), then the Hilbert series H(W,t1,...,tq) of W
is a symmetric polynomial in t1,...,ts and the trace of g acting on W is

trw (9) = H(W, &1(g), - - -, €a(9))- (15)
In particular, for the homogeneous components W) of degree k
trypw (9)tF = HWW, & (g)t, ..., La(g)t). (16)

Finally, the equations (15) and (16) imply for the graded subspace of the
G-invariants in W

HWE,t) =" dim((W)P)F =3 " try i (¢)

k>0 k>0
|ZZtrW(k> gtk |G|ZH W, &(9)t, - .., Ea(g)t).
g€G k>0 geG

Since each homogeneous component K{X }gﬁ ) of K {X}q is isomorphic
as a GLy(K)-module to a direct sum of several copies of K (X)®) the
equations (15) and (16) hold also for the finite dimensional GL4(K)-
submodules W of K{X }q. This implies the formula (14). O
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Example 4.8. Let G = {e,—e} act on the free nonassociative binary
algebra K {2}, where —e changes the sign of z. As in Example 4.1, K {z}“
is spanned by all homogeneous monomials of even degree. Proposition
4.7 gives that

H(K{x}%,t) = 5 (H(K{z},t) + H(K{z}, ~1))

NN

(which can be seen also directly). One can replace H(K{x},t) with its
explicit form (4), as the generating function of the Catalan numbers, and
obtain

H(K{z}%t) = i (2-V1I—4t=V1+4t).

Using the formula (7) we derive for the generating function of any homo-
geneous set Y of free generators of K{z}¢

1-VI-1622 EH(K{@«}AR). (17)

G(Y,t) = g 1

Instead, we may proceed in the following way, with possible generaliza-
tions. Let H = H(K{x},t) = Hy 4+ Hi, where

Ho = S (H() + H(=8), Hi = 3 (H(t) — H(~1)

are, respectively, the even and the odd components of the series H. Since
0=H?—-H+t=(H3+ H — Hy) + (2HoH, — Hy + 1),

we separate the even and odd parts of this equation and obtain

t
H2 + H? — Hy=2HyH, — H, +t =0, H1:1—72H0’
2
H&%—;—HOZO (HZ — Ho)(1 +4(HE — Hy)) +1* = 0.
(1 —2Hy)? ’

Using that H3 — Ho + G(Y,t) = 0, we derive
—G(Y, ) (1 =4G(Y, 1) +t2 =0, (4G(Y,1))? — (4G(Y,t)) + 41> = 0.
Hence, by (2) we obtain 4G(Y,t) = H(4t?), i.e., (17) and

1
92k = 4"37_1%’ k=1, (18)

where gy, are the nonzero coefficients of the generating function G(Y, ).
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Since K{x}% is spanned by all nonassociative monomials of even de-
gree, the monomials of the form wwv, where both u,v are of odd degree
form a free generating set of K{2}“. Applying the Stirling formula to

cor and gop we obtain

1 (4k-2\  (2@2k-1)!
2k = %(%- 1) T 2k((2k— )12 T 8ky/w(2k — 1)

42k

A2k - 1) 42k

PEZTRE-DN2 T 16k/r(k 1)

gok 1 J2k—1 . gk V2
oy —— im — = —.
Cof 2 k—1 k—oo Cok 2

Hence the quotient between the number of nonassociative monomials
which are products of two monomials of odd degree to the number of
all monomials of the same degree tends to v/2 /2. For example,

=1, go=1, -1,
2

ca =95, ga=4, 9-4:087
C4

s =42, ge = 32, %z ~ 0.761905,

g8

cs =429, gy =320, “~0.745021,

10 = 4862,  g1o = 3584, iﬂ ~ 0.737145,
10

c12 = 58786, g1z = 43008, 912 ~0.731603,
C12

14 = T42900,  gua = 540672, I ~ 0.727786,
C14

c16 = 9694845, g1 = 7028736, L6 ~ 0.724997,

C16
90 0721197, % ~0.716308, 1 ~ 0.713938,
C20 C30 C40
90 ~0.712539, 2% ~ 0.709790,

€50 €100

which is very close to

9
‘2[ ~ 0.707105.
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The monomials which are products of two monomials of odd degree can
be labeled by planar binary rooted trees with two branches with an odd
number of leaves for each branch. Hence there are much more of such

trees (about
V2/2

1—+/2/2
times) than of planar binary rooted trees with the same number of leaves
which have two branches with an even number of leaves.

~2 2.41420

In the case of infinite groups G the Molien formula (12) has no formal
sense. Nevertheless, if GG is compact, one can define Haar measure on
G, replace the sum with an integral and obtain the Molien-Weyl formula
for the Hilbert series of the algebra of invariants, see [Wel, We2|. The
analogue of (11) for G infinite is given by Almkvist, Dicks and Formanek
[ADF]. For other applications of the Molien-Weyl formula for objects
related with noncommutative algebra see also [F1], [Dr2| and the books
[F2], [DrF]. We shall consider such applications in the next section.

Without presenting a comprehensive survey, we shall mention several
results of action of other objects, different from groups, in the spirit of
invariant theory. Instead of invariants of linear groups one may consider
constants of derivations. A theorem of Jooste [J| and Kharchenko [Khl]
gives that for a Lie algebra D of linear derivations the algebra of constants

K(X)? ={f € K(X)|6(f)=0,8 € D}

is free again. See also Koryukin [Ko2| and Ferreira and Murakami [FM1]
for the problem of finite generation of K(X)”. One may study also
invariants of Hopf algebras acting on K (X). We shall mention only [FMP]
and [FM2| which show that the algebra of invariants of K (X) under the
linear action of a Hopf algebra H is free and, under some mild restrictions
on H, the algebra K (X)¥ is finitely generated only if the action of H is
scalar. It is a natural problem to study algebras of constants of derivations
and invariants of Hopf algebras also in the case of free ()-algebras.

5. Weitzenbock derivations, special linear groups and el-
liptic integrals

As in the previous section, we assume that K is a field of characteristic 0
and X = {z1,...,24}. Almkvist, Dicks and Formanek [ADF] studied in-
variants of the special linear group SL,(K) and the unitriangular group
UT,(K) acting on the free associative algebra K(X). They expressed
the Hilbert series of the algebra of invariants in terms of multiple inte-
grals. We shall transfer these results to the case of K{X}qn. We shall
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consider in detail the case p = 2 only. Also, instead for the unitriangular
group UT,(K') we shall state the results for Weitzenbock derivations and
unipotent actions of the infinite cyclic group.

For details on representation theory of general linear groups see e.g.
the books by Macdonald [Mc| and Weyl [We2|. Let W(A) = W(Aq, A2)
be the irreducible GLy(K)-module corresponding to the partition A\ =
(A1, A2). The role of the character of W () is played by the Schur function
sx(u1,u2). This means that if the matrix g € GL2(K) has eigenvalues
§1,82, then g acts as a linear operator on W(A) with trace tryy(y)(g) =
sx(&1,&2). In the case of two variables sy (u1,uz) has the simple form

)\1 1 )\2+1 )\1 )y

Aa+1
sx(u1, ug) = utun? + u} a2t w2

A1—A2+1 A1—A2+1
))\2 u — Ug

= (uug
up — U2

The Schur functions form a basis of the vector space of symmetric poly-
nomials in Kug, us].

Recall that a linear operator § of the K-algebra R is called a derivation
if (uv) = d(u)v + ud(v) for all u,v € R. Similarly, the linear operator o
is a derivation of the Q-algebra R if

S(Vni(v1, -+ -5 vp va Vtye e, (V7). 0) (19)

for all v; € R and all v,; € Q. The derivation is locally nilpotent if for
any v € R there is a k such that 6¥(v) = 0. If § is a locally nilpotent
derivation, then the exponential of §

52

5
TR

exp(d) =1+ T

is well defined and is an automorphism of R. The kernel ker(d) = R?
of § is called the algebra of constants of §. It coincides with the algebra
R*P() of the fixed points of the automorphism exp(d). Every mapping
0 : X — K{X}q can be extended to a derivation of K{X}q: If v1,...,v,
are monomials in {X }q, then we define §(vp;(v1,...,v,)) inductively by
(19).

Let g € GL4g(K) be a unipotent linear operator acting on the vector
space KX = Kx1 @ --- ® Kx,4. By the classical theorem of Weitzenbock
[W], the (commutative and associative) algebra of invariants

KX ={f e K[X]| f(9(z1),...,9(xa)) = f(21,...,24)}
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is finitely generated. All eigenvalues of g are equal to 1 and, up to a change
of the basis, g is determined uniquely by its Jordan normal form. Hence,
for each fixed d we may consider only a finite number of linear unipotent
operators. Equivalently, we may consider the linear locally nilpotent
derivation § = log g called a Weitzenbdck derivation. Clearly, the algebra
of invariants K[X]9 coincides with the algebra of constants K[X]° (=
ker(0)). See the book of Nowicki [N] for concrete generators of K[X]°
for small d and the book by Freudenburg [Fr| for general information
on locally nilpotent derivations of polynomial algebras. The paper by
Drensky and Gupta [DrG| deals with Weitzenbdck derivations for free and
relatively free associative and Lie algebras. We present a short account
on the properties of the algebra of constants K{X }gl and show how to
calculate the Hilbert series of K{X }?2 The proofs are based on the
description of the invariants of the group of unitriangular matrices given
by De Concini, Eisenbud and Procesi [DEP] and the work of Almkvist,
Dicks and Formanek [ADF|. We assume that 0 is a linear locally nilpotent
derivation. It acts on KX as a nilpotent linear operator, with Jordan
normal form consisting of k cells of size n; + 1,...,n, + 1, respectively,
and X is a Jordan basis of §. Hence either 6(z;) = xj_1 or 6(z;) = 0,
j=1,....d.

We equip KX with a GLy(K)-module structure in the following way.
If X, = {zj,,Tjo+1,---,%jo4n, ; 1S the part of the basis X correspond-
ing to the r-th Jordan cell of 0, we assume that GLs(K) acts on KX,
as on the GLy(K)-module of commutative and associative polynomials,
homogeneous of degree n,, in two variables z,y: If g € GLy(K) and

Ny
9@y =Y agma™ Yyl
q=0
for some oy, € K, then
U2
9(Tjotm) = Y CgmTjotq-
q=0

Hence KX is isomorphic to the direct sum W(ny,0) @ --- & W(ng,0)
as GLa(K)-module. We extend the action of GL2(K) diagonally to
K{X}q. Then, see [DEP| and [ADF], each irreducible GLy(K)-sub-
module W (A1, A2) of K{X }q contains a one-dimensional §-constant sub-
space and the algebra K{X }?2 is spanned by these subspaces. We define
on K{X}q a Z3-grading assuming that the degree of Zjo4+m from X, is
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equal to (n, —m,m,1) and consider the Hilbert series

k
Hé(K{X}Qv ur, uz, Z) = H(K{x}ﬁv z Z S(nr,0) (ula u2)) (20)
q=1

It is obtained from the Hilbert series H(K{X}q,t1,...,tq) by replacing
the variables t1,to, ..., tq respectively by

ni—1 ni—1 ni
utz ult gz, wugt Tz un 2
ng—1 np—1 Nk
ultz, ult gz, L uugt T 2 ugt 2

The variables u1, ug take into account the bigrading related to the G Lo (K)-
action and the extra variable z counts the usual grading.

The function Hs(K{X }q,u1,uz, 2) is symmetric in u;, ug. The coef-
ficient of its linear in z component is equal to

k

Z S(n;,0) (w1, u2)

i=1

which is the character of the GLo(K)-module K X.
Hence Hs(K{X }q,u1,us, z) is the character of the GLs(K )-module
K{X}q. By [ADF|, this means that if

Hy(K{X}q,u1,u2,2) = > | Y masa(ur,ug) | 2%,

¢>1 \ Mg

then the homogeneous component of degree ¢ decomposes as

K{X} = @ maW (A, ha). (21)
Akq

Theorem 5.1. Let 6 be a linear locally nilpotent derivation of K{X }q,
X = {x1,...,24}, which, when acting on KX, has a Jordan normal
form consisting of k cells of size nq1 + 1,...,np + 1, respectively. Then
the Hilbert series of the algebra of constants K{X}g2 is given by

1
H(K{X}},z)=2 / cos®(mu) Hs(K{X }q, €™ ™2™ 2)du, (22)
0

where Hs(K{X }q, u1,uz, 2) is defined in (20). Equivalently,

! sin(27(n.
H(K{X}%,z):2/o cos? (mu)H (K{x}g,zz @r(n; + u )>du

sin(27mu)
(23)
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Proof. We follow the proof of Almkvist, Dicks, and Formanek [ADF] for

the Hilbert series of K (X)°. If K{X}g]) decomposes as in (21), then the
Hilbert series of the algebra of d-constants is

H(K{X},2)=> [ D ma |22

qg>1 Akq

Hence, for the proof of (22) it is sufficient to show that
1 . .
2/ cos®(mu) sy (2™, e 2 dy, = 1,
0

which was already used in the proof of [ADF] (or may be verified directly).
The expression (23) follows from the formula

e2miln+u _ g=2mi(ntu gin(27(n + 1)u)

(627riu _
e2miu . g—2miu sin(2mu)

—27Tz'u) _

,€

5(n,0)

O]

Example 5.2. Let K{X}q = K{X} be the free nonassociative algebra,
i.e., Q consist of one binary operation only.
(i) Let d =2 and 6(z1) =0, 6(x2) = =1, i.e.,

5= (8 é) : (24)

By [DrG] the Hilbert series of K(X)? (for the nonunitary algebra K (X))

) HE X 1) =3 <2p + 1)t2p+1 +3 (if’) 2.

p=>0 p=>1

The algebra K (X)° is a free associative algebra and has a homogeneous
set of free generators Y with generating function

G, t)=t+> cpt™. (25)

p>1
Hence Proposition 4.2 gives
2p+1 1 2p 2
H(K(X), 1) = 3 ( >c2p+1t2p+ s ( eapt™.
p>0 P pz1 NP

where ¢, are the Catalan numbers.
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Applying Theorem 5.1 we obtain

1—+1—4t

H(K{z},t) = —5—,

1—\/1—4(U1+UQ)Z
. ,
1
0 Z) = COS2 U — — OZ COS(&TTU u
HEAXY.2) = [ cost(ru) (1= T= 52 cos(2m)) d

which is an elliptic integral. If Y is a homogeneous set of free generators
of K{X}°, then its generating function is

Hg(K{X}, Ui, u, Z) =

G(Y7 Z) = H(K{X}57 Z) - H(K{X}67 Z)Q'
The beginning of the expansion of G(Y, z) as a formal power series is
G(Y,2) = 2+ 22 + 223 + 142" + 562° + 40425 + 202027 + - - - .

(Compare with the expansion of the generating function (25) of the free
generators of K(X)%.) For the free generators of degree < 3 of K{X}°
one may choose

x1, T1x2 —xx1, (T171)T2 — (T221)T1, X1(T122) — T2 (T121).
(ii) Let d = 3 and

(26)

>,
I

o O O

OO =

O = O

Then (22) and (23) give

1
H(K{X},2) = / cos?(mu) (1~ /T~ 42(1 + 2 cos(dmw)) ) du.
0
The beginning of the generating expansion for the free generators is
24227 +82° + 582" + 4402° + 372820 + 3308827 + - - .
Example 5.3. Let K{X}q = K{X},, i.e., Q, consists of one operation

for each n > 2. Applying Theorem 5.1 to (5) in Example 2.3 (ii) we
obtain for d = 2 and ¢ from (24)

1
H(K{X}’, 2) = ;/0 cos?(mu) f (22 cos(2mu) ) du,
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where
f@)=1+t—/1—6t+¢2.

For d = 3 and ¢ from (26), we obtain again elliptic integrals:

1 1
H(K{X}’, z) = 3 / cos®(mu) f(2(1 + 2 cos(4mu)))du,
0
which is, in low degrees,

2+ 322 +212° + 2092% + 22952° + 2777725 + 35487927 + - -

Following Almkvist, Dicks and Formanek [ADF|, we consider a poly-
nomial representation of GLo(K) in KX, i.e., we assume that KX has
the GLo(K)-module structure

EX=2wWAM AWy e - o w®, W), (27)

This induces also a representation of SLo(K) C GL2(K). We translate
the results of [ADF] for the Hilbert series of K (X)5L2(K) to the case of

K{X}SLZ (K)

Theorem 5.4. Let the GLa(K)-module structure of KX, X = {x1,...,z4},
be given by (27). Then the Hilbert series of the algebra of SLo(K)-
invariants in K{X }q is

H(K{x}y2™ ) =

1 k
= 2/ Sin2(27'ru)H <K{.I‘}Q, z Z S(Agi) A(Qi))(eQﬂ—ZU’ e—Qmu)) du —
0 , ’

1 (i) _ (@)
= 2/ sin?(27ru) H (K{x}g,zz sin(2m( ); Ay + 1)u)> du.
0

1n(27ru)

Proof. As in the proof of Theorem 5.1, it is sufficient to take into account
that W (A1, A2) contains a one-dimensional SLo(K)-invariant if Ay = Ay
and does not contain SLg(K)-invariants otherwise. Then we need to
show that

1
2/ sin?(27u) sy (€27, e 72 ) du = Gy,
0

where 6,4 is the Kronecker delta. This can be checked directly and was
already used in [ADF]. O
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Example 5.5. If d = 2 and GLy(K) acts naturally on KX, i.e. KX =
W (1,0), then the results in [DrG] for the Hilbert series H (K (X )3F2(K) ¢)
of the SLy(K)-invariants of the nonunitary free associative algebra give

— V11— 42

22

1—2t2
H(K(X)SP200, 1) = 3™ ¢ 1% =
p>1

By Proposition 4.2 (ii) we obtain that

H({X}52K) ) = Z CopCpi17°F.
p>1

On the other hand, Theorem 5.4 gives

H(K{X}52(K) 2y = /1 sin?(27u) (1 —/1-82 sin(27ru)> du
0

which is again an elliptic integral.

Remark 5.6. In order to obtain Q-analogues of the results in [ADF| for
the invariants of SL,(K) and UTy(K) we equip KX with the structure
of a GL,(K)-module with character (the trace of g € GL,(K) acting on
KX)

k
TKX(ul, N ,ur) = ZSA(i>(U17 SN ,ur).
i=1

Then we replace in [ADF| the GL,-character

1
H(K(X =
( < >’UI’ ’ur) l—zTKX(ul,...,ur)
with H(K{z}q, 2 Zle 2Tkx (u1,...,u,)) and obtain integral expressions

for H(K{X}2F™) 2) and H(K{x}575) 7).
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