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FRACTAL NIL GRADED LIE, ASSOCIATIVE, POISSON, AND JORDAN
SUPERALGEBRAS

VICTOR PETROGRADSKY AND I.P. SHESTAKOV

ABSTRACT. The Grigorchuk and Gupta-Sidki groups play fundamental role in modern group theory. They
are natural examples of self-similar finitely generated periodic groups. The first author constructed their
analogue in case of restricted Lie algebras of characteristic 2 [50], Shestakov and Zelmanov extended this con-
struction to an arbitrary positive characteristic [66]. Thus, we have examples of finitely generated restricted
Lie algebras with a nil p-mapping. In characteristic zero, similar examples of Lie and Jordan algebras do
not exist by results of Martinez and Zelmanov [43] and [76]. The first author constructed analogues of the
Grigorchuk and Gupta-Sidki groups in the world of Lie superalgebras of arbitrary characteristic, the virtue
of that construction is that Lie superalgebras have clear monomial bases [51], they have slow polynomial
growth. As an analogue of periodicity, Zz2-homogeneous elements are ad-nilpotent. A recent example of a Lie
superalgebra is of linear growth, of finite width 4, just infinite but not hereditary just infinite [I3]. By that
examples, an extension of the result of Martinez and Zelmanov [43] for Lie superalgebras of characteristic
zero is not valid.

Now, we construct a just infinite fractal 3-generated Lie superalgebra Q over arbitrary field, which gives
rise to an associative hull A, a Poisson superalgebra P, and two Jordan superalgebras J and K, the latter
being a factor algebra of J. In case char K # 2, A has a natural filtration, which associated graded algebra
has a structure of a Poisson superalgebra such that gr A = P, also P admits an algebraic quantization using
a deformed superalgebra A(Y). The Lie superalgebra Q is finely Z3-graded by multidegree in the generators,
A, P are also Z3-graded, while J and K are Z*-graded by multidegree in four generators. By virtue of our
construction, these five superalgebras have clear monomial bases and slow polynomial growth. We describe
multihomogeneous coordinates of bases of Q, A, P in space as bounded by ”almost cubic paraboloids”. We
determine a similar hypersurface in R* that bounds monomials of J and K. Constructions of the paper can
be applied to Lie (super)algebras studied before to obtain Poisson and Jordan superalgebras as well.

The algebras Q, A, and the algebras without unit P°, J°, K¢ are direct sums of two locally nilpotent
subalgebras and there are continuum such decompositions. Also, Q = Qg @ Q7 is a nil graded Lie superal-
gebra, so, Q again shows that an extension of the result of Martinez and Zelmanov for Lie superalgebras of
characteristic zero is not valid. In case char K = 2, Q has a structure of a restricted Lie algebra with a nil
p-mapping. The Jordan superalgebra K is nil finely Z*-graded, in contrast with non-existence of such ex-
amples (roughly speaking, analogues of the Grigorchuk group) of Jordan algebras in characteristic zero [76].
Also, K is of slow polynomial growth, just infinite, but not hereditary just infinite.

We call the superalgebras Q, A, P, J, K fractal because they contain infinitely many copies of themselves.

In Section 1 we survey known results, Section 2 supplies basic definitions. In Section 3 we briefly describe
constructions and formulate main properties of our five main objects: a Lie superalgebra Q, its associative
hull A, a related Poisson superalgebra P, and two Jordan superalgebras J, K. The present research is a
continuation of a series of papers on fractal (self-similar) (restricted) Lie (super)algebras, the main feature
is that we extend the results to the classes of Poisson and Jordan superalgebras.

1. INTRODUCTION: SELF-SIMILAR GROUPS AND ALGEBRAS

1.1. Golod-Shafarevich algebras and groups. The General Burnside Problem puts the question whether
a finitely generated periodic group is finite. The first negative answer was given by Golod and Shafarevich,
who proved that, for each prime p, there exists a finitely generated infinite p-group [22]. The construction
is based on a famous construction of a family of finitely generated infinite dimensional associative nil-
algebras [22]. This construction also yields examples of infinite dimensional finitely generated Lie algebras
L such that (adz)™®¥) (y) = 0, for all z,y € L, the field being arbitrary [23]. The field being of positive
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characteristic p, one obtains an infinite dimensional finitely generated restricted Lie algebra L such that the
p-mapping is nil, namely, 2P = 0, for all x € L. This gives a negative answer to a question of Jacobson
whether a finitely generated restricted Lie algebra L is finite dimensional provided that each element x € L is
algebraic, i.e. satisfies some p-polynomial f, »(x) = 0 ([29, Ch. 5, ex. 17]). It is known that the construction
of Golod yields associative nil-algebras of exponential growth. Using specially chosen relations, Lenagan
and Smoktunowicz constructed associative nil-algebras of polynomial growth [38]. On further developments
concerning Golod-Shafarevich algebras and groups see [74], [17].

A close by spirit but different construction was motivated by respective group-theoretic results. A re-
stricted Lie algebra G is called large if there is a subalgebra H C G of finite codimension such that H admits
a surjective homomorphism on a nonabelian free restricted Lie algebra. Let K be a perfect at most count-
able field of positive characteristic. Then there exist infinite-dimensional finitely generated nil restricted Lie
algebras over K that are residually finite dimensional and direct limits of large restricted Lie algebras [2].

1.2. Grigorchuk and Gupta-Sidki groups. The construction of Golod is rather undirect, Grigorchuk
gave a direct and elegant construction of an infinite 2-group generated by three elements of order 2 [24].
This group was defined as a group of transformations of the interval [0, 1] from which rational points of
the form {k/2" | 0 < k < 2™, n > 0} are removed. For each prime p > 3, Gupta and Sidki gave a direct
construction of an infinite p-group on two generators, each of order p [27]. This group was constructed as a
subgroup of an automorphism group of an infinite regular tree of degree p.

The Grigorchuk and Gupta-Sidki groups are counterexamples to the General Burnside Problem. More-
over, they gave answers to important problems in group theory. So, the Grigorchuk group and its further
generalizations are first examples of groups of intermediate growth [25], thus answering in negative to a
conjecture of Milnor that groups of intermediate growth do not exist. The construction of Gupta-Sidki also
yields groups of subexponential growth [I§]. The Grigorchuk and Gupta-Sidki groups are self-similar. Now
self-similar, and so called branch groups, form a well-established area in group theory [26] [47]. Below we
discuss existence of analogues of the Grigorchuk and Gupta-Sidki groups for other algebraic structures.

1.3. Self-similar nil graded associative algebras. The study of these groups lead to investigation of
group rings and other related associative algebras [68]. In particular, there appeared self-similar associative
algebras defined by matrices in a recurrent way [5]. Sidki suggested two examples of self-similar associative
matrix algebras [69]. A more general family of associative algebras was introduced in [55], this family gen-
eralizes the second example of Sidki [69], also it yields a realization of a Fibonacci restricted Lie algebras
(see below) in terms of self-similar matrices [55]. Another important feature of some associative algebras A
constructed in [55] is that they are sums of two locally nilpotent subalgebras A = A & A_ (see similar de-
compositions () below). Recall that an algebra is said locally nilpotent if every finitely generated subalgebra
is nilpotent. But the desired analogues of the Grigorchuk and Gupta-Sidki groups should be (self-similar)
associative nil-algebras, in a standard way yielding new examples of finitely generated periodic groups. But
such examples are not known yet. On similar open problems in theory of infinite dimensional algebras see

review [75].

1.4. Self-similar nil restricted Lie algebras, Fibonacci Lie algebra. Unlike associative algebras, for
restricted Lie algebras, natural analogues of the Grigorchuk and Gupta-Sidki groups are known. Namely,
over a field of characteristic 2, the first author constructed an example of an infinite dimensional restricted
Lie algebra L generated by two elements, called a Fibonacci restricted Lie algebra [50]. Let char K = p = 2
and R = K[t;]i > 0]/(t!|i > 0) a truncated polynomial ring. Put 9; = (%, i > 0. Define the following two
derivations of R:

vy =01 + t0(82 + t1(83 + t2(84 + t3(85 + t4(86 + - )))))7
vy = 92 + 11(03 + t2(01 + t3(95 + t4(06 + -+ +))))-

These two derivations generate a restricted Lie algebra L = Lie,(v1, v2) C Der R and an associative algebra
A = Alg(vy,v2) C End R. The Fibonacci restricted Lie algebra has a slow polynomial growth with Gelfand-
Kirillov dimension GKdimL = 1og( VB41)/2 2 ~ 1.44 [50]. Further properties of the Fibonacci restricted Lie
algebra and its generalizations are studied in [54] [56].

Probably, the most interesting property of L is that it has a nil p-mapping [50], which is an analog of the
periodicity of the Grigorchuk and Gupta-Sidki groups. We do not know whether the associative hull A is a
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nil-algebra. We have a weaker statement. The algebras L, A, and the augmentation ideal of the restricted
enveloping algebra u = wu(L) are direct sums of two locally nilpotent subalgebras [54]:

L:L+@L,, A:A+@A,, u:u+69u,. (1)

There are examples of infinite dimensional associative algebras which are direct sums of two locally nilpotent
subalgebras [34] [I5]. Infinite dimensional restricted Lie algebras can have different decompositions into a
direct sum of two locally nilpotent subalgebras [57].

In case of arbitrary prime characteristic, Shestakov and Zelmanov suggested an example of a finitely gen-
erated restricted Lie algebra with a nil p-mapping [66]. That example yields the same decompositions (D) for
some primes [37, [55]. An example of a p-generated nil restricted Lie algebra L, characteristic p being arbi-
trary, was studied in [57]. The virtue of that example is that for all primes p we have decompositions () into
direct sums of two locally nilpotent subalgebras. But computations for that example are rather complicated.

Observe that only the original example has a clear monomial basis [50 [54]. In other examples, elements
of a Lie algebra are linear combinations of monomials, to work with such linear combinations is sometimes
an essential technical difficulty, see e.g. [60, 57]. A family of nil restricted Lie algebras of slow growth
having good monomial bases is constructed in [52], these algebras are close relatives of a two-generated Lie
superalgebra of [51].

1.5. Narrow groups and Lie algebras. Let G be a group and G = G; 2 G2 O --- its lower central
series. One constructs a related N-graded Lie algebra Li(G) = ®;>1L;, where L, = G;/Gi41 ®z K, i > 1.
A product is given by [aGi+1,bGj11] = (a,0)Giyj41, where a € G;, b € G, and (a,b) = a~'b~'ab the group
commutator.

A residually p-group G is said of finite width if all factors G;/Giy1 are finite groups with uniformly
bounded orders. The Grigorchuk group G is of finite width, namely, dimg, G;/G,1+1 € {1,2} for i > 2 [62[7].
In particular, the respective Lie algebra L = Lk (G) = @;>1L; has a linear growth. Bartholdi presented
Lk (G) as a self-similar restricted Lie algebra and proved that the restricted Lie algebra Ly, (G) is nil while
Ly, (G) is not nil [6]. Also, Lk (G) is nil graded, namely, for any homogeneous element = € L;, i > 1, the
mapping ad x is nilpotent, because the group G is periodic.

A Lie algebra L is called of mazimal class (or filiform), if the associated graded algebra with respect to

the lower central series gr L = % gr L, where gr L,, = L"/L"! n > 1, satisfies
n=1

dimgrL; =2, dimgrL, <1, n>2, grL,41 =[grLi,grL,], n>1, (2)

in particular, gr L is generated by gr L;. An infinite dimensional filiform Lie algebra L has the smallest
nontrivial growth function: v, (n) =n+ 1, n > 1. In case of positive characteristic, there are uncountably
many such algebras [I1]. Nevertheless, in case p > 2, they were classified in [I2]. There are generalizations
of filiform Lie algebras. Naturally N-graded Lie algebras over R and C satisfying the condition dim L,, +
dim Ly, 41 < 3, n > 1, are classified recently by Millionschikov [45]. More generally, an N-graded Lie algebra

L= % L,, is said of finite width d in the case that dim L,, < d, n > 1, the integer d being minimal.
1

n=

Pro-p-groups and N-graded Lie algebras cannot be simple. Instead, appears an important notion of being
Just infinite, namely, not having non-trivial normal subgroups (ideals) of infinite index (codimension). A
group (algebra) is said hereditary just infinite if and only if any normal subgroup (ideal) of finite index
(codimension) is just infinite. The Gupta-Sidki groups were the first in the class of periodic groups to be
shown to be just infinite [28]. The Grigorchuk group is also just infinite but not hereditary just infinite [26].

1.6. Lie algebras in characteristic zero. Since the Grigorchuk group is of finite width, a right analogue
of it should be a Lie algebra of finite width having ad-nil elements, in the next result the components are of
bounded dimension and consist of ad-nil elements. Informally speaking, there are no "natural analogues” of
the Grigorchuk and Gupta-Sidki groups in the world of Lie algebras of characteristic zero, strictly in terms
of the following result.

Theorem 1.1 (Martinez and Zelmanov [43]). Let L = ®nerLa be a Lie algebra over a field K of charac-
teristic zero graded by an abelian group I'. Suppose that

i) there exists d > 0 such that dimgx Lo < d for all a € T,
il) every homogeneous element a € L, a € T, is ad-nilpotent.

Then the Lie algebra L is locally nilpotent.
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1.7. Fractal nil graded Lie superalgebras. In the world of Lie superalgebras of an arbitrary character-
istic, the first author constructed analogues of the Grigorchuk and Gupta-Sidki groups [51]. Namely, two
Lie superalgebras R, Q were constructed, which are also analogues of the Fibonacci restricted Lie algebra
and other (restricted) Lie algebras mentioned above. Constructions of both Lie superalgebras R, Q are
similar, computations for R are simpler, but Q enjoys some more specific interesting properties. The virtue
of both examples is that they have clear monomial bases. They have slow polynomial growth, namely,
GKdim R =log;4 ~ 1.26 and GKdim Q = logs 8 ~ 1.89. Thus, both Lie superalgebras are of infinite width.
In both examples, ad a is nilpotent, a being an even or odd element with respect to the Zs-gradings as Lie
superalgebras. This property is an analogue of the periodicity of the Grigorchuk and Gupta-Sidki groups.
The Lie superalgebra R is Z?-graded, while Q has a natural fine Z3-gradation with at most one-dimensional
components (See on importance of fine gradins for Lie and associative algebras [3, [I6]). In particular, Q
is a nil finely graded Lie superalgebra, which shows that an extension of Theorem [[T] (Martinez and Zel-
manov [43]) for the Lie superalgebras of characteristic zero is not valid. Also, Q has a Z?-gradation which
yields a continuum of different decompositions into sums of two locally nilpotent subalgebras Q = Q1 ©Q-_.
Both Lie superalgebras are self-similar, they also contain infinitely many copies of itself, we call them fractal
due to the last property. (Except this paragraph, Q denotes another Lie superalgebra, one of the main
object of this paper).

In [13], we construct a similar but simpler and ”smaller” example. Namely, we construct a 2-generated
fractal Lie superalgebra R (the same notation as above but this is a different algebra) over arbitrary field.
This Lie superalgebra R is Z2-graded by multidegree in the generators and the Z?-components are at most
one-dimensional. As an analogue of periodicity, we establish that homogeneous elements of the Zs-grading
R = Ry @ Ry are ad-nilpotent. In case of N-graded algebras, a close analogue to being simple is being just
infinite. Unlike previous examples of Lie superalgebras [5I], we are able to prove that R is just infinite,
but not hereditary just infinite. This example is close to the smallest possible one, because R has a linear
growth with a growth function ygr(m) ~ 3m, as m — oo. Moreover, its degree N-gradation is of finite width
4 (char K # 2). In case char K = 2, we obtain a Lie algebra of width 2 that is not thin.

1.8. Poisson and Jordan (super)algebras. Poisson algebras naturally appear in different areas of alge-
bra, topology and physics. Probably, Poisson algebras were first introduced in 1976 by Berezin []], see also
Vergne [73] (1969). The free Poisson (super)algebras were introduced by Shestakov [64]. Applying Poisson
algebras, Shestakov and Umirbaev managed to solve a long-standing problem: they proved that the Nagata
automorphism of the polynomial ring in three variables C[z,y, 2] is wild [67]. Related algebraic properties
of free Poisson algebras were studied by Makar-Limanov, Shestakov and Umirbaev [39, 40]. A basic theory
of identical relations for Poisson algebras was developed by Farkas [19, [20]. See further developments on the
theory of identical relations of Poisson algebras, in particular, the theory of so called codimension growth in
characteristic zero by Mishchenko, Petrogradsky, Regev [40], and Ratseev [60].

Simple finite dimensional nontrivial Jordan superalgebras over an algebraically closed field of characteristic
zero were classified [31] [33]. Infinite-dimensional Z-graded simple Jordan superalgebras with a unit element
over an algebraically closed field of characteristic zero which components are uniformly bounded are classified
in [32]. Recently, just infinite Jordan superalgebras were studied in [77].

Theorem 1.2 (Zelmanov, private communication [76]). Jordan algebras in characteristic zero satisfy a
verbatim analogue of Theorem [Tl

Strictly in terms of this result, we say again that there are no natural analogues of the Grigorchuk and
Gupta-Sidki groups in the class of Jordan algebras too. On the other hand, the Jordan superalgebra K
constructed in the present paper shows that an extension of this result to the Jordan superalgebras is not
valid. These facts resemble those for Lie algebras and superalgebras mentioned above.

We continue this research and construct a similar but ”smaller” example, namely, a fractal nil Jordan
superalgebra of finite width in [58].

2. BASIC DEFINITIONS: SUPERALGEBRAS, GROWTH

2.1. Associative and Lie Superalgebras. Denote Ny = {0,1,2,...}. By K denote the ground field,
(S)k a linear span of a subset S in a K-vector space.

Superalgebras appear naturally in physics and mathematics [30, 63 [1]. Put Zo = {0,1}, the group of
order 2. A superalgebra A is a Zo-graded algebra A = Ay ® A;. The elements a € A, are called homogeneous
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of degree |a| = o € Zz. The elements of Ay are even, those of A; odd. In what follows, if |a| enters an
expression, then it is assumed that a is homogeneous of degree |a| € Z2, and the expression extends to the
other elements by linearity. Let A, B be superalgebras, a tensor product A ® B is the superalgebra whose
space is the tensor product of the spaces A and B with the induced Zs-grading and the product:

(a1 @ b1)(az @ ba) = (=) 112l a5 @ b1bo, a; € A, b; € B.
An associative superalgebra A is a Zo-graded associative algebra A = Ag @ Aj. A Lie superalgebra is a
Zso-graded algebra L = Lg @ L with an operation [ , | satisfying the axioms (char K # 2, 3):
o [z,y] = —(—1)l=I¥l]y, ], (super-anticommutativity);
o [,[y, 2] = [z, y], 2} + (1)1 W[y, [, 2]],  (Jacobi identity).
All commutators in the present paper are supercommutators. Long commutators are right-normed: [z,y, z] =
[z, [y, z]]. We use a standard notation ad z(y) = [z, y], where x,y € L.

Assume that A = A @ A is an associative superalgebra. One obtains a Lie superalgebra A(~) by

supplying the same vector space A with a supercommutator:

[Iay] =Y — (_1)|x||y|yx7 I,ZIGA-
If AC) is abelian, then A is called supercommutative. Let L be a Lie superalgebra, one defines a universal
enveloping algebra U(L) = T(L)/(z®@y— (=1)I*I'Wy® 2 —[2,y] | 2,y € L), where T'(L) is the tensor algebra
of the vector space L. Now, the product in L coincides with the supercommutator in U(L)(=). A basis of
U(L) is given by PBW-theorem [1J, [63].

Let V= V5@ Vi be a vector space, we say that it is Zo-graded. The associative algebra of all vector space
endomorphisms End V' is an associative superalgebra: EndV = EndgV ¢ End; V, where End, V = {¢ €
EndV | ¢(Vg) C Vayp, B € Zs}, a € Zy. Thus, End™) V is a Lie superalgebra, called the general linear
superalgebra gl(V').

Let A = Ag ® A7 be a Zs-graded algebra of arbitrary signature. A linear mapping ¢ € Endg A, § € Zo,
is a superderivative of degree [ if it satisfies

dla-b) = ¢(a)-b+ (=1)%1%a - p(b), a,be A

Denote by Der, A C End, A the space of all superderivatives of degree oo € Zo. One checks that Der A =
Derg A @ Derj A is a subalgebra of the Lie superalgebra End™) A. All superderivations of the Grassmann
algebra A(n) = A(x1,...,x,) is a simple Lie superalgebra W (n) for n > 2. In this paper by a derivation we
always mean a superderivation.
2.2. Lie superalgebras in small characteristics. In case char K = 2, 3 the axioms of the Lie superalgebra
have to be augmented ([Il section 1.10], [10], [51]).

e [2,[2,2]] =0,z € L7 (in case char K = 3).
Substituting # = y € Ly in the Jacobi identity, we get 2(adx)?z = [[z, 2], z]. In case char K # 2 we get an
identity

1
(adx)2z=§[[:v,:v],z], x €Lz, z€ L.

In the present paper we study Lie superalgebras of the form A7), they have squares for odd elements:
[z,7] =222, = € A%f). One obtains an identity which is also valid for algebras A7) in case char K = 2:

(adz)?z = [22, 2], x € A%f), ze A, (3)
So, in case char K = 2, we add more axioms for the Lie superalgebras:
e there exists a quadratic mapping (a formal square): ( )[2] : L1 — Ly, . — x?, 2 € Ly, satisfying:
o) =Xl el e K;
(@+ )P =2 +[z,9) +4P,  wye Ly (4)
(adx)?z = [z1%) 2], x € Ly, z € L, (a formal substitute of (3));

e [z,2] =0, z € L. By putting y = z in the second relation above, we get [y,y] =0, y € L1.
Thus, a Lie superalgebra in case char K = 2 is just a Zs-graded Lie algebra supplied with a quadratic
mapping L; — Lg, which is similar to the p-mapping (see below). In case p = 2, to get the universal
enveloping algebra, we additionally factor out {y @ y — y@ | y € Lz}.
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2.3. Restricted Lie (super)algebras. Let char K = p > 0. A Lie algebra L is a restricted Lie algebra
(or Lie p-algebra), if it is supplied with a unary operation x — zlPl, x € L, that satisfies the following

axioms [29] [71] [72):

o ()Pl =) ralPl for N e K, 2 € L;

e ad(zlP) = (adx)?, x € L;

o (x+ 1yl = gl 4 ylP) 4 SV (2 y), 2,y € L, where is;(z,y) is the coefficient of #*~! in the

polynomial ad(tz + y)P~*(z) € L[t].

This notion is motivated by the following observation. Let A be an associative algebra over a field K,
char K = p > 0. Then the mapping = — 2P, x € A7) satisfies these conditions considered in the Lie
algebra A,

A restricted Lie superalgebra L = Ly @ L1 is a Lie superalgebra such that the even component Lg is a
restricted Lie algebra and Lg-module Ly is restricted, i.e. ad(z!?))y = (adx)Py, for all x € Lg, y € Ly (sce.
e.g. [44, [1]). Remark that in case char K = 2, the restricted Lie superalgebras and Zs-graded restricted Lie
algebras are the same objects. (Let L = L @ L be a restricted Lie superalgebra, it has the p-mapping on
the even part: Lz — Lg and the formal square on the odd part: Ly — L. We obtain the p-mapping on the
whole of algebra by setting (z + y)? = 2l + yl& + [2,y], © € Lg, y € L1).

Let L be a restricted Lie (super)algebra, and J the ideal of the universal enveloping algebra U (L) generated
by {2P! — 2P | 2 € Ly}. Then u(L) = U(L)/J is the restricted enveloping algebra. In this algebra, the formal
operation z!P! coincides with the ordinary power x? for all € L. One has an analogue of PBW-theorem
describing a basis of u(L) [29, p. 213], [I].

Let L be a Lie (super)algebra. One defines the lower central series as L' = L and L™ = [L, L" 71|, n > 2.
In case char K = 2 the terms above are augmented by (2?|z € (LI"/?){)g. In case of a restricted Lie
(super)algebra, we also add (zP|z € (LI"/P))g) k.

2.4. Poisson superalgebras. A Zs-graded vector space A = Ay ® Az is called a Poisson superalgebra
provided that, beside the addition, A has two K-bilinear operations as follows:

e A = Ag® A;j is an associative superalgebra with unit whose multiplication is denoted by a-b (or ab),
where a,b € A. We assume that A is supercommutative, i.e. a-b= (—1)1*I'lp. a, for all a,b € A.

e A = Ay @ Az is a Lie superalgebra whose product is traditionally denoted by the Poisson bracket
{a, b}, where a,b € A.

e these two operations are related by the super Leibnitz rule:

{a-bcy=a-{bc}+ (-1l a, c} b, a,b,c € A.
Let L be a Lie superalgebra, {U,|n > 0} the natural filtration of its universal enveloping algebra U(L).
Consider the symmetric algebra S(L) = grU(L) = & Un/Upnt1 (see [14]). Recall that S(L) is identified
n=0

with a supercommutative algebra Kv; |i € I| @ A(w,,|j € J), where {v; |1 € I}, {w;|j € J}, are bases
of Lg, L, respectively. Define a Poisson bracket by setting {v, w} = [v,w], v,w € L, and extending to the
whole of S(L) by linearity and using the Leibnitz rule. Thus, S(L) is turned into a Poisson superalgebra,
called the symmetric algebra of L. Let L(X) be the free Lie superalgebra generated by a graded set X, then
S(L(X)) is a free Poisson superalgebra [64].

Let char K = 2, the axioms of a Lie superalgebra require existence of a formal square y — y!? for all
odd y. Consider a free Poisson superalgebra A = Ag @ A7 over Q, let a € Ag, b € Az, then (ab)? =
1{ab,ab} = 1({a,a}bb + aa{b,b} + 2ab{a,b}) = bl + ab{a,b}. Thus, we add additional axioms for a
Poisson superalgebra in case char K = 2:

o (ab)l? = a?bP + ab{a,b} for all a € Ay, b € As;
o b? =0, for all b € Aj.

One checks that validity of these axioms on any basis imply them for all elements (the second axiom is
needed here). Also, the computation above yields an additional axiom for a restricted Poisson algebra A in
case char K = 2:

e (ab)l? = a?bl + al2b? 4 ab{a, b} for all a € A.

Again, one checks that it is sufficient to verify validity of this axiom on any basis. Observe that the case
p = 2 was not considered in a definition of a restricted Poisson algebra given for all p > 2 in [9, [4].
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Let A, P be Poisson superalgebras, their tensor product A® P is a Poisson superalgebra with operations:
(a@v)-(bow) = (—1)"Plab@vw and {a @v,b@w} = (—=1)I"II1({a,b} @ vw + ab® {v,w}), where a,b € A,
v,w € P.

Let A(n) = A(z1,...,2,) be the Grassmann algebra in n variables. It is an associative superalgebra,
where the Zs-grading A(n) = Ag(n) ® Aj(n) is given by parity of monomials in the generators. One supplies
A(n) with a bracket:

gk = (1)1 Zgj 2 LgeAm).

This bracket is induced by relations {z;,z;} = d; j, 1 < ¢,j < n. Then A(n) is a simple Poisson superalgebra.

Consider a modification of this construction. Let H, = A(x1,...,%n,Y1,...,Yn) be the Grassmann
superalgebra supplied with a bracket determined by: {z;,y;} = d; j, {zi,z;} = {yi,y;} =0for 1 <4, j <n.
We obtain a simple Hamiltonian Poisson superalgebra with a bracket:

Z of 99, 9f 9g
fl—-1
{f?g}_ l ‘ (8:171 8y1 8y1 8xz ) fu.QEHn-

Let P = P3@ Py be a Poisson superalgebra with products - and { , }. Recall that an algebraic quantization
of P is a polynomial extension P[t] supplied with an associative product * that agrees with the grading
P[t] = B[t] ® P;[t] and such that (see e.g. [64]):

e axb=ua-b (modt), a,b € P;
e axb—(=1)ltlpxq =t{a,b} (mod t?), a,beP;
o fxt=1txf=ft, f € P[t].

2.5. Jordan superalgebras. While studying Jordan (super)algebras we always assume that char K # 2.
A Jordan algebra is an algebra J satisfying the identities

e ab = ba;

e a?(ca) = (a®c)a.
A Jordan superalgebra is a Zs-graded algebra J = Jj @ Ji satisfying the graded identities:

o ab = (—1)llllpg;

o (ab)(cd) + (=1)lPllel(ac)(bd) + (—1)001HIeDIl () (be)

= ((ab)e)d + (=1)lbllel+ldD+elldl((qd)e)b 4 (—1)lellltlel+ldD+elld((bd)c)a.

Let A = Ay @ Aj be an associative superalgebra. The same space supplied with the product a o b =
%(ab + (—1)‘“”b|ba) is a Jordan superalgebra A(t). A Jordan superalgebra J is called special if it can be
embedded into a Jordan superalgebra of the type A(t). Also, J is called i-special (or weakly special) if it is
a homomorphic image of a special one.

I.L. Kantor suggested the following doubling process, which is applied to a Poisson (super)alggbra A and
the result is a Jordan superalgebra Kan(A) [33]. The K-module Kan(A) is the direct sum A ® A, where A
is a copy of A, let a € A then a denotes the respective element in A. Also, A is supplied with the opposite
Zo-grading, i.e., |a| = 1 — |a| for a Zy-homogeneous a € A. The multiplication e on Kan(A) is defined by:

aeb=ab,
aeb=(—1)"ab,
aeb=ab,

b= (-1)"{a,b}, a,be A

l

This construction is important because it yielded a new series of finite dimensional simple Jordan superal-

gebras Kan(A(n)), n > 2 [33] 35].

2.6. Growth. We recall the notion of growth. Let A be an associative (or Lie) algebra generated by a finite
set X. Denote by AX™) the subspace of A spanned by all monomials in X of length not exceeding n, n > 0.
In case of a Lie superalgebra of char K = 2 we also consider formal squares of odd monomials of length at
most n/2. If A is a restricted Lie algebra, put A = ([z,... ,:cs]pk | z; € X, sp¥ < n)x [48]. Similarly,



8 VICTOR PETROGRADSKY AND I.P. SHESTAKOV

one defines the growth for restricted Lie superalgebras. In either situation, one defines an (ordinary) growth
function:
ya(n) =va(X,n) = dimg AX™ n>0.

Let f,g: N — R* be eventually increasing and positive valued functions. Write f(n) < g(n) if and only if
there exist positive constants N, C such that f(n) < g(Cn) for all n > N. Introduce equivalence f(n) ~ g(n)
if and only if f(n) < g(n) and g(n) < f(n). Different generating sets of an algebra yield equivalent growth
functions [30].

It is well known that the exponential growth is the highest possible growth for finitely generated Lie
and associative algebras. A growth function y4(n) is compared with polynomial functions n®, o € R, by
computing the upper and lower Gelfand-Kirillov dimensions [36]:

— 1
GKdim A = lim Inyan) =inf{a>0]~va(n) x n%};
1
GKdim A = lim Invan) =sup{a >0]~va(n) =n}.
n— oo n

By Bergman’s theorem, the Gelfand-Kirillov dimension of an associative algebra cannot belong to the interval
(1,2) [36]. Similarly, there are no finitely generated Jordan algebras with Gelfand-Kirillov dimension strictly
between 1 and 2 [42]. Such a gap for Lie algebras does not exist, the Gelfand-Kirillov dimension of a finitely
generated Lie algebra can be arbitrary number {0} U [1, +00) [49].

Assume that generators X = {x1,..., 2} are assigned positive weights wt(z;) = A;, i = 1,..., k. Define
a weight growth function:

Fa(n) = dimg (w4, - a4, | Wtz ) + -+ wt(2;,) <n, 2, € X)k, n>0.

Set C1 = min{\; |i=1,...,k}, Co =max{\; | i =1,...,k}, then ¥4(C1n) < va(n) < A4(Can) for n > 1.
Thus, we obtain an equivalent growth function 4(n) ~ y4(n). Therefore, we can use the weight growth
function 44 (n) in order to compute the Gelfand-Kirillov dimensions. By f(n) & g(n), n — oo, denote that
nhﬁrr;o f(n)/g(n) = 1. Similarly, one studies the growth for Poisson and Jordan superalgebras.

Suppose that L is a Lie (super)algebra and X C L. By Lie(X) denote the subalgebra of L generated
by X, (including application of the quadratic mapping in case char K = 2). Let L be a restricted Lie
(super)algebra, by Lie,(X) denote the restricted subalgebra of L generated by X. Assume that X is a
subset of an associative algebra A. Write Alg(X) C A to denote the associative subalgebra (without unit)
generated by X. In case of Poisson and Jordan superalgebras we use notations Poisson(X) and Jord(X). A
grading of an algebra is called fine if it cannot be splitted by taking a bigger grading group (see definitions

in 3], [16]).

2.7. Lie superalgebra W(A;) of special superderivations. Assume that I is a well-ordered set of
arbitrary cardinality. Put Zs = {0,1}. Let ZI = {a : I — Z3} be a set of functions with finitely many
nonzero values. Suppose that o € Z1 has nonzero values at {i1,...,i;} C I, where iy < --- < iy, put
X% =z, 24 -+ x;, and |a] = t. Now {x® | a € Z1} is a basis of the Grassmann algebra A; = A(z; | i € I),
which is an associative superalgebra A;j = Ag @ A, all x;, ¢ € I, being odd. Let 0;, i € I, denote the
superderivatives of A, which are determined by the values 0;(x;) = d;;, 4,5 € I. We identify x;, ¢ € I, with
the operator of the left multiplication on Ay, thus we get odd elements x; € End;(A;), i € I. Consider a
space of all formal sums

m(a)
W(A]) = { Z Xa Z )\a,ij 8ij
Jj=1

a€EZL

/\a,ij GK, ijGI}. (5)

It is essential that the sum at each x*, o € Z&, is finite. This construction is similar to the Lie algebra of
special derivations, see [59], [61], [53]. It is similarly verified that the product in W (Aj) is well defined and
W (A7) acts on A; by superderivations.

3. MAIN RESULTS: SUPERALGEBRAS Q, A, P, J, K, AND THEIR PROPERTIES

In this paper, we study the following five objects. A core of our constructions is a Lie superalgebra Q.
Next we construct the associative hull A, a related Poisson superalgebra P, and two Jordan superalgebras
J and K. We call these superalgebras fractal because they contain infinitely many copies of themselves.
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Let us briefly describe their constructions, the next picture shows relations between constructions.

A
Q/l K
\P—>J/

Consider the Grassmann algebra in infinitely many variables A = A(x; | i > 0). Let 9; be its superderiva-
tive defined by 9;(x;) = d;,, 1,7 > 0. Observe that {z;,0; | ¢ > 0} are odd elements of the associative
superalgebra End A, where z; is identified with the left miltiplication on A. These elements anticommute
except for nontrivial relations:

[81,551] = Oix; + x;0; = 1; 22 = 0, 612 =0, 1> 0.

K2

Now we define pivot elements:
v; = 0j + %1 (0iq3 + 2it3%ita(Oive + TiteTiyr(Oigo +--+)))s i>0. (6)

The action of the pivot elements on the Grassmann letters is well defined and produces letters with smaller
indices:

0, k <mn;
1, k = n;
vn(xk) = ~ ~ ~ o . (7)
TnTpt1Tn+2Tn+3Tn4aTn45  * Th—aTh—3Tk—2, k=n+3l, [>1;
0, k —n # 0(mod 3);

where Z; denote omitted variables. Thus, we obtain a sequence of superderivatives {v; | i > 0} C Der A,
moreover, they belong to W(A). First, we define a Lie superalgebra Q = Lie(vg, v1,v2) C W(A) C Der A
generated by {vg,v1,v2}. Second, we take its associative hull, namely, we consider the associative superal-
gebra A = Alg(vg,v1,v2) C End A generated by {vg,v1,v2}. (We warn that another Lie superalgebra was
denoted by Q in [51], see also subsection [[7]). We start the present paper with a study of properties of the
algebras Q and A.

Next, in Section @ we consider the Grassmann algebra Ho, = A(x;,y;]i > 0) which is turned into a Poisson
superalgebra by a bracket determined by relations:

{yisz;} =0ij, Awixi} =A{yiy;} =0, i,j=0.
In its completion H.., the next elements will be referred to as the pivot elements as well:

Vi=yi + i1 (Wirs + TivaTiza(Yire + TireTivt(Yiro + ) € Hoo, 1> 0.

We actually obtain the same Lie superalgebra: Q = Lie(vo,v1,v2) = Lie(Vp, V1, Va).

Third, we define a Poisson subalgebra P = Poisson(Vy, Vi, Va) C Hu generated by {Vp, Vi, Va}. Using
the Kantor double, we construct the forth object, a Jordan superalgebra J = Kan(P(Vy, Vi, V2)) = P @ P
and prove that J = Jord(Vy, V1, Va, 1) (Section [I2).

Finally, a Jordan superalgebra K is a factor algebra of J, it also can be constructed directly as a double
K = Jor(Q), namely, as a vector space supplied with an operation as follows (Section [[3)):

K=0oQa(l)sQ, Tey=|[r,y], rel=(-1)*Texr=2z =z,ycQ; 1 theunit.

Now we formulate main properties of these five superalgebras established in the paper.

i) Section Ml yields multiplication rules of the Lie superalgebra Q.

ii) Q has a clear monomial basis consisting of standard monomials of two types (char K # 2, Theo-
rem [1.T]). In case char K = 2, a basis of Q consists of monomials of the first type and squares of the
pivot elements (Corollary[5.2)), and Q coincides with the restricted Lie (super)algebra Lie, (vo, v1, v2).

iii) In Section [0 we define the Poisson superalgebra P(Vp, Vi, V2) = Poisson(Vp, V1, Va), determined
(actually, generated) by the Lie superalgebra Q.

iv) We describe monomial bases of the Poisson superalgebra P and associative hull A. In case char K #
2, we prove that for a filtration of A, the associated graded algebra has a structure of a Poisson su-
peralgebra such that gr A = P, in particular, both algebras have ”the same” bases. Also, the Poisson
superalgebra P admits an algebraic quantization using a deformed superalgebra A(®) (Section [IT).
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v) We essentially use weight functions additive on products of monomials. We prove that Q, A, P, J,
and K are N3-graded by multidegree in three generators (Theorem [6.2] Lemma [T.1l Lemma 124
but the Jordan superalgebras have one more generator). This allows us to introduce coordinate
systems in space: multidegree coordinates (X1, X2, X3), and twisted weight coordinates (Y1, Y3, Y3)
(Section [A)).

vi) Components of the N3-gradation of Q by multidegree in the generators are at most one-dimensional
(Theorem [T.2)), so the Nj-grading of Q is fine.

vii) Q is just infinite but nor hereditary just infinite (Section [T).

viii) We compute initial coefficients of generating functions of Q (Section [). The results and proofs on
basis monomials of Q are illustrated by Figure [l

ix) We find bounds on weights of the basis monomials of Q, P, and A (Sections B [I)) and prove
that images of their monomials in space are inside ”almost cubic paraboloids” (Theorem [R5 see
Figure [l and Theorem [[T4]). Asymptotically, a nonzero share of lattice points inside the first
paraboloid corresponds to monomials of Q (Corollary B.7]).

x) We conjecture that the superalgebras Q, A, and P are not self-similar. We discuss the notion of
self-similarity for Jordan superalgebras in [58].

xi) The Jordan superalgebras J, K are N3-graded by multidegree in the generators (Corollary [Z7), we
determine a hypersurface in R* that bounds monomials of J and K (Theorems [2.11] [3.4).

xii) Q, A, P, J, K have slow polynomial growth: GKdimQ = GKdimK = log, 2 ~ 1.6518 and
GKdim A = GKdim P = GKdim J = 21log, 2 ~ 3.3036 (Theorems B4 T3} M2.9) M3.4).

xiii) J, K are weakly special, but not special (Corollary [Z3] Theorem [I34]).

xiv) Q, A, and the algebras without unit P°, J°, K° are direct sums of two locally nilpotent subalgebras
and there are continuum such different decompositions (Theorem [I4.2)).

xv) Q = Qy @ Qg is a nil graded Lie superalgebra (Theorem [[43)). Thus, Q again shows that an
extension of Theorem [[LT] (Martinez and Zelmanov [43]) for Lie superalgebras of characteristic zero
is not valid. Such a counterexample of a nil finely Z3-graded Lie superalgebra of slow polynomial
growth Q was suggested before [51]. There is also a recent counterexample of a nil finely Z2-graded
Lie superalgebra of linear growth and of finite width 4 [I3].

xvi) In case char K = 2, Q has a structure of a restricted Lie algebra Q = Lie,(vo, v1,v2) with a nil
p-mapping (Theorem [[4.3]).

xvii) Components of the Nj-gradation of K by multidegree in the generators are at most one-dimensional
(Theorem [[3.4)), so the N-grading of K is fine.

xviii) K is just infinite but nor hereditary just infinite (Theorem [34)).

xix) An extension of Theorem [[2to Jordan superalgebras of characteristic zero is not valid. Indeed, K is
a Nj-graded Jordan superalgebra with at most one-dimensional components, where the subalgebra
without unit K¢ is nil of bounded degree.

xx) The constructions of the paper can be applied to Lie (super)algebras studied before to obtain Poisson
and Jordan superalgebras as well.

Remark 1. Indeed, one can apply constructions of the paper to two Lie superalgebras of [51] and one
more Lie superalgebra of [I3] and obtain respective associative, Poisson, and Jordan superalgebras. But
these new superalgebras shall enjoy only triangular decompositions ([I) as sums of three subalgebras, e.g.
J=J ®Jial +, because the roots of that characteristic polynomials are integers. In the present paper
we get decompositions into sums of two locally nilpotent subalgebras because of nonintegral roots of the
characteristic polynomial.

Remark 2. In particular, recall that the Lie superalgebra R constructed in [13] is just infinite, two-generated,
nil Zy-graded, with at most one-dimensional Z?-components, of linear growth, moreover, of finite width 4.
Namely, its N-gradation by degree in the generators has non-periodic components of dimensions {2, 3,4}. The
arguments of the present paper yield the following. Consider the related Jordan superalgebra K=J or(R).
Then K is just infinite, three-generated, Z3-graded with at most one-dimensional components, the ideal
without unit K° is nil of bounded degree. Also, K is of linear growth, moreover, of finite width 4, namely,
its N-gradation by degree in the generators has components of dimensions {0, 2, 3,4}, their sequence is non-
periodic [58]. That example also shows that just infinite Z-graded Jordan superalgebras of finite width can
have a fractal complicated structure unlike the classification of such simple algebras over an algebraically
closed field of characteristic zero [32].
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Remark 3. We continue this research in [58], were in particular we discuss self-similarity of different types
of superalgebras. Despite that all our superalgebras look very ”self-similar”, we conjecture that Q is not

self-similar in terms of the definition of Bartholdi [6].

4. MULTIPLICATION RULES OF LIE SUPERALCGEBRA Q

Since {z;,0; | i > 0} are odd, the pivot elements (@) are also odd. Write them recursively:

Vg = O; + TiTiy1Vit3, i > 0.

(8)

Recall that we consider the Lie superalgebra Q = Lie(vg,v1,v2) C W(A) C Der A and the associative

algebra A = Alg(vg,v1,v2) C End A, where
vg = 0y + xor1V3,
v1 = 01 + T1T2v4, i>0.

Vg = 02 + T2V,

(9)

Define a shift mapping 7: A — A, 7: W(A) = W(A) by 7(z;) = zit1, 7(0;) = Dix1, @ > 0. Clearly, we

get endomorphisms such that 7(v;) = v, for all i > 0.
We shall use the following basic commutation relations without special mentioning.

Lemma 4.1. For all i > 0 we have:

s 2 _ .
i) v7 = Ti1Viqs;

ll) [’Ui,’Ui] = 2’()1-2 = 2{Ei+1’l)i+3;
111) [vi,vi+1] = —T;Vi4+3;5

iv) [vF,vit1] = —vits;

V) [Ui,vz‘+2] = T XiTi41T342Vi+5-

Proof. We check the first claim
01-2 = (3i + Ii$i+1vi+3)2 = [81', Ii$i+1vi+3] = Ti4+1Vi+3-
Now, the second claim is evident. We check claims (iii) and (iv):
[Ui; Ui+1] = [3i + XiTiy10iy3, 01 + l’z‘+1$i+zvi+4] = [iniJrl'UiJrB; 3i+1] = —TiVi+3;
[0F,vita] = [vi, [vi, vi]] = [vi, —@ivi4s] = —viys.
Finally, let us check claim (v):

[Vi, Vita] = [0 + TiTit 10543 + TiTit 1064 3%i14Viv6, Oiva + TitaTit3Vits)

= [$i$i+13i+3,$i+2$z‘+3vz‘+5] = —XiTi41Ti42Vi+5-

Lemma 4.2. General multiplication rules for the pivot elements are as follows. Let i,k > 0.
k—1
[Uh 'Ui+3k] = 2( H Iz‘+3n$i+3n+1>l’z‘+3k+1vi+3k+3;

n=0
k—1

[vi, vigakr1] = —< H $i+3n$z‘+3n+1)$i+3kvi+3k+3;
n=0
k

[Uh 'Ui+3k+2] = —< H l’z‘+3nl“i+3n+1)$i+3k+20i+3k+5-

n=0
Proof. Tterating (B, we get another presentation:

Vi = 0 + i%it10i43 + .. + TiTip1Tit2Ti13Tipadivs  Tit3k—6Tit3k—50i13k—3

+ 2T 1Ti42Ti13Ti4aTits  Tig3k—3Tit3k—2Vit3k, i>0, k>1.

(10)
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Using presentation (I0) and Lemma [T we obtain

[Ui; Ui+3k] = TiTit1Ti42Ti43Ti4aTiqs - - 'Ii+3k73$i+3k72[vi+3k, Ui+3k]
= 22T 110312031 3Ti14Tit5 * Tip3k—3Tit3k—2 * Tit3k+1Vit3k+3)
[Ui; Ui+3k+1] = TiTit18i42Ti43Ti4aTiqs - - 'Ii+3k73$i+3k72[vi+3k, Ui+3k+1]
= —ZiTi 1T 42T 43T+ 48545 Vit 3k—3Ti13k—2 * Tit3kVit3k13;
[Uz‘, Ui+3k+2] =TT 1 g 2@ 3TiqaTigs - '$i+3k—3$i+3k—2[vi+3k, Ui+3k+2]

= —ZiTi 154 2T 430448545+ Vit 3k—3Ti13k—2 * Tit3kTit3k+1Tit3k+2Vit3k+5- 0
Consider Lie superalgebras L; = Lie(v;, vi+1,vit2) for all i > 0, so Lo = Q.

Corollary 4.3. Let Q = Lie(vg, v1,v2). Then
i) v; € Q, i >0 (we get these elements using Lie bracket only in case of an arbitrary K );
ii) 7°: Q — L; is an isomorphism for any i > 1;
iii) we get a proper chain of isomorphic subalgebras:

— o202 2L, 2Ly 2 A L; = {0V
Q 0%~ = z Zz Mitl Z ) nQO {0}
iv) Q is infinite dimensional.

Proof. We have vg,v1,v2 € Q. By Lemma, [vZ,v;] = —v3 € Q. Similarly, by induction we conclude that
v; € Q for all ¢ > 0. Claim (ii) follows because we have an isomorphism 7 : W(A) — W(A) such that
7(v;) = viy1, © > 0. The intersection of L; is trivial by a description of a basis of Q (Theorem [B.T]). O

5. MONOMIAL BASIS OF LIE SUPERALGEBRA Q
By r,, denote a tail monomial:

rp =2l -abr =ab-xt e A, & e{0,1}; n>0, (11)

n

where a7 denote any power {0,1}. If n < 0, we consider that r, = 1. Another monomials of type (1) will
be denoted by r/,, 7, etc. Below, Z; denote the missing variable in a product.

We call r,_sv,, where n > 0, a quasi-standard monomial of the first type, and r,_5x,_2v,, where n > 2,
a quasi-standard monomial of the second type. Among them, we exclude 24 false monomials, see below, the
remaining monomials are standard monomials, we prove that they constitute a basis of Q in case char K # 2.
Let us call n the length, v, the head, r,,—3 (or r,,—5) the tail, and x,,_o the neck of a (quasi)standard monomial.

Theorem 5.1. Let char K # 2. A basis of the Lie superalgebra Q = Lie(vg, v1,v2) is given by the following
standard monomials of two types (where r,, are tail monomials (1))

i) monomials of the first type:
{rn—svn | n >0} \ {zoxivy, xoxiaiTs2]V7},
(i.e. in case of length 4 we exclude monomials containing xo, and in case of length 7 we exclude
monomials containing both {xo,x3}). We shall refer to the excluded monomials as false monomials

of the first type);
i) monomials of the second type:

* % * %k *
{103, T2v4, 305 } U{rpn_s5@n_2v, | n > 6} \ {zox] a3 x507, Tow 52032, 205 Tsv10},
(i.e. in case of length 7 we exclude monomials containing xo, and in case of length 10 we ex-

clude monomials containing all three letters {xq,x3,x5}). We refer to the excluded monomials and
{zova, xow3vs} as false monomials of the second type.

Proof. A) We prove that all standard monomials belong to Q. Al) We start with monomials of the first
type. By Corollary @3] {v; | i > 0} C Q. Using Lemma H.T] [vg,v1] = —zovs and [v1,v2] = —x1v4 belong
to Q. Thus, all non-false monomials of the first type of length at most 4 belong to Q. This is the base of
induction. Let n > 5 and assume that the standard monomials of the first type of length less than n belong
to Q. Using claim (v) of Lemma AT] we get

[Tn760n73; vn75] - Tnfﬁ[vn75; vn73] = —Tpn—-6Tn—5Tn—4Tn_3Vy € Q (12)
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Multiplying by v,—5 and (or) v,—4, v,—3 we can delete any subset of letters {x,_5,z,—4, 2,3} in ([I2)
and obtain all monomials of the first type of length n. But this argument fails when r,_gv,_3 was a false
monomial. We have two cases.

a) Consider that r,_gv,_3 above is a false monomial of the first type of length 4, so n = 7. By setting
Tn—6Un—3 = xivy in [I2), we get all standard monomials of the first type of degree 7 without zy. Using
[rovs, v4] = —rodisxgvr and deleting x4 (if necessary), we obtain all standard monomials of the first type of
degree 7 without zs.

b) Let r,,_gv,—3 be a false monomial of the first type of length 7, so n = 10. Using

%k k% * * ok k x k
[zlasriaivr, xjus] = Lajziaiaiarsrerrvig € Q,

and deleting (if necessary) letters x5, 26, 27 we get all standard monomials of the first type of length 10.

A2) Next, we deal with monomials of the second type. Using (formal) squares, we get v2_; = z,,_ov, € Q
for all n > 3. In particular, we obtain all non-false standard monomials of the second type of length at most 5.
Let n > 6. We commute monomials of the first type with the pivot elements or their squares:

* * *
[Tr—6Vn—3, Tp,_5Un—3] = £rpn_6Tp_5[Un—3,Vn—3] = £21 6Ty _5Tpn_2vn € Q, n >6.

As a rule, we get all required monomials of the second type. The arguments fail in case r,_¢v,—_3 is a false
monomial (of the first type). a) The case of a false monomial of the first type of length 4. Nevertheless,
using r,_gUn—3 = 24 above, we obtain [x]vy, xivs] = F22 axirs07 € Q, the required standard monomials
of the second type of length 7, i.e. those without zg.

b) Consider that r,_gv,—3 is a false monomial of the first type of length 7. Nevertheless, we can get the
following monomials:

* x k% * Ak ok k% %

[xlasasayvr, TEv7] = £2F0x]x5x521 5 x8V10 € Q5

% x k Ak * k x _k Ak %k .

[z TsEsxivr, xivr] = E2xiwixsTaxswl vsv19 € Q;
* ok k% * k% sk ok koA

[xlxsaiaivr, xyvr] = E2xir w5aie)is vsv1p € Q.

Thus, we can obtain all monomials of the second type of length 10, i.e. those that contain at most two of
the letters {zg, x3, x5}, as required.

B) We prove that products of the standard monomials are expressed via the standard monomials. We
write two standard monomials as a = r,_2v,, b = Ty, —2vy, and assume that their lengths satisfy 0 < n < m.
B1). Let m = n(mod 3). Using presentation ([I{), we have

a = Tn72an + Tn+lan+3 + -+ Tm75am73 + T'm—2Um;
[a7 b] = (rn—28n(fm—2) + rn+18n+3(Fm—2) + -+ rm—5am—3(Fm—2))’Um (13)
+ 70 o[V, Um]. (14)
1!

The last term (I4) is of the second type because 77/, _o[Vm, Vm] = 27} _oUm+1Um3. If b was of the first type,
namely, b = 7,,_30Us,, then all terms ([[3) remain of the first type. Assume that b was of the second type
b = Tyn—5Tm—2Um, then all terms (I3) remain to be of the second type.

We need to check that (I4) cannot yield a false monomial of the second type. Suppose the contrary
and it is false of length 10, then m = 7. The second factor b is one of three types: b = Zoxjzixizjvr, or
b = afxiaiisxivr, or b = foxjrsxsvr. Consider different possibilities for the first factor a. a) Let n = 7,
then the first factor a is of the same three types. Their mutual product does not contain one of the letters
{zo,x3,25}. b) Let n = 4. Then the first factor in (4] comes from the last term in a = rovy = a7 (04 +xs2507)
or a = rovg = x2(04 + x425v7). The product does not contain one of {zg,x3}. ¢) Let n = 1. Then the first
factor in ([Id]) comes from the last term in a = vy = 01 + x12205 + X122T324w5v7. Again, the product does
not contain one of {xg,z3}. Now, let us check that (Id]) cannot be a false monomial of the second type of
length 7. Otherwise, either b = xjvs or b = x9v4. The first factor a is either of the same type or the last term
in @ = J1 + x1w2vy. Their products lack xg, as required. Also, the false monomial xgx3v5 cannot appear
in ([I4) because in this case m = 2 but we have only the product [ve, v2] = x3vs. Moreover, we cannot obtain
the false monomial zgvs.

Similarly, one needs a special check that the action on tails (I3) cannot produce false monomials. Recall
that we cannot change the type, i.e. a neck remains the same. The case of a standard monomial of
length 4 is trivial. Next, consider a standard monomial of length 7. Let it does not contain zy. (e.g.
b = Fr_oUy = xixsria;vr.) We are acting by monomials of length at most 4. Observe that all standard
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monomials of length 4 do not contain xg, thus, the action by them cannot help. The only possibility to
obtain xg is to use either xovs = x0(03 + x32406) Or V9 = Jy + 103 + Tow1x324v6. Thus, we can obtain
o at price of loosing x3 and the resulting monomial is not false. If a standard monomial of length 7 lacked
x3, then the cation cannot produce x3, because we act "at most” by +---2304 + ---. Now, consider a
standard monomial of the second type of length 10, namely b = 7p,_ov,, = ziairsziaiat vsvip. If it is
lacking x5, then the result is lacking it as well, because for this we need to kill a senior absent letter x7,
(recall that the neck zg is untouchable). Next, assume that b does not contain x3, we can produce it only
by using - - xow30s5 + -+ or x3vs = x3(d5 + -+ ), thus loosing 5. Finally, assume that b lacks zo. The
action by a monomial of length 5 (i.e. @ = r,_205 = 1,_2(05 + x526v8)) deletes 5. Recall that all standard
monomials of length 4 do not contain zy and all their terms do not as well. Consider a monomial of length 3:
a = xgv3 = xo(03 + x3w405 + T3x4T627V8), it can yield z¢ but we loose either x3 or x5. Again, the standard
monomials of lengths 1,2 do not contain zy and all their terms do not as well. It remains to consider the
monomial of length 0: vg = 0y + xoxr105 + Tox1237405 + Tex1X3T4TeT7V9. Again, we can get zo but loose
either x3 or 5. All these considerations also apply to the actions in the brackets of cases B2), B3) below.
B2). Let m —n =1 (mod3). Using presentation ({0,

a = Tn728n + TnJrlanJrB + -+ Tm768m74 + T'm—3Um—1;

[(I, b] = (Tn—Qan(fm—2) + rn+lan+3 (fm—2) + -+ T‘m—Gam—4(7:m—2))’Um + 7';;_2[7)771—17”771]-

The last term is 7/, _o[Um—1,0m] = =71 _9%m—1Vm+t2, which is of the first type, one again needs to check
that it cannot be false. Consider length 4, then m = 2 and we have only [v1,v2] = —x1v4. Consider length 7,

then m = 5 and either xjv4 or xav4 is multiplied by either xzgx]z5vs or x3vs. The product does not contain
either xg or x3.
B3). Let m —n = 2 (mod 3). Using presentation (1),

a=rp_20, + Tn+lan+3 + o+ Trp—70m—s + T'm—4Um—2;

[(I, b] = (Tn—Qan(Fm—2) + rn+lan+3 (Fm—2) + -+ rm—7am—5(7:m—2))vm + 7':;_2[7}771—27 Um]-

The last term is 77 _o[Um—2, U] = =7/ 5@ —2Tm—1ZmUm+3, Which is of the first type. We check that it
cannot be false. Consider length 4, then m = 1 and there are no such products. Consider length 7, then
m = 4 and we have either [vs, xv4] = £a x2x32407 OF [U2, T2V4] = V4. O

Corollary 5.2. Let char K = p = 2. Then

i) a basis of the Lie algebra Q = Lie(vg, v1,v2) is given by the standard monomials of the first type;
il) a basis of the Lie superalgebra Q = Lie(vg,v1,v2), as well as a basis of the restricted Lie (su-
per)algebra Liey(vo, v1,v2), s given by
(a) the standard monomials of the first type;
(b) squares of the pivot elements: {xn_ov, | n > 3}.

6. WEIGHT FUNCTIONS, Ng—GRADATION, AND THREE COORDINATE SYSTEMS

In this section we introduce different weight functions. Using theses functions we prove that our algebras
are N3-graded my multidegree in the generators and derive further corollaries. We introduce three coordinate
systems that allow to put monomials in space and determine their positions.

We start with the Lie superalgebra W (A7) of special superderivations of the Grassmann algebra A; =
A(x; | ¢ € I) and consider a subalgebra spanned by pure Lie monomials:

Win(Ar) = (i, -+ 24,05 ik, j € )k € W(Ag).
Define a weight function on the Grassmann variables and respective superderivatives related as:
wt(@z) = —wt(xi) = € (C, i >0,

and extend it to pure Lie monomials as wt(x;, - - 24, 0;) = —oy — -+ — @, + &, ig,j € I. One checks
that the weight function is additive, namely, wt([wy,ws]) = wt(w1) + wt(ws), where wy,ws are pure Lie
monomials. The weight function is also extended to an associative hull Alg(Wgy(Af)) and it is additive on
associative products of its monomials.
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Now we return to our algebras Q = Lie(vg, v1,v2) and A = Alg(vg, v1,v2). We want to extend a weight
function on the pivot elements so that all terms in (&) have the same weight. Namely, we additionally assume
that the weight function satisfies the equalities:

wt(vi) = wt(az) =0 = —0G — O + Q54 3, ) Z 0.

We get a recurrence relation
Q43 = Qi1 + 20&1', 7 Z 0. (15)
It has the characteristic polynomial t3 —t — 2 = 0. Using Cardano’s formula, denote

R | ]
€= e2/3m = %\@ 01 = \/14++/26/27 =~ 1.255, 0y = /1 — /26/27 ~ 0.265.

Observe that 6162 = 1/3. One has three different roots:
tr = €801 + e %0, k=0,1,2.
Denote these roots as (we keep these notations for the whole of the paper):
A=ty =01+ 0 =~ 15214,
=1t = el + €20y ~ —0.761 + 0.8584,
I=ts = €201 + ely ~ —0.761 — 0.858i.

By Viet’s formulas, one has

A+ p+ i = 0
A+ ML+ pfi = —1;
At = 2.
Thus, |p| = 1/2/X = 1.147. The characteristic equation also yields
2 2 2
2o\ D21, Zoprod. 16
3 it R (16)
Thus, a weight function wt(x) satisfies wt(9,) = wt(v,) = —wt(z,), n > 0. Moreover, by construction,

all pure Lie monomials of the expansion of a pivot element (@) have the same weight as the pivot element.
Below, a monomial is any (Lie or associative) product of the letters {x;,d;,v; | i > 0} C End A.

Lemma 6.1. We identify weight functions with the space of solutions of recurrence equation ([[H), then
i) A basis of the space of weight functions given by:
wt(v,) = A", n>0, (weight);
swt(v,) = pu", n >0, (superweight);
swt(v,) =", n >0, (conjugate superweight).

il) We replace the superweight functions by two real functions:

Wty (vn) = Re(u™) = % n>0;
wha(v,) = Im(u") = -t m >0,
1

iii) We combine these functions together into two vector weight functions:
Wt(v,) = (wt(vy,), swt(vy), swb(v,)) = (A", u", i), n >0, (vector weight);
WtR (vy,) = (wt(vp), w1 (vn), wta(vy,)) = (A", Re(u™), Im(p™)), n >0, (twisted vector weight).

iv) The weight functions are well defined on monomials. They are additive on (Lie or associative)
products of monomials, e.g., Wt(a -b) = Wt(a) + Wt(b), where a,b are monomials of A.
v) Let w be a monomial, then WtR(w) = (wt w, Re(swt w), Im(swt w)).

Proof. Let us check the last claim. Let w be a pivot element, the equality follows by definition. Now, the
relation extends to all monomials by additivity. 0

As a first application, we establish Nj-gradations.
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Theorem 6.2. The Lie superalgebra Q = Lie(vg,v1,v2) and its associative hull A = Alg(vg, v1,v2) are
N3-graded by multidegree in the generators {vo,v1,v2}:
Q = @ Qn1)n27n37 A = @ An1,’ﬂ27n3'

ni,n2,n3>0 ni,n2,n3>0
Proof. By Lemma [6.1] the generators have the following vector weights:
Wt(vo) = (1,1,1), Wt(vy) = (A, i, 1), Wt(ve) = (A2, %, i?).

For any mni,n2,m3 > 0, let Quin.ns C Q be the subspace spanned by all Lie products of multidegree
(n1,n2,mn3) in {vg, v1,v2}. By Lemma 6] all v € Qy,n,n, have the same vector weight:

Wt(v) = ng Wt(vg) + n2 Wt(vy) + ng Wt(vs).

Elements of Qpn, nyns € W(A) are infinite linear combinations of pure Lie monomials having the same
vector weight. Since Wt(vg), Wt(v1), Wt(ve) are linearly independent, different components Qy,; n,n, and
Qo ny.ny have different vector weights, hence their elements are expressed via different sets of pure Lie
monomials. Hence, the sum of the components is direct. The N3-gradation follows by definition of these
components. 0

Given a nonzero homogeneous element v € A, nons, N1, N2, ng > 0, we define its multidegree (vector) and
a (total) degree:
Gr(v) = (n1,n2,n3) € N C R?, deg(v) = n1 + na2 + ns.
We put it in space using standard coordinates (X1, X2, X3) € R3, which we also call multidegree coordi-
nates. Thus, we write Gr(v) = (n1,ne,ng) = (X1, X2, X3). We also introduce complex weight coordinates
(Z1, Za, Z3) = Wt(v) € C? and real twisted (weight) coordinates (Y1, Y2,Y3) = WtR(v) € R3.
Using Lemma [6.1] we introduce transition matrices:

1 A A2
B = (Wt (), Wt (01), Wt  (e2)) = [1 g0 a2 ] 5 (17)
1 o op?
LA A 1 1521 2313
C:(WtRT(vo),WtRT(vl),WtRT(vg)): 1ot e o[ 0761 —0.157
0 wn up 0 0858 —1.306
Lemma 6.3.
2/ 2/p 2/p
3A2—1 3p2—1 3p2-1
Bl = A 7 f

3N2—1 3p’—1 3p°—1
1 ! !
3XN2—1 3p2—1 3p2—1

Proof. Using the formula of the inverse matrix, one computes the inverse of Vandermonde’s matrix (alter-
natively, a direct check shows that B - (the matrix below) = I):

it AL Ap
A—p)(A—p) (u—/\i(;@—ﬂ) (ﬂ—/\g(ﬂ—u)
—p—p —A—[ el
(A*u)l(hfﬂ) (#*A)l(u*ﬁ) (ﬁ*A)l(ﬁ*u)
A=) A=) (p=N(p—p)  (E=A)(r—w)

Using Viet’s formulas and ([I8]), we treat the denominators in the columns above as follows: (A —pu)(A—j) =
A= (u+ A+ pin =A% — (=A)A+2/X =322 — 1. O

Bl =

One also has
0.221 0.779 0.298

C '~ [0.256 —0.256 0.484
0.168 —0.168 —0.447

Lemma 6.4. Let v € A be a monomial with the multidegree coordinates Gr(v) = (X1, X2, X3) € N§. Let
WtT (v) = (21, Za, Z3) and WtR T (v) = (Y1, Ys,Y3) be the respective weight and twisted coordinates. Then
i) (1,Y2,Y3) = (Z1,Re Z3,Im Zs);
ll) Z1 €R and Z3 = ZQ,'
) WtT'(v) = B- Gr’ (v);

111
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iv) WtR 7 (v) = C'- GrT (v).
Proof. The first two claims follow from Lemma [l By assumption, v is a product that involves X; factors

vo, Xo factors vy, and X3 factors vy. We check the last two claims using additivity and (I7)

Xy
Wt (v) = X1 Wt (vo) + Xa WtT (v1) + Xs WtD (v2) = B- | Xo | . O
X3

Corollary 6.5. Let (X1, Xa, X3) € R? be a point of space in standard coordinates. We introduce its weight
coordinates (Z1, Za, Z3) and twisted coordinates (Y1,Ya,Ys) using formulas of Lemma.

Consider the axis OY; C R? which is determined by Ys = Y3 = 0 in terms of the twisted coordinates.
Lemma 6.6. The axis OY) is determined by the vector (2/A, A\, 1) in terms of the standard coordinates.

Proof. Since, Zy = Y3 + iY3, the condition Yo = Y3 = 0 is equivalent to Zo = Z3 = 0. We take Wt(v) =
(1,0,0) and use claim (iii) of Lemma [6.4] and Lemma [6.3] The axis OY; is determined by the vector:

: N . 2/
G —B |0 =—_ 0
r(v) o) =1 ]

Lemma 6.7. The axis OY; does not contain the lattice points Z3 C R3 in terms of the standard coordinates
(X1, X9, X3), except the origin O = (0,0,0).

Proof. Consider a lattice point O # (n1,n2,n3) = A € Z> C R3. Assume that A belongs to OY;. Then
(n1,n2,n3) =r(2/A\, A\, 1) for some r € R. Hence A = na/n3 € Q, a contradiction with irrationality of A. [

Lemma 6.8. Let 0 = log, A =~ 3.068. The pivot elements {vn | m > 0} belong to a paraboloid-like surface
with equation in twisted coordinates:
}/1 — (}/22 +}/32)U/2'

Proof. By Lemmalodl Wt(vy,) = (Z1, Za, Z3) = (A", ™, i™) and WtR(v,,) = (Y1, Y2,Y3) = (Z1, Re Z3,Im Z5),
n > 0. Then

Y5+ Y5 =2 = |ul*™;

Yi = Zy = A" = \V/21og (VYD) _ (y2 4 y2)1/210m O
Lemma 6.9. The multidegree coordinates of the pivot elements Gr(v,) = (X1, X2, X3) are as follows:
Xy 2/A 2/p = 2/h
A7 ,an ‘un /|
Xo | = FSCEEEY A + 53 1% B e H , n=>0.
X, 3N-11 4 3pf =1\ 4 3pF =1\ 4
Proof. We use Lemma [6.4] Lemma [6.1] and Lemma [G.3
)\n
Grl(v,) = B'WtT (v,) =B~ |
ﬂn
IESCE N -1\ | 3 —1\ |

Corollary 6.10. The total degrees of the pivot elements in the generators {vo,v1,v2} are as follows

AN+ N+6 ., 4pP+pu+6 , Ap2+p+6_,
deg(vn) = —————A" + ————u 55 A
Proof. By definition of the degree, deg(v,) = X1 + X2 + X3, the sum of the multidegree coordinates, the
latter are computed in Theorem. By (@), 2/A + X+ 1 = A% + X. A direct check in the field Q[\] shows that
MAX AN+ A+6
32 -1 26
The same computations are valid for the remaining roots p, fi. O

n > 0.
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7. Q IS FINELY Ng—GRADED AND JUST INFINITE, ITS GENERATING FUNCTIONS

The second example in [51] yields a Z3-graded Lie superalgebra with at most one-dimensional components.
Similarly, the Lie superalgebra constructed in [I3] is Z?-graded with at most one-dimensional components.
Now, we establish a similar fact, that components of the multidegree Z3-grading of the Lie superalgebra Q
are at most one-dimensional (Theorem [[2]). This implies that the Z3-grading of Q is fine (see definitions
in [I6]). We also prove that Q is just infinite but nor hereditary just infinite, the same properties were
established for the example [13]. At the end of this section we supply computations of generating functions
for Q. Figure [Ml below gives a geometric illustration of the results and proofs of the paper.

Lemma 7.1. Let 7: A — A be the shift endomorphism. Consider a multthomogeneous element 0 # v € A
with Gr(v) = (n1,n2,n3), ni,n2,n3 > 0. Then

Gr(7(v)) = (2n3,n1 + ng, na).

Proof. The relation [v3,v1] = —vs implies that Gr(vs) = (2,1,0). By assumption, v is a linear combination
of products involving n1, na, n3 factors vy, v1, ve, respectively. Since 7 is an endomorphism, 7(v) is a linear
combination of products involving ny factors 7(vg) = v1, n2 factors 7(vy) = va, and ng factors 7(ve) = vs.
Using additivity of the multidegree function, we get

Gr(7(v)) = ny Gr(v1) + ng Gr(vz) + n3 Gr(vs) = n1(0,1,0) + n2(0,0,1) + n3(2,1,0) = (2n3,n1 +nz,ne2). O

Theorem 7.2. Components of the N§-gradation Q = @ Q1 no.ng by multidegree in the generators

n1,n2,m3>0
{vo,v1,v2} (Theorem[G2) are at most one-dimensional.

Proof. Recall that the standard monomials and the false monomials are the quasi-standard monomials. Let
us list all quasi-standard monomials of length at most 4, of the first type: {vo, v1, ve, z{vs, xia va}, and of the
second type: {zove,x1v3, 22v4}. We shall prove a more general fact, namely, that different quasi-standard
monomials have different multidegrees.

We make an observation. Let v be a quasi-standard monomial. We can present it as v = z§7(v’), where
a € {0,1}, 7 the shift endomorphism, and v’ is a quasi-standard monomial of length less by one (and of
the same type as a rule). There is one exception: v = v, let us treat it now. One has the multidegree
Gr(vg) = (1,0,0). So, the standard monomials with the same multidegree must contain the only factor vg.
Thus, the only standard monomial of the same multidegree is vg. It remains to compare with multidegrees
of the false monomials. (First, consider the false monomials of small length. We have Gr(zgv2) = (—1,0,2);
using [v?,v2] = —vg we get Gr(wovs) = (—1,2,1) and Gr(zor1v4) = (—1,3,1); since v3 = xzv5 we get
Gr(zozsvs) = (—1,0,2). Let v be a false monomial of length n > 5. Being of the same multidegree implies
that it has the same weight. But by Corollary B2 wt(v) > A\"75 > 1 = wtvy.)

By way of contradiction, assume that u # v are quasi-standard monomials of the same multidegree,
ie. Gr(u) = Gr(v). Also, assume that in this counterexample the minimum of lengths of w,v is the
minimum possible. By the observation above, u = z§7(v) and v = xg 7(v"), where v/, v are quasi-standard
monomials of the same types and of lengths less by one and «, 8 € {0,1}. Let Gr(u') = (n1,n2,n3) and
Gr(v") = (m1, ma,m3). Since Gr(zg) = (—1,0,0), using Lemma [T} we have

Gr(u) = (2n3 — a,ny + ng,na) = (2mg — B, my1 + ms, ma) = Gr(v).

Since «, € {0,1} we conclude that ng = mg and o = 3, then also n; = m; and ny = ma. Hence,
Gr(u') = Gr(v'). By minimality of the example, v’ = v’. Therefore, u = v, a contradiction. O

Corollary 7.3. Let u,w be standard monomials of Q such that wtu = wtw. Then u = w.

Proof. Consider respective multidegrees and assume that Gru = (n1,n2,n3) # Grw = (mi1, m2, ms). Then
wtu = ny + noX + n3A? = wtw = my + maX + m3A? and (mz — n3)A\% + (ma —n)A + (my —ny) =0, a
contradiction with the fact that A satisfies an irreducible polynomial of degree 3. Hence, Gru = Grw. By
Theorem, u = w. ]

Theorem 7.4. The Lie superalgebra Q is just infinite.
Proof. Let I be a nonzero ideal of Q and 0 # a € I. By Corollary [7.3]

a=rw +- - +vpwy €I, 0#v; €K, w;arestandard monomials, wtw; < -+ < Wt wp,. (18)
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Let us prove by induction on m that some pivot element belongs to I. We shall multiply (I8]) by monomials,
the senior term w,, will be transformed into a senior term, we shall keep its coefficient nonzero. By The-
orem [Z.2] the terms move to different at most one-dimensional multihomogeneous components. Hence, we
get a similar decomposition (I8)) with the same (or smaller) number of terms m. Consider the senior term

Wy, = Tjy ** Tj Upy 81 < -+ < ip. Then [v;,,...,0;,wn] = v, is a senior term of [v;,,...,v;,,a]. Thus, we
get a pivot element w/,, = v, in ([I8). If m' = 1, the base of induction is proved.
By our arguments, we can assume that the senior term in ([I8)) is w,,, = v,. Using [v,—1, Un—1, Un] = —Vp42,

we can make n arbitrary big. Since we always multiply by homogeneous monomials, we either keep the
following difference or it is even getting smaller in case the smallest term disappear: wtw/,, — wtw] <
wtwy, —wtw; = C. Thus, wtw] > wtv/ , —C = A" — C, and the last number exceeds \"~! = wtv,,_; for
sufficiently large n. Hence, we can consider that all standard monomials in (8] are of length at least n. On
the other hand, using wt w; < wtw,, = wtv, = A" and the lower estimates of Lemma [8]] we can have only
standard monomials of the first type of length at most n + 4 and of the second type of length at most n + 3.
Take a standard monomial w = r,_svy, where n < k < n+ 5, of our decomposition ([I8) and assume that it
has a factor z; where i < n. Then x;v,42 € Q is a standard monomial of the first type and we get a new senior
term [2;Un42, Un] = —ZiTnTni1TntoUnts 7 0 (LemmallTl) while [2;v,42, w] = £[z;vn42, 2i7),_ovk] = 0, thus
reducing the number of monomials, and we apply the inductive assumption.

It remains to consider a few standard monomials with restrictions on lengths above having no factors
x;, i < n. We compute their weights, monomials of the second type: wt(z,{1vn+3) = wt(vZ) = 2A™,
Wt(Zpvnt2) = 20771 and of the first type: wt(z}v,43) > A"(A2 — 1) = A"(A + 1), wt(z}a), vpa) >
AP =X —1) = A"(A2+ X —1) > A", and {vn12,Vn+1,0n}. These monomials except v, cannot appear
because their weights exceed the weight of the senior term wtw,, = wtv,, = A". Hence, our decomposition
consists of a unique pivot element v,,.

Thus, we have vy € Q for a large integer N. By Lemma HIl [v%_,,on] = —vni2 € I and b =
[vN—2,oN] = —aN_2xN_1ZNUN+3 € I, [N, UN_1,UN-2,b] = —vun4+3 € I. By induction, we derive that
vg € I for k> N + 2. Fix k > N + 2, using claim (v) of Lemma FT] we get

[Ph—1Vk+2, Uk] = Th—1[Ukt2, Vk] = —Th—1 TkThp1 Ty 2Vkys € 1.

Multiplying by vy and (or) vg41, vk+2 we get all standard monomials of the first type of length k+5 > N +7.
Using (formal) squares, we get v2_5 = z,_ov, € I for all n > N + 5. In case char K # 2 we also get

* * *
[Pn—6Un—3, X _sUn—3] = £rn_cxp_s[Un_3,Un—3] = £2r_ex) _sxn_2v, € I, n >N+ 10.

We proved that I contains all basis monomials of lengths n > N + 10. Therefore, dim Q/I is bounded by a
finite number of basis monomials of length at most N + 9. O

Lemma 7.5. The Lie superalgebra Q is not hereditary just infinite.

Proof. Fixm > 1. Let Q(m) C Q be the linear span of its basis monomials of length at least m, so vg ¢ Q(m).
By multiplication rules (see Section[)), Q(m) is an ideal of Q. Observe that the ideal Q(m) C Q has a finite
codimension. In particular, Q = (vo) ® Q(1) and dimQ/Q(1) = 1. Let J = 20Q(m) be the subspace of
Q(m) spanned by its basis monomials involving xy. Since xg can be deleted only by vy that does not belong
to Q(m), we see that J is an abelian ideal of Q(m). Since v; € Q(m)\J for all i > m, we conclude that
dim Q(m)/J = oo and the ideal Q(m) is not just infinite. O

Let A = @, m cAnmi be a Z3-graded algebra, one has an induced Z-gradation: A = @ A,, where
n
A = @®  Apmk- Define respective generating functions:
n+m-+k=Il

H(A by to, ts) = Y dim Ayt 115855

n,m,k

H(A 1) = dim A" = H(A,t,,1).



20 VICTOR PETROGRADSKY AND I.P. SHESTAKOV

Using somewhat recursive structure of the basis of Q (Theorem[5.1]), computer calculations yield the following
series:

H(Q, 1, ta, t3) = t1 +to + 13 + 1] + tato + taty + 5 + tots + 3

+ 13ty 4 t1ts + tits + titats + tits + tats + tots

+ t3 g + 32+ toty + t13 + b1t + titaty + titata + tits + Loty + tats + tots

+ tty + £33 + ot + 135 + 3153 + t3tot
F 1Sttty + L tatE + tytols + Lty + tats + t513 + 13t

+ t1ts 4 titats + 53 + itdts + titats + titats + t1t5ls
+ t3tots + 1315 + titots + titols - Litats + titats + 153 + ot + -

H(Q,t) = 3t + 612 + 7t + 11 4 14¢° 4 15t° 4+ 1747 4 185 4 21¢° 4 25¢1°
+ 25t + 2612 + 30t + 32" + 3315 + 35¢1¢ + 35¢!7 + 35¢1% + 38¢19 4 39¢2°
+ 38t21 + 38172 + 39t + 4312 + 44t + 42170 4+ 47477 + 51428 + 50t + 5330 + - -

FIGURE 1. Three small read vectors at origin are generators vy, v1,v3. Dots show standard
monomials of Q (first type — green, second — blue). Pivot elements are red, marked by red
dashed arrows, and belong to small ”paraboloid”. Two ”paraboloids” are cut by plane of
fixed weight:

X3 Vi =wt= X1 + A X2 + A2X3 < A= 436 N

16 1/'22 + Y32 < 3Y10.326
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8. BOUNDS ON WEIGHTS, GROWTH, AND PARABOLOID FOR LIE SUPERALGEBRA Q

In this section, we establish estimates on weights and superweights of standard monomials of the Lie
superalgebra Q. Using these estimates we specify the growth of Q (Theorem R4) and prove that the
standard monomials are situated in a region of space restricted by a surface of rotation close to a cubic
paraboloid (Theorem BH| see Fig.[I]). Below, A, i are the roots of the characteristic polynomial (Section [G]).
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Lemma 8.1. We have estimates for weights of the quasi-standard monomials of the first and second type:
L3N < wt(r,_3v,) < A", n > 0;
11N < WH(rp—5&n—2U,) < 2N n > 2.
Proof. One checks that (A —1)~! = (A2 4+ \)/2. The upper bound wt(r,_3v,) < A", n > 0, is trivial. First,
consider a tail 7, = 250 - -2, & € {0,1}, and find a bound on its weight:

)\m-i-l B )\m-i—l ()\2 +/\) )\m+3 +)\m+2

Wt(rm) > =AY+ A+ AT >

m > 0. (19)

A—1 2 2 ’
This bound is formally valid for m = —1,—2, —3. Using (), we get:
A\ )\nfl )\nfl A—1
wt(rn_gon) > — AN CNTOAZD e s,

2
because \*(\ — 1)/2 ~ 1.39. For monomials of the second type, one has an upper bound

Wt(rn_5Tn_20n) S AT = A" 2= A" X)) = A"TE(A 42— N) =203 n>2.
Using () and A(3 — \)/2 ~ 1.12, we check the lower bound for monomials of the second type:

n—2 n—3
Wt (7 522U > —% —APTZ N = NP3 (=3 /20 — 1/2 4 \3)
=A"T3(=3/20 - 1/24+ A +2) = A”*”? > LAY n>2. O

Corollary 8.2. Let w be a quasi-standard monomial of length n > 0. Then
AT < wtw <A™
Lemma 8.3. Let w be a quasi-standard monomial of length n > 0. Then |swtw| < 7|u|™.

Proof. Write monomials of both types as w = r,_2v,,, n > 0. Below, we use that || ~ 1.14656:

n—2
: "2 1
[sww| = |swt(rnov,)| < |ul™ + Y |ul’ < |pl" + ———— = [p" (1 + —5— ) < Tlul" O
—~ 1—1/[ul |ul? — |pl

Theorem 8.4. Consider the Lie superalgebra Q = Lie(vg,v1,v2) over an arbitrary field K. Then
GKdim Q = GKdim Q = log, 2 ~ 1.6518.

Proof. Let us find an upper bound on the weight growth function 4q(m) which counts standard monomials

w such that wtw < m, where m > 1. Consider such a monomial w of length n. By Corollary [R2]

A% < wtw < m, hence n < ng = [log, m] + 5. Counting standard monomials of both types of length at
most ng, we get a desired upper bound

no no
Ja(m) <34 2n724 ) on~h <3 2not 4 omemS < gno < gloaa ™D = goploaa?,
n=2 n=4

Fix m > 1. Set n = [log, m|. Consider all monomials w = r,_3v, of the first type of length n. By Corol-
lary B2 wtw < A" < m. Counting all such monomials we get a lower bound in case of any characteristic:

’?Q (m) > 2n—2 > 2log/\ m—3 _ 2—3mlog/\ 2' 0

Theorem 8.5. Put o = log|, A = 3.068. The points of space depicting the (quasi)standard monomials of
the Lie superalgebra Q are inside an “almost cubic paraboloid”, which equation is written in terms of the

twisted coordinates WtR(w) = (Y7, Ya,Ys):
VY2 + Y2 < UV

Proof. Let w be a standard monomial of Q of length n > 0 and the weight coordinates Wt(w) = (21, Z2, Z3) =
(wtw, swtw,swtw). By Corollary B2l A\"~5 < wtw = Z;, thus n < log, Z; + 5. By Lemma B3 we get

|Za| = |swtw| < Tlu|™ < 7|p[o=r 255 = 7)uP 2,25 M) < 142/,
using 7|p|® ~ 13.89 < 14. Applying Lemma [6.4] we get a transition to the twisted coordinates
V24 YE=ReZs)? + (Im Z2)? = | Zo|? < 1962277 = 196Y/7. 0
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Figure [[ shows a paraboloid but with a smaller constant 3. We have a weaker bound.

Corollary 8.6. The monomials of Q are inside of a cubic paraboloid:

VY2 +YE <149V

Proof. We use that ¢ > 3 and Y7 = Z; = wtw > 1 for any standard monomial w. O

Corollary 8.7. Consider the "almost cubic paraboloid” of Theorem.

i) The volume of a part of the paraboloid cut by plane Y1 < m is equal to
Volume(m) = Const - m'°8x 2 m > 1.

i) Asymptotically, a nonzero share of lattice points inside the paraboloid corresponds to monomials

of Q.
Proof. We have a figure of rotation: 0 <Y; <m, /Y7 + Y7 < R(Y;) = 14Y1/U with a volume:

1
967 mi+2/e
14+2/c

where 1+ 2/0 = 1+ 2log, |u| = log,(A\|u|?) = log, 2, by Viet’s formulas. Compute volume of the same
figure in terms of the standard coordinates: Volume x, x,, x,)(m) = Volume(y, y, y,)(m)/det C, because C
makes a transition between these coordinates. A number of lattice points Z* (in the standard coordinates)
inside the figure is asymptotically equal to Volume x, x, x,)(m).

On the other hand, by the proof of Theorem [R:4] on the growth of Q, we have a lower polynomial bound
with the same degree. Recall that the multihomogeneous components of Q are at most one-dimensional
(Theorem [72]). Thus, a nonzero share of the lattice points inside the paraboloid correspond to monomials
of Q. O

Volume(y, v, va) (m) = / TR (y)dy = / 19657/ =
0 0

9. POISSON SUPERALGEBRA P

In this section, we define a Poisson superalgebra P(Vp, Vi, V2), determined (actually, generated) by the
Lie superalgebra Q = Lie(vg, v1,v2).

Recall our basic construction. We take the Grassmann algebra A = A(z;]¢ > 0) and consider its generators
and respective superderivatives {x;,0; | i > 0} C End; A. They satisfy the commutation relations:

[0i, 5] = 6ij,  [wi,25] = [0;,05] = 0, i,j > 0. (20)
Next, we defined the pivot elements:
v = 81 + :zrl-xiﬂ(a”g + Ii+3$i+4(ai+6 + $i+6$i+7(8i+9 + - ))) € Der A, ) Z 0. (21)

Now, consider the Grassmann superalgebra Ho, = A(x;,y;|¢ > 0) which is turned into a Poisson superal-
gebra by a bracket determined by relations:

iszj} =dij, Axi,zi} ={yi,y;} =0, 4,5>0. (22)
We obtain the bracket:

3f 39 3f Jg
—(—1)V 12:

Next, we define a completion of He,. Denote by = the set of all tuples o = («a;|a; € {0,1},7 > 0) with
finitely many nonzero entrees. Denote by ¢; € = the tuple with unique 1 on the ithe place, i > 0. Let
a € E, then put |af =7, g, a=max{i > 0| o; # 0}, and 2® = [[;5 2" € Hoo, y* = [[;50 4" € Heo,
products being taken in increasing order. Let o € = and for some ¢ > 0 we have a; = 0, then we consider
that 2%~ = 0. Below we assume that all degree tuples «, 5 belong to =. Consider the following completion
of H,, that consists of all infinite formal sums:

Hy = { Z )\aﬁxo‘yﬂ

a<p

)\Q)B € K}
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Since below y;s will be substituted by derivatives, we define differential operators of finite order k:

ﬁffo_{ Yo Dapay’

a<p, |Bl=k

/\a,BGK}v k> 0;

Lemma 9.1. We formally extend the products of Hs onto H... Then

i) Hy is a Poisson superalgebra;
ii) H C Hy is its subalgebra.

Proof. Clearly, the associative product is well defined. We check that the Poisson bracket is also well defined:

{ > Awpaty?, N ua//ﬁ”x”‘”yﬁ”}

5/<B/ @//<B//
= Z )\a/B//,LaN,QN < Z :tl'a,iéiyﬁlwa”yﬁ”iéi + Z ixa/yﬁléixa,,éiyﬁ”>
& <: i<a'<B' i<a' <p"
a"<B" i<pg” i<p’
=> > <Z s ve, 0o prve + D i)‘ahﬂ’+ei“a”+“’6">xay67
a,B o' +a”"=a \i<p’ i<p
§+6"=p

where the signs & are uniquely determined. While deleting y; above, we have either i < 3’ or i < 8", the
latter yield a factor y; with ¢ < j, inherited by y?. Hence, @ < B and the product belongs to Heo.

Let f € HE, g e H™, k,m > 0. By computations above, f - g € H**™ and {f, g} € H"=1. Thus, H
is a subalgebra. g

The next elements will be referred to as the pivot elements as well:
Vi = yi + xitip1 (Yiys + Tirs2ira(Yive + TipeTiyr(yiro +---))) € HL, C H, i >0. (23)

Let m: A — H be the natural embedding. Namely, consider a monomial z® € A, a € =Z. Then m maps
x® € A on the same x® € H,,. So, we identify a tail ,, € A with the respective element r,, € H,,. Also,
we define the mapping on pure derivatives 7(z%9;) = 2%y; € HL, Cc H, foralli > 0, o € B, a@ < i. We
extend the mapping onto infinite sums. In particular, we get w(v;) = V; for all i > 0. We have images of the
standard monomials:

W(Tnfiivn) - Tn73vn; n Z 07
T(Tr—5Tn—2Vp) = rn_5@p—2Vy, n>3.

Lemma 9.2. The mapping 7 : Q = Lie(vo, v1,v2) — Lie(Vp, V1, Va) C fl;o C H is an isomorphic embedding
onto a Lie subsuperalgebra of the Poisson superalgebra H.

Proof. Observe that the Lie brackets (20) and (22)) are ”the same”. We conclude that the Lie brackets on
the pivot elements (21 and their images [23]) are ”the same”, thus = ([v;, v;]) = {V;,V;} for all 4,5 > 0. The
same observation applies to the standard monomials and their images. O

Now we define a Poisson subalgebra P = Poisson(Vy, Vi, V2) C H generated by {Vj, V4, V2}. Recursive
relation () is rewritten as:
Vi=yi+ziwit1Viys, 1> 0. (24)

Lemma 9.3. Using the associative product only, the elements {x;,V; | i > 0} C H freely generate a
Grassmann algebra in the same variables.

Proof. Observe that both terms in (24]) are odd, they anticommute, and their squares are equal to zero.
Thus, we get V2 =0, i > 0. O

Lemma 9.4. Let char K = 2. Then P is Poisson superalgebra, namely, it has a formal square on the odd
part and satisfy the additional azioms for char K = 2.
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Proof. Let us discuss a formal square that should be defined on the odd part of P. First, define a formal
square on the odd part of Hy,. Since (ad ;)% = (ady;)? = 0, we put x?] = y1[2] =0, ¢ > 0. By the additional
axiom (Subsection [Z4), wl?! = 0, where w is any monomial in {x;, ;i > 0} of odd length, on the other hand,
one checks that (adw)? = 0. Similar to the restricted Lie algebras [29], this leads to a formal square on
the whole of the odd components of Hy and Ha. One checks that it satisfies the additional axiom, as was
remarked above, it is sufficient to verify it on a basis consisting of words in {z;,y;|i > 0}. Next, we restrict
the formal square to P and see that it coincides with the regular square on Q. Finally, by the additional
axiom, a formal square on the whole of the odd part of P does not lead to new monomials, i.e. P is spanned
by products of the basis of Q. 0

Define Poisson superalgebras P; = Poisson(V;, V41, Vige) C H, i > 0, so Py = P. We extend the shift
endomorphism 7 : Q — Q onto P by 7(1) =1 and 7(w1 - - - wy,) = 7(w1) - - - 7(wsy, ), where w; € Q.

Corollary 9.5. Let P = Poisson(Vp, Vi, Va). Then
i) VieP,i1>0;
i) 7 : P — P; is an isomorphism for any i > 0;
iii) we get a proper chain of isomorphic Poisson superalgebras:

P=P 2P 2 2P 2P 2, ﬂOPi=<1>K-
iv) P is infinite dimensional.

10. BASES OF POISSON SUPERALGEBRA P AND ASSOCIATIVE HULL A

In this section, we find bases for P and A. In case char K # 2, we prove that for a filtration of A one has
gr A = P, in particular, both algebras have ”the same” bases.

For a series of previous examples of (self-similar) (restricted) Lie (super)algebras, bases for respective asso-
ciative hulls were not found [54] 57, 56, [51),[52]. Instead, we considered bigger (restricted) Lie (super)algebras
R D R whose bases were given by quasi-standard monomials and we determined and used bases of their
associative hulls A = Alg(f{) D A. The virtue of the example of a Lie superalgebra of linear growth [I3] is
that for the first time, we were able to describe explicitly a basis of the associative hull. Now, we are also
able to describe bases of A and P.

Consider a filtration {A™ | m > 0} of A, where A™ is spanned by all at most m-fold products of standard
monomials of the Lie superalgebra Q, m > 0. Define the associated graded algebra

grA = &SOAW where A, = A™/A™ ' m >0, A~' ={0}.

Similarly, let P,,, C P denote the linear span of all m-fold products of the standard monomials of Q, where

m > 0. We get a direct sum P = %3 P,,., which is not a grading of a Poisson superalgebra because one has
m=0

{P,,P,,} CPrim—1,n,m>1

Theorem 10.1. Let char K # 2. A basis of the Poisson superalgebra P = Poisson(Vy, V1, Va) is given by
the unit and the following monomials:

xgog ... g2y oy -ij‘l’an, a;, B3 €{0,1}, n >0, (25)
(n will be referred to as the length) where cs satisfy the following restrictions:
i) let Bp—1 = Bn_2 =1, then ag,...,a,_o take all combinations;

) let Bp—1 =1, Bn_o =0, then at least one of {an—4,n_3,0n_2} is zero;

) let Bp—1 =0, Bp_2 =1, then at least one of {a,—3,an—2} is zero;
iv) let Bp—1 = Bn—2 =0, then either ap—o =0 or a,—3 = g = 0;

) let Bp—1 =+ = Po =0 then we have the standard monomials of Theorem [5.1);

)

we exclude finitely many monomials (of degree at most 10) that are products involving series of
standard monomials related with false monomials, see an algorithm below.

Proof. Using the basis of the free Poisson superalgebra [64], we conclude that P is spanned by all products
of the standard monomials of Q (Theorem [BET]). Now, we consider all possible at most 3-fold products of the
standard monomials, the first monomial being of lengths n, and two optional monomials being of lengths



FRACTAL NIL GRADED LIE, ASSOCIATIVE, POISSON, AND JORDAN SUPERALGEBRAS 25

n — 1 and n — 2. There are technical considerations because the monomials are of two types, we omit this
arguments. One obtains restrictions (i-iv). If a product involves only one standard monomial, we get (v).

We need to exclude products that involve false monomials. A series of standard monomials is the set of
the standard monomials with a head V;, (i.e. the length n) and a neck z;,"5* fixed (so, the type is also fixed)
while the tail takes all allowed values so that we do not get a false monomial. We have the series of the
standard monomials related to false monomials:

ZoVa, {#o27Va}, Zo 23V, {#ox 2y 25V7}, (26)

{LZ‘QLL‘TLL';LZBLL'ZV}}, {.’Z‘Ql‘fl‘éfgl‘ji‘gs xIs Vlo},
where ~ denotes that the series cannot contain all the letters with this sign, % denotes that all powers are
possible. Above, the first line contains all the series, that are simply described as not containing xy. There
are some more series, actually consisting of one element, of the standard monomials not containing xg:

Vo, Vi, a1V, @2V, (27)

We consider a basis of P as obtained by products of different series of the standard monomials. The series
of the standard monomials except ([26) and ([27)) have arbitrary powers of xy. Observe that, multiplying by
them remove all restrictions of (26)).

Thus, restrictions arise for products of the series, that include at least one (20) and optionally some (271)).
Of course, we take only products without squares of any letters. One obtains finitely many families of
monomials ([25) with restrictions on powers of the x;s. This leads to a finite list of monomials excluded

from (25)). O

Remark 4. Consider char K = 2. A basis of Q consists of the standard monomials of the first type and
squares of the pivot elements (Corollary [5.2]), the latter give a specific influence on a basis of P. Recall that
by the additional axiom (Subsection 24]), a formal square does not lead to new monomials, i.e. P is spanned
by products of the basis of Q. For our purposes, we give only the following rough description of a basis of P.

Corollary 10.2. Let char K = 2, and P = Poisson(Vp, V1, V2) C H. Then

i) P is contained in a span of monomials ([20));
i) monomials [20) withn > 8, ap—1 = ap—o2 =0, and arbitrary oo, ..., &n—3, o, - - -, Bn-1 € {0,1} are
linearly independent and belong to P.

Qn—3

Proof. We take the standard monomials of the first type zg° - --2,,"3*V,, € Q, where n > 8, and multiply
by arbitrary powers of Vy, ..., V,_1. O

Theorem 10.3. Let char K # 2, consider the associative hull A = Alg(vg,v1,v2) C End(A). Then

i) a basis of A consists of the unit and the replica of monomials ([25)):
xyxt - ~x3’j§2vé}°vfl . ~v5fllvn, a;, B8; € {0,1}, n>0, (28)

that obey to all restrictions of Theorem [I01] (n will be referred to as the length);

ii) A™ modulo A™~t is spanned by products wy ---w,, of standard monomials w; € Q of strictly
decreasing lengths, where m > 1;

iii) one has a natural isomorphisms of vector spaces A, =P, m > 0;

iv) gr A has a natural structure of a Poisson superalgebra and gr A = P.

Proof. Let us prove (i) by induction on m. The cases m = 0,1 are clear. Let m > 2. Fix a total order
< on the standard monomials that obeys to their lengths. Consider a product wjws ---w,, € A™, where
w; are standard monomials. Since the commutator of two different monomials [w;, w;1+1] € Q is expressed
via standard monomials, we can superpermute these monomials modulo A™~!. Thus, we assume that
Wy = Wy = -+ = Wy,. Suppose that we obtain two elements of the same length n, we treat such a product:

1
/ / 2 /
WiWi 1 = Tp1Vp = T Up = £ 17,0, = :tirn_lrnfl[vn, Un)
1

1
= 5[%-1%,%_1%] = §[wi,wi+1] €Q.

Thus, products containing such pairs belong to A™~! and we apply the inductive assumption. As a result,
we get products of standard monomials with strictly decreasing lengths, (ii) is proved.
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By (ii), A™ modulo A™~1! is spanned by m-fold products of the standard monomials as follows:
Try—1Uny * Tng—1Uny = Tnp—1Un,,, N =N1 >Ny >+ >N, >0, m > 1. (29)

Now, we move all Grassmann letters in ([29) to the left. We proceed as follows. Let x; be a Grassmann
variable in a standard monomial 7y, 1v,,, J = 2, then i < n;. The standard monomials before it in (29)
have lengths greater than n;, thus, greater than ¢. By (), z; supercommutes with the preceding heads
{vn, | 1 < k < j}, and while moving all Grassmann letters to the left we obtain no additional terms.
Since the associative algebra P is supercommutative, P, is spanned by ordered m-fold products of standard
monomials the same as (29)) (one only needs to replace v;s by V;s). Both products are reordered (both yield
zeros provided that a Grassmann letter appears twice) to obtain respective bases in the same way, one of
them being given by the list (28) under the specified restrictions. We get isomorphisms of vector spaces
pm P Ay = Am/A™TL =2 P, for all m > 0. We get an isomorphism p : gr A = P, a check shows that
this is an isomorphism of associative superalgebras. Applying p~! to monomials (25), we get Claim (i).
Since gr A is supercommutative, we supply it with a bracket as follows. Let a = wy - --w, € A"\A"! and
b=w---w, € A"\A™! where w;s, w’s are standard monomials of Q, n,m > 1. Observe that the order
in such products influences the sign only. Denote by @, b the respective images in A,, = A"/A""! and
A, =A"/A™L Put

{a,b} = [a,b] (mod A" %) ="+ ( [T ] w;) [wi, w}] € A" (mod AT,
P,q i#p  j#q

This bracket satisfies the Leibnitz rule because it came from a supercommutator of an associative algebra
that satisfies the Leibnitz rule. We get an isomorphism of Poisson superalgebras gr A = P because the
brackets coincide on Q that generate both algebras as associative algebras, thus yielding (iv). O

Corollary 10.4. Let char K = 2.
i) The associative algebra A = Alg(vg, v1,v2) has a basis the same as in other chractristics [28]).

il) We have a proper inclusion of Poisson superalgebras P ; grA.

Proof. Let us show that all standard monomials of the second type belong to A by repeating the arguments
of the proof of Theorem [l Recall that x,,_sv, € Q C A for all n > 3, thus yielding all standard monomials
of the second type of length at most 5. Let n > 6, then

Trn—6Un—3 - Tp_sUn_3 = Tn_6$:175’u72173 =Tp_6T,_5Tn_2U, €A, n>6.

We obtain all monomials of the second type except the cases when r,_gv,_3 is false (of the first type). a)
The case of a false monomial of the first type of length 4, we get the required standard monomials of the
second type of length 7 by xivy - 25vy = afzszsvr € A. b) Consider that r,_gv,—3 is a false monomial of
the first type of length 7. We get all monomials of the second type of length 10, i.e. those that contain at
most two of the letters {xg, x5, x5} by:

TITSTZXLUT - TEV7 = ToT X5T3THTE TeV1o € A;

THTITE T3 U7 - TEVT = XX THTI3TLXE TV € A

riTSTEITGUT - THUT = THTTXSTETEEs TyV10 € A.
Now, the arguments on products of standard monomials of both types ([29]) above yield the same basis of A
as that in case char K # 2.

To prove the second claim recall that respective products of P similar to (29) contain only standard
monomials of the first type and squares of the pivot elements. As a result, in the case m = 1 we get
P, gAlel/AO. O
Lemma 10.5. Define A; = Alg(v;, vi+1,viy2) C End A for i > 0. Then

i) 781 A — A; is an isomorphism for any i > 0;
i) we get a proper chain of isomorphic associative superalgebras:

A=A 24224242, A A={o}

Theorem 10.6. Let char K # 2. The Poisson superalgebra P admits an algebraic quantization.
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Proof. Consider a polynomial extension A®) = K[t] @ A(x;|i > 0), where ¢ commutes with the Grassmann
variables. As above J; denote the superderivative 0;(x;) = d; 5, 4,5 > 0. Let xl(t) be the operator of the left
multiplication by tz; on A®)| i > 0. These operators anticommute except for nontrivial relations:

05,2 = 02 + 2o, =15, (@")?=0, 92=0, ix0. (30)

19 7
Below we omit the indices 3:( ) = = 24,7 > 0. Let elements of the Lie superalgebra Q act on A*) using relations
above. Their respective Lie products are sums of commutators of pure Lie monomials, the latter involving
one commutator of type ([B0). Thus, QM =K [t] @k Q is supplied with a deformed Lie superbracket:

[f(t) @ a,g9(t) @bl =t- f()g(t) ©[a,b],  f(t),9(t) € K[t], a,beQ.
The actions of Q(*) generate an associative superalgebra A(Y) = Alg(Q®)) ¢ End A®. One checks that
A® = K[t] @k A, where elements of A commute using the deformed superbracket.

Similarly, we define the deformed Poisson superalgebra HYY = K [t] @k A(2;,y:|i > 0) with the deformed
superbracket is uniquely determined by relations:

{is @ity = t0ij,  Awi, w5} @) = vyt =0, 4,5 >0. (31)

We continue our considerations above and construct the deformed Poisson superalgebra P = K[t] @k P,
the bracket { , }) obeying to ().

Let {A™|m > 0} be the filtration discussed in Theorem [[0.3] By its arguments {K[t] @ x A™|m > 0} is
a filtration of A(®). By construction, A®) and P(®) are free left K[t]-modules with "the same” bases (28]).
Repeating arguments of Theorem we get an isomorphism of associative superalgebras gr A(*) = P?,

We identify the vector spaces A(Y) = P this will be our algebraic quantization. Let % be the asso-
ciative product of A®) and - the associative product of P®). Consider ¢ = w; ---w, € A"\A""! and
b=wj w, € A™\A™ ! where w;s, w;s are standard monomials of Q, n,m > 1. Denote respective
images a € A"/A" ! 2 P, and b € A™/A™"! = P,,. Permuting two basis elements yields a factor
[wi, wi] ) = tlwi, w;] € tA®¢, we simply write O(t). We have

axb=a-b (mod t).

Similarly, products of A®) that involve either two commutators e.g. [wi, w;] ), or a triple commutator in
w;, wj yield a factor t2. Thus, such products belong to t2A®), we simply write O(t?). We have

axb— (=D g = [a, b] t)—Zi<szHw ) wi, Wi (mod o(t%))

Pq i#Fp  J#q
=+ ([T T ) ] (amod 022
Pyq i#Fp  J#4q
= t[a,b] (mod O(t?)) = t{a, b} (mod O(t?)). O

11. WEIGHTS, GROWTH, AND PARABOLOID FOR SUPERALGEBRAS P AND A

In this section, we establish bounds on weights of algebras P and A, prove that both algebras have a
polynomial growth, and determine positions of their multihomogeneous Nj-components in space.

In Section [l we defined different weight functions on the Lie superalgebra Q. Since theses functions are
determined by the weights of the letters {z;,y; | i > 0}, these functions are extended onto P by additivity.
A Poisson monomial is a product in the letters {x;,V; | i > 0}, they are either even or odd with respect to
Zs superalgebra grading. The next result is proved as Theorem [G.2

Lemma 11.1. The Poisson superalgebra P = Poisson(Vy, V1, V) is N3-graded by multidegree in the gener-
ators {Vy, V1, Va}:
P = @ P nans-

ni,nz,nz>0

Below, A, u are the roots of the characteristic polynomial (Section[d). Since P and A have the same bases
(they differ only in case char K = 2), the proofs below are given only in case of P.

Lemma 11.2. Let w be a monomial 25) of P (or a monomial 28) of A) of length n, n > 0. Then
A0 < wtw < 20T [ swrw| < 8™, n>0.
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Proof. Recall that w arises from a product of standard monomials, one of them of length n, each monomial
being of positive weight. Thus, the lower bound on the weight function follows from the lower bound of
Corollary B2l We compute the upper bound, using that (A — 1)~ ~ 1.92 < 2.

n n+1

Wh(af? etV VI V) € YN < S

P <2A" >0,
=0

Observe that swt(z® V") = p#(8; — ay) € {0, £p'} for all i > 0. Then

™
1—1/|p|

where we used that (1 —1/|u|)™ ! ~ 7.8 <8. O

n
[swhag? a5V VT V)l < Dl < <8l
=0

Theorem 11.3. Consider the Poisson superalgebra P and associative hull A over an arbitrary field. Then
GKdim P = GKdim P = GKdim A = GKdim A = 2log, 2 ~ 3.3036.

Proof. Let us find an upper bound on the weight growth function 4p (m) which counts basis monomials w such
that wt w < m, where m > 1. Consider such a monomial w of length n. By Lemma [I1.2] AP0 < wtw < m,
hence n < ng = [logy, m] + 5. We get an upper bound by counting the number of all monomials ([28) of
length at most ng

no
:YP(m) S 14+ 22277,71 <14+ %4710 < 4o S 410g>\ m+5 _ 210m210g>\2.
n=1
Fix m and set n = [log,(m/2)] — 1, we may assume that n > 8. By Corollary [0.2] monomials (23] of
length n with o, 1 = a,_2 = 0 belong to a basis of P in case of any characteristic. By Lemma [I1.2]

wtw < 2\t < m. Our monomials w contain 2n — 2 arbitrary powers and their number yields a lower
bound:

:YP(m) > 92n—2 > 22logx(m/2)76 _ 2767210gA 2m2logx2' 0

Theorem 11.4. Put o = log, A = 3.068. The lattice points of space corresponding to basis monomials of
the Poisson superalgebra P (or the associative hull A) in terms of the standard (i.e. multidegree) coordinates
are inside an "almost cubic paraboloid”, given by an equation in terms of the twisted coordinates WtR (w) =

(Y1,Y2,Y3):
\YE + Y2 <163/Y5.

Proof. Let w be a monomial (28] of P of length n > 0 with the weight coordinates Wt(w) = (Z1, Z2, Z3) =
(wtw, swtw,swtw). By Lemma IT.2 \"~° < wtw = Z1, thus n < log, Z; + 5. The second inequality of
Lemma yields

|Za| = | swtw| < 8|u|™ < 8|u[=r 455 = 8P 2,25 M) < 162,77,

using 8|u|°® ~ 15.86 < 16. By Lemma [6.4] we have relations Z; = Y; and Zs = Y3 + iY3. We obtain:
VYE+ Y2 = |7 <1627 =16Y,/°. O

12. JORDAN SUPERALGEBRA J, ITS Z*-GRADING AND PROPERTIES

Assume that char K # 2. Now we consider the Poisson superalgebra P = Poisson(Vj, V1, V2), its Kantor
double yields a Jordan superalgebra J = Kan(P) = P @ P. In this section, we determine its properties.
Namely, we establish a Z*-grading of the Jordan superalgebra J, determine its growth, and determine
positions of its basis monomials in R*.

First, let us determine its generators.

Lemma 12.1. The Jordan superalgebra J = Kan(P(Vy, V1, Va)) is generated by {Vy, V1, Va, 1}.
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Proof. Let J = Jord(Vy, Vi, Va,1) € J be a Jordan superalgebra generated by {Vo, V1, V2, 1}. We identify
Q with Lie(Vp, V1, Vo) (Lemma [0.2)). Let us prove by induction on n that V,,,V,, € J for all n > 0. Using
Lemma [£1] we get

Veool="1V,;
anl L4 Vn - {anla Vn} = _xnflanrQ;

xnflanrQ ° i - xnflanrZ;
Vn—l o xn—IVn+2 = {Vn—lu xn—lvn-l-?} = Vn+2'
Similarly, for any standard monomial w € Q we show that w,w € J. Indeed, consider standard monomials
w1, wo € Q and suppose that wy,ws € JNP. Then w = (wy @ 1) e (wy @ 1) = w1 @ wo = {wy,wa} € JNP.
Recall that P is spanned by products of standard monomials (proof of Theorem [I0.T]). Let W, Wy € Q
be standz{rd monomials. Then w = wy---wy, = wi ®---0w,, € Jand W = wel &€ J. Therefore,
J=PoP=1J. 0

Corollary 12.2. (V,_1e1)e(((V,_1e1)e(V,e1))el)=—V, o, n>1.

We extend the shift endomorphism 7 : P — P onto J by 7(v) = 7(v), v € P. We get 7(1) = 1, and
7(V;) = Vi1, for all i > 0. Define Jordan superalgebras J; = Jord(V;, Vi1, Viia, 1) for all i >0, so Jo = J.

Corollary 12.3. Let J = Jord(Vy, V1, Va,1). Then
i) {Vi]i>0}CJ;
ii) 70 :J — J; is an isomorphism for any i > 0;
iii) we get a proper chain of isomorphic subalgebras:

J:J02J122J12J1+12, ﬁJi:<1,i>.

iv) J is infinite dimensional;
v) J is weakly special but not special.

Proof. The last claim follows from the known fact that the Kantor double of a Poisson superalgebra is weakly
special [64, [70] (a more general similar fact for arbitrary Poisson brackets is established in [41]). On the
other hand, the Kantor double is special if and only if the Poisson superalgebra is Lie nilpotent of class 2,
namely, it satisfies the identity {X,{Y,Z}} = 0 [64], which is not true in our case. O

We extend the weight functions of Q and P onto J by setting wt(1) = swt(1) = 0. Using Lemma [IT.T]
we get.

Lemma 12.4. The Jordan superalgebra J = Jord(Vy, Vi, Va,1) is N3-graded by a partial multidegree in
Vo, V1, Va}:

J= ©® Jn no,ma -

ni,nz,n3>0 P

Remark 5. Consider the case char K = 2. The Kantor double of the Poisson superalgebra P yields an algebra
with a binary operation J = Kan(P). Similarly, below we can define an algebra with a binary operation
K = Jor(Q) as well. Probably, these superalgebras can be supplied with appropriate ternary operations
and be considered as Jordan superalgebras in characteristic 2.

Now let us study J in more details. A monomial of the Jordan superalgebra J = P @ P is either w € P
or w € P, where w is a product in the letters {z;,V; | i > 0}, such monomials are either even or odd with
respect to the Zs-grading of the superalgebra. Below, formulas involving J are written for Zs-homogeneous
elements either of P or P.

Let w € Jp, nooms We keep the notation deg(w) = ny + ng + ng, the total degree in the set {Vp, Vi, Va}.
Now we are going to introduce functions specific to the Jordan algebra J. Consider a monomial

u=wxy -z, Vi -V, €P, i <o <idp, 0<j1 < < Jm, m > 0. (32)
We count a multiplicity of the pivot elements in this record of u € P (or in its copy % = ue 1 € P) by setting:

multy (v) = multy (@) = m.
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Let we J =P @ P, put

() = {0, w € P;

1, w € P,
where using e(w) we assume that either w € P or w € P. Define a specific Jordan weight function jwt(*):
jwt(w) = 2multy (w) — e(w), w e J. (33)

Lemma 12.5. The Jordan weight jwt(x) has the following properties. Let a,b be monomials of J. Then

Proof. Ttems (i-iv) follow by definition. Consider (v), we observe that multy (a) > 1, hence jwt(a) > 1.

Let us prove the additivity. The cases a,b € P and a € P, b € P are trivial. Consider the case a,b € P.
Then we can consider that a = a/(z)V;, -+ Vi, i1 < -+ <ipand b =b'(2)V}, -V}, j1 < -+ < jm, where
a'(x),b (z) are monomials in {x; | ¢ > 0}. The product a e b is a linear combination of products, where
the original factors are being kept except those of either {V;,,V; } = >, c()V;, ci(z) € A(x; | i > 0) or
{Vi,,zj,} = c(x) € A(z; | i > 0). In both cases, we lose one pivot letter V;, thus

jwt(aed) =2(k+m—1) =2k —142m — 1 = jwt(a) + jwt(b).

Let us check bounds (vii). The lower bound follows from the definition [B3]). Let v € P be a monomial ([32))
of length n > 0, i.e. j, = n. Then multy(u) = m < n+ 1. By Lemma 0IT.2 \"° < wt(u). Hence,
multy (u) < 6 +log, wt(u). Finally, either a = u or a = @ and we apply (B3). O

Lemma 12.6. Consider the Jordan superalgebra J as generated by the set {Vo, Vi, Va,1}. Let w € J be a
monomial with the multidegree coordinates Gr(w) = (X1, X2, X3) and a (partial) degree degw = X1+ Xo+ X3

(see Lemma[127).

i) there exists a well-defined degree degy(w) with respect to 1 for a monomial w € J.
ii) degi(w) =2degw — jwtw, w € J;
iii) degi(w) = 2(degw — multy (w)) + e(w), w € J;
iv) degy(x) is additive on J.
Proof. Let w € J be a Jordan monomial, which involves X7, X9, X3 factors Vg, Vi, Vs, respectively, and
degi(w) factors 1. Using additivity of jwt(x) and its basic values (Lemma [I2.5]), we get
Jwh(w) = Xy jwb(Vo) + Xz jwi(Vy) + X jwi(Va) + degy (w) jwi(1) = 2 deg w — degy (w);
degy(w) = 2degw — jwt w,

thus proving (i), (ii). Using (B3] we get (iii). Additivity of deg(x) and jwt(x) yields additivity of degy(x). O

Consider a monomial w € J with the multidegree coordinates Gr(w) = (X1, X3, X3). We introduce one

more coordinate X, = degi(w). Define an extended multidegree with respect to the generators {Vo, V1, Va, 1}
and an extended degree:

Crf(w) = (X1, X2, X3, X4) € N§;
degh(w) = X1 + Xo 4+ X3 + X4 = degw + deg;(w), w € J;

in particular, deg?(1) = 0, deg#(1) = 1. We draw monomials w € J using the extended multidegree
coordinates, thus putting monomials at lattice points Grf(w) € Z* C R%.

Corollary 12.7. Consider the Jordan superalgebra J.
i) The functions Gr¥(x), deg®(*) are additive on J;
i) J s Né—gm_ded using the extended multidegree Gr(w) = (X1, Xa, X3, X4) € N} in the generators
{Vo, V1, V2, 1}
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Proof. Follow from Lemma and the definitions. O

Corollary 12.8. Consider a monomial w € J. Then
i) degfw = 3degw — jwtw;
ii) degw < degfw < 3degw, where w # 1,1;
iii) deg?V,, =3degV,, —2, n > 0.

Proof. We use item (ii) of Lemma, definition of the extended degree, and items (iii), (v) of Lemma[I25 O

Theorem 12.9. Consider the Jordan superalgebra J = Jord(Vy, Vi, Va,1). Then
GKdim J = GKdim J = 2log, 2 ~ 3.3036.

Proof. Fix m > 0. The ordinary growth function ~;(m, {Vo, Vi, V2, 1}) counts basis monomials w € J such
that deg?(w) < m, by the lower inequality of Corollary I2Z.8, we have degw < deg!(w) < m. Thus, the
above set of monomials is contained in {u, % | u basis monomial of P, degu < m}. Since vp(m, {Vp, V1, V2})
counts basis monomials © € P such that degu < m, we obtain the upper bound below

2(7P(m/3a{V07V17V2})_1) SFYJ(mv {V()7V17V2ai}) S 2’}/p(m,{V0,V1,‘/2}), mZ 1. (34)

Similarly, let uw € P be a basis monomial with degu < m/3 and u # 1. Then w = u and w = @ are basis
elements of J with deg®w < 3degw < m by the upper bound of Corollary I2.8, thus we prove the claimed
lower bound. Now, it remains to use bounds of Theorem [I1.3] g

Consider a monomial w € J, then either w = v € P or w = 4 € P. By our constructions above, this
monomial has the twisted coordinates WtR(w) = (Y1, Y2, Y3) € R®. We add one more coordinate Y = jwt w.
Now we define extended twisted coordinates: WtR(w) = (Y1, Ya, Y3, Yy) € R

Lemma 12.10. Let w € J be a monomial.
i) the function WtRF () is additive on J;
ii) the first three components of Gr¥(w) = (X1, X2, X3, X4) and WtR¥(w) = (Y1, Ys,Y3,Yy) are related
by (iv) of Lemmal[6.4l The forth coordinates are related by

Yy =2(X1 + X2 + X3) — Xy;

i) —1 <Yy <12+ 2log, Y3;
iv) The axis OY; in terms of the standard coordinates is given by (2/X, X, 1,222 + 2X).

Proof. The additivity of WtR¥(x) follows from that for jwt(*). By (ii) of Lemma (206 X4 = degy(w) =
2degw — jwtw = 2(X1 + Xo + X3) — Y4, thus yielding the second claim.

Recall that Y7 = wtw and Yy = jwtw. Using estimates (vii) of Lemma IZ3 we have —1 < Y, <
12 + 2log, wt(w) = 12 + 2log, Y.

Let us prove (iv). By Lemma [68 let (X7, X2, X3) = (2/A\, A\, 1). The condition Yy = 0, (ii), and (I8)
vield Xy = 2(X1 + Xo + X3) =2(2/A+ X+ 1) =2(A\2 =1+ X+ 1) = 2X2 + 2] O

Theorem 12.11. Let monomials w of the Jordan superalgebra J be drawn in R* using the extended multi-
degrees Gré(w) = (X1, X2, X3, X4) € N3 C R%. In terms of the extended twisted coordinates (Y1, Ya,Ys,Ys),
the respective points are inside a figure determined by inequalities:

VY2 +YE <16%/Y1,  (where o =log, A~ 3.068);

—-1<Yy <12+ 2log, Y1, (1<Yy<12+2log, Y1, if w#1,1).
Proof. The inequalities are established in Theorem [T.4] and Lemma O

Corollary 12.12. Consider the N§-grading of the Jordan superalgebra J by multidegree in the generators
{‘/07 ‘/1; ‘/25 1}
J - @ Jn1n2n3n4-

ni,n2,n3,n4>0

The numbers {dimJ,,, nyngn, | (n1,n2,n3,14) € N3} are not bounded.
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Proof. By way of contradiction, suppose that the dimensions are bounded by a constant C. The ordinary
growth function ~3(m, {Vo, V1, Va,1}) counts basis monomials of J with deg?(w) < m, where m > 0. By
Corollary [Z8 V; = degw < degf(w) < m. So, we introduce a bigger function g(m) = dim(w € J | degw <
m). We cut the figure of Theorem by the hyperplane Y7 < m, consider a larger cylinder, and evaluate volume
of the latter (in the extended twisted coordinates):

{(}/17}/25}/35}/4) | O S }/1 S m, \/ }/22 +}/32 < 16%; _1 S Y4 < 12+210g)\m}7 (35)
Volume(m) = m - 71256m?/° - (13 4+ 2log, m) < Cym®3, m > 1, (36)

because ¢ > 3. The volume of the cylinder in the extended standard coordinates and the number of lattice
points in it (in terms of the extended standard coordinates) have the same asymptotic, with a constant Cs.
Thus, y3(m) < g(m) < CCym®/3, m > 1, a contradiction with Theorem 20 O

13. JORDAN SUPERALGEBRA K AND ITS PROPERTIES

Now we introduce our last object, the Jordan superalgebra K and study its properties. We show that
K is a factor algebra of the Jordan superalgebra J constructed above, thus we can apply all the machinery
developed for J.

Let L be an arbitrary Lie superalgebra. Its symmetric algebra S(L) has the structure of a Poisson
superalgebra. Observe, that the subspace H C S(L) spanned by all tensors of length at least two is its
ideal. Thus, one obtains a (rather trivial) Poisson superalgebra P(L) = S(L)/H, which equivalently can be
obtained as a vector space endowed with Poisson products which are nontrivial in the following cases only:

P(L)y={1)® L, 1-z=uw {z,y} =[z,y], =,y€L.

Using Kantor double, define a Jordan superalgebra Jor(L) = Kan(P(L)). Equivalently, one can just take
a vector space supplied with a product e which is nontrivial in the following cases (see an example at the

end [65]):
Jor(L)=1Le Lo (1)L, Tey=[ry], =
Now we define the Jordan superalgebra K = Jor(Q).

Lemma 13.1. Let K = Jor(Q). Then

i) We have generators: K = Jord(vg, v1,v2,1);
ii) define Jordan superalgebras K; = Jord(v;,viy1,vi12,1) C K for alli > 0, so Ko = K. We get a
proper chain of isomorphic subalgebras:

el = (_1)‘1‘1 erx =2, x,y € L; 1 the unit.

K=Ky 2 K12 2K 2Ky 2., N K= (11);
Proof. Define the subalgebra K’ = Jord (v, v1,vs,1) C K. Computations of Lemma [[2Z1] yield that v; € K’
for all 7 > 0, moreover all basis elements of Q belong to K’. Thus, K’ = K. The second claim follows by
applying the endomorphism 7. 0

If an associative superalgebra A is just infinite then the related Jordan superalgebra At is just infinite
as well [77]. We establish a similar fact.

Lemma 13.2. Let L be a Lie superalgebra, consider the Jordan superalgebra Jor(L).
i) Jor(L) is just infinite if and only if L is just infinite.
ii) The ideal without unit Jor°(L) = L & (1) @ L is solvable of length 3.
iii) This is a nil-ideal of bounded degree: a® =0 for a € Jor°(L).

Proof. Let L be not just infinite. Then there exists an ideal of infinite codimension I < L and I & I is an
ideal of infinite codimension in Jor(L). Therefore, Jor(L) is not just infinite.

Conversely, suppose that L is just infinite. By way of contradiction, assume that H C Jor(L) is an ideal
of infinite codimension. Then H = HN(L® L) C Jor(L) is also an ideal of infinite codimension. Denote by
Hy and H, the projections of H onto L, L, respectively (H; being the copy of a subspace H; C L). Since
H is an ideal, 1¢ H = Hy C H, and L e H = [L, H,] C Hy and we get [L,H,] C Hy C H, C L. Hence
Hy C L is an ideal, which must be either zero or of finite codimension by our assumption. Let Hy C L be
of finite codimension then H C Jor(L) is of finite codimension, a contradiction. Now assume that Hy = 0.
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Then [L, Hi] = 0 and H; is central. By taking 0 # z € Hy, we get an ideal (z) C L of infinite codimension,
a contradiction. Thus, Jor(L) is just infinite.

We repeat the arguments of [65]. Denote J = Jor®(L). Then J?> C L& L, (J?)? C L, and ((J?)?)? = 0.
Thus, J is solvable of length 3. O

Let K° be the ideal of the Jordan superalgebra K = Jor(Q) without unit. We have a basis
K = (1,1,w,w | w are standard monomials of Q).
In particular, all the pivot elements {v;|i > 0}, as well as their copies {7;|i > 0} belong to K.

Lemma 13.3. One has a canonical isomorphism of Jordan superalgebras K = J/I, where I is the ideal of
J spanned by all its monomials containing two pivot letters V; or two their copies V;.

Proof. Consider the Jordan superalgebra J = Kan(P) = P @& P with the product e. Fix m > 0, as above,
denote by P,, C P a linear span of all m-fold products of standard monomials of Q, equivalently, P,,
is spanned by the basis monomials containing exactly m letters V;. We get vector space decompositions

P= & P,,andP= & P,,. Observe that
0 0

P,eP,CP,ip,, P,e P, =P, eP, C Pn+m, P,eP,, C Poim—1, n,m > 0.
Let I = 6>9 (P,, © P,,). The multiplication rules above imply that I is an ideal in J. Indeed, one needs to
check thgﬁst product, where we use that Py = (1) and Te L = 0. We get
JJIZPyoP,oPoP=1oQa(l)eoQ=Jor(Q) =K. O

By @B3), jwt(P,) = 2n and jwt(P,) = 2n — 1 for all n > 0. We have another description of the ideal
above, namely, I is spanned by monomials © = w or v = w, where w are basis monomial of P such that
jwt(u) > 3.

Theorem 13.4. Consider the Jordan superalgebra K = Jor(Q). Then
i) K is generated by {vo,vi,va, 1};
ii) K is N3-graded by multidegree in {vo,v1,v2}, the respective components are either trivial or two-

dimensional and are inside the "almost cubic paraboloid” of Theorem [83 (see also Figure[dl);
iii) K is Ng-graded by multidegree in the generators {vo, v, va, 1}:

K= &) Kn1n2n3n47

ni,n2,n3,n4>0

the components are at most one-dimensional, so, the N§-grading is fine. The points for nontrivial Ng-

components in R satisfy the following inequalities using the extended twisted coordinates WtRF (w) =
(Y1,Y2,Y3,Ys):

\VYZ+YE <14%/17, o = log),| A =~ 3.068;
—1<Y;<2; 1<V, <2 if w#1,1).
iv) consider a (natural) gradation K = @ K, by degree in the generators; except the initial components
n>0
Ko = (1), K1 = {vo, v1,v2, 1}, we have:
K3n2=Q, Kz 1= Qna K3z, =0, n>1;
v) GKdimK = GKdim K = log), 2 ~ 1.6518;
K is just infinite but not hereditary just infinite;
the ideal without unit K° is solvable of length 3;

)
)

viii) elements of K° are nil of degree at most 6;
)

ix) K is weakly special but not special.

vi

Vil

Proof. Since K is a factor algebra of J by a homogeneous ideal, all the weight functions Gr, Grﬁ, Wt,
WtR, WtR? as well as the N3 and N3-gradings are inherited. We get the almost cubic paraboloid by
Theorem Let w = 7r,—2vy, € Quin,ns be a standard monomial of Q. We get a two-dimensional
component K, n,ns = (w,w). Also, Kogo = (1,1). By @B3), jwtw = 2 and jwtw = 1, also jwt 1 = 0 and
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jwt1 = —1. Hence, due to the forth different coordinates, the components of the Ng-grading of K are at
most one dimensional. Also, we get Y, = jwtu € {1,2}, where u € K is a basis element distinct from 1, 1.

Consider the gradation of K be degree in all generators, which was called the extended degree. Let
u € K be a basis monomial, distinct from 1,1. We have two cases. First, assume that u is a standard
monomial of Q, which has a unique letter V;. By [B3]) and (i) of Corollary [2.8] we have jwtu = 2 and
deg‘j u = 3degu — jwtu = 3degu — 2. Second, u = w, w being a standard monomial. Then jwtw = 1 and
deg‘j u = 3degu — 1. Recall that the condition degw = n is equivalent to w € Q,,. We obtain the desired
correspondence between components.

To evaluate the growth we use estimates (34]) and Theorem B4

By Lemma [I3:2] K is just infinite. Let us prove that K is not hereditary just infinite. We use notations
of Lemma Fix m > 1. Let Q(m) C Q be the linear span of the standard monomials of length
at least m. By multiplication rules, H = Q(m) & Q(m) C K is an ideal of finite codimension. Let
J = zoQ(m) ® 20Q(m) C H be the subspace spanned by the monomials involving xy. We see that J is an
abelian ideal of H. Since v; € H\J, where i > m, we conclude that dim H/J = oo and the ideal H is not
just infinite.

Consider the last claim. As an image of J, K is weakly special as well. Also, K is a Kantor double
of the Poisson superalgebra P(Q) = (1) ® Q which is not Lie nilpotent of class 2, hence, K is not special

by [64]. O

In particular, we get a Jordan superalgebra K which Gelfand-Kirillov dimension belongs to (1,2), that is
not possible for associative and Jordan algebras [36, [42]. A more general fact that the gap (1,2) does not
exist for Jordan superalgebras is proved in [58].

14. NILLITY OF SUPERALGEBRAS Q, A, P, J, AnD K

In this section, we establish different statements on nillity of our five superalgebras.

First, we prove that Q, A, and superalgebras without unit P°, J°, K° are direct sums of two locally
nilpotent subalgebras and there are continuum such different decompositions (Theorem [[4.2)). Second, Q is
ad-nil for Zs-homogeneous elements (Theorem [[43]). Third, in case char K = 2, the restricted Lie algebra
Q = Liey(vo, v1,v2) has a nil p-mapping. Proofs of the last two facts are omitted because they are the same
as that in supplied references. We start with a technical fact.

Lemma 14.1. Let A\, i, i be the real and complex roots of the polynomial t> —t — 2. Then
i) u" ¢ R for anyn > 1.
il) The set {arg(u™) | n > 1} is dense on [0, 2m].

Proof. Consider the field extension Q C Q[A, p]. Since the Galois group has the conjugation, this is an
extension of degree 6 and the Galois group is S3. Assume that p™ € R for some n > 1. By Viet’s formulas,
Ajii = 2. Denote & = p?)\/2, then [¢] = 1. We obtain £® = p2"\*/2" € RT and |¢"| = 1. Hence,
&" = 1, we have a root of unity such that £ € Q[\, u]. Moreover, we can assume that £ is primitive
of degree n. Let n = [[,p"», then by Euler’s formula, [Q[¢] : Q| = ¢(n) = [[,(p — 1)p™»~1. Since
the Galois group of a cyclotomic extension is abelian, ¢(n) properly divides 6. Clearly, p € {2,3} and
n € {2,3,4}. We have u® = p+2 ¢ Q. For two remaining cases observe that R N Q[\, u] = Q[\]. We
have either u? € Q[\], or pu* = pup? = p(p +2) = p? + 2u € Q[)], in both cases, u satisfies a polynomial
of degree 2 over Q[A]. On the other hand, u satisfies the following irreducible polynomial of degree 2:
h(t) = (t —p)(t — p) =12 — (u+ @)t + pi = 2 + Xt + 2/X € Q[A][f]. A contradiction proves the first claim.

By the first claim, 27/ arg(u) ¢ Q, we obtain an irrational rotation of the unit circle, the classical example
of ergodic theory. Ergodic theory says that an orbit of an irrational rotation of a circle is dense. 0

Let P° C P, J° C J, and K° C K be the respective Poisson and Jordan superalgebras without unit.

Theorem 14.2. Consider the Lie superalgebra Q = Lie(vg, v1,v2), its associative hull A = Alg(vg,v1, va),
the Poisson superalgebra without unit P°, and the Jordan superalgebras without unit J° and K°.

i) there exist decompositions into direct sums of two locally nilpotent subalgebras:
Q=Q:Q_, A=A, pA_, P°=P,pP_, Jo=J,0J_, K=K, dK_.

ii) there are continuum such different decompositions.
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Proof. First, we consider the Lie superalgebra Q. Consider a plane II passing through the axis OY7, it is
determined by an equation aYs + 8Y3 = 0 in the twisted coordinates, where «, 8 € R are some constants.
By Lemma [6.7] the axis OY; does not contain lattice points Z3, except the origin. By rotation of the plane
IT around OY;, we obtain a continuum of planes that intersect Z3 only at origin, because the number of
points of the lattice is countable. Fix such a plane II. Let Q4+, Q_ be sums of homogeneous components
of Q that lie on different sides of II. By construction, we get a vector space decomposition Q = Q1 & Q_.
Additivity of the multidegree implies that Q and Q_ are subalgebras. The plane II splits the ”paraboloid”
(Theorem B3]) into two halves, see Figure [[l Now the same geometric arguments as in [57] prove that the
subalgebras Q, Q_ are locally nilpotent. Two such different planes yield different decompositions. Indeed,
consider all pivot elements {vy | k > 0}, and their weight and twisted coordinates

swt(vg) = u* = Zo(k) = Ya(k) +iY3(k), k>0,

Since the set of their arguments is dense on [0, 27| (Lemma [I4.1]), the decompositions determined by two
different planes differ by (infinitely many) pivot elements. Similarly, we get decompositions for A and P°
because their monomials are inside another paraboloid (Theorem [TT4]).

Finally, consider the Jordan superalgebra without unit J°. We use Z3-grading of J by multidegree in
{Vo, V1, V2} only. Let J be a span of all monomials u, @, where u is a basis monomial of P such that u # 1.
All such monomials belong to lattice points Z?* distinct from the origin. As above, using continuum different
appropriate planes passing through OY;, we split monomials into two parts and get decompositions into
direct sums of two locally nilpotent subalgebras J = J, @ J_. Since 1 is at the origin, a multiplication by
1 keeps the lattice points, thus, 1e J, C J; and 1e J_ C J_. By our construction, J° = (1) & J. Put
J =J andJ, = J, ® (1)kg. Then J° =J, & J_. We have (J,)? C J,, and J, is a locally nilpotent
subalgebra as well. g

Theorem 14.3. Consider the Lie superalgebra Q = Lie(vg, v1,v2) = Qg ® Q1. For any a € Qn, n € {0,1},
the operator ad(a) is nilpotent.

Proof. The same as [51, Theorem 10.1] or [13] Theorem 12.1]. O

Corollary 14.4. For any a € Qu, ny.nys Where ny,ng,ng > 0, the the operator ad(a) is nilpotent.

Recall that in case char K = 2 the Lie superalgebra Q = Lie(vg, v1,v2) coincides with the restricted Lie
algebra generated by the same elements, i.e. Q = Liey(vg, v1,v2) (Corollary [3.2]).

Theorem 14.5. Let char K = 2. The restricted Lie algebra Q = Lie,(vo,v1,v2) has a nil p-mapping.

Proof. The same as in [66, Proposition 1]. The ideas of that proof were further developed in [6, Corollary
2.9] and [52] Theorem 8.6]. O
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