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Classification of the nilradical of k-th Yau algebras
arising from singularities
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Abstract: Every Lie algebra is a semi-direct product of semi-
simple Lie algebra and a solvable Lie algebra. Brieskorn gave the
connection between simple Lie algebras and simple singularities.
Simple Lie algebras have been well understood, but not the solv-
able (nilpotent) Lie algebras. Classification of nilpotent Lie al-
gebras with dimension up to 7 is known, but not for dimension
greater than 7. Therefore it is important to establish connections
between theory of singularities and theory of nilpotent Lie alge-
bras. Let (V,0) be an isolated hypersurface singularity defined by
the holomorphic function f : (C™,0) — (C,0). The k-th Yau alge-
bras L*(V'), k > 0 were introduced by the authors. It was defined to
be the Lie algebra of derivations of the k-th moduli algebra A* (V).
These Lie algebras are solvable in general and play an important
role in the study of singularities. In this paper, we investigate the
new connection between the nilpotent Lie algebras of dimension
less than or equal to 7 and the nilradical of k-th Yau algebras.

Keywords: Derivation, nilpotent Lie algebra, isolated singularity,
k-th Yau algebras.

1. Introduction

On the one hand, the classification theory of semi-simple Lie algebras over
complex numbers included the killing form, root space decomposition, Dynkin
diagrams, the Serre presentation, the theory of highest weight representa-
tion, and the Weyl character formula for finite-dimensional representations etc

Both Yau and Zuo are supported by NSFC Grant 11961141005. Zuo is supported
by Tsinghua University Initiative Scientific Research Program and NSFC Grant
11771231. Yau is supported by Tsinghua University start-up fund and Tsinghua
University Education Foundation fund (042202008)

Received November 4, 2021.

2010 Mathematics Subject Classification: Primary 14B05; secondary
17B66, 32505.

835


https://www.intlpress.com/site/pub/pages/journals/items/pamq/_home/_main/index.php

836 Naveed Hussain et al.

[Hm, Ja]. On the other hand, results of Seeley [Se] gave evidence that graphs
and diagrams of nilpotent Lie algebras seem not good enough to classify the
nilpotent Lie algebras. Historically, classification theories of semi-simple Lie
algebras and solvable or nilpotent Lie algebras have a remarkable difference.

In the past, the progress towards a complete classification of nilpotent
Lie algebras was quite slow. In [Um], nilpotent Lie algebras of dimension
six were classified by Umlauf, a student of Engel. But this classification has
several Lie algebras counted more than once because he was unaware of iso-
morphism among them. After that, several attempts have been made to de-
velop some methods that reformulate the classification problem. Morozov
[Mo] introduced inductive approach by considering the lower bound for the
dimension of a maximal abelian ideal I of a nilpotent Lie algebra L. To study
the inductive approach, one must know all smaller nilpotent Lie algebra and
their finite-dimensional representations. Morozov’s method is to consider L
as a noncentral extension of L/I, where the abelian ideal I is a nontrivial
L/I-module. Safiullina [Sa], compiled a list of seven-dimensional algebras by
using Morozov’s approach and knowledge of low-dimensional representations
of two- and three-dimensional algebras. It is interesting to note that Morozov’s
method is useful if one is able to classify the irreducible finite-dimensional rep-
resentation of all known algebras and also familiar with isomorphisms among
the resulting new algebras.

Gauger studied metabelian Lie algebras [Gal, and developed a method to
classify them. But this method is not applicable to study the general nilpo-
tent Lie algebras. However, he attempted to classify the seven-dimensional
metabelian Lie algebras and got partial information in dimensions eight and
nine. Umlauf [Um)] also classified a small subset of the algebras in dimensions
seven, eight, and nine. He found that in these dimensions, infinite families of
non-isomorphic nilpotent algebras occur. This phenomenon has also appeared
in [Ch, Ga, San], during classification of Lie algebras.

Recently there has been a good progress in the study of nilpotent Lie alge-
bras. Saullina made a first attempt to classify all seven-dimensional nilpotent
Lie algebras. Magnin [Ma] introduced an inductive approach to classify the
nilpotent Lie algebras. He classified algebras up to dimension 6 over the real
field, and obtained partial information in dimension 7. Seeley [Se], classified
the seven-dimensional nilpotent Lie algebras by using a different inductive
approach and his classification consists of 161 tables. These 161 tables were
divided into two main parts: first part has 130 indecomposable algebras and
second part consists of 31 decomposable algebras with six infinite families
parametrized by a single complex variable (see Theorem 1.2).
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The lower central series of Lie algebras L is a sequence of ideal L; de-
fined inductively by: Ly = L and L = [L, Li—y)], i = 1,2,3,---. Recall
that a Lie algebra L is called nilpotent if the lower central series of ide-
als: Ly, L(1), L2), - - -, terminates. The nilradical of a finite-dimensional Lie
algebra L is its maximal nilpotent ideal. If h C L is an ideal, then general-
ized center is GC(h) = {x € L | [x,y] € h, Yy € L}. The upper central
series of Lie algebra L is a sequence of ideal C%(L) defined inductively by
CY%(L) = GC(0) and C*TY(L) = GC(CY(L)). Note that C*(L) C C*(L).

With the same notation as in [Ma, Se], we shall use the list of central series
dimensions (lower central series is used in Theorem 1.1, and upper central se-
ries is used in Theorem 1.2) to denote nilpotent Lie algebras. For example, the
algebras having a upper central series dimensions (resp. lower central series)
{2,4,7} (resp. {6,3,1}) are listed as 2,4,74,2,4,7p (resp. 6,3,14,6,3,1p)
and so forth. It is noted the subcripts A and B which are used to differentiate
the two non-isomorphic nilpotent Lie algebras.

In the following theorem, the nilpotent Lie algebras of dimension 6 were
classified using lower central series dimensions.

Theorem 1.1 ([Ma], pages 122-124). The classification of nilpotent Lie al-
gebras of dimension less than or equal to 6 have the following list (here we
use lower central series dimensions):

Dimension 1 (1 nilpotent Lie algebras)
{g1; abelian algebra, 14}
Dimension 2 (1 nilpotent Lie algebras)
{(91)° = g1 % g1; 24}
Dimension 3 (2 nilpotent Lie algebras)
{(91)%34},  {n:[X1,Xa] = X3;3, 14}
Dimension 4 (3 nilpotent Lie algebras)
{(g0)% 44}, {nx g4 1a}, {ga: [X1, Xo] = X5, [X1, X5] = X:4,2, 14}
Dimension 5 (9 nilpotent Lie algebras)

{(g1)°;54}, {n xg3;5,1a}, {951 : [ X1, Xo] = X5, [ X3, Xu] = X5;5, 18},
{94 x g1;5,2,14}, {g52 : [ X1, Xo] = Xy, [ X1, X3] = X5;5,24},
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{953 1 [ X1, Xo] = X3, [ X1, X3] =Xy, [Xo, X5]=X4;5,2, 15}, {g54 1 [X1, Xo]
= X3, [X1, X3] = Xy, [Xo, X3] = X5;5,3,24}, {955 : [X1, Xo] = X5,

(X1, Xs] =Xy, [ X1, Xua]=X5:5,3,2, 14}, {956 : [X1, Xo] = X3, [ Xy, X3] = Xy,
(X1, X4] = X5, [Xo, X3] = X5;5,3,2,15}.

Dimension 6
Direct Product. (10 classes):

{(g9);6a},m x n,{n x (g3);6,1a}, 94 % (g7), 91 % g5,:(1 < i < 6),

(we use 6,1p to denote g1 X g51).

Other 22 classes are as follows:

{[X1, Xo] = X3, [ X1, X3] = X4, [ X1, X5] = X6;6,3,1a},
{[X1, Xo] = X, [X1, X3] = Xy, [X1, X4] = X5, [Xo, X3] = X5;6,3,1p},

(X1, X3] = Xu, [ X1, X4] = X, [Xo, X5] = X6;6,3,2,1¢}.

In the following theorem, the nilpotent Lie algebras of dimension 7 were
classified using upper central dimensions. The classification of nilpotent Lie
algebras consists of indecomposable and decomposable algebras. With similar
notation as in [Se|, 2@ 1, 3,5 denotes the direct sum of 2-dimensional abelian
Lie algebra with the unique algebra {1,3,5} whose upper central series di-
mensions are 1,3, 5.

Theorem 1.2 ([Se|, pages 482-494). The classification of nilpotent Lie alge-
bras of dimension 7 have the following list (here we use upper central series
dimensions):

Decomposable algebras with large centers

{0(7-dimensional abelian); 7},  {[a,b] =c;4® 1,3}, {[a,b] =d, [a, ]
=¢2®2,5}, {[a,b] =d,[a,c]=¢,[b,c]=f;1®3,6}, {[a,b]=c,
la,c] =d;3®1,2,4}, {la,b] =¢,[a,c] =d,[b,c] =e;2@2,3,5}.

Central series dimensions 8,7
Decomposables

{la,b] = e,[c,d] = e;2® 1,5}, {[a,b] =e,[a,c] = f,[c,d] =e;1®2,6}
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{la,0] = e,[c,d) = f;1®1,301,3}.

Indecomposables
{[av b] =6 {bv C] = fﬂ [bv d] = 9;37 7A}7 {[a’v b] =6, [bv C] = f7 [Cv d] = 9;37 7B}
{[CL b] =e€ [bvc] =f [Cad] =6 [b7d] = 9;3770}7 {[aab] =6 [CL,C] =/

[b7 d] =9, [07 ] = 6;377D}-

Central series dimensions 3,5,7

Central series dimensions 1,2,8,4,5,7

{[aa b] =G [CL, C] =d, [a>d] =€ [CL, 6] =/, [a, f] =g;1,2,3,4, 5>7A}a
{la,b] = ¢, [a,c] = d,|a,d] =e,|a,e] = f,]a, f]=g,[b,c] =9;1,2,3,4,5, 7},

{[a’b] :Cv[aac] =d, [a>d] :ev[a’e] :fv[a’f] :g,[b,c] :ev[bvd] :fv
[b.e] =&g.[c,d] = (1 —€)g;1,2,3,4,5,71 : £, ({# 1)}

Let f:(C",0) — (C,0) be the germ of a complex analytic function with
an isolated critical point at the origin. Let V = {x € C" : f(x) = 0}. Recall
that the multiplicity of the singularity (V,0) is defined to be the order of the
lowest nonvanishing term in the power series Taylor expansion of f at 0. Let
O,, denote the C-algebra of germs of analytic functions defined at the origin
of C™. The Milnor number p of the singularity (V,0) is defined by

af

) 0
u:dlmOn/(a—jl,--- B ).

Recall that Siersma classified the isolated singularities with p < 10.

Theorem 1.3 ([Si]). For f: (C",0) — (C,0) with isolated singularity at ori-
gin we have, either: f ~ g+ Q) where g is a germ of one of the polynomials in
the following table and ) = :UEH +---+22 (i.e., f is called stable equivalent
to g).

Name of Equation Restriction Milnor
singularity Number
Ap o 1<k<10 k




840 Naveed Hussain et al.

Dy :L‘I:c2+:1:]§1 4<k<10 k
Eg x3+ 1) 6
E, r$ + 1173 7
Eg T3+ 23 8
J1o 3} —I- Aryas + Ba:Q 4A3 +27B% £0 10
X xl + tm1x2 + 3 t? £ 4 9
X10 xl + x1x2 + Az A#0 10
Py 23 + x3w3 + Avi2i + 4A3 +27B%? £0 8
Ba}
Py T10973+ 73+ a3+ Axh A#£0 9
Pyo T1Tow3+ T +a3+ Az A#£0 10
Q10 r3+r3r3+Avy i +ah 10
Ry :L“i’—kxlxgxg—kx%—l—Azg AZ#0 10

For any isolated hypersurface singularity (V,0) < (C", ) where V' =
V(f) = {f = 0}, one has the factor-algebra A(V) = O, /(f, 2 8_301 - 7aax];)
finite-dimensional. This factor-algebra is called the moduli algebra of V.

Theorem 1.4 ( Mather-Yau theorem [MY]). Let Vi and Va be two isolated
hypersurface singularities and, A(Vy) and A(Vz) be the moduli algebras, then
(V1,0) = (V5,0) if and only if A(V7) =2 A(Va).

Yau [Yal] 1ntroduced a Lie algebra of derivations of moduli algebra
AWV) o= O /(f, 2L+ 20 e, L(V) = Der(A(V), A(V)). In [EK], [Yu],
this ﬁnlte—dlmenswnal Lie algebra L(V') was called Yau algebra and its dimen-
sion A(V') was called Yau number. The Yau algerba plays an important role in
the classification of isolated hypersurface singularities ([SY], [Hu]). Yau and
his collaborators have been systematically studying the Yau algebras of iso-
lated hypersurface singularities begin from eighties ([Yal]-[Ya3], [BY1, BY2],
[SY], [YZ1, YZ2], [CYZ], [XY], [CHYZ], [CXY], [HYZ1]-[HYZS]). Recently
in [HYZ2], we extend the Yau algebra to the new k-th Yau algebra for an iso-
lated hypersurface singularity. We first recall the definition of this new k-th
Yau algebra.

The following theorem which is a slightly generalization of the well-known
Mather-Yau theorem (cf. [GLS], Theorem 2.26).

Theorem 1.5 (generalized Mather-Yau theorem). Let f,g € m C O,. The
following are equivalent:

1) (V(£),0) = (V(9),0);
2) For all k >0, O,/(f,mFJ(f)) = 0, /(g,m"J(g)) as C-algebra;
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3) There is some k > 0 such that O, /(f,m*J(f)) = O,/(g,m*J(g)) as
C-algebra, where J(f) = (8f Y

oz’ ) Oxp,

Therefore based on Theorem 1.5, it is natural to introduce the following
Lie algebras to the singularity (V'(f),0). The new series of k-th Yau algebras
L¥(V) (see Definition 2.4) are defined to be the Lie algebra of derivations
of the k-th moduli algebra A*(V) = O,/(f,mFJ(f)),k > 0, i.e., LF(V) =
Der(A*(V), A¥(V)). The dimension of L*(V) is denoted by A¥(V). These
numbers A\*(V)(k > 0) are numerical analytic invariants of a singularity. We
call it k-th Yau number. In particular, L°(V) is exactly the Yau algebra,
thus LY(V) = L(V),\°(V) = X\(V). The nilradical of k-th Yau algebras is
denoted by (L¥(V))*, k > 0. We call the nilpotent Lie subalgebras of the k-
th Yau algebras associated to an isolated hypersurface singularity geometric
nilpotent Lie algebras.

Since a complete classification of nilpotent Lie algebras up to dimension
seven was given in [Ma, Se|. A natural question is: whether these nilpotent
Lie algebras in the above list in Theorem 1.1 and Theorem 1.2 (i.e., the
classification nilpotent Lie algebras up to dimension seven) are geometric
nilpotent Lie algebras? In general, this question is very hard. In this paper,
we answer this question in some sense for the nilradical of k-th Yau algebras
that arising from fewnomial singularity (see Definition 2.6). We shall prove
the following result.

Main Theorem. Let (V(f),0) be a fewnomial singularity defined by a
weighted homogeneous polynomial f(x1,x2,-++ ,x,) and (L*(V(f)))* k >0,
be the nilradical of k-th Yau algebras (LE(V(f))). Assume that dim
(L*(V(f)))* < 7 and it is isomorphic to one of the nilpotent Lie algebras
in the given list of classification of nilpotent Lie algebras of dimension < 7
(cf. Theorem 1.1 and Theorem 1.2), then f’s and its corresponding nilrad-
icals (LF(V(f)))* are as follows (we use lower (resp. upper) central series
dimensions to denote the nilpotent Lie algebras of dimension < 6 (resp.7)):
Case 1. k=0,

(1) 27 + 2314 (2) x§+x§;2A (3) a8 + 223,14 (4) 2] + 234,214
(5) x% +23:5,3,2 (6) ) +23:6,4,3,2,1¢  (7) 2320 + 3;4,2,14
(8) x2xy + x123; 2A, (9) 222y +25:5,2, 15 (10) 22zy + 25;6,3, 1¢
(11) 23 4+ 25;5,24  (12) 2229 + 2123;5,2, 15, (13) 222y + 23:1,3,5,7p
(14) x§x2 + xg; 1,2,4,5, 7 (15) twg + x125;1,3,5,7p

( 2,
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Case 2. k=1,

(17) 23+ 223,14 (18) 28 + 225,15 (19)28 +23;6,2,14  (20)z] + 23;
4,14 (21) afwg + 2354, 14 (22) 2 + 23 +23;5, 15 (23) 2fxs +23;6,2,14
(24) 27 +25:1,4,5,75  (25) o + 23 +22,6,1p (26) 20 + 22 4+ 23;1,7.

Case 3. k=2,
(27) 22 + 2344 (28) wymo + 2b(i > 2);44  (29) 27 + 23;1,3,5, 70.
Case 4. k =3,
(30) 2%+ 22;64  (31) w9 + 25(i > 2);64.

Remark 1.1. [t follows from the classification result in Theorem 1.3, these
isolated hypersurface singularities of Milnor number less than or equal to 10
which are not fewnomial singularities are listed as follows. We calculate their
Yau numbers. It turns out that they are greater than 8. Thus, their nilradicals
are not in the classification of nilpotent Lie algebras up to dimension seven. In
general, a singularity with bigger Milnor number will have bigger Yau number.
Based on the Remark 1.2 below, we conjecture that, in our main theorem, we
have listed all geometric nilpotent Lie algebras with dimensions up to seven
and their corresponding singularities up to stable equivalence.

Name of Equation Restriction Milnor Yau
singularity Number number
J1o x3+ 4A3 + 10 12
Axlxg + 27B2 7£ 0
Bx§
Xy Ti + t2#£4 9 11
te?rd + x}
X10 z] + x3a3 + AH#0 10 11
Az}
Py 73 + w373 + 4A3 + 8 10
Azi23 + 27B% #£ 0
Ba3
Py T1T2T3 + A 75 0 9 10
3+l +
Az}
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PlO T1T2T3 + A ;'é 0 10 11
T3+ a3+
Az}
Q10 x‘i’ + l‘%xg + 10 13
Azyzd + 13
Rio zi+ A#0 11 11
T1T2T3 +
z3 + A}

Remark 1.2. [t is easy to check that the dimensions of nilradical of k-th Yau
algebras (L*(V))*,k > 4 that arising from binomial singularity are greater
than 7. It is also noted that in case of trinomial singularities (see Definition
2.6) with multiplicity > 3 (see Propositions 2.3, 2.9, 2.10, 2.11, and 2.12),
the dimensions of nilradical of Yau algebras (L°(V))* are greater than 7. It is
also easy to check through calculation, the dimensions of (L*(V))*,k > 1 that
arising from trinomial singularities with multiplicity > 3 are greater than 7.
Furthermore, similarly we can check the dimensions of (L*(V))*,k > 0 that
arising from n-nomial (n > 3) singularities with multiplicity > 3 are greater
than 7.

2. Basic results

Definition 2.1. A Lie algebra is a vector space L over some field k (in this
paper k = C) together with a

[, ]:LxL—L

called the Lie bracket that satisfies the following azioms:
(1) Bilinear operator

[ax + by, z] = alx, 2] + bly, 2|, [z,ax + by] = a[z, x] + b[z, y]

for all scalars a,b in k and all elements x,y, z in L.
(2) Alternativity,
[z,2] =0

forall x in L.
(3) The Jacobi identity,

[z, [y, 2]] + [z, [, y]] + [y, [2,2]] = O

forall z,y,z in L.
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Ifx € L, y — [z,y] is an endomorphism of L, which we denote by ad x.

Let L be a Lie algebra. For two subspaces A, B of L the symbol [A, B]
denotes the linear span of the set of all [z,y] with z in A and y in B. A
sub Lie algebra of L is a subspace, say J, of L that is closed under the
bracket operation (i.e., [J,J] C L); J becomes then a Lie algebra with the
linear and bracket operations inherited from L. A sub Lie algebra J is called
an ideal of L if [L,J] € J (if € L and y € J implies [x,y] € J). The
centralizer C's of a subset S of L is the set of those x in L that commute
with all y in S (i.e., [x,y] = 0). We say that two Lie algebras L, L’ over k are
isomorphic if there exists a vector space isomorphism ¢ : L — L’ satisfying
ol y]) = [6(2), 6(1).

We will basically deal with solvable and nilpotent Lie algebras so for
completeness we recall the corresponding definitions.

Definition 2.2. Given a Lie algebra L, there are two series of ideals: L,y =
{Liy}, LW = {LV}, Loy = L = L, Ly = LW = [L, L], Ly = [L, L)),
LO = [L0-Y L6=V] i = 2,3, .... L is called nilpotent if the lower central
series L,y terminates. L is called solvable if the derived series L™ terminates.

The following basic concepts and results will be used to compute the
derivation Lie algebras of isolated hypersurface singularities.

Let A, B be associative algebras over C. The subalgebra of endomorphisms
of A generated by the identity element and left and right multiplications by
elements of A is called multiplication algebra M(A) of A. The centroid C'(A)
is defined as the set of endomorphisms of A which commute with all elements
of M(A). Obviously, C'(A) is a unital subalgebra of End(A). The following
statement is a particular case of a general result from Proposition 1.2 of [Bl].
Let S = A® B be a tensor product of finite dimensional associative algebras
with units. Then

DerS = (Derd) @ C(B) 4+ C(A) ® (DerB).

We will only use this result for commutative associative algebras with unit, in
which case the centroid coincides with the algebra itself and one has following
result for commutative associative algebras A, B:

Theorem 2.6. ([Bl])For commutative associative algebras A, B,
(2.1) DerS = (DerA) ® B+ A® (DerB).

We shall use this formula in the sequel.
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Definition 2.3. Let J be an ideal in an analytic algebra S. Then Der;S C
DercS is Lie subalgebra of all o € DercS for which o(J) C J.

We shall use the following well-known result to compute the derivations.

Theorem 2.7. ([YZ2])Let J be an ideal in R = C{x1,--- ,x,}. Then there
s a natural isomorphism of Lie algebras

(DeryR)/(J - DercR) = Derc(R/J).

Recall that a derivation of commutative associative algebra A is defined as
a linear endomorphism D of A satisfying the Leibniz rule: D(ab) = D(a)b+
aD(b). Thus for such an algebra A one can consider the Lie algebra of its
derivations Der(A, A) with the bracket defined by the commutator of linear
endomorphisms.

Definition 2.4. Let f(x1,-- ,x,) be a complex polynomial and V = {f = 0}
be a germ of an isolated hypersurface singularity at the origin in C™. Let
ARV = O,/ (f,mFJI(f)),k > 0 be the k-th moduli algebra. Then L¥(V) =
Der(A*(V), A¥(V)) is the k-th Yau algebra of (V,0). The N\¥(V) is the di-

mension of derivation Lie algebra L*(V), it is called k-th Yau number.

It is noted that when k = 0, then derivation Lie algebra is called Yau
algebra.

Definition 2.5. A polynomial f € Clxy,xa, -+ , ] is called weighted homo-
geneous if there exist positive rational numbers wy, ..., w, (called weights of
indeterminates ;) and d such that, for each monomial foj appearing in
f with non-zero coefficient, one has ) w;k; = d. The number d is called the
weighted degree of f with respect to weights w; and is denoted by deg f. The
collection (w;d) = (wy, -+ ,wy;d) is called the weight type of f.

Definition 2.6. An isolated hypersurface singularity in C™ is fewnomial if it
can be defined by a n-nomial in n variables and it is a weighted homogeneous
fewnomial isolated singularity if it can be defined by a weighted homogeneous
fewnomial. 3-nomial isolated hypersurface singularity is also called trinomial
singularity.

Proposition 2.1. Let f be a weighted homogeneous fewnomial isolated singu-
larity with mult(f) > 3. Then f analytically equivalent to a linear combination
of the following three series:

Type A. x§' + x5 + - + 20" + 2% n > 1,

Type B. x{'xo + x57x3+ - + )" an + 20, n > 2,

an—1 a

Type C. x{'xy + x52x3 + -+ - + 2, Ty + 2821, N > 2.
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Proposition 2.1 has an immediate corollary.

Corollary 2.1. Fach binomial isolated singularity is analytically equivalent
to one from the three series: A) x{* + x5, B) x{*xo + 252, C) x{*x9 + 5211 .

Wolfgang and Atsushi [ET] give the following classification of weighted
homogeneous fewnomial singularities in case of three variables.

Proposition 2.2. ([ET]) Let f(x1,x2,x3) be a weighted homogeneous fewno-
mial isolated singularity with mult(f) > 3. Then f is analytically equivalent
to following five types:

Type 1. x7" + x5 + 25°,

Type 2. x7'xg + w5723 + 25°,

Type 3. a:‘l”xg + a:g?xg + 252y,

Type 4. x7* + x5 + 25324,

Type 5. :cl Ty + x5xy + 253,

In order to prove the main theorem, we need to use following main results

from [YZ2], [HYZ1], [HYZ2] and [HYZ3].

Proposition 2.3 ([YZ2]). Let (V,0) be a weighted homogeneous fewnomial
isolated singularity of type A which is defined by f = x{* + x5* + -+ + xfr

(a; > 3, 1 <i < n)with weight type (al, alz . al ;1). Then the Yau number
A(V) :nH(ai—l)—Z(al —D(ag—1)---(a; —1)---(a, — 1),
i=1 i

where (a; — 1) means that a; — 1 is omitted.

Proposition 2.4 ([YZ2]). Let (V,0) be a binomial isolated sz'ngulam'ty of type
B which is defined by f = x{'xe+ x5* with weight type (221&21, wi 1). Then the
Yau number

)\(V) = 2(11612 — 2&1 — 3(12 + 5.
Proposition 2.5 ([YZ2]). Let (V,0) be a binomial isolated singularity of type

C which is defined by f = x{*xy + x5*x1 with weight type (a‘llfl;ll, a‘f;;ll; )
If mult(f) > 4, i.e., ay,as > 3, then the Yau number

)\(V) = 2(11612 — 2&1 — 2(12 + 6.

If mult(f) =3, i.e., f = x3xy + 25231, then the Yau number is (V) = 2as.



Classification of the nilradical of k-th Yau algebras 847

Proposition 2.6 ([HYZ2]). Let (V,0) be a weighted homogeneous fewnomial
isolated singularity of type A which is defined by f = x7* + 25> (a1 > 2, ag >
2) with weight type ( é; 1). Then

L
ay’

M(V) = 2a1as — 3(ay + ag) + 10; a1 > 3,a2 >3
o a + 2; ay > 2,a0 = 2.
Proposition 2.7 ([HYZ2]). Let (V,0) be a binomial isolated singularity of
type B which is defined by f = a{'xo + 25° (a1 > 1, ag > 2) with weight type
(=L L.1) Then

aiaz ’ ag’

2a1a9 — 2a1 — 3as +11; a1 > 2,a0 > 3
)\1(V) =< 2a1 +2; a1 > 2,as = 2
4; ay = 1,@2 Z 2.

Proposition 2.8 ([HYZ2]). Let (V,0) be a binomial isolated singularity of
type C which is defined by f = x{'xy + 23?21 (a1 > 1,a9 > 1) with weight

as—1 a1—1

type (;2—=7, 2—=;1). Then

2a1a0 — 2a1 — 2a0 +12; a1 > 3,a9 > 3

2a; + 6; a; > 2,a0 =2

1 _ 1 ) 1 = 4,02

)\(V)— 4; (1121,(12:1
4; a1:1,a222.

Proposition 2.9 ([HYZ1]). Let (V,0) be a fewnomial isolated singularity of
type 2 which is defined by f = x{*xe + x5%°x3 + 25° (a1 > 2,a2 > 2,a3 > 3)
with weight type (%, 232—;31, é; 1). Then the Yau number
3aiaza3 — 2a1a3 — 4asag + 6ag + 2a; — 2a1a9 + 2a-
AV)=4¢ —-T; ap > 2,as > 3,a3 > 3
4aias — 3az — 2a1 — 1; a1 > 2,a3 = 2,a3 > 3.

Proposition 2.10 ([HYZ1]). Let (V,0) be a fewnomial isolated singularity of
type 3 which is defined by f = 27wy + x52x3 + 25°x1 (a1 > 2,a9 > 2,a3 > 2)
with weight type

1—a3+asaz 1—a1+ajas 1—&2—*—&1&2’1

14+ arasa3 1+ a1a2a3 1+ a1a203
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Then the Yau number

12; a1 =2,a0 =2,a3 =2
)\(V) = 3ajasa3 — 2(@1@2 + ajas + a2a3) + 2(a1 + a9 + CL3)
—1; Otherwise.

Proposition 2.11 ([HYZ3]). Let (V,0) be a fewnomial surface isolated sin-
gularity of type 4 which is defined by f = x{* + x5* + z5°x2 (a1 > 3,a9 >
3,a3 > 2) with weight type (=, =, 2=1:1). Then

a1’ az’ agas

AMV) = 3arazgas — 4a1as — 4azag — 2a1a3 + 6a; + Saz + 2a3 — 7.

Proposition 2.12 ([HYZ3]). Let (V,0) be a fewnomial surface isolated sin-
gularity of type 5 which is defined by f = x{'we + x5%x1 + 25° (a1 > 2,09 >
2,a3 > 3) with weight type (-2 -u=1_"1.1) Then

araz2—1? ajaz—17 a3’

3ajasas — 4ajas — 2(azas + aras) + 2(ay + ag) + 6as
AV) =1 —6; a; > 3,az > 3,a3 > 3
4a2a3 — 6@2; ayp = 2, as 2 2, as Z 3.

Proposition 2.13 ([HYZ3]). Let (V,0) be a weighted homogeneous fewnomial
isolated singularity of type A which is defined by f = x{* + 25> (a1 > 1, ag >
1) with weight type (X, 1:;1). Then

a1’ az’

2a1a2 — 3(ay +az) +17; a3 >5,a2 > 5
3as + 5; a1 =3,a0 >4
13; a1 =3,a0 =3
2 5a2+4; a1:4,a225
AV) = 23: ay =4,a3 =4
as + 9; a1 =2,a9 > 3
6; ap =2,a0 =2
1; a; =1,a0 > 1.

Proposition 2.14 ([HYZ3]). Let (V,0) be a binomial isolated singularity of
type B which is defined by f = x{'xo + 25* (a1 > 1, as > 1) with weight type
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(2=l 1). Then

aiaz ’ a2

2a1a3 — 2a17 — 3ag +20; a1 > 5,a3 > 5
das + 12; a1 =4,a0 > 5
31; (11:4,CL2:4
9 dar + 7; ap > 3,a0 =3
AV) = 2a1 + 5; ar > 2,a9 = 2
as + 11; a1 =2,a0 >3
6; a1:1,a222
1; ap > 1,a0 = 1.

Proposition 2.15 ([HYZ3]). Let (V,0) be a binomial isolated singularity of
type C which is defined by f = x{'xe + 25721 (a1 > 1, as > 1) with weight
type (a‘ffl;_ll, a‘fjl;_ll; 1). Then

2a1a9 — 2(&1 + (12) +21; ay >4,a5 >4

dag + 13; a1 =3,as >3
N (V)= 2ay+ 10; a1 =2,a0 >3
13; a1 =2,a0 =2
6; ap =1,as > 1.

3. Proof of main theorem

In order to prove the main theorem, we need to prove following propositions.

Proposition 3.16. Let (V,0) be a fewnomial singularity defined by the
weighted homogeneous polynomial f(x1, 29, ,x,) and (LF(V))*, k >0, be a
nilradical of k-th Yau algebras with dimension < 7. Then following nilpotent
Lie algebras with notation [Ma] and [Se] are pairwise isomorphic:

(1) (L2 +23)) =14 (2): (LO(af +23)) =24 (3) : (L0(af + 23))*
>3 14, (4): (LO0xl +a2) 24,214 (5): (LP(af + 22))* = 5,3,2,1p

(6) : (LO(2) +22))* =26,4,3,2,1c  (7): (LO(a2zy + 23))* = 4,2, 14

(8) : (LO(afwg + 2321)) =24 (9): (LP(2329 +25))* 25,2, 15

(10) : (LO(z3ag +25))* =2 6,3,1¢  (11) : (L0223 4+ 23))* = 5,24

(12) : (LO(z32g + 2321))* =2 5,2,1  (13) : (L2 (23w + 23))* = 1,3,5,7p
(14) : (LO(zdag +23))* =2 1,2,4,5, 75 (15) : (L (2%wy + a521))* = 1,3,5, 7
(16) : (LO(x1° + 23))* = 1,2,3,4,5,7r  (17) : (L' (23 + 23))* = 3,14



(zf +23))* = 6,2,14
(21) : (LY (z2zo + 22))* =2 4,1,
(23) : (LY (23me + 73))" 2£6,2,14
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(18) : (L' (2} +23))* = 5,15 (19) : (L

(20) : (LM (] +23))* = 4,14

(22) : (LM (2% 4 23 + 22))* =2 5,1p

(24) : (L' (2] + 25))* = 1,4,5,7p

(26) : (L'(a] + 22 +a2)* = 1,7 (27) : (L2(a? + 2))" = 44
(28) : (L% (w12 + ab),i > 2)* 2 4y

(30) : (L*(a} 4 23))" = 64

Proof. After simple calculation, we have the following table:

(25) : (Ll(:lci1 + x% + x%))* ~6,1p

(29) : (Lz(z% + x%))* ~1,3,5,70
(31) : (L3(wyag + 2b),i > 2)* 2 64.

Table 3.3:
Nilradical of k-th Yau algebras Multiplication | Lower and
table upper
central
series
dimensions
(LV(z] + 23))* = <230, > 0 1
(LY (29 + 23))* = <x301, 2701 > 0 2
(LO(28 + 23))* = <2301, 2301, 2 01> le1, e2] = e3 3,1
(Lo(x’lerfE%)) = <SE%81,ZE181,I'181,1‘181> [61,62] = 4,2,1
€3, [61, 63] =
264
(L (28+23))* = <2301, 2701, 2101, 2301, 2801 >|  [e1,e2] = 5,3,2,1
€3, [61, 63] =
264, [61, 64] =
365, [62, 63] =
€5

(LO(SUl +372)) = [61,62] = 6,4,3,2,1
<(L’1a1,1?181,$181,$181,x181,x181> €s, [61,63] =
264, [61, 64] =
365, [61, 65] =
466, [62, 63] =
€5, [62, 64] =

266
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(LO(xxg + 23))* = [e1,e3] = 4,21
<301, 1305, 42301 + 1109, 1302> ey, le2,e3] =
861
(LY (z3wo + 2321))* = <1220, 117900> 0 2
(LY (xfzg 4+ 23))* = [e1, e2] = 5,2,1
<5ZE:2381 + 56182, 37%81, 37%82, xgag, x§62> —eés, [61, 63] =
—1562, [63, 64] =
€5
(LO(2329 + 25))* = [e1, e2] = 6,3,1
<6LE%81 -+ (12'182, x%@l, x§82, x%ag, x‘é@g, $882> —e€g, [61, 63] =
—2462, [63, 64] =
€5, [63, 65} =
266
(LY(z3 + 23))* = [e1,e3] = 5,2
<1‘1$281,$11‘%31,$1.%‘282,$11’%82> €4, [61,65} =
—eg, [e3, 5] =
€4
(LY (2329 + 2321))* = le1,e5] = 5,2,1
<w12301, 1170900, 117300, 2017201 + 2e3, [e2, 4] =
1)332, 3.7)1.7)231 + 21’162> —es3, [62, 65] =
3es, [eq, €5] =
1561
(LO(.T%I'Q Jrflig))* e [61,62] = 1,3,5,7
<—I%82, —x%@z, —‘T%ag, —:1:382, —56382, —es, [61, 63] =
—T2301 — 1109, — 501> —2ey, [€1,64] =
—3es, [e1, e6] =
—3be7, [e2, e3] =
—es, [eg, €7] =
€5
(LO(z{wy + a51))* = <73f§61 + xgsaQ’ ngal [e1, e2] = 32% +1 1,357
L :83%, %ag , 2505, 77;82261 + 2210 + %’ le1, €3] =
.1'%82, m881> 1L547 [617 64] =
31%’ [617 66] =
#) [627 63] =
%57 [62’ 67} =
%57 [63’ 65} =
€5, [663 67} =
—265
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(LY (23xg + 23))* = le1, ea] = 1,2,4,5,7
<—l’1l‘281, 3x901 + 21‘%82, —21‘%61 — 3ey, [61, 63] =
31‘11‘282, —x%@l, —1’11‘382, 1‘11‘261 — —365, [61, 66] =
130y, —11730, > er, [ea, €3] =
18e; +
1566, [62, 64] =
—465, {62, 65] =
—3er, les, e4] =
—267, {637 66] =
—665
(Lo(21° + 23))* = le1,e9) = [1,2,3,4,5,7
<JT%61, $?81, 1‘41181, x?@l, x?@l, x{@l, l’§81> €3, [617 63] =
2ey4, [e1,€4] =
365, [61, 65] =
466, [61, 66] =
567, [62, 63] =
es, [e2, e4] =
266, [62, 65] =
367, [63, 64] =
er
(LY (23 4+ 23))* = <230, 1901, 301> le1, €2] = e3 3,1
(LY (234+123))* = <220y, 2301, 1102, 1201, 2101>|  [e1, e0] = 5,1
es, les, eq] = €5
(LY (2f + 23))* = le1, ea] = 6,2,1
<x%61,x:1”81,x‘1181,:c?&l,xgal,x§82> es, [61,63] =
264, [65, 66] =
—ey
(LY(2} 4+ 23))* = <1201, 2301, 2301, 2302, > | [e1,e2] = e3 4,1
(LY (23 + 23 + 23))* = le1, ea] = 5,1
<$%83,$331,$%82,1’281,1’%81> €5, [63,64] =
€5
(LY (2] + 235 + 23))* = le2, €3] = 6,1
<—220y, —x301, —x303, 1901, —1300, —1301> | eg, |eq, e5] =
€6
(LY (27 + 23 + 23))* = le1, e2] = 1,7
<$%81, xi’@l, x%ag,, 50381, 27261, xilag, 1’41181> er, [63, 64] =
€7, [65, 66] =

€7
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(LI(LL'%ZEQ + LL’%))* = <5Ei1362, l‘:l;al, x%@l, $281> [61, 62] = €3 4, 1
(LY (2329 + 23))* = le1, e2] = 6,2,1
<$281, x?@l, x‘{@l, fE?al, 2x%81 - 3x‘11(92, 1:?82> —%64, [61, 65] =
es, [e1, e6] =
—€y4, [627 65] =
—2e3, [e3, e5] =
—464
(L' (z] +23))* = [e1,e2] = 1,4,5,7
<$%81, 17:1561, JZ%&L xi’@l, 3:?81, ng?l, x?82> es, [61, 63} =
264, [61, 64] =
365, [62, 63] =
es, [e6, e7] =
—es
(LQ(ZE% +1’%))* = <(E%({91,l'1$281,1'382,$1x282> 0 4
(L*(zy29 + 28),1 > 2)* = 0 4
<$%81, 1‘%81, 1’%02, I‘%82>
(L*(23 + 23))* = <—220, —230; — le1,e2] = 2e5 —| 1,3,5,7
1109, —2301, —130a, —11 7909, —7301, 2eg, le1,e3] =
— 212201 > —2eg, [e2, €3] =
€1 —
2e7, [ea, €6] =
es, [ea, e7] =
es, [es, es5] =
—ey, [e3, e7] =
—eg
(L?(af +23))* = 0 6
<SE281 — 131627 x%&l — :Ell‘zaz, 1‘381, 1‘1I281 +
LL‘%@Q, 951:5%81, l‘%@z, $1l‘%82>
(L3 (w129 + %), > 2)* = 0 6
<x§81, x%@l, l‘?@l, x%az, fE‘;’ag, :L‘i’ag>

Magnin [Ma] gave the complete classification of nilpotent Lie algebras of
dimension < 6. Since we deal with nilradical ((L*(V))*,k > 0) of k-th Yau
algebras with dimension < 7. So it is easy to see from [Ma] and [Se] we
have the following possible classification of nilpotent Lie algebras which are
equivalent to table 3.3.
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Table 3.4: Classification of nilpotent Lie algebras([Ma],[Se])

Dimension Multiplication table Lower and upper
of nilpotent central series
Lie algebras dimensions
1 0 14
2 0 24
3 (X1, Xo] = X3 3,1a
4 [X1, X2] = X35, [ X1, X3]) = X4 4,2,14
4 0 44
4 [X1, X2] = X3 4,14
5 (X1, Xo] = X3, (X1, X3] = 53,2,1p
Xy, [ X1, Xy] = X5, [Xo, X3] = X5
5 [X1, X2] = X5, [ X35, X4] = X5 5 1p
5 [X1, X2] = X3, [ X1, X35] = 5,2,1p
Xy, [Xo, X5] = Xy
5 [XlaXQ] :X4,[X1,X3} :X5 572A
6 [X1, X2] = X3, [X1, X35] = 6,4,3,2,1¢
Xy, [ X1, Xy) = X5, [ X1, X5] =
X, [Xo, X3] = X5, [Xo, Xy] = X5
6 [X1, X2] = X5, [ X1, X35] = 6,3, 1¢
Xy, [ X1, X4 = X6, [ X2, X5] = X6
6 [XlaX3] :X47[X17X4] = 6327114
X, [ X2, X5] = X
6 [Xa, X3] = X, [X4, X5] = X 6,1p
7 [a,b] = ¢, [a,c] =d,a,d] = g,[b,c] = 1,4,5,75
g, [6, f] =g
7 [a,b]:c,[a,c]:e,[a,d]:f,[a,e]: 1,3,5,7F
g?[bvc] =9, [d7f] =9
7 [a,b] = ¢, [a,c] =e,a,d] = f,[a, f] = 1,3,5,70
9, [b7c] :fa [bve} =9
7 [a,b] = ¢, [a,c] =d,a,d] =e,[a,e] = 1,2,3,4,5,7;
fv[avﬂ =9, [b’c] =6 [bvd] =/ [b’e} =
1 ledl =
7 [a,b] = ¢, [a,c] =d,a,d] = f,]a, f] = 1,2,4,5, 75
9, [b’c] =/ [b’d] =9, [b’e] =/ [Cae] =
g
7 [mb]zg,[c,d]zg,[e,f]:g 1,7
6 0 64
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It easily follows from tables 3.3 and 3.4, we only need to deal with cases

E4),) (5), (6), (7), (9), (10), (11), (12), (13), (14), (15), (16), (19), (23), (24),
29).

Case (4)(LO(2] + 22))* = 4,2,14.

It is easy to check that (4) is true under the following map:

(4)261'—>X1+X2+X3+X4, eo — Xo+ X3+ Xy, e3r— X34+ Xy,

1
ey — —X4.
2
Similarly, other cases are true under the following mapping:

X
(5):61+—)X1+X2+X3+X4+X5, 62+—>—2+X3+X4+X5,

6
X 11 X, 7 X;
— + X4+ =X — — + —X — .
G g Tt s carm o de 6 ag
X
(6)5€1+—>X1+X3+X4+X5+X6, €2+—)?2+X3+X4+X5+X6,
X3 ) ) X4 X5 5}
23 Xy + 20X+ 2 X, R R
eg — 6 + 4+6 5+6 6 64*—>12+ 5 +12 65
’_>X5+X6 '_>X6
ST T 6 T g
Xs X,
(7):€1l—>—§—§, 6o —> Xo+ Xg+ Xy, ez3r— X1+ Xo+ X3,
X
+X4, 64&—)74.
8
X
(9) :e1 — X7 — 15X5 + X3 + Xy + X, egr—>——3+X4,

15
X X
eg — Xo + X3+ Xy + X5, e4>—>X3+X4+1—55, e5>—>1—54.

1
(10) e — Xo +X3 + X4 +X5 +X6, €9 —> ﬂ(X4 +X5 — Xﬁ),

X
63'—>X1—X2+X3+X4+X5+X6, 64'—>—1—23+X4+X6,
Xe

Xy
— ——+ X —_ .
es 1 + X6, €6 21

(11) er— = X1+ Xo+ Xg+ Xy + X5, e — +2X4 + 2X5,
eBHX2+X3+X4+X57 64}—>—X4—X5, €5D—>X1+X2
+ X3+ Xy + X5.
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8L, 87 X;
12) : - —X — X3+ Xy + —
(12) :e1 — 15 X3 TR 3+ &g+ 30"
31X 31
€3 —WAl, ey — —§X2+X3+X4+X57

es — X1+ Xo + X3+ Xy + X5.
(13) :e; —> 6a, ey +— —6b, e3r—> 36c, eq4+— —108e,

—36
e5 — 2169, eg — 635V —1d, e —> gﬁv—lf
—c o€ —b d

14) ; 2 - .
(14):er— g+ 5750 @277 % @ 5 @ 3p
e — _—f eg — —_6 er — L
1296’ 36’ 3888
6a 3b  3v35d —36v35f
15) : — — — —+12
( )ell—>5, egr—>2 5 e3 — 37 + 12¢,
—72+/35
eq4 —> bde, e5+— 216g, eg+—— 6v3bd, e7r—> S\g_f
b c
16) : Z e -
(16) :e1 — a, 62'—)6, egb—>6, e4r—>12
— € — — g
e — e - e 7
P36 0 144 7720

(19) I€1|—>X1—|—X2—|—X3—|—X4+X5+X6, 62'—)—2X3+X4+X6,
e3 —> —2X4+ Xg, eq— —Xg, e5— Xo— X4+ 2X5+ X,
e —— —X4 + X5 + Xﬁ.

X5 — X X
(23) :e1 —> %, eg — 6(Xo + Xy — X5) + 73 ez — Xy,
eg — Xg €5 — 4(X1 — X3+ X5), €6 —> 4(X2 + Xy — X5)
b c d g
24) :e1 — — = — = — — o
( )61 a, €2 6 €3 67 €4 127 €5 367
e
eg — f e7r—>%

(29) :e1 — = +d 2e Sf—i— — +b+ +d+e+ f+
e - —2e— =4+ =, e a+--+c e
LTy 2 Ty @ 4 7
es—b—4dct+d+e+ f+yg, ey—)%, e5>—>—1+1€3

/ c d /
= — ——+ = - = ) O
e6b—>4 g, e;+— 4+8+6 4+g

Remark 3.3. These isomorphisms above can be obtained by using the Maple
program which we list in the appendiz.
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Proof of Main Theorem. It is an immediate corollary of Proposition 3.16 and
Remark 1.2. 0

Appendix

Maple code description:

Query(Algl, Alg2, parm, “Homomorphism”) returns a 4-tuple TF, Eq,
Soln, B. Here TF is true if Maple finds a set of values for the parameters for
which the Matrix A is a homomorphism; Eq is the defining set of equations
for the parameters parm in order that the matrix A be a homomorphism;
Soln is a list of solutions to the equations Eq; and B is the list of Matrices
obtained by evaluating A on the solutions in the list Soln.

Maple program of propositions 3.16

> with(Differential Geometry):with(LieAlgebras):

> L1:= DG([[“LieAlgebra”, Algl,[7]],[[[1,2,4],3],][1,3,5],-3].[[1,6,7],1],
[[26]%;)1]718],[[27376115]7[[2a475}>—4],[[27577]7 3], [13,4, 7], =2], 13,6, 5],
>DGsetup(L1):

> L2 := _DG([[“LieAlgebra”, Alg2,[7]], [[[1,2,3] 1, [[1, 3,4], 1], [[1, 4, 6], 1],
(1,6,7],1], (12,3, 6, 1], [(2,4,7], 1, [12,5,6], 1), (13,5, 7], 1]

> DGsetup(L2):

> A := Matrix([[all, al2, al3, al4, alb, al6, al7|, [a21, a22, a23, a24, a25,
a26, a27], [a31, a32, a33, a34, a35, a36, a37], [adl, ad2, ad3, add, a4, ad6,
adT7], [abl, ab2, ab3, ab4, abb, ab6, ab7], [abl, a62, a63, a64, a6b, a66, ab7],
[a7l, a72, a73, a74, a75, a76, a77]])

> TF, EQ, SOLN, B := Query(Algl, Alg2, A, {all, al2, al3, al4, al5, al6,
al7, a2l, a22, a23, a24, a25, a26, a27, a3l, a32, a33, a34, adb, a36, a37, adl,
ad2, ad3, ad4, adb, ad6, ad7, abl, ab2, ab3, ab4, abd, ab6, ab7, abl, a62, ab3,
ab4, abb, a66, ab7, a7l, a72, a73, a74, a75, a76, a77}, “Homomorphism”)

Maple program of Proposition 3.16

>with(DifferentialGeometry ):with(LieAlgebras):

> L1 := DG([[“LieAlgebr”, Alg3,[7]], [[[1, 2, 4], 3], [[1,
[2,3,1],18],[[2, 3, 6], 15],[[2, 4, 5], —4], [[2, 5, 7], = 3], [[3, 4,
—6]]])

> DGsetup(L1):

> L2 := _DG([[“LieAlgebra”, Alg4, [7]],[[[1,2,3], 1], [[1, 3,4], 1], [[1, 4, 6], 1],

w

75])_3]7 [[17677]7 1]7
]7 _2]7 [[37675]7

-3
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[[1,6,7),1],[[2,3, 6], 1], [[2,4, 7], 1], [[2,5, 6], 1], [[3, 5, 7}, 1]]])
> DGsetup(L2, [] [0

)
SA = Matrix(7, 7, [0, 1, 0, 0, 0, 0, 0, [0, 0, —1/6, 0, 0, 0, 0], [~1/108, 0,
0,0, 0, 0, 0], [0, 0, 0, 1/324, 0, 0, 0], [5/216, 0, 0, 0, 0, —1/36, 0], [0, 0, 0, 0,
—1/1296, 0, 0], [0, 0, 0, 0, 0, 0, 1/3888]])

> ¢ := Transformation(Alg3, Algd, A)

> Query(Alg3, Alg4, A, “Homomorphism”)

> true

)
|
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