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Abstract: This paper addresses the problem of computing the family of two-filiform Lie
algebra laws of dimension nine using three Lie algebra properties converted into matrix
form properties: Jacobi identity, nilpotence and quasi-filiform property. The interest in
this family is broad, both within the academic community and the industrial engineering
community, since nilpotent Lie algebras are applied in traditional mechanical dynamic
problems and current scientific disciplines. The conditions of being quasi-filiform and
nilpotent are applied carefully and in several stages, and appropriate changes of the basis are
achieved in an iterative and interactive process of simplification. This has been implemented
by means of the development of more than thirty Maple modules. The process has led
from the first family formulation, with 64 parameters and 215 constraints, to a family
of 16 parameters and 17 constraints. This structure theorem permits the exhaustive
classification of the quasi-filiform nilpotent Lie algebras of dimension nine with current
computational methodologies.
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1. Introduction

1.1. State of the Art

Traditionally, Lie algebras have been used in physics in the context of symmetry groups of dynamical
systems, as a powerful tool to study the underlying conservation laws [1,2]. At present, space-time
symmetries and symmetries related to degrees of freedom are considered. For instance, non-trivial
Heidelberg algebra arises right in the base of the Hamiltonian mechanics. Hamiltonian mechanics
describes the state of a dynamic system with 2n variables (n coordinates and n» momenta), and the other
interesting observable physics quantities are functions of them. Thus, the observables commute with
the Hamiltonian respecting the Poisson bracket, and they constitute a Lie algebra of infinite dimension.
Furthermore, a description in quantum mechanics is obtained by an algebra of Hermitian operators in a
Hilbert space with the bracket product as the commutator. In such a case, the Heisenberg algebra arises
if n 1s one, and the generalized Heisenberg algebra results for other values of n, since the traditional
canonical variables preserve the Poisson bracket. In general, a transformation is said to be symplectic if
it preserves the Poisson bracket. Therefore, the study of symplectic structures of nilpotent Lie algebras
is worthwhile as a wide generalization of the Heisenberg algebra. These symplectic Lie algebras appear
in the study of traditional dynamic problems, like the problem of the two bodies or the problem of the
three bodies, as well as in current studies in solid state physics [3], modern geometry [4] or particle
physics [5]. Furthermore, Lie theory is closely connected to control theory in the controllability and
optimization of the tracking without drift of complex dynamical systems as a rolling sphere. Some other
applications can be consulted in [6-8]. Hence, it is convenient to classify the families of Lie algebras as
large as possible.

The matter of Lie algebra classification comes down to classifying the solvable semisimple
algebras [9-11], since Levi’s decomposition theorem [12] permits one to state that any Lie algebra can
be decomposed into a semidirect sum of its radical, i.e., its maximal solvable ideal, and a semisimple
part called Levi’s subalgebra. The classification of semisimple Lie algebras in C is presently associated
with Dynkin diagrams (1945). However, the solvable Lie algebra classification problem comes down in
a sense (Goze and Khakimdjanov [12]) to the nilpotent Lie algebra classification.

Numerous researchers have tackled the problem of nilpotent Lie algebra classification. However, their
studies were restricted to the filiform case, due to the difficulties arising from a nilpotence index
higher than the dimension, providing a great number of parameters without restrictions among them.
The first lists of algebras were obtained by K. Umlauf [13] in 1891 in his PhD thesis, providing
the lists of all of the laws of dimensions less than or equal to six and all of dimensions 7, 8 and
9 that allow a basis {Xo, Xi,..., X,,_1}, such that it satisfies [Xo, X;] = X1 (1<i<n—2),
in R or C. Nilpotent Lie algebra classification had important progress thanks to Goze and
Ancochea [14] with the definition of a more powerful invariant than the known invariants up to that
moment: the characteristic series or Goze’s invariant. These authors achieved the classification of
the complex nilpotent Lie algebras of dimension seven and of the complex filiform Lie algebras
of dimension eight [15]. Gémez and Echarte [16] classified the complex filiform Lie algebras of

dimension nine using Goze’s invariant. Goémez et al. [17] classified the symplectic filiform Lie
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algebras that are not two-to-two symplectic-isomorphic of dimensions less than or equal to 10 in
2001. Higher dimensions were tackled by Boza et al. [18] and Echarte et al. [19,20] in the last
ten years. The more the dimension increases, the more and more complex is the determination
of exhaustive lists of Lie algebras, so new computation methodologies are a present field of research [21-23].

Cabezas et al. (1998) [24] study a family of Lie algebras that they call p-filiform with dimension n
and Goze’s invariant (n — p, 1, ..., 1) . Since filiform algebras have Goze’s invariant (n — 1, 1), they are
included in the p-filiform family as one-filiform Lie algebras; analogously, the quasi-filiform algebras are
the two-filiform algebras [25], and the abelian algebras are the (n — 1)-filiform algebras. In a sense, the
study of the quasi-filiform Lie algebras appears natural, since they are only known until dimension eight.
On the other hand, in 1999, Camacho [26] studied the (n — 5)-filiform and (n — 6)-filiform Lie algebras,
closing the classification of the p-filiform Lie algebras up to dimension eight. Another classification
of the (n — 5)-filiform Lie algebras is provided by Ancochea and Campoamor [27]. Their research
line is used as the context for our piece of research, leaning on the current availability of symbolic
manipulation programs, such as Maple, which allow the user to perform the tedious algebra and routine
computations [28-30]. The present paper tackles the proof of the structure theorem of quasi-filiform Lie
algebras of dimension nine. The classification and a complete casuistry of that family of Lie algebras
was published in [31], based on the results of [32]. We strongly recommend the reading of [33-37] to
become familiar with Lie algebra terminology and concepts.

After this state of the art, Subsection 1.2. is included to declare the terminology that has been developed
from the 1990s to the present. Section 2 is devoted to the symbolic and iterative computational proof of
the structure theorem of the laws of every complex quasi-filiform Lie algebra of dimension nine, which
is the original contribution of the present paper. Finally, Section 3 summarizes the computational work
developed for the appropriate changes of the basis to demonstrate the general theorem.

1.2. Terminology

The abelian algebra of dimension n is the only one with Goze’s invariant (1, ..., 1); in metabelian
algebras, the characteristic series is (2,...2,1,...1); in Heisenberg algebras, it is (2,1, ..., 1); in filiform
algebras, it is (n — 1,1); and in quasi-filiform algebras, it is (n —2,1,1). From now on, let us
use the term Jac (z,y, z) for the Jacobi identity: Jac (z,y,2) < p(z,u(y,2)) + pu(y, u(z,z)) +
w(z, p(x,y)) = 0. Additionally, let us use B2 (C™) for the space of the bilinear applications of C* x C*
in C, and let us choose a basis {eg, €9, ..., €,_1 } of C®. An element « of 5% can be determined from

n—1
a set of scalars ij, called structure constants, defined by « (e;,e;) = kEOC’fjek; thus, B? can have a
structure of affine space. Then, a Lie algebra g can be considered as an element of B?; the set £,, of Lie

algebras in C™ is the affine algebraic set that is defined by the following polynomial expressions:

Ch=0, Vi,k 0<ik<n-—1 (1a)
Ck=-Cl Vijk 0<ijk<n-—1 (1b)
n—1

kgo(cfj.c,j,JrOﬁ.O,;JrO{;.ng):0, 0<4,7,l,s<n—1 (1c)

n3—n?

and it is parametrized by the *—

structure constants C’Z
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If g is a Lie algebra, the series of ideals defined by:

D’ (g) =g (2a)
D (g)=[D" (9) , D" (9)], ke NuU{0} (2b)

is called the derived series of g, which satisfies g = D% (g) 2 D' (g) 2 ... 2 D (g) ... If there exists an
integer k, such that D* (g) = {0}, the algebra is said to be solvable; in such a case, the smaller integer
that satisfies the previous condition is called the solvability index of g.

Levi’s theorem [33] states that every Lie algebra g can be decomposed in a semidirect sum of
its radical (the maximal solvable ideal) and semisimple subalgebras (Levi’s subalgebra). This result
reduces in a sense the Lie algebra classification problem to the classification of the solvable algebras [10],
since semisimple algebra classification is known.

If g is a Lie algebra, the series of ideals defined by:

C’(g) =g (3a)
CHl(g)=[C"(9).0], keNuU{0} (3b)

is called the lower central series of g. It satisfies that g = C° (g) 2 C' (g) 2 ... 2 C’(g) ... If there exists
an integer k, such that C* (g) = {0}, the algebra is said to be nilpotent; in such a case, the smaller integer
that satisfies the previous condition is called the nilpotence index or nilindex of g. If the dimension is n
and the nilindex is n — 1, the algebras obtained are called filiform; they are said to be quasi-filiform if
their nilindex is n — 2. The abelian Lie algebras are the algebras with nilindex one.

The characteristic series or Goze’s invariant is defined as the maximum of the Segre symbols of the
nilpotent linear applications ad(X), where X is an element of the derived subalgebra complementary.
In other words, if g is a complex nilpotent Lie algebra of finite dimension n, for every X € g — [g, g/,
the series of the characteristic subspace dimensions of the nilpotent operator ad(X) in decreasing order
is denoted by ¢(X) = (¢; (X),c2(X),,...,1). Reordering the set of series in lexicographical order,
the characteristic series is defined by ¢(g) = sup{c(X): X € g—[g,9]}. This invariant has been
used to classify the nilpotent Lie algebras of dimension seven. Obviously, ¢(g) is an invariant for the
isomorphisms, and by construction, there exists at least a vector X € g—|g, g that satisfies ¢(g) = ¢ (X);
every vector that satisfies the previous condition is called the characteristic vector of the algebra.

If g is a p-filiform Lie algebra of dimension n (i.e., nilpotent with characteristic series (n — p, 1, ..., 1),
then there exists a basis, which will be denoted as { X, X1, ..., X, Y1, ..., Y,,_,_1 }, that satisfies:

(X0, Xi]| = Xita I1<i<p—-1 (4a)
[XO, Xn_p] =0 (4b)
[Xo,Y;] =0 I<j<n—-p-—1 (4c)

This basis is called the adapted basis of the algebra, where X)) is a characteristic vector.

2. Structure Theorem

This section presents the development of the structure theorem of the family of laws of complex

quasi-filiform Lie algebras (QFLA) of dimension nine. Our objective was to find the simplest expression
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of the family of laws. Every QFLA of dimension nine can have an adapted basis {xg, 1, ..., s},
such that:

[IQ,J%‘] = Ti+1, 1 < ) < 6, [Jio,l’i} = 0, 7 < 1 < 8 (5)

A first approximation of the family can be obtained just with the application of the Jacobi identity to
the three-tuple (z, z;, z;), where z;, x; are basis vectors different from x( vector [31].

A condition that sometimes is more difficult to apply is the nilpotence. The Engel theorem puts
nilpotence on a level with ad-nilpotence for Lie algebras. Therefore, a Lie algebra g is nilpotent if
and only if the characteristic polynomial of the matrix Adj(z) is A%, for every vector z of g. Anyway,
this condition is often difficult to apply, so the moment in the process when the nilpotence condition is
applied or, much better, when the condition is applied for each vector has to be chosen carefully.

The condition of being quasi-filiform can be also interpreted in terms of matrices. Thus, the vector
candidate of characteristic vectors, i.e., the vectors in g — [g, g], has to satisfy that the respective adjoint
matrices do not have non-null minors of order < 7. As in the case of the nilpotence, this condition has
to be applied with caution and probably in several stages.

Theorem 1. The laws of every complex quasi-filiform Lie algebra of dimension nine can be described

by the following family with 16 parameters and 17 polynomial restriction equations:

[zo, ;] = @i41,1 << 6 (6a)
[T1,22] = oy + a5 + a3xe + urr + asTs (6b)
[T1, 23] = s + aawe + sy (6¢)
[T1,24) = 5 + arTe + Qg7 + Qs (6d)
[x1,25) = 20616 + (2007 — )27 (6e)
(21, 26] = QuoT7 + Q1178 (6f)
(21, 28] =  Q12T3 + Q1374 + Q1475 + Q15T + Q1677 (62)
[To, 23] = —agrs + (g — ar)ze + (a2 — ag)xr — agxs (6h)
[To,24] = —agre+ (1 — ar)xr (61)
(29, 25] = (2066 — Q10) 77 — Q1178 (6))
(29, 28] =  uaTy + Q13T5 + Q14T + Q1527 (6k)
[x3, 24] = (=3 + q10)w7 + 1178 Q)
(73, 78] = Q1275 + 1376 + Q1477 (6m)
(T4, 28] = Qa7 + Q1377 (6n)
(x5, 28] = auzz7 (60)
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subject to:
asaqs = 0 (7a)
agaga = 0 (7b)
agayg = 0 (7¢)
agap = 0 (7d)
agayz = 0 (7e)
agary =0 (79)
ajpaig =0 (72)
ajpaig =0 (7h)
ajjary =0 (71)
ajpaiy =0 @),
ajjars =0 (7k)
apage =0 (7D
agr (3a; —az) =0 (7m)
agp (@ —az) =0 (7n)
a5z — 208 — Qgaus (70)
2(ag — ag)aga + 3(a; — ar)ags + 2(ag — ago)agy =0 (7p)
sy — 2(200 + ar)ag — agags + (3ag — ag)agg =0 (79)

Proof of Theorem 1. Let g be a nilpotent Lie algebra of dimension n and the characteristic series
(n—2,1,1). Let zy € g — [g,0] be a characteristic vector of g. Then, there is a basis of g,
{z; : 0 <i<n—1}, such that [xo,2;] = z;41, 1 < i < n — 3, and the other bracket products of

xo are null. On the whole, all of the bracket products can be described by:

n—1
(@i ) = B Cliar, 0<ij<n—1 (8)

where C’fj are the algebra structure constants. It is simple to prove that for a nilpotent Lie algebra of
dimension n and characteristic series (n — 2,1, 1..,1), like C™g = (x,,_2), it is true that z,,_5 € Z (g).

Then, in our case:
[T, 2] =0,Vj 0<j<n—1-Cf ;=0 ik 0<jk<n—1 9)

It is well known that the application of the anticommutativity to Jacobi identity will provide
Jac(y,z,2) = [z,[y,2]] = [y, [, 2]] — [z, [z,y]] . In order to maintain this identity, the coefficients
of z;, 0 < ¢ < n — 1, must be the same at both sides of the equation. Our objective is to study the case
n = 9; therefore, the coefficients’ identification is tackled in an iterative and interactive way. A Maple
module called EcuJac has been developed to obtain all of the equations resulting from the application
of the aforementioned conditions. Figure 1 illustrates how the Maple module for applying the Jacobi
identity conditions has been written. EcuJac is executed iteratively, and each time, it prints a number of
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equations, so that the number of equations can be reduced in the next iteration. The other proprietary
modules executed in EculJac (Leyes, ObtEcus, OrdAplIG and SimplEcu) are not provided, but their

functionalities are commented on in Figure 1.

EcuJdac:=proc(VV,list,pr)

# list=1 print equations
# pr=1 print all Jacobis

local i,,i1,i2,i3,i4:
global Nig,nec,nja,Nid,E.IG,ID,Ecus,|Ecus,F:

Nig:=1:
for i from 1 by 1 while Nig==0 do
# Module Leyes: to print the equations of the laws of an algebra in different formats
if pr=1 then Leyes(C,1,"x" "x" EKus,nekK,1): end if:
nec:=0: nja:=0: unassign('Nig','Nid"):
# Module ObtEcus: to obtain the restriction equations from the application of Jacobi conditions
ObtEcus(VV.E,IEE.IG,Nig,|D,Nid,pr):
print(nja,"Number of Jacobis",nec,"Number of equations” Nig,"Number of identities between coefficient
functions”,Nid,"Number of coefficient identities");
# Module OrdApllG: to sort out the restriction equations
OrdAplIG(WV,IG,Nig,pr):
Ecus:={seq(E[i].i=1..nec)}:
|Ecus:={seq(IEE[i],i=1..nec)}:
if list=1 then
# Module SimplEcu: to simplify the restriction equations
SimplEcu(pr):
for j from 1 to nec do
i4:=IFF[j] mod 100:
i3:=(IFF[j] mod 10000-i4)/100:
i2:=(IFF[j] mod 1000000-i3*100-i4)/10000:
i1:=(IFF[j] mod 100000000-i2*10000-i3*100-i4)/1000000;
print(" *** Eqg. ",j," : From coeff. of x[",i4,"] in Jac(",i1,i2,i3,") *** " F[j]):
end do:
end if:
end do:
Ecus:={seq(E[i],i=1..nec)}:
|Ecus:={seq(IEE[i],i=1..nec)}.
SimplEcu(pr):
if list=1 then
for j from 1 to nec do
i4:=IFF[j] mod 100:
i3:=(IFF[j) mod 10000-i4)/100:
i2:=(IFF[j] mod 1000000-i3*100-i4)/10000:
i1:=(1FF[j) mod 100000000-i2*10000-i3*100-i4)/1000000:
print(" *** Eq. " j," : From coeff. of x[",i4,"] in Jac(",i1,i2,i3,") *** " F[j]):
end do:
end if:

end proc:

Figure 1. Module for the application of the Jacobi identity conditions.
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Before each new iteration of EcuJac, the simplest conditions are applied, and the process is repeated

until there are no restrictions of simple application. Thus, after a first iteration of module EcuJac with

substitutions like:

From Jac(zy, 26, 25)— Cos= Cgg= Cg= Cgg= Cgs= Cgs= 0
From Jac(z,, x5, x5)—
2 3 4 8 7 6
Css= Cgs= Cis= C55= C3= Cs= 0, Cgz= Cis
From Jac(z,, z,, x5)—

CiSZ 04218: 028: 038: 028: 0, 028: 0287 Ogsz ng

215 equations are obtained; some of them are repeated, and others are identities.

(10a)

(10b)

(10c)

Selecting one

of the simplest equations, like the one that corresponds to the coefficient of x4 in Jac(xg, x3,z5) —

C5. — C% — C%, = 0, it is possible to achieve the subsequent substitutions, like C5; = C3,, CYs
and to compute again the Jacobi equations (EcuJac), obtaining 151 equations.
provide 124 equations, 78 equations and 55 equations. Then, the first description of the laws is:

[0, @]

1, 22

1, 23]

(21, 24]

(21, 75] =

(21, T6] =

1, 5]

(29, T3] =

(72, 14] =
(29, 75] =

22, 6] =

[$2, xS]

3, 24]

(23, 75] =

23, 6] =

:xi+171<i<6

+ O + Clyxy + CSy28

20112562+C .I’3—|—C Q34+C4 SL’5+C $6+Cl2$7
= 0134:63 + C 374 _'_ 0141‘5 + 014.]:6 + 0143:7 + 014I8

(26% - 0112)1'4 + (2014 - 0122)%
+ (QOIZ - sz)xﬁ + (20164 - C’f2)x7

5 5
(gcii - C112)155 + <§Cf4 - C'122>356 + 0176‘737 + 01863:8

+ Cfgl’ﬁ + 0178‘7;7 + C%J?g

(Cla = Ci)ws + (CFy — Cly)wa + (Cfy — C1y)s

+(Ciy — Ciy)as + (CF, — Cfy) — Cys

(Cla = CL)za + (Cfy = Cly)ws + (Cy — CPy)w + (Cfy — CYy) 7
1 1

§C§4$5 + goﬁ% + (207 — €y — Clg)z7 — Cgrs

5 5)
(gci — Cly)z6 + (gcﬁ — Chy)aq

4 4
= (0112 - _Cf4)$5 + (0122 - gcﬁ)% + (2052 - 30154 + 0176)$7 + C’fﬁxg

4
(Cy — 014)736 +(Ch, — gCﬁ)x?

5
(gcix - C’112)957

= Cil 6°
Subsequent iterations

(11a)

(11b)
(11c)
(11d)

(11e)
(11f)

(ITg)

(11h)
(111)

(11j)
(11K)
(111)
(11m)
(11n)

(110)
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Subject to the restrictions detailed in Tables 1 and 2.

Table 1. First group of constraints.

1)
(@)
3
“)
(5
©)
()
®)
©
10)
an
12
13)
14
15
(16)
an
18)
19)
(20)
@n
(22)
(23)
24
(25)
(26)

@n

CisCis =0

— O30 + 20501, — CFCf = 0

_50%80%4 + 30%80112 - %6?80114 + 20?80%2 - Cfscigs =0

—§Ci°’80134 - Cfsc188 =0

—§Ci”sci‘4 - 0%80113’4 - C?sci;g =0

2075 Cfs + 203503y — O30y — 403507y + 2035 CF5 — 207501, — CiCig = 0

208.C3s =0

20?80%4 - 20%80112 - Cfscﬁgs =0

QCf’SCﬁ - 2Cf’sc%z - 3Cf80112 + 30%80?4 - Cin)scfg =0

2030y — 205 CF, + 3015 Cly — 3C15CFy — 207501, + 3075 Yy — CgClg = 0

205,Cfs — 205301, — 2075CF, — 301,03, + 301 O}y + 503501, — §C5CY, — CFCf = 0
207,05 + 301505, — 30150, +20],CP — ClsCl,y — 2C55CY, — 2C5CYy — 50701y — CFsCfs = 0
20?40?8 + 2021360158 - 01880112 =0

Ci6Cts =0

CiCls =0

-1 (C3)° + 03,01, - CF,CF -2 (Ch,)? + C5sCl =0

1*510%40112 -2 (0112)2 - %0 (0%4)2 + C?acils =0

%0%40112 - 201220112 + gc§40122 + 30?40%4 + Cfec?s =0

% (010’4)2 - %0?40112 +2 (0112)2 - C?GC% =0

—5014Cl, +203,C1, — 503,03, — §C3,C, — OFCis = 0

B OI03, = 307601, + 50301, + CH0F, — §07.03, + 200,01, — % (C1)” — 050 = 0
0%40112 - % (0%4)2 - 01840%8 =0

40:1340122 - 3?*10%40%4 + 601140112 - C§4C§8 - 20?20112 =0

—3C3ChL+ 5 (C3)* =0

—201,Ct, + 3¢}, 0t - 563,CF, =0

30sCY, — B OIsC3, — 307,01, — 203,04, + 505,08, + §C,03, + § (Cy)” =0

10
30?60112 - ?01860134 =0

1796

(11p)
(11q)
(11r)
(11s)
(11t)
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Table 2. Second group of constraints.

8 (3 \2_16-3 o1 8 4 12
@ 3 (014) — 5 C14Ci2—C16C1s + 2 (012) =0
23 13 ~4 _ 104 A1 8 5 2 A1 3 A2
@) 30§01 P 01,015, -CFsCts + 207,01, —£C{40F, = 0

245 o3 203 3 _1 (04 )2
B0 —5C74C14 + 5C12C1a—3 (014)

— 503,01, —C8C8—CT4C1s + CFsCPy = 0

6 809,03,-3C7,01, +207,07, + 301,07, —ClgC¥s—203,CF5 + 503,01y + 5C16 0y + OO0, — 2 01407, =0
B L0301 —0%CF =0

63 Rejicl-2(ch)’ -508F + ofscfs—cfiChs = 0

G4 201,01, -407,01,- R P, 01 + 12 CP,07, + CFsCTs—CTuCFg = 0

(%) 2074Cl,— 501,03, -20%,01y + §0%,08, + R C1,01, % (Cﬁ)z -2 (0%2)2 + 0% —ClgOfy = 0

36 407,01, -1 CF,07,-501,07, - 5CTCly + CTsCF—2C3,CF, + 203,07, —203,C1y + 201,07, —C3CF, = 0
G —F0FC1 +CisCls =0

@) —C3C1,—CF,Cfs =0

(39 207,07,-2CF,01,—C3, 01, —CF,Cfs = 0

@0 C7401,—209,07, +3C1,C1, — (Cil4)2 -2 (032)2 —2C}, 01y + 203,08 + O CT —C15Cfy = 0

@) 0%,01,-50%,03, +407,07,—3801,03—4CF,CF, + 3CT, 01y + CF5CF,— 01,03 —CF5 0y = 0

@) —CP5C%, + 205,01, —20§,C15 + 407,09, - § 01,08, -402,0%, +4C3,Cf,—2 (0?2)2 + C1g0F, -2 (0?4)2 =0
@3 307,0%, + 303,074 —3CT, 014 —4C1, 034 —C1,C14 + 307501, —0T50%, + CF3OF, —CF, O1, — 075 0%, —209,0%, + C1,CF5 + 309,07, =0
@ 30§,07,-08, 0ty + 30501, —CFs 0%, —cfs 0P, =0

@) —2cio?, +208cl, =0

o)  Scige3,—203.¢0t, =0

@) 5075014 —2C75CT,—3C15Cl, + 4C15CF, = 0

@) 60730, —4CT5 07, —20TCFg +4C15 0, =301 CT— 2075 CF, = 0

49 —30%,0l+ 4 ()’ + ot =0

6o 2 (C112)2 —0f,00, +2 (0%4)2 —Cf6Cls =0

GhH 50}, 01,2 (0%2)2 -3 (Cic’4>2 ~C14Cis + C1C1s = 0

62 o0, -3 03,014 —407,C1, + 507,CF, -0, Cfs + C16CPs = 0

(53 CPgCg—CigC¥y +5CT1Clp—2 (Cf2)2 + 01,01, -20%,01y + P 0%, + 203,08, - 30 01— % (Cf4)2 —4C}CYy =0
4 Lcfef,—3cfci, =0

(55 —4C3,0%, +6C3,05, =0

With the basic change of basis:

(12)

Ys = 0128--1'0 + xg

It can be supposed that 0128 = 0, Equations (11f), (111), (I11p) and (11r) are simplified and
Equation (11t) disappears.
A new computation of the Jacobi equations provides 52 restrictions and selecting:

1
from coeff. of z4 in Jac(z1, x4, 25) — 3 (3C}, —4CF,) C3, =0 (13a)
from coeff. of 7 in Jac(xy, 79, 73) — CLC}, = (13b)
It is deduced that C3, = 0, and:

from coeff. of zg in Jac(z1, x3,75) — —3CLCY = (14a)

from coeff. of x4 in Jac(xy, x3,24) — —2 (0112)2 +C8% 0 =0 (14b)

It is deduced that C{, = 0 and Equation (11) are simplified and Equations (110) and (11q) disappear.
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A new computation of the Jacobi equations provides 31 restrictions and selecting:

from coeff. of z7 in Jac(z1, x4, x¢)

(15a)
Ciacfs =0
from coeff. of z4 in Jac(xy, z3, x4)

(15b)
WOHCH - 3(CH)" = 2(Ch)” + CfCls — CKCE =0
from coeff. of z4 in Jac(xy, z3, x3)

(15¢)

2 2

301226?4 - (Cﬁ) —2 (0122) - Cfsci =0
from coeff. of z7 in Jac(xq, z3, x4)

(15d)

%01220%4 - % (Cﬁ)z -2 (0122)2 + 0?80186 - C'ils(]184 =0

It is deduced that C!; = 0, and another simplification of the laws in (11) is applied subject to
18 restrictions.

In accordance to Engel theorem, if a Lie algebra is nilpotent, then it is ad-nilpotent, i.e., the matrices
associated with the adjoints of all of the Lie algebra elements have all of their eigenvalues null. In this
moment, a subprogram in Maple is used to calculate the characteristic polynomials of the adjoints of all

of the vectors in the basis in an iterative and interactive way. From:

Adj(1) = X (A = CB)* (A + %) (V2 = C5A — C5,01) = 0 (16)

it is deduced that C%, = 0 and C%; = 0. Applying the resulting substitutions and with a new
computation of the Jacobi equations, the restrictions are reduced to 15, and the laws for QFLA of

dimension nine are described by:

(20, 2] = i41,1 <P <6 (17a)
(21, 7] = Ciywz + Clyxy + Chyxs + C%wg + Clywr + Cyag (17b)
(21, 23] = Clywy + Clyxs + CPy26 + Oy (17¢)
(21, 24) = C}yw5 + C¥ 6 + Cl a7 + C3 g (17d)
[z, 5] = (207, — CFy)ws + (207, — Ciy) w7 (17e)
[21, 7] = Clgmr + Chyg (17f)
[21, 78] = Cw3 + Clgry + Chgas + Ofas + Clowr + Chyg (17g)
(22, 23] = (O — CYy)ws + (Ciy — Ciy)ag + (CF, — Cfy) — Crys (1'7h)
[, 4] = (Cf’z Ch)as + (Chy — Cly (171)
23, 5] = (2C —%—%m—%m (17j)
(22, 5] =
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With the change of basis:

(T3, 4] = (26?2 - 30154 + 0176)‘7;7 + 0186$8
[z3, 28] = C?sxS + Cfsxﬁ + Cf8x7
(24, 23] = Cigwg + Chgr
5, 28] = Clgr
Yi=zi, 1#1

Yy = —Ci))QZL’() + 2

1799

17)
(17m)
(17n)
(170)

(18)

It can be supposed that C}, = 0. Let us consider the adoption of the simplified notation shown in

Table 3. Then, the laws for complex QFLA of dimension nine coincide with Equation (6).

Table 3. Notation for the quasi-filiform Lie algebra (QFLA) parameters.

ar=Cl ay=0C7 a3=0C% a,=C0C
as=C% ag=0}, a;=C% azg=0C],
ag=C} ap=Cly an=Cl app=Cf
e =Cly ann=C a3 =C a5 =Clg

Finally, the conditions to consider with the notation in Table 3 are:

from coeff. of z7 in Jac(xy, x4, x5) — 2a19a12 = 0

(
from coeff. of z5 in Jac(xy, z9, x5) —
from coeff. of z4 in Jac(zy, z

from coeff. of z7 in Jac(xy, 29, x5) —

20(60412 =0

— 20612(—062 + Oég) + 30613(—041 + 067) + 20[14(-066 + 0610>

from coeff. of z7 in Jac(xy, z5, x6) —
from coeff. of z; in Jac(x1, x4, xg) —

from coeff. of x7 in Jac

from coeff.
from coeff.
from coeff.
from coeff.

from coeff.

of z7 in Jac(x;

(
(71
( y L2, T
of z7 in Jac(zy, x4, x
of z7 in Jac(zq, x3, x4
of x5 in Jac(zq, z2, x

(

of xg in Jac(zy, T2, T4

)
)
6)
5)
T4)
T4)
)

apjae =0
ajjagz =0
appagy =0
apags =0
QglX19 = 0

gy — aqroge = 0
QgX13 = 0

asayy — aqroe = 0

2, L
2,!E8) — 20112(—061 + 057) + 30(60513 =0

=0

(19a)
(19b)
(19¢)

(19d)
(19¢)
(191)
(19g2)
(19h)
(19i)
(19))
(19k)
(191)
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from coeff. of zg in Jac(xy, 15, 73) — —2ai + asayz — agags = 0 (19m)
from coeff. of 27 in Jac(xy, x5, x3) —
— —2046 (20&1 -+ Oé7> + Qo (30[1 — 067) — Qig¥1g + Q50014 = 0 (1911)

from coeff. of zg in Jac(xy, 22, x3) — @11 (3an —a7) =0 (190)

Thus, the restrictions simplified and rewritten coincide with Equation (7). Q.E.D. [J

3. Concluding Remarks

In this paper, the proof of the theorem of the structure of the laws of every complex quasi-filiform
Lie algebra of dimension nine has been presented. Symbolic and iterative computation has been
indispensable in this piece of research. A PC Pentium 4 of 2.4 Ghz and the programming language
Maple 6® have been used in the process. It has been necessary to program modules to tackle, among
others, the following functions for the general treatment of processes on: the storage and recovery of
intermediate data of hypermatrices and restriction equations; the storage and recovery of matrices of
the change of the basis; the search of special substitutions; the print of laws in different formats; the
print and checking of hypermatrices. Furthermore, modules have been developed for specific treatment
on: the development of hypermatrices and general variables; the application of anticommutativity;
the application of conditions from Jacobi equations; simplification; the application of ad-nilpotence;
calculation of the lower central series. The library modules developed represent approximately
3000 lines of code. The massive application of the changes of the basis and the characteristic vector

has permitted obtaining the general family of QFLA laws of dimension nine.
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