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Introduction

This manuscript constitutes the Ph. Doctoral Thesis presented by the author to apply for
the Doctor in Mathematics’ degree from the University of Seville. It deals with invariant
functions and contractions of certain types of algebras, as Lie , Heisenberg, , Malcev or
Kinematical algebras, for instance.

The most cited algebras in the manuscript are filiform Lie algebras. The motivation
for dealing with these algebras is due that they are the most structured algebras within
the nilpotent Lie algebras, which allows us to use and study them easier than other Lie
algebras (an historical evolution of Lie algebras in general can be checked in [10]). With
respect to the classification of these algebras can be consulted [9]).

Filiform Lie algebras were introduced by Vergne, in the late 60’s of the past century
[69], although before that, Blackburn [5] had already studied the analogous class of finite
p-groups and used the term maximal class to call them, which is also now used for Lie
algebras. Vergne showed that, within the variety of nilpotent Lie multiplications on a fixed
vector space, the non-filiform ones can be relegated to small-dimensional components. On
some occasions throughout this manuscript, especially in the page headings, filiform Lie
algebras will be designated by the acronym FLA. Also, the word “dimension” will be
denoted by dim. In any case, as it has been just mentioned, other different types of
algebras, as Heisenberg , Malcev or Kinematical algebras, for instance, are also dealt with
in this manuscript.

The main novel aspects and results obtained in this research which are shown in this
manuscript are the following.

e The author has computed the invariant functions ¢ and ¢, introduced in 2007
by Hrivndk and Novotny [55], for the case of the filiform Lie algebras of lower
dimensions (Chapter 3).

In this respect, it is convenient to say that the reason for dealing with algebras of
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lower dimensions is because there are no complete classifications of Lie algebras in
general of dimensions greater than 5 (for the filiform case, the maximal dimension
that has been classified is 12 [9]) and, besides, few invariant and invariant functions
for them are known. Therefore, the use of these invariant functions can be considered
as a tool to get advances in the knowledge of these algebras, particularly in the study

of contractions.

Indeed, the author has computed the walues of the invariant functions ¥ and ¢
for the filiform Lie algebras of dimensions 3, 4 and 5, for the Heisenberg algebra
of dimension 3 and for other different types of algebras, all of them in the lower
dimension (Chapter 3).

As a relevant aspect of the research, we have introduced in the manuscript three
new invariant functions for algebras, the one-parameter invariant function vy, the
two-parameter invariant function ng and the two-parameter invariant function <b_g.
We have obtained the main properties, some results and several applications of such
functions to the study of contractions of algebras. These three new functions have
allowed to give a step forward towards the knowledge of this topic and to make
easier the computations needed for it (Chapter 4).

With respect to the study of the proper contractions of filiform Lie algebras of lower
dimensions, we have obtained two main results (Chapter 5).

The first one is that there exists a proper contraction from the filiform Lie algebra f3
both to the algebra 3g; and the algebra g3 2, whereas it exists no proper contraction
either between 3 and g3 1, or {3 and g3 3.

The second result is that there is no proper contraction from a filiform Lie algebra
to a Heisenberg algebra. It implies that filiform Lie algebras cannot appear as
a classical limit from the contraction of a quantum mechanical model built upon
a Heisenberg algebra because in that case there would be a contraction from the
Heisenberg algebra to the filiform Lie algebra of the same dimension.

Finally, as application of the introduced new invariant function vy, Kinematical Lie
algebras are widely dealt with in this manuscript (Chapter 6).

The main result obtained by the author on this subject has been the computation
of the values of such a function for the eight kinematical Lie algebras studied by
Tolar [65] (see Chapter 6). It also suppose a step forward in the knowledge of the
study of contractions of algebras.
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Therefore, according to the previous paragraphs, the structure of the manuscript is
the following

In Chapter 1, we expose a brief historical evolution on invariant functions and contrac-
tions of certain types of algebras, with the objective of framing the problem under study

and offering a historical overview of the evolution that these topics have followed so far.

Chapter 2 consists of those already known basic concepts and results on different types
of algebras, gradings, invariant functions of them and contractions that we use throughout

the manuscript.

In Chapter 3 we compute the invariant functions ¢ and ¢, introduced by Hrivnak and
Novotny [55], in the particular case of model filiform Lie algebras of lower dimensions,
particularly dimensions 3 and 4. Our intention is to deal with those of greater dimensions
in a similar way in future work.

In Chapter 4 we firstly introduce a new two-parameter invariant function 1/39 and
compute its value for different types of algebras: Malcev , Lie and other algebras. Secondly,
two other invariant functions for algebras are also introduced: the one-parameter invariant

function vy and the two-parameter invariant function <Z_>g.

Chapter 5 is devoted to the study of contractions of algebras, particularly proper con-
tractions of algebras. We show several examples of proper contractions between different
types of algebras.

Kinematical algebras are dealt with in Chapter 6. We consider the kinematical Lie
algebras of four-dimensional spacetime, introduced by Tolar in [65], and compute the one-
parameter invariant function v introduced in the previous chapter for the eight kinematical
Lie algebras given by Tolar .

Finally, a last chapter devoted to pose and analyze some open problems coming from
this research has been also included.

At the end of the manuscript, after the bibliographic references, we expose an index
with the names of researchers appearing in the manuscript.

Finally, let us remark that this manuscript is largely based upon the following papers

e J.M. Escobar, J. Nunez and P. Pérez-Fernandez, On contractions of Lie algebras,
Mathematics in Computer Science (Math. Comput. Sci.) 10:3 (2016), 353-364.
DOI 10.1007/s11786-016-0266-0 [23]. Indicios de calidad: Indice de impacto 0.151
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en indice SJR-2007 Applied Mathematics, posiciéon 390 de 430, Cuartil 4. Tercil 3.

e J.M. Escobar, J. Nunez and P. Pérez-Ferndndez, A new one-parameter invariant
function for algebras, Mathematics in Computer Science (Math. Comput. Sci 12
(2018), 143-150 [25]. Indicios de calidad: Indice de impacto 0.151 en indice STR-2007
Applied Mathematics, posicién 390 de 430, Cuartil 4. Tercil 3.

e J.M. Escobar, J. Nunez and P. Pérez-Fernandez, Invariant functions and contrac-
tions of certain types of Lie algebras of lower dimensions, Journal of Nonlinear
Mathematical Physics 25:3 (2018), 358-374 [26]. Impact Factor 1.438 in JCR-17
Math App., 65/252, Cuartil 1.

e J.M. Escobar, J. Nunez and P. Pérez-Ferndndez, Graded contractions of filiform Lie
algebras, Mathematical Methods in the Applied Sciences, 41:17 (2018), 7195-7201
[27]. Impact Factor 1.180 in JCR-17 Math App., 91/252, Cuartil 2.

e J.M. Escobar, J. Nunez and P. Pérez-Fernandez, Kinematical Lie algebras and in-
variant functions of algebras, International Journal for Computational Methods in
Engineering Science & Mechanics. In press, 2018 [28]. Indicios de calidad: Revista
Scopus. Indice de impacto 0.359 en SJR-2007 Computational Mathematics, posicién
79 de 123, Cuartil 3. Tercil 2.

The following paper has been also submitted recently to one international journal
included in the Journal Citation Reports and, at present, it is pending of acceptance

e J.M. Escobar, J. Ninez and P. Pérez-Ferndndez, The invariant two-parameter func-
tion ¢). Submitted, November 2018 [29].

And currently and with the intention of sending it for publication, the following paper
is already in the final phase of its preparation

e J.M. Escobar, J. Ninez and P. Pérez-Ferndndez, The two-parameter invariant func-
tion for algebras ¢ [37].

Further, the results here exposed have already been pointed out in the following na-

tional and international conferences

e J.M. Escobar, J. Nunez and P. Pérez-Fernandez, Invariant functions of filiform Lie
algebras. Poster in the Congreso de la RSMFE 2015, Granada, 2 al 6 de Febrero de
2015 [30].
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e J.M. Escobar, J. Nunez and P. Pérez-Ferndandez, Contractions of particular types of
nilpotent Lie algebras of lower dimensions, 2nd International Conference on Numer-
ical and Symbolic Computation Developments and Applications (SYMCOMP 2015),
Faro, Algarve, 26-27 March 2015 [31].

e J.M. Escobar, J. Nufiez and P. Pérez-Fernandez, Contractions of certain Lie alge-
bras, XI Encuentro Andaluz de Geometria. Sevilla, 15 de mayo de 2015 [32].

e J.M. Escobar, J. Nunez and P. Pérez-Ferndndez, Applying invariants to the study
of contractions of algebras, Third International School on Computer Algebra and
Applications (EACAS), Sevilla, 18 a 21 de enero 2016 [33].

e J.M. Escobar, J. Nufiez and P. Pérez-Ferndndez, A new one-parameter invariant
function for algebras, 3rd International Conference on Numerical and Symbolic
Computation: Developments and Applications (SYMCOMP-2017), Guimares, Por-
tugal, 6-7 April 2017 [34].

e J.M. Escobar, J. Nunez and P. Pérez-Ferndndez, Graded contractions of filiform Lie
algebras, 17th International Conference Computational and Mathematical Methods
in Science and Engineering, CMMSE 2017, 4-8 July 2017, Rota, Cadiz, Spain [35].

e J.M. Escobar, J. Nunez and P. Pérez-Fernandez, Applications of the two-parameter
invariant function 1/;8 (a, B) to filiform Lie algebras, XX VII International Fall Work-
shop on Geometry and Physics, Sevilla, 3 - 7 September 2018 [36].

Finally, we would like to say that without taking in consideration the own ones, the
references that we have most used in our research have been [44, 55, 56] and [65] and
somewhat less, although also frequently, [1, 4, 54] and [71].
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Chapter 1

An historical evolution on the
topics of the manuscript

As we indicated in the Introduction, we are dealing in this manuscript with invariant
functions and contractions of certain types of algebras, as Lie, Heisenberg, Malcev or
Kinematical algebras, for instance.

In this respect, it is convenient to note that many modern physical theories from the
last times have a powerful mathematical apparatus underlying, in which different types of
algebras play a very important role. As an example, it can be highlighted the importance
that the Virasoro and Kac-Moody algebras have, among others, in the development of the
Superstring Theory.

Specifically, Lie algebras (so called after Sophus Lie, Norwegian mathematician, 1842
- 1899) constitute certainly one of the most useful tools in order to describe symme-
tries underlying in these physical theories. Also, Lie algebras are essential in Conformal
Field Theory, in which the semi-simple Lie algebras guarantee the existence of the non-
degenerate Killing form, which in turn allows to build the verter algebras so important
in this theory (see the paper by Frenkel and Ben-Zvi [39]). But it is possible that the
better known example is the application of Lie algebras to the celebrated Standard Model
of particle physics, which describes the internal symmetries of the unitary product group
SU(3) x SU(2) x SU(1).

Regarding Heisenberg algebras, it is convenient to recall in the first place that the
Heisenberg group, named after the German physicist Werner Karl Heisenberg (Wiirzburg,
1901 - Munich, 1976, known above all for formulating the uncertainty principle, a funda-
mental contribution to the development of Quantum Theory), is the group of 3 x 3 upper
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triangular matrices of the form

S O =
S = 2
_ S0

under the operation of matrix multiplication. The elements a,b and ¢ can be taken from
any commutative ring with identity, often taken to be the ring of real numbers (resulting in
the continuous Heisenberg group) or the ring of integers (resulting in the discrete Heisen-
berg group). The continuous Heisenberg group arises in the description of one-dimensional
quantum mechanical systems, especially in the context of the Stone-von Neumann the-
orem. More generally, one can consider Heisenberg groups associated to n-dimensional

systems, and most generally, to any symplectic vector space.

The study of other physical concepts has significantly been enhanced by the limit
processes which allow us to relate Lie algebras between themselves. These processes were
first investigated by Segal [63] in 1951, although, as it has been just noted, they are
currently being widely used. Two are the better known examples of these processes. The
first of them involves the connection between classical mechanic and relativistic mechanic,
with their respective Poincaré symmetry group and Galilean symmetry group. The second
one is the limit process by which Quantum Mechanics is contracted to classical mechanic,
when A — 0, which actually corresponds to a contraction of the Heisenberg algebra to
the abelian algebra of the same dimension. Remember also that classical mechanics is a
limiting case of relativistic mechanics. Hence the group of the former, the Galilean group,
must be in some sense a limiting case of the relativistic mechanics’ group. This means
that the representations of the Galilean symmetry group must be limiting cases of the
representations of the Poincaré symmetry group (see [54] for further general information
and [48] for complementary information).

Regarding Malcev algebras, they constitute a generalization of Lie algebras. It is well-
known that themselves and Lie algebras are not disjoint sets. Indeed, every Lie algebra is
a Malcev algebra, but the converse is not true. Therefore, we can distinguish between type
Lie Malcev algebras and type non-Lie Malcev algebras. Obviously, those Malcev algebras
which are of the type Lie verify both identities: Jacobi and Malcev.

If the Jacobi identity does not hold, then the Malcev algebra is said to have a Jacobi
anomaly. In Quantum Mechanics, the existence of Jacobi anomalies in the underlying
non-associative algebraic structure related to the coordinates and momenta of a quantum
non-Hamiltonian dissipative system was already claimed by Dirac in [19] in the process
of taking Poisson brackets. In String Theory, for instance, one such an anomaly is in-
volved by the non-associative algebraic structure that is defined by coordinates (x) and
velocities or momenta (v) of an electron moving in the field of a constant magnetic charge



distribution, at the position of the location of the magnetic monopole [49]. In particular,
J(v1,v9,v3) = Vo g(x), where V o ?(m) denotes the divergence of the magnetic
field B (z). The underlying algebraic structure constitutes a non-Lie Malcev algebra [40],
with the commutation relations [z, xp] = 0, [Tq,vp] = 04p and [vg, vp] = ieqpe Be(T),
where a,b, c € {1,2,3}, du denotes the Kronecker Delta and e,y denotes the Levi-Civita
symbol. If the magnetic field is proportional to the coordinates, the latter can be normal-
ized and B.(x) can then be supposed to coincide with x.. The resulting algebra is then
called magnetic. A generalization to electric charges has recently been considered in [41]
by Ginaydin and Minic, by defining the products [z4,xp] = —icgpe Ec(x,v), where the
electric field £ as well as the magnetic field B must depend not only on coordinates but
also on velocities. This latter algebra is called electric algebra [41, 14]. Remark that both
magnetic and electric algebras constitute partial-magma algebras (this term ”"magma” is
due to the group of French mathematicians who call themselves Nicholas Bourbaki. See
[8] for these algebras).

Regarding the concept of contractions of algebras, there exist many works on it that
address both the physical aspect of the applications of these contractions and the math-
ematical aspect focused in the study of the algebraic properties of these contractions.
Indeed, after Segal, the concept of limit process between physical theories in terms of con-
tractions of their associated symmetry groups was formulated by Erdal In6nii and Eugene
Wigner [44, 45], who introduced the so-called Inénii- Wigner contractions or IW- contrac-
tions. Later, Saletan [62] studied a more general class of one-parameter contractions, for
which the elements of the corresponding matrices are one-degree polynomials with respect
the contraction parameter (in fact, Wl-contractions are a subclass of Saletan contractions).
Other extensions of the IW-contractions are, for instance, the generalized Inoni- Wigner
contractions, introduced by Doebner and Melsheimer [20], the parametric degenerations,
by Burde and Steinhoff [13, 11, 12, 64], very used in the Algebraic Invariants Theory, and
the singular contractions [45].

One of the most relevant and useful results in Physics is the so called Correspondence
principle, which colloquial and basically sets that a new theory should coincide with the
old one in predictions for phenomena where these conditions are satisfied.

Indeed, this principle, which was formulated by Niels Bohr in 1920 [7], though he had
previously made use of it as early as 1913 in developing his model of the atom, states that
the behavior of systems described by the theory of Quantum Mechanics (or by the old
quantum theory) reproduces classical physics in the limit of large quantum numbers. In
other words, it says that for large orbits and for large energies, quantum calculations must
agree with classical calculations. Therefore, the term codifies the idea that a new theory

should reproduce under some conditions the results of older well-established theories in
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those domains where the old theories work (note, however, that this concept is somewhat
different from the requirement of a formal limit under which the new theory reduces to
the older, thanks to the existence of a deformation parameter).

The mathematical formulation of this principle for relativistic mechanics was given by
Inéni and Wigner [44] when introducing their IW-contractions.

The algebraical approach to contractions is called graded contractions, which were
originally introduced in [52] as a generalization of IW-contractions. There are two types of
graded contractions: continuous graded contractions, which correspond to IW-contractions
and discrete graded contractions, which possess no equivalent in continuous contractions.
The general solution of the graded contractions, considering only so called generic case,
was achieved in [72; 73]. Since this solution depends solely on the grading group (the
structure of the Lie algebra does not matter at all), it is obtained simultaneously for all
Lie algebras which allow the given grading. However, this approach is in a certain sense
too general. It motivates our study.

Indeed, graded contraction of several types of Lie algebras have been already dealt in
previous papers. For instance, Novotny studied in deep graded contractions of the simple
Lie algebra sl(3,C) [55]. He showed 4 gradings for this algebra. Later, Novotny himself
obtained the contractions for each grading. Bahturin, Goze and Remm [4] classified, up to
isomorphism, gradings by abelian groups on nilpotent Lie algebras of nonzero rank and,
in the case of rank 0, they described conditions to obtain non trivial Zi-gradings.

Apart of the previously cited papers, there are lots of papers in the literature dealing
with IW-contractions. Among them, [50, 70, 71, 15] can be checked. Indeed, Hegerfeldt
dealt particularly with this topic in [42] and Popovych D.R. and Popovych R.O. presented
in [59] a simple and rigorous proof of the claim by Weimar-Woods posed in [71] on that
any diagonal contraction (e.g., a generalized InoniiWigner contraction) is equivalent to a
generalized Inonii-Wigner contraction with integer parameter powers. Moreover, a quite

complete study on the theory of Inénii-Wigner contractions can be consulted in [71].

So, by continuing with this study, which we began to deal with in [23], we show in
the paper the graded contractions of the model filiform Lie algebras of dimension 3 and
4. These ones, together with those of dimensions 5 and 6, which we have also include in
this paper, us have allowed to study the general case of the contractions of n-dimensional
model filiform Lie algebras, which is dealt with in Section 5. Moreover, with the objective
of comparing the model case with the non-model one, the graded contractions of a non-
model 6-dimensional filiform Lie algebra has been also obtained. It is convenient to say
that our motivation for dealing with this type of algebras is due to the fact of that these
algebras, which were introduced by Vergne in 1966, in her Ph. D. Thesis, later published
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in 1979 [69], constitute the most structured subset of nilpotent Lie algebras.

To finish this historical evolution of the main concepts dealt with in this work, we are

going to write on Kinematics.

Since the middle of the last century, Lie algebras and groups have been very used as
a tool in the study of several topics in Kinematics. A first example of this assertion is
due to Bacry and Lévy-Leblond, who dealt with kinematical or relativity groups in 1968
(see [2] and [65] and the references therein). These groups include, besides space-time
translations and spatial rotations, inertial transformations connecting different inertial
frames of reference. When parity and time-reversal are required to be automorphisms of
the groups and a weak hypothesis on causality is made, the only possible groups are found
to consist of the de Sitter groups and their rotation-invariant contractions. Besides the
de Sitter, Poincaré, and Galilei groups, two other types of groups are found to present
some interest. The first one is the static group, which applies to the static models, with
infinitely massive particles, and the second one, which is halfway between the de Sitter
and the Galilei groups, contains two non-relativistic cosmological groups describing a non-

relativistic curved space-time.

All these groups have a great importance in Physics, since through these symmetry
groups of space-time the basic invariance of the laws of that discipline can be implemented,
particularly in the special theory of relativity, with the ten-parameter Poincaré group
containing (as transformation group of the four-dimensional Minkowski space-time) the
time and space translations, space rotations, and boosts (inertial transformations). In
1986, Bacry himself and Nuyts classify in reference [3], under certain natural physical
assumptions, all the abstract ten-dimensional real Lie algebras that contain as a subalgebra
the algebra of the three-dimensional rotation group (generators J) and decompose under
the rotation group into three-vector representation spaces (J itself, K, and P) and a scalar

(generator H), showing the existence of a homogeneous space of dimension 4 in all cases.

Another example of the application of Lie algebras and groups in Kinematics is found
later, in reference [57], where Park and Ravani generalize the concept of Bézier curves
to curved spaces, and illustrate this generalization with an application in Kinematics.
Indeed, they show how De Casteljau’s algorithm for constructing Bézier curves can be
extended in a natural way to a special class of Riemannian manifold, the Lie groups,
since that these groups, due to their own group structure, admit an elegant and efficient
recursive algorithm for constructing those curves. Spatial displacements of a rigid body
also form a Lie group, and can therefore be interpolated (in the Bézier sense) using the
recursive algorithm which they construct and apply to the kinematic problem of trajectory
generation or motion interpolation for a moving rigid body. The orientation trajectory of
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motions generated in this way have the important property of being invariant with respect
to choices of inertial and body-fixed reference frames.

In the same sense, another example of the use of Lie algebras and groups in Kinematics
is supplied by Rico, Gallardo and Ravani, who have dealt with an instantaneous form of
the mobility criterion based on the theory of subspaces and subalgebras of the Lie Algebra
of the Euclidean group and their possible intersections. They show that certain results on
mobility of over-constraint linkages derived previously using screw theory are not complete
and accurate and their theory provides for a computational approach that allows efficient

automation of the new group-theoretic mobility criterion [60].

A different example of the application of Lie algebras and groups in Kinematics is
shown by Chevallier in [17]. He develops systematic coordinate-free exposition of the
different algebraic operations in the set of infinitesimal displacements (screws) and their
relations with finite displacements is developed. He introduces six basic operations which
generate several algebraic structures, in particular Lie algebra and module over the dual
number ring endowed with a dual valued inner product.

As the last example which we point out of the use of Lie algebras in Kinematics,
we cite a paper by Khrushchev and Leznov, [47] in which they consider a deformation
of the canonical algebra for kinematic observables of quantum field theory in Minkowski
space-time under the condition of Lorentz invariance. The relativistically invariant algebra
which they obtain depends on additional fundamental constants M, L and H with the
dimensions of mass, length and action, respectively. They observe that in some limiting
cases the algebra goes over into the well-known Snyder or Yang algebras, whereas in the
general case, the algebra represents a class of Lie algebras, which consists of both simple
algebras and semidirect sums of simple and integrable algebras, some of which are not
invariant under the T" and C' transformations.

There are several papers in the literature regarding the classification of kinematical
Lie algebras. Among them, Campoamor and Rausch dealt with and classified kinematical
algebras which appear in the framework of Lie superalgebras or Lie algebras of order
three. All these algebras are related through generalised Inonii-Wigner contractions from
either the orthosymplectic superalgebra or the de Sitter Lie algebra of order three [16] and
recently, Figueroa has obtained partial classifications in them (see [38] and the references
therein). All of this gives an idea of the importance that these algebras are currently

acquiring.

Finally, let us recall again that a contraction of an algebra is a procedure for which,
starting from an algebra one can obtain a new algebra, satisfying certain conditions, which
is not isomorphic to the initial one. At present, contractions of algebras play a relevant
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role in Theoretical Physics since Wigner and Inonii discussed the possibility to obtain
from a given Lie group a different (non-isomorphic) Lie group by a group contraction with
respect to a continuous subgroup of it [44].

Let us now recall brief preliminaries on this subject.
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CHAPTER 1.

AN HISTORICAL EVOLUTION



Chapter 2

Preliminaries

2.1 Preliminaries on Lie algebras

In this section we show some preliminaries on Lie algebras in general and on filiform Lie
algebras in particular. For a further review on these topics, the reader can consult [43, 68]

for Lie algebras, for instance, and [69] for filiform Lie algebras.

An n-dimensional Lie algebra g over a field K is an n-dimensional vector space over
K endowed with a second inner law, named bracket product, which is bilinear and anti-

commutative and satisfies the following expression, named Jacobi identity
J(u,v,w) = [u, [v,w]] + [v, [w, u]] + [w, [u,v]] =0, for all u,v,w € g. (2.1)
The center of g is the set Z(g) = {u € g | [u,v] =0, for all v € g}. The Lie algebra is
said to be abelian if [u,v] = 0, for all u,v € g.

A derivation on g is a linear map d : g — g verifying the following condition: d([u,v]) =
[d(u),v] + [u,d(v)], for all u,v € g.

Two Lie algebras g and h are isomorphic if there exists a vector space isomorphism f

between them such that

f([u,v]) = [f(u), f(v)], for all u,v € g. (2.2)

The existence of such a map is denoted as g = b.

15



16 CHAPTER 2. PRELIMINARIES

2.2 Preliminaries on filiform Lie algebras

Let g be a Lie algebra. The lower central series of g is defined as

! 2 .9, ... (2.3)

ot=9 0*=[g"9g, ... =g

If there exists m € N such that g”* = 0, then g is called nilpotent. The nilpotency class
of g if the smallest natural ¢ such that g**! = 0.

An n-dimensional nilpotent Lie algebra g is said to be filiform if it is verified that

dimg* =n—k, forall k € {2,...,n}. (2.4)

The only n-dimensional filiform Lie algebra for n < 3 is the abelian. For n > 3, it is
always possible to find which is called adapted basis {eq,...,e,} of g such that

le1,ej—1] = ej, for all j € {3,...,n}, where the other brackets are null.

If n > 4, then the following two integers are invariants by isomorphism [22].

z1 = min{i > 4|[e;, en] # 0}, 22 = min{i > 4[e;, e;41] # 0}. (2.5)

From the condition of filiformity and the Jacobi identity (2.1), the bracket product of
g is determined by the previous brackets and the new ones

min{i—1,n—2}

lei,ej] = Z ci—“jek, for 4<i<j<n, (2.6)
k=2
where ci-f ; € K are called structure constants of g. If all of them are zeros, then the

filiform Lie algebra g is called model. From the invariants (2.5), the model algebra is
not isomorphic to any other algebra of the same dimension. From the original products
and (2.6), every n-dimensional filiform Lie algebra g having an adapted basis {ei,...,e,}
verifies that

92 = (e, .. .,en_1>, 93 = <€2, .. .,en_2>, e 7gn71 = <€2>, g"=0. (27)

2.3 Preliminaries on Heisenberg Lie algebras

Let n be a nonnegative integer or infinity. The n-th Heisenberg algebra is the Lie algebra
with basis B = {p1,...,Pn,q1,---,qn, 2} with the following relations, known as canonical

commutation relations
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L [pigl =cijz, 1<4,j<n.

2. [pi, 2] = lgi, 2] = [pi,pjl = @i, ;] =0, 1<4,5<n.

Note that the dimension of an n-th Heisenberg algebra is not n, but 2n + 1. In fact,
the n in the above definition is called the rank of the Heisenberg algebra, although it is
not, however, a rank in any of the usual meanings that this word has in the theory of Lie
algebras. Due to it, this Lie algebra is also known as the Heisenberg algebra of rank n.

2.4 Preliminaries on Malcev algebras

These algebras, so-called after the Russian mathematician Anatolii Ivdnovich Matsev,
constitute a generalization of Lie algebras. We now recall some preliminary concepts on
them, taking into account that a general overview on them can be consulted in [51, 61].
From here on, we are only considering finite-dimensional algebras over the complex number

field C.

A Malcev algebra M is a vector space with a second bilinear inner composition law
([-,]) called the bracket product or commutator, which satisfies the two following conditions

1. [u,v] = —[v,ul], Yu,v € M.

2. [[u,v], [u, w]] = [[[u, v], w], u] + [[[v, w], u],u] + [[[w, u], u],v], Vu,v,w € M.

The second condition is named the Malcev identity and we use the notation M (u,v,w) =

[[w, 0], [w, w]] = {[[u, o], w], u] = [[[v, w], ul, u] = {[[w,u], u], v].

Given a basis {e;}; of a n-dimensional Malcev algebra M, the structure constants

cl . are defined as [e;,ej] =Y 7_, c?’jeh, for 1 <i,57 <n.

1,

It is immediate to see that Malcev algebras and Lie algebras are not disjoint sets.
Indeed, every Lie algebra is a Malcev algebra, but the converse is not true. Therefore, as
we previously said we can distinguish between type Lie Malcev algebras and type non-Lie
Malcev algebras. Obviously, those Malcev algebras which are of the type Lie verify both
identities: Jacobi and Malcev .
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2.5 Gradings

Let g be a finite dimensional complex Lie algebra over C. A decomposition I' : g = ®;crg;
of the vector space g into a direct sum of vector subspaces g; # 0, ¢ € I, is called a grading
of g if for any pair of indices i,j € I, there exists k € I, such that [g;,g;] C gr. Vector
subspaces g; are called grading subspaces. The number of grading subspaces is equal to
the cardinality |I| of the index set I.

A grading T" : g = @ierg; is called group grading (respectively, semigroup grading) if
there exist an abelian group (resp. semigroup) G and an injective mapping f : [ — G
such that for any pair of indices i,j € I, the equality f(i o j) = f(i) + f(j) holds, where
+ denotes the binary operation in G. The group (resp. semigroup) G is called grading
group (resp. semigroup).

The universal group is the Abelian finitely generated group U which contains the set
of indices J of a grading group J C U.

Let I' : g = @iergi be a grading of the Lie algebra g, with [I| = m € N grading
subspaces. A complex Lie algebra g° endowed with a Lie bracket [,]. and satisfying the
two conditions: ¢) the underlying vector space of g¢ is the underlying vector space of g,
i.e. g° = Dicr9i, and i) for all i, j € I, there exists ¢;; € C such that [z,y]. = [z, y], for
all x € g; and y € g;, is called I'-graded contraction of the Lie algebra g.

We define the contraction matrixz e of the Lie algebra g° as a matrix whose elements
are ;. This matrix determines the Lie algebra g°.

The elements ¢;; associated with Lie brackets verifying [gi,g;] # 0 will be called
relevant elements. On the contrary, those elements verifying [g;,g;] = 0 will be called
non-relevant elements and they will be considered null. The null relevant elements will be
called singular elements. The set of the pairs (i, j) such that ¢;; is a relevant element of
the contraction matrix € will be denoted by Z.

Let IT,, denote the symmetric group of the set {1,2,...,n}. We define an equivalence
relation on I™ = I X I x...x I(n times) as follows: two n-tuples (z1, ..., zy), (Y1, .-, Yn) € I"
are equivalent if and only if there exists o € II,, such that x; = y,(;), foralle = 1,...,n. The
classes (z1 z2 ... xy) = {(g1, ..., Ton)|o € I, } defined by this relation are called unordered

n-tuples and the set of all unordered n-tuples with entries in I is denoted by I.

According to Jin Tolar [65], to apply the new theory of graded contractions of Lie
algebras in Physics, it is desirable to define the gradings on the basis of some physical
principles. For instance, the gradings can be defined by the automorphisms of the given Lie
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algebra induced by some discrete Abelian invariance group. In his physical applications
[53, 66] the gradings are defined by involutive Lie algebra automorphisms induced by
discrete transformations of space inversion and time reversal, being both of them preseved.
In order to preserve physical types of Lie algebra generators under contraction, Travnicek
and Tolar impose in addition that their transformation properties under space rotations are
preserved. In [67] the transformation of space inversion is trivial on the Lie algebra and is
replaced by a discrete canonical transformation exchanging positions and momenta. Such
additional assumptions then lead to a substantially restricted but physically well justified
classification of contractions.

For further information on gradings, the reader can consult [58].

2.6 Invariant functions of Lie algebras

In this subsection we recall the definitions and main properties of invariant functions v
and ¢, obtained by Hrivndk and Novotny [55] in 2007. One of the objectives of this work
is to introduce new invariant functions of algebras starting from these two last functions.

2.6.1 The invariant function v

Definition 2.6.1. Let g be a Lie algebra. An endomorphism d of g is said to be a («, 3,7)-
derivation of g if there exist o, 3,y € C such that

adlX,Y] = B[dX,Y] +~[X,dY], VX,Y €q.

The set of (a, 3,7) — derivations of g will be denoted by Der, 8-

Note that this definition is the extension of the usual definition of derivation of a Lie

algebra, which is the case in which a =8 =~v=1.

Theorem 2.6.2. Let f : g — g be an isomorphism between two complex Lie algebras g and
g. Then, the mapping p : End g+ Endg defined as p(d) = fodo f~1 is an isomorphism
between the corresponding vector spaces Der (5,8 and Der(aﬁ’,y)’gv, Ya,B,v € C.

Corollary 2.6.3. The dimension of the vector space Der g8 is an invariant of the Lie
algebra g, Vo, 5,7 € C.

Definition 2.6.4. The functions g, 1/)8 :Cr{0,1,2, ..., (dim g)?} defined as

(Yg)(a) = dim Der(q.1,1)8, (2.8)
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(¥9)(cr) = dim Der (4,1 0)9, (2.9)

are called vy and ¢g invariant functions corresponding to the («, 3,7)-derivations of g.

Theorem 2.6.5. Two 3-dimensional complex Lie algebras g1 and go are isomorphic if
and only if Vg, = g, .

2.6.2 The invariant function ¢

Definition 2.6.6. Let (V, f) be a representation of the Lie algebra g, where V' is a complex
vector space. A V-cochain of dimension q is a g-linear mapping c: g x ... X g +— V. such
—_—
q—times
that c(x1,..., i ..., Zj, ..., &q) +C(T1,...,Tj,...,Zi,...,xq) = 0, for all indices i, j, with
1<i1<j<q.

The vector space of all V-cochains of dimension ¢ with ¢ € N will be denoted by
C%(g,V) and C%(g,V) = V. Now, we define the mapping d : C4(g, V) — C*1(g, V), with
q=0,1,2,... as

de(x) = f(z) e, with ¢ € C%g, V),

de(y, .. xgr1) = S (1) fa) e, oo iy ooy Tgrn)

+Zq;i (1) e([@s, 5], X1y ooy By o ooy By oo ey Tg)
1<j

where £; means that x; has been omitted.

Under the same conditions as before, let k = (k;;) be a symmetric complex matrix of
dimension (¢ + 1) x (¢ +1).

Definition 2.6.7. A k-twisted cocycle (or simply k-cocycle ) is any ¢ € C(g, V), with
q € N, verifying

q+1
0= Z(—l)”lmif(:ci)c(:cl, . ,fi, . ,a;q+1)
i=1
q+1
+ Z DM kgie([@i, 2], @1y e ooy By ey By Tgr1)-
i,j=1
1<j
If the vector space V is identified with the algebra g, then the adjoint representation
can be used as an action (see [43]). So, the equality of the definition 2.6.7 can be written
as
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q+1

= Z(—l)iJrlliii [.CCZ‘, c(a:l, N ,:ﬁi, NN ,:L’q+1)]
i=1

q+1
+ Z (_1)14-]%“ C([ZEZ', .’L‘j], Ly ,;ﬁi, cen ,fj, ceey IL‘q+1).
ij=1
1<)
The set of all k-cocycles of dimension ¢ will be denoted by Z4(g, f, k). Clearly, it is a
vector subspace of C'%(g, V).

If the following notation is considered

B1 g a3
2
coc(ar, ag, a3, 01,2, 83)g = Z7 | g,ady, | e B3 ;
a3 a1 P

it is easy to see that the vector space coc(aq, g, as, B1, B2, 83) is constituted by the B €
C?(g,g) such that VX,Y,Z € g,

0=a1B(X,[Y,Z]) + aaB(Z,[X,Y]) + asB(Y, [Z, X]) (2.10)
+ 61X, B(Y, 2)] + 52[2, B(X, Y)] + B3], B(Z, X))].

The two following results will be used in next sections of the manuscript.

Theorem 2.6.8. [56] Let g : g — g be an isomorphism between Lie algebras g and g.
Then, the mapping p : C(g,g) — C9(g,9), for ¢ € N, defined by (pc)(z1,...,2q) =
ge(g™tan, ... g7 ay), Ve € C(g,g) and Vz1,...,24 € @, is an isomorphism between the

vector spaces C(g,g) and C(g,g).

Corollary 2.6.9. [56] The dimension of the vector space Z%(g,ady, k) is an invariant of

the Lie algebra g, for any ¢ € N and any complex (¢ + 1)-square symmetric matriz k.

Definition 2.6.10. The invariant functions ¢ and @° corresponding to the n-dimensional
Lie algebra g are defined as

go:(CH{O,l,...,nz(T;_l)},
(¢g)(a) = dim cocy,11,0,0,0)95 (2.11)
and i w2 - 1)
® :CH{O,l,...,#},
(¢°g)(c) = dim coc(o 1,1,0,1,1)95 (2.12)

respectively.
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2.7 Contractions of Lie algebras
Let g = (V,[,]) be an n-dimensional Lie algebra and U : (0,1] — gl(V) be an one-
parameter mapping. If the limit
(X,Y], = lim U!(e) [U(e)X,U(e)Y]
e—07t

exists for all X,Y € g, we say that go = (V,[,],) is an one-parameter contraction of the

algebra g and we write g — go.

A contraction g — go is said to be proper if g is not isomorphic to go.

The following results were shown in [56]

Theorem 2.7.1. If go is a proper contraction of the complex Lie algebra g, then

1. dim Der (g) < dim Der (go) -
2. ¥g < Ygo and Pg(1) < Pgo(1).

3. g < pgo and ¢'g <  go.

Moreover, it happens that, in dimension 3, Condition 2 is a characterization of proper

contractions of g.



Chapter 3

New results on the ¢ and ¢
invariant functions in the case of

filiform Lie algebras

In this chapter we deal with the invariant functions ¢ and ¢ introduced by Hrivnak and
Novotny [55] in the particular case of model filiform Lie algebras of lower dimensions
(those of greater dimensions will be tackled in a similar way in future work).

3.1 ¢ and ¢ functions for the 3-dim. model fili-

form Lie algebra

Let f; be the model filiform Lie algebra of dimension 3 defined by the law [e, ea] = e3
(remember that, by agreement, all possible brackets not appearing in the expression of
the law are considered null, that is, in this case, [e1, e3] = [e2,e3] = 0).

3.1.1 The v invariant function for the 3-dimensional model

filiform Lie algebras
Let a € C and consider d € Der(, 1,1)f;. Then,
ad([X,Y]) = [d(X), Y]+ [X,d(Y)] VXY €. (3.1)

23
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Also, let
a1l ai2 a3
a1 Q22 @23
azr azz ass

be the matrix associated with the endomorphism d.

We wish to obtain the elements of this matrix. To do this, for the pair of gener-
ators (e1,ez), condition (3.1) is now ad([e1,e2]) = [d(e1), ea] + [e1,d(e2)], and d(e;) =

S h_1 in €n

We can get the first condition to be fulfilled for the elements of this endomorphism
starting from « d([el, 62]) = ad(e3). Indeed, aasie; + aasges + aagzes = [ar1€1 + ajges +

aizes, ea] + [e1, azie1 + azes + agzes] = ajies + agzes.

Therefore, o agie1+a assea+a azzes = ajres+asses and thus, taking into consideration
the linear dependence, the following conditions are obtained: aasz; = 0, aaze = 0, and

Qazz = ail + az2.

Proceeding in the same way with the following pair (e1, e3), we deduce, by taking into
account the law of the algebra, that [e1, asie; + asaea + asses] = agaes = 0, which implies

azo — 0.

Finally, by proceeding in the same way with the last pair (eg, e3), from ad([GQ, 63]) =
[d(e2), e3] + [ea, d(e3)], we obtain 0 = [az1€1 + axzea + azses, e3] + [e2, azie1 + aszez + aszes],
and therefore —agies = 0. As a result, we find that ag; = 0.

Summarizing, we have obtained the following conditions

’ From pair (e;, e;) ‘ Conditions

(e1,€2) aaz; =0, aazxp =0, «aazz=ay + ax.
(€1, €3) azy = 0.
(e2,€3) az; = 0.

which allow us to determine the vector space Der , 1,1)f;. Indeed

For a # 0:

Der(a,l’l)fS = spanc

o O O
oS O =
o O O
o O O
o O O
[
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000 000 10 0 00 0

10 0l,{oo0o 1],]0 0 of,[o 1 0

00 0 000 00 1 00 2
For oo = 0:

010 00 1

Der 1,1 f; = spanc 0 0 0|,/]0 0 0],

000 000

000 000 1 0 0 000

1 00,00 1], -1 0|,]/0 0 0

00 0 000 0 0 0 00 1

Therefore, 15, (o) = 6, Va € C. According to the notation used in [55], it is expressed
in the following way

o VaecC
Uy, (@) 6

Note that this dimension is always the same independently of the value of a.

3.1.2 The p invariant function for the 3-dimensional model
filiform Lie algebras

The f;-cochains B; € C2(f;,f;), Vi € {0,1,...., ”2(2_1)}, are defined starting from their
non-null commutativity relations B, (es, e;) = ke, s < t which verify Equation 2.10. The

f;-cochains which constitute a basis of the vector space coc(y 11,2 a1 f; Whose dimension
determines the invariant function 5, are the following

For A = 0:
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For A #0
Ci: Ci(er,e2) =e1,  Ci(ez,e3) = es. Cy: Cs(e2,e3) = e2.
Cs: 03(62,63) =e1. Cy: C4(€1762) = €2.
Cs: 05(61,62) = e3. Cé: 06(61763) = e1.
Cy: 07(61,63) = e3. Cs: 68(61763) = €3.

Therefore, we have the following vector spaces

coc(11,1,00,0)3 = spanc{B;,1 <i <9},
coc iy = spanc{Ci, 1 <i <8}, VA #0.

So, we have as a result

N Jo[vrecC) {0}
o5, (A) || 9 8

Let us now consider these computations for the 4 and 5-dimensional filiform Lie alge-
bras.

3.2 The Y and ¢ invariant functions for the 4-

dimensional model filiform Lie algebras

We deal now in this section with the cases of dimension 4.

3.2.1 The ¥ and ¢ functions for the 4-dim. model filiform
Lie algebra

Let §, be the model filiform Lie algebra of dimension 4 defined by the brackets [e1, e2] = e3
and [e1, e3] = ey.

In the same way as before, we wish to obtain a basis of the vector space Der(q 1 1)fs,
for all @ € C. To do this, let us consider d € Der(, 11)f;- Then, ad([X,Y]) = [d(X),Y]+
[X,d(Y)], for all X,Y € f§,.
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Let
a1 a1z a1z a4
a1 G2 Q23 @24
as1 a3z azz a4
aq1 Q42 A43 Q44

be the associated matrix with the endomorphism d. From the previous expression, we
have in the first place that ad([e1, e2]) = [d(e1), e2] + [e1, d(e2)], which allows us to obtain
the first conditions for the elements of the previous matrix. Indeed, as [a11e1 + aj2e2 +
aizes +aiseq, e2]+[e1, as1e1 +axer +asges +agues] = avazier +aazzes + o azzes +aasey,
we have that aasie; + aasses + aasges + aazses = aj1ez + asoes + aszey. It implies that
aaz; =0, aaze =0, vaszz = a1 + age and aazg = ass.

Similarly, we obtain the rest of conditions for the elements of that matrix in the same
way as we did in Subsection 3.1.1. These conditions will allow us to obtain the vector

space Der(q,1,1)fy-

’ From pair (e;, e;) ‘ Conditions

(61, 62) aazl — 0, aazy — 0,

a3z = ai1 + azz, a34 = a23.
(e1,€3) aagr =0, avagy =0,

o a43 = 32, O0a44 = Q11 + G33.
(e1,e4) asy =0, ag3 = 0.
(62, 63) asly — ag] = 0
(63, 64) aq1 = 0.

Note that no conditions are obtained from some pairs of generators, for instance, from
the pair (e, e4) in this case.

Now, starting from these results we obtain the vector space Der, 1,1)f4, being a # 0,
and DGT(O7171)f4.

For o # 0:

1 0 00\ /0100\ /0010

0 -1 00| |oooo] [ooo0o0
Der@anfa=spancy 1o o 0 ol 1o 0 0 ofl'|o 00 ol

o 0o ol 0000/ \0oOOSFD
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00 01 00 00 0000 000 0
00 00 00 01 0 a 00 001 0
00o0O0ffooo0oo0]"lO0O1O0[|0OO00O012
00 00 00 00 0101 00 0 0
For a = 0:
1 0 0 0 0100 0010
Der i~ span 0 -1 0 0 00 00 00 00
OLDJa =3P 1o o 1 ol lo o o0 ol oo o ol
0 0 0 0 00 00 00 00
00 01 00 00 00 00 0000
00 00 00 01 00 00 0000
00 0O0O]'loo0O0O]’lOoo0oOT1|’f0o 0 00
00 00 00 00 00 00 00 01

Therefore, after proceeding in the same way as we did in the previous subsection, we
obtain that, according to the notation in [55], the invariant function 4y, is

o VaecC
Uy, (@) 7

Regarding the ¢ invariant function for the 4-dimensional model filiform Lie algebra,

we are going to prove that

A [0 ]vrecC) {0}
o) 16 18

Indeed, as we see in the case of dimension 3, the f,-cochains B; € C2(f4,f4), for all
i € {0,1,...., %} are defined starting from their non-null commutativity relations
By (es, er) = key, s < t, which verify the equality given by Equation 2.10. The f,-cochains
which constitute a basis of the vector space coc(q 1,1 fs, Whose dimension determines
the invariant function ¢j,, are the following, for A = 0

For A # 0:
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Bll Bl(el, 62) = €1. BQI Bg(el, 62) = €9. B31 Bg(@l, 62) = €3.
B4I B4(€1, 62) = €4. B5Z B5(61, 64) = €1. BGZ 36(61, 64) = €9.
B7I B7(€1, 64) = €3 Bgl Bg(el, 64) = €4. Bgi Bg(el, 63) = €1.
Biyp: B10(€1, 63) = €2 Bii: 311(61763) =e3. | Bia: 312(61763) = €4.
Bis: B13(€1, 64) = €1. Biy: 314(61,64) = €2. Bis: B15(€17€4) = €3.
Bis: B16(€1, 64) = €4.
01101(61,62) = €9. 021 02(61,62) = €3. 03 03(61,62) — €4.
Cy: Cyler,eq) = ea. Cs: Cs(e1,eq4) = e3. Cs: Cgler,e4) = e4.
C7: Cr(e1,e3) = ea. Cg: Cg(er,e3) = es. Cy: Cy(e1, e3) = eq.
Cho: Cro(es, eq) = e. Ci1: Chi(es,eq) = ea.
1
Cia: Cia(ea, eq) = 368 Cia(ez, e3) = e, Cia(e1,e3) = Vs
1
C13: C13(e2,e4) = s Ci3(e2, e3) = ea,
—1+ \?

Cus(er,es) = (—z—)er,  Cusles,ea) = ea.

1 -1
Cua: Cra(e, e4) = yes, Cla(ea, e3) = eq, Cuaer,es) = Jyer,
Cha(er, eq) = ey, Cla(es, eq) = —es.
1 1
Cis: Crs(ez, ea) = Te3, Cis(e2,e3) = ea, Cis(es,e4) = ygea,
-1
Ce: Cig(e2, €3) = es, Cro(e2, e1) = Aea, Cig(er, e2) = —-er,
Cis(er, e3) = ey, Cis(er, eq) = ey, Cie(es, eq) = eq4.
-1
Cr7: Crr(ea, e3) = es, Cir(e2, e4) = Nea, Crr(er, e2) = —-er,
Cir(es, eq) = e3.
-1
Cig: Cis(e2, e3) = es, Cis(e2, ea) = Aea, Cig(e1, e2) = e

Cig(e1,eq) = e1.

Therefore, we have the following vector spaces

coc(1,1,1,000f4 = spanc{B; | 1 <i < 16}.
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coc1,11 a0 fs = spanc{C; | 1 <i <18}, VA # 0.

It concludes the proof.

Note that unlike the previous case, these dimensions are now dependent on the value
of A.

3.3 The v invariant function for the model fili-

form Lie algebra of dimension 5

With the next objective of proving that there is no proper contraction from a Heisenberg
algebra to a 5-dimensional filiform Lie algebra, we have also obtained the invariant func-
tion 15, where f5 is the 5-dimensional model filiform Lie algebra with non-null brackets

le1,e2] = e3, [e1,e3] = eq, [e1,e4] = es5.

Indeed, by proceeding in the same way as in the previous dimensions (computations
are not included for reasons of length), we obtain that

o Va € C
Uy, (@) 9

This chapter concludes with these computations, although the intention of the author
in future work is to start from them to obtain the values of the invariant functions ) and
© in the general case of the n-dimensional model filiform Lie algebra.



Chapter 4

Introducing new invariant

functions

In this chapter we introduce three new invariant functions for algebras: the two-parameter

function 1, the one-parameter function v and the two-parameter function ¢.

4.1 Introducing the two-parameter invariant func-

tion

In this section we introduce in the first place the two-parameter function 1. To do this
and in order to generalize this study as much as possible, we firstly prove some results

regarding Malcev algebras.

Let us first recall that if g is a Lie type Malcev algebra, then

[yl [z, 2]] = ([, 9], 2], 2] + [[2, 2], 2], 9] + [ly, 2], 2], 2], Va,y,2 € g, (4.1)

and that if d € derg is a derivation of g, then

dllz, y), [z, 2]] = [dlz, y], [z, 2]] + [z, 9], d[2, 2]], Va,y,z € 0. (4.2)

Now, from J(z,y, [z, z]) = 0, it is to say, from the Jacobi identity applied to z,y and

[z, z], we have

31
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[z, y], [z, 2]] = [[[z, 2], yl, «] + [[[2, 2], 2], 9], V2,y,2 € 0. (4.3)

Then, starting from (4.2) and the result of applying d in (4.3), we have

[dlz, y], [z, 21| + [z, yl, dlz, 2]] = d[[[2, 2], y], @] + d[[[2, 2], 2], 9] Va,y,z €9 (44)

Now, the generalization of this last expression produces the following definitions
Definition 4.1.1. Let g a type Lie Malcev algebra. The set
{d € End(g) : ald[z,y], [z, z]] + B[z, y], d[z, 2]] = ~d[[[z, 2], y], 2] + 7d[[[z, z], 2], 4]},

for all (o, B,7y,7) € C*, is called the set of the (a, 3,7, 7)-derivations of the algebra g. It
will be denoted by Der 5 8-

Proposition 4.1.2. Let g be a type Lie Malcev algebra. Then, dim 11 1)8 is an algebraic

mwvariant of g.

Proof. Let us consider d € Dery11,1)8. Then, it is satisfied that

[dlz, yl, [z, 2]] + [z, y], dlx, 2]] = d[[[, 2], y], ] + d[[[2, z], 2], y].
Now, by appliying the Jacobi identity J(x,y, [z, z]) = 0, we have

[z ) [z, 2]) = [[[z, 2], 9], 2] + [[[2, 2], 2], 9] Vor,9,2 € 0.

This expression and the previous one imply that [d[z,y], [z, z]] + [[z,y],d[z, 2]] =
dl[z,y], [z, 2]] if and only if d € Derg, that is to say, Der(; 11,1y = Derg. It implies
that dim(Der(l,Ll’l)g) = dim(Derg).

Since dim(Derg) is an invariant of g, it follows that dim(Der(LLl’l)g) is an invariant
of g.
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Theorem 4.1.3. Let g and g be two Malcev algebras Lie and let f : g — g be an isomor-

phism. Then, the mapping p : End g — End g, defined by d — fdf ' is an isomorphism
between the vector spaces Der o3~ 8 and Der 318, Y(a,8,7,7) € c*.

Proof. Let g = (V,-) and g = (V,*) be two Malcev algebras Lie and let us consider
d € Der (g9, for any (o, B8,7,7) € C* and for all z,y, 2z € g. Then,

ad( @) 7w (1@ @) + (@ W) (e ) -

i (@ @) w) @) (e @) @) o).

From this expression, it is deduced that

ydf (@ x 2) xy) - fTH@)) = ydf (@ x 2) xy) x @),

and similarly,

(77657 @) 17@) 1)) = (e ) < 2) )
ad(@) W) (770 0 ) = ad ) S )

5(57 @17 w) a7 ) =B e e,

So, aDf Nxxy) - fHxxz2)+Bf Naxy) Df Nawxz)=yDf (((z*2)xy)*z) +
DY ((z % x) * x) % y).

Then, the result of applying f to the previous expression is

a(fdf_1>(x*y) * (z % 2) + Bz * y) * (fdf_1>(x*z) =
fy(fdf_1>((az*z)*y) *a:+7<fdf_1>((z*x) ) % 9.

Therefore, fdf ' € Der (4 g~,-8, which concludes the proof. O
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An immediate consequence of this result is the following

Corollary 4.1.4. Let g be a type Lie Malcev algebra. The dimension of the vector space
Der(q ., s an invariant of the algebra, for all (o, B,7,7) € C*.

Lemma 4.1.5. (Technical Lemma) Under the above conditions, the following expressions

are verified

~

- A=), y]=d[[xy], [x.2]]-d[[[y,2] ] 7]
d[{ly,],x]z]=d[[x,2], [x,y]]-d[[[z y] 4] 7]
d[[[z,2],y],x]=d[[z,y], [x,2]]-d[[[z,7],x].y].
d{f[x,y],2]xf=d[[z,2], [x,y]]-d[[[y,x].x],2].

Lo o

~_R

Proof. All expressions are immediate consequences of the properties of the derivations (see
Preliminaries). O

Lemma 4.1.6. Let g = (V,[,]) be a type Lie Malcev algebra. Then,

Der(a,p.~,m8 = Der(a+p,a+5,2v,2r)8 N Der(a—p s-a,00)9-

Proof. Let suppose d € Dery 5.8 Then, for all (z,y,2) € g we have

aldlz, yl, [z, 2] + Bllz, y], dlx, 2]] = ~d([[, 2], y], 2] + 7d[[[z, 2], 2], y].

Intercharging now y and z between themselves, we have

ald[z, 2, [z, yl] + Bllz, 2], dlx, y]| = vd[[[x, y), 2], 2] + 7d][[y, 2], z], 2],

and by adding the two first expressions of Lemma 4.1.5 and taking the anti-skew property
of the Lie bracket into consideration, we have that

(a - B)[d[$7y]a [.1‘,2]] + (6 - a)[[xayLd['erH =
V(dlll, 2], y], 2] + dl[[x, y], 2], 2]) + 7(d[[[2, =], 2], y] + d[[[y, 2], =], 2]).
Similarly, starting from the two last expressions of Lemma 4.1.5, we obtain that

d[[[z, z], x], y]+d[[[y, =], x], z] = 0, and by repeating the same procedure we obtain d[[z, z|, y|, =]+
dl[z,y], 2], 2] = 0.
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Now, from both expressions we have (a — 8)[d[z, y], [z, 2]] + (B — a)[[x, ], d[z, z]] = 0.
It implies that d € Der(q_g,5-,0,0)9-

Now, by subtracting the two first expressions of the proof and taking into account the
anti-skew property, we have (a+8)[d[z, y], [z, 2]+ (B +0a)[[z, ], dlz, 2]] = y(d[[[x, 2], y], ] -
d[[[xv y]v Z},.I‘]) + T(d[[[za 33‘], x},y] - d[[[ya $], l‘], Z])

We will use now in the previous equality the following two expressions, which were
respectively obtained from previous expressions: d[[[y,z],z],z] = —d[[[z,z],z],y] and
dl[z,y], 2], ] = —d[[z, 2], y], 2]

Then, we have that (« + B8)[d[z,y], [z, 2]] + (o + B)[[x,y], d[z, 2]] = 2vd[[[z, 2], 9], x] +
27d[[[z, 7], 7],y]. Tt involves that d € Der(ayg a+p8,.2y,2r)8- Therefore, it is verified that
Der(a,,7,78 C Der(asp,a+8,2v,2r)8 N Dera—gs-a,009-

If d € Derai8,a+82y,2r)8 N Der(a_gs-a,0089, then d has to verify both equations:
(a+P)ldlz,yl, [z, 2]] + (a + B)l[z, y], dlz, 2]] = 2vd[[[, 2], y], 2] + 27d[[[2, ], =], y] and (o —
5)[d[l’,y], [;Ua ZH + (5 - Oé)[[ﬂ?,y], d[l’, ZH =0.

Then, by adding these last equations and simplifying, we observe that d verifies

aldlz, yl, [z, 2] + Bllx, y], dlx, ]| = vd[[z, 2], y], 2] + 7d[[[2, 2], 2], y].

So d € Dera g8 = Der(ays.atp2y,2r)80 Dera_gs-a,00)9- It completes the proof.
O

Theorem 4.1.7. Let g be a type Lie Malcev algebra. Then, for all (o, 3,7,7) € C*, it
exists (A1, A2) C C? such that Derq g - 1)

Der1, 1.3 0)8, Der10x,2)8 or Der 15, 1,0

g is one of the following four sets: Der g x, 2y)8s

Proof. Let consider (o, 3,7,7) € C*. We distinguish the following cases

Case 1: If a + 8 = 0. We distinguish now the following two subcases

- Subcase 1.1: If @« = g = 0. Then, Der, 3,78 = Dergq,r 8- Therefore,
vy= A1 and Ao = T.

- Subcase 1.2: If & = —f3. In this subcase, by Lemma 4.1.6 we have that
Der(a,p,7)8 = Der0,2y,2r8NDer_2p 25008 = Dero8NDer—11,009-
Apart from that, it is also verified that

Der(-1147)8 = Dero.2y,2r)8 N Der(—2,2008 = Deroy.n8 0 Der—1,1,00)8-
Therefore, Der(q g~ )8 = Der(_11,,8. It involves that A\; =~ and A2 = 7.



36 CHAPTER 4. INTRODUCING NEW INVARIANT FUNCTIONS
Case 2: If a + 8 # 0. Two subcases are also considered

- Subcase 2.1: If a # 3.

By Lemma 4.1.6 we have Der( )8 = Der(1 1,2 20 480 Der1,_1,0,0)8-

" atB ath
Since Der(l’oyﬁw,alﬁ)g = Der(l,l,a%,,f%ﬁ)gmDer(lv—LOvO)g’ it is deduced that
Derq 34,8 = Der(1,07%7 )9 It involves that A\; = ﬁ and Ay = 15

- Subcase 2.2: If a = 5 # 0.

In this subcase, Der(,,g..7)8 = Der(M%’g)g. Therefore, Ay = 2 and Ay = .
O

These two two-parameter sets Der( gz, x,)8 and Der(y 1y, x,)8 previously defined al-
low us to define the following invariant two-parameter functions of Lie algebras.

Definition 4.1.8. The two-parameter functions ﬁg,d_)g : C? — N defined, respectively,

as (1[)9)(0[,5) = dim Der(; 14,59 and (7]}3)(0{,5) = dim Der(1,0,4,39 are called 1/;g and 153
invariant functions corresponding to the (1,1, «, B)-derivations and (1,0, «, 8)-derivations

of g, respectively.

Corollary 4.1.9. If two Malcev algebras Lie g and | are isormorphic, then @Zg = @Ef and
90 = .

4.2 Introducing the one-parameter invariant func-

tion v

In this section we introduce a new invariant function starting from the just studied two-

parameter invariant function .

Definition 4.2.1. Let g be an algebra. The one-parameter function vy : C — N defined
as vg(A) = Py(1,\) = dim Der(1,1,1,0)8 is called the vy invariant function corresponding to
the (1,1,1, \)-derivations of g.

A natural question which arises is to ask ourselves if the invariant functions 1 and
are really different. To see it we are going to compare the new invariant function v just

introduced with the invariant function ¢ introduced by Hrivnék and Novotny in 2007 [55]



4.2. INTRODUCING THE ONE-PARAMETER v 37

to prove that although both functions are very similar, they are really different. To do
this, we will compute both functions for a same Lie algebra, in the particular case of being
a = 1. Concretely, we will use the Lie algebra induced by the Lorentz group SO(3,1),
which we denote by gg.

Computing v, for A =1

Let us recall that Minkowski defined the spacetime as a four-dimensional manifold with
the metric ds? = —c2dt? + dz? + dy? + dz%. We introduce the metric tensor

100 0
o 100
1o 01 0

0 00 1

If we rename (ct,z,y,2) — (2%, 2!, 22, 23), then the expression ds? can be written as

ds® = Nuydaztdz? (summed over p and v). Recall that this distance is invariant under the
following type of transformations z# — Myz? such that the coefficients Ay are the elements
of an matrix A (which is called Lorentz transformations) that satisfies A'nA = 7. Since the
metric in the three-dimensional Euclidean space corresponds to the identity matrix, if R
is the matrix of a rotation then R'1R = 1 and comparing this expression with AlnA = 5 it
is possible to say that the Lorentz transformations are rotations in the Minkowski space.
These transformations form a group called the Lorentz group which we denote by SO(3,1).

Now we focus our study on the infinitesimal Lorentz transformations. A Lorentz
transformation matrix can be written as Ay = 6§ + w4, where the parameters w) are
infinitesimal and verify that w4 = —w, so that the Lorentz transformation is valid. The
action of this transformation on the coordinates x* in the Minkowski space can be written
as ozt = A5 27,

1
If we define A,, such that A§ = iAp“(Apg)“

5, we can write the above action as ozt =

1
§APU(AW)’,;J:V. Then, it is easily proved that (A,q)5 = 0510y — 051y -

Explicitly
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0 -1 0 0 0 0 -1 0
1 0 00 00 0 0

A: A:

10 0 0 0 27010 0 o0
0 0 0 0 00 0 0
0 00 —1 0 0 00
0 00 0 0 0 10

A: A:

30 00 0 2700 -1 0 0
100 0 0 0 00
00 0 0 000 0
00 0 0 000 —1

A: A:

#7100 0 1 700 00 o0
00 —1 0 010 0

Now, by defining the Lie product as the usual commutator product

[Aij, An) = Asj - Ap — Ank - Aij,

it is easy to see that matrices A1g, A2g, A3, A12, A23 and A3y generate a Lie algebra which
we will denote by gg.

Let us consider D € Der(; 1,186 and let A = (a;5), 1 < 4,j < 6 be the 6 x 6 square

matrix associated with the endomorphism d.

To obtain the elements of this matrix, for the pair of generators (e;, e;), with ¢ < j,
the derivation d satisfies d([e;, e;]) = [d(e;), e;] + [ei, d(e;)] and d(e;) = 22:1 a;p ep. In
this way the following conditions, indicated in the table in the next page, are obtained
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’ From pair (e;, e;) ‘ Conditions

(61’ e2> a4l = QA14, Q42 = A24, Q43 = —Aa15 — G26,
Q44 = Q11 + Q22, Q45 = —A13, Q46 = —A23.
(61’ 63) g1 — QA16, A2 = —A15 — 34, 0Ap3 = A36,
(py = —a32, A5 = —a12, (66 = (33 + A11.
(61’ 64) Q21 = —Q12, Q22 = Q11 + G4q, Q23 = —Q46,
Q24 = (42, Q25 = —a16, Q26 = A15 — (43.
(e1.e5) az = 0, asy = 0, a2 — ase = 0,
aie + as2 =0, a1q+as3 = 0.
(e1, e6) as1 = —a3, (32 = —Qg4, Q33 = A11 + Qg
34 = A15 — g2, a35 = —0A14, A36 = Ge3-
(62’ 63) 51 = —0g26 — 34, 0A52 = A25, 53 = a35,
(54 = —agy, (55 = Qg2 + A33, As6 = —A2].
(62, 64) ail = Qo2 + Q44, Q12 = —a21, a13 = —04s,
A14 = Qyq1, 15 = A26 — 43, dA16 = —025.
(e9, ¢5) az1 = —asy, a3z = —QAg23, (33 = Q22 + As5,
34 = Q26 — A51, A35 = 053, aze = —Aa24.
(ca, ¢6) a3 — age =0, —ag +ags =0, ass+ag =0,
agy + agz = 0.
(es. €5) Q21 = —0as6, Q22 = 33 + 55, 23 = —a32,
(g4 = —a3¢, A25 = A52, Q26 = A34 — Q5]-
(63’ 66) aj; = ass + age, Q12 = —ags, Q13 = —aA31,
Q14 = —Qg5 + A34, Q15 = —0Ag2, Q16 = Ag1-
(cae3) g1 = —0As2, Qg2 = Q43 + A51, Qg3 = —042,
agy = —Q46, g5 = —0Us6, (66 = Q44 + A55.
(e, €o) as1 = Q43 + Qg2, G52 = —0g1, Q53 = —0a41,
Q54 = —Qys5, Q55 = Q44 + Qep, Q56 = —0g5-
(es. ¢0) a4 = —ass, Q42 = —Qg3, Q43 = A51 + A2,
44 = Q55 + Qep, Q45 = —054, Q46 = —0e4-
(e, €4) —azg +as =0, a3 —ass =0, age+ae =0,
ass + Q41 = 0.

It follows from these conditions on a;; that,

39
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aj; = ass, | a2 = —daes, | a1z =0, Q14 = QA41, a5 = 0, 16 = Ag1-
21 = Qgs5, | A22 = Ggp, G23 = —046, | A24 = G42, a5 = —ag1, | aze = 0.
azr = 0, 32 = (46, 33 = QA44, azy = 0, ags = —a41, | A36 = —0U42.
43 — 0, Ay5 — 0.
as; =0, | as2 = —ae1, | as3 = —a41, | asq4 =0, as56 = —ags.
agz = 0, (63 = —Q42, | Ues = —046-

where aq1, a42, 44, a46, a55, A1, 465, Age € C. This implies that

1/}96(1) = dim(deT(Ll’l)gg) = 8

Computing vy, for A =1

Let us consider D € Der(y 1 1,1y86. Then [D[u, v], [u, w]]+[[u, v], D[u, w]] = D[[[u, w], v], u]+
D[[[U),U],U],’U] Vu,v,w € 96-

To obtain the elements a;; of the corresponding 5 X 5 square matrix associated with D,
we see that for each triplets of generators (e;, €, e) of the algebra, the previous expression

1s written as

[Dlei, ej], les ex]] + [lei, €5], Dles, ex]] = Dl[[eis ex], €5], €i] + D|[[ex, €], €], €;].

Starting from it, we obtain the following conditions
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’ From triplet (e;, e;, ex) ‘ Conditions

(e1, €2, €3) (51 = Q43 + Gg2, As52 = —0g1, (53 = —Q41,
54 = —A45, (55 = Qg6 1 Q44, Q56 = —0Ag5.
(e1, €9, €4) 11 = Qg2 + Q44, G132 = —021, a13 = —Qays,
a14 = —0a41, 15 = A26 — A43, A16 = —025.
(€1, e, €5) No conditions.
azz +age =0, e31+ a5 =0, ags+ as2 =0,
(€1, €2, ¢) ass + aq = 0.
—az3 +aes =0, a1 —ags =0, azs+ ag =0.
(617 €3, 64)
agy + agz = 0.
(e1,e3,€5) No conditions.
(617 es, 66) ags + age = a11, QA5 = —0a12, az1 = —dais,
35 = —da14, 34 — Qg2 = A15, Ae1 = A16-
(e1,eq,€5) No conditions.
(617 e, 66) 51 = —02 — 34, 0A52 = 425, 53 = 0435,
(54 = —asy, Ass5 = Q22 + A33, 056 = —a2].
(€1, es,€6) No conditions.
—a13t+ a5 =0, aip—ase =0, ag+as =0,
(627 €3, 64)
apy + asz = 0.
(e, €3, €5) (21 = —as6, Q22 = 33 + 55, Q23 = —a32,
Q24 = —0a36, A25 = G52, Q26 = 434 — A51.
(€2, e3,€6) No conditions.
(€3, €4, €5) (g1 = —Q16, QA2 = A15 + A34, Qg3 = —A36,
aeq4 = A32, g5 = A12, A =— —aA11 — A33-
(€2, €4, €6) No conditions.
(€2, €5, €6) No conditions.
(3, €4, €5) No conditions.
(3, €4, €5) No conditions.
(e, €5, €6) (41 = —as3, (42 = —Qg3, Q43 = A51 + A2,
(44 = Q55 + Q66, Q45 = —0A54, Q46 = —064-
(637 es, 66) 41 = A14, Q42 = A24, 43 = —a15 — A6,
Q44 = Q11 + Q22, Q45 = —A13, Q46 = —a23.

It follows from these conditions that coefficients a;; = 0, for all 1 < ¢,5 < 6. This
implies that vg,(1) = dim(Der(LLLl)gg) = 0, which proves that ¥ # v in general.

Now, in the following section, we prove some properties of the invariant function v.
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4.2.1 Properties of the invariant function v

Let us see some properties of the invariant function v.
Let us first consider the family g. of Lie algebras defined as follows

[61’ epz] = Epy€p3; [617 eps] = Ep3Cpys -+ [61, epm] = €pmCpm+1>

for all m € N such that 2 < m < n — 1 and for all subindices (ps,...,pm) € Z™ !, with
1<p1 <...<pm <n-—1, where ¢, are non-zero real constants, for all » € {1,...,m}.

Proposition 4.2.2. The invariant function v is constant for any n-dimensional Lie al-

gebra belonging to the family g..

Proof

aix - Aip

In the first place, let us suppose that m > 4. Let D = : : be the matrix

Gpl -+ Gpp
of the endomorphism of the definition of v.

As e; is in the center of the Lie algebra, for all s € {2,...,n}\ {p2,...,pm}, the only
triples of vectors which can supply restrictions to the matrix D are (e1,ep,, ep,), for all
1,7 € N such that 2 <i < j <m.

Let us first suppose that 2 < ¢ < j < m. Then, according to the definition of v we
have

[D[61, ePiL [617 epj]] + [[617 ePi]’ D[617 epj]] =0. (4'5)

Therefore, for the triples (e1, ep,, ep,), We have
[EPiD(ep(i+1))7 Epj ep(j+1)] + [Epiep(i+1) ? EPjD(eP(j+1))] = €piapj [ap(i+1)1el +...F

p(iq1ynn; ep(j+1)] + EpiEp; [ep(i+1) 1 Apgipqy1€1 .ot ap(j+1)nen] =
Epi€p; [ap(i+1)1€17 ep(j+1)] + €pi€p; [ep(i+1> ) ap(j+1)161] =
Epi€pi€pi+1) MW+ 1P +2) — EPi€PiEPG41) WP +1) 1CP(42) = 0,

and from this expression it is deduced that ap,1 =0,...,a,,,1 = 0.

Secondly, by proceeding in an analogue way with 2 < 7 < j < m, we also obtain the

expression

€piEpm [ap(¢+1)1€1 +...+ap; gy, ep(m+1)] +€pi€pm [ep(i+1> s Apypl€lF .+ ap<m+1)nen] =0
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from which we deduce that the first summand is zero because of ey, ., belongs to the
center of the algebra. So,

EpiCPmEP(m41) W(mayl = 0.

Therefore, the following restriction for the elements of D must be added to those

previously obtained: Ap i1yl =0
Therefore,

dim (Der(y11,0)8:) = n?—(m+1-3)—1=n?—(m—2),

and thus, v (A) =n? — (m —2), for all A € C.
Finally, we now consider the cases m = 2 and m = 3.

If m = 2, the expression 4.5 consists of the triple (e1, ep,, €p,), which is zero because
ep; belongs to the center of the algebra. So, no restrictions on the elements of the matrix
D are obtained in this case and vy, (\) = n?, for all A € C.

If m = 3, the unique triple which might supply restrictions to the elements of D is
(€1, €py, €p;). Therefore, it is the same case as when 2 < 4 < j = 3, and thus, the only
restriction on D is ap,; = 0. It implies that vy (A) =n? — 1, for all A € C.

Note that in the previous result m — 1 coincides with the number of non-zero constants
and that the n-dimensional model filiform Lie algebra is the algebra g. when m =n — 1,
pi =1, forallie2,...,n—1and g =1, for all i € 2,...,n — 1. Therefore, vy, (\) =
n? —(m—2)=n?—(n-3).

So, as a consequence of the previous result, the following assertion is proved

Theorem 4.2.3. For n > 5, if f,, denotes the n-dimensional model filiform Lie algebra,
then vy, (A) =n? — (n — 3), for all X € C.

A new concept that will be used next to obtain other properties of this function v is
the following

Definition 4.2.4. Let gy be a graded contraction of a Lie algebra g. The graded contraction
ge obtained from go by making tend to zero some of its relevant parameters is called an

g-contraction.

Now, we show new results on the invariant function v, which will be checked in the
next section on the 8 kinematical algebras previously indicated. The first of them is a
necessary condition for the existence of contractions of graded contractions.



44 CHAPTER 4. INTRODUCING NEW INVARIANT FUNCTIONS

Proposition 4.2.5. If gy is a graded contraction of a Lie algebra g and g. is an e-

contraction of go, then vy, < vy, .

Proof. Let g. be a e-contraction of gg. The commutation relation in g. is given by [z, yl,. =
€zy[®,y], where some e, , tends to zero. Observe that

If dy € De?’(Llyl’)\)go, then [do[l’,y]go, [$7 Z]Qo]ﬂo + va y]goa do[x, Z]go]go =
do[[[l‘, Z]gov y]gov x]go + )\do[[[z, ‘T]gov $]go= y]gOV(m, Y, Z) € go-
If ds € Der(l,l,l,)\)gsa then [ds[xv y]gsv [I‘, Z]ga]gs + [[SC, y]gs’ ds[x’ Z]gs]gs =

ds[[['x’ z]957 y]ges?x]ge + Ads[[[z7 x]957 x}gwy]gsa fOI' all (3}7 Y, Z) € Je-

So, k1de[x, yl, [z, 2]] + ko[, y], de[, 2]] = Kade[[[z, 2], y], 2]+ A Kade[[[2, 2], 2], y], for all
(z,y,2) € ge, where ki are constants obtained as the product of constants of contractions
of the form e,y - €40-

It implies that the equations which are deduced when imposing the restrictions on
the elements of the matrix of the endomorphism D, are the same as those deduced when
obtaining the restrictions on the elements of the matrix associated to the endomorphism
Dy, except that each term of the new system is multiplied by a constant . It implies
in turn that when some of these contraction constants e, tend to zero, the equation
systems used to obtain the restrictions on the elements of the matrices associated to D,
and Dg are the same, although some variables do not appear in the last system due that
they vanish for being multiplied by zero. These variables become independent and thus
they increase the dim(Der(; 1 1,1)8:) with respect to dim(Der( 1,1.1)80)- It involves that
dim(Der(1,1,1,0)00) < dim(Der(; 1,1,)8e) and thus, vy, < vy, O]

4.2.2 The invariant function v in the case of model filiform

Lie algebras of lower dimensions

We now compute the values of the invariant function v for the case of model filiform Lie
algebras of lower dimensions. We show here the computations related with these algebras
of dimension 3, 4 and 5. The results obtained allow us to give a general expression for the

value of this function in this type of algebras.
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The 3-dimensional filiform Lie algebra f,

Let f; be the model filiform Lie algebra of dimension 3 defined by the bracket [e, e2] = es.

Let us consider d € Der(y 11 )f;, with A € C and let

ailr ai2 ais
A= lan ax a3

azr a3z as3
be the matrix associated with the endomorphism d.
In this case, only one triple (ej, ea,e3) can be taken into consideration.

Taking into consideration that the following expression is satisfied: ald[z,y], [z, z]] +
B[[xv y]a d[xa Z]] = Vd[[[xv Z]vny] + Td[[[z,x],a:],y], if we set a = = v =1, we have

[dlz, ), [2, 2]] + [z, 9], [z, 2]] = d[[[z, 2], y], 2] + 7d[[[2, 2], 2], y]. (4.6)

Since [e2, e3] = [e1,e3] = 0, we see that all the terms in Equation 4.6 are zero. This
implies that there are no restrictions for the elements a;; of the matrix A. Consequently,

vy, (A) = dim (Der(1,1717)\)f3) =9, VieC.

The 4-dimensional filiform Lie algebra f§,

Let f, be the 4-dimensional model filiform Lie algebra defined by the brackets [e;, e2] =

€3, [617 63] = €4.

Let us consider d € Der(y 1,15 f, withA € C, and let A = (a;;), 1 <i,j < 4, be the
matrix associated with the endomorphism d.

We observe that the only triple producing non-zero results when applying equation
Equation 4.6 is (e1, ea, e3). Indeed, that equation for that triple is

[d[eh 62]’ [617 63]] + Helv 62]’ d[elv 63]] = d[[[ela 63]7 62]7 61] + )‘d[[[e3v 61]7 61]7 62]
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and thus, the only non-null term is [[e1, ea], d]e1, e3]]. That term is [[e1, es], d[e1,e3]] =
les, d(eq)] = [e3, asr€e1 + as2e2 + aszes + asqeq] = aqreq. Therefore, agies = 0 if and only if
aq1 = 0.

This implies that the equation system which allows us to obtain the elements of the
endomorphism d has one equation and 16 variables. Therefore,

v5,(A) = dim (Derg11,0f,) =16 —1=15, VAeC.

The 5-dimensional filiform Lie algebra f;

Let 5 be the model filiform Lie algebra of dimension 5 defined by the brackets [e, ea] =

es, [e1, e3] = e, [e1, e4] = es5.

Let us consider d € Der(; 11 5)fs5, withA € C, and let A = (a;5), 1 <i,5 <5, be the
matrix associated with it.

Now, applying Equation 4.6 to all the possible triples among the generators of the
algebra, we obtain expressions involving the elements of the matrix A. Indeed, from the
triple (e1,e2,e3) we have az; = a4 = 0 and from the triple (e1,ea,e4) we obtain that
as1 = 0. Moreover, this same result is obtained starting from the triple (ey, e3, e4), whereas
we obtain as; = a4; = 0. Triples containing e5 do not supply any condition on elements
of A because in such cases Equation 4.6 is identically null.

So, the equation system which allows us to obtain a basis of the vector space Der(y 1 1 1)f5
is constituted by 3 equations and 25 variables. This implies that

vy, (A) = dim (Der(171,17)\)f5) =22, VieC.

The n-dimensional filiform Lie algebras f,

Proceeding in the same way, it is easy to obtain the following assertion (see also Theorem
4.2.3)

Theorem 4.2.6. Let f, be the the model n-dimensional filiform Lie algebra. The function

vy, verifies

9, if n=3,
vj, (A) = dim (Der(l,LL)\)fn) =< 15, if m=4,
n? —(n —3), if n>05.
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for all A € C.

4.2.3 The invariant function v in the case of other algebras

of lower dimensions

In this section we deal with the invariant function v in the case of different types of algebras

in lower dimensions.

The so(3) algebra

Let s0(3) be the 3-dimensional Lie algebra defined by the brackets [e1, e2] = —es, [e2, €3] =

—e; and [e3, e1] = —eo
Let us consider d € Der(; 1 1,3)50(3), with A € C, and let

ail a2 aig
A= a1 a2z a23

aszy asz2 a3

be the matrix associated with the endomorphism d.

The only possible triple (e1, e2, e3), we have

[dle1, e2], [e1,e3]] = —aszer + azies,
[[617 62]7 d[ela 63]] = —agee1 + a21€29,
d[[[e1, es], e2],e1] = 0,
)\d[[[€37 61], 61]7 62] = —Aaiie1 — Aai2e2 — Aaizes.
Therefore, (—as3 — aga)e1 + ag1ea + asies = —Aajie; — Aajzea — Aajzes, which implies
azz + age = Aaii, a1 = —Aaiz and az; = —Aai3. Then, we have

Uso(3)(A) = dim (Der(; 1,1,,)50(3)) =9—3=6, VA e C.

The 3-dimensional Malcev algebra Mj;

Let M3 the Malcev algebra of dimension 3 defined by the law [e1, ea] = e1 + e3, [e2,e3] =
e1 + ex + e3 and [ez, e1] = —ey.



48 CHAPTER 4. INTRODUCING NEW INVARIANT FUNCTIONS

Let us consider d € Der(y 115 Ms, with A € C and let

ailp a2 a3
A= a1 a2z @23

as1 azz2 ass
be the matrix associated with the endomorphism d.
In this case, similarly to what happened in Subsection 4.2.2, only one triple (e, ea, €3)

can be taken into consideration. By applying Equation 4.6 we have [d(e1 +e3), —e1]+[e1+
es,d[(—e1)] = d[[—e1, e2], e1]. The first member of this expression is: [d(e1)+d(e3), —e1]] +

[e1 + es,d(—e1)] = (—as3 — a11 + azz + a12)e1 + ajges + (asz + a12)es and the second
one is: d[[—e1,e2],e1] = —aiier — ajzea — aizes. So, we obtain three conditions on the
elements of the endomorphism matrix given by —ass — a11 + ass + a12 = —ai1, a12 =0
and ago + a10 = —ai3.

Therefore, we have

vn(A) = dim (Der(y 11,0 M3) =9—-3=6, YA e C.

The 3-dimensional abelian Lie algebra g; and the algebra g,; @ g;

Let g3 be the 3-dimensional abelian Lie algebra, given by [e;,e;] = 0,1 < 4,5 < 3, and
g2.1 @ g1 be the 3-dimensional algebra defined by the only bracket [e1, e2] = es.

By using the previously procedure with these two algebras, of the same dimension, we
observe that no restrictions can be obtained, due to all the terms of the Equation 4.6 are
identically null, YA € C. So,

Vg3 ()‘) = Ugy, 1891 ()‘) =9.

4.2.4 A quantum-mechanical model based on a 5-th Heisen-

berg algebra
In this section and by using the invariant function previously introduced v, we prove the
following result
Theorem 4.2.7. Main Theorem

A 5-dimensional classical-mechanical model built upon certain types of 5-dimensional
Lie algebras cannot be obtained as a limit process of a quantum-mechanical model based

on a 5-th Heisenberg algebra.
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Proof. Let Hjs be the 5-th Heisenberg algebra, defined by the brackets [e1, e3] = e5 and

[e2, e4] = e5.

Let us consider d € Der ;1 1)Hs. Then [d[u, v], [u, w]]+[[u, v], d[u, w]] = d[[[u, w], v], u]+
d[[[w, u],ul,v], Vu,v,w € Hs.

To obtain the elements a;; of the corresponding 5 x 5 square matrix associated with d,
we see that for each triplet of generators (e;, ej, ex) of the algebra, the previous expression

is written as

[dlei, e;], [eis ex]] + [lei, ej], dles, ex]] = d[[[ei, ex), ej], ei] + d[[[ex, ei], ei], ;]

Note that, in this case, there is no restriction on the elements of the matrix associated
with d and thus, vHs(1,1) = dz’m(Der(Ll’Ll)Hg,) = 25.

For another part, if f5 is the 5-dimensional filiform Lie algebra, defined by [e;, e2] =
es, [e1, e3] = e4, [e1, e4] = es5, we have already computed (see Subsection 4.2.2) that vy, (1) =
22.

Next, to continue with the proof, we make use of the highly non-trivial result, which
was originally proved by Borel in [6]: If go is a proper contraction of a complex Lie algebra
g then it holds: dim (Derg) < dim (Dergo).

Indeed, by using the proposition 4.1.2 we have obtained that
v, (1) = dim (Der(1,171,1)H5) = dim (Der (H5)) =25

and
vj; (1) = dim (Der(l’lyl’l)ﬁ) = dim (Der(fg,)) = 22.

It implies that there not exists any proper contraction transforming the 5-th Heisem-
berg algebra Hj into the filiform Lie algebra 5. So, since both algebras are not isomorphic,
the 5-dimensional classical-mechanical model built upon a 5-dimensional filiform Lie alge-
bra cannot be obtained as a limit process of a quantum-mechanical model based on a 5-th
Heisenberg algebra. ]

4.3 Introducing the two-parameter invariant func-

tion ¢

In the following definition we introduce a novel twisted cocycle that we will use to construct

a new two-parameter invariant function ¢. To generalize as much as possible this study,
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we deal with Malcev algebras of Lie type.

Definition 4.3.1. Let g be a Malcev algebra of Lie type and let us consider B € C2(g, g).

B is a new twisted cocycle if

a1 B([[z, 2]y}, x) + a2 B([ly, 2], 2], ) + a3 B([[z, 9], 2], %) + b1 [B([z, 2], y), 2] +

65 [B([y,x],z),x] + B3 [B([z,y],:c),x] =0, (1)

for all (x,y,z) € g.

It is easy to see that the set of these new twisted cocycles can be endowed with a
vector space structure. It will be denoted by cc(ay, ae, as, 51, B2, B3)9.

Some properties related to this concept are next proved.
Proposition 4.3.2. Let g be a Malcev algebra of Lie type. Then,

ce(an, ag, as, B, B2, B3)g = cc(aw, a1, as, B2, 1, 43)9,

Jor all (a1, as, a3, 1, B2, B3) € CL

PT’OOf. If B e CC(OZl,ag,Oég,ﬁl,ﬁg,ﬁg)g, with (alaa%a?nﬁlaﬁ%ﬁ:i) € C47 Changing each
other y and z in (1) we have ay B([[z,y], 2], z) + a2 B([[z, z], y], ) + a3 B([ly, 2], =], z) +
51 [B([x,y],z),x] + B2 [B([Zax]ay)ax] + 53 [B([yaz]vm)am] = 0.

Now, by taking opposite signs and reordering, it is obtained
ay B([[z, 2], y], 2) + a1 B((ly, 2], 2], #) + a3 B([[z, ], 2], ) + B2 [B([z, 2], ), 2]+
B [B(ly, ], 2), 2] + B3 [B([z,y], x), 2] = 0.
Therefore, B € cc(as, a1, as, B2, B1, £3)9.
In the other sense, the proof is similar. O
Proposition 4.3.3. Let g be a Malcev algebra of Lie type. Then,
ce(ar, ag, az, B1, B2, 3)8 = cc(an + ag, a1 + ag,2a3, 81 + B2, + (2,2 03)0

Ncc(ar — o, a0 —aq,0,61 — Pa, B2 — f1,0)g,

Jor all (a1, as, a3, 1, B2, B3) € C.
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Proof. If B € cc(aq, ag, as, 1, B2, B3)g, taking previous result into consideration we have

CC(ab a2, a3, 617 627 63)9 = CC(Oé27 iy, a3, 627 617 63)9

Then,
OqB([[.CL‘, y]v ZL'Z‘) + QQB([[va]ay]7x) + OégB([[y, Z]a 33‘],.17)+

B1B([z,y], 2), &] + Ba[B([2, 21, y), 2] + B3[B(ly, 2], x), 2] = 0

and
O‘QB(H‘% 2]7 y}vx) + alB([[yaxL Z]?‘r) + agB([[z,y], x]? .CC)+

ﬂg[B([.%’,Z],y),.%'] + 51[3([%@“],2’),:{}] + Bg[B([z,y},x),m] = 0.

By now adding in the first place both expressions, we have

(a1 + a2) B([[z, ], 2], ) + (o1 + a2) B([[z, 2], y], ) + 203 B([[y, 2], 2], x) +
(ﬁl + 52)[3([3:,3;],2),33] + (/81 + /82)[3([27x]7y)7x] + 253[3([% Z],$),.7J] =0,
from which we deduce that B € ce(a) + ag, a1 + g, 2as, 51 + B2, b1 + B2,203)9.

And by subtracting them secondly, we obtain

(al - QQ)B([[x>y]> 2]733) + (OQ - al)B(sz x]vy]>$) +
Bl - ﬁQ)[B([l‘,y],Z),ﬂ + (BQ - BO[B([Z,ﬂ,y),l‘] = 0.
So, B € cc(ag — ag, 0 — 1,0, 81 — B2, B2 — B1,0)g.

Both results imply that

B € cc(ai+az, ar+az, 203, f1+P2, Bi1+52,283)g N cc(on—ao, an—aq, 0, f1—PB2, B2a—f1,0)g

and thus

ce(ar, ag, as, B1, B2, B3)g C ce(ar + az, o + oo, 23, B1 + B2, B1 + B2,203)9

N ce(oq — ag, a0 — a1, 0, B1 — B2, B2 — B1,0)g.

In the other sense, the proof is similar. O



52 CHAPTER 4. INTRODUCING NEW INVARIANT FUNCTIONS

Theorem 4.3.4. Let g be a Malcev algebra of Lie type. Then, there exists a quatern
(a, B,7,7) € C* such that cc(ay, sz, as, B, Ba, B3)g is one of the following vextor spaces

1. ¢c(0,0,,0,0,3)g,cc(0,0,a,—1,1, 8)g
CC(_17 17 «, 07 07 /B)ga cc(a, —Q, ﬁ? ]-7 _17 7)9

2. ¢c(0,0,a,1,0,8)g,cc(0,0,a,1,1,58)g
CC(O[, —Q, Ba 17 07 7)97 CC(l, _17 «, ]-a ]-a B)g

3. ¢cc(1,0,0,0,0,0)g,cc(1,1,,0,0,5)g
CC(L Oa «, Bv _Bv 7)97 CC(L 17 «, 17 _17 ﬁ)g

4' CC(].,0,0[”B—F’%B —’Y,T)Q,CC(OZ+ ].,O[— 171871717/-}/)9
CC(]., ].,Oé,/B + 17ﬁ - 177)9760(17 1,04757577)9

Proof. We distinguish the following cases

Case 1 If a1 + as =0 and 51 + B2 =0.

In this case, we consider the following subcases

- Subcase 1.1 Ifa; =—as=0and 5, =—02 =0.

In this subcase, cc(ay, ag, as, 1, B2, B3)g = cc(0,0, as,0,0, f3)g. Then, taking
a = ag and 8 = (3 we obtain that

CC(Oél, Qg, 3, Bla B27 ﬁ?})g = CC(O’ 0’ «, 07 07 /8)9

- Subcase 1.2 Ifa; = —as=0and 5y = —02 #0.

According to Proposition 4.3.3 we have

CC(CMl, a2, 03, 517 627 /83)9 - CC(O7 07 2053, 07 07 253)9 N
cc(0,0,0,—2082,202,0)g = cc(0,0,as3,0,0,63)g N cc(0,0,0,—1,1,0)g.

Apart from that, we also have that cc(0,0,a3,—1,1,83)g =
cc(0,0,2as,0,0,283)g N ¢c(0,0,0,—2,2,0)g = cc(0,0, as3,0,0, B3)g N
cc(0,0,0,—1,1,0)g.

Then, taking o = a3 and 8 = f3, we obtain that

CC(Oél, a2, a3, 517 627 53)9 = CC(Ov Oa «, _17 17 /B)g



4.3. INTRODUCING THE TWO-PARAMETER FUNCTION ¢ 53

- Subcase 1.3 Ifa; = —as #0and 5 = —02 =0.

In a similar way as before, according to Proposition 4.3.3 we have

CC(CMl, a2, 3, ﬂl? 627 /83)9 - CC(O, 07 2043, 07 07 2/83)9 N CC(—QOQ, 2@2, 07 07 07 0)9
= ¢c(0,0,a3,0,0,83)g N cc(—1,1,0,0,0,0)g.

Besides, cc(—1,1,a3,0,0, 83)g = ¢c(0,0,2a3,0,0,283)g N cc(—2,2,0,0,0,0)g
= ¢c(0,0,a3,0,0,03)g N cc(—1,1,0,0,0,0)g.

Taking a = a3 and 8 = (3, we obtain that
CC(Odl, ag, a3, 617 627 /83)9 = CC(—l, 17 «, 07 07 /B)g

- Subcase 1.4 Ifa; =—ag #0 and ) = —F2 # 0.

In a similar way as before, according to Proposition 4.3.3 we have

ce(ar, ag, as, b1, B2, B3)g = cc(0,0,2a3,0,0,283)g N
ce(ag — o, a0 — 1,0, B1 — B2, B2 — f1,0)g = ¢c(0,0, 2013,0 0,203)g

OB 335 012, 2,000 — (3ot 2 a0 1A

Taking now o = 0‘1 0‘2, B = as, v = a3, we have

(051,062,063,61,,32,63)9—60( 767 s 77)

Case 2 If a1 + a9 =0 and 51 + f2 # 0.

In this case, we consider the following subcases

- Subcase 2.1 «; =-—as=0and 1 — 2 # 0.

In this subcase, we have

Cc(alaoQaa?nﬁlvﬁQwB?))g = CC(0,0,QO[3,51 +’82’/32 +/Bl’2'83)g n
= ¢c(0,0,0, 81 — B2, B2 — f1,0)g = cc(0,0, 32-(11-35271717 612%62)9 n

cc(0,0,0,1,-1,0)g = cc(0,0, 5%-,1,0

’ 51+52 )g

Then, if we now take o = i + and 8 = ik +5 , we obtain that
CC(al, a9, (03, ﬁla ﬁZa B?))g = CC(Ov O) «, ]-a 07 /8)9

- Subcase 2.2 «a; =-—a2=0and 8 = F2 #0.
In this subcase, we have cc(ay, ag, as, 81, B2, f3)g = cc(0,0, % gi gi gf)g
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Then, taking a = 3* and § = ﬁ3 we obtain that
CC(Oél, a2, a3, 617 /827 B3)g = CC(Oa Oa «, 1a ]-a B)g

Subcase 2.3 a; = —ag # 0 and 51 — [z # 0.

In this subcase we have cc(aq, g, as, B1, B2, B3)g =

cc(0,0, 203, 1+ P2, B2+ 51,2B83)g N cc(on—aw, an—aq, 0, f1— P2, B2—P1,0)g =
CC(O 07 QQi%Zvla 17 glfg )g m Cc(ﬁlzglﬁQ 512&1 07 17 170)9 =
1.0

/B,
(ﬁl B2 /31 52 ﬁ1+/32’ ) ’514;5/52)9'

Then, taking @ = /31a—1,32’ 8= Bfi—?’,@’z v = 61%/32 we obtain that

(041704270437617627/83)9_00( 76717077)9

Subcase 2.4 a1 = —ay # 0 and 1 = B2 # 0.

In this subcase we have cc(aq, ag, as, 81, B2, f3)g = cc(0,0, 2@3,61 + B9, By +
Bla 2B3)gﬂCC(Oél—a2,a2—Oél,0 Bl_BQaBQ_ﬁl? )g — CC(O 07 B1 +/32 2 27 /Bffsﬁz)g
N ce(2,-2,0,0,0,0)g = ce(1, —1, 222 1,1, 225 )g.

P Bi+B27 T Bt
Then, taking oo = IS a32 and g = 25% we obtain that

CC(Oq, a2, a3, 517 627 ﬁ3)g = CC(l, _17 «, 17 17 /B)g

Case 3 If a1 + a2 # 0 and f1 + B2 = 0.

In this case, we consider the following subcases

- Subcase 3.1 «a; —as#0and B = —pF =0.
In this subcase, we have

CC(O(I,OCQ,OC3,51,52,B3)Q = CC(O(I + g, an + aq, 20&3,0,0,253)9 N
ce(ag — ag, a0 — a1,0,0,0,0,)g = ce(1,1, =223-0,0, -222)g N

’ ’a+a2 7T ataz
ce(1,-1,0,0,0,0)g = ce(1,0, 722-,0,0

and 8 =

’ Oé1+a2 )g

Then, if we now take a = we obtain that

aq +o¢2 a1+a )

CC(/Bla /827 637 a1, 02, a3)g - CC(I, 07 «, 07 07 5)9

- Subcase 3.2 «a;=as #0and 5y =—F2 =0.
In this subcase, we have cc(ay, ag, as, 81, B2, 53)g =
ce(8L, 2L 230 ’83)

a1’ a1’ ay? ’ aq
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Then, taking o = 3—? and 8 = %31» we obtain that
CC(O&l, ag, a3, ﬁl? 627 63)9 = CC(l, 17 «, 07 07 ﬁ)g

- Subcase 3.3 a1 —as # 0 and 51 = —F2 # 0.
In this subcase we have cc(ay, ao, as, 51, B2, B3)g =
ce(ag + ag, a9 + a1, 2a3,0,0,283)g N
ce(or — ag, a0 — a1,0, 81 — P2, B2 — B1,0)g
(1

2 28 28 28 —
cetds ’Otlizm 0’2’ 061-0—30&2 )ﬁg n cg( -1,0, 041—1012’ _On—lotz’o)g -
cc(l 0’ a1+042’ ag 1112 _041—1&2’ alfC’Q )g'
Then, taking o = a1+a2, 8= alﬁjw and v = al’%’m and we obtain that

CC(O&l, Qag, 013,,81,62, 53)9 = CC(l,O, «, Ba _537)9
- Subcase 3.4 a;=ay#0and ;1 = —F2 #0

In this subcase we have cc(ay,ag,as, 81, P2,03)8 = cclaq + ag, a0 +

()[1,2&370,0, 263)9 N CC(O[l — Q2,02 — alvovﬁl - 52552 - Blvo)g
= cc(2,2, 293 0,0, -2 g N ¢c(0,0,0,2,—2,0)g =

T artag’? ? Oc1+oz
2
CC(l, 17 a1 _OA'[_ZQ 9 ]-7 _17 a1+a2 )g
Then, taking a = alzj‘f; S and 8= alzf?’a - we obtain that

CC(Oél, 2, a3, 617 ﬁ2> 63)9 = CC(l, 17 «, 11 _17 B)g

Case 4 a1 +ag #0 and 51+ B2 #0

In this case we consider the following subcases

- Subcase 4.1 «a; —as # 0 and 51 — B2 # 0.

In this subcase we have cc(aq, ag, as, 51, 82, 83)g =
ce(ar +ao, ar +ag, 203, B1+ P2, B2+ B1, 203)g N cc(ag —ag, e — a1, 0, B1 —

/82752 _6170)9 =
cc(l 1. 203 Bi+p2 Bi+B2 283 )g N cc(l _1 0 Bi=B2 _ B1—B2 0)9

’ 041+042’ aijtagy’ ajtaz’ ajtaz Par—a’  aj—az’

cc(l 0 B1+B2 B1—B2 B1+52 —B2 B3 )g.

) aﬁ-ozg’ 2(a1+az) 2(a1—a2)’ 2(a1+az) 2(o<1 @)’ aitas

B = _BitBe BB ond = B

2(a1+az)’ v = 2(a1—az) a1+oao

Taking now a =
obtain that

041+042’ we

CC(Oél,Oég,Oég,ﬁl, 527/63)9 = CC(]., Oa O‘)ﬁ + ’}/,/B - ’Y’T)g'

- Subcase 4.2 «a; — a3 # 0 and §; = B3 # 0.

In this subcase we have
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cc(o, a2, a3, B, B2, B3)g = cc(ar+az, a4z, 203,201, 21, 263)g N cc(ar—
s, s — a1,0,0,0 0)9 _cc(oug-ozz’ a1lg—1a272§13 2,2, 2/6[53)9 N

ce(2,-2,0,0,0,0)g = cc(“lzg;” +1,9302 1,83 1,1, 8)g.
al+ag

Then, taking a = %5 o 8= and ¥ = gS we obtain that

CC(Oq, a2, O‘3)Bla B2aﬁ3)g = CC(CY + 1a o — 17 ﬁa 17 177)9

- Subcase 4.3 a1 =a9 #0 and 5, — B2 # 0.

In this subcase we have
CC(Oél, G, (g, /817 627 63)9 - CC<2 2 205 Bl+52 ) ,31;r2ﬁ2 ) 2(;;83 )g N
cc(0,0,0,2,-2,0)g = cc(1,1, 2 B N /31“32 1, B

)T ag? 20 7 a2
Then, if we now take a = 2, 8 = =8 12+ﬂ2 and v = B3 we obtain that
2 a2 a2

CC(a1,a2,a3,61,,32,53)g - CC(l, 1,@,5 + 17/8 - 17’7)9

- Subcase 4.4 a1 =a9 #0 and 81 = B2 # 0.

In this subcase we have
ce(ar, ag, a3, 81, B2, B3)g = ce(Qr, e aa B B Psyg

a1’ a1’ a1’ a1’ a1’ oy
_ a3 _ B _ B3
If we now take o = al, 8= oy and v = 3 we obtain that

CC(Oél,Oég,Oég,Bl, 627/63)9 = CC(]., 17 O[7/87167’Y)g'

O

Theorem 4.3.5. Let g and g be two type Lie Malcev algebras and let f : g — g be
an isomorphism. Under these conditions, the mapping p : End g — End g, defined by
D — fDf~1 is an isomorphism between the vector spaces cc(ay, as, as, B1, B2, f3)g and

Cc(al7a27a3751352753)g7 fOT all (a757777—) € (C4‘

Proof. Let g = (V, ) and g = (V, *) be two Type Lie Malcev algebras and let us consider
B € cc(an, a9, a3, B1, B2, B3)g, for any (a, B3,v,7) € C* and for all z,y,z € g. Then, we
have

a1 B(((f7H (@) - 1) - W), 7M@) + e B(((F () - ‘l(w))-f‘l(z ), f~H(x))
asB((f71(=) - f7HW) - fH@)), £ H(@) + Bu(B((f (2)), )
Ba(B((f7Hw) - f7H (@), f7H(2)) - f (@) + Bs(B((F (=) - f 1(y)),f’l(m))~f’1(96)):

We also have that
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arB(((fH(x) - f712) - W), (@) = ar BfH (((w % 2) % ), @),
and similarly,
arB((f ' (y) - (@) - f7H2)), 1 (2)) = 2B (((y % 2) % 2), 2),
azB(((f1(2) - W) - f7H @), (@) = as B (((2 % y) * ), ).
On the other hand, B (B((f~'(x) - f~(2)), () - f}(2))
= Bl(Bf—l((z: * z),y) - f~Y(x)), and similarly,
Bo(B((f () - f~H @), f1(2) - fH (=) = Bo(BfH((y % ), 2) - f~(2)) and
B3(B((fH (=) f M), f (=) - f(x)) = Bs(Bf (2 xy),2) - fH ().
So,

a1 Bf 7 (((w#2) xy),x) + oo Bf 7 (((y+2) % 2), ) + s Bf T (2 ) #2), ) + Bu(BF (2
2),y)  f7H@) + BB ((y*2),2) - fH (@) + B3(Bf (2% y),2) - f (@) =0

Then, by applying f to the previous expression, we have

alfo_l(((:n * 2) * y),x) + a2fo_1(((y k T) * z),:v) + angf_l(((z * ) * ;v),:n) +
Bl(fo_l((x * z),y) * ) —l—ﬁg(fo_l((y *m),z) * ) —|—53(fo_1((2 *y),x) xx) =0.

Therefore, fBf~! € cc(ay, ag, as, B1, B, £3)8, which concludes the proof.

O]

Corollary 4.3.6. Let g be a type Lie Malcev algebra. The dimension of the vector space
ce(ay, g, as, B, Ba, B3)g is an invariant of the algebra, for all (o, 3,7, 7) € C.

Next, taking into consideration the two following two-parameter sets cc(0,0, a, 1,1, 3)g
and cc(1,1,a,1—1, 8)g of the previous theorem, we introduce two new invariant functions
for Lie type Malcev algebras as follows

Definition 4.3.7. The two functions g[gg, d_>g : C? — Z defined as

dg(, ) = dim cc(0,0,, —1,1, 5)g (4.7)

pg(c, f) = dimee(1,1, 0,1, -1, 8)g (4.8)

are respectively called q_ﬁg and q_ﬁg invariant functions corresponding to the 2-dimensional
new twisted cocycles of the adjoint representation of a Lie algebra g.

Taking now into consideration this definition, the concept of isomorphism of algebras
and Theorem 4.3.5, it is easy to check that the following result is satisfied
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Theorem 4.3.8. If two Lie type Malcev algebras g and by are isomorphic, then

1. ¢g= dp.
2. ¢y = ¢p-
Note that, proceeding in a similar way as we did, other invariant functions of algebras

could be defined by using the rest of vector spaces that appear in Theorem 4.3.4. In the
respective cases, they would be two, three or four-parameter.



Chapter 5

Some examples of proper
contractions between different
types of algebras

In this chapter we deal with proper contractions between different types of algebras.

5.1 Some examples of proper contractions between

different types of algebras

In this section we study proper contractions from filiform Lie algebras of lower dimensions
to different types of algebras. We will consider two cases: filiform Lie and Heisenberg

algebras.

5.1.1 Proper contractions of 3-dimensional filiform Lie alge-

bras

Theorem 2.7.1 allows us to know if there exists a proper contraction between 3-dimensional
Lie algebras g1, 93,1, 92,1 © 91, 93,2, 93,3 and the 3-dimensional filiform Lie algebras already
studied in this paper. By using the corresponding invariant functions g, , Vg5, Vs @615
Vg3, and g, 5, already calculated by Novotny and Hrivndk in [56], we obtain that

99
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VYa € C

g1: Abelian Lie algebra a “

@Z}gl (a) 9
a ( ] « Va € C

3,1t |€2,€3] = €]
¢93,1 (a) 6
o VYae C\{0} |0

92,1 P g1 : [e1,e2] = e

1/}92,16991 (a) 4 6

a 1| VaeC\{1}
wgs,z(a) 4 3

932 [e1,e3] = e1, [e2,e3] = e1 + €2

o' 1| VaeC\{1}
Vg3 5(cx) || 6 3

933 [61763] = eq, [62763] = €2

As 15, < 1), and 5, (1) < 94, (1), Theorem 2.7.1 assures the existence of a proper con-
traction from f; to 3g;. Analogously, the same occurs between g3 2 and f; since g, , < 15,

and 4y, , (1) < 0y, (1).

Moreover, note that v, (1) = 6 and 94, , (1) = 6. Therefore, the same theorem assures
that there is no any proper contraction between gz ; and f;. Similarly, the same occurs
between g3 3 and §; due to that v, (1) = 6 and v, ,(1) = 6.

Besides, according to Theorem 2.6.5, the algebras g3 1 and f; are isomorphic. This
implies that there is no proper contraction between themselves.

5.1.2 Proper contractions between Heisenberg algebras and

filiform Lie algebras

We have just seen that there is no proper contraction between g3, and f;. Since g3 is a
3-th Heisenberg algebra, we asked ourselves if there exists a proper contraction between a
Heisenberg algebra and a filiform Lie algebra in the case of dimension five.

To deal with this question, let us consider the Heisenberg algebra of dimension 5,
defined by the brackets [e1, e3] = e5 and [e2, e4] = e5.

We want to obtain a basis of Der(, 1 1)Hs Va € C. To do this, let us consider d €
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Derq,1,1)Hs and the associated matrix with the endomorphism d

aip ai2 a3 a4 ais
21 Q22 G23 a4 Q25
a3y az2 asz3 asz4 ass
a4q1 Q42 Q43 Q44 Q45
as1 as2 as3 Aas4 455

By proceeding in the same way as in the subsection 3.1.1, we obtain the following
conditions for the elements of the matrix

’ From pair (e;, e;) ‘ Conditions

(e1,€2) a4 = ass.

(e1,e3) aas1 =0, aase =0, aaz3 =0,
aass =0, aass = ail + ass.

(e1,e4) ajp = — a43.

(e1,e5) as3 = 0.

(e2,€3) as = —az4.

(e2,€4) ail + asz = ag + asq.

(e2,€5) as4 = 0.

(e3, 64) a32 = a41.

(e3,e5) as1 = 0.

(e4,€5) ass = 0.

This implies that
dim(Der1,1)H;) = 15,Va € C

and thus

« Va e C
1/)]1-]15 (Oé) 15

So, since ¥y, > 15, , Theorem 2.7.1 proves that there is no proper contraction between
a Heisenberg algebra and a filiform Lie algebra, both of dimension 5.

5.2 Graded contractions of filiform Lie algebras

In this section we deal with graded contractions of the model filiform Lie algebras of lower
dimensions. We study these contractions for the model filiform Lie algebras of dimensions
3,4,5 and 6 and also for a two concrete non-model filiform Lie algebras of dimensions
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6 and 8, respectively. The four first cases will allow us to deduce the expressions of the
graded contractions in the general case of the the model n-dimensional filiform Lie algebra.

5.2.1 Graded contractions of the model filiform Lie algebra

of dimension 3

Let f3 : [e1,e2] = e3 be the model filiform Lie algebra of dimension 3. A grading of fs is
given by (see [4]
I':fs = f?l,o) ©® f?o,l) ©® f?m)-

The universal group U of f3 is Zs ® Z9 and f?m) = (e1), f?0,1) = (ez) and f?l,l) = (e3).

Let us now denote
I'={(1,0),(0,1),(1,1)}

and let us consider a order relation on [

Let us consider

1 0
H3:< ),WlthanQ,
a 1

and the set Gri, = {g € Aut(f3) | In € 3 | g(F}) = ff’r(i), for all i € I}.

We define 7 as the mapping I +— I, which maps an element ¢ € I into the matrix
product in . Then, it is easy to see that Gy, is a subgroup of Aut (). Indeed, if g1, g2 €
G, then there exist 71,72 € I3, such that g1(f?) = fgl(i) and go(f?) = ff;?(i), for all
i € I. Therefore, (9195 )7 = g1(g5 "(f3, 1..) = q1(f3, ) = f3 _, . Therefore,
E mo(my " (2)) Ty () m1(my " (2))

9195 " € G, and thus G, is a subgroup of de Aut(§?).
1 Orbits of I.

Let us recall that the concept of orbit is the following: If G is a group acting on a set
I, the orbit of an element x in [ is the set of elements in I to which = can be moved by
the elements of G, that is, G-z ={g-x | g € G}.
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Now, let us see how we can obtain the orbits of I.

10 10
7'[‘: ’ﬂ':
! 0 1 2 11

Let

be the generators of I13. Then

7"1((170)) = (170)771 = (170) €l,

Therefore, (1,0) represents a orbit which contains itself. Similarly, as

71((0,1)) = (0,1)m; = (0,1) € I,m2((0,1)) = (0, 1)me = (1,1) €

(0,1) represents a orbit containing itself and the index (1,1). So, we have

Represented by the points | Orbits

(1,0) (1,0)
(0,1) (0,1) and (1,1)

Similarly, we obtain and show in the following tables the rest of orbits.

2 Orbits of the 3 points of I2

m2((1,0)) = (1,0)ms = (1,0) € 1.

I,

63

These orbits are obtained by the following definition: 7;((p, q)(r, s)) = (mi(p, q)mi(r, s)),

for all i € {1,2,3}. We obtain that

Orbits

Represented by the points

((1,0)(0,1))
((0,1)(1,1))

((1,0)(0,1)) and ((1,0)(1,1))
((0,1)(1,1))

3 Orbit of the unique point of I3

Similarly, these orbits are obtained by the following definition: 7;((m,n)(p, ¢)(r,s)) =
(mi(m, n)m;(p, q)mi(r, s)), for all i € {1,2,3}. We have

Orbits

Represented by the points

((1,0)(0,1)(1, 1)) | ((1,0)(0, 1)(1, 1))
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Let us observe that this orbit contains an unique triple, which is the one of indices of the
vectors which satisfy Jacobi Identity.

4 Orbit of the 3 points of Z:

The non-relevant elements of the contraction matrix € which might be different from

zero are £(1,0)(0,1) and € 0y(1,1)- We obtain

Orbits Represented by the points

((1,0)(0,1)) | ((1,0)(0,1)) and ((1,0)(1, 1))

However, €1 0)1,1) = 0, because 0 = [f?l,o)’f?l,l)]E = £(1,0)(1,1) [f?m)»f?u)] = €(1,0(1,1)
[ffrz(l,o)’ f?rQ(l’l)] = £(1,0)(1,1)92 [f:())LO)’ f?(),l)]’ but the bracket [f:()’m), f?og)] # 0. So, the element
£(1,0)(1,1) of the contraction matrix is singular.

The explicit form of the contraction matrix € with respect to the chosen order O is

0 €1,001) 0
€1,00,1) 0 0
0 0 0

Now, we are trying to find if the relevant elements of the contraction matrix verify
some particular conditions. To do this, the elements of this matrix have to satisfy the
following conditions

By imposing the Jacobi identity [X,[Y, Z]:]: + [Y, [Z, X]c]e + [Z, [X, Y]] = 0, for all
X e f?ij), Y e f?k 2 € 2 and for all ((4,7)(k,1)(m,n)) € I3, we obtain that

(m,n)

E(i,7) (ktmid-+n) E (1) (myn) [Xigi» [Xet> Ximonl] + €,y (mevisn) € (mon) (1,5) [ Xt [Ximany X 5]
€ () (it k) E (5.7 ey [ X [Xi gy Xl = 0,Y((4, 4) (K, 1) (m, n)) € I, (5.1)

From this expression and for all = € Il3, it is deduced that

(Xt [Xr(mom)> Xr(i )] F Ex(mom) (it j ) Exij)m ) [ Xr(mon)» [Xn(ij)> Xr(epy]] = 0, for all
(

Ex(i,j)m(k4+m,l+n)Ex(k,l)m(m,n) [Xw(i,j)a [Xw(k,l)a Xﬂ'(m,n)“ + Enx(k,l)m(m~+in+5)Em(mmn)n(i,j)

(i, 5)(k, 1) (m,n)) € I}

Let now g € G, be such that g(X(, ;) = Xqry), for all (k1) € I. We have the
following restrictions for the elements of the contraction matrix
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Er (i) (ktmy4n) Ex(k)m(mon) 91X (i) [X(k,t)> X(mom)l] + Exe)ym(mainti) Exmm)n(ig) X (k05
[X(gl,n)aX(i,j)H + En(mm)r(i+k,j+1)E@5) (k) I X (mom)+ [X(ig)> X))l = 0, V(2 5)(k, 1) (m, n))
e I3,

9(Ex (i jym(hmiitn)Enliyrimm) [X(ig) Xk Xmm)ll + Exet)ym(mtint i) Eximmyn(ig) [X (k1)
[X m,n)> X (i) |Em(mm)m itk +0)Eg) o) [ X () [X (i) X)) = 0, V((i,5)(k, 1) (m,n)) €
I3.

Ex(i,5) 7 (k4+m,l4+n)Em(k,1)m(m,n) [X(i,j)a [X(k,l)> X(m,n)]] + 57r(k:,l)7r(m+i,n+j)57r(m,n)7r(z',j)[X(k,l),
[‘);(m,n)aX(z,])H + 67r(m,n)w(i—i—kz,j-&—l)‘g(i,j)(k,l)[‘X(m,n% [X(i,j)7 X(k,l)“ =0, V((l, j)(ka l)(ma ’I’L)) €
3.

These expressions allow us to obtain the restrictions which verify the rest of elements

of the contraction matrix. It implies that the relevant elements e, ; ;) are also elements of

/l?-])
that matrix and satisfy the same conditions as €(; ;).

Moreover, [X; ;, [ Xk, Xmnll, [Xmn, [Xij, Xkl and X, [Xmn, Xi 4] are null for §3.
This implies that the element £(1 g)(,1) can take any complex value.

On the other hand, if € = (¢;;) is a contraction matrix, then we define 7 = (7;;) such
that 7;; = %, if €5; # 0 or 75 = 0, otherwise. Besides, € ¢ 7 (¢ means the Hadamard
product, that is the binary operation that takes two matrices of the same dimensions,
and produces another matrix where each element pq is the product of elements pg of the
original two matrices) is a contraction matrix in which all non-null elements are 1. We call
normalized contraction matriz of € to the matrix € ¢ 7, and we denote by N (f3) to the set

of all normalized contraction matrices of f3. This set has 2 elements, which are the 3 x 3
010

null matrix and the matrix | 1 0 0
0 00

5.2.2 Graded contractions of the model filiform Lie algebra

of dimension 4

Let f4 : [e1,ex] = eg41, for 2 < k < 3 be the model filiform Lie algebra of dimension 4. A
grading of f4 is given by
It = f?1,o) ® f?ﬂ,l) ® f?l,l) ® f?Z,l)'

The universal group of f4 is Zs ® Zy and f?l,o) = (e1), f?o,l) = (e2), f‘(lm) = (e3) and
f?z 1) = (ea).
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Let us consider

I, = ( i (1) ) with a € Zg and T ={(1,0), (0, 1), (1,1), (2, 1)}

We now consider the following order O on I : 1 — (1,0), 2 — (0,1), 3 — (1,1) and
4 — (2,1). By straightforward computations, we obtain that the elements of I constitute
the following orbits

Represented by the points | Orbits
(1,0) (1,0)
(0,1) (0,1),(1,1) and (2,1)

Similarly, we show in the following tables the following orbits

2 Orbits of the 6 points of I2

Orbits Represented by the points
((1,0)(0,1)) | ((1,0)(0,1)), ((1,0)(1,1)) and ((1,0)(2,1))
((0,1)(1,1)) | ((0,1)(1,1)), ((1,1)(2,1)) and ((2,1)(0,1))

3 Orbits of the 4 point of I3

Orbits Represented by the points
((1,0)(0,1)(1,1)) | ((1,0)(0,1)(1,1)), ((1,0)(1,1)(2,1)) and ((1,0)(2,1)(0,1))
((0,1)(1,1)(2,1)) | ((0,1)(1,1)(2,1))

Let us observe that these two orbits contain (g) = 4 triples, which correspond with
the indices of the triples of vectors which must satisfy the Jacobi Identity.

4 Orbits of the 3 points of Z

Orbits Represented by the points
((1,0)(0,1)) | ((1,0)(0,1)), ((1,0)(1,1)) and ((1,0)(2,1))

The non-relevant elements of the contraction matrix € that might be different from

Z€ero are £(1,0)(0,1)s £(1,0)(1,1) and €1 0y(2,1).- However, a similar reasoning as in the previous
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case shows that the element €1 y(,1) is singular. So, the explicit form of the contraction
matrix € with respect to the chosen order O is

0 £1,000,1) €1,0)(1,1) 0
5(170)(071) 0 0 0
6(170)(171) 0 0 0
0 0 0 0

where the non-null elements of this matrix have to satisfy Equation 5.1.

Moreover, from that equation is also deduced that the elements £(1 g)0,1) and €1 0y(1,1)
can take any complex value, since that the three following brackets [X; j), [X(k,1)» X(m,n)lls
(X (mn)> [X(i5)> Xepl] and [ Xk gy, [X(mon)> X(i,j)]] are null for fy.

By reasoning as we did in the previous dimension, we deduce that the set N(f4) of all
normalized contraction matrices of f4 has 4 elements, which are the following matrices

and the 3 x 3 null matrix.

S = = O
S O O =
o O O =
o O O O
S O = O
o O O =
o O O O
o O O O
o = O O
o O O O
S O O
o O O O

5.2.3 Graded contractions of the model filiform Lie algebra

of dimension 5

Let f5 : [e1,ex] = egt1, for 2 < k < 4 be the model filiform Lie algebra of dimension 5. A
grading of f5 is given by

I':fs = f?l,o) 5= f?o,l) D 9?1,1) D f?Q,l) D f??),l)

By proceeding as in the previous cases we obtain the following results.

The universal group of f5 is Zy ® Zo and f?l,o) = (e1), f?O,l) = (ea), f?Ll) = (es),
f?g,l) = (e4), f?371) = (es)-

Let us consider

15 — { (1 2) ac 24}  with a € Zg and = {(1,0), (0, 1), (1,1, (2, 1), (3, 1)}

a
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By considering the following order O on I : {1 — (1,0); 2 — (0,1); 3 — (1,1); 4 —
(2,1); 5 — (3,1)}, we obtain that the five points of I form the following orbits: (1,0)
represents a orbit formed by the point (1,0), whereas (0, 1) represents a orbit formed by
four points (0,1), (1,1), (2,1), and (3,1). Indeed,

Represented by the points | Orbits

(1,0) (1,0)

(0,1) (0,1),(1,1),(2,1) and (3,1)

Similarly, we show in the following tables the following orbits

2 Orbits of the 10 points of I2

Orbits Represented by the points

((1,0)(0,1)) | ((1,0)(0,1)), ((1,0)(1,1)), ((1,0)(2,1)) and ((1,0)(3,1))
((0, 1)(1, 1)) | ((0,1)(1, 1)), ((1,1)(2,1)), ((2,1)(3,1)) and ((3,1)(0, 1))

((0,1)(2,1)) | ((0,1)(2,1))), (1, 1)(3,1))

3 Orbits of the 10 points of I3

Orbits Represented by the points

((1,0)(0,1)(1,1)) | ((1,0)(0,1)(1,1)), ((1,0)(1,1)(2,1)), ((1,0)(2,1)(3,1))
and ((1,0)(3,1)(0,1))

((0,1)(1,1)(2,1)) | ((0,1)(1,1)(2,1)),((1,1)(2,1)(3,1)), ((2,1)(3,1)(0,1))
and ((3,1)(0,1)(1,1))

((1,0)(0,1)(2,1)) | ((1,0)(0,1)(2,1)),((1,0)(1,1)(3,1))

Let us observe that these orbits contain (g) = 10 triples, which correspond with the
indices of the triples of vectors which must satisfy the Jacobi Identity.

4 Orbits of the 4 points of Z:
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Orbits Represented by the points

((1,0)(0, 1)) | ((1,0)(0, 1)), ((1,0)(1, 1)), ((1,0)(2,1)) and ((1,0)(3,1))

The elements of the contraction matrix € that might be different from zero are €1 (0,1,
£(1,0)(1,1)s €(1,0)(2,1) and €(1,0)3,1)- However, a similar reasoning as in the previous cases
shows that £(10)(3,1) = 0. Indeed, 0 = [§¢, ), 15 1)]e = ca0)61) 10y T30)] = €006

[f?rs(l,o)’ f?rg,(l,l)] =e0e1 Gs [f?l,o)’ f?m)]’ and [f?l,oy f?m)] # 0. It implies that £ (1 0)(3,1) =
0. So, the explicit form of the contraction matrix € with respect to the chosen order O is

0 £(1,000,1) €(1,00(1,1) EL,021) O
8(170)(071) 0 0 0 0
6(170)(171) 0 0 0 0
6(170)(271) 0 0 0 0

0 0 0 0 0

where the non-null elements of this matrix have to satisfy Equation 5.1.

MOI'GOVGI", the three fOHOWng brackets [X(i,j)a [X(k:,l)aX(m,n)Hv [X(m,n)> [X(i,j)>X(k,l)H
and [X (g 1), [X(m,n)> X(i,j]] are null for f5. This implies that the elements &1 0y(0,1), €(1,0)(1,1)

and € 0)(2,1) can take any complex value.

Then, by reasoning as we did in the previous dimension, we deduce that the set N (fs)
of all normalized contraction matrices of f5 has 23 = 8 elements. These are the following

0 00O0O 0 001O0 00100
0 00 O0O 0 00O0O 000 O0O
0 00O0O0], 0 00O0O0|, 100 0 0],
0 00 O0O 10 000 00 0O0O
0 00O0O 0 00O0O 00 0O00O
00110 01000 01 010
0 00O0GO 10 000 10 000
10 00 01, 00 0O00O0|, 0 00O0O0],
10 000 00 0O0O 10 000
0 00O0O 00 0O0O 0 00 0O
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011060 01 110
10 000 10 000
100 0 0], 10 000
0 00 0O 10 000
0 00 0O 0 00 0O

5.2.4 Graded contractions of the model filiform Lie algebra

of dimension 6

We finished the study of the graded contractions of model filiform Lie algebras with the 6-

dimensional case. It will allow us to obtain some general conclusions in the next subsection.

Let fg : [e1, ex] = eg41, for 2 < k < 5 be the model filiform Lie algebra of dimension 6.
A grading of fg is given by

I':fe = f?m) ® f?0,1) ® f?m) ® f?2,1) ® f?3,1) ® f?4,1)

By proceeding as in the previous cases we obtain the following results.

The universal group of Jo is Zs © Z, and f?l,o) = (e1), f?o,l) = (e2), f?l,l) = (es),
f?Q,l) = <64>7 f??,,]_) = <65>7 f?471) - <€6>

Let us consider

a

M — { (1 ?) Ja€ 25} , with a € Z3 and I={((1,0), (0, 1), (1, 1), (2, 1), (3, 1), (4, 1)}.

If we consider the order O on I : {1 — (1,0); 2 — (0,1); 3 — (1,1); 4 — (2,1); 5 —
(3,1); 6 — (4,1)}, we obtain that the orbits formed by the 6 points of I are: (1,0)
represents a orbit formed by the point (1,0), whereas (0, 1) represents a orbit formed by
four points (0, 1), (1,1), (2,1), (3,1) and (4, 1). The elements of I form the following orbits

Represented by the points | Orbits

(1,0) (1,0)

(0,1) (0,1),(1,1),(2,1),(3,1) and (4,1)
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Similarly, in the following tables are shown the following orbits

2 Orbits of the 15 points of I2

Orbits Represented by the points

((1,0)(0,1)) | ((1,0)(0,1)), ((1,0)(1, 1)), ((1,0)(2, 1)), ((1,0)(3,1)) and ((1,0)(4,1))
((0, 1)(1, 1)) | ((0, 1)(1, 1)), (1, 1)(2,1)), ((2,1)(3, 1)), ((3, 1)(4, 1)) and ((4,1)(0,1))

((0,1)(2,1)) | ((0,1)(2,1))), (1, 1)(3, 1)), (2, 1) (4, 1)), ((3,1)(0, 1)) and ((4,1)(1,1))

3 Orbits of the 20 points of I}

Orbits Represented by the points

((1,0)(0,1)(1,1)) | ((1,0)(0,1)(1,1)), ((1,0)(1,1)(2,1)), ((1,0)(2,1)(3,1)),
((1,0)(3,1)(4,1)) and ((1,0)(4,1)(0,1))

((1,0)(0,1)(2,1)) | ((1,0)(0,1)(2,1)), ((1,0)(1,1)(3,1)), ((1,0)(2,1)(4,1))
((1,0)(3,1)(0,1)) and ((1,0)(4,1)(1,1))

((0,1)(1,1)(2,1)) | ((0,1)(1,1)(2,1)), ((1,1)(2,1)(3,1)), ((2,1)(3,1)(4,1))
((3,1)(4,1)(0,1)) and ((4,1)(0,1)(1,1))

((0,1)(1,1)(3,1)) | ((0,1)(1,1)(3,1)), ((1,1)(2,1)(4,1)), ((2,1)(3,1)(0, 1))
((3,1)(4,1)(1,1)) and ((4,1)(0,1)(2,1))

Let us observe that these orbits contain (g) = 20 triples, which correspond with the
indices of the triples of vectors which must satisfy the Jacobi Identity.

4 Orbits of the 5 points of Z:

Orbits Represented by the points

((1,0)(0,1)) | ((1,0)(0,1)), ((1,0)(1, 1)), ((1,0)(2,1)), ((1,0)(3,1)) and ((1,0)(4,1))

The elements of the contraction matrix € that might be different from zero are €y (0,1,
E(1,0)(1,1)s €(1,0)(2,1)> €(1,0)(3,1) and €(1,0)4,1)- The resting elements are null. However,
we have that e(10)4,) = 0, due to that 0 = [9?170),9?471)]5 = £(1,0)(4,1) [9?1,0)79?4,1)]
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5(170)(471)[924(1,0)»9§r4(1,1)] = 5(170)(3,1)G4[9(1,o)6,9?171)], but [9?1,0)79?1,1)] £ 0. So, the ex-
plicit form of the contraction matrix € with respect to the chosen order O is

0
€(1,0)(0,1)
€(1,0)(1,1)
€(1,0)(2,1)
€(1,0)(3,1)
0

€(1,0)(0,1)

0

0
0
0
0

€(1,0)

0
0
0
0
0

(L,1)

€(1,0)(2,1)

0
0
0
0
0

€(1,0)(3,1)

0
0
0
0
0

0

o O O o O

where the non-null elements of this matrix have to satisfy Equation 5.1.

Moreover, [X; ;, Xk, Xmnll, [Xmon, [Xij, Xk]] and [ X, [Xomn, Xi ;] are null for fs.
This implies que the elements £(1,0)(0,1); €(1,0)(0,1)» £(1,0)(1,1)> £(1,0)(2,1) Y £(1,0)(3,1) can take

any complex value.

Then, by reasoning as we did in the previous dimensions, we deduce that the set of
all normalized contraction matrices of fg has 2* = 16 elements. These matrices are the

following

o O O o o O
o O O o o O
o O O o o o
o O O O O O
o O O OO o O
o O O o o O

O O Rk Rk O O
o O O o o O
o O O o o O
S O O O O
o O O O O
o O O o o O

O O Rk Rk O O
o O O o o O
o O O o O =
S O O O O
o O O O o O
o O O o o O

o = O O O O

o O O = O O

O = = =O O

o O O o o O o O O o o O

o O O o o O

o O O O O o O O O o O

o O O O O

o O O o o O

o O O O o O

o O O O O

o O O o o =

o O O o o O

o O O o O =

o O O o o O o O O o o O

o O O O o O

SO = O = O O o O = O O O

o O O O = O

o O O o o O

o O O o o O

o O O o O

o O O o o o

o O O o O =

o O O o o O

o O O o o O o O O o o -

o O O o o O

o O O O o O

o O O O O

o O O o o O

o O O o o O o O O o o O

o O O o o O




5.2. GRADED CONTRACTIONS OF FLA 73

010010 010100 010110
100 000 100 000 100 000
000 O0O0TO 00 0O0O0GO 000 O0O0TO
0000O0O| |[1000O0OOI(| | 1000O0O0TO0 |
100 00O 00 0O0O0GO 100 00O
00 0 0O0O 000 O0O0O0 000 0O0O
011000 011010 011100
100 000 100 000 100 000
100 000 100 000 100 000
00000O0Of [OOOOOOI| | 1000O0TO0 /|
000 O0O0OTO 100 000 000 O0O0OTO
000 O0O0OTO 00 0O0O0GO 000 O0O0OTO
011110
100 000
100 000
100 000
100000
000 O0O0OTO

Let us observe that as a consequence of the results obtained in the previous sections,
the general n-dimensional case can be also dealt with in a similar way. We do it in the
following subsection.

5.2.5 Graded contractions of the n-dimensional filiform Lie
algebra

Let f, : [e1,ex] = egs1, for 2 < k < n — 1 be the model filiform Lie algebra of dimension
n. A grading of f, is given by

L:fn = §10) @ Floq) @ T @ o) @50 Sy @ - ® o)

The universal group of f, is Z,—1 ® Zo and f?l 0)

= <61>7 f?()ﬂ) = <62>7 f?l,l) = <€3>7
flo,1) = (€a), T30y = (€5), fia1y = (€6), -+ Fl_o1) = (en)-

Let us consider
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I, ( Cll [1) ) Cwith a € Zyy and T = {(1,0),(0,1),(1,1),(2,1),(3,1), .., (n— 2, 1)}.

We now consider the following order O on I : 1 — (1,0), 2 — (0,1), 3 — (1,1), 4 —
(2,1), ..., and n — (n — 2,1) and starting from this point and by using any symbolic
computation package for computations we proceed in the same way as the indicated in
the previous particular cases. Indeed, we obtain the orbits of the points of I, I? and I
and consider the elements of the n X n contraction matrix £ that might be different from

Z€ero.

These elements are £(1,0)(0,1), €(1,0)(1,1)» £(1,0)(2,1)s E(1,0)(3,1)s - - - and &(1,0)(n—2 1)- The
resting elements are null. Moreover, we find that €(; gy(,—2 1) = 0. It allows us to obtain
the explicit form of the contraction matrix € with respect to the chosen order O.

Let us recall that for any n-dimensional filiform Lie algebra, the elements, the non-null
ones have to verify the following conditions (Equation 5.1)

€ (i,7) (k-ml4n) E (et (mm) [ X [ Xty Xenanl] + € (,0) (metin44) € (mon) (1,5) [ Xkt [Xomon Xi 1]
+ € () (b j+ D E (i) (o) [ K (X Xa]] = 0,Y((i, 5) (K, 1) (m, n)) € I,
Moreover, [X; j, [Xki, Xmnlls [Xmon, [Xij, Xial] and [Xi g, [Xonn, Xi ;)] are null for §,.

This 1mphes that the elements 5(1?0)(071), 8(170)(0?1), 5(1’0)(1’1), 8(1,0)(2’1), ceey 8(170)(714,3 1) can
take any complex value, which allow us to obtain the conclusions in each dimension.

In any case, eo7 is the contraction matrix in which all the non-null elements are 1 and

we find that the set N(g") of all normalized contraction matrices of f* has 2”2 elements.

Now, we are going to study the particular case of two non-model filiform Lie algebras.

5.2.6 Graded contractions of the 6-dimensional non-model

filiform Lie algebra ()

Let Qg be a 6-dimensional non model filiform Lie algebra defined by the law [e1, ex] = ex41,
for 2 < k <4, [eg,e5] = —eg and [e3, e4] = eg. A grading of Qg is given by

I: Q6 = Q?l,o) © Q?O,l) © Q?l,l) ©® Q((Sg,l) ©® Q?&l) ©® Q?&z)-

By proceeding in a similar way as in previous sections, we have that the universal group

of Qﬁ is Z4 ® ZS Besides, Q?Lo) = <61 + 62>7 Q(O,l) = <€2>7 Q?Ll) = <€3>7 9?271) = <€4>7
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9?3,1) = (e5) and 9?3,2) = (eg).

Let now consider

1 0

Hy, = ( 0y 1 > , with a € Z4 and I ={(1,0),(0,1),(1,1),(2,1),(3,1),(3,2)}.
a

The considered order O on I is {1 — (1,0);2 — (0,1); 3 — (1,1);4 — (2,1); 5 —

(3,1); 6 — (3,2)}. The tables now obtained for the elements of I and the orbits of the

points of I2 and I3 are the following

Represented by the points | Orbits
(1,0) (1,0)
(0,1) (0,1),(2,1)
(1,1) (1,1),(3,1)
(3,2) (3,2)
Orbits of the 15 points of 2
Orbit Represented by the points
((1,0)(0,1)) | ((1,0)(0,1)), ((1,0)(2,1))
((1,0)(1,1)) | ((1,0)(1,1)), ((1,0)(3,1))
((1,0)(3,2)) | ((1,0)(3,2))
((0,1)(1,1)) | ((0,1)(1,1)),((2,1)(3,1))
((0,1)(2,1)) | ((0,1)(2,1))
((0,1)(3,1)) | ((0,1)(3,1)), ((2,1)(1,1))
((0,1)(3,2)) | ((0,1)(3,2)),((2,1
((1,1)(3,2)) | ((1,1)(3,2)),((3,1)(3,2
(1,1)(3,1)) | ((1,1)(3,1))
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Orbits of the 20 points of I3

Orbit Represented by the points
((1,0)(0,1)(1,1)) | ((1,0)(0,1)(1,1)), ((1,0)(2,1)(3,1))
((1,0)(0,1)(2,1)) | ((1,0)(0,1)(2,1))
((1,0)(0,1)(3,1)) | ((1,0)(0,1)(3,1)), ((1,0)(2,1)(1,1))
((1,0)(1,1)(3,1)) | ((1,0)(1,1)(3,1))
((1,0)(1,1)(3,2)) | ((1,0)(1,1)(3,2)), ((1,0)(3,1)(3,2))
((1,0)(0,1)(3,2)) | ((1,0)(0,1)(3,2)), ((1,0)(2,1)(3,2))
((0,1)(1,1)(2,1)) | ((0,1)(1,1)(2,1)), ((2,1)(3,1)(0, 1))
((0,1)(1,1)(3,1)) | ((0,1)(1,1)(3,1)), ((2,1)(3,1)(1, 1))
((0,1)(1,1)(3,2)) | ((0,1)(1,1)(3,2)), ((2,1)(3,1)(3,2))
((0,1)(3,1)(3,2)) | ((0,1)(3,1)(3,2)), ((2,1)(1,1)(3,2))
(LB, 1)(3,2) | ((1L,1)(3,1)(3,2))
((0,1)(2,1)(3,2)) | ((0,1)(2,1)(3,2))

Orbits of the 6 points of Z:

Orbit Represented by the points

((1,0)(0, 1)) | ((1,0)(0, 1)), ((1,0)(1, 1)), ((1,0)(2, 1)), ((1,0)(3, 1)) and ((2,1)(1, 1))

The explicit form of the contraction matrix € with respect to chosen order O is

0 €(1,0)(0,1) €(1,0)(1,1) €(1,0)(2,1) 00
5(1’0)(0’1) 0 0 0 0 0
€(1,0)(1,1) 0 0 €(1,1)(2,1) 00
€(1,0)(2,1) 0 €(1,1)(2,1) 0 00
0 0 0 0 0 0
0 0 0 0 0 0

The conditions for the non-null elements of the contraction matrix are

E (i) (ktmltn) € (k1) (mon) [(Xig o [ Xkts Xonl] + €00y (mevi nt5)E (myn) .5) [ Xkt [Xomns Xig]]
+ 8(m,n)(l+k,j+l)€(l,j)(k,l)[an’ [ija Xkl“ =0, \V/((Z, ])(ka l)(ma ’I’L)) € IS
In this case, the following restriction (1 (0,1)€(1,1)(2,1) = 0 is obtained.

Moreover, the elements of any contraction matrix verify the following conditions
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o If £(1,0)(0,1) # 0, then €1 1)(2,1) = 0 and the parameters £(1 g)(1,1) and £(1,0)(2,1) could
be null. So, there are 22 different types of contraction matrices with £(1,0)(0,1) # 0

e If £(1,0)0,1) = 0, then the parameters €1 0)(1,1), €(1,0)(2,1) and £(1,1)(2,1) could be null.
So, there are 23 different types of contraction matrices with £(1,0)(0,1) = 0.

If € = (&45) is a contraction matrix, then 7 = (7;;), such that 7;; = % if g5 # 0 or 75 =0,
if £;; = 0 is also a contraction matrix. Moreover, € ¢ 7 is the contraction matrix in which
all the non-null elements are 1. That matrix is the normalized contraction matrix of €. If
we denote by N(Qg) to the set of all normalized contraction matrices of Qg, we find that
this set has 12 elements. They are the following

011100 011000 010100
1 00000 100000 100000
1 00000 100000 00 000D 0
100000 "J]OOOOOO]| |100O0SO0TFO0]/|’
0000UO0O 0000UO0O 0000O0O
0000O0O 0000UO0O 0000O0O
010000 001100 000100
1 00000 0000UO0O 0000O0O 0
0000O0O 100100 000100
0o0000O|”l1To0o100O0O] |J]10100°0]}|’
0000UO0O 0000UO0O 0000O0O
0000O0O 0000UO0O 0000O0O
001000 001100 001000
0000UO0O 0000O0UO0O 0000UO0O
100100 100000 100000
001o00o0]|”lToo0oo000] J]ooo0ooO0OO0OTO:]/|’
0000O0O 0000UO0O 0000O0O
0000UO0O 0000UO0O 0000O0O
000100 0000UO0O 000O0O0O
0000O0O 000O0UO0O 0000UO0O
0000UO0O 000100 0000UO0O
100000]°”loo1oo0o0| J]oo0oOOOT OO
0000UO0O 0000UO0O 0000UO0O
0000O0O 0000UO0O 0000UO0O
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5.2.7 Graded contractions of the 8-dimensional filiform Lie

algebra Qg

Let Qg be a 8-dimensional non model filiform Lie algebra defined by the law [e1, ex] = ex41,
for 2 <k <6, [e2,e7] = —es, [e3,e6] = es, and [eq, e5] = —es.

A grading of Qg is given by

L = Q10)® Qo1) ® Q1,1) © Qat) ® Qlspy © Qlaty ® Q) @ Qs 2)-

Now, by proceeding in a similar way as in the previous procedures, we have that the
universal group of Qg is Zg ® Z3. Besides, Q?l,o) = (e1 + e3), Q?O,l) = (ea), Q?Ll) = (e3),
Q?QJ) - <64>7 Q?&l) = <e5>7 Q?4’1) - <66>7 Q?571) - <67> and Q?&Q) - <68>-

Let now consider

Hin, = ( ! (1) ) with a € Zoand T ={(1,0), (0, 1), (1,1), (2,1), (3, 1), (4, 1), (5, 1), (5,2) .

The considered order O on I is {1 — (1,0),2 — (0,1),3 — (1,1),4 — (2,1),5 —
(3,1),6 = (4,1), 7= (5,1),8 = (5,2).}

The tables now obtained for the elements of I and the orbits of the points of I2 and
I3 are the following

Orbits of the elements of I

Orbits Points
(1,0) (1,0)
(0,1) (0,1),(3,1)
(1,1) (1,1),(4,1)
(2,1) (2,1),(5,1)
(5,2) (5,2)
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Orbits of the elements of I2

Orbits

Points

| | | | | | | | | |
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Nl N Nl B T N Nl ) Nl Il I ) Nl Nl Nl N N
NS am/( | | ] = 71( S NSRS EESEES
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11117111213712121
O AN [N N[O |0 | AN |TT|wW 0|0 |0 | <A
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|~ —~| | | /| ~—~| |||
[enll Banll New) — = — ||
— | | — — - D S|IolNAN M
| — | — _ | — [ — [ — | N Nl NG N BN
S— | | ~— S | | | ~— | ~— S— | | | ~—| ~—
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N NI NG Bl N ) Bl Nl NG NGRS ) B BN N N2
|~ ||| ||| || | | /| /| —
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A | A A [ A | A | [ OO DO DDA
NI NS INEA NEISY INEA NI NI BN Nl Nl N N NG NGO BN
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Orbits of the elements of 7

Orbits
((1,0)(3,1))
((0,1)(5,1))

Points

((1,0)(3,1)), ((1,0)(0,1))

((0,1)(5,1)), (3, (2, 1))

(1L, 1)(4,1))
((1,0)(1,1)), ((1,0)(4, 1))

(1L, 1DH 1)
((1,0)(2,1)), ((1,0)(5, 1))

(1, 1)(4,1))
((1,0)(1,1))

((1,1)(4,1))
((1,0)(2,1))
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Orbits of the elements of I3

Points

Orbits

| |~ | | —~| | | | | | | | ~| —~ ~| | | | —
—~| —~| | | —~~| |~~~ || | | | —~| | || |~
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(X (mn)s (X (i) Xy ]l and [X (1), [X(m,n)» X(i,5)]] are null for Qs, the elements which could

be null are €(1,0)(3,1)s €(0,1)(5,1)s €(3,1)(2,1)» €(1,1)(4,1)> €(1,0)(1,1)> €(1,0)(0,1) and €(1,1)(4,1)

Taking into account Equation 5.1 and that the following brackets [X(; jy, [X(.1), X(mn)l]s

Moreover, if €(g,1)(5,1) OF €(3,1)(2,1) are null, then they will be null simultaneously. And
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it also occurs with £(1 0)(3,1) and £(1,0y(0,1) and with £(1 g)(1,1) and £(1,1y(4,1)- Apart from
that, [z;, [}, z]]], for all (4,4, k) € I3, which implies that (Equation 5.1) is satisfied.

Then, the explicit form of the contraction matrix ¢ with respect to the chosen order

O is

€(1,0)(4,1)

€(1,0)(3,1)

€(1,0)(1,1)

€(1,0)(0,1)

€(1,0)(0,1)
€(1,0)(1,1)

€(1,1)(4,1)

€(2,1)(3,1)

€(1,0)(3,1)
€(1,0)(4,1)

0

€(1,1)(4,1)

€(0,1)(5,1)

if

1
E’L]

0, if £;; = 0 is also contraction matrix. Moreover, € ¢ 7 is the contraction

(7i5), such that 7;; =

(i) is a contraction matrix, them 7

Just like before, if €

61']‘ 75 0 or Tij

matric in which all the non-null elements are 1. That matrix is the normalized contraction

matrix of €, If we denote by N(Qs) to the set of all normalized contraction matrices of

Qg, we find that this set has 2% = 16 elements. They are, written with a smaller letter

than the normal one for reasons of not wasting space, the following
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Obviously, it is not possible to generalize any result starting from only two particular
cases treated, but it could be convenient to indicate that according to the results obtained
for these two cases, it could be conjectured that the number of normalized contraction
matrices of for the filiform Lie algebras belonging to the family (),,, defined by the brackets
le1,ex] = egt1, for 2 < k <n—1, [ea,en—1] = —en, [€3,en—2] = €n, [e4,en—3] = —e, and
so on, could be 2n.



Chapter 6
Kinematical Lie algebras

In this chapter we deal with the kinematical Lie algebras of four-dimensional spacetime,
introduced by Tolar in [65]. Particularly, we compute the one-parameter invariant function
v already considered for the eight kinematical Lie algebras by Tolar .

6.1 Kinematical Lie algebras of four-dimensional

spacetime

The concept of kinematical (or relativity) groups has a fundamental importance since
through these symmetry groups of spacetimes the basic invariance of the laws of physics
can be implemented. The paradigm is the special theory of relativity, with the ten-
parameter Poincaré group containing (as transformation group of the four-dimensional
Minkowski spacetime) the time and space translations, space rotations, and boosts (inertial

transformations).
The possible Lie algebras L of kinematical groups were classified by Tolar (see [65])

under the following natural physical assumptions

1. L is areal ten-dimensional Lie algebra and its generators correspond to time transla-
tions (H ), space translations (F;), space rotations (J;), and inertial transformations
(K;),i=1,2,3.

2. Rotational invariance of space imposes special transformation properties of the gen-

erators under rotations.

3. Space inversion and time-reversal transformations are automorphisms of L.

83
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4. Inertial transformations in any given direction form noncompact one-parameter sub-

groups of the kinematical group.

The ten “kinematical” generators of L satisfy the following commutation relations

[JJ=-J, [JH]=0, [J,P]=-P, [JK]=-K,
[HH]|=0, [H,P]=K, [HK]=-P,

[P,P]=-J, [PK]=H, (6.1)
[K.K]=-J,

where the notation [A, B] = C, for [A;, Bj] = €1 Cy, [A, B] = D, for [A;, Bj] = 6;; D and
[A, D] = B, for [A;, D] = B; is used, where ¢;j;, denotes the Levi-Civita symbol.

These generators joint with the commutation law constitute the Lie algebra By, which

is dealt with as a graded contraction in [65].

The commuting involutive automorphisms of space-inversion Il and time reversal ©

induce two Zs-gradings
IT: By = span{J, H} @& span{ P, K },
© : By = span{J, P} ® span{H, K }.

Taken both expressions simultaneously, Tolar and Trédvnicek induced in [66] the II x ©-

grading with the grading group G = Z3 X Z»
By =Ly, ® Ly, ® L. ® Ly =span{J} @ span{H} @ span{ P} @ span{K}.

Now, with the objective of obtaining contractions of the previously indicated commu-
tation relations (6.1) they introduced the following modifications

[J,J]=— €aa J, [J.H]= €ap 0, [J,P]= —€q,c P, [
HH]=¢,,0, HP]=¢6,.K, |

[P,P]: —Ec,c J, [P,K]: €c.q H, (6.2)
[
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Real numbers ¢; ; are the elements of a 4 X 4 symmetric matrix with rows and columns
ordered a, b, c and d, the contraction matriz, which will be denoted by . Besides, the form
of the matrices is the one used by Bacry and Lévy-Leblond in [2].

1 11
Rl 11 . . .
et = L1 is the complex simple Lie algebra so(5,C), denoted by Bs.
1

is complex Poincaré Lie algebra PC.

[an)
— o=

1 11
R3 1 0 . . LT s 1C
e = 11 is the complex para-Poincaré Lie algebra P’ .

0
If epc, €b,ds €cicr €dyd > O

R4 is the complex Carroll Lie algebra C€.

S O =
S = O =

If €e,cr€c,dy Edyd T 0

1 11
Al L1 : : C
et = 0 0 is the complex Newton-Hooke Lie algebra N“.

0

is the complex Galilei Lie algebra G.

o
S O ==

If €p.d,€c,00 Ecydy €Edd H O
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A3 — is the complex para-Galilei Lie algebra G’ =

S O =

(e}

If €b.c,€b,d5 Ecier Ecydr Edyd —+ O

is the complex static Lie algebra S;¢.

)
o O O =

In the next section we compute the values of the invariant function v (see Section 4.2
in Chapter 4) and compute its value for the eight kinematical Lie algebras introduced by
Tolar (see [65]).

6.2 The values of the invariant function v for the

8 kinematical algebras introduced by Tolar

By applying an algorithm designed by ourselves which we describe at the end of the section,

we have obtained the following results

For By: wv(A) =0, forall AeC\ {0},
3

For P¢: w()\) =24, for all A € C\ {0,1},
v(0) =31,
v(1) = 25.

For P'“: w(\) =68, forall AeC.
For C¢: w()\) =85 forall \cC.
For N : wv(\) =87, forallAeC.
For G¢: w©(\) =91, forall A € C.

For @ : ov(A\)=94, forall AeC.
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For 5;: w(\) =94, forall X e C.

As we have previously indicated, to obtain these results, we have developed an algo-
rithm, which can be implemented in any symbolic computation package (we have used
SAGEMATH), which allows us to make easier the computations needed. The steps of
that algorithm are the following

- Step 1: Defining the generators of a basis of the algebra (recall that in the case of the
algebras which have been dealt with, the dimension of them is 10.

- Step 2: Constructing the generic matrix associated with the endomorphism D.
- Step 3: Introducing the brackets of the algebra.

- Step 4: Obtaining the equations of the linear system which allows us to determine the
elements a; ; of the matrix D.

- Step 5: Solving the previous system.
- Step 6: Finally obtaining the value of the v invariant function for the considered algebra.

For instance, we show next the application of the algorithm in the case of the kine-

matical Lie algebra Bs.
After defining the ten vectors according to

sage:var(’el,e2,e3,e4,e5,e6,e7,e8,e9,e10’)

we construct the matrix D with the following instructions (we only indicate the three first

rows of D)
sage:var(’all,al2,a18,a14,a15,a16,a17,a18,a19,a110’)
sage:var(’a2l1,a22,a23,a24,a25,026,a27,028,a29,a210°)
sage:var(’a31,a32,a33,a34,a35,a36,a37,a38,a39,a310°)
Now, we introduce the brackets [D(e;), e;] of the algebras with the instruction
sage:deiej=aii*eiej+aij *ejej+aid *e3ej+aij *e4 ej+aib *ebej+aib *ebej
+aiT*eTej+ai8*e8ej+ai9*e9ej+aiil*eilej; deiej

sage:ejdei=-deiej; para i,j=1,...,10
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and we obtain (the first three rows of them are only indicated)

sage:e8e9=-el0
sage:e9e8=ell

sage:e8ell=e9

Now, we obtain the equations for the linear system which will allow us to determine
the elements a;; of the matrix D. In the case of By this system has 298 equations, 100
unknown variables and it depends on one parameter. The equations of the system are
(only the first three of them are indicated)

sage:E1=(a53-a62==a101%1)
sage:E2=(ab61==a102%1)

sage:E3=(-a51==a103%])

Then, by solving the system and suppressing the elements a; ; which are zero, the rest
of such elements determine the values of dim Der(; 1 x)g, which, in turn, allows us to

obtain the invariant function wv.

Indeed, for this algebra By we find that

1. If A is non-null, then all elements a;; in the matrix D of the endomorphism are null
and thus v(A\) = 0.

2. If X is null, then the only elements a;; which can be non-null are as 19,a3 10 and
as 10- Therefore, v(\) = 3.

Applying the algorithm to the rest of kinematical Lie algebras indicated, the previously

mentioned results have been obtained.

Finally, a consequence of Proposition 4.2.5 on these kinematical Lie algebras is the
following

Corollary 6.2.1. If g is any kinematical algebra, then 0 < vy < 94. ([
We think that this result joint other similar which can be obtained could suppose one

step forward in the knowledge of the study of contractions of algebras. In this way, we
will try to apply this computational technique based on that function v to other different
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types of Lie and non-Lie algebras in future work. And another research on this topic could
be consider the recently published book by Chevallier and Lerbet [18] and try to tackle

the open problem cited in it.
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Chapter 7

Some personal reflections,
conclusions and further works

In the first place, the author would like to indicate that there exist several open problems
related with all the research which he has presented in this manuscript.

Indeed, regarding the study of invariant functions for algebras made in Chapter 3
and 4, we have found that for the 1 invariant function the dimension is always the same
independently of the value of o, which does not occur in the case of the ¢ invariant function.
This feature occurs at least for lower dimensional filiform Lie algebras (recall that our
motivation for dealing with this type of algebras has been explained in the Introduction of
this manuscript). We think that it could be interesting to check whether this is a general
characteristic irrespective of the dimension since that, at present, we do not know exactly
which is the meaning of this fact. One reason could be that both invariant functions,
and ¢ are not comparable because they are defined in a totally different way, since the
function ¥ is defined as the dimension of a derivation whereas ¢ is defined as the dimension

of a cocycle, which involves that their computations were completely different.

Indeed, although by using a different procedure, we have confirmed some results by
those authors referred to both functions ¢ and ¢ and have also obtained new results in
the case of filiform Lie algebras of dimension 5. In our opinion this is an improvement
since this dimension is not studied in detail in [56] (in fact, the word filiform is not even

used by the authors in their paper).

Furthermore, in our study we have dealt with several examples that could be of po-
tential interest for the computation of invariant functions for other nilpotent Lie algebras
different to the filiform or Heisenberg ones. Note that we have also given the procedure
and computed the invariant functions for other types of Lie algebras, as the ones built by

91
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means of direct sums of other Lie algebras, for instance.

Therefore, our intention is to deal with the invariant function ¢ for filiform Lie algebras
of greater dimensions in future work. Indeed, we are now trying to model a Bose-Hubbard-
like model for describing interacting spinless bosons on a lattice by means a filiform Lie
algebra. That is a nonlinear problem that if we succeed, it could be mapped to a system
with one-body interactions, being therefore linear. Studies of invariance groups in that
kind of system and their connection with contractions it is also something worth exploring.

Regarding contractions (see Chapter 5), we have obtained the graded contractions of
some lower-dimensional filiform Lie algebra, concretely, of the model filiform Lie algebras
of dimensions 3,4,5 and 6. Then, as a consequence of the results obtained, we have dealt
with the general case n-dimensional for this type of algebras. Moreover, we have repeated
this study for the dimensions 6 and 8 with a non-model filiform Lie algebra. All of it
completes previous papers on this topic by different authors, like Inénii and Wigner [44]
in 1953, Weimar-Woods [72] in 2006 or Bahturin, Goze and Remm [4] in 2013, for instance.

We have also calculated the invariant function ¢ for the 5-th Heisenberg algebra and
have proved that there is no proper contraction from a lower dimensional filiform Lie alge-
bra to a Heisenberg algebra. Furthemore, because neither these algebras are isomorphic,
then it can not exist a non proper contraction between them. Therefore, we can conclude
that for a 5-dimensional classical-mechanical model built upon a 5-dimensional filiform
Lie algebra can not be obtained as a limit process of a quantum-mechanical model based
on a 5-th Heisenberg algebra.

However, we think that there exists the possibility of setting new theoretical results
on it. Indeed, as consequences of our study, we find some question which could make us
think of giving an answer to the following facts, thereby determining some conjectures.
For instance: a) will the orbits of I2, for the filiform Lie algebras f5 and fg, have the same
representatives? Do these orbits have 4 points at most? b) do the contraction matrices of
the filiform Lie algebras f, and @, have an unique null relevant contraction parameter?
and c¢) which is the form of the symmetry groups of filiform Lie algebras f,, and @, ? Our
intention is to give responses to these questions in future work.

Moving now on the chapter devoted to the study of Kinematical Lie algebras (see
Chapter 6), we have computed the values of the invariant function vg, introduced by
ourselves in [25], for the eight kinematical Lie algebras by Tolar [65], with the goal of
giving steps forward in the knowledge of the study of contractions of algebras and making
easier the computations needed to get such a purpose. In this way, we will try to apply
this computational technique based on that function to other different types of Lie and

non-Lie algebras also in future work.



93

Apart from all what we have just commented, and although the main objective of this
doctoral dissertation was to deepen and advance in the study of the invariant functions and
contraction of algebras, we have always tried to keep in mind, as secondary motivation,

trying to find some possible interesting physical applications for the filiform Lie algebras.

At this respect, we think that we have developed some novel mathematical tools which
could be adequate for dealing with certain physical aspects, although it is true that we
have not found yet a concrete and suitable physical problem to be tackled.

Nevertheless, in this chapter we show some open problems that have arisen in a natural
way during the course of this research. These open problems are concerning to the appli-
cation to the field of Physics the concepts and results obtained in the previous chapters.

In the following, we mention some of them.

e One of the possible physical applications of the present topic is given by the possibil-
ity of describing a many-body system based on interacting spinless boson particles
located in a lattice of n sites by means a filiform Lie algebra. This system could
be a kind of Bose-Hubbard model, which is well known in the Condensed Matter
community and widely studied. The Hamiltonian corresponding to that system can
be described in terms of semisimple Lie algebras and is a quadratic model since it
contains up to two-body operators. Therefore, we wonder if we could describe the
same system employing filiform Lie algebras and if we could obtain new information
using the tools developed in this doctoral dissertation.

In order to perform this task, it is necessary to write the boson operators involved
in the Hamiltonian in term of new ones that fullfiles the commutation relations for
a given filiform Lie algebra. However, at that point, we find the difficulty that we
should employ a tensorial product of two filiform Lie algebras in order to describe
the system properly. That means, it should be exist an isomorphism between the
semisimple Lie algebra of the original hamiltonian and the filiform Lie algebra pro-
posed to describe the physical system. Fortunatelly, It seems that there is a theorem
that can confirm that kind of isomorphism.

Now, the advantage that we gain employing a filiform Lie algebra instead of a
semisimple Lie algebra is that we could map a nonlinear problem such a the problem
described by a system with up to two-body interactions onto a linear problem with
just one-body interactions. On the other hand, once we have described the system
in terms of the filiform Lie algebra, it is necessary to define the branching rules,
that is to find the irreducible representations of an algebra g’ contained in a given
representation of g. Since the representations are interpreted as quantum mechanical
states, it is necessary to provide a complete set of quantum numbers (labels) to
characterize uniquely the basis of the system. This is a nontrivial task that it may
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even lead to a new doctoral dissertation.

e Another possible physical applications of the present topic is to study phase spaces
by using filiform Lie algebras as a tool.

At this respect, Arzano and Nettel in their paper entitled Deformed phase spaces
with group valued momenta in 2016 [1] introduced a general framework for describing
deformed phase spaces with group valued momenta. Using techniques from the the-
ory of Poisson-Lie groups and Lie bialgebras, they developed tools for constructing
Poisson structures on the deformed phase space starting from the minimal input of
the algebraic structure of the generators of the momentum Lie group. These tools
developed are used to derive Poisson structures on examples of group momentum
space much studied in the literature such as the n-dimensional generalization of the
k-deformed momentum space and the SL(2, R) momentum space in three space-
time dimensions. They also discussed classical momentum observables associated
to multiparticle systems and argued that these combined according the usual four-
vector addition despite the non-Abelian group structure of momentum space (see
[1] for further information).

In that paper, the authors work with a phase space I' = T x G, given by the
Cartesian product of a n-dimensional Lie group configuration space T" and a n-
dimensional Lie group momentum space G. Since T and G are Lie groups, we can
consider their associated Lie algebras t and g so that we can define a Lie -Poisson
algebra which can endow a mathematical structure to the phase space I'. Indeed,
Arzano and Nettel consider a phase space I" in which the component related to
momentum is an n-dimensional Lie sub-group of the (n + 2)-dimensional Lorentz
group SO(n + 1,1), denoted as AN (n).

Taking into consideration this paper, we have tried to construct a phase space similar
to the one by those authors, although we have taken the (n+2)-dimensional Lorentz

group SO(n + 1,2) as the Lie group related to momentum.

We began our research on this subject considering the Lie group SO(2,2) and using
the same procedure as Arzano and Nettel did. However, we realized that that
attempt was going to be very complicated because of the great dimensions of the

matrices involved (in the computations, a 49 x 49 r—matrix appeared).

Therefore, the fact of finding a Poisson structure that hat allows us to endow the
phase space I' = T'x SO(n+1, 2) with a mathematical structure is another problem,
which we consider open. As it was the case with the previous problem, this might
also even lead to a new doctoral dissertation.

e Quantum algebras.

Finally, we would like to note that both the doctoral student and the advisors would
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like to tackle the study of quantum algebras, also named quantum affine algebras
or affine quantum groups.

Although the deep study of these is not long ago, because they were introduced
independently by Drinfeld and Jimbo, both in 1985 ([21] and [46], respectively),
as a special case of their general construction of a quantum group from a Cartan
matrix, these algebras, which are Hopf algebras that are a g-deformation of the
universal enveloping algebra of an affine Lie algebra, constitute nowadays a new
and growing field of Mathematics with vast potential for applications in Physics.

We think that the results obtained in this dissertation could be useful to give steps
forward in the study of these algebras, quantum algebras, although we have not
taken any significant steps in this respect yet.
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APPENDIX: Using the symbolic

computation package Sage

We have used the symbolic computation package SageMath for computations performed in
the manuscript. This package is a free open-source mathematics software system licensed
under the GPL. It was created to provide a viable free open source (this is one of its main
characteristics) alternative to other private packages, as Magma, Maple, Mathematica and
Matlab, for example. Sage builds on top of many existing open-source packages: NumPy,
SciPy, matplotlib, Sympy, Maxima, GAP, FLINT, R and many more and access their
combined power through a common, Python-based language or directly via interfaces or
wrappers. From its reliability speaks the fact that in 2007 Sage awarded the first prize
in the scientific software category at Les Trophes du libre, an international free software

competition (see [74] for further information).

As we have already previously indicated, we have used throughout the entire manuscript
the SAGE symbolic computation package for doing the computations needed to obtain our
results. On the sake of example, we show here some of such computations.

e When computing the invariant function ¢ it is necessary to permute the indices of the
basis vectors. A routine to do this with SAGE is the following

sage: from sage.combinat.permutation import from_cycles

sage: for n in range(1,6):

sage: size = 10000
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sage: sample = (Permutations(size).random_element() for i in range(5))

True

e To obtain the bracket products of the contracted algebra from the ones of the initial
algebra, which we do by taking the limit when the variable appearing in the last brackets
tends to 0, we have used the following pseudo-code

For i from 1 to 3 do
ei= i-th vector of the canonical basis;
Uei=Ux*ei

end do

For i from 1 to 2 do

For j from i+l to 3 do
[ei,ejle=inverse (U) * (Uei*Uej-Uej*Uei) ;

end do

end do

e Finally, as an example, we show the way in which we find that the contracted Lie algebra
from a certain initial fixed algebra (the Heisenberg algebra Hs in this case) is filiform and

has dimension 3.

- We start from Heisenberg algebra Hs and define a parameter matrix U

sage: \varepsilon=var(’\varepsilon’);

sage: U = matrix([[0,\varepsilon,0], [\varepsilon,0,0],[0,0,1]1])

- We define the vectors of the basis of the new vector space V.

sage: el = matrix([[1],[0],[0]1);
sage: e2 = matrix([[0],[1],[0]1);
sage: e3 = matrix([[0],[0],[111);

- We map the matrix U to these vectors.

sage: Uel=Uxel;
sage: Ue2=Uxe2;
sage: Ue3=Uxe3;
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- The resulting bracket products [Ue;, Ue;lm,, Vi,j € {1,2,3}, are

sage: UelUe2=matrix([[0], [0],[0]1]1);
sage: UelUe2=matrix([[e], [0],[0]1);
sage: Ue2Ue3=matrix([[0], [0],[0]1);

- Finally, we obtain U~! % [Ue;, Uejlm,, Vi, j € {1,2,3}, and these expressions define a
family of brackets which, in principle, will depend on the parameter €. When the parameter
tends to 0, we obtain the bracket [, ]o, which endows V with a new algebra structure, which
is the contracted algebra from the Heisenberg algebra Hs.

sage: elxe2=U"-1xUelxhUe2;
sage: elxe3=U"-1xUelxhUe3;
sage: e2xe3=U"-1xUe2xhUe3;

After running the programme we obtain

sage: elxe2;
(0]
(0]
(0]
sage: elxe3;
(o]
[1]
(0]
sage: e2xe3;
(o]
(o]
(o]

Therefore, since these brackets do not depend on the parameter ¢, it implies that they
are the same in the initial and in the contracted algebra (with the usual notation, they
are: [e1,ea] = es, [e1,e3] = [e2,e3] = 0). We conclude that the algebra we have obtained
is a 3-dimensional filiform Lie algebra.
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