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Abstract: At present, the research on invariant functions for algebras is very extended since Hrivndk
and Novotny defined in 2007 the invariant functions ¢ and ¢ as a tool to study the Inonii-Wigner
contractions (IW-contractions), previously introduced by those authors in 1953. In this paper, we introduce
a new invariant two-parameter function of algebras, which we call ¢, as a tool which makes easier the
computations and allows researchers to deal with contractions of algebras. Our study of this new function
is mainly focused in Malcev algebras of the type Lie, although it can also be used with any other types of
algebras. The main goal of the paper is to prove, by means of this function, that the five-dimensional
classical-mechanical model built upon certain types of five-dimensional Lie algebras cannot be obtained
as a limit process of a quantum-mechanical model based on a fifth Heisenberg algebra. As an example of
other applications of the new function obtained, its computation in the case of the Lie algebra induced
by the Lorentz group SO(3, 1) is shown and some open physical problems related to contractions are
also formulated.
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1. Introduction

Regarding the concept of limit process between physical theories in terms of contractions of their
associated symmetry groups, formulated by Erdal Inénii and Eugene Wigner [1,2], these authors
introduced the so-called Inonii-Wigner contractions (IW-contractions) in 1953. Later, other extensions
of these IW-contractions have also been addressed, for instance the generalized Inonii—Wigner contractions,
introduced by Melsheiner [3], the parametric degenerations [4-6], widely used in the Algebraic Invariants
Theory, and the singular contractions [2]. To study these contractions, Hrivndk and Novotny introduced the
invariant functions ¢ and ¢ as a tool in 2007 [7]. These invariant functions depend on one parameter.

Continuing with this topic, the main goal of this paper is to introduce a new invariant function,
in this case depending on two parameters, which we call the two-parameter invariant function ¢, to get
some advances on this research. Indeed, the objective is to prove, by means of this function, that the
five-dimensional classical-mechanical model built upon certain types of five-dimensional Lie algebras
cannot be obtained as a limit process of a quantum-mechanical model based on a fifth Heisenberg algebra.
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Indeed, the study of this function is mainly focused in the frame of the Malcev algebras of the type
Lie. Thus, this paper can be considered as the natural continuation of a previous one dealing with Lie
algebras [8]. We try to generalize the properties obtained on that to the case of Malcev algebras.

The structure of the paper is as follows. In Section 2, we recall some preliminaries on the mathematical
objects dealt with in this paper, Lie algebras and Malcev algebras. Section 3 is devoted to introducing
and proving the main properties of the two-parameter invariant function ¢. For computations, we used
the SAGE symbolic computation package and in this section we prove that this new function is different
from others previously defined, which are used as a tool to study contractions of algebras. We also prove
the main result of the paper: no proper contraction between a fifth Heisenberg algebra and a filiform Lie
algebra of dimension 5 exists. It implies that the five-dimensional classical-mechanical model built upon
a five-dimensional filiform Lie algebra cannot be obtained as a limit process of a quantum-mechanical
model based on a fifth Heisenberg algebra. In this way, the new function allows us to step forward in the
research on contractions. In Section 4, we show some of our discussion and conclusions regarding the
research done. Finally, in Section 5, we give some comments on the materials and methods used in such
a research.

2. Preliminaries

We show in this section some preliminaries on Lie algebras, Malcev algebras and on Heisenberg
algebras, which are the main mathematical objects used in the paper.

2.1. Preliminaries on Lie Algebras

In this subsection, we show some preliminaries on Lie algebras. For a further review on this topic,
the reader can consult [9].

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
Jacobi identity

J(u,v,w) = [u, [v,w]] + [v, [w, u]] + [w, [1,v]] =0, forall u,v,w € g. (1)

The law of the n-dimensional Lie algebra g is determined by the products
n
[ei,ej} = kglcﬁ-‘jek, for 1<i<j<mn,

where c;{, . € K are called structure constants of g. If all these constants are zero, then the Lie algebra is
called abelian.

Two Lie algebras g and b are isomorphic if there exists a vector space isomorphism f between them
such that f([u,v]) = [f(u), f(v)], forallu,v € g.

A mapping d : g — g is a derivation of g if d([u,v]) = [d(u),v] + [u,d(v)], for all u,v € g. The set of
derivations of g is denoted by Derg.

The lower central series of a Lie algebra g is defined as g! = g, > = [g}, 0], ..., ¢ = [d L q), ...

If there exists m € N such that g"" = 0, then g is called nilpotent. The nilpotency class of g is the smallest
natural ¢ such that g1 = 0.

An n-dimensional nilpotent Lie algebra g is said to be filiform if it is verified that dim gF = n —
k, forallk € {2,...,n}. Filiform Lie algebras were introduced by Vergne in her Ph.D. Thesis, in 1966,
later published in [10] in 1970.

k-1
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The only n-dimensional filiform Lie algebra for n < 3 is the abelian. For n > 3, it is always possible
to find an adapted basis {ey, ..., e, } of g such that [ej,e2] = 0, [eg,ej] =¢;_y, forallj € {3,...,n} and
[62,(3]'] = [63, e]] =0, for allj € {3, ... ,Tl}.

From the condition of filiformity and the Jacobi identity in Equation (1), the bracket product of g is
determined by

min{i—1,n—2}
lei, ej] = ) ci-‘]-ek, for 4<i<j<m,
k=2
where ci-‘» € K are called structure constants of g. If all these constants are zero, then the filiform

Lie algebra g is called model. The model algebra is not isomorphic to any other algebra of the same
dimension and every n-dimensional filiform Lie algebra g having an adapted basis {el, .., en} verifies
that g> = (er,...,en_1), = (ez,...,en_Q),...,g"’l = (ep), g" = 0.

2.2. Preliminaries on Malcev Algebras

Now, we recall some preliminary concepts on Malcev algebras, taking into account that a general
overview can be consulted in [11]. From here on, we only consider finite-dimensional Malcev 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: (a) [u,v] = —[v,u], Vu,v € M; and (b) [[u, 7], [u, w]] =
[[[u, 0], w], u] + [[[v,w], u], u] + [[[w, u], u],v], Vu,v,w € M. Condition (b) is named Malcev identity and we
use the notation M (u, v, w) = [[u, ], [u, w]] — [[[u, v], w], u] — [[[v, w], u], u] — [[[w, u],u],v].

h

Given a basis {e;}}' ; of a n-dimensional Malcev algebra M, the structure constants c; j are defined as

leirej] = L1 cﬁjeh, for1<i,j<n.

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, we can distinguish between Malcev
algebras of the type Lie and Malcev algebras of the type non-Lie. 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 [12] in the process of taking Poisson brackets. In string theory, for instance, one such anomaly
is involved by the non-associative algebraic structure that is defined by coordinates (¥) and velocities or
momenta () of an electron moving in the field of a constant magnetic charge distribution, at the position
of the location of the magnetic monopole [13]. In particular, [ (01,5, v3) = —V o B(¥), where V o B(X)
denotes the divergence of the magnetic field B(¥). The underlying algebraic structure constitutes a non-Lie
Malcev algebra [14], with the commutation relations [x4, x| = 0, [xg, 0] = i 6, and [vg, vy] = i €4p¢ Be(X),
where a,b,c € {1,2,3}, §,, denotes the Kronecker delta and ¢, denotes the Levi—Civita symbol. If the
magnetic field is proportional to the coordinates, the latter can be normalized and B.(¥) can then be
supposed to coincide with x.. The resulting algebra is then called magnetic [15]. A generalization to
electric charges has recently been considered [15] by defining the products [x, x] = —ieg Ec(%,7),
where the electric field E as well as the magnetic field B must depend not only on coordinates but also
on velocities. It is worth remarking that both magnetic and electric algebras constitute magma algebras
(see [16] for this last concept).

If g is a Malcev algebra of the type Lie and D € Derg a derivation of g, then, according to the
anti-commutative property of g and the Jacobi identity in Equation (1) of Lie algebras, we get that
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[dlx,yl, [x, 2] + [[x, vl dlx, 2] = dl[[x 2], y], x] + d[[[z 2], <], y] Vxy,zeg

Starting from here and due to reasons of length, only Malcev algebras of type Lie, that is to say, actually
Lie algebras, are used in this paper. Malcev algebras of type non-Lie will be dealt with in future work.

2.3. Preliminaries on Heisenberg Algebras

Let n be a non-negative integer or infinity. The nth Heisenberg algebra (so-called after Werner
Karl Heisenberg) is the Lie algebra with basis B = {p1,..., Pn,q1,---,qn, 2} with the following relations,
known as canonical commutation relations

L pig] =cijz, 1<ij<n.
2. [Pi,Z] = [Qi,z} = [Pi/ p]] = [ql,q]] =0, 1< i,j <.

Note that the dimension of an nth Heisenberg algebra is not n, but 2n + 1. In fact, the # 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. Thus, this Lie algebra is also known as the
Heisenberg algebra of rank n.

In any case, from here on and to avoid confusions we designate under the notation fifth Heisenberg
algebras to those Heisenberg algebras generated by five generators.

3. Results

In this section, which is divided by subheadings, we provide a concise and precise description of our
experimental results. They are the following.

3.1. Introducing a New Invariant Function

Let g = (V,[, ]) be a Lie algebra. End g denotes the vector space of all linear operators of g over V.
Definition 1. Let g be a Lie algebra. The set

Der o ey = {d € Endg - ald[x, ], [x, 2] + Bl[x, ) dlx, 2] = 1d[[[x, 2], ylx] + [z, 5] 5] ]}
Y(a,B,v,T) € C4 is called the set of the («, B, 7, T)-derivations of the algebra g. It is denoted by Der (4,78

It is obvious that dim (Der ;1 11)g) = dim(Derg). Then, as dim(Derg) is an invariant of g, it follows
that dim(Der(u’l’l) g) is an invariant of g. This leads the following result.

Proposition 1. If g is a Lie algebra, then dim y 11 1)9 is an algebraic invariant of g. g

Theorem 1. Let g and § be two Malcev algebras of the type Lie and let f : g — § be an isomorphism. Then, the
mapping p : End g — End §, defined by D — fDf~1, is an isomorphism between the vector spaces Der (45,418
and Der (4,8, V(a,B,7,7) € CL,

Proof. Let g = (V,-) and § = (V, %) be two Malcev algebras of the type Lie and let us consider D €
Dert (4,319, for any (a,B,7,7) € C* and for all x,y,z € §. Then,
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(10 £ ) (£ 1@ ) + (£ w)) (£ ) =
w(((F@-r@) W) @) ro((Fe @) W) w).

It is deduced that

(((F@7@) 1w) @) =a0( (12 0) ) =
ADF(xxz)y) - 1 (x)) = 1D (3 52) ) 5 3),

and, similarly,

D(((£1@£10) 71®) £ 0)) = DF ((zx) 55) 1)
(£ 57 w) - (£ £ @) ) =aDf ey S e

B(£ 1057 w)) D (5w @) ) = B (o) - DF w2

Thus,

aDf M(xxy)-f 1 (xxz)+BfL(xxy) - DF Uxxz) = yDF (((x%2) ) #x) + TDF (2% x) % x) ¥ ).

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

(D7 1) ey sz Bl (£ ) re) = FDF 1) (x2)xy ) (£ 1) () <)),

Thus, fDf ! € Der( g, which concludes the proof. O

a,B,7,T)

An immediate consequence of this result is the following.

Corollary 1. Let g be a Lie algebra. The dimension of the vector space Der g ., 1\ is an invariant of the algebra,
forall (a,B,v,7) € C*

Lemma 1. (Technical Lemma) Let d be a derivation of a Lie algebra g. The following expressions are verified

1. dlllzxlxlyl=dl[xyl[xz]]-dl[lyz]x]x]
2. dlllyxlxlzl=dl[x,z][xyll-dll[z,y]x]x]
3. dlllxzlylxI=dllxyl[x,z]]-d[[[z,x]x]y]
4. dlllxylzlx]=dl[x,z][xyl]-d[[[y,x]x] z].

Proof. All expressions are immediate consequences of the properties of the derivations (see Section 2). [
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Lemma 2. Let g = (V,[,]) be a Lie algebra. Then,

Der(a,ﬁ,’y,r)g = Der(w+ﬁ,tx+ﬁ,2'y,2'r)g N Der(ixfﬁ,ﬁfac,o,o)g

Proof. Suppose D € Der(, g )g- Then, for all (x,y,z) € g, we have

ald[x,y], [x, 2] + Bllx, y], d[x, 2] = vd[[x, 2], y], x] + ©d[[[z, x], x], y].

Charging now y and z between themselves, we have

aldlx, 2], [x,y]] + Bllx, 2], d[x, y]] = vd[[[x, y], 2], x] + ©d[[[y, ], x], 2]

and by adding the two first expressions of Lemma 1 and taking the anti-skew property of the Lie bracket
into consideration, we have

(a = B)ldlx, yl, [x, 2] + (B — a)[[x

v(@dlllx, 2], ylx] + d[[x,y], 2]x]) + 7 (d[[z, x], x|, y] + d[[[y, x], x], 2]).

Similarly, starting from the two last expressions of Lemma 1, we obtain

d[[[z,x], %], y] +d[ly, x], x], 2] = 0

and by repeating the same procedure we obtain

d[[[x, 2], yl, ] +d[[[x,y], 2], ] = 0.

Now, starting from both expressions, we have

(= B)ld[x,y], [x,2]] + (B — a)[[x,y], d[x,2]] = 0.

Therefore, D € Der(,_p g 4,0,0)9-

Now, by subtracting the two first expressions of the proof and taking into account the anti-skew
property, we have (x + B)[d[x, v, [x,2]] + (B + o) [[x,y],dx2l] = v(d[l[x,z},],%] — dl[[x, ], 2], 2]) +
w(d[[z,x], x],y] — d[ly, %], x], 2]).

We use now in the previous equality the two expressions d[[[y, x|, x],z] = —d[[[z, x|, x],y] and
d[[[x,y],z], x| = —d[[[x,z],y], x], respectively, obtained from previous expressions.

We have that (a + B)[d[x,y], [x,z]] + (« + B)[[x, y],d[x,z]] = 27d[[[x,z],y], x] + 27d[[[z, x], x], y].
It involves that D € Der(y g a1 p2+,2r)8- Therefore, it is verified that Der(y g 1, )8 C Der(y;pa1p24,20)8M
Der(vc—ﬁ,ﬁ—a,o,o)g-

If D € Det (44 gatp2y2c)8 N Deru_pg_100)9 then D verifies both equations (« + B)[d[x, y], [x,z]]
@ + Bllxyldnz = 2ydllxzylx] + 2wdllz 2]y and (a — B)dlxy) [x2)
(B — @)[x,y],d[x,2]] = 0.

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

+
+

ald[x,y], [x, 2] + Bllx, y], d[x, 2]] = vd[[x, 2], y], x] + ©d[[[z, x], x], y].

Thus, D € Dery g )8 = Der (i patp2y208 N Dera_pg g 000)8-
Therefore, Der(, 5., 1)8 = Der (41 g 0t p2y,20)8 N Der (o g g—a,0,0)8, which completes the proof. [
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Theorem 2. Let g bea Lie algebra. Then, for all (a, B,y,T) € C4, it exists (A1, Ay) € C? such that Der (4,818 C
C2 is one of the following four sets: Deroo,,0,)% Derg,—1a,0,)8 Dergon, a,)8 or Derg g 1,0

Proof. Consider («, 3,7, T) € C*. We distinguish the following cases
Case 1: & + = 0. We distinguish now the following two subcases:

11 a=p =0.Then, Der(y )8 = Derg,, g Therefore, v = Ay and A, = 7.
12  a = —p. In this subcase, by Lemma 2, we have that

Der 4,p,4,0)8 = Der(0,024,20)8 N Der(_2p2500)8 = Der(g,4,:)8 N Der(_1,10,0)9-

Apart from that, it is also verified that

Der(_1,1,y,1)8 = Der(o,2,,20)8 N Der(_320,08 = Der,)8 M Der(_1100)8-

Therefore, Der(, 5., 1)8 = Der(_11 ). It involves that Ay = yand A, = 7.

Case 2: o +  # 0. Two subcases are also considered:

21 a#p.

By Lemma 2, we have Der (, g, )8 = Der(ll /%,#ﬁ)g N Der(1,1,0,0)9-

Since Der(15 1+ 19 = Der(l,l,zi7 20 10 N Der(1,-1,,0)9, it is deduced that Der(, 5., )8 =

at+p’atp a+B’atp
Der(l,O,ﬁ, « 8. Itinvolves that A; = ﬁ and Ay = ﬁ
22 a=p.

In this subcase, Der(y g 1,8 = Der(m%%) g. Therefore, A1 = L and A, =

B’ atp

T
x

O

These two two-parameter sets Der (1 g i, 1,)8 and Der(y 1 o, 1,)8 previously defined allow us to define
the following invariant two-parameter functions of Lie algebras.

Definition 2. The functions g, 3 : C* — N defined, respectively, as (ipg)(x, ) = dim Der(11,,8)9
and (lﬁg)(zx, Bg) = dim Der (.58 are called Py and 1[_)8 invariant functions corresponding to the
(«, B, 7y, T)-derivations of g.

Corollary 2. If two Malcev algebras of the type Lie g and § are isormorphic, then g = 5 and 3 = J)?

Note that the function ¥ is a two-parameter function, whereas the function ¢ by Novotny and
Hrivndk [7] is one-parameter. It implies that both functions are structurally different. However, it can be
thought that ¢ could be obtained as a particular case of i by simply taking one of the parameters as a
constant. The following counter-example shows that it is not possible.

Indeed, we now compare the function ¢ with the invariant function ¢ and prove that both functions
are totally different. To do this, we compute both functions for a same Lie algebra, in the particular case of
being « = 1. Concretely, we use the Lie algebra induced by the Lorentz group SO(3, 1), which we denote

by ge-
Computing ¢, fora =1
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Let us recall that Minkowski defined the spacetime as a four-dimensional manifold with the metric

ds? = —c2dt? + dx? + dy* + dz?. We introduce the metric tensor
-1 0 0 O
o 10 0
1o 010
0 0 01

0 x1 %2, x3), then the expression ds? can be written as ds? = Nuydxtdx”

(summed over p and 7). Recall that this distance is invariant under the following type of transformations
xt — )\gx”’ such that the coefficients )\g are the elements of a matrix A (which is called Lorentz
transformations) that satisfies A'yA = 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’IR = 1 and comparing this
expression with AfyA = 7 it is possible to say that the Lorentz transformations are rotations in the
Minkowski space. These transformations form a group called the Lorentz group SO(3,1).

Now, we focus our study on the infinitesimal Lorentz transformations. A Lorentz transformation
matrix can be written as Aﬁ; = (SZ + AL, where the parameters /\ﬁ; are infinitesimal and verify that A}, = -\
so that the Lorentz transformation is valid. The action of this transformation on the coordinates x* in the
Minkowski space can be written as éx = Agxf

If we rename (ct, x,y,z) — (x

1 1
If we define A,y such that N— EAP U(Apa)'};/ we can write the above action as dx# = E)tp V(Apa)gxf

Then, it is easily proved that (Apg)fﬁ = (5% Hoy — (qum.

Explicitly,
0 -1 0 0 0 0 -1 0 0 0 0 -1
-1 0 00 0 0 0 O 0O 00 O
10 0 0 00 20 10 0 0 0 0 00 0
0O 0 00 0 0 0 O -1 0 0 O
0 0 0O 00 0 O 0 00 O
0 0 1 0 00 0 O 0 00 —1
A=y 1 9 o AB=10 0 0 1 A1=19 0 0 o0
0 0 0O 00 -1 0 010 O
Now, by defining the Lie product as the usual commutator [Aij, Al = Ajj - Ak — Ak - Aij,

A10, Ao, Azo, A1z, Agz and A3z generate a Lie algebra, which we denote by ge.

Let us consider d € Der(; 111 96 and let A = (a;;), 1 <1i,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;, ej), with i < j, the derivation d
satisfies d ([e;, ¢;]) = [d(e;), ej] + [e;,d(ej)] and d(e;) = Y_; ay e In this way, the following conditions are
obtained. This can be seen in the following Table 1.
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From these conditions on

Table 1. Condition obtained.

From Pair (e; e;) Conditions
(e1,2) 41 = A14, Q43 = 24, A43 = —a15 — 26,

! Ag4 = 11 + a2, (45 = —A13, A46 = —A23.
(e1,e3) el = A16, A62 = —A15 — A34, A63 = 36,

! Agy = —a3, Ag5 = —A1p, s = A33 + a171.
(e1,e4) a1 = —a1p, A = Aa11 +a44, A3 = —A46,

,

24 = A4, A25 = —a16, A26 = (15 — 43.

(e1, e5) a13 =0, asy =0, a1p —ase =0,

1.€5 a1 +asp =0, ayy+asz =0.
(e1, e6) az1 = —ai3, Az = —Aae4, 33 = A11 + e,

! a34 = a15 —4dep, A35 = —A14, A36 = A63-
(e2,e3) 51 = —aze — a34, A52 = dp5, 453 = ass,

! asy = —a31, As5 = axp +4a33, s = —a21.
(&2, e4) aj] = ax +as, a1 = —a, 413 = —a45,
! 14 = 41, A15 = 26 — (43, 16 = —A25.
(2, e5) az] = —as4, A32 = —Aa23, A33 = A + as5,
! 434 = Az6 —4ds1, A35 = 453, (36 = —024.
(e2,e6) a3 —agy =0, —apx +ags =0, ax+ag =0,

256 a4 +aez = 0.

(e3, ¢5) ap1 = —Aase, A2 = A33 +as5, A3 = —a32,
! dpg = —A3¢, 25 = Asp, (6 = A34 — d5].
(e3, ¢6) aj; = az3 +aee, 12 = —Ae5, A13 = —a3],

! a4 = —azs +4azs, 415 = —Aag2, 16 = Apl-
(ea, e5) ag] = —as2, Ae2 = (43 +as], A3 = —a42,
! Agq = —dg, 65 = —A56, A6 = Ag4 + A55.
(ea, e6) As5] = A43 +Aep, 52 = —Ag], A53 = —a41,
,
As4 = —a45, A55 = (44 + A6, A56 = —A65-
(es, e6) ag) = —as3, A4 = —Aae3, (43 = A51 + 62,
,
Ag4 = a55 + A6, (45 = —A54, A46 = —0p4-
—azp +ay =0, a3 —as5 =0, az+agp =0,
(e3,e4)

azs +aq1 = 0.

conditions shown in Table 2.

9 of 14

a;j and Vayy, ag, a4, dse, 455, 61, 65, 46 € C, we have the following

Table 2. Conditions obtained.

This implies that ¢4, (1) = dim (Dery 1 11)86) =

Computing g, fora =1

Let us consider d € Derg ;)86 Then,

d[[[w, u], u],v],

Yu,v,w € ge.

411 = ass, | 412 = —des5, | M3 =0, a4 = aqq, a15 =0, a1 = de1-
421 = g5, | A2 = e, ap3 = —dge, | A4 = g, do5s = —dg1, | a6 = 0.
a3 =0, azy = Ay, a33 = g4, a34 =0, d35 = —dq41, | 36 = —Aag,
a43 = 0, azs = 0.
a51 =0, asp = —dg1, | 453 = —dg, | 454 =0, 56 = —dg5.
a2 =0, Ag3 = —A4p, | Apa = —d46-
= 8.
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To obtain the elements a;; of the corresponding 6 x 6 square matrix associated with d, we see that for
each triplets of generators (e;, ¢j, ¢) of the algebra, the previous expression is written as

[dlei,ejl, [ei exl] + [lei ], dlei, ex]] = d[[[ei ex] ¢], ei] + d[[[ex, ei], ei], 5]
Starting from it, we obtain the following conditions shown in Table 3.

Table 3. Conditions obtained.

From Triplet (e; ej,e;) Conditions

(61 e 63) as1 = a43 +4agp, as5) = —dg1, A53 = —a41,
,€2, a54 = —a45, 55 = A6 + A44, 56 = —Ag5-
(81 e 64) a1 = ax +ag, a1p = —dy1, 413 = —d45,
T a14 = —a41, 015 = (26 — 443, A16 = —A25.
(e1,e2,5) 0=0
(e1,e2,¢6) a3y + a6 =0, e31+a45 =0, a3s +agp =0,
7 7
ass + ag1 = 0.
—ax3 +aes =0, ay —ags =0, ax+as =0
(er,e5,e4) a4 + ag3 =0
(e1,e3,¢5) 0=0
(e1,e3,€6) a33 + a6 = 411, Ae5 = —A12, 431 = —A13,
v azs = —a14, 34 —Aae2 = A15, Ael = A16-
(e, e4,05) 0=0
(e1,e4,6) 51 = —dz6 — (34, Asp = A5, A53 = 435,
T as4 = —az], Ass = App +433, As6 = —a21.
(e1,e5,e6) 0=0
—a13+as4 =0, a;p—ase =0, a1 +as =0,
(ez,e5,e4) a14 +as3 =0
(ep,e3,¢€5) Ay = —ase, A = a33 +ads5, A23 = —a3p,
7€3, Ay4 = —Aa3g, d25 = ds5p, 26 — (Z34 — 1151.
(e2,€3,¢€6) 0=0
(62 e 65) g1 = —a16, Q62 = A15 + 34, g3 = —a36,
i Aeq = A32, Ae5 = A12, Aee = —A11 — A33.
(62/ €y, 66) =0
(62, 65,66) =0
(63/ €4, 65) =0
(e3,e4,¢6) 0=0
(es,e5,¢6) Ay = —053, A4 = —Ae3, 43 = 51 1+ 62,
Y A4q = a55 + g, A45 = —A54, A46 = —Ap4-
(e3,e5,¢6) A4 = d14, A4 = A4, (43 = —A15 — 26,
Y Agq = 11 + a2, 445 = —a13, 46 = —a23.

It follows from these conditions for ajj that ajj = 0, vi,j € {1,2,3,4,5,6}. This implies that
g, (1,1) = dim(Der(l,Ll’l)%) = 0, which proves that ¢ # ¢ in general.
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3.2. The Quantum-Mechanical Model Based on a 5th Heisenberg Algebra

In this section, and by using the invariant function previously introduced @, we prove the
following result.

Theorem 3. Main Theorem
The five-dimensional classical-mechanical model built upon certain types of five-dimensional Lie algebras cannot
be obtained as a limit process of a quantum-mechanical model based on a fifth Heisenberg algebra.

Proof. Let Hs be the fifth Heisenberg algebra generated by {ey,...,e5} and defined by the brackets
[e1,e3] = es and [e, 4] = e5.

Let us consider d € Der;1)Hs. Then, [du,v], [u,w]] + [[u,0],d[u,w]] = d[[[u,w],0],u] +
d[[[w, u], u],v], Yu,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;, ¢j, ¢;) of the algebra, the previous expression is written as

[d[ei e, [ei ex]] + [[ei ej], dlei ex]] = d[[[ei, exl, 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,
1;’11-]15 (1, 1) = dim(Der(l,l,l,l)H5) = 25.

For another part, let f5 be the five-dimensional filiform Lie algebra, defined by [e1, e3] = ey, [e1,e4] = €3
and [eq, e5] = e4.

Let us consider d € Derg)f5. Then, it is verified that [d[u, 0], [u,w]] + [[u, 0], d[u,w]] =
d[[[u, w],v], u] +d[[[w, u], u],v], Vu,v,w € fs.

Similar to the previous case, to obtain the elements a;; of the corresponding 5 x 5 square matrix
associated with d, we see that, for each triplet of generators (¢;, ej, ex) of the algebra, the previous expression
is written as

[dlei,ejl, [ei exl] + [[ei ], dlei, ex]] = d][[ei ex], ], ei] + d[[[ex, ei], ei], 5]

In this case, the restrictions of the matrix associated with d are a5; = 0, obtained from the bracket
(61,63, 65) and a3; = a4 from (61, ey4, 65), therefore ll_J(l, 1) = 23.

Next, we use the highly non-trivial result, which was originally proved by Borel [17]: If gy is a proper
contraction of a complex Lie algebra g, then it holds: dim (Derg) < dim (Dergp).

Indeed, according to Proposition 1 we obtain that

¢H5(1/ 1) = dim (Der(lrl,lll)H5) = dim (Der (H5)) =25
and

P55(1,1) = dim (De”(l,l,l,l)fS) = dim (Der(f5)) = 23.

It implies that no proper contraction transforming the Heisemberg algebra Hj into the filiform Lie
algebra f5 exists. Thus, since both algebras are not isomorphic, the five-dimensional classical-mechanical
model built upon a five-dimensional filiform Lie algebra cannot be obtained as a limit process of a
quantum-mechanical model based on a fifth Heisenberg algebra. [

4. Discussion and Conclusions

In this paper, we introduce an invariant two-parameter function of algebras, {, and we have used it
as a tool to study contractions of certain particular types of algebras.
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Indeed, by means of this function, we have proved that there is no proper contraction between a
fifth Heisenberg algebra and a filiform Lie algebra of dimension 5. It implies, as a main result, that the
five-dimensional classical-mechanical model built upon a five-dimensional filiform Lie algebra cannot be
obtained as a limit process of a quantum-mechanical model based on a fifth Heisenberg algebra.

We have also computed this function in the case of other types of algebras, for instance, Malcev
algebras of the type Lie and the Lie algebra induced by the Lorentz group SO(3,1).

Apart from continuing this study with with higher-dimensional algebras, we indicate next some open
problems to be dealt with in future work, most of them with the objective of trying to find some possible
interesting physical applications for the filiform Lie algebras. They are the following

1.  As mentioned above, in 2007, Hrivndk and Novotny introduced the invariant functions ¢ and ¢ as
a tool to study contractions of Lie algebras [7]. Those are one-parameter functions. We have now
defined the two-parameter invariant function ¢. It would be good to search new invariant functions
to continue with this research, for instance, some related with twisted cocycles of Lie algebras.

2. It would also be good to find necessary and sufficient conditions which characterize contractions of
Lie algebras.

3. One of the possible physical applications of the present topic is given by the possibility of describing
a many-body system based on interacting spinless boson particles located in a lattice of # sites by
means of 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 semi-simple 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 manuscript.

To perform this task, it is necessary to write the boson operators involved in the Hamiltonian in term
of new ones that fulfill 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 that an isomorphism between the semi-simple Lie
algebra of the original hamiltonian and the filiform Lie algebra proposed to describe the physical
system should exist. Fortunately, it seems that we have obtained a theorem that can confirm that
kind of isomorphism.

Now, the advantage that we gain employing a filiform Lie algebra instead of a semi-simple Lie
algebra is that we could map a non-linear problem such as 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 non-trivial task that it may even lead to a further research.

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

In this respect, Arzano and Nettel [18] in 2016 introduced a general framework for describing
deformed phase spaces with group valued momenta. Using techniques from the theory 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
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group momentum space much studied in the literature such as the n-dimensional generalization of
the x-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 [18] for further information).

In that paper, the authors work with a phase spaceI' = 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 considered a phase space I' in which the component related to momentum
is an n-dimensional Lie sub-group of the (1 + 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 (1 + 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 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.

5. Finally, semi-invariant functions of algebras could also be considered to study contractions of Lie
Algebras (see [19], for instance).

We will dedicate our efforts to these objectives in future work.

5. Materials and Methods

Since this is a work on pure and applied mathematics, no type of materials different from the usual
ones in a theoretical investigation was needed. Indeed, on the one hand, only the existing bibliography
on the subject and, on the other hand, a suitable symbolic computation package were used. In the same
way, with regard to the methodology used for the writing of the manuscript, it was also the usual one in
research work of this nature, namely, based on already established hypotheses and known results.

We used the SAGE symbolic computation package for computations. SageMath, which is a free
open-source mathematics software system licensed under the GPL, builds on top of many existing
open-source packages, such as matplotlib, Sympy, Maxima, GAP, R and many more (see [20], for instance).
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