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Abstrakt

Diplomova prace se zabyva metodami
klasifikace realizaci Lieovych algeber
pomoci vektorovych poli. Prace nejprve
shrnuje zdklady Lieovy teorie, poté
popisuje vztah mezi klasifikaci podal-
geber a tranzitivnich lokalnich relaizaci
a prezentuje metodu I. V. Sirokova pro
konstrukci explicitniho tvaru téchto re-
alizaci. Tento vztah a vypocetni metoda
jsou zobecnény na piipad reguldrnich
realizaci. Déle je rigorézné formulovana
rozumnd klasifika¢ni tloha pro obecné
realizace a predstaven algoritmus na
feseni této tulohy. Tento algoritmus je
nakonec vyuzit ke klasifikaci realizaci
nerozlozitelnych nilpotentnich Lieovych
algeber dimenze pét. Cennym mezi-
produktem tohoto vypoc¢tu je rovnéz
klasifikace podalgeber vzhledem ke gru-
pam vnitinich automorfismi a vsSech
automorfism.

Klicova slova: Lieovy algebry, reali-
zace, vektorova pole, podalgebry

Preklad titulu: Klasifikace realizaci
Lieovych algeber nizké dimenze

/ Abstract

Vi

The thesis studies methods of clas-
sification of Lie algebra realizations by
vector fields. After summarizing basics
of the Lie theory, the correspondence be-
tween classification of subalgebras and
transitive local realizations is described
and a method of explicit construction
due to I. V. Shirokov et al. is presented.
This correspondence and method of
computation is generalized to the case
of regular local realizations. A reason-
able classification problem for general
realizations is rigorously formulated and
an algorithm for construction of such
classification is presented. This algo-
rithm is used to classify realizations of
five-dimensional nilpotent indecompos-
able Lie algebras. A valuable byproduct
of this computation is also a classi-
fication of subalgebras with respect
to group of inner automorphisms and
group of all automorphisms.

Keywords: Lie algebras, realizations,
vector fields, subalgebras
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Chapter ].
Introduction

In the second half of the nineteenth century a Norwegian mathematician Sophus Lie
started to investigate continuous groups of transformations similar to the Abelian the-
ory of solving algebraic equations. He found out that all the classical methods of
solving differential equations are a special case of a procedure based on invariance of
the differential equation with respect to some group of symmetries [21-22].

Lie’s work created a new branch of mathematics that is still a subject of contem-
porary research. His concept of continuous groups of transformations was generalized
to the abstract notion of so called Lie group. One of the fundamental results stating
that the group of transformations can be described by so called infinitesimal transfor-
mations gave rise to the abstract structure of a Lie algebra. Nowadays, the theory of
Lie groups and Lie algebras has a wide range of applications not only in the theory
of differential equations. Besides applications in mathematics it plays central role in
the modern physical theories describing the fundamental symmetries of spacetime that
every physical theory should respect.

One kind of problems that are studied in the theory of Lie groups and Lie algebras
are classification problems. One can, for example, try to find list of all possible Lie
groups or algebras, or to classify possible representations of the abstract structure by
linear operators on a vector space. The aim of this work is to classify realizations of
Lie algebras by vector fields.

On one hand, a realization by vector fields is just a special type of a Lie algebra
representation mapping the Lie algebra elements on a special type of linear operators in
the algebra of smooth functions on some manifold. On the other hand, this task relates
to the Lie’s original concept of local (Lie) groups of transformations since classification
of Lie algebra realizations means classification of possible Lie algebras of infinitesimal
generators of the transformation groups that realize the abstract Lie algebra structures.

Hence, it is not a surprise that this problem was for the first time considered by Lie
himself [5] and that it finds a wide range of applications in the theory of differential
equations [21-22] and many other areas of mathematics and physics (see, for example,
[26] and references therein).

There are several possible approaches to formulate the classification problem. One
possibility is to fix a manifold M and then classify all possible subalgebras of Vect M.
Two-dimensional Lie algebras of vector fields on a circle were classified by Spichak [29].
However, in case of more complicated manifolds this problem would be very hard to
solve.

Much more reasonable approach is to consider realizations only locally and ignore
the global structure of the manifold. Therefore, we can try to fix a number of variables
m and classify all Lie algebras of (local) vector fields in m variables. This problem was
solved by Lie for realizations in one and two complex and real variables [5]. More recent
discussion on this topic is available, for example, in [8].

However, we will focus on another type of problem. Given a Lie algebra, we are
going to find all its realizations. Number of publications was devoted to this problem



as well. One of the most general result was obtained by Popovych et al. in [26], where
realizations of all Lie algebras of dimension less or equal to four were classified.

Our goal was to continue in this work an classify realizations of some Lie algebras of
dimension five. Besides that, there are also several theoretical questions our work deals
with. First of all, the classification problem in [26] is not described in much detail.
It is, therefore, necessary to describe, what the local classification of realizations of a
given Lie algebra mean. Secondly, the realizations in [26] were constructed directly by
solving the corresponding partial differential equations. However, very easy algorithm
for construction of transitive realizations were introduced by Shirokov et al. [15]. We
are going to try to generalize this algorithm to be able to use it for our classification.

In Chapter 2 we describe the basic ideas of the Lie theory. The basics of the Lie
group theory are summarized very briefly and the we focus on the theory of local Lie
groups and their action on manifolds.

In Chapter 3 we summarize methods and known results regarding properties and
classification of Lie algebras that are needed for performing the method of classification
of Lie algebra realizations.

The main theoretical results of this work are described in Chapter 4. Firstly, we bring
formal definition of realizations and their equivalence and describe the correspondence
between realizations of Lie algebras and actions of Lie groups. Then describe the well
known correspondence between classification of subalgebras of a given Lie algebra and
classification of its transitive realizations [1, 4, 12, 15]. Our main result is generalization
of this correspondence to the case of regular realizations and formulating a classification
algorithm based on this result.

These theoretical results were applied to classify realizations of five-dimensional Lie
algebras. So far, we were able to classify realizations of all nilpotent indecomposable
five-dimensional Lie algebras. Such computation involves obtaining results of other
classification problems, which are interesting by themselves. Firstly, the computation
of groups of inner automorphisms and all automorphisms (which is not our original
result, see [6]), and secondly classification of subalgebras of the considered Lie algebras
with respect to the groups of inner and all automorphisms. The resulting classification
including those interim results are listed in the Appendix A.



Chapter 2
Lie group action and vector fields

In this chapter the basic theory closely connected to the topic of the thesis is described
and several important more recent results in this area are presented. The basic concept
are groups of transformations that were firstly studied by Sophus Lie, who laid the
foundations of the theory in the end of nineteenth century in his work [14]. In particular,
we focus on the theory of Lie algebras of vector fields, Frobenius theorem, and Lie group
action on a manifold. This chapter is based on [27,9]. Most of the theory connected
to this topic is summarized in [21]; unfortunately, a lot of the basic theorems are left
without proof here. The author have already touched the topic of realizations by vector
fields in his research project [10] and described the foundations of Lie theory more deeply
there. Some parts of the text are, therefore, adopted from the research project.

Firstly, we would like to clarify some notions and notation. In the whole thesis,
smooth means infinitely differentiable. By a manifold we mean a smooth manifold, that
is, a topological manifold such that all transition functions are smooth. The algebra of
all smooth functions defined on a manifold M is denoted C*°(M). By a vector field we
mean a (smooth) section of a tangent bundle or, equivalently, a derivation of C*(M).
The Lie algebra of vector fields on M is denoted Vect M.

Taking a smooth map ®: M — N, we define a derivative at p € M as a linear map
d®,: TyM — Ty, N. The index p is usually omitted, so we have d®:TM — T'N. For
® a diffeomorphism, the pushforward of vector fields is denoted ®,: Vect M — Vect N.
For a curve 7: R — M, the tangent vector at ¢ € R is denoted #(t) = & = 9| | The

dt ds
group of all diffeomorphisms M — M is denoted Diff M.

s=t
For a (Lie) group G we denote the left action of left multiplication as L,h = gh and
the right action of right multiplication R,k = hg. The left action of conjugation will
be denoted Cyh = ghg™'. For a subgroup H of G, we denote G/H = {gH },cc the
left coset space and H \ G = {Hg}4ecc the right coset space. The left multiplication on
G/H and right multiplication on H \ G is again denoted L, and R, respectively.

As the title of this chapter and the first paragraph indicate, we are going to describe
the correspondence between vector fields and Lie group action. Establishing connection
between continuous groups of transformations and vector fields describing the direction
of “infinitesimal transformations” was the basic idea of the Lie theory. Generalization of
these notions led to establishing connection between abstract structures called Lie group
and Lie algebra. Going back to transformation groups means examining the action of a
Lie group on a manifold and its relationship with vector fields. This relationship arises
as generalization of the following consideration.

Definition 2.1. Let M be a smooth manifold. A smooth map F:U — M, U = U° C
R x M such that F(0,p) is defined and equal to identity for all p € M, F(t,-) is
a diffeomorphism for all ¢ € R, and F(t + s,p) = F(t, F(s,p)) for t,s € R and p € M if
at least one side is defined is called a flow.



Definition 2.2. Let M be a smooth manifold and F' a flow. For each point p € M, the
flow defines a curve F,(t) = F(t,p). A vector field X € Vect M satisfying

X =FE,(0), ie Xf(p)=(foF,)(0) forall fecC®M) (1)

is called an infinitesimal generator of the flow F. Conversely, for a given vector field
X € Vect M there is at every point p € M uniquely defined integral curve F), satisfying
Ey(t) = Xr, ). The map F(t,p) = Fy(t) is called the flow of the vector field X and it
is indeed a flow satisfying the equation above.

Those propositions have several implications. Firstly, given a vector field X, the
manifold can be divided into the integral curves (if X, = 0 the curve is constant, so it
is actually a point) that are immersed submanifolds of dimension one or zero. Moreover,
the defining condition of a flow means that it is a local group homomorphism. Local
because U does not have to be the whole R x M. So, the flow can be understood as
a one-parameter group of local diffeomorphisms or as a local action of one-parameter
group (R, +) on the manifold M. The integral curves are then orbits of this local action.
(See Sections 2.3, 2.5 for precise definitions of the local notions.)

I 2.1 Frobenius’ theorem

In this section, we generalize the first part. We give a condition for collection of vector
fields to define a foliation by immersed submanifolds.

Definition 2.3. Let M be a manifold. A function P assigning an n-dimensional sub-
space P, C T,M to every p € M is called an n-dimensional distribution on M. The
distribution is called smooth if every point py € M has a neighbourhood U C M such
that there exist n linearly independent vector fields Xi,...,X,, € VectU that form
a basis ((X1)p,...,(Xn)p) of P, at every point p € U. These vector fields are called
a local basis of P at py.

Definition 2.4. Let M be a manifold and P an n-dimensional distribution on M. An
n-dimensional manifold N immersed to M by ®: N — M such that d®(T,N) = Py
for every g € N is called an integral manifold of P.

So, if an integral manifold exists, then its tangent spaces are essentially the subspaces
P,. If an integral manifold exists for every point in M, then these submanifolds form
so called foliation of M

Definition 2.5. A smooth distribution is called involutive if, for every point p € M and
a local basis (X1,...,X,) € VectU in p, there are functions Z-’;- € C*°(M) such that
(X, X5] = 325 F X

It can be easily checked that the property of being involutive is independent on the
chosen basis.

Theorem 2.6 (Frobenius). Let M be a manifold, P an n-dimensional involutive dis-
tribution on M and p € M. Then there exists a system of coordinates (z!,...,2™) in
a neighbourhood of p such that the distribution has a local basis (9,1,...,0;) at p.
So, the manifold M is locally foliated by so called level submanifolds x* = const. for
t=n+1,...,m.

Proof. At first, we show that there exists a basis (X7, ..., X,,) of P such that [X;, X;] =
0. Let (_yl, ...,y™) be coordinates on M such that p lies in the origin and let Y; =
> Y (y)0y, be a basis of P. Since Y; are linearly independent, the matrix Y} (y)
has to have n linearly independent rows. Without loss of generality, let us assume that
these are the first n rows. Then we can choose a new basis (X;) such that X] = 47 for



Jj<n,soX; =0+ Z;n:nﬂ Xij(y)ayj. Now, we easily see that, in the coordinate basis
i, we have 0 = [X;, Xi) = fL X7 = f, for j <n.

Denote 9:U — R™ the coordinate chart corresponding to coordinates /.
Now, we define the coordinates z7/. Let Fj(t):U — M be the flows of the vec-
tor fields X;. Define the coordinate chart ¢:U — R™ as @ (z!,...,2™) =
Fy(z') - Fy(2™)~1(0,...,0,Zpns1,...,Tm). The derivative of ¢ o 9~! at zero is
the identity, so it is a local diffeomorphism in a neighbourhood of zero, so ¢ is a well
defined coordinate chart in a neighbourhood of p. Since X; commute, the flows ®;(¢)
commute as well and using this property we can easily check that ®;(t) act on U as
a translation in the coordinates z’. Hence, X; = 0,.. O

At least locally, it is evident that the integral submanifolds are defined uniquely. It
can be proven that, globally, there exist unique maximal integral submanifolds that
foliate M.

I 2.2 Lie group and its Lie algebra

In this section, we briefly recall the definition of a Lie group and the construction of
the corresponding Lie algebra.

Definition 2.7. A group G is called a Lie group if it is also a smooth manifold and both
multiplication and inversion are smooth maps.

Lemma 2.8. Connected Lie group G is generated by any open set.

Proof. Let H be generated by an open set U in G. H is a union of open sets hU, so
H is also open. Then G ~\ H is a union of left cosets gH, g ¢ H, which are also open.
Therefore, H is also closed and hence, if G is connected, H = G.

Definition 2.9. A map ¢ of two Lie groups is called homomorphism if it preserves
both group and manifold structures, that is, if it is a smooth group homomorphism. A
bijective homomorphism whose inversion is also a homomorphism (which is not trivially
satisfied since inversion of a smooth map has not to be smooth) is called a Lie group
isomorphism. Similarly, Lie group automorphism and other morphisms can be defined.

Definition 2.10. A one-parameter subgroup of a Lie group G is a (smooth) homomor-
phism ¢: (R, +) — G.
Lemma 2.11. Let G be a Lie group. A transformation T: G — G that commutes with

every left translation acts as right translation 7' = Ryp).
Proof. We have T'(g) = (T' o Lg)(e) = (Lg o T)(e) = gT'(e) = Ry(e)(9). O

Definition 2.12. Let G be a Lie group. A vector field X € Vect G is called left-invariant
if Ly, X = X for all g € G. Analogically, X is right-invariant if Rg, X = X.

Lemma 2.13. Let G be a Lie group.

1. Left invariant vector fields form a Lie subalgebra of Vect G.

2. Any left-invariant vector field X € Vect G is determined by its value at unity X,
by relation X, =dL, X, for g € G.

3. For any tangent vector a € T.G, there is a unique one-parameter subgroup ¢, of
G such that ¢,(0) = a. The corresponding left-invariant vector field X, = dL,a
is the infinitesimal generator of a one-parameter group F, F; = R, ().

Proof. The first proposition is clear from the homomorphism property of pushforward
L. The second proposition follows directly from the definition of left-invariance

Xy = (LguX)g = dLg X} 1, = dL, X,

7' (g



Finally, let F' be the flow of the left-invariant vector field X corresponding to a tangent
vector a. The subgroup ¢, has to be an integral curve of X, i.e., p(t) = F(t,e), since

fult) = Lleulpae)| = Lllawenls)| =

= dLﬂoa(t) Sba (0) = dLSDa(t) a= X‘)Oa(t).

s=0

Hence, it is uniquely defined and obeys the group property. Since X = L4, X, we have
F,=LjoF,o0 L;l for the flow, so it commutes with left translation and hence, from
Lemma 2.11, is right translation. O

Definition 2.14. Let G be a Lie group. According to Lemma 2.13.2 there is an iso-

morphism between the Lie algebra of left-invariant vector fields and the tangent space

T.G. This isomorphism defines a Lie bracket on T.G as [a,b] = [X,Y]., where X,

Y are the left-invariant vector fields corresponding to a,b € T.G. The Lie algebra

(T.G,[,]) is called the Lie algebra corresponding to the Lie group G and denoted g.

The one-parameter subgroup @,:R — G from 2.13.3 corresponding to a € g is called
ta

the exponential and denoted ¢,(t) = exp(ta) = e'*. It defines a map exp:g — G
a — exp(a) called the exponential map.

Remark 2.15. Since exp(0) = e and the differential of exp at 0 is the identity, the
exponential map is a local diffeomorphism, mapping a neighbourhood of zero vector
onto a neighbourhood of unity.

From the commutativity of left and right translations, we have for invariant vector
field X € Vect G the following relation Lg,R;-1,X = Ry-1,Lg X = Ry-1, X, s0 Cg X =
Ry, X and it is left invariant. Thus it defines a map on the Lie algebra Adg:g — g
called the adjoint map or adjoint representation (being indeed a representation of G on
the vector space g).

Lemma 2.16. Let G be a Lie group and g its Lie algebra. Then, for all ¢ € G and
a € g, we have
Adga = dCya, (2)

geag—l — e‘Adga‘ (3)
Proof. Let X be the corresponding left-invariant vector field. Then
Adya = (Ady X), = (Cgu X)e = dCy X, (e) = dCy X = dCy a.

According to Lemma 2.13 e* = Fj(e), where F; is the flow of the vector field X, so the
flow of Ady X = Cy X is Cyo Fj 0 C’g_l, SO

eMa = (C 0 Fy o Oy (e) = Cy(Fi(e)) = geg ™" -

Theorem 2.17. Let G be a Lie group, g its Lie algebra, a € g. The linear map
ad,:g — ¢, ad,b = [a,b] is the infinitesimal generator of the one-parameter group
Adgta: g — g. Thus, the following equations hold

Adea — ead’l, (4)

e%e’e™® = exp(Ade b) = exp(e®eb). (5)

Proof. Let us take a,b € g and X,Y the corresponding left-invariant vector fields.
Since, according to Lemma 2.13, the flow F corresponding to the left-invariant vector



field X acts as right translation F; = Reta, we can compute the Lie bracket [X,Y] as a
Lie derivative of Y along X, so

dReta*Y

R T

t=0
Using this relation for Y (¢) := RetasY = Adee Y and defining b(¢) = Y (¢)., we have

_dY (t)e
=~ -

ady b(t) = [a,b(t)] = [X, Y (t)]e b(t).
This is a differential equation for b(t) that has a unique solution b(t) = ef2dep,
The second equation follows from equation (3) in the previous lemma. (]

Remark 2.18. A special case of a Lie group is the general linear Lie group GL(V)
of all invertible linear operators on a given vector space V. Its Lie algebra is gl(V)
the general linear Lie algebra consisting of all operators of V. Indeed, a derivative of
a parametrized operator is of course an operator; conversely, any linear operator L is a
derivative of a curve y(t) = I +tL in GL(V). The exponential defined in the theory of
Lie groups corresponds to the operator exponential since it satisfies the same differential

equation dg;a = ae'®. Finally, we can compute the Lie bracket for a,b € gl(V)
d d
[a,b] =ad, b= — Adeta b = —dCeta b =
dt =0 At t=0
2
= —8 eltesheta = get“be_“/“ = ab — ba.
0tos te=o A =0

The general linear Lie group and Lie algebra are particularly important thanks to
the theorem of Ado.

Theorem 2.19 (Ado). Every finite-dimensional Lie algebra g can be embedded in
matrices. That is, for every finite-dimensional Lie algebra g over a field F' of char-
acteristic zero, there exists n € N and a monomorphism (injective homomorphism)
v:g — gl(n, F).

Definition 2.20. A Lie subgroup of the general linear group is called a linear group.

Remark 2.21. Another special case of a Lie group is the group of all diffeomorphisms
Diff M of a given manifold M. Since a derivative of a one-parameter group of diffeo-
morphisms is a vector field, we can see that the Lie algebra corresponding to Diff M is
the Lie algebra of all vector fields Vect M on M. (The group of all diffeomorphisms is
isomorphic to the group of the corresponding pullbacks acting on functions, which is a
linear group. Their derivatives act on functions as vector fields and from Remark 2.18
we see that the Lie bracket is indeed defined as a commutator.)

I 2.3 Local Lie groups

Definition 2.22. Let M be a manifold, U a domain in M, e a point in U, V a neigh-
bourhood of e and m:V x V — U a smooth map called and denoted as multiplication
satisfying ex = ze = z for all x € V, (zy)z = x(yz) for all z,y, z,xy,yz € V and that
the local inversion i:V — V x +— x~! defined by the relation zz~' = 27!z = e is also
a smooth map. Then the tuple (U, V,e,m) is called a local Lie group. Any local Lie
group (Uy, V1, e,mq), such that Uy C U, V; C V and my = m|y, xv, is called a restriction
of the original local Lie group.



Remark 2.23. There can be defined an equivalence of the local Lie groups: two Lie
groups are equivalent if they have a common restriction. Since the size of the neigh-
bourhood of a local Lie group is irrelevant, we often identify the equivalent local Lie
groups and by the term local Lie group we mean the equivalence class. All notions
concerning local Lie groups should be formulated only locally, that is, they should not
depend on the choice of the representative of the equivalence class.

Definition 2.24. Let G and G2 be local Lie groups, (Uy, Vi, mq) and (Us, Vo, m2) their
restrictions. A smooth map ®:U; — U, satisfying ®(Vy) C Vi, ®(my(x,ii(y))) =
ma(®(z),i2(P(y))) for all x € Vi, y € Wy, where W, is the domain of the first inver-
sion 41, is called a homomorphism of the local Lie groups G; and G,. Analogically,
one could define local Lie group isomorphism or automorphism. Local Lie groups are
called isomorphic if there exists a local Lie group isomorphism between them. A lo-
cal homomorphism of Lie groups is a homomorphism between them taken as local Lie
groups.

Definition 2.25. Let (U, V, e, m) be a restriction of a local Lie group G, W a submanifold
embedded in U. If e € W, iWNV) C W, and m(WnV,WnNV) C W, then
H = (W,W nV,e,m|wnvy) forms a local Lie group and is said to be a local Lie
subgroup of G.

Remark 2.26. In a sufficiently small neighbourhood of unity, local Lie subgroup is
always closed. Indeed, if we restrict the neighbourhoods U and V such that W is a
slice in U and V', then W is also closed in U and V.

Remark 2.27. Even in the case of local Lie groups it makes sense to construct left- and
right-coset spaces and quotient groups since it is again a local notion. Considering a
local Lie group G = (U, V,e,m) and its subgroup H = (W, V N W, e, m|(yrw)2), we can
define an equivalence g ~ g for g,g € V if there exists hy,...,h, € V. NW such that
g = ghy ---h,. For a restriction G; = (U, Vi,e,m; = m|vl2) of G = (U,V,e,m) and a
restriction of the subgroup Hy = (W N Uy, W N Vi, e, m|awnv,)2), it can be shown that
the equivalence classes gH, gH; satisfy gH; = gH NV (thanks to the property that a
connected Lie group is generated by arbitrarily small neighbourhood of unity).

From now on, we will not distinguish between classes and representatives of local
Lie groups and will treat them as ordinary Lie groups keeping on mind that we should
always consider only elements from “small neighbourhood of unity”.

We are going to show that Lie algebras are completely equivalent to local Lie groups.
We show that for every Lie algebra there exists a unique local Lie group, that there is
a one to one correspondence between morphisms of Lie algebras and local Lie groups
and so on. A lot of these statements can be actually formulated for global connected or
simply connected Lie groups. Moreover, every local Lie group can be uniquely extended
to a simply connected global Lie group, so the notion of the local Lie group is actually
redundant. Nevertheless, in the whole thesis, we work with Lie groups only locally,
so the local approach in this section allow us to simplify the proofs and our future
considerations.

Theorem 2.28. Let G, G5 be Lie groups and a: G; — G2 an homomorphism. Then
da is a homomorphism of the corresponding Lie algebras.
Proof. Denote g; the Lie algebra corresponding to Gy. Take a € g1, then «a(e')

is a one-parameter subgroup of G, that is generated by da(e'®)/dt|,_, = daa, so
a(e) = etd*?, Similarly as in remark 2.18, we can write
0 tasb —t * 4 dab —td
d b] = e = ——" 9% e T Y = [dara, dar b).
ala,b] = ool )= 5194 [daa, dad] -



Remark 2.29. A map is locally injective or surjective in a point if and only if its
differential in the point is injective or surjective. So, for example, isomorphisms of Lie
groups correspond to isomorphisms of Lie algebras.

Theorem 2.30. Let G be a local Lie group and H its Lie subgroup. Then h =T, H =
{a € g|e' € H for all ¢ in some neighbourhood of zero} C g is the Lie algebra of H.

Proof. Denote h = T.H the Lie algebra of H as a tangent space of Lie algebra of
H at unity. The identity «: H — G is a homomorphism. The tangent space T.H as a
subspace of T.G is formally defined as image of T, H by differential of the inclusion map
de, which is an injective homomorphism. So, we indeed have that b := T,H C g is also
a Lie algebra of H. The second equation follows from the fact that homomorphic image
of one-parameter subgroup is a one-parameter subgroup, so the exponential h — H
coincide with restriction of the exponential g — G. (]

We are able to construct Lie algebras of Lie groups as tangent spaces at unity and
we are able to construct morphisms of Lie algebras by differentiating morphisms of Lie
groups. Now, we formulate the opposite direction.

Lemma 2.31. Let G be a local Lie group, g its Lie algebra, and h a subalgebra of g.
Then there exists a Lie subgroup H C G, such that § is its Lie algebra.

Proof. If we interpret b as an algebra of left-invariant vector fields on G, then it is
also an involutive distribution on GG. Denote H the integral manifold at unity. If we
show that H is a subalgebra, then it will be clear that its left-invariant vector fields
are in b, so b is its Lie algebra. Take g € H, Ly is a diffeomorphism of G preserving
the left-invariant vector field, so L,-1 (H) has to be the integral submanifold and, since
e € Ly1(H), it is an integral submanifold at unity and from uniqueness it is equal to
H on a neighbourhood of unity. So, g~*h € H for all g, h in a neighbourhood of unity
in H. [l

Lemma 2.32. Let GG be a local Lie group, H its subgroup, and g, h the corresponding
Lie algebras. Then H is normal in G if and only if § is an ideal of g.

Proof. The subgroup is normal if and only if for all g,h € G it holds that h € H <
ghg~' € H. The elements of local Lie group in the neighbourhood of unity can be
uniquely represented by elements of the corresponding Lie algebra. Thus, the condition
can be equivalently represented as e’ € H < e%’e™® = exp(e*d«b) € H for sufficiently
small a,b € g, where we used Theorem 2.17 to rewrite the expression. This can be
expressed in terms of the Lie algebra elements themself b € h < e*deb € h. Finally, it
is sufficient to show that this is equivalent to the implication b € h = [a,b] € h. The
“if” direction is trivial. To prove the opposite direction, let us assume, that b € b, then

e®eh = b+ [a,b] + [a,[a, D] + ... €,
so, since b on the right-hand side lies in b, we have
b > [a,b] + [a,[a,b]] + ... = e™[a,b],

so [a,b] € b. O

Theorem 2.33. Let G and G2 be local Lie groups, g1 and go its Lie algebras. For
every homomorphism ¢: g; — go, there exists unique local Lie group homomorphism ¢
such that ¢ = d®.

Proof. Take a homomorphism ¢:g; — go. Its graph b := {(a,¢(a)) | @ € g1} is a Lie
subalgebra of g1 & go. We can check that g; & go is a Lie algebra of G; x G5. Using
Lemma 2.31, we can find a subalgebra H C G; x G, such that b is its Lie algebra.



The projection m1: H — G of H to G; is a homomorphism, whose derivative at unity
is a regular mapping (a,¢(a)) — a. Hence 7 is a local isomorphism at unity. Denote
mo: H — Gy the second projection, then dmy at unity maps (a,¢(a)) — ¢(a). So,

7, ! oy is the homomorphism we are looking for. U

Theorem 2.34. For a given Lie algebra g, there exists, up to isomorphisms, unique
local Lie group G such that g is its Lie algebra.

Proof. Using the theorem of Ado 2.19, we can assume that g is a subalgebra of gl(V')
for some vector space V. Using the preceding lemma, we find the local Lie group
G C GL(V). The uniqueness follows from Theorem 2.33 (identical map of the Lie
algebra induces an isomorphism of its different local Lie groups). O

I 2.4 Canonical coordinates

Since we are going to work with Lie groups only locally, it is useful to define some
coordinates on Lie groups.

As we remarked in 2.15, exp is a local diffeomorphism between Lie algebra and Lie
group. We can therefore locally define the inversion of exponential map—the logarithm

In:G — g. If we fix a basis of g, say (e1,...,e,), it defines us coordinates on the
Lie algebra g, which induce logarithmic coordinates on G through relation ! = e’ln g,
where (el,...,e") is the dual basis. The element g, with coordinates z = (x') can be,

therefore, written as
n
b= esn (Yo ). ©
i=1

One could, however, also exponentiate multiples of the basis elements at first and
then take their product. Generally, consider a linear decomposition of g to a direct sum
of linear subspaces g = g1 ® g2 ® ... B gy Then the map ®:g — G, a — [[;-, exp(ax),
where ay is a projection of a onto gy, is a local diffeomorphism of a neighbourhood of
zero onto a neighbourhood of unity too since ®(0) = e and

4 exp(te;)

d
(D i: 7@ i e
d®ge (te;) g

dt

= €4,
t=0

t=0

where (e;) is a basis such that each basis element belongs to one of the subspaces gy, so
the derivative at zero is again identity. Such map @ is called canonical and the induced
coordinates with coordinate functions e’ o @1 where (e’) is the dual basis to (e;), are
called canonical coordinates.

For a trivial decomposition g = g1 we get the logarithmic coordinates, which are also
called first canonical coordinates. On the contrary, if we have m = n, so each of the
subspaces is one-dimensional, we get the second canonical coordinates

9o = [ [ exp(a’e;). (7)
i=1

Let us now look on the coordinate expression of the basic Lie group structures. Let
Pt ... 9" be arbitrary local coordinate functions of G in the neighbourhood of unity.
Denote g, = 9~!(z) as in the preceding text. Then the basis vectors of Vect M module
can be written as 0, = 9; ! = 0, g,.

Now, we can define a coordinate expression of the multiplication m(g,h) = gh as
M:R" x R® — R", M (z,y) = ¥ (m(gs,9y)) = ¥*(gzg,). This map is called the
composition function.
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We can also explicitly express the form of left-invariant vector fields on G. Let
e1,...,e, be a basis of the Lie algebra g of G (as an algebra of tangent vectors).
Then the corresponding basis of the algebra of left-invariant vector fields has the form
(Xi)g = dLge;. So, the coordinate expression is

X0(z) = 09 (Lo, (9s)) | ; _ OM“(z,y)

oy =0 g oyt

(8)

y=0

In the rest of this subsection, we describe computation of left-invariant vector fields
in the second canonical coordinates as was proposed by I. V. Shirokov in [28].
At first, let us have a look on the differential dL, and compute its components at
unity '
[(ALy,)e]} = da? ALy, Dysleco = da* ALy, Dysgelrma =
0 : OM'(y,x) ; (9)
= 5. (V' (Lg,(92))| = Tow |, X;(y).
In the following calculations, we omit the index e at dLg, . So, the differential dL,, is

a matrix, whose columns is formed by the left-invariant vector fields. This relation can
be inverted

=0

AL} = [AL,'T] = wl(y), (10)
where w’ are the dual one-forms corresponding to left-invariant vector fields X;. These
are also called left-invariant one-forms.

Now, choose the second canonical coordinates such that
Ge = gn(z") ---g1(x')  where g (t) = e, (11)

We have q d
agk(t) = &etek = (Xk»)etek = dLgk(t) €L,
SO &
Ot = Our 9o = Do (Lgu(am)-gi o) B @)1y oty 100 (27)) = (12)

= dLgn(JC")-"gk+1(ﬂck+1) ngl (xl)—l. (xk:fl)—l dLgk(x") €.

“gk—1
Finally, since left translations commute with right translations, we can formulate the
expression for the dL; in terms of the adjoint map using equation (2) as

[dLg;l]Z = d.’I?j dLg;I i = d.’L’j Adgl(xl)*l s Adgiil(wi—l)—l €; = (13)

= [exp(—2'ad,,) - -exp(—z'"! adeH)]Z .

So, in order to calculate the coordinates of left-invariant vector fields, it is sufficient
to calculate the inversion of the matrix whose elements is given by the formula (13).

I 2.5 Lie group action on a manifold

Let G be a Lie group and M a manifold. Although an action of a group is usually
considered as a left action, in this case it is convenient to consider right actions. We
will also always assume smoothness of the action. So, by an action of G on M, we
always mean a smooth right action 7: M x G — M. A manifold equipped with an
action of a Lie group G is called a G-manifold.

We recall the definition of action morphisms.

11



Definition 2.35. Let Gy and G5 be Lie groups, m; and o their actions on manifolds
M and Msy. A smooth map ®: M; — M, is called a morphism if there exists a homo-
morphism ¢: G; — Ga, such that

®(m1(p, 9)) = m(2(p), (9))- (14)

If @ is bijective, it is called a similitude. It is called an isomorphism if, in addition,
G1 = G5 and ¢ is identity.

Lemma 2.36. Let G be a Lie group, g its Lie algebra, M a manifold, and 7 an action
of G on M. Then the mapping g — Vect M

d ta _d
a(ﬂ-pe ) - dt

where X is the left-invariant vector field corresponding to a tangent vector a € g = T.G
and m, is the orbit map of point p, is a homomorphism.

Proof. Let us have a,b € g, X,Y the corresponding left-invariant vector fields. Then
d 4 d i
dmp, Xy = dm,dL, aet L = 4P e’

Similarly, Yﬁp(g) =dm,Yy, so [X  Ye () = dmp [ X, Y],. Therefore,

a:XeHXa Xp:dﬂ-pa: (p'e_m) ) (15)

t=0

t=0

=dmyya= X, = X,
t=0

»(9)

=dm, [X,Y]. =dm, [a,b] = [X, Y]p. .
Definition 2.37. The vector field X of the previous lemma is called the fundamental
vector field of the action 7 corresponding to the vector field X. The homomorphism
X +— X will be denoted as Tk

For the map g — m,, where m4(p) = 7(p, g), we have mg C Diff M because we demand
the action 7 to be smooth. Therefore, the action of a group on a manifold can be
understood as a generalization of the notion of one-parameter group of diffeomorphisms,
i.e., a global flow. However, it is not one-parameter anymore. To complete the analogy,
we bring the following definition corresponding to the notion of a local flow.

Definition 2.38. Let GG be a Lie group and M a manifold. By a local action of G on M
we mean a smooth map m: W — M, where W is an open subset of G x M such that
{e} x M C W satistying m(e,p) = p for all p € M and (g, 7 (h,p)) = 7(gh,p) for all g
and h for which both sides are well-defined.

If we consider an action of a local Lie group, we automatically mean a local action.
In the case of local Lie groups, one also need to consider locally the properties of the
action. For example, an action 7 of a local Lie group G is called (locally) transitive if for
every point p € M there is a neighbourhood U of p such that for all ¢ € U there exists
g € G such that ¢ = w(p, g). Formally, if we understand local Lie groups as equivalence
classes, we should define the actions of local Lie groups as equivalence classes as well.
Two local actions of a global Lie group G on a manifold M are equivalent if there exists
a local action of G on M that is their common restriction.

It can be shown that a stabilizer of a given point for a local action of a (local) Lie
group G is a local subgroup of G. The action is free if the stabilizer is trivial. Note
that in the case of local action of a global Lie group the stabilizer is again only a local
subgroup, not global.

It seems natural that a local action is described by the infinitesimal action, that is,
the differential dm, for every p € M. The role of the infinitesimal generators is played
by the images of Lie algebra g of G through the mapping dm,—the fundamental vector
fields.

12



Theorem 2.39. Let G be a Lie group, g its Lie algebra, M a smooth manifold, and
w:g — Vect M a homomorphism. Then there exists unique local action 7 of G on M
such that ¢ = m,. This action is effective if and only if ¢ = 7, is an isomorphism.

Proof. According to Remark 2.21 the Lie group corresponding to Vect M is Diff M.
According to Theorem 2.33, Lie algebra homomorphism ¢ defines a unique homomor-
phism of local Lie groups m: G — Diff M, which is an isomorphism if and only if ¢ is
an isomorphism. O

It is again useful to be able to express these structures in coordinates. Let us have
local coordinates of a given Lie group G in a neighbourhood of unity z!,..., 2" and
local coordinates of a given manifold M ¢',...,¢™. Then, for arbitrary action 7 of G
on M, we can define its coordinate representation as a function IT: R™ x R™ — R™. Let
g be a Lie algebra of G and ey, . .., e, its basis. Then the algebra of fundamental vector

A

fields is generated by (X;), = dm, e;. The coordinates of these vector fields are

X — aHa(q'? LE)

i(a) B (16)

=0

Given a group G acting on a set X and a point x € X, the stabilizer G, of x is
a subgroup of G. The space of right cosets G, \ G with right multiplication of G is
isomorphic to the orbit G of x through map G,g — zg. This can be generalized to
the case of Lie groups.

Given a smooth action of a Lie group G on a manifold M, the right coset space
Gp \ G for p € M can be given a structure of a manifold through the quotient map
g — Gpg. It holds that there exists a unique smooth structure on G, \ G such that the
quotient map is smooth. For us, it is sufficient to bring the construction just locally.
Let b be the Lie algebra of stabilizer G,. It is a subalgebra of g consisting of vector
fields whose integral curves act on p trivially, so it is the kernel of dm, at unity. Let V'
be a vector space complement of f in g, so g is a direct sum of vector spaces g =V @ b.
Denote (eq,...,ex) the basis of V and (exy1,...,e,) the basis of h. We can define
second canonical coordinates on GG in the neighbourhood of unity by relation

Gt = exD(t"e) exD(" " enn) - exp(then). (17)
We can define coordinates on G, \ G as gu 4 = Gpgp, k. o- 1t is evident that the
quotient map is smooth with respect to these coordinates since its coordinate represen-
tation is (¢1,...,¢") — (t},...,t*). It is also clear that the right action of G on G, \ G
is smooth as well. We can introduce the map 7,: G, \ G — M Gpg — pg. It is injective
(mapping bijectively G, \ G onto pG) and its differential at unity d7, is restriction of
dm, at unity on a complement of its kernel, so it is injective as well. Therefore, we
locally proved the following theorem.

Theorem 2.40. Let m be an action of G on the manifold M, p € M. Then the quotient
map induces a structure of a smooth manifold on G}, \ G. This manifold is immersed
in M as the orbit of p by 7,: G, \ G — M G,g — pg.

In particular, if 7 is transitive, then the map 7, is a diffeomorphism.

Corollary 2.41. Let 7 be a transitive action of G on the manifold M, p € M. Then the
G-spaces M and G, \ G are isomorphic. In particular, it means that if 7 is transitive
and free, then it is isomorphic to the right translations of G.

Remark 2.42. An interesting question is, what are the fundamental vector fields for
the action of right translations. The right action of right multiplication and the left
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action of left multiplication taken as a map G x G — G are in fact both identical to
simple multiplication. The difference is only in the notation. Moreover, the orbit map
of the right multiplication is the left multiplication and vice versa. So, for a € g and X
the corresponding left-invariant vector field, we have

X, =dL,a=X,,

so the fundamental vector fields of right translations are the left-invariant vector fields.

As we mentioned above, we proved Theorem 2.40 only locally. To formulate the
local version of this proposition properly it is convenient to introduce the notion of
“locally defined action”. The local action, as defined in by 2.38, is defined on the whole
manifold M at least for group elements very close to unity. Consequently, it defines
global fundamental vector fields on M that realize the Lie algebra corresponding to the
Lie group. However, the action of right multiplication on a local Lie group G or a right
coset space H \ G is not only local (because the group is local) but also locally defined,
because the manifold is also “only local”. Formally, we should again define the locally
defined actions as some equivalence classes.

Definition 2.43. Let G be a (local) Lie group, M a manifold p € M. Let U; and U,
be neighbourhoods of p. Then local actions of G on U; and U; are locally equivalent
at p if there is a neighbourhood V' C U; N U, of p and an action of G on V that is their
common restriction. The classes of equivalence are called locally defined actions at p.
A locally defined action is called faithful or transitive if there exists its representative
that is faithful or transitive.

Definition 2.44. Let GG; and G5 be local Lie groups, m; and ms their locally defined
actions at p;1 € M7 and py € M>. A morphism of their representatives ®:U; C My —
Uy C My is called a morphism of the locally defined actions if ®(p;) = ps. In the same
manner we define a similitude and an isomorphism.

We will now formulate the local version of Corollary 2.41 using this notion, which
will be important in Chapter 4.

Theorem 2.45. Let 7 be a locally defined transitive action of G on the manifold M at
p € M. Then the quotient map induces a structure of a smooth manifold on G\ G. The
action 7 is isomorphic to right multiplication on G, \ G (locally in the neighbourhood
of unity class G)) through 7,: Gpp — pg.

Finally, since every transitive action is, according to this theorem, isomorphic to
right multiplication of a local Lie group G on some coset space H \ G. It will be
convenient to be able to express the fundamental vector fields of such actions explicitly.
As was mentioned in Remark 2.42, the fundamental vector fields corresponding to trivial
subgroup H = FE are left-invariant vector fields. Those can be explicitly computed
in second canonical coordinates by simple formula described in Section 2.4 as was
suggested in [28]. Fundamental vector fields corresponding to non-trivial subgroup H
are essentially just projection of the left-invariant vector fields on the submanifold H\G.

The explicit computation is described in [15]. It is convenient to use second canonical
coordinates of the form (17). We can see that the right multiplication acts as

Gtk Gat,an = GpGur gk it yn Gzt an = GM((Ly) )., MF((Ly) ) (18)

for arbitrary y**!,..., 4", where M is the composition function. So, the coordinate
expression for the action is
I (t,x) = M*((t,y),x) (19)
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for i = 1,...,k. Therefore, according to equation (16) the coordinates of the funda-
mental vector fields are

o) = O D) OME((E ), @)

where X; are the left-invariant vector fields. So, the first k& coordinates of the left-
invariant vector fields depend only on the first k coordinates of the position and coincide
with the coordinates of the fundamental vector fields.
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Chapter 3
Classification problems of Lie algebras

In this chapter, we mention the important results regarding classification of Lie algebras.
The goal of this work is to classify realizations of five-dimensional Lie algebras. Firstly,
we have to know the list of all five-dimensional Lie algebras. Secondly, as we show
in Chapter 4, we need classification of subalgebras of the Lie algebras with respect to
some groups of automorphisms. The following sections are devoted to these problems.

Since both those problems—finding the groups of automorphisms and classification
of subalgebras—are very interesting by themselves, we publish our results together with
the classification of realizations in the Section A.2 of the appendix.

The description of general theory is based on [27,2]. The important classification
results are cited in the text.

I 3.1 Classification of Lie algebras of a given
dimension

The problem of finding all Lie algebras of a given dimension was treated by
G. M. Mubarakzyanov and solved for dimensions less or equal to five [16-17].
The relevant results of the Mubarakzyanov classification are summed up in Section A.1
of the appendix.

I 3.2 Groups of automorphisms of Lie algebras

Given a Lie algebra g, all its automorphisms form a group that will be denoted Aut g.
Given a basis (e;) of g, the condition for a linear operator a: g — g to be an automor-
phism «fz, y| = [a(z), a(y)] can be rewritten as

Zajc?cl = chmakal ) (1)
J Jm

where cé , are the structure constants of the Lie algebra and aé are the matrix elements
of v in the basis (e;). Solving this equation for the matrix elements 043- gives the general
form of an automorphism of g.

The groups of automorphisms of all Lie algebras of dimension less or equal to five
were computed in [6]. For every Lie algebra we have been studying in our work, we have
computed independently the group of all automorphisms and checked the correctness
of those results.

Please note that when formulating the automorphisms in a form of matrices, we
interpret the upper index as row index and the lower index as column index. Some
authors use the opposite convention.

Automorphisms of algebras are closely connected their derivations.
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Theorem 3.1. Let (A, m) be a finite-dimensional algebra and D: A — A a homomor-
phism. Then e'” (as an ordinary matrix exponential) is a group of automorphisms if
and only if D is a derivation.

Proof. The assertion that e!” is an automorphism means that, for all =,y € A,

Dk D?  DJ
> (B2,
k=0 =0 j=0 ‘7

Comparison of the terms linear in ¢ gives us D(m(x,y)) = m(Dz,y) + m(z, Dy).
Now, let D be a derivation. Since exponential of an operator is always invertible, we
only have to prove the homomorphism property. Using the general Leibniz rule we get

ml;k m(z,y) ZZ() 'z, DFly) =

k= k=0 =0
oo k l - ] Dl 4 oo D]
=33 e Dy = m | Y ey | =
k=0 1=0 i—0 =0 J:
= m(ePx,ely). O

In case of Lie algebras, it follows that the Lie algebra of derivations Der g is the Lie
algebra of Aut g as a Lie group. Note however that the map exp: Der g — Aut g might
not be surjective. Moreover, exp(g) might not generate Autg. In other words, there
may exist elements o € Autg that are not of the form e for some D € Derg and
there might also exist so called discrete automorphisms that cannot be expressed as a
product of automorphisms of such form.

An important subalgebra of Der g is the subalgebra of inner derivations adg = {ad, |
x € g}, where ad,:g — g is the adjoint representation of x € g mapping y — [z, y].
The corresponding Lie group generated by elements of the form e*d, z € g is denoted
Int g and its elements are called inner automorphisms of the Lie algebra.

Consider the local Lie group G corresponding to g. Then the generators of Int g can
be expressed as Ad,, g € G since € ade — Ada.

Note that some authors define the group of inner automorphisms as generated only
by exponentials of such elements ad, that are nilpotent. This definition is, of course,
stronger and does not correspond to the adjoint representation of the corresponding
connected Lie groups as indicated above.

Since Int g is generated by curves, it has to be path-connected and hence connected.
Therefore, it is generated by any open subset. In particular, by domain of second
canonical coordinates

(. ) e a(th,. . tn) = el el ade ot aden (2)
where (e,,) is a basis of g. Thus, Int g is generated by e?de.

This is also the easiest way, how to explicitly compute the group of inner automor-
phisms. Very often it holds that the automorphisms of the form (2) are closed with
respect to composition, so they already form the whole group of the inner automor-
phisms. According to [6] there are only two exceptions in dimension less or equal to
five.

The group of inner automorphisms is, of course, a subgroup of Aut g (but not neces-
sarily a Lie subgroup, i.e., it does not have to be an embedded submanifold). Moreover,
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it is a normal subgroup. Taking a Lie algebra automorphism, denote « the correspond-
ing local Lie group automorphism. Then, differentiating the homomorphism property
aoCy = Cyy o a, we get da Ad;, = Ady da, which proves the statement. We can,
therefore, compute the quotient group Autg/Intg, whose elements are called outer
automorphisms.

I 3.3 Classification of subalgebras of a given Lie
algebra

For a given algebra we can also look for a set of its subalgebras. Finding such list is
quite easy. A harder task is to divide the subalgebras into classes with respect to the
following equivalence.

Definition 3.2. Let g be a Lie algebra and A C Autg be a group of automorphisms of
g. Subalgebras h and b’ are called A-conjugate if there is an automorphism o € A such
that b’ = a(h).

Universal classification methods were introduced in [25]. They are based on induc-
tion: using classification of lower-dimensional Lie algebras, we find the classification of
a direct or semidirect sum. The authors also provided subalgebra classification for all
Lie algebras of dimension not greater than four with respect to inner automorphisms
in [24]. A classification of subalgebras of physically interesting Poincaré and Galilei Lie
algebras together with the related theory is available in [7].

As we are going to describe in Chapter 4, we are going to need a classification of
subalgebras with respect to groups of all and inner automorphisms. In this particular
work, we were able to obtain results for all five-dimensional indecomposable nilpotent
Lie algebras.

To obtain our classification, we used much simpler method than [25].

At first, we find all subalgebras of a given Lie algebra. This task is very simple and
can be done very quickly by computer. We just list all subspaces of the Lie algebra and
for each we check whether it is closed with respect to Lie bracket. Then we express the
action of the groups of automorphisms on these subalgebras and divide them into the
conjugacy classes. Practically, the easiest way to do that is to guess the answer and
then check by computer, whether it is right.

We believe that such straightforward computation is in our case better that the
inductive approach proposed in [25] for several reasons. Firstly, using computer algebra
system makes it about equally exacting and time-consuming. Secondly, it does not
depend on correctness of several previous results, so it is more reliable. And thirdly, the
results for classification of four-dimensional Lie algebras is available only with respect
to inner automorphisms, not with respect to the group of all automorphisms.
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Chapter 4
Classification of realizations

In this chapter the main theoretical results of this work are contained. Those results
are also the subject of an article in preparation, whose preprint is available on arXiv
[11].

As we have mentioned in the introduction, our goal was to continue in the work
[26], which classifies realizations of all Lie algebras up to dimension four, and try to
obtain realizations classification of five-dimensional Lie algebras. In order to do that,
we developed a simple algortithm that leads to such classification.

As we indicated in Section 2.5, there is a close relationship between realizations of Lie
algebras by vector fields and actions of the corresponding Lie group. This relationship
is studied in more detail in Section 4.2.

An important class of realizations are so called transitive realizations. Theoretical
results on classification of transitive local realizations, together with powerful methods
of explicit computation are already available in the literature [1,4,12,15]. In partic-
ular, it can be shown that classification of all transitive realizations is equivalent to
classification of subalgebras. These results are summarized in Section 4.3.

On the basis of those results, our algorithm is formulated. The key correspondence
between realizations and subalgebras was generalized to the case of reqular realizations
in Section 4.6. The main result formulated in Theorem 4.19 is followed by a simple
example illustrating the practical computation.

When dealing with general realizations it is actually not so clear how to choose
the classification problem to get reasonable results. As we show in Section 4.7 one of
possible classification problems could be to find a system of local realizations such that
every realization is at each point of a dense subset of its domain locally equivalent to
some realization of this system. Such a system will be called a complete system of local
realizations (see Definition 4.24) and we show that such a system can be chosen to
consist of regular local realizations.

Finally, in Section 4.8, we formulate an algorithm that solves the established classi-
fication problem (that is, to find the complete system of local realizations) and Theo-
rem 4.32 summarizing this algorithm is followed by an example illustrating this proce-
dure.

Definition 4.1. Let g be a Lie algebra and M a manifold. A realization of g on the
manifold M is a homomorphism R:g — Vect M. The realization is called faithful if it
is injective.

This definition was adopted from [26]. Another approach is to consider a derivation
of the algebra of formal power series over a field F' of characteristic zero Der F'[[z]]
instead of vector fields (see for example [4]). This definition is more general regarding
the arbitrary field F', on the other hand it corresponds to local analytic realizations
only.

By restricting the realizing vector fields on an open subset U of M we get a restriction
of a realization on U, which we will denote R|y;. The manifold, where the realizing vector
fields are defined is called the domain of the realization and denoted Dom R.
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The realizations are often considered only locally. This means that we specify a point
in the manifold M and consider the realizing vector fields only in a small neighbourhood
of this point. This is equivalent to considering the realizations on a neighbourhood of
zero at R™. Formally, the notion of local realization can be defined as an equivalence
class, as in the case of Lie group actions (cf. Definition 2.43). The notion of a local
realization is introduced to simplify the classification problem leaving aside the global
structure of the manifold and the realizing vector fields.

Definition 4.2. Let g be a Lie algebra, M a manifold p € M. Let U; and Us be
neighbourhoods of p. Then realizations R; and Ry of g defined on U; and U,, respec-
tively, locally coincide at p if there is a neighbourhood V C U; N Uy of p such that
Ri|ly = Rsly. The classes of locally coincident realizations at a specified point p are
called local realizations at p. A local realization is faithful if every its representative is
faithful.

We will usually not strictly distinguish between local realizations and their represen-
tatives. For a given global realization R defined on a manifold M we denote R|, the
corresponding local realization at p € M. For a given local realization R at p € M and
U a neighbourhood of p we denote R|y the corresponding representative defined on U.

I 4.1 Realizations equivalence

As, for example, in the case of representations by matrices, it does not make sense to find
the list of literally all the representations. We usually introduce some equivalence be-
tween representations and classify the equivalence classes. The definition of realization
equivalence is an analogy of action isomorphism and similitude (cf. Definitions 2.35,
2.44).

Definition 4.3. Let g be a Lie algebra and M; and Ms manifolds. Let A be a subgroup of
Aut(g). Realizations Ry:g — Vect(M;) and Rs: g — Vect(Ms) are called A-equivalent
if there exist an automorphism o € A and a diffeomorphism ®: M; — M, such that
Ry(a(z)) = @, Ry(x) for all z € g. If we do not consider automorphisms (so A = {id})
the realizations are called just equivalent (or strongly equivalent in case we need to
emphasise that we do not consider automorphisms). For inner automorphisms A = Int g
we will write shortly Int-equivalent and for all automorphisms A = Aut g we will say
Aut-equivalent.

Definition 4.4. Local realization R; at p; € My is A-equivalent to local realization Ro
at po € M, if there exist their representatives defined in neighbourhoods U; 3> py,
Us > py that are A-equivalent and the corresponding diffeomorphism &:U; — U,
satisfies ®(p1) = pa.

For a given global or local realization R we denote R the corresponding equivalence
class. It should be clear from context which group of automorphisms A we consider.

Since faithfulness of the realization or the dimension of the realizing manifold is
invariant under the equivalence, we can assign those characteristics to the classes. In
particular, in case of local realizations, the global structure of the manifold is irrelevant
and the dimension is the only characteristic of the manifold, so we often refer to a class
of local realizations in m variables.

Every class of local realizations in m variables R of an n-dimensional Lie algebra
g can be represented by a realization defined in a neighbourhood of zero in R™, so
it is determined by n - m functions §f, i=1,...,n, j = 1,...,m defined in some
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neighbourhood of zero at R™ that form one of the representatives Ry € R

m

Ro(e;) => &(a',...,a™)0y. (1)

j=1

It means that for all representatives R defined a neighbourhood of a point p € M there
exist coordinates (z!,...,2™) in some neighbourhood of p such that the coordinate
expression of R coincides with (1).

This also illustrates the connection with the definition of realizations by derivations
of formal power series. In this case, we have formal power series instead of the functions
¢! and the equivalence is provided by formal coordinate change preserving zero (since
all the power series are centered at zero). Therefore, there is a one-to-one correspon-
dence between local realizations at zero that have an analytic representative and formal
realizations that have a convergent representative and also between the corresponding
classes. In the case of so called transitive realizations (see Section 4.3), it can be shown
that all classes of local realizations have an analytic representative and all classes of
formal realizations have a convergent representative.

I 4.2 Realizations and group actions

The fundamental result of the Lie theory described in Chapter 2 is that local transfor-
mations are completely defined by vector fields representing the infinitesimal transfor-
mations. That is, for a local Lie group and its action on a manifold we can find the
fundamental vector fields that essentially form a subalgebra of the corresponding Lie
algebra. The map 7,:g — Vect M is actually a realization of g on M. On the other
hand, according to Theorem 2.34, every Lie algebra uniquely defines a local Lie group
and, according to Theorem 2.39, for every realization there exists, up to isomorphism,
a unique local action of the corresponding Lie group.

Moreover, A-classes of realizations correspond to A-classes of local actions in the
following sense. Let G a local Lie group and g its Lie algebra. We say that actions 7"
and 7@ of G acting on M; and M,, respectively, are A-similar for A a subgroup of
Aut G if there is a diffeomorphism ®: M7 — Ms and an isomorphism ¢ € A satisfying

e (" (p, 9) = 7 (@(p), p(9))- (2)

Lemma 4.5. Let G be a local Lie group and g its Lie algebra. Local actions of G on
manifolds M; and M, are A-similar if and only if the corresponding realizations of the
Lie algebra g are dA-equivalent, where dA = {d¢ | ¢ € A} C Autg.

Proof. Let 7V and 7@ be actions of G on M; and M, and denote the corresponding
realizations B; = 7\") and Ry = 7). Denote #?: G — Diff M; 7 (9)(p) = 7D (p, g).
The condition (2) can be rewritten as

® o (g) o @t =7 (p(g)).

Note that the expression on both sides of the equation is a local Lie group homomor-
phism in g mapping G — Diff Ms. Differentiation of this equation in g leads to

®.Ri(a) = @ 0 Ri(a) o (27')" = Ra(dya),

which means that Ry is equivalent to Ry through diffeomorphism ® and automorphism
dip. This proves the left-right implication and thanks to Theorem 2.33 it also proves
the opposite direction. O
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We can do the same for local realizations that correspond to locally defined actions
(Definition 2.43). We can again define the A-similitude for locally defined actions by
generalizing Definition 2.44. Then A-classes of local realization correspond to A-classes
of locally defined actions.

I 4.3 Classification of transitive realizations

Definition 4.6. Let R be a realization of a Lie algebra g on a manifold M. The rank of
the realization R at point p € M is the rank of the linear map R,,: g — T,M, v — R(v),,
that is, rank R, = dim R(g), = dim{R(v), | v € g}. If the function p — rank R, is
locally constant at py we say that R is regular at pg. Local realizations at p are called
reqular if their representatives are regular at p.

Lemma 4.7. Let R be a realization of a Lie algebra g on a manifold M. Let G be a
local Lie group of g and 7 a local action on M corresponding to R. The local action 7
is (locally) transitive if and only if the rank of R is constant and equal to m = dim M,
i.e., the map R,:g — T,M is surjective for every p € M. A locally defined action
is (locally) transitive if the corresponding local realization in m variables has rank m.
Realizations satisfying this property are called transitive as well.

Proof. The map R, is in fact identical to dm,. Therefore, it is surjective if and only if
mp is “locally surjective”, i.e., there exists a neighbourhood V' of p such that m,(G) D V.
Equivalently, for every ¢ € V' there is a g € G such that ¢ = 7(p, g). O

According to Theorem 2.45, every locally defined transitive action at p € M of a
local Lie group G is isomorphic to the right multiplication of G acting on G, \ G.
Hence, any locally defined transitive action of G is, up to isomorphisms, described by
the subgroup H representing a stabilizer of a given point in G. On the other hand, for
a given subgroup H we can easily construct such an action as the right multiplication
of Gon H\G.

In the language of Lie algebras it means that every strong class of local transitive
realizations of a Lie algebra g is uniquely determined by a subalgebra b.

This correspondence can be formulated purely algebraically without need of intro-
ducing (local) Lie groups and their action. For a local realization R at p € M of a Lie
algebra g the corresponding subalgebra h C g can be defined as the kernel of the linear
map g — T,M, a — R(a),. On the other hand, to prove that every subalgebra defines
uniquely a strong class of local realizations is not so simple. In the case of realizations
by formal power series over general field F', the correspondence was proven by Guillemin
and Sternberg [12]. Later, Blattner [1] came with even more abstract proof of corre-
spondence between subalgebras and certain classes of representations. These works are
valuable not only because they are very general in the definition of realization, but they
are also obtained purely algebraically.

Moreover, we can easily see that A-classes of local realizations correspond to A-
conjugacy classes of subalgebras. Indeed, taking a local realization R and the corre-
sponding subalgebra h = ker R,,, the subalgebra that corresponds to Ro o« for o € A is
simply ker R, o a = a(ker R,,) = a(h). So, we have the following.

Lemma 4.8. Let g be a Lie algebra and A C Aut g a group of automorphisms. Local
transitive realizations correspond to A-conjugate subalgebras of g if and only if they
are A-equivalent.

Finally, the faithfulness of the realization can be characterized by property of the
subalgebra. From the theory of group actions we know that the kernel of an action of
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right multiplication on H \ G is the largest normal subgroup contained in H. Using
Lemma 2.32 we can transfer this relation to Lie algebras and realizations and formulate
the following propositions.

Lemma 4.9. The kernel of a local transitive realization of g is the largest ideal contained
in the corresponding subgroup of g.

Lemma 4.10. A transitive realization of a Lie algebra g is faithful if and only if the
corresponding subalgebra of g does not contain any non-trivial ideal of g.

An algebraic proof of these propositions is presented for example in [4]

To sum up, classification of all local transitive realizations with respect to a group of
automorphisms A is equivalent to classification of subalgebras with respect to A. The
corresponding representatives of those classes are fundamental vector fields of right
multiplication of G on H \ G, where G is a local Lie group corresponding to the Lie
algebra g and H is its subgroup corresponding to a subalgebra h considered. The
explicit form of those realizations can be computed by algorithm of Shirokov et al. [15]
described at the end of Section 2.5.

This method was already used to classify transitive realizations of low-dimensional
Poincaré algebras [19] and Galilei algebras [20].

Remark 4.11. In [14] Lie conjectured that any local transitive realization can be ex-
pressed (after a suitable change of coordinates) by entire functions of coordinates and
exponentials of linear functions in coordinates (over C). Over R (or arbitrary other field)
it can be reformulated as follows. Any local transitive realization can be expressed in
certain coordinates (i.e., any class has such representative in R™) as functions of coor-
dinates that are a solution of some differential equation with constant coefficients.

For certain types of realizations, this conjecture was proven by Draisma [3] but it
was not proven generally (and Draisma believes that it is generally not true). The
Shirokov’s method does not prove or disprove this conjecture. Nevertheless, we are
able to formulate weaker proposition. Every realization constructed by the Shirokov’s
method is a rational function of functions of coordinates that are a solution of a differ-
ential equation with constant coefficients. So, over C it would be a rational function of
exponentials.

I 4.4 Inner automorphisms

In this section, we describe, how inner automorphisms act on transitive local realiza-
tions, which will be important for classification of regular local realizations.

Lemma 4.12. Let G be a (global) Lie group and g its Lie algebra. Let H be a subgroup
of G and take g € G. Then (global) realization on H \ G by fundamental vector fields
of right multiplication by G is strongly equivalent to realization by fundamental vector
fields on the manifold H\ G, H = g~ 'Hy.

Proof. Take the action 7 of right multiplication corresponding to the first realization.
Then H is the stabilizer of the class corresponding to unity e = H. We can easily see
that H = g~'Hg is the stabilizer of a point g = Hg = §. According to Theorem 2.40 7
is isomorphic to the right multiplication on A \G, which is the action that corresponds to
the second realization. This action isomorphism being also a manifold diffeomorphism
provides the equivalence. O

This means that globally Lemma 4.8 does not hold. For different conjugated sub-
groups, which correspond to subalgebras that are inequivalent with respect to strong
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equivalence but equivalent with respect to inner automorphisms, we get strongly equiv-
alent realizations. This lemma holds locally because we cannot consider translations as
coordinate changes for local realizations, which are defined only by local behaviour in
a given point. In terms of local realizations, we can formulate the following lemma.

Lemma 4.13. Let R be a transitive realization of gon M, p € M. Then for every g € M
the local realizations R|, and R|, are equivalent with respect to inner automorphisms.
Conversely, for every neighbourhood U of p there exists a neighbourhood of unity V in
the group of inner automorphisms such that for every a € V there exists ¢ € U such
that R|, and R|, correspond to a-conjugated subalgebres and hence are a-equivalent.
Proof. Denote h and § the subalgebras corresponding to local realizations R|, and R|,.
Choose a local Lie group G and denote H, H the corresponding subgroups. Denote 7
the corresponding action of G on M. From transitivity of the realization there exist
g € G such that ¢ = 7(p, g), so H= g 'Hg. Thus, h= Adg,-1 b, so the realizations are
equivalent with respect to this inner automorphism.

The second proposition is just a local version of Lemma 4.12. O

Convention. When presenting concrete examples we will use x1, ..., z,, as coordinates
with lower indices to simplify notation and avoid confusion with powers. The partial
derivatives are denoted just 0; instead of 0,,.

Example 4.1. Take a Lie algebra g3; = span{ei, ez, e3}, [e2,e3] = e1. All one-
dimensional subalgebras and the corresponding realizations in a neighbourhood of
(0,0) € R? are following.

span{e; }: e1—0, e 01, e3rr 0
span{ey — aey }: er1— 01, ex > (a—1x2)01, ez Oy
span{es — bes — aeq }: e1— 01, exr> 09, e3> (a+x2)0 + b0y

All the subalgebras in the second row are equivalent with respect to inner automor-
phisms and, for fixed b, all the realizations in the third row are equivalent with respect
to inner automorphisms. In other words, classification of subalgebras and realizations
with respect to inner automorphisms is obtained by removing the parameter a (setting
a:=0).

All these realizations are, of course, mutually inequivalent with respect to strong
equivalence as local realizations. However, if we consider them as global realizations on
R?, then all realizations in the second row are strongly equivalent and this equivalence
is provided by simple translation in x5. The same holds for the last row for fixed b.

In other words, all inequivalent local transitive realizations with respect to strong
equivalence are obtained by restricting one of the following realizations on R?.

€1P—>0, 620—>81, €3>—>82,

€1 — 81, €9 —$281, es — 32,

e — 81, €9 — 82, es — L2901 + bOs.

At the same time, this is classification of local realizations in a neighbourhood of (0,0) €
R? with respect to inner automorphisms.
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I 4.5 Topology of subalgebra and realization systems

In the following section we are going to construct new realizations by interpreting
parameters of transitive realizations as new coordinates. This is, of course, possible only
in the case when the transitive realizations depend “smoothly” on those parameters.

We are going to say that a function F:R* — Vect M is smooth if a vector field
XF € Vect(M x R?) defined as X(Z,w) = F(z), for p € M and x € R® is smooth. As
indicated for example in [18], Theorem 46.11, such a definition corresponds to compact
open topology on Vect M. For further references on the vector fields topology, see e.g.
[13]. Nevertheless, we will not use any special properties of such topology here.

This induces a topology and the notion of smoothness on the space of realizations.
We also get a topology on the space of local realizations and spaces of A-classes of local
realizations as a topological quotient spaces. Note, however, that those quotient spaces
may not be even Hausdorff.

Nevertheless, we can again induce the notion of smooth map. A map between two
quotient spaces will be called smooth if it is locally a quotient of a smooth map. We
formulate it precisely in the following definition.

Definition 4.14. Let M; and M, be manifolds and let M; and M, be their quotient
spaces. A map ®: M; — M, will be called smooth in Z, € M, if there exists zy € Zo, its
neighbourhood U, and a map ®: U — M, such that for all z € U ®(x) € ®(Z), where Z
is the class corresponding to x. A smooth bijection, whose inversion is smooth as well,
will be called a diffeomorphism. A smooth injection, whose inversion is smooth as well,
will be called an embedding.

Remark 4.15. This definition is compatible with the quotient topology in a sense
that ever smooth map is continuous, so every diffeomorphism is a homeomorphism. A
composition of such smooth maps is smooth.

Let ., be the space of all subalgebras of codimension m of a given Lie algebra
g. This is an affine subvariety of the Grassmannian Gr(g,n —m), n = dimg. A map
F:R* — .7, will be called smooth if it is smooth as a map R®* — Gr(g,n—m). A smooth
map to the space of subalgebra A-classes is again defined in sense of Definition 4.14.

Lemma 4.16. Let g be a Lie algebra, .7, the space of all A-classes of subalgebras of
codimension m in g and .7, the space of all A-classes of local transitive realizations in
m variables. Then .7, is diffeomorphic to T

Proof. It is sufficient to prove this proposition for space of subalgebras .7, and space
of strong classes .7,. Then we only “factor” both sides.

In Section 4.3 we showed that there is a bijection between these two sets. It is clear
that the map 7, — .%,,,, R — ker R,, is smooth. Therefore, the same holds for the map
of classes. To show the smoothness of the inverse, we can make use of the Shirokov’s
computation that smoothly depends on the choice of the subalgebra. ([

Therefore, the space of strong classes of transitive realizations actually is an homeo-
morphic image of an algebraic variety and therefore it is a Hausdorff space. The space
of general A-classes, however, does not have to be.

I 4.6 Classification of regular realizations

In this section we characterize the classification problem for regular realizations. Clas-
sification of regular realizations is very important also for general realizations since we
have the following lemma.
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Lemma 4.17. Let R be a realization of g on M. Then the regular points of R form an
open dense set in M. Hence, the set of singular points is nowhere dense.

Proof. The set is obviously open. Choose a point pg € M and its neighborhood U. We
find a regular point p € U.

Denote 7 := max,cy rank R,. We can easily construct a continuous function f:U —
R such that rank R, = r if and only if F/(p) # 0 as sum of squares of some minors of
the linear map R,. Preimage of R \ 0 is open, nonempty, and contain points, where
rank R, is locally constant and equal to . O

Now, we generalize the correspondence between transitive realizations and subalge-
bras to the case of regular realizations.

Let us have a local realization R at p € U such that R has a constant rank r
on U. Then R(g) forms an involutive r-dimensional distribution so, according to the
Frobenius theorem 2.6, we can choose coordinates z!,...,2™ on a neighbourhood U
of p, such that U is foliated by integral submanifolds given by equations ! = const
for ¢ = r+1,...,m. These integral submanifolds are also the orbits of the action 7
corresponding to the realization R. The basis elements eq,...,e, of g are, therefore,
realized by vector fields X; = R(e;) of the form

X; = ZXf(xl,...,xm)axu. (3)
a=1

This realization induces an (m — r)-parameter set of realizations parametrized by
2" ..., 2™ on the submanifolds pG ~ G)p \ G. These realizations are transitive, so
they are equivalent to the realizations found by the algorithm described in Section 4.3.

So, a regular realization R in a given point defines a unique transitive realization
on the integral submanifold of the point. We will call this realization a transitive
restriction of R. This relation obviously does not break by applying a diffeomorphism
or an automorphism. A local diffeomorphism of the whole neighbourhood U induces a
diffeomorphism of the orbits. An orbit of an action does not change by composing it
with an automorphism of the group. To sum up:

Proposition 4.18. Let g be a Lie algebra, A a subgroup of Autg. Then a class of
A-equivalence of local realizations of g with constant rank r uniquely defines an A-class
of local transitive realizations of g in r variables.

To find all non-transitive regular realizations, we can proceed the other way around.
Every local regular realization in m variables is of the form

R(ej)a,.am = RE" (€)1 ars (4)

where R(*' 9" is an (m — r)-parameter set of transitive realizations.

Now, we formulate the main theorem. In the formulation we use the term local
smooth s-parameter set of subalgebra classes with codimension r. By that we mean a
smooth map U — .7, where U is a neighborhood of 0 € R® considering its values only
locally at zer at zeroo (as in Def. 4.2). By a class of such maps we mean a class of
equivalence up to “regular reparametrization”, that is, S and S’ are equivalent if and
only if there exists a local diffeomorphism ¥:R® — R*, ¥(0) = 0 such that S’ = So V.

Theorem 4.19. Let ., the system of all Int-classes of subalgebras with codimension 7.
For b € .7, denote RY the corresponding Int-class of transitive realizations. Then there
is a bijection between Int-classes of regular local realizations of g in m variables with
rank r and classes of local smooth (m — r)-parameter sets of Int-classes of subalgebras
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with codimension 7. For any such (m — r)-parameter set S:V — .7, we define a local
realization R € Vect(U C R™) at zero as follows

R(ej)xl,-.-ﬂcm — RS@ ™) (ej)xl,...,xh (5)

where the representatives RS +-2™) are local realizations at 0 € R” chosen to be
smooth in the variables z"*!, ... z
Proof. At first, we prove that the map is well-defined. The smoothness of S implies
that we have indeed defined a smooth vector fields in sense of Section 4.5. Next, we
have to show that those vector fields do not depend on the choice of representative S
and representatives of the realizations R”.

Assume we chose another representatives for both RS and S, say RISV a™)
@)(er“’l7“.7;8771,)R(SO\I])(:ET+17”.7$7TL)

m

o o, where @@ ") g g smoothly parametrized set of
diffeomorphisms. Then the resulting realization would be

R/(ej)zl,_._@m _ (D)(fprl7-"7xm)R<SOW)($T+17“'@m)(a(ej))xl7._,,zr — (I)*R(a(ej))ml
where ®: R™ — R™ is a local diffeomorphism defined as
(!, .. ™) = (@@ N (g ), WL ™).

The surjectivity of such a map follows from the Frobenius theorem as was described
above.

To prove the injectivity, lets assume that realizations R; and Rs of the form (5)
corresponding to local maps S; and S are equivalent so ®,R; = Ry o «.

The diffeomorphism ® must preserve the integral submanifolds 27 = const for j > r,
o) CIJJ(xl,...,xr,xgﬂ,...,xg”) has to be constant in z!,...,2" for j > r. Hence, we
can denote i om

(..., ™) = <(I>§w o )(xl,...,x’")> :
Oy (2" .. ™)

where (igmrﬂ"”’mm): R" — R" is an (m—r)-parameter set of local diffeomorphisms and ®,
is a local diffeomorphism of R™~". Note that although égo’”"o)((), ...,0) =0, generally

égzr“""”””)(o, ...,0) does not have to be zero, so these local diffeomorphisms at zero
translate the point zero. So, denote

7'+17.“’I,m)

BTl ) = T e - 80, 0)

We can write

xr+1

(I)*Rl(ej)zl,...,xm _ (I)(l* 7-..790"‘)R(Sm@z)(ﬂ“,...,wm)(a(ﬂ“,...,xm)(ej))xl

R A

where a(®""++*™) is the inner automorphism corresponding (in sense of Lemma 4.13)
~ r+1 m
to translation x — x + <I>§w T )(O, ...,0). So, the equivalence means that

q);icr+1,...,xmR(Sloég)(ﬂ*l,...,mm) o a(xr+1,...,xm) _ RSQ($T+1,...,$m)

* °«,

so R(S10®2) (@ .a™) g equivalent to RSQ(””TH"“’W), which holds if and only if the cor-
responding classes of subalgebras coincide, so S; o @3 = S5, which means that 57 is
equivalent to Ss. O
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Remark 4.20. The meaning of the map S is that for a realization R of the form (5), the
Int-class of subalgebras S(z" !, ..., ™) corresponds to the transitive restriction of R in
(x',...,2™), where 2}, ..., 2" are arbitrary and determine only the class representative.
Therefore, outer automorphisms act on R only by modifying these subalgebra classes.
For o € Aut g we have

Qo ZET+1 Zl?""
R(O‘(ej)):rl,u.,zm = R( ) T )(ej)zl,...,:rﬁ (6)

where a € Aut g/ Int g is the corresponding class of a. Therefore, regular realizations
corresponding to S7 and Sy are Aut-equivalent if and only if S; = @ o S,.

Remark 4.21. If the map S is constant, the resulting realization is of the form
R(ej):rl,‘.‘,xm = Rho (ej)xl,.‘.,:rra

so it has the same form as the original transitive realization. It is just formally defined
on larger manifold. Such a regular realization will be called trivial extension of the
transitive realization.

Lemma 4.22. The kernel of a realization of the form (5) is the largest common ideal
contained in representatives of subalgebra classes S(z"*!,... 2™) for (2"t ... 2™)
in a small neighbourhood of zero. Thus, the realization is faithful if and only if the
corresponding subalgebras does not contain a common non-trivial ideal.

Proof. Follows from Lemma 4.9. U

Example 4.2. Let us try to classify all regular realizations of two-dimensional Abelian
Lie algebra 2g; = span{e,ez}. In this case, there are no non-trivial inner automor-
phisms, so Int-equivalence is the same as strong equivalence. There is of course only
one zero-dimensional subalgebra that corresponds to transitive realization

€1 — 81, €9 — 82. (7)

Since the set .%% contains only one element, all regular realizations with rank two are
obtained as trivial extension of this realization.

The set of one-dimensional subalgebras form a circle and can be parametrized by
¢ € [0,2m) as b, = span{cos pe; +singpes}. The corresponding transitive realizations
are following

R%(e1)y, =sinpd;, R"(ey)s, = cospd. (8)

Therefore, the set of all regular local realizations with rank one consists of following
realizations

Rf(el)$17__,,x7n =sin f(z2,...,Zm) O, Rf(el)xh_”’xm = —cos f(z2,...,Tm) 0, (9)

where f:R™™! — R are arbitrary functions. Such realizations Ry and R, are equivalent
if and only if there exists a local diffecomorphism W:R™~! — R™~! at zero such that
g=/fol.

Now let us try to do this classification with respect to all automorphisms. We only
have to describe, when Rf and RY are Aut-equivalent. In this case, Aut(2g;) consists of
all invertible linear maps. One of such map is rotation, which acts as a rotation also on
the set .1 = {b,}. Thus, realizations Ry and R,, where f and g differ by a constant,
are Aut-equivalent. We can therefore fix, for example, f(0,...,0) = 0.

For a general automorphism o € Aut(2g;) = GL(2g:1), the subalgebra a(h(z,, . z..))

is generated by
<Oé]_1 0612) (COSf(IQ,...,I‘m)>
21 (92 sin f(CL‘Q, e ,xm)
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Such an automorphism preserves the property f(0,...,0) = 0 if and only if oy = 1
and as; = 0. Fixing these entries, « is an automorphism if and only if ags # 0.

So, the conclusion is that every regular local realization with rank one is Aut-
equivalent to Ry, where f(0,...,0) = 0. Such realizations R; and R, are Aut-equivalent
if and only if

cos f + ayosin f
(cos f 4 aqgsin f)? + (agg sin f)?’
Q929 sin f
(cos f + azsin f)? + (agasin f)?’
where g, a0 € R, age # 0, ¥ is a local diffeomorphism in m — 1 variables.

cos(go W) = (10)

sin(go ¥) =

(11)

Example 4.3. One should pay attention to the fact that the space .7, does not have to
be Hausdorff. Take a non-commutative two-dimensional Lie algebra go = span{e,es},
[e1,ea] = e;. All one-dimensional subspaces of the form h§ := span{es + ae;} are
equivalent to h) = span{es} with respect to inner automorphisms. Therefore, there
are only two Int-classes of one-dimensional subalgebras represented by b, := span{e; }
and hY. This, however, does not mean that there are no non-constant smooth curves
S:R — .#1. We can take, for example, map S(z) = span{e; + zes} that is evidently
smooth despite it is equal to b; in zero and by everywhere else. Therefore, it leads to a
new regular local realization not equivalent to trivial extension of the transitive ones.

Remark 4.23. Similar procedure was suggested in [20] with reference to a private
letter from Shirokov (the authors suggested replacing the parameters by variables, not
functions of variables), but it was not discussed what kind of new realizations are
obtained or whether the list of realizations is complete.

I 4.7 Classification problem

In this section, we are going to discuss, what is the reasonable classification problem
for (possibly general) Lie algebra realizations. Our definition is inspired by article [26],
which is probably the so far most extensive result on realizations classification, where
the authors claim to classify all realizations of all Lie algebras of dimension less or equal
to four. Nevertheless, they do not specify precisely what is the actual classification
problem they were solving. They only formulate Definition 4.3 and mention that they
are working locally. Their result is not a complete classification of all local realizations
(nor classification of some suitable subclass as regular or transitive realizations). In
this section, we formulate the problem clearly and rigorously.

Sets of (local) realizations will be denoted by capital script letters #Z, .7, ... The sets
of corresponding A-classes will be denoted with bar Z = {R | R € #}.

Let Z. be the system of all classes of local realizations of a given Lie algebra g
with respect to a given group of automorphisms A C Autg. A complete classification
of local realizations would mean to find this system or, more precisely, to find a set
of representatives %, that would contain precisely one representative of every class in
Pon. We prefer to choose representatives defined in a neighborhood at 0 € R™. Every
global realization would be at every point locally equivalent to a realization from our
list. However, such classification would be very hard to perform. Nevertheless, the
situation will get much more simple if we only require that every global realization is
equivalent to a local realization from our list at every point from a dense subset.

Definition 4.24. Let g be a Lie algebra, A C Aut g a group of its automorphisms. Let
Z be a system of local realizations classes of g. We will say that % is complete if for
every realization R on any manifold M there is a point p € M such that R|, € Z.
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Note that this condition consequently means that for every realization R on any
manifold M there is a dense subset of points p € M such that R]p € Z since the
realization R can be restricted to arbitrary open subset where the point has to exist as
well.

We can reformulate this condition for the corresponding set of representatives. A set
of local realizations Z is called complete if the corresponding system Z is complete.
It can be easily seen that such a set Z# is complete if and only if and only if for every
realization R on any manifold M there is a point p € M and a local realization R’ € %
such that R|, is A-equivalent to R’'.

If we consider a complete system of local realizations &% such that all elements are
defined in a neighbour of zero in R, then the completeness means following. For every
realization R on any manifold M there exist a point p € M (in fact a dense set of such
points), coordinates with origin at this point, and a realization Ry € Z such that the
coordinate expression for R coincides with Ry (up to automorphisms).

Example 4.4. Let us take two dimensional non-commutative Lie algebra g, =
span{ej,e2}, [e1,e2] = e;. It can be shown that the complete system of local
realizations in one variable of g, can be chosen to contain only zero realization and

R(es)s = xi (12)

d
R(€1)z = — dx

dz’

In [29] Spichak classified realizations of go on circle. He used weaker definition of
realization and equivalence, but we can use his results as an example of global realiza-
tions

d

R, (e1)y = (cos(nd) — 1) d W

@7 (13)

Ro(ea)y = <cos(m§‘) - im(m))

where ¢ € [0,27) parametrizes the circle and n € N. The completeness of the system
Z# = {0, R} means that for all the realizations R,, there is a dense subset of the circle
such that for all points of this subset the realization is locally equivalent to R (or
zero). Indeed, for all ¥y # %’T, k€ {0,1,...,n — 1}, R,|yg, is equivalent to R through

transformation
1 nd ndg

Now, we are going to formulate a condition for a subsystem of a complete system of
local realizations to stay complete.

Definition 4.25. Let % be a system of classes of local realizations of a Lie algebra g
with respect to a group of automorphisms A C Autg, Z' C %. We will say that %’ is
a sufficient subsystem of Z if for all classes R € # and all their representatives R € R
there exists ¢ € Dom R such that R|, € %'

Lemma 4.26. Let Z be a complete system of local realizations classes of a Lie algebra
g with respect to A C Autg. A subsystem %' C Z is complete if and only if Z’ is
sufficient.
Proof. The left-right implication follows directly from the definition of completeness of
the system Z'.

Now let us take a realization R on a manifold M. From completeness of Z there is a
point p € M such that R|, € Z. But from the definition of sufficient subsystem, taking
R as a representative of R|, € Z#, there exists ¢ € M such that R|, € #’ O
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Again, we transfer this condition to the corresponding sets of representatives. For a
set of local realizations #, its subset X' C Z is called sufficient with respect to a group
A C Aut g if #’' is sufficient subsystem of Z.

Proposition 4.27. Let % be a set of local realizations of a Lie algebra g. A subset
X' C X is sufficient with respect to A C Autg if for all local realizations R € Z
at some p € Dom R and for every neighbourhood U of p there exists ¢ € U and a
realization R € %' such that R|, is A-equivalent to R'.

Proof. Take sets of local realizations %' C % and denote %' and Z the corresponding
systems of A-classes of local realizations.

First we are going to prove the left-right implication, so assume that %’ is sufficient.
Take R € Z alocal realization at p, U a neighbourhood of p. Then R|y € R € Z. From
completeness of %' there exists a ¢ € Dom R|yy = U such that (Rlu)l, = R|, € #', so
there exists R’ € %' such that R|, is A-equivalent to R’

For the right-left implication, we have to prove that %’ is sufficient assuming the
condition on the right hand side. So, take R € #, R € R. Choose a representative
Ry € R that is contained in %, so Ry is A-equivalent to R. This means that there
exists Uy C Dom Ry and U C Dom R, a € A and ®:Uy — U a diffeomorphism such
that R|y o a = ®,Ry|y,. By assumption there exists qo € Uy and R’ € %’ such that
R’ is equivalent to Rylq, = (Rolu,)|q» Which is also equivalent to (R|y)q, = R|,, where
q = ®(qo) € U. Therefore, R|, is equivalent to R’ and hence R|, € Z'. O

We claim that the reasonable classification problem is to find a “small” complete
system of local realizations. It is also more or less the classification problem that was
solved in [26]. Note however that it is, for example, not true that an intersection
of two complete systems of classes would be complete. As we are going to show in
Example 4.6, complete systems do not have to have the least element or a minimal
element with respect to ordering by set inclusion.

From Lemma 4.17 it follows that system of all regular realizations is complete. More-
over, we can formulate the following lemma.

Lemma 4.28. Let #Z be a complete system and &’ its subsystem containing all regular
realizations of Z. Then %’ is complete.
Proof. According to Lemma 4.26 we have to show that for every class of singular
realizations of R € Z and every representative R € R there exists a ¢ € Dom R such
that R|, € Z'.

Choosing an open set U C Dom R of regular points of R we can define restriction
R|y, which is a regular realization, and from completeness of % there is point ¢ € U
such that R|, € #Z and since it is regular, it belongs to %' O

Consequently, looking for a classification of realizations, one can deal with regular
realizations only. Looking for complete system instead of classification of all regular
realizations or even completely all realizations simplify the result as we are going to
show on simple examples.

Example 4.5. Let us take the one dimensional Lie algebra g; spanned by one element
e1. It is evident that any realization R on any manifold M is of the form R,(e;) = X,
where X is an arbitrary vector field on M. In particular, any local realization at zero
in R™ is of the form

Ry am(e)) =) f(a', ..., 2™) 0y, (15)
j=1

where f7 are arbitrary smooth functions. The classification [26], however, state that
there is only one class of equivalence for every m € N (except for the only unfaithful
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realization, which is zero) represented by realization
Rxl’_“7xm, (61) = 8961 . (16)

A general realization of the form (15) taken in the neighbourhood of zero can be trans-
formed into the realization given by (16) if and only if f7(0) # 0 for some j. So, this is
not the solution of classification with respect to Definition 4.4.

Moreover, we can see that this problem does not have a reasonable solution, because
realizations of the form (15) can be equivalent only if the sets {z | f(x) = 0} are
diffeomorphic, so we would have to classify such functions, but there are too many
different possibilities. And the situation is, of course, even more complicated for less
trivial Lie algebras.

Nevertheless, it actually is true that for every realization R of g; on some manifold
M there is a point p € M such that R is locally equivalent to d,1 in p. So, the
realization (16) together with zero realization form the complete system of realizations
of the one-dimensional Lie algebra. (Actually, they form a classification of all regular
realizations.)

Now, if we are interested, for example, in analytic global realizations of g; on a
given manifold M, we can construct them as analytic continuations of local realizations
defined in some open subset of M that are equivalent to (16).

For example, take M to be a line R. One instance of a global realization on R is
R.(e1) = %, x € R. Now, by applying a diffcomorphism y = ®(x) = expz, which
maps R — R™, on this realization, we get

dy d d d
dzx dy ¢ dy ydy’ yeRrsy,

R (e1)
whose analytic continuation on R is R/(e;) = x4, 2 € R, which is not equivalent to
the former realization R.

Example 4.6. Now, consider two-dimensional Abelian Lie algebra 2g; and no auto-
morphisms A = {id} = Int(2g;), which was already examined in Example 4.2, where
we presented classification of all regular realizations. The result was that every regular
realization with rank one in m variables is equivalent to following

Rf(el)xlmzm =sin f(z2,...,Tm) O, Rf(eg)zh.“@m = —cos f(xa,...,Tm) 01,

where f:R™~ ! — R are arbitrary functions defined locally in a neighborhood of zero.
Here it can be shown, that the sufficient subsystem of those realizations are formed by
following

Rtll(el)zl,m@m = alv R(IZ(GZ)Zl,...,a?m = aala (17)

Rg(el)xl,..‘,zm = 81, R(QI(GQ):El,...,zm = ((I + 332)81, (18)

where a is a real parameter. So, we were able to get rid of the general function f.
However, for Lie algebras of higher dimension we will already not be able to avoid
families of realizations parametrized by functions.

Note that we could restrict the parameter a for the second realization Ry to any dense
subset of R. Therefore, there is no minimal complete system of realizations classes for
2g, with respect to strong equivalence.
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I 4.8 Sufficient subsystems of regular realizations

In this section we present an algorithm for construction of complete system of local
realizations.

First of all, we need to parametrize the subalgebra classes properly. That is, to
find a decomposition of ., to a finite disjoint union J; S¢(D;), where Si: D; — ., is
embedding of D; a domain in R%. Such a parametrization will be called proper if for
every smooth map S:U — .7, where U is a neighborhood of zero in R®, there exists
x € U and its neighborhood V such that S(V) C Si(D;) for some i.

Proposition 4.29. Considering a proper parametrization, the regular local realizations
corresponding to local .7,-valued maps St o F, where F:R™" — R%_ form a sufficient
subsystem of all regular local realizations with rank r.
Proof. For a general map S:R"™" — .7, we find the corresponding neighborhood V.
Since S(V) C Si(D;) for some i, there exists F:R™™" — R% such that S = S¢ o F on
V. O
Finally, we can try to simplify the map F. We formulate the result in Lemma 4.30.
Since its formulation is rather complicated, we illustrate it on an example.

Example 4.7. Take a three-dimensional Abelian Lie algebra 3g; = span{es, ez, es}.
There are no inner automorphisms. Every one-dimensional subspace is a subalge-
bra. Therefore, we can present the following proper parametrization of the set of
one-dimensional subalgebras . and compute the corresponding transitive realizations.

span{e; } e1—0, e 01, e300
span{ey — ae; } e1 = 01, ey ad, e3> Oy
span{esz — aes — bey } e1— 01, exrr 0y, e3+— ad;+ boy

According to Proposition 4.29, the following realizations form a sufficient subsystem
of local realizations in m variables with rank two

61'—)07 620—>817 630—>62,
ep = 01, ey f(xs,...,2,)01, e3> Oy,
e1 =01, ey 02, e3> f(x3,...,0,)01 +9g(xs,...,2m)0,

where f and g are arbitrary local functions in m — 2 variables. We will try to find a
sufficient subsystem of the family of realizations in the last row.

Several cases can take place here. At first, if both f and g are constant in some
neighborhood of zero, then we get a trivial extension of the original transitive realization
only. Secondly, one of the functions may be locally constant at zero, while the other
might not be. Then it means there is a point (e3,...,&,) in a neighborhood of zero,
where the first function, for example f, is locally constant equal to a, while the second
function g has a non-zero partial derivative with respect to some coordinate x;, ¢ > 3.

Without lost of generality, we can assume g—i # 0 (otherwise we can change

(£34e-m)
the order of coordinates in the first place). Now we present a change of coordinates

x3 > ys = g(r3 —€3,...,Tm —Em) — €,
Ti— Y =T — &, >3

where ¢ = g(es, ..., &m). In those coordinates, the realization taken in the neighborhood
of (e3,...,&m), which has new coordinates y; = 0, has the form

e — 81, €9 — 82, es — ady + (C+ y3)52-
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Analogically, we obtain a realization
e1— 01, ey 0y, e3> (C+ y3)81 + b0,.

Finally, both functions might not be constant. Then the function f can again be
transformed into a + y3. The function g might then depend only on y3, so we get

e; — ala € — 82, €3 (CL + y3)8l + g(y3)82

or it can depend on other variables as well (if m > 4), so it can be transformed into y4,
so we get
e1 > 01, exrr 0y, e3> (a+y3)01 + (b4 ya)0s.

Lemma 4.30. Let g be a Lie algebra, .7, be the system of all Int-classes of g subalgebras
with codimension r. Let D be an open domain in R®, S: D — .7, a smooth map. Then
the system of realizations of g of the form

oF) (™t ... x™
R(ej)gr,. gm = RSCEIE ™ 0y (19)

yeeey

where F:R™" — D is a smooth function, and R(SeF)@™12™) are transitive local

realizations at 0 € R” corresponding to the subalgebra class (SoF)(z" !, ..., ™) chosen
in a way that they smoothly depend on the coordinates, has a sufficient subsystem with
respect to strong equivalence (so with respect to Int-equivalence as well) consisting of
the following local realizations at 0 € R™

R(e]’)zl,..‘,mm — RS(clJ,-fl(q;rH7,,.,zm),...,c8+fs(q;r+1,-..,rm))(ej)zlw"xr’ (20)
where (c!,...,c®) € D are constant numbers and f7/ are local functions mapping
£7(0,...,0) = 0 that are of the following form. Set Iy = 0, then for all j > 0 ei-
ther f7(z™1,...,a™) = 2¥, where [; = l;_1 + 1, or fi(z"!,...,2™) depend only on

first I; variables, where [; = ;_;. That is, either f7 is equal to a “new” variable or it
depends only on “already used” variables.
Proof. We have to find a suitable local diffeomorphism ¥:R™™" — R™™" mapping a
point in an arbitrarily small neighbourhood of zero onto zero such that FV oW = ¢/ + fJ
on an even smaller neighbourhood of this point.

Let us start with F'. If it is locally constant at zero (i.e., there is a neighbourhood
of zero such that F'! is constant on this neighbourhood), then it does not need to be
transformed. We just have to restrict ourselves on this neighbourhood. Otherwise,

there exists at every neighbourhood of zero a point z; and an index j € {1,...,m —r}

such that % # 0. Without loss of generality, assume j = 1 (otherwise, apply
x1

diffeomorphism changing the order of variables at first). We can apply a diffeomorphism
U, mapping
gyt = P - e — 2l — o,

xr+j — yr+j — xr+j _ w7£+]7 ] >1

where ¢} = F' (2™, ..., 27), so (F' o W) (y" 1, a™2 ... ™) = ¢l + 5+

Then we proceed by induction. Assume, we have found a diffeomorphism ¥y, such
that (FloWy)(z" L, ... 2™) = ¢t + fi(2" 1, ..., a™) for all i < k on some neighbourhood
of zero. Then we examine F¥*1oW,.. If it is locally constant at zero, then nothing has to
be done, so ¥y = ¥;. Second possibility is that F¥*! depends only on 2"+, ... a1,
Then, again, nothing has to be done. If it has non-zero partial derivative with respect
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to x7, j > I}, in a point x4 arbitrarily close to xj, without loss of generality let j = I,
then we can introduce a diffeomorphism Wy, sending

r+k+1 r+k+1 _ pk+1/. .r+1 r+1 m m k+1
x =y =" (@™ =i, —apty) — o,
r+j r+j o g r+j .
sy =2 J—l'k_H, j#k,
k+1 _ pk+1/,.7+1 m : I
where ¢, = F* (a1, ,:v,]zﬂ). Then if we define Wy yq := W1 o Uy, we have
k+1 +1 _ k+1 k1 ; : :

(FFioWU )y, ..., y™) = G Ty . The form of F*oWy 4 for i < k+ 1 remains
the same, only the constants ¢;, change to new ¢, because of the translation. O

The functions ¢ + f in Lemma 4.30 were constructed in such a way that they are
mutually inequivalent with respect to change of coordinates, so the set of realizations
constructed by this lemma contains mutually Int-inequivalent realizations. Moreover,
small translations in the variables ', ..., 2" cause only a transformation of the whole re-
alization by some inner automorphism. Small translations in the variables 2", ... z
do either nothing (if R does not depend on those variables) or essentially only changes
those parameters ¢/ for which /(2™ ... 2™) = 2"*l. So, we have the following
proposition.

m

Proposition 4.31. The system of regular local realizations described by Lemma 4.30
contain mutually inequivalent realizations with respect to inner automorphisms. All
sufficient subsystems of this system with respect to inner automorphisms are obtained
by restricting those parameters ¢/ such that f7(x"+1 ... 2™) = 2"*Y to a dense subset
of their domain of definition.

Finally, we can summarize the algorithm for construction of complete system of
realizations into the following theorem.

Theorem 4.32. Let B N
Fm=JSL(D:), D; CR" (21)

be a proper parametrization of classes of g subalgebras with codimension m. Let .%,, =
U, Si.(D;) be such set of their representatives that S¢, are smooth. Let 7, = |, RPY
be the corresponding local transitive realizations. Let % be the sets of regular re-
alizations constructed as in Lemma 4.30 from s;-parameter sets R%Di) of transitive
realizations. Then the system of local realizations Z = U,, (7, U, Z;,) is com-
plete with respect to inner automorphisms and contains mutually Int-inequivalent local

realizations.

Remark 4.33. If we are doing classification with respect to strong equivalence, all we
have to do in the end is to apply the inner automorphisms to the complete system we
have found. This essentially mean putting back the parameters we have eliminated
when doing the classification with respect to inner automorphisms.

Remark 4.34. If we are doing classification with respect to all automorphism, we make
use of Remark 4.20. Often it only means to “remove the unnecessary parameters” using
automorphisms. The situation is more complicated, if we have realizations parametrized
by functions.

Finally, we are going to illustrate the presented algorithm for construction of complete
system of realizations, on a more complicated example. We illustrate classification with
respect to all strong, Int-, and Aut-equivalence.

Example 4.8. Let us consider a Lie algebra g = g21 @ 291 = span{ey,ea, e3,e4},
[e1,ea] = e1. We are going to find a complete system of realizations with rank three.
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The groups of automorphisms expressed in the basis (e, €2, €3, e4) are following

ty ty 0 0
Intg = 8 (1) (i 8 i eRT,t, €R (22)
0O 0 0 1
tiy to 0 0
_ 0 1 0 0 t17t27t37t47t57t67t77t8 €R7
Autg = 0 t3 t5 ts t1 # 0, tstg —tet7 # 0 (23)
0 ty ty tg

Of course, all one-dimensional subspaces are also one-dimensional subalgebras. In Ta-
ble 4.1 we classify the one-dimensional subalgebras. In the first column, parametrization
of all subalgebras is presented. In the second column we choose an Int-representative
for each subalgebra. In the third column we choose the Aut-representatives. We denote
o, = sgnx the sign of z. In the last column we express a condition for the subalgebra
to be an ideal.

Subalgebras Int-classes Aut-classes Is ideal?
b1 el e1 e1 Yes.
hs es3 + cey e3 + oqe1 eq + |ocler If c=0.
3 e4 + aes + ce; e4 + aes + o.e1 es + |ocler Ifec=0.
hZ’b’C es + aes + bey + ceq es + aes + bey €9 No.

Table 4.1. One-dimensional subalgebras of g

The Shirokov’s computation leads to classification of transitive realizations with re-
spect to strong equivalence listed in Table 4.2. In the second column, a realization
corresponding to subalgebra in the first column is presented. The entry consists of
images of the basis elements eq, es, e3 and e4. In the last column the negation of last
column of Table 4.1 expresses a condition for the realization to be faithful.

Subalgebras Realizations Is faithful?
bl €1 0, 81, 82, 83 No.
f)g e3 + cex 01, 101 + Oy, —ce*204, O3 If ¢ #£ 0.
b5 e4 + aes + ceq 01, 1101 + Do, O3, —ce™2 0y — ads If ¢ #0.

[)Z’b’c es + aes + bey + ceq 81, (Q?l — C)81 — ady — bag, 82, O3 Yes.

Table 4.2. Classification of local transitive realizations of g in three variables

The classification with respect to inner or all automorphisms is obtained easily by
substituting the parameters of subalgebras by parameters of the chosen representatives.
By doing so in case of inner automorphisms and applying Lemma 4.30, we get a complete
system of realizations of g with respect to inner automorphisms and list it in Table 4.3.
The function f: R — R is an arbitrary local function satisfying f(0) = 0. All realizations
are Int-inequivalent.

Now, let us make the classification with respect to strong equivalence. As we men-
tioned in Remark 4.33, we just have to put back the eliminated parameters. That is,

instead of listing realizations corresponding, for example, to hi’bﬂ“’o, we list realizations
corresponding to all h$*T ¢, The result is in Table 4.4. All realizations are strongly
inequivalent.
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4.8 Sufficient subsystems of regular realizations

Subalgebra Realization
b1 0, 01, 0o, O3
g 81, x181 + 82, O, 83
% 81, ZL’161 + (92, —e“’@l, 83
b, D1, 2101 + Do, ™0y, Oy
g,O 01, 101 + 09, 03, —ads
g+m4,0 01, ©101 + 0s, 03, —(a + .’134)63
hs! 01, 101 + Oa, 03, —€*201 — ads
g+w4,1 (91, .1181 + 82, 63, —e“éﬁ — (a =+ $4)63
f)g’il 81, x107 + 62, 83, e™20; — ads
g+x4,71 81, $181 + 62, 83, e“@l — (a + 1‘4)83
by "0 O, ©10) — ady — b, B, Dy
hy el O, 1101 — ady — (b + 4)D3, Dy, O3
bz+x47b+f(m4)7o 01, 101 — (a + 1’4)82 — (b + f(x4))83, 0o, O3
Z+x4,b+m5,0 61, 1100 — (Cl + .1'4)82 — (b + l‘5)83, 82, O3
Table 4.3. Complete system of realizations of g with rank three with respect to inner
automorphisms
Subalgebra Realization
hl 0, 81, 82, 83
f)g 81, 171(91 + 82, —Cemal, ag
g’c 01, 101 + 0o, 03, —ce®20; — ads
§+x4,c 81, .1‘181 =+ 82, 83, —ce“@l — (a =+ .%'4)83
[)Z’bﬁ 81, (.’L’l — 0)81 — a0y — bag, 82, ag
hi’b+x47c o1, ((El — 0)81 —ady — (b + 334)83, 0o, O3
[)Z+x4’b+f(x4)’c o1, ({L’l - 0)81 — (CL + .564)82 — (b + f($4))83, O, O3
Z+x4,b+m5,c 01, (%‘1 — 0)61 — (CL + .%'4)82 — (b + $5)83, 02, O3
Table 4.4. Complete system of realizations of g with rank three with respect to strong
equivalence

Finally, let us do the classification with respect to all automorphisms. As we men-
tioned in Remark 4.34, the first step is to remove the unnecessary parameters. For
example, all subalgebras h3“ for ¢ # 0 are Aut-equivalent to bg’l. Therefore, realiza-
tions corresponding to b5 and b3 " are equivalent to the realizations corresponding
to bg’l and hg“’l. The result of such a process is listed in Table 4.5. In the last column,
we list the number of the realization in the classification [26], p. 7345 (only in case it is
faithful).

0,24,

. . 0,0
The realization corresponding to b’ T

0 s Aut-equivalent to realization h;*"", so we
can remove it from the table. Furthermore, realizations corresponding to hz“’f (24),0
may be, for different f, also equivalent. All other realizations listed in Table 4.5 are
Aut-inequivalent.

To find the condition for the realizations corresponding to bi“’f @0 45 he equivalent,
we have to examine, how automorphisms act on this subalgebra-valued function. The
equation

z4,f(24),0\ _ 1 Z4,f(%4),0
Uty g L, 5.t .t (D ) = by :

where « is an automorphism of g parametrized as in (23), together with conditions
Z4(xy =0) =0 and f(0) =0, leads to constraint to,t3,t4 = 0 and then is equivalent to

Ty =tsxy +tef(xs), [(T4) =trwg+tsf(24), (24)

37



Subalgebra Realization No. in [26]

bl 07 817 627 83
2’0 01, £101 + 02, 03, 0
5470 817 .Tlal + 827 837 —$483 7
ot 01, 101 + 0o, O3, —€"20, 6
bt 01, 2101 + 02, 03, —€"20; — 1403 5
by 01, 101, 02, O3 4
by w40 01, 101 — 403, O, O3 3
f)i4’f(x4)’0 O1, 101 — 2402 — f(24)03, Oa, O3 3
hye! 01, 101 — 2402 — 1503, 02, O3 2
Table 4.5. Complete system of realizations of g with rank three with respect to all auto-
morphisms
Therefore, realizations corresponding to f)f’f @0 and f)i“’f (“)’0, where f(0) = f (0)=0
are equivalent if and only if
fltsz +tef(z) = trx + ts f (), (25)

where tsts — tet7 # 0 (cf. [26] p. 7351).

Remark 4.35. In [26] the authors list only faithful realizations. The reason is that the
unfaithful ones can be constructed very easily from the faithful ones. Let g be a Lie
algebra, h(5°F )@t parametrized set of subalgebras, and R the corresponding real-
ization. Let i be the largest ideal of g contained in all the subalgebras fSoF) @ na™)
According to Lemma 4.22 i is the kernel of R: g — Vect R™, so the unfaithful realization
R is determined by a faithful realization R of g/i.

So, given a Lie algebra g, one can construct all its unfaithful realizations R by finding
all ideals i of g and then extend the faithful realizations R of g /ion the whole Lie algebra
g. It is clear that such realizations R; and Ry are A-equivalent if and only if the ideals
are A-conjugated iy = af(i;) and the corresponding realizations on g/i; ~ g/ip are
A-equivalent.

Very often the ideals of the Lie algebras are spanned by several generating elements,
say g = span{ey,...,e,}, i = span{es,...,er}. Also, it is very often that the commu-
tation relations of g/i induced by canonical commutations relations of g coincide with
canonical commutation relations of the Lie algebra type of g/i. In those cases the “table
entry” is constructed very easily. It consists of k zeros representing the generators of the
ideal and then the corresponding realization of the Lie algebra g/i = span{ég41,...,€,}.

This is the case also in our example. We have two Aut-classes of one-dimensional
ideals i; = span{e;} and iy = span{es}. The quotient algebra of the first one is the
three dimensional Abelian Lie algebra g/i; ~ 3g;. The complete system of faithful
realizations of 3g; = span{é;, s, €3} in three variables consists of single realization
(é1,€9,63) — (01,02,03). Since any linear map provides the isomorphism, we can
immediately write the first row of Table 4.5. Similarly, we have g/is ~ go @ g1 =
span{éi, €2, €3}, [€1,€2] = €. The isomorphism is provided by e; +1i+> &, i = 1,2,3.
Therefore, we can immediately write the second row of Table 4.5 by looking to [26] and
copying the only listed realization of g & g1 in three variables and adding zero that
realizes the last generating element e4 of go @ 2g;.

38



Chapter 5
Conclusion

Our motivation for this work was to study a new method for construction of Lie algebra
realizations introduced by Shirokov et al. [15] and try to use it on some class of Lie
algebras as was recently done in [19-20]. This method allows to easily construct local
transitive realizations (i.e. Lie algebras of vector fields that integrate to a transitive
transformation group), whose classification is equivalent to classification of subalgebras
of the given Lie algebra.

Our goal was to try to use this method to obtain not only classification of transitive
realizations but to solve a more general classification problem and obtain results similar
to [26]. One of the difficulties that appeared during work on this problem was that the
classification problem solved in [26] was not very clearly defined. One of the important
results of this work can be considered the definition of the complete system of local
realizations of a given Lie algebra that provides formal definition of the considered
classification problem.

A remark of Shirokov published in [20] stating that replacing a parameter in a
parameter-dependent realization by a new variable can be used to construct new real-
izations led to the most important result of this thesis, which is the generalization of the
correspondence between subalgebra classification and transitive realizations classifica-
tion to the case of regular realizations. We formulated Theorem 4.19 stating that local
regular realizations (i.e. local realizations with constant rank) are in a correspondence
with parametrizations of subalgebras (i.e. maps from R¥ to the set of all subalgebras).

Since complete system of local realizations consists of regular realizations, we could
make use of this result to solve the original classification problem. Thus, the next
outcome of this thesis is a formulation of an algorithm for construction of complete
system of local realizations.

All those procedures were illustrated on simple examples. The reader may have
noticed that we often used Lie algebras with a weak Lie algebra structure for those
illustrations (very often we used Abelian Lie algebras). The reason for that is not that
the procedures would not work for more complicated Lie algebras. Quite the contrary.
Since Lie algebras with weaker structure have less inner automorphisms, they have Int-
classes of subalgebras with more parameters and one has to deal with problems like
families of realizations parametrized by functions.

We wanted to use this algorithm to produce an original classification result and since
realizations of all Lie algebras of dimension less than five were classified in [26], we have
focused on the five-dimensional ones. The last result of this thesis follows in appendix
and it is a classification of realizations of all five-dimensional nilpotent indecomposable
Lie algebras. We compute the complete systems of realizations for these Lie algebras
with respect to groups of all automorphisms (as in [26]).

The computation consists of several complicated steps, from which some of them
are interesting by themselves for other applications (namely determining the groups
of automorphisms and classifying the subalgebras with respect to these groups) and
are published in the appendix as well. There was no special reason for choosing the
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family of nilpotent algebras to start the classification with. Our goal for the future
is to continue in the computations and complete the classification for all (or at least
indecomposable) five-dimensional Lie algebras.

The author have already obtained some partial results also for other Lie algebras.
In the research project [10] the subalgebras of all five-dimensional indecomposable Lie
algebras with four-dimensional Abelian ideal were classified with respect to the group
of all automorphisms and the corresponding transitive realizations were computed. The
author have also classified subalgebras of many of those Lie algebras with respect to
inner automorphisms. Nevertheless, the subsequent computation, that is, determining
which realizations parametrized by functions are equivalent, as well as checking for
errors in all the computations and also putting the results together in reasonable tables
are all very uneasy and time-consuming work. That is the reason why we were able to
publish only the results for the nilpotent Lie algebras.
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do
Diff M
Dom R

exp, e°*
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G/H
H\G
gl(V)
GL(V)
Gr(V, k)

Int g
ker ¢

M,N,...

e X
rank R,

Ox
span
TM

T,M

V,W,...

Vect M
XY, ...

Direct sum
Lie bracket, commutator
Lie algebra adjoint representation of z

Lie group adjoint representation of g 6
Transposition of matrix A

Group of all automorphisms of a Lie algebra g 16
Algebra of smooth functions on a manifold M 3
Conjugation multiplication by ¢ 3

Set of complex numbers
Derivation of an algebra A

Derivative of map ® 3
Group of all diffeomorphisms of a manifold M 3
Domain of a realization R 19
Group unity

Exponential map 6
Pushforward of a vector field by a diffeomorphism @ 3
Lie algebra (corresponding to Lie group G, H, .. .) 6
(Lie) group

Set of left cosets of G by H 3
Set of right cosets of G by H 3
General linear algebra of V 7
General linear group of V/ 7

Grassmanian — set of all k-dimensional subspaces of a vector space V' 25
Identity matrix

Group of inner automorphisms of a Lie algebra g 17
Kernel of homomorphism ¢

Left multiplication by ¢ 3
Manifold

Set of natural numbers {1,2,...}

Fundamental vector field corresponding to X 12
Set of real numbers

Rank of a realization R at point p 22
Right multiplication by g 3

Sign of = (1 if positive, 0 if zero, —1 if negative)
Linear span of a set of vectors

Tangent bundle on M

Tangent space at p € M

Vector space

Lie algebra of vector fields on M 3
Vector field (or a tangent vector)
Fundamental vector field corresponding to X 12
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Appendix A
The classification results

I A.1 Classification of Lie algebras

To express our results, we use the classification of real indecomposable Lie algebras of
dimension not greater than five obtained by G. M. Mubarakzyanov in [16-17]. Unfortu-
nately, the numbering of the Lie algebras is not completely consistent in the literature.
Since the original work of Mubarakzyanov was not translated to English, many authors
use the numbering chosen in [23].

The subalgebras including the defining canonical commutation relations that are
relevant for our results are listed in Table A.1. The first number n in the subalgebra
name g, ; stands for the dimension of the Lie algebra. The basis elements are always
denoted {ej,...,e,}. We follow the numbering and bases chosen in [23]. The only
difference here with the Mubarakzyanov notation is in the algebra gs3, where two of
the generating elements are switched. The reason for our choice was to get triangular
shape of automorphism matrices.

Type Nonzero commutation relations

141

93,1 le2, e3] = e

94,1 [62, 64] = €1, [63, 64] = €2

g5.1 les, e5] = e1, [es, e5] = €2

952 lea, e5] = e1, [e3, e5] = €2, [e4, €5] = €3
95,3 le3, eq] = e, [e3,e5] = e1,[es, e5] = e3
95,4 le2, e4] = e1, [e3,e5] = €1

95,5 les, eq] = e1, [e2, e5] = €1, [e3, e5] = €3

95,6 [637 64] = €1, [62, 65] = €1, [6’3, 65] = €2, [64, 65] = €3

Table A.1. Real nilpotent indecomposable Lie algebras up to dimension five.

I A.2 Subalgebras and realizations classification

In this section our classification results for five-dimensional indecomposable nilpotent
Lie algebras will be presented. For every Lie algebra we give groups of inner and all au-
tomorphisms, classification of subalgebras and complete system of faithful realizations.

The automorphisms are presented in matrix form (as linear operators). Implicitly
we assume the domain of all parameters is R. If needed, additional constraints on their
domain are listed.

The classification of subalgebras is presented in a table with five columns. We present
classification with respect to both groups of automorphisms. The classification with
respect to inner automorphisms is available in the third column. The subalgebras
listed are parametrized by parameters a, b, ¢, d, whose domain is implicitly assumed to
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be R unless the parameter occurs in a denominator of a fraction (then maximal domain
is assumed) or other condition is explicitly stated. All the subalgebras are inequivalent
with respect to inner automorphisms. The subalgebras (or subalgebra classes) are given
name in the second row. In the first row, the type of the subalgebra is written.

The classification with respect to all automorphisms is available in the fourth column
of this table. Again, all subalgebras in this column are mutually inequivalent with
respect to the group of all automorphisms. Every subalgebra from the third column is
Aut-equivalent to the representative listed in the fourth column in the corresponding
row. Finally, the last column shows the type of the corresponding quotient algebra.
For every Aut-class h we write either dash (—) if the subalgebra b is not an ideal or the
Lie algebra type of the quotient g/b.

The classification of realizations is usually presented as the last table. For every
considered Lie algebra we bring the complete system of faithful local realizations with
respect to the group of all automorphisms. The representatives of all the local realiza-
tion classes are chosen to be defined at zero. As follows from the theory in Chapter 4,
complete system of realizations consists of regular realizations only. Every regular local
realizations in m variables with rank r is characterized by (m — r)-parameter set of sub-
algebras. In the first column of the table we list all possible subalgebra parametrizations
(ho always stands for zero subalgebra) and for each the corresponding regular realiza-
tion is computed and the images of the generators eq,...,e5 are written in the second
column.

The realizations often depend on some functions f,g. Implicitly we assume that
those are arbitrary real functions in one or two variables defined in a neighbourhood
of zero mapping zero to zero (i.e. f(0) =0, g(0) = 0). The realizations depending on
those functions may be equivalent for different functions. From the theory it follows
that they are equivalent if and only if the corresponding subalgebra parametrizations
are equivalent with respect to outer automorphisms in sense of Remark 4.20. If such
case takes place, we list those equivalences in a separate table. Usually we try to express
the function transformations explicitly, but in some cases only implicit expressions are
provided.

As an example, how to read the tables, we can have a look on the Lie algebra gs ;.
As we see in Table A.2, it has five parametrized families of one-dimensional subalgebra
classes with respect to inner automorphisms, whose representatives are denoted as by 1,
h{ 4, b3, b’sz, and f)‘fg All of them are, of course, type g;. All subalgebras of the first
two families are equivalent and as a representative we can choose h; 1 = span{e; }. The
next two are also mutually equivalent and all the subalgebras in the last family are also
equivalent. From these three Aut-classes of subalgebras, only the first one is an ideal
of the Lie algebra, and the quotient algebra is of the type g31 @ g1.

Using the information in the last column, we can easily construct classification of
unfaithful Lie algebras as we indicated in Remark 4.35. For example, all realizations
with kernel b1 ; can be constructed by extending all faithful realizations of g/ =~
93,1 D 9g1.

The faithful realizations of gs; are listed in Table A.4. Some realizations here may
be equivalent. All possible equivalences are listed in Table A.3. For example, the
family of realizations on the fifth row corresponding to curve f];fil’f @) in the set of
subalgebras contain some mutually equivalent realizations. Realization parametrized
by function f is equivalent with all realizations parametrized by function f defined as

f(z) = bz + cf(ax).
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Lie algebra g5 ;

(/1 0 t3 0 %
0 1 0 t3 ¢t
Intg = 001 0 O ,
00 0 1 0
00 0 0 1
asy as2 t5 t6 tl
asy asy t ts 19
3 7 t8 a0,
Aut g= 0 0 S1 89 13
5154 7 S253
0 0 S3  S4 t4
0 0O 0 0 a
Type Name Int-class Aut-class g/b type
01 bi1 el el 931 D g1
1o ey — aej
13 e3 — aes es _
a,b
14 es — ae3 — bep
a,b
15 es — aeyq — bes es -
291 2,1 €1, €2 €1, €2 301
9.2 €1, €3 — aey €1, €3 93,1
a,b
2’3 ey — aeq, e4 — aeg — beq
b4 €1, eq—aes €1, €4 -
5)5 e1 — aeg, €4
b
26 es — aey, e3 — bey; ab # 1
ll,b b
2,7 €1, €5 — a€q — beg €1, €5 -
a,b,c
2’8 ey — aey, e5 — bey — ces
a,b,c b
2,9 €3 — €3, €4 — bEy — C€1 €3, €4 -
301 B3,1 €1, €2, €3 €1, €2, €3 21
3.2 €1, €2, €4 — Q€3
a,b b 2
3,3 €1, €2, €5 — aeq — 0€3 €1, €2, €5 91
3.4 €1, e3 — aez, €4 €1, €3, €4 -
a,b b
3,5 €2 —aeq, €3, €4 — 0€
a,b
93,1 36 e1, ez — aeg, e5 — bey e1, €3, €5 -
a,b,c
37 es —aeq, e — aez — bey, e5 — ceg
49, b1 e1, €2, €3, €4 €1, €2, €3, €4 g1
931D g1 bi, e, ez €3, 65 —aey €1, €2, €3, €5 g1
a,b
by'3 e1, ez, e4 — aes, es — bes
Table A.2. Subalgebras of g5 ;.
0 0
F(z4,25,...) F(x4,x5,...)' Ty—1 Fl . Fl
2,9 29 ’ (A ® (A ) ) F - F aA S GL(QaR)
3 '3
Fy Fy
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x5, f(2s) zs,bes+cf(axs).
1,4 ~ h174 ;a,c#0

b91c’55,f(:c5) - bﬂlﬂgf(xs) :

flaz +bf(z)) = cx + df (x), ad # be
h;m?:f(m) -~ h;?4?;bx4+cf(a$4); a,c ?é 0

h§4éf(z4) - h;:zxﬁ,af(am); a#0

)

bm:f(%):fﬁs

)

bm4zx5 ,g(:l?4,l‘5)

2,8

oS (@a)g@s)  paabiaas) abg(azs),
2.8 ’

g’sgf(m) -~ hggbmfrc}‘(%s); a,c#0
bgs%f(its)va% -~ h§73770$3+df(963)7613; b,d 0

hw3,bf(a$3)70$3+dg(x3). a,b,d #0
. 3,7 y Uy Uy
hxs,f(w:a),m - hgsﬁbf(awa)m; a,b#0

3,24,9(x3,21) _ px3,xa,ce3+dg(azsbes) .
b3 Nh3,7 ;a,b,d#0

)

bx’s7f(w3)7g(x3) -

a,b#0

~ a0 2
~ b;:48,;7c5,a/bg(aZ4,b:z:5); a, b ;,é 0

Table A.3. Subalgebra parametrization equivalence for gs ;

Subalgebra  Realization
ho 01, Oz, 03, O4, 2301 + 2402 + 05
15 01, 501, Oa, O3, (g + x523) O1 + O4
h?ﬁ 01, Oz, 03, =402, 301 + 04
(1):25 01, Oz, 03, 501 — £402, 1301 + 04
fiif(xs) 01, O, O3, (f(w5) + w524) O1 — 2402 + 2503, 2301 + 04
Vi 01, Oz, 03, (x6 + T524) 01 — 2402 + 2503, 1301 + O4
b?:g 01, Oa, 03, Oy, x301 + 1402
f?éf(m) 01, 02, 03, O4, x301 + 402 + f(25)05 + 504
15 01, 02, 03, O4, 301 + 2402 + 2603 + 2504
ng(m) 01, £401, 0o, f(x4)01 + 402, 201 + O3
926,43’905 01, ©401, Oz, T501 + 1409, T201 + O3
55 2401, O1, 0o, —x301, T42201 + O3
gféf(m) 01, 2401, (=14 24 f(24))2301 + f(24)02, Oa, 147201 + O3
h5g™ O1, 401, (=1 + x4x5)x301 + 502, O2, T42201 + O3

2,6f
h£2v487 (w4),9(x4)

:E4,f(il?4),:l?5
2,8
z4,25,9(T4,T5)
2,8
T4,T5,T6
2.8
b0,0,0
2,9
hO,f(m)»m
2,9

0,x5,74
2.9
x4, f(z4),9(x4)
2,9
x4,25,9(T4)
2,9
x4, f(x4,25),25
2,9

hﬂ747$5@6

9

hm&f(mii)

3,5
hx37x4

3,5

$3,f(l?3),g(!133)
3,7
$37f($3)7$4
3

sL4,T5

b5z
£E37l‘479($371?4)
h3 7
by’
3,7

81, CE481, 82, 83, ((L‘Q + 1’4%3) 81 + g(x4)82 + f(l’4)83
81, .56481, 82, 83, (1'2 + x4x3) 81 + 1)582 + f(a:4)83
O1, £401, 0o, O3, (Iz + $4:U3) o1 + 9(1‘4, x5)82 + 15053
81, .%’481, 82, 83, (332 + 1'4.%‘3) 81 + .1‘682 + .%'563

81, 62, —.”13381 + 082, —17382, 33

01, O2, —x301, 1401 + (f(24) — ¥3) Oz, O3

01, 09, =301, 1401 + (x5 — 23) D2, O3

81, 62, —.7,'381 + $462, 9(1‘4)81 + (f(.1‘4) — $3) 82, 03
O, Oz, —x301 + 402, g(24)01 + (x5 — 3) O, O3

(91, 82, —x381 -+ $462, x581 + (f<$4,$5) — 1}3) 82, (93
01, 02, —x301 + 1402, 1601 + (T5 — 13) O, O3

al» $381, —1'281, (f($3) - 3731:2) 817 82

31, x381, —l‘281, (5134 - 33396‘2) 31, 1))

(91, m361, 82, f( 81 + $382, 1}281 + 9(1'3)82

81, x381, 82, f( 81 -+ 1'3(92, .%'2(91 + $482

81, (IJ381, 82, 2407 + 333(327 L0 + g((L'g, .%4)(%

01, 2301, Oz, £401 + 1302, 1201 + w50,

1'3)
.%3)

Table A.4. Complete system of faithful realizations of g ;.
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Lie algebra g; -

(/1 ty 33 §t1 )
0 1 tg 3t t
Intg = 0 O 1 12} t3 5
0 0 0 1 0
L\o 0 0 o0 1
([ab® bt btg ty t
0 ab2 bt7 t6 tg
Autg = 0 0 ab t; t3 a,b#0
0 0 0 a 4
0 0 0O 0 b
Type Name Int-class Aut-class g/b type
g1 bi1 el el 94,1
12 €2 €2 -
13 e3 — ae; es3 -
h‘f’i e4 — aey — bey e4 —
15 e5 — aey es -
201 b2 €1, € €1, €2 391
B2,2 €1, €3 €1, €3 -
b33 €1, €4 — aey €1, €4 -
b4 €1, e5 —aeq €1, €5 -
b35 €2, €3 — aey €2, €3 -
a,b
2’6 ea, €4 — aes — beq; e, |oales +es  —
a,b,c
277 e3 —aey, eq —beg —cey  e3+ op_g€1, €4 —
301 b1 €1, €2, €3 €1, €2, €3 2g1
B3,2 €1, €2, €4 e1, €2, €4 -
hSs €1, €3, €4 —aen €1, €3, €4 -
gi e, €3 — aeq, e4 — bey €. €3, €4 —
g31  b5; €1, €2, €5 — aey €1, €2, €5 -
4g1  baa e1, ez, €3, €4 e1, €2, €3, €4 @1
g41  Bio €1, €z, €3, €5 — aey e1, €z, €3, e; g1

Table A.5. Subalgebras of g5 . We denote o, = sgnz.

9167547f($5) ~ hi?iiaaf(m/a%; a0 h;’-i%myf(m)ag(m) -~ hé;x47f(Z4)7_g(Z4)
bé-ng(%) ~ h;-gm,f(ﬂ)-i-am h;-i%m,l"mg(%@s) ~ b;';3347$57—9(1?47955)
h926:47,:r47f($4) ~ bﬂzﬁ}%uyasf(h/ﬁ) bgif(x?) ~ hﬂgﬁzaaf(zfi,/az); a ?é 0

Table A.6. Subalgebra parametrization equivalence for gs 2

49



Subalgebra

Realization

bo
b1,2

0

1,3

s

1,3

0,0

1,4

Oﬂ‘r5

1,4

Ts5 ,f(%)
1,4

5,6
1,4

0

1,5
x5
1,5

bO
2,5
T4
2,5
0,0
2,6
0,24
2,6
1,0
2,6
1,24
2,6
b1+ﬂ747f(1'4)
1+x4,25
2,6

0,0,0
bal7

0 0 s T4
2,7
x4,x4,9(x4)
2,7
T4,T4,T5
2,7
1,0,0
2,7

bl 0 s T4

1 £E4,g(I4)

2.7

124,25

2,7
b1+x4,f(x4),g(w4)

)

h1+$47f(x4)7x5

)

hl-&-u,xs,g(m,xs)

1+z4,25,26
2,7

0,0

3,4

0,z3

3,4
z3,f(xs3)
3,4

Z3,T4

3,4

01, Oa, 03, 04, 201 + x302 + 2403 + 05

O, —x401, O, O3, —T2x401 + 1302 + 04

Oy, By, S0y — 240y, B, (w2 — L322) Oy — w3402 + 04

01, 0o, (a:5 — %‘2‘) O — 402, 03, (22 + w525 — S2323) 01 — 233400 + 04
D1, 0o, Dy, — %10y — T30, — x46'3, 2201 + 2305 + Oy

1, s, s, (15 — 7) 01 — S8y — 2405, 1201 + w302 + 04

1, s, s, (flws) + w5ms — 7) By + (x5 - 7) By — 1403, w20 + T390 + D4
B4, B, Bs, (26 + w524 — i) O + (Jc5 - 7) By — 2405, T201 + 1302 + Oa
By, Do, D, O, w201 + w30 + 1405

01, Oo, O3, 04, L2071 + 1309 + 1403 + 504

01, —x301, %361, 32, 2$2$3(91 + 03

0y, —w301, (sc4 n ) d1, 0o, Ly (224 + 2) 1 + 05

01, —x301, O2, *31 — 33332, —Tox301 + O3

O, —w301, Do, (w4 +° ) B — w30, —wow301 + Oy

Oy, —w30h, O, (—% + —) O + (1 — 23) o, —waw301 + O3

01, —w30y, Dy, (w4 — %+ ) O + (1 — a3) B, —w0a301 + s

O, —x301, B, (f(x4) — % + %) O+ (1 + x4 — x3) Doy —w2w301 + s
01, —x301, 02, (25 — M + ﬁ) O+ (L4 x4 — x3) 02, —w22301 + 03
B4, O, ff-a 230a, S0) + Ly, @al + 05

01, By, — 20, — w305, (x4 + ) Oy + L0y, 220, + O

01, 0o, (24 — %) 0y — 2302, (g(xa) + 7) a + (u n 7) o, 2201 + s
D1, Do, (24— ) 0y — 230, (5 + 7) 0 + (m + 7) Bo, 2201 + Oy

01, 0, (1— %) 0y — 230, —x3+%)61+£;az, 2201 + s

01, 0, (1—22) 0y — 230, 1:471:3+§)81+i§32,:17231+33

01, 0y, 1—§ 01 — 1303, 9(554)"’(154—1)3034- )51-1-(%44-%)82, 2201 + 03
D1, Os, (1— ) 0y — 230, x5+(x4—1)x3+§)81+(:c4+’”—§)82, 2201 + O3

01, Oz, (1424 — ﬁ) 01 — 2302,

(9(z0) + (flw) =1 = za)as + 5) 0+ (flwa) + 5 ) 0, 2201 + 0y
1, O, (1 g — 7) O — 230,

<I5 + (f(za) =1 —24)73 + %3) o1 + (f(934) + %) 02, w201 + 03
1, Do, (1 g — 7) O — 2305,

(g(m,mg,) + (x5 — 1 —x4)z3 + £) O + (xg, + é) 0o, 201 + O3
04, Os, (1 g — ”;—g) 01 — 2305, (azﬁ ¥ (s —1—aa)zs + ) 0 + (335 + 9”—25) 8o, 2201 + O
01, —x204, %361, —%3317 02

01, —x201, %31, (363 - %) 01, 02

Oy, —z20y, (w5 + 2) 0y, f(xg)—xgzg—%) oy, 0

01, —x201, (X3 + %ﬁ 01, (x4 — X322 — %) 01, 02

Table A.7. Complete system of faithful realizations of g5 o.
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Lie algebra g; 3

1 0 t 513 t
0 1 to ti+taty —313
Int g= 0O 0 1 t3 —t9 y
0 0 O 1 0
0 0 O 0 1
DU5 Dt5 t3U5 — t5U3 t1 uy
DU4 Dt4 t3U4 — t4U3 tg (15
Autg = 0 0 D ts  us D :=tyus — tsug # 0
0 0 0 t4 Uy
0 0 0 t5 Uus
Type Name Int-class Aut-class g/b type
g1 l‘)1,1 €1 €1 941
o ey — aey
h1,3 €3 €3 -
112,4 €4 — aeq €y —
‘fg e5 — aey — bes
291 b2,1 €1, €2 €1, €2 93,1
B2,2 €1, €3 €1, €3 -
%,3 €9 — aey, €3
b3,  e1—aez, e e1, ey -
95 e1, e5 —aeq; a £ 0
;g eg — aeq, e5 — bey; ab # 1
hg? e1 — aes, es — aey — bes e1, es —
§s €2, €4 — aey;
391 B3,1 €1, €2, €3 €1, €2, €3 201
f)3,2 €1, €2, €4 €1, €2, €4 -
33 €1, €a, €5 — Gey
93,1 hgﬁ e1 — aeg, €3, e5 — aeq — bey  eq, e3, €3 -
35 €s, €3, €4 — A€
g1 D31 ban €1, €2, €3, €4 €1, €2, €3, €4 g1
hio €1, €2, €3, €5 — (€4

Table A.8. Subalgebras of gs 3.

T55,f(335) N bTSébx5+Cf(aI5); a 7& 0,¢>0 bgji%f(:rzl) ~ h;747,b1:4+8f(az4); a 75 0,¢>0

§:46,f(z4) ~ bg}éaf(am4)+ar4; a 7& 0 hng(m) ~ [)g::;ibrg—i-cf(azg); a 75 0,¢>0

Table A.9. Subalgebra parametrization equivalence for gs 3
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Subalgebra

Realization

bo

x5
1.2
b1,3

0
1,4

x5
1,4

h0,0

1,5
0,z5
1,5

hﬂ75 f (x5)
1,5

Z5,T6
1,5

T4

2,3
$4,f($4)
2,6

X4,T5
2,6

3347f($4)
2,7

T4,2
bo7

273,f($3)
3.4

x3,T4
3,4

61, 62, 83, .13332 + 84, .1‘381 + %1‘382 + 1‘483 + 85
01, x501, 0o, T52201 + 03, <ZE2 + zsx%) 01 + 2302 + 04

2
01, Oy, —1401 — 300, O3, — 131407 — %:E%@g + 04

01, O, 03, *%31 + 305 — 1403, x301 + 04

Oy, By, O, (1:5 - 7) 1 + 130 — 2403, 2301 + 04

Oy, Dy, s, 30 + O, 301 + By + 1405

01, Do, s, w302 + Oy, w30, + (w5 + %21) By + 1405

B4, Do, D3, w305 + Oy, 2301 + ( flas) + %5) By + 1405 + w50,

61, 82, 83, .Tgag + 84, x381 + (x6 + %Z) 82 + $483 + 1)564
1

01, 2401, (=429 — 13) 01, D2, —5%2 (T4w2 + 223) O + O3

01, £401, O, 47201 + O3, (T2 + m;% 01 + 2302 + f(24)03

m4w§
2

01, £401, Oo, 42201 + O3, | T2 + 01 + 2302 + 2503

2401, 01, Do, 20y + B, ( f(wa) + Tams + 7) B1 + 2305 + w405
2401, B1, Oy, 2201 + B, (w5 + Tams + 7) O + 2305 + 2405
x301, 01, —x201, Oa, ( f(23) — %) O1 + 2307

1301, 01, —x201, Oa, (T4 — %5) O1 + 230,

Table A.10. Complete system of realizations of gs 3.

52



Lie algebra g; 4

~~
—

~
N

Intg =

o OO
oo O
oo~ oS
o~ o o&
- o oo

Autg = (8 ]7;) 0440, BERY BTOB= a0

0 TI\. . .
where ) = ( 7 o) the matrix of the standard symplectic form.
Type Name Int-class Aut-class g/b type
01 bi1 el el 49,
hl,Z €2 €2 -
13 e3 — aea
a,b
14 es — aeg — bey
a,b,c
15 es — aey — bes — ces
291 b2,1 €1, €2 €1, €2 301
9.2 e1, e3 — aey
a,b b
2.3 €1, €4 — A€z — 0E2
a,b,c
2’4 e1, es — aeqg — beg — cey
b2,5 €2, €3 €2, €3 -
5,6 es, €5 — aes
a,b
2,7 €3 — aeg, e4 + aes — b62
a,b,c
2’8 e4 — aes — bey, e5 — ces — aes
391 B3,1 e1, €2, €3 €1, €2, €3 201
8.2 €1, €2, €5 — ae3
a,b
3,3 €1, €3, €4 — A€y
a,b
34 e1, ez — aez, €4 + aes — bey
a,b,c
3’5 e1, e4 — aeg — bey, es — cez — aes
a,b
93,1 36 €1, €2, €4 — aes — beg el €2, €4 201
a,b i
3.7 €1, €3 — G€2, 64_b627 a#o
b
39 e1, e3 —aeq, e5 — bey — ceg; ab £ —1
be,d
397" €1, eq —aez —beg, e5 — ces —dea; a £ d
01931 ban €1, €2, €3, €4 €1, €2, €3, €4 §1
Z,Q €1, €2, €3, €5 — Q€4
a,b b
4,3 €1, €2, €4 — A€z, €5 — bE3
a,b,c b
4.4 €1, €3 — ACa, €4 — 0C2, €5 — CE2

Table A.11. Subalgebras of g5 4.
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Subalgebra  Realization
bO 817 827 33, l’zal + 84, .%'361 + 85
6?3270 01, 0o, O3, w201 + 04, x30,
(1]:(;7135 01, Oz, 03, £201 + Oy, (z3 + T524) O1 + 2502
0V20) 0r, 8y, B, w20y + s, (3 + 9(w5)14) D1 + 9(25)0s + w505
(1]:?@6 01, Oz, O3, £201 + Oy, (z3 + wex4) O1 + 2602 + 503
b5 D 0y, 0, 05, wa0h + Ou, (w5 + g(w5)a) 01 + g(w5)0s + f(25)0s + w504
bglc,séf(xsms 01, Oa, O3, 1201 + Oy, (T3 + T64) 01 + 602 + f(25)03 + 50,
f)35,57%6’9(%%6) O1, Oa, O3, 201 + 04, (3 + g(x5,26)x4) O1 + g(5,26)02 + 603 + 2504
T?5I67I7 01, Oz, 03, £201 + 04, (Ig + $7$C4) 01 + 1702 + 2603 + 1504
bg:g,o 01, Oz, 03, x201, 230,
g:g’“ 81, 82, 83, 1'2(91, (L‘381 + 56483
32086479(904) 01, Oay O3, 201 + 1405, w301 + g(x4)05
3%347% 01, 09, 03, 201 + 1405, £301 + 1503
hgféf(m)’g(m) O, O, O3, 1201 + f(24)02 + 403, x301 + 2402 + g(24)05
;:,48’“:64)@5 817 82’ 837 1201 + f($4)82 + -774837 2301 + x402 + 1503
gféms’g(m’zs) 01, Oa, O3, £201 + 1502 + 1403, £301 + 402 + g(z4,25)05
;48737573?6 01, O, 03, £201 + x50 + 1403, 301 + 409 + 2603

Table A.12. Complete system of realizations of gs 4.

In this case it would be very complicated to express the parametrization equivalence
explicitly, so we only express the action of Autg on the subalgebra families b; 5 and
b2,s, which defines the reparametrizations implicitly.

—c —é
= —-b —b
& iB €Sp(4) B I I
1 1
&  3IBeSp4) 3 (51 82) € GL(2,R)
S3  S1
—b —b
—a —a
1 1
SlB SQB 0 o 0
s3B  s4B —a | | -al’
—c —C
0 0
1 1

where §I/)(4) ={B e R* | 3a € R BTQB = aQ2}. The parameters a, b, ¢, @, b, ¢ should
be replaced by the corresponding functions used in table A.12.
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Lie algebra g ;

1ty t3+35t3 o 4
0 1 ty 0 to
Intg = 0 0 1 0 0 ,
0 O 0 1 0
0 O 0 0 1
ab® aty —tstg + bty tg ts t
0 ab t7 tgb tQ
Autg = 0 0 a 0 t3 a,b#0
0 0 ts bty
0 0 0 0 b
Type Name Int-class Aut-class g/b type
01 b1 el el 93,1 D g1
B2 €2 €2 -
‘1173 €4 — aes €4 —
'f,4 €3 — aeq €3 -
a,b
15 es — aey — bes es -
201 2,1 €1, €2 €1, €2 391
2,2 €1, €4 — Q€2 €1, €4 931
93 €1, €3 — aey e1, €3 -
hgﬁ e1, e5 — aeq — bes e1, es —
b2,5 €2, €4 €2, €4 -
‘5,6 €9, €3 — ey es, €3 —
gg es — aey — bey, e5 — aes €4, €5 -
301 b3,1 €1, €2, €4 €1, €2, €4 201
hSo €1, €2, €3 —aey e1, €2, €3 291
§,3 e1, €4 — aes, €5 — aes e1, €4, €5 —
93,1 ©0 1, 2, e5 — aeq — bes e1, €2, € 21
§,5 e1, €3, €4 — Q€3 e1, €3, €4 —
a,b
36 €1, €4 —aes, €5 —beg; a £ b e, e —eg, €5 —
919931 ban e1, e, €3, €4 €1, €, €3, €4 @1
12 €1, €2, €4, €5 — acg €1, €2, €4, €5 Q1
04,1 % e1, €2, e3 — aey, 5 — bey ey, €, €3, €5 Q1

Table A.13. Subalgebras of g5 5.

f(I5),I5 ~

1,5

15

b. 5),T5
zs5+cf(azrs), : CL,C# 0

;47’f(“‘74) ~ [);”j‘;bf(““); a#0,c>0

Table A.14. Subalgebra parametrization equivalence for gs 5
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Subalgebra

Realization

bo
b12
0
1,3
by
1,3
0
1,4
x5
1,4
h0,0
1,5
:E5,0
1,5
hf(xf))axs
1,5
Z6,T5
1,5
b2,5
0
2,6
Ta
2,6
b0,0
2,7
O,Z4
2,7
hff47f(m4)
2,7
T4,T5
2,7

81, 62, 83, $361 + 84, .13231 + 1‘382 + 35

01, —x401, 0o, 201 + O3, —Tox401 + 04

61, (92, 33, 1'381, 172(91 + IL‘332 + (94

81, 82, 83, (1'3 + $5LII4) o, + £E582, 2901 + 309 + Oy

61, 82, —T3 — % 81 - .%'482, 83, 332(91 + 84

01, Op, | —x3 — % 01 — 2402 + 7503, O3, T201 + 04
31, 82, 83, 1‘331 + 84, 56231 + I‘gaz

01, 0o, 03, 301 + O4, 201 + 2305 + 50,

01, O, O3, 1301 + O4, (w2 + w524) O1 + 2302 + 2503 + f(25)04
61, 82, 83, 1‘3(91 + 64, ($2 + 1‘5.%4) 81 + .%3(92 + 1‘583 + 3}684
81, —I381, 82, 33281, —$2I361 + 83

o, —x301, % (—2;102 + w%) 01, 0o, O3

O, —x30n, 5 (—2x2 + 23) &1 + 40s, Do, O3

81, 82, 83, 33381, 33281 + 1‘382

81, 82, 83, ($4 + :133) 81, 2901 + 1309

O1, Oa, O3, (f(4) + x3) 01 + 2402, 201 + 2302 + 1405

81, 02, 83, (1‘5 + $3) 81 + $462, 1‘281 + 1‘382 + .1‘483

Table A.15. Complete system of realizations of gs 5.
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Lie algebra g;

(/1 ty %ti — 13 %ti — i3ty +1to t1
0 1 t 313 to
Intg = 0 0 1 14 ts ,
0 0 0 1 0
0 0 0 0 1
([a® a®(t7 +tsa) —tza® Ftga+trty ts
0 CL4 t7a t6 tg
Autg = 0 0 ad ty ts a#0
0 0 0 a’ ty
0 0 0 0 a
Type Name Int-class Aut-class g/b type
g1 b1 el el 94,1
f)1,2 €2 €2 -
l‘)1,3 €3 €3 -
%74 €4 — aey €4 —
15 e5 — aey es -
2g; 21 e, €2 €1, €2 93,1
hz,2 €1, €3 €1, €3 -
B35 €1, €4 —aer e1, ey -
b3.4 e1, 5 — aey e1, €s -
b2, €2, €3 €2, €3 -
b36 €2, €4 — aes €2, €4 -
391 b3,1 e1, €2, €3 e1, €2, €3 2g1
l‘)3,2 €1, €2, €4 €1, €2, €4 -
93,1 b3 €1, €2, €5 —aey e1, €z, €3 -
h§,4 €1, €3, €4 — Q€2 €1, €3, €4 -
g1 D g3 l‘)4,1 €1, €2, €3, €4 €1, €2, €3, €4 Q1
04,1 hio €1, ez, e3,e5 —aeq e1, ez, €36 G

Table A.16. Subalgebras of g5 6.

Subalgebra, Realization

bo 01, Oz, 03, w301 + 04, <362 + %‘2‘) O1 + 2302 + 1403 + 05
B1,2 O, —x401, D2, 1201 + 05, & (x5 — 2w924) D1 + 302 + 04
2
b1,3 O, Oa, <—5133 - %) O1 — x40y, O3, (x2 — 33 (13 + 27)) 01 — w3340 + Oy
(1],4 01, Oa, O3, (3 — %) o — %82 — 2403, 201 + x302 + O4
T4 O1, O, 03, (@3 + 524 — %?) o0 + (965 - %‘2‘> Oy — 1405, T201 + 1302 + 04
Vs O1, Oa, O3, 2301 + Oy, (T2 + %‘2‘ 01 + 1302 + 2403
:fi,; 81, 82, 83, 33381 + 84, To + %?1 81 + 117382 + 113483 + $5a4
B2 O, —w301, 5 (—2w2 + x3) 01, O, 5m2 (—x2 +23) 01 + 05
876 01, —x301, Oa, (902 + %x%) 01 — 2302, —w27301 + O3
26 O, —w30h, O, (w2 + 523 (—3wq + 223)) 01 + (x4 — 3) Oz, —2230, + O3

Table A.17. Complete system of realizations of g5 ¢.
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