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Abstract

Faculty of Science and Technology, Marrakech
Department of Mathematics

Doctor of Applied Mathematics

Lie racks and Leibniz algebras

by Fatima-Ezzahrae ABID

The tangent space at the identity of a pointed Lie rack carries a structure of left Leibniz alge-
bra [34]. Conversely, given a (left) Leibniz algebra £ there exists a (local) pointed Lie rack (X, 1)
such that 1 X = £ [20]. A symmetric Leibniz algebra is an algebra which is both left and right
Leibniz algebra. For any symmetric Leibniz algebra £, there is a straightforward construction of a
global pointed Lie rack (X, 1) such that T{X = £. The obtained Lie rack is said to be associated to
the symmetric Leibniz algebra (£,[, ]). We first classify symmetric Leibniz algebras of dimension
3 and 4 and we determine all the associated Lie racks. Some of these Lie racks provide non-trivial
topological quandles. Then we study some algebraic properties of these quandles and we give a nec-
essary and sufficient condition for them to be quasi-trivial.
The second purpose of this thesis deals with the study of analytic linear Lie rack structures on Leib-
niz algebras. We first introduce these Lie rack structures on a vector space V' which are given by
a sequence (A, 1)y>1 of n + 1-multilinear maps on V. We show that a sequence (Ay1),>1 of
n + 1-multilinear maps on a vector space V defines an analytic linear Lie rack structure if and only if
[, ] := Ay is a left Leibniz bracket, the A, 1 are invariant for (V, [, ]) and satisfy a sequence of
multilinear equations. Some of these equations have a cohomological interpretation and can be solved
when the zero and the 1-cohomology of the left Leibniz algebra (V, [, ]) are trivial. On the other
hand, given a left Leibniz algebra (,[ , ]), we show that there is a large class of (analytic) linear
Lie rack structures on (h, [, ]) which can be built from the canonical one and invariant multilinear
symmetric maps on h). A left Leibniz algebra on which all the analytic linear Lie rack structures are
built in this way will be called rigid. We use our characterizations of analytic linear Lie rack structures
to show that s, (R) and s0(3) are rigid. Then we conjecture that any simple Lie algebra is rigid as a
left Leibniz algebra.
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Chapter 1

Introduction

In the 1980’s, Joyce [32] and Matveev [38] introduced independently the notion of guandle. This
notion has been derived from knot theory, in the way that the three axioms of a quandle algebraically
encode the three Reidemeister moves (I, I, I1I) of oriented knot diagrams [23] (see Appendix B).
Quandles provide many knot invariants. Joyce and Matveev introduced the fundamental quandle or
knot quandle. They showed that it is a complete invariant of a knot (up to a weak equivalence). Racks
which are a generalization of quandles were introduced by Conway and Wraith, see the historical
account in the work of Fenn and Rourke [24]. Recently (see [16, 17]), there has been investigations
on quandles and racks from an algebraic point of view and their relationship with other algebraic
structures as Lie algebras, Leibniz algebras, Frobenius algebras, Yang Baxter equation, and Hopf
algebras etc.

The pointed Lie rack structure was primarily introduced by M. Kinyon [34] as an algebraic struc-
ture compatible with an underling pointed smooth manifold. In [34], M. Kinyon proved that if (X, 1)
is a pointed Lie rack (with left self-distributivity), T7 X carries a structure of (left) Leibniz algebra.
Moreover, in the case when the Lie rack structure is associated to a Lie group' G then the associated
(left) Leibniz algebra is the Lie algebra’ of G. This leads naturally to claim that pointed Lie racks
provide an answer to the problem of integrating Leibniz algebras raised by Loday [36] which consists
in finding an appropriate generalization of the Lie’s third theorem A.3.2. However, pointed Lie racks
need additional requirements to be a global answer of integrating Leibniz algebras problem. More pre-
cisely, if we denote by LRack the category of simply connected Lie racks, and by Lgroups the cate-
gory of simply connected Lie groups, RLeibniz the category of right Leibniz algebras and Liealgebra
the category of Lie algebras. We have Lgroups C LRack and Theorem 2.4.1 and Proposition 2.4.2
ensure that there is a tangent functor T}, : LRack — RLeibniz which sends, in addition,
Lgroups to Liealgebra. The third Lie theorem A.3.2 asserts that Tp;, : Lgroups — Liealgebra is
invertible and it is natural to ask if T},;p,i, 1s invertible and the restriction of its inverse coincides with
the inverse of T7;,. This problem is well known by the coquecigrue problem for Leibniz algebras.
Until now, there is no natural answer to this problem, however, several partial answers have been
published since then as in [34] where a positive answer was given for split Leibniz algebras. In [20],
S. Covez gave a local answer to the integration problem. He showed that every Leibniz algebra can be
integrated into a local augmented Lie rack. In [14], Bordemann gave a global process of integrating
Leibniz algebras. Unfortunately, this process is not functorial.

Among these investigations, there is one that concerns particularly symmetric Leibniz algebras
which are both left and right Leibniz algebras. S. Benayadi and M. Bordemann [9] succeeded in
giving a functorial process for integrating symmetric Leibniz algebras detailed in Section 3.2. By
using this process and a well-known interaction between symmetric Leibniz algebras and Lie algebras
(see Proposition 3.1.1) we achieve the first steps in the study of Lie rack structures on Leibniz algebras.

In literature, the study of (pointed) Lie racks and Leibniz algebras was always motivated by either
the problem of integrating Leibniz algebras or the study of each notion separately. Up to our knowl-
edge, there have been no study of Lie rack structures on Leibniz algebras on its own interest. In this
thesis, we study two large classes of Lie rack structures on Leibniz algebras:

1. Lie racks associated to symmetric Leibniz algebras.

2. Analytic linear Lie rack structures on Leibniz algebras.

! Any Lie group G has a pointed Lie rack structure given by the conjugation operation on G, i.e., gt>h = h~'gh, Vg, h € G.
2 Any Lie algebra is a (symmetric ) Leibniz algebra.
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Overview of basic concepts. A pointed Lie rack is a pointed smooth manifold (X, 1) equipped
with a binary operation > such that:

e > : X x X — X is smooth,

e forany x € X, Ry : X — X, y — y > x is a diffeomorphism,

« forany x,y,z € X, (x>y) >z = (x> z) > (y > z) (right self-distribution),
e foranyx € X, x>1l=xand1>x=1.

Any Lie group G has a Lie rack structure given by h > g = g_lhg. Distinctive properties and
examples of (pointed Lie) racks are presented in Section 2.3. We have mentioned before that Lie
racks constitute an interesting topic in the study of Leibniz algebras.

Leibniz algebras were first introduced and investigated in the papers of Blokh [12, 13] under the
name of D-algebras. Then they were rediscovered by Loday [36] who called them Leibniz algebras.
A right Leibniz algebra is an algebra (£,], ]) over a field K such that, for every element u € £,
ady, : b — b, v — [u,v] is a derivation of £, i.e.,

[[v,w],u] = [[v,u],w] + [v, [w,u]], v,weL

Lie racks and Leibniz algebras have equally the left and the right version, but these two sides are
parallel. For instance, we may pass from a right Leibniz algebra (£, [, ]) (see below the definition)
to a left Leibniz algebra by considering the new multiplication ©.v = [v, u] and vice-versa. So, we
will choose working with either left or right upon some needed requirements. Here, we give, briefly,
the global frame of our specific algebraic structures adopting the right versions. On the other hand,
any Lie algebra is a right Leibniz algebra. Conversely a right Leibniz algebra is a Lie algebra if and
only if its bracket is skew-symmetric. Many results of the theory of Lie algebras can be extended to
Leibniz algebras (see [2, 3, 8, 10, 15, 37]).

Tangent functor: in [34], Kinyon proved that if (X, 1) is a pointed Lie rack, then T X carries a
structure of left Leibniz algebra. Moreover, in the case when the Lie rack structure is associated to a
Lie group G then the associated left Leibniz algebra is the Lie algebra of G.

Let (X, 1) be a pointed Lie rack with right distributivity. We denote by Ady : T/ X — T; X the
differential of Ry at 1. We have

Risy =Ry oRyoR, " and Adysy = AdyoAdyoAd, .
Thus Ad : X — GL(T;1X) is a homomorphism of Lie racks. If we put

d

= E\tfoAdC(t)(u)' u,0€ T1X,c:] —¢e[— X, c(0) =1, '(0) = 0.

[u, 0]

(T1X,[ , ]) becomes a right Leibniz algebra. When, there is not confusion, the bracket [ , | is
simply denoted by [, ]. For a detailed proof, see Section 2.4.

In our work, we are primarily interested in the following two classes of Lie racks on Leibniz
algebras for which we have succeeded to prove many important results:

Part 1: Lie racks associated to symmetric Leibniz algebras

Let (£, -) be a symmetric Leibniz algebra. According to Proposition 3.1.1, there exists a Lie bracket
[, ] on £ and a bilinear symmetric map w : £ X £ — Z(£), where Z(£) is the center of (£, [, ]),
such that,

u-v=[uo+w(uov)foral uove

and w satisfies
w([u,v],w) = w(w(u,v),w) =0. (1.1)
Now, we describe the process of integrating symmetric Leibniz algebras [9].
Denote by £ - £ = span{u.v, u,v € £}, a=2£/£-£,5: £ — aanddefine f:axa — £
given by
B(g(u), 9(v)) = w(u,v).
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By virtue of 1.1, B is well defined. Moreover, since [1,v] = 1(u-v —v-u), q is a Lie algebra

homomorphism when a is considered as an abelian Lie algebra. Consider G the connected and simply
connected Lie group whose Lie algebra is (£, [, ]) and exp : £ — G its exponential. Then
there exists a homomorphism of Lie groups ¥ : G — a such that d;k = ¢. Finally, consider
X : G x G — G given by

x(h, g) = exp(B(x(h), x(g))) forallh, g € G.

Define now on G the binary product by putting
he>g = g thgx(h, g) forallh,g € G. (1.2)

Thus, we have the following main theorem.

Theorem 1.0.1. Let (£, .) be a symmetric Leibniz algebra. Let G be the connected simply connected
Lie group associated to the underlying Lie algebra endowed with the binary operation > defined by
(3.6). Then (G, 1>) is a pointed Lie rack whose associated right Leibniz algebra is exactly (£, .).

We call the obtained Lie rack (G, ) the Lie rack associated to symmetric Leibniz algebra (£, .).
Thanks to Proposition 2.3.1, we show that any Lie rack (G, t>), the set of its idempotents

Q((G,D)) = {g €eG; X(g/g) = 1G}

is a topological quandle”.

It has been said before that the above method gives, surprisingly, a global answer to the problem
of integrating symmetric Leibniz [9]. It had been a crucial role in the study of Lie racks associated
to symmetric Leibniz algebras. So, keeping this method in mind and by using Proposition 3.1.1, we
establish our results concerning this class of Lie rack structures.

Our main results fall into three steps:

1. We classify symmetric Leibniz algebras of dimension 3 and 4. We proceed as follows:
* Take a Lie algebra g with non trivial center in the list of [11].

* Determine, by straightforward computation, symmetric maps w satisfying (1.1).

* In the spirit of Proposition 3.1.2, we act by the group of automorphisms of g on the ob-
tained w to reduce the parameters.

The results of this part are summarized in Table 3.1.

2. For any symmetric Leibniz algebra from Table 3.1, we construct the associated Lie racks. Then
we give the associated topological quandles defined in 1. The results of this part are presented
in Subsection 3.3.2.

3. We study some algebraic properties of the derived topological quandles, namely quasi-triviality
and medial property. The results are detailed in 4.3.

All these results constitute the subject of our published paper:

H. Abchir, F-E. Abid, and M. Boucetta, A class of Lie racks associated to symmetric Leibniz
algebras, Journal of Algebra and its Applications (2021).

The second class of Lie rack structures on Leibniz algebras is differently treated. We adopt the
left version of Lie racks and Leibniz algebras.

Part 2: Analytic linear Lie rack structures on Leibniz algebras.

A linear Lie rack structure on a finite dimensional vector space V' is a Lie rack operation (x,y) — x>y
pointed at 0 and such that for any x, the map Ly : y = x [> y is linear. A linear Lie rack operation >
is called analytic if for any x,y € V,

xpy=y+ Y Api(x,...,xy), (1.3)
n=1

3 A topological quandle is a topological rack X with the idempotency condition, i.e., forany x € X, x> x = x
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where foreachn, A,1 : V x ... x V — V is an n + 1-multilinear map which is symmetric in the
n first arguments. In this case, Ay is the left Leibniz bracket associated to >.

If (h,[, ]) is a left Leibniz algebra then the operation o h x h — b given by

Us o= exp(ady)(v)

defines an analytic linear Lie rack structure on f such that the associated left Leibniz bracket on

Toh = b is the initial bracket [ , ]. We call I; the canonical linear Lie rack structure associated to
(0,0, ).

During our study of linear Lie rack structures with an emphasis on analytic linear Lie rack struc-
tures, we came to prove many aim results. Here, we summarize all such results. At first, we show that
there is a large class of linear Lie rack structures on (h, [, ]) containing the canonical one as stated in
the following proposition.

Proposition 1.0.2. Let (h,[ , ]) be a left Leibniz algebra, F : R — R a smooth function and
P:bx...x b — Rasymmetric multilinear p-form such that, for any y,xy ..., xp € b,

P
Y P(xi,... lyxil,...,xp) =0.
i-1

Then the operation > given by

x>y =exp(F(P(x,...,x))ady)(y)

is a linear Lie rack structure on Y and its associated left Leibniz bracket is [ , |~ = F(0)[ , ].
Moreover, if F is analytic then 1> is analytic.

This proposition shows that a left Leibniz algebra might be associated to many non equivalent
pointed Lie rack structures. It motivates, in addition, the study of linear Lie rack structures and gives
a meaning to the following definition.

Definition 1.0.1. A left Leibniz algebra (v, [, ]) is called rigid if any analytic linear Lie rack structure
> on b suchthat [, | = [, ] is given by

x>y =exp(F(P(x,...,x)))adx)(y),

where F : R — R is analytic with F(0) = 1and P : h X ... x ) —> R is a symmetric multilinear
p-form such that, for any y,xq ...,xp € b,

P(x1,..., [y, xi],...,xp) = 0.

4
=1

Then we introduce the notion of (left) Leibniz algebras rigidity which was suggested to us by
the one used in the study of linearization of Poisson structures (see [18]). The introduction of the
notion of rigidity is motivated by the construction of a large family of non rigid Leibniz algebras (see
Proposition 4.1.5, and Corollary 4.1.6). Now, we list our main theorems.

Theorem 1.0.3. Let V be a real finite dimensional vector space and (A, 1),>1 a sequence of n + 1-
multilinear maps symmetric in the n first arguments. We suppose that the operation > given by

x>y=y+ Y, Ap(x,...,x5Y)
n=1

converges. Then > is a Lie rack structure on 'V if and only if for any p,q € N* and x,y,z € V,

Api(x, Ag1(y,2) = Yo Ap(Asa(xy), . Ag 1 (), Ak (x,2)),  (14)
$1+...+sq+k=p

where for sake of simplicity A, 1 (x,y) := Apn (x,...,x,y).
In particular, if p = q = 1 we get that [, | := Aj is a left Leibniz bracket which is actually the
left Leibniz bracket associated to (V,1>).
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Theorem 1.0.4. Let (h,[ , |) be a left Leibniz algebra such that HO(h) = H'(h) = 0. Let
(An1)n>0 be a sequence where Agq(x,y) = y and A11(x,y) = [x,y] and, for any n > 2,
Aug i b X ... X b — bis multilinear invariant and symmetric in the n first arguments. We sup-
pose that the Ay satisfy 4.6. Then there exists a unique sequence (By),>2 of invariant symmetric
multilinear maps By, - § X ... X b — b such that, for any x,y € b,

Ani(x,y) =AY 1 (x,y) + ). AL (B (x), ., By (%), A g1 (x,1)), (1.5)
1<k (3]
S:ll—|—...—|—lk <n

where Ap1(x,y) = Apr(x,...,x,y) and Bj(x) = By(x, ..., x).

Theorem 1.0.5. Let by be either sl (R) or s0(3) and t> an analytic linear Lie rack structure on b such
that [, |i> is the Lie algebra bracket of h. Then there exists an analytic function F : R — R given
by
Flu) =1+ Y quf
k=1
such that, for any x,y € b,
x>y = exp(F({x, x))adx)(y),

where (x,x) = tr(ady o ady). So b is rigid.

These results are the subject of our published paper:

H. Abchir, F-E. Abid, and M. Boucetta, Analytic linear Lie rack structures on Leibniz algebras,
Journal of Communications in Algebra, Vol. 48, No. 8, pp. 3249-3267 March 2020.

This report is organized as follows. In Chapter 2, we review some standard facts on Lie racks
and Leibniz algebras and we describe the link between these two concepts. In Chapter 3, we state in
details the main results about Lie racks associated to symmetric Leibniz algebras. The chapter 4 is
devoted to a detailed exposition of Theorem 4.1.1, 4.2.1, and 4.3.1 with its corollaries. At the end of
this report, we give two appendices: the first Appendix A contains an overview of Lie theory intended
to help the readers in understanding the results stated in this report. In the Appendix B, we recall
some aspects of the interaction between racks and knot theory.






Chapter 2

Lie racks and Leibniz algebras

2.1 Leibniz algebras

In this section, we provide some basic definitions and algebraic properties in Leibniz algebras theory.
Leibniz algebras were introduced by Loday [36] as a generalization of Lie algebras. Therefore, many
results and properties are extended from Lie theory. Although, the theory of Leibniz algebras is a
large subject on its own (see [2, 3, 15, 8, 10, 37]). Recently, there are fundamental and significant
results restricted to Leibniz algebras and their relationship with other algebraic structures, namely Lie
racks which are treated further in Section 2.3 (see for instance [20, 14, 34]).

2.1.1 Definitions and immediate properties

An algebra £ over a field K is a IK-vector space equipped with a bilinear map - : £ X £ — £ called
"multiplication".

Let (£, ) be an algebra. For any u € £, we denote L, R, : £ — £ the endomorphisms
givenby L, (v) = u-vand R,(v) = v-u,V v € £. The map L, (resp. R;) is called the left multi-
plication by u (resp. right multiplication by u). In the study of Leibniz algebras the multiplication is
often written (by analogy with the Lie algebras) in bracket form [, ].

Definition 1. A left Leibniz algebra is an algebra (£, [, ]) such that for any u € £, the left multipli-
cation L, is a derivation, i.e.,

[, [v,w]] = [[u, 0], w] + [0, [u, w]] 2.1)
for any v, w € £. We call the identity 2.1, the left Leibniz identity.

It is clear that 2.1 is equivalent to each one of the following relations:

Lo = [LuLe), (2.2)
R[u,v] = RpoRy+LyoRy, 2.3)
Ry = [LuRol (2.4)

Similarly, we define a right Leibniz algebra:

Definition 2. A right Leibniz algebra is an algebra (£,[ , |) such that for any u € £, the right
multiplication R, is a derivation, i.e.,

[[o,w], u] = [[o,u], w] + [0, [w, u]] (2.5)
for any v, w € £.

The identity (2.5) is called the right Leibniz identity which is equivalent to the following rela-
tions.

[Ruer] = R[v,u]/ (26)
R, Lo] = L[v,u]' 2.7

Proposition 2.1.1. Let (£, [, |) be an algebra. Then



8 Chapter 2. Lie racks and Leibniz algebras

1. If (&, [, ]) is a left Leibniz algebra, we have Ly, ,) = —Ly, ), Vu, v € £
2. If (&, [, ]) is a right Leibniz algebra, we have Ry, o = =R, ), Vu, v € £.

Proof. These two equalities come from Leibniz identities. Let u, v, w € £.

1. We have
[v, [u,w]] = [[o,u], w] + [u, [v,w]]
[v, [u, w]] = [u, [o,w]] — [[u, ], w],
Thus, [[u,v], w] = —[[v, u], w].
2. Similarly, we have
[[w, u], 0] = [[w,v],u] = [w, [v,u]]
[[w, ul, 0] = [[w, ], u] + [w, [u,0]]

So, [w, [v, u]] = —[w, [u,v]].
O

We remark that a left Leibniz algebra is not necessarily a right Leibniz algebra as shown in the
following example.

Example 1. Let £ be 2-dimensional algebra with a suitable basis {x,y}. The following product on
£

x,x] =0, [x,yl =0, [y,x] =x, [yy]=x
makes it into a left Leibniz algebra, but (£, [, ]) is not a right Leibniz algebra, since

vyl oyl # v, vyl + [y, yl vl

Proposition 2.1.2 ([10]). Let (£, [, ]) be a left Leibniz algebra. Then (£, [, |) is a right Leibniz
algebra if and only if
[x,[y,z]] = —[ly,2],x], Vx,y,z € £

Although, the concepts of left and right Leibniz algebras are parallel. For example, we may
pass from a left algebra (£,[ , ]) to a right Leibniz algebra by considering a new multiplication
u.v = [v,u]. Hence, it will be convenient to use Leibniz algebras referring unspecified left or right
Leibniz algebras. Throughout of this chapter, we will deal mostly with right Leibniz algebras. Fur-
thermore, if the Leibniz product satisfies, in addition, the skew-symmetry condition

[x,x] =0

then the Leibniz identity can be easily reduced to the Jacobi identity. Therefore Lie algebras are a
particular class of Leibniz algebras. However the class of Leibniz algebras is far more large as the
following example shows.

Example 2. Let (A, -) be an associative algebra and T an endomorphism of A such that T> = T.
The bracket on A given by
[a,b]=a-Tb—b-Ta

is a Leibniz bracket and it is a Lie bracket if and only if T = Id 4.
Here, we cite some simple examples of real Leibniz algebras £ of dimension two [10, 25].

Examples 1. If (£ :=<a,b >, [, ]) be two dimensional Leibniz algebra. Then £ is isomorphic to
one of the following algebras:

1. The two dimensional Lie algebras.
2. The left Leibniz algebras:

(i) £1, endowed with the bracket given by [b,b] = a
(ii) £5, endowed with the bracket given by [b,a] =, and [b,b] = a
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3. The right Leibniz algebra £3, endowed with the bracket given by [a,b] = a

For more examples, see [27]. We can easily check that the Leibniz algebra (7) is both a left
and right Leibniz algebra. We then have the following definition.

Definition 3. An algebra (£,[, |) which is both left and right Leibniz algebra is called symmetric
Leibniz algebra.

Using Equations 2.2 and 2.6, we obtain the following proposition.
Proposition 2.1.3. Let (£, -) be an algebra. The following assertions are equivalent:
1. (&,-) is a symmetric Leibniz algebra.
2. Foranyu,v € £ [L,, L] = L[u,v] = —R[u,v].
3. Foranyu,v € £ [Ry,Ro] =Ry = —Lpy -
As an example, any Lie algebra is symmetric Leibniz algebra. However, the class of symmetric
Leibniz algebras is far more bigger than the class of Lie algebras as we will see later.
Ideals and subalgebras
Definition 4. Let (£, [, ]) be a Leibniz algebra.
1. A Leibniz subalgebra of £ is a vector subspace g of £ such that [g, g] C g.
2. A left (resp. right) ideal of £ is a vector subspace I such that [£, I] C I (resp. [I, £] C I).
3. Anideal of £ is a left and right ideal of I.

We denote
Zie) ={ues [ue =0}, /(&) ={uecs [¢u =0 and Z(£)=Z'(L)NZ'(L)

respectively, the left center, the right center and the center of £. Note that the center Z(£) of £
contains elements of the form

[, 0] + [v,ul, [u,ul, [[u,0], [v,u]]

We denote
Leib(£) = span {[u,v] + [v,u], u,v € £}.

Proposition 2.1.4. Let (£, [, |) be a Leibniz algebra.
1. Leib(£) is an ideal of L.
2. £/Leib(L) is a Lie algebra denoted by £;,, and £ is a Lie algebra if and only if Leib(£) = {0}.

Notice that Leib(£) can be viewed as the space generated by the elements of the form [u, u]
for u € £. Furthermore, if we consider £ a left (resp. right) Leibniz algebra, then we have
Leib(£) € Z!(£) (resp. Leib(£) C Z}(£)).

Definition 5. Let £ and h two Leibniz algebras. A morphism of Leibniz algebras f : £ — hisa
linear map which respects the product, that is

f([w,0]) = [f(u), f(0)], Vu,0 € £.

Example 3. Let (£, [, ]) be a left Leibniz algebra. The linear map ad : £ — End(£) which maps
u to ad,(v) = [u,v], Vo € £ is a morphism of Leibniz algebras. Using Leibniz identity, we can
easily check that ad, ;) = [ad,, ady], Vu,v € £.

Proposition 2.1.5. Let f : £ — b be a morphism of Leibniz algebras, then Ker(f) is an ideal in £.
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Proof. Letu € Ker(f), and letv € £ We have

f(u, o)) = [f(u), f(0)] = 0

and

hence Ker(f) is an ideal in £. O

2.1.2 Some classes of Leibniz algebras

As Lie algebras, we introduce some important classes of Leibniz algebras, namely, nilpotent, solvable
and simple Leibniz algebras. For more details, see [2, 4, 15].

For a given right Leibniz algebra (£, [, ]) the sequences of two-sided ideals defined recur-
sively as follows:

gl=g gl =[gh g, k>1, gll=g gt = [gbl gbl], s>1.
are said to be the lower central and the derived series of £, respectively.
Definition 6. 1. A Leibniz algebra £ is said to be nilpotent, if there exists n € N such that £" = 0.
2. A Leibniz algebra £ is said to be solvable, if there exists m € N such that glml — 0.

The minimal number 7 (respectively m) with such property is said to be the index of nilpotency
(respectively the index of solvability) of the Leibniz algebra £. It is easy to see that the index of
nilpotency of an arbitrary n-dimensional Leibniz algebra is at most n 4 1.

Example 4 ([15]). Let £ be 2-dimensional nilpotent right Leibniz algebra. Then £ is an abelian
algebra or it is isomorphic to
£1: [e1,e1] = en.

For more examples of nilpotent and solvable right Leibniz algebras, see for instance [2, 4, 15].
Similarly to the Lie algebras case, the following analogue of Engel’s theorem is valid for Leibniz
algebras.

Theorem 2.1.6 ([2]). A finite dimensional right Leibniz algebra £ is nilpotent if and only if the
operator Ry is nilpotent for every x € £.

Theorem 2.1.7 ([2]). A finite dimensional right Leibniz algebra £ is solvable if and only if [£, £] is
nilpotent.

Simple Lie algebras are very important in the theory of Lie algebras'. But Leibniz algebras
which are not Lie algebras cannot be simple in the classical sense, because any Leibniz algebra £
contains the nonzero proper ideal Leib(£).

Definition 7. A Leibniz algebra £ is called simple if it contains no ideals other than {0}, Leib(£),
and £.

Notice that a Leibniz algebra £ is simple if and only if the Lie algebra £/Leib(£) is sim-
ple. It follows that the above definition agrees with the definition of simple Lie algebras, since
Leib(£) = {0} in this case.

Theorem 2.1.8 ([2]). Let £ be a finite dimensional simple (right) Leibniz algebra, which is non-
Lie, and £/Leib(L) is abelian. Then £ is two-dimensional and therefore isomorphic to one of the
following algebras with non-vanishing products:

(l) [61/62] = €1, [62/ 62} = €1
(ii) [e2,e2] = e

where eq, ey is the basis of £.

I'See Definition 35
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2.2 Cohomology of Leibniz algebras

In this section, we briefly introduce the notions of representations and the cohomology of right Leibniz
algebras, see [37, 39]. For the cohomology of left Leibniz algebras, see for instance [20, 19].

2.2.1 Representations

Definition 8. Let (£,[ , ]) be a right Leibniz algebra. A £-representation is a vector space M
equipped with two bilinear maps

[,]0:€xXM—M and [,|g:MxL—M
satisfying:

(MLL)  [m, [x,y]]
(LML) [x, [m, ylr
(LLM)  [x, [y, m]L

=

I
g
2,
z
=

|
S
=
T
2,
T

= =
|
w R
3

forany m € Mand x,y € £.

In Leibniz theory some authors call a £-representation by £-module. The relations (MLL)
and (LLM) implies that
[x, [m, y]r]L + [x, [y, m]L]L = 0.

By definition, any Leibniz algebra (£, [, ]) is a £-representation by taking [, | = [, [k = [, |-

Definition 9. A morphism of Leibniz £-representations is a linear map which which respects the two
brackets [, | and [, |g.

Definition 10. Let (£, [, ]) be a Leibniz algebra and let M be a £-representation.
1. If forany x € £, and m € M, [x,m], = —[m, x|, then M is called symmetric.
2. Ifforany x € £,and m € M, [x, m|; = 0, then M is called anti-symmetric.
3. Ifforany x € £, and m € M, [x, m|p = —[m, x]g = 0, then M is called trivial.

The most important examples of anti-symmetric Leibniz £-modules are the ideal Leib(£)
which also can be generated by the elements of the form [u, u] for u € £, and the right center Z"(£).
Moreover, we have a short exact sequence of Leibniz algebras:

0 — Leib(£) — £ — £j;, — 0

which is an abelian extension of Leibniz algebras (see for instance [20, 36, 37]).

In general, any Leibniz £-module M gives rise to a symmetric £-module and an anti-symmetric
£-module as follows: the quotient of the Leibniz £-module M by the submodule generated by the
relations [x, m| + [m, x] forall x € £ and all m € M, defines a symmetric Leibniz £-module denoted
M?. The kernel of the projection map M — M?® is an anti-symmetric representation, which is
denoted M”. Therefore, for each Leibniz £-module M, there is a short exact sequence of Leibniz
£-modules

00— M —M-—M —0.

Remark 1. Let £ be a Lie algebra and let M be a £-module in the Lie sense A.1.4. If we take
[x,m|]p = —[m,x]g = [x,m], Vx € & m €M,
then M is a symmetric £-representation (in the Leibniz sense) M°. Otherwise, if we put
[x,mlp =0 and [m,x|g=[x,m], Vx €L, meM,

hence M is an anti-symmetric £-representation (in the Leibniz sense) M.
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2.2.2 Cohomology of Leibniz algebras
The cochain complex

Let £ be a right Leibniz algebra and let M be a £-representation. For any non-negative integer 7, set
C"(£,M) := Hom(®" £, M) and consider the a coboundary operator

8" : Hom(®" £, M) — Hom(®"*1¢, M)

given by

n

Mw)(xg, ..., xn) = [xo,w(xq,...,x0)]L + Z(—l)i[w(xl,...,f,»,. e, Xn), XiR
i=1

+ Z (71)j+1w(X0, e, Xio, [Xi,Xj],Xi+1,. . .,fj, .. .,xn),
1<i<j<n

where w € C"(€, M) and (x, ..., x;) € £"1. In [37], Loday proved that {C" (£, M), 6"}, >0 is a

cochain complex, i.e, 6”1 0 §" = 0 for every non-negative integer 7.

Definition 11. Let £ be a right Leibniz algebra and let M be a £-representation. The cohomology of
£ with coefficients in M is the cohomology of the cochain complex {C" (£, M), 6" },,>0. Then

H"(£,M) := Ker(6") /Im(6"1).

HO(g,M) and H' (&, M)
Let £ be a Leibniz algebra and let M be a £-representation. By definition C°(£,M) = M and
8%(m)(x) = [x,m]r. Thus

H°(&,M) = {m € M|[x,m], =0 Vx € £}.

It is called the submodule left invariants of M . Note that if the £-representation M is anti-symmetric,
then H(&, M) = M.
Then we obtain from the defining coboundary operator that

3 (w) (%) =[x, )L + [w(x), ylr = w((x,y]),

and so
7'(&,M) = {w € Hom(&,M)|[x, w(y)]1 + [w(x), y]r = w([x,y])}

defines the module of derivations from £ to M, denoted Der(S,M). Moreover, the module of inner
derivations from £ to M, denoted InnDer(£, M), is given by
B'(£,M) = {w € Hom(& M)|w(x) = [m, x]g}.

Hence, we have
H'(£,M) = Der(£, M) /InnDer(£, M).

Link between Lie cohomology and Leibniz cohomology

The concept of Lie cohomology of Lie algebra £ is developed in [28], and is defined further in (A.7).
Let £ be a Lie algebra which is effectively a Leibniz algebra, and let M be a £-module. Denote

ClL..(£,M) := Hom(A"€, M),

the n-cochain of £ as a Lie algebra. The canonical inclusion of Hom (A" £, M) into Hom(®" £, M)
makes sense to the following proposition.

Proposition 2.2.1. [37, 39] Let £ be a Lie algebra and let M be a £-module . We have an epimor-
phism of cochain complexes
I'Vl

Cr(8,M) — C"(g,M°)
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given by the canonical inclusion of Hom(A" £, M) into Hom(®" £, M).

Remark 2. Let (£,[, |) be a Leibniz algebra which is a Lie algebra. The cohomology of £ as left
(or right) Leibniz algebra is different from its cohomology as a Lie algebra, however H? and H! are
the same for both cohomologies.

2.3 Lieracks

2.3.1 Racks and quandles: general properties

In this section, we introduce the notion of racks and quandles for which we give some immediate
properties.

Definition 12. 1. Arackisanon-empty set X together withamap> : X x X — X, (x, y) — x>y
such that

(i) for any fixed element x € X, the map Ry : X — X, y — y > x is a bijection,
(ii) forany x, y, z € X, wehave (x> y)>z = (x>z)> (y>2z).

2. Arack X is called pointed, if there exists a distinguished element 1 € X such that

x>1=Ry(x) =idx(x) =xand1>x=Ry(1) =1 VxeX

3. Arack X is called a quandle if the idempotency condition holds, i.e., forany x € X, x> x = x.
4. A quandle X is called a Kei if for any x, y € X, (y > x) > x =y, i.e., Ry is an involution.

When X is a rack, we write x >~ y for Ry_l(x).
With these definitions, we can see that kei is a type of quandle and a quandle is a rack.

{kei} C {quandle} C {rack}.

The requirement that (x > y) >z = (x> z) > (y I> z) says that the binary operation > is right self-
distributive, i.e., > distributes over > on the right the same way that multiplication distributes over
addition. In particular, the rack operation is in general nonassociative, i.e.,

(x>y)>z#x> (y>2).
In fact, there is the notion of a rack where the binary operation > satisfies left self-distributivity:
x> (y>z)=(x>y)>(x>z)

for all x, y, and z € X. One can always transform a left self-distributive rack into a right self-
distributive rack (and vice-versa) by sending the bijective map y —— x >y to its inverse which is
then denoted z — z I> x. Thus, it is very important to keep track of the order of the elements as well
as the parentheses when doing rack computation.

There are obvious definitions of subrack, subquandle or subkei.
Definition 13. Let (X, >) be a rack. A subset S C X is a subrack of X if (S, t>) is itself a rack.

In particular, if we take (X, I>) a kei, we can easily show that the closure under [> is necessary
and sufficient for a subset S C X to be a subkei.

A map ¢ : X — Y between racks (X,r>1) and (Y, >;) is a homomorphism of racks if
¢ preserves the rack operations, i.e., Vx,y € X, ¢(x>1y) = ¢(x) > ¢(y). If furthermore ¢
is a bijection, it is called an isomorphism of racks. In particular, a bijective rack homomorphism
¢ : X — X is called a rack automorphism. The set of all rack automorphisms of X forms a group
denoted Aut(X). The self-distributivity axiom means that for any x € X, Ry is an automorphism.
Furthermore

Ry =Ry o Ry oRy_l, Vx,y € X.
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The group of inner automorphisms Inn(X) generated by all bijections Ry is a normal subgroup of
Aut(X). One can define homomorphisms, automorphisms and inner automorphisms of keis or quan-
dles in exactly the same way.

For an arbitrary rack X, one can associate a quandle as follows.

Proposition 2.3.1. Let (X,>) be a rack and Q(X) be the set of its idempotents,
QX)={xeX, x>x=x},
then (Q(X),>) is a quandle.

Proof. We note first that Q(X) is closed by the binary operation >. Indeed, if x, y € Q(X), then
(x>y)>(x>y)=(x>x)>y=x>y.

The right distributivity is obviously satisfied.
For any x,y € Q(X), the restriction of the right translation Ry to Q(X) is injective by assump-
tion. Actually, the map Ry, is bijective when considered as a map defined on X. Lety,z € Q(X).

There exists a unique x € X such that Ry (x) = z and then, x = R;l(z) =zp>"1y. Since R;l isa
quandle morphism, we have

x>x:R;l(z)>R;1(z) :Rgl(zbz) :Rgl(z) =x

Then the unique x € X such thatx = R’ 1(z) belongs to Q(X). This ends the proof. O

Related to the notion of subrack, if f : X — Y is a rack (or quandle) homomorphism, then
the set
Im(f) :={y €Y, y= f(x) forsome x € X}

is a subrack (or subquandle) if f is onto. However, if we suppose that f is only a kei homomorphism,
then Im( f) is obviously a subkei of Y, which is referred as the image subkei of f.

The following result shows that for any rack can endowed by another rack structure under some
assumptions.

Proposition 2.3.2. Let (X,>) be a rack and | : X — X a map such that, for any x,y € X,
J(y>x) = J(y) > x, that is ] o Ry = Ry o ] for any x. Then the operation

Xy =x>]J(y)
defines a rack structure on X. The rack (X, >) is called the gauged rack of (X, >) by the map .

Proof. We have, for any x,y,z € X,

(x>jy)>yz

Examples

Here, we present some known examples of racks and quandles [24].

1. Trivial rack. Perhaps the simplest example of rack operation is so-called the trivial kei, the
trivial quandle or the trivial rack: let X be non empty set with the trivial binary operation
x>y :=x forany x,y € X.

2. Takasaki kei. Let X = Z,, be the integers mod n with kei operation
X>y:=2y—x modn.

This is known as a Takasaki kei, also sometimes called a cyclic kei, or dihedral quandle, and
is denoted by R,. The automorphisms and inner automorphisms group of the Takasaki kei are
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given by
Aut(X) = AfX)={fop: X — X, fop(x) =ax+b, acZ;,beZ}
Inn(X) = Dy, m= Lem(2,n).

For more details about these results see [6, 7].

3. Conjugation quandles. Let G be a group. G is a quandle by taking the conjugation as a quandle
operation.

x>y =y lxy Vx,y €G.

We denote this quandle by Conj(G). This operation can be generalized for any integer n > 1
as follows:

x>y =y "xy" Vx,y €G
In [7], the authors studied the automorphisms group of quandles arising from groups, as exam-
ples, the conjugation quandles. They stated the following results.
Inn(Conj(G)) = G/Z(G).
Aut(Conj(G)) = Aut(G) iff Z(G) = 1.

4. Core kei. The rule

xXp>y:= yxily

also defines a kei operation in a group G called Core kei and denoted by core(G).

5. Coxeter keis. Let V be a F-vector filed with symmetric bilinear form { , ) : V. x V — F. Let
X be the subset of V consisting of vectors u such that < u,u ># 0. The formula

2({u,v)
(v,)

up o=

defines a quandle structure on X, more precisely a kei structure called Coxeter kei. Geometri-
cally, u > v presents the reflection of u across the line containing v.

6. Alexander quandle. Let A be an additive abelian group and t € Aut(A). Then the set A
equipped with the binary operation

x>y :=tx+ (idg —t)y

is a quandle called the Alexander quandle of A with respect to t.
For instance, let Z[t, til] be the ring of Laurent polynomials in the variable t. Let M be a
Z[t, t~)-module. The operation

x>y:i=tx+ (1—t)y
for any x, y € M, makes M into a quandle.

7. Generalized Alexander quandles. Let G be a group and ¢ € Aut(G), then the set G with

binary operation
-1
x>y =gy )y

gives a quandle structure on G, which we denote by Alex(G, ¢). These quandles are referred
in the literature as generalized Alexander quandles. In particular, if A is an additive abelian
group and ¢ = —id 4, then x >y = 2y — x. Thus we have Alex(A, ¢) = T(A), the Takasaki
kei of A. On the other hand, for arbitrary ¢, we have x >y = ¢(x) + (idg — @) (y). Therefore,
in this case, Alex(A, @) is the usual Alexander quandle of A with respect to .

8. The 2-sphere S*> = {x € R®, ||x|| = 1} with the following product

x>y i=2(xy)y —x,

where x.y is the scalar product in R3 of the vectors x and y, is a quandle.
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9. Canonical rack structures on Leibniz algebras. Let (£,[, ]) is a right Leibniz algebra, the

operation é: £ x £ — £ given by

Us = exp(ady)(u) (2.8)
defines rack structure on £ which is called the canonical rack structure on £.

In what follows, we introduce briefly some particular classes of racks, quandles.

1. Augmented racks. This class of racks comprises a set X with a right action by a group G,
which is written as

(x,g) —> x.g, wherex, x.g € X and g€G,
and a function ¢ : X — G satisfying the augmented identity:
e(x.g) =g le(x)g forall x€ X, g €G,

which is precisely the same as saying that ¢ is a G-map when the action on G on itself is taken
to be conjugation. We can define a rack operation on X by

x>y =x.e(y)

with inverse rack operation
x>ty =xe(y) L

2. Medial quandles. A quandle Q is called medial, if for any x,y,z, w € Q, we have
(xpy)>(zbw) = (x>z)> (Y>w).
It is easily to see that Alexander quandles presented in Example (6) are medial quandles. For
more details and examples see for instance [31].

3. Latin quandles. Consider Q an arbitrary quandle, and for any x € Q, denote Ly : Q — Q,
the left multiplication which maps y into x > .

* A quandle Q is called latin if for any x € Q, Ly € Sg.
* A quandle Q is called semi-latin if for any x € Q, Ly is one-to-one.

It is worth to point out that lain quandle is connected (see further 2.3.1). Here, we give some
examples.

* The quandle core(Z) is semi-latin but not latin.
¢ For an abelian group G, the quandle core(G) is semi-latin if and only if G has no 2-torsion.

* Let G be a group. If we assume that for any a,b,c € G, aNg(c) = bNg(c) iffa = b.
Then the (left distributive ) conjugation quandle Conj(G) is latin.

For more details see [42].

Orbits and stabilizers

Given an arbitrary rack (X, t>). Then, the map

R: X — Inn(X)
X — R,

induces a right action of the group Inn(X) on the set X. The orbit of an element x € X, denoted
Q(x), is given
Q(x) = {9(x), ¢ € In(X)}.

The stabilizer of an element x € X, written Stab(x), is defined by

Stab(x) :={y € X, x>y = x}.
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We say that a rack (X, >) is algebraically connected or simply connected, when there will be no
confusion with topological connectivity, if the inner automorphism group Inn(X) acts transitively on
X. In other words, X is connected iff for each pair x, yin X there are xq,...,..,x,in Xand ¢q,..., &,
in {—1,1} such that

x> 2 >y, =y

As example, latin quandles are connected [42]. Here, we present an important algebraic class
of quandles related to the notion of orbits.

Quasi-trivial quandles. The notion of quasi-trivial quandles is always related to link-homotopy
notion [23, 29, 30]. Here, we restrict our attention to introduce this notion and give some examples.

Definition 14. A quandle (Q,r>) is called quasi-trivial if x > ¢(x) = x for each x € Q and
¢ € Inn(Q).

This is equivalent to x >y = x for all x and y in the same orbit.

Example 5 (Reduced quandle RQ). Let Q be a quandle. We define the reduced quandle RQ by
the quandle obtained from Q by adjoining the relation x >y = x for all x and y belonging to the
same orbit. From the definition, RQ is obviously a quasi-trivial quandle. In particular, if Q(L) is the
fundamental quandle of the link L, then its reduced fundamental quandle RQ(L) is quasi-trivial and
it is shown to be a link homotopy invariant [29, 30, 32].

Example 6 (Dihedral quandle Ry4). The quandle operation table of Ry is given by

w N = oV
.—Nwo;
WO~ N~
— N W Ol
W O = N W

It follows that the orbit decomposition is Ry = {0,2} U {1,3}. Now, let x and y be elements of Ry
belonging to the same orbit, we take {0,2} as example, we have

Ro(0) =00 = 0,
Ry(0) =02 = 0,
Ro(2) =20 = 2,
Ry(2) =22 = 2.

Similarly, forall x, y € {1,3}, we have Ry(y) = x. Therefore, Ry is quasi-trivial quandle. However,
the dihedral quandle R, is not quasi trivial for # > 3. Indeed, as an example, we take the dihedral
quandle Rg: in the same manner we can see that Rg = {0,2,4} U {1,3,5}, and we have 1>3 = 5
that contradicts the definition of quasi-trivial quandle.

2-Engel groups and quasi-triviality of conjugation quandles

Definition 15. A group G is a 2-Engel group if it satisfies the condition that x commutes with g_lxg
forallx, g € G.

Recall that the conjugation quandle Conj(G) is the pair (G, >) where G is a group and > its
conjugation operation, i.e., x >y = y~lxy forallx, y € G.

Proposition 2.3.3. The conjugation quandle Conj(G) of a group G is quasi-trivial if and only if G is
2-Engel group.

Proof. We know that the quandle Conj(G) is quasi-trivial, then x > y = x for any for any x and y
belong to the same orbit. Let () be one of the orbits of G, and let x and y be in (), then

X>y=x — yilxy:x
<~ xy_lxy =xx = y_lxyx
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Thus, xy~lxy = y~1ayx.

Similarly, we obtain the same result for each orbit of G, therefore, xy~'xy = y~'xyx for all
xandyin G.

Conversely, if we suppose that G is 2-Engel, then for all x, z € G, we have

xz lxz=z"lxzx = (z7lxz) x(z7laz) = x
= x> (x>z)=x
= x>y=x
where y = x > z, we thus get x and y are in the same orbit, and furthermore x > y = x, then G is
quasi-trivial. O

Quasi-triviality of Alexander quandles A = Z,[t*]/(1 — t)?

Proposition 2.3.4. In an Alexander quandle® A, two elements x and y are in the same orbit if and
only if there exists z such that x —y = (1 — t)z.

Proof. If x and y belong to the same orbit, then x > w = y for some w € A. Then

x—y = x—(x>w),
= x—xt—(1-Hw,
(1—18)(x—w).

Conversely, if x —y = (1 — f)z for some z € A, we get

y = x—(1—-t)z=x—xt+xt—(1—1)z
xt+ (1—t)(x —z).

Taking w = x — z we can write ¥ = x > w, and thus x and y belong to the same orbit. O

Corollary 2.3.5. The Alexander quandle A = Zy [ti]/(l - t)2 is quasi-trivial quandle for any
positive integer n.

Proof. Let x and y be in the same orbit, then x —y = (1 —t)z for some z € A, and therefore
x =y + (1 —t)z. Since t — t? = 1 — t, we obtain

x>y = tx+(1—-ty=tlx—y)+y
= t(1-t)z+y
= (t—)z+y
= (1-t)z+y
=

O

In this thesis, we will be primarily interested in (pointed) racks in which the algebraic structure
is compatible with an underlying smooth manifold structure, referred to as (pointed) Lie racks [34].

Definition 16. 1. A topological rack is a topological space X with a rack structure such that the
product > : X X X — X is continuous and, forallx € X, Ry : X — X,y — y>xisa
homeomorphism.

2. A Lie rack is a smooth manifold X with a rack structure such that the product
> : X x X — Xis smooth and, for all x € X, Ry : X — X, y = y > x is a diffeomor-
phism.

Any Lie group G has a pointed Lie rack structure given by the conjugation operation on G.
Notice that every Leibniz algebra is a pointed Lie rack by considering the canonical rack structure 2.8
which is pointed at 0.
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Examples. Note that Kinyon and Bordemann showed in their articles [14, 34] the left version of
the following examples of pointed Lie racks. Here, we suggest the right version of such pointed Lie
racks.

1. Linear pointed Lie rack. Let H be a Lie group, and V is a (right) H-module. We have
Q = H x V endowed with rack-operation > given by

(A, u)> (B,v) = (B"'AB, uB), VA,BE€H and wu,0€cV

is a Lie rack. Setting 1 = (1,0), then (Q,r>,1) is a pointed Lie rack which is called lin-
ear (pointed) Lie rack. Indeed, it is clear that the binary operation > : Q X Q — Qisa
smooth map. Then for any (B, v) € Q, the map Rp ) : Q — Q which sends (A, u) to
(A, u) > (B, v) is invertible with smooth inverse R(iBl,z:) =R(p-1,4)-
Let us show that the right self-distributivity condition is satisfied. Let (A, u), (B, v), (C, w) € Q.
On the one hand, we have

(A, u)> (B, v))>(C,w) = (B'AB, uB)> (C,w)

= ((BC)~'A(BC),u(BC)).
On the other hand, we have
(A, u)> (C, w)) > ((B,v) > (C,w)) = (CAC, uC)> (C'BC, vC)

= (c'B7lc(ctACc)CciBC, (uC)CT1BC)
= ((BC)"'A(BC),u(BC)).
2. Augmented pointed Lie rack. Recall that a pointed differentiable manifold is a pair (M, ¢)
where M is a differentiable manifold and e is a fixed element of M.
Definition 17. An augmented Lie rack (M, ¢, G, r) consists of the following data:

* (M, e) is a pointed differentiable manifold,

e Gis a Lie group, with a smooth right G-actionr : M X G — M written
(x, 8) = r(g)(x) = xg
* £¢: M — G is a smooth map of pointed manifolds such that forall g € Gandx € M

ge = e
e(xg) = g e(x)g

It is obvious to require that M endowed with the multiplication > defined for all x, y € M by

x>y = r(e(y)) (x)

is a pointed Lie rack.

2.4 From pointed Lie racks to Leibniz algebras

Let (X, 1) be a pointed Lie rack with left distributivity. Kinyon showed in [34] that the tangent space
T1X carries a structure of left Leibniz algebra. In what follows, we show that, in the same way, one
can get a structure of a right Leibniz algebra on the tangent space Ty X if the pointed Lie rack (X, 1)
is considered with right distributivity.

For each x € X, Ry(1) = 1. We consider the linear map

Ad, = 1Ry, : 1 X — Th X.

We have
Adysy = Ady, 0 Ady o Ad, ™.
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Thus Ad : X — GL(T;X) is an homomorphism of Lie racks. If we put

d
[u, U] = adu(v) = ﬁ‘t:oAd(c(th(H)l Yu,ve T X, 2.9)
where ¢ :] — ¢, [— X is a smooth path in X such that ¢(0) = 1and ¢/(0) = v. We have the

following theorem.

Theorem 2.4.1 ([34]). Let (X,1) be a pointed Lie rack. Then the tangent space T1 X endowed with
the bracket p

[u,v] ;= ady(v) = E|t:0

Ady)(u), Yu,ve TiX,
is a right Leibniz algebra. Moreover, if X = Conj(G) where G is a Lie group then (T1X, [, ]) is the
Lie algebra of G.
Proof. We shall claim that the product 2.9 satisfies the right Leibniz identity, that is
[[u,0],w] = [[u,w],v] + [u,[v,w]] Yu, v, we X (2.10)
To show that, we use the rack identity
(ab)>c=(ar>c)>(b>c) (2.11)

Letu, v, w € T1 X, and let 7y, ¥, and 7y, be smooth paths in X such that

'Yu(o) = 'YU(O) = ’Yw(o) =1,

and 3 3 3
$|s:0%(s) W g\r:o%(r) = ﬁ\tzo%"(t) -

On the one hand, we have

;SS_O(w(s) > Yo(r) & yo(t) = ;)S|S_O(va(t> ORy, () (1u(s)),

= (Ad,, 1 o Ad,, ) (1),
on the other hand, we have

) 0

%\s:o(%‘(” > Y () > (vo(r) > Y0(t) = $|t:o(R%<’)Mw(f) oR,, (1)) (7u(s)),

= (Ady, () yu(t) © Ady, (1)) (1),
= (Adr_ (70(r)) © Ay, (1)) (1)

Next, we differentiate with respect to the variable r, so we get

d
a |r:0((Ad’Yw(t) °© Ad'Yv(”) ) (u)) = (Ad’Yw(t) © adU) (M),
and 3
37 1o AR (101) © Ay () (1) = (adag, o) © Ay () (1):

Moreover, if we differentiate with respect to the variable f, we obtain

aattzo(Ade<t> o ady) (1) = ady(ady ()
and ;
gIt:o(adAolm(,)(v) o Ad,, 1) (u) = ad,g, (») (1) + ado(ady (u)).
Hence

ady(ady(u)) = adudw(v) (u) + ady (ady (1)),
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that is equivalent to
([, 0], w] = [u, [v,w]] + [[u, w], ],

this shows that the (right) Leibniz identity 2.10 is satisfied. O

Examples

1. Canonical pointed Lie rack structures on Leibniz algebras. Consider (£, [, ]) a right Leibniz
algebra, the associated (right) Leibniz bracket on To£ = £ of the canonical pointed Lie rack
operation 2.8, is the initial bracket [, ].

2. Tangent Leibniz algebra of linear pointed Lie rack 2.9. Let h be the Lie algebra of the Lie
group H, and V' is a (right) H-module. We identify the tangent space T(y ) Qwith £:=hx V.
Therefore, £ endowed with the following bracket

(X+u,Y+0]:=[XY]+uY
is a Leibniz algebra. (£:=0§ x V, [, ]) is so called split Leibniz algebra.

3. Tangent Leibniz algebra structure of augmented (pointed) Lie rack 2.9 has been studied by
M.Bordmann and F. Wagemann in [ 14]. In this article, the authors introduced the notion of aug-
mented Leibniz algebras which is exactly the tangent Leibniz structure of augmented pointed
Lie racks.

Proposition 2.4.2. Let f : X — Y be a morphism of pointed Lie racks. Then Ty f : 1X — T1Y
is a morphism of Leibniz algebras.

Proof. We have f a morphism of pointed Lie racks, then f(1) = 1and f(x>y) = f(x) > f(y) for
any x,y € X. We shall show that Ty f([u,v]) = [T1f(u), T1f (v)] for any u,v € T;X. Indeed, let
u,v € T1X, and let 7y, and 7y, be smooth paths in X such that

0 d
Tu <0) - ')/1;(0) - l’ ﬁ‘tzo’)’u(t) =1u, and $‘s:0')’v(5) = 0.
We have )
E\t:of (7u(3) > 70(s)) = Tf(Ad,, () (1), 2.12)
and 3
&\tzofm(S)) > f(7o(s)) = Ad(y, (s)) (TLf (1)) 2.13)
We differentiate 2.12 and 2.13 with respect to the variable s, we then have
d
g‘SZOTlf(Ad'Yv@) (M)) = Tlf([u/ U]),
and
d

3s oo 2o (en (T (1)) = [T f (u), Ty f(0)]

Thus, T f is a morphism of Leibniz algebras. O
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Chapter 3

A class of Lie racks associated to
symmetric Leibniz algebras

We have said that there are only partial answers to the problem of integrating Leibniz algebras (see
[20, 14]). However, S. Benayadi and M. Bordemann [9] gave a natural method for integrating sym-
metric Leibniz algebras, which are both right and left Leibniz algebras. This method is based on the
characterization of symmetric Leibniz algebras given in [8]. More precisely, given a symmetric Leib-
niz algebra (L, -), the product is Lie-admissible and defines a Lie algebra bracket [ , | on L. Let G be
the connected and simply-connected Lie group associated to (£, [, |). Then, naturally one can build
on G a Lie rack structure such that the right Leibniz algebra on T,G is exactly (£, -). The obtained
Lie rack is said to be associated to the symmetric Leibniz algebra (L, -). In this chapter, we determine
all symmetric Leibniz algebras in dimension 3 and 4, up to an isomorphism, and for each of them we
build the associated Lie rack. We get a family of Lie racks and some topological quandles. We study
some algebraic properties of these quandles.

3.1 Characterization of symmetric Leibniz algebras

We have seen that any Lie algebra is a symmetric Leibniz algebra which is both left and right algebra.
However, the class of symmetric Leibniz algebras is far more bigger than the class of Lie algebras as
we will see in this section.
Let £ be a real vector space equipped with a bilinear map - : £ x £ — £. Let [, ] and o be
respectively its antisymmetric and symmetric parts. For all u, v € £, they are defined by:

[”/ Z)] =

(u-v—v-u) and wov=—(u-v+v-u). 3.1

N =
N —

Thus
u-v=_[uv+uowv. (3.2)

The following proposition gives a useful characterization of symmetric Leibniz algebras
(see [[8], Proposition 2.11]).

Proposition 3.1.1. Let (£,) be an algebra. The following assertions are equivalent:
1 (£,-) is a symmetric Leibniz algebra.
2 The following conditions hold :

(a) (£,],]) is a Lie algebra.

(b) Forany u,v € £, u o v belongs to the center of (£, [, ]).

(c) Foranyu,v,w € £, ([u,v])ow =0and (uov)ow = 0.

According to this proposition, any symmetric Leibniz algebra is given by a Lie algebra (£, [, ])

and a bilinear symmetric map w : £ x £ — Z(£) where Z(£) is the center of the Lie algebra,
such that, for any u, v, w € £,

w([u,v],w) = w(w(u,v),w) =0. (3.3)
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Then the product of the symmetric Leibniz algebra is given by
wo = [u,v]+w(u,v), uvéedL 3.4)

Note that if Z(£) = 0 or [£, £] = £ then the solutions of 3.3 are trivial.
The following proposition is easy to prove.

Proposition 3.1.2. Let (£,[, |) a Lie algebra and w and u two solutions of 3.3. Then (£, e,) is
isomorphic to (£, oy) (as symmetric Leibniz algebras) if and only if there exists an automorphism A
of (&1, ]) such that

u(u,v) = A\ w(Au, Av).

3.2 Lie racks and topological quandles associated to symmetric
Leibniz algebras

We have said that the problem of integrating a Leibniz algebra into a pointed Lie rack has not a natural
answer. For our purpose, there is a functorial process of integrating symmetric Leibniz algebras which
was communicated to us privately by S. Benayadi and M. Bordemann and we will give it now in
details. Let (£, -) be a symmetric Leibniz algebra. According to Proposition 3.1.1, there exists a Lie
bracket [, ] on £ and a bilinear symmetric map w : £ x £ — Z(£), where Z(£) is the center of
(£, [, ]) such that,

u-v=[u0+w(uov)foral uove L

and w satisfies 3.3.

Method 1. Denote by £- £ = span{u-v, u,v € £}, a = £/£-£, g : £ — a and define

B:axa— £given by
Blg(u), q(v)) = w(u,v).

By virtue of 3.3, B is well defined. Moreover, since [u,v] = Y(u-v—v-u), q is a Lie algebra

homomorphism when a is considered as an abelian Lie algebra. Consider G the connected and
simply connected Lie group whose Lie algebrais (£, [, |) and exp : £ — G its exponential. Hence

there exists an homomorphism of Lie groups k : G — a such that d;x = q. Finally, consider
X : GxX G — G given by
x(h, g) = exp(B(x(h), x(g))) forallh, g € G. (3.5)

Define now on G the binary product by putting
hi>g := ¢ hgx(h, g) forallh,g € G. (3.6)

We show the result obtained by S. Benayadi and M. Boredmann.

Theorem 3.2.1. Let (£, .) be a symmetric Leibniz algebra. Let G be the connected simply connected
Lie group associated to the underlying Lie algebra endowed with the binary operation t> defined by
(3.6). Then (G,r>) is a pointed Lie rack whose associated right Leibniz algebra is exactly (£, .).

Proof. At first, we note that the map x satisfies the following properties for all elements 1, hq, hp, h3 € G:
* The map y is symmetric, since f is symmetric.
e x(h,1) =1 = x(1, h) because k(1) = 0 and B is bilinear.

X(hihy, h3) = exp(B(x(hih2), x(h3))) = exp(B(x(h1) + x(h2), x(h3)))
= exp(B(x(h), x(h3)))exp(B(x(h2), x(h3)))
= x(h1, h3)x(ha, h3)

* Since the map S takes its values in the centre of £, it follows that,

1= x(hy'hy, ho) = x (b, ho)x(ha, ho)
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and so x(h?, o) = x(h1, ho)~L.

* Since « is a morphism between connected simply connected Lie groups, then for all x € £ we
have x(exp(x)) = exp,(T1x(x)). The latter is equal to g(x) because the exponential map of
the vector space Lie group a is the identity. Then

K(x(h1, h2)) = x(exp(B(x(h1), k(h2)))) = q(B(x(h1), k(h2))) =0,

hence
xX(hx(ho, h3), hy) = x(h1, hy).

Now we will use those properties to show the theorem.
First, it is easy to see that the binary operation > : G X G — G is a smooth map. Then
for any ¢ € G, the map R : G — G which sends & to & > g is invertible with smooth inverse

R, = R, 1. This follows easily from the identity x (h > g, h1) = x(h, hy) forany h, g, hy € G.
Let us show that the self-distributivity condition is satisfied. For that we will use the following
identity. If z € G writes z = x(hy, hy) for hy, hy € G, then

h>(zhy) = (zhz)*lhl (zhy)x (hy1, zho)
= hy 'z yzhox(hy, hy)
= hy 'hahox(hy, ho)
= ]’11 > ]’lz.

On the one hand, we have
(m>h)>hy = (b 'hihox(h, o)) > hs
= hy'hy "hihohsx (hy, ho)x(hy "hahox (e, o), hs)
= (hahs) 'y (hoh3) x(ha, ho)x(h1, h3)

= (hoh3) " hy(hahs)x(h1, hahs)
= > (hahs).

On the other hand

(hy>hz) > (ha>h3) = hy> (hg(hy > h3))
= hi1> (hahsx(hy, h3))
= x(hy, h3)'hythy tahohsx (ho, 1) x (h1, hahsx(ho, h3))
= (hohs) 'hihohsx(h, hshy)
hy > (hahg),

This proves the self-distributivity condition. Moreover, we have
hi>1=hx(1,h)=h; and 1ohy =hyhx(1, hy) =1
Finally (G, ) is a pointed Lie rack.

For the last claim in the theorem we must show that the corresponding Leibniz product on £ is exactly
the product we started with in £. Indeed, according to Theorem 2.4.1, we get for all u,v € £ and
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Ry(exp(tu)) = aatt_o(exp(tu)|>x),

ad

- &\tzo(x_l exp(tu)xx(x, exp(tu)),

- Eift_o(exp(txlu’C) exp(B(x(x), k(exp(tu))))),

= 2 (expltAd () exp(Blx(x), ta(w)).
= Ad,1(u) + B(x(x), q(u)).

Replacing x by the curve t —— exp(tv), we obtain

E;)t|t_0TlRexp(tv)(u)) = aatt_O(AdeXp(_tv)(u) + ,B(K(E‘Xp(i’v)), q(u))),
- aatt_o(Adexp(tv) (1/{)) + IB(Q(U), 4(”)),

[—v, u] + vou,
[u, v] +uov=u.o.
This establishes the formula (3.2) and completes the proof. O

We say that the obtained Lie rack (G, ) is associated to the symmetric Leibniz algebra (£, .).

The Lie racks associated to symmetric Leibniz algebras give rise to a class of topological
quandles in the following way. Let (£, .) be a symmetric Leibniz algebra and (G, ©>) be the associated
Lie rack. Proposition 2.3.1 states that, in particular, if (X,>) is a Lie rack then (Q(X),>>) is a
topological quandle. Hence,

QUG ) ={g€G; x(g8) =1c}

is a topological quandle.

3.3 Lie racks associated to symmetric Leibniz algebras in dimen-
sions 3 and 4

In this section, by using Proposition 3.1.1 we determine first all the symmetric Leibniz algebras of
dimension 3 and 4, up to an isomorphism and, for each of them, we use Method | described in the
last section to build the associated Lie racks.
3.3.1 Symmetric Leibniz algebras of dimension 3 and 4
We proceed in the following way:

1. We pick a Lie algebra g with non trivial center in the list of [11].

2. By adirect computation, we determine the symmetric maps w satisfying 3.3.

3. In the spirit of Proposition 3.1.2, we act by the group of automorphisms of g on the obtained w
to reduce the parameters.

By doing so, we get for any Lie algebra g of dimension 3 or 4 with non trivial center all non equivalent
symmetric Leibniz structures for which g is the underlying Lie algebra. In the last section, we give
an example of detailed computations. The results are summarized in Table 3.1.



3.3. Lie racks associated to symmetric Leibniz algebras in dimensions 3 and 4

27

3.3.2 Lieracks

Lie algebra Non-vanishing Symmetric Leibniz Name Conditions
Lie brackets Non-vanishing brackets
93,1 [62,63] —e €2~€2:]/l€1, €363 =¢€1,6) €3 = —€3-€) =¢€1 gél HER
er-e3=(y+1e,es-ea=(y—1es 951 7 #0
€)-€3 =€3-€) =€y, €] € = —€ -6 =€ (92/1@291)1
g21 D 201 le1, 2] = e1 €€y =e3—ey €1-€ = —er-e] =€ (921 ©201)”
€r-€4 =€4-€) =¢€3, €] € = —€-€6] =€ (92,1 69291)3
ey-ey =¢e3, €464 =€3, €1 € = —€p-€] = €] (921 D201 P 1e=01-1
_ erx-ey=jley, e3-e3=e1,€y-€3 = —€3-€) =€ (931 & 91)" pelR
931 Do [e2,e3] = ex — — v p
er-e3=(y+1e,e3-e0=(y—1e (931 D o1) Y#0
932D m le3, e1] = e €3-e3=¢ey, €3-€1 = —€3-6] = €] (932 ® 1)}
[e2, e3] =e1 —er er-e3=—e3-e=e —e
933 D g1 es, e1] = e €3-e3 =¢ey, €3:€] = —e€1-e3=¢] (933D o))"
[e2, e3] = —ep er-e3=—e3-=—e
03,0 m le2, e3] = €1 e3-e3=e4, €2-€3=—C3-€) = €] (83, ®@m)?
[63, 61} = —6& €361 = —€1-€3= —€
95,00 le2, e3] = e1 —aey e3-63 =64, €7 03 = —€3 -8y = €] — (€ (95/4 Dg1) a>0
les, e1] = wep — e e3-e1 = —e1-e3 = ey — e a#1
gg/S D g1 le2, €3] = eq e3-03 =€4,6y-03 = —C3-0) = €] (98/5 @gi)t
es, e1] = e €3-e1 = —€1-e€3=¢e
935 Do le2, e3] = e1 — e e3-e3 =e4,€2-03 = —€3-€) = €] — (€2 (055 @ 01)]
les, e1] = aey + e e3-e1 = —e1-e3 = ey + e a>0
e3-e3=e1, 044 = €0 i1 £=0,1,—1
€3-€4 = —€4-€3 =20y, €2 4 = —€4 € =¢€]
941 [e2, ea] = 1 €464 =201, €3 64 = —€4°€3 =€ 92,1
le3, e4] = €2 er-eg=—eg-ep=e;
ey -4 = €1
e3-e4 = €1+ ey, e4-€3 =01 — €, €2 -€4 = —€4.60 = €1 gil
€363 = €1,64 - €4 = Heq
e3-ey = €1+ ey, e4-€3 =€ —€, €3 -€4 = —€4.60 = €] gil HER
€464 =0€2,01 €4 = —€4°€] =€ 9};,3
943 e1, ea] = 1 €3-84 = —eg-€3 =€
[e3, es] = eo e3-e3 =€y, €464 = i€y gfm nelR
€164 = —€4-€ =€, €3-€4 = —€4-€3 =€
e1-e4=—es-ep=e1,e3-¢4=(y+1)es 035 Y#0
eg-e3=(y—1)ep
s le2, €3] = &1 eyeg=e1,6 3= —C3 € =€
le3, e4] = —e3 e3-ey = —eq-e3 = —e3 (a58)"
[e2, e4] = &2 er-ey = —ey e = ey,
92/9 [62, 6’3} =e1 €464 =€1, €263 = —€3-62 = €]
[e2, es] = —e3 €264 = —e€4-€3 = —€3 (92,9)1
les, ea] = ea e3-e4 = —ey-03 =0
TABLE 3.1: Symmetric Leibniz algebras of dimension 3 and 4.

In this subsection, we determine by using Method 1 the Lie racks associated to the symmetric Leibniz
algebras determined in the last subsection. Then we give the associated topological quandles defined

in Proposition 2.3.1. In the last section, we explicit the computations for a particular example.

® g31. The associated simply-connected Lie group is given by

1
Gsp1 =4 |0 %, Y,z €ER
0

o =
_ N =

1. The Lie rack structure associated to gé ; and the associated topological quandle are re-

spectively

1 v pyb—bz+cy+zc+x

M(x,y,z)>1 M(a,b,c) = |0 1 z

0 0 1

Q(G31)! = {M(a,b,c) € Gz 1| ub®+ > = 0}.
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2. The Lie rack structure associated to g% 1 and the associated topological quandle are re-

spectively
1 y vy(bz+cy)—bz+cy+x
M(x,y,z)>p M(a,b,c) = [0 1 z
0 0 1

Q(G3,1)2 = {M([l, b, C) S Gg,l‘ bc = 0}

® g>1 ® 2g1. The associated simply-connected Lie group is given by

1 0 0 O
—X
G2,1><R2: Zg 60 eoy 0 ,w,x, Y,z €R
0 0 0 ¢

1. The Lie rack structure associated to (gp1 & 2g1)" and the associated topological quandle
are respectively

1 0 0 0

—te’ +ewtte"r e ¥ 0 0

M(x, y,z)>1 M(a, b, c) = 0 0w 0
0 0 0 eya+xb+z

Q(Gy1 x R*)L = {M(t,a,b,c) € Gyy x R*| ab = 0}.

2. The Lie rack structure associated to (g1 & 291)2 and the associated topological quandle
are respectively

1 0 0 0

—te? +e'w+te" T e 0 0

M(w, x, y, z) > M(t,a, b, c) = 0 0 ety 0
0 0 0 e—ax+z

Q(Gz,l X RZ)Z = {M(t,&l, b,C) S G2,1 X R2| a= O}

3. The Lie rack structure associated to (g1 & 291)3 and the associated topological quandle
are respectively

1 0 0 0

—te? +e'w+4te" T e 0 0

M(w, x,y,z) >4 M(t,a,b, c) = 0 0 ety g
0 0 0 e?

Q(Gy1 x R?)® = {M(t,a,b,c) € Gy1 x R?| ac = 0}.

4. The Lie rack structure associated to (gp1 & 2g1)* and the associated topological quandle
are respectively

1 0 0 0

—te +e'w4te" e 0 0

M(w, x, y, z) >4 M(t,a,b, c) = 0 0 by g
0 0 0 e?

Q(Gy1 x R*)* = {M(t,a,b,c) € Gy x R?| eac = 0}.

® g31 D g1. The associated simply-connected Lie group is given by

1 x w O
_ 01 y O

G31 xR = 00 1 0 ,w,x, Y, 2z, € R
0 0 0 ¢
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1. The Lie rack structure associated to (g3 1 @ gl)1 and the associated topological quandle
are respectively

1 x pyb—yat+xbtzctw 0
0 1 y 0
M(w, x, y, z) >1 M(t, a, b, c) = 0 o . .
0 0 0 o?

Q(Gs1 x R)! = {M(t,a,b,c) € G31 x R| ub* +c? =0}.

2. The Lie rack structure associated to (g3 1 91)2 and the associated topological quandle
are respectively

1 x yay+ybx—ya+xb+w 0
0 1 y 0
M(w, x, y, z) >y M(t, a, b, c) = 0 0 ) .
0 0 0 o2

Q(Gs1 x R)? = {M(t,a,b,c) € G31 x R| ab = 0}.

® g30 @ g1. The associated simply-connected Lie group is given by

1 0 0 0
X eY 0 0

G3p xR = w —yd & 0 ,w,x, 4,z €R
0 0 0 €

The Lie rack structure associated to (gz o & 91)1 and the associated topological quandle are

1 0 0 0
(x —a)e™t + ge bty e/ 0 0
_ —b —b+y bh— ) el v 0
M(w, x, v, 2) > M(t a, b, ¢) = (bx —ab)e " +e (ab — ay yel e
( y:2) ( ) (w—t)e vt +te bty

0 0 0 etz
Q(Gglg X R) = {M(i’, a,b, C) € Gzp X R| b= 0}.

® 933 @ g1. The associated simply-connected Lie group is given by

1 0 0 O
x e 0 0
Gzz xR = w 0 & 0| WXz eR
0 0 0 €
The Lie rack structure associated to (gs3 & 91)1 and the associated topological quandle are
respectively
1 0o 0 0
—ae VP febytagetty & 0 0

M(w, x,y,z)>M(t, a,b, c) =
—te b pe bttty 0 e 0

0 0 0 e¥btz
Q(Gs3 xR) = {M(t,a,b,c) € G333 x R| b =0}.

° gg, 4 © 91. The associated simply-connected Lie group is given by

1 0 0 0
0 ) |w cosh(y) —sinh(y) 0
GaaxR=91, _ sinh(y) cosh(y) 0]’ Y7 €R
0

0 0 et
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The Lie rack structure associated to (gg s gl)1 and the associated topological quandle are
respectively

1 0 0 0
sinh(y — b)a + cosh(y — b)t+ cosh(y)  —sinh(y) 0
sinh(b)(x — a) + cosh(b)(w —t)
sinh(y — b)t + cosh(y — b)a+  —sinh(y)  cosh(y) 0
sinh(b)(w — t) + cosh(b) (x —a)
0 0 0 btz

M(w, x,y,z)>M(t,a,b,c) =

Q(G34 xR) = {M(t,a,b,c) € G3, x R| b =0}.
° g"3‘,4 @ g1. The associated simply-connected Lie group is given by

0 0 0
e cosh(y) —e"sinh(y) 0
—esinh(y) e cosh(y) 0
0 0 e*

G"3"4><R: ,w,x, y,z €R

o xR 8 R

The Lie rack structure associated to g5, © g1 and the associated topological quandle are re-
spectively
M(w, x, y,z) >M(t, a,b,c) =
1 0 0 0
sinh(y — b)ae* =Y 4 cosh(y — b)te*W=0) 4+ eWcosh(y) —e™ sinh(y) 0
sinh(b) (x — a)e™ + cosh(b) (w — t)e~*?
sinh(y — b)te* =Y 4 cosh(y — b)ae*V =0+ —eWsinh(y) e cosh(y) 0
sinh(b)(w — t)e~*? + cosh(b) (x — a)e~*?
0 0 0 evb+z

Q(G34 xR) = {M(t,a,b,c) € G34 x R| b = 0}.

° 93,5 @ g1. The associated simply-connected Lie group is given by

1 0 0 0 0
w cos(y) —sin(y) 0 O
Gg,s xR = x sin(y) cos(y) 0 O|,wx yz€R
0 0 0 ey 0
0 0 0 0 ¢

The Lie rack structure associated to gg 5 @ g1 and the associated topological quandle are re-
spectively

1 0 0
sin(y — b)a+cos(y —b)t+  cos(y) —sinh(y)
sin(b)(x — a) + cos(b) (w — t)
M(w, x,y,z) > M(t, a, b, c) = | sin(y—b)t+cos(y—b)a+  sin(y) cos(y) 0 0
sin(b)(t — w) -(i)— cos(b)(x —a)

o o

0 0 &y 0
0 0 0 0 evbtz

Q(G3s5 x R) = {M(t,a,b,c) € G35 x R| b = 0}.

° 93‘,5 @ g1. The associated simply-connected Lie group is given by

1 0 0 0 0
w eYcos(y) —eYsin(y) 0 0
G35 xR = x e¥sin(y) e¥cos(y) 0 O0f,wx v,z €R
0 0 0 ey 0
0 0 0 0 ¢
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The Lie rack structure associated to g"3‘,5 @ g1 and the associated topological quandle are re-
spectively
M(w, x, y,z)>M(t, a,b, c) =
1 0 0 0 0
sin(y — b)ae*V=b) 4 cos(y — b)te* VD4 eWcos(y) —esinh(y) 0 0
sin(b) (x — a)e™*" + cos(b) (w — t)e~*®
sin(y — b)te*¥=b) 4 cos(y — b)a+ eYsin(y) e cos(y) 0 0
sin(b) (t — w)e " + cos(b) (x — a)e*?
0 0 0 e 0
0 0 0 0 etz

Q(Gs5 x R)® = {M(t,a,b,c) € G55 x R| b =0}.

eg4 1. The associated simply-connected Lie group is given by

1z 122w
Gy = 8 (1) i O w2, €R
00 O 1

1. The Lie rack structure associated to 9411 ; and the associated topological quandle are re-
spectively

1 z 122 w43y + 322+ (yb+ezc)(1+2)
—bez+c(x —w) +z(t —a)

M(w, x,y,z)>1 M(t,a,b,c)= |0 1 z bz —cy +w — x + (yb + ezc)
0 0 1 y
0 0 0 1

b? +ec? = 0}.

Q(Gs1)!' = {M(t,a,b,c) € Gy,

2. The Lie rack structure associated to gi , and the associated topological quandle are re-

spectively
1 z 122 w4 ly+ bz +zc(1+2)
—bez+c(x—w)+z(t—a)
M(w, x,y,z)>o M(t,a,b,c)= |0 1 =z bz—cy+w—x+zc
00 1 y
0 0 0 1

Q(Gsn)* = {M(t,a,b,c) € G4y| c = 0}.
3. The Lie rack structure associated to gi 1 and the associated topological quandle are re-
spectively

1 z 122 w+icdy+ b2+ (ye+zb+zc)(1+2)
—bez+c(x —w) +z(t —a)

M(w, x,y, z) >3 M(t,a,b,c)= [0 1 z bz —cy +w — x + (yc + zb + zc)
00 1 y
0 0 O 1

Q(Gy1)% = {M(t,a,b,c) € Gyy| 2bc +c* = 0}.
4. The Lie rack structure associated to gi 1 and the associated topological quandle are re-
spectively

1z 322 w5y + 562 + (y(0+¢) +2(b+ pe)) (1 +2)
—bez+c(x —w) +z(t —a)

M(w, x,y, z2) s M(t,a,b,¢c)= |0 1 z bz—cy+w—x+ (y(b+c)+z(b+ uc))
00 1 y
0 0 O 1

Q(Gy1)* = {M(t,a,b,c) € Gy1| b* + 2bc + pc* = 0}
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eg, 3. The associated simply-connected Lie group is given by

e 0 0 w
0 1 -z «x
Gy3 = 0 0 1 vy , w,x,Y,z, €R
0 0 0 1
1. The Lie rack structure associated to 9411 5 and the associated topological quandle are re-
spectively
ez 0 0 teF+ef(w—t)
_ |0 1 -z cy—bz+x+zc
M(w, x,y,2) 1 Mt a,b,0)= | o o ;
0 0 0 1

Q(Gys)! = {M(t,a,b,c) € Gys| c = 0}.

2. The Lie rack structure associated to gﬁ 5 and the associated topological quandle are re-

spectively
e 0 0 teE e (w —t)
M(w, %, y, 2) 2 M(t, a, b, ¢) = 0 1 —z cy—bz+x+ (yb+ pzc)
0o 0 1 y
0 0 0 1

Q(Gy3)?* = {M(t,a,b,c) € Gys| b* + uc* = 0}.

3. The Lie rack structure associated to gZ 5 and the associated topological quandle are re-

spectively
ez 0 0 tecE e (w —t)
M(w, x, y, z) 3 M(t, a, b, ¢) = 8 (1] —12 cy — bz + x + y(yc + zb)
Y
0 0 0 1

Q(Ga3)® = {M(t,a,b,c) € Gy3| bc = 0}.

° g4_,§. The associated simply-connected Lie group is given by

1 x w
GAI,;: 0 & y|,wxyz R
0 0 1

The Lie rack structure associated to ( 94_2%)1 and the associated topological quandle are respec-

tively
1 a+xe® —ae* w+zc+ae “(b+y—be?))
M(w, x, y,z)>M(t, a,b,¢c) = |0 e (y —b)e ¢ +be* ¢
0 0 1

Q(Gya) = {M(t,a,b,c) € G4| ¢ =0}.

. 92,9. The associated simply-connected Lie group is given by

1 —xcos(z) —ysin(z) ycos(z) —xsin(z) —2w O
0 cos(z) sin(z) y 0
Gglg = 0 —sin(z) cos(z) x 0|, wx,yz €R
0 0 0 1 0
0 0 0 0 e*
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The Lie rack structure associated to ( gg 9)1 and the associated topological quandle are respec-

tively
M(w, x,y,z)>M(t, a,b,c)=
1 cos(c+z)(a—x)+ cos(c+z)(y—Db)+ cos(z)ay — cos(z)bx +sin(z)a>+ 07
sin(c+z)(b—y)+ sin(c+z)(a—x)+ —sin(z)ax + sin(z)b? — sin(z)by+
—acos(c) —bsin(c)  bceos(c) —asin(c) —2zc+ay — bx — 2w
0 cos(z) sin(z) cos(c —z)b+ sin(c — z)a+ 0
cos(c)(y —b) +sin(c)(a — x)
0 —sin(z) cos(z) cos(c — z)a — sin(c — z)b+ 0
cos(c)(x —a) +sin(c)(y — b)
0 0 0 1
LO 0 0 0 e

Q(GYg) = {M(t,a,b,c) € G| c = 0}.

3.4 Some algebraic properties of the obtained topological quan-
dles

Quasi-triviality

We consider (G, I>) a Lie rack associated to a symmetric Leibniz algebra. The rack operation is given
by
h>g = g thgx(h, g). (3.7

We consider the associated topological quandle
QG) ={g G x(g8) =1}
Q(G) is quasi-trivial if and only if, for any g, k € Q(G)
gr(g>k) =g
Let ¢,k € Q(G), we have
g (g k) = g (k7 gkx(g, k) = x(8, k) ~'k~1g ™ kgk™ gk (3, k)x (8, (k™' gkx (g, k))

= kg kgk ™ gkx (g, (k™" gkx (g, k))
=k g lkgk gk,

Since
x(8182,h) = x(h, 182) = x(81,1)x(g2,h) and x(g, x(8,k)) = x(8, &) = 1.
Then Q(G) is quasi-trivial if and only if
[¢, k" 1gk] =1, forany g,k € Q(G).
where [a,b] = aba~'b~ 1.
Note that if the quandle Conj(G) is quasi-trivial, then Q(G) is quasi-trivial.
We use this characterization to obtain the following result by a direct computation.

Proposition 3.4.1. The following quandles are quasi-trivial:

- Q(Gs)L Q(Gsp)A

N ~
@]
%)
~
X
]
¢}
o

BN
@)
)]
*8)
N
X
=
Q
)
W
W
X
=
Q
)
wo
N
X
=
0
)
W
N
X
&
Q
)
wo
(63}
X
=
)
S
QU
Q
Q
ws
a1
X
=
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6. Q(Ga3)h,
7. Q(G 4, 8) and Q( )
It is important to point out that quasi-trivial quandles can be used to obtain link-homotopy
invariants (see [30]).
Medial quandles

We prove that all classes of topological quandles Q(Gs1) and Q(G31 x R) are medial. To do that,
we need the following lemma which can be easily shown.

Lemma 3.4.2. 1. Forany M(a,b,c), M(x,y,z), M(t,u,w) € G371, we have
M(a,b,c) > [M(x,y,z) > M(t,u,w)] = M(a,b,c)>M(x,y,z),
M(a,b,c) >t [M(x,y,2z) > M(t,u,w)] = M(a,b,c)>"! M(x,y,z2),
M(a,b,c) > [M(x,y,z) >~ M(t u,w)] = M(a,b,c)>M(x,y,z).

2. Forany M(t,a,b,c), M(w, x,y,z), M(s,r,u,v) € (G31 x R), we have

M(t,a,b, c) > [M(w, x, y, z) > M(s,r,u,v)] = M(tab,c)>M(w,x,y,z),
M(t,a,b,c) > [M(w X,Y,2) >—1 M(s,r,u,v)] = M(ta,b,c) >—1 M(w, x,y,z),
M(t,a,b,c) > [M(w,x,y,z) > M(s,r,u,v)] = M(t,a,b,c)r>M(ta,b,c).
Proof. By straightforward computation. O
Thus, we get

Proposition 3.4.3. Both classes of quandles Q(G31) and Q(Gs1 x R) are medial.

Proof. Let (M(a;, b, c;))1<i<a € (G31)*. Due to the above lemma, we have

(M(ay,by,c1) > Ml(ap, by, c0)) > (M(as, b, c3) > M(ag, by, cq))
= (M(ay, by, c1) > M(ag, by, c2)) > M(as, bs, c3),
= ( (ﬂl,bl, 1) > (ng, bg, 3)) > ( (ﬂz, bz,Cz) > M(Ll3, bg, Cg)), (self-distributivity)
= (M(ay, by, c1) > M(az, b, c3)) > M(az, b, c2),
= (M(aq,by,c1) > M(az, bz, c3)) > (M(ag, by, c2) > M(ag, by, cq)).
Hence, the quandles Q(Gj31) are medial. Similarly, we show that Q(Gz 1 x R) are medial. O

3.5 Appendix

In this appendix, we give the details of the computations of the results obtained in Section 4.2. The
computation falls in the following steps:

1. We take a Lie algebra g with non trivial center in the list of [11]. We denote by G the connected
and simply connected Lie group associated to g. They are 13 Lie algebras, their Lie brackets

are given in Table 3.1, the corresponding Lie groups were determined in [11] and we give them
in Section 4.2.

2. By using Proposition 3.1.1, we determine the symmetric maps w satisfying 3.3.

3. By using Proposition 3.1.2, we look for an automorphism T = (a;;)1<;j<dimg Of the Lie
algebra g in order to reduce the parameters of the obtained w. Then we get all nonequivalent

symmetric Leibniz structures for which g is the underlying Lie algebra. We denote them by
g, g% and so on.
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4. For each symmetric Leibniz algebra obtained in the item 3, we give themap x : G X G — G
given by 3.5 and used to determine the Lie rack structure on the Lie group G. Recall (see
Method 1) that x satisfies:

X(M(w,x,y,2z), M(t,a,b,c)) = exp(B(k(M(w, x,y,2)), K(M(t,a,b,¢)))),
for any two elements M (w, x,y,z), and M(t,a,b,c) in G.

In the expressions of T and x, Ej; is the matrix with 1 in the i-row and j-column and zero
elsewhere.

The Lie algebra g3 1:  [e2,e3] = €1, Z(g31) = Rey.
The general form of non Lie symmetric Leibniz products on g3 1 :

epeey =nej,ezee3 = Per,epee3 = (y+1)e,epoee3=(y—1)ey, (& B, 7v)# 0R3.

After action by automorphisms of g3 1, we get two families of non Lie symmetric Leibniz products
on 93,12

gy :ex-ey = Hei,e3-e3 =ep,ep-03 = —e3-ey = e, p = (af— %)
g%,l 1epoe3 = (1—|—’)/)€1, €30¢ep = (’)/—1)61,’)/ 75 0.

For B # 0, the automorphism T = B(Eq1 + Epn) — YE3 + E33 satisfies T(u e v) = T(u) - T(v) for
any u,0 € g3 1.

For v = 0,& # 0, the automorphism T = «(Eq; — E3p) + Epg satisfies T(u @ v) = T(u) - T(v) for
any u,0 € g3 1-

Fory # 0,8 = 0, the automorphism T = Eq1 + Epp — %Em + Eaz satisfies T(uev) = T(u) o T(v)
for any u,v € g3 1.

The map ) associated to (9;),1/ -) is given by x = I3 + (uyb + zc)Eqs.

The map ) associated to (9%,1/ o) is given by x = I3 + v (yc + zb) Ey3.

The Lie algebra gy 1 ©2g1:  [e1,e2] =e1, Z(g2,1 ©291) = Rez & Rey.
They are two families of general forms of non Lie symmetric Leibniz products on g 1 @ 2g1:

€186 = —€r8¢] =¢€1,6000 = %€3+’Y€4162°€4 =egoey = aes+ Pey,
2
epee3 =e3eep = —fPes — %e4, af #0,
e xep = —ey ke = e1,6p ke = Ke3, ey k ey = ey x ey = Pes, egxey = yes, (a,B,v) # (0,0,0).

After action by automorphisms of g 1 @ 2g1, we get four families of non Lie symmetric Leib-
niz products on gp 1 P 2g1:

1

(921 D2g1) :ex-e3 =e3-ex =ey,€1-€2 = —€2-€] = ¢y,

(921 ®2g1)% :ex0ey =e3—eg, 6100 = —ep001 = ey,

(921 D2g1)° tea ey =egxer =e3,e1kep = —ep ey = e,

(921 ®201)* tenoey = eez,e40es =e3,e10e0 = —ep0e; =ey,e € {0,1,—1}.

The automorphism T = Eq1 + Ep — %E33 + BEsy +aE3s + %Egz satisfies T(uev) = T(u) - T(v),
forany u,v € g1 D 2g;.

Fora # 0,8 = v = 0, the automorphism T = Eqq + Ex + aEs3 + Eqq + Ey3 satisfies T(uxv) = T(u) o T(v),
for any u,v € gp1 D 2g;.

For B # 0,y = 0, the automorphism T = E11 + Exp + BE33 + Eqq — %E;}Z satisfies T(uxv) = T(u) * T(v),
forany u,v € gp1 @ 29;.

For v # 0, ay — /32 = 0, e = 0, the automorphism T = E{y + Epp + vE33 + Egq — €E42 satisfies

T(uxv) =T(u)oT(v),forany u,v € gp1 P 2g;.

A/ _B2
Fory # 0,ay — ,32 =+ 0, eis the sign of ay — ﬁz , the automorphism T = Eq1 + Epp + Es3 + %EM — €E42
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satisfies T(uxv) = T(u)o T(v), forany u,v € g1 @ 2g1. The map x associted to ((go1 ©2g1)?, )
is given by : x = Eqq + Eo» + Ea3 + e*V1V2E44,
The map x associted to (g1 @ 2g1)?, 0) is given by : x = Eqq + Epp + ¢ Ez3 + e ¥ E44.
The map x associted to (g1 @ 2g1)>, *) is given by : x = Eqq + Epp + e**T#1E33 + E44.
The map x associted to ((gp1 @ 2g1)%, ©) is given by: x = Eqq + Epp + e¥*# 12 E53 + E44.

The Lie algebra g31 @ g1:  [e2,e3] = €1, Z(g31 @ g1) = Rey @ Rey. The situation is similar to

931
The general form of non Lie symmetric Leibniz products on g3 © g1 :

er0e; =aeye3oe3 =Pe,er0e3=(y+1)ey,e20e3=(y—1)er, (& B, 7) # Opa.

After action by automorphisms of g3 1 @ g1, we get two families of non Lie symmetric Leibniz prod-
ucts on gz 1 P g1:

(931 @91)1 tey-ep = ey, e3-e3 =e,ep-e3 = —e3-ey =e, h = (af — 72)
(931 @ g1)? s exoe3 = (1+7)er, ezoey = (y — 1)ey, v #0.

The map x associated to ((g31 @ g1)?, ) is given by x = Iy + (uyb + zc)E13.
The map x associated to (g3 1 @ g1)%, 0) is given by x = Iy + 7(yc + zb) Es3.

The Lie algebra g3» @ g1:  [ez,e3] = €1 —ep, [e3,e1] = €1, Z(g32 @ 91) = Rey.
The general form of non Lie symmetric Leibniz products on g3 @ g1 :

e3@e3 = ey, ep®e3 = —e3®ey =€) —ey,e30e] = —ej ®e3 = e, & 7~ 0.

After action by automorphisms of g3, @ g1, we get a unique non Lie symmetric Leibniz product on
932 © g1

1. _ _ _ _ _
(93,2@91) 16363 = €4,6p €63 = —€3-6) =€ —€2,63-61 = —€1" €3 =¢€1.

The automorphism T = E11 + Epp + E33 + aEgq of g3 & g1 satisfies T(u e v) = T(u) - T(v).
The map x associated to ((g32 @ g1)', -) is given by: x = Eq1 + Ex + Eaz + e¥PEyy.

The Lie algebra g33 © g1:  [e2,e3] = —e, [e3,e1] = €1, Z(g33 D g1) = Rey.
The general form of non Lie symmetric Leibniz products on gz 3 @ g1 :

3803 = (Xey,er @03 = —e38¢) = —¢y,e30¢] = —ejee3 =eq,4 £~ 0.
3 @63 4,62 063 3 @6 2,63 ® €1 19¢€3 1

After action by automorphisms of g3 3 @ g1, we get a unique non Lie symmetric Leibniz product on
933 D g1:

1. _ _ _ _ _
(93,36991) 16363 =¢€4,6p €63 = —€3 €)= —€2,63°-€1 = —€]" €3 =¢€].

The automorphism T = Ejq + Egp + E33 + aEyq of g33 & gy satisfies T(wev) = T(u) - T(v).
The map x associated to ((g33 @ g1)', -) is given by: x = Ey1 + Ex + Ea3 + e¥PEyy.

The Lie algebra 98,4 Dgr: e e3] =eq,[e3,e1] = —e, Z(ggA @ g1) = Rey.
The general form of non Lie symmetric Leibniz products on gg 4Bo:

e3®e3 = ey, ep0e3 = —e30ey =ej,e30e] = —ejoe3 = —ez, & 7 0.

After action by automorphisms of gg 4 @ g1, we get a unique non Lie symmetric Leibniz product on
0 ) ’
934 D 01

0 1. _ _ _ _ _
(034D 01) 1e3-e3=eyex-3 = —e3-€3=e1,03 €] = —€] €3 = —€2.

The automorphism T = Ey1 + Ep + E33 + aEygy of gg4 @ g satisfies T(ueov) = T(u) - T(v).
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The map x associated to ((92,4 ®g1)',-) is given by: x = Eqq + Epp + Es3 + ¥ Eyy.

The Lie algebra g5, © g1:  [e2,e3] = e1 —aep, [e3,e1] = aeg —ep, 0 > 0,4 # 1, Z(g5, D g1) = Rey.
The general form of non Lie symmetric Leibniz products on g5, © g1 :

e3ee3 = ey, ep0e3 = —e3@ey) =61 —ney,e38e] = —ej®e3 =ne; —ep, B F£O0.

After action by automorphisms of g5 , & g1, we get a unique non Lie symmetric Leibniz product on
934 @ 01

(9%,4 @91)1 16363 =¢€4,€2 €3 = —€3-€) =€) —Qe€2,€3°€6] = —€] €3 = Qke] — €.
The automorphism T = Eq1 + Ex + E33 + BEsy of g§ , ® g satisfies T(u e v) = T(u) - T(v).
The map ) associated to ((g5, @ a1)!, ) is given by: x = Eqq + Exp + Ea3 + /P Eyy.
The Lie algebra 98,5 g1z e e3] =eq,[e3,e1] = en, Z(gg5 @ g1) = Rey.

The general form of non Lie symmetric Leibniz products on gg 1Do1:

€3 @03 — (X€4,6) ®€3 — —€3@0¢€) — €1,630¢01 — —€1 €3 — €2, # 0.
After action by automorphisms of gg 5 © g1, we get a unique non Lie symmetric Leibniz product on
995 @ o1
(98,5 @91)1 16363 =0€4,6p-63 = —€3°6) =€1,63 €] = —€1"€3 = €.

The automorphism T = Eqq + Ex + E33 + «Egq of 985 @ gy satisfies T(uev) = T(u) - T(v).

The map ) associated to ((92,5 @ g1)l,-) is given by: x = Eq1 + Eg + Ea3 + Egq + €YPEss.

The Lie algebra ¢35 © g1:  [e2, €3] = e1 — ae, [e3,€1] = ey + ez, > 0, Z(g‘13"5 @ g1) = Rey.
The general form of non Lie symmetric Leibniz products on g"3‘I5 Pgi:

e3@e3 = fey,er @03 = —e30¢0) = €] — ey, 638¢] = —€1 ®€3 = Ke| + €7, 0.
3 @63 4,62 @63 3 @6 1 2,63 ® €1 19¢€3 1t e2

After action by automorphisms of g5 5 & g1, we get a unique non Lie symmetric Leibniz product on
935 © g1

(055 @a1) tes-e3=eser-03=—e3 €2 =01 — ey, €301 = —e1 - €3 = qey + €.
The automorphism T = E1q + Ex + E33 + BEag of g5 5 © g1 satisfies T(uev) = T(u) - T(v).

The map ) associated to ((98,5 @ g1)l,-) is given by: x = Eq1 + Eg + Ea3 + Egq + eYPEss.

The Lie algebra 941 [62, 64] = eq, [6‘3, 64] = ey, Z(g411) = Rel.
The general form of non Lie symmetric Leibniz products on g41 :

ereey = —eg0e) = e, e384 =€)+ ye1, 04003 = ye] —ep,e30e3 = wep, egey = Peq, («,B,v) # (0,0,0).

After action by automorphisms of g4 1, we get four families of non Lie symmetric Leibniz products
on g4’11

9411,1 tep-eg = —eg-ep =ep,e3-65 = —eg-e3=ey,63 -3 =e1,64 -4 =¢ce1,€€{0,1, -1}
gil 1€p0ey = —€40€p = €1,630€4 — —€40€3 —€p,6408€64 = €1,

gz/l 1€y keq = —€4%k€p = €1,€3 k€4 — €1 +€2,64*€3 — €1 — 6,64 x€4 = €1,

gil lepdey = —e40€e) =e1,630€64 = €]+ 63,6403 =€] —€3,630€63 =¢€1,840€64 = ?‘7‘[;61

Fory = 0, a # 0, € the sign of &, the automorphism T = %(EH + Ep + Es3) + Eag of g4 1 satisfies
T(uev)=T(u)- T(v).
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Fory = 0,a« = 0, B # 0, the automorphism T = B(E1; + Exp + E33) + Eaa of g4 satisfies
T(uev)=T(u)oT(v).
For ¢ # 0, & = 0, the automorphism T = Y?Eq; + YE» + E33 + YEs + %(1 — B)E34 of g1
satisfies T(u e v) = T(u) * T(v).
For v # 0, « # 0, the automorphism T = 7;En — %31522 + %ZE% — YEq + ¥E34 of g4 1 satisfies
T(uev)=T(u)oT(v).

The map x associated to (94 1) is given by: x = Iy + (yb + ezc)(E14 + Ep4).
The map ) associated to (g4 1,0) is given by: x = Iy + zc(Eq4 + Ep4).
The map x associated to (g4 1,%) is given by: x = Ig + (yc + zb 4 zc) (E14 + Ep4).

)i

The map x associated to ( 1,%)is givenby: x = Iy + (y(b+c) +z(b + ‘;—ljc))(EM + Epyq).

The Lie algebra g43% [61, 64] =eq, [63, 64] = ey, Z(g4,3) = Rez.
The general form of non Lie symmetric Leibniz products on g4,1 :

ezee3 = nep, e 0eq = Pey,e1 06y = —egoe; =ep,e30e4 = (y+1)ep,eg0e3 = (v —1)ex.(a, B,7) # (0,0,0).

After action by automorphisms of g4 3, we get three family of non Lie symmetric Leibniz products on
943

9411,3:64'64232131'342—34'31231/63'642—64'63262,

2. _ 2 _ _ _ _ _
05364064 = (afp —y)ex,e30e3 =€p,610€4 = —e406] = €1,630€84 = —€40€3 = €3,
gizierxes = —egxe; =epesxes = (1+7)eg,eaxes = (y—1ea, 7 #0.

For & = v = 0, the automorphism T = Eq1 + B(Ex + E33) + Eas of g 3 satisfies T(uev) = T(u) - T(v),
forany u,v € g43.

For a # 0, the automorphism T = Eqq + %(Ezz + Es3) + Es4 — LE3q of gy 5 satisfies T(uev) = T(u) o T(v),
forany u,v € g43.

For « = 0 and 7 # 0, the automorphism T = Eqq + Epp + E33 + Egq — %E% of g43 satisfies
T(uev) =T(u)*T(v),forany u,v € g 3.

The map x associated to (g}w, -) is given by: x = Iy + zcEpy.

The map ) associated to (gi3, o) is given by: x = Iy + (yb + pzc)Ep.

The map x associated to (92’3, x) is given by: x = Iy + y(yc + zb) Epgy.

The Lie algebra g;é: [62, 83} =eq, [63,64] = —e3, [62, 64] = ey, Z(g;é) = Re;.

The general form of non Lie symmetric Leibniz products on g;é :
e ee, = (e|,e2063 = —€30¢0) =€],030¢04 = —€ 863 = —€3,e00¢, = —ey0er =¢e3, & F0.

After action by automorphisms of ggg, we get a unique non Lie symmetric Leibniz product on g4_§:

—1\1 . _ _ _ _ _ _ —
(94,8) 16464 =2¢€1,€2 €3 = —€3°€) =€1,63°€4 = —€4°€3 = —€3,€2 €4 = —€4°€) = €).

The automorphism T = a(Eq1 + E33) + Exp + Eaq of g;é satisfies T(uov) = T(u) - T(v).
The map ) associated to (g;é, -} is given by: x = I3 + zcEq3.

The Lie algebra ¢} o:  [e2,e3] = ey, [e3,e4] = €2, [e2, 4] = —e3, Z(gl4) = Rey.
The general form of non Lie symmetric Leibniz products on gg 9"

€L®64 = X€],6) @03 — —£3@0) — €1,030604 — —€1 063 —€y,60064 — —€406) = —e3, & F~0.
4 ® €4 1,€2@¢€3 308 1,63 ® €4 4 @3 2,62 @€y 4 @€ 3
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After action by automorphisms of 92 9> We get a unique non Lie symmetric Leibniz product on gg 9:

0 \1. _ _ _ _ _ _ _
(9419) le4€4 = 01,6003 = —€3-€) = 01,03€4 = —€4-€3 = €p,0) 0y = —€4-EC) = —C3.

For & > 0, the automorphism T = aEjq + v/a(Ex + E33) + Egg ofgg9 satisfies T(uev) = T(u)-T(v).
For a < 0, the automorphism T = «Eqq + /|a|(E33 — Ez2) — Eaa ofgg,9 satisfies T(uev) = T(u) - T(v).
The map ) associated to (92,9, -) is given by: x = Is — 2zcEq4.

We finish this appendix by giving a particular example to explicit the computation of the
map X' obtained in the above computations. We consider the symmetric Leibniz algebra 9411 1> and
Gy,1 the connected and simply-connected Lie group associated to the Lie algebra g4;. We have
9411 1.9}1 1 =~ (eq,e2) and the quotient space a = 9411 1/ g}L 1.9}1 1 is identified to R2. So the projection
q: 94111 — ais given by

q(w,x, y, 2) = (y, 2),
it follows that the homomorphism x : G41 — R? must be defined by x(w, x, y, z) = (y, z).
Now, B : R? x R? — 041 is defined by

B((y, 2), (b, ¢)) = (yb +ezc)er, €=0,1,-1

and the map x : G41 X Gy — Gy, is given by

1 0 0 (yb+ezc)
0 1 0 (yb+ezc

xX(M(w, x, y, z), M(t,a,b,¢)) = |3 4 4 v 0 )
0 0 0 1

Finally, we get the Lie rack product on Gy 1

1 122 w4 12y + 1b2% + (yb +eze) (1 + z)

—bez +c(x —w) +z(t —a)

N

M(w, x,y,z)>1 M(t,a,b,c)= [0 1 z bz —cy+w — x + (yb + ezc)
00 1 y
0 0 O 1

Isee Method | which explains the result for general case.
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Chapter 4

Analytic linear Lie rack structures on
Leibniz algebras

This chapter is dedicated to study linear Lie rack structures with an emphasis on analytic linear
Lie rack structures. Throughout this chapter, we will consider the notion of (left) rack! with left
distributivity.

4.1 Analytic linear Lie rack structures and Rigidity of Leibniz
algebras

4.1.1 Analytic linear Lie rack structures

Definition 18. 1. A linear Lie rack structure on a finite dimensional vector space V is a Lie rack
operation (x,y) + x >y pointed at 0 and such that for any x, the map L, : y — x>y is
linear.

2. A linear Lie rack operation > is called analytic if for any x,y € V,

XDy:y+ZAn,1(xl"'/x/y)r (42)

n=1

where for eachn, A1 : V x ... x V — V is an n + 1-multilinear map which is symmetric
in the # first arguments. In this case, Aj 1 is the left Leibniz bracket associated to >.

As an immediate example, given a left Leibniz algebra (b, [, ]) then the operation Sihxbh—sh
given by
UG o= exp(ad,)(v)
defines an analytic linear Lie rack structure on h such that the associated left Leibniz bracket on

c
Toh = b is the initial bracket [ , ]. We call > the canonical linear Lie rack structure associated to

(b, [, 1)

In this section will look more closely at analytic linear Lie rack structures and their character-
ization. One of our main results is the following theorem.

Theorem 4.1.1. Let V be a real finite dimensional vector space and (A, 1)y>1 a sequence of n + 1-
multilinear maps symmetric in the n first arguments. We suppose that the operation > given by

x>y=y+ Y, Ap(x,...,x5Y)

n=1

TA (left) rack is a non-empty set X together with a map > : X x X — X, (a,b) > a > b such that, for any a,b,c € X,
themap L, : X — X, b — a > b is a bijection and

a>(b>c)=(a>b)> (ar>c). 4.1)



42 Chapter 4. Analytic linear Lie rack structures on Leibniz algebras

converges. Then > is a Lie rack structure on 'V if and only if for any p,q € N* and x,y,z € V,

Api(x, Ag1(y,2) = Yo Ap(Asa(xy), . Ag 1 (), Ak (x,2)),  (43)
$1+...+sqt+k=p

where for sake of simplicity A,1(x,y) == Ap1(x,...,x,Y).
In particular, if p = q = 1 we get that [, | := A1 is a left Leibniz bracket which is actually
the left Leibniz bracket associated to (V,1>).

Remark 3. When p = 1 and q € N*, the relation 4.3 becomes

q+1
LiAgr(1,- - Ygr1) = [ A (- Y] = Y A, - [0 yil, - yg11) = 0. (4.4)
i=1
A multilinear map on a left Leibniz algebra satisfying 4.4 will be called invariant. Thus The-
orem 4.1.1 reduces the study of analytic linear Lie rack structures to the study of the datum of a left
Leibniz algebra with a sequence of invariant multilinear maps satisfying a sequence of multilinear
equations. Even though equations 4.3 are complicated, we will see in this chapter that they are far
more easy to handle than the distributivity condition4.1. Proof of Theorem 4.1.1.

Proof. Put Ag1(x,y) = y. We have

x> (y>z) = ZAn,l(x,...,x,ybz)
neN
= Z Anrl(x,...,x,Ap,l(y,...,y,z)),
n,pEN

Y A(x>y,.. x>y x>2)

n=0

Z Api(As 1(x,y), .o A 1 (1), Aka (X, 2)).
S1,--,Sn,k

(x>y)>(x>2z2)

n,

By identifying the homogeneous component of degree 7 in x and of degree p in y in both x > (y > z)
and (x> y) > (x > z) we get the desired relation. O

The following result is an immediate and important consequence of Theorem 4.1.1.

Corollary 4.1.2. Let (, [, ]) be a left Leibniz algebra and é its canonical linear Lie rack operation.
Then

¢ (e}
x>y=Y A)i(x...,xy)
n=0

where

Agll(x,y) =y and A?z,l(xl,...,xn,y) = Z adxm) o... oadxm) (v),

2
(7’1!) eSS,

and Sy, is the group of permutations of {1, ...,n}. Furthermore, the (A?l 1) satisfy the sequence

neN
of equations 4.3.

Actually, there is a large class of linear Lie rack structures on a Leibniz algebra (h,[ , ])
containing the canonical one. Proposition 4.1.3 will ensure this statement. This class was suggested
to us by an example sent to us by Martin Bordemann.

Proposition 4.1.3. Let (h,[ , |) be a left Leibniz algebra, F : R — R a smooth function and

P:bx...x b — Rasymmetric multilinear p-form such that, for any y, xy ..., xp € b,

4
P(x1,..., [y, x,...,xp) = 0.

=1
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Then the operation > given by

x>y =exp(F(P(x,...,x))ady)(y)

is a linear Lie rack structure on b and its associated left Leibniz bracket is [ , |~ = F(0)[ , |.
Moreover, if F is analytic then 1> is analytic.

The proof this proposition is a consequence of the following well-known result.

Proposition 4.1.4. Let (X,>) be a rack and | : X — X a map such that, for any x,y € X,
J(x>vy) = x> J(y), i.e, ] oLy = Ly o ] for any x. Then the operation

x>y = J(x)>
defines a rack structure on X.

Proof. We have, for any x,vy,z € X,

x>yp(yeyz) = Jx) > (J(y)>z2)
= (Jx)>]y) > (J(x)>z)
= (JUx)>y) > (x>
(x>

) > z)
x>yy) >y (x>yz). O

Proof of Proposition 4.1.3.

Proof. We consider the map J : h — b given by J(x) = F(P(x,...,x))x. Since P is invariant, we

Cc C
have P(exp(ady)(y),...,exp(adx)(y)) = P(y,...,y) and hence J(x > y) = x > J(y) and one
can apply Proposition 4.1.4 to conclude. O

This proposition shows that a left Leibniz algebra might be associated to many non equivalent
pointed Lie rack structures. For instance, if one takes F (O) = 0 in Proposition 4.1.3, the two pointed
Lie rack structures

x>oy =y and x>y =exp(F(P(x,...,x)))ady)(y)

are two pointed Lie rack structures on h which are not equivalent (even locally near 0) and have
the same left Leibniz algebra, namely, the abelian one. This contrasts with the theory of Lie groups
where two Lie groups are locally equivalent near their unit elements if and only if they have the same
Lie algebra. Moreover, this proposition motivates our study of analytic linear Lie rack structures on
Leibniz algebras.

4.1.2 Rigidity of Leibniz algebras

This subsection is an introduction to the rigidity of left Leibniz algebras. Due to Proposition 4.1.3,
we have seen that a left Leibniz algebra might be associated to many non equivalent pointed Lie rack
structures as shown above. This statement gives a sense of the following definition.

Definition 19. A left Leibniz algebra (b, [, ]) is called rigid if any analytic linear Lie rack structure
> on b suchthat [, | = [, ] is given by

x>y =exp(F(P(x,...,x)))ady)(y),

where F : R — R is analytic with F(0) = 1and P : h x ... x h — R is a symmetric multilinear
p-form such that, for any y, x; ..., Xp € b,

P(xlf-”/[y/xi],...,xp) = 0.

o

I
—

1

Remark 4. We have seen that the abelian left Leibniz algebra is not rigid.
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To give more sense of our definition of rigid Leibniz algebras, it is more convenient to show if
there are non rigid left Leibniz algebras other than the abelian ones. In fact, the following proposition
shows that the class of non rigid left Leibniz algebras is large. Recall that if b is a left Leibniz algebra
then its center Z(h) = {a € b, [a,b] = [h,a] = 0}.

Proposition 4.1.5. Let (h,[ , ]) be a left Leibniz algebra. Choose a scalar product { , ) on b,
(ay,b1,...,a, by) afamily of vectors in [b, b]- N Z(6)*, (z1,...,zk) afamily of vector in Z(h) and
fi,o-o fx : R — Rwith f](O) =0forj=1,...,k Ifé is the canonical linear Lie rack operation
on by then
xl>y—x>y+2 v, b;) fi((x,aj))z
j=1

is a linear Lie rack operation pointed at 0. Moreover, iffj’(O) =0forj=1,...,kthen[, |» =, |

Proof. Note first that for any z € Z(h) and for any x € b, x>z = z and z > x = x. Moreover,

(bj,x>y) = (b, x > y) = (bj,y) and (x> y) >z = (x > y) & z for any x, Y,z € b. So, for any
x,y,z€h,

>(yz) = x>(yéz)+é<zb>f](<y,a]>)x>z,
— xlé(yéz)—i—}é(ybzb)f](xa +Zzb V(v a)))z;
= Xt (y©2) +]X:<z bj) fi((x,a7))z) + ]ilcz b)) fi((v,3))z;,
(x>y)>(x>z) = (xD]/)I>(xI;Z)+]é<z,bj>fj(<x,aj))zj
= (x>y) 5 (x5 2) +]kl<x 5 2,b) fi((x > y,a;))z + f;<z,bj>ﬁ(<x,aj>)zj

M»

= (x>y)§(x>z

zbf]<y, z]+22bf]<xa]>)]

This proves the proposition. O

Corollary 4.1.6. 1. Let b be aleft Leibniz algebra which is a Lie algebra such that (b, §] + Z(h) # b,
Z(h) # {0}. Then b is not rigid.

2. Let by be a left Leibniz algebra such that [b, 4] + Z(b) # b and Z(1) is not contained in [, b).
Then Y is not rigid.

Proof. 1. By virtue of Definition 19, if b is rigid then any linear analytic rack structure > on b
satisfies x > x = x for any x € h. Choose z € Z(h) \ {0}, a scalar product ( , ) on b and
a € [b,b]- N Z(h)"* with a # 0. According to Proposition 4.1.5, the operation

X>y=x > y+(x,a)%(y,a)z

is an analytic linear Lie rack structure on b satisfying [ , |» = [, ]. However, this operation
satisfies a > a = a + ||z # a and hence b is not rigid.

2. We have also that if § is rigid then any linear analytic rack structure > on b satisfies x >y — x > y € [b,b].
We proceed as the first case and we consider the same Lie rack operation on b with a € Z(b)
and a ¢ [b, h] and we get a contradiction. O

Remark 5. There is a large class of left Leibniz algebras satisfying the hypothesis of Corollary 4.1.6,
for instance, any 2-step nilpotent Lie algebra belongs to this class.
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4.2 Analytic linear Lie racks structures over left Leibniz alge-
bras with trivial 0-cohomology and 1-cohomology

In this section, we will give an important expression of the A, ; defining an analytic linear Lie rack
structure on a left Leibniz algebra h when H°(h) = H'(h) = 0.

Let (h,[, ]) be a left Leibniz algebra. First we recall, again, the definition of the cohomology
of a left Leibniz algebra [20]. For any n > 0, the operator § : Hom(®",H) — Hom(®"+1b, h)
given by

n—1
S(w)(xg,...,xn) = Z[xi,w(xo,...,J?i,...,xn)]+(—1)”_1[w(x0,...,xn_l),xn]

i=0
+ Z(—l)i+1w(xo,. s R X1, (X X X X)),
i<j

satisfies 6> = 0 and then defines a cohomology HP(h) forp € N. Forany x € hand F,G : h — b,
we have

6(x)(m) = =[x,m] and &(F)(y,z) = [y, F(z)] + [F(y), 2] — F([y,z])
and one can see easily that
6(FoG)(y,z) = 6(F)(y,G(2)) +6(F)(G(y),2z) + F o d(G)(y,2) — [F(y), G(2)] = [G(y), F(2)]. 4.5)

Remark 6. Let (b, [, ]) be aleft Leibniz algebra which is a Lie algebra. The cohomology of b as left
Leibniz algebra is different from its cohomology as a Lie algebra, however H? and H! are the same
for both cohomologies.

Now let’s take a closer look to equations 4.3 when g = 1. Let (h,[ , |) be a left Leibniz
algebra and (A”rl)pEN a sequence of (n + 1)-multilinear maps on b with values in h symmetric in
the » first arguments and such that Ag 1 (x,y) =y and Ay 1(x,y) = [x,y] . For sake of simplicity we
write Ay 1(x,y) = Ap1(x, ..., x,y).

Equation 4.3 for g = 1 can be written for any x,y,z € b,

p—1
Apr(x,[y,2]) = [y, Apr (2, 2)] + [Ap1(x,y), 2l + Y [Ai (%, y), Apra(x,2)].
r=1
Thus
p—1
O(ix...ixAp1)(y,2) = — 2 [Ar1(x,y), Ap_r1(x,2)], (4.6)
r=1

where iy ...ixAy1 i — b,y — Apll(x,...,x,y).
On the other hand, the sequence (Ag 1)neN defining the canonical linear Lie rack structure of
h (see Corollary 4.1.2) satisfies 4.3 and hence

p—1
6 (i - -'ixA2,1)(yzz) == Z [A9,1(x/y)/A27r,1 (x,2)]. 4.7

r=1
If p = 2, since Ap; = Ag,l and A1 = A(l),l’ Equations 4.6 and 4.7 implies that, for any x € b,
8(ixixAzy — ixixA3 ) = 0.
Since Ay and Ag,l are symmetric in the two first arguments this is equivalent to
S(ixiyAry — ixiyAY;) =0, forany x,y € b.
This is a cohomological equation and if Hl(h) = 0 then there exists B, : h X h — b such that, for

any x,y,z € b,
Ar1(x,y,z) = Ag/l(x, v,z) + [Ba(x,y), z]. (4.8)



46 Chapter 4. Analytic linear Lie rack structures on Leibniz algebras

Moreover, if Ho(h) = 0 then B, is unique and symmetric and one can check easily that Aj; is
invariant if and only if B, is invariant.

We have triggered an induction process and, under the same hypothesis, the ( Ap,l) p>2 satisfy
a similar formula as 4.8. This is the purpose of the following theorem.

Theorem 4.2.1. Let (h,[ , ]) be a left Leibniz algebra such that H°(h) = H'(h) = 0. Let
(An1)n>0 be a sequence where Ag1(x,y) = y and A11(x,y) = [x,y| and, for any n > 2,

1: b x...x b — bis multilinear invariant and symmetric in the n first arguments. We sup-
pose that the Ay, 1 satisfy 4.6. Then there exists a unique sequence (By),>2 of invariant symmetric
multilinear maps By, : ) X ... X b — b such that, for any x,y € b,

Ana(x,y) = A?z,l(x/]/) + Y. A2,1(311 (%), B (x), A)_,1(x,y)), (49)
1<kZ [
s=h+...+L<n

where Ay 1(x,y) = Ap1(x,...,x,y) and Bj(x) = By(x, ..., x).

Remark 7. Formula 4.9 deserves some explications. As any formula depending inductively on #n, to
find the general form one needs to check it for the first values of # and it is what we have done. There
are the formulas we found directly and which helped us to establish the expression 4.9.

Ai(ny) = AQ1(oy) + [Balx), AL ()] + (B <>A01<xy>}
= A31(x y)+A11(B2( ), 11(xy)) + (33( )AO (x,y)),
Ai(vy) = A% (vy) + [Ba(x), A (xy)] + (B <>A11<x )]+ [Ba(x), 43, (x,y)
43 [Ba(x), [Ba(x), A3, (v )],
Asi(vy) = A (xy) + [Bs(x), ] + [Ba(x), AL, (o)) + [B(x), A3 (6, )] +

I+
[B2(x), A3 (x, )] + %([32( ), [B3(x),yl] + [B3(x), [B2(x), y]]) +
(

S Ba(x), [Ba(x), A3 (x, )]

To prove Theorem 4.2.1, we will proceed by induction. The proof is rather technical and needs
some preliminary formulas.

Fixn >2andx € h. Forany 1 < k < [”T‘H] ands =11 + ...+ <n+1,in the proof of
Theorem 4.2.1, we will need to compute §(Fy o G;) where F, Gs : h — b are given by
Fe(y) = ARy (By (%), By (%)), Gs(y) = Apyq_s1(x,1)-
This is straightforward from 4.5 and the formula
5(ix1 Akl y, = — 7 Z Z A U(p),y),Agfpll(xg(pH),...,xa(k),z)]
;7 1oeSy

whose polar form is 4.7. We use here the well-know fact that two symmetric multilinear forms are
equal if and only if their polar forms are equal. For sake of simplicity put Q(k,s) = 6(F o Gs)(y, z).
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Proposition 4.2.2. We have

Q(l,s) = - Z[All BS Arl(x y)) (r)l+l—s—r/l (x,z)]
n+l—s
- 2 (0 y), AL (Bs(x), Ay s p1(x,2))], s <m,
k=1
Qn+1) = — B L L AR (Br (3B, () AL By (B (D2 K22
h=10€S;
1 n+l—s k-1
Qks) = -5 L L XA (), By (1), A% (x,9),

r=0 p=10€S;
0
Akfp,l(Bll,(pﬂ) (X), cees BIU(,() (X), An+1—s—r,l (x,z))],

n+l—s
B 2 ’1 X Y), Akl(Bll( )s "Blk(x)rA(r)r+1—s—r,1(x/Z))]
- Z[Ag,l(Bh (x)/“ -/Blk(x)/A?,l(X,y)),A9,+1_5_,,1(x,z)},
r=0

k>2,s<n.
Proof of Theorem 4.2.1.

Proof. We prove the formula by induction on 7. For n = 2, the formula has been established in 4.8.

Suppose that there exists a family (B, ..., B;) where By is an invariant symmetric k-from on
h with values in § such that forany 2 < r < n,

Aa(ny) = Aoy + )3 AYy (Bry (x), ., By (), AY_g1 (%, ) (4.10)
<

We look for B, 41 : h X ... X h — bh symmetric and invariant such that

Apr1(xy) = A91+1/1 (x,y) + ): Ag,l(Bll (%), .,B;k(x),A(r),H,s/l(x,y))
1<k< 11;1
h+...+k=s<n+1
= [Bupa(x),y] + A2+1,1(x/y) + ) Ag,l(Bll (%), ~/Blk(x)/A2+1—s,1(xry))
1<k< 2
ht...+k=s<n+1
li,c...ly <n

= [Buna(x),y] + R(x)(y),

where R(x) depends only on (By, ..., By).

The idea of the proof is to show that, for any x € h, 6(D(x)) = 0 where D(x) : h — b
is given by D(x)(y) = Au111(x,y) — R(x)(y). Then since H(h) = H'(h) = O there exists a
unique B, 41 satisfying D(x)(y) = [By+1(x),y]. By using the fact that D(x) is the polar form of
a symmetric form and H°(h) = 0 one can see that B, (x) is the polar form of a symmetric form
which is also invariant.

Let us compute now §(D(x)). According to 4.6, we have
n
O(ix...ixAps11)(y,2) = — Z [Ar1(x,. ., %,Y), Api1—ra(x, ..., x,2)].
r=1

By expanding this relation using our induction hypothesis given in 4.10, we get that

Six .. ixApi11)(y,2) = 0(ix .. ixAY 1 1) (y,2) + S+ T+ U,

where
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n—1
S = -L )3 [AY1 (%, %, y), ARy (Bry (%), -, By (), Ay 1 (%,2))],
r=1 1<k< [n+21—r
s:ll+...+lk§n+17r
n
T = -) Y [AR1(Bry (x), - By (x), AD_g1(x, ), A1 1 (%, %, 2)],
S rckiqy
S=ll+...+lk§1’
n—1
u = -3 )y X
= 1<k<[y] 1<h< 2]

= <
si=h+..th=<r S2=p1+...+tpp<n+l-r

[A2,1 (Bh (%)) By, (%), A?—sl,l (x,y)), A2,1 (Bpy (x), .-+, By, (%), A2+1—r—52,1 (x,2))].

On the other hand, if we denote

Dk,s(x) (}/) - Ag,l (B11 (x)/ sy Blk(x)/Anglfs,l (xf]/))/

we remark that the computation of §(R(x)) is based on Proposition 4.2.2 where we have computed
the (D1 (x)).
To conclude, we need to show that

S+T+U= Q(k, s),

1<k n+1

2
h+..+L=s<n+1
ll,...,lkgﬂ

AT

k = 1. We have

n—1
Sl = = Z Z [Ag,l(x/' "/x/y)/A(l),l(Bs(x)/A91+17rfs,l(xfz>)]/
=l 2<s<n+l—r
n
h = - 2 Z [A(l),l(Bs(x)'A?—s,l(x’y))'A(r)z+1—r,1(x/""xfz>]'
=2 2<s<r
On the other hand,
40 0 0
Z Q(lrs) = - Z Z[Al,l(BS(x)/Ar,l (x’y))fAn+1—s—r,l (xrz)]
2<s<n 2<s<nr=0
n+1l-—s 0 0 0
- E Z [Ar,l (x/y)/A1,1(Bs(x)/An+17s7r,1(x/7~))]-
2<s<n r=1
Since
{(r,s),1<r<n—-12<s<n+1-r} = {(rs),1<r<n+1-s2<s<n},

{(r—s,8),2<r<n2<s<r} = {(rs),0<r<n-s2<s<n},



4.2. Analytic linear Lie racks structures over left Leibniz algebras with trivial 0-cohomology and

1-cohomology 49

S1+ T = Y <5<, Q(1,5). In the same way, one can see easily that
S—S+T-T) = — y

2
h+...+k=s<n+1

n+l—s
Y [A21(xy), ALy (B (x),., By (x), Ay s_p1 (%,2))]

r=1

—'EZ[AE,ABh(x),...,sz<x> () A% s a (62

To conclude, we must show that Q; = Q, where

1 n+1-sk—1
A = - )N ) DDIDY
zgkg[”TH] ! r=0 p=lceS;

h+..+l=s<n+1
[A?;J(Bl,m (x),---, By, (%), AVy (%, ), A}, 1 (By, ey X B (%), A iera(%,2)]:

n—1
Q = -) Y Y
=2 1<p<[f] 1<h < [2=]
51:l1+..-+lp§7’

So=my+...+m, <n+1-—r
(A1 (B, (x),- By, (), A% 1 (2,9)), Ay (B, (), B, (), A%y, 1 (3,2))-

Denote by N; = {2,3,...}, forany | = (Iy,...,Ix) e N |I| =1 +... + I, forany o € S,
1= (lg(1y, - -+ Lo(x)) and for k € {1,... {”;l}}ands<n+lput

S(k,s) = {(l,a,r,p) ENSxSkxNxN,U\:s,0§r§n+1—s,1§p§k—1}

and for any (I,0,7,p) € S(k,s) put
D(L,0,7,p) = [Ap1 (Br,p) (¥), -, By (), Ay (x,9)), ARy 1 (B, (X), - By (1), ARy oy (3,2)].

Thus

1
Q=- o4 X ©®Lornp)

k!
2<k< {HT—H} s<n+1 (Lor,p)€S(ks)

The map Sy x S(k,s) — S(k,s), (u, (I,0,7,p)) = (I",c 0 u~1,r, p) defines a free action
(

of Sy and the map [I, o, r, p] — (19,1, p) identifies the quotient S(k, s) to
S(k,s):{(l,r,p)eN’ngxN,m:s,0§r§n+1—s,1gpgk—1}.

Moreover, ®(1,c,r,p) = ®(I*,cou=1,r,p) so

Q= — ) Y., @11d,rp)
2<k< [2] s <nt1 [0rpess

On the other hand, put
T = {(l,m,p,q,r) ENXxNIxNxNxN2<r<n—1,]l| <,

r n+1-—r
< — <p<|= <g< )
m <n+1-r1<p [2],1_11_{ 5 ]}
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We have
Q= )Y, YUmpqr),

(Lmypgr)eT
where
Y(l,m,p,qr)= [A(;);,l(Bh (x),...,By, (x),A?fl”/] (x,y)),Ag/l(Bm1 (x),...,Bm, (x),A2+17r7‘nl‘/] (x,2))].

‘We consider now

—_—

J: T — U S(k,s)
2<k< [ s<n+1
given by
,mp,a,7) = (m),r = lll,p) € S(p + 4,111+ |m)).
Indeed, it is obvious that2 < p+¢q < [@}, 1 < p < p+q— 1. Moreover, since |/| < r and

2
|m| <n+1—rthen0 <r—|l| <n+1—(|I|+|m|)andhence ((I,m),r—|l|,p) € S(p+4q,|l| + |m]|)..
J is a bijection since we have

T HLpr) = (), (pss- - L), pk—ps=r+h+...+1,) €T

Indeed, we have

2<k<

[nJrl

3 },1<p<k—1 and 0<r<n+1-]J.

This implies obviously that 1 < pand 1 < k — p. Now 2p < Ij + ...+ 1, and hence p < [§]. This

withk < [”TH} imply thatk — p < [%H].Itisobviousthats >2andfrom0<r<n+1-]|l,
we get
s§n+1—(lp+1+...lk)§n—1 and Iy +.. .+ <n+1-s.

This completes the proof. O

4.3 Analytic linear Lie rack structures on sl (r) and so(3)

We denote by sl (IR) the Lie algebra of traceless real 2 x 2-matrices and by s0(3) the Lie algebra of
skew-symmetric real 3 x 3-matrices. We consider them as left Leibniz algebras and the purpose of
this section is to prove that they are rigid in the sense of Definition 19. Namely, we will prove the
following theorem.

Theorem 4.3.1. Let by be either sl (R) or s0(3) and 1> an analytic linear Lie rack structure on § such
that [, | is the Lie algebra bracket of h. Then there exists an analytic function F : R — R given
by

(o)
Flu) =1+ Y auf
k=1

such that, for any x,y € b,
x>y = exp(F({x,x))ady)(y),

where (x,x) = %tr(adx oady). So b is rigid.

The proof of this theorem is based on Theorem 4.2.1. So the first step is the determination of
symmetric invariant multilinear maps on b = sl;(R) and s0(3). To achieve that, we use the Chevalley
restriction theorem for vector-valued functions proved in [33]. We recall its statement as explained in
[5].

Let g be a complex semi-simple Lie algebra, h a Cartan subalgebra, G the connected and
simply connected Lie group of g and H the maximal torus in G generated by exp(f). We denote
by N (H) the normalizer of H in G. Note that for any a € Ng(H), Ad, leaves h invariant and
W = {Ad,|h,a € Ng(H)} is the Weyl group of h. Let B : g X ... X g —> g be a symmetric
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n-multilinear map which is g-invariant, i.e., for any a € G and any x1,...,x, € g,
B(Adux],...,Adg.Xn) :AduB(xl,...,Xn). (4.11)

This is equivalent to

M-

Il
-

v, B(x1,...,xn)] =Y B(x1,...,[y,xil,.-.,xn), Y, X1,...,%n € g. (4.12)

We denote by Sj (g, g) the vector space of g-invariant n-multilinear symmetric forms on g with values
in g. _

Let B € Sji(g,g) and we denote by B its restriction to h. From 4.12, we get that for any
]//xlf- '-/xn S h3

[y/B(xlr--'/xn)] =0

and hence B (x1,...,%y) € b (since b is a maximal abelian subalgebra). So B defines a n-multilinear
symmetric map B : h X ... x h — b which is W-invariant. If we denote by S/ (b,b) the
vector space of G-invariant n-multilinear symmetric forms on h with values in h, we get a map
Res : Sji(g,0) — S,/ (b,b).

Theorem 4.3.2 ([33]). Res is injective.

Let g be a real semi-simple Lie algebra. The definition of Sji(g, g) is similar to the complex
case. The complexified Lie algebra g€ = g @ ig of g is also semi-simple and we have an injective

map Sj}(g,9) — S,%C (g%, g©), which assigns to each g-invariant z-multilinear invariant form B on
g the unique C-multilinear map BE from g€ x ... x g€ to g€ whose restriction to g is B. By using
4.12 one can see easily that since B is g-invariant then BC is gC-invariant.

We will now apply Theorem 4.3.2 and the embedding above to compute Sf(g,g) for any
n € N* when g = sl,(C), g = slh(R) or g = s0(3).

Let g = slp(C), g = sl(R) or g = s0(3). For any n € N*, we define P : g
(K=TR,C) by

2n K

1
P”(xl, N ,xZn) = W Z (xg(l),xa(2)> N (xa(%,l),xg(%)) and Py=1,

0€Syy,

where (x, x) = %tr(adi). This defines a symmetric invariant form on g and the map B : g>"*1 — g
given by
2n+1
BS(XL cee rx2n+1) = 2 Pn(xl, .o .,J?k, vee ,erH,l)xk
k=1
is symmetric and invariant.

Theorem 4.3.3. Let g = slp(C). Then, for any n € N*, we have
S3,(9,9) =0 and Sj, ,(g,9) =CBj.

1
0

n € N*, the dimension of SV (b, h) is less than or equal to < 1. By virtue of Theorem 4.3.2 we get
dim Sj}(g,¢) < 1. Moreover, the associated Lie group to b is H = { (Z 0 > ,Z € C*} and one

0 z1
1
-1 0
1 0\ _ (1 0\ 4 (1 0
ain (o O)=a(o B) == %)

Thus for any B € S (h,b), the invariance by Ad, implies that, for any x1,...,x, € b,

Proof. A Cartan subalgebra of gis h = C ( _01> which is one dimensional and hence, for any

can see easily that a = ( ) € Ng(H) and hence Ad,|h € W. Now

(=1)"B(x1,...,x1) = —B(xq,...,x3).



52 Chapter 4. Analytic linear Lie rack structures on Leibniz algebras

So if n is even, then B = 0 and hence Sg(g, ) = 0. If n = 2p + 1 is odd, the restriction theorem

shows that dim Sg +1(8,8) < 1and since By € Sgp—&-l( ,9) we get the result. O

If g = slp(R) or g = s0(3) then g€ is isomorphic to sl,(C) and since the invariants of g are
embedded in the invariants of g€ we get the following corollary.

Corollary 4.3.4. If g = slb(R) or g = 50(3) then, for any n € N*, we have
Sgn(g, )=0 and SZn—H(g’ ) = RBj.

Let us pursue our preparation of the proof of Theorem 4.3.1. Let ) = slp(R) or s0(3,R) and

x € b. Then
0 a b
a b
x:(c_a> or x=| —a 0 c
-b —c O
Put
(x,x) = %tr(ad,zc) = 2tr(x?) = 4(a? + bc) if h=shL(R),
e %tr(adi) = ltr(x?) = —a® — b2 — 2 if h=s0(3).

The following formula which is true in both sl (R) and s0(3) is easy to check and will play a crucial
role in the proof of Theorem 4.3.1. Indeed, for any x,y € b,

adyoady(z) = —(x,z)x + (x, x)z. (4.13)

This implies easily, by virtue of Corollary 4.1.2, that

0 RGN (0" (0" (xy)
e (2&),x>"d = @y rEr (4.14)

Agn+1,l (x,y) = m[%ﬂr n > 0.

Proposition 4.3.5. Let b be either s5l3(R) or s0(3) and 1> an analytic linear Lie rack product on b
such that [, | is the Lie algebra bracket of b. Then there exists a sequence (Uy), .+ with Uy = 1,

U, = %,forany X,y €bh,

x>yzy+<ZU2n+1xx ) (Zuznxx )ad?c(y)

n=0

and for any n € N*,

U2n -

1
) Z u2r+1u2(n r) Z u27u2 (n— r)‘| :

(e
Proof. By virtue of Theorem 4.1.1, x>y = 2 Ay, 1(x,y) where the sequence (A, 1) satisfies (4.3).

n=0
Moreover, since b is simple H(h) = H'(h) = 0 and we can apply Theorem 4.2.1. Thus
An1(x,y) =AY (x,y) + Y A2,1(Bll(x)/ B (x), AN 1 (x,y),
2k<s=L+...+L <n
1<k< [y

and the B; are symmetric invariant. By virtue of Corollary 4.3.4,
By =0 and Byi(x) =c/(x,x)'x.

Thus

Ani(xy) = Api(oy)+ ) cy e ()R AD (x, A (3 y)).
% <s=2+...+2+k<n
1<k<[3]
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. n+k—s)!
But by using Corollary 4.1.2, we have A%ll(x, A%_sll(x,y)) = (k'(n—s)')Agz(lﬁ“'”k) (x,y)

and hence we can write
["7] 0
Ana(x,y) Z Ay (%),

where K, | are constant such that K,, o = 1. Note that in particular Ay (x,y) = A9, (x,y). Now by
using 4.14, we get

n
Apsra(xy) = Y Kopp1(x, x>lAg(n71)+1 (x,y)
=0

= Y Kannalen) gy o )

= U1 (x, x)"[x,y] = C2n+1AgnH/1(x,y),

C .
where Uy, 1 = ﬁ are constant. In the same way, one can show that there exists constants
n !
C
U, = 2 such that

(2n)!
Ao 1 (x,y) = Uy (x,2)" Tady(y) = ConAY, 1 (),

and get the desired expression of x > v.

On the other hand, the equation 4.3 for ¢ = 1 and p = 2 holds for both the A, and the A9
So we get

A%, [y,2]) = CanAYy1 (%, [y,2))
2n—1
= Cu [y' Agn,l (x,z)] + Con [A(Z)n,l (x,y),z] + Can Z [A(r),l (x/y>/ Agnfr,l (x,z)]
r=1
0 2n—1
= Culy, Ay,1(x,2)] +C2n[A2n1(x v),zl+ ) CCopy]A rl(x y), A, 11(%,2)].
r=1
Thus
2n—1
Z (Con — CrCZn—r)[A(r),l(x/y)rAgn—r,l(xfz)} =0
r=1
and hence
n—1
0 = Z(C2ﬂ - C27C2(n r))[Agr,l(xly)/Ag(n_r),1(xlz)]
r=1

n—

Z Con — CZr-‘rlCZ(nfr)fl)[Agr+1,1(x/y)ng(n—r—l)—HJ (x,2)].
By using 4.14 we get

—1 (Con — Czrcz(n ) (2, x)" 2

0= 2 Sty ) adiz)]
— (CZn - Czr 1C (n—r)— )<x, x>n71
+r:0 (21’+1+)!(22(n77;f1)! [[x, y], [x,y]].

One can show easily by using 4.13 that

[ad3 (v), ad3(2)] + (x,0)[[x, y), [x,2]] = 0
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and deduce that

— 1 n—1 1
,221 @i = @~ @ Cn) = r;o 2 D@m= =1y 2~ 1 Catnr)1)-

On the other hand
L (2n)! - (Zn)
0=(1-1)*= ,
( ) E)(Zr).(Z(n—r Z 2r+1)!12(n—r)—1)!

and finally,

Cp 1|7l 1 -

== Cori1C —C C
(2n)! 2 r:ZO 2r + D)1(2(n —r) — 1)1 2rF-20-) Z 2r)! D R
: Cr

To complete the proof, it suffices to replace "l by U,. O

Proof of Theorem 4.3.1.

Proof. According to Proposition 4.3.5, there exists a sequence (Uy),, .+ With Uy = 1, Up = % for
any x,y € b,

xby:y+<ZU2n+1xx ) (ZUanx )adi(y)
n=0

and for any n € N*,

1
u2n -

n—1 —1
Z Uprs1Up(—r) Z U Uy, ,)] : (4.15)

We will show that there exists a unique sequence (4, ),,>1 such that the function F(t) = 1+ Y 7> | a,t"
satisfies

(0]

x>y = exp(F({x,x))adx)(y) =y + Z%)F x, 1)) A, 2 (6 y) + 1 F((x, %)) A, (%)
n n=1
Thus
_ o [F((x, )P4 (x, 2" o [F((x, 2)]" (x, )"
exp(F((x,x))ad)(y) = y+ (nZO (2n T 1)1 ) Xy + <n§ o)1 >ad§(y)-

Put [F({x,x))]" = Yp.—o Bnm(x, x)™ and compute the coefficients By, ,,. Indeed,
n
[F({x,x))]" = (1 + a1 (%, x) +ap(x, x)% + A ap (x, x)™ + R)
n
= (1 +ay(x, x) 4 ax(x, )% + ... +am<x,x>m) +7P,

where P contains terms of degree > m + 1. The multinomial theorem gives

n !
(1 +a1(x, x) + a2 {x, )2 + ...+ an(x, x)’”) = Y ﬁa? Lk (o, x Yk Y2k
koot kg =n OKL e K
Thus
n!
Brl,O =1 and Bn,m = Wﬂ? . ..ﬂlfnm form > 1.
0-%1

k1 +2ky+...+mky=m,
ko+ki+...+km=n
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So

o F({x, )2 (x, )"
= (2n+1)!

n=0m= n=0

ad BZH+1m X, x) mn N s L BZp+1,n7p n
)y 2 @+ 1! _Z<§(2p+1)! (52"

- P(<x1 x>)2n <x1 x>n—1 Ban >m+n ! e L BZp,n p n—1
= (x, x)"
Lrei - REE L (L
For the sake of simplicity and clarity, put
k k
Bum a ... ay
Vn,m(alr---,ﬂm)zin! = Z 71{ AN

k1+2ko+...+mky=m,
ko—l—kl-l—...-‘rkm:}’l

To prove the theorem we need to show that there exists a unique sequence (), >1 such that

n

U1 = Y, Vapsin—p(an... an—p), n21, (4.16)
p=0
n

Uy = Y. Vopuplar,...,an—p), n>1 4.17)
p=1

Note first that the relation 4.15 and the fact that U, = % defines the sequence (Up,),>1 entirely in
function of the sequence (Upy,11),>0. On the other hand, since Vi ,,(a1,...,a,) = ay and Uy =1
then

n
and Upy1 =an + Z V2p+1/n,p(tl1, . ,ﬂn_p), n>2.
p=1

1

Us =1 + 7

Since the quantity 22:1 Vapi1n—p(ai,...,an—p) depends only on (ay,...,a, 1), these relations

define inductively and uniquely the sequence (ay),>1 in function of (Up,+1)n>0. To achieve the
proof we need to prove 4.17. We will proceed by induction and we will use the following relation

Wim
aa; (a1, 0m) = Vw1, ..., ap—g), 1=1,...,m. (4.18)
Indeed,
N k
aVn,m (a a ) _ Z 11 . l . amm
17+« /8m -
| — | |
aal Ky 42k k=, ko.kl. oo (kl 1). ve km.
ko+ki+...4+kpm=nk;>1
s ki k
K=ki=1 a.oal oy

| Al 1
ky 2k 4K kg =1, kolke!. o (k)L Ko

ko+ki+...+kj+...4+kp=n—1
To conclude, it suffices to remark that in the relation
ki +2ky+ ...+ 1k + ...+ mky =m—1
the left side is a sum of nonnegative numbers and the right side is nonnegative so
(m—14+1)ky j1=...=mky =0
and hence the relation is equivalent to

kn+2ky + .. 4 (m = Dkyyy = m —1.
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Now, we are able to prove 4.17. We proceed by induction. For n = 1, we have U, = % and Vo9 = %
Suppose that the relation holds from 1 to n — 1. By virtue of 4.15, we have

1
Uz = 5 Z Upr 1 Up(—r) Z Uz Uy ()

and all the U, appearing in this formula are given by 4.16 and 4.17 this implies that Uy, is a function
of (ay,...,a,_1) and we can put Uy, = H(ay,...,a,_1). We can also put

n
Z Vzp,n_p<al, .. -/an—p) = G(al, .. .,ﬂnfl).
p=1

To show that Uy, satisfies 4.17 is equivalent to showing

9H  aG

H(0) = G(0) and 90~ =1,...n—1
But V,, ;,(0) =0if m > 1 and V,,¢(0) = ;. Hence
1 n—1 1 n—1 1
HO) = 3 (7_0 CESVICICE = (2r)'(2(n—r))'>
o1 1 i 1 1
) (720 r+1)!12n—r)—1)! rZO (2r)'(2(n—r))'> + (2n)!
1 .11
= -V 5 = @
GO) = Vaup(0) = g = H(O)

For r = 0,...,n — 1, by induction hypothesis Uy, is given by 4.16 and by using 4.18 one
ou,
can see easily that —zrtl _ Uz(,_l) ifl = 1,...,rand 0 if I > r+ 1. Similarly, we have

aﬂl
all, . . . ..
50 Uppy—1ifl=1,...,r—1and 0 if I > r. For the sake of simplicity, we put
a
ol 1 Uy,
Ton Up(y—y and o0, Up(r-1y-1
with the convention Uy = 1 and U; = 0 if s is negative. Then, for[ = 1,...,n — 1, we have
oH 1 |"& [ oUpriq auz(n—r)fl nl U, auZ(n—r)
Tal - i |:Z(:) < aarl uz(n,,)71 + TUZPA - Z 4, . u2(n7r) + TUZV
= -
1 n—1 —
= E (uz(r t)Uz(n r)— 1+u2(n r—I-1 u2r+1) Z( 1u2(n r)+u2(n r—I)— lu2r)
r=0 r=1
1 1l 1n 1y 1 =
= 5 Uprly(nr-n)-1+ 5 Eu2n711u27+17§ E Uprp1Up(y—r_1-1) — Zu2nrl) 1oy
r=0 =0
1 1 n—1 1 —
= iuz(nfl)—l + 2 Z uZ(nfr—I—l)U2r+1 Z uZn r—I)— 1z
r=n—I-1 r n—I
= Wu-n-1

This completes the proof. O
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Appendix A

Lie Theory

A.1 Structure Theory of Lie Algebras

In this section, Lie algebras are considered from a purely algebraical point of view, without reference
to Lie groups or differential geometry.
A.1.1 Definitions and examples

Definition 20. A Lie algebra over a field K is a vector space g over KK with a K-bilinear map
[, ]:9xg—> g which is skew-symmetric and satisfies Jacobi identity:

[, [y.z]l + [y, [z x]] + [z [x,y]] = 0 (A.1)
forx,y,z € g.

This map is called a Lie bracket on g. If g is a finite-dimensional real or complex Lie algebra
and ey, ..., ey, is a basis for g as a vector space. By bilinearity the [ , ]-operation in g is completely
determined once the values [e;, e]-] are known. We know then by writing them as a linear combinations
of e;, that is, the Lie bracket of basis elements is uniquely given by

n
[61,6]'] = ch-ek, Vij=1,...,n
k=1

The constants ci-‘- are called the structure constants of g with respect to the chosen basis. From the

skew-symmetry of the Lie bracket, and the Jacobi identity, the structure constants satisfy the following
two conditions:

cf-‘]- + c}‘i = 0,
ZCZ‘ZCiﬂk + C;’l/lccfﬂl' + CZ;C;,U = 0
m
foralli,j, k,I.
Example 7. A vector space 2( with a bilinear map . : 2 X 20 — 2 is called an associative algebra if

a.(b.c) = (a.b).c for a,b,ceA (A.2)

The commutator
[a,b] :==a.b—b.a

defines a Lie bracket on 2. The Lie algebra (2, [, ]) is noted 2.

Examples 2. (i) Let V be a vector space and End (V) be the associative algebra of linear endo-
morphisms of V. We write gl(V) := End(V), for the corresponding Lie algebra.

(i) The space My, (K) of (n x n)-matrix with entries in K is an associative algebra with respect to
matrix multiplication. The corresponding Lie algebra M,, (IK) is noted gl,, (IK).
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Definition 21.  (a) A homomorphism of Lie algebras g and b is a K-linear map « : g — h which
preserves the Lie brackets,i.e.

a([x,y]) = [a(x),a(y)] for xyecg.

If, in addition, « is bijective, then « is called a Lie algebra isomorphism. A Lie algebra isomor-
phism of a Lie algebra with itself is called a Lie algebra automorphism.

A representation of a Lie algebra g on the vector space V is a homomorphism of Lie algebras
a:g— gl(V). We write (&, V) for a representation of g on V.

(b) Let g be a Lie algebra. A subspace hh C g is called a Lie subalgebra if it is closed under bracket,
i.e. [h,b] C b. If we even have [g, h] C b, we call h an ideal of g.

(c) The Lie algebra g is called abelian if [g, g] = {0}, which means that all brackets vanish.

Remark 8. It is easy to see that the image of a homomorphism « : g7 — g of Lie algebras is
a subalgebra of gp. Furthermore, if b is an ideal of gy, then a~1(h) is an ideal, and a~1(b) is a
subalgebra if  is a subalgebra of g,. In particular, the kernel kera of a Lie algebra homomorphism is
always an ideal.

Examples 3. 1. Let g be a Lie algebra. The center of g is defined by

3() ={xcal|lxyl=0vyecg}
Obviously, 3(g) is an ideal in g.
2. For each Lie algebra g, the commutator algebra [g, g] is an ideal of g.
3. The orthogonal Lie algebra
on(K) := {x € gl,(K) | 2" = —x}
is a subalgebra of gl (IK).

4. The unitary Lie algebra
un(C) := {x € gl,,(C) [ " = —x}

is a real subalgebra of gl,,(C).
5. The special linear Lie algebra
sl (K) := {x € gl,,(K) | tr(x) = 0}
is an ideal in gl,,(IK), where tr(x) denotes the trace of x.
For more examples see [26, 28]. Ado’s theorem stats immediately the following theorem:

Theorem A.1.1. Every finite-dimensional Lie algebra over K = R, C is isomorphic to a subalgebra
of gl (K).

Definition 22. Let g be a Lie algebra. A derivation of g (the Lie derivative) is a linear operator J on
g satisfying the Leibniz law with respect to the bracket:

5(xy]) = [6(x) ¥l +[x6W)], Vxyce (A3)
The set of all derivations is denoted by der(g).
For example, sl, (K) = der(gl,,(K)).

Definition 23. For any x € g, an inner derivation (also referred as adjoint homomorphism, adjoint
representation or the adjoint of x) of the Lie algebra g is the operator ad, defined as follows:

adx(y) =[x, y],Vy € g

It is clear that the inner derivation holds the following properties:
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(@) adx([y,z]) = [adx(y), 2] + [y, adx(2)].

(b) ad|,,) = [ady,ady]; thatis, ad : g — gl(g) is a Lie algebra homomorphism.
(c) ker(ad) = 3(g).

(d) [g,9] C3(g) < adyoady = ad[, .

For x,y,z € g. Itis obvious, that adg is an ideal of der(g). In particular,

[0,ady] = ads, ford € der(g),x € g.

A.1.2 Quotient and Semidirect sum

Proposition A.1.2. Ler g be a Lie algebra and i be an ideal in §. Then the quotient space g/i := {x +1i:

is a Lie algebra with respect to the bracket
[x+1iy+i] =[xy +i (A4)
The quotient map 7T : § — g/1is a surjective homomorphism of Lie algebras with kernel i.

Proof. From the definition of an ideal, the bracket A.4 is well defined. Thanks to the properties of the
Lie bracket on g, the bracket A.4 defines a Lie bracket on g/1i. O

Theorem A.1.3 ([28]). Let g and h be Lie algebras.

(i) If o : g —> b be a homomorphism, then
a(g) = g/kera.

For any ideal i in g with i C kera, there is exactly one homomorphism B : g/i — Y such that
Borm =u, where T : g — g/iis the quotient map.

(ii) Ifi, j are two ideals in g withi C j, thenj/iis an ideal in g/iand (g/i)/(3/i) = g/j.
(iii) If1, j are two ideals, then i+ j and i N j are ideals of g and
i/(iNj)

Lie algebras can be constructed in many various ways: via linear space or linear maps (endo-
morphisms) on a vector space, via vector fields, via Lie groups, via a set of structure constants, or via
differential operators (see [28, 43] The proposition A.1.2 describes an important construction: for
each ideal i, we obtain a Lie algebra g /1, so the Lie algebra g can be decomposed into two Lie algebra
iand g/i. So we may ask how can build a Lie algebra g from two Lie algebras i and b such that i is
an ideal of g and g/i =2 . The semidirect sum of Lie algebras give rise to such construction.

Definition 24. Let g and h be Lie algebras and « : § — der(g) be a homomorphism. Then the
direct sum g @ b in the vector space sense is a Lie algebra with respect to the following bracket

[(x1,%2), (y1,¥2)] := (a(x2)y1 — a(y2)x1 + [x1,y1], [x2, ¥2]) (A5)

for x1,¥1 € @, X2,y € b. This Lie algebra is called the semidirect sum with respect to & of g and
h. It is denoted by g X, b. In a particular case, when &« = 0, then the semidirect sum reduces to the
direct sum of Lie algebras, and it is denoted by g @ b, where

[(x1,%2), (y1,¥2)] := ([x1,y1], [x2,42]), forxi,y1 € g, x2,y2 € b. (A.6)

The subspace {(x,0) € g X, b} is an ideal in g X, b isomorphic to g and {(0,y) € g X, b}
is a subalgebra of g X, b isomorphic to b. For a derivation D € der(g), we simply write g X p K for
the semidirect sum defined by a(t) := tD.

x €g}
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Example 8. Let V be a vector space over a field K with dimV = n. We endow V with the abelian
Lie bracket, that is [, v] := 0 for any u,v € V. We consider the Lie algebra gl,,(K) together with
its induced action on V which is given by

a(A)v:=Av, VAegl,(K),veV.
It is easy to check that for all A € gl,,(K), u,v € V the Leibniz condition is satisfied, that is
Alu,v] = [Au,v] + [u, Av]

which can be rewritten as
a(A)[u,v] = [a(A)u,v] + [u,a(A)v].

It means that the algebra gl,(IK) stands for the derivation algebra of the Lie algebra (V,[ , ]).
Formally, gl,,(KK) = der(V). In addition, the semidirect sum V X, gl, (IK) is well defined with
respect to the bracket

[(u,A),(v,B)] := (Au— By, [A,B]) forall A, B € gl,(K), u, veV.

A.1.3 Complexification and Real form

Definition 25. If V is a finite-dimensional real vector space, then the complexification of V, denoted
VC, is the space of formal linear combinations

v + iUy

with v1, v, € V. This becomes a real vector space in the obvious way and becomes a complex vector
space if we define
i(v1 +iv) = —vp + ivq

We could regard the complexification VC as the tensor product C ®R V which a complex
vector space with respect to the scalar multiplication A.(z ® v) := Az ® v. We identify V with the
subspace 1 ® V of V€. Furthermore, if {vy,...,v,} areal basis of V, then {1®vy,...,1®v,} is
a complex basis of VC.

Proposition A.1.4. Let g be a real Lie algebra.

(i) g€ is a complex Lie algebra with respect to the complex bilinear Lie bracket, defined by
[x1 4 iy1, x2 + iy2] == ([x1,%2] = [y1, v2]) +i([x1, y2] + [y1, %2]).

(ii) [a%, 9] = [g, 9] as a complex Lie algebra.

Example 9. The Lie algebras s03(IR) = 03(IR) N sl3(IR)) and su(2) are isomorphic. This latter is
not isomorphic to 5l;(IR), even though s03(R)€ = 515 (IR)€ =2 515(C). For more details see [26, 28]

It is important to notice that the complexification of real Lie algebra satisfy the universal
property: let g be a real Lie algebra and g€ its complexification, and h an arbitrary complex Lie
algebra. Every real Lie algebra homomorphism of g into h) extends uniquely to a complex Lie algebra
homomorphism of g€ into b.

A.1.4 Representations and Modules

In this subsection, we shortly introduce the concept of representations and modules of Lie alge-
bras [26].

Definition 26. A representation (77, V) of a Lie algebra g is a Lie algebra homomorphism 77 of g
into gl(V), where V is a vector space. If 7T is a one-to-one homomorphism, then the representation is
called faithful.

Definition 27. Let g be a Lie algebra. A g-module is a vector space V together with a bilinear map

gxV —V, (x0)—2xv
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satisfying
[x,y].v =x.(yv) —y.(xv) for x,y€g, veV.

Definition 28. (a) Let g be a Lie algebra and V a g-module. A subspace W C V is called a
g-submodule if gW C W.

(b) A g-module V is called simple if it is nonzero and there are no submodules except {0} and V.
It is called semisimple, if V is the direct sum of simple submodules.

(c) If V and W are g-modules, then a linear map ¢ : V — W is called a homomorphism of
g-modules if forall x € gandallv € V,

p(x.v) = x.¢(v).

We note Homg (V, W) for the vector space of all g-module homomorphisms from V to W
and note that the set Endg (V) := Homg(V, V) of module endomorphisms of V' is an associative
subalgebra of End(V). If ¢ € Homg(V, W) is bijective, then the inverse map ¢ : W — V is also
a homomorphism of g-modules satisfying ¢ o ¢ = idy and ¢ o ¢ = idy. Therefore, ¢ is called an
isomorphism of g-modules. The set of isomorphisms V — V is the group Auty (V) := Endg(V)*
of units in the algebra Endg (V).

Example 10. We easily show that any Lie algebra g carries a natural g-module structure defined
by the adjoint representation x.y := [x,y|. From the above definition, the g-submodules of g are
precisely the ideals.

Remark 9. It is important to notice that the representations of g and g-modules are equivalent con-
cepts. Indeed, if 7t : g — gl(V) is a representation, then a g-module structure on V is defined by
x.v = 7t(x)v. Conversely, for every g-module V, the map 77 : g — gl(V) defined by 7t(x)v = x.v
is a representation.

A.1.5 Cohomology of Lie algebras

Definition 29. Let V and W be a vector spaces and n € IN. A multilinear map f : W" — V is
called alternating if

flwe,, ..., we,) =sgn(o)f(wy, ..., wy)

for w; € W and sgn(c) is the sign of the permutation o € Sj,.

Let g be a Lie algebra and V' a g-module. For any non-negative integer 1, we set
C"(g,V) := Hom(A"g, V)

the space of alternating n-linear mappings g"* — V (the n-cochains), in particular we put C° (g, V)=V,
and we consider the differential operator d” : C" (g, V) — C"*1(g, V') given by

n—1
d"(w)(xg,...,xy) = Z [xi, w(x0, ..., Xi).oe, Xn)]

=0
+ Z(—l)iJrlw(xo, e X1, X ) X, X)),
i<j

where £; means that x; is omitted. It is proved in ...that {C" (g, V'), d" },,>0 is a cochain of complex,
ie, d"lod" =0.

Definition 30. Let g be a Lie algebra and let V be a g-module.

(1) The nth cohomology space of g with coefficients in V is the nth cohomology space of the
cochain complex {C"(g, V'),d" },>( defined by

H"(g, V) := H({C"(g,V),d" }n>0) := Ker(d") /Im(d" 1)

where the subspace
Z"(g,V) := ker(d")



64 Appendix A. Lie Theory

is the space of the n-cocycles, and the subspace
B'(g, V) :=Im(d"""), B%gV):= {0}
is the space of the n-coboundaries with B" (g, V) C Z"(g, V) forall n > 0.

(ii) for each x € g and n > 0 the insertion map or contraction
iv:C'g, V) — C" g, V), ir(w)(x1,...,%0_1) = @w(x,x1,...,%5_1).
We further define i, to be 0 on C%(g, V).

For more details concerning cohomology of Lie algebras one can see [28].

A.1.6 Some classes of Lie algebras

In this subsection we define some classes of Lie algebras, namely, nilpotent, solvable and semi-simple
Lie algebras.

Nilpotent Lie algebras

Let (g, [, ]) be a Lie algebra. Define its lower central series recursively by

C%g):=g and C"(g):=[g,C" '(g)]

for any n > 0. In particular, C>(g) = [g, g] is the commutator algebra of g. By induction, we show
immediately the following result.

Proposition A.1.5. Each C"(g) is an ideal of g, and C"T1(g) C C"(g) for any n > 1.

Definition 31. » The Lie algebra g is called nilpotent, if C?(g) = {0} for some d. If d is minimal
with this property, then it is called the nilpotence degree of g.

» The Lie algebra g is called abelian, if C2(g) = {0}.

Example 11. (i) The Heisenberg Lie algebra
0 0O
by ~ z 0 0),xyz €R
x y 0

is nilpotent.
(i) Every abelian Lie algebra is nilpotent.
Proposition A.1.6. Let g be a Lie algebra.
(i) If g is nilpotent, then all subalgebras and all homomorphic images of g are nilpotent.
(ii) If a is a subalgebra of 3(g) and g/ a is nilpotent, then g is nilpotent.
(iii) If g # {0} is nilpotent, then 3(g) # {0}.

(iv) If g is nilpotent, then there is an n € N with ad(x)" = 0 for all x € g, i.e., the ad(x) are
nilpotent as linear maps.

(v) Ifiis an ideal of g, then all the spaces C" (i) are ideals of g.

Theorem A.1.7 (Engel’s Characterization Theorem for Nilpotent Lie Algebras). Let g be a finite-
dimensional Lie algebra. Then g is nilpotent if and only if for each x € g the operator ad(x) is
nilpotent.
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Solvable Lie algebras

The derived series of a Lie algebra g is defined inductively by
D%(g):=g and D":=[D""'(g),D" '(g)]
for n € N. From D'(g) C g, we inductively conclude that D" (g)D"~!(g).
Proposition A.1.8. Each D"(g) is an ideal of g.
Definition 32. The Lie algebra g is said to be solvable, if there exists an n € N with D" (g) = {0}.
Examples 4. 1. The oscillator algebra' is solvable, but not nilpotent.

2. Every nilpotent Lie algebra is solvable because D" (g) C C"*1(g) follows easily by induction.
(iii) Consider R and C as abelian real Lie algebras and write I € Endp (C) for the multipli-
cation with i. Then the Lie algebra C xR is solvable, but not nilpotent. It is isomorphic to
9/3(g), where g is the oscillator algebra.

Proposition A.1.9. Let g be a Lie algebra.
(i) If g is solvable, then all subalgebras and homomorphic images of g are solvable.
(ii) Ifiis a solvable ideal of g and g/1 is solvable, then g is solvable.
(iii) If i and j are solvable ideals of g, then the ideal i + j is solvable.
(iv) Ifiis an ideal of g, then the D" (i) are ideals in g.

Definition 33. Every finite-dimensional Lie algebra g contains a unique maximal solvable ideal
vad(g). This ideal is called the radical of g.

Lie’s theorem:
Let V be a vector space. A tuple F = (Vj, Idots, V;;) of subspaces with

0=V,CVC...CV,=V
is called a flag in V . Then
o(F) == {x e gl(V): (v))xV; € Vj}
a Lie subalgebra of gl(V) = End(V)|.
0u(F) = {x € al(V) 5 (V] > 0)xV; C Vi 1}
is an ideal of g(F). Here the 1 in g, () stands for "nilpotent".

Definition 34. Let V be an n-dimensional vector space. A complete flag in V is a flag (Vp, ..., Vy)
with dim V}. = k for each k.

Theorem A.1.10 (Lie’s theorem for solvable Lie algebras). Let V' be a finite-dimensional complex

vector space and g be a solvable subalgebra of gl(V'). Then there exists a complete g-invariant” flag
inV.

Related to the notion of representation of Lie algebras, we have, as consequence of the above
theorem, the following results.

Corollary A.1.11. Ler 7t : g — gl(V) be a representation of the solvable Lie algebra g. Then the
restriction to (g, g] is a nilpotent representation’.

Corollary A.1.12. A Lie algebra g is solvable if and only if its commutator algebra [g, g] is nilpotent.

Cartan’s Solvability Criterion:

I'The oscillator algebra is given by b3 xp IR, where D is a dervation of the Heisenberg Lie algebra bz [28]
2(V;) C Vi for any i
3 A representation (77, V) is said to be nilpotent if there exists an n € N with 7z(g)" = {0}
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Theorem A.1.13 ([herm)). Letr V be a finite dimensional vector space and g a subalgebra of gl(V).
Then the following are equivalent

(i) g is solvable.
(ii) tr(xy) =0 forall x € [g,g] and y € g.
As a direct consequence, we have the following corollary.
Corollary A.1.14. Let g be a Lie algebra. Then the following statements are equivalent
(i) g is solvable.
(ii) tr(adx ady) = 0 for all for all x € [g,g] and y € g.

Semisimple Lie algebras

Definition 35. Let g be a finite-dimensional Lie algebra. Then g is called semisimple if its radical is
trivial, i.e., vad(g) = {0}. The Lie algebra g is called simple if it is not abelian and it contains no
ideals other than g and {0}.

Notice that this definition is equivalent to say a semisimple Lie algebra g is a Lie alegbra that
contains no nonzero solvable ideals. It implies in particular that the center 3(g) = 0.

The condition that a simple Lie algebra g should not be abelian is included to rule out one-
dimensional Lie algebra: there are many reasons not to include it in the class of simple Lie algebras.
One of these reasons is the following proposition.

Proposition A.1.15. Any simple Lie algebra is semisimple.

Example 12. The classical Lie algebras such as sl(n,C), su(n), sp(2n,C), so(n,C) are semisim-
ple.

Cartan’s semisimplicity Criterion:
Let g be a Lie algebra. We define the Cartan Killing form as follows:

kg:gxg— K, x4(x,y):=tr(adx ady).

In connection with the Cartan criterion for solvable Lie algebras, we have seen that the bilinear form
on finite-dimensional Lie algebra is of interest. This symmetric form has a compatibility with the Lie
algebra structure expressed by its invariance

rg([x,y],2) = Kg(x, [y, 2]) for x,y,z €0

It is worth pointing out that the Cartan—Killing form of a subalgebra h C g cannot be calculated in
terms of the Cartan—Killing form of g, but for ideals we have:

Lemma A.1.16. For any ideal i of g, ki = Kgixi.
The following theorem characterizes semisimplicity in terms of the Cartan—Killing form.

Theorem A.1.17 ([28]). A Lie algebra g is semisimple if and only if kg is nondegenerate, i.e.,
tad(xg) = {0}

As a connection between the structure of a Lie algebra g and its complexification g€, we have:
since tad (x4)¢ = tad(kc c ). Theorem A.1.17 shows that a real Lie algebra g is semisimple if and
only if its complexification g€ is semisimple.

There is another characterization of semisimple Lie algebras using direct sum of simple ideals
and Lie algebras.

Proposition A.1.18. Let g be a semisimple Lie algebra. Then there are simple ideals g1, . .., gk of ¢
with
g=01D... 0

Every ideal i of g is semisimple and a direct sum i = @je1g; for some subset I € {1,...,k}.
Conversely, each direct sum of simple Lie algebras is semisimple.
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Levi’s decomposition:
For a general Lie algebra g, which is neither semisimple nor solvable, we can try to separate the
solvable and semisimple parts. In fact, we have the following stronger result.

Theorem A.1.19 ([35]). Any Lie algebra can be written as a direct sum

g = rad(g) @ gss

where gss is a semisimple subalgebra (not an ideal! ) in g. Such a decomposition is called Levi
decomposition for g.

A.2 Structure Theory of Lie groups

We first fix some notations of differential geometry: For a manifold M and a point m € M, we
denote by T;;M the tangent space to M at point m, and by TM the tangent bundle to M. A vector
fields on M is a smooth map X : M — TM with 7ty o X = idy, that is a global sections of
TM. The vector space of of all vector fields is denoted by V(M). For a morphism f : X — Y
and a point x € X, we denote by Tyf := fi(x) : TeX — Tf(,)Y the corresponding map of
tangent spaces. Recall that a morphism f : X — Y is called an immersion if rankf, = dim(X)
for every point x € X; in this case, one can choose local coordinates in a neighbourhood of x € X
and in a neighbourhood of f(x) € Y such that f is given by f(xq,...,x,) = (x1,...,%,0,...,0).
An immersed submanifold in a manifold M is a subset N C M with a structure of a manifold not
necessarily the one inherited from M such that inclusion map i : N — M is an immersion. Note
also that for any point p € N, the tangent space to N is naturally a subspace of tangent space to M:
TyN C TyM. An embedded submanifold N C M is an immersed submanifold such that the inclusion
map i : N — M is a homeomorphism. In this case the smooth structure on N is uniquely determined
by the smooth structure on N. In this section, we briefly review some of the standard facts on Lie
groups [28, 41].

Definition 36. A (real) Lie group G is a smooth manifold together with a smooth multiplication
mg : G X G — G that makes G into a group and the inverse map § — g_1 is a smooth map of G
into itself.

It is worth pointing out that this definition has a complex analogue, in which smooth mani-
folds are replaced by complex analytic manifolds and smooth maps by holomorphic maps (see for
instance [43]). The class of groups endowed with a complex analytic manifold structure compatible
with the group structure are so-called complex Lie groups. When talking about complex Lie groups,
"submanifold" will mean "complex analytic submanifold", tangent spaces will be considered as com-
plex vector spaces, all morphisms between manifolds will be assumed holomorphic, etc.

Throughout this section, most results apply to real and complex Lie groups. Therefore, we
frequently omit the words "real and complex" and we simply refer to "real or complex" Lie groups as
Lie groups. Unless one wants to stress the difference between real and complex case, it is common to
indicate which class will be considered.

Now, let G be a Lie group with neutral element 1 and g be an element of G. We denote respec-
tively Lo : G — G, x — gx and Rg : G — G, x —— xg the left and right multiplication by g
which are smooth since the multiplication map is assumed smooth. We further write ¢ : G — G,
X — gngl for the conjugation map with ¢. It is, again, a smooth map. Furthermore, all maps
L¢, Rg and cq are bijective with inverse Lgfl, Rgfl and c o1 respectively. Thus they are diffeomor-
phisms of G onto itself.

Examples 5. 1. (R",+) is a Lie group.
2. The usual groups of linear algebra, such as

¢ the group GL, (K) of invertible (1 x n)-matrices,

* the special linear group: SL, (K) := {g € GL,(K) | det(g) = 1},
+ the orthogonal group: O, (K) := {g € GL,(K) | ¢" = ¢7'},

¢ The special orthogonal group: SO, (K) := SL,(K) N O, (K),
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+ the unitary group: U, (K) := {g¢ € GL,(K) | g* = g~ '}. Note that U, (R) = O,(R),
but U, (C) # O,(C),

¢ the special unitary group: SU, (K) := SL,(K) N U, (K) are Lie groups.
3. The unit circle S' := {z € C | |z| = 1} in C is a Lie group with group product

1

(v y).(x"y) = (' =y, 2y’ +xy),  (xy) = (x,—p).

Definition 37. Let G be a Lie group. A closed subgroup H that is also a submanifold is called Lie
subgroup.

A.2.1 Representations and smooth actions

Definition 38. Let M be a smooth manifold and G a Lie group. A left (smooth) action of G on M is
a smooth map
c: GxM — M,
(gym) +— o(g,m):=gm

with the following properties:
(a) 1.m = m for allm € M.
(b) g1-(g2.m) = (g1§2).m forgi,g2 € G, m € M.
For each smooth action, the map
6:G —  Diff(M),
g — og:=0(g.)

is a group homomorphism. Conversely, any homomorphism v : G — Diff(M) gives rise to a
smooth action of G on M:

c: GxM — M,
(gm) r— o(g,m):=(g)(m).

. Similarly, we define a right action as asmooth mapog : GXM — M, (m,g) — or(m, g) :==m.g
with
ml=m, (m.g).g =m.(g182) forgi, g€ G meM.

Furthermore, the concepts of left and right actions are analogues. One can pass from one type of
action to the other: if o7, is a smooth left action, then

or(m,g) :=or(g"",m)

defines a smooth right action of G on M. Conversely, if oy is a smooth right action, then
— -1
or(gm) :=or(m,g~")
defines a smooth left action.

Definition 39. A representation of Lie group (77, V) is a smooth homomorphism of Lie groups
7t : G — GL(V) where V is a finite dimensional vector space.

It is clear that any representation defines a smooth action of G on V via
(g, 0) :=7(g)(v).

Thus, representations are the same as linear actions, i.e., actions on vector spaces for which the g are
linear.
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A.3 Lie groups and their Lie algebras

The Lie functor assigns a Lie algebra to each Lie group and a Lie algebra homomorphism to each
morphism of Lie groups. It is the key tool to translate Lie group problems into problems in linear al-
gebra. The basic point of Lie functor construction is that the vector space of left invariant vector fields
on a Lie group defined below inherits a structure of Lie algebra as a Lie subalgebra of (V(G), [, ]):
we recall that for any X, Y € V(G), and for each (¢, U) chart of G, there exists a vector field
[X,Y] € V(G) which is uniquely determined by

[X,Y]o(p) = [Xg, Yol (p) := dYy(p) Xp(p) — dXo(p)Yy(p). (A7)

for p € @(U) with X, := T(¢) o Xo @~ ! is the @-related vector field to X on the open subset
¢(U) C R"™. The bracket A.7 turns V(G) into a Lie algebra. For the proof one can see [28]. Let us
define the Lie algebra of a Lie group G.

Definition 40. A vector field X € V(G) is called left invariant if
X = (Lg)«X :=T(Lg) o XoL,"

for any ¢ € G. We write V(G)' for the set of left invariant vector fields in V(G).

From the definition, we show that left invariance of a vector field X is equivalent to Lg-
relatedness of to itself for each ¢ € G. Due to Related Vector Field Lemma (see for instance [28])
one can show that the space V(G)' is a Lie algebra (as a Lie subalgebra of V(G)). Now, for any
X € V(G)!, we have X(g) = T(Lg) o X(1) := g.X(1), Vg € G, so that any vector field is
completely determined by its values at the identity X(1) € T;(G). Conversely, for each x € T1(G),
we associate a left vector field x; € V(G)! given by x/(1) = x and x;(g) = T(Lg)(x) = g.x. Thus

Ti(G) — V(G), xr—x

is a linear bijective map. So the tangent space T;(G) inherits a structure of Lie bracket with respect
the following bracket
[x,y]; =[x, y] forall x,ye€ Ti(G).

We write
L(G) := (Ta(G),[, ) = V(G)!

for the Lie algebra of G. Furthermore, for a smooth homomorphism ¢ : G; — G of Lie groups,
the tangent map
L(¢) :==Tig: L(G1) — L(G2)

is a homomorphism of Lie algebras. These results mean that the assignments G — L(G) and
« — L(a) define a functor, called the Lie functor,

L : LieGrp — LieAlg

from the category LieGrp of Lie groups to the category LieAlg of Lie algebras. Now, we describe a
fundamental example of Lie functor.

Example 13. Let G be a Lie group and L(G) its Lie algebra. For any ¢ € G, we denote by
Adg : L(G) — L(G) the differential of conjugation automorphism c, at the identity element 1.
We have then Ady € Aut(L(G)). By Chain rule formula, we get

Adg o, = L(cglgz) = L(cgl) o L(cgz) = Adg, 0 Ady,,Vg1,82 € G.

Therefore, Ad : G — Aut(L(G)) is group homomorphism which is so-called the Adjoint repre-
sentation. It remains to show that Ad is smooth. Indeed, let x € L(G), we have

Adg(x) = Ti(Lg o Ry-1)(x) = Ty1(Lg) T1(Rg-1)(x)
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in the Lie group T(G) (the tangent bundle of G). Since the multiplication T (1) in T(G) is smooth,
the representation Ad of G on L(G) is smooth, so that

L(Ad): L(G) — gl(L(G))
is a representation of L(G) on L(G). Moreover,
L(Ad) =ad, ie., L(Ad)(x)(y) = [x,y] forall x,y€ L(G).

Next, let introduce an important tool of Lie theory which allows us to describe the inverse of
the Lie functor: the exponential map exp : L(G) — G which generalizes the matrix exponential
map obtained for G = GL, (R) and its Lie algebra L(G) = gl,(R).

Definition 41. The exponential function is defined by
exps : L(G) — G,  expg(x) == 7x(1),

where 7y, : R — G is the unique solution of the initial value problem

y(0) =1, 9 (t) =x;(y(t)) =v(t)x forallt € R.

That is vy is the unique maximal integral curve of the left invariant field x;. It is obviously
to show that the exponential function is well defined since each left invariant vector field is complete
(defined on the whole space R) of Lie groups satisfies many properties but here we restrict briefly to
give the immediate one:

Proposition A.3.1. For a Lie group G, the exponential function
exp; : L(G) — G

is a smooth map and satisfies
To(expg) = idp(G)-

In particular, exp is a local diffeomorphism at 0 in the sense that it maps some 0-neighborhood in
L(G) diffeomorphically onto some 1-neighborhood in G.

Now, let us summarize some main results concerning the correspondence between Lie groups
and Lie algebras:

* for each smooth homomorphism ¢ : Gi — G of Lie groups, the tangent map
L(¢) :=Tig: L(G1) — L(Gz)

is a homomorphism of Lie algebras for which the diagram

L(e)

L(G1) — L(Gy)
eXpg, T T expg,
Gy — Gy
%

commutes, that is
expg, °L(¢) = g oexpg, -
For example, for each Lie group G, we have the following crucial formula:

Adoexp, = e

Theorem A.3.2 ( Lie’s Third Theorem). For a (finite dimensional) Lie algebra g, there is, up
to isomorphism, a unique 1-connected Lie group with Lie algebra g.
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* Let h be a Lie algebra and § : h — L(G) be a homomorphism into the Lie algebra of a Lie
group G. Then there is a unique morphism « : H — G such that the diagram

p=L(a)

b — L(G)
expy 1 T expg
H — G
14

commutes, where H is the connected Lie group such that h = L(H).

* The homomorphic images of connected Lie groups H in a Lie group G are the subgroups of the
form < expg(h) > for a Lie subalgebra h C L(G), i.e., the integral subgroups.
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Appendix B

Racks and knots

The combinatorial diagrammatic viewpoint suggests a method for deriving an algebraic structure
determined by Reidemeister equivalence of knot diagrams[1]: start by labeling sections of a knot
diagram with generators of an algebraic structure and defining operations where the arcs meet at
crossings. The Reidemeister moves then determine axioms for suggested algebraic structures namely
keis, quandles and racks [24, 32]. In the way that the axioms of a rack correspond to blackboard-
framed isotopy moves on link diagrams. Quandles axioms correspond to the three Reidemeister moves
which combinatorially encode ambient isotopy of oriented link. Omit the orientation of a link, kei
axioms describe the three Reidemeister moves for links.

Kei and Reidemeister moves

Let X be a kei and let D be a link digram. An arc coloring of D by the kei X is a map
{arcsof D} — X

which assigns to each arc a color in X such that at each crossing the arc colored by x passing under an-
other arc colored y gets the color x I> y. Now, let describe kei axioms and corresponding Reidemeister
moves:

* Idempotency condition corresponds to the type I Reidemeister move.
* Own right-inverse corresponds to the type II Reidemeister move.
* Right self-distributivty corresponds to the type I1] Reidemeister move.

These facts are visualized in the following figure.
1 11
x>y
<> <> >

\ x>y

N i
N\ 77

z yb>z (z>y) >z z y>z (zp>z)> (y>2)

€T

FIGURE B.1: Kei axioms and Reidemeister moves
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Quandle and Reidemeister moves

We first fix a convention of signs of crossings which depends on whether the understrand is directed
right-to-left or left-to-right when viewed from the overstrand.

T
Yy Y x

FIGURE B.2: Crossing sings and quandle operation

Analogously to keis, quandle axioms encode Reidemeister moves of oriented diagrams as de-
picted in Figure B.3.

x x x Yy x Yy

I d 1 \
- > >x>y

T r D>x x Y (z>y) > Ly Y
ny
l>z
(—)
y>z  (z>y)> =z y>z (zl>z)l>(yl>z)

FIGURE B.3: Quandle axioms and Reidemeister moves

The rack axioms encode the Reidemeister moves of type II and I11.

One of the main concerns of knot theory is to provide tools enabling one to decide if two given
knot diagrams determine the same knot. In practice, guessing the Reidemeister moves relating two
equivalent diagrams is not always an easy task.

Usually, to distinguish two knot diagrams we often use knot invariants. There are mathemat-
ical objects (numerical value, polynomial, group,...) assigned to knots (or knot diagrams). Although,
knot invariants are not usually complete, they are so powerful for proving inequivalence of knots.
Here, the word "complete" means that two knots are equivalents if and only if they have the same con-
sidered knot invariant. Many examples of elementary invariants as crossing number, linking number,
knot group, Fox-coloring are introduced in [21, 22]. We have mentioned that quandles provide many
knot invariants. The fundamental quandle or knot quandle was introduced by Joyce and Matveeyv.
Joyce showed that it is a complete invariant of a knot (up to a weak equivalence) [32].

In 2007, Rubinsztein introduced the notion of topological quandles [40]. Using a particular
action of the braid group By, on the Cartesian product of 7 copies of a topological quandle (Q,>), he
associated the space (L) which the set of fixed points under the action of the braid o € B, for a
braid ¢ whose closure is the oriented link L. The main result of the paper was that the space Jo(L)
depends only on the isotopy class of the oriented link L. During our investigations, we have used
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some obtained topological quandles mentioned in Subsection 3.3.2, to determine the corresponding
Rubinsztein spaces of some particular knots and links. For example, by using the quasi-trivial quan-
dle Q(Gs1), we have found by straightforward computation the following results concerning Hopf,
Whitehead, and Borremean links:

e Let L be the Hopf link.

FIGURE B.4: Hopf link

It is the closure of o} 2 e Bs.

JoGs (L) = {((a,b,¢), (x,y,2)) € 1°Q(G31) | bz = cy}.

¢ Consider the Whitehead link L. It is the closure of the braid

(X

FIGURE B.5: Whitehead link

o= Uflazaflazafl € B3
Josn (L) = {((a,,0), (x,y,2), (x,9,2)) | ((a,b,¢), (x,,2)) € [PQ(G31)}-
¢ Consider the Borromean rings L6a4. It is the closure of the braid
o= (0’10’2)3 € Bs.
Let ((a,b,¢), (x,y,2), (t,u,w)) € H3Q(G3,1), then
o((a,b,c), (x,y,2), (L, u,w)) = ((a,b,¢), (x,y,2), (t,u,w))
that is equivalent to the following system

[(a,b,c) > (Lu,w)] > (x,y,z) = (a,b,c)
[(x,y,2) & (L u,w)] > (a,b,c) = (x,y,2)
[(t,u,w)r> (x,y,z)] > (a,bc) = (tuw)
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(

FIGURE B.6: Borromean rings

One can easily check that ((a,b,c),(a,b,c),(a,b,c)) and ((a,b,c),(a,b,c),(x,b,c)) with
a # x are two different solutions of the above system and therefore | Q(Gs1) (L6a4) contains at
least two different elements. '

From the above computations, we immediately deduce that the Rubinsztein space (g, ) distin-
guishes those three links. However, surprisingly, we have showed that the Rubinsztein space Jog, )
does not distinguish many knots (one component).
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