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Introduction

In this thesis, we study Lie algebras, Lie superalgebras, Jordan algebras and Novikov alge-
bras equipped with a non-degenerate associative bilinear form. Such algebras are considered
over the field of complex numbers and finite-dimensional. We add the condition that the bilin-
ear form is symmetric or even, supersymmetric in the graded case. We call them respectively
quadratic Lie algebras, quadratic Lie superalgebras, pseudo-Euclidean Jordan algebras
and symmetric Novikov algebras.

Let g be a finite-dimensional algebra over C and (X,Y) — XY be its product. A bilinear
form B : g x g — C is called associative (or invariant) if it satisfies:

B(XY,Z) =B(X,YZ)

for all X,Y,Z in g and non-degenerate if B(X,g) = 0 implies X = 0. Such a bilinear form has
arisen in several areas of Mathematics and Physics. It can be seen as a generalization of the
Killing form on a semisimple Lie algebra, the inner product of an Euclidean Jordan algebra or
simply, as the Frobenius form of a Frobenious algebra. The associativity of a bilinear form also
can be found in the conditions of an admissible trace function defined on a power-associative
algebra. For details, the reader can refer to a paper by M. Bordemann [Bor97].

We begin with a quadratic Lie algebra g and its product, the bracket [, |. A result in the
work of G. Pinczon and R. Ushirobira [PUQ7] leads to our first problem: define the 3-form I on
g by I(X,Y,Z) = B([X,Y],Z) for all X,Y,Z in g. Then I satisfies {I,/} = 0 where { , } is the
super-Poisson bracket defined on 7(g), the Grassmann algebra of skew-symmetric multilinear
forms on g by:

{Q,Q} = (—1)k! Z 1y, (Q) A iy, (), VQ € 7¥(g),Q € o (g)

in a fixed orthonormal basis {X, ..., X,} of g.

In this case, the element / is called the 3-form associated to g. Conversely, given a quadratic
vector space (g, B) and a non-zero 3-form / on g such that {/,7} = 0, then there is a non-Abelian
quadratic Lie algebra structure on g such that / is the 3-form associated to g. By a classical result
in a N. Bourbaki’s book [Bou58]| that is also recalled in Proposition we set the following
vector space:

={aecg’| aNnI=0}

The dup-number dup(g) of a non-Abelian quadratic Lie algebra g is defined by dup(g) =
dim (V). It measures the decomposability of the 3-form / and its range is {0, 1,3}. For instance,
I is decomposable if and only if dup(g) = 3 and then the corresponding quadratic Lie algebra

Vi



Introduction

structures can be determined completely up to isometrical isomorphisms (or i-isomorphisms, for
short) [PUO7]]. Such Lie algebras appear also in the classification of Lie algebras whose coad-
joint orbits of dimension at most 2 (done by D. Arnal, M. Cahen and J. Ludwig [ACL95]). A
remarkable point is that the dup-number is invariant by i-isomorphism, that is, two i-isomorphic
quadratic Lie algebras have the same dup-number.

The first goal of our study is to determine quadratic Lie algebra structures in the case
dup(g) = 1. The classification of such structures is one of the aims of this thesis. Here, we
want to emphasize that our classification is considered in two senses: up to i-isomorphisms and
more strongly, up to isomorphisms. This study is interesting by itself. It allows us to regard two
distinguished kinds of classes: quadratic Lie algebras whose dup-number is non-zero and those
whose dup-number is zero.

We say that a non-Abelian quadratic Lie algebra g is ordinary if dup(g) = 0. Otherwise, g
is called singular. By a technical requirement, we separate singular quadratic Lie algebras into
two classes: those of type S; if their dup-number is 1 and of type S; if their dup-number is 3.

For n > 1, let O(n) be the set of ordinary, 8(n) be the set of singular and Q(n) be the set of
non-Abelian quadratic Lie algebra structures on C". The distinction of two sets O(n) and 8(n)
is shown in Theorem 2.2.13] as follows:

THEOREM 1:
(1) O(n) is Zariski-open and 8(n) is Zariski-closed in Q(n).
(2) Q(n) # 0 if and only if n > 3.
(3) O(n) # 0 if and only if n > 6.

Next, we shall give a complete classification of singular quadratic Lie algebras, up to i-
isomorphisms and up to isomorphisms. It is done mainly on a solvable framework by the
reason below. There are four main steps to reach this goal:

(1) Using the identity {,1} =0, we determine the Lie bracket on a solvable singular quadratic
Lie algebra (Proposition [2.2.22).

(2) We describe a solvable singular quadratic Lie algebra as a double extension of a quadratic
vector space by a skew-symmetric map (or double extension, for short) (this notion is
initiated by V. Kac [Kac85] and generally developed by A. Medina and P. Revoy [MRS35]).
As a consequence of (1), a quadratic Lie algebra is singular and solvable if and only if it
is a double extension (Proposition 2.2.28 and Proposition [2.2.29).

(3) We find the i-isomorphic and isomorphic conditions for two solvable singular quadratic
Lie algebras (Theorem [2.2.30] and Corollary [2.2.31). These conditions allow us to es-
tablish a one-to-one correspondence between the set of i-isomorphic class of solvable

singular quadratic Lie algebras and the set P!(0(n)) of O(n)-orbits in P!(o(n)), where
P!(0(n)) denotes the projective space of the Lie algebra o(n).

(4) Finally, we prove that the i-isomorphic and isomorphic notions coincide for solvable sin-
gular quadratic Lie algebras.

vil



Introduction

What about non-solvable singular quadratic Lie algebras? Such a Lie algebra g can be
written as

i
g=5D3
where 3 is a central ideal of g and s ~ 0(3) equipped with a bilinear form Ax for some non-
zero A € C where « is the Killing form of 0(3). Note that different from the solvable case, the

notions of i-isomophism and isomorphism are not equivalent in this case.
We denote by S¢(n-+2) the set of solvable singular quadratic Lie algebra structures on C"2,

by SAS(n +2) the set of isomorphism classes of elements in 85(n+2) and by SAsl(n +2) the set of
i-isomorphism classes. Given C € o(n), there is an associated double extension gz € S¢(n+2)

(Definition [2.2.26)) and then (Theorem [2.2.35)):

THEOREM 2: o ,
— ~1
The map C — g¢ induces a bijection from P! (0(n)) onto 8 (n+2).

A weak form of Theorem 2 was stated in the paper by G. Favre and L. J. Santharoubane
[ES&7], in the case of i-isomorphisms satisfying some (dispensable) conditions. A strong im-
provement to Theorem 2 will be given in Theorem 5 where the i-isomorphic notion is replaced
by the isomorphic notion.

We detail Theorem 2 in some particular cases. Let N(n+2) be the set of nilpotent singular
structures on C"*2, J/\\I‘(n +2) be the set of i-isomorphism classes and 5\\f(n +2) be the set of

isomorphism classes of elements in N(n+2). We denote g and g’ i-isomorphic by g ~ g’. Using
the Jacobson-Morozov theorem, we prove that (Theorem [2.2.37)):

THEOREM 3:

(1) Let gand g’ be in N(n+2). Then gég’ ifand only if g~ ¢'. Thus J/\\Ii(n+2) :ﬂ(n+2).

—

(2) Let A (n) be the set of nilpotent O(n)-adjoint orbits in o(n). Then the map C — gg

induces a bijection from 4 (n) onto N(n—+2).

In Chapter 1, we recall the well-known classification of nilpotent O(n)-adjoint orbits in
o(n). An important ingredient is the Jacobson-Morosov and Kostant theorems on s[(2)-triples
in semisimple Lie algebras (see the book by D. H. Collingwood and W. M. McGovern [CM93]
for more details). Using this classification, we obtain a classification of N(n +2) in term of
special partitions of n, that is, there is a one-to-one correspondence between 5\\f(n +2) and
the set &;(n) of partitions of n in which even parts occur with even multiplicity (Theorem
. In other words, we can parametrize the set if(n +2) by the set of indices & (n). This
parametrization is detailed by means of amalgamated products of nilpotent Jordan-type Lie
algebras.

Let D(n+2) be the set of diagonalizable singular structures on C"*2 (i.e. Cis a semisim-
ple element of o(n)) and D,eq(n+2) be the set of reduced ones (see Definition for the
definition of a reduced quadratic Lie algebra). Denote by @(n +2), @‘(n +2), Dyea(n+2)

viii
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and @;ed(n +2) the corresponding sets of isomorphism and i-isomorphism classes of elements

in D(n+2) and Dyeq(n+2). It is clear by Theorem 2 that @l(n +2) is in bijection with the
well-known set of semisimple O(n)-orbits in P! (o(n)). More precisely, we have the following
result (Proposition [2.2.40}, Corollary [2.2.43|and Proposition [2.2.44):

THEOREM 4:

(1) There is a bijection between @l(n +2) and the set of semisimple O(n)-orbits in P! (o(n)).

The same result holds for Dred(n +2) and semisimple invertible orbits in P! (o(n)).

(2) Let g and g’ be m@red(n +2). Then n must be even and g fiv ¢ ifand only if g~ ¢'. Thus,
@red(Zp—i— 2)= Di (2p+2), forall p > 1.

red

(3) Let (g,B) be a diagonalizable reduced singular quadratic Lie algebra. Consider g4 the

double extension of C*> by C = (1) _01> Then g is an amalgamated product of singular

quadratic Lie algebras all i-isomorphic to g,.

Combined with the classification of semisimple O(n)-adjoint orbits of o(n) in Chapter 1,
the sets D(2p +2) and Dyeq(2p + 2) can be parametrized as in Theorem where the set
@(Zp +2) is in bijection with A, /H,, and the set @red(Zp +2)isin bl_]eCtIOIl w1th A /H) (see
Section [I.3]and Subsection [2.2.5|for the respective definitions).

Clearly, the parametrization of i-isomorphic classes of nilpotent or diagonalizable singular
quadratic Lie algebras can be regarded as a direct corollary of the classification of nilpotent or
semisimple O(n)-adjoint orbits of o(n). However, we do not find any reference that shows how
to parametrize O(n)-adjoint orbits of o(n) in the general case. Therefore, our next objective is
to determine such a parametrization. This solution allows us to go further in the classification
of singular quadratic Lie algebras.

We continue with the notion of an invertible singular quadratic/liie algebra (i.e. C is
invertible). Let S, (2p+2) be the set of such structures on C27*2 and 8;,, (2p +2) be the set of
isomorphism classes of elements in 8;,, (2p +2). The isomorphic and i-isomorphic notions co-
incide in the invertible case as we show in Lemma Moreover, a description of invertible
singular quadratic Lie algebras in term of amalgamated product can be found in Proposition
m The classification of the set gi;(Zp +2) is deduced from Theorem 6 below.

We turn our attention to the general case. Given a solvable singular quadratic Lie algebra
g, realized as the double extension of C" by C € o(n), we consider the Fitting components C;
and Cy of C and the corresponding double extensions g; = ¢, and gy = gg,, that we call the
Fitting components of g. We have g; invertible, gy nilpotent and g is the amalgamated product
of g; and gy. We prove that (Theorem [2.2.52):

THEOREM 5:
Let g and ¢’ be solvable singular quadratic Lie algebras and let gy, g1, gy, 9; be their
Fitting components, respectively. Then:

X
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i gNégfv
(1) g~ g ifand only if P
91 =9

The result remains valid if we replace ~ by ~ .

~1

(2) g~g ifand only if g L g'. Therefore SAS(n—I—Z) =8 (n+2).

Theorem 5 is a really interesting and unexpected property of solvable singular quadratic Lie
algebras.

From the above facts, in order to describe more precisely the set Ss(n+2), we turn to the
problem of classification of O(n)-adjoint orbits in o(n). Since the study of the nilpotent orbits is
complete, we begin with the invertible case. Let .# (n) be the set of invertible elements in o(n)
and .7 (n) be the set of O(n)-adjoint orbits of elements in .# (n). Notice that . (2p+ 1) = 0
(Appendix A) then we consider n = 2p. Define the set

9 = U {(d17"'7dr)€Nr| dlZdZZZdrzl}

reN*
and the map ® : 2 — N defined by ®(di,...,d,) = ¥/_,;d;. We introduce the set _#Z, of all
triples (A,m,d) such that:
(1) Ais asubset of C\ {0} with fA <2p and A € A if and only if —A € A.

(2) m: A — N* satisfies m(A) =m(—A), forall A € Aand Y, m(A) =2p.
AeA

(3) d: A — D satisfiesd(A) =d(—A), forall A € A and Pod = m.

To every C € .#(2p), we can associate an element (A,m,d) of _#, as follows: write C =
S+ N as a sum of its semisimple and nilpotent parts. Then A is the spectrum of S, m is the
multiplicity map on A and d gives the size of the Jordan blocks of N. Therefore, we obtain a
map i: .#(2p) = _#, and we prove:

THEOREM 6: _
The map i: 7 (2p) — _#, induces a bijection from % (2p) onto #,.

As a corollary, we deduce a bijection from g;(Zp +2) onto _#Z,/C* (Theorem [2.2.50)
where the action of 4 € C* = C\ {0} on _Z, is defined by

W (Aym,d) = (uA,m',d'"), withm'(uA) =m(1) and d'(ud) =d(A), VA € A.

Combined with the previous theorems, we obtain a complete classification of SAs(n +2) as
follows. Let Z(n) be the set of all pairs ([d],T) such that [d] € &2 (m), the set of partitions of
m in which even parts occur with even multiplicity, and 7 € _¢#; satisfying m 420 = n. We set
an action of the multiplicative group C* on Z(n) by:

‘U([d],T) = ([d]anLT) ) \V/ALL < C*7 ([d]vT) < @(n)
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and obtain the following result (Theorem [2.2.54):

THEOREM 7:
The set 8s(n+2) is in bijection with 2 (n)/C*.

By this process, we also obtain a complete classification of O(n)-adjoint orbits in o(n), a
result which is certainly known, but for which we have no available reference.
We close the first problem with the result as follows (Theorem [2.3.7):

THEOREM 8:
The dup-number is invariant under isomorphisms, i.e. if

g=~g’ then dup(g) = dup(g').

Its proof is not really obvious as in the case of i-isomorphisms. It is obtained through a
computation of centromorphisms in the reduced singular case. Here, we use a result of I. Bajo
and S. Benayadi given in [BB97]]. We also have the quadratic dimension d,(g) of g in this case

(Proposition [2.3.6)):
(@) = 1+ SO+ dme)
where Z(g) is the center of g.

As we will see in Chapter 4, we are also interested in 2-step nilpotent quadratic Lie algebras.
Thanks to double extensions, the simplest case of a quadratic Lie algebra is a solvable singular
quadratic Lie algebra. We have a similar situation for 2-step nilpotent quadratic Lie algebras
in term of T*-extensions, a notion given by M. Bordemann [Bor97]. Such algebras with a
characterization of i-isomorphic classes and isomorphic classes were introduced in a paper of
G. Ovando [Ova07]. By studying the set of linear transformations in o(h) where b is a vector
space with a fixed inner product, the author shows that if the dimension of the vector space
b is three or greater than four, there exists a reduced 2-step nilpotent quadratic Lie algebra.
Moreover, there is only one six-dimensional reduced 2-step nilpotent quadratic Lie algebra (up
to i-isomorphisms). In this thesis, once again, we want to approach 2-step nilpotent quadratic
Lie algebras through the method of double extensions and the associated 3-form /. In term
of double extensions, we have a rather obvious result: every 2-step nilpotent quadratic Lie
algebra can be obtained from an Abelian algebra by a sequence of double extensions by one-
dimensional algebra (Proposition [2.4.12)).

In order to observe the appearance of the element /, we recall the notion of 7*-extension
of a Lie algebra in [Bor97]] but with some restricted conditions as follows. Let h be a complex
vector space and 0 : h x h — b* be a non-degenerate skew-symmetric bilinear map. We assume
that 0 is cyclic (that means 6(x,y)z = 0(y,z)x for all x,y,z € g). Let g = b ® h* be the vector
space equipped with the bracket

x+f,y+gl=06(xy)

and the bilinear form
Bx+f,y+g)=f(y)+g&x),

xi
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for all x,y € b, f,g € h*. Then (g,B) is a 2-step nilpotent quadratic Lie algebra and called the
T*-extension of h by 6 (or T*-extension, simply).

The set of T*-extensions is enough to represent all 2-step nilpotent quadratic Lie algebras
by a result in Proposition that every reduced 2-step nilpotent quadratic Lie algebra is
i-isomorphic to a 7*-extension. Thus, we focus on the isomorphic classes and i-isomorphic
classes of T*-extensions. We prove that (Theorem 2.4.16):

THEOREM 9:
Let g and g’ be T*-extensions of ) by 0, and 6, respectively. Then:

(1) there exists a Lie algebra isomorphism between g and ¢ if and only if there exist an
isomorphism A1 of b and an isomorphism Ay of h* such that

Az(el(x7y)) = GZ(AI(X)7Al<y))’ vx?.y € h

(2) there exists an i-isomorphism between g and g’ if and only if there exists an isomorphism
Ay of b such that

01(x,y) = 62(A1(x),A1(y)) 0A1, Vx,y € .

Now, if we define I(x,y,z) = 0(x,y)z, for all x,y,z € b then the element [ is the 3-form
associated to the T*-extension of h by 6. Moreover, there is a one-to-one correspondence
between the set of 7*-extensions of b and the set of 3-forms {I € &73(h) | 1,(I) #0, Vx &
h\ {0}}. Remark that by Theorem 9 the i-isomorphic classification of 7T*-extensions of h can
be reduced to the isomorphic classification of such 3-forms on f. As a consequence, we obtain
the same result as in [Ova07] and further that there exists only one reduced 2-step nilpotent
quadratic Lie algebra of dimension 10 (Appendix C and Remark [2.4.21).

In Chapter 3, we give a graded version of the main results in Chapter 2: singular quadratic
Lie superalgebras. We begin with a quadratic Z,-graded vector space V = V; & V; with a non-
degenerate bilinear form B. Recall that the bilinear form B is symmetric on Vj, skew-symmetric
on V; and B(V;,V;) = 0.

Consider the super-exterior algebra of V* defined by a Z x Z,-gradation

EV)= (V) 5 V)

with the natural super-exterior product
(QRF)A(Q ®F) = (-1 (@QANQY)QFF,

for all Q,Q’ in the algebra <7 (V;) of alternating multilinear forms on V; and F, F’ in the algebra
(V1) of symmetric multilinear forms on V;. It is clear that this algebra is commutative and
associative. In [MPUOQO9], I. A. Musson, G. Pinczon and R. Ushirobira presented the super
7 % Z»-Poisson bracket on (V) as follows:

(QOF,QoF} = (—1)/* ({Q,Q} 0 FF' + (QAQ) @ {F,F'}),
forall Q € o (Vy), Q' € ® (Vy), F € L1 (), F' € L (V).
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We realize that with a quadratic Lie superalgebra (g, B), if we define a trilinear form 7 on g
by
1(X,Y,Z) =B(X,Y],Z), VX,Y,Z€ g

then 7 is a super-antisymmetric trilinear form in e(3.0) (g) and therefore, it seems to be natural to
ask the question: does it happen {/,/} = 0? We give an affirmative answer this in the first part
of Chapter 3 (Theorem [3.1.17). Moreover, we obtain that quadratic Lie superalgebra structures
with bilinear form B are in one-to-one correspondence with elements / in &30 (g) satisfying
{I,1} = 0 (Proposition

As in Chapter 2, we give the notion of dup-number of a non-Abelian quadratic Lie superal-
gebra g defined by

dup(g) =dim({a € g* | a Al =0})

and suggest considering the set of quadratic Lie superalgebras where the dup-number is non-
zero. Thanks to Lemma [3.2.1] we focus on a singular quadratic Lie superalgebra g with
dup(g) = 1. It is called a singular quadratic Lie superalgebra of type S;. Remark that in
this case, the element I may be decomposable.

We detail some particular cases. When the element / is decomposable, we obtain a classifi-
cation of reduced corresponding Lie superalgebras as in Proposition where the even part
go of g is a singular quadratic Lie algebra or 2-dimensional. Actually, we prove in Proposition
[3.4.1]that if g is a non-Abelian quadratic Lie superalgebra with 2-dimensional even part then g
is a singular quadratic Lie superalgebra of type S;.

Note that if we replace the quadratic vector space q in the definition of double extension by
a symplectic vector space then we obtain a quadratic Lie superalgebra with 2-dimensional even
part (Definitions [2.2.26] and [3.4.6)). Thus, we have the following result (Theorem [3.4.8):

THEOREM 10:
A quadratic Lie superalgebra has the 2-dimensional even part if and only if it is a double
extension.

By a completely similar process as in Chapter 2, a classification of quadratic Lie super-
algebras with 2-dimensional even part is given as follows. Let 8(2+ 2n) be the set of such
structures on C>*", We call an algebra g € $(2 +2n) diagonalizable (resp. invertible) if it is
the double extension by a diagonalizable (resp. invertible) map. Denote the subsets of nilpo-
tent elements, diagonalizable elements and invertible elements in 8(2 + 2n), Bﬁpectively by

N(2+2n), D(2+2n) and by Siny(2+2n). Denote by N(2+2n), D(2+2n), Siny(2 + 2n) the

~

sets of isomorphic classes in N(2+2n), D(2+42n), Siny(2 + 2n), respectively and Dyeq(2 + 2n)

the subset of D(2 + 2n) including reduced ones. Keeping the other notations then we have the
classification result (Theorems [3.4.13|and [3.4.14)):

THEOREM 11:

(1) Let g and g’ be elements in 8(2+2n). Then g and g are i-isomorphic if and only if they
are isomorphic.

(2) There is a bijection between 7/\}(2 + 2n) and the set of nilpotent Sp(2n)-adjoint orbits of

sp(2n) that induces a bijection between N (2 + 2n) and the set of partitions &_1(2n) of
2n in which odd parts occur with even multiplicity.
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(3) There is a bijection between @(2—1— 2n) and the set of semisimple Sp(2n)- orbits of
P! (sp(2n)) that induces a bijection between D (2 +2n) and A, /H,. In the reduced case,
Dred(2+ 2n) is bijective to A} /H,,.

(4) There is a bijection between S/i;(2+ 2n) and the set of invertible Sp(2n)- orbits of
P!(sp(2n)) that induces a bijection between S;ny(2+2n) and _#,/C*.

(5) There is a bijection between §(2 +2n) and the set of Sp(2n)- orbits of P! (sp(2n)) that
induces a bijection between 8(2+2n) and 2(2n)/C*.

As for quadratic Lie algebras, we have the notion of quadratic dimension for quadratic Lie
superalgebras. In the case g having a 2-dimensional even part, we can compute its quadratic
dimension as follows:

(dim(2(g) —1))(dim(2(g) —2)

dg(g) =2+

We turn now to (g, B) a singular quadratic Lie superalgebra of type S;. By Definition m
and Lemma [3.5.5] the Lie superalgebra g can be realized as the double extension of a quadratic
Z-graded vector space q = g3 @ qr by amap C = Co+C) € o(qg) ® sp(qr). Denote by £ (qg)
(resp. £ (qr)) the set of endomorphisms of gy (resp. qy). We give a characterization as follows

(Theorem [3.5.7).

THEOREM 12:
Let g and g' be two double extensions of q by C = Cy+C and C = 66 —1—611, respectively.
Assume that Cy is non-zero. Then

(1) there exists a Lie superalgebra isomorphism between g and g’ if and only if there exist
invertible maps P € £ (q5), Q € Z(q7) and a non-zero A € C such that

(i) Cyp = APCoP~" and P*PCy = Cy.
(ii) Cy = AQC,0" and Q*QC, =C,.
where P* and Q* are the adjoint maps of P and Q with respect to B‘qaxqa and B‘qTXqT'
(2) there exists an i-isomorphism between g and g’ if and only if there is a non-zero A € C

such that d) is in the O(qp)-adjoint orbit through ACy and 6’1 is in the Sp(qy)-adjoint
orbit through AC.

We close the problem on singular quadratic Lie superalgebras by an assertion that the dup-
number is invariant under Lie superalgebra isomorphisms (Theorem [3.5.9).
In the last section of Chapter 3, we study the structure of a quadratic Lie superalgebra g

such that its element / has the form:
I=JNp

where p € g¥ is non-zero and J € o/!(g5) ® .#!(gr) is indecomposable. We call g a quasi-
singular quadratic Lie superalgebra. With the notion of generalized double extension given
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by L. Bajo, S. Benayadi and M. Bordemann in [BBBJ|, we prove that (Corollary [3.6.5 and The-

orem [3.6.8)

THEOREM 13:
A quasi-singular quadratic Lie superalgebra is a generalized double extension of a quadratic
Zn-graded vector space. This superalgebra is 2-nilpotent.

The algebras obtained in Chapter 2 and Chapter 3 lead us to the general framework as
follows: let q be a complex vector space equipped with a non-degenerate bilinear form B, and
C: q — q be a linear map. We associate a vector space :

N 1
J=qot

to the triple (q,B,,C) where (t = span{x;,y;},B¢) is a 2-dimensional vector space and By :
t x t — C is the bilinear form defined by

By(x1,x1) = Be(y1,y1) = 0, By(x1,31) = 1.
Define a product x on the vector space J such that t is a subalgebra of JJ,
yixx=C(x), x;%x =0, xxy = Bq(C(x),y)x1

for all x,y € q and such that the bilinear form By = B, + By is associative. We call JJ the double
extension of g by C. It can be completely characterized by the pair (By,C). Solvable singular
quadratic Lie algebras and singular quadratic Lie superalgebras are only particular cases of this
notion. Therefore, it is natural to consider similar algebras corresponding to the remaining
different cases of the pair (B,C). In Chapter 4 we give a condition that J is a pseudo-Euclidean
(commutative) Jordan algebra (i.e a Jordan algebra endowed with a non-degenerate associative
symmetric bilinear form). Consequently, the bilinear forms By, By are symmetric, C must be
also symmetric (with respect to By) and the product x is defined by:

(et Ax +py1) * (v +A'x +p'y1) = pC(y)+u'Clx) +Bq(C(x),y)x
e (Ap +A'w)xi+pp'yr),
ee€{0,1}, forall x,yeq, A,u,A,u’ €C.
Since there exist only two one-dimensional Jordan algebras, one Abelian and one simple,
then we have two types of extensions called respectively nilpotent double extension and diag-

onalizable double extension. The first result (Proposition[4.2.T| Corollary 4.2.2] Lemma[4.2.7]
and Appendix D) is the following:

THEOREM 14:

(1) If 3 is the nilpotent double extension of q by C then C? = 0, J is k-step nilpotent, k < 3,
and t is an Abelian subalgebra of J.

(2) If3 is the diagonalizable double extension of q by C then 3C* = 2C> +C, J is not solvable
and txt=1t. In the reduced case, y, acts diagonally on J with eigenvalues 1 and %
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This result can be obtained by checking Jordan identity for the algebra JJ. However, it
can be seen as a particular case of the general theory of double extension on pseudo-Euclidean
(commutative) Jordan algebras given by A. Baklouti and S. Benayadi in [BB], that is the double
extension of an Abelian algebra by one dimensional Jordan algebra. By the similar method as
in Chapter 2 and Chapter 3, we obtain the classification result (Theorem Theorem 4.2.8

and Corollary 4.2.9):

THEOREM 15:

(1) LetJ=q ELB (Cx1®Cyy) andJ =q é (Cx| @ Cy)) be nilpotent double extensions of q by
symmetric maps C and C', respectively. Then there exists a Jordan algebra isomorphism
A:J — 3 such that A(q® Cx;) = q& Cx| if and only if there exist an invertible map
P € End(q) and a non-zero A € C such that A\C' = PCP~" and P*PC = C where P* is the
adjoint map of P with respect to B. In this case A i-isomorphic then P € O(q).

1 1
(2) Let 3=q & (Cx; & Cy1) and §J' = q & (Cx| @ Cy)) be diagonalizable double extensions
of q by symmetric maps C and C', respectively. Then J and J' are isomorphic if and only
if they are i-isomorphic. In this case, C and C' have the same spectrum.

The next part of Chapter 4 can be regarded as the symmetric version of 2-step nilpotent
quadratic Lie algebras, that is the class of 2-step nilpotent pseudo-Euclidean Jordan algebras.
We introduce the notion of generalized double extension but with a restricting condition for 2-
step nilpotent pseudo-Euclidean Jordan algebras. As a consequence, we obtain in this way the
inductive characterization of those algebras (Proposition |4.3.11)): a non-Abelian 2-step nilpo-
tent pseudo-Euclidean Jordan algebra is obtained from an Abelian algebra by a sequence of
generalized double extensions.

To characterize (up to isomorphisms and i-isomorphisms) 2-step nilpotent pseudo-Euclidean
Jordan algebras we need to use again the concept of a 7*-extension as above with a little change.
Given a complex vector space a and a non-degenerate cyclic symmetric bilinear map 0 : a X a —
a*. On the vector space J = a a* we define the product

x+/)y+g) =0(x,y).

Then J is a 2-step nilpotent pseudo-Euclidean Jordan algebra and it is called the T *-extension of
a by 6 (or T*-extension, simply). Moreover, every reduced 2-step nilpotent pseudo-Euclidean
Jordan algebra is i-isomorphic to some T*-extension (Proposition[4.3.14). An i-isomorphic and
isomorphic characterization of 7*-extensions is given in Theorem 4.3.13] as follows:

THEOREM 16:
Let J| and 3o be T*-extensions of a by 6 and 0, respectively. Then:

(1) there exists a Jordan algebra isomorphism between J| and J» if and only if there exist an
isomorphism Ay of a and an isomorphism A, of a* satisfying:

A2(61(x,y)) = 62(A1(x),A1(y)), V x,y € a.
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(2) there exists an i-isomorphism between J and J; if and only if there exists an isomorphism
A1 of a satisfying
91 (X,y) = 92<A1 (X),A] (y)) OA17 vxay €a.

As a consequence, the classification of i-isomorphic 7*-extensions of a is equivalent to the
classification of symmetric 3-forms on a. We will detail it in the cases of dim(a) = 1 and 2
(Examples 4.3.18|and @.3.19).

In the last of Chapter 4, we study Novikov algebras. These objects appeared in the study of
the Hamiltonian condition of an operator in the formal calculus of variations (see the paper by
I. M. Gel’fand and I. Y. Dorfman [[GD79]]) as well as in the classification of Poisson brackets
of hydrodynamic type (done by A. A. Balinskii and S. P. Novikov in [BN85]]). A detailed
classification of Novikov algebras up to dimension 3 is given by C. Bai and D. Meng in [BMO1]].

It is known that an associative algebra is both Lie-admissible and Jordan-admissible. This
is not true for Novikov algebras although they are Lie-admissible. Therefore, it is natural to
search a condition for a Novikov algebra to become Jordan-admissible. The condition we give
here (weaker than associativity) is the following (Theorem 4.4.17):

THEOREM 17:
A Novikov algebra N is Jordan-admissible if it satisfies the condition

(x,x,x) =0, Vx €MN.

A corollary of Theorem 17 is that Novikov algebras are not power-associative since there
exist Novikov algebras not Jordan-admissible.

Next, we consider symmetric Novikov algebras. In this case, 91 will be associative, its sub-
adjacent Lie algebra g(1) is a 2-step nilpotent quadratic Lie algebra (shown in the paper [AB10]
of I. Ayadi and S. Benayadi) and the associated Jordan algebra J(9) is pseudo-Euclidean.
Therefore, the study of 2-step nilpotent quadratic Lie algebras and pseudo-Euclidean Jordan
algebras is closely related to symmetric Novikov algebras.

It is known that every symmetric Novikov algebra up to dimension 5 is commutative [AB10]
and a non-commutative example of dimension 6 is given by F. Zhu and Z. Chen in [ZCO07]]. This
algebra is 2-step nilpotent. We will show in Proposition that every non-commutative
symmetric Novikov algebra of dimension 6 is 2-step nilpotent.

As for quadratic Lie algebras and pseudo-Euclidean Jordan algebras, we define the notion
of a reduced symmetric Novikov algebra. Using this notion, we obtain the result (Proposition
4.4.29): if 91 is a non-commutative symmetric Novikov algebra such that it is reduced then

3 < dim(Ann(MN)) < dim(9?) < dim(N) - 3.

In other words, we do not have 912 = 9 in the non-commutative case . Note that this
may happen in the commutative case (see Example 4.4.13). As a consequence, we have a
characterization for the non-commutative case of dimension 7 (Proposition #.4.31). Finally,
we give an indecomposable non-commutative example for 3-step nilpotent symmetric Novikov
algebras of dimension 7.
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e

The thesis has been divided into four parts. The classifications of O(m)-adjoint orbits of
o(m) and Sp(2n)-adjoint orbits of sp(2n) are presented in Chapter 1. Singular quadratic Lie
algebras and 2-step nilpotent quadratic Lie algebras are studied in Chapter 2. We will prove the
equality {I,I} = 0 and introduce the class of singular quadratic Lie superalgebras in Chapter
3. However, since the classifying method is not new, we only focus on two cases: elementary
and 2-dimensional even part. The classification of singular quadratic Lie algebras and singular
quadratic Lie superalgebras having 2-dimensional even part can be regarded as an application
of the problem of orbits classification in Chapter 1. We present quasi-singular quadratic Lie
superalgebras without classification in Chapter 3. Such algebras can be found in [BBB]] where
the generalized double extension notion is reduced into the one-dimensional extension of an
Abelian superalgebra. Pseudo-Euclidean Jordan algebras that are the one-dimensional double
extension of an Abelian algebra and 2-step nilpotent pseudo-Euclidean Jordan algebras are
given in Chapter 4 with a classifying characterization. The structure of symmetric Novikov
algebras is studied in the last section of Chapter 4 with a more detail than in [AB10].

There are four appendices containing rather obvious and lengthy results but yet useful for
our problems. Appendix A supplies a source about skew-symmetric maps for Chapter 1 and
Chapter 2. Appendix B gives a non trivial proof of a fact that every non-Abelian 5-dimensional
quadratic Lie algebra is singular. Another proof can be found in Appendix C where we classify
(up to isomorphisms) 3-forms on a vector space V with 1 < dim(V) <5. Appendix D is a small
result used in Chapter 4 for pseudo-Euclidean Jordan algebras.
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Notations

We use the notations N, Z, R and C for the set of natural numbers, the set of integers, the
set of real numbers and the set of complex numbers, respectively. The ring of residue classes
modulo 2 of integers is denoted by Z, which contains two elements 0 and 1. If p € Z, the
notation p indicates its residue classes modulo 2. For a set of numbers K, we denote by K* the
set of non-zero numbers in K. Let A be a finite set then we use the notation #A for the number
of elements of A.

If V is a finite-dimensional vector space over a field K of characteristic zero, the notation
End(V) signs the set of endomorphisms of V. The space End(V) is also an algebra over K and
it is denoted by .Z (V). We denote by V* the dual vector space of V, that is the set of linear
maps from V into K. For each f € V* and each X € V, there is a natural bilinear form ( , ) is
defined by

(f;X) = f(X).
Let W be a subset of V, we denote by W+ an orthogonal complement of W in V* by the bilinear
form (, ). In addition, if V has a non-degenerate bilinear form B : V x V — K then W2 (or
W, for short) also denotes the set {X € V | B(X,W) = 0}.

The Grassmann algebra of V, that is the algebra of alternating multilinear forms on V,
with the wedge product is denoted by .27 (V). We have 7 (V) = A(V*), where A(V*) denotes
the exterior algebra of the dual space V*. We also use the notation .7 (V) for the algebra of
symmetric multilinear forms on V, i.e. .(V) = S(V*) where S(V*) denotes the symmetric
algebra of V*. The algebras </ (V) and . (V) are Z-graded, we denote their homogeneous
subspaces of degee n by 7" (V') and ."*(V ), respectively. Thus one has

A (V)=EP#"(V)and (V) =P .S"(V)

nez nez

where &7"(V) = {0} ifn ¢ {0,1,...,dim(V)} and (V) = {0} if n is negative.

For n € N*, the Lie algebra of complex square matrices of size n is denoted by gl(n,C) or
gl(n) for short. The subalgebras sl(n,C) of zero trace matrices and o(n,C) of skew-symmetric
matrices of gl(n) are defined as follows:

sl(n,C) = {M e gl(n) | tr(M) =0},

o(n,C) = {M € gl(n) | 'M = —M)}

where M denotes the transpose matrix of the matrix M. If n = 2k then the subalgebra sp(2k, C)
of symplectic matrices of gl(n) is defined by:

sp(2k,C) = {M € gl(2k) | 'MJ+JM =0}

1
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0 I
—I, O
notations sl(n), o(n) and sp(2k) instead of sl(n,C), o(n,C), sp(2k,C), respectively. We also
denote by P! (o(n)) and P! (sp(2k)) the projective spaces associated to o(n) and sp(2k).

For complex numbers A1, ..., A,, the notation diag, (41, ..., A,) indicates the diagonal matrix
whose diagonal entries are A1, ..., A,, respectively.

Finally, if g is a finite dimensional algebra over K then we denote the algebra of derivations
of g by Der(g). Recall that an endomorphism D : g — g is called a derivation of g if it satisfies
D(XY)=D(X)Y +XD(Y) forall X,Y in g.

where J = ( € gl(2k), Iy denotes the unit matrix of size k. From here, we use the



Chapter 1
Adjoint orbits of sp(2n) and o(m)

In the first chapter, we will turn to a fundamental and really interesting problem in Lie
theory: the classification of orbits of classical Lie algebras sl(m), sp(2n) and o(m) where m,n €
N*. However, we only emphasize two special cases Sp(2n)-adjoint orbits of sp(2n) and O(m)-
adjoint orbits of o(m) that are necessary for next chapters. The Jordan decomposition allows us
to consider two kinds of orbits: nilpotent and semisimple (represented respectively by diagonal
matrices and strictly upper triangular matrices). The classfication of nilpotent orbits that we
present here follows the work of Gerstenhaber and an important point is the Jacobson-Morozov
theorem. In the semisimple case, a well-known result is that the orbits are parametrized by a
Cartan subalgebra under an action of the associated Weyl group. A brief overview can be found
in [Hum95|] with interesting discussions. Many results with detailed proofs can be found in
[CM93]] and [BBCMO2].

A different point here is to use the Fitting decomposition to review this problem. In particu-
lar, we parametrize the invertible component in the Fitting decomposition of a skew-symmetric
map and from this, we give an explicit classification for Sp(2n)-adjoint orbits of sp(2n) and
O(m)-adjoint orbits of o(m) in the general case. In other words, we establish a one-to-one cor-
respondence between the set of orbits and some set of indices. This is an rather obvious and
classical result but in our knowledge there is not a reference for that mentioned before.

1.1 Definitions

Let V be a m-dimensional complex vector space endowed with a non-degenerate bilinear
form B where € = +1 such that B¢ (X,Y) = €B¢(Y,X), forall X, Y € V. If € = 1 then the form
By is symmetric and we say V' a quadratic vector space. If € = —1 then m must be even and we
say V a symplectic vector space with symplectic form B_;. We denote by .Z (V) the algebra of
linear operators of V and GL(V) the group of invertible operators in £ (V). Amap C € £ (V)
is called skew-symmetric (with respect to Bg) if it satisfies the following condition:

B:(C(X),Y)=—B¢(X,C(Y)), VX,Y € V.
We define

(V) = {A € GL(V) | Be(A(X),A(Y)) = B¢(X,Y), VX,Y €V}



1.1. Definitions

and g¢(V)={Ce Z (V)| Cis skew-symmetric}.
Then (V) is the isometry group of the bilinear form B and g¢(V) is its Lie algebra. Denote
by A* € £ (V) the adjoint map of an element A € £ (V) with respect to Be, then A € I(V) if
and only if A=! = A* and C € g¢(V) if and only if C* = —C. If € = 1 then I¢(V) is denoted by
O(V) and g¢(V) is denoted by o(V). If € = —1 then Sp(V) stands for (V) and sp(V) stands
for ge(V).
Recall that the adjoint action Ad of Iz(V) on g¢(V) is given by

Ady(C)=UCU ',V U cL(V), Ccge(V).

We denote by Oc = Ady,(v(C), the adjoint orbit of an element C € ge(V') by this action.

If V. =C", we call B; a canonical bilinear form of C". And with respect to Be, we de-
fine a canonical basis # = {E1,...,Ey,} of C" as follows. If m even, m = 2n, write & =
{Ei1,....Eq,F1,....,F,},if mis odd, m =2n+ 1, write B = {E\,...,E,,G,F},...,F,} and one
has:

e if m = 2n then
B\(E;, F;) = B\(F},E;) = 6ij, Bi(Ei,Ej) = B1(F;, Fj) =0,
B_(Ei,Fj) = —B_(F},E;) = &j, B-1(Ei,Ej) = B_1(F;, Fj) =0,
where 1 <i,j<n.
o if m=2n-+1then €= 1and

B\(E;, Fj) = §;j, B1(E;,Ej) = B|(F;, Fj) =0,
B\(E;,G) = B (F;,G) =0,
Bi(G,G) =1

where 1 <i,j <n.

Also, in the case V = C™, we denote by GL(m) instead of GL(V'), O(m) stands for O(V)
and o(m) stands for o(V). If m = 2n then Sp(2n) stands for Sp(V') and sp(2n) stands for sp(V).
We will also write Ie = I (C™) and g = g¢(C™). The goal of this chapter is classifying all of
Ic-adjoint orbits of ge.

Finally, let V is an m-dimensional vector space. If V is quadratic then V is isometrically
isomorphic to the quadratic space (C™,By) and if V is symplectic then V is isometrically iso-
morphic to the symplectic space (C",B_1) [Bou59].



1.2. Nilpotent orbits

1.2 Nilpotent orbits
Let n € N*, a partition [d] of n is a tuple [dy,...,d;] of positive integers satisfying
di>..>dyandd| +...+d, =n.
Occasionally, we use the notation [ti‘ ,...,tr] to replace the partition [d1, ..., d;] where

| 1<j<i
Jd.o=dn n+1<j<ii+i
T Y g+l <j<ij+ir+i3

Each i; is called the multiplicity of t;. Denote by &(n) the set of partitions of n. For example,
2(3)={[3], [2,1], [I°]} and 2(4) = {[4], [3,1], [2%], [2,1%], [1%]}.
Let p € N*. We denote the Jordan block of size p by J; = (0) and for p > 2,

01 0 ... 0
00 1 ...0
Jpi=ion L
00 .. 0 1
00 0 ... 0

Then J, is a nilpotent endomorphism of C”. Given a partition [d] = [di, ...,d}] € & (n) there is
a nilpotent endomorphism of C" defined by

X[d] = diagk(Jdl , "-7Jdk)-

Moreover, X|4 is also a nilpotent element of sl(n) since its trace is zero. Conversely, if C is a
nilpotent element in s(n) then C is GL(n)-conjugate to its Jordan normal form X for some
partition [d] € Z(n).

Given two different partitions [d] = [d,...,di| and [d'] = [d},...,d]] of n then the GL(n)-
adjoint orbits through X, and X[, respectively are disjoint by the unicity of Jordan normal
form. Therefore, one has the following proposition:

Proposition 1.2.1. There is a one-to-one correspondence between the set of nilpotent GL(n)-
adjoint orbits of sl(n) and the set & (n).

It results that sl(n) has only finitely many nilpotent GL(n)-adjoint orbits, exactly §42(n).
However, this does not assure the same for its semisimple subalgebras and the classification of
nilpotent adjoint orbits of g, is rather more difficult since the action of the subgroup I does not
coincide with the action of GL(n). However, by many works of Dynkin, Kostant and Mal’cev
(see [[CMY3])), there is an important bijection between nilpotent adjoint orbits of a semisimple
Lie algebra g and a subset of 37%(8) possible weight Dynkin diagrams where rank(g) is the
dimension of a Cartan subalgebra of g, and thus g, has only finitely many nilpotent adjoint
orbits.

The main tool in the classical work on nilpotent adjoint orbits is the representation theory
of the Lie algebra sl(2) (or sl(2)-theory, for short) applied to the adjoint action on a semisimple

5



1.2. Nilpotent orbits

Lie algebra g. We start with a review of the basic results give in [Hum72]. Recall that s[(2) is

spanned by
1 0 01 00
w0 5) = o) =00

and these satisfy the following relations:
[H,X|=2X, [H,Y]=—-2Y and [X,Y] =H.

Let V be a finite-dimensional s[(2)-module. Since H is semisimple then H acts diagonally
on V. Therefore, we can decompose V as a direct sum of eigenspaces V), ={veV | Hv =
Av}, A € C where the notation H.v denotes H acting on v by the representation.

Definition 1.2.2. If V; # {0} then we call A a weight of H in V and we call V) a weight space.
Lemma 1.2.3. Ifve V) thenX.veV, ,andY.v €V _,.

Proof. Since [H,X] =2X one has H.(X.v) = X.(H.v)+2X.v= (A +2)X.v. So X.veV,_,.
And this is done similarly for Y. [

Since V = @V, and dim(V) is finite then there must exist V) # {0} such that Vj , = {0}.
A

In this case, each non-zero x € V; is called a maximal vector of weight A (note that X.v = 0 if
v 1s a maximal vector).

Now, we assume that V is an irreducible s[(2)-module. Choose a maximal vector, say
voEVy. Setv_1 =0,v;, = l.]—!Yi.vo (i > 0). Then one has the following lemma.

Lemma 1.2.4.

(1) Hv; = (A —2i)v;,

(2) Yvi=(i+1)viyy,

(3) Xvi=A—i+1)vi_y, (i>0).
Proof.

(1) One has H.v; = %HY".vo = l.—I!(YH— 2Y)Yi~1.v. Since H.vy. = Avg, Y.v;_| = iv; and by
induction on i, we get H.v; = (A — 2i)v;.

(2) It follows from the definition of v;.

(3) We prove (3) by induction on i. If i = 0, it is clear since v;_; = 0 and X.vyg = 0. If i > 0,
one has
iXvi=XYv;_| = [X,Y].V,'_l +YXv, 1=Hvi_1+YX.vi_.

By (1), (2) and induction, we obtain

iX.Vl' = (A —2(i— 1))\/1'71 + (A - i+2>Y.V,‘,2 = l(l —i+ 1)\/,',1.
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By induction, it is easy to show that the non-zero v; are all linearly independent. Since
dim(V) is finite then there must exist the smallest m such that v, # 0 and v,,; = 0, obviously
vm+i = 0 for all i > 0. Therefore, the subspace of V spanned by vectors vy, ..., v, is a s[(2)-
module. Since V is irreducible then V = span{vy, ..., v, }. Moreover, the formula (3) shows A =
m by checking with i = m+ 1. It means that the weight A of a maximal vector is a nonnegative
integer (equal to dim(V) — 1) and we call it the highest weight of V. Conversely, for arbitrary
m > 0, formulas (1)- (3) of Lemma can be used to define a representation of s[(2) on an
m+ 1-dimensional vector space with a basis {vo, ..., v, }. Moreover, it is easy to check that this
representation is irreducible and then we have the following corollary:

Corollary 1.2.5.

(1) Let V be an irreducible s\(2)-module then V is the direct sum of its weight spaces Vy,
p=mm—2,...,—(m—2),—m where m = dim(V) — 1 and dim(Vy,) = 1 for each p.

(2) For each integer m > 0, there is (up to isomorphisms) one irreducible s\(2)-module of
dimension m+ 1.

Next, let g be a complex semisimple Lie algebra. If there is a subalgebra of g isomorphic
to 5[(2) and spanned by {H,X,Y } then we called {H,X,Y} a sl(2)-triple of g. In this case, the
triple {H,X,Y } satisfies the bracket relations:

[H,X] =2X, [H,Y] = —2Y and [X,Y] = H.

We call H (resp. X, Y) the neutral (resp. nilpositive, nilnegative) element of the triple
{H,X,Y}. Since ad(H) is semisimple in the subalgebra a = span{H,X,Y } of g then it is known
that H is also semisimple in g. Similarly, X, Y are nilpotent in g.

Fix an integer r > 0 and define a linear map p, : s[(2) — sl(r+ 1) by

r 0 0 ... 0 0
0 r—2 0 ... 0 0
p(H)=1|: =+ - : I
0O 0 O —r+2 0
0O 0 O . 0 —r
01 0 . 00
Oo01 ... 00
p(X)=1: + + . i,
0 0O 0 1
0 0O 00
0O 00 0 0
ur 0 0 0 0
pr(Y)=17: 1+ :
0O 0 O . 0 0
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where w; = i(r+1—i)for1 <i<r.

By Corollary pr defines an irreducible representation of s[(2) of highest weight r and
dimension r + 1. Moreover, every irreducible finite-dimensional representation of s[(2) arises
in this way.

Conveniently, for a partition [d] = [d|,...,di] of n, denote by O}, the orbit through X|;.
Now, let & be a non-zero nilpotent orbit in sl(n) then there exists a partition [d,...,di] of n
such that & = Oy, . 4. We define the homomorphism ¢4 : s(2) — sl(n) by

bo= D P41
1<i<k
01 . . .
Then ¢g(X) = Xjg,.... q,) Where X = 0 o€ s[(2). Note that if & is a non-zero nilpotent

orbit then the partition [d, ...,d;] does not coincide with [1”], the image ¢4 is not trivial and
it is isomorphic to s[(2). Therefore, to each non-zero nilpotent orbit & = Oy in sl(n), we can
attach a sl(2)-triple {H,X,Y} such that the nilpositive element is X. More precisely, choose X
exactly having the Jordan form and set

(s )3 ) mroae ()

This can be done for an arbitrary complex semisimple algebra g, not necessarily sl(n), by
the theorem of Jacobson-Morozov as follows.

Proposition 1.2.6 (Jacobson-Morozov).
Let g be a complex semisimple Lie algebra. If X is a non-zero nilpotent element of g then
it is the nilpositive element of a s\(2)-triple. Equivalently, for any nilpotent element X, there

exists a homomorphism ¢ : s(2) — g such that: ¢ ((8 é)) =X.

Proof. We follow the proof given in [CM93]. First, we prove the following lemma.

Lemma 1.2.7. Let g be a complex semisimple Lie algebra and X be a nilpotent element in g.
Then one has:

(1) k(X,g%) = 0 where x is the Killing form and g is the centralizer of X in g defined by
={reg| [X,Y]=0}.

(2) [g,X] = (gX)* where the notation (gX)* denotes the orthogonal subspace of g* by k.
Proof.

(1) Let Z be an element of gX then by the Jacobi identity, one has ad(X) o ad(Z) = ad(Z) o
ad(X). As a consequence, (ad(X) oad(Z))* = ad*(X) o ad*(Z) for any k in N. Since X
is nilpotent then ad(X) is nilpotent. It implies that ad*(X) = 0 for some k and therefore
ad(X) oad(Z) is nilpotent. That means trace(ad(X)oad(Z)) = x(X,Z) =0.

(2) By the invariance of k, one has k([g,X],g%) = x(g, [X,g%]) = 0. Hence, [g,X] C (g¥)*.
Since dim(g) = dim(ker(ad(X))) +dim(Im(ad(X))) then dim(g) = dim(g*) +dim([g, X]).
By the non-degeneracy of k, we obtain [g,X] = (g%)*.

8
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]

We prove the Jacobson-Morozov theorem by induction on the dimension of g. If dim(g) = 3
then g is isomorphic to s[(2) and the result follows. Assume that dim(g) > 3. If X is in a
proper semisimple subalgebra of g then by induction, there is a s[(2)-triple with X its nilpositive
element. Hence we may assume that X is not in any proper semisimple subalgebra of g. By
Lemma and [X,X] = 0, one has X € (g¥) = [g,X]. Therefore, there exists H' € g such
that [H',X]| = 2X.

Now, let H' = H]+ H, be the Jordan decomposition of H' in g where H is semisimple and
H, is nilpotent. Remark that any subspace which is stable by ad(H') is also stable by ad(H.)
and ad(H)). The nilpotency of the ad(H)) action on the stable subspace CX gives [H,,X] =0
and therefore [H],X] =2X. Set H = H..

If H € [g,X] then there exists Y € g such that H = [X,Y]. Since ad(H) acts semisimply on
g then g is decomposed by

g=0), D - Doy,

where g, ,..., g,, are ad(H)-eigenspaces. Write Y =Y, +---+Y, withY; € gj.. LetZ € g,
then [H,Z] = A;Z. Hence, [X,[H,Z]] = Ai[X,Z]. By the Jacobi identity, one has

(Z,|H,X]|+ [H,[X,Z]] = L[X,Z].

Then we get ad(H)([X,Z]) = (A; +2)[X,Z]. It shows that [X,g,.] C g;.42,1 <i<k. Since
ad(H)(H) = 0, one has H € go. Moreover, H = [X,Y] = Yi='[X,¥]. Therefore, there is some
Y' € g_, such that H = [X,Y’]. If we replace Y by Y’ then [H,X] = 2X, [H,Y] = —2Y and
[X,Y] = H. That means {H,X,Y} is a s[(2)-triple with X its nilpositive element.

From the above reason, it remains to prove H € [g,X]. By contradiction, assume that H ¢
[g,X] then k(H,g*) # 0. According to the Jacobi identity

[X> [H7gx]] + [ng [X>H]] + [H7 [QXaXH =0,

one get [X,[H,g%]] = 0. It implies that ad(H)(g¥) C g¥, i.e. g is ad(H)-invariant. By acting
semisimply of ad(H) on g¥, g¥ is decomposed into ad(H)-eigenspaces:

g =gl B =000 Y, 05
’Cﬁéo

From the invariance of the Killing form, one has k(H, [H,g*]) = x([H,H],g*) = 0. There-
fore if Z is a non-zero element of g)é with 7; # 0 then

0=«(H,[H,Z]) =x(H,tZ) = t1;x(H,Z).

This shows that H € (g% ). Since k(H,g*) # 0 there must exist Z € g ={Y € g* | [H,Y] =
0} = (g%) such that x(H,Z) # 0. If Z is nilpotent then k(H,Z) = 0 as in the proof of Lemma
Therefore, Z is non-nilpotent. That means its semisimple component Z; # 0 and hence
g% is reductive. As a consequence, g%, g%’] is a semisimple subalgebra of g and it is a proper
subalgebra since g% = g only if Z; = 0.

On the other hand, since [X,Z] = [H,Z] = 0, apply the property of Jordan decomposition
one has [X,Z;] = [H,Z,] = 0. That means Z; € (g¥)" and then X € g%. Also, H € g% so we
get 2X = [H,X] € [¢%,¢%]. This is a contradiction then we obtain the result. O

9
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The point of the above proof is that the Killing form of g is non-degenerate and invariant.
However, the existence of a s[(2)-triple {H,X,Y } having the nilpositive element X is not unique,
that is, it may exist another s((2)-triple {H’,X,Y’} with the same nilpositive element. The
following theorem shows that our choice is is unique up to an element in G,4, the identity
component of the automorphism group Aut(g) = {¢ € GL(g) | [¢(X),0(Y)] = ¢([X,Y])}.

Proposition 1.2.8 (Kostant).
Let g be a complex semisimple Lie algebra. Any two sl(2)-triples {H,X,Y } and {H',X,Y'}
with the same nilpositive element are conjugate by an element of G.

Denote by Ayyipe the set of s[(2)-triples of g, X,,iple the set of G,4-conjugacy classes of
sl(2)-triples in A;p. and .4 (g) the set of non-zero nilpotent orbits in g then we obtain the
corollary:

Corollary 1.2.9. The map ® : Ayipie — A (g) defined by w({H,X,Y}) = Oy induces a bijec-
tion Q : Ayipre — N (9).

Proof. Let € be a non-zero nilpotent orbit in g. Fix X # 0 in . By Proposition there
exists a s[(2)-triple {H,X,Y } such that X is its nilpositive element so Q is onto. If there ex-
ists another s[(2)-triple {H’,X,Y’} such that X is also nilpositive then by Proposition [1.2.§]
{H',X,Y’} must lie in G,4-conjugacy class of {H,X,Y}. Therefore, Q is one-to-one. O

Now we turn to our problem of classification nilpotent /¢-adjoint orbits of ge. Define the set
Pe(m) = {[dy,...,dn] € P(m)| #{j | d; =i} is even for all i such that (—1)' = &}.

In particular, &7 (m) is the set of partitions of m in which even parts occur with even multiplicity
and &_1(m) is the set of partitions of m in which odd parts occur with even multiplicity.

Proposition 1.2.10 (Gerstenhaber).
Nilpotent Ic-adjoint orbits in ge are in one-to-one correspondence with the set of partitions

in Pe(m).
Proof. A proof of the proposition can be found in [CM93|], Theorem 5.1.6. O

Here, we give the construction of a nilpotent element in g from a partition [d] of m that is
useful for next two chapters. Define maps in g as follows:

e For p > 2, we equip the vector space C?” with its canonical bilinear form B, and the map
Cgp having the matrix
G- (5 5)

in a canonical basis where 'J,, denotes the transpose matrix of the Jordan block J,. Then
Cép S g£<C2P)_

10



1.2. Nilpotent orbits

e For p > 1 we equip the vector space C*?*! with its canonical bilinear form B; and the
map C3 | having the matrix
Cg +1 = (JPH ]y )

in a canonical basis where M = (m;;) denotes the (p + 1) x p-matrix with m, | , = —1
and m;; = 0 otherwise. Then C3 , | € 0(2p+1)

e For p > 1, we consider the vector space C*” equipped with its canonical bilinear form
B_; and the map C;, , with matrix
J, M
0o -,

in a canonical basis where M = (m; ;) denotes the p x p-matrix withm, , =1 and m;; =0
otherwise. Then Cj,, , € sp(2p).

For each partition [d] € &2_1(2n), [d] can be written as

(P17P17P27P27---aPk7pkaZQIu---»2QZ)

with all p; odd, py > p» > -+ > prand q1 > g2 > -+ > q¢. We associate a map Cy;) with the
matrix:

: J J J J J
dlangré(CprCsz? . ’Czpk’CCIlJ"QI yeen ,Cq€+q[)

in a canonical basis of C*" then C ] € sp(2n).
Similarly, let [d] € £2|(m), [d] can be written as

(p1>P17P2aP27---aPImPk»zCIl + 1772q£+1)

with all p; even, p; > py > --- > pyand g1 > g2 > --- > q¢. We associate a map Cj,) with the
matrix:

: J J J J J
dlagk+é(C2pl ’C2P27 e ’C2Pk7C2q1+1’ e ,C2q€+1).

in a canonical basis of C" then Cjy) € o(m).
By Proposition [1.2.10}, it is sure that our construction is a bijection between the set & (m)
and the set of nilpotent /c-adjoint orbits in ge.

11
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1.3 Semisimple orbits

We recall the well-known result [[CM93||:

Proposition 1.3.1. Let g be a semisimple Lie algebra, ) be a Cartan subalgebra of g and W be
the associated Weyl group. Then there is a bijection between the set of semisimple orbits of g
and h/W.

For each ge¢, we choose the Cartan subalgebra h given by the vector space of diagonal
matrices of type

diag,, (A1,. -, An, —A1, ..o, —Ay)
if ge = 0(2n) or g¢ = sp(2n) and of type

diag2n+1(ll,...,)un,O,—ll,...,—/'\,n)

if ge = 0(2n+ 1).

Any diagonalizable (equivalently semisimple) C € g, is conjugate to an element of b (see
Appendix A for a direct proof).

If ge = sp(2n) then any two eigenvectors v,w € C** of X € g, with eigenvalues 4,1’ € C
such that A + A’ # 0 are orthorgonal. Moreover, each eigenvalue pair A, —A is corresponding
to an eigenvector pair (v,w) satisfying Be(v,w) = 1 and we can easily arrange for vectors v,/
lying in a distinct pair (v,w), (v/,w’) to be orthogonal, regardless of the eigenvalues involved.
That means the associated Weyl group is of all coordinate permutations and sign changes of
(A1,...,An). We denote it by G,,.

If gc = 0(2n), the associated Weyl group, when considered in the action of the group
SO(2n), consists all coordinate permutations and even sign changes of (4y,...,4,). However,
we only focus on O(2n)-adjoint orbits of o(2n) obtained by the action of the full orthogonal
group, then similarly to preceding analysis any sign change effects. The corresponding group
is still G,,. If g¢ = 0(2n+ 1), the Weyl group is G, and there is nothing to add.

Now, let A, = {(A1,...,4) | A1,...,4, €C, A; £0 for some i}.

Corollary 1.3.2. There is a bijection between non-zero semisimple I¢-adjoint orbits of g¢ and
A,/ G

12
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1.4 Invertible orbits

Definition 1.4.1. We say that the I¢-orbit O is invertible if X is an invertible element in ge.

Keep the above notations. We say an element X € V isotropic if B(X,X) = 0 and a subset
W C V totally isotropic if B(X,Y) =0 for all X,Y € W. To classify invertible adjoint orbits in
ge, we need the following lemma:

Lemma 1.4.2. Let V be an even-dimensional vector space with a non-degenerate bilinear form
Be. Assume that V. =V, @ V_ where V1 are totally isotropic vector subspaces.

(1) Let N € £ (V) such that N(Vy) C V4. We define maps N+ by Ny |y, = N|y,, Ny|ly. =0,
N_|y_ =N|y_and N_|y, =0. Then N € g¢(V) if and only if N_ = —N and, in this case,
N=N,—N..

(2) Let Uy € £ (V) such that Uy is invertible, Uy (V) = Vi and Uy|y = 1Idy . We define
UeZL(V)byUly. =Usly, and Uy = (UDY) |v.. ThenU € I¢(V).

(3) Let N’ € g¢(V) such that N' satisfies the assumptions of (1). Define N+ as in (1). More-
over, we assume that there exists Uy € £ (V,.), Uy invertible such that

N‘/i”v+ - (U+ N+ UJ:I) v,
We extend U to'V by U |y_ =1dy_ and define U € I.(V) as in (2). Then

N=UNU""

Proof.

(1) It is obvious that N = Ny + N_. Recall that N € g.(V) if and only if N* = —N so
Ni+N* = —Ny —N_. Since B¢(N1(V4),V) = Be(V4,N(V)) =0 then Ni (V,) = 0.
Similarly, N* (V_) = 0. Hence, N_ = —N7.

(2) We shows that B¢(U(X),U(Y)) = Be(X,Y), for all X,Y € V. Indeed, let X = X} +
X Y=Y, +Y_ €V,dV_, onehas

*

(¥-))

Be(U(Xs +X_),U(Ys+Y_)) = Be(Up(X4) + (USY) (X2), U (Yy) + (U

= Be(U (X)), (UF") (7)) 4+ Be(U") " (X2). U (¥,)
= Be(X,,Y_)+Be(X_,Yy) = Be(X,Y).

(3) Since Be(U~1(V,),V,) =Be(V,,U(V)) =0,0one has U~} (V,) =V, and U1 (V) =
V_. Consequently, U NU~")(V,)CVyand (UNU N (V_)CV_.Clearly, UNU ' €
ge(V). By (1), we only show that

(UNU )y, =N,

[ . . —1 _ —1
This is obvious since U~ ' |y, =U .

13
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]

Let us now consider C € g¢, C invertible. Then, m must be even (obviously, it happened if
€ = —1), m = 2n (see Appendix A). We decompose C = S + N into semisimple and nilpotent
parts, S, N € g¢ by its Jordan decomposition. It is clear that S is invertible. We have A € A if
and only if —A € A (Appendix A) where A is the spectrum of S. Also, m(A) =m(—A), for all
A € A with the multiplicity m(A4). Since N and S commute, we have N (V. ;) C V., where V),
is the eigenspace of S corresponding to A € A. Denote by W(A) the direct sum

W(A)=V,aV_,.
Define the equivalence relation R on A by:
ARu if and only if A =+pu.
Then
i
C = @ W(L),
AEA/R

and each (W(A), B ) is a vector space with the non-degenerate form B = Be[yw 1)xw(2)-

Fix A € A. We write W(1) =V, @ V_ with VL =V, ;. Then, according to the notation in
Lemma define N, ; = Nx. Since N|y_ = —Nj, it is easy to verify that the matrices of
Nly, and N|y_ have the same Jordan form. Let (d1(A),...,d,, (1)) be the size of the Jordan
blocks in the Jordan decomposition of N|y, . This does not depend on a possible choice between
Nly, or N|y._ since both maps have the same Jordan type.

Next, we consider

9= U {(dla"'adr)eNr| dlZdZZZdrzl}

reN*

Defined : A — 2 by d(A) = (di(A),...,dr, (A)). Itis clear that ®od = m where : ¥ — N
is the map defined by ®(d,,...,d,) =Y/, d;.
Finally, we can associate to C € g a triple (A,m,d) defined as above.

Definition 1.4.3. Let 7, be the set of all triples (A,m,d) such that:

(1) Aisasubset of C\ {0} with A <2nand A € A if and only if —1 € A.

(2) m: A — N* satisfies m(A) =m(—A),forall L € Aand Y} m(A) =2n.
AeA

(3) d: A — P satisfies d(A) =d(—A), forall L € A and Pod = m.

Let .7 (2n) be the set of invertible elements in ge and .# (2n) be the set of I¢-adjoint orbits
of elements in .#(2n). By the preceding remarks, there is a map i : .#(2n) — _#,. Then we

have a parametrization of the set .# (2n) as follows:

Proposition 1.4.4. o
The map i: % (2n) — #, induces a bijectioni: % (2n) = Z,.

14
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Proof. Let C and C' € .#(2n) such that C' =U C U~! with U € I.. Let S, §', N, N be re-
spectively the semisimple and nilpotent parts of C and C'. Write i(C) = (A,m,d) and i(C") =
(A',m’',d"). One has
S+N =U@S+N)U'=vusu'vuNU".

By the unicity of Jordan decomposition, S’ =U SU ! and N =U NU~'. So A’ = A and

m' = m. Also, since U S =5 U one has U S(V3 ) =8 U(Vy). It implies that
S (U(V2)) = AU(Vy).

That means U (V; ) =V, forall A € A. Since N'=U N U~! then N|y, and N’|V/{ have the same

Jordan decomposiiion, sod = d’' and i is well defined.
To prove that i is onto, we start with A = {4, —A;,..., A4, —A}, m and d as in Definition
Define on the canonical basis:

m(A1) m(A) m(A) m(Ax)
—— —N— ~ \ -~ ~ A -
S:diagzn(kl,...,ll,...,)»k,...,ﬂ,k,—)yl,...,—kl,...,—lk,...,—)pk).
Forall 1 <i<k,letd(A;) = (di(A)>--->d,, (A;) > 1) and define

Ny (4;) = diagyy,) (Jdl( A Sy (Ag)s - - Jdu,(%))

on the eigenspace V,, and O on the eigenspace V_,, where J; is the Jordan block of size d.

By Lemma- 1.42, N(A (Ai) = N7; (A;) is skew-symmetric on Vy, & V_,.. Finally,
1
c* = GB (Vli EBV—/L‘) :
1<i<k

Define N € g by N(Z, lv,) = ZleN(li)(vi), vi €V), ®V_) and C =S+ N € ge. By con-
struction, i(C) = (A,m,d), so i is onto.

To prove that i is one-to-one, assume that C, C' € .#(2n) and that i(C) = i(C") = (A, m,d).
Using the previous notation, since their respective semisimple parts S and S’ have the same
spectrum and same multiplicities, there exist U € I such that S’ = USU~!. For A € A, we have
UV, = V)L for eigenspaces V; and V)L of S and S respectively.

Also, for A € A, if N and N’ are the nilpotent parts of C and C’, then N”(V,) C V;, with
N" =U~'N'U. Since i(C) = i(C’), then N|y, and N’\V/{ have the same Jordan type. Since

N" =U"'N'U, then N"|y, and N’|V/{ have the same Jordan type. So N|y, and N”|y, have the

same Jordan type. Therefore, there exists D, € Z(V)) such that N”|y, = D,N ‘VAD—T—]' By
Lemmal|1.4.2] there exists D(A) € I(V, @& V_j ) such that

N”|V)L€BV7;L = D()L)va)LGBV,;LD(l)il'

We define D € I by D|y,ov_, =D(A), forall A € A. Then N” = DND~! and D commutes with
S since S|y, , is scalar. Then §' = (UD)S(UD) ! and N’ = (UD)N(UD)~! and we conclude

C' = (UD)C(UD)™!
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1.5 Adjoint orbits in the general case

Let us now classify Ig-adjoint orbits of ge in the general case as follows. Let C be an element
in ge and consider the Fitting decomposition of C

Cc" = Vv & Vy,

where Vi and V; are stable by C, Cy = Cl|y, is nilpotent and C; = C|y, is invertible. Since C
is skew-symmetric, B¢ (CK(Viy), Vi) = (—1)kB(Viy,C¥(V;)) for any k then one has V; = (Viy)*.
Also, the restrictions BY = Be|yyxvy and BL = Bg|y,«y, are non-degenerate. Clearly, Cy €
g:(Vy) and C; € g¢(V;). By Section [1.2| and Section [1.4] Cy is attached with a partition [d] €
P¢(n) and Cj corresponds to a triple T € _#, where n = dim(Vy), 2¢ = dim(V;). Let Z(m) be
the set of all pairs ([d],T) such that [d] € P¢(n) and T € 7, satisfying n+2¢ = m. By the
preceding remarks, there exists a map p : ge — Z(m) . Denote by 0(ge) the set of I.-adjoint
orbits of ge then we obtain the classification of &(ge) as follows:

Proposition 1.5.1. The map p : gc — Z(m) induces a bijection p : O(ge) — Z(m).

Proof. Let C and C’ be two elements in ge. Assume that C and C’ lie in the same I¢-adjoint
orbit. It means that there exists an isometry P such that C' = PCP~!. So C’* P = P C for
any k in N. As a consequence, P(Vy) C V, and P(V;) C V/. However, P is an isometry then
Vi, = P(Vy) and V] = P(V;). Therefore, one has

Cy =Py CyPy' and C; = PGP,

where Py = P : Vy — Vy, and Py = P : V; — V/ are isometries. It implies that Cy, Cy, have the
same partition and Cy, C; have the same triple. Hence, the map p is well defined.

For a pair ([d],T) € Z(m) with [d] € P¢(n) and T € _#;, we set a nilpotent map Cy €
ge (Vi) corresponding to [d] as in Section|[1.2]and an invertible map C; € g¢(V;) as in Proposition
[1.4.4] where dim(Vy) = n and dim(V;) = 2¢. Define C € g¢ by C(Xy +X;) = Cn(Xn) + C1(X)),
for all Xy € Vi, X; € V. By construction, p(C) = (|d],T) and p is onto.

To prove p is one-to-one, let C,C’ € g, such that p(C) = p(C’) = ([d],T). Keep the above
notations, since Cy and CIIV have the same partition then there exists an isometry Py : Vy — VI(,
such that Czlv =Py Cy Py I Similarly Cy and C} have the same triple and then there exists an
isometry Py : V; — V/ such that C; = P; C; P!, Define P: V — V by P(Xy +X;) = Py(Xy) +
Pi(X;), for all Xy € Viy,X; € V; then P is an isometry and C' = P C P~!. Therefore, p is one-to-
one.

]
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Chapter 2

Quadratic Lie algebras

In the first part of this chapter, we recall some preliminary definitions and results of quadratic
Lie algebras. Next, we study a new invariant under isomorphisms of quadratic Lie algebras
that we call dup-number. Moreover, we give a classification of singular quadratic Lie alge-
bras, i.e. those for which the invariant does not vanish. The classification is closely related to
O(m)-adjoint orbits of o(m) mentioned in the Chapter 1. To prove these results, we need to
fully describe the structure of singular quadratic Lie algebras by properties of super-Poisson
bracket defined on the (Z-graded) Grassmann algebra of alternating multilinear forms of an n-
dimensional quadratic vector space [PUO7|| and in terms of double extensions ([Kac85], [FS87]
and [MRS5]). The invariance of dup-number is a consequence of calculating the quadratic
dimension of singular quadratic Lie algebras in the reduced case.

Another effective method called T*-extension is introduced by M. Bordemann to descibe
solvable quadratic Lie algebras [Bor97|] and we use it to study the 2-step nilpotent case. Finally,
we also obtain a familiar result: the classification of 2-step nilpotent quadratic Lie algebras up
to isometrical isomorphisms is equivalent to the classification all of associated 3-forms.

2.1 Preliminaries

Definition 2.1.1. A quadratic Lie algebra (g,B) is a vector space g equipped with a non-
degenerate symmetric bilinear form B and a Lie algebra structure on g such that B is invariant
(that means, B([X,Y],Z) = B(X,[Y,Z]), forall X, Y, Z € g).

Let (g, B) be a quadratic Lie algebra. Since B is non-degenerate and invariant, we have some
simple properties of g as follows:

Proposition 2.1.2.

(1) If I is an ideal of g then I'- is also an ideal of g. Moreover; if I is non-degenerate then so

1
is I'- and g = I ©I-. Conveniently, in this case we use the notation g =1 & I+,

(2) Z(g) = [g,9]"* where Z(g) is the center of g. And then

dim(Z(g)) +dim([g, g]) = dim(g).

17



2.1. Preliminaries

(3) Set the map ¢ : g — g* defined by ¢ (X) = B(X,.), for all X € g then ¢ is an isomorphism.
Moreover, the adjoint representation and coadjoint representation of g are equivalent by

Q.
Definition 2.1.3. Let (g,B) and (g’,B’) be two quadratic Lie algebras. We say that (g,B) and
(¢/,B') are isometrically isomorphic (or i-isomorphic) if there exists a Lie algebra isomorphism
A from g onto g’ satisfying
B'(A(X),A(Y))=B(X,Y),VX,Y €g.
In this case, A is called an i-isomorphism. In other words, A is an i-isomorphism if it is a

Lie algebra isomorphism and an isometry. We write g ~ g.

Consider two quadratic Lie algebras (g,B) and (g,B’) (same Lie algebra) with B’ = AB,
A € C, A # 0. They are not necessarily i-isomorphic, as shown by the example below:

Example 2.1.4. Let g = 0(3) and « its Killing form. Then A is a Lie algebra automorphism of
g if and only if A € O(g). So (g, k) and (g, A k) cannot be i-isomorphic if A # 1.

We have a characteristic of quadratic Lie algebras as follows:

Proposition 2.1.5. [PUO7]
Let (g,B) be a non-Abelian quadratic Lie algebra. Then there exists a central ideal 3 and

an ideal | # {0} such that:

1
(1) g =3 ® [ where (3,B|;x;) and (I,B|(x) are quadratic Lie algebras. Moreover, | is non-
Abelian.

(2) The center Z(\) is totally isotropic, equivalently Z(l) C [I,1], and
dim(2(1)) < %dim([) < dim([1, ).
(3) Let ¢’ be a quadratic Lie algebra and A : g — g be a Lie algebra isomorphism. Then
g=5ar

where 3 = A(3) is central, I = A(3)*, Z(!') is totally isotropic and | and ' are isomorphic.
Moreover if A is an i-isomorphism, then | and ' are i-isomorphic.

Proof. Let 30 = Z(g) N g, g]. Define 3 a complementary subspace of 3 in Z(g). Since Z(g)* =
[9, 9], one has B(30,3) = {0} and 3N 3" = {0}. Therefore 3 and 3" are non-degenerate and

g=3 GLB [, where [ = 3. It is obvious that [ is non-Abelian since j is central in g.

Since B([g,g],3) = {0}, one has [g, g] C [. Itis easy to check that Z(l) = 3¢ and [[,[] = [g, g] =
2(g)* so Z(1) is totally isotropic. Moreover, Z([) C [I, 1] = Z(I)* implies dim(l) —dim([(,1]) <
dim([,1]) and (2) is finished.

For (3), one has A(Z(g)N[g,9]) =Z(g')N[g’, ¢’ and Z(g') =3 © (Z(g') N[¢’, ¢']). Therefore

il
[" satisfies g’ = 3’ @ I' and Z(V') is totally isotropic. Since A is an isomorphism from 3 onto 3/,
A induces an isomorphism from g/3 onto g’/3’, and it results that [ and I" are isomorphic Lie
algebras. Same reasoning works for A i-isomorphism. [
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2.1. Preliminaries

Corollary 2.1.6. Let (g,B) be a non-Abelian solvable quadratic Lie algebra. Then there exists
a central element X of g such that X is isotropic.

1
Proof. By the above proposition, g can be decomposed by g = 3 & [ where [ is non-Abelian and
Z(1) is totally isotropic. Since g is solvable then [ is solvable. Moreover, [ is a quadratic Lie
algebra then Z([) # 0 and the result follows. O

Definition 2.1.7. A quadratic Lie algebra g is reduced if:

(1) g # {0}
(2) Z(g) is totally isotropic.
Notice that a reduced quadratic Lie algebra is necessarily non-Abelian.

Definition 2.1.8. Let (g, B) be a quadratic Lie algebra and C be an endomorphism of g. We say
that C is skew-symmetric (or B-antisymmetric) if B(C(X),Y) = —B(X,C(Y)), for all X,Y € g.
Denote by End,(g) (resp. Der,(g)) space of skew-symmetric endomorphisms (resp. deriva-
tions) of g.

Next, we recall two effective methods to construct quadratic Lie algebras: double extensions
and T*-extensions. The former method is initiated by V. Kac for the solvable case ([Kac85]] and
[ES87]), after that developed generally by A. Medina and Ph. Revoy [MR&5]; the later is given
by M. Bordemann [Bor97|].

Definition 2.1.9. Let (g,B) be a quadratic Lie algebra, ) be another Lie algebra and 7 : h —
Der,(g) be a representation of ) by means of skew-symmetric derivations of g. Define the map
Q:gxg—h*byo(X,Y)Z=B(n(Z)X,Y),forall X,Y € g, Z € . Denote by ad* the coadjoint
representation of h. Then the vector space g = & g & h* with the product:

X+Y+ X +Y' + 1] = XX g+ [V,Y]g + 2(X)Y' — n(X")Y +ad"(X) f'

—ad"(X) f+ (V.Y
forall X, X' € bh,Y,Y' €g, f,f €b*isaLie algebra and it is called the double extension of g by
h by means of w. It is easy to show that g is also a quadratic Lie algebra with the bilinear form
B defined by: B
BX+Y+ X +Y +f)=BY,Y)+ f(X")+ f'(X)

forall X,X' € bh,Y.Y €g, f,f €b*

If there is an invariant symmetric bilinear form 7y on b (not necessarily non-degenerate) then
g is also a quadratic Lie algebra with the bilinear form By as follows:

ByX+Y+f.X'+Y'+ ) =BY,Y)+y(X.X )+ f(X') + f'(X)
forall X,X' € b, Y. Y €g, f,f €b*

Proposition 2.1.10. ([Kac85], 2.11, [MRS85]], Theorem I)

Let (g,B) be an indecomposable quadratic Lie algebra (see Definition such that it is
not simple nor one-dimensional. Then g is the double extension of a quadratic Lie algebra by a
simple or one-dimensional algebra.
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Proof. Let I be a minimal ideal of g. Since /NI is also an ideal of g then we must have
INIt =T1or INI*+ = {0}. But g is indecomposable so the second case does not happen. It
means that I C I+, i.e. I is totally isotropic. So B([I,I*],g) = B(I,[I*,g]) = 0. Therefore,
[I,I'*] = 0 by the non-degeneracy of B.

Consider two exact sequences of Lie algebras

0—=1—I1t—=11/1—0,
01t —g—g/lt—0.

Denote by h = g/I" then b is simple or one-dimensional since I is a maximal ideal of
g. We can identify b with a subalgebra of g and g is the semi-direct product of I by h. Let
W =1I%/I, p: I — W be the canonical projection and define on W the bilinear form T that is
the restriction of B on W. Then (W, T) is a quadratic Lie algebra. Since the subspace H =1&h
is non-degenerate, we can identify W (regarded as a subspace of g) with H',i.e. g=I®W @ .

Now, we will define an action 7 of hh on W as follows. Let x € W, regarded as an element
of H+, and take 1 € h. We will show that [h,x] € H*. Indeed, let #’ € b then B(K',[h,x]) =
B([I,h],x) = 0 since [i',h] € h. Therefore, [h,x] € h*. Lety € I then B([x,h],y) = B(x, [h,y]) =
0. Hence, [h,x] must be in H*. We set 7 : h — Der, (W) by 7t(h)(x) = [h,x], forallh€ b, x€ W.

For all x,y € W one has:

[an]g = [xvy]W + (p(x,y),

where @ : W x W — I satisfies B(¢(x,y),z) = B(mw(z)x,y), forall x,y e W, z € h.

Finally, since I & b is non-degenerate and / is a totally isotropic subspace of I & b, we can
identify 7 with h* and the adjoint action of h into I becomes the coadjoint action ad* of h into
h*. Then g is the double extension of W by h by means of 7. ]

Corollary 2.1.11. [FS87]]
Let (g,B) be a non-Abelian solvable quadratic Lie algebra then g is the double extension of
a quadratic Lie algebra of dimension dim(g) — 2 by a one-dimensional algebra.

Proof. By Corollary[2.1.6| there is a totally isotropic central ideal CX of g. Let Y € g isotropic
such that B(X,Y) = 1 then g is the double extension of (CX & CY )™ by the one-dimensional
algebra CY. ]

Let us present now the second construction of quadratic Lie algebras which is given by M.
Bordemann in [[Bor97]| as follows:

Definition 2.1.12. Let g be a Lie algebra over C, V be a complex vector space and p : g —
End(V) be a representation of g in V. That means

p(X.Y])=pX)p(Y)—p(Y)p(X), VXY €g.

In this case, V is also called a g-module. For an integer k > 0, denote by C¥(g, V) the space
of alternating k-linear maps from g x ... x g into V if k > 1 and C%(g,V) = V. Let C(g,V) =
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oo

Y. C%(g,V). The coboundary operator & : C(g,V) — C(g,V) is defined by
k=0

~

k
8f(Xo, .. X)) = Y.(=1)'p(X)(f(X0,-. Xi, . Xk))
i=0

+ Y (=DM F([X, X1, X0, s Xiy oo Xy oo Xi)
i<j

for all f € C¥(g,V), Xo,...,X; € g. It is known that §> = 0. We say that f € C*(g,V) is a
k-cocycle if §f = 0 and f is a k-coboundary if there is g € C*~!(g,V) such that f = §g.

In particular, the dual g* is a g-module with respect to the coadjoint representation of g.
Consider a bilinear map 6 : g x g — g* and define on the vector space T, (g) = g @ g* the
product as follows:

X+ f,Y+g]=[X,Y]g+ foadg(Y)—goady(X)+0(X,Y), VX, Y€g, f,gc€g".

It is easy to check that 7, (g) is a Lie algebra if and only if 6 is a 2-cocycle. In this case,
T, (g) is called the T*-extension of g by means of 6. Moreover, if 0 satisfies 6(X,Y)Z =
0(Y,Z)X, for all X,Y,Z € g (cyclic condition) then T,y (g) becomes a quadratic Lie algebra with
the bilinear form B defined by

BXX+fY+g)=f¥)+gX),VX,Ycg, f,gcg"

Proposition 2.1.13. [Bor97|]

Let (g,B) be an even-dimensional quadratic Lie algebra over C. If g is solvable then g
is i-isomorphic to a T*-extension T; () of b where b is the quotient algebra of g by a totally
isotropic ideal.
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2.2. Singular quadratic Lie algebras

2.2 Singular quadratic Lie algebras

2.2.1 Super-Poisson bracket and quadratic Lie algebras

Let (V,B) be a quadratic vector space. Denote by .o (V) the (Z-graded) Grassmann algebra
of alternating multilinear forms on V. For X € V, we recall the derivation 1y of <7 (V') defined
by:

x(Q)(Y1,....Y) =QX,Y,....Y,), VQe 7 WV), X, 71,... .Y, eV (k>0),
and 1x (1) = 0. Then the super-Poisson bracket on <7 (V) is defined as follows (see [PUO7] for
details): fix an orthonormal basis {vy,...,v,} of V, then one has

{Q,Q'} = (—1)F! Z L, (Q) AL, (Q), VQed V), Q ed(V). 1))

For instance, if o € V*, one has
{OC,Q} = lq)*l(a)(g)v VQe %(V),

and if o’ € V*, {a, o'} = B(¢~ ! (a),¢ ' («')). This definition does not depend on the choice
of the basis.
For any Q € &7*(V), define adp(Q) by

adp(Q) (@) ={Q,Q'}, VQ e #(V).
Then adp(Q) is a super-derivation of degree k — 2 of the algebra .7 (V). One has:
adp(Q) ({2, Q"}) = {adp (R)(), "} + (~ 1) {2 adp(2)(Q")}

for all Q' € ¥ (V), Q' € «/(V). That implies that <7 (V) is a graded Lie algebra for the
super-Poisson bracket.

Proposition 2.2.1. [PUO7]
Let (g,B) be a quadratic Lie algebra. We define a 3-form I on g as follows:

1(X,Y,Z)=B([X,Y],Z),VX,Y,Z € g.
Then one has:
(1) 1€ 4(g).
(2) {I,I} =0.

Conversely, assume that g is a finite-dimensional quadratic vector space. Let I € .«73(g) and
define
[X Y] ¢) (lx/\y( )),VX,YGQ.

This bracket satisfies the Jacobi identity if and only if {Z,/} = 0 [PUO7]. In this case, g becomes
a quadratic Lie algebra with the 3-form /.

Definition 2.2.2. The 3-form / in the previous proposition is called the 3-form associated to g.
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2.2. Singular quadratic Lie algebras

2.2.2 The dup number of a quadratic Lie algebra

Let V be a vector space and I € &7*(V'), for k > 1. We introduce two subspaces of V*:

Vi = {aeV"| anl=0},
Wy = {veVv| ) =0},

Proposition 2.2.3. [Bou5§||
LetI € &/%(V), 1 # 0. Then:

(1) V; C Wy, &im(V;) < k and dim(Wy) > k.

(2) If {ou,...,04} is a basis of Vy, then oy N\ --- \ @, divides 1. Moreover, I belongs to the
k-th exterior power of Wy, also denoted by N*(Wy).

(3) I is decomposable if and only if dim(V;) = k or dim(Wy) = k. In this case, Vi = W; and
if{ay,..., o} is a basis of Vy, there is some non-zero A € C such that:

I=Aog N Aoy.

Proof. First, we need the following lemmas:

Lemma 2.2.4. Let | <k and &y, ..., 04 be linear forms independent in V* and satisfying o; N1 =
0, foralli=1,...,l. One has:

(1) if1 <k—1 then there exists a multilinear form B € &/*=' (V) such that 1 = oy \--- Aoy AB,
(2) if | = k then there exists a non-zero complex & such that I = oy N -+ N\ 0.

Proof. Since Qp,...,q are linearly independent in V* then we can complete this system by
vectors to get a basis {a, ..., &, } of V*. In this basis, assume that / is as follows:

1= Z éjaj1A~--/\ajk,
JC[[L,n]], =k

where &; € C and the indices meant J = (ji,...,jx) € NEwith 1 < jj <--- < ji <n.
One has a; AT =0 then & = 0 if j; # 1. Therefore, we obtain

I=o0q N Z ész,kaajz ARRRRAY 7
2<jp< < jx<n

Similarly, one has oy AI = 0 then &; = 0 if j, # 2 and we get

I=ognooh Y Eiojs O A A,
3<j3< <k <n

This continues until o; and finally we obtain if [ <k —1:
I= 0‘1/\"'/\051/\< )3 Sl Qi /\"'A%)
IH1<ji 1 <<ji<n
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2.2. Singular quadratic Lie algebras

If [ = k then we stand at (k— 1)-step and

I=o1N---Nog_1 N\ Z Eik—1,j, O
k<jx<n

Since oy AT = 0 then &; = 0 if ji # k. Therefore, we obtain

I=Eo N Aoy

Lemma 2.2.5. W; = G; = {14(I) | Ae A¥' (V)]
Proof. LetX €V such that ix(I) = 0. If A € A¥~!(V) then one has

LX) =IAAX) = (-DFIX AA) = (~ D) Tix(1)(A) = 0.

So G, C Wy. Let X € Gi. If A € A¥"1(V) then 14(I)(X) = 0. That means ty ()(A) = 0, for
all A € A\¥"1(V). Therefore 1x(I) = 0 and then X € W5 It implies that W; = G. O

We turn now to the proof of the proposition.

(1) Let a € V;, we show that @ € W;. It means that if X € V such that 1x(I) = 0 then
o(X) =0. Indeed, let X € V such that 1x(I) = 0. Since & € V; one has o A1 = 0. This
implies that

O0=1x(anl)=1x(x)NI—aNnix(I) = o(X)I.

Therefore, a(X) = 0 since I # 0.

To prove dim(V;) < k, we assume to the contrary, i.e. dim(V;) > k+1. Let {, ..., 01}
be an independent system of vectors of V;. Apply Lemma one has a non-zero
complex & such that

I=E0y - Noy.

Since g 1 AI=0we getEoy - Aoy =0, 1i.e. & =0. This is a contradiction. Therefore,
dim(\?l) <k.

To prove dim(W;) > k, let {o,...,} be a basis of V; and complete it to get a basis
{oq,...,0,} of V*. By Lemma|2.2.4] there exists a (k — r)-form f such that

I=o0y---No,A\B.

We can write 3 as follows:

B - Z éjﬂrla"'jkajﬂrl /\”'/\(Xjk - Zéla]-
J

1<y << ji<n

Let {Xi,...,X,} be the dual basis of {¢,...,a,} in V and choose J such that &; # 0. By
Lemma[2.2.5] one has:

o ifA; :Xl/\"‘/\)/(\s/\"'/\Xr/\Xj,H A---AXj, then lAsI::lzéj(Xs eWr(1<s<r).
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Ao AXj A AXj then 14,1 = £&ra,., € Wi(1 <

r+1 Jr+s

o if Ay =X| A AX AX;
s<k—r).

Therefore, dim(W;) > k.

(2) The first statement of (2) follows Lemma [2.2.4] By the proof of (1), a,...,a, @, ,
oy @, € Wy then T € NF(W).

(3) Lemma shows that 7 is decomposable if and only if dim(V;) = k. We only prove
that 7 is decomposable if and only if dim(W;) = k. The last assertion follows. Indeed,
if I is decomposable, then I = o A --- A . Therefore, W; = span{o,..., 04}, i.e.
dim(Wy) =k.

Conversely, if dim('W;) = k, we assume that / is not decomposable. Let {o(, ..., } be a
basis of V; and complete it to get a basis {a, ..., 0, } of V*. By Lemma there exists
a (k—r)-form B such that

I=0o---No AB.

We can write 3 as follows:

'B - Z éjr+la-~~jkajr+l /\“'/\ajk :Z§JOCJ-
J

r+1<jrp1<--<jx<n
If there exist two index families J and J’ distinct such that &; # 0 and &y # 0 then

B({Grttse s kb Uit dik}) = k—r+1.

So one has r+ (k—r+ 1) = k+ 1 vectors independent in W; which is of dimension k.
This is a contradiction. Therefore, I is decomposable.

[]

Corollary 2.2.6. Let g be a non-Abelian quadratic Lie algebra and I be its associated 3-form.
Then one has:

(1) dim(V;) € {0,1,3}.

(2) Wi = ¢([g,9]) and dim([g, g]) = 3.
(3) I is decomposable if and only if dim([g, g]) = 3.

Corollary 2.2.7. Let g be a non-Abelian quadratic Lie algebra with its associated 3-form 1. If

1
g =3 P lis a decomposition of g as in Proposition|2.1.5| where 3 is a central ideal and | has a
totally isotropic center then Wy = ¢ ([, 1]).

Recall that if A : g — g’ is an isomorphism then it induces an isomorphism ‘A : g* — g*
defined by ‘A(f) = foA, for all f € g’*, that extends to an algebra isomorphism from <7 (g’)
onto <7 (g). We also denote this isomorphism by ’A.

Lemma 2.2.8. Let g and g be quadratic Lie algebras with associated 3-forms I and I' re-
spectively. Let A be an i-isomorphism from g onto ¢'. Then 1 ='A(I'), V; ='A(Vy) and
W[ - ZA (W[/).
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Proof. Assume that A is an i-isomorphism from (g, B) onto (g’,B’) then
B'([A(X),A(Y)],A(Z)) = B'(A[X,Y],A(Z)) = B([X,Y],2), VX,Y,Z € g.

That means I ='A(I").

Leta’ € Vythen &’ AI'=0. So’A(a/ NI') ="A(a') A'A(I") = 0. It means that’A(Vy) C V.
Similarly, /A~ (V;) C Vp. Therefore, V; =A(Vy).

Forall X € g, ¥,Z € ¢ one has 1,x)(I')(Y,Z) = 1x(I)(A~'(Y),A"!(Z)). Therefore, the
restriction of A to the subspace {v € g | 1,(I) =0} is an i-isomorphism from {v € g | 1,(I) =0}
onto {veg | 1,(I') =0} then W; ="A(Wy). O

It results from the previous lemma that dim(V;) and dim(W;) are invariant under
i-isomorphisms. This is not new for dim('W;) since dim(W;) = dim([g, g]). Actually, dim(Wy)
is invariant under isomorphisms.

For dim(V;), to our knowledge this fact was not remarked up to now, so we introduce the
following definition:

Definition 2.2.9. Let g be a quadratic Lie algebra. The dup number dup(g) is defined by

dup(g) = dim(V;).

Remark 2.2.10. By Corollary [2.2.6, when g is non-Abelian, one has dup(g) € {0,1,3} and
dim ([g, g]) > 3. Moreover, I is decomposable if and only if dup(g) = dim ([g, g]) = 3, a simple

1
but rather interesting remark. Finally, if g is decomposed by g = 3 & [ as in Proposition [2.1.5
then dup(g) = dup(l) since I € A*(W;) and W; = ¢([g, 8]) = ¢ ([L, ).

We separate non-Abelian quadratic Lie algebras as follows:

Definition 2.2.11. Let g be a non-Abelian quadratic Lie algebra.

(1) gis an ordinary quadratic Lie algebra if dup(g) = 0.

(2) g is a singular quadratic Lie algebra if dup(g) > 1.

(i) g is a singular quadratic Lie algebra of type S; if dup(g) = 1.
(ii) g 1is a singular quadratic Lie algebra of type Ss if dup(g) = 3.

Now, given a non-Abelian n-dimensional quadratic Lie algebra g, we can assume, up to
i-isomorphisms, that g is regarded as the quadratic vector space C" equipped with its canonical
bilinear form B. Our problem is considering Lie algebra structures on g such that B is invariant.
So we introduce the following sets:

Definition 2.2.12. Forn > 1:

(1) Q(n) is the set of non-Abelian quadratic Lie algebra structures on C".

(2) O(n) is the set of ordinary quadratic Lie algebra structures on C”.
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2.2. Singular quadratic Lie algebras

(3) 8(n) is the set of singular quadratic Lie algebra structures on C".
By [PUQ7], there is a one-to-one map from Q(n) onto the subset
{1€/(C") | 1#£0,{,I} =0} C &7*(C").

In the sequel, we identify these two sets, so that Q(n) C .73 (C").
Theorem 2.2.13. One has:

(1) Q(n) is an affine variety in o73(C").

(2) O(n) is a Zariski-open subset of Q(n).

(3) 8(n) is a Zariski-closed subset of Q(n).

Proof. The map I+ {I,1} is a polynomial map from ./(C") into .<7*(C"), so the first claim
follows.

Fix I € «73(C") such that {I,I} = 0. Consider the map m : (C")* — &/*(C") defined by
m(a) = a Al forall a € (C")*. Then, if g is the quadratic Lie algebra associated to /, one has
dup(g) = 0 if and only if rank(m) = n. This can never happen for n < 4. Assume that n > 5.
Let M be a matrix of m and A; be the minors of order n, for 1 <i < (Z) . Then g € O(n) if and
only if there exists i such that A; # 0. But A, is a polynomial function and from that the second
and the third claims follow. [

1
Lemma 2.2.14. Let g; and gr be non-Abelian quadratic Lie algebras. Then gy @ gy is an
ordinary quadratic Lie algebra.

i
Proof. Set g = g1 & g». Denote by I, I} and I, the non-trivial 3-forms associated to g, g; and
g> respectively.

One has &7 (g) = o (g1) @ o (92), Z*(g) = @ " (91) @ F*(g2) and I = I + I, with
r+s=k

Iy € /3(gy) and I, € o73(g5). Tt immediately results that for & = o + 0 € g] @ g5, one has
aNl=0ifand only if ot} = ap = 0. O]

Proposition 2.2.15. One has:

(1) Q(n) # 0 if and only if n > 3.
(2) O(3)=0(4) =0and O(n) #0 ifn> 6.

Proof. If g is a non-Abelian quadratic Lie algebra, using Remark [2.2.10] one has dim([g, g]) >
3,50Q(n) =0ifn < 3.

We shall now use some elementary quadratic Lie algebras given in Section 6 of [PUO7]
(see also in Proposition [2.2.29), i.e. those are quadratic Lie algebras such that their associated
3-form is decomposable. We denote these algebras by g;, according to their dimension, i.e.
dim(g;) =i, for 3 <i < 6. Note that g3 = 0(3), g4, g5 and g¢ are examples of elements of Q(3),
Q(4), Q(5) and Q(6), respectively.
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Consider
k; times
J_ /_/%
1 1
9= P @e ... e9).

3<i<6

6
Then dim(g) = ¥ ik; and by Lemma[2.2.14} dup(g) = 0, so we obtain O(n) # 0 if n > 6.
i=3

Finally, let gibe a non-Abelian quadratic Lie algebra of dimension 3 or 4 with associated
3-form I. Then I is decomposable, so g is singular. Therefore O(3) = O(4) = 0.
[]

Remark 2.2.16. We shall prove in Appendix B and Appendix C by two different ways that
O(5) = 0. So, generically a non-Abelian quadratic Lie algebra is ordinary if n > 6.

1
Definition 2.2.17. A quadratic Lie algebra g is indecomposable if g = g1 & go, with g; and g,
ideals of g, implies g; or go = {0}.

The proposition below gives another characterization of reduced singular quadratic Lie al-
gebras.

Proposition 2.2.18. Let g be a singular quadratic Lie algebra. Then g is reduced if and only if
g is indecomposable.

Proof. 1If g is indecomposable, by Proposition [2.1.5] g is reduced. If g is reduced and g =
1

g1 @ g2, with g and g, ideals of g, then Z(g;) C [gi,g;] for i = 1,2. So g; is reduced or g; =
{0}. But if g; and g, are both reduced, by Lemma [2.2.14} one has dup(g) = 0. Hence g; or
g2 ={0}. O

2.2.3 Quadratic Lie algebras of type S;

Let (g, B) be a quadratic vector space and I be a non-zero 3-form in .<7>(g). As in Subsection
we define a Lie bracket on g by:

X, Y] =0 axay (1), VX,Y €g.

Then g becomes a quadratic Lie algebra with an invariant bilinear form B if and only if {/,/} =0
[PUO7].
In the sequel, we assume that dim(V;) = 1. Fix o € V; and choose Q € .27?(g) such that
I = aAQ as follows: let {a,0y,...,0,} be a basis of W;. Then, I € A*(W;) by Proposition
We set:
Xo=¢ '(a) andX; = ¢ (o), 1 <i<r

So, we can choose Q € .27*(V) where V = span{Xi,...,X,}. Note that Q is an indecomposable
bilinear form, so dim(V') > 3.
We define C : g — g by
B(C(X),Y) =Q(X,Y).

Therefore C is skew-symmetric with respect to B.
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Lemma 2.2.19. The following assertions are equivalent:
(1) {1,1} =0
(2) {a,o} =0and {a,Q} =0
(3) B(Xo,Xo) =0and C(Xp) =0
In this case, one has dim([g,g]) > 4, Z(g) C ker(C), Im(C) C [g, 9] and Xo € Z(g) N [g, g]-
Proof. 1t is easy to see that:

{ILI} =0&={a, 0} NQANQ =2I N {a,Q}.

If QA Q =0, then Q is decomposable and that is a contradiction since dim(V;) = 1. So QAQ #
0.

If {o,a} # 0, then o divides QA Q € .o7*(V), another contradiction. That implies { o, &} =
0 = B(Xo,Xop). It results that {a,Q} € V; = Ca, hence {a,Q} = Ao for some A € C. But
{o,Q} is an element of <7!(V), so A must be zero and by Subsection 1x,(Q) =0,
therefore C(Xp) = 0. Moreover, since {a,a} = {o,Q} =0, using I = oo A Q, we deduce that
{o,1} = 0. Again by Subsection 2.2.1] it results that B(Xo, [X,Y]) = {a,I}(X AY) = 0, for all
X,Y €g.50Xp € [g,a]" = 2(g). Also, V; CW;,s0Xg= ¢ () € 9~ (W)) = [g,9].

Write Q = Y a;;04 A ¢, with a;; € C. Since Wy = ¢([g,g]) and Xi,..., X, € [g,g], we

i<j
deduce that !
C= Za,-j(oc,- ®Xj —Q; ®Xi)
i<j

Hence Im(C) C [g,g]. Since C is skew-symmetric, one has ker(C) = Im(C)~ and it follows
Z(g) = lg, 9" C ker(C).

Finally, [g,g] = CXo @V and since dim(V) > 3, we conclude that dim([g, g]) > 4. O

Remark 2.2.20. It is important to notice that our choice of Q such that I = o A € is not unique,
it depends on the choice of V, so C is not uniquely defined. If we consider another vector space
Viand I = a AQ'. Then Q' = Q+ a A for some B € g*. Let X; = ¢ !(B) and let C' be
the map associated to Q'. By a straightforward computation, C' = C+ ¢ ® X; — f ® Xp. Since
C'(Xy) = 0, we must have B(Xp,X;) = 0.

Lemma 2.2.21. There exists Yy € V* such that
Moreover
C(Yy) =0.

Proof. One has ¢~ (W)) = [g,9] = CXo DV, therefore Z(g) C V* and dim(2Z(g)) = dim(g) —
dim([g, g]) = dim(V+) — 1. So there exists ¥ € V- such that V- = Z(g) © CY. Now, Y cannot
be orthogonal to Xj, since it would be orthogonal to [g, g| and therefore an element of Z(g). So
1

we can assume that B(Xy,Y) = 1. Replace Y by Yo =Y — EB(Y,Y)XO to obtain B(Yp,Yy) =0
(recall B(Xp,Xo) = 0).

By Lemma [2.2.19, Im(C) C V and that implies B(Yy,C(X)) = —B(C(¥p),X) = 0, for all
X € g. Then C(Yp) = 0. O
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Proposition 2.2.22. We keep the previous notation and assumptions. Then:

(1) [X,Y] =B(Xo,X)C(Y)—B(Xo,Y)C(X)+B(C(X),Y)Xo, forall X, Y € g.
(2) C = ad(Yp) and rank(C) is even.
(3) ker(C) = 2Z(g) ®CYy, Im(C) =V and [g,9] = CXo ®Im(C).
(4) the Lie algebra g is solvable. Moreover, g is nilpotent if and only if C is nilpotent.
(5) the dimension of |g,g] is greater than or equal to 5 and it is odd.
Proof.
(1) Forall X,Y,Z € g one has

2)

3)

“4)

&)

B([X,Y],Z) = (a AQ)(X,Y,Z) = a(X)Q(Y,Z) — a(Y)Q(X,Z) + a(Z)Q(X,Y)

= B(B(X0,X)C(Y) — B(X0,Y)C(X) +B(C(X),Y)Xo,Z).

Since B is non-degenerate then

[X,Y] = B(Xo,X)C(Y) — B(Xo,Y)C(X) 4+ B(C(X),Y)Xo, VX,Y € g.

Set X =Y in (1) and use Lemma 2.2.21|to show C = ad(Yp). Since C(g) = ad(Yp)(g) =
¢! (ad*(g)(¢(Yp))), the rank of C is the dimension of the coadjoint orbit through ¢ (¥p),
so it is even (see also Appendix A).

We may assume that g is reduced. Then Z(g) is totally isotropic and Z(g) C X;-. Write
X5~ = 2(g) ®b with h a complementary subspace of Z(g). Therefore g = 2(g) & h & CYp
and for an element X = Z+ H + AY) € ker(C), we deduce H € ker(C) by Lemmas
and

But B(Xyp,H) = 0, so using (1), H € Z(g). It results that H = 0. Then ker(C) = Z(g) @
CY}. In addition,

dim(Im(C)) = dim() = dim(Xy") — dim(Z(g)) = dim([g, g]) — 1.

Our choice of V implies that [g,g] = ¢~ (W;) = CXo @V and Im(C) C V (see the proof
of Lemma [2.2.19)). Therefore Im(C) =V and [g,g] = CXo @ Im(C).

Since B(Xp,Im(C)) = 0, then [[g, 9], [g,9]] = [Im(C),Im(C)] C CXy. We conclude that
g is solvable. If g is nilpotent, then C = ad(Yp) is nilpotent. If C is nilpotent, using
Im(C) C X;-, we obtain by induction that (ad(X))¥(g) C CXy@®Im(C¥) for any k € N. So
ad(X) is nilpotent, for all X € g and that implies g nilpotent.

Notice that [g, g] = CXo @ Im(C) and rank(C) is even, so dim([g, g]) is odd. By Lemma

2.2.19, dim([g,g]) > 5.
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Recall that C is not unique (see Remark [2.2.20) and it depends on the choice of V. Let
a= Xd‘ / CX().
We denote by X the class of an element X € XOL.

Proposition 2.2.23.
Keep the notation above. One has:

(1) the Lie algebra a is Abelian.

(2) define L
B(X,Y)=B(X,Y),VX,Y € X;.

Then B is a non-degenerate symmetric bilinear form on a.

(3) define L
CX)=C(X),VX Xy .

Then C € £(a) is a skew-symmetric map with rank (C) = rank(C) even and rank(C) > 4.

(4) C does not depend on the choice of V. More prec;sely, W =Ca®¢(V') and C' is the
associated map to V' (see Remarkm) then C' = C.

(5) the Lie algebra g is reduced if and only if ker(C) C Im(C).
Proof.

(1) It follows from Proposition [2.2.22](1).
(2) Itis clear that B is well-defined. Now, since B (Xo,Y0) =1, B(X0,Xo) = B(Yy,Yy) =0, the
restriction of B to span{Xy,Yp} is non-degenerate. So
’ 1
g = span{Xo,Yo} ® span{Xo, Yo},

XOL = CXo @ span{Xy,Yp}* and XOLL = XOL Nspan{Xp, Yo} = CXy. We conclude that Bis
non degenerate.

(3) We have C(X;") = ad(Yy)(X;") C X~ since X;- is an ideal of g. Moreover, C(Xp) =0, so
C is well-defined. The image of C is contained in X;- and Im(C) N CXy = {0}, therefore
dim (Im(C)/CXp) = dim(Im(C)) = dim(Im(C)). Now it is enough to apply Proposition
2.2.27)

(4) By Remark[2.2.20, we have C' =C+ a ®X; — B ® Xp. But a(Xp) = 0, so C'=C.
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(5) By Proposition [2.2.22] we have ker(C) = Z(g) & CYy and by Lemma [2.2.19, we have
2(g) C X; . Again by Proposition [2.2.22} we conclude that ker(C) = Z(g)/CXo. Apply-

~

ing Proposition |2.2.22once more, we have [g, g] = CXy ®Im(C), so Im(C) = [g, g]/CXp.

-~

Then ker(C) C Im(C) if and only if Z(g) C [g,g] + CXp. But Xy € [g,g] (see Lemma
[2.2.19)), so the result follows.

[
We should notice that C still depends on the choice of & (see Remark[2.2.20): if we replace

o by Aa, for a non-zero A € C, that will change C into I(? So there is not a unique map C

associated to g but rather a family {AC | A € C\ {0}} of associated maps. In other words, there
is a line

[C]={AC| A eC} eP'(o(a))
where P! (0(a)) is the projective space associated to the space o(a).

Definition 2.2.24. We call [6] the line of skew-symmetric maps associated to the quadratic Lie
algebra g of type S;.

Remark 2.2.25. The unicity of [6] is valuable, but the fact that C acts on a quotient space
and not on a subspace of g could be a problem. Hence it is convenient to use the following
decomposition of g: the restriction of B to CXy @ CYj is non-degenerate, so we can write g =

(CXo @ CYy) E% q where q = (CXo® CYp)*. Since C(Xo) = C(Yy) =0 and C € o(g), C maps
g into q. Let 7 : XOL — XOL /CX be the canonical surjection and C = C |q- Then the restriction
7y - q — X5 /CXp is an isometry and C= m, C 7rq_].

Remark that ¥ is not unique, but if ¥ satisfies Lemma[2.2.21] consider C’ = ad(¥{j) and ¢’

1 N _
such that g = (CXo ® CY;) & ¢, therefore C = 1, C’ @y~ with the obvious notation. It results
that 7rc’|’17rq is an isometry from q to g’ and that

C'= (my'm) C (my ' my)

We shall develop this aspect in the next Section.

2.2.4 Solvable singular quadratic Lie algebras and double extensions

In this subsection, we will apply Definition for a particular case that is the double
extension of a quadratic vector space by a skew-symmetric map as follows:

Definition 2.2.26.

(1) Let (q,B,) be a quadratic vector space and C : q — q be a skew-symmetric map. Let
(t = span{X},Y, }, B¢) be a 2-dimensional quadratic vector space with B¢ defined by

Bi(X1,X1) =B:(11,Y1) =0, B(X;,Y1) = 1.
Consider

g=qdt
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equipped with a bilinear form B = By + B¢ and define a bracket on g by
X +AX1 +u0,Y + A% + M| = pC(Y) — w'C(X) +B(C(X),Y)Xi,

forall X,Y € q, A,u,A",u’ € C. Then (g,B) is a quadratic solvable Lie algebra. We say
that g is the double extension of q by C.

(2) Let g; be double extensions of quadratic vector spaces (q;, B;) by skew-symmetric maps
C; € Z(q;), for 1 <i < k. The amalgamated product

is defined as follows:

e consider (q,B) be the quadratic vector space with q = q; ©q B --- @ qx and the
bilinear form B such that B(Y*_, X;, Y, ¥;) = YX_, Bi(X;,Y;), for X;,¥; € q;, 1 <i <

k.
e the skew-symmetric map C € Z(q) is defined by C(Y*_, X;) = Y%, Ci(X;), for X; €
qi, 1 <i <k

Then g is the double extension of q by C.

Next, we will show that double extensions are highly related to solvable singular quadratic
Lie algebras and amalgamated products can be used to decompose double extensions that are
useful in the nilpotent case. However, we notice here that generally this decomposition is a bad

behavior with respect to i-isomorphisms as follows: if g; ~ g} and g» ~ g5, it may happen that
g1 x g2 and g} x g} are not even isomorphic. An example will be given in Remark [2.2.45}
a a

Lemma 2.2.27. We keep the notation above.
(1) Let g be the double extension of q by C. Then
[X,Y] =B(X1,X)C(Y)—B(X;,Y)C(X)+B(C(X),Y)X, VX,Y € g,
where C = ad(Y;). Moreover, X € Z(g) and C|q =C.

(2) Let g be the double extension of q by C' =AC, A € C, A #0. Then g and g are i-
isomorphic.

Proof.

(1) This is a straightforward computation from the previous definition.

1
(2) Write g =q@® t=g. Denote by [-,-]' the Lie bracket on g’. Define A : g — g’ by
1
AXy) =AX1, A(Yy) = IYl and A|q = Idy. Then A([Y},X]) = C(X) = [A(Y1),A(X)] and
A([X,Y]) =[A(X),A(Y)], for all X,Y € q. So A is an i-isomorphism.
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]

A natural consequence of formulas in Proposition [2.2.22(1) and Lemma [2.2.27|is given by
the proposition below:

Proposition 2.2.28.

(1) Consider the notation in Subection Remark|2.2.25| Let g be a singular quadratic
Lie algebra of type S (that is, dup(g) = 1). Then g is the double extension of q = (CXy ®
(CY())l by E = ad(Y()) |q.

(2) Let (g,B) be a quadratic * Lie algebra. Let g’ be the double extension of a quadratic vector
space (q',B) by a map C'. Let A be an i-isomorphism of g’ onto g and write ¢ = A(q’).
Then g is the double extension of (q,B|qxq) by the map C = A CA " where A = Aly-

(3) Let g be the double extension of a quadratic vector space q by a map C # 0. Then g is a
solvable singular quadratic Lie algebra. Moreover:

(i) g is of type S3 if and only if rank(C) = 2.
(ii) g is of type Sy if and only if rank(C) > 4.
(iii) g is reduced if and only if ker(C) C Im(C).

(iv) g is nilpotent if and only if C is nilpotent.
Proof.

(1) Let b = CX® CY). Then By, is non-degenerate and g = b @ q. Since ad(¥y)(b) C b and
ad(Yp) is skew-symmetric, we have ad(Yp)(q) C q. By Proposition [2.2.22{(1), we have

[X,X'] = B(C(X),X")Xo, VX, X' €q.
Set X; = Xp and Y; =Y} to obtain the result.

1 1
(2) Write g’ = (CX{®CY]) @ ¢'. Let X; =A(X{) and Y} =A(Y{). Then g = (CX, ®CY;) @ q
since A is i-isomorphic. One has:

Y1, X] = A[Y],A"'(X)] = (ACA™1)(X), VX € q, and

[X,Y]=A[A1(X),A7 (Y)] = B(AC'A1(X),Y)X;, VX,Y €q.

Hence, this proves the result.

1
(3) Letg=(CX;0CY;) ® g, C=ad(V1), a=¢(X1), QX,Y)=B(C(X),Y),forallX,Y € g
and / be the 3-form associated to g. Then the formula for the Lie bracket in Lemma|2.2.277
(1) can be translated as I = a A Q, hence dup(g) > 1 and g is singular.

Let W be the set Wo = {1x(Q) = ¢(C(X)),X € g} then Wo = ¢(Im(C)). Therefore
rank(C) > 2 by Proposition and Q is decomposable if and only if rank(C) = 2.
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If rank(C) > 2, then g is of type S; and by Proposition [2.2.23, we have rank(C) > 4.

Finally, Z(g) = CX; @ ker(C) and [g,g] = CX; & Im(C), so g is reduced if and only if

ker(C) C Im(C).
The proof of the last claim is exactly the same as in Proposition [2.2.22](4).

]

A complete classification (up to i-isomorphisms) of quadratic Lie algebras of type S3 is
given in [PUO7] by applying the formula {,7} = O for the case I decomposable. We shall recall
the characterization of these algebras here and describe them in terms of double extensions:

Proposition 2.2.29. Let g be a quadratic Lie algebra of type S3. Then g is i-isomorphic to an

1
algebra | @ 3 where 3 is a central ideal of g and | is one of the following algebras:

(1)

(2)

(3)

(4)

93(L) = 0(3) equipped with the bilinear form B = Ak where K is the Killing form and
AeC,A#0.

g4, a 4-dimensional Lie algebra: consider q = C?, {E\,E,} its canonical basis and the
bilinear form B defined by B(E|,E|) = B(E>,E;) =0 and B(E|,E>) = 1. Then g4 is the
double extension of q by the skew-symmetric map

c=(5 %)

Moreover, g4 is solvable, but it is not nilpotent. The Lie algebra g4 is known in the
literature as the diamond algebra (see for instance [Dix74]]).

s, a S-dimensional Lie algebra: consider ¢ = C3, {E1,Ey,E3} its canonical basis and
the bilinear form B defined by B(E|,E|) = B(E3,E3) = B(E1,E>) = B(E>,E3z) =0 and
B(E|,E3) = B(Ey,Ey) = 1. Then gs is the double extension of q by the skew-symmetric
map

01 0
c=10 0 —1
00 O

Moreover, gs is nilpotent.

g6, a 6-dimensional Lie algebra: consider ¢ = C* {E},E,,E3,E4} its canonical basis
and the bilinear form B defined by B(E\,E3z) = B(E,E4) = 1 and B(E;, E ;) = 0 otherwise.
Then g is the double extension of q by the skew-symmetric map

(il i)
SO o -

S O O
o o oo

Moreover, gg is nilpotent.
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Therefore, we can conclude that all solvable quadratic Lie algebras of type S3 are double
extensions of a quadratic vector space by a skew-symmetric map.

We remark that in the nilpotent Lie algebras classification, the Lie algebras g5 and gg can be
identified respectively as gs 4 and g 4, for more details the reader should refer to [Oom09] and
[Mag10].

2.2.5 Classification singular quadratic Lie algebras

Let (q,B) be a quadratic vector space. We recall the notations in Chapter 1 that O(q) is the
group of orthogonal maps and o(q) is its Lie algebra, i.e. the Lie algebra of skew-symmetric
maps. Also, recall that the adjoint action is the action of O(q) on o(q) by conjugation.

1
Theorem 2.2.30. Let (q,B) be a quadratic vector space. Let g = (CX; & CY) @ qand g =

il _ _
(CX{ ®CY/{) @ q be double extensions of q, by nonzero skew-symmetric maps C and C' respec-
tively. Then:

(1) there exists a Lie algebra isomorphism between g and g’_if and only if there exist an
invertible map P € £ (q) and a non-zero A € C such that C' = A PCP~! and P*PC = C
where P* is the adjoint map of P with respect to B.

(2) there exists an i-isomorphism between g and g if and only if C' is in the O(q)-adjoint
orbit through AC for some non-zero A € C.

Proof.

(1) LetA: g — g’ be a Lie algebra isomorphism. We know by Proposition [2.2.28| that g and
g’ are singular. Assume that g is of type S3. Then 3 = dim([g,g]) = dim([¢/,¢]). So ¢’
is also of type S3 ([PUO7])). Therefore, g and g’ are either both of type S; or both of type
S3. Let us study these two cases.

(i) First, assume that g and g’ are both of type S;. We start by proving that A(CX; & q) =
CX{ @ q. If this is not the case, there is X € q such that A(X) = BX] + yY{ +Y with
Y € gand Y # 0. Then

[A(X),CX;{ @ q]' =yC'(q) +[Y,q]'.

Since g’ is of type Sy, we have rank(fl) >4 (see Proposition and it follows
that dim ([A(X),CX{ @ q]") > 4. On the other hand, [A(X),CX{ & q]’ is contained in
A([X,g]) and dim([X, g]) <2, so we obtain a contradiction.

Next, we prove that A(X;) € CX|. By the definition of a double extension and B
non-degenerate, then there exist X, ¥ € q such that X; = [X,Y]. Then A(X;) =
[A(X),A(Y)]) € [CX{ ®q,CX{ & q) = CX{. Hence A(X;) = puXj for some non-zero
ueC.

Now, write Alq =P+ B ®X{ with P: q— qand 8 € q*. If X € ker(P), then

1
A (X “u B(X )Xl) =0, so X = 0 and therefore, P is invertible.
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2)

(ii)

For all X, Y € q, we have A([X,Y]) = uB(C(X),Y)X]. Also,
A(x.Y]) = [P(X)+BX)X{,P(Y)+BY)X{]

B(C'P(X),P(Y))X;.
So it results that P*C'P = uC.
Moreover, A([Y;,X]) = P(C(X) + B(C(X))X{, forall X € q. Let A(Y;) = yY{+Y +
0X{, with Y € q. Therefore
A(n,X]) = yC'P(X) +B(C'(Y), P(X))X{
and we conclude that P C P~!' = yC' and since P*C'P = uC, then P*PC = yuC.
1 _ — _
Set Q = -P. It follows that QCQ~!' = yC’ and Q*QC = C. This finishes the

(uy)2
proof in the case g and g’ of type S;.

We proceed to the case when g and g’ of type Ss: the proof is a straightforward case-
by-case verification. By Proposition|2.2.5, we can assume that g and g are reduced.
Then dim(q) = 2,3 or 4 by Proposition 2.2.29

Recall that g is nilpotent if and only if C is nilpotent (see Proposition [2.2.28[(3)).
The same is valid for g'.

If dim(q) = 2, then g is not nilpotent, so C is not nilpotent, Tr(C) = 0 and C must
be semisimple. Therefore we can find a basis {ej,e;} of q such that B(ej,e;) =1,
B(ei,e1) = B(e,e2) = 0 and the matrix of C is <g _O‘u> . The same holds for C':
there exists a basis {e], €5} of q such that B(¢/,¢}) = 1 and B(e|,e1) = B(é5,€5) =0

/ - r
w0 ,). It results that C’ and %C are O(q)-

such that the matrix of C’ is (
0 —u

conjugate and we are done.
If dim(q) = 3 or 4, then g and g’ are nilpotent. We use the classification of nilpotent
orbits given for instance in Chapter 1: there is only one non-zero orbit in dimension

3 or 4 (corresponding to only one partition different from [1°] or [1#]), so C and C’
are conjugate by O(q).

This finishes the proof of the necessary condition. To prove the sufficiency, we replace
C’' by APCP™! to obtain P*C’'P = AC. Then we define A : g — g’ by A(X;) = 1X],

1
AN) = IYI] and A(X) = P(X), for all X € q. By a direct computation, we have for all X
andY € q:

A([X,Y]) = [A(X),A(Y)]" and A([Y1,X]) = [A(11),A(X)],

so A is a Lie algebra isomorphism between g and g’.
If g and ¢ are i-isomorphic, then the isomorphism A in the proof of (1) is an isometry.
Hence P € O(q) and PC'P~! = uC gives the result.

Conversely, define A as above (sufficiency of (1)). Then A is an isometry and it is easy to
check that A is an i-isomorphism.
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]

Corollary 2.2.31. Let (g,B) and (g',B') be double extensions of (q,B) and (q',B') respectively,

— — 1 1
where B = B|qxq and B' = B'|y . Write g = (CX; ®CY}) ® q and g’ = (CX{ ® CY{) ® ¢'.
Then:

(1) there exists an i-isomorphism bel‘ween g and ¢’ if and only if there exists an isometry
A:q—q suchthatC'=ALACA™ for some non-zero A € C.

(2) there exists a Lie algebra isomorphism between g and g’ if and only if there exist invertible
maps Q : q — q' and P € £(q) such that

(i) C'=10C @ for some non-zero A € C,
(ii) PP PC=Cand

(iii) Q P s an isometry from q onto q'.
Proof.

(1) We can assume that dim(g) = dim(g’). Define amap F : ¢’ — gby F(X{) =X;, F(Y{) =
Yiand F =F |q¢ is an isometry from q’ onto q. Then define a new Lie bracket on g by

X, Y]"=F([F'(X),F'(Y)]),VX.Y €g.

Denote by (g”,[,-]”) this new Lie algebra. So F is an i-isomorphism from g’ onto g”.

1 _ g e
Moreover g’ = (CX; ®CY;) & q is the double extension of g by C withC' =F C F L

Then g and g’ are i-isomorphic if and only if g and g” are i-isomorphic. Applying Theo-
rem|2.2.30} this is the case if and only if there exists A € O(q) such that ' =AACA |
for some non-zero complex A. That implies

and proves (1).

(2) We keep the notation in (1). We have that g and g’ are isomorphic if and only if g and g"”
are isomorphic. Applying Theorem [2.2.30, g and g” are isomorphic if and only if there
exist an invertible map P € .#(q) and a non- zero A € C such that c'=AP E’ P ' and

P" P C=C and we conclude that C = 4 0CQ Wlth O0=F 'P. Finally, F =QP !
is an isometry from q to q’.

On the other hand, if C =1 0 C @_1 and P* P C = C with P = F Q for some isometry
F :q — q, then construct g as in (1). We deduce C' =A PCP ' and P* PC = C. So,
by Theorem[2.2.30, g and g” are isomorphic and therefore, g and g’ are isomorphic.
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Remark 2.2.32. Let g be a solvable singular quadratic Lie algebra. Consider g as the double
extension of two quadratic vectors spaces q and q':

1 1
g=(CX;®CY))®q and g= (CX{®CY{) D q'.

Let C = ad(Y)|q and C' = ad(¥{)|y Since Id, is obviously an i-isomorphism, there exist an
isometry A : ¢ — q' and a non-zero A € C such that

C=r4Aca .
Remark 2.2.33. A weak form of Corollary (1) was stated in [FS87], in the case of i-
isomorphisms satisfying some (dispensable) conditions. So (1) is an improvement. To our
knowledge, (2) is completely new. Corollary [2.2.31and Remark 2.2.32] can be applied directly
to solvable singular quadratic Lie algebras: by Proposition [2.2.28| and Proposition [2.2.29] they
are double extensions of quadratic vector spaces by skew-symmetric maps.

Apply results in Chapter 1, we shall now classify solvable singular quadratic Lie algebra
structures on C"*2 up to i-isomorphisms in terms of O(n)-orbits in P'(o(n)). We need the
lemma below.

Lemma 2.2.34. Let V be a quadratic vector space such that V = (CX; & CY)) ELB q with X1, Y
isotropic elements and B(X1,Y1) = 1. Let g be a solvable singular quadratic Lie algebra with
dim(g) = dim(V'). Then, there exists a skew-symmetric map C' : q' — q' such that V considered
as the the double extension of q' by C' is i-isomorphic to g.

Proof. By Proposition [2.2.28| and Proposition [2.2.29] g is a double extension. Let us write

g = (CXp @ Cry) GLB q and C = ad(Yp)|q. Define A: g — V by A(Xp) = X1, A(Yp) =Y; and
A= Alq any isometry from q — ¢’. It is clear that A is an isometry from g to V. Now, define the
Lie bracket on V by:

X, Y]=A (A" (X), A" (V)]), VX, Y e V.

Then V is a quadratic Lie algebra, that is i-isomorphic to g, by definition. Moreover, V 1is
obviously the double extension of ¢’ by C' =A C Al [

We denote by 8s(n+ 2) the set of solvable elements of 8(n+2) (the set of singular Lie
algebras structures on C"*2), for n > 2. Given g € 8(n+2), we denote by [g]; its i-isomorphism
class and by SAsl(n +2) the set of classes in 8s(n+2). For [C] € P!(0(n)), we denote by Ofgy its

P

O(n)-adjoint orbit and by P! (o(n)) the set of orbits.

Theorem 2.2.35. There exists a bijection 6 : P! (o(n)) — 3\51(” +2).

—~——

Proof. We consider O € P!(0(n)). There is a double extension g of q = span{Ey,...,E,;1}

_ 1
by C realized on C"*? = (CE; ® CE,.+2) ©® q. Then, by Proposition [2.2.28, g € 8s(n+2) and
[g]; does not depend on the choice of C. We define 0(O) = [g]i. If ¢ € 8s(n+2) then

by Lemma [2.2.34] g’ can be realized (up to i-isomorphism) as a double extension on C"*? =
L
(CE;®CE,12) @ q. So 0 is onto. Finally, 6 is one-to-one by Corollary[2.2.31 [l
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It results from the previous theorem that the classification (up to i-isomorphisms) of the
solvable singular quadratic Lie algebras of dimension n + 2 can be reduced to the classification
of adjoint orbits of o(n) that details in Chapter 1. However, here we are interesting in classifying
up to isomorphisms these algebras. According to Chapter 1, we consider case-by-case particular
subsets of 8s(n+2): the set of nilpotent elements N(n + 2), the set of diagonalizable elements
D(n+2) and the set of invertible elements Siyy (2p +2).

Let g € N(n+2). Recall that g will be a double extension by a nilpotent map C. Let .4 (n)
be the set of non-zero nilpotent elements of o(n) then C € .4 (n), we denote by O its O(n)-

adjoint orbit. The set of nilpotent orbits is denoted by .4 (n). We need the following lemma:

Lemma 2.2.36. Let C and C € N (n). Then C is conjugate to AC modulo O(n) for some
non-zero A € C if and only if C is conjugate to C.

Proof. 1t is enough to show that C and AC are conjugate, for any non-zero A € C. By the
Jacobson-Morozov theorem, there exists a 5[(2)-triple {X,H,C} in o(n) such that [H,C] = 2C,
so ¢/2(H)(C) = ¢% C, for all r € C. We choose ¢ such that e* = A, then e’ Ce ¥ = AC and
e'® € O(n). O

Theorem 2.2.37. One has:

(1) Let gand g’ € N(n+2). Then g and g’ are isomorphic if and only if they are i-isomorphic,

~

so [g]; = [a], where [g] denotes the isomorphism class of g, and N'(n+2) = N(n+2).
(2) There is a bijection T : N (n) — N(n+2).
(3) N(n-+2) is finite.
Proof.

(1) Assum that g and g’ € N(n+2) are double extensions by C and c respectively. Using

Lemma [2.2.34} Proposition [2.2.28| (3) and Corollary 2.2.31} if g and g’ are isomorphic

then there exists P € GL(r) such that C = APCP~!, for some non-zero A € C. Then AC
and C are conjugate under O(n) by Lemma|2.2.36, Therfore, g and g’ are i-isomorphic.

(2) As in the proof of Theorem [2.2.35} for a given 0 € </I7J(n) we construct the double
extension g of q = span{E»,...,E,1} by C realized on C"*2. _Then, by Proposition
2.2.28/(3), g € N(n+2) and [g] does not depend on the choice of C. We define 7(0p) =
[g]. Then by (1) and Corollary [2.2.31} 7 is one-to-one and onto.

3) ﬁ(n +2) is finite since the set of nilpotent orbits JV(n) is finite.

]

Next, we describe more explicitly the set ﬂ(n +2) by nilpotent Jordan-type maps mentioned
in Chapter 1 and by the amalgamated product defined in the previous subsection.
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In a canonical basis of the quadratic vector space q = C?” consider the map dp with matrix

<Jé’ 9] ) and in a canonical basis of the quadratic vector space q = C??*! consider the
—Jp

map dpﬂ with matrix (JI’J ! % ) where J,, is the Jordan block of size p, M = (m;;)
—Jp

denotes the (p+ 1) x p-matrix with m,;1 , = —1 and m;; = 0 otherwise. Then _2p € o(2p)
and dl, +1 €0(2p+1). Denote by j,,, the double extension of g by dp and by j»,+1 the double
extension of q by Z‘;pﬂ. S0, € N(2p+2) and jop41 € N(2p+3). Lie algebras jp, or jop1
will be called nilpotent Jordan-type Lie algebras.

Keep the notations in Chapter 1, each [d] € &7 (n) can be written as (p1, p1, P2, P2, - - - s Pks Pks
2q1+1,...2q/+ 1) with all p; even, py > pp > --- > prand q; > g2 > --- > qy. We associate
amap Ciy € o(n) with the matrix

diagy, ((C; -

2pys

dql+l7 ce ’qu+l)

in a canonical basis of C" and denote by g, the double extension of C" by E’[d]. Then
9] € N(n+2) and g]q) 1s an amalgamated product of nilpotent Jordan-type Lie algebras. More
precisely,

8la) = Jopy X Jopy X oo Xop X ogi+1 X oot X jogpi-
a a a a a a

By Proposition |1.2.10, the map [d] — Cyj from £ (n) to o(n) induces a bijection from
1 (n) onto ﬂn) Therefore, combined with Theorem [2.2.37, we deduce:

Theorem 2.2.38.
(1) The map [d] — g|q from &1 (n) to N(n+2) induces a bijection from & (n) onto J/{f(n+2).

(2) Each nilpotent singular n+ 2-dimensional Lie algebra is i-isomorphic to a unique amal-
gamated product g|g), [d] € P(n) of nilpotent Jordan-type Lie algebras.

Definition 2.2.39. Let g be a solvable singular quadratic Lie algebra and write g = (CXy ®

1 _

CYy) @ q a decomposition of g as a double extension (Proposition 2.2.28). Let C = ad(¥p)|q.
We say that g is diagonalizable if C is diagonalizable.

We denote by D(n+2) the set of such structures on the quadratic vector space C"*2, by

Dred(n+2) the reduced ones, by D(n+2), @l(n +2), @red(n +2), Di (n+2) the correspond-

red
ing sets of isomorphic and i-isomorphic classes of elements in D(n +2) and Dyeq(n+2).

Remark that the property of being diagonalizable does not depend on the chosen decompo-

sition of g (see Remark [2.2.32) and a diagonalizable C satisfies ker(C) C Im(C) if and only if

ker(C) = {0}. By Corollary [2.2.31| and using a proof completely similar to Theorem [2.2.35|or
Theorem we conclude:

Proposition 2.2.40. There is a bijection between @‘(n +2) and the set of semisimple O(n)-

orbits in P'(o(n)). The same result holds for @ied(n + 2) and semisimple invertible orbits in
P! (o(n)).
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Keep the notations as in Chapter 1. To describe the set of semisimple O(n)-orbits in
P!(o(n)), we need to add maps (11, ...,4,) — A(A1,...,4,), forall A € C, A # 0 to the group
Gp. We obtain a group denoted by H),. As a consequence of Section[I.3} we have the classifi-
cation result for the diagonalizable case:

Theorem 2.2.41. There is a bijection between @‘(n +2) and Ap/H, withn=2porn=2p+1.
Moreover; ifn=2p+1, Di_(n+2) =0 and if n = 2p, then D' ;(2p+2) is in bijection with

AJ /Hy where Ay = {(A1,...,Ap) | € C,4;#0,Vi}.
To go further in the study of diagonalizable reduced case, we need the following Lemma:

Lemma 2.2.42.
1
Let g’ and §" be solvable singular quadratic Lie algebras, g’ = (CX{ & CY]) @ q' a decom-

position of ¢ as a double extension and C = ad(Y/) |- We assume that C is invertible. Then g’
and g" are isomorphic if and only if they are i-isomorphic.

Proof. Write g" = (CX{ @ CY}") G]LB q” a decomposition of g” as a double extension and C =
ad(Yl”) |q”'

Assume that g’ and g” are isomorphic. By Corollary there exist O : ¢’ — q” and
Pc.2(q) such that 0 P~ ' is an isometry, P PC =C andC' =A QC Q ' for some non-
zero A € C. But C is invertible, so P* P = Idy. Therefore, P is an isometry of ¢’ and then Q is
an isometry from q’ to q”. The conditions of Corollary 2.2.31] (1) are satisfied, so g’ and g are
i-isomorphic. O

Corollary 2.2.43. One has:

~

Dred(2p+2) = Diy(2p+2),V p> 1.
Next, we describe diagonalizable reduced singular quadratic Lie algebras using the amalga-

mated products. First, let g4(2) be the double extension of q = C2 by C = (g _O;L), A #0.

By Lemma|2.2.27} g4(A) is i-isomorphic to g4(1), call it g4.

Proposition 2.2.44. Let (g,B) be a diagonalizable reduced singular quadratic Lie algebra.
Then g is an amalgamated product of singular quadratic Lie algebras all i-isomorphic to ga.

L _ _ _
Proof. We write g = (CXo®CYp) @ q,C=ad(Y)), C =C|q and B = Bgxq. Then C'is a diagonal-

izable invertible element of o(q,B). Apply Appendix A to obtain a basis {e1,...,ep, fi,..., fp}
of g and Ay,...,4, € C, all non-zero, such that B(e;,e;) = B(fi, f;) = 0, B(ei, fj) = di; and
C(e;) = Aiei, C(f;) = —Aifi, forall 1 <i,j < p. Let q; = span{e;, fi}, 1 <i < p. Then

il
q= D dq
I<i<p

1
Furthermore, h); = (CXy & CYy) @ q; is a Lie subalgebra of g forall 1 <i < p and

g="h X f)z{: ?hp with b; = ga(A;) = ga.
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Remark 2.2.45. For non-zero A, u € C, consider the amalgamated product:
g(A, 1) =ga() X ga(p).

Then g(A, i) is the double extension of C* by

A0 0 0
O 0 0
00 -1 0
00 0 -—pu

Therefore g(A, u) is isomorphic to g(1,1) if and only if u = +A (Lemma [2.2.42| and Section

[1.3). So, though g4(24) and g4 (i) are i-isomorphic to g4, the amalgamated product g(A, i) is

not even isomorphic to g(1,1) = g4 x g4 if u # £A. This illustrates that amalgamated products
a

may have a rather bad behavior with respect to isomorphisms.

Definition 2.2.46. A double extension is called an invertible quadratic Lie algebra if the corre-
sponding skew-symmetric map is invertible.

Remark 2.2.47.

e By Remark [2.2.32] the property of being an invertible quadratic Lie algebra does not
depend on the chosen decomposition.

e By Appendix A, the dimension of an invertible quadratic Lie algebra is even.

e By Lemma[2.2.42] two invertible quadratic Lie algebras are isomorphic if and only if they
are i-isomorphic.

Forp>1land A € C,letJ,(1) = diag,(4,...,4) +J, and

dp(m: (Jp(l) 0 >

0" 1,1
in a canonical basis of quadratic vector space C*”. Then E‘ép(l) €o(2p).

Definition 2.2.48. For A € C, let j2,(1) be the double extension of C?? by Z’ép(l). We say that
j2p(A) is a Jordan-type quadratic Lie algebra.

When A =0 and p > 2, we recover the nilpotent Jordan-type Lie algebras j,,, from nilpotent
case.

When A # 0, j»,(A) is an invertible singular quadratic Lie algebra and

jap(—=A) = jap(A).

Proposition 2.2.49. Let g be a solvable singular quadratic Lie algebra. Then g is an invert-
ible quadratic Lie algebra if and only if g is an amalgamated product of Lie algebras all i-
isomorphic to Jordan-type Lie algebras j2,(A), with A # 0.
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Proof. Let g = (CXy & CYp) GLB q, B be the bilinear form of g, B = B|qxq. C = ad(¥p) and C =
Clq € 0(q,B). We decompose C into its semisimple and nilpotent parts, C = S+ N. It is well
known that S and N € o(q,B).

Let A C C\ {0} be the spectrum of S. We have that A € A if and only if —1 € A (see
Appendix A). Let V;, be the eigenspace corresponding to the eigenvalue A. We have dim(V} ) =
dim(V_j ). Denote by q(4) the direct sum q(A) =V, & V_,. If u € A, u # £A, then q(A) and
q(u) are orthogonal (Appendix A). Choose A suchthat A=A U(—Ay)and AL N(—A4) =0.

We have (see Appendix A):
i

q=_@ q(A).
AEAL

So the restriction B; = B|q(x)xq()t) is non-degenerate. Moreover, V; and V_; are maximal
isotropic subspaces in q(4).

Now, consider the map W : V_; — V;° defined by W(u)(v) = By (u,v), for all u € V_,,
v € V). Then ¥ is an isomorphism. Given any basis #(4) = {e1(1),...,e,, (1)} of Vy, there
is a basis B(—A4) = {e1(—A),...,es, (—A)} of V_, such that By (¢;(1),e;(—A)) = §;j, for all
1 <i,j<ny: simply define e;(—A) = w1 (e;(1)*), forall 1 <i<ny.

Remark that N and S commute, so N(V;) C V,, for all A € A. Define N, = N|q(l), then
N, € 0(q(A),By). Hence, if N, |y, has a matrix M, with respect to %(A), then Ny |y , has
a matrix —' M, with respect to Z(—A). We choose the basis Z(A) such that M; is of Jordan
type, i.e.

BA)=BA,1)U---UB(A,ry),

the multiplicity m, of A is my = Y%, dj (i) where dj (i) = §%(A,i) and

M), = diag,, (Jay (152 (7)) -
The matrix of C|y(;) written on the basis Z(1) U % (-2 ) is:

diagmb (Jdl(l)(/l)v cee ﬂJd,l(r,l)(A‘)a _l‘]d,l(l)<2‘)a R _tJd,l(rx)(A’)) :
Let q(A,i) be the subspace generated by ZA(A,i) U B(—A,i), for all 1 <i<r; and let
C(A,i) = Clq(a,i)- We have

a(A) = @ a(d,i).

lgigrl

The matrix of C(A,i) written on the basis of q(A,1) is ng/x(i) (A). Letg(A,i),A €Ay, 1<i<r,
be the double extension of q(A,i) by C(A,i). Then g(4,i) is i-isomorphic t0 jy4, ;(4). But

1
1= 9 q(A,i) and Clga.:) =C(4,1).
lSiSrX

Therefore, g is the amalgamated product

g= x g(4,i).

a

AEAL
lgigrl
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Denote by Sinv(2p + 2) the set of invertible singular quadratic Lie algebra structures on
C?P+2 by 81nv(2p +2) the set of isomorphism (or i-isomorphism) classes of 8;ny (2p + 2) The

classification of va(2p +2) can be deduced from the classification of the set of orbits . (2p)
by _7Z, as follows (see Chapter 1): introduce an action of the multiplicative group C* = C\ {0}

on #,by
forall p € C*, u-(A,m,d) = (uA,m',d"), ¥V (A,m,d) € _F,,A €A,

where m’(UA) =m(A),d'(uA) =d(A), for all A € A. Since i(uC) = pni(C), forall C € .7 (2p)
and p € C* where i : . (2p) — _#Z, the bijection is defined as in Chapter 1, then there is a
bijection i: P! (.7 (2p)) — 7, /C* given by i([C]) = [i(C)], if [C] is the class of C € .# (2p) and
[(A,m,d)] is the class of (A,m,d) € 7).

Theorem 2.2.50. The set S/i;(Zp +2) is in bijection with 7, /C".

Proof. By Theorem [2.2.35| there is a leCCtlon between S (2p +2) and IP’I( (2p)). By restric-
tion, that induces a bijection between Sy (2p+2) and P! (J (2p)). By Lemma|2.2.42} we have

g;l(Zp +2)= S/i;(Zp +2). Then, the > result follows: given g € Sinv(2p +2) and an associated
C € . (2p), the bijection maps g to [i(C)] where g is the isomorphism class of g. O

Let g be a solvable singular quadratic Lie algebra. We fix a realization of g as a double

1
extension, g = (CXo & CYp) & q (Proposition 2.2.28 and Lemma 2.2.34). Let C = ad(¥p), C =
C|q and B = B|qxq. We consider the Fitting decomposition of C:

q=qnN Ddr,

where qy and q; are C-stable, Cy = Clq, is nilpotent and C; = C|g, is invertible.
We recall the facts in Section one has q; = qy, the restrictions By = B|qyxqy and By =
B|q1><q1 are non-degenerate, Cy and C 1 are skew-symmetric and [q7,qy] = 0. Let gy = (CXo @

CYy) 69 qv and g; = (CXo @ CYp) 63 qr. Then gy and g; are Lie subalgebras of g, gy is the
double extension of qy by Cy, g; is the double extension of q; by C; and gy is a nilpotent
singular quadratic Lie algebra. Moreover, we have

g=9gn X gr1.

a

Definition 2.2.51. The Lie subalgebras gy and g; are respectively the nilpotent and invertible
Fitting components of g.

This definition is justified by:

Theorem 2.2.52. Let g and g’ be solvable singular quadratic Lie algebras and gn, g1, gy, 9
be their Fitting components. Then

(1) g~ g if and only lng gy and g ~ g, The result remains valid if we replace ~ by ~.
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(2) g~4¢ ifand only ifgég’.

Proof. We assume that g ~ g’. Then by Corollary there exists an invertible P : q — ¢’
and anon-zero A € C suchthat C =APCP ', so0 qi = P(qn) and q} = P(q;), then dim(q}y) =
dim(qx) and dim(q}) = dim(q;). Thus, there exist isometries Fy : qyy — qy and F7 : q; — q; and
we can define an isometry F : ' — q by F(X}, +X]) = Fn(Xy) + F1(X]), for all X}, € q) and
X; € q;. We now define F : g’ — g by F(X{) =X, F(Y{) =Y, F|y = F and a new Lie bracket
ong:

X, Y] =F([F'(X),F'(Y)]),VX,Y €g.

Call g” this new quadratic Lie algebra. We have g’ = (CX; & CY}) GLB q, i.e., ¢ = q and
c"=FCTTF " So qy = F(qy) = qn and q] = F(q)) = q;. But g ~ g”, so there exists an
invertible O : q — qsuch that C' =1 QC Q" for some non-zero A € C (Corollary . It
follows that gy, = Q(qw) and q7 = Q(a), so Q(qn) = gy and Q(ar) = q;.

Moreover, we have Q* Q C = C (Corollary , so Q" Q 6" — C" for all k. There exists k
such that q; = Im(C¥) and (Q* Q C")(X) = C"(X). forall X € g. So 0*Qlq, =1dy, and 0; = 0|,
is an isometry. Since C; = A Q; C; @;1, then g ~ g/ (Corollary 2.2.31).

Let Oy = Qlqy- Then Cy=A 0y Cy @;,1 and Q% Oy Cy = Cy, so by Corollary [2.2.31}

gy ~ gi. Since gy and g}, are nilpotent, then gy, ~ gy by Theorem [2.2.37,

Conversely, assume that gy ~ g), and g7 ~ g;. Then gy ~ gy and g; ~ g} by Theorem|2.2.37
and Lemma [2.2.472)
So, there exist isometries Py : gy — gf\,, Pr:gr— g} and non-zero Ay and A; € C such that

5;\, = Ay Py Cy I_D,:,l and E; =M P;C; E_l. By Lemma|2.2.36] since gy and g, are nilpotent,
we can assume that Ay = A; = A. Now we define P: q — ¢’ by P(Xy +X;) = Pv(Xn) + P1 (X)),
for all Xy € qn, X7 € q;, so P is an isometry. Moreover, since C(Xy + X;) = Cy(Xy) +C;(X)),
for all Xy € qn. X; € q7 and C (X}, +X]) = Cy(X}) + Cy(X}), for all X}, € qn. X] € q7, we

conclude C = A P CP~! and finally, g ~ ¢/, by Corollary [2.2.31 O

Remark 2.2.53. The class of solvable singular quadratic Lie algebras has the remarkable prop-
erty that two Lie algebras in this class are isomorphic if and only if they are i-isomorphic. In
addition, the Fitting components do not depend on the realizations of the Lie algebra as a double
extension and they completely characterize the Lie algebra (up to isomorphisms).

It results that the classfification of S(1n-+2) can be reduced from the classification of O(n)-
orbits of o(n) in Chapter 1. We set an action of the group C* on Z(n) by:

u- ([d]7T> = ([d]7.u 'T) ,VUHE C*7 ([d]7T> S 9(”)
Then, we have the classification result of gs(n +2) as follows:

Theorem 2.2.54. The set SAs(n +2) is in bijection with 2 (n)/C*.

P

Proof. By Theorems [2.2.35|and [2.2.52] there is a bijection between SAs(n +2) and Pl (o(n)). Tt
needs only to show that there is a bijection between P! (0(n)) and Z(n)/C*. Let C € o(n) then
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there is the bijection p mapping C onto a pair ([d],T) in Z(n) by Proposition Moreover,
Cn and uCy have the same partition so p(uC) = ([d],u-T) = u - p(C). Therefore, the map p

induces a bijection p : P1(o(n)) — 2(n)/C* given by p([C]) = [([d],T)], if [C] is the class of
C € o(n) and [([d],T)] is the class of ([d],T) € Z(n). The result follows. O
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2.3 Quadratic dimension of quadratic Lie algebras

In this section, we will study an interesting characteristic of a quadratic Lie algebra g called
the quadratic dimension. It is defined by the dimension of the space of invariant symmetric
bilinear forms on g and denoted by d,(g). This notion involves special maps which commute
with inner derivations of g. We call such maps centromorphisms. Some simple properties of a
centromorphism are given in the first subsection. We calculate the formula d,(g) for reduced
singular quadratic Lie algebras in the second subsection and use it to show that dup-number is
invariant under isomorphisms. Finally, we study centromorphisms with respect to some exten-
sions of a quadratic Lie algebra g.

2.3.1 Centromorphisms of a quadratic Lie algebra

Let (g,B) be a quadratic Lie algebra. To any symmetric bilinear form B’ on g, there is an
associated map D : g — g satisfying

B'(X,Y)=B(D(X),Y),VX,Y €g.

Since B and B’ are symmetric, one has D symmetric (with respect to B), i.e. B(D(X),Y) =
B(X,D(X)) forall X, Y € g.

Lemma 2.3.1.
(1) B’ is invariant if and only if D satisfies

D([X,Y])=[D(X),Y]=[X,D(Y)], VX,Y €g. dmn

(2) B’ is non-degenerate if and only if D is invertible.

Proof.
(1) LetX,Y,Z € g then B'([X,Y],Z) = B(D([X,Y]),Z). Since B is invariant one has:
B'(X,[Y.Z]) = B(D(X),[Y,Z]) = B([D(X),Y],Z).

Therefore B’ is invariant if and only if D([X,Y]) = [D(X),Y] since B is non-degenerate.
The Lie bracket anticommutative implies that D([X,Y]) = [X,D(Y)].

(2) Assume that B’ is non-degenerate. If X is an element in g such that D(X) = O then
B(D(X),g) = 0. Then one has B'(X,g) = 0. It implies that X = 0 and therefore D is
invertible. Conversely, if D is invertible then B'(X,g) = 0 reduces to B(D(X),g) = 0.
Since B is non-degenerate one has D(X) = 0. Thus X = 0 and B’ is non-degenerate.

[]
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A symmetric map D satisfying is called a centromorphism of g. The equality is
equivalent to
Doad(X)=ad(X)oD=ad(D(X)), VX €g.

Denote by C(g) the space of centromorphisms of g and by C;(g) the subspace spanned by
invertible centromorphisms in C(g). We recall Lemma 2.1 in [BB97] as follows.

Lemma 2.3.2. One has C(g) = C;(g).

Proof. Let D be an invertible centromorphism and ¢ € C(g). Fix Z a basis of g. Denote by
M (D) and M (@) respectively the associated matrices of D and ¢ in Z. Consider the polynomial
P(x) = det(M(¢@) —xM(D)). Since P(x) is a non-zero polynomial so there exists A € C such
that P(A) # 0. It means that ¢ — A D is invertible and thus ¢ = (¢ —AD) +AD € C;(g). It
shows that C(g) = C;(g). O

Therefore the space of invariant symmetric bilinear forms on g and the subspace generated
by non-degenerated ones are the same. Let us denote it by B(g). The dimension of B(g) is
called the quadratic dimension of g and denoted by d,(g). As a consequence of the previous
lemmas, one has d,(g) = dim(C(g)). Moreover, one has other properties of C(g) as follows:

Proposition 2.3.3. Let D € C(g) then
(1) D" € C(g) for all n > 1. Furthermore, if D is invertible then D~' € C(g).
(2) Z(g) and |g, 9] are stable subspaces under D.

Proposition 2.3.4. Let § € Der,(g) be a skew-symmetric derivation of g. Assume D € C(g)
such that D and 6 commute. Then Do d is also a skew-symmetric derivation of g.

Proof. Since (Do 8)[X,Y] =DI[8(X),Y]+D[X,5(Y)] = [(Do8)(X),Y]+[X,(Do8)(Y)] and
B((Do8)(X),Y) = —B(X,(8§oD)(Y)) = —B(X,(Do 8)(Y)) for all X,Y € g, one has Do § €
Der,(g). O

Corollary 2.3.5. Forall X € gand D € C(g), Doad(X) € Der,(g).

It is known that d,;(g) = 1 if g is simple or one-dimensional Lie algebra. If g is reductive,
but neither simple, nor one-dimensional, then

dim(Z(g))(1 +dim(Z(g)))
2

dg(g) = s(g) +
where Z(g) is the center of g and s(g) is the number of simple ideals of a Levi factor of g

(Corollary 2.1 in [Ben03]], see also in [BBO7]). A general formula for d,(g) is not known. Next,
we give a formula of d,(g) for reduced singular quadratic Lie algebras.
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2.3.2 Quadratic dimension of reduced singular quadratic Lie algebras
and the invariance of dup number

Proposition 2.3.6. Let g be a reduced singular quadratic Lie algebra and D € £(g) be a
symmetric map. Then:

(1) D is a centromorphism if and only if there exist i € C and a symmetric map Z : g — Z(g)
such that Z\[g,g} =0and D = uld+Z. Moreover D is invertible if and only if u # 0.

(2)
dim(Z(g))(1 +dim(Z(g))
. .

dg(g) =1+

Proof.

(1) If g = 0(3), with B = Ak and « the Killing form, the two results are obvious. So, we
examine the case where g is solvable, and then g can be realized as a double extension:

g=(CX;®eCr) GLB q, with corresponding bilinear form B on q, C = ad(Y;), C =Clq €
0(q).

Let D be an invertible centromorphism. One has Doad(X) = ad(X)oD, for all X € g
and that implies DC = CD. Using formula (1) of Lemma and CD = DC, from
ID(X), 1] = [X,D()], we find D(C(X)) = B(D(X,),1})C(X). Let jt = B(D(X,),1).
Since D is invertible, one has pt # 0 and C(D — p1d) = 0. Since ker(C) = CX; @ ker(C) ®
CY; = Z(g) ® CY;, there exists a map Z : g — Z(g) and ¢ € g* such that D — ulId =

Z+ @®Y;. But D maps [g, g] into itself, so ¢|; 4 = 0. One has [g,g] = CX; & Im(C).
If X € Im(C), let X = C(Y). Then D(X) = D(C(Y)) = uC(Y), so D(X) = uX. For
Y1, D([Y1,X]) = DC(X) = uC(X) for all X € g. But also, D([Y1,X]) = [D(11),X] =
UC(X)+ @(Y1)C(X), hence ¢(Y;) = 0.

Assume we have shown that D(X;) = uX;. Thenif X € q, B(D(X;),X) = uB(X;,X) =0.
Moreover, B(D(X;),X) = B(X1,D(X)), so ¢(X) = 0. Thus, to prove (1), we must prove

that D(X;) = uX;. We decompose q respectively to C as in Appendix A. Let [ = ker(C).
Then:

! L !
g=(el) e (ueu)
1 1
and C is an isomorphism from ' ® (u@®u’) onto [ & (udu’). Or
! L L /
q=(+0)aCT & (uw)

1 1 1 1
and C is an isomorphism from ' & CT & (u®w') onto [ & CT & (upw').

1
If udu’ # {0}, there exist X', Y’ € udu' such that B(X',Y') = —1and X,Y €' @ (udv’)

1 1
(resp. ' & CT & (udu')) such that X' = C(X), Y’ = C(Y). It follows that [C(X),Y] =X,
and then D(X;) = [DC(X),Y] = u[C(X),Y]| = uX;.
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L
If uu’ = {0}, then either q = ([+I') & CT or q = [+ I'. The first case is similar to the
T 1 _
situation above, setting X’ =Y’ = — and X, Y € ' & CT. In the second case, [ =Im(C) is
i

totally isotropic and C is an isomorphism from [’ onto [. For any non-zero X € [, choose
anon-zero Y € " such that B(C(X),Y) =0. Then D([X,Y]) = D(B(C(X),Y)X;) = 0. But
this is also equal to [D(X),Y] = u[X,Y]+ @(X)C(Y). Since D is invertible, [X,Y] =0 and
we conclude that @ (X) = 0. Therefore |y = 0. There exist L, L’ € ' such that X; = [L, L]
and then D(Xl) = uXi.

Finally, C(g) is generated by invertible centromorphisms, so the necessary condition of
(1) follows. The sufficiency is a simple verification.

(2) Asin (1), we can restrict ourselves to a double extension and follow the same notation.
By (1), D is a centromorphism if and only if D(X) = uX + Z(X), for all X € g with
p € C and Z is a symmetric map from g into Z(g) satisfying Z|j5 s = 0. To compute

1
dy(g), we use Appendix A. Assume dim(q) is even and write q = (I® ') @ (ud ') with

L
[=ker(C), Z(g) =CX; &, Im(C) =& (ud’) and [g,g] = CX; & Im(C). Let us define

1 1
Z:1'® CY; — [ @ CX;: set basis {X1,X2,...,X,} of [6CX, and {Y{ =11,Y;,..., Y/} of
['@® CY; such that B(Y/,X;) = &;;. Then Z is completely defined by

z (Z HJ'Y}) =) (Z Vij#j) Xi
=1 i=1 \j=1

with v;; = v;; = B(Y/,Z(Y})) and the formula follows. The case of dim(q) odd is com-

pletely similar.

O
As a consequence of Proposition we have:

Theorem 2.3.7. The dup-number is invariant under isomorphisms, i.e. if g and g’ are quadratic
Lie algebras with g ~ g/, then dup(g) = dup(g’).

Proof. Assume that g ~ g’. Since an i-isomorphism does not change dup(g’), we can assume
that g = g’ as Lie algebras equipped with invariant bilinear forms B and B’. Thus, we have two
dup-numbers, dupg(g) and dupg(g).

We choose 3 such that Z(g) = (Z(g)N[g,g]) ©3. Then 3N 38 = {0}, 3 is a central ideal

L
of gand g =1 & 3 with [ a reduced quadratic Lie algebra. Then dupgz(g) = dupg(l) (see Re-

L

mark [2.2.10). Similarly, 3N 3% = {0}, g =1 Gg 3 with [ a reduced quadratic Lie algebra and
dupg (g) = dupg/(I'). Now, [ and " are isomorphic to g/3, so [ ~ I'. Therefore, it is enough to
prove the result for reduced quadratic Lie algebras to conclude that dupg([) = dupg () and then
that dupp(g) = dupp (g).

Consider a reduced quadratic Lie algebra g equipped with bilinear forms B and B’ and
associated 3-forms I and I’. We have dupg(g) = dim(V;) and dupg (g) = dim(Vy) with V; =
{ooeg®| aNlI=0}and Vy ={a €g*| anl =0}
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We start with the case dupg(g) = 3. This is true if and only if dim([g,g]) = 3 by Remark

2.2.10, Then dupg(g) = 3.
If dupg(g) = 1, then g is of type S; with respect to B. We apply Proposition to obtain an

invertible centromorphism D = pId+Z for a non-zero u € C, Z : g — Z(g) satisfying Z|[g7g} =
0 and such that B'(X,Y) = B(D(X),Y), for all X,Y € g. Then I'(X,Y,Z) = B'([X,Y],Z) =
B([D(X),Y],Z) = uB([X,Y],Z) = ul(X,Y,Z), forall X, Y, Z € g. So I’ = ul and dupg (g) =

dupp(g).
Finally, if dupg(g) = 0, then from the previous cases, g cannot be of type Sz or S; with

respect to B', so dupg (g) = 0.
[

2.3.3 Centromorphisms and extensions of a quadratic Lie algebra

First we recall the definition of double extension of a quadratic Lie algebra by a one-
dimensional algebra as follows:

Definition 2.3.8. Let (g,B) be a quadratic Lie algebra and 6 € Der,(g) the space of skew-

1
symmetric derivations of g. Denote by g the Lie algebra defined by g = (CX; & CY;) @ g with
the bracket:

[aX) + BY1 + X, a'X; +B'V1 +Y] = [X,Y]g + BS(Y) — B'8(X) + B(8(X),Y)X
and the non-degenerate invariant symmetric bilinear form B on g is extended on g by:
B(aX; +Bri+X,a'X +B'Y1 +Y) = B(X,Y) +af’ + o',

for all X,Y € g, o,0, 3,8’ € C. Then the quadratic Lie algebra (g,B) is called the double
extension of (g,B) by means of 6.

Proposition 2.3.9. Let (g,B) be a quadratic Lie algebra and D € C(g). Assume that there exist
a derivation & € Der,(g), a non-zero x € C and an element U € ker(0) such that 8D = DS =
x6 +adg(U). Let § be the double extension of g by means of 8. Then the endomorphism D of §
defined by:

§|g = D—|—¢(U) ® X, B(Xl) =xXi, E(Yl) =xY1+U+yX;

with y € C is an invertible centromorphism of g.

Proof. Itis obvious that D is symmetric and invertible. Let oX; + fY; +X and a’X; + 'Y, +Y
be elements in g, one has:

DloX; +BY +X,a'X, +B'Y +Y] = D[X,Y];+B(U,[X,Y];)X, +BDS(Y)
—B'D8(X) +xB(8(X),Y)X;.

Furthermore, we get:

D(aX,+BY1+X),a'Xi+B'Y1+Y] = [D(X),Y|g+BU,Y]g+Px6(Y)
—B'6D(X)+B(6D(X),Y)X;.

Therefore, since D = D& = x6 +ady(U) we obtain D a centromorphism of g. O
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Corollary 2.3.10. Let (g,B) be a quadratic Lie algebra and & € Der,(g). Let g be the double
extension of g by means of 8. Then the endomorphism D of § defined by:

D|y =xId, D(X1) = xX1, D(Y1) = xY1 +yX)
with x € C*,y € C is an invertible endomorphism of g. Consequently, d,(g) > 2.
Proof. The result can be obtained from the previous proposition by setting D = xId,x € C* and
U=0. O
Keep the notations as in Proposition [2.3.9| and define the set:

E(g,B,8) = {(x,y,U,D) € Cx Cxkerd x C(g) | 8D =D& = x5 +ady(U)}.

Therefore, if d,(g) = 2 then E(g,B,0) = {(x,y,0,xId) | x,y € C} [BBO7].

Proposition 2.3.11. Let g be a Lie algebra and D : g — g be an invertible linear map satisfying
D[X,Y]| = [D(X),Y], forall X,Y € g. Assume that there exists a cyclic 2-cocycle 0 : g x g — g*
such that 6(D(X),Y) = 6(X,D(Y)), for all XY € g. Denote by T, (g) the T*-extension of g by
means of 0 then the endomorphism D of T; (g) defined by:

D(X+f)=D(X)+foD,VX€g,feg
is an invertible centromorphism of T (g).
Proof. Since D is invertible, so is D. Let X + f,Y + g € T; (g), one has:
B(D(X +[),Y +¢) = foD(Y)+goD(X) =B(X +f,D(Y +g)),
DIX+f,Y +g|=D[X,Y]g+6(X,Y)oD+ foady(Y)oD—goady(X)oD
and [D(X + f),Y +g] = [D(X),¥ ]+ 8(D(X),¥) + f o Doady(¥) — go Doady(X).

Remark that the condition D[X,Y] = [D(X),Y], forall X,Y € g is equivalent to Doady(X) =
adg(X) oD, for all X € g. Since 0 is cyclic then 8(X,Y)oD = 6(D(X),Y). Therefore D[X
[ Y+g =[DX+f),Y+g], VX+f,Y+geT;(g) and so D is a centromorphism of T, (g).
O

A more general result is given in the proposition below:

Proposition 2.3.12. Let g be a Lie algebra endowed with an invariant symmetric bilinear
Jorm @ (not necessarily non-degenerate) and D : g — g be the invertible linear map satisfying
D[X,Y]| = [D(X),Y], forall X,Y € g. Assume that there exists a cyclic 2-cocycle 0 : g x g — g*
such that 6(D(X),Y) = 0(X,D(Y)), for all X,Y € g then the endomorphism D of T, (g) defined
by:

B(X+ f) = D(X)+ p(X) + foD, VX €g,f € ¢

is an invertible centromorphism of Tj (g) where ¢ : g — g* is defined by ¢(X) = o(X,.), for all
XeEg.

Proof. It is easy to see that D is invertible. Since ® is symmetric then D is also symmetric.
Prove similarly to Proposition [2.3.11] and note that the condition invariance of ® is equivalent
to @([X,Y]g) = ¢(X)oady(Y), for all X,Y € g, we get the result. O
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2.4 2-step nilpotent quadratic Lie algebras

Conveniently, we redefine a 2-step nilpotent Lie algebra in another way as follows:

Definition 2.4.1. An algebra g over C with a bilinear product g X g — g, (x,y) — [x,y] is called
a 2-step nilpotent Lie algebra if it satisfies [x,y] = —[y,x] and [[x,y],z] = 0 for all x,y,z € g.
Sometimes, we use the notion 2SN-Lie algebra as an abbreviation.

According to this definition, a commutative Lie algebra is a trivial case of 2SN-Lie algebras.

2.4.1 Some extensions of 2-step nilpotent Lie algebras

Definition 2.4.2. Let g be a 2SN-Lie algebra, V be a vector space and ¢ : g x g — V be a
bilinear map. On the space g = g ®V we define the following product:

x+uy+v] =[xy +oxy), Vx,yeguveV.

Then it is easy to see that g is a 2SN-Lie algebra if and only if ¢ is skew-symmetric and
o([x,y],z) =0, for all x,y,z € g. In this case V is contained in the center Z(g) of g so the Lie
algebra g is called the 2SN-central extension of g by V by means of ¢.

Proposition 2.4.3. Let g be a 2SN-Lie algebra then g is the 2SN-central extension of an Abelian
algebra b by some vector space V.

Proof. Denote by V = [g,g] and let h = g/[g,g]. Then b is Abelian. Set the map ¢ : h x h —V
by
¢(p(x),p(y)) = [x,)], Vx,y €y,

where p : g — b is the canonical projection. This map is well defined since g is 2-step nilpotent.
So g is the 2SN-central extension of fj by V by means of ¢. O]

Let g be a 2SN-Lie algebra, V be a vector space and 7 : g — End(V) be a linear map. On
the space g = g ®V we define the following product:

[x+u,y+v]=[x,y]+w(x)v—n(y)u, Vx,y € g,u,vev.

Proposition 2.4.4. The vector space § is a 2SN-Lie algebra if and only if T satisfies the condi-
tion:
n([x,y]) = w(x)m(y) =0, Vx,y €.

In this case, T is called a 2SN-representation of g in V.
Proof. For all x,y,z € g, u,v,w € V the condition [[x + u,y 4+ v],z+ w] = 0 is equivalent to

m([x,y))w—m(z)m(x)v+7m(z)m(y)u =0 for all u,v,w € V. This happens if and only if 7([x,y]) =
(x)z(y) =0, forall x,y € g. O

Remark 2.4.5. The adjoint representation and the coadjoint representation are 2SN-representations
of a 2SN-Lie algebra g. Therefore, the extensions of g by itself or its dual space with respect to
these representations are 2-step nilpotent.
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Definition 2.4.6. Let g be a 2SN-Lie algebra, V and W be vector spaces. If 7 : g — End(V)
and p : g — End(W) are two 2SN-representations of g then the map 1@ p : g — End(V & W)
defined by

(rdp)X)v+w)=rmx)v+px)w, VxegveV,weW

is also a 2SN-representation of g and it is called the direct sum of the two representations 7 and

p.

Proposition 2.4.7. Let gy, g» be 2SN-Lie algebras and & : g1 — End(g») be a linear map. We
define on the vector space g = g1 P g» the following product:

x+y,x +y] =[x, x g, +71(x)y — (X )y + 1, g, VX € g1,3,) € go.
Then g with this product is a 2SN-Lie algebra if and only if 7 satisfies the following conditions:
(1) n([x,x']g,) = w(x)7(x") =0.
(2) 7(x)([1:¥]g,) = [7(x)y,Y]g, = 0.
forall x,x' € g1,y,y € g.
Proof. Assume that g is a 2SN-Lie algebra. For all x,x’,x” € g1, v,y,y” € g», one has:
0= [[x+y,x" +y],2" +y"] = m([x,x]g, )y — 2 (") m(x)y'+

(") )y + [y, g, — [y g, — () ([, ]g,)-
Lety =)' = x" =0 we obtain 7([x,x]4,)y” =0, for all y € g. It means that 7([x,x']g,) =0.
Similarly, 7(x)7(x’), 7(x)([y,y']g,) and [m(x)y,y']4, are zero for all x,x’ € g1, v,y € ga.

Conversely, if 7 satisfies (1) and (2) then it is easy to check g is a 2SN-Lie algebra by
Definition [2.4.1] O

Clearly, the map 7 in Proposition is a 2SN-representation of g; in g,. Hence,, we
obtain the following definition:

Definition 2.4.8. Let g;, g» be 2SN-Lie algebras and 7 : g; — End(g,) be a 2SN-representation
of g1 in g. Then the vector g = g; & g with the product:

et yx' +y] = [ X, + w0y =2y + [y g, Vax € 91,50 € g
become a 2SN-Lie algebra if and only if

m(x) (1) ]g,) = [®(x)y,) g, =0, VX € g1,0,) € go.

In this case, 7 is called a 2SN-admissible representation of g; in g, and we say that g is the
semi-direct product of g by g1 by means of 7.

Remark 2.4.9.

(1) The condition in the above definition ensures 7(x) € Der(g;), for all x € g;.

(2) The adjoint representation of a 2SN-Lie algebra is a 2SN-admissible representation.
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2.4.2 2-step nilpotent quadratic Lie algebras

Let (g,B) be a quadratic Lie algebra and g = h & g @ h* be the double extension of g by
h by means of 7 as in Definition If g is a 2SN-Lie algebra then g and § should be also
2-step nilpotent.

Proposition 2.4.10. Let (g,B) be a 2-step nilpotent quadratic Lie algebra (or 2SNQ-Lie alge-
bra for short), b be another 2SN-Lie algebra and © : ) — Der,(g) be a representation of b by
means of skew-symmetric derivations of g. Then the double extension of g by by by means of ©
is 2-step nilpotent if and only if ® is a 2SN-admissible representation of b in g.

Proof. We can prove directly by checking the conditions of Definition for the Lie algebra
g. However, it is easy to see that g is the semi-direct product of h by g ® h* by means of & & ad*
where g b* is the central extension of g by h* by means of ¢. Therefore, the result follows. [

Combined with Proposition and Definition [2.4.8| we obtain the following result:

Corollary 2.4.11. Let (g,B) be a 2SNQ-Lie algebra and D € Der,(g) be a skew-symmetric
derivation of g. Then the double extension of g by means of D is a 2SNQ-Lie algebra if and only
if D* =0 and [D(x),y] =0, for all x,y € g.

Proposition 2.4.12. Let (g,B) be a 2SNQ-Lie algebra of dimension n+2, n > 0. Then g is
the double extension of a 2SNQ-Lie algebra of dimension n. Consequently, every 2SNQ-Lie
algebra can be obtained from an Abelian algebra by a sequence of double extensions by one-
dimensional algebra.

Proof. If g is Abelian then g is the double extension of an Abelian algebra by means of the
zero map. If g is non-Abelian. By Corollary there exists a central element x such that
x is isotropic. Then there is an isotropic element y such that B(x,y) = 1 and g is the double
extension of (h = (Cx® Cy)+,B’) where B’ = B|y,xj. Certainly, b is still 2-step nilpotent. [

Proposition 2.4.13. Let g be a Lie algebra, 6 be a cyclic 2-cocycle of g with value in g* and
T, () be the T*-extension of g by means of 0 (see Definition . Then T (g) is a 2SNQ-Lie
algebra if and only if g is 2-step nilpotent and 0 satisfies

0(x,y) oadg(z) +0([x,ylg,2) =0, Vx,y,z € g.
Proof. For all x,y,z € g, f,g,h € g* one has
[bx+f.y+gl,z+h] = [[x,y],2]g + (f o adg (v) — g o ady(x) + O (x,y)) o adg ()

—hoadg([x,y]g) + 0([)6,)/]9,1).
Therefore, T,y (g) is 2-step nilpotent if and only if g is 2-step nilpotent and 6 satisfies

0(x,y)cadg(z)+ 6([x,y],z) =0, Vx,y,z € g.
O

By the above proposition, if T, (g) is a 2SNQ-Lie algebra then g should be 2-step nilpo-
tent. However, we can only consider T, -extensions of an Abelian algebra by the following
proposition.

56



2.4. 2-step nilpotent quadratic Lie algebras

Proposition 2.4.14. Let (g,B) be a reduced quadratic Lie algebra. Then g is 2-step nilpotent
if and only if it is i-isomorphic to a Ty-extension of an Abelian algebra by means of a non-
degenerate cyclic 2-cocycle 0.

Proof. Assume that g is 2-nilpotent then [g, g] C Z(g). Since g is reduced one has [g,g] = Z(g)
and dim(g) even. By Proposition (given in [Bor97]) and Z(g) a totally isotropic ideal,
we write g =V @ Z(g) with V totally isotropic. We can identify V with the quotient algebra
b~ g/Z(g) and Z(g) with h*. Then g is i-isomorphic to the 7,y -extension of h by 6 defined by

0(po(x), po(y)) = o (p1([x,¥])),

where po, p; are respectively the projections from g into V and Z(g). Certainly, b is Abelian
since [g,g] = Z(g). We write g = h @ bh* and the bracket on g becomes

x+fy+gl=0(xy),Vxyeh,f,geh”

Since Z(g) = b* then 6 is non-degenerate on b x b.

Conversely, if g is i-isomorphic to the Tj-extension T, (h) of Abelian algebra h by means
of a non-degenerate cyclic 2-cocycle 6, it is obvious that g is 2-step nilpotent and Z(g) ~
Z(Ty(h)) = h*. Since h* is totally isotropic then Z(g) is also totally isotropic. Therefore g is
reduced. [

Consequently, we have a restricted definition for the reduced 2-step nilpotent case as fol-
lows:

Definition 2.4.15. Let ) be a complex vector space and 0 : h x h — h* be a non-degenerate
cyclic skew-symmetric bilinear map. Let g = b @ h* be the vector space equipped with the
bracket

x+f,y+gl=06(xy)
and the bilinear form
Bx+f,y+g)=f(y)+g&x),

for all x,y € b, f,g € h*. Then (g,B) is a 2SNQ-Lie algebra. We say that g is the T*-extension
of fh by 6.

Theorem 2.4.16. Let g and g’ be T*-extensions of h by 0y and 6, respectively. Then:

(1) there exists a Lie algebra isomorphism between g and ¢ if and only if there exist an
isomorphism A of b and an isomorphism A, of h* such that

Az(el(x7y)) = GZ(AI(X)7Al<y))’ Vx,y € h

(2) there exists an i-isomorphism between g and g’ if and only if there exists an isomorphism
Ay of b such that

01(x,y) = 62(A1(x),A1(y)) 0A1, Vx,y €b.

Proof.
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(1) LetA: g — g’ be a Lie algebra isomorphism. Since h* = Z(g) = Z(g’) is stable by A then
there exist linear maps A; : h — b, A} : h — h* and Ay : h* — b* such that

Alx+f) =A1(x) +A7(x) +As(f), Vxeb, feb™.

It is obvious that A, is an isomorphism of h*. We show that A; is also an isomor-
phism of h. Indeed, if there exists xo € b such that A;(xg) = 0 then 0 = [A(xp),d'] =
A([xo,A~1(g)]) = A(xo,9]). It means that [xo,g] = 0. Since h* = Z(g) then xo = 0.
Therefore A is an isomorphism of b.

Forall x,y € b, f,g € b*, one has

A([x+f.y+gl) =A(61(x,y)) = A2 (61 (x,y)).
and [A(x+ f),A(y+8)]' = 6:(A1(x),A1(y)).
Therefore, A»(0;(x,y)) = 62(A1(x),A1(y)) for all x,y € b.

Conversely, if there exist an isomorphism A of h and an isomorphism A, of h* such that
A2(61(x,y)) = 6,(A1(x),A1(y)) forall x,y € h, we define A: g — g’ by A(x+f) = A1 (x) +
Ay(f) for all x+ f € g. Then it is easy to check that A is a Lie algebra isomorphism.

(2) Asumme A : g — ¢’ is an i-isomorphism then there exist A and A, defined as in (1). Let
x € b, fe€b*, one has

B'(A(x),A(f)) = B(x. f) = A2(f)(A1(x)) = f(x).
Therefore, A (f) = foAl_l, forall f € b*.
On the other hand, since A;(6;(x,y)) = 62(A1(x),A1(y)) we obtain

01(x,y) = 62(A1(x),A1(y)) 0 A1, Vx,y €.

Conversely, define A(x + f) = Aj(x) —i—foAl_l, for all x € b, f € h* then A is an i-
isomorphism.

[]

Example 2.4.17. We keep the notations as above. Let g’ be the T*-extension of h by 8’ =16
where A # 0. Then g and g’ are i-isomorphic by A : g — ¢’ defined by A(x+ f) = Q/sz—i— VAS,
forallx+ f € g.

For a non-degenerate cyclic skew-symmetric bilinear map 0 of b, define the 3-form
I(x,y,2) = 6(x,y)z, Y x,y,2 €D,

Then I € 273(h). The non-degenerate condition of 6 is equivalent to 1,(I) # 0 for all x € b\ {0}.
Conversely, let h be a vector space and I € .73(h) such that 1,(I) # O for every non-zero vector
x €. Define 6 : h xh — bh* by 0(x,y) = I(x,y,.), for all x,y € b then 0 is skew-symmetric
and non-degenerate. Moreover, since / is alternating one has 6 is cyclic and then we obtain a
reduced 2SNQ-Lie algebra Ty () defined by 6. Therefore, there is a one-to-one map from the
set of all T*-extension of b onto the subset {I € &73(h) | 1,(I) #0, Vx € b\ {0}}. We has a
corollary of the above theorem as follows:
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Corollary 2.4.18. Let g and g' be T*-extensions of b with respect to I, and I,. Then g and
g’ are i-isomorphic if and only if there exists an isomorphism A of b such that I,(x,y,z) =

L(A(x),A(y),A(z)), for all x,y,z € b.

Remark 2.4.19. The element / in this case is exactly the 3-form associated to g in Definition
[2.2.2] and the above corollary is only a particular case of Lemma[2.2.§]

Lemma 2.4.20. Let b be a vector space and I € <73(h) satisfying 1,(I) # 0, ¥ x € b\ {0} }.
If there are nontrivial subspaces b, hy of b such that h = b @ by and I is decomposed by
I =1 +1 where I) € <7*(b1), I, € o/3(h2). Then the T*-extension g of b with respect to I is
decomposable.

Proof. Let a = b @ b} be the T*-extension of h; with respect to /; then a is non-degenerate.
We will show that a is an ideal of g. Indeed, one has:

[bl?bl@hZ] :I(blabl@hb‘) :I(b17b17')+1(blaf)27'>‘

Since I(h1,b2,.) =0then [h1,b1 B b2] =1(h1,b1,.) =1i(h1,b1,.) C bi. Therefore a is an ideal
of g and then g is decomposable. 0

Remark 2.4.21. Denote by N(2n) the set of i-isomorphism classes of 2n-dimensional reduced
2SNQ-Lie algebras. It is obvious that N(2) = N(4) = 0 and N(6) has only an element (see
Appendix C and Example also in [PUO7] or [Ova07]]). By Appendix C and Lemma
N(8) =0, N(10) contains only an element and N(2n) # 0 if n > 6.
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Chapter 3

Singular quadratic Lie superalgebras

This chapter is a natural adaptation of Chapter 2 for the quadratic Lie superalgebras: Lie
superalgebras endowed with an even invariant non-degenerate bilinear form. In this context,
we also have a trilinear form /. We will recall the construction of the super-exterior algebra
([Sch79], [Gié04]) and the super Z x Z,-Poisson bracket { , } on it [MPUQ9] to get the same
formula {/,7} = 0 for quadratic Lie superalgebras. These guide us to define a dup-number and
a subclass of quadratic Lie superalgebras having dup-number non-zero which can be character-
ized up to isomorphisms. Finally, we show that the dup-number is also an invariant of quadratic
Lie superalgebras.

3.1 Application of Z x Z,-graded Lie superalgebras to quadratic
Lie superalgebras

We begin from a Z,-graded vector space V = V; @ V; over C. The subspaces V; and V;
are respectively called the even part and the odd part of V. Keep the notation &7 = o7 (V;)
for the Grassmann algebra of alternating multilinear forms on V; as in Chapter 2 and denote
by .7 = .7 (V;) the (Z-graded) algebra of symmetric multilinear forms on V4, i.e. .7 = S(V{)
where S(V;*) is the symmetric algebra of V;*. We define a Z x Z,-gradation on ./ and on .# by

70 = o7t D = {0}
and 0D = 71 FU)=fo} if i+#],
where i, j € Z and i, j are the residue classes modulo 2 of i and j, respectively.

Set a gradation:

EV)=od ® 7.
ZXZZ

More particularly, in terms of the Z-gradations of .7 and .’

8n(v) — é (%m®yn—m> 7

m=0
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3.1. Application of 7 x Z»-graded Lie superalgebras to quadratic Lie superalgebras

and in terms of the Z;-gradations

&(V)=o ® ( & yzf) and &;(V) = ® ( P yzf“) .

j>0 j>0

In other words, if A= Q®F € #/®®.%/ then A € £@+/1)(V) where f denotes the residue
class modulo 2 of f.
Next, we define the super-exterior product on £(V) as follows:

(QRF)AQ ®F) = (-1 (@QAQY)QFF,
forallQe o7, Q' e #¥ Fe S F e

Proposition 3.1.1. The vector space (V) with this product becomes a commutative and asso-
ciative 7. X Zn-graded algebra. We call (V) the super-exterior algebra of V*.

Proof. Tt is easy to see that the algebra (V) with this product is a Z x Z;-graded algebra. Let
A=QRF c d° ST A =QoF c 7 2.7/ andA" = Q" F" € &/ ./ then

AN=(QF)NQeF)=(—1)"°QAQ)RF'F = (—1)/*°(QAQ) @ FF'

— (_l)f’w+ww’+fw’(Q®F) A (Q/(X)F/) — (_1)((D+f)(ﬂ)/+f/)+ff,A /\A/

Similarly, (AAA) AA” = AN (A" ANA") = (= 1)@+ 0" (Q AQ' ANQ")Q FF'F". There-
fore, we get the result. [

Remark 3.1.2. There is another equivalent construction in [BP89], that is, (V) is the space of
super-antisymmetric multilinear mappings from V into C. The algebras .7 and .# are regarded
as subalgebras of £(V) by identifying Q := Q® 1, F := 1 ® F, and the tensor product Q@ F =
(QRIA(1®F)foral Qe o/, F € 7.

Now, we assume that the vector space V' is equipped with a non-degenerate even supersym-
metric bilinear form B. That means B is symmetric on V;, skew-symmetric on Vi, B(V, Vi) =0
and B ’VEXVG’ Bly. xv; are non-degenerate. In this case, dim(V;) = 2n must be even and V is also
called a quadratic Z;,-graded vector space. We recall the definition of the Poisson bracket on
< as follows.

Definition 3.1.3. Let # = {X,...,X,,Y1,...,Y, } be a canonical basis of V; such that B(X;,X;) =
B(Y;,Y;) =0, B(X;,Yj) = 6;j and {p1, ..., Pn,q1,-.-,qn} its dual basis. Then the Poisson bracket
on the algebra . regarded as the polynomial algebra C[py, ..., pn,q1,-..,qn] is defined by:

& (8F dG JF JdG

FGy=Yy (ZL22_20°%)  vEGe.7
6 =2 (5,04 aq,-apz)

Combined with the notion of super-Poisson bracket on .27 in Chapter 2, we have a new
bracket as follows [MPUQ9].

Definition 3.1.4. The super Z x Z,-Poisson bracket on £ (V) is defined by:
(QF,QeF}=(-1)/Y ({Q,Q}FF +(QAQ)© {F,F'}),

forall Qe o7, Q c 74 Fec.#f F' ¢ &,
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3.1. Application of 7 x Z»-graded Lie superalgebras to quadratic Lie superalgebras

By straightforward calculating, it is easy to get simple properties of this bracket:

Proposition 3.1.5. £(V) is a Lie superalgebra with the super 7, X Z-Poisson bracket. In other
words, for A € E@P)(V), A" € E@P) (V) and A" € £ (V):

(1) {A" A} = —(=1)* P {a,4}.
(2) (=1)" A A AT} ()T AY (A A} 4 (1) A (A7, A} = 0.
Moreover, one has {A,A' NA"} = {A,A'} NA" + (—1)9@ 00 A7 A {A A
Remark 3.1.6. The second formula in the previous proposition is equivalent to:
{AA} A"} = (A {4 A7)} = (D)@Y HA (A, A7),

Therefore, if we denote by adp(4) = {A,.}, A € @) (V) and by End(&(V)) the vector space
of endomorphisms of £(V) then adp(A) € End(E(V)), forall A € (V) and:

adp({A,A'}) = adp(A) o adp(A’) — (—1) " adp(A’) 0 adp(A)
for all A’ € @) (V).
We recall that End(&(V)) has a natural Z x Z,-gradation as follows:
deg(F) = (n,d), n € Z, d € 7 if deg(F(A)) = (n+a,d +b), where A € E@) (V).

Denote by End’(£(V)) the subspace of endomorphisms of degree (n, f) of End(E(V)). It is

clear that if A € £(%?) (V) then adp(A) has degree (a —2,b). Moreover, as we known, End(&(V))
is also a Z x Z,-graded Lie algebra, frequently denoted by gl(E(V)), with the Lie super-bracket
defined by:

[F,G]|=FoG—(—1)""/8GoF,VF e End?(E(V)), G € Endg(E(V)).
Therefore, since Remark [3.1.6] one has the corollary:

Corollary 3.1.7.
adp({A,A’}) = [adp(A),adp(A")], VA,A" € E(V).

Definition 3.1.8. An endomorphism D € gl(E(V)) of degree (n,d) is called a super-derivation
of (V) (for the super-exterior product) if

D(ANA") =D(A) AA'+ (=1)" " PAND(A"), VA € @) (V), A € (V).

Denote by D’ (&(V)) the space of super-derivations degree (n,d) of (V') then we obtain a
7 X Zp-gradation of the space of super-derivations D(E(V)) of E(V) as follows:

nez

D(E(V)) = D DaE(V))

dely

and D(E(V)) becomes a subalgebra of gl(E(V)) [NR66]. Moreover, the last formula in Propo-
sition [3.1.5] affirms that adp(A) € D(E(V)), forall A € E(V).
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Example 3.1.9. Let X € V, be a homogeneous element in V of degree x and define the endo-
morphism 1x of £(V) by

Ix(A) (X1, Xa1) = (—1)PAX, X1, ... Xao1), VA€ E@D (V) Xy, X1 €V.
Then 1y is a super-derivation of £ (V) of degree (-1,x) [BP89]. In particular
Ix(AANA) = 1x (A) AA + (1) AN 1x(A)), VA e @D (V) AT e &(V).
Lemma 3.1.10. Let X; € V5 and X; € V; then for all Q@ F € &/® ® .77, one has:
(1) 1x,(QRF) =1x,(Q)®F,
(2) 14 (QEF) = (~1)°Q e 1y, (F).
Proof. We have:
() 1x,(QeF) =1x(QINA(1RF)) =1x(QRNA(1RF)+ (—1)"?(Q® 1) Aty (1®
F)=1x(Q)®F.
(2) 15, (QeF) =1 (QNA(1QF)) =15, (QONA1F)+(-1)"?( Qe ) Aty (1®
F)=(-1)°Q®1x(F).
]
Remark 3.1.11.
() Qe ®then 1x(Q)(X1,...,Xo-1) = Q(X,X1,...,Xp—1), forall X, X1,...,Xp_1 € V;.

(2) Let X be an element of the canonical basis % of Vi and p € V;* be its dual form. By
Corollary I1.1.52 in [|[Gi€04] one has:

L (P (X" ) = (1) (X) = (1) (=10 D 21,

n

dp

o (X =n(p (X" = (=)0 D20, T implies that
p

Moreover,

()X ) = =S (),

Since each F € ./ is regarded as a polynomial in the variable p and by linearizing so
one has the following property: let X € V; and p € V{* be its dual form then

oF
ix(F)=———,VFe.%.
x(F)==3
Proposition 3.1.12. Fix an orthonormal basis {Xal, .., X"} of V5 and a canonical basis % =

{x1,..., X" Y1 ... Y™} of Vi. Then the super 7 x Z-Poisson bracket on &(V) is given by:

RESRE
AA [ye+f+! )@ ( (A") = 1,0(A A’>
{A,A} = (—1 ZLX, /\l Z Xk /\lY/< ) lYTk( )/\LX%()
forallAc o/®®.7  and A’ € E(V).
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Proof LetA=Q®RF € #°®.9f andA' = Q' @F € o/ @.7F, then
{A,A"} = (—1)/° ({Q,QYy 9 FF' + (QNQ) @ {F,F'}).
By the formula () in Chapter 2, one has
{Q Ql (D+1 Z lXj Q/)
Combined with Lemma[3.1.10] (1), we obtain

{Q,QV@FF = (—1)°"! Z ( lXj(Ql)) QFF'
0

= (_1)f(w/_1)+w+lji (lxg(Q) ®F) A <1Xg(g’) ®F’)

m
= (=1 OTOHTEY (A Ay (A).
= 0
Let {p1,...,Pn,q1,---,qn} be the dual basis of % then

n / /
(R = <8F IF 8F8F>.
k=1

Ipk Iqx  Iqk Iy

O\x

By Remark|3.1.11] one has
/ !/
[FF'} = Z (1 (F) 1y (F) = 1ys (F) 1y (F1) )
Combined with Lemma |3.1.10](2), we obtain

n

(QAQ)@{FF'} = (QAQ) & Z( F) 1y (F') = 1 (F) 1 (F'))

— 1

9§ (@m0 1 (2o 1g(6) - (20140) A (201908

- (—1>f‘°’+°°kzl (1 (4) Ay () = 12 (A) Aty (4))

Therefore, the result follows. ]

Corollary 3.1.13. Define the (even) isomorphism ¢ :V — V* by ¢(X) = B(X,.), forall X € g
then one has

(1) {0, A} =145-1(4)(A),
(2) {a,0'} =B(¢~'(a),¢~'(a)),
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forallo,o/ eV* A€ &(V).
Proof.

(1) We apply Proposition [3.1.12} respectively for o = (X!)* = ¢(X}), forall i = 1,...,m,
a=Y)*=¢(X!)and o = (—X1)* = ¢(¥!), forall / = 1,...,n to obtain the result.

(2) Let o € g}, o' € g%, be homogeneous forms in g*, one has

I
T
p—
~—
g
=
<
|
—
Q\
<
|
R
~—

{o, '} =14 10 (0) = (1) & (97" ()

Proposition and Corollary are enough for our purpose. But as a consequence
of Lemma 6.9 in [PUO7]], one has a more general result as follows:

Proposition 3.1.14. Let {XJ,..., X"} be a basis of Vs and {au, ..., 04} its dual basis. Let
{Yﬁl,...,Yﬁm} be the basis of V; defined by Y = o). Set B = {x/,... ,XT”,YTl, .Y} bea
canonical basis of Vi. Then the super 7 X Zy-Poisson bracket on £(V) is given by:

n m . .
{aA"} = (- y B(Ya’,%’)lxé(A)/\lxg(A')
ij=1

+(—1>wkf1 (1 (4) A 1y (A) = 12(4) A s ()

forallAc o/®®.7  and A’ € E(V).

Now, we consider the vector space

&=@Pé&",

nez

where &" = {0} if n < —2, &1 =V and &" is the space of super-antisymmetric n + 1-linear
mappings from V to V. Each of the subspaces &" is Z,-graded then the space & is Z X Zp-
graded by

nez
&= EB &f.
f€Zy
Moreover, & is a Z x Z,-graded Lie algebra and called the graded Lie algebra of the Z;-graded
vector space V [BP89]. Recall that there exists a Z x Z,-graded Lie algebra isomorphism D
between & and D(E(V)) (see a precise construction in [Gié04]) satistying if F = Q® X € &,
then Dp = —(—1)**QA1x € @;‘C(S(V)).

Lemma 3.1.15. ([BP89], [G1€04])
Fix F € &}, denote by d = D and define the product [X,Y] =F(X,Y), for all X,Y € V.
Then one has
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(1) d(9)(X,Y)=—¢(X,Y]), forallX,Y €V, ¢ €V*.

(2) The product | , | becomes a Lie super-bracket if and only if d*> = 0. In this case, d is
called a differential super-exterior of E(V).

Next, we will apply the above results for quadratic Lie superalgebras defined as follows:

Definition 3.1.16. A quadratic Lie superalgebra (g,B) is a Z-graded vector space g equipped
with a non-degenerate even supersymmetric bilinear form B and a Lie superalgebra structure
such that B is invariant, i.e. B([X,Y],Z) = B(X,[Y,Z]), forall X,Y,Z € g.

Theorem 3.1.17. Let (g,B) be a quadratic Lie superalgebra. Define a trilinear form I on g by
I(X,Y,Z)=B([X,Y],Z2), VX,Y,Z € g.
Then one has
(1) 1€ &BI(g) =a3(g5) & (" (g0) ©.7*(mn)) -
(2) d = —adp(I).

(3) {1.1} =0.
Proof. The assertion (1) follows the properties of B, note that B(|gg, g, 97) = B([g1,01],97) = 0.
For (2), fix an orthonormal basis {Xg,...,Xa’" of V; and a canonical basis {XTl, X

YTl,...,YT” of Vi. Let {oy,...,a} and {By,...,Bu,71,---, Y} be their dual basis respectively.
Then forall X, Y €g,i=1,....m, [=1,...,n one has:

adp(I)(a;)(X,Y) = (ilxg(l)/\l i( k( /\lYk (o) — lYIk(I)/\lXIk(al‘)>> (X,Y)
= k=1

(5 T

™

oL

0

() Aty ») (,9) = (1 (D) Aty (@) (X.)

:B(Xﬁi,[X,Y]) = (X,'([X,Y]) = _d(ai)<X7Y>7

adp(I)(fBy)(X,Y) (Z lX, (Br) — Zn: (le(n/\lylk(ﬁl)_lylk(l)/\le(ﬁl)>) (X,Y)
k=1

(Z (1) Ay m) (X,¥) = (1 () ALt (B)) (X.Y)

= _lYTZ(I)(va) = _B(YTI7[X7Y]) :ﬁl([X7Y]) = _d(Bl)<X7Y>7

C\\

adp( ) (i i (lxk /\lyk '}’l) _lyk(1>/\le('yl>>> (XvY)
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,_.

(lek ) Aty m) (X.Y) = = (12D Aty (m)) (X.Y)

= lXTl(I)(XvY) :B(XTlv [XvY]) = %([va]) = _d(’yl)(va)‘

Therefore, d = —adp([).

Moreover, adp({I,1}) = [adp(I),adp(I)] = [d,d] = 2d* = 0. Therefore, for all 1 <i < m,
1 <j,k<nonehas {0, {I,I}} ={Bj,{I,I}} ={m,{I,1}} =0. Those imply 1x ({I,1}) = O for
all X € g and hence, we obtain {/,/} = 0. O

Conversely, let g be a quadratic Z,-graded vector space equipped with a bilinear form B
and I be an element in €3 (g). Define d = —adp(I) then d € D}(&(g)). Therefore, d*> = 0 if
and only if {I,I} = 0. Let F be the struture in g corresponding to d by the isomorphism D in
Lemma (3.1.15] one has

Proposition 3.1.18. F becomes a Lie superalgebra structure if and only if {I,I} = 0. In this
case, with the notation [X,Y| := F(X,Y) one has:

[(X,Y,Z)=B([X,Y],Z2),VX,Y,Z€g.
Moreover, the bilinear form B is invariant.

Proof. We need to prove that if F is a Lie superalgebra structure then I(X,Y,Z) = B([X,Y],Z),
for all X,Y,Z € g. Indeed, let {X],... , X"} be an orthonormal basis of V5 and {x!,....x»,

1

YTI,...,Y{’} be a canonical basis of V; then one has
m n n
d=—adp(l) ==Y 1,/ (DAL+ Y 1) Aty — Y 1y (D) Atys.
j=1"0 0 j=1 ! = !
It implies that
m n n
F= ZlX61<I)®X0]+Zle(I)®YI Y (D) @ XF
j=1 k=1 k=1

Therefore, for all i we obtain

B([XvY]’Xﬁi) = lXé(I)(va) :I(X6ivX7Y> :I(X7Y7X6i>7

B([X,Y],X})) = — lx%(l)(X,Y) = —I(X!,X,Y) =1(X,Y,X),
B([X,Y],¥}) = —1,:(D)(X,Y) = —1(Y.,X,Y) = [(X,Y,Y).
1
These show that I(X,Y,Z) = B([X,Y],Z), forall X,Y,Z € g. [

Remark 3.1.19. The element I defined as above is also an invariant of g since -Zx (1) = 0, for all
X € g where Zx = D(ad(X)) the Lie super-derivation of g. Therefore, I is called the associated
invariant of g.

Lemma 3.1.20. Let (g,B) be a quadratic Lie superalgebra and I be its associated invariant.
Then 1x(I) = 0 if and only if X € Z(g).

68



3.1. Application of 7 x Z»-graded Lie superalgebras to quadratic Lie superalgebras

Proof. Since 1x(I)(g,9) = B(X,[g,9]) and Z(g) = [g,g]" then one has 1x(I) = 0 if and only if
X € Z(g). O

Definition 3.1.21. Let (g,B) and (g’, B') be two quadratic Lie superalgebras. We say that (g, B)
and (g',B’) are isometrically isomorphic (or i-isomorphic) if there exists a Lie superalgebra
isomorphism A from g onto g’ satisfying

B'(A(X),A(Y))=B(X,Y),VX,Y €g.
In other words, A is an i-isomorphism if it is a (necessarily even) Lie superalgebra isomorphism
and an isometry. We write g ~ g.

Note that two isomorphic quadratic Lie superalgebras (g, B) and (g’,B’) are not necessarily
i-isomorphic by the example below:

Example 3.1.22. Let g = o0sp(1,2) and B its Killing form. Recall that g5 = 0(3). Consider
another bilinear form B' = AB, A € C, A # 0. In this case, (g,B) and (g,AB) cannot be i-
isomorphic if A # 1 since (gg,B) and (g, AB) are not i-isomorphic (see Example 2.1.4).
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3.2 The dup-number of a quadratic Lie superalgebra

Let (g, B) be a quadratic Lie superalgebra and I be its associated invariant, then by Theorem

I=0L+1

where Iy € «73(g5) and I} € &' (g5) ®.7?(g7). Since {I,I} = 0 one has {Iy,Ip} = 0. It means
that g is a quadratic Lie algebra with the associated 3-form Ip. Remark that gz is Abelian (resp.
[g1,01] = {0}) if and only if Iy = O (resp. I} = 0). Define the subspaces of g* as follows:

V; = {aeg'| anl=0},
Vi, = {aeg;| anl=0},
V[l = {oce;fg\ (X/\Ilz()}.

The following lemma alows us to consider the notion dup-number for quadratic Lie super-
algebras in a similar way we did for quadratic Lie algebras.

Lemma 3.2.1. Let g be a non-Abelian quadratic Lie superalgebra then one has

(1) dim(Vy) € {0,1,3},

(2) dim(V;) = 3 ifand only if I) = 0, gy is non-Abelian and Iy is decomposable in </ (99)-
Proof. Let a = oy + a; € g; @ g then one has

a/Nl=ogNIp+og N1 +0oq Nlg+ o N1,
where ag N1y € %4(96), YAV RS %2<96) ®§”2(9T), o Ny € 52%3(95) ®<5’1(gi) and oy A1 €
! (g5) @ 7 (g0)-
Hence, a AI = 0if and only if oty =0 and og Alp = 0p A I} = 0. It means that V; =V, N'Vy,.

If Iy # 0 then dim(Vy,) € {0, 1,3} and if I; # 0 then dim(V},) € {0, 1}. Therefore, dim(V;) €
{0,1,3} and dim(V;) = 3 if and only if /; = 0 and dim(Vy,) = 3. O

Definition 3.2.2. Let (g, B) be a non-Abelian quadratic Lie superalgebra and [ be its associated
invariant. The dup number dup(g) is defined by

dup(g) = dim(Vy).

The decomposition in Proposition [2.1.5]is still right in the case of a quadratic Lie superal-
gebra below:

Proposition 3.2.3. Let (g,B) be a non-Abelian quadratic Lie superalgebra. Keep the notations
as in Chapter 2, then there exist a central ideal j and an ideal | # {0} such that:
L
(1) g =3 ® [ where (3,B|;x;) and (1,B|(x\) are quadratic Lie superalgebras. Moreover, | is

non-Abelian.

(2) The center Z(1) is totally isotropic, i.e. Z(I) C [1,1].
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3.2. The dup-number of a quadratic Lie superalgebra

(3) Let g be a quadratic Lie superalgebra and A : g — g’ be a Lie superalgebra isomorphism.
Then

1
g/ — 3/ @ [/
where 3' = A(3) is central, ' = A(3)*, Z(V') is totally isotropic and | and V' are isomorphic.
Moreover if A is an i-isomorphism, then | and U are i-isomorphic.

Proof. The proof is exactly as Proposition where 3 is a complementary subspace of Z(g) N
[9,0] in Z(g) and [ = 5" O

Clearly, if 3 = {0} then Z(g) is totally isotropic. Moreover, one has

1
Lemma 3.2.4. Let g be a non-Abelian quadratic Lie superalgebra. Write g = 3 & [ as in Propo-

sition then dup(g) = dup().

Proof. Since [3,a] = {0} then I € €39 (). Let ¢ € g* such that ot AT = 0, we show that o € [*.
Assume that oo = o) + 0, where a; € 3" and o € [*. Since c AT =0, oy AT € E(3) ®E(I) and
oy A1 € (1) then one has a; AT = 0. Therefore, a; = 0 since I is nonzero in €39 (). That
mean o € [* and then dup(g) = dup(l). O

Definition 3.2.5. A quadratic Lie superalgebra g is reduced if:
(1) g# {0}
(2) Z(g) is totally isotropic.
Notice that a reduced quadratic Lie superalgebra is necessarily non-Abelian.

Definition 3.2.6. Let g be a non-Abelian quadratic Lie superalgebra.

(1) gis an ordinary quadratic Lie superalgebra if dup(g) = 0.

(2) gis a singular quadratic Lie superalgebra if dup(g) > 1.

(i) g 1is a singular quadratic Lie superalgebra of rype S| if dup(g) = 1.
(ii) g 1is a singular quadratic Lie superalgebra of type S3 if dup(g) = 3.

By Lemma [3.2.1} if g is a singular quadratic Lie superalgebra of type Sz then g is an or-

thogonal direct sum g = gg é V2" where g; = V", [g1,g1] = {0}, g is a singular quadratic Lie
algebra of type S3 and the classification is known (more details in Proposition[3.3.3)). Therefore,
we are interested in singular quadratic Lie superalgebras of type Sj.

Before studying completely the structure of singular quadratic Lie superalgebras of type Sy,
we begin with some simple properties as follows:

Proposition 3.2.7. Let (g,B) be a singular quadratic Lie superalgebra of type Sy. If gy is
non-Abelian then gg is a singular quadratic Lie algebra.

Proof. By the proof of Lemma[3.2.1} one has V; = V;;N'V;,. Therefore, dim(Vy,) > 1. It means
that gg is a singular quadratic Lie algebra. [
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3.2. The dup-number of a quadratic Lie superalgebra

Let (g,B) be a singular quadratic Lie superalgebra of type S;. Fix a € V; and choose
Qo € ,sz(ga), Qi €.7%(g7) such that I = a AQ + & ® Q1. Then one has

{LI} ={oaANQp,a NQo} +2{a ANQp,a} Q; +{o, 0} @ Q1Q;.

By the equality {/,/} = 0, one has {a A Qp,a AQp} =0, {a,0} =0 and {a,x A Qp} = 0.
These imply that {a,1} = 0. Hence, if we let Xo = ¢ ! () then Xy € Z(g) and B(Xy,Xp) =0
(Corollary [3.1.13|and Lemma 3.1.20).

Proposition 3.2.8. Let (g, B) be a singular quadratic Lie superalgebra of type Sy. If g is reduced
then gg is reduced.

Proof. Assume that gg is not reduced, i.e. g5 = 3 é [ where 3 is a non-trivial central ideal of gg,
there is X € 3 such that B(X,X) = 1. Since g is singular of type S; then g is also singular, the
element X defined as above will be in [and Iy = x A Qy € &7 3([) (see in Chapter 2). We also
have B(X,Xp) = 0.

Let B=9¢(X)soix(I)={B,I} ={B,a ANQo+aAQ;}=0. That means X € Z(g). This
is a contradiction since g is reduced. Hence gz must be reduced. ]

1
Lemma 3.2.9. Let g; and g, be non-Abelian quadratic Lie superalgebras. Then g; & g, is an
ordinary quadratic Lie algebra.

1
Proof. Set g = g1 @ g2. Denote by I,1; and I, their non-trivial associated invariants, respec-

tively. One has €(g) = &(g1) @ E(ga), EX(g) = D &€'(91) ® €°(g2) and I = I + I, where
r+s=k

I € &3(g1), b € &3 (g2). Therefore, if o = o + o € g7 @ g5 such that ¢ A1 =0 then o =
o =0. O]

1L
Definition 3.2.10. A quadratic Lie superalgebra is indecomposable if g = g; ® g;, with g; and
g2 ideals of g, then g; or g, = {0}.

Proposition 3.2.11. Let g be a singular quadratic Lie superalgebra. Then g is reduced if and
only if g is indecomposable.

Proof. 1If g is indecomposable then it is obvious that g is reduced. If g is reduced, assume that

1
g =91 P g2, with g; and g, ideals of g, then Z(g;) C [g;, ;] for i = 1,2. Therefore, g; is reduced
or g; = {0}. If g; and g, are both reduced, by Lemma , then g is ordinary. Hence g; or
g2 = {0}. 0

To describe fully the class of singular quadratic Lie superalgebras, we shall study case-
by-case its particular subclasses: elementary quadratic Lie superalgebras and quadratic Lie
superalgebras with 2-dimensional even part.
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3.3

Elementary quadratic Lie superalgebras

Definition 3.3.1. Let g be a quadratic Lie superalgebra and / be its associated invariant. We say

that g

is an elementary quadratic Lie superalgebra if I is decomposable.

It is easy to see that if / is decomposable then [y or I; = 0. If g is a non-Abelian elementary
quadratic Lie superalgebra then either g is a singular quadratic Lie superalgebra of type Sz or g
is a singular quadratic Lie superalgebra of type S; such that 7 is non-zero and decomposable in
o (55) ® 7 (g1).

Assume that Iy = 0 and 7 = [; is a non-zero decomposable element in <! (g5) ® .72(g7),
that means

I=a®pq

where a € g; and p,q € g7.

Lemma 3.3.2. Let g be a reduced elementary quadratic Lie superalgebra having [ = o ® pq.

Set X5

(1)

= ¢~ () then one has:

dlm(ga) =2 and gg N Z(g) = (CX5

(2) Let X; = ¢~ (p), Yi = ¢~ '(q) and U = span{ Xz, Y;} then

Proof.

ey

2

(i) dim(g;) =2 if dim(U) = 1 or U is non-degenerate.
(ii) dim(g;) =4 if U is totally isotropic.

Let B be an element in g;. It is easy to see that {f,o} = 0 if and only if {f,I} =0,
equivalently ¢ ! (B) € Z(g). Therefore, (¢ ! ()= Ngs C Z(g). It means that dim(gg) <
2 since g is reduced (see [Bou59]). Moreover, X; = ¢ ~! () is isotropic then dim(gg) = 2.
If dim(gsNZ(g)) =2 then g; C Z(g). Since B is invariant one obtains g Abelian (a
contradiction). Therefore, g; N Z(g) = CXs.

It is obvious that dim(gy) > 2. If dim(U) = 1 then U is an isotropic subspace of g; so
there exists a one-dimensional subspace V of g; such that B is non-degenerate on U &V

L
(see [BouS9)). Let g = (U®V) © W where W = (U @ V)* then for all f € ¢(W) one
has:

{f, 1} ={f.a®pq} = —ax ({f.ptq+pr{f.q}) =0.

Therefore, W C Z(g). Since B is non-degenerate on W and g is reduced then W = {0}.
If dim(U) = 2 then U is non-degenerate or totally isotropic. If U is non-degenerate,

let g =U é W where W = U*. If U is totally isotropic, let g; = (U @ V) GLB W where
W=U®o® V)L and B is non-degenerate on U & V. In the both cases, similarly as above,
one has W a non-degenerate central ideal so W = {0}. Therefore, dim(g;) = dim(U) =2
if U is non-degenerate and dim(g;) = dim(U &V) =4 if U is totally isotropic.

[]
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Proposition 3.3.3. Let g be a reduced elementary quadratic Lie superalgebra then g is i-
isomorphic to one of the following Lie superalgebras:

(1) g; where g;, 3 <i <6, are reduced singular quadratic Lie algebras of type S3 given in
Proposition|2.2.29

(2) 931 = (CX5© CYy) & (CXy & CZ;) such that the bilinear form B is defined by
B(X5,Ys) = B(X:,Z;) = 1,

the other are zero and the Lie super-bracket is defined by [Z;, Z;| = —2Xp, [Yy,Z:] = —2X;,
the other are trivial.

(3) 81, = (CXg© CYy) @ (CXy © CYy) such that the bilinear form B is defined by
B(X5,Y5) = B(X.,Y;) = 1,

the other are zero and the Lie super-bracket is defined by [X:,Y;] = X5, [Y5,Xi] = Xi,
Yy, Ys] = —Y;, the other are trivial.

(4) g¢ = (CX;®CYy) @ (CX; ® CY; ® CZ; ® CTy) such that the bilinear form B is defined by
B(Xaa Yﬁ) - B(XT7ZT) = B(YT7 TT) - 17

the other are zero and the Lie super-bracket is defined by [Z;, T;| = — X5, [Yg,Z:) = Vi,
Yy, Ti] = —Xi, the other are trivial.

Proof.

(1) This statement corresponds to the case where /1 = 0 and I = Iy a decomposable 3-form in
ﬂ3 (96) In this case, I(gﬁ,gT,gT) = B([gﬁ,gT] , gT) =0. It 1mphes [g@, gT] = [QT,QT] = {0}
since B is non-degenerate and then g; C Z(g). On the other hand, g is reduced so Z(g) C
[9,9] C go. Therefore, g = {0} and we obtain (1).

Assume that I = o ® pq € /! (g5) ® .72 (g;). By the previous lemma, g5 = CX5® CY;
where X5 = ¢~ !(at), B(X5,X5) = B(Yy,Y5) =0, B(Xg,Y5) = 1. Let X; = ¢~ 1(p), ¥ =
¢~'(g) and U = span{X,¥;}.

(2) If dim(U) = 1 then ¥Y; = kX7 with some non-zero k € C. Therefore, ¢ = kp and I =
ko ® p?. Replace with

_ _%
Xo = kX5, Y5= .

and Z; is an element in g; such that B(X7,Z;) = 1 then g = (CX; @ CY;) @ (CX; © CZy)
and I = o ® p.

Now, let X € g;,Y,Z € g7. By using (1.7) and (1.8) of [BP89], one has:
B(X,[Y,Z]) = —2a(X)p(Y)p(Z) = —2B(Xg, X)B(X:,Y ) B(X:, Z).
Since B|%X% is non-degenerate then:

[Y,Z] = —ZB(XT,Y>B<XT,Z)X6, VY,Z € g;.
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Similarly and by invariance of B, we also obtain:
X,Y] = —2B(X5,X)B(X:,Y)X;, VX € g5, Y € g7
and (2) follows.
(3) If dim(U) =2 and U is non-degenerate then B(Xy,Y;) = a # 0. Replace with

a

Yy

XTI E —
a a

, pi=—, Xg:=aXy and Y5 :=

then g = (CX; ® CY;) © (CX; © CYy), B(XG,Yy) = B(X1, Y1) = land I = a ® pq.
Let X € gg, Y,Z € g1, one has:

B(X,[Y,Z]) = 1(X,Y,Z) = —a(X)(p(Y)q(2) + p(Z)q(Y))-
Therefore, the Lie super-brackets are defined:
[Y7Z] = _(B<XT7Y)B(YT72) +B(XT72)B(YT7Y))X67 v Y7Z € g1,

[X,Y] = —B(X5,X)(B(X1,Y);+B(Y1,Y)X:), VX €gg, Y € g7
and (3) follows.

(4) Ifdim(U) =2 and U is totally isotropic. Let V = CZ; & CT; be a totally isotropic subspace
of o1 such that g1 = (CXT D CYT D CZT D (CTT, B(XT,ZT) = B(YT, TT) =1.

If X € gg,Y,Z € g7 then:
B(X,[Y,Z]) =1(X,Y,Z) = —a(X)(p(Y)q(2) + p(2)q(Y)).
We obtain the Lie super-brackets as follows:
Y,Z] = —(B(X:,Y)B(Y;,Z) +B(X1,Z)B(Y1,Y )Xy, VY, Z € gy,
[X,Y] = —B(X5,X)(B(X:,Y)Y;+B(Y1,Y)X:), VX € g5, Y € gr.

Thus, [Z;, 7| = =X, Y5, %] = — 11, [V, i) = —Xq.
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3.4 Quadratic Lie superalgebras with 2-dimensional even part

Proposition 3.4.1. Let g be a non-Abelian quadratic Lie superalgebra with 2-dimensional even
part. Then g is a singular quadratic Lie superalgebra of type S;.

Proof. By Remark every non-Abelian quadratic Lie algebra must have the dimension
more than 2 so g5 is Abelian and consequently, I € 7! (g5) ® .%%(gr). We choose a canonical
basis {Xj,Y5} of gg such that B(X5,X;) = B(Y,Y5) = 0 and B(Xg,Y;) = 1. Let a = ¢(Xp),
B = ¢(¥;) and we can assume that

I=0RQ+B®Q,
where Q1,Q, € .%%(g;). Then one has:
{I,I} = 2(Q1Q2—|—O¢/\ﬁ ®{Q1,Q2}).

Therefore, {I,1} = 0 implies that Q;Q; = 0. So Q] = 0 or Q; = 0. It means that g is a singular
quadratic Lie superalgebra of type S;. ]

Proposition 3.4.2. Let g be a singular quadratic Lie superalgebra with Abelian even part. If g
is reduced then dim(gg) = 2.

Proof. Let I be the associated invariant of g. Since g has the Abelian even part one has / €
o' (g5) ® .72 (gr). Moreover g is singular then

I=axQ

where a € g, Q € .7?(gr). The proof follows exactly Lemma Let B € gi then {B,a} =
0 if and only if {8,1} = 0, equivalently ¢ () € Z(g). Therefore, (¢~ (a))* Ngs C Z(g). It
means that dim(g;) = 2 since g is reduced and ¢ ~! () is isotropic in Z(g). O

Now, let g be a non-Abelian quadratic Lie superalgebra with 2-dimensional even part. By
Proposition , g is singular of type S;. Fix & € V; and choose Q € .72 (g) such that

I=0®Q.

We define C: g; — g1 by B(C(X),Y) = Q(X,Y), for all X,Y € gy and let X5 = ¢ ! (x).
Lemma 3.4.3. The following assertions are equivalent:

(1) {1,1} =0,

(2) {o,a} =0,

(3) B(Xﬁ,Xa) =0.

In this case, one has X5 € Z.(g).
Proof. 1t is easy to see that:
(LI} =05 {a,0} @Q*=0

Therefore the assertions are equivalent. Moreover, since {a,/} = 0 one has X € Z(g). [l
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We keep the notations as in the previous sections. Then there exists an isotropic element
Y5 € gg such that B(X5,Y;) = 1 and one has the following proposition:

Proposition 3.4.4.

(1) The map C is skew-symmetric (with respect to B), that is, B(C(X),Y) = —B(X,C(Y)) for
allX, Y € g;.

(2) [X,Y] = B(C(X),Y)X;, for all X,Y € g and C = ad(¥;)] ..

(3) Z(g) = ker(C) & CX; and [g,9] = Im(C) ® CXy. Therefore, g is reduced if and only if
ker(C) C Im(C).

(4) The Lie superalgebra g is solvable. Moreover, g is nilpotent if and only if C is nilpotent.
Proof.
(1) Forall X, Y € gi, one has

B(C(X),Y) = Q(X,Y) = Q(Y,X) = B(C(Y),X) = —B(X,C(Y)).

(2) LetX € g5,Y,Z € g7 then

B(X,[Y,Z]) = (a®Q)(X,Y,Z) = a(X)Q(Y, Z).

Since o(X) = B(X,X) and Q(Y,Z) = B(C(Y),Z) so one has
B(X,[Y,Z]) = B(Xy5,X)B(C(Y),Z).

Set X =Y; then B(Yg, [Y,Z]) =

The non-degeneracy of B implies [Y,Z] = B(C(Y),Z)X5.
J=C(¥).

B(C(Y),Z). By the invariance of B, we obtain [Yg,
(3) It follows from the assertion (2).

(4) g is solvable since gg is solvable, or since [[g,g],[g,0]] C CX;. If g is nilpotent then
C = ad(Yj) is nilpotent obviously. Conversely, if C is nilpotent then it is easy to see that g
is nilpotent since (ad(X))*(g) C CX;® Im(C¥) for all X € g.

]

Remark 3.4.5. The choice of C is unique up to a non-zero scalar. Indeed, assume that I = o’ @ Q'
and C’ is the map associated to Q'. Since Z(g)Ngs = CX;and ¢ ' (') € Z(g) one has &’ = A«
for some non-zero A € C. Therefore, o ® (Q — AQ’) = 0. It means that Q = AQ' and then we
getC=AC'.
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3.4.1 Double extension of a symplectic vector space

In Chapter 2, the double extension of a quadratic vector space by a skew-symmetric map
is a solvable singular quadratic Lie algebra. Next, we have a similar definition for a symplectic
vector space as follows:

Definition 3.4.6.

(1) Let (q,Bq) be a symplectic vector space equipped with the symplectic bilinear form By
and C : ¢ — q be a skew-symmetric map, that is,

By(C(X),Y) = —B4(X,C(Y)), VX,Y €q.
Let (t = span{Xj, Y5}, B¢) be a 2-dimensional quadratic vector space with By defined by

Bi(X5,Xg) = Bi(Yy,Yy) =0, Bi(Xg,Y5) = 1.
Consider the vector space

i
g=tdgq
equipped with a bilinear form B = B¢+ B, and define a bracket on g by
AXs+uYs+ X, A'Xg+1'Y5+Y] =uC(Y)—p'c(X)+B(C(X),Y)Xs,

forall X,Y € q,A,u,A",u" € C. Then (g, B) is a quadratic solvable Lie superalgebra with
g5 = t and gy = q. We say that g is the double extension of q by C.

(2) Let g; be double extensions of symplectic vector spaces (q;, B;) by skew-symmetric maps
C; € Z(q)), for 1 <i < k. The amalgamated product

is defined as follows:

e consider (q,B) be the symplec vector space with q = q; @ q ® - @ qx and the
bilinear form B such that B(YX_, X;, Y*_,Y;) = Y, Bi(X.,Y;), for X;,Y; € q;, 1 <i <
k.

o the skew-symmetric map C € .Z(q) is defined by C(Y*_, X;) = Y* ,Ci(X;), for X; €
qi, 1 S I S k.

Then g is the double extension of q by C.
Lemma 3.4.7. We keep the notation above.
(1) Let g be the double extension of q by C. Then
[X,Y] =B(X5,X)C(Y)—B(Xp,Y)C(X)+B(C(X),Y)Xy, VX,Y €g,
where C = ad(Y;). Moreover, X € 2(g) and C|q =C.
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3.4. Quadratic Lie superalgebras with 2-dimensional even part

(2) Let g be the double extension of q by C' =AC, A € C, A #0. Then g and g are i-
isomorphic.

Proof.

(1) This is a straightforward computation by Definition [3.4.6]

1
(2) Write g =t @ q = g’. Denote by [-,-]’ the Lie super-bracket on g'. Define A : g — g’ by
1
A(Xpy) = AXg, A(Yp) = IYa and A|q = Idq. Then A([Y5,X]) = C(X) = [A(Y;),A(X)]" and
A([X,Y]) = [AX),A(Y)]', for all X,Y € q. So A is an i-isomorphism.

Theorem 3.4.8.

(1) Let g be a non-Abelian quadratic Lie superalgebra with 2-dimensional even part. Keep
the notations as in Proposition Then g is the double extension of q = (CX5 @
CYy)*t = g1 by C = ad(¥y)|,.

(2) Let g be the double extension of a symplectic vector space q by a map C # 0. Then g is a
singular solvable quadratic Lie superalgebra with 2-dimensional even part. Moreover:

(i) g is reduced if and only if ker(C) C Im(C).
(ii) g is nilpotent if and only if C is nilpotent.

(3) Let (g,B) be a quadratic Lie superalgebra. Let g’ be the double extension of a symplectic
vector space (q',B") by a map C'. Let A be an i-isomorphism of ¢’ onto g and write

q=A(q'). Then g is the double extension of (q,B|qxq) by the map C = A C A" where
A=Aly.

Proof. The assertions (1) and (2) follow Proposition (3.4.4{ and Lemma For (3), since A
1
is i-isomorphic then g has also 2-dimensional even part. Write g’ = (CX5® CYy) & q'. Let
1
X5 =A(Xg) and Y5 = A(Y;). Then g = (CX5® C¥;) @ q and one has:
[¥5,X] = (AC'/A™")(X), VX € q, and

X,¥] = B(ATA)(X),Y)Xg, ¥ X.Y € q.

This proves the result. []

Example 3.4.9. For reduced elementary quadratic Lie superalgebras with 2-dimensional even
part, then
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3.4. Quadratic Lie superalgebras with 2-dimensional even part

(1) gi1 is the double extension of the 2-dimensional symplectic vector space q = C? by the

map having matrix:
— 01
(v o)

in a canonical basis {E|,E,} of q where B(E|,E») = 1.

2) gjﬁz the double extension of the 2-dimensional symplectic vector space q = C? by the

map having matrix:
= 1 0
S O)

in a canonical basis {E|,E;} of q where B(E1,E;) = 1.

(3) gg is the double extension of the 4-dimensional symplectic vector space q = C* by the
map having matrix:

01 0 O
— 00 0 O
€= 00 0 O
00 —10
in a canonical basis {E}, E, E3,E4} of q where B(E1,E3) = B(E»,E4) = 1, the other are

ZE10.

Let (q,B) be a symplectic vector space. We recall that Sp(q) is the isometry group of the
symplectic form B and sp(q) is its Lie algebra, i.e. the Lie algebra of skew-symmetric maps
with respects to B. The adjoint action is the action of Sp(q) on sp(q) by conjugation (see
Chapter 1).

1
Proposition 3.4.10. Let (q,B) be a symplectic vector space. Let g = (CX;® CYy) ® q and

1 _ —
g = ((CXOL@ CYGI) @ q be double extensions of q, by skew-symmetric maps C and C' respectively.
Then:

(1) there exists a Lie superalgebra isomorphism between g and_g’ if and only if there exist an
invertible map P € £(q) and a non-zero A € C such that C' = A PCP~! and P*PC = C
where P* is the adjoint map of P with respect to B.

(2) there exists an i-isomorphism between g and g’ if and only if C' is in the Sp(q)-adjoint
orbit through AC for some non-zero A € C.

Proof. The assertions are obvious if C = 0. We assume C # 0.

(1) Let A : g — ¢ be a Lie superalgebra isomorphism then A(CX; & CY;) = CX, & CY, and
A(q) = q. It is obvious that C' # 0. It is easy to see that CX; = Z(g) N gy and CX, =
Z(g") N g} then one has A(CX;) = CX/. It means A(X;) = uX, for some non-zero u € C.
Let Al = Q and assume A(Y;) = BY,/ 4+ yX.. For all X, Y € q, we have A([X,Y]) =
uB(C(X),Y)Xs. Also,

A([X,Y]) = [0(X),0(Y)]' = B(C'Q(X),Q(Y))X;.
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3.4. Quadratic Lie superalgebras with 2-dimensional even part

It results that 0*C'Q = uC.
Moreover, A([Y5,X]) = Q(C(X)) = [BY] + vX;, 0(X)]' = BC'Q(X), for all X € q. We
conclude that 9 C Q~! = BC’ and since Q*C'Q = uC, then Q*QC = BuC.

1 1 _
-Q and A = —. It follows that C' = APCP~ ! and P*PC =C.
(up)? B

1 1
Conversely, assume that g = (CX5® CY;) @ q and g’ = (CX; @ CY5) @ q be double ex-

tensions of g, by skew-symmetric maps C and C’ respectively such that C’ = APCP~! and

P*PC = C with an invertible map P € #(q) and a non-zero A € C. Define A : g — g’ by

1
A(Xp) = IXé’ A(Y5) =AY and A(X) = P(X), for all X € q then it is easy to check that A

is isomorphic.

Set P =

(2) If g and g’ are i- -isomorphic, then the isomorphism A in the proof of (1) is an isometry.
Hence P € Sp(q) and C' = APCP~! gives the result.

Conversely, define A as above (the sufficiency of (1)). Then A is an isometry and it is easy
to check that A is an i-isomorphism.

[
Corollary 3.4.11. Let (g,B) and (g, B") be double extensions of (q,B) and (q',B') respectively

where B = Blqxq and B' = B'|qy. Write g = (CX5 & CY;) © q and g’ = (CX; & CYy) © o'
Then:

(1) there exists an i-isomorphism between g and g’ if and only if there exists an isometry
A:q—q suchthatC' = A AC A~ for some non-zero A € C.

(2) there exists a Lie superalgebra isomorphism between g and g’ if and only if there exist
invertible maps Q : ¢ — q' and P € £ (q) such that

S ———

(i) C'=AQCQ for some non-zero A € C,
(ii) P"PC=Cand
(iii) Q P lisan isometry from q onto q'.

Proof.
The proof is completely similar to Corollary [2.2.31]in Chapter 2. O

We shall now classify quadratic Lie superalgebra structures on the quadratic Z,-graded

vector space C? @ C?" up to i-isomorphisms in terms of Sp(2n)-orbits in P!(sp(2n)). This
Zy
work is like what we have done in Chapter 2. We need the following lemma:

Lemma 3.4.12. Let V be a quadratic Z,-graded vector space such that its even part is 2-
1

dimensional. We write V = (CX;® CYy) @ q' with X, Y isotropic elements in Vi and B(Xg, ¥5) =

1. Let g be a quadratic Lie superalgebra with dim(gy) = dim(V;) and dim(g) = dim(V). Then,

there exists a skew-symmetric map C' : ' — q' such that V is considered as the double extension
of q' by C' that is i-isomorphic to g.
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3.4. Quadratic Lie superalgebras with 2-dimensional even part

1L
Proof. By Theorem [3.4.8, g is a double extension. Let us write g = (CX; ® CY;) @ q and
C= ad( 5)lq- Define A : g — V by A(X5) = X, A(Yg) = ¥ and A = Al, any isometry from
q — q'. Itis clear that A is an isometry from g to V Now, define the Lie super-bracket on V by:

X, Y] =A (A '(X),A" (V)]), VX, Y € V.

Then V is a quadratic Lie superalgebra, that is i-isomorphic to g. Moreover, V' is obviously the
double extension of ¢ by C' =A C A~ . O

Theorem [3.4.8| Proposition (3.4.10} Corollary|3.4.11]and Lemma|3.4.12|are enough for us to
apply the method of classification in Chapter 2 for the set S(2 4 2n) of quadratic Lie superalge-

bra structures on the quadratic Z,-graded vector space C> @ C?" by only replacing the isometry
Zy

group O(m) by Sp(2n) and o(m) by sp(2n) to obtain completely similar results. One has the
first characterization of the set 8(2+ 2n):

Theorem 3.4.13. Let g and g be elements in 8(2+ 2n). Then g and g’ are i-isomorphic if and
only if they are isomorphic.

By using the notion of double extension, we call the Lie superalgebra g € 8(2 + 2n) diag-
onalizable (resp. invertible) if it is a double extension by a diagonalizable (resp. invertible)
map. Denote the subsets of nilpotent elements, diagonalizable elements and invertible elements
inS(2+ 2n) respectively by N(2+ 2n), D(2+ 2n) and by 8,y (2 + 2n). Denote by if(Z +2n),
@(2 +2n), va(Z +2n) the sets of isomorphism classes in N(2+2n), D(2+2n), Siny(2+2n),
respectively and ﬂred(Z + 2n) the subset of @(2 + 2n) including reduced ones. Keep the no-
tations as in Chapter 1 and Chapter 2. Then we have the classification result of these sets as
follows:

Theorem 3.4.14.

(1) There is a bijection between ﬁ(Z + 2n) and the set of nilpotent Sp(2n)-adjoint orbits of
sp(2n) that induces a bijection between N(2+2n) and the set of partitions Z_(2n).

(2) There is a bijection between D(2 +2n) and the set of semisimple Sp(2n)-orbits of
P! (sp(2n)) that induces a bijection between @(2 +2n) and An/Hy. In the reduced case,
Died(2+21) is bijective to A /H,.

(3) There is a bijection between 87;(24— 2n) and the set of invertible Sp(2n)-orbits of
P!(sp(2n)) that induces a bijection between Siny(2+2n) and _7,/C*.

(4) There is a bijection between 3(2 +2n) and the set of Sp(2n)-orbits of P! (sp(2n)) that
induces a bijection between 8(2+2n) and 2 (2n)/C*.

Next, we will describe the sets N(2 4 2n), Deq(2 4 2n) the subset of D(2 + 2n) including
reduced ones, and Siy (2 +2n) in term of amalgamated product in Definition Remark that
except for the nilpotent case, the amalgamated product may have a bad behavior with respect to
isomorphisms.
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3.4. Quadratic Lie superalgebras with 2-dimensional even part

Definition 3.4.15. Keep the notation J, for the Jordan block of size p and define two types of
double extension as follows:

e for p > 2, we consider the symplectic vector space q = C>” equipped with its canonical
bilinear form B and the map Z'ép having matrix

J, 0
0 —J,

in a canonical basis. Then (_?ép € sp(2p) and we denote by j», the double extension of g
by Eép. So iz, € N(2+42p).

e for p > 1, we consider the symplectic vector space q = C?” equipped with its canonical
with matrix

I, M

in a canonical basis where M = (m; ;) denotes the p x p-matrix withm, , =1 and m;; =0
otherwise. Then C.

- ptp
c,

e SO ipsp € N(2+2p).

bilinear form B and the map 5’; +p

€ sp(2p) and we denote by j,4, the double extension of g by

Lie superalgebras jo, or j,4, will be called nilpotent Jordan-type Lie superalgebras.

Keep the notations as in Chapter 1. Forn € N, n # 0, each [d| € &7_(2n) can be written as

[d] = (p17p17p27p27"'7pk7pk72q17"'2q€)7

withall p; odd, p1 > p2 > -+ > prand g1 > q2 > -+ > qu.
We associate the partition [d] with the map Ci| € sp(2n) having matrix

diang(E‘] c) ¢y, .C c )

2p1> =22t 2P Y qiqr Y qetgy

in a canonical basis of C*" and denote by gjq) the double extension of C>" by E[d]' Then
9lq) € N(2+2n) and g]q) 1s an amalgamated product of nilpotent Jordan-type Lie superalgebras,
more precisely,

Bla) = Jopy X Jopy X oo X op Xgi4qr X oo X gprqp
a a a a a a

Proposition 3.4.16. Each g € N(2+ 2n) is i-isomorphic to a unique amalgamated product
9(a); [d] € Z_1(2n) of nilpotent Jordan-type Lie superalgebras.
For reduced diagonalizable case, let gj(A4) be the double extension of q = C? by C =

<?; _Ol) , A #0. By Lemma3.4.7, g;(4) is i-isomorphic to g3 (1) = g ,.
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3.4. Quadratic Lie superalgebras with 2-dimensional even part

Proposition 3.4.17. Let g € Dyeq(2 + 2n) then g is an amalgamated product of quadratic Lie
superalgebras all i-isomorphic to g ,.

Finally, for invertible case, we recall the matrix J,(A) = diag,(4,...,4)+Jp, p>1, A €C

and set () 0
m=("" )

in a canonical basis of C?” then Z‘ﬁp(/l) € sp(2p). Let jo, (1) be the double extension of C?

by dp(k) then it is called a Jordan-type quadratic Lie superalgebra.
When A =0 and p > 2, we recover the nilpotent Jordan-type Lie superalgebras j,,. If 1 #0,
j2p(A) becomes an invertible singular quadratic Lie superalgebra and

J2p(=A) > jap(4).
Proposition 3.4.18. Let g € S,y (2+2n) then g is an amalgamated product of Lie superalgebras
all i-isomorphic to Jordan-type quadratic Lie superalgebras jo,(A), with A # 0.

3.4.2 Quadratic dimension of reduced quadratic Lie superalgebras with
2-dimensional even part

Let (g,B) be a quadratic Lie superalgebra. To any bilinear form B’ on g, there is an associ-
ated map D : g — g satisfying

B'(X,Y)=B(D(X),Y),VX,Y €g.
Lemma 3.4.19. If B is even then D is even.

Proof. Let X be an element in gy and assume that D(X) =Y +Z with Y € gy and Z € g;. Since
B’ is even then B (X, g7) = 0. It implies that B(D(X), g7) = B(Z, g;) = 0. By the non-degeneracy
of B on gy, we obtain Z = 0 and then D(g;) C gp. Similarly to the case X € g, it concludes that
D(g7) C gr. Thus, D is even. O

Lemma 3.4.20. Let (g,B) be a quadratic Lie superalgebra, B' be an even bilinear form on g
and D € Z(g) be its associated map. Then:

(1) B’ is invariant if and only if D satisfies

D([X,Y])=[D(X),Y]=[X,D(Y)], VX,Y €g.

(2) B is supersymmetric if and only if D satisfies

B(D(X),Y)=B(X,D(Y)), VX,Y €g.
In this case, D is called symmetric.

(3) B’ is non-degenerate if and only if D is invertible.
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3.4. Quadratic Lie superalgebras with 2-dimensional even part

Proof. Let X,Y and Z be homogeneous elements in g of degrees x, y and z, respectively.

(1) If B is invariant then
B'([X,Y],Z)=B'(X,[Y,Z]).

)
That means B(D([X,Y]),Z=B(D(X),[Y,Z]) =B([D(X),Y],Z). Since B is non-degenerate,
one has D([X,Y]) = [D(X),Y]. As a consequence, D([X,Y]) = —(—1)*D([Y,X]) =
—(=1)?[D(Y),X] =[X,D(Y)] by D even.

Conversely, if D satisfies D([X,Y]) = [D(X),Y] = [X,D(Y)], for all X,Y € g, it is easy to
check that B’ is invariant.

(2) B’ is supersymmetric if and only if B'(X,Y) = (—1)"B'(Y,X). Therefore, B(D(X),Y) =
(=1)YB(D(Y),X) =B(X,D(Y)) by B supersymmetric.

(3) Itis obvious since B is non-degenerate.

[]

Definition 3.4.21. An even and symmetric map D € £ (g) satisfying Lemma|3.4.20{(1) is called
a centromorphism of g.

As in Subsection for a quadratic Lie superalgebra g, the space of centromorphisms of
g and the space generated by invertible ones are the same, denote it by C(g) (the proof is similar
completely to Lemma [2.3.2). As a consequence, the space of even invariant supersymmetric
bilinear forms on g coincides with its subspace generated by non-degenerate ones. Moreover,
the dimensions of all those spaces are the same and we denote it by d,(g), in particular, d,(g) =
dim(C(g)). The following proposition gives the formula of d,(g) for reduced quadratic Lie
superalgebras with 2-dimensional even part.

Proposition 3.4.22. Let g be a reduced quadratic Lie superalgebra with 2-dimensional even
part and D € £(g) be an even symmetric map. Then:

(1) D is a centromorphism if and only if there exist L € C and an even symmetric map Z :
g — 2(g) such that Z|ig ;) = 0 and D = p1d+Z. Moreover D is invertible if and only if
p#0.

(2)

dy(a) =2+ (dim(2(g) — 1))(dim(2%(g) —2)

Proof.

(1) The proof follows exactly as Proposition [2.3.6] First, g can be realized as the double
L _
extension g = (CX; ® CYy) @ q by C = ad(¥;) where C = C|; € sp(q).

Let D be an invertible centromorphism. Lemma [3.4.20| (1) implies that D o ad(X) =

ad(X) oD, for all X € g and then DC = CD. Using Lemma[3.4.7|(1) and CD = DC, from
[D(X),Yg] = [X,D(¥y)], we find

D(C(X)) = B(D(X), l)C(X), ¥ X € g.
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2)

Let u = B(D(X;),Y;). Since D is invertible, one has u # 0 and C(D — u1d) = 0. Recall
that ker(C) = CX; @ ker(C) ® CY; = 2(g) @ CY;, there exists a map Z : g — 2(g) and
¢ € g* such that

D—uld=7Z+¢R®Y;.

But D maps [g, g] into itself and ¥; ¢ [g, g], s0 ¢|[g o) = 0. One has [g,g] = CX; ® Im(C).
If X € Im(C), let X = C(Y). Then D(X) = D(C(Y)) = uC(Y), so D(X) = uX. For Yy,
D([¥5,X]) =DC(X) = uC(X) for all X € g. But also, D([¥;,X]) = [D(Y;),X] = uC(X) +
©(Y5)C(X), hence ¢(¥;) = 0. As a consequence, D(Y;) = u¥; + aXj since D is even and
X5 € Z(g)

Now, we will prove that D(X;) = uX;. Indeed, since D is even and [gy, g;] = CXj then
one has

D(X5) € D([gr,91]) = [D(g1), 01] C [g1,81] = CXs.
It implies that, D(Xp) = bXp. Combined with B(D(Y;),X;) = B(Ys, D(Xp)), we obtain
u=nb.
Let X € q, B(D(X;),X) = uB(X5,X) = 0. Moreover, B(D(X;),X) = B(X5,D(X)), so
@(X)=0.
Since C(g) is generated by invertible centromorphisms then the necessary condition of
(1) is finished. The sufficiency is obvious.

By (1), D is a centromorphism if and only if D(X) = uX +Z(X), forall X € g with u € C

and Z is an even symmetric map from g into Z(g) satisfying Z|; 4 = 0. To compute
1 _

dy(g), we use Appendix A. Write q = (I& ') & (udu’) with [ =ker(C), Z(g) =CX; B [,

_ 1 _ 1 1
Im(C) =1® (udw') and [g,g] = CX; B Im(C). Let us define Z: I & CY; — [ & CXj: set
basis {Xj,...,X,} of land {Y],...,Y/} of ' such that B(Y/,X;) = §;;. Note that by (1) so
Z(Y;) = aXp and Z(I') C [ since Z is even. Therefore, Z is completely defined by

Z (Z .qu]{> =) <Z Vij.“j) Xi
j=1 i=1 \ j=1

with v;j = —v;; = B(Y/,Z(Y})) and the formula follows.
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3.5 Singular quadratic Lie superalgebras of type S; with non-
Abelian even part

Let g be a singular quadratic Lie superalgebra of type S; such that g; is non-Abelian. If
[g7,01] = {0} then g is an orthogonal direct sum of a singular quadratic Lie algebra of type S;
and a vector space. There is nothing to do. Therefore, we can assume that [gy, g7] # {0}. Fix
a € Vy and choose Qq € .&72(g5), Q1 € .#?(gr) such that

[=a/NQy+a® Q.

Let X; = ¢ ! () then X5 € Z(g) and B(X;,X;) = 0. We define the maps Cp : g5 — 0.
Cy:gr— g1 by Qo(X,Y) =B(Co(X),Y), forall X,Y € g; and Q(X,Y) = B(C1(X),Y), for all
X,Y €g;. LetC:g— gdefinedby C(X+Y)=Co(X)+C1(Y), forall X € g;, ¥ € g.

Proposition 3.5.1. Forall X,Y € g, the Lie super-bracket of g is defined by:
[X,Y] =B(Xp,X)C(Y) —B(Xp,Y)C(X)+B(C(X),Y)X;.
In particular, if X,Y € g5, Z,T € g7 then
(1) [X.¥] = B(X5,X)Co(¥) — B(Xs,Y)Co(X) + B(Co(X),¥)Xs
(2) [X,Z] = B(X5,X)C1(2),
(3) [Z,T] = B(Ci(Z),T)X;

Proof. For all X,Y,T € gy, since B([Y,Z],T) = o« AQo(X,Y,Z) then one has (1) as in Chapter
2. Forall X € g5, Y,Z € g1

B([X,Y],Z)=a®Q(X,Y,Z) = a(X)Q,(Y,Z) = B(Xy,X)B(C|(Y),Z).
Hence we obtain (2) and (3). O

Now, we show that g; is solvable. Consider the quadratic Lie algebra gy with 3-form [y =
a A Qg. Write Qp = Z,-<jaijoc,~/\ aj, with aij € C. Set X; = (P_l(OCl') then

Co= Za,-j(ai@)xj —Q; ®X,').
i<j
Recall the space Wy, in Chapter 2 as follows:
Wi, = {xar(lo) | X,Y € gs}.

Since W, = ¢([gs, g5)) one has Im(Cp) C [gg, gg). In Section [3.2] it is known that {a,Ip} =0
and then [Xg, gg] = 0. As a sequence, B(Xg, [g5, go])- That deduces B(X;,Im(Cp)) = 0. Therefore
(90, 80), [80, 90]] = [Im(Cp),Im(Cp)] C CX; and then gj is solvable.

Since B is non-degenerate then we can choose ¥; € gy isotropic such that B(X;, Y;) = 1 as in
Chapter 2 to obtain a straightforward consequence as follows:
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Corollary 3.5.2.
(1) C=ad(Yp), ker(C) = Z(g) ®CY; and [g,g] = Im(C) & CX,.
(2) The Lie superalgebra g is solvable. Moreover, g is nilpotent if and only if C is nilpotent.

Moreover, Proposition [3.5.1]is enough for us to give the definition of double extension of a
quadratic Z,-graded vector space as follows:

Definition 3.5.3. Let (q = q¢® qi, - B;) be a quadratic Z,-graded vector space and Cbe an even
endomorphism of q. Assume that C is skew-supersymmetric, thatis, B(C(X),Y) = —B(X,C(Y)),
forall X,Y € q. Let (t = span{Xg, Y5}, B¢) be a 2-dimensional quadratic vecor space with By de-
fined by:

Bt(Xﬁ,Xa) = Bt<Y6,Y5> =0 and Bt(Xﬁ,YG) =1.

1
Consider the vector space g = t & q equipped with the bilinear form B = By + B, and define
on g the bracket as follows:

AX5+ uYs+ X, A' X5+ 1 Y5+Y] = uC(Y)—p'c(X)+B(C(X),Y)Xs,
for all X,Y € q,A,u,A’,u’ € C. Then (g,B) is a quadratic solvable Lie superalgebra with

g5 = t® qp and g7 = q7. We say that g is the double extension of q by C.

_ Note that an even skew-supersymmetric endomorphism C on q can be written by C = Cy +
C) where Cy € 0(qg) and C; € sp(qq).

Corollary 3.5.4. Let g is the double extension of q by C. Denote by C = ad(Y;) then one has
(1) [X,Y] =B(Xy,X)C(Y)—B(Xp,Y)C(X)+B(C(X),Y)Xy, forall X,Y € g.
(2) g is a singular quadratic Lie superalgebra. If aqT is non-zero then gy is of type Sj.

Proof. The assertion (1) is direct from the above definition. Let @ = ¢ (Xj) and define the bilin-
ear form Q: g — gby Q(X,Y) =B(C(X),Y) forall X, Y € g. By B even and supersymmetric, C
even and skew-supersymmetric (with respect to B) then Q = Qo +Q; € 7% (g;) .7 (gr). The
formula in (1) can be replaced by I = a A Qo+ a ® Q) = oo A Q. Therefore, dup(g) > 1 and g
is singular. If C|q. is non-zero then Q; # 0. In this case, [g7, g] 7 {0} and thus dup(g) = 1. [

As a consequence of Proposition [3.5.1] and Definition [3.5.3] one has

Lemma 3.5.5. Let (g,B) be a singular quadratic Lie superalgebra of type Si. Keep the no-
tations as in Proposition and Corollary Then (g,B) is the double extension of
q=(CX;®CY;)* by C=Cl,.

1 _
Remark 3.5.6. Let g = (CX; @ CYp) @ (qy @ qr) be the double extension of q = qy® q; by C =

—_ _ i
Co+C then gj is the double extension of g5 by Cy and the subalgebra (CX; @ CY;) @ qy is the
double extension of q; by C; (see Definitions [2.2.26{and 3.4.6).
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il 1
Theorem 3.5.7. Let g = (CX; & CY;) ® (qo® q7) and ¢’ = (CX, & CY)) & (q5 B q7) be two
a_louble extensions of q = qy ® q; by C = Co+ C; and C = 66 + 6”1, respectively. Assume that
Cy is non-zero. Then

(1) there exists a Lie superalgebra isomorphism between g and g’ if and only if there exist an
invertible maps P € £(q5), Q € Z(q1) and a non-zero A € C such that

(i) Cy = APCoP~" and P*PCy = Cy.
(ii) C, = AQC10~" and Q*QC, =C,.

where P* and Q" are the adjoint maps of P and Q with respect to B|q;xq; and Blg;xq;-

(2) there exists an i-isomorphism between g and g’ if and only if there is a non-zero A € C
such that d) is in the O(qp)-adjoint orbit through ACq and 5/1 is in the Sp(qy)-adjoint
orbit through AC.

Proof.

(1) Assume that there is a Lie superalgebra isomorphism A : g — g’. Obviously, A|216 (05— O
is a Lie algebra isomorphism. Moreover, g; and g, are the double extensions of ¢g by Co

and 66, respectively. By Theorem[2.2.30| (1), there exist an invertible map P € .Z(q;) and
anon-zero A € C such that

_ _ _ 1
Cy=APCoP~", P*PCy=Cy and A(Yy) = IYﬁ/ 4y,

where ¥ € g5 N (X5)*. Let Q = A g;- Since Cy is non-zero one has [gr, gi] # 0 and then
9%, 94)" # 0, where [, ]’ denotes the Lie super-bracket on g’. We have:

A(lgr, 1)) = A(CXo) = [A(gn),A(er)]’ = [gf, 07) = CXy.

Therefore, A(X;) = uX; for some non-zero p € C.
Let X,Y be elements in g7 then
— —/
A(IX,Y]) = uB(C (X, Y))X] = [A(X),A(Y)] = B(C} Q(X), Q(Y) X,
It implies that Q*EIIQ = uC;. Similarly, one has

1

0T (X) = A([¥,X]) =A%), AX)] =[] +¥,0(X)] = 5 T/ 0(X).

A
1
So we obtain 6’1 =2A0C,0 ! and then Q*QC| = %E’l. Replace with Q := (%) ’ Q then
0*QC; =C, and C; = A0C;0" .
Conversely, if there is a triple (P,Q, 1) satisfying (i) and (ii) then we set A(X;) = A X,

A(Yy) = %Yg and A(X+Y)=P(X)+Q(Y), forall X € qq, Y € q;. It is easy to check that
A is a Lie superalgebra isomorphism.
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(2) In the case of A i-isomorphic then the maps P and Q in the proof of (1) are isometries.
Therefore, one has the necessary condition. To prove the sufficiency, we define A as in
the proof the sufficiency of (1) then A is an i-isomorphism.

O

Remark 3.5.8. If let M =P+ Q then M~ = P~ 4+ Q! and M* = P* + Q*. The formulas in
Theorem (1) can be written:

C = AMCM " and M*MC = C.

Hence, the problem of classification of singular quadratic Lie superalgebras of type S; (up to
i-isomophisms) can be reduced to the classification of O(qg) x Sp(qs)- orbits of o(qq) Esp(qs),
where O(qg) X Sp(q7) denotes the direct product of two groups O(qy) and Sp(qy).

Theorem 3.5.9. The dup-number is invariant under Lie superalgebra isomorphisms, i.e. if
(g,B) and (g¢',B') are quadratic Lie superalgebras with g ~ ¢, then dup(g) = dup(g’).

Proof. By Lemma we can assume that g is reduced. By Proposition g’ is also
reduced. Since g ~ ¢ then we can identify g = g’ as a Lie superalgebra equipped with the
bilinear forms B, B’ and we have two dup-numbers: dupg(g) and dupj(g).

We start with the case dupg(g) = 3. Since g is reduced then g; = {0} and g is a reduced
singular quadratic Lie algebra of type S3. By Proposition dupg (g) = 3.

If dupg(g) = 1, then g is of type S| with respect to B. There are two cases: [g7, ;] = {0} and
[g7,01] # {0}. If [g1,97] = O then g; = {0} by g reduced. In this case, g is a reduced singular
quadratic Lie algebra of type S;. By Proposition [2.3.7] again, g is also a reduced singular
quadratic Lie algebra of type S; with the bilinear form B, i.e. dupg (g) = 1.

Assume that [gr, g7] # {0}, we need the following lemma:

Lemma 3.5.10. Let g be a reduced quadratic Lie superalgebras of type S such that [gr, g7 # 0
and D € £(g) be an even symmetric map. Then D is a centromorphism if and only if there
exist & € C and an even symmetric map Z : g — Z(g) such that Z|(g g =0 and D = pld+Z.
Moreover D is invertible if and only if u # 0.

Proof. First, g can be realized as the double extension g = (CX; @ CYy) ELB q by C = ad(Y;) and
let C = C|,.

Assume that D is an invertible centromorphism. The condition (1) of Lemma[3.4.20]implies
that Doad(X) = ad(X) oD, for all X € g and then DC = CD. Using formula (1) of Corollary
and CD = DC, from [D(X),Y;] = [X,D(Y;)] we find

D(C(X)) = uC(X), VX € g, where u = B(D(X;), Y;).

Since D is invertible, one has y # 0 and C(D — pId) = 0. Recall that ker(C) = CX; @ ker(C) @
CY; = Z(g) & CYy, there exists amap Z : g — Z(g) and ¢ € g* such that

D—puld=Z+0®Y;.

It needs to show that ¢ = 0. Indeed, D maps [g, g] into itself and ¥; ¢ [g, g], so @] = 0.

One has [g,g9] = CX; @ Im(C). If X € Im(C), let X = C(Y). Then D(X) = D(C(Y)) = uC(),
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so D(X) = uX. For Y5, D([Y5,X]) = DC(X) = uC(X) for all X € g. But also, D([¥,X]) =
[D(Y5),X] = uC(X)+ ¢(¥;)C(X), hence ¢(¥;) = 0. As a consequence, D(Y;) = uY; + Z(Yy).
Now, we prove that D(X;) = uXp. Indeed, since D is even and [gr, g1] = CXj then one has

D(X;5) C D([gr,91]) = [D(g1),01] C [g7,01] = CXs.

It implies that, D(X;) = aXy. Combined with B(D(Y;),X;) = B(Y, D(X;)), we obtain u = a.
LetX € q, B(D(X;),X) = uB(X;,X) = 0. Moreover, B(D(X;),X ) = B(Xp,D(X)), s0 ¢(X) =
0.
Since C(g) is generated by invertible centromorphisms then the necessary condition of
Lemma is finished. The sufficiency is obvious. [

We turn now the proposition. By the previous lemma, the bilinear form B’ defines an as-
sociated invertible centromorphism D = pId+Z for some non-zero 4 € C and Z : g — Z(g)
satisfying ZHM] =0. For all X,Y,Z € g, one has:

I'(X,Y,2) = B (1X,Y],2) = B(D([X,Y]),Z) = B(D(X),Y],2) = uB(X,Y],Z).
That means I’ = ul and then dupg (g) = dupg(g) = 1.

Finally, if dupg(g) = 0, then g cannot be of type S3 or S; with respect to B, so dupg (g) =0.
]
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3.6 Quasi-singular quadratic Lie superalgebras

By Definition [3.5.3| it is natural to question: let (q = q5 & q7,B4) be a quadratic Z,-graded
vector space and C be an endomorphism of q. Let (t = span{Xj,Y;},B;) be a 2-dimensional

symplectic vector space with B¢(X7, ¥;) = 1. Is there an extension g = q é t such that g equipped
with the bilinear form B = B + B¢ becomes a quadratic Lie superalgebra such that g5 = qg,
g7 = q; @t and the Lie super-bracket is represented by C ? In this last section of Chapter 3, we
will give an affirmative answer to this question.

The dup-number and the form of the associated invariant / in the previous sections sug-
gest that it would be also interesting to study a quadratic Lie superalgebra g whose associated
invariant / has the form

I=JAp

where p € g7 is non-zero, J € &/ Y(g5) ® .71 (gr) is indecomposable. We obtain the first result
as follows:

Proposition 3.6.1. {J,J} = {p,J} =0.
Proof. Apply Proposition[3.1.5](1) and (2) to obtain
{1.I} ={Jnp, I Np} ={J Ap,J} Np+I N{JAp,p}

=—{L,J}ApAp+2I N{p,J} Np—ININ{p,p}.

Since the super-exterior product is commutative then one has J AJ = 0. Moreover, {I,I} =0
implies that:
{J.J}ApAp=20N{p,J} Ap.

That means {J,J} Ap =2J A {p,J}.

If {J,J} #0then {J,J} Ap#0,soJA{p,J} #0. Note that {p,J} € o/'(g5) so J must
contain the factor p, i.e. J = a ® p where a € g7. But {p,J} = {p,a®@p} =—-a®{p,p} =0
since {p, p} = 0. This is a contradiction and therefore {J/,J} = 0.

As a consequence, J A {p,J} = 0. Set o = {p,J} € o/!(g;) then we have J A o = 0. If
a # 0 then J must have the form J = & ® ¢ where ¢ € . (g;). That is a contradition since J is
indecomposable. ]

Definition 3.6.2. We continue to keep the condition / = J A p with p € gf non-zero and J €
a1 (g5) ®.71(g1) indecomposable. We can assume that

J=

n
o; @ pi
i—1

1

where o; € o7'(gg), i = 1,...,n are linearly independent and p; € .#'(g;). A quadratic Lie
superalgebra having such associated invariant / is called a quasi-singular quadratic Lie super-
algebra.
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Let U = span{o,...,0,} and V = span{py, ..., p,}, one has dim(U) and dim(V) > 2 by if
there is a contrary then J is decomposable. Using Definition [3.1.4] we have:

n

{J,J} = {Zn; o ® pi, i%@p,} =— Y ({a, o} @pipj+ (i Aa)@{pi,p;}) -
i=1 i=1

i,j=1

Since {/,J} =0and «;, i = 1,...,n are linearly independent then {p;, p;} = 0, for all i, .
It implies that {p;,J} = 0, for all i.
Moreover, since {p,J} = 0 we obtain {p,p;} = 0, consequently {p;,I} = 0, for all i and

{p,1} = 0. By Corollary (3.1.13[ (2) and Lemma [3.1.20| we conclude that ¢ ' (V +Cp) is a
subset of Z(g) and totally isotropic.

Now, let {q1,...,qm} be a basis of V then J can be rewritten by

J=Y Bi®q;
=1

where B; € U, for all j. One has:

m

{J.J} = {i Bi®aj, i ﬁj®q/} =— Y ({BuBiy®aiqj+ (BiAB) ®{qi,q;})-
= =1

1 i,j=1
By the linear independence of the system {g;q;}, we obtain {f;, B;} =0, for all 7,j. It
implies that {8;,1} = 0, equivalently ¢ ~!(;) € Z(g), for all j. Therefore, we always can begin
n
with J = Y ; ® p; satisfying the following conditions:
=1

1=

(1) a;, i=1,...,n are linearly independent,

(ii) ¢~'(U)and ¢! (V +Cp) are totally isotropic subspaces of Z(g) where U = span{ai,..., 0, }
and V = span{pi,...,pu}-

Let X! = ¢! (o), X: = ¢! (p;), forall i and C : g — g defined by
J(X,Y) = B(C(X),Y), VXY € g.

Lemma 3.6.3. The mapping C is a skew-supersymmetric homogeneous endomorphism of odd
degree and Im(C) C Z(g). Recall that if C is a homogeneous endomorphism of degree ¢ of g

satisfying
B(C(X),Y) = _(_1)CXB(X7C(Y))7 VXe Ox, Y e g

then we say C skew-supersymmetric (with respect to B).

Proof. Since J(gs,95) =J(g1,91) = 0 and B is even then C(g;) C g7 and C(g7) C g;. That means
C is of odd degree. For all X € g5, Y € g7 one has:

B(X{,X)B(X.Y).

-

B(C(X),Y)=J(X,Y) = i o ®pi(X,Y) = i o(X)pi(Y) =
i=1

i=1 i=1
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By the non-degeneracy of B and J(X,Y) = —J(Y,X), we obtain:

B(X.,Y)X..

-

C(X) = f3<xg,x>x;' and C(Y) = —
i=1

i=1

Combined with B supersymmetric, one has:
_B(Y7C<X)) = B(C(X),Y) = _B(C(Y>7X> = —B(X,C(Y))

It shows that C is skew-supersymmetric. Finally, Im(C) C Z(g) since X!, X! € Z(g), for all
i. [

Proposition 3.6.4. Let X; = ¢ ' (p) then for all X € g3, Y,Z € g; one has:
(1) [X,Y] = —B(C(X),Y)X; — B(X:,Y)C(X),
(2) [Y,Z] = B(X1,Y)C(Z) + B(X;,Z)C(Y),
(3) Xi € Z(g) and C(X;) = 0.

Proof. LetX € gg, Y,Z € g; then

B(X.Y].2) = Ap(X.Y,Z) = —J(X.¥)p(Z) — J(X.,Z)p(¥)
— —B(C(X),Y)B(X;,Z) — B(C(X),Z)B(X:,Y).

By the non-degeneracy of B on g7 X g, it shows that:
[X,Y] =—B(C(X),Y)X; —B(X7,Y)C(X).
Combined with B invariant and C skew-supersymmetric, one has:
[Y,Z] = B(X1,Y)C(Z) +B(X1,Z)C(Y).

Since {p,1} = 0 then X; € Z(g). Moreover, {p, p;} = 0 imply B(X;,X!) =0, for all i. It means
B(X7,Im(C)) = 0. And since B(C(X7),X) = B(X7,C(X)) =0, forall X € gthen C(X7) =0. O

Let W be a complementary subspace of span{XT1 ;.. X", X7} in g7 and Y5 be an element in
W such that B(X;, Y1) = 1. Let Xg = C(¥;), ¢ = (CX; & CY¥;)* and By = B|qxq then we have the
following corollary:

Corollary 3.6.5.

(]) [YT7YT] = 2X6’ [YT,X] = C(X) —B(X,Xﬁ)XT and [X,Y] = —B(C(X),Y)XT, for all X,Y €

(2) [g,8] CIm(C)+CX; C Z(g) so g is 2-step nilpotent. If g is reduced then [g,g] = Im(C) +

(3) C2=0.

Proof.
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(1) The assertion (1) is obvious by Proposition [3.6.4

(2) Note that X; € Im(C) so [g,9] C Im(C) + CX;. By Lemma and Proposition 3.6.4]
Im(C) +CX; C Z(g). If g is reduced then Z(g) C [g,9] and therefore [g,g] = Im(C) +
CXT = Z(g)

(3) Since g is 2-step nilpotent then
0 = [¥5,[Y5,Y1]] = [Y1,2X5) = 2C(Xp) — 2B( Xy, Xp) X7
Since X5 = C(¥7) and Im(C) is totally isotropic then B(Xg, X5) = 0 and therefore C(X;) =
C%(v;) =0.
If X € q& CX; then 0 = [V4, [¥1,X]] = [Y3,C(X)]. By the choice of Y3, it is sure that
C(X) € q® CXj. Therefore, one has:
0= [¥;,C(X)] = C*(X) — B(C(X),X;)X; = C*(X) — B(C(X),C(¥7))X;.
By Im(C) totally isotropic, one has C*(X) = 0.
O]

Now, we consider a special case: X; = 0. As a consequence, [¥1,Y;] =0, [V1,X]| = C(X)
and [X,Y] = —B(C(X),Y )Xy, for all X,Y € q. Let X € q and assume that C(X) = C;(X) +aX;
where C;(X) € q then

0= B([¥;,¥i],X) = B(Y1, [¥;,X]) = B(Y1,C1 (X) +aX)) = a.

It shows that C(X) € g, for all X € q and therefore we have the affirmative answer of the above
question as follows:

Proposition 3.6.6. Let (q = 45 g7, Bq) be a quadratic Z,-graded vector space and C be an odd
endomorphism of q such that C is skew-supersymmetric and C*=0. Let (t = span{Xy, Y1}, By)

I
be a 2-dimensional symplectic vector space with By(Xt,Y;) = 1. Consider the space g =q & t
and define the product on g by:

[Yr,Y1] = [X1,9] =0, [¥1,X] = 6(X> and [X,Y] = _Bq(a(X)>Y)XT

forall X € q. Then g becomes a 2-nilpotent quadratic Lie superalgebra with the bilinear form
B = By + Bi. Moreover, one has g; = (5, g1 = qr D t.

It remains to consider X # 0. The fact is that C may be not stable on g, that is, C(X) €
q® CX;g if X € q but that we need here is an action stable on q. Therefore, we decompose C
by C(X) = C(X) + @ (X)X, for all X € q where C: q — q and ¢ : g — C. Since B(C(¥7),X) =
B(Y;,C(X) then ¢(X) = —B(Xy,X) = —B(X,Xy), for all X € q. Moreover, C is odd degree
on g and skew-supersymmetric (with respect to B) implies that C is also odd on q and skew-
supersymmetric (with respect to By). It is easy to see that = 0, C(X5) = 0 and we have the
following result:
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Corollary 3.6.7. Keep the notations as in Corollary and replace 2X; by X; then for all
X,Y € q, one has:

(1) [Y1,Yr] = Xg,
(2) [Y1,X] = C(X) - B(X, X)Xy,
(3) [X,Y] = —B(C(X),Y)X;.
Hence, we have a more general result of Proposition [3.6.6}

Theorem 3.6.8. Letr (q = q5 & q7,By) be a quadratic Z-graded vector space and C an odd

endomorphism of q such that C is skew-supersymmetric and C*=0. Ler Xy be an isotropic

element qy, X; € ker(C) and (t = span{Xt,Y;},Bt) a 2-dimensional symplectic vector space

1
with Bi(X1,Y:) = 1. Consider the space g = q @ t and define the product on g by:

[YT,YT] :Xﬁ, [YT,X] :E(X) —Bq(X,Xa)XT and [X,Y] = —Bq(C(X),Y>XT

forall X € q. Then g becomes a 2-nilpotent quadratic Lie superalgebra with the bilinear form
B = By + Bi. Moreover, one has g; = (5, g1 = 1 D t.

A quadratic Lie superalgebra obtained in the above theorem is a special case of the general-
ized double extensions given in [BBB] where we consider the generalized double extension of a
quadratic Z,-graded vector space (regarded as an Abelian superalgebra) by a one-dimensional
Lie superalgebra.
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Chapter 4

Pseudo-Euclidean Jordan algebras

4.1 Preliminaries

Definition 4.1.1. A (non-associative) algebra JJ over C is called a (commutative) Jordan algebra
if its product is commutative and satisfies the following identity (Jordan identity):

(xy)x* = x(yx?), Vx,,2 € 3. D)

For instance, any commutative algebra with an associative product is a Jordan algebra. A
trivial case is when the product xy = 0 for all x,y € J. In this case, we say that J is Abelian. A
Jordan algebra J is called nilpotent if there is an integer k € N such that J* = {0}. The smallest
k for which this condition satisfied is called the nilindex of J and we say that J is k — 1-step
nilpotent. If J is non-Abelian and it has only two ideals {0} and J then we say J simple.

Given an algebra A, the commutator [x,y] = xy — yx, for all x,y € A measures the commuta-
tivity of A. Similarly the associator defined by

(x,3,2) = (xy)z —x(yz), V x,9,z €A.

measures the associativity of A. In term of associators, the Jordan identity in a Jordan algebra J
becomes
(x,y,x*) =0, VY x,y,z € 3. II)

An algebra A is called a power-associative algebra if the subalgebra generated by any el-
ement x € A is associative (see [Sch66] for more details). A Jordan algebra is an example of
a power-associative algebra. A power-associative algebra A is called trace-admissible if there
exists a bilinear form 7 on A that satisfies:
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It is a well-known result that simple (commutative) Jordan algebras are trace-admissible
[AIb49]. A similar fact is proved for any non-commutative Jordan algebras of characteristic 0
[Sch55]|. Recall that non-commutative Jordan algebras are algebras satisfying (I)) and the flexible
condition (xy)x = x(yx) (a weaker condition than commutativity).

A bilinear form B on a Jordan algebra J is associative if

B(xy,z) = B(x,yz), V x,5,2 € J.
The following definition is quite natural:

Definition 4.1.2. Let J be a Jordan algebra equipped with an associative symmetric non-
degenerate bilinear form B. We say that the pair (J,B) is a pseudo-Euclidean Jordan algebra
and B is an associative scalar product on .

Recall that a real finite-dimensional Jordan algebra J with a unit element e (that means,
xe = ex = x, for all x € J) is called Euclidean if there exists an associative inner product on .
This is equivalent to say that the associated trace form Tr(xy) is positive definite where Tr(x) is
the sum of eigenvalues in the spectral decomposition of x € JJ. To obtain a pseudo-Euclidean
Jordan algebra, we replace the base field R by C and the inner product by a non-degenerate
symmetric bilinear form (considered as generalized inner product) on J keeping its associativity.

Lemma 4.1.3. Let (J,B) be a pseudo-Euclidean Jordan algebra and I be a non-degenerate
ideal of J, that is, the restriction B|jxj is non-degenerate. Then I'- is also an ideal of J, II- =
1 ={0} and INT+ = {0}.

Proof. Letx € I'*,y € J, one has B(xy,I) = B(x,yI) = 0 then xy € I'- and I is an ideal.

If x € I'* such that B(x,I*+) = 0 then x € I and B(x,I) = 0. Since I is non-degenerate then
x = 0. That implies that /' is non-degenerate.

Since B(II'+,J) = B(I,I-3) = 0 then IT+ = "1 = {0}.

If x € INT+ then B(x,I) = 0. Since I non-degenerate, then x = 0. [l

1
By above Lemma, if I is a proper non-degenerate ideal of J then J =1 & I'-. In this case,
we say J decomposable.

Remark 4.1.4. A pseudo-Euclidean Jordan algebra does not necessarily have a unit element.
However if that is the case, this unit element is certainly unique. A Jordan algebra with unit
element is called a unital Jordan algebra. If i is not a unital Jordan algebra, we can extend J to
a unital Jordan algebra J = Ce @ J by the product

(Ae+x)x(pe+y) = Ape+ Ay + px +xy.

More particularly, exe = e, exx =xxe =x and xxy = xy for all x,y € J. In this case, we say 3
the unital extension of .

Proposition 4.1.5. [f (J,B) is unital then there is a decomposition:

J=J19D ... D,

where J;, i = 1,...,k are unital and indecomposable ideals.
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Proof. The assertion is obvious if  is indecomposable. Assume that J is decomposable, that
is, J=1®1 with I, I' # {0} proper ideals of J such that I is non-degenerate. By the above

Lemma, I’ = I+ and we write J = [ é I+. Assume that J has the unit element e. If e € I then
for x a non-zero element in /-, we have ex = x € I'-. This is a contradiction. This happens
similarly if e € I+-. Therefore, ¢ = ¢| + e where e € I and e, € I are non-zero vectors. For
all x € I, one has:

x=ex=(e;+er)x=ex=uxey.

It implies that e is the unit element of /. Similarly, e; is also the unit element of I*. Since the
dimension of J is finite then by induction, one has the result. ]

Example 4.1.6. Let us recall an example in Chapter II of [FK94]]: consider q a vector space
over C and B : q x ¢ — C a symmetric bilinear form. Define the product below on the vector
space g =Ce® q:

(Ae+u)(ue+v)=(Au+B(u,v))e+Av+ uu,

for all A,u € C,u,v € q. In particular, e

makes J a Jordan algebra.
Now, we add the condition that B is non-degenerate and define a bilinear form By on J by:

= e, ue = eu = u and uv = B(u,v)e. This product

33(6,6) - 17 Bﬁ(@,Cl) :B‘j(q,E) :Oandeﬂqu =B.

Then By is associative and non-degenerate and § becomes a pseudo-Euclidean Jordan algebra
with unit element e.

Example 4.1.7. Let us slightly change Example [4.1.6] by setting
J =CedqaCf.
Define the product of J’ as follows:
F=e ue=eu=u,ef =fe=f, uv=>Bu,v)fanduf = fu=f>=0,Vu,veq.

It is easy to see that J' is the unital extension of the Jordan algebra J = q & Cf where the product
on J is defined by:
uv=Bu,v)f, uf = fu=0,Vu,veaq.

Moreover, J' is a pseudo-Euclidean Jordan algebra with the bilinear form By defined by:
By (Ae+u+A'fiue+v+p' f) =2ap +A'uw+B(u,v).
We will meet this algebra again in the next section.
Recall the definition of a representation of a Jordan algebra:

Definition 4.1.8. A Jacobson representation (or simply, a representation) of a Jordan algebra J
on a vector space V is a linear map J — End(V), x — S, satisfying for all x, y, z € J,

(1) [SXaSyz] + [SyaSzx] + [Sm Sxy] - 0,
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(2) SxSySZ —'I_ S2Sny + S(XZ)y — SxSyZ + SySzx +Sszy.

Remark 4.1.9. An equivalent definition of a representation S of J can be found for instance in
[BBY, as a necessary and sufficient condition for the vector space J; = J @V equipped with the
product:

(x+u)(y+v) =xy+8:(v) +S,(u), Vx,y € Jyu,v €V

to be a Jordan algebra. That is:
(1) Sx2Sx - SxSx2 - 0,
(2) 28xySx+ 8,28y —28:8ySx — Sp2, =0,

for all x,y € J. In this case, Jacobson’s definition is different from the usual definition of
representation, that is, as a homomorphism from J into the Jordan algebra of linear maps.

For x € J, let R, € End(J) be the endomorphism of J defined by:

R(y)=xy=yx, Vy€eJy.

Then the Jordan identity is equivalent to [Ry,R,2] = 0, for all x € J where [-,-| denotes the Lie
bracket on End(J). The linear maps

R:J — End(J) with R(x) = Ry

and R* : J — End(J*) with R*(x)(f) = foR,, Vx€J,f €T,

are called respectively the adjoint representation and the coadjoint representation of J. It is
easy to check that they are indeed representations of Jj. Recall that there exists a natural non-
degenerate bilinear from (-,-) on J ® J* defined by (x, f) = f(x), forall x € J, f € J*. For all
x,y€J,f €J", one has:

fy) =, f) = (Re(y), f) = 0 Ri(f))-

That means that R} is the adjoint map of R, with respect to the bilinear form (-, -).
The following proposition gives a characterization of pseudo-Euclidean Jordan algebras
([BBYJ], Proposition 2.1 or [Bor97|], Proposition 2.4.)

Proposition 4.1.10. Let J be a Jordan algebra. Then J is pseudo-Euclidean if and only if its
adjoint representation and coadjoint representation are equivalent.

Proof. Assume that (J,B) is a pseudo-Euclidean Jordan algebra. We define the map ¢ : J — J*
by ¢(x) = B(x,.), for all x € J. Since B is non-degenerate, ¢ is an isomorphism from J onto J*.
Moreover, it satisfies

¢ (R«(y)) (z) = B(xy,z) = B(y,xz) = (R*(x)9(y)) (2)-

That means ¢ o Ry = R*(x) o ¢, for all x € J. Therefore, the representations R and R* are
equivalent.

Conversely, assume that R and R* are equivalent then there exists an isomorphism ¢ : J — J*
such that ¢ o R, = R*(x) o ¢, for all x € J. Set the bilinear form 7 : J x J — C defined by
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T(x,y) = ¢(x)(y), for all x,y € J then T is non-degenerate. Moreover, it is easy to check that T
is also associative since R and R* are equivalent by ¢. However, T is not necessarily symmetric.
Then we need construct a symmetric bilinear form that is still non-degenerate and associative
from T as follows. Define the symmetric (resp. skew-symmetric) part 75 (resp. 7;) by

T3(06) = (T (6) + T () (resp. Tyloxy) = 5 (T ()~ T(19), Y.y € 3.

By straightforward checking, 7 and T, are also associative. Consider subspaces
Js={xeJ| Tt(x,J) =0} and J, = {x € J | T,(x,J) =0}.

If x € JyNJ, then T(x,J) = Ty(x,J) + Tu(x,3) = 0. So x =0 since T is non-degenerate. It
means J;NJ, = {0}. Moreover, J and J, are also ideals of J since Ty and T, are associative.

Now, for all x,y,z € J, T(xy,z) = Tu(x,yz) = —T4(xy,z). Therefore, 3> C J, and then J2 C
JsNJa={0}. Let J =W & J; where W is a complemenary subspace of J, in J. It is obvious
that J, C W. Therefore, WW C 3> C W and W3, = {0}. Consider F : J; x Js — C be a non-
degenerate symmetric bilinear form on J,. Since J2 = {0} then F is associative. Finally, we
define the bilinear form B : J x J — C by:

Blwxw = Tylwxw, Blg,x3, = F and B(W,J,) = B(J5,W) = 0.
Letx =X, +X5,Y = Y+ V5,2 = 2w+ 25 € W D J;. Remark that Ty (Jy, J) = 0 so if Ty(x,,, W) =
0 then Ty(x,,J) = 0. It implies x,, € Js s0 x,, = 0. One has
B(x,, + x5,3) = 0 if and only if Ty(x,,, W) = 0 and F (x;,Js) = 0.

By preceding remark and F non-degenerate on J then x,, = x; = 0. It means B non-degenerate.
It is easy to see that

B((XW +xs)(yw +YS)7ZW ‘|‘Zs) = E(XWYWaZw) = E(wiywzw)
:B(xw “"XSa()’w "‘YS)(ZW +ZS))

Hence, B is associative. O
We will need some special subspaces of an arbitrary algebra :
Definition 4.1.11. Let J be an algebra.
(1) The subspace

~

(3,3,3) =span{(x,y,z) | x,y,z€J}

is the associator of J.

(2) The subspaces
LAnn(J) ={xe€J| xJ =0},

RAm(J) ={x€J| Jx=0} and
Am(J)={xeJ| xJ=Jx=0}

are respectively the left-annihilator, the right-annihilator and the annihilator of J. Cer-
tainly, if JJ is commutative then these subspaces coincide.

101



4.1. Preliminaries

(3) The subspace

N@)={xeJ| (x,»2)=0(x2)=1zx)=0,VyzeJ}
is the nucleus of J.
Proposition 4.1.12. If (J,B) is a pseudo-Euclidean Jordan algebra then

(1) the nucleus N(3J) coincide with the center Z(J) of J where Z(J) = {x e N(J) | xy =
yx, Vy € J}, that is, the set of all elements x that commute and associate with all elements
of 3. Therefore

NE@)=Z2(J)={x€J| (x,32) =0, Vyz€J}.

(2) Z(3)F = 3,3.9).
(3) (Ann(3))" =3%

Proof. Since B((x,y,z),t) = B((y,x,t),z) = B((z,1,x),y) = B((t,2,y),x), for all x,y,z,¢ € J then
we get (1) and (2). The statement (3) is gained by B non-degenerate and associative. [l

Definition 4.1.13. A pseudo-Euclidean Jordan algebra J is reduced if

(1) J #{0},
(2) Ann(J) is totally isotropic.

1
Proposition 4.1.14. Let J be non-Abelian pseudo-Euclidean Jordan algebra. Then J =3 & |
where 3 C Ann(J) and | is reduced.

Proof. The proof is completely similar to Proposition Let 30 = Ann(J) N2, 3 be a com-
plementary subspace of 3o in Ann(J) and [ = 3. If x is an element in 3 such that B(x,3) =
0 then B(x,J?) = 0 since Ann(J) = (J?)*. As a consequence, B(x,30) = 0 and therefore
B(x,Ann(J)) = 0. That implies x € J°. Hence, x = 0 and the restriction of B to 3 is non-
degenerate. Moreover, 3 is an ideal, then it is easy to check that the restriction of B to [is also a
non-degenerate and that 3N [ = {0}.

Since J is non-Abelian then [ is non-Abelian and 2 = J2. Moreover, 30 = Ann([) and the
result follows. []

Next, we will define some extensions of a Jordan algebra and introduce the notion of a
double extension of a pseudo-Euclidean Jordan algebra [BB].

Definition 4.1.15. Let J; and J, be Jordan algebras and 7 : J; — End(J,) be a representation
of J1 on J2. We call w an admissible representation if it satisfies the following conditions:

(1) w(x) (') +2(w(x)y") (z(x)y )+ (m(0)y)y 220y (mw(x)y)
=27 (x) (Y ((x))) + 7T (x) (Y'y?) + (7 (2)y )y + 20/ (m(x)y))y,

2) (m(x)y)y* = (m(x)y*)y,

102



4.1. Preliminaries

3) m(ax)y? +2(x(¥)y) (w(x)y) = () 7w )y? +2(x ()7 () )y,

for all x,x' € J1,y,Y € J». In this case, the vector space J = J; & J, with the product defined
by:
() +Y) =+ )y + (¥ )y +yy, Vax' €31y, €3

becomes a Jordan algebra.

Definition 4.1.16. Let (J, B) be a pseudo-Euclidean Jordan algebra and C be an endomorphism
of J. We say that C is symmetric if

B(C(x),y) = B(x,C(y)), Vx,y €.
Denote by End(J) the space of symmetric endomorphisms of J.
The definition below was introduced in [BB|], Theorem 3.8.

Definition 4.1.17. Let (J;,B;) be a pseudo-Euclidean Jordan algebra and let J, be an arbitrary
Jordan algebra. Let 7 : J» — Endy(J;) be an admissible representation. Define a symmetric
bilinear map @ : J; X J; — J5 by: @(y,)")(x) = Bi(7w(x)y,y), for all x € J»,y,y" € J;. Consider
the vector space

J=nOI eI
endowed with the product:

x+y+ ) +Y + 1) =xx'+y' + 1)y + w(x)y+ f oR+ foRy +0(y,))

for all x,x’ €32, ), y edi, f,f €3J;. Then J is a Jordan algebra. Moreover, define a bilinear
form B on J by:

B(x+y+f.xX+Y+ ) =B1(3,y)+ f()+ f(x), Vx,x' € Jo, 3.y €31, . f €3>

Then J is a pseudo-Euclidean Jordan algebra. The Jordan algebra (J,B) is called the double
extension of J1 by J» by means of 7.

Remark 4.1.18. If 7 is an associative bilinear form (not necessarily non-degenerate) on Jj, then
J is again pseudo-Euclidean thanks to the bilinear form

By(x+y+f.x +y + 1) =v(x,x) +B1(y,y) + f(X)+ f'(x)

forall x, X' € 3o, v,y €31, f. ' € J5.
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4.2 Jordanian double extension of a quadratic vector space

Let Cc be a one-dimensional Jordan algebra. If ¢? # 0 then ¢?> = Ac for some non-zero
A € C. Replace ¢ by %c, we obtain ¢ = ¢. Therefore, there exist only two one-dimensional
Jordan algebras: one Abelian and one simple. Next, we will study double extensions of a
quadratic vector space by these algebras.

Let us start with (q,B,) a quadratic vector space. We consider (t = span{x,y;},B) a 2-
dimensional quadratic vector space with B¢ defined by

Byi(x1,x1) = B(y1,y1) =0, Be(x1,y1) = 1.

Let C : ¢ — q be a non-zero symmetric map and consider the vector space

N 1
J=q&dt
equipped with a product defined by

(x4+Axi +puy1) (y+Ax+p'y) =
LC(y) + 1 C(x) + Bq(C(x),y)x1 +& (A" +A 1) xy +pp'yr),

€€ {0,1}, forallx,y € q,A,u, A", u’ € C.
Proposition 4.2.1. Keep the notation just above.

(1) Assume that € = 0. Then J is a Jordan algebra if and only if C> = 0. In this case, we call
J a nilpotent double extension of q by C.

(2) Assume that € = 1. Then J is a Jordan algebra if and only if 3C? = 2C3+C. Moreover, J is
pseudo-Euclidean with bilinear form B = B+ By. In this case, we call § a diagonalizable
double extension of q by C.

Proof.
(1) Letx,y€q, A, u, A/, u’ € C. One has
(v Ax1 ) (0 + Axr + ') (o Aoy + iy ) = 20B4(C (1 + 'x),C(x) )31
and

(c+ Axy + py) ) (0 + A%+ 1y (x+ Axg +uyi)?) = 2p*p'C(x)
+2U By(C(x),C* (%))

Therefore, J is a Jordan algebra if and only if C* = 0.

(2) The result is achieved by checking directly the equality (I) for J.
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4.2.1 Nilpotent double extensions

Consider J; = q as an Abelian algebra, J, = Cy; the nilpotent one-dimensional Jordan
algebra, m(y;) = C and identify J5 with Cx;. Then by Definition 4.1.17, 3 =Jo ®J1 ® J; is a
pseudo-Euclidean Jordan algebra with a bilinear form B given by B = By + By. In this case, C
obviously satisfies the condition C3 = 0.

An immediate corollary of the definition is:

Corollary 4.2.2. If J=1q é (Cxy ® Cyy) is the nilpotent double extension of q by C then
y1x = C(x),xy = B(C(x),y)x; and y; =x13 =0, ¥ x € q.
As a consequence, 3> = Im(C) @ Cx; and Ann(J) = ker(C) @ Cx;.
Remark 4.2.3. In this case, J is k-step nilpotent, k < 3 since RX(J) C Im(C¥) & Cx;.
Definition 4.2.4. Let (J,B) and (J',B’) be pseudo-Euclidean Jordan algebras, if there exists a

Jordan algebra isomorphism A : J — J' such that it is also an isometry then we say that J, J' are
i-isomorphic and A is an i-isomorphism.

1
Theorem 4.2.5. Let (q,B) be a quadratic vector space. Let J = q & (Cx; & Cyy) and J' =

1
q & (Cx| ®Cy)) be nilpotent double extensions of q, by symmetric maps C and C' respectively.
Then:

(1) there exists a Jordan algebra isomorphism A : J — J' such that A(q® Cx;) = q & Cx]
if and only if there exist an invertible map P € End(q) and a non-zero A € C such that
AC' = PCP~! and P*PC = C where P* is the adjoint map of P with respect to B.

(2) there exists an i-isomorphism A : J — J' such that A(q & Cx;) = q & Cx| if and only if
there exists a non-zero A € C such that C and AC' are conjugate by an isometry P € O(q).

Proof.

(1) Assume that A : J — J' is an isomorphism such that A(q ® Cx;) = q & Cx/. By Corol-
lary and B non-degenerate, there exist x,y € q @ Cx; such that xy = x;. Therefore
A(x)) =A(x)A(y) € (9 Cx})(q @ Cx}) = Cx|. That means A(x;) = px} for some non-
zero |t € C. Write Al; = P+ B ®x} with P € End(q) and 8 € q*. If x € ker(P) then

1
A (x T ﬁ(x)xl) =0, so x = 0 and therefore, P is invertible. For all x,y € ¢, one has

UB(C(x),y)x) = A(xy) = A(x)A(y) = B(C'(P(x)),P(y))x}.

So we obtain P*C'P = uC. Assume that A(y;) = y+ 6x} +Ay)|, with y € q. Forall x € g,
one has

P(C(x)) + B(C(x))x) = A(y1x) = Ay1)A(x) = AC'(P(x)) + B(C'(y), P(x))x].

Therefore, AC' = PCP~!. Combined with P*C'P = uC to get P*PC = AuC. Replace P
by P to obtain AC' = PCP~! and P*PC =C.

(ud)>
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Conversely, define A : J — J' by A(y1) = Ay}, A(x) = P(x), forallx € gand A(x}) = %x’l,
we prove that A is a Jordan isomorphism. Indeed, for all x,y € q and 8,6, u, u’ € C one
has:

1
A((8y1 +x+ pxy)(8'y1 +y+ u'x1)) = SPC(y) + 8'PC(x) + IB(C(X),y)X’l

and A(Oy; +x+ ux;)A(8'y1 +y+ u'x;) = A6C'P(y) + A8'CP(x) + B(C'P(x), P(y))x}.
Since AC' = PCP~! and P*PC = C, we obtain AC'P = PC and P*C'P = %C. Therefore,
A is an Jordan isomorphism.

(2) If A : J — 3 is an i-isomorphism then the isomorphism P in the proof of (1) is also an
isometry. Hence P € O(q). Conversely, define A as in (1) then it is obvious that A is an
i1-isomorphism.

]

L
Proposition 4.2.6. Let (q,B) be a quadratic vector space and let J = q & (Cx; @ Cyy), J' =

1
q ® (Cx| ®Cy)) be nilpotent double extensions of q, by symmetric maps C and C' respectively.
Assume that rank(C') > 3. Let A : J — J' be an isomorphism. Then A(q® Cx;) = q @ Cx}.

Proof. We assume that there is x € q such that A(x) = y+ Bx} +yy] wherey € q,8,7€ C,y #0.
Then for all ¢ € g and A € C, we have

A(x)(q+Ax}) = vC'(q) + B(C'(y),q)x).
Therefore, dim(A(x)(q @® Cx/)) > 3. But A is an isomorphism, hence
AX)(q@Cx}) cAXA™ (gD Cx})) C A(x(q® Cx; ®Cyy)) C A(CC(x) ®Cxy).

This is a contradiction. Hence A(q @ Cx) = q & Cx]. O

4.2.2 Diagonalizable double extensions

L
Lemma 4.2.7. Let J = q & (Cx; & Cyy) be a diagonalizable double extension of q by C. Then

¥i = yi,y1x1 = x1,y1x = C(x),xy = B(C(x),y)x| and x;x =x7 =0, V x € q.

Note that x; ¢ Ann(J). Let x € q. Then x € Ann(J) if and only if x € ker(C). Moreover,
3% =Im(C) @ (Cx; @ Cy1). Therefore J is reduced if and only if ker(C) C Im(C).

Let x € Im(C). Then there exists y € q such that x = C(y). Since 3C> = 2C? +C, one has
3C(x) — 2C*(x) = x. Therefore, if J is reduced then ker(C) = {0} and C is invertible. That
implies that 3C —2C? = Id and we have the following proposition:

L
Theorem 4.2.8. Let (q,B) be a quadratic vector space. Let J = q & (Cx; @ Cyy) and J' =

il
q ® (Cx| ®Cy)) be diagonalizable double extensions of q, by invertible maps C and C' respec-
tively. Then there exists a Jordan algebra isomorphism A : J — J' if and only if there exists an
isometry P such that C' = PCP~'. In this case, J and J' are also i-isomorphic.
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Proof. Assume J and J' isomorphic by A. First, we will show that A(q @ Cx;) = q & Cx].
Indeed, if A(x;) = y+ Bx| + vy} where y € q, 8,7 € C, then

0=A(x7) =A(x1)A(x) = 2YC'(y) + 2By +B(C' (¥),y))x] + ¥

Therefore, ¥ = 0. Similarly, if there exists x € q such that A(x) = z+ ax| + 8y where z €
q,a,6 € C. Then

B(C(x),x)A(x;) = A(xz) =A(x)A(x) =28C'(2) + ad +B(C'(2),z))x} + 52)/1 )

That implies 6 =0 and A(q® Cx;) = q& Cx].

The rest of the proof follows exactly the proof of Theorem one has A(x;) = ux} for
some non-zero {1 € C and there is an isomorphism of q such that A|; = P+ B ® x| where 8 € g*.
Similarly as in the proof of Theorem one also has P*C'P = uC, where P* is the adjoint
map of P with respect to B. Assume that A(y;) = Ay| +y+ 0x]. Since A(y;)A(y;) =A(y1), one

has A = 1 and therefore C' = PCP~!. Replace P by

P to get P*PC = C. However, since C

1
(k)2
is invertible then P*P = [. It means that P is an isometry of (.

Conversely, define A : J — J' by A(x;) = x|, A(y1) =} and A(x) = P(x), for all x € q then
A is an i-isomorphism. [

An invertible symmetric endomorphism of q satisfying 3C — 2C? = Id is diagonalizable by
an orthogonal basis of eigenvectors with eigenvalues 1 and % (see Appendix D). Therefore, we
have the following corollary:

1L
Corollary 4.2.9. Let (q,B) be a quadratic vector space and let J = q @ (Cx; & Cy;) and

1
Y =q & (Cx}; ®Cy)) be diagonalizable double extensions of q, by invertible maps C and C'
respectively. Then J and J' are isomorphic if and only if C and C' have the same spectrum.

L
Example 4.2.10. Let Cx be a one-dimensional Abelian algebra. Let J = Cx & (Cx; &Cy) and

L
¥ = Cx & (Cx| & Cy}) be diagonalizable double extensions of Cx by C =1Id and C = 1 Id. In
particular, the product on J and J' are defined by:

2 2 .
Y =YL, Y1X =X, Y1X1 = X,X = X1,

1 1
1) =Viyx= P =x,x° = TR

Then J and ' are not isomorphic. Moreover, J" has no unit element.

Remark 4.2.11. The i-isomorphic and isomorphic notions are not coinciding in general. For
example, the Jordan algebras J = Ce with e? = ¢, B(e,e) = 1 and J' = Ce’ with (¢')> = ¢/,
B(€',e') = a # 1 are isomorphic but not i-isomorphic.
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4.3 Pseudo-Euclidean 2-step nilpotent Jordan algebras

4.3.1 2-step nilpotent Jordan algebras

In Chapter 2, 2-step nilpotent quadratic Lie algebras are characterized up to isometric iso-
morphisms and up to isomorphisms (see also [Ova07]). There is a similar natural property in
the case of pseudo-Euclidean 2-step nilpotent Jordan algebras. Let us redefine 2-step nilpotent
Jordan algebras in a more convenient way:

Definition 4.3.1. An algebra J over C with a product (x,y) — xy is called a 2-step nilpotent
Jordan algebra if it satisfies xy = yx and (xy)z = 0 for all x,y,z € J. Sometimes, we use 2SN-
Jordan algebra as an abbreviation.

The method of double extension is a fundamental tool used in describing algebras that are
endowed with an associative non-degenerate bilinear form. This method is based on two prin-
cipal notions: central extension and semi-direct product of two algebras. We have just seen it
in Chapter 2 for 2-step nilpotent quadratic Lie algebras. In the next part, we apply it again but
as we will see that the method of double extension is not quite effective for pseudo-Euclidean
Jordan algebras, even in the 2-step nilpotent case. With our attention we will recall some defi-
nitions given in Section 3 of [BB]| but with a restricting condition for pseudo-Euclidean 2-step
nilpotent Jordan algebras.

Proposition 4.3.2. Let J be a 2SN-Jordan algebra, V be a vector space, ¢ : 3 xJ —V be a
bilinear map and © : J — End(V') be a representation. Let

J=JeVv
equipped with the following product:
(x4+u)(y+v)=xy+7m(x)(v)+xw(y)(u)+ @(x,y), Vx,y € J,u,v € V.
Then J is a 2SN-Jordan algebra if and only if for all x,y,z € J one has:
(1) @ is symmetric and @(xy,z) + n(z)(@(x,y)) =0,
(2) w(xy) =mn(x)n(y) =0.

Definition 4.3.3. If 7 is the trivial representation in Proposition the Jordan algebra J is
called the 2SN-central extension of J by V (by means of @).

Remark that in a 2SN-central extension J, the annihilator Ann(fj) contains the vector space
V.

Proposition 4.3.4. Let § be a 2SN-Jordan algebra. Then J is a 2SN-central extension of an
Abelian algebra.

Proof. Seth =3/3% and V = J2. Define ¢ : h x h — V by @(p(x),p(y)) = xy, forall x,y € J
where p : J — b is the canonical projection. Then § is an Abelian algebra and J ~ @V is the
2SN-central extension of fh by means of ¢. [
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Remark 4.3.5. Tt is easy to see that if . is a 2SN-Jordan algebra, then the coadjoint representa-
tion R* of J satisfies the condition on 7 in Proposition (2). For a trivial ¢, we conclude
that J @ J* is also a 2SN-Jordan algebra with respect to the coadjoint representation.

Definition 4.3.6. Let J be a 2SN-Jordan algebra, V and W be two vector spaces. Let 7 : J —
End(V) and p : J — End(W) be representations of J. The direct sum t & p : J — End(V & W)
of m and p is defined by

(rep)x)v+w)=m(x)(v)+px)(w), VxeJveV,weW.

Proposition 4.3.7. Let J; and J, be 2SN-Jordan algebras and let 7t : J; — End(J7) be a linear
map. Let

J=J1 3.
Define the following product on J:
() (' +Y) =2+ 7)) + (&) (y) +3y, Vorx € 31,30 € Jo.
Then J is a 2SN-Jordan algebra if and only if T satisfies:
(1) n(xx')=rm(x)m(x") =0,
(2) 7)) = (=(x)(3))y" =0,

forall x,x' € 31,y,y € J».
In this case, w satisfies the conditions of Definition it is called a 2SN-admissible
representation of J; in Jo and we say that J is the semi-direct product of 3, by J; by means

of T.

Proof. Forall x,x',x" € J1,v,Y,y" € J2, one has:

(3 +Y) " +y") = 7)) + 72 (") (7)) + () (9) +3¥)
+H(@ () () + 7 () ()"

Therefore, J is 2-step nilpotent if and only if 7(xx’), 7(x)7(x), 7(x)(yy') and (7(x)y)y’ are
zero, for all x, X’ € J1,y,y' € 3. O

Remark 4.3.8.

(1) The adjoint representation of a 2SN-Jordan algebra is a 2SN-admissible representation.

(2) Consider the particular case of J; = Cc a one-dimensional algebra. If Jj; is 2-step nilpo-
tent then ¢> = 0. Let D = 7t(c) € End(J;). The vector space J = Cc @ J, with the product:

(ac+x)(ad'c+x)=aD()+a'D(x)+xx', Vx,x' € Jo,a,0 € C.

is 2-step nilpotent if and only if D?> = 0, D(xx') = D(x)x’ = 0, for all x,x’ € J,.
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(3) Let us slightly change (2) by fixing xo € J» and setting the product on J = Cc ® J, as
follows:
(ac+x)(d'c+x')=aD(x')+ a'D(x) +xx' + aa'xo,

for all x,x’ € J», o, ' € C. Then J is a 2SN-Jordan algebra if and only if
D?(x) = D(xx') = D(x)x’ = D(xp) = xox =0, ¥V x,x' € Js.
In this case, we say (D,xo) a 2SN-admissible pair of J;.

Next, we see how to obtain a 2SN-Jordan algebra from a pseudo-Euclidean one.

Proposition 4.3.9. Let (J, B) be a 2-step nilpotent pseudo-Euclidean Jordan algebra (or 2SNPE-
Jordan algebra for short), i be another 2SN-Jordan algebra and w : ) — End,(J) be a linear
map. Consider the bilinear map @ : J x J — b* defined by ¢(x,y)(z) = B(n(z)(x),y), for all
x,yE€ J,z€h. Let B

J=hoJIebh".
Define the following product on J:

x4+y+ N +Y 4+ 1) = + 3y + 7)) + 7 )(y) + f oR+ foRy + 9(1,))

forall x,x €b,y,y €3,f,f €b*. ThenJis a 2SN-Jordan algebra if and only if T is a 2SN-
admissible representation of by in J. Moreover, J is pseudo-Euclidean with the bilinear form

B(x+y+f.xX+Y + ) =By.Y)+ f(X)+f(x), Vx,x' €byy €3, f,f €p*

In this case, we say that J is a 2-step nilpotent double extension (or 2SN-double exten-
sion) of J by b by means of .

Proof. If J is 2-step nilpotent then the product is commutative and ((x +y + f)(x' +y +
N +Y"+ ") =0forall x,x',.x" € h,y,y,y" €3, f,f,f" € b*. By a straightforward com-
putation, one has that 7 is a 2SN-admissible representation of b in J.

Conversely, assume that 7 is a 2SN-admissible representation of h in J. First, we set the
extension J @ h* of J by h* with the product:

G+ N+ =w+00.Y), Vyy €J, f.f b

Since 7(z) € Endy(J) and 7(z)(yy') =0, for all z € b, y,y’ € J, then one has ¢ symmetric and
o(yy,y") =0, for all y,y’,y" € J. By Definition J®bh* is a 2SN-central extension of J
by bh*.

Next, we consider the direct sum 7 & R* of two representations: 7 and R* of h in J P h*
(see Definition [4.3.6). By a straightforward computation, we check that 7 & R* satisfies the
conditions of Proposition then the semi-direct product of J & bh* by h by means of 7 & R*
is 2-step nilpotent. Finally, the product defined in J is exactly the product defined by the semi-
direct product in Proposition[4.3.7] Therefore we obtain the necessary and sufficient conditions.

As a consequence of Definition B is an associative scalar product of 3, then J is a
2SNPE-Jordan algebra. [
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The notion of 2SN-double extension does not characterize all 2SNPE-Jordan algebras:
there exist 2SNPE-Jordan algebras that can be not described in terms of 2SN-double exten-
sions, for example, the 2SNPE-Jordan algebra J = Ca & Cb with a* = b and B(a,b) =1, zero
otherwise. Therefore, we need a better characterization given by the proposition below, its proof
is a matter of a simple calculation.

Proposition 4.3.10. Let (J,B) be a 2SNPE-Jordan algebra. Let (D,xo) € Endg(J) X J be a
2SN-admissible pair with B(xo,xo0) = 0 and let (t = Cx; & Cyy, By) be a quadratic vector space
satisfying

By(x1,x1) = B¢(y1,y1) =0, Be(x1,y1) = 1.

Fix o in C and consider the vector space

SR
I
OR)
Dr
-+

equipped with the product
Y1*y1 =Xo+ 0x1, y1+x =xxyy = D(x) + B(x,x)x1, xxy =xy+B(D(x),y)xi

and x; 3 = J*x; =0, for all x,y € J. Then J is a 2SNPE-Jordan algebra with the bilinear
form B = B+ By
In this case, (J,B) is called a generalized double extension of J by means of (D, xo, o).

Proposition 4.3.11. Let (J,B) be a 2SNPE-Jordan algebra. If J is non-Abelian then it is ob-
tained from an Abelian algebra by a sequence of generalized double extensions.

Proof. Assume that (J,B) is a 2SNPE-Jordan algebra and J is non-Abelian. By Proposition
4.1.14] J has a reduced ideal [ that is still 2-step nilpotent. That means [> # [, so Ann([) # {0}.
Therefore, we can choose a non-zero x; € Ann([) such that B(x;,x;) = 0. Then there exists

an isotropic element y; € J such that B(xj,y;) = 1. Let J = (Cx; & Cyy) GLB W where W =
(Cx; @ Cy;)*. We have that Cx; and le = Cx; ®W are ideals of J as well.

Letx,y € W, xy = B(x,y) + a(x,y)x; where B(x,y) € W and ax(x,y) € C. It is easy to check
that W with the product W x W — W, (x,y) — B(x,y) is a 2SN-Jordan algebra. Moreover, it is
also pseudo-Euclidean with the bilinear form By = Bl|w xw -

Now, we show that J is a generalized double extension of (W,By ). Indeed, let x € W
then y;x = D(x) + ¢@(x)x; where D is an endomorphism of W and ¢ € W*. Since y;(y1x) =
yi(xy) = (y1x)y = 0, for all x,y € W we get D*(x) = D(x)y = D(xy) = 0, for all x,y € W.
Moreover, B(yix,y) = B(x,y1y) = B(y1,xy), for all x,y € W implies that D € Ends(W) and
o(x,y) = Bw(D(x),y), for all x,y € W.

Since By is non-degenerate and ¢ € W* then there exists xop € W such that ¢ = By (xp,.).
Assume that y? = uy; +yo + Ax;. The equality B(y?,x;) = 0 implies y = 0. Moreover, yp =
xo since B(y1x,y1) = B(x,y?), for all x € W. Finally, D(x9) = 0 is obtained by y; = 0 and
this is enough to conclude that J is a generalized double extension of (W,By ) by means of
(D,xp, 7). O
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4.3.2 T*-extensions of pseudo-Euclidean 2-step nilpotent

Given a 2SN-Jordan algebra J and a symmetric bilinear map 6 : J X J — J* such that
R*(2)(0(x,y)) 4+ 6(xy,z) = 0, for all x,y,z € J, then by Proposition J=J®J isalsoa
2SN-Jordan algebra. Moreover, if 0 is cyclic (that is, 6(x,y)(z) = 0(y,z)(x), for all x,y,z € J),
then J is a pseudo-Euclidean Jordan algebra with the bilinear form defined by

B(x+f,y+g) =f(y)+egk), VxyeJy,f,g€J"
In a more general framework, we can define:

Definition 4.3.12. Let a be a complex vector space and 6 : a x a — a* a cyclic symmetric
bilinear map. Assume that 6 is non-degenerate, i.e. if 6(x,a) = 0 then x = 0. Consider the
vector space J = a& a” equipped with the product

x+f)y+eg)=06(xy)

and the bilinear form
B(x+f,y+g)=f(y)+gx)

forall x+ f,y+ g € J. Then (J,B) is a 2SNPE-Jordan algebra and it is called the T*-extension
of a by 6.

Lemma 4.3.13. Let J be a T*-extension of a by 0. If J # {0} then J is reduced.

Proof. Since 0 is non-degenerate, it is easy to check that Ann(J) = a* is totally isotropic by the
above definition. [

Proposition 4.3.14. Let (J,B) be a 2SNPE-Jordan algebra. If J is reduced then J is i-isomorphic
to some T*-extension.

Proof. Assume that J is a reduced 2SNPE-Jordan algebra. Then one has Ann(J) = 32, so
dim(3%) = dim(J). Let J = Ann(J) & a where a is a totally isotropic subspace of J. Then
a ~ J/J% as an Abelian algebra. Since a and Ann(J) are maximal totally isotropic subspaces of
J, we can identify Ann(J) to a* by the isomorphism: ¢ : Ann(J) — a*, ¢(x)(y) = B(x,y), for
all x € Ann(J), y € a. Define 6 : a x a — a* by 0(x,y) = ¢(xy), for all x,y € a.

Now, set o : J — a® a* by a(x) = p1(x) + ¢(p2(x)), for all x € J where p; : J — a and
P2 J — Ann(J) are canonical projections. Then « is i-isomorphic. [

Theorem 4.3.15. Let J| and J, be two T*-extensions of a by 0 and 0, respectively. Then:

(1) there exists a Jordan algebra isomorphism between | and 3, if and only if there exist an
isomorphism Ay of a and an isomorphism A, of a* satisfying:

A2(01(x,y)) = 62(A1(x),A1(y)), Vx,y € a.

(2) there exists an i-isomorphism between J1 and J; if and only if there exists an isomorphism
A1 of a satisfying
91 (X,y) = 92(A1 (x)aAl (y)) OA17 vxvy €a.
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Proof.

€]

2)

Let A : J; — J2 be a Jordan algebra isomorphism. Since a* = Ann(J;) = Ann(J7) is
stable by A then there exist linear maps A; : a — a, A} : a — a* and A : a* — a* such
that:

Alx+f) = A1 (x) + AL (x) +A2(f), Vx+ f € 31

Since A is an isomorphism one has A; also isomorphic. We show that A is an isomor-
phism of a. Indeed, if A; (xp) = 0 with some x( € a then A(xg) = A (xo) and

0=A(x0)J2 =A(x0A ™" (32)) = A(x031)-

That implies xpJ; = 0 and so xy € a*. That means xo =0, i.e. A; is an isomorphism of a.
For all x and y in a, one has A(xy) = A(0;(x,y)) = A2(01(x,y)) and

AX)A(Y) = (A1(x) + A7 (x)) (A1 (y) + A1) = A1 (0)A1(y) = 02(A1 (x),A1(y))-
Therefore, A (61 (x,y)) = 62(A1(x),A1(y)), for all x,y € a.
Conversely, if there exist an isomorphism A; of a and an isomorphism A, of a* satisfying:
A2(01(x,y)) = 62(A1(x),A1(y)), Vx,y € a,

then we define A : J; — J2 by A(x+ f) = A1 (x) +Az(f), for all x+ f € J;. It is easy to
see that A is a Jordan algebra isomorphism.

Assume that A : J; — J2 is a Jordan algebra i-isomorphism then there exist A; and A;
defined as in (1). Letx € a, f € a*, one has:

B'(A(x),A(f)) = B(x, f) = A2 (f)(A1 (x)) = f(x).

Hence, Ay (f) = foA !, forall f € a*. Moreover, A2(6) (x,y)) = 62(A1(x),A1(y)) implies
that
01(x,y)) = 62(A1(x),A1(y)) oA, Vx,y € a.

Conversely, define A(x+ f) =A; (x) —i—foAl_l, for all x+ f € J; then A is an i-isomorphism.
]

Example 4.3.16. We keep the notations as above. Let J' be the T*-extension of a by 6’ =
A0, A # 0 then J and ' is i-isomorphic by A : J — J' defined by

1
At f)=xtoaf, Vxt+fey

where o € C, o = A.
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For a non-degenerate cyclic symmetric map 0 of a, define a 3-form
I(x,y,2) = 0(x,y)z, Vx,y,z € a.

Then I € .#3(a), the space of symmetric 3-forms on a. The non-degenerate condition of 6 is
equivalent to g—; # 0, for all p € a*.
Conversely, let a be a complex vector space and [ € .% 3(a) such that g—; # 0 for all p €

a*. Define 0 : a x a — a* by 0(x,y) = I(x,y,.), for all x,y € a then 0 is symmetric and non-
degenerate. Moreover, since / is symmetric, then 0 is cyclic and we obtain a reduced pseudo-
Euclidean 2-step nilpotent Jordan algebra 7 (a) defined by 6. Therefore, there is an one-to-one
map from the set of all 7*-extensions of a complex vector space a onto the subset {/ € .7(a) |
3_11) #0, V p € a*}, such elements are also called non-degenerate.

Corollary 4.3.17. Let J| and 3o be T*-extensions of a with respect to I} and Iy non-degenerate.
Then J and J' are i-isomorphic if and only if there exists an isomorphism A of a such that

I (x,y,2) = h(A(x),A(y),A(2)), Vx,y,z € a.

In particular, J and J are i-isomorphic if and only if there is an isomorphism ‘A on a* which
induces the isomorphism on .#>(a), also denoted by ‘A such that ‘A(I;) = L. In this case, we
say that I} and I, are equivalent.

Example 4.3.18. Let a = Ce be a one-dimensional vector space then .#3(a) = C(e*)>. By
Example T*-extensions of a by (¢*)3 and A (e*)3, A # 0, are i-isomorphic (also, these
3-forms are equivalent). Hence, there is only one i-isomorphic class of 7*-extensions of a, that
is J = Ce ®Cf with ¢> = f and B(e, f) = 1, the other are zero.

Now, let a = Cx@® Cy be 2-dimensional vector space then
3(a) = {a1(x*)® + aa(x*)*y* +azx* (y*)? + as(y*)?, a; € C}.

It is easy to prove that every bivariate homogeneous polynomial of degree 3 is reducible.
Therefore, by a suitable basis choice (certainly isomorphic), a non-degenerate element / €
#3(a) has the form I = ax*y*(bx* + cy*), a,b # 0. Replace x* by ox* with a®> = ab to get
the form of I, = x*y*(x* + Ay*),A € C.

Next, we will show that Iy and I, , A # 0 are not equivalent. Indeed, assume the contrary, i.e.
there is an isomorphism ‘A such that A(Iy) = I;. We can write

'A(X") = arx* + byy*, "A(y") = axx* + bay*, a1,a2,b1,bs € C.
Then

"A(l) = (a1x™ + bly*)z(azx* +byy*) = a%ag(x*)z’ + (a%bz + 2a1a2b1)(x*)2y* +
(2a1b1bs + axb})x* (v*)* + biba (y*)*.

Comparing the coefficients we will get a contradiction. Therefore, Iy and I;, A # 0 are not
equivalent.
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However, two forms I and Ij, where 41,4, # 0 are equivalent by the isomorphism ‘A
satisfying ‘A(Iy, ) = I, defined by:

A(XT) = oy, TA(Y") = B

where «, 8 € C such that a* = 41} and 8° = 1121/12 and satisfying ‘A(Iy, ) = Iy,. That implies

that there are only two i-isomorphic classes of 7T*-extensions of a.

Example 4.3.19. Let Jo = span{x,y,e, f} be a T*-extension of a 2-dimensional vector space a
by Iy = (x*)%y*, with e = x* and f = y*, that means B(x,e) = B(y, f) = 1, the other are zero. It
is easy to compute the product in Jo defined by x> = f, xy = e. Let I = x*y*(x* + Ay*), L #0
and J,; = span{x,y,e, f} be two T*-extensions of the 2-dimensional vector space a by I;. The
products on J, are x> = f, xy = e+ A f and y*> = Ae. These two algebras are neither i-isomorphic
nor isomorphic. Indeed, if there is A : Jo — J; an isomorphism. Assume A(y) = ojx+ oy +
aze+ oy f then

0= A(yz) = (Otlx—i- oy + 0ze + 064f)2 = (X12x2 + 200 0xy + (Xzzyz.
We obtain (Ao +2a100)e + (2Aoqap + @) f = 0. Hence, a; = £A 0. Both cases imply

o = op = 0 (a contradiction).
We can also conclude that there are only two isomorphic classes of 7*-extensions of a.
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4.4 Symmetric Novikov algebras

Definition 4.4.1. An algebra 91 over C with a bilinear product 91 x 9T — M, (x,y) — xy is called
a left-symmetric algebra if it satisfies the identity:

(xy)z —x(yz) = (yx)z—y(xz), V x,y,z € M. (IIT)
or in term of associators
(x,3,2) = (0, x,2), V x,y,z€ M.

It is called a Novikov algebra if in addition
(xy)z = (x2)y (Iv)

holds for all x,y,z € 91. In this case, the commutator [x,y] = xy — yx of 9t defines a Lie algebra,
denoted by g(91), which is called the sub-adjacent Lie algebra of 1. It is known that g(N) is a
solvable Lie algebra [Bur06]. Conversely, let g be a Lie algebra with Lie bracket [, |. If there
exists a bilinear product g X g — g, (x,y) — xy that satisfies , and [x,y] = xy — yx, for
all x,y € J then we say that g admits a Novikov structure.

Example 4.4.2. Every 2-step nilpotent algebra 91 satisfying (xy)z = x(yz) =0 for all x,y,z € N,
is a Novikov algebra.

For x € 91, denote by L, and R, respectively the left and right multiplication operators
Ly(y) = xy, Ry(y) = yx, for all y € 91. The condition is equivalent to [Ly,Ly| = Ly, and
is equivalent to [Ry,Ry] = 0. In the other words, the left-operators form a Lie algebra and
the right-operators commute.

It is easy to check two Jacobi-type identities:

Proposition 4.4.3. Let )t be a Novikov algebra then for all x,y,z € N:
[,y + [y, 2x + [z, 2]y = 0,
x[y,z] + y[z, x| + z[x,y] =0
Definition 4.4.4. Let 91 be a Novikov algebra. A bilinear form B : 91 x 91 — C is called asso-
ciative if
B(xy,z) = B(x,yz), V x,y,2 € M.

We say that ) is a symmetric Novikov algebra if it is endowed with a non-degenerate associative
symmetric bilinear form B.

Let (91, B) be a symmetric Novikov algebra and S be a subspace of 9. Denote by S+ the
set {x € M| B(x,S) =0}. If B|sxs is non-degenerate (resp. degenerate) then we say that S is
non-degenerate (resp. degenerate).

Lemma 4.4.5. Let (N, B) be a symmetric Novikov algebra and I be a two-sided ideal (or simply
an ideal) of )t then

(1) I'* is also a two-sided ideal of W and 1T+ = 1 = {0}
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1
(2) If1 is non-degenerate then so is I'- and M =1 & I'*.

Proof.

(1) Since B(xM,I) = B(x,MI) = 0 and B(I,Mx) = B(IM,x) = 0, for all x € I'* then I'" is
also an ideal of M. Let x € I, i.e. x = yz withy € I,z € I'* then B(x,M) = B(yz,N) =
B(y,z0) = 0. Therefore x = 0. That means /I = {0}. Similarly, one gains /-1 = {0}.

(2) Assume that I is degenerate, that means there is a non-zero x € I+ such that B(x,I+) =
0. Therefore, x € I. However, B(x,I) = 0 since x € I'* so I is degenerate (that is a
contradiction). Hence, / + must be non-degenerate.

Let x € INT* then B(x,I) = 0. Since I is non-degenerate, one has x = 0. That means
i
INIt={0}and N =1 I+,
O

Proposition 4.4.6. Let Z(M) = {x e N | xy =yx, YV y € N} the center of N and denote by
As(M) ={xeMN | (x,y,2) =0, Vy,z€MN}. One has

(1) If N is a Novikov algebra then Z(2t) C N(N) where N(N) ={xeN| (x,y,z) = (y,x,2) =
(y,2,x) =0, Y y,z € N} is the nucleus of N (see Definition|4.1.11|(3)). Moreover, if N is
also commutative then N(2N) = N = As(N) (that means N is an associative algebra).

(2) If (M, B) is a symmetric Novikov algebra then

(i) Z(M) = [g(N), 5(M)]*
(ii) N(M) = As(91) = (DM, N, 9)+.
(iii) LAnn(M) = RAnn(MN) = Ann(N) = (M)~

Proof.
(1) Assume that x is an element in Z(91). For all y,z € 0, one has:
(%,5,2) = ()2 —x(yz) = (yx)z = x(y2) = (y2)x — x(yz) = 0.
By (III), we also have (y,x,z) = 0. Moreover, since
(1:2,%) = (y2)x — y(2x) = x(yz) —y(x2)

= (x)z— (x,3,2) = W)z + (1 x,2) = (x9)z— (yx)z =0

one obtains Z(M) C N(N). If N is commutative then Z(I1) = N. Certainly, Z(N) =
N(D) =I.

(2) Let (91, B) be a symmetric Novikov algebra.

(i) Itis obvious since g(M) is a quadratic Lie algebra and Z(N) is its center.

117



4.4. Symmetric Novikov algebras

(i1) For all x,y,z,t € )N, one has

B((x,y,2),t) = B((xy)z — x(yz),t) = B(x,y(zt) — (y2)t) = —B(x, (y,2,1))-

Therefore, As(91) = (91,0, 91). To prove N(I1) = As(N), we fix x € As(I1) and let
y,z,t € M. Since (x,z,¢) = 0 and (III) one has (z,x,7) = 0. Moreover, B((y,z,x),t) =
—B(y,(z,x,t)) and B non-degenerate imply (y,z,x) = 0, for all y,z € M. Hence,
N(M) = As(M).

(iii) Let x € LAnn(N) then B(xM,N) = B(x,M?) = 0. It means that x € (912)*. Con-
versely, if x € (DM?)* then since B(x91,MN) = B(x,9?) = 0 one has x € LAnn(N).
It implies that LAnn(91) = (M?)*. Similarly, we obtain LAnn(9) = RAnn(MN) =
Ann(N) = (MN?)*.

O
Proposition 4.4.7. Let )t be a Novikov algebra then
(1) Z(N) is a commutative subalgebra.
(2) As(M), N(N) are ideals.
Proof.

(1) Letx,y € Z(M) then (xy)z = (xz)y = (zx)y = z(xy) + (z,x,y) = z(xy), for all z € N. There-
fore, xy € Z(1) and then Z(D) is a subalgebra of M. Certainly, Z(IN) is commutative.

(2) Letx € As(M),y,z,t € N. By the equality
(xy,2,1) = ((xy)2)r = (xy)(21) = ((x2)t)y — (x(21))y = (x,2,2)y = 0,
one has xy € As(9). Moreover,
(o, 2,1) = ((x)2)t — (yx) (21) = (y(x2))r — y(x(zr))

= (nxz,1) +y((2)t) = y(x(2t)) = y(x,2,1) = 0
since xz € As(). Therefore As(N) is an ideal of .
Similarly, let x € N(0),y,z,¢t € 91 one has:

v, z,xt) = (vz) (xt) — y(z(xt)) = ((y2)x)t — (yz,x,t) — y((2x)t — (2,%,1))

= ((y2)x)t — (y(zx))t + (y2x,1) = (v, 2,x)t =0
and
(0, z,tx) = (yz) (tx) — y(z(tx)) = ((v2)t)x — (yz,1,x) — y((2t)x — (z,1,x))

= (O2)x)r = y((2x)1) = (v, 2, %)t + (y,2x,1) = 0.
Then N (1) is also an ideal of 91.
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Lemma 4.4.8. Let (,B) be a symmetric Novikov algebra then [Ly,Ly] = Lix,; = 0 for all
x,y € M. Consequently, for a symmetric Novikov algebra, the Lie algebra formed by the left-
operators is Abelian.

Proof. 1t follows the proof of Lemma IL.5 in [AB10]. Fix x,y € 1, for all z,# € 91 one has

B([Lx, L] (2),1) = B(x(yz) —y(xz),1) = B((tx)y — (1)x,2) = 0.
Therefore, [Ly,Ly] = Lixy = 0, for all x,y € M. O

Corollary 4.4.9. Let (M,B) be a symmetric Novikov algebra then the the sub-adjacent Lie
algebra g(N) of M with the bilinear form B becomes a 2-step nilpotent quadratic Lie algebra.

Proof. One has
B([x,y],z) = B(xy — yx,z) = B(x,yz) — B(x,2y) = B(x,[,2]), V x,y,z € M.

Hence, g(M) is quadratic. By Lemma and 2(iii) of Proposition one has [x,y] €
LAnn(9) = Ann(N), for all x,y € M. That implies [[x,y],z] € Ann(N)N = {0}, forall x,y € N,
i.e. g(M) is 2-step nilpotent. O

It results that the classification of 2-step nilpotent quadratic Lie algebras in [[Ova07] and
Chapter 2 is closely related to the classification of symmetric Novikov algebras. For instance,
by Remark [2.2.10] every 2-step nilpotent quadratic Lie algebra of dimension < 5 is Abelian so
that every symmetric Novikov algebra of dimension < 5 is commutative. In general, in the case
of dimension > 6, there exists a non-commutative symmetric Novikov algebra by Proposition

4.4.11|below.

Definition 4.4.10. Let 91 be a Novikov algebra. We say that )1 is an anti-commutative Novikov
algebra if
xy=—yx, Vx,y e N

Proposition 4.4.11. Let )t be a Novikov algebra. Then N is anti-commutative if and only if N
is a 2-step nilpotent Lie algebra with the Lie bracket defined by [x,y] = xy, for all x,y € N.

Proof. Assume that 91 is a Novikov algebra such that xy = —yx, for all x,y € 91. Since the
commutator [x,y] = xy — yx = 2xy is a Lie bracket, so the product (x,y) — xy is also a Lie
bracket. The identity of Definition is equivalent to (xy)z = 0, for all x,y,z € N. It
shows that 1 is a 2-step nilpotent Lie algebra.

Conversely, if 91 is a 2-step nilpotent Lie algebra then we define the product xy = [x,y], for
all x,y € 91. It is obvious that the identities and of Definition 4.4.1| are satisfied since
(xy)z =0, for all x,y,z € M. O

By the above proposition, the study of anti-commutative Novikov algebras is reduced to the
study of 2-step nilpotent Lie algebras. Moreover, the formula in this proposition also can be
used to define a 2-step nilpotent symmetric Novikov algebra from a 2-step nilpotent quadratic
Lie algebra. Recall that there exists only one non-Abelian 2-step nilpotent quadratic Lie algebra
of dimension 6 up to isomorphisms (Remark then there is only one anti-commutative
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symmetric Novikov algebra of dimension 6 up to isomorphisms. However, there exist non-
commutative symmetric Novikov algebras that are not 2-step nilpotent [AB10]. For example,

let N = g¢ GLB Cc where gg is the 6-dimensional elementary quadratic Lie algebra in Proposition
and Cc is a pseudo-Euclidean simple Jordan algebra with the bilinear form B.(c,c) = 1
(obviously, this algebra is a symmetric Novikov algebra and commutative). Then 91 becomes
a symmetric Novikov algebra with the bilinear form defined by B = By, + B, where By, is

the bilinear form on gg. We can extend this example for the case 91 = g é J where g is a
2-step nilpotent quadratic Lie algebra and  is a symmetric Jordan-Novikov algebra defined
below. However, these algebras are decomposable. An example in the indecomposable case of
dimension 7 can be found in the last part of this section.

Proposition 4.4.12. Let )1 be a Novikov algebra. Assume that its product is commutative,
that means xy = yx, for all x,y € M. Then the identities ([Il) and ({[V) of Definition are
equivalent to the only condition:

(x,5,2) = (xy)z—x(yz) =0, Vx,y,z € N.

That means that ‘N is an associative algebra. Moreover, N is also a Jordan algebra. In this
case, we say that ‘N is a Jordan-Novikov algebra. In addition, if  has a non-degenerate asso-
ciative symmetric bilinear form, then we say that ) is a symmetric Jordan-Novikov algebra.

Proof. Assume 1 is a commutative Novikov algebra. By (1) of Proposition the product
is also associative. Conversely, if one has the condition:

(xy)z—x(yz) =0, Vx,y,z €N
then is zero and is obtained by (yx)z = y(xz), for all x,y,z € 9. u

Example 4.4.13. Recall the pseudo-Euclidean Jordan algebra J in Example spanned by
{x,x1,y1} where the commutative product on J is defined by:

2 2
Y1 =1, Y1X = X, y1X1 = X1,X = X1.

It is easy to check that this product is also associative. Therefore, JJ is a symmetric Jordan-
Novikov algebra with the bilinear form B defined by B(x1,y;) = B(x,x) = 1 and the other zero.

Example 4.4.14. Pseudo-Euclidean 2-step nilpotent Jordan algebras are symmetric Jordan-
Novikov algebras.

Remark 4.4.15.

(1) By Lemma if the symmetric Novikov algebra 0 has Ann(91) = {0} then [x,y] =
xy—yx =0, for all x,y € 1. It implies that 91 is commutative and then 1 is a symmetric
Jordan-Novikov algebra.

(2) If the product on 1 is associative then it may not be commutative. An example can be
found in the next part.
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(3) Let 91 be a Novikov algebra with unit element e, that is ex = xe = x, for all x € 91. Then
xy = (ex)y = (ey)x = yx, for all x,y € Dt and therefore 1 is a Jordan-Novikov algebra.

(4) The algebra given in Example4.4.13|is also a Frobenius algebra, that is a finite-dimensional
associative algebra with unit element equipped having a non-degenerate associative bilin-
ear form.

A well-known result is that every associative algebra 91 is Lie-admissible and Jordan-
admissible, that is, if (x,y) — xy is the product of 91 then the products

e, y] =xy—yx and [x,y]+ =xy+yx

define respectively a Lie algebra structure and a Jordan algebra structure on 1. There exist
algebras satisfying each one of these properties. For example, the non-commutative Jordan
algebras are Jordan-admissible [Sch35] or the Novikov algebras are Lie-admissible. However,
remark that a Novikov algebra may not be Jordan-admissible by the following example:

Example 4.4.16. Let the 2-dimensional algebra 91 = Ca @ Cb such that ba = —a, zero other-
wise. Then 91 is a Novikov algebra [BMHO2]. One has [a,b] = a and [a,b]+ = —a. For x € N,
denote by ad;” the endomorphism of 0 defined by ad; (y) = [x,y]+ = [y,x], forall y € 9. It is

easy to see that
0 -1 -1 0
+_ + _
ada—(O O)andadb—(o 0).

Letx=Aa+ubeMN, A,u € C, one has [x,x]; = —2A ua and therefore:

(M —A +  _ (0 2Au
ad; = < 0o 0 > and ad[m]+ = (O Nk

Since [ad, ad[t X]+] # 01if A, 1 # 0, then D is not Jordan-admissible.
We will give a condition for a Novikov algebra to be Jordan-admissible as follows:

Theorem 4.4.17. Let Nt be a Novikov algebra satisfying
(x,x,x) =0, Vx €N V)

Define on Nt the product [x,y]+ = xy+yx, for all x,y € N then N is a Jordan algebra with this
product. In this case, it is called the associated Jordan algebra of 0 and denoted by J(2).

2

Proof. Let x,y € M then we can write x> = x?x = xx”. One has

[, ¥4, e ) = [y v, 267 4 = 2(xey)ac® + 2 () + 24 (xy) + 2% (3x)

= 220y +2(y)x 4 22 (xy) + 2¢% (yx)

and
e, [, [, )4 )+ = [, 2007 2024 = 2x() + 2x(x%y) + 2 (%) x + 2 (%)

= 2x(yx?) + 2x(x%y) + 2(yx)x? + 2x7y.
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Therefore, [[x,y]+, X, x]+]+ = [x, [, [, x]4 ]+ ]+ if and only if x? (xy) 4+ x%(yx) = x(yx?) +x(x%y).
Remark that we have following identities:

xy) =y — (x,y) =y — (x,2%,y),

yx) = (Py)x — (62, y,x) =y — (n,4%,%),
x(yx?) = ()% — (x,3,4%) = Py — (n,x,4%),
x(x2y) = x3y - (x7x27y)'

It means that we have only to check the formula (y,x?,x) = (y,x,x?). It is clear by the identities
and (V). Then we can conclude that J(91) is a Jordan algebra. O

Corollary 4.4.18. If (M, B) is a symmetric Novikov algebra satisfying (V) then (J(M),B) is a
pseudo-Euclidean Jordan algebra.

Proof. 1t is obvious since B([x,y]+,z) = B(xy + yx,z) = B(x,yz+ zy) = B(x, [y,z]+), for all
x,y,2 € J(MN). O

Remark 4.4.19. Obviously, Jordan-Novikov algebras are power-associative but in general this
is not true for Novikov algebras. Indeed, if Novikov algebras were power-associative then they
would satisfy (V). That would imply they were Jordan-admissible. But, that is a contradiction
as shown in Example

Lemma 4.4.20. Let 0t be a Novikov algebra then [x,yz)+ = [y,x2|+, for all x,y,z € N.

Proof. By (III), for all x,y,z € 9N one has (xy)z+y(xz) = x(yz) + (yx)z. Combined with (IV),
we obtain:

(x2)y +y(xz) = x(yz) + (vz)x.
That means [x,yz]+ = [y,xz]+, for all x,y,z € N. O

Proposition 4.4.21. Let (M, B) be a symmetric Novikov algebra then following identities:
(1) x|y, z] = [y,zJx =0, and therefore [x,yz]+ = [x,zy]+,
(2) [xy]+z=[x.24,
(3) [x,yzl+ =[xy 2s =xy s = [x,y]4z,
(4) xly,z+ =[x,
hold for all x,y,z € N.
Proof. Let x,y,z and t be elements in 1.
(1) By Proposition@ and Lemma@ Ly, = 0 so one has (1).

(2) We have B([x,y]+z,t) = B(y, [x,zt]+) = B(y, [z,xt]+) = B([z,y]+x,t). Therefore, [x,y|1z=
[z,¥]+x. Since the product [, |+ is commutative then [y, x|z = [y,z]+x.
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(3) By (1) and Lemma4.4.20} [x,yz]+ = [x,2y]+ = [z,xy]+ = [xy,2)+.
Since B is associative with respect to the product in 91 and in J(91) then

B(ta [xyuz]-i-) ZB([t,xy]+,z) :B([l7yX]+,Z) :B([y,tX]+,Z) :B(txu [y,z]+) :B(I,X[y,z]+).
It implies that [xy,z]+ = x[y,z]+. Similarly, one has:

B([xvy]+z7t) :B(X, [y,zt]+) :B(x7 [y,tz]+) :B<X, [t,yz]+) :B<[)C,yz]+,l).

So [x,y]+z = [X,yz]+.
(4) By (2) and (3), x[y,z]+ = [x,y]+2 = [y,x] 1z = [y, 2] +x.
O

Corollary 4.4.22. Let (M,B) be a symmetric Novikov algebra then (J(MN),B) is a symmetric
Jordan-Novikov algebra.

Proof. We will show that [[x,y]+,z]+ = [x, [y,z]+]+, for all x,y,z € 9. Indeed, By Proposition
4.4.21]one has

[, 3], 2]+ = 209, 2]+ = 2[z, 094 = 2[x,y2] 4 = [x, [y, 2]+ ]+

Hence, the product [, ]+ are both commutative and associative. That means J(91) be a Jordan-
Novikov algebra. ]

It results that if a Novikov algebra is symmetric then it is Jordan-admissible. In fact, we
have the much stronger result as follows:

Proposition 4.4.23. Let Nt be a symmetric Novikov algebra then the product on ‘N is associative,
that is x(yz) = (xy)z, for all x,y,z € M.

Proof. First, we need the lemma:

Lemma 4.4.24. Let 0t be a symmetric Novikov algebra then N> C Z(N).

Proof. By Lemma/4.4.8| one has [x,y] = xy —yx € Ann(9) C Z(N), for all x,y € N. Also, by (4)
of Proposition 4.4.21}, x[y,z]+ = [y,z]+x, for all x,y,z € M, that means [x,y]; = xy+yx € Z(N),
for all x,y € M. Hence, xy € Z(MN), for all x,y € N, i.e. N> C Z(N). O

Letx,y,z € N. By above Lemma, one has (yz)x = x(yz). Combined with ([V), (yx)z =x(yz).
On the other hand, [x,y] € Ann(91) implies (yx)z = (xy)z. Therefore, (xy)z = x(yz). O

A general proof of the above proposition can be found in [AB10], Lemma I1.4 which holds
for all symmetric left-symmetric superalgebras.

By Corollary if O is a symmetric Novikov algebra then g(91) is 2-step nilpotent.
However, J(91) is not necessarily 2-step nilpotent, for example the one-dimensional Novikov
algebra Cc with ¢> = ¢ and B(c,c) = 1. If M is a symmetric 2-step nilpotent Novikov algebra
then (xy)z = 0, for all x,y,z € M. So [[x,y]+,z]+ =0, for all x,y,z € M. That implies J(MN) is
also a 2-step nilpotent Jordan algebra. The converse is also true.
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Proposition 4.4.25. Let Nt be a symmetric Novikov algebra. If J(N) is a 2-step nilpotent Jordan
algebra then ‘N is a 2-step nilpotent Novikov algebra.

Proof. Since (4) of Proposition 4.4.21} if x,y,z € 91 then one has

[[xay]-HZ]-i- - [x,y]+z+z[x,y]+ = 2[X,)’]+Z =0.

It means [x,y]+ = xy + yx € Ann(91). On the other hand, [x,y] = xy — yx € Ann(91) then xy €
Ann(M), for all x,y € N. Therefore, N is 2-step nilpotent. O

By Proposition4.4.11} since the lowest dimension of non-Abelian 2-step nilpotent quadratic
Lie algebras is six then examples of non-commutative symmetric Novikov algebras must be at
least six dimensional. One of those can be found in [ZCO07]] and it is also described in term of
double extension in [AB10]. We recall this algebra as follows:

Example 4.4.26. First, we define the character matrix of a Novikov algebra 9t = span{ey,...,e,}

by
k k
YicCli€k - XkCinCk
: . : ,
k k
YiCpi€k - Lk CnnCh
where c¥. are the structure constants of M, i. e. eje; = Y cfjek.

Now, let 91 be a 6-dimensional vector space spanned by {ej,...,e¢} then g is a non-
commutative symmetric Novikov algebras with character matrix

0000 O O
0000 O O
000 0 O O
000 0 es O
000 0 0 e
000 e O O
and the bilinear form B defined by:

0001O00O0

000O0T1O0

000O0O0°1

1 00 0O0O

01 00O0O0

001000O0

Obviously, in this case, Mg is a 2-step nilpotent Novikov algebra with Ann(91) = 902, More-
over, g is indecomposable since it is non-commutative and all of symmetric Novikov algebras
up to dimension 5 are commutative.

In fact, in the next proposition, we prove that all non-commutative symmetric Novikov
algebras of dimension 6 are 2-step nilpotent. We need the following lemma:
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1
Lemma 4.4.27. Let ) be a non-Abelian symmetric Novikov algebra then 1 = 3 & | where
3 C Ann(N) and | is a reduced symmetric Novikov algebra, that means | # {0} and Ann(Il) C 2.

Proof. Let 30 = Ann(N) N2, 3 is a complementary subspace of 39 in Ann(91) and [ = 3.
If x is an element in 3 such that B(x,3) = 0 then B(x,M?) = 0 since Ann(MN) = (M?)*. Asa
consequence, B(x,30) = 0 and then B(x, Ann()) = 0. Hence, x must be in N since Ann(N) =
(M2)*. It shows that x = 0 and 3 is non-degenerate. By Lemma [ is a non-degenerate

I
idealand Ml =3 ® L.
Since M is non-Abelian then [ # {0}. Moreover, [ = 92 implies 30 C I°. It is easy to see
that 3o = Ann([) and the lemma is proved. O

Proposition 4.4.28. Let 0N be a non-commutative symmetric Novikov algebras of dimension 6
then N is 2-step nilpotent.

Proof. Let M = span{x|,x2,x3,21,22,23}. By Remark[2.4.21] there exists only one non-Abelian
2-step nilpotent quadratic Lie algebra of dimension 6 (up to isomorphisms) then g(t) = ge.
We can choose the basis such that [x,x;] = z3, [x2,x3] = z1, [x3,X1] = 22 and the bilinear form
B(x;,z;) =1, i = 1,2,3, the other are zero.

Recall that Z(M) ={x €N | xy=yx, Vy e N} then ZMN) ={x €N | [x,y] =0, Vye
M}. Therefore, Z(M) = span{z1,22,23} and N> C Z(N) by Lemma Consequently,
dim(91?) < 3.

By Lemma@.4.27} if 91 is not reduced then 91 = 3 GLB [ with 3 C Ann(91) is a non-degenerate
ideal and 3 # {0}. It implies that [ is a symmetric Novikov algebra having dimension < 5
and then [ is commutative. This is a contradiction since 91 is non-commutative. Therefore,
91 must be reduced and Ann(91) C M2, Moreover, dim(91?) 4 dim(Ann(N)) = 6 so we have
IM? = Ann(N) = Z(M). It shows that N is 2-step nilpotent. O

In this case, the character matrix of 91 in the basis {x;,x2,x3,21,22,23} is given by:

(0 )

where A is a 3 X 3-matrix defined by the structure constants x;x; = Y cszk, 1<i,jk<3, and
B has the matrix:

0001O00
000O0T10PO0
000O0O01
1 00 0O0O
01 0O0O00©O0
001000

Since B(xi)fj,xk) = B(xi,xjxk) = B(xj,xkxi) then one has cf] =cly= c,]a., 1<i,j,k<3.
Next, we give some simple properties for symmetric Novikov algebras as follows:

Proposition 4.4.29. Let 0t be a non-commutative symmetric Novikov algebra. If N is reduced
then
3 < dim(Ann(MN)) < dim(9?) < dim(N) - 3.
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Proof. By Lemma 4.4.24, Mt? C Z(MN). Moreover, 9t non-commutative implies that g(1) is
non-Abelian and by Remark 2.2.10, dim ([91,91]) > 3. Therefore, dim(Z(91)) < dim() — 3
since Z(M) = [9,N]*. Consequently, diim(M?) < dim(N) —3 and then dim(Ann(MN)) >3. O

Corollary 4.4.30. Let 1 be a non-commutative symmetric Novikov algebra of dimension 7. If
N is 2-step nilpotent then N is not reduced.

Proof. Assume that 0 is reduced then dim(Ann(91)) = 3 and dim(9?) = 4. It implies that there
must have a non-zero element x € 0 such that x0T # {0} and then 91 is not 2-step nilpotent. [

Now, we give a more general result for symmetric Novikov algebra of dimension 7 as fol-
lows:

Proposition 4.4.31. Let Nt be a non-commutative symmetric Novikov algebra of dimension 7.
If Nis reduced then there are only two cases:

(1) N is 3-step nilpotent and indecomposable.

i
(2) M is decomposable by Mt = Cx & Ng where x> = x and N is a non-commutative sym-
metric Novikov algebra of dimension 6.

Proof. Assume that 0 is reduced then dim(Ann(N)) = 3, dim(D?) = 4 since Ann (1) C N? and
Ann(D) = (M?)*L. By [Bou59], Ann(N) is totally isotropic then there exist a totally isotropic
subspace V and a non-zero x of 1 such that

N=AmMN)eCxpV,

where Ann(91) @V is non-degenerate, B(x,x) # 0 and x = Ann(M) V. As a consequence,
Ann(MN) © Cx = (Ann(N))*+ = N2

Consider the left-multiplication operator L, : Cx®V — Ann(2) & Cx, L,(y) = xy, for all
y € Cx®V. Denote by p the projection Ann(1) @ Cx — Cux.

e If poL, =0 then (M) =xN C Ann(N). Therefore, ((NNN)IN)Dt = {0}. That implies
N is 3-nilpotent. If D1 is decomposable then T must be 2-step nilpotent. This is in
contradiction to Corollary 4.4.30]

e If poL, # 0 then there is a non-zero y € Cx&® V such that xy = ax+z with 0 # a € C and
z € Ann(N). In this case, we can choose y such that @ = 1. It implies that (x?)y = x(xy) =
2
X
If x> = 0 then 0 = B(x?,y) = B(x,xy) = B(x,x). This is a contradiction. Therefore, x*> # 0.
Since x> € Ann(N) @ Cx then x> = 7/ + px where 7/ € Ann(N) and y € C must be non-
zero. By setting x' := ;; and 7'= ﬁ—;, we get (¥')? =7 +x'. Let x; := (x')?, one has:
2 (N2 N2 M Y/ N
xp= ()77 = (@ +x) (2 +x) = x1.
Moreover, for all t = Ax+v € Cx@V, we have t (x*) = (x?)t = x(xt) = Au(x?). It implies
that Cx? = Cx is an ideal of 1.

L
Since B(x1,x1) # 0, by Lemma [4.4.5 one has 0 = Cx; @ (x1)*. Certainly, (x;)* is a
non-commutative symmetric Novikov algebra of dimension 6.
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]

Proposition 4.4.32. Let N be a symmetric Novikov algebra. If g(N) or J(N) is reduced then
N is reduced.

Proof. Assume that 0 is not reduced then there is a non-zero x € Ann(9t) such that B(x,x) = 1.
Since [x, 0] = [x,N]+ = 0 then g(IN) and J(N) are not reduced. O

Corollary 4.4.33. Let N be a symmetric Novikov algebra. If g(N) is reduced then N must be
2-step nilpotent.

Proof. Since g(M) is reduced then Ann () C 2. On the other hand, dim(Z(M)) = dim ([, N]) =
$dim(MN) so dim(Ann(MN)) = dim(N?). Therefore, Ann(N) = N? and N is 2-step nilpo-
tent. O]

Example 4.4.34. By Example[d.4.2] every 2-step nilpotent algebra is Novikov then we will give
here an example of non-commutative symmetric Novikov algebras of dimension 7 which is 3-
step nilpotent. Let 91 = Cx & Mg be a 7-dimensional vector space where 91¢ is the symmetric
Novikov algebra of dimension 6 in Example Define the product on 91 by

Xe4 = e4X = €],e4€4 = X, 465 = €3,€566 = €1,€6¢4 = €2,
and the symmetric bilinear form B defined by

B(x,x) = B(e1,e4) = B(ez,e5) = B(es, e6) = 1
Bles,e1) = B(es,ez) = B(eg,e3) =1,
0 otherwise.

Note that in above Example, g(9) is not reduced since x € Z(N).
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Appendix A

In this appendix, we recall some facts on skew-symmetric maps used in this thesis. Nothing
here is new, but short proofs are given for the sake of completeness.

Throughout this section, let V be a vector space endowed with a non-degenerate bilinear
form B¢ (quadratic or symplectic) and C be a skew-symmetric map in g then one has the useful
identity ker(C) = (Im(C))=.

Lemma A.1. There exist subspaces W and N of V such that:

1
(1) N C ker(C), C(W)C W andV =W & N.

(2) Let By = B¢|lwxw and Cw = C|w. Then By is non-degenerate, Cyy € g¢(W,By ) and
ker(Cw) C Im(Cw) = Im(C).

Proof. We follow the proof of Proposition 2.1.5] Let Ny = ker(C) NIm(C) and let N be a
complementary subspace of Ny in ker(C), ker(C) = Ny ®N. Since ker(C) = (Im(C))+, we have

Be(No,N) = {0} and NN N+ = {0}. So, if W = N+, one has V =W é N. From C(N) = {0},
we deduce that C(W) C W.

It is clear that Be is non-degenerate on W and that Cyy € g¢(W). Moreover, since C(W) C W
and C(N) = {0}, then Im(C) = Im(Cw). It is immediate that ker(Cy) = Ny, so ker(Cy) C
Im(Cw). O

Lemma A.2. Assume that ker(C) C Im(C). Denote by L =ker(C). Let {Ly,...,L,} be a basis
of L.

(1) Ifdim(V) is even, there exist subspaces L' with basis {L},...,L,}, U with basis {Uy,...,Us}

and U’ with basis {U{,...,U{} such thatBe(L,-,L;-) =8;j, forall 1 <i,j<r, Land L' are

totally isotropic, B (Uj, U]’) = 8;j, forall 1 <i,j<s, U and U’ are totally isotropic and
!/ L /
V=(LaL)s UalU).
1

1 1
Moreover Imn(C) =L ® (UdU")andC: L'  (UaU') — L& (UaU’) is a bijection.

(2) If € =1 and dim(V) is odd, there exist subspaces L', U and U’ as in (1) and v € V such
that B¢(v,v) = 1 and

1 1
V=(LeLl)aCva Ual').
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(3)

L1 L1 L1
Moreover Im(C) =L S Cvd (UaU')andC: L' aCvad (UaU') - LeCva (U
U') is a bijection.

If € = 1, in both cases, rank(C) is even.

Proof. Since (ker(C))* =Im(C), L is isotropic.

ey

2)

3)

If dim(V) is even, there exist maximal isotropic subspaces W; and W, such that V =
W1 @ W, [Boud9] and L C W;. Let U be a complementary subspace of L in W;, W) =
L& U and {Uy,...,Uy} abasis of U. Consider the isomorphism ¥ : W, — W[ defined by
W(wy)(wy) = Be(wa,wy), for all wi € Wy, wp € Ws. Define Ll =y 1(L), 1<i<r L' =
span{L},...,L;}, Ui =y~ (U}), 1 < j <, U =span{UJ,...,U}. Then Be(L;,L}) =
0ij, 1 <i,j <r, Land L are isotropic, Bg(Ui,UJ’.) = §;j, forall 1 <i,j <s, U and U’ are
isotropic and

V:(L@L’)é Ual').

1 1

Since Im(C) = L, we have Im(C) = L & (U@ U’). Finally, if ve L' ® (U®U’) and
1

C(v) =0, then ve L. Sov=0. Therefore C is one to one from L' & (U & U’) into

L
L @ (U U’) and since the dimensions are the same, C is a bijection.

L
There exist maximal isotropic subspaces W; and W, such that V = (W} @ W,) @ Cv, with
v € V such that Bg(v,v) = 1 and L C W) [Bou59]. Then the proof is essentially the same
asin (1).
1
Assume that dim(V) is even. Define a bilinear form Aon L' & (U & U’) by A(vi,v,) =
1
Be(v1,C(v2)), forall vi, vy e L' & (U U'"). Since C € o(V), A is skew-symmetric. Let
L 1
vieL' @ (UaU’)suchthat A(vi,v2) =0, forallv, € L' © (U®U’). Then B¢ (vi,w) =0,
1
forallwe L& (U@ U'"). It follows that B¢ (vi,w) =0, forallw € V, so vi =0 and A is
1
non-degenerate. So dim(L' & (U @ U’) is even. Therefore dim(L") = dim(L) is even and

rank(C) is even. If V is odd-dimensional, the proof is completely similar.

]

Corollary A.3. IfC € o(V), then rank(C) is even.

Proof. By Lemmal[A.1] Im(C) = Im(Cyw) and rank(Cy ) is even by the preceding Lemma. [

For instance, if C € o(V) and C is invertible, then dim(V') must be even. But this can also
be proved directly: when C is invertible, then the skew-symmetric form Ac on V defined by
Ac(v1,v2) = Be(v1,C(v7)), for all v, vy € V, is clearly non-degenerate.

1
When C is semisimple (i.e. diagonalizable), we have V = ker(C) © Im(C) and Clpy(c) is
invertible. So semisimple elements are completely described by:
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Lemma A.4. Assume that C is semisimple and invertible. Then there is a basis {ey,...,ep,
fi,--, fp} of V such that B¢ (ej,ej) = Be(fi, fj) =0, Be(ei, fj) = 8ij, 1 <i,j < p. For1 <i<p,
there exist non-zero A; € C such that C(e;) = Aie; and C(f;) = —Aif;.

Moreover, if A denotes the spectrum of C, then A € A if and only if —A € A, A and —A have
the same multiplicity.

Proof. We prove the result by induction on dim(V). Assume that dim(V) = 2. Let {e,e>}
be an eigenvector basis of V corresponding to eigenvalues A; and A,. We have B¢(C(v),V') =
—B¢(v,C(V)) and C is invertible, so Be(eq,e1) = Be(ez,e2) =0, Be(e1,e2) #0and Ay = — 4.

Let f1 = e2, then the basis {ey, f1 } is a convenient basis.

BS (61 9 62)
Assume that the result is true for vector spaces of dimension n with n < 2(p —1). As-
sume dim(V) = 2p. Let {ey,...,ez,} be an eigenvector basis with corresponding eigenvalues

M,...,A2p. As before, Be(eje;) =0, 1 <i < 2p, so there exists j such that Be(ey,e;) #

0. Then A; = —Ay. Let f| = ej. Then Bg|span{e,,f} is non-degenerate, so V =

Be(e1,¢))
1
span{ey, fi} © V| where V| = span{ey, fi}*. But C maps V; into itself, so we can apply the
induction assumption and the result follows. ]

As a consequence, we have this classical result, used in Chapter 1:

Lemma A.5.

(1) Let C be a semisimple element of o(n). Then C belongs to the SO(n)-adjoint orbit
of an element of the standard Cartan subalgebra of o(n) (i.e., an element with matrix
diagzp(ll,...,lp,—ll,...,—lp) lfl’l = 2p and diagzpﬂ(ll,...,lp,O,—ll,...,—/lp) lf

n=2p+ 1 in a canonical basis of C").

(2) Let C be a semisimple element of sp(2p). Then C belongs to the Sp(2p)-adjoint orbit
of an element of the standard Cartan subalgebra of sp(2p) (i.e., an element with matrix

diagy (A1, -, Ap, —A15. 0, =2p)).

(3) Let C and C' be semisimple elements of ge. Then C and C' are in the same I¢-adjoint orbit
if and only if they have the same spectrum, with same multiplicities.

Proof.

1
(1) We have C" = ker(C) @ Im(C) and rank(C) is even. So dim(ker(C)) is even if n = 2p
and odd, if n = 2p + 1. Then apply Lemmato Clim(c) to obtain the result.

(2) The proof is similar to (1) with n even.

(3) If C and C’ have the same spectrum and their eigenvalues having same multiplicities, they
are I¢-conjugate to the same element of the standard Cartan subalgebra.
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Remark A.6.
(1) Caution: O(n)-adjoint orbits are generally not the same as SO(n)-adjoint orbits.
(2) Lemma [A.5] (1) is a particular case of a general and classical result on semisimple Lie
algebras: any semisimple element of a semisimple Lie algebra belongs to a Cartan subal-

gebra and all Cartan subalgebras are conjugate under the adjoint action [Sam80]. Here, ge
are semisimple Lie algebras and the corresponding adjoint groups are SO(n) and Sp(2p).
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Here we prove:

Lemma B.1. Let (g,B) be a non-Abelian 5-dimensional quadratic Lie algebra. Then g is a
singular quadratic Lie algebra.

Proof.

We assume g is not solvable and then we write g = s &t where s is semisimple and v is
the radical of g [Bou71|]. Then s ~ s[(2) and B|sxs = Ak where « is the Killing form.

If A =0, consider ¥ : s — v* defined by ¥(S)(R) = B(S,R), for all S € s, R € t. Then
Y is one-to-one and ¥ (ad(X)(S)) = ad*(X)(y(S)), for all X, S € 5. So ¥ must be a
homomorphism from the representation (s,ad|s) of s into the representation (¢*,ad" |s),
so ¥ = 0, a contradiction.

So A # 0. Then B|sxs is non-degenerate. Therefore g = s GLB 5T and ad(s)|,. is an or-
thogonal 2-dimensional representation of s. Hence, ad(s)|,. = 0 and [s,51] = 0. We
have B(X,[Y,Z]) = B([X,Y],Z) =0, forall X €5,Y € 5+, Z € g. It follows that 5% is an
ideal of g and therefore a quadratic 2-dimensional Lie algebra. So s is Abelian. Finally,

L
g =25 @ s with s a central ideal of g, so dup(g) = dup(s) = 3.

1
We assume that g is solvable and we write g = [ & 3 with 3 a central ideal of g (Proposition
2.1.5). Then dim([) > 3. If dim([) = 3 or 4, then it is proved in Proposition[2.2.15|that [ is
singular, so g is singular. So we can assume that g is reduced, i.e. Z(g) C [g,g]. It results

that dim(Z(g)) = 1 or 2 (Proposition (3) and Remark 2.2.10).

- If dim(Z(g)) = 1, 2(g) = CXo. Then dim([g,g]) = 4 and [g,g] = X;-. We can
choose Yy such that B(Xo,Yy) = 1 and B(Yy,Yy) = 0. Let q = (CXy @ CYy)*. Then

0= (CXo&CY) & q. If X, X' € q, then B(Xo, [X,X']) = B([X0,X],X") = 0, s0
[X,X'] € X5-. Write [X,X'] = A(X,X")Xo + [X,X']q with [X,X']q € q. Remark that
X, X X" = A(X, X', X"])q)Xo + [X,[X',X"]g)q, for all X, X', X" € q. So [,"]q
satisfies the Jacobi identity. Moreover B([X,X'],X") = —B(X’,[X,X"],). But also
B([X,X'],X") = B([X,X"]q,X"). So (q,[*,]q,Blqxq) is a 3-dimensional quadratic
Lie algebra.

If q is an Abelian Lie algebra, then [X,X'] € CXj, for all X, X’ € q. Write B(Y, [X,X’])
= B([Y0,X],X’) to obtain [X,X'] = B(ad(Yo)(X),X')Xo, for all X, X’ € q. Since
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dim(q) =3 and ad(Y))|4 is skew-symmetric, there exists Qg € q such that ad(Yy)(Qo) =
0. It follows that Qg € Z(g) and that is a contradiction since dim(Z(g)) = 1.

Therefore (q,[-,-]q) ~ s(2). Consider
0—CXg— X5 —q—0.

Then there is a section ¢ : g — X" such that 6 ([X,X']¢) = [0(X),o(X")], for all X,
X’ € q [Bou71]]. Then o(q) is a Lie subalgebra of g, isomorphic to s(2) and that is
a contradiction since g is solvable.

- If dim(Z(g)) = 2, then we choose a non-zero Xy € Z(g) and ¥y € g such that

B(X(),Y()) =1and B(Y(),Y()) =0. Let q= ((CX()EBCYQ)L. Then g= (CX()EB(CY()) é q
and as in the preceding case, [X,X'] € X", for all X, X’ € q. Write [X,X'] =
A(X,X")Xo+[X,X']q with [X,X']q € q. Same arguments as in the preceding case al-
low us to conclude that |-, -], satisfies the Jacobi identity and that B|;xq is invariant.
So (q,[,]q:Blgxq) is a 3-dimensional quadratic Lie algebra.

If q ~ sl(2), then apply the same reasoning as in the preceding case to obtain a
contradiction with g solvable.

If g is an Abelian Lie algebra, then [X,X ! | € CXp, for all X, X’ € q. Again, as in the
preceding case, [X,X'] = B(ad(Yp)(X),X")Xp, for all X, X" € q. Then it is easy to
check that g is the double extension of the quadratic vector space q by C = ad(Y;) lq-
By Proposition g is singular.

[]
Remark B.2. Let us give a list of all non-Abelian 5-dimensional quadratic Lie algebras:

i L
o g~ 0(3) @ C? with C? central, 0(3) equipped with bilinear form Ak, A € C, A # 0 and
k the Killing form. We have dup(g) = 3.

1

i L
o g ~ g4 ® C with C central, g4 the double extension of C? by (O

_01), g is solvable,
non-nilpotent and dup(g) = 3.

. 01 O
o g ~ gs, the double extension of C* by [ 0 0 —1 |, gis nilpotent and dup(g) = 3.
00 O

1
See Proposition [2.2.29| for the definition of g4 and gs. Remark that g4 & C is actually the

1 0 O
double extension of C*by [0 0 0
00 —1
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We will classify (up to isomorphisms) 3-forms on a vector space V with 1 < dim(V) <5
that can be applied in the classification of quadratic solvable or 2-step nilpotent Lie algebras of
low dimension in Chapter 2. The method is based only on changes of basis in the dual space
V.

Let I € 273 (V) be a 3-form on V. It is obvious that / = 0 if dim(V) = 1 or 2.

Case 1: dim(V) =3

If 7 # 0 then there exists a basis {a;, @, a3} of V* such that I = a0y A o A @3. Replace
by éocl, we get the result
I=o1 NN os.

Case 2: dim(V) =4

We will show that every 3-form on V is decomposable. Hence .o7> (V) has only a non-zero
3-form (up to isomorphisms). Let {¢, 0,03, 04} be a basis of V*. Then I has the following
form:

I=aci Nop Noz+boy Ao Aoy +coip Ao A\ Oy +dop N\ oz N\ Oy,

where a,b,c,d € C. We rewrite:
I=o0Nop A (aOC3 —|—bOC4) + (COCl —l—dOCz) A0z N\ 0Oy.

Ifaos+bay =0or coy +dop =0 then [ is decomposable. If aoz +boy # 0 and coty +d oy #
0, then we can assume that a # 0 and ¢ # 0. We replace Z by b’ and ‘EZ by d’ to get:

I=aay Nop A (03 +b ag) +clag +d o) Ao A ay.
We change the basis of V* as follows:
Bi=ai+d o, pr=0n, B3 =05+boy, By =ou.
Then I = afy A B A B3 + ¢y A B3 A Bs. It means that
I=PB1N(aBr—cPBs)NBs.

Therefore, I is decomposable.
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Case 3: dim(V) =5

Proposition C.1. If I is an indecomposable 3-form on'V then there exists a basis {Qy, 0, 03,
0y, 0} of V* such that I has the form

=0y A(aop Noz +boag A as),
where a,b € C.

Proof. First, we prove the following lemma:

Lemma C.2. Let V| be a 4-dimensional vector space and J be a 2-form on V. Then there exists
a basis {1, B2, B3, Ba} of V| such that

J = pB1AB2+aqB3 N Ba,

where p,q € C.
Proof. Let {1, B2, B3, Ba} be a basis of V|* then J has the form:

J = Bi A(aPz2+bP3+cPa) + B2 A (dB3 +ePa) + B3 N Ba,
where a,b,c,d,e, f € C.
(1) If aPy +bPs+cPs = 0 and dfs + efs = O then the result follows.

(2) If affy +bB3 + cPs = 0 and dfs + efs # 0 then we can assume d # 0. Replace with
Bs=Bs+ 5Bsand B, = B — 5 B4 then we have the result.

(3) Ifafr +bPs+cPs # 0 and d Pz + efs = 0 then we can assume that a # 0 because if a =0
then we return (2). Replace with 8, = 3, + g B3 + < B4 one has the result.

(4) If f =0 we can assume d # 0. Replace with B = B3 4 £ 4 then we return (3).

(5) If affy +bB3+cPs # 0 and dfz + P4 # 0 then we can assume that d # 0. Replace with
B3 = B3 + 5 B4 then we return the case (4). Therefore, J has only the form

J=pBiAB2+qP3 A Pa,
where p,q € C.
O

By the above Lemma we can choose {0, 0p, 03, 04, 065 } a basis of V* such that I has the
form:

I=0 1 NQ+aocm Aoz N\og+bop Aoz N5+ cOp Aoy A\ ots+doz N\ oy Ao,

where Q = pop N o3 + qoy A\ os and a, b, c,d, p,q € C. Now, we need the next lemma:
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Lemma C.3. The element I always has the form:
I=0 ANQ+1,
where I} = 0 or I} decomposable. More particularly, I has the following possible forms:
a) =03 NQ.
b) I=a) NQ+ 0 Aoz A(aoy+bos), a # 0.
c) =y ANQ+(cop+doz) Nay N as, ¢ # 0.
d) I=01 \NQ+ 0 A (a0z —cos) Ay, a,c #0

Proof. Werewrite I = oy AQ+ 0 Aoz A (ats+bas)+ (con+dos) Aoy A os. If aoy +bos =0
or co +doz = 0 then [ has the form a), b) or ¢). If aqy + bas # 0 and cop + dos # 0 then we
can assume that a # 0 and ¢ # 0. Replace with b’ = g, d = % and

oy =0o+d oz, ay=as+bos.
Note that our change keeps the form of Q. Therefore, one has:
I=0 AQ+achNoz Aoy +cos Aoy Ao,
It means that / has the form d). [l

Clearly, the forms b) and c) of I are equivalent then we only consider the form b). We rewrite
the form b) as follows:

I=o AN(pop Aoz +qoy N as)+ o Aoz A (acy + bas)

=m Ao (pay+aoy+bos)+qoy Aoy N\ .

Replace with p’ = £, 1/ = g and after that oy = p'oy + o4 + b’ a5 then we obtain
I=o0y A (atr N\oz—qoy Aots).
For the form d), we rewirite
I=0mAos A (poy+acy)+(qay+con) Aoy Aas.

If p=g=0then! = Ao A (—aos+ cos) decomposable.
If p£0,letad = + and set oy = a; +d oy then

I=pop Aoz Aoy +(qo +con) Aoy A as.
Let¢' = % and o) = gat| + 0 then

I=a,A(pazAaj+cayAas).
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Corollary C.4. LetV be a vector space, V* its dual space and I be a 3-form on'V. Define
Vi={aeV"| a ANl =0} and dup(V) = dim(Vj).
Then dup(V) #0if 1 <dim(V) <5.

Proof. 1t is easy to see that if / = 0 then V; = V*. If I is a non-zero decomposable 3-form then
dup(V) = 3. Assume that / is indecomposable. Since dim(V) < 5 then it happens only in the
case dim(V) = 5. In this case / has the form as in Proposition with a, b # 0. Therefore one
has dup(V) = 1. O

Consequently, we obtain the result given in Appendix B as follows:

Corollary C.5. Let g be a non-Abelian quadratic Lie algebra such that dim[g, g] < 5. Then g
is singular.

Proof. Define the element I as in Proposition then I € A\*(W;) where W; = ¢([g,g])
(Corollary [2.2.6). Since dim[g, g] < 5 then dup(g) # 0 and therefore g is singular. O
6

Corollary C.6. Let g be a non-Abelian quadratic solvable Lie algebra such that dim(g) < 6.
Then g is singular.

Proof. Since g is solvable then [g, g] # g and therfore dim|[g, g] < 5. Apply the above corollary,
we get the result. O]

In the case of higher dimensions, we have the following proposition:

Proposition C.7. Let V be a vector space such that dim(V') > 6. Then there exists an element
I € o73(V) satisfying 1,(I) # 0 for all non-zero x in'V.

Proof. We denote by n = dim(V) and fix a basis {aj,...,0,} of V*. Then the element I is
defined in the following cases:

o [If n — 3k then we set
I=o NN+ 4+ 02 ANOy—1 N\ Q.
o If n=3k+1=3(k—2)+7 then we set

I= NN+ + 0,9 A CQy_g A 0Oy_7
+0—6 N (Qp—5 A\ Op—a+ Q3N Opy_2+ Q1 A Oy).

o If n=3k+2=3(k—1)+5 then we set

I= oy hNooNop+---+ 0,7\ /N Oy_s
+0—4 N\ (an—3 NOp—2+ 01 N\ an)-
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In the last appendix, we will prove a result needed to Chapter 4 as follows:

Lemma D.1. Let (V,B) be a quadratic vector space, C be an invertible endomorphism of V
such that

(1) B(C(x),y) = B(x,C(y)), forall x,y € V,
(2) 3C—2C* =1d.

Then there is an orthogonal basis {ey,...,e,} of B such that C is diagonalizable with eigenvalues
1 and 1.
2

Proof. First, one has (2) equivalent to C(C —1d) = %(C —1Id). Therefore, if x is a vector in V
such that C(x) —x # 0 then C(x) — x is an eigenvector with respect to eigenvalue % We prove the
result by induction on dim(V). If dim(V) = 1, let {e} be an orthogonal basis of V and assume
C(e) = Ae for some A € C. Then by (2) onehas A =1 or A = 1.

Assume that the result is true for quadratic vector spaces of dimension n, n > 1. Assume
dim(V) =n+ 1. If C = Id then the result follows. If C # Id then there exists x € V such that
C(x)—x#0.Lete; =C(x) —xthen C(e;) = %el.

If B(ej,e;) = 0 then there is e; € V such that B(ep,ep) = 0, B(ej,ez) = 1 and
V = span{ej, e} GLB Vi where Vi = span{ey,e;}+. Since 3 = B(C(e1),e2) = B(e1,C(ez)) one
has C(ey) = %ez +y+Be; withye Vi, € C. Let fj =C(ez) —ex = —%ez +y+ Be; then
C(fi) = 3fi and B(ey, fi) = —3. If B(f1,f1) # 0 then let &1 = fi. If B(f1, fi) = O then let

1
e1 = e1 + f1. In the bold cases, we have B(ey,e;) # 0 and C(e1) = %51. Let V=Ceé @ et
then e~1L is non-degenerate, C maps e“'ﬁ into itself. Therefore the result follows by induction.
[l
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Abstract

In this thesis, we defind a new invariant of quadratic Lie algebras and quadratic Lie super-
algebras and give a complete study and classification of singular quadratic Lie algebras and
singular quadratic Lie superalgebras, i.e. those for which the invariant does not vanish. The
classification is related to adjoint orbits of Lie algebras o(m) and sp(2n). Also, we give an iso-
morphic characterization of 2-step nilpotent quadratic Lie algebras and quasi-singular quadratic
Lie superalgebras for the purpose of completeness. We study pseudo-Euclidean Jordan alge-
bras obtained as double extensions of a quadratic vector space by a one-dimensional algebra
and 2-step nilpotent pseudo-Euclidean Jordan algebras, in the same manner as it was done for
singular quadratic Lie algebras and 2-step nilpotent quadratic Lie algebras. Finally, we focus
on the case of a symmetric Novikov algebra and study it up to dimension 7.

Key-words: quadratic Lie algebras, quadratic Lie superalgebras, pseudo-Eucliean Jordan al-
gebras, symmetric Novikov algebras, invariant, adjoint orbits, Lie algebra o(m), Lie algebra
sp(2n), solvable Lie algebras, 2-step nilpotent, double extensions, 7T*-extension, generalized
double extension, Jordan-admissible.
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