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Introduction

The memory consists of two main parts and an annexe. The first part essentially concerns the algebraic study
of nonassociative and n-ary algebras: structure, identities, operads, cohomology. The second part is devoted
to the study of some geometrical structures on Lie algebras corresponding to left invariant structures on a
Lie group. We are interested in complex structures (existence of complex structures on a real Lie group),
affine structures (existence of flat and torsion-free connections on a Lie group) and scalar products invariant
under a finite abelian group of automorphisms (classification of pseudo-riemannian I'-symmetric spaces).

The purpose of the annexe is to establish and solve the Gerstenhaber equations of deformations for a
binary multiplication of algebras when the ring of coefficients of the deformations is a local ring of valuation.
This case contains the classical deformations of Gerstenhaber.

Part 1.

In Chapter 1 we classify nonassociative identities which can be satisfied by the associator of a multiplication
of an algebra (binary algebra). Such an identity can be interpreted through an action of the group algebra
K[Xs3] on the symmetric group X5. At first we show that

1) Any submodule of the ¥3-module K[X3] is of rank 1. We describe each submodule and give a generating
vector for it.

2) Any submodule is a linear K-subspace of K[33] of dimension at most 6. We give the classification of
these linear subspaces and so we classify the generators of the submodules according to the dimension of
their corresponding linear subspaces in the real case.

3) Each generator corresponds to an identity on the associator of a product of algebra. Two identities are
equivalent if they correspond to the action of two vectors of K[X3] generating the same submodule.

Then we obtain a classification of nonassociative identities including the most classical one i.e. correspond-
ing to Lie-admissible, pre-Lie, Vinberg, associative, third power associative, alternating, flexible algebras, etc.
We study separately the Lie-admissible and third power associative cases. More regular classes of identities
are defined considering the subgroups G; of ¥3. Each of these subgroups determines two linear subspaces of
K[G;] invariant under G; and 1-dimensional. The generators of these spaces generate submodule of K[X3]
of rank 1. The corresponding nonassociative relations, called G;-associativity relations, are described. We
finally extend this study to the half associators (zy)z and x(yz).

Chapter 2 is devoted to the study of Poisson algebras from a nonassociative point of view. We define a
polarization-depolarization process to represent an algebra either with one operation without any specific
symmetry or with one commutative and one anticommutative operations. We illustrate how this change
of perspectives leads to some new results on two main examples: we apply the depolarization to a Poisson
algebra in order to study it as a nonassociative algebra and we use the polarization in Chapter 4 to show
that the operad for Lie-admissible algebras is Koszul. Speaking about Poisson algebras we prove that

1) There is a biunivoque correspondance between Poisson algebras and nonassociative algebras called
Poisson-admissible algebras whose associator A satisfies

BAX,Y,Z2)=(X-2)- Y+ (Y -2)- X—(Y-X)-Z—(Z-X)-Y.

Thus a Poisson algebra is defined either by the classical Lie and associative products satisfying Leibniz rule
or by the nonassociative product. Considering a Poisson algebra as a nonassociative algebra we show that
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2) Considering a Poisson algebra as a nonassociative algebra we show that a Poisson algebra is flexible and
it admits a Pierce decomposition. We deduce the classifications of 2 and 3-dimensional Poisson algebras. To
obtain them, we use the classifications of 2 and 3-dimensional commutative associative algebras obtained in
Chapter 10.

3) The study of deformations of Poisson-admissible algebras (i.e. Poisson algebras considered as nonasso-
ciative algebras) leads to another cohomology that the Lichnerowicz cohomology. In fact, this cohomology
corresponds to deformations of a (classical) Poisson algebra with an unchanged associative product. Consid-
ering the algebra as a nonassociative algebra, we deform simultaneously the associative product and the Lie
bracket (called Poisson bracket) while Leibniz’s rule is preserved. So we describe a cohomology associated to
the nonassociative identity. We compare the components of degree 2 (i.e. H?)of this cohomology with ones
of Lichnerowicz’s cohomology (parametrizing only the deformations of the Poisson bracket) and Hochschild’s
cohomology (parametrizing the deformations of the associative product).

Chapter 3 extends the notion of coassociative coalgebra to the G;-associative algebras. We prove that the
basic properties linking associative algebras and coassociative coalgebras are similar. We define, for example,
the Lie-admissible coalgebras, the Lie-admissible bialgebras and show that the dual of a Lie-admissible
coalgebra is provided with a structure of Lie-admissible algebra.

Chapter 4 develops the study of nonassociative algebras from the point of view of quadratic operads.
After some recalling on operads, quadratic operads and duality mostly in the context of operads for binary
algebras,

1) we define the operads for Lie-admissible algebras and other G-associative algebras;
2) we define their dual operads;
3) we prove that the operad LieAdm is Koszul using the polarization process of Chapter 1;

4) we prove that the operad G4-ass for G4-associative algebras is not Koszul computing the generating
functions of G4-ass and its dual. The generating series of a Koszul operad and its dual operad are connected
by a functional equation which is not satisfied for G4-ass and its dual, so both operads are non Koszul.

Chapter 5 is devoted to third-power associative algebras. Among these algebras we find flexible, alternative,
left alternative algebras. For each subgroup G of 33 we define a class of G-p3-associative algebras which is
a subclass of third-power associative algebras similarly to G-associative algebras for the Lie-admissible case.
As in Chapter 4 we define the operad G-p3ass and its dual. We prove that the operad for alternative algebras
is mon Koszul. A consequence is that the deformations of alternative algebras can not be parametrized by
the operadic cohomology and this contradicts some recent works studying only the operadic cohomology. We
prove that the space of 4-cochains of the operadic cohomology is trivial and that the sequence of the operadic
cohomology is a short sequence. The deformations are then parametrized by a cohomology associated to
a minimal model of the initial operad. After computing the generating function of Alt we explicit the
first terms of the complex associated to the minimal model. This permits to describe the obstructions to
extensions of partial deformations of alternative algebras.

In Chapter 6 we define and study some properties attached to a quadratic operad P with one binary
generating operation, that is, we define the current operad P of P, we study if P is an Hopf or/and a cyclic
operad and finally we define dihedrality of P. First we define for P a quadratic operad P also with one binary
generating operation which has the property that we can summarize as: P ® P = P (the tensor product
of a P-algebra with a ﬁ—algebra is a P-algebra). We show that the relations describing P are minimal for
this property. Then we give the description of P when P is a classical operad (Ass, Lie, Poiss, etc.) or one
of the operads defined in the previous chapters (G;-ass, G;-p>ass) and we show that in general P is not the
dual operad of P. Then we investigate if P is an Hopf operad and give explicit conditions for P to be Hopf.
To obtain them we use the polarization-depolarization process. We also introduce a new kind of symmetry
for operads, the dihedrality responsible for the existence of dihedral cohomology. We study cyclicity and
dihedrality on some examples and summarize this properties in Figure 6.1.

Chapters 7 and 8 concern m-ary associatives algebras. The study of n-ary associatives algebras have
already been done in [47] from the operadic and (co)homological point of view. But we show that the even
and odd cases behave in a completely different way so can not be treated simultaneously. Chapter 7 mostly
concerns the algebraic level and Chapter 8 the operadic level, although both are linked.



In Chapter 7, we focus on the case n = 3 and describe the free algebras on finite-dimensional 3-ary
partially associative algebras. Since these algebras are graded, we describe explicitly the basis of the first
homogeneous components. This result is obtained using an original method of coding the vectors of the free
algebra. The operadic approach in [47] contains also some misunderstandings of the odd case coming from
the interpretation of the dual of an operad for n-ary algebras. Contrary to what we find in this paper, the
operads associated to 3-ary partially associative algebras are non Koszul so the operadic cohomology does
not capture deformations. Then we consider 3-ary partially associative algebras with operation of degree 1
whose associated operad is Koszul (Chapter 8 and the correct definition of the dual will light up this study).
We explicit a cohomology (which is the operadic cohomology) which governs deformations. We also give
an extension of the notion of coassociative algebras for n-ary algebras. Then we generalize the notion of
n-ary partially and totally associative algebras and define n-ary o-partially and o-totally associative algebras
because they appear naturally when we define a (2k + 1)-ary product on the space T7(E) of tensors which
are contravariant of order p and covariant of order gq. The main reason for introducing these products is
that they can be interpreted as products of “hypercubic matrices”, that is, square tables of length p + ¢.
This generalizes in a natural way the classical associative product of matrices. We finish this chapter by
computing the current 3-ary 73-totally associative algebra.

In Chapter 8 we give explicitly the definition of the dual of an operad for n-ary algebras with multiplication
of degree d. So the dual of an operad for (n — odd)-ary algebras with operation in degree 0 is an operad for
n-ary algebras with operation in degree d different from 0 and we can not get ride of it in the computations.
We apply this definition to some lightning examples of operads for various algebras with an n-linear operation
satisfying a specific version of associativity regrouped in four families. We compute the generating functions
and investigate Koszulity of these operads. We then focus on the operad for binary anti-associative algebras
(associativity is replaced by x(yz) = —(zy)z). Since it is non Koszul, the deformation cohomology differs
from the standard one and we are conduced to describe the relevant part of the deformation cohomology for
this type of algebras using the minimal model for the anti-associative operad. We then discuss free partially
associative algebras and prove that the description of Gnedbaye ([47]) is true for the even case.

To study Koszulness we adapt the definition of dual operad of Ginzburg-Kapranov to our case which
conduces to introduce the operations with a degree in the dual (in [47] all operations are of degree 0).

Part II.

This second part of this work (Part II) is devoted to the study of some geometrical structures on Lie
algebras. These geometrical structures correspond to left invariant geometrical structure on connected Lie
groups. We consider three types of structures:

e Complex structures on nilpotent Lie algebras. These structures are in correspondence with the left
invariant complex structures on real nilpotent Lie groups or on real nilmanifolds. Such a structure
on a Lie group permits to consider holomorphic maps and when these structure are biinvariant in the
associated Lie algebra, the Lie group can be provided with an holomorphic structure.

e Affine structures on nilpotent Lie algebras. These structures correspond to flat and torsion-free left
invariant connections on nilmanifolds. Since there exist some nilmanifolds with no affine structure, the
problem of existence is natural.

e Pseudo-riemannian I'-manifolds. In case of a symmetric homogeneous manifold, the group of symme-
tries is isomorphic to Z/2Z. Here we consider a homogeneous manifold admitting a group of symmetries
isomorphic to Klein’s group. We consider riemannian tensors whose considered symmetries are isome-
tries. Inspired by the classification of riemannian compact symmetric manifolds of Elie Cartan, we
determine, when the homogeneous manifold is the quotient of a compact simple Lie group provided
with riemannian and pseudo-riemannian metrics adapted to the symmetries.

In Chapter 9, we consider the problem of existence of complex structures on nilpotent Lie algebras. The
classification of 6-dimensional nilpotent real Lie algebras provided with a complex structure is known. But
this classification is based on the general classification of real and complex Lie algebras. Such a classification
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does not exist for dimensions greater than or equal to 8. Thus our approach to this problem must be different.
First of all we prove that

A filiform algebra (i.e a nilpotent Lie algebra with mazimal nilindex) has no complex structures.

In terms of characteristic sequence (also called Goze’s invariant), filifom algebras correspond to nilpotent
Lie algebras with the characteristic sequence equal to (n — 1, 1), where n is the dimension of the Lie algebra.
Then we are interested in quasi filiform algebras, that is, with Goze’s invariant equal to (n — 2,1,1). In this
case, the approach is based on the notion of generalized complex structures of Gualtieri and Cavalcanti (in
their works, the authors find the main result for filiform algebras again). In this case we prove that

Any quasi filiform algebra provided with a complex structure is 6-dimensional.
Moreover, we prove that

Any 6-dimensional quasi filiform algebra provided with a complex structure is isomorphic to the Lie algebra

[X07Xi] = Xi+1a 1= 172737
(X1, Xo] = X5,
(X1, X5] = X

In Chapter 10 we consider the problem of existence of an affine structure on nilpotent Lie algebras. We
approach this problem considering pre-Lie algebras. In fact, a pre-Lie algebra is a Lie-admissible algebra
whose corresponding Lie algebra admits an affine structure. The problem of existence of affine structures
on nilpotent Lie algebras is still open. Contrary to what people expected, the counter-example of Benoist
shows that there are nilpotent Lie algebras with no affine structure. In Chapter 10 we are interested in the
abelian case. More precisely,

We classify all the affine structures (complete or not) on R® and on the 3-torus.

This completes the classical work of Goldmann concerning the classification of complete complex structures
on R? and on the 2-dimensional torus. We then obtain general results on existence problems. We first prove
that

Any non characteristically (i.e with a non nilpotent derivation) filiform algebra admits an affine structure.
This permits to prove that
There exists a non complete affine representation on the Heisenberg group.

In fact, the existence of an affine structure permits to produce an affine representation of dimension equal
to the dimension of the Lie algebra or to this dimension plus one. And, from this result, someone can make a
conjecture that any affine representation of filiform algebra is complete. Thus, this conjecture is wrong. We
also construct current affine Lie algebras, that is, Lie algebras with an affine structure obtained by a tensor
product of a pre-Lie algebra with an algebra associated with the current operad. At the end of this chapter
we are interested in contact Lie algebras with affine structures. This is motivated by the classical result that
any symplectic Lie algebra admits a natural affine structure. This is not the case in the contact situation
(cf the counter-example of Benoist). We describe an obstruction to extend a symplectic affine structure to
a contact Lie algebra obtained by a central extension.

Chapter 11 is devoted to the determination of pseudo-riemannian metrics on compact simple Z/2Z x Z/27-
symmetric spaces. In a recent paper, Bathurin and Goze generalize the notion of symmetric spaces and
propose a new class of reductive spaces called I'-symmetric spaces. The most interesting examples are the
flag manifolds. It’s not a symmetric space but we can find in this space a lot of commuting symmetries
which are in correspondance with an abelian group (I'). Here we are interested in the riemannian case. The
main result is the classification of compact Z3-symmetric spaces.

Chapter 12 concerns valued deformations of algebras. Classically the deformations of Gerstenhaber have
been studied in a more general framework that the initial one, that is, people take coefficients in a local ring
A, then there is a maximal ideal m, and they assume that A/m is a field isomorphic to K. Two concrete
examples of deformations in a local ring are given by the deformations of Gerstenhaber with coefficients in
the ring of formal series K[[¢]] and perturbations which give results on the rigidity. This leads to deformations
with coefficients in a valuation ring (i.e defined by a valuation) which is a local ring because both previous
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examples appear as particular cases. In this context, we prove that we can write the equations of deformations
of Gerstenhaber in a finite and unique way. The main reason for taking a valuation ring instead of a local
ring is that, if we consider an element x that belongs to the complementary of the valuation ring in its field
of fractions, then 2! belongs to the maximal ideal m. We prove that the infinite system, associated with
Gerstenhaber’s deformations and giving the conditions to obtain a deformation, can be reduced to a system
of finite rank.
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Chapter 1

Nonassociative Algebras

In this chapter, we recall the principal notions related to nonassociative algebras: simplicity, center, solv-
ability, nilpotency. Alternative algebras are also recalled because they will be studied from the operadic
viewpoint in Chapter 5. The main result of this chapter is the classification of nonassociative identities with
respect to a natural action of X3 on the associator of a general binary multiplication, where 33 denotes the
symmetric group on three elements. At first we prove that any invariant linear subspace of the group algebra
K[¥s] is a ¥3-module of rank 1. Thus, we can associate with an invariant linear subspace of K[¥s3] a vector
generating the corresponding Y3-module. With each of these vectors, we associate a relation on the associ-
ator of a multiplication. Two relations associated with two vectors that are generators of the same module
are, by definition, equivalent. This leads to define natural classes of nonassociative relations. In particular
this allows to distinguish two classes of nonassociative algebras: the class of Lie-admissible algebras and the
class of 3-power associative algebras. Both classes correspond to an one-dimensional invariant subspace of
K[X3]. We describe both classes by classifying all identities corresponding to an invariant subspace of K[X3].
Amongst these families, we are mostly interested in the families called G-associative and G-p3-associative
algebras, where G is a subgroup of 3. If G is such a subgroup, then it determines naturally two vectors of
K[X3], vg = deg(—l)s(")a and wg = ), 0. Bach of these vectors determines a classe of nonassociative
algebras such as associative algebras, Pre-Lie, Vinberg, Lie-admissible algebras, 3-power associative algebras
and left and right alternative algebras. We can then study these algebras with this “symmetric aspect”.

1.1 Nonassociative algebras

In this section we recall principal notions and results about nonassociative algebras. The details can be read
in [111].

1.1.1 Some examples

Let K be a field of characteristic 0 and A a K-vector space. A structure of (binary) algebra on A is given by

a linear map
p:A®? - A

which satisfies the distributive laws

p((z+y) ® 2)
w(r @ (y + 2))

(z®2)+ply @ 2)

=pur®y) +prez2)

and
ap(z ®@y) = plaz ®y) = plz ® ay)

for all z,y,z € A and a € K.
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Remark and Notations. We use also p for the corresponding bilinear map A x A — A and when no
confusion is possible, we write z - y or 2y in place of u(z,y) or pu(z ® y).
In particular:
e An associative algebra is an algebra where the associative condition
(zy)z —x(yz) =0
holds, for any x,y,z € A. Thus algebra means nonassociative algebra.

e A Lie algebra is an algebra whose multiplication, classically denoted by [z,y], is skew-symmetric and
satisfies the Jacobi identity:

([z,9], 2] + [y, 2], 2] + [[2,2],4] =0

for any x,y,2z € A. A Lie algebra is associative if and only if it is 2-step nilpotent, that is, if the
product satisfies
[[z,y],2] = 0.

e A Jordan algebra is an algebra whose multiplication is commutative and satisfies
(zy)a® = z(ya?).

e An alternative algebra is defined by the identities

{ z?y = x(zy),

yr? = (yz)z.

The definition of subalgebras, ideals, homomorphisms, quotient algebras are classical.
If 1 is the multiplication of the algebra A, we define

e the commutator of p by
[z, ], = w@,y) — pu(y, ).

e the associator of u by
A/L(‘ra Y, Z) = ,LL(,U(I, y)? Z) - ,lL(.T, ,U(y, Z))

Thus an alternative multiplication is given by
A (z,z,y) =A,(y,z,2) =0, foralz,yeA

and a Jordan algebra by
[xvy]u = Au(l‘,y7x2) =0.

Note that any multiplication p satisfies

pa, Au(z,y, 2)) + n(Aula, z,y), 2) = Au(pla, 2),y,2) — Au(a, u(z,y), 2) + Aula, z, 1y, 2))
for all x,y,z,a € A.
The nucleus N'(A) of A is
N(A) ={ge Al Au(g,2,y) = Au(2,9,y) = Au(2,y,9) =0 forall z,y€ A}.

The center C(A) of A is
C(A) ={ceNA) | px,c)—plc,z) = [z,c], =0 forany z e A}.

It is easy to verify that A(A) and C(A) are associative subalgebras of A.
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1.1.2 Simple algebras

For any a € A, we denote by
Ry :x — p(z,a)

and
L,z — pla,x)

the linear operators called respectively right and left multiplications.

If M(A) is the associative subalgebra of gi(A) generated by the left and the right multiplications on A,
any element of M(A) is written as > Sy - - - Sg, where S; are right or left multiplications.
Definition 1 The algebra A is simple if {0} and A are the only ideals of A and A # {0} .

Then if A is simple, A% = A because A? is an ideal of A. Since an ideal of A is an invariant subspace
under M(A) thus A is simple if and only if M(A) # {0} and it is an irreducible set of gl(.A).

Definition 2 The algebra A is a division algebra if A # {0} and if for any a € A\ 0, L, and R, have
inverses L7t and R .

This is equivalent to the existence of an unique solution in A4 for the equation a -z = b and y - a = b when
a # 0. If A is finite dimensional then A is a division algebra if and only if it is without zero divisors.

Definition 3 The algebra A is central simple if for any field extension F of K, the F-algebra A @ F = Ap
is simple.
Such an algebra is necessarily simple (F = K).

Example([65]). We consider the centralizer C’ of M(A) in gl(A), it is generated by the endomorphisms T
of gl(A) satistying
Ve, y€ A, RyoT' =ToRy, LyoT =To L,.

This implies
T -y)=T(x) y=ux-T(y)
and, if T, S € C'
SoT(x-y)=5(T(x-y)=ST(x) y)=T(x) - S(y) =T(z-S(y) =T(S(x-y)) =ToS(xy),
that is,
SoT=ToS on A%

If A is simple, A = A% and SoT = T0S. We deduce ([65]) that C’ is a field and A, regarded as a C'-algebra,
is central simple.

1.1.3 Solvable and nilpotent algebras

For any algebra A, a descending sequence of subalgebras of A is defined by
AN = A,
AkFD) — AgR) . AG)

and one has
A=AV D> AD 5.0 4 ...

Definition 4 The algebra A is solvable if A¥) =0 for some integer k. The algebra A is nilpotent if there
exists an integer k such that any product of k elements is 0.

Thus any nilpotent algebra is solvable. It is clear that if I and J are solvable ideals of an algebra 4, then
I+ J is also solvable. Then if dim A < oo, there is a unique maximal solvable ideal of A denoted R(A) and
called the radical of A.

Theorem 5 The algebra A is nilpotent if and only if the associative algebra M(A) is nilpotent.
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1.1.4 Lie algebra associated to A

Let A be an algebra. We consider gl(A) with its Lie algebra structure. The Lie algebra £(.A) associated to
A is the Lie subalgebra of gl(A) generated by the operations L, and R,.

If we consider ) = R(A) + L(A), where R(A) (resp. L(A)) is the space generated by the right (resp. left)
multiplications, then taking

hl = ha h2 = [h?hL bk = [b7bk71}

we obtain

L(A) = &,7bi,

with [h;, b;] C bit ;-
We denote by Der(A) the Lie subalgebra of gl(.A) constituted by derivations of A, that is, D € gl(A) and
D satisfies
Ve,y € A, D(z-y)=D(z) -y+x-D(y),
which means that D satisfies
{ [Ry, D] = Rp(y, forallyec A,
[Lx,D] = LD(1)7 for all x € A.

A derivation D is inner if D € L(A). The set In(A) = L(A) N Der(A) of inner derivations is an ideal of
Der(A).

1.1.5 Alternative algebras

We have defined an alternative algebra as an algebra whose associator satisfies
Au(ﬂf,ﬂﬁ,y) zAu(y,a:,a:) :0 (11)
for any elements x,y of the algebra. Linearizing this identity we obtain

A1, w2, 23) = (=1)" A (T0(1)s To(2)s To(3)) (1.2)

e(o

for any ¢ in the symmetric group on 3 elements X3, where (—1)5(?) denotes the signature of the permutation

ag.

An algebra is flexible if the associator satisfies (1.2) with o = 715, where 713 is the transposition exchanging

1 and 3. Thus any alternative algebra is flexible. We deduce some natural relations of order 4, called Moufang
identities

(zax)y = z(a(zy)],

y(zaxr) = [(yx)alz,

(zy)(azx) = z(ya)z.
(Recall that zbz is well defined because A is flexible so zbx = (zb)z = x(bzx)). For example the linearized
form of the last Moufang identity is

Ay (wo, p(w1,24), 3) + Ap(22, (3, 24), 21) = —p(Ap(w2, 1, 24), 23) — p( Ay (T2, 23, 24), T1).
The relation between alternative algebras and associative algebras is given by Artin theorem:
Theorem 6 The subalgebra generated by any two elements of an alternative algebra A is associative.

In particular the subalgebra generated by an element x € A is associative. This means that the power of x
is well defined by the relation z*T* = z - 2% and 2° - 27 = 27 - ' = 217 for any natural numbers i,;j > 1.
Such an algebra is called power-associative. An element x in a power-associative algebra is called nilpotent if
there is an integer k such that * = 0. If any element of a power-associative algebra A is nilpotent, then A is
a nilalgebra. In finite dimensional cases, the concept of nilpotent, solvable and nil-algebra coincide because
any finite dimensional alternative nilalgebra A is nilpotent.

We can then define the concept of radical R(A) of A as the unique maximal solvable ideal (= nilpotent ideal
= nilideal).
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Definition 7 An alternative algebra A is semi-simple if R(A) = {0}.

If A is a finite dimensional alternative algebra then it is semisimple, it is a direct sum of simple algebras.
This fact is based on Pierce decomposition. One establishes that any finite dimensional power-associative
algebra which is not a nilalgebra contains a non trivial idempotent e (e? = e). Thus the operators L. and
R, are commuting idempotent operators and .4 admits the decomposition

A=A o+ A1+ Ao+ Ao,

where
Aij =A{xij | Le(2ij) = 1255, Re(2ij) = jrij}
and the decomposition is written

x = exe + (ex — exe) + (ve — exe) + (x — ex — ze + exe).

Finally recall Wedderburn Theorem which generalizes the classical Wedderburn Theorem for associative
algebras to alternative algebras . A finite-dimensional algebra A over K is separable if, for any extension F
of K, the algebra Ap is a direct sum of simple ideals. If A is alternative, this is equivalent to say that A is
semi-simple.

Theorem 8 Let A be a finite dimensional alternative algebra over K with radical R(A). If A/R(A) is
separable then A =S @ R(A) where S is a subalgebra of A isomorphic to A/R(A).

1.2 KI[Xs]-associative algebras

In this section we define the concept of K[X3]-associative algebras (see [56]), that is, algebras whose associator
of the corresponding product satisfies some relations associated to invariant subspaces of the group algebra
of the symmetric group X3 when we consider a natural right action of ¥3. This approach permits to have,
practically, all the classical nonassociative algebras in a same class. At first we recall classical notions related
to K[X3]. In particular, we prove that any invariant linear subspace of K[X3] is a ¥3-module of rank 1. This
means that any invariant subspace determines a vector of K[X3] which is a basis of this space but considered
as a Yz-module. Thus we will determine all its invariant subspaces and define, for each one of these spaces
a corresponding generator of the associated module. This permits to associate with an invariant subspace
of K[X3] a relation concerning the associator of an algebra product, determined by the generator of this
module.

1.2.1 The Y3-module K[¥;]

We denote by 7;; the transposition exchanging ¢ and j and by ¢ the cycle (123). Let K[X3] be the algebra-
group of the symmetric group on three elements Y3, that is, the 6-dimensional K-vector space with basis

{o1=1d,00 =T12,03 = T13,04 = 723,05 = ¢ = (123),06 = ¢*} ,
with the associative multiplication
6 6 6
(Z aiai) : (Z bjUj) = Z a;a;0; 0 0j.
i=1 j=1 i,j=1
This algebra is provided with a structure of right ¥3-module considering

23 X K[Eg,] — K[Eg,}
(o, Z?;l aio;) = o- (Z?:l a;o;) = Z?;l a;jo"to Oi,
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where a; € K for for any i € {1,2,--- ,6}. Indeed we have

o (030 ao)= - (X0 a0 oo) =30 jaio o oo

Z?:l ai(c’oo) oo, =(0'00)- (Z?:l a;0;).
For any element v € K[X3], we denote by O(v) the orbit of v with respect to this action. Similarly we denote

by O(FE) the orbit of any subset E of K[X3]. We denote by K{vy,vs,---,v,} the linear span of the vectors
v1,v2 -, v and F, = K[O(v)] the linear span of the vectors of O(v).

A subset F of K[X3] is invariant if ' = O(F). By Maschke theorem, every invariant subspace is a direct
sum of irreducible invariant subspaces and the dimension of an irreducible invariant subspace is one or two.

Proposition 1 The one-dimensional invariant subspaces of K[X3] are F,y, and Fyy,, respectively generated
by the vectors

1)23ZV:Id—Tlg—T13—T23+C+02 and

1.3
wzs:Wzld+712+T13+T23+C+62. ( )
Of course, these vector spaces are irreducible.
Each subgroup of Y3 determines an invariant non-irreducible subspace. In fact, let
G, = {1d},
Gy = {Id, 112},
Gz = {Id, 13},
G4 = {[d, T13}, (14)
G5 = {Id,c,c?} (the alternating group),
Ge = 23

be the subgroups of ¥3. The linear spaces K[G;] (which are the linear span of the vectors of G;) are not
invariant subspaces of K[X3] for ¢ # 6 because we have K[O(K[G;])] = K[X3] for any ¢ = 1,--- ,6. But to
any subgroup G; we can associate two vectors

vG; = Zo-jeGi(_l)E(aj)o.ja
wGl = ZajeGi O—j'

Each of these vectors defines an invariant subspace Fy,, = K[O(vg,)] and Fy, = K[O(wg,)]. For example
if we consider Gg = X3 we get

vga:V:Id—7'12—7'13—7'23—|—c+02 and

1.5
U/Eg:W:Id+7'12+7'13+7'23+0+02. ( )

The first one is related to the character of Y3 given by the signature and the second to the trivial one. It is
easy to prove that

1. For vg, = Id, dim Fis, =6,

2. For vg, = Id — 112, dim Fy,,, = 3,

3. For vg, = Id — 23, dim Fvc3 =3,

4. For vg, = Id — 13, dim F,,, | = 3,

For vg, = Id + ¢+ ¢%, dim F,,_ = 2.

Since wg, = vg, = Id, the dimension of Fug, 1s 6,

For wg, = Id + 112, wg, = Id + 723 and wg, = Id + 713, the dimension of chi is 3,

® N o o

Since wg, = vg,, the dimension of F,,_ is 2.

. - . .
In fact, dim Fg, = |‘ Gd_l‘ because G; leads the vector vg, invariant.
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1.2.2 The rank of the sub-modules of K[%;]
The aim of this section is to prove
Theorem 9 Every Y3-submodule of K[X3] is of rank one.

This means that, if F' is an invariant linear subspace of K[X3], there is a vector v such that
F =K[O(vr)].

For example, each subgroup of ¥3 determines two modules of rank one generated by the vectors vg, and
wa; -

To prove the theorem we investigate the structure of all invariant subspaces of K[3s].

e One dimensional invariant subspaces. This case has been studied in the previous section and F' = Fy,
or I'= Fw.

¢ Two dimensional invariant subspaces.
Proposition 2 Every irreducible two-dimensional invariant subspace F' is of type I' = F,1 with
uy = A Id — M\i7i2 + (M + A3)T13 — A3Taz + Aze — (A1 + A3)c?. (1.6)
Every non irreducible 2-dimensional invariant subspace F is of type F = Fug = Fyv ® Fw with
u3 = Id+c+ .

Proof. Let F be an irreducible 2-dimensional invariant subspace of K[X3]. Then neither V nor W belongs
to F and if v € F, then F = F,, . We first study a 2-dimensional invariant space F generated, as vector
space, by v and 715 and then the general case.

Lemma 1 Letv € K[X3). If F, = F is a 2-dimensional irreducible invariant space generated by v and T12(v)

then
v =aijld+ asmia + (aa1 + ﬁag)Tlg — (aa1 =+ (1 + 6)&2)7‘23
+(Bay + aaz)e — (1 + B)ay + aasz)c?

with o =1+ B+ B2.

Proof of 1. Let v = a1Id + asTi2 + asTis + asTes + asc + agc? be in K [¥5] and suppose that F is generated
by v and 712(v). Since 7;;(v) € F the vector v satisfies

6
Z a; = 0.
=1

Since {71;} ;_, 3 generates ¥, the K [¥3]-module I is 2-dimensional if and only if {v, 712(v)} are independent
and {v, T12(v), T13(v)} are related. Let 713(v) = av + B712(v). This is equivalent to the following system

Aa1 = BCLQ, Aa3 = Bag, Aa4 = Ba5,
Aas = Bai, Aag = Bag, Aas = Bay,
A=1-a?+a?8-p3
B=oa-a>+af%+apf,

which implies that (4% — B?)a; = (A% — B?)ay = 0.

157 case. A% — B2 # 0. Then a; = as = 0. Since 7;;(v) € F for (i,5) # (1,2), we deduce that v = 0, which
is impossible.

ond cage. A2 — B2 = (.
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i)If A= B, that is, 1 —a? + o238 — 3 = a(l — a® + 32 + 3) we have A(a; — az) = 0. Then if A # 0,
we obtain a; = as,a3 = ag,a4 = a5 and it implies that v = 712(v) which contradicts the hypothesis. Thus
A = B =0 and the coefficients « and ( satisty

1-a?2+a?8 -3 =0,
a(l—a?2+32+3)=0.

If « =0, 8 =1 (here we choose K = R), we have W € F' and F' is not irreducible. Thus « # 0 and

{ R
1-a? = —B(a® - §2).

We will study successively the cases =0 and [ # 0.
Ifg=0, a=—-lora=1.

e If 5=0and o =1 then v = (a1, as,a1,—a1 — az, a3, —a; — az) in the basis {Id7 Ti2,T13, T23, C, c2} .
e If =0 and a = —1 then v = (a1, a2, —ay, a1 — az, —as, —aj + az).
In fact, we write in this case 713(v) = v which implies
v = (a1, a2,a1,a4,as,a4).
Since m3(v) = &'v + #'7112(v), we deduce that
(o) — B')(az —ay) = 0.
If a; = ag, then v = (a1,a1, a1, a4, a1,a4) with

{ as = (o/ + )as,

a; =d'ay + flag = 'ag + B'ay,
which gives that 3’ = —1 or a4 = a1. The second case corresponds to the vector W. Thus we have
v = (ala ai,ai, _2a1; ai, —20,1)7

because —2 — o’ + a/? = 0, which means that o/ = —1 (if o/ = 2 we would have v = W).

If a1 # as then o/ = 3 and we deduce that

aq = o/ (a1 + az),
as = o/ (a1 + aq),
a1 = o' (ag + aq),

which implies that (a1 4+ az + a4)(1 — 20/) = 0. If @/ = § we get v = W so the system also implies
a4 = —ay — azand the vector v has the expecting form.

The second case is similar to the previous one.
Suppose now that 5 # 0. Then the system between o and 3 is equivalent to a single equation
o> =1+8+p5%

We deduce that a3 = aa; + Baz, a5 = aas + Ba; and Bag = (1 — a?)a; — aBas. Since a? = 1+ B+ 3? and
B # 0, we deduce that ag = —(1 + §)a; — aas. Likewise we have ay = —aa; — (1 + f)az. So

v = (a1, a2, aa1 + faz, —aa; — (1 + B)as, fai + aas, —(1+ B)ai — aas)

with o2 =1+ 8+ 2.



1.2. K[25]-ASSOCIATIVE ALGEBRAS 11

ii) A= —B. If A # 0, then a; = —ag, ag = —ag and a4 = —as. This implies that v = 712(v), which
contradicts the hypothesis. Then A = 0 and we come back to the previous case. [

Let us investigate the general case. Assume that F' is an irreducible two-dimensional subspace. Then
F=K{v,7(0)} or F =K {v,7(0)}

where 7 is a transposition and v a 3-cycle. But all the transpositions are conjugated in ¥3. Then if
F = K{v,7(v)} there exists v’ € F such that F,, = F = K{v T12(v")}. In fact, F = K{v,me3(v)} =
K{c(v),m12(c(v))} and v = ¢(v) or F = K{v,713(v)} = K{c*(v),m12(c*(v))} and v = c*(v). In this case
the expression of v’ is given by Proposition 2. Assume now that F = K{v,v(v)}. Since the transpositions
generate Y3, the dependence of the vectors {v,7(v)} for every transposition would implies the dependence
of the vectors {v,v(v)} for every 3-cycle. Then F = K{v,v(v)} = K{v,7(v)} and we can find v’ such
that I = F,, = K{v',712(v")}. Thus we can suppose that any 2-dimensional invariant space F' satisfies
F =F, =K{v,v(v)} with v given by Proposition 2:

v =aild+ asmis + (aa1 + ﬁag)Tlg — (aa1 =+ (1 + ﬁ)ag)ng,
+(Bar + aaz)e — (1 + B)ar + aaz)c?,

with o2 =1 + 8 + 2. We now want to find a vector generating F as o3-module but whose components are
“nicer”. We have

T12(v) = agld+ a2 — ((1 + B)ar + caz)mis + (Bar + caz)Tos
—(aay + (1 + B)az)c + (aar + Baz)c?

So considering the vector u = v — 712(v) we observe that

Tlg(u) = —u,
m3(u) = 713(v) — c(v)
= aw + B112(v) — fv — ati2(v) = (a — B)(u)
To3(u) = Ta3(v) — (v) = —av — (1 + B)m12 ( ) — (1+B)v — aria(v)

—(a+ B+ 1)(v+ 112(v)).

Thus {u, To3(u)} generate F, if a+ 5+ 1#0. If a+ 5+ 1 =0, we have that {u, c(u)} generate F,. So, in
any case, F,, = F,,. But the vector u has the simplified following form

u = (ay —ag, a3 —ay, (a+ f+1a; + (a+ B)ag, —(a+ Ba; — (a + B+ 1)aq,
(a+B)ar + (a+ B+ 1)ag, —(a+ B+ 1)as — (a + B)az)
= (A1, =A1, A2, = A3, A3, = A2)

with A1 + A3 — Ay = 0, that is,
u= (>\17 _)\17 )\1 + )\37 _>\37 )\3; _)\1 - )\3)
in the basis {Id, T2, T13, T23, C, 02} . Since

A1 = a1 — ag,
A3 = (a4 B)A\1 +aq,

the condition a? = 1 4+ 3 4+ 32 does not give conditions on A; and A3

e Three dimensional invariant subspaces. Since any invariant irreducible subspace is of dimension at
most 2, every invariant space of dimension greater than or equal to 3 is a sum of irreducible spaces. Since
dim F' =3, then F'= Fy @ F,; or F' = Fy & F,; with F,;; defined by (1.6).

Assume that F = Fy @ Fu% with u% =MId— A2+ ()\1 + )\3)T13 — A3T23 + A3Cc — ()\1 + )\3)02. If \y #0,
considering the vector

v = u% - NV = (0,0, 201 + A3, A1 — Az, — A1 + A3, =20 — /\3)



12 CHAPTER 1. NONASSOCIATIVE ALGEBRAS

we have K[O(v")] = K{v',713(v"), 723(v")} . This space is 3-dimensional if (b # a) or (a = —b # 0) with
a =2\ + A3 and b = —\; 4+ A3. which is the case as A\; # 0. So we obtain F' = F,, with

v' =(0,0,a,—b,b, —a).

Considering v” = 113(v") = (a,b,0,—a,0,—b), we have K [O(v”)] = K[O(v')] = F. So, if a # 0, dividing
by a and putting ¢ = g, we obtain F' = F, with v = (1,£,0,—1,0,—t) and ¢ # 1 (¢ = 1 corresponds
to Ay = 0). If a =0 and b # 0, we have I = F,; with uy = (0,—1,0,0,0,1). Finally if A\; = 0 we
get ul = (0,0, A3, —A3, A3, —A3) = A3(0,0,1,—1,1,—1) so F = F,z with u3 = (1,-1,0,—2,2,0). Moreover
Fu #Fy.

Assume that F = Fyy @ F,3. If Ay # 0, then for v = uz — MW we have dimK[O(v)] = 3 and F = F3
with u3 = (0,—-2,¢,—1 —t,—1+t,—2 —t).
If Ay = 0, then ud = (0,0, A3, —A3, A3, —A3) and F = F,s with uj = ;—% + W =(1,1,2,0,2,0). Moreover
Fus # Fu. (

Proposition 3 FEvery 3-dimensional invariant subspace is of type Fug with i € {1,2,3} and

u§:Id+t712—723—tc27 t;ﬁL

’U,?)) =1Id — 119 — 2793 + 2c,

ud = =212 +t1i3 — (L + )23 + (=1 + t)c — (2 + t)c?,
U% :Id+7’12+27'23+20.

Moreover V € F,; fori=1,2 and W € Fui fori=3,4.

e Four dimensional invariant subspaces. If dim F" = 4, then F'is of type F,; ® F,,; with F3 # Fyn
or Fu% & Fy & Fyy = Fué @Fug

In the first case, we consider E = {(a1, a2, a3, —as — a3, a5, —ay — as)}. If v = (a1, as, a3, a4, as5,a¢) is in
F = F, @ Fyy, then Y o(v) = Z?Zl a;W € F and , as V ¢ F, it implies that Z?:l a; = 0. Similarly
Id(v) — 112(v) — T13(v) — T23(v) + c(v) + 2(v) = (a1 —as —az3 —a —4+as +ag)V € Fbut V ¢ F
$0 a3 —as —ag —a —4 + a5 + ag = 0. Thus v = (a1,a9,as, —as — as,as,—a; — as) and F C E. But
dimEF =dim F =5 so

F ={(a1,a2,a3,—as — as,as,—a1 —as)}.
Considering v = (2,0,1,—1,0,—2) we verify that v € F and dim(K[O(v)] = 5 thus F = F,,.

In the second case F' = F,, ® Fyy & Fy with F,, irreducible and 2-dimensional. The subspace F,, ® Fy has
been studied before. Let v/ = (1,¢,0,—1,0,—t),t #1land v =v"+ W = (2,1+¢,1,0,1,1 —¢). We have that
dim F,y = 4 (because ¢ # 1) and W = $(723(v) +v),V = (1 — t)(—3v — 2712(v) 4 713(v) + T23(v)). Thus
F = F, with

v=2Id+ (14 t)r12 + 115 + c+ (1 — t)c%.

Similar calculations applied to v' = (1,—1,0,—2,2,0) imply that F = F,, with v = (2,0,1,—1,3,1).
Proposition 4 FEvery 4-dimensional invariant subspace is of type Fyi with i € {1,2,3} and

U}l =2Id+ 113 — T3 — 202,

u? =2Id+ (1 + )72 + 113 + ¢+ (1 — t)c?, t#1

’U,i = 2Id+7'13 —’7'23+3C—C2.

Moreover V. and W are in Fui fori=2,3 and they do not belong to Fy:.

e Five dimensional invariant subspaces. If dim ' =5, then F' = F,s ® F\,;; ® Fyv or Fu @ Fiyn © Fw.
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Assume that F' = F.3 & Fyy & Fy with irreducible and 2-dimensional F,1 and F,;. If v € F such that
v =oqld+ asTis + asTiz + auTes + asc + age?, we have obviously

6
v 4 T12(v) + T13(V) + To3(v) + c(v) + P (v) = Z%‘W e r.
i=1
But W ¢ F then Z?Ilai = 0. Sov € E = {(a1,a9,as,a4,as,a6) /a1 +az + a3+ as+ a5+ ag = 0} and
F C E. But both F' and E are 5-dimensional spaces so
F = {(a1,a2,a3,a4,0as,a¢) /ay + az + a3z +as + a5 +ag = 0} .

Then there exists only one type of such subspace. A basis of F' can be formed by the vectors

{er =(1,0,0,0,0,—1),e3 = (0,1,0,0,0,—1), e5 = (0,0,1,0,0, —1),
es = (0,0,0,1,0,—1),e5 = (0,0,0,0,1,1)}.

Consider for example the vector e; and compute O(e;). We obtain that

O(e1) = {er, mz(e1), miz(er), cler) }
and dim K[O(e1)] = 4. Since V' ¢ K[O(e1)] and dim K[O(ey + V)] =5, then F = F, withv =e; +V =
(2,—1,-1,—1,1,0).
Assume that F'= F,1 & F,.1 @ Fiy and v = (a1,a2,as,a4,as5,a6) € F. Then

v —T12(v) — T13(v) — T23(v) + c(v) + 2(v) = (a1 — ag — a3 — as + a5 + ag)V
isin F. Since V ¢ F, we have that a1 — as — a3 — ag + a5 + ag = 0. It implies that
F ={(ay,a2,a3,a4,as5,a6) /a1 —az — a3 — ag + a5 + ag = 0} .

Let ey = (1,0,0,0,0,—1) be in F,. It is easy to see that K[O(ey)] is 4-dimensional. Then, considering
v = e; + W, we verify that dim(K[O(v)]) =5 and

v=2Id+ T2+ T3+ T3 +cC

is a generator of the module F.
Proposition 5 FEvery 5-dimensional invariant subspace is of type Fué with ¢ € {1,2} and

’U% =2Id — 19— T13 — T3 + ¢,
u% =2Id + 112 + T13 + To3 + cC.

Moreover V€ F 1y and W € Fz2.

e Six dimensional invariant subspaces. If dim F = 6, then F' = K[X3]. Let us consider the vector
e1 = (1,0,0,0,0,0). We have K[O(e1)] = K[¥3] = F. Then F = F, with v = e;.

1.2.3 K[X;]-associative algebras

Let (A, u) be a K-algebra. We have denoted by A, the associator of the product p. Let v be a vector of
K[Xs3]. We define the linear map
(I)A . A®3 N A®3

by
‘I)vA(l‘l ® xo Q x3) = To—1(1) @ To—1(2) @ Ty—1(3)-

For example, if v = Id then <I>UA = Id yes; if v = Id — 115 then

(PDA(SL'1®ZL'2®ZE3):1'1®ZL'2®1'37£L’2®$1®1'3.
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Definition 10 An algebra (A, p) is K[X3]-associative if there exists a nonzero vector v in K[Xs] such that

AHO<I>;4:0.

Such a relation concerning a (non)-trivial associator will be called a symmetric nonassociative relation.
Example.

1. If v = Id then A, o oA = A, = 0 is the associativity. The corresponding algebra is associative.

2. If v=1d— 73 then 4, OCI);“ =0 leads to

w(p(z, x2), v3) — (w1, (w2, ¥3)) — p(p(e, 1), 73) + P22, P(21,23)) = 0

and (A, ) is a Vinberg algebra.

Definition 11 The symmetric relations of the associators of two K[X3]-associative algebras (A, n) and (B, p)
are called equivalent if these relations A, o ®A =0 and A, 0 ®8 =0 are given by vectors v,w € K[X3] such
that

From the previous paragraph each class corresponds to a symmetric relation on the associator and is asso-
ciated to an invariant subspace of K[X3].

Example. The Kosier-Osborn nonassociative algebras. The nonassociative algebras studied in [72] by
Kosier and Osborn satisfy either
A, odf =0,

with
V:Id—712—713—723+0+62

or

A, odt =0,

with v = a11d — @719 — a1 T13 — Q3Ta3 + aac + asc?.

1.2.4 (-associative algebras

Let G;, i = 1,---,6 be the subgroups of 33 defined in (1.4). We can associated with each subgroup G; of
Y3 a Ys-invariant subspace of K[X3] denoted by Fy and Fy, and generated by the vectors vg, and wg,
defined by (1.5).

Definition 12 A G-associative algebra is a K-algebra whose associator satisfies
Auody, =0

for some i € {1,--- ,6}.

Then we have the following classes of G-associative algebras:

1. Gi-associative algebras = associative algebras,
2. (Gp-associative algebras = Vinberg algebras,
3. (i3-associative algebras = pre-Lie algebras,

4. Gg-associative algebras = Lie-admissible algebras.
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Recall that an algebra (A, p) is called Lie-admissible if the skew symmetric map
[, ]=p—pomy
is a Lie bracket. Jacobi identity is equivalent to
A
A, o d] os = 0-
Remark. The Gs-associativity identity writes
AM(XL X27 X3) + AM<X2a X3? Xl) + AN(X37 le XQ) =0.
If i is skew symmetric, this reduces to
p(p(X1 ® X2) ® X3) + p(p(X2 ® X3) © X1) + p(pu(Xs @ X1) © Xo) =0
and p is a Lie algebra product. Then Gs-associative algebras can be considered as a non skew-symmetric
version of Lie algebras.
1.2.5 Classification of K[Xs]-associative Lie-admissible identities
A K[Xs]-associative algebra defined by the identity
A, 0odt =0

is Lie-admissible if and only if V' = vg, € F,,. From the determination of invariant subspaces of K[X3] given
in 1.2 we deduce

Theorem 13 FEvery Lie-admissible K [£3]-algebra belongs to one of the following cases:
L4 (I) Au(l‘, Y, Z) - Au(yv xZ, Z) - A/A(Za Y, 17) - Au(l‘, 2 y) + Au(yv Z, 1‘) + A“(Z, z, y) =0.

o (II): Ay(z,y,2)+ Ay, z,2) + Au(z,2,y) = 0.

b (III) aAM(‘Tvy7Z) - OZAH(y,"E,Z) + (O[—’-,B - 3)A#(Z,y71') - 5A/J(x727y) +/8Au(yvzax)
+(3 - — B)AM(vavy) = 07 with (OZ,B) 7& (15 1)

o (IV1): 2A,(z,y,2) + 1+ ) Au(y,2,2) + Au(z,y,2) + Au(y, z,2) + (1 — ) Ap(z, 2, y) = 0 with a # 1.
o (IVy): 2A,(z,y,2) + Au(z,y,2) — Az, 2,y) + 3A,(y, z,2) + A, (2, 2,y) = 0.

o (V)i 24,(0,9,2) = Au(s,2) — Au(2,9,0) — A, 2,9) + Ap(y, 2,2) = 0.

o (VI): Au(z,y,2) =0.

Let us note that the case (I11) contains, in this relation, the relations associated with the vectors u} and
u3. In particular, we have

1. Gsy-associative algebras are of type (IIT) with (a, 8) = (3,0).
2. (is-associative algebras are of type (I11) with (o, ) = (0,0).
3. Gs-associative algebras are of type (I11) with (o, 3) = (0, 3).
(

4. Gs-associative algebras are of type (II).
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1.2.6 Third-power associative algebras

Definition 14 An algebra (A, p) is called third-power associative if
A, 0 ®f =0,

where W = ws, =3 5.0

The class of third-power associative algebras have been introduced by Albert in [3]. An equivalent definition
of A, o Py =0 is to write
A, (z,z,2) =0.

In [69] and [72] such an algebra is called “associative dependent algebra”. An interesting case of third-
power associative is the class of power-associative algebras. For such an algebra, every element generates an
associative subalgebra.

A K[Xs]-algebra defined by an identity
A, o®t=0

is third-power associative if and only if W € F,.

Theorem 15 Every third-power associative K [Z3]-associative algebra corresponds to one of the following
cases:

o (I'): Au(z,y,2) + Ap(y, @, 2) + Au(z,y,x) + Au(x, z,y) + Ap(y, z,2) + Au(z,2,y) = 0. This identity
defines the category of third-power associative algebras.

o (II') = (II).,
o (III'):

aAy(z,y,2)+ (2 -« Au(y,x 2)+ (a+ B -1)Au(z,y,2) + (2 - B)Au(z, z,y) + BAL(Y, z,2) + (3 —a —
ﬁ)Au(z,x,y) =0 with (0476) ( ’ )

o (IV]) = (IW).

o (IV3) = (IVa).

o (V): 24,,(x,y,2) + Au(y, x,2) + Au(2,y,2) + Au(z, 2,9) + Au(y, z,2) = 0.
o (VI) = (V).

Example: Alternative algebras. Let us examine more particularly algebras of type (V’). Recall that an
algebra (A, pt) is alternative if its product satisfies

Ap(z, m,y) = Auly, z,x) = 0.
This condition is equivalent to the following system
A,o®y, =A,0, =0,

with v; = Id + 712 and vy = Id + 723. These vectors v; belong to K (O (u2)) and the class of algebras of
type (V') corresponds to the class of alternative algebras. Since v = Id + 713 € Fy;2, any alternative algebra
is also flexible, that is, A,(x,y,z) = 0. In Chapter 5 we will look at these algebras from the viewpoint of
operads. If Alt = (Alt(n)), denotes the operad associated to alternative algebras, the Moufang identities
correspond to the relations in Alt(4).

Example: Power associative algebras. An algebra (A, u) is power-associative if any element z € A
generates an associative algebra. Any power-associative algebra is, of course, a third-power associative
algebra. In the K[Xs]-cases, the third-power associative algebras which are power-associative correspond to
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types (I11I'), (IV1),(IV2),(V') and (VI). A well-known class of power-associative algebras is the (v, d)-Type
[75] which arises in the study of classes of algebras having the property that if I is an ideal of the algebra, then
I? is also an ideal of the algebra A. A power-associative algebra satisfying this property is either associative,
or of (v,d)-Type. They are defined by

Ay(x,z,2) =0,
Au(xvya Z) + Au(yv Z,l‘) + AM(Z,.I’, y) =0,
A#(I‘,y,Z) +")/Au(y,l’,2) + 5Au(z,:c,y) = 07 72 - 52 + 6 -1= Oa

and correspond to the algebras of type (IV;). They are non-flexible power-associative and Lie-admissible
algebras.

1.3 K[X3]*-associative algebras

The associator A, of 1 can be decomposed as
A, = AL — AL,

where Aﬁ(ml,azg,xg) = p(u(xy, z2),x3) and Aﬁ(ﬂ?l,xg,%g) = p(xy, p(re, x3)).
Now, instead of considering an action of ¥3 on the associator we can consider it independently on Aﬁ and
Aff which will induce different symmetries.

Definition 16 The category of (K [23])2-associative algebras corresponds to the K-algebras (A, 1) for which
there exist v,w € K[Z3], (v,w) # (0,0), such that

L _ R _
Ayo®, =0, Ajod, =0, (1.7)
or

L R —
Ajod, —Afod, =0 (1.8)
The reduction of these identities was first studied in [72]. The main result is

Proposition 6 [72] Let A be an unitary (K [X3])?-associative algebra. Then A is either Lie-admissible or

satisfies
Alo®, —Alo®, =0

with
v=MId— 112+ ()\1 =+ /\2)7‘13 — AaTa3 + Agc — ()\1 + /\2)02

and
w = p1ld — p1712 + (p1 + A2) 713 — A2z + Aec — (p1 + )‘2)02‘

The vectors v and w generate two dimensional invariant spaces F, and F,,. In the following we denote by
o(v) the vector Y a;0 0 0; with v =" a;0;.

Let (A, u) be a (K [Z3])%-associative algebra given by the relation
Aﬁo@v—Aﬁio@w =0

with v # 0, w # 0. Suppose that (A, u1) is a Lie-admissible algebra. It is easy to see that V = vy, € F, N Fy,.
In this case the product u satisfies
A,o®y =0

and (A, p) is a (K [Xs3])-associative algebra. Then there exists x € K[X3] such that
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Examples

1. Consider the (K [¥3])?-associative algebra whose product satisfies

v (y-z)—z-(z2y)—(z-y) 2+ (y-2) 2=0.

Here v = Id — 112 and w = Id — 13. If x = Id + ¢ + ¢?, we have x(v) = x(w) = V and the product is
Lie-admissible. This example plays a particular role in the study of Hopf operad.

2. Consider the (K [X3])2-associative algebra defined by
2@-y)z—(ya)z—(zy)z—(z-2)y+y-z2)z-—z(y2)—y (2-2)—2z (v y) =0.

Now v = 2Id — 715 — T13 — To3 +c and w = Id+c+c%. Here x(w) = V implies x = ayId+asm12 + a3tz — (1+
as + a3)me3 + asc + (1 — a; — as)c?. For this vector we have x(v) # V and the (K [¥3])2-associative algebra
is not Lie-admissible.

3. A Leibniz algebra [77] is a K [X3]-associative algebra A satisfying
- (y-2)—(z-y)-24+(@-2)-y=0

for all z,y,z € A. Here v = Id — 793 and w = Id. Such an algebra is neither Lie-admissible nor third-power
associative.

Remarks.

1. The existence of x € K[X3] such that x(v) =V and x(w) # V doesn’t imply the non Lie-admissibility
of the algebra. For example, if we consider v = Id — 715 then every x such that x(v) = V has the form
X = arld + (a1 — 1)712 + a3mi3 + a4me3 + (az + 1)c + (ag + 1)c?. Now consider w = Id — 713. Every x such
that y(w) = V is written x = aiId + (a1 — 1)712 + (a1 — 1)713 + (a1 — 1)723 + a1¢ + aic?. In particular if
X = Id + 713 + 2¢ + ¢? this vector satisfies x(v) = V and x(w) # V. But the algebra (A, 1) defined by

L R _
A#oq)U—AH od, =0
is Lie-admissible.

2. Replacing V by W we obtain similar results for power-associative algebras.



Chapter 2

Poisson algebras viewed as Non
Associative algebras

In this chapter, we describe an interesting example of nonassociative algebra where the nonassociative iden-
tity is equivalent to the three classical identities of a Poisson algebra. Then we have an original viewpoint
of Poisson algebras. Recall that Poisson algebra is usually defined as a commutative associative algebra
with a Lie bracket, these operations satisfying the Leibniz rule. The main idea is to use a polarization-
depolarization method to associate with a general binary multiplication, an algebra provided with two prod-
ucts, the first one commutative and the second one skew-symmetric. Here, starting with the nonassociative
identity 3A(X,Y,Z2)=(X-2) Y+ (Y -Z)- X —(Y-X)-Z—(Z-X)-Y and using this process we find
the classical Poisson structure. The description of Poisson structures in terms of a single bilinear operation
enables us to explore Poisson algebras in the realm of nonassociative algebras. To distinguish the classical
Poisson algebras with these nonassociative algebras, we call these last Poisson-admissible algebras (although
they are the same). Let us note that this method will be used in Chapter 4 to prove some (non)Koszul
properties of the operad for Lie-admissible algebras.

In this chapter, we describe the polarization-depolarization process and we illustrate it considering classical
algebras (associative algebras, G-associative algebras). Then we focus on Poisson algebras. Starting from the
Poisson-admissible identity, we prove that Poisson-admissible algebras are flexible algebras. So we adapte
Pierce decompositions. We have a natural notion of Radical and simplicity. We give the classification in
dimension 2 and 3.

The classical cohomology deformation of Poisson algebras, classically called Lichnerowicz cohomology,
considers only deformations of the Lie structure, leaving invariant the associative structure. Since in this
chapter Poisson algebras are considered as nonassociative algebras, we consider the cohomology that governs
general deformations of Poisson-admissible structures (both deformations of the Lie bracket and the associa-
tive product) and give the description of the spaces of degree 2 and 3. In fact, this cohomology corresponds
to the operadic cohomology associated with the operad for Poisson-admissible algebras. We compare this
cohomology with the Lichnerowicz one.

2.1 Introduction. Polarization, Depolarization

2.1.1 Polarization, Depolarization

Let K be a commutative field of characteristic different from 2 and 3. We are going to study classes of
algebras with one operation - : V ® V. — V and axioms given as linear combinations of terms of the form
Vo(1) * (Vo (2) - Vo(3)) and/or (vy(1) - Vp(2)) - Vo(3), Where o € Y3 is a permutation. All classical examples of
algebras, such as associative, commutative, Lie and, quite surprisingly, Poisson algebras, are of this type.
The multiplication of - : V@V — V is
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1. commutative, that is, x -y =y -z for all x,y € V,
2. anticommutative, that is, -y = —y -« for all z,y € V,

3. without any symmetry, which means that there is no relation between = -y and y - x.

Any multiplication - : V@ V. — V of type (3) can be decomposed into the sum of a commutative
multiplication e and an anti-commutative one [—, —] via the polarization given by
@ ytya) and foy] = s ) (21)
zey:=—(x- -x) and [x,y] = —=(x-y—y-x), }
Y /2 yry Y V2 y—vy

for x,y € V. The inverse process of depolarization assembles a type (1) multiplication e with a type (2)
multiplication [—, —] into

1

= —(xoy+|z,y]), for z,y V. 2.2
y \/5( y+ [z, y) y (2.2)
The coeflicient % was chosen so that the polarization followed by the depolarization (and vice versa) is the

identity. There are however other, less ‘symmetric’ choices of the coefficients with the same property, such
as 1in (2.1) and % in (2.2), which do not need the assumption v/2 € K.

The polarization enables one to view structures with a type (3) multiplication (such as associative algebras
in Example 2.1.2) as structures with one commutative and one anticommutative operation, while the depo-
larization interprets structures with one commutative and one anticommutative operation (such as Poisson
algebras in Example 2.2.1) as structures with one type (3) operation. We will try to convince the reader
that this change of perspective might sometimes lead to new insights and results.

x€ -

2.1.2 Examples to warm up

In this section we give a couple of examples to illustrate the (de)polarization trick. We will usually omit the
e denoting a commutative multiplication and write simply xy instead of = e y.

Example 1. Associative algebras are traditionally understood as structures with one operation of type (3).
If we polarize the multiplication - : V ® V' — V| the associativity

(x-y)-z=xz-(y-2), fora,y,z€V, (2.3)
becomes equivalent to the following two axioms:

[x,yz] = [x,y]z+y[:z:,z], (24)
v, [z,2]] = (zy)z —=z(y2). (2.5)

Let us remark that the summation of (2.5) over cyclic permutations gives the Jacobi identity

[I, [ya Z“ + [yv [va“ + [Za [Iay“ =0. (26)

Example 2. Recall [55] that a type (3) product - : V@ V — V is called Lie-admissible if the commutator
of this product is a Lie bracket or, equivalently, if the antisymmetric part [—, —] of its polarization fulfills
the Jacobi identity (2.6). This observation suggests that the polarization might be particularly suited for
various types of Lie-admissible algebras.

Some important classes of Lie-admissible algebras where studied in Chapter 1. G1-associative algebras are
clearly associative algebras whose polarization we discussed in Example 2.1.2.

Gs-associative algebras and Gs-associative algebras are structures opposite to each other. We will therefore
treat them as two versions of the same structure most often called a pre-Lie algebra in the literature [21, 41],
although the Gy-version is sometimes called more specifically a Vinberg or left-symmetric algebra [112], while
the Gs-version a right-symmetric algebra [94].
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In the polarized form, Gs-associative algebras are structures with a commutative multiplication and a Lie
bracket related by the axiom:

2[z,ylz +[[7,y], 2] — 2(y2) + y(22) — 2y, 2] +y[x, 2] — [z, y2] + [y, x2] = 0.

This axiom can be written as the sum
0 = {@2y—aty) — 2.l ) + {l2. 00z + ylo, 2] - [z, y2]}
+{ly, 2] - oy, 2] - [y, )}

of three terms which vanish separately if the multiplication is associative, see (2.4) and (2.5). The Gs-versions
of the above formulas can be obtained by applying the transformation

Yy — xY, [x,y] = 7[x7y}'
After polarizing, we identify G4-associative algebras as structures satisfying

(zy)z — 2(yz) = [[z, 2], yl,

which clearly implies the Jacobi (2.6). G5-associative algebras have a commutative multiplication and a Lie
bracket tied together by
[zy, 2] + [yz, z] + [z2,y] = 0. (2.7)

The polarization of Gg-associative algebras, which are sometimes confusingly called just Lie-admissible

algebras, reveals that the category of these objects consists of structures with a commutative multiplication
and a Lie bracket, with no relation between these two operations.
Example 3. Lie-admissible structures mentioned in Example 2.1.2 are rather important. As it was shown
in the seminal paper [41], there exists a natural pre-Lie structure on the Hochschild cochain complex of every
associative algebra induced by a structure christened later, in [43], a brace algebra. This pre-Lie structure
is responsible for the existence of the intrinsic bracket (also known as the Gerstenhaber bracket) on the
Hochschild cohomology, see again [41].

We offer the following generalization of this structure. For a vector space V', denote by

X:= P Lin(vem,ven)

m,n>1

the space of all multilinear maps. For f€Lin(V®?, V®) and g€ Lin(V®4 V®¢) define
f Oé‘ g€ Lin(V®“+C*1, V®b+d71)

to be the map obtained by composing the j-th output of g into the ¢-th input of f and arranging the
remaining outputs and inputs as indicated in Figure 2.1.2. Define finally

f 0g = Z (_1)i(b+1)+j(c+l)f o; q.
1<i<b, 1<j<e

We leave to the reader to verify that (X, o) is a Gg-associative algebra.

Let Yioen C X be the subspace Yioch := @D,,,~; Lin(V®™, V) and let dually Yeonoch 1= €D,,~; Lin(V, V&™).
Clearly both Yioen and Yeomocn are o-closed. Tt turns out that (Yioecn,o) is a Gs-associative algebra and
(YeoHoch, ©) a Ga-associative algebra. We recognize (Yuoch,©) as the underlying space of the Hochschild
cochain complex C7y, ., (A; A) of an associative algebra A = (V,-) with the classical pre-Lie structure [41].
The space (YeoHoch,©) has a similar interpretation in terms of the Cartier cohomology of coassociative
coalgebras [19].

To interpret X in a similar way, wee need to recall that an infinitesimal bialgebra [2] (also called a
mock bialgebra in [33]) is a triple (V,u,d), where p is an associative multiplication, § is a coassociative
comultiplication and

(p(u, v)) = 01y (u) @ p(d2) (w), v) + p(u, 61y (v)) © 4z (v)
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%
\

]

Figure 2.1: The composition foig € Lin(V®0 VE7) of functions f € Lin(V®% V®3) and g € Lin(V®5, V©5).

for each u,v € V, with the standard Sweedler’s notation for the comultiplication used. It turns out that
X is the underlying space of the cochain complex defining the cohomology of an infinitesimal bialgebra and
[f,g] := fog—go f is the intrinsic bracket, see [90], on this cochain complex. The reader is encouraged to
verify that the axioms of infinitesimal bialgebras can be written as the ‘master equation’

[1+0,p40] =0,
with p: VeV —=Vand § : V — V ®V interpreted as elements of X.
Now we will develop the case of Poisson algebras so we use the usual notation {, } for the Poisson bracket

instead of [, ]. We consider (2.1) with the coefficient 3, that is, zey := (z-y+y-z) and [z,y] == L (z-y—y- ),
and (2.2) with 1, i.e. z-y:=z oy + [z,y].

2.2 Nonassociative algebra associated to a Poisson algebra

2.2.1 Depolarization of Poisson identities

Poisson algebras are usually defined as structures with two operations, a commutative associative one,
denoted by e and an anti-commutative one satisfying the Jacobi identity, denoted by {, }. These operations
are tied up by a distributive law

{r.yez}={z,y}ez+ye{z,z}

which we already saw in (2.4). The depolarization reinterprets Poisson algebras as structures with one
type (3) operation - : V. ® V — V and one axiom:

vy )= (@y) e (@ )yt (2o (yoa) 2 (o))

Remark. In this example, the ground field will be the complex numbers C. In an unpublished note, Livernet
and Loday considered a one-parameter family of algebras with the axioms

[, [y, 2]] + [y, [z, 2]] + [z, [z, 9] = O,
[z,y2] = [z,9]z +ylz, 2], (2.8)
(xy)z —x(yz) = qly, [z, 2], (2.9)

depending on a complex parameter g. Observe that, for ¢ # 0, the first axiom (the Jacobi identity) is implied
by the third one. Let us call algebras satisfying the above axioms LLg-algebras.

For ¢ = 0, (2.9) becomes the associativity and we recognize the usual definition of Poisson algebras.
If ¢ = 1, we get associative algebras, in the polarized form of Example 2.1.2. Furthermore, one may also
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consider the limit for ¢ — oo:

[z, [y, 2] + [y, [z, 2] + [z, [=,9]] = 0,
[’JS,yZ] - [:v,y]z+y[x,z],
[y, [z,2]] = 0.

In this case, the first identity trivially follows from the last one. These LL.-algebras are algebras with a
two-step-nilpotent anticommutative bracket and a commutative multiplication, related by a distributive law
(the second equation).

The depolarization allows one to interpret LL -algebras as algebras with one type (3) operation - : V@V —
V. One must distinguish two cases. For ¢ # —3 we get the axiom

x.(y.z):(m.y).sz& (z-2)-y+(y-2)-z—(y-a)z—(z2) 9}

q+3
while for ¢ = —3 we get a structure with three axioms
(@-2)-y+(y-z)-a-(y-2)-2—(2-2)-y) = 0,

A(xayvz)_'_A(Zay?x) - Oa
Alz,y,2) + Ay, z,2) + A(z,2,y) =

It can be easily verified that the formula

1+/4q
2

converts LL,-algebras, for ¢ # 0, 0o, into associative algebras.

L- Ve (2.10)

TxY = -y -+ 5 Y-z

Observe that axiom (2.8) of LL,-algebras implies axiom (2.7) of Gs-associative algebras, therefore LL,-
algebras form, for each ¢, a subcategory of the category of Gs-associative algebras. An equally simple
observation is that the polarized product of G4-associative algebras satisfies the first and the third identities
of LL_q-algebras but not the distributive law.

Remark. LL-algebras can be used to interpret deformation quantization of Poisson algebras. The ground
ring here will be the ring K][[¢]] of formal power series in ¢. Let us recall [9] that a *-product on a K-vector
space A is a K][[t]]-linear associative unital multiplication * : A[[t]] ® A[[t]] — A][¢]] which is commutative
mod t. Expanding, for u,v € A,

u*vzu*ov+tu*1v—|—t2 Uxo U+ -+, withux;ve Afori>0,
one easily verifies that the operations .o and [—, —]p defined by
u-gv:=u*xv and [u,v]p:=uxv—v*u, u,vE A,

are such that P := (A, -9,[—, —]o) is a Poisson algebra. The object (A[[t]],*) is sometimes also called the
deformation quantization of the Poisson algebra P. In applications, P is the R-algebra C°°(M) of smooth
functions on a Poisson manifold M that represents the phase space of a classical physical system. One
moreover assumes that all products *;, ¢ > 0, in (2.2.1) are bilinear differential operators, see again [9] for
details. The relevance of LLg-algebras for quantization is explained in the following theorem.

Theorem 17 A x-product on a K-vector space A is the same as an LLs2-algebra structure on the K[[t]]-
module V := A[[t]].

Proof. Given a #-product, define ¢ : V®V — V and [-,—] : V®V — V as the polarization (2.1)
of x : V®V — V. Commutativity of * mod ¢ means that [—,—] = 0 mod ¢, therefore there exists a
bilinear antisymmetric map {—,—}: V ® V. — V such that [—, =] = t{—, —}. It is immediate to check that

(V,e,{—,—1}) is an LL2-algebra. On the other hand, given an LL,2-algebra (V,e,{—,—}), then
1
uxv:= —(wuev+t{u,v}), for u,v eV,
Jslws v tuo))

clearly defines a *-product on A.
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2.2.2 Poisson-admissible algebras

To distinguish the classical Poisson algebras and their nonassociative version we introduce the following
definition:

Definition 18 A nonassociative K-algebra (P, -) whose associator satisfies

BAX,)Y,Z)=(X-2) Y+ (Y -2)- X—-(Y-X)-Z—-(Z-X) Y. (2.11)
1s called a Poisson-admissible algebra.
Let (P,-) and (P, *) be Poisson-admissible algebras defining the same Poisson algebra (P, {, },e). Then

X Y-V X=X+Y-Y*X=2(X,Y}
X Y4Y X=X+Y +Y*X =2XeY

and X - Y = X xY because the characteristic of K is different from 2.

Notation. We will denote (when no confusion is possible) the Poisson-admissible product by XY instead
of X -Y.

Proposition 7 A Poisson-admissible algebra (P,-) is flexible, that is, the associator satisfies
AX,Y, X)=0
for every X, Y € P.

Proof. From (2.11) we have
3A(X,Y, X) = X2V + (YX)X — (YX)X — X2Y =0

where X2 = X X. Then (P, -) is flexible. OJ

We deduce easily that the associator of the multiplication - satisfies
AX,)Y,Z)+ A(Z,Y,X) =0 (flexibility) (2.12)

A(X,Y,Z)+ A(Y, Z,X) — A(Y, X, Z) = 0. (2.13)

Last relation is obtained by writing identity (2.11) for the triples (X,Y, Z), (Y, Z,X) and (Y, X, Z).
Remark. The system {(2.12), (2.13)} is equivalent to the equation

1
2A(XY. Z) + SA(Y, X, Z) + A(Z.Y.X) + A(Y. Z.X) + gA(Z, X,Y)=0. (2.14)

In fact, (2.12) + (2.13) implies (2.14). Conversely if (2.14) is satisfied, then (2.14) applied to the triple
(X,Y, X) gives
2A(X,Y, X) + A(Y, X, X) + A(X, X,Y) =0

and to the triple (X, X,Y)
5A(X,X,Y)+5A(Y, X, X) 4+ 2A(X,Y, X) = 0.

We deduce (2.12) and (2.13). It is worth noting that a nonassociative algebra satisfying (2.14) is not always
a Poisson-admissible algebra.

Proposition 8 A Poisson-admissible algebra (P,-) is a power associative algebra.
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Proof. Recall that a nonassociative algebra is power associative if every element generates an associative
subalgebra. Let X be in (P,-). We define the power of X by X' = X, X*! = X . X*. We will prove that
Xinxi—n = Xt=PXJItP = X for all 4,5 > 1and 1 <p<i, 1 <n<j. Let j > 1. Since (P,-) is flexible,
we have A(X, X771 X) = 0 and Equation (2.11) gives X X’/ = X7 X. Now we shall use induction over i to
prove that X?XJ = XJ X? This identity is trivial for i = 1. Suppose that it is satisfied for some i > 1. Then
relation (2.11) gives

BAX, X4 X9 — (XXX + (XXX — (X' X)X) — (XIX)X' =0
and as X*X7 = X7 X* we obtain
AXTXT = 3X (X' XT) + (X' X7)X.
Similarly, (2.11) applied to the triple (X, X7, X?) gives
4X7T X =3X(XPXT) + (XX X.

From the assumption X?X7 = X7 X% we obtain X/ "1 X? = X*+1XJ By (2.11), this implies A(X7, X, X?) =
0. Thus,
Xj+1Xi _ Xin+1 _ Xi+1Xj

and X?XJ = X7X? for all i,j. Finally, we prove that for fixed i the relation X PXP = X' is satisfied for
any 1 < p <. It is evident for p = 1. Take p such that 1 < p < i, and suppose that we have X*PXP = X*
Then

BA(XP=1 X, XP) = (XiPTlXP)X 4 (XPH)Xip=1 _ (Xi-P)XP
—(XrXxiPhX.
By assumption X PXP = X¢ = XPX*~P, thus this relation gives
Xp+1Xi7p71 — X’L'prp — XZ

and the algebra (P, ) is power associative. [J

Remark. Poisson algebras as K [2s]-associative algebras.
In [56], we show that Poisson-admissible algebras belong to some class of K [X3]-associative algebras.

If (P, -) is a Poisson-admissible algebra, we see from (2.11) that the associator of the multiplication satisfies
Ayo®, =0

for v1 = Id — 113 + c¢. The flexibility identity (2.12) can be written as A, o0 ®,, =0 for vo = Id + 713. From

the classification of Theorem 13 , we deduce that any Poisson algebra is an algebra of type (IV;) for o = —%

(we have v = 2Id + %712 + 713 +c+ %cz and F, is 4-dimensional).
2.3 Algebraic study of Poisson-admissible algebras

If (P,-) is a Poisson-admissible algebra, we denote by Ap the commutative associative algebra with multi-
plication z ey := 1(z -y +y - x) and gp the Lie algebra with bracket [z,y] := 3(z -y —y - z).

2.3.1 Pierce decomposition

A power associative algebra (P, ) is a nilalgebra if any element X is nilpotent, i.e.

VX € P,3r € N such that X" = 0.

Proposition 9 Any finite dimensional Poisson-admissible algebra which is not a nilalgebra contains a non-
zero idempotent.
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Proof. This is a consequence of the power associativity of a Poisson algebra.

2 1

Let e be a non-zero idempotent, i.e. e =e. But cee = 5(e-e+e-e)soecee = e and e is also an

idempotent of the associative algebra Ap. The Leibniz identity implies
{e,z} ={eee,x} =2ee{e z}.
Therefore, {e,x} is either zero or an eigenvector of the operator

L:x—ceox
in Ap associated to the eigenvalue % Since e is an idempotent, the eigenvalues associated to Lg are 1 or
0. It follows that {e,z} = 0 which implies that e belongs to Z(gp), the center of the Lie algebra gp, and
e-xr=cer=xee=2x-¢€.

Proposition 10 Let (P, ) be a Poisson-admissible algebra such that the center of the associated Lie algebra
gp is zero. Then (P,-) has no idempotent different from zero. If P is finite dimensional then it is a nilalgebra.

Suppose that there exists an idempotent e # 0. Since P is flexible, the operators L? and R? defined by
L (x) =eex and R2(z) = v ® ¢ commute and L2 = L,, R? = R,. Then P decomposes as

P ="Poo @ Po1®P1o® P11,

with P; ; = {z;; € P such that ex;; =iz, ;, x; je = jx;;}, 4,5 € {0,1}. From Proposition 9, e € Z(gp).
So {e,x} = 0 for any x, that is, ex = ze and Py 1 = P1 = {0}.

Proposition 11 If the Poisson-admissible algebra (P,-) has a non-zero idempotent, it admits the Pierce
decomposition
P="Poo@ P11,

where Py o and P11 are Poisson-admissible algebras with the induced product.

Proof. We have to show that Py ¢ and P; 1 are Poisson subalgebras. Let z,y € Py o, then ex = ey = ze =
ye = 0. From (2.11), we obtain

—=3e(zy) = (ay)e,
0 = (zy)e — (ya)e,
xyle = —(yx)e.

So (zy)e = —3e(zy) = (yx)e = —3(zy)e and (zy)e = e(xy) = 0. Then zy € Pyo. Similarly if z,y € Py 1,
then (2.11) applied to the triple (e, x,y) gives zy = e(xy). The same equation applied to (z,e,y) and (x,y, €)
gives
(xy)e + yx — 2y — (yx)e = 0,
{ 3(zy)e — 3zy —yz + (yr)e = 0.

Thus, 4(xy)e — 4zy = 0 which means that (zy)e = zy and Py 1 is a Poisson subalgebra of (P,-) O

Remark. Poisson algebras are Lie-admissible power-associative algebras. In [73] Kosier gave examples
of simple Lie-admissible power-associative finite-dimensional algebras called anti-flexible algebras. These
algebras also have the property A = Ao ® A1,1 in every Pierce decomposition.

2.3.2 Pierce decomposition associated to orthogonal idempotents
Let e; and e; be non-zero independent orthogonal idempotents, ejes = eqe; = 0. Let P = 77&70 &3] 731171 =
7’3’0 D 7’1271 be the corresponding Pierce decompositions. Let us suppose that z € P&O. Applying (2.11) to

the triples associated to the elements {ej, €2, 2}, we obtain the condition

(zea)er = (eax)e; = eq(eqx) = eg(wes) = 0,
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for the elements xe; and ez in P o. In other words,
L, (7)5,0) C P(},m R, (7)(},0) - P(},Ov
where L., (z) = eaz and R,z = xea. So, ey is an idempotent of the Poisson algebra (7)&,0, -). Thus we have
1 1 2 1 2
Po,o ="Po,oNPoo®PooNPi;
Using the same reasoning, we can show that if x € ’Pil then, esx = xes = 0 and
1 1 2 1 2
Pia=PiaNPio@PiiNPia-
But 7)1271 C P(},O so that Pll,l N Pil = {0} and 7)1171 N 7)370 = P1171. ThCn,
P=PioNPio®Pi, &P,

Proposition 12 Ife; and es are non-zero orthogonal idempotents, then P decomposes into a direct sum of
Poisson subalgebras,
P=PooNPso®Pi, ®P;,.

Proposition 6.19 can be easily generalized to a family of orthogonal idempotents {eq,- - ,ex}. The corre-
sponding decomposition can then be written as

ko i ok j
P =iz Poo @izt Pia-

2.3.3 Radical of a Poisson algebra

We already know that a Poisson algebra (P, -) is power associative. Recall that an element x € P is nilpotent
if there is an integer r such that " = 0. An algebra (resp. a two-sided ideal) consisting only of nilpotent
elements is called a nilalgebra (resp. a nilideal). If P is a finite dimensional Poisson algebra, then there
is a unique maximal nilideal A'(P) called the nilradical. Let Ap be the commutative associative algebra
associated to (P,-). Then, the Jacobson radical J(Ap) of Ap contains N (P). Since N(P) is a two-sided
ideal of (P,-), it is also a Lie ideal of gp. One can easily prove:

Proposition 13 The nilradical N(P) of (P,-) coincides with the mazimal Lie ideal of gp contained in
T (Ap).

Remarks.

e In the category of associative algebras, or more generally, of alternative algebras, any nilalgebra is
nilpotent. This is no longer true in the category of Poisson algebras as the following example shows.

Let (P,-) be the 3-dimensional algebra defined by

e? =0,

€1€2 = —€2€1 = €2,
€1€3 = —€3€1 = —€3,
€9€3 — —€3€9 = €7.

The corresponding algebra Ap is abelian and any element of P is nilpotent. The Poisson algebra P
is a nilalgebra. But P2 = P so P is not a nilpotent algebra. This algebra is an example of simple
nilalgebra.

e An element x € P is properly nilpotent if it is nilpotent and zy and yx are nilpotent for any y € P. The
Jacobson radical of Ap coincides with the set of properly nilpotent elements of Ap. Let x be a properly
nilpotent element of P and suppose that = ¢ N (P). We know that € J(Ap). By Proposition 13,
there exists y € P such that {z,y} ¢ N(P). We have xey € J(Ap). This implies that {z,y} ¢ T (Ap),
otherwise zy € J(Ap) and N(P) would not be maximal. But z € J(Ap), so zy is nilpotent and
xy € J(Ap). This is a contradiction and the nilradical coincides with the set of properly nilpotent
elements. Zorn’s theorem concerning nilalgebra still holds in the framework of Poisson algebras.
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e We have seen that any finite dimensional Poisson algebra which is not a nilalgebra contains a non-zero
idempotent. An idempotent e is principal if there is no idempotent u orthogonal to e (i.e. ue =eu =0
with u? = u # 0). If (P, ) is not a nilalgebra, Ap is not a nilalgebra and it has a principal idempotent
element. Let e be such an element. As e? = eee = e, it is an idempotent element of P. If one can find
u such that u? = u e u = u with ue = eu = 0, then u e e = e ® u = 0 which is impossible. Therefore we
have:

Proposition 14 Any finite dimensional Poisson-admissible algebra which is not a nilalgebra contains
a principal idempotent element.

e Let us assume that P is a unitary algebra. If x is an invertible element of P, there exists z—! € P such
that 2z~ ! = 7'z = 1. In particular ez ! =2 ' ex =1 and 2! is the inverse of = in Ap. Thus
the inverse of an invertible element of P is unique. Let us note that if P is unitary, finite dimensional
and if the unit is the only idempotent element, any non-nilpotent element is invertible. In fact, such
an element = generates an associative algebra which admits an idempotent. Then 1 € P, which turns
out to be the only idempotent and can be expressed as

1= Zaixi = x(z a;rt ™).

It follows that Y a;x*~! is the inverse of .

2.3.4 Simple Poisson algebras

A Poisson-admissible algebra (P, -) is simple if it has not some proper ideal and if P? # {0}. Let L, and R,
be the left and right translations by « € P. Let M(P) be the associative subalgebra of End(P) generated
by L., R, for x € P. In this algebra, we have the following relations

Lr.Rz :Rm.Lra
AL,> = 3(Ly)? — (Ry)? + 2Ry » Ly,
AR,> = 3(Ry)? — (Ly)? + 2Ry » L.

The algebra P is simple if and only if P is a non-trivial irreducible M(P)-module.
One can consider the centralizer C of M(P) in End(P). If P is simple and if C is non-trivial, then C is a
field which is a central simple Poisson algebra over itself.

Remark. We saw in Remarks in 2.3.3 that there are Poisson-admissible algebras which are nilalgebras.
In this case N(P) is non-zero. We can consider the Albert radical R(P) defined as the intersection of all
maximal ideals M of P such that P? ¢ M. In the algebra defined in Remark 2.3.3, P? = P. If M is
maximal and satisfies M C P? and M # P2, then M = {0}. The Albert radical is {0} which implies the
semi-simplicity of P.

Proposition 15 If (P,-) is a simple nilalgebra such that x®> = 0 for all x € P then Ap is an associative
nilalgebra satisfying (Ap)? = 0.

Proof. The subalgebra P? = {zy,z,y € P} is an ideal of P, so P? = P. By hypothesis, for every z € P we
have 22 = 0. Then
(z+y)?=2+y" +ay+yr=ay+yr=0

for all z,y € P2. This implies
1
zoy=g(ey+yz)=0
thus the associative algebra Ap is trivial.

We can also consider simple Poisson-admissible algebras which are not nilalgebras. In this case the Albert
radical is {0} and P? # 0.
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Proposition 16 Let (P,-) be a finite dimensional simple Poisson-admissible algebra which is not a nilalge-
bra. Then it has a unit element.

Proof. In fact, P has a principal idempotent e. Its Pierce decomposition P = Py @ P;,1 is such that
Poo C R(P). Then Py = {0} and P = P4 1. Therefore, e = 1.

2.4 Simple complex Poisson algebras such that gp is simple

Lemma 2 Let (P,-) be a Poisson-admissible algebra. If gp is a simple Lie algebra then P is a simple
algebra.

Proof. If I & P is an ideal of P, then I is also an ideal of gp so I must be trivial.

Proposition 17 If gp is a simple complex Lie algebra, then UV = {U,V} for all U,V € P, that is, the
associative algebra Ap satisfies A% = {0}.

Proof. Let gp be a simple complex Lie algebra of rank r. Let n_ @ h @ ny be its root-decomposition, where
h is a Cartan subalgebra. Let {Y;, H;, X,} be the corresponding Weyl basis. Since {HZ, H;} = 0 for all
i=1,---,r we deduce that

Heh, k=1,---,r

Thus, Hf = Y_;_, ot H;. Let us put {Hy, X;} = pi,; X;. We obtain
2 2
{Hk,X]-} = 2pk,ij

forall k =1,---,7. Thus 2p; ; are also roots of gp, but this is impossible so ng = 0 for every j. Similarly
we have for all k =1,--- |r
{Hy, X; 0 Xi} = (prj + prg) X  Xi

50 (pr,j + pr,;) are roots. This implies
Xj L Xz =0.

In the same way we have
Yje¥i=0

for all 7, j. It turns out that
{H}, X;} = 2Hy, @ {Hy, X;} = 201 jHy 0 X; = Y ajpi ;X
i=1
and .
1
priHy o X; = §(Z P )X
i=1
For any j there is k such that py ; # 0. Thus
{HioX;,X;} =0=Hy o {X;,x;} + {Hp,X;} 0 X; = pj ; X

and
2 .
X7 =0, Vj.

By similar arguments, the identities Yj2 =0 hold. For i =1,--- ,r we have
{X2)V;} =0=2X,; e {X;,V;} = —4X; ¢ H;.
Thus, Za{pm = 0. As the matrix (p;,;) is non-singular, we deduce that a{ =0, i.e,
H?=0,Yi=1,---,r

The Poisson algebra P is a nilalgebra. Moreover, H; e X; = H; ¢ Y; = 0 and we conclude that U ¢ V = 0 for
all U,V € Ap. O
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2.5 Classification of finite dimensional complex Poisson algebras
Let P be a finite dimensional complex Poisson algebra.

Lemma 3 If there is a non-zero vector X € gp such that ad X is diagonalizable with 0 as a simple root,
then A% = {0}.

Proof. Let {e1,--- ,e,} be a basis of gp such that ad e; is diagonal with respect to this basis. By assumption,
{e1,e;} = \ie; with \; # 0 for i > 2. Since {€?,e1} = 2e; @ {e1,e1} = 0, it follows that e? = ae;. But for
any i # 1, {€2,e;} = 2e; @ {e1,e;} = 2)\;je; @ e; and {€2,¢e;} = a)je;, thus e; @ ¢; = 2e;. The associativity
of the product e implies that (e; ee1) e e; = aej o e; = “2—2(% =eje(e;0e;) = %ei. Therefore a = 0 and
e? =0 =ej e¢; for any i. Finally, 0 = {e1 @ ¢j,e;} = e1 @ {ej,e;} + ¢, @ {e1,e;} = \iej ® e;, which implies
e;oe; =0, Vi,j >1.0

2.5.1 Classification of 2 dimensional Poisson algebras

o If gp is abelian then Ap can be any complex associative commutative algebra and XY = X e Y. In this
case the classification of Poisson algebras boils down to the classification of commutative associative complex
algebras [36].

o If gp is not abelian, it is solvable and isomorphic to the Lie algebra given by {e1,e2} = ea. From Lemma 3
we know that Ap is trivial and e;e; = {e;, e;} for i,j = 1,2.

2.5.2 Classification of 3 dimensional Poisson algebras

e If gp is abelian then Ap can be an arbitrary associative commutative algebra and XY = X e Y. In this
case the classification is given in [36].
e If gp is nilpotent but not abelian it is isomorphic to the Heisenberg algebra. Let us consider a basis
{ei}i:m’3 of gp such that {ej,ea} = e3. It follows from the Leibniz identities that e? = ae; + bes. But
{€2,e2} = 2ej@e3 = ae3 and {e] ®e3,e2} = e3@e3 = {aes, ea} = 0. The associativity of e implies that a = 0.
We see that

6%201637 61063:(5%:0.

Similarly,
e% = Pes, e ®e3 = 0.

Finally, {e; @ e3,¢;} =0 for ¢ = 1,2, 3 implies e; ® e = ye3. Thus Ap is isomorphic to the algebra:

2 _
el = aes,

2
62_5637
€1 ®€2 = €2 ® €1 = Y€3.

We obtain the following Poisson algebra

e? = aes,

6% :ﬁe3>
e1-ex = (v + 1es,
es-er = (y— 1es.

The base change
€] = aey + bey
ey, = ceq + des

gives

(€)? = (a*a + 2aby + b*B)es,
(€5)? = (a + 2cdy + d?B)es.
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If 42 — af # 0, the equation a + 22y + 223 = 0 has two distinct roots and we can assume that €} and e}, are
linearly independent such that (e¢;)? = (€5)? = 0. In this case the only possible values of parameters a and
0 are a = 8 = 0. We obtain the one-parametric family

e? =e3 =e3=0,
_ ) er-ea=(1+7)es,
Psa(y) = er-e1 = (—1+7)es,
61'63263-61263-62:€2~€3:0.

If v2 —af = 0 and if 3 # 0, we can always choose ¢ and d such that €2 = 0. Then we can suppose that 3 = 0.
This implies v = 0. If & = 0 we obtain P31(0). If o # 0, we can assume a = 1 which gives the algebra:

6% = €3,

e3 =e3=0,
Pso =1 e1-ex=e3,

€2 €1 = —€3,

e1-e3 =e3,-61 =e3-e3 =e9-e3=0.

e Suppose that gp is solvable but not nilpotent. Then the following three cases may happen.

i) The multiplication is defined by {e1,ea} = es. Then (P, -) is isomorphic to one of the following Poisson
algebras:

2 _
2 €1 = 07
e] = aes,
= — €1 €2 = €2,
€1 €2 = —€2,°€1 = €3, _
e1-e3=e3-e; = fPes c2ren T e
: - : - ) . 2
2 -0 with ° = avy, e1-e3 = es, €1 = ey,
2 . . e% =0,
es-eg =e3-ex =0,
2 €9 - €3 = €3 - €2 = Y€,
€3 = e3 2 _
e3 = yes.
The first family give the Poisson algebras
2 _ 2
€1 = a“es, 2 _
— _ el - 637
€1 €2 = —€2- €1 = €2, _ _
€1-e3=es- e = aes €1 €2 = —€2-€1 = €3,
- - )
733}3(04) = 62 o O 5 733,4 = €1 €3 =€3-€1 = O7 and
27— Y 2 __

2 _
e5 =e3 =0,

eg-e3=e3-e3 =0
2 3 3 2 ) 62'63263'62:07

6% = €3
ef =e3=e5=0,
€1 €2 = —€3-€1 = €3,
P35 = _ _
61'63—63‘61—0,
62-63:€3~€2:0.
The second family reduces to
e? =e3 =0,
2 _
€3 = €3,
€1 €2 = €2,
P36 = _
€2 €1 = —€2,

€1 -€3 =¢€3"€1 = €1,
€9 - €3 — €3 - €y = €3.

ii) The multiplication is given by {e1,es} = e5 and {e;,e3} = aez with o # 0. From Lemma 3, (P, ) is
isomorphic to
e? =e2 =e2 =0,
_ ) e1rex=—ep-e1 = ey,
'P3’7(Ol)— e1-e3 = —e3- €1 = aes, ) 057&0
62'63:63'62:0.
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iii) The multiplication is given by {e1,e2} = ea+e3 and {e1, e3} = e3. Since 1 is an eigenvalue of ad,, with
multiplicity 2, by adapting the proof of Lemma 3, we can conclude that Ap is trivial. We get the Poisson
algebra:

e? =e3 =e2 =0,
€€y = —e€2-e1 = ez + €3,
€1-€3 = —€3 €] = €3,
62‘63:63'62:0.

Psg =

o If gp is simple, it is isomorphic to sl(2). Therefore, it is rigid. We have already studied this case previously.
We deduce that P is isomorphic to

= =ci=0,

Pa o — e ey = —ey - ey = 2ey,
89 €1 -e3 = —e3 e = —2es,
€9 €3 = —€3 €y = €].

2.6 Cohomology of Poisson algebras

In [79], A. Lichnerowicz introduced a cohomology for Poisson algebras. The k-cochains are skew-symmetric
k-linear maps that are derivatives in each of their arguments. The coboundary operator denoted by d7p is
given by

k
orpp(Xo, - Xi) = Z(—l)i [Xi,0(Xo, -+, Xiy o, Xp)] +
=0
Z (71)i+j90({Xi7Xj}7X07"’ 7Xia"' 7Xja"' an)

0<i<j<k

where X; means that the term X; is omitted and {,} is the Lie bracket of the Poisson multiplication. Note
that if f : P; — Ps is a morphism of Poisson algebras, then f does not lead, in general, to a nontrivial
functorial morphism between the cohomology groups. The functoriality question for Poisson cohomology
has been addressed in the literature for instance in [66].

Since the Lichnerowicz cohomology pays attention only to the Lie part of a Poisson algebra, we need a
better definition of cohomology that would, for instance, govern general deformations of Poisson algebras.
Such a definition is provided by theory of quadratic Koszul operads. We describe it in details only in degrees
0, 1, 2 and 3. Our approach will be based on the definition of Poisson-admissible algebras.

2.6.1 The k—cochains
We proved in [56] that for any K[X3]%-associative algebra (A, i) defined by the relation
L R _
AH © ¢1) - Alt o ¢1u - 07

with v,w € K[3], the cochains ¢ € C*(A, A) can be chosen invariant under F;- N F- (for the notations see
[56]). For a Poisson algebra we have v = Id, w = 3Id — 793 + T12 — ¢ + ¢®. Then F;- N F: = {0} and if
C*(P,P) is the space of k-cochains of P, we obtain

CH(P,P) = End(P®",P).

Remark. In [91] an explicit presentation of the space of cochains is given using operads. More precisely,
we have

Ck(P,P) = Lin(Poiss(n) @x, VE",V)

where V is the underlying vector space (here C"). But End(P®k,73) and Lin(Poiss(n) ®@x, V", V) are
isomorphic.
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2.6.2 The coboundary operators 65, (k= 0,1,2)

Notation. Let (P, -) be a Poisson algebra, gp and Ap its corresponding Lie and associative algebras. We
denote by H(gp, gp) = Z&(gp, 9p)/BE(gp, gp) the Chevalley cohomology of gp and by Hj, (Ap, Ap) the
Harrison cohomology of Ap. We will define coboundary operators d% on C*(P, P).

1) k =0. We put

H°(P,P) = {X € Psuch thatVY € P, X -Y =0} .

it) k=1. For f € End(P,P), we put
Spf(X.Y)=f(X)- Y+ X f(Y)~ f(X-Y),
for any X,Y € P. Then we have

H'(P,P) = Hi:(gp, 9p) N Hir(Ap, Ap).
iii) k = 2. For ¢ € C*(P,P) we define
S20(X,Y,Z) = 30(X-Y,Z)~3p(X.Y-2) - o(X - Z,Y) — (Y - Z,X)
+oV - X, 2)+p(Z-X,Y)+3p(X,Y) - Z —3X - (Y, Z)
—p(X,2) Y —o(Y,Z) - X + (Y, X) - Z+9(Z,X) Y.
The space H?(P,P) parametrizes deformations of the multiplication of . We saw in the previous sections

that deformations of (P, -) induce deformations of gp and of Ap. In contrast to H*(P, P), the Lichnerowicz-
Poisson cohomology reflects deformations of the bracket only.

Suppose that the Poisson product satisfies X - Y = —Y - X. In this case {X, Y} =X -Y and X ¢ Y = 0.
If p € C3(P,P) is also a skew-symmetric map, then
= 5%7P@(X, Y, Z).

We recognize the formula as the Lichnerowicz-Poisson differential.

Proposition 18 Let ¢ be in C*(P,P). If p, and @ are respectively the skew-symmetric and the symmetric
parts of ¢ then we have:

126%'(10@()(7 Yr’ Z) = 6723(10<X> Ya Z) - 6’?3()0(}/7 Xv Z) - 5%90(Z7Yva X)
—6%0(X, Z2,Y) + 630(Y, Z,X) + 03p(Z, X,Y),

120%.05(X,Y, Z) = 63p(X,Y,Z) — 6%20(Z,Y,X) + 6%p(X, Z,Y)
~6p0(Z, X,Y).
Proof. The proof is a straightforward calculation. Recall that if ¢ is a skew-symmetric bilinear map then
the Chevalley coboundary operator is given by
+o({X, Y} Z2) + o({Z, X}, Y) + o({Y, 2}, X)
and if ¢ is a symmetric bilinear map, the Harrison coboundary operator is given by
—p(X,Y e 7).

Now, to compute 62.¢, we replace pq(X,Y) by (¢(X,Y) — (Y, X))/2 and {X,Y} by (XY =Y - X)/2in
the expression of 62¢,(X,Y,Z). We leave it to the reader.

Corollary 19 Let ¢, and ¢, be the symmetric and skew-symmetric parts of o € C2(P,P). If p € Z*(P,P),
then ps € Z3(Ap, Ap) and v, € ZZ(9p,9p)-
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2.6.3 Relation between Z%(Ap, Ap) , ZZ(gp,gp) and Z*(P,P)

To show the relation between Z2?(P,P) and the classical Chevalley and Harrison cohomological spaces, we
have to introduce the following operators

L1,Ly:C3(P,P) — C3(P,P).

They are given by
Li(0)(X,)Y, Z) =p(X oY, Z) —p(X, Z) oY — X 0 (Y, Z)

and
£2(90)(X7 Y, Z) = _390(Xa {K Z}) + {L)O(X7Y>7Z} - {(p(X, Z)7Y}

Lemma 4 Let ¢ € C*(P,P). If ps and @, are the symmetric and skew-symmetric parts of ¢, we have
572390 = 6%'%1 + 25?{905 + S%tps + S?ﬂ"a + L1(0a) + La(ps),

where 6¢ and 6 are the linear maps C2(P,P) — C3(P,P) extending naturally dc and dp.

Proof. Starting from ¢ = ¢, + ps and X - Y = {X, Y} + X ¢ Y we obtain

672330(X7Ya Z) = 3@@({X7Y}az) - 390(1(X7 {K Z}) - @a({X’ Z},Y)
_‘pa({Y7Z}7X)+‘pa({Y7X}vZ)+‘Pa({Z’X}7Y)+3{§0a(X7Y)7Z}
73{X7 (Pa(Y; Z)} - {QDa(Xa Z),Y} - {QDG(Y, Z)7X} + {Qaa(va)vz}
a2, X) Y} 4 364(X 0 Y, 2) — 3p4(X,Y 0 Z) — pa(X 0 Z,Y)
(Y 0 Z,X) + 0a(Y 0 X, Z) + 0u(Z X, V) + 30a(X,Y) 0 Z
—3X0<pa(Y, Z) - Spa(sz) oY _(Pa(sz) .X‘i‘@a(KX) °Z
+‘pa(za X) oY + 3(/)3({X7Y}, Z) - 3903(X’ {Y7 Z}) - @s({X’ Z}7Y)
7505({)/’ Z}vX) + st({KX}vZ) + @s({ZaX}ay) + S{WS(Xv Y)a Z}
=3{X,ps(Y, 2)} —{ps(X, Z), Y} —{ps(Y, 2), X} + {0s (Y, X), Z}
Hps(Z,X), Y} +3ps(X oY, Z) = 3p5(X,Y 0 Z) — ps(X 0 Z,Y)
—ps(YoZ X))+ (YoX,Z)+ps(ZeX,Y)+3p:(X,Y)e0 Z
—3X 00, (Y, Z) —ps(X,Z) oY —ps(V,Z) @ X + (Y, X) 0 Z
(2, X) oY

Since ¢, is skew-symmetric and ¢ symmetric, this relation gives

6%()0(X7KZ> = 290a<{XaY}7Z> - 290(1(Xa {Y? Z}) - 2(pa({X7 Z},Y)
+2{<Pa(X7 Y)7Z} - 2{X7 @a(K Z)} - 2{9011()(7 Z)7Y} +4§0a(X d KZ)
—20,(X,) Y 0 Z)+2p,(X,Y)0Z —4X 00, (Y, Z) — 2o (X,Z) 0 Y
+2§05({X3Y}7Z) - 4905(X7 {K Z}) - 2905({X7Z}7Y) +4{905(X7 Y)a Z}
—2€{X,0s(Y, 2)} +4ps (X oY, Z) — dps (X, Y 0 Z) + 49 (X,Y) 0 Z
—4X e (Y, Z),

that is,
Pp(X,Y, Z) = 2600a(X,Y, Z) + 20m¢a(X,Y, Z) + 2L1(0a) (X, Y, Z)
4805 (X, Y, Z) + 20004(X, Y, Z) + 2L2(05)(X, Y, Z).

Hence the lemma.

Theorem 20 Let ¢ be in C?(P,P)and let @, , @, be its symmetric and skew-symmetric parts. Then the
following propositions are equivalent:

1. 6%¢p =0.

P { i) 0¢pa =0, Fps =0,
' i) 5%‘908 + 51%190(1 + L1(pa) + La2(ps) = 0.
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Proof. 2 = 1 is a consequence of Corollary 19. 1 = 2 is a consequence of Corollary 19 and Lemma 4.

Applications.

Suppose that ¢ is skew-symmetric. Then ¢ = ¢, and s = 0. Then 639 = 0 if and only if §2¢ = 0 and
82,0 4+ L1(p) = 0. If we suppose moreover that ¢ is a biderivation on each argument, that is, £i(¢) = 0,
then Theorem 20 implies that 6% = 0 if and only if 4%, = 0. But

040(X,Y, Z) (X,Y)eZ—Xep(Y,Z)+p(XeY,Z)—p(X,Y ¢ Z)
1

=
= L1(9)(X,Y, Z) + L1(p)(Y, Z, X).
Thus 6%¢ = 0 as soon as £1(p) = 0.

Proposition 19 Let ¢ be a skew-symmetric map which is a biderivation, that is, ¢ is a Lichnerowicz-
Poisson 2-cochain. Then ¢ € Z% p(P,P) if and only if p € Z3(P,P).

Similarly, if ¢ is symmetric, then 6% = 0 if and only if 8% = 0 and 62 + La(p) = 0.

2.6.4 The case k=3

We need to define 6%t for ¢ € C3(P,P) so that H3(P,P) represents obstructions to the integrability of
infinitesimal deformations of the Poisson algebra P. For each 1 € C3(P,P) we consider

WZ,T,X - Y)= $(ZT,.X Y)-p(ZT X,Y)+ (2T Y,X)

Suppose that X -¢(Y, Z,T) appears in 3¢ (X,Y, Z,T). Since §%00%p = 0, we see that the term X-¢(Y, Z-T)
occurs in X ~572,<p(Y, Z,T). This term appears only once if ¢ is not skew-symmetric. Thus, in the general case,
63¢(X,Y, Z,T) cannot contain terms as X - (Y, Z,T). We conclude that 63 (X,Y, Z,T) can be written as:

BU(X,Y, 2,T) = arh(Z,T, X V) + axp (Y, T, X -Y) + asp(V, Z,X - T)
+oauh(X, T,Y - Z) + as)(X, Z,Y - T) + as)(X, Y, Z - T).

From the relations between Z2(P,P) and Z% (Ap, Ap) , Z&(gp,9p), we have to assume that
SPY(X,Y,Z,T) =0

as soon as v is a Lichnerowicz-Poisson cochain. This permits to compute the constants a;.

2.7 Deformations of complex Poisson algebras

2.7.1 Generalities

By a deformation we understand a formal deformation in Gerstenhaber’s sense. It turns out that formal
deformations are equivalent to perturbations in the sense of Chapter 12 ([54]).

Let P = (V,u) be a Poisson algebra with multiplication p and V' the underlying complex vector space.
Let C[[¢]] be the ring of complex formal power series. A deformation of p (or P) is a C-bilinear map:

w iV xV—VaC[t)

given by

for all X,Y € V such that ; are bilinear maps satisfying, for k > 1,

Zi+j:2k+1 Pi O+ YjoQ;+ 3(pr41) =0,

Ditj=2k,ics Pi O i+ 5 0 i+ 6(pr) + @ o pr =0,
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with
®i © ij(XaY:Z) = (Pi((Pj(X7Y)>Z)+) - Qoi(X7 (pj(K Z)) - %@i(@j(X’ Z)7Y)
—30i(0; (Y, 2), X) + 30i(0;(Y, X), Z) + 30i(¢;(Z, X),Y)

and dp; the coboundary operator of the Poisson cohomology defined in the previous section.

Definition 21 A Poisson algebra P = (V,u) is rigid if every deformation p’ is isomorphic to u, i.e., if
there exists f € GI(V @ C|[t]]) such that

FHu(f(X), (V) = W'(X,Y),
for all X, Y € V.

As for Lie or associative algebras, one can show, using similar arguments:
Proposition 20 If H*(P,P) =0, then P = (V, ) is rigid.

The converse is not true. A rigid complex n-dimensional Poisson algebra with H?(P,P) # 0 corresponds to
a point u of the algebraic variety of Poisson structures on C™ such that the corresponding affine schema is
not reduced at this point. We will see an example in the following section.

2.7.2 Finite dimensional complex rigid Poisson algebras

Let P = (C™, i) be an n-dimensional complex Poisson algebra and suppose that the associated Lie algebra
gp is a finite dimensional rigid solvable Lie algebra. It follows from [4] that gp can be written as gp = t®n,
where n is the nilradical and t a maximal abelian subalgebra such that the operators adX are semi-simple
for all X in t. The subalgebra t is called the maximal exterior torus and its dimension the rank of gp.

Suppose that dim t = 1 and for X € gp, X # 0, the restriction of the operator adX on n is invertible (all
known solvable rigid Lie algebras satisfy this hypothesis). By Lemma 3, the associated algebra Ap satisfies
A% = {0}.

Theorem 22 Let P a complex Poisson algebra such that gp is rigid solvable of rank 1 (i.e dim t = 1) with
non-zero roots. Then P is a rigid Poisson algebra.

Proof. 1If y/ is a deformation of p, then the corresponding Lie bracket { , },/ is a deformation of the Lie
bracket { , }, of gp. Since (gp,{ , },) is rigid, then { , }, is isomorphic to { , },. If we denote by
P’ = (C™, ') the deformation of P = (C", u), then Ap: satisfies also A%, = {0}. So, ' is isomorphic to u
and P is rigid.

Proposition 21 Let g be a rigid solvable Lie algebra of rank 1 with non-zero roots. Then there is only one
Poisson algebra (P, -) such that gp = g. It is defined by

Xi- X; ={X;, X;}.

Example. The Poisson algebra Ps g is rigid with dim H?(P,P) = 0. In fact,

Z*(P,P) = {p € C*(P,P), pler,e1) = plea, e2) = 0, p(e1, e2) = —p(e2,e1) }

and for every f € End(P) we have §f(e1,e1) =0=0§f(ea,e2) and §f(e1,e2) = —0f(e2,e1) = aey + bea. We
observe that HZ(gp,gp) = 0.

We can generalize the previous result to rigid solvable Lie algebras (gp,{ , },) of rank r. In this case the
nilradical n is graded by the roots of t [4]. If none of the roots is zero, then using the same arguments as in
Lemma 14, we prove that A% = {0} and P is rigid. Then we have
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Proposition 22 Let (P, pu) be an n-dimensional complex Poisson algebra such that gp is a solvable rigid
Lie algebra of rank r. If the roots are non-zero, then (P, u) is rigid and A% = {0}.

Remarks.

e We show how a rigid Lie algebra with HZ(gp,gp) # 0 leads to a rigid Poisson algebra with the same
property. Consider a Poisson-admissible algebra satisfying the hypothesis of Proposition 22. Thus
p={,}, and if p € Z2(P,P) is the first term of a deformation of y, then ¢ is a skew-symmetric map
and 0p(X,Y, Z) = (2/3)6co(X,Y, Z). In particular, if gp is rigid with HZ(gp,gp) # 0 then P is rigid
with H?(P,P) # 0. This gives examples of rigid Poisson algebras with non-trivial cohomology based
on the constructions of [52].

e It may happen that a Poisson algebra P is rigid although gp is not. An example is the Poisson algebra
7)3,6~

e We can consider deformations of P which leave the associated product of Ap unchanged. This
means that ¢ is a skew-bilinear map and cocycles of the Poisson cohomology are also cocycles of
the Lichnerowicz-Poisson cohomology. In this case H*(P,P) = HZ(gp, gp).

2.7.3 The Poisson algebra S(g)

Let g be a finite dimensional complex Lie algebra. We denote by S(g) the symmetric algebra on the vector
space g. It is an associative commutative algebra. Let {ei,---,e,} be a fixed basis of g and {e;,e;} =

Zf j ijek its structure constants. We define on S(g) a structure of Lie algebra by

n dp ¢  9p Iq
_ ke (2L 94 _ 9P %4
Po(p,q) = ijzkﬂ Cijex <6ei de;  Oejde; )’

where p = p(ey, - ,e,) and ¢ = g(ey, -+ ,e,) € S(g) = Cley, -+, en]. Let p e ¢ be the ordinary associative
product of the polynomials p and g. The Lie bracket satisfies the Leibniz rule with respect to this product.
If

Po(p,q) = Po(p,q) +peq
then (S(g), Py) is a Poisson algebra. This structure is usually called the linear Poisson structure on S(g).

In this subsection we investigate deformations P of Py on S(g) which leave the associated structure
(As(q),®) unchanged. We call such deformations Lie deformations of the Poisson algebra (S(g), Fo). Any
deformation of the bracket Py can be expanded into

P=Py+itgr+--+t"p +---
and the corresponding Lie deformation of Py is

P=Py+thpr+-+thgy+--- .
Then ¢, € Z7 p((S(8), Po). (S(g), Po))-

Suppose now that g = t @ n is a complex solvable rigid Lie algebra.

Proposition 23 If g is a complex solvable rigid Lie algebra with dim t > 2, then the Lie algebra (S(g), Pp)
is not rigid.

Proof. Let ¢ : S(g) x S(g) — S(g) be a skew-bilinear map given by ¢(X1, X2) = a12.1 when X;, X5 € t
and ¢(Y1,Y3) = 0 when Y7,Y> € g but Y] or Y5 is not in t. By the assumption, ¢ is a derivation in each
argument, so ¢ can be extended onto S(g). It is easy to see that ¢ € Z2(S(g),S(g)). Since Py + t¢ is not
isomorphic to Py, we have obtained a non-trivial deformation.
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Corollary 23 [103] If g is a complex solvable rigid Lie algebra with dim t > 2, then the Poisson algebra
(S(g), Po) is not rigid.

Now we consider the case dim t = 1.

Lemma 5 The mazimal exterior torus t is a Cartan subalgebra of (S(g), Po).

Proof. We denote by {X,Y7,---,Y,_1} a basis of g = t ®n adapted to this decomposition. By definition of
t we have {X,Y;} = \;Y;. Then

Py(X%, X7) =0 for any i, 7,

Py(X1,Y)) = i X1,

Py(X, XY;) = A, XY,

Po(X,YiY;) = (X + A5)YiYj,

so that adp,X is a diagonal derivation of S(g).

We conclude that the Lie algebra (S(g), Pp) is graded by the eigenvalues of adp, X. In [52] families of rigid
Lie algebras of rank 1 were classified. This classification can be used to study S(g) for a general rigid Lie
algebra. We illustrate it on the case where the eigenvalues of adg X are

1,2, ,n— 1.

It follows from [4] that,
-If3<n<6o0r9<n<12 then g is not rigid.

- In the remaining cases, g is rigid.

We consider a deformation of Py given as P = Py + t¢ + --- with ¢; € Z%,P((S(g,ﬁo), (S(g, By)). Tt is
clear that if ¢1(Y, Z) = 0 for every Y, Z € g then ¢1 = 0. Let I, be the Lie ideal of S(g) whose elements are
polynomials of degree greater than or equal to p. If we denote by S,(g) the quotient Lie algebra S(g)/I,11,
then S,(g) = C{1} & K,(g) where K,(g) is generated by polynomials of degree greater than or equal to 1.

Since (P, ) is a Lie deformation it preserves this decomposition. Thus we need to study the Lie algebra
K,(g). The Lie subalgebra generated by {X} is a maximal exterior torus of K,(g). The vector X is, in the
terminology of [4], a regular vector. The eigenvalues of adg, ()X are (1,2,---,n—1,n,--- ,p(n —1)). Let
(S(X)) be the corresponding root system [4]. It is easy to see that its rank is equal to dim(n) — 2. This
proves that K,(g) is not rigid. But since we suppose that ¢, is a derivation in each argument, this implies
that ¢;(X, X?) = 0 and the rank of (S(X)) is dim(n) — 1. The grading of K,(g) by the roots of adg, g X
is preserved by such a deformation.

The cocycle ¢; leaves each of the eigenspaces of adX invariant. Let k, kK < n — 1, be the smallest index
such that ¢; restricted to the eigenspace associated to the eigenvalue k of adX is non-zero. Then Hy/(g)
is a non-rigid Lie algebra such that ¢; is a cocycle determined by a deformation. Conversely, let ¢; be
a 2-cocycle of the Lie algebra K,(g) which is a derivation in each argument such that there exists ¢ with
01(Y;,Y,—;) # 0. Then we can extend ¢; to S(g) to obtain a deformation of S(g).

Examples.

1. Let us suppose that g is the two dimensional non-abelian rigid solvable Lie algebra with the bracket
defined by [X,Y] =Y. Let (S(g), Py) be the corresponding Poisson algebra. Then Py(X,Y) =Y. If Pisa
deformation of Py, since dim(n) =1, P = Py and (S(g), Fo) is rigid.

2. Let us suppose that g is the decomposable 3-dimensional solvable Lie algebra whose brackets are in the
basis {X, Y7, Y2} given by:

X, Y] = Y, i = 1,2,
This Lie algebra is not rigid but, as we argued in Section 2.2, there exists only one Poisson algebra structure
whose corresponding Lie algebra is g. This Poisson algebra is P 7(2) and it can be deformed into Ps 7(2+1).
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The corresponding cocycle of deformation is given by ¢(X,Y2) = Y5. It defines a deformation of (S(g), P).
The cases n = 4,5 can be discussed in the same manner.

3. If n =6, then g is rigid. Its structure constants are given by

[X7K]:ZYVU i:17"'757
[Yla}/i]:Yi-‘rla 7::273’47
[}/23}/3] = Y5'

The Lie algebra K»(g) can be deformed using the cocycle ¢1(Y1,Y3) = YZ. Then (S(g), Po) is not rigid.

More generally, if we suppose n > 12, then g is rigid. In this case, the deformations of (S(g), Py) have been
studied in [48].
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Chapter 3

Non-Coassociative coalgebras,
Lie-admissible coalgebras

The theory of quantum groups is based on the deformation of the enveloping algebra of a rigid Lie algebra
such as sl(2,C). In this case, we do not deform the associative structure of the enveloping algebra, but
the structure of Hopf algebra. Recall that a Hopf algebra is a vector space equipped simultaneously with
an associative algebra and coassociative coalgebra structures, compatibility conditions between these two
structures and existence of an antipode. The coassociative product is a linear map between the algebra and
this algebra tensorised by itself. The enveloping algebra of a Lie algebra, tensor and symmetric algebras
are also naturally provided with a Hopf structure. The aim of this chapter is to generalize the notion
of coassociative comultiplication to noncoassociative comultiplication and define a similar concept of G-
coassociative coalgebras. We prove that the usual properties, that we have for the associative case, extends
to the G-associative case. For example, the dual vector space of a finite dimensional G-associative algebra
has a G-coassociative coalgebra structure, existence of a convolution product provides Hom(M, A) (where
M is a G-associative coalgebra and A is a G-associative algebra) with a G-associative structure.

We define the category of G'-algebras by the property that the tensor product of a G-algebra with a
G'-algebra, is also a G-algebra. In fact, G'-algebras are related to the dual of the operad for G-algebras. In
Chapter 6, we generalize this construction of tensor product and study current algebras and operad.

We begin to explore bialgebras in the context of Lie-admissible algebras.

3.1 Definitions and examples

Let M be a K-vector space and A a comultiplication in M, that is, a K-linear map:
A:M—-MeM.

The coassociator of A is denoted by

An = (A®Id)oA—(Id®A)oA (3.1)

and the flip 7 : M®? — M®? is the linear map defined by 7(z ® y) = y ® =.

For every ¢ in the symmetric group X3, we define a linear map on M®3

oM MO — M®?

¢g4(561 ® x2 Q x3) = To-1(1) @ To—1(2) ® Ty—1(3)-

41
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Definition 24 The pair (M, A) is a Lie-admissible coalgebra if the linear map
AAL ZA4~—>A4Q§A4
defined by A, = A — 70 A is a Lie coalgebra comultiplication, that is, if A, satisfies

7_OAL = 7AL;
A, Jr(I)éVIoAAL JF‘I)%OAAL =0.

We have the following characterization of a Lie-admissible comultiplication.

Proposition 24 A comultiplication A on M is a Lie-admissible comultiplication if and only if A satisfies

> (1)F9) 0 Ay =0 (3.2)
oEY;

where (—1)¢(o) denotes the sign of the permutation o.

Proof. Tt is a direct consequence of Equation (3.1) because

Aron = (toA)®Id)oToA—(Id® (ToA))o(T0A)
—pM ole.

T13

O

Examples.
e Every coassociative coalgebra is a Lie-admissible coalgebra.

e The comultiplication of a pre-Lie coalgebra (M, A) satisfies
Ap — M o6 Ay =0. (3.3)

Since the composition of (3.3) by ® and <I>é\£[ gives respectively ®M o Ap — (I)JT‘fS 0 Ax =0 and q)g o Ap —
®M o A = 0, we obtain Identity (3.2) by summation of (3.3) with these two equations and every pre-Lie

T12
coalgebra is Lie-admissible.

In the following sections we generalize these examples.

3.2 (G-coalgebras

An interesting class of Lie-admissible coalgebras is obtained by dualizing the G-associative algebras. These
Lie-admissible algebras, introduced in [106] and developed in [55], have been defined in Chapter 1.

3.2.1 Definition of G-coalgebras

Definition 25 A G-coalgebra is a K-vector space M provided with a comultiplication A satisfying

> ()R 0 Ay =0.
oeG

Remark. We can present an equivalent and axiomatic definition of the notion of G-associative algebra. A
G-associative algebra is (A, u,n, G) where A is a vector space, G a subgroup of X3, p: A® A — A and
7 : K — A are linear maps satisfying the following axioms:
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1. (G-ass): The square
(n®Id)a
mede,

A A® A A® A

(Id®,u)cl MJ,

A A L A
commutes, where (Id ® p) is the linear map defined by:

(Id@p)g =Y (1) (Id@p)o &7
oeCG
If we impose that the algebra is unitary we have to add the following axiom:

2. (Un) The following diagram is commutative :

The axiom (G-ass) expresses that the multiplication p is G-associative whereas the axiom (Un) means that
the element 7)(1) of A is a left and right unit for u. We want to dualize the previous diagrams to obtain the
notions of corresponding coalgebras. Let A be a comultiplication on a vector space M:

A:M— MDM.

We define the bilinear map
Go(A®Id): M®?* — M®?
by
Go(A@Id) =) (1o} o(A®Id).
ceCG

A G-coalgebra is a vector space M provided with a comultiplication A : M — M ® M and a counit
€: M — K such that :

1. (G-ass co) the following square is commutative:

M _a, Mo M

Al lGo([d@A)

MoM 2B aro Mo M.

If we suppose moreover that the coalgebra is counitary we have to add the following axiom:

2. (Coun) the following diagram is commutative:

Ko M<2% oM 28 Mok

N

fi(M,Ae,G) — (M',A',€,Q)

A morphism of G-coalgebras

is a linear map from M to M’ such that

(f®f)oA:A/Of and e:e’of,
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Proposition 25 FEvery G-coalgebra is a Lie-admissible coalgebra.

Proof. The Lie-admissible coalgebras are given by the relation:

> (10N 0 Ay = By 0 Ap =0.
oEX3

Since for every v; = dec(—l)E(U)U we have V € F,,,, we deduce the proposition. [

3.2.2 The dual space of a G-coalgebra

For any natural number n and any K-vector spaces E and F', we denote by
At Hom(E, F)®" — Hom(E®™, F®™)
the natural embedding
A(f1®@ @ fa)(X1 @ ®@an) = f1(21) @+ @ fu(zn).
Proposition 26 The dual space of a G-coalgebra is provided with a structure of G-associative algebra.

Proof. Let (M,A) be a G-coalgebra. We consider the multiplication on the dual vector space M* of M
defined by :
= A%0o ).

It provides M* with a G-associative algebra structure. In fact, we have

p(f1 @ f2) = pr o A2(f1 ® f2) 0 A (3.4)

for all f1, fo € M* where ux is the multiplication of K. Equation (7.4) becomes :

po(p@Id)(fi ® f2® f3) = px o (A2(u(fi ® f2) ® f3)) 0 A

= px o Aa((px 0 A2 (f1 ® f2) o A) ® f3) 0 A
= pix © (px ® Id) 0 A3(f1 @ f2 ® f3) o (A® Id) o A.
The associator A,, satisfies :

Ay= pro(px @ I1d)oX3(f1 @ f2® f3) o (A®Id)o A

—pr © (Id ® px) 0 A3(f1 @ f2 ® f3) o (Id® A) o A.
and using associativity and commutativity of the multiplication in K, we obtain
Ay =pxo(pur @Id)oX3(f1® fa® f3)o (A®Id)o A—(Id® A)oA).

Thus
ZaeG(_DE(U)AM ° (I)i—w
=pgo(ur @ Id)oA3(f1 @ fa® f3) o (Go(A®Id)o A—Go(ld® A)oA)

and (M*, u) is a G-associative algebra. O
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Proposition 27 The dual vector space of a finite dimensional G-associative algebra has a G-coalgebra struc-
ture.

Proof. Let A be a finite dimensional G-associative algebra and let {e;,i = 1,--- ,n} be a basis of A. If {f;}
is the dual basis then {f; ® f;} is a basis of A* ® A*. The coproduct A on A* is defined by

A(f) = Z flulei®@e;)) fi @ f5.

In particular

Alfe) =Y Chfi® f;,
]

where ij are the structure constants of p related to the basis {e;}1<i<n. Then A is the comultiplication of
a G-associative coalgebra. [J

3.3 The convolution product

It is known that if (A, u) is associative K-algebra and (M, A) a coassociative K-coalgebra (i.e. a Gi-coalgebra)
then the convolution product

frg=pola(f®g)oA

provides Hom(M, A) with an associative algebra structure. We obtain similar results in the context of
G-associative algebras

3.3.1 The G'-algebras and coalgebras

Definition 26 Fori > 2, a G'-algebra is an associative algebra satisfying :
—fOTiZZ S X1 X2 X3 =TT T3,
-fori=3:x1 %9 T3 =1T1 T3 T,
—fOTi=4 S X1 X2 T3 =T3T2 T,
-fori=5:x -9 -3 =T9 T3 -T1 =3 T Ta,

-fori=06:x1-13 T3 =Ts01) To2)  To(z) for all w1, 2,73 and o € X3,

The G'-algebras are defined in the context of operads in Chapter 4 and [55]. We show that G'-associative
algebras are algebras on the operad Qi-ass!, the dual of the operad G;-ass.

Definition 27 Fori > 2, a G'-coalgebra is a coassociative coalgebra satisfying :
Mo (Id® A)o A= (Id® A)o A,

for every o € G.

We will provide Hom(M, A) with a structure of G-associative algebra.

Proposition 28 Let (A, ;1) be a G-associative algebra and (M, A) a G'-coalgebra. Then the algebra

(Hom(M, A),*) is a G-associative algebra where x is the convolution product :

frg=poX(f®g)oA.
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Proof. Let us compute the associator A(x) of the convolution product. Since
(fixfa)*xfz =p oXa((fixf2)® f3) o A
=poX((por(fi®f2)oA)® f3) o A

—po(peld)ors(fi® f2® fs) o (A®Id) o A,

we have

A(fi®fa®fs) =po(p@Id)oX(f1® fo® f3)o(A®Id) o A

—po (Id@p)ors(fi® f2® f3)o (Id®A) o A.
Therefore
Yeea(—1)F A 0 ‘I)gom(M’A)(fl ® fo @ f3)
= po (peld)o(X,eqs(@ "MV (fie @ f5) o (AwId) o A
—p o (Id@ ) o (X yeq (@5 "M (1@ fa® f3))) o (Id@ A) o A.
But
A3 (@7 M (i@ f® f3) = 25 0 Aa(f1 @ f2 ® f3) 0 BT

This gives

Yoea(=1)P A0 o M (f @ f e f3)
= po(peld)o(YX,cq®roX(fi® fa® fz) 0P 0 (A®Id) o A

—po (Id®p)o (Y ,ca®roAs(f1® fa® f3) o @M, 0 (Id® A) o A.

Since A is coassociative
(A®Id) o A=(Id® A) o A,

the G'-coalgebra structure implies
PN o(Id®A) o A=d)MNo(A®Id) o A=(A®Id) o A.
Then
Y pea(—1)F @A 00N (1 © £ © fy)
= popald)o (Y caPloX(fi®f2® f3)o(A®Id) o A
—po (Id@p) o (Y eq®doXs(f1® f2® fz) o (A®Id) o A
= YpcqAuo®loX3(f1i® f2® f3)o(A®Id) o A

= 0.

This proves the proposition. [J
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3.3.2 Lie-admissible bialgebras.
Definition 28 A Lie-admissible bialgebra is a triple (A, u, A) where (A, ) is a Lie-admissible algebra and
(A, A) a Lie-admissible coalgebra with a compatibility relation between A and p:
AoA,o @éﬁ =0.
Here we do not assume that the algebra and coalgebra are unitary and counitary. Among Lie-admissible

bialgebras, we shall have the class of G-bialgebras. As example, a compatibility relation for pre-Lie bialgebras
(that is Gi3-bialgebras) is given by

Aop=Id®p)o(A®Id) + (p®Id)odZ o(A®Id).

T2

3.4 Tensor product of Lie-admissible algebras and coalgebras

3.4.1 Tensor product of G and G'-algebras

We know that the tensor product of associative algebras can be provided with an associative algebra structure.
In other words, the category of associative algebras is monoidal and closed for the tensor product. This is
not true in general for other categories of K[X3]-associative algebras.

Proposition 29 Let (A, ua) and (B, ug) be two K[X3]-associative algebras respectively defined by the rela-
tions Ay, 0 @2t =0 and Ay, 0 ®E = 0. Then (A®x B, ua ® up) is a 3-associative algebra if and only if A
and B are associative algebras (i.e G1-associative algebras).

Proof. This is given by a simple computation.

Remark. In this proposition, the relations of K [¥s]-associative algebras are considered to be strict. In
fact, for example, if A is a Vinberg algebra and B a non strict Vinberg algebra satisfying pp(z, ug(y, 2)) =
us(y, ug(x, z)) then the tensor product A ® B is also a Vinberg algebra. This is also the case when A is an
alternative algebra and B a commutative associative algebra.

Theorem 29 If A is a G-associative algebra and B a G'-algebra (with the same index) then A ® B can be
provided with a G-algebra structure for i =1,--- 6.

Proof. We give a sketch of proof. Let us consider on A ® B the classical tensor product

pa® pp((ar ®b1) @ (ag ® b)) = pa(ar ® az) @ pp(by @ ba).

To simplify, we denote by p the product pa4 ® pup. Since B is an associative algebra, the associator A,
satisfies:

A (a1 @ b1) @ (a2 ® bo) @ (a3 @ bs)) = Ay (a1 ® az ® az) @ pp o (up ® 1d)(by @ ba @ bs).

Therefore

Yoea (1) DA, 0 @198 ((a1 @ b1) ® (a2 @ b2) ® (a3 ® b3))

=3 ca(=1)F A, 0o @ a1 ®ar ®az) @ pp o (up @ Id) o ®B(by @ by @ bs).
But B a G'-algebra. Then
ps o (s ® 1d) 0 B (b1 © by @ bg) = s © (pis @ [d)(by ® by ® by),

for any 0 € G. So we obtain

Zoec(*l)g(g)Au 0 &8 ((a1 ® by) ® (az ® by) ® (a3 ® bs))

(dec(_l)g(a)AuA 02 (a; ®as ®az)) @ pp o (up @ Id)(by @ by @ b3)
0.
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3.4.2 Tensor product of G-coalgebras
Let (M;, A1) and (Ms, As) be two Lie-admissible coalgebras and A the composition

A1®A2 idny @T®idr,
_— - =

My @ Mo (M; ® My) @ (My ® Ms) (M @ M3) @ (M, @ Ma)

If Ay is a comultiplication of G-coalgebra, what should be the structure of (M, As) such that A is a
comultiplication of G-coalgebra too?

Proposition 30 Let (M, A1) be a G-coalgebra and (Ms, As) a G*-coalgebra. Then (My® My, A) is provided
with a G-coalgebra structure.

Proof. Using classical notations we have
Ar(v@w) =0l @w! @ v? @ w? @ vy ® wy —v1 QW1 ® vi @ Wi @V ® W,
Let x : (M; ® My)®" — M1®3 ® M§93 be the isomorphism given by
X(v1 @ w1 @ v @ wa @ v ®ws) =11 V2 V3w ®wy ® ws.
Thus we obtain, from the hypothesis on Ay
x o ®X1EM2 0 A = ®Y 0 Ax, ® (Ax @ 1d) 0 Ag,
which is zero because A; is a G-comultiplication. As x is an isomorphism, we deduce the proposition. [J

Remark. In Chapter 6 and [59] we have generalized, in the operadic framework, this study and defined a
quadratic operad P for any quadratic operad P so that the tensor product of a P-algebra with a P- algebra
is provided with a P-algebra structure (see the following chapter). In the previous case we have always

P="P.



Chapter 4

Lie-Admissible operads, (G-Associative
operads

Operads were introduced by J.P. May in 1972 for the needs of homotopy theory. From an algebraic point
of view, an operad is a system of data that formalizes properties of a collection of maps X" — X, for
a certain set X, for each n = 1,2, ..., that are closed under permutations of arguments of the maps and
under all possible superpositions. Here, we are interested in K-linear operad generated by binary (or later
n-ary) multiplication and moreover in the case of quadratic operads. The whole structure of an operad
is defined by a generating multiplication and a list of relations satisfied by it. We can give a finite list
of relations when all additional relations follow from the initial data of operation(s) and relations. Thus,
for a given multiplication (such as associative product, Lie product,...) the corresponding operad codes all
the informations concerning all products computed starting from the generating product. In particular,
operads permits to give some fundamental informations on the associated free algebras. The concept of
quadratic operad is based on an analogy with the definition of quadratic algebra as the quotient of a free
associative algebra by an ideal of quadratic relations. Then quadratic operads are defined as the quotient
of a free operad by an operad ideal of quadratic relations. For quadratic operads we have also the concepts
of duality and Koszulity which are also built on analogy with the similar concept for quadratic algebras.
In this chapter, we begin to recall some classical and basic results on quadratic operads and, in particular,
the notion of dual operad. We determine explicitly the operad LieAdm associated with the Lie-admissible
algebra. We prove that this operad is Koszul. This permits to describe naturally a cohomology with values
in the algebra itself, also called operadic cohomology. In the case of Koszulity, this cohomology governs also
the deformations in the Gerstenhaber’s sense. We describe precisely the first spaces of this cohomology in
terms of Gerstenhaber products (following the works of Nijenhuis). Since Lie-admissible algebras can be
considered as G-associative algebras, we extend this study to other classes of G-associative algebras. This
permits to produce some examples of nonKoszul quadratic linear operads.

4.1 Some classical results on quadratic operads

4.1.1 Quadratic operads

Recall the basic notions of operad and quadratic operad (see [46] or [91]). An operad P consists in a collection
{P(n)}, >, of K-vector spaces such that each P(n) is a ¥,-module where 3, is the symmetric group on n
elements, there is an element 1 € P(1) called the unit, linear maps

0; : P(n) x P(m) — P(n+m — 1),

49
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called comp-i operations satisfying associativity conditions: if A € P(l),u € P(m),v € P(n) then

(Aojv)ojpp_r pif 1 <j<i—1,
(AOi/,L)OjV: )\O,L(MOJ_Z+1Z/)1fZ§]§m+1*1,
(Aoj_myrv)o; pifi+m < g,

and the comp-i operations are compatible with the action of the symmetric group.

A P-algebra is a K vector space V' equipped with a morphism of operads f : P — &, where &y is the
operad of endomorphisms of V. Giving a structure of a P-algebra on V is the same as giving a collection of
linear maps

fn:P)@ VO -V
satisfying natural associativity, equivariance and unit conditions.

Let E = {E(n)},~, be a ¥-module, that is, E(n) is a X,-module for all n, n > 2. We assume that
E(a) = {0} for any a # 2. The free operad I'(E) generated by FE is solution of the following universal
problem: for any operad Q = {Q(n)}n21 and any K[Xg]-linear morphism f : E — Q(2), there exists a

unique operad morphism f : I'(E) — Q which coincides with f on E = I'(E)(2). We have for example
I'E)(3) = (F®FE)®x, K[Xs]. If R is a K[E3]-submodule of I'(E)(3), it generates an ideal R = (R) of T'(E).
The quadratic operad generated by F with relations R is the operad P :=I'(E)/(R) with

This notion of quadratic operad is related to binary algebras. We will see in Chapter 7 and 8 an extension of
this definition adapted to n-ary algebras, that is, algebras whose multiplication is defined on n-arguments.

4.1.2 The dual operad
Let EY = {EY(n)}n>2 be a 3¥-module with

v, [ sen,® E(n)#, ifn=2and
E¥(n) = { 0, otherwise

where sgn,, is the signum representation of the symmetric group ¥,, and # the linear dual of a graded vector
space with the induced representation. Recall that V# := Hom(V,K), so (V#); = (V_4)#. There is a
non-degenerate, Yg-equivariant pairing

(=|=):T(EV)3) @ T(E)(3) — K (4.1)
determined by requiring that
(¢ 0i f [ € 05 f") := 0i(=1) Ve () f(f") €K,

for arbitrary e’, f' € E(2)#, €’, f € E(2). Then R+ C I'(EY)(3) is the annihilator of R C T'(E)(3) in the
defined pairing (4.1),

Definition 30 The Koszul or quadratic dual of the quadratic operad P = T'(E)/(R) as above is the quotient
P =T(EY)/(R"),

where R+ C T(EV)(3) is the annihilator of R C T'(E)(3) in the pairing (8.1), and (RY) the operadic ideal
generated by R*.

When T'(F) is the free operad generated by the regular representation of ¥4 the pairing can be reinter-
preted as follows: a basis of I'(E)(n), as a vector space, is given by parenthesized products on n variables
indexed by {1,2,---,n}. Then a basis of I'(F)(2) is given by {(x1 - z2), (22 - 1)}, and a basis of T'(E)(3)
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by {(x; - x;) - xp, 2z - (x5 - zx), {i,j, k} = {1,2,3}}. Thus, as I'(EV)(3) = I'(E)(3)", considering the scalar
product on T'(E)(3) defined by

< (- xy) - wn, (g - xjr) -y >=0, if {4, j,k} #{i, 7', k'},
< (xi-25) Ty, (35 - 5) - ap, >= (—1)5(),
with o = ( v i ) it {i,5,k} = {i', 5", K},
< (xj-ap),x - (xj-ap) >=0, if {4,75,k} # {, ', k'}, , (4.2)
<@ (x5 wp), @i (w50 mp) >= —(=1)F),
AR > if (7,4, k) # (i3, %),
0

witho ={(
i

Bl

J
]/
< (- x5) - xp, xy - (x5 - TR ) >=

we obtain that P = I'(E)/R* where R* is the annihilator of R with respect to this scalar product.

4.2 The Lie-Admissible operad

4.2.1 Definition of LicAdm

Let T'(E) be the free operad generated by E = K[Xs]. Consider R the K [¥3]-submodule generated by the
vector

u = x1-(we-x3)+ a2 (23 -w1) 423 (X1 22) — T2+ (1 - 3) — w3 - (T2 - X1)
—x1 - (23 - 2) — (1 - @2) -3 — (w2 - 23) - 1 — (¥3 - 1) - T2 + (w2 - 1) - T3
+(zg - z2) - x1 + (21 - T3) - X900

The Lie-Admissible operad, noted Lie Adm is the binary quadratic operad defined by

LieAdm =T(E)/(R).

4.2.2 The dual operad of LieAdm

Before studying the dual operad of LieAdm, let us introduce some classes of associative algebras.

Definition 31 An associative algebra A is called 3-order abelian if we have
X1 X2 X3 = Xo1) Xo(2) Xo(3),

for all o € X3 and for all X; € A.

The unitary 3-order abelian algebras are the commutative algebras. But there exists non commutative
3-order abelian algebras. Let us consider, for example, the five dimensional associative algebra defined by

2 3 2 __
e] =ea, €] =e3, e1eq4=e5, €41 =€3+e5 €5 =e3.

If A is a 3-order abelian algebra, then the subalgebra D(A) generated by the product xy is abelian. Then A
is an extension
0—-V-—->A— A —0,

where A; is abelian and V satisfying va = xv for all z € A; and v € V. In this case, the corresponding Lie
algebra is 2-step nilpotent. In fact, as we have abc = bac, then [a,blc = 0. We have also c[a,b] = 0 thus
[[a,b],c] = 0.
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Let R be the K [3]-submodule which determines the LieAdm operad. The annihilator Rt is of dimension
11. Let R’ be the K [33]-submodule of T'(F)(3) generated by the relations

(To ()T (2))T0(3) — To(1) (To(2)To(3)),
(xa(l)xa'(Q))mo(li) - (xo(1)$0(3))x0(2)7
(1'0(1)500(2))1'0(3) - (IU(2)$0(1))$0(3).

Then dim R’ = 11 and < u,v >= 0 for all v € R’ where u is the vector which generates R. This implies
R' ~ R+ and (I'(E)/(R))" is by definition the binary quadratic operad I'(E)/(R)*.

Proposition 31 The dual operad of LieAdm is the binary quadratic operad whose corresponding algebras
are associative and satisfying
abc = achb = bac,

that is, there are 3-order abelian.

4.3 The operads G-ass

Since we have distinguished 6 types of Lie-admissible algebras, the G-associative algebras (see Definition
12), we can define the operad G-ass for each type of G-algebras. We obtain the following binary quadratic
operads:

1. Ass = Gy-ass corresponding to the associative algebras.

2. Vinb = Ga-ass corresponding to the Vinberg algebras. Here the K[X3]-submodule R defining the
quadratic operad is generated by the vectors

xl~(x2'x3)—(x1~x2)~x3—x2~(x1'm3)+(x2~x1)~x3.

3. PreLie = Gz-ass corresponding to the pre-Lie algebras (Gs-associative). The vectors which generate
the ideal R are:
xl'(xg-xg)—(xl~x2)~x3—x3-(:c2-x1)+(x3~x2)~x1.

4. G4-ass corresponding to the G4—associative algebras and R is generated by
1. (o - x3) — (1 - @2) - 3 — 3 - (X2 - 1) + (T3 - 2) - Z71.
5. Gs-ass corresponding to the Gs—associative algebras and R is generated by
1 (xo-w3) — (w1 - x2) 23+ @2 (X3 -21) — (T2 - w3) - 21 + 23 - (21 - 2) — (23 - 1) - Ta.

6. LieAdm = Gg-ass.

4.3.1 The dual operads G-ass

One knows that Ass' = Ass ([46]) and PreLie' = Perm (|21]). Recall that this last corresponds to the
associative product with the identities:
abc = acb

Proposition 32 The dual operads of Vinb, G4-ass, Gs-ass are the quadratic operads for associative algebras
satisfying respectively:

- for Vinb': abc = bac,
- for Q4—assl : abc = cba,

- for Gs-ass : abc = bea = cab.
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Sketch of proof. Ry is the K [X3]-sub-module of I'(E)(3) generated by the vectors

(w1 (w2 - x3) — (w1 - 22) - 23), (v1- (T2~ 23) — w2+ (w1 - 23)) ,
(@1 (w2 - 23) — (w2 - 21) - 23)

for all z1, x5, 23 € E.

Likewise
Ry = ((z1- (w2 x3) — (21 - 2) - w3), (1 - (w2 - x3) — w3 - (w2 - 1)), @1 - (w2 - 3) — (23 - 22) - 1))
Ry = ((x1- (w9 w3) — (w1 - 22) - 23), (w1 - (22 - 23) — w2 - (23 - 21)), (21 - (22 - 3) — (22 - 23) - 11),

T3
(z1- (22 73) — 23 - (1‘1 r2)), (71 - (v2 - x3) — (T3 - 1) - 22)).

So dim Rff = 9, dim R = 10. Then it is sufficient to note that (T'(E)/(R))' is by definition the binary
quadratic operad T'(E)/(R)*.

4.4 On the (non)Koszulness of G-ass

Recall that a quadratic operad P is called Koszul operad if for every P-free algebra Fp(V) one has
HF(Fp(V)) = 0, i > 0. We prove the Non-koszulness of an operad P using its Poincaré series also
called generating function. This series is defined for a general operad but reduce for an operad P associated
to a type of binary algebras with operation in degree 0 to

Tl

Zdlm'P 7'

The Ginzburg-Kapranov criterium([46]) precises that the Poincaré series of a Koszul operad and its dual
operad are connected by the functional equation

gp(—gp:(—x)) = .

Thus, if this relation is not satisfied, the operad P is not Koszul.

4.4.1 Koszulness of the operads G;-ass, i =1,2,3

Proposition 33 The operads Ass, Vinb, PreLie are Koszul operads.

Proof. In fact, from [46] and [21] the operads Ass, PreLie are Koszul operads. Considering the relations
between PreLie and Vinb, this last satisfies the same property.

4.4.2 NonKoszulness of G4-ass

Proposition 34 The operad G4-ass is not a Koszul operad.
Proof. We have
3 71 1 1
9G4-ass(® v) =2 +a” + 217 Jr]x T ’ gQ4—ass’( T) =z +a’+ 2x Jrjx e

These series do not satisfy the functional equation. This proves the proposition.
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4.4.3 Koszulness of LieAdm

The Koszulness of the operad Gg-ass can be proved as follows. In Example 2.1.2 (Chapter 2), we observed
that Gg-associative algebras consist of a commutative multiplication and a Lie bracket, with no relation
between these two operations. Therefore Gg-ass is the free product

Ge-ass = Lie x I'(12)

of the operad Lie for Lie algebras and the free operad I'(1l2) generated by one commutative operation. The
Koszulity of the operad Gg-ass now follows from the obvious fact that the free product of two quadratic
Koszul operads is again quadratic Koszul.

4.5 Cohomology of Lie-admissible algebras

4.5.1 Cohomology of LiecAdm-algebras
Let P be a binary quadratic operad. A P-algebra is given by a K-vector space V and an operad morphism
p: P —End(V)
where End(V) is the operad of endomorphisms of V' defined by
End(V)(n) = Homg (V®", V).
Let A be a LieAdm-algebra. The cochain complex of the cohomology HF,, 44m (4, A) is given by
Clicadm(A) = Homg((LieAdm')" (n) @z, A®", A)

where VV = V* Ry, (sgn) for V a K-vector space provided with an action of the group X, V* = Hom(V,K)
and sgn the signature representation.

Since every LieAdm'-algebra is an associative 3-order commutative algebra, then the complex Chionam(A4)
is
A— Hom(A® A, A) — Hom(A\*(A), A) — Hom(A*(A), A) — ---

The differential operator is defined by the composition map of the operad LieAdm. To determinate its
expression, let us recall the definition of Nijenhuis-Gerstenhaber products.

Let f and g be n-, respectively m-, linear maps on a vector space V. We define the (n + m — 1)-linear
map f O g by

f o6 g(Xa,+, Xnym—1) = Zi:l,»--,n Eaezwm,l(_1)6(0)(_1)(1_1)(m_1)f(Xa(1)a T
Xo(i—1), 9(Xo(iys > Xo(itm=1))s Xo(i4m)> > Xo(nsm—1))-

This product corresponds to the composition product in the operad LieAdm.

For example if f = g = p and n = m = 2 then

p©¢ (X1, Xo, X3) = Z (—1)" (1 X1y, Xo2)s Xo@) — 1(Xe(1), i Xo(2), Xo@)}
JEZB

and p is a Lie-admissible multiplication if and only if u ®g p = 0. Similarly if y is a bilinear map and f an
endomorphism of V', then

p O f(X1, Xo) = p(f(X1), X2) — p(f(X2), X1) + (X1, f(X2)) — p(Xa, f(X1))

and
[ ©6 u(X1, X2) = f(( X1, X2)) — f(u(Xa, X1)) = f([ X1, Xo]u)
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as soon as [t Og p = 0.
In [101], Nijenhuis defines the following product (denoted by fog):

fO19(X1, - Xngm—1) = Zi:l,---7n(_1)(i_1)(m_1)f(xla'" X1, 90Xy Xigm—1),
Xi+m7 e aXn-i-m—l)'

We have
fOsg= Z (—1)5(‘7)9 ®p foo = Z (—1)5(")f5900.
062n+m_1 UEZn+m_1

Let P be the antisymmetric operator. It is defined by

P(f)(Xla T 7Xn) = Z (_1)s(a)f(XU(1)aXU(2)7 t 7X0'(n))'
cex,,

It is clear that f ©®¢ g = P(f ®1 g).
Lemma 6 We have the following identities :
P(P(f)©19) = (n+m—1P(f ©19) = P(f ©1 P(g)).

This can be prove directly.
We deduce that the following bracket

[f.9)%° = f @6 g — (-1)" D" Dg o f.

satisfies :
L g, f]?0 = (=)= Dm=DHL[f g]O0
2. (=1l he=Df, g] } + (=1)m=D0=D][g p)®s, f]96 4 (=1) = DIm=D[p, f]96, g]® = 0

where h is a p-linear map on V.
Consequence. [, |®¢ is a bracket of a graded Lie algebra (on the space of multilinear maps).

Definition 32 Let ¢ be a in C};, 44m(A), where A is a LieAdm-algebra with multiplication . The differ-
ential operator

6/1« : CZLieAdm(A) - ngtzdm(A)
is defined by
5u¢ = _[/J'v ¢]®6'

This operator satisfies
0,00,=0

and (CF;. agm(A),6,) is a complex defining a cohomology for Lie-admissible algebras.

4.5.2 Particular cases

Let us describe explicitly this coboundary operator for some n. i) n = 2. Let ¢ be a bilinear map. Then

—0up (X1, Xo, X3) = p(p (X1, Xa), X3) — (X1, 0 (Xo, X3)) + p (0 (X2, X3), X1)

—p (X2, 0 (X3, X1)) — (X5, 0 (X1, X2)) + p(p (X3, X1), X2)
—p(p (X2, X1), X3)+#(X27 (X1,X3))*M(50(X3’X2)7X1)
+1 (X3, 0 (X2, X1)) + p (X1, 0 (X3, X2)) — (9 (X1, X3), X2)
‘H,O( (X17X2),X3) (X17 (X27X3)>+90(/1'(X27X3)7X1)
—<P(X 1 (X3, X1)) — @ (X3, 0 (X1, X2)) + 0 (1 (X3, X1), X2)
(M(X%Xl) X3)+<P(X27 (X1, X3)) — o (1 (X3, X2), X1)
+¢(X (XQ’Xl))+<p(X17 (X37X2)) @(ﬂ(XlaX3)7X2)
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ii) n = 1. Let f be in C'. Then

Ouf (X1, X2) = —p(f(X1), Xo) — (X1, f(X2)) + f (1 (X1, X2))
+u (f(X2), X1) + p (Xa, f(X1)) = f (1 (X2, X1)).-
ili) n = 0. Here we can define directly the definition of ¢,,(X). Let X be in A . Consider the map
hx Y —pu(X,)Y)—pn(V,X).
Then
—0uhx (X1, X2) = p(hx(X1),X2) + p (X1, hx(X2)) — hx (0 (X1, X2))
—p (hx(X2), X1) — p (X2, hx (X1)) + hx (1 (X2, X1))
= p(p(X,X1), Xo) — p(p (X1, X), Xo) + p (X1, p (X, X2))
= (X1, (X2, X)) = hx (0 (X1, X2)) + hx (1 (X2, X1))
—p (e (X, Xo), X1) + p (e (Xo, X)), X1) — p(Xo, p (X, X1))
+p (Xo, p (X1, X)),
and
_5uhX (XZaXl) = N(M(X7X2)7X1)_M(M(X27X)7X1)+N(X2’:U’(X7X1))
—p (X2, p (X1, X)) — hx (0 (X2, X1)) + hx (1 (X1, X2))
—p (e (X, X1), Xo) 4 p (o (X1, X)), Xo) — p(Xq, o (X, X2))
1 (X1, p (X2, X))
So
dphx (X2, X1) — 0phx (X1, X2) = n@ep (X, X1,X2) =0

and
duhx (X1, X2) = 6,hx (X2, X1)

Let us consider
C"={XeA | P@O,hx)=0,.hx}
For X € C°, §,hx = 0. Then we can define B! (A, A) putting
5 (X)=hx
and Z' (A, A) = {f € C'/6f =0}. Then H° (A, A) is well defined.

Remark. In the same way, we can define the cohomology H 5 4—@33(‘4’ A) for a G;-ass-algebra. We denote

by f ®; g the corresponding Nijenhuis product. We have already given the expression of this product for
1 =1 and ¢ = 6. In other cases we put :

FO2g(Xy, -, Xpym_1) = dezwmﬂ(-1)5(«:){21,:17”_ ,n—l(_1)(i_1)(m_1)f(XU(1)’ .
Xo(i-1), 9 KXoy, s Xomai=1))s Xo(m+i)s > Xo(ndm—2), Xntm—1)
+(_1)(n71)f(X0(1)7 e ?XO'(TL—].)? g(XU(n)7 e aXo'(m+n—2)a Xn+m—1)}~

fO39(X1, -, Xngm—1) = Zoezwm_z(—1)5(0){f(g(X17Xa(2)7 o Xom)) Xo(ma1)s > Xo(m4n—1))
+ Zi:Q,--- ’nfl(_l)(l_l)(m_l)f(Xh Xa'(2)7 ce 7Xa(i)7 g(Xa(i+1)7
T 7Xa(m+i))7"' 7X0'(n+m71))}-

f O g(Xla t 7Xn+m—1) = ZUeZner—z Zi:O,m 7n_l(7]‘)6((7)+i(m71)f(AXFO'(l)7 XQa Xa(?;)a T 7Xa(i)7
g(XU(i+1)a e 7Xa(m+i))7 e 7XU(n+m—1))-

f (O3 g(Xh T >Xn+m71) = deAn+m_1 Zizo,“. ’nfl(_l)i(m_l)f(XJ(l)a Xa(2)7 XU‘(3)) T 7Xa(i)a
g(Xa(i+1)7 U 7Xa(m+i))a T 7Xcr(n+m71))a

where A, refers to the alternating group.
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4.5.3 Lie-admissible cohomology of Lie algebras

If g is a Lie algebra with product p, it is also a Lie-admissible algebra. Then it is possible to consider the
following cohomologies

L. HZieAdm (gu g)
2. H;.(g,9)

In these two cases, the spaces of cochains are the same, excepted for n = 2. Recall also that the second
cohomology in nothing other that the Chevalley cohomology.

Definition 33 Let g be a Lie algebra. We call Lie-admissible cohomology of g with value in g the cohomology
HZieAdm (ga g) .

Remark. A 2-cochain corresponding to the Chevalley’s cohomology is alternated and satisfies

0% (X1, X2,X3) = ¢o(X1,X2) Xg+ (X2, X3) - X1+ ¢(X3,X1) - Xo
+o (X1 X9, X3) + o (X - X3, X1) + 0 (X3 - X1, X0).
where 6¢ is the Chevalley operator. If we compute d¢ € B2, ,,..(g,9), as we have p (X,Y) = —¢ (Y, X),
then
0o (X1,X2,X3) = 2(p(X1,X2) X3 —X3-0(X1,X0) + ¢ (X2, X3) - X3
= X1 ¢ (X2, X3) + ¢ (X3, X1) - Xo — X (X3, X1)
o (X1 - Xo, X3) — ¢ (X3, X1+ X2) + o (X2 X3, X1)
—p (X1, X2 X3) + 0 (X5 - X1, X2) — ¢ (X2, X5 - X1))

and
dp = 40%p.

4.6 Lie-admissible modules on a Lie algebra

4.6.1 Modules on a Lie-admissible algebra
Let A =(A, ) be a Lie-admissible algebra and M a vector space on K.

Definition 34 A group M is an A-module if there are bilinear maps

A AR M — M,
M®A— M,

satisfying :

)‘(Xv A(K U)) - )‘(Ya /\(va)) - A([Xa Y}/uv) - )\(X7p(v7y>) +p()\(X, U)a Y) +p(v, [X’ Y]lt) - p(p(U,X), Y) -
p(/\(Y,’U)“X) + )\(Y,p(v, X)) + p(p(v, Y)v ) =Y

forall XY € A and v € M.

For example, the vector space A is an A-module.

Proposition 35 Let A =(A,u) be a Lie-admissible algebra and M an A-module defined by the map A and
p. Then the bilinear map N
ANAQM — M

defined by

~

A(X,v) = A(X,v) — p(v, X)

provides the vector space M with an Ar-module structure where Ay, is the Lie algebra (A,[,],)-
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4.6.2 Modules on G-associative algebras

If Ay=(A,py) is a Vinberg algebra, an Ay-module M is given by the maps A and p satisfying the two
conditions
{ AX,AY,0) = MY, A(X,v) = AM([X, Y], v) =0,
MX, p(0,Y) — p(A(X,0),Y)) — p(v, u(X,Y)) + p(p(v, X),Y) = 0.
Considering Ay as a Lie-admissible algebra, then M is also a module on this Lie-admissible algebra.
The notion of A-module is well known in the cases of Lie-admissible algebras of type 1 (associative). For
type 4 and 5 we define it by the following conditions:

- type 4:
{ )‘(/J‘(X’ Y)a 'U) - A(Xv )‘(K ’U)) - p(ﬂ(?), Y)v X)) + P('U, :U'(Ya X)) =0,
p()\(X, U), Y) — A(X, p(v, Y)) - p()\(Y,’U%X) + )‘(Y7P(U7X)) =0.

- type 5:
A(:“‘(Xv Y)’U)) - A(Xv )‘(K ’U)) + p(/\(X,v),Y) - )\(X,p(U,Y)) - p(U,,UJ(X,Y)) + p(p(v, X)7Y) =0.

We can see that if p is antisymmetric (i.e. a product of Lie algebra) then we find again the definition of
module on Lie algebra considering p(v, X) = —A(X,v).

4.6.3 Lie-admissible modules on Lie algebras

Let A=(A,u) be a Lie algebra. Consider this algebra as a Lie-admissible algebra and we denote by
Ana=(A, 1) this Lie-admissible algebra. It is clear that every module M on the Lie algebra A is also a
module on the Lie-admissible algebra A,4. But the converse is false.

Definition 35 We call Lie-admissible module on the Lie algebra A =(A,pn) every module on the Lie-
admissible algebra Aqq=(A, 11).

Let g be the solvable non abelian 2-dimensional Lie algebra. There exists a basis {X1, X2} such that
[X1, X2] = X5. Every one dimensional module on the Lie algebra g is given by the map A (here p = —\)
defined by

A X1,v) = aw
{ )\(XQ, ’U) =0.

On the other hand, a Lie-admissible module on g is determined by the map A and p given by

{ >\(X1,'U) =av, | { p(vaXl) =0,
A X2,v) = Pu, ’ p(v, X2) = pu.

Suppose now that M is a n-dimensional Lie-admissible module on g. Then if A, B, C, D are the matrices on
the linear operators A(X1,.), A(X2,.), p(., X1), p(-, X2) in a given basis of M, then these matrices satisfy

[(B-D),(C—A)]=B-D.

We describe in this way all the structures of Lie-admissible modules on g.

Now consider the Lie algebra g = s/(2,C). By a similar computation we can see that every n-dimensional
Lie-admissible module on sl(2,C) is described by the following matrix representations:

[Al — Bl,AQ — BQ] = 4(A2 — BQ>7
[Al — Bl, Ag — Bg] = —4(A3 — Bg),
[Ag — Bg,Ag — Bg] = 2(A1 — Bl)

Such a representation also is completely reducible.



Chapter 5

Operads for flexible and alternative
algebras

In Chapter 1 (see also [56]) we have classified, for binary algebras, relations of nonassociativity that are
invariant with respect to an action of the symmetric group on three elements ¥3 on the associator. In
particular we have investigated two classes of nonassociative algebras, the first one corresponds to algebras
whose associator A, satisfies

A#—A#O’HQ—AuOT23—A/_L0713+A#OC+AHOC2:0, (5.1)
and the second
A#+A#OT12+AuOT23+AIL0713+AMOC+A#OCZ:0. (5.2)

where 7;; denotes the transposition exchanging i and j, c is the 3-cycle (1,2, 3).

These relations are in correspondence with the only two irreducible one-dimensional subspaces of K[X3]
with respect to the action of X3, where K[Xs] is the group algebra of ¥3. In the previous chapter, we
have studied the operadic and deformations aspects of the first class which corresponds to Lie-admissible
algebras. Now we investigate the second class, that is, nonassociative algebras satisfying (5.2). Such an
algebra is 3-power associative (see Chapter 1 for the definition) and is called p3-associative. Among these
algebras we have the class of G-p3-associative algebras where the p3-associative identity is given by the vector
Yyeqo, where G is a subgroup of ¥3. And among the class of G-p3-associative algebras we have flexible
algebras, left and right alternative algebras which play to day, an important role in physic (for example, the
octonion algebra). We determine explicitly the corresponding quadratic operads and their duals. We prove,
in particular, that the operad of left and right alternative algebras, flexible algebras and of p3-associative
algebras are not Koszul. We focus on the deformations of alternative algebras, computing the operadic
cohomology and proving that this cohomology cannot parameterize deformations.

5.1 (G-p*-associative algebras

5.1.1 Definition

We associate to each subgroup G of ¥3 the vector wg =) 0 of K[X3].
We know that the one dimensional subspace K{ws,} of K[X3] generated by

WGe = Wxy = E g

o€X3

is an irreducible invariant subspace of K[X3].

59
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Definition 36 A G-p3-associative algebra is a K-algebra (A, u) whose associator
A, =po(p®Ild—Id® p)

satisfies
Ao @ﬁcﬁ =0,

where ‘bﬁc c A®” 5 A®° s the linear map

(I)ﬁc; (.’L‘1 X T2 @ .%'3) = Z(mo—l(l) ® To—1(2) ® ZCo.fl(g)).
occG

Let O(wg) be the orbit of wg with respect to the natural action

Y3 x K[Xs] —  KI[Xs]
(0,5 a;04) +— Y ,ai0 oo

Then putting Fy,, = K(O(wg)) we have

dim Fy,, =6,
dim Fy,, = dim F,, = dim F,, = 3,
dim F,,, =2,
dimeG6 =1.

Proposition 36 Every G-p3-associative algebra is third power associative.

Recall that a third power associative algebra is an algebra (A, 1) whose associator satisfies A, (z, z,z) = 0.
Linearizing this relation, we obtain
Ao @ﬁzs =0.

Since each of the invariant spaces F contains the vector ws,, we deduce the proposition.

Remark. An important class of third power associative algebras is the class of power associative algebras,
that is, algebras such that any element generates an associative subalgebra.

5.1.2 What are G-p3-associative algebras?

1. If i = 1, since wg, = Id, the class of G1-p3-associative algebras is the full class of associative algebras.
2. If i = 2, the associator of a Gy-p3-associative algebra A satisfies
A1, w2, 23) + Ay, 21,23) =0
and this is equivalent to
AH (xa z, y),
for all z,y € A.

3. If i = 3, the associator of a G3-p>-associative algebra A satisfies
Ap(w1, 22, 3) + Ap(21, 23, 22) = 0,
that is,
AM (.13, Y, y)a
for all z,y € A.

Sometimes G-p3-associative algebras are called left-alternative algebras, G3-p-associative algebras
are right-alternative algebras. An alternative algebra is an algebra which satisfies the Gy and G3-p*-
associativity.
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4. If i = 4, we have A, (z,y,z), for all z,y € A, and the class of G3-p3-associative algebras is the class of
flexible algebras.

5. If i = 5, the class of G5-p3-associative algebras corresponds to Gs-associative algebras ([55]).
6. If i = 6, the associator of a Gg-p>-associative algebra satisfies

Ay, w0, 3) + Ay, 21, 23) + Ap(23, 72, 71)
+AM(:L‘1,,’E3, 1’2) + A#($27$3,$1)AM(.’L‘3,!E1, 1‘2) =0.

If we consider the symmetric product x x y = u(x,y) + w(y,z) and the skew-symmetric product
[,9] = u(z,y) — u(y, z), then the Gg-p3-associative identity is equivalent to

[xxy, 2]+ [y*z,2]+ [z *x,y] = 0.
Definition 37 A ([, |, *)-admissible-algebra is a K-vector space A provided with two multiplication:
(a) a symmetric multiplication x,
(b) a skew-symmetric multiplication [,] satisfying the identity
[x*xy,z]+[y*z,z]+ [zxx,y] =0
for any x,y € A.

Then a Gg-p3-associative algebra can be defined as ([, |, x)-admissible algebra.

5.2 The operads G;-p*ass and their dual

For each i € {1,---,6}, the operad for G-p*-associative algebras will be denoted by G;-p®ass. The operads
{gi—p3ass}i:1 .. ¢ are binary quadratic operads. Recall that a quadratic operad P is Koszul if the free
P-algebra based on a K-vector space V' is Koszul, for any vector space V. This property is conserved by
duality and can be studied using generating functions of P and of P* (see [46] or [93]).

Before studying the Koszulness of the operads G-pAss, we compute the homology of A, the two dimensional
associative algebra As given in a basis {e1,es} by eje; = e, ejea = eze; = eses = 0. The Hochschild
homology of an associative algebra is given by the complex (C,, (A, A),d,) where C, (A, A) = A® A®" and
the differentials d,, : Cp,(A, A) — Cp—1(A, A) are given by
dn(a07a17 e ;a’n) = (a0a17 ag, - -- an) + Z?;ll(_l)i(a(h ay,--- 7aiai+17 e 7an)
+(_1)n(ana07 [P an—1)~
Concerning the algebra Ay, we have
dl(ei, ej) = 6i€j — €j€i = 0,

for any 4,7 = 1, 2. Similarly we have

da(e1,e1,e1) = 2(ez,e1) — (e1,€2),

da(e1,e1,e2) = da(e1, e2,e1) = —da(ez, e1,€1) = (€2, €2)

and 0 in all the other cases. Then dim I'mds = 2 and dim Kerd,; = 4. Then H;(As, As) is isomorphic to As.
We have also

d3(€1,61,61,61) = 7(61,62,61)4’(61761,62),

d3(€1,€1,61,62 = (62,61,62) — (61,62762),

ds(e1,e1,e2,€1) = —da(ea,e1,e1,€1) = (e2,€2,€1) — (€2, €1, €2),
( e
(

ds(er, ez, e1,e1 (e1,€2,€e2) — (€2,€2,€1),
= —ds(e1, e2,€2,€1) = —ds(ea,e1,€1,€2) = d3(ez, e2,€1,€1)
- (62762762)

)
)
)
)

ds(e1,e1,e2,€2



62 CHAPTER 5. OPERADS FOR FLEXIBLE AND ALTERNATIVE ALGEBRAS

and ds = 0 in all the other cases. Then dim Imds = 4 and dim Kerdy = 6. Thus Ha(As, A3) is non trivial
and A, is not a Koszul algebra.

Now we will study all the operads G;-p>ass.

5.2.1 The operad G,-p3ass

Since G,-p®ass = Ass, where Ass denotes the operad for associative algebras, and since the operad Ass is
selfdual, we have
(G1 -psass)! = Ass' = G1-pPass.

5.2.2 The operad G,-pass

The operad Go-p3ass is the operad for left-alternative algebras. It is the quadratic operad P = I'(E)/(R),
where the 3s-invariant subspace R of I'(E)(3) is generated by the vectors

(x1~x2)-xg—xl-(xg-x3)+(x2~x1)-x3—x2~(x1 1’3)
The annihilator Rt of R with respect to the pairing (4.2) is generated by the vectors

(z1-22) - 23 — 21 - (T2 - 23),

We deduce from direct calculations that dim R+ = 9 and
Proposition 37 The (Go-p®ass)'-algebras are associative algebras satisfying

abc = —bac.

Theorem 38 The operad (Go-p®ass)' is not Koszul.

Proof. Tt is easy to describe (Gao-p3ass)'(n) for any n. In fact (Go-p>ass)'(4) correspond to associative elements

satisfying

T1XQX3XL4 — —XQX1X3T4 = —IQ(Ill‘g)I4 = T1X3T2T4 — —TL1X2T3X4
and (G2-p3ass)'(4) = {0} . Let P be Go-p®ass. The generating function of P' = (Go-p>ass)' is
L. 3 ! a 2 z®
gpi(z) = Z o dim(Go-p*ass) (a)z® =z +2° + —.

2
a>1

But the generating function of P = (Go-p>ass) is

3 5
gp(z) =+ 2 + §x3 + §$4 + O(2°)

and if Go-p®ass is Koszul, then the generating functions should be related by the functional equation
gp(—gpi(~2)) = @

and it is not the case so both Gy-p®ass and (Go-p>ass)' are not Koszul.

Remark 39 Since the redaction of this work, Dzumadildaev and Zusmanovich have shown and published
this result. For this reason we refer this theorem to these authors.
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By definition, a quadratic operad P is Koszul if any free P-algebra on a vector space V' is a Koszul algebra.

Let us describe the free algebra F (

Ga-p® ass)'

A (Gy-p®ass)'-algebra A is an associative algebra satisfying

TYz = —Yxz,

(V) when dimV =1 and 2.

for any z,¥, z € A. This implies xyzt = 0 for any x,y, z € A. In particular we have

for any z,y € A. If dimV =1, .7-'(

Go-p3ass)! (

{

3 =0,
2%y =0,

€1€1 = €g,

€1€2 = €9€1 = €9€g = 0.

V') is of dimension 2 and given by

. _ . 3 _ _
In fact if V = K{ey} thus in f(g2—p3a55)!(v) we have e = 0. We deduce that f(gg—pSass)!(V) = Ay and
F 3 o (V) is not Koszul. Tt is easy to generalize this construction. If dim V' = n, then
(G2-p” ass)'
) ~ n(n®*+n+2)
dim }—(gg—p%ss)’(v) =——D
and if {e1, -+ ,e,} is a basis of V' then {ei,e?,eiej,elemep}, fori,j=1,--- ,nand I,m,p=1,--- ,n with

m > [, is a basis of ]-"(

2 2 2
{vi =e1,v2 = €ea,v3 = €], 04 = €3, 05 = 162,06 = eze1,V7 = e1€2e1,V5 = €163}

and the multiplication table is

Ga-pPassy |

V). For example, if n = 2, the basis of ]-"(

Go-p®ass)!

For this algebra we have

U1 U2 Vg | V4| Us | Vg | U7 | Ug
(%1 U3 (%5 0 v 0 (%rd 0 0
vy | vg vg | —v7 | 0| —vg| 00O
vy | O 0 0 0 0 0010
ve| O 0 0 0 0 0010
Vs (%rd v 0 0 0 0 0 0
vg | —v7 | —Ug 0 0 0 0(01]0
vy | 0 0 0 0 0 0010
vg| O 0 0 0 0 0(01]0
di(v1,v2) = v5 — Vs,
lCll(Ul, UG) = V7 = —dl(vl,vs) = dl(vg, ?]3)7
5d1(v2,v5) = —vg = d1(v6,v2) = —dy(v1,v4),

(V) is

and Ker d; is of dim 64. The space I'm ds doesn’t contain in particular the vectors (v;,v;) for i = 1,2 because
these vectors v; are not in the derived subalgebra. Since these vectors are in Kerd; we deduce that the
second space of homology is not trivial.

5.2.3 The operad Gs;-p3ass

It is defined by the module of relations generated by the vector

and R* is the linear span of

(xll'g).%g — xl(l'g.’tg) =+ (lEﬂL’g)SEQ — (El(l'gfﬂg),

{

(T122)23 — 21 (2273),
(l‘ll‘g)l‘g, =+ ($1$3)J}2.
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Proposition 38 A (G3-p?ass)'-algebra is an associative algebra A satisfying
abc = —ach,
for any a,b,c € A.

Since (G3-p3ass)' is basically isomorphic to (Gy-p®ass)' we deduce that (Gz-p®ass) is not Koszul.

5.2.4 The operad G,-p3ass
Remark that a (G4-p3ass)-algebra is generally called flexible algebra. The relation
Au(z1, 22, 23) + Au(xs, 29,21) =0

is equivalent to A, (z,y,x) = 0 and this denotes the flexibility of (A, u).

Proposition 39 A (G,-p?ass)'-algebra is an associative algebra satisfying

abc = —cba.

This implies that
dim(G,-p®ass)'(3) = 3.

We have also 2,(1)Te(2)Te(3)To(a) = (=1)@ g zox32y for any o € X4. This gives dim(Gy-p3Ass)'(4) = 1.
Similarly

$1I2(I3I4=’175) = *173(I4£E5I2)»T1 = 11(£E41’5(I2I3)) = *$1I2(I3I5$4)
= ($1$2($4$5))$3 = —($4$5)($2$1)$3 = ($3$2$1)$45E5
= —X1X2X3T4T5

(the algebra is associative so we put some parenthesis just to explain how we pass from one expression to an
other). We deduce (G4-p3ass)'(5) = {0} and more generally (G4-p>ass)'(a) = {0} for a > 5.

The generating function of (G4-p®ass)' is

3 4
— 2 T T
flz)=a+2"+ > + 13
Let F Ga-pPass) (V) be the free (G4-p3ass)'-algebra based on the vector space V. In this algebra we have the
relations

a’ =0,

aba = 0,
for any a,b € V. Assume that dimV = 1. If {e;} is a basis of V, then e} = 0 and ]-"(
(V). We deduce that .7-'(

Ga-p®ass) (V) =

(V) is not a Koszul algebra.

f(gg -p3ass)! Ga-p3 ass)

Proposition 40 The operad for flexible algebra is not Koszul.

Let us note that, if dimV = 2 and {61,2622} is a basis of V, then ‘F(Q4-p3ass)!

{el, ea,e2, €3 e1ea, 6061, 0163, €360, €263, €3e1, €5€3, e%e%} and is of dimension 12.

(V) is generated by

5.2.5 The operad Gs-p3ass

It coincides with Gs-ass and this last has been studied in [55].
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5.2.6 The operad Gs-p3ass
A Gg-pdass-algebra (A, i) satisfies the relation

A1, 29, 23) + A2, 21, 3) + Ay(3, 22, 21)
+AM(I1,$3,$2) + AN(.’I}Q,ZI}?,,Z‘]_) + Au(xi’nxhx?) =0.

The dual operad (Gg-p3ass)' is generated by the relations

{ (.131332)333 = 331(.1321‘3),
(x122)23 = (*1)5(0)($U(1)I’0(2))$0(3), for all o € 3.

We deduce

Proposition 41 A (Gs-p®ass)'-algebra is an associative algebra A which satisfies

abc = —bac = —cba = —ach = bca = cab,
for any a,b,c € A. In particular
3 _
a® =0,
{ aba = aab = baa = 0.
Lemma 7 The operad (Gs-p®ass)' satisfies (Ge-p>ass)'(4) = {0} .

Proof. We have in (Gg-p®ass)'(4) that
21 (Tox3)xs = To(x34)x1 = —x1 (T3T4%2) = T1XT3T2Ty = —T1T2T3T4

s0 21227324 = 0. We deduce that the generating function of (Gg-p®ass)' is
3

f(z) :x—i—xQ—i—%.

If this operad is Koszul the generating function of the operad Gg-p®ass should be of the form

11 2 12
flx)=x+2>+ —a3+ —5x4 + —7335

6 6 TR

But if we look the free algebra generated by V with dimV = 1, it satisfies a®> = 0 and coincides with
f(g2 p3ass) (V). Then Gg-p?ass is not Koszul.

5.3 Cohomology and Deformations

Let (A, ) be a K-algebra defined by quadratic relations. It is attached to a quadratic linear operad P. By
deformations of (A, ), we mean ([54])

e a K* non archimedian extension field of K, with a valuation v such that, if A is the ring of valuation
and m the unique ideal of A, then the residual field A/m is isomorphic to K.

e The A/m vector space Ais K-isomorphic to A.

e For any a,b € A we have that
/l(a, b) - M(a7 b)

belongs to the m-module A (isomorphic to A ®m) .
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The most important example concerns the case where A is K[[t]], the ring of formal series. In this case
m= {Zi>1 a;t',a; € K} , K* = K((t)) the field of rational fractions. This case corresponds to the classical
Gerstenhaber deformations. Since A is a local ring, all the notions of valued deformations coincides ([30]).

We know ([82]) that there exists always a cohomology which parametrizes deformations. If the operad
P is Koszul, this cohomology is the ”standard”-cohomology called the operadic cohomology. If the operad
P is not Koszul, the cohomology which governs deformations is based on the minimal model of P and the
operadic cohomology and deformations cohomology differ.

In this section we focus on the case of left-alternative algebras, that is, on the operad G»-p®ass and also
by the classical alternative algebras.

5.3.1 Deformations and cohomology of left-alternative algebras
A K-left-alternative algebra (A, i) is a K-(Go-p®ass)-algebra. Then p satisfies

Aﬂ(xl,xg,l‘zg) + Au(xg,l‘l,.rg) =0.

A valued deformation can be viewed as a K][t]]-algebra (A ® K][[¢]], ut) whose product . is given by

pe=p+ Yy te;.
i>1
a) The operadic cohomology

It is the standard cohomology Hé p3ass('A’ A)gt of the Go-p®ass-algebra (A, u). It is associated to the
o-
cochains complex
Ch(A, A) e 225 CB(A, Ay 2200 C3(A, Ay 22

where P = Go-p3ass and
ChH(A, A)se = Hom(P' (p) @5, AP, A).

Since (G2-p*ass)'(4) = 0, we deduce that
HY (A, A)gt =0 for p > 4,
because the cochains complex is a short sequence
Ch (A, A)ut 25 Ch(A, A)uy 5 CP(A Ast

The coboundary operators are given by

o' f(a,b) = fla)b+af(b) — f(ab),
2¢(a,b,e) = (ab,c) + (ba,c) — p(a,bec) — p(b, ac)
w(a,b)c+ (b, a)e — ap(b, c) — bp(a, c).

b) The deformations cohomology
The minimal model of Go-p®ass is a homology isomorphism
(g2 'p3 ass, 0) & (F(E)7 8)

of dg-operads such that the image of 9 consists of decomposable elements of the free operad T'(E). Since
Go-p®ass(1) = K, this minimal model exists and it is unique. The deformations cohomology H* (A, A)gefo
of A is the cohomology of the complex ([87])

Ch (A, A)deso 2 CBH(A, Adeso 2 CH(A, A)geso 2
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where
Ch(A, A)deso = Hom(A, A),
Ch(A Abacgo = Hom(@,225 2(a) &, A%, A).

The Euler characteristics of E(q) can be read off from the inverse of the generating function of the operad
G- —p?’ ass

3. 5 93 &
_ 2, 9,3, 92,4 9295
ggz-p?’ass(t) =t+t + 2t + 2t + 1215
which is
AR S 6
glt)y=t—t +5+§t + O(¢°).

We obtain in particular

X(E(4)) = 0.

Each one of the modules E(p) is a graded module (E,(p)) and
X(E(p)) = dim Eo(p) — dim E; (p) + dim E5(p) +
We deduce
— E(2) is generated by two degree 0 bilinear operation pg : V-V — V|
— E(3) is generated by three degree 1 trilinear operation g : ve' Vv,
- E(4)=0.

Considering the action of %,, on E(n) we deduce that F(2) is generated by a binary operation of degree
0 whose differential satisfies

I(p2) =0,

E(3) is generated by a trilinear operation of degree one such that
O(p3) = 2 01 fi2 — f2 02 f2 + pi2 01 (f2 - T12) — (K2 02 p2) - Ti2.

(we have (ug 09 ua) - T12(a, b, ¢) = b(ac))
Since E(4) = 0 we deduce

Proposition 42 The cohomology H*(A, A)gefo which governs deformations or left-alternative algebras is
associated to the complex

Ch(A, Aacro 2 CH(A, A)deso  Ch(A, A)deso = Ch(A, A)deso —

with,

)defo = Hom(V®1 ),
Jaefo = Hom(VE2, V),
)defo = Hom(V®3 V),
)defo = Hom( ®5 V)

AN
DEUEUEST
PNENENEN
S

@@ Hom(VE V),

In particular any 4-cochains consists of 5-linear maps.

5.3.2 Alternative algebras
Recall that an alternative algebra is given by the relation

A1, 20, 23) = —Au(w2, 21, 23) = Ay(w2, 23, 21).
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Theorem 40 An algebra (A, u) is alternative if and only if the associator satisfies
A, o @f =0,
with v = 2Id + 119 + T13 + To3 + ¢1.

Proof. The associator satisfies A, o CID;)“l =A,o0 <I>;i with v1 = Id 4+ 112 and v9 = Id + T93. The invariant
subspace of K[X3] generated by vy and vs is of dimension 5 and contains the vector 20623 o. From Chapter
1, the space is generated by the orbit of the vector v.

Proposition 43 Let Alt be the operad for alternative algebras. Its dual is the operad for associative algebras
satisfying
abc + bac + cba + acb + bea + cab = 0.

In [28], one gives the generating functions of P = Alt and P' = Alt'

Bt 4 10 1 8000 10,
12 .4 5 :

gp(r) =2+ 2 + 5 )

gp(z) =z + %xz + 5

and conclude to the non Koszulity of Alt.

The operadic cohomology is the cohomology associated to the complex
(Chue (A, A)se = (Hom(Alt' (p) @x, AP, A), bs1).

Since Alt'(p) = 0 for p > 6 we deduce the short sequence

55
C}Mt('A’ -A)St - C¢24lt (Aa A)St T Ci\lt('A’ A)St — 0.
But if we compute the formal inverse of the function —g.;:(—x) we obtain

5 1 1 11
22,8 24 205 1006 0,7
4z +6x +2ac -I-SLL' 7233—1— (z").
Because of the minus sign it can not be the generating function of the operad P' = Alt'. So this implies also
that both operads are not Koszul. But it gives also some information on the deformation cohomology. In
fact if T'(E) is the free operad associated to the minimal model, then

dim x(E(2)) = 2,
dim x(E(3)) = -5,
dim x(E(4)) = 12,
dim x(E(5)) = —15,
dim x(E(6)) = —110.

Since x(E(6)) = >_,(—1)"dim E;(6), the graded space E(6) is not concentred in even degree. Then the
6-cochains of the deformation cohomology are 6-linear maps of odd degree.



Chapter 6

Current operads, Dihedral, Cyclic and
Hopf operads

In this chapter we investigate different properties of a quadratic operad P such as dihedrality, cyclicity and
the property of being Hopf. We also define the current operad P associated to P in the context of quadratic
operad with only one binary generating operation (the algebras over this operad have only one binary
operation). The dual operad of P, denoted by P' (see [46] for terminology), equals to P' = hom(P, Lie),
where Lie is the quadratic operad corresponding to Lie algebras. For any P-algebra A and P'-algebra B,
the vector space A ® B is naturally provided with a Lie algebra product [46]

plar ® by, as @ by) = pa(ar, az) @ pp(bi,br) — palas, ar) ® ps(ba, be), (6.1)

where p4 (resp. pg) is the product of A (resp. B). So the “natural” tensor product pags = pa ® ug
provides A ® B with a Lie-admissible algebra structure.

In 4 and [55] we introduced special classes of Lie-admissible algebras with defining axioms determined by
the subgroups G; of X3 and their corresponding quadratic operads denoted G;-ass. Among these operads,
we find operads for Lie-admissible, associative, Vinberg and pre-Lie algebras. For the operads G;-ass we
proved in [55] that for every P-algebra A and P'-algebra B, the tensor product A ® B is a P-algebra. This
is not true for general nonassociative algebras and, for example, if P is the operad for Leibniz algebras
or for nonassociative algebras associated to Poisson algebras [59], the tensor product of a P-algebra and a
P'-algebra is not a P-algebra. In this sense, G;-associative algebras, which are algebras over G;-ass, are the
most regular nonassociative algebras. So we introduce a quadratic operad, the current operad, denoted by
P, such that the tensor product of a P-algebra with a P-algebra is a P-algebra and such that P is maximal
with this property. Without requiring the maximality, one could take, for instance, P = 1.

The name current refers to current Lie algebras, which are Lie algebras of the form L ® A, where L is a
Lie algebra and A is a associative commutative algebra equipped with the bracket

[SE ®a,y® b]L@A = [xvy]L ® ab.

Remark that in this case we have P = Lie and that associative commutative algebras are algebras on
Com = P".

6.1 Nonassociative algebras and operads

Let P be a quadratic operad with one binary generating operation. We consider the action of X3 on I'(E)(3)
given by:
Yy xT(E)(3) — D(E)(3)
(0,X) — o(X)

69
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where
{ 0(.’% . (l'j :L’k)) = 1’0—1(i) . ((Eg—l(j) . x0_1(k)),
o((@i - x;) - 2k) = (To-1(3) - To-1(5)) * To-1(k))-
For any X € I'(E)(3), O(X) denotes the orbit of X and K(O(X)) the linear span of O(X) which is a
Ys-invariant subspace of I'(E)(3). More generally, if X, -+, X} are vectors in I'(E)(3), we denote by
K(O(Xy,---,Xy)) the ¥s-invariant subspace of I'(E)(3) generated by O(X;) U --- U O(Xy). It is clear
that K(O(Xy,- -, Xk)) is a ¥3-module of finite rank.

Definition 41 If P is the quadratic operad
P =T(E)/(R),
the rank of P is the rank of the X3-module R C T(E)(3).

Using the action of X3 on I'(£)(3) we define some linear maps on this module as follows. Let K[X3] be the
group algebra of 3. Its elements are formal combinations v = ay07 4+ as02 + -+ + agog with a; € K and
o; € ¥3. For v = Z?:l a;o; € K[3s3], we put

6
MX)=§:%QQQ,WXGHEN$.

If F' is an invariant subspace of I'(E)(3), we have v(X) € F for all X € F.

Let (A, p) be a P-algebra and let A} = po (u® Id) and A = po (Id ® p). Then the associator of y is
written A, = A — AR, For each vector v = E?:1 a;o; in K[X3] we define the linear map ®:* on A®3 by

oA A®3 —  A®3
6
(X1@Xo®X3) = D ai( X1y @ X 1) @ X o1(y))-
Any quadratic relation for y is clearly of the form
Al oot — Al o @7t =0, (6.2)

for some v = Z?Zl ;oW = Z?:1 bjo; € K[33]. The module R is therefore spanned by the vectors

v((z1 - x2) - x3)) — w(zy - (T2 - x3)).
By definition, if P is of rank 1, the product satisfies precisely one relation (6.2).
Proposition 44 Let P be a quadratic operad with one generating operation such that the ¥3-submodule R
of relations is generated by the vectors:

o((21 - 22) -3 — 21 - (22 - 23)),
with v; € K[X3], for somel=1,--- k. Then P is of rank 1.
Proof. The Ys-invariant subspace of I'(E)(3) generated by
((z1-22) @3 — 21 - (22~ 73))

is isomorphic to K[Xs]. This isomorphism is given by:

v((zy - x2) x5 — 21 - (2 23)) —> .

We saw in [56] that every Y3-submodule F' of K[X3] is of rank 1. Then there is a vector v € K[X3] such that
F =F, =K(O(v)) where O(v) is the orbit of v of the natural action of X3 on K[33]. We conclude that the
rank of R, and then of P, is 1.
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6.2 The operad P associated to a quadratic operad P

In this section we define a quadratic operad P whose fundamental property is that any P-algebra tensored
with a P-algebra is a P-algebra.

Let P be a quadratic operad generated by E C K[X2], R the module of relations and (A, 1) a P-algebra.
The axioms of A4 determine the submodule R of T'(E)(3). If R is of rank k, then the product u satisfies k
relations

L gpA R_pA —
Ao @) —Afo®l =0, (6.3)
where vy, w, € K[¥3] for pe I ={1,--- , k} and the vectors (v, ® wp)per are linearly independent.

Relations (6.3) show that R can be described as

R = Span{uvy((z1 - x2) - ¥3) — wp(1 - (22 - 73)), 1 <p <k}
6 . 6 .
with v, = Za;% and w, = Z byoi for 1 < p < k. Let (A | B) be the k x 12 matrix given by A = (a},) and
i=1

i=1
B = (b;) fori=1,---,6 and p=1,--- , k. By hypothesis the matrix (A | B) is of rank k.

Definition 42 We say that the system of generators of R is reduced if there is an extracted matriz of (A | B)
of order k that equals to the identity matriz up permutations of lines. We say that such a matriz (A | B) is
reduced.

It is clear that R can always be represented by a reduced system of generators. If fact if (A | B) is of rank
k, there is C' invertible of order k, extracted from (A | B) and

(A1 | B1) = C™H(A| B) = (o, | 5,)
is reduced. Now we can consider the reduced system of generators of R associated to (A4; | By):
R = Span {v,((x1 - z2) - x3) — w)(x1 - (x2 - 23)), 1 <p <k} (6.4)
6 6

with v; = Zaéai, w;, = Zﬁ;m for 1 <p<k.
i=1 i=1

We denote by R¢ the K[X3]-module generated by the vectors
(0 = 05) (1 - 2) - 73),

BBy (i — o) (w1 - (w2 - 23)), (6.5)
o, B (oi((21 - 22) - x3) — 0 (21 - (22 - 23)))

for 1 <4,5 <6 and 1 <p<k. The subscript C' means that the system of generators of }/B\E; depends of the
matrix C. With the system (6.5) we associate a matrix k x 12

(B | F)

whose coefficients are 0 (resp. 1) if the corresponding coefficient in the matrix (A | B) is 0 (resp. non
zero). Then the lines of (E | F) describe all the relations of type o;((z1 - x2) - x3) = 0;((z1 - x2) - x3),
0;((z1 - x2) - x3) = 0j(z1 - (T2 - x3)) or oi(z1 - (z2 - x3)) = 0j(x1 - (x2 - x3)) which are given in (6.5).

Definition 43 A path in the matriz (E | F) is a maximal union of horizontal and vertical segments whose
endpoints are 1 of the matriz.
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For example if (E | F) = ((1) (1) (1) (1) 1)\7\16 have only one way
1 -1 - 1
|
1 - 1- 1

The matrix (E | F') can be represented by a finite number x(C') of such paths.

Definition 44 A matriz C which reduces the initial system (A | B) is called mazimal if x(C) is mazimal
among all systems associated to the initial one.

Let Cy be a maximal reduction matrix. We denote by
(Ao | Bo) = G5 H(A| B) = (pj|A))-
Let E be the sub-module of K[5] defined by

B E if E=K[Xs] ~ 1 & Sgna,
"l Com(2)=1 if E=1 or E= Sgna,

where 1 is the one-dimensional trivial representation, Sgns the one-dimensional signum representation and
Com denotes the operad for associative commutative algebras. If E = K[X2], we denote by R = R¢, the
K[Xs]-module generated by the vectors

ppph(oi — o) (21 - 22) - w3),
ML (07 — o) (@1 - (22 - 23)),
PpN (0i((w1 - 2) - 3) — 0j (w1 - (22 - 23)))

for 1<p<k. If E = Com(2), Ris generated by the above vectors modulo the commutativity relations.

Definition 45 Let P be a quadratic operad with one generating operation. We define the operad P as the
quadratic operad P = T'(E)/(R), where E and R are as above.

This operad is called the current operad associated with P. We have the main result:

Theorem 46 Let (A, ) be a P-algebra and (B, ug) a P-algebra. Then A® B with the operation piazs is
a P-algebra. The operad P is maximal among quadratic operads with one operation of the same arity having
this property. The maximality means that each operad Q with the required property is a sub-operad of P.

Proof. Let (A, pa) be a P-algebra. The following property holds for pi4:
(A, 0@ — A 0 @7 )(21 ® a2 @ 3) =0
forp=1,---, k with v), = Z?:1 Phoi, W), = Z?:l Apoi and (pl, | AL) reduced. If B is a P-algebra, its product
up satisfies
AL O(bafo' (y1®y2®y3)_0 lfﬂp, pp 7&07
AR 0 ®8 | (11 ®y2®@ys) =0, if Ip, ALX #0,
Al o @5 — Al 0 ®F (y1 @ ys @ y3) = 0, if 3p, pj\]#0.

The product pagp satisfies, for (j,k)e{1,--- ,6}2 such that pg;)\’; #0,
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(Al o © P50 = AL 0 ®0P0) (@1 @Y1 @ 02 R 2 @ 3 D y3)

pA®B ~ ) HARE
6
= Z( Aﬁ,@g ‘I’fi@B A;A§A®B @ét@B)(JUl QY1 @ T2 @ Y2 ® 23 @ Y3)
i=1
= pr 07 (11 ®@ 22 ® w3) © Apf, 0 BF (31 @ Y2 © y3))
—ZN O (21 @ 12 @ w3) @ Al 0 5 (11 ® Y2 ® y3))
6

= ZPIZ?(AﬁA ] (I)'é (l‘l X T2 @ .’ﬂg)) & AﬁB ] (I)fj (yl R Y2 & yg)

6
—> A(AfL 0 ®f (11 @ 22 @ 13)) ® Al 0 D5 (11 D y2 @ y3)
=1
6
= Y (phAL, 0@ (11 @ w2 @ w3) — MAR, 0 B2 (21 @ 2y @ 13))
=1

®AL o ®F (Y1 @y2 ®y3)
= (Aﬁ.A o @é} - ALI?A o (I)wp)(xl X T2 ®I3) ® Aﬁs o @fj (yl ® Y2 & yg)
0.

If, for a given p, all pJ )\k = 0, it means that we have

(AL )(I1®1‘2®1‘3):O

pa ©
or
(A, 0 @ ) (21 ® 2 @ 3) = 0
and the result will obviously follows from similar calculations.

Concerning the maximality, we consider the free algebra L(V') on a K-vector space V satisfying the axioms

6 6
Y (1)) Tau3) = D Voo, (1) (Toy2)T0s8) = 0, (6.6)

i=1 i=1
for p=1,--- k. It is the same to say that L(V) is defined by the relations

6 6
D Pp(Toi(1)T0u2))Tai(3) = D Apar, (1) (Tay(2)T, (3) = O-, (6.7)

i=1 i=1

with matrix (Ao | Bo) = (p}, | A}) related to this system admitting an extracted matrix of order k that equals
to the identity after some permutations of the lines. Assume that

() = Id

for I = 1,---,ky and m = 1,--- ko with k; + ko = k. We denote by I, = {i1, - ,ix, } and Ji, =
{j1,-+* s ks } - Then System (6.7) is equivalent to
L oL(V) _ L L(V) R i L (V)
Al 0, 0P, | = = AL, 0 Dign, A% AL 0 ijz N @q;
=1, ki,

R L(V) _ L(V) _ L(V)
AML(V) °®q;,, ML(V) Ozlilk pm(I) ML(V) OZJQJ;C N, m®o;
=k +1,-- k.

(6.8)
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Let B be a K-algebra. Then L(V) ® B satisfies (6.8) if and only if

(AL, ® AL )o(@5) @ ®F ) = (AL, @ AL )oX .., pl(@r") @ ®F)

HL(v) HL(v) (V)
(A;?L(V) ® AﬁB)OZjQsz N (g ®®7),
=1,k
L \%4 i L V
(AR @ AR )o@ el )= (AL @ AL )oY, ph (@0 ) ®®5)

i (eL(V)
AR AR 0N N (@H Y 008 ).
m=k +1,--- k.

We deduce, for the first equation

L(V) i x L(V
(AL, 0 igr,, Pi®s )@ (AL 008 )~ (AR o, No)e AL, 008 )

HL(v) HL(v)

v L(V)
:(Aﬁuw Zleélk plq)"’( )) (AﬁBO(DEi) (“ ML<V>OZJ¢Jk /\jq)"ﬂ( ) (AﬁBO(DUBj)’
l=1,--- k.

Similarly for the second equation, we get

L(V ; L(V
(AL, o igr P ®e AR 008 )—(AR o, M@ )@ AL,k )

HL(v) #L(V)

i & L(V) L(V
=(AL, oY igr, @ )@AL 0®B) ~ (AR oS, M5V )@ AL 00D,
m =k —|— 1,--- k.

Since L(V') is free, such equations are equivalent to

pfAfLB o (@21 — @i) =0,
Af(AﬁB 0@ — Al 0®7)=0,

P(AR 0 @E AL o®B) =0, (6.9)
AJAR o (02"~ @B) 0,

rB

forz¢Ik1,j¢Jk27le{1 < kiyand me{k +1, -k}

and using the property of the coefficients ,0; and )\;, we recognize the relations defining R . The maximality
of x(C) implies the minimality of the system of relations.

6.3 Examples

6.3.1 P = Lie
If P = Lie then P = P' = Com the operad for associative commutative algebras. Indeed, in this case, k =1
and v1 = w1 = Id+ ¢ + ca. As vy = wr, a P- algebra is associative. Moreover E = Com( ) because Lie =
I'(E)/(R) with E = Sgny. We conclude that P = Com.
6.3.2 P = Leidb
Let P = Leib be the Leibniz operad. A Leibniz algebra satisfies the relation

2(yz) — (zy)z — (z2)y = 0.
In this case, the associated elements of a ﬁ—algebra fulfill the relation

x(yz) = (zy)z

and
(zy)z = (z2)y.
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Thus a Eei?a—algebra is an associative algebra satisfying
TYz = T2Y.

This relation is equivalent to
zly,z] =0

with [y, 2] = yz — zy. This last identity implies that the derived Lie subalgebra is abelian, and the Lie
algebra is 2-step nilpotent. The dual operad, also denoted Zinb, describes algebras satisfying

(zy)z — x(yz) — z(2y) = 0.

Thus if a Leib-algebra satisfies also the relation x(yz) = (xy)z = 0 (every product of 3 elements of the
associative algebra is zero), it is a Zinb-algebra (Zinbiel algebra) i.e. a Leib'-algebra ([16]). These algebras

are nilalgebras A satisfying A3 = 0. For example, any associative commutative algebra is a Leib-algebra.
Every Leib-algebra with unit is commutative. In dimension 3 the algebra defined by

€1€1 = €32, €1€3 = €3€3 = €2

is a noncommutative Leib-algebra.

6.3.3 P = "Poiss

A Poisson algebra over K is a K-vector space equipped with two bilinear products:
1) a Lie algebra product, denoted by {, }, called the Poisson bracket,

2) an associative commutative product, denoted by e.

These two operations satisfy the Leibniz condition:
(X eV, Z} = X o {Y, Z} +{X, Z} oY,

for all X,Y, Z. In [92], one proves that a Poisson algebra can be defined by only one nonassociative product,
denoted by X Y, satisfying the following identity

BAXY,Z)=(X-2)-Y+(Y-2)- X—-(Y-X)-Z—(Z-X)-Y, (6.10)

where A.(X,Y,2)=(X-Y)-Z—X-(Y-Z) is the associator of the product -. The corresponding quadratic
operad has one generating operation and of rank 1. Let us denote by Poiss this operad. If

vi((i - 25) - wx) — wi(y - (22 - 23))
is the generator of the module of relations R of Poiss, we have

U1:3Id—’7'23—61+7'12+02

and
wyp = 3]d

So Poiss is generated by
(ZE1 'Iz) c I3 — (ZE1 'I3) * L2,
(w1 - @2) - w3 — (w2 - 23) - 1,
(w1 - 22) - w3 — (w2 - 1) - T3,
(w1 - 22) - 3 — (w3 - 1) - T2,
(33‘1 '$2) + T3 — X1 - ($2 '$3),

e~

and Poiss = Comma3.
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Remark. Here, we considered the standard product on the tensor product of algebras given by formula
(6.1), but it is possible to consider also modified ones. For instance, let (A, u4) and (B, ug) be two Poisson
algebras with a nonassociative product satisfying (6.10). Let 7 be the twist map:

Tx®y) =y
If we consider on A ® B the following product
A @7 i3 = 3pA @ py — A ® (pBoT) = (pa©T) @ u + (ra©T) @ (ug o T)

then (A ® B, u4 ®; ug) is a Poisson algebra.

6.3.4 The operads G;-ass
Let Gi-ass' be the quadratic dual operad of G;-ass. We denote by (Ry;)' the submodule of I'(E)(3) defining
(G4-Ass)'. We have

(RV1) = RV17

(Rv,)' = K(O((w1 - x2) - w3 — w1 - (w9 - 23); (21 - 22) - 13 — (2 - 31) - 73)),
(RV3)! = K(O((w1-22) 23 — 21 - (22 - 23); (21 - 22) - 73) — (21 - 73) - X2)),
(RV4): = K(O((w1-22) 23 — 21 (22 23); (21 - T2) - 23 — (T3 - T2) - T1)),
(Rvs); = K(O((w1-22) 23 — 21 (22 23); (21 - T2) - 23 — (T2 - 23) - 71)),
(RVG)' = K(O((z1 - z2) (x1-x2) - 23 — (T2 - 21) - T35

T w3 — w1 (T2 73);
(1’1'()’]2)'%37(1’1'()’]3)'

Proposition 45 The operad Gi-ass' = Ass is of rank 1. For 2 < i < 6, the operads G;-ass are of rank 2.

Proof. The case i = 1 is trivial (it is also a consequence of Proposition 2). Let us prove that the rank

of (Ry,)" is 2 for i = 2,-,5. The case of (Ry,)' will be treated separately. We denote by v{, j =1,2 the
generators of (Ry;)". Then

{ F= (AL, — AR (21 © 12 ® a3),
2

P = (A;IIB - Aﬁs 0D, )(r1 @2 ® 3),
with
02 = T12,
03 = T23,
04 = T13,

05 = C1 (OI‘ CQ).
For i = 6, the space (Ry;)' is generated by the vectors
(x1-@2) - w3 —x1 - (X2 - 23), (x1-22) 23— (T2 1) 23 and (a1 - 22) - x5 — (21 - x3) - Ta.

But we can write

(1 22) @3 — (22 - 21) - 23 = (Id — T12) (21 - 22) - 3)
and

(x1-x9) @3 — (x1 - x3) - x2 = (Id — 723)((x1 - 22) - x3).

The X3-invariant subspace of K[X3] generated by the vectors Id — 712 and Id — 793 is of dimension 5, and
from the classification [56], this space corresponds to F, = K(O(v)) with

v=2Id— T9 — T13 — To3 + 1.
We conclude that this operad is of rank 2.
Proposition 46 For P = G;-ass, 1 < ¢ <6, one has

P =P.
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Proof. In this case P is defined by the module of relations
PLAT (01 = o) (21 - 22) - 23),
NP (01 = o) (21 - (22 - 23)),

PN (01((21 - x2) - 3) — o (@1 - (22 - 23))).

where o; and o, € G; and
(—=1)5es) if o, € G,
0 otherwise.

= ={

This system reduces to

{ ((v1 - 22) - 23) — (21 (T2 - 73)),

pllpérln(a'l - Um)((-rl . Z'Q) . .233),

which defines the dual operad.
In particular, if P = LieAdm, then P' = P is the quadratic operad Comm3 defined by the submodule of
relations

R = (Ry,)"

A Comm3-algebra A is 3-commutative in the sense that it is associative and satisfies
Ti*Zj Tk = To(i) " Lo(j) " To(k)

for every o € ¥3. If A is unitary this implies that A is commutative. In the general case A2 = A- A is
contained in the center of A. The associated Lie algebra is two step nilpotent.

6.3.5 [ [X;]-associative Lie-admissible algebras

In this section we describe the P-algebras, P'-algebras and ﬁ—algebras, where P corresponds to the K [X3]-
associative Lie admissible algebras. We use the classification of Chapter 1 (see also [56]). We denote by

(x,y,2) =(z-y) - z—2-(y-2)

PZCi@Adm:(x,y,z)f(y,x,z) - (I,Z,y) - (Z,y,I)+(y7Z,I)+(Z,I7y) =0.
(I) Elz(x,y,z)zO,x~y~z=y-a:~z=x~z-y.

P =P

P =Gs-ass: (x,y,2) + (v, 2,2) + (2,2,y) = 0.
(In< P(r,y,2)=0, 2y 2=y z-x=2-2-y.
P =P

Pra(,y, 2) — aly,2,2) + (a+ = 3)(2,y,2) — Bz, 2,9) + By, 2, 2)
(111) +@B—a—-0)(z2,y) =0, (o, B8) # (1,1),
P(z,y,2)=0,(a=B)(z-y-2—y-z-2)+(@+20-3)(2-y-x—2-x-y) =0,
The computation of P depends on the values of the parameters o and 3. If (o, B) ¢ {(3,0),(0,3),(0,0)},
then:
P = LieAdm'
If (e, B) = (3,0) then P = G3-ass and _
P =P = Gy-ass.
If (o, 8) = (0, 3) then P = G4-ass and _
P =P =G,-ass.
If (o, 8) = (0,0), then P = G3-ass and N
P =P =Gs-ass.
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Pz 2) +(1+8)(y,x,2) + (z,9,2) + (y,2,2) + (1 —1)(2,2,y) =0, # 1,

P (z,y,2)=0,(t—Dx-y-2—t—1y-z-2—(t+2)z-y-x
+1+2)x-z2-y—(1+20)y-z-x+ (t+2)z-z-y=0,

P = LieAdm'.

(IV1)

P2y, 2)+ (y,2,2) + (z,2,y) + (4, 2, %) + (2,2,y) =0,
(IVa) 4 Pi(z,y,2) =02 y-24y-z-2—2-y-x—2-2-y=0,

P = LieAdm'.

79:Q(x,y,z)—(y,a:,z)—(Z,y,x)—(x,z,y)—&-(y,z,x)=O,
WV){ P i(zy,2) =02y z—y-x-2—2-y-c—z-2-y+y-z2-x+z-z-y=0,
P = LieAdm'.

P=Ass: (x,y,2) =0,
(VI){ P'= Ass,
P = Ass.

Proposition 47 Let P be an operad corresponding to a class of K[3s]-associative Lie-admissible algebras.
Then P = P' if and only if P is the operad G;-Ass for some i.

6.3.6  3-power associative algebras

Every G;-p®ass-algebra is 3-power associative (or third-power associative) algebra (see Chapter 5 or [56]).
The corresponding dual operads are described by the following ideals of relations:

(Rw,)' = Rw, = Ry,,

(Rw,)' = K(O((w1-x2) - w3 — &1 - (w2 - 23); (21 - 32) - w3 + (T2 - 71) - 3)),
(Rw,)' = K(O((w1-2) - 23 — w1 - (2 - x3); (w1 - T2) - 3) + (w1 - 23) - 2)),
(RW4)! K(O((21 - x2) - 23 — w1 - (22 - x3); (21 - 22) - w3 + (23 - 22) - 71)),
(Rws)
(Rws)

! !
5) Ry,
Rw,)' = K(O((z1-x2) - w3 — 21 - (22 - x3); (21 - 22) - w3 + (22 - 71) - 235
(1‘1 . .132) - T3+ (l‘l . .133) . 1‘2))
The proof is analogous to the Lie-admissible case. Note that these operads are also of rank 2 except for : = 1
which is of rank 1.

—_~—

Proposition 48 If P = G;-p3ass, then P = (Gi-ass)' = G;-ass.

Proof. The computation is analogous to the proof of Proposition 46. Let us note that P £ P' except for
P = (G1-p3Ass) and (G5-p3Ass). For example,

Go-p3 Ass = Perm.

Gy-piAss = (G4—Ass)!.
This means that a G4-p3Ass is an associative algebra A satisfying
abc = cba,

for any a,b,c € A.

—~—

Ge-p3Ass = LieAdm',
that is, the binary quadratic operad whose corresponding algebras are associative and satisfying

abc = achb = bac.
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6.3.7 The operad Alt

The current operad Alt of Alt for alternative algebras is the operad for associative algebras satisfying
abc = bac = cba = acb = bca,
that is, 3-commutative associative algebras. Thus

Alt = LieAdm'.
6.4 Case where P has a generating operation with a symmetry

In all previous examples, except P = Lie, we considered generating operation without symmetry. We can
also find the quadratic operads generated by a commutative operation (i.e £ = 1) or an anticommutative
one (i.e E = Sgny) such that P = P'.

Proposition 49 Let P =T(E)/(R) be a quadratic operad generated by an operation with a symmetry (i.e.
E = Sgny or E=1). If P =P' then E = Sgn,.

We can easily verify that P; = Lie or Py = I'(Sgns) satisfy this property: 73; = Com = P;' and 73; =
[(1) = P,', where T'(1L) denotes the free operad generated by the trivial representation.

Remark. We restricted our attention to quadratic operad with one binary generating operation p : Ve
V. But the concept of P operad can by extended to an arbitrary quadratic operad P, that is, generated by
more than one n-ary operation.

6.5 Dihedral and cyclic operads

6.5.1 Monoidal structures

Consider the category P-alg of algebras over a fixed operad P. Following [44, 96] we say that P is a Hopf
operad, if the category P-alg admits a strict monoidal structure ® : P-alg x P-alg — P-alg such that the
forgetful functor O : P-alg — Vectk to the category of K-vector spaces with the standard tensor product,
is a strict monoidal morphism, see [80, VII.1] for the terminology. This condition can be expressed solely in
terms of P as in the following definition.

Definition 47 An operad P is a Hopf operad if there exists an operadic map A : P — P QP (the diagonal )
which is coassociative in the sense that

(AR 1p)A =(1p®A)A, (6.11)

where Ip : P — P denotes the identity. We also assume the existence of a counit e : P — Com, where Com
is the operad for commutative associative algebras, satisfying

(e 1p)A=(1lpRe)A=1p. (6.12)

The last equation uses the canonical identification P = Com ® P = P ® Com. Our terminology slightly
differs from the original one of [44] which did not assume the counit. Our assumption about the existence
of the counit rules out trivial diagonals.

The diagonal A : P — P®P induces a product @ : P-alg x P-alg — P-alg in a way described for example
in [91, page 197]. Equation (6.11) is equivalent to the coassociativity of this product. To interpret (6.12),
observe that, since Com is isomorphic to the endomorphism operad Endk of the ground field, the counit e
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equips K with a P-algebra structure. Equation (6.12) then says that K with this structure is the unit object
for the monoidal structure induced by A.

In the rest of this section we want to discuss the existence Hopf structures on quadratic operads P =
I'(E)/(R) with one operation. Let us look more closely at the map e : P — Com first. Since Com =
I'(12)/(Rass), with 15 the trivial representation of Yo and (R,ss) the ideal generated by the associativity,
the counit e is determined by a Ys-equivariant map

e(2): E — 1. (6.13)

If E =15 (case (1) of the nomenclature of the introduction), such a map is the multiplication by a scalar «.
If E = sgn, (case (2)), the only equivariant e(2) is the zero map. Finally, if F = K[3s] (case (3)), e(2) must
be the projection K[Xa] — 13 multiplied by some « € K.

Equation (6.12) implies the non-triviality of e(2). This excludes case (2) and implies that o # 0 in
cases (1) and (3). In these two cases we may moreover assume the normalization o = 1, the general case
can be brought to this form by rescaling e — o~ 'e, A — aA.

Let us introduce the following useful pictorial language. Denote by )ik € P(2) the operadic generator
for a type (3) operation (a multiplication with no symmetry). Similarly, we denote the generator for a

commutative operation by and for an anti-commutative one by . The right action of the generator
T € ¥o on P(2) is, in this language, described by

AT:A, AT:A:)\ and AT:AZ—/(B\.
12 2 1 1 2 2 1 1 2 12 2 1 12
The polarization (2.1) is then given by

A (A A i A LA A

1 2 1 2 \f( 2
)

A= s (AA

1 2

and the depolarization (2.2) by

In the rest of this section we investigate the existence of diagonals for quadratic operads with one operation.
Since the diagonal is, by assumption, an operadic homomorphism, it is uniquely determined by its value on
a chosen generator of P(2). Let us see what can be concluded from this simple observation. As before, we
distinguish three cases.

Case (1). In this case, the operad P is generated by one commutative bilinear operation }\ € P(2). The
diagonal must necessarily satisfy

A(A)A(A@A),forsomeAG]K.
12 12 1 2

The coassociativity (6.11) is fulfilled automatically while (6.12) implies A = 1.

Case (2). Analyzing the counit, we already observed that operads with one anti-symmetric operation do not
admit a (counital) diagonal. An easy argument shows that non-trivial diagonals for type (2) operads do not
exists even if we do not demand the existence of a counit. Indeed, in case (2) we have P(2) & sgn, while
P(2) ® P(2) = sgn, ® sgn, = 1o, therefore A(2) : P(2) — P(2) ® P(2) is trivial, as is any 3o equivariant
map sgn, — ls. Let us formulate this observation as:

Theorem 48 There is no non-trivial diagonal on a quadratic operad generated by an anti-symmetric product.
In particular, the operad Lie for Lie algebras is not an Hopf operad.

Case (8). As an operadic homomorphism, the diagonal (if exists) is uniquely determined by an element

A( ) € P(2) ® P(2). The following proposition characterizes which choices of A( ) may lead to a
coaksotiative counital diagonal. 2
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Proposition 50 Let P be a quadratic Hopf operad generated by a type (3) product )J‘-k . Then there exists
B € K such that the diagonal A is given by

s A=A e A A A A, 610

1 2

The polarized version of this equation reads
1{/k\®zix%(14B)<ﬂk@§j\)},
V2l 2 1 o2 12 1 2
ﬂ\®)\+)\®ﬁk}

12 1.2 1 2 1 2

>
>
I

(6.15)

2
o
Il

S
1 2 V2
Proof. A simple bookkeeping. The most general choice for A(2) : P(2) — P(2) ® P(2) is

MA) = AR e Ay e A (6.16)
+mfﬁ®£%)+mf%®g%)

with some A, B,C,D € K. A straightforward calculation shows that the coassociativity (A ® Ip)A =
(Ip ® A)A for A defined by (6.16) has the following four families of solutions:

(i) D=C=0, A=B, (i) B=C=-D, A arbitrary,
(i) D=B=0, A=C, (iv) B=C=D=A.
The counit condition (6.12) leads to the system:
A+C=1, B+D=0,A+B=1, andC+D=0.
We easily conclude that the only solution is a type (ii) one with B = C = —D and A = 1 — B. This
gives (6.14) whose polarization is (6.15).

Proposition 50 offers a useful tool to investigate the existence of Hopf structures for type (3) operads. It
says that such an operad P is a Hopf operad if and only if there exists B € K such that the diagonal defined
by (6.14) (resp. (6.15) in the polarized form) extends to an operad map, i.e. preserves the relations R in the
quadratic presentation I'(E)/(R) of P.

Regarding the existence of diagonals in general, an operad might admit no Hopf structure at all (examples
of this situation are provided by Theorem 48), it might admit exactly one Hopf structure (see Example 6.5.1
for operads with this property), or it might admit several different monoidal structures, as illustrated in
Example 6.5.1.

Let us formulate another simple proposition whose proof we leave as an exercise. We say that P is a
set-operad, if there exists an operad S in the monoidal category of sets such that, for any n > 1, P(n) is the
K-linear span of §(n), and that the operad structure of P is naturally induced from the operad structure of

S.

Proposition 51 Every set-operad P admits an Hopf structure given by the formula A(p) :== p ® p, for any
pEP.

Examples

1. Let LL, denote the operad for LL, algebras. Then the one-parameter family {Eﬁq}q Zoo is a family of
Hopf operads, with the diagonal given by

Api):fg®f%—1;q%fg—f%wufg—g%%. (6.17)

1 2
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The polarized version of this equation reads

>
>
I

(1/‘\2®1/*\2+q<1%®1/%)},
A= BlACATACA)

The above normalized diagonal is moreover unique for each ¢ # oco. Observe that the limit for ¢ — oo of
formulas (6.17) (resp. (6.18)) does not make sense and, indeed, it can be easily shown that the operad £L
is not Hopf.

1
b V2 { (6.18)

2. We give an example of a category of algebras which admits several non-equivalent monoidal structures.
Let us consider a type (3) product x,y +— x -y, with the axiom

(x-y)-z2=2(y 7).

Then

1 2

defines an Hopf structure for any B € K.

Above we saw an algebra admitting a one-parameter family of non-equivalent monoidal structures. It
would be interesting to see a structure that admits a discrete family of non-equivalent Hopf structures.

3. It can be shown that the only G-admissible algebras that admit a monoidal structure are associative
algebras. In particular, pre-Lie algebras do not form a monoidal category.

6.5.2 Cyclicity and dihedrality

In this section we study cyclicity [45] of operads mentioned in the previous sections. We then introduce the
notion of dihedrality of operads and investigate this property. To complete the picture, we also list results
concerning Koszulness [46] of some operads with one operation.

Let us recall first what is a cyclic operad. Let X7 be the group of automorphisms of the set {0,...,n}.
This group is, of course, isomorphic to the symmetric group ¥,,+1, but the isomorphism is canonical only
up to an identification {0,...,n} = {1,...,n+1}. We interpret 3,, as the subgroup of X consisting of
permutations o € X with o(0) = 0. If 7,5 € 2 denotes the cycle (0,...,n), that is, the permutation with

YH0)=1, vt (1) =2, ..., (n) =0, then v,/ and 3,, generate 3.

By definition, each operad P has a natural right action of 3, on each piece P(n), n > 1. The operad P is
cyclic if this action extends, for any n > 1, to a ¥ -action in a way compatible with structure operations.
See [91, Definition I1.5.2] or the original paper [45] for a precise definition.

We already recalled in the introduction that an (ordinary) operad P is quadratic if it can be presented
as P =T'(E)/(R), where E = P(2) and R C T'(E)(3). The action of ¥y on E extends to an action of X3,
via the sign representation sgn : E; — {£1} 2 ¥s. Tt can be easily verified that this action induces a cyclic
operad structure on the free operad T'(E). In particular, I'(E)(3) is a right X5 -module. An operad P as
above is called cyclic quadratic if the space of relations R is invariant under the action of E;‘. Since R is, by
definition, ¥3-invariant, P is cyclic quadratic if and only if R is preserved by the action of the generator 'y;' .

Remarks. There are operads that are both quadratic and cyclic but not cyclic quadratic. The simplest
example of this exotic phenomenon is provided by the free operad I'(Vz 2) generated by the 2-dimensional
irreducible representation V55 of ¥3 = Y7 placed in arity 2. In general, an operad P is cyclic quadratic
if and only if it is both quadratic and cyclic and if the E;—action on P(2) is induced from the operadic
Yp-action on P(2) via the homomorphism sgn : ¥ — {£1} = 3.

Let us turn our attention to the cyclicity of operads for algebras with one operation. Since, as proved
in [45, Proposition 3.6], each quadratic operad with one operation of type (1) or (2) is cyclic quadratic,
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Operad Type of algebras | Koszul | Cyclic | Dihedral | Hopf
Ass = LL1 = G1-ass associative yes yes yes yes
Poiss = LLg Poisson yes yes yes yes
LLy, q#0,00 LL,-algebras yes yes yes yes
LLo LL-algebras yes yes yes no
Vinb = Ga-ass Vinberg yes no no no
pre — Lie pre-Lie yes no no no
Gy-ass (G 4-associative yes yes no
Gs5-ass G'5-associative no no yes no
Gg-ass Lie-admissible yes yes yes no

Figure 6.1: Koszulness, quadratic cyclicity, dihedrality and Hopfness of operads with one type (3) operation.

we shall focus on operads with a type (3) multiplication. The right action of the generator 'y:;r € ESJF on
I'(K[X2])(3) is described in the following table:

((z-y) - 2)7s z-(y-2), (x-(y-2)s (z-y)- 2,
(y-2)-a)vd = (a)z (o) = y (z-2),
((z-2)-y)d y-(z-2), (z-(z-y)ys = (y-2)-z
(y-z)-2)75 = z-(z29), (-(x-2)y = (x-2)-v,
((z-y)-2)ys z-(y-x), (z-(y-2)yy = (z-9)-
((z-2)-y)ns (z-2)-y, (z-(z 9y z(z-y

Using this table, it is easy to investigate the cyclicity of operads with one operation, see Example 6.5.2 where
the corresponding analysis was done for G5-associative algebras. The results are summarized in Figure 6.1.

In Definition 49 below we single out a property of quadratic operads responsible for the existence of
the dihedral cohomology [40, 78] of associated algebras. As far as we know, this property has never been
considered before. Let P = I'(E)/(R) be a quadratic operad. Let A € X5 be the generator and define a
left ¥5-action on F using the operadic right ¥s-action by Ae := e, for e € E. It follows from the universal
property of free operads that this action extends to a left Yp-action on I'(E).

Definition 49 We say that a quadratic operad P = T'(E)/(R) is dihedral if the left Xa-action on T'(E)
induces a left Yo-action on P. A quadratic operad is cyclic dihedral, if it is both cyclic and dihedral and if
these two structures are compatible, by which we mean that

(Au)o = Auo),

for each uw € P(n), A € X9, 0 € B} and n > 1. In other words, the cyclic and dihedral actions make each
piece P(n) of a cyclic dihedral operad a left Yo- right X} -bimodule.

Remarks. We emphasize that dihedrality is a property defined only for quadratic operads. We do not
know how to extend this definition for a general operad. Observe that the left ¥s-action on I'(E) induces
an action on P as required in Definition 49 if and only if the space of relations R C T'(EF)(3) is Xa-stable.

The operad I'(V5 2) considered in Remark 6.5.2 is quadratic, cyclic and dihedral, but not cyclic dihedral,
because the left ¥p-action on V55 is clearly not compatible with the right E;—action. On the other hand,
each cyclic quadratic operad which is dihedral is cyclic dihedral.

We leave as an exercise to prove that all quadratic operads generated by one operation of type (1) or (2)
are dihedral. Therefore again the only interesting case to investigate is a type (3) operation. The dihedrality
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is then easily understood if we write the axioms in the polarized form as follows. Let E = K[X3] and
decompose
D(E)(3) = D4(B)(3) & T_(E)(3), (6.19)

where I'; (E)(3) is the X3-subspace of I'(E)(3) generated by compositions z(yz) and [z, [y, z]], and T'_ (E)(3)
is the X3-subspace of I'(E)(3) generated by compositions z[y, z] and [z, yz].

In the pictorial language of Section 6.5.1, T's (F)(3) is the X3-invariant subspace generated by compositions

of the following two types |
d /5
. N\

while T'_(E)(3) is the ¥s-invariant subspace generated by

Ao P

Decomposition (6.19) is obviously X3 -invariant. It is almost evident that A acts trivially on T'; (E)(3) while
on I'_(FE)(3) it acts as the multiplication by —1. We therefore get for free the following;:

Proposition 52 A quadratic operad P =T(E)/(R) generated by a type (3) multiplication is dihedral if and
only if the space of relations R decomposes as

R=R,®R_,

with Ry CT1(E)(3) and R— C T_(E)(3).

Example. In this example we show that the operad Gs-ass for G5-associative algebras is dihedral but not
cyclic. Recall from Example 2.1.2 that the polarized form of the axioms for these algebras consists of the
Jacobi identity

[z, [y, 2] + [y, [z, 2]] + [2, [2,9]] =0

and equation (2.7)
[zy, 2] + [yz, o] + [z2, 4] = 0.

Since the left-hand side of the Jacobi identity belongs to T'y(F)(3) and the right-hand side of (2.7) to
I'_(FE)(3), the space of relations obviously decomposes as required by Proposition 52. Therefore Gs-ass is
dihedral.

Let us inspect the cyclicity. By definition, the unpolarized form of the axiom for Gs-associative algebras
reads
Az, y,2) + Aly, z,2) + A(z,2,y) =0, (6.20)

where A denotes, as usual, the associator (8.9). The action of 75~ converts this equation to
—A(z,y,2)+ Ay, z,2) — Ay, z,2) = 0.
The sum of the above equations gives
Aly,z,2z) + A(z,z,y) = 0.

It is then a simple linear algebra to prove that this equation does not belong to the X3-closure of (6.20).
Therefore Gs-ass is not cyclic.

Theorem 50 Cyclic quadratic operads generated by one operation are dihedral.

Proof. The claim is obvious when P is generated by one operation of type (1) or (2). Suppose P is a
quadratic operad of the form
P =T(E)/(R), where E =: K[Xs].
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It was calculated in [45] that, as ¥4 -modules,
Iy (E)3)=138Voo®sgn@ Voo and I'_(E)(3) =V31 & Va1, (6.21)

where the irreducible representations 1,sgn, V5 2, V31 and V511 are given by the following character table:

I (01) (012) (0123) (01)(23)
1 1 1 1
sgn 1 - 1 — 1
Voo |2 0 -1 0 2
Vai |3 R -1
Vor1 |3 - 0 -1

Observe that there are no common factors in I'y (E)(3) and I'_(E)(3), therefore it follows from an ele-
mentary representation theory that each ¥j -invariant subspace R of I'(E)(3) decomposes as R = R, @ R_
with Ry C T4 (E)(3) and R_ C I'_(E)(3). This means that P is dihedral, by Proposition 52.

Theorem 50 was a consequence of the fact that for operads generated by one operation, the E;'—spaces
' (E)(3) and T'_(E)(3) do not contain a common irreducible factor. The following example shows that this
is not longer true for general quadratic operads.

Example. Consider the quadratic operad P = I'(E)/(R), where E := K[X3] ® 13 and where (R) is the
operadic ideal generated by the relations

ri = z-(yz)+y-(zx)+z-(xy) =0 and
ry = (zy)-z+ (z-2)y+a(z-y)=0.
In the above display, - denotes the multiplication corresponding to a generator of K[X5] and we, as usual,

omit the symbol for the commutative multiplication corresponding to a generator of 15. Then P is cyclic
but not dihedral.

Let us explain how this example was constructed. It can be calculated that in decomposition (6.19) of the
27-dimensional space I'(E)(3),

_J

+

=

w
|

3o B sgn @4V o @ Va1 and
2V31 ®2Va 1 1.

K

=

©
I

There is a common irreducible factor V31 which occurs both in I'y (E)(3) and in I'_(E)(3). Therefore, to
construct an operad which is cyclic but not dihedral, it is enough to choose a generator ey of V31 in '} (E)
and a generator e_ of V31 in I'_(E) and define R to be the X] -subspace of I'(E)(3) generated by e} +e_.
Operad P above corresponds to one of these choices.
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Chapter 7

n-ary algebras

The notion of n-ary algebra, that is, algebra whose product is given by a multilinear map, is not new.
But, in the last years, the Nambu model for the statistic and classical mechanics has been developed to
obtain, for example, a new formalization of Hamilton equations. If in the classical mechanic, the model
corresponds to a Poisson algebra, in the Nambu model, we have to consider a new type of algebras called
3-Lie algebras, whose bracket concerns 3-vectors. This type of algebras has been studied, in a algebraic point
of view, by Filippov. The notion of Filippov algebras corresponds exactly to Lie-Nambu algebras used in
the Nambu mechanic. Thus, it is natural to consider n-ary algebras in a more general sense and to approach
the Filippov algebras, for example, via associative algebras. But what is an n-ary associative algebra? Two
notions can be considered as natural generalization of the binary associativity. They are called totally and
partially associative algebras. At the end of the chapter we will introduce another associative notion to
speak on ternary product of matrices. But at first, we consider totally and partially associative algebras.
The n-ary associative algebras have been studied in details in the thesis of Gnedbaye [47]. But, in this
work and in the following, the n-odd case has been treated in the same way that the n-even case, which
cannot be the case. For example, in [47], the determination of the free n-ary partially associative algebra
is true for even n but it is wrong for odd n. In this chapter we compute the free associative 3-ary algebra.
We determine explicitly the dimensions and basis of the first homogeneous components of this free algebra.
For this, we have used an original coding of ternary and, more generally, n-ary trees. The results of this
chapter are in [62]. These results have conduced us to consider the notion of duality for ternary and more
generally n-ary operads. But this is the subject of the following chapter. As a consequence, we prove that
the operad for 3-ary partially associative algebras is not Koszul (this new result contradicts the works of [47]
and others). So the operadic cohomology directly defined by the equations of the operad is different from
the cohomology of the minimal model used, for example, to describe a deformation cohomology. All these
results are developed in the next chapter. In the present chapter we develop a simpler cohomological theory
for 3-ary partially associative algebras, where the coboundary operator is similar to the Hochschild operator
for classical associative algebras. We end this chapter, considering a 3-product on the vector space of the
non-square matrices. This product is extended to the vector spaces of tensors. Looking to the associativity
property of this product, we prove that we have to consider a generalization of the classical partially-
associativity with some permutations on the arguments appearing naturally. Thus, from this viewpoint, we
find again some classical properties of Lie triple systems.The operadic part of this generalized associativity
will be treated in the next chapter.

7.1 Associative n-ary algebras

Let K be a commutative field of characteristic zero and V' a K-vector space. An n-ary algebra structure on
V' is given by a linear map
Ve V.

We denote by (V, u) such an algebra. In the following, the notation Iy ® p and p ® Iy means p.

87



88 CHAPTER 7. N-ARY ALGEBRAS

Definition 51 The n-ary algebra (V, p) is
o partially associative if | satisfies

n—1

N (1P Do (L, @ p @ L_py) = 0 (7.1)
p=0

e totally associative if p satisfies
po(p®Ip—1)=po(lp ®pu® Ip1), (7.2)

foranyp=20,--- ,n—1.

Example. The Gerstenhaber products. Let A be a (binary) associative algebra and H*(A, A) its
Hochschild cohomology. The space of k-cochains is C¥(A) = Homg (A®*, A). Gerstenhaber defines a graded
pre-Lie algebra ®,C*(A) considering the product

o : C(A) x C™(A) — ™1 (A)

given by

m

(fonm (X1 @@ Xpym1) = > (DD VEX @ @g(X; @ Xigm1) @+ @ Xppm1)-
i=1

A k-cochain p satisfying 1 ey i 1t = 0 provides A with a k-ary partially associative structure.

7.2 Partially Associative free n-ary algebras

The free algebras in the totally associative case, as well as in the partially associative case, are described in
[47] when the n-product corresponds to n even. We prove in Chapter 8 that the description are correct in
the even case. But when n is odd, we have noticed that the situation is completely different and we have to
study the (2k + 1)-ary partially associative free algebras more precisely. In particular we prove in [107] that
the corresponding operad is not Koszul, and this result contradicts (in the odd case) some results presented
until now. In this chapter we focus on the case n = 2k + 1 = 3. Using the Gerstenhaber notations we denote
by L(V, e33) the free 3-ary partially associative algebra on the K-vector space V. This algebra is graded

L(V,#33) = @p>1 LFFH(V)

with LY (V) = V, L3(V) = V®3. We denote by F(V,e) the free algebra on V corresponding to a 3-ary
product e on V. This algebra is also graded

F(V,e) = @y FPHY(V)

with FL(V) =V, F3(V) = V®3, Then, for p > 1, L?**1(V) is a quotient space of F??*1(V). Note that
L?P+1(V) is also a quotient space of

D(a,b,e)eD(2pr1,3) L (V) ® L'(V)® L°(V),

where D(k,3) is the set of triples (a,b,c) of odd positif integers such that a + b + ¢ = k. Now we have to
investigate each one of the components L**1(V) and their dimension. For this, we process through several
steps.

i) Coding a vector of F?P*1(V). We denote by (v; - v2 - v3) the vector of L3(V) or F3(V) which is a
3-product of 3 vectors of V. An element of F??71(V) is a linear combination of vectors which are written as
a sequence of p parenthesis inserted on a sequence vy - - - vo,41 of length 2p 4 1, each parenthesis containing
3 vectors with the condition that a triple (a - b - ¢) between parenthesis is considered as one vector of V.
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For example (vq - (vg - (v3 - vy - v5) - vg) - v7) € F(V). If {e1, -+ ,en} is a basis of V, then F?P+1(V) is
generated by all (2p + 1)-uple of vectors of the basis on which we have inserted p parenthesis, each one
containing 3 vectors. We can code the place of these parenthesis by the position of the left parenthesis.
To simplify, we forget the first one which is always before the first vector (and the corresponding right
parenthesis which is after the last vector). Thus in F°(V) the parenthesis are coded by {1},{2},{3} and
corresponds respectively to the vectors ((v1 - vg - v3) - v4 - v5), (V1 - (V2 - U3 - v4) - Vs), (V1 - V2 - (V3 - v4-v5)). In
F7(V), the parenthesis are coded by {11}, {12}, {13}, {14}, {15}, {22}, {23}, {24}, {25}, {33}, {34}, {35} .
For example (v; - (ve-(vs-v4-v5)-vg)-v7) corresponds to {23} . Moreover starting with a coding {ning - - n,_1}
and a vector v1 ® - -+ ® vg,p11 of VP! we have only one vector of F?PT1(V) after putting brackets with the
defined coding.

Lemma 8 A (p — 1)-sequence {ni---n,_1} of positive integers is a coding of an element of F?*P*1(V) or
LPPHYV) if 1 <nyp <3,m1 <ng <5,-- ,ny_2 <ny_1 <2p—1. Such a sequence is called admissible.

We denote by C,_1 the linear span of these sequences. Thus F?PT1(V) = C,_1 @ V®?P*1 For example,
if p=2, then C; = {{1},{2},{3}} and dim F°(V) = 3 - dim V®5.

ii) non necessarily independent and independent relations. Let Ro,. 1 be the subspace of F2P+1(V)
generated by the relations defining L?P*1(V), that is, L?#T1(V) = F?*1(V)/Rs,.1. We denote by C,_1

the corresponding independent relations of Ryp, 1 restricted to the elements of @,_1. Then Ropy1 =Cp_1 ®
Vet

e For p =2 we have C; = {{1} + {2} + {3}} . Thus dim R5 = dim V®® and dim L5(V') = 2dim V' ®>.
e For p = 3 we have
Cy = {{11} + {14} + {15}, {12} + {22} + {25}, {13} + {23} + {33},
{14} + {24} + {34} , {15} + {25} + {35}, {11} + {12} + {13},
{22} 4 {23} + {24}, {33} + {34} + {35} }.
All these relations are independent. Then dim Ry = 8dim V®7 and dim L7(V) = 4dim V®7.

iii) Writing the relations of Rop 1. Assume that Cp_s is known, that is, we have independent relations
in degree 2p — 1. The following rules permits to determinate all the relations (non independent) in degree
2p + 1:

Consider an element of Cp_o. If {i1, - ,i,_2} appears in this vector, then we obtain elements of 517_1
using the following two rules:

e Add the index ¢ in front of each (p — 2) coded vector of this relation where ¢ is successively equal to

1,2,3 and we replace 4; by 4; + (¢ — 1) for all the elements {i1,--- ,i,_2} of the element of Cp_s.
e Fori=1,2,--- ,2p — 1, add the index 4 in front of any (p — 2)-uple of element involved in the relation
with the addition condition: if {41, - ,4,—2} is the relation, if 1 < ¢, conserve i; otherwise replace i1 by

11+ 2, and apply the same rule for all further indices and at last rearrange the subscripts to get an admissible
sequence (described in the previous lemma).

Consequence. Starting from an element of Cp—o we get 2p + 2 elements of 5,,,1.

Example. We consider {11} + {12} + {13} € C5. We obtain the following elements of C5 (and relations in
F(V)):

{111} + {112} + {113} we add 1,

{222} + {223} + {224} we add 2 and change i; by i, + 1,

{333} + {334} + {335} we add 3 and change i; by i; + 2,

{111} + {114} + {115} we add 1 and change ¢; by 4, + 2 if 4 > 1,
{112} + {122} + {125} we add 2 and change ¢; by 4; + 2 if i; > 2,
{113} + {123} + {133} we add 3 and change ¢; by 4; + 2 if i; > 3,
{114} + {124} + {134} we add 4 and reorganize the sequence,
{115} + {125} + {135} we add 5 and reorganize the sequence,
{116} + {126} + {136} we add 6 and reorganize the sequence,
{117} + {127} + {137} we add 7 and reorganize the sequence.
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In this case we obtain 80 relations on C~'3 starting from the 8 elements of Cs.

iv) Independent relations. Using Mathematica we reduce the previous system of ép,l to obtain Cp_q

Thus we obtain

Proposition 53 If dimV = n, the dimensions of homogeneous components of L(V, e33) are:

dimL3(V) =n3, dimL?(V)=2n%  dimL7(V)=4n",
dim L2(V) = 5n°, dim LY(V) = 6n't, dim L3 (V) = 7nls.

and more generally we conjecture that

dim L?* (V) = (p + 1)n? T

Proof. For p=1,---,6, the computation have been made using Mathematica and verified directly (without
computer). Let us note that for p = 1,---,4, the dimensions were obtained using a different coding by
Bremner [13].

It remains to give a basis of the free algebra. We have already computed the dimensions of the first
homogeneous components. Let us complete these results by describing a basis. For this we use a graphic
representation by planar trees with 3-branching nods (three entries and one exit as the multiplication is
3-ary). We decorate each leave with a vector of a basis of V' to obtain a free family of elements of the free
algebra. Suppose V' is n-dimensional. Then

e dim L3(V) = n3. A basis is associated to the tree:

N

e dim L5(V) = 2n5. A basis is associated to the trees

WXy

e dim L7(V) = 4n”. A basis corresponds to the trees

Y oX

e dim L2(V) = 5n°. A basis is given by

SN S

o dim L' (V) = 6n!l. A basis is given by
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Y IX e

e dim L13(V) = 7n'3. A basis is given by

yIyLy g
Y

The choice of the basis is non canonical. But we choose them for symmetry reasons. The rules providing
the relations of the subspace Rg,41 are easy to implement in order to solve the corresponding linear system.
This gives the dimensions of the spaces L?*T1(V) (in fact, we find the dimensions of the modules of the
associated operad) for p = 2,3,4,5 and 6. Let us notice that we can however present basic vectors for the
relations associated to the elements of

L2p71 ® Ll ®L1 @Ll ®L2p71 ® Ll @Ll ®L1 ®L2p71'

We conjecture that a free family of L?P*! for p > 4 corresponds to the trees

N7 NN AN
NN AN N7

NS N N
NNV NN

The other are of the form
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NN
NN NN

a p—q—2: p—q—2: a:

NS NN
N N

where ¢ = 1,--- , [’57] and [,] indicates the integer part of a rational number. If p is even, the last two trees
are related. If p is odd, these trees are independent.

Remark. Recall that for any vector space V, the associated tensor algebra T'(V') is the unique solution,
up to isomorphism, of the universal problem which determine from a linear application f : M — A in an
associative algebra A, a morphism of associative algebra T'(V) — A. The construction of this algebra comes
from the isomorphisms

Dy TE(V) @ TO™(V) — TOHm) (1)

defined by
Prn(21 Q2@ Q) @ (N QY2+ QYm)) =TI QL2+ T QYL D Y2 @ -+ @ Y.

In fact the multiplication p of T (V') is given by

p(Z1 @2 @xn) QW1 QY2 DUYm)) = P (21 Q22 @ 2p) @ (Y1 QY2+ @ Ym))

and the associativity of the multiplication follows from
Drtmp ® (Prm ®Idp) = Py p @ (Idy @ Py p).

We can define an other isomorphism non longer adapted to the associative structure but adapted to the
n-ary structure. For this we consider the family of vectorial isomorphisms

Uy : TE(V) @ TO™ (V) @ TEP(V) — TEHM+P(V)

satisfying

{ U maptar ® Ldn @ Wi pq @ Idr) = =2y mipigr ® Ldnpm © Vpq0)
= *Q\Ijn,m—‘,-p-&-q,r ° (\Ijn,m,p X qu_'_r).

7.3 Cohomology of n-ary partially associative algebras:
A p~complex

In [47], an Hochschild cohomology is defined when n is even. In this case the operad pAssy for n-ary partially
associative algebras is Koszul and this cohomology coincides with the operadic cohomology developed in [91]
and governs deformations. For n odd, this is no longer true. If fact we prove (see [107] and Chapter 8) that
the operad pAssngr1 is not Koszul, then the operadic cohomology can be different from the deformations
cohomology. To define directly an Hochschild cohomology for (2p 4 1)-associative algebras (that is a coho-

mology with a coboundary operator defined by a relation similar to the associative binary case), we define
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a complex whose cochains satisfy some relations linked to the multiplication . Thus, this cohomology is
different to the operadic cohomology. But, it corresponds to the approach of [47] in the even case.

Let V be a K-vector space. For any f € C"(V) and g € C"™(V') we can write the Gerstenhaber product

f ®n,m g as
n

fonmg= Z(_l)(ifl)(mfl)f 0 g

i=1
with
(foig)(X1i® @ Xpym-1)=f(X1® - @9(Xi®  Xitm-1) Q- @ Xptm—1)-

Recall that a map p € C™*(V) such that pe,, p = 0 is a n-ary partially associative product on V. If
fecC™(V)and g€ C™(V) we will write simply f eg instead of f e, ,, g as the subscripts of the Gerstenhaber
products are clear.

Lemma 9 Let j1 be an n-ary partially associative product on V and ¢ € CF(V).
1) If n is even, then (p o u) e u=0.
2) If n is odd, then
(popmop= > (popu) o,
1<p<g—n<k-1

Proof. We have the pre-Lie Identity ([42]):

2
(0 @k 1) k1,0 1t — P Ok 2n—1 (1 0 1) = (= 1)V [0 0p 0 1) @1 = © Ok 2n—1 (11 O 11)]-

As p e, , p =0, the previous equation reduces to

2
(0 Ok 1) Oktn—tn b= (—1) "D (@ @4y 1) O, .

If n is even, it implies that (¢ ek ,, it) ®k4n—1,, 1 = 0 but if n is odd, the previous identity is trivial. Computing
directly (¢ ok (t) ®4+n—1,n 1, We obtain the identity 2 of Lemma 9.

Consequence. Assume that n is even. Let ¢ be in C*(V) and consider for any i € {0,--- ,n — 2} the linear
maps
5Zk : CiJrk(nfl)(V) _ Ci+(k+1)(n71)(v)

given by
SEp) = (D" luep—pep.

It is proven in [47] that
Sitlogk =0

for any ¢ = 0,--- ,n — 2. Then we have the following sequence

Ci(V) S, Cn1Fi (V) i, C2n=1+i(y)

" (7.3)
RN Clc(nfl)Jri(V) N Ck+1)(n71)+i(v) ..

Assume now that n is odd. Lemma 9 shows that (55“ 0 dF # 0 and (9) is not a complex. To define a
cohomology in this case, we will restrict the spaces of cochains. Let x*(V) be the subspace of C*(V) given
by

X*(V)={peC(V).(pop)oeu=(uep)ep=pe(peu) =0}

Pre-Lie identity applied to the triple (u, ¢, 1) implies

(nep)opu=ype(pepu)—je(neyp),

and if ¢ € x*(V) we have also ;e (11 e ) = 0.
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Proposition 54 Let 9% : \*(V) — C*"=1(V) be the linear map defined by
o= (-1)""pep—pep
Then Imo* C x\*=1(V) and
8k+n71 o 8k —=0.
Proof. Let ¢ be in x*(V). Let us prove that 0*p € xY**"~1(V). We have

(@ pop)ep=(~1)""((nep)eu)op—((peu)epn eu=0,
and
(nod*p)op=(=1)"(ne(uep))ep—(ne(pep)eun=0,
finally
po(@pepn)=(-1)""pe((nep)eu) —pe((peu)eu) =0.
Thus 0% € x*=1(V). But
(@ o dM)e =0t (=1) T pep—pep)
=pe(pep)+ (=1 ue(pep)+(~1) (nep)eu+(pepu)eu=0,

SO
ak+n—l o ak =0

which proves the result.
Consequences. Considering 617 = 9"t7("=1) we obtain the following complexes
OFC IV, 6 )kz0

which are attached to u. We denote by H(u, p) the corresponding cohomology.

7.4 n-ary-product of degree 1 and graded n-ary product

In this section, we introduce the notion of graded n-ary product. This notion will be fundamental, in
the following chapter, to give a good definition of the notion of duality for operads associated with n-ary
products, n > 3.

7.4.1 n-ary associative product of degree d.

To define the notion of product of degree d we recall the notion of comp-i operations of Gerstenhaber. If
(VO™ — V is a linear map, then po; u: V2~ — V is the linear map defined by
pojpler ® - ®eap_1) =pule1 @ e Que;, @ Qentio1) @enti @+ @ €2p—1).

Such a product is defined for i = 1,--- ,n. Then

m

(N ®nn M) = Z(_l)(i—l)(m—l)u 0; [
i=1

Similar calculations may be carried out leading to:

Definition 52 An n-ary product is of degree d if we have for 1 < j <mn,

(=1)% (pos ) 0jpn1p it 1<i<j—1,
(oju)oip=9q wjo(poijrp) if j<isntj—1,
(=D (pojnq1 p) oy p if i > j+n.
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Definition 53 A n-product pu of degree d is called totally associative if

[LO1 fb = [10; [1,

fori=1,--- n. It is partially associative if

Examples.

1. If d = 0, we find the classical totally and partially associative algebras again and p is totally or partially
associative.

2. If n =2 and d = 1. Then if u is associative, it satisfies

o1 ft = |02 [,

(po1 p) o1 w=por (por ),
(poy p)og pr = poy (pog ),
(po1 p) oz = —(poz p) o1 p,
(pog p) oy = pog (poy pu),
(o2 p) oz = poa (oo p).

If we want to explain the minus sign which appears in the fourth equation, we consider (u o1 ) o3 p and
(1 09 p) o1 p applied to (v1 @ - -+ ® vy) with the convention degree(v;) = 0 and the Koszul rules and we get

(norp)ozp(vr @ - ®@vy) = (o1 p)(v1 ®v2 ® vz @ vyg))
= p(p(v1 @ v2) @ p(vs ® v4)),

(mog p)or p(vr @ - ®@wvy) = (poz p)(p(v1 @ v2) ® vz ® v4)
= —p(p(v1 ® v2) ® p(vs ® v4))

because p(v; ® vg) is of degree 1.
3. If n=3,d =1 and p is totally associative, we have
HO1fb = O [ =[Oz [
and the relations with some minus sign given by the degree are

(po1p)os p=—(poz p)or p,
(fo1 p)os = —(pos ) o1 pu,
(1 oz p) o5 = —(poz p) oz .

We denote by (n)tot'Ass the operad for n-ary algebras with totally associative product of degree 1. We
proved in [107] that ((n)paAss)' = (n)tot'Ass where ((n)pa.Ass)' denotes the dual operad for the n-ary
partially associative algebras. As a consequence we deduce that the free algebra L(V') is not Koszul.

7.4.2 Graded n-ary algebras and n-ary super-algebras

Let p be an n-ary product on V. We assume that V is a Z-graded vector space, V = &,czV,,.

Definition 54 The n-ary algebra (BnezVn, ) is a graded totally (resp. partially) associative n-ary algebra
if 1 is a totally (resp. partially) associative product satisfying

/“L(Vvla ‘/ja Vk) C Vvi+j+k7

for any i, 4,k € Z.
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In particular Vj is an n-ary totally (resp.) partially associative subalgebra.

Remark that as in the associative case the notion of super-algebra coincides with the notion of Z-graded
algebra. In fact we can define, for example for n = 3, the notion of super-algebra by:

Definition 55 A 3-ary totally associative super-algebra is a pair (V,u) where
DV =®icz,Vi=Vo1 @ Vo @ W ie. V is Zz-graded,
2) N(‘/'L’V77Vk‘) € V;+j+k(mod3)a i, 7, ke {71307 1}3
3) w satisfies the super-identity
[LO1 ft = L O3 [1 = [1 O3 [i.
We see that the super-identity is just the classical identity but for m3-partially associative algebras, these

notions are not similar.

Definition 56 A 3-ary 7i3-totally associative super-algebra is a pair (V, p) where
1)V is Zz-graded,
2) M(Vvﬂ‘/mvk) € ‘/i+j+k(mod3)7 7;7j7 ke {_1a07 1};
3) v satisfies the super-identity

ENRERREAR

M(M(I1,$27I3),l’4,1'5) = (71) /l(l'l,/l(x4,1‘3,I2),I5) = M($1,$27ﬂ($37I4,$5))

where z; are homogeneous vectors of V', that is, belonging to some V; and | 2 | denotes the degree of z, that
is, —1,0 or 1.

7.4.3 An Hochschild cohomology for partially associative algebras with oper-
ation in degree one

We suppose, to simplify, that n = 3 and let (V, 1) be a partially associative 3-ary algebra with operation in
degree 1. In next chapter we will define a “natural” cohomology dicted by the structure of the corresponding
operad. In this section we explore what type of complex is associated to an “Hochschild”-coboundary
operator extended to an n-ary algebra.

Proposition 55 For any ¢ € C*(V) we have (¢ o 1)  p1 = 0.

Lemma 10 (Graded pre-Lie identity)
Let 1 be in C™(V), @q in C™(A) and @3 in CP(A) of respective degree |¢1], |@2], v3|. They satisfy
(P10 p2) o 03— 1o (p2eps) = (1) VP ()2l12al((0) 0 p3) 0 02 — o1 @ (03 0 02))
We deduce, if ¢ € CH(V),
(pop)op=(=1)((pen) epn
and (p e ) e = 0.

Consequence. Let
§:C™(V) — C"T2(A)

be the 1 degree operation defined by
Sp=pop—(-1)¥lpeyp
where |¢| is the degree of . The graded pre-Lie identity gives
(pop)ep—pe(ueg)= (-1 ((nop)en—pe(pen).

This implies
0(0p) =0
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Proposition 56 The operator § : C"(V) — C"*2(V) defined by

Sp=pep—(—1)¥pep

satisfies
d(d¢p) = 0.

Then we obtain a complex
(C*HHV), 0)k21

whose coboundary operator satisfies a Hochschild condition. Nevertheless, remark that the cochains spaces
depend of p and, if n is odd, we can not define “universal” spaces of cochains. Thus for a cohomological
theory we have to consider another approach (see Chapter 8).

7.5 Extension of the notion of coassociative algebras for n-ary
algebras

For n = 2, we have that 2-ary partially associative algebras are just associative algebras and we can define
coassociative coalgebras with the well known relations between these two structures. In fact, the dual space
of a coassociative algebra can be provided with a structure of associative algebra, the dual space of a finite
dimensional associative algebra can be provided with a structure of coassociative coalgebra structure and
also, if (A, u) is an associative algebra and (M, A) a coassociative coalgebra, the space Hom(M, A) can be
provided with an associative algebra structure. All these notions can be extended to n-ary algebras.

An n-ary partially associative algebra has a product u satisfying:

n—1

Z(_l)p(n_l)ﬂ o(Idy®p®Id,—1-p)=0.
p=0

Then we get the definition of partially coassociative n-ary coalgebra.

Definition 57 An n-ary comultiplication on a K-vector space M is a map
A: M — M,

An n-ary partially coassociative coalgebra is a K-vector space M provided with an n-ary comultiplication A
satisfying

n—1
S (1P (Idy @ A Idy 1) 0 A =0.

p=0

An n-ary totally coassociative coalgebra is a K-vector space M provided with an n-ary comultiplication A
satisfying
(Idy, @ A®@ Idy_1-p)o A= (A®Idp_1)0A,

for anype {0,--- ,n—1}.

If (A, p) is an n-ary algebra and (M, A) an n-ary coalgebra we denote by

n—1

Ap) = X (=1)P Vo (Idy @ p® Idp-1-p),
0

1
AA) = X ()P (Idy @ A® Idy-1-p) 0 A.

p=0

Then an n-ary algebra (A, u) is partially associative if and only if A(x) = 0 and an n-ary coalgebra (M, A)
is partially associative if and only if A(A) = 0.



98 CHAPTER 7. N-ARY ALGEBRAS

For any natural number k and any K-vector spaces E and F', we denote by
M\ : Hom(E, F)®% — Hom(E®*, F®F)
the natural embedding

MA@ )1 ® - Qxk) = fi(z1) ® - @ fr(xg)-

Proposition 57 The dual space of an n-ary partially coassociative coalgebra is provided with a structure of
n-ary partially associative algebra.

Proof. Let (M, A) be an n-ary partially coassociative coalgebra. We consider the multiplication on the dual
vector space M* of M defined by :
w=A0o\,.

It provides M* with an n-ary partially associative algebra structure. In fact we have

L@@ @ fn) =pxoM(i® f2® - ® fa) 0o A (7.4)
for all f1,---, fn € M* and pk is the multiplication in K. Equation (7.4) becomes:
po(ldy,@pu@Idy1-p)(f1i @ f2® @ fan—1)
:NKO()\n(fl ®"'®fp®ﬂ(fp+1 ®"'®fp+n)®fp+n+1 ®"'®f2n71))0A

=k oM (f1® - @ fp @ (pr o A (fpr1 @ ® fpoin) ©A) @ fppnt1 @+ @ fan—1) 0 A

=pg o (Idy, @ pg @ Idp_1-p) 0 Aap—1(fr @ -+ ® fan—1) 0 (Idp @ AR Idy_1_p) 0 A.
Using associativity and commutativity of the multiplication in K, we obtain

Vpe{0,---,n—1}, pro(dy® px @ Idn_1-p) = px © (tx ® Idn_1),

SO
n—1
> (0P Do (Idy @ p® Idn—1-p)
p=0
n—1
= pig 0 (p @ Idp—_1) 0 Ao 1 (fi® - ® fan_1) o S (~1)P"V(Id, @ A@ Idp_1_p) 0 A=0
p=0

and (M*, u) is an n-ary partially associative algebra. O

Proposition 58 The dual vector space of a finite dimensional n-ary partially associative algebra has an
n-ary partially associative coalgebra structure.

Proof. Let A be a finite dimensional n-ary partially associative algebra and let {e;};=1,... » be a basis of A.
If {f;} is the dual basis then {f;, ® --- ® fi, } is a basis of (A*)®". We define a coproduct A on A* by

Alfy= 3. flulen @ @ei))fi @@ fi,.

In particular

Alfe)= Y, Ch. i fu®-8Ffi,

where CF . 4, are the structure constants of y related to the basis {e;}. Then A is a comultiplication of an
n-ary partially coassociative coalgebra. [
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Now we study the convolution product. Let us recall that if (A, u) is associative K-algebra and (M, A) a
coassociative K-coalgebra then the convolution product

frg=pola(f®g)oA

provides Hom(M, A) with an associative algebra structure. This result can be extended to the n-ary partially
associative algebras and partially coassociative coalgebras.

Proposition 59 Let (A, ) be an n-ary partially associative algebra and (M, A) an n-ary totally coalgebra.
Then the algebra (Hom(M, A),*) is an n-ary partially associative algebra where * is the convolution product:

fixfoxooxfu=poX(fi® 2@ @ fn) oA
Proof. Let us compute the convolution product of functions of Hom(M,.A). We have for any i =1,--- ,n

Jrxeook ficyx (fix fixr x oo x figne1) * fign * -+ % fon—1
=p oM(fi®fo@ @ fic1®(fix % fign-1) D fiyn® - ® fn) 0 A

=poX(fi® - fici1®@poA(fi @ ® fitn—1)°0A)® fixn @ fon—1) © A

=po (Idi1@p®@Idy_i)oAm 1(1i®f2® @ fan-1)o(Idi1 @ AR Idy_;) o A.
Since A is an n-ary totally associative product, we have

AX)([r©- - ® fan-1)

—1

n
= Z (_1)p(n71)u © (Idp ® 2 & Idnflfp) o >\2n71(f1 & Q f2n71) o (Idp & A & Idnflfp) oA
p=0

n—1

= | X (=1)P Vo Idy ® p® Idy—1-p) | 0 Aon-1(f1 @+ ® fan—1) 0 (A® Idy_1) 0 A =0,
p=0

which proves the result.
7.6 Some examples of n-ary algebras

1. Let g be a Lie algebra. The associator related to the Lie bracket is
AX)Y,Z)=[X,Y],Z) - [X,]Y, Z]] = [[X, Z],Y].

If g is a 4-step nilpotent Lie algebra the multiplication u(X,Y, Z) = A(X,Y, Z) is 3-ary of type o3 3.

2. Let p an n-ary multiplication of type e, , on a vector space V. This multiplication is commutative if,

for any v; € V,

> e(@)(Ve1)s - Va(m) =0,

gESy
where S,, is the symmetric group on n-elements and e(o) is the signature of the element o of S,. The 3-
ary algebras of the previous examples are commutative. A non-commutative version is based on the Roby
algebras. A Roby algebra is constructed in the following way: let V be a vector space and T(V) its
associated tensor algebra. For any integer k, we consider the ideal I(V, k) of T'(V') generated by the products
of symmetric tensors of length k. The exterior algebra of order k, or Roby algebra of order k, is by definition

AV, k) =T(V)/I(V k).
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For k = 2 we get the usual exterior algebra. For k = 3, the ideal I(V, 3) is generated by tensors of type

V1 ® U2 U3+ V2 @V ®U3 + U3 QU2 QU1+ V1 ®U3 QU2+ V2 QU3 Qv+ v3 Qv & v,
2 2
vi@ ®v2+v2®vi@ R
®° ®?
V1 ®Uy +vy &1,

with distinct vectors vy, ve, vs. If p is the multiplication in A(V, 3), it satisfies

p(v1,v2,v3) + p(ve, v1,v3) + pw(vs, va, v1) + (v, vs, v2) + p(ve, vs, v1) + p(vs, v1,v2) =0
H(U17U17U2) + ,U(UQ,’Ul,'Ul) = 0.

with distinct vectors vy, ve,v3. We deduce p(vi,vi,v1) = 0. If we claim now that p is a multiplication of
type 3 3, such an algebra is its exterior version.

3. A Poisson algebra of type 33 can be defined as a commutative algebra (V, i) of type o33 with a Lie
bracket satisfying
(W(X,Y,2),T] = u([X,T],Y, Z) + (X, [V, T], Z) + n(X, Y, [2,T),

forany X,Y,Z,T € V. If V is a Zy-graded vector space, we consider on V = Vi @ V; a graded Lie bracket
which provides V' with a super Lie algebra structure. Thus this bracket satisfies

(X1, Xo] = —[X,Xi],
(X1, Yo] = —[Ya, Xu],
V1,Yo] = [¥2, 1],

for any X7, X5 € Vj and Y7,Y5 € V4. It also satisfies the graded Jacobi identity. A super-algebra Poisson
structure of type 33 on V =V @ V; is given by a multiplication p of type 33 and a graded Lie bracket
satisfying

W(X,Y,2),T] = p((X,T).Y, Z) + u(X, [Y, T], Z) + n(X, Y, [Z,T7)

An example is given by the F-algebras defined in [105] which are some generalization of the super-algebra
associated to the super-symmetry. In fact such algebra (for F' = 3) is defined on a graded Lie algebra
(V =V, & VW1,],]) provided with a commutative multiplication of type 3 3, denoted { , , } in this case, and
satisfying

{Vvia ija Vk} =0

as soon as (4,7, k) # (1,1,1),
{‘/3.7V17V1} g V07

and the graded Leibniz relations
(X A{Y1, Y2, Ys}] = {[X, 1], Y2, Y3} + {11, [X, V3], Y3} + {11, Y2, [ X, Y3l},
for any X € Vg et Y1,Ys, Y3 € V7,
Y, {Y1, Y2, Y3} + [V, {Y2, Y5, Y} + [Y2, {Y3, Y, Yo } | + [¥3,{Y. Y1, Y2 }] = 0,
for any Y, Y7,Y5,Y3 € V.

Now we will define a ternary and more generally a (2k + 1)-ary product on the vector space T} (E) of
tensors of type (p,q) which are contravariant of order p, covariant of order ¢ and have total order (p + q).
This product is totally associative up to a permutation si of order k (we call this property a sg-totally
associativity). When p = 2 and ¢ = 1, we obtain a (2k 4 1)-ary product on the space of bilinear maps on
FE with values on F, which is identified with the cubic matrices. If we call a [-matrix a square tableau with
I x - x [ entrances (if [ = 3 we have the cubic matrices and we speak about hypercubic matrices when
[ > 3), then the (2k +1)-ary product on T?(FE) gives a (2k + 1)-product on the space of (p+ g)-matrices. We
describe also all these products which are si-totally associative. We compute the corresponding quadratic
operads and their dual in Chapter 8.
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7.7 Definition of n-ary o-partially and o-totally associative alge-
bras

Definition 58 For a permutation o in X, define a linear map
A A
by
@X(eil ® - -®e,)= €, 14, R ® €1
An n-ary algebra (V, p) is o-partially associative if

n—1

()P o (I, @ (o @Y,) @ Inp-1) =0, (7.5)
p=0

and o-totally associative if
po (p®In1) :UO(IP®(N°@XP)®IH—1)—1)7 (7.6)
forallp=0,--- n—1.
Example. If n = 3 and 0 = 7y is the transposition exchanging 1 and 2 then a 7y5-totally associative algebra
satisfies
M(M(elu €2, 63)7 €4, e5) = M(eh /1'(637 €2, €4>7 65) = /1'(617 62(,“(637 €4, 65))7

and a 7io-partially associative algebra satisfies

,U/(,u(eh €2, 63)7 €4, 65) - /’1/(617/’L(€3a 62764)? 65) + /’L(ela 62(//6(63, 64765)) =0.

7.8 A (2k + 1)-ary product on the vector space of tensors T7(E)

7.8.1 The tensor space T7(E)

Let E be a finite dimensional vector space over a field K of characteristic 0. We denote by T?(E) = EQ EQ E*
the space of tensors covariant of order 1 and contravariant of order 2. The space T7(E) is identified with the
space of linear maps

LIEQE,E)={p: E® E — F linear}.

Let {e1, - ,e,} be a fixed basis of E. The structure constants {Ck

zj}w,ke{l,m " of ¢ € TA(E) are defined
by

n
e ®e;) = ZC’fjek.
k=1

Definition 59 The dual map of ¢ € TZ(E) is the tensor ¢ € T4(E) defined by

g: E — EQF
e, — Z ijei@)ej.

1<ij<n

In this definition, we identify T3 (F) with £L(E, E® E). If ¢ is considered as a multiplication on F, then @ is
a coproduct. For example, if ¢ is an associative product then ¢ is the corresponding coassociative coproduct
(often denoted by A).
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7.8.2 Definition of a 3-ary product on T?(E)
Let ¢1, pa, 03 be in TZ(E). We define a 3-ary product u by

(1, 2, 03) = P10 932 0 P3. (7.7)

Since @5 is a linear map from E to E® E, then (1 0 g3 0 93 € TZ(E) and p is well defined. Let us compute
its structure constants. We denote by {ij(l)}m,ke{l,m .} the structure constants of ¢; (I =1,2,3).

(e, 2, 03)(€; @ej) = @10 972 o p3(e; @ ej)
= ZC” )¢1 0 @a(ex)

Thus if pu(e1, @2, ¢3)(e; ® e;) ZA 1,2,3)e; we get

1<k,l,m<n
Proposition 60 The 3-ary product in T2(E) given by

(1,92, 93) = @10 P2 0 3

satisfies
(e, 02, 93), pa,05) = (@1, 1(pa, @3, 92), 05)
= pu(p1, p2, 13, a, 5)),

that is, this product is T13-totally associative.
Proof. We have

w(p(p1, 2, 93), Pa, p5)(€i @ €5) = (p1 0 P2 0 3) 0 Pa 0 5(e; @ €;)

=> | Y CEB)CE, (DA}, (1,2,3) | e

k,l,m

=313 Y (CEGICE (9CE,(B)CLR)CL M) | e

klmurs

Thus, for any i, j,t € {1,--- ,n}, the structure constant Aﬁj((l7 2,3),4,5) of this tensor is

AL((1,2,3),4.5) = Y CE(B)CE,(4)CE, (3)CH(2)CL(1).
k,l,m

u,r, S

n

Similarly

w(p1, p2, (@3, @1, ¢5)) (€ @ e;) = @1 0 P2 0 (P30 Pa 0 ws)(e; ® e;)

= Z [ZA“ (3,4,5)C" (2 )cﬁsu)] et

u,r,s

=S I3 Y ckG)ct,@ek.6) | cLEckm)] e

u,r,s \ k,l,m
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Thus
AL(1,2,(3,4,5) = Y CEB)CE,(A)CE,(3)Cr (2)CL (1),
k,l,m
u,r, S
and

Af;(1,2,(3,4,5)) = A};((1,2,3),4,5).

We also have

—_~—

(@1, (P2, p3,01), p5)(€: @ €j) = 10 (P2 0 P3 0 pa) © P5(e; ® €5)

Z Z Alm 2 3 4)Clm( ) €t

t klm

YUY S Ch)Ck. ()CLBICE(2)Ch, (1) | e,

klmurs

and
k,l,m
U, T, S
This shows that
t t
Aij((l7 2,3),4,5) = Aij(l, (4,3,2),5).
Remarks.

1. We can define in this way other non equivalent products by:

p2(p1: P2, 3) = 3.0 P2 0 P1,
P31, 2, 03) = 10920 '3,
pa(p1,p2,3) = 30 P20 ',

where ‘p(e; ® ej) = p(e; ® €;).

2. If we identify a tensor ¢ with its structure constants {C’”} i kel n)

oy With 3-indexed entrles the product p on TZ(E) gives

and if we consider the family

{Ch; ke {1, ny 85 & cubie matrix {Cije}, ;e

a 3-ary product on the cubic matrices. This last product has been studied in [1].

7.8.3 A (2k + 1)-ary product on T?(E)
Let ©1,- -+, par+1 be in TZ(E). We define a (2k + 1)-ary product psg+1 on TZ(E) putting
H2k+1(P15 0 5 P2k+1) = P10 P20+ 0 Pag_1 0 P2k O P2gt1.
Let si be the permutation of ¥o541 defined by
si(1,2,- 2k +1) = (2k +1,2k,---,2,1),

that is, sy = T12k4+1 0 T22k O+ - O Th—1 k+3 O Th k2 = Hlengkﬁ,i. It satisfies (sk)Qp = Id and (sk)2p+1 = S,
for any p (it is a symmetry).

Recall that the (2k + 1)-ary product por+1 is a sg-totally associative product if
t2r+1 © (H2r1 @ Tog) = poktr © (Ip ® (p2r41 0 Por) @ Tog—p),
for p=1,---,2k. In particular, we have
L2r41 © (fokt1 ® Iog) = pokt1 © (J2g ® pokt1 ® Tak—2q),

forany ¢g=1,--- k.
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Proposition 61 The product popy1 is si-totally associative.
Proof. In fact if we put
p2e41(P15 0 part1) (e ® ) ZA 52k + Ve,

then Af;(1,2,---,2k+1) =
> CB@E+1)Ch,, 2k)CE,, (26— 1) Ch (2)C" (1).

ayaz ayaz a2k —102k a2k —102k

ai, -+, a2
k17”' 5kk

More precisely the line of superscripts is
(K1, ks kay ko, Ky, Ky, 1),
and the line of subscripts is
((4,9), (a1, a2), (a1, az), (a3, as), (as, as), -, (@2k—1, a2x), (@2k—1, a2t))-
Let us consider
paki1 0 (I ® (o1 © B ) @ Lop—1) (o1, Panyr) (e @ €5) = > Bljey.
Thus for [ = 2r, we get
Bl = O (4k+1)Ck, (4k)CF2, (4k — 1) - Cabms _yanes, (2k + 1+ 2)

ajaz ajaz

ki—r kk—r
Aa’;k—;rl—la2k—2r(l + 1a e 72k +1+ l)cagk—;rilazk—2r+2( ) Ct (1)

A4k —104k

such that the line of superscripts is

(k17 klv k27 k27 T 7kk‘7’r‘7 hla hl» R} hk7 hk7 kk‘f’r‘+17 kk‘f’l“#»la e 7kk7 kk7t),
where the terms hq,--- , hg, kp—r4+1 correspond to the factor

kk—r
Aalzck ;—7"1 102k — 2r(l + 17' o ’2k + ! + 1)'
Such a line is the same as the line of superscripts of
pok+1 © (pokt1 ® Tog) (@1, -, Pakt1) (€ ® ej)~

The line of subscripts is

((,9), (a1,a2), (a1,a2), - , (@2k—2r—1, G2k—2r), (A2k—2r—1, A2k—2r), (B1B2), - - ,

(B2k—1, B2k ), (a2k—2r—1, Q2627 ), (Aak—1, Aar)).
So

fizk+1 © (H2k1 @ Tor) = pioks1 © (11 @ (p2rgr 0 Py ) @ Top—i),
for [ = 2r. Assume now that | = 2r + 1. In this case B}; is of the form
ki —r kk—r kg —r
Cﬂ;k 2+rl 142k —27 (Qk + l + Q)A(llzck ;T1+1a2k 2r+2 (2k + ! + 1’ l + 1)Ca§k 2t~1+1a2k 2r42 (l) e

We find the same list of exponents and of indices that for pogy1 © (pag+1 ® Iox). This finishes the proof.
Consequence 1. The product jig,11 on TZ(E) induces directly a (2k + 1)-ary products on cubic matrices.

Consequence 2. All the other products which are si-totally associative correspond to

M%kﬂ(@h'“ s P2U4+1) = P2ut10 P2k O P20 1,
ﬂgkﬂ(%a o paky1) = pekrr(te, 92,0 Pkt
Hopy1 (P15 2r11) = B3 (91,77 5 Pk, "Paky1)-

and more generally

M2k+1(t<P1,902,t ©35° 7 Pakt1)
or

M2k+1(t¢1,9027t ©3,0 5 P2kA1)-
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7.9 Generalization: a (2k + 1)-ary product on T} (E)

7.9.1 The vector space T?(FE)

Let E be an m-dimensional K-vector space. The vector space Tg’(E) is the space of tensors which are

contravariant of order p and covariant of order g. If {e1,- -+ ,en} is a fixed basis of F, a tensor t of TP(FE) is
written _ , '
t= Z tzll 3‘1@“®...®eip®ejl®...®ejq
1 < ikmjl <n
1<k<p
I<li<gq
where (el,---,e™) is the dual basis of (e1,- - ,e,,). Since

T7(E) = T§(E) ® T, (E),

the tensor space

= f: TP (E
p,q=0

is an associative algebra with product

l
TY(E) x TL(E) — TUL(E)

(K, L) — K®L

But this product is not internal on each component 77 (E). In this section we will define internal (2p — 1)-
ary-product on the components.

The vector space TP (F) is isomorphic to the space L(E®P E%9) of linear maps
t: B® — B®".
We define the structure constants by
tlei, @+ ®e,) Z le ' ej1 ‘®ej,.

For such a map we define ¢ by

t: E®* — E®p
(€j1®"'®€jq) — chl e“®"'®eip~

7.9.2 A (2k +1)-ary product on TP(E)
Definition 60 The map p defined by:
(P15 5 P2k+1) = P2h41 0 P2k © P2k—1 0+ O P2 O P1, (7.8)
for any @1, , pap+1 € T2(E) is a (2k + 1)-ary product on T (E).
We take an odd number of maps ¢; so we get compositions of
Piiop;: BE® — E®
for j =1,---,2k — 1 and finally compose it with por_1 : E®” — E®” so u is well defined.

Proposition 62 The (2k + 1)-ary product p on TP(E) defined by (7.8) is sx-totally associative.
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Proof. The proof is similar to the proof of Proposition 76 concerning an (2k + 1)-ary product on TZ(E). In
fact we have

M(‘plv T 7()021)+1)(611 ‘® elp Z Azl “ip 67“1 "® Cres

and
AT = o “(2k+1)0” J“(Qk)le 2k —1) - Ol (1),

i1lp

that is, the line of superscripts is

(r-dg) (1 dg)(ma - -mg)(ma - mg) -+ (n1 -+ ng)(ny - -ng)(ry - 1q),

and the line of subscripts is

Using the same arguments as in Proposition 76, replacing pairs by p-uples and g-uples, we obtain the
announced result.

Remark. We can use the same trick as in Consequence 2 to find other si-totally associative products on
TP (E).
q

Applications. This product can be translated as a product of “hypercubic matrices”, that is, square
tableaux of length p 4+ g. This generalizes in a natural way the classical associative product of matrices.

7.10 Current (2k + 1)-ary s;-totally associative algebras

The problem is to find a category of (2k + 1)-ary algebras such that its tensor product with a (2k + 1)-ary
sp-totally associative algebra gives a (2k + 1)-ary sg-totally associative algebra with an obvious operation on
the tensor product. Such a tensor product will be called current (2k + 1)-ary si-totally associative algebra.
We first focus on the ternary case and s; = 7y3.

Let (V,u) be a 3-ary algebra where yu is a 713-totally associative product on V (for example V = TZ(E)
and p is defined by (7.7) ) so u satisfies Equation (7.6) for o = 713, that is,

u(u(617 €2, 63)7 €4, 65) = u(ela /.t(84, €3, 62)7 65) = :u(eh 62(,&(63, €4, 65))7

for any ej,eq,e3 in V. Let (W, i) be a 3-ary algebra. Then the tensor algebra (V@ W,u® i) is a 3-ary
T13-totally associative algebra if and only if the map p ® i define by

(1@ ) (v @w; @ vy ®we @ vz ®wz) = pu(vi,va,v3) @ fi(wr, wa, w3)
satisfies the 713-totally associativity relation. But

(@) o(p®p®ly)=po(u @12)®,10(~®12)
(n®p)o(ly ® (u®u)o¢>V®W®I ) = po(I ® po®y,

T13 713

(p@p)o(ls@p@f)=po(la®p) @ fio(ly® fi),

®I) ®ﬂo(1®ﬂofbw ®1I),

T13

o(pep)o(pep®ly) —(p®i)o(ls®pu® i) =0 is equivalent to
o(p®h)@po(h®l)—po(la®p)®po(la®f)=0. (7.9)
But po(u® Iz) = po (I ®pu). Thus Equation (7.9) is equivalent to
Wo (@) ® ffio (i® 1) — fio (I @ i)] =0,

and
o(A® ) =fio(l2® p).
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Similarly

(nep)o(peiel) = (1@ i) o (e (ue i) o ®rf" @ l)
I

o (
=po(p@h)®[io(pel) —fo(l®icdY ®I)] =0,

T13
which leads to
fro(p@ ) =po(®fo®) ®I).

T13

So 1 ® fi is T13-totally associative if and only if fi is 713-totally associative.

Proposition 63 Let (V,u) be a 3-ary mi3-totally associative algebra and (W, i) be a 3-ary algebra. Then
(VoW,u® i) is a 3-ary T13-totally associative algebra if and only if (W, i) is also of this type.

This result can be extended for (2k + 1)-ary si-totally associative algebras.

Proposition 64 Let (V,u) be a (2k + 1)-ary si-totally associative algebra and (W,p) be a (2k + 1)-ary
algebra. Then (V @ W, u® i) is a (2k + 1)-ary si-totally associative algebra if and only if (W, i) is also of
this type.

Proof. The product u is a (2k + 1)-ary sg-totally associative product, so it satisfies

po(p®ly) = po(lzg®p® lay_2q)
= uo (IQqul ® po (I);/Z (24 I2k72q71),

for any ¢ =0,--- , k. The system

(L@ o (pe ) ® L) = (n@R) o (lig ® (1 ® i) 0 47" @ Lir—2q)
=po(p®Iy)@po (1@ Izy)

—po(Ig@po @l @ Iop—g) @ jio (I ® fio O & Inp—q)
=0,
for any ¢ =0,--- , k is equivalent to
po(p®@Iy)® (o (i@ Iay) —ﬁo(fq®ﬁ°q’?£®f2qu) =0,
for any ¢ =0,--- , k. Then p ® f1 is (2k + 1)-ary si-totally associative if and only if
fio(fi® Ia) —ﬂo(lq@pﬁoq)gg ® Iog—q) =0

for any ¢ =0,--- , k, that is, i is a (2k + 1)-ary si-totally associative product.
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Chapter 8

(Non-)Koszulity of operads for n-ary
algebras

The aim of this chapter is to write correctly and explicitly the definition of the quadratic dual of a quadratic
operad and to apply this definition to the case of the corresponding multiplication algebra being an n-ary
product. In fact, in many works concerning such a product, the definition of the duality is a direct extension
of the definition of the duality for binary products. But in the case of binary product, the definition of
duality can be simplified, forgetting for example all the degree of the binary maps because these degree are
even and they have no influence in the computations. Unfortunately, the definition of the duality for n-ary
multiplication has been done by a simple extension of the simplified definition. This implies some mistakes
in the computation of the dual operads and, in particular, on homological properties of the associated free
algebras. Then, at first, we replace the definition of the duality in the graded complex framework. We define
four families of n-ary algebras namely t.4ss]; which are totally associative n-ary algebras with an operation of

degree d, pAss), partially associative n-ary algebras with operation in degree d and t.Ass}, pAss; which are
respectively the suspension of tAss” ;. _, and the desuspension of pAss” ;. , 5. We give the link between

these four families and focus on Ass = tAsst = pAssi which can be understood as an associative algebra
with a wrong sign, that is, a binary algebra, where the identity x(yz) = —(ay)z replaces the associativity.
We call such an algebra anti-associative. We determine explicitly the dual operads for these operads so for
the particular cases of n-ary partially and totally associative algebras when the product is of degree odd or
even. The main result is the proof of the koszulity and non-Koszulity of these operads which is summarized
in Figure 8.1. We prove the non-koszulity only for n < 7 although we expect it to be true for arbitrary
n. In particular, the dual operad for 3-ary partially associative algebras of degree 0 is the operad of 3-ary
totally associative of degree 1 and we conclude that these operads are non-Koszul. To obtain this result we
compute the generating functions of these operads and use the functional equation which should be satisfied
by the generating functions of an operad and its dual if they are Koszul. We then focus on algebras with
one anti-associative operation. Since the corresponding operad is non-Koszul, the deformation cohomology
differs from the standard one. We describe the relevant part of the deformation cohomology for this type of
algebras using the minimal model for the anti-associative operad and compare it to the standard cohomology.
In the remaining sections we discuss free partially associative algebras and formulate open problems.

8.1 Duality for quadratic operads revisited

All ideas recalled in this section are already present in [46], but we want to emphasize some specific features of
the non-binary case related to a degree shift in the Koszul dual which seem to be overlooked, see Remark 62
below.

Fix a natural n > 2 and assume E = {E(a)},>2 is a E-module such that E(a) = 0 if a # n. We will
study operads P of the form P = I'(E)/(R), where T'(E) is the free operad generated by E and (R) the

109
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operadic ideal generated by a subspace R C I'(F)(2n — 1). Operads of this type are called quadratic, or
binary quadratic if n = 2.

Let EY = {E"(a)}q>2 be a X-module with

BV { 908 1P E@#, ifa=nand

' 0, otherwise
where 1972 denotes the suspension iterated a — 2 times, sgn, the signum representation of the symmetric
group %,, and # the linear dual of a graded vector space with the induced representation. Recall that
V# .= Hom(V,K), so (V#)q = (V_4q)#. There is a non-degenerate, ¥, _1-equivariant pairing

(—]-):T(EY)2n—-1)®@T(E)2n—1) - K (8.1)
determined by requiring that
(1772 /0 1772 [ | € o) f) = by (=1)FVEFVE () /(") € K,
for arbitrary €', f' € E(n)#, ", f" € E(n).

Definition 61 The Koszul or quadratic dual of the quadratic operad P = T'(E)/(R) as above is the quotient
P! = T(E")/(RY).

where R C T(EV)(2n—1) is the annihilator of R C T'(E)(2n—1) in the pairing (8.1), and (R*) the operadic
ideal generated by R*.

Remark 62 If P is a quadratic operad generated by an operation of arity n and degree d, then the generating
operation of P' has the same arity but degree —d+n—2, i.e. for n # 2 (the non-binary case) the Koszul duality
may not preserve the degree of the generating operation! There seemed to be a common misunderstanding
that the Koszul duality preserves the degree of generating operations even in the non-binary case. This
resulted in several wrong statements about the Koszulity of n-ary algebras.

Recall [91, Definition I1.3.15] that the operadic suspension sP of an operad P = {P(a)}q>1 is the operad
sP = {sP(a)}a>1, where sP(a) := sgn,®1*"* P(a), with the structure operations induced by those of P in
the obvious way taking into account, as always, the Koszul sign rule requiring that whenever we interchange
two “things” of odd degrees, we multiply the sign by —1. The cooperadic suspension sC of a cooperad C is
defined analogously.

The cobar construction [91, Definition I1.3.9] of a cooperad C is a dg-operad ©(C) of the form Q(C) = (I'(|
sC),0q). Here s denotes the cooperadic suspension recalled above and | the component-wise desuspension.
The differential 9 is induced by the structure operations of the cooperad C. If P = {P(a)},>1 is an operad
with finite-dimensional components, the component-wise linear dual P# = {P(a)#},>1 is a cooperad. The
composition D(P) := Q(P#) of the linear dual with the cobar construction is the dual bar construction of
P. For P quadratic, there exist a natural map D(P') — P of dg-operads. Let us recall the central notion
of [46].

Definition 63 A quadratic operad P is Koszul if the natural map D(P') — P is a homology equivalence.

The notation and terminology concerning the (co)bar construction has not been standardized. For instance,
the use of the (co)operadic suspension s in our definition of £(C) is purely conventional and guarantees that
Q(—) does not change the degree of elements of arity 2. In recent literature, the Koszul dual is sometimes
defined as a functor P +— P! from the category of quadratic operads to the category of quadratic cooperads.
Our P' recalled above is then the composition of this co-operadic Koszul dual with the component-wise
linear dual, P' = (P1)#. In our choice of conventions we, however, tried to stay as close to [46] as possible.
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8.2 Four families of n-ary algebras

We introduce four families of quadratic operads and describe their Koszul duals. These families cover
all examples of ‘n-ary algebras’ with one operation without symmetry which we were able to find in the
literature.

Let V be a graded vector space, n > 2, and p: V" — V a degree d multilinear operation symbolized by

We say that A = (V, ) is a degree d totally associative n-ary algebra if, for each 1 < 4,5 < n,
p(1® '@ p 1% = 4 (1% @ pe 19777)

where 1 : V' — V is the identity map. Graphically, we demand that

jth input

for each i, j for which the above compositions make sense. Observe that degree 0 totally associative 2-algebras
are ordinary associative algebras.

In the following definitions, I'(1) will denote the free operad on the ¥-module E, with

B, (a) = the regular representation K[%,,] generated by p, if a =n and
wl) = 0, otherwise.

Definition 64 We denote t.Assy the operad for totally associative n-ary algebras with operation in degree
d, that is,
tAss] = D)/ (i)

with p an arity n generator of degree d and
Ryaoy = Span {po; ju— poj pu, for i, j=1,...,n}.

We call A = (V,pu) a degree d partially associative n-ary algebra if the following single axiom is satisfied:

n

Z(*l)(i+1)(n71)u (]1@1'71 Qu® ]1®nfi) =0. (82)

=1

Degree 0 partially associative 2-ary algebras are classical associative algebras. More interesting observation
is that degree (n—2) partially associative n-ary algebras are the same as A.-algebras A = (V, u1, o, . . .) [83,
§1.4] which are “meager” in that they satisfy u = 0 for k # n. Symmetrizations of these meager A -algebras
are n-Lie algebras in the sense of [63].

Definition 65 We denote pAssl] the operad for partially associative n-ary algebras with operation in degree
d. Explicitly,

pAssi =T(w)/ ( S () o, )
i=1

with u a generator of degree d and arity n.
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It follows from the above remarks that tAssg = pAssg = Ass, where Ass is the operad for associative
algebras. We are going to introduce the remaining two families of operads. Recall that s denotes the operadic
suspension and s ! the obvious inverse operation.

Definition 66 We define t;lzsg =stAssy_, 1 and p;l\gsg =8 'pAssy .

We leave as an exercise to verify that t;l;sg—algebras are structures A = (V, ), where p: V" — V is a
degree d linear map satisfying, for each 1 <i,j < n,

(*1)i(n+1)ﬂ (]1®i71 Sp® ]1®n7i) _ (71)j(n+1)ﬂ (]1®j71 QU ]1®n,j) '

Likewise, p;l\sgg—algebras are similar structures, but this time satisfying

n

Z“ (]1®z‘—1 ®p® ]1®n7i) —0.
i=1

Definition 67 Let Ass := t;l\;e% = p;l\sjsg, Explicitly, :él\sfs-algebms are structures A = (V, u) with a degree
0 bilinear operation u:V @V — V satisfying

p(p@ 1)+ p(l®@p) =0

or, in elements
a(be) + (ab)e =0, (8.3)

fora,b,c € V. We call these objects anti-associative algebras.

Anti-associative algebras can be viewed as associative algebras with the associativity taken with the
opposite sign which explains their name. Similarly, tAss% = pAss%-algebras are associative algebras with
operation of degree 1. The corresponding, essentially equivalent, operads are the simplest examples of
non-Koszul operads, as we will see in Section 8.3. The proof of the following proposition is an exercise.

Proposition 65 For each n > 2 and d, (tAss])' = pAss” i, o, (pAssy)' = tAss” 11, o, (tZGég)! =

1

p,i\s/sﬁd+n_2 and (pAssT) = txsfsﬁd+n_2,

8.3 Koszulity - the case study

This section is devoted to the following statement organized in the tables of Figure 8.1. We, however, know
to prove the non-Koszulity direction (“no” in Figure 8.1) only for n < 7 although we expect it to be true for
arbitrary n, see also the notes following Theorem 68, Remark 73 and the first problem of Section 8.6.

Theorem 68 The operad tAssy is Koszul if and only if d is even. The operad pAssy is Koszul if and only
if n and d have the same parity. The operad tAss?y is Koszul if and only if n and d have different parities.
The operad pAssl is Koszul if and only if d is odd.

The Koszulity part (“yes” in the tables of Figure 8.1) will follow from [67] and relations between the

operads tAssy, pAssy, tAss] and pAssl, see Proposition 66. The non-Koszulness part (“no” in Figure 8.1)
will, for n < 7, follow in a similar fashion from Proposition 67. Since we do not know how to extend the
proof of Proposition 67 for arbitrary n, the non-Koszulity part of Theorem 68 is, for n > 8, only conjectural.

In particular, the operads Ass and t.Ass? = pAss% are not Koszul. Let us formulate useful

Lemma 11 Let P} be one of the operads above. Then Py is Koszul if and only if Py, , is Koszul, that is,
only the parity of d matters.
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tAssy | neven | n odd pAssy | n even | n odd
d even | yes yes deven | yes no
d odd no no d odd no yes
t.:l\;sg n even | n odd le\stg n even | n odd
d even no yes d even no no
d odd yes no d odd yes yes

Figure 8.1: Koszulness of the operads tAss)}, pAssy, t;l\;sg and p.:l\;sg. “Yes” means that the corresponding
operad is Koszul, “no” that it is not Koszul.

Proof. There is a ‘twisted’ isomorphism
@: Py — Ph,, (8.4)

i.e. a sequence of equivariant isomorphisms ¢(a) : Py(a) — P} ,(a), a > 1, that commute with the o;-
operations such that the component ¢(k(n — 1) + 1) is of degree 2k, for k£ > 0.

To construct such an isomorphism, consider an operation p’ of arity n and degree d, and another operation
w1 of the same arity but of degree d + i. We leave as an exercise to verify that the assignment p' +— p”
extends to a twisted isomorphism w : T'(p') — T'(p”) if and only if 4 is even.

Let P} =T'(¢')/(R’) and P}, = T'(¢”)/(R"). It is clear that the twisted isomorphism w : T'(¢") — T'(u)
preserves the ideals of relations, so it induces a twisted isomorphism (8.4). A moment’s reflection convinces
one that ¢ induces similar twisted isomorphisms of the Koszul duals and the bar constructions. This, by
Definition 63, gives the lemma.

Proposition 66 The operads marked “yes” in the tables of Figure 8.1 are Koszul.

Proof. The operads tAssy are Koszul for all n > 2 by [67, § 7.2] (see also [47] for the case n even and
d =0). So, by Lemma 11, the operads t.Ass!; are Koszul for all even d and n > 2, which gives the two “yes”
in the upper left table of Figure 8.1.

3

The “yes” in the upper right table follow from the “yes” in the upper left table, the fact that an operad
!

is Koszul if and only if its dual operad is Koszul, and the isomorphism (pAssy) = tAss” ;,, _o established
in Proposition 65. The “yes” in the lower two tables in Figure 8.1 follow from the upper two tables and the
fact that the suspension preserves Koszulity.

Before we attend to the “no” part of Theorem 68, we recall an important criterion for Koszulity due
to [46] which easily generalizes to the non-binary case. The Poincaré or generating series of a graded operad
P. ={P.(a)}a>1 is defined by

1 a
gp(t) = 3 (P,
a>1
where x(P(a)) denotes the Euler characteristic of the graded vector space P, (n),
X(P(a)) := Y (~1)" dim(Pi(a)).
Observe that if P is not concentrated in degree zero, the Euler characteristic and thus also the Poincaré
series may involve negative signs.

Theorem 69 ([46]) If a quadratic operad P is Koszul, then its Poincaré series and the Poincaré series of
its dual P* are tied by the functional equation

gp(=gp(=t)) =t. (8.5)
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Our first task will therefore be to describe the Poincaré series of the family t.4ss]; which generates, via
the duality and suspension, all the remaining operads.

Lemma 12 The generating function for the operad tAssy is

t

S — if d is even, and

Gtass? (t) = 1 —¢n—1 f (8.6)
t—t"+ 2L ifd is odd.

Proof. The components of the operad t.Assy are trivial in arities different from k(n — 1) 4+ 1, & > 0. The
piece tAss](k(n—1)+1) is generated by all possible o;-compositions involving k instances of the generating
operation p, modulo the relations

po;pu—posp, fori,j=1,...,n (8.7)

which enable one to replace each po; p, 2 <i <mn, by poq p.

If the degree d is even, the operad t.Ass) is evenly graded, so the associativity [85, p. 1473, Eqn. (1)] of
the o;-operations does not involve signs. Therefore an arbitrary o,-composition of k instances of u can be
brought to the form

M i= (- ((porp)erp)or---) o1 p.
We see that tAss;(k(n — 1) + 1) is spanned by the set {n 0 0; 0 € Xyn_1)41}, S0

dim(tAssg(k(n —1)+1)) = (k(n — 1) + 1)!

and, by definition,

_ t
Grauy (t) = YU = 1— 1
k>0

which verifies the even case of (8.6).

The odd case is subtler since the associativity [85, p. 1473, Eqn. (1)] may involve nontrivial signs. As in
the even case we calculate that

dim(tAssj(k(n —1) +1)) = (k(n — 1)+ 1)! for k=0,1,2, (8.8)

because these small arities do not require the associativity.

If &k > 3, we can still to bring each o;-composition of k instances of y to the form of the ‘canonical’ generator
Nk, but we may get a nontrivial sign which may moreover depend on the way we applied the associativity.
Relation (8.7) implies that

(o1 p)orpp=(ponp)orp (8.9)
in tAss](3n — 2). Applying (8.7) and the associativity [85, p. 1473, Eqn. (1)] several times, we get that

(o1 p)or = por (por p) = o1 (pon ) = (po1 ) o = (pon k) on i
= pon (poyp) = pron (won p) = (pon ) O2n—1 pt (8.10)
= (no1 pt) O2p—1 -

Since the degree of y is odd, the first line of the associativity [85, p. 1473, Eqn. (1)] implies

(o1 p) o2n—1 p=—(1on ) o1
therefore (8.9) and (8.10) combine into

(po1p)or p=—(por p)orp.

This means that (1 o1 u) o1 =0 so tAss;(3n —2) = 0. Since tAssy(k(n — 1) + 1) is, for k > 3, generated
by tAssly(3n — 2), we conclude that tAss}y(k(n — 1)+ 1) = 0 for k > 3 which, along with (8.8), verifies the
odd case of (8.7).
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Remark 70 The Poincaré series of an operad P and its suspension sP are related by gsp(t) = —gp(—t).
Lemma 12 thus implies that the generating series of the operad t.Ass); = stAss;_,, 1 equals

t+ (=1)%" +¢2"~1 if n and d have the same parity, and
e (t) = t

= if n and d have different parities.

We do not know explicit formulas for the Poincaré series of p.Assy and ngsg except in the case n = 2 when
these operads coincide with the corresponding (anti)-associative operads.

Example 71 It easily follows from the above calculations that, for the anti-associative operad ;l;s, one has
Ass(1) 2K, Ass(2) 2 K[S,] and Ass(3) = K[S3],
while ;l;s(a) =0 for a > 4.

Let us return to our task of proving the non-Koszulity of the “no” cases in the tables of Figure 8.1.
Our strategy will be to interpret (8.5) as saying that —gpi(—t) is a formal inverse of gp(t) at 0. Since
9%5(0) = 1, this unique formal inverse exists. In the particular case of P = tAssy;, with d odd, this means
that —gpa.n,, (—t) should be compared to a formal inverse of g;a.n(t) =t —t" + t?n=1 A simple degree
count shows that g, .. - (t) is of the form

t— At + Axt> 1t — A3 2 4 ... for n even and
t+ A" 4+ Aot® L 4 Agt® 2 4 ... for n odd,
for some non-negative integers Ai, Aa, As, ..., therefore —gpAssﬁd+n72(—t) is in both cases the formal power
series
t+ Agt™ + Agt? T 4 AgtnT2 (8.11)

with non-negative coefficients. If we show that the formal inverse of ¢ — t™ + ¢2"~1 is not of this form, by
Theorem 69 the corresponding operad t.Ass}; is not Koszul.

Example 72 The Poincaré series of the operad t.Ass% is, by Lemma 12,
Gea2 (t) =t — 17 + 1%,
One can compute the formal inverse of this function as
t+ 12+ 17— 4t° — 14¢% — 307 — 335 + 557 + -+ - .

The presence of negative coefficients implies that the operad tAssf is not Koszul, neither is the anti-
associative operad Ass = tAss? = s 't Ass].

Likewise, the Poincaré series of the operad tAssf equals
Grae(t) =t =12+
and we computed, using Matematica, the initial part of the formal inverse as
tH 13+ 2t° 4 47 + 567 — 13t — 14713 ...

The existence of negative coefficients again implies that the operad tAssif is not Koszul. The formal inverse
of
glf.AssélL (t) = t - t4 + t7

up to the first negative term is
t+ 4+ 3t7 4+ 11610 + 42t + 153616 + 469610 + 69022 — 596720 + - - -

so tAss] is not Koszul.
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The complexity of the calculation of the relevant initial part of the inverse of gya.n(t) =t —t" + t2n—l
grows rapidly with n. We have, however, the following;:

Proposition 67 For n < 7, the formal inverse of t — t* + t>»~1 has at least one negative coefficient.
Therefore the operads tAss) for d odd and n <7 are not Koszul.

Proof. The function g(z) := z — 2™ + 22"~ ! is analytic in the complex plane C. Its analytic inverse g~*(z)
is a not-necessarily single-valued analytic function defined outside the points in which the derivative ¢'(z)
vanishes. Let us denote by 3 the set of these points, i.e.

3:={2€C; ¢'(2) =0}

The key observation is that, for n < 7, the equation ¢g’(z) = 0 has no real solutions, 3 MR = ). Indeed, one
has to solve the equation
gd(Z)=1—nz""'+2n—-1)2"""2 =0 (8.12)

which, after the substitution w := y™ ! leads to the quadratic equation
1 —nw+ (2n —1)w? =0

whose discriminant n? — 8n + 4 is, for n < 7, negative.

Let f(z) be the power series representing the branch at 0 of g=1(2) such that f(0) = 0. It is clear that
f(#) is precisely the formal inverse of g(t) at 0. Suppose that

f(2) =24 a22? +asz® +agz* + -,

with all coefficients as, as, aq, . . . non-negative real numbers. Since 3 # @) and obviously 0 ¢ 3, the radius of
convergence of f(z) at 0, which equals the radius of the maximal circle centered at 0 whose interior does not
contain points in 3, is some number r with 0 < r < co. Let 3 € 3 be such that |3 = r. Since all coefficients
of the power series f are positive, we have

IF@)I < f(3l) = f(r),

so the function f(r) must have singularity at the real point r € R, i.e. ¢’(z) must vanish at . This contradicts
the fact that ¢’(z) = 0 has no real solutions.

Remark 73 Equation (8.12) has, for n = 8, two real solutions, 31 = \7/1/73 and 32 = \7/1/75 This means
that the inverse function of z — 2™ 4 22" ~! has two positive real poles and the arguments used in our proof
of Proposition 67 do not apply.

We verified Proposition 67 using Matematica. The first negative coefficient in the inverse of ¢t — " 4- 27!
was at the power t°7 for n = 5, at ¢t'%1 for n = 6, and at t''7! for n = 7. For n = 8 we did not find any
negative term of degree less than 10 000. It is indeed possible that all coefficients of the inverse of ¢ — 8 4 ¢1°
are positive.

Proposition 67 together with the fact that the suspension and the !-dual preserves Koszulity imply the
“no” entries of the tables in Figure 8.1 for n < 7.

8.4 Cohomology of algebras over non-Koszul operads — an exam-
ple

In this section we study anti-associative algebras introduced in Definition 67, i.e. structures A = (V, u) with
a degree-0 bilinear anti-associative multiplication p: V®2 — V. We describe the ‘standard’ cohomology
H}SS(A; A)g of an anti-associative algebra A with coefficients in itself and compare it to the relevant part

of the deformation cohomology H*- (A; A) based on the minimal model of the anti-associative operad Ass.
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Since Ass is, by Theorem 68, not Koszul, these two cohomologies differ. While the standard cohomology has
no sensible meaning, the deformation cohomology coincides with the triple cohomology [32, 33] and governs
deformations of anti-associative algebras.

It was explained at several places [84, 85, 90, 87] how a, not-necessarily acyclic, quasi-free resolution

(P,0=0) «— (#,0) of an operad P, which we assume for simplicity non-dg and concentrated in degree 0,
determines a cohomology theory for P-algebras with coefficients in itself. If P is quadratic and if we take
as (#,0) the dual bar construction (recalled in Section 8.1) of the quadratic dual P', we get the ‘standard’
cohomology H7(A; A)g as the cohomology of the ‘standard’ cochain complex

OL (A A)er 250 C2 (A5 A)gy 22 CO3(A: A)yy 20 OB (4 A)y 22

in which C%(A4; A)g = Hom(P'(p )®@s, VP, V), p > 1, and the differential ¢ is induced from the structure
of P* and A see [33, Section 8] or [91, Definition II.3. 99] This type of (co)homology was considered in the
seminal paper [46].

The deformation (also called, in [84], the cotangent) cohomology uses the minimal model of P in place of
(Z,0). Recall [85, p. 1479] that the minimal model of an operad P is a homology isomorphism

(P,0) <~ (L(E), )

of dg-operads such that the image of O consists of decomposable elements of the free operad I'(E) (the
minimality). It is known [91, Section II1.3.10] that each operad with P(1) = K admits a minimal model
unique up to isomorphism. The deformation cohomology Hj(A; A) is the cohomology of the complex

Ch(A; A) 25 03(4:4) 25 03 (4;4) 25 Ch(as 4) 2
in which C}(A; A) :== Hom(V,V) and
Ch(AA) = Hom (D >o Ep—2(q) ®5, Ve V), forp> 2.

The differential §* is defined by the formula which can be found in [90, Section 2] or in the introduction
o [87]. If P is quadratic Koszul, the dual bar construction of P' is, by [85, Proposition 2.6], isomorphic
to the minimal model of P, thus the standard and deformation cohomologies coincide, giving rise to the
‘standard’ constructions such as the Hochschild, Harrison or Chevalley-Eilenberg cohomology.

Neither H3(A; A)s nor Hj(A; A) have the Oth term. A natural H? exists only for algebras for which the
concept of unitality makes sense. This is not always the case. Assume, for example, that an anti-associative
algebra A = (V, 1) has a unit, i.e. and element 1 € V such that la = al = a, for all @ € V. Then the
anti-associativity (8.3) with ¢ =1 gives ab+ ab = 0, so ab = 0 for each a,b € V.

Let us describe the standard cohomology H*- (A; A)s of an anti-associative algebra A = (V,u). The

operad Ass is, by Proposition 65, self-dual and it follows from the description of Ass = Ass' given in
Example 71 that H*%. (A; A)s is the cohomology of

cL (A;A)St—>C2 (A;A)st—>03 (A Ay 250250

Ass

in which Cp := Hom(V®? V) for p = 1,2, 3, and all higher Cp’s are trivial. The two nontrivial pieces of the
differential are basically the Hochschild differentials with “wrong” signs of some terms:

5 (¢)(a,b) := ap(b) — p(ab) + ¢(a)b, and
0*(f)(a,b,¢) == af(b,c) + f(ab,c) + f(a,be) + f(a,b)e,
for p € Hom(V,V), f € Hom(V®2 V) and a,b,c € V. We abbreviated u(a,b) = ab, u(a, ¢(b)) = ap(b), &c.
One sees, in particular, that H%S(A; A)st =0 for p > 4.

Let us describe the relevant part of the deformation cohomology of A. It can be shown that Ass has the
minimal model

(Ass,0) = (D(E),0)
with the generating X-module E = {E(a)}q>2 such that
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— FE(2) is generated by a degree 0 bilinear operation ps : V@V — V|

- B4

(

- E(
(4) =0, and
(

)
3) is generated by a degree 1 trilinear operation s : V&3 — V|

)
— E(5) is generated by four 5-linear degree 2 operations pd, u2, ud, ut : V& -V,
so the minimal model of Ass is of the form

(.ASS,O) L (F(/’L27M37/’Lt})vugaugv /.t%, e ')a 6)

Notice the gap in the arity 4 generators! We do not know the exact form of the pieces E(a), a > 6, of
the generating Y-module F, but we know that they do not contain elements of degrees < 2. Their Euler
characteristics can be read off from the inverse of the Poincaré series g4 (t) =t + 2 + t3, and one gets

X(E2) = 1, X(E(3)) = ~1, x(E®) =0, x(E(5)) = 4,
X(E(6)) = 14, X(E(7)) = 30, x(E(8)) = ~33, x(E(9)) = —55,...

The differential 0 of the relevant generators is given by:

0,
(s ) 2 01 pg + 2 O2 U2,

o(u ) (12 02 p3) 04 pi2 — (p13 03 pr2) 04 pr2 + (fi2 01 p12) 03 p13 — (p13 01 fi2) 03 2

+ (p2 01 p3) 01 pa — (k3 01 p2) 01 p2 + (k2 01 f13) 04 pro — (M3 02 Hi2) 04 fl2,

o(u ) (13 01 p2) 01 pr2 — (p2 01 p3) 01 p2 + (p2 01 p13) O3 pi2 — (43 02 p2) 03 p2

+ (p2 02 p3) 03 g — (w3 03 pa) o3 fo + (p2 01 pa) o3 i3 — (K3 01 H2) 04 fig,

I(u ) (113 02 p2) 04 p12 — (p2 02 pi3) 02 po + (p3 02 f12) O2 pi2 — (142 01 p2) 02 k3
+ (p2 01 p13) 03 o — (2 01 p13) 01 pro + (2 01 pr2) 01 pg — (3 01 p2) 02 p2, and

I ) (13 01 p2) 03 p2 — (3 03 p2) 03 pu2 + (pi2 02 p13) 03 p2 — (113 02 fi2) 03 2

+ (2 01 pg) 02 p3 — (p2 01 f13) 02 piz + (pi2 01 p2) 01 i3 — (p2 01 f13) 01 -

One can make the formulas clearer by using the nested bracket notation. For instance, s will be represented
by (ee), 13 by (eee), 2 by (eeeee)? (i3 05 1z by (e(ee)e), &c. With this shorthand, the formulas for the
differential read

O(ee) :=0,
O(eee) := ((e0)e) + (o(ee)),
O(eeee)’ := (s(e0(ve))) — (s6(s(se))) + ((09)(s0e)) — ((s0)(e0)s)
+ (((e0)00)e) — (((w00)0)00) + ((e00)(ee)) — (o(00)(00)),
O(weee)? := (((e0)0)ee) — (((s0)00)e) + ((s0(e0))e) — (e(s(e0))e)
+ (o(e(e0)e)) — (e0((00)e)) + ((00)(e0e)) — ((e0)e(ee)),
8(0.00)3 = (o(ee)(00)) — (o((00)ee)) + (o((e0)0)e) — ((e(eee))e)
+ ((oo(00))e) — (((e0)00)e) + (((e00)e)e) — ((o(ee))ee) and
O(eeee)" := ((e0)(w0)s) — (s6((s0)e)) + (s(s(s0)e)) — (s(s(e0))s)
+ ((o(o00))e) — ((o(w0)0)e) + (((e00)e)e) — (((00)e0)e).

Let us indicate how we obtained the above formulas. We observed first that the degree-one subspace
T(pa, 13)(5)1 C T'(pe, p3)(5) is spanned by o;-compositions of two po’s and one ps, i.e., in the bracket
language, by nested bracketings of five o’s with two binary and one ternary bracket. These elements are in
one-to-one correspondence with the edges of the 5th Stasheff associahedron Ky shown in Figure 8.2, see [91,
Section II.1.6].
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Figure 8.2: Stasheff’s associahedron Kj.

(o0 (e(00))) ((e@)(00e))

((e@)(e0)0)

((e®)00)0)

((e00)(0e)) (((e0)0)00)
Figure 8.3: An closed edge path of length 8 in K5 defining 9(u}).

Let z. € T'(ug2, u3)(5)1 be the element indexed by an edge e of K. Clearly d(z.) = x4 + 23, where a,b
are the endpoints of e and x4,z € T'(12)(5)o the elements given by the nested bracketings of five o’s with
three binary brackets corresponding to these endpoints. We concluded that the d-cycles in I'(us, u3)(5)1
are generated by closed edge-paths of even length in Kj5; the cycle corresponding to such a path P =

(e1,€2,...,€9,) being
Z (71)i+1$67‘,'
1<i<2r
Examples of these paths are provided by two adjacent pentagons in K5 such as the ones shown in Figure 8.3.
There are also three edge paths of length 4 given by the three square faces of K5, but the corresponding
cohomology classes have already been killed by the d-images of the compositions ugz o; pus, i = 1,2,3. We

showed that there are four linearly independent edge paths of length 8 that, together with the three squares,
generate all edge paths of even length in K5. The generators i, u2, u3, u2 correspond to these paths.

Also for a > 6 the 1-dimensional d-cycles in T'(pg, s, p15, 12, 113, 3 ) (a)1 are given by closed edge paths of
even length in the associahedron K, but one can show that they are all generated by the squares and the im-
ages of the paths as in Figure 8.3 under the face inclusions K5 < K,. Therefore (I'(u2, 3, 2, p2, pu2, pud), 9)

is acyclic in degree 1, so u}, u2, ud, ud are the only degree two generators of the minimal model of Ass.

From the above description of the minimal model of Ass one easily gets the relevant part
1 2 3 4
caceSes oS

of the complex defining the deformation cohomology of an anti-associative algebra A = (V, ). One has
- C1 = Hom(V,V)
— C2 = Hom(V®2 V)
~C3 = Hom(V®3 V), and
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~ C4 = Hom(V®® V) & Hom(V®® V) & Hom(V®, V) & Hom(V®,V).
Observe that C’p (A A)gs = Cp for p =1,2,3, while C4 consists of 5-linear maps. The differential §? agrees
with 6% for p = 1 2 while, for g € C3, one has

5%(g) = (63(9),95(9),03(9), 05 (9)),

where

53(9)(a,b,c,d,e) :== af(b,c,de) — f(a,b,c(de)) + (ab) f(c,d,e) — f(ab,cd,e)
+ f(ab,c,d)e — f((ab)c,d,e) + f(a,b,c)(de) — f(a,be,de),
83(9)(a,b,c,d,e) := f((ab)e,d,e) — f(ab,c,d)e + f(a,b,cd)e — f(a,b(cd),e)
+af(b,cd e) — f(a,b,(cd)e) + (ab) f(c,d,e) — f(ab,c,de),
83(9)(a, b, c,d,e) := f(a,be,de) — af(be,d,e) + f(a, (bc)d,e) — a(f(b,c,d)e)
+ f(a,b,cd)e — f(ab,c,d)e + (f(a,b,c)d)e — f(a(bc),d, €)
53(9)(a,b,c,d,e) :== f(ab,cd,e) — f(a,b, (cd)e) + af(b,cd,e) — f(a, b(cd),e)
+ (af(b,c,d))e — f(a,be,d)e + (f(a,b,c)d)e — f(ab,c,d)e,

, and

for a,b,c,d,e € V. The following proposition follows from [84, Section 4].

Proposition 68 The cohomology H*- (A; A) governs deformations of anti-associative algebras. This means
that HE:S(A; A) parametrizes isomorphism classes of infinitesimal deformations and H}SS(A;A) contains
obstructions to extensions of partial deformations.

8.5 Free partially associative n-algebras

In this section we describe free partially associative algebras in the situation when the corresponding operad
is Koszul. We thus fill in the gap in the proof of [47, Theorem 13] and extend Gnedbaye’s description of free
pAss-algebras to all cases when d and n have the same parity.

Let pAss] (V) be the free p.Ass)-algebra generated by a graded vector space V. It obviously decomposes
as

pAssi(V) = P pAssi(V

1>0
where pAss;(V), C pAss;(V) is the subspace generated by elements obtained by applying the structure
n-ary multiplication p to elements of V' I-times. For instance, pAssj(V), =2V and pAssy(V), = V&

Denote by T, I > 1, the set of planar directed (= rooted) trees with I(n — 1) + 1 leaves whose vertices
have precisely n incoming edges (see [88, Section 4] or [91, II1.1.5] for terminology). We extend the definition
to I = 0 by putting T§ := { | }, the one-point set consisting of the exceptional tree with one leg and no
internal vertex. Clearly, each tree in J}' has exactly [ vertices. For each [ there is a natural epimorphism

w: TP x VEI=DHL ) Ass™(V), (8.13)

given by interpreting the trees in J}* as the ‘pasting schemes’ for the iterated multiplication p. More precisely,
it T'e 77" and vy, ..., vyn—1)41 € V, then

w(T x (vq,... 7Ul(n—1)+1)) € pAssy(V),

is obtained by decorating the vertices of T by p, the leaves of T' by elements v, ..., vj(n—1)41, and performing
the indicated composition, observing the Koszul sign rule in the nontrivially graded cases.

Let 8 be the subset of J}" of trees having the property that the first incoming edge of each vertex is a
leaf. Therefore 8% = T5 = { | }, 87 is the one-point set consisting of the n-corolla
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and 8% has n — 1 elements

ith leaf

It is clear that, for [ > 3, 8} consists of trees of the form

(8.14)

where S; € SZ for2<i<nandly+---+1, =1—1. The main result of this section is

Theorem 74 Assume that n and d are of the same parity, so the operad pAssy is Koszul by Theorem 68.
Then the restriction (denoted by the same symbol)

w: 8 x VO p AssT(V), (8.15)
of the epimorphism (8.13) is an isomorphism, for each 1 > 0.

Proof. Axiom (8.2) for partially associative algebras implies that each iterated multiplication in pAssy(V),
can be brought into a linear combination of multiplications with the pasting schemes in 8}, i.e. that the
map (8.15) is an epimorphism. Let us prove this statement by induction.

There is nothing to prove for [ = 0,1. Assume that we have established the claim for all 0 <1 < k, k > 1,
and prove it for [ = k. Let pur be an iterated multiplication with the pasting scheme 7" € T}'. There are two
possibilities. The first case: the tree T is of the form

(8.16)
for some T; € T, 2 <4 <mn, with lp +---+ 1, =k — 1. Then
KT :,LL(]]'®NT2 ®®H’Tn)7
where p, denotes the iterated multiplication with the pasting scheme T;. By induction, each ur,, ..., ur,
is a linear combination of iterated multiplications whose pasting schemes belong to the subsets 8;,..., 8},

respectively. The observation that the tree (8.16) belongs to 8} if T; € 8} for each 2 < i < n completes the
induction step for this case.

In the second case, the tree T has the form
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where T; € T} for1<i<n,l1j+---+1l,=k—1and l; > 1. Now

pr = plpr, ® - @ pr,)

and we may assume, by induction, that 7; € 8 for each 1 < i < n. In particular, T} is as in (8.14) with
S; € 8y,2<j<nsuchthat Iy +---+1;, =1, — 1, thus
J

pr = p(p@ LY (A ® ps, ® - @ ps, @ pr, @ -+ @ pr,).

By (8.2), one may replace the factor u(u ® 1%¥7~1) by the linear combination

n

— Z(il)(z#l)(nfl)ﬂ (]1®i—1 Su® ]1®n7i)

1=2

which brings pp also in the second case to the desired form and finishes the induction step.

To prove that the map (8.15) it is an isomorphism, it suffices now to compare the dimensions of 8}" x
Y eln—1+1 and pAssy(V),. It follows from the description [91, Proposition I1.1.25] of the free operad algebra
that, for each [ > 0,

pAsS(V), 2 pAss(I(n — 1) +1) © i) 4, VE D4,

Theorem 74 will thus be established if we prove that

1 . n
Spt:= card(8}') equals A} := (CESIES dim(pAssy(I(n — 1) + 1)),

for each I > 0. It easily follows from (8.14) that the sequence {S}'};>¢ is determined by the recursion Sg =1
and
Sp = > SpL---Sp for 1 > 1. (8.17)
0<lz, ln<l—1
Loty _1=l-1
In Proposition 69 below, which is of independent interest, we prove that the sequence {A}'};>¢ satisfies the
same recursion. This finishes the proof.

Recursion (8.17) appeared, with pl<"71> in place of SJ*, in [47, Section 3.4]. Theorem 74 gives a realization

of free pAssj-algebras in the Koszul case (n = d mod 2) by putting

pAssly (V) == @8? x Y@=+t
1>0

We leave as an exercise to describe the structure n-ary multiplication of p.Ass}; (V) in this language, see [47].

Proposition 69 The Poincaré series of the operad pAssy is, in the Koszul case (with n and d of the same
parity), given by

Gpaun (t) =D (=) ApgHn=D+1 (8.18)
1>0

where the coefficients {A] }i>0 are defined recursively by Af =1 and

Ap = S AL AR forl>1. (8.19)

0<lz,,ln<l—1
lo+-+lp_1=1-1

Proof.  One can easily check that the recursive definition (8.19) of the coefficients of f(t) 1= gpa.n(t) is
equivalent to the functional equation

f)=t(1+(=D)"f@)" )
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which in turn immediately implies that f(¢) is the unique formal solution of

Grawr ., (=f(=1) =1,

where the Poincaré series gya.n, . =, (t) is as in the first line of (8.6) because —d + n — 2 is even. Since
we are in the Koszul case, the above display means, by Theorem 69, that f(¢) is the Poincaré series of
(tAss™ 4., o) = pAssl. This proves the proposition.

The description of the Poincaré series of pAssy for n and d of the same arity given in Proposition 69

implies that the Poincaré series of p.Zl\stg for d odd equals

Gprtg () = D_ (1) APDT,
>0

with {A'};>0 having the meaning as in (8.18).

Example 75 Using Matematica, we calculated initial values of the series {A3};>0 as A} = 1, 43 = 1,
A3 =2, A3 =5, A3 = 14, A3 = 42, A} = 132, A3 =429, A3 =1 430, A3 = 4 862, A3, = 16 796, &c.

Remark 76 In the non-Koszul case (n and d of different parity), the map (8.15) of Theorem 74, while
always being an epimorphism, need not be a monomorphism. This means that there may be “unexpected
relations” in the free algebra pAssy (V) and Gnedbaye’s description of free partially associative n-algebras
is no longer true.

For instance, while S5 (the dimension of 8§ for n = 3) equals 5, the dimension of pAss3(7) equals 7!-4, so
pAssg(V)g has one copy V®7 less than 83 x V7. Therefore the map (8.15) has, forn =3, d=0and [ = 3,
a nontrivial kernel. The Poincaré series of pAssg is was calculated in [58] as

Gpang(t) = t+ 1>+ 267 4 47 4+ 567 61" + 7417 4 -

8.6 Open problems

The first question which our paper leaves open is the Koszulity of the operads t.Ass; with d odd and n > 8.
The method used in the proof of Proposition 67 does not apply to these cases and indeed, our numerical tests
mentioned in Remark 73 suggest that it may happen that all coefficients in the formal inverse of ¢ —¢" 42" ~!
are non-negative.

Even if this happens, it would not necessarily mean that the operad tAss!; is Koszul, only that subtler
methods must be applied to that case. For instance, one may try to compare the coefficients of this formal
inverse to the dimensions of the components of the dual operad (t.Ass’})".

Understanding these components is, of course, equivalent to finding a basis for the free partially associative
algebras in the non-Koszul cases. This problem was solved, in [58], for free pA55(‘Oi—algebms7 for n > 4 it
remains open.

The last problem we want to formulate here is to find more about the minimal model of the anti-associative
operads Ass, or even to describe it completely. As far as we know, no complete description of the minimal
model of a non-Koszul operad is known. Since Ass is the simplest non-Koszul operad, it is the first obvious
candidate to attack. A related task is to find as much as information about minimal models of the remaining
non-Koszul n-ary operads as possible.
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This part is devoted to the study of some geometrical structures on Lie algebras. More particulary, we
are interested in

e The problem of existence of complex structures on nilpotent Lie algebras. The classification
of 6-dimensional nilpotent real Lie algebras provided with a complex structure is known. But this
classification is based on the general classification of real and complex Lie algebras. Such a classification
does not exist for dimensions greater than or equal to 8. Thus our approach to this problem must
be different. First of all we prove directly that filiform algebras (that is, nilpotent Lie algebras with
a maximal nilindex) have no complex structures. This family corresponds to nilpotent Lie algebras
with Goze’s invariant equal to (n — 1,1), where n is the dimension of the Lie algebra. Then we are
interested in quasi filiform algebras, that is, with a Goze’s invariant equal to (n — 2,1, 1). In this case,
the approach is based on the notion of generalized complex structures of Gualtieri and Cavalcanti (note
that in their works, these authors reproduce the main result for filiform algebras). In this case we prove
that any quasi filiform algebra provided with a complex structure is 6-dimensional and we describe all
these algebras (in fact, we obtain only one class).

e The problem of existence of affine structure on nilpotent Lie algebras. We approached this
problem in the first part considering the pre-Lie algebras. In fact, a pre-Lie algebra is a Lie-admissible
algebra whose corresponding Lie algebra admits an affine structure. The problem of existence of affine
structures on nilpotent Lie algebras is always open. Contrary to what people expected, the counter-
example of Benoist shows that there is a nilpotent Lie algebras with no affine structure. In Chapter
10 we begin to determinate all the affine structures (complete or not) on the 3-dimensional abelian
Lie algebra and we classify all the affine structure on the 3-torus. This completes the classical work of
Goldmann. After that we study general results on existence problems. We begin by proving that any
non-characteristically (that is, with a non nilpotent derivation) filiform Lie algebra admits an affine
structure. This permits to describe a non complete affine representation on the Heisenberg group. We
construct also current affine Lie algebras, that is, Lie algebras with an affine structure obtained by a
tensor product of a pre-Lie algebra with an algebra associated with the current operad. At the end of
this chapter we are interested in contact Lie algebras with affine structures. This is motivated by the
classical result that states that any symplectic Lie algebra admits a natural affine structure. This is
not the case in the contact situation (cf the counter-example of Benoist). We describe an obstruction
to extend a symplectic affine structure to a contact Lie algebra obtained by a central extension.

e The geometry of symmetric spaces. In a recent paper, Bathurin and Goze generalize the notion
of symmetric spaces and propose a new class of reductive space called I'-symmetric spaces. The most
interesting examples are the flag manifolds. It is not a symmetric space but we can find in this space
a lot of commuting symmetries which are in correspondance with an abelian group (I'). Here we are
interested in the riemannian case and the main result is the classification of compact Z3-symmetric
spaces.
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Chapter 9

Complex structures on nilpotent Lie
algebras

The study of invariant complex structures on real connected Lie Groups is reduced to the study of linear
operators J on the corresponding Lie algebra which satisfies the Nijenhuis condition and J? = —Id. When
the Lie algebra is even dimensional, real and reductive, the existence of such structures follows from the work
of Morimoto [1]. On the other hand, there exist solvable and nilpotent Lie algebras which can not be provided
with a complex structure. Some recent works present classifications of nilpotent or solvable Lie algebras with
complex structures in small dimensions (dimension four for the solvable case [2] and six for the nilpotent
case [3]). In this chapter, we are interested, at first, by biinvariant complex structures, that is, complex
structures which commute with the adjoint operators. These structures induce holomorphic structures on
the corresponding connected Lie groups. We establish this classification up to dimension 8. Next, we focus
our attention on the problem of existence of complex structures on real nilpotent Lie algebras. As every six
dimensional nilpotent Lie algebra does not admit complex structure (following the work of Salomon), we are
conducted to determine the classes of nilpotent Lie algebra that are not provided with such a structure. We
prove two results :

- any filiform 2p-dimensional Lie algebras (that is, nilpotent Lie algebras with a maximal nilindex equal
to 2p — 1) does not admit complex structures. This result is proved by considering a decomposition of
2p-dimensional filiform algebras into a sum of two p-dimensional subalgebras.

- a 2p-dimensional quasi-filiform Lie algebra (that is, nilpotent Lie algebra with nilindex equal to 2p — 2)
admits a complex structure if and only if p = 2 or 3 and, if p = 3, this Lie algebra is isomorphic to the
quasi-filiform filiform algebra given by

[XO7Xi] = X'i+17 1= 172u37
[X1, Xo] = X,
X1, X5] = X,

This result is proved using the theory of Generalized complex structures (see the work of Calvancanti and
Gualtieri [20]).

9.1 Complex structures on real Lie algebras

9.1.1 Definition

Let g be a real Lie algebra.

Definition 77 A complex structure on g is an endomorphism J of g such that
(1) J? = —Id,
(2) [JX,JY] = [X.Y] + J [JX,Y] + J[X,J(Y)], VXY € g.
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(The second condition is called the Nijenhuis condition of integrability).

The underlying real vector space V of the Lie algebra g can be provided with a complex vector space
structure by putting
(a+ib)-v=a-v+b-J(v),

for any v € V and a,b € R. We denote by V; this complex vector space. We have
. 1. 1.
dim¢ Vy = 3 dimg V = 3 dimg g.

Definition 78 The complex structure J is bi-invariant if it satisfies
(3) [J,adX] =0, VX €g.

Remark that (3) implies (2).

If J is bi-invariant, then V is a complex Lie algebra, denoted g, because in this case we have

[(a+ib) X, (c+ id) Y] = (a+ ib) (c + id) [X,Y].

9.1.2 Decomposition associated to a complex structure

Let J be a complex structure on the real Lie algebra g. We can extend the endomorphism J in a natural
way on the complexification gc = g®grC of g. It induces on g¢ a direct vectorial sum

gc=gc D oc,
where
o¢ ={X €gc/ J(X)=¢eiX}, withe = +£1.
The Nijenhuis condition (2) implies that g& is a complex subalgebra of ge. If o denotes the conjugation
on gc¢ defined by o (X +14Y) = X —iY, then
gc' = olet).

Proposition 70 A 2n-dimensional real Lie algebra g is provided with a complex structure if and only if the
complexification gc admits the decomposition

gc = h D U(h)7

where § is a n-dimensional complex subalgebra of gc.

If J is bi-invariant, Condition (3) implies that g& is an ideal of gc. In fact, if X € g& and Y € g we
have

J[X,Y]=[JX,Y]=¢ei[X,Y]=[X,JY] = —¢ci[X,Y].
Then
[X,Y]=0.

Proposition 71 A 2n-dimensional real Lie algebra g has a bi-invariant complex structure if and only if the
complezification gc is a direct sum of ideals I and o (I), that is,

gC:IEBO'(I).

Of course every n-dimensional complex Lie algebra h comes from a 2n-dimensional real Lie algebra endowed
with a bi-invariant complex structure.
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9.2 Bi-invariant complex structures

9.2.1 Nilpotent case

Let g be a 2n-dimensional real nilpotent Lie algebra with a bi-invariant complex structure. Then gc = I$®o (1)
where [ is a n-dimensional complex ideal of g¢. This describes entirely the structure of the complexifications
gc of the real Lie algebras g provided with bi-invariant complex structure.

Let c¢(n) be the characteristic sequence of the complex nilpotent algebra n ([4]). It is defined by
c(n) = Maz{c(X) | X en—[nn]},

where ¢(X) = (c1(X), -+, cx(X), 1) is the sequence of similitude invariants of the nilpotent operator adX.
We deduce that
C(gc) = (615615627627 R 1) 1) .

Since the Jordan normal form of the nilpotent operators ad X does not depend of the field of scalars, we have

Proposition 72 If g is a 2n-dimensional real nilpotent Lie algebra which admits a bi-invariant complex
structure, then its characteristic sequence is of type

(617017027027"' acjacjv"' 31ﬂ1)'

A nilpotent Lie algebra is of maximal class (or filiform in Vergne’s terminology [5],[6]) if the descending
sequence of derived ideals C’g satisfies:

dimClg = dimg — 2,
dimC’g = dimg — i — 1, for any i > 2.

Corollary 79 A filiform Lie algebra has no bi-invariant complex structure.

In fact, the characteristic sequence of a filiform Lie algebra is (2n — 1,1). Thus, by Proposition 72, a
filiform Lie algebra can not admit a bi-invariant complex structure.

Let {U;} and {V;} be the basis of the complex ideals I and o(I). With respect to g, we can write
U =X, —iY, V, = X; 4+ 1Y, where {Xy, -+, X,,,Y7,---,Y,} is a real basis of g. As [U, V}] = 0, we obtain

(X — Yy, Xp + 1Y) = [ X0, Xp] + [V1, Ya] + 4 ([ X0, Ya] — V1, Xk]) =0

Thus
[Xl7Xk:] = - D/hYk]7
[Xl7Yk]:[M7Xk]7 kzlv"'7n ; l:17"'7n'

Likewise [U;, U] € I and [V, Vi] € o (I) imply

{ (X0, Xi] = [V, Yi] € C{X1, -+, Xk},
[Xl,Yk} + [YE,Yk] S C{Yl, cee ,Yk}.

If we suppose that I admits a real basis we would get

[(Xi, Xi] = Z?:lckaj , Y, Y] = —Z?:l(gffm,
(X1, Y] = Zj:1DleYj VL, Xa] = Zj:1Dljij’

with Cljk and Dljk in R. Considering go = R{X3,---,X,,} and g; = R{Y3,---,Y,}, the previous relations
show that g = go ® g1 and

[90, 80] C 8o,

(91, 91] C go,

[90,91] C g1,

which gives a structure of Zs-graded Lie algebra on g.
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9.2.2 On the classification of nilpotent Lie algebras with bi-invariant complex
structures

If g is a 2n-dimensional real nilpotent Lie algebra with a bi-invariant complex structure, gc = I ®o(I). Then
the classification of associated complexification g¢ corresponds to the classification of complex nilpotent Lie
algebra I. By this time, this classification is known only up to dimension 7, and for special classes up to
dimension 8. To obtain a general list of these algebras is therefore a hopeless pretention. From [3] we can
extract the list for the 6-dimensional case. From [4] we can present the classification of complexifications
gc of real nilpotent Lie algebras with bi-invariant complex structure up the dimension 14. Here we present
briefly the classification in the real case up to dimension 8.

Dimension 2 : g} is abelian.

Dimension 4 : g} is abelian.

In fact, gc = I ® o(I) and I is an abelian ideal.
Dimension 6 : - g} is abelian.

ey [X2, X3] = — [V2, V3] = Xi,
67 [X, V3] = [Ya, X3] = V1.

Remark.
1. The complexification of gZ is isomorphic to h3@h3 where b3 is the 3-dimensional Heisenberg Lie algebra.

2. The real nilpotent Lie algebra h3 & h3 has no bi-invariant complex structure.
In fact, if {X1, X9, X3, X4, X5, X6} is a basis of b3 @ h3 with brackets

(X1, Xo] = X3, [X4, X5] = X,

then every isomorphism J which commutes with adX for every X satisfies J (X3) = aX3 and J (Xg) =
BXs. Then J? = —Id implies o = 82 = —1 and a, 8 € R which is impossible.

3. The Lie algebra g2 is 2-step nilpotent and it is a Lie algebra of type H (see [7]).

Dimension 8 : - g} is abelian.

- 93 =03 @ 03,

(X2, X4] = X1, [Yo,Yy] = —Xy,
5 ) [Xe, Yl =41, [Y27X4} +Y1,
85 [Xs, Xa) = X, [¥3,Yi] = —Xo,
[(X3,Y4] =Ys,  [V3,X4] =Y,
(X2, X3] = X1, [Yzyys} -Xi,
_ 44 [X25Y3] =Y, [Y ] Y,
8 [(Xo, Xl =Y1, [¥2,Yi] =-Y1,
(X2, Yy = = X1, [Yo,X4] =Xy,

9.2.3 On the classification of solvable Lie algebras with bi-invariant complex
structures

As known, there is, up to an isomorphism, only one 2-dimensional non nilpotent solvable Lie algebra, denoted
by t2 and defined by [X;, X5] = X;. This Lie algebra admit no bi-invariant complex structure. Thus, a non
abelian solvable Lie algebra admitting such a structure is at least four dimensional.

Theorem 80 Any 4-dimensional real solvable Lie algebras which admits a bi-invariant complex structure is
isomorphic to one of the following algebras:

-t = g} the abelian Lie algebra,
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[X17X3} = X33

-t2: [X17X4} :X47
4 [X27X3} = _X4;

(X2, X4] = X3

J(X1) = aX; + bXs,
J(XQ) = —le + Cl)(Q7
J(Xg) = aX3 + bX4,
J(X4) = 7bX3 + CLX4.

Its complexification t3 is isomorphic to t3 x t3. Remark that the real Lie algebra t3 x t3 which has the same
complexification as t7 is not provided with a bi-invariant complex structure.

9.3 Non Existence of complex structures over filiform algebras

Let n be a n-dimensional filiform Lie algebra. Then there exists a basis {X1, X2, -+, X,,} which is adapted
to the flag
g>ClgoC%>---DC" g={0};

with dimC'g=n — 2, dim % =1, i > 1, and satisfies:

{ [X17Xi]:Xi+17 i:2a"'7n_17
[Xian] = ZkZiJerijk‘

The change of basis Y1 = X1, Y; = tX; for i > 2 and t # 0 shows that this Lie algebra is isomorphic to the
following:

{ [X17X7’]:X2+17 i:27...7n_1

The simplest example of filiform algebra is given by the n-dimensional Lie algebra, denoted L,, and defined
by the brackets:
[X17Xi]:Xi+17 7::27"'7”_17

where the non-defined brackets are zero or obtained by antisymmetry.

9.3.1 Complex structures and filiform Lie algebras

Proposition 73 The real nilpotent filiform Lie algebra Lo, admits no complex structure.

Proof . Let T be a linear isomorphism of the real vector space Lo, satisfying the Nijenhuis condition:
[T(X),T(V)] = X, Y]+ T[X, T(Y)] + T[T(X),Y],
where [, ] is the bracket of Lo,. Consider the basis {X1,- -+, Xa,} of Lo, satisfying

[XlaXi]:Xi+l7 i:27"'72n_17
[Xian] = Oa 7".7 7& L

‘We have

T(X2n-1),T(X2n)] = [Xon—1,Xon] +T [Xop_1,T(Xo,)] + T [T(X2n—-1), X2n]
= T[Xan-1,T(X2,)].
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Since
[Xon—1, X1] = —Xan,
we obtain
[T(X2n—1), T(Xon)] = T [Xon—1, T(X2n)] = —aT (Xan),
where

T(X2n) = aX1+ Y a;X;.
i>2
The nilpotency of Lo, implies that the constant a which appears as an eigenvalue of ad(T(Xa,—_1)) is zero.
Then
[T(X2n-1),T(X2,)] = 0.

This implies that
[T(X3), T(Xan)] = T'[Xi, T(X2n)] = 0,
for i =2,--- 2n.  T(Xon) & Z(L2n) = R{Xa,}, then T'(X;) = >, a;;X; for j = 2,---,2n. Since T' is
non singular we have
T(X1) = anX1+ Y anX;,

i>2

with a1 # 0. The condition 7% = —Id implies a3; = —1. Since a;; € R, this gives a contradiction. Thus
T(X2n) € Z(La,) = R{X2,} and it follows that T(Xa,) = aXa,. As above, we obtain a? = —1 which is
impossible. So the proposition is proved.

Now we prove that any deformation of the model filiform Lo, can not be provided with an invariant
complexe structure too.

Theorem 81 There is no complex structure over a real filiform Lie algebra.

Proof. Let g be a 2n-dimensional real filiform Lie algebra and let gc be its complexification. If there a
complex structure J on g, then gc admits the following decomposition

gc = g1 D o(gr),

where g; is a n-dimensional subalgebra of g¢ and o the conjugated automorphism. Since the Lie algebra g¢
is filiform, there is an adapted basis { X7, .., X, } satisfying

[X17Xi]:Xi+17 2§Z§2TL—1,
[X27X3] = 21@5 C33Xk,
Cl(g) = R{Xi+27 T 7Xn}‘

In particular we have

L L) S

C(gc) C*(gc)

The ordered sequence of the dimension of Jordan blocks of the nilpotent operator adX; is (n — 1,1). Such
a vector X7 is called characteristic vector.

dim

Lemma 13 FEvery characteristic vector can be written Y = aX1 +U where U is in the complex vector space
generated by {Xa, -+, Xon} and a # 0.

It follows that the set of characteristic vectors of g¢ is the open set gc — C{Xos, .., Xo, }.

Lemma 14 FEither g1 or o(g1) contains a characteristic vector of gc.
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Observe that otherwise we would have g1 C C{Xs, .., X2, } and o(g1) C C{Xa, .., Xa,,}, which contradicts
the previous decomposition. Thus g; or o(g;) is a n—dimensional complex filiform Lie algebra. But if
Y € g1 is a characteristic vector of g1, then o(Y") is a characteristic vector of (g;) with the same charac-
teristic sequence. Then every 2n-dimensional filiform Lie algebra appears as a direct vectorial sum of two
n-dimensional filiform Lie algebras. We shall prove that it is impossible. More precisely we have

Proposition 74 For n > 3, a 2n—dimensional complex filiform Lie algebra is never a vectorial direct sum
of two n—dimensional filiform subalgebras.

Proof. Let gc be a filiform Lie algebra of dimension 2n such that gc = g1 @ go. From the previous lemma,
one of them for example g;, contains a characteristic vector. Let X be this vector an {X1, X2, .., Xan} the
corresponding basis. This implies that g3 N C{Xs, .., Xo,} = g1 N C{X,, 41, .., X2, }. But go cannot contain
characteristic vector of g, if not go NC{ Xy, .., Xo,} = g2 NC{X .41, .., X2} and this is a contradiction with
gc = g1 ® g2. Then g C C{Xs, .., X2, }. But using the expression of the brackets in the adapted basis, this
is impossible as soon as n > 2.

The four dimensional case can be treated directly. Up to isomorphism, there is only one 4 dimensional
filiform Lie algebra, L, which has no complex structures. Note that, with respect to the adapted basis, this
algebra admits the decomposition Ly = gc = g1 © go2,where g; and go are the abelian subalgebras generated
respectively by {X1, X4} and { X5, X3}.

9.3.2 Consequence.

Let J be a complex structure on a Lie algebra g whose multiplication is denoted by p. We consider the
Chevalley cohomology of g. The coboundary operator is denoted by §,,.

Proposition 75 We have
opd = pg

where g is the Lie algebra multiplication, isomorphic to u, defined by
pr(X,Y) = J7H (I (X), J(Y)).
In fact, the Nijenhuis condition is written:
p(JX,JY) = p(X,Y) + Ju(JX,Y) + Ju(X, J(Y)).

Then
T p(JX,JY) =T u(X,Y) + p(JX,Y) + p(X, J(Y)),
that is, since J? = —Id

Ju(IX,JY) = —Ju(X,Y)+u(JX,Y) + u(X,J(Y))
= §,J(X,Y).

Corollary 82 If g is a filiform Lie algebra, then there is no 2-coboundaries for the Chevalley cohomology
such that

5#(J) = Mg
where J? = —Id.
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9.4 Complex Structures on quasi-filiform Lie algebras

In the previous section we have proved that there is no filiform algebras provided with a complex structure.
In this chapter we consider other class of nilpotent Lie algebras, called quasi filiform, characterized by the
characteristic sequence (often called the Goze invariant), which is equal to (n — 2, 1,1). Its nilindex is equal
to n — 2 (for filiform algebras it is equal to n — 1). We show that quasi filiform with complex structure have
dimension greater than or equal to 6.

9.4.1 Generalized complex structures on Lie algebras

Generalized complex structures can be defined in the general context of smooth manifolds, nevertheless,
throughout this paper we study generalized complex structures on real Lie groups. We recall the definition
in this context, which is purely algebraic.

Let g be a real 2n-dimensional Lie algebra and g* its dual space which can be identified with the space of
left-invariant differential 1-forms on a connected Lie group with Lie algebra g. We consider the coboundary
operator d map g* onto A%(g*) and defined by da(X,Y) = —a[X,Y] where a € g* and [,] is the Lie bracket
of g. We define a bracket on g @ g* called the Courant bracket which is generally written:

X &Y 4o = [X, Y]+ Ly — Lyé — 2d(Txn — Ie),

where X,Y € g, £, n € g* and Ixn represents the inner product of X on n and £xn denotes the Lie derivative
of n by X. As Ixn — Iy£ is a constant, then d(Ixn — Iy§) = 0.

This operation is skew-symmetric and satisfies Jacobi identity (remark that, in the context of smooth
manifolds, this bracket is defined in the sum of tangent and cotangent bundles and does not satisfy Jacobi
identity). Thereby g & g* endowed with the Courant bracket is a 4n-dimensional real Lie algebra. Tt is
moreover a quadratic Lie algebra. Indeed, the space g ® g* admits a natural non-degenerate inner product
of signature (2n,2n) defined by:

(X4 +7) = (60) + (X))

Definition 83 Let g be a real Lie algebra of dimension 2n. A generalized complex structure on g is a linear
endomorphism J of g ® g* such that:

1. J* = -1Id,
2. J is orthogonal with respect to the scalar product { , ), that is,

(T(X+8, TV +n)=(X+Y +n) VXY egVneg,

8. The +i-eigenspace L of J is required to be involutive with respect to the Courant bracket, that is,
[L,L]. C L.

The subalgebra L of g @ g* is an isotropic space, which means that
(X +&Y +n) =0,

for all X +&,Y +n € L. Since its dimension is 2n, L is maximal isotropic. We consider the projection of L
on g and denote by k the codimension of this projection. It is clear that

0<k<n.

Definition 84 The type of a generalized complex structure is the codimension of the projection of L on g.
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Example. Let g be a real Lie algebra of dimension 2n provided with a complex structure J : g — g satisfying
J? = —Id and the Nijenhuis condition N(J)(X,Y) = 0 for all X,Y € g. We define a generalized complex
structure associated to J
Jr:g®g —gdg
by setting
Tr(X+8§=-JX)+J(§), VXecg Vg™
Conditions 1 and 2 of Definition 83 are easy to check. It remains to prove Condition 3. We denote by T\
(resp. T-) the eigenspace of J associated to the eigenvalue +i (resp. —i) so the +i-eigenspace of J; is given
by:
L=T_o& (T))".
Remark that the involutivity of L with respect to the Courant bracket means that 7_ is a subalgebra of g.
Therefore J; is a generalized complex structure of type n.

Example. Let g be a 2n-dimensional real Lie algebra endowed with a symplectic structure w, that is, w is
a skew-symmetric 2-form satisfying

(9.1)

Wr'=wAw---Aw # 0,
{ dw(X,Y,Z) =w([X,Y],Z2) +w([Y, Z],X)+w([Z,X],Y) = 0.

This form can be identified to an isomorphism, also named w:
w:g—g"
and given by w(X) = Ixw. Thereby, we define the generalized complex structure
Jo:g®g —gdg

by putting
Jo(X+8) =w(X)+w'(§), VXeg Yeg"

This generalized complex structure is of type 0 since its +i-eigenspace is

L={X—ilyw, X €gaC}.

In the two previous examples, complex and symplectic geometry appear as extremal cases of generalized
complex structures. According to [20], any generalized complex structure of type k can be written as a direct
sum of a complex structure of dimension k& and a symplectic structure of dimension 2n — 2k. We deduce
that every generalized complex structure of the type 0 arises from a complex structure and every generalized
complex structure of the type n is given by a symplectic form.

9.4.2 Spinorial approach

Let T be the tensor algebra of g@g* and I the ideal generated by {X +@X +{— (X +&, X +&)-1, X +E£ €
gD g*}. The factor algebra C = T'/I is called the Clifford algebra of g @ g* associated to the scalar product
(, ). As Cis a simple associative algebra, all its simple representations are equivalent ([22]). A representation
¢ : C — Endg(S) of the Clifford algebra on the vector space S is called a spin representation if it is simple.
In this case, S is the space of spinors.

Henceforth, we will consider S = Ag* with the spin representation given by the Clifford action:

o: gdgFtxANgt — AgF
X+&p) = (X+op=ixp+EAp.

If p € Ag* a nonzero spinor, we define its null space L, C g @ g* as follows:

L,={X+tcgag: (X+&op=0}
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It is clear that L, is an isotropic space. We say that p is a pure spinor when L, is maximal isotropic.
Conversely, if L is a maximal isotropic space, we can consider the set Uy, of pure spinors p such that L = L,.
If L is the +i-eigenspace of a generalized complex structure, it is proved that the set of pure spinors Uy, is a
line generated by:

p= Q eB-Hw
with B,w real 2-forms and 2 = 61 A--- A0k, where 61,. .., 05 are complex forms. Moreover, we deduce from
(Proposition I11.2.3) that L N L = {0} if and only if:
WITEAQAQ £ 0, (9.2)

where L is the +i-eigenspace of the generalized complex structure. It is also proved that the involutivity
condition among L is equivalent to the following integrability condition:

X +Eegdg’ /dp=(X+E op. (9.3)

9.4.3 Application to nilpotent Lie algebras

Let us consider a real nilpotent Lie algebra g of even dimension. The central descending serie is defined by:

We denote by m the nilpotency index of g. In g*, we consider now the increasing series of subspaces V;
where V; is the annihilator of g*, that is to say:

Vo = {0}, ;
V; = {¢ € g* such that VX € g', p(X) =0} .

It is clear that V,,, = g*. Those subspaces can also be expressed as

V; = {p € g* such that VX € g,Ixdp € V;_1 }.

Definition 85 Let o be p-form of g. The nilpotent degree of o, denoted by nil(«), is the smallest integer i
such that o € NPV;.

Suppose that g admits a generalized complex structure of type k. We shall do a special choice of the forms
{61,...,0;}, at first we order these forms according to their nilpotent degree and we choose them in such
a way that {0; : nil(6;) > i} are linearly independent modulo V;, then the decomposition = 61 A --- A by,
satisfies

a) nil(6;) < nil(¢;) for i < j,

b) for each 7, the forms {6; : nil(#;) > ¢} are linearly independent modulo V;.
Such a decomposition will be called appropriate.

Theorem 86 If g is a nilpotent Lie algebra provided with a generalized complex structure, the corresponding
pure spinor must be a closed differential form.

Corollary 87 If we choose an appropriate decomposition of ), then

a) df; € Z({6; : nil(0;) < nil(6;)}). In particular

df; € T(0y...0:_1).
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b) If dim (%) =1 then, either there exists 0; with nilpotent degree j, or no 0; has nilpotent degree j+ 1.
J

Remark. Suppose there exists a 5 > 0 such that:

dim<V;1> =1, Vi>j:

i

It is a consequence of the previous corollary that if none #; has nilpotent degree s > j then there can be
none with nilpotent degree upper than s. Using this fact, we can find an upper bound for all the nilpotent
degrees. From Corollary 87, we deduce that nil(6;) = 1. If j > 1, we can see that nil(fs) < j. Otherwise it
would not exist any 6; of nilpotent degree j and neither of upper degree. This leads to a contradiction with
nil(#3) > j. Likewise, we prove by induction that nil(6;) < j+¢—2. For j = 1, we see in the same way that

Theorem 88 Let g be a real nilpotent Lie algebra of dimension 2n endowed with a generalized complex
structure of type k > 1. If there exists j > 0 such that:

Vi S
dim (Jl) =1, Vi>j,

i

then k is bounded above by:
k< 2n—nil(g)+5—2 if j7>1,
— | 2n— nil(g) if j=1

Proof. Suppose j > 1. According to the above remark, nil(0y) < j+ k — 2 and thus all the 61, . .., 65 belong
to Vjtr—2. Since Q A # 0, we have
dim Vjyp_n > 2k

On the other hand, dim Vji;_2 = 2n—dim ( 9 > and
+k—2

*

g

Vai Viir_
~ 1(g) EE J+k—1 ’
Vitk—2  Vaig)-1 Vitk—2

so the dimension of Vj4,_9 is equal to 2n—nil(g) + j + k — 2. By replacing in the above inequality we finally
obtain:

k < 2n —nil(g) +j — 2.
For j = 1, we deduce the required result by using similar arguments and considering that nil(y) < k.

Application to filiform Lie algebras. The main result stated in [61] for filiform Lie algebras is a
consequence of the previous theorem. In fact, by taking m = 2n — 1 and 5 = 1 we obtain that k£ < 2.
Thereby, there is no generalized complex structure of type n excepted for n = 1 but in this case the algebra
is abelian. In the next section, we are going to study the quasi-filiform case for which m = 2n — 2.

9.4.4 Classification of naturally graded quasi-filiform Lie algebras

Let g be nilpotent Lie algebra with nilindex m. This algebra is naturally filtered by the descending sequence
of derived ideals:

g°=g2g'Dg’>--DgF>--Dg"={0}.

We can associate a graded Lie algebra to g which is usually denoted by gr(g), and defined by:

m i—1

w(e) = > F = YW
i=1

=1
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with the brackets:

X+ V+¢]=[X,Y]+g", VXeg! VWeg L
By definition, a Lie algebra is naturally graded if g and gr(g) are isomorphic Lie algebras. We say that the
algebra g has the form {pi,...,pm,} when dim W; = p,. Clearly, the graded Lie algebra gr(g) has the same
form as g.
Note that a nilpotent Lie algebra is filiform if and only if it has the form {2,1,1,...,1}. Therefore, the
graded algebra of a filiform Lie algebra is also filiform.

Definition 89 Let g be a nilpotent Lie algebra , g is said quasi-filiform if its nilindex m is equal to dim
g—2.

If g is quasi-filiform, there are two possibilities:

1. either g has the form t; = {p1 =3, p2 =1, ps=1, ..., pm = 1}.

2. or g has the form ¢, = {p1 = 2,p2 = 1,..., 01 = L,pr = 2,pp41 = 1,..., o = 1} where
re{2,...,m}.

Proposition 76 Let g be a quasi-filiform naturally graded Lie algebra of dimension 2n. If g has the form
t, with r € {1,...,2n — 2} then there exists a homogeneous basis {Xo, X1, X2, ..., Xon—1} of g in which Xg
and X1 belong to Wy, X; € W; fori € {2,...,2n — 2} and Xop—1 € W,.. Furthermore, g is given in this
basis by one of the algebras below.

1. If g has the form tq
£2n71 @R (’I’LZ2)
{[Xo,Xi]:Xi+17 1§Z§27’L—3
2. If g has the form t, withr € {2,...,2n — 2}
(a) Lopyr; m>3,70dd, 3<r<2n-3

[Xo, Xi] = Xiy1, ' 1=1,...,2n—3,
[Xiaeri] = (_1)1_1X2n713 7 = 1, ey r;l .

(b) (IQn,Qn—S; n Z 3

[Xo, Xi] = Xit1, i=1,...,2n —4,
[Xo, Xon—1] = Xon—2,
[Xi, Xon—s—i] = (1)1 Xo,_1, i=1,...,n—2,
[XzaXQn 2— z] = (—l)iil(’n -1- i)Xanz, = ].7 I (e 2.
(c) ng’

[XOaXi] = Xi+17 1= 172737

[XlaXQ] = X5a

[X17X5] = X47

The non written brackets are zero, excepted those that follow from antisymmetry.

In order to obtain this classification, we have to revised the complex one ([37]). For example, if g is
a quasi-filiform Lie algebra of dimension 6 with the form t¢3, then there exists a basis {Xg, X1,..., X5}
satisfying
[X()u } :XZ+177;:17273a
[X1, X3] = bXy,
[X1, Xo] = bX3 — X,
[X5, Xl] = CLX4
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When a =b=0, g and £4 3 are isomorphic algebras. In other way, by making the change of basis
Yo = aXo, Y1 = BX1 + Xo, Yo = afXy, V3 = 00X, Yy = o®BXy, Vs = —af? X,

—vm 0 F Vil

with 3 = 2\}ﬁ - \/m’ and a = bG + 1, we obtain the brackets

[Y0,Y:] = Yip1, i =1,2,3,
[Y17Y3] Y47

[Y1,Ys] = Y3 + Y5,
[Ys,Y1] = 6Ya, 6 = £1.

With another change of basis, we can see that g is isomorphic to the algebras Tg 3 for 6 = 1 and n{? for
§ = —1. We remark that, those algebras T¢ 3 and n{® are isomorphic as complex algebras. Beyond dimension
6, the way of construction in the complex case gives the real classification.

Corollary 90 Let g be a quasi-filiform Lie algebra of dimension 2n. Then there exists a basis { X, X1, Xo, ..., Xon_1}]
of g such that:

1. Ifgr(g) ~ Lon1 ®R  (n>2),

[Xo, Xi] = Xiy1, 1<i<2n-3,
2n—2
X X;)= Y CF Xy, 1<i<j<2n—3—i
k=itj+1
2n—2
Xi, Xop_1] = Cky, X, 1<i<2n—4.
7,2n—1
k=it2

2. Ifgr(g) ~ Lo, n>3,7r:0dd, 3<r<2n-3,

[Xo, Xi] = Xiq1, 1=1,...,2n — 3,
2n—2
(X0, Xon-1] = 2 C§on_1Xk,
k=r+2
2n—1
k=itj+1
2n—2
(X, X5 = > Ci’ijk, 1<i<ji<2n—-3—14, r<i—+j,
k=i+j+1
2n—2
[Xi7X2n71] :k,¥-+1c i.2m— 1Xk, 1 §i§2n—3—r,
(X1, Xo1] = Xop1,
. 2n—2
(Xi, Xomi] = (1) D X0, 1+ 3 CF Xy, 2<i<T5L
k=r+1 ’
3. lfgruﬁ :5Sén2n73 n/Z 37
[Xo, Xi] = Xiq1, i=1,...,2n — 4,
(X0, Xon—1] = Xon—2,
2n—1
(Xi, X;] :k,gjﬂcﬁjx’“ 1<i<j<2n—4—3,

[)(1wXénf4]::)(%1 1
[Xi, Xon-3-i) = (=1)"V Xy, 1 + 022;23 Xop—2, 2<i<n-—2.

4. If gr(g) ~ni® then g ~nl°
[X07Xi] = Xi+17 1= 172735
[X17X2} = X5a
(X1, X5] = X4.

Such a basis {Xo, X1, Xs,...,Xo,-1} is called an adapted basis of g.



142 CHAPTER 9. COMPLEX STRUCTURES ON NILPOTENT LIE ALGEBRAS

9.4.5 Complex structures on quasi-filiform Lie algebras

The aim of this section is to find the quasi-filiform Lie algebras endowed with a complex structure or
equivalently a generalized complex structure of type & = n. If g has the form ¢;, Theorem 88 says that
kE = n = 2 so the algebra g is isomorphic to £; & R. We can check that this algebra admits a complex
structure associated to the pure spinor

0= (o.)o + iwl) A ((UQ + iwg),

where {wp, w1, ws, w3} denotes the dual basis corresponding to the homogeneous basis {Xg, X1, X2, X3} of
Proposition 76. Assume that g is a quasi-filiform Lie algebra the form ¢, with r > 3. According to Theorem
88, n=k<r.

Lemma 15 Let g be a quasi-filiform Lie algebra of the form t, with r > 3. If g admits a generalized complex
structure of the type k, then we can choose the complex forms 01,...,0; corresponding to the generalized
complex structure, satisfying either:

nil(61) = 1, nil(02) = r, nil(03) =r+1,...,nil(0x) =r+k — 2

or
nil(61) = 1, nil(62) = r, nil(63) =r...,nil(fx) =r+k—3

and in this case, k < r.

Proof. Let us consider an appropriate decomposition {6; ... 0 }. From Corollary 87, we deduce that nil(6,) =
1 and nil(f2) € {1,2,r}. As dimVj = 2 and dimV; = 3, Condition (9.2) implies nil(f2) = r. According to
Corollary 87:

n11(01_1)§n11(91)§r+z—2 223,,]@‘

Indeed, there are two possible values for nil(f3):

1. nil(63) =7+ 1
If we suppose that nil(6;) = nil(fs) = r + 1, the forms 6, and 63 belong to V;.41 and as they are
linearly independent modulo V., this leads to dim (V(/—jl) > 2 in contradiction with dim (VT??) =1.

We deduce that nil(6,) = r 4+ 2 and by the same way we obtain:

nil(6;))=r+i—2, fori=3,...,k.

2. nil(03) =r
By using similar arguments, we can prove that nil(6;) = r+4i— 3 for ¢ = 3,...,k. In this case, we
remark that, when k = r, the nilindex of 6, is equal to 2r — 3 and then dimVs,_3 > 2r. This is
impossible because dimVy,._3 = 2r — 1. Indeed £k < r.

Example 91 Let us consider a quasi-filiform Lie algebra g of dimension 6 defined in the basis { Xo, X1, ..., X5}
by:

[Xo, X;] = Xi41, 1=1,2,3,

[Xh XQ] = X57

[X1,X5] =0X4, 0€{0,1,—1}.

Let us suppose that g admits a complex structure which determines a generalized complex structure of the
type k = 3 and with the spinor:
Q=061 N0y N0,

where 01,02 and 03 are complex forms. Note that this algebra has the form t3 and according to the previous
lemma the corresponding nilindices are given by:

nil(01) = 1, nil(62) = 3, nil(03) = 4.
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The complex forms 61,05 and 03 can be written as:

01 = Aowo + A\wi,
0y = Bowo + Brwy + Pows + Paws + Bsws,
03 = Yowo + 11w1 + Yow2 + Y3ws + Yaws + Y5ws,

where wy, -+ ,ws is the dual basis of Xo, -, Xe, Ai,Bi,vi € C, y4 is non-zero and 3,35 can not be si-
multaneously zero. Moreover, the condition 601 N\ 61 # 0 means that the imaginary part of AgA1 is non-zero.
Corollary 87 leads to:

01 Ndb; =0,
{ 0, Ay A ds =0,
that is,
BsAo — B3A1 =0,
—7303A1 +Y4f2h1 + 5083 0 =0,
Ya(BsA1 + 683X0) =0,

—v305A1 — 674B2X0 + 5050 = 0.

From the first and third equations, we deduce:
M+ 003 = 0.

For § = 0, this is in contradiction with 6, A0, # 0. If § = —1, we deduce that A\; = +)\g and since the
spinor is uniquely defined up to a multiplicative constant, we can take 01 = wg £ w1 in contradiction with
61 A0y # 0. Finally, when § = 1, the spinor Q = (wy + iwy) A (w3 + iws) A (w2 + iws) is associated to a
complex structure of g. We conclude that the Lie algebra g admits a complex structure if and only if 6 = 1.

Theorem 92 Let g be a real quasi-filiform Lie algebra endowed with a complex structure. Then g is iso-
morphic either to the four-dimensional algebra £3 ® R or to the algebra nl° of dimension 6.

Proof. Let g be a 2n-dimensional real quasi-filiform Lie algebra of the form ¢, with r € {1,3,...,2n — 3}.
Let us suppose that g admits a complex structure which determines a generalized complex structure of the
type k = n.
For r = 1, g is isomorphic to £3 @ R and this algebra admits a complex structure. Henceforth, we assume
r€{3,...,2n — 3}. Applying Theorem 88 and the inequality

nil(0x) = nil(0,) < nil(g)
in each of the possibilities of Lemma 15, we deduce:

1. If nil(f3) = r + 1 then nil(6;) = r + k — 2 and:

n=k<r<n = r=n.

2. If nil(f3) = r then nil(fx) = r + k — 3 and in this case, k < r so

n=k<r<n+1=r=n+1.

Moreover, since the graduate algebra gr(g) must be isomorphic to one of the algebras of Proposition 76
we obtain the following possibilities:

1. gr(g) ~ Loy >3, rodd, 3<r<2n-—3.

(a) If nil(f3) = r + 1 then gr(g) ~ Loy, with n > 3 odd.
For n = 3, g is the algebra of Example 91 with § = 0 and it does not admit a complex structure.
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Suppose n > 3. If {Xo, X1,...,Xo,—1} is an adapted basis of g and {wo,w1,...,wan—1} is its
dual basis, then
0, = )\(IJW() + )\%wl,

n
= Z )\ka + )\%nilu&nfl.
k=0
Since 61 Adfy = 0, grouping together wo Awi Awp_1, wog Aws Awy,_2 and wg Aws Awy,_3 in 61 Adbs,

it results:
2n—1
5=X"""=0.
This is impossible since nil(f;) = n. Hence, there are no complex structure, excepted for n = 3.

Suppose nil(63) = r then gr(g) ~ Lop nt1 with n > 4 even. We can write 6; and 6, as:

01 = >\(le0 + )\%wl,
n+1 9 1
n—
Z /\ka + )\2 Won—1-

where {wg,w1,...,ws,—1} is the dual basis of an adapted basis of g. In the equation 6, A dfy = 0,
the coefficients of wg A w1 A w, and wy A we A w,_1 give:

{ NAZ LA =0,
Mt =o.

Since 61 A 0y # 0, we deduce that A5 ™ = \3"! = 0 contradicting nil(fy) = n + 1.
2. gr(g) ~ Tonon—3; n>3

(a) If nil(d3) = r + 1 then gr(g) ~ 6 3. In this case g is isomorphic to the algebra of Example 91
with 6 = —1 which do not admit any complex structure.

(b) When nil(fs) = r, gr(g) ~ Ts,5 and there is an adapted basis {Xo, X1,..., X7} of g satisfying:

[Xo, X;] = X141, i1=1,...,4,
[X03X7] XGa
[Xl’X]_Ek z+2011X’€’ 2_23
[XlaX4] X77
(X1, X3] = 2XG,
(X2, X4] = — X,

In the dual basis {wg,ws,...,wr}, we can write 01,65 and 05 as:

0, = )\?UJO + )\%wl,

5
= > Mwp + Ny,
k= O
03 = Zk 0 )\3wk + )\3(4]7

According to Corollary 87, 8; A dfy = 0 and 61 A df3 = 0. Thus:

{Agg_@g -0,
AN —AIX3 =0,

Assuming that A\} = \] = \] = 1, we deduce A\ = A\ = A3, in contradiction with the choice of 6
et 03 since they are linearly independent modulo Vj.

3. gr(g) ~ ni’. g is isomorphic to the algebra nl’, which is the algebra of Example 91 with § =

admitting a complex structure.

Corollary 93 Let g be a 2n-dimensional real Lie algebra with n > 4. If g is provided with a complex
structure then its characteristic sequence s(g) satisfies s(g) < (2n —2,1,1).



9.5. LIE ALGEBRA M}° 145

9.5 Lie Algebra n}’

The mentioned paper [110] listed the 6-dimensional nilpotent Lie algebras endowed with a complex structure,
we verify that n}® is the only quasi-filiform Lie algebra in this classification. Our aim is now to write precisely
all the complex structures on this algebra.

We say that two complex structures J; and J, on a real Lie algebra g are equivalent if there exists an
automorphism o € Aut(g) such that o J; = Jao.

Proposition 77 The algebra ni° has only two non-equivalent complex structures.

This result has been proved by Magnin [82]. If we consider the commutation relations of the basis
{Xo,Xl, AP ,X5}:
(X0, Xi] = Xigq, 1=1,2,3,
[X1, Xo] = X5,
[X1, X5] = X,

the non-equivalent complex structures can be expressed by the matrix

0 -1 000 0
1 0 000 0
0 0 00C¢ 0

JO~1 0 0 00 0 -1 (9-4)
0 0 ¢ 00 0
00 010 0

where ( = +1.

The study of Kéhler structures on a nilmanifold was initiated by [24] and completed by [11]. We can
quickly look at this result for this special case.

In order to compute all the symplectic structures of the algebra ni’, we consider a skew-symmetric 2-form
W=D g<icjcs Nijwi A wj with {wo,wi, ..., w5} the dual of the preceding basis and we impose Conditions

9.1). We deduce that the symplectic structures of ni? are given by:
6

w :)\071(4}0 Nwi + )\072(.00 N wo + )\O,SWO N ws + )\0’40(]0 N wawo N\ wy + )\0,5(.<J0 N ws

+ )\172(4)1 A\ wo + )\075&)1 A\ ws + )\174(.01 A\ wy + )\175(4)1 A\ Wy — )\174(4)2 A\ ws —+ )\074(4)2 A\ Ws

with
A0,3X0,4A1,4 + )\374/\0,5 + Xoar1ah15 — >\0,5)\%,4 #0. (9.5)

A symplectic form w of a Lie algebra g is a Kéhler structure if there exists a complex structure J which
is compatible with w, that is,
w(JX,JY)=w(X,Y) VXY €g.

Note that if a symplectic structure w is compatible with a complex structure J; and J; is equivalent to
another complex structure J, then w is also compatible with Jy. Thus, to determine the Kéhler structures
of n§Y is enough to compute the symplectic forms compatible with the complex structures J(+1) of (9.4).
We obtain the extra conditions

{ Ao2 = Aoa = Aos = A12=A1a =0, (9.6)

A0,3 = A15,

which is in contradiction with (9.5). We conclude that there is no Kihler structure on ni°.
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Chapter 10

Affine structures on nilpotent Lie
algebras

An affine structure on a Lie algebra corresponds to a left invariant affine structure on a connected Lie group
whose Lie algebra is isomorphic to the given one. This left invariant affine structure is given by an affine
connection V whose curvature and torsion tensors are null. As this connection operator V is left invariant,
it determines a bilinear operator on the Lie algebra which corresponds to a Vinberg product, also called
left-symmetric product. Then the problem of existence of a left invariant affine structure on a connected
Lie group is equivalent to the problem of existence of a Vinberg product on a Lie algebra such that the Lie
bracket obtained by skew-symmetrization of the Vinberg product is the Lie bracket of the initial Lie algebra.
Recall that a Vinberg algebra is a G3-associative algebra. From Benoist’s work, we know that nilpotent
Lie algebras with no affine structure exist. Thus the problem of characterizing the class of nilpotent Lie
algebras provided with an affine structure is open. A trivial example of a nilpotent Lie algebra with an
affine structure is the abelian Lie algebras. In this case, an interesting geometrical problem is to classify all
non equivalent affine structures; each of these structures describes an affine geometry on a real vector space.
Recently, the works of Kim [68] and Dekimpe-Ongenae [25] precise the number of non equivalent invariant
complete affine structures on an abelian Lie group (complete means that the geodesics are globally defined).
In this chapter we give the classification of affine structures on the 3-dimensional abelian Lie algebra, which
corresponds to the complete or not invariant affine structures on R3. The Nagano-Yagi-Goldmann theorem
states that on the torus T?, every affine (or projective) structure is invariant or is constructed on the basis
of some Goldmann rings [35]. An interesting problem that arises is to study the invariant affine structure
on the torus T?. The presented classification permits to describe all the affine structures, complete or not,
on the torus T? and T?.

The second part is devoted to the existence problem of an affine structure on nilpotent Lie algebras. We
first prove that every filiform non characteristically nilpotent Lie algebra admits an affine structure. Then
we investigate the existence problem for contact Lie algebras. It is known that any nilpotent Lie algebras
provided with a symplectic form admits an affine structure. In this part, we give a necessary condition for a
nilpotent (2p + 1)-dimensional nilpotent Lie algebra with a contact form (that is, a linear form « satisfying

A (da)? # 0) to have an affine structure. We finish this chapter by giving a tensor product process to
construct explicit affine Lie algebras of high dimensions.

10.1 Recalls : Affine structures on Lie groups and Lie algebras

The Lie group Af f(R™) is the group of affine transformations of R™. It is constituted of matrices

(5 1)

147
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with A € GL(n,R), b € R™. It acts on the real affine space R™ by
A b vy) [ Av+b
0 1 1) 1
where (v,1)t € R*+1,

Its Lie algebra, noted af f(R™), is the linear algebra
n A b n
af f[R*) =9y o )iA€dg(nR),beR

Definition 94 An affine structure on a Lie algebra g is a morphism
U g—aff(R™)

of Lie algebras.

Remark. Let us consider an affine representation of a Lie group G, that is, an homomorphism ¢ :
G—Aff(R™). For every g € G, ¢(g) is an affine transformation on the affine space R"*!. This repre-
sentation induces an affine structure on the Lie algebra g of G.

Proposition 78 The Lie algebra g is provided with an affine structure if and only if the underlying vector
space A(g) is a left symmetric algebra, that is, there exists a bilinear map

A(g)xAlg) —  Ag)
(X,Y) — XY
satisfying

DX (Y- 2)-Y - (X-Z)=(X-Y)-Z—(Y -X)-Z
2)X-Y-Y - X=[X,Y]

for every XY, Z € A(g)

If ¥ is a morphism giving an affine structure on g, then the left symmetric product on A(g) is defined as
this:
VX € g, (X) = ( A%X) b(éO )

and we put
X-Y=Y=b"1(A(X) b(X))

where b : A(g) —R™ is supposed to be bijective.

The fact that ¥ is a representation implies that X - Y is a left symmetric product. Conversely, if X - Y
is a left symmetric product on A(g), and if Lx indicates the left representation : Lx (Y) = X - Y, then the

map
Lx X
Xﬁ(o O)
defines an affine structure on the Lie algebra g.

If ¥ is an affine structure on g, it defines a representation

‘I’<X>=(A(0X) b<g<f>)

and a left symmetric product X - Y. This last induces an affine representation

(% %)

which is equivalent to ¥ (and equal if b = Id).
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Definition 95 An affine structure on g is called complete if the endomorphism

Ox: Alg) — A(g)
Y — Y4+Y.-X

is bijective for every X € A(g).

This is equivalent to one of the following properties:
a)
Rx: Alg) — Alg)
Y — Y. X
is nilpotent for all X € A(g)
b) tr(Rx) =0 for all X € A(g).

Remarks

1. On the 3-dimensional Heisenberg algebra the affine structure associated to the following representation

a(zy + x2) a(zy + x2) 0 =
a(zl + IL‘Q) a(:rl + 1’2) 0 xTo
a1+ (B—1Dze Bri+(a+1Dze 0 a3
0 0 0 0

is non complete. Such a structure will be studied latter.

2. The complete affine structure on g corresponds to the simply-transitive affine action of the connected
corresponding Lie group G.

10.2 Affine structure on abelian Lie algebras

10.2.1 Link with commutative and associative algebras

Let g be a real abelian Lie algebra. If g is provided with an affine structure then the left symmetric algebra
A(g) is a commutative and associative real algebra. In fact, we have

X Y-Y -X=0=[X,Y]

and
XY -2)-Y - (X-2)=(X,Y]-Z)=0.

This gives
X (Z-YV)=(X-2)'Y

and A(g) is associative.

Let U1 and ¥, be two affine structures on g. They are affinely equivalent if and only if the corresponding
commutative and associative algebras are isomorphic. Thus the classification of affine structures on abelian
Lie algebras corresponds to the classification of commutative and associative (unitary or not) algebras. If
the affine structure is complete, the endomorphisms Ry are nilpotent. As A(g) is also commutative, it is
a nilpotent associative commutative algebra. The classification of complete affine structures on abelian Lie
algebras corresponds to the classification of nilpotent associative algebras. In this frame, we can cite the
works of Gabriel [?] and Mazzola [95] who study the varieties of unitary associative complex laws and give
their classification for dimensions less than 5.
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10.2.2 Affine structures on the 2-dimensional abelian Lie algebra
Classification of commutative associative 2-dimensional real algebras

e Suppose that the algebra A is unitary. Then its law is isomorphic to

,u1(€1,81)=€1 ,U2(€17€1)=€1 M3(€1,€1)=€1
,u1(61, 62) = €2 . H2(€17 62) = €2 . M3(61, 62) = €2
,u1(€2,€1) = €2 ’ u2(6276’1) = €2 ’ M3(€2,€1) = €2
pi(es, e2) = ez pz(ez,e2) =0 pa(ez, e2) = —eq

e Suppose that A is nilpotent (and not unitary). The law is isomorphic to
paler, er) = ea ; ps =10

e Suppose that A is non nilpotent and non unitary. Then its law is isomorphic to

M6(61,€1) = €1.

Description of the affine structures

Proposition 79 There are 6 affinely non-equivalent affine structures on the 2-dimensional abelian Lie al-
gebra.

In the following table we give the affine structures on the 2-dimensional Lie algebra, the corresponding
action and precise the completeness or not of these structures.

affine structure affine action complete

a 0 a e? 0 e —1

Ay b a+b b e?(e? —1) e%’ el —1) NO
0 0 0 0 0 1
a 0 a e* 0 e*—1

Ag b a b be® e*  be® NO
0 0 0 0 0 1
a —b a e®cosb —e®sinb 1 —e%cosb

Az b a e*sinb  e%cosb e®sinb NO
0 O 0 0 1
0 0 a 1 0 a

Ay a 0 b a 1 % +b YES
0 0 O 0 0 1
0 0 a 1 0 a

Asg 0 0 b 0 1 b YES
0 0 O 0 0 1
a 0 a e 0 e*—1

Ag 0 0 b 0 1 b NO
0 0 O 0 0 1

On the group of affine transformations

To each affine structure A; corresponds a flat affine connection without torsion V* on the abelian Lie group

G.

The set of all affine transformations of (G, V?) is a Lie group, noted Aff(G, V?). Its Lie algebra is the set
of complete affine vector fields ([3]), that is, complete vector field satisfying

(X, VyZ] =Vixy)Z+ Vy [X,Z]
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If V? is complete (in our case i = 4,5 ) then the Lie algebra of Aff(G, V?) is the Lie algebra of affine vector
fields af f(G, V') and Aff(G,V?) acts transitively on G.

Let us consider the corresponding affine action to V; described in the previous section. The translation
part defines an open set U; C R2. For the complete case we obtain U; = R2. For the non complete case we
have

Uy Uy =Us = {(z,y) eR* /2 > -1}
Us = {(LU,y)E]RQ, (x7y)7é(170)}

If ¢ is an affine transformation which leaves U; invariant, for ¢ = 1,2,6 the matrix of ¢ is seen to have the

following form
t—1

o SR
9]

0
c
0

=g

The group Aff(G,V?) is the maximal group included in the semi group generated by the previous matrices.

Then the group Aff(G, V') = By x R? where By is the subgroup of GL(2,R) constituted of triangular
matrices.

10.2.3 Affine structures on the 3-dimensional abelian Lie algebra

Classification of 3-dimensional commutative associative real algebras

Let us begin by describing the classification of real associative commutative algebras. Let a be a 3-dimensional
(not necessarily unitary) real commutative associative algebra.

If a is simple, then a is, following Wedderburn’s theorem, isomorphic to (M; (R))B, M;(R)®M;(C), where
M, (D) is a matrix algebra on a division algebra on R, that is, D = R or C. This gives the following algebras

pa(er, e;) = e; =1,2,3 pz(er, e;) = e 1=1,2,3
M1(617€1) =€ =123 Mz(ei,el)iei 1=1,2,3
M1(€2,62) = €2 ’ ,u2(€2,€2) = €2

M1(€37 63) = €3 pa(es, e3) = ex — e

2

)

If a is not simple, then a = J(a)@s, where s is simple and J(a) is the Jacobson radical of a. If s = (M;(R))
we obtain
[1,3(61,62'):61' Z:1,2,3
us(ei,er) =e; 1=1,2,3
ps(ez,e2) = ez

If s = Ml((C)
paler,e;) = e; 1=1,2,3
wa(ei,er) = e; 1=1,2,3
pa(es, e3) = ea
where J(a) is not abelian or
M5(61,6i):€i Z:17273
{ M5<€i,61>=ei ’i:172,3

where J(a) is abelian.

Suppose that a is not unitary. As the Levi decomposition also holds in this case, we have the following
possibilities : a ~ (M;(R))* @ J(a) or M;(C) & J(a). This gives the following algebras

pelez, e2) = eo

(e1,e1) =€
{ M6(€17€1) = €1 M7(€1762) = €2

(e2,€1) =€

(e2,€2)
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po(er,er) = ey
{Ms(eh e1) = e ) po(er,ex) = ez
/l9(€2,61) = €2

{ pioler,er) = e

pio(ez, e2) = es

If moreover a is nilpotent, then it is isomorphic to one of the following algebras

pii(er,er) = es paz(er,e1) = ez
pi1(es,e3) = ez pi2(es, e3) = —ea

pia(er,e1) = ez
{M13(€1,€1) = €2 s #14(617 62) =e3
M14(€27 61) = €3

{‘LL15(6Z',6]') = O Z,j S {1,2,3}

Theorem 96 FEvery 3-dimensional real commutative associative Lie algebra a is isomorphic to one of the
algebras a;, 1 =1,2,--- /15,

If a is nilpotent, a is isomorphic to a;, i = 11,--- ,15.

Affine structures on R?

Theorem 97 There exist 15 invariant affinely non-equivalent affine structures on the 3-dimensional abelian
Lie algebra. They are given by :
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ex+e* —1,
Al (xayv Z) - e’ (eb - 1) z+ ea+by + ea(eb - 1)a
e (e — 1)z + ez + e (€ — 1)
xe®cosc — ze?sinc+ e%cosc — 1,
Ay | (m,y,2) = { (—€e®cosc+e*™) a+ ey + ze®sinc — e cosc + e TP,
ze?sinc + ze* cosc + e?sinc
er+e*—1,
Az | (m,y,2) > ¢ e (P —1)a+erToy+er (e —1),
cex 4+ ez + ce®
ex —1+e?,
Ay | (z,y,2) = ¢ (b+ %)e“az +ety +cez+ (b+ §)€a7
cex + ez + ce®
er —1+e%,
As | (z,y,2) — ¢ be*z + ey + be?,
ce®x + ez + ce®
exr —1+e%,
AG (l’,y7Z)—> eby_1+eb7
z+c
xe®cosb —ye?sinb — 1 + e® cosb,
A7 | (z,y,2) = { ze®sinb+ ye®cosb+ e®sinb,
Z+c
er —1+e%,
AS (1’7%2) - y+b’
Z+c
er —1+e%,
Ag | (z,y,2) — ¢ be*z + ey + be?,
zZ+c
er —1+e%,
Ao | (z,y,2) > ¥+
2
by + 2z + %c
T+ a,
A | (2,y,2) = § ar+y+ez+b+5(a®+¢2),
zZ+c
T+ a,
A12 (x7y7z)4) am+y—cz+b+%(a2—c2)7
zZ+c

153
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T+ a,
Az | (2,y.2) = ar+y+b+ %,
zZ+c

T+ a,
2
Ay | (2,y,2) = ar+y+b+ %,
2 3
b+ % )r+ay+z2+ % +ab+c
2 6

T+ a,
A15 (x7y72) - y+bv
z+c

where a,b,c € R. Only the structures A;, i = 11,..,15 are complete.

10.3 Rigid affine structures

10.3.1 Definition

Let us consider a fixed basis {ej, - ,e,} of the vector space R™. An associative law on R" is given by a
bilinear map
u: R x R® — R"”
satisfying pu(es, u(ej, ex)) = pu(plei, e5), ex). If we put p(e;, e;) = Y- Clex, then the structural constants C};
satisfy
(1) > CiCly—ClLiCp =0,  s=1,---,n.
1

Moreover if p is commutative, we have
E _ ik
(2) C5=0Cj
Thus the set of associative laws on R"™ is identified to the real algebraic set embedded in R"B, defined by the
polynomial equations (1) and (2). We note this set A¢(n).

The law g is unitary if there exists an e € R™ such that u(e,z) = z. The set of unitary laws of A°(n) is
noted by A§(n).

The linear group GL(n,R) acts on A°(n) :
GL(n,R)xA%(n) — A°(n)
(f, 1) =y

where pug(ei, e5) = f 1 u(f(eq), f(es))-
We note by 8(u) the orbit of u by this action. The orbit is isomorphic to the homogeneous space
where G, = {f € GL(n,R) / ps5=p}. The topology of A°(n) is the induced topology of R,

3

GL(n,R)
G

Definition 98 The law p € A°(n) is rigid if (p) is open in A°(n).

Let p be a real associative algebra and let us note by uc the corresponding complex associative algebra.
If 1 is rigid in A(n) then either pc is rigid in the scheme Ass,, of complex associative law, or uc admits a
deformation fic which is never the complexification of a real associative algebra.

This topological approach of the variety of associative algebras allows to introduce the notion of rigidity
on the affine structures.
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Definition 99 An affine structure ¥ on an abelian Lie algebra g is called rigid if the corresponding asso-
ciative algebra A(g) is rigid in A°(n).

10.3.2 Cohomological approach

It is well known that a sufficient condition for an associative algebra a to be rigid in A(n) is H%(a,a) =0,
where H*(a,a) is the Hochschild cohomology of a. Suppose that a is commutative. If u is the bilinear map
defining the product of a, then a is rigid if every deformation p; = p + > t%p; of u is isomorphic to u. By
the commutativity of p we can assume that every ; is a symmetric bilinear map. Then considering only
the symmetric cochains ¢, we can define the commutative Harrison cohomology of p as follows :

Z2(p,p) = {p € Sym(R* x R® ,R*) | 6,0 =0}

where
opp(@,y,2) = plx, oy, 2)) — e(u(x,y), 2) — ple(z, y), 2) + oz, Wy, 2))-
We can note that for every f € End(R?) the coboundary 4, f € Sym(R?® x R3,R?) and then 6, f € Z2(p, p).

2
Proposition 80 If H2(u,u) = ;EZB = {0}, the corresponding affine structure on R3 is rigid.

10.3.3 Rigid affine structures on the 2-dimensional abelian Lie algebra
Lemma 16 FEvery infinitesimal deformation of an unitary associative algebra in A°(n) is unitary.

The proof is based on the study of perturbations of idempotent elements made in [11]. Let X be an
idempotent element in an associative algebra of law u. The operators

Ix :Y—XY
and
rx : Y—YX
are simultaneously diagonalizable and the eigenvalues are respectively (1,---,1,0,---,0) and (1,1,1,---,1,0, - -

This set of eigenvalues is called bisystem associated to X. If X corresponds to the identity, the bisystem is
If 11/ is a perturbation of y, there exists in p’ an idempotent element X’ such that b(X’) = b(X). Consider

the perturbation of the identity in pu’. As the bisystem corresponds to {{1,---,1},{1,---,1}}, we can
conclude that X’ is the identity of u'.

Consequence. The set of unitary associative algebra is open in A%(n).

Let us note by 0(u) the orbit of the law u in A%(n). From the previous classification, we see that

1 € 0(p)

for ¢+ = 2,5,6. Then we have

Theorem 100 The affine structures Ay and As on the 2-dimensional abelian Lie algebra are rigid. The
other structures can be deformed into Ay or As.

Consequence. Not any complete affine structure is rigid.
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10.3.4 Rigid affine structures on R?

We refer to the classification of affine structures on 3-dimensional abelain Lie algebra given in the previous
section. As the laws u; and po are semi-simple associative, their second cohomological group is trivial. These
structures are rigid.

Consider the remaining laws ;. We can easily compute the linear space H2(u, ) and the results are in
the following tables :

Unitary case :

laws | dimH?2(p, ) | basis of H2(ju, i)

g 1 p(es,e3) =ex —e;
L91(62,62) = €2

2
pa { p2(e2, e3) = €3,

s 4 = | ps(es,e3) = ez
pa(ez,e3) =e3 | wales,e3) =es.

Non unitary case :

laws | dimH?2 | basis of H2(ju, 1)

6 1 p1(es,e3) =e3

K7 1 p1(es,e3) = e3

6 { @1(62,62)262 { 303(63763)262 { @5(62»63):62

Hs pa(e2,e2) = es. p4(es, e3) = es. we(es, e3) = e,
p1(ez2,e2) = €1
3 ; es,e3) =e€
Ho { ©a(ea, e3) = €o. p3(es, e3) 3

pio |1 p1(ez, e3) = e, pi(es, e3) = es.
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Nilpotent and complete case :

157

laws | dimH? | basis of HZ(pu, 1)
pir |3 prlenes) =er [ ooalen eg) =es { p3(es, e3) = e3
pi(e2,e3) = ez | pa(es,e3) =eq. ’ '
€1,¢€ =€
prlenes) = ea [ waleres) —eg | PAlRE) =
paz A @2(63 63) =e3. ' @3(63 63) =ep ’ %(el’e‘?) o
’ . ’ ! @4(62, 63) = 262.
pi(er,e2) =e; p3(er,e2) = e3 ps(e1,e3) = e3.
H13 7 pi(ez,e2) = €2 ; pa(er,e3) =e; we(es, e3) = ea.
pa(er, e2) = ea. wa(ez, e3) = ea. vr(es, e3) = e3.
wi(er es) = e pa(er,e3) = ez
Hi4 3 pr(es,ea) = e 902(62’ e2) =ez waler, es) = €3
prle2,es) = ez 7 Pa(e2 ’63) =e3 L palezer) =es
p1(es, e3) = e3 '
s | 18

In this box we suppose that ¢(e;, e;) = (e;, e;) and the non defined ¢(e,, e;) are equal to zero.

We will note by p; — p; when p; € O(p;). We obtain the following diagram

H12
N
H1ir — M0 — M1
7 T
H13 22

H14
e
— M6 — Mg —— M9
!
— M5 — M3 = M7
!
M2

Theorem 101 There exist two 1igid affine structures on the 3-dimensional abelian Lie algebra. They are
the structures associated to the semi simple associative algebras py and po.

10.4 Invariant affine structures on T? and T®

10.4.1

Invariant affine structure on T?

The compact abelian Lie group T? is defined by T? = R?/Z? identifying (z,y) with (x+p,y+q), (p,q) € Z>.

Proposition 81 Only the structures A, and As induce affine structures on the torus T2.

Proof. Tt is easy to see that the affine action associated to Ay, As, A3 and Ag are incompatible with the
lattice defined by Z2. Thus only complete structures provide affine structures on T?. For A, we obtain the

following affine transformations

(g;,y) — (.13 +p,pr+y—+ (q+p2))
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This structure on T? is not Euclidean. For Aj the affine structure on T? which is Euclidean corresponds to
the transformations

(z,y) = (z+p,y+q)

Remark 102 In this proposition we find again, for the particular case of the torus, a classical result of
Kuiper [9] giving the classification of affine structures on surfaces.

10.4.2 Invariant affine structure on T?

We can see that the affine actions 4; to Ay are compatible with the action of Z3 on R? if the exponentials
which appear in the analytic expressions of the affine transformations are equal to 1. This gives the identity
for A; and As. As Ay is incompatible with the action of Z3 for any values of the parameters a, b, c, the affine
structures corresponding to the unitary cases are given by A4 and As for a = 0. This corresponds to the
following affine structures on the torus T2 :

X
(z,y,2) ER*/Z> - pr+y+qz+p
qr+z2+4q
and
X
(z,y,2) e R*/Z> - { pr+y+p
qx +z+q
with p,q € Z.

For the actions Ag to Ajg, they induce affine actions on the torus if a = b = 0 for Ag and a = 0 for A7 to
Ajqg but this appears as a particular case of A11, A3 and Aq4. Let us examine the complete and nilpotent
cases; we find the following affine structure on T? :

z+p,

(v,y,2) € R} /2> — ¢ pr+y+rz+g,
Z+r
:1:+p7

(r,y,2) ER3/Z3 - { pr+y—rz+q,
zZ+r
T +p,

(r,y,2) ER3/Z® — { pr+y+q,
zZ+r
T+ p,

(r,y,2) ER3/Z® — { pr+y+q,
qr +py +z+r
T+ p,

(r,y,2) ER3/Z3 — { y+q,
z+r

Theorem 103 There exist 7 affine structures on the torus T3. They correspond to the following affine
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crystallographic subgroups of Aff(R3) :

1 000 1 000
_ p 1 qgp _ p 1 0 p
= g 01 ¢ Lz = g 01 ¢
00 0 1 00 0 1
1 00 p 1 00 »p
_ p 1 r gq _ p 1 —-r gq
Ty = 001 r T = 001 r
00 0 1 00 0 1
1 00 p 1 00 p
_ p 1 0 g¢q _ p 1 0 g¢q
Ts = 0 01 r T = g p 1 r
00 0 1 00 0 1
1 0 0 p
_ 01 0 g
7 = 001 r
00 01

Remark 104 The (complete) nilpotent and unimodular cases are completely classified in [35]

10.5 Affine structures on nilpotent Lie algebras

In this section, we prove that every non characteristically nilpotent filiform algebra is provided with an affine
structure. We generalize this result to the class of nilpotent algebras whose derived algebra admits non
singular derivation. In a second part we describe some obstructions to lift a symplectic affine structure on
a contact Lie algebra defined by a central extension. In a last section, we use the tensor product to define
new affine structure.

10.5.1 The example of Benoist

The problem of existence of affine structures on nilpotent Lie algebras has been put by John Milnor. We
know that every nilpotent Lie algebras of dimension less or equal to 7 admits an affine structure, every
nilpotent Lie algebras provided with a symplectic form admits also an affine structure. But Benoist has
proposed examples of 11-dimensional nilpotent Lie algebras which are not endowed with such a structure.
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These Lie algebras are given by:

X, X,]=X0n  i=2,.,10

[

[X21X4] = Xg

[XQ) X6] = _5X8 + 2Xg + 2tX10

[X2, Xs] = X0+ BX1,

[X35X4] = 3X7 — XS — th

(X3, Xo] = — 2 X9 — L X 4 —48+1525t x|
[X37X8] = d21)(11

(X4, Xo] = £ X190 — 22 X7y

[X5)X6] = 1377X11 ¢ c R
[X25X3] = X5

(X2, X5] = —2X7 +X8 T tX,

[XQa X7] = Xg + XlO + %Xll
[XQaXQ] = Xll

(X3, X5] = 3X8 — X9 — tX1o

(X5, X7] = =22 X10 + By,

(X4, Xs5] = £ Xg — 2 X o + 483525t x|
[X4aX7] = _1176X11

Then, the determination of the class of nilpotent Lie algebras with an affine structure is now open.

10.5.2 Affine structures on non characteristically filiform algebra

Recall that a Lie algebra is called characteristically nilpotent is every derivation is nilpotent. Examining the
counter-examples of Benoist and Burde, the following conjecture becomes natural:

Conjecture Every nilpotent Lie algebra which doest not admit affine structure is characteristically nilpotent.
Theorem 105 FEvery filiform non characteristically nilpotent Lie algebra admits an affine structure

Before to prove this theorem, we prove the following lemma:

Lemma 17 Fvery Lie algebras admitting a derivation whose restriction to the derived subalgebra is regular,
admits an affine structure.

Proof of the lemma. In fact, such an algebra is necessary nilpotent. Let f be such a derivation. For every
X € g we put

x=fltoadXof.
This operator is well defined because the image of the operator adX o f is contained in the derived subalgebra.
Then V defines an affine structure on g.

Proof of the theorem. For a non characteristically nilpotent Lie algebra g, let us call rank of g the
dimension of a maximal exterior torus of derivations (a maximal abelian subalgebra of Der(g) of which
elements are semi-simple derivations). We have the following results [53]:

1. If the Lie algebra g is filiform, its rank r(g) satisfies
r(g) <2.

2.Every filiform Lie algebras of rank 2 is isomorphic to L,, or Q,,. where L,, and @Q,, are the n-dimensional
filiform Lie algebras defined by

Ln:{[Y17Y}]:Y1+ja j:277n_1

_ [Y17§/}]:Y1+j7 ]:2,,71—1 _
Qn B { D/i’Y"—i'i‘l] = (_1)i+1Yn7 i = 2a P "= 2p
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For each Lie algebra, a maximal exterior torus is precisely determined.

If g = L,, there exists a torus generated by the diagonal derivations :
i) =0, fi(Y)=Y;, 2<i<n

oY1) =Y1, fo(Ys)=1iY;, 2<i<n

the basis {Y;} being as above.

If g = @, the basis {Y;} is not a basis of eigenvectors for a diagonalizable derivation. We can consider

the new basis given by
Zl :YVI_}/?vZQ:YYQa”' 7Zn:Yn

This basis satisfies
21,2)) = Zrijy §=2, =22, Zn-ina) = (1) Zn, i=2,0 /2
Then the diagonal derivations
fiZ) =0, [HZ)=2Z;, 2<i<n-1, f1(Z,) =22,

generates a maximal exterior torus of derivations.
3. Every filiform Lie algebra of rank 1 and dimension n is isomorphic to one of the following Lie algebras
) AR (A, M), t=[22H] (2<k<n-3

Y,Y ] =Y, i=2,---,n—-1
i, Yiga] = Nic1Yoign—1 , 2<i<t
Vi, Y] = aijYigjon—2 , 2<i<j i+j+k—-2<n
i) By (A, dem) n=2m, t=["5F]  2<k<n -3
V1, ] =Yy i=2,---,n—2
Yo = (-1)0Y L i=2 n—1
Y1l = Nic1Yoipnor , =2,
Yil=0aiYiqjop—2 . 2<4,j<n—-2,i+j+k—-2<n-2, jF#i+1

<

[
[
[
[

=

iii) C, (A1, ,At) ,m=2m+2,t=m-—1

[Y1,Yi] = Yi i;2,~~,n—2
[Y;»Yn—i+1]:(*l):1Yn L i=2,---m+1

Vi, Yoicora] = (=) Y,

The non defined brackets are equal to zero. In this theorem, [z] denotes the integer of x and (A1, -+, A¢) are
non simultaneously vanishing parameters satisfying polynomial equations associated to the Jacobi conditions.
Moreover, the constants a;; satisfy

Qij = Qij+1 T Qit1,j
and a;i+1 = A\i—1.
We can easily see that the filiform algebra L,, , Q. or of type A™ or B™ admit regular derivations. Then

they admits affine structure. Let us consider the case C™. This algebra is of rank 1. The exterior torus of
derivation is generated by

fM)=0,fY;)=Y;, i=2,-,n—-1, [f(Y,) =2Y,.

Thus every derivation is singular.
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Lemma 18 The restriction of the derivation f to the derived subalgebra D(g) is a regular derivation of
D(g).

Let us consider a vectorial endomorphism ¢ of g which leaves invariant D(g), and such that the restriction
to D(g) satisfies f o g = Id. Then the bilinear map given by

Vx =goadXo f.
defines an affine structure on C”. In fact,
Vx(¥) = Vy(X) = goadX o f(¥) —goady o f(X) = g(f[X.Y])
because f is a derivation. As g = f~! on the derived subalgebra, we can deduce
Vx(Y) - Vy(X) = [X,Y].
In the some way
VxVy(2) = VyVx(Z) = g[X, [V, f(2)]] = g[Y, [X, f(2)]] = —glf(2), [X, Y]]

Then
VxVy(Z) = VyVx(Z) = Vixy|(Z2)

This proves the theorem.

10.6 Faithful representations associated to an affine connection

10.6.1 Nilpotent representations

If g is affine, then the corresponding connected Lie group G is an affine manifold such that every left
translation is an affine isomorphism of G. In this case, the operator V is nothing that the connection
operator of the affine connection on G.

Let g be an affine Lie algebra. Then the map

f:9— End(g)

defined b
’ fX)(Y) =V(X,Y)

is a linear representation (non faithful) of g satisfying
FXOT) X)) =X, Y] (%)

Let V be an affine connection on n-dimensional Lie algebra g. Let us consider the (n + 1)-dimensional
linear representation given by
p:g—gobR
given by
p(X) 1 (V1) = (Fx(Y) + £X,0)

It is easy to verify that p is a faithful representation of dimension n + 1 if and only if fx(Y) = V(X,Y) is
an affine connection. We say that the representation p is nilpotent if the endomorphism p(X) is nilpotent
for every X in g.

Proposition 82 Suppose that g is a complex nilpotent Lie algebra and let p be a faithful representation of
g. Then there exists a faithful nilpotent representation.
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Proof. Let us consider the g-module M associated to p. Then, as g is nilpotent, M can be decomposed as
M = @?:IMM

where M), is a g-submodule, and the A; are linear forms on g. For all X € g, the restriction of p (X) to M;
as the following form

0
*
0 0 M(X)

Let Cy, be the one dimensional g-module defined by
p:Xeg— puX)e EndC

with

The tensor product My, ® C_y,, is the g-module associated to
X Y®a)=pX)Y)®a-Y ®X\(X)a

Then M = & (M), ® C_y,) is a nilpotent g-module. Let us prove that M is faithful. Recall that a represen-
tation p of g is faithful if and only if p(Z) # 0 for every Z # 0 € Z(g). Consider X £#0 € Z(g). If p(X) =0,
the endomorphism p(X) is diagonal. Suppose that g # Z(g) and let C*~!(g) = Z(g) where k is the index of
nilpotence of g. Then

(Y, Z) e (C*2(g),0) / [V, Z] = X

The endomorphism p(Y)p(Z) — p(Z)p(Y) is nilpotent and the eigenvalues of p(X) are 0. Thus p(X) =0
and p is not faithful. We can conclude that p(X) # 0 and p is a faithful representation.

10.6.2 On the nilpotent affine connection

Let g be a filiform affine Lie algebra of dimension n, and p be the (n + 1)-dimensional associated faithful
representation. Let M = g @ C be the corresponding complex g-module. As g is filiform, its decomposition
has the following form

1) M = My and M is irreducible,
9) M = My @ M.

For a general faithful representation, let us call characteristic the ordered sequence of the dimensions of
the irreducible submodules. In the filiform case we have ¢(p) = (n + 1) or (n,1). In fact, the filiformity
of g implies that exists an irreducible submodule of dimension greater than n — 1. More generally, if the
characteristic sequence of a nilpotent Lie algebra is equal to (ci,..,¢p, 1) (see [6]) then for every faithful
representation p we have c(p) = (di, .., dy) with di > ¢;.

Theorem 106 Let g be the filiform Lie algebra L,. There are faithful g-modules which are not nilpotent.
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Proof. Consider the following representation given by the matrices p(X;) where {X1,.., X,,} is a basis of g

a a 0 0 1

a a 0 S0

0 0 0 0 0

z 0

p(X1) = B 0
= 0

0 0 0

a B0 0 2= 00

0 0 0 0 0 0 0 0

a a 0 0 0

a a 0 o1

-1 1 0 0 0

o o 1 0

p(Xa) = : 0
= 0

0 0 . . - o0

B a 0 o e n£2 0 0

0 0 0 0 0 0 0 0 0

and for 3 < j <n — 1 the endomorphisms p(X;) satisfy :

P (er) = e
P (e2) = — e

1
p(X;)(es) = G —1) %

(i —j—1)!
e ga) = L= =)

p(X;)(ei—jt1) =0, i=n+1,.,n+j—1
P(Xj)(€n+1) =€

€, i:jfza"'an

and for j =n

p(Xn)(ez) =0 i=1--,n
P(Xn)(en+1) = €n

where {e1, - ,en,en11} is the basis given by e; = (X;,0) and e,y1 = (0,1). We easily verify that these
matrices describe a non nilpotent faithful representation.

10.6.3 Study of an associated connection

The previous representation is associated to an affine connection on the filiform Lie algebra L,, given by

in = p<X1) IB
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where g designates the n—dimensional first factor of the (n + 1)— dimensional faithful module. This con-
nection is complete if and only if the endomorphisms Rx € End(g) define by
Rx(Y) = Vy(X)

are nilpotent for all X € g ([5]). But the matrix of Rx, has the form :

a a 0 o0 0 . 0 0
a a 0
0 -1 0
00 -1 0 0 0

0 0
00 @ s 0
« 6 E e .'. 0 O
00 0 0 0 0 - 0

Its trace is 2a and for a # 0 it is not nilpotent. We have proved :
Theorem 107 There exist affine connections on the filiform Lie algebra L, which are non complete.

Remark. The most simple example is on dim3 and concerns the Heisenberg algebra. We find a non nilpotent
faithful representation associated to the non complete affine connection given by :

a a O a a 0 0 0 O
Vx,=1 a a 0 |, Vx,=1| a a 0], Vx,=10 00
a B0 -1 a+1 0 0 00
The affine representation is written
a(xy + 2) a(xy + 2) 0 =z
a(xy + 2) a(xy + 2) 0 z9
ary+ (B—1Dze P+ (a+ 1Dz 0 x3
0 0 0 0

10.7 Affine structures on nilpotent Lie algebras with a contact
form

10.7.1 Nilpotent Lie algebras with a contact form

Definition 108 Let g be an (2p + 1)-dimensional algebra. A contact form on g is a linear form w # 0 of
g* such that w A (dw)P # 0. In this case (g,w) or g is called a contact Lie algebra.

Proposition 83 [/9] Let g be a contact nilpotent Lie algebra. Then the center Z(g) is one-dimensional.

Proof. 1f g is (2p + 1)-dimensional and equipped with a contact form w, dim Z(g) < 1. This follows the fact
that if we suppose that w(Z(g)) = 0 then

VX € Z(g) dw(X,Y)=-w[X,Y]=0.

Thus there exists X such that w(X) = 0 and X sdw = 0, where J denotes the inner product. The vector X
belongs to the characteristic subspace and w A dw? = 0. Thus w(Z(g)) # 0 which proves that dim Z(g) < 1.
If moreover the Lie algebra g is nilpotent then dim Z(g) = 1 as the center of a nilpotent Lie algebra is never
zero. l
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Corollary 109 Let g be a contact nilpotent Lie algebra. Then g/Z(g) is a symplectic Lie algebra.
Thus any contact Lie algebra is a one-dimensional central extension of a symplectic Lie algebra:
0=V = gopt1 — (g2p,0) — 0.
As any symplectic nilpotent Lie algebra can be equipped with an affine structure, we have

Proposition 84 Any nilpotent contact Lie algebra is a one-dimensional central extension of an affine Lie
algebra.
10.7.2 Extension of symplectic affine structure

Let (gop,0) be a symplectic nilpotent Lie algebra and V the affine structure coming from this symplectic
form, that is,
VxY = f(X)Y

where f(X) is the following endomorphism:
VXY, Zeg  0(f(X)(Y),Z2) = —0(Y,[X, Z]).
Let g be the contact Lie algebra defined by the one-dimensional extension
0—-V—-g N a—0.
The Lie algebra g identified with gV has the following brackets

[(X,0), (VM]3 = (X, Y], 0(X,7))
Let V : g®g— g be an operator satisfying

) { Y ((X,0),(,0)) = (V(X,¥), ¢ (X,Y))

V((X,0),(0,A)) = V((0,), (X,0))

where ¢ is a bilinear map on g such as

e(X)Y)—p (Y, X)=0(X,Y).

Lemma 19 the operator v satisfies the following identity:

V((X,Oé),(Y, )‘)) - V((Y,)\),(X,Oé)) = [(X7Oz),(Y,)\>]E

Proof. We have for all X, Y e gand M\ pekK

V((X7O‘)a(y’)‘))*V((Y,i)a(XvO‘)) _
=(V(X,Y), 0 (X, Y)) + AV ((X,0),(0,1)) +aV ((0,1), (Y, 0))
+aiv ((07 1) ’ (07 1)) - (Vﬂi(Y, X) P (Ya X)) —aV ((Y’ 0) ’ (07 1))
—AV ((0,1),(X,0)) = AaV ((0,1),(0,1))
~(1X,Y],,0(X,))
But
[(X,0), (v )5 = (IX,Y],,0(X,7)),

which implies that

V (X, ), (V,0) = VY, 4), (X, ) = [(X, ), (Y, V)] 5. u
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The operator V is associated to a flat torsion-free connection on g.

We can note that if V’ is another bilinear map on g such that ™V = V, the nullity of the torsion of the
linear connection associated to V' implies that V' satisfies the same conditions (x). This justifies the choice
of the conditions (x).

As we want that V defines an_affine structure on g, we introduce, in order to study the curvature of the
linear connection associated to V, the following application:
C((X,0),(Y,)),(Z.p)) ) )
=V ((X,0), VN, (Z.0))) =V ((r, 1),V (X, ), (Z,0)
-V ((X,a), Y, V], (Z,p).

This gives:
C((X a),(Y;A),(Z,p))
V((X,0),(V(Y,2), (Y, Z)) + pV ((Y,0),(0,1)) + AV ((0,1),(Z,0)) +
M,{V((? ),(0,1))) = V(

(Y A), (V(X,2), (X, Z)) +pV ((X,0),(0,1) +
0(X

- :
aVv ((0,1),(Z,0)) + apV ((0,1),(0,1))) = V(([X, (X, )) (Z,p))

Yl

Lemma 20 The operator v satisfies:

1)
C((X,0),(Y,0),(2,0)) = (0,0(X,V(Y, 2)) — o(Y,V(X, Z)) — o([X,Y],, Z))
+o(Y, Z)V((X,0),(0,1)) — o(X )((Y70),(0,1))—9(X,Y)V((Z,0)7(0,1))
2)
C((X,0).(0,1),(¥,0)) = V ((X,0), V((¥,0).(0,1)))
V ((V(X,Y),0),(0,1)) — ¢ (X,Y)V((0,1), (0,1
3)

C((0,1), (¥,0),(0.1)) = ¥ ((0,1), V(¥:0),(0,1))) = V ((+:0), V(0. 1), (0, 1)))

This follows directly when we develop the expressions.

Proposition 85 If
C((X,0),(0,1),(Y,0)) =0

then C( (X7 O) ) (K 0) ) (07 1)) =0.

In fact,

Let us write some necessary conditions for the application C' to be equal to zero. Let 7 be the canonical
projection of g on g, that is:
m(X,a) = X.
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Let us identify (X,0) with X which permits to consider g as a vector subspace of g. Let us denote Vx the
vector defined by

Vx =7n(V((X,0),(0,1)).

If C' = 0 we have:
C((X7 0) ) (Yv O) > (Zv 0)) =0

which implies that:
(Y, 2)Vx —o (X, 2)Vy —0(X,Y)Vz =0

for all X,Y,Z € g.

Remark. If ¢ = 0, we have 6 = 0, the extension is trivial and we came out of the symplectic case. The
operator V define by

V(<X7O>7(Y70)) = (V(X7Y)7O)
((X,0),(0,)))
((07 M) ) (07 )‘)) =

give an affine structure on g = g ® R which is a direct sum of ideals

v
v

We must then suppose that ¢ # 0.

10.7.3 Case p = g.

Then we have
9([X,Y],Z) =0 (Y7V(Xﬂ Z))

and we deduce from the lemma the following relations:

C((X,0),(Y,0),(2,0))

_ _% (0.0(1x.v1,.2)) + %H(KZW((X,OL(OJ))

—%e (X, 2)% ((Y,0),(0,1)) — 0 (X,Y) ¥ ((2,0),(0,1)).

For all X € g we define ax € R by

V((X, 0)7 (Oa 1)) - (VXvaX)'

The nullity of the curvature tensor implies that

19(Y,2) Vx — L0(X, 2) Ve —0(X,Y)Vz =0
(**){ e([x,y}wz) +0(Y, Z)ax —0(X,Z)ay —20(X,Y)az =0

As 0 is of maximal rank, for all X € g, there exists Y, Z € gsuchas 0 (X,Z) =0=60(X,Y)and 0 (Y, Z) = 1.
The first of the relations (sx) implies that Vx = 0. Thus

6 ((X7 0) ) (Oa 1)) = (07 (Lx)
for all X € g. Then we have
Y ((X.0).V((¥,0),(0,1)) = V((X,0).(0,ay)) = axay (0,1)

and

C(<X7 O)’ (Oa 1)7 (K O)) =0
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implies that
1 ~
axay (0, 1) = av(x,v) (0, ].) + 59 (X, Y) \Y% ((0, 1) R (0, 1)) .

Let us chose X,Y € g such that 6 (X,Y) = 1. We can deduce

T(V ((O» 1) ) (Oa 1))) =0

and then B
VvV ((0,1),(0,1)) = (0, a), a €R.
Moreover
1
axay = ay(x,y)+ 59 (X,Y)a
1
axay = ay(y,x)— §Q(Xa Y)a
which gives
0(X,Y)a = —avyixy)+avixy)
= —a[x)y].

Let us denote the linear form « de g* defined by a(X) = ax. If a # 0, then 6 (X,Y) = 1da(X,Y). The
symplectic cocycle 6 is then exact. But on any nilpotent Lie algebra, the class of linear forms is odd ([G]).
We deduce that it can not exist exact symplectic form on g and the previous equality can not be true. If
a=0,

Vv ((0,1),(0,1))=0

and
a[X)y] =0.

Then the application
a:g—R

given by a(X) = ax defines a one-dimensional linear representation.

Proposition 86 The application V on the contact Lie algebra'g  given by

V((X,0),(Y,0)) = (V(X,Y),1/20 (X,Y))

where V s the affine structure on g = %ﬁ) associated to the symplectic structure 0 is an affine structure if
there exits a one-dimensional representation of g such that

0([X,Y]M,Z> +O(Y,Z)ax —0(X,Z)ay —20(X,Y)az =0

forall X)Y, Z € g.

10.7.4 General case

We still suppose
0([X,Y],2) =—-0(Y,V(X,Z))

We saw that the nullity of the curvature of the connection associated to the bilinear application v implies:

QO(YaZ)VX_(p(X7Z)VY_9(X7Y)VZ =0
forall X,Y, Z € g.
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Let us suppose that we have X € g such that Vx # 0. Let us take a vector X satisfying this property. The
orthogonal space for 6 of the space R {X} is of codimension 1. Let ¥ € R{X}" . Then 6 (X,Y) = 0 and
oY) Vx =9 (X, 2)Vy, Ze€g

If we can find a vector Z € g such as ¢ (Y, Z) # 0, we have that V3~ # 0 and in this case the non zero vectors
Vx and Vi are colinear. Let us assume that

Vx = Ax vy Wy
then
Axye (Y, Z2)=¢(X,Z)

for all Z € g. Let us consider a basis (X1, -, Xap,) of g in which the matrix of 6 is reduced to the following
form:

0 1

-1 0 0

0 1
0 -1 0

This shows that the matrix of ¢ is at least of rank 2 because ¢ (X,Y) — ¢ (Y, X) = 6(X,Y). For instance,
if g is 4-dimensional, the matrix of ¢ would be of the following form:

aq Qg 0%} Q4
g — 1 (675 (044 asg
a3 ar 11 Q12
ay  ag aiz—1 agg

We can suppose that ¢ (X7,-) # 0 (in other case, there would exist a vector X; such that ¢ (X;, Z) # 0 since
¢ is of non zero rank and it is sufficient to take a basis adapted to 8 with X; as first vector). Let Y belong
to vector space { X3, -+, Xo,}; we have that 6 (X;,Y) =0

0 (X1,Z2)=xx, v (Y, Z) forall Z € g

and
Ax, v #0

Therefore the (2m — 2) last columns of the matrix of ¢ (associated to the chosen basis) are proportional to
the first one. But we also have 6 (X2, X3) = 0 and

0 (X2,2) = Axy, x50 (X3, 2)
Similarly we show that 6 (X, X3) = 0 and
0 (X1,2) = Ax, x5 (X3, 2) for all Z € g.

We deduce that ¢ (X3, Z) = Ap (X1, Z), which implies that ¢ is of rank 1. This is impossible and then we
have Vx = 0.

Proposition 87 Let g be a contact nilpotent Lie algebra. If the affine structure V which is defined by a
symplectic cocycle on g =7 con be extended to an affine structure V on g, we have:

(Y (X,T)) =0

for all Xe g and T € Z(g).
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We have that for all vector X in g, Vy = 0 and V ((X,0),(0,1)) = (0,ax) . Then the equality
C((X,0),(Y,0),(2,0)) =0

implies that
P (X, V(Y,2)) - (Y, (X, 2) - ¢ (IX,Y],.Z)
=—axe (Y, Z)+tayp(X,Z)+az0(X,Y)
Similarly C((X,0),(0,1),(Y,0)) = 0 implies that

\Y ((X’ O) ) (O,be)) - (O7aV(X,Y)) - (Xa Y) \Y ((07 1) s (Ov 1)) =0.

This gives the following equation

P (X, Y)V ((07 1) :(0,1)) = (ayax — aV(X,Y))(Oﬂ 1)

and

12 (Y7 X) \4 ((0’ 1) ’ (07 1)) = (aYaX - aV(Y,X))(O’ 1)

if we permute the vectors X and Y. We combine this two equations to obtain:

(X, Y)V((0,1),(0,1)) = (ay(v,x)— avx,y))(0,1)
= CL[X,y] (O, 1)

This shows in particular that V ((0,1),(0,1)) = p(0,1) and
pe(Xa Y) = a[x,y]-

Finally C'((0,1),(Y,0),(0,1)) = 0 implies

ay ¥ ((0,1),(0,1)) = ¥ ((¥:0), ¥ ((0,1), (0. 1))

thus B
ayV ((0’ 1) ) (07 1)) =p (07 CLY) :
This last equation is already satisfied.

Then let us suppose p # 0. In this case ax,y] # 0 when 6(X,Y) # 0. Let us take X in Z(g). As 0 is
of maximal rank, there is one Y such that 6(X,Y) # 0. But [X,Y] = 0 implies ajx,y] = 0. This leads to
contradiction.

Conclusion . As p = 0 we have that v ((0,1),(0,1)) = 0. Then a[x,y] = 0 and the application a : g —R
defined by «(X) = ax gives an one-dimensional linear representation of g. We deduce

Theorem 110 Let a: g —R be a one-dimensional linear representation of g.

When « is the trivial representation, V is an affine structure if and only if

1) V(U,(0,1)) = 0 for all U € 3.

2) o satisfies p (X, V (Y, 2))—p (Y, V(X,Z2))—¢p ([X, Y]ﬂ ) Z) =0, i.e. if it is a 2-cocycle for cohomology
of the Vinberg algebra associated to V with values in a trivial module.

When « is a non-trivial representation, V is an affine structure if and only if

1) V((0,1),(0,1)) =0, V((X,0),(0,1)) = 0 for all X € Kera.

2) o (X,V(Y,2)) — o (Y,V (X, Z)) — ¢ ([X, Y]M,Z) = (Z)0(X,Y) for all X,Y € Ker(a).
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10.8 Current affine structures on nilpotent or solvable Lie algebras

In the first part, we have introduced the notion of associated current operad. Recall that any affine structure
on a Lie algebra is determinate by a Vinberg algebra. If we consider the operad of Vinberg algebras, the
associated current operad is the dual operad denoted by Perm. A Perm-algebra is an associative algebra
satisfying

abc = bac
for any a, b, ¢ in this algebra. This result permits to construct interesting classes of Vinberg algebras and to

give new examples of Lie algebras provided with affine structure. For example suppose dimA = dimB = 2.
Then A is isomorphic to one of the following algebras :

1. A is commutative and isomorphic to

Xl'XlzXl Xl'X1:X1
A1: X1~X2:X2-X1:X2 AQ: Xl'XQZXQ'XIZXQ
Xo - Xo=Xo X5 -Xo=0
X1 X1 =X,
Ag: Xl'XQZXQ‘XlzXQ A4Z{X1-X1:X2
Xo-Xo=—X;
A5:{X1-X1:X1 A(;:{Xi'XjZO

2. A is non commutative and isomorphic to

Xy Xy =2y, - phaex,
X; - Xy =bX, — =¢X,

(&)

Xl'X1:GX1+CX2
2 Ag: X1 Xo=Xo
Xy X1 =bX, — X, Xy X) = X0. X5 =0
XQ'XzzeXl_sz

Xl-XlzaXl
Ag' Xl-ng(a—l—l)Xg
’ Xg-Xlzan
Xy -Xo2=0

In this case the Lie algebra associated to A is the two-dimensional solvable abelian Lie algebra.

Let us classify the Vinb' algebra of dimension 2.
1. B is commutative and isomorphic to A;, 1 =1,..,7.
2. B is non commutative and isomorphic to
€1 €1 = €1

B7Z €1 - €2 = €2
62'61:(32'62:0

If A and B are commutative, the corresponding Lie algebra is the 4-dimensional abelian Lie algebra.

Suppose A is commutative and B is not commutative. In this case the bracket of the Lie algebra associated
to A ® B satisfy
[Xz ®ej, Xp® 6[] =X; X, ®eje — X3 X; Qee; = X3 X ® [€j7€l]

with [61, 62] = €9.

When we put f;; = X;®e;, we obtain the following list of Lie algebras, g;7,underlying to the Vinberg algebra
Ai ® B7Z
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gi7 [fi1, fi2] = fi2,  [fi1, fo2] = fa2,  [fi2, fo1] = —fa2,  [for, fo2] = fo2
g27 11, fi2] = fi2,  [fi1, fo2l = fa2,  [fi2, for] = —fa2

937 [fi1, fi2]l = fia,  [f11, foo] = fo2,  [fi2, for] = —faz, [for, foo] = —f12
gar [f117f12] = fa2

gs7 [f117f12] = f12

ger abelian

Likewise, if A is a non commutative Vinberg algebra and B a commutative Vinb'. algebra then the bracket
of the corresponding Lie algebra satisfies

[XZ 4 ej,Xk ® €l] =X X ® €jer — X X; ® ee; = [X“Xk] X €;€l

For the algebras A;® B;, i = 7,8, 9, let us note that the corresponding Lie algebras g;; satisfy g7; = gs; = go;
for j =1,---,7. Using the same previous notations we obtain the following Lie algebras :

gin  [fi1, far] = far, [f11, fo2) = faoo  [fr2s fo1] = fao,  [fi2: fo2] = fo2
gi2  [fi1, far] = for,  [f11, fool = foo,  [fi2, for] = foo

gi3  [f11, for] = faz,  [f11, fo2] = fo2o  [fa2, fo1] = fa2,  [fi2, fo2] = —fau
Jia [fn,fm} = fa2

gi5 [fll,fQﬂ = fa1

gic abelian
At last, let us look the case A = A;,i=17,8,9 and B = B;. We obtain :

g7 [fin fra] = BE2 fry — b2EE o [fur, fr] = for,
[f11, f22] = bf12 — bze_efzz
[f12, fo1] = —bf12 + §f22, [f21, fo2] = efi2 — bf2o

gs7 {fu?fu} =afiz, [fi1,fa1] = far,  [f11, fao] = (a+ 1) foo,
[

fi2, fo1] = —afo.
fi1, fiz] = afiz + cfaa,  [fi1, for]l = far, [fi1, fa2] = foo

Comparing with the classification of 4-dimensional real Lie algebras presented in [?], we obtain :

gor -

Theorem 111 The following solvable Lie algebras have an affine structure of tensorial type :
g032(1) ©R, gas5(l,a), @ga6(l), gao(a), Ga10, G2Dg2, @41
012, 020R% gi()@R, RYL
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Chapter 11

RIEMANNIAN I'-SYMMETRIC
SPACES

A T-symmetric space is a reductive homogeneous space M = G/H provided at each of its points with a
finite abelian group of ”symmetries” isomorphic to I'. In case of I' = Z&, the Lie algebra g of G is graded
by I' and this grading permits to construct again the symmetries of M. An adapted Riemannian metric will
be a tensor metric for which the symmetries are isometries. We give in case of p = 2 the classification of
compact Z3-symmetric spaces corresponding to G' compact simple. In particular we find again the oriented
flag manifold. For this class of nonsymmetric spaces and for the space SO(2m)/Sp(m) we describe all these
metrics. In particular we prove that in the definite positive case, these metrics are not, in general, naturally
reductive. We class also the Lorentzian Z3-symmetric metrics.

11.1 Riemannian reductive homogeneous spaces

Let M = G/H be a homogeneous space where G is a connected Lie group which acts effectively on M. It
is a reductive space if the Lie algebra g of G' can be decomposed into a direct sum of vector spaces of the
Lie algebra b of H and an ad(H )-invariant subspace m:

g=b+m
ad(H)m C m.

If H is connected, and we will assume it in all the following, the second condition is equivalent to
[, m] C m.

We denote by Vs (or simply V) the canonical G-invariant connection on M. Recall that its torsion tensor
Tv,, and curvature tensor Ry,, satisfy:

Ty, (X, Y)o=[X,Y]n, X, Y em (0denotes the class of 1 in G/H),
(Rv, (X,Y)Z)o=-[[X.Y],Z], X,Y,Zé€Em,
Vulv, = VuRy, =0.

We denote by v um the natural (complete) torsion-free G-invariant connection on M. It admits the same
geodesics as Vs and it is defined by
1

%mxquﬂxyh X, Y em.

Let g be a G-invariant indefinite Riemannian metric on the reductive homogeneous space M = G/H. It
is completely determinate by an ad(H)-invariant non degenerate symmetric bilinear form B on m, the

correspondence is given by
B(X7Y):g(X7Y)Oa X7Y€m~

175
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Recall that g is positive definite if and only if B is positive definite. We denote by V, the corresponding
Riemannian connection. It coincides with the natural connection V; if and only if we have

VX,Y,Zem, B(X,[Z,Y]w)+ B(Z X]mY) =0.

In this case the Riemannian reductive homogeneous space M is said to be naturally reductive.

For example, if M is a symmetric space, that is, the decomposition of g satisfies g = h + m with

[h,h] C b
[h,m] Cm
[m,m] C b

then the canonical and the natural connections coincide. Moreover if V, is a Riemannian symmetric
connection, that is, the symmetries of M are isometries, we have

Vu=Vu=VY,

and M is naturally reductive.

11.2 Riemannian ['-symmetric spaces

11.2.1 TI'-symmetric spaces

Let T' be a finite abelian group. A T-symmetric space is a triple (G, H,T'¢) where G is a connected Lie
group, H a closed subgroup of G and ' an abelian finite subgroup of the group of automorphisms of G
isomorphic to I':

I'e = {p, € Aut(G), 7 €T}

such that H lies between G, the closed subgroup of G consisting of all elements left fixed by the automor-
phisms of I'g, and the identity component of Gr. The elements of I'g satisfy:

Py1 © Pya = Pyivz2s V’Yla’72€F
pe = Id where e is the unit of T’

(py(g) =g Vy€eT)<=gcH.

We also suppose that H does not contain any proper normal subgroup of G.

Given a I'-symmetric space (G, H,T's), we construct for each point z of M = G/H a subgroup T, of
Diff(M), the group of diffeomorphisms of M, isomorphic to I' and which has x as an isolated fixed point.
We denote by g the class of g € G in M and by e the identity of G. We consider

I'e = {s(y,6) € Diff (M), v €T},

with s(y.2)(g) = py(g). For another point x = gg of M we have
r, = {3(7,90) € DZﬁ(M), S F}7

with s, ) (¥) = 90(S(+,¢)) (95 "y)- All these subgroups I, of Diff(M) are isomorphic to I'. The elements of
I', will be called the symmetries of M at the point x or more generally the symmetries of M.

Remark. If (G, H,Tg) is a I'-symmetric space, we will also say that the homogeneous space M = G/H is
I'-symmetric.
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11.2.2 TI'-grading of the Lie algebra g of G

Let (G, H,Tg) be a I-symmetric space. Let g (resp. § ) be the Lie algebra of G (resp. H). FEach
automorphism p, of G induces an automorphism 7, of g and the set

Iy = {r, € Aut(g).y € T}

is a finite group isomorphic to I" such that (Vy € I, 7,(X) = X ) < X € h. As each of the linear morphism
7, is diagonalizable, the relation 7, o 7,, = 7,» o 7, implies that g is a vectorial direct sum of root spaces
gy> X € I'" where I'* denotes the dual group of I'. As I is abelian, I'* is isomorphic to I' and we can identify
I" and I'*. We deduce that g is I'-graded, g = EBrgAY with g. = b where e is the identity of T'.

YE

Conversely, we prove in [8] that every I'-graded Lie algebra g = @ g, determines a I'-symmetric space
yel’

(G, H,T') where G (resp. H) is a connected Lie group associated to g (resp. ge).
Theorem 112 FEvery I'-symmetric space is a reductive homogeneous space.

In fact, if M = G/H is a I'-symmetric space, the Lie algebra g of G is I'-graded, that is, g = @ g,. Then
~el

weput h=g, and m= & g,. We have [h,m] C m and [m,m] C h. If we assume that H is connected,
yel,y#e
this implies that M = G/H is a reductive space

11.2.3 Riemannian and Indefinite Riemannian I'-symmetric spaces

Let M = G/H be a I'-symmetric space. Recall that for all x € M,T', = {s(y,z),y € '} is a subgroup
of Dif f(M) isomorphic to I'. Let S(vy,z) be the tangent map T,s(v,z). Thus S(vy,z) € GL(T,M) and
{S(~,x),v € T'} is a finite subgroup of GL(T, M) isomorphic to T.

Definition 113 A Riemannian (resp. Indefinite Riemannian) metric on M is called a T-symmetric Rie-
mannian (resp. Indefinite Riemannian) metric if for all x € M, the linear symmetries S(v,z), v € T' are
1sometries.

Remark. It T' = Zo = Z/27Z, we find the classical notion of Riemannian symmetric space again. When the
Riemannian metric g is positive definite, the natural and canonical connections coincide, and they are also
equal to the Riemannian connection associated to g. All these spaces are naturally reductive. In general,
this property is false for the Riemannian I'-symmetric spaces, when I' is not isomorphic to Zs. We will see
in the following section examples of Z3-Riemannian spaces which are not naturally reductive.

11.2.4 Irreducible Riemannian ['-symmetric spaces

Let (G,H,T¢) be a I'-symmetric space. Since G/H is a reducible homogeneous space with an ad (H)-
invariant decomposition g = g. @& m, the Lie algebra of the holonomy group of V is spanned by the en-
domorphisms of m given by R(X,Y), for all X,Y € m. Recall that (R(X,Y)Z)y = —[[X,Y]y, Z] for all
X,Y,Z € m. In particular we have R(X,Y ), =0 as soon as X € g,,Y € g, with 7,7" # e. For example, if
I'= Z% then g = ge @ go © gy ® gc and R(gaagb)o = R(gaa gc)U = R(gba gc)O = 0.

Lemma 21 Let g be a simple Lie algebra Z3-graded. Then
[8a: 8a] © [86, 96] © [ge, 8c] = e

Proof. Let U denote [gq, ga] ® [96, 9] © [gc, 9c]. Then I = U @ g, ® gp D g is an ideal of g. In fact, X € [ is
decomposed as Xy + X, + Xp + X.. The main point is to prove that [Xy,Y] isin I for any YV € g.. But Xy
is decomposed as [Xg, Ya] + [Xb, Y] + [X¢, Ye]. The Jacobi identity shows that [[ X4, Ya], Y] € [ga, 84] and it
is similar for the other components. Then I is an ideal of g which is simple, and hence U = g..

One should note that in any case, as soon as I' is not Zs, the representation ad g, is not irreducible on m.
In fact, each component g, is an invariant subspace of m.
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Definition 114 The representation adg. on m is called T-irreducible if m cannot be written m = my @ my
with ge ® my and ge ® mo I'-graded Lie algebras.

Example. Let g; be a simple Lie algebra and g = g1 ® g1 ® g1 ® g1- Let 01, 02,03 be the automorphisms
of g given by
o1( X1, Xo, X3, Xy) = (X2, X1, X3, Xy),
o2( X1, Xo, X3, Xy) = (X1, X2, X4, X3),
03 = 01 002.

They define a (Z3)-graduation on g and we have g, = {(X, X,Y,Y)}, g, = {(0,0,Y, -Y)} g5 = {(X, —X,0,0)}}
and g. = {(0,0,0,0)} with X,Y € g;. In particular, g, is isomorphic to g;, hence [g., g.] = g, and, since
g1 is simple, we cannot have g, = gl + g2 with [g.,g%] = g, for i = 1,2. Then g is (Z3)-graded and this
decomposition is (Z3)-irreducible.

Suppose now that g is a simple Lie algebra. Let K be the Killing-Cartan form of g. It is invariant by all
automorphisms of g. In particular
K(ry X, 7,Y) = K(X,Y)

for any 7, € I.If X € go and Y € gg, @ # 3 there exists v € T such that X = Mao,7v)X and
Y = XB,7)Y with Ma,v)A(B,7) # 1. Thus K(X,Y) = 0 and the homogeneous components g, are
pairwise orthogonal with respect to K. Moreover K., = K|g is a nondegenerate bilinear form. Since g is a
simple Lie algebra, there exists an ad g.-invariant inner product B on g such that the restriction B = By, to
m defines a Riemannian T-symmetric structure on G/ H. This means that B(g,,g,/) = 0 for v # 7/ € . We
consider an orthogonal basis of B. For each X € g., ad X is expressed by a skew-symmetric matrix (a;;(X))
and K (X, X) =3, ;a;j(X)a;;(X) < 0. This implies that K is negative-definite on ge.

Let K, and B, be the restrictions of K and B to the homogeneous component g,. Let 8 € m* be such
that

K’Y(X7 Y)= B’Y(ﬂ’y(X)a Y)

forall X,Y € g, and 8, = |y, . Since B, is nondegenerate on g, the eigenvalues of 3, are real and non-zero.
The eigenspaces g,ly, <=+, gb of 3, are pairwise orthogonal with respect to B, and K.,. But for every Z € g
we have

K“/([Z’ XLY) = K’Y(X’ [Z’ Y]) = B’Y(ﬁV(X)a [Z7 YD

and hence B, (3,7, X],Y) = B,([Z,3,(X)],Y) for every Y € g, and 3,[Z, X] = [Z, 3,(X)], implying that
ByocadZ =adZ o f3, for any Z € g.. This yields [ge,gf/} C gf/.

Now we examine the particular case of I' = Z3. The eigenvalues of the involutive automorphisms 7, being

real, the Lie algebra g admits a real I'-decomposition g = > ~vezz Oy Then we can assume that g is a real
Lie algebra. Now if i # j we have

K (o), 62). (0%, 02]) € K([g), 02, 8¢) C (g}, 6%) =0
and we have, for i # j:
9%, 92] = {0}

Let {e,a, b, c} be the elements of Z3 with a? = b? = ¢* = e and ab = c. Each component g, v # e, satisfies
[9+,8+] C ge and ge @ g4 is a symmetric Lie algebra. Endowed with the inner product B, the Lie algebra
ge @ g is an orthogonal symmetric Lie algebra. The Killing-Cartan form is not degenerate on g, ®g,. Then
ge @ g is semi-simple. It is a direct sum of orthogonal symmetric Lie algebras of the following two kinds:

i) g=g¢ + ¢g'with g’ simple
i1) g is simple.

The first case has been studied above and the representation is (Z3)-irreducible. In the second case ad [g., g+]
is irreducible in g, and the representation is (Z3)-irreducible on m.
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11.3 Classification of compact simple Z2 symmetric spaces

The paper [8] is, in a large part, devoted to the classification of Z3-symmetric spaces G/H in case of g is simple
of classical type. Recently, in [71], the exceptional case has been developed. Combining both results, we have
a complete classification of Z3-symmetric space G/H when g is simple complex. From these classifications,
we can easily deduce the classification of compact Z3-symmetric spaces when g is compact and real simple.
Following the terminology of [12] and [8], if (G, H,Z3) is a Z3-symmetric space, the corresponding pair (g, h)
of Lie algebras is called local symmetric space. From the local classification, it is very easy to exhibit the
classification of the Z2-symmetric spaces when G' and H are connected and G simply connected. In the
following table, we give the list of local Z3-symmetric spaces when g is real simple of compact type and non
exceptional.

k1 + ko + k3), so(k1) @ so(ks) @ so(ks)

k1 + ko + k3 + ka), s0(k1) @ so(ka) @ so(ks) ® so(ky))
4m), sp(2m))

2m), so(m))

), su(3) ® su(1))

k1 + ko + ks + ka), sp(k1) @ sp(k2) @ sp(ks) @ sp(ka))
4m), sp(2m))

2m), so(m))

w
AN N N N N N N N

11.4 On the classification of Riemannian compact Z3-symmetric
spaces

Let (M = G/H,g) be a Riemannian Z3-symmetric space. We assume that the local pair is in the previous

table. In this case, M is compact. To each local pair, we have to classify, up to an isometry, the corresponding

ad(H )-invariant bilinear form B. With regard to the symmetric case, the computation is more complicated

because we obtain, not only the Killing Cartan metric, but also a large class of definite positive or only non
degenerate invariant bilinear forms. In the work, we are interested by two classes

e The Z2-symmetric flag manifolds. These spaces have been very well studied and our approach permits
to look these metrics with the symmetric point of view.

e The homogeneous space SO(4m)/Sp(2m) because it has no equivalent in the symmetric case.

11.4.1 Z2-symmetric metrics on flag manifolds

Let M = SO(201 4+ 1)/50(r1) x SO(r3) x SO(r3) x SO(r4) be an oriented flag manifold (with r1rars # 0.
This manifold is a Z3-symmetric space and the grading of the Lie algebra so(2l + 1) is given by

Xy 0 0 0 0 Ay 0 0

0 X2 O 0 —tA, 0 0 0

Je = 0 0 X3 0 y Ba = 0 0 0 A2
0 0 0 Xy 0 0 —t4, 0
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0 0 B 0 0 0 0 G
0 0 0 B 0 0 Cy 0
w=| -B 0 0 0 |, g.= 0 —'C, 0 0
0 —'B, 0 0 —tc;, 0 0 0

where A; (resp. Bi,C1,Cs, Ag, X;) is a matrix of order (r1,r2) (resp. (r1,73), (r1,74), (r2,73), (r2,74), (13, 74)
and (r;,7;)). Let B be a g.-invariant inner product on g. By hypothesis B(ga, g3) = 0 as soon as « # [ in
Z3. This shows that B is written as B = By, + By, + By, + By, where By, is an inner product on g,. We
denote by {aj;, a3, 81, 85, 7ij,7i;} the dual basis of the elementary basis of Ay @ Ay @ B; ® By ® Cy & O
given by the elementary matrices. A direct computation conduces to the following result:

Proposition 88 Every ad(g.)-invariant inner product on m = g, @ gp D g. is given by the formula
B = 151412(6%1;‘)2 + tAQE(%Zj)2 +tp, X( ilj)2 + B, %( 1’2]‘)2 + tclz(%lj)z + tC2E(’Yi2j)2
with ta,,ta,,tB,, tBy,tcy, tc, not zero.

Consequences.

1. Such a bilinear form defines a naturally reductive structure on M if and only if

ta, =ta, =tp, =tp, =tc, =tc, = A >0.
2. On Lorentzian Z3-symmetric structure.

Definition 115 Let (G, H,T'g) be a T'-symmetric space, g a semi-Riemannian metric of signature (1,n—1)
where n = dim M and B the corresponding adge-invariant symmetric bilinear form onm . Then M = G/H
is called a I'-symmetric Lorentzian space if the homogeneous components of m are pairwise orthogonal with
respect to B.

From the classification of adg.-invariant forms on so(2l + 1) given in Proposition 88, the (Z3)-symmetric
space SO(21+1)/SO(r1) x - - - x SO(ry4) is Lorentzian if and only if there exists one homogeneous component
of m of dimension 1. For example if we consider the (Z3)-symmetric space SO(5)/S0(2) x SO(2) x SO(1) the
homogeneous components are of dimension 2 and every semi-Riemannian metric is of signature (2p, 8 — 2p)
and cannot be a Lorentzian metric. So SO(5)/SO(2) x SO(2) x SO(1) cannot be Lorentzian (as a Z3-
symmetric space). Nevertheless one may consider the grading of so(5) given by

0 aq bl bg b3

—a; 0 c1 c2 C3
—bl —C1 0 T T
7b2 —C2 —X1 0 I3
—bg —C3 —X2 —X3 0

where g. is parameterized by x1,x2, 3, go by a1, gy by b1,b2,b3 and g. by c1,co,c3. Let us denote by
{X1, X2, X3, A1, B1, B, B3, C1,C5,Cs} the corresponding graded basis. Here g, is isomorphic to so(3) ®
s0(1) @ so(1) and we obtain the Z3-symmetric homogeneous space

SO(5)/S0(3) x SO(1) x SO(1) = SO(5)/S0(3).
Every nondegenerate symmetric bilinear form on so(5) invariant by g. = so(3) is written

q=tw] +w)+wi)+uai+v(Bi+65+065) +whi+7s+93)

where{w;, a1, 8;,7i} is the dual basis of the basis {X;, A1, B;, C;}. In particular, we obtain:
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11.4.2 The Z3-Riemannian symmetric space SO(2m)/Sp(m)

We first define the grading of so(2m). Consider the matrices

0 In (-1 0 /(01 (0 -1
o= ()= (50 V) =1 0) = (1 0)

The linear maps on so(2m) given by 7,(M) = J;*MJ,, a = a,b,c where J, = S, @X,, Jp = S ®@Xyp, Jo =
Sm ® X, are involutive automorphisms of so(2m) which pairwise commute. Thus {Id, 74,7, 7.} is a finite
subgroup of Aut(so(2m)) isomorphic to Z2. We deduce the Z3-grading

50(2m) = ge ® ga ® gp D ge

where A 2
1 B, 2 Bo
_ _ tA tn _

g = tB1 tA1 By, —A, with 1;11 Ax, fB1 B
Ay —'By| Ay B Ay = A, 'By= DBy
7tB2 tAQ —-B; A1

X, Y., Za T,
_ Yo —X, -1 Zq ith tXa = —X,, tYa =-Y,
om0 T X Y. | Ze=Ze, =T,
*t]I'a *tZa *Ya Xa
Xy Y, Zy T

g = —tYi; Xy Ty Zy with ?(b =-X;, Y=Y,
~Zy =T | -X» Y Zy = —2Zy, Ty =-T,
T, ='Z,| Y, —X,

X Yo | Z T
_ Yo -X.|-T¢ e ith tXc = —-X,, th =-Y.

LTV Tz x| Y Ze=2, T.=-TL

*ﬁT‘c *th Y; *Xc

The subalgebra g, is isomorphic to sp(m) and from [8] , every Z32-grading of so(2m) such that g. is isomorphic
to sp(m) is equivalent to the previous one.‘The symmetries of the Z3-symmetric space SO(2m)/Sp(m) at
any point x can be described as soon as we know the expression of the symmetries at the point 1, the class
on the quotient SO(2m)/Sp(m) of 1, the unit of the group SO(2m). Moreover we have s, 1(A) = (p(A))
with po(A) = J;1AJ,, @ = a,b,c. Let g be a Riemannian Z3-symmetric metric on SO(2m)/Sp(m). The
corresponding bilinear form B on g, ® g, @ g is g -invariant and the linear spaces g,, gp, g. are orthogonal.
Then B writes B = B, + By + B, where B, is a nondegenerate bilinear form on g, for v = a,b,c such
that the kernel contains @,z g . Let {X i, Y55, Z, 5, T,i;} the basis of g, given by elementary matrices
which generate (X,,Yy, Z,,T,) and {ax.ij, By,ijs Vv,ijs 0+,i5 } its dual basis.

Proposition 89 Every Riemannian (indefinite) Z3-symmetric on
SO(2m)/Sp(m) is defined from the bilinear form B whose quadratic form is written qp = qg, + qg, + qg,
with
a a a Aa
dg, = A1 (Z(O‘g,zj + 52,1‘3‘ + 'Yg,ij) + ; 52,1‘3‘) + A3 (562”1) +(A§ = S )(X2 (6a,iiba,jj)
i#]

i<j

Let v € {a,b,c}. The eigenvalues of ¢, are

iy = A, p2y = A3/2+ A /4, pssy = A3

qg. = AT (O( 3” + ’Y?,ij) + 55,@' + ; sz,ij) + /\g(ai,“) + (7§
i#j

i<j

AL
g, = N ((0f 5 +75) + 0545+ ; Br i) + A58 ) + (N = ) (X (Bo.iiBo.55)
i

V(O (acjiiae,jj)

AT

BEPRAY )

1<J

ATl a7l
2 Loy

)
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where r = % is the order of symmetric matrices Ty, Y3, Z.. These roots are respectively of multiplicities

dimg, —r,7 —1,1. We deduce

Theorem 116 Every definite positive Riemannian Z3-symmetric metric on SO(2m)/Sp(m) is given from
the bilinear form B whose quadratic associated form

qB = QQa,(Alll7 Ag) + qq, ()‘Ii, Ag) + qq, ()‘liv )‘g)

satisfies \] > 0 and \J > A;’Ji;”%) for all v € {a,b,c}. Such a metric is naturally reductive if and only
if

A=A = X6 =2)\2 = 2)5 = 2)S.
For the lorentzian case, we have

Theorem 117 Every lorentzian Z3-symmetric metric on SO(2m)/Sp(m) is given from the bilinear form B
whose quadratic associated form

4B = qga ()‘(117 Ag) + ng(/\? Ag) + ng ()‘liv Ag)
satisfies
Vy € {a,b,c}, A\] >0,
v € {a,b,c} such that — A\]°/2 < \J° < \]° ;=1

1 2(r+1)°
Yy # 0, A3 > A?ﬁ
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Chapter 12

Deformations with coefficients in a
valuation ring

We develop the notion of deformations using a valuation ring as ring of coefficients. This permits to consider
in particular the classical Gerstenhaber deformations of associative or Lie algebras as infinitesimal deforma-
tions and to solve the equation of deformations in a polynomial frame. We consider also the deformations
of the enveloping algebra of a rigid Lie algebra and we define valued deformations for some classes of non
associative algebras.

12.1 Valued deformations of Lie algebras

12.1.1 Rings of valuation

We recall briefly the classical notion of ring of valuation. Let F be a (commutative) field and A a subring of
F. We say that A is a ring of valuation of F if A is a local integral domain satisfying:

IfzeF—A, then z7!'em.

where m is the maximal ideal of A.

A ring A is called ring of valuation if it is a ring of valuation of its field of fractions.

Examples: Let K be a commutative field of characteristic 0. The ring of formal series K][t]] is a valuation
ring. On other hand the ring K][t1, t2]] of two (or more) indeterminates is not a valuation ring.

12.1.2 Versal deformations of Fialowski [31]

Let g be a K-Lie algebra and A an unitary commutative local K-algebra. The tensor product g ® A is
naturally endowed with a Lie algebra structure:

[X®a,Y ®b =[X,Y]® ab.

If e: A— K, is an unitary augmentation with kernel the maximal ideal m, a deformation A of g with base
A is a Lie algebra structure on g ® A with bracket [, ], such that

idRe: g A—gK
is a Lie algebra homomorphism. In this case the bracket [, |\ satisfies

XelLYelh=[XY|el+) Zoa,

185
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where a; € Aand X,Y, Z; € g. Such a deformation is called infinitesimal if the maximal ideal m satisfies m? =
0. An interesting example is described in [F]. If we consider the commutative algebra A = K @ (H?(g,g))*
(where * denotes the dual as vector space) such that dim(H?) < oo, the deformation with base A is an
infinitesimal deformation (which plays the role of an universal deformation).

12.1.3 Valued deformations of Lie algebra

Let g be a K-Lie algebra and A a commutative K-algebra of valuation. Then g ® A is a K-Lie algebra. We
can consider this Lie algebra as an A-Lie algebra. We denote this last by ga. If dimg(g) is finite then

dimA(gA) = diInK(g).

Since the valued ring A is also a K-algebra, we have a natural embedding of the K-vector space g into the
free A-module g4. Without loss of generality we can consider that this embedding is the identity map.

Definition 118 Let g be a K-Lie algebra and A a commutative K-algebra of valuation such that the residual
field % is isomorphic to K (or to a subfield of K). A valued deformation of g with base A is a A-Lie algebra
g’y such that the underlying A-module of ¢4 is ga and that

[X, Y]g, — [X,Y]

94

1s in the m-quasi-module g ® m where m is the mazimal ideal of A.

The classical notion of deformation studied by Gerstenhaber ([41]) is a valued deformation. In this case A =
K[[t]] and the residual field of A is isomorphic to K. Likewise a versal deformation is a valued deformation.
The algebra A is in this case the finite dimensional K-vector space K @ (H?(g,g))* where H? denotes the
second Chevalley cohomology group of g. The algebra law is given by

(o1, h1) - (a2, he) = (a1 - a2, 01 - hg + ag - hy).

It is a local field with maximal ideal {0} @ (H?)*. It is also a valuation field because we can endow this
algebra with a field structure, the inverse of («a, h) being ((a)~!, —(a)~2h).

12.2 Decomposition of valued deformations

In this section we show that every valued deformation can be decomposed in a finite sum (and not as a
series) with pairwise comparable infinitesimal coefficients (that is, in m). The interest of this decomposition
is to avoid the classical problems of convergence.

12.2.1 Decomposition in m x m

Let A be a valuation ring satisfying the conditions of Definition 118. Let us denote by F4 the field of
fractions of A and m? the cartesian product m x m . Let (a1,a2) € m? with a; # 0 for i = 1,2.

i) Suppose that a; - a;l € A and ay - afl € A. Consider a = m(ag - a;l) where 7 is the canonical projection
on %. Clearly, there exists a global section s : K — A which permits to identify « with s(«) in A. Then

a1~a2_1 =« +as,
with a3 € m. Then if a3 # 0,
(a1,a2) = (az(a + a3), az) = az(a, 1) + agaz(0,1).

If a # 0 we can also write
(al, CLQ) =alj + ang,
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with a,b € m and Vi, V3 linearly independent in K2. If o = 0 then a; - a;l € m and a; = asasz. We have
(a1, a2) = (agas, az) = ab(1,0) + a(0,1).
So in this case, V1 = (0,1) and Vo = (1,0). If a3 = 0 then
alagl =«

and
(a1,a2) = az(a, 1) = alh.

This correspond to the previous decomposition but with b = 0.
i) If aq -a;l € Fy — A, then as ~af1 € m. We put in this case as -a;l = az and we have
(a1,a2) = (a1,a1 - az) = a1(1,a3) = a1(1,0) 4+ a1a3(0, 1)
with a3 € m. Then, in this case the point (a1, a2) admits the following decomposition :
(a1,a2) = aVy + abVs

with a,b € m and V;, V5 linearly independent in K2. Note that this case corresponds to the previous one but
with a # 0.

i) If aq -az_1 € A and as - al_l ¢ A then as as - al_l cFa—A, a1a2_1 € m and we find again the case i) with
a = 0. Then we have proved

Proposition 90 For every point (ai,az) € m?, there ewist linearly independent vectors Vi and Vy in the
K-vector space K? such that

(a1,a2) = aVi + abVs,

for some a,b € m.

Such decomposition est called of length 2 if b # 0. If not it is called of length 1.

12.2.2 Decomposition in m”

Suppose that A is valuation ring satisfying the hypothesis of Definition 118. Arguing as before, we can
conclude

Theorem 119 For every (ay,as,--- ,a;) € mF there exist h (h < k) independent vectors Vi, Vo, -, Vj,
whose components are in K and elements by, by, --- by, € m such that

(a1,a2, -+ ,ar) =b1Vi +b1baVo + -+ b1by - - - bp V.

The parameter h which appears in this theorem is called the length of the decomposition. This parame-
ter can be different from k. It corresponds to the dimension of the smallest K-vector space V such that
(a1,a9, - ,a;) € V@m.

If the coordinates a; of the vector (aj,as, - ,ar) are in A and not necessarily in its maximal ideal, then
writing a; = o; + a with «; € K and a; € m, we decompose

(a17a/27"' >ak) = (CK170427"' 7ak)+(a117a127"' aa/;c)

and we can apply Theorem 119 to the vector (af,ab, - ,a},).
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12.2.3 Uniqueness of the decomposition

Let us begin by a technical lemma.

Lemma 22 Let V and W be two vectors with components in the valuation ring A. There exist Vo and Wy
with components in K such that V = Vo + Vj and W = Wy + W and the components of Vi and W{ are in
the maximal ideal m. Moreover if the vectors Vi and Wy are linearly independent then V and W are also
independent.

Proof. The decomposition of the two vectors V and W is evident. It remains to prove that the independence
of the vectors Vy and W, implies those of V and W. Let V, W be two vectors with components in A such
that 7(V) = Vo and #(W) = Wy are independent. Let us suppose that

2V +yW =0

1 1

with z,y € A. One of the coefficients zy~! or yz~! is not in m. Let us suppose that zy~' ¢ m. If zy=1 ¢ A
then x7 'y € m. Then 2V + yW = 0 is equivalent to V + 2~ 'yW = 0. This implies that 7(V) = 0 and this
is impossible. Then xy~! € A — m. Thus if there exists a linear relation between V and W, there exists
a linear relation with coefficients in A — m. We can suppose that £V + yW = 0 with z,y € A — m. Since
V =Vy+V§, W =Wy + W/ we have

m(zV +yW) = m(2)Vo + m(y)Wo = 0.
Thus 7(z) = w(y) = 0. This is impossible and the vectors V' and W are independent as soon as V; and W

are independent vectors. [

Let (al,ag, tee ,ak) = b1V1 + b1b2‘/2 + -+ b1b2 N 'thh and (al,ag, s ,ak) = 01W1 + ClcQWQ + -+
c1co - - csWs be two decompositions of the vector (a1, as,- - ,ar). Let us compare the coefficients b; and ¢;.
By hypothesis byc; ! is in A or the inverse is in m. Then we can suppose that byc;* € A. Since the residual
field is a subfield of K, there exists o € % and ¢; € m such that

by Cl_l =a+ by
thus by = acy + bi1c1. Replacing this term in the decompositions we obtain

(acy +br1en)Vi + (acr + biicr)baVa + -+ - + (cer + biicr)ba - - - bpVy
=c Wi+ cieoWo + - -+ creg -+ - cs W

Simplifying by ¢y, this expression is written
aV1+m1 = W1+m2

where m1, my are vectors with coefficients € m. From Lemma 1, if V; and W7 are linearly independent, as its
coefficients are in the residual field, the vectors aV; + m; and W; 4+ mo would be also linearly independent
(o £ 0). Thus W7 = oV;. One deduces

biVi +biboVo + -+ + biby - by Vi, = c1(aVi) + c1bii Vi + c1biaVa + - -+ + e1biabs - - - by Vi,
with b1a = ba(a + b11). Then
b11V1 + b11biaVa + - + b11biobs - - - bp Vi = coWa + -+ co - s W,
Continuing this process by induction we deduce the following result

Theorem 120 Let be b1 Vi + bibaVa + -+ + biba -+ - bp Vi, and esWh + c1coWao + -+ + ciea -+ - s W two de-
compositions of the vector (ay,az,--- ,ax). Then
i. h=s,
it. The flag generated by the ordered free family (Vi,Va, -+, V3) is equal to the flag generated by the ordered
free family (W1, Wy, --- [ Wy), that is, Vi€ 1,--- |h

Vi, Vip ={Wh,--- W3}

where {U;} is the linear space generated by the vectors U;.
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12.2.4 Geometrical interpretation of this decomposition

Let A be an R algebra of valuation. Consider a differential curve v in R3. We can embed ~ in a differential
curve

IR A—-R3® A.

Let t = to ® 1 + 1 ® £ an parameter infinitely close to tg, that is, ¢ € m. If M corresponds to the point of
T of parameter ¢t and M; those of ty, then the coordinates of the point M — My in the affine space R3 @ A
are in R ® m. In the flag associated to the decomposition of M — My we can consider a direct orthonormal
frame (V1, Vo, V3). Tt is the Serret-Frenet frame to v at the point M.

12.3 Decomposition of a valued deformation of a Lie algebra

12.3.1 Valued deformation of Lie algebras

Let g4 be a valued deformation with base A of the K-Lie algebra g. By definition, for every X and Y in g
we have [X, Y]y —[X,Y]g, € g®@m. Suppose that g is finite dimensional and let {X1,---, X, } be a basis
of g. In this case

(X5, Xjlgr, — X, Xjlg Z » Xk,

with C’fj € m. Using the decomposition of the vector of m™ *(n=1)/2 with for components C’” , we deduce
that

(Xi, Xjlg, — [Xi, Xjlg, = aij(1)o1(Xi, Xj) + aij(1)aij (2)¢2(Xi, X;)

+ o+ aij(1)aig(2) - ai (D)o Xi, X;),

where a;;(s) € m and ¢1,- -, ¢; are linearly independent. The index [ depends on ¢ and j. Let k be the
supremum of indices [ when 1 <, j < n. Then we have

[X Y] N [X Y] = 51(X7Y)¢1(X7Y) +51(X7Y)52(X7 Y)¢2(X7Y)

4. _|_51(X7 Y)EQ(X, Y)-- ~€k(X, Y)¢k:(X> Y)

where the bilinear maps ¢; have values in m and linear maps ¢; : g ® g — g are linearly independent.

If g is infinite dimensional with a countable basis {X,, },en then the K-vector space of linear map T3 =
{¢:g®g— g} also admits a countable basis.

Theorem 121 If pgy, (resp. pg,) is the law of the Lie algebra gy (resp. g,) then

P, = E €162 €iP;

i€l

where I is a finite set of indices, €; : g ® g — m are linear maps and ¢;’s are linearly independent maps in
Ts.

12.3.2 Equations of valued deformations

We will prove that the classical equations of deformation given by Gerstenhaber are still valid in the general
framework of valued deformations. Nevertheless we can prove that the infinite system described by Gersten-
haber and which gives the conditions to obtain a deformation, can be reduced to a system of finite rank.

Let
—Hg, = 26162 61'(;51‘
i€l

be a valued deformation of p (the bracket of g). Then pg, satisfies the Jacobi equations. Following Ger-
stenhaber we consider the Chevalley-Eilenberg graded differential complex C(g, g) and the product o defined
by

(gq © fp)(Xla ce aXp+q) = Z(_I)E(J)gq(fp(Xa(l)v co aXU(p))7 Xo(p+1)’ T 7Xo(q))
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where o is a permutation of 1,---,p+ ¢ such that o(1) < --- < o(p) and o(p+1) < --- < o(p+¢q) (it is
a (p, q)-shuffle); g, € C%(g,9) and f, € CP(g,9). As g, satisfies the Jacobi identities, yiq, o pg, = 0. This
gives

(Hga + 25182 o €i9i) © (tga + 28182 gi¢;) = 0.

il iel
Since pg, o pg, = 0, this equation becomes :
El(usA o1+ @10 MQA) +eU=0

where U is in C3(g, g) ® m. If we simplify by £; which is supposed to be non zero (if not the deformation is
trivial), we obtain

(:U'QA °¢1 + ¢1 OILLQA)(X7Y’ Z) +U(XaYaZ) =0

forall X,Y,Z € g. AsU(X,Y, Z) is in the module g®m and the first part in g® A, each one of these vectors
is null. Then

(f1gs © 1+ 10 pg ) (X, Y, Z) = 0.

Proposition 91 For every valued deformation with base A of the K-Lie algebra g, the first term ¢ appear-
ing in the associated decomposition is a 2-cochain of the Chevalley-Filenberg cohomology of g belonging to

Z%(g,9).

We thus rediscover the classical result of Gerstenhaber but in the broader context of valued deformations
and not only for the valued deformation of basis the ring of formal series.

In order to describe the properties of other terms of the Jacobi equations, we use the super-bracket
of Gerstenhaber which endows the space of Chevalley-Eilenberg cochains C(g,g) with a Lie superalgebra
structure. When ¢; € C%(g, g), it is defines by

[$i, @] = di o dj + djodi
and [¢;, ¢;] € C3(g, g).

Lemma 23 Let us suppose that I = {1,--- [k}. If

Kty = Hga + E €162 EiP;
il

is a valued deformation of j1, then the 3-cochains [¢;, ¢;] and [p, ¢;], 1 < 4,5 < k—1, generate a linear subspace
V of C3(g,9) of dimension less or equal to k(k — 1)/2. Moreover, the 3-cochains [¢;,¢;], 1 <i,j < k—1,
form a system of generators of this space.

Proof. Let V be the subspace of C3(g, g) generated by [¢;, ¢;] and [u, ¢;]. If w is a linear form on V' of which
kernel contains the vectors [¢;, ¢;] for 1 < ¢,j < (k — 1), then the equation (1) gives

erga - exw([d1, ¢u)) +e1ed - enw (@2, O) + - +ered - cqw(dr, dr]) + 2w ([p, d2))

+egesw([p, ¢3)) - - - + e2e3 - - epw([p, d1]) = 0.

Since the coefficients which appear in this equation are each one in one mP, we have necessarily

w([p1, k) = - = w([r, ¢x]) = w(lp, d2]) = - = w([p, ¢x]) =0

and this for every linear form w of which kernel contains V. This proves the lemma.

From this lemma and using the descending sequence
mom® >...om® ...

where m®) is the ideal generated by the products ajas - - - ap, a; € m of length p, we obtain :
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Proposition 92 If
K/, = Hga + 25152 o Eidi
iel
is a valued deformation of u, then we have the following linear system:

02 = aiy[dr, ¢,
6¢3 = a’:i)’2 [d)h ¢2] + a%Q [¢17 qsl}?

oy, = Z1§¢§j§k71 afj [¢za ¢j}7
[¢1, ¢k] = 219'3]51%1 b%j[@’ ¢j]a

[Pr—1, k] = 2195;‘31@71 bfj_l[(bia 1,
where §¢; = [u, ¢;] is the coboundary operator of the Chevalley cohomology of the Lie algebra g.

Let us suppose that the dimension of V' is the maximum k(k — 1)/2. In this case we have no other relations
between the generators of V' and the previous linear system is complete, that is, the equation of deformations
does not give other relations than the relations of this system. The following result shows that, in this case,
such deformation is isomorphic, as Lie algebra laws,to a “polynomial” valued deformation.

Proposition 93 Let be py, a valued deformation of p such that

Pg', = Hga T E €162+ EiP;
=1,k

and dimV = k(k — 1)/2. Then there exists an automorphism of K" ® m of the form f = Id ® Py(e) with
Py(X) € KF[X] satisfying Py(0) = 1 and ¢ € m such that the valued deformation py; defined by

y,g/A/ (X, Y) = hil(/lg;x (h(X)v h(Y)))
is of the form

_ 7
Hgaw = Hgs + Y. £,
i=1,

where p; =3, ¢;.

Proof. Considering the Jacobi equation
[/‘g’Avﬂg’A] =0
and writting that dimV = k(k — 1)/2, we deduce that there exist polynomials P;(X) € K[X] of degree i
such that
Priler)

Ei = ;€
i T kPk,'*'L-Jrl(Ek)’

with a; € K. Then we have

 Pr—i(er)
Le = + aias - ai(eg) ———= ;.
9'A Hga i:;JC 102 ( k) Pk(ek)
Thus

Pe(er)ng, = Pr(er)pga + Z arag -+ - a;(ex) Pei(ex)di-
i=1,- .k

If we write this expression according to the increasing powers we obtain the announced expression. [
Let us note that, for such a deformation we have

dp2 + [p1, 1] =0,
5@3 + [Sola 902] =Y,

5<)0k + Zi+j:k[(pi7 SOJ] = 07
Zi-s—j:k-i-s[‘/’ia ¢;] = 0.
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12.3.3 Particular case: one-parameter deformations of Lie algebras

In this section the valuation ring A is K[[¢]]. Its maximal ideal is tK[[¢]] and the residual field is K. Let g
be a K- Lie algebra. Consider g ® A as an A-algebra and let be g/, a valued deformation of g. The bracket
[—, —]+ of this Lie algebra satisfies

(X, V] = [X, Y]+ ) t¢i(X,Y).

Considered as a valued deformation with base K[[t]], this bracket can be written
i=k
(X, Y], = [X, Y]+ ) a(t) ) (X,Y),
1

i

where (11, ,1y) are linearly independent and ¢;(t) € tC[[t]]. As ¢1 = 11, this bilinear map belongs to
Z%(g,9) and we find again the classical result of Gerstenhaber. Let V be the K-vector space generated by
[¢i, 0] and [p, ¢5], 1,5 =1,--- ,k—1, p being the law multiplication of g. If dim V' = k(k —1)/2 we will say
that one-parameter deformation [—, —]; is of maximal rank.

Proposition 94 Let
(X, Y] = [X, Y]+ ) _t'¢:(X,Y)

be a one-parameter deformation of g. If its rank is maximal then this deformation is equivalent to a polyno-
mial deformation

i=1 k

U)Zth QOZ = Zj:l,m J aijil)j.

Corollary 122 Fvery one-parameter deformation of maximal rank is equivalent to a local non valued de-
formation with base the local algebra K[t].

Recall that the algebra K[t] is not an algebra of valuation. But every local ring is dominated by a valuation
ring. Then this corollary can be interpreted as saying that every deformation in the local algebra Cl[t] of
polynomials with coefficients in C is equivalent to a “classical”’-Gerstenhaber deformation with maximal
rank.

12.4 Deformations of the enveloping algebra of a rigid Lie algebra

12.4.1 Valued deformation of associative algebras
Let us recall that the category of K-associative algebras is a monoidal category.

Definition 123 Let a be a K-associative algebra and A an K-algebra of valuation of such that the residual
field % is isomorphic to K (or to a subfield K' of K). A walued deformation of a with base A is an A-
associative algebra o', such that the underlying A-module of oy is ag and that

(X YV)y —(X-Y)

!’
LY’} LY’)

belongs to the m-quasi-module a ® m where m is the mazximal ideal of A.

The classical one-parameter deformation is a valued deformation. As in the Lie algebra case we can develop
the decomposition of a valued deformation. It is sufficient to change the Lie bracket by the associative
product and the Chevalley cohomology by the Hochschild cohomology.

The most important example concerning valued deformations of associative algebras is those of the asso-
ciative algebra of smooth fonctions of a manifold. But we will be interested here by associative algebras that
are the enveloping algebras of Lie algebras. More precisely, what can we say about the valued deformations
of the enveloping algebra of a rigid Lie algebra?
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12.4.2 Complex rigid Lie algebras

In this section we suppose that K = C. Let L,, be the algebraic variety of structure constants of n-dimensional
complex Lie algebra laws. The basis of C" being fixed, we can identify a law with its structure constants.
Let us consider the action of the linear group Gi(n,C) on L, :

W(XY) = fu(f(X), F(Y)).
We denote by O(u) the orbit of p.
Definition 124 The law p € L, is called rigid if O(u) is Zariski-open in L,,.

Let g be a n-dimensional complex Lie algebra with product p and g4 a valued deformation with base A. As
before F4 is the field of fractions of A.

Definition 125 Let A be a valued C-algebra. We say that g is A-rigid if for every valued deformation g’
of ga there exists a Fa-linear isomorphism between gy and ga.

Let pgr, be a valued deformation of pg,. If we write pg — pg, = ¢, then #(X,Y) € g®m for all
X,Y € g®@ A. If pg, is rigid, there exits f € Gl,(g ® F4) such that

F g, (F(X), F(Y))) = g, (X, Y).

Thus
pg,, (f(X), f(Y)) = f(pg, (X, Y)) = o(f(X), f(Y)).

As g4 is invariant by f, ¢(f(X), f(Y)) € g @ m. So we can decompose f as f = fi; + fo with f1 € Aut(ga)
and fo:ga — g@m. Let f' be f' = fo f{'. Then

F ™ g, (F1(X), f/(Y))) = g, (X,Y)
and f' = Id+ h with h : g4 — g ® m. Thus we have proved

Lemma 24 If pg, is A-rigid for every valued deformation g, there exits f € Gl,(g ® Fa) of the type
f=1I1d+h with h: gy — g ®m such that

F g, (F(X), F(Y))) = g, (X, Y),

for every X)Y € ga.

Remark. If f = Id+ h then f~! = Id + k. Since g4 is invariant by f, the linear map k satisfies
k:ga—gom.

Theorem 126 If the residual field of the valued ring is isomorphic to C then the notions of A-rigidity and
of rigidity are equivalent.

Proof. Let us suppose that for every valued algebra with residual field C, the Lie algebra g is A-rigid. We
will consider the following special valued algebra: let C* be non standard extension of C in the Robinson
sense ([Ro]). If C; is the subring of non-infinitely large elements of C* then the subring m of infinitesimals
is the maximal ideal of C; and C; is a valued ring. Let us consider A = C;. In this case we have a natural
embedding of the variety of A-Lie algebras in the variety of C-Lie algebras. Up this embedding (called the
transfer principle in the Robinson theory), the set of A-deformations of g4 is an infinitesimal neighborhood
of g contained in the orbit of g. Then g is rigid. O

Examples. If A = C[[¢t]] then K’ = C and we find again the classical approach to the rigidity. We have
another example, considering a non standard extension C* of C. In this context the notion of rigidity has
been developed in [A.G] (such a deformation is called perturbation). This work has allowed to classify
complex finite dimensional rigid Lie algebras up the dimension eight.
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12.4.3 Deformation of the enveloping algebra of a Lie algebra

Let g be a finite dimensional K-Lie algebra and U(g) its enveloping algebra. In this section we consider
a particular valued deformation of U(g) corresponding to the valued algebra K][¢]]. In [103], the following
result is proved:

Proposition 95 If g is not rigid then U(g) is not K[[t]]-rigid.
Recall that if the Hochschild cohomology H*(U(g),U(g)) of U(g) satisfies
H?(U(g), U(g)) =0,
then U(g) is K[[t]]-rigid. By the Cartan-Eilenberg theorem, we have that
H"(U(g),U(g)) = H" (g, U(g))-
Theorem 127 [103] Let g be a rigid Lie algebra. If H?(g,C) # 0, then U(g) is not K[[t]]-rigid.

From [18] and [5] every solvable complex Lie algebra decomposes as g = t @ n where n is the niladical of g
and t a maximal exterior torus of derivations in the Malcev sense. Recall that the rank of g is the dimension
of t. A direct consequence of Petit’s theorem is that for every complex rigid Lie algebra of rank equal or
greater than 2 its envelopping algebra is not rigid.

Theorem 128 Let g be a complex finite dimensional rigid Lie algebra of rank 1. Then
dim H?*(g,C) =0
if and only if 0 is not a root of the nilradical n.

Proof. Suppose first that 0 is not a root of n, that is, for every X # 0 € t, 0 is not an eigenvalue of
the semisimple operator adX. Let 6 be in Z?(g,C). Let (X,Y:)i=1,.. n—1 @ basis of n adapted to the
decomposition g = t ® n. In particular we have

[X7Yi] =AY,
with \; e N*forall i =1,--- ;n—1 ([A.G]). Asdf =0 we have for all 4, =1,--- ,n—1
do(X,Y;,Y;) = 0(X, [Y3, Y;]) + 65, [V, X]) + 0(Y;, [X, Yi]) = 0,
forall 1 <i,5 <k —1, and this gives
(A +A1)0(Y3, Y5) = 0(X, [Y3, Y1) (%)

If (A; + ;) is not a root, then [¥;,Y;] = 0 and this implies that 6(Y;,Y;) = 0. If not, (A; + A;) = Ax is a
root. Let us note Ykl7 -+, Y," the eigenvectors of the chosen basis corresponding to the root A;. We have
ng
Vi, Y5] = af; (k)Y
s=1

Let us consider the dual basis {wo, w1, ,wp—1} of {X, Y7, -+ ¥,,_1}. We have

dw;, = Apwo Awy, + Z aj, (B)wi A wp,

lm

where the pairs (I,m) are such that A\; + A\;;, = A\x. Then we deduce from (*)

D as(R)O(X, V) = M(Yi, Y5) = 0.
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Let us fix \g. If we write

0= 2 tmntrm=n, Oim(R)wr Awm + 32, 5 x an, Crs(R)wr Aws

+ 208 ks Biwo Awp
then, for every pair (4, j) such that A; + X; = A, (*) gives

nk

—Xebij (k) + > a3;(k)Bi =0
s=1

and )
koal(k
bij(k) = Z — -
s=1 Ak

The expression of  becomes

al

i (k)
0= 3k et Biwo AWl + 20 i aamae —a Biwi A wj

+ Zr,&/\r-i-/\gé)\k Crs(K)wr A ws.

Thus
0 = Zk()%k Doty B (Aewo Awy + Ei,j,,\iJr,\j:,\k ai;(k)wi Awj)

2 st auay Crs(B)wr Aws
- ZS Bidw + Zk’?ék 222/1 Bi,wo A wy,

2 s At ae g Crs(B)wr Aws.
If we continue this method for all the non simple roots (i.e which admit a decomposition as sum of two roots,
we obtain the heralded result.

For the converse, if 0 is a root, then the cocycle
0= wo/\a%
where ] is related with the eigenvector associated to the root 0 is not integrable. [

Remark. It is easy to verify that every solvable rigid Lie algebra of rank greater or equal to 2 cannot have
0 as root. Likewise every solvable rigid Lie algebra of rank 1 and of dimension less than 8 has not 0 as root.
This confirm in small dimension the following conjecture [Cal:

If g is a complex solvable finite dimensional rigid Lie algebra of rank 1, then 0 is not a root.

Consequences. If H?(g,C) # 0, there exits § € A%g* such that [0] g2 # 0. If rg(g) > 2, then we can suppose
that 6 € A?t* and w defines a non trivial deformation of U(g). If rg(g) = 1, then 0 is not a root of t. The
Hochschild Serre sequence gives:

Hep(e,U(g) = (At @ZU(9))) @ (¢ @ Hig(nU(g))) ® HEp(nU(g))"
= ' ®Hep(nU(g)' & Heg(nU(g))".

But from the previous proof, if 6 is a non trivial 2-cocycle of Z2 (g, C) then i(X)0 # 0 for every X € t,
X # 0. The 1-form w = i(X)# is closed. Then 6 corresponds to a cocycle belonging to t* ® Z}z(n,U(g))*
and defines a deformation of U(g).

Theorem 129 Let g be a solvable complex rigid Lie algebra. If its rank is greater than or equal to 2 or if
the rank is 1 and 0 is a root, then the enveloping algebra U(g) is not rigid.

Remark. In [103], T.Petit describes some examples of deformations of the enveloping algebra of a rigid Lie
algebra g in small dimensions and satisfying HZ (g, C) = 0. For them, he shows that every deformation of
the linear Poisson structure on the dual g* of g induces a non trivial deformation of U(g). This reduces the
problem to find non trivial deformation of the linear Poisson structure.
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12.4.4 Poisson algebras

Recall that a Poisson algebra P is a (commutative) associative algebra endowed with a second algebra
multiplication satisfying the Jacobi’s identity and the Leibniz rule

[a7 bc] = b[aa C] + [av b]ca

for all a,b,c € P. The tensor product P; ® Py of two Poisson algebras is again a Poisson algebra with the
following associative and Lie products on P; ® Ps :

{ (a1 ® az) - (b1 ® ba) = (a1 - b1) ® (a2 - be,
[(a1 ® az), (b1 ® b2)] = ([a1,b1] ® az - ba) + (a1 - by ® [az, ba)),

for all a1,b; € P1,as2,bs € Po. We can easily verify that these multiplications satisfy the Leibniz rule.

Every commutative associative algebra has a natural Poisson structure, putting [a,b] = ab—ba = 0. Then
the tensor product of a Poisson algebra by a valued algebra is also a Poisson algebra. In this context we
have the notion of valued deformations. For example, if we take as valued algebra the algebra C[[¢t]], then
the Poisson structure of P ® C[[t]] is given by

{ (a1 ®az(t)) - (b1 ®@b2(t)) = (a1 - b1) ® (az(t) - b2(?)),
[(a1 ® az(t)), (b1 @ ba(t))] = [a1,b1] ® az(t) - b2(2),

because C[[t]] is a commutative associative algebra.

Remark. Since we have a tensorial category it is natural to look if we can define a Brauer Group for
Poisson algebras. Since the associative product corresponds to the classical tensorial product of associative
algebras, we can consider only Poisson algebras which are finite dimensional simple central algebras. The
matrix algebras M,,(C) are Poisson algebras. Then, considering the classical equivalence relation for define
the Brauer Group, the class of matrix algebra constitutes an unit. Now the opposite algebra A° also is a
Poisson algebra. In fact, the associative product is given by a-,,b = ba and the Lie bracket by [a, b],, = ba—ab.
Thus considering

[a,b op clop = [a, cb]op = cba — ach,
b-op [, clop + [a,b]op -op ¢ = cab — acb + cba — cab = cba — acb,

we obtain a Poisson structure of A°P. The opposite algebra A°P is, modulo the equivalence relation, the
inverse of A.
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