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1. INTRODUCTION

The theory of characteristically nilpotent Lie algebras constitutes an in-
dependent research object since 1955. Until then, most studies about Lie
algebras were oriented to the classical aspects of the theory, such as semisim-
ple and reductive Lie algebras [92]. Though there exists a precedent in the
theory of nilpotent Lie algebras; the Ph.D. thesis of K. Umlauf [95] in 1891,
their structure was practically unknown and only classical results like Engel’s
theorem were known. From 1939 on, when Lie theorists were seeking from
adequate presentations of the semisimple Lie algebras in terms of generators
and relations, N. Jacobson proved that the exceptional complex simple Lie
algebra G of dimension 14 could be presented as the algebra of derivations
of the Cayley algebra [47]. This result increased the interest in analyzing the
derivations of an arbitrary Lie algebra. However, it was not until the fifties
when the first determining results about derivations of nilpotent Lie algebras
were obtained. It was proven that any nilpotent Lie algebra has an outer
derivation, i.e., there exists at least one derivation which is not the adjoint
operator for a vector of the algebra. Two years earlier, E. V. Schenkman [85]
had published his derivation tower theorem for centerless Lie algebras, which
described in a nice manner the derivation algebras. This theory was not ap-
plicable to the nilpotent algebras, as the adjoint representation is not faithful.
This fact led to the assumption that the structure of derivations for nilpotent
Lie algebras is much more difficult than for classical algebras. Again, Jacobson
proved in 1955 that any Lie algebra over a field of characteristic zero which
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has nondegenerate derivations is nilpotent. In the same paper [48] he asked
for the converse. This result is assumed to be the origin of the theory of char-
acteristically nilpotent Lie algebras. Dixmier and Lister [29] gave a negative
answer to the converse of Jacobson’s theorem. They defined a generaliza-
tion of the central descending sequence and called the algebras satisfying the
nullity of a power characteristically nilpotent. The example of Dixmier and
Lister constituted the milestone for a new class of Lie algebras which seem, in
appearance, to be scarce. The first paper about the structure of characteris-
tically nilpotent Lie algebras, short CNLA, is due to Leger and T6g6 in 1959.
They proved the equivalence of the sequence condition of Dixmier and Lister
and the nilpotence of the Lie algebra of derivations. Although this paper does
not give any additional example of such an algebra, it reduces the search to
the class of nilpotent Lie algebras. On the other side, the deduced properties
of a CNLA excluded the 2-step nilpotent or metabelian Lie algebras. The last
author, S. T6go, published in 1961 an excellent work which contained much
of the information known about derivation algebras of Lie algebras. Among
others, he introduced special classes of algebras which were shown to be non
CNLA [93]. The importance of CNLAs within the variety of nilpotent Lie
algebra laws was soon recognized by the author, and he also formulated an
interesting question which is nowadays not satisfactorily solved: the problem
of Togd. He asked for the existence of CNLA of derivations, this is, algebras
for which both the derivations and the derivations of these are nilpotent. Very
little is known about the general structure of such Lie algebras, though its ex-
istence has been verified by various authors [8]. The deformations theory for
algebraic structures of M. Gerstenhaber in 1964 [38], originally developed to
study the rigidity of algebraic structures, has become since then a powerful
tool to determine the nilpotence of derivations.

M. Vergne [96] applied in 1966 the cohomology theory of Lie algebras [60]
to the study of the variety of nilpotent Lie algebras, obtaining in particular
interesting results about its irreducible components. In particular, she showed
the existence of only two naturally graded filiform Lie algebras, L, and @,
the second existing only in even dimension. In particulnar, the first algebras
has been a central research object for the last thirty years. Studying its de-
formations, lots of families of CNLA have been constructed [52]. In 1970 J.
L. Dyer gave a nine dimensional example of CNLA [33], which was interesting
in its own as it had an unipotent automorphism group. This property is not
satisfied by the original example of Dixmier and Lister, and showed than even
CNLA can have quite different behaviours. By that time, it was perfectly
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known that such algebras could exist only from dimension 7 on, as a conse-
quence of the classification in 1958 of the six dimensional algebras [75]. In
1972 G. Favre discovered the lowest dimensional CNLA known until then [35],
which additionally was of the same nature as Dyer’s example. At the same
time, G. D. Leger and E. Luks investigated the metabelian Lie algebras and
proved several results about their rank, and establishing that rank one alge-
bras were given if the existence of a characteristic ideal containing the derived
subalgebra is assured. These results can be interpreted as a constructive proof
that the original example of 1957 is the known CNLA with lowest character-
istic sequence. The last author applied in 1976 computational methods to
prove the existence of CNLA in any dimension greater or equal to seven. Four
years later, S. Yamaguchi constructed families of CNLA in arbitrary dimen-
sion, constructions that have been completed and generalized in later years
[52]. The topological study of the variety of Lie algebra laws led R. Carles [18]
to study the topological properties of CNLA. Among other results he states
that the set of CNLA is constructible for n > 7. For the particular dimen-
sion 7, he also proves that CNLA do not form an open set. Recently [8] this
result has been generalized to any dimension. Another interesting approach
to the CNLA has been deformation theory applied to the Borel subalgebras
of complex simple Lie algebras, like done by Y. B. Khakimdjanov in 1988 to
prove that almost all deformations of the nilradical of Borel subalgebras of
complex simple Lie algebras are characteristically nilpotent. This has shown
that these algebras are in fact in abundance within the variety of nilpotent
laws. M. Goze and the last cited author [40] proved, in 1994, that for any
dimension n > 9 an irreducible component of the filiform variety F,, contains
an open set consisting of CNLA.

Filiform Lie algebras, specifically the model filiform Lie algebra L,, has
been also the fundamental source for constructing families of CNLAs. In par-
ticular, its cohomology has been calculated, which has allowed to describe its
deformations in a precise manner and characterize those deformations which
are characteristically nilpotent [54]. Recently, we have turned our interest to
nilpotent Lie algebras which structurally “look like @),,”. As known, this al-
gebra cannot appear in odd dimension. This is a consequence of the so called
centralizer property [22], which codifies information about the structure of
the commutator subalgebra and the ideals of the central descending sequence.
Now the centralizer property can be generalized to any naturally graded nilpo-
tent Lie algebra, and defines a class of algebras which can be interpreted as
those which are the “easiest nilpotent Lie algebras to deform for obtaining
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CNLAs”. The key to this is extension theory combined with deformation
theory. This approach also leads to certain questions about the rigidity of a
nilpotent Lie algebra. In 1970 Vergne postulated the nonexistence of nilpotent
Lie algebras that are rigid in the variety £" for n # 1. In his study about
the structure of rigid Lie algebras [18], Carles established that if a nilpotent
Lie algebra is rigid, then it necessarily must be a CNLA. The strongness of
this result seems to confirm the validity of the conjeture, although there is no
known procedure to prove it.

Finally, we review some results about affine structures over Lie algebras.
This kind of structures are of great importance not only for purposes of co-
homology theory [15], but also for representation theory of nilpotent Lie al-
gebras. The interesting point is that CNLA can admit an affine structure,
such as it was proven for the example of Dixmier and Lister by Scheunemann
[87] in 1974. Although practically nothing is known about CNLA with affine
structures, the cohomological method developed by Burde in [15] could be an
important source for studying these algebras.

2. GENERALITIES

In this section we resume the elementary facts about Lie algebras that will
be used thorughout the paper. Although it is often unnecessary to specify the
base field, we will asume here that all Lie algebras are complex.

DEFINITION. Let g be a finite dimensional vectorial space over C. A Lie
algebra law over C™ is a bilinear alternated mapping p € Hom (C™ x C",C")
which satisfies the conditions

(1) p(X,X)=0 for all X € C";
i

(2) 1 (X, 1 (Y, 2))+ 1 (Zo i (X, V) 411 (Y 1 (Z, X)) = 0 for all X, Y, Z € C"
(Jacobi identity).

If 11 is a Lie algebra law, the pair g = (C", ) is called Lie algebra. From now
on we identify the Lie algebra with its law pu.

Remark. We say that p is the law of g, and where necessary we use the
bracket notation to describe the law:

[X,Y]=p(X,Y) VXYegq.

The nondefined brackets are zero or obtained by symmetry.
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DEFINITION. Given an ideal J of g, we call centralizer of J in g to the
subalgebra

Cod={Xecg|n(X,J)=0}.
To any Lie algebra we can associate the two following sequences:
D% —g> D'g=[g,g] >+ > D= [DF'g, D" g 5o
C'g=g>C'g=D'g>C%=[C'g,g] D D Crg= [Ck’lg,g} D
called respectively derived and descending central sequences of g.

DEFINITION. Let g be a Lie algebra. We say that

(1) g is solvable if there exists an integer & > 1 such that D¥g = {0};
(2) g is nilpotent if there exists an integer (called nilindex n (g) of g) &k > 1
such that C*g = {0}.
DEFINITION. An n-dimensional nilpotent Lie algebra is called filiform if
dimCfg=n—k—-1,1<k<n-1.

C;?) for 1 < p; < n(g), the type of the

nilpotent Lie algebra is the sequence {p1,...,p,}. Then a filiform algebra
corresponds to those of type {2,1,...,1} [97].

Remark. Calling p; = dim(

We recall the laws for the (n + 1)-dimensional filiform Lie algebras L,, and
@, which are basically the only filiform Lie algebras we have to deal with
here:

e L, (n>3) [X1,Xi]=Xit1, 2<i<n, overthebasis {Xq,..., X411}
® Qo1 (m>3): [X1,Xi]=Xi11, 2<4i<2m—1, and [Xj, Xopy1-j] =
(—1)/ Xapm, 2 < j < m,over the basis {X71,..., Xon}.

DEFINITION. A Lie algebra g is graded over Z if it admits a decomposition

QZEB%

kEZ

where the gj are C-subspaces of g which satisfy [g,, gs] C gr+ts, 7,5 € Z.



158 J.M. ANCOCHEA, R. CAMPOAMOR

Observe that any graduation defines a sequence S = Fj (g) = @~ 0t
with the properties

(1) a=15%,
(2) [SZ, S]] C Si+j Vi,j,
(3) SiCSj sii> 7.

DEFINITION. A family {S;} of subspaces of g define a filtration (descend-
ing) over g if it satisfies the above properties (1)-(3). The algebra is called
filtered.

The construction can be reversed, i.e., any filtration defines a graduation
k—1

by taking gr = Ssk for kK > 1. The graduation is called associated to the
filtration {S;} and it defines a Lie algebra.

DEFINITION. A nilpotent Lie algebra is called naturally graded if g ~
gt (g), where gr (g) is the graduation associated to the filtration induced in g
by the central descending sequence.

It follows immediately that both L, and @, are naturally graded. They
are in fact the only filiform Lie algebras having this property [97].

DEFINITION. A derivation f of a Lie algebra g is a linear mapping f : g —
g satisfying

[F(X), Y]+ [X, f(Y)] = fIX,Y] =0 V(X,Y)eg”
We denote by Der g the set of derivations of g. It is a Lie subalgebra of End g.

PROPOSITION. For all X in g, the endomorphism adX is aderivation of g.

DEFINITION. The derivations f of g which are of type f = adX for X € g
are called inner derivations.

2.1. COHOMOLOGY OF LIE ALGEBRAS. There exists a general study of
the cohomology of Lie algebra by considering the cohomology with values on
a g-module. See for example references [60].

Let g be a Lie algebra. A p-dimensional cochain of g (with values in g) is
a p-linear alternating mapping of g¥ in g (p € N*). A 0-cochain is a constant
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function from g to g. We denote by C? (g,g) as the space of the p-cochains
and

C*(g,9) =P C” (a,9).

p=>0

We can provide C? (g, g) of a g-module structure by putting

(X®) (X1,.... X)) = [X,2(X1,...,Xp)] = > ®(X1,...,[X,Xi],...,X))

1<i<p

forall Xi,...,X, €g.
On the space C* (g, g) we define the endomorphism

6:C*(g,9) — C*(g9,9)
> — 6P

by putting §® (X) = X.® if & € C°(g,g) and

0O(X1,.. o Xpr1) = Y. (D) (Xe®) (X1, Xy Xpi1)
1<s<p+1

+ Y DX X)L X X X X )
1<s<t<p+1

if #€C?(g,9), p>1.
By this definition, 6 (C? (g,g)) C CP*! (g, ¢) and we can verify that

dod=0.
For all p > 1 we denote

Zp(g> g) = Kerd |Cp(g,g) ) Bp(ga g) =Imd ‘Ci"(g,g)

and HP(g,9) = ZP(g,9)/B"(g,9). This quotient space is called the cohomol-
ogy space of g of degree p (with values in g). For p = 0 we put B%(g, g) = {0}
and H%(g,g) = Z%g,g). This last space can be identified to the space of
all g-invariant elements that is {X € g | adY(X) =0 VY € g}. Then
Z%g,9) = Z(g) (the center of g).
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2.1.1. THE SPACE H'!(g,g). We have Z'(g,g) ={f:9—g|df =0}.
But f (X,Y) = [f (X), Y] + [X, f (V)] - f[X,Y]. Then Z'(g,g) is nothing
but the algebra of derivations of g:

Z'(g,g) = Derg.

It is the same for:
B'(g,9) = {adX | X € g}.

Thus the space H' (g, g) can be interpreted as the set of the outer derivations
of the Lie algebra g.

Let I be an ideal of g. We consider the cochains ¢ : I? — g on I with values
in g. For these cochains we can also define, by restriction, the coboundary
operator §. As I is an ideal of g, H! (g, g) is a g-module. So we can consider
the cohomology space H* (1, g).

A p-cochain ¢ of CP (I, g) is g-invariant if it satisfies:

Xo(Xq,...,.Xp) =X, 0 (X1,...,Xp)]

- e (X X [X X)L, X)) =0,
1<i<p

We denote by C* (I,g)? the set of cochains on I which are g-invariant and
H* (I, g)? the correspondent cohomology space. Each element i of H? (I,g)?
has a representative which is the restriction to I of a cochain ¥ in C? (g, g)
such that dip € (g/I,g") where g/ = {X € g |[X,Y] =0 VY € I}. This
element di) does not depend upon the choice of the representative of p. Let
tp+1be the homomorphism so defined:

tpr1 s H? (I,9)° — HP*' (g/1,g").
We define an exact sequence:
0— H” (g/I,9") % HP (g,5) ~> HP (I,9)°
25 HP T (g/1,9") — HP (g, 9)

where 7, is the homomorphism restriction and [, is defined by looking upon
the cochains of g/I in g’ as cochain of g in g.

ExaMPLE. We suppose that codim (/) = 1. Then dimg// = 1 and
Cr(g/l,g) = 0 for p > 2. Thus 0 — 0 — H?(g,g) — H*(I,9)® — 0
and we have

H?(g,9) = H*(1,9)°.
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2.2. THE SPACES H?(g,C). Recall that the space H? (g, CP) can be in-
terpreted as the space of classes of p-dimensional central extensions of the Lie
algebra g. We recall the elementary facts:

Let g be an n-dimensional nilpotent Lie algebra with law pg. A central
extension of g by CP is an exact sequence of Lie algebras

0—-CP—-g—g—0

such that CP C Z(g). Let a be a cocycle of the De Rham cohomology
Z? (g, CP). This gives the extension

0—-CP—-CPpg—g—0
with associated law p = pg + a defined by

p((a,z), (byy)) = (apo (2,y) , to(z,y)) -

In the following we are only interested in extensions of C by g, i.e, extensions of
degree one. It is well known that the space of 2-cocycles Z2 (g, C) is identified
with the space of linear forms over /\2 g which are zero over the subspace 2

Q= (uo (z,y) Nz~ po (y, 2) N+ pio (2,2) ANy -

The extension classes are defined modulus the coboundaries B? (g, C). This
allows to identify the cohomology space H? (g, C) with the dual of the space
Keé A where A € Hom(A? g, g) is defined as

Az Ay)=po(z,y) z,y€<g.

In fact we have Hs (g,C) = KGT”‘ for the 2-homology space, and as H? (g, C) =

Homg (H2 (g, C), C) the assertion follows.
NOTATION. Let ¢;; € H? (g, C) the cocycles defined by
©ij (X, Xi) = 030y -

Observe that a cocycle ¢ can be written as a linear combination of the
preceding cocycles. We have:

LEMMA. Y a%g;; =0 if and only if > a" (X; A X;) € Q.
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Let g be an n-dimensional nilpotent Lie algebra. The subspace of central
extensions is noted by E ;1 (g). It has been shown that this space is irreducible
and constructible. However, for our purpose this space is too general. We only
need certain cohomology classes of this space.

NoTATION. For k£ > 2 let

-3
HY' (3,C) = {psj € H?(3,C) |i+j=2t+1+k}, 1<t< [”2 } ,

27% - B 2 . . t€{177[nT73]}
H, (g,C)—{cpZ]EH(g,(C)|z+]—t+1+k:}, £ =1 (mod 2) .

These cocycles are essential to determine the central extensions which are
additionally naturally graded. If E.; (g) denotes the central extensions that

are naturally graded, we consider the subspaces

K1y ke i i )
B3 (9) = {1 € Bea0) | 1= o+ (X)), ol € HY'(0.0),

kl7 7k

2.t
EQ’
cl

(9) = {1 € Bealg) | 1 =po+ (L), i € Hy?(6,C)
where 0 < k; €Z,j=1,...,r

Given a basis {X1,..., X, X,,41} of u belonging to any of these spaces,
the Lie algebra law is defined by:

,U(X’L’X_]) H0 XzaX (ZSOZ]> n+1, 1§Za]§n (X’MX]) 692
LEMMA. As vector spaces, the following identity holds:

k,,k
N )

This follows easily. Observe that, though ¢ is bounded by the dimension,
k > 2 has no restrictions. However, the sum is finite, for the spaces Et kl’ o
are zero for almost any choice (ki,..., k).

Given the Lie algebra g = ((C”, o), we have the associated graduation

gr(g) = Z?(ﬁ) g;, where g; = -2 and n(g) is the nilindex of g. Indepen-
dently of g being naturally gradeci or not, any vector X has a fixed position
in one of the graduation blocks. The study of the central extensions which
preserve a graduation is reduced to the study of the position of the adjoined
vector X, ;1. Note that in this sense the cocycles ¢;; € Hi’t (g, C) codify this
information.
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2.3. THE ALGEBRAIC VARIETY £". A n-dimensional complex Lie alge-
bra can be seen as a pair g = (C", u) where pu is a Lie algebra law on C”, the
underlying vector space to g is C™ and p the bracket of g. We will note by
L£" the set of Lie algebra laws on C™. It is a subset of the vectorial space of
alternating bilinear mappings on C".

DEFINITION. Two laws p and p/ € £" are said isomorphic, if there is
f € Gl(n,C) such that

W(X,Y) = fxp(X,Y) = [Hu(f(X), [(Y)))
for all X,Y € C™.
In this case, the Lie algebras g = (C", ) and g’ = (C", i) are isomorphic.
The set O(u) of the laws isomorphic to pu is called the orbit of p.

Let us fix a basis {e1, €2, -+ , e, } of C". The structural constants of u € £"
are the complex numbers C’fj given by

n
wlei,ej) = Z ijek.
k=1

As the basis is fixed, we can identify the law p with its structural constants.
These constants satisfy:
k k . .
- Ch=-Cj, 1<i<j<n, 1<k<n,
S CLC + CLCi +CLCs =0, 1<i<j<k<n, 1<s<n.
Then £" appears as an algebraic variety embedded in the linear space of

n3

alternating bilinear mapping on C™, isomorphic to C T
Let be p € £" and consider the Lie subgroup G, of Gl(n,C) defined by

Gu={f€GInC) | frp=p}

Its Lie algebra is the Lie algebra of derivations of u. Let be O(u) the orbit of
u respect the action of Gi(n,C). It is isomorphic to the homogeneous space
Gl(n,C)/G,. Then it is a C*> differential manifold of dimension

dim O(u) = n? — dim Der(u).

It is not difficult to see that the orbit O(u) of p is a differentiable manifold
[96] embedded in £" defined by

Gl(n,C)

O(u) = G,
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We consider a point ' close to o in O(u). There is f € Gl(n,C) such that
w' = f*u. Suppose that f is close to the identity: f = Id+eg, with g € gl(n).
Then

f(X,Y) = (X, Y) +e[-g(u(X,Y)) + pu(g(X),Y) + u(X, g(Y))]
+ e u(g(X), g(Y)) — g(u(9(X),Y) + u(X, g(Y)) — gu(X, Y)] .

Then )
H (X)Y) — :u“(Xa Y)

3

—ec—0 5Mg(X, Y) .

Among the possible orbits, those which are open are specially important for
the study of the variety, as we will see later.

DEFINITION. Let p be a law such that the orbit O(u) is open in £". Then
w is called a rigid law.

PROPOSITION. The tangent space to the orbit O(u) at the point u is the
space B%(u, jt) of the 2-cocycles of the Chevalley cohomology of fu.

Let u be in £" and consider a bilinear alternating mapping p' = u + tp
where t is a small parameter. Then p/ € £” for all ¢ if and only if we have:

dp=0
pef |’
PROPOSITION. A straight line A passing throught p is a tangent line in
p to £" if its direction is given by a vector of Z*(p, ).

Suppose that H?(u, 1) = 0. Then the tangent space to O(u) at the point
p is the set of the tangent lines to £ at the point u. Thus the tangent
space to £ exists in this point and it is equal to B?(u,u). The point p is a
nonsingular point. We deduce of this that the inclusion O () — £" is a local
homeomorphism. This property is valid for all points of O(u), then O(u) is
open in £" (for the induced metric topology).

PROPOSITION. Let i € £" such that H?(p, 1) = 0. If the algebraic variety
TLB—TL

£" is provided with the metric topology induced by C 2 —, then the orbit
O(u) is open in £".

This geometrical approach shows the problems underlying to the existence
of singular points in the algebraic variety £" [21].
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2.4. FORMAL DEFORMATIONS. Let be ¢,1 € C?*(C" C") two skew-
symmetric bilinear maps on C". We define the trilinear mapping ¢ o ¥ on
C™ by

gOOLZJ(X,)/,Z) = ¢(¢(X>Y)vz) + @(@Z}(Y; Z)vX) + ¢(¢(Z7X)7Y)
T U(e(X,Y), Z) +4(0(Y, 2), X) + (e(Z,X),Y)

for all X,Y,Z € C". Using this notation, the Lie bracket is written p oy = 0.
Let be g € L™ and ¢ € C?(C",C"). Then ¢ € Z2(juo, jto) if and only if

o © @+ @ o pg =y, = 0.

DEFINITION. A (formal) deformation of a law pg € L™ is a formal sequence
with parameter ¢

oo
pe=po+ Yt
t=1

where the ; are skew-symmetric bilinear maps C" x C" — C" such that
satisfies the formal Jacobi identity p; o py = 0.

Let us develop this last equation

[1 © py = [0 © Ho + 6,001 + (01 0 1 + 6,002)
+t3(8010902+9020<P1+5u0803)+"' ,

and the formal equation u; o yy = 0 is equivalent to the infinite system

poopo = 0 )
5#0901 = 0
P1o¥1r = —5u0902
P1ropa+propr = —0u,p3
: (II)
Ppoppt+ 2195;;_1 i 0 Pop—i+ Pop—i0P; = —OuyP2p
219‘30 i O Papt1—i T P2pr1-i O Qi = —OuP2pr1

7

Then the first term ¢y of a deformation u; of a Lie algebra law pg belongs
to Z2(po, po). This term is called the infinitesimal part of the deformation

pt of po.
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DEFINITION. A formal deformation of pyg is called linear deformation if it
is of lenght one, that is of the type ug + ty1 with ¢1 € Z2(uo, po).

For a such deformation we have necessarily ¢; o 91 = 0 that is ¢ € L™.

Now consider @1 € Z2(jug, jto) for po € L™. It is the infinitesimal part of a
formal deformation of y if and only if there are ¢; € C?(uo, uo), i > 2, such
that the system (II) is satisfied.

PROPOSITION. If H3(ug, o) = 0 then every o1 € Z2(ug, o) is an in-
finitesimal part of a formal deformation of pyg.

In fact, if @1 € Z*(po, po) then @y 0 @1 € Z°(po, o). I H(po, po) = 0,
then it exits oo € C2 (g, t10) such that 1 0 1 = dps. In this case @ 0 o +
2 001 € Z3(po, o). It exits o3 € C?(uo, po) such that

P10 Q2 + P2 0P = 6p3.

As this we can solve step by step all the equations of the system (II).

Let us consider two formal deformations i} and u? of a law . They are
called equivalent if there exits a formal linear isomorphism ®; of C" of the
following form:

O =Id+ > tg;
i>1
with g; € gl(n,C) such that
pi (X, Y) = @ (g (24(X), (V)

for all X;Y € C".

DEFINITION. A deformation p, of p is called trivial if it is equivalent to pg.

Let puf = po + Yo, tip; and u? = po + > oy t'; be two equivalent
deformation of pg. It is easy to see that

©1 — 1 € B%(po, po).-

Thus we can consider that the set of infinitesimal parts of deformations is
parametrized by H?(ug, o).
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2.5. CHARACTERISTIC SEQUENCE OF A NILPOTENT LIE ALGEBRA. Let
n be a complex finite dimensional Lie algebra. Consider the derived subalgebra
C'n. Let Y € n — C'n be a vector of n which does not belong to the derived
subalgebra. Consider the ordered sequence

C(Y) = (hl,hg,-“ ,)

hi > ha,...,> hy,, where h; is the dimension of the ith Jordan block of the
nilpotent operator adY . AsY is necessary an eigenvector of adY’, then h, = 1.
Let Y7 and Y3 be in n — Cln. Let be ¢(Y1) = (h1,...,hp, = 1) and c(Y2) =
(k1,...,kp, = 1) the corresponding sequences. We have hy > hy > -+ > hy,
and kl > k‘g > e > kp2 with h1+"'+hp1 = k‘l ++k‘p2 = n = dimn.
We will say that c¢(Y1) > ¢(Y2) if there is ¢ such that hy = ki, ha = ko,

.., hi_1 = ki_1, h; > k;. This defines a total order relation on the set of
sequences ¢(Y) (lexicografic order) and we can consider the maximum of these
sequences.

DEFINITION. The characteristic sequence of the nilpotent Lie algebra n is
the following sequence:

c(n) =sup {c(Y)|Y en— C’ln} .

It is an invariant up to isomorphism of n, fintroduced by Ancochea and
Goze in [5]. A vector X € n— C'n such that ¢(X) = ¢(n) is called a charac-
teristic vector of n.

This invariant is well adapted for study the deformations of nilpotent Lie
algebras. In fact let n and n’ be two n-dimensional complex nilpotent Lie
algebras and p and p’ the corresponding laws. Suppose that p’ is a pertur-
bation of p, that is, in a fixed basis, the structural constant of y’ are close of
those of p. In this case, the linear operator ad, /Y is a perturbation (in the
classical sense) of the linear operator ad,Y . As these two operators are nilpo-
tent, the restriction of ad,/Y to the first Jordan block Jy,of ad,Y satisfies
(ad,Y | Jp,)"~2 # 0. Then, the first Jordan block of ad,/Y has a dimension
greater or equal than hi. This proves that

c(n’) > c(n).

PROPOSITION. If n and n' are two n-dimensional complex nilpotent Lie
algebras such that n' is a perturbation of n, then

c(n’) > ¢(n).
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This last property allowed to determine, for example, all the irreducible
components of the algebraic variety of n-dimensional nilpotent Lie algebras
for n < 8.

3. CHARACTERISTICALLY NILPOTENT LIE ALGEBRAS

In studying the varieties of laws, the characteristically nilpotent algebras
have shown their importance in the determination of irreducible components.
For example, in dimension 7 there are two components, the first formed by
filiform Lie algebras and the second generated by the orbit closure of a family
of characteristically nilpotent Lie algebras [8].

The main problem in the study of characteristically nilpotent Lie algebras
is the determination of conditions for an algebra of derivations to be nilpotent:
for an arbitrary nilpotent Lie algebra the structure of the algebra of derivations
can variate from representations of the special linear algebras sl,, to certain
nilpotent Lie algebras.

The origin of all this is the cited result of Jacobson [48].

THEOREM 1. Let g be a Lie algebra and suppose that it admits a nonde-
generate derivation f. Then g is a nilpotent Lie algebra.

According to our convention, the Lie algebra is defined over a the field
of complex numbers. Otherwise the assertion would be false, as it has been
verified that this result fails when the characteristic of the base field is nonzeo.

The example of Dixmier and Lister, appearing as the first known charac-
teristically nilpotent Lie algebra, was the response to the validity question of
Jacobson’s theorem of 1955. This algebra is very interesting in many aspects;
it is one of the few known CNLA of nilindex 3, which is the lowest possible
nilindex such an algebra can have. We find this intriguing; the authors not
only gave the first example to a new class of nilpotent Lie algebras, that also
developed an "extreme” example in that sense. Unfortunately, we do not
know how Dixmier and Lister came to this algebra.

The construction is of an eight dimensional Lie algebra gg defined over the
basis {X1,...,Xs} and law

(X1, Xo] = X555 [X1,X3] = X6 [ X1, X4] = X7;  [X1, X5] = — X5
[(Xo, X3] = Xg;  [Xo, Xy =X6; [Xo,Xe] =—X7; [X3,X4]=—X5;
[X37X5] = _X77 [X47X6] = _XS .
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Let us define the following generalization of the central descending se-
quence for a Lie algebra g:

g =Der(g)(g) ={X €g| X =f(Y), f€Der(g), Y €g}
and

gl*l = Der (g) (g““‘”) , k>1.

The main result about this algebra is the following:

THEOREM 2. If f is a derivation of go then f (go) C C'go; hence any
derivation if nilpotent.

The proof of this is strongly related with the fact that the algebra gg
annihilates a power of the preceding sequence. For this reason, they defined
characteristically nilpotent Lie algebras as follows:

DEFINITION. A Lie algebra g is called characteristically nilpotent if there
exists an integer m such that g™ = 0.

The listed algebra has a twelve dimensional Lie algebra of derivations,
from which six correspond to inner derivations. Now, any linear operator
sending the algebra gg into its center, which is generated by the vectors X7
and Xg, is easily seen to be a derivation of gg. The ideal uf these derivations
has dimension eight, having a two dimensional subspace in common with the
space of inner derivations. This fact can be interpreted in the sense that the
dimension of the cohomology space H' (go, go) is as small as possible. Dixmier
and Lister asked if the algebras of this type, which satisfy the generalization of
the central descending sequence, were more treatable than ordinary nilpotent
Lie algebras. In certain aspects this is true, as the topological properties of
CNLA show, but on the other their determination and classification is a rather
difficult question, and one can hardly say that it constitutes a simplification.
However, CNLA have undoubtly contributed to a better understanding of the
geometry of the variety N™. The theorem above proves in fact much more
than the characteristic nilpotence of the listed algebra: gg is not the derived
subalgebra of any Lie algebra. Thus one can pose the question: if g is a
CNLA, is it true that g cannot be the derived subalgebra of a Lie algebra?
A first condition is given above, as the nilpotence of g and the fact that any
derivation maps the algebra into its derived subalgebra ensures that it cannot
be a commutator algebra. Leger and To6g6 found out other conditions to
assure the nonexistence of an algebra containing a given CNLA as derived
subalgebra [66]:
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PROPOSITION. Let g be a CNLA. If Der (g) annihilates the center Z (g) of
g, then g is not a derived algebra.

This proposition is based on the fact that for a CNLA we have
9, Zi] C Zi o

where Zy = (0) and Z; is the largest subspace of g such that Der (g) Z; C Z;_1
for ¢ > 1. The existence of an index such that g = Z, follows immediately.
The authors also deduce an interesting numerical condition, also based on this
inductively defined sequence:

THEOREM 3. Let g be a CNLA, and n and m be the smallest integers for
which C"'g = 0 and gI™ = 0. If 2(m — 1) > n+ 1, then g is not a derived
subalgebra.

In particular, it follows that g is no derived subalgebra if Der (g) g C C'g,
which recovers the property of Dixmier and Lister’s algebra, or g4 = 0.

Now, for the general case E. Luks [69] proved in 1976 that a CNLA can
appear as derived subalgebra of a Lie algebra. This remarkable fact divides
in fact the CNLA into two classes: those being commutators of others and
those not. The algebra L of Luks has dimension 16, and is defined over the
basis {X,..., X6} by the law:

(X1, Xi] = X544, ©=2,3,4,5; [X1,X6] = X35 [ X1, Xi] = Xgqi, 0 =7,8;
(X2, Xi] = Xiqg, 1 =3,4,6; [Xo, X5] = Xi5;[Xo, X7] = — X5

9
[X3, X4] = —X13 — 5X15; (X3, X5] = —X14;  [X3,X6] = —Xi6;

(X4, X5] = 2X46.

The procedure used is the following: consider the transporter of an ideal I
into J, where both ideals are characteristic. Then the following statements
are verified:

I3 is the transporter of C'L to 0;

1, is the transporter of L to Z(L);

I is the transporter of C1L to [Iy, I];

Is is the transporter of L to [I3, Is];

AN A

I5 is the transporter of I5 to [L, Ig].
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where [; is the ideal generated by the vectors {X;},., (for 1 < i < 16).
Clearly Io,...,Is are characteristic ideals, and it follows that L is a CNLA.
For the second part, consider the derivations f and g defined respectively by:

f(X3) =X7; f(Xy)=2Xg; f(X5)=3X9+2X1;

)

) =4X10+5X12; f(Xg) = X155 f(Xo) =2X16; f(X11) = —Xis;
g(Xi):XiJrla i:2>3747577711713; g(XS):X9+X117

)

)

=
5
Il
>
+
Ea‘

9(X10) = Xu3 + X155
9(X12) = —X13— =X15; 9(Xua) =—Xi6.

If one considers the brackets [f, g] in Der (L), it gives ad (X1) as result. Thus
we can extend the algebra to the semidirect product L = {f’, ¢’} + L, where
the brachets in L are the same and the action of {f’,¢'} over L is given by
[, X = f(X0), [¢,Xi] = g(X;) for all i and [f’, ¢'] = X;. It follows at once
that [L,L] = L.

This algebra not only gives a surprising response to the question of Dixmier
and Lister, it moreover gives an idea of how the algebra has to be structured for
being candidate for derived algebra. Observe that the key of the preceding cos-
ntruction is the existence of two derivations (whose rest class modulo B! (L, L)
is nonzero) whose composition equals the adjoint operator of the character-
istic vector X;. Thus, a necessary condition is deduced immediately, namely
the existence of derivations in the algebra such that their composition is in
the linear subspace generated by the adjoint operators ad (X;), i = 1,...,k,
where these vectors are generators of the nilpotent Lie algebra.

Using a similar argumentation one can show that Luks’ algebra also has
an unipotent automorphism group. One may ask if there is a connection
between the property of being a commutator algebra and an automorphism
group of this kind. L. Auslander remarked in [33] that Dixmier and Lister’s
example has not an unipotent automorphism group. Now, a CNLA which
is additionally a derived algebra and posseses a nonunipotent automorphism
group could be constructed by considering the direct sum of two Lie algebras
which satisfy the two first conditions [66]. Inspite of this result, there are
wide known classes of CNLA which cannot appear as a commutator algebra.
This concerns the filiform Lie algebras. It can be shown that if a filiform Lie
algebra g is the derived algebra of g/, then it suffices to consider the case where
dim g’ = dim g + 1. This has been done in [24]. The reduction is not difficult
to prove, and using it the assertion that g is not a derived algebra follows at
once. In fact, this reduction can be seen as a conseuence of a more general
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result due to M. Goze and Y. B. Khakimdjanov [40], where they analyze in
detail the maximal tori of derivations of an arbitrary filiform Lie algebra. The
following result can be interpreted as a characterization of those filiform Lie
algebras which are not characteristically nilpotent:

THEOREM 4. Let g be an (n + 1)-dimensional filiform Lie algebra which

has a nontrivial semisimple derivation f. There exists a basis {Xg,..., Xn}
adapted to f such that the brackets of g satisfy one of the following cases:
(i) g=Ly;
[XO)Xi]:Xi-i-l) 1§Z§n_17
(i) g= A%, (a1,...,qq), 1<r<mn-—3, t=[2-];

[Xo, Xi] = Xi1, 1<i<n-—1;
[Xi, X;5] = (22:1 ap(=)F Ol 1>Xi+j+ra
1<i,j<n, i+j+7r<n;
(i) g=Qpn, n=2m—1;
(X0, Xi] = Xix1, 1<i<n—2;
(X, Xn—i] = (-1)'X,, 1<i<n-—1;
(iv) g=Bl 4 (o,...,0q), n=2m+1, 1<r<n-—4, t=][22=2];
15, X] = (Shoy (1O ) Ko
1<i,j<n-1, i+j+r<n-—1;

[Xo, Xi] = Xi1, 1 <i<n—2;

(v) g=Cpi1(at,...,¢), n=2m+1, t=m-—1;
[Xo, z]*Xz—i-h 1§i§n—2;
[(Xi, Xpi] = (1) X, 1<i<n-—1;
[(Xi, Xpion) = (=)' Xp, 1<k<m-—1, 1<i<n-—2k-1;

where (a1, . ..,q;) are parameters satisfying the polynomial relations given by
the Jacobi relations over this basis.

4. STRUCTURAL PROPERTIES OF CNLA

After the example of Dixmier and Lister in 1957, Leger and T6g6 iniciated
the structural study of CNLA. Their paper [66] does not provide additional
examples, but it is of considerable significance for later work. At first, they ob-
serve that the property of being characteristically nilpotent does not depend
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on the ground field. More precisely: if the Lie algebra g is characteristi-
cally nilpotent as F-algebra (here it is not necessary to suppose that it has
characteristic zero) and K\F is a field extension, then g is also a CNLA as
K-algebra. However, the structural properties deduced by the authors are
more important, as they give an idea of which algebras have to be avoided in
the search after CNLA:

LEMMA. If g is characteristically nilpotent, then

(i) the center Z (g) of g is contained in the derived subalgebra Clg;
(i) C%g # 0.

The first condition makes reference to the nonexistence of direct summands
in g which constitute of central vectors. Thus the study of characteristically
nilpotent Lie algebras reduces to nonsplit nilpotent Lie algebras. The second
condition has a more important consequence: it tells that for a Lie algebra
being characteristically nilpotent, the nilindex must be at least three (observe
that this is the index for the algebra of Dixmier and Lister). This fact is
remarkable, as it shows the incompatibility of being as nilpotent as possible
(as it occurs for the 2-step nilpotent or metabelian Lie algebras) and having
all its derivations nilpotent. Metabelian Lie algebras and their derivations
have been deeply studied by Leger and Luks [64], where they proved that
its rank is always greater than one, the equality given only under certain
conditions. Recently Galitski and Timashev [37] have used invariant theory
to classify these algebras up to dimension nine. The preceding lemma leads
to the question wheter a CNLA can be a direct sum. The following result is
also from [66]:

LEMMA. Let g be a nilpotent Lie algebra. If g is the direct sum of two
nontrivial ideals, one of which is central, then it posseses at least nontrivial
semisimple derivation.

These two lemmas give the following reinterpretation of the sequence gl*!

introduced earlier:

THEOREM 5. Let g be a Lie algebra and Der (g) its Lie algebra of deriva-
tions. Then g is characteristically nilpotent if and only if Der (g) is nilpotent
and dimg > 2.

It follows from the proof that if all derivations of g are nilpotent, then g is
also a nilpotent Lie algebra. Thus the characteristic nilpotence is a phenomena
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which can only be observed in the variety of nilpotent Lie algebra laws N™.
The theorem can be reformulated by saying that the holomorph H (g) of g
is nilpotent, where the holomorph is the split extension of Der (g) by g. In
connection with metabelian Lie algebras, this reformulation says that for a 2-
step nilpotent Lie algebra the holomorph cannot be nilpotent. The holomorph
is also useful to describe properties valid also for solvable Lie algebras, as the
following;:

THEOREM 6. Let g be a Lie algebra. If a Cartan subalgebra H of g is
characteristically nilpotent, then g is a solvable Lie algebra.

As noted by the authors, the algebra g can be solvable non-nilpotent. We
remark that this theorem has been generalized in 1961 by S. T6g6 [94].

It has often been asked wheter CNLA exist for any possible dimension.
The answer is in the affirmative, and in fact it was enough to find examples of
dimension 7 < n < 13 to derive its existence in any dimension. The key result
was the possibility of a decomposition into smaller blocks that have also the
property of being characteristically nilpotent, as done in the classical theory:

THEOREM 7. Let g = @), 9; be a direct sum of ideals. Then g is
characteristically nilpotent if and only if g; is characteristically nilpotent for
1< <n.

As said, having examples from dimensions seven to thirtheen, the direct
sums of them give CNLA in any dimension. The nine dimensional example
was given by J. Dyer in 1970, in connection with her study of nilpotent Lie
groups which have expanding automorphisms. Over the basis {X1,..., Xo}
the Lie algebra is given by

[(X1,X0] = X35 [X1,X3] =Xy [X1,X5] = X7, [X1,Xg] = Xo;
(X2, X3] = X5, [Xo, Xy] = X7, [Xo,X5]=Xg; [Xo, X7]=—X5g;
(X3, X7] = — [X4, X5] = Xo.

This was the first given CNLA with an unipotent automorphism group. Two

years later G. Favre constructed a seven dimensional example with the same
property. This example is one of the three filiform CNLA in dimension 7:

(X1, X)) = Xi41, 2<i<6;
(X3, Xo] = X

(X4, Xo] = [X57X2] X7
[X4, X3] =
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To complete the construction of CNLA, there remains to find examples in
dimensions 10 — 13. These were given by Luks using computational methods
[68]. Once the question of their existence in any possible dimension, we can
ask even more: for any possible nilindex p > 3, does there exist a CNLA in
any dimension? In [7] the question is answered in the affirmative for p =
5. This is a consequence of the classification of nilpotent Lie algebras of
characteristic sequence (5,1,...,1) whose derived subalgebra is non-abelian.
In fact, we prove that if a Lie algebra g with this characteristic sequence is
characteristically nilpotent, then it satisfies D?g # 0.

In 1961 To6go published a paper reviewing most of known results about
the derivation algebras of Lie algebras (over a field of charateristic zero).
He also gives an example about two nonisomorphic Lie algebras whose Lie
algebra of derivations is the same, proving in that manner that a Lie algebra
is not entirely determined by its derivations. Among various results about
classical and reductive algebras, he also generalizes the concept of CNLA
to characteristically solvable Lie algebras [94]. However, here we are only
concerned with results about nilpotent Lie algebras. An often asked question
is the relation between a Lie algebra g which is a (finite) sum of ideals and the
structure of Der (g). To this respect, in [94] the following theorem is proved:

THEOREM 8. Let g = @', g; be a direct sum of ideals. Then Der (g) =
;" , Der (g;) if and only if g satisfies one of the following conditions:

(i) Z(g) =(0);
(ii) g is a perfect Lie algebra (i.e. g =[g,g]);
(iii) All the g;’s except one is such that Z (g;) = (0) and g; = [gi, 9] -

For a nilpotent Lie algebra g, this implies that the structure of its deriva-
tions is more than the sum of the derivations corresponding to its summands.
The following proposition gives the precise form of Der (g):

PROPOSITION. Let g = @;", g; be a direct sum of ideals. Then

Der(g) = é <Der(gz~) ® (@D(gi,gy')»

i=1 i#]

where D(gi,g;) = {h € End(g) | h(gr) = 0 if k # 4, h(g:) C Z(g:) and
h(lgi, 8;]) = 0}.
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Thus if one of the conditions in theorem 8 is satisfied, then D (g;, g;)
vanishes.

In the same paper Togo presents a list of problems of interest, specially
in connection with CNLA: do there exists CNLA of derivations? From the
structure of derivations for the example of Dixmier and Lister, as well as the
scarceness of outer derivations, it is obvious that this algebra does not have
a characteristically nilpotent algebra of derivations. As to our knowledge,
nobody has answered explicitely to this question until now, though the answer
is in the affirmative. In [8] we construct examples of CNLA of derivations and
generalize the question to higher indexes.

EXAMPLE. Let g be the Lie algebra with associated law
ps (X1, Xi) = Xiy1, 1 €4{2,3,4,5};  ps (X5, Xo) = ps(X3, Xg) = X5
s (X7, X3) = Xe;  pi5 (X7, X2) = X5 + X6 .

over the basis {X1,...,X7}. The Lie algebra of derivations Der (g) is ten
dimensional and isomorphic to

[Z1,25) = Z3,  [Z2,Zs) = —Zs5, (Z7,Z3) = 225 — 2Zs + 27210,
[Z1,23) = Zy, |22, 28] = —Zs, [Z7,Zy| = Zs — 22 + 27219,
(20,74 = 75, [Zoy %] = —Z4— 275, [Zs, Zo] = 226 — 2710,
[Z1,27) = —Z4, [Za,Z10) =75,
(Z1,728) = —Zs, |Z3,78) = —Z5,

(23, Zo] = — s .

It is routine to verify that this algebra is a CNLA.

Among many other examples, we present the following, which is important
in connection with the study of irreducible components of the variety 91

THEOREM 9. For any a € C — {0,2} the family of nilpotent Lie algebras
given by

]
[X4, Xo] = aXs;
[X3, Xo] = aX5 + X7;
(X7, X3] = X6
[X7, Xo] = X5 + X

has a characteristically nilpotent Lie algebra of derivations.
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This follows at once from the fact that the derivatiosn are given by:

[Z1,22) = Z3, [Z2, 23| = —aZs — Zg, |[Z7,29] =275,

(Z1,Z3] = Za, (Z2, Zs) = —Z5, [Z7, Z1o] = Zs,

(Z1,Z4) = Zs, (Z2, Z10) = —Z4 — aZs, |Zo, Z10) = 2Zs+ 2274,
(Z1,Z7) = =24, (23, Z9) = —Z5,

(Z1,Z8) = —Z5, [Z3, Z10] = —Zs,

[Z1, 29| = —Zs,

[

This examples, as well as other considered in [8] have a common property:
there always exists an outer derivation # which belongs to the derived subal-
gebra of Der (g). This and the method used to deduce the examples have led
to the

CoNJECTURE 1. If g is a CNLA of derivations, then there exist outer
derivations 61, 05, 83 such that

[01,02] = A03 (mod Der (g))

where A € C — {0} and IDer (g) denotes the space of inner derivations.

We now come to the generalization announced. Let Derl® g = Der(Der(. ..
(Der(g)) . ..) be the k-th Lie algebra of derivations. Thus we have the sequence

(Der (9) ,DerlP g, ... . Derlfl g, .. ) .

DEFINITION. A Lie algebra g is called characteristically nilpotent of index
k if the (k — l)th Lie algebra of derivations Der*~Ug is characteristically
nilpotent.

Remark. It would be of great interest to know if there exist CNLA of
infinite index, as this would us give the possibility to develop a theory analogue
to Schenkman’s one [85] for these algebras. The structure of the variety of
filiform Lie algebras F™ for m > 8 seems to suggest the existence of such
algebras, but there is no manner to prove it. Observe that the determination
of such an algebra is far from being a computational problem. The question
is more to find a new invariant which measures which is the gratest possible
index, if any. Up to the moment, the biggest index known is 5.
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5. SUBSPACES OF CNLA

Around 1984, when some authors had already constructed infinite fam-
ilies of CNLA, the interest on these algebras turned to its topological and
geometrical properties. R.Carles proved in [19] the following result:

ProrosITION. The CNLA constitute a constructible set of the variety 91"
which is empty for n < 6 and nonempty for n > 7.

This proposition is another way to prove the existence of CNLA in arbi-
trary dimension, and its advantage is being independent from any example.
Its proof is based on the conjugacy classes of maximal tori of derivations over
a nilpotent Lie algebra of dimension n ([36]), as well as the action of the
general linear group GL (n,C) on g (the result is in fact true for any alge-
braically closed field of characteristic zero). The seven dimensional CNLA
given by Favre in 1972 is generalized in the following manner: over the basis
{X1,...,Xn, Xpny+1} the Lie algebra structure is given by:

(X1, Xi] = Xip1, 2<i<mn;
(X2, X3] = Xy ;
(X2, X4] = [Xo, X5] = — [ X3, Xu| = Xpt1 -

For n = 6 Favre’s example is recovered. The interest of this family is that it is
obtained by considering central extensions of an algebra g’ by C, which proves
the power of extension theory for the study of CNLA. It is also proven that
any extension by the center of a CNLA is also characteristically nilpotent,
where an extension by the center is a central extension of a Lie algebra g by
CP whose center is isomorphic to CP. The same procedure has been used in
[22] to obtain lots of CNLA in arbitrary dimension and mixed characteristic
sequences. Carles also remarks that the set of CNLA is never closed, which
is immediate from the preceding, and for the particular case of dimension 7
he proves that it is neither open. In [8] we have extended this result to any
dimension:

THEOREM 10. For n > 8 the set S, of CNLA is not open in the
variety ™.

The family constructed is based on the results of the classification of 8
dimensional filiform Lie algebra due to Goze and the first author [4]. Also the
deformation structure is based on this result:
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Let gn,17 (n > 8) be the Lie algebra defined by the brackets

(X1, X5 = Xi11, 1<i<n—1;
(X4, Xo] = X
(X3, Xo] = X1 + X

It is immediate that the algebra is filiform and characteristically nilpotent.
Let o € Z? (@n,17, Gn,17) be the linear expandable cocycle defined by

Y (X5, X3) =X, ¥ (X5, X2) =9 (Xy,X3) =Xpn_1,

T/J(Xk,Xg) :2Xn74+[§]’ k:3,4.

Let gy,,17 + € be an infinitesimal deformation of g, 17. Now we consider the
change of Jordan basis X| = X1, X} = X3 + a3 X3 + a4 X4 + a5 X5 with the
relations
1+a§5—2€a4 =0,
3ase + azay — age —2eay =0.

Written in the new basis the algebra g,, 174¢ is isomorphic to the Lie algebra
gn,18 defined by

(X1, Xi]=Xit1, 1<i<n-—1;
(X5, X3] =Xy

[ X5, Xo] = [X4, X3] = eXpo1;
(X4, Xo] = 2eX,,_9;

(X3, Xo] = 2eX,,_3.

From the linear system (.S) associated to this algebra [6] we deduce the exis-
tence of nonzero eigenvalues for diagonalizable derivations of g, 18, so it cannot
be characteristically nilpotent.

Following with the seven dimensional case, in [18] the irreducible compo-
nents of the variety 9" are analyzed in relation with characteristic nilpotence.
It is well known that this variety has two irreducible components, one corre-
sponding to the filiform Lie algebras, F7, and one consisting of non-filiform
Lie algebras. The filiform components has only three CNLA, which obviously
don’t constitute a dense subset as none of them has an open orbit, while for
the other component there exists a family of CNLA constituting a nonempty
Zariski open subset. The family is precisely the one given as example above.
For n > 8, the situation for Fg changes radically:
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THEOREM 11. Let n > 8. Then any irreducible component C' of JF,, con-
tains a nonempty Zariski open subset A cosisting of CNLAs.

The result is proven in [40], where even more is obtained, namely that for
any open set in F,, a CNLA belonging to this set can be found. Other versions
relative to this have been treated by H. Kraft and Ch. Riedtmann in [61]. Is
it true that for dimensions n > 8 any irreducible component of the variety 91"
contains an open subset of CNLAs. For n = 8 the response is affirmative, and
can be found in [8].

PROPOSITION. For any irreducible component C of the variety ® there
exists a nonempty Zariski-open subsets consisting of CNLAs.

As commented above, the 1-parameter family that defines the second irre-
ducible component of M7 has the property of being characteristically nilpotent
of index 2, according to the definition given. This leads naturally to the ques-
tion wheter there exist irreducible components in M" (n > 9) which admit
nonempty open susbsets formed by CNLA od derivations. We finally remark
that this problem is related with the tower problem in group theory.

5.1. CHARACTERISTICALLY NILPOTENT LIE ALGEBRAS OBTAINED FROM
NILRADICALS OF BOREL SUBALGEBRAS. As commented earlier, the difficulty
of constructing and characterizing CNLA led many authors to conclude that
they were scarce within the variety of nilpotent Lie algebra laws, though
results like those of Carles [18] pointed out their importance. The question
was definitively solved by Khakimdjanov in 1988, in a series of papers ([53],
[54]), where he treated with the cohomology of parabolic subalgebras of simple
Lie algebras, first studied by Kostant in 1963 ([58], [59]), and applied these
results to the study of deformations of the nilradicals of Borel subalgebras of
simple Lie algebras. For classical topics we refer the reader to [46], [44], [23]
and [58].

In [53] the author developes the cohomological tools needed, such as the
fundamental cohomologies, as well as adequate filtrations for these spaces. In
[54] this information is applied to prove that almost all deformations of the
cited nilradicals are CNLA.

Following the notation used in [44], let L be a simple Lie algebra of rank
[ > 1, H its Cartan subalgebra, ® the root system associated to H, ®* the
system of positive roots relative to a certain ordering and A the system of
simple roots. Recall that a Borel subalgebra is a maximal solvable subalgebra

of L.
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We consider the subalgebra B (A) = H + [[,c¢+ La , where L, is the
root space corresponding to the root a. This subalgebra is a Borel subalgebra
of L called standard relative to the Cartan subalgebra H. Now any Borel
subalgebra of L is conjugated to a standard Borel subalgebra [11], and if n
denotes the nilradical of an algebra g we have n (B (A)) = [[,ce+ La- Define
D (i) as

d(@)={acd |a=a; + - +aj, aj € Afor 1 <t <i}.

Then we can define a graduation on n (B (AD)) by setting Fiyn (B (A)) =
D> (B(A)), where n; (B(A)) = [Iyeaq) La- The filtration in the space
of cochains is given by

FpC7 (n,n) = {c€ C/(n,n) | c(ar,...,a5) € Fyyqiy, 410}

whenever a; € Fi,n (B (A)) and where n = n (B (A)).
This filtration extends to the cocycles and coboundaries. Until now we
exclude L to be a simple algebra of the following types:

Ai (1SZS5)7 BQ) B37 C3a 04) D47 GQ'

The reason is that for these algebras certain identities among the funda-
mental cohomologies and the spaces FH7 (n,n) for k = 0,1 do not coincide
[53, theorem 6]. For example, for those algebras excluded and distinct from
A; (i=1,2,3),Gy the cohomology space FoH? (n,n) is not zero. On the
other side, it is shown that the following system of cocycles suffices for a set
of representatives of a basis of FpH? (n,n) : {fa 5| (o,8) € E} with

i e = | e o (09 = (@00 ()
A 0 otherwise

where o, is the involution associated to the root o and E is the set of pairs

of simple roots (o, 3) in which («, ) is identified with (3, ) if v is not joined

to @ in the Dynkin diagram.

THEOREM 12. Let L be a simple Lie algebra and n be the nilradical of a
Borel subalgebra. Let 1) = )" p Mo fu an element of FoH? (n,n) with A, # 0
for all w. Then the Lie algebra n (1) obtained from the linearly expandable
cocycle v is characteristically nilpotent.
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Let L € {Ay, As, B3, C3,Cy, Dy}. For these algebras we have Fo H? (n,n) #
0. In [53] it is proven that the basis is composed by cocycles of the form
ZTo N X3 — X~, where o, 3 and « are enumerated in the following table:

L |« p gl
oy Qay Qg + Qa3
Ay | oq a1+ as ag 4+ a3 + oy
Q4 a3+ oy a1+ o+ ag
As Qg a1 + g Qg + a4 + as
QY 0y + oy a1+ oo+ a3
B3 | o a1+ oo az + 203
Cs | oy g+ oo 209 + a3
Cy | az g + o 203 + oy
o1 a1 + ao a9 + 203
Dy | a3 ag + a3 a;+ o+ oy
Qy Qg + oy a1 + o + ag

THEOREM 13. Let L be a simple Lie algebra of types A4, As, Bs, C3,Cy or
Dy. Let n be the nilradical of the standard Borel subalgebra B (A) and ¢ =
> wer Awfu, where {f, | w € E} is a basis of FoH? (n,n) from the previous
table, with A, # 0 for all w € E. Then the nilpotent Lie algebra defined by a
deformation

(X, Y], = [X, Y]+t (X,Y) + P02 (X,Y), t#0,
is a CNLA.

These results are certainly of interest for the theory of CNLA. It provides
not only a relation between the classical Cartan theory of Lie algebras, it
moreover gives, in a certain manner, a natural interpretation of the charac-
teristic nilpotence. On the other side, the frequency of CNLA in 91" is proven
in an elegant manner.

6. CHARACTERISTICALLY NILPOTENT FILIFORM LIE ALGEBRAS

Most constructions of CNLA made are based on the deformation theory
of the naturally graded filiform Lie algebra L,. The reason is not only its
simplicity; it turns out to have the most elementary law among the filiform Lie
algebras. Vergne proved in [96] that any filiform Lie algebra can be obtained
by a deformation of this algebra. For this reason this algebra has been the
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preferred starting point for constructing families of CNLA [100], [54], though
recently other authors have turned their interest into the deformations of the
other naturally graded filiform Lie algebra [22].

Certain results about the cohomologies of filiform Lie algebras are con-
tained in Vergne’s paper [97]. Recall the notations introduced for the filtered
cohomology:

LEMMA. Let g be a p-step nilpotent Lie algebra and d; = dim Fjg.

(i) If j > dy then F.Z7 (g,9) = Z7 (g,9) =0 for r € Z.

(i) If ds < j < ds—1 for some 1 < s < p then F,Z7 (g,9) = Z7 (g,9) for
r < q, where ¢ = _[pdp + (p_ 1) (dp—l _dp) + o+ S(ds_ds—H) +
(s=1)(j—ds—1)].

COROLLARY. Let g be an n-dimensional filiform Lie algebra. For 2r <
(jJ—1)(j—2p—2) with1 <j <n—1 we have

.77 (g,9) = 77 (g,9).

Further, it can be proven (see [96] or [54]) that if » < p — pj, then
F.7Z (g,9) = Z7(g,8). As a consequence, any derivation of the Lie alge-
bra g will map the space F,g on T,.g for any r. This leads to the equality
given by Vergne, namely that for » < —p, where p is the nilindex of the alge-
bra, we have F,. H? (g,g) = H? (g,g). This equality has been of importance in
the study of the irreducible components of the variety of filiform laws.

Now let g = L,, be the mopdel filiform Lie algebra introduced in section 1.
For this algebra, it is not difficult to prove that its Lie algebra of derivations
is (2n 4 1)-dimensional, where dim L,, = n + 1. Thus the dimension of the
cohomology space H! (L, Ly,) is also n+ 1, and from this dim B2 (L, Ly,) =
n?. The description of the spaces FyZ? (L,, Ly) is the key to construct its
characteristically nilpotent deformations. Let {Xj,...,X,,} be a basis of L,
and define the cochians ¢ (Xo, X;) = X; for 1< 4,5 < n. As they are cocycles,
the determination of the space Z2 (L, L) is reduced to the study of those
cocycles which satisfy ¢ (Xg, X;) = 0 and preserve the natural graduation. In
[54], the author construct the following cocycles:

X, ifi=k,

s (Xi, Xip1) =
Vs +1) { 0 ifi+k.
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Therefore, the remaining images are given by the relation
Yrs (Xi, Xj) = (_1)144 C}g’:?—l (adXO)iJrjflka X, .

Now these and the preceding cocycles describe completely the cohomology
space FoZ? (Ly, Ly):

PROPOSITION. The cocycles ¢; j and vy, s (i < j, s < 2k + 1) form a basis
of FoZ? (L, Ly,).

COROLLARY. We have
bﬁ‘"“ forn =1 (mod 2),

dim FoH? (Lpn, Ly) =
% forn = 0 (mod 2) .

Moreover, a basis is given by the cohomology classes of ¢y, s for1 < k <n,4 <
s <n whenever s > 2k + 1.

Using the Chevalley cohomology of the Lie algebra g, it can be shown that
the elements of the space Z2 (g, g,) correspond to infinitesimal deformations
of the algebra g, = (C™, uy,) (see [22], [25]). Let ¢ be a cocycle and define the
operation

[l’,y]w = [ﬂf,y]+1/1($7y), x,yEC".

Then the deformation is linearly expandable if the previous operation satisfies
the Jacobi condition, i.e., defines a Lie algebra structure on C". Let ¢ €
@ H? (Ln, Ly,) = F1H? (Lp, Ly). Then the cocycle admits a decomposition
Y = YI_ 4 with o; € H?(Ly,Ly,). The last nonzero component of this
decomposition is called the sill cocycle of .

The idea used in [54] is to decompose the preceding basis into layers, where
a layer ko contains those cocycles 1) ; whose entry k is kg. Now a cocycles
Y= apstrs € FoH? (L, Ly,) is called degenerate in the layer kq if all Ao, s
are zero. If it is nondegenerate in this layer we choose vy, s, with a—ko, sg # 0
of least class. This has been called the nondegeneracy class of . Moreover,
under the asumption that this last class is r, the layer kg is called special if
2ko + 7+ 1 < s for any nonzero ay, , for which k& > k — 0.

DEFINITION. A nonzero cocycle ¢ € FyH? (Ly, L) is called regular if it
is linearly expandable and satisfies one of the following conditions:

(1) There exist two special layers in which the cocycle is nondegenerate with
distincts nondegeneracy class.
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(2) The cocycle belongs to FyH? (L, L,,) and there exists a special layer kg
of class r such that ay,,yoyor, # 0 with 2k + 7 + 2 < s for those ay ,
with k > ko.

Provided with these cocycles, Khakimdjanov shows then the following:

THEOREM 14. Let ¢ be a regular cocycle in FyH? (Ly,,L,). Then the
deformation (L), is a CNLA.

COROLLARY. Let S be the set of pairs (k,s) of positive integers such that

(”;5) +2k+1<s<nand =3, 5ks¥ks Let so be the least integer

such that sg > "TH If one of the following conditions

(i) n>8 and aj s, a1,59+1 # 0,

(11) n 2 65 a1,s9 = 0 and a1,s0+15 A1,50+2 ;A 07
holds, then (Ly),, is a CNLA.

This and other corollaries contained in [54] allow to cosntruct large fami-
lies of CNLAs. The idea is to consider subsets of the basis given above such
that the elements of the linear envelope of this set gives lineraly expandable
cocycles. Imposing additional conditions on the coefficients, the cocycles are
made regular. It is remarked that there exist characteristically nilpotent de-
formations of L,, based on nonregular cocycles [54]. Moreover, the closure of
the orbit corresponding to the set of CNLA of the preceding corollary is a
closed irreducible set of the variety 9" *! containing a nonempty Zariski-open
subset formed by CNLAs.

Other results of the same nature due to this author are the follwoing:

LEMMA. Let € Fi1H? (L, L,) be a linearly expandable nonzero cocycle.
Then its sill cocycle 1), is also linearly expandable.

Now let (Ln)¢ be a deformation with ¢ € FyH? (L,,Ly). Let 1, be
the sill cocycle of ¥. Then the Lie algebra (Ln)wT is called the sill algebra
of (Lpn), The relation between these two algebras is the crucial point to
construct characteristically nilpotent Lie algebras!.

11t is evident that the infinitesimal deformations are filiform, for we have seen that the
characteristic sequence of the deformation is greater or equal than ¢ (L»), and this is the
maximal one.



186 J.M. ANCOCHEA, R. CAMPOAMOR

THEOREM 15. Let v € FyH? (Ly,,L,) be a nonzero linearly expandable
cocycle. Then the Lie algebra (L), is characteristically nilpotent if and only
if it is not isomorphic to its sill algebra (Ly),, -

From the theorem we obtain for example the following characteristic nilpo-
tent Lie algebras with basis { Xy, ..., Xo,,} and law

[Xo,Xi]:Xi+1, izl,...,2m—1;
(X1, X] = Xiys, i=2,...,2m—3;
[Xl',XQm,i,l] = (—1)i+1X2m, = 1,...,m— 1.

For the nonfiliform Lie algebras the determination of characteristically
nilpotent Lie algebras is not so well structured. In fact, for any lower charac-
teristic sequence there will appear more naturally graded models than it was
the case in the filiform algebras. This construction allowed to obtain certain
results on the structure of the neighborhhods of filiform Lie algebras on the
variety 9" [23], so it is of interest for the determination of the irreducible
components of the variety of filiform Lie algebra laws, thus for the variety 91"
itself. We mantain the notation for the cohomology introduced earlier.

LEMMA. Let s > r,s # 2r. If there is a nonzero cocycle 1 € H2 (Ly, Ly,)
belonging to H? (Ly, L,) N BQ((Ln)¢ +(Ln),), then this cocycle is unique (up
to multiples).

The proof is based on the structure of the algebra of derivations of a
sill algebra and is omitted here. It can be found in [23] and [26]. Now let
A = (Ly),, be a filiform algebra, where ¢ € Z?(Ly, Ly) N FyH? (Ly, Ly,) and
1, denotes the sill cocycle of .

LEMMA. Let n > 8 and V an open set of M containing A. Then there
exists a characteristically nilpotent Lie algebra in V.

Then we obtain immediately the following;:

COROLLARY. For M" (n >7) there exists an open set whose elements
are characteristically nilpotent Lie algebras.

7. LIE ALGEBRAS OF TYPE () AND ITS DEFORMATIONS

In this section we use the other naturally graded filiform Lie algebra, @,
to obtain characteristically nilpotent Lie algebras in any dimension n > 9 and
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mixed characteristic sequence. This approach is perhaps not so natural, but
it is based on an important property of ‘“noncommutativity”, which allows
to obtain “easier” deformations. Combined with central extensions of special
kind, we obtain the desired characteristically nilpotent deformations. Let us
concentrate on the Lie algebra @Q,. In contrast to L,, it can only appear in
even dimension. Thus the algebra (), posesses a structural obstruction that
forces its even-dimensionality. This obstruction is strongly related with the
properties of the descending central sequence C*Q,,.

Let wi,...,wo, be the dual basis of the basis X1,..., X9, of @),. Then
the Cartan-Maurer equations of this algebra are:

dwlzdwgzo,
dwj:wl/\wj_l, 3<7<2m—1,

m
dwoym = w1 A wWom—1 + Z (—1)J wj N Wam+1—j -
j=2

In particular, the nonzero exterior product wy, Awp, 1 shows that the ideal
CP~1Q,,, where [Qm—{l] and n = 2m — 1 of the central descending sequence is
not abelian, while CPQ,, is abelian. This can be interpreted in the following
manner: while L, has abelian commutator algebra C'L,,, the model Q,, is
as far as possible from being an abelian algebra. This fact is important for
deformation theory, as it can be interpreted in the sense that deforming Q,,
will be easier than deforming L,,.

The previous property can be expressed in terms of centralizers:

CQn (Can) D) Can,
CQn (Can) 2 ClQn ,

form=2m—-1,p= [Qm—;l] and 1 < ¢ < p—1. We will say that @), satisfies
the centralizer property.
It is rather convenient to generalize this property to any naturally graded

Lie algebra:

DEFINITION. Let g, be an n-dimensional, naturally graded nilpotent Lie
algebra of nilindex p. Then g, is called of type Q if

an (Cpgn) o Cpgn7
an (ngn) 2 ngn7

forn=2m—-1,p=[5]and1 <g<p-1.
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We are principally concerned with the Lie algebras of type @ that are
central extensions of the filiform Lie algebra @Q,,, as well as other extensions.

Observe however that the index fixed in the previous definition is maximal,
i.e, there do not exist Lie algebras which are “less abelian” with respect to
the previous definition. The index, will depends only on the nilindex of the
algebra, is very important and appears in apparently different contexts, such
as the parabolic subalgebras [58].

THEOREM 16. Let n be the nilradical of a standard Borel subalgebra b (A)
of a complex simple Lie algebra distinct from Gs. Then n satisfies the cen-
tralizer property.

The proof is an immediate consequence of the following result:

PROPOSITION. Let n be the nilradical of a standard Borel subalgebra b (A)
of a complex simple Lie algebra distinct from Go. Let p = ht () be the height
of the maximal root. Then there exist roots «, 3 whose height is [M] such

2
that o + (3 is a positive root.

Thus we see that the classical theory provides a lot of naturally graded
Lie algebras satisfying the centralizer property. However, it is usually uncon-
venient to manipulate these algebras, because of the great difference between
its dimension and nilpotence class: the first is too high in comparison with
the last.

From the definition it follows also that a central extension ¢ of @, by C
of type @ cannot be filiform. This implies that the cocycle ¢ € H? (Q,,C)
that defines the extension cannot be affine [17]. As a central extension of a
filiform Lie algebra is filiform if and only if the cohomology class of ¢ is affine,
we conclude that for our special case, the extension ¢ cannot be given by an
affine cocycle.

Let e € E.1 (Qn) be an extension of type ). As the nilindex is preserved,
we conclude that the characteristic sequence of ¢ must be lower than (2m,1).
Thus these algebras will play, in the set of Lie algebras with this characteristic
sequence, the same role that @Q,, plays for the filiform algebras.

Let Ecq1(Qn) ={e € Ec1(Qn) | ¢ is of type Q}. If e is any such element
expresed over the basis X1, ..., Xom+1, it follows immediately from the defi-
nition of type @ that e is naturally graded. The first 2m vectors are fixed in
the natural graduation of the extension, thus e is completely determined once
we know the position of the vector Xo,,41 in the graduation. The next lemma
establishes that the positions are not arbitrary.
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LEMMA. Let ¢ € E.1(Qn) be an extension. If Xopmi1 € e (1 <t <
[22=L1) then e is not naturally graded. In particular, ¢ ¢ Ec1 (Qy).

It follows that the position of the vector Xo,,+1 is only admissible if the
graduation block is odd indexed. As we are not interested in split Lie algebras,
we convene that Xo,,11 ¢ ¢1. Moreover, we define the depth h of Xa,,11 like
follows:

. 2m —1
h(Xoms1) =t if Xopmqr € eg41, 1§t§[ 5 ]—1-

For convenience Lie algebras will be written usually in their contragradi-
ent representation. This will be of importance for the deformations, as lin-
early expandable cocycles are easier recognized when using this notation.
Let wy,...,wams1 be the dual basis to X1,..., Xomy1 for the extension e €
E.1(Qn). Then its Cartan-Maurer equations are:

dwldeQZO,
dwj:wl/\wj,h 3<53<2m -1,

m
dway, = w1 A wam—1 + Z (—1) wj Awamyi1—j,
j=2
dwamy1 = Zaijwi ANwj, a’€C, i,j>2,
i?j

where d?wy,+1 = 0. Then the determination of the extensions of type @ of
@y reduces to the determination of the possible differential forms dwap, 1.
As known, the coefficient a*7 is given by a linear form over /\2 @, which

annihilates over ().
Let ;5 € Hom(/\2 Qn,C), 2 <1i,j < 2m, be defined by

Pij (Xk, X1) = Oir0kt , (X, X)) € g°.

LEMMA. Form > 4,1 <t <m — 2 the cochain ¢; = Z;ié(—l)jcpj73+2t_1

defines a cocycle of H*(Q,,C). If 9(m,) denotes the extension defined by ¢,
then I(m,t) € EC71(Qn).

In particular, it follows from the proof [22] that the Cartan-Maurer equa-
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tions of such an extension are

dwlzdwgzo,
w1 Awj—1, 3<j3<2m—1,

dwj

m
dway, = w1 A wam—1 + Z (—1) wj A womti1—j

Jj=2
t+1 )
dw2m+1:Z(—1)]wj/\w3,j+2t, 1<t<m-2.
Jj=2

The family of extensions (which is locally finite and depends on m) is
proven to be the class of algebras we are interested in, as follows from the
next:

PROPOSITION. An extension ¢ € E. ;1 (Qy) is of type Q if and only if there
exists at € {1,...,m — 2} such that e > g, 1.

Let H?2 (Qn,C) = {<p € H?(Qn,C) | e, is of type Q}, where e, is the ex-
tension defined by ¢. The above result proves that dim H? (@Qn,C)=m —1,
where n = 2m — 1. Moreover, the type of the extension g, ) satisfies

D1 = p2t+1 = 2,
pi=1 if 1<j<2m—1, j¢{l,2m+1}.

As we have seen, the structure of the extensions g(,, s is very similar, in
the sense that the differential form dwoy,+1 has a precise form which depends
only on the depth of the (added) vector Xs,,4+1 dual to Xop,41.

Now a construction method for characteristically nilpotent Lie algebras is
given. These deformations will be also interpretable in term of the graded
cohomology spaces H. ,% (g, 9) associated to the lie algebra g. The results given
here are more widely covered in [22]:

NOTATION. Let g be a n-dimensional Lie algebra defined over the basis

{X1,...,X,} and let Der (g) be its algebra of derivations. If f € Der (g), we
will use the notation

FX) =3 fX;, 1<i<n.
7=1
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We consider the following cocycle (class) for the Lie algebras g, and
t>2:
Omt (X2, X345) = Xoryoyj, 0<j<2m-—2t—2.

The reason for excluding the value ¢ = 1 lies in the simplicity of its last
differential form. For these algebras special cocycles have to be considered
[22]:

LEMMA. For m > 5, 1 <t <m —2 ¢, is linearly expandable.

PROPOSITION. Form > 5, 1 <t <m — 2 the Lie algebra g(,, 1) + ¢m.t 1S
characteristically nilpotent.

Note that the cocycle which defines the deformation g(,, ;) +m, is chosen
such that the incorporated brackets do not change the exterior differential of
the system. The cocycle ¢, ; admits the following cohomological interpreta-
tion:

PROPOSITION. Fort >3 let ¢ € H3, o (3(m.1): O(ms)) be a cocycle that
satisfies:

(i) for all X € Z (g(m7t)) such that h (X) = t, we have 9 (X,g(mvt)) = {0}
and X ¢ im (¢);

(ii) if X € g(m,p) is such that there exists an'Y € Z (g(m,y)) with h(Y) =t
and Y ¢ im ad (X), then ¢ (X, Clg(m,t)) = {0}.

Then
Y = Z AijVij s (Mij €0),
2<i<t+2
3<G<2m—3
where
Vi (Xiy Xj) = Xitjr, 1+J5<2m.
Writing

H3, 5 (8(m.t) 8m.r)) = {0 | ¢ satisfies (i) and (i)}

we isolate the cohomology classes that give the desired deformations:

COROLLARY. A cocycle ¢ € fI%th(g(m’t),g(m,t)) such that w(Clg(m,t),
C’lg(m’t) = {0} is linearly expandable if and only if ¢ = Appm: (A€ C).
Moreover, g(m.1) + APmt = B(m,t) + Pm.t for any A # 0.
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From the corollary we deduce that ¢, ; is fixed, up to multiples, by the
restriction property to the derived subalgebra.

THEOREM 17. Let ¢ € fAIQQt_Q (g(mi),g(m’t)) be a linearly expandable co-
cycle. Then the algebra g, ) + 1 is characteristically nilpotent.

Any supplementary deformation to the one defined by the cocycle ¢y,
changes the law g(,, ;) in the same way as ¢y, ¢, so that it does not alter the
conditions on the derivations. Further, we determine certain central extensions
of the algebras g(,, ;) obtained before. Observe that the characteristic of an
extension of g, ;) by C can be either (2m —1,1,1,1) or (2m —1,2,1). The
first one is not interesting for our purposes, as it is linear, while the second
one is mixed 2.

Let Gi = {g(m’t) |lm>4,1<t<m-— 2}. For any fixed m and ¢ we define

E} 1 (8(m.) = {¢ € Ec1(a(my) | ¢ isoftype Q and h(Xami2) = h(Xome1)+1}

where {X1,..., Xomi1} is a basis of g4y, {X1,..., Xomy2} a basis of e and
h is the depth funtion.

PROPOSITION. Let t > 2 and g(yy) € Gi. Then an extension ¢ €
Ec1(8(m,t)) belongs to Ecl’1 (Q(m,t)) if and only if its structural equations are

dCU1:dLU2:0,

dwj:wl/\w]-_l, 3<3<2m -1,

m
dCUQm =wi A Wom+1 + Z (—1)] Wy A Wom+1—j 5

7j=2
t+1
dwom41 = Z (1) wj Awssat—j,
=2
t+1 ]
dwom+ta = w1 A wam+1 + Z (—l)j (t + 2 — ]) Wi A Way2t—j -
=2

An extension ¢ with the previous Cartan-Maurer equations will be denoted
by g%m f- Observe that the case t = 1 has been excluded from the proposition.
The reason is that, by the simplicity of the differential form dwoy,+1, in this
case there are two possible extensions.

2 A characteristic sequence ¢ (g) is called mixed if there are two or more Jordan blocks of
dimension > 2.
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LEMMA. Form >4, e € E. (g(m,l)) belongs to Ecl’1 (g(ml)) if the struc-

tural equations of e over a basis {w1,...,wam+2} are
dwi = dwy =0,
dwj:wl/\(,uj_l, 3<7<2m—1,

m
dwam = w1 A wWamy1 + Z (—1) wj AN wamti1—j,
=2

dwom 1 = w2 A w3,
dwom 2 = w1 Awams1 + w2 Awy + kwa Awamt1, k=0,1.
The proof is analogous to the preceding one. The reason for the existence
of the second extension is the weakness of the restrictions imposed by the
differential form dwoy,+1. For higher depths the existence of additional exte-

rior products in the adjoined form dws,,12 is not compatible with its closure
d2w2m+2 =0.

NOTATION. For k = 0 the extension is denoted by g%m 1) and for k =1
2
bY 861
As known, the set of nilpotent Lie algebras g of a given dimension n and
characteristic sequence ¢ (g) is denoted by 6U%g) [3]. Now let E. 2 (Qr) be the

set of central extensions of Q,, by C?. The following result shows that we have
obtained practically all the extensions that interest us.

Let gb';fco) (k =0,1) be the Lie algebras with structural equations

dwl == dWQ == 0,
dwj:wl/\wj,h 3<53<2m—-1,
m .
dway, = w1 A wami1 + Z (—1) wj A wamyi1—j,
=2
dwomi1 =0,

dwom+2 = W1 A\ wamt1 + kwa A w1 .

THEOREM 18. Forn =2m — 1, m > 4 the following identity holds:

m—2
Ec2(@n) N 5U(22%+—21,2,1) = U O(8(n,0)) Y O(8,1)) U O(Q%;ﬁ») ; k=01,
j=2

where O(g) denotes the orbit of g by the action of the general linear group.
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Any extension of @, by C? must have characteristic sequence (2m — 1,1,
1,1) or (2m — 1,2,1) if it preserves the nilindex. Observe however that for
the first sequence, the split algebra @, ® C cannot generate a nonsplit central
extension. Now it is convenient to introduce some notation. For 1 <t <m—2

we can write the algebras g% m.t) formally as

Q%m,t) = B(m,t) T dwm ¢

where
t+1 .
dwm = wi A wamy1 + Z (=1) (t+2—j)wj ANwa—jya
=2

is called extensor of type I.

7.1. DEFORMATIONS OF g%m " (t>2). Let g%m ;) and consider an exten-

sor of type I di,, ;. We know that g%m = O(m) T Ao, ¢
Consider a cocycle 9 € Hz(g%m . g%m t)) defined by

w(leX]) =

SDmJ(Xi;Xj) if 1 SZ,] §2m+1,
ifi=2m+2 or j =2m+ 2,

1 is clearly a prolongation by zeros of the cocycle ¢y, ;; it will be convenient
to preserve the notation ¢, ; to denote v, whenever there is no ambiguity. In
the previous section we saw that the adjoined extensors have no influence on
the characetristic nilpotence of the deformation g, 2) + ¢m,2. This property
is in fact generalizable to any t > 3:

PROPOSITION. For any m > 4, 1 < t < m — 2 the cocycle ¢, €

H? (g%mvt),g%mi)) is linearly expandable.

COROLLARY. For any m >4, 1 <t <m — 2 the following identity holds:
(B(m,t) + dOmt) + Omt = (S(mp) + Pmit) + domt -

THEOREM 19. For m > 4, 1 <t < m — 2 the Lie algebra g%m p + Pmt is
characteristically nilpotent.

The cocycles ¢, are a special case of a more wide family of cocycles of
the subspace H%t_z(g%myt), g%m’t)):
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LEMMA. Ifvy € H22t72(g%m t),g%m t)) is a prolongation by zeros of a cocycle
p e H%tfz(g(mt),g(m’t)), then ) satisfies the conditions:

(i) forall X € Z(g%mvt)) such that h(X) = %TH, we have w(X,g%m’t)) = {0}
and X ¢ im(vy);
(i) for all X € ZQ<g%m,t)) such that h(X) = t, we have w(X,g%m’t)) = {0}
and X ¢ im(v));
(iii) if X € g%m p) Is such that there exists an'Y € Zz(g%m t)) with h(Y') =
and Y ¢ imad(X), then (X, C'gl;, ) = {0}

PROPOSITION. A cocycle ¢ € H22t—2(9%m t),g%m t)) is a prolongation by
zeros of a cocycle ¢ € H%t_z(g(mjt), 9(m,t)) if and only if it satisfies conditions
(i), (ii) and (iii).

We note

Hgtfg(g%m’t),g%mi)) = {4y | ¥ satisfies (i), (ii) and (iii)}.

COROLLARY. A cocycley € H22t_2(g%m " g%m t)) is a prolongation by zeros

of om if and only if the restriction of 1 to the derived subalgebra C* g%m’ H is

identically zero.

THEOREM 20. Lett) € H3,_5(8(,, 1) 8(m.r))

g%mﬂt) + 1 is characteristically nilpotent.

belinearly expandable. Then

These results can be resumed graphically. We introduce the following
notations [22]:

( ) = O(m,t+1) T Pmtt1

( ) = 9(m+1,0) T Pmtit
Ay, ¢ (G(m,t) + QOmt) = lm,t) + ©m,t

( +) =

( )

8
g%m,t+1) + Pm,t+1

form>4and1<t<m-—2.
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1 1
9(m+1,t) + Pm41,t M72n+1,1 9(m+17t+1) + Pm41,t4+1
Dt Di i
M2
g%m,t) + SOmzt m’l 1
A1 B(m,t+1) + Pm,t4+1 A 1041
da]m,t dwm,t+11
I(m+1,6)| T Pmt1,t I(m+1,t+1)| T Pm1,t+1
Mr%z-i—l,l
Dj ¢ Dy t+1
) Ml 1 )
B(m,t) T Pmit I(m,t+1) T Pmit+1
Figure 1.

THEOREM 21. For m > 4 and 1 <t < m — 2 the faces of the following
cube are commutative diagrams.

8. NILPOTENT LIE ALGEBRAS AND RIGIDITY

Let £" be the algebraic variety of complex Lie algebra laws on C". Each
open orbit of the natural action of GL (n,C) on £" gives, considering its
Zarisky closure, an irreducible component of £". Therefore, only a finite
number of those orbits exists; or, equivalently, only a finite number of isomor-
phism classes of Lie algebras with open orbit. The first results about rigid
Lie algebras are due to Gerstenhaber [38], Nijenhuis and Richardson [78]. The
last two authors have transformed the topological problems related to rigidity
into cohomological problems, proving in that an algebra is rigid if the sec-
ond group in the Chevalley cohomology is trivial. This theorem allows the
construction of examples or rigid Lie algebras and is used in the proof that
semisimple algebras are rigid. However, the existence of rigid Lie algebras
whose second cohomology group is non trivial shows that the cohomological
viewpoint is not fully satisfactory in the study of rigidity.



CHARACTERISTICALLY NILPOTENT LIE ALGEBRAS 197

DEFINITION. A Lie algebra g is called decomposable if it can be written
g=5Ptdn

where s is a Levi subalgebra, n the nilradical and t an abelian subalgebra
whose elements are ad-semisimple and which satisfies [s, t] = 0.

The abelian subalgebra T of Der g defined by
T={adX | X €t}

is called, following Malcev, an exterior torus on g. It is called maximal torus,
if it is maximal for the inclusion. Malcev has proved that all maximal torus
are pairwise conjugated, thus they have the same dimension called the rank
of g and noted r(g).

THEOREM 22. Rigid Lie algebras are algebraic.

8.1. ROOTS SYSTEM ASSOCIATED TO A RIGID SOLVABLE LIE ALGEBRA.
Let po be a solvable decomposable law on C™. We fix a maximal exterior torus
T. Let X be a non-zero vector such that ad,,X belongs to T

DEFINITION. We say that X is regular if the dimension of
Vo (X) ={Y | po (X,Y) =0}
is minimal ; that is, dim V; (X)) < dim V{ (Z) for all Z such that ad,,Z € T

DEFINITION. Suppose that pg is not nilpotent. The root system of pg
associated to (X, Y1,...,Y,—p, X1,...,p—1) is the linear system (S) defined by
the following equations:

T + x5 = T, if the Xj-coordinate of 19 (X;, X;) is non-zero,
Vi + Y = Yk if the Yj-coordinate of g (Y;,Y;) is non-zero,
T +Yj = Yk if the Yj-coordinate of g (X;, X;) is non-zero,
Yi +y; = xp if the Xj-coordinate of 119 (Y;,Y]) is non-zero.

In these notations we state.

THEOREM 23. Ifrank (S) # dim (Ip) — 1, the law pg is not rigid.



198 J.M. ANCOCHEA, R. CAMPOAMOR

COROLLARY. If uyg is rigid, the rank of a root system for pg is independent
of the basis (X,Y1,...,Y,_p, X1,...,Xp—1) used for its definition.

COROLLARY. If g is rigid, there is regular vector X such that ad,,X is
diagonal and its eigenvalues are integers.

Let R, be the variety of n-dimensional solvable Lie algebras. The principal
structure theorem referring to rigid Lie algebras was proven by Carles in [18]:

THEOREM 24. Any Lie algebra g which is rigid in either £" or R" is
algebraic and belongs to one of the following cases:

(i) The radical Rad (g) is not nilpotent and dim Der (g) = dim g (if moreover
codim C'g > 1, the algebra is complete).

(ii) The radical is nilpotent and satisfies one of the following conditions:

(a) g is perfect;

(b) g is the direct product of C by a rigid perfect Liealgebra whose
derivations are inner;

(c) g is non-perfect, has no direct abelain factor and is of rank zero;
morover, for any ideal of codimension one is also of rank zero.

COROLLARY. Any Lie algebra g rigid in R" is algebraic and satisfies one
of the following conditions:

(i) dimDer(g) = dimg (if moreover codim Clg > 1, the algebra is com-
plete);

(ii) g is characteristically nilpotent, as well as any of its codimension one
ideals.

From the structure of the derivations for filiform Lie algebras, as found for
example in [40], it follows easily that none filiform Lie algebra can be rigid
in £" or R™; by Carles’ theorem, such an algebra would be characteristically
nilpotent, and a contradiction with the dimension formulas is served. Thus the
counterexamples, if any, must be searched within the nonfiliform Lie algebras.
This would give an effective answer To Vergne’s conjeture (1970)

CONJECTURE 2. For any n # 1 there do not exist nilpotent Lie algebras
which are rigid in £" or R".
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Recently we have found another curious relation between CNLA and rigid
algebras. If we consider the Lie algebra g, ,—1) (m > 3) defined by the
equations

dwl = dw2 = O,
dwj:wl/\wj_l, 3< 7 < 2m,
[25]
dwomi1 = Z (—1) wj Awamt1—j,
=2

it is immediate to see that its characteristic sequence is (2m —1,1,1) and
its rank is two. Then there exists deformations which are isomorphic to the
nilradical of a solvable rigid law, as gives the

PROPOSITION. The solvable Lie algebras t(n,,,—1) (m > 3) defined by
the equations

dwy = womy2 ANwr,

dwy = (2m - 3) wWom+2 N\ wy,

dwj =wi Awj1+(2m =5+ j)wampa Awj,  3<j<2m—1,
dem = w1 Nwom—1 + w2 Aws + (4m - 5) Woam+2 N Wom
[25]
dwom+1 = Z (—l)j wj A Wam41—j + (Gm - 9) Wom+2 N\ Wam+1,
j=2
dWQm+2 = 07

are rigid and complete. Moreover, their nilradical has codimension one and is
isomorphic to the Lie algebra gy, p,—1)+1, where ¢ € H? (g(mm_l) , g(mm_l))
is the linearly expandable cocycle defined by 1) (X2, X3) = Xop,.

These algebras are a particular case of rigid Lie algebras whose nilrad-
ical has codimension one, characteristic sequence (2m —1,1,1) and whose
eigenvalues are (1,k,k+1,...,2k + 1,3k). There exist classifications of rigid
algebras having similar sequences of eigenvalues and filiform nilradical. How-
ever, there is nothing similar for nonfiliform Lie algebras. Now the interesting
fact is that we can extend centrally the preceding nilradicals of rigid laws to
obtain characteristically nilpotent Lie algebras [22]:
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THEOREM 25. The Lie algebras e; (g(m,m,l) + ¢) (m > 3) defined by the
structural equations

dwi = dwy =0,
dwj = w1 ANwj_1, 3<53<2m—1,
dwam = w1 A wam—1 + w2 Aws,
252)
dwamy1 = Z (—1) wj A wamt1—j
j=2
[27n2+1]
dwomt2 = W1 AWyl + Z (—1)j (m+1-j)wj Awamia—j,
=2

are characteristically nilpotent.

COROLLARY. There are characteristically nilpotent Lie algebras g with
nilindex 2m + 2 for any m > 3.

Observe that the previous algebras have characteristic sequence (2m, 1, 1).
This fact is directly related with the position of the vector Xg,,4+1 in the
graduation of g, ,—1). The joined differential form involves the form wa Away,,
so that the nilindex of the algebra increases. Moreover, observe that we have

€1 (g(m,mfl) + ¢) = el (g(m,mfl)) +1

so that we could have constructed the algebras extending and then deforming
by taking the same deformation. This gives, in a certain manner, a proce-
dure to generate characteristically nilpotent Lie algebras by extensions and
deformations of naturally graded Lie algebras (see [10]).

9. AFFINE STRUCTURES OVER LIE ALGEBRAS

The origin of affine structures over Lie algebras is the tudy of affine left-
invariant structures over Lie groups [9]. The question wheter any solvable Lie
group admits a left invariant affine structure is a problem of great interest,
as it relates geometrical aspects of affine manifold theory with representation
theory of Lie algebras. Translated into Lie algebra language, the question is
if any solvable Lie algebra satisfies a certain condition which is called affine
structure. This goes back to Milnor in the seventies, and is therefore called
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the Milnor conjeture. By the time the problem was posted, all known results
referred to low dimensions, where the answer is positive. The first counterex-
ample to Milnor’ s conjecture was given by Benoist [12]. He constructed a
11-dimensional filiform Lie algebra which does not admit an affine structure.
Explicitely, let a(¢) be the filiform Lie algebra given by

(X1, Xi] = Xit1, 2<4<10;
[X2, X3] = X5
[X2, X5] = —2X7 + Xg + Xy
over the basis { X1, ..., X11}. The main point is to prove that this algebra does

not admit a faithful representation of degree 12, which proves the nonexistence
of an affine connection [12]. This example has been widely generalized in [15]:

THEOREM 26. There exist filiform Lie algebras of dimensions 10 < n < 12
which do not admit an affine structure. For n < 9 any filiform Lie algebra
admits an affine structure.

For this, cohomological methods are of importance, in particular the di-
mensions of the cohomology spaces H? (g, C), which are usually called Betti
numbers. Let g be an n-dimensional Lie algebra and G its associated Lie
group. If the group posseses a left-invariant affine structure, then this induces
a flat torsionfree left-invariant affine conection V on G, that is

VY —VyX - [X,Y] =0,
VxVyZ - VyVxZ - VixyZ =0,

for all left invariant vector fields X,Y, Z on GG. Now, defining
XY =VyxY
we obtain a bilinear product which satisfies
X.YZ)-(XY)Z-Y.(XZ2)+(Y.X).Z=0.
Observe that this implies that the product is left symmetric.

DEFINITION. An affine structure on a Lie algebra g is a bilinear product
g X g — C which is left symmetric and satisfies

X,Y]=XY-YX, VXJYeg.
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It is known that there exists a one-to-one correspondence between affine
structures on g and left invariant structures on the associated Lie group G
[28]. The interesting fact is that the problem can be dealt with methods of
representation theory of nilpotent Lie algebras.

PROPOSITION. Let g be an n-dimensional Lie algebra. If g admits an
affine structure then g possesses a faithful module M of dimension n + 1.

By the theorem of Ado [1], any Lie algebra admits a faithful representation.
Unfortunately, the results does not say anything about the minimal degree of
such a representation. Nowadays, it is accepted that the best lower bound is
given in [16]. This bound, equal to %2” with a ~ 2,76287, has been used
to obtain other counterexamples to Milnor’s conjecture [16]. In relation with
the derivations structure, we have the following:

PROPOSITION. A Lie algebra g admits an affine structure if and only if
there is a g-module M of dimension dimg such that Z! (g, M) contains a
nonsingular cocycle.

The result is a consequence of the inversibility for a nonsingular cocycle.
An immediate corollary is:

COROLLARY. If g admits a nonsingular derivation, then it admits an affine
structure.

Observe in particular the importance of this for graded Lie algebras: if g
is naturally graded (the results remains valid for any positive indexed graded
Lie algebra) then the natural operation defines a nonsingular derivation, from
which we obtain that any naturally graded Lie algebra has an affine structure.
As it is known that metabelian Lie algebras and those of dimensions n < 6
can be graded in such manner, all them admit an affine structure. For 3-step
nilpotent Lie algebras Scheunemann [87] proved in 1974 the following:

THEOREM 27. Any 3-step nilpotent Lie algebra g admits an affine
structure.

Observe that the algebra of Dixmier and Lister is 3-step nilpotent, thus
it has such a structure. Clearly all derivations are singular, which proves the
existence of CNLA with affine structures. The question is which of the struc-
tural properties of CNLA allow the existence of such structures. In particular,
has it any relation with the structure of the automorphism group?
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For 4-step nilpotent Lie algebras the question is open, and the best result
achieved can be found in [27]. However, the fundamental source (once more)
for the study of affine structures is the variety F" of filiform Lie algebras. In
[16] the author defines the following cocycles:

DEFINITION. Let g be a filiform Lie algebra. A cocycle w € Z2(g,C) is
called affine if it is nonzero over Z (g) A g. A class [w] € H?(g,C) is called
affine if every representative is affine.

Then the next result characterizes certain extensions of filfirom Lie
algebras:

ProPOSITION. A filiform Lie algebra g has a filiform extension of dimen-
sion dim g + 1 if and only if there exists an affine cohomology class in g.

This result has two interesting consequences:

COROLLARY. If the filiform Lie algebra g admits an affine cohomology
class |w], then it admits an affine structure.

COROLLARY. If g is filiform of dimension n > 6 and dim H? (g,C) = 2,
then g has no affine cohomolofgy class.

Endowed with these methods, Burde has constructed two classes of filiform
Lie algebras [17] which provide a lot of counterexamples to Milnors conjecture.

We conclude giving CNLAs which admit an affine structure but whose
Lie algebra of derivations is not characteristically nilpotent: over the basis
{X1,..., X1} let g(g,) be the filiform Lie algebra given by

(X1, Xi] = Xit1, 2<i<10,

(X2, X3] = X5, (X3, X6] = —2Xo + a5 X10 + agX11,
(X2, Xy] = Xg, (X5, X7] = =2 X104+ a7 X11,

[Xo, X5] = —2X7 + Xg, [X3, Xs] = agX11,

(X2, Xg] = —5Xs + 2Xy, (X4, X5] = Z Xg + ag X190 + ar10X11
(X2, X7] = =2 Xo + a1 X10 + a2 X11, [X4,Xe] = Z X104+ agXyo,

(X2, Xs] = 2 X710 + agX11, (X4, X7] = ann X11,

(X2, Xo| = asX11, (X5, X6| = a12X11,

(X3, X4] = 3X7 — X,

[X3, X5] = 3Xs — Xy,
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where the following relations are satisfied:

a5—3a1+%—a9:0

3as —asz+ajg—ag =0

az — 3as — 2a190 =0
alg—%a4—%:0

2a0 — a3+ 2ag —as —ay+2=0
—3a3—{—a4—|—2—|—4a9—%—a11:0
a1 +as—2=0

Saz — 2a4 — 2ag + % + a5 + Saz — 10 = 0
ar+az3—a; =0

a4+a8—%:0
a9—4a5+6—%:0

This example, for the values

51 28 28 19 1
01:%7 (12:—@6:@102557 a3:2—5, a4:175’ a5:—%,
23 321 24 189 1377

Cl?:%, GSZEa a9:—%, U’ll:_ﬁa alZZW,

is due to Remm and Goze [83].

10. ASSOCIATIVE CHARACTERISTIC NILPOTENT ALGEBRAS

Motivated by the paper of Dixmier and Lister, in 1971 T.S. Ravisankar
[81] extended the concept of being characteristically nilpotent to general alge-
bras. This approach has been useful for the study of Malcev algebras, as for
associative algebras and its deformation theory [72].

Let A be a nonassociative complex algebra (again we convene that the
base field is C, though this assumption is not generally necessary). We denote
its Lie algebra of derivations by D (A). Let

Am = {Zszz | x; € A, D, € D(A)}
and define inductively A+ = {3 Dyy; | y; € A, D; € D (A)}.

DEFINITION. An algebra A is called characteristically nilpotent (C-nilpo-
tent) if there exists an integer n such that A" = 0.
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It is clear that if A is a C-nilpotent algebra, then any derivation of A is a
linear nilpotent transformation on A. The converse also holds [81]. For the
special case of associative algebras, in [43], let e, be the (r + 1) matrix whose
a = (i,7) entry is one, otherwise zero. The space generated by this vector is
denoted by E,. Let us then define

R={a=(ijt)|1<ij<r-+1},
RY ={a=(i,j) | i<}

It follows that R~ = R— R" and S = {(i,i+ 1) € R| 1 <i <r} is the set of
simple roots, in analogy with the Lie algebra case [23]. Then L =),y F, is

a nilpotent associative algebra. Consider the bilinear mappings of L x L — L
defined by

ke (€ays €am) = €5, where a; = (i,i+1) and § = (1,7 +1).

Obviously the center of L is generated by the root §. Let us now consider the
linear combination v = ZKk,mq Ak m9km for ag, € C. In [43] it is proven
that this is a lineraly expandable cocycle, and further that:

THEOREM 28. Let 1 be the cocycle given by ¢ = > 1 i o cr OkmGkm
with [[,<;<, aii # 0. Then the associative algebra L + 1 is characteristically
nilpotent.

Constructing families of this kind, the variety N™ of associative algebras
can be studied as Lie algebras have been [72]. In particular, among other re-
sults the following shows the similarity between the theory of characteristically
nilpotent Lie algebras and C-algebras:

THEOREM 29. For n > 2 there exists a Zariski-open subset of N™ formed
by characteristically nilpotent associative algebras. Moreover, its dimension

isn? —n.
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