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ABSTRACT. The n-dimensional p-filiform Leibniz algebras of maximum length
have already been studied with 0 < p < 2. For Lie algebras whose nilindex is
equal to n — 2 there is only one characteristic sequence, (n — 2,1, 1), while in
Leibniz theory we obtain two possibilities: (n—2,1,1) and (n—2,2). The first
case (the 2-filiform case) is already known. The present paper deals with the
second case, i.e., quasi-filiform non Lie Leibniz algebras of maximum length.
Therefore this work completes the study of maximum length of Leibniz algebras
with nilindex n — p with 0 < p < 2.
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1. INTRODUCTION

The notion of length of a Lie algebra was introduced by Gémez, Jiménez-Merchan
and Reyes in [I0]. In this work they distinguished a very interesting family: algebras
admitting a graduation with the greatest possible number of non-zero subspaces,
the so-called algebras of maximum length.

Leibniz algebras appear as a natural generalization of Lie algebras (Loday, [12]
and [13]) and the concept of length can be defined in a similar way in this setting.
It is therefore expected that Leibniz algebras of maximum length will play a similar
role to the Lie case. The cohomological properties of Leibniz algebras have been
widely studied (see for example [7]- [9] and [14]). A remarkable fact of the algebras
of maximum length is the relative simplicity of the study of these properties [5].

The study of the classification of non associative nilpotent Lie algebras is too
complex. In fact, it appeared two centuries ago and it still remains unsolved. As to
Leibniz algebras the problem is analogous thus we will restrict our attention to two
important families of Leibniz algebras: p-filiform and quasi-filiform (see Definitions
L4 and [LH).

The classification of filiform and 2-filiform Lie algebras of maximum length is
given in [I0] and [I1] (note that in this case there are no null-filiform algebras
and the concepts of 2-filiform and quasi-filiform agree). In a Leibniz setting, the
null-filiform case was studied in [I], whereas the cases filiform and 2-filiform are
developed in [2].

We will focus our attention on quasi-filiform Leibniz algebras. Let £ be an n-
dimensional quasi-filiform non Lie Leibniz algebra, then its characteristic sequence
is (n—2,1,1) or (n —2,2). The first case (the 2-filiform case) has been dealt with
in [2]. In this work we consider the second case, i.e., algebras with characteristic
sequence (n—2,2). Our main goal is to complete the study of algebras of maximum
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length with nilindex n — 2. For the study of these algebras we extend the naturally
graded quasi-filiform Leibniz algebras and we prove that if we consider the extension
of naturally graded quasi-filiform Lie algebras then we obtain Lie algebras.

Our main results (see Theorems B.] and for the precise statement) will be
proved in Section 3 and the following definitons will be used throughtout the present
paper:

Definition 1.1. An algebra L over a field F is called Leibniz algebra if it verifies
the Leibniz identity: [z, [y, z]] = [[z,y], 2] — [[z, 2], y] for any elements x,y,z € L
and where [,] is the multiplication in L.

Note that if in £ the identity [x,z] = 0 holds, then the Leibniz identity coincides
with the Jacobi identity. Thus, Leibniz algebras are a generalization of Lie algebras.
For a given Leibniz algebra £ we defined the following sequence: L' = £ and
LFFY = [£* £]. From now on we will consider the complex number field. Let £ be
a nilpotent algebra for which the index of nilpotency is equal to k. Let us define
the naturally graded algebras as follows:

Definition 1.2. Let us take £L; = L*/LT, 1 <i<n—k—1andgrL =L1 DLy D
@ Ly. Then [L;, L;] C Liy; and we obtain the graded algebra grLl. If grC and L
are isomorphic, in notation grL = L, we say that L is a naturally graded algebra.

The above constructed graduation is called natural graduation.

The set R(L) ={x € L: [y,z] =0, Yy € L} is called the right annihilator of L.
Note that for any z,y € L the elements [z, z] and [z, y] + [y, ] are in R(L).

The set Cent(L) ={z € L : [x,2] = [2,2] =0, Va € L} is called the center of L.
Note that R(L) is an ideal of L.

We define the set Z(L£) =< [z, z] : Vo € L >. Note that Z(£) is an ideal of L.

Let x be a nilpotent element of the set £\ £2. For the nilpotent operator of rigth
multiplication R, we define a decreasing sequence C(z) = (ni,ne,...,nx), which
consists of the dimensions of Jordan blocks of the operator R,. In the set of such
sequences we consider the lexicographic order, that is, C(z) = (n1,n2,...,nk) <
C(y) = (m1,ma,...,ms) <= there exists i € N such that n; = m; for any j < ¢
and n; < m;.

Definition 1.3. The sequence C(L) = maxC(x)yep\c2 is called characteristic
sequence of the algebra L.

Example 1.1. If C(£) = (1,1,...,1), then evidently, the algebra L is abelian.

Let £ be an n-dimensional nilpotent Leibniz algebra and p a non negative integer
(p < n).
Definition 1.4. The Leibniz algebra L is called p-filiform if C(L) = (n—p,1,...,1).
——

If p=1, L is called filiform algebra and if p = 0 null-filiform algebra.

Definition 1.5. A Leibniz algebra L is called quasi-filiform if its nilindez is equal
ton — 2, namely, L2 #{0} and L' = {0}, where n = dim(L).

A Leibniz algebra £ is Z-graded if £ = ®;ezV;, where [V;,V;] C Viy; for any
i,7] € Z with a finite number of non null spaces V;.

We will say that a nilpotent Leibniz algebra £ admits the connected graduation
L=V, @ DV, if Vi, 0 for any ¢ (1 < <1).
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Definition 1.6. The number l(®L) =1(Vi, ® -+ D Vi,) = ke — k1 + 1 is called the
length of graduation. A graduation is called of mazimum length if [(®L) = dim(L).

We define the length of an algebra £ by
(L) = max{l(®L) such that L=V}, @ --- DV}, is a connected graduation}.

Definition 1.7. A Leibniz algebra L is called of mazimum length if I(L) = dim(L).

2. NATURALLY GRADED QUASI-FILIFORM LEIBNIZ ALGEBRAS

The following theorem gives the classification of naturally graded n-dimensinal
quasi-filiform Lie algebras (see [0]).

Theorem 2.1. Let g be a complex n-dimensional naturally graded quasi-filiform
Lie algebra. Then there exists a basis {xo,21,...,Zn—2,y} of g, such that the mul-
tiplication in the algebra has the following form:

Ln,r) (n>5, 3<r<2[%2] -1, rodd): Q(n,r)(n>7 nodd3<r<n—4, rodd):

{ [0, 2] = xit1, 1 <i<n—3

. i . = i—1 <<71
[ = (<) ly, 1<i < 5 [ o] = (=1)' 'y, 1<

[Zo,zi] = xig1, 1<i<n-—3
(@i, 2n—2-i] = (1) tzp_o, 1 < i <

T(n,m—3) (n > 6, n even) :

[xo,zi] = xig1, 1<i<n—3
[@n-1,21] = (” )xn 2
[
[

T xnaz]—( )@ 532+xn71),1§i§"774
Liy Tp—2— z]_( )Z 1%1;11727 ISZSnT%
T(n,m—4) (n>7, nodd) :

Zo,%i) = Tix1, 1 <i<n—3

[

[Xn—1, ] = (n— = 5 g ari, 1< <2

(@i, Tn—a—i] = (=) H(@n-a +2n1), 1 <3 < ”;5
[

[

Ty Tp—3— z] :( 1)i71@xn737 1<4i< ngs
Ly Tn—2— 7,] = (—1)2(2 — 1)@;}771727 QS ) S %
e(7,3)
(w0, zi] = Tip1, 1<i<3
[y, zi] = @its, 1<i<?2
(@1, 2] = 23 + v,
[1, 2] = Tit1, 3<i<4
£1(9,5) : €2(9,5) :
] = <i<
kTS S S 08 (e A P
[y, zi] = 2ziy5, 1<i<2 Y, Ti| = aTi+5, S1s

[5017$4] =25+ Y,

[x17m4] :m5+y7 [:C17fl?5 _21;67

] ]
[x1,x6] = 327, Eil, 6% = i?a,: B
[€2, 23] = —x5 — ¥, [;7 3] —1:5 Y
[x27x4] = — e, [LE? 4] =y o
[.’1}2, ZL’5] = —x7 [$C37 1}4] _21:7
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L1 ®C (n>4): Qn-1®C (n>7, nodd) :
P ) [®o, i) = Ty, 1<i<n-—3,

{ oo, =in, 1<isn-3. { [0 @nai] = (—1) " ms, 1< < 252,
Let £ be an n-dimensional (n > 6) naturally graded quasi-filiform non Lie Leibniz

algebra which has the characteristic sequence (n—2,1,1) or (n—2,2). The first case

(case 2-filiform) has been studied in [4] and the second in [2]. In this work, we will

extend this study so we will consider every Leibniz algebras with C'(£) = (n—2,2).
From the definition of the characteristic sequence it follows the existence of a

basis element e; € £\ £2 such that the operator of right multiplication R, has one

of the following forms:
Jn—2 | 0 Ja | 0
0 | 0 | Ju—z

A quasi-filiform Leibniz algebra is called of the type I if the operator R,, is like
the first matrix and of the type II in another case.
In the following theorems we summarize the results obtained in [3].

Theorem 2.2. Let A be a naturally graded Leibniz algebra of the first type. Then
it is isomorphic to one algebra of the following pairwise non isomorphic families:

Qll,A . QlZA :
[yi, 1] = yir1, 1<i<n—3
[Yn—1,91] = Yn,

[Y1,Yn—1] = Ayn, A €{0,1}
[ynfhynfl] = Yn.

i,1] =yiy1, 1<i<n-—3
[Yn—1,Y1] = Yn,
[Y1,Yn—1] = Ayn.

A3 AL
[yi,y1]) =yiy1, 1<i<n—3 lyi,y1) =yip1, 1<i<n-3
[Yn—1, 1] = Yn + y2, [Yn—1,11] = yn + y2,
[Y1,yn—1] = Ayn, A€ {-1,0,1}. [Yn—1,Yn—1] = Ayn, A F#0.
Ql5»A»M . Ql6 :

[yi,11] = yit1, 1<i<n—3
[Yn—1,91] = Yn,

[Y1,Yn-1] = —Yn,

[Yn—1,Yn-1] = y2,

[Yn—1,Yn] = y3.

lvi, ] = yiv1, 1<i<n-—3

[Yn—1,y1] = yn + 2,

[yhynfl] = AYn, ()‘7ﬂ) = (17 1) or (274)
[Yn—1,Yn—1] = Hyn.

Theorem 2.3. Let 2 be a naturally graded Leibniz algebra of the second type. Then
it is isomorphic to one algebra of the following pairwise non isomorphic families:
n even

A A%
1] = v [y1,91] = y2,
o] =y, 3<i<n—1 ] =gis, 3<i<n-—l
2] = Yi+1, >0t > -
[y1,vi] = —yit1, 3<i<n-—1 [y1,y3}:y2 -

i,y = —yjr1, 4<j<n-—1
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A3

[y1, 1] = 2,

[yi,1]) = yi+1, 3<i<n-1
[ys, y3] = y2,

[y, %) = —yit1, 3<i<n-—1

n odd, AL, A2, A3, AL

A5

[y17y1] = Y2,

[yi,y1] = Yi+1, 3<i<n-—1

[y1,9:] = —yiv1, 4<i<n-—1

[Yis Ynt2—i] = (=1)'Yn, 3<i<n-—1.
AT

[y17y1] = Y2,

[yi, 1] = yi+1, 3<i<n-—1

lys, ys) = Ay2, A #0

[y1,9:] = —yir1, 3<i<n-—1

[Yis Ynt2—i] = (=1)'Yn, 3<i<n-—1.

At

[y1, 1] = y2,

i, y1] = yir1, 3<i<n-—1

[y1,y3] = 2y2 — ya,

[y3,y3] = y2,

y1,95] = —yj+1, 4<j<n—1

ASA
[y1,y1] = 2,
i, 1] =yiv1, 3<i<n-—1
[y17y3] - )‘yQ — Ya, A€ {17 2}
y1,95] = —yj+1, 4<j<n-—1
[yuyn+2 l] = (_1)1:1/7” 3<i<n-—1.

YSAH
[y1,y1] =
i, 1] =yiv1, 3<i<n-—1
[y1,y3] = Ay2 — ya,
[y3, ys] = py2,
y1,y5] = —yj+1, 4<j<n-—1
[YisYnt2—i] = (=1)'yn, 3<i<n—1

with (A, p) =

(_27 1)7 (27 1) or (47 2)

The study of Leibniz algebras of maximum length can be simplified by following

the reasoning in the proof of theorems and [Z3] see [3].

The next proposition

gives the structure of a naturally graded n-dimensional Leibniz algebra:

Proposition 2.1. Let L be a naturally graded quasi-filiform Leibniz algebra, then
it is isomorphic to one algebra of the pairwise non isomorphic families:

NG1:
le1,e1] = e,
lei, e1] = eit1, 3<i<n-—1
[61; 63] - )\62 — €4,
[637 63] Hez, )‘7 ne C
le1, €] €it1, 4<i<n-—1

NG2 :

[e1,e1] = e2,
leis en] = eiy1,

[61, 63] = dea — ey,
[e3, €3] = pes,

[e1, 6] = —eiy1,
[617671-1-2 1] = (_1)ien7

3<i<n-1
A peC

4<i<n-1
3<i<n-—1.
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NG3: NG4 :

en— 1761] = ey,

[ei

[
e1,en—1] = Ben, le1, en—1] = —en,
[
[

€n—1,€Cn— 1]—'-)/677.7 «, ﬂv FYGC

[ei
[en— 1,61] =en + e,
[
[ €n—1,€n— 1]_62;

en 1, en] - 63
where NG1 and NG2 correspond to algebras of the type II and NG3 and NG/ to
algebras of the type I.

3. QUASI—FILIFORM LEIBNIZ ALGEBRAS OF MAXIMUM LENGHT

Let £ be an n-dimensional (n > 6) quasi-filiform non Lie Leibniz algebra with
the characteristic sequence (n—2,2). The propositionBIlshows a structure of these
algebras and requires the previous result.

Proposition 3.1. Let L be an n-dimensional quasi-filiform Leibniz algebra. Then
L s isomorphic to one algebra of the following pairwise non isomorphic families:

NG1:

[e1, e1 es
[ei,erl] =eiy1, 3<i<n-—1
[e1,e3] = Aea — ea + pinen,

[es, es] = pea + Ynen,

[e1,€s —ei+1 + Yinen, 4<i<n-—1

]
[elv J] - ( )67,:“‘71 + (*)ei+j + 4+ (*)env V(Zvj) 7é (17 1)7 (17 3)7 (37 3)7 (37 1)7 (7:7 1)7 (17 Z)
=

[e2, e Zi€n, 1#£2,n.
NG2 :
[e1,e1] = e2 + anén,

]
[ei,erl] =eiy1, 3<i<n-—1
[e1,e3] = Aea — ea + (¥)en,
[es, es] = pea + (*)en,
[e1, 6] = —€i41+ (¥)en, 4<i<n-—1
[€i,ent2—i] = (—1)"en, 3<i<n-—1
[6i7ej] = (*)eiJrj*l +oo (*)em V(i7j) e (17 1)7 (173)7 (373)7 (37 1)7 (k7n+ 2 - k)

3<k<n-—-1.
NG3:
leise1] = eiv1 + (¥)eirz + - + (¥)en—2, 1<i<n-3

[en—1,e1] = en + aea + (x)es + -+ + (¥)en—2,

[e1,en—1] = Ben + (x)es + -+ - + (¥)en—2,

[en—1,€n—1] = ven + (¥x)es + -+ + (*)en—2,

[€:y€n—1] = (¥)€it2 + - -+ (¥)en—2, 2<¢<n-—3
[en,en—1] = (*)ea + -+ (%)en—2.
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NG4 -

lei,e1] = €1+ (%)espa + -+ (¥)en—2, 1<i<n-—3
len—1,€1] = en + (x)es + -+ + (¥)en—2,

[e1,en—1] = —en + (¥)es + - (*)en—2,

[en—1,€n—1] = €2+ (x)es + - (x)en—2,

[en—1,en] = €3+ (¥)ea +--- +( Jen—2,

+
+

[ei, 5] = (%)eitir1 + -+ (¥)en, 2<4,j<n-2
[eisen—1] = (¥)eita + -+ (¥)en—2, 2<i<n-—2
[en,en—1] = (¥)ea + -+ + (¥)en—2,

lej.en] = (%)es + - -+ + (¥)en—2, J=25

[es,en] = (¥)eiqs + -+ + (%)en—2, 1=1AN3<i<n-—2

[eTH en] = (*)65 + -+ (*)6,172.

where the asterisks (*) denote appropiate coefficients at the basis elements.

Proof. These families are obtained from the structure of the naturally graded quasi-
filiform Leibniz algebras (see Proposition 21]) considering its natural graduations.
O

Since the study on quasi-filiform Lie algebras of maximum length has been done
in [I0], we shall restrict ourselves to Leibniz algebras which are non Lie. Moreover,
the classification of 2-filiform Leibniz algebras of maximum length is given in [2].
Thus, the following results close the study of maximum length for Leibniz algebras
with nilindex n — 2, where n is the dimension of £ and verified n > 6.

Theorem 3.1. Let L be an n-dimensional quasi-filiform non Lie Leibniz algebra
of maximum length of the type I. Then the algebra L is isomorphic to one algebra
of the following pairwise non isomorphic families:

M9 . M2 .
Y1, y1] = Yn,
[y'n, 17y1]_y25 [yivyl]:y’i+la 1S’L§TL—3
i, y1] = Yiv1, 2<i<n—3 [Yn—1,Y1] = Yn,
[ Yn—1,Yn— 1] = 6y47 o€ {07 1} [yluyn—l] = )‘ynu A eC.
[

YirYn—1) = 0Ysyi, 2<i<n—2>5.

Proof: Let < ey, ea,...,e, > be the basis used in proposition [3.1l We can consider
the following cases:
Case 1: Let e, ¢ R(L) be

In this cases we have the family NG4, where {ea,€3,...,en_a} C R(m)

In order to study the length of the algebras from the family Jm, let us take

n

n
Ty =e1 + E a;e; Ty =ep_1+ E brex, where a,_1b1 # 1
i k=1;k#n—1

and
[2s,35] = (L4 aj_1)ea + (¥)es + - + (x)en,
[we, 2] = (1+b7)ea + (x)es + -+ - + (*)en,
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[It, :ES] = (bl + anl)EQ + (*)63 + -+ (*)en,1 + (1 — anflbl)en,
(s, ] = (b1 + an—1)ea + (¥)es + - - - + (¥)en—1 + (@n—1b1 — L)e,.

We will assume two subcases:
Subcase 1.1: If 1 + a2 ;| # 0. Let us consider

([, 23], 5]y ooy 5] = (1 4+ a2 _))ei + (¥)esor + - + (¥)en

1 times

and the new basis {y1,...,yn}, defined as:

Y1 = Ts, Yi = [yi,1,$s], Wlth 2§2Sn_27 Yn—1 = T, Yn = [IS;It]
with the graduation of maximum length: Vi, @& Vog, @+ ® Vin_2yx, © Vi, © Vi, +k, -
This basis verifies the following product:

[Yi,y1] = yir1, 1<i<n-3
(Y1, Yn—1] = Yn.
Furthermore,
Yn & RING4), [y1,Yn—1] + [Yn—1,y1] € R(NG4), and [yn—1,y1] = Ay,

then A = —1. Let us check the others products.
‘We shall consider
[Yn—1,91] = [m¢, 5] = (b1 + an—1)e2 + (x)ez + - + (x)en—1 + (1 — bran—1)en,
(Y1, yn—1] = [zs, 2] = (b1 + an—1)e2 + (x)ez + -+ (x)en—1 + (bran—1 — 1)ey,
[yn—layl] = _[ylu yn—l]u
therefore by = —a,,—1.
From a,_1 = —b; and a,_1b; # 1, one has a2 | # —1, and S0 [yn_1,yn] =
= —(a2_; +1)es + (x)es + - -+ + (x)ey, is obtained. Hence [y,—1,yn] = Bys where
B # 0. Therefore

[y’ﬂ—layn] = By37 B 7& 07
Wn—1,Yn] € Vak,+k.,
y3 C Vag, .

Thus, we prove that ks = k;, which is a contradiction of the definition of maxi-
mum length.

Subcase 1.2: If 1 +a2_; = 0. Since
[z, 7s] = (b1 + an—1)ea + (¥)ez + - + (¥)en—1 + (1 = bran—1)e, = Ay, # 0,
[Ts, 2] = (b1 + an—1)e2 + (¥)es + - 4 (¥)en—1 + (b1an_1 — 1)en = yn # 0,
[, xs] + [xs, 2] € R(NG4),

and by the property of maximum length we have (A4 1)y, =0, i.e, A = —1, hence

by = —an_1 and a,_1b; # 1, it implies that a?2_; # —1. But it is a contradiction
of the hypothesis 1 +a2_, = 0.

Thus, we can conclude the algebra NG4 does not have maximum length.

Case 2: Let e, € R(L) be.
In this case we have the family NG3, where {es,€3,...,€en-2,6,} C R(NG3).
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Let us take the previous basis, we have the products:

[Ts,2s] = (L4 an—1a)ez + (¥)ez + -+ + (x)en—2 + (an-18 + an—1 + an_17)en,
[z, xe] = (b 4 biv)ea + (x)es + -+ + (¥)en—2 + (b1 + b1 + ¥)en,
[ze,25] = (b1 + @)ea + (¥)es + -+ + (¥)en—2 + (1 + b1an—18 + an-17)en,

1) [#s,2¢] = (b1 + an—1b1a)ez + (¥)ez + - - + (¥)en—2 + (bran—1 + B + an—17)en,
[[zs, zs], ]y xs] = (1 + an—1a)e; + (¥)eip1 + -+ + (¥)en—2.
| S ——

i—times

Subcase 2.1: If 1 +a,_1a = 0.

If b1 (b1 +a) # 0, then in a similar way to previous cases, we can prove that there is
not any algebra of maximum length. Therefore we shall assume that b1 (b1 +«) = 0.
Note that indeed if by + @ = 0, then we will have 1 4+ a,,_1a = 0 and hence
an—1b1 = 1, which would be impossible. Therefore by = 0. In this case we obtain
[$5,{E5] - ( )63 + -+ (*)en72 + (anflﬂ + Ap—1 + ai_17)6n7
[we, 2] = (¥)es + - + (¥)en—2 + e,
[z, 5] = aea + (x)ez + -+ + (x)en—2 + (1 + an—17)en,
[T, ¢] = ( )63 + o4 (K)en—2 + (B + an—17)en,
[[[zt, xs], Ts], -, s + (%)eip1 + -+ (%)en—2, 3<i<n-—2.
—_—

(i—-1)—times

Since [xg, x¢] = D|xt, x5, it implies that Da = 0 as « # 0 we have D = 0. Thus,
B+ an—1v = 0 is achieved and [y1, yn—1] = 0.

Put y1 = x5, y2 = [X4,Zs], Yn—1 = Tt, ¥Yi = [Yi—1,y1] with 3 < i < n — 2 and
Yn = [y1, 1]

This basis has the following graduation of maximum length: Vi, & Vi, 1k, ©
Vie+2k, @+ © Vi, p (n—3)k, O Vi, © Vg, .

We have that [yn—1,Un-1] = [2t, 2] = (*)es + -+ + (¥)en—2 + ven = Aym,
where m ¢ {1,2,n — 1}. On the other hand [y,—1,yn—1] € Vai,. Therefore 2k; €
{2ks, ke + (m — Dk} with 3 <m < n — 2. If 2k; = 2k, then this is a contradiction
of the definition of maximum length. As y,, = e, + (*)emi1 + -+ + (¥)ep—2 with
3 <m <n—2then v=0. Hence the form 8 + a,_17 =0, we get 8 = 0.

The cases m = 3 and 5 < m < n—3 are impossible considering the connectedness
of the graduation of maximum length. Thus let us see m = 4 and m =n — 2.

Let m = n — 2, and n > 6. It is impossible to find a connected graduation of
maximum length. If n = 6, then we have m = 4.

Let m = 4. We have [yn—1,Yn—1] = dys and by using the Leibniz identity
[Yis Yn—1] = O0yiy1 with 2 <i <n —5 and [yn, yn—1] = 0 are achieved.

In order to find the table of multiplications of the algebra it is enough to show
[Yn,y1] since {y2,ys, ..., Yn—2,Ynt € R(L) and y,—o2 € Cent(L). By the construc-
tion, [yn,y1] = (1 + an—10)es + (x)eqs + - + (¥)ep—2. As 1+ ap_1a # 0 it implies
that [yn,y1] = Bys. Hence, by the properties of the graduation, k; = ky which is a
contradiction of the definition of maximum length. Thus [y, y1] = 0.

Note that if § # 0, we can consider § = 1 using an easy change of basis. Therefore,
the algebra M9 with § = 0 or § = 1 is achieved. M*"° and M"! are non isomorphic
because dim(R(M'°)) # dim(R(M11)).
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To see its maximum length it is enough to consider the graduation V1 @ Vo & -- @
@BV, where V1 =< y1 >, Vo =<y, >, V3 =<y,—1 > and V; =< y;_o > with
4 <i<n.

Subcase 2.2: If 1+ a,_1a #0.

Using the multiplications of (1) we can distinguish the following cases:

2

) If by +biB+7#0 A det < 1b§j"b*1;a anflﬁfjglgij"ﬂ ) £0

Since the determinant is not equal to zero, we have that [z,,xs] and [z, 2]
are linearly independent. We define a new basis: y1 = x5, ¥; = [yi—1,y1] with
2<i<n-—2 yo—1 = x and y, = [z4,2¢]. Making the following graduation:
Vi, @ Vg, @ -+ @ Vip_oye, © Vi, © Vog, and if [z4,2,] # 0 then we have that
[, 5] € Vi, 4k, and ki+kg & {ks, ke, 2ks, 2k }. Tt implies [z, 5] = Ay, with A £ 0
and3<m <n—2=k = (m—1)k. If kg > 0 then 2k, < k; < (n—2)ks and that
is a contradiction. Thus, [z, xs] = 0 hence by +a =0and 14+a,—1b18+an—17 = 0.
Analogously for [z, xt], we have by + a,—1ba =0 and a,,—1b1 + 8+ an—17 = 0.

We have by = a =0, 8 = 1, ap—17 # 0. We know that {y2,...,¥n—2,Un} C
R(]V\G/?)) and the products [y;,y1] = yi+1 with 1 < ¢ < n—3 and [yn—1,Yn—1] =
yn- Using the properties of the graduation [y,—1,91], [y1,Yn—1] and [yn, yn—1] are
obtained and it is archived that there is not any Leibniz algebras of maximum
length.

b1(14+ an—1c0) bian-1+ B+ an-17v
then we can take the basis {y1,...,yn}, defined as: y1 = x5, y; = [yi—1,y1], with
2<i<n-—2,yp,—1 =z, and y, = [y1,Yn—1], and its graduation of maximum
length: Vi, & Vag, @ -+ ® Vip_oyk, ® Vi, © Vi, 4, -

2
2)Ifap_1b1+PB+an—1v # 0 A det < l+an—1a an—1B8+an-1+an_17 > 40,

Since the determinant does not vanish, we get § + a,—1v # 0. Therefore, {eo,
.y €n—2, €n} € R(L) and e,_2 € Cent(L), hence {ya,...,Yn—2,yn}t C R(L), and
Yn—2 € Cent(L). Let us define R, and R, ,.

If [yn,y1] # O then [y,,y1] € Vak,+k,. Therefore 2ks + ki & {2ks, ke, kt + ks, 3ks}
because ks # 0 # k; and ks # k;. Moreover, it is evident that 2ks + k; # ks, other-
wise k; = —ks and this implies [y,,y1] = Ayr with A £ 0, but it is a contradiction
since [yn,y1] € L3 and y1 € Ly. On the other hand we can assume 2k, + ki # mk;
for 4 < m < n — 2, (otherwise we will obtain a contradiction of maximum length).
As a result we can conclude that [y,,y1] = 0.

A similar study for [y;, yn—1], with 2 <7 < n — 3 permits to prove that [y;, yn—1] =
0 2<i<n=3,[YnYn-1] =0, [yn—1,Yn-1] = 0 and so by (b1+a) = by+b1 5+ = 0.
Moreover, we have

Y1, Yn—1] = Blyn—1, 1],
W1, Yn—1]) = b1(b1 + an—1bia)es + (x)ez + - - - + (*)en,
[yn—hyl] = (bl + a)ez + (*)63 + -+ (*)en
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it implies that by = 0,7 =0 and B = 8 # 0. Thus o = 0.

Finally we have found the family defined as:

Wi, y1] = yit1, 1<i1<n-3
[Yn—1, 1] = Byn, B e C\ {0}
[Y1, Yn—1] = Yn-

Taking y,, = By,, the family M?2* is achieved, with A € C\ {0}. To get
maximum length it is enough to consider the following graduation:

L=VieVed ---dV,, where V,=<y;> 1<i<n.

l1+apn—1x anflﬂ +an—1+ a%71’y
N 1+an_1b18+an-17#0 A det ( by 4 1+ bran 18+ an 1y #0

By following similar arguments as in the previous cases, we obtain the maximum
length family M2, with \ € C.

Note that M9 and M?* with A # 0 are non isomorphic because dim(R(M*'°)) #
dim(R(M??)). Analogously, M9 2 M2 can be proved using change of basis and
MYt 22 M2 with A € C because dim(Z(M*11)) # dim(Z(M?>?)).

O

Theorem 3.2. Let £ be an n-dimensional quasi-filiform non Lie Leibniz algebra
of mazimum length of the type II. Then the algebra L is isomorphic to one algebra
of the family

[y1, 1] = y2,

i, v1] = yir1, 3<i<n-—1,

1, yi] = —yiv1, 4<i<n-—1,

[ys, y3] = ays, a=0in>6, a€{0,1} if n=_6.

M3,a .

Proof: Let {e1,ea,...,e,} be the basis used in the proposition Bl In this case we
have e4 ¢ R(L).
Let us consider two cases:
e Case 1: Let n be even. o
In this case we have the algebra NG1 and we are going to study its
length. Analogously to the previous theorem, if n # 6, then we obtain
M3 (which has maximum length) and if n = 6 the family of maximum
length M3 with o € C.
e Case 2: Let n be odd. o
In the same way, when we study the length of NG2, we can prove that
any maximum length algebra does not exist in this family.

d

It remains to prove that if we consider the extension of naturally graded quasi-
filiform Lie algebras, then we obtain Lie algebras too (see Theorem BA4]) and their
study of maximum length can be found in [I0]. The next theorem and their corollary
will be used to prove the Theorem [3.4]

Theorem 3.3. Let £ be an n-dimensional Leibniz algebra and let {yo, Y1, .-, Yn—1}
be a basis. Let {yo,y1,...,ys} be the generators of L. If the following property is
true [yi, y;] = —[y;, yi] for all y; € £, with 0 <i < s, then L is a Lie algebra.
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Proof: 1t is enough to prove that the rest of the multiplication is antisymmetric, i.e.,
to prove that [yi, Ym| = —[Ym,yi] where i,m € {s+1,...,n — 1}. Let us consider
two steps

o Step 1: If Y, = [Yio, ¥jo ), Where ig, jo € {0,1,..., s}, then from the Leibniz
identity and the hypothesis of the theorem we have: [y;,ym] = —[Ym, ¥
with 0 <7<n-—1.

o Step 2: If yy, = [Yp, Yio] With i € {0,1,...,s}andp € {s+1,...,n— 1},
then from the Leibniz identity, the hypothesis of the theorem and the step
before we have: [y;, Ym] = —[Ym,y:] with 0 < i <n —1.

Note that y; is an arbitrary element of L.
O

In order to make the proof of Theorem [34] easier, we will need the following
corollaries.

Corollary 3.1. Let £ be an n-dimensional Leibniz algebra and B = {yo, v1, - .-,
Yn—1} a basis. Let {yo,y1,...,ys} be the generators of L. If B satisfies the following
conditions:

i) [y ys] = —lyj ] Vi,5 €{0,1,...,s},
i) Y = [Yig,Yi-1] s+1<i<n-—1,
i) [YirYio) = —[Wiorvs] 1<io<s, s+1<i<n-—1
then L is a Lie algebra.

Proof: We shall prove [y;, Ym]| = —[Ym, y:] with s + 1 <14 < n — 1, which is directly
obtained from the above theorem.
O

Corollary 3.2. Let L be an n-dimensional Leibniz algebra and {yo,y1,. ., Yn—1}
a basis. Let {yo,y1} be the generators of L. If the following assertions are achieved

i) vyl = —lyj wl Vi j€{0,1},
i) vi = [Yo,yi-1] 2<i<n-—1,
Yn—1=[Y1,9p] 2<p<n-—2.
[yisyo] = —[yo,vi] 2<i<n-—1
)
[yn—layl] = _[ylayn—l]'
then L is a Lie algebra.

Proof. Tt is sufficient to show the following products

e Let us see [y1,y:] = —[yi, y1] with 2 <i <n — 2.
Since 2 < i < n— 2, then we can write y; = [yo, yi—1]. By using the Leibniz
identity and the hypothesis of the corollary we have [y1,v:] = —[yi, y1].

e Let us see [y;,yi] = —[yi,y;] with 2 <4,j <n — 2.

It is enough to apply the Corollary [3.11
O
We are now in a position to prove that it is impossible to obtain a Leibniz

non-Lie algebra of maximum length from the generalization of naturally graded
quasi-filiform Lie algebras by using natural graduation.
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Theorem 3.4. FEvery quasi-filiform Leibniz algebra obtained by natural graduation
extension of naturally graded quasi-filiform Lie algebra is a Lie algebra.

Proof: Since all of the above algebras are quasi-filiform, [zg,x;] = x;41, where
1 <i<n-—3,is satisfied. Then, when we extend them using natural graduations,
it can be considered a new basis with the following generators:

n—1 n—1 n—2
ve=xo+ Y ami;  m=azi+ » b Tu=Tno1+ Y ChTk,
i=1 §=0,j#1 k=0
and the following products are obtained:
[z, 2s] = (¥)z3 + -+ + (%) 2p-1,
[T, 2] = (¥)23 + - + ()Tp-1,
[Iu; Iu] = (*)IB +-+ (*)xnflv
Moreover, we will only work with the products [xs, 2], [2s, 2] and [z, 2],
because [z;,x;] = —[zj, ;] Vi, z; € L.
The generalization of that naturally graded quasi-filiform Lie algebras always
verifies:

[0, ;] = ip1 + (K)ig2 + -+ (¥)Tp_1,
[zi, 0] = —ip1 + (0)Tiz2 + -+ + (0)Tn_1.
Then, if we take the products:
(s, [, [2s, 2]]) = (1 — arbo)@iqp1 + (¥)Tig2 + -+ + Ty
———— —
i-times
or
(s, [, [Ts, wa]]] = (c1 = coa1)@ig1 + (¥)Tiga + - + (¥)Tn-1,
———— —
i-times
or
(s, [y [Tu, )] = (co — c1bo)Tiv1 + ($)Tig2 + -+ ($)Tp_1
———
(i-1)-times
with 2 < i <n — 4, the basis b; can be constructed:
bi={yo=2s, y1 =2¢, ¥i = [Yo,¥i-1), 2< 01 <n =3, Yn—2 =7, Yn—1 =7}
or by if there are three generators:
by = {Yo = Ts, Y1 = Tu, Yn—1 = Tt, ¥i = [Yo,Yi—1), with 2 <i<n—=3, y, o =7}.

From its very definition and taking into account property [z;,x;] = —[z;, 4]
with x;, x; € Ly it can be affirmed [y;, yo] = —[v0, ¥i] = —yi+1 with 2 <i<n — 3.
Hence, it is enough to choose y,—2 and y,—1 (when y,,—1 is not the generator) and
to prove the corresponding corollary in each case.

Let us study two main algebras which allow us to prove the other ones.

The algebra l//:_/l @ C. (Analogously for 6”\_/1 @eC).

If we consider the natural graduation Ly =< =g, z1,2,-1 > and L; =< z; >
for 2 < i < n — 2, then the generalization of L,,_; is defined by:
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[0, 2] = Tig1 + () Tiq2 + -+ (¥)Tp_2,
(i, k0] = i1 + (O)Tiq2 + -+ + (0)Tp_2,
[wi, 5] = (K)Tigjer + -+ (F)zn—2  (4,5) # (0,7), (1,0).

Three cases can be considered by using the maximum length study:

Case 1: If 1 —a1by # 0.

Let us take the basis by with y,—2 = [0, Yn—3, Yn—1 = T, and its graduation of
maximum length: Vi & Vi, & Vi, 4k, B Vi, 426, B -+ D th+(n—3)ks ® Vi, -

By the corollary B and the similar arguments to Theorem 3.1l we can conclude
that the algebra is a Lie algebra.

Case 2: If cpa; —c1 #0, 1 —a1by = 0.

Let us take the basis by with y,,—2 = [yo, Yn—3]. In order to prove that the algebra
is a Lie algebra, it is sufficient to show that the hypotheses of Corollary[3.1] are true.
That is obtained by a similar argument to the previous one.

Case 3: If ¢g — c1bg # 0, cpa1 —c1 =1 —a1bg = 0.

This case is impossible.

The algebra Tm,). (Analogously for Tm)).
The natural graduation of 7, ,_4) is formed by the subset L1 =< g, 71 >,

Li=<z;>with2<i:<n—4, L, 3=<2x,_3,p,_1>and L, o =<z, o >. Its
natural generalization is defined by the following products::

[0, xi] = ip1 + (%)@ig2 + -+ (K)Tn_1, 1<i<n-5,
[fEO; Inf4] =Xp-3+ (*)Inf%

(20, Tn—3] = Tp—2,

[z, 0] = —2it1 + (K)Tig2 + -+ (%) XTp—1, 1<i<n-5,
[Tn—4,20] = —Tpn_3 + (¥)Tp_2,

[Tn—3,T0] = —Tp_2,

[Inflaxl] - T$n72;

[Ilaxnfl] - _%Infb

[xu In737i] - (_1)i71(zn73 + xnfl) + (*)$n72; 1 S 1 S %7
[Tn—s—i,zi] = (1) (Tn—3 + Tn—1) + (*)Tn—_2, 1<i<nt
(@i, Tpo—i] = (—1)71 =222y, o 1<i<
[Tn—2—i, @] = (—1)2=2=2g, o, 1<i<nA
[zi, z;] = (¥)Tigjp1 + - -+ (¥)Tn_2, in other cases.

We consider the basis b;. It follows from the independence of the generator of
the basis that 1 — a1bg # 0.

We will need to choose y,_3, yn—2 and y,_1 and to prove the hypotheses of
Corollary Bl We can consider two cases to choose these vectors.

Case 1: If 1 + "T_2a1 # 0, then y,—2 = [Yo, Yn—3] and yn—1 = [y1, Yn—4] can be
constructed.

Case 2: If 1 + alnT*Q =0, then yn—1 = [y1,Yn—a] and yn—2 = [yo, Yn—1] can be
constructed.

We can use the same argument applied in the previous cases to prove that the
hypotheses of Corollary B1] are true, hence the algebra is a Lie algebra.

O
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4. 4-DIMENSIONAL AND 5-DIMENSIONAL QUASI-FILIFORM LEIBNIZ ALGEBRAS OF
MAXIMUM LENGTH

In order to classify quasi-filiform Leibniz algebras of maximum length the di-
mension n must be > 6. Consequently, in this section we will show the result of
n =4 and n = 5. We follow the same method as in the general case.

Theorem 4.1. Let L be a 4-dimensional Leibniz algebra of mazimum length, then
L is isomorphic to one algebra of the following pairwise non isomorphic families:

Nbe . N2
[yla yl] = Y2, -
3, y1] = ya [y1,y1] = Y2,
, 7 [y1,y3] = ya.

[ylu y3] = Y4, a € C.

Theorem 4.2. Let L be a 5-dimensional Leibniz algebra of mazimum length, then
L s isomorphic to one algebra of the following pairwise non isomorphic families:

MO . M2 . M30 .
Y1, 91] = Ys, Wi y1) = Yiy1, 1<i<2 W1, 1] = ¥2
[Ya, Y1] = Yo, [Ya, Y1) = Y5, Wisyi] =yiy1 3<i<A4
[Y2, y1] = ys. [y1,y4] = Ays, AeC. Y1, Y4 = —ys

Let us remark that the previous theorems complete the study of Leibniz algebras
of maximum length with nilindex up to n — 2 with n > 4.
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