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Abstract

In this paper we study the Lie algebras of derivations of two-step nilpo-
tent algebras. We obtain a class of Lie algebras with trivial center and
abelian ideal of inner derivations. Among these, the relations between the
complex and the real case of the indecomposable Heisenberg Leibniz alge-
bras are thoroughly described. Finally we show that every almost inner
derivation of a complex nilpotent Leibniz algebra with one-dimensional
commutator ideal, with three exceptions, is an inner derivation.

Introduction

Leibniz algebras were first introduced by J.-L. Loday in [16] as a non-
antisymmetric version of Lie algebras, and many results of Lie algebras were
also established in the frame of Leibniz algebras. Earlier, such algebraic struc-
tures were considered by A. Blokh, who called them D-algebras [6], for their
strict connection with the derivations. Leibniz algebras play a significant role
in different areas of mathematics and physics.
In [3] and [11] derivations of nilpotent Lie algebras with small dimensional com-
mutator ideal were studied; in [12] and [14] two-step nilpotent algebras were
classified. After a short preliminary section, in this paper we aim to study the
Lie algebras of derivations of two-step nilpotent algebras. Independently of its
intrinsic interest, derivations find concrete applications in representation the-
ory (cf. [15]), (sub-)Riemannian geometry and control theory (see [5], and the
bibliography therein), just to give two instances.

The first section is devoted to some background material on Leibniz alge-
bras and derivations which will be useful for the rest of the paper. We address
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the reader to [2] and [10] for more details. We recall that there are only three
classes of indecomposable nilpotent Leibniz algebras with one-dimensional com-
mutator ideal, namely the Heisenberg Leibniz algebras [‘24”+1, parametrized by
their dimension 2n + 1 and a n X n matrix A in canonical form, the Kronecker
Leibniz algebras €, and the Dieudonné Leibniz algebras 0, both parametrized
by their dimension only. Recently noncommutative Heisenberg algebras were
also studied in [13].

In Sections 2, 3, 4 we find the derivation algebras of such nilpotent Leibniz
algebras. The properties of these Lie algebras are studied and, for the Heisenberg
algerbras, we analyze the relations between the complex and the real case. We
always obtain Lie algebras of derivations with trivial center and abelian ideal
of inner derivations. We use the LieAlgebras package of the software Maple for
finding the radical, the Levi decomposition and the nilradical of such algebras.

In the last section we show that, for a complex nilpotent Leibniz algebra L
with one-dimensional commutator ideal, such that L is not isomorphic to [griwlﬂ
or 0y, every almost inner derivation is an inner derivation. This generalizes
the result found by D. Burde, K. Dekimpe and V. Verbeke in [7] for two-step
nilpotent Lie algebras of genus 1. We also find the Lie subalgebras AIDer([é];; 1)
when a = £1, and AIDer(?,,), showing that in this case the inclusions

AIDer([giil) 2 Inn([‘;,ﬂ_l) and AlIDer(d,,) 2 Inn(d,,)

are strict.

1 Preliminaries

We assume that F is a field with char(F) # 2. For the general theory we refer
to [2].

Definition 1.1. A left Leibniz algebra over F is a vector space L over F endowed
with a bilinear map (called commutator or bracket) [—,—]: L x L — L which
satisfies the left Leibniz identity

[IE, [y,Z]] = [[Iay] ,Z] + [yv [:Z?,Z]] , Va,y,z € L.

In the same way we can define a right Leibniz algebra, using the right Leibniz
identity
[z, 9], 2] = [[=, 2], 9] + [, [y, 2], Va,y,2 € L.

A Leibniz algebra that is both left and right is called symmetric Leibniz algebra.
From now on we assume that dimp L < oo.

Clearly every Lie algebra is a Leibniz algebra and every Leibniz algebra with
skew-symmetric commutator is a Lie algebra. Thus it is defined an adjunction
(see [17]) between the category LieAlgp of the Lie algebras over F and the
category LeibAlgy of the Leibniz algebras over F. The left adjoint of the full
inclusion ¢: LieAlgr — LeibAlgy is the functor 7: LeibAlg, — LieAlgy



that associates with every Leibniz algebra L the quotient L/ Leib(L), where
Leib(L) = ([z,z]|x € L). We observe that Leib(L) is the smallest bilateral
ideal of L such that L/ Leib(L) is a Lie algebra. Moreover Leib(L) is an abelian
algebra.

The definition of derivation is the same as in the case of Lie algebras.

Definition 1.2. Let L be a Leibniz algebra over F. A derivation of L is a linear
map d: L — L such that

d([xvy]) = [d(I),y] + [Iad(y)] ) VI,ZJ € L.

The left multiplications are particular derivations called inner derivations
and an equivalent way to define a left Leibniz algebra is to say that the (left)
adjoint map ad, = [z, —] is a derivation, for every x € L. Meanwhile, for a left
Leibniz algebra, the right adjoint maps are not derivations in general.

With the usual bracket [dy,ds] = dy o d2 — da o dy, the set Der(L) is a Lie al-
gebra and the set Inn(L) of all inner derivations of L is an ideal of Der(L).
Furthermore, Aut(L) is a Lie group and the associated Lie algebra is Der(L).

Definition 1.3. A derivation d of a Leibniz algebra L is called almost inner
derivation if d(z) € [L, z], for every x € L.

In [1] Z. K. Adashev and T. K. Kurbanbaev proved that the space of all
almost inner derivations, denoted by AIDer(L), is a Lie subalgebra of Der(L)
and

Inn(L) C AlDer(L).
We define the left and the right center of a Leibniz algebra

Z)(L)={x € L| [z,L] =0}, Z.(L)={x € L|[L,z] =0},

and we observe that they coincide when L is a Lie algebra. The center of L is
Z(L) = Zi(L)NZ,(L). In the case of symmetric Leibniz algebras, the left center
and the right center are bilater ideals, but in general Z;(L) is an ideal of the left
Leibniz algebra L, meanwhile the right center is not even a subalgebra.

Definition 1.4. Let L be a left Leibniz algebra over F and let
LO =, p*) =1, L?¥] vk >0,

be the lower central series of L. L is n—step nilpotent if L("~Y £ 0 and
L = 0.

We observe that two-step nilpotent Leibniz algebras lie in different varieties
of non-associative algebras, such as associative, alternative and Zinbiel algebras.
For this reason we will refer at them as two-step nilpotent algebras.

One can directly prove the following.

Proposition 1.5. If L is a left two-step nilpotent algebra, then LV = [L,L] C
Z(L) and L is symmetric.



Proposition 1.6. If L is a left nilpotent Leibniz algebra with dimg L(Y) = 1,
then LY C Z(L) and L is symmetric.

Nilpotent Leibniz algebras with one-dimensional commutator ideal were clas-
sified in [14]. Tt was proved that, up to isomorphism, there are only the following
three classes of indecomposable nilpotent Leibniz algebras with one-dimensional
commutator ideal.

Definition 1.7. [1/] Let f(x) € F[z] be a monic irreducible polynomial. Let
k € N and let A = (a;;)i; be the companion matriz of f(x)*. The Heisen-
berg Leibniz algebra [‘24n+1 is the (2n+1)-dimensional Leibniz algebra with basis
{e1,...,en, f1,---, [n, 2z} and the Leibniz brackets are given by

[ei,fj] = (61']‘ + aij)z, [fj,ei] = (_5ij + aij)z, Vi, j=1,...,n.

Notice that, if A is the zero matrix, then we obtain the (2n+1)—dimensional
Heisenberg Lie algebra hay,1.

Definition 1.8. [1/] Let n € N. The Kronecker Leibniz algebra ¢, is the
(2n 4 1)-dimensional Leibniz algebra with basis {e1,...,en, f1,..-, fn, 2z} and
the Leibniz brackets are given by

lei, fil = [fi,eil = 2z, Yi=1,...,n
les, fic1] = 2, [fi—1, 6] = —2, Yi=2,...,n.

Definition 1.9. [//] Let n € N. The Dieudonné Leibniz algebra 0, is the
(2n + 2)-dimensional Leibniz algebra with basis {e1,...,eant1,2} and and the
Leibniz brackets are given by

[

[

lent1,€ant1] = 2,

lei,ein] =2z, [e€in_1]=—2, Vi=n+2,...,2n+ 1.

In the next sections we study the Lie algebra of derivations of the three
classes of indecomposable nilpotent Leibniz algebras with one-dimensional com-
mutator ideal. We observe that, given a derivation d of a Leibniz algebra L, we
have

d([L,L]) € [L, L],

thus, if [L, L] = Fz, it follows that d(z) = vz, for some v € F.

2 Derivations of the Heisenberg Leibniz algebras
[§4n+1

Now we want to study in details the Lie algebras of derivations of the Heisenberg
Leibniz algebras in the case the field I is C or R.



2.1 The complex case

Let n € N and let f(x) = 2 —a € C[z]. Then the companion matrix A of f(z)"™
is similar to the n x n Jordan block J, of eigenvalue a. Thus 14}, | = [‘QIZH and
the Leibniz brackets are given by

lei, fil = (1 +a)z, [fi,e] =(-1+a)z, Vi=1,...,n,
lei, fi—1] = [fi—1, el = 2, Vi=2,...,n,

. . ~ (J-a
where {e1,...,en, fi,--., fn, 2} is a basis of 7%, . Moreover [7%, | 2 [, .
Now let d: [5¢ 11— e 41 be a linear endomorphism such that

d(e;) = Zajiej + Zbkifk +a;z, Yi=1,...,n,

Jj=1 k=1
d(fi) = chiej + deifk + bz, Vi=1,...,n
Jj=1 k=1
and
d(z) = ~z.

Then for a # 0 the linear endomorphism d is a derivation of the Heisenberg
algebra [J® 41 if and only if it has the following form

A 0 0
0 D 0
BV
where
Q1 Qg Q3 ... (7% 61 0 0 0
0 Q1 Qg ... Qp_1 — Q9 ﬁl 0 . 0
A= 0 0 (651 e Q2 , D = —Q3 — Q9 61 . 0
0 0 0 . (651 —Qy —Op_1 —Qp_2 ... ﬁl

H= (,Ul,,lLQ,,ng,...,,an), V= (V15V27V35"'7Vn)7 v =0o1 +ﬁ1
Thus, Der([g;_H) is the Lie subalgebra of gl(2n 4+ 1, C) of dimension 3n + 1 with

basis
{I,y,El,...,Enfl,Al,...,An,Bl,...,Bn},

where

n n

T = E €kk T €2nt1,2n+1, Y = E €ntkntk T €2n+1,2n+1,

k=1 k=1

n—i

E; = (ek,k-H‘ - en+i+k,n+k)u Vi=1,...,n—1,
k=1

A =eant14, Bi=eangpintis Vi=1,...,n,



and e;; are matrix units and non-trivial commutators given by

[.TE,BZ']:Bi, [y,Al]:AZ, Vi:l,...,n,
[Ei, By] = By—i, 1<i<k<n,
[Ei,Ak]Z—Ai_,_k, 1<i<n-—-1,1<k<n-—i.

Remark 2.1. With the change of basis

{615"'76n5f17"'5fnvz}’_){elaflv"'venvfnaz}v

a derivation of ['2];;+1 is represented by the (2n + 1) X (2n + 1) matriz

My -My, -My —My -+ —M, | 0
My My My Mz - —M, 0
Ms; M My —My - —M, 0
My My My My - —M,_3 0
M, M, , M, M, s - M, 0
V1 Vo U3 Uy e Up, tr(My)

where
_ [aa 0 o 0 0 AT Q5 0 .
o (3 0), (6 0) - (% 0). ez
v = (L, Vi), for any k=1,...,n and tr(My) = a1 + 1.

In this case Der([é]:lﬂ) has basis

{I,y,El,...,Enfl,Al,...,An,Bl,...,Bn},

where

n n

T = E €2k—1,2k—1 t €2n+1,.2n+1, Y = E €2k,2k T €2n+1,2n+1,

k=1 k=1

n—i+1

E; = E (62(k+i+1),2(k+1) - 62k+1,2(k+i)+1)7 Vi=1,...,n—1,

k=0
Aj = eant1,2i-1, Bi=eanq12i, Vi=1,....n

and the Lie brackets are given by
[LL',Bl] = Bi, [y,Ai] = Ai, Vi = 1, ey,

[Ei, By| = —Br—2i, k> 2i,
[Ei, Ak] = Ak+2i; k+ 2i < 2n.



With this representation, one can check that

Der([él%+1) C Der(bhan41),

where the derivations of the (2n+ 1)—dimensional Heisenberg Lie algebra Yoy, 1
were determined in [9], with respect to the symplectic basis {e1, f1,...,€n, fn, 2}
of Bapt1. Later we present the derivations of the Heisenberg Leibniz algebra
[g;’l_H and the ones of the Kronecker Leibniz algebra €, with respect to this basis,
in order to compare them with the corresponding ones of the Heisenberg Lie
algebra hopy1.

The commutator ideal of Der([J® 41) is the abelian algebra of dimension 2n
with basis
{A1,... Ay, By,...,B,},

thus Der(ly? 41) is a two-step solvable Lie algebra. Moreover the lower central
series is

Der(ly2 1) 2 (A1,... Ap,B1,...,Bp) 2 (A1,... Ap,B1,...,By) 2 ...
so Der(ly2 41) is not nilpotent and its nilradical is the ideal
N={(Ei,....,En_1,A1,...,A,,B1,...,By).
Finally the center Z(Der(l3® 41)) is trivial and the algebra of inner derivations
of [ggH is
Inn(132, 1) = (An,...,An, B1,..., By),

withh=1land k=nifa#+l;h=2and k=nifa=1; and h = 1 and
k=n—1if a = —1. Indeed

ade; = Bi—1 + (1 —l—a)Bi, Vi=2,...,n,

adfj :Aj+1+(—1+a)Aj, V]:l,,n—l

and
ade, = (1 +a)By, ady, = (=14 a)A,,

thus for ¢ = 1 we have
adg, =0, ady, = Ajpq, Vi=1,...,n—1

and the matrix A; does not represent an inner derivations. In the same way, if
a=—1, then B, ¢ Inn(ly! ). We will show later that

AIDer(I9e, 1) = (A1,..., An, B1,..., By)

for every a € C.



When a = 0, a derivation of the Heisenberg Leibniz algebra [° 41 has the
form

A C 0
B D 0
wovoy
where A, D, i, v and v are as above,
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 —bnt2
0 0 0 0 0 0 bnt2 0
0 0 0 0 0 —bpio 0 —bpt4
B— : . . ’
0 0 0 0 bon_¢ 0 bon_4 0
0 0 0 —bnyo 0 —b2n—4 0 —b2n—2
0 0 bn+2 0 bon—4 0 ban—2 0
0 —bn+2 0 —bn+4 R 0 —bgn_g 0 —bgn
co 0 Cy4 0 Cp—9 0 ¢ O
0 —c4 0 —cq 0 —c, 0 0
Cq 0 e O Cn 0 0 0
0 —Cg 0 —C8 0 0 0 0
C=| i z ,
chr 0 e, O 0 0 0 0
0 —c, 0 0 0 0 0 0
Cn 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
if n is even,
0 0 0 0 0 0 0 b1
0 0 0 0 0 0 —bn+1 0
0 0 0 0 0 brt1 0 bny3
0 0 0 0 —bpi1 0 —bni3 0
B = : : : : . : : : :
0 0 0 —bpt1 oo —bap—3 0 —bon_2 0
0 0 brt1 0 e 0 bon_3 0 bon_o
0 —bn+1 0 —bn+3 e —bgn_g 0 —bgn 0
bn+1 0 bn+3 0 e 0 bgn_g 0 bgn




Co 0 C4 0 o 0 Cn_1 0 Cn+1

0 —Cq 0 —Cgq o | 0 —Cn+1 0
Cyq 0 Cg 0 e 0 Cn+1 0 0
0 —Cgq 0 —Cg ceo —Cpy 0 0 0
C = . . . . )
0 —chor 0 —Cpp 0 0 0 0
Cn1 0 Cot1 0 0 0 0 0
0 —Cn+1 0 0 0 0 0 0
Cn+1 0 0 0 0 0 0 0
if n is odd.

If we reorder the basis basis as in Remark 2.1, then a derivation of [g% 118
represented by

aq Co —Qy 0 —ag Cq cee =1 Cn, —ay, 0 0

0 1 0 0 0 0 e 0 0 0 0 0

0 0 (651 —Cyq — Q2 0 T —Qp—2 0 —Op—1 0 0

0 Qo 0 51 0 0 0 0 —bpya O 0

0 C4 0 0 a1 Cg ce —Qp—3 0 —OQp—2 0 0

0 Qs 0 (65) 0 61 T bn+2 0 0 0 0

0 Cn 0 0 0 0 e aq 0 —aiy 0 0

0 ap—1 0 apn—2 bpyo a3 - by B 0 0 0

0 0 0 0 0 0 e 0 0 aq 0 0

0 ap —bug2 an1 0 ap_o - 0 Qo bon  B1 0

H1 41 2 V2 M3 V3 T Hn—1 Un—1 Hn Up | a1+ B1

if n is even, and

aq Co —Qy 0 —asg C4 cee =1 0 —Qy Cpyl 0
0 51 0 0 0 0 e 0 0 bn+1 0 0
0 0 (651 —Cy — Q9 0 . —Qp—2 —Cp+1 —Qp—1 0 0
0 Qo 0 51 0 0 —bnt1 0 0 0 0
0 C4 0 0 (&3] Cg s —Qp—3 0 —Qp—2 0 0
0 Q3 0 (65) 0 ﬁl s 0 0 bn+3 0 0
0 0 0 —Cpt1 0 0 e aq 0 —aiy 0 0
0 ap1 —bpp1 a2 0 ap3 -+ —bamoa 1 0 0 0
0 Cn+1 0 0 0 0 e 0 0 aq 0 0

i1 an 0 an-1 bpyz ap o - 0 a ban, b1 0
M1 131 M2 V2 M3 V3 co Hn—1 Un—1 Hn Vn ay + B

if n is odd. We can now study in details these two cases.



If n is even, then Der([gzﬂ) is a Lie algebra of dimension 4n + 1 with basis
{I,y,El, .. .,En,1,62,64, .. .,Cn,bn+2,bn+4 .. .,an,Al, .. .,An,Bl, .. .,Bn},

where

n

T = E €2k—1,2k—1 + €2k+1,2k+1,
k=1

Y= E €2k,2k T €2k+1,2k+15

k=1
n—i+1
E; = Z (62(k+i+1),2(k+1) - 62k+1,2(k+i)+1)7 Vi=1,...,n—1,
k=0
Ai = eant10i-1, Bi=eamr12i, Vi=1,...,n
h—2
ch = Z(_1)162(h—i—1)—1,2(1+i)a Vh=2/4,...,n
i=0
2n—nh
bh = Z (_1)162(71—1'),2(}7,—71-‘1-7;)—17 Vh =n+ 25 n -+ 47 ceey 2n
i=0

and commutators

[x,B;] =B, [y, 4] =A;, Vi=1,...,n

[E;, Bx] = —Bk 2, k> 21,

[El,Ak] = Ak+2“ k+ 21 < 2n,

[ hy [y,cn] = —cn, Yh=2,4,.

[:E,bh —bh, [y, br] = bp, Yh=n+ 2, n+4...,2n,
[A“Ck] = (- )H_lBk i [Bi,bk] = (-1 ) Ak—ia 1<k—i<n,
[ck,br] = Ep—g, h—k>1,
[awoi, cn] = —2¢p—2;, h—2i >0,
[2i, bp] = 2bp42i, B+ 2i < 2n.

Then the commutator ideal of Der([3° 41) has basis
{E27E47'"7E7l—2uc2uc47"'7cn7bn+27b’ﬂ+4"'7b27l7A17"'7A7l7Bl7"'7B7l}
and we have a (§ + 1)—step solvable Lie algebra with derived series

Der(13% 1) 2 [Der(1% 1), Der(135,, )] 2

2 <E27E47-'-7En—27627c47-'-7cn—27bn+47-'-7b2n7A27'-'7AnuBla-'-7Bn—1> 2.

) <02,b2n,A%+1,...,An,Bl,...,B%> 20

10



Moreover, Der([3° 41) is not nilpotent and its nilradical is the ideal
N: <E17'"7E’n—luc2uc47"'7cn7bn+27bn+4"'7b2n7A17"'7An7Bl7"'7Bn>'

If n is odd, then the algebra of derivations of [5° 41 has dimension 4n + 2
and it is generated by

{z,y,E1,..., Epn_1,C2,C4, -, Cnt1,0nt1,bn4+3 .. ban, A1, ..., Ay, B1,...,Bp}.
The Lie brackets are the same of the ones listed for the case n even, except for the
facts that [B;, by] = (—1)"1Ap_;, forany 1 < k—i < n, and [cp11, bpt1] = 2—9.
Then the commutator ideal is the subspace generated by
{x—y,FE2,Ey,...,Epn_1,¢2,C4y. ., Cni1,bni1,0n43 ... ban, A1, ..., Ap, B1,..., Bpt.
In this case the Lie algebra of derivations is not solvable since
[[Der(t;3, 1), Der(lyy 1)), Der(lyh 1), Der(lyh 4 1)]] = [Der(lz;, 1), Der(lz; 1))
and the Levi decomposition is given by
Der(l3%,,) = R x S,
where the radical of the Lie algebra is
R={(z+y,E1,...,En_1,c2,C4,. .., Cn1,bn13,bpt5...,0an, A1,..., An, B1,...,By)
and the Levi complement is
S={(x—y,cni1,bni1).
Finally the nilradical is the ideal
N=(E1,....,Ep_1,¢2,¢4, -, Cn1,bn13,bps5...,ban, A1,..., Ap,B1,...,By).

In both cases n is even or odd, we have that Z(Der([gflﬂ)) = 0 and the Lie
algebra of inner derivations is represented by the matrices of the type

0 :
0
lel"'MnVn|0

thus Inn([° 41) is an abelian algebra of dimension 2n. Moreover, for every n € N
and for every a € C*, we observe that

Der(b2n41) 2 Der([gzﬂ) 2 Der([‘zlfzﬂ)-

11



2.2 The real case

Irreducible polynomials in R[z| have degree one or two. Let f(z) € R[z] be an
irreducible monic polynomial. If f(z) = x — a, then we obtain the same results
of the complex case. So we suppose that f(z) = 22+ Cxz+ D, with C?> —4D < 0.

Let z =a+ib € C\ R be aroot of f(z). Then f(z) = (z — z)(x — Z) and
the companion matrix A of f(z)™ in similar to the 2n x 2n real block matrix

I, R --- 0
Jr=1| . . . s
0 I, R

where

a b
n= (5 1)
~Y JR

is the realification of the complex number z. Thus [{, ., = [;7 | and [/n i

is the realification of the complex algebra [J? 41~ In [4] the derivations of
the realification of the (2n 4+ 1)—dimensional Heisenberg Lie algebra hapi1
were studied. We want to find the conditions such that the realification of a
derivation of the complex algebra [gfLH, with z = a+ib € C\R, is a derivation

of the real algebra [}7 1~ We will investigate the case n = 1.

Let {e1, f1,e2, f2, 2} be a basis of the real algebra [ff. The non-trivial com-
mutators are

les, fil = 1+ a)z, [fi,ei] = (-14+a)z, Vi=1,2,
le1, f2] = [f2,e1] = bz, [e2, fi] = [f1,e2] = —bz

and it comes out that a general derivation of [ is represented by the matrix

(&3] 0 (65 0

0 B 0 o
—Q2 0 (&5} 0
0 —ag 0 B
\m  n pe »mla+p)

o o oo

if @ # 0 and by
(&3] 0 a9 0
6/ 61 0 (65
— Q9 0 (651 )
0 —ay & B
\m v pe »mla+p)

o o oo

if a = 0. Then

12



e if a # 0, Der(If) is generated by the set
{Ia Y, Ea A17 A25 B17 BQ})

where x = e11 + e33 + es5, Y = €22+ €44 + €55, £ = €13 + €24 — €31 — €42,
A; = es2i—1 and B; = e59;, for every i = 1,2, and the non-trivial Lie
brackets are

[z, Bi] = By, [y, Ai] = Ai, Vi=1,2,
[EuAl] = _A27 [EaAQ] = _Alu
[E,Bl] = —By, [E,Bg] = —By.

Then we have a solvable Lie algebra with abelian commutator ideal gen-
erated by
{Ala AQ} B17 BQ})

which coincides with the ideal Inn(I£) and with the nilradical of the Lie
algebra itself. Moreover the center Z(Der(I)) is trivial.

e if a = 0, a basis of Der(l¥) is
{xvwauFu G7A17A27BluBQ}7

where x,y, F, A1, As, By, Bo are defined as above, F' = ejs + €34, G =
e21 + e43 and the non-trivial Lie brackets are given by the ones above and
by

['er] :Fv [ZE,G] :_Ga [yaF]:_Fa [va] :_Gv
[FvG] =T —Y, [FvAl]:_Blv [FvBZ] :_Aia VZ:LZ

It follows that Z(Der(If*)) = 0 and the Lie algebra is not solvable. Its
radical is given by the ideal

R={(x+y,E, A1, As, By, By),
a Levi complement is the semisimple Lie algebra
S=(x—-y,FG)
and the nilradical of Der(I£) is the abelian four-dimensional algebra
N = (A, Ay, By, By) = R*
and again it coincides with the set of inner derivations of [

Now let

= © 0
AN o)
+ o o

13



be a derivation of the complex Heinseberg algebra (5, where z = a + ¢b. Then
its realification is represented by the matrix

Rla)  S(a) 0 0 |0
—S(a) R(a) 0 0 |0
0 0 R(B) S(B)|0
0 0 —=S() RE) |0

\ m vy L2 k7
and this is a derivation of the real Heisenberg Leibniz algebra [£ if and only if
a=pfeR

in both cases that a # 0 or a = 0. Then the set of realifications of the derivations
of [5 that are derivations of the real algebra [£ form the proper Lie subalgebra
of the matrices of the form

oo o
oo 9 o
o0 oo
S oo o
oo oo

\1 v ope v |2a)

of Der(I£).

3 Derivations of the Kronecker Leibniz algebra
&,

Now we return to the case that F is a field with char(FF) # 2. Let n € N and let
£, be the Kronecker Leibniz algebra. We fix the basis {e1,...,en, f1,.- -, fn, 2}
of ¢,.

Theorem 3.1. A linear endomorphism d: &, — €, is a derivation of the Kro-
necker algebra €, if and only if it has the form

A C 0
B D 0
povoy
where
Q1 Qg Q3 NN (7% ﬂl 0 0 BN 0
0 Q1 Qg ... Qp_1 — Q9 ﬁl 0 . 0
A— 0 0 o -2 | p=| "3 -~ b1 0
O O O N (5] — Oy, —Qp—1 —Qp—2 N ﬁl

14



0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
B = : : :
0 0 0 bn+1
0 0 —bn+1 0
0 bn+1 0 bn+3
~bpy1 0 =byiz O
0 C3 0 Cs5
—C3 0 —Cs 0
0 Cs 0 Ccr
—Cs 0 —C7 0
C= : : :
0 Cp—1 0 Cn+1
—Cn—1 0 —Cn+1 0
0 Cn+1 0 0
—Cpt1 0 0 0
if n is even,
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
B=|: i
0 0 0 0
0 0 0 bn+o
0 0 —bnto 0
0 bpyo 0 bp+a
0 C3 0 Cs
—C3 0 —Cs 0
0 Cs 0 Cr
—Cs 0 —C7 0
o
—Cp—2 0 —Cp, 0
0 Cn 0 0
—Cn, 0 0 0
0 0 0 0
if n is odd and
H = (,Ul,,lLQ,,ng, s

0 0 0 bup
0 0  —bpyy O
0 bn+1 0 bn+3
_anrl 0 _bn+3 0
0 ban_s 0 ban—3
—ban_5 0 —ban—3 0
0 ban—3 0 ban—1
—ban—3 0 —bapn 1 0
0 Cn—1 0 Cnt1
—Cp—1 0 —Cn41 0
0  enp1 O 0
i1 O 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 —bnio
0 0 bps O
0 —bny2 0 —bpt4a
0 —ban_5 0 —ban—3
bon—5 0 ban—3 0
0 —bapn 3 0 —bap 1
bon—3 0 bon—1 0
Cp—2 0 Cp, 0
0 —c, 0 0
Cn, 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0

7:“71)7 V= (V15V27V3a"'
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Remark 3.2. Again, with the change of basis
{615"'76n5f17"'7fnvz}’_){elaflv"'venv.fnaz}v

a derivation of &, is represented by the (2n + 1) x (2n + 1) matriz

aq 0 —aQo c3 —aQs 0 —Qp1 0 —ay, Cn+1 0
0 51 0 0 0 0 0 0 b1 0 0
0 —C3 (&3] 0 — Q9 —Cs —0p—2 —Cp41 —Qp—1 0 0
0 Qo 0 1 0 0 —bpi1 0 0 0 0
0 0 0 Cs (&3] 0 —Qp—3 0 —Qp—2 0 0
0 (5] 0 (0%} 0 ﬂl 0 0 _bn+3 0 0
0 0 0 Crnt1 0 0 e o 0 —Q 0 0
0 ap-1 bpy1 a2 0 ap3z - 0 B1 —ban-1 O 0
0 —Cnt1 0 0 0 0 e 0 0 aq 0 0

~bny1 0 an-1 buyz ap2 -+ bay 1 (% 0 b1 0
Ha 2 2 Vo H3 Vs ot fln—1  Vp—1 Hon Un | a1+ B

if n is even and

aq 0 —Qo c3 —a3 0 — Q1 Cn —ay, 0 0

0 51 0 0 0 0 0 0 0 0 0

0 —C3 (&3] 0 — Q9 —Cs T —Qp—2 0 —Op—1 0 0

0 1o 0 51 0 0 e 0 0 —bpya 0 0

0 0 0 —Cs (651 0 —Qp—3 0 —Qp—2 0 0

0 as 0 (6%} 0 [‘31 bn+2 0 0 0 0

0 Cn 0 0 0 0 e o 0 —Qp 0 0

0 an-1 0 apo —bpy2 a3 - 0 B —bay—1 O 0

0 0 0 0 0 0 e 0 0 aq 0 0

0 an bpyo ana 0 Op—a -+ bap1  an 0 B1 0

p1o H2 2 H3 L S (P o | Hon Un | 01+ B

if n is odd.

We can now describe the main properties of the Lie algebra Der(¢,,).

e If n is even, then Der(,,) has basis

{ZC,y,El, .. .,En,1703705, .. -7Cn+17bn+17bn+3 .. .,bgnfl,Al, e ,An,Bl, e ,Bn},

16



where

n
= g €2k—1,2k—1 T €2k+1,2k+15

n
E €2k, 2k + €2k41,2k+1,

n—i+1

E; = (€2(ktit1),2(k+1) — €2k+1,2(k4i)+1), Vi=1,...,n—1,
k=0

A =eapii12i-1, Bi=eamy12, Vi=1,...,n
h—2

Ch = Z(_1)l+162(h7i71)71,2(1+i), Vh=3,5,...,n+1,
i=0
2n—nh

bn = Z (_1)l+1€2(n7i),2(h7n+i)717 Vh=n+1n+3,...,2n—1,
i=0

and
xaBl] [y,A] A, Yi=1,...,n

EuBk] = _Bk‘ 2%, k> ZZ
E;, A ] Ak+21, k+2i < 2n,

k
$7Ch] [y,ch] —cp, YVh=3,5,....,.n+1,
xabh]:—bha ly,bn] =bp, YVh=n+1,n+3,....2n—1,
Ajyep] = (= )H_lBk is [Bisbi] = (-1 )H_lAk_i, 1<k—i<n,
Ckybn] = Ep—g, h—k>1,
Cnt1,bnt1] = —x +y,

E2zach,] = —2¢cp_9;, h—2i>0,

[
[
[
[
[
[
[
[
[
[Egz, bh] = 2bp42i, h+ 2t < 2n.

The commutator ideal of Der(¢,) has basis

{x_y7E27E47' o ,En_2,03,05,. o 7cn+lubn+lubn+3 "-7b2n—17A17' o 7A77,7-Bla-' .

and, as in the case of the Heisenberg Leibniz algebra [50 11 with n odd,
we have that the Lie algebra of derivations is not solvable. The Levi

decomposition is
Der(t,) = R % S,

where

R = <‘T+y7E17"' ,En_1,03,05,... 7cn—17bn+37bn+5"'7b2n—17A17" -7AnaBlu'-'

is the radical and
S = <I —Y,Cn+1, bn+1>

17
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is a Levi complement. Moreover the nilradical of Der(¢,,) is

N = <E17'"7En—luc3uc57'"7Cn—17bn+37bn+5"'7b2n—17A17"'7AnaBlu"'

e If n is odd, then the algebra of derivations of €, has dimension 4n and it
is generated by

s Bn).

{ZC,y,El, .. .,En,1703705, .. .,Cn,bn+2,bn+4 .. .,anfl,Al, e ,An,Bl, e ,Bn}

The Lie brackets are the same of the ones listed before when n is even,
except for the facts that x —y does not belong to the commutator ideal and
[Bi,br] = (=1)"Aj_;, for any 1 < k — i < n. In this case the commutator
ideal is the subspace generated by

{E27E47-'-7En—luc3uc5u-'-7Cn7bn+27bn+4-'-7b2n—17A17-'-7AnuBla'-'uBn}

and we have a ("TH + 1)—step solvable Lie algebra with nilradical
N={(E1,...,E,_1,¢3,¢5,...,Cnybpi2,bpia...,bapn_1,A1,..., An, B, ...
In both cases n is odd or even, the center Z(Der([‘zlflﬂ)) is trivial, the Lie algebra
of inner derivations is
Inn(t,) = (A1,..., Ay, By,..., B,) = F?",

since
ade, = Bi—1 + B;, ady, = Ai+ Ay, Yi=1,....n
and
Der(f2n+1) 2 Der(ta) 2 Dex(iZs,)

for any a # 0. More precisely
Der (130, ;) N Der(t,) = Der(ly: ;).

4 Derivations of the Dieudonné Leibniz algebra
0y

Finally we study the derivations of the Dieudonné Leibniz algebra 0,. We fix

the basis {e1, ..., eant1,2} of V.

Theorem 4.1. A derivation of 0, is represented by a (2n+2) x (2n+2) matriz

0
OéInJrl C
0
0
0 B, :
0
P1eeflpgl | V1. Vn |+

18
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where the (n 4+ 1) x n matriz C is

aq 0 o) 0 as 0 an
0 — Q9 0 —Q3 0 —QOy T 0
(65 0 Qa3 0 QY 0 04%4_1
0 —Q3 0 — 0Oy 0 —AQ5 s 0
0 —0z4 0 —Qz 42 0 —Qz43 v 0
azyl 0 azyo 0 azi3 0 Qap,
if n is even and
o 0 Qg 0 Qs 0
0 — Q9 0 —Q3 0 —QOy
(65 0 Qa3 0 QY 0
0 —Q3 0 — Oy 0 —Q5
aep 0 ampy, 00 ampy, 0
0 —ampy 0 mampy, 0 —awpy,
if n is odd.
The Lie algebra Der(d,,) has dimension 3n + 3 and basis
{.I,y, El, ceey En, Al, e ,A2n+1},
where
n+1
T = Z €i + €2p11,2n+1,
i=1
2n+2
Yy = Z eii, A; = €2n+1,i» Vi=1,...,2n+1,
1=n—+2
2i—1
. n+1
Ei = Z(_1>k+1ek,n+2i+1fk7 V’L = 1, ey \‘ 2 J,
k=1
n42—2j n
Eni;= Z (=D e o kntoj14k, Vi=1,..., ox
k=1
if n even, and
nt1—2j n_1
k - -
Enpa iy = Z (=) ent2—knt2j+k, Vi=1,..., 5

k=1

19
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if n is odd. The non-zero Lie brackets are

[z, Ei] = [Fiy] =, Yi=1,...,n,
ly, Ap) = Ap, Yh=1,...,n+1,

[, Ak] = A, YVk=n+2,...,2n+1,
[Ai By] = e;4;, Yi=1,...,n+1,

where €; = %1 is the only entry different than zero in the it" row of the matrix
apand j € {n+2,...,2n+ 1} is its column. Thus Der(?,,) is a 3—step solvable
Lie algebra with commutator ideal consisting of the matrices

0

0 C :

0

0

0 0 :

0

Bieeofbpg1 | V1.0 | O

The derived series is
Der(d,) D (Ev, ..., En, A1, ..., Aopt1) O (Ang2, ..., A2py1) 20

and the nilradical coincides with the commutator ideal (which is a two-step
nilpotent Lie algebra). Finally Z(Der(d,,)) is trivial and the left adjoint maps
are

adel = AnJrQ, adei = AnJﬂ' + An+i+17 Vi = 2, ey

aden+1 = A2n+17 adej = Ajfn - Ajfnflv v.] =n-+ 27 SRR 2n + 15

thus the inner derivations of the Dieudonné algebra 0,, are represented by the
matrices of the form

0 :
0
,ullug...,un,uul...yn|0

n
where p = — Z i More precisely, the matrix
k=1

20



0 :
0
0...0/7410...0| 0

does not represent an inner derivation, for every a,+1 # 0.

For example, we study Der(?,,) in the case that n < 3.

Example 4.2. If n =1, then

a 0 o 0

0 o O 0

0 0 B 0
\t1 w2 v ja+p)/

D =

thus Der(01) is the siz-dimensional solvable Lie algebra with basis
{.’L’, Y, E7 A17 A27 A3}7

where v = e11+eg2+e44,y = e3z+eas, E =e13 and A; = eq;, foranyi=1,2,3,
and with non-trivial commutators

[x,E] = [E,y] = E, [I,Ag] = Ag, [y,Al] = Al, [y,AQ] = AQ, [Al,E] = A3.

Example 4.3. If n =2, the derivations of 05 are of the form

a 0 0 o 0 0

0 o O 0 —as 0

0 0 o as 0 0

0 0 0 B 0 0

O 0 0 0 & 0
\,Ul Mo M3 V1 V2 |+ ﬁ/

and Der(d2) is a nine-dimensional Lie algebra with commutator ideal consisting
of the matrices

0 0 0 o 0 0
0 0 0 0 —as |0
0 0 0 ao 0 0
0O 0 O 0 0 0
0O 0 O 0 0 0
\p1 p2 ps v e [0

Example 4.4. Ifn =3, then

21



0
CYI4 C
0
D = 0
0 BI3 :
0
M1 2 p3 4 | Vi V2 V3 | o+ 3

where
(&3] 0 (65
O — 0 —QQ 0
a9 O Qs
0 —Q3 0

and the Lie algebra Der(d3) has dimension 9 with generators
{z,y, E1,FEs,E5, Ay, ..., Ag},
where
T = €11+ €22 + €33 + €44 + €88, Y = €55 + €p6 + €77 + €83,

by =ec15 Ey=e17—ce26+e35, 53 =c37— ez,

Aize&i, Vi = 1,...,7
and with Lie brackets
[.’I],El] = [Eluy] = Ei7 Vi = 172737
[y,Ah] = Ah, [x,Ak] == Ak Vh = 1,2,3,4, Vk = 5,6,7,
[A1, E1] = A5, [A1, B2] = A7, [Ag, Eo] = — A,
[A3, Eo] = As, [As, E3] = Az, [A4, E3] = —Ag.

5 Almost inner derivations of nilpotent

Leib-

niz algebras with one-dimensional commutator

ideal

We recall that a derivation d of a left Leibniz algebra L is an almost inner
derivation if d(z) € [L,xz], for every x € L. The set of all almost inner
derivations of L forms a Lie subalgebra of Der(L), denoted by AlDer(L),

containing the ideal Inn(L) of inner derivations of L.

Derivations of two-step nilpotent Lie algebras were studied in [7] and [8] by
D. Burde, K. Dekimpe and B. Verbeke. They proved that every almost inner
derivations of a Lie algebra of genus 1 (i.e. with one-dimensional commutator
ideal) is an inner derivation. We want to generalize this result in the frame of

Leibniz algebras.
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Proposition 5.1. Let L be a complex nilpotent Leibniz algebra with [L, L] =

Cz, such that L 2 [gﬁjrl and L % 0,. Then every almost inner derivation
d € AlDer(L) is an inner derivation.

Proof. Let d € AlDer(L). Then d(y) € [L,y] C [L,L] = Cz, for any y € L and
d([L,L]) = 0. Fixed a basis {e1,...,e;—1,z} of L, where t = dim¢ L, we have
that

dle;) =a;z, Yi=1,...;t—1,

with a; € F and d(z) = 0, thus d € Inn(L). O

For the Heisenberg Leibniz algebras [5¢ ., | with a = £1 (in [14] it was proved
that these two algebras are isomorphic) and for the Dieudonné Leibniz algebra
0,,, it is possible to define an almost inner derivation d which is not inner. For
instance, if = 1 and we fixed the basis {e1, f1,...,en, fn, 2} of [gjﬁl, then the
matrix

defines a derivation d € AIDer(I3% ;) \ Inn(l3} ;). In the same way

. . . - J_ .
is an almost inner but non-inner derivation of [} ;. More precisely every almost

. R T
inner derivation of [5;}, is of the form

0 :
0
Mlyl"',ufnyn|0

with a1, b1,...,an,b, € C, meanwhile the inner derivations are represented by
the set of matrices

23



0 :
0
01 uguz...unun|0

for [g}H_l, and by

0

,LL11/1,LL2V2...‘U,nOO|0

for the Leibniz algebra [g;il. Finally AIDer(d,,) consists of the matrices of the

type

0 :
0
W1 e Pl Vl...l/n|0

and an example of almost inner but non-inner derivations is given by the linear
map d € gl(9,,) defined by d(e,+1) = .
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