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Cohomologies and generalized derivations
of 𝒏-Lie algebras

Begüm Ateşli ∗, Oğul Esen and Serkan Sütlü

Abstract. A cohomology theory associated to an 𝑛-Lie algebra and a represen-
tation space of it is introduced. It is shown that this cohomology theory classifies
generalized derivations of 𝑛-Lie algebras as 1-cocycles, and inner generalized
derivations as 1-coboundaries.
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1. Introduction
In an effort to generalize the classical Hamiltonian mechanics to a theory that

can accommodate two Hamiltonians, ternary Lie algebras were introduced in [12],
wherein it was hinted that the theory may be generalized into one that allows (𝑛−1)-
many Hamiltonians. This point of view was pursued further in [7] introducing a
theory of 𝑛-Lie algebras, and then has further been developed in [15].

It was in [8] that, for the first time, a cohomology theory has been associated
to 𝑛-ary Lie algebras to study their formal deformations. Then, in [2], this coho-
mology theory has been considered further, in close connection with the Leibniz
cohomology. This cohomology theory, associated to 𝑛-Lie algebras, upgraded re-
cently to a cohomology theory with arbitrary coefficients in [1] and [16] in the case
of 𝑛 = 3, and in [14] to a cohomology theory associated to an 𝑛-Hom-Lie algebra
along with a representation space of it.

On the other hand, cohomology theories, more precisely the low dimensional
cohomology groups, have intimate relations with the extensions/deformations of
the algebraic/geometric objects, [9, 10]. In particular, the derivation extensions
have been recently considered in [13] for 3-Lie algebras, and it is argued that a
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derivation of a 3-Lie algebra 𝔊 does not fit to define a 3-Lie algebra structure on
the 1-dimensional extension 𝔊 ⊕ 𝑘 . The authors, therefore, introduced the notion
of a generalized derivation for a 3-Lie algebra, which has later been extended to
𝑛-Hom-Lie algebras in [14].

It is very well known that the derivations on 𝑛-Lie algebras, Leibniz algebras, etc.
are in one-to-one correspondence with the 1st cohomology group of this algebraic
object in question, with coefficients in itself. However, as is pointed out in [13]
for 3-Lie algebras, such a characterization is missing in the case of generalized
derivations. It is this gap that the present paper aims to fill in. To this end, we
shall introduce a cohomology theory for 𝑛-Lie algebras, along which we shall be
able to realize a generalized derivation of an 𝑛-Lie algebra as a 1-cocycle in this
cohomology theory. It is worth to remark that the new cohomology theory we
introduce here differs from the known cohomology theory of 𝑛-Lie algebras for
𝑛 > 3. In the case of 𝑛 = 3, on the other hand, the two cohomology theories
coincide. Furthermore, the coefficient space of the 1st cohomology group that
classifies a generalized derivation of an 𝑛-Lie algebra does not appear to be the
𝑛-Lie algebra itself, as it might be expected. Instead, what we observe is that the
coefficients are given by the space of endomorphisms of the 𝑛-Lie algebra on which
the generalized derivation acts.

The paper may be outlined as follows.
The very first section consists of the preliminary material to be used in the

sequel. More precisely, in Subsection 2.1 we recall briefly the representations and
the cohomology of Leibniz algebras, which are also carried out in the level of
𝑛-Lie algebras in Subsection 2.2. Also in this subsection we prove Proposition 2.1,
a generalization of [1, Prop. 2.5(b)], in order to be able to realize the space of
endomorphisms on an 𝑛-Lie algebra as a representation space. The second section
contains the main results of the manuscript. The notion of a generalized derivation
on an 𝑛-Lie algebra is recalled in Subsection 3.1. Finally, Subsection 3.2 is reserved
for the main result of the paper. It is this subsection where we introduce a new
cohomology theory for 𝑛-Lie algebras via which we realize a generalized derivation
on an 𝑛-Lie algebra as a 1-cocycle in Proposition 3.7.
Notations and conventions.

Given a linear space 𝑉 , we shall denote by 𝑔ℓ(𝑉) the space of endomorphisms
on 𝑉 . On the other hand, given an 𝑛-Lie algebra L, we shall employ the notations
L𝑛 := ∧𝑛L, L𝑛−1 := ∧𝑛−1L, and L𝑛−2 := ∧𝑛−2L.

2. Preliminaries
This introductory section is meant to review the basics of (the cohomology

of) Leibniz and 𝑛-Lie algebras. To be more precise, we shall take a quick tour
towards the cohomology of Leibniz algebras in the first subsection, whereas the
second subsection will consist of the representations and the cohomology of 𝑛-Lie
algebras.
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2.1. Cohomology of Leibniz algebras.
Along the way to show that the new cohomological complex we shall introduce

is indeed a differential complex, we shall make use of the cohomology of the
associated Leibniz algebras. As such, we now recall briefly the cohomology of
Leibniz algebras.

Let us begin with the definition of a (left) Leibniz algebra following [13], see
also [11, 5].

A (left) Leibniz algebra is a vector space 𝔏 equipped with a bilinear map [ , ] :
𝔏 ⊗ 𝔏 → 𝔏 satisfying

[𝑥, [𝑦, 𝑧]] = [[𝑥, 𝑦], 𝑧] + [𝑦, [𝑥, 𝑧]] (2.1)

for all 𝑥, 𝑦, 𝑧 ∈ 𝔏.
Following [11, Subsect. 1.5], a representation of a Leibniz algebra (𝔏, [ , ]) is

defined to be a vector space 𝑉 equipped with the linear maps _ : 𝔏 → 𝑔ℓ(𝑉) and
𝜌 : 𝔏 → 𝑔ℓ(𝑉) such that

_( [𝑥, 𝑦]) = _(𝑥) ◦ _(𝑦) − _(𝑦) ◦ _(𝑥), (2.2)
𝜌( [𝑥, 𝑦]) = _(𝑥) ◦ 𝜌(𝑦) − 𝜌(𝑦) ◦ _(𝑥), (2.3)
𝜌(𝑦) ◦ 𝜌(𝑥) = −𝜌(𝑦) ◦ _(𝑥), (2.4)

for any 𝑥, 𝑦 ∈ 𝔏. Let us note also that, from the point of view of (left and
right) actions, we may view _ : 𝔏 → 𝑔ℓ(𝑉) as a left action ⊲ : 𝔏 ⊗ 𝑉 → 𝑉

by 𝑥 ⊲ 𝑣 := _(𝑥) (𝑣), and 𝜌 : 𝔏 → 𝑔ℓ(𝑉) as a right action ⊳ : 𝑉 ⊗ 𝔏 → 𝑉 via
𝑣 ⊳ 𝑥 := 𝜌(𝑥) (𝑣), for any 𝑥, 𝑦 ∈ 𝔏, and any 𝑣 ∈ 𝑉 . Accordingly, the conditions
(2.2)-(2.4) may be re-written as

[𝑥, 𝑦] ⊲ 𝑣 = 𝑥 ⊲ (𝑦 ⊲ 𝑣) − 𝑦 ⊲ (𝑥 ⊲ 𝑣), (2.5)
𝑣 ⊳ [𝑥, 𝑦] = 𝑥 ⊲ (𝑣 ⊳ 𝑦) − (𝑥 ⊲ 𝑣) ⊳ 𝑦, (2.6)
(𝑣 ⊳ 𝑥) ⊳ 𝑦 = −(𝑥 ⊲ 𝑣) ⊳ 𝑦. (2.7)

Let us next recall the semi-direct sum construction for Leibniz algebras. Given
a Leibniz algebra 𝔏, and a representation 𝑉 of 𝔏, it takes a routine verification that
𝑉 o 𝔏 := 𝑉 ⊕ 𝔏 is also Leibniz algebra via[

(𝑣, 𝑥), (𝑤, 𝑦)
]

:=
(
𝑥 ⊲ 𝑤 + 𝑣 ⊳ 𝑦, [𝑥, 𝑦]

)
,

called the semi-direct sum Leibniz algebra.
Given a (left) Leibniz algebra 𝔏, a linear map 𝐷 : 𝔏 → 𝔏 is called a derivation

if
𝐷 ( [𝑥, 𝑦]) = [𝐷 (𝑥), 𝑦] + [𝑥, 𝐷 (𝑦)]

for all 𝑥, 𝑦 ∈ 𝔏. Given a Leibniz algebra 𝔏, the (left) adjoint action ad𝐿
𝑥 : 𝔏 → 𝔏

given by ad𝐿 (𝑥) (𝑦) := [𝑥, 𝑦] is a derivation for any 𝑥 ∈ 𝔏.
Let us finally recall the Leibniz algebra cohomology from [6, 11]. Let 𝔏 be a

Leibniz algebra, and let 𝑉 be a representation of 𝔏. Then,

𝐶𝐿 (𝔏, 𝑉) :=
⊕
𝑛>0

𝐶𝐿𝑛 (𝔏, 𝑉), 𝐶𝐿𝑛 (𝔏, 𝑉) := Hom
(
𝔏⊗ 𝑛, 𝑉

)
,
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together with 𝑑 : 𝐶𝐿𝑛 (𝔏, 𝑉) → 𝐶𝐿𝑛+1(𝔏, 𝑉) which is given by

𝑑𝑓 (𝑥1, . . . , 𝑥𝑛+1) :=∑︁
16𝑖< 𝑗6𝑛+1

(−1)𝑖 𝑓 (𝑥1, . . . , �̂�𝑖 , . . . , 𝑥 𝑗−1, [𝑥𝑖 , 𝑥 𝑗], . . . , 𝑥𝑛+1)+

𝑛∑︁
𝑘=1

(−1)𝑘+1 𝑥𝑘 ⊲ 𝑓 (𝑥1, . . . , �̂�𝑘 , . . . , 𝑥𝑛+1) + (−1)𝑛+1 𝑓 (𝑥1, . . . , 𝑥𝑛) ⊳ 𝑥𝑛+1

(2.8)

for any 𝑓 ∈ 𝐶𝐿𝑛 (𝔏, 𝑉), form a differential complex. The homology𝐻 (𝐶𝐿 (𝔏, 𝑉), 𝑑)
is called the Leibniz algebra cohomology of𝔏, with coefficients in𝑉 , and is denoted
by 𝐻𝐿∗(𝔏, 𝑉).

2.2. Cohomology of 𝒏-Lie algebras.
We shall next recall the very basics of 𝑛-Lie algebras from [2, 12, 15]. A linear

space L, equipped with a linear operator [ , . . . , ] : L𝑛 → L, is called an 𝑛-Lie
algebra if it satisfies the fundamental identity

[𝑥1, . . . , 𝑥𝑛−1, [𝑥𝑛, . . . , 𝑥2𝑛−1]] =
𝑛−1∑︁
𝑘=0

[𝑥𝑛, . . . , [𝑥1, . . . , 𝑥𝑛−1, 𝑥𝑛+𝑘], . . . , 𝑥2𝑛−1],

(2.9)
for any 𝑥1, . . . , 𝑥2𝑛−1 ∈ L. Along the lines of [2], given an 𝑛-Lie algebra L, the
space L𝑛−1 has the structure of a Leibniz algebra through

[𝑥1, 𝑥2] :=
𝑛−1∑︁
𝑘=1

𝑥1
2 ∧ · · · ∧ [𝑥1

1, . . . , 𝑥
𝑛−1
1 , 𝑥𝑘2 ] ∧ · · · ∧ 𝑥𝑛−1

2

for any 𝑥1 := 𝑥1
1 ∧ · · · ∧ 𝑥𝑛−1

1 , 𝑥2 := 𝑥1
2 ∧ · · · ∧ 𝑥𝑛−1

2 ∈ L𝑛−1. Furthermore, as was
shown in [2, Thm. 2], L happens to be a representation of the Leibniz algebra
L𝑛−1.
2.2.1. Representation of an 𝒏-Lie algebra.

Following [3, 4], given an 𝑛-Lie algebra L, a vector space 𝑉 with a linear map
` : L𝑛−1 → 𝑔ℓ(𝑉) is called a representation of L, if

`(𝑥1, . . . , 𝑥𝑛−1)`(𝑥𝑛, . . . , 𝑥2𝑛−2) − `(𝑥𝑛, . . . , 𝑥2𝑛−2)`(𝑥1, . . . , 𝑥𝑛−1)

=

𝑛−2∑︁
𝑘=0

`(𝑥𝑛, . . . , [𝑥1, . . . , 𝑥𝑛−1, 𝑥𝑛+𝑘], . . . , 𝑥2𝑛−2), (2.10)

and

`( [𝑥1, . . . , 𝑥𝑛], 𝑥𝑛+1, . . . , 𝑥2𝑛−2)

=

𝑛∑︁
𝑘=1

(−1)𝑘 `(𝑥1, . . . , 𝑥𝑘 , . . . , 𝑥𝑛)`(𝑥𝑛+1, . . . , 𝑥2𝑛−2, 𝑥𝑘), (2.11)

for any 𝑥1, . . . , 𝑥2𝑛−2 ∈ L.
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The most immediate example of a representation is ad : L𝑛−1 → 𝑔ℓ(L), that is,
the adjoint representation of an 𝑛-Lie algebra L on itself, which is given by

ad(𝑥1, . . . , 𝑥𝑛−1) (𝑥𝑛) := [𝑥1, . . . , 𝑥𝑛] (2.12)

for any 𝑥1, . . . , 𝑥𝑛 ∈ L.
In order to present a slightly more serious example, in the spirit of a dual

representation, we record the following generalization of [1, Prop. 2.5(b)] regarding
the representations of 𝑛-Lie algebras.

Proposition 2.1. Given an 𝑛-Lie algebra L, and a representation (𝑉, `) of L,

𝑛∑︁
𝑘=1

(−1)𝑘 `(𝑥1, . . . , 𝑥𝑘 , . . . , 𝑥𝑛)`(𝑥𝑛+1, . . . , 𝑥2𝑛−2, 𝑥𝑘)+

𝑛∑︁
𝑘=1

(−1)𝑘 `(𝑥𝑛+1, . . . , 𝑥2𝑛−2, 𝑥𝑘)`(𝑥1, . . . , 𝑥𝑘 , . . . , 𝑥𝑛) = 0 (2.13)

for any 𝑥1, . . . , 𝑥2𝑛−2 ∈ L.

Proof. To begin with, in view of (2.10) we have
𝑛∑︁

𝑘=1
(−1)𝑘 `(𝑥1, . . . , 𝑥𝑘 , . . . , 𝑥𝑛)`(𝑥𝑛+1, . . . , 𝑥2𝑛−2, 𝑥𝑘)+

𝑛∑︁
𝑘=1

(−1)𝑘 `(𝑥𝑛+1, . . . , 𝑥2𝑛−2, 𝑥𝑘)`(𝑥1, . . . , 𝑥𝑘 , . . . , 𝑥𝑛) =

𝑛∑︁
𝑘=1

(−1)𝑘 `(𝑥𝑛+1, . . . , 𝑥2𝑛−2, 𝑥𝑘)`(𝑥1, . . . , 𝑥𝑘 , . . . , 𝑥𝑛)+

𝑛−2∑︁
𝑝=1

𝑛∑︁
𝑘=1

(−1)𝑘 `(𝑥𝑛+1, . . . , [𝑥1, . . . , 𝑥𝑘 , . . . , 𝑥𝑛, 𝑥𝑛+𝑝], . . . , 𝑥2𝑛−2, 𝑥𝑘)+

𝑛∑︁
𝑘=1

(−1)𝑘 `(𝑥𝑛+1, . . . , 𝑥2𝑛−2, [𝑥1, . . . , 𝑥𝑘 , . . . , 𝑥𝑛, 𝑥𝑘])+

𝑛∑︁
𝑘=1

(−1)𝑘 `(𝑥1, . . . , 𝑥𝑘 , . . . , 𝑥𝑛)`(𝑥𝑛+1, . . . , 𝑥2𝑛−2, 𝑥𝑘)+∑︁
16𝑟<𝑘6𝑛

𝑛∑︁
𝑘=1

(−1)𝑘 `(𝑥1, . . . , [𝑥𝑛+1, . . . , 𝑥2𝑛−2, 𝑥𝑘 , 𝑥𝑟 ], . . . , 𝑥𝑘 , . . . , 𝑥𝑛)+∑︁
16𝑘<𝑟6𝑛

𝑛∑︁
𝑘=1

(−1)𝑘 `(𝑥1, . . . , 𝑥𝑘 , . . . , [𝑥𝑛+1, . . . , 𝑥2𝑛−2, 𝑥𝑘 , 𝑥𝑟 ], . . . , 𝑥𝑛).

That is,

𝑛 `( [𝑥1, . . . , 𝑥𝑛], 𝑥𝑛+1, . . . , 𝑥2𝑛−2)+
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𝑛−2∑︁
𝑝=1

𝑛∑︁
𝑘=1

(−1)𝑘+𝑝−1 `( [𝑥1, . . . , 𝑥𝑘 , . . . , 𝑥𝑛, 𝑥𝑛+𝑝], 𝑥𝑛+1, . . . , 𝑥𝑛+𝑝, . . . , 𝑥2𝑛−2, 𝑥𝑘)+

∑︁
16𝑟<𝑘6𝑛

𝑛∑︁
𝑘=1

(−1)𝑘+𝑟−1 `( [𝑥𝑛+1, . . . , 𝑥2𝑛−2, 𝑥𝑘 , 𝑥𝑟 ], 𝑥1, . . . , 𝑥𝑟 , . . . , 𝑥𝑘 , . . . , 𝑥𝑛)+∑︁
16𝑘<𝑟6𝑛

𝑛∑︁
𝑘=1

(−1)𝑘+𝑟 `( [𝑥𝑛+1, . . . , 𝑥2𝑛−2, 𝑥𝑘 , 𝑥𝑟 ], 𝑥1, . . . , 𝑥𝑘 , . . . , 𝑥𝑟 , . . . , 𝑥𝑛) = 0.

We next apply (2.11) to arrive at

𝑛 `( [𝑥1, . . . , 𝑥𝑛], 𝑥𝑛+1, . . . , 𝑥2𝑛−2)+∑︁
16𝑟<𝑘6𝑛

𝑛−2∑︁
𝑝=1

𝑛∑︁
𝑘=1

(−1)𝑟+𝑘+𝑝−1`(𝑥1, . . . , 𝑥𝑟 , . . . , 𝑥𝑘 , . . . , 𝑥𝑛, 𝑥𝑛+𝑝)×

`(𝑥𝑛+1, . . . , 𝑥𝑛+𝑝, . . . , 𝑥2𝑛−2, 𝑥𝑘 , 𝑥𝑟 )+∑︁
16𝑘<𝑟6𝑛

𝑛−2∑︁
𝑝=1

𝑛∑︁
𝑘=1

(−1)𝑟+𝑘+𝑝 `(𝑥1, . . . , 𝑥𝑘 , . . . , 𝑥𝑟 , . . . , 𝑥𝑛, 𝑥𝑛+𝑝)×

`(𝑥𝑛+1, . . . , 𝑥𝑛+𝑝, . . . , 𝑥2𝑛−2, 𝑥𝑘 , 𝑥𝑟 )+
𝑛−2∑︁
𝑝=1

𝑛∑︁
𝑘=1

(−1)𝑛+𝑘+𝑝−1 `(𝑥1, . . . , 𝑥𝑘 , . . . , 𝑥𝑛)`(𝑥𝑛+1, . . . , 𝑥𝑛+𝑝, . . . , 𝑥2𝑛−2, 𝑥𝑘 , 𝑥𝑛+𝑝)+

∑︁
16𝑟<𝑘6𝑛

𝑛−2∑︁
𝑝=1

𝑛∑︁
𝑘=1

(−1) 𝑝+𝑘+𝑟−1 `(𝑥𝑛+1, . . . 𝑥𝑛+𝑝, . . . , 𝑥2𝑛−2, 𝑥𝑘 , 𝑥𝑟 )×

`(𝑥1, . . . , 𝑥𝑟 , . . . , 𝑥𝑘 , . . . , 𝑥𝑛, 𝑥𝑛+𝑝)+∑︁
16𝑟<𝑘6𝑛

𝑛∑︁
𝑘=1

(−1)𝑛+𝑘+𝑟 `(𝑥𝑛+1, . . . , 𝑥2𝑛−2, 𝑥𝑟 )`(𝑥1, . . . , 𝑥𝑟 , . . . , 𝑥𝑘 , . . . , 𝑥𝑛, 𝑥𝑘)+∑︁
16𝑟<𝑘6𝑛

𝑛∑︁
𝑘=1

(−1)𝑛+𝑘+𝑟−1 `(𝑥𝑛+1, . . . , 𝑥2𝑛−2, 𝑥𝑘)`(𝑥1, . . . , 𝑥𝑟 , . . . , 𝑥𝑘 , . . . , 𝑥𝑛, 𝑥𝑟 )+

∑︁
16𝑘<𝑟6𝑛

𝑛−2∑︁
𝑝=1

𝑛∑︁
𝑘=1

(−1)𝑘+𝑟+𝑝 `(𝑥𝑛+1, . . . , 𝑥𝑛+𝑝, . . . , 𝑥2𝑛−2, 𝑥𝑘 , 𝑥𝑟 )×

`(𝑥1, . . . , 𝑥𝑘 , . . . , 𝑥𝑟 , . . . , 𝑥𝑛, 𝑥𝑛+𝑝)+∑︁
16𝑘<𝑟6𝑛

𝑛∑︁
𝑘=1

(−1)𝑛+𝑘+𝑟−1 `(𝑥𝑛+1, . . . , 𝑥2𝑛−2, 𝑥𝑟 )`(𝑥1, . . . , 𝑥𝑘 , . . . , 𝑥𝑟 , . . . , 𝑥𝑛, 𝑥𝑘)+∑︁
16𝑘<𝑟6𝑛

𝑛∑︁
𝑘=1

(−1)𝑛+𝑘+𝑟 `(𝑥𝑛+1, . . . , 𝑥2𝑛−2, 𝑥𝑘)`(𝑥1, . . . , 𝑥𝑘 , . . . , 𝑥𝑟 , . . . , 𝑥𝑛, 𝑥𝑟 ) = 0,
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which, calling the left hand side of (2.13) as 𝐹 (𝑥1, . . . , 𝑥2𝑛−2), may be arranged
into

(2𝑛 − 2) 𝐹 (𝑥1, . . . , 𝑥2𝑛−2)+∑︁
16𝑟<𝑘6𝑛

𝑛−2∑︁
𝑝=1

𝑛∑︁
𝑘=1

(−1)𝑟+𝑘+𝑝−1 `(𝑥1, . . . , 𝑥𝑟 , . . . , 𝑥𝑘 , . . . , 𝑥𝑛, 𝑥𝑛+𝑝)×

`(𝑥𝑛+1, . . . , 𝑥𝑛+𝑝, . . . , 𝑥2𝑛−2, 𝑥𝑘 , 𝑥𝑟 )+∑︁
16𝑘<𝑟6𝑛

𝑛−2∑︁
𝑝=1

𝑛∑︁
𝑘=1

(−1)𝑟+𝑘+𝑝 `(𝑥1, . . . , 𝑥𝑘 , . . . , 𝑥𝑟 , . . . , 𝑥𝑛, 𝑥𝑛+𝑝)×

`(𝑥𝑛+1, . . . , 𝑥𝑛+𝑝, . . . , 𝑥2𝑛−2, 𝑥𝑘 , 𝑥𝑟 )+∑︁
16𝑟<𝑘6𝑛

𝑛−2∑︁
𝑝=1

𝑛∑︁
𝑘=1

(−1) 𝑝+𝑘+𝑟−1 `(𝑥𝑛+1, . . . 𝑥𝑛+𝑝, . . . , 𝑥2𝑛−2, 𝑥𝑘 , 𝑥𝑟 )×

`(𝑥1, . . . , 𝑥𝑟 , . . . , 𝑥𝑘 , . . . , 𝑥𝑛, 𝑥𝑛+𝑝)+∑︁
16𝑘<𝑟6𝑛

𝑛−2∑︁
𝑝=1

𝑛∑︁
𝑘=1

(−1)𝑘+𝑟+𝑝 `(𝑥𝑛+1, . . . , 𝑥𝑛+𝑝, . . . , 𝑥2𝑛−2, 𝑥𝑘 , 𝑥𝑟 )×

`(𝑥1, . . . , 𝑥𝑘 , . . . , 𝑥𝑟 , . . . , 𝑥𝑛, 𝑥𝑛+𝑝) = 0.

Next, setting for any 𝑎 ∈ {1, . . . , 𝑛} and 𝑏 ∈ {1, . . . , 𝑛 − 2}

𝐹𝑎,𝑏 := 𝐹 (𝑥1, . . . , 𝑥𝑎−1, 𝑥𝑛+𝑏, 𝑥𝑎+1, . . . , 𝑥𝑛, 𝑥𝑛+1, . . . , 𝑥𝑛+𝑏−1, 𝑥𝑎, 𝑥𝑛+𝑏+1, . . . , 𝑥2𝑛−2),

the above expression may be presented as

𝑛∑︁
𝑘=1

𝑛−2∑︁
𝑝=1

𝐹𝑘, 𝑝 = 𝑛𝐹 (𝑥1, . . . , 𝑥2𝑛−2). (2.14)

The claim, now, follows from the iteration of (2.14), or equivalently the successive
applications of (2.10) and (2.11). �

Remark 2.2. Let us note that in the case of 𝑛 = 3, (2.13) is precisely [1, Prop.
2.5(b)] for 3-Lie algebras.

Corollary 2.3. Let L be an 𝑛-Lie algebra, together with a representation (𝑉, [).
Then, the space Hom(𝑉,𝑊) of linear maps from 𝑉 to a vector space 𝑊 is also a
representation of L via ` : L𝑛−1 → 𝑔ℓ(Hom(𝑉,𝑊)) with(

`(𝑥1, . . . , 𝑥𝑛−1) (𝑇)
)
(𝑣) := −𝑇 ([(𝑥1, . . . , 𝑥𝑛−1) (𝑣)). (2.15)
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Proof. Indeed, we observe at once that

(
`(𝑥1, . . . , 𝑥𝑛−1)`(𝑥𝑛, . . . , 𝑥2𝑛−2) (𝑇) − `(𝑥𝑛, . . . , 𝑥2𝑛−2)`(𝑥1, . . . , 𝑥𝑛−1) (𝑇)

)
(𝑣) =

𝑇 ([(𝑥𝑛, . . . , 𝑥2𝑛−2)[(𝑥1, . . . , 𝑥𝑛−1) (𝑣) − [(𝑥1, . . . , 𝑥𝑛−1)[(𝑥𝑛, . . . , 𝑥2𝑛−2) (𝑣)) =

−
𝑛−2∑︁
𝑘=0

𝑇 ([(𝑥𝑛, . . . , [𝑥1, . . . , 𝑥𝑛−1, 𝑥𝑛+𝑘], . . . , 𝑥2𝑛−2) (𝑣)) =

𝑛−2∑︁
𝑘=0

(
`(𝑥𝑛, . . . , [𝑥1, . . . , 𝑥𝑛−1, 𝑥𝑛+𝑘], . . . , 𝑥2𝑛−2) (𝑇)

)
(𝑣),

(2.16)

where we employed (2.10) on the second equality. On the other hand,

(
`( [𝑥1, . . . , 𝑥𝑛], 𝑥𝑛+1, . . . , 𝑥2𝑛−2) (𝑇)

)
(𝑣)

= −𝑇 ([( [𝑥1, . . . , 𝑥𝑛], 𝑥𝑛+1, . . . , 𝑥2𝑛−2) (𝑣))

= −
𝑛∑︁

𝑘=1
(−1)𝑘 𝑇 ([(𝑥1, . . . , 𝑥𝑘 , . . . , 𝑥𝑛)[(𝑥𝑛+1, . . . , 𝑥2𝑛−2, 𝑥𝑘) (𝑣))

=

𝑛∑︁
𝑘=1

(−1)𝑘 𝑇 ([(𝑥𝑛+1, . . . , 𝑥2𝑛−2, 𝑥𝑘)[(𝑥1, . . . , 𝑥𝑘 , . . . , 𝑥𝑛) (𝑣))

=

𝑛∑︁
𝑘=1

(−1)𝑘
(
`(𝑥1, . . . , 𝑥𝑘 , . . . , 𝑥𝑛)`(𝑥𝑛+1, . . . , 𝑥2𝑛−2, 𝑥𝑘) (𝑇)

)
(𝑣),

where we applied (2.13) on the third equality. �

For a direct proof, one that does not appeal to an analogue of [1, Prop. 2.5(b)],
we refer the reader to [14, Thm. 3.9].
2.2.2. Cohomology of 𝒏-Lie algebras.

We shall now recall the cohomology theory for 𝑛-Lie algebras from [2], see also
[14, Sect. 3].

Let L be an 𝑛-Lie algebra, and let (𝑉, `) be a representation of L. Then,

𝐶 (L, 𝑉) :=
⊕
𝑚>0

𝐶𝑚(L, 𝑉), 𝐶𝑚(L, 𝑉) := Hom
(
L∧ (𝑚−1)

𝑛−1 ∧ L, 𝑉

)
, 𝑚 > 1,

(2.17)
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with 𝐶0(L, 𝑉) := L𝑛−2 ⊗ 𝑉 , is a differential complex via

𝛿 : 𝐶0(L, 𝑉) → 𝐶1(L, 𝑉), 𝛿(𝑧1 ∧ · · · ∧ 𝑧𝑛−2 ⊗ 𝑣) (𝑦) := `(𝑧1, . . . , 𝑧𝑛−2, 𝑦) (𝑣),
𝛿 : 𝐶𝑚(L, 𝑉) → 𝐶𝑚+1(L, 𝑉), 𝑚 > 1
𝛿 𝑓 (𝑥1, . . . , 𝑥𝑚, 𝑦) :=∑︁
16𝑖< 𝑗6𝑚

(−1)𝑖 𝑓 (𝑥1, . . . , 𝑥𝑖 , . . . , [𝑥𝑖 , 𝑥 𝑗], . . . , 𝑥𝑚, 𝑦)+

𝑚∑︁
𝑖=1

(−1)𝑖 𝑓 (𝑥1, . . . , 𝑥𝑖 , . . . , 𝑥𝑚, [𝑥1
𝑖 , . . . , 𝑥

𝑛−1
𝑖 , 𝑦])+

𝑚∑︁
𝑖=1

(−1)𝑖+1 `(𝑥1
𝑖 , . . . , 𝑥

𝑛−1
𝑖 )

(
𝑓 (𝑥1, . . . , 𝑥𝑖 , . . . , 𝑥𝑚, 𝑦)

)
+

𝑛−1∑︁
𝑖=1

(−1)𝑛−1+𝑚+𝑖 `(𝑥1
𝑚, . . . , 𝑥

𝑖
𝑚, . . . , 𝑥

𝑛−1
𝑚 , 𝑦)

(
𝑓 (𝑥1, . . . , 𝑥𝑚−1, 𝑥

𝑖
𝑚)

)
,

(2.18)

for any 𝑓 ∈ 𝐶𝑚(L, 𝑉), any 𝑥𝑖 := 𝑥1
𝑖
∧· · ·∧𝑥𝑛−1

𝑖
∈ L𝑛−1, any 𝑧1∧· · ·∧ 𝑧𝑛−2 ∈ L𝑛−2,

and any 𝑦 ∈ L.
The homology 𝐻 (𝐶 (L, 𝑉), 𝛿) of the differential complex (2.17) is called the 𝑛-

Lie algebra cohomology of L, with coefficients in 𝑉 , and is denoted by 𝐻∗(L, 𝑉).
We shall now point out, in view of [2], the relation between the cohomology of

an 𝑛-Lie algebra L, and the cohomology of the associated Leibniz algebra L𝑛−1.
The following auxiliary result on the representations may be obtained by a routine

verification of (2.5), (2.6), and (2.7), and hence the proof is omitted.

Proposition 2.4. Given an 𝑛-Lie algebra L, together with a representation (𝑉, `),
the linear space L𝑛−2 ⊗ 𝑉 is a representation of the Leibniz algebra L𝑛−1 through

𝑥 ⊲ (𝑧1 ∧ · · · ∧ 𝑧𝑛−2 ⊗ 𝑣) := (2.19)
𝑛−2∑︁
𝑘=1

𝑧1 ∧ · · · ∧ [𝑥1, . . . , 𝑥𝑛−1, 𝑧𝑘] ∧ · · · ∧ 𝑧𝑛−2 ⊗ 𝑣+

𝑧1 ∧ · · · ∧ 𝑧𝑛−2 ⊗ `(𝑥1, . . . , 𝑥𝑛−1) (𝑣),
(𝑧1 ∧ · · · ∧ 𝑧𝑛−2 ⊗ 𝑣) ⊳ 𝑥 := (2.20)

𝑛−1∑︁
𝑘=1

(−1)𝑛+𝑘 𝑥1 ∧ · · · ∧ 𝑥𝑘 ∧ · · · ∧ 𝑥𝑛−1 ⊗ `(𝑧1, . . . , 𝑧𝑛−2, 𝑥
𝑘) (𝑣).

The relation between the cohomology of an 𝑛-Lie algebra, and its associated
Leibniz algebra of fundamental objects, is now given below.
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Proposition 2.5. Given an 𝑛-Lie algebra L, together with a representation (𝑉, `),
the diagram

𝐶𝑚(L, 𝑉)

𝛿
��

Δ𝑚
// 𝐶𝐿𝑚(L𝑛−1,L𝑛−2 ⊗ 𝑉)

𝑑
��

𝐶𝑚+1(L, 𝑉) Δ𝑚+1
// 𝐶𝐿𝑚+1(L𝑛−1,L𝑛−2 ⊗ 𝑉)

is commutative for any 𝑚 > 0, where

Δ𝑚 : 𝐶𝑚(L, 𝑉) → 𝐶𝐿𝑚(L𝑛−1,L𝑛−2 ⊗ 𝑉), 𝑓 ↦→ Δ𝑚( 𝑓 ),

Δ𝑚( 𝑓 ) (𝑥1, . . . , 𝑥𝑚) :=
𝑛−1∑︁
𝑘=1

(−1)𝑘 𝑥1
𝑚 ∧ · · · ∧ 𝑥𝑘𝑚 ∧ · · · ∧ 𝑥𝑛−1

𝑚 ⊗ 𝑓 (𝑥1, . . . , 𝑥𝑚−1, 𝑥
𝑘
𝑚), 𝑚 > 1,

Δ0 := − Id : L𝑛−2 ⊗ 𝑉 → L𝑛−2 ⊗ 𝑉.

Proof. On the one hand we have

Δ𝑚+1(𝛿 𝑓 ) (𝑥1, . . . , 𝑥𝑚+1) =
𝑛−1∑︁
𝑘=1

(−1)𝑘 𝑥1
𝑚+1 ∧ · · · ∧�𝑥𝑘

𝑚+1 ∧ · · · ∧ 𝑥𝑛−1
𝑚+1 ⊗ 𝛿 𝑓 (𝑥1, . . . , 𝑥𝑚, 𝑥

𝑘
𝑚+1) =∑︁

16𝑖< 𝑗6𝑚

𝑛−1∑︁
𝑘=1

(−1)𝑖+𝑘 𝑥1
𝑚+1 ∧ · · · ∧�𝑥𝑘

𝑚+1 ∧ · · · ∧ 𝑥𝑛−1
𝑚+1⊗

𝑓 (𝑥1, . . . , 𝑥𝑖 , . . . , [𝑥𝑖 , 𝑥 𝑗], . . . , 𝑥𝑚, 𝑥𝑘𝑚+1)+
𝑚∑︁
𝑖=1

𝑛−1∑︁
𝑘=1

(−1)𝑖+𝑘 𝑥1
𝑚+1 ∧ · · · ∧�𝑥𝑘

𝑚+1 ∧ · · · ∧ 𝑥𝑛−1
𝑚+1⊗

𝑓 (𝑥1, . . . , 𝑥𝑖 , . . . , 𝑥𝑚, [𝑥1
𝑖 , . . . , 𝑥

𝑛−1
𝑖 , 𝑥𝑘𝑚+1])+

𝑚∑︁
𝑖=1

𝑛−1∑︁
𝑘=1

(−1)𝑖+1+𝑘 𝑥1
𝑚+1 ∧ · · · ∧�𝑥𝑘

𝑚+1 ∧ · · · ∧ 𝑥𝑛−1
𝑚+1⊗

`(𝑥1
𝑖 , . . . , 𝑥

𝑛−1
𝑖 )

(
𝑓 (𝑥1, . . . , 𝑥𝑖 , . . . , 𝑥𝑚, 𝑥

𝑘
𝑚+1)

)
+

𝑛−1∑︁
𝑖=1

𝑛−1∑︁
𝑘=1

(−1)𝑛−1+𝑚+𝑖+𝑘 𝑥1
𝑚+1 ∧ · · · ∧�𝑥𝑘

𝑚+1 ∧ · · ·

· · · ∧ 𝑥𝑛−1
𝑚+1 ⊗ `(𝑥1

𝑚 ∧ · · · ∧ 𝑥𝑖𝑚 ∧ · · · ∧ 𝑥𝑛−1
𝑚 , 𝑥𝑘𝑚+1)

(
𝑓 (𝑥1, . . . , 𝑥𝑚−1, 𝑥

𝑖
𝑚)

)
,

while on the other hand

𝑑 (Δ𝑚 𝑓 ) (𝑥1, . . . , 𝑥𝑚+1) =
∑︁

16𝑖< 𝑗6𝑚+1
(−1)𝑖 (Δ𝑚 𝑓 ) (𝑥1, . . . , 𝑥𝑖 , . . . , [𝑥𝑖 , 𝑥 𝑗], . . . , 𝑥𝑚+1)+

𝑚∑︁
𝑘=1

(−1)𝑘+1 𝑥𝑘 ⊲ (Δ𝑚 𝑓 ) (𝑥1, . . . , 𝑥𝑘 , . . . , 𝑥𝑚+1) + (−1)𝑚+1 (Δ𝑚 𝑓 ) (𝑥1, . . . , 𝑥𝑚) ⊳ 𝑥𝑚+1 =
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16𝑖< 𝑗6𝑚

(−1)𝑖 (Δ𝑚 𝑓 ) (𝑥1, . . . , 𝑥𝑖 , . . . , [𝑥𝑖 , 𝑥 𝑗], . . . , 𝑥𝑚+1)+∑︁
16𝑖6𝑚

(−1)𝑖 (Δ𝑚 𝑓 ) (𝑥1, . . . , 𝑥𝑖 , . . . , 𝑥𝑚, [𝑥𝑖 , 𝑥𝑚+1])+

𝑚∑︁
𝑘=1

(−1)𝑘+1 𝑥𝑘 ⊲ (Δ𝑚 𝑓 ) (𝑥1, . . . , �̂�𝑘 , . . . , 𝑥𝑚+1) + (−1)𝑚+1 (Δ𝑚 𝑓 ) (𝑥1, . . . , 𝑥𝑚) ⊳ 𝑥𝑚+1.

Accordingly,

𝑑 (Δ𝑚 𝑓 ) (𝑥1, . . . , 𝑥𝑚+1) =∑︁
16𝑖< 𝑗6𝑚

𝑛−1∑︁
𝑘=1

(−1)𝑖+𝑘 𝑥1
𝑚+1 ∧ · · · ∧�𝑥𝑘

𝑚+1 ∧ · · · ∧ 𝑥𝑛−1
𝑚+1 ⊗ 𝑓 (𝑥1, . . . , 𝑥𝑖 , . . . , [𝑥𝑖 , 𝑥 𝑗], . . . , 𝑥𝑘𝑚+1)+

𝑛−1∑︁
𝑝=1

𝑛−1∑︁
𝑘=1
𝑘≠𝑝

𝑚∑︁
𝑖=1

(−1)𝑘+𝑖 𝑥1
𝑚+1 ∧ · · · ∧�𝑥𝑘

𝑚+1 ∧ · · · ∧ [𝑥1
𝑖 . . . , 𝑥

𝑛−1
𝑖 , 𝑥

𝑝

𝑚+1] ∧ · · ·

· · · ∧ 𝑥𝑛−1
𝑚+1 ⊗ 𝑓 (𝑥1, . . . , 𝑥𝑖 , . . . , 𝑥𝑚, 𝑥

𝑘
𝑚+1)+

𝑛−1∑︁
𝑝=1

𝑚∑︁
𝑖=1

(−1) 𝑝+𝑖 𝑥1
𝑚+1 ∧ · · · ∧�𝑥𝑝

𝑚+1 ∧ · · · ∧ 𝑥𝑛−1
𝑚+1 ⊗ 𝑓 (𝑥1, . . . , 𝑥𝑖 , . . . , 𝑥𝑚, [𝑥1

𝑖 . . . , 𝑥
𝑛−1
𝑖 , 𝑥

𝑝

𝑚+1])+

𝑚∑︁
𝑖=1

(−1)𝑖+1 𝑥𝑖 ⊲ (Δ𝑚 𝑓 ) (𝑥1, . . . , �̂�𝑖 , . . . , 𝑥𝑚+1) + (−1)𝑚+1 (Δ𝑚 𝑓 ) (𝑥1, . . . , 𝑥𝑚) ⊳ 𝑥𝑚+1.

Next, we note that
𝑚∑︁
𝑖=1

(−1)𝑖+1 𝑥𝑖 ⊲ (Δ𝑚 𝑓 ) (𝑥1, . . . , �̂�𝑖 , . . . , 𝑥𝑚+1) =

𝑛−1∑︁
𝑘=1

𝑚∑︁
𝑖=1

(−1)𝑖+1+𝑘 𝑥𝑖 ⊲
(
𝑥1
𝑚+1 ∧ · · · ∧�𝑥𝑘

𝑚+1 ∧ · · · ∧ 𝑥𝑛−1
𝑚+1 ⊗ 𝑓 (𝑥1, . . . , �̂�𝑖 , . . . , 𝑥

𝑘
𝑚+1)

)
=

𝑛−1∑︁
𝑝=1
𝑝≠𝑘

𝑛−1∑︁
𝑘=1

𝑚∑︁
𝑖=1

(−1)𝑖+1+𝑘 𝑥1
𝑚+1 ∧ · · · ∧�𝑥𝑘

𝑚+1 ∧ · · · ∧ [𝑥1
𝑖 . . . , 𝑥

𝑛−1
𝑖 , 𝑥

𝑝

𝑚+1] ∧ · · ·

· · · ∧ 𝑥𝑛−1
𝑚+1 ⊗ 𝑓 (𝑥1, . . . , 𝑥𝑖 , . . . , 𝑥𝑚, 𝑥

𝑘
𝑚+1)+

𝑛−1∑︁
𝑘=1

𝑚∑︁
𝑖=1

(−1)𝑖+1+𝑘 𝑥1
𝑚+1 ∧ · · · ∧�𝑥𝑘

𝑚+1 ∧ · · · ∧ 𝑥𝑛−1
𝑚+1⊗

`(𝑥1
𝑖 , . . . , 𝑥

𝑛−1
𝑖 )

(
𝑓 (𝑥1, . . . , �̂�𝑖 , . . . , 𝑥

𝑘
𝑚+1)

)
,

and that

(−1)𝑚+1 (Δ𝑚 𝑓 ) (𝑥1, . . . , 𝑥𝑚) ⊳ 𝑥𝑚+1 =
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𝑛−1∑︁
𝑘=1

(−1)𝑚+1+𝑘
(
𝑥1
𝑚 ∧ · · · ∧ 𝑥𝑘𝑚 ∧ · · · ∧ 𝑥𝑛−1

𝑚 ⊗ 𝑓 (𝑥1, . . . , 𝑥𝑚−1, 𝑥
𝑘
𝑚)

)
⊳ 𝑥𝑚+1 =

𝑛−1∑︁
𝑖=1

𝑛−1∑︁
𝑘=1

(−1)𝑛+𝑖+𝑚+1+𝑘 𝑥1
𝑚+1 ∧ · · · ∧�𝑥𝑖

𝑚+1 ∧ · · ·

· · · ∧ 𝑥𝑛−1
𝑚+1 ⊗ `(𝑥1

𝑚 ∧ · · · ∧ 𝑥𝑘𝑚 ∧ · · · ∧ 𝑥𝑛−1
𝑚 , 𝑥𝑖𝑚+1)

(
𝑓 (𝑥1, . . . , 𝑥𝑚−1, 𝑥

𝑘
𝑚)

)
.

The result, then, follows. �

3. Generalized derivation extensions of 𝒏-Lie algebras
In the present section we shall present the cohomological classification of gen-

eralized derivations of 𝑛-Lie algebras. In the case of 𝑛 = 3 the result answers the
question raised in [13, Rk. 3.7]. More precisely, we shall realize a generalized
derivation of an 𝑛-Lie algebra as a 1-cocycle in a cohomology theory associated to
𝑛-Lie algebras, and an inner generalized derivation as a 1-coboundary.

3.1. Generalized derivations.
Given an 𝑛-Lie algebra L, a linear operator 𝐷 : L → L is called a derivation if

𝐷 ( [𝑥1, . . . , 𝑥𝑛]) =
𝑛∑︁

𝑘=1
[𝑥1, . . . , 𝐷 (𝑥𝑘), . . . , 𝑥𝑛]

for any 𝑥1, . . . , 𝑥𝑛 ∈ L. Accordingly, it follows at once from the fundamental
identity (2.9) that

ad(𝑥1, . . . , 𝑥𝑛−1) : L → L
given by (2.12) is a derivation for any 𝑥1, . . . , 𝑥𝑛−1 ∈ L. Such derivations are called
inner derivations.

A generalized derivation of an 𝑛-Lie algebra L, on the other hand, is defined to
be a linear map 𝐷 : L𝑛−1 → L satisfying

𝐷 (𝑥1, . . . , 𝑥𝑛−2, [𝑥𝑛−1, . . . , 𝑥2𝑛−2])

=

𝑛−1∑︁
𝑘=0

[𝑥𝑛−1, . . . , 𝐷 (𝑥1, . . . , 𝑥𝑛−2, 𝑥𝑛−1+𝑘), . . . , 𝑥2𝑛−2], (3.1)

[𝑥1, . . . , 𝑥𝑛−1, 𝐷 (𝑥𝑛, . . . , 𝑥2𝑛−2)] + (−1)𝑛 [𝐷 (𝑥1, . . . , 𝑥𝑛−1), 𝑥𝑛, . . . , 𝑥2𝑛−2]

=

𝑛−2∑︁
𝑘=0

𝐷 (𝑥𝑛, . . . , [𝑥1, . . . , 𝑥𝑛−1, 𝑥𝑛+𝑘], . . . , 𝑥2𝑛−2), (3.2)

and

𝐷 (𝑥1, . . . , 𝑥𝑛−2, 𝐷 (𝑥𝑛−1, . . . , 𝑥2𝑛−3))

=

𝑛−2∑︁
𝑘=0

𝐷 (𝑥𝑛−1, . . . , 𝐷 (𝑥1, . . . , 𝑥𝑛−2, 𝑥𝑛−1+𝑘), . . . , 𝑥2𝑛−3), (3.3)
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for any 𝑥1, . . . , 𝑥𝑛−1 ∈ L, see [14, Def. 5.1].
It follows at once, as was noted in [14, Lemma 5.3], that the map ad𝑦 : L𝑛−1 → L

which is given by ad𝑦 (𝑧1, . . . , 𝑧𝑛−1) := [𝑦, 𝑧1, . . . , 𝑧𝑛−1] is a generalized derivation
for any 𝑦 ∈ L. Such a generalized derivation is called an inner generalized
derivation.

Let us note also that 𝐷 : L𝑛−1 → L being a generalized derivation, L ⊕𝐷 𝑘 :=
L ⊕ 𝑘 is an 𝑛-Lie algebra through

[𝑥1 + 𝛼1𝐷, . . . , 𝑥𝑛 + 𝛼𝑛𝐷] := [𝑥1, . . . , 𝑥𝑛] +
𝑛∑︁

𝑘=1
(−1)𝑘+1𝛼𝑘𝐷 (𝑥1, . . . , 𝑥𝑘 , . . . , 𝑥𝑛)

(3.4)
for any 𝑥1 + 𝛼1𝐷, . . . , 𝑥𝑛 + 𝛼𝑛𝐷 ∈ L ⊕𝐷 𝑘 .

Remarks on the conditions (3.1) and (3.3) are in order now.
Remark 3.1. Setting

𝐷♯ : L𝑛−2 → 𝑔ℓ(L), 𝐷♯ (𝑥1, . . . , 𝑥𝑛−2) (𝑦) := 𝐷 (𝑥1, . . . , 𝑥𝑛−2, 𝑦), (3.5)
we see at once that (3.1) is equivalent to 𝐷♯ (𝑥1, . . . , 𝑥𝑛−2) ∈ 𝑔ℓ(L) being a deriva-
tion of the 𝑛-Lie algebra L, for any 𝑥1, . . . , 𝑥𝑛−2, 𝑦 ∈ L.
Remark 3.2. The condition (3.3) is equivalent for the 𝑛-Lie algebra L to have the
structure of an (𝑛 − 1)-Lie algebra through

𝐷 : L𝑛−1 → L, 𝑥1 ∧ · · · ∧ 𝑥𝑛−1 ↦→ 𝐷 (𝑥1, . . . , 𝑥𝑛−1).
As for the condition (3.2), we have the following analogue of [13, Lemma 3.5].

Let us, however, record first the semi-direct sum Leibniz algebra L o L𝑛−1 :=
L ⊕ L𝑛−1 associated to an 𝑛-Lie algebra L.

To begin with, L being an adjoint representation over itself via (2.12), it becomes
a representation of the Leibniz algebra L𝑛−1 through

𝑥 ⊲ 𝑦 := [𝑥1, . . . , 𝑥𝑛−1, 𝑦], 𝑦 ⊳ 𝑥 := −[𝑥1, . . . , 𝑥𝑛−1, 𝑦],
for any 𝑦 ∈ L and any 𝑥 := 𝑥1 ∧ · · · ∧ 𝑥𝑛−1 ∈ L𝑛−1. Then, L ⊕ L𝑛−1 is a Leibniz
algebra through

[𝑦1 + 𝑥1, 𝑦2 + 𝑥2]𝑠 := [𝑥1
1, . . . , 𝑥

𝑛−1
1 , 𝑦2] − [𝑥1

2, . . . , 𝑥
𝑛−1
2 , 𝑦1] + [𝑥1, 𝑥2],

for any 𝑦1, 𝑦2 ∈ L, and any 𝑥1 := 𝑥1
1 ∧ · · · ∧ 𝑥𝑛−1

1 , 𝑥2 := 𝑥1
2 ∧ · · · ∧ 𝑥𝑛−1

2 ∈ L𝑛−1,
where

[𝑥1, 𝑥2] :=
𝑛−1∑︁
𝑘=1

𝑥1
2 ∧ · · · ∧ [𝑥1

1, . . . , 𝑥
𝑛−1
1 , 𝑥𝑘2 ] ∧ · · · ∧ 𝑥𝑛−1

2 ∈ L𝑛−1.

Accordingly, [13, Lemma 3.5] extends verbatim to the following.
Proposition 3.3. Given an 𝑛-Lie algebra L, let 𝐷 : L𝑛−1 → L be a generalized
derivation. Then,

�̂� : L o L𝑛−1 → L o L𝑛−1, �̂� (𝑦 + 𝑥) := 𝐷 (𝑥),
for any 𝑦 ∈ L and any 𝑥 := 𝑥1 ∧ · · · ∧ 𝑥𝑛−1 ∈ L𝑛−1, is a derivation of Leibniz
algebras.
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3.2. The cohomological classification of generalized derivations.
The present subsection accommodates the main result of the paper. Namely,

we shall now introduce a new cohomology theory for 𝑛-Lie algebras that captures
generalized derivations of 𝑛-Lie algebras as 1-cocycles. Accordingly, we shall
begin with the presentation of this differential complex for 𝑛-Lie algebras.

Let L be an 𝑛-Lie algebra, and let (𝑉, `) be a representation of L. Let also

C(L, 𝑉) :=
⊕
𝑚>0

C𝑚(L, 𝑉), C𝑚(L, 𝑉) := Hom
(
L∧ (𝑚−1)

𝑛−1 ∧L𝑛−2, 𝑉
)
, 𝑚 > 1,

(3.6)
with C0(L, 𝑉) := L ⊗ 𝑉 , and

𝛿 : C0(L, 𝑉) → C1(L, 𝑉), 𝛿(𝑧 ⊗ 𝑣) (𝑦) := `(𝑧, 𝑦1, . . . , 𝑦𝑛−2) (𝑣),
𝛿 : C𝑚(L, 𝑉) → C𝑚+1(L, 𝑉), 𝑚 > 1
𝛿 𝑓 (𝑥1, . . . , 𝑥𝑚, 𝑦) :=∑︁
16𝑖< 𝑗6𝑚

(−1)𝑖 𝑓 (𝑥1, . . . , 𝑥𝑖 , . . . , [𝑥𝑖 , 𝑥 𝑗], . . . , 𝑥𝑚, 𝑦)+

𝑚∑︁
𝑖=1

(−1)𝑖 𝑓 (𝑥1, . . . , 𝑥𝑖 , . . . , 𝑥𝑚, [𝑥𝑖 , 𝑦])+

𝑚∑︁
𝑖=1

(−1)𝑖+1 `(𝑥1
𝑖 , . . . , 𝑥

𝑛−1
𝑖 )

(
𝑓 (𝑥1, . . . , 𝑥𝑖 , . . . , 𝑥𝑚, 𝑦)

)
+

𝑛−1∑︁
𝑖=1

(−1)𝑚+𝑖+1 `(𝑥𝑖𝑚, 𝑦1, . . . , 𝑦𝑛−2)
(
𝑓 (𝑥1, . . . , 𝑥𝑚−1, 𝑋

𝑖
𝑚)

)
,

(3.7)

for any 𝑓 ∈ C𝑚(L, 𝑉), any 𝑥𝑖 := 𝑥1
𝑖
∧ · · · ∧ 𝑥𝑛−1

𝑖
∈ L𝑛−1, and any 𝑦 := 𝑦1 ∧ · · · ∧

𝑦𝑛−2 ∈ L𝑛−2, where 𝑋 𝑖
𝑚 := 𝑥1

𝑚 ∧ · · · ∧ 𝑥𝑖𝑚 ∧ · · · ∧ 𝑥𝑛−1
𝑚 ∈ L𝑛−2,

[𝑥𝑖 , 𝑥 𝑗] :=
𝑛−1∑︁
𝑘=1

𝑥1
𝑗 ∧ · · · ∧ [𝑥1

𝑖 , . . . , 𝑥
𝑛−1
𝑖 , 𝑥𝑘𝑗 ] ∧ · · · ∧ 𝑥𝑛−1

𝑗 ∈ L𝑛−1,

and

[𝑥𝑖 , 𝑦] :=
𝑛−2∑︁
𝑘=1

𝑦1 ∧ · · · ∧ [𝑥1
𝑖 , . . . , 𝑥

𝑛−1
𝑖 , 𝑦𝑘] ∧ · · · ∧ 𝑦𝑛−2 ∈ L𝑛−2.

We shall now show that (3.7) is indeed a differential. To this end, we first note
from Proposition 2.4 that L ⊗ 𝑉 is a representation through

𝑥 ⊲ (𝑧 ⊗ 𝑣) := [𝑥1, . . . , 𝑥𝑛−1, 𝑧] ⊗ 𝑣 + 𝑧 ⊗ `(𝑥1, . . . , 𝑥𝑛−1) (𝑣), (3.8)

(𝑧 ⊗ 𝑣) ⊳ 𝑥 :=
𝑛−1∑︁
𝑘=1

(−1)𝑘 𝑥𝑘 ∧ `(𝑧, 𝑋 𝑘) (𝑣), (3.9)
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where 𝑥 := 𝑥1 ∧ · · · ∧ 𝑥𝑛−1 ∈ L𝑛−1, and 𝑋 𝑘 := 𝑥1 ∧ · · · ∧ 𝑥𝑘 ∧ · · · ∧ 𝑥𝑛−1 ∈ L𝑛−2.
Then we observe the following analogue of Proposition 2.5.

Proposition 3.4. Given an 𝑛-Lie algebra L, together with a representation (𝑉, `),
the diagram

C𝑚(L, 𝑉)

𝛿
��

Θ𝑚
// 𝐶𝐿𝑚(L𝑛−1,L ⊗ 𝑉)

𝑑
��

C𝑚+1(L, 𝑉) Θ𝑚+1
// 𝐶𝐿𝑚+1(L𝑛−1,L ⊗ 𝑉)

is commutative for any 𝑚 > 0, where
Θ𝑚 : C𝑚(L, 𝑉) → 𝐶𝐿𝑚(L𝑛−1,L ⊗ 𝑉), 𝑓 ↦→ Θ𝑚( 𝑓 ),

Θ𝑚( 𝑓 ) (𝑥1, . . . , 𝑥𝑚) :=
𝑛−1∑︁
𝑘=1

(−1)𝑘+1 𝑥𝑘𝑚 ⊗ 𝑓 (𝑥1, . . . , 𝑥𝑚−1, 𝑋
𝑘
𝑚), 𝑚 > 1,

Θ0 := − Id : L ⊗ 𝑉 → L ⊗ 𝑉,

(3.10)

and 𝑋 𝑘
𝑚 := 𝑥1

𝑚 ∧ · · · ∧ 𝑥𝑘𝑚 ∧ · · · ∧ 𝑥𝑛−1
𝑚 ∈ L𝑛−2.

Proof. On the one hand we have

Θ𝑚+1(𝛿 𝑓 ) (𝑥1, . . . , 𝑥𝑚+1) =
𝑛−1∑︁
𝑘=1

(−1)𝑘+1 𝑥𝑘𝑚+1 ⊗ (𝛿 𝑓 ) (𝑥1, . . . , 𝑥𝑚, 𝑋
𝑘
𝑚+1) =

𝑛−1∑︁
𝑘=1

∑︁
16𝑖< 𝑗6𝑚

(−1)𝑖+𝑘+1 𝑥𝑘𝑚+1 ⊗ 𝑓 (𝑥1, . . . , 𝑥𝑖 , . . . , [𝑥𝑖 , 𝑥 𝑗], . . . , 𝑥𝑚, 𝑋 𝑘
𝑚+1)+

𝑛−1∑︁
𝑘=1

𝑚∑︁
𝑖=1

(−1)𝑖+𝑘+1 𝑥𝑘𝑚+1 ⊗ 𝑓 (𝑥1, . . . , 𝑥𝑖 , . . . , 𝑥𝑚, [𝑥𝑖 , 𝑋 𝑘
𝑚+1])+

𝑛−1∑︁
𝑘=1

𝑚∑︁
𝑖=1

(−1)𝑖+𝑘 𝑥𝑘𝑚+1 ⊗ `(𝑥1
𝑖 , . . . , 𝑥

𝑛−1
𝑖 )

(
𝑓 (𝑥1, . . . , 𝑥𝑖 , . . . , 𝑥𝑚, 𝑋

𝑘
𝑚+1)

)
+

𝑛−1∑︁
𝑘=1

𝑛−1∑︁
𝑖=1

(−1)𝑖+𝑘+𝑚 𝑥𝑘𝑚+1 ⊗ `(𝑥𝑖𝑚, 𝑋 𝑘
𝑚+1)

(
𝑓 (𝑥1, . . . , 𝑥𝑚, 𝑋

𝑖
𝑚)

)
,

while on the other hand,
𝑑 (Θ𝑚( 𝑓 )) (𝑥1, . . . , 𝑥𝑚+1) =∑︁
16𝑖< 𝑗6𝑚+1

(−1)𝑖 (Θ𝑚( 𝑓 )) (𝑥1, . . . , 𝑥𝑖 , . . . , [𝑥𝑖 , 𝑥 𝑗], . . . , 𝑥𝑚+1)

+
𝑚∑︁
𝑖=1

(−1)𝑖+1 𝑥𝑖 ⊲
(
(Θ𝑚( 𝑓 )) (𝑥1, . . . , 𝑥𝑖 , . . . , 𝑥𝑚+1)

)
+ (−1)𝑚+1

(
(Θ𝑚( 𝑓 )) (𝑥1, . . . , 𝑥𝑚)

)
⊳ 𝑥𝑚+1,
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where on the latter, we note that∑︁
16𝑖< 𝑗6𝑚+1

(−1)𝑖 (Θ𝑚( 𝑓 )) (𝑥1, . . . , 𝑥𝑖 , . . . , [𝑥𝑖 , 𝑥 𝑗], . . . , 𝑥𝑚+1) =∑︁
16𝑖< 𝑗6𝑚

(−1)𝑖 (Θ𝑚( 𝑓 )) (𝑥1, . . . , 𝑥𝑖 , . . . , [𝑥𝑖 , 𝑥 𝑗], . . . , 𝑥𝑚+1)+

𝑚∑︁
𝑖=1

(−1)𝑖 (Θ𝑚( 𝑓 )) (𝑥1, . . . , 𝑥𝑖 , . . . , [𝑥𝑖 , 𝑥𝑚+1]) =

𝑛−1∑︁
𝑘=1

∑︁
16𝑖< 𝑗6𝑚

(−1)𝑖+𝑘+1 𝑥𝑘𝑚+1 ⊗ 𝑓 (𝑥1, . . . , 𝑥𝑖 , . . . , [𝑥𝑖 , 𝑥 𝑗], . . . , 𝑥𝑚, 𝑋 𝑘
𝑚+1)+

𝑛−1∑︁
𝑘=1

𝑚∑︁
𝑖=1

(−1)𝑖+𝑘+1 𝑥𝑘𝑚+1 ⊗ 𝑓 (𝑥1, . . . , 𝑥𝑖 , . . . , [𝑥𝑖 , 𝑋 𝑘
𝑚+1])+

𝑛−1∑︁
𝑘=1

𝑚∑︁
𝑖=1

(−1)𝑖+𝑘+1 [𝑥1
𝑖 , . . . , 𝑥

𝑛−1
𝑖 , 𝑥𝑘𝑚+1] ⊗ 𝑓 (𝑥1, . . . , 𝑥𝑖 , . . . , 𝑋

𝑘
𝑚+1).

The result, now, follows from (3.8) and (3.9). More precisely,
𝑚∑︁
𝑖=1

(−1)𝑖+1 𝑥𝑖 ⊲
(
(Θ𝑚( 𝑓 )) (𝑥1, . . . , 𝑥𝑖 , . . . , 𝑥𝑚+1)

)
=

𝑛−1∑︁
𝑘=1

𝑚∑︁
𝑖=1

(−1)𝑖+𝑘 [𝑥1
𝑖 , . . . , 𝑥

𝑛−1
𝑖 , 𝑥𝑘𝑚+1] ⊗ 𝑓 (𝑥1, . . . , 𝑥𝑖 , . . . , 𝑋

𝑘
𝑚+1)+

𝑛−1∑︁
𝑘=1

𝑚∑︁
𝑖=1

(−1)𝑖+𝑘 𝑥𝑘𝑚+1 ⊗ `(𝑥1
𝑖 , . . . , 𝑥

𝑛−1
𝑖 )

(
𝑓 (𝑥1, . . . , 𝑥𝑖 , . . . , 𝑥𝑚, 𝑋

𝑘
𝑚+1)

)
,

and

(−1)𝑚+1
(
(Θ𝑚( 𝑓 )) (𝑥1, . . . , 𝑥𝑚)

)
⊳ 𝑥𝑚+1 =

(−1)𝑚+1
( 𝑛−1∑︁
𝑘=1

(−1)𝑘+1 𝑥𝑘𝑚 ⊗ 𝑓 (𝑥1, . . . , 𝑥𝑚−1, 𝑋
𝑘
𝑚)

)
⊳ 𝑥𝑚+1

𝑛−1∑︁
𝑘=1

𝑛−1∑︁
𝑖=1

(−1)𝑖+𝑘+𝑚 𝑥𝑖𝑚+1 ⊗ `(𝑥𝑘𝑚, 𝑋 𝑖
𝑚+1)

(
𝑓 (𝑥1, . . . , 𝑥𝑚, 𝑋

𝑘
𝑚)

)
.

�

Corollary 3.5. Given an 𝑛-Lie algebra L, together with a representation (𝑉, `),
the mapping 𝛿 : C𝑛 (L, 𝑉) → C𝑛+1(L, 𝑉) for 𝑛 > 0, given by (3.7) is a differential
map, that is, it satisfies 𝛿2 = 0.

Proof. The claim follows at once from the injectivity of (3.10). �
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We shall denote the homology 𝐻 (C(L, 𝑉), 𝛿) of the differential complex (3.6) by
H ∗(L, 𝑉). As is customary, we shall denote byZ𝑚(L, 𝑉) the space of𝑚-cocycles,
and by B𝑚(L, 𝑉) the space of 𝑚-coboundaries.

Remark 3.6. It is worth to note that the differentials (2.18) and (3.7), and also the
differential complexes (2.17) and (3.6), coincide (only) for 𝑛 = 3.

We are now ready to prove our main result.

Proposition 3.7. Given an 𝑛-Lie algebra L, let 𝐷 : L𝑛−1 → L be a linear
mapping, with 𝐷♯ : L𝑛−2 → 𝑔ℓ(L) being the associated mapping given by (3.5).
Then, 𝐷♯ ∈ Z1(L, 𝑔ℓ(L)) if (3.2) is satisfied.

Proof. We have, for any 𝑥 := 𝑥1∧· · ·∧𝑥𝑛−1 ∈ L𝑛−1, any 𝑦 := 𝑦1∧· · ·∧𝑦𝑛−2 ∈ L𝑛−2,
and any 𝑧 ∈ L,

(𝛿𝐷♯) (𝑥, 𝑦) (𝑧) = −𝐷♯ ( [𝑥, 𝑦]) (𝑧) +
(
`(𝑥1, . . . , 𝑥𝑛−1) (𝐷♯ (𝑦))

)
(𝑧)+

𝑛−1∑︁
𝑖=1

(−1)𝑖
(
`(𝑥𝑖 , 𝑦) (𝐷♯ (𝑋 𝑖))

)
(𝑧),

where 𝑋 𝑖 := 𝑥1 ∧ · · · ∧ 𝑥𝑖 ∧ · · · ∧ 𝑥𝑛−1 ∈ L𝑛−2, and

[𝑥, 𝑦] :=
𝑛−2∑︁
𝑘=1

𝑦1 ∧ · · · ∧ [𝑥1, . . . , 𝑥𝑛−1, 𝑦𝑘] ∧ · · · ∧ 𝑦𝑛−2 ∈ L𝑛−2.

Accordingly,

(𝛿𝐷♯) (𝑥, 𝑦) (𝑧) = −𝐷 ( [𝑥, 𝑦], 𝑧) − 𝐷♯ (𝑦) ( [𝑥, 𝑧]) +
𝑛−1∑︁
𝑖=1

(−1)𝑖+1 𝐷♯ (𝑋 𝑖) ( [𝑥𝑖 , 𝑦, 𝑧]) =

− 𝐷 ( [𝑥, 𝑦], 𝑧) − 𝐷 (𝑦, [𝑥, 𝑧]) −
𝑛−1∑︁
𝑖=1

𝐷 (𝑥1, . . . , [𝑦, 𝑧, 𝑥𝑖], . . . , 𝑥𝑛−1).

Now, if (3.2) is satisfied, then

(𝛿𝐷♯) (𝑥, 𝑦) (𝑧) =

−
(
[𝑥, 𝐷 (𝑦, 𝑧)] + (−1)𝑛 [𝐷 (𝑥), 𝑦, 𝑧]

)
−
(
[𝑦, 𝑧, 𝐷 (𝑥)] + (−1)𝑛 [𝐷 (𝑦, 𝑧), 𝑥]

)
= 0.

�

Remark 3.8. It is worth to note for 𝑛 = 3 that assuming 𝐷 : L2 → L to satisfy
(3.1), we may further conclude 𝐷♯ ∈ Z1(L, 𝑔ℓ(L)) if and only if (3.2) holds.

Remark 3.9. Given 𝐷 : L𝑛−1 → L, it follows at once from the definition of
𝛿 : C0(L, 𝑉) → C1(L, 𝑉) that 𝐷♯ ∈ B1(L, 𝑔ℓ(L)) if and only if there is b ⊗ 𝑓 ∈
L ⊗ 𝑔ℓ(L) so that 𝐷♯ = 𝛿(b ⊗ 𝑓 ), or equivalently

𝐷 (𝑦, 𝑧) = 𝐷♯ (𝑦) (𝑧) =
(
`(b, 𝑦) ( 𝑓 )

)
(𝑧) = − 𝑓 ( [b, 𝑦, 𝑧]) = adb ( 𝑓 ) (𝑦, 𝑧).
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Accordingly, we may say that 𝐷♯ ∈ B1(L, 𝑔ℓ(L)) if and only if 𝐷 = adb ( 𝑓 ) for
some b ∈ L and 𝑓 ∈ 𝑔ℓ(L). Compared to the definition of an inner generalized
derivation in [13, Lemma 3.6] and [14, Lemma 5.3], inner generalized derivations
𝐷 : L𝑛−1 → L correspond to those that satisfy 𝐷♯ = 𝛿(b ⊗ Id) for some b ∈ L,
where Id ∈ 𝑔ℓ(L) denotes the identity transformation.
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