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An algebra L over a field F is said to be a Leibniz algebra (more precisely, a left Leibniz algebra), if it satisfies
the Leibniz identity: [[a, b], c] = [a, [b, c]] — [b, [a, c]] for all a, b, ¢ € L. Leibniz algebras are generalizations of
Lie algebras. A subalgebra S of a Leibniz algebra L is called core-free, if S does not include the non-zero ideal.
We study the Leibniz algebras, whose subalgebras are either ideals or core-free.
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Let L be an algebra over a field F with the binary operations + and [,]. Then L is called
a Leibniz algebra (more precisely, a left Leibniz algebra), if it satisfies the Leibniz identity

[a, [b, c]] =[[a, b], c] + b, |a, c]] forall a, b, c € L.

Note that any Lie algebra is obviously a Leibniz algebra. Conversely, if L is a Leibniz algebra
such that [a, a] = 0 for every element a € L, then L is a Lie algebra. Therefore, Lie algebras can be
characterized as the Leibniz algebras, in which [a, a] = 0 for every element a.

Leibniz algebras appeared first in papers by A.M. Blokh [1-3], in which he called them the
D-algebras. However, in that time, those works were not in demand, and they had not been
properly developed. Only after two decades, a real interest in Leibniz algebras arose. It was
happened due to the work by J.L. Loday [4] (see also [5, Section 10.6]), who “rediscovered”
these algebras and used the term Leibniz algebras, since it was Leibniz who discovered and
proved the Leibniz rule for the differentiation of functions.

A Leibniz algebra, which is not a Lie algebra, has one specific ideal. By Leib(L), we denote
the subspace generated by the elements [a, a], a € L. It is possible to prove that Leib(L) is an ideal
of L. Moreover, L/Leib(L) is a Lie algebra. Conversely, if H is an ideal of L such that L/H is a Lie
algebra, then Leib(L) < H.
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The ideal Leib(L) is called the Leibniz kernel of an algebra L.

One approach to the study of Leibniz algebras, which proved to be quite effective, especially
for infinite-dimensional Leibniz algebras, is to consider Leibniz algebras, all whose subalgebras
have some fixed natural properties. This approach has been very effective for Lie algebras, while,
in Leibniz algebras, it was used only recently. Thus, the Leibniz algebras, whose subalgebras
are Lie algebras and Leibniz algebras with Abelian subalgebras, were studied in [6]. The Leibniz
algebras, whose subalgebras are ideals, were considered in [7, 8].

Two ideals are naturally associated with each subalgebra A of a Leibniz algebra L: the ideal A",
which is the intersection of all ideals including A (i.e., an ideal generated by A); and the ideal
Core, (A), which is the sum of all ideals that are contained in A.

A subalgebra A of L is called a core-free in L Core,(A) = (0). From the definition, it follows
that the core-free subalgebras are natural antipodes to the concepts of ideals. Therefore, the
study of Leibniz algebras, whose subalgebras are either core-free or ideals, seems to us very natural.
The main results of the current article give a description of such Leibniz algebras.

The first example of such algebras are Leibniz algebras, whose subalgebras are ideals. If every
subalgebra of a Leibniz algebra L is an ideal, then either L is Abelian or L = Z @ E, where Z < (L),
and E is an extraspecial subalgebra such that [a, a] # 0 for each element a € E \ {(L) [7].

In particular, [L, L] < (L), and a derived subalgebra [L, L] has dimension 1.

Recall that a Leibniz algebra E is called extraspecial, if {(E) = |E, E] is a subalgebra of
dimension 7.

Note also that a Lie algebra, whose subalgebras are ideals, is Abelian.

On the other hand, if L is a simple Leibniz algebra, then its every proper subalgebra is core-
free. We note that, in this case, L is a Lie algebra.

We show also another example, which is typical in some sense. Let L be a cyclic nilpotent
Leibniz algebra of dimension 3. That is, L = Fa & Fb & Fc, where b = |a, a], ¢ = |a, b]. Here,
Leib(L) = Fb @ Fc. If A is a subalgebra of L such that Leib(L) does not include A, then A = L.
If A < Leib(L) and Fc < A, then A is an ideal of L. If A does not include Fc, then A is not an ideal,
dim(A) = 1; therefore, Core,(A) = (0).

Let L be a Leibniz algebra. The intersection of all non-zero ideals Mon(L) of L is called the
monolith of a Leibniz algebra L. If Mon(L) # (0), then the Leibniz algebra L is called monolithic,
and, in this case, Mon(G) is the least non-zero ideal of L.

The description of Leibniz algebras, whose subalgebras are ideals or core-free, leads to the
following natural cases:

L is a non-monolithic Leibniz algebra;

L is a monolithic Leibniz algebra.

The second case is basic, as shows

Theorem A. Let L be a non-monolithic Leibniz algebra. If every subalgebra of L, which is not
an ideal, is core-free, then every subalgebra of is an ideal.

Corollary. Let L be a non-monolithic Lie algebra. If every subalgebra of L, which is not an
ideal, is core-free, then L is Abelian.

The monolithic case splits naturally in two subcases:

Leibniz algebra L has a non-zero center;

Leibniz algebra L has a zero center.
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Recall that the center {(L) of L is defined by the rule:
C(Ly={xeL||x,y]=0=]y, x| for each elementy € L }.

The center is an ideal of L. In particular, we can consider the factor-algebra L/C(L).
More precisely, the left (respectively, right) center (t(L) (respectively, C™8"(L)) of a Leibniz
algebra L is defined by the rule:

Qleft(L) ={x e L|[x,y]=0foreach elementy € L}
(respectively,
CEM(Ly={x e L|[y, x] =0 for each element y € L}).

It is not hard to prove that the left center of L is an ideal, but this is not true for the right
center. Moreover, Leib(L) < Cleft(L), so that L/Cleﬂ(L) is a Lie algebra. The right center is an
subalgebra of L, and, in general, the left and right centers are different; they even may have different
dimensions. Paper [9] contains some examples, which show this.

Theorem B. Let L be a Leibniz algebra. Suppose L includes a subalgebra, which is not an ideal,
and every subalgebra of L, which is not an ideal, is core-free. If the center of L is non-zero, then L
satisfies the following conditions:

(1) L is monolithic and Mon(L) = (L) =v4(L), in particular, dim ({(L)) = 1;

(i) (L) = [L, L] < C,(L) and y,(L) has dimension 2;

(iii) every subalgebra of L, which is not an ideal, is Abelian,

(iv) every subalgebra of L/C(L) is an ideal.

Conversely, if L is a Leibniz algebra satisfying the above conditions, then every subalgebra of L
either is core-free or an ideal.

Corollary. Let L be a monolithic non-Abelian Lie algebra having a non-trivial center. Then
every subalgebra of L, which is not an ideal, is core-free, if and only if L is an extraspecial algebra.

The situation, where L has a non-central monolith, is considered in a following

Theorem C. Let L be a monolithic Leibniz algebra, whose center is zero. Suppose that every
subalgebra of L, which is not an ideal, is core-free. If L is not a Lie algebra, then the following
conditions hold;

(i) Mon(L) is a minimal ideal of L;

(i1) Mon(L) is a maximal Abelian ideal of L;

(iii) L = Mon(L) & A for some Abelian subalgebra A;

(iv) Ann,(Mon(L)) = Ann , "*®(Mon(L)) = Mon(L).

Conversely, if L is a Leibniz algebra satisfying the above conditions, then every subalgebra of
L either is core-free or an ideal.

We note also that, in this case, a core-free subalgebra can be not Abelian. The following
example shows this.

Example. Let F be an arbitrary field, and let L be a vector space over F with a basis { a, b,
a, a, }. Define the operation [,] on L in the following way:

la,al=a,la, a]=a, la a)=~a, —a, |a b]=0,
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[b’ a] = al + 612, [b’ b] = 0’ [b; 611] = _a1, [b, 612] = —a2,
[al’ a] = Ov [611, b] = O) [6127 Cl] = 0, [Clz, b] = O7

[a1, ai] =0, [a1, a2] =0, [az, a1] =0, [02, az] =0.

It is possible to check that L is a Leibniz algebra, Leib(L) = Fa, + Fa,, Leib(L) = Mon(L), a
factor-algebra L/Mon(L) is Abelian. Proposition 1 implies that every subalgebra of L, which is
not an ideal, is core-free. But the subalgebra (b, a,) is not an ideal, is not Abelian and is core-free.

For Lie algebras, we obtained the following

Proposition. Let L be a monolithic Lie algebra, whose center is zero. Suppose that every sub-
algebra of L, which is not an ideal, is core-free. Then Mon(L) is a minimal ideal of L such that
Ann,(Mon(L)) = Mon(L), and the factor-algebra L/Mon(L) is Abelian. Moreover, every core-free
subalgebra of L is Abelian.

If Mon(L) is Abelian, the description is more detailed.

Let L be a Leibniz algebra, and let a be a some fixed element of L. Consider the mapping 7,
L —— L defined by the rule r (x) = [x, a], x € L. It is not hard to see that r, is a linear mapping,
pr,=r,,andr, +r,=r,  , foralla, b e Land B e F. Putc (x)=x+[x,a],x € L, ie, c(x)=
=i +r,(x), where i is an identity permutation of L. Clearly, ¢, is also a linear mapping.

Theorem D. Let L be a monolithic Lie algebra, whose center is zero. Suppose that every sub-
algebra of L, which is not an ideal, is core-free. If the monolith of L is Abelian, then the following
conditions hold;

(i) Mon(L) is a minimal ideal of L;

(ii) Mon(L) is a maximal Abelian ideal of L;

(i1) Ann, (Mon(L)) = Mon(L);

(iv) L=Mon(L) ® A for some Abelian subalgebra A,

(v)if L=Mon(L) & C for some subalgebra C, then there exists an element v € Mon(L) such that
C=c(A). Moreover, ¢, is an automorphism of algebra L.
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[IPO CTPYKTYPY AJITEBP JIEMBHIIIA, YCI IIJIAJITEGPU
AKNX € INIEAJTAMU ABO BIVIbHUMMU BIJT A/TPA

Aunrebpa L naj osnem F HasuBaeTbest anze6poio Jeibniya (Toutine, ieoio anzebpoio Jletibniya), IKIo BOHa 3a/10-
BOJIbHSIE TaKy TOTOHicTb JleiOuina: [[a, b], ¢] = [a, [b, c]] — [b, |a, c]] ang Bcix a, b, ¢ € L. Anrebpu Jleii6nina
SABJSAIOTH c00010 y3aranbHenHs anre6p Jli. [liganre6pa S anre6pu JleliGHina L HasuBa€ThCs BIIBHOIO Bij spa,
SKIIO S He MICTUTh HEHYJIbOBUX ijeasis. PosrigryTo anre6pu JleiiGuina, yci migaarebpu akux € izeanramu abo
BIJIBHUMU BiJl si/[pa.

Kntouoei caosa: anzebpa Jleubnivya, anzebpa Ji, ioean, nidanzebpa, ginvna 6i0 s0pa, monorimuuna anzebpa, exc-
mpacneyiaivia anzeopa.
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