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We obtain a description of solvable Leibniz algebras, whose subideals are ideals. A description of certain types of
Leibniz T-algebras is also obtained. In particular, it is established that the structure of Leibniz T-algebras essentially
depends on the structure of its nil-radical.
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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] =la,|b,c]] - [b, |a, c]] forall a, b, ¢ € L. (LI)

Leibniz algebras are generalizations of Lie algebras. Indeed, a Leibniz algebra L is a Lie algeb-
ra if and only if [a, a] = 0 for every element a € L. For this reason, we may consider Leibniz al-
gebras as "non-anticommutative” analogs of Lie algebras.

Leibniz algebra appeared first in the papers by A.M. Bloh ([1], [2], [3]), in which he called
them D-algebras. However, in that time these works were not in demand, and they have not been
properly developed. Real interest in Leibniz algebras arose only after two decades thanks to the
work by J.L. Loday [4], 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 func-
tions. The Leibniz algebras appeared to be naturally related to several topics such as differential
geometry, homological algebra, classical algebraic topology, algebraic K-theory, loop spaces, non-
commutative geometry, and so on. They found some applications in physics (see, e. g. ([5—7]).
The theory of Leibniz algebras has been developing quite intensively but very uneven. However,
there are problems natural for any algebraic structure that were not previously considered for
Leibniz algebras. They are the topics concerned with the relationship of subalgebras, ideals and
subideals. It should be noted, for example, that a natural question about the structure of Leibniz
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algebras, whose subalgebras are ideals, was only recently considered in work [8]. If, in the case of
Lie algebras, the structure of similar algebras is very simple (they are Abelian), the picture in the
Leibniz algebras is more sophisticated and interesting. We have analogous situation for cyclic
subalgebras: if, in Lie algebras, every cyclic subalgebra has dimension 1, in Leibniz algebras, a cy-
clic subalgebra can be of very complicated structure [9].

Let L be a Leibniz algebra over a field F. If A, B are subspaces of L, then [A, B] will denote a
subspace generated by all elements |a, b], where a € A, b € B. As usual, a subspace A of L is called
a subalgebra of L if [x, y] € A for every x, y € A. It follows that [A, A] < A.

Let M be a non-empty subset of L. Then (M) denotes the subalgebra of L generated by M.

A subalgebra A is called a left (respectively, right) ideal of L if [y, x] € A (respectively,
[x,y] € A) for every x € A, y € L. In other words, if A is a left (respectively right) ideal, then
[L, A] < A (respectively [A, L] < A).

A subalgebra A of L is called an ideal of L (more precisely, two-sided ideal) if it is both a
left ideal and a right ideal, i. e., [x, y], [y, x] € Aforeveryx e A,y € L.

If A is an ideal of L, we can consider a factor-algebra L/A. Tt is not hard to see that this fac-
tor-algebra also is a Leibniz algebra.

Note that the relation “to be a subalgebra of a Leibniz algebra” is transitive. However, for
Lie algebras, the relation “to be an ideal” is not transitive.

Therefore, it is natural to ask the question about the structure of Leibniz algebras, in which
the relation “to be an ideal” is transitive.

In this context, the following important type of subalgebras naturally arises. A subalgebra A
is called a left (respectively, right) subideal of L if there is a finite series of subalgebras

A=Ay<A<...<A =L

such that A; ;is a left (respectively, right) ideal of A, 1 <j < n.
Similarly, a subalgebra A is called a subideal of L if there is a finite series of subalgebras

A=A,<A<...<A =L

such that A].7 (is an ideal ofA]., 1<j<n.

The natural question on Leibniz algebras, in which the relation “to be an ideal” is transi-
tive, arises.

A Leibniz algebra L is called a T-algebra if a relation “to be an ideal” is transitive. In other
words, if A is an ideal of L and B is an ideal of A, then B is an ideal of L. It follows that, in a Leibniz
T-algebra, every subideal is an ideal.

Lie T-algebras have been studied by I. Stewart [10] and A.G. Gein and Yu.N. Muhin [11].
In particular, soluble T-algebras and finite dimensional T-algebras over a field of characteristic
0 were described.

In this paper, we will consider some generalized soluble Leibniz T-algebras. Let L be a Leib-
niz algebra. We define the lower central series of L

L=y (L) 27y (L) =2 ... 27, (L) 27, (L) = ... 2v,(L)

by the following rule: y,(L) = L, y,(L) = [L, L], and, recursively, v, . (L) = [L, vy (L)] for all ordi-
nals o, v,(L) =, -, v,(L) for the limit ordinals 2. It is possible to show that every term of
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this series is an ideal of L. The last term y5(L) is called the lower hypocenter of L. We have y4(L) =
~ [L (D).

If o = kis a positive integer, then y,(L) = [L, [L, [ L, ..., L] ... ] is a left normed product of k& co-
pies of L.

A Leibniz algebra L is called nilpotent if there exists a positive integer k such that y,(L) = (0).
More precisely, L is said to be a nilpotent of the nilpotency class c it y,, (L) = (0), but y (L) # (0).
We denote, by ncl (L), the nilpotency class of L.

As usual, a Leibniz Algebra L is called Abelian if [x, y] = 0 for all elements x, y € L. In an
Abelian Leibniz algebra, every subspace is a subalgebra and an ideal.

The center {(L) of a Leibniz algebra L is defined in the following way:

C(L)y={x e L|[x,y] =0=]y, x] for each element y € L}.

Clearly, £(L) is an ideal of L.

Let L be a Leibniz algebra. The subalgebra Nil(L) generated by all nilpotent ideals of L is
called the nil radical of L. Clearly Nil(L) is an ideal of L. If L = Nil(L), then L is called a Leib-
niz nil-algebra. Every nilpotent Leibniz algebra is a nil-algebra, but converse is not true even for a
Lie algebra. Note also that if L is a finite-dimensional nil-algebra, then L is nilpotent.

The subalgebra Ba(L) generated by all nilpotent subideal of L is called the Baer radical of L.
It is possible to show that Ba(L) is an ideal of L and Nil(L) < Ba(L). If L = Ba(L), then L is called
a Leibniz Baer algebra. Every nil-algebra is a Baer algebra, but converse is not true even for
a Lie algebra (see, e. g, [12]). Note also that if L is a finite-dimensional Baer algebra, then L is
nilpotent.

As in the cases mentioned above, the situation for the Leibniz algebra is much more complex
and diverse, than it was for Lie algebras. Here are few simple examples illustrating this point. Let
Fbe an arbitrary field, and L be a vector space over F with a basis {a, c}. Define the operation [ , ]
on L by the following rule: [a, a] = ¢, [c, a] = [a, ¢] = ¢, ¢] =0. Then L is a cyclic Leibniz algebra,
and Fc is its unique non-zero subalgebra. Moreover, Fc is the center of L, in particular, Fc is an
ideal of L. Thus, every subalgebra of L is an ideal.

Let now F = F, and let L be a Leibniz algebra constructed above. Put A = L @ Fo and let
[0, 0] =|o, c] =]|c, 0] =0, [0, a] = [a, v] = a. It is not hard to check that A is a Leibniz algebra and
L is an ideal of A. Moreover, if B is a non-zero ideal of A and L does not include B, then B = A.
As we have seen above, Fc is a unique non-zero ideal of L. But Fc = {(L), thus, Fc is an ideal of A.
Thus, A is a Leibniz T-algebra.

Let again F=F, and D=L @ Fu. Put now [u, u] =[u, c] = [c,u] =0, [u, a] = [a,u] =a + c. Itis
not hard to check that D is a Leibniz algebra and L is an ideal of A. As above, we can check that
D is a Leibniz T-algebra.

As we will see further, these examples are typical in some sense.

A Leibniz algebra L is called an extraspecial if it satisfies the following condition:

 {(L) is non-trivial and has dimension 1;
« L/¢(L) is Abelian,

Theorem A. Let L be a Leibniz T-algebra over a field F. If L is a Baer algebra, then either L is
Abelian or L = E ® Z, where Z < {(L) and E is an extraspecial subalgebra such that [a, a] # 0 for
every element a ¢ L(E).
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A Leibniz algebra L is called hyper-Abelian if it has an ascending series
O)=LySL <...<L <Ly, <..<L=L

of ideals, whose factors L, ,/L  are Abelian for all o <. If this series is finite, then L is called a
soluble Leibniz algebra.

The structure of Leibniz T-algebras essentially depends of the structure of its nil-radical.

Theorem B. Let L be a hyper-Abelian Leibniz T-algebra over a field F. If L is non-nilpotent
and Nil(L) = D is Abelian, then L = D @ V, where V= Fv, [v,0]=0, [v,d]=d = —[d, v] for every ele-
ment d € Nil(L). In particular, L is a Lie algebra.

Theorem C. Let L be a hyper-Abelian Leibniz T-algebra over a field F. If char(F) # 2, then
Nil(L) is Abelian.

We say that a field Fis 2-closed, if the equation x? = a has a solution in F for every element a #
0. We note that every locally finite (in particular, finite) field of characteristic 2 is 2-closed.

Theorem D. Let L be a hyper-Abelian Leibniz T-algebra over a field F. Suppose that L is non-
nilpotent and Nil(L) is non-Abelian. If a field F is 2-closed and char(F) = 2, then L = (Fe ® Fc) ® Fo,
where

le,e]=c, [c,e]=[e,c]=[c,v]=[0v,c]=0,
[o,0]=0,[v,e]=e¢+yc=[e,v] yeF
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ITPO AJITEGPU JIEMBHIIIA,
KOJXEH HMIAIZTEAJT AKX € [JIEAJIOM

Otrpumano onuc pos3s’sasuux anreOp Jleibuina, Bei migigeann axux € izeanramu. HaBegeno teopeMu, 1o 1aioTh
omnmc geskux Tuiis T-anre6p Jleitbmina. 3okpeMa, crpykrypa T-anre6p JleiiGHila icTOTHO 3a/e5KUTh Bil CTPYK-
TypH ii HiZTb-pajuKaIa.

Kmouosi cnosa: anzebpa Jleiioniya, ioean, nididean, T-anzebpa.
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OB AJITEBPAX JIEVIBHUIIA,
KAXKBIN ITOJANIEAT KOTOPBIX ABJIAETCA NIEAIOM

[Tosyueno onucanue pazpemumbix aare6p JleitbHuiia, Bee mopueabl KOTOPbIX ABJISIOTCS ujeaiamu. [IpuBeaeHbt
TEOPEMBI, KOTOPBIE Af0T OTMCaHNe HEKOTOPHIX TUTIOB T-anre6p Jleitbuuia. B wactHocTH, cTpykTypa T-anre6p
JlelibHuUIa CYIECTBEHHO 3aBUCUT OT CTPYKTYPbI €€ HUJIb-PajIUKaJIa.

Knoueswie cnosa: anzebpa Jleiibnuya, udean, nooudean, T-anzebpa.
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