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WITT’S THEOREM FOR GROUPS WITH ACTION AND
FREE LEIBNIZ ALGEBRAS
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Abstract. A subcategory of the category of groups with action is determined
and it is proved that the functor defined in [2] takes free objects from this
category to free Leibniz algebras. This result gives a solution to a problem
stated by J.-L. Loday [6], [7] and is an analogue of Witt’s theorem for groups
and Lie algebras [10].
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INTRODUCTION

In [6], [7] J.-L. Loday stated the problem to define algebraic objects called
“coquecigrues”, which would have an analogous role for Leibniz algebras as
groups have for Lie algebras. In particular, the author writes: “... it is reason-
able to expect that a coquecigrue is equipped with a lower central series whose
graded associated object is a Leibniz algebra. Moreover, a free coquecigrue
should give rise to a free Leibniz algebra (analogue of the Witt theorem which
says that the Lie algebra associated to a free group is free)” [7].

In [2] we defined the notion of central series for groups with action on itself
and gave an analogue of Witt’s construction [10] for such groups. We intro-
duced a condition for the action of a group (see Section 1 below, Condition
1); we defined the category of groups (abelian groups) with action on itself
Gr¢ (Ab°) satisfying Condition 1 and the category of Lie—Leibniz algebras LLIL.
It is proved in [2] that the analogue of Witt’s construction defines a functor
LL : Gr® — LIL. This functor leads us to Leibniz algebras (defined in [5]) over

the ring of integers 7Z by taking the compositions Gr¢ A Ab® — Leibniz ,

Gre 5 LL % Leibniz , where A is the abelianization functor, L = LL‘ Abe

and Ss is the functor which makes the round bracket operation trivial (see Sec-
tion 1 for details).

In this paper we introduce two conditions (Conditions 2 and 3) between round
and square brackets for the objects of Gr and according to these conditions
define subcategories Gr and LL of Gr¢ and LI, respectively. We prove that
the functor LL takes free objects from Gr to free objects in LI (Theorem 3.2).
The composition S OLL‘@ : Gr — Leibniz gives free Leibniz algebras for free

objects from Gr (Corollary 3.11). In particular, the functor L : Ab® — Leibniz
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takes free objects to free Leibniz algebras (Theorem 3.3). The results obtained
in [2] (Theorem 3.6) and in this paper (Section 3) give an analogue of Witt’s
theorem for Leibniz algebras and a solution to the problems stated by J.-L.
Loday in [6], [7].

In Section 1 we recall some definitions and main results from [2]. We introduce
Conditions 2 and 3 for groups with action on itself and denote the corresponding
subcategory of Gr¢ by Gr. It is proved that if A and B are ideals of G in Gr,
then the commutator [A, B] is also an ideal of G (Proposition 1.5). For ideals
A, B,C of G in Gr it is proved that

[4,B,C1] < [[4,B).C] + [[4,C), B]

(Proposition 1.6). These two statements are well-known for the case of groups.
Applying these results we prove that for the objects G,, n > 1, in the definition
of central series of groups with action from Gr we have G,, = [G,,_1, G]. From
this fact we deduce that for the objects G,, = G,, /Gri1, G € Ab°, we have only
those identities which are inherited from the identities of G by identifying the
elements ¥ ¥ = T, where z € G,,, y € G, 2¥ denotes an action, and T denotes
the corresponding class in G,,.

In Section 2 we construct free objects in the categories Gr® (resp. in Gr¢,
Ab°, Gr) and Leibniz.

In Section 3 we discuss questions concerning identities in Gr® between round
and square brackets. We consider a certain set of possible identities in Gr®; easy
computations show that none of them is true in Gr*® (even in Gr°). Nevertheless
we cannot claim that there are no more identities between round and square
brackets in Gr® or in Gr. We denote the possible set of identities in Gr by £ and
the corresponding set of identities in ILIL, inherited from F due to the functor
LL = LL|E : Gr — LIL, by E; we define the full subcategory LL C LI

of all those Lie-Leibniz algebras over 7 which satisfy identities from E. We
prove that if G is a free object in Gr, then LL(G) is a free object in LI
(Theorem 3.2). In the same way, applying Proposition 1.13 it is proved that
the functor L : Ab® — LLeibniz preserves the freeness of objects (Theorem 3.3).
As a corollary we also obtain that the composition Sy - LL : Gr — Leibniz
corresponds to free objects in Gr free Leibniz algebras over Z. Of course, it
would be simpler to prove the commutator properties and Proposition 1.11
for Ab®, then to show that the functor L preserves freeness, and since the
abelianization functor A : Gr — Ab® has the same property, the composition
LA : Gr° — Leibniz would preserve freeness, too. Nevertheless we think that
the general Lie-Leibniz case is interesting and that under Conditions 2, 3 we
can show the properties of commutators in Gr, prove Proposition 1.11 and that
the functor LL : Gr — LI takes free objects to free objects, from which fact
we easily deduce the corresponding result for Leibniz algebras.
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1. THE CATEGORIES Gr¢ AND Gr AND SOME PROPERTIES OF
COMMUTATORS FOR GROUPS WITH ACTION

We recall from [2] the definitions of the categories Gr®, Gr¢, the notions of
an ideal, commutator and central series of objects of (Gr®, the construction of
the functor LL : Gr® — LL. Further we introduce the category Gr and prove
certain properties of commutators of objects of Gr, which are known for the
case of groups.

Let Gr® be the category of groups with action on itself from the right side
[2]. Thus the objects of Gr® are groups with the additional binary operation
£:G x G — G with

e(g. g +9") =(e(9,9), 9",
£(9,0) =g,

e(g' +9",9) =¢ld,9) +elg",9),
£(0,9) =0

for g,¢',¢" € G. Denote €(g,h) = g", g,h € G. We denote the group operation
additively, nevertheless the group is not commutative in general. A morphism
(G,e) — (G',€') is a group homomorphism ¢ : G — G’ with ¢(g") = ¢(g)*™.
Let Gr° be the full subcategory of Gr® of those objects which satisfy
Condition 1. For each z,y,z € G, G € Gr*
x— B p vt gt -t =0,
Define [g,h] = —g + g", for g,h € G, g € Gr*.

Condition 1 is equivalent to
Condition 1'.

(2, [y, 2]] = [[z, 9], 2"] + [ = [, 2,%7], 29,2 €G.
In [2] we introduced the notion of an ideal in Gr*:
A nonempty set A of G € Gr® is called an ideal of G if it satisfies the following
conditions:
1. A is a normal subgroup of GG as a group;
2. a9 € A, fora € A, g € G,
3. —g+g*€ A, forae Aand g € G.

Let A and B be subobjects of G, G € Gr*. Denote by {A, B} the subobject
of G generated by A and B. By definition [2], the commutator [A, B] is an ideal
of {A, B} generated by the elements

{[a,b],[b,a], (a,b) |a € A, be B},

where (a,b) = —a—b+a+Db.
Recall that an {2-group is a group with a system of n-any algebraic operations
2 (n > 1) which satisfies the condition

00...0w =0,

n
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where 0 is the identity element of G and w € ) is an n-any operation [4]. For
the original theory of Q-groups see [3].

It is proved in [2] that for an object G € Gr® considered as an Q-group, where
(2 consists of one binary operation of action, the definitions of a commutator
and an ideal are equivalent to the corresponding definitions for Q2-groups.

For the square bracket we have [2]

[ga hl + h2] - [ga hl] + [gh17h2] = [g’hQ] + [g’hl]hQ;

g+, 0 =lg.h" + g\ 19,01 =[0,g] =0,

where 2° = —g+x+g, 7,9 € G.
From (1.1) it follows that

[g7 _h] = _[gihv h’] = _[gv h]ih; [_gvh] = _[g7 h];g (12)
For the round bracket we have (g, h) = —(h, g) and the analogous to (1.1) and
(1.2) identities

(1.1)

ha

(g + ha) = (g, 1) + (g ha) = (g, ha) + (g, )™

(g+9.h) = (9. B)" + (g h): (13)
(9.0) =(0,9) =0,

(9.—h) = —(g.h) " & (~g,h) = —(g, h)

These identities are well-known for groups (see, e.g., [9]) and are the special
cases of (1.1) and (1.2).
Recall from [2] that the (lower) central series

(1.4)

G=G1D2Gy;D---DG, DGpy1 D+
of an object G of GGr® is defined inductively by
Gy = [G1, G + [Go, Gro] + - + [Gro1, G4,

where for the subobjects A, B C G, [A, B] denotes the commutator and A + B
the subset of G defined by A+ B = {a+0b, a € A, b € B} [2]. We have
|G, Grn) € Grym and it is proved (Proposition 3.2 [2]) that for each n > 1,
Gy is an ideal of G,,.

Let k£ be a commutative ring with the unit. Recall [5] that a Leibniz algebra
A over k is a k-module A equipped with a k-module homomorphism called a
square bracket

[ 5 ] . A ®k A — A

satisfying the Leibniz identity

[IL’, [yv Z” = [[Ia y]a Z] - [[Iv Z]a y]
for z,y,z € A.
A Lie-Leibniz algebra over k is a k-module A together with two k-module
homomorphisms

(, )[,]: A A— A
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called a round and a square bracket, respectively, such that (z,z) =0 for z € A
and both Jacobi and Leibniz identities hold [2].

Let Lie, Leibniz and LIL denote the categories of Lie, Leibniz and Lie-Leibniz
algebras over the ring of integers Z, respectively. The functor LL : Gr® — LIL
is defined on objects as

LL(G) =G1/Ga @Gy /G3 @ - DG /Gry1 @ -+ .

Here each G;/G;1 is an abelian group and @ denotes the direct sum of abelian
groups. The round and square bracket operations

(,), [,]:LLIG)® LG) — LL(G)
on LL(G) are induced by the maps
(s Jmns [ Jmn : G X Gy = Gryan,
defined by the round and square brackets in G, respectively:
z,y = (2,9),
z,y — [z,y]

(see Theorem 3.6 of [2]).
We have the following diagram

Ab*

(1.5)

E2 El

Leibniz LL Lie |
S1 Sa

where Ab is the category of abelian groups with action on itself satisfying
Condition 1, A is the abelianization functor, which is left adjoint to the full
embedding functor E. The functors S; and S make square and round brackets
trivial, respectively, and are left adjoints to the full embedding functors E; and
Es, respectively. The functor L is constructed analogously to the functor LL,
we can write L = LL| ape and Wis the functor defined by Witt’s theorem [9],
[10], the functor ¢); makes the action of the group trivial and is left adjoint to
the functor T" which considers a group as a group with trivial action on itself;
the functor ()3 makes the action of the group as an action by conjugation (i.e.,
Q2(G) is the quotient of G by the equivalence relation generated by the relation
g" ~ —h+g+h,g,h € G Ge Gr, and C is the functor which considers
a group as a group with the action by conjugation on itself. The functors @,
and @9 are left adjoints to T and C, respectively. We have LLoT = E; o W,
Eyo L =LLo E [2]. We will return to this diagram in Section 3.

For the case of groups it is proved that if A and B are normal subgroups
of G, then the commutator (A, B) is also a normal subgroup of G. Below we



696 T. DATUASHVILI

will show that the analogous statement is true for a certain type of groups with
action on itself.

Condition 2. [z%,(y,2)] = [(z,y), 2"] + [ — (=, 2),y*].
Condition 3. (2Y,[y,z]) = ([z,9],2") + ( — [z, 2], v7).

In Section 3 we will see that the objects of Gr® do not generally satisfy these
conditions. Note that for groups with trivial action on itself, or with action by
conjugation, Conditions 1’, 2 and 3 are always satisfied. The same is true for
the example Z* from [2]; recall that Z® is the abelian group of integers with
the action on itself z¥ = (—1)Yx. Thus the round bracket is zero in this case.
For any set X, consider a free object Fx on the set X in the category Gr® (see
Section 2 for the construction of free objects in this category). Let Fx/ ~ be
the quotient object, where ~ is the minimal equivalence relation generated by
the relations expressed in Conditions 1’, 2 and 3. Then Fy/ ~ is an object of
Gr° which satisfies the above two conditions.

Denote by Gr the full subcategory of Gr® of those objects which satisfy
Conditions 1, 2 and 3. Thus Gr is the full subcategory of Gr°.

Since groups with action are Q-groups, [A, B] is an ideal of G if and only if
[[4, B],G] C [A, BJ (see [4] or Proposition 2.12 of [2]).

Now we are going to prove the statements concerning some properties of
elements of [A, B], {A, B} and G, where A and B are ideals of G. These
statements readily imply that [A, B] is an ideal of G if A and B are ideals of G
and G € Gr. Note that in this case {4, B} = A + B and this object is also an
ideal of G (Proposition 2.5 of [2]).

Below for g, h € G, gQ: —h+g+h.
Lemma 1.1. Let a,b,g € Gr*. Then we have

0 (@)= @)
(i) (a*) = (a")".

The proof is an easy computation of both sides.

Lemma 1.2. Let A and B be ideals of G € Gr. Then for anya € A, b € B,
g € G the elements

,a, b]7, b, a)?,
(a,b), [g,]a,b]], [9.[b,al], [9; (a,b)]

belong to [A, B].

Proof. We have

[, b =—g+abl+g=—g—a+ad+g=—g—a+g+(a’)*
4(—b) SB) g(b)
=—g—a+g+(a ) =—-g—a+g+a —a
(-0 (D)

+(a ) =—g—atg—g+tat g™+ [a" ]
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)

——g—a+g—g" " +a+g"" —g+g+ a1
9 A
=(a,t)" + |ab],
where V' = g — g™ € B, since B is an ideal, which proves that [a,b]” € [A, B].
We have [b,a]” € [A, B], since [b,a]” € [B , A] by the above-given proof and
2

(B, Al = [A, B] [2],
(a,b)" € [A, B], since (a,b)” = (a",b").
For the next element we have
[a,b]? = —a? + a""9 = —a? 4+ a9 = [0, V'] € [A, B,

where i/ = —g+ b+ g € B, here we apply the fact that B is an ideal of G.
From the previous result and from [B, A] = [A, B] it follows that [b, a9
(A, B].
It is easy to see that

(a,b)? = (a%,19) € [A, B].
For the element |[g, [a, b]] we apply Condition 1":

[9.a,0]] = [(g7)" [a.b]] = [lg™" al.b V] + [~ [g7, 0], a"].
This element is from [A, B], since A and B are ideals of G and [A, B] = [B, A].

From the previous result it follows that [g, [b,a]] € [A, B]. In the same way
applying Condition 2, we prove that [g, [a,b]] € [A, B]. d

Remark. We do not need to check that elements of the type (g,t) belong to
[A, B], where t is a generator of [A, B], since

(9,t) € [A,B] & (t,g) € [A,B] &t € [A,B].
The latter inclusion has been considered in Lemma 1.2.

Lemma 1.3. Let A, B be ideals of G, G € Gr°. For g € G, t,t; € [A, B],
i=1,2

(a) If [g,t;] € [A,B],i=1,2, then [g,t; +t2) € [A, B].

(b) If [ti,g] € [A,B], i=1,2, then [t; +ts,9] € [A, B].

(c) If lg,t] € [A,B], then [g,—t] € [A, B].

The proof follows from (1.1) and (1.2).

Lemma 1.4. Let A and B be ideals of G, G € Gr. If fort € [A, B] and
any g € G we have t9,t",[g,t] € [A, B], then for any g, € {A, B} the following
elements

(tg1)g7 (tﬁ)gv [glat]ga
(tgl)ga (t£)27 [91775]27

[gvtgl]’ [g’tﬂ]v [gu [gl7tu
belong to [A, B].
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Proof. Tt is obvious that (£91)¢, (t*)* € [A, B]. By Lemma 1.1, for the elements
g g g o791 . .
(t9)*, (t7)9 we have (t9)" = (¢ )9t € [A, B]. Since {A,B} = A+ B is an

ideal, ()9 = (tg)@ € [A, B], and therefore ¢/ € {A, B}.
For the element [gy, ]9 we have

(91, 1) = —g7 + g?—g =—gi + gf—i_t = [gi]?t,] € [A, B],
where t' = —g+t+ g € [A, B], and ¢{ € {A, B}.

For the element [g1,]" we will show that ([g,t],g) € [A, B], from which it
follows that [g;,t]" € [A, B]. Applying Condition 3, we obtain

([glvt]a (g—g1>91) = (giv [tvg_gID - (_ [glag_gl]atg<7gl)) € [A, B]

For the element [g, t9'] we show that [g, [¢, ¢1]] € [A, B], from which, by (1.1),
it follows that [g,t9'] + [g, —t]* € [A, B]. Since [g,t] € [A, B] = [g,—t] €
[A, B] = [g, —t]""" € [A, B], which implies that [g,#9'] € [A, B].

By Condition 1’ we have

(9.1t g1]] = [lo™". 11,0 ]+ [~ [0~ 0u). 1]
€ [[4,B,{A,B}] + [{A, B}, [A, B]] C [A,B].

For [g,t™] € [A, B] we show that [g, (t,¢1)] € [A, B], which can be done analo-
gously to the previous proof by applying Condition 2.
For the element |[g, [g1,t]] we have

9. 191.4] = [(g7) (g1 ] = [[g7 ], "] + [ = [97, 1], 91]
€ [{A, B}, [A, B]] + [[A, B],{A, B}] C [A,B]. 0

Proposition 1.5. Let A and B be ideals of G € Gr. Then the commutator
[A, B] is also an ideal of G.

Proof. By Lemmas 1.1-1.4 we have proved that the generators of [A, B] (as an
ideal of {A, B}) satisfy the conditions: 7, t*, [g,t] € [A, B] for any g € G,
where ¢ is any generator of [A, B] (Lemma 1.2), and from Lemmas 1.3, 1.4 it
follows that if the generators satisfy these conditions, then any element of [A, B|
satisfies the same conditions, which is a necessary and sufficient condition for
[A, B] to be an ideal of G, which proves the proposition. O

Remark. From the above-proven lemmas we obtain [[A, B], C| C [A, B] which
is a necessary and sufficient condition for [A, B] to be an ideal of G [2], [4],
and this is another similar way to prove Proposition 1.5 by applying the same
lemmas.

If A, B,C are normal subgroups of a group G, we have

(A,(B,0)) C (B,(C,A4)) + (C.(A,B)), (1.6)

where (A, B) denotes the commutator subgroup of G (see, e.g., [9]).

For groups with action on itself the analogous inclusion for square brackets
does not hold in general for the ideals A, B, C of GG, when G € Gr®, nor in the
case when G satisfies the Condition 1’ (i.e., G € Gr°).
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Proposition 1.6. Let G € Gr and A, B, C be ideals of G. Then we have
[A,[B,C]] c [[A,B],C] + [[A,C, B].
For the case of groups this result gives (1.6). We have formulated the right

side of the inclusion in this form, since it is more convenient for the proof using
Conditions 1’ 2, 3. We need several lemmas. For simplicity, denote

DA,B,C - [[Av B],C] + [[Av C],B]

By Proposition 1.5, [A, [B, C]] and D are ideals of G, therefore it is sufficient
to prove that the generators of [A,[B,C]] (as an ideal of {A,[B,C]}) belong
to D. By the definition of a commutator, [A, [B,C]] is an ideal of {A, [B, C|}
generated by the elements

{la,],[t,al, (a,t)|a € A, t € [B,C]}.
The commutator [B, C] itself is an ideal of {B, C'} generated by the elements
{[bc],[c,b], (b,c)|be B, ceC},
and we have {B,C'} = B+ C, since B and C are ideals of G.

Lemma 1.7. Let A, B and C be ideals of G, G € Gr. Fora € A, b € B,
c € C the elements

[a, b, c]], [a, e, bH, [a, (b, c)}, [[b, c],a],
[[c, b],a], [(b, c),a], (a, [b, c]), (a, e, b]), (a, (b, c))
belong to D spc.

Proof. For the first element we apply Condition 1’. We have
[a, (b, CH = [(a_b)b, (b, CH = [(a_b,b),c“(iw] + [— [(a,c),bc} € Dapc.

For the next element we apply the first result and we have [a, [¢,b]] € Dacp =

D pc.

In the same way, applying Conditions 2, 3 and also the corresponding Witt—
Hall identity for commutators in groups, we prove that all elements given in the
lemma belong to D. U

Lemma 1.8. Let A, B and C be ideals of G, G € Gr, and t; € [B, ],
i=1,2.
If (a,t;) € Dapc, i = 1,2 for any a € A, then

(a,tq +t2) € Dape.
If [a,t;] € Dapc, i = 1,2 for any a € A, then
la,ty +to] € Dagc.
If [ti,a] € Dapc, i = 1,2 for any a € A, then
[t1 +t2,a] € Dagc.
The proof follows from (1.1) and (1.3) and the fact that D is an ideal of G.
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Lemma 1.9. For any ideal I of G, G € Gr*® and elements g,h € G,
]f [g7h] EI; then [_gvh]: [ga_h] el
]f (gah) EI; then <_gah>7 (ga_h) el

The proof follows from (1.2) and (1.4) and the fact that [ is an ideal of G.

Lemma 1.10. Let A, B and C be ideals of G, G € Gr. For anyt € [B,C],
any a € A and any x € {B,C} we have:
(a) la,t] € Dapc, then [a,t"] € Dape.
b) la,t] € Dapc, then [a,t] € Dapc.
¢ [aa [%,t]] € Dapc-
a’) If (a,t) € Dapc, then (a,t*) € Dapc.
) If (a,t) € Dagc, then (a,t”) € Dapc.
C//> (CL, [l‘, t]) € Dapc.

a
b”) ]f [t,a] € Dagc, then [ng7 CL] € Dypc.
(C//) HZL‘,t],CL] € DABC-
Proof. We will show that |[a, [t, z]] € Dage, from which it follows that [a,t*] €

D 4pc. Since B and C are ideals of G, {B,C} = B+, any element z € {B,C'}
has the form x =b+c¢, b€ B, c € C. We have

la,[t, b+ d]] = [a,[t,0] + [t ]] = [a, [t 0] + [a[t’b], [t°, c]].

By Proposition 1.5, [B, C] is an ideal of G. By Lemma 1.7 applied for A, [B,C|, B
and A, [B,C], C we obtain

la,[t,b+c]] C Dapeys+ Dapeye C Dacs+ Dape = Dape,

since [B,C] C C, [B,C] C B (since B and C' are ideals of G) and Dycp =
D spc. We have

[a, [t,2]] = [a, —t + ] = [a, "] + [a, —1]"").

Since [a,t] € D, by Lemma 1.9 [a,—t] € D, and since D is an ideal of G,
[a, —t]*) € G. This proves that [a, %] € Dapc.

(b) is proved in an analogous way; we prove first that [a, (¢,2)] € Dapc for
any a € A, t € [B,C], x € {B,C}, from which it follows that [a,t"] € Dapc.

(c) Since x = b+ ¢, for b € B, ¢ € C, we have

[0, [z, 1] = [a, b+ ¢, 1] = [a,[b,8)° + e, 1] = [a, [b,8]7] + [a®" [c,]].
[?, Il €

In the same way as in (a), applying Lemma 1.7 we can prove that [a, [b, ¢
) we

DAB[B,C] C Dapc and [a[b,t]£7 [67 t]] C DAC[B,C] C Dacp C Dape. By
have [a, [b,t]7] C Dapc, since [b,t] € [B,[B,C]] C [B,C] and c € {B,C}.
(@), (b), (<) are proved in a similar way.
For (a”) we first show that [[t, z],a] € Dapc. We have

[t,a),a] = [l66+ a] = [0+ [, )] = [[t,8,a]™ + [i# ], a].
Applying Lemma 1.7, we show that [[t,b],a] € Dap,c) C Dapc and since

%]

D 4pc is an ideal of G, we have [[¢, b], a][i € Dupc.
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Next, we show by Lemma 1.7 applied for t* € [B,C], ¢ € C, a € A, that
the element [[t*, c],a] from [A, [B, C],C]] is included in D4(p cjc and hence in
D apc, since B is an ideal of G and [B,C| C B.

Applying Lemma 1.9, from [[t, x], a] € Dapc it follows that [t*,a] € Dage.

(b”) We begin with proving that [(t,z),a] € Dapc. We have

[(t,b+¢),a] = [(t,c) + (t,b),a] = [(t,c),a]MJr [(¢,b)%,a].

Again by Lemma 1.7 [(t,¢),a] € Dap,cjc C Dape, from which [(¢,¢), a]
Dapc.
For the second summand we have

[(£,b)",a] = [(°,b),a] € Da,cjp C Dacs = Dagcs

hence [(¢,x),a] € Dapc.
We have

(t,b)°

()] = [+ #5) = [~ 0]+ [F,a].
By Lemma 1.9, [—t,a] € Dapc and therefore [—t,a]™ € Dapc, from which
[tﬁ,a] < DABC’- o
(¢") We have [[z,t],a] = [[c+ b,t],a] = [[c, t]" + [b, t],a] = [[c, t]b,a}; +

[[b, t], a] )

By Lemma 1.7,
[[b,t],a] C Dapcip C Dage.
For the first summand we have [c,t] € [B,[B,C]] C [B,C]; [l t],a] €
Da,cjc € Dape by Lemma 1.7. Thus for ¢’ = [c,t] we have [t',a] € Dapc.
From (b”) we obtain

[(t’)g,a] € Dapc since be {B,C},

and therefore "

[[Cv t]éu a]i € DABC)
since D spc is an ideal of G. This ends the proof of the lemma. O

The proof of Proposition 1.6 follows from Lemmas 1.7-1.10.

Lemma 1.11. If G € Gt, then for
G, =[G1,Gn 1]+ [Ge,Gpal + -+ Gpq,Gi]
we have
G, = [Gn_1, G, (1.7)
forn > 1, where G; = G.
Proof. For n = 2,3 (1.7) is trivial. For n = 4 we have
Gy = [G1,Gs] + [Ga, Go] + [G3, G4].

Thus [Gs, G1] C Gy, and for G4 C [G3, G1] we will show that [Go, Go] C [G3, G4].
We have

[GQ,GQ] = [[Gl,Gl],GQ} C [Gl, [Gl,GQH + [Gl, [Gl,GQH - [Gg,Gl],
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since [G, G| C Gs.
Assume that (1.7) is true for any Gj, where [ < n. For [ = n we have
|Gr—1,G1] € G,. We have to show that

[kaank] - [anl,G] for 1<k<n. (18)

For k = 1, [Gl, anl] = [anl,G].

For k = 2, by Proposition 16, [GQ, Gn,Q] = [[Gl, Gl], Gn,Q] C [Gl, [Gl, Gn,Q]]—F
(G1, Gy, Gp_s]] = [Gr-1, G, since [G1,G,_2] = G,,—1 by our assumption.

Suppose that (1.8) is true for 1 < k <t —1, where t < n. We will show (1.8)
for k =1t.

By our assumption, G; = [G;_1, G]; therefore

|G, Grt] = HG; G-, Gn—t} C [G, (Gi-1, Gn—t] + [Gt—h G, Gn—t]
C [Gv anl] + [thla antJrl] C [G7 anl] + [anla G} = [anla G]?

here we have used the facts that [Gi_1,G,—] C Guo1, [G,Gnt] C Gp_ti1
and that, by our assumption, [Gy_1,Gn_i11] C [Gnp_1,G],which proves the
lemma. O

From this lemma the construction of the functor Gr® — LLIL becomes simpler
for the objects of Gr. Namely, if G € Gr, then

LL(G) = iGn /Gy, G]. (1.9)

Let G be a free object in Gr (see Section 2 for the construction) and G,, =
(Gr-1,G], n > 1. Let E be the set of all defining identities between the brackets
(both round and square) in G,,, n > 1, and E the set of all defining identities
which satisfy the elements of the groups G, = G,/[G,,G], n > 1. Under
“defining identities” we mean that any identity in G follows from the identities
from F.

Remark. We could define G,, from the beginning by (1.7), but we would need
Propositions 1.5 and 1.6 for proving [G,, G| C Gpim, which we have applied
in proving Theorem 3.6 [2].

If G is a free object in Gr, then we have Conditions 1’,2,3 for the elements of
G, but there can be more identities between the round, and round and square
brackets. In the case of Ab® we have another picture, the only identity we have
in Ab® is Condition 1’ (and of course its consequences).

Let G be a free object of Ab® and g1,...,g9x € G. Let P(gy,...,gr) be any
expression of the elements g;,7 =1, ...,k and bracket operations in G.

We say that P is a pure n-bracket if after decomposing each g; in terms of
brackets it contains only n-brackets. Here we have in mind that Ab® = Abl and
the corresponding isomorphism for Ab°. For example, for the basis elements
x1, 9, w3 of G, [x1, |2, z3]] is a pure 3-bracket. If g is a pure m-bracket and h
is a pure k-bracket, then [g, h] is a pure m + k-bracket.

According to Condition 1/, it may happen that a linear combination of pure
n-brackets is an element of G, ;.
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Lemma 1.12. Let G be a free object in Ab®. If P(g1,...,q;) € Gy 1is
a linear combination of pure n-brackets in G and P(g1,...,g:) € Gny1, then
P@@L,...,5) = 0 in G, = G,,/Gny1 is either the Leibniz identity or its conse-
quence.

Proof. There exists an expression Q() € G,.; with n + 1 brackets such that
P() —Q() = 0. Since G is free, P() — Q() = 0 is either equivalent to Condition
1" or to its consequence. Now the proof is a direct computation. Take xz,y, z
as pure k,l, m-brackets, respectively, in Condition 1’, with k& + 1+ m = n.
Then from (1.1), (1,3) and the fact that g" = g + [g, h], for any g,h € G we
obtain that the pure n-bracket combination part of Condition 1’ has the form

[z, [y, 2]] = [[z, y], 2] + [[x, 2], y]. Note that in Ab® we have [—g, h] = —[g, h]. The
same result we have in the case P() — Q() = 0 is equivalent to a consequence
of Condition 1’, which ends the proof. O

Proposition 1.13. Let G be a free object in Ab°. Then the elements of the
object L(G) (L : Ab® — ILeibniz) satisfy only the Leibniz algebra identities
for square brackets i.e., the square bracket operation is bilinear and in G, =
G./Gni1, n > lwe have the Leibniz identity

z.[5.2)] = [[.9.7] - [[=.2.9],

where x,y,2 € G and T € G, § € Gy, Z € G, denote the corresponding
elements with m + 1+t =n.
Proof. Suppose G is free in Ab® and we have in G, the identity or relation
P(zj;) = 22:1 Pi(Zj1,...,%j) = 0, where Each P; deilotes a bracket element in
P, ¥ denotes the sum of these elements in G, Z;; € Gji, k1 +- -+ kjy =n,j =
1,...,l. We suppose that each T;; # 0 and P contains at most n brackets. For
each inverse image z/; in Gy, j = 1,...,1, i =1,...,t (i.e., 2}, — Tj;, by the
natural homomorphism Gyj; — Gy;i) we have P(z);) = 22:1 Py}, ..., 7%) €
Gpy1. Since each 7;; # 0, we have xj; ¢ Gyjip1, thus each z;; contains kji
brackets as a summand. Hence each Z;; has an inverse image 2;; € Gyji, Tji —
Tj;, and Zj;; is a pure kji-bracket. We have P(zj;) = 22:1 P(Tj,...,T5) €
Gni1, and each Pj(T;y,...,T;) is a pure n-bracket. P(Z;) = P(T;) and, by
Lemma 1.12, P(Z;;) = 0 is either the Leibniz identity or its consequence. [

Remark. In Ab®, Condition 1 has the form

N A N s ()

which is, of course, equivalent to Condition 1’.

Direct computations show that in Ab® we have the identities

[_g7h] = _[ga h‘]?
[g>_h]: [_gah]_ha [gvh]a::[gx7h]7 x,g,hEGG/Abc.
The first two identities could be obtained from the identities in Gr®
[_gv h]g = _[97 h]a
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g, —h];g = [—g, h]*h, g, h € G' € Gr°,

applying the functor A : Gr° — ADb°. It is easy to see that these identities
follow from (1.2) and all the above identities do not give new identities for

LL(G"), or L(G).

2. FREE OBJECTS IN Gr®, Gr, Ab® AND Leibniz

In this section we give the construction of free objects in the categories of
groups with action. We define free objects in Leibniz and Lie-Leibniz algebras
and recall the free Lie algebra definition; we give the construction of free Leibniz
algebras.

Let X be a set, My be the free magma generated by X. Recall (see, e.g.,
[1] or [9]) that a magma is a set M with a (generally nonassociative) binary
operation

M x M —— M .

We write the elements of Mx in a “vertical way”; so the elements of My have

the form
o 1
Tt—1yiy_1 T3
) CUtz
. xﬂ

xtlt

Tt—1,3

Tg—1,2
Teg—1,1

T4y

x13
Z12
Z11

where z, v, € X, j=1,2,...,t, s =1,2,...4;.

We denote this kind of elements by = to indicate that the element (2.1) is
presented by the element x € X.

Let F(Mx) be a free group generated by Mx. The operation in F(Mx) we
denote by “4”, so the elements of F(My) have the form

tz, 2, £--- L7,
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where z; is an element of type (2.1) for each ¢ = 1,...,n. The empty word
(neutral element) of F(Mx) we denote by 0.
Define in F(Mx) the action of elements by

(@) ooy, T

(Ynm
™) (e |

(x) ++z,) =2+ +z,, 0@ F+2n) —
Now it is easy to see that the following statement holds.

Proposition 2.1. The object F(Mx) is a group with action on itself and it
is the free object in Gr® generated by the set X.

Let ~ be a minimal equivalence relation on F (M) generated by the relation
defined by Condition 1. Then we obtain

Proposition 2.2. The object F(Mx)/ ~ is the free object in Gr® generated
by the set X.

In the same way we construct free objects in Gr and Ab°.
On the other hand, in diagram (1.5) the functor A is left adjoint to the full
embedding functor E and therefore we obtain

Proposition 2.3. A(F(Mx)/ ~) is the free object in Ab® generated by the
set X.

In the following definition all algebras are considered over a commutative ring
k with the unit.

Definition 2.4. Let X be a set. A is a free Lie-Leibniz (respectively Lie,
Leibniz) algebra with basis X if there is an injection X — A and for any Lie—
Leibniz (resp. Lie, Leibniz) algebra B and a map o : X — B, there exists a
unique homomorphism @ : A — B of Lie-Leibniz (resp. Lie, Leibniz) algebras
such that the diagram

1S commutative.

Here we give a construction of free Leibniz algebras. Let k be a commutative
ring with the unit and X be any set. Denote by W (X) the set of all those formal
combinations of square brackets and elements of X, which do not contain the
words of the form [a, [b, c|], where a,b, ¢ are elements of X or combinations of
elements of X and brackets. Let F'(WW (X)) be the free k-module generated by
the set W (X). Consider the map n: W(X) x W(X) — F(W(X)) defined by
n(wy, we) = [wy, ws] if [wy, we] € W(X); for [wy, wy] ¢ W(X) we decompose the
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word [wy, ws]| according to the Leibniz identity and express it as a sum of the
words from W (X) in F(W(X)). We define n(wy,ws) as this final sum. Note
that any two different decompositions give the same element of F'(W(X)). We
define the bracket operation on F(W (X)) as the k-linear extension of the map n
to F(W(X)). It is easy to see that the obtained object is a free Leibniz algebra
on the set X (cf. [8]).

3. IDENTITIES IN Gr® AND THE MAIN RESULTS

In this section all algebras (Lie, Leibniz, Lie-Leibniz) are considered over the
ring of integers Z.

We investigate a question of the existence of identities between round and
square brackets in Gr®. If F is the set of identities for the category Gr, we
define the full subcategory LL of LI (Lie Leibniz algebras) of those objects
satisfying identities £, where E denotes the set of all identities inherited in LI
from E. We prove that if G is the free object in Gr generated by the set X, then
every element of G, =G, /Gr1 is represented as a combination of elements of

the form
[( (- [@ - (@, (@ 7)), T0)] )},...@H)]?

where two brackets mean that we have either a round or a square bracket for
T,Y1, ..., Yn1 € X and this representation is unique up to identities from E.
By this result we easily prove that the functor LL takes free objects from Gr to
free objects in LIL and L(G) (resp. LA(G")) is a free Leibniz algebra if G (resp.
G") is a free object in Ab® (resp. in Gr). The category Gr is defined in Section 1
as the full subcategory of those objects of Gr® which satisfy Conditions 1’; 2, 3.
We look for possible identities in Gr between the round and square brackets.
We have well-known Witt—Hall identities for round brackets in Gr. By Witt’s
theorem [9], [10] the functor W : Gr — Lie in diagram (1.5) takes free objects
to free objects. Taking into account the same kind of argument as we have at
the end of Section 1 for the case of groups with action and Lie—Leibniz algebras,
we conclude that in Gr we do not have such identities for the round brackets
which “inherit” new identities for Lie algebras. Thus if new identities exist
in Gr they give the same Jacobi identity, the identity (z,z) = 0 and bilinear
property for the operation ( , ) in the corresponding Lie algebra. Below we
consider in Gr those “variations” of the well-known identities in Gr which by
applying the usual functors (see diagram (1.5))
Abe <2 @ - Gr
give the known identities in Ab® and Gr. As above, for z,y € G, G € Gr* we

denote z* = —y + = + y. Consider the following expressions:
a; = [ (ya )}a bl = [($,y)72z]7 C1 = [ (C(],Z),y }
Qg = ( 7[3/72])3 by = ([(If,y],zx); C2 = ( [Z‘,Z],y )

agz—[(y,z),xy]; bg,:—[zz,(x,y)}; c3 = — [Z—m,z],
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ag= (2%, =[z,9]);  ba=(—[y.2lz"); = (z2]y);

as = (2", (y,2)]; bs = [(2,9), 2 ]; e =[—(z,2),y7];

ag = (mg, [y,z]); b [z, y], 2 ) ce = (— T, z],yi),

ayz—[(y,z),xy]; b7:—[ xy}, c7:—[y£,—x,z)},

ag = (xg, —[z,y]); bg = (— ﬁ) cg = ([z,x],yz)

Consider all kinds of identities
ai=bj+cp, 4,j,k=138. (3.1)

Applying the functor A or @5 to (3.1), we obtain that the resulting equalities
are true in Ab® and Gr (i.e., when ( )=0or [ |=( )).

Direct computations give:
a; = —a¥ + 77V

ay = =z —y" +y+ ¥ —y+y;

as = _Z(azy) _ y(a:y) + Z(fﬂy) + y(ify) —y—z + Yy + z;

ay =—a¥ —z+ 242 —2Y + 2

as = —y — T + Y — y—y—z+y+z + x—y—z—i-y—l-z + y—y—z+y+z;
ag=—-y—r+y—y +r+y;

a; = _ny+x+y _ yfy+ac+y + ny+:r+y + yfy+z+y —y—z + y + 2;

as=—-y—c+y—z+2—y+ar+y—2Y+z
by=—y—ax+y+a— ) -y 4G L&),
by =—a¥+x— 2" —x+a¥ 4 2%

by = —z YT*HY 4 2%

by=—y+y" -2 -y +y+25
—zt+z+x y—a:—i—z—i—w + I—az—&—z—l—x + y—x—i—z-l—az,

bs=—y—zr+y+zx—= ;
bg =—a"—z+2Y—x+ 2+

—Toytrty Ty taty + pTEYTETY o + 2 + a:
)

b7:—fL’

bs=—y+y' —r—z4+rx—y"'+y—zv+z2+ux;

L =—T—2 +x+ Yy — Z(yz) _ x(yz) + Z(yz) + m(yz);
co=——x+2" -y -2+ +y%

c3 = _yfoerrx + yz7

cp=—2"+z—y " —z+ 2" +y5

Cs = —T — 2+ T+ z— g FHVTE _ pTEURE 4 pmEtyts gty

=T+ —z—y+z—aF+r—z+y+z;
o _Z—z—:r:+z+z _y—z—x+z+x+Z—z—x+z+x_z+y_|_z;

cg=—2"—y+2"—z4+y+=z
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The check shows that none of identities (3.1) holds for free objects in Gr®.
The same is true for the category Gr°, since Condition 1 represents any element
x by a combination of elements with base element x, and therefore Condition
1 does not help any of identities (3.1) to hold in Gr°. Nevertheless we cannot
claim that we do not have identities between round and square brackets in Gr®
or in Gr¢. The same situation is observed for Gr; by definition, here we have two
identities from (3.1), these are Condition 2 and Condition 3 (fori=j=k =1
and 1 = j = k = 2). Note also that we may have identities in Gr which
do not give new identities for W (F') (where F' is a free group and W (F) is
the corresponding Lie algebra) but “variations” (with square brackets) of these
identities in G1° (or in Gr) may give new identities in LL(G), for a free object
G € Gr° since, e.g., in W(G) we have (7,7) = 0, but in LL(G), [Z,7] # 0,
reqG.

Let G be a free object in Gr. Let E be the set of all defining identities
between both kinds of brackets in Gr, and let E be the set of corresponding
identities for LL(G), inherited from E.

Denote by LL the full subcategory of LIL consisting of those objects of LI
which satisfy the conditions from E. Of course, among the identities in £ we
have bilinear properties of [ , ] and ( , ), the identities (x,z) = 0, (z,0) =
(0,2) =0, [x,0] = [0, z] = 0, the Jacobi identity

(2, (y,2) + (v, (2,2)) + (2. (z,9)) =0,
the Leibniz identity

[‘r7 [y7ZH = [[x,y],z} - [[I7Z]7y]a (32)

and also the identities

[:U7 (yazﬂ = [(l‘,y),Z] - [<x72)7y:|7
(SL’, [%Z]) = ([x,y],z) - ([l‘,Z],y)

which correspond to the known identities for round and square brackets in Gr
and Gr®, respectively, Conditions 1, 2 and 3 in Gr®.

For a free object G € Ab® E contains the usual identities (1.1) and only
one additional identity, Condition 1’; by virtue of Proposition 1.13 the set of all
defining identities £ (which satisfy the elements of L(G)) consists of identity
(3.2), bilinear properties of square bracket operation and [z,0] = [0, z] = 0. See
also the remark after the proof of Proposition 1.13.

Proposition 3.1. Let G € Gr, G, = [G,_1,G] for n > 1, where G, = G,
and G, = G, /Gni1. If G is the free object in Gr generated by the set X, then
G is the free abelian group generated by the same set X and every element of
G,, n>1 has a representation as a combination of elements of the form

(LG @ [0 @l mD] ) Ba) T ) | 33)

(n — 1 round or square brackets), where x,yy,...,yn—1 € X, and this represen-
tation is unique up to identities from E.
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Proof. It is obvious that G; = G'1/G5 is the free abelian group generated by the
set X. We have G5 = [G1, (], and, by definition, G5 is an ideal of G generated
by elements of the form [(g, k)] (here we mean elements of both forms [g, h] and

(9,h)), g,h € G. Since G is a free object in Gr, we have
g:x1+...+xn’ h:y1+...+yk7

where z;,y; € X, i = I,n, j = 1,k. Then by (1.2) and (1.3) we obtain that
[(g, )] has the form

(9.2 = [(259;)] (3.4)

2

here for a € G, a— means that the action operations represented by [J include
also actions by conjugation. Now we have to show that if ¢,¢;,t5 € G5 and have

form (3.4), then t9, t*, [g,t], t1 + t, have the same form for g € G. It is obvious
that 9, t* and t; + t, have form (3.4). For [g,t] we have the representation

9.6= 3 [ [(@w)] )]

Li,j

If we open one bracket (square or round, as it is in the representation) in

each summand
(y; )
TiyYy; | =% +.ZU7;] )
i35 ] N 35
(xi ' Yi ) =T tz
and then apply (1.2) and (1.3), we will see that [(g,?)] has a representation of
form (3.4). We have [(g,t)] = 0in G, since [(g,t)] € G, and this is also obvious

R
from (3.5) and the fact that 7; = :Ugy’) in Gy for z; € Gy. In the same way we
prove that the elements of G3 = [G9, G| have representations of the form

Z [(%ﬁ% » Y; )]7>]7>

¥
where for a,b € G, [(a,b)] denotes elements either of form [(a,b)] or of form

[(b, a)].
Suppose that the elements of (z,,_; can be represented as Z-combinations of
the elements of the form

(G (G (R (7N 910 S | T | Ry |

Then we obtain the corresponding result for Gy,. These representations are
unique up to identities from FE. From this it follows that the elements of G,
are combinations with coefficients from Z of elements of form (3.3). Since E is

0 —_—
the set of all identities in L(G) = ) G, these representations of elements of
n=1

G, are unique up to identities from E. O

From Proposition 3.1 follows the main result.
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Theorem 3.2. Let G be the free object in Gr generated by the set X. Then
the Lie—Leibniz algebra LL(QG) is the free object in the category ILIL with basis X .

In the same way, applying Proposition 1.13 we obtain

Theorem 3.3. Let G be the free object in Ab® generated by the set X. Then
L(Q) is the free Leibniz algebra on the set X.

Corollary 3.4. Any free Leibniz algebra can be obtained up to an isomorphism
by the functor L; i.e., for any free Leibniz algebra A there is an object G € Ab®
such that L(G) =~ A.

Proof. Let A be the free Leibniz algebra on the set X. Take the free object G
in Ab® on the set X. Now, by Theorem 3.3 L(G) is the free Leibniz algebra
generated by the set X and therefore L(G) ~ A. O

Consider LL{@. It is obvious that LL‘@ factors through LIL. Thus we have
the commutative diagram

Gr* <— Gr

LL/

_ Corollary 3.5. Any free Leibniz algebra A can be considered as an object of
LL, i.e., F5(A) € LL.

Proof. Tt follows from Corollary 3.4 and the fact that Ab® — Grand B, - L =
LL|AbC - LL|AbC' 0

Corollary 3.6. There is a full embedding functor E, : Leibniz — LL such
that [ Ey = Es; the functor So = Sal is a left adjoint to F.

Proof. Let A be any Leibniz algebra, choose a free Leibniz algebra F4 on the
basis A and an epimorphism Fy — A. We have Ey(F,4) € LL by Corollary
3.5 and E5(A) € LL; from this it follows that the elements of A also satisfy
identities from E, thus Ey(A) € LL, which means that there is a full embedding
functor Fy : Leibniz— LL with [Fs = E,. It is easy to see that S, is a left
adjoint to . 0

Applying Witt’s theorem stating that the functor W takes free objects from
Gr to free objects in Lie, we obtain the following results.

Corollary 3.7. Any free Lie algebra can be obtained by the functor W.

Corollary 3.8. Any free Lie algebra A can be considered as an object of LL,
i.e., B1(A) € LL.

_Corollary 3.9. There is a full embedding functor E E, : Lie — LL such that
IE, = E; the functor S, =5.Iisa left adjoint to FEy.
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Thus we have the diagram

L LL| |IL w (3.6)
E> v E1 )
Leibniz LL Lie |,
So S1
E2 El
I
S2 Sl
LL

where A = A‘@, E is the obvious full embedding, (i.e., it is clear that E factors

through Gr), Q, = Qi{@, 1 = 1,2. Since Conditions 2 and 3 are satisfied for
groups with trivial action or action by conjugation, it follows that 7" and C
factor through Gr; this gives the functors T and C.

Corollary 3.10. For free objects in Gr the left and right directional diagrams
in (3.6) commute, i.e., if G is a free object in Gr, then

LA(G) =S, LL(G) = Sy LL|(G),
WQ, =51 LL(G) = Sy - LL|(G).

It may be useful to formulate the result concerning free Leibniz algebras in
the following form.

Corollary 3.11. The composition of functors Sy o LL in the commutative
diagram

Gr LL LLeibniz

St

LL

takes free objects from Gr to free Leibniz algebras and for any free Leibniz

algebra A there is a free object G € Gr with S - LL(G) ~ A.
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Let V : LL — Leibniz be the obvious forgetful functor. The following
commutative diagram is due to the referee:

Gr Gr

WJ/ lvom
Lie —— LLeibniz.

These results together with Theorem 3.6 of [2] give Witt’s well-known con-
struction for groups with action and prove an analogue of Witt’s theorem for
this special kind of groups and Leibniz algebras.
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