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This paper delves into the study of centrally nilpotent skew braces. In partic-
ular, we study their torsion theory, we introduce an “index” for subbraces,
but we also show that the product of centrally nilpotent ideals need not be
centrally nilpotent. To cope with these examples, we introduce a special type
of nilpotent ideal, using which, we define a good Fitting ideal. Also, a Frattini
ideal is defined and its relationship with the Fitting ideal is investigated. A key
ingredient is the characterisation of the commutator of ideals in terms of star
products, which solves a problem of Bonatto and Jedlicka (J. Algebra Appl.
22:12 (2023), art. id. 2350255). Moreover, we provide an example showing
that the idealiser of a subbrace does not exist in general.

1. Introduction

The study of set-theoretic solutions of the Yang—Baxter equation (YBE) provides a
common framework for a multidisciplinary approach from different areas including
knot theory, braid theory, and Garside theory among others (see [10; 12] for
example). The main challenge in this area is to classify all set-theoretic solutions
with prescribed properties. The algebraic structure of left skew braces plays a
fundamental role in this classification. Nondegenerate set-theoretic solutions of the
YBE naturally lead to left skew braces (see [18]), and conversely, every left skew
brace B defines a solution (B, rp) of the YBE (see [14]). Nowadays, we are far from
being able to understand arbitrary solutions of the YBE. But it is becoming more
and more clear that almost every nondegenerate solution is a multipermutation, and
nilpotency of left skew braces is precisely introduced to deal with multipermutation
solutions (see [7; 13; 16] for example). In this paper, we provide a deep and
complete study of central nilpotency with new results that could be a reference
point for all future work on the argument.

We now highlight some of the main aspects of nilpotency of left skew braces
we deal with (see the next sections for the definitions): In Section 4.1, we study
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its torsion theory, providing great extensions of some of the results in [16] (see, in
particular, Theorem 4.14). In Section 4.2, we deal with the problem of defining an
index for subbraces, proving that this is possible in the context of locally centrally
nilpotent left skew braces. Also we provide many examples showing how peculiar
is the behaviour of centrally nilpotent left skew braces if compared to that of
groups and rings. Among these examples, two are the most striking (see Section 6):
Example A shows that, contrary to what is claimed in [16], it is not always possible
to define the idealiser of a subbrace of a left skew brace of abelian type. Example B
shows that the product of two centrally nilpotent ideals of a left skew brace (of
abelian type) need not be centrally nilpotent. In order to cope with the above
examples, we introduce a new type of nilpotency for ideals (see Section 5). Using
this new concept we are able to define a well-behaving Firting ideal for left skew
braces. In turns, the Fitting ideal makes it possible to give a good definition of
Frattini ideal for left skew braces. Using these definitions we are able to prove an
analogue of a celebrated result of Gaschiitz that relates the Frattini and the Fitting
subgroups of a group (see Theorem 5.10). Finally, we note that one of the key
steps in our work is showing that the two known definitions of commutators of
ideals (inspired by distinct universal algebra approaches) coincide, thus solving
Problem 3.4 of [4] (see Section 3).

2. Preliminaries

From now on, the word “brace” will mean “left skew brace”. We refer to [1; 2;
3; 20] for the standard preliminaries about braces. However, we recall that if E is
any subset of a brace B, then (E) is the subbrace generated by E in B, E® is the
smallest ideal of B containing E, and Eg is the maximal ideal of B contained in E.
Moreover, C < B (resp., C < B) denotes that C is a subbrace (resp., an ideal) of B,
while C < B denotes that C is a maximal subbrace of B. The following commutator
of ideals is introduced in [5] and plays a key role in the study of nilpotency and
solubility in braces.

Definition 2.1. Let 7, J be ideals of a brace B. The commutator [I, J1® is defined
as[I, J1B :=(1, JIL UL JLU{ij—(i+j):i€l, je J})B. Clearly, [, J1% =
[J,I1Band [I,J]1B<INJ.

A brace B is said to be abelian if [B, B]® = 0, i.e., if it is a trivial brace of
abelian type. Using this commutator, solubility of braces has been introduced in [2].
If I is an ideal of B, the commutator or derived ideal of I with respect to B is
defined as 95(I) =[I, I15. If B = I, then we say that dg(B) = d(B) = 91(B) is
the commutator or derived ideal of B. By repeatedly forming derived ideals, we
recursively obtain a descending sequence of ideals with 9, (1) = 95(9,—1 (1)) for
every n € N. We call this series the derived series of I with respect to B. Clearly,
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d,—1(B)/0,(B) is an abelian brace for every n € N, and B/d(B) is the greatest
abelian quotient in B. We say that an ideal I of B is soluble with respect to B,
if there exists a nonnegative integer n such that 9,(/) = 0. If I = B, we simply
say that B is a soluble brace, and the smallest nonnegative integer m for which
0 (B) = 0 is the derived length of B.

3. Unifying universal algebra definitions of commutators of ideals in braces

The definition of commutator of ideals given in Section 2 was inspired by the Hug =
Smith condition for the category of braces (see [5] for further details). On the other
hand, following ideas of universal algebra, a definition of a commutator of ideals
of a brace in terms of absorbing polynomials is provided in [4] as a brace-theoretic
version of a commutator of congruences given by Freese and McKenzie in [11]. In
case of modular lattices of congruences, it turns out that the Freese and McKenzie
commutator coincides with the Hagemann and Herrmann commutator (see [11,
Theorem 4.9]). According to [15], the Hagemann and Herrmann commutator was
introduced as an extension of the Smith commutator so that both commutators
coincide in case of permutable lattices of congruences.

Observe that the lattice of ideals of a brace is modular and permutable, since
the product of ideals commute and for all ideals /, J, K with I < J, the Dedekind
identity holds. Hence, the definitions of commutator of ideals of a brace given in
[4; 5] coincide.

In this context, the following questions were raised in [4, Problem 3.4].
Problem 3.1. Let B be a brace.

(1) Does the equality [/, J12 = (I« J +J I +[I, J];)® hold?
(2) Does the equality [/, JIB=IxJ+JTx1+][I, J]+ hold?

Our next theorem gives a positive answer to the first question.
Remark 3.2. Let B be a brace. Then, for every i, j, x, y, z € (B, +), we have that
i+x+j+y—i+z—j=[—i,—x]lt+x+[-i,—jl+
S A P e A T L I 2
Theorem 3.3. Let I, J be ideals of a brace B.
() IxJ+J=xI1+][1, ]y is the least left ideal containing
Xry=UUJIL UL, JLUlij—@G+j):iel, jel}

Q) LIB=UxJ+TxI+[1, I8 Thus, [1, NP =T1xJ+JTx1+[1,J];
ifandonly if I x J + J x I +[1, J1+ is an ideal of B.
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Proof. (1) By [4, Proposition 1.4], I «J + J = I and [, J] are left ideals. Since
[/, J]+ is a normal subgroup of (B, +), it follows that I « J 4+ J [ +[I, J] is
also a left ideal.

For the inclusion X; y € I+« J 4+ J « 1 +[I, J]+, we need to prove that

{ij—G+j):iel, jeJL[ILJLCIxJ+JIxI+][1,J]4.

Leti € I and j € J. For the former, observe thatij — j —i =i +i* j —i. Thus,
ij—j—i=i+ixj—i—ixj+ixje[l, J]y+1xJ.For the latter, it follows that

it =g T R T T
=ij+ )i i Gk !
=idixj+j+G)*i i G Y« N

1

Now, the above equation becomes
itikj+j4+ic(Gui D+ jxi T 4ixit4i!
IR GES E R R A A (T R A A
=idixj4jrieGri D 4jei tpivi 407!
i G T G T i T T
ik e i T T
Observe that i i ' +i ' =—i4+0—i'4+i'=—iand jxj '=—j— ;L.
Thus, we have
() i T midin i GriT D ki T — i i (T %)
(©) T i T T T ik T =
R Y R
Since I % J, Jx1 C 1IN J, Remark 3.2 applied on (x) 4 (¢) yields
i i e Ix I+ Tx I+, 4+ (—j " +ixj 4+,

But, —j '+ixj i =7, —ixj N +ixj eI, J] + 1 % J. Hence,
[I,J]. CIxJ+J=xI+][I, J]; follows.

Now, let L be the least left ideal of B containing X; ; (note that the arbitrary inter-
section of left ideals is a left ideal). In order to prove that I xJ +J«I+[I, J] =L,
we only need to show that J « 1 C L.

Let jeJandiel. Then, jxi=[—jx*i, —jl++(ji—i—j)e X ;+(i—i—]),
as jxi € INJ,so it suffices to prove that (ji —i —j) € L. Since [j,i]. € X; ;S L
and L is A-invariant, it follows that

ji=ijlj,il. =ij+r;j,il) =ij +x
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g 8 g 8(8) g 5(8) g 8(8)

1 0 b y c x+y bc 3x

a X b 2x4+3y A& 3x+3y be' x+2y
a’> 2x+4+2y ab x+3y ac 2x +y abc 2y
a 3x4+2y ab™' 3x+y ac’! 3y abc™! 2x

Table 1. Bijective 1-cocycle associated with the brace of Example 3.4.

for some x € LN I N J. Therefore,
Ji—i—j=ij+x—(—j,—il4+i+ ) =ij+x -G+ ) +[-i,—jl+
=ij—>+)D+[-0+)), —xl4+ +x+[—i, —jl+ € L.
Consequently, I xJ +J I+ 1[I, J] =L.

(2) By definition, [/, J 1B=(X I, 7)B. Then, the previous statement yields [/, J 18 =
(IxJ+Jx1+[1,J]4)8. O

The next example gives a negative answer to Problem 3.1(2).

Example 3.4. Let (B,+)=(x,y |4x =4y =0, x+y=y+x)and (C,-) =
(a, b, c| =1, a*=b*=c2, (ab_l)2 =1,bleb=c, alca= c_l). We see
that C actson B viaa(x) =x 42y, b(x) =x+2y, c(x) =3x+2y,a(y) = —y,
b(y) =2x+y, c(y) = 2x + 3y. Consider the semidirect product G of B by C with
respect to this action A : C — Aut(B). For the sake of clarity, we use multiplicative
notation for B in G. Let D = (xa, yb, xyc) < G. It follows that G is a trifactorised
groupas BD=DC, DNC=DNB=1. By[l, Lemma 3.2], there exists a bijective
I-cocycle 6 : C — (B, +) given by D = {§(c)c : c € C} (see Table 1). This yields a
product in B and we get a brace of abelian type, (B, +, - ), which corresponds to
SmallBrace (16, 73) in the YangBaxter library [21] for GAP.

Let I = (2x,y) < (B,4). Then A(/) = I and |I| = 8, so [ is an ideal of B.
Since B is of abelian type, we compute

IxI+[1ly=1x]=wxv|u,vel); =2x)y={1,2x}.
Therefore, I * I is not an ideal of B, as 8(abc™') = 2x and {1, abc™!'} is not a
normal subgroup of C. Hence, I %I C [I, 11 =1.

4. Central nilpotency of braces

In this section we develop a standard theory of central nilpotency of braces. We
start by introducing the basic definitions. Central nilpotency of braces was first
introduced by using a brace-theoretic analogue of the centre of a group (see [4; 16]).
The centre of a brace B (also known as the annihilator ideal of B) is the ideal
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of B defined as {(B) :={a€ B|a+b=>b+a=ab=ba forall b € B} (see [6]).
Thus, abelian braces B are precisely those ones satisfying ¢(B) = B. In [8; 20], the
definition of central nilpotency has been extended to include more types of braces
(see also [9], where similar concepts for braces of abelian type are considered).

Definition 4.1. Let B be a brace. If J <[ are ideals of B satisfying I/J <¢(B/J),
we say that I/J is a central factor of B.

A c-series of B is a chain 7 of ideals of B such that 0, B € Z and whose factors
are central, that is, 1/J < ¢(B/J) for all consecutive elements J < I of Z (meaning
that there is no C € 7 satisfying J < C < I). A complete c-series is just a c-series
containing the unions and the intersections of all its members. Since every c-series
can be completed, we usually consider every c-series to be complete. We say that
B is ¢-nilpotent if it admits a c-series.

If B has an ascending c-series

OZIOSIIS"'IaSIa+1f"'lp,:B

(here @ < w are ordinal numbers), then B is hypercentral, and the smallest or-
dinal number v for which such an ascending c-series exists is the hypercentral
length n.(B) of B. (Note that I,11/1y < ¢(B/1y) for all ordinals o < 1.)

If B has a finite c-series 0= Iy < I} <--- < I, = B, then B is centrally nilpotent,
in this case, the smallest nonnegative integer for which such a c-series exists is
referred to as the class n.(B) of B. (Note that I;,/I; <¢(B/I;) forall0 <i <n.)

Of course, centrally nilpotent braces are hypercentral, and hypercentral braces
are ¢-nilpotent, but the converses do not hold. Moreover, subbraces of centrally
nilpotent (resp. hypercentral, {-nilpotent) braces are centrally nilpotent (resp. hy-
percentral, ¢-nilpotent). Also, quotients of centrally nilpotent (resp. hypercentral)
braces are still centrally nilpotent (resp. hypercentral), but the consideration of the
infinite dihedral group shows that quotients of a ¢-nilpotent brace can be non-¢-
nilpotent. Finally, direct products of hypercentral braces are hypercentral; direct
products of finitely many centrally nilpotent braces are centrally nilpotent; and
restricted direct products of ¢-nilpotent braces are ¢ -nilpotent.

Following [4; 8], canonical c-series are introduced for a brace B.

(A) The upper central series of B is recursively defined by putting ¢o(B) = 0,

Catr1(B) /o (B) = ¢ (B/Ly(B)) for every ordinal «, and &, (B) = U5<A ;;;(B_) for
every limit ordinal A. The last term of the upper central series is the hypercentre ¢ (B)

of B.

(V) The lower central series of B is recursively defined by putting I'1(B) = B,
Far1(B)=(T'y(B)*B, BxI'y(B), [['(B), Bl+)+ forevery ordinal o, and I'; (B) =
N p< Tp(B) for every limit ordinal A. Note that since I, (B) is an ideal for every
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o < i, we have that
Tot1(B) =Tu(B)* B+ B #To(B)+[To(B), Bls = [Tu(B), B,

for every ordinal o < p (see Theorem 3.3). The last term of the lower central series
is the hypocentre T'(B) of B.

The following easily provable all-in-one result shows the relations between
the concepts we just introduced (see [17] for the definition of the upper central
series {Zy(G)}acord(G) Of a group G).

Proposition 4.2. Let B be a brace.

(1) (See [2, Proposition 17].) If J < I are ideals of B, then I/J <¢(B/J) if and
only if [1, B8 <J. In particular, if 0= 1y < I} <--- < I, = B is a finite c-series,
then:

(@ I'j(B) < I,_jy1 foreveryl1 < j<n+1;s50T,11(B)=0.

(b) 1; <¢;(B) for every 0 < j < n3 50 £,(B) = B.

(¢) n.(B) is the smallest number n such that &, (B) = B, and the smallest number n

such that '+ (B) = 0.

(2) B is hypercentral if and only if B = {(B). Moreover, in this case n.(B) is the
smallest ordinal o for which B = ¢y (B).

(3) ¢u(B) € Zy(B,+) NZy(B, -) for every ordinal «. In particular, centrally
nilpotent (resp. hypercentral) braces are braces of nilpotent (resp. hypercentral)
type whose additive group is nilpotent (resp. hypercentral).

4) 0,(B) <T'y4+1(B) for every n € N. In particular, centrally nilpotent braces are

soluble with derived length less than or equal to their class.

The following result generalises Griin’s lemma for groups (see, for instance, [17,
Part 1, p. 48]).

Theorem 4.3. Let B be a brace such that {,(B) > {(B). Then either |B, B] or
[B, B]. is a proper subset of B.

Proof. We may assume by Griin’s lemma that
Z(B9+)=ZZ(B’+) and Z(B’):ZZ(Ba)

By Proposition 4.2, ¢ (B) € Z>(B,+) N Zy(B,-) = Z(B,+) N Z(B, -). Now,
choose ¢ € £(B) \ ¢(B) and consider the map ¢, : b € B+ c*b € {(B). Let
b1,by € B. Then ¢ x (b; +by) = c* by + ¢ x by because c x by € {(B), so ¢, is a
homomorphism with respect to +. Since ¢ ¢ {(B), we have that ¢ ¢ Ker(X) and
consequently ¢.(B) # 0. Thus [B, B]y is properly contained in B. (]
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In order to see if a brace is centrally nilpotent (resp. hypercentral) or not, we
only need to look at its countable subbraces: this is the content of our next result.

Theorem 4.4. Let B be a brace.

(1) B is centrally nilpotent of class at most c if and only if its finitely generated
subbraces are centrally nilpotent of class at most c.

(2) B is centrally nilpotent (hypercentral) if and only if its countable subbraces
are centrally nilpotent (hypercentral).

Proof. For each u, v € B, the symbol u o v means that we are performing one (but
we do not know which) of the following operations [u, v]., [u, v]4, u * v.

(1) The first statement is a direct consequence of the fact that ¢.(B) is easily
characterised as the set of all elements b € B with ( -+ ((boby)o---)o bc) =0 for
all by,...,b. € B.

(2) We start by considering central nilpotency. Only one implication is in doubt.
Thus, assume all countable subbraces of B are centrally nilpotent but B is not
centrally nilpotent. By (1), for each ¢ € N, there is a finitely generated centrally
nilpotent brace B. whose class is at least c. Then C = (B, : i € N) is a countable
subbrace of B that is not centrally nilpotent, a contradiction.

Now, we turn to hypercentrality. Again, only one implication is in doubt. Thus,
assume all countable subbraces of B are hypercentral, and that B is not hypercentral.
We may further assume that ¢ (B) = 0. Let 0 # x € B. Then there are sequences of
nonzero elements aj, a, ..., d,,...and x =by, by ..., by, ... of B with b, =
byoay, foralln e N. Let C = (a;, b; : i, j € N). Thus, C is countable and so it
is hypercentral. Now, for each i € N, let ¢; be the smallest ordinal 8 such that
b; € g(C). Then oy > oy > - -+ >ty > - - - is a strictly descending chain of ordinal
numbers, a contradiction. O

In studying the structure of an arbitrary group, local analogues of nilpotence are
very useful. Similarly, the following definition is crucial for us in studying centrally
nilpotent braces (see [8]). A brace B is locally centrally nilpotent if every finitely
generated subbrace is centrally nilpotent. Of course, every subbrace/quotient of a
locally centrally nilpotent brace is still locally centrally nilpotent, and also restricted
direct products of locally centrally nilpotent braces are locally centrally nilpotent.
Moreover, by Corollary 3.6 of [20], every hypercentral brace is locally centrally
nilpotent, but the converse does not hold. As a consequence of the following result,
we see that every locally centrally nilpotent brace is ¢-nilpotent.

Theorem 4.5. Let B be a locally centrally nilpotent brace.
(1) If I is any minimal ideal of B, then I < ¢ (B).
(2) If M is any maximal subbrace of B, then M is an ideal of B.
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In particular, every minimal ideal of B has prime order, and d(B) is contained
in every maximal subbrace of B.

Proof. (1) Suppose that I £ ¢(B). Then there exist elements b € B and x € [ such
that S = {[b, x]4, [b, x]., x xb} £ {0}. Let c € S\ {0}. Since [ is a minimal ideal
of B, the ideal generated by c in B is I, so there are elements yy, ..., y, € B such
that x belongs to the ideal generated by cin S = (b, ¢, y1, ..., Yu).

Let J = x5. Since S is centrally nilpotent, there is a finite chain 0 = Jy <
J1 <+ < Jy, = J of ideals of § such that J;+1/J; < ¢(S/J;). Choose £ € N
with ¢ € J; \ J¢—1; clearly, £ # 0, m because c is a nonzero element of one of the
following types: [b, x]+, [b, x]., x * b. Now,

<<+ h=) T < <In=J =x5,

a contradiction.

(2) Assume M is not an ideal. If B B <M, then (M, +)/(B * B, +) is a maximal
subgroup of the locally nilpotent group (B, +)/(B * B, +), so it is even normal,
and it follows that M is an ideal of B, a contradiction. Thus, there exists an element
x € Bx B\ M. Since M is a maximal subbrace of B, we have that B = (M, x).
Then there is a finite subset L of B such that x € (L)*(L). Foreach y € L, let B, be
a finite subset of M such that y € (B, U{x}). Put D=(By:y € L) and E = (D, x),
so E is finitely generated and L C E. Now, E is centrally nilpotent, and x ¢ D C M.
Let N be a subbrace of E which is maximal with respect to containing D but not x.
Since E = (D, x), we see that N is actually a maximal subbrace of E. Since E is
centrally nilpotent, there is n € N such that ¢, (E) < N but ¢, (E) £ N. Then N is
a proper ideal of {,+1(E)+ N and so N < E, since N is a maximal subbrace of E.
Therefore E/N is centrally nilpotent, and so x € E x E < N, a contradiction. [

In [3], chief factors of braces are introduced and shown to play a key role in its
ideal structure. Let / and J be ideals of a brace B such that J < I. The quotient //J
is said to be a chief factor of B if I /J is a minimal ideal of B/J. A chain C of ideals
of B is a chief series of B if 0, B € C and I/J is a chief factor of B whenever J < [
are consecutive terms of C. By Zorn’s lemma, every brace has a (possibly infinite)
chief series. In [3], a brace B is proved to have a finite chief series if and only if
it is noetherian (that is, every ascending chain of ideals is eventually stationary)
and artinian (that is, every descending chain of ideals is eventually stationary). By
Theorem 4.5, every chief series of a locally centrally nilpotent brace is a c-series,
so we have the following result.

Corollary 4.6. Let B be a locally centrally nilpotent brace. Then B is ¢ -nilpotent.

Remark 4.7. The proof of Theorem 4.5(1) proves much more than we stated. In
fact, let 3 be the class of all braces in which every chief factor is central. Moreover,
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let L3 be the class of all braces in which every finite subset F is contained in a
subbrace Cr € 3. The proof of Theorem 4.5(1) can be modified to show that L3 = 3.
More in detail, using the notation of the first half of the proof of Theorem 4.5(1),
we get that S is contained in a subbrace T € 3. Let J = x7.
Since [J, T]” is an ideal of T containing ¢, we have that x € ¢l <[J,T]" and so
J=xT=[J,T]". Finally, let M be a maximal ideal of 7" contained in J and such
that x ¢ M. Then J/M is a chief factor of T and so [J, T1" < M, a contradiction.

It follows from Corollary 4.6 that any nonzero ideal of a locally centrally nilpotent
brace contains a (nonzero) central factor of the whole brace. In case of a hypercentral
brace we can say more.

Lemma 4.8. Let B be a hypercentral brace. If I is any nonzero ideal of B, then
IN¢(B) #0.

Proof. Let a be the smallest ordinal number such that J = I N ¢, (B) # 0. Then
o is successor and I N ¢y—1(B) = 0. Now, [J, B]? < JNty_1(B) =0 and so
J =¢(B). O

Corollary 4.9. Let B be a brace having a finite chief series (resp. an ascending
chief series) Z. Then B is centrally nilpotent (resp. hypercentral) if and only if every
chief factor of T is central.

Our next two subsections deal with the torsion theory of locally centrally nilpotent
braces and with the problem of defining a suitable index for subbraces. Before
delving into them, we note that some important results for nilpotent groups do not
hold for braces.

(1) Bearing in mind the normaliser condition for nilpotent groups, the idealiser of
a subbrace is introduced in [16]: given a subbrace S of a brace B, the idealiser of S
is defined as the largest subbrace N of B such that S is an ideal of N. It is then
stated that every subideal is properly contained in its idealiser (see Section 4.2 for
the definition of subideal). Example A in Section 6 shows that the idealiser of a
subbrace does not exist in general. We note however that if C is a subbrace of a
brace B, then one can define the largest strong left ideal Np(C) of B additively and
multiplicatively normalising B and such that A, (C) = C for every x € Ng(C) —
but such a strong left ideal need not contain C.

(2) Example B shows that there is no analogue of Fitting’s theorem for centrally
nilpotent ideals. Moreover, Example C shows that an abelian subideal need not be
contained in a centrally nilpotent ideal.

(3) The ideal structure of the brace listed as SmallBrace (32, 24003) in the
YangBaxter library [21] for GAP is described in [2]. This brace B has only a
unique maximal subbrace I, which is also its only nonzero proper ideal. Moreover,
d(B) = I. Nevertheless, B is not centrally nilpotent as it is not even soluble. This
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shows that a finite brace whose maximal subbraces are ideals need not be soluble.
The same example shows that a finite brace whose subbraces are subideals need not
be centrally nilpotent (see Example D for more details), although an easy induction
shows that they are at least weakly soluble in the sense explained in [2].

4.1. Torsion theory. The aim of this subsection is to establish a torsion theory for
locally centrally nilpotent braces. We start with some definitions.

Definition 4.10. Let B be a brace. The subset of all periodic elements of (B, +) is
denoted by 77 (B), while that of all periodic elements of (B, - ) is denoted by T.(B).
Moreover, an element b of B is periodic if (b) is finite. The order of b is |(b)|. If
7 is any set of prime numbers, then b is a w-element if its order is a w-number. A
m-subbrace is just a subbrace containing only m-elements. Finally, B is periodic if
every element of B is periodic. B is torsion-free if every element b € B is either
zero or is nonperiodic. B is locally finite if every finitely generated subbrace of B is
finite. B has finite exponent n if B is periodic and n is the smallest positive integer
such that b" =nb =0 for all b € B.

Clearly, every locally finite brace is periodic but the converse does not hold. The
following result shows that in the context of locally centrally nilpotent braces we
can precisely identify the set of all periodic elements of B.

Theorem 4.11. Let B be a locally centrally nilpotent brace.

(1) T.(B) =T.(B).

(2) T+ (B) is an ideal of B.

(3) T (B/T+(B)) =0.

(4) If B is periodic, then B is locally finite.

(5) B is locally finite if and only if (B, +) is locally finite if and only if (B, -) is

locally finite.

Proof. The proof of (1)—(3) is an easy consequence of Proposition 4.2 of [16]. Let
us prove (4). Assume B is periodic and finitely generated. Then (B, +) is a periodic
nilpotent group. Moreover, by Theorem 3.7 of [20], (B, +) is also finitely generated.

Thus (B, +) is finite and (4) is proved. Finally, (5) is an obvious consequence of
Theorem 3.7 of [20]. O

Let B be a brace, and let p be a prime. The Sylow p-subbrace of B is just a
maximal element of the set of all its p-subbraces with respect to the inclusion. Our
next result shows that the Sylow subbraces of a locally centrally nilpotent brace are
ideals and that they coincide with the additive/multiplicative Sylow subgroups.

Theorem 4.12. Let B be a locally finite brace. Then, B is locally centrally nilpotent
if and only if , for every prime p, Sylp(B, +) = Sylp(B, ) ={B,}, B, is locally
centrally nilpotent and B is the direct product of the B)’s.
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Proof. Only one direction is in doubt. Since B is locally finite, we may assume B
is finite and centrally nilpotent. Let p be a prime. Since both (B, +) and (B, -)
are nilpotent groups, there exist Sylow p-subgroups B, < (B, +) and B » J(B, ).
Observe that B, is also A-invariant, as it is a characteristic subgroup of (B, +).
Therefore, B, = B p 1s an ideal of B. O

Proposition 4.13. Let B be a brace whose additive and multiplicative groups are
cyclic. Then there is x € B which is a generator of both (B, +) and (B, -).

Proof. By Theorem 4.6 of [19], we may assume B is finite. If Ker(A) =0, then (B, -)
embeds into Aut(B, +), a contradiction. Thus, ¢ (B) #0. Iterating this argument, we
see that B is centrally nilpotent, so B factorises into the direct product of its Sylow
p-subgroups. It is therefore possible to assume that B has prime power order p”.

Let I be a subbrace of ¢(B) of order p. By induction there is an element x € B
such that x + [ is both a generator of (B/I,+) and (B/I,-). If (xp"_l). NI=0,
then (B, -) is not cyclic, a contradiction. Thus, (xpn_I ). =1 and x is a generator
of (B, -). Similarly, x is a generator of (B, +). U

Our next result is a huge generalisation of Lemma 4.1 of [16]. In order to state it,
we need the following definition. Let B be a brace, and let 7 be a set of prime
numbers. We say that B is m-free if it does not contain -elements. Obviously, a
trivial brace B is w-free if and only if (B, 4+) and/or (B, -) are w-free as groups.

Theorem 4.14. Let B be a brace and let w be a set of primes. If {(B) is w-free,
then each factor of the upper central series of B, and therefore the hypercentre of B,
is -free.
Proof. Suppose the theorem is false and let o be the first ordinal such that
Ca+1(B) /¢y (B) is not m-free; in particular, there is x € {y+1(B) \ {x(B) such
that x”* € ¢, (B) for some positive -number m. We divide the proof in two parts
according to o being limit or not.

Suppose first « is limit. Then x™ € g4 1(B) \ {g(B) for some B < a. Since
x ¢ £4(B), there is b € B and y > f such that one of the elements x *x b, [x, b]+,
[x, b]. belongs to &y, +1(B) \ &, (B); call ¢ such an element. Assume ¢ = x *b. Then

(x*b)" =x"%b (mod ¢, (B))

and so x™ x b € {g(B) < ¢, (B). Therefore (x *b)" € {,,(B). But x *b € {,, 1 1(B)
and ¢, +1(B)/¢, (B) is w-free, so ¢ = x * b € {,,(B), a contradiction. Similarly, we
deal with the cases in which ¢ = [b, x]. and ¢ = [b, x]+.

Suppose now that « is successor; we may assume « = 1, so x € {(B) \ {(B),
¢(B) is m-free, and x™ € ¢ (B). Put C = (x)+¢(B). By Theorem 3.5 of [8], |C % C|
is a w-number. On the other hand, C *C < ¢(B), and so C *C =0. Thus, x" =mx.

Let b be any element of B. Then m[x, b]+ = [mx, b]; = 0, so [x, b]+ = 0.
Similarly, [x, b]. = x*b = 0. Therefore x belongs to ¢ (B), the final contradiction. []
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Corollary 4.15. Let B be a brace. If {(B) is torsion-free, then {y11(B)/{y(B) is
torsion-free for every ordinal .

Conversely, if we have information on the exponent of ¢ (B), then we can obtain
information on the exponent of the factors of the upper central series.

Theorem 4.16. Let B be a brace. If {(B) has exponent n, then §;11(B)/;(B) has
exponent dividing n® for each positive integer i.

Proof. 1t is enough to show that {>(B) /¢ (B) has exponent dividing n?. Letb et (B)
anda € B. Then b*a € ¢(B),so b" xa=n(bxa) =0 and [a, b"]. =[a, b]* = 0.
Thus, if we put ¢ = nbd" = b"z, then ¢ € Ker(A) N Z(B, -). But also [a, nb"]; =
nla, "]+ =0 and so ¢ € £(B). O

Corollary 4.17. Let B be a brace such that £ (B) has exponent n. If B is centrally
nilpotent of class c, then B has exponent at most n> ~.

4.2. The index of a subbrace. The following definition provides us with an invalu-
able tool in studying the “index” of a subbrace.

Definition 4.18. Let C be a subbrace of the brace B. We say that C is serial in B if
there is a chain of subbraces C connecting C to B such that if D < E are consecutive
elements of C, then D < E —as in the case of c-series, we usually assume that
these chains of subbraces are complete, meaning that they contain arbitrary unions
and intersections of their members.

Now, C is ascendant (resp. descendant) if C can be well ordered (resp. inversely
well ordered) with respect to the inclusion and its order type is A (resp. the inverse
of 1) for some ordinal number A. If C is ascendant, then C can be written as

(1) C=Co<dC I CydCyy1 d---C) =B,
where o < A are ordinal numbers; while, if C is descendant, then C takes the form
(m)) C=Cy- - dCoy1JCy---2C; 1Cy=B,

where o < A are ordinal numbers. If 7 is finite, we say that C is subideal.

If C is ascendant (resp. descendant) in B, then the smallest ordinal number A for
which there is a chain of subbraces of type (A) (resp. of type (IJ)) is the ascendant
length (resp. descendant length) of C in B. In case C is subideal, the ascendant
length of C in B is finite and is also called the subideal defect of C in B.

Let C be a subbrace of a brace B. Put C5:? := B and recursively define C5-¢*! =
™ for every ordinal &, and C5* = My C B. for every limit ordinal A. The
family {C By cord is the ideal closure series of C in B. It is easy to show that C is
descendant (resp. subideal) in B if and only if C = C5-* for some ordinal 1 (resp. for
some finite ordinal w). If C is descendant (resp. subideal), then the descendant length
(resp. the subideal defect) of C is the smallest ordinal number A for which C = C8-*,
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Lemma 4.19. Let B be a brace.

o Every subideal of B is ascendant, descendant and serial. Moreover, ascendant
(resp. descendant) subbraces are serial.

o If C is subideal (resp. ascendant, descendant, serial) in B, and D < B, then
C N D is subideal (resp. ascendant, descendant, serial) in D.

o If C is subideal (resp. ascendant), then C1/I is subideal (resp. ascendant)
in B/I for every ideal I of B.

o If C is subideal in B of defect n, then C is subideal in C? of defect n — 1.
Lemma 4.20. Let B be a brace.

(1) If B is hypercentral, then every subbrace C of B is ascendant.
(2) If B is centrally nilpotent, then every subbrace C of B is subideal.
(3) If B is locally centrally nilpotent, then every subbrace C of B is serial.

Proof. (1)-(2) We only prove (1). Let A be the hypercentral length of B. Since C
is an ideal of C 4+ ¢(B), we see that

CICH+E(B)d---dC+G(B)IC+1(B)d---dC+5H(B)=B

is an ascending chain of subbraces of B connecting C to B.

(3) Zorn’s lemma implies that there is a maximal chain of subbraces between C
and B. By Theorem 4.5(2), if D < E are consecutive terms of this chain, then D is
an ideal of E. Therefore C is serial in B. |

Remark 4.21. Let B be a brace and let C be a (strong) left ideal of B. The proof of
Lemma 4.20 can actually be employed to prove that if we have an ascending c-series
of B, then there is an ascending chain of (strong) left ideals connecting C to B.

Definition 4.22. Let B be a brace. A subbrace C of B is said to have finite index
in Bifbothn, =|(B,+):(C,+)|andn.=|(B, -): (C, -)| are finite; if n, =n.=n,
we define the index |B : C| of C in B as n. If C does not have finite index, we say
that C has infinite index.

Lemma 4.23. Let B be a brace, C, D < B and I < B.

(1) If C and D have finite index in B, then C N D has finite index in B.

(2) Suppose C < D. If C has finite index in D, and D has finite index in B,
then C has finite index in B. Moreover, if |D : C| and |B : D| exist, then also
|B:C|=|B:D|-|D:C]| exists.

(3) If I has finite index, then |B : 1| exists and is equal to |B/1|.
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Lemma 4.24. Let C be a serial subbrace of the brace B. The following conditions
are equivalent:

() [(B,+) : (C, +)| < 0.
(2) I(B,-):(C, )| <o0.
(3) C has finite index in B.
(4) |B : C| exists.

In particular, if any of these equivalent statements hold, then all the indices are
equal.

Proof. Clearly, (4) = (1), (2) and (3). Assume (1). Since C is serial in B, there
is a chain C of subbraces connecting C to B, and in which £ < F whenever
E < F. Looking at the corresponding additive parts of the members of C, we see
that C is actually finite, so C is subideal in B. We prove the result by induction
on the subideal defect n of C in B. If n < 1, then C is an ideal of B such that
(B, +)/(C, +) is finite, so B/C is finite and we are done. Assume n > 1 and let
D = CB. Then the subideal defect of C in D is strictly less than n and so induction
yields that | D : C| exists. Since |B : D| trivially exists, we have that |B : C| exists
by Lemma 4.23. Thus, (4) is proved. Similarly, we can prove that (2) implies (4),
and that (3) implies (4). O

A combination of Lemmas 4.24 and 4.20 shows that every finite-index subbrace
of a locally centrally nilpotent brace has a well-defined index. Our next result is a
considerable extension of this fact.

Theorem 4.25. Let B be a brace having an ascendant chain of ideals
O=l<h<-Iy<lp1 <L =B

such that 1g1/1g is either finite or locally centrally nilpotent for all ordinal numbers
B < A. If C is a subbrace of B, then the following are equivalent:

(D 1B, 4) : (C, )] < oo
() 1(B,-):(C, )| < o0
(3) C has finite index in B.
4) |B: C| exists.
Proof. We prove the result by induction on A. To this aim it is sufficient to show
that (1) implies (4).
If A < 1, then B is either finite or locally centrally nilpotent. The former

case is obvious, while the latter is a consequence of Lemmas 4.20(3) and 4.24.
Assume A > 1.
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Suppose A is successor. Since (C, +) has finite index in (B, +), it follows that
(CN 1,1, +) has finite index » in (I,_1, +). By induction,

n=|(h-1,-): (COLi—1, ) =[(Ch-1,) : (C., ) =(C+ Ly, +) 1 (C, H)].

Thus the index |C + I, : C] exists. Since also the index |B : C + I, _] exists, it
follows that the index | B : C| exists.

Now, assume A is limit. Let F; be a transversal for (C, +) in (B, +); in particular,
F is finite. Also, let F. be a transversal for (C, -) in (B, -). Suppose |F.| > |F4|,
and let E. be a finite subset of F. such that |E.| > |F|. Then there is an ordinal
number u < A such that F. UE. C I,,. By induction,

(B, 4+): (C, D) = Uy, +) : (CNO I, D) = U, ) (CO Ty, ),

a contradiction. Thus |F.| < |Fy|. By a symmetric argument, | F.y| < |F.| and hence
the index | B : C| exists. O

The range of applicability of Theorem 4.25 is not restricted to local centrally
nilpotent brace. It follows in fact from Theorems 3.14 of [8] that Theorem 4.25
applies even to any good brace with property (S) (see [8] for the definitions).

We end this discussion by showing that subbraces of finite index can sometimes
be employed to prove the existence of large proper ideals.

Theorem 4.26. Let B be a brace such that B/, (B) is finite. If C is any finite-index
subbrace of B, then B/Cgp is finite.

Proof. Without loss of generality we may assume Cp = 0; thus, in particular,
CN¢(B) =0 and ¢(B) is finite. Moreover, we may replace C by C N & (B),
assuming C < £ (B). Then C + ¢(B) is an ideal of B.

Since C >~ C 4+ ¢(B)/¢(B), we have that C is an abelian brace. Let n = | (B)]|.
Then Theorem 4.16 shows that

nz,- J—
C"<¢B)NC=0,

so C is periodic. Thus, as a group, C can be described as a direct product of
infinitely many cyclic subgroups (b;), i € I, of order dividing n.

Let F be a finitely generated subbrace of B such that C+¢(B)+ F = B. Since B
is periodic, it is locally finite by Lemma 3.1 of [20], which implies that F is finite.

For every b € F, bf.”+ =b; + up,; + for some up; + € £(B). On the other hand,
£ (B) is finite, so there is an infinite subset J; of  such that bf’+ =b; +u,  forall
i € Jp, and for a fixed u4 , € ¢(B). Repeating this argument for all b € F, we may
assume bf”+ =b; +uyp forsome uy p € ¢(B) and for all i € Jy, b € F. Similarly,
there is an infinite subset J, of J; such that bf’" =b; +u.p for some u.; € ¢(B)
and for all i € J,, b € F. Finally, there is an infinite subset J3 of J, such that
bixb=bjxbforalli, je Jzandb e F.
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Now, for each i, j € J3 withi # j, we have thatd; =b; —b; =b; -b;l is additively
and multiplicatively centralised by F', and that d; x F =0. Since B=C+¢{(B)+ F,
it follows that d; € ¢(B) for all i € J3, a contradiction. ]

5. Central nilpotency for ideals

A celebrated result of Fitting states that a product of nilpotent normal subgroups of
a group is nilpotent. Example B in Section 6 shows that the product of two centrally
nilpotent ideals is not centrally nilpotent in general. In this section, we define a
nilpotency concept for ideals that allows us to define a suitable Fitting ideal. It turns
out that, for such a Fitting ideal, it is possible to generalise remarkable results of
group theory concerned with the Fitting subgroup (see Theorems 5.6, 5.7, and 5.10).

Let B be a brace. We start by defining B-centrally nilpotent braces. Let I be
an ideal of B. We can define the lower central series of I with respect to B, or
simply the lower B-central series of I, as follows: take 'y (1) =T and T, (1)8 =
[T, (1), I8, for every n > 1. Therefore,

I=Ty(DB >y > . >T, (DB >

is a descending chain of ideals of B with I",(I)2/ T, 1(I)® <¢(I/T,41(1)B) for
every n € N. Similarly, we may define the upper central series of I with respect
to B (or simply the upper B-central series of 1), as follows: take g“OB (I) =0 and let
Car1 ()P satisty Cu1 (1P /6 (DP = (1 /50 (1)®) g, 1y5- Then Lo(DP < &1 (1P <
... <&, (1B < ... is an ascending chain of ideals of B.

Definition 5.1. An ideal I of a brace B is defined to be centrally nilpotent with
respect of B, or simply a B-centrally nilpotent ideal, if there exists n € N such that
T ( VB =0, or, equivalently, &, (1 Y8 = 0. For practical purposes, we often use
the following equivalent definition: 7 is B-centrally nilpotent if there exists a chain
O0=Jo<J1 <---<J,=1 ofideals of I such that J;/J;_; <¢(I/J;i—1), for every
1<i<n.

To simplify notation, if J is an ideal of B contained in / and such that //J is
B /I-centrally nilpotent, we just say that I/J is centrally nilpotent with respect
to B, or B-centrally nilpotent. If 1/J is B-centrally nilpotent, then the smallest n
such that T, 1(I/J)B// =0 is referred to as its class.

Clearly, a brace B is centrally nilpotent if and only if it is B-centrally nilpotent;
in this trivial case, the upper central series (resp. lower central series) and the
upper B-central series (resp. lower B-central series) coincide. Moreover, if [ is a
B-centrally nilpotent ideal of a brace B, and J is any ideal of B, then (I +J)/J
is B-centrally nilpotent (of class less than or equal to that of 7), and I N C is
C-centrally nilpotent for any subbrace C of B (also in this case the class of /N C is
less than or equal to that of 7). Our next result shows that an analogue of Fitting’s
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theorem holds for B-centrally nilpotent ideals, but first, we need the following
property of commutators of ideals in braces.

Lemma 5.2. Let B be a brace and let I, J, K be ideals of B. Then
[I,JK]p=[,J+Klpg=I[1,J]p+[I,K]pg=1[1,J]g[l, K]p.

Proof. We prove the equality for the sum. Observe that only one inclusion is in
doubt so, by Theorem 3.3, it suffices to show that

[, J+Kl, I«(J+K), J+K)*xIC[I, J]p+I[I, K]s.

Since (1, 4), (J, +) and (K, +) are normal subgroups of (B, +), we have that
[I,J+ K]+ =1I,J]++11, K]y is contained in [/, J]p + [/, K]p. Then we have
that foreveryi € I, j € Jandk € K,

ix(jtk)=ixj+j+ixk—jell,Jlg+I, K]p.
Finally, note that (J + K)x I = (JK)* 1, so
(hysxi=jxkxi)+k*xi+jxieJxI+KxI+JxIC[I,J]g+1[I,K]p

forevery jeJ, ke K,iel. ]
We also need this notation in the proof: if Iy, ..., I, are ideals of a brace B,
we put [1;]18 = I,, and then, recursively, [11, ..., L1 =11, ..., k118, I]® for

every 2 <k <n.

Theorem 5.3 (see also Theorem 5.13). Let I, J be B-centrally nilpotent ideals of a
brace B. If I and J have classes ny and my, respectively, then I + J is B-centrally
nilpotent of class at most ny + my.

Proof. Set K = I + J. First, we show by induction that for every n € N, T, (K)?
is the sum of all commutators of the form [L;, ..., L,]? with either L; = I or
L; = J, for every 1 <i <n. The base case is clear. Assume the assertion is true
for some 1 <n € N. Then,

T 1(K)2 = [T,(K), K18 =[T,(K), [1Z +[T,(K), J1®

by Lemma 5.2. Using iteratively Lemma 5.2, the assertion also holds for n + 1.
In particular, for r = no+mo+ 1, T',(K)8 is the sum of all commutators of the

form [Ly, ..., L,]?, where either I occurs ng+ 1 times or J occurs mg + 1 times.
Thus, it follows that each [L1, ..., L,]? is contained in either pt1 (DB =0or
| (J)8 =0. Hence, T',(K)® =0 and so K is B-centrally nilpotent. [l

Let B be a brace. The Fitting ideal Fit(B) of B is the ideal generated by all
B-centrally nilpotent ideals of B. It follows from Theorem 5.3 that in a finite
brace B, Fit(B) is B-centrally nilpotent. More generally, the same result shows
that this is true for a broader class of braces.
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Corollary 5.4. Let B be a noetherian brace. Then Fit(B) is a B-centrally nilpotent
ideal.

Now, in order to obtain a characterisation of the Fitting ideal in terms of chief
factors, we need the following definition (recall Proposition 4.2). In [5, Propos-
tion 4.19], the centraliser of an ideal I of a brace B, Cp([), is defined as the largest
ideal that centralises I, i.e., [Cg(I), I = 0.

Moreover, if 1/J is a chief factor of B, we define the centraliser in B of 1/J
as the ideal Cp(//J) of B satisfying Cp,;(I/J) = Cp(I/J)/J. Equivalently,
Cp(1/J) is the largest ideal of B such that [Cp(1/J), N8 <.

Lemma 5.5. Let I be a B-centrally nilpotent ideal of a brace B. If J is a minimal
ideal of B, then [J, 18 = 0.

Proof. Since J is a minimal ideal of B, either [J, I1% =0 or [J, I18 = J. However,
in the latter case we contradict Definition 5.1. O

Theorem 5.6. Let B be a brace with a finite chief series S. Then Fit(B) is the
intersection of the centralisers in B of the factors of S.

Proof. Let0 =1y <1 <--- <1, =B be a finite chief series of B and set
C:=({Cp(Ix/Ix—1): 1 <k <n}. Then C isanideal of Band0=CNIlp<CNI; <
-+ < CNI, =C is a finite chain of ideals of B such that (/; N C)/([;_; N C) <
Z(C/L;i_yNC) forall 1 <i <n. Thus, C is B-centrally nilpotent, and hence
C < Fit(B).

Conversely, B is noetherian (see [3]) and so F := Fit(B) is B-centrally nilpotent
by Corollary 5.4. If I/J is any chief factor of B, then I/J is centralised by
(F+J)/J by Lemma 5.5. O

Theorem 5.7. Let B be a brace and put F = Fit(B). Then, (Cg(F) + F)/F does
not contain any nonzero soluble ideal with respect of B/ F. In particular, if B is a
soluble brace, then Cp(F) = ¢ (F).

Proof. Assume that (Cg(F) + F)/F contains a nonzero soluble ideal //F with
respect to B/F. Then it also contains a nonzero ideal J/F which is an abelian
brace. Let C =Cp(F). Then JNCNF <¢(JNC)and (JNC)/(JNCNF)is
an abelian brace. Thus, J N C is B-centrally nilpotent and so J N C < F. Finally,
J=JN(C+F)=((JNC)+ F = F, acontradiction. If B is a soluble brace, then
B/F is soluble, and therefore (Cp(F) + F)/F must be zero. Hence, Cg(F) < F
which yields Cp(F) = ¢ (F). U

It is well known that the Fitting subgroup of a finite group modulo its Frattini
subgroup is the product of all its abelian minimal normal subgroups. The following
Frattini-like ideal leads to a brace-theoretic analogue of this result. Let B be a finite
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brace. We define the Frattini ideal of F as
Frat(B) := () {L | L is a maximal left ideal of B } NFit(B).

Clearly, the Frattini ideal of a finite brace is a left ideal, but the following result
shows that it is actually an ideal (hence providing a justification for its name).

Lemma 5.8. Let B be a finite brace. If L is any maximal left ideal of B, then
L NFit(B) is an ideal of B.
Proof. Let F = Fit(B) and assume F £ L, so in particular B = FL.

Since F N L < (L, +), it follows that L < N(g 4y(F N L). Moreover, F N L
is properly contained in N(r 4,(F N L), as (F, +) is nilpotent. Therefore, L is
properly contained in N(g 1)(F N L).

Because I N L is A-invariant, we have N(p 4)(F' N L) is also A-invariant. Thus,
N+ (FNL) =B, and so FFN L is a strong left ideal. Then, by Lemma 4.20 and
Remark 4.21, we can find a strong left ideal T of B contained in F and such that
F N L is aproper ideal of T. Therefore, F N L is an ideal of T + L = TL, with
T + L being a left ideal of B. Hence, TL = B by the maximality of L and the
result follows. (]

Corollary 5.9. Let B be a finite brace. Then Frat(B) is an ideal of B.

Theorem 5.10. Let B be a finite brace with Frat(B) = 0. Then Fit(B) is the product
of all the abelian minimal ideals of B.

Proof. Let F = Fit(B). We claim that d5(F) = 0. Indeed, suppose that L is
a maximal left ideal of B such that dg(F) is not included in L. Then, B =
op(F)L,so F = FNog(F)L = (FNL)dg(F). By Lemma 5.8, FN L is an
ideal of B. Since F/(F N L) is nonzero and B-centrally nilpotent, we have that
0p(F)(FNL)/(FNL) <0p/rn1)(F/(FNL)) < F/(FNL), acontradiction. Thus,
F is an abelian brace.

Let N be the product of all abelian minimal ideals of B. Then N < F. For
the other inclusion, take S a minimal subbrace subject to B = SN. Consider
X = () {L | L is a maximal left ideal of S}, a left ideal of S. If SN N £ X, then
there exists a maximal left ideal L of S such that SN N is not included in L. Thus,
(SNN)L =S and then B = SN = (SN N)LN = LN, which contradicts the
minimality of S. Therefore, SN N < X.

Now, SN N is an ideal of B, as N is abelian and B = SN (see [2, Lemma 27]).
Assume that there exists a maximal left ideal L of B such that SN N £ L. Thus,
B=(SNN)L and then, S=SN(SNN)L=(SNL)(SNN). Take L’ a left ideal
of § maximal subject to SN L < L’ and SN N not included in L’. Then, L’ is
indeed a maximal left ideal of S, because the existence of a left ideal L” of S such
that L' < L” < Syields S = (SNL)(SNN) < L”. Therefore, SNN <X <L',a
contradiction. Thus, SN N = 0.
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Finally, S N F is an ideal of B, as F is abelian and SF = B (see again [2,
Lemma 27]), and consequently S N F contains an abelian minimal ideal of B,
contradicting SN N =0. ([

In a centrally nilpotent brace, the Frattini ideal behaves pretty well. For example,
it is possible to prove that it coincides with the set of nongenerators. Let B be a
brace. We say that an element b € B is a nongenerator of B if for all S < B such
that B = (b, S), we have B = S.

Theorem 5.11. Let B be a centrally nilpotent finite brace. Then Frat(B) coincides
with the set of all nongenerators of B.

Proof. Since in a centrally nilpotent brace the maximal left ideals coincide with the
maximal ideals and with the maximal subbraces, the usual group-theoretic proof
adapts to prove the result. O

However, we note that there exists a brace B of order 6 in which Fit(B) = Frat(B)
is the only nonzero proper left ideal of B and has order 3. This shows that there is
no possible analogue of these two well-known group-theoretic theorems concerning
the Frattini subgroup of a group G:

(1) G/Frat(G) is nilpotent implies G is nilpotent.
(2) If p is a prime dividing |G|, then p divides |G/ Frat(G)| too.

In the final part of this section we discuss further aspects of B-centrally nilpotence
and hypercentral/locally nilpotent concepts for (sub)ideals.

The definition of upper B-central series (and lower B-central series) for an ideal /
of a brace B can be extended by using transfinite numbers (just how we did in

Section 4), and this allows us to define B-hypercentral ideals of braces. However,
for our purposes, the following equivalent definition is more convenient.

Definition 5.12. Let B be a brace. An ideal / of B is said to be B-hypercentral if
there is an ascending chain of ideals of B

O=Ilhy<h=<--Iy<Ilgp=<---Iy=1

such that I,41/1, < ¢(B/I,) for all ordinals & < A. The smallest A for which such
a chain exists is the length of 1.

Clearly, if B is a brace, then B is hypercentral if and only if B is B-hypercentral,
and every B-centrally nilpotent ideal is B-hypercentral. The following result
generalises Theorem 5.3.

Theorem 5.13. Let B be a brace.

(1) If C and D are ideals of B which are B-hypercentral of lengths o and B,
respectively, then C+ D is a B-hypercentral ideal of length at most Ba +max{«a, B}.
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(2) Suppose C is subideal of defect n and centrally nilpotent of class c, and D is a
B-centrally nilpotent ideal of class d. Then C + D is centrally nilpotent of class at
most (¢ +n)d + c.

(3) Suppose C is ascendant of length u and hypercentral of length y, and D is a
B-hypercentral ideal of length 8. Then C + D is hypercentral of length at most
(v +m)é+y.

Proof. (1) Let E = C + D. Then E is an ideal of B and to show that E is B-
hypercentral, it suffices to prove that ¢ (E) contains a nonzero ideal I of B. To this
aim we may certainly assume that C and D are nonzero.

Suppose first C N D = 0. By hypothesis ¢(C) contains a nonzero ideal I of B.
On the other hand, ¢(C) < ¢(E) and so we are done.

Assume CN D #£0. Then ¢(C)N D contains a nonzero ideal I of B, and 1N (D)
contains a nonzero ideal J of B. Thus J < ¢(C)N¢(D) < ¢(E) and we are done.
The bound on the hypercentral length can be easily deduced from the proof.

(2)-(3) We only prove (3), the proof of (2) being similar. Since D is B-hypercentral
of length &, there is an ascending chain of ideals of B

0=DQ<D1<---Da<Da+1<--'D3=D

such that Dg1/Dg < ¢(D/Dg) for all ordinals 8 < 6.

Let E=C+D. Since C is hypercentral of length y, it follows that CND <¢,, (E).
Thus, we may factor out C N D and assume C N Dy =0. Let F =(C, D) =CD;.
Now, since C is ascendant of length u, there is an ascending chain C = Cy <
C19---4Cy 9Cyy1 9---Cy = F connecting C to F. It is easy to see that
(Cp+1NDy1)/(CgN Dy) < (E/(CpgN Dy)) forall B < w. Therefore Dy < ¢, (E).

We factor Dy out and we repeat the above argument. This shows that D <¢,(E),
where p = (y + u)é, so E is hypercentral of length at most p + y. O

If B satisfies the maximal condition on ideals, then the product of all B-hy-
percentral ideals of a brace is clearly B-hypercentral. Moreover, the idea of the
proof of Theorem 5.6 yields that if B is a brace having an ascending chief series &
(in particular, if B satisfies the minimal condition on ideals), then the maximal ideal
centralising all factors of S is precisely the unique maximal B-hypercentral ideal
of B.

The following result shows that in the universe of locally centrally nilpotent
braces, the class of B-hypercentral braces is closed with respect to forming exten-
sions by finitely generated hypercentral braces.

Theorem 5.14. Let N be an ideal of the locally centrally nilpotent brace B. If N is
B-hypercentral and B/ N is finitely generated, then B is hypercentral.
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Proof. Let S be a finite subset of B that generates B modulo N, and let Z = ¢ (B)
be the hypercentre of B. Assume by contradiction Z # B. Now, B/N is centrally
nilpotent, so N £ Z, and hence the ideal K := Z N N of B is strictly contained
in N. Since N/K is B/K-hypercentral, there is a nonzero ideal A/K of B/K
such that A/K <¢(N/K).Letae A\ K and U = (a, S, K); in particular, U/K
is centrally nilpotent. Since (A NU)/K is a nonzero ideal of U/K, we have that
V/K:=¢(U/K)N((ANU)/K) #0. Now, the fact that V < A implies that [V, N],,
[V, N]. and V % N are all contained in K. Similarly, the fact that V/K < ¢(U/K)
shows that [V, T']4, [V, T]. and V x T are all contained in K, where 7' = (S). Since
B=N+T = NT, we easily see that [V, B]; and [V, B]. are contained in K.
Moreover,ifu e NyveT,andae V,thenax(u+v)=axu+ut+axv—ueck.
This shows that V % B < K and proves that V/K < ¢{(B/K). Since K < Z, it
follows that V < Z,so V < ZN N, a contradiction. O

Also B-central nilpotency (resp. hypercentrality) can be locally detected, and
our next result is in fact a generalisation of Theorem 4.4.

Theorem 5.15. Let B be a brace and let I < B.

(1) I is B-centrally nilpotent of class at most c if and only if I N\ F is F-centrally
nilpotent of class at most c for every finitely generated subbrace F of B.

(2) I is B-centrally nilpotent if and only if I N\ C is C-centrally nilpotent for every
countable subbrace C of B.

(3) I is B-hypercentral if and only if I N\ C is C-hypercentral for every countable
subbrace C of B.

Proof. We only deal with the proof of (1), since (2) and (3) then follow in a similar
fashion using ideas from Theorem 4.4.

For each u, v € B, we write u o v to denote one (but we do not know which
one) of the operations [u, v]., [u, v]+, u xv. Then (1) is a direct consequence of
the fact that ¢. (1 )8 can be easily characterised as the set of all elements b € [
such that (-~ ((bob)o---)obe;))’ <&(I) foralli =0,1,...,c—1 and for
all by,...,b._; € B. O

To provide a good definition of “locally B-nilpotent ideal” is not an obvious task.
We now concern ourselves with a couple of possible definitions, mostly sketching
proofs and results. The first idea that comes in mind is that of using central chains of
ideals, just as we did for B-hypercentral and B-centrally nilpotent ideals. In fact, it
follows from Theorem 4.5 (and Zorn’s lemma) that in every chief series of a locally
centrally nilpotent brace B, two consecutive ideals K < H satisfy H/K < ¢(B/K).

Definition 5.16. Let B be a brace. An ideal / of B is said to be ¢p-nilpotent if
every quotient / /J of I by an ideal J of B admits a maximal chain S of ideals of B
in which H/K < ¢(I/K) for all consecutive terms K /J < H/J of the chain S.
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Using ideas from the proof of Theorem 5.13, it is not difficult to see that the
product of arbitrarily many ¢g-nilpotent ideals is {p-nilpotent. Thus, any brace B
has a unique maximal ¢g-nilpotent ideal, we call it the {p-radical of B: it turns out
that the largest ideal of B centralising all quotients of a chief series of B is precisely
the ¢p-radical of B. The following result shows that an analogue of Theorem 5.7 is
possible for the ¢p-radical.

Theorem 5.17. Let B be a brace admitting an ascending chain of ideals
0=Bo<Bi<--By<Byt1<---B.=8B

such that Bg1/Bg is a {p-nilpotent ideal of B/ Bg forall B < A. Then Cp(H) < H,
where H is the {g-radical of B.

Proof. Suppose C =Cp(H) £ H. Then (C+ H)/H contains a nonzero ¢ g-nilpotent
ideal I/H of B/H. Since

INCNH=<¢UINCQC),
it follows that I N C is a ¢p-nilpotent ideal of B. Thus,
INC<H and I=IN(C+H)=U+C)NH=H,

a contradiction. O

However, there is one reason for which this is not a convincingly good definition
of “locally B-nilpotent ideal”: a ¢p-ideal could not be locally centrally nilpotent
(there are examples even among groups)— although if B is locally finite, then a
¢p-ideal is locally centrally nilpotent.

A more fruitful approach could deal with finitely generated subbraces and the
way the ideal embeds into them. There are several ways in which this case may
be achieved, but the most reasonable one seems to be the following. Let B be a
brace. An ideal I of B is locally B-nilpotent if the following property holds: for
every finitely generated subbrace F of B, the finitely generated subbraces of I N F
are contained in F-centrally nilpotent ideals of F.

Trivially, every locally B-nilpotent ideal is locally centrally nilpotent, so this
solves the previous issue for {p-nilpotency.

Theorem 5.18. Let B be a brace. The sum of arbitrarily many locally B-nilpotent
ideals of B is locally B-nilpotent.

Proof. 1t is clearly enough to prove the statement for two locally B-nilpotent ideals 7
and J. Let F be a finitely generated subbrace of B. Choose a finitely generated
subbrace E of F N (I + J). In order to prove that E is contained in an F-centrally
nilpotent ideal of F, we may assume E = E| U E,, where E; € [ and E; C J, by
suitably replacing F'. Now, E| and E, are respectively contained in F-centrally
nilpotent ideals /; and I, of F. Since I} + I, is F-centrally nilpotent, we are done. []
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By Theorem 5.18, every brace admits a unique maximal locally B-nilpotent
ideal; we call it the Hirsch—Plotkin radical of B. Using ideas from the proof of
Theorem 4.5(1), we see that every locally B-nilpotent ideal is actually ¢g-nilpotent.
Finally, we note that for a locally finite brace B, the concepts of locally B-nilpotent
ideal and ¢p-ideal coincide.

6. Worked examples

In this section we describe the main examples of the paper. These examples are
all constructed in a similar fashion (see [1]), which we now explain, and all the
computations can be done with the computer algebra system GAP and the functions
of its package YangBaxter [21]. The first of them shows that the idealiser of
a subbrace (as introduced in [16]) does not exist in general (even for braces of
abelian type).

Example A. Let B = (a;) x {(az) x {a3) =~ C4 x C4 x Cp, whose operation is
additively written, and
2 2 2 2 2
C =(my, my, m3, mg,ms | mi =my, m5=1, my=mz=ms, ms =1,
-1 -1 -1
m1m2m1 =mzmyj, m1m3m1 =m2m3m2 =msms,
-1 -1 -1
mimam; = mymgm, =m3m4ms = ny,
~1 -1 -1 -1
mlmsml = m2m5m2 = m3m5m3 = m4m5m4 = m5).
We note that B and C are groups of order 32. Since m3 = m1m2m1_1m2_], my = m%,
ms = m1m3m1_1m3_1 = m%, we have that (m3, my, ms) is contained in Frat(C) (in
fact, they coincide) and so C = (m, m,). Then C acts on B by means of an action A
defined by

Am,(a1) =3a; +as, Am, (@) = 3ay,
Am (@) =a1+ax+az, Ap,(a2)=a1+ax+as,
Am, (a3) = a3, Am,(az) = as.
We note that
Ay (1) = Xy =ty (@1) = @, Amg(@r) = Ap2(ar) = ay,

Ams (@) = )\'mlmzmrlmz_] (@) =ar+as, Apy(az) = )‘m% (a2) = az + a3,
Amy(az) = Motsmam ! (a3) = as, Amy(@3) = A2 (a3) = as,

and A, is the identity map on B.

We can consider the semidirect product G = [B]C with respect to this action.
Then G turns out to be a trifactorised group as it possesses a subgroup D =
(aia3my, aymy) such that DNC = DNB =1, DC = BD = G. Thus, the bijective
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c é(c) c 8(c)

1 0 ni ay + 302
ms 2aq mims 3a; + 3a,
mgy 3a; 4+ 2a; + as mimg ar

mams ay +2a +as mimqms 2a1 +ap
ms 3a; + a3 mims 2a1 + 3a,
msns a) +as mimsms 3a,
msniy 2a; +2ay mimsniy a)+a
ms3nmgnms 2a; mimsmqms 3a; +ap
my ay miny 3a; + az
monms 3a, mimoms 2a; +3a; + a3
moniy 2a; + aj mimoniy 3a; +ar +az
momams  2ay+2ax +az  mimomams a1 +a+az
moms 2a; +az mimoms 3a; 4+ 3a; +as
momsms as mymoymsms  a; + 3ax + az
mams3niy a) +2a, mimomamy  2a;+a+az
momsmqms 3a; +2a; mmomsngms ap +as

Table 2. Associated bijective 1-cocycle.

1-cocycle § : C — B with respect to A given by Table 2 yields a brace of abelian
type (B, +, -) of order 32. This brace corresponds to SmallBrace (32, 14649)
in the YangBaxter library for GAP (this method of construction of braces will be
used in the subsequent examples without a further note).

We have that (2a; +2as)+ < (B, +), corresponding to (m3mg4) < C (through §),
defines a subbrace S of B of order 2. We also have that (2ay, 2a3, a; +ax +az) 4 <
(B, +), corresponding to (ms, msmams, mymomams) < C, defines a subbrace T
of B of order 8. Furthermore (2a;, 2a,, a; + a3)+ < (B, +), corresponding to
(ms, mymgms, myms) < C, defines another subbrace U of B of order 8.

We note that S is not a left ideal of B, because

Am, 2a1 +2a3) =2@a1 +a3) +2(a1 +ax+az) =2ax ¢ S.

On the other hand, S is aleftideal of T', since A5 (2a1+2a2) = Apymyms 2a1+2a2) =
Amymamams (2a1 + 2a2) = 2a1 + 2a>. Furthermore, (m3my) is a normal subgroup
of (ms, mymams, mymymams). Therefore, S is an ideal of 7. We also have that S is
a leftideal of U, since Ay (2a1 +2a2) = Anymums Qa1 +2a2) = Apyms ar +2a3) =
2a; + 2a,. Moreover, (m3mg4) is a normal subgroup of (ms, msmams, myms).
Therefore, S is an ideal of U.

We prove now that the subbrace D = (T, U) of B generated by 7" and U is B. Let
H be the additive group of D. Then H > (2ay, a», aj +a3) . Thus, if R =587 (H)
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X 5(x) X S(x)x 5(x)

1 0 858382 a+egi 2a+c 838281 3a+e
43 ctd+e 848281 2a+d+egs 3a+tc 858281 cte

84 c 848381 a+c+dgs d 858381 3a
8281 2a+c+d+e gsgag 2a+dgsg: 3a+d 848382 a+c+d+te
8481 2a 858482  2a+tegsgr 2a+c+d  g58483 a+d
g8 3atd+te 84838281 atctegagr d+te 85838281 a+d+e
8582 2a+tc+d gs5848:81 €8483 a 85848381 a+tc
883 3a+c+d gsgagigr 3atc+tegsgs c+d 8584838281 3atctdte

Table 3. Associated bijective 1-cocycle.

is the corresponding multiplicative group, then

8 'Qa))=mseR, 8 Y a)=mimseR, 8 'Qar)=m3msmseR,

571(61] +a3) =msms € R, 571(01 +ay +az) =mimomams € R,

which implies that C = (m, my, m3, ms, ms) = R. Thus, H = (B, +) and
(T,U)=B.

Finally, suppose that S possesses an idealiser in B. Since it must contain every
subbrace of B in which § is an ideal, it must contain 7" and U. It follows that the
idealiser of S in B must be B, but S is not an ideal of B.

Our second example shows that there is no analogue of Fitting’s theorem for
central nilpotency, even for braces of abelian type.

Example B. Let B = (a) x (c) X {d) x {€) >~ C4 x Cp x Cy x C,, written additively.
Let us consider the automorphisms g1, g2, g3 of B given by g|(a) =3a+d, g,(c)=c,
gild)=d, gi(e) =c+e, g(a) =a, g(c) =c, g2(d) =2a+d, g(e) =2a +e,
g3(a) = a, g3(c) =2a+c, g3(d) = d, g3(e) = 2a+e. If g4 = gig2gy '8,
and gs = g g3g]_1 gz ! then their action on (B, +) is the following one: g4 maps
a to 3a and fixes c, d, e, while g5 maps e to 2a + e and fixes a, ¢, d. We
have that C = (g1, g2, g3) = (g1, &2, &3, &4, &5) satisfies the following relations:
gl=1,8 =188 =g 8l =1 888 =88 288 =g, 8 =1
g1848; | =84, 82848, =84, 838483 =ga. 82 =1,81858; =85 82858, = &5
838585 - gs, 8485 g4_l = gs. It follows that C is a group of order 32. The bijective
I-cocycle 6 : C — B given in Table 3 yields a brace of abelian type on (B, +, - ) of
order 32. This brace corresponds to SmallBrace (32, 23060) in the YangBaxter
library for GAP.

Since C has order 32, we have that Ker A = 1. In particular, we have that { (B) =0,
and B is not centrally nilpotent.
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Now, let us compute the ideals of B. Suppose that / is a nonzero ideal of B with
additive group L and multiplicative group E. Since E is a normal subgroup of C,
it must contain a minimal normal subgroup of E. All minimal normal subgroups
of C are contained in Z(C) = (g4, gs5). Hence E must contain (g4), (gs) or {(g4&s).
In the first case, L must contain §(g4) = c. Since L must be invariant under the
action of C, it should contain g3(c) = 2a + c. Consequently, (2a,c)y < L. In
particular, §71'(2a) = g481 € E and (g1, g4) < E. Since E < C, we have that
38185 =gs81 € E, 50 (g1, 84.85) < E.

Similarly, if g5 € E, then §(gs) = d € L. Thus, g.(d) = 2a +d € L, and
hence (2a,d) < L. Now, g184 € E, so g3_1g1g4g3 = g1848s5 € E and also g5 € E.
Therefore

<g1,g4’g5> <E.

Finally, if g4gs € E, then §(g485) =c+d € L,so g2(c+d)=2a+c+d €L,
and hence (2a,c+d); < L. Again, g1g4 € E, so g;1g1g4g3 = g18485 € E and
also gs € E. Thus,

(g1, 84, 85) < E.

In all cases, we found that (g1, g4, g5) < E. Since 6 ({g1, g4, &5)) = (2a,c,d)+ <
(B, +) is a é-invariant subgroup and (g1, g4, g5) < C, we have that J = (2a, ¢, d)+
is the unique ideal of B of order 8. We observe that B/J is abelian. Therefore, the
only three ideals of order 16 of B are I} = (2a,c,d,e)+, h ={a+e,2a,c,d)4,
L={a,c,d);.

It can be easily seen that 0 < (c) < (2a,c)+ <I1,0<{c+d)+ < 2a,c+d)+ < I,
and 0 < (d)+ <(2a, d)+ < I5 are c-series of I, I and I3, respectively. In particular,
I, I and I are centrally nilpotent braces. However, B=11+ L =11+ 13 =1+ I3,
but, as we have mentioned, B is not centrally nilpotent.

Our third example shows that there may be abelian subideals that are not contained
in any centrally nilpotent ideals.

Example C. Let (B, +) = {(a) x (b) ~Cy x Cjp and (C, - ) =[{o)](t) >~ Dihyy. We
have that C acts on B by means of the action A defined by A, (a) =a+6b, A, (a) =a,
Ao (b) =a+b, Ar(b) = a — b. The bijective 1-cocycle § : C — B with respect to A
given by Table 4 yields a brace of abelian type (B, +, -) of order 24. This brace
corresponds to SmallBrace (24, 57) in the YangBaxter library for GAP.

Let I be any ideal of B of order 12, and put £ = §~1(I,+). Since (I, +) is
a maximal subgroup of (B, +), it must contain its Frattini subgroup, which is
(6b). As 8~1(6b) =1 and E < C, it follows that cto~! = o>t € E. Therefore,
8(6%t) =a+2b e I and then (I, +) = (a, 2b)4. Since [ is A-invariant, we get
that I = (a, 2b) is the only ideal of order 12 of B.
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c 8(c) c 8(c) c 8(c) c 8(c)
1 0 o® a T 6b o't a—+6b
o a+7b o b oT a+b o't 7b
o> a+8 of 8b ot a+2b o8t 2b
o3 9b o a+3b o3t 3b o't a—+9b
ot 4b ol a+4+4b ot 10 %t a+10b
o’ 115 oll 5b o’t a+5b o't 116

Table 4. Associated bijective 1-cocycle.

Note that / is not abelian as Soc(/) = (a +4b) . Thus,
(I,-) =~ Dihy,
and so / is not centrally nilpotent. Hence, Soc(/) is an abelian subideal of B of
order 6 such that it is not contained in any centrally nilpotent ideal of B.

Our last example shows that there are noncentrally nilpotent braces whose
subbraces are subideals.

Example D. Let (B, +, -) be the brace of abelian type of order 32 studied in
[2, Example 37]. It corresponds to SmallBrace (32, 24003) in the YangBaxter
library for GAP, so (B, +) = (a) x (b) X {¢) X {d) >~ C4 x C3 x C3 x C3, and
(B, ) =~ (e, f,h) =~ [Cy x Qg]C, with bijective 1-cocycle given by Table 5 and
associated action given by

e(a)=a+c+d, eb)=2a+c, e(c)=b, e(d)=2a+c+d,
f@=a+b+c, [fb)=2a+b, f(c)=c, f[fd)=c+d,

h(a) =a, h(b) =b, h(c)=c¢, h(d)=2a+d.

X 8(x) X 8(x) X 8(x) X 8(x)

1 0 h c f a fh a+tc

e 3a+b eh 3a ef b+c+d efh c+d
e’ b+c e’h 2a+b+c+d e*f 3a+d efh a+c+d
e’ 3a+b+d eh a+d ef b e fh 2a

et 2a+b+c eh 2a+b etf a+b+c e*fh a+b
e 3a+c eh 3a+b+c ef 2a +d Sfh 2a+b+d
e 2a+c+d e d eh 3a+b+c+d fh a+b+d
e’ 3a+c+d eh a+b+c+d €f 2a+c e’ fh b+d

Table 5. Associated bijective 1-cocycle.
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We start by providing all subbraces of order 2. These are generated by those elements
x € (B, +) of order 2 such that 1, (x) =x. We have S ={1, 2a+b+d}, S, ={1, ¢},
S3={1,b+c}, Sa={1,c+d}, Ss={1, 2a}, Se ={1,2a+b}, S7={1,2a+b+c}
(here, Ss is the only left ideal). For subbraces of order 4, we need those subgroups
H < (B, +) of order 4 such that 8~ (H) is also a subgroup of (e, f, h). We find

H 5 (H) H 57'(H)
Ss = (2a,b+c) (€3 fh, e’ fh) So = (2a+b, c) (e*, h)
S10=(b,2a+c) (€3 f) Sii={(c+d,2a+b+d) (efh,efh)
Sp=Q2a+d,b+c+d) (e f) S3=(d,2a+b+c) (eSh)
Su=2a+b+c,b+d) (e?)

(here, Sg is the only left ideal). For subbraces of order 8, we need those subgroups
H < (B, +) of order 8 such that 8‘1(H) <({e, f, h). Thus,

Sis = (2a, b, c), 871 (S15) = (3 fh, e f),
Sie = (2a,b+c,b+d), 8 '(Sis) = (e fh,e?),
S17=(2a,b+c,d), 871 (S17) = (€ fh, h)

(here, S5 is the only left ideal). The only subbrace of order 16 is the only nonzero
proper ideal of B, that is, S13 = (2a, b, ¢, d). The following relations can be easily
checked to hold:
81,84, 872811 81528189 B, 83,85, 87 183 816 1818 I B,
82, 86, 87 189 1817 1 S13 I B, S14 1815 1813 I B,
S12, 81348517 48184 B, S104817 48184 B.

Therefore, all subbraces are subideals but B is not soluble.
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