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Abstract: If (X,r) is a finite non-degenerate set-theoretic solution of the Yang—Baxter equation,
the additive group of the structure skew brace G(X,r) is an FC-group, i.e. a group whose elements
have finitely many conjugates. Moreover, its multiplicative group is virtually abelian, so it is also
close to being an FC-group itself. If one additionally assumes that the derived solution of (X,r) is
indecomposable, then for every element b of G(X,r) there are finitely many elements of the form bx*c
and ¢ * b, with ¢ € G(X,r). This naturally leads to the study of a brace-theoretic analogue of the
class of F'C-groups. For this class of skew braces, the fundamental results and their connections with
the solutions of the YBE are described: we prove that they have good torsion and radical theories,
and that they behave well with respect to certain nilpotency concepts and finite generation.
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1. Introduction

The Yang-Baxter equation (YBE) is one of the fundamental equations of physics.
It takes its name from the independent works of the physicists Chen Ning Yang [42]
and Rodney Baxter [4]. It turns out that this equation plays a relevant role in many
different subjects such as knot theory, braid theory, operator theory, Hopf algebras,
quantum groups, 3-manifolds, and the monodromy of differential equations.

A solution of the YBE is a pair (V, R), where V is a vector space and R is a linear
map R: V®V — V &YV such that

(R®id)(id®R)(R ®id) = (id ®R)(R ®id)(id ®R).

At the present time, we are far from being able to provide a full classification of
the solutions of the YBE. However, in recent years, there has been an increasing
interest in the so-called set-theoretic (or combinatorial) solutions of the YBE, i.e.
those solutions (V, R) such that R is induced by linear extensions of a bijective map

r: X xX —XxX,

where X is a basis of V' (see [16]); in this case, also the pair (X,r) is called a set-
theoretic (or combinatorial) solution.

Finding all solutions of the YBE is hard, but one strategy to tackle this prob-
lem is to study solutions that cannot be further reduced to smaller ones (see [18]).
A solution (X,r) is decomposable if there is a partition of X into two disjoint non-
empty subsets X; and X such that r(X; x X1) C X3 x X3, and r(Xax X3) C X x Xo;
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otherwise (X, r) is indecomposable. Many authors have focused on studying and clas-
sifying such solutions with a special emphasis on those which are also involutive and
non-degenerate, i.e. solutions (X, r) such that r? = id, and if we write

r(@,y) = (02(y), 7y (),

then the maps o, and 7, are bijective, for all z,y € X; see [6, 7, 8, 9, 18, 20, 24, 32,
33, 35, 36, 38]. On the other hand, almost nothing is known about indecomposable
solutions which are non-degenerate and non-involutive (see [13, 25, 31]). A particular
family of non-degenerate and non-involutive indecomposable solutions is that given
by those whose derived solution is indecomposable; in the following, we refer to these
as derived-indecomposable solutions (see Definition 4.3).

The aim of this paper is to provide algebraic tools to study derived-indecomposable
solutions. This is accomplished through the study of the structure skew brace G(X,r)
associated with a solution (X, ) of the YBE.

A skew brace is essentially a set endowed with two group structures, linked to-
gether with a “distributivity-like” relation (see [12, 19, 34] and next section for
precise definitions). If (X,r) is a non-degenerate solution, the skew brace control-
ling its structure is the structure skew brace G(X,r) [17, 19, 40]. Understanding
the structure of G(X,r) makes it possible to better understand the structure of the
corresponding solution, and this is the reason why the basic theory of skew braces
has recently been the subject of many papers (see, for example, [5, 11, 13, 22, 23]
and the references therein). Of course, if (X,r) is a solution and X is finite, then the
multiplicative group and the additive group of G(X,r) are finitely generated, but in
general they are both infinite groups. However, in this case, it also turns out that
the multiplicative group is virtually abelian (see, for instance, [25, Corollary 7.2]),
while the additive group is finite over its centre (see [21, Theorem 2.7]). Central-by-
finite groups are very special cases of an intensively studied class of groups: the class
of F'C-groups, i.e. the class of groups whose elements have finitely many conjugates
(see the monograph [41]). This class of groups generalises the class of abelian groups
and that of finite groups, and in fact it shares many good properties with these two
classes of groups. Due to its nice behaviour, the class of FC-groups has often been
employed to study very difficult problems in various contexts. For example, Seghal—
Zassenhaus ([37]) and Polcino Milies ([28, 29, 30]) gave a detailed description of the
group rings whose group of invertible elements is an F'C-group.

Starting from the above remarks, one naturally defines classes of skew braces that
behave like FC-groups (see Definitions 3.7 and 4.1) and it turns out they control
derived-indecomposable solutions of the YBE (see Theorems 4.4 and 4.5). In addi-
tion, this class of skew braces shares similarities with the classes of finite and trivial
skew braces (see Theorems 3.27 and 4.4), and although it is much bigger, it can still
be described quite well (compare with, for instance, our Theorem 3.37 and [22, The-
orem 5.4]). Moreover, here one can deal with finite generation (see Theorem 3.13),
torsion concepts (see Theorem 3.18), radical theory (see Theorem 3.40), and (under
some mild additional hypotheses) with certain nilpotency concepts (see, for instance,
Corollary 3.35).

The layout of the paper is the following. In Section 2, we give basic results concern-
ing skew braces and F'C-groups. In Section 3, we introduce and describe skew braces
with property (S) and their connections with the YBE. In Section 4, we prove an ana-
logue of a theorem of Bernard Neumann for skew braces having the property (BS) and
show how these skew braces naturally arise in the context of derived-indecomposable
solutions of the YBE.
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2. Definitions and preliminaries

In this section we give the necessary background on skew braces and on F'C-groups.

2.1. Skew braces. Let B be aset. If (B,+) and (B, o) are (not necessarily abelian)
groups, then the triple (B,+,0) is a skew (left) brace if the skew (left) distributive
law
ao(b+c¢)=aob—a+aoc

holds for all a,b,c € B. Now, let (B, +,0) be a skew brace. We refer to (B, +) as the
additive group of B and to (B, o) as the multiplicative group of B. We denote by 0
the identity of (B,+), by 1 the identity of (B,o), by —a and a~! the inverses of a
in (B,+) and (B, o), respectively, and, if n € N, then na = a+a+ -+ a (n times)
and a” =aoao---oa (n times). The skew distributive law easily implies 0 = 1. It
should also be noticed that the map

Aa€Br— (Ag:b— A(b) = —a+aob) € Aut(B,+)
is a group homomorphism from (B, o) to Aut(B, +) and the following relations hold:
at+b=aoX;*(b), aob=a+ (D), —a=ANS(at).
In analogy with ring theory, a third relevant (not necessarily associative) operation
in skew braces is defined as follows:
axb=X,(b)—b=—a+aob—0b,
and one can easily check that it satisfies the relations
ax(b+c)=axb+b+axc—Db,
(aob)yxc=ax*(bxc)+bxc+axc,
for all a,b,c € B. If the additive group of B is abelian, we simply call B a (left) brace,
or a skew (left) brace of abelian type. If (G,-) is any group, then (G,-,-) is a skew
brace called a trivial skew brace and (G, -°P,-) is a skew brace called an almost trivial
skew brace; if (G, ) is abelian, then the trivial skew brace and the almost trivial skew

brace coincide and we simply speak of a trivial brace.
If we consider the natural semidirect product G = (B, +) x (B, o), where

(a,b)(c,d) = (a+ Mp(c),bod)

for all a, b, c,d € B, then an easy computation shows that the operation * corresponds
to a commutator of type

(*) [(Oa a)) (bv 0)] = (CL * b, 0)7
for all a,b € B (note that our convention for commutators in a group (G, -) is [z,y] =
xyz~ty~h).

A left ideal of a skew brace B is a subgroup I of (B,+) such that A\,(I) C I for
all a € B; this is equivalent to B« I C I, so I is also a subgroup of (B,0). An ideal
is a left ideal that is normal in (B,4) and (B,o) (note that the last condition is
equivalent to demanding that I« B C I); in this case, it is known that B/I is a skew
brace and a + I = ao [ for all a € B. A skew brace is simple if it has no proper
non-zero ideals.

The socle of B is defined as Soc(B) = Ker(A) N Z(B,+) and the annihilator
(see [10]) of B is defined as Ann(B) = Soc(B) N Z(B, o), where Z(B,+) and Z(B, o)
are the centre of (B,+) and (B, o), respectively. Moreover, we let B) = B x B be
the subgroup of (B, +) generated by all elements of the form a b for all a,b € B. It
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can be proved that Soc(B), Ann(B), and B are ideals. In connection with B we
further observe that B is a trivial skew brace if and only if B?) = {0}.

Finally, we illustrate the connection between skew braces and solutions of the YBE.
Let B be a skew brace and let

rg: (a,b) € B x Br— (A(b), Aa(b) ' 0aob) € B x B.

Then (B, rp) is a non-degenerate solution of the YBE. Conversely, if (X, ) is a non-
degenerate solution of the YBE, then there is a unique skew brace structure over the
structure group

G(X,r) = (X |2y = 0u(y)7y(2), 2,y € X)

such that 7g(x (¢ X ¢t) = (¢ X ¢)r, where 11 X — G(X,r) is the canonical map. The
multiplicative group of this skew brace is G(X,r) and the additive is

AX,r) = (X |2+ 0.(y) = 02(y) + 04, (y)(Ty(2)), for all 2,y € X)

(see [26, 40]). We refer to this skew brace as the structure skew brace of (X,r) [19,
Theorem 3.9].

2.2. FC-groups. Let G be a group. An element = of G is an F'C-element of G if
it has finitely many conjugates in G, or, equivalently, if |G : Cg(z)| is finite; the
latter condition is also equivalent to requiring that the normal core (Cq(z))q of the
centraliser Cg(x) of z in G has finite index in G. The set of all F'C-elements of G
is a (characteristic) subgroup of G which is called the FC-centre of G and is usually
denoted by FC(G). The group G is an FC-group if G = FC(G). Natural examples of
FC-groups are restricted direct products of finite groups (unrestricted direct products
of infinitely many non-abelian finite groups are not F'C-groups); groups with a finite
commutator subgroup (or, by a well-known theorem of Schur, groups which are finite
over their centre); and abelian groups. F'C-groups were introduced by Reinhold Baer,
and they have been studied by many authors, including Gor¢akov, Hall, Neumann
and, more recently, Kurdachenko and Tomkinson. In this subsection we summarise
some of the main results concerning the class of FC-groups; we refer to [41] as a
general reference on the subject.

A finitely generated F'C-group is finite over its centre. Actually, in an arbitrary F'C-
group G, the factor group G/Z(G) is locally finite, i.e. every finite subset is contained
in a finite subgroup; thus, it follows from a well-known theorem of Schur that G’ is
locally finite and hence the subset of all periodic elements of G is a subgroup. It
turns out that every F'C-group can be embedded in a direct product of a torsion-free
abelian group and a locally finite F*C-group, so, in order to prove many properties of
FC-groups, it is often sufficient to prove them in the locally finite case. Furthermore,
the locally finite case is a very good case, because Dietzmann’s lemma holds for FC-
groups: every finite subset of a periodic F'C-group is contained in a finite normal
subgroup.

3. Skew braces with property (S)

In this section, we introduce property (S) for skew braces, and we study the basic
theory of skew braces with such a property. The main results describe the finite
generation (see Theorem 3.13) and the torsion theory (see Theorem 3.18) of skew
braces satisfying (S). Exploiting these results we highlight relations between this class
of skew braces and solutions of the YBE. At the end of the section, nilpotency concepts
and radical theory are both studied.
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Let B be a skew brace and let « € B. Let Fixz(z) = {b € B : xxb = 0}; if there is
no ambiguity, we simply write Fix" (z). Clearly, Fix"(x) is a subgroup of (B, +) and
its index is the cardinal number of the set {x % b: b € B} since the assignment

b+ Fix"(x) —> z x b

defines a bijective correspondence between the set of all right cosets of Fix" (x) in (B, +)
and the set {x *b:b € B}.

Similarly, we define Fix}z(z) = Fix'(z) = {b € B : bxz = 0}. It is easy to
see that Fix'(z) is a subgroup of (B,o) and its index is the cardinal number of the
set {bxx : b € B} since the assignment

boFix!'(z) — bxx
defines a bijective correspondence between the set of all right cosets of Fix'(z) in (B, o)
and the set {bxx :b € B}.

Moreover, let C{5) = Cl and CiB°) = C? be the centralisers of z in (B, +)
and (B, o), respectively. Then C; N Fix" (z) is a subgroup of (B, +) and C° NFix'(z)
is a subgroup of (B, o). Finally, we define the annihilator Anng(z) of an element x
in B as

Annp(z) = Ann(z) = Fix"(z) N CF N CS N Fix! (x).
Remark 3.1. Note that if ¢ € Fix'(z) N Fix"(z), then ¢ € C if and only if ¢ € C2.
Thus, Ann(z) could have been defined as Fix'(z) N Fix"(x) N C; or as Fix'(x) N
Fix"(z) N C2.
Lemma 3.2. Let B be a skew brace and let x€ B. If b € C; NFix"(z), thenboa €
Fix"(z) if and only if a € Fix"(z).
Proof: Note that

x4z * (boa)+boa=xoboa=bozxoa=box+ (box)*xa+a
=zob+ (box)xat+a=x+b+bx(xxa)+xxat+bxa+a
=r+b+b*x(rxa)+x*xa—b+boa=ax+bo(rxa)-b+boa
=z +bo(xxa+a).

Thus, z *a = 0 if and only if x * (bo a) = 0 and the statement is proved. O

Theorem 3.3. Let B be a skew brace. If x € B, then Ann(x) is a subgroup of (B, o).
Proof: By Remark 3.1, we have
Ann(z) = Fix'(z) N Fix"(z) N C2.

Since we already know that Fix'(z) is a subgroup of (B, o), we only need to show that
A(z) = Fix"(z)NC¢ is a subgroup of (B, o). Let b € A(z). Since bob~! = 0 € Fix"(z),
then b=! € Fix"(B) by Lemma 3.2. Thus, b=! € A. Moreover, if b,c € A(z), then a
further application of Lemma 3.2 shows that b o ¢ € Fix"(z). Therefore bo ¢ € A(x),
which shows that A(x) is a subgroup of (B, o) and completes the proof. O

Note that in the case of a two-sided brace the annihilator of an element is a sub-
group of both the underlying additive and multiplicative structures.

The following three easy examples show that, in general, the annihilator of an
element is neither a normal subgroup of (B, o) nor a subgroup of (B, +).
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Example 3.4. Let (B,+) = (a,b,c | 3a¢ = 2b = 2¢ = ¢+ b+ a = 0) be the
symmetric group on three elements and the multiplication be defined in such a way
that (B,0) = N x X, where N = {0,a,2a}, X = {0,b}, aob=rc,and 2a0b=0a+1b
(see [1, Theorem 3.12]). It is easy to check that (B, +,0) is a skew brace. Moreover,
note that also (B, o) is the symmetric group on three elements; however, (B, +,0) is
not the trivial skew brace (for example, a+b # ¢ = aob). Now, Ann(b) = {0, b} is not
a left ideal, since it is not A-invariant: A\,(b) = —a+aob=a+a+c=a+b ¢ Ann(d).
Tt is also clear that Ann(b) is a subgroup with respect to both operations but it is not
normal: —a+b+a=a+banda ltoboa=c.

Example 3.5. Let B be the trivial skew brace with additive and multiplicative
groups isomorphic to the symmetric group on three elements (a,b,c | 3a = 2b = 2¢ =
¢+b+a = 0). One can check that Ann(b) = {0, b} is a subgroup of (B,+) and (B, o)
and it is clearly A-invariant, hence Ann(b) is a left ideal of B. On the other hand,
Ann(d) is not a normal subgroup of (B, +), which implies that it is not an ideal of B.

Example 3.6. Let B be the brace whose underlying additive group is isomorphic
to Z/27Z x Z/4Z and whose multiplication is defined by

Y1 o Y2 _ y1+ye+ (1 +yr + 21+ y121) 22
Al +2.’E1 22—1—2902 zZ1 +2$1 +2Zly2 +2(y1 +{E121)22+2’2+2$2
for any x1,x2,y1,Y2,21,22 € {0,1} (see [2, Theorem 3.1] for further detail). Then

Ann(0,3) = {(0,0),(1,1)} is not a subgroup of (B,+) since (1,1) + (1,1) = (0,2),
but is a subgroup (B, o).

We chose to define Ann(z) as above because the annihilator of a skew brace behaves
similarly to the centre of a group (see for instance [5, 22, 23]). Indeed, if g is any
element of Ann(z), thenb+g=g+b=gob=bog, forallbe B, so that bxg=10
and g € Fix'(z); thus, Ann(B) = Nuep Ann(z).

Definition 3.7. An element x € B has the property (s) if |(B,+) : Fix"(z) N C/|
and |(B, o) : Fix'(z) N C¢| are finite. A skew brace B has the property (S) if all its
elements have property (s).

We chose to denote our property by “(S)” to prevent confusion between the group
theoretical concept of F'C-group and skew braces with the property (S). By doing so,
a quick glance enables readers to distinguish whether we are focusing on the attributes
of FC-groups or (S)-braces.

Special cases of skew braces with property (S) are those skew braces in which B®
and [B, B]; are finite, since then also [B, B], is finite. Every skew brace B such that
|B/ Ann(B)| < oo has property (S) by [22, Theorem 5.4]. Other natural examples of
skew braces with property (S) can be constructed by considering the restricted direct
product of (possibly infinitely many) finite skew braces. It is also straightforward to
show that the class of skew braces with property (S) is closed with respect to forming
sub-skew braces, homomorphic images, and restricted direct products. On the other
hand, not every skew brace has property (S). In fact, if B is any finite skew brace
such that Ann(B) < B (such as, for instance, the skew brace in Example 3.8), then
the unrestricted direct product C = Cr;en B; of infinitely many copies of B (that
is, B; ~ B, for every i € N) does not have property (S): if z € B\ Ann(B), then
(z)ien € C has infinitely many conjugates.
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Example 3.8. Let B be the brace whose additive group is isomorphic to Z/4Z and
whose multiplication is defined by 1 o x2 = 1 + x2 + 22122 (see [2, Proposition 2.4]).
Then the annihilator of B is strictly contained in B, and is given by Ann(B) = {0, 2}.

Notation 3.9. Let B be a skew brace. If z € B, any element of type g x z, x % g,
gowogt g+ — g, for some g € B, will be referred to as a conjugate of x.

This terminology is justified by the fact that the operation * corresponds to commu-
tation in the semidirect product (B, +) x (B, o). Under this terminology, an (s)-ele-
ment of a skew brace is just an element having finitely many conjugates.

It is a straightforward (but long) exercise to show that in a two-sided brace B,
the set of all (s)-elements is an ideal. We state this fact as follows, only sketching the
proof.

Proposition 3.10. Let B be a two-sided brace. Then the set S of all (s)-elements
of B is an ideal of B.

Proof: Since B is a brace, we need to show that S is a subgroup of (B, +), a normal
subgroup of (B,o), and that S is A-invariant. We show that S < (B,+), since the
other statements can similarly be proved.
Let by,b € S. We need to show that by + b € S. Since
(br —bo)t = 00T — 05",

for all ¢ € B, we have that the set {(b; — by)®™" : ¢ € B} is finite. Now, note that for
all ¢ € B we have
cl=ctlo(c—c)=—ct4+clto(—c)=2ct=c"to(~¢)

and similarly

This implies that
0=co(by —by)oct =b7° 4 (=by)*°
and hence that the set {(—b1)®° : ¢ € B} is finite. Therefore
(b1 = b2) > = b7 + (=b2)*°
assumes finitely many values, as ¢ ranges in B. Finally, the fact that the sets
{c*(by —b3):c€ B} and {(by —b2)*c:ce€ B}
are finite depend upon the distributive laws. Thus, b — by € S, and we are done. O

However, we are not able to establish if this is the case also for skew braces.

Let B be a skew brace with property (S). Put G = N x X, where N = (B, +),
X = (B,o), and the action of X on N is given by A. A direct consequence of the
definitions is that both X and N are F'C-groups, but G is also an F'C-group: to see
this, note that equation (x) yields that both X and N are contained in the F'C-centre
of G, so G = FC(G). This fact will be very useful in our considerations below and
will sometimes be employed without any further notice.

Our first main result deals with finitely generated skew braces with property (S),
but first, we need a lemma and some definitions.

Definition 3.11 (see also [22, p. 6]). A skew brace B is finitely generated if there is
a finite subset E of B such that B is the smallest sub-skew brace of B containing B.
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Lemma 3.12. Let B be a skew brace whose additive group is generated by the (s)-el-
ements x1,...,Tn. Then B/ Ann(B) is finite.

Proof: Consider the map
f: B/ Ann(B) — (B2)2" x ([B, B], )"
given by the assignment
fb+Ann(B)) = (b*x1,...,bxxp, 1 %b, ...,y b, [b,21]4, ..., [b,2n]4).

It was shown in the second half of [22, Theorem 5.4] that the function f is well defined
and injective. Since every z; is an (s)-element of B, it follows that the image of f is
a finite set, so also B/ Ann(B) is finite, and the statement is proved. O

Let S = {z1,...,2,} be symbols. A b-word with respect to S is a sequence of
symbols recursively defined as follows: the empty sequence is a b-word and so are
the 1-element sequences 1, xs,...,x,; if we have two b-words w; and ws, then the
sequences wj © wa, Wi + Wg, —W1, wfl are b-words. We define the weight w(w) of
a b-word w with respect to S as follows. Let () = 0 and t(z;) = 1 for each i =
1,...,n. If w; and wy are b-words whose weights are n; and ns, respectively, then
the b-words w; o wy and wy + we both have weight n; + ng, while the b-words —w,
and w; ! both have weight n; + 1.

Now, let B be a skew brace and let by,...,b, be elements of B. It is clear that
if w(z,...,2,) is any b-word, then we may evaluate w(by,...,b,) in B. Thus, the
smallest sub-skew brace C' generated by by,...,b, in B is precisely the set of all
evaluations of b-words. Moreover, if ¢ is any element of C, the weight w(c) of ¢ (with
respect to by, ..., b,) is defined as the smallest weight of a b-word w(zx1,...,x,) such
that ¢ = w(by,...,by).

Theorem 3.13. Let B be a skew brace with property (S). The following statements
are equivalent:

(1) B is finitely generated.
(2) (B,+) is finitely generated.
(3) (B, o) is finitely generated.

Proof: 1t is clear that (3) = (1) and (2) = (1). Assume (1) and let by,...,b,
be generators of B containing their additive inverses. Let G = N x X, where the
action of X = (B,0) on N = (B, +) is given by \. As we already mentioned, G is an
FC-group, so in particular, [G, G] is locally finite.

It follows from equation (%) that, for each ¢ € B and i = 1,...,n, the ele-
ment (¢ b;,0) of N is contained in [G, G]. Clearly, also the elements ([c, b;]+,0) are
contained in [G, G]NN. Now, since G is an FC-group, the elements of types (c*b;, 0)
and ([c, b;]+,0) are periodic and finite in number; let E be their set. It follows from
Dietzmann’s lemma (see the preliminaries) that the normal closure H of E in G is
finite (and is certainly contained in N).

Let g1 = (b1,0),...,9n = (bs,0). We claim that N = U, where

U= <gla-~-agn7H>

is the subgroup generated by g¢1,...,9, and H. With this aim, by induction on the
weight t(c) of ¢ (with respect to by, ...,b,), we prove that an arbitrary element g =
(¢,0) of N belongs to U. If to(c) = 0, this is obvious. Assume t(c) > 1 and the usual
induction hypothesis. By definition, there are elements ¢; and cs of B such that one
of the following alternatives holds:
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(i) ¢ =c10cy and to(c1),10(c2) < to(c).
(ii) ¢ =¢1 4 ¢2 and 1(c1), w(c2) < w(c).
(ili) ¢ = —c1 and w(c) = w(cy) + 1.
(iv) ¢ = ¢yt and w(c) = w(cy) + 1.
It is clear that cases (ii) and (iii) can be neglected, so we only need to deal with
cases (i) and (iv). Let us first deal with (i). In this case, ¢ = ¢j0cy and w(cy),w(c2) <
w(c). By induction, we can write (c2,0) + H as a sum (with repetitions) of the

elements g1 + H, ..., g, + H, so, by the skew distributive law, we may assume cs = b;,
for some i: notice here that for example

cio(by+h)=croby—ci+cioh=cioby +c1xh+h,
whenever (h,0) € H, and (¢; * h + h,0) € H. However, ¢; * b; is contained in H, so
g+ H =(c10b;,0) + H=(c1,0)+ (b;,0) + H

and again g belongs to U, by induction.

Now we deal with (iv). In this case, ¢ = ¢; ' and 1(c) = w(c;) + 1, so by induction
¢1 belongs to U. For simplicity’s sake, we write every element (b,0) of N as b; under
this terminology, a x b means (a * b, 0).

We claim that a=!+H = —a+ H every time a belongs to U; this completes the proof
in this case. Write a = b} + --- + b/, + h for some elements b},...,b,, € {b1,...,b,}
and h € H. Clearly, for each 1,

H=bob;'+H=0b+0b"+H,

so —b; + H = b;l + H. Now, since H is a normal subgroup of G, it contains all
elements of the form a * h, where a € N and h € H, and consequently

by + - +0b, +h)o(=by+---—b, —h)+H
=0y A+, h) o (=by A= b)) =V b, — R
+ (b +---+b,+h)o(—=h)+H
= O+ AU R o (S ) = b+ = by —h
+V 440, +h—h+H

= (b +- -+, +h)o(=by+--—b,)—h+H
== 0+ b, +h)o(=b))—by+---—b, —h+H
=b+-+b, +h—b, —by—--- =V, —h+H=H.

Therefore there is an element d of H such that
(B 4+ +0b, +h)o(=by+--—b, —h)=d.

However, H is a normal subgroup of G, so H is a group with respect to o, which
means that

Ao (B 4o 4 by +h) = (b 4o — b — )L
Repeated application of the skew distributive law shows that
(=0 +- =t —h) P H=d o (b + - +b, +h)+H=(b, + - +b,)+H

The fact that by,...,b,,, m, h were arbitrary proves the claim.
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Finally, since H is a finite subgroup of (B,+), it follows that (B,+) is finitely
generated. Moreover, Lemma 3.12 yields that B/ Ann(B) is finite. Since (B,+) is
finitely generated also Ann(B) is finitely generated as a subgroup of (B, +), and this
means that it is also finitely generated as a subgroup of (B, o). The fact that Ann(B)
has finite index in (B, o) means that (B, o) is finitely generated and completes the
proof of the theorem. O

Corollary 3.14. Let B be a skew brace with property (S). If B is finitely generated,
then B/ Ann(B) is finite.

Proof: This is a consequence of Theorem 3.13 and Lemma 3.12. O

The set of all periodic elements of a group G is denoted by T(G). For a
skew brace (B, +,0), we denote by T (B) the set of periodic elements of the ad-
ditive group (B,+) and by To(B) the set of periodic elements of the multiplica-
tive group (B,o). We say that a skew brace B with property (S) is periodic if
(B,+) = T4 (B), and is torsion-free if Ty (B) = {0}.

Corollary 3.15. Let B be a periodic skew brace. If B is finitely generated, then B is
finite.

Let B be a skew brace. We say that B is locally finite if every finitely generated
sub-skew brace of B is finite.

Corollary 3.16. Let B be a periodic skew brace. Then B is locally finite.

Corollary 3.17. Let B be a skew brace with property (S). If B is finitely generated,
then B/ Ann(B) is finite.

Proof: This is a consequence of Theorem 3.13 and Lemma 3.12. O

If G is an FC-group, then T(G) is a normal subgroup of G. If B is a skew brace
with property (S), then both (B, +) and (B, o) are FC-groups, so T+ (B) and To(B)
are normal subgroups of (B, +) and (B, o), respectively. Our next result justifies the
definition of a periodic skew brace we gave above.

Theorem 3.18. Let B be a skew brace with property (S). The following statements
hold:

(1) T4 (B) = Ts(B).
(2) T+ (B) is an ideal of B.

) T
(3) Ty (B/T4(B)) = {0}.
(4) If B is finitely generated, then T (B) is finite.

Proof: Let G = N x X, where the action of X = (B,0) on N = (B, +) is given by A.

(1) Let a € B. Of course, a can be regarded as an element g; = (a,0) of N and as
an element go = (0,a) of X. We need to show that gy is periodic if and only if g is
periodic.

Assume first that g; is periodic. Since G is an F'C-group, Dietzmann’s lemma yields
that the normal closure M = (g;)% of (g;) in G is finite. Then M contains [M, X],
which means that if M contains elements of type (b,0) and (¢, 0) for some b,c € B,
then by equation (x) it also contains (b ¢,0) and, consequently, (bo ¢,0). Therefore,
every element (b,0) € M is such that b is a periodic element of X. In particular, gs is
periodic.
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Conversely, assume go is periodic. Since G is an F'C-group, its derived sub-
group [G, G] is locally finite. In particular, [X, N] is a locally finite normal subgroup
of G. On the other hand, equation (%) shows that [X, N] contains every element of
type (b,0), where b € B®, so

(b1 + b2,0) 4+ [X, N] = (b1 0 b2, 0) + [X, N],
for every by, by € B. It follows that there is a positive integer m such that
(¢,0) = (ma,0) € [X, N].

However, this means that c is a periodic element of N, and so a is a periodic element
of N. Thus g¢; is periodic, and the statement is proved.

(2) As a consequence of the previous point T (B) is a normal subgroup of both N
and X. It only remains to show that T (B) is A-invariant. However, this immediately
follows from the observation that the set of all periodic elements of N is a characteristic
subgroup of N, so it is normal in G. Therefore T, (B) is A-invariant and hence is an
ideal of B.

(3) This is an immediate consequence of (2).

(4) It follows from Theorem 3.13 that (B, +) is finitely generated. Since (B, +) is an
F(C-group, we have that 7 (B) is finite, which proves the statement. O

Periodic skew braces play a very relevant role in the structure of an arbitrary skew
brace with property (S), as the following results show.

Theorem 3.19. Let B be a skew brace with property (S). Then B/ Ann(B) is locally
finite.

Proof: By Corollary 3.16, we only need to prove that B/ Ann(B) is periodic.

Let b € B. We need to show that there is a positive integer n such that nb belongs
to Ann(B). By Theorem 3.18, this is equivalent to finding a positive integer n such
that b™ is contained in Ann(B).

Let G = N %) X, where N = (B,+) and X = (B,0). Since G is an FC-group,
we have that G/Z(Q) is a locally finite group. Let « = (0,b). Then there is a positive
integer m such that

(0,6™) = 2™ € Z(G).

It follows from equation (x) that b™ x ¢ = 0, for every ¢ € B; consequently, b™ o ¢ =
b™ + ¢ for every ¢ € B. So far, we have that b™ belongs to Ker(\) N Z(B, o). Let
g = (b™,0). Then there is a positive integer ¢ such that

(b™,0) = (™, 0) = ¢* € Z(G).

Thus b = b*™ belongs to Z(B,+). But Ker(\) N Z(B, o) is a subgroup of (B,0), so
b = (b™)* still belongs to Ker(\) N Z(B, o) and the statement is proved. O

Let n € N. A skew brace is locally finite of finite exponent dividing n if every
finitely generated sub-skew brace is finite and both its additive and multiplicative
groups have exponent dividing n. In combination with Theorem 3.19, our next result
has some relevant consequences in the theory of skew braces with property (S). It
generalises well-known results of Schur and Mann (see [27]) in group theory, and it
extends [22, Theorem 5.4].
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Theorem 3.20. Let B be a skew brace.
(1) If B/ Ann(B) is locally finite, then B3 is locally finite.
(2) If B/ Ann(B) is locally finite of finite exponent dividing n (resp., finite of ex-
ponent dividing n), then B?) is locally finite of finite exponent dividing f(n)
(resp., finite of exponent dividing f(n)), where f(n) depends only on n.

Proof: (1) Let by, ...,b, € B® and let A be the sub-skew brace generated by by, . . ., b,.
We need to show that A is finite. By definition of B(?), we can find elements

01’1,...,cn’h...,cl’n,...,cn,n and d1,17~--7dn,17---;d17n;-~-7dn,n
such that
bl € <Cl,1 * d1717 <oy Cni1 X dn71>+a LR ;bn € <Cl,n * dl;ru <oy Cpop X dn7n>+-

Now, consider the sub-skew brace C'// Ann(B) generated by
c11+Ann(B),...,cypn +Ann(B),di 1 + Ann(B), ..., d, , + Ann(B).

By the hypothesis, C/ Ann(B) is finite. But clearly, Ann(B) is contained in Ann(C),
so Lemma 3.12 yields that C(®) is finite. Since A is a sub-skew brace of C(?), it follows
that A is finite and the statement is proved.

(2) Assume first that B/ Ann(B) is finite and both its additive and multiplicative
groups have exponent dividing n. Let N = (B,+), X = (B,0)/Ker(}\), and G =
N %, X. Since the exponent of (B, o)/ Ann(B) divides n, it follows that the exponent
of X also divides n.

It is easy to see that Ann(B) as a subgroup of N is contained in the centre Z(G)
of G, so G/Z(G) is finite of exponent dividing n?. It follows from [27] that [G,G] is
finite of exponent dividing g(n?), where g is a function depending only on n. Finally,
equation (%) also shows that Bx B is finite of exponent dividing g(n?). The statement
is proved in this case.

In order to deal with the locally finite case, we just need to repeat the proof of (1),
replacing Lemma 3.12 with the first part of (2). O

As a consequence of Theorems 3.19 and 3.20 we have the following results.
Corollary 3.21. Let B be a skew brace with property (S). Then B®) is locally finite.

Corollary 3.22. Let B be a skew brace with property (S). If I is a torsion-free ideal
of B, then I < Ann(B).

Proof: By assumptions, T (I) = {0}, so Corollary 3.21 yields I * B = B I = {0}.
On the other hand, any F'C-group has a locally finite commutator subgroup and
consequently [I, Blo, [I, B]+ < T4+(I) = 0. The statement is proved. O

Corollary 3.23. Let B be a torsion-free skew brace. Then B is a trivial brace.

Theorem 3.19 also has an immediate consequence on the induced solution (B,rg)
of a skew brace B with property (S).

Corollary 3.24. Let B be a skew brace with property (S). Then the orbits of rg as
an element of Sym(B x B) are finite.

Proof: Let F' be any subset of B. It follows from Lemma 3.12 that the sub-skew
brace C' generated by F' is finite over Ann(C). Let n be the index of Ann(C) in C.
Then [39, Lemma 4.12(1)] shows that rZ"(a,b) = (a,b), for all a,b € C and completes
the proof of the statement. O
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Let (X,r) be a non-degenerate solution of the YBE and ¢ the natural map
t: X = G(X,r). If v is injective, we say that (X,r) is injective. On the other hand,
it is possible for ¢ to be non-injective. Take for instance X = {1,2,3,4}, f = (1 2),
and g = (3 4); the map r: X x X — X x X given by r(z,y) = (f(y),9(z)) is a
non-degenerate solution of the YBE but it is not injective since 1 = 2 and 3 = 4
in G(X,r). In this case, the injectivisation of (X,r) can be useful (see [40]). If
X = 1(X) and 7: X x X — X x X is the restriction of ra(x,r) to X x X, then
the pair (f( ,7) is an injective non-degenerate solution of the YBE called the injec-
twisation of (X,r) and is such that G(X,r) ~ G(X,7). Recall also that (X,r) is a
trivial solution if r(x,y) = (y, ) for all z,y € X. Note here that the previous example
shows that the injectivisation of a non-involutive and non-degenerate solution may
be involutive (even trivial).

The trivial solution is involutive, and the following result shows that if G(X,r) has
property (S), then the converse holds for the injectivisation of (X, r).

Corollary 3.25. Let (X,r) be a @on-degenerate finite solution of tl}e YBFE such that
G(X,r) has property (S). Then (X,7) is involutive if and only if (X,7) is trivial.

Proof: If (X, 7) is involutive, then G(X,r) is torsion-free (see [22, Theorem 6.5]) and
so is a trivial brace by Corollary 3.23. Then (X, 7) is the trivial solution. O

Theorem 3.26. Let B be a skew brace. If I is a torsion-free sub-brace of Ann(B)
such that B/I is a periodic skew brace, then B has property (S).

Proof: Let b € B. We need to show that the indices
|(B,+): Fix"(b)) NG| and |(B, o) : Fix'(b) N C|
are finite. Since B/I has property (S), we have that
|(B/1,0) : Fixjg,;(b+I)| < oc.

Let U/I = Fixg/l(b + I). Then U is a subgroup of finite index of (B, o). Moreover,
if ¢ € U, then ¢ % b belongs to I. But B® is locally finite by Corollary 3.21, and
so ¢ b = 0. It follows that Fix’(b) has finite index in (B, o). Similarly, we prove that
Fix;(b) has finite index in (B, +).
A theorem of Chernikov [14] (which is in fact the group theoretical analogue of
the result we are proving) now shows that also the indices
|(B,+):C,| and [(B,o):Cy]
are finite, and the proof of the statement follows. O

One of the most interesting connections between arbitrary and periodic skew braces
is given by the following result.

Theorem 3.27. Let B be a skew brace with property (S). Then B is a subdirect
product of a trivial brace C' and a periodic skew brace D. Moreover, C and D are
homomorphic images of B.

Proof: Let T = T (B). By Corollary 3.23, B/T is a trivial brace. Now, every subgroup
of the additive group of Ann(B) is an ideal of B. Let F' be a maximal free abelian
subgroup of Ann(B) (this certainly exists by Zorn’s lemma). Then F' is an ideal of B
and Ann(B)/F is periodic. Thus B/F is also periodic.

Since F NT = {0}, we have that the map

be B—s (b+T,b+F) € B/T x B/F

is a monomorphism of skew braces and the statement follows. O
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In dealing with periodic skew braces, one would hope an analogue of Dietzmann’s
lemma for F'C-groups would hold. Unfortunately, it is not quite clear if a result of
this type holds or not.

Question 3.28. Let B be a periodic skew brace. Is it true that any finitely generated
ideal of B is finite?

A positive answer to the above question would provide a great deal of information
about the structure of an arbitrary skew brace with property (S). In this context, the
best we can do is Theorem 3.29. Here, an ideal I of a skew brace B with property (S) is
said to be good if every finitely generated ideal J of B with J C I is finitely generated
as a skew brace. Using this terminology, Question 3.28 can be rephrased as follows: is
every periodic skew brace good? Actually, as a consequence of Theorems 3.19, 3.29,
and 3.31, it turns out that the previous question is equivalent to the following one: is
every skew brace with property (S) good?

It is clear that every restricted direct product of finite skew braces is a good skew
brace with property (S). We anticipate that, in Section 4, we will show that this is
also the case for the class of skew braces with property (BS) (see Definition 4.1); in
particular, this will be a direct consequence of Corollary 3.30 and Theorem 4.2.

Theorem 3.29. Let B be a skew brace with property (S). If I C J are ideals of B
such that T and J/I are good ideals of B and B/I, respectively, then J is a good ideal
of B.

Proof: Let F' be a finite subset of J (containing its additive inverses). We need to
show that the ideal L generated by F' in B is finitely generated as a skew brace.

Note that a combination of Theorem 3.18 and Theorem 3.20 shows that a finitely
generated skew brace with property (S) satisfies the ascending chain condition on
sub-skew braces (recall that a finitely generated F'C-group has a finite commutator
subgroup), so to achieve our goal, we just need to prove that L is contained in some
finitely generated sub-skew brace of B; this remark also allows us to factor out every
ideal which is finitely generated as a skew brace.

Now, the ideal K/I generated by the image of F' in B/I is finitely generated as a
skew brace, so it follows from Theorem 3.18 that 7' (K/I) is finite; the same result
also shows that H/I = T (K/I) is an ideal of B/I. Moreover, Theorem 3.20 shows
that K/H is a finitely generated torsion-free trivial brace. It is therefore enough to
split the proof into two cases according to whether K /I is finite or a finitely generated
torsion-free trivial brace.

Let us first deal with the latter case, i.e. K/I is a torsion-free trivial brace generated
by z1,...,T,. Let A be the sub-skew brace of B generated by F' and x1,...,z,. Then
A satisfies the ascending chain condition on sub-skew braces, and consequently, AN T
is a finitely generated skew brace. Since [ is good, the ideal M generated by AN is
finitely generated as a skew brace and, factorising by M, we may assume ANI = {0}.
In particular, A is a trivial brace generated by x1,...,x,. Since B has property (S),
there are finitely many possibilities for z; = gox;og™!, whereg € Bandi=1,...,n,
and, by the hypothesis on K/I, each of these possibilities can be written as a linear
combination u(i, g) = mix1+- - -+ m,x, modulo I. Similarly, there are finitely many
possibilities for the elements of type x;‘"g =g+ x; — g (resp., g *x x;), where g € B
and ¢ = 1,...,n, and each of these can be written as a linear combination v(i, g)
(resp., z(i,g)) modulo I of x1,...,x,. Thus the set

U = {u(i,g) — 237, v(i,g) — %, 2(i,9) —g*xi: g€ B,i=1,...,n}



DERIVED-INDECOMPOSABLE SOLUTIONS OF THE YBE 185

is finite and is contained in I, so the ideal generated by U is finitely generated as a
skew brace and then we may factor it out. Now, since A is generated additively and
multiplicatively by x1,...,2,, we have that A is a normal subgroup of both (B, +)
and (B, o). Moreover, gxx belongs to A, for any g € B and x € A, since gxx; € A, for
every i and we may write x = vix1 +- - - +vpx, for some integers vy, ..., v,. It follows
that A is an ideal which is finitely generated as a skew brace and the statement is
proved in this case.

We now turn to the case in which K/T is finite. This case can essentially be dealt
with as above when we replace x1,...,x, with a complete set of representatives of K
modulo 1. O

Corollary 3.30. Let B be a skew brace with property (S). If
()= CHLCIaClap1 C---J=|]J In

a<p

s an ascending chain of ideals whose factors are good, then J is a good ideal of B.

Proof: Since J is an ideal of B, being a union of a chain of ideals, we only need to
show that J is good. Let v be the smallest ordinal number such that I, is not good.
Of course, v > 0. Moreover, by Theorem 3.29, v cannot be a successor, so +y is the
limit. We have reached a contradiction since the union of any chain of good ideals is
good. O

The above corollary shows that skew braces with property (S) contain many natural
ideals which are good.

Let B be a skew brace. We recursively define the upper socle series of B as follows.
Put Socy(B) = {0} and Soc;(B) = Soc(B) = Ker(A) N Z(B,+). If a is an ordinal
number, put

Soca+1(B)/ Soce(B) = Soc(B/ Socy(B)).

If p is a limit ordinal, put

Soc,(B) = U Socg(B).

y<p

The smallest ordinal number « such that Soc,(B) = Soca+1(B) is the upper socle
length of B and is denoted by s(B); the last term of the upper socle series is the
hyper-socle of B and is denoted by Soc(B). Note that every term of the upper socle
series is an ideal of B and it is easy to see that Soc(B/Soc(B)) is zero. This series of
ideals is relevant in some nilpotency theory of skew braces: it turns out, for instance,
that a skew brace B of nilpotent type is right-nilpotent if and only if B = Soc,(B)
for some positive integer n (see [13, Lemmas 2.15 and 2.16]).

Theorem 3.31. Let B be a skew brace with property (S). Then Soc(B) is a good
ideal of B.

Proof: By definitions and Corollary 3.30, we just need to show that S = Soc(B) is a
good ideal of B.

Let G = N x5 X, where N = (B,+) and X = (B,0). Let E be any finite subset
of S. Since G is an FC-group, the normal closure F' of E (here we see E as a subgroup
of N) in G is finitely generated. As a subset of B, F is a finitely generated normal
subgroup of (B,+), is a subgroup of (B, o), and is invariant under the action of \.
But F is still contained in Soc(B), so, if z € F and b € B, then [13, Lemma 1.10]
yields that box ob™t = \y(z) € F. Tt follows that F is a normal subgroup of (B, o)
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and hence F' is an ideal of B containing E. Since F' is additively finitely generated, it
is also finitely generated as a skew brace and the statement is proved. O

In a similar way we define the upper annihilator series {Ann,(B)}acora of B.
The smallest ordinal number a(B) such that Ann,p)(B) = Anngg)41(B) is the
upper annihilator length. The last term of the upper annihilator series is the hyper-
annihilator and is denoted by Ann(B). Again, every term of the upper annihilator
series is an ideal and Ann(B/Ann(B)) is zero. Moreover, for each ordinal number c,
Ann, (B) C Socs(B), so that Ann(B) C Soc(B), and hence the hyper-annihilator
is a good ideal by Theorem 3.31. Note that the latter inclusion can be strict even
in the case of a periodic skew brace. For instance, let B be the brace obtained as
the semidirect product C' x A, where A, C' are the unique braces of orders 3 and 2,
respectively, and the action is the unique non-trivial action of C' on A (see [12]). One
can check that Socy(B) = B, but the annihilator of B is zero.

A skew brace B such that B = Ann,(B) for some non-negative integer n is called
annihilator-nilpotent (of length n). In fact, the upper annihilator series can be thought
of as an analogue of the upper central series of a group using the notion of nilpotency
introduced in [5] (called “annihilator-nilpotent” in [23]). It is well known that in any
FC-group the upper central length is bounded by w and it turns out that a similar
statement holds for skew braces having property (S).

Theorem 3.32. Let B be a skew brace with property (S). Then B admits a series of
ideals

{0} € So(B) € S1(B) C -+ C Su(B) € 81(B) C -+ C S,,(B) = Ann(B)
such that:
(1) So(B) is torsion-free and So(B) C Ann(B);
(2) for each i € NU{0}, S;+1(B)/Si(B) C Ann(B/S;(B)) and S;41(B)/S:i(B) is a
restricted direct product of finite ideals of B/S;(B).
In particular, a(B) < w.

Proof: By Theorem 3.19, we may assume that B is locally finite. Theorem 3.31 shows
that every minimal ideal of B contained in Ann(B) is finite. Now we define a series of
ideals of B as follows. Let Sy = {0}. An easy application of Zorn’s lemma yields that
the ideal S1(B) = S(B) generated by all minimal ideals of B which are contained
in Ann(B) is the direct product of some of them. If « is any ordinal number, we put

Sat1(B)/Sa(B) = S(B/Sa(B)),

while if g is any limit ordinal, we put

SN(B) = U Sa<B>'
a<p

It is clear that each S, (B) is an ideal of B contained in Ann(B). Let I be any finite
ideal of B contained in Ann(B). We prove by induction on the cardinality of I that
I is contained in S, (B). Clearly, I contains a minimal ideal J of B, so J is contained
in S1(B) and (I + S1(B))/S1(B) has smaller order, so induction yields that it is
contained in S¢(B/S1(B)) for some ¢. Consequently, I is contained in Sy11(B) and
we are done.

By Theorem 3.31, every finite subset of Ann(B) is contained in some finite ideal,
which means that it is also contained in S, (B) by the above claim. It follows that

S.(B) = Ann(B).
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Finally, we claim that S,,(B) is contained in Ann,, (B) for every m: this will show
that Ann, (B) = S,,(B) = Ann(B) and complete the proof of the statement. In order
to prove the claim, it is enough to show that S;(B) is contained in Ann(B) so that
every minimal ideal I of B which is contained in Ann(B) is also contained in Ann(B).
Let a be the smallest ordinal number such that I N Ann,(B) is non-trivial (such
an ordinal exists because I is contained in Ann(B)); in particular, I C Ann,(B). Of
course, « is not limit and not 0, so INAnn,_1(B) = {0}. Let 2 € I. For each b € B, we
have that xxb, bxx, [x,b]4, [z, b, are elements of I and are trivial modulo Ann,_1(B).
Therefore

xxb,bxx,[r,b]4,[r,blo € INAnn,_1(B) = {0}

and hence I C Ann(B). This completes the proof. O

Remark 3.33. If we replace the operator “Ann” with the operator “Soc”, an analogue
of Theorem 3.32 holds with the same proof.

Now, using the concept of good ideals of a skew brace with property (S), we are
able to locally characterise those ideals which are contained in the hyper-annihilator.

Theorem 3.34. Let B be a skew brace with property (S) and let I be an ideal of B.
Then the following conditions are equivalent:

(1) I is good, and if A is a finitely generated sub-skew brace of B, then AN I is
contained in Ann(A).

(2) I C Ann(B).

Proof: First, we prove (2) implies (1). Let A be any finitely generated sub-skew brace
of B. It follows from Theorem 3.31 that I is good. Moreover, for each ordinal o, we
have that
Ann,(B)N A C Ann,(A),
SO
INACAm(B)NAC Ann(A)

and we are done.

Now, we prove (1) implies (2). Let J be a finitely generated ideal of B contained
in I, so by the hypothesis, J is finitely generated as a skew brace. Let T = T' (J). Then
T is a finite ideal of B (see Theorem 3.18). Moreover, J/T is contained in Ann(B/T)
by Corollary 3.22, so it only remains to show that 7" is contained in Ann(B). To this
end we may assume [ is finite and non-zero. Let F' be a minimal ideal of B contained
in I, so F is finite. Then, it is certainly possible to find a finitely generated sub-skew
brace E of B such that F' is a minimal ideal of E. But FF C E N I is contained
in the hyper-annihilator of E, so an argument we employed at the end of the proof
of Theorem 3.32 yields that FF C Ann(FE). Since every sub-skew brace containing E
has the same property as E, it follows that ' C Ann(B). Let K = I N Ann(B); in
particular, K is a finite ideal of B. Now, I /K satisfies the hypotheses of (1) in B/K,
so by induction we get that I/K lies in the hyper-annihilator of B/K. Then I lies in
the hyper-annihilator of B and the statement is proved. O

A skew brace is locally annihilator-nilpotent if every finitely generated sub-skew
brace is annihilator-nilpotent. As a consequence of the above result, we have an in-
teresting characterisation of locally annihilator-nilpotent skew braces in the universe
of good skew braces satisfying property (S). This corresponds to the fact that an
FC-group is locally nilpotent if and only if it is hypercentral.
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Corollary 3.35. Let B be a good skew brace having property (S). Then the following
conditions are equivalent:

(1) B is locally annihilator-nilpotent.
(2) B=Ann(B).

Remark 3.36. In Theorem 3.34, the operator “Ann” can be replaced by the opera-
tor “Soc”.

We now give an application of Theorem 3.27 and Theorem 3.31. As already noticed,
a theorem of Issai Schur states that if a group is finite over its centre, then also its
commutator subgroup is finite; it is also well known that the converse to this statement
holds whenever the group is finitely generated. Analogous results for skew braces were
proved in [22] (see also our Lemma 3.12). Schur’s theorem is a very particular case
of a more general result of Baer [3], which states that if a group is finite over its n-th
centre, then the (n 4 1)-term of its lower central series is finite. The analogue of this
result is true for skew braces with property (S), but it is not clear if this is the case
without such an assumption.

Theorem 3.37. Let B be a skew brace with property (S) and let n be a positive integer.
If B/ Ann,, (B) is finite, then B has a finite ideal I such that B/I is annihilator-
nilpotent of length n.

Proof: Theorems 3.29 and 3.31 show that B is good, so every factor group of B is
good and Theorem 3.27 shows that we may assume B periodic. Let F' be a complete
set of representatives of A = Ann,(B) in (B,+). Then the ideal I generated by F is
finite and B = A + I and the statement is proved. O

The theorems of Schur and Baer can be generalised in many other ways. For ex-
ample, it was proved in [15] that if G is finite over its hypercentre, then G has a finite
normal subgroup whose factor group is hypercentral. The proof of the above result
also makes it possible to prove a corresponding statement in the case of skew braces
having property (S).

Theorem 3.38. Let B be a skew brace with property (S). If B is finite over the
hyper-annihilator, then B has a finite ideal I such that B/I coincides with its hyper-
annthilator.

We end this section dealing with the radical theory of skew braces having prop-
erty (S). The radical theory of a skew brace was introduced in [22] as follows. Let
B be a skew brace. Then Rad(B) is defined as the intersection of all maximal ideals
of B. Theorem 3.10 of that paper shows that if B is Artinian (that is, B satisfies
the minimal condition on ideals), then B/ Rad(B) is isomorphic to a direct product
of finitely many simple skew braces. We can prove something similar in the universe
of skew braces with property (S). First, we need the following analogue of a classical
argument of Remak. In what follows, “Dr” denotes the restricted direct product.

Lemma 3.39. Let B be a skew brace with property (S) and assume B = Dr;ez By,
where By is a simple skew brace which is not the trivial brace. If I is an ideal of B,
then I is the direct product of certain B;.

Proof: Clearly, we may factor out any B; contained in I, assuming therefore that
In B; = {0}, for all i. Moreover, since none of the B; is the trivial brace, we have
that Ann(B) = {0}.

Now, [I, B;]+ C I N B; = {0} and similarly [I, B;]o = I * B = B*I = {0}. Thus
I C Ann(B) = {0} and the statement is proved. O
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Theorem 3.40. Let B be a skew brace with property (S) and R = Rad(B). Then
B/R can be embedded into the direct product C x D, where

(1) C is the restricted direct product of all simple homomorphic images of B which
are not trivial braces, and

(2) D is a trivial brace which is an unrestricted direct product of trivial braces of
prime order.

Moreover, B/A is isomorphic to C, where A/R = Aun(B/R).

Proof: We may clearly assume R = {0}. Let Z be the set of all maximal ideals of B.
Let b € B and let J, be the subset of Z made by all ideals J such that

b+ J ¢ Ann(B/J)

and B/J is not the trivial brace. We claim that 7 is finite. Suppose this is not the
case. Since B has property (S), we have that the number of conjugates of b in B is
finite, say myp. Let Iy,..., L,, be distinct elements of J;, such that

IlDllﬂIQD"'Dllﬂ~“ﬁImb:Jb

(the existence of these ideal is guaranteed by Lemma 3.39). The argument employed
in the proof of [22, Theorem 3.10] shows that the map

wpia+Jy € B/Jy— (a+11,...,a+ Ip,) € B/I} X -+ x B/I,

is an isomorphism. However, it is easy to see that the number of conjugates of ()
is at least my + 1, a contradiction. Thus, 7, is finite.

Let T be the subset of Z made by all maximal ideals I of B such that B/I is a
trivial brace. The previous claim shows that for each b € B there are finitely many
elements [ in Z\ T such that b ¢ I. Let N be the intersection of all members of T, so
B/N is isomorphic to an unrestricted direct product of trivial braces of prime order.
It follows that the map

: B 1 N Dr (B/I)x B/N
pibe B (+ Dienr.b+N) € Dr (B/I) x B

is a monomorphism.

Finally, let M be the intersection of all ideals in Z \ 7. Since M C ¢~ }(B/N), it

follows that M is contained in Ann(B). If we let

Y: B — Ie]%{T(B/I)
be the natural projection, we see that M = Ker(v)). We need to show that ¢ is
surjective.

Let I € Z\ T and take x € B\ I. Let Jy,...,J, be the elements of Z \ 7 such
that J; = I. Since B/J; is a simple skew brace which is not the trivial brace, we
can find ¢ € B such that one of the elements z * ¢, ¢ * x, ¢, ¢, call it u, is not
contained in J;. As we notice above, there is y € B such that y + J; = ¢+ J; and
y € JoN---NJ,. It follows that u belongs to N and to all elements of Z\ T except J;.
The ideal generated by u + J; in B/Jy is B/Ji. As I was arbitrary, this shows that
1 is surjective and completes the proof. O

With respect to the previous result, we observe that a simple skew brace with
property (S) must be locally finite (see Theorem 3.18 and Corollary 3.21).



190 I. Corazzo, M. FERRARA, M. TROMBETTI

4. Skew braces with property (BS)

Recall that a group G is a BFC-group if there is a positive integer n such that
every element of G has at most n conjugates in G. The main result of this section can
be understood as a brace-theoretic analogue of a well-known result of B. H. Neumann
stating that a group G is a BFC-group if and only if [G, G] is finite.

Definition 4.1. An arbitrary skew brace has property (BS) if there is a positive
integer n such that

sup{|(B, +) : Fix"(z) N C|,|(B,0) : Fixl(x) NCy|:x € B} <n.

Of course, every skew brace B such that |[B/ Ann(B)| < oo satisfies (BS), so the
next result can also be seen as a generalisation of the first half of [22, Theorem 5.4].

Theorem 4.2. Let B be a skew brace. Then B has property (BS) if and only if B(?)
and [B, B]+ are finite.

Proof: If B®® and [B, B], are finite, then also [B, B, is finite and the statement is
proved. Assume conversely that B has property (BS). Therefore there is a positive
integer n such that

sup{|(B, +) : Fix"(z) N C}|,|(B, o) : Fix'(z) N C%| : & € B} < n.

Let G = N x, X, where N = (B,+) and X = (B,0). We claim that G is a BFC-
group. Let g € N. Then g has at most n conjugates in N. It follows from equation (%)
that every element of N has at most n conjugates under the action of X, which means
that every element of N has at most n? conjugates in G. Similarly, any element of X
has at most n? conjugates in G. Finally, let g be an arbitrary element of G. Then we
can write g = g1 g2, where g; = (0,2), g2 = (y,0), x,y € B. Since

G : Calgr) N Calgz)l < |G : Calg)l,

it follows that |G : Cg(g)| < n* and the claim is proved.

Now, by Neumann’s theorem, we have that [G, G] is finite; in particular [B, B|; is
finite. The fact that B(®) is finite can be deduced from equation (x). The statement
is proved. O

Finally, we show how skew braces with property (BS) come into play in the context
of the YBE. Let (X,r) be a set-theoretic non-degenerate solution of the YBE. Recall
first that the (left) derived solution (X,r’) of (X,r) is the non-degenerate solution
defined as follows: r'(z,y) = (y,ny(x)), where

My(@) = oy(7,-1(,) ().

It is easy to see that the structure group G(X, ') coincides with A(X,r) (see [18,
Theorem 2.4]).

Definition 4.3. A non-degenerate solution (X, r) of the YBE is said to be derived-in-
decomposable if its derived solution (X, 7’) is indecomposable.

One of the main objects controlling the decomposability of a non-degenerate solu-
tion (X,r) is its permutation group, i.e. the subgroup G(X,r) = (05,7, : 2,y € X)
of Sym(X). Indeed, by [13, Proposition 6.6], (X,r) is indecomposable if and only
if G(X,r) acts transitively on X. Moreover, by the proof of [8, Theorem 2.2], one
obtains that the action of the permutation group is the same as the action of the
group (o,,n, : x € X). Thus, if (X, ') is indecomposable, then G(X,r') = (n, : x € X)
is transitive, so that (0,7, : * € X) is transitive and hence (X, r) is indecomposable.
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More specifically, there exists a unique derived-indecomposable involutive solution,
namely the involutive solution defined on the set of one element, but among non-
involutive ones there are large classes of solutions which are derived-indecomposable
(see for instance [25, Appendix A]). However, even in the non-involutive case, in-
decomposable does not imply derived-indecomposable, as shown by the following
example. Let X = {1,2,3,4} and define

J(423) ifr=1.2,
T l1(1324) ifz=3,4 and 7, =(13)(24).

It follows that r(z,y) = (62(y), py(x)) is an indecomposable solution but its derived

solution defined by
B4 ifz=1,2
ne(y) = {(1 2) ifx =234
is decomposable with orbits {1,2} and {3,4}.

Similarly to Corollary 3.25, in the case of skew braces with property (S), the
converse holds.

Theorem 4.4. Let (X,r) be a non-degenerate finite solution of the YBE such that
G(X,r) has property (S). Then (X,r) is indecomposable if and only if (X, r) is derived-
indecomposable.

Proof: By our remark above, we only need to show that if (X, r) is indecomposable,
then (X, ') is such. Therefore assume (X, r) is indecomposable. It follows from [25,
Proposition 7.3] that G(X,r)/T is infinite cyclic, where T is the subgroup of all peri-
odic elements of G(X,r). But G(X,r)* G(X,r) is periodic by Corollary 3.21, so also
A(X,r)/T is infinite cyclic. But A(X,r) = G(X,r'), so G(X,r’)/T is infinite cyclic. A
further application of [25, Proposition 7.3] shows that (X, ') is indecomposable. [

Our last result shows that the derived-indecomposability has a very strong impact
on the behaviour of the structure skew brace.

Theorem 4.5. Let (X,r) be a non-degenerate finite solution of the YBE. If (X,r) is
derived-indecomposable, then the skew brace G(X,r) has property (BS).

Proof: Let A be the additive group of skew brace G(X,r). It follows from [22, Theo-
rem 6.2] that G(X,r) * G(X,r) is finite. On the other hand, A is finite over its centre
(this is seen by adapting the proof of [21, Theorem 2.7]), so Schur’s theorem gives
that [A, A]4 is finite. Then G(X,r) has property (BS) by Theorem 4.2. O

Acknowledgements

The authors are members of the non-profit association “Advances in Group The-
ory and Applications” (www.advgrouptheory.com). Colazzo is supported by the En-
gineering and Physical Sciences Research Council (grant number EP/V005995/1).
Ferrara and Trombetti are supported by GNSAGA (INdAM). Ferrara is also sup-
ported by a grant from the University of Campania “Luigi Vanvitelli”, in the frame-
work of the projects GoAL (V:ALERE 2019) and HELM (V:ALERE 2020).

We thank the referees for their useful comments and suggestions. In particular,
we are indebted to the referees for Lemma 3.2, which showed that the “periodicity”
assumption from Theorem 3.3 could be dropped out.

We thank L. Vendramin for the useful discussion and comments on an earlier
version of the paper.


www.advgrouptheory.com

192

(1]
2]
(3]
(4]
(5]
(6]

(7]

(8]

(9]

(10]

11]

(12]
(13]
(14]

(15]

[16]

(17]

(18]

(19]

20]

21]

(22]

23]

(24]

I. Corazzo, M. FERRARA, M. TROMBETTI

References

E. Acr1i AND M. BONATTO, Skew braces of size pq, Comm. Algebra 48(5) (2020), 1872-1881.
DOI: 10.1080/00927872.2019.1709480.

D. BACHILLER, Classification of braces of order p3, J. Pure Appl. Algebra 219(8) (2015),
3568-3603. DOT: 10.1016/j . jpaa.2014.12.013.

R. BAER, Endlichkeitskriterien fiir Kommutatorgruppen, Math. Ann. 124 (1951), 161-177.
DOI: 10.1007/BF01343558.

R. J. BAXTER, Partition function of the Eight-Vertex lattice model, Ann. Physics 70(1) (1972),
193-228. DOI: 10.1016/0003-4916(72)90335-1.

M. BoNATTO AND P. JEDLICKA, Central nilpotency of skew braces, J. Algebra Appl. 22(12)
(2023), Paper no. 2350255, 16 pp. DOI: 10.1142/50219498823502559.

S. CAMP-MORA AND R. SASTRIQUES, A criterion for decomposability in QYBE, Int. Math. Res.
Not. IMRN 2023(5) (2023), 3808-3813. DOI: 10.1093/imrn/rnab357.

M. CAsTELLI, Classification of uniconnected involutive solutions of the Yang-Baxter equation
with odd size and a Z-group permutation group, Int. Math. Res. Not. IMRN 2023(14) (2023),
11962-11985. DOI: 10.1093/imrn/rnac185.

M. CASTELLI, M. MAZZOTTA, AND P. STEFANELLI, Simplicity of indecomposable set-theoretic
solutions of the Yang—Baxter equation, Forum Math. 34(2) (2022), 531-546. DOI: 10.1515/
forum-2021-0189.

M. CastELLl, G. PiNTO, AND W. RumP, On the indecomposable involutive set-theoretic
solutions of the Yang-Baxter equation of prime-power size, Comm. Algebra 48(5) (2020),
1941-1955. DOI: 10.1080/00927872.2019.1710163.

F. CatiNo, I. COLAZZO, AND P. STEFANELLI, Skew left braces with non-trivial annihilator, J.
Algebra Appl. 18(2) (2019), 1950033, 23 pp. DOI: 10.1142/50219498819500336.

F. CEDO, E. JESPERS, L. KuBAT, A. VAN ANTWERPEN, AND C. VERWIMP, On various types of
nilpotency of the structure monoid and group of a set-theoretic solution of the Yang—Baxter
equation, J. Pure Appl. Algebra 227(2) (2023), Paper no. 107194, 38 pp. DOI: 10.1016/j. jpaa.
2022.107194.

F. CEDO, E. JESPERS, AND J. OKNINSKI, Braces and the Yang-Baxter equation, Comm. Math.
Phys. 327(1) (2014), 101-116. DOI: 10.1007/s00220-014-1935-7.

F. CEDO, A. SMOKTUNOWICZ, AND L. VENDRAMIN, Skew left braces of nilpotent type, Proc.
Lond. Math. Soc. (3) 118(6) (2019), 1367-1392. DOI: 10.1112/plms.12209.

S. N. CERNIKOV, On the structure of groups with finite classes of conjugate elements (Russian),
Dokl. Akad. Nauk SSSR (N.S.) 115 (1957), 60-63.

M. DE FarLco, F. pE GiovanNi, C. MUSELLA, AND Y. P. Sysak, On the upper central
series of infinite groups, Proc. Amer. Math. Soc. 139(2) (2011), 385-389. DOI: 10.1090/
S0002-9939-2010-10625-1.

V. G. DRINFEL'D, On some unsolved problems in quantum group theory, in: Quantum Groups
(Leningrad, 1990), Lecture Notes in Math. 1510, Springer-Verlag, Berlin, 1992, pp. 1-8. DOI: 10.
1007/BFb0101175.

P. ETINGOF, T. SCHEDLER, AND A. SOLOVIEV, Set-theoretical solutions to the quantum Yang-—
Baxter equation, Duke Math. J. 100(2) (1999), 169-209. D0I:10.1215/80012-7094-99-10007-X.
P. ETINGOF, A. SOLOVIEV, AND R. GURALNICK, Indecomposable set-theoretical solutions to the
quantum Yang-Baxter equation on a set with a prime number of elements, J. Algebra 242(2)
(2001), 709-719. DOI: 10.1006/jabr.2001.8842.

L. GUARNIERI AND L. VENDRAMIN, Skew braces and the Yang—Baxter equation, Math. Comp.
86(307) (2017), 2519-2534. DOI: 10.1090/mcom/3161.

P. JEDLICKA, A. PILITOWSKA, AND A. ZAMOJSKA-DZIENIO, Cocyclic braces and indecompos-
able cocyclic solutions of the Yang—Baxter equation, Proc. Amer. Math. Soc. 150(10) (2022),
4223-4239. DOI: 10.1090/proc/15962.

E. JEsPERS, L. KUBAT, AND A. VAN ANTWERPEN, The structure monoid and algebra of a
non-degenerate set-theoretic solution of the Yang—Baxter equation, Trans. Amer. Math. Soc.
372(10) (2019), 7191-7223. DOI: 10.1090/tran/7837.

E. JEspERs, L. KUuBAT, A. VAN ANTWERPEN, AND L. VENDRAMIN, Radical and weight of skew
braces and their applications to structure groups of solutions of the Yang-Baxter equation, Adv.
Math. 385 (2021), Paper no. 107767, 20 pp. DOI: 10.1016/j.aim.2021.107767.

E. JESPERS, A. VAN ANTWERPEN, AND L. VENDRAMIN, Nilpotency of skew braces and multi-
permutation solutions of the Yang-Baxter equation, Commun. Contemp. Math. 25(9) (2023),
Paper no. 2250064, 20 pp. DOI: 10.1142/5021919972250064X.

V. LEBED, S. RAMIREZ, AND L. VENDRAMIN, Involutive Yang—Baxter: cabling, decomposability,
and Dehornoy class, Rev. Mat. Iberoam. 40(2) (2024), 623-635. DOI: 10.4171/rmi/1438.


http://dx.doi.org/10.1080/00927872.2019.1709480
http://dx.doi.org/10.1016/j.jpaa.2014.12.013
http://dx.doi.org/10.1007/BF01343558
http://dx.doi.org/10.1016/0003-4916(72)90335-1
http://dx.doi.org/10.1142/S0219498823502559
http://dx.doi.org/10.1093/imrn/rnab357
http://dx.doi.org/10.1093/imrn/rnac185
http://dx.doi.org/10.1515/forum-2021-0189
http://dx.doi.org/10.1515/forum-2021-0189
http://dx.doi.org/10.1080/00927872.2019.1710163
http://dx.doi.org/10.1142/S0219498819500336
http://dx.doi.org/10.1016/j.jpaa.2022.107194
http://dx.doi.org/10.1016/j.jpaa.2022.107194
http://dx.doi.org/10.1007/s00220-014-1935-y
http://dx.doi.org/10.1112/plms.12209
http://dx.doi.org/10.1090/S0002-9939-2010-10625-1
http://dx.doi.org/10.1090/S0002-9939-2010-10625-1
http://dx.doi.org/10.1007/BFb0101175
http://dx.doi.org/10.1007/BFb0101175
https://doi.org/10.1215/S0012-7094-99-10007-X
http://dx.doi.org/10.1006/jabr.2001.8842
http://dx.doi.org/10.1090/mcom/3161
http://dx.doi.org/10.1090/proc/15962
http://dx.doi.org/10.1090/tran/7837
http://dx.doi.org/10.1016/j.aim.2021.107767
http://dx.doi.org/10.1142/S021919972250064X
http://dx.doi.org/10.4171/rmi/1438

DERIVED-INDECOMPOSABLE SOLUTIONS OF THE YBE 193

(25]

[26]
27]
(28]
[29]
(30]

(31]

(32]

(33]
(34]
(35]
(36]
(37]

(38]

(39]
[40]
[41]

(42]

V. LEBED AND L. VENDRAMIN, On structure groups of set-theoretic solutions to the Yang—Baxter
equation, Proc. Edinb. Math. Soc. (2) 62(3) (2019), 683-717. DOI: 10.1017/s0013091518000
548.

J.-H. Lu, M. YAN, AND Y.-C. ZHU, On the set-theoretical Yang—Baxter equation, Duke Math.
J. 104(1) (2000), 1-18. DOI: 10.1215/80012-7094-00-10411-5.

A. MANN, The exponents of central factor and commutator groups, J. Group Theory 10(4)
(2007), 435-436. DOI: 10.1515/JGT.2007.035.

M. M. PARMENTER AND C. PoLCINO MILIES, Group rings whose units form a nilpotent or
FC group, Proc. Amer. Math. Soc. 68(2) (1978), 247-248. DOI: 10.2307/2041782.

C. PoLcINO MILIES, Group rings whose units form an FC-group, Arch. Math. (Basel) 30(4)
(1978), 380-384. DOI: 10.1007/BF01226070.

C. PorciNo MILIES, Group rings whose units form an FC-group: Corrigendum, Arch. Math.
(Basel) 31(5) (1978), 528. DOI: 10.1007/BF01226485.

S. RAMIREZ, Indecomposable solutions of the Yang-Baxter equation with permutation group
of sizes pq and p?q, Comm. Algebra 51(10) (2023), 4185-4194. DOI: 10.1080/00927872.2023.
2200827.

S. RAMIREZ AND L. VENDRAMIN, Decomposition theorems for involutive solutions to the Yang—
Baxter equation, Int. Math. Res. Not. IMRN 2022(22) (2022), 18078-18091. DOI: 10.1093/
imrn/rnab232.

W. RumP, A decomposition theorem for square-free unitary solutions of the quantum Yang—
Baxter equation, Adv. Math. 193(1) (2005), 40-55. DOI: 10.1016/j.aim.2004.03.019.

W. RumpP, Braces, radical rings, and the quantum Yang—Baxter equation, J. Algebra 307(1)
(2007), 153-170. DOI: 10.1016/j.jalgebra.2006.03.040.

W. RuMP, One-generator braces and indecomposable set-theoretic solutions to the Yang—Baxter
equation, Proc. Edinb. Math. Soc. (2) 63(3) (2020), 676-696. DOI:10.1017/s0013091520000073.
W. RuMP, Uniconnected solutions to the Yang—Baxter equation arising from self-maps of groups,
Canad. Math. Bull. 65(1) (2022), 225-233. DOI: 10.4153/S0008439521000230.

S. K. SEHGAL AND H. J. ZASSENHAUS, Group rings whose units form an FC-group, Math. Z.
153(1) (1977), 29-35. DOI: 10.1007/BF01214731.

A. SMOKTUNOWICZ AND A. SMOKTUNOWICZ, Set-theoretic solutions of the Yang—Baxter equation
and new classes of R-matrices, Linear Algebra Appl. 546 (2018), 86-114. DOI: 10.1016/j.1aa.
2018.02.001.

A. SMOKTUNOWICZ AND L. VENDRAMIN, On skew braces (with an appendix by N. Byott and
L. Vendramin), J. Comb. Algebra 2(1) (2018), 47-86. DOI: 10.4171/JCA/2-1-3.

A. SOLOVIEV, Non-unitary set-theoretical solutions to the quantum Yang-Baxter equation,
Math. Res. Lett. 7(5-6) (2000), 577-596. DOI: 10.4310/MRL.2000.v7.n5. a4.

M. J. TOMKINSON, F'C-groups, Res. Notes in Math. 96, Pitman (Advanced Publishing Program),
Boston, MA, 1984.

C. N. YANG, Some exact results for the many-body problem in one dimension with repulsive
delta-function interaction, Phys. Rev. Lett. 19 (1967), 1312-1315. DOI: 10.1103/PhysRevLett.
19.1312.

1. Colazzo
School of Mathematics, University of Leeds, Leeds, LS2 9JT, UK
E-mail address: I.Colazzo@leeds.ac.uk

M. Ferrara

Dipartimento di Matematica e Fisica, Universita degli Studi della Campania “Luigi Vanvitelli”, viale
Lincoln 5, Caserta, Italy

E-mail address: maria.ferraral@unicampania.it

M. Trombetti

Dipartimento di Matematica e Applicazioni, Universita degli Studi di Napoli Federico II, Complesso
Universitario Monte S. Angelo, Via Cintia, 80126, Naples, Italy

E-mail address: marco.trombetti@unina.it

Received on June 15, 2023.
Accepted on November 14, 2023.


https://doi.org/10.1017/s0013091518000548
https://doi.org/10.1017/s0013091518000548
http://dx.doi.org/10.1215/S0012-7094-00-10411-5
http://dx.doi.org/10.1515/JGT.2007.035
http://dx.doi.org/10.2307/2041782
http://dx.doi.org/10.1007/BF01226070
http://dx.doi.org/10.1007/BF01226485
http://dx.doi.org/10.1080/00927872.2023.2200827
http://dx.doi.org/10.1080/00927872.2023.2200827
http://dx.doi.org/10.1093/imrn/rnab232
http://dx.doi.org/10.1093/imrn/rnab232
http://dx.doi.org/10.1016/j.aim.2004.03.019
http://dx.doi.org/10.1016/j.jalgebra.2006.03.040
https://doi.org/10.1017/s0013091520000073
http://dx.doi.org/10.4153/S0008439521000230
http://dx.doi.org/10.1007/BF01214731
http://dx.doi.org/10.1016/j.laa.2018.02.001
http://dx.doi.org/10.1016/j.laa.2018.02.001
http://dx.doi.org/10.4171/JCA/2-1-3
http://dx.doi.org/10.4310/MRL.2000.v7.n5.a4
http://dx.doi.org/10.1103/PhysRevLett.19.1312
http://dx.doi.org/10.1103/PhysRevLett.19.1312

	1. Introduction
	2. Definitions and preliminaries
	2.1. Skew braces
	2.2. FC-groups

	3. Skew braces with property (S)
	4. Skew braces with property (BS)
	Acknowledgements
	References



