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Abstract

The Yang-Baxter equation is one of the essential equations in mathematical physics,
initially appearing in both quantum and statistical mechanics. The problem of con-
structing and classifying its solutions has been fruitfully approached by Drinfeld who
proposed the idea to focus on the subclass of set-theoretic solutions. So far, not all such
solutions of the Yang-Baxter equation are known.

This PhD thesis is highly motivated by this open problem. An effective approach
is to identify and study the underlying algebraic structures. More precisely, we focus
on the (semi)group and ring theoretical aspects that occur, and study them for specific
classes of set-theoretic solutions of the Yang-Baxter equation.

Initially, we deal with arbitrary set-theoretic solutions of the Yang-Baxter equation
and discover connections, via 1-cocycles, between three (in general different) monoids
associated to a set-theoretic solution, the structure monoid and the left and right derived
structure monoids. In case the set-theoretic solution is left non-degenerate, the 1-cocycle
between the structure monoid and the left derived structure monoid is bijective. This
allows us to put two monoid structures on a same set, leading to the definition of a YB-
semitruss. YB-semitrusses turn out to be the suitable associative algebraic structure
to study left non-degenerate set-theoretic solutions of the Yang-Baxter equation. In
particular, they can be used to prove that any such finite solution is right non-degenerate
if and only if it is bijective, which is one of the main results in this thesis. If a solution
is (left and right) non-degenerate and bijective, we determine when its structure monoid
and derived structure monoids are Malcev nilpotent, and deal with multipermutation
solutions.

Set-theoretic solutions that are not left nor right non-degenerate are explored to a
much smaller extent. In the final part of this thesis, such solutions are generated using
the theory of skew lattices. Moreover, the obtained set-theoretic solutions turn out to
be idempotent or cubic.
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Samenvatting

De Yang-Baxter vergelijking is een van de essenti€le vergelijkingen uit wiskundige fysica
en verscheen initieel in zowel kwantum als statistische mechanica. Het probleem om haar
oplossingen te construeren en te classificeren werd, via Drinfelds idee, succesvol benaderd
door te gaan focussen op de deelklasse van de verzamelingtheoretische oplossingen. Tot
op heden zijn deze oplossingen van de Yang-Baxter vergelijking niet allemaal gekend.

Dit open probleem is de grootste drijfveer achter deze PhD thesis. Een doeltreffende
manier om het probleem te benaderen, is om de onderliggende algebraische structuren
te identificeren en te bestuderen. Meer gedetailleerd zullen we ons concentreren op de
(semi)groep- en ringtheoretische aspecten die zich voordoen en bestuderen we deze voor
specifieke klassen van verzamelingtheoretische oplossingen van de Yang-Baxter verge-
lijking.

Aanvankelijk onderzoeken we willekeurige verzamelingtheoretische oplossingen van
de Yang-Baxter vergelijking en ontdekken we verbanden, via 1-cocycels, tussen drie (in
het algemeen) verschillende monoiden die we associéren met een verzamelingtheoretische
oplossing, de structuurmonoide en de links en rechts afgeleide structuurmonoiden. In-
dien de verzamelingtheoretische oplossing links niet-gedegenereerd is, dan is de 1-cocycel
tussen de structuurmonoide en de links afgeleide structuurmonoide bijectief. Dit laat
toe om twee monoide structuren te definiéren op eenzelfde verzameling, wat leidt tot de
definitie van een YB-semitruss. YB-semitrussen blijken de geschikte associatieve alge-
braische structuur te zijn om links niet-gedegenereerde verzamelingtheoretische oplos-
singen van de Yang-Baxter vergelijking te bestuderen. In het bijzonder worden ze ge-
bruikt om aan te tonen dat een eindige links niet-gedegenereerde verzamelingtheoretische
oplossing rechts niet-gedegenereerd is enkel en alleen indien ze bijectief is. Dit is een
belangrijk resultaat in deze thesis. Indien een oplossing (zowel links als rechts) niet-
gedegenereerd en bijectief is, bepalen we bovendien wanneer de geassocieerde structuur-
monoide en afgeleide structuurmonoiden Malcev nilpotent zijn. We bestuderen daaren-
boven wat er gebeurt indien deze oplossingen multipermutatie oplossingen zijn.

Verzamelingtheoretische oplossingen van de Yang-Baxter vergelijking die niet links
noch rechts niet-gedegenereerd zijn, zijn tot op heden vrijwel onontgonnen. In het laatste
deel van deze thesis genereren we zo’n oplossingen gebruik makende van scheve tralies.
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Bovendien blijken de bekomen verzamelingtheoretische oplossingen idempotent of kubiek
te zijn.
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Introduction

So it begins.

Lord of the Rings.

Solving equations is a tale as old as time and is part of our day to day life. While some
equations are easy to solve, others are much more challenging or even unknown. This
PhD thesis revolves around solving the Yang-Baxter equation. Given a vector space V,
a linear map R: V ® V - V ® V is said to be a solution of the Yang-Baxter equation if
in End(VeVeV),

Ri2Ro3R12 = Ro3R12Rag,

where R;; acts as R on the i-th and j-th component, and as the identity on the remaining
component. The name of the equation is due to Yang and Baxter who initially discovered
the equation in their works in quantum mechanics [1341] and statistical mechanics [19]
respectively. By now, the value of the Yang-Baxter equation can be seen in many
different areas of mathematics and mathematical physics, for instance in knot theory,
quantum computation, factorizable S-matrices, and quantum group theory.

Finding all solutions is presently beyond reach, so Drinfeld [72] thought it would be
interesting to look at solutions where one replaces the linear map R by amap r: X x X —
X x X, where X is a non-empty set, and in Map(X3, X3),

12723712 = 723712723,

where r19 = r xidx and re3 = idx x r. Naturally, these solutions, called set-theoretic
solutions of the Yang-Baxter equation, entail solutions on vector spaces by linearly ex-
tending them, considering X as the basis of the vector space. The goal of this thesis
is to find and classify all set-theoretic solutions of the Yang-Baxter equation. We will
often call them set-theoretic solutions or solutions instead of set-theoretic solutions of
the Yang-Baxter equation.

A successful method to approach our goal is to study the underlying algebraic struc-
tures associated to the Yang-Baxter equation. Some of the algebraic structures were



acknowledged prior to being connected to the Yang-Baxter equation, while others were
introduced for this reason.

In the first chapter of this thesis, you can find a detailed background on the origin of
Yang-Baxter equation, together with some applications. It also contains an introduction
to set-theoretic solutions of the Yang-Baxter equation, including an overview on braces,
cycle sets, and quandles, algebraic structures associated to such solutions. The first
chapter contains no new results, but is primarily intended for motivation as to why one
wants to find (set-theoretic) solutions of the Yang-Baxter equation.

After the first chapter, we solely focus on set-theoretic solutions of the Yang-Baxter
equation. A set-theoretic solution (X, ), denoted by

r(x,y) = (Aa(y), py(2)),

for all z,y € X, is called left (resp. right) non-degenerate if each map A, (resp. py) is
bijective. A left and right non-degenerate solution is simply called non-degenerate. A
solution (X,r) is said to be involutive if 72 = idx,x, the identity map on X x X, and in
particular such a solution is bijective, meaning that r is a bijective map. Furthermore,
(X,r) is called square-free if r(x,x) = (x,x), for all z € X. Finally, a solution (X,r) is
called finite if the set X is finite.

To any set-theoretic solution of the Yang-Baxter equation (X, ), using the notation
from above, one can associate a monoid,

M(X,r) = (X |zoy=A(y) o py(x), for all z,y € X)*,

called the structure monoid associated to (X,r), and a semigroup (resp. group) S(X,r)
(resp. G(X,r)) with the same semigroup (resp. group) presentation, called the structure
semigroup (resp. group) of (X,r). Both the structure monoid and structure group
have been studied intensively for various types of solutions. For a finite non-degenerate
involutive set-theoretic solution (X,r), it was shown by Etingof, Schedler, and Soloviev
[75] that its structure group G(X,r) is finitely generated, abelian-by-finite, and solvable.
Furthermore, it is a Bieberbach group, i.e. a finitely generated abelian-by-finite, torsion-
free group, by a result of Gateva-Ivanova and Van den Bergh [33]. For non-involutive, but
still finite bijective non-degenerate solutions (X, r), Lu, Yan, and Zhu [135], and Soloviev
[174] studied their structure groups and proved that they are still abelian-by-finite. The
structure group of such solutions turns out to have a skew brace structure, in particular
it is possible to define a solution on the set G(X,r). However, in general, for any
finite bijective non-degenerate set-theoretic solution, the natural map ¢: X - G(X,r)
is not injective, resulting that we can not recover the original solution (X,r) from the
solution defined on G(X,r). This problem can be avoided by looking at the structure
monoid instead of the structure group. It was shown by Gateva-Ivanova and Majid
[36] that any set-theoretic solution of the Yang-Baxter equation (X,r) can be extended
to a solution (M (X,r),7p(x,)) on its structure monoid M (X,r) in such a way that
the original solution (X,r) can be recovered from (M (X,r),7a(x,)). Also, the map
t: X - M(X,r) is always injective. So no information of the original solution gets
lost when studying the structure monoid. For finite bijective non-degenerate solutions



(X,r), it was realized by Jespers, Kubat, and Van Antwerpen [97, 98] that M (X, r) is
abelian-by-finite. Furthermore, the associated structure algebra K[M (X,r)] (and also
K[G(X,r)]), for any field K, was proven to be a Noetherian PI-algebra of finite Gelfand-
Kirillov dimension. Moreover, many properties, such as being a domain or prime, of the
algebra K[ M (X,r)] are equivalent with M (X, r) being cancellative, or with the solution
(X,r) being involutive.

Essential to prove the above results is the connection between the structure monoid
and the left derived structure monoid, and between the structure group and the left
derived structure group. Given an arbitrary set-theoretic solution of the Yang-Baxter
equation (X,r), with the above notation, the left derived structure monoid is defined as

AX,r) = (X |z + X:(v) = A\u(y) + )\)\I(y)(py(x)), for all z,y ¢ X)l.

Note that the relations are determined by the first components of r and 2. By looking
at the second components of these maps, one defines the right derived structure monoid
as

A'(X,1) = (X | py(x) @Yy = pp, () (Aa(y)) ® py(x), for all z,y € X)L

The left derived structure group is the group A, (X,r) with the same (group) presenta-
tion as A(X,r), while the right derived structure group is the group A’gr(X ,7) with the
same (group) presentation as A’(X,r). For finite non-degenerate involutive set-theoretic
solutions, the left and right derived structure monoid and group are free abelian, and
it was shown by Etingof, Schedler, and Soloviev [75] that the structure group can be
embedded as a regular subgroup into the semidirect product of the left derived struc-
ture group and Sym(X). A similar result was realized by Gateva-Ivanova and Van den

Bergh [38] for the structure monoid. For finite bijective non-degenerate solutions and
left non-degenerate solutions analogous results were obtained by Soloviev [174], Lu, Yan,
and Zhu [135], and Jespers, Kubat, and Van Antwerpen [97].

In Chapter 2, the connection between M (X,r), A(X,r), and A’(X,r) is studied for
arbitrary set-theoretic solutions (X, ). The results of this chapter are stated in Sections
2 and 3 of [52]. We start by recalling a result of Gateva-Ivanova and Majid [36] on the
extension of a solution (X, ) to a solution on its structure monoid M (X,r). Originally,
this result was given for bijective solutions, however the accurate observer sees that the
latter is not used for this result. New developments appear in Section 2.2. A first new
result, see Proposition 2.2.1, is that the A-map and p-map of a solution (X,r) can be
extended to endomorphisms of A(X,r) and A’(X,r) respectively.

Proposition (Proposition 3.1 in [52]). Let (X,r) be a set-theoretic solution of the
Yang-Baxter equation, where r(x,y) = (Az(y),py(x)), for all x,y € X. Then, there
exists a unique monoid homomorphism N : M(X,r) - End(A(X,r),+) such that,
MN(2)(y) = A\e(y), for all z,y € X, and there exists a unique monoid anti-homomorphism
p i M(X,r) - End(A'(X,r),®) such that, p’'(z)(y) = p.(y), for all z,y € X. Further-
more, if (X,r) is left (resp. right) non-degenerate, then Im(\") € Aut(A(X,r),+) (resp.
Im(p") c Aut(A'(X,r),®)).



The previous result is then used in Theorem 2.2.2 to obtain unique 1-cocycles between
the structure monoid and both derived structure monoids.

Theorem (Proposition 3.2 in [52]). Let (X,r) be a set-theoretic solution of the Yang-
Bazter equation. Then, there exists a unique 1-cocycle

m:M(X,r) > A(X,r), (resp. ©': M(X,r)—> A"(X,r)),

with respect to the “left action” X' (resp. “right action” p') such that w(x) = x (resp.
m'(z) =), for allz € X, and w(aob) = w(a)+\, (7 (b)) (resp. ©'(aob) = pj (7' (a))®n' (D)),
for all a,be M(X,r). Furthermore, the mapping

fiM(X,r) > A(X,r) xIm(X) : a = (7(a), A),
18 a monoid homomorphism, and the mapping
frM(X,r) > A(X,r)PxIm(p") :a (7'(a), pl),
1s @ monoid anti-homomorphism.

Afterwards, we study when exactly the 1-cocycles m and 7’ are bijective. We obtain
that = (resp. ') is surjective if and only if all maps A, (resp. p,) are surjective
(Proposition 2.2.6), and 7 (resp. 7') is injective if all maps A, (resp. p,) are injective
(Proposition 2.2.7). The converse of the latter is not true, which is shown by an example.

In Chapter 3, we focus on left non-degenerate set-theoretic solutions of the Yang-
Baxter equation. To any left non-degenerate solution (X, ), one can associate its left
derived solution (X, s), defined by

S(l‘,y) = (ya)‘yp/\gl(y)(x)) = (y70y($))7

for all z,y € X. Following [60], we introduce a new algebraic object, called a YB-
semitruss, and prove that YB-semitrusses provide left non-degenerate set-theoretic solu-
tions of the Yang-Baxter equation (Proposition 3.1.3). Furthermore, structure monoids
of left non-degenerate set-theoretic solutions of the Yang-Baxter equation are natural
examples of YB-semitrusses (Theorem 3.1.13).

Theorem (Proposition 2.11 in [60]). Let (X,r) be a left non-degenerate set-theoretic
solution of the Yang-Baxter equation. The associated structure monoid M = M(X,r) is
a unital YB-semitruss and has the structure semigroup S(X,r) as a sub-YB-semitruss
(not unital). The associated solution (respectively left derived solution) of the unital
YB-semitruss M, as defined in Proposition 3.1.3, is precisely the solution (M,ryr) (re-
spectively the left derived solution (M,syr) of (M,rar)) from Theorem 2.1.1 i.e. the
extension by Gateva-Ivanova and Magid [S0]. Similar results hold for the YB-semitruss

S(X,r).

The YB-semitruss M (X,r) is called the unital structure YB-semitruss associated to
the left non-degenerate solution (X, ), and S(X,r) is called the structure YB-semitruss
of (X,r). In addition, any YB-semitruss is an epimorphic image of a structure YB-
semitruss or a unital structure YB-semitruss (Theorem 3.1.15).
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Theorem (Corollary 2.14 in [60]). Let (A,+,0,\,0) be a YB-semitruss with associated
solution (A,ra). Then, the YB-semitruss A is an epimorphic image of the structure
YB-semitruss S(A,r4). If A is a unital YB-semitruss, then A is an epimorphic image
of the unital structure YB-semitruss M (A,r4).

Hence, YB-semitrusses turn out to be the suitable associative algebraic structure
to study left non-degenerate set-theoretic solutions of the Yang-Baxter equation. Next,
in Subsection 3.1.2, we study YB-semitrusses (A,+,0,\,0) with (A,+) (and thus also
(A,0)) left cancellative, called left cancellative YB-semitrusses. We show that it is pos-
sible to define a left cancellative congruence v on M (X, r) such that the left cancellative
image M (X,r)/v of M(X,r) is a left cancellative YB-semitruss (Example 3.1.24). This
result is stated and proven in [53]. Also, semi-braces and skew left braces are examples
of left cancellative YB-semitrusses (Example 3.1.25 and Example 3.1.26). Afterwards,
in Subsection 3.1.3 and Subsection 3.1.4, we study idempotents in YB-semitrusses and
matched products of YB-semitrusses, and use the latter to construct new examples of
YB-semitrusses. These new results are all contained in [60, Section 2]. In Section 3.2,
we study non-degenerate YB-semitrusses (A, +,0,\,0), i.e. YB-semitrusses with asso-
ciated solution (A,r4) non-degenerate, and show that in this case the diagonal map
q: A — A:aw~ \;'(a) is always injective (Lemma 3.2.4). If the map q is bijective (for
example if A is finite), then the associated solution (A,r4) is bijective (Lemma 3.2.5).
Together with the results from Subsection 3.1.1, we obtain the following important the-
orem (Theorem 3.2.8).

Theorem (Theorem 3.1 in [60]). Let (X,r) be a finite left non-degenerate set-theoretic
solution of the Yang-Baxter equation. Then, r is bijective if and only if (X,r) is right
non-degenerate.

In Section 3.3, following [60, Section 3], it is proven that, for any non-degenerate
YB-semitruss (A, +,0,A,0), the set G(A) = {f(a) = (0asAaspa) | @ € A} has a YB-
semitruss structure (Theorem 3.3.5), which allows us to define the retract relation for
non-degenerate set-theoretic solutions of the Yang-Baxter equation. Finally, follow-
ing [60, Section 4], in Section 3.4, we study the algebraic structure of YB-semitrusses.
More precisely, for finite left non-degenerate solutions, we prove that K[A(X,r)] is left
Noetherian, satisfies a polynomial identity, and is of finite Gelfand-Kirillov dimension
(Theorem 3.4.3). If, moreover, the diagonal map q is bijective, then also K[M(X,r)] is
left Noetherian satisfying a polynomial identity. Hence, so is K[(A,0o)] for any unital
strongly N-graded YB-semitruss (A, +,0,\,0), with A; finite, Ap = {1}, and diagonal
map q: A - A bijective (Corollary 3.4.4). In the specific case when, for a YB-semitruss
(A, +,0,\,0), the semigroup C(A) = {0, | a € A} is finite and left simple, then the left
derived solution (A,s4), with sa(a,b) = (b,0p(a)), for all a,b € A, is determined by
bijective non-degenerate solutions and the idempotents of C(A) (Theorem 3.4.5).

In Chapter 4, following [17], we focus on bijective non-degenerate set-theoretic so-
lutions of the Yang-Baxter equation, a subclass of all set-theoretic solutions containing
the left non-degenerate ones. In the first part of Section 4.1, we study left cancellative
congruences on M (X,r), where (X, r) is a bijective non-degenerate solution, presenting
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results from both [52] and [53]. In particular, we prove that the least left cancella-
tive congruence on (M (X,r),0) is equal to the least left cancellative congruence on
(M(X,r),+) (Proposition 4.1.3). In the second part of Section 4.1, we discuss sev-
eral types of permutation groups associated to a bijective non-degenerate set-theoretic
solution.

Continuing the investigations of Lebed and Mortier [122] on finite quandles with
abelian structure group, we study Malcev nilpotency of the structure monoid M (X, r)
of a finite bijective non-degenerate solution (X,r). In Section 4.2, we investigate the
case where M(X,r) = A'(X,r), i.e. (X,r) = (X,s’) is a rack solution, with, for any
r,ye X,

5 (2,9) = (Pedgos (1)) = (7). ),

the right derived solution associated to (X, r), and obtain the following result (Proposi-
tion 4.2.1).

Proposition (Proposition 2.2 in [17]). Let (X,r) = (X,s") be a rack solution. If the
permutation group G-(X,r) = gr(7: | x € X) is nilpotent of class n, then the structure
monoid M(X,r) = A'(X,r) of (X,r) is Malcev nilpotent of class not exceeding n + 2.
Similarly, the structure group G(X,r) = Ay (X,r) is nilpotent of class not exceeding
n+2.

For the structure group of a rack solution, the upper bound of the nilpotency class
can be strengthened. Furthermore, we can say something about its solvability (Corol-
lary 4.2.2).

Corollary (Corollary 2.4 in [17]). Let (X,r) = (X,s") be a rack solution with structure
group G = G(X,r). Then, the group G/ Z(G) is a homomorphic image of the permutation
group G, = G (X,r) = gr(7 | © € X). In particular, G is nilpotent if and only if G, is
nilpotent, and the nilpotency class of G is equal to or exceeds by one the nilpotency class
of G,. Furthermore, G is solvable if and only if G, is solvable, and the derived length of
G is equal to or exceeds by one the derived length of G-.

Next, we recall that, for any finite bijective non-degenerate set-theoretic solution of
the Yang-Baxter equation, if its structure group G(X,r) is nilpotent, then G(X,r)
is finite-by-(free abelian) and it has a finite commutator subgroup (Lemma 4.2.3).
If G(X,r) is torsion-free, then nilpotency and abelianess of G(X,r) are equivalent
(Lemma 4.2.3). This is used to prove that if Ag (X,r) (resp. AL (X,7)) is nilpo-
tent, then its torsion subgroup is equal to its commutator subgroup (Proposition 4.2.4).
Section 4.2 ends with a description of finite abelian racks. Together with a result of
Lebed and Mortier [122, Theorem 2.3], we obtain a full combinatorial description of all
finite abelian racks. In Section 4.3, we deal with arbitrary finite bijective non-degenerate
solutions and investigate when M (X, r) is Malcev nilpotent, by giving a very concrete
description of an ideal chain of M (X,r). More precisely, we look at left divisibility of
elements in M (X,r) and create an ideal chain with Rees factors either power nilpotent
semigroups or uniform subsemigroups of a completely (#)-simple inverse semigroup with
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maximal subgroups isomorphic to the group of fractions of cancellative subsemigroups of
M(X,r) (Proposition 4.3.6). From this, using a result of Jespers and Riley [104, Theo-
rem 11], we can characterize exactly when M (X, r) is Malcev nilpotent (Theorem 4.3.7).

Theorem (Theorem 3.7 in [17]). Let (X,r) be a finite bijective non-degenerate set-
theoretic solution of the Yang-Baxter equation, and put n = |X|. Then, the structure
monoid M(X,r) is Malcev nilpotent if and only if all cancellative subsemigroups of
M(X,r) (actually it is sufficient that all cancellative components my Myy with my ¢
M|y|+1) are Malcev nilpotent and the following condition, called the nilpotency condition,
s not satisfied:

there exist subsets Y # Z of {a1,...,an}, the generators of A(X,r), with
ay and ayz only divisible by elements of Y, respectively Z, and a,be (Y nZ)
Such that )\;T—l(b)(()\;-—l(a))_l(y)) = Z and )\;I'_l(b)((A;T_l(a))_l(Z)) = Y

The nilpotency condition is redundant in some specific cases (Corollary 4.3.8).

Corollary (Corollary 3.8 in [17]). Let (X,r) be a finite bijective non-degenerate set-
theoretic solution of the Yang-Bazter equation. If the group G\(X,r) =gr(A; |z € X) is
of odd order or if the uniform components of M(X,r) have degree one, then the structure
monoid M(X,r) is Malcev nilpotent if and only if all cancellative subsemigroups of
M(X,r) (actually it is sufficient that all cancellative components my Myy with my ¢
My |41) are Malcev nilpotent.

Afterwards, finite bijective non-degenerate solutions of Lyubashenko type are studied
in more details (Proposition 4.3.11).

Proposition (Proposition 3.10 in [17]). Let (X,r) be a finite bijective non-degenerate
Lyubashenko solution, defined by r(z,y) = (f(y),g9(x)), for all z,y € X, and some com-
muting permutations f and g on X. Then, the structure monoid M(X,r) is Malcev
nilpotent if and only if f = c]fl-ucft and g = C%_klu-ci_kt, where c1,...,c; are disjoint
cycles. In this case, all cancellative components are abelian and their group of fractions
is of rank 1 < j <t, and all such numbers j can be reached. Furthermore, all uniform

components have degree one.

Section 4.3 ends with some examples. In Section 4.4, we define the retract relation
for bijective non-degenerate solutions that are not necessarily finite, and study bijective
non-degenerate multipermutation solutions. We show that if (X,r) is a bijective non-
degenerate multipermutation solution, with |X|> 1 and r of finite order, then the order
of r must be even (Proposition 4.4.6). Furthermore, epimorphic images and subsolutions
of bijective non-degenerate multipermutation solutions of finite level m are also multi-
permutation solutions of finite level bounded by m (Proposition 4.4.8 and Lemma 4.4.9).
Afterwards, we work towards the following important result (Theorem 4.4.13).

Theorem (Theorem 4.13 in [17]). Let (X,r) be a bijective non-degenerate set-theoretic
solution of the Yang-Baxter equation. The following properties are equivalent.
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(1) The solution (X,r) is of finite multipermutation level.
(2) The associated solution on M (X,r) is of finite multipermutation level.
(3) The associated solution on G(X,r) is of finite multipermutation level.

Furthermore, we study the solvability of the structure group and the (Malcev) nilpo-
tency of the left derived structure group and monoid of bijective non-degenerate multi-
permutation solutions (Theorem 4.4.15).

Theorem (Theorem 4.15 in [17]). Let (X,r) be a bijective non-degenerate multipermu-
tation solution of level m. Then, the group G(X,r) is solvable of derived length bounded
by m+1. Moreover, the monoid A(X,r) is Malcev nilpotent of class at most m+3, and
the group Ag(X,1) is nilpotent of class at most m + 1.

The upper bound for solvability and nilpotency is more accurate if the solution is
square-free (Corollary 4.4.16).

Corollary (Corollary 4.16 in [17]). Let (X,r) be a square-free bijective non-degenerate
set-theoretic solution of the Yang-Baxter equation. If (X,r) is a multipermutation so-
lution of level m, then the associated solution (G,rg) on G = G(X,r) satisfies m -1 <
mpl(G,rg) <m. If, furthermore, (X,r) is an injective solution, then mpl(G,rg) =m.

Moreover, the additive group of the skew left brace G is nilpotent of class bounded by
m, and the structure group G is solvable of derived length bounded by m.

The result that the torsion subgroup of the left (resp. right) derived structure monoid
is equal to the commutator subgroup, for a finite bijective non-degenerate solution with
left (resp. right) derived structure monoid being nilpotent, can be generalized in case
the solution is also a multipermutation solution (Proposition 4.4.17).

Proposition (Proposition 4.17 in [17]). Let (X,r) be a finite bijective non-degenerate
multipermutation solution of the Yang-Baxter equation. If the structure group G =
G(X,r) is nilpotent, then the torsion subgroup T = T(G) of (G,o) is finite. Further-
more, the additive commutator subgroup [G,G]. of the additive group (G,+) = Age(X, 1)
of the skew left brace (G, +,0) is a subgroup of (G,0), and equal to T

The solutions that are studied in Chapter 3 and Chapter 4 are at least left (or sim-
ilarly right) non-degenerate. This provides a certain amount of knowledge and playa-
bility on the structure monoid and derived structure monoids. Solutions that are not
left nor right non-degenerate, i.e. degenerate solutions, are much less explored. In
the final chapter, Chapter 5, following [69], we study skew lattices and show that they
provide set-theoretic solutions of the Yang-Baxter equation that are either idempotent,
ie. 2 =r, or cubic, i.e. 73 = r, and that are degenerate in most cases. We start
with some preliminaries on skew lattices for those who are unfamiliar with the subject.
Hence, Section 5.1 contains no new results. Since skew lattices generate solutions of
the Yang-Baxter equation, it is worth studying constructions of skew lattices. In Sec-
tion 5.2, several constructions of skew lattices are presented, either starting with a family
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of pairwise disjoint sets or a family of pairwise disjoint skew lattices. In Section 5.3, we
define idempotent set-theoretic solutions of the Yang-Baxter equation using arbitrary
skew lattices (Theorem 5.3.4). The following result is the main theorem of Chapter 5.

Theorem (Theorem 3.3 in [09]). Let (S, A,V) be a skew lattice. Then, (S,r) with
r:8xS—>SxS:(x,y) = ((zAy)vr,y),

s an tdempotent set-theoretic solution of the Yang-Baxter equation.

In Section 5.4 and Section 5.5, we define other solutions using skew lattices with some
more structure. Getting inspiration from the solution (L, r), with r(z,y) = (x Ay, zVy),
for all z,y € L, and (L, A, V) a distributive lattice, we study skew lattices (S, A, V) for
which (S,r), with r(z,y) = (xAy,x Vvy), for all z,y € S, is a set-theoretic solution of the
Yang-Baxter equation (Theorem 5.4.3).

Theorem (Theorem 4.3 in [69]). Let (S,A,V) be a skew lattice which is both strongly
and co-strongly distributive. Then, (S,r) withr:SxS - SxS:(z,y) » (zAy,xVYy),
s a cubic set-theoretic solution of the Yang-Baxter equation.

The converse, however, is not true, which is provided by an example (Example 5.4.7).
Next, we study the map rp(z,y) = (xAy,yvz), for all ,y € S, and obtain the following
result (Theorem 5.5.7).

Theorem (Theorem 5.7 in [69]). Let (S, A, V) be a distributive and left cancellative skew
lattice. Then, (S,rr) with rp, : SxS - SxS:(z,y) » (xAy,y V), is an idempotent
set-theoretic solution of the Yang-Bazter equation.

Similarly, we study the map rr(x,y) = (y Ax,x vy), for all x,y € S, and obtain the
following conclusion (Theorem 5.5.8).

Theorem (Theorem 5.8 in [69]). Let (S,A,V) be a distributive and right cancellative
skew lattice. Then, (S,rr) with rg : S xS - Sx8: (x,y) » (yAz,zVy), is an
idempotent set-theoretic solution of the Yang-Baxter equation.

Finally, we study the map ry (z,y) = (xAyAx,zvyve), for all z,y €S, and obtain
the following result (Theorem 5.5.11).

Theorem (Theorem 5.11 in [69]). Let (S,A,V) be a distributive, simply cancellative
and lower symmetric skew lattice. Then, (S,rw) with ryy : SxS - S xS : (z,y) ~
(xAyAz,zVvyVva),is an idempotent set-theoretic solution of the Yang-Baxter equation.

The converses of Theorem 5.5.7, Theorem 5.5.8, and Theorem 5.5.11 were proven by
the Automated Theorem Prover Prover9 [139]. We include the input and output codes
in the appendix.

Unless mentioned otherwise, all results in Chapters 2 to 5 are personal results, pub-
lished in [17, 52, 53, 60, 69].
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CHAPTER 1

Foreword on the Yang-Baxter
equation

Don’t let anyone rob you of your
imagination, your creativity, or your
curiosity. It’s your place in the world; it’s
your life. Go on and do all you can with it,
and make it the life you want to live.

Mae Jemison

The origin of the Yang-Baxter equation can be found in theoretical physics, more specific
in the field of quantum mechanics and statistical mechanics. Although the equation itself
clearly appeared in the works of Yang [184, 185] and Baxter [19], it was also hidden in
several other papers, see for example [21, 22, 25, , , , , |, as the star-
triangle relation, the triangle equation or the factorization equation.

For a vector space V, we say that R € End(V ® V') is a solution of the Yang-Baxter
equation if it satisfies

Ri2R3R12 = RazR12Ras, (1.1)

where R;; € End(V®3) acts as R on the i-th and j-th component, and as the identity on
the remaining component. One can graphically interpret this equation as in Fig. 1.1.

e

< —

Figure 1.1: An illustration of the Yang-Baxter equation.
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A map ReEnd(V ® V) is a solution of the Yang-Baxter equation if and only if 7R,
where 7 € End(V ® V) maps 2 ® y to y ® x, is a solution of the quantum Yang-Baxter
equation

Ry2R13R23 = Rog Ri3Raa. (1.2)

In this chapter, we dive a little bit deeper into both papers of Yang and Baxter, as
well as some applications or connections with other fields. The first part concerns Yang’s
contribution to certain one-dimensional many-body problems in quantum mechanics. In
order to find the exact wave function of the model, he uses the Bethe ansatz where the
Yang-Baxter equation appears as some condition that has to be satisfied. The Yang-
Baxter equation also appeared in an independent paper of Baxter in the field of statistical
mechanics. Inspired by the results of the Bethe ansatz, Baxter found a new method,
the commuting transfer matrices method, to find the eigenvectors of the transfer matrix
that defines the partition function of the eight vertex model.

The second part discusses the influence of the Yang-Baxter equation in knot theory,
quantum computation, factorizable S-matrices, and quantum group theory.

The third and final part deals with a specific class of solutions, namely the set-
theoretic ones. In [72], Drinfeld posed the idea of looking at set-theoretic solutions
of the Yang-Baxter equation. By linearly extending these (using the set as the basis
of a vector space), one obtains solutions on vector spaces. We recall some classes of
set-theoretic solutions and give a short overview of some known solutions or algebraic
structures used to classify these solutions.

The aim of this chapter is to give the reader a broad idea of the motivation behind this
thesis, an attempt to answer the question “Why do we want to find solutions of the Yang-
Baxter equation?”. This chapter is rather informative, and contains no new results. The
reader should be aware that the author is not an expert in the field of theoretical physics,
quantum or statistical mechanics, knot theory, quantum computation, factorizable S-
matrices, or quantum group theory. In the upcoming chapters, it will be clear that
the author focuses on the (semi)group theory and ring theory that is involved around
set-theoretic solutions of the Yang-Baxter equation.

1.1 The origin of the Yang-Baxter equation

1.1.1 Quantum mechanics

For many years, scientists have been trying to describe the universe. As far as classical
mechanics goes, everyone has an intuitive idea of how objects move in space. Beyond
classical mechanics, quantum mechanics focuses on describing microscopic particles, their
movement and their interactions. This, however, is much more complicated as there is
an unavoidable and inherent element of uncertainty in quantum mechanics. To deal with
this uncertainty, physicists try to find the wave function which describes the probability
of a quantum system being in a given state.

Describing and predicting the behavior of many interacting microscopic particles,
by discovering and understanding the wave function of such a system, is known as the
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many-body problem. The wave function of a quantum system holds a large amount of
information on the system and helps to describe it as accurately as possible. Unfor-
tunately, finding the exact wave functions of many-body quantum systems is difficult.
However, the Bethe ansatz method can be used to find the exact wave functions for a
numerous amount of one-dimensional many-body quantum models. This is where the
Yang-Baxter equation first appeared. It is an equation that has to be satisfied in order
to use the Bethe ansatz to describe the wave function. Before going deeper into the
appearance of the Yang-Baxter equation, we first look into the famous Bethe ansatz.

Bethe ansatz

In classical mechanics, the Hamiltonian H denotes the total amount of energy of the
system and is equal to the sum of the kinetic energy T and the potential energy V. The
kinetic energy can also be expressed by the momentum p and mass m, i.e. T = %.
In quantum mechanics, however, things get more complicated. By the inescapable,
yet fundamental, property of Heisenberg’s uncertainty principle, the more precise the
momentum of a particle is known the more uncertain its position is and vice versa.
So it is impossible to know the momentum and position of a particle simultaneously.
The Hamiltonian operator is defined as H = —%8‘9—; +V (), with A the reduced Planck
constant. For more information on the topic, see for example [91]. The one-dimensional
N-body quantum system with repulsive J-function interaction, the model that is studied
by Yang in [184], has as Hamiltonian

N 82
H=-% —=+2 ) 0(zi-z;), c>0.
i1 Oz 1<i<j<N

To gain insight into the particles of the quantum system, we need to determine the wave
function ¥ = w(x)eiEt/ h by solving the Schridinger equation ih%lll = HU or the simpler
time-independent Schriodinger equation H ¥ = FE1, where E denotes the energy of the
system. The eigenvalues of the Hamiltonian operator are also called the eigenstates and
denoted by

|7/}>: Z a(xlw--al'n”xlw--al'n)a
1<z1 < <xn<N
for n overturned spins. Another method, which can be used for a certain amount of
one-dimensional many-body quantum models, is to use the Bethe ansatz to predict the
form of the wave function, or rather to predict the form of a(zy,...,x,).

The English translation for the German word “ansatz” is attempt or approach. More
precisely, in mathematics and physics an ansatz is some sort of educated guess of the
solution, which is then later verified to indeed be (a part of) the solution. Take, for
example, second order linear differential equations where, in some cases, one can guess
the form of the solution. The Bethe ansatz is named after Bethe, who found an ansatz
for the wave function of the one-dimensional antiferromagnetic Heisenberg model Hamil-
tonian [23]. The paper [23] presents an ansatz or hypothesis for the coefficients of the
eigenfunction or wave function of this specific model.
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The one-dimensional N-body problem with repulsive j-function interaction

In [184], Yang considers the one-dimensional N-body problem,
N 82
H=-% —=+2c Y 6&(xi-zj), ¢>0,
i1 0z 1<i<j<N

with repulsive d-function interaction, where 2c is the amplitude of the d-function [131].
So the setting is a quantum system with N particles, where the particles repel each
other according to the given J-function. The d-function, which is rather a measure or
distribution than a function, can be seen as

00, Tj=Zj

5(:132 —arj) = {

)
0, Ti+ Tj

and has to satisfy [°°§(x)dz = 1. So two particles only repel when they are at the
same position, i.e. when they collide.

To determine the wave function of this model, Yang assumes Bethe’s hypothesis to be
valid [184]. Let Symy denote the symmetric group on N elements, p1, ..., py are unequal
numbers called the wavenumbers, @ = [Q1,...,Qn] € Symy, and 0 <z, <---<xQ,y <L
for some real number L, the wave function equals

b= ¥ [QPlrmTeryay),
PeSym

where P = [Py,...,Py] € Symy. We can see the coefficients [Q, P] as the components
of an N!x N! matrix, with columns denoted by ep. Sometimes [@, P] is also denoted
as AQ(P) = Ao, ..oq, (PP, -, PPy ), called the amplitude of the wave function (see for
example [170, Chapter 5]). As the wave function needs to satisfy certain conditions,
Yang deduces a condition for the columns ep. Namely, for any two consecutive numbers
a,be{l,...,N},
Ep = Y;%bép/,

where P = [Py,...,Py],P' = [P],...,P{] € Symy, with Py = P|,...,Py.1 = P,_{, Py =
j=P,P,=k=P,, Py =P,,...,Py=P}. Putting zj; = ic(p; —px) " = —2x; and

+17°

Yjk = 1 + 21, the operator Y is defined by
b - - b
Vit = (e = 1) + yji Poo = Y

with Py, permuting (0, and Q. Using that PaQb is the identity, easy computations show

that Yi;bYﬁ»b = 1. Furthermore, for any consecutive numbers a,b,c € {1,..., N}, one can
prove that
by b b b by b
YIVRYE = YIVYE. (1.3)
So equation (1.3) appears in [184] as an identity that needs to be satisfied to use the Bethe

ansatz to get the wave function for the quantum system. Looking at the consecutive
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numbers a,b,c€{1,..., N}, equation (1.3) has a strong affinity to the formulation (1.1)
of the Yang-Baxter equation that is known today.

Similar computations can be done using Ag(P) = AUQI"'UQN (ppy,---,ppy) instead
of [@, P]. In [170], the S-matrix is defined satisfying
A o0 Do DUy ) = Z ngf;f_'(pu,pv)A...g;a;...(-.-,pu,pv,-.-)-
On N = 3 particles, it is then shown (see [170, Section 5.2]) that

> Sgrllgf(p1,p2)5§f«2(pl,ps)sgégz(m,p:s)

! ! !
010203

= > S%%(p2,p3)Se, o5 (p1,p3)S s (p1,p2), (1.4)
0'10';0':,3 273 173 172

which can graphically be represented as in Fig. 1.2.

" "
o o
o3 9 O 2
g1 01
= /
" I3 !
(o8] 0'1
2 o3 a3 03
Figure 1.2: A constraint among the elements of the S-matrix [170, (5.17)].

Looking at the indices of the o-maps of each S-matrix component, the quantum
Yang-Baxter equation (1.2) naturally appears.

1.1.2 Statistical mechanics

Another part of physics, called statistical mechanics, focuses on describing the statistical
behavior of a system based on weakly known initial conditions. The need for statisti-
cal methods comes from the lack of information on the quantum system. The initial
conditions are mostly macroscopic variables, called macrostates, such as the volume,
total energy, or temperature. Next to macroscopic variables, there are also microscopic
variables, called microstates. Examples are given by the position and momentum of a
particle in classical mechanics, and the exact value of the wave function of a particle in
a quantum system. Given the knowledge of the microstates of a system, can we predict
the relations between the observable macrostates?

Partition function

A fundamental key to describe the macrostates of the system is the partition function,
denoted by Z, and defined by

7 = Z efE(state)/kT’

states
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where k is the Boltzmann constant and T is the temperature. For more details, see
[20, 28]. The probability that the system is in a certain state is given by

P(state) = %G*E(State)/kT7

where the sum of the probabilities over all states should equal 1. The conserved energy
of the total system, denoted by U, can be expressed by the partition function, namely

0

2

U=kT 5T InZ.
For more details, see for example [20, Section 1.4].

The goal is to find the partition function for specific models, because partition func-
tions contain all information of the system. Once the exact partition function is found,
the model is said to be solved. In [18, 19], Baxter solves the zero-field eight-vertex model,
a generalization of the six-vertex or ice-type models which were solved in [131, , ].
In the upcoming part, we see how Baxter solves this model. It is mostly based on
Baxter’s book [20].

The partition function of the eight-vertex model

In [19], Baxter exactly calculates the partition function of the zero-field eight-vertex
model on a square M x N lattice, where a lattice is called a square lattice if the distance
between two consecutive points in the same line or column are all equal. Zero-field means
that there is no external electric field, so reversing all arrows does not change the model.
In [131, , |, the six-vertex models were solved. An example of such a model is
a two-dimensional sample of ice (for this reason, the models are also called ice-type).
Each oxygen atom is surrounded by four hydrogen atoms, two close by and two a bit
further, to bond with other oxygen atoms. This can be illustrated by six different arrow
configurations at a single vertex, see Figure 1.3.

N M

Figure 1.3: The six arrow configurations allowed at a vertex of an ice-type model [20,
Fig. 8.2].

The problem of coloring the faces of a square lattice with three colors such that no
two adjacent surfaces have the same color is equivalent to the ice-type model [133]. In
[16], Baxter solves the three-coloring problem of the hexagonal lattice, i.e. counting
the number of ways the edges of a hexagonal lattice can be colored such that no two
adjacent edges have the same color. In [17] (see also [20, Section 8.13]), Baxter solves the
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three-coloring problem of a square lattice in case the colors have an associated activity,
using the Bethe ansatz. A special case of this problem is reminiscent of the hard-square
lattice gas [17].

Sutherland [177], and Fan and Wu [76], generalized the six-vertex model by adding
two configurations, with the rule that an even amount of arrows should point to (or away
from) each vertex, see Figure 1.4.

1 2 3 4 3 6 7 8
Figure 1.4: The eight arrow configurations of the eight-vertex model [20, Fig. 10.1].

Each vertex configuration is assigned with an energy ¢; and appears n; times in the
M x N lattice, for i € {1,...,8}. To solve the model, Baxter determines the associated
partition function

Z=Y eI (1.5)

states

with ¢ = Z?zl n;e;, T the temperature and k the Boltzmann constant. We delve deeper
into Baxter’s calculations, following [19, 20], and see where the Yang-Baxter equation
appears.

Assuming toroidal boundary conditions on the model, we get n;y = ng. By reversing
all vertical arrows, vertex 5 and 6 become vertex 7 and 8 respectively, so also n5 = ng.
Without loss of generality, one can choose €5 = g and €7 = €g. Baxter further assumes
that €1 = €5 and €3 = 4. This is called the zero-field eight-vertex model, i.e. reversing
the arrows does not change the model.

The Boltzmann weights or vertex weights are given by

wi — e*Ei/kT’

for i e {1,...,8}. In the zero-field eight-vertex model, set

w1 =Wy =a,
w3 = w4 = b,
W5 = We = €,
w7 =W =
Then, the partition function becomes Z = Y p0s @™ 203114 15116 qM7HN18 - Another way

to denote the Boltzmann weight of the vertex is by using the notation w(u, a8, v), where
a, B, i, and v are the arrow-spins with values +1 (or simply denoted +) of the four edges
of a vertex. See Figure 1.5.
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Figure 1.5: The arrow-spins «a, 8, u and v on the edges of a vertex [20, Fig. 10.2].

An arrow-spin has value +1 (resp. —1) if the corresponding arrow points right or up
(resp. left or down). We obtain the Boltzmann weights

w(+7 +|+7 +) = U)(—, _|_a _) =a,
w(+7 _|_7 +) = U)(—, +|+7 _) =,
Wl -) = w4l 4) = 0

w(+, +|-,-) =w(-,—|+,+) =d,

and w(p, B, v) equals zero for all other values of «, 8, u and v.

Another way to express the partition function is by using the transfer matrix V. If
our lattice model has M rows and N columns, we obtain M rows of N vertical edges.
A vertical edge has a thick line if its arrow points down, while a horizontal edge has a
thick line if its arrow points left. This is illustrated in Figure 1.6 for the first six arrow
configurations of the eight-vertex model.

b
e e o

Figure 1.6: The six arrow configurations of the six-vertex model and the corresponding
line configurations [20, Fig. 8.2].

By ¢, we denote the state of such a row, r € {1,..., M}, and the labeling goes bottom
to top, i.e. ; is the state of the row below the row with state ¢;.1. As there are N
vertical edges in each row, ¢, can take 2V possible values. The transfer matrix of this
model is an 2V x 2V matrix with elements

.
V(p, @)= e Eimanied/kT (1.7)

for two consecutive rows with state ¢ and ¢ (with ¢ below ¢'), or if ¢ is the state of the
bottom row and ¢’ the state of the top row. Otherwise, V (i, ") = 0. The sum is taken
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over all possible states of thick horizontal lines between these two rows. An example of
two different possibilities of thick horizontal lines is given in Figure 1.7.

-

Figure 1.7: Two possible horizontal thick lines for given vertical thick lines.

The partition function of the zero-field eight-vertex model can be expressed by the
transfer matrix, as

Z=Y 3 V(p1,02) ... V(em-1.0m)V(oar, 1) = Trace(VY).
®1 ©M

For an eigenvalue A of V and a corresponding eigenvector z, we get AZ = VZ. For
M large, we obtain Z ~ AM_where Apay is the maximal eigenvalue of V. So, to find
the partition function and to solve the model, we need to determine the eigenvalues
of the transfer matrix V. For the six-vertex model, these eigenvalues are found using
AZ = VZ and using the Bethe ansatz to find the form of the eigenvectors. This method
builds upon the fact that, in a six-vertex model, each row has the same number of
thick lines, i.e. the same amount of vertical arrows pointed down. This, however, is no
longer the case for the eight-vertex model. In [19], Baxter uses a new method, called the
“commuting transfer matrices” method, inspired by the results of the Bethe ansatz, to

solve the eight-vertex model.

Commuting transfer matrices

The Bethe ansatz, which is used in the six-vertex model to find the eigenvectors and
eigenvalues of the transfer matrix, can no longer be used in an eight-vertex model.
Therefore, Baxter found another method, the “commuting transfer matrices” method,
to solve the eight-vertex model. He shows that his method is derived from the Bethe
ansatz and sufficient to determine the eigenvalues. He also notices that his alternative
method can be established without using the Bethe ansatz. For the interested reader,
we recommend [20, Section 9]. In what follows, we only focus on the appearance of the
Yang-Baxter equation.

Following the notation of [20, Section 9.6], denote o = {av1,...,an}, 8={F1,.--, BN},
w={p1,...,pn} and put py4+1 = p1 (boundary condition).

B, Bs Bx

M He BT [T

a, Qs ay

Figure 1.8: A row in the eight vertex model, where pun,1 = p1 [20, Figure 9.1].
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We can write the elements of the transfer matrix V in terms of «, § and p instead
of the notation used in (1.7), which used ¢ and ¢’ to denote the rows,

Vag = > w(pr, on|Br, p2)w(pe, 2Bz, 13) - .. w(pn, an|Bn, p1), (1.8)
n

using the Boltzmann weights as defined in (1.6).
Let V' be another transfer matrix, i.e. the transfer matrix of another zero-field
eight-vertex model, defined by

Vg =D w'(p1,a1|Br, po)w' (2, az|B2, p3) . .. w' (v, an|Bn, pa), (1.9)
I
and
W (+,++,+) =w'(-,-|]-,-) =d,
’U),(+,—|—,+) = U},(—7 +|+7 _) = b,’

w'(+, =+, =) =w' (=, +|-,+) =,

w' (+, 4=, =) =w' (-, —|+,+) =d".

Denote v = {v1,...,yn} and p' = {p],..., )y} and put ply,, = pf. Since all elements
a,b,c,d,a’ b ', d" commute, then from (1.8) and (1.9),

(VV ) = SV Vs
Y
= Z (Zw(/’thaﬂfylul’m) x -w(ﬂN,aN|')/N7M1))
Y Y

( w'(u’lmlﬁl,ué)---w'(u&,leﬁN,ui))
!
N
Y T1D0 wlps, ailvi, pisn)w' (g, il Bis 11 (1.10)
woi=1l i

Define for each i € {1,..., N}, a 4 x4 matrix S(«;, 5;) where the rows are labeled by
(44, 1), the columns labeled by (i1, ), ), and with elements

S B5) (it (it y) = 20 W @ilyis i )w’ (i, %il Bis 1741
Yi

Then, (1.10) can be rewritten as

(VVI)QB =Trace(S(ahﬂl)...S(aN,ﬂN)). (1.11)

Similarly,

(V'V)ap = Trace(S"(aq, B1) ... S'(an, Bn)), (1.12)
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where S’ is defined the same way as S, and
S Bi) (riwr il ) (it = 20 W' (i iy prisn )w (g il Bis i )-
Vi

It is clear by the right hand sides of (1.11) and (1.12) that the transfer matrices V'
and V' commute if there exists a 4 x 4 invertible matrix A for which

S(ai, B;) = AS'(as, i) AT (1.13)
for all 4 € {1,...,N}. Denote the element in row (u;,u;) and column (v;,v;) of the
matrix A by w'(u}, pi|v},v;). Then, (1.13) is equivalent to, for every row (g, p;) and
column (et s,

Z Z w(#iaai|7iaVi)w,(uga7i|ﬁiaVz{)w"(yz{vyi|ug+1?/"i+1)
Vi v,V

=33 w (g, palvy, vi)w' (v, i, i )w (v, %il B, i)

. !
Vi vivy

(1.14)

This relation has a graphical interpretation as in Figure 1.9, which is accordingly
called the star-triangle relation [119]. So the sum over the possible spins ;,v;, v, of the
weights of the left hand trilateral are equal to that of the right hand trilateral. Note the
similarities with (1.4) and Fig. 1.2.

Bi Bi Hi1

4
Hi1
Sum over spins
Yo VioVf

Hi+1

M
(o7} o Hi+1

Figure 1.9: A graphical interpretation of equation 1.14.

If we define 5; as the matrix with elements

(Si)ap = S(a1,B1) ... S(i-1, Bim1)w(au, aic1|Bis Biv1)S (i1, Bis1) - .. S(an, Bn),

and similarly, define S} and S]’ by replacing w by w’ and w" respectively, then according
to [20, Section 9.6], equation (1.14) implies S;+15;S;}; = S/'S},1Si, and S;S7 = SS; if
li—j| > 2. Tt is said that the operators S; satisfy the star-triangle property. One can see a
hint of the Yang-Baxter equation in the star-triangle property by looking at the indices
of the operators. Therefore, in literature, the Yang-Baxter equation is also sometimes
called the star-triangle relation. So, in this way, the Yang-Baxter equation plays a role

in Baxter’s method to solve the eight-vertex model.
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Star-triangle relation

The star-triangle relation became famous after the discovery that it relates the Ising
model on a triangular lattice with the same model on a honeycomb lattice [119]. In
this context, Wop(p,q) and Wyy(p,q) denote the Boltzmann weights associated to the
vertices shown in Figure 1.10.

w

ab

w

ab

Figure 1.10: The Boltzmann weights of the spin model [150].

With this notation, the star-triangle relation states

Zd: ch(pv Q)de(qv T)Wda(pa 7") = R(p7 q, T)Wba(pa Q)Wca(q’ T)ch(pv T)v

where the sum is taken over all spins d and R(p, ¢,r) is a scalar factor depending on the
variables p, ¢, r called rapidities [150]. This relation is illustrated in Figure 1.11, which
explains its name-giving. More detailed information can be found in, for example, [20,
Sections 6.3 and 6.4].

Figure 1.11: Star-triangle relation [150].

As an application, using the methods derived in solving the zero-field eight-vertex
model, Baxter solves the hard hexagon model [20, Chapter 14]. This model consists of
a two-dimensional triangular lattice where no two particles are adjacent or at the same
place. By coloring the six adjacent surfaces, none of the colored hexagons overlap, i.e.
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it is a gas of hard or non-overlapping molecules. In order to solve the model, Baxter
generalizes the model to the hard-square model with diagonal interaction. He solves this
model using the star-triangle relation.

1.2 Other applications

1.2.1 Knot theory

Knot theory studies when two links are equivalent, where a link is a finite union of
pairwise disjoint knots, i.e. closed ropes. Two knots (or links) are said to be equivalent
if their diagrams are equivalent, where the associated diagram is its two-dimensional
projection with knowledge of which line is above the other in each intersection. Fur-
thermore, two diagrams are equivalent if it is possible to go from one diagram to the
other via finite, well-known, Reidemeister moves [157]. In particular, the Yang-Baxter
equation matches with the third Reidemeister move, see for example Figure 1.12.

Figure 1.12: On the left a graphical interpretation of the Yang-Baxter equation (1.1),
where a crossing means that R is applied, and on the right the third Reidemeister move.
The colors indicate the lines that agree.

Since checking all possible sequences of the Reidemeister moves to prove that two
diagrams are equivalent is impossible, another strategy is used via link invariants. A link
invariant is a map, say ¢, that maps the set of links (resp. their diagrams) to another
set, such that ¢ is constant on equivalence classes of links (resp. invariant under the
Reidemeister moves).

The Yang-Baxter equation is sometimes also called the braid relation as it relates to
Artin’s definition of the braid group [5]. The n-strand braid group is defined as

Bn = gr(al, ey On-1 | 005 = 0405 for |7, —j| > 2, 0;,0;4+10; = Ui+101'07;+1),

where each o; denotes the interchangement of two consecutive braids (the i-th and (i+1)-
th braid). The left equality of braidings in Figure 1.12 reads as 10201 = 020102. In
particular, the Yang-Baxter equation can be used to describe braids and their repre-
sentations. Given a bijective solution R € Aut(V ® V), pr : B, —» Aut(V®") : g;
idi‘;1 ®R® id?[i*l is a representation of the braid group B,. These representations can
be used to construct link invariants. For more information on links, braids, and the
Yang-Baxter equation, see for example [137, 186]. In [109, 179], it is shown that solu-
tions to the Yang-Baxter equation R: V®V — V@V, satisfying R? = aR+b, with a and
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b scalars, give polynomial invariants of oriented links. These include involutive solutions,
i.e. where R? = idy gy, and idempotent solutions, i.e. where R? = R. In [110], certain
statistical mechanics models are used to construct link invariants. The Yang-Baxter
equation or star-triangle relations plays a prominent role in these studies [133].

An interesting link invariant is that of tricoloring. A diagram of a link is tricolored
if we can color it using three colors such that at every crossing there is either one color,
or all three colors. For this, we consider three edges at each crossing: the line on top
of the crossing and two lines that coincide under the crossing (but can have a different
color). See for example Figure 1.13.

Figure 1.13: An example of a tricoloring where each thickness of the line indicates its
color [156].

In Figure 1.13, the three lines either all have the same color or they all have a
different color. Tricoloring, i.e. ¢(D) is equal to the number of tricolorings of a diagram
D, is a link invariant because the number of different tricolorings is preserved under the
Reidemeister moves. Mathematically, we can denote the tricoloring via the introduction
of a binary operation < on the set X =7Z/3Z, by < y = 2x —y, for all x,y € X, where
Z denotes the set of all integers. The pair (X, <) satisfies

e Forany xe X, z < x =z,
e For any z € X, the map y — y < z is bijective, with inverse given by <,

e For any z,y,z¢€¢ X, (z<dy)<d z=(x<2)<d (y< 2).

A pair (X, <) satisfying the above three conditions is called a quandle [78, 112]. Using
this <-map, the coloring given in Figure 1.14 is a tricoloring. For more information
on quandle colorings and knots, see for example [56]. The invariance under the third
Reidemeister move is satisfied because of the third condition of a quandle. Note that
this third condition is also equivalent with 7 : X x X - X x X : (x,y) » (y,x < y) being a
set-theoretic solution of the Yang-Baxter equation, i.e. a solution defined on sets instead
of vector spaces (see Section 1.3). The map r satisfies r17or = ror172, where r1 = r xidx

KX

Figure 1.14: A tricoloring given by a quandle [56, Figure 1].
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1.2.2 Quantum computation

In this part, we discuss the application of the Yang-Baxter equation in quantum compu-
tation. We follow [190], and recommend this book for the interested reader who wants
more information on the topic.

Similar to classical mechanics, there is a quantum version of classical computation.
In classical computing, information is stored in bits, denoted by 0 (off/false) and 1
(on/true). On the other hand, in quantum computing data is represented by quantum
bits, also called qubits, and denoted by |0) and |1). A qubit, in comparison with a
bit, can be true and false at the same time, which is called superposition. A qubit
state is a superposition of the basis states |0) and [1), i.e. it is a linear combination
|t} = ¢1]0) + c2]1), where ¢; and ¢y are complex numbers related to the probability
outcome of the basis states. The qubit state does not have a value between 0 and 1, but
rather a probability |c1|? of value 0 and |co|? of value 1, with |e1|? + |caf® = 1.

Qubit states have a matrix representation in the following sense,

(o). ()
=ity o g) e (f) - (2).

In quantum computation, a computation is performed by assembling a series of
quantum gates. Resembling classical logic gates, like AND, OR, XOR, etc., a quantum
(logic) gate is an operator between qubit states that has to be reversible or even unitary.
Note that reversibility is not always true for classical logic gates. A set of quantum gates
is said to be universal if they generate all quantum gates, i.e. they can be used as the
building blocks.

A quantum gate also has a matrix representation. So applying a quantum gate on a
qubit state can be seen as a multiplication of matrices. Take, for example, the Pauli-X
operator ox, with matrix representation

(o)

Applying this operator on the qubit state |0), denoted o, |0), gives the qubit state |1).

Indeed, we have
0 1\(1) (O
1 oJ\o) \1)°

Let V be a two-dimensional vector space with basis qubit states |0) and |1). Then,
V ® V has basis qubit states |0) ®|0),]0) ® [1),|1) ® [0), and |1) ® |1). They are denoted
by respectively

and

100),]01),[10), [11),
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and are respectively expressed by the matrix columns

0\ /0
0110
1110
0 1

1\ /0
0 1
ol'foy’
0/ \0

Consequently, a quantum gate or unitary operator U on V ® V' can be expressed as a
4 x 4 matrix.

By using its action on the basis qubit states of V@V, a solution R of the Yang-Baxter
equation has a matrix representation

where R[zy) = ¥ bef0,1} Rg’; lab), for x,y € {0,1}.

In [113], it is shown that several unitary solutions to the Yang-Baxter equation, i.e.
solutions where Ro1 R19 = idy gy, together with local unitary two-dimensional operators
form a universal set of quantum gates. So, unitary solutions to the Yang-Baxter equation
on a two-dimensional complex vector space V', or unitary 4x4 R-matrices are of enormous
importance in quantum computation. In [73], all unitary 4 x 4 matrices that are R-
matrices and also quantum operators are classified. Unitary solutions are also studied
in [90].

1.2.3 Factorizable S-matrices

High energy particle physics and connected subfields of physics are concerned with the
scattering of particles. In certain models, small particles interact when colliding. These
interactions can transform the particles into other types of particles. This process is
called scattering and the probabilities of different outcomes are all contained in the so-
called S-matrix or scattering matrix. The S-matrix can also be seen as an operator that
maps the initial quantum state of the particles to the quantum state of the particles
after scattering. The goal is to find the S-matrix of different types of models in physics.

In an attempt to find the S-matrix of some many-body quantum systems, it was
discovered that the S-matrix can be factorized into S-matrices of two-body quantum
systems [21, , ]. So roughly said the transformation of interacting particles comes
down to how two particles interact, assuming the other particles are at a distance so
that they do not influence the two interacting particles. This simplifies the construction
of the S-matrix of the total quantum system, one only needs to calculate the two-body
S-matrices explicitly.

There are some necessary conditions to be able to factorize an S-matrix, called
factorization equations [139]. The factorization of the S-matrix of a three-body quantum
system can be done in two ways, which should not differ from each other. Following
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[189, Fig. 2], one way the S-matrix of a three-body model with particles Pj, P, and Ps,
denoted Si23, can be factorized, is by consecutively looking at the interaction between
the particles P; and P», then between P; and P3, and finally between P, and P3. The
other way is to first look at the interaction between particles P> and Ps, then between
P, and Ps, and finally P; and P,. Denoting the corresponding two-body S-matrix by
S;j for the particles P; and P;, we obtain

S123 = 512513523 = 523513512,

which corresponds to the quantum Yang-Baxter equation (1.2). This equation also needs
to be satisfied for the factorization of S-matrices associated to quantum systems with
more particles. So the Yang-Baxter equation (or its quantum version) again pops out
as a condition that needs to be satisfied to determine the S-matrix and solve problems
in many parts of physics.

1.2.4 Quantum groups

The Yang-Baxter equation appears in the theory of Hopf algebras. A Hopf algebra A
with basis {e;}, i = 1,2,..., is called quasi-triangular [71], if there exists an invertible
element R € A®A, called the universal R-matrix, satisfying among other things RA(a) =
7A(a)R, for any a € A, where 7 is the twist map, i.e. T7(z®y) =y ® . The R-matrix of
any quasi-triangular Hopf algebra satisfies the quantum Yang-Baxter equation (1.2), or
equivalently 7R is a solution of the Yang-Baxter equation (1.1).

Examples of Hopf algebras are given by the enveloping algebra of Lie algebras. As
these algebras are still cocommutative, they only give trivial solutions of the Yang-Baxter
equation. Motivated by the work of Jimbo [107, |, Drinfeld constructed Hopf alge-
bras, via quantum enveloping algebras (i.e. deformations of enveloping algebras) of Lie
algebras, that are no longer cocommutative, via a Drinfeld double. These are examples
of quantum groups. So, quantum groups are non commutative non cocommutative Hopf
algebras, and they produce highly non-trivial solutions of the quantum Yang-Baxter
equation. For more information on the topic, see for example [71, ].

1.3 Drinfeld’s problem and set-theoretic solutions

The importance of the Yang-Baxter equation is clear from Section 1.1 and Section 1.2.
The impossibly difficult problem is to classify all solutions (on vector spaces) of the
Yang-Baxter equation. With regard to this problem, Drinfeld [72] urged to focus on the
so-called set-theoretic solutions of the Yang-Baxter equation, as they form solutions on
vector spaces by linearly extending them. For a non-empty set X and amap 7: X x X —
X x X, the pair (X,r) is called a set-theoretic solution of the Yang-Baxter equation if,
in Map(X3, X3),

712723712 = T'237'12723, (1.15)

where 719 = r xidx and ro3 =idx x r. We shall write

r(m,y) = ()‘x(y)7py(x))7 (116)
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for x,y € X, and briefly call a set-theoretic solution of the Yang-Baxter equation a
solution of the Yang-Baxter equation or a solution.

In general, (X,r) is a set-theoretic solution of the Yang-Baxter equation (1.15) if
and only if

r12r23712(7, Y, 2) = r12r23( A (y), py(2), 2)
= 7"12(>\w(y)? )‘py(aﬁ)(z)a pz(py(x)))
= (M) Py @) (2))s 00, () Az ()5 p2(py (),

Py(w)

equals

ro3r12123(, Y, 2) = r23r12(@, Ay (2), p2(y))
= TQS()\x(Ay(Z))v Pry(z) (LE), pZ(y))
= ()‘m(/\y(z))a Apky(z)(x)(pz(y))?ppz(y)(p/\y(z)(x)))7

or equivalently, the following conditions need to be satisfied,

)‘)\T(y)()‘py(ac)(z)) = )‘I(Ay(z))ﬂ (1'17)
Pryy (2P (®)) = Aoy @) (02(9), (1.18)
pZ(py(x)) = ppz(y)(p/\y(z)(x))v (119)

for all z,y,z € X.

A solution of the Yang-Baxter equation (X, ) is said to be involutive if r? = id y2. It
is called bijective if the map r is bijective. In particular, involutive solutions of the Yang-
Baxter equation are bijective. A solution is said to be left (resp. right) non-degenerate
if the map A\, (resp. p;) is bijective, for any x € X. A left and right non-degenerate
solution of the Yang-Baxter equation is simply called non-degenerate. If a solution is
not left nor right non-degenerate, then it is said to be a degenerate solution. A solution
is called idempotent if 72 = r and cubic if r3 = 7. Furthermore, a solution (X,r) is called
square-free if r(x,x) = (x,x), for all z € X. Finally, we say that a solution (X, r) is finite
if the set X is finite.

For any bijective set-theoretic solution (X,r), with r(z,y) = (Az(y), py(2)), its in-
verse (X,r71) is also a (bijective) set-theoretic solution of the Yang-Baxter equation.
We denote, for any =,y € X,

rH (@) = (Aa(y), py(2)). (1.20)

In case X is a group with multiplication of z,y € X denoted by xy, and A : X —
Sym(X) : x = A, is a group homomorphism and p : X - Sym(X) : x » p, is a
group anti-homomorphism satisfying zy = A\;(y)py(x), for all z,y € X, then an ex-
act description of ™! is given in the proof of [135, Theorem 1]. Namely, r~!(z,y) =
((pe1 (1), (A1 (z)) 1), for all 2,y € X, where 27" denotes the inverse of z in
the group X. Note that in this case, the map A X > Sym(X) : z — Az defined by
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Az (1) = (pe-1(y~1)) ! is a group homomorphism, and the map p: X — Sym(X) : & — py
defined by p.(y) = (A,-1(y71))7! is a group anti-homomorphism.

A homomorphism between two set-theoretic solutions (X,rx) and (Y,ry) is a map
f X - Y (sometimes also denoted f : (X,rx) — (Y,ry)) that satisfies (f x f)ry =
ry(f x f). If f is injective, then (X,rx) can be embedded in (Y,ry), and f is called
a monomorphism of solutions. If f is surjective, then (Y,ry) is called an epimorphic
image of (X,rx), and f is said to be an epimorphism of solutions. If f is bijective, then
the solutions are called isomorphic. f Y ¢ X, rx (Y xY) c (Y xY), and ry = rx|yxy,
then (Y,ry) is called a subsolution of (X,rx).

To find all set-theoretic solutions of the Yang-Baxter equation (1.15), the idea is to
construct solutions using known algebraic structures or to define new algebraic structures
that provide (all) solutions of a certain type. Some known examples are solutions defined
on a non-empty set X, by putting for all z,y € X,

r(z,y) = (z,y), r(z,y) = (¢,z), r(z,y) = (y,¢),
r(x,y) = (z,¢), r(z,y) = (¢,9), r(z,y) = (¢,c),

for a fixed element ¢ € X. The solution (X,r), with r(x,y) = (y,x), for all z,y € X,
is called the trivial solution on the set X. Given mappings f,g : X — X, we obtain
solutions with r(z,y) = (f(y),g(x)) (resp. r(x,y) = (f(x), f(y)) if and only if fg=gf
(resp. f? = f). The solution defined by r(x,y) = (f(y),g(x)) is called a Lyubashenko
solution, or a solution of Lyubashenko type [72]. Given a monoid M with identity element
1, we obtain solutions by putting r(a,b) = (ab,1) or r(a,b) = (1,ab) for all a,b € M.
Finally, given a band S, i.e. a semigroup with zz = x, for all x € S, then r(x,y) = (zy,y)
and 7(z,y) = (x,zy) define set-theoretic solutions of the Yang-Baxter equation.

Many other algebraic structures have been connected to the Yang-Baxter equation
in order to find and classify its set-theoretic solutions. Some of them were known long
before being connected to the Yang-Baxter equation, while others were introduced for
this purpose. In the remaining of this chapter, we give an overview of several algebraic
structures and examine how they provide solutions. In particular we consider cycle sets
[161, ], braces [37, 40, 12, 19, 92, , , , 166], quandles [78, ] (see also [62,
Section 3.1] and references therein), and some of their generalizations. This section aims
to give a brief overview with many references for the interested reader.

1.3.1 Braces and its generalizations

In [163], Rump introduces braces as a tool to classify all non-degenerate involutive set-
theoretic solutions of the Yang-Baxter equation. Later in [19], an equivalent definition
of a left brace was given by Cedd, Jespers, and Okninski, which was generalized to the
definition of a skew left brace by Guarnieri and Vendramin [92]. For a survey on braces,
we refer to [13, 181].

Definition 1.3.1. A skew (left) brace is a set B with two binary operations denoted by
+ and o such that both (B,+) and (B,o) are groups, and the brace relation

ao(b+c)=(aob)—a+(aocc), (1.21)
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is satisfied, for any a,b,c € B. It is denoted by (B,+,0) and (B,+) (resp. (B,o)) is
called its additive (resp. multiplicative) group. The inverse of a in (B,+) is naturally
denoted by —a, while its inverse in (B,o) is denoted by a. If the additive group (B,+)
is abelian, then (B,+,0) is called a (left) brace.

There is also a notion of a right brace (see for example [19]), where (1.21) is replaced
by (a+b)oc=(aoc)-c+ (boc). There is a bijective correspondence between left
and right braces, hence it is not important which one is considered. Unless specifically
mentioned, we only use left braces in what follows. Note that the identity element of
(B,+) and (B,o) of a (skew) left brace (B, +,0) coincide (see for example [92, Lemma
1.7)).

The inspiration for the introduction of braces comes from Jacobson radical rings. In
[163], it is shown that two-sided braces (B, +,0), i.e. left braces that are also right braces,
correspond to Jacobson radical rings (B, +,-), by putting a-b = —a + (a o b) — b, where -
denotes the product of the ring. Furthermore, skew braces arise from special near-rings
[167]. As a consequence, many terms and theorems from group and ring theory have
been translated to (skew) brace theory, see for example [1, 44, 55, 99, , , , ,

) ? }'

Given a (skew) left brace (B,+,0), the map A : (B,o) » Aut(B,+) : a = A\, with
Aa(b) =ao(a+b) =-a+(aob) is a group homomorphism and the map p: (B,o) —
Sym(B) : a = p, with pa(b) = (b+a)oa is a group anti-homomorphism. Note that,
for any a,b € B, aob = \y(b) o pp(a). With this notation, the pair (B,rp) with rp :
BxB — BxB:(a,b)— (A\(b),pp(a)) is a non-degenerate bijective set-theoretic solution
of the Yang-Baxter equation, for any skew brace (B,+,0) [92]. Given a brace, the
solution is also involutive [163, 49]. In fact, there is more. In [19], it is shown that
given a brace (B, +,0), there exists a non-degenerate involutive set-theoretic solution of
the Yang-Baxter equation (X,r) with r denoted by r(z,y) = (Az(y), py(z)) such that
the group generated by the A-maps, G(X,r) = gr(\, | z € X), is isomorphic to the
multiplicative group of the left brace B. In [9], an explicit construction is provided to,
given a left brace (B, +, o), construct all non-degenerate involutive set-theoretic solutions
(X,7) such that G(X,r) and (B, +,0) are isomorphic as braces. This means firstly that
one can find an addition on G(X,r) such that it has a left brace structure, and secondly
that this left brace is isomorphic to (B, +,0) in the sense that there exists a bijective
map f : G(X,r) - B that is a homomorphism for both operations + and o. So, the
classification of all non-degenerate involutive set-theoretic solutions of the Yang-Baxter
equation can be reduced to classifying all left braces. To read more on this topic, we
refer to [13] or to the master’s thesis [181]. In a similar fashion, skew left braces are used
to study non-degenerate bijective solutions [&].

An ideal of a skew left brace (B,+,0) is a normal subgroup I of (B,o) such that
I+a=a+1, and A\, (I) c I, for all a € B, first defined in [92] (and in [19] for braces).
Ideals of skew left braces are precisely the kernels of skew left brace homomorphisms
(see [105]). In [55] (see also [173] and [0, Proposition 1.1.12]), the socle of a skew left
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brace (B, +,0) is defined as
Soc(B)={ae€B|aob=a+b=b+a, forall be B} = Z(B,+) nKer(}\),

the intersection of the center of the additive group of B and the kernel of its A-map.
Since \q(b) = —a+aob and p,(b) = (b+a) oa, for a,be B, it follows that

Soc(B) ={a€ B| A, =idp and p, =idg}.

The socle Soc(B) is an ideal of the skew left brace (B,+,0), and both its additive and
multiplicative groups are abelian (see for example [92]). In particular it is a left brace.
To find all (finite) left braces, a two-step method is used. First, one needs to find
and classify the building blocks, called simple braces, i.e. braces that have no non-trivial
ideals. After that, there is a need for ways to construct new braces given two or more
(simple) left braces. Also, extensions and the study of homology and cohomology of left
braces can be used for this purpose. Plenty in this area has been done in [7, 11, 12, 50,
, , ]. In [180], the number of non-isomorphic (skew) left braces is given up to
size 133 (with several numbers missing in between).

Semi-braces and other generalizations

A (left) semi-brace is introduced in [105] as a set B with with two operations + and o
such that (B, +) is a semigroup, (B, o) is a group, and for any a,b,c € B,

ao(b+c)=(aob)+ao(a+c), (1.22)

assuming that o has higher precedence than +. If (B, +) is a left cancellative semigroup,
i.e. a+b=a+cimplies b = ¢, for all a,b,c € B, then the left semi-brace is called a
left cancellative (left) semi-brace, introduced in [37], and later generalized to several
other structures (see for example [10, 11, 42 ). Left braces and skew left braces
are examples of (left cancellative) left semi-braces. Similarly as for (skew) left braces,
one can define the A-map of a left semi-brace as A : (B,o) - End(B,+) : a = A\, with
Aa(b) = ao (a+b), which is a homomorphism. For a left cancellative left semi-brace
(B, +,0), we obtain A\, € Aut(B,+), for any a € B. The p-map associated to a left semi-
brace (B, +,0) is defined as p: (B,o) - Map(B, B) : a = p, with p,(b) = (b+a)oa. If
(B, +) is left cancellative, then p is an anti-homomorphism. If for a given semi-brace
the p-map is an anti-homomorphism, then (B, rp), where rp is defined identical to the
(skew) brace case, is a set-theoretic solution of the Yang-Baxter equation. Note that this
solution can be degenerate. For left cancellative left semi-braces, the associated solution
is left non-degenerate (as A\, € Aut(B, +), for any a € B).

Recently, in [169], Rump introduced an algebraic structure called a strong semi-brace
to deal with involutive solutions that are not necessarily non-degenerate. It is defined as
a monoid (A, o) with neutral element 0 and an additional binary operation - such that,
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for any a,b,ce A,
(aob)-c=a-(b-c), 0-a=a,

a-(boc)=((c-a)-b)o(a-c), a-0
(a-b)oa=(b-a)ob.

I
=

If in addition to being a strong semi-brace (A, o,-), for any a € A, the left multiplication
map lg: A— A:bw~ a-b is bijective, then (A4,-) is a cycle set (see Subsection 1.3.2) with
associated left non-degenerate involutive solution r(a,b) = (E;l(b),ﬁgal(b)(a)).

1.3.2 Cycle sets and its generalizations

In [161], a cycle set is introduced as a set X with a binary operation - : X x X - X such
that the map £, : X - X : y — x -y is bijective, for all z € X, and

(z-y)-(z-2)=(y-2)-(y-2), (1.23)

holds, for all z,y,z € X. It is shown that there is a bijective correspondence between cycle
sets and right non-degenerate involutive solutions by defining r(z,y) = (¢, Y(z)-y, t, L(z))
given a cycle set (X,-), and conversely by defining ¢,(p.(y)) = y given a right non-
degenerate involutive solution defined by r(z,y) = (Az(y), py(z)). Note that this also
implies a bijective correspondence between cycle sets and left non-degenerate involutive
solutions by defining r(z,y) = (¢;1(y), 4, (y) - x); and by defining = -y = A\;!(y) given
a left non-degenerate involutive solution defined by 7(z,y) = (Az(y), py(2)). Under this
correspondence, non-degenerate involutive set-theoretic solutions are equivalent to cycle
sets (X,-) with x — - x bijective. Cycle sets are studied in [30, 31, 32, 35, 70, , ,

|. In [163], a bijective correspondence is proven between right braces and linear cycle
sets, i.e. cycle sets with an additional operation + that makes (X,+) into an abelian
group and satisfying several relations between both operations. With the machinery of
cycle sets it is shown, in [161, Theorem 2| (and independently in [101, Corollary 2.3]
using monoids of I-type), that any finite left non-degenerate involutive set-theoretic
solution of the Yang-Baxter equation is also right non-degenerate.

In [166], a “non-commutative” or “g-version” of a cycle set is introduced as a g-cycle
set. More precisely, a g-cycle set is a set X with two binary operations - and : such that
ly: X - X :yw— x-y is bijective, for all z € X, and

(@-y)-(z-2)=(y:2) (y-2),
(z:y):(z:2)=(y-2):(y:2),
(-y):(z-2)=(y:2) (y:2),
holds for all x,y,z € X. A g¢-cycle set (X,-,:) is called regular if, for any = € X, the
map y ~ x : y is bijective. In the same paper, a bijective correspondence is proven

between g¢-cycle sets and left non-degenerate solutions, by defining the map 7 of the
solution as r(x,y) = (£;1(y), 4, (y) : =) given a g-cycle set (X,-,:); and given a left
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non-degenerate solution 7(x,y) = (Az(y), py(z)), by defining -y = A\;'(y) and z : y =
pA?(x)(y). Under this correspondence, regular g-cycle sets correspond to bijective left
non-degenerate solutions. In [34], the structure of g-cycle sets is used to prove that finite
bijective left non-degenerate solutions are also right non-degenerate.

1.3.3 Quandles and its generalizations

The Reidemeister moves are crucial in the study of equivalent knots, see Subsection 1.2.1.
These three moves can algebraically be described as follows (see [121]). For a set X with
binary operation < as defined in Figure 1.14, the Reidemeister moves translated in terms
of (X,<) are

(R1) z<d z=x, forall ze X,
(R2) =~ x < y is bijective, for all y € X
(R3) (z<y)dz=(x<d2)< (yd z), for all z,y,z € X.

A pair (X, <) satisfying (R3) is called a shelf [62]. A shelf satisfying (R2) is called a
rack [78]. Finally, a quandle is a rack that satisfies (R1) [112].

Given a shelf (X,<), the map r defined by r(x,y) = (y,z < y) defines a left
non-degenerate set-theoretic solution of the Yang-Baxter equation. Similarly, the map
r'(x,y) = (y < z,z) is a right non-degenerate solution. In case the shelf is a rack, both
solutions are non-degenerate (and bijective, see [97, Proposition 2.2]). The study of
racks is motivated by the problem to classify finite-dimensional pointed Hopf algebras
[1]. If the shelf is a quandle, then both solutions are square-free. These types of solutions
seem to have better structural properties and have therefore properly been investigated
in, for example, [31, 82, 83, ) ]. Shelves, racks, quandles, and their link with the
Yang-Baxter equation have been studied in [

) ) Y ) ) Y ]‘

Remark 1.3.2. An important result is that to any left non-degenerate set-theoretic
solution of the Yang-Baxter equation (X,r) with r defined by r(x,y) = (Az(v), py(z)),
for x,y € X, one can associate a left non-degenerate solution (X,s) with s : X x X —
X xX: (z, y) (y,0y4(x)), where oy(x) = Ay(pr-1(y) (7)), for all x,y € X [97, /.
Furthermore, (X,<), with  Q y = oy(x), for all x,y € X, is a shelf. If (X, <l) is a
rack, i.e. oy is bijective, for all y € X, then (X,s) is right non-degenerate, which is
equivalent with (X, s) being a bijective solution, and also with (X,r) being a bijective
left non-degenerate solution (see [07, Proposition 2.2] or [12/, Proposition 5.7]).

Similarly, if (X,r) is a right non-degenerate solution, then (X,s") with s': X x X —
X xX :(z,y) = (12(y),2), where 7,(x) = px()\pgl(x)(y)), for all x,y € X, is a right
non-degenerate solution, and (X,<), with y <l x = 1,(y), for all x,y € X, is a shelf. If
(X,<) is a rack, i.e. T, is bijective, for all x € X, then (X,s") is right non-degenerate,
which is equivalent with (X,s") being a bijective solution, and also with (X,r) being a
bijective right non-degenerate solution.
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CHAPTER 2

Set-theoretic solutions and
structure monoids

Simplicity does not precede complexity, but
follows it.

Alan Perlis

The study of set-theoretic solutions of the Yang-Baxter equation and associated al-
gebraic structures pioneered in the work of Gateva-Ivanova and Van den Bergh [35],
and Etingof, Schedler and Soloviev [75], where specific classes of solutions were trans-
lated into monoids and groups respectively, the so-called structure monoid M (X,7) and
structure group G(X,r) associated to a solution (X, 7). These papers focused on (finite)
non-degenerate involutive set-theoretic solutions. It turns out that the structure monoid
associated to such a solution is a monoid of I-type (see also [101]) and the structure
group is solvable and Bieberbach, i.e. finitely generated, torsion-free and abelian-by-
finite. As a consequence, the associated group algebra K[G(X,r)], where K is any

field, is a Noetherian domain satisfying a polynomial identity (PI) [103, Theorem 3.6.4].
The structure monoids and groups of non-degenerate bijective set-theoretic solutions
of the Yang-Baxter equation are investigated in [97, 98, , ]. In particular, there

exists a bijective 1-cocycle from the structure group G(X,r) to the structure group
of the associated rack solution (X,s). This rack solution is also called the derived
solution, and its structure group G(X,s) is called the (left) derived structure group and
is denoted by Ag: (X, 7). For non-degenerate involutive solutions, the derived structure
group is a free abelian group, and the previously mentioned result was already proven
in [75, Proposition 2.5]. The monoid with the same (monoid) presentation as the (left)
derived structure group is called the left derived (structure) monoid and is denoted by
A(X,r). The left derived monoid and its associated monoid algebra K[A(X,r)], where
K is a field, have been studied in [97, 98]. It is shown that the structure monoid of a
left non-degenerate solution (X,7) is a regular submonoid of the semidirect product of
the left derived monoid and the symmetric group on the set X. A similar result was
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shown in [125, , ] for groups and is used to prove that the structure group of
any finite bijective non-degenerate solution is abelian-by-finite [135, Proposition 10]. All
these investigations resulted in a profound connection between non-degenerate bijective
set-theoretic solutions of the Yang-Baxter equation and monoid and (semi)group theory.

In this chapter, we study the connection between the structure monoid and the left
and right derived structure monoid for arbitrary set-theoretic solutions of the Yang-
Baxter equation, and focus on the results stated in Section 2 and Section 3 of [52]
(Cedd, Jespers, and Verwimp). In the first section we recall an important result of
Gateva-Ivanova and Majid [26], namely that, given a set-theoretic solution of the Yang-
Baxter equation (X, ), defined by r(x,y) = (Az(y), py()), for all z,y € X, there exists a
unique set-theoretic solution (M, r);) associated to the structure monoid M = M (X,r)
such that rj; extends r, and for any a,b € M, aob = \y(b) o pp(a), where o denotes
the multiplication in M and ry;(a,b) = (Aa(b), pp(a)). In fact A : M — Map(M, M)
is a homomorphism extending the A-map of r, and p : M — Map(M, M) is an anti-
homomorphism extending the p-map of r. In the second section we introduce the left
(resp. right) derived (structure) monoid (A(X,r),+) (resp. (A'(X,r),®)) associated to
a solution (X,r). We prove that there exists a unique 1-cocycle 7 : M(X,r) - A(X,r),
with respect to the natural left action ' : M (X,r) - End(A(X,r),+), such that w(z) =
xand X (y) = \y(y), for all 2,y € X. Similarly, there is a unique 1-cocycle 7’ : M(X,r) —
A'(X,r), with respect to natural right action p’: M (X,r) - End(A’(X,r),®) such that
7'(x) = z and pl(y) = pz(y), for all z,y € X. This yields the existence of a monoid
homomorphism f : M(X,r) - A(X,r) xIm()\) : a » (7(a),)\,) and a monoid anti-
homomorphism f': M(X,r) - A(X,r)? xIm(p') : a » (7'(a),p)). We investigate
when the 1-cocycles are injective or surjective. In general they are not bijective, but if
(X,r) is a finite solution, the bijectiveness of 7 (resp. 7') is equivalent with the solution
being left (resp. right) non-degenerate.

2.1 Solution associated with the structure monoid

In [86, Section 3.2], Gateva-Ivanova and Majid prove that any bijective set-theoretic
solution (X, r) of the Yang-Baxter equation can be extended to a bijective set-theoretic
solution on its structure monoid M (X, r), satisfying a certain condition. Without this
condition, the extension is not necessarily unique, which will be made clear by an ex-
ample. The result in [30] is stated for bijective solutions, nevertheless the proof remains
valid without this assumption. Hence, we will restate their result, but the proof remains
the same. For completeness’ sake, we recall the construction of the solution on M (X, 7).

Recall from Section 1.3, that (X,r) is a set-theoretic solution of the Yang-Baxter
equation (1.15), with

r(x,y) = (A (y), py()),
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for all z,y € X, if and only if the following three conditions are satisfied,

Akw(y)()‘py(x)(z)) = AI()‘y(z))a
Prpy () A (¥)) = Aoy @) (p=(y),
Pz(Py(l')) = ppz(y)(pky(z) (x))u

ie. (1.17), (1.18), and (1.19) are satisfied, for all z,y,z € X.

In this thesis, we will use the following notation. For a semigroup, monoid or group
A and a subset B of A we denote by (B), (B)! and gr(B) the subsemigroup, submonoid
and subgroup of A generated by B, respectively. For a set X, we denote the free monoid
generated by the set X by FM(X). In case (S,-) is a semigroup, then we denote by
S1 the smallest monoid containing S, by Z(S) the center of S, and define (S,-°P) as
the opposite semigroup of (S,-), i.e. a-Pb=b-a, for all a,be S. By (X | R), (X | R)!
or gr(X | R) we denote the semigroup, monoid or group, respectively, presented with
set of generators X and with set of relations R. For a set X, Sym(X) is the group
of all permutations on X, Map(X, X) is the set of all maps X — X. For an algebraic
structure S, End(.S) is the set of all endomorphism of S, i.e. all homomorphisms S — S,
and Aut(S) is the set of all bijective endomorphisms of S. Finally, by N we denote the
set of non-negative integers.

The structure semigroup of a set-theoretic solution of the Yang-Baxter equation
(X,r) is the semigroup

S=S(X,r) = {X [z oy =Aa(y) o py(a), for all 2,y € X),

with operation denoted by o. The structure monoid of a set-theoretic solution of the
Yang-Baxter equation (X,r) is the monoid M (X,r) with operation o, defined by the
following presentation,

M =M(X,r)=(X |zoy=X:(y) o py(x), for all z,y e X)".

The structure group of (X, r) is the group with the same (group) presentation as M (X, r),
i.e.

G=G(X,r)=gr(X |zoy=A(y) o py(z), for all z,y € X).

Note that S and M have a natural length function, mapping an element a of S or M
to a non-negative integer n if @ = x1 o --- o x,,, for some generators x1,...,x, € X, and
to 0 if a is the identity element. We say that a has length n, and denote length(a) = n.
Also on G one has a length function, but its values are integers, with length(z) = 1 and
length(7) = -1, for all z € X, with T the inverse of z in G.

One can extend the A-map of the solution (X,r) to a “left action”

A M - Map(M, M) aw Ag,

on the structure monoid, with A\; = id;, the identity map on M, and for any x1, ..., ZTm,
Yy yn€ X and n>1, A\;, (1) =1, and

Az (Y10 0yn) = Agy (Y1) © Ay, (1) (Y20 0 Yn), (2.1)
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and for m > 1,
Azyomozy = Azy Agy, - (2.2)

Similarly, one can extend the p-map of the solution (X,r) to a “right action”
p: M —Map(M,M):ar pq,

on the structure monoid, with p; = idps, and for x1,...,Tm,y1,---,Yn € X and n > 1,
pz (1) =1, and

Py (Y10 0Yn) = p/\yn(xl)(yl 0 0Yn-1)© Py (Yn), (2.3)

and for m > 1,
Pzyowoxm = Pz Py (2'4)
It is proven in [36] that A and p are well-defined “actions” on M (X, ). Furthermore,

it is then shown that every set-theoretic solution of the Yang-Baxter equation (X,r) is
the restriction of a set-theoretic solution defined on the structure monoid M (X,r).

Theorem 2.1.1 (Gateva-Ivanova and Majid [36, Theorem 3.6]). Let (X,r) be a set-
theoretic solution of the Yang-Baxter equation. Then, the mapping X\ is a monoid ho-

momorphism and the mapping p is a monoid anti-homomorphism such that, for any
a,b,ce M = M(X,r),

po(coa) = px,my(c) o pp(a), (2.5)
Ap(aoc)=p(a)o N, m(c). (2.6)

Furthermore, for a,be M,
aob=MX(b)opp(a). (2.7)

Define rpf - M x M — M x M by rpr(a,b) = (M(0),pp(a)), for all a,b € M. Then,
(M,rpr) is a set-theoretic solution of the Yang-Baxter equation. Obviously, rys extends
the solution r.

Note that the previous result also holds for the structure semigroup S(X,r). In [36,
Theorem 3.14] it is furthermore proven that the solution (M, rr) is non-degenerate if
and only if (X,r) is non-degenerate, and (M,r);) being involutive is equivalent with
(X,7) being involutive.

Without (2.5) and (2.6), or without (2.7), the extension of the previous theorem is
not necessarily unique.

Example 2.1.2. Consider the solution (X,r), with r defined by r(z,y) = (y,t), for
a fized element t € X. The extension of Theorem 2.1.1 yields a solution (M,rpr) on
the structure monoid M = M(X,r) = (X | xoy =yot = tot), with ry defined by
r(a,b) = (b,to---ot), where the length of the second component equals the length of
a. It is possible to define other solutions (M,ry,) on M(X,r), with ri;|xxx =r. For
example, define v, (z,y) = (y,t), for all x,y € X, and r;(a,b) = (tot,tot) for all
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a,be M with (a,b) ¢ X x X. Then, (M,r),) is a solution, but (2.5), (2.6) and (2.7) are
not satisfied for the \-map and p-map of the solution (M,r},). Indeed, take for example
T, 21, 22,23, 24 € X, then py((z10m2)0(23024)) = tot, but py, .. (2)(T1032)0ps(z3074) =
(tot)o(tot), which are not equal in M(X,r). Also, x10(xgox3)=totot in M(X,r)
is not equal to Ay, (T2 0x3) © Pgoozs (1) = (tot)o(tot) in M(X,r).

Unless mentioned otherwise, we will assume in what follows that (M (X,7),7a(x )
is the extended solution of (X,r) as defined in Theorem 2.1.1, and call it the solution
associated to M (X, r).

The existence of an extension to the structure group was proven in [135, Theorem 9]
for bijective non-degenerate set-theoretic solutions (X,r) of the Yang-Baxter equation.
In this case, the A-map and p-map induce actual left and right actions on the structure
group G = G(X,r), say \° : G - Sym(G) and p° : G - Sym(G). Furthermore, the
mapping r¢(a,b) = (A5 (b), pi(a)), for a,b e G, defines a set-theoretic solution on G. We
denote this solution by (G(X,r),r¢(x,)) and call it the extended solution of (X,r) on
G(X,r). In case the solution is also involutive, the natural map ¢ : X — G is injective
[88, ]. However, in general, ¢ is not necessarily injective, which was already noticed
in [135] and confirmed in [174] by an example. One obtains that r¢ is an extension
of the induced set-theoretic solution Inj(X,r) = (¢(X),7,(x)) = (t(X),7rcl,(x)2), called
the injectivization of (X,r), and G(X,7) = G(«(X),7,(x)) = G(Inj(X,7)) [125, Propo-
sition 7.6]. If + : X — G is injective, the solution (X,r) is called injective. Injective
solutions are introduced and studied by Soloviev in [I74]. In particular, it was shown
that Lyubashenko solutions, defined by r(z,y) = (f(y),g(x)), with f,g € Sym(X) such
that fg = gf, is injective if and only if it is involutive, which is equivalent to fg being
the identity map on X. On the other hand, the map ¢: X - M is always injective. So,
one does not lose any information on the solution (X,r), when studying the structure
monoid and its associated solution.

A natural question is whether the result in [135, Theorem 9] can be extended to
any solution (X, 7). This, however, is not possible in general as shown by the following
example.

Example 2.1.3. Let X be a set with more than one element and consider the solution
(X,idx2). Obviously, each A\, and p, is the constant mapping with image {x}. Hence,
the structure monoid is the free monoid on the set X and the structure group is the free
group on X. However, since the maps A\, are not injective, one can not define A1 such
that AgAy-1 = Ayp-1 Az = idg. Thus, the map A : X - Map(X, X) can not be extended to a
monoid homomorphism X\ : G — Map(G, G).

A surprising fact is that if the mappings A\, and p, of a set-theoretic solution (X, )
can be extended to left and right actions on the structure group G(X,r), then the
induced set-theoretic solution on G(X,r) is always bijective [135].
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2.2 Derived monoids

Let (X,r) be a set-theoretic solution of the Yang-Baxter equation. If (X, r) is left non-
degenerate, then, using the notation (1.16), the (left) derived solution (X, s) of (X,r) is
defined by

s(z,y) = (v, )‘yp)\;l(y) (7)) = (%Uy(x))v (28)
for all z,y € X. This solution was first defined by Soloviev in [174] for non-degenerate
bijective solutions (X,r), but it can be defined for any left non-degenerate solution
(X,r), see [97, Proposition 2.2]. In general, it is not always possible to define the derived
solution, namely one needs that all A-maps of the solution are bijective. Similarly, if
(X,r) is right non-degenerate, then one can define the right derived solution as (X, s")
with

S,(l‘,y) = (px)‘,o;l(m) (v),z) = (1(y),2),

for all x,y € X. For non-degenerate involutive solutions (X,r), both the left and right
derived solutions are equal to the trivial solution. Left and right derived solutions
correspond to shelves (see Remark 1.3.2).

Let (X,r) be an arbitrary set-theoretic solution of the Yang-Baxter equation. In
[97], the derived monoids of (X, r) are defined as

AKX, 1) ={X |2+ Xa(y) = Aay) + Ax, ypy (), for all z,y € X)),
and
A'(X,r) = (X | py(x) @y = p,, (1) Aa(y) ® py(x), for all z,y € X)L

The zero element of A(X,r) is denoted by 0, while the zero element of A'(X,r) is
denoted by 0'. We will call A(X,r) the left derived (structure) monoid of (X,r) and
A'(X,r) the right derived (structure) monoid of (X,r). Note that the left (resp. right)
derived structure monoid of (X, ) is determined by the first (resp. second) components
of r(z,y) and r%(x,y), see Fig. 2.1.

/'

Az (y) py()
r
/\A,(y)ﬂy(-r)f Poy ()N (Y)
Figure 2.1: Graphical interpretation of applying r and 2 on (z,v).

Furthermore, it is clear that X ¢ M (X,r), X ¢ A(X,r) and X ¢ A’(X,r), because
the defining relations of these three monoids are homogeneous of degree 2.

The left or right derived (structure) group of (X,r) is the group with the same
(group) presentation as the left or right derived structure monoid, and will be denoted
by Ag(X,r) or Ag, (X,r) respectively, i.e.

Age(X,7) = gr(X |2+ Ae(y) = Ae(y) + A, )Py (), for all z,y € X),
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and

A (X,r) = gr(X | py(2) © y = pp, () Ae(y) ® py(x), for all z,y € X).

Similar to S(X,r), M(X,r) and G(X,r), there is a natural length function on A(X,r),
A'(X,r), Ag(X,7), and Ay (X,r). In [174], Soloviev proves that for non-degenerate
bijective solutions, the structure group of the left (resp. right) derived solution is equal
to the left (resp. right) derived structure group of the solution, i.e. G(X,s) = Ag(X,7)
and G(X,s") = A, (X,r). In a similar fashion, the left derived structure monoid of a
left non-degenerate solution (X,r) is equal to the structure monoid of the left derived
solution (X,s), i.e. A(X,r) = M(X,s), while the right derived structure monoid of a
right non-degenerate solution (X,r) equals the structure monoid of the right derived
solution (X,s"), i.e. A"(X,r)=M(X,s").

Proposition 2.2.1. Let (X,r) be a set-theoretic solution of the Yang-Baxter equa-
tion, where 7(z,y) = (A(y),py(z)), for all z,y € X. Then, there exists a unique
monoid homomorphism X' : M(X,r) - End(A(X,r),+) such that, N'(2)(y) = \a(y),
for all x,y € X, and there exists a unique monoid anti-homomorphism p' : M(X,r) -
End(A'(X,r),®) such that, p'(2)(y) = pz(y), for all x,y € X. Furthermore, if (X,r)
is left (resp. right) non-degenerate, then Im(\') ¢ Aut(A(X,r),+) (resp. Im(p') ¢
Aut(A'(X,r),®)).

Proof. Write X' (a) = N, and p'(a) = pl, for all a € M(X,r). Denote by 1,0,0" the
identity elements of the monoids M (X,r), A(X,r), A'(X,r), respectively, and define

N = idacxrs ph = idarcxns A(0) =0, p(0) =0/, for all a e M(X, 7).
Let x1,...,2m,y1,-.-,yn € X. Define

Npyomomm UL+ +Yn) = Agy oo A (U1) +0 4 Agy - gy (),
and
Pyonozy, (YL@ ®UYn) = Py - P2 (Y1) @+ @ Payy - - - Py (Yn)

To prove that A" and p’ are well-defined, it is enough to prove that the following
equalities hold,

)\;109@ (y1++yn) = )\S\Il(mQ)Opz2(x1)(y1 +et Yn), (2.9)
Aproromm Y1+ Ayy (42)) = Ag ooz, (Agr (42) + A, | (42) (P (1)), (2.10)
Pryors (Y1 O O Yn) = PN (25)0p,, (a1) (Y1 © O Yn), (2.11)
Parronomm (Py2 (Y1) @ Y2) = Py ooy, (Ppyy (1) Pyt (42)) © pyo (1)) (2.12)

Using relations (1.17) and (1.19), equations (2.9) and (2.11) are easily verified. In-
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deed,

Aerozs (U1 + 7+ Yn) = Aay Aay (Y1) + -+ Agy Ay (Yn)
= Ao, (22) Mgy (1) (Y1) + 0+ A (22) Mgy (1) (Un)
= A\, (22)0pay (1) (YL + 77+ Un),

Pierows (U1 ® = ® Yn) = Py Py (Y1) @+ @ oy Py (Y)
= Py (21)Pay (22) (Y1) © - ® D (1) P2, (w2) (Un)
= P;zl(m)opw(xl)(yl S ®Yn).

We will prove equations (2.10) and (2.12) by induction on m. For m = 0, (2.10)
and (2.12) follow by the defining relations of A(X,r) and A’'(X,r). Suppose that m >
0 and assume that Ay ooz, (Y1 + Ay, (42)) = Apjooor, (Mg (92) + A, (4) (Py2(¥1))) and

plxlo--voxk(pyZ(yl) ® y2) = pélov--ozk(ppw(yﬂ()‘yl(y2)) ® py2(y1)) hold for k < m. Thena
using (1.17), (1.18) and (1.19),

A,

100

Az (Y1) + Azy Ay, (A, (Y2))
ozt Pz (Y1) + Az, (Ayy (¥2)))
ozt Az (Y1) + Ax,, (1) Aoy, (2n) (¥2)))

= Ay
=\

xq0--

=\

xq0--

10"

(Y1 + Ay, (y2))

ozt Pa (1) Aoy, @) (B2)) T A0 01y Oy o @2) (P2 (0 (2) P (91))))
0wy e (A (82)) + A0 0, 02) (A, 0y (02) Az (91))))

ot (A Ay (42)) + A, 0y (920) Qo) (@) (P2 (1))

oz Az (Ays (42)) + Az (Any, (42) (Py2 (41))))

= Aan (Agr (42)) + Az Az, (Ax,, (42) (Py2 (41)))

oz Ay (U2) + A, (52) (Pya (41)))

pgtlomoxm (pr (yl) @ y2)
= Pipgorony (P (Pya (Y1) © puy (y2))
= p’x20~~~oxm (ppml (y2) (P,\y2 (z1) (yl )) @ Pz, (y2))

= plx20~~~oxm(pppxl(y2)(p/\y2(wl)(y1))()‘pkm(,cl)(yl)(p:m (¥2))) @ Pp,, (y2) (Pry, (1) (Y1)
= Pirsorowm (Ppey (4 (51)) Pos, (o (91) (P21 (42))) @ Py (01 (91)))

= Ppgoozm (Ppa, oy ) (Px,,, () @) P (92))) @ pay (py2 (1))

= Pagorowm (P (Ppyy () Pyr (42))) @ pay (pys (1))

= PPy (Ppyy (31) A (¥2))) ® PPy (Pyo (Y1)

= Pproromm (Ppyy (1) Pyt (¥2)) @ py, (y1))-
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So M\, and p/, are indeed well-defined and by definition A, € End(A(X,r),+) and p/, €
End(A'(X,r),®), for alla e M(X,r). Thus X and p’ are well-defined. Furthermore, it is
clear that \’ is a monoid homomorphism and that it is unique for the condition A, (y) =
Az (y), for all z,y € X. Tt is also easy to see that p’ is a monoid anti-homomorphism and
that it is unique with respect to the condition p’.(y) = p.(y), for all z,y € X.

Assume now that (X, ) is left non-degenerate, i.e. Ay : X - X is bijective, for all x €
X. We will prove that A, € Aut(A(X,r),+), for all a € M(X,r), by showing there exists
aq € End(A(X,7),+), such that ag)} = A\jaq =ida(xy- Let 2,21, .., T, Y1, Yn € X
and define o, € End(A(X,r),+) by

ap(yr++yn) = A2 (1) + -+ AL (),

and Qg o0z, = Oz, "z, . 10 see that aq, for a € M(X,r), is well-defined, it is enough to

prove that the following pair of equations are satisfied, for all x1,...,Zm,y1,...,yn € X,
Qgioxo (yl R yn) = Oé/\zl (:gg)opm2 (:cl)(yl +toeeet yn)’ (213)
gyomozyn (Y1 + Ayy (¥2)) = Qgyomomy, (Ayy (Y2) + Ax, (42) (Py2 (1)) (2.14)

The former is clear since, using (1.17),

Ogyoms (Y1 + 7+ Yn) = Qgy 0y (Y1 + 7+ + Yn)
= Ay (Apr (1) + -+ A5t (Un))
= A Aa (1) -+ AL (un)
= Az Aas) )+ + Oy Aay) ™ (Un)
= My (@) Mg (o) W) -+ Oy (@) My (21) ' (Un)
= Xy )My (o) W)+ AL @) AN () ()
=0, (21) Oy, (22) (Y1 0+ Un)

= ®g) (22)0pay (@) (Y1 ++ Yn)-

Let z,y1,y2 € X. Note that, from (1.17),
A;l)\yl(yg) = Akgl(yl)Al_’igl(yl)(fﬂ)(y2)’ (215)
and thus, also using (1.18), we get that

B AL 2.16
>(x)pkﬂ1;1<y1><w>(y2>( » (1) (2.16)

p)‘il )‘y1 (y2

=\ ) )\_1
1 )(y2)(x)p)\pi;1(yl)(””)(yQ)( = (1))

P A~
M) oy, @

-1
= )m(yQ))/\x(Am (y1))
Y1

P AL
P)\51(y1)(w)( Pzl

= pyz(yl)-
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We will prove that (2.14) holds by induction on m. For m =0, (2.14) follows by the
defining relations of A(X,r). Let x1,...,%m,y1,y2 € X. Suppose that m > 0 and that
g yomomy (Y1 + Ay (¥2)) = Qgyomomy (Ay; (Y2) + Ax, (42) (Py2 (1)) holds for k <m. Using the

previously obtained relations, we get
Uy om0 (Y1 + Ay (42))

= Cleo---oxm(Agll(yl) + A;f(Ayl (¥2)))

(2.15) -1 -1
=" agoory (A (1) + A (yl)(A%l(yl)(ml)(yz)))

-1
= amQO"'Omm ()\)\;i (yl) ()\pA;% (yl)(xl) (y2))

w) (A2, (1))

+ Ay yz))(p)\;1
-

(
Zn v

A;}(yl)(kzi;}(y”(m)(

(2.15) _ -

= awzo"'owm(/\xll()‘yl(yZ))+)‘)\;%()\yl(y2))(p)\;11 (ZI)(yQ)(/\xll(yl))))
Az (W1)

Ogonmoznm (Agy Ay (12)) + il O,y (y2))()\;i;w1 (y2)(g;1)(py2 (v1))))

(2.15) _ _
=" Qyonomm Aoy (M (82)) + At (A, (5) (02 (91))))

= Qggoromn (Qzy (Agy (Y2) + Ax,, (42) (Py2 (1))

= Qgyomomy (Ays (¥2) + A, (1) (Py2 (41))),

where the third equality follows from the defining relations in A(X,r). So g, for
a € M(X,r), is well-defined. Furthermore, ag,)\; = Ao = ids(x,) and thus A, €
Aut(A(X,r),+), for all a e M(X,r). We conclude that Im(\") ¢ Aut(A(X,r),+).
Similarly, one can prove that for right non-degenerate solutions (X,r), we have
Im(p") c Aut(A'(X,r),®). O

The maps A" and p’ defined in the previous proposition yield a connection between the
structure monoid and the derived monoids of a set-theoretic solution of the Yang-Baxter
equation.

Theorem 2.2.2. Let (X,r) be a set-theoretic solution of the Yang-Bazter equation.
Then, there exists a unique 1-cocycle w : M(X,r) - A(X,r) with respect to the “left
action” X' such that w(x) =z, for all z € X, and

m(aob) =m(a)+ N, (m(b)), (2.17)

for all a,be M(X,r). Moreover, there exists a unique 1-cocycle 7' : M(X,r) - A'(X,r)
with respect to the “right action” p’ such that ©'(x) = x, for all x € X, and

7 (aob) = ph(x'(a)) & 7' (b), (2.18)
for all a,be M(X,r). Furthermore, the mapping

f:M(X,r) > AX,r)xIm(\) :a~ (7(a),\)),
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18 a monoid homomorphism, and the mapping
FM(X,r) > A/, 1) wTm(p) s a > (' (a), p)),
1s @ monoid anti-homomorphism.
Proof. We define for x1,...,2, € X, (1) =0,7'(1) =0, 7w(x1) = 21,7 (x1) = 21, where
1,0,0" are the identity elements of the monoids M (X,r), A(X,r), A'(X,r), respectively.

For m > 1, define

m(x1 0 0xy) =21+ A, (m(x20 02p)), (2.19)

' (x1 0 0xm) =p, (T'(x100Lm_1)) @ L. (2.20)

We prove that 7(x1 0+ 0xy,) and 7' (1 0+ 0 x,,) are well-defined by induction on m.
For m =1 it is clear. Let m > 1 and assume that 7w(z10--0xy,_1) and 7'(x1 0 0 zpy-1)
are well-defined, for all z1,...,z,, € X. To prove that w(z10--0x,,) and 7’ (z10---0xy,)
are well-defined, we need to show that

(@10 0@ 0Lip1 00Xy, ) = T(L1 00 Ay, (Ti1) © Pay,y (T5) 00+ 0 ),
and

7T'(CU1 0 0X;OLj4] O OLyy) = 7T'($1 0:-0 )\xi(l‘nl) o pxm(%’) 00Ty ),
forall 1<i<m—1. If i > 1, we get by (2.19) and the induction hypothesis

7T(fr1 QO +++ O xm) = ‘Il —+ )\le (TI'(LUQ O +++ O xm))
=T+ )\;1 (TF(xQ 0:++0Z;0X;j4] O+ 0 ;cm))
=z + )\;1 (m(xg 00X, (@is1) © pay,y (Ti) 0+ 0 Tpy))

=m(z 0o /\Zz‘(xiﬂ) © Pxi (i) 0 0my),
and if i < m -1, using (2.20) and the induction hypothesis,

7 (100 &m) = g, (@1 00 4 0 L5410+ T _1)) ®
= Py (T (21000 Ay (1) © Py (Ti) 02 0 1)) @ Ty

='(210 0 Xg, (Ti1) © Py (i) 0 0 Tm).
Hence, we are left to prove that
m(x1 0290 0xm) = T(Ayy (22) © puy (T1) 0+ 0 T,

and

7T,(331 00Xy 10Ty) = 7T,(331 00Ny (zm) © Pzm (Zm-1))-
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By relations (2.19), (2.9), and the defining relations in (A(X,r),+), we get that

T(Aey (22) 0 pry (1) 0 T3 04+ 0 1)

= Ay (72) + /\S\zl(m)(ﬂ'(pm(xl) 0130 0Tm))

= Ag, (z2) + )\')\m(m)(pm (1) + )\;Q (Il)(ﬂ'(l'g 00Tm)))

= A (22) # A, (0 (P (1)) + X0, (g N oy (7302 0.200))
=21 + Ay (w2) + A;\wl(wz)opwz (xl)(ﬂ'(gjg 0 0xm))

=1+ Azy (22) + N og, (T(@3 0+ 0 21 ))

=21+ Mgy (22) + A (AL, (m(z3 02 0 )

=1+ Ay, (22 + A, (m(2z3 0 02)))

=21+ A, (m(wg 0 0a))

= 71'(331 0IL9 00 xm)7
and, by (2.20), (2.11), and the defining relations in (A" (X,r),®),

(2100 T2 0 Ay 1 (Tm) © Py (Tm-1))

= plpzm (wm_l)(ﬂ',(l'l 0 0Zm-20Az, 1 (Tm))) ® Pu,, (Tm-1)

= plpzm (wm_l)(pi\zm_l(xm)(ﬂl(ml 0 0Zm-2)) ® Az, 1 (Tm)) & Pa,, (Tm-1)

= P @) Pro () (T (@100 2m2))) ® 0, (20 1) Azt (Tm)) @ Py (Tme1)
= pg\mm_l(xm)opzm (xm_l)(ﬂl(xl 00 X-2)) ® P, (Tm-1) ® Ty,

= p;m,1owm (7'(z100Tm-2)) @ pu,, (Tm-1) ® T

= D (P (T (21 0 0 2112))) @ P, (Ti1) © T,

= P (P (T (w10 0 T 9)) @ Tn1) @ T

= P, (T (10 021-1)) ® Ty

=r'(x1 0 0xpmo1 0Ty,

Thus, indeed, m and 7" are well-defined.

We will prove that equations (2.17) and (2.18) are satisfied, for all a,b e M(X,r), by
induction on length(a)+length(b). If either length(a) = 0, or length(b) = 0, or length(a) =
length(b) = 1, then (2.17) and (2.18) follow by definition. Let a,b € M(X,r) \ {1}
such that length(a) + length(b) > 2 and assume that, for any a’,b’ € M(X,r) with
length(a") +length(b") < length(a) +length(b), w(a’ o b) = w(a’) + AL, (7 (b)) and 7'(a’ o
b') = pp(n'(a’)) & ©'(b') hold. Write a = xoa’ and b = b’ oy for some z,y € X and
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a',b' e M(X,r). By (2.19) and the induction hypothesis,

n(aob) =m(zoa ob)
=z + A (7(a’ o b))
e X (@) + Ny (2 (5)))
e X, (@) + N ((5)
(i 0a) + Ny (1))
(a) + X, (1)),

and by (2.20) and the induction hypothesis,

n'(aob) =7n"(aob oy)
g (' (aot)) oy
= (ol (' (@) @ 7' (6)) @ y
= Ay (7' (0))) @ (' () @
- Ay (T (@) @ (1 09)
- (' (a)) @ 7' (1).

Hence, (2.17) and (2.18) follow by induction. It is clear that 7 and n’ are the unique
1-cocycles satisfying the hypothesis. Therefore, the result follows. O

The question whether this connection between the structure monoid and the derived
monoids is bijective follows naturally.

Question 2.2.3. When are the 1-cocycles m and ' bijective?

In general, the 1-cocycles m and 7’ are not bijective. We provide an example where
7 is injective but not surjective, followed by an example where m and 7’ are neither
injective nor surjective.

Example 2.2.4. Let (X,r) be a set-theoretic solution of the Yang-Baxter equation,
where | X|>1 andr: X x X — X x X is a map defined by r(x,y) = (z,z), for allz,y e X.
The associated (derived) structure monoids are

M(X,r)=(X|zoy=xox, foralzyeX)',
AX,r)=(X|z+x=x+z, foral z,yeX)!,
AX,r)=(X|zoy=zex, foralz,yecX)".
It is clear that the 1-cocycle ' = M(X,r) - A'(X,r) is bijective. Since n(xoy)=xz+x,
for all x,y € X, it follows that the 1-cocycle w: M(X,r) - A(X,r) is not surjective, and
hence not bijective. Note that 7 is still injective. The set-theoretic solution (X,r) with

r: X xX - X x X defined by r(x,y) = (y,y) is an example where @' is not surjective,
and thus not bijective. In this example, 7' is still injective.
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Example 2.2.5. Consider the distributive and cancellative skew lattice from Ezam-
ple 5.4.4, i.e. S={0,1,2}, and the operation A and v are defined by

N~ O >

1
0
1
1

o O OO
NN O
o~ o<
o = oo
N
N~ NN

In Proposition 5.5.4 we prove that (S,r), where r: S xS — S xS is defined by r(x,y) =
(xAy,yvz), for allx,y € S, is a set-theoretic solution of the Yang-Baxter equation. The
associated (derived) structure monoids are

M(X,r)=(0,1,2]100=001,200=002,102=202,201=101),
A(X,r)=(0,1,2|140=0+0=2+0,1+2=2+22+1=1+1)",
A(X,r)=(0,1,2|180=1®1,200=2@2)".

Since m(200) =2+0=0+0=7(000) and 7'(200) =20 0=202 =7'(202), but
200%000 and 200+ 202 in M(X,r), both m and 7" are not injective. Furthermore,
7 18 not surjective because 0+ 2 is not in the image of m, while 7' is not surjective since
0 @ 2 is not in the image of 7.

Proposition 2.2.6. Let (X,r) be a set-theoretic solution of the Yang-Bazter equation
and ©: M(X,r) - A(X,r) and ©' : M(X,r) - A'(X,r) be the 1-cocycles of Theo-
rem 2.2.2. Then,

(1) m is surjective if and only if A, is surjective for all x € X,
(2) ' is surjective if and only if p, is surjective for all x € X.

Proof. Suppose first that 7 is surjective. Let x,y € X. We will show that there exists
y' € X such that \,(y') = y, i.e. A\, is surjective. Since x +y € A(X,r) and 7 is
surjective (and it preserves the degree), there exist z,t € X such that 7(zot) = z+y. So,
z+ A (t) =x+yin A(X,r). By the defining relations of A(X,r), this equality implies
that there exists ¥’ € X such that \;(y') =y. Hence, \, is surjective for all z € X.

Assume now that A, is surjective for all x € X. First, we show that this implies that
A/, is surjective, for all x € X. Let x,x1,...,x, € X, for an arbitrary positive integer n,
such that z1+---+x, € A(X,r). Since \, is surjective, there exist y1,...,y, € X such that
Ae(yi) = a4, foralli e {1,...,n}. Thus, N (y1++yn) = Aa(y1) ++Aa(yn) = x1 4+ 2y,
which shows that A} is surjective.

Next, we prove that 7 is surjective by induction on the length n of the elements
in A(X,r). For elements of length 1, the result follows by definition. Assume now
that n > 1 and that for any x1,...,2,-1 € X, there exist y1,...,yn—1 € X such that
m(yi10--0Yp_1) = T1+-+Tp_1. Let z1,...,x, € X. Since Az, being surjective implies that
AL, is surjective, there exists 2, ..., 2, € X such that A\ (z2+-+2,) = 22+ +2,. Using

x1
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the induction hypotheses, there exists o, ..., y, € X such that w(yso---oy,) = 29+ + 2.
This yields

Ty++ Ty =21+ Ay (224 + 2n)
= 7T(.Z‘1) + )\lrl (7T(y2 0::+0 yn))
=m(T10y20 - 0Yn),

and 7 is surjective.
The proof for 7’ is similar. O

The following result shows when the 1-cocycles m and 7’ of Theorem 2.2.2 are in-
jective, namely when A\, (resp. p,) is injective, for all € X. Note that, in contrast to
the previous result, the converse is not true. The set-theoretic solution of Example 2.2.4
provides a counterexample. In this solution, \;(y) = x for all z,y € X, so A, is not
injective. Nevertheless, 7 is injective. Similarly, (X,r) with r: X x X - X x X defined
by r(x,y) = (y,y) is a set-theoretic solution of the Yang-Baxter equation with p, not
injective (py,(x) =y for all z,y € X), but where 7’ is injective (see Example 2.2.4).

Let wy,wy € FM(X) be two elements of degree n, where FM(X) denotes the (mul-
tiplicative) free monoid on X. Suppose that wy = z1---z, and we = t1--t,, for some
zi,t; € X. We say that

w1 ® w2,

if there exist 1 <i<n -1 and z € X such that z; = t;, for all j € {1,2,...,n} ~{43,i+ 1}
and either zj.1 = A\, (2) =t; and t;41 = )\)\Zi (yP=(2i) = Ay p=(2i), or tiv1 = Ay, (2) = z; and
Zigl = )‘Ati(z)PZ(ti) =\, p2(ti). Note that z; +---+ 2, =t; + -+, in A(X,r) if and only
if z; = t;, for all 1 <4 <n, or there exist wi,...,w,, € FM(X) of degree n such that

W1 =Wy W RN W = W,
with wy = z1-+-2p, wo = ty---t, € FM(X).
Proposition 2.2.7. Let (X,r) be a set-theoretic solution of the Yang-Bazter equation,
and 7 : M(X,r) - A(X,r) and ©’ : M(X,r) - A'(X,r) be the 1-cocycles of Theo-
rem 2.2.2.
(1) If Ay is injective for all x € X, then m is injective.
(2) If p, is injective for all x € X, then 7' is injective.

Proof. Assume that )\, is injective, for all z € X. Since n(z) = = for all z € X,
the restriction of 7 to elements of length 1 in M(X,r) is injective. Let n > 1, and
XTlyeyTnyYly---,Yn € X be elements such that 7(xyo-oxy,) =7m(y;0--0yy). Thus, in
A(X,r), we have that

T+ Ay (332) +o ot Mgy Az, (37N) =Y+ )‘y1 (y2) Tt /\y1"')‘yn71 (Yn)-
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So either Ay, --Az, , (@i) = Ay Ay, (¥i), for all 1 < i < n, or there exist wi,...,wy;, €
FM(X) of degree n such that

!/ / !/
wlzwlwaN---%’me’wg,

with w1 = 21z, (@2) Az, s, (n) and wa = Y1y, (Y2) Ay, Ay, (Yn) elements of
FM(X).

In the former case, using the injectivity of A, for x € X, we obtain x; = y;, for all
1<i<n.

It is enough to prove the latter case for m = 2, as the process can recursively be
continued for m > 2. So assume wy ~ we, with wy,ws € FM(X) defined above. Thus,
there exist 1 <4 <n -1 and z € X such that Ay Ay, (75) = Ay Ay, (y5), for all
je{1,2,....n}~{i,i+ 1}, and also

)\xl)\xz (I‘i+1) = )\)\xl...Ami_l(xi)(Z’) = )‘yl")‘yiq (yl), (221)
)\yl"'Ayi(yi‘Fl) = )‘)\y1~~->\yi_1 (yi)pz()\xl.”)\xi—l (xl)) (2'22)

The case where Ay -=Ay, (i+1) = Ax, oy (00)(2) = Az Ag (@) and Agy A, (2i41) =
My dayy () Pz(Ayr Ay, (43)) is handled in a similar fashion.

Since Mgy Ag;_i (25) = Ayy-Ay,_y (y5), for all j e {1,2,...,n} ~{i,i+ 1}, and A is
injective for all € X, we have that z; = y;, for all j € {1,...,i—1}. Hence, as \; is
injective for all x € X, equation (2.21) implies that y; = Az, (zi+1). Now, we have that

)\Axl"')\a:i_l (acz)(z) = A2y Az, (Tis1)
= )\$10~~~01‘i (x7,+1)
= )\Axlo"'(’xi—l(aji)opxi (aclo-~~oaci_1)($i+l)
= )\>\x1~~~)\mi_1 (acl))\pxl (xlo-uoxi_l)(xi-i-l)a
where the third equality follows by (2.7) and the fact that, by Theorem 2.1.1, the map-
ping A: M (X,r) - Map(M(X,r), M(X,r)) is well-defined.
Hence, since A, is injective for all z € X, we have that
zZ = )\pxl ($1°"'°xi—l)(aji+]~)'
This yields, by using equations (2.22), (2.21), (1.18), Theorem 2.1.1, and the fact shown
earlier that z; = y;, for all j e {1,...,i -1} and y; = Ay, (zi11),
)‘yl"'/\yi(yHl) = /\)\ylv‘)\yi,l (yi)pz(/\ml"'/\liq (xl))
= /\Azl---kzi,l (Azi(%u))pz()‘m“')‘wi—l (z:))
= A)\zlo»--ozi,l ()\zi(1'2'+1))p)\pxi(xlonoxi_l)(zi+1)()\lflo"'oxi—l(wi))
= >‘)\;clo-.~o;ci_1 (A, (zi+1)))‘pAzi(zi+1)(mlo'"omi_1)(pil?z‘+1 (‘rl))
= )‘3310~-°33¢71)‘>\mi (wis1) (pxi+1 (xl))
= Ayro-oyiit Ay (P ()
= Ay Ay Ayi(p»’Ciu (7))
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Since \; is injective for all € X, we have that y;+1 = pg,,, (z;). Thus,
Yi © Yir1 = Mgy (Xis1) © Py (T4) = T4 0 Tjp.

Since Agy A,y (T5) = Ay Ay, (y5), forall j € {1,2,... ;n}~{i,i+1}, and ), is injective

for all z € X, we have that ; = y;, for all j € {i+2,...,n}. Hence zy0--0x, =yj0--0yp,
and therefore, 7 is injective.
The proof of part (2) is similar. O

If 7 (resp. 7') is injective, then it is clear that the map f (resp. f’), defined in
Theorem 2.2.2; is an embedding. The latter is proven in [97] under the assumption
that (X,r) is a left non-degenerate solution. In this case 7 is bijective and M (X,r) is a
regular submonoid of the semidirect product A(X,r)»gr(A; | z € X). A similar result to
Theorem 2.2.2 for groups was shown in [75, | for non-degenerate involutive solutions,
and in [125, ) | for bijective non-degenerate solutions. So for any bijective non-
degenerate solution (X, r), we have that G(X,r) is a regular subgroup of the semidirect
product Ag, (X, r) xgr(A; |z € X).

The following result answers Question 2.2.3 for finite solutions.

Corollary 2.2.8 (Jespers, Kubat, and Van Antwerpen [97, Proposition 1.4]). Let (X,r)
be a set-theoretic solution of the Yang-Baxter equation, N (resp. p') the left (resp.
right) action as defined before, w (resp. ©') the unique 1-cocycle with respect to X' (resp.
p'). Then, ™ (resp. w') is bijective if (X,r) is left non-degenerate (resp. right non-
degenerate). The converse holds if X is finite.

Proof. Assume first that (X,r) is a left non-degenerate set-theoretic solution of the
Yang-Baxter equation. Then, by Proposition 2.2.6 and Proposition 2.2.7, 7 is bijective.
Similarly, one can prove that (X,r) being a right non-degenerate solution implies that
7’ is bijective.

Assume now that 7w : M(X,r) - A(X,r) is bijective and X is finite. By Proposi-
tion 2.2.6, A; is surjective for all x € X. Since X is finite, A\, is bijective for all z € X,
that is (X,r) is left non-degenerate. Similarly, one shows that if 7" is bijective and X is
finite, then (X, ) is right non-degenerate. O

The next example shows the difficulty of Question 2.2.3 for infinite solutions.

Example 2.2.9. Let r : Nx N - N x N be the map defined by r(x,y) = (f(y), f(x)),
for all x,y € N, where f(x) =max{0,x -1}, for all x € N. Then (N,r) is a set-theoretic
solution of the Yang-Baxter equation. Indeed, it is easy to see that (N,r) is a solution,
as for any x,y,z € X,

T12793712(2, Y, 2) = (fQ(Z), f2(y)a fQ(x)) = r23712723(T, Y, 2)-
Note that, for every x € N, f*(x) =0. Hence, the associated (derived) structure monoids
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are
M(N,r) = (N|zoy=000)!,
A(N,7) = (N|z+y=0+0)",
A(N,7)=(N|zoy=0e0).

Therefore, for every integer n > 1, the monoids M(N,r), A(N,r) and A’'(N,r) have only

one element of degree n. Since © and ©' preserve the degree and w(x) =z and ©'(z) = x,

for all z € N, we have that m and ' are bijective. However, for any v € N, Ay = pp = f is
not injective, because f(0) = f(1).

Given a solution (X,r), the following proposition clarifies the link between the
maps N : M(X,r) - Aut(A(X,r),+) and X : M(X,r) - Map(M(X,r), M(X,r))
as well as between the maps p’' : M(X,r) - Aut(A"(X,r),®) and p : M(X,r) —
Map(M(X,r), M(X,r)).

Proposition 2.2.10. Let (X,r) be a set-theoretic solution of the Yang-Baxter equation.
Then,

T(Aa(b)) = Ag(m (D)) and 7' (pa(b)) = po (' (b)),
for all a,be M(X,r).

Proof. Let a,be M(X,r). First, we show for any z € X and be M(X,r),
T(A2(b)) = A5 (7 (b)), (2.23)
by induction on the length of b. If length(d) = 1, then
T(Az(b)) = Az (D) = Aa(m (D)) = Xy (m(D)).
Assume that (2.23) holds for all elements b € M (X, r) of length at most n, with n a non-
negative integer, and let b € M (X,r) be an element of length n+1. Write b = yob’, where
ye X and b’ € M(X,r) is an element of length n. Then, by (2.1), Proposition 2.2.1,
Theorem 2.2.2, and the induction hypothesis,
T(Az(b)) =71(As(y o b))
= ﬂ-()\x(y) ° )‘py(x)(b,))
=T(Ae (1)) + A%, () (T(Ap, ) (D))
= 2 (T(W)) + A, () (N, () (T (D))
= N (7 (y)) + A (A (7 (b))
= N (m(y) + Ay ( (1))
=Ap(m(yob))
= X (m (D).

Since both A\ and A\’ are homomorphisms, we obtain m(A,(0)) = N\, (7 (b)), for all a,b €
M(X,r), and the first claim follows. The second part can be proven similarly, hence the
result. O
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We end this chapter with an important remark on left and right non-degenerate
solutions. This observation will be used frequently in the upcoming chapters.

Remark 2.2.11. If (X,r) is a left non-degenerate set-theoretic solution of the Yang-
Bazxter equation, then Proposition 2.2.6 and Proposition 2.2.7 imply that 7: M (X,r) —
A(X,r) is bijective. This allows us to identify M (X,r) and A(X,r) viaw, i.e. a=7(a),
foralla e M(X,r). Note also that with this identification, by Proposition 2.2.10, A, = A4,
for allae M(X,r). Hence, (M(X,r),+) is a semigroup, with aob=a+ Ag(b).

Similarly, if (X,r) is a right non-degenerate set-theoretic solution of the Yang-
Baaxter equation, then Proposition 2.2.6 and Proposition 2.2.7 imply that ' : M(X,r) —»
A'(X,r) is bijective. Hence, one can identify M(X,r) and A'(X,r) viaw', i.e. a=7"(a),
for all a € M(X,r). With this identification, by Proposition 2.2.10, pl = pa, for all
ae M(X,r). Thus, (M(X,r),®) is a semigroup, with aob= py(a) ®b.

In case (X, 1) is a non-degenerate set-theoretic solution of the Yang-Baxter equation,
by the above, we get two semigroups (M (X,r),+) and (M (X,r),®), a monoid homomor-
phism A =X : M(X,r) - Map(M(X,r), M(X,r)), and a monoid anti-homomorphism
p=p"M(X,r) > Map(M(X,r), M(X,r)), with Im(\) € Aut(M(X,r),+) and Im(p) €
Aut(M(X,r),®), satisfying (2.5), (2.6), and (2.7).
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CHAPTER 3

Left non-degenerate solutions and
Y B-semitrusses

My methods are really methods of working
and thinking; this is why they have crept in
everywhere anonymously.

Emmy Noether

The study of set-theoretic solutions of the Yang-Baxter equation that are left non-
degenerate but not necessarily right non-degenerate, involutive or bijective was initiated
by Jespers, Kubat and Van Antwerpen in [97]. They prove among others the bijective-
ness between the structure monoid and the left derived monoid, discussed in the previous
chapter. Additionally, for some results, they focus on solutions that are also bijective
and sometimes also finite. We will see later in this chapter that finite bijective left
non-degenerate solutions are actually also right non-degenerate, and thus some results
(for example [97, Theorem 2.7, Theorem 2.8, Proposition 4.2, Theorem 4.5] and [98,
Theorem 3]) are proven for finite bijective non-degenerate solutions.

From Section 1.3, we know that left cancellative left semi-braces, g-cycle sets and
shelves provide left non-degenerate set-theoretic solutions of the Yang-Baxter equation.
In fact, g-cycle sets are in a bijective correspondence with left non-degenerate solutions
(see Subsection 1.3.2). In [60] (Colazzo, Jespers, Van Antwerpen, and Verwimp), an-
other algebraic structure is introduced to determine and analyze left non-degenerate
set-theoretic solutions of the Yang-Baxter equation. In contrast to g-cycle sets, this
algebraic structure, called a YB-semitruss, is an associative structure, so that structure
monoids of left non-degenerate solutions are natural examples of YB-semitrusses.

To link braces and rings, Brzeziriski introduced (skew) trusses and left semitrusses
[26, 27]. The latter consists of two semigroup structures on a set with a relation between
both operations. This relation interpolates between the left brace relation and the left
distributivity law for rings. Natural examples of left semitrusses are structure monoids
of left non-degenerate solutions [52, Example 5.2] (Cedd, Jespers, and Verwimp). In
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general, left semitrusses do not yield set-theoretic solutions of the Yang-Baxter equation.
Following [60, Section 2] (Colazzo, Jespers, Van Antwerpen, and Verwimp), in the first
section of this chapter, we give sufficient conditions for a left semitruss to produce a
left non-degenerate set-theoretic solution of the Yang-Baxter equation, and we call such
structures YB-semitrusses. It is also proven that all left non-degenerate solutions are
restrictions of solutions associated to a YB-semitruss, and thus YB-semitrusses actually
determine all left non-degenerate solutions.

The second section concerns the question, posed in [52] (Cedd, Jespers, and Ver-
wimp), whether any finite non-degenerate set-theoretic solution of the Yang-Baxter
equation is bijective. We will prove the affirmative answer, shown first in [60] (Colazzo,

Jespers, Van Antwerpen, and Verwimp). For A-irretractable solutions, i.e. solutions
(X,r) where A, = A, implies = y, for all z,y € X, the result was proven in [52, The-
orem 4.5] (Cedd, Jespers, and Verwimp). The converse, whether finite bijective left
non-degenerate set-theoretic solutions of the Yang-Baxter equation are also right non-
degenerate, is proven to be true in [34], by Castelli, Catino, and Stefanelli. The latter
was already shown for finite involutive left non-degenerate solutions, in [101, ], but
a counterexample was given for infinite involutive left non-degenerate solutions. The
infinite bijective case remains an open question in the other direction (see [52, Question
4.3] (Cedd, Jespers, and Verwimp)).

Question 3.0.1. Is any (infinite) non-degenerate set-theoretic solution of the Yang-
Bazter equation bijective (or even involutive)?

For bijective non-degenerate set-theoretic solutions of the Yang-Baxter equation
(X,r), with r denoted by (1.16), one can naturally define an equivalence relation on
X by

xz ~y if and only if \; = Ay and p, = py.

This relation induces a solution Ret(X,r) = (X/ ~,7), called the retract solution of
(X, 7). This has first been shown for non-degenerate involutive solutions [75], and later
generalized to (finite) bijective non-degenerate solutions [125, 17], see also Section 4.4. In
Section 3.3, we introduce the retract relation for arbitrary non-degenerate set-theoretic
solutions of the Yang-Baxter equation, following [60, Section 4] (Colazzo, Jespers, Van
Antwerpen, and Verwimp).

The final section of this chapter is devoted to the algebraic structure of unital
YB-semitrusses, following [00, Section 5] (Colazzo, Jespers, Van Antwerpen, and Ver-
wimp). More precisely, we study the structure algebra K[(M(X,r),+)] for finite left
non-degenerate solutions, where the addition comes from the YB-semitruss structure on
M(X,r). In particular, we prove that the structure algebra is left Noetherian PI of finite
Gelfand-Kirillov dimension. Furthermore, we give an application to K[(M(X,r),0)] in
case (X,r) is a finite left non-degenerate solution with bijective diagonal map q: X —
X : 2~ M\1(2). For finite bijective non-degenerate solutions, these results are proven
in [97, 98]. We end this section by studying a specific case of a YB-semitruss and show
that its derived solution is determined by bijective non-degenerate solutions.
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3.1 Left non-degenerate solutions and YB-semitrusses

Since braces were introduced as a generalization of Jacobson radical rings, and consist
of a specific brace relation between the two group operations, the natural question arises
how the brace relation and distributive law of rings are connected. Therefore, in [27],
Brzeziriski introduced the notion of a skew truss as a set with a group and semigroup
structure that are connected via a particular law that interpolates between the brace
relation and the distributivity law. More precisely, a skew left truss is a set A with two
binary operations + and o, such that (A,+) is a group, (A, o) is a semigroup, and

ao(b+c)=(aob)-ala)+(acc),

for all a,b,c € A, where o : A - A is a function. By taking « = id 4, one recovers the
brace relation, and choosing a: A - A :a ~ 0, with 0 the neutral element of (A, +), one
retrieves the left distributivity law. If (A4, o) is a group, it is possible to define a bijective
non-degenerate solution of the Yang-Baxter equation, via skew braces [27].
Generalizing this idea, Brzezinski introduced a left semitruss [20] as a set A with two
semigroup structures (A,o) and (A, +), and a function X\ : A - Map(A, A) : a — A\, such
that
ao(b+c)=(aob)+ A\ (c), (3.1)

for all a,b,c € A. The semigroup (A, +) is called the additive semigroup and (A,o) the
multiplicative semigroup of the left semitruss, and the relation (3.1) is called the left
semitruss identity. We denote the left semitruss by (A, +,0,). Taking \,(c) =aoc we
obtain the left distributivity law, and by putting A\,(c) = ao (@ + ¢), with @ the inverse
of a in (A, o) if one assumes it is a group, one recovers the (semi-)brace relation (1.22),
providing us some first examples of left semitrusses.

Natural examples of left semitrusses arise from semigroups (A,+) with a map A :
A — End(A,+) : a = A such that Aoy = Agix,p), for all a,b € A. Then (A, +,0,)) is a
left semitruss if we define aob = a+ A\ (b), for all a,b € A. In this case, one can define the
semigroup monomorphism f : (A,0) - (A,+) x End(A4,+) : a = (a,\s), with (a, ;) o
(0, ) = (a+Aa(b), AaXp) = (@0b, Agir, (b)) = (@0b, Agop). The left semitruss structure of
(A,+,0,) can be translated into the set {(a,Ay) | a € A}, by defining (a, A\y) + (b, Ap) =
(@ +b,Marp) and Ao, (b, A0) = (Aa(b),Ar, ) Then f becomes a homomorphism
between the two left semitrusses, i.e. f(a+b) = f(a)+ f(b),f(aob) = f(a)o f(b) and
F(Aa(D)) = Apa)(f(b)). Again we get (a, )0 (b, \p) = (@, Aa) + A(a,n,) (0 Ap). Note that
these special semigroups of (A, +)xEnd(A, +) have a similar flavor to regular subgroups
of the holomorph of a group (see before Corollary 2.2.8).

Other natural examples of left semitrusses come from left non-degenerate set-theoretic
solutions of the Yang-Baxter equation.

Example 3.1.1. Let (X,r) be a left non-degenerate set-theoretic solution of the Yang-
Bazter equation. Recall from Remark 2.2.11 that we can identify M(X,r) and A(X,r)
via the bijective 1-cocycle m, that is a = w(a) for all a € M(X,r), such that A\, = A\,
for all a € M(X,r). With this identification, we obtain a semigroup operation + on
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M(X,r), defined by a+b=ao);(b), for all a,be M(X,r), and A\, € Aut(M(X,7),+),
for all a € M(X,r). Now, we claim that (M(X,r),+,0,\) is a left semitruss. Let
a,b,ce M(X,r). Then,

ao(b+c)=a+A(b+c)=a+ (b)) +Aa(c) = (aob)+ ().

So, (3.1) holds, and (M (X,r),+,0,) is indeed a left semitruss. Furthermore, M (X,r)+
a<a+M(X,r), for all a € M(X,r). Note that if, moreover, r is bijective then, by
Remark 2.2.11, the left derived solution (X,s) is also right non-degenerate, and thus
M(X,r)+a=a+M(X,r), for all a € M(X,r), i.e. (M(X,r),+) consists of normal
elements. As shown in [07], this property is fundamental in the study of the associated
structure algebra K[ M (X,r),+], where K is a field.

In general, left semitrusses do not necessarily yield set-theoretic solutions of the Yang-
Baxter equation, in the sense of (skew) left braces or left cancellative left semi-braces (see
Subsection 1.3.1). In this section, we determine sufficient conditions for a left semitruss
to produce a left non-degenerate set-theoretic solution of the Yang-Baxter equation, and
call the structure a YB-semitruss. We also show that all left non-degenerate set-theoretic
solutions of the Yang-Baxter equation are determined by YB-semitrusses, by showing
that the structure monoid of a left non-degenerate solutions is a natural example of
a YB-semitruss. After that, we study YB-semitrusses with a left cancellative additive
semigroup and provide several examples, such as left cancellative semi-braces, skew
left braces, and, given a left non-degenerate solution, a left cancellative image of its
structure monoid. We investigate idempotents in YB-semitrusses and provide a sufficient
assumption for a YB-semitruss to be a skew left brace and hence provide a bijective non-
degenerate solution of the Yang-Baxter equation. We finish this section by defining the
matched product of YB-semitrusses and their solutions.

In [26, 52, (1], specific subclasses of left semitrusses are studied that yield left non-
degenerate set-theoretic solutions of the Yang-Baxter equation. However, not every
left non-degenerate solution can be obtained in this way. To resolve this for all left
non-degenerate solutions, we define the following subclass of left semitrusses. Strictly
speaking these should be called left non-degenerate YB-left semitrusses, but for sim-
plicity reasons we call them YB-semitrusses. In Subsection 3.1.1 we show that they
determine all left non-degenerate solutions.

Definition 3.1.2. A tuple (A,+,0,\,0) is said to be a YB-semitruss if (A, +,0,) is a
left semitruss and o : A - Map(A, A) : a— o, is map such that, for any a,b,c€ A,

Ao € Aut(A, +) and Ag\p = Ago, (3.2)
a+Ag(b)=aob, (3.3)
a+b=b+op(a), (3.4)
04 € End(A,+) and 044 = 0p 04, (3.5)
Txa(e) Aa(b) = Aq oc(b). (3.6)
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The map \: (A,0) — Aut(A,+) : a — A, is thus a semigroup homomorphism, called the
A-map of the YB-semitruss, and the map o : (A,+) > End(A,+) : a — 0, is a semigroup
anti-homomorphism, called the o-map of the YB-semitruss.

Let (A, +) be a semigroup such that there exists a map o : A > Map(A,A) :a~ o,
satisfying (3.4) and (3.5). Then, (A, +,+,t,0) with t: A - Aut(A,+) :a —~ idy is a YB-
semitruss called the trivial YB-semitruss on (A,+). If, for example, (A, +) is an abelian
semigroup, then we can take o, = idy, for all a € A. If (A, +,0,\,0) and (B,+',0", N o)
are YB-semitrusses with B a subset of A, and a+'b=a+b, ao’b=aob, N, = \,, and
ol =0g, for all a,be B, then B is called a sub-YB-semitruss of A.

Previously, we saw that for a semigroup (A, +), certain A-maps, and aob = a+ A\, (b),
a regular subsemigroup of (A,+) x End(A,+) of the type {(a,\s) | a € A} gives an
example of a left semitrusses, where (a, A\g)o (b, A\p) := (a+Aa(b), \aXp), (@, Ag) + (b, Ap) =
(@ +b,Aa4p) and Ag2,) (b, Ap) = (Aa(D), Ax, (1)) In case (A, +) is an abelian semigroup
and A\, € Aut(A4,+), for all a € A, we can put o, = ida, and obtain examples of YB-
semitrusses. Specific examples in this context are semigroups of I-type, an algebraic
structure that describes non-degenerate involutive set-theoretic solutions, studied in [33,

]. In this case, the semigroup of I-type plays the roll of (A, o) and (A,+) is a free
abelian semigroup.

Another example comes from strong semi-braces [169], see also Subsection 1.3.1. A
strong semi-brace with (A,-) a cycle set yields an example of a YB-semitruss, by taking
(A, +,0P X\ 1), with a+b=(a-b) oa, the A-map is the inverse of the left multiplication
and ¢, =ida (so (A,+) is abelian). Later, we will provide other natural examples of
Y B-semitrusses by looking at the structure monoid of left non-degenerate set-theoretic
solutions of the Yang-Baxter equation.

Condition (3.3) links the additive structure of a YB-semitruss with its multiplicative
structure. Furthermore, for a YB-semitruss (A, +,0,\,0), (3.4) implies that A+bc b+ A,
so right ideals in the semigroup (A,+) are two-sided ideals. If, moreover, each oy is
bijective, then A +b = b+ A, i.e. every element of A is a normal element. The latter
is an essential property to describe the structure monoids of bijective non-degenerate
solutions, see for example [97].

Later, in Proposition 3.1.3, we will show how to associate a left non-degenerate set-
theoretic solution to a YB-semitruss. It will be clear that the first part of condition (3.5)
is not really needed to prove this result. However, in Theorem 3.1.13 we will show that,
without loss of generality, to deal with an arbitrary left non-degenerate we may assume
that (3.5) holds.

Recall from Chapter 2 that for a set X and a map r: X x X - X x X : (z,y)
(Az(y), py(z)), the pair (X,r) is a set-theoretic solution of the Yang-Baxter equation if
and only if equations (1.17), (1.18), and (1.19) are satisfied, i.e. for all z,y,z € X,

Az Ay (2) = A, () Ay () (2),
)‘p)\y(z)(;v)pz(y) = p/\py(z)(z))\l(y)7
pzpy($) = Pp.(y)Pry(2) ("L‘)
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Given a YB-semitruss (A, +,0,,0), by condition (3.4) and the second part of (3.5),
we obtain, for all a,b € A,

Ta0b = Obta = Oaiou(b) = Tou(b) Ta - (3.7)

Because of the equations (1.17), (1.18) and (1.19), equation (3.7) is equivalent to saying
that the map

sa:AxA—>AxA:(a,b) v~ (bop(a)), (3.8)

is a (left non-degenerate) set-theoretic solution of the Yang-Baxter equation. We call
it the associated (left) derived solution of the YB-semitruss A in accordance with the
definition of a left derived solution in Section 2.2.

The other requirements in Definition 3.1.2 are justified in the following proposition.
Let (A,+,0,\) be a left semitruss such that A: (A,o) > Aut(A,+) : a » A\, is a homo-
morphism, and with an additional map o : A - Map(A, A) satisfying a +b = b + o(a),
for all a,b € A (i.e. condition (3.4) holds). An example of such a left semitruss is a
YB-semitruss. Define the p-map of A as the map

p:A—Map(A4,A):ar pg,

with, for all a,be A,
pb(a) = )\;i(b) U)\,l(b) (a) (3.9)

In [52, Proposition 5.4] (Cedd, Jespers, and Verwimp), it was shown that a left
semitruss (A, +,0, \) satisfying (3.2), and such that for any a,b € A, oy(a) € A is unique,
yields a left non-degenerate set-theoretic solution of the Yang-Baxter equation. We will
now generalize this result, not assuming that o,(a) is unique, for all a,b € A. The proof
follows the same main idea as the proofs of [97, Proposition 2.2] and [174, Theorem 2.3].

Proposition 3.1.3. Let (A, +,0,\) be a left semitruss with A: (A,0) > Aut(A,+) :a+—
Aa @ homomorphism satisfying (3.3). Let o : A - Map(A, A) : a — o, be a map satisfying
condition (3.4) and the second part of (3.5), i.e. a+b=b+op(a) and o4y = 0p 04, for
all a,be A. Then,

ra:AxA—>AxA:(a,b)~ (N(b),pp(a)), (3.10)

with p-map defined by (3.9), is a (left non-degenerate) solution if and only if condition
(3.6) holds, i.e. o,y Aa=Aa0p, for all a,be A.

Furthermore, if (A, +,0,\,0) is a YB-semitruss, thenra = o 's2p, where o : AxA —
AxA:(a,b)— (a, g(b)). In particular, r4 is bijective if and only if sa is bijective, or
equivalently s4 is (right) non-degenerate (i.e. all maps o, are bijective).

Proof. Let J: Ax Ax A - Ax Ax A be the map defined by J(a,b,c) = (a, A\s(b), \aAp(C)).
Clearly J is bijective and J~!(a,b,c) = (a,/\;l(b),)\;l(b))\;l(c)), for all a,b,c € A. By

60



(3.3) and (3.4), Aa(b) 0 )‘Xi(b) Tra () (@) = Aa(b) +0x, 1y (@) = a+ Aa(b) =aob, and we get

J Y (saxida)J(a,b,c) =T (s4 xida)(a; Aa(b), AaXp(€))
= T (Aa(b), 05, 5y (@), AaAs(c))
= (Aa(b): Ans ) Tra () (@) )‘Kil

! )Aii(b))\aAb(C))
= ()‘a(b

-1 -1
A T2 (@) A, 4)0x1 gy, @) e (€))

() Tra () (@

= (Aa(b
= ()\a(b
= ()\a(b

’ )\;i(b) O X (D) (a)v )‘;ib)\(wb(c))
Arn(b) e () (@) €)
7pb(a)7 C).

~— ~— ~— —

Hence, J!(s4 xida)J =74 x id4. Moreover, if condition (3.6) holds, then

J M (ida x s4)J(a,b,¢) = T (ida % 54)(a, Aa(D), Aads(c))

= T (a, AaAp(€), a0 (e) Aa(D))

= (a4, 25" MM (€)s At a0 2e ' Taans() Aa (D))

= (@, 26(0), A5 (N Aa O (o) (D))

= (@, 26(¢), A3, () Tap(0) (D))

= (a, M5(¢), pe(b)),
yields J~1(idg x s4)J =ida x 4. As mentioned earlier, by (3.4) and the second part of
(3.5), condition (3.7) holds, and we get that (A, s4) is a solution, and thus also (A,74)
is a solution.

Conversely, assume that (A,r4) is a left non-degenerate solution. By definition of
the p-map we obtain that o4(a) = Appy-1)(a) and

T x.(v)(Aalc)) = AAa(b)pAgi(C)Aa(b))‘a(C)

= A (0)PA, @y s (0) Aa(C) by (1.17)
= AMa(0) Moy, 51y (@ P21 (1) () by (1.18)
= A (0)Aon(a)P;1 (5) (€)

= AaApPr-1 (v (€) by (1.17)
= A 0p(C).

Hence, condition (3.6) holds.
Finally, observe that s4 = @r @™ with p: Ax A - Ax A: (a,b) = (a, (b)) and
the other claims follow. a

The previous proposition states that a left non-degenerate solution r4 can be de-
termined by a conjugate of the derived solution s4, by a mapping say ¢. However,
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(o is not an arbitrary permutation of A x A. For bijective non-degenerate solutions
it is called a Drinfeld twist [389]. More precisely, a Drinfeld twist on a bijective non-
degenerate solution (X,r) is a triple (F, ®, V) of bijective maps F': X x X - X x X and
O U: X x X xX > X xX xX satisfying

(F xidx)¥ = (idx x F')®,
O(idy xr) = (idx x7r)®,
U(rxidx) = (rxidx)W.

Given a Drinfeld twist (F,®,¥) on a bijective non-degenerate solution (X, ), there is
another solution defined on X by FrF~!, see [39, Theorem 2.1]. Furthermore, in the
same paper, they show that there exists a Drinfeld twist between any two non-degenerate
involutive solutions, as there is a Drinfeld twist between any non-degenerate involutive
solution and the trivial solution defined by r(z,y) = (y,x), for all z,y € X.

For a YB-semitruss A, we call (A,r4) or ry its associated solution. Given a YB-
semitruss (A, +,0,\,0), note that s4, defined by (3.8), is the associated solution of the
trivial YB-semitruss (A, +,+,¢,0), where ¢: A - Aut(A,+) : a ~ id 4.

It turns out that if an associated solution is bijective then its inverse is the associated
solution of a well-described YB-semitruss.

Proposition 3.1.4. Let (A, +,0,\,0) be a YB-semitruss with o, bijective for any a € A,
or equivalently by Proposition 3.1.3, the associated solution (A,ra) is bijective. Then,
for any a,be A,

P2 (a.0) = (03" Aa(0). Ak, 1y (@),

and (A,r3") is the solution associated to the YB-semitruss (A, +°P,0,\,7), with \q =
ot \a, and T = 0, for alla e A. We call (A, +°P, 0,\,@) the opposite YB-semitruss
of the YB-semitruss (A,+,0,\,0).

In particular, for a YB-semitruss (A,+,0,\,0), the associated solution (A,ra) is
involutive if and only if the associated derived solution (A,s4) is trivial, i.e. all maps
0q =1d 4.

Proof. Let (A,+,0,\,0) be a YB-semitruss with o, bijective, for all a € A. Its associated
solution r4 is defined by, see (3.10), ra(a,b) = ()\a(b),)\;\i(b) 0. (v)(a)). Define, for any
a,be A, r'(a,b) = (o, )\a(b),)\;l)\a(b)(a)). Then, for any a,b € A,

rar'(a,0) = (07" Xa(0), A1 5, 1y (@)
_ -1 -1 -1
= (Ao Aa(®) Aozt Aa(b)(a)’ )‘,\Ual Aa(b)A;lgl ()@ X, Aa(b)A;}zl ra(ry(® 7q Aa(b))

= (a7 /\;1 Oq 0;1 )\a(b))
= (avb)v
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and

' 4(a,b) = r'(Aa(D), )‘;\i(b) Tr.v)(@))

= (U:\i(b) /\)\a(b))\;i(b) Tray (@), A

)\tlz(b) )‘/\a(b))‘;\i(b) Tag vy (@) Aa (b))
= (a,b).

. ! -1
So indeed, r' =1".

Now, assume that (A4,+°P,0,\,7), with A\, = 0;' A\, and &, = 0,1, is a YB-semitruss.
Its associated solution, denoted by (A,r/,), is given by

— —1

ra(a,b) = (Aa(b), A, (1) 75, 1y (@)
= (02" 2a(D), A0t \u(8) Tot Aa(B) Tt 2a () (@)
= (02" Ma(0), A, (@)

=75 (a,b).

So, it remains to prove that (A,+°P,0,\,7) is a YB-semitruss. Clearly, (A,+°P)
and (A,o) are semigroups, and A\, € Aut(A,+°P), for all a € A. Furthermore, for any
a,b,ce A,

Xaxb(c) = 0;1 )\a 051 )\b(C)

RLEEWORII by (3.6)
= (0r, (1) Ta) " Aaob(€) by (3.2)
= U;ixa(b) Aaob(€) by (3.5)
= 0o Aaob(€) by (3.3)
= Xaob(c)>

so A : (A, 0) > Aut(A4,+°P) : a = A, is a homomorphism. Also, for any a € A, it is
clear that 7, € Aut(A,+°P), and thus 7 : (A, +°?) > Map(A4, A) : a — 7, is a semigroup
anti-homomorphism.

Since (A, +,0,\,0) satisfies (3.4), we have that a +b = b+ op(a), for all a,b € A.
Hence, also o;'(a) + b = b+ a, or equivalently, b+°P 031 (a) = a +°P b, i.e. (3.4) holds for
(A, +°P 0, )\, 7). Furthermore, as (A, +,0,\,0) satisfies (3.3), and since (3.4) is satisfied
for (A, +°P,0,\,7), we have, for any a,be A,

a+P X (b) = a +°P o,  My(b) = a +P T Ao (D) = Ao () +P a = a+ N\g(b) =aob.
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So, (3.3) holds for (A, +°P 0, \,7). The previous computations yield

(a0b) +°P Xa(c) = (a0 b) +P uop Xy (€)
(aob)o, (¢)
ao(boX, (c))

ao (b+P N, (c))

=ao (b+°P¢),

thus the left semitruss identity (3.1) is satisfied. Finally, (3.6) yields o), ) Aa = Aq 05 and
thus A\, Ugl = J;i(b) Aa. Hence, 0,1\, ab_l =o,! U;i(b) Aa- Equation (3.4) implies that
o, (Aa(b)) +a=a+ A (b), and hence, by (3.7), we know that o' a;\i(b) = U;}U\a(b) ot
Hence, A\, a,;l = ail(b) Ao S0, (A,+°P, 0, \,7) is a YB-semitruss, as desired. O

YB-semitrusses (A, +,0,\,0) give some interesting relations, using their A-map and
p-map, on the semigroup (A4, o).

Proposition 3.1.5. Let (A,+,0,\,0) be a YB-semitruss, with p-map defined by (3.9).
Then, for any a,b,c€ A,

aob= X (b)opp(a), (3.11)
Ap(aoc) =Ap(a)o Ay, m(c), (3.12)
py(coa) = px,p)(c) o pp(a). (3.13)

Proof. Let a,b,c e A. Then, by (3.3) and (3.4),
Xa(b) 0 pp(a) = Aa (D) © A 1y Taa(v) (a) = Aa(b) + a1y (@) = a+ Xa(b) = aob.
Thus, by (3.2) and (3.3),

Mp(aoc)=X(a+A(c)) = p(a) + XpAa(c)
= Ap(@) + Apoa(€) = Ap(@) + A, (a)opa (v) (€)
= Ap(@) + Ax, (@) Apa(v) ()
= Mp(@) o Ap, vy (€)-

To prove (3.13), we first claim that

Pr1 acira (D) = A;igl(c)(a)p/\gl(c)(b)‘ (3.14)

Azlv)

Indeed, by setting = A\;'(¢), y =b and z = a in (1.18), we obtain

)\p*b(kgl(C))(Q)’OA;l(C)(b) - pApbm)A;l(c))‘a(b)-
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Put ¢ = A\;1(d) and b= \;!(e). By (1.17), this yields

L aai@Aaa (e)

A S g (e) = -
Prst @ @PXL N @) N (e) Pho @M

= -1 e
p’\xmal(e))(d)( )

= pr-1(a)(e),

as desired.
Furthermore, using (3.3),

oa(b+¢) = )‘“pAﬁc(a)(b +c¢)= )\a,o/\;lrl( )(a)(b o X' (¢)),
o b c

and,
7a(b) +a(c) = 7a(b) 0 A, 4 (0a(c))
= Ao @) () 0 Assp 1) PalPrzi (o) (€)))
b

= Aa(Prz1(a) (b)) @ A )(b)(a)()‘;i_l(a)(b)(pkgl(a)(C)))
b

pﬁkgl(a

2l @®) 0N, @ (oat, i@V (e)
A @) Ap(e)

_ -1
= Aa(pkl:l(a)(b) © pA;\ll:l(d))\gl(a)(Ab (C)))
Since o, is an additive homomorphism and A, is bijective, we get that

-1 _ -1
pA;j)\gl(C)(a)(b oAy (€)) = pazi(ay(B) © nggl(c),\gl(a)()\b (©))-

by (1.17)

by (3.14)

by (3.12).

Put d = A\;'(c) and e = A\;1,(a). Then, the previous equality becomes, for arbitrary

b,d,e€ A,
pe(bod) = PX; M Abod(€) (b) o pe(d) = pAd(e)(b) o pe(d),

as desired.

Using the previous result, we can prove that for any YB-semitruss its associated

p-map, defined by (3.9), is an anti-homomorphism.

Lemma 3.1.6. Let (A, +,0,\,0) be a YB-semitruss with p-map defined by py(a) =

/\;\i(b) ox.w)(a), for all a,b € A. Then, p: (A,0) - Map(4,4) : a = p, is an anti-

homomorphism.
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Proof. Let a,b,ce A. By (3.12), (3.5), (3.6), and (1.17),

pboa(c) = )‘;i(boa) O \c(boa) (C)

-1

= A0 ()0, (o (@) Tre(brp(a)) (€)

pp(c)
-1 -1
= A0 @M (®) TAc(B)+AAn(a) (€)

=A% (o (@M (5) Prcha(a) Orc(8) (©)

-1 -1
= M0 @ T (@) o) Tae() (€)

-1
= A0 0(@) Ty oy (@) Po(C)
= papp(C).
Hence, ppoq(c) = papp(c), as desired. O

In fact, the assumption that a YB-semitruss (A, +, 0, A, o) satisfies o445 = 03 04, for all
a,b e A, also follows from the p-map being an anti-homomorphism. By the definition of
the p-map of a YB-semitruss (3.9), we have o4(a) = Appx-1(3)(a), for all a,b e A. Hence,
for any a,b,c e A, using (1.17), (1.18) and that the p-map is an anti-homomorphism,

O‘a+b(C) = )\a+bp>\;1(a+b)(c)
= )\aA/\gl(b)p)\gl(a)+)\gl(b)(C)

- )\b)‘p)\;1(b)(a)p)\gl(a)o)\;fl(a)()\gl(b))(C)
=0y @PAL 02 0P (@) (€)
= )\b)\p/\#(b)(a)p)\;i_l( )(C)(/\;l(b))p)\gl(a)(c)

= oA, POL Ax1 () (Paz1(ay ()

-1
A"Ag%a)(c)(kpxgl(a)“) ¢ @

= )\@O}\ (C))\gl(b)))\a(p)\gl(a)(c))

ay(A1
PPrz1 (ay (O )¢ Przl(a)

= Appy-1 (C)(b))‘a(p/\gl(a)(c))
)

APy (a

= 0p(AaPArz1(a)(€))
= oy 0q(c). (3.15)

So indeed, the map o: (A,+) > Map(A4, A) : a — 0, is an anti-homomorphism.

In order to compare different YB-semitrusses, one needs to define a homomorphism
between YB-semitrusses, which obviously needs to preserve both operations and should
be compatible with the A-map and the o-map.

Definition 3.1.7. Let (A, +,0,\,0) and (B,+',o',\',0") be YB-semitrusses. A homo-
morphism between the YB-semitrusses A and B is a map f: A - B satisfying, for any
a,be A,
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(1) f(a+) = f(a) +' J(b),
(2) faob) = f(a) o F(b),

(9) F(a(B)) = Ny (FD)).
(4) F(on(@)) = 0 4y (f(a)-

Let (A,+,0,\,0) and (B,+',0’,\,¢") be two YB-semitrusses. If f is a homomor-
phism between A and B, then f is also compatible with the inverses of the A-maps, i.e.
()\}(a))_l(f(b)) = f(\1(D)), for all a,b € A. The p-map is compatible with f if f is
surjective.

Lemma 3.1.8. Let f: A — B be an epimorphism between YB-semitrusses (A, +,0,\,0)
and (B,+',0", X' &) with p-maps p and p’ respectively. Then, p}(a)f(b) = fpa(b) for all
a,be A. Furthermore, if, for alla € A, p, is surjective then, for all x € B, pl. is surjective.
If, in addition, for alla € A, p, is also injective and the map g, : B — B : f(b) = fp;1(b)
is well-defined, i.e. fp;'(b) = fp.t(V') for any a,a’,b,b" € A such that f(a) = f(a’) and
f() = f("), then all p}(a) are also injective and (p}(a))_lf = fp;t.

Proof. By definition (3.9), py(a) = /\;\i(b) Tr. vy (@) and pj(x) = ()\');\i(y) ai\;(y)(x), for
all a,be A, x,y € B. Hence,
Prayf(a) = ()\’A}(a)f(b))_l Ul)\’f(a)f(b) f(a)
= Nf0u0)) ™ T /(@)
= ()\}()\a(b)))_lf(UAa(b)(a))
= FA () ra () (@)

= fpp(a),

for any a,b € A. This proves the first part.

Furthermore, this implies that p}(b) is surjective if both f and p, are surjective, and
the second part follows as well.

For the final part, assume that p, is bijective, for any a € A, and that the mapping
ga: B — B: f(b) = fp;1(b) is well-defined. Then, for any a,be A,

9Py (a)f (D) = gafpa(b) = fr5' pa(b) = f(D),
and
Pr(ay9af (0) = Py Fra’ (b) = Fpapy' (b) = F(D).
Therefore p}(a) is bijective with inverse g. O

Recall from Section 1.3 that (Y,ry) is an epimorphic (resp. isomorphic) image of
(X,rx) if there exists a surjective (resp. bijective) map f: X — Y satisfying (fx f)ryx =
ry (f x f).
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Proposition 3.1.9. Let (A,+,0,\,0) and (B,+',0o'", X 0") be YB-semitrusses with as-
sociated solutions (A,r4) and (B,rp) respectively. Then, (B,rg) is an epimorphic
(respectively isomorphic) image of (A,r4) if and only if there exists a surjective (respec-
tively bijective) map f: A - B such that f\, = )\}(a)f and fo, = J}(a) f, foranyac A,
i.e. conditions (3) and (4) of Definition 3.1.7 hold.

Proof. Assume first that (B, rp) is an epimorphic image of (A,74). Then, there exists
a surjective map f: A — B such that (f x f)ra =rg(f x f). This means that, for any
a,be A,

(FAa(B)s FA50 1) Tra () (@) = Ny £ (B)s (A }(a)f(b))_l Ul)\}(a)f(b)(f(a)))'

The first component yields, for any a € A, that f\, = )\}(a)f, and as A\, and )\}(a) are
bijective, fA;! = (A}(a))_l f. The second component then implies

Ny, £®) " O, 10 (F(@)) = FA ) ) (@)
= ()\})\a(b))_lfa-)\a(b)(a)
= ()‘,)\’f(a)f(b))_1f0>\a(b)(a)'

It follows that foy,m)(a) = U’)\}(a)f(b)(f(a)) = U}Au(b) f(a), for every a,b € A. Hence,
fou(a) = o'y £(a).
Conversely, if, for any a € A, we have f\, = )\}(a)f and fo, = a}(a) f, then

re(f x f)(a,b) = (N4 f(b), (A} },(a)f(b)y1 O',)\},(a)f(b) f(a))
= (FAa(®), Npau ) ™ Thaury f(@))
= (a0, Vo)™ f a0y (@)
= (FAa(), FAN ) Tra() (@)
= (f x f)ra(a,b).
Thus, (B,rpg) is an epimorphic image of (A4,74). O

As a corollary of the previous result, we get that isomorphic YB-semitrusses yield
isomorphic associated solutions. The converse however is not true. Take for example
two non-isomorphic abelian groups of the same size (A4, +) and (B,+’). Then, the trivial
YB-semitrusses (A, +,+,t,0) with 1, = 04 =idy for all a € A, and (B,+',+',./,0") with
v, = 0, =1idp for all b € B, are non-isomorphic YB-semitrusses with isomorphic associated
solutions.

3.1.1 Structure monoids as YB-semitrusses

In this part we study the structure semigroup and monoid of left non-degenerate set-
theoretic solutions of the Yang-Baxter equation and show that they are natural exam-
ples of YB-semitrusses. We use this result to prove that all left non-degenerate solutions
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are determined by YB-semitrusses, in the sense that for any left non-degenerate solu-
tion its structure semigroup and monoid are YB-semitrusses, and the solutions associ-
ated to these YB-semitrusses are extensions of the original left non-degenerate solution.
Conversely, any YB-semitruss is an epimorphic image of the associated structure semi-
group or monoid (considered as a YB-semitruss). Thus, left non-degenerate set-theoretic
solutions of the Yang-Baxter equation are restrictions of solutions associated to YB-
semitrusses. Finally, we prove that isomorphic solutions have isomorphic associated
structure semigroups or monoids (considered as a YB-semitrusses) and vice versa.

Before going deeper into the main results of this part, we investigate YB-semitrusses
where both semigroups are monoids, and show that their identity element must coincide,
and denote it by 1. It follows that both Ay as o1 must be the identity map and, for any
a €A, \g(1) =1. With the additional assumption that for any a € A, 0,(1) = 1, we will
define this type of YB-semitrusses as unital YB-semitrusses.

Lemma 3.1.10. Let (A,+,0,\,0) be a YB-semitruss such that (A,+) and (A,o) are
monoids with identity element 0 and 1 respectively. Then, condition (3.3) is equivalent
to 0 =1. Furthermore, \1 = o1 =id4 and \o(1) =1, for any a € A.

Proof. Assume that (A,+,0,\,0) is a YB-semitruss such that both (A,+) and (A,o)
are monoids, and denote their identity element by 0 and 1 respectively. By (3.2), A; =
Alo1 = A1A1 and thus, because A; is bijective, A\; = id4. Hence, by (3.3), 0 = 100 =
1+A1(0) =1+0=1. Conversely, assume that (A,o) and (A, +) share the same identity,
say 1. It then follows from the left semitruss identity (3.1), for any a,b € A, that
a+Ag(b)=aol+ X (b)=ao(l+b)=aob.

Furthermore, for any a € A, condition (3.4) implies a=a+1=1+01(a) =o1(a), ie.
o1 =id. Also, for any a,b € A, by condition (3.2), we have b+ (1) = Ao (A\;1(5))+ Ao (1) =
Aa(AS1(D) +1) = A\a(A;1(D)) = b. Taking b =1, this yields \g(1) = 1+ A\(1) = 1. O

Definition 3.1.11. A unital YB-semitruss is a YB-semitruss (A,+,0,\,0) where both
(A,+) and (A, o) are monoids and, for any a € A,

oq(1) =1, (3.16)
where 1 denotes the identity in (A,+) (and also in (A,o0)).

We will prove that structure monoids of left non-degenerate solutions have a natural
unital YB-semitruss structure. First, we note that (3.16) is automatically satisfied for
unital YB-semitruss where (A, +) is a left cancellative monoid.

Remark 3.1.12. If (A, +,0,\,0) is a unital YB-semitruss such that (A,+) is a left
cancellative monoid, then (3.16) follows from (3.4). Indeed, forae€ A, a+1=a=1+a=
a+0q(1), and by left cancellativity, we get 1 = 04(1). However, (3.16) does not hold
in general for any YB-semitruss with both semigroups (A,+) and (A,o) being monoids.
For example, take the multiplicative monoid A = {0,1}, and define (A,+) = (A,0),
A1 =X =idy, o1 =idy, and og(a) =0, forae A. Then, (A,+,0,\,0) is a YB-semitruss
with o0g(1) =0+ 1. So, (3.16) is not satisfied in A, and (A, +,0,\,0) is not unital.

69



In the following theorem, we show that the structure semigroup S(X,r) and struc-
ture monoid M (X, r) of a left non-degenerate set-theoretic solution of the Yang-Baxter
equation (X,r) are YB-semitrusses. Furthermore, the associated solution of the uni-
tal YB-semitruss M (X, ) is precisely the solution (M,7yr) from Theorem 2.1.1. This
justifies the terminology in Section 3.1.

Theorem 3.1.13. Let (X,r) be a left non-degenerate set-theoretic solution of the Yang-
Baxter equation. The associated structure monoid M = M (X,r) is a unital YB-semitruss
and has the structure semigroup S(X,r) as a sub-YB-semitruss (not unital). The as-
sociated solution (respectively left derived solution) of the unital YB-semitruss M, as
defined in Proposition 3.1.3, is precisely the solution (M,ryr) (respectively the left de-
rived solution (M, syr) of (M,ry)) from Theorem 2.1.1. Similar results hold for the
YB-semitruss S(X,r).

Proof. Let (X,r) be a left non-degenerate solution. From Example 3.1.1, we know
that (M (X,r),+,0,)\) is a left semitruss with A : (M (X,r),0) — Aut(M(X,r),+) a
semigroup homomorphism and aob =a+ A,(b), for all a,be M(X,r). So (3.2) and (3.3)
are satisfied.

By Theorem 2.1.1, we can extend the solution (X,7) to a left non-degenerate solu-
tion (M (X,7),7r(x,))- The left derived solution of (M (X,7), 7y (x,) is the solution
(M(X,7),8p(x,r)), defined by sprx,)(a,b) = (b, 0p(a)), where op(a) = Adppx-1(5)(a), for
all a,be M(X,r). By the defining relations in A(X,r) and the identification of M (X,r)
with A(X,r), we have a+b =0+ 0p(a), for all a,b e M(X,r), hence explaining the use
of the notation ¢ in the definition of a YB-semitruss. Hence, (3.4) holds.

Moreover, since (3.13) is satisfied in (M (X,),0), see (2.5), one can show (with a
reversed argument to that in the last part of the proof of Proposition 3.1.5) that o, €
End(M(X,r),+), for all a € M(X,r). Furthermore, using that the extension of p to p:
(M(X,r),0) > Map(M(X,r), M(X,r)) is an anti-homomorphism (see Theorem 2.1.1),
we proved in (3.15) that o4 = opog, for all a,b € M(X,r). So, o : (M(X,r),+) -
End(M(X,r),+) :a~ 0, is a semigroup anti-homomorphism, and (3.5) is satisfied.

For any a,b,ce M(X,r),

Aa0e(D) = AaAcpr-1(c) (D)
= Ma(e)Moe(@)Pazi(e) (b)
= A (0) ApAb(Agl(C))(a)pA;I(c)(b)
= Ma(©P (y O (@) Aa (D)
= AMa(@PAT ) () Aa(D)
= O, (c)Na (D).

So, equation (3.6) holds.
Similar results can be proven for the structure semigroup S(X,r), and we obtain
that both (M(X,r),+,0,\,0) and (S(X,r),+,0,\,0) are YB-semitrusses.
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Finally, the extensions of A and p to M (X, r) satisfy A\;(1) = p,(1) =1, for all x € X
(see before Theorem 2.1.1), which yields o4(1) = )\ap/\f(a)(l) =1, for all a € M(X,r).
Thus, (M (X,r),+,0,A,0) is a unital YB-semitruss.

To finish the claim, it is clear that the solution associated to the unital structure
YB-semitruss (M (X,r),+,0,,0), defined in Proposition 3.1.3, is exactly the solution
(M(X,7),7p(x,ry) from Theorem 2.1.1. The same holds for the associated left derived

solution and (M (X,7),sp(x,ry). Similar results hold for the structure YB-semitruss
S(X,r). O

For a left non-degenerate set-theoretic solution (X, ), we refer to the YB-semitruss
(M(X,r),+,0,\,0) as the unital structure YB-semitruss associated to (X,r), and to
the sub-YB-semitruss S(X,r) as the structure YB-semitruss of (X,r).

For specific left non-degenerate solutions (X, r), the structure monoid M (X, r) pos-
sibly can be made into a YB-semitruss in several manners. The following example shows
that one can consider another o-map. This indicates that on a set A with two oper-
ations + and o, and a A-map, it is possible to have more than one o-map that makes
(A, +,0,)\,0) into a YB-semitruss.

Example 3.1.14. Let X = {1,2}. Consider the left non-degenerate solutionr: X x X —
X xX:(z,y) » (Aa(y), py(x)) defined by \y = Ay = po =idx and p1 : X - X 12— 1.
The associated left derived structure monoid is A= A(X,r) = (X [1+2=2+1=1+1)L
Note that the solution (X,r) is equal to its left derived solution, and thus the o-map,
defined by (3.9), is equal to the p-map of the solution, and M = M(X,r) = A. One can
also consider another o-map on X, denoted o', and defined by o' the constant mapping
onto 2 and ol = idx. This map yields a left non-degenerate solution r' : X x X —
X x Xt (2,y) = (MN(y), py(2)) with A} = Xy =idx, p} = o) and ph = o). We get that
M(X,r") = A(X,r") = A= M(X,r). However, it easily is verified that the solutions r
and ' are not isomorphic and thus also rar and ), are not isomorphic.

The following result shows that (unital) YB-semitrusses are epimorphic images of
(unital) structure YB-semitrusses. Together with the results from Theorem 3.1.13, this
proves that YB-semitrusses determine all left non-degenerate set-theoretic solutions of
the Yang-Baxter equation.

Theorem 3.1.15. Let (A, +,0,\,0) be a YB-semitruss with associated solution (A,r4).
Then, A is an epimorphic image of the structure YB-semitruss S(A,ra). If A is a

unital YB-semitruss, then A is an epimorphic image of the unital structure YB-semitruss
M(A,r4).

Proof. Consider the natural map of the generating set A of S(A,74) to A. Because
of the equations (2.5), (2.6) and (2.7) in S(A,r4) and the relations (3.11), (3.12) and
(3.13) in the YB-semitruss A, this map can be extended to a semigroup epimorphism
f:(S(A,ra),0) > (A, o). By relation (3.3), which holds in both YB-semitrusses, the
latter yields a semigroup epimorphism f : (S(A,74),+) = (A,+). Finally, f is an
epimorphism of YB-semitrusses since the A-map and o-map of S(A,r4) are extensions
of those of A.
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If (A,+,0,\,0) is unital, we obtain that A\; = id4 in both YB-semitrusses A and
M(A,r4), and also A\,(1) =1, for all a € A, and thus also for all a € M (A,r4). Thus, for
unital YB-semitrusses, we can extend f to M(A,r4). O

For a left non-degenerate set-theoretic solution (X,r), the structure YB-semitruss
(S(X,r),+,0,\,0) and unital structure YB-semitruss (M (X,r),+,0,A,0) have a natu-
ral strongly N-gradation, via the length function on S(X,r) and M (X,r) respectively.
Moreover, the A-map and o-map preserve the length of the elements. In general we say
that a YB-semitruss (A, +,0,\,0) is N-graded (respectively strongly N-graded) if

A= A,
neN

a disjoint union of subsets A,, indexed by the non-negative integers n € N, such that
Ap + Ay € Api (vespectively A, + Ay = Apar) and all maps A, and o, are graded,
i.e. degree preserving. In particular, if A is strongly N-graded, then the subsemigroup
AN Ap is additively (and thus also multiplicatively) generated by its elements of degree
1. Note that, since the A-map and o-map are degree preserving, the associated solution
ra:AxA— Ax A restricts to solutions 74, : Ay, x A, - A, x Ay, for all n e N.

Because of the previous comment we can write the previous result within a graded
context as well. The graded statements follow at once as A is generated by A; U Ag and
the mentioned natural map preserves degrees.

Corollary 3.1.16. If (A, +,0,\,0) is a strongly N-graded YB-semitruss with Ay = @,
then A is a graded epimorphic image of the N-graded structure YB-semitruss S(A1,74,).
If, moreover, A is unital and Ay = {1}, then A is a graded epimorphic image of the N-
graded unital structure YB-semitruss M(A1,74,).

In Proposition 3.1.9 it was shown that isomorphic YB-semitrusses yield isomorphic
associated solutions. The converse is however not true. Nonetheless, isomorphic left
non-degenerate solutions have isomorphic (unital) structure YB-semitrusses and vice
versa.

Proposition 3.1.17. Two left non-degenerate set-theoretic solutions of the Yang-Bazter
equation (X,r) and (Y,r") are isomorphic if and only if their associated (unital) structure
YB-semitrusses S(X,r) and S(Y,r") (M(X,r) and M(Y,r")) are isomorphic as YB-
semitrusses.

Proof. We prove the result for the unital structure YB-semitrusses. The proof for the
structure YB-semitrusses is similar.

Let (X,r) and (Y,r") be two isomorphic left non-degenerate solutions and denote
r(z,y) = (A (y), py(x)), for all z,y € X, and 7'(2',y") = (N, (y), pj, (")), for all 2,y
Y. Then, there exists a bijective map f : X — Y such that (fxf)r =r'(fx[), i.e. for any
2,y € X, f(Aa(y)) = N,y (f(y)) and f(py(2)) = py(,y(f(2)). By replacing y by A\;'(y),
we also get that ()\}(I))_l(f(y)) = f(\;'(y)). Defining the o-map and o’-map according
to the relation (3.9) for M (X,r) and M(Y,r") respectively, i.e. op(a) = Appr-1(p)(a), for
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all a,be M(X,r), and oy,(a’) = )\g,pb\, )_l(b,)(a'), for all a’,b" € M(Y,r"). Then, for any
z,ye X, ’

floy(z)) = f()‘y(ﬁ’,\gl(y)(l‘)))
= X (F (o) (2)))
= N () (Pt () (f(2)))
- )\}(y)(pz)\}(z))‘l(f(y))(f(x)))
=Ty (f(@)).

We will prove that the associated unital structure YB-semitrusses M = M (X,r) and
M' = M(Y,r") are isomorphic, by extending the map f to M. Define f(157) = 157, and
for any z € X,a € M, f(zoa) = f(x)o f(a). Hence, f(aob) = f(a) o f(b), for all
a,be M. To prove that it is well-defined, let z,y € X. Then, by the defining relations in
M,
FQa) o py(2)) = FAa(y)) o f(py(2))

= Ny (FW)) @ Dy (F()

= f(z) " f(y)

= f(zoy),

and by induction on the length of the elements of M, f(A\.(b) o pp(a)) = f(aob), for
all a,b € M. Furthermore, by induction on the length of the elements of M, using
relations (3.12) and (3.13) in both M and M’, we get that f(A.(b)) = )\}(a)(f(b))

and f(op(a)) = a}(b)(f(a)), for all a,b € M. Moreover, as a +b = a o A\;'(b) and
fla)+ f(b) = f(a)o (A}(a))_l(f(b)), for all a,b e M, we have that

fla+b)=flaoA (b))

(a) o' f(AG' (D))
(

(

a) o' (Nyay) ™ (F(B)
a) +" f(b).

Finally, we check that f : M — M’ is bijective. For any a’ = 2] o--ox] € M' with
xy,-,x, €Y, there exist xy,...,2, € X such that f(x;) = =, for all i € {1,...,n}.
Hence, f(x10--0x,) = a’. The injectivity of f naturally follows from the defining
relations in both M and M’ and the injectivity of f : X — Y. Hence, by Definition 3.1.7,
(M(X,r),+,0,\,0) 2 (M(Y,r"),+',0', X o") as YB-semitrusses.

Conversely, assume that M = M(X,r) and M' = M(Y,r") are isomorphic as YB-
semitrusses, i.e. there exists a bijective YB-semitruss morphism f : M — M’ such that
(f % F)rar = ran(f % f). So, for any a,b € M, F(Aa(B)) = Xy (F(8)) and F(py(a)) =

p}(b)( f(a)), and thus the same equalities hold for all z,y € X. Furthermore, since the

f
f
f

set X is the unique minimal set of generators of the monoid (M, o) and f is a monoid
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homomorphism, we get that f(X) = Y, the unique minimal set of generators of the
monoid M'. Hence, (X,r) = (Y,r'). O

Two structure monoids that are isomorphic as monoids do not necessarily imply
isomorphic solutions. In [97, Example 1.1], two non-isomorphic bijective non-degenerate
solutions are given with the same structure monoid. In case both solutions are involutive
non-degenerate one has a satisfactory answer. This already has been pointed out in
[97, page 6]. If one of the solutions is bijective while the other is still involutive, not
necessarily non-degenerate, the result is still true.

Proposition 3.1.18. Let (X,r) be an involutive solution. Suppose (Y,r'") is a bijective
solution such that M(X,r) = M(Y,r") as monoids. Then, (X,r) = (Y,r") as solutions.

Proof. Let f be a monoid isomorphism f between M (X,r) and M(Y,r’). Since f maps
the unique minimal generating set X of M (X,r) to the unique minimal generating set
Y of M(Y,r'), f can be restricted to a map f: X - Y. Moreover, since r is involutive,
one obtains that a word of length 2 can be equal in M (X,r) to at most one other word
of length 2 (in the alphabet X). Hence, the same can be said about words of length 2
(in the alphabet Y) in M (Y,r"). Since ' is bijective, it can not be idempotent except if
r2 = idyy, so r' is involutive. Let z,y € X. Then, either z oy can not be rewritten in
M(X,r)orzoy =X (y)opy(z) with (z,y) # (A (y), py(z)). In the former case, as f is
a monoid isomorphism, it follows that f(xoy) = f(x)o f(y) can also not be rewritten in
M(Y,r"), implying that X/ (x)(f(y)) = f(z) and p}(y)(f(x)) = f(y), where 7’ is defined
by A" and p’. In the latter case, f(z)o f(y) = f(A:(v)) o f(py(x)) are the two only
ways to write this element in M (Y,r"). Considering the defining relation of M (Y,r’), it
follows that )\}(x)(f(y)) = f(Az(y)) and p}(y)(f(x)) = f(py(x)). In general, we obtain

that f(Ae(y)) = Ay, (f(y)) and f(pa(y)) = ) (f()), for all z,y € X, which shows
that f is an isomorphism of solutions. O

The following example shows that the assumption that (Y,r’) is bijective is essential.
Let X = {1,2} and (X,r) the trivial solution, i.e. r(z,y) = (y,z), for z,y € X. Tts
structure monoid is the free abelian monoid of rank 2, i.e. M(X,r) = (X | 102 =
201)!. On X we can also define a degenerate idempotent solution (X,7) with 7/(x,y) =
(A2(y), py(z)) and A}z = 1,Xy = pj = idx and py : ¢ = 2, ie. 7/(2,1) = (1,2) and
the other pairs are fixed under »'. Then, M(X,r") = (X | 201 = 102)} = M(X,7).
However, (X,r) ¢ (X,r"). Note that the example (X,r’) is not left non-degenerate
and that, because of Theorem 3.2.8 no counterexamples exists in case (Y,r’) is finite
non-degenerate.

We end this section with a class of examples that yield left non-degenerate idempotent
solutions. Idempotent solutions will also come into the picture in Chapter 5.

Example 3.1.19. If (X,r) is an idempotent set-theoretic solution of the Yang-Baxter

equation, i.e. v% =1, then Mua(y) (Py(2)) = Aa(y) and p,, oy (Aa(y)) = py(z), for all z,y €
X. Moreover, if the solution is left non-degenerate, the o-map of the unital structure YB-

semitruss M(X, r) safisfies o(a) = M(pxz1(0(0)) = M (21()) = (1) = A3 (1) =
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b, with t = \;*(b). Conversely, assume (A,+,0,\ 0) is a YB-semitruss, with oy(a) = b
for all a,b € A. Then, one easily verifies that the solution (A,r4) is idempotent, i.e.
that (r4)? = ra. Hence, idempotent left non-degenerate solutions correspond to YB-
semitrusses (A, +,0,\,0) with oy the constant mapping onto b, for every be A.

3.1.2 Left cancellative YB-semitrusses

In this part, we focus on YB-semitrusses (A, +,0,\,0) with (A,+) a left cancellative
semigroup, i.e. a+b = a+c implies b = ¢, for all a,b,c e A. We call such a YB-semitrusses
a left cancellative YB-semitruss. In general, not every YB-semitruss is left cancellative.
Take for example the trivial YB-semitruss (A, +,+,¢,0), with o, =id4, for all a € A, on
an abelian semigroup (A, +) that is not left cancellative. An example of such a semigroup
is the subsemigroup {-1,0, 1} of the integers with its normal multiplication. For unital
structure YB-semitrusses, the additive semigroup is also not necessarily left cancellative.
We will define a left cancellative congruence p on (M(X,r),+) and prove that the
left cancellative image (M (X,r)/u,+) of (M(X,r),+) has a YB-semitruss structure.
Afterwards, we show that the known algebraic associative structures that determine
left non-degenerate set-theoretic solution of the Yang-Baxter equation are examples of
YB-semitrusses.

Lemma 3.1.20. Let (A, +,0,\) be a left semitruss with A\, bijective and a+ Ay (b) = aob,
for all a,b € A. Then, (A,+) being left cancellative is equivalent to (A,o) being left
cancellative.

Proof. Let (A,+,0,\) be a left semitruss with A\, bijective and a + A\;(b) = a o b, for
all a,b € A. Take a,b,c € A. If (A,+) is left cancellative and aob = aoc. Then,
a+ Ag(b) = a+ N (c), and since )\, is bijective, b = c.

Conversely, if (A, o) is left cancellative and a+b = a+c. Then, ao\;1(b) = ao ;' (c),
and since \;! is bijective, b = c. O

In general, the o-map of a YB-semitruss is not necessarily unique, see Example 3.1.14.
However, if (A,+) is a left cancellative semigroup, then the map o, is uniquely deter-
mined, for any a € A. Indeed, if a +b=0b+oy(a) =b+0y(a), then o(a) = o (a), for any
a,b e A. Furthermore, by (3.11), for any YB-semitruss (A, +,0,A,0) and for any a,b € A,
there exists x € A such that aob = A,(b) o z. In case (A,+) (and thus also (A,0)) is left
cancellative, this element x € A is unique.

It turns out that several of the requirements to be a YB-semitruss are redundant in
case (A,+) is left cancellative.

Proposition 3.1.21. Let (A,+,0,\) be a left semitruss with (A,+) (and thus also
(A,0)) left cancellative, and N\, bijective, for any a € A, such that for all a,b € A,
the equation

a+A(b)=aob,
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holds, and there exists an x € A such that
aob= X (b)oux.

We denote x by py(a). Then, there exists a unique semigroup anti-morphism o : (A,+) -
End(A,+) : a » o4 such that (A,+,0,\,0) is a YB-semitruss. For a,b € A, we have
op(a) = Aoz (a).

Proof. By [26, Proposition 2.1], we have that X : (4,0) - Aut(A,+) : a —» A\, is a
semigroup morphism. By Lemma 3.1.20 and since (3.3) is satisfied by assumption, for
any a,b € A, there exists a unique element x € A such that aob = \;(b) o z. We put

pp(a) = z. For any a,b € A, define op(a) = Appr-1(5)(a). Then, by the assumption that
(3.3) holds,

b+op(a) =b+ Aprz1py(a)
=bopy-1p)(a)
= Xy (D) © prai () (@)
=ao ) (b)
= a+ M\, (D)
=a+b.

Hence, (3.4) holds. Furthermore, for any a,b,c € A,
c+tocla+b)=a+b+c=a+c+0.(b)=c+o.(a)+0.(D).

So, by left cancellativity, o.(a +b) = oc(a) + o.(b). On the other hand,
b+a+og,0p(c)=b+op(c)+a=c+b+a=b+a+0op4(c),

and again by left cancellativity, o, 0p = 0pq. Thus, o : (A,+) - End(A,+) is an anti-
morphism and (3.5) holds. Finally, for any a,b,c € A,

Aa(D) + 05, ) Aalc) = Aa(€) + Xa(D) = Aa(c+b) = Ao (b + 0p(c)) = Aa(D) + Aa 05(c),

and, since (4, +) is left cancellative, we get oy, ) Aa(c) = Aa 0p(c), and condition (3.6)
is satisfied. Hence, (A, +,0,A,0) is a YB-semitruss. O

In [52, Proposition 5.4] (Cedé, Jespers, and Verwimp), the first part of Proposi-
tion 3.1.3 was proven for YB-semitrusses (A, +,0,\,0) with a unique o-map o : A -
Map(A, A) satisfying a +b = b+ o(a), for all a,b e A. In order to obtain such a unique
mapping on the unital structure YB-semitruss M = M(X,r) of a left non-degenerate
solution (X,7), a least left cancellative congruence n on (M,+) is considered in [52,
Section 5] (Cedd, Jespers, and Verwimp). We include a description of the elements in 7.
Let

no = {(a,b) e M?| 3c e M such that ¢ +a = ¢ + b},
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a reflexive and symmetric binary relation on M. Define n; as its transitive closure, i.e.
m ={(a,b) e M?|3ai,...,a, € M such that (a,a1),(a1,az),...,(an,b) €no}.
Thus, 71 is an equivalence relation on M. For every m > 1, define

Nam ={(c+a,c+b) e M? | ce M and (a,b) € nom-1}
U{(a,b) e M?|3ce M such that (c+a,c+b) € a1},
Noms1 ={(a,b) € M? | 3ay,...,a, € M such that (a,ay),(a1,a2),...,(an,b) € Nom}.

Note that 1y, € np+1 €1, for all n > 0. Let 5" = Uy )1y

Lemma 3.1.22. Let (X,r) be a left non-degenerate set-theoretic solution of the Yang-
Bazter equation, and consider the unital structure YB-semitruss (M, +,0,\,0) associated
to (X,r), with M = M(X,r). With the above notation we have that n' =, and for all
zeM,

1={(A:(a), X:(0)) | (a,0) €} = {(A;'(a), A1 (1)) | (a,b) €}

Proof. First, we show that n’ is a congruence on (M,+). Since 7, is reflexive and
symmetric, for all n, so is ’. Assume that (a,b),(b,c) € n’ for some a,b,c € M. As
Mn S Nns1, for all n, there exists a positive integer m such that (a,b), (b,c) € n2y,. Since
T2m+1 18 the transitive closure of 79,,, we obtain that (a,c) € Nom+1 € n'. Thus, 7’ is an
equivalence relation on M. Let c € M. Since (a,b) € om+1, also (a+c¢,b+c) € nopme1 €1’
and (c¢+a,c+b) € oo €' Hence, n' is a congruence.

We will now prove that (M,+)/n’ is a left cancellative monoid. Since n’ ¢ 5 and
7 is the smallest left cancellative congruence, this implies that " = 7. Let a,b,c € M
be elements such that (¢ + a,c+b) € n’. There exists a positive integer m such that
(c+a,c+b) €nome1. Thus, (a,b) € Nami2 7', So indeed, (M, +)/n’ is a left cancellative
monoid and n' =n.

Let (a,b) € ng. Then, by definition of 7y, there exists ¢ € M such that ¢+ a = c+b.
Let ze€ M. By (3.2), A\, € Aut(M, +), so we get for any € = +1,

As(e) + A5(a) = Xi(c+a) = AL(c+Db) = Xo(c) + NS (D).

So, no = {(A:(a), (b)) | (a,b) €eno} = {(A\;1(a),A\;1(D)) | (a,b) eno}. It follows that its

transitive closure is equal to

m ={(A=(a), A= () | (a,0) em} = {(A7'(a), A1 (D)) | (a,b) € m}.
Let (a,b) € n2, then either (a,b) = (c+a’,c+b"), for some ¢,a’,b" € M with (a’,b") € ny, or

c+a,c+b) € nq, for some ¢ € M. In the first case, (a’,b’) € 1, so also (Xs(a’), Xe(b')) € nq,
n n z z n
for € = £1. Hence, for € = +1,

(A2(a), A2(0)) = (As(e) + As(a), XS () + AS(D)) € ma.
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In the second case, (¢+a,c+b) € ny implies that (A(c) + A5(a), A5(c) + A3(b)) = (AS(c+
@), X(c+0)) € 1. S0, (A:(a), A2(B)) €, for & = +1. Therefore,

12 = {(X=(a), A=(0)) | (a,0) € m} = {(A71(a), A7 (D)) | (a,b) € 12}

By induction on n, we obtain

M = {(A=(a), X2(0)) | (a,b) €} = {(A71(a), A7 (0)) | (a,b) €},

and thus,

n={(A=(a), A=(0)) | (a,) € n} = {(A;'(a), A" (b)) | (a,b) € 1},
as desired. ]

We do not know whether A\, = Ay, for all (a,b) € n and whether 7 is a congruence on
(M(X,r),0), for any left non-degenerate solution (X,r). In Subsection 4.1.1, we will
show that for bijective non-degenerate solutions, n is equal to the least left cancellative
congruence on (M,o), and A\, = Ny, for all (a,b) € n. This generalizes the first part of
[97, Proposition 4.2].

Following [53, Section 2] (Cedd, Jespers, and Verwimp), we resolve this problem,
by considering another congruence p on (M (X,7),+) such that M = M(X,r)/u is left
cancellative, as follows. We will define p as the least binary relation on M = M (X, r)
satisfying that p is a congruence on (M, +), it is also a congruence on (M, o), (M, +)/u is
left cancellative and (A(a), A5(b)) € p, for all (a,b),(c,d) € p and € € {-1,1}. Later, we
will prove that M has a YB-semitruss structure. As a consequence, this YB-semitruss
is a left cancellative YB-semitruss. We will give a description of the elements in u. Let
1o = 1o, a reflexive and symmetric binary relation on M. For m > 0, define

frams1 ={(a,b) € M* | Jay,...,an € M such that (a,ay),(a1,a2),...,(an,b) € fiam},
pramsz ={(A(aoc),\(boc)) e M? | z,ce M, e e {-1,1} and (a,b) € jtams1},
tam+s ={(a,b) € M? | 3a1,...,a, € M such that (a,a;),(a1,a2),...,(an,b) € pam+2},
Pams+1y ={(c+a+d,c+b+d) e M?|¢,de M and (a,b) € fiame3}
u{(a,b) e M? |3 ce M such that (c+a,c+Db) € fams3}.

Note that i, € fin+1, for all n > 0. Let g =0y opn.

Lemma 3.1.23. Let (X,r) be a left non-degenerate set-theoretic solution of the Yang-
Bazter equation, and consider the unital structure YB-semitruss (M, +,0,\, o) associated
to (X,r), with M = M(X,r). With the above notation, u is a congruence on (M,+),
and it is a congruence on (M,o). Furthermore, both (M,+)/pn and (M,o)/u are left
cancellative monoids, and

(Ae(a); Aa(0)), (A" (a), Mg (b)) €
for all (a,b), (c,d) € p.
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Proof. First, we prove that u is a congruence on (M,+). Since each p, is reflexive and
symmetric, so is pu. Let a,b,c € M with (a,b), (b,c) € u. There exists a positive integer
m such that (a,b),(b,c) € pom. Since pom,+1 is the transitive closure of g, we have
that (a,c) € pom+1 € p- So, p is an equivalence relation.

Let (a,b) € p and ¢,d € M. There exists a positive integer m such that (a,b) € pam+3-
Thus, (c+a+d,c+b+d) € g1y € p- Hence, p is a congruence on (M, +).

Now, we prove that (M, +)/u is a left cancellative monoid. Let (¢,d) € p and a,b e M
such that (c+a,d+b) € pu. Since p is a congruence on (M, +), we have that (d+a,c+a) € p.
So, using transitivity, (d + a,d + b) € u. There exists a positive integer m such that
(d+a,d+Db) € pigms3. Thus, (a,b) € ly(m41) E 1, as desired.

Let (a,b) € p and ¢,d € M. There exists a positive integer m such that (a,b) € pam+1-
It follows that (Ag(aoc), Ag(boc)) € pigm+2 and (doaoc, doboc) = (d+Nj(aoc),d+Aq(boc)) €
Ha(m+1) € - Hence, p is a congruence on (M,o0).

Next, we prove that (M,o)/u is a left cancellative monoid. Let (¢,d) € p and a,b e M
such that (coa,dob) € u. As p is a congruence on (M, o), we get that (doa,coa) € p.
So, using transitivity, (d + Ag(a),d + Aq(b)) = (doa,dob) € p. Since (M,+)/p is a left
cancellative monoid we get that (Ag(a), \;(b)) € p. Now there exists a positive integer
m such that (Ag(a), A\g(D)) € tam+1, and thus (a,b) € pram+2 S u, as desired.

We are left to prove that, for any (a,b), (¢,d) € u,

(Ae(@): Aa (b)), (At (@), Aq' (B)) € p.
Let (a,b),(c,d) € u. Since p is a congruence on (M, o), we have that
(c+Ae(x),d+Ag(x)) = (cox,dox) € p,

for all z € M. As (M,+)/u is a left cancellative monoid, we obtain that (A.(x), Ag(x)) €
u, for all x € M. Put z = A\;1(y). Then,

(1, X" (1)) € s

for all y € M. So, there exists a positive integer m such that (y, \gA\-1(y)) € pams1-
Therefore, (A\;'(y), \;'(y)) € tam+2 € 1, for all y € M. So, there exists a positive integer
k such that

(A7 (a), 2.1 (a)), (Aa(a), Ae(a)), (a,b) € prajer-
Hence,
(A M(@), 27" (), (Ag' (), A" (), (Ac(a), Aa(a)), (Na(a), Xa(D)) € pagso,

which implies
(Ac(a), Aa(1)), (AZ"(a), A7' (b)) € puanes < b,
as desired. ]

79



Let (X,r) be a left non-degenerate solution, and consider the unital structure YB-
semitruss (M, +,0,\,0) associated to (X,r), with M = M(X,r). With the above no-
tation, let M = M /p and consider the natural map M — M:aw~a. Let \: (M,0) -
Aut(M, +) : @~ Az defined by Az(b) = Ay (b), for all @,be M.

Note that X is well-defined, because if ¢ =@ and d = b, then, by Lemma 3.1.23,

Aa(b) = /\c(d)

Now it is easy to check that Az € Aut(M,+), in fact (A\g)™": M — M is the map de-
fined by (Az)"'(b) = A\;1(b), which is well-defined by Lemma 3.1.23. Furthermore, by
Lemma 3.1.23, (M, o) is left cancellative and A is a homomorphism such that @o b =
@+ Ag(b), for all @,be M. Moreover, by Example 3.1.1, (M, +,0, ) is a left semitruss.

Define @ : (M, +) - End(M, +) : @~ 5 by a(b) = 04(b), for all @, b e M. Then, one
shows that 7 is well-defined as follows. Let ¢=a and d = b. Then,

a+og(b)=a+0,(b)=b+a=d+c=¢+o0.(d) =¢+7s(d) =a+7s(d).

As (M, +) is left cancellative, we get that G4(b) = EE@, as desired. Furthermore, it is
clear that & is an anti-homomorphism, and g € End(M, +), for all @ € M.

Example 3.1.24. Let (X,r) be a left non-degenerate solution and let p be the left
cancellative congruence on (M(X,r),+) from Lemma 3.1.23. Put M = M/u. Then,
(M, +,0,)) is a left semitruss. Furthermore, & : (M,+) - End(M,+) : @ = G5 defined
above satisfies a+b=b +oy(a), for all a,be M. We claim that (M,+,0,\,7) is a left
cancellative YB-semitruss. Indeed (M,+) and (M,o) are left cancellative and

ao 5 =a+ Xﬁ([_)) = Xa(l_)) + EXE(B) (6) = XE(Z_)) o (XXE(B) )716XE(5) (E),

for all@,be M. So, (M,+,0,)) is a left semitruss satisfying the assumptions of Propo-
sition 3.1.21. Therefore, (M,+,0,\,7) is a left cancellative YB-semitruss.

We end this subsection with some more examples of left cancellative YB-semitrusses.
Left braces, skew left braces and left cancellative semi-braces are associative structures
introduced to study left non-degenerate solutions. Recall from Subsection 1.3.1 that a left
cancellative semi-brace is a triple (A, +,0) with (A,0o) a group, (4, +) a left cancellative
semigroup, and such that the semi-brace relation ao (b+c¢) =aob+ao (a+c) holds, for
all a,b,c € A, where @ denotes the inverse of a in (A4,0). If (A,+) is a group, the left
cancellative semi-brace is called a skew (left) brace, and if (A,+) is an abelian group,
then the skew (left) brace is called a (left) brace. Note that for skew left braces, the
semi-brace relation becomes ao (b+c¢) = (aob)—a+ (aoc). We will now show that they
all are examples of left cancellative YB-semitrusses.

Example 3.1.25. A left cancellative semi-brace (A, +,0) is a left cancellative YB-
semitruss with Ag(b) = ao(a+b) and op(a) = Ap(bo (a+b)) = A\p(b) +a+b for all a,be A.
Conversely, a YB-semitruss with (A,o) a group is a left cancellative semi-brace.
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Proof. Let (A,+,0) be a left cancellative semi-brace and denote the identity of the group
(A, o) by 1. We will first show that 1 is a left identity of (A,+). Since 1+1=10(1+1) =
lol+1o(1+1)=1+1+1, we get, by left cancellativity of (A4,+), that 1 =1+ 1. So,
for any a € A, 1+a =1+1+a and thus a = 1 +a. By [37, Proposition 3], the map
A (A,0) > Aut(A,+) : a = Ny with \(b) = ao (a+b), for all a,b € A, is a group
homomorphism and for any a,b,ce A, ao(b+c)=aob+ao(a+c)=aob+ \,(c). Take
b=1, and we have aoc=a+ A\, (c). So (3.2) and (3.3) are satisfied. Because (A,0) is
a group, for any a,b e A, there exists a unique x € A such that aob = \,(b) o z, namely
x = pp(a) = A\g(b) oaob. Hence, by Proposition 3.1.21, (A, +,0,\,0) is a YB-semitruss
with o3(a) = Appaz1 vy (@) = A (Aa(AZ1(B)) 0ao A1 (b)) = Ap(bo (a+b)) = Ap(b+Aj(a+b)) =
Ap(b) +a+b.

Conversely, let (A,+,0,\,0) be a YB-semitruss with (A,o0) a group. Then, by
Lemma 3.1.20, (A, +) is a left cancellative semigroup. Furthermore, (3.2) yields Az = A%,
for all a € A. Thus, by (3.3), @oAq(b) = @o AZ' (b) = @+b, and therefore, \,(b) = ao(a+b),
for all a,b e A. Finally, for any a,b,ce€ A, ao(b+c)=a+A(b+c)=a+ A (b) + () =
(aob)+ao(a+c). Therefore, (A,+,0) is a left cancellative semi-brace. O

The last statement of the following example has been proven in [37]. For complete-
ness’ sake we include a short proof.

Example 3.1.26. A skew left brace (A,+,0) is a unital left cancellative YB-semitruss
(A, +,0,\,0) where both (A,+) and (A,o) are groups, A\y(b) = —a+aob and op(a) =
-b+a+b, for all a,be A. Conversely, a YB-semitruss (A,+,0,\,0) with both (A,+) and
(A,0) groups is a skew left brace.

Furthermore, a left cancellative semi-brace with p, bijective, for any a € A, is a skew
left brace.

Proof. Since any skew left brace is a left cancellative semi-brace, the first part of the
claim is clear by the previous example. Recall from Subsection 1.3.1 that the identity of
(A,+) and (A, o) coincide, and denote it by 1. Hence, for any a,b € A, A\y(b) = ao(a+b) =
—a+(aol)+(ao(@+b)) = —a+ao(1+b) = —a+(aob), and since 1 = bob = b+ (b), we have
that op(a) = \y(b) +a+b=-b+a+b. Conversely, if (A4,+,0,\,0) is a YB-semitruss with
(A,+) and (A, o) groups, by Example 3.1.25, (A, +,0) it is a left cancellative semi-brace
with (A, +) a group. Hence, (A, +,0) is a skew left brace.

Let (A, +,0) be a left cancellative semi-brace and assume that p, is bijective for any
a € A. By the previous example, we know that (A, +,0,\,0) is a YB-semitruss. Hence,
A:(A,0) - Aut(A,+) is a monoid homomorphism and, by Lemma 3.1.6, p : (4,0) —»
Map(A, A) : a = pg is a monoid anti-homomorphism. In particular, since A\, and p,
are bijective for any a € A, we get A\; =id4 and p; = ida, where 1 denotes the identity
of (A,0). Moreover, by (3.11) and since (A,o0) is a group, pp(a) = (Ag(b)) caob =
ao(a+b)oaob=(a+b)oaocaoch=(a+b)ob, which yields

a+b=bopy(a). (3.17)

For any a € A, we have 1+a =1+ X (a) =1loa=a and, by (3.17), a+1 =10 py(a) =
@ = a. Hence, 1 is also an identity for (A,+). Furthermore, put b = A;(a). Then
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a+b=a+X(a)=aoa=1. Since pg(a) = (@+a)oa=ao(a+a) = A\, (a) =b we also

obtain, by (3.17), that b+ a = a0 pa(b) = a o papa(a) = a o pgea(a) = ao pi(a) =aoa=1.
Therefore, (A,+) is a group and (A, +,0) is a skew left brace. O

Let (X, ) be a bijective non-degenerate set-theoretic solution. Then, (G(X,r),+,0)
is a skew left brace by a result of Guarnieri and Vendramin [92, Theorem 3.9]. An-
other way to show this is by proving (similar as the proof for Theorem 3.1.13) that
(G(X,r),+,0,A,0) is a YB-semitruss and then use Example 3.1.26.

Note that if (B, +,0) is a skew left brace, the opposite YB-semitruss as defined in
Proposition 3.1.4 is a skew left brace and the definition coincides with the definition of
an opposite skew left brace given in [117, Proposition 3.1].

In order to deal with degenerate and non-bijective solutions the notion of a left semi-
brace has been introduced in [105], see also Subsection 1.3.1. In general this is not a
YB-semitruss as, for example, A+b is not necessarily contained in b+ A. It is easy to see
that a left semi-brace is a YB-semitruss if and only if it is a left cancellative semi-brace.
Furthermore, Catino, Colazzo and Stefanelli in [10] and Catino, Mazzotta and Stefanelli
in [412] introduced a generalization of left semi-braces. In general these do not yield left
non-degenerate solutions.

We conclude this section with an example of a left cancellative YB-semitruss that
is finite but is not a left cancellative semi-brace. It is an example where (A, o) is not a

group.

Example 3.1.27. Let A = {1,2,3,4}. Define for any a,be A, a+b="b, op(a) =b and
aob = A(b), where \y = Ay =idg and A3 = Ay = (13)(24). Then (A, +,0,\,0) is a
YB-semitruss with (A,+) left cancellative and the p-map is given by p1 = ps :t — 1 and
p2 =pa:te 2. In particular, 1o1 =201, so (A,o0) is not a group.

3.1.3 Idempotents in YB-semitrusses

For a semigroup (5, *), we denote by F,(S) its subset of idempotents. Let (A, +,0,\, o)
be a YB-semitruss, then we have two subsets of idempotents F,(A) and E.(A). In [37,
Proposition 5], it is proven that if (A, +,0) is a left cancellative semi-brace, then F, (A)
is a right-zero semigroup, i.e. e+ f = f, for all e, f € E.(A), E,(A) is a subsemigroup
of (A,0), and (E,(A),+,0) is a left cancellative semi-brace. Furthermore, (A, +) is the
direct sum of the maximal subgroup (A+1,+) and the right zero semigroup (E;(A4),+),
where {1} = E,(A). It is shown that A+1 is a subgroup of (4,0) and (A+1,+,0) is a skew
left brace. We will prove that for an arbitrary YB-semitruss (A, +,0,\,0), (E+(A),+)
is subsemigroup of (A,+) and (F.(A),o) is a subsemigroup of (A,0). Actually, we
will show that (E.(A),+,0,\,0) is a sub-YB-semitruss and (Es(A),+,0,\) is a sub-
semitruss of A. In the terminology of [2], (A,+) and (A, o) are E-semigroups and they
thus both have a so-called E-unitary cover.

Proposition 3.1.28. Let (A, +,0,\,0) be a YB-semitruss. The following properties
hold.
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(1) Ae =ida, for any e € Eo(A).

(2) 0% =0, for any e € B, (A).

(3) Ba(A) < B, (A).

(4) E+(A) is a sub-YB-semitruss of A.
(5) Es(A) is a sub-semitruss of A.

(6) If the associated solution (A,r4) is bijective, then (E+(A),+) and (E,(A),0) are
commutative semigroups.

Proof. (1) Let e € E,(A). Since ). is bijective and A2 = Aeoe = A, the first property is
clear.

(2) Let e € E,(A). By (3.5), 02 =0.0¢ = Ocse = 0.

(3) Let e € Eo(A). Then, by the first property, e =eoe =e+ A.(e) = e + e, and thus
ee EL(A).

(4) Let e, f e EL(A). By (3.4),

(e+f)+(e+f)=e+f+frop(e)=e+f+os(e)=e+e+f=e+f,

soe+feFE.(A). Thus, (F,(A),+) is a subsemigroup of (A, +). Since both \, and o, are
endomorphisms of (4,+), for all a € A, we get that A.(f) € E+(A) and o.(f) € E,(A).
It follows that eo f =e+ A(f) € E+(A), so (E+(A),0o) is a subsemigroup of (A4,0). We
conclude that F,(A) is a sub-YB-semitruss of A.

(5) Let e, f € E;(A). Then, by the previous results, (3.2) and (3.3),

(eof)o(ecf)=(eof)+As(eof) =€+ f+AAs(e+f)
(i)e+f+e+f(i)e+f:60)\;1(f) (i)GOf.
Thus, eo f € E,(A). So, by (1), also e + f = eo A1(f) = eo f € E,(A). Finally, by (1),
Ae(f) =feE,(A). Tt follows that (F.(A),+,0,A) is a sub-semitruss of A.

(6) Assume that r4, defined by (3.10), is bijective. So, by Proposition 3.1.3, o, is
bijective, for all a € A. Hence, by the second property, we get that o, = ids for any
e € E.(A). Therefore, for any e, f € E.(A), by (3.4), e+ f = f+o0¢(e) = f+e, and
(E.(A),+) is commutative. For e, f € E,(A) ¢ E,(A), by the first property, we obtain
eof=e+A(f)=e+f=f+e= fO)\}l(e) = foe. So, also (E,(A),0) is commutative. [J

Recall that if S is a left cancellative semigroup, then any idempotent is a left identity.
It induces some additional information on a left cancellative YB-semitruss.

Proposition 3.1.29. Let (A,+,0,\,0) be a YB-semitruss. If e € E.(A) is a left iden-
tity of (A,+), then oc(a) = a+e, for all a € A. In particular, if (A,+,0,\,0) is left
cancellative, then E,(A) is a sub-YB-semitruss.
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Proof. Let e € E,(A) be a left identity of (A,+) and a € A. By (3.4), we have
oe(a)=e+oc(a)=a+e.

Assume now that (A, +) is left cancellative and let e, f € E,(A). By Proposition 3.1.28(3),
e,feE.(A). Hence, o.(f) = f+e=ee E,(A). So, by Proposition 3.1.28(5), E,(A) is a
sub-YB-semitruss of A. a

In case the associated solution of a left cancellative YB-semitruss is bijective, we can
say more.

Proposition 3.1.30. Let (A, +,0,\,0) be a left cancellative YB-semitruss. If the asso-
ciated solution (A,ra) is bijective, then

(1) B ()] <1,
(2) (A, +) is right cancellative.
In particular, in this case, if furthermore A is finite, then (A, +) is a group.

Proof. (1) Let e, f € E,(A). Since (A,+) is left cancellative, e and f are also left
identities. Moreover, since r4 is bijective, by Proposition 3.1.3, we have that o, is
bijective. By Proposition 3.1.28, o, is also idempotent, and thus o, = id4. It follows
that e= f+e=e+o.(f)=e+f=7f.

(2) Let a,b,c € A such that a+c¢ = b+ c. Then, (3.4) yields ¢+ oc(a) = ¢+ o.(b).
Since (A, +) is left cancellative, it follows that o.(a) = o.(b). By Proposition 3.1.3, o,
is bijective, and thus a = b. So, (A, +) is right cancellative, as desired. ]

Proposition 3.1.31. Let (A,+,0,\,0) be a YB-semitruss. If (A,+) is a group, then
(A,0) is a group.

Proof. Let (A, +,0,\,0) be a YB-semitruss where (A, +) is a group. By Lemma 3.1.20,
we have that (A4, o) is left cancellative. Let 0 denote the identity of (A, +). We claim that
0 € Ex(A) so in particular, 0 is a left identity in (A, o). First note that A\g(0) = A\g(0+0) =
A0(0) + Ag(0), i.e. Ag(0) = 0. This implies, by (3.3), 000 =0+ Ag(0) =0, and thus indeed
0 € Eo(A). Similarly, for a € A, we get Ag(0) = Ag(0+0) = Ag(0) + Ae(0), s0 Ay (0) =0. It
follows that a o0 =a+ A\,(0) = a+0=a. Hence, 0 is also a right identity in (A4,o), and
(A,0) is a monoid. Put b= \;*(-a). Then, by (3.3), acb=ao\;'(-a) =a+(-a) =0.
Therefore, any a € A has a right inverse in (A,o). It follows that (A, o) is a group. [

By Example 3.1.26, a YB-semitruss with (A, +) and (A, o) groups is a skew left brace.
Hence, the following corollary follows naturally.

Corollary 3.1.32. Let (A,+,0,\,0) be a YB-semitruss. If (A,+) is a group, then
(A, +,0) is a skew left brace and the associated solution (A,ra) is bijective and non-
degenerate.

84



Recall (see for example [55]) that a regular semigroup S is a semigroup such that, for
any a € S, there exists b € S, with aba = a. An element a € S with this property is called
a regular element. If moreover any two idempotents in S commute, then S is called an
inverse semigroup [58, Theorem 1.17].

Lemma 3.1.33. Let (A,+,0,\,0) be a YB-semitruss. If a € A is reqular in (A, o), then
a is reqular in (A, +).

Proof. Let a € A be regular in (A,0), and b € A such that aoboa =a. Then, by (3.2)
and (3.3),

a=aoboa
=a+ A (b+ Np(a))
= a+ Aa(b) + Ao Np(a)
= a+ (D) + Aa Ao, (a)
= a+ A(b) + Agoboa N (@)
= a+ A (b) + XN, (a)
=a+ A\ () +a.

So, a+ Ag(b) + a = a, and a is regular in (A, +), as desired. O

Proposition 3.1.34. Let (A, +,0,\,0) be a YB-semitruss. If E,(A) = E5(A) and (A, o)
is an inverse semigroup, then (A,+) is an inverse semigroup.

Proof. By Proposition 3.1.28(1), eoa =e+ Ac(a) = e+a, for any e € E,(A) = E+(A) and
a € A. Hence, if (A, o) is an inverse semigroup, then any two idempotents commute, and
thus e+ f=eof=foe=f+e, foralle feFE,(A)=FE.(A). Hence, (E:(A),+) is a
commutative semigroup and thus, by Lemma 3.1.33, the result follows. O

3.1.4 Matched product of solutions and YB-semitrusses

One way to create new examples of algebraic structures is to built them from two given
examples. For the associative examples of Subsection 3.1.2, many constructions have
been defined and studied, such as the (semi-)direct product, the asymmetric product
and the matched product, see for example [7, 11, 12, 36, 37, 43, 59, ]. To define the
matched product of two left cancellative semi-braces (or two (skew) left braces) A and
B, one needs two actions satisfying certain conditions. Using these actions, one defines
the operations + and o on A x B such that (A x B,+,0) becomes a left cancellative
semi-brace. In particular, the multiplicative group (A x B, o) is the Zappa-Szép product
of the groups (A,o04) and (B,op) [38], i.e. (A,o04) and (B,op) form a matched pair
of groups [178]. We will generalize this idea and define the matched product of YB-
semitrusses. In particular, the multiplicative structure of the matched product of two
unital YB-semitrusses forms a matched pair of monoids. Matched pairs of monoids
were successfully used by Gateva-Ivanova and Majid in [36] to construct new solutions,
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by defining the matched product of solutions. We end this section by proving that
the solution associated to the matched product of two YB-semitrusses is equal to the
matched product of the solutions associated to those two YB-semitrusses.

Definition 3.1.35. Let (A, +,0,\,0) and (B,+',0',\',0") be YB-semitrusses, with « :

(B,o") > Aut(A,+) and B : (A, o) - Aut(B,+") semigroup morphisms such that
AaOg1 () = Cudazi(a)s MuBagi(a) = BaNgi (uy: (3.18)
Q04 = Ty (a) Cus Ba o, = O'/,Ba(u) Ba, (3.19)

for allae A, ue B. The quadruple (A, B,«a, ) is called a matched product system of
YB-semitrusses.

In order to show that the matched product of a matched product system of YB-
semitrusses is again a YB-semitruss, the following lemma is needed. It provides sufficient
conditions to define a left semitruss structure on a given semigroup with a given A-map.

Lemma 3.1.36. Let (A,+) be a semigroup and A: A - End(A,+) :a~ \,. Define, for
any a,be A, aob=a+Nu(b). If Agir,(b) = AaXp holds, for all a,be A, then (A, +,0,)) is
a left semitruss.

Proof. Define, for any a,be A, aob=a+ \g(b). Let a,b,ce A. Then,
(aob)oc=(a+ (D)) oc=a+N(b)+Agir,)(C)
=a+ A (b) + A Ap(c) =a+ A (b+ Np(c))
=ao(boc).
Thus, (A4, o) is a semigroup. Moreover,
ao(b+c)=a+ A (b+c)=a+ N (b)+Ao(c) =(aob)+N(c).

So, the left semitruss identity (3.1) is satisfied, and (A,+,0,\) is a left semitruss, as
desired. O

We will now prove that any matched product system of YB-semitrusses (A, B, «, 3)
gives rise to a YB-semitruss structure on the set A x B.

Theorem 3.1.37. Let (A,+,0,\,0) and (B,+',0o’" X o') be YB-semitrusses, and « :

(B,o") » Aut(A,+) and B : (A,0) — Aut(B,+") be semigroup morphisms, such that
(A, B,«, ) is a matched product system of YB-semitrusses. Define

(a,u) + (b,v) = (a+b,u+"v), (3.20)

(a,u) o (b,v) = (au(ay'(a) 0 b), (B, (u) o' v)), (3:21)

)‘(a,u)(ba U) = ()‘aaﬁgl(u)(b)v )‘;Bagl (a) (1})), (3'22)

U(a,u)(bav) = (Ga(b)aa;(v))v (323)

forall (a,u),(b,v) € AxB. Then, (AxB,+,0,\,0) is a YB-semitruss, called the matched
product of A and B (via a and f3), and denote it by Aw B.
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Proof. Let a,b,c € A and w,v,w € B, and put a = a;'(a), @ = B, (u), b = ot (b),
o= 3,1 (v). First, note that, by (3.18),

ay(@ob) = ay(a+Aa(b)) = ay(a) + auAa(b)) = a+ Aaaa(b) = aoau(b), (3.24)
and
Ba(o'v) = Ba(+" N (v)) = Ba(@) +' B (v)) = u+" A, Ba(v) =uo’ Ba(v).  (3.25)
Also, by (3.3) and (3.18),
Ay (@0 b) = g, (@+Aa(b))
= h (@) + A,y (Na (D))
= (@ A0t @)% (5,0 ()
= gl (1) (@) 0 " (D), (3.26)
and
Ban oy (@o' v) = B 4 (@ +' A5 ()
= Bty (@) + B3y (M ()
= Bau @+ X1 B o (V)
= Bary (@) o B3 (v). (3.27)
It follows that, using (3.24), (3.27), and (3.18),

Aawu(@oh) 41 Ao () = Moo (@1, s (o) (€)
= )\a)\aﬁ(b)aﬁ;;(b)(ﬁo’v) (c)
= Aadaam)@:1 )05 () (€)
= Aadaz )@, (@05 () (©)
= AaaaA%laﬁ(b)O‘ﬂ(C)
= Aa@ahpai(c).

Similarly, we have )\'Ba(ao,v)ﬂ%l(_ § )au(aob)(w) = A\ BaA, By (w), using (3.25), (3.26), and
(3.18). These yield, by (3.21), (3.22), and (3.18),
Aasu)o(b,0) (6 W) = Ay, (aob),Ba (o)) (€ W)

= Raw@en) @571 o (a(iorn)) () Mg, (o) Pat . (o)) ()

aq (aob Ba (@
= (Aacadvas(c), Ay Bak,B;(w))
= )‘(a,u) ()\bOé{,(C), A;BE(U}))
= Aaaw) Ap) (6 w)- (3.28)
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Moreover, by (3.22),

Ay (0, 1) + Mg,y (€;w) = (Nap-1 (1) (0), MyBact (a) (1)) + (Mas-1.(0) (€); Ay Bzt (a) (W)
= (M1 () (0) + Aag-1(4)(€), AyBazi () (V) + A Bazt (o) (w))
= (Ma@p-1(u) (b + ), Ay Boc1 (o) (v + W)
= ANau)(b+c,v + w),
80 A(gu) € End(A x B,+). Furthermore, A(,,, is bijective and its inverse is given by
)\(’;u)(b,v) = (aél(u))\;l(b),ﬁ&%l(a)()\;)’l(v)). Hence, A(q) € Aut(A x B, +), and con-

dition (3.2) is satisfied.
Moreover, by (3.20), (3.22), (3.24), and (3.25), we have

(@,u) + Mgy (D,0) = (a+ Xaaa(b),u+" X, Ba(v)) = (au(@ob), Ba(@ o' v)) = (a,u) o (b,v),

and A x B satisfies condition (3.3). It follows, using (3.28), that

A(a,u) 4 X (g0 (b0) = Masu)o(b) = Ma,u) Ab,w)-

Hence, by Lemma 3.1.36, we conclude that (Ax B, +,0,\) is a left semitruss. It remains
to prove that conditions (3.4), (3.5) and (3.6) hold. Since the addition and the o-map of
A x B are defined componentwise, and (3.4) holds in both A and B, we get that A x B
satisfies (3.4). With the same argument, (3.5) holds in A x B as it is satisfied in both A
and B. By (3.22), (3.23), (3.6) and (3.19),

X any(ea) M) (0:0) = 0 (a1 (M8, 0y () Pa71 () () APt (a) (0))
= (Uxaaﬁal(u)(c)(/\a%;l(u)(b))y Ul)\gtﬁaal(a)(w)(A;/Bail(a)(v))
= (Mata, @5 (0), Au U%aal(a)(w)(ﬂail(a)(v))
= (Na@s;1 () 7e(b), A Baz (a) 71 (V)
= AMau) (0e(b), 04, (v))
= Aau) O (cw) (b, ).
Hence, (3.6) holds in A x B. We conclude that (A x B,+,0,\,0) is a YB-semitruss. [

Via this construction we now give an example of a YB-semitruss that is not a left
cancellative semi-brace, and such that the additive and multiplicative operations are
different.

Example 3.1.38. Let A={1,...,n} and definea+b=aob=0b, \, =id4 and o,(b) = a,
for all a,b e A. Then, (A,+,0,\,0) is a YB-semitruss. Let B = C,, = gr(&), the cyclic
group of n-elements, and consider the trivial left brace (B,+,+) with (B,+) = (B,0) =
Ch, i.e. a YB-semitruss with \, = o, = idp, for any u € B. Define a as the natural
action of Cp, over A, i.e. a: B — Map(A, A) is defined by a(£)(a) = (1 2 ...n)(a).
It is clear that o : (B,o) — Aut(A,+) is a semigroup homomorphism. Put (3, =idp, for
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all a € A. Then, (3.18) and (3.19) are satisfied, and (A, B,a, ) is a matched product
system of YB-semitrusses. The matched product of A and B bfecomes (Ax B,+,0,\,0),
defined in Theorem 3.1.37. In particular, for any a,be A, &', & € B,

(a,6) +(b,6) = (a+b,& +&7) = (0,6,

and
(0,67 0 (0,€7) = (agi(ag! (a) 0b).€ 0 €7) = (1 2 ...n)"().€™).

To end this section, we establish a connection between the matched product of YB-
semitrusses and the matched product of their solutions. This has already been done for
left cancellative semi-braces in [37], and left braces in [7, 11].

For completeness’ sake we recall the definition of a matched product of solutions
given in [38]. Let (X,rx) and (Y,ry) be set-theoretic solutions of the Yang-Baxter
equation, and « : Y - Sym(X) : u » o, and 8 : X - Sym(Y) : a » [, are maps.
Then, the quadruple (rx,ry,«,3) is called a matched product system of solutions if the
following conditions are satisfied

QuQy = Q) (v) Xp, (u)> (3.29)

BabBb = Bra(v)Boy(a) (3.30)

Pt ) a (@) = 05 sy b (0), (3.31)
P5:(0) Ban(a) (W) = By (ot (ayPo (1), (3.32)
AaCg1(u) = WuAagl (a)) (3.33)
AMiBazi(a) = Basz1 () (3.34)

for all a,be X and u,veY.

As shown in [38, Theorem 1], any matched product system of solutions (rx,ry,«, 3)
determines a new set-theoretic solution on the set X xY . More precisely, if (rx,ry, «, 3)
is a matched product system of solutions, then the map r : (X xY) x (X xY) —
(X xY) x (X xY) defined by

T((avu)’ (b,U)) = ((Oéu)\d(b), Ba)‘ﬁ(v))a (agflpaa(b)(a)’ ﬁ;{lpﬁl—l(v) (U))),

where
a:a;l(a)7 ﬂ:ﬁ(;l(uL A:au)\d(b)a U:/Ba)\ﬂ(v)7 A:Oéﬁl(A), ﬁ:BAI(U)v

for all (a,u),(b,v) € X xY, is a set-theoretic solution of the Yang-Baxter equation. This
solution is called the matched product of the solutions rx and ry (via « and ) and it
is denoted by rx x ry.

The proof of the following result is strongly based on [38, Theorem 9] and [39,
Theorem 6.

Proposition 3.1.39. Let (A, +,0,\,0) and (B,+',0", X', ¢") be YB-semitrusses such that
(A, B,a, 3) is a matched product system of YB-semitrusses. Then, rawp =raXTR.
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Proof. Recall that if (A, +,0,\,0) is a YB-semitruss, then

ra(z,y) = Aa(y), py(2) = A2 (), A3 () Or () (2)),

is its associated solution. The A-map and p-map of B are denoted by X and p’ respec-
tively. First, note that (3.18) is equivalent to (3.33) and (3.34). Let a,be A and u,v € B.
Since o and S are semigroup morphism and since Proposition 3.1.5 holds for A and B,
we get

QuQy = Qo = QU (v)o!ply () = ON, (0) Xl (u)

i.e. (3.29) holds and with similar computations (3.30) holds as well. Moreover,

_1 _ _1
Wyt P(@) = gt g yPo(a) by (3.30)
_]_ _1
- O‘ﬁf(b)ﬁa(u)AAa(b) Tra(v)(@)
_B (wha (b)aﬁa(u) T (b)) by (3.18)
—1
o! e (®) Ta5L oy Aa(®) (@) by (3.19)
= Xl . _ by (3.18
Rt @ O ezt @ O 5, (@) y (3.18)
= Pai (@) ¥ () (@);

Hence, (3.31) holds. With similar computations, we have that (3.32) holds. Therefore,
(ra,rp,a,3) is a matched product of solutions. Now, we compare rqaXrg with ra.p.
The first component of 74 x7p is given by (uAa.1(a) (D), Ba] 51 (u )(v)) which coincides
with (g, (b,v) in Ax B. Now, put

Bat (w),

a= a;l(a), U=
A= ayg(b) = Agaa(b), U =Bu;(v) =\, Ba(v),
A= ay'(A), U=p4().

Then, the second component of 74,5 is given by

)‘;(l,lyu)(b,v) O Ny (bi0) (@5 ) = Aao o (a0 (a,u)
(>\ ay UA(a) ()\ )" 5,4 oy (u))
= (Oég >‘A UA(@)vﬁg (A\0)” 1UU(U))
= (5 At o (6) Traaa ) (@) B (N 2(00) ™ O 3 () (1))
= (Oé_glpaﬂ(b)(a)aB;P%&(v)(“))a

which coincides with the second component of 4 xrg. Therefore, r 4,5 = 74 xrp, which
concludes the proof. O
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3.2 YB-semitrusses with associated bijective solutions

In [161, Theorem 2] (and independently in [101, Corollary 2.3]), it is shown that any
finite involutive left non-degenerate set-theoretic solution of the Yang-Baxter equation
is right non-degenerate. In [161], the following example is provided to show that the
latter is no longer true in the infinite case.

Example 3.2.1. Let X be the set of the integers, and define

P X x X = X x X (2,9) = (Aa(y), A3 () (),

with A\ (y) = y + min(z,0), for all z,y € X. The inverse of A, is given by \;'(y) =
y —min(z,0), for ally € X. Then, (X,r) is an involutive left non-degenerate solution.
The solution is, however, not right non-degenerate. To see this, take a < 0. Then,
pa(b) = )\;i(a)(b) =b-min(a + min(b,0),0) =b- (a+b) = —a, for allb<0. Hence, p, is
not bijective for a < 0.

At that point, it was unknown whether the result remained true for finite bijective left
non-degenerate solutions. The following natural questions were posed in [52, Question
4.2, Question 4.3] (Ced6, Jespers, and Verwimp).

Question 3.2.2. Is any finite bijective left non-degenerate set-theoretic solution of the
Yang-Bazter equation right non-degenerate?

Question 3.2.3. Are non-degenerate solutions of the Yang-Baxter equation always bi-
jective?

The former is positively answered in [34, Corollary 6], using g-cycle sets (see Subsec-
tion 1.3.2) as a tool to prove the result. The aim of this section is to use the structure
of YB-semitrusses to prove that both questions are true in the finite case. Later, we will
show that Question 3.2.3 is true for A-irretractable non-degenerate solutions. We say
that a left non-degenerate solution (X,r) of the Yang-Baxter equation is A-irretractable
if A\, = Ay implies z = y, for all z,y € X. Note that if (X,r) is non-degenerate and
involutive, then this notion corresponds with the one introduced by Etingof, Schedler
and Soloviev in [75].

Recall that the solution (A,r4) associated to a YB-semitruss (A, +,0,\,0) is always
left non-degenerate. If the solution is also right non-degenerate, i.e. p, defined by (3.9)
is bijective, for all a € A, we call the YB-semitruss a non-degenerate YB-semitruss. An
example is the structure YB-semitruss S(X,r) associated to a non-degenerate solution
(X,r).

Define the diagonal map of a YB-semitruss (A, +,0,\,0) as

q:A—> Aiar 2 (a).
Note that q is degree preserving.
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Lemma 3.2.4. Let (A,+,0,\,0) be a non-degenerate YB-semitruss. Then, the diagonal
map q is injective. Moreover, if A is finite or N-graded with all homogeneous components
A, finite, then q is bijective.

Proof. Let a,b e A such that q(a) = q(b). Put ¢ =q(a). Then, by (3.6),
pc(a) = )‘;i(c) U)\a(c)(a) = Aii)\gl(a) O'Aa(c)(a) = )‘;1 Txa(c) (a) =0¢ )\;1(0’) = Uc(c)'

Similarly, p.(b) = o.(c). Hence, p.(a) = o.(c) = pc(b). Since, by assumption, p. is
bijective, it follows that a = b. So indeed, q is injective. If A is finite, the last statement
is an easy consequence. Let A be an N-graded YB-semitruss with all homogeneous
components A, finite. Since q is degree preserving, it follows that q is bijective on each
A, and thus also on A. O

In [166, Corollary 2 of Proposition 8], Rump proved a stronger result for bijective left
non-degenerate solutions. Namely, for any bijective left non-degenerate solution (X,r),
q is bijective if and only if (X,r) is non-degenerate. The assumption that (X,r) is
bijective is essential here. Take for example X a set with two or more elements, and
(X,r) the idempotent left non-degenerate solution defined by r(z,y) = (y,y), for all
x,y € X, see Example 3.1.19. Then, (X,r) is not bijective nor right non-degenerate, but
q is bijective because q(z) = A\;'(z) = z, for all z € X. So, for an arbitrary solution (X, )
it is possible that q is bijective even if r is neither bijective nor right non-degenerate.

The following lemma shows the importance of the bijectiveness of q to prove that
the solution is bijective.

Lemma 3.2.5. Let (A,+,0,\,0) be a non-degenerate YB-semitruss. If the diagonal
map q is bijective, then the associated solution (A,ra) is bijective.

Proof. By Proposition 3.1.3, r4 is bijective if and only if o, is bijective, for all a € A.
Let a,be A. From (3.9), (3.6), and (1.17), we obtain

Pr(a) = X500 O0a () (@) = X500y Aa 06 A5 (a) = Ay ()N 0b(a).
Put ¢ = py(a). Since py is bijective, we get ¢ = A\, o qp; " (), for all b, c € A. Hence,
q(c) = Ay opapy ' (©).
Since q is bijective, we have that
ap(c) = Mappa ' (¢),
for all b,c € A. Hence, oy, is bijective and (A,r4) is bijective. O

To reprove the result of Castelli, Catino and Stefanelli [34, Corollary 6], using the
tools of YB-semitrusses, the following lemma is needed.
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Lemma 3.2.6. Let (A,+,0,\,0) be a YB-semitruss, with diagonal map q and such that
04 18 bijective, for all a € A. For any a,b € A, the following equality is satisfied,

AEIQ(Q) = q()\;él )\a(b)(a))'
Proof. Let a,be A. From (1.17), it follows that

-1 -1 _ y-1 -1 _ -1 -1
Moty @M = Ao @0 e) = M Aa

Putting a = o' A\p(c), we get, for any b,c € A,

-1 1 -1 )
Mot et M (0) _AA;}%(C)“’)AUF ey (D) (3.35)

o;l Ap(c

By definition (3.9), pp(a) = )‘;\i(b) o, )(a), and thus
PAi, )(b)(UE1 Mp(€)) = Ayt ap(a Ay(€)) = e
O'b b c

Hence, (3.35) is equivalent to
-1 -1
)‘c q(b) = q()‘ggl )\b(c)(b))7
as desired. ]

The sufficiency of the next result was first proven by Castelli, Catino and Stefanelli in
[34, Corollary 6] in case the associated solution is finite. We translate their proof in the
language of YB-semitrusses and add it for completeness’ sake. We generalize their result
to not only finite solutions, but to solutions associated to N-graded YB-semitrusses with
all homogeneous components A, finite.

Proposition 3.2.7. Let (A,+,0,\,0) be a finite or N-graded YB-semitruss with all
homogeneous components A, finite and with (A,ra) its associated left non-degenerate
solution. Then, (A,r4) is right non-degenerate if and only if r4 is bijective.

Proof. Assume first that the solution (A,r4) is non-degenerate, i.e. (A,+,0,\,0) is a
non-degenerate YB-semitruss. By Lemma 3.2.4, the diagonal map q is bijective and, by
Lemma 3.2.5, we conclude that 74 is bijective.

To prove the converse, let (A, +,0,\, 0) be an N-graded YB-semitruss with all ho-
mogeneous components A, finite and such that (A,r4) is bijective, i.e. o, is bijective,
for all a € A. First, we prove that the diagonal map q is bijective. Let n € N. Since g
is degree preserving, it is enough to prove the bijectivity of q on A,. Without loss of
generality, we consider the restrictions of A, p,o to A,. Since A, is finite, there exists
m e N such that (A\;1)™ =idy,, for all z € A,. If m =1, then q = id4, and in particular,
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q is bijective. If m > 2, then by Lemma 3.2.6, for any a € A,,

a=(\")"(a)
= ()"0 a(a)
= (Agl)m_zq/\;él /\a(a)(a)
= (AN A (o (@)
= ()" aAe,

-1
(a)(“))‘ff;1 Ma(@) (@)
o'al Aa(a) )

Ay -1
(a) )‘o'gl)\a(a

and so on. So, in the end, there exists t € A,, such that a = q(¢). Therefore, q is surjective
on A,, and since A, is finite, q is bijective on A,. Hence, q is bijective on A. Now, we
will prove that (A,r4) is right non-degenerate. As the p-map is degree preserving, it is
enough to prove, for any a € A, that p,(b) = pa(c) implies b = ¢, for b,c € A, and some
n € N. Assume for some n € N and b, c € A,, that p,(b) = pa(c). By definition (3.9), this
means that )\:\:(a) T (a)(D) = Aj\i(a) O(a)(c). Therefore, (3.6) yields

M@ 0at(b) = X5, (0 W 70 X5 (B)
= Xr(a) Pro(a) (D)
= A(a) Oac(@) (©)
= Nl @Aega A (€)
= )\;\i(a)/\c aqq(c).

By (1.17), )\;:(a))\b = )\pa(b))\gl - )\pa(c))\;l = )\Xi(a))\c. Thus, we obtain o, q(b) = 04 q(c).
Finally, since o, is bijective, this implies q(b) = q(¢). So, b= ¢ and p, is injective on A,,.
Since A, is finite, p, is bijective on A, for all n € N, and thus p, is bijective on A.

A similar proof shows that a finite YB-semitruss (A, +,0, A, o) with (A, r4) is bijective
is a non-degenerate YB-semitruss, i.e. (A4,74) is also right non-degenerate. O

We are now in a position to prove the main result of this section.

Theorem 3.2.8. Let (X,r) be a finite left non-degenerate set-theoretic solution of the
Yang-Baxter equation. Then, r is bijective if and only if (X,r) is right non-degenerate.

Proof. Let (X,r) be a finite left non-degenerate solution, and put M = M (X,r). From
Theorem 3.1.13, we know that one can associate to (X,r) its unital structure YB-
semitruss (M, +,0,\,0) and a left non-degenerate solution (M,rys). Furthermore, M
is an N-graded YB-semitruss with all homogeneous components finite. From Propo-
sition 3.2.7, it follows that (M, r)s) is right non-degenerate if and only if ry; is bi-
jective. Since (M,rp;) being right non-degenerate is equivalent to (X,r) being right
non-degenerate, and rj; being bijective is equivalent to r being bijective, we get that
(X,r) is right non-degenerate if and only if r is bijective. O
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In Lemma 3.2.5, it was shown that the bijectiveness of q is an important property
to prove that r is bijective. In [52, Lemma 4.4] (Cedd, Jespers, and Verwimp), the
bijectiveness of ¢ is proven in case a non-degenerate solution is A-irretractable. Hence,
Question 3.2.3 is true for A-irretractable non-degenerate solutions. This result was first
shown in [52, Theorem 4.5] (Cedd, Jespers, and Verwimp). The following proposition
slightly extends this result and the proof follows the same lines.

Proposition 3.2.9. Let (A, +,0,\,0) be a non-degenerate YB-semitruss satisfying, for
any a,be A, (A, pa) = (Mo, pp) implies a = b. Then, the diagonal map q is bijective and its

inverse is given by a = p,'(a). As a consequence, (A,r4) is a bijective non-degenerate
set-theoretic solution of the Yang-Baxter equation.

Proof. Let a€ A. By (1.17),
Mooty @Aa =A@ Aa(07t (@) = At (a) Aa-
Since A, is bijective, we obtain
)‘/\p;1<a)(“) = Ap-1(a)- (3.36)
Furthermore, by (1.19),
PaPx 1 (4y(@) = Ppa(pz! (a)PA 1,y (a) = PaPpzl(a):
Thus, as p, is bijective by assumption,
PA, 1 (@) = Przt(a): (3.37)

Relations (3.36), (3.37), and the assumption imply A,-1(,)(a) = pat(a), and therefore
a= /\ggll(a)(pgl(a)) =q(p,'(a)). With similar computations, we get that

)\P)\al(a)(a) = A)\El(a)’ (3'38)
and
ppA;1(a)(a) = Przl(a)s (3.39)

which implies, by the assumption, py-1(4)(a) = A1 (a). Thus, also a = p;él(a)()\;l(a)) =
p;(la)(q(a)). It follows that the diagonal map q is bijective and its inverse is given by
ar p;t(a). O
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3.3 Non-degenerate YB-semitrusses and the retract rela-
tion

For a non-degenerate involutive set-theoretic solution of the Yang-Baxter equation, the
permutation group G(X,r), defined as

G(X,r)y=gr(\; |z e X),

is studied in [33]. For non-degenerate bijective solutions, various equivalent definitions of
the permutation group are given, see for example [2, 17] or Subsection 4.1.2. In analogy
to this, we define a set G(A) for a YB-semitruss (A,+,0,\,0), and use this to prove
the main result of the previous section, i.e. the bijectiveness of finite non-degenerate
solutions, for a much wider class of non-degenerate solutions.

Let (A, +,0,\,0) be a YB-semitruss and consider the following set

g(A) = {f(a) = (Uay)\mpa) | ac€ A}, (3.40)

with p, defined by (3.9). Note that by Proposition 3.1.3, conditions (1.17), (1.18), and
(1.19) are satisfied for the A-map and the p-map of a YB-semitruss (A, +,0,\,0).
Define additive and multiplicative operations on G(A) by

f(a) + f(b) = (Ua+b7 )‘a+b7pa+b) = f(a + b)v

and
f(a’) o f(b) = (UaObv )\aObvpaob) = f(a ° b),

for all a,b € A. The following lemma shows that both operations are well-defined on
G(A), in the sense that f(a) = f(a') and f(b) = f(b") imply both f(a) + f(b) = f(d') +
f@') and f(a)o f(b) = f(a’)o f(b'), for all a,a’,b,b" € A.

Lemma 3.3.1. Let a,a’,b,b' € A.

(1) If f(a) = f(a,) then ogobh = Oarobs Aaob = Aa’obs Paocb = Palob; and Ag+b = Na'+bs
Pa+b = Pa’+bs Oa+b = Oa’+b-

(2) if f(b) = f(b,) then Agop = Agobr Paob = Paoct’s Taob = Oaob’, and Agip = Agabys

Pa+b = Pa+b’s Ta+b = Oa+b’ -

Proof. (1) Assume that f(a) = f(a'), i.e. 04 = 0w, \a = Aar and p, = por. By (3.2),
Aaob = AaAb = Agr Ap = Agrop and, by Lemma 3.1.6, pgop = PpPa = PoPa’ = Parob- Moreover,

Oaob = Oa+Xg(b) = ONg(b) Ta = OX(b) Ta’ = Ta’ob -

On the other hand, we get that A, = AaoXz1(b) = AaAr-1(p) = )\a'>\)\—,1(b) = Aa’+b, Parb =
Paor;(b) = PA;1(b)Pa = p)\;}(b)pa’ = par+b, and finally, 044y = 0p0q = 0p 00 = T g/ 10
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(2) Assume that f(b) = f(b’), ie. op =0y, \p = Ay and pp = pyr. By (3.2), Agob = Aot
and since p is an anti-homomorphism by Lemma 3.1.6, we have that pgep = paopr. Further,
by (3.6), ox,(b) = Aa b M=oy A\t = O ). (v), Which yields

Taob = Ta+X,(b) = OAa(b) Ta = 0N (V) Oa = Oaob’ -
Moreover, a +b = b+ ap(a) = bo N\ op(a) implies Agyp = )\b?/\;lab(a) = )\b)\/\;%,‘b(a) =
/\b’)‘Ab/ oy (a) = Aasbr- With the same computations, we obtain p,.p = pespr- Finally,

Tash = Op0q = Oy Oq = Tarpl- O
By the previous result,
f tA - g(A) a f(a) = (Uav/\avpa)’

is a semigroup homomorphism for both the additive and multiplicative operations. We
will show that G(A) is a YB-semitruss provided A is non-degenerate. First, we introduce
a A-map on G(A).

Lemma 3.3.2. Let (A,+,0,\,0) be a YB-semitruss and G(A) the set defined by (3.40).
The map A:G(A) > Map(G(A),G(A)) : f(a) = Apa), given by Apa)(f(b)) = f(Xa(b)),
is well-defined. Furthermore, for any f(a) € G(A), the map Ay, is surjective.

Proof. First, we prove that the map ) is well-defined. If f(a) = f(a"), then Az, (f(b)) =
Fa(B)) = (r,5)s Ma(8)s Pra(®) = (T (5)s My (8)s P2, (6)) = Afary (f(D)). Next, assume

that f(b) = f(b/), i.e. gy = Ub’;)\b = )\b’ and Pb = Py By (1.17), )‘)\a(b) = )‘a/\b)\;bl(a) =

)‘a/\b')‘;)bl,(a) = )\)\a(b/)' By (3.6), Oxa(b) = Aa Op /\;1 = A\g Oy )\;1 = O x (V) and because of

(3.6) and (1.17), we get for any c € A,
Pra(v)(€) = )\Xi,\a(b) Trra(v)(€)
= N0 AAaos A A (0)
= Ay (coa) N AasaAea 05 Ag AL ()
= Ay (o) Ny AamadeAa T Ay AL ()
= Paa ) (©)-

Hence, Ap(q)(f(0)) = f(Aa(D)) = f(Aa(b)) = Af(a)(f(D)), and the map A is well-defined.

To prove that A, is surjective, for any f(a) € G(A), let f(c) € G(A). Then,
there exists b € A such that A\,(b) = c. Hence, Apqy(f(D)) = (0, (8)s AMa(d)s Pra(d)) =
(0c, Aes pe) = f(c), as desired. O

Now, we define a o-map on G(A) in the following way
0:G(A) > Map(G(A),G(A)): f(a) = 0 (a)
with
o 1a)(f(b)) = f(0a(b)).

The well-definedness of this map will follow from Lemma 3.3.4, but first we prove another
useful result of the o-map of a non-degenerate YB-semitrusses.
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Proposition 3.3.3. Let (A,+,0,\,0) be a non-degenerate YB-semitruss. Let a,b e A.
If Ao = Xy and pg = pp, then o, = op. Furthermore, if Ay = pq =ida, then o, =id4.

Proof. First note that, for any x,y,z € A, using (1.18),

Aot @O W) = PA i @At (9)

= pz>\p§1(x) (y)7

where the non-degeneracy of A explains the bijectiveness of p,. This implies
_ -1
p)\gl(z) (y) = )\pAy)\gl(z)p;!l (x)pz)\p?jl (z) (y) (341)

Now, assume that A\, = Ay and p, = pp, for some a,b e A. Let c € A. Using (3.41) with
c=x =y, a=z and later with c=z =y, b=z, it follows that

Pr-1(a)(c) = )\;icxl(a)pgl(C)pa)\pgl(c)(C)
- /\/;jpzl(C)p“)‘Pél(C)(c)
= Aozt ()P oz () (©)
= p)\gl(b)(c)‘
So,

0a(€) = Aapxz1(a)(€) = Aopaz1(v) () = v (c). (3.42)

This proves the first part of the statement.
Finally, assume that A, = p, = id4, for some a € A. By (3.41), for any c € A,

-1
p)\gl(a)(c) = Aﬂ)\c)\gl(a)ﬂgl(c)paApgl(c) (C)

-1

= Azt (0 (9 (€)
-1

RHCHACIC)

=c.

Hence, o4(c) = Aapr-1(a)(€) = Aa(c) = ¢, as desired. O

In order to prove that G(A) has a YB-semitruss structure, we need some more
properties of the A-map and the p-map of a YB-semitruss.

Lemma 3.3.4. Let (A,+,0,\,0) be a YB-semitruss and a,b,c € A.
(1) If )\a = )\b, then )‘pc(a) = )‘pc(b)‘
(2) If Aa =X and pa = pp, then Ay (q) = M. (b)-

If, furthermore, A is non-degenerate, then Aq = Ny and pg = pp implies
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(3) M@ = Mzrey and Pz a) = P31 (b
(4) Ppe(a) = Poc(b) @1 Pr.(a) = Prc(b)-

(5) Ase(a) = Aaev) @1 Po(a) = Po.(v)-

(6) 05.(a) = Toult)-

P?"OOf. (1) By (1.17), )‘)\a(C))‘pc(a) = )\a)\c = )\b)\c = )‘)\b(C))‘pc(b) = )‘/\a(C))‘pc(b)' The bijec-
tiveness of Ay (.) implies that A, (q) = Ay, (), as desired.

(2) Again by (1.17), /\)\c(a))‘pa(C) = )\c)\a = /\c/\b = /\)\c(b))‘pb(C) = )‘)\c(b))‘pa(C) and, since
Apa(c) 18 bijective, this yields Ay () = A, ()

Let (A,+,0,\,0) be a non-degenerate YB-semitruss, and assume furthermore that
Ao = Xy and p, = pp, for some a,b e A.

(3) First, note that by (1.17),

AcAz1(a) = Aoz (@)A1 (0) = Aadp 1 (@) (3.43)
Using (1.18), we obtain

Mot P @) (€)= Ao, 1ot ()P (a) ()

=Pz o e @30 (€)
= Pz (@Aps () (€)
= pa}\pzl(c)(c).

Since pg = pp, this yields

Pxz1(a) (C) = )\;jpgl(c)pa)‘pgl(c) (C)
= Aot (@A (o) (€)
= pazivy(©)- (3.44)

Hence, using (3.43), (3.44), and that A, = A,
A (@) = Ao, 1y (0) T A,y () = AeArzi (o)

As ). is bijective, we conclude that Ay_1(4) = Ay-1()- Similarly, using (1.19), (3.44), and
that pq = pp,
Prx;l(a)Pc = ppA, c)Pa = ppx, c)Pb = PX;1(b)Pes

La)( L) (

80, as p¢ is bijective, py-1(q) = Pr-1(p), as desired.

(4) By (1.19), Ppe(a)Pra(c) = PePa = PcPb = Ppe(b)Prs(c) = Ppe(b)Pra(c)- SO, because of
the assumption that py, () is bijective, we get that p,_(a) = pp.(v)-

Similarly, p,,()Pr.(a) = PaPe = PbPe = Ppy(c)Prc(b) = Ppa(c)Prc(b) Implies that py (q) =
Pre(b)
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(5) Recall that oc(a) = Acpr1(ey(a), and thus, A, (o) = )\)\CPA—I(,)(G)' Substitute
d = A (c) = At (c), then we get Ave(a) = Ay, (aypa(a)- Hence, the fifth statement is
equivalent with )\/\M(d)pd(a) = )‘Mb(d)pd(b) = >\/\>\a(d)Pd(b)’ for all d € A. Now, from (1), we
know that A, a) = A, and from.(4), we also get that p,, ) = p,,p)- Therefore, by
(2), My (@ypa(a) = M, aypa(b)s as desired.

Repeat the steps in the previous part, but replace in the last step (2) with (4),
implying that Prsy(@ypa(a) = Phs,aypa(b): for all d € A, and thus p,_(q) = po. (), for all
ce A

(6) Because of (5) and Proposition 3.3.3, we immediately obtain that o, () = 04, 5)-
O

Theorem 3.3.5. Let (A,+,0,\,0) be a non-degenerate YB-semitruss. Then, G(A) =
{f(a) = (04, Aaspa) | a € A} is a YB-semitruss for the operations

f(a) ° f(b) = (UaOba Aaobs paOb)a
f(a) + f(b) = (Ua+b7 )\a+b7 pa+b)7

A-map A : G(A) > Map(G(A),G(A)) : f(a) = Ap(q) defined by
M) F(0) = (Ta,(5)s Ma(8) Pra(v)) = f(Na(D)),
and o-map o : G(A) - Map(G(A),G(A)) : f(b) = o) defined by

o) f(a) = (05, (a)) Aoy () Poy(a)) = [(ob(a)).

The map f: A - G(A):aw~ f(a) is a YB-semitruss epimorphism and the associated
solution of G(A) is non-degenerate, where the p-map p : G(A) - Map(G(A),G(A)) :
J(b) = prwy of G(A) is defined by

Pf(b)f(a) = (O-pb(a)a )‘pb(a)appb(a)) = f(Pb(a)) (345)

Note that because of Proposition 3.3.3, the natural mapping G(A) = {(Xa,pa) | a € A}
1s bijective, and the latter can be considered as a YB-semitruss.

Proof. That the mentioned operations are well-defined has been proven in Lemma 3.3.1.
That the A-map is well-defined follows from Lemma 3.3.2, and that the o-map is well-
defined follows from Lemma 3.3.4.

Let a € A. We will prove the bijectivity of Ay,). Note that from Lemma 3.3.2, we
know that Ay, is surjective. Next, assume that Apq)(f(0)) = Afeq)(f (D)), for some
S (D), f(b") € G(A). Then, Ay, ) = M, ) and px, ) = Pr, (), and thus it follows from
Lemma 3.3.4(3) that Ap = Ay-1x, () = Az1a, () = Aw- Similarly, we get that p, = py. By
Proposition 3.3.3, it then follows that o}, = op. So, f(b) = f(b"). Finally, it is clear that
Af(a)of(b) = Af(a)Af(v)- Hence, A: (G(A),o) - Aut(G(A), +) is a homomorphism.

Some straightforward computations show that the other requirements for G(A) to
be a YB-semitruss are also satisfied. So (G(A),+,0,\,0) is a YB-semitruss and f: A —
G(A):awr f(a) is an epimorphism of YB-semitrusses.
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It remains to show that the associated solution of G(A) is right non-degenerate, i.e.
Pf(a) defined by (3.9) (or equivalently by (3.45)) is bijective, for all f(a) € G(A). We
prove this via Lemma 3.1.8, i.e. we need to prove that the map g, : G(A) - G(A) : f(b) —
f(p;1(b)) is well-defined, for all a € A. By Proposition 3.3.3, it is enough to prove that
f(a) = f(a’), f(b) = f(b') yields A 1) = )\p;}(b,) and p,-1(p) = P (vr): Clearly, without
loss of generality, we may assume that a = a’. So, we need to prove Lemma 3.3.4(3) for
p and A interchanged. For this notice that if r: X x X - X x X : (z,y) = (A:(y), py(x))
is a solution then so is 7r7: X2x X2 : (z,y) = (pz(y), \y(2)), where 7(z,y) = (y,z). In-
deed, r19193712 = ro3riaras if and only if (7r197)(7resT)(7r127) = (T7237) (71127 ) (TT23T).
Hence, we indeed may interchange \ and p and the result follows. O

We are now in a position to define the retract relation for arbitrary non-degenerate
set-theoretic solutions of the Yang-Baxter equation (X,r). Put M = M(X,r). By
Theorem 3.1.13, (M, +,0, A, 0) is a YB-semitruss with associated non-degenerate solution
(M,rar). So, by Theorem 3.3.5, we obtain a YB-semitruss epimorphism

fiM—>G(M):aw (04,Aa,pa)-
By restricting f to X, f|x provides the retract relation on X, i.e.
x ~y if and only if o, =0y, Az = Ay, and p; = py.

Put X = X/ ~. By Theorem 3.3.5, the map r induces a non-degenerate set-theoretic
solution P .

X > X (T,Y) » (Aa(y), py(2)),
where 7 denotes the ~-class of z € X. So, (X,7) = Ret(X, 7).

Corollary 3.3.6. Let (A,+,0,\,0) be a non-degenerate YB-semitruss. The semigroup
(G(A),0) of the YB-semitruss (G(A),+,0,\,0) is cancellative (and thus also (G(A),+)
is left cancellative), and satisfies the left and right Ore condition.

Moreover, if there ezists a € A such that A\ = pg = ida (for example if A is unital),
then (G(A),0) is a cancellative monoid.

Proof. To prove left cancellativity of (G(A), o), suppose f(a)o f(b) = f(a)o f(b"). Then,
AaAb = Aaob = Aaobr = Ag Ay and ppPg = Paock = Pack! = Pu'Pa- AS Aq and p, are bijective,
we obtain that A\, = Ay and pp = py. By Proposition 3.3.3, it follows that o} = oy,
and f(b) = f(b'), as desired. So both semigroups (G(A),o) and (G(A),+) are left
cancellative. Now, assume f(a) o f(b) = f(a’) o f(b). Then, AgXp = Aaob = Aarob = Aar Np
and pPpPa = Pach = Pa’ob = PoPa’- Again, by bijectivity of Ay and pp, we get that Ay = A
and p, = py. Hence, also o, = 04, by Proposition 3.3.3, and thus f(a) = f(a’). So,
(G(A),o) is a cancellative semigroup. Since G(A) is a non-degenerate YB-semitruss,
we obtain from Proposition 3.1.5 that f(a) o f(b) = Aya)(f()) © prwy(f(a)), where p
denotes the p-map for G(A). As each Ay, and pgy) is bijective, the left and right Ore
condition follow at once.

Moreover, if there exists a € A such that A\, = p, = id 4, then, by Proposition 3.3.3,
0q = ida and f(a) = (ida,ida,ida) = 1ga) € G(A). So, (G(A),0) is a cancellative
monoid. O
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Proposition 3.2.7 can now be extended to a larger class of solutions. To do so,
in the non-degenerate case, we consider {(Aq,ps) | @ € A} as a subsemigroup of the
direct product of (Sym(A),o) and its opposite group (Sym(A),o?), where o denotes
the composition of functions.

Corollary 3.3.7. Let (A, +,0,\,0) be a non-degenerate YB-semitruss. If, for any a € A,
there exists b € A such that \gA\p =1ida and paop = pppa = ida (for example if all N\, and
pa are of finite order), then the associated solution r4 is bijective and G(A) is a skew
left brace.

Proof. We will first show that the assumptions imply that (G(A),0) is a group. Let
a € A, and take b € A such that (Mg, pa)(Mpspp) = (AaAb, pppa) = (ida,idg). Thus,
Aaob = Paok = 1d4. So, by Proposition 3.3.3, o4 = ida, and f(a) o f(b) = f(aob) =
(ida,ida,ida) = 1gcay. By Corollary 3.3.6, it follows that (G(A),0) is a cancellative
monoid. Also, every element f(a) of G(A) has a right inverse f(b), for some b € A.
Hence, (G(A),o) is a group. In particular, all maps o, have a left inverse and are
therefore bijective maps. Thus, by Proposition 3.1.3, r4 is bijective.

Finally, by the previous and Example 3.1.25, (G(A), +,0) is a left cancellative semi-
brace. By Theorem 3.3.5, pf(,) bijective, for all f(a) € G(A), and it follows by Exam-
ple 3.1.26 that (G(A),+,0) is a skew left brace. O

Corollary 3.3.8. Let (X,r) be a non-degenerate solution. If the subsemigroup (( Az, pz) |
x € X) of the group (Sym(X),o0) x (Sym(X), o) is a group itself, then r is bijective.

Proof. Since (X,r) is a non-degenerate solution, the structure semigroup S(X,r) is a
non-degenerate YB-semitruss. By the assumptions and Corollary 3.3.7, (G(S(X,r)),o0)
is a group, and rg(x,,) is bijective. Since this map, restricted to X x X is equal to r, we
obtain that r is bijective. O

3.4 Algebraic structure of YB-semitrusses

The final section of this chapter concerns the algebraic structure of YB-semitrusses. In
the first part, for a field K and any finite left non-degenerate set-theoretic solution of the
Yang-Baxter equation (X, r), we show that K[ A(X,r)] is a left Noetherian PI-algebra of
finite Gelfand-Kirillov dimension. As a corollary, provided that the diagonal map q: X —
X is bijective, we deduce that the algebras K[M(X,r)] and K[(A,0o)] are connected
N-graded left Noetherian representable algebras, where A is a unital strongly N-graded
YB-semitruss, with Ay finite, Ay = {1}, and diagonal map q: A — A bijective. In the
second and final part, we study YB-semitrusses (A, +, 0, \, o) such that the subsemigroup
{oa|ae A} of End(A,+) is a finite left simple semigroup.

3.4.1 Additive structure of YB-semitrusses and the structure algebra

The structure algebra K[(M(X,r),o)] of a set-theoretic solution (X,r) is a K-algebra
defined by homogeneous quadratic relations. Such algebras have been studied thor-
oughly, for example in context of its Grobner bases, classification of regular algebras of
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global dimension four, Artin-Shelter regular algebras, and constructions of Noetherian
algebras (see for example [15, 54, 79, 103, 106]). For finite involutive non-degenerate solu-
tions, in [88], it was shown that homologically K[(M (X, r),o)] has many common points
with polynomial algebras in commuting variables. In [97, 98], the structure algebra of
finite bijective non-degenerate solutions was proven to be Noetherian and PI (satisfying
a polynomial identity), by first proving the same result for the derived structure algebra
K[(A(X,r),+)]. This idea of studying a solution via its derived solution, has also been
applied in [125] to study the structure group of finite bijective non-degenerate solutions.

In this subsection, we study K[(M(X,r),+)] = K[(A(X,r),+)], and show that it
is a left Noetherian Pl-algebra of finite Gelfand-Kirillov dimension, for any finite left
non-degenerate solution (X,r). If furthermore, the diagonal map q (see Section 3.2) is
bijective, then we show that K[(M (X, r),o)]is left Noetherian and satisfies a polynomial
identity. As a consequence, for any unital strongly N-graded YB-semitruss (A, +,0,\, o),
with A; finite, Ag = {1}, and with diagonal map bijective, the algebra K[(A,o)] is left
Noetherian and PI.

Let (X, r) be a left non-degenerate set-theoretic solution of the Yang-Baxter equation
and put

A=AX,r)={zeX |z+y=y+0oy,(x), for all z,ye X)!,

the additive monoid of the unital structure YB-semitruss M (X, r). From Lemma 3.1.10,
recall that for a unital YB-semitruss the identity elements of the additive and the multi-
plicative monoid coincide, i.e. 0 = 1. Furthermore, note that (3.4) implies that any right
ideal b+ A of (A,+) is a two-sided ideal of (A,+). An element a € A is said to be left
divisible by be A if a = b+ ¢ for some ¢ € A. Note that, by (3.4), this is equivalent with
a=d+b+c, for some ¢,d € A.

Consider the submonoid

C=C(A)={o,|acA)=(o,|xeX),
of End(A,+), with identity element oy = id4. Furthermore, recall from (3.7) that, for
a,be A,
Ta0b = 0Obta = Oataq(b) = Toqa(b) Tas (3.46)
and thus
0,CcCoq. (3.47)

So, every left ideal of the monoid C is a two-sided ideal. If C is finite (for example if X
is finite), there exists a positive integer, say v, so that

2

v _ —
Op = 0wz = Oyps

is an idempotent, for all € X, where vz denotes x +---+ x and = appears v times.

From now on X = {z1,...,2,} is a finite set and thus any element of A = A(X,r)
is left divisible by only finitely many elements. Let a € A = (x1,...,2p | @ + 7 =
T+ 0y (), forall i, j e {1,... ,n})!, and let m; be the maximal non-negative integer

so that a is left divisible by myx1, that is a = mix1 + b and b € A can not be written as
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x1+d, for some d € A. Repeat this argument on b and consider the maximal non-negative
integer msy so that b = maoxs + ¢, for some c € A. After at most n steps we get that

a=MiT1L +Maxo + - + MpLy,

for some non-negative integers m;. Notice that vx; + vz; = vx; + Ova; (vx;) = v+
Ve (1), and oy, (2;) € X. Hence,

B(v) = {mjvzy + -+ mpvzy, | my,...,my >0}, (3.48)
is a submonoid of (A, +). Furthermore,
A=B(v)+ F(v), with F(v) = {mjz1 +--+mpz, |0<my,...,m, <v}. (3.49)

Thus, A is a finitely generated module over the finitely generated submonoid B(v). For
1<i1<n, put

yi=vr; and  X(v)={y1,...,Yn}
So, B(v) = {myy1 + - + mpyn | m1,...,my > 0}. The left derived solution s: X x X —
X x X :(z,y) = (y,04(7)) of (X,r) induces a solution sx ) : X(v) x X(v) - X (v) x
X(v): (yi,y5) = (Y5, 0y;(yi)). Hence,

B(v) = AXX(0), 5x0) = (i | 1 <7 <)l
For 1 <j<n, put
0j =0y, = Oz, -

Because of (3.46) and since, for any y € X (v), o, is idempotent, any non-identity element
of C(B(v)) = {0.|ae B(v)} can be written as o, ---0;,, for some ji,...,j; and some
k<n.

Let 0j, 0,0, € C(B(v)), with J = {ji1,---, ji} asubset of {1,...,n}. Then, for any
JieJ, by (3.46),

95195101 " Ok = 90, (yj,,,) Ot Odiaz ™" Tk
= 905, Wirr) 905, Wign) 7 P05y (i) Tt

Since o, is idempotent, we obtain

T Tk Ot = 9oy (Wip40) P05y Whgn) " oy (ys) Tt T

= O-Ujl (yjl+1 ) UUjl (yjl+2) O-o'jl (y]k) Ujl
=), O - (3.50)

From (3.50), it follows that each oj, - 0;
following property. Recall that og =id4.

, is an idempotent. So, we have shown the

Lemma 3.4.1. The submonoid C(B(v)) = {0j, 0j,--0j, | 1 < ji,~jk <n, 1 <k <
nyu{oo} = {0, 0j, 04, | 1 < J1,Jk < noall distinet,1 <k <n}u{og} of C(A) is a
band, i.e. every element of C(B(v)) is an idempotent.
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For 1 <k <mn and k € Sym,,, put

e =y1+ "+ Yk,
K(tk) = Y1)+ + Yu(k)s
Bn(tk) = <yH(Z) [1<i< k>17

and
T= {’%(tk) | 1<k<n, ke Symn}a

all elements or subsets of B(v), and thus also of A. Note that B, = By, = B(v), for
all k € Sym,,. Let 0 # w e B(v). Assume w = w' + y, for some 1 <k <n. Let m be the
maximal non-negative integer so that w’ is left divisible by my,. Then, w = myg+w"” +yp,
for some w"’ € B(v) that is not left divisible by y. If 0 # w”, then we repeat the argument
on w' and after at most n steps we get that

w=w + 1,
for some t € T" and wy € B;. By (3.50), we have
Ow = Owy4t = Ot Oy, = O .
Similarly, o4t = 0404 = 0¢, for all a € By, and thus
a+b+t=a+t+o(b)=a+t+0o44(b)=b+a+t, (3.51)
for all a,b € B;. In particular, as t € By,
a+t+b+t=b+t+a+t,

for all a,b € By, so each By +t is an abelian semigroup. Hence, with the above notation,
we obtain the following result.

Lemma 3.4.2. Let (X,r) be a finite left non-degenerate solution, and put A = A(X,r).
With the above notation, A = B(v)+F(v), and B(v) = {0} UUr (B +t) is a finite union
of abelian subsemigroups.

Furthermore, for k € Sym,, 1<k <n,and 1 <[ <k,

k() + Yty = Ynry + (k) (3.52)

for some n € Sym,,, and 1 <1’ < k.

To prove this, it is sufficient to deal with the case that x is the identity map, so
k(1) =1 for 1 <i <n. Hence, we need to show that, for any 1 <[ <k <n, one can rewrite
te+ Y1 = Y1+ Y2+ + Y+ Y1 as Yy + 1 (tk), for some n e Sym,, and 1< 1" <k. If 1 =1,
then this is obvious. Assume k >1[ > 1. Then,

tktyi=yi+-+ypty + Uyl+~~-+yk+yl(y1 +o 4 Yn).
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Hence, since o is an anti-homomorphism and because of (3.50),

k+y=yi+ys1+-+y+ty + O-yl+1+---+yk+yl(y1 +o o ym)
=yityrtoct Yyt Yot Yt Y
=y +n(tx)
= Ypry + n(tk),

for some n and I’ = k, as desired. It remains to deal with the case k = (. Since oy, is an
idempotent and o is an anti-homomorphism,

b+ Yk = Yk + Yk + Oypry, (Y1 + 0 + Y1)
=Y+ Yk + oy (Y1 + 0+ Y1)
=Yty to Y1t Yk
=Yg + tk,

again as desired.

Let K be a field. For any t € T', K[B;+t] is a left K[ B;]-module for the module action
K[B;] x K[B; +t] - K[B; + t] defined by the linear extension of (a,b+1t) — a+b+t,
where a,b € B, and t € T. By (3.51), a+b+t =0b+a+t, for all a,b € B;. Hence,
K[B;+t] = K[B]®™ +t, with K[B;]* = K[B;]/[K[B;], K[B:]] the abelianization of the
algebra K[B;]. As the finitely generated commutative K-algebra K[B;]? is Noetherian
(via Hilbert’s basis theorem) and K[B; + t] is a cyclic (and thus finitely generated)
left K[B;]%-module, we get that the commutative (non-unital) algebra K[B; +t] is a
Noetherian left K[B;]-module.

Let x € Sym,,. Since By, = By,) = B(v), the previous paragraph implies that
K[By,)+r(tn)] is a Noetherian left K[B(v)]-module, and, as ring, it is commutative.
Put

Rn = Z K[B/@(tn) + K(tn)].

KkeSym,,
Clearly, this is a Noetherian left K[B(v)]-module. Furthermore, from (3.52) it follows
that R, is an ideal of K[B(v)]. As a ring it is a sum of left ideals that are PI-algebras
(actually each of the left ideals is commutative as a ring) and thus, by a result of Rowen
[159] (or more general a result of Kepczyk [1 1], which states that a ring which is a sum
of two Pl-rings is again a PIl-ring), R, is a Pl-algebra.

Next consider the K-algebra K[B(v)]/R,. For any k € Sym,, it easily is verified
that (K[B., )+ k(tn-1)]+ Ry)/ Ry is a left K[B(v)]/R,-submodule of K[B(v)]/R,.
With a similar reasoning as above, we obtain that K[B,, ,)+#(ts-1)] is a Noetherian
cyclic left K[ By, _,)]-module, and thus (K[By, ,)+#(tn-1)]+ Ry)/ Ry is a Noetherian
left module over K[B(v)]/R,,. Furthermore, as a ring it is commutative. Put

Rn—l = Z K[Bm(tnq) + K;(tn_l)].

KkeSym,,
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By (3.52), Ry-1+ Ry /Ry, is an ideal in K[B(v)]/R,, and a Noetherian left K[B(v)]/Ry-
module. Consequently, R,_1 + R, is a Noetherian left K[B(v)]-module. One can repeat
this process in an obvious manner, making use of the sets

Rp= )., K[Byy,)+5(tr)],

KeSym,,

where 1 < k <n. Put Ry = K. It follows, in particular, that the algebra K[B(v)] =
Ry+ Ry +---+ R, is left Noetherian. Since a K-algebra V is PI if it has an ideal I so that
both algebras I and V/I are PI, we obtain that K[B(v)] is also a Pl-algebra. Indeed,
we get that R, Ry,-1+ Ryn/Rn, Rp—2+ Ryp—1+ Ry /Ry-1 + Ry, and so on, are PI, and thus
Ro+---+ Ry = K[B(v)] is a Pl-algebra. By (3.49), K[A] = ¥ ¢cp(v) K[B(v)] + f. So, the
K-algebra K[A] is a finitely generated module over the subalgebra K[B(v)], and thus,
see for example [160, Section 0.2], K[A] is also a left Noetherian Pl-algebra (actually it
is a Noetherian left K[B(v)]-module).

By definition (3.48) of B(v), we get that the Gelfand-Kirillov dimension of K[B(v)]
is bounded by n. Since K[A] is a finitely generated module over K[B(v)], its Gelfand-
Kirillov dimension is also bounded by n. We thus have proven the following result.

Theorem 3.4.3. Let (X,r) be a finite left non-degenerate set-theoretic solution of the
Yang-Bazter equation. Put X ={z1,...,x,}, and let v be a positive integer so that ol is

an idempotent endomorphism, for all x € X. Then, with the notation introduced above,
the left derived monoid A(X,r) satisfies the following properties.

(1) A(X,r) = B(v) + F(v), i.e. A(X,r) is a finitely generated module over B(v) =
A(X(v),sx(w)) = (Y1 =071, .., Yn = vap)'.

(2) C(B(v)) is a band.

(3) For 1 <k <mn, ty, =y1 +-+yp € B(v), and k € Sym,,, each By, ) + k(ly) is a
commutative semigroup, where By, ) = (Y. | 1< < k).

(4) For 1<k <n and By = Ugesym, Br(t,) + 5(tk),
B,<B,uB, 1< CcB,uU--UByuBj < B(v),
is an ideal chain of B(v).
(5) Each Rees factor semigroup of the ideal chain is a finite union of left ideals
(Bn U Bp1U-UBj1 U B,y + k(L)) (Bp U By U U Biy),
with Kk € Sym,,.
(6) A(X,r) satisfies the ascending chain condition on left ideals.
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(7) For any field K, each factor of the ideal chain
{0} c K[B,] < K[B,]+K[By-1] << K[By] +--+ K[B] < K[B(v)],

of K[B(v)] is a Noetherian left K[B(v)]-module that is a finite sum of finitely
generated commutative rings.

In particular, K[A(X,r)] is a Noetherian left K[B(v)]-module, and K[A(X,r)] is a
left Noetherian Pl-algebra of finite Gelfand-Kirillov dimension bounded by n.

In general the algebra K[A(X,r)] is not right Noetherian. Indeed, consider the
solution from Example 3.1.19, i.e. (X,r) with r(z,y) = (y,y), for all ,y € X. So, r is
idempotent and left non-degenerate. For simplicity, take X = {x,y}. To avoid confusion
of the operations in the structure algebra, we will write A(X,r) multiplicatively, i.e.
A(X,r) = (z,y | zy = yy, yr = zx)! = {2,y | n > 0}. In K[A(X,r)] we have (z"~y")a =
0, for all a € A(X,r) ~ {0}. Hence, ¥,.0 K(z" —y") is a right ideal of K[A(X,r)] that
obviously is not finitely generated as a right ideal.

As an application of Theorem 3.4.3 we claim that the structure algebra K[M (X, )]
is left Noetherian in case (X,r) is a finite left non-degenerate solution such that the
diagonal map q is bijective (i.e. q: X — X :z ~ A }(x) is bijective). With a standard
length and induction argument one can easily show that the latter is equivalent with the
diagonal map q: M(X,r) - M(X,r):a+ \,'(a) being bijective.

From Theorem 2.2.2, it follows that for finite left non-degenerate solutions (X,7),
the structure monoid M (X, r) is a submonoid of the semidirect product A(X,r)»Im(\),
with Im(\) = {\, | @ € M(X,r)} a finite group, and A, = \,, for all a € M(X,r) (see
Remark 2.2.11). From Theorem 3.4.3, we know that the algebra K[A(X,r)xIm()\)]is a
Noetherian left K[B(v)]-module. Hence, to prove that K[M (X,r)] is left Noetherian, it
is sufficient to show that M (X, r) is a finitely generated module over B(v). To prove this,
we will show that one can choose the positive integer v in the statement of Theorem 3.4.3
so that B(v) € M(X,r), i.e. for all v € X we may also assume that Ay, =1idy;(x,). This
is what will be shown in the following result.

Recall that an algebra over a field is called representable if it can be embedded into
a matrix algebra over some field. A well-known result of Ananin [3] states that any
finitely generated left Noetherian Pl-algebra over a field is representable. Conversely,
any representable algebra is a Pl-algebra. Furthermore, an N-graded K-algebra is called
connected if its degree 0 component is equal to K.

Corollary 3.4.4. Let (X,r) be a finite left non-degenerate solution and let K be a
field. If the diagonal map q: X — X is bijective (for example if (X,r) is also bijective
Proposition 3.2.7), then there exists a positive integer v so that oy is an idempotent
endomorphism, for all x € X, and B(v) € M(X,r).

Consequently, M(X,r) = B(v)+F, for some finite subset F' of M(X,r) and the struc-
ture algebra K[M(X,r)] is a connected N-graded left Noetherian representable algebra.
In particular, so is the algebra K[(A,0)], for any unital strongly N-graded YB-semitruss
(A, +,0,\,0) with Ay finite, Ay = {1}, and with diagonal map q bijective.
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Proof. From Theorem 3.4.3, we know that A = A(X,r) is a finitely generated module
over the left Noetherian ring K[B(v)], where v is any positive integer so that each
oy is an idempotent, for x € X. Without loss of generality, replacing v by a multiple,
we may also assume, since X is finite, that (Ay|x)” = idx, for all a € M(X,r). As
Aa € Aut(M(X,r),+), it follows that A, = idps(x ), for all a € M (X, 7).

Define, for any = € X, (! = 2 and recursively z("*1) = q(z(*)) = )\;(li)(x(i)). Since,
by assumption, X is finite and q is a bijective map, we get that the latter is of finite
order, i.e. q™ = idx, for some positive integer m. So, for any z € X, (™1 = qm(z(1)) =
() = z. Since, for any positive integer k, we have that kz = z o A\;'((k - 1)z) =
zo((k-1)(N'(x))) =M oz® o...0 2 we obtain that

vmT = (x(l) ox® oo x(m))”,

where a” denotes a o --- o a, with a appearing v times, for all a € M(X,r). Thus,
Avma = (Mg Agemy)” = idar(x,ry, for all z € X. So, for any x,y € X, we get that
vmz € M(X,r), and vmz o vmy = vmz o AL . (vmy) = vmz + vmy € B(vm). Hence,
B(vm) ¢ M(X,r), and M(X,r) = B(vm) + F is a finitely generated left module over
B(vm), with F = {2 ooz’ |0 <my,...,my <vm} a finite subset of M (X,r).
Because of Corollary 3.1.16, for any unital YB-semitruss (A, +,0,\, o) with bijective
diagonal map, that is strongly N-graded, with A; finite and Ay = {1}, we have that the
algebra K[(A,0o)] is a graded epimorphic image of the structure algebra K[M (A1,74,)]
for the finite left non-degenerate solution (A,74,) with bijective diagonal map. So, the
last statement of the result follows from the first one. O

In [07, 98], it is proven that if (X,r) is a finite left non-degenerate bijective solution
(so a finite non-degenerate bijective solution, by Theorem 3.2.8), then M = M(X,r)
is a finitely generated (left and right) module over an abelian normal submonoid T
of M (which may be embedded in A(X,r)), i.e. M = UtpTf = Upep fT, for some
finite subset F' of M. Hence, G(X,r) is (finitely generated) abelian-by-finite (see also
Chapter 2). Put A = A(X,r). Then, C(A) is a group with the identity map id4 = o9
as the only idempotent. Furthermore, by (3.4), any element of A is a normal element.
Also, for an appropriate choice of v we get that, for any x € X, \Y =idy, and o5 is an
idempotent, thus o2 =id4. Hence, B(v) € (Z(A)n M). Since B(v) is invariant under
the A-map, i.e. \,(B(v)) = B(v), for all a € M, it follows that a o B(v) = B(v) o a, for
all a € M. So, one obtains [98, Theorem 3]. More precisely, K[(M,o)] is a module-finite
normal extension of the commutative affine subalgebra K[B(v)], and thus K[(M,o0)] is
a left and right Noetherian PI-algebra. Note that the finite bijective left non-degenerate
assumption implies that the diagonal map is bijective, because of Theorem 3.2.8 and
Lemma 3.2.4.

3.4.2 YB-semitrusses with a left simple semigroup of endomorphisms
and their solutions

Let A = (A,+,0,\,0) be a YB-semitruss and assume that C = C(A) = {0, | a € A} is a
finite subsemigroup of End(A,+). From (3.47), it follows that every left ideal of C is a
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two-sided ideal. Then, C has an ideal chain
CocCi--cCp1€C,=C, (3.53)

with Cy = {6} or Cy is the empty set, and all principal factors C;/C;_; are either a null
semigroup or completely (6)-simple. For more background on semigroup theory, we refer
to [58]. In case C;/C;_1 is completely (6)-simple, it is of the form M°(G,k,1, P), with
G a maximal subgroup of C and P a regular sandwich matrix (no row or column of P
consists wholly of zeros). Elements in this semigroup are k x [ matrices with at most one
nonzero entry, usually denoted by (g,i,7), with g e G = Gu {0}, 1 <i<k, 1<j<I.
So, (g,1,7) is the k x [ matrix with element ¢ at position (i,j) and zero elsewhere.
All elements (0,i,7) are identified with the zero element #. The multiplication of two
elements (a,i,7),(b,i',5") € M°(G,k,1,P) is given by (a,i,7)(b,i',5") = (apjirb,i,j),
where P = (pgy), an | x k matrix over G°. For any element z = (a,i,5) in M°(G, k,, P),
there exist nonzero idempotents e, f such that exf = x, which implies that any element
has an idempotent as left identity. Indeed, ex = e(exf) = ez f = exf = x. Hence, as
RuCji_q is a left ideal of M°(G, k,1,P) u C;_1, for a “column” R of this semigroup
MOY(G, k,1, P), we get that RuC;_q is a left ideal of C. Since any left ideal of C must be
a two-sided ideal, we get that, by the definition of the multiplication, there can only be
one column in M°(G, k,1, P), i.e. [ =1.

So the principal factors that are completely (#)-simple (or possibly simple in case
of Cy, if Cy is the empty set) are of the form M%(G, k, 1, P). Furthermore, two matrix
semigroups MY(G, k,1, P) and M°(G,k,1, P') are isomorphic if there exist an element
u and a k x k matrix V' such that P’ = wPV. Thus, without loss of generality, we can
normalize the 1 x k row matrix P and assume that all its entries are the identity element
of the group G, say 1. So,

MG,k 1,P) =G U UG,

a finite union of finite groups, with G;G; ¢ Gj, for all 1 < 7,5 < k. Furthermore, the
identity elements e; € G; are of the form e; = (1,4,1), and are the nonzero idempotents
of MY(G,k,1,P). They form a subsemigroup of M%(G,k, 1, P) such that e;e; = ¢;, for
any two nonzero idempotents e; and e;.

In this subsection we will deal with the case that C is a finite left simple semigroup,
i.e. the only left ideal of C is C itself. This happens for example if (A, +) is a right simple
semigroup, because a left ideal L of C yields a right ideal I = {a | o, € L} of (A,+). So,
the ideal chain (3.53) becomes

CocCr=C,

where Cj is the empty set, and by definition, C = C1/Cj is not null. So, C is a completely
simple semigroup, and from what we know from before, C is of the form

C=G1u---uUGy,
a disjoint union of finite groups with respective identities ey, ..., e;. Moreover, we have
GZ‘GJ' cG; and €;ej = €;. (3.54)
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Consider the anti-homomorphism o : (A, +) — End(A, +) and define the following sub-
semigroups of (A,+), for 1 <i<mn,

Ai=0H(Gi)={ac Ao, G}
Note that they are left ideals of (A, +) by (3.54). Denote, for 1 <i < n,
Gi(A):={op(a) |op e G;, ac A} ={op(a) |be A;, ac A}.

Let ae€ Aj and be A; (or oy, € G;). Since 0,04 = Tgy(a) b DY (3.7), we get, using (3.54),
that o,,(q) € Gi- So, Gi(A) € A;. As e; is the identity element of G;, we have that
eiop = op and G;(A) is a subsemigroup of (A,+). For a subset T of A, we denote by
Gi(T) the set {op(t) | op € Gi, t € T}. Note that, since e; € G;, we have e;(A) € A;, and
Gi(A;) € Gi(A) = Gi(ei(A)) € Gi(A;). Thus,

Gi(A) =Gi(4)).
We also have that
a+b=b+ab(a) =O‘b(a)+0'0b(a)(b). (3.55)

So, a+b e Gi(A) = Gi(4;), for any a € Aj, b e A;, and G;(4;) is a left ideal of the
semigroup (A, +). Furthermore, we can consider the following restrictions of the derived
solution (A,s4) of A,

St A] X Az g A’L X Az : ((I, b) = (b, Ub(a))
In particular, the restriction
it Agx A = Ay x Ai 2 (a,b) = (b,0p(a)),

is a solution.

Let b € A;. Since for every element of a finite semigroup, there is a power of that
element which is idempotent, we get that there exists a positive integer, say v, so that
oy =opoy. Hence, o} = e; € G;. As a consequence, using (3.7),

Op = €i0h =0 0b = 0g,,(b) Tuvb = Og¥(b) Th = Oe,(b) € = Te;(b) - (3.56)

So, for any a € A;,b e A;,

sji(a,b) = (b,0¢,y(a)) = (b, 0,y (€i(a))) = sii(ei(a),b).

Hence, as A = U}'; A;, the map s4 is determined by all maps s;;, and the projections e;,
for 1 <i<n.
Let op(a),0q(c) € Gi(A;). Then, o,,(.) € Gi and using that Gi(A;) = Gi(A) € A;, we

have that o,,(.)(0s(a)) € Gi(A;). Hence, the map s;; restricts to a solution

5iit Gi(Ai) x Gi(Ai) = Gi(Ai) x Gi(A;) = (op(a),04(c)) = (04(c), 0440 (ob(a))).
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Furthermore, e; acts as the identity on G;(A;), i.e. e;(op(a)) = op(a), for any op(a) €
Gi(Ai). As G is a group we get that, for any o4(c) € Gi(4;), the map o, () : Gi(Ai) >
Gi(A;) is bijective (and of finite order, as C is finite). Therefore, the restriction

Sii Gi(A) x Gi(A;) = Gi(A) x Gi(4A)),

is a bijective non-degenerate solution (see Remark 1.3.2), and thus G;(A4;) is a normal-
izing subsemigroup of A;, i.e. Gi(A;) +a =a+ G;(A;) for all a € A;. To conclude, the
solution s;; on A; satisfies, for any a,b € A;,

Si,i(avb) = (bvab(a)) = (bvaei(b) (ei(a))7

and, as both e;j(a),e;(b) € Gi(A;), s;; is determined by its bijective non-degenerate
subsolution on G;(A4;) and the projections e;. Hence, we proved the first part of the
following result.

Theorem 3.4.5. Let A = (A,+,0,\,0) be a YB-semitruss such that C = {0, | a €
A} is a finite left simple semigroup. Let E = E(C) be the subsemigroup consisting
of the idempotents, and G, the mazimal subgroup of C containing e € E. Then, A =
UeegAe, a disjoint union of left ideals A, = 07 *(Ge), so that the derived solution sz
associated to A is determined by subsolutions, say sa,, and the idempotents e € E, and
for any ac € Ac, ay € Ay, with e, f € E, we have sa(ae,ar) = (af,af(af)(f(ae))) =
sap(f(ae),ay). Furthermore, each sa, is determined by its bijective non-degenerate
subsolution on G.(Ae) and the idempotent e.

If, furthermore, A is strongly N-graded with Ay finite if Ag = @, then, for any e €
E(C), Ac~ Ge(Ae) is finite and G.(Ae) is also strongly N-graded.

Proof. It only remains to prove the second part of the statement. So, assume A is
strongly N-graded with A; finite if Ag = @. Let e € E. Because of (3.55), Ae \ Ge(Ae)
contains elements of length at most 1, and each element of A, \ (AguU A7) belongs to
G.(Ae), as A is strongly N-graded. If Ay =@, then A; is finite and so is A \ Ge(Ae). If
Ay + &, then Agn A, = (AO +A0) NnA.c Ge(Ae) and A1nA. = (Al + Ao) NnA.c Ge(Ae)7
as A is strongly N-graded and using (3.55). So again, A, \ G.(A.) is finite, as desired.
Clearly, A, is strongly N-graded and since the o-maps are degree preserving, it follows
that Ge(A.) is strongly N-graded. Hence the result follows. O
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CHAPTER 4

Bijective non-degenerate solutions
and various types of nilpotency of
the structure monoid and group

Bad ideas is good, good ideas is terrific, no
ideas is terrible.

Leonard Baum

In this chapter, we study bijective non-degenerate set-theoretic solutions of the Yang-
Baxter equation, following [17] (Cedd, Jespers, Kubat, Van Antwerpen, and Verwimp).
In the first section, we generalize a result of Jespers, Kubat, and Van Antwerpen [97,
Proposition 4.2]. In particular, given a left non-degenerate set-theoretic solution (X,r),
we define the least cancellative congruence on (M (X, ), o), and show that it is equal to
the congruence 7 of Subsection 3.1.2, in case the solution is bijective and non-degenerate.
For this, we follow [53, Section 3] (Ced6, Jespers, and Verwimp). Furthermore, we define
various types of permutation groups discuss how they are related.

In [122], Lebed and Mortier described finite quandles whose structure group is
abelian. This corresponds to describing all finite bijective non-degenerate solutions
(X,r) with A\, = idy and p,(z) = z, for all z € X, such that its associated structure
group G(X,r) is abelian. In [122, Theorem 4.2], they show that such quandles (X, <)
are abelian, i.e. (x<y)< z=(zx< z2)<y, for all z,y,z € X, meaning that the group
gr(pe |z € X) with py(z) =2 < y, for all z,y € X, is abelian. Note that this result can
also be translated for all finite bijective non-degenerate solutions (X,r) with p, = idy,
Az(x) =z for all z € X, and with abelian structure monoid G(X,r). In this case, the re-
sult would be that the group gr(A, | x € X) with A\, (y) = y< z, for all z,y € X, is abelian.
The reason for this is that for a quandle, rack or shelf (X, <), both r(z,y) = (y,2 < y)
and r'(z,y) = (y < z,z) define set-theoretic solutions of the Yang-Baxter equation (see
Subsection 1.3.3).

In Section 4.2, we rediscover the above mentioned result of Lebed and Mortier by

113



proving necessary and sufficient conditions for the structure monoid of a finite bijective
non-degenerate solution to be Malcev nilpotent, in the sense of [136]. First, we handle the
case where M(X,r) = A(X,r) or M(X,r)=A"(X,r), using the notation of Section 2.2,
i.e. assuming the solution is equal to its left or right derived solution. These are exactly
the solutions that are obtained by racks. In Section 4.3, we then characterize when
the structure monoid M (X,r) of a finite bijective non-degenerate solution is Malcev
nilpotent. The proof contains the description of a concrete ideal chain that is based on
the divisibility properties by the natural generators X of M (X,r) and A(X,r). In case
(X, ) is a multipermutation solution of level 1, i.e. the solution is of Lyubashenko type,
we give a description of all solutions with Malcev nilpotent structure monoid M (X, 7).

In Chapter 3, we defined the retract relation for arbitrary non-degenerate set-theoretic
solutions of the Yang-Baxter equation, building on the definition of [125, 75] for finite
bijective non-degenerate solutions. We start Section 4.4 by showing that the retract re-
lation defined in [125] for finite bijective non-degenerate solutions also defines a retract
relation if the solution is no longer finite. The remaining of Section 4.4 is devoted to
bijective non-degenerate multipermutation solutions, i.e. solutions that are of size one
after applying the retract multiple times. In particular, we show that for a bijective non-
degenerate solution (X, ) of finite multipermutation level m, the solutions associated to
M(X,r) and G(X,r) are of finite multipermutation level, bounded by m + 1. If, more-
over, (X,r) is square-free, then m -1 <mpl(G(X,7),rq(x,r)) < m. A similar result was

shown in [80] for non-degenerate involutive set-theoretic solutions of the Yang-Baxter
equation.
In [83, Theorem 6.10], Gateva-Ivanova and Cameron prove that for a non-degenerate

involutive square-free solution (X,r) of arbitrary cardinality that is a finite multiper-
mutation solution of level m, its associated structure group G(X,r) and permutation
group G(X,r) are solvable of derived length bounded by m. For finite non-degenerate
involutive solutions (X, ), Bachiller, Cedé and Vendramin prove, in [13], that (X, r) is
a multipermutation solution if and only if its structure group is poly-Z, meaning it has a
subnormal series with all quotient groups isomorphic to Z. We extend these results and
show that for bijective non-degenerate multipermutation solutions (X,r) of level m, the
structure group G(X,r) is solvable of derived length bounded by m + 1. If furthermore,
the solution is square-free, then its derived length is bounded by m.

4.1 Bijective non-degenerate solutions

In Subsection 3.1.2, a least left cancellative congruence 7 is defined on (M (X,r),+),
for a left non-degenerate set-theoretic solution (X,r). In the first part of this section,
we define (completely analogue) a least left congruence v on (M (X,7),0), and we show
that v = n for bijective non-degenerate solutions.

In the second part, we deal with various types of permutation groups defined on a
bijective non-degenerate solution (X,r), and study how they are related. These include
the permutation groups defined in [8, 19, 75, 88, ) ], also known as an involutive
Yang-Baxter group in case the solution is involutive [16].
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4.1.1 Left cancellative congruences on M (X,r)

Let (X,r) be a left non-degenerate set-theoretic solution of the Yang-Baxter equation,
and put M = M(X,r). From Remark 2.2.11, we know that M and A(X,r) can be
identified via 7, so that A\, = A\, € Aut(M,+), for all a € M, and aob = a + A\, (b),
for all a,b € M. If furthermore, r is bijective, then by Example 3.1.1, we obtain that
a+M =M +a, for all a e M.

Lemma 4.1.1. Let (X,r) be a bijective left non-degenerate set-theoretic solution of the
Yang-Baxter equation, and put M = M(X,r). Let a,b,y € M. Then, there exists z € M
such that z+a=a+y, and

A (@ob) = 21 (@) 0 Mgk, (B) (1)

Proof. Let a,b,y € M. Since r is bijective, a + M = M + a, so there exists z € M such
that 2z +a =a+y. Using that aob=a+ \y(b), for all a,be M, it follows that

M(aob) =21 (a+ Xa(D))
=A21 (@) + A2 Aa(b)
:)‘gl(a) © /\gl(a))\gl/\a(b)
=221 (@) © Aoyt gy Aa(D)
=X;"(a) 0 A1 Aa(D)

z+a

=21 (a) o AL A (D)

aty
=221(a) 0 Agora1 () Aa (D)
=221(a) 0 Ayt Aa Aa(b)
=221 (@) 0 Ayt (D)
O

We define v as the smallest congruence on (M, o), such that (M,o)/v is a left can-
cellative monoid. In case the solution is bijective, we will show that v is a congruence
on (M,+). A complete description of v is given, as follows. Let

vo = {(a,b) € M? | 3¢ € M such that coa =cob},
a reflexive and symmetric binary relation on M. For every m > 0, put

Voms1 ={(a,b) € M? | 3ay,...,a, € M such that (a,a,), (a1,a2),...,(an,b) € Vo },
Vomsz ={(coa,cob) e M*|ce M and (a,b) € o1}

U{(a,b) e M?|3ce M such that (coa,cob) € vy}
Clearly, vy, € vps1 C v, for all n > 0. Let v/ = U2 vy,

115



Lemma 4.1.2. Let (X,r) be a left non-degenerate set-theoretic solution of the Yang-
Bagter equation. With the above notation, v’ = v is the least left cancellative congruence
on (M,o), and Ay = N, for all (a,b) € v. Furthermore, if r is bijective, then for all
zeM,

v2 {(AZ (), A21(0)) | (a,b) € v}, (4.2)

and v is also a congruence on (M,+).

Proof. As each v, is reflexive and symmetric, it is clear that v/ is reflexive and symmetric
as well. Let a,b,c € M, with (a,b),(b,c) € v'. Then, there exists a positive integer m
such that (a,b), (b,c) € vop,. Since vo,41 is the transitive closure of va,, we get that
(a,c) € vams1 € V. So, V' is an equivalence relation. Furthermore, each v, satisfies that
(roz,yoz) ey, if (x,y) € vy, for all ze M. Hence, (aod,bod) € vy, €/, for all d e M.
Since (a,b) € vay, C Vomy1, it follows that (doa,dob) € vomo €V, for all d € M. So, v/
is a congruence.

We will now show that v/ = v. Let a,b,c,d € M with (¢,d),(coa,dob) ev'. As v/
is a congruence on (M, o), it follows that (dob,cob) € v'. So, (coa,cob) e v'. There
exists a positive integer m such that (coa,cob) € voy,41. Thus (a,b) € vame € V. Hence
(M,0)/v" is a left cancellative monoid. Since v’ € v, and v is the smallest congruence
on (M,o0), such that (M,o)/v is a left cancellative monoid, we conclude that v’ = v, as
desired.

By induction on n, we will prove that A\, = Ap, for all (a,b) € v,. Let (a,b) € vyp.
Then, there exists ¢ € M such that coa=cob. So,

)\c>\a = )\c)\ba

and as A, is bijective, Ay = Ap, as desired. Let n > 0 and suppose that A\, = ), for all
(a,b) € vp—q1. Let (a,b) € v,,. If nis odd, then there exist (a,c1), (c1,¢2),...,(ck,b) € Vp-1,
and by the induction hypothesis,

Xa=Acy == Aep = Mp

If n is even, then either (a,b) = (coa’,cod’), for some ¢ € M and (a’,b") € v,,_1, or there
exists ¢ € M such that (coa,cob) € v,_1. In the former case, by the induction hypothesis,

>\a = )\coa’ = >\c)\a’ = )\c)\b’ = >\cob’ = >\b-
In the second case, we obtain
)\c)\a = /\coa = /\cob = /\c)‘by

by the induction hypothesis, and hence A, = Ay, as A, is bijective. So, we get that A\, = Ay,
for all (a,b) € v,. By induction, we conclude that \, = \p, for all (a,b) € v.

Furthermore, if r is bijective, by Example 3.1.1, we obtain that M +a = a+ M, for all
a € M. We prove (4.2) by induction on n. Let (a,b) € vy and y € M. Then, there exists
c € M such that coa = cob, and there exists z € M such that z+c=c+y. By (4.1),

/\;1 (coa) = )\;1(0) °© )\;%I(y)(a)'
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Since coa = cob, it follows that

A2H(€) 0 Mty (@) = AH(e) 0 Axtigy (),
and thus
(M) (9 Ma ) () € v,
for all y € M. Hence,
vo 2 {(A (@), AZ' (D)) | (a,0) € o},
for all z € M. Let n be a positive integer and suppose that
Va1 2{(\;1(a), A5 (D)) | (a,b) € wnn ),

forall z € M. Let (a,b) € v,. If nis odd, then there exist (a,c1), (c1,¢2),...,(ck,b) € Vp_1,
and by the induction hypothesis,

(AZ1 (@), A2 (en))s (AT (en), AT (e2)), s (A (er), AT (D)) € v

Hence (A\;1(a),A\;1(D)) € vy, in this case. If n is even, then either (a,b) = (coa’,cob’),
for some ¢ € M and (a’,V') € v,,_1, or there exists ¢ € M such that (coa,cob) € v,_1.
Assume the former case and let y € M. Since M +c¢ = ¢+ M, there exists z € M such that
z+c=c+y. By (4.1),

)‘gl(a) = /\;1(0) °© A;%I(y)(a,)7
and

A1) = AN (e) 0 Aty (8.

Thus, by the induction hypothesis, (A\;1(a), A;*(b)) € vy, in this case. In the second case,
again let y € M, and take z € M such that z + ¢ = c+y. By the induction hypothesis,

(A (coa), A (cob)) € v,
Using (4.1), A1 (coa) =X (c) o )\le_l(y)(a), and we get that
(Mt (@), Axti ) (D)) € v,
for all y € M. We conclude that
va 2 {(A;'(a), A1 (0) | (a,0) € v},
for all z € M. By induction, it follows that
v2 {(AZH (), A21(0)) | (a,b) € v},

for all z e M.
Finally, let (a,b) € v and c € M. By (4.2), and as v is a congruence on (M,0), we
have that
(c+a,c+b)=(co (a),cor; (b)) er.

Since A, = A, and v is a congruence on (M, o), it follows that
(a+c,b+c)=(aor, (c),bor; (c)) =(ao A, (c),bo), (c)) ev.

Hence, v is a congruence on (M, +). O
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Proposition 4.1.3. Let (X,r) be a bijective non-degenerate set-theoretic solution of
the Yang-Bazter equation, and put M = M(X,r). Let v be the least left cancellative
congruence on (M,o), and let n be the least left cancellative congruence on (M, +).
Then, n=v, and thus, for every z e M,

v={(A:(a),A:(0)) | (a,) v} = {(A;'(a),A7' (D)) | (a,D) € v}
Furthermore, A\, = \p, for all (a,b) €n.

Proof. From the proof of Lemma 4.1.2, we know that for any non-negative integer n,
and any z € M,

va 2 {(A;'(a), A1 (0) | (a,0) € v}, (4.3)

and v is also a congruence on (M, +). We show by induction on n that

v = {(Az(a), A2(0)) | (a,b) e v} = {(A;'(a), A1 (D)) | (a,0) € v}, (4.4)

for all z € M and all non-negative integers n.
Let (a,b) € 9. Then, there exists ¢ € M such that coa =cob. By (2.6), we have that

)‘y(co a) = )‘y(c) ° )‘pc(y)(a)v
and thus
Ay(€) 0 Ap. () (@) = Ay(€) 0 Ap, (y) (D),
for all y e M. Hence, (A, (y)(a), A, (y)(b)) € 1o, for all y € M. Since (X,7) is right

non-degenerate, p. is bijective, and it follows that (A\.(a),\.(b)) € v, for all z € M. By
(4.3), also (A\;1(a), A\;1(D)) € v, for all z € M, and thus

vo = {(X=(a), A=(0)) | (a,b) € v} = {(AZ (), AZ'(B)) | (a,b) € 1o},

for all z € M.
Suppose that n >0 and (4.4) is true for n—1. Let (a,b) € v, and z € M. If n is odd,
then there exist (a,c1), (c1,c¢2),. .., (ck,b) € vy—1. Hence,

(Az(a),Az(c1)), (A=z(e1), Az(e2)), -+ (A= (cr), A=(D)) € v,

and thus (A\.(a),\.(b)) € vy, in this case. If n is even, then either (a,b) = (coa’,cobd’),
for some ¢ € M and (a’,b") € v,_1, or there exists ¢ € M such that (coa,cob) € v,_1. In
the first case, by (2.6), we get

(A2(a),A:(0)) = (Az(coa’), Ax(cod')) = (Aa(c) 0 Ay () (@), Az(€) 0 Ay () (B))-

By the induction hypothesis, (4.4) holds for n - 1, and since (a’,b’) € v,,_1, also

()‘pc(z) (a,)a )‘pc(z) (b’)) € Up-1,

but then, as n is even,
(Az(a),A2(b)) = (Az(c) o Apc(z) (a’),A.(c) o )‘pc(z)(b,)) € Vn.
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In the second case, by the induction hypothesis,

(Ay(coa),N\y(cob)) evp,

for all y € M. Hence, by (2.6),

()\Pc(y) (a)7 )‘pc(y) (b)) € Up,

for all y e M. As (X,r) is right non-degenerate, it follows that

(Az(a), Az(D)) € vp,

for all z € M. Furthermore, by (4.3),

vn = {(A:(a), A2(0)) | (a,b) e vn} = {(A71(a), A7 (D)) | (a,b) € v},

for all z € M. Hence, by induction,

v={(A:(a), X:(0)) | (a,0) e v} = {(X(a), A7 (0)) | (a, ) € v},

for all z e M.

Let a,b,c,d € M with (¢,d),(c+a,d+b) € v. Since v is a congruence on (M,+),
(d+0b,c+b) ev. Thus, using transitivity, (c+a,c+0b) € v. Then, (coA;(a),coA; (b)) =
(c+a,c+b) ev. Hence, (\;*(a), .1 (b)) € v, and by the first part, (a,b) € v. Therefore,
(M, +)/v is left cancellative, and hence n c v.

By Lemma 4.1.2; A, = A, for all (a,b) e n € v. Let (a,b) € n and let ¢ € M. By
Lemma 3.1.22, we have that (coa,cob) = (c+ Ac(a),c+ (b)) € n, and since A\, = Ap,
it follows that (aoc,boc) = (a+ A(c),b+ Xp(c)) = (a+ Na(c),b+ Ao(c)) € . So,
7 is a congruence on (M,o). Let a,b,c,d € M, with (¢,d),(co a,dob) € n. Then,
(c+Ac(a),d+Xg(b)) =(coa,dob) en. Since A. = Ay, and 7 is a congruence on (M, +),
we have that

(c+ Ac(a),d+ Ac(D)), (d+ Ae(b),c+ Ae(D)) €.

So, (¢ + Ae(a),c+ Ae(b)) € n, and thus (Ac(a),Ac(D)) € n. By Lemma 3.1.22, (a,b) € 7.
Therefore, (M, o)/n is left cancellative and v € 7. So, 7 = v and the result follows. O

Remark 4.1.4. For finite bijective non-degenerate solutions (X,r), with M = M(X,r)
and A= A(X,r), Jespers, Kubat, and Van Antwerpen [97, Proposition 2.9] proved that
there exists t > 1 and a central element (z,idys) € M, with z € Z(A) and g(z) = z, for all
g € Im(\), such that the least cancellative congruence on (A, +) is

na={(a,b)e AxAla+z+-+z=b+z+-+2z, foralli>t}
—_—— —_——
1 times 1 times
={(a,b)e AxA|c+a=c+b for some ce A}
=To-
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Note that (a,b) € ng implies that A\, = A\p. Hence, it follows from [07, Proposition 4.2]
that the (least) cancellative congruence on (M,o) is

v ={((a;Aa), (b, X)) | (a,b) €14}

Furthermore, the natural map
M/77M - (A/TIA) x Im()\) : (a7 )\a) = (ay )\a)y

is an injective monoid homomorphism, and M |ny is a reqular submonoid of (A/na) »
Im(\). So, we obtain a bijective 1-cocycle (M [npr, o) — (A/na,+), with respect to X,
that extends the mapping (a,A\y) = @. Since r is bijective we know (see Example 3.1.1)
that (A,+) consists of normal elements, so (A/na,+) is a left and right Ore monoid
and also (M nyr,0) is a left and right Ore monoid. Therefore, they both have a group
of fractions, denoted gr(A[na) and gr(M [nyr) respectively. Furthermore, gr(M [nyr) =
G(X,r), the structure group of (X,r), gr(A/na) = Ag(X,r) = G(X,s), the structure
group of the left derived solution (X, s) (see Section 2.2), gr(M [nar) € gr(A/na)»Im(N),
where by abuse of notation X : gr(M [nyr) - Aut(gr(A/na)) is the natural extension of
the mapping X\, and also gr(M/nyr) is a regular subgroup of gr(A/na) » Im(N). The
latter is proven by Lebed and Vendramin in [125, Theorem 3.4.].

4.1.2 Permutation groups

Let (X,7) be a bijective non-degenerate set-theoretic solution of the Yang-Baxter equa-
tion. From Remark 2.2.11, we know that M = M (X,r) and A = A(X,r) can be identified,
such that aob=a+ A\, (b), and \, =\, for all a,be M. Since X generates M, the map
Az € Sym(X) determines A\, € Sym(M), and A, € Aut(M,+). The map

{AzeSym(X) |z e X} > {A\, e Sym(M) |z e X},
defined by A; = Az, induces an isomorphism of groups
gr(A; |z e X) > gr(Ag|ae M). (4.5)

Similarly one can see that the group gr(p, | z € X) € Sym(X) is isomorphic to the group
gr(pa | ae M) =gr(py | x € X) ¢ Sym(M).

For a bijective non-degenerate set-theoretic solution (X, ), using the notation (1.16)
and (1.20), we define various types of permutation groups associated to (X, ),

Geen(X,7) = gr((Na o35 Aas 1) | € X) € Sym(X)*,
Grp(X,7) =gr((Ae, p,') |2 € X) € Sym(X)?,
G a(X,r) =gr((Mas Ae) | 2 € X) € Sym(X)?,
Ga(X,7) =gr(As [z € X) € Sym(X),
Go(X,r) =gr(ps |z € X) < Sym(X).

120



Lemma 4.1.5. Let (X,r) be a bijective non-degenerate set-theoretic solution of the
Yang-Bazter equation. Then,

)‘(;1(75) = ﬁj\;l(a)(:ﬁ)a 5‘;1('%) = p)\gl(a)(x%
p;l(x) = )‘ﬁgl(a)($)7 pgl(l‘) = Apgl(a)(x)a
forallae G(X,r) and v € X.

Proof. We will first prove that X;l(x) = Pazi(y) (), for all 7,y € X. Indeed, since for any
z,yeX, T_lr(yv (E) = (yvx)7 we get that )‘)\y(m) (px(y)) = y. Therefore, )‘z(p)\gl(z)(y)) =Y,
and thus A\'(y) = p/\al(z)(y), for all y,z € X. Similarly, one proves that ﬁ;l(x) =
Ap:1(y) () holds for all z,y € X.

By [0, Lemma 2.1.12], the map ¢ : G(X,r) - Sym(X), defined by g(a) = g, with
9a(T) = pr-1(ay(2), for all @ € G(X,r) and z € X, is an anti-homomorphism of groups.
Similarly, one verifies that the map f : G(X,r) - Sym(X) : a » f,, where f,(z) =
Ap-1(ay(2), for all a € G(X,r) and x € X, is a homomorphism of groups. Similar to [135,
Theorem 1], the map A~ : G(X,r) » Sym(X) : a » A" is an anti-homomorphism of
groups and the map p~!: G(X,r) - Sym(X) : a = p,! is a homomorphism of groups.
Since

Ay) = Px;t@) () = 92 (y), and pt(x) = Ay (@) = fy(2),
for all z,y € X, we thus have that

5\;1(1,) = ga(x) = pz\gl(a)(x% and ﬁ;l(m) = fa(x) = )‘pgl(a)(x)a

for all a € G(X,r) and x € X. This proves two of the equalities in the statement of the
result. The other two equalities are proven similarly. O

In [8, Definition 3.10] (or [0, Definition 2.1.13]), Bachiller defined the permutation

group
gr((Aes92") 2 € X) ={(Nag,") @€ G(X,r)} € Sym(X)?,

with go(z) = pr-1(0)(2), for all @ € G(X,7) and z € X. So, by the previous result, the
permutation group in the sense of Bachiller is in our notation the group G, 5(X,r).

Lemma 4.1.6. Let (X,7) be a bijective non-degenerate set-theoretic solution of the
Yang-Bazter equation. Then, the groups Ggen(X,7), Gr,(X,7), and G, (X, r) are iso-
morphic.

Proof. Define the maps

hgen : G(Xar) - ggen(X7T) a= (Aaapgla;\mﬁ;l)a
hap: G(X,r) = G p(X,r) rar (Aaypgh), (4.6)
h)\’j\ : G(X,r) — g)\75\(X,T) T ()\auj\a),
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and note that they are all epimorphisms of groups.

First, we will prove that p,(Ker()\)) = Ker()), for all z € X. Let a € Ker()\) and
r € X. Denote the inverse of z in G(X,r) by T and note that Az = \;* and pz = p,'.
Then, A\, =idx, and we have by (1.17),

)\x = >\a)\x = )‘Aa(x))\,ﬂz(a) = )\‘T)\Pav(a)’

and
Az = Az = A @) Aps(a) = A Aoz(a)-
Hence A, (q) = idx and A,-1(4) = idx, and thus p;(Ker())) = Ker()). Similarly, one

proves that
Ma(Kex(p)) = Ker(p), pu(Ker(3) = Ker(A),  As(Ker(p)) = Ker(p),

for all z € X.
Next, we show that

Ker(A) nKer()) = Ker(\) nKer(p) = Ker(p) nKer(p),

and thus Ker(h, 5) = Ker(h, ) = Ker(hgen). Let a € Ker(A) n Ker()\) and z € X. Then,
by the first part, 5\[,;1(@ =idx and A,-1(4) = idx. Using Lemma 4.1.5, we obtain

p;l(x) = 5‘ﬁ,ﬂn’.l(a)(w) =z, and ﬁ;l(x) = Ap;l(a)(x) =Z.

This shows that Ker(\) n Ker()\) ¢ Ker(p) n Ker(p). The other inclusion follows by
a symmetric argument. We also showed that Ker(\) nKer()) € Ker(p) nKer()). Let
b e Ker(p)nKer(\). As Ker(p) is Ap-invariant by the first part of this proof, for any = € X,
we have that py-1(;) = idx. Therefore, 5\;1(33) = pr-1vy(2) =, for all z € X. This shows
that Ker(p) nKer()) € Ker(A\) nKer()), and thus Ker(\) nKer()) = Ker(p) n Ker()).
Thus, we indeed have shown that Ker(h N 5) = Ker(hy ) = Ker(hgen). Therefore,

Grp(X, 1) 2 G(X,r)[Ker(hy,) = G(X,r)/ Ker(hgen) = Ggen(X, 1),

and
g)\A(X,T) ~ G(X,r)/Ker(hm\) =G(X,r)/Ker(hgen) = Ggen(X,7),

as desired. O

In the proof of Lemma 4.1.6, we also showed that Ker(\)nKer()) = Ker(A)nKer(p) =
Ker(p) nKer(p). This yields Ker(\) nKer(p) = Ker(\) nKer(p) nKer(\) nKer(p), and
by symmetry between (X,r) and (X, ') we obtain

Ker(\) nKer(p) = Ker(\) nKer(p). (4.7)

Definition 4.1.7. Let (X,r) be a bijective non-degenerate set-theoretic solution of the
Yang-Baxter equation. We define the permutation group G(X,r) of (X,r) as

G(X,r) =G\ p(X,7).
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In case the bijective non-degenerate solution (X,r) is involutive, we have p,(x)
/\;\i(y)(sv) and \;(y) = p;yl(x)(y), for all z,y € X, and G(X,r) = Gy ,(X,r) = Gr(X,7) =
Go(X, 7).

Remark 4.1.8. Let (X,r) be a bijective non-degenerate set-theoretic solution of the
Yang-Baxter equation, and put G = G(X,r). Then, (G,+,0) is a skew left brace (see
after Example 3.1.26), and the socle of G is defined as, see Subsection 1.3.1,

Soc(G) ={ae G|\, =1dg and p, =idg}.

Note that both A\, and p, are maps in Sym(G). If (X,r) is an injective solution (see
Section 2.1), then A\, = idq if and only if Ag|x =idx. In this case Soc(G) = Ker(hy p),
with hy , defined by (4.6), so G/Soc(G) = Gy ,(X,r). However, in general, we know that
forae G, A\g|x =idx implies A\, =1id¢g, and similarly for the p-maps. Hence,

Ker(hy,,) € Soc(G),
and thus G| Soc(G) is an epimorphic image of
G/ Ker(h)\7p) = g)\7p(X, 7")‘

In [5, Example 3.12] (or [0, Example 2.1.15]), Bachiller gives an example of a solution
(X,7) where G, 5(X,r) and G/Soc(G) are not isomorphic. In fact, in this evample

G/Soc(G)=2Z[2Z and G(X,r)= g/\’;\(X,r) =Gy p(X, 1) 2 Z.

We provide another example, with the same idea. Let X = Z[nZ for a positive integer
n. Let r: X x X - X x X be the bijective non-degenerate solution defined by r(z,y) =
(f(y), f(x)), with f(x)=x+1, for all z,y € X. This is a solution of Lyubashenko type.
Foranyrze X, zo(zx—-1)=xzo(x+1) holds in G =G(X,r), and thus t(z—-1) =(z+1),
where 1+ X - G is the natural map. If n is odd, then G is free abelian of rank 1, and
Soc(G) = G. Hence, G/Soc(G) = {1¢}, when n is odd. If n is even, then G = gr(0,1 |
0o0=101) and Soc(G) 2gr(000,100,001). Hence, G/Soc(G) = Z/27Z if n is even.
In both cases, G(X,r) = Z/nZ.

As Ker(hy ) is a normal subgroup of G(X,r), it is easy to see that Ker(hy ,) is an
ideal of the skew left brace G(X,r). This allows to define an addition on G(X,r) by
s Pat) + Aoy p3 1) = (Nasns pgty), for all a,be G(X,r). Then, (G(X,1),+,0) is a skew
left brace (see [S, Theorem 3.11] or [0, Theorem 2.1.14]).

4.2 Malcev nilpotency of A(X,r) and A’(X,r)

Malcev proved that nilpotency of groups can be defined via some specific identities, the
so-called Malcev identities, leading to the definition of a Malcev nilpotent semigroup
[130]. Let F be the free semigroup on {z,y,z, | n > 1}. For any non-negative integer n,
the Malcev words

xn:xn(xﬂy;zlr"azn)eFv a‘nd yn:yn(xﬂy;zla"'azn)eFv
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are defined recursively as

To =, Yo=Y,

Tn+l = Tn2n+1lYn,  Yn+l = YnZn+1dn-

A semigroup S is called Malcev nilpotent of nilpotency class n (or, simply, nilpotent of
class n) if n is the smallest non-negative integer such that, in S,

xn(svt; Ui,y ... 7“71) = yn(57ta Uy ... aun)u
for all s,te S and uy,...,u, € S'. A group H is Malcev nilpotent of class n if and only
if H is nilpotent (in ordinary sense) of class n (see for example [104, 145]).

Let (X,r) be a bijective non-degenerate set-theoretic solution of the Yang-Baxter
equation. If M = M(X,r) is Malcev nilpotent of class n then, as an epimorphic image,
the subgroups gr(A, | a € M) (resp. gr(pq | a € M)) of Sym(M) is nilpotent, and thus,
by (4.5), so is the subgroup gr(\; | z € X) (resp. gr(ps; | z € X)) of Sym(X).

In this section we determine when the left and right derived structure monoid A(X,r)
and A’(X,r) respectively of a bijective non-degenerate set-theoretic solution (X,r) are
Malcev nilpotent. More precisely, we will show that if the permutation group of the right
derived solution (X,s’) associated to (X,r) is nilpotent of class n, then the structure
monoid M(X,s") = A'(X,r) is Malcev nilpotent of class not exceeding n + 2. Next, we
extend a result of Lebed and Mortier [122, Theorem 3.2], and show that the structure
group of a finite abelian rack is a finite conjugacy group with torsion subgroup equal to
the commutator subgroup. Finally, together with a combinatorial description in terms of

r-tuples of lower-triangular matrices with non-negative entries given in [122, Proposition
2.1], it is possible to give a full description of all finite abelian racks, generalizing the
result for finite abelian quandles given in [122, Theorem 2.3].

Let (X,r) be a bijective non-degenerate set-theoretic solution of the Yang-Baxter
equation. In what follows, we focus on the right derived solution (X,s’), and the right
derived structure monoid A’(X,r). To highlight this, we will denote the solution by
(X,74), and consider the associated rack (X, <), with Az (y) = y<z (see Subsection 1.3.3
and Section 2.2). So, rq(x,y) = (Az(y),z), for all z,y € X. The other situation,
i.e. where (X,rq) = (X,s), can be handled in the same way. We denote G(X,r4),
M(X,r4) and G(X,rq) by G(X,<), M(X,<) and G(X,<), respectively. Note that
G(X,<) 2G\(X,rq). To ease notation, identify these groups for this class of solutions,
ie. G(X,<)=gr(N\; |z e X).

Proposition 4.2.1. Let (X,<) be a rack, with permutation group G(X, <) being nilpo-
tent of class n. Then, the structure monoid M(X,<) of (X,rq) is Malcev nilpotent of
class at most n+ 2, and the structure group G(X,<) of (X,rq) is nilpotent of class at
most n + 2.

Proof. Let (X,<) be a rack, and assume that the group G(X, <) is nilpotent of class
n. Put M = M(X,<). Let a,b,aq,...,an+2 € M, and consider, for 1 <i < n + 2, Malcev
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words
x; :jS(a7b;a17...,ai) EM7

Then, it follows that A;, = Ay, as G(X, <) is Malcev nilpotent of class n. Furthermore,
since (X,rq) is a set-theoretic solution of the Yang-Baxter equation, we get by (1.17),

Ayn Az, = Az, Ay, = )‘Azn(yn)Axn'

Hence, by bijectivity of Ag,, we conclude that Ay, () = Ay,. Moreover, using again
(117, Ay Ay = Ax, (gn) Aums SO Ax, (yn) = Ayn- Put 2= Ay, (yn) € M. Then, as A, =
Ayn = Azps We get A g, = A, A = )\/\xn (z))\xn and, in consequence, >‘/\xn(2’) = ),. Thus,
in M, we have

Tn o2z =N, (2)0x, = )‘/\In(z)(fcn) 0 Az, (2) = Az(wn) © As, (2),

implying that

Yn O Tp © Tp © Yn = )‘yn(fvn) © Yn © Az, (Yn) © Ty
= Ay, (Tn) © Ay, (A2, (Yn)) © Yn 0 Ty,
= A2(2n) 0 Az, (2) oY 0 Tp
=2p02Z0Yy 0Ty
=T 0 Ay, (Yn) © Yn 0 Ty,
=Tpn OYn ©Yp © Tn.

Using the previous equality, it follows that

Yn O Ty © @O Ty © Yy = Yp © Ay, (@) 0 Ty 0 Ty 0 Yy,
= )‘yn(>‘xn(a)) OYn ©Tp ©Tn OYn
= Az, (Ay, (@) 0y 0 yn 0 Yp 0 Ty
zwno)\yn(a)oynoynoxn
=2y O Yp ©AO Yy O T,

for all a € M. Finally, the last equality leads to

Yn+2 = Yn © (An+1 0 Tp) © Ans2 0 (Tn © A1) © Yn
=Yn O Tn o )\;,{(anﬂ) © Gnp+2 © )\:pn(anﬂ) ©Tn O Yn
=(Znoyn)o )\;i (@n+1) © ans2 © Az, (an+1) © (Yn 0 p)
=Tn 0 Ay, (/\;le(anﬂ)) O Yn ©An+2 ©Yn © /\;i()‘mn (an+1)) © 2y,
= T © Gp41 © Yn © Apa2 © Y © Al © Ty
= Tn+2-

Hence, M is Malcev nilpotent of class at most n+2. Similarly, one proves that G(X, <) is
Malcev nilpotent of class at most n+2, and thus it is nilpotent of class at most n+2. [
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In [122], Lebed and Mortier describe all finite quandles (X, <) with abelian structure
group G(X,rq), where rq(z,y) = (y < z,x), for all z,y € X. In particular, they prove
that these quandles are abelian, i.e. (a<1b) < c=(a< ¢)<b, for all a,b,ce X. With a
similar proof, racks (X, <) with abelian structure group G(X, <) are abelian. Equiva-
lently, since A\, (y) = y< x, the associated permutation group G(X,<) =gr(\, |z € X) is
abelian. Furthermore, in the same paper, it is shown that the structure group G(X,r4)
of a finite abelian quandle (X,<1) is a central extension of a free abelian group by an
explicit finite abelian group isomorphic to the commutator subgroup of G(X,r4). The
latter can also be proven for G = G(X,<) in case (X,<) is a finite abelian rack (see
Corollary 4.2.5). To do so, first note that in G we have A\;(y) =xoyoZ for all z,y € X,
where T denotes the inverse of x in G. The map A : X - Sym(X) : z » ), induces a
unique homomorphism

A:G—>G(X,<):gm Ay

Furthermore, for z1,...,z, € X and 3’ € {z;,7;}, we have that 27"~z € Ker(\) if and
only if )\xil"')\win =idx, where Az = )\;1. Since

En

€1
:El O +++ 0 :En

— €1 S
°y= )‘r?)\:ti"(y) °oxy o ---o:L'n",

for all y € X, it follows that Ker(\) ¢ Z(G). Hence, the group G/Z(G) is a homomorphic
image of the group G/Ker(\) 2 G(X,<), which shows the following result (compare
with Proposition 4.2.1). However, it may happen that Ker(\) # Z(G) (compare with
Remark 4.1.8). To provide an explicit example of this phenomenon consider X = {1,2}
and define z < y = f(x) for x,y € X, where f is the unique non-trivial permutation of
X. Then,

G=G(X,<)=¢gr(1,2|1o1=201=202=102)2Z.

So, G =Z(G), but G/Ker(\) 2 G(X,<) 2 Z/2Z. Thus, Ker(\) # Z(G).

Corollary 4.2.2. Let (X,<) be a rack and put G = G(X,<). Then, the group G/Z(QG)
is a homomorphic image of the permutation group G = G(X,<). In particular, G is
nilpotent if and only if G is nilpotent, and the nilpotency class of G is equal to or exceeds
by one the nilpotency class of G. Furthermore, G is solvable if and only if G is solvable,
and the derived length of G is equal to or exceeds by one the derived length of G.

The following lemma contains a known result on the structure of nilpotent structure
groups. For more background, see for example [155]. The second part of the lemma is
due to Cedd, Gateva-Ivanova, and Smoktunowicz [11] and Lebed and Vendramin [125].

For a group G, we denote

T(G)={geG|g" =1, for some positive integer n},

the set consisting of the elements of finite order (also called the torsion elements), called
the torsion subgroup of G. Furthermore, the commutator subgroup of G is

[G,G]={[g,h] =ghg 'h™" | g,h e G},

where g~ denotes the inverse of ¢ in the group G.
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Lemma 4.2.3 (Cedé, Gateva-Ivanova, and Smoktunowicz [11], and Lebed and Ven-
dramin [125]). Let (X,r) be a finite bijective non-degenerate solution of the Yang-Baxter
equation, and put G = G(X,r).

(1) If the group G is nilpotent, then G is finite-by-(free abelian). Moreover, G is a
finite conjugacy group (i.e. G has finite commutator subgroup).

(2) If G is torsion-free, then G is nilpotent if and only if G is abelian, or equivalently
the injectivization Inj(X,r) of (X,r) is the trivial solution. Hence, if (X,r) is a
finite non-degenerate involutive solution, then G is nilpotent if and only if G is
abelian.

Proof. (1) Recall from Chapter 2 that the group G is abelian-by-finite and finitely gen-
erated. Assume G is also nilpotent. Then, 7' = T'(G) is a finite characteristic subgroup
of G and G/T is torsion-free and nilpotent (see for example [158, 5.2.7]). Furthermore,
since G is abelian-by-finite, also G/T is abelian-by-finite. It follows that G/T is a nilpo-
tent Bieberbach group. As a corollary of [77, Theorem 3|, we get that G/T is finitely
generated and abelian, so by the fundamental theorem for finitely generated abelian
groups it is a direct sum of finitely many cyclic groups of infinite or prime-power or-
ders. Hence, as it is also torsion-free, G/T is a free abelian group. So, G itself is indeed
finite-by-(free abelian). Furthermore, since G/T is abelian, we get that the commutator
subgroup [G,G] € T, and it is finite as T is finite. By a result of Neumann [144, Theorem
5.4] (or see [158, 14.5.11]), G is a finite conjugacy group, meaning that every conjugacy
class of G is finite.

(2) Recall from Section 2.1 that G = G(Inj(X,r)), and thus it is sufficient to prove

the first part for injective solutions (X,r). It was shown in [100, Theorem 6.5] that
G is torsion-free if and only if Inj(X,r) is involutive. The result now follows from the
involutive case, which was shown in [/, before Corollary 4]. O]

Finally, in order to prove Corollary 4.2.5, we need the following result on the torsion
elements of the right derived structure monoid of a finite bijective non-degenerate set-
theoretic solution of the Yang-Baxter equation. Recall from Section 2.2 that Ay, (X,r)
is the structure group of the right derived solution (X,s’) of (X,r), where s'(z,y) =

(12(y),x) and 7,(y) = prpgl(x)(y), for all z,y € X.

Proposition 4.2.4. Let (X,r) be a finite bijective non-degenerate solution and put
Agy = Ay (X,r). Then T(Ayg,), the set of torsion elements of Ay, coincides with the

finite group [Aly, AL]. Also, T(Ag(X,1)) = [Ag(X.7), A (X,1)].

Proof. We only prove T'(Ag,(X,7)) = [Ag(X,7), Ag (X, 7)]. The proof of the second
part is similar. Put Ay, = Ay (X, 7).

For any z,y € X, z @y ©x = 7,(y) in A, with ©z the inverse of x in Ag,. So, the
conjugates of x in Ay, are {7,(v)|ae Ay} € X. Since X is finite, each generator x € A,
has finitely many conjugates in A’_, and A’gr is a finitely generated finite conjugacy group.

gr>
Furthermore, by a result of Neumann [I44, Theorem 5.1], the commutator subgroup
[Agys Ag,] of A, is a finite group contained in T'(Ag,).
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Let 7: Ay — Sym(X) : a = 7, be the unique homomorphism such that 7.,y = 7z,
for all z € X, where ¢ : X — Afgr is the natural map. Consider the equivalence relation
~ on X, where z ~ y, for x,y € X, if there exists a € A’gr such that 7,(x) = y. Write
[2] € X = X/~ for the ~-class of x € X. Consider the free abelian group F = Fa(X)
on X. Note that F is the structure group of the solution (X,3’) of the Yang-Baxter
equation, where 5'([z],[y]) = ([7=(v)],[z]) = ([y],[x]), for all z,y € X. Because the
map (X,s") - (X,5"), defined as x + [x], for all z € X, is an epimorphism of solutions,
there is a unique morphism of groups ¢ : A’gr — F such that ¢(z) = [z], for all x € X.
Clearly, ¢ factors uniquely through a homomorphism @ : A, /[Ag,, Ag, ] - F. On the

gr

other hand, z @ y = 7,(y) ® x in Ay, and thus 7,(y) © y € [A,, Ay, ], for all z,y € X.

Hence, the map X — A} [[A},, Ay ], defined by [2] = z @ [A},, A, ], for all 2 € X, is

gr
well-defined. So, there exists a unique homomorphism 1 : F' - Ag /[ A, Ay, ] such that
P([x]) = 2@[Ag,, Ag,], for all z € X. Clearly, 1) is the inverse of 3. So, F' = A, /[A,, Ay, ],

which implies that T'(Ag,) € [Ag,, Ay, ]. Therefore, T(Ag,) = [Ag,, Ag, ], as desired. [

The previous results prove an extended result of Lebed and Mortier. That the left
derived structure group Ag (X, r) of a finite bijective non-degenerate solution (X,7) is
a finite conjugacy group, was already shown in [97, Proposition 3.2].

Corollary 4.2.5 (Lebed and Mortier [122, Theorem 3.2]). Let (X,<) be a finite abelian
rack and put G = G(X,<). Then, G is a finite conjugacy group with periodic subgroup
T(G) = [G,G], and G/[G,G] is a free abelian group of rank at most |.(X)].

Let (X,<) be an abelian rack, and consider the natural action of the permutation
group G(X,<) on the set X. Let X = X7 u---u X, be a decomposition of X into orbits
with respect to the action of G(X,<1) on X. So, for 1 <i <r, we have x,y € X; if and
only if there exists g € G(X, <) such that g(z) = .

Lemma 4.2.6. Let (X,<) be an abelian rack. If x,y € X belong to the same G(X,<)-
orbit, then Ay = Ay.

Proof. Let x,y € X. Since the rack (X, <) is abelian, the permutation group G(X,<)
is abelian (see after Proposition 4.2.1), and by (1.17), we get

Az = Apdy = Ay, () Aa
As Az is bijective, we get Ay = Ay (,), for all z,y € X, and the result follows. O

Lemma 4.2.7. Let (X, <) be a finite abelian rack with G(X,<)-orbits X1,...,X,. For
1<4,5<r and z; € X;, the map )\l'i|Xj is a permutation of X; consisting of disjoint
cycles all of the same length.

Proof. Let f = Ay;|x; = fi-fs be the decomposition of the permutation f of X; as a
product of disjoint cycles. We may assume that f; has minimal length, say n. This
implies that f" = f{*---f' has a fixed point, say x; € X;. We claim that f" is the identity
map. Indeed, let € X;. As z is in the same orbit as z;, there exists g € G(X,<)
such that g(z;) = . Because G(X,<) is abelian, this implies f"(x) = f"(g(z;)) =
g(f"(z;)) = g(xj) = x. Thus, all the disjoint cycles of f must have length n. O
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With the assumptions as in Lemma 4.2.7, define the following subgroups of G =
G(X,<),
Gi=gr(X;|zoy=XA(y)ox, forall z,ye X;)cG.

We claim that G; is an abelian group.

Lemma 4.2.8. Let (X,<) be a finite abelian rack with G(X,<)-orbits Xi,...,X,.
Then, the groups G1,...,G, are abelian.

Proof. Fix1 < i <r. To prove that G; is abelian, it is sufficient to prove that all generators
of G; commute. Note that zoxz = A\y(z)ox in G = G(X, <), for all z € X. Therefore,
xz=X(2) inG. So,let z,y € X;. By Lemma 4.2.6, we get xoy = X\;(y)ox = \y(y)ox = yox,
as desired. O

For a finite abelian rack (X, <) with G(X,<)-orbits X3,..., X, fix 1 <4,j <r. For
any r € X; and y € X, define the commutator

Gry = [T, yl=x0yoToyeG(X,),

where T denotes the inverse of z in the structure group (G(X,<),0). Since g,y =
Az(y)oyeGjand gpy =xo0 m € Gy, it follows that g, , € G; N G;. Furthermore, by
Lemma 4.2.8, both groups G; and G; are abelian, and thus g, , is central in both G;
and G;. We will prove that g, , is also central in G(X, ).

Lemma 4.2.9. Let (X,<) be a finite abelian rack. Using the above notation, for any
z, 2’ € X; and y,y' € Xj, we have gy = Gur 4. Furthermore, gy, is central in G =
G(X,«).

Proof. Let 1<i,j<r,z,2" € X; and y,y" € X;. As

Gay=ToyoToy=Ae(y) oy =0y (z),

and, by Lemma 4.2.6, A, = A\, we obtain that gy, = A\e(y) 0¥ = Apr(y) 0 Y = gary-
Similarly, gz, = 2" 0 Ay(a’) = 2" 0 Ay (2') = gar . Thus, gay = gar -

To prove that g, , is central in G, it is sufficient to prove that g, , commutes with
each generator z € X. By the first part, we have that g_ () x,(y) = gu,y- Therefore,

Zogx7y:zo[x7y]ogozz[Zoxogjzoyoz]oz

= [A(2), A (¥)] 02 = gr (@) Au(y) © 2 = Gy © 2,

as desired. O

For 1<i,j<r, x€X; and y € X, we simply denote g, , as g;;. By Corollary 4.2.5,
we obtain the following result.
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Corollary 4.2.10 (Lebed and Vendramin [125, Theorem 8.15]). Let (X, <) be a finite
abelian rack. If G = G(X,<), then

[G,G]=gr(gij|1<i,j<r)=T(G) < Z(G).

In particular, G is abelian if and only if G is free abelian, or equivalently, G is a torsion-
free group.

The last part of Corollary 4.2.10 has been proven more general by Jespers, Kubat, and
Van Antwerpen, in [97, 98]. More precisely, for arbitrary finite bijective non-degenerate
solutions (X,r), they show that the structure monoid M (X,r) is free abelian if and
only if the structure algebra KM (X, r) over an arbitrary field K is a domain, and this is
equivalent with M (X, r) being cancellative. In this case, we also get that KG(X,r) is a
domain. So, from the positive solution of the zero divisor problem for polycyclic-by-finite

groups (see for example [160, Theorem 8.2.35]), it follows that the latter is equivalent
with G(X,r) being a torsion-free group.
The following result generalizes a result of Lebed and Mortier, in [122], for finite

abelian quandles to finite abelian racks.

Proposition 4.2.11. Finite abelian racks on a set X are in one-to-one correspondence
with partitions X = Xy u--uX, of X and families of permutations fi; € Sym(X;), for
1<4,5 <r, such that

(1) f’Ljka = flkf’bj; fOT’ all 1 < Z.7j7k < r,

(2) if Gi =gr(fij | 1<j<r), then the orbit of x; with respect to the action of G; on X;,
denoted by G;x;, is equal to X;, for all 1 <i<r and x; € X;,

(3) if g € G; has a fized point, for some 1 <i<r, then g =idy,.

If in addition f;; =idx,, for all 1 <i <r, then the decomposition and permutations above
correspond to a finite abelian quandle.

Proof. Let (X,<) be an abelian rack, and X = X; u---u X, the decomposition of X
into orbits with respect to the action of G(X,<) on X. In particular, for any = € X,
Az preserves the components of this decomposition, meaning that A\, (X;) = X;, for all
1<i<r. Fix 1<i4,j,k <r. Choosing x; € X;, we define f;; € Sym(X;) as fi; = A\ [x;,
which is well-defined, and does not depend on the representative x; of the orbit X;, by
Lemma 4.2.6. Since G(X, <) is abelian, A\y; Ay, = Ay Ae;, for all z; € X; and x, € X,
and we get that f;;fir = fir.fij. Furthermore, if z; € X;, then

Xi=G(X, <)z = {(glx,)(z:) [ g € G(X, )} = Gz

Moreover, assume that g € G; has a fixed point, say z; € X;, and let = € X;. Then, there
exists f € G; with z = f(x;), and we have

9(x) = g(f (i) = f(9(2:)) = (@) = =,
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as desired. Finally, if (X, <) is a quandle, then A\, (z) = z for x € X; yields fi;(x;) = z;
and thus, by the previous, fi;(z) = x for each z € X, that is f;; =idx,.

Conversely, let X = X; u---u X, of X be a partition of X, and f;; € Sym(Xj;), for
1<14,j <r, a family of permutations satisfying conditions (1)-(3). We define an abelian
rack structure on X by < y = fi;(z), for all z,y € X with x € X; and y € X;. Indeed, if
z € X;, yeX;and z € X, for some 1<14,j,k <r, then

(z<y) < z= fij(z) < z = fu(fij(x)) = fij (fie(x))
= fi(2) < fie(y) = (2 < 2) < (y < 2).

Moreover, if y € X, then the map f: X — X, defined by f(z) = z < y, is bijective
because f(z) = fij(x), for all z € X;. So, fl|x, = fij € Sym(X;). Finally, if f;; =idx,, for
all 1 <i<r, then x < z = f;(x) =z, for all x € X;, and (X, <) is a quandle.

It is also easy to check that the correspondence between abelian rack structures on
X and decompositions of X together with families of maps f;; satisfying all conditions
stated in proposition is in fact a one-to-one correspondence. O

In [122, Theorem 2.3], Lebed and Mortier obtain a combinatorial description of
families of permutations satisfying the requirements in Proposition 4.2.11. So, they
obtain a full description of all finite abelian quandles. This combinatorial description
is in terms of r-tuples of lower-triangular matrices with non-negative entries. Quandles
corresponding to such r-tuples are called in [122] the filtered-permutation quandles.

Problem 4.2.12. Describe all finite quandles (X, <) with nilpotent permutation group
G(X,<) of class 2, or more general, a metabelian permutation group.

A natural problem is to investigate arbitrary finite solutions (X,r) of the Yang-
Baxter equation with G(X,r) an abelian group.

4.3 Malcev nilpotency of M(X,r)

Let (X,r) be a finite bijective non-degenerate set-theoretic solution of the Yang-Baxter
equation. From Corollary 3.4.4, we know that K[(M(X,r),0)] is a representable al-
gebra. So, M(X,r) is a submonoid of the multiplicative monoid of a matrix ring over
a field, i.e. M(X,r) is a linear monoid. Okninski [117], and Jespers and Riley [104],
found a criterion for a finitely generated linear semigroup S to be Malcev nilpotent.
This criterion is based on information of ideal chains of S with factors that are either
power nilpotent or uniform subsemigroups of completely (#)-simple inverse semigroups.
In order to describe when the structure monoid M (X, ) is Malcev nilpotent, we provide
a very concrete description of such an ideal chain. It hence will also give an independent
proof of the previous for the structure monoids M (X, r) of finite bijective non-degenerate
solutions. This is what we first deal with in this section. Afterwards, we discuss in more
detail when the structure monoid of a finite bijective non-degenerate Lyubashenko so-
lution is Malcev nilpotent. To end this section, we consider several examples of finite
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bijective non-degenerate solutions and study whether their structure monoids are Malcev
nilpotent.

Let (X,r) be a finite bijective non-degenerate solution, and put X = {z1,...,2,}
and M = M (X,r). To avoid confusion later in this section, we denote the generators of
A=A(X,r) by ay,...,an. So,

M =(z1,...,2n | zioxj = Ay (25) 0 pa; (i), for all 1<, 5 < n)t,
and
A=(ar,...,an | ai+ A, (aj) = Ag,(aj) +)\)\ai(a]-)(paj(ai)), forall 1<4,5< n)l,

Actually, a; = w(x;), for 1 < i < n, where 7™ denotes the bijective 1-cocycle from M
to A (see Section 2.2). Furthermore, we have a monoid embedding f : M(X,r) —
A(X,r) xIm(XN) : m — (7w(m),\,). By Remark 2.2.11, we can put \,, = A/, for all
m € M, and by abuse of notation, in this section, we will identify m with f(m), and
write \, instead of Ar-1(,), for all a € A. So, we can simply write

M ={(a,a) |a€ A} = (@i = (ai, Ao,) | 1 <i <),

and we denote (a, \y) o (b, \p) simply by (a, A\y)(b, \p). Thus, with this notation, we have
a mapping
ArA—>Aut(A,+) ta - Ay,

and, for any a,be€ A,
>\a+)\a(b) = AgAp- (4.8)

Using the notation of [97], we denote B¢ = {(b,\y) | b € B}, for a subset B of A. Note
that A° =M.

The construction of the ideal chain in M that we will provide, is based on earlier
works on monoids of I-type, and on monoids of skew and quadratic type (see for example
[34, 102, 103, 106]) The construction is based on divisibility of elements of M by elements
of X. The same idea was used in [97, 98] to determine the prime ideals of M and K M.

Recall from Subsection 3.4.1 that an element s in a monoid S is left divisible by t € S
if s = tt’ for some t’ € S, and it is right divisible by t € S if s = t't for some t' € S. If all
elements of S are normalizing, i.e. Ss = sS for all s € .5, then left and right divisibility
are the same. This happens, for example, in A (see Example 3.1.1). In this case, we
simply say that s is divisible by ¢, or t divides s and write t | s. If ¢ does not divide s,
we write t + s. Now, note that in M, an element (a, \,) is left divisible by a generator
x; = (ai, Ag; ) if and only if a is divisible by a;. So, left divisibility in M by elements of X
can be transferred to divisibility in A by elements of {a1,...,a,}, the generators of A.
Note, however, that a € A being divisible by a; in A does not mean that (a, \,) is right
divisible by x;. It only means that a = a; + b = ¢ + a; for some b, c € A, or equivalently

(a,Ma) = (@i, Ao, ) (A7) (B), A0 Aa)
= zi(A5; (0), A5 M)
= (C7 )‘C)(/\gl(ai)a Agl)\ai)7
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i.e. (a,)\y) is left divisible by z;. For 1 <7 <n, put

M; ={(a,\s) € M | (a,\s) is left divisible by at least i different

generators among x1, ..., T},
and

A; ={a e Ala is divisible by at least i different

generators among ai, ..., dn },

so that M; = AY = {(a,\q) | a € A;}. Note that if a € A;, then also \y(a) € A;, for all
be A, as )\ is bijective.

As stated in [97], each M; is a two-sided ideal of M. Indeed, for any (a, \,) € M; and
(bv Ab) € M7 we get (a7 )\a)(ba )‘b) = (CL + )\a(b)a >\a)\b) and (bv Ab)(a’7 )\a) = (b+ )\b(a)a )‘bAa)a
and both a + A\y(b) and b+ A\y(a) are divisible by at least i different generators of A.
Hence, we obtain the following ideal chain in M,

@=Mp1SM, <M, 1SS M cMy=DM. (4.9)

We will refine the above chain (4.9), and work towards Proposition 4.3.6. More precisely,
we show that there exist ideals B;, U; of M satisfying

My € B; € U; € M,
and such that

(i) Bi/M;s1 and M;/U; are power nilpotent semigroups (if M;/M;,1 is power nilpotent,
then we take B; = U; = M;).

(ii) If M;/M;,1 is not power nilpotent, then U; N\ B; is a (6)-disjoint union of sets
Uii,...,U; such that UijUil € M;,q for j #1.

(iii) Each (U;; U M;11)/M;4q is a uniform subsemigroup of a completely (#)-simple
inverse semigroup.

In fact, we will show that B;/M;;1 and M;/U; are nil semigroups, which implies that
they are power nilpotent semigroups (see for example [103, Theorem 2.4.10.]). Recall
that a semigroup S is called power nilpotent if S™ = {0}, with 6 the zero element. A
left, right or two-sided ideal or a semigroup is called nil if all its elements are nilpotent.
An ideal I of a semigroup S is said to be in the nil radical of S if I is a nil ideal of S,
and the largest nil ideal of a semigroup is called the nil radical. Furthermore, see for
example [58, Theorem 3.9], a completely (8 )-simple inverse semigroup is a semigroup of
the form M°(C,r,r,I), where C is a group and I is the 7 x identity matrix (see Subsec-
tion 3.4.2). A subsemigroup S of M%(C,r,r,I) is said to be uniform if S intersects each
nonzero H-class, i.e. all sets {(c,7,7) | c € C}, of a completely (0)-simple subsemigroup
MO(C,r' ¢, I"), where 7' < 7 and I’ the 7’ x 7/ identity matrix. More details about
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uniform semigroups can be found in, for example, [103, Section 2.2] and [148, Section
3.1]. We make the agreement that some ideals in the chain can be empty.
Fix ¢ with 1 < <n. Define

L=A{Y c{ay,...,an} ||Y|=1},

and for Y, Z € L, put
MYZ = A?Z = {(a,)\a) | a € Ayz},

with
Ayz ={ae AN A1 |ais divisible by y, for all y € Y, and \o(Z) =Y }.

So, if a € Ay then a € A;n(Y), and z + a for z € {a1,...,a,} N Y. Note that some
elements of A; N (Y) might belong to A;41. For Y € £, define

My, = U Myz, and M.y = U My . (4.10)
ZeLl ZeLl

Lemma 4.3.1. With the above notation, the following properties hold for Y € L.
(1) Myy U M1 is a subsemigroup of M.
(2) My .U M;,1 is a right ideal of M.
(8) My U M1 is a left ideal of M.

Proof. Let (a, )\a), (b, )\b) € Myy u M;,1, with (a,)\a)(b, )\b) = (a + )\a(b), )\a)\b) ¢ M.
Note that this must mean that both (a,)\,) € Myy and (b,\y) € Myy. Since a is
divisible by exactly the elements of Y, we get that a+ \,(b) must be divisible by exactly
the elements of Y. As both \,(Y) =Y and \(Y) =Y, we get that Ag\p(Y) =Y, and
thus (a,Ag) (b, A\p) € Myy.

Let Z € L. Since M, is a two-sided ideal of M, for the second and third part it is
enough to prove that My ;M ¢ My, u M;y1 and MMzy € M,y U M;.1. We will start
with the former.

Let (a,\q) € My z, and (b, \y) € M. Then, we have (a, \;)(b, Ap) = (a + Ao (D), Aap)-
Assume first that a+\,(b) is divisible by some z € {a1,...,a,} Y. Then, a+A,(b) € A;.1,
and thus (a, \;) (b, \p) € M;;1. Otherwise, a+ A\, (b) € (Y)n (A; N\ Aj41). Furthermore, by
(15),

() = ) ) = NI Y) = X (2).

Thus, (a, )\a)(b, )\b) € MY)\;l(Z) C My,.

Finally, let (a,)y) € Mzy, and (b, \y) € M. Then, (b, \p)(a,\s) = (b+ Mp(a), \pAa).
If b+ Xp(a) € Ajy1 then (b, Ap)(a, Ny) € M;1. So, assume that b+ \y(a) € A\ A;41 Clearly,
Mp(a) is divisible by all elements of \,(Z), and thus also b+ A\y(a) is divisible by all
elements of \,(Z). Moreover, (ApAq) H(Mo(Z2)) = AN (\(2)) = MM (Z) = Y. Thus,
we have (b, \y)(a, \a) € My, (7yy € M,y, and the result follows. O
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Let m = (a,\q) € M. Since m™ =mo---om = (a+ A(a) +---+ A" (a),\?), and X
is finite, there exists a positive integer n such that A\l|x =idx, and thus A} = id4, for
all a € A. So, m"™ = (a+ Ag(a) +---+ A" 1(a),ida). Put @’ = a+ A(a) +---+ \2"1(a), so
Ao = id4. By [97, Lemma 2.5], there exists a positive integer, say d, such that da’ € Z(A),
where da’ = a’' +---+a’, with @’ appearing d times. Hence, for any m = (a,\,), we can
assume that there exists a positive integer ¢ = nd such that m? = (a’,id4)? = (da’,id ),
with da’ € Z(A), for all m € M. Actually, there is more. Since X is finite, there exists a
positive integer p such that g% = q?, where q: X - X : z + X\;!(z) is the diagonal map
defined in Section 3.2. In [98, Lemma 2], it is shown that (pg)z € Z(A) and A(,q), = ida,
for all x € X. So, to summarize, there exists a positive integer, say d, such that dx € Z(A)
and Ag, =idy4, for all x € X.

Let Y € £, and let d be a positive integer (we choose d > 2) such that dy € Z(A) and
Ady =id 4, for all y € Y ¢ X. Define

ay = ZdyeA, and my = (ay,Aay ) = (ay,ida) € M. (4.11)
yeY

Note that ay is divisible by all elements of Y. However, it could be divisible by more
than ¢ generators, meaning that ay could belong to A;,1, or equivalently my € M;,1. In
particular, ax € Z(A), and mx € Z(M). Also,

kay = 3 kdy, and m} = (kay,ida), (4.12)
yeY

for any positive integer k.
Lemma 4.3.2. Let Y € L. If ay € A;41, then following properties hold.

(1) (Myy U M;1)/M;s1 is a nil subsemigroup of M [M;,1.

(2) (Myy UM;11)] My is a nil left ideal of M| M;q.

(8) (My, U M;11)]M;s1 is a nil right ideal of MM,y .
Hence, in this case, B; := M0 U (Myy U Myy,) is an ideal of M, and B;/ M;1
is in the nil radical of M [M;1. Yvedn
Proof. (1) Let (a,\,) € Myy. Then, for any positive integer k,

(a,20)" = (a+ Ag(a) + -+ A1 (a), \E).

Since A\o(Y) =Y, it follows that (a, )\a)’€ € Myy u M;.1. As each /\la(a) is divisible
by all elements of Y, and because each element of A is normalizing, we obtain that
a+ Ag(a) + -+ A1(a) is divisible by ay for k large enough. It then follows that
(a,2)¥ € my M € M;,1. Hence, (Myy U M;,1)/M;,1 is nil. The first part then follows
from Lemma 4.3.1(1).

(2) Let Z € L and (a,\,) € Mzy. By the first part, we can assume that Z # Y.
Since A\o(Y) = Z and Z # Y, we obtain that \,(Z) # Z. Therefore, (a,\,)(a,\q) =
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(a+Xo(a),A2), and a + A, (a) is divisible by all elements in Z U \,(Z). As Z is properly
contained in Z U A\,(Z), this yields (a,\s)? € M;,1. By the first part and Lemma 4.3.1,
we conclude that (M,y U M;,1)/M;11 is a nil left ideal of M /M, ;.

(3) This is shown similar as (2).

Finally, we show that B; is an ideal of M. By the previous parts, it is enough to
prove that, for any Y, Z € £, with ay € A;,1, we get, for any (a,\,) € Mzy, (b, \p) € My »
and (¢, A.) € M, that both (a, As)(c, Ac), (¢, Ae) (b, Ap) € B;. Consider first (a, A\y)(c, A¢) =
(a+ Ag(€),AgAe). Then, either a + \,(c) is divisible exactly by the elements of Z or it
is an element of A;;1. Since A\ (Y) = Z, the former means that ¢ is only divisible by
elements of Y (if not A\,(c¢) would be divisible by elements not in Z). Furthermore, there
exists U € £, with A2 A1 (Z) = \J1(Y) = U. If ay € A1, then also ay = A (ay) € Az
Hence, (a,Ag)(c, ) € Miy1 U Mzy € B;. Next, consider (¢, Ac)(b, Ap) = (c+ Ae(b), Acp).
Then, either c+ A.(b) € A;1 or ¢+ Ac(b) is divisible by exactly the elements \.(Y). The
latter means that (c, A\:)(b,\y) € My (v)z, and since ay € A1, also ay vy € A1 We
conclude that (¢, A.)(b, Ap) € B;. O

The previous result deals with Myy, M,y and My, for y € £, in case ay € A;+1. The
following lemma handles the case where ay ¢ A;,1, so when the generators of A dividing
ay are precisely those that belong to Y.

Recall from Remark 1.3.2 and Section 2.2, that the left derived solution (X,s) of
a bijective non-degenerate solution (X,r) is also bijective and non-degenerate, and is
defined by s(z,y) = (y, \ypr-1(y)(2)) = (y,04(2)), for all x,y € X. Note that in A =
A(X,r), we get that z +y =y + oy (x), for all z,y € X.

Lemma 4.3.3. Let Y € L, and assume that ay ¢ A;y1. Then, the following properties
hold.

(1) The derived solution s: {ay,... ,a,}> = {a1,...,a,}? restricts to a finite bijective
non-degenerate solution sy : Y2 - Y2,

(2) Myy is a subsemigroup of M.

(8) There exists a positive integer t, so that for all k > t, mg“/Myy 1s a cancellative
subsemigroup of M, and it is an ideal of Myy. We call it a cancellative component

of M.
(4) Mxx = My, and G(X,r) is the group of fractions of ml)“(MXX.

In particular, by (4.12), replacing if necessary d by a multiple, we may assume that
my Myy is cancellative, for all Y € L with ay ¢ A1, and G(X,r) is the group of
fractions of mx Mx x .

Proof. (1) Let x,y ¢ Y. To prove that sy is well-defined, we need to prove that
(y,04(x)) € Y x Y, where oy(x) = Aypr.1(y)(2). Assume first that z # y. Then,
ay = dv+dy+b with b = ¥, ...y dz. Since v +y = y+oy(x) in A = A(X,r), for
all z,y € X, it follows that

ay =(d-Nz+x+y+(d-1)y+b=(d-1Dzx+y+oy(z)+(d-1)y+b,

136



and thus ay is divisible by o,(z). On the other hand, if « = y, then ay = dx + ¢ with
€ =Y ey dz. So, since by assumption d > 2, we can write

ay =(d-2)z+z+zx+c=(d-2)z+x+0,(x) +c,

and thus ay is divisible by o,(z) = 0,(x) as well. The assumption ay ¢ A;+q1 then yields
that y, 0y (z) € Y. This proves the first part.

(2) By its definition, Myy does not contain elements of M;,; (as Ayy does not
contain elements of A;,1). From part (1) it follows that Myy is multiplicatively closed.
Indeed, take (a,Ag), (b, Ap) € Myy. Then, (a,\)(b,Ap) = (a+ Aa(b), A\aAp), and since
Aa (YY) =Y, we only need to prove that a+ A, (b) € (Y)n (A4; N Aj1). Since A\, (V) =Y,
the element \,(b) is the sum of elements in Y. Furthermore, by the first part, rewriting
any two generators z,y € Y (in the sense of z+y = y+0,(x)) always gives two generators
of Y, and never an element z € X \Y. So, rewriting a + \,(b) will always give a sum of
elements in Y, and thus it is not divisible by an element z € X \Y. As a is divisible by
all elements of Y, we get indeed that a + A\y(b) € (Y) n (A4; N A;41), as desired.

(3) By [97, Proposition 4.2], for any finite bijective non-degenerate solution (X,r)
of the Yang-Baxter equation, there exists ¢ > 1 such that, for any k > t, m’%M is a
cancellative ideal of M. By (1), we know that (Y, sy) is a finite bijective non-degenerate
solution of the Yang-Baxter equation. Hence, the structure monoid of (Y,sy) has a
cancellative ideal kay + A(Y, sy) = A(Y, sy )+kay of A(Y,sy), for some ¢ > 1 and all k > t.
This is equivalent with m’f,Myy = Myymlf, being a cancellative ideal of M. Indeed, both
my-(a,\g) and (a, \,)m4- are equal to (kay +a,\,), and thus m¥ (a, \,) = m¥ (b, \p), as
well as (@, \,)mk. = (b, \y)m¥., implies that (a,\s) = (b, \y). As Myy is a subsemigroup
of M by (2), we get that mlf,Myy = Myymlf/ is a cancellative semigroup of M and an
ideal of Myy, as desired.

(4) It is clear that Mxx = M,. By part (3), there exists a positive integer ¢t such
that S = m’)“(M xx, with k£ > ¢, is a cancellative subsemigroup of M. Recall that there
exists a positive integer ¢ such that m? = (a,A\q)? = (b,id4), for all me M, and be Z(A)
(see before Lemma 4.3.2). Hence, for any a,b € A, the elements of the type (a,A\)? and
(b, \p)? commute. Using that the solution (X, ) is finite, bijective, and non-degenerate,
and that my is central in M, one can show that S satisfies the left and right Ore

condition. So we can consider the group of quotients Gxx = SS~! of S. Since m’)“( €
Mxx and (ax +aj,\s;) € Mxx for each generator a; of A, we get mgéﬁl) e S and

m%ﬁl)x]‘ =mi (ax +aj,\q;) € S. Hence, each element (mg?Jrl)xj)(mg?Jrl))_l isin Gxx.

Next, observe that the natural morphism S — G(X,r) is injective. Indeed, if a,b € S
are equal in G(X,r) then, by Remark 4.1.4, there exists [ > k + 1 such that lea = leb
in S. Since S is cancellative and le €S, we get a =b. The embedding S - G(X,r)
induces an embedding Gxx - G(X,r). If ¢ : X - G(X,r) is the natural map, then,
because of the above, ¢(z;) is in the image of the embedding Gxx — G(X,r), for all
xzje X. As G(X,r) is generated by all ¢(x;), we conclude that Gxx = G(X,7). O

Lemma 4.3.4. Let Y, Z, U,V € L. If Z +U, then My zMyy € M;.1.
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Proof. Let Y, Z,U,V € L, with Z # U. For any (a,\,) € Myz and (b,\y) € Myy,
(a,2a) (b, Ap) = (a+Aa(b), NaAp), and a+ A, (b) is divisible by all the elements of YU, (U).
Since Z # U and \,(Z) =Y, it follows that Ao(U) # Y. So, a+ A\,(b) is divisible by at
least ¢ + 1 elements, and thus (a, A\y)(b, \p) € M;41. O

Define
£u = {YEﬁ | ay¢Ai+1}.

By Lemma 4.3.3 and the proof of Lemma 4.3.2,

L, ={Y € L | Myy is a subsemigroup of M}.
We define a relation ~ on £, as follows. For Y, Z € L, put

Y ~Z ifand only if Myyz + @ or Myzy # @.

Lemma 4.3.5. With the above notations, let Y, Z € L,,. Then, Y ~ Z if and only if both
Myyz + @ and Mgy + &. Moreover, ~ is an equivalence relation on L.

Proof. Let Y, Z € L,, such that Y ~ Z. Assume that My # @, and take (a,\,) € My z.
Since ay ¢ A;.1, there exists b € A; N A;41 such that (a+ \g(b), M) = (a,Aa) (b, \p) =
(kay,idy), for some positive integer k. This yields A, = A;*, and thus \y(Y) = Z. Also,
since ay ¢ A;11, we get that ay € Ayy. By Lemma 4.3.3, (kay,ida) € Myy, so the
generators that divide \,(b) can only be elements of Y. Moreover, we can always choose
b such that the generators of A that divide A,(b) are precisely the elements of Y, by
taking for example b+ \;'(ay) instead of b. Hence, the generators of A that divide b
are precisely the elements of A;'(Y") = Z. It follows that (b, \y) = (b, \;!) € Mzy. Hence
Mzy + @. Completely analogous, one shows that for Y, Z € £, with Y ~ Z and Mzy + @,
we have that My + @.

Moreover, it is easy to see that ~ is reflexive as (ay,ids) € Myy if ay ¢ A;41. By
the first part, it is also clear that ~ is symmetric. To show that it is transitive, let
Y. Z,U € L, with Y ~ Z and Z ~ U. So, the sets Myz, Mgy, Mgy, Mz are all non-
empty. We claim that My zMzy € My, so that My is non-empty. Let (a,\,) € My z
and (b, \y) € Mzy, and consider (a,A\y)(b,\p) = (a + Aa(b), A\aAp). As b is divisible by
exactly the elements of Z, and A, is bijective mapping Z to Y, by Lemma 4.3.3, it
follows that the generators of A that divide a + A\,(b) are precisely the elements of Y.
Furthermore, A, \p(U) = M\ (Z) =Y. Hence, (a, ) (b, \p) € My, as desired. O

Using the previous results, we are able to create an ideal chain between M;,1 and M;
such that each Rees factor is either a power nilpotent semigroup or a uniform subsemi-
group of a completely (#)-simple inverse semigroup which has as maximal subgroups the
groups of fractions of cancellative subsemigroups of M.

Proposition 4.3.6. Denote by L1,...,Ly the equivalence classes of ~ on L. For each
1<j <k, denote

k
Uj= U Myz, Uj= U myMyz, U;=UU;
Y,ZeL; Y,ZeL; J=1
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Then, the following properties hold.

(1) (Usj U Mis1)[ M1 is a subsemigroup of M;[M;. with MyzMzy < Myy and
My zMyy € M1, for allY, Z, U,V € ﬁj with U # Z.

(2) (Uij U Mi1)[ M1 is an ideal of M[M;.1 contained in (U; U Miw1)/M;s1, and
it is a uniform subsemigroup of a completely (0)-simple inverse semigroup with
mazimal subgroups isomorphic to the group of fractions of my Myy, for Y € L;.
For simplicity we denote the former as Uioj and we call it a uniform component of

M of degree |L;].
(3) (Uij U Mis1)[ M1 does not contain a nil ideal.

k
(4) M;|B; = _Ul(uij U B;)/B;, a (0)-disjoint union, and U; = U?:l Ui; is a (0)-disjoint
Jj=

UNLON.

(5) Bi|M;s1 = (Mi+1 u U (MwyuMy,)| /M is the nil radical of M;/M;i1.
YtayEAi+1

Furthermore, if ay € Aj;1 and Z € L with ay ¢ A1, then My z =@ or Mgy = &.
(6) M;/(U;u By) is a nil semigroup.

Hence, we have an ideal chain
Miy1€BicUpuB;cUjguUpuB; - cUjgulUpu-—-ulUyuB;=U;uB;c M,

where the first and last Rees factor are (nil, and thus) power nilpotent semigroups, and
all other Rees factors are uniform subsemigroups of a completely (6 )-simple inverse semi-
group with maximal subgroups the groups of fractions of cancellative subsemigroups of
M.

Proof. (1) This follows from Lemma 4.3.4 and the proof of Lemma 4.3.5.

(2) To prove that UZ%- = (Uij U Miy1)/ M is an ideal of M /M;, 1, take my (a,\q) =
(ay +a,\q) € myMyy, and (b,\p) € M, for some Y,Z € L;. Assume that (ay +
a,Aa) (b, \p) = (ay + a+ Ag(D), \gA\p) is not an element of M;,1. Then, A,(b) can only
be divisible by elements of Y, and as A\,(Z) =Y, it follows that b can only be divis-
ible by elements of Z. Hence, (ay + a,Ay)(b,\p) € mYMY)\El(Z) € U;j. On the other
hand, if (b, \p)(ay +a,Ag) = (b+ Xp(ay) + Ap(a), \pAq) is not an element of M;,, then
b+ Ap(ay ) +Ap(a) = btay, vy +Ap(a) = ay,(yy+b+Ay(a) can only be divisible by elements
of \p(Y). Hence, (b,\y)(ay +a,\s) € my,(vyMy,(v)z S Uij. This proves that Uioj is
an ideal of M /M, contained in (U;; U Mi1)/M;r1. By Lemma 4.3.3, we know that
its diagonal components, i.e. the subsemigroups my Myy of M are cancellative, with
Y € ,Cj.

Applying part (4) of Lemma 4.3.3 on each (Y,sy), Y € L;, it follows that each
diagonal component my Myy has a group of fractions, denoted Gyy. For any Y, Z €
L;, we get that Gyy = Gzz. It is then readily verified that Uioj is uniform in the
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completely (#)-simple inverse semigroup MO(ny,dj,dj,Ij), where d; = |£;| and I; is
the identity matrix of degree d;. We can present this idea as follows. The sets My z,
for Y,Z € L; represent the H-classes in the completely (#)-simple inverse semigroup
MO(ny,dj,dj,Ij) as follows. If £; ={Y1,...,Yqy,}, then we get

Myyy, | Myvivy, | --- Mylydj
My,y, | My,y, | ... | My,y,

. . . L )
MYdj Y MYdj Yy | o-- MYdj Ya,

where the multiplication of elements in My 7 and My is given by the multiplication
in the semigroup M°(Gyy, dj,d;, I;). If the multiplication in the latter is equal to the
zero element 6, it means that it is an element of M;,1.

(3) By Lemma 4.3.3, each Myy is a subsemigroup of M. In particular, it does not
contain a nil ideal, nor does it contain nilpotent elements. Assume that [ is a nil ideal
of (Uij U Mis1)/ M1, and 6 # a € My is in I, for some Y,Z € £;. By Lemma 4.3.5,
Myzy # &, so 0 + ab € I, for some b € Myy. Hence, 0 # ab € Myy is nilpotent, a
contradiction.

k
(4) That M;/B; = U (Ui; v B;)/B; is clear since any nonzero element m = (a, \,) €
j=1

M;/B; is an element of My 7, for some Y ¢ X with |Y|=14 and Z = \;}(Y). Asm ¢ By, it
follows that ay ¢ A;+1, and thus Y € £;, for some 1< j <k and m € U;;. That the union
is (0)-disjoint follows because Ly, ..., L are the equivalence classes of ~ on £,. By part
(2), it follows that U; = Uj‘:l Ui is a (6)-disjoint union.

(5) By Lemma 4.3.2, B;/M;.1 is in the nil radical of M/M;,;; (and thus also of
M;/M;.1). Moreover, parts (2) and (3) yield that the nil radical of M;/M;.1 does not
intersect with any of the uniform components Ul-oj. Hence, by part (4), B;/M;1 is the nil
radical of M;/M;,;. To prove the second statement of (5), let Z,Y € £ with ay € A1
and ay ¢ A;y1. Suppose that Myz #+ @ and Mgy +#+ @. Then, Myzy My € Mzz. So,
Mzz + @. By definition of B; (see Lemma 4.3.2 and (4.10)), My z ¢ B;, and because
B; is an ideal, it follows that @ #+ Mzy My € B;. So there exists m € Mz, that is an
element of B;, a contradiction.

(6) Let m = (a,A\q) € M; ~ (U; U B;). So, there exists Y € £ such that a is divisible by
(at least) all elements of Y. However, M;.1 € B;, so a is only divisible by the elements of
Y. Furthermore, if \;1(Y) # Y, then m? € M;,; € B;. So, we can assume that a € Ayy.
If ay € A;;1, then by definition of B;, m € B;, a contradiction. If not, i.e. ay ¢ A1,
then there exists a positive integer k, such that m¥* € my Myy < U,. Hence, the result
follows. O

The previous construction of the ideal chain M;,1 ¢ B; € U; € M; allows us to
determine when M = M (X,r) is Malcev nilpotent. In [104], given an ideal chain S; ¢
Sy €---c 5, =5 of a semigroup S, with all Rees factors either a union of power nilpotent
ideals of bounded nilpotency exponent or uniform with linear cancellative components,
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an exact characterization of Malcev nilpotency of S is given by properties of the uniform
components.

Theorem 4.3.7. Let (X,r) be a finite bijective non-degenerate set-theoretic solution of
the Yang-Baxter equation, and put n = |X|. Then, the structure monoid M = M(X,r) is
Malcev nilpotent if and only if all cancellative subsemigroups of M (actually it is suffi-
cient that all cancellative components my Myy with my ¢ MY\H) are Malcev nilpotent
and the following condition, called the nilpotency condition, is not satisfied:

there exist subsets Y # Z of {a1,...,an}, the generators of A(X,r),
with ay and az only divisible by elements of Y, respectively Z, and (NC)
a,be (Y nZ) such that \y(\2(Y)) = Z and \y(\;(Z2)) =Y.

Proof. By [104, Theorem 11] and the constructed ideal chain of M in Proposition 4.3.6,
M is Malcev nilpotent if and only if all cancellative components my Myy of M are
Malcev nilpotent and two-by-two orthogonal, and if, furthermore, there does not exist a
subset F' = {f1, f{, fo, f4} in a uniform component of M;/M;,1, say U?j, satisfying that
every element of F' belongs to a cancellative component my Myy with Y € £;, fi and
f7. do not belong to the same cancellative component for k = 1,2, and finally, there exist
elements ui,us € M such that the elements fouq f1, fousfi, fouifi, and fausf{ are all
nonzero in Uioj. Note that by Lemma 4.3.3, all cancellative subsemigroups of M are
Malcev nilpotent if all my Myy with my ¢ M|Y| +1 are Malcev nilpotent. Furthermore,
by Lemma 4.3.4, all cancellative components are orthogonal.

So, to prove the result, it is sufficient to prove that condition (NC) can be translated
into the existence of such a subset F' = { f1, f1, f2, f5} described above. By Lemma 4.3.3,
Myy is a subsemigroup of M, so for any my (a, \y) € my Myy, and some positive integer
t, we have that my (a,\q)* = my (a’,id4) € my Myy. Thus, without loss of generality, we
may assume that each fi, f{, f2, f5 has the permutation coordinate equal to the identity.
Indeed, the replaced element of F' remains in the same cancellative component, and if,
for f e Fyue M, fumy(a, )" (resp. my(a,\)'uf) is nonzero, then also fumy (a,\,)
(resp. my(a,Aq)uf) is nonzero. With the assumption that fi and f do not belong to
the same cancellative component, for k = 1,2, there exist distinct subsets of {a1,...,a,},
say Y, Z € ﬁj, with fo € myMyy and fé € myMyz. Similarly, fi € myMyy and
f1 € mw Myw, for some distinct elements V,W € L;. So, my,mz, my,mw ¢ M;.1.

Assume there exist elements u; = (a,A\,) and ug = (b, \p) in M with fous f1, fousfi,
fauifi, and fous f{ all nonzero in UZ-Oj. As fouq f1 ¢ M;q1 and fouq fi € My, we get that a
can only be divisible by elements of Y and A,(V') =Y. Similarly, since fyu;f] ¢ M;+1 and
fouifi € Mzw, we also get that a can only be divisible by elements of Z and \,(W) = Z.
Hence, a can only be divisible by elements of Y N Z and a € (Y n Z). In the same way,
conditions fiuafi ¢ Miy1 and fousf{ ¢ M,y imply that b € (Y nZ), \p(V) = Z and
Mp(W) =Y. Thus, condition (NC) follows.

By Lemma 4.3.3 and Proposition 4.3.6, it easily is verified that condition (NC) implies
the existence of I’ satisfying the required conditions. Indeed, assume, Y,Z € £; and
a,b € (Y n Z) satisfy the assumptions of (NC). Define u; = (a,;),u2 = (b, \p) € M,
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and take fo € my Myy and fy e myMyz. Put V = A1 (Y) and W = A\;%(Z). Then,
(ay +a, ) € Myv,(az +a,\q) € Mzw, and thus Y ~ V,Z ~ W, and V,W € L;. By
taking f1 € myMyy and f{ € my Myw, the subset F' = {f1, f{, f2, f4} satisfies the
conditions from above. O

We provide a first example of a solution that satisfies condition (NC). Let A =
(Z/27)* and C = (Z/27Z)? be trivial left braces, and o : C' - Aut(A) a group homomor-
phism satisfying

&(1,0)(&1,@2,&3,&4) = (a2>a17a37a4)a

OZ(O, 1)(@1,@2,&3,&4) = ((11,(12,(14,&3),

for all a1, a9, as, a4 € Z/27Z. Let B = Ax,C be the semidirect product of the trivial braces
A and C via «a (see [165]). Then, B is a left brace with addition defined componentwise
and multiplication defined using «, i.e.

(a,c) +(a',d') = (a+ad,c+ ),

(a,e)o(a’,c)=(a+alc)(a),c+c),

for all a,a’ € A and ¢,c’ € C. Let e1,e9,e3,e4 be the standard basis of A as a (Z/27Z)-
vector space. Consider the finite non-degenerate involutive solution (B,rp) associated
to the left brace B (see Subsection 1.3.1), and the following subsets of the left derived
structure monoid A(B,rg),

Y = {(e1,(0,0)), (es3, (0,0)), (0, (1,0)),(0,(0,1))}

and
Z = {(62, (070))7 (647 (O>O))7 (0> (170))a (07 (07 1))}

Since A(B,rp) is the free abelian monoid with basis B, it is clear that the elements
ay and az are only divisible by elements of Y, respectively Z. Let a = (0,(1,0)) and
b=1(0,(0,1)) be two elements of Y n Z. Note that

MO (Y))=Z and M\(X,'(2)) =Y.
Hence, condition (NC) is satisfied.

Corollary 4.3.8. Let (X,r) be a finite bijective non-degenerate set-theoretic solution
of the Yang-Baxter equation. If the group Gx(X,r) = gr(A; | x € X) is of odd order or
if the uniform components of M = M(X,r) have degree one, then the structure monoid
M is Malcev nilpotent if and only if all cancellative subsemigroups of M (actually it
1s sufficient that all cancellative components my Myy with my ¢ M|y|+1) are Malcev
nilpotent.

Proof. 1f all uniform components are of degree one, then each equivalence class £; con-
tains only one element. So, condition (NC) is not satisfied, as no distinct Y and Z
exist,.
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If Gy (X, r) is of odd order, with notations as in condition (NC), put f = \yA;1. Then,
f(Y)=Zand f(Z)=Y. So, f2(Y) =Y. Since, by assumption, f has odd order, we get
that f(Y) =Y. Hence, Y = Z, and condition (NC) is trivially not satisfied.

The result now follows from Theorem 4.3.7. O

In case the group gr(\; | z € X) has even order, the result of Corollary 4.3.8 does
not hold in general. We provide an example of a structure monoid that is not Malcev
nilpotent, but has abelian cancellative components.

Example 4.3.9. Let X ={1,2,3,4}. Define \j = Ay = p1 = (3,4), A3 =(2,4),\1 =(2,3)
and py = p3 = py = idx. Then, (X,r), with r defined by r(z,y) = (Aa(y), py(x)), for
all x,y € X, is a finite bijective non-degenerate solution of the Yang-Baxter equation.
Furthermore, the associated structure monoid
M=M(X,r)=(X]102=201,103=401,104=301,
203=402=204=302=403=304)!,

1s not abelian. Howewver, the structure group
G(X,r)zgr(l,2|102=201),
is abelian. The derived structure monoid is

A=AX,r)=(X]1+2=2+1,1+3=3+1,1+4=4+1,
2+4=4+2=2+3=3+4=4+3=3+2)".

Since A is abelian, we may put d =2 in (4.11). Put Y ={1,3} and Z = {1,4}. Then,

ay =1+1+3+3c¢AyNA3, my=1010303¢€ My Mg,
az=1+1+4+4€AsNA3, my=1olodode My~ Ms.

We obtain the following non-empty components

Myy = {(a;\g) |a€1+1+3+(1+1,3)"},
Myyz={(a,\a) |ael+3+(1+1,3)1},
MZY:{(a,)\a)|ael+4+(1+1,4)1},
Mgz ={(a,X)|ael+1+4+(1+1,4)'}.

Let a=1e(YnZ)andb=1+1e (Y nZ). Then, \ia A\ (Y) = M(Y) = Z and
MM N (Z) =M (Z) =Y. Hence, condition (NC) is satisfied. Note that Myy and Mzy
are abelian. Let us consider all other non-empty subsemigroups Mpp with |T| < 4. If
|T| =1, then these are (a)¢, witha € X ={1,2,3,4}, and clearly Mpr is abelian. If|T| = 2,
then the only remaining case is T = {1,2} and Mpp = (1,2)¢, an abelian semigroup. In
case |T| = 3, there is only one such set with Mpp # @, namely T = {2,3,4}. Clearly
(T,r|72) is a subsolution of (X,r). Hence, Mpp has an ideal that is cancellative and
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that has the structure group G(T,r|p2) as its group of fractions. It readily is verified that
this group is free abelian of rank 1. Hence, all cancellative components of M are abelian
(and thus Malcev nilpotent) and condition (NC) is satisfied. By Theorem 4.3.7, M is
not Malcev nilpotent.

Theorem 4.3.7 easily can be applied on examples. We illustrate this via the follow-
ing example of a Malcev nilpotent structure monoid with all cancellative components
contained in an abelian group.

Example 4.3.10 (Smoktunowicz and Vendramin [173, Example 4.4]). Consider X =
{1,2,3,4}, f =(1,2) and g = (3,4). Then, (X,r), with r(x,y) = (f(y),g(x)), for all
z,y € X, is a finite bijective non-degenerate solution of the Yang-Baxter equation of
order 4. In its structure group we have 102 =101 and 304 =404. So G(X,r) =gr(1,3)
and the only relation is 103 =30 1. Hence, G(X,r) is the free abelian group of rank 2,
and is thus nilpotent. Therefore, mx Mxx has a free abelian group of rank two as group
of fractions. Now,

AX )= (X |z +y=y+[(9(2)), for all 2,y e X)!
=(X|l+zx=2+2,2+x=2+1,
3+x=z+4,4+x=x+3, forall z e X).
It is easy to see that
AX,r)=(1,2]1+1=1+2=2+2=2+1)1+(3,4[3+3=3+4=4+4=4+3)}
and we have the extra relations
1+3=3+2=2+4=4+1 and 1+4=4+2=2+3=3+1.

Notice that all the latter words are in As. Let Y ={1,2} and Z = {3,4}. Then,

Ayy = (Ag~ A3)n(1,2) =1+ 1+ (1),

Azz = (A2~ A3)n(3,4) =3+3+(3)},
both semigroups are cancellative and commutative. Furthermore, for d large enough in
(4.12), my Myy = (ay+Ayy)° ={(a,\y) | a € ay + Ayy } is abelian and cancellative since
both Ay =1ida and A\g = f = (1,2) act as the identity map on ay and Ayy. Similarly,
myzMzyz is abelian and cancellative. Note that both Myyz and Mzy are empty. Also
AgnAz = (1+1+(1)H)U(3+3+(3)1), is a disjoint union of abelian cancellative semigroups
that are orthogonal modulo As. Moreover, AjNAg = X (and thus M12 C M;y), Ag = Ay and,
as said above, mx Mx x is abelian and cancellative. Hence, all uniform components are

of degree 1 and all cancellative components are abelian. It follows from Corollary 4.5.8
that M (X,r) is Malvec nilpotent.

Note that the previous example is a solution of Lyubashenko type (see Section 1.3).
We will now handle all finite bijective non-degenerate solutions of Lyubashenko type.
We check when the necessary and sufficient conditions of Theorem 4.3.7 are satisfied,
and determine when exactly its structure monoid is Malcev nilpotent.
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Proposition 4.3.11. Let (X,r) be a finite bijective non-degenerate Lyubashenko solu-
tion defined by r(x,y) = (f(y),g9(x)), for allx,y € X, and some commuting permutations
f and g on X. Then, the structure monoid M(X,r) is Malcev nilpotent if and only if
f= c]fl---cft and g = C%_kl---cg_kt, where c1,...,c are disjoint cycles. In this case, all
cancellative components are abelian and their group of fractions is of rank 1< j <t, and
all such numbers j can be reached. Furthermore, all uniform components have degree

one.

Proof. For convenience we denote the solution r by r(z,y) = (f(y), f'v(z)), where
v = fg € Sym(X). Note that s(x,y) = (y,7(z)), for all z,y € X. Denote the disjoint
cycle decomposition of v by v = ¢1---¢¢, and the content of the cycle ¢; will be denoted
by X;, a subset of X. So X = X; u---uU X; is a disjoint union of non-empty sets. Note
that X; is a singleton if ¢; = (z), for some x € X.

First, we determine the cancellative components of M = M(X,r). We start with
mxMxx. By Lemma 4.3.3, its group of fractions is the structure group G = G(X,r).
Moreover, G is the structure group of the injectivization of (X,r) (see Section 2.1),
ie. G =G((X),r,(x)), where ¢ : X — G is the natural mapping and r,(x) = ral,(x)2-
Clearly, r(z, f~1(z)) = (z, f'y(z)). Hence, we have f~'y(z) = f}(x) in G, for all
x € X, and thus, in G, v is the identity on ¢(X). Therefore, in G, all elements in the
content of ¢;, i.e. all elements of X;, for all 1 < i < ¢, are identified in G. So, x oy =
f(y)of(x). Also, («(X), 7,(x)) is an involutive solution of the Yang-Baxter equation.
Indeed, r,(x)(z,y) = (f(y), f1(z)) is a Lyubashenko solution with ff~ = idy, so it
is involutive (see Section 2.1). Moreover, the associated monoid A(c(X),r,(x)) is the
free abelian monoid on ¢ generators (the number of cycles of ). Assume now that M
is Malcev nilpotent, and thus also mxMxx is Malcev nilpotent and G is nilpotent.
Lemma 4.2.3 yields that G (and thus also mx Mxx) is abelian. If G is abelian, we need
that f is the identity when acting on ¢(X). Therefore, on X, f permutes the contents
of each ¢;, i.e. f(X;)=X;. Now, since (X,r) is a solution, f and v commute. Thus, if
c1=(x1,...,25) and X7 = {x1,..., 2}, then

v=fvf = (f(@), . f(e) (feaf ) (feef ),

because feif1(f(x1)) = fer(z1) = f(x2) ete., and thus (f(z1),...,f(xr)) = ¢1. By
doing the same for the other cycles, we obtain non-negative integers ki, ..., ks such that
f= clfl---c,’ft. Since v = c¢1-+-¢4, it follows that g = cfkl---cg_kt. Conversely, if f,g, and
thus also v are of this type, then both v and f act as the identity map on ¢(X), and the
relations in G' become z oy = f(y) o f1(x) =yowx, for all 2,y € 1(X). So, G (and thus
also mx Mxx) is abelian.

Now, consider other possible cancellative components, using the description of the
mapping f and g. By Lemma 4.3.3 and Lemma 4.3.4, such a component is determined
by a subset Y of X, say of cardinality ¢, with my € M; \ M;,1. In particular, sy is a
subsolution of s, with s(z,y) = (y,v(x)), for all z,y € X. It follows that Y is the union of
the contents of some cycles of v, i.e. the union of some X, say Y = X; u---uX;,. Because

of the description of f = c]fl---cft and v = ¢1---¢; this means that ry is a subsolution of r.
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Hence, as for the previous case on the entire set X, my Myy has a group of fractions
G(Y,ry) and this (and thus also my Myy) must be abelian as both f and ~ act as the
identity map on «(Y"). Conversely, if M is Malcev nilpotent, and thus also my Myy is
Malcev nilpotent, then G(Y,ry) is nilpotent and abelian, by Lemma 4.2.3, and we get
that f,g and « can be described in this way.

Hence, we have proven that if M is Malcev nilpotent then both ~ = ¢1---¢; and
f= c]fl---cft, and thus g = c%_kl---c%_kt. Conversely, for such permutations we have that
all cancellative components are abelian.

It remains to verify that condition (NC) does not hold. Let Y be a subset of X
as above. Then, for any m = (a,\q) € M, we have A\, (V) = fl"&th(®)(y") = Y. Hence,
Y is invariant with respect to the action of the group gr(\; | z € X) = gr(f). So, if
a € (Y)n (A;~ A1), then m = (a,\s) € Myy. In particular, if Y ~ Z, then My,
is non-empty by Lemma 4.3.5, and thus Y = Z. Hence, all uniform components have
degree 1 and the result follows from Corollary 4.3.8. 0

We end this section providing some examples. The first example is a solution
(X, r), with abelian structure group G(X,r). However, the left derived structure group
Agr (X, 7) is not nilpotent. The structure monoid M (X, ) is not abelian, but it is Malcev
nilpotent and it has a uniform component of degree two.

Example 4.3.12. Let X = Z/3Z. Then, (X,r), defined by r(x,y) = (-y,x —y), for
all x,y € X, is a finite bijective non-degenerate set-theoretic solution of the Yang-Baxter
equation, with \g = A1 = Ao = (1,2), po =idx, p1 = (0,2,1) and p2 = (0,1,2). Its structure
group

G=G(X,r)=gr(0,1,2|001=202=100,002=101=200),

is an abelian group. Indeed, 0 o1 =202 implies 20001 =20202, and thus 10200 =
lolol=20001=20202=20100, so that 102=201. The associated left derived
solution is defined by s(x,y) = (y,—x —y), for all x,y € X, and the left derived structure
group s

Agr = Age(X,r) = gr(0,1,2]0+2=2+1=1+0,0+1=1+2=2+0)

zor(a,bla+b+a=b+a+b,a+b-a=b+a-b,2a+b=>b+2a).

Clearly, Ag/gr(2a,20) = gr(a,b | 2a = 2b = 3(a +b) = 0) = S3, and thus Ag is not
nilpotent. We can take d =2 in (4.11). We get that

A Az = (0+{0))u 1+ (1)) u2+(2)h),
Ay N Az =@.

So, we only look at L ={Y c{0,1,2} ||Y| =i}, with i = 1. Indeed, for i =2, all Myy
with Y € L are empty. For i =3, mxMxx is an abelian cancellative component since
G is abelian. Puti=1. Then, L =Ly U Ly, where L1 = {{0}} and Lo ={{1},{2}}. So,
we obtain a uniform component of degree one, and a uniform component of degree two.
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Indeed, let Y = {1} and Z ={2}. Then,

ay =1+1, my =(1,A1)(2,A2),
az=2+2, mz=(2,2)(1,\),
Myy ={(a,\a) |ael+1+(1+1)},
Mgz ={(a,\g) | ae2+2+(2+2)'},
Myyz={(a,\s) | ael+(1+1)'},
Mgy = {(a,)\g) | ae2+(2+2)'},
and the cancellative components my Myy and mzMzz are abelian, and thus Malcev

nilpotent. Since Y N Z is empty, and Ay~ A3 = @&, we conclude that condition (NC) is
not satisfied. By Theorem 4.3.7, M(X,r) is Malcev nilpotent.

The following example is a finite bijective non-degenerate solution (X,r) with a
structure group that is not nilpotent, as it has S3 as an epimorphic image. Therefore,
the cancellative component mx Mxx is not Malcev nilpotent. Hence, the structure
monoid itself is not Malcev nilpotent.

Example 4.3.13. Let X = S3. Then, (X,r), defined by r(z,y) = (zy ‘o™t 29?), for
all x,y € X, is a finite bijective non-degenerate solution of the Yang-Bazter equation.
Its structure group G(X,r) has X = S3 as an epimorphic image, and hence it is not
nilpotent. By Theorem 4.3.7, M(X,r) is not Malcev nilpotent.

The final example is a bijective non-degenerate solution (X, r) with abelian structure
group. Its structure monoid looks very similar to the one of Example 4.3.9. In contrast
to Example 4.3.9, we show that not all cancellative components of M (X,r) are Malcev
nilpotent semigroups. Furthermore, condition (NC) holds.

Example 4.3.14. Let X = {1,2,3,4}. Define A\1 = \a = p1 = (3,4) and X3 = Ay = p2 =
p3 = ps = idx. Then, (X,r), defined by r(x,y) = (Ae(y), py(x)), for all x,y € X, is a
finite bijective non-degenerate solution of the Yang-Bazter equation. Furthermore, the
associated structure monoid

M=M(X,r)=(X|102=201,103=401,104=301,
203=402=204=302,304=403)},

is not abelian. In the structure group, 3 =4 and we get an abelian group,
G(X,r)=gr(1,2,3]102=201,103=301,203=302).
The derived structure monoid is equal to
A=AX,r)=(X[1+2=2+1,1+3=3+1,1+4=4+1,

2+44=4+2=2+3=3+2,3+4=4+3)..
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Since A(X,r) is abelian, we may take d = 2 in (4.11). Let Y = {1,3} and Z = {1,4}.
Then,

ay=1+1+3+3€A2\A3, my=1010303€M2\M3,
aZ:1+1+4+4eA2\A3, my=1o0lodo4de My~ Ms.

Similar as in Example /.53.9, we obtain the following non-empty components

Myy ={(a; o) |a€l+1+3+(1+1,3)1},
Myz={(a,\s) | ael+3+(1+1,3)'},
Mgy ={(a, o) |ael+4+(1+1,4)'},
Mzz={(a,Xg)|ael+1+4+(1+1,4)'}.

Take a =1 e (YnZ) and b = 1+1 € (Y nZ). Then, Mg (Y) = \M(Y) = Z
and M101H(Z) = M(Z) = Y. Hence, condition (NC) is satisfied. Moreover, not all
cancellative components are Malcev nilpotent. To see this, take U = {1,3,4}. Then,
Myy ={(a, ) |ae1+3+4+(1,3,4)'}. If we restrict r to UxU we obtain a subsolution
ry with structure group

GWU,ry)=gr(U|103=401,104=301,304=403)
~gr(3,4]304=403) xgr(l),

where the action of 1 interchanges 3 and 4. Since G(U,ry) contains the infinite dihedral
group, it is not nilpotent. Therefore, myMyy is not Malcev nilpotent. To conclude,
(X,r) is a solution with abelian structure group, it satisfies condition (NC), and not all
cancellative components are Malcev nilpotent. By Theorem 4.5.7, the structure monoid
M(X,r) is not Malcev nilpotent.

4.4 Multipermutation solutions

It appears that bijective non-degenerate solutions of Lyubashenko type are better un-
derstood than general bijective non-degenerate solutions of the Yang-Baxter equation.
In the previous section, we were able to describe exactly when the structure monoid of
a finite bijective non-degenerate solution of Lyubashenko type is Malcev nilpotent (see
Proposition 4.3.11), which was much more complicated in the general case for arbitrary
finite bijective non-degenerate solutions (see Theorem 4.3.7). As a result, the idea of
connecting or reducing general solutions to Lyubashenko solutions has been explored.
Reducing a solution has been done via the definition of a retract, and it launched the
study of multipermutation solutions, see for example [1, 10, 13, 33, 45, 48, 49, 75, 80,
’ ) ) ’ ’ ’ ’ ]

In Section 3.3, the retract relation for non-degenerate set-theoretic solutions was
defined, extending the definitions of Etingof, Schedler, and Soloviev [75], and Lebed
and Vendramin [125]. In this section, we focus on the retract of arbitrary bijective
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non-degenerate set-theoretic solutions of the Yang-Baxter equation, and study bijective
non-degenerate multipermutation solutions. Starting from a bijective non-degenerate
multipermutation solution, we will study its structure group and structure monoid, and
their extended solutions (see Section 2.1). In doing so, we will generalize some results
of Gateva-Ivanova and Cameron in [33], and Bachiller, Cedd, and Vendramin [13]. We
finish this section by proving a result similar to Proposition 4.2.4. Namely, if (X,r) is
a finite multipermutation solution and G = G(X,r) is nilpotent, then we show that the
torsion subgroup T'(G) of G is finite and equal to the additive commutator subgroup
[G,G]s of the group (G, +), the additive group of the skew left brace G.

In [125, Lemma 8.4], it is shown that, for a finite bijective non-degenerate solution
(X,r), r induces a finite bijective non-degenerate solution (X,7) on X = X/~, with ~
the retract relation on X. In the following lemma, we show that [125, Lemma 8.4] holds
for bijective non-degenerate solutions of the Yang-Baxter equation of arbitrary size |X|.
To avoid confusion, we will denote the inverse of z in G(X,r) as 27! (instead of T as we
did earlier).

Lemma 4.4.1. Let (X,r) be a bijective non-degenerate set-theoretic solution of the
Yang-Bazter equation. Define an equivalence relation ~ on X by

x~y if and only if Az =Xy and py = py.

Sometimes, this relation will be denoted by ~x to emphasize the set X. Then, (X,T) is
a bijective non-degenerate solution with X = X [~, and T is defined by

7(Z,7) = A (), py (7)),

for all x,y € X. We denote Ret(X,r) = (X,7) and it is called the retract solution of
(X,7). The solution (X,r) is said to be retractable if ~ is not the trivial relation, i.e.
if X # X. Otherwise, the solution is called irretractable. The relation ~ is called the
retract relation.

Proof. By Proposition 3.3.3 and Theorem 3.3.5, (X,7) is a non-degenerate set-theoretic
solution of the Yang-Baxter equation. It remains to prove that 7 is bijective. Let
x,y,z € X with x ~y. First, note that

Mo (2)Aps (@) = AzAz = AgAz = Ax () Ao () = Ma(2) M- ()
Ppi(2)Prs(z) = PxPz = PyPz = Ppy(z)p)\z(y) = Ppz(2)Pr.(y)»
AXa(@)Apa(2) = AzAa = AAy2 = AN () Apy (2) = Ae () Aon(2)
Pp.(2)Pra(2) = PzPa = P2Py = Pp.()PAy(2) = Pp(y)PAu(2)"

Hence, A\, (z) ~ A\,(y) and p,(z) ~ p.(y), and T is well-defined.
From Section 1.3, we know that (X,r7!) is also a bijective non-degenerate solution
of the Yang-Baxter equation. Similar as in Subsection 4.1.2 (see (1.20)), write

) = Oe(y), py(x)).
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By (4.7), Ker(\) nKer(p) = Ker(\) nKer(p). So, x ~y if and only if x o y~t e Ker(A\) n
Ker(p), which is equivalent with z oy~ € Ker(\) nKer(p). Similar computations as the
proof of Lemma 3.3.4 part (1), (2), and (4), applied on the solution (X,r1), give us

;\ﬁz(m) = /A\ﬁz(y)7
Piu@) = Pitwy
M) = Moy
Pp-(z) = Pp-(v)-

So, () o Ao ()71, pa(2) 0 pa(y) ™! € Ker(N) nKer(p). It follows by (4.7) that A, (z) ~
Az(y) and pz(x) ~ pz(y). The map

P S X (@ 0) - (a), (@),

is thus well-defined. Clearly this is the inverse of 7. So, T is a bijective set-theoretic
solution of the Yang-Baxter equation. O

This equivalence relation ~ allows us, as before in [75, ], to define bijective non-
degenerate multipermutation solutions.

Definition 4.4.2. Let (X,r) be a bijective non-degenerate set-theoretic solution of the
Yang-Baxter equation. Put, forn>1,

(Xo,7r0) = (X,r) and (Xp,7rn) =Ret(Xp-1,7n-1)-

Then, (X,r) is called a multipermutation solution of level m, if m is the minimal non-
negative integer such that |X,,| = 1. In this case, we write mpl(X,r) = m. In what
follows, we denote (X,,,ry,) by Ret" (X, ), for all non-negative integers n.

In the upcoming result, we use the notation of Section 2.2 for the left and right
derived solution (X, s) and (X, s") of a bijective non-degenerate solution (X,r).

Corollary 4.4.3. Let (X,r) be a bijective non-degenerate set-theoretic solution of the
Yang-Baxter equation. If (X,r) is retractable, then its left and right derived solutions
(X,s) and (X,s") are retractable. In particular, if (X,r) is a multipermutation solution
of finite level, then so are (X,s) and (X,s).

Proof. Let x,y € X be two distinct elements such that z ~y. As A, = Ay and p; = py, by
(4.7), it follows that A, = )\ and pg = py Since )\Az(y)(,oy(ar)) x and ppy(x)()\ (v)) =y,
we get that \;!(y) = p)\gl(x)(y) and p;t(y) = )\p§1(x)(y). Therefore,

O = )\ngl = )\y}\;l =0y and Te = px[);l = pypA';l =Ty,

which shows that the left derived solution (X, s) and the right derived solution (X, s")
are retractable. O
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Clearly, the reverse implication does not hold. Take (X,r) any irretractable non-
degenerate involutive solution of the Yang-Baxter equation. Its derived solution (X, s)
is trivial, hence it is a multipermutation solution of level 1.

Remark 4.4.4. In [55], the socle series of a skew brace (B,+,0) is defined as follows.
Put Soco(B) = {0} and, forn >0, let Soc,,+1(B) denote the unique ideal of B containing
Soc,(B) such that Soc,11(B)/Soc,(B) = Soc(B/Soc,(B)). So, Soci(B) = Soc(B). If
there exists a mnon-negative integer n such that Soc,(B) = B then B is said to have a
socle series and the smallest such n is called the socle length of B.

Cedé, Smoktunowicz and Vendramin, in [55], define a skew left brace of finite mul-
tipermutation level using its socle series. Namely, a skew left brace (B,+,0) has finite
multipermutation level n if and only if S, = {0} , with S; recursively defined as S1 = B
and S; = S;_1/Soc(Si-1) for i > 1. They show that this is equivalent with B having a
socle series of length n. Note furthermore that Ret,(B,7p) = (B/Soc,(B),7B/Soc, (B))-
Hence, (B,rg) is a multipermutation solution of level n if and only if B has socle series
of length n.

For a skew left brace (B,+,0), (Soc(B),o0) is an abelian group and (Soc(B),+,0) is
a trivial skew brace (see for example [0, Proposition 1.1.12]). Hence, (Soc(B),7soc(B))
is a multipermutation solution of level 1. If, furthermore, (B,+,0) has a socle series of
length n, then we obtain an ideal chain

{0} = Socy(B) ¢ Soci(B) ¢ - ¢ Soc,(B) = B,

with each factor Soci.1(B)/Soc;(B) = Soc(B/Soc;(B)) abelian, for 0 < i < n. In-
deed, since B]Soc;(B) is also a skew brace, we get that (Socis+1(B)/Soc;(B),0) =
(Soc(B/Soc;(B)),0) is abelian.

The following lemma provides a connection between the injectivization (see Sec-
tion 2.1) and the retract solution of a bijective non-degenerate solution.

Lemma 4.4.5. Let (X,r) be a bijective non-degenerate set-theoretic solution of the
Yang-Baxter equation, and let 1+ X — G(X,r) and 7 : X - G(Ret(X,r)) denote the
canonical maps. Then, the rule p(u(x)) = 1(T), where T denotes the equivalence class
of v € X in X, induces a surjective morphism of solutions ¢ : Inj(X,r) - Ret(X,r).
Moreover, ¢ induces a surjective morphism of groups ¢’ : G(X,r) - G(Ret(X,r)).

Proof. To prove the result, it is enough to show that ¢ is well-defined. As it was
shown in [97, Proposition 4.2], for all elements =,y € X satisfying ¢(z) = ¢(y), it holds
that A\, = A,. By left-right symmetry, this also shows that p, = p,. Hence, T =7,
which yields 7(%) = 7(y). By the assumption that p(u(z)) = 7(T), we get that ¢ :
Inj(X,r) - Ret(X,r) is a surjective morphism of solutions. As the canonical map
(X)) > G(Inj(X,r)) 2 G(X,r) is injective, ¢ induces a surjective morphism of
groups ¢’ : G(X,r) - G(Ret(X,r)). O

Let (B,+,0) be a finite skew left brace of size at least two with associated solution
(B,rp). Smoktunowicz and Vendramin, in [173, Theorem 4.13], proved that the order
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of rp is even, and it equals two times the exponent of the group (B,+)/Z(B,+). The
following proposition shows that this phenomenon partly appears for multipermutation
solutions.

Proposition 4.4.6. Let (X,r) be a bijective non-degenerate set-theoretic solution of the
Yang-Bazter equation with | X|> 1. If (X,r) is of finite multipermutation level and r is
of finite order, then r is of even order.

Proof. Let (X,r) be a bijective non-degenerate solution of multipermutation level n.
Then, Ret” ! (X, ) is a multipermutation solution of level 1, and there exists a canonical
surjective morphism of solutions ¢ : (X,7) - Ret" *(X,r). This implies that if k is the
order of r, the order of the solution Ret" !(X,r) is a divisor of k. In particular, if the
latter is even, then so is the order of r.

So, we can assume that (X,r) is a multipermutation solution of level 1. Then,
there exist commuting permutations f and g of X such that A, = f and p, = g, for
all z € X. Suppose that the order k = 21 + 1 of r is odd. Then, (z,y) = r*(z,y) =
("' (y), flg"*' (x)). In particular, we obtain that f'*1¢!(y) = x, for all ,y € X. Thus,
gl (z) = f*1 g (y), for all ,y € X. Since f"*'g! is a bijection, it follows that = =y for
all z,y € X, in contradiction with |X|> 1. O

Proposition 4.4.6 raises the question whether non-involutive, bijective non-degenerate
solutions that are injective and of finite multipermutation level exist. The following
example illustrates this.

Example 4.4.7. Consider the bijective non-degenerate solution (X,r) on the set X =
{1,2,3,4}, defined by r(z,y) = (12(y),x), for all x,y € X, with 71 = 70 = (3,4) and
T3 =74 = (1,2). It is clear that this solution has multipermutation level 2, and the retract
1$ a trivial solution on a set consisting of two elements. Furthermore,

G(X,r)=gr(1,2,3,4]102=201,304=403,
lo3=401=204=302,301=203=402=104).

From the presentation of G(X,r), it follows that 2 =30103™" and 4 =103017 in
G(X,r), and we obtain

G(X,r)zgr(1,3|30l0l=10103,30301=10303,3010301=1030103).
Indeed, we get that

30101=10401=10103017101=10103,
10303=30203=3030103_103=30301,
30lo30l=1040301=1030401=1030103.

In particular, 101 and 303 are central elements of G(X,r), and the quotient
G(X,r)/gr(101,303) zgr(a,b|a®=b*= (ab)* =1) = Dy,
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is a non-abelian group, and thus also G(X,r) is a non-abelian group. We will now prove
that (X,r) is injective. First, note that the group G(X,r) admits a morphism onto the
free abelian group on {x,y} by mapping both 1,2 to x and both 3,4 toy. This yields that
1#3,1#4,2+3, and 2+ 4 in G(X,r). Now suppose, on the contrary, that 1 =2 in
G(X,r). Then, 3=4 in G(X,r), and thus G(X,r) 2 gr(1,3| 103 =301) would be an
abelian group, a contradiction. Similarly, on shows that 3 #4 in G(X,r). Therefore, X
embeds into G(X,r), and (X,r) is an injective solution, as claimed. It is also worth to
mention that despite 1 #2 in G(X,r), we have

lolo303=10(l03)0o3=10(204)03=(102)0403
=(201)0403=20(104)03=20(203)03=2020303,

which guarantees that 1o1=202 in G(X,r).

The following result tells us something about the interplay between the retract so-
lutions of epimorphic bijective non-degenerate solutions of the Yang-Baxter equation.
For involutive solutions, the result was already proven by Cedd, Jespers, and Okninski
in [19, Lemma 4]. As a consequence, being a multipermutation solution is inherited by
epimorphic images.

Proposition 4.4.8. Let (X,r) and (Y,r'") be bijective non-degenerate solutions of the
Yang-Bazter equation. Then, any surjective morphism of solutions ¢ : (X,r) - (Y,r')
induces a surjective morphism @ : Ret(X,r) — Ret(Y,r") of their retract solutions. In
particular, if (X,r) is a multipermutation solution of finite level m, then any epimorphic
image of (X,r) (for example the injectivization Inj(X,r) ) is a multipermutation solution
of finite level bounded by m.

Proof. Let z,y € X with  ~ y, i.e. Ay, = Ay and p; = py,. Denote the map ' by
r'(u,v) = (A, (v),pl(u)), for all u,v €Y. Then, for any z € X, it follows that

Ny (9(2)) = 9(Aa(2)) = 9N (2)) = Xy (9(2)).

As ¢ is surjective, this implies that A:D(x) = )\;(y). Similarly, one proves that pfp(m) = pfp(y),
and thus we obtain that p(z) ~y ¢(y). Therefore, the composition 7o ¢ : (X,7) —
Ret(Y,r"), where 7 : (Y,7") - Ret(Y,r’) is the canonical epimorphism, induces a surjec-

tive morphism of solutions @ : Ret(X,r) — Ret(Y,r"). O

Also subsolutions (see Section 1.3) inherit the property of being multipermutation,
which was known already in the involutive case by a result of Cedd, Jespers, and Okninski
[19, Lemma 5].

Lemma 4.4.9. Let (X,r) be a bijective non-degenerate solution of the Yang-Baxter
equation and (Y,r") a subsolution of (X,r). If (X,r) is of finite multipermutation level
m, then (Y,r") is of finite multipermutation level bounded by m.
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Proof. We will show by induction on n that the map idy : Y — Y induces a surjective
morphism of solutions ¢, : (Yn,rn|(7n)2) — Ret™(Y,r’), where Y, ={y e X,, |y e Y}
with (X,,r,) = Ret"(X,r). For n =1, Y] = Y/~x. It is clear that z ~x y for some
x,y €Y implies x ~y y. In particular, idy : Y — Y induces an epimorphism of solutions

01 (?1,T1|(7l)2) — Ret (Y, 7’/)7

where (Y1,71] (?1)2) is a subsolution of Ret(X,r). Suppose we have shown that the map
idy : Y - Y induces a surjective morphism of solutions ¢, : (Y, T"|(?n)2) — Ret"(Y,r").

Let Z,7 € Y, be such that T ~ X, Y. As ¢y, is a surjective morphism of solutions, it follows
that ¢, (T) ~v, ©n(¥y) in Yy, where (Y,,7),) = Ret”(Y,r"). In particular, ¢, induces a
surjective map n41 : (?n+1,7“n+1|(7n+1)2) - Ret™™(Y,7), which is by construction a
morphism of solutions.

Hence, by induction, it follows that if (X,r) is of multipermutation level m, then

(Y,r") is of multipermutation level at most m, as desired. ]

Recall from Section 2.1 that a solution of Lyubashenko type, defined by r(z,y) =
(f(y),g(x)) is injective if and only if it is involutive, which is equivalent to fg being the
identity map on X. Since a multipermutation solutions of level 1 is of Lyubashenko type,
its injectivization turns out to be always involutive. We include a proof for completeness’
sake.

Proposition 4.4.10. Let (X,r) be a bijective non-degenerate solution of the Yang-
Bazter equation of multipermutation level 1. Then, the injectivization Inj(X,r) of (X,r)
1 an tnvolutive solution of the Yang-Baxter equation.

Proof. The injectivization Inj(X, r) remains a multipermutation solution of level at most
1. If Inj( X, r) is of multipermutation level 0, then the result follows. Hence, we replace r
by its injectivization. Write r(z,vy) = (f(y),g(x)), for all z,y € X, and some commuting
permutations f and g on X. Then, r(z, f'(z)) = (2,9(x)), for all z € X. Since the
solution (X,7) is injective, it follows that g = f~!, as desired. O

A final intermediate step into proving that a bijective non-degenerate solution (X, r)
of the Yang-Baxter equation is a multipermutation solution if and only if so is (M, ryy),
where M = M(X,r), and equivalently so is (G,rg), with G = G(X,r), is to link the
retract relations ~x, ~3r and ~¢, introduced in Lemma 4.4.1.

Lemma 4.4.11. Assume that (X,7) is a bijective non-degenerate set-theoretic solution
of the Yang-Baxter equation. Let M = M(X,r) and G = G(X,r). If for z,y € X we
have x ~x y, then x ~yr y and x ~g y.

Proof. From (4.5), we have that A\, € Sym(X) induces the map A\, € Sym(M) and
similarly, p, induces the map p, € Sym(M). So, z ~x y yields that z ~y; y. Completely
analogous, the map A\, € Sym(X) induces the map A, € Sym(G) and p, induces the map
pz € Sym(G). Hence, x ~x y implies that x ~g y, as desired. O
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Corollary 4.4.12. Let (X,r) be a bijective non-degenerate set-theoretic solution of the
Yang-Bazter equation of finite multipermutation level m. Then, the solutions associated
to M =M(X,r) and G = G(X,r) are of finite multipermutation level, bounded by m + 1.

Proof. By Proposition 4.4.8, we may assume that (X,7) is an injective solution. Let
M) = M(Ret™(X,r)) and G, =G(Ret"(X,r)),

for all n >0, with associated solution (M, 7y ) and (G, 7qr ) respectively. In particu-
lar, M = M{ and G = G{,. We claim that there exist surjective morphisms of solutions

Up (M,,’L,’I”M;L) — Ret"(M,ry) and ¢ : (G;,’I"G%) - Ret" (G, rqg).

The claim will be proven by induction on n. For n = 1, Lemma 4.4.11 yields that z,y € X
with x ~x y also satisfy x ~j); y and x ~g y. So, there exist surjective morphisms of
solutions ¥y : (M{,7ar7) = Ret(M,7ar) and 1 : (GY,7¢;) - Ret(G, re), where the latter
is well-defined by Lemma 4.4.5. Indeed, using the same notation as in Lemma 4.4.5, we
get that if 7(Z) = 7(y) in G(Ret(X,r)), then p(c(x)) = ¢(¢(y)) in Ret(X,r) (and thus
also in Ret(G,rg)). Now, assume that we have surjective morphisms of solutions v,
and ¢y, for some n > 1. Consider =,y € X,,, with (X,,rx,) = Ret"(X,r), such that
x ~x, y. Then, ¥, (x) ~pr, Yn(y) and ¢, () ~a, on(y), with (M,,rrr,) = Ret™ (M, rar)
and (Gp,rg,) = Ret"(G,r¢), which implies (again by Lemma 4.4.5) that there exists
a surjective morphism of solutions ;41 : (M;HI’TMT'LH) — Ret™ (M, ry;) and @41 ¢
(G],.1, TG%H) - Ret"™ (G, rg). So, the proof of our claim is complete.

As |X,,| = 1, we obtain that M, = M(Ret™(X,r)) = M(Xpm,7x,,) 2 N and G), =
G(Xm,rx,,) = Z. Under this identification, 1, : N — Ret"(M,ry) and ¢, : Z —
Ret™ (G, r¢) are surjective morphisms of solutions, where N and Z are considered as
trivial solutions. In particular, [Ret™* (M, 7)) = 1 and [Ret™ (G, rg)| = 1, as desired.

O

From [174, Theorem 2.6] (see also [0, Theorem 2.1.14]), the permutation group G =
G(X,r) = gr((Me,p3t) | © € X) of (X,r), defined in Definition 4.1.7, has a skew brace
structure (similar as for left braces, see Subsection 1.3.1), and thus also an associated
bijective non-degenerate solution of the Yang-Baxter equation. We will denote this
solution by (G,rg).

We are finally in a position to prove one of the main results of this section.

Theorem 4.4.13. Let (X,r) be a bijective non-degenerate set-theoretic solution of the
Yang-Bazter equation. The following properties are equivalent.

(1) The solution (X,r) is of finite multipermutation level.
(2) The associated solution on M = M (X,r) is of finite multipermutation level.

(8) The associated solution on G = G(X,r) is of finite multipermutation level.
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Proof. If (X,r) is a bijective non-degenerate solution of finite multipermutation level
then, by Corollary 4.4.12, both solutions (M, 7)) and (G, r¢g) are of finite multipermu-
tation level.

Since (X,r) is a subsolution of (M, rys), it follows by Lemma 4.4.9 that if (M,ras)
is of finite multipermutation level, then (X, r) is of finite multipermutation level.

Finally, suppose that (G,rg) is of finite multipermutation level. The natural map
G — G from the structure group to the permutation group of (X,r) is a surjective
homomorphism of solutions from (G,rg) to (G,rg). By Proposition 4.4.8, (G,rg) is
of finite multipermutation level. Consider the map ¢ : X — G : 2 = (A\z,p;'). Then,
1 is a morphism of solutions from (X,r) to (G,rg). Clearly, ¥ induces an injective
morphism of solutions v : Ret(X,r) - (G,rg), so Ret(X,r) is a subsolution of (G,rg).
By Lemma 4.4.9, Ret(X, ) is of finite multipermutation level, and thus so is (X,r). O

Note that in the proof of Theorem 4.4.13, the retraction of a solution (X,r) was
shown to be a subsolution of the solution associated to its permutation group (as a skew
left brace). In particular, this leads to the following corollary. Note that the result also
immediately follows from the surjective morphism of solutions ¢ : Inj(X,r) - Ret(X,r)
of Lemma 4.4.5.

Corollary 4.4.14. Let (X,r) be a bijective non-degenerate set-theoretic solution of the
Yang-Baxter equation. If (X,r) is irretractable, then (X,r) is an injective solution.

The following result provides a connection between multipermutation solutions and
solvability and (Malcev) nilpotency of their structure monoids and groups.

Theorem 4.4.15. Let (X,r) be a bijective non-degenerate multipermutation solution of
level m. Then, the group G = G(X,r) is solvable of derived length bounded by m + 1.
Moreover, the monoid A(X,r) is Malcev nilpotent of class at most m+3, and the group
Agr (X, 1) is nilpotent of class at most m + 1.

Proof. By Corollary 4.4.12, the solution (G, r¢) associated to the structure group G =
G(X,r) is of multipermutation level at most m + 1. Then, by Remark 4.4.4, G has a
finite socle series of length at most m + 1. As this series is also a subnormal series with
abelian factors, the first part of the result follows. Moreover, the same series can be
considered as a refinement of the upper central series of Ag (X, r), since Ag (X, 7) can
be seen as the additive part of the skew brace (G, +,0). Thus, the group Aq(X,r) is
nilpotent of class not exceeding m + 1.
As before (see Section 2.2), let (X, s) be the left derived solution of (X, r), that is

s(x,y) = (4, Ay (paz1() (%)) = (¥, 04 (),
for all z,y ¢ X. We know that G(X,s) = gr(o, | * € X) is an epimorphic image of

Agr (X, 7). Hence, G(X, s) is a nilpotent group of class at most m + 1. Proposition 4.2.1
yields that A(X,r) is Malcev nilpotent of class at most m + 3. O
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If (X, r) is a square-free non-degenerate involutive set-theoretic solution of the Yang-
Baxter equation and it is a multipermutation solution of level m, then Gateva-Ivanova
and Cameron proved, in [33, Theorem 6.10], that the structure group G(X,r) is solv-
able of derived length bounded by m. The following corollary generalizes this result.
Moreover, for square-free solutions it improves the bounds obtained in Theorem 4.4.15.

Corollary 4.4.16. Let (X,r) be a square-free bijective non-degenerate set-theoretic so-
lution of the Yang-Baxter equation. If (X,r) is a multipermutation solution of level m,
then the associated solution (G,rg) on G = G(X,r) satisfies m —1 < mpl(G,rg) < m.
If, furthermore, (X,r) is an injective solution, then mpl(G,rg) =m.

Moreover, the additive group of the skew left brace G is nilpotent of class bounded by
m, and the structure group G is solvable of derived length bounded by m.

Proof. The proof is by induction on m. Let m = 1. Then, (X,r) is a solution of
Lyubashenko type, i.e. r(z,y) = (f(y),g(x)), for some commuting permutations f,g €
Sym(X). Since (X,r) is square-free, f(x) =z = g(z), for all x € X. Hence, (X, ) is the
trivial solution. In this case, the extended solution (G,rq) is also trivial, and thus the
result follows for m = 1.

Now, let m > 1, and assume that the result holds for square-free bijective non-
degenerate solutions of multipermutation level at most m—1. Let G = G(X,r). The map
Ret(X,r) - (G,rg) : T = (\s,p5") is an injective morphism of solutions, so there is a
morphism of skew left braces ¢ : G(Ret(X,r)) - G such that o(Z) = (Az, p;*), for all €
X. As Ret(X,r) is a square-free bijective non-degenerate solution of multipermutation
level m — 1, it follows by the induction hypothesis that (G(Ret(X,7)),7¢(ret(x,r))) has
multipermutation level m — 1. Since ¢ is clearly surjective, by Proposition 4.4.8, (G,rg)
is of multipermutation level < m—1. As Ret(X,r) is of multipermutation level m—1, by
Lemma 4.4.9, we have that (G,rg) is of multipermutation level exactly m—1. Moreover,
there are epimorphisms of skew left braces G — G : a = (\g,p,') and G - G/Soc(G) :
(Ma, pat) = @, and thus also epimorphism between their associated solutions. Since the
solution on Soc(G) (considered as a trivial skew brace) is of finite multipermutation
level 1 (see Remark 4.4.4), we thus get, by Proposition 4.4.8, m -1 < mpl(G,rg) <
m. If, furthermore, (X,r) is injective, then (X,r) is a subsolution of (G,r¢), and by
Lemma 4.4.9, (G,r¢) is of multipermutation level m. Thus, the first part of the result
follows by induction.

By Remark 4.4.4, the second part of the result follows in a similar fashion to the
proof of Theorem 4.4.15. 0

Actually, one can see that nilpotency gives severe restrictions on the structure of
G(X,r). In Lemma 4.2.3, we proved that for a finite bijective non-degenerate solution
(X,r) with nilpotent structure group G = G(X,r), the torsion subgroup 7' = T(G)
of (G,0) is finite and G is finite-by-(free abelian). Furthermore, the torsion subgroup
T(Agr(X,7)) of (G, +) = Agr (X, 1) is equal to the additive commutator subgroup [G, G].
of (G,+). If, moreover, the solution is a multipermutation solution, we will show that
the latter is also true for T'(G).
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Proposition 4.4.17. Let (X,r) be a finite bijective non-degenerate multipermutation
solution of the Yang-Bazter equation. If the structure group G = G(X,r) is nilpotent,
then the torsion subgroup T = T(G) of (G,o) is finite. Furthermore, the additive com-
mutator subgroup [G,G] of the additive group (G,+) = Age(X, 1) of the skew left brace
(G, +,0) is a subgroup of (G,o), and equal to T.

Proof. By Lemma 4.2.3, T is a finite characteristic subgroup of (G, o). That [G,G], c T
is true, is shown in [100, Theorem 6.5] for any finite bijective non-degenerate solution.
We repeat the argument for completeness’ sake. In [97, Theorem 2.7], it was shown
that Ag = Agr (X, 1) is central-by-finite, and thus, by Schur’s theorem (see for example
[158, 10.1.4]), [G,G]+ = [Agr, Agr] is finite. Furthermore, [G,G], is a multiplicative
subgroup of (G, o) as it is invariant under all maps A, € Aut(G,+), with a € G, and for
any a,b € [G,G]s, aob=a+ N\ (b) € [G,G];. Hence, it is a torsion subgroup of (G, o),
which shows that [G,G], ¢ T.

Suppose that (X,r) is a multipermutation solution of level m. We prove that T =
[G,G]s+ by induction on m. If m = 1, then, by Proposition 4.4.10, the solution Inj(X,r)
is finite, non-degenerate, and involutive, and thus G = G(Inj(X,r)) is a torsion-free
group (by a result of [38, Theorem 1.6]), and (G,+) = Ag, is a free abelian group. So,
the result holds in this case. Assume now that m > 1 and the result is true for finite
bijective non-degenerate solutions of multipermutation level at most m. Consider the
natural surjective morphism ¢ : G - G(Ret(X,r)) of groups defined in Lemma 4.4.5.
Let N denote its kernel. If a € N, then A\, = idg = p,, which implies that a € Soc(G).
So, N ¢ Soc(G) and G/N = G(Ret(X,r)). For a,b € N, since A\, = idg, we get that
a+b=ao )\;l(b) =qagobe N. Thus, N is also an additive subgroup of G, i.e. it is
a subgroup of A,. Since Ret(X,r) has multipermutation level m — 1, the induction
hypothesis shows that T(G/N) = [G/N,G/N],, and thus T ¢ No[G,G], = N +[G,G].
Let g € T. There exist a € N and b € [G,G]; such that g = a+b. Since [G,G], ¢ T,
and T is a characteristic subgroup of (G,0), we obtain a = go \;1(b) € T n N. Because
N ¢ Soc(G), we have a” = na, for all integers n. Thus, as a € T, gr(a) = gr(a), is a
finite subgroup of Agy, and (gr(a)+[G, G]+)/[G,G]+ is a finite subgroup of Ay /[G,G]..
By Proposition 4.2.4, Ag/[G,G]. is a torsion-free group. So, a € [G,G];. Therefore,
g=a+be[G,G]; and, as a consequence, T' ¢ [G,G];. Thus T = [G,G],, and the result
follows by induction. O

Corollary 4.4.18. Let (X,r) be a finite bijective non-degenerate multipermutation so-
lution. If the structure group G = G(X,r) is nilpotent, then G = G/[G,G]+ is a trivial
left brace. In particular, the image (X,7) of (X,r) in (G,rg) is a trivial solution.

Proof. By Lemma 4.2.3 and Proposition 4.4.17, it follows that T(G,o) = [G,G]; is
a characteristic subgroup of G. As [G,G], is also a characteristic subgroup of the
additive structure, it follows that [G, G], is an ideal of the skew left brace G. Therefore,
G = G/[G,G]; has a natural skew left brace structure. Moreover, by construction, the
additive structure is abelian, thus (G, +,0) is a left brace. Since G is a left brace, the
solution (G, ) is involutive. Clearly, there exists a natural epimorphism ¢ : G (X,7) -
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(G, o). Furthermore, there exists a natural epimorphism 1 : G(X,r) - G(X,7), induced
by the morphism of solutions (X,r) - (X,7). Recall that the relations in (G,+) are
defined by the left derived solution, s(z,y) = (y,0,(x)), for all z,y € X. Therefore,
[G,Gly=gr(z+y-z-y|z,yeX)=gr(z-oy(z) |2,y € X). Hence, ¥(z) = ¢(oy(x))
in G and thus also in G(X,7), for all x,y € X. Thus, ¥ can be factored through an
epimorphism )5 : (G, 0) - G(X,T). As both o)y and 10 correspond to the identity
mapping on the generators of the corresponding groups, it follows that both maps are
isomorphisms. In particular, (G, o) can be treated as the structure group of (X,7). As
(G, o) is nilpotent, it follows that (G,o) is nilpotent. By [44, Theorem 2], it follows
that (G, +,0) is a trivial left brace. In particular, this implies that the solution (X,7)
is trivial. O

Let (X,7) be a finite bijective non-degenerate solution, and put G = G(X,r). By
Proposition 4.4.17, [G,G]; is a subgroup of (G,o). A natural question is whether
[G,G]s =T(G,0) in general. However, this is not true which is shown in the following
example. Crucial is to construct an example of a skew left brace B such that its left
ideal [B, B]. is not an ideal, i.e. as a multiplicative group it is not a normal subgroup
of (B,0o). Note that [ B, B]; is a normal subgroup of (B,+), and thus it is a strong left
ideal of the skew left brace B, as introduced in [99].

Example 4.4.19. Consider the trivial left brace A = (ZJ27)?. Then, the automor-
phism group Aut(A) of A is isomorphic to the symmetric group of degree 3. Then,
(Aut(A),+,0) is a skew left brace, with f+g= fog, for all f,g € Aut(A). Consider the
semidirect product B = Hol(A) = A x Aut(A) of skew left braces. This means that

((a>b)>f) + ((C>d)7g) = (((Z+C,b+d),fog),
((a,b), f) o ((c.d),g) = ((a,b) + f(c,d), foyg),

for all (a,b),(c,d) € A and f,g € Aut(A). Then, (B,+,0) is a skew left brace. Note
that [B,B]; = {((0,0),id4), ((0,0), f),((0,0), f3)}, where f € Aut(A) is defined as
f(a,b) = (bya+b), for all (a,b) € A. Since

((1,0),ida) ™" 0 ((0,0), f) o ((1,0),ida) = ((1,0),ida) o ((0,1), f)
= ((171)af) ¢ [B,B]+,

we have that [B, B, as a multiplicative group, is not a normal subgroup of (B,o),
and thus it is not an ideal of the skew left brace (B,+,0). By [8, Proposition 3.18]
(or [0, Corollary 2.3.5]), there exists a finite bijective non-degenerate solution (X,r)
such that G = G ,(X,r) = B as skew left braces. Let G = G(X,r) and let o : G - G
be the map defined by a(a) = (Ma,p;>), for all a € G. We know by Lemma 4.1.6 and
Remark J.1.8 that o is an epimorphism of skew left braces, and Ker(«a) is an ideal of the
skew left brace G contained in its socle. Note that a™1([G,G]+) = [G,G]s+Ker(a). Since
[G,G]. 2 [B, B]+ is not an ideal of the skew left brace G, we have that [G,G],+ + Ker(a)
is not an ideal of the skew left brace G.
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Note that if [G,G]+ =T(G,0), then [G,G]+ is an ideal of the skew left brace G. This
yields that [G,G]+ + Ker(a) is also an ideal of G, a contradiction. So, [G,G]; is not
equal to T(G,0).
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CHAPTER 5

Idempotent and cubic solutions
and skew lattices

Let’s build bridges, not walls.

Martin Luther King Jr.

Many structures from Section 1.3, as well as YB-semitrusses from Chapter 3, cover
involutive and bijective solutions. Another important class of solutions is the class of
idempotent or cubic solutions. Recall from Section 1.3 that a set-theoretic solution of the
Yang-Baxter equation (X,7) is called idempotent if 72 =, and cubic if 73 = . In [161],
a bijective correspondence is given between left non-degenerate involutive set-theoretic
solutions of the Yang-Baxter equation and cycle sets (see Subsection 1.3.2). In [176], this
correspondence is generalized to left non-degenerate idempotent solutions and twisted
Ward left quasigroups. Idempotent solutions have interesting applications, extensively
explained in [120]. For example, a connection is given between the (co)homology of
an idempotent solution and the Hochschild (co)homology of its structure monoid. Fur-
thermore, different algebraic structures, like factorizable monoids, Young tableaux, and
distributive lattices, are studied using so-called o-normal words and normal forms of
words in the structure monoid of idempotent solutions. Up to isomorphism, all 16 idem-
potent set-theoretic solutions on a two-element set are provided in [120].

Distributive lattices are meaningful as they provide idempotent set-theoretic solu-
tions of the Yang-Baxter equation (see for example [1416] for the same solution on Boolean
algebras). In this section, the idea of using distributive lattices to obtain solutions is gen-
eralized. More precisely, following [69] (Cvetko-Vah and Verwimp), we use skew lattices,
a non-commutative lattice that first appeared in [111], and later intensively studied in,
for example, [64, 65, 66, 68, , , , , , ]. We first recall the necessary
information on skew lattices and several varieties. Given a family of pairwise disjoint sets
or skew lattices, we include several ways to construct skew lattices, and see which prop-
erties remain true for the constructed skew lattice. Thereupon, we focus on set-theoretic
solutions defined using the algebraic structure of a skew lattice, sometimes in need of
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extra properties. These solutions will be either idempotent or cubic, and in most cases,
the solutions will be degenerate, i.e. not left non-degenerate nor right non-degenerate.
At this point, finding a structure that corresponds to all degenerate solutions seems to
be a far-off goal. Nevertheless, a humble first step towards this problem is given here,
using skew lattices.

5.1 Preliminaries

Although skew lattices first appeared in [111], their modern definition was first given
in [126], where today’s study of skew lattices was launched. A skew lattice is a set S
equipped with a pair of idempotent and associative operations A (meet) and Vv (join)
that satisfy the absorption laws

zA(zvy)=z=xVv(xay)and (xAy)vy=y=(xVy)Ary, (5.1)

for all 2,y € S, and is denoted by (S, A, V).

Easy examples of skew lattices are lattices, i.e. a skew lattice (S, A, V) where both
operations A and v are commutative, meaning that xt Ay =yAx and x vy =y Vv x, for all
xz,y € S. The following example presents a skew lattice that is not a lattice.

Example 5.1.1. Let S ={0,1,2}, and define the meet and join operation by

Ao 1 2 vio 1 2
010 0 0 010 1 2
110 1 1~ 111 1 2°
210 2 2 212 1 2
Then, 1A2=1, but 2A1=2. So, (S,A,V) is not a lattice. However, one can check that

(S, A, V) is a skew lattice.

A skew lattice is called rectangular if it satisfies the identities x Ay A z = x A 2z and
x vy =yAzx. For lattices, the absorption laws yield an absorption duality between the
meet and join operation, i.e. a Ab = a if and only if a vb =b. In a similar manner, the
following pair of dualities hold in any skew lattice [120], for any =,y € S,

rzAny=x ifand only if zvy=y,

xAny=y if and only if xvy=u=x.
Recall from [93] (see also Section 1.3) that a band is a semigroup of idempotents. A
band (S,-) is called regular if xyzrzx = zyzx, for all x,y,z € S. A complete list of varieties

of bands can be found in [151]. Given a skew lattice (S, A, V), both semigroups (.S, A)
and (.5, V) are regular bands [126, Theorem 1.15], i.e. the identities

TAYNZAZAT=TAYANZAL, (5.2)

TVYVIVZVT=TVYVeIVe,

are satisfied.
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5.1.1 Green’s equivalence relations and Leech’s Decomposition Theo-
rems for skew lattices

In semigroup theory, Green’s equivalence relations L, R,D,H, and J are fundamental
tools to study a semigroup. Given a semigroup (S,-), relation £ is a right congruence,
i.e. aLb implies acLbc, for all ¢ € S, while relation R is a left congruence, i.e. aRb
implies ca R ¢b, for all ¢ € S, see [93, Proposition 2.1.2]. Moreover, each D-class is a union
of L-classes and likewise a union of R-classes. The intersection of an L£-class and an R-
class is either empty or an H-class. Because of this, a D-class is sometimes visualized as
an “eggbox”, with rows corresponding to R-classes, columns corresponding to £-classes,
and intersections of rows and columns corresponding to H-classes. A left-zero semigroup
is a semigroup (S, A) satisfying the identity x A y = x, while a right-zero semigroup is a
semigroup (5, A) satisfying the identity x Ay =y. For more information on the topic, we
refer to [93].

For bands, D = J, and H is the diagonal relation (the #-classes are singletons),
making only the first three relations relevant. They are given by, see [152, Lemma 1.7.1],

xLy if and only if zy ==z, yxr =1y,
xRy if and only if zy =y, yx ==,
2Dy if and only if zyx ==z, yzy =y.

In general, Green’s relation D on a semigroup is not necessarily a congruence. However,
by Clifford-McLean Theorem ([57, Theorem3] and [111, Theorem 1]), D is a congruence
on any band, and any band factorizes as a commutative band (also called a semilattice)
of rectangular bands.

Given a skew lattice (S, A, V), we denote the corresponding Green’s relations by L,
R, Dp, and Ly, Ry, Dy. By Leech’s First Decomposition Theorem [126, Theorem 1.7],
Green’s relations D, and D, coincide on any skew lattice (S, A, v). This relation, simply
denoted by D, is a congruence, S/D is the maximal lattice image of S, and each D-class
is a rectangular skew lattice. Moreover, on a skew lattice S we obtain R, = L., simply
denoted by L, and R, = L, simply denoted by R. A skew lattice is called left-handed
if £ =D, and it is called right-handed if R = D. In other words, a skew lattice (S, A, V)
is left-handed if and only if, for any z,y,z € S,

TAYAT=2xAY, or equivalently, tvyvz=yV . (5.4)

It is right-handed if and only if

TAYAT=yAz, or equivalently, zvyvz=xvy, (5.5)
forall z,y, 2z € S. Leech’s Second Decomposition Theorem for skew lattices [126, Theorem
1.15], a skew lattice version of Kimura’s result for regular bands [115, Theorem 4],

states that Green’s relations £ and R are congruences on any skew lattice (S,A,V).
Furthermore, S factors as a fiber product of a left-handed skew lattice S/R, called the
left factor of S, by a right-handed skew lattice S/L, called the right factor of S, over
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their common maximal lattice image. In particular, if (S,A,V) is a rectangular skew
lattice (which is equivalent to S having exactly one D-class), then S factors as a direct
product S = L x R of a left-zero semigroup L, by a right-zero semigroup R.

On a skew lattice (S, A, V), we can define a natural preorder <, by

z=<y ifand only if zAyAx =2,

or equivalently, if and only if y va vy = y. Note that x <y and y < x if and only if
xDy. Furthermore, z <y in S is equivalent with D, < D, in the lattice S/D, where
D, ={teS|zDt} is the D-class of z € S. The natural partial order, denoted by <, is
given by

x<y ifandonly if zAy=z=yAx, (5.6)

or equivalently, if and only if x vy =y =y v z. Note that, for any x,y € S, x <y implies
T <y.

The natural partial order allows us to draw diagrams representing visual images
of skew lattices. This diagram is called a Hasse diagram. Full down edges indicate
elements related by the natural partial order, with a < b if a is below b, and horizontal
dash edges indicate that two elements are D-related. For lattices, the Hasse diagram
uniquely defines both operations of the lattice. This, however, is no longer true for skew
lattices. This can be seen by the skew lattices ({a,b},A1,v1) and ({a,b}, A2, Vva) with
operations defined by

Al‘ab vl‘ab
ala a, ala b,
b|b b bla b

and x Agy = x V1Y, xVay = x Ay, for all z,y € {a,b}. Both skew lattices can be
represented by the Hasse diagram below.

The following significant result has contributed to fruitful progress in the theory of
skew lattices.

Theorem 5.1.2 (Cvetko-Vah [64, Corollary 3]). A skew lattice satisfies an identity or
an equational implication if and only if both its left and right factor satisfy this identity
or equational implication.

Thus, to prove a result for a skew lattice (S,A,V), it is enough to prove it first
assuming that S is left-handed (satisfying (5.4)), and next assuming that S is right-
handed (satisfying (5.5)). We will use this fact frequently in what follows.

5.1.2 Varieties of skew lattices

A class of algebras is called a wariety if it is closed under homomorphic images, sub-
structures, and direct products. By Birkhoff’s Theorem [29, Theorem 11.9] a class of
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algebras is a variety if and only if it is equationally defined, i.e. if it is defined by a set
of identities.

Throughout this chapter several varieties are defined. A fundamental one among
them is symmetry [126, Subsection 2.3]. A skew lattice (S, A, V) is said to be symmetric
if

zAy=yAxz ifandonlyif xvy=yvuz, (5.7)
for all x,y € S. A skew lattice (S, A, V) is called normal (resp. conormal) if
TAYANZAT=TAZAYAZ, (Tesp. TVYVzVI=xVzVyVr), (5.8)

for all x,y,z € S. A binormal skew lattice is a skew lattice that is both normal and
conormal. Binormal skew lattices factor as a direct product of a lattice with a rectangular
algebra [171].

Remark 5.1.3. Note that the condition of normality (resp. conormality) is in fact
equivalent to
TAYNZAW=TAZAYAwW, (resp. TVYVzVw=xVzVyvw). (5.9)
Indeed, using normality, and associativity and idempotency of A, we obtain
TAYANZAW=(ZAYAZAW)A(ZAYAZAW)
=TAYA(ZAWATAYAZ) AW
=(XAYAZAZ)AYAWAZAW
=T AZAYATAYAWAZ) AW
=ZAZAYAN(WAYATAZAW)
=(@AzAyAw)A(ZAZAYAW)
STAZAYAW.

The equality xvyvzvw=xVzVvyVvw can be proven similarly using conormality.

Strongly and co-strongly distr.

\
/

Strongly distr. (p.179) Co-strongly distr. (p.179)
Normal (p.165) \Distr. and canc./ Ermal (p.165)
— T
Canc. (p.167) Simply canc. and distr.
Symmetric (Iﬁ ?mply canc. (p{ \Distr. (p.167)

—

Quasi distr. (p.179

/
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The diagram above presents an overview of the varieties used in this chapter. The
reader might find this diagram useful when thinking about the partial order between
different varieties of skew lattices. There can be other varieties of skew lattices that
are not shown in the diagram and lie in between the varieties that are shown. The
diagram, therefore, provides the information regarding the partial order on the set of
listed varieties, but it does not imply, for instance, that quasi-distributive skew lattices
form the join of simply cancellative skew lattices and distributive skew lattices.

5.1.3 Skew lattices in rings

Let (R, +,-) be aring and E.(R) = {e € R | € = ¢} the set of idempotents in (R,-). Given
x,y € E(R), xy is not necessarily idempotent. We say that a subset S of E.(R) is a
multiplicative band in R if for any x,y € .S, we have xy € S. Given a multiplicative band
S in a ring R, defining the meet operation as the multiplication, there are two natural
ways to define the join operation on S,

(i) The quadratic join: xoy =z +y—xy, for all z,y e S.
(ii) The cubic join: xVy = (z o y)? =z +y+yx—zyx —yay, for all z,y € S.

In general, given x,y € E.(R), x oy is not necessarily in E.(R). If x oy € E.(R), then
xVy = xoy. When E.(R) is a multiplicative band in R, we obtain zVy € E.(R), for
all z,y € E.(R). However, V is not necessarily associative. So, in general, (.S,,0) and
(S,-,V) are not necessarily skew lattices for a multiplicative band S in R. In some
cases, we do obtain skew lattices. The following results are proven in [126], for any ring
(R7 + ')7

(i) If (S,-) is a multiplicative band in R that is closed under the quadratic join o, then
(S,-,0) is a skew lattice, called a quadratic skew lattice.

(ii) If (S,-) is a multiplicative band in R that is also closed under V, with V being
associative on S, then (5,-,V) is a skew lattice, called a cubic skew lattice.

A band (S,-) is called right regular (resp. left regular) if for any z,y € S, zyx = yx
(resp. zyx = zy). It is called normal if zyzx = xzyz, or equivalently xyzt = zzyt, for all
x,y,2,t € S. The following results are proven in [126] and [127].

(i) Any maximal left or right regular band in a ring forms a quadratic skew lattice.
Any left or right regular band in a ring generates a quadratic skew lattice.

(ii) Any maximal normal band in a ring forms a normal cubic skew lattice. Any normal
band in a ring generates a normal cubic skew lattice.

5.2 Constructions of skew lattices

It will become clear that skew lattices are a fundamental algebraic structure to produce
set-theoretic solutions of the Yang-Baxter equation, that are either idempotent or cubic.
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Consequently, finding ways to construct skew lattices out of sets or other skew lattices is
worth its attention. In this part, we present multiple constructions and discuss whether
certain properties are inherited.

To start, we construct a skew lattice on an arbitrary family of pairwise disjoint sets,
following [69, Section 2] (Cvetko-Vah and Verwimp). The constructed skew lattice is
both distributive and cancellative. A skew lattice is said to be (fully) cancellative if the
following pair of implications hold,

TVYy=xVz, TAYy=x Az implies y =z, (5.10)

TVzZz=yVz, TAz=yAz implies z=y. (5.11)

A skew lattice satisfying (5.10) (resp. (5.11)) is called left (resp. right) cancellative.
Cancellative skew lattices were introduced in [126], and intensively studied in [65], where
it was shown that they form a variety. A skew lattice is called distributive [126] if the
following pair of identities are satisfied,

xAn(yvz)rz=(xAryrz)v(zAzAz), (5.12)

xv(ynz)ve=(zxvyvz)a(zvzve). (5.13)

For lattices, the identities (5.12) and (5.13) agree. By [175, Theorem 2.3], both identities
also agree for symmetric skew lattices. However, for arbitrary skew lattices they are not
necessarily equivalent. A counterexample to this is provided in [175]. There exists a
different notion for distributivity of lattices. A lattice (L, A, V) is called distributive if,
for any x,y,z € L,

xAn(yvz)=(xry)v(zarz), andxv(yrz)=(zvy)Aa(zVz). (5.14)

Later, we will see that there are several ways to generalize the notion of distributivity
to the non-commutative setting. A thorough study of distributivity in skew lattices
can be found in [116]. For lattices, all these definitions are equal to the definition of
distributivity of a lattice given above. Moreover, while for skew lattices cancellation and
distributivity are two different concepts, they agree for lattices. So a lattice is cancellative
if and only if it is distributive [130, Theorem 1.1.3]. Another third characterization is
that the lattices M3 nor N5, with Hasse diagrams given below, can be embedded in the
given lattice [130].

1 1
N e
N/ AN

M32 0 N52 0

Alongside a construction of a skew lattice on a family of pairwise disjoint sets, we
provide several constructions of skew lattices (S, A, V) given a family of pairwise disjoint
skew lattices {(.S;, Aj, Vi) | @ € I}, such that S = U;e; S;. We also study if properties (like
cancellativity and distributivity) on the skew lattices S;, i € I, are inherited by the skew
lattice S.
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5.2.1 Construction on a family of pairwise disjoint sets

Let (I,<) be a totally ordered set and S = J;c; A; the disjoint union of a family of
pairwise disjoint sets A;, 7 € I. For any x,y € S with 4,7 € I such that x € 4;, y € A;, we
define the meet and join operation on S as

Joxoifi<y oy ifi<y
“y‘{y ifj<i ”y‘{x ifj<i

Proposition 5.2.1. Let (I,<) be a totally ordered set and S = \J;er A; a disjoint union
of a family of pairwise disjoint sets. Then, (S,A,V) is a distributive and cancellative
skew lattice, where A and v are defined as above.

Proof. Both z A (y A 2z) and (z Ay) A z reduce to the minimal element of {z,y,z} that
appears most right in the expression z Ay A z. Similarly, z v (y v z) and (x vy) Vv z
both reduce to the maximal element of {x,y, 2} that appears most left in the expression
xzVvyVz Hence, both A and v are associative operations. It is also clear that both
operations are idempotent.

To prove the absorption laws (5.1), let z € A;, y € A;. Assume first that i < j. Then,
xA(xvy)=xzAy=xz. On the other hand, if j <i then z A (zVvy) =x Az =2z. The other
absorption laws are proven similarly.

Given z € A; and y € A;, the expression Dy is equivalent to i = j. Moreover,
x € A; commutes with y € A; for either of the operations A, v, if and only if ¢ # j. By
construction, S is a skew chain, meaning that its maximal lattice image S/D is totally
ordered (in our case, isomorphic to I). By [03, Proposition 5|, skew chains are always
cancellative.

It remains to prove that (S, A, V) is distributive. Take any x,y,z € S with 4,5,k e I
such that = € A;, y € A;, and z € Ay, and consider the elements o = z A (y v 2) Az and
B=(xnrynrz)v(znazazx). To prove that (5.12) holds, we need to show that o = f.
If j = k, then yDz, and thus (x AyAxz)D(x A zAx). This means that there exists
l el such that z Ay Ax and x A z Az both lie in A;. It follows that o = x Ay A x and,
likewise, B =z Ay Az. If j + k&, then y and z commute for both operations A, v, with
either ynz=zAy=yandyvz=zvy=z,oryanz=zAy=zand yvz=zVvVy-=y.
Thus, by the definition of the natural partial order (5.6), we have either y < z or z < y,
as y # z. If y < z then, by regularity (5.2), TAYAZTAZAZAZ=TAYAZAT=TAYAZ,
and thus x AyAx <z AzAaz. It follows that a = 2 Az Az = 8. Similarly, if z <y, then
a=xAyAx=[3, as desired. The proof of (5.13) is similar, hence the result. O

5.2.2 Constructions on a family of pairwise disjoint skew lattices

Given a set I and a family of pairwise disjoint skew lattices {(S;, Ai,V4) | @ € T}, we
present several constructions of skew lattices (S, A, V) such that S = U;e; S;. We also
study if properties, like cancellativity and distributivity, on the skew lattices S;, 7 € I,
are inherited by the skew lattice S. The results of Subsection 5.2.2 are personal, new,
and unpublished.

168



A simple construction technique is given by considering the direct product of skew
lattices and defining the operations componentwise. If all given skew lattices are dis-
tributive (resp. left/right/fully cancellative), then, of course, their direct product is also
distributive (resp. left/right/fully cancellative). Another construction that we will es-
tablish can visually be seen as putting the given skew lattices in one vertical line. The
meet of two elements of different skew lattices is equal to the element of the skew lattice
with the lowest position, while their join is equal to the element of the skew lattice with
the highest position.

Proposition 5.2.2. Let (I,<) be a finite or countable totally ordered set, and (S;, Ni, Vi),
i €1, a family of pairwise disjoint skew lattices. Then, (S = Uier Si, A, V) is a skew lattice,
where for any s; € S;, s} € Sj,

Si/\isz' Zf’L=j

! p o .
SiNS;=15i ifi<j,
% if 7 <1
and
sivis; Zf’L=j
. I _ / p o .
SiV Sj =145 ifi<j.

si ifj<i

If all skew lattices S;, i € I, are distributive (resp. left/right/fully cancellative), then S
is distributive (resp. left/right/fully cancellative).

Proof. 1t is easy to see that both A and v are idempotent binary operations. Let x,y,z €
X. Then (z Ay) Az but also z A (y A 2), is equal to (the meet of) the element(s)
of the skew lattice with the lowest index. Hence, the operation A, and similarly v, is
associative.

To show that (S5, A, V) is a skew lattice, we are left to prove that (5.1) is satisfied.
Let s; € Si,s;- € Sj, with i # j. First, we prove that s; A (s; v s;) = s;. Indeed, if 7 < 7,
then s; A (s; v 3;) =5 A s;- = s;. While, if j <4, then s; A (s; v s;) = s; As; = s;. Next,
we prove that s; v (s; A 53) =s;. If j <4, then s; v (s; A 53) =5V 33- = s;. Next, if 7 < j,
then s; v (si A s}) = s;vs; = s;. Similarly, one can prove that (s} v s;) As; = s; and
(s;- ASi)V 8 = 8.

Assume that all skew lattices S;, i € I, are distributive, i.e. satisfying (5.12) and
(5.13). We need to prove that, for any x,y,z€ S, xA(yvz)rx=(xAyArz)V(xAzAZ)
and zVv (yArz)ve=(xvyva)A(zvzve) hold. If x,y, z are elements of the same skew
lattice S;, the result is clear. Assume that x,y € S; and z € S}, for some i # j € I. Then,

x ifi<y
zA(yvz)rr=(xAryrz)v(zazazx)= . ‘],,
xAynx if j<i
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similarly z A (zvy) Az =(zAzArz) Vv (zAyAz), and

v if 1 < j
Z/\(:L‘\/y)/\zz(z/\x/\z)v(z/\y/\z):{x 4 TZ. ‘7
if j <1

If x € S;,y € Sj and z € Sy, for different elements 1,5,k € I, then

x if i <max{j, k}
xAa(yvz)rnz=(xryrz)v(zanzaz)={y ifk<j<i

z ifj<k<i

Similarly, zv(yAz)va=(zvyvz)A(zvzve) holds, for all z,y,z € S.

Assume that all skew lattices S;, i € I, are left cancellative, i.e. satisfying (5.10). We
need to prove that (5.10) holds, for all z,y,z € S. If z,y, z € S; for some i € I, then (5.10)
follows from left cancellation of S;. Let x € S;,y,2 € S; for some i # j, and assume that
zAny=xAzand xvy=zVz Then,

y if i<
y=(zry)vy=(zrz)vy-= o o
zvy if j<i
zAy ifi<j
y=(wvy)/\y=(wVZ)/\y={ o
Y if j<i
So, if i < j, then y = z Ay, and if j < i, then y = z v y. Similarly, one can prove that if
i1<j,then z=y Az, and if j < i, then z =y Vv z. Hence, if i < j, then

y=yv(ynz)=yvzzz,
z=2z2Vv(zAYy)=zVy2>y.

Furthermore, if j <4,

y=yn(yvz)=ynrz<z,
z=z2n(zVy)=zAy<uy.

We conclude that y = z.

Assume now that xt Ay =z Az and xvy=2xVz, for some z,y € S;,2€S5; and @ # j.
AsxAz=xAryeS;, weneed that ¢ < j. Similarly, because x v z = x vy € S;, we need
that j <4, which is a contradiction.

Let z € S;,y € Sj,z € S, for different 4, j, and k in I, and assume that x Ay =z A2
and x vy = x Vv z. However, note that this only holds if min{é,j} = min{i,k} and
max{,j} = max{i, k}. For simplicity denote i A j = min{é,j} and i v j = max{i,j}, for
all 4,7 € I. Note that (I, A, V) is a distributive lattice. Then,

G= A vi=(ink)vi=(ivi)a(kvy)=(ivk)a(kvi) >k,
k=Gnrk)VE=(Gnrj)vk=(VvE)A(GVE)=>GVi)A(GVE)=>].

170



This contradicts the assumption j # k.
Starting from right cancellative skew lattices, i.e. satisfying (5.11), the right can-
cellativity of S is proven similarly. Hence, the result follows. O

The assumption in Proposition 5.2.2 that I is a totally ordered set is rather strong.
In the upcoming construction, we only assume that I is a lattice. However, in this
case, some extra conditions on the given skew lattices are needed. More precisely, every
skew lattice (Sj,Ai,V;) needs a top element 1; and a bottom element 0;, satisfying
Oi/\isizoizsi/\ioi7 OZ‘VZ‘SZ'ZSZ‘ ZSZ'VZ'OZ‘, 17;/\1‘81‘ :Sizsi/\ilia 1iViSi = 1i :s,-vili, for
all S; € Si, and 0,7 1;=0,=1; 7 01’, 0;v; 1;=1;,=1;v;0;.

Proposition 5.2.3. Let (I,A,V) be a finite or countable lattice and let (S;, Ni, Vi), 1 €1,
be a family of pairwise disjoint skew lattices such that S; contains a top and bottom
element 0; and 1; respectively, for all i € I. Then, (S = Uier Si, A, V) is a skew lattice

defined by, for any s; € S;, s} € S;,

SZ'/\iSS- ifi=j

’ S; Zfi<j
SiNS; = o ifj<i )
j Jst
1 ifinj=kk+iksj

and

sivis;- ifi=j

L s ifj<i
S; Vs =
B ifi<j
0% ifivi=kk+ik+j

Proof. 1t is easy to see that both A and v are idempotent binary operations. To prove

associativity for A, let s; € Sj, s’ € Sj,s)] € Sg. If i = j = k, then the associativity

follows from the associativity of A;. Next, assume that ¢ = j # k. Then, it is clear that
(sins;y)nsy=sin(s;nsy) and s A (siAs)) = (s Asi)As,. Furthermore,
sins, ifi<k
siA(sy Asi) =15t if k<i ;
1, ifkni=01+1,1l+k
and
sins, ifi<k
(sinsg)As;=1s) if k<i .
1, ifink=101+il+k
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As (I,A,v) is a lattice, i Ak =k Ad, s0 s, A (s ASE) = (siAs)) As.. Finally, assume that

i#j + k. Then,

s; ifi<jandi<k

. ifj<diand j<k

sin(sjasg) =47 0" R E
s ifk<iand k<j

L, ifin(Gak)=0L1+il+jl+k

and

s; ifi<jandi<k

- ifj<iand j<k

(sinsp)asy=1" 75 TER
s ifk<iand k<j

L, if(iag)Ak=0L1%il+jl+k

Hence, s; A (s} A s))) = (si A sj) A sy and A is an associative operation. Similarly, one
shows that v is an associative operation.

We are left to prove that A and v satisfy the absorption laws (5.1). Let s; € .S;, S; €95
with ¢ # j. First, we prove that s; A (s; v sé) =s;. Indeed, if ivj =k, fori+k,j+k,
then ¢ A k = i because of the absorption laws in the lattice I. Hence, in this case,
sin(siv ;) =8i A0k =s;. Ifi<j, then s; A (s;Vs)) =sinsj=si, and if j <4, then
S A (si\/s;) = 8;AS; = 8;. Similarly, one can prove that s; v (s; /\89) = s, (s; VS;)AS; = 8,
and (83AS¢)VS¢=8¢. O

If some skew lattices do not contain a top and bottom element, one can simply add
these elements to the skew lattice. Hence, the previous proposition is still applicable.

Corollary 5.2.4. Let (I,A,V) be a finite or countable lattice and let (S;, Ai, Vi), 1 €1,
be a family of pairwise disjoint skew lattices. Add to each skew lattice S;, that does not
contain a bottom (resp. top) element, the element 0; (resp. 1;) such that 0; A; s; = 0; =
Si N 01 and 02 Vi Si =8;=58;V; Oz (Tesp. 1, A 85 =8, =8; N\ 17, and 1Z Vi S; = 11 =8; Vi 11),
for all s; € S;, and such that 0; A1; =0; =1; A0; and 0; v 1; =1; =1; v 0;, if both elements
are added. Then, (S = Jie; Siy A, V) is a skew lattice, where the operations A and Vv are
defined as in Proposition 5.2.3.

For the constructions of Proposition 5.2.3 and Corollary 5.2.4, properties like dis-
tributivity and cancellativity will not necessarily be inherited. This makes sense since
the used lattice (I, A, V) does not have to be distributive. However, even in the distribu-
tive case there are counterexamples.

Example 5.2.5. Let (I,A,V), with I ={a,b,c,d}, be the distributive lattice defined by
the Hasse diagram below.



Let S;,1 € I be a family of pairwise disjoint distributive skew lattices and assume that
there exist x,y € Sy such that y < x (take for example Op < 1y, if |Sp| > 2). For z € S., we
get

xA(yvz)rz=xA0gAzx =,

while
(xAryrz)v(zazaz)=yVvi,=y.

If all skew lattices S;,i € I are left/right/fully cancellative, the above constructed skew
lattice is not necessarily left/right/fully cancellative. For example, if |S.| > 2, take x € Sy
and

xA0.=1s=xzAl.and zv0.=04=2V 1,

and similarly
Ornz=1,=1.Ax and O, v =0g=1.V x,

but 0c # 1, if |Se| > 2.

To end this part, we show that the constructed skew lattices from Proposition 5.2.2,
Proposition 5.2.3, and Corollary 5.2.4 do not necessarily inherit normality and conor-
mality. For example, consider I = {0,1} the lattice with two elements on top of each
other (1 above 0). Let (So, Ao, Vo) and (S1,A1,V1) be two normal skew lattices, such
that there exists x,y € So with x Agy # y Agx. Then, for z € S1, we get zATAYyAZz =T AY,
while zAyAxz Az=yAxz. A counterexample for conormal skew lattices is given in the
same manner.

5.3 Solutions obtained from general skew lattices

In Section 1.3, the importance of several algebraic structures became clear by connecting
them to set-theoretic solutions of the Yang-Baxter equation. In this section, we follow
[69, Section 3] (Cvetko-Vah and Verwimp), focus on arbitrary skew lattices, and study
how they provide set-theoretic solutions of the Yang-Baxter equation. Using only one
of the binary operations of a skew lattice (S,A,V), we already obtain many solutions
as both (S,A) and (S,Vv) are bands. Hence, we get solutions by, for example, putting
r(z,y) = (x Ay,y) or r(x,y) = (z,z v y), see also Section 1.3. In this section, however,
we determine non-trivial solutions where the map r of the solution is defined using both
binary operations of an arbitrary skew lattice. It turns out that the found solutions are
of idempotent type, and thus of importance as shown in [120].

Before we dive into this result, we need to define the lower update of two elements
of a skew lattice [68]. Let (S,A,V) be a skew lattice and x,y € S. The lower update of x
by y is defined as

alyl =(rzny)vav(yrzay).

The upper update of x by y is defined similarly, i.e. z[y]=(yvavy)rzA(yvevy).
It turns out that there is no unique definition for an update operation of a skew lattice.
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One can find several definitions in [68]. We now only focus on the lower update. Note
however that similar results can be obtained for the upper update.

Let (S,A,Vv) be a skew lattice and z,y € S. Then, z|y| € D,. Indeed, by the
absorption laws (5.1), we obtain

zvzlylve=axv(yrxzary)vav(yrxzay)ve
=zv(yrrzAy) Ve
=(ynx)vaev(yrxzry)ve
=(ynx)v(yrzrny)vev(yrxay)ve

=(ynx)v(yrxzrny)ve
=(yrz) vz

:x7

and it is clear that z|y| vz v z|y] = z|y]. If a skew lattice is left-handed, satisfying
(5.4) (resp. right-handed, satisfying (5.5)), then the lower update can be simplified to
zly] =z v (yrx) (vesp. zly|=(zry) Vo)

To prove Lemma 5.3.3 below, we need to recall some further facts and definitions
from skew lattice theory in the following remark, which is based on results of [128] where
the geometric structure of a skew lattice is studied. Given a skew lattice (S, A, V) with
comparable D-classes A, B such that A > B holds in the lattice S/D, a coset of A in B
is a subset ANbAA={anbnrd |a,a’ € A} ¢ B, with b € B. Likewise, a coset of B in A
is a subset Bvav B={bvavd' |bb € B} c A, where ae A. Cosets of skew lattices are
studied in, for example, [66, 67, , , , ]

Remark 5.3.1. Let (S, A, V) be a skew lattice with D-classes A, B such that A > B holds
in S|D. By [128], the cosets of A in B form a partition of B, and similarly, the cosets
of B in A form a partition of A. By [07, Proposition 7], elements a,a’ of A lie in a
common coset of B in A if and only if bvavb=bva' vb, for all be B, which is further
equivalent to bvavb=bva' vb, for some be B. A dual similarity holds for elements
b,b" € B that lie in a common coset of A in B. Moreover, given any coset B;j of A in B
and any coset A; of B in A, there exists a bijection pj; : A; - Bj which maps an element
x € A; to the unique element y € B; with the property y < x, with respect to the natural
partial order (5.6).

In order to prove that a pair of elements of A are equal, it thus suffices to show that
they lie in the same coset of B in A and that they are both above the same element of
B with respect to the natural partial order (5.6). Likewise, a pair of elements of B are
equal if and only if they lie in the same coset of A in B and are both below the same
element of A with respect to the natural partial order (5.6).

In [68, Theorem 4.3], other properties of the update operation are proven. We
mention those that are needed in this section.

Theorem 5.3.2 (Cvetko-Vah and Pita Costa [68, Theorem 4.3]). Let (S, A, V) be a skew
lattice, and x,y € S. Put M =Dy ADy={anb|aeD,,beD,}, then
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(1) x|y| is the unique element of the coset M v xv M in D, such that ynx Ay < x|y,

(2) zlylny=ynrzny=ynrazlyl.
The technique from Remark 5.3.1 is applied in the proof of Lemma 5.3.3 below.

Lemma 5.3.3. Let (S,A,V) be a skew lattice and x,y,z € S. Then,

(zlyDlylzl] = zlyl=]]. (5.15)

Proof. Denote M = Dy ADy ={anb|aeD,,beDy}. The element (z|y|)|ylz]], being
an (multiple) update of z, lies in D,. In fact, it is the unique element of the coset
M vzv M in D, that is above y|z| Ax|y| Ay| 2| with respect to the natural partial order
(5.6), see Theorem 5.3.2. Likewise, x|y|z|| also lies in D,,, and it is the unique element
of M v xv M that is above y|z| Az Ay|z]. In order to prove (5.15) it suffices to show
that u = v, where u = y|z| Az|y| Ay|z] and v =y|z| Az Ay|z].

As (zly]lylzl] € D,y = Dz and y|z] € Dy, by Theorem 5.3.2(2), we get that
u=(z|ly|)|ylz]] Aylz| € Dy ADy = M. Similarly, v = z|y|z|| Ay|z]| € Dy AD, = M. We
claim that u and v lie in a common coset of D, in M, i.e. that DyAuADy =DyrvAD,
holds. The coset Dy, A u A D, contains the element y Auny =y Ay|z| Az|y| Aylz] Ay.
Using regularity (5.2), the latter is equal to y A ylz] Ay Ax|y] Ay Aylz] Ay. Using
Theorem 5.3.2(2), the above equals yAy|z|AyAxAyAy|z] Ay, which by regularity (5.2)
simplifies to y Ay|z] Az Ay|lz| Ay =yAvAy, which is an element of the coset Dy AvAD,,.
It follows that the cosets Dy A u A Dy and Dy Av A D, intersect, and are thus equal.

Finally, observe that u and v both lie below y|z], i.e. ylz] Au =u =uAy|z] and
ylz| Av=v=vAy|z|. By Remark 5.3.1, it follows that u = v. O

This leads to the first main result. It gives a formulation of an idempotent set-
theoretic solution of the Yang-Baxter equation by using arbitrary skew lattices. As a
consequence, finding and constructing (new) skew lattices becomes a highly motivated
research topic. In particular, all skew lattices constructed in Subsection 5.2.1 induce
set-theoretic solutions of the Yang-Baxter equation.

Theorem 5.3.4. Let (S,A,V) be a skew lattice. Then, (S,r) with
riSxS—>8x8:(z,y)= ((zry)va,y),
is an idempotent set-theoretic solution of the Yang-Baxter equation.

Proof. Let z,y,z € S. Then,

rieres((x Ay) v, y, 2)
rie((xAy)va,(yArz)vy,z)
=((((zry)va)a((yrz)vy)) v((zay)va),(yaz) vy, 2),

r127237r12(2, Y, 2)
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and

rosri2r23(x, Y, 2) = rasriz(x, (Y A 2) vy, 2)
=ras((zAn((yrz)vy))vae,(yAaz) vy, z)
=((zr((yr2)vy)) va,(((yrz)vy) rz)v((yrz)vy),z).

To prove that (S, r) is a solution, we use Theorem 5.1.2 to show, for any x,y, z € S,

((ry)va)n(yrz)vy))v(@ay)va)=(zn((yrz)vy)) v, (5.16)

and
(yrnz)vy=(((yrz)vy)rz)v((yrz)vy). (5.17)

First, assume that S is left-handed, i.e. satisfying (5.4). Then, using absorption
(5.1),
(xAry)ve=(xAryrz)Vve=ur, (5.18)

for all z,y € S. Hence, (5.16) simplifies to (z Ay) vz = (x Ay) vz (and even to = = x).
Similarly, (5.17) is equivalent to y = y.
If S is right-handed, i.e. satisfying (5.5), then

(xAay)ve=(yrzry)ve=(yrzry)vaev(yrzay)=x|y], (5.19)

for all =,y € S. Hence, (5.16) simplifies to (5.15), which holds by Lemma 5.3.3. Further-
more, (5.17) is equivalent to y|z| = (y|2| A 2) v ((y A 2) Vy), where the right hand side
is equal to (zAyAz) Vv ((yAz)Vvy), by Theorem 5.3.2(2). Using right-handedness, the
latter further simplifies to (yAz) v ((yArz)vy)=(yrz)vy=y|z|

It remains to prove that the solution is idempotent. Again, by Theorem 5.1.2, it is
enough to prove this separately for left-handed and right-handed skew lattices. Assume
first that S is left-handed. Then, (5.18) holds, and thus, r(z,y) = (z,y) = 7*(z,y). If S is
right-handed, then by (5.19), r(z,y) = (z|y],y) and 72(z,y) = ((z|y])|y],y). However,
using right-handedness, (z|y])|y]| = (z|y]Ay) v (z|y]) = (z|y] Ay) v ((z Ay) v x), which,
shown in the previous part, is equal to x|y]. O]

For lattices, the previously found solution just becomes the solution defined by
r(z,y) = (x,y). This solution is degenerate if the given set has two or more elements. It
is clear that the solution from Theorem 5.3.4 is not right non-degenerate. Examples give
a hint that the solution from Theorem 5.3.4 will be degenerate in most cases, however
no proof of this is known. Some specific examples of skew lattices do, however, yield left
non-degenerate solutions.

Example 5.3.5. Let (S,A,V) be a skew lattice such that, for any x,y € S, tAy =y
and x vy = x. Then, the solution of Theorem 5.3./ becomes (S,r), with r defined by
r(z,y) = (y,y), for all x,y € S, which is left non-degenerate.
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Note that, there is another way to prove that z|y| = (z|y])|y], for all z,y € S.
By Theorem 5.3.2, x|y| is the unique element of the coset M v v M in D,, where
M = D,AD,, such that yazAy < z|y|. On the other hand, (z|y|)|y] is the unique element
of the coset Nvz|y|vN in Dy, |, where N = Dy, ADy, such that yax|y] Ay < (z[y])|y].
Moreover, D, = Dy, yields N = M, and (z|y|)|y] e Nva|y]vNc NvMvavMvN =
M v zv M. Finally, since yaAz Ay =yA(yrxzay) Ay <yrzxly]ry < (zly])|y], we
conclude that (z|y])|y] is also an element of the coset M vz v M that lies above yAz Ay
with respect to the natural partial order (5.6). Hence, z|y| = (z|y])|y]-

Corollary 5.3.6. Let (S,A,V) be a skew lattice. The map r(x,y) = (z|y]|,y) defines an
idempotent set-theoretic solution of the Yang-Baxter equation.

Proof. Let x,y,z € S. Then,

riarasria(@,y, 2) = ((zlyDlylz]] ylz], 2),

and

ragri2ras(@,y, 2) = (z|ylz]], (y[z]]z], 2).
The equality of the first components follows by Lemma 5.3.3. The equality of the second
components holds, because y|z| and (y|z])|z] are both elements of the coset M vyv M,

where M = D, A D,, that lie above z A y A z. Since such elements are unique (see
Theorem 5.3.2(1)), it follows that y|z]| = (y|z])]z]- O

5.4 Strong distributive solutions of the Yang-Baxter equa-
tion

In Section 5.3, an idempotent set-theoretic solution of the Yang-Baxter equation is
achieved, using an arbitrary skew lattice. In the case of lattices, the solution becomes
the identity map, and thus less significant.

In this section, we study another map r, defined by r(z,y) = (x Ay,z v y), for all
elements z,y of a given skew lattice (S, A, V). The inspiration for the definition of this
map r comes from the following well-known result, see for example [120, ]. To each
lattice (L, A, V), one may associate an idempotent map r: L x L - L x L defined as

r(z,y) = (xAy,xVvy). (5.20)

Moreover, (L,r) is a solution of the Yang-Baxter equation if and only if L is a distributive
lattice, i.e. satisfying (5.14). Indeed, for any x,y, z € L,

r12r93712(2, Y, 2) = T12r23(T A Y, TV Y, 2)
=rip(zry, (zvy) Az (zVvy)vz)
=((@ry)A((@vy)nz),(@Aay)v((zvy)Az),(zVvy)Vz),
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while

r23112723(2,Y, 2) = r2gri2(T, Yy A 2,y V 2)
=ra(@r(ynz),zv(yrz),yvz)
=(@aynz),(@v(yrz))r(yve),(zv(yrz))vyvz)).
By commutativity and absorption of the lattice, the first and last components of both
computations agree. Thus, we obtain a solution if and only if the second components are
equal, i.e. (zAy)v((xzvy)az)=(xv(yrz))A(yvz). Using distributivity and absorption
of the lattice, we obtain (xAy)v((zvy)Az) = (zvy)A(zvz)a(yvz) = (xv(yaz))A(yvz).
Conversely, assume that (L, A, V) is a lattice satisfying (zAy) v ((zvy)Az)=(zVv(ya
z2))A(y Vv z). For any x,y, z € L, using the latter in the second and second last equation
and absorption in the other equations below,

pA(yve) =@ gV ) A AY) Y (@A (V=)
(@A (yva) A (v (A A (e vy)
=zA(yvz)a(zv(yaz))
=zA(zv(yrz)vy)Ar(zv(yax))
=zA(zv(ynx))
~(av ((zAy) A2) AV (2 A )
(@ (e ap) v ((@v(zay)Az)
=(zAy)Vv(zAz).
By swapping A and v, we also get x vV (yAz) = (xvy)A(xvVz), for all x,y,z € L, as
desired.

We say that a skew lattice (S,A,V) is a strong distributive solution if the map r :
S xS — S xS defined by (5.20), i.e.

r(z,y) = (x Ay, zVY),

is a set-theoretic solution of the Yang-Baxter equation. It turns out that strong dis-
tributive solutions form a variety, since they are defined by a set of identities.

Theorem 5.4.1. The class of skew lattices that form strong distributive solutions is a
variety, defined by the following identities

TAYA(ZVY)AZ=TAYA2Z, (5.21)
(xAry)v((zvy)rz)=(zv(yrz))a(yvz), (5.22)
xvyvz=xVv(yrz)VyvVz. (5.23)

Proof. Let (S,A,Vv) be a skew lattice and define r: S xS - S x S by (5.20). For any
z,y,z €8,

r12re3712(2, Y, 2) = T12r23(T A Y, TV Y, 2)
=rip(zry,(zvy) Az (zVvy)vz)
=((@ry)A((@vy)nz),(@Aay)v((zvy)Az),(zVvy)Vz),
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and

rosriare3 (@, y, 2) = ragriz(x, Yy A 2,y v 2)
=rog(z A (ynz),zv(ynz),yvz)
=(@A(yrnz),(zvynrz))a(yvez),(@v(yrz))v(yvz)).

Hence, a skew lattice S is a strong distributive solution if and only if it satisfies (5.21),
(5.22), and (5.23). 0

As mentioned in Section 5.2, there are several ways to generalize the concept of
distributivity for lattices. The weakest of them is the notion of quasi-distributivity,
which is defined as having a distributive maximal lattice image [65]. In particular, it
means that its maximal lattice image S/D is a distributive lattice [126]. In [65], it was
proven that quasi-distributive skew lattices form a variety, characterized by the identity

(alyva)n(@ay)v(@az))a(zalyvz))=za(yv2),

ie. by zA(yvz) < (zAy)Vv(zAz). Distributive skew lattices, but also (left/right/fully)
cancellative skew lattices, are always quasi-distributive [65, Corollary 3.3]. It turns out
that strong distributive solutions are also quasi-distributive.

Corollary 5.4.2. Let (S,A,V) be a strong distributive solution.
(1) The mazimal lattice image S|D is a strong distributive solution.
(2) The skew lattice S is quasi-distributive.

Proof. (1) By Theorem 5.4.1, strong distributive solutions form a variety, so all homo-
morphic images of strong distributive solutions are again strong distributive solutions.
The maximal lattice image S/D is the homomorphic image of the strong distributive
solution (S, A, V) under the natural projection 7 :.S - S/D which maps each element to
its D-class.

(2) By definition, S is quasi-distributive if and only if S/D is distributive. By (1), the
lattice S/D is a strong distributive solution. However, a lattice is a strong distributive
solution if and only if it is distributive. So, S/D must be a distributive lattice and S is
quasi-distributive. 0

In order to state and prove the following theorem, we need the notion of strongly
and co-strongly distributive skew lattices.
A skew lattice is said to be strongly distributive if it satisfies the identities

(zvy)rnz=(zrz)v(yanz)and zA(yVvz)=(zxAy)V(xAz). (5.24)
It is called co-strongly distributive if it satisfies the identities
(zAy)vz=(zvz)a(yvz)and zVv(yrz)=(zvy)A(zVz). (5.25)
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The interplay between normal and distributive skew lattices has been studied in [127]. An
essential result is that a skew lattice is strongly distributive if and only if it is symmetric,
quasi-distributive and normal. Dually, a skew lattice is co-strongly distributive if and
only if it is symmetric, quasi-distributive and conormal. Another conclusion in [127]
is that a skew lattice that is either strongly distributive or co-strongly distributive is
distributive. Moreover, by a result in [116], cancellation is implied either by strong
distributivity or co-strong distributivity.

Theorem 5.4.3. Let (S,A,V) be a skew lattice which is both strongly and co-strongly
distributive. Then, S is a strong distributive solution, i.e. 7:S xS - SxS: (z,y) —

(x Ay,x v y) satisfies the Yang-Bazter equation (1.15). Furthermore, this solution is

cubic, i.e. 13 =r.

Proof. By Theorem 5.4.1, we need to prove that S satisfies the identities (5.21)-(5.23).
Let z,y,z € S. Recall that strong distributivity implies normality, and co-strong dis-
tributivity implies conormality. Using strong distributivity (5.24) and normality (5.9),
we deduce

(ry)n((zvy)nz)=((@ryrz)v(zay))nz
=(xAyAzAzZ)V(ZTAYAZ)
=(xAzAyAz)V(TAYAZ)
=(zAynz)v(zAyAz)

=z A(Yynz).
Furthermore, by co-strong distributivity (5.25) and conormality (5.9), we obtain

(xv(ynz))v(yvz)=zv((yvz)ar(zvyvz))
=(zvyva)a(zvzvyvz)
=(zvyva)Aa(zvyvzvz)
=(zvyva)a(zvyvVz)

=(zvy)vz.
Thus, we are left to prove that
(zAry)v((zvy)anz)=(zv(yrz))a(yVz). (5.26)
The left hand side of this equation is equal to
(ry)v(@vy)nz)=(zry)v(zarz)v(ynz),

where we used that the skew lattice is strongly distributive (5.24). Using strong dis-
tributivity (5.24), conormality (5.9), and the absorption rules (5.1), the right hand side
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of equation (5.26) can be rewritten as

(@v A=) alyvz)=(@alyva)viyaz)alyyz))
=(xnry)v(zrz)v(yrzay)v(yaz)
=(znry)v(zaz)v(yrzay)v(yrz)v(ynaz)
=(@ay)v(zaz)v(yaz)v(yarzay)v(yaz)
=(@xAry)v(zaz)v(yaz)v(yaz)
=(@ry)v(zrz)v(ynrz),

as desired.

Let x,y € S. To prove that the solution is cubic, we compute

r(z,y) =r*(z Ay, z v y)
r((@ay)an(zvy),(ay)v(zVvy))
(((@Aay)r(zvy)) A((@ay)v(zvy)),
((@ry)a(zvy))v((zry)v(zvy))).

By normality (5.9) and the absorption rule (5.1), we deduce

(@ry)n(zvy) r(@ay)v(@vy)) =(@ry) A@vy)r(@zry) A((zay)v(zvy))
=(@ny)n(zvy)a(zny)
=xAYAzA(ZVY)ATAY
STAYANTATAY

=T AY.
Similarly, by conormality (5.9) and the absorption rule (5.1),

((@ry)r(zvy))v@zay)vi(zvy))=((zry)r(zvy))v(zvy)v(zay)v(zvy)
=(@vy)v(zay)v(zvy)
=xvyvev(zAy)vevy
=rVvyvrvrvy

=zTVy.
Hence, r3(z,y) = (x Ay, z vy) =r(z,y). O

In general, we can not omit either strong distributivity or co-strong distributivity
from the assumptions of Theorem 5.4.3, as is verified by the following pair of examples.

Example 5.4.4. Let 370 be a 3-element skew lattice given by the following pair of
Cayley tables,

1
0
1
1

o~ D>
SO
SRS RS
o~ o <
® ~ DD
O N N~
© ~ o
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It is easy to check that 370 is a right-handed skew lattice with two comparable D-classes
{1,2} > {0}, and it is strongly distributive [127, Theorem 3.2/, but not co-strongly dis-
tributive as (0A1)v2=2, but (0v2) A (1v2)=1. We claim that 30 is not a strong
distributive solution, more specifically, it does not satisfy (5.22). Take x =0, y =1, and
z=2. Then, (xAry)v((xvy)rz)=(0A1)v((0v1)A2)=0v(1A2)=0vVv2=2, while
(zv(ynz))an(yvz)=(0v(1Aa2)a(lv2)=(0v2)al=2A1=1.

Example 5.4.5. Let 31 be a 3-element skew lattice given by the following pair of
Cayley tables,

1
0
1

S DSOS
[NSIRNSYIRNSY
~ ol <
~ D

[ A

2
0
I
2

N~ D>

2 2 2|2

Similar argumentation as in Example 5././ shows that 3% is a co-strongly distributive
(but not strongly distributive) skew lattice, which is not a strong distributive solution.

In case the skew lattice is left-handed, the story is different.

Proposition 5.4.6. Let (S,A,V) be a left-handed skew lattice. Then, S satisfies the
identities (5.21) and (5.23). If, in addition to being left-handed, S is either strongly
or co-strongly distributive, then (5.22) is also satisfied and S is a strong distributive
solution.

Proof. Let x,y,z € S. Using left-handedness (5.4), we obtain (z Ay) A ((zVvy)Az) =
xAyAzxA(xVy) Az which by (5.1) simplifies to z Ay Ax A 2z, and then by (5.4) further
to © Ay A z. Furthermore, using left-handedness, zv (yAz)vyvz=zv(yrz)vzvyvz,
and again by absorption and left-handedness, the latter first simplifies to z vz vy vV z,
and then to z vy v z. Hence, both (5.21) and (5.23) are satisfied.

Assume now that S is strongly distributive (5.24) (the case where S is co-strongly
distributive (5.25) is handled dually). By the previous part and Theorem 5.4.1, we are
left to prove (5.22), for all z,y,z € S. Let z,y,z € S. Then, using strong distributivity,
(zry)v((zvy)nz)=(zry)v(zaz)v(yarz),and (zv(yanz))a(yvz)=(xA(yVv
2))V(ynza(yvz)). Again using strong distributivity and left-handedness, the latter
expands to (zAy)Vv(zAaz)Vv(yanzayna(yVz)). By absorption and left-handedness,
this simplifies to (zAy) v (zA2) V(YA z). O

The following example shows that the converse of Theorem 5.4.3 is not true. Hence,
we get that the class of strongly and co-strongly distributive skew lattices forms a strict
subclass of the class of strong distributive solutions.

Example 5.4.7. Consider the skew lattice (S,A,Vv) with S ={0,1,2}, and

Ao 102 v]io 1 2
0o 1 2 010 0 0
11110 1)0 1 2°
212 2 2 2(0 1 2
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Then, one can check that (S, A, V) is a strong distributive solution, but it is not strongly
distributive. The latter can be seen by considering x =0, y=1, and z = 2 in the identity
(zvy)nz=(xrz)v(ynz).

The Automated Theorem Prover Prover9 [139] is able to derive a proof that every
strong distributive solution is distributive and cancellative, see Code 1, Code 2, and
Code 3 in the appendix. The converse, however, is not true. For example, the program
Maceq [138, | was able to find a 16-element example of a left-handed, distributive
and cancellative skew lattice, that is not a strong distributive solution (see Code 4 in
the appendix). So the class of strong distributive solutions forms a strict subclass of the
distributive and cancellative skew lattices.

For most examples, the set-theoretic solution (5.20) obtained from a strong dis-
tributive skew lattice is degenerate. Nevertheless, there are cases where the solution is
non-degenerate.

Example 5.4.8. Let S be a non-empty set and let the skew lattice operations A and
v oon S be defined by x Ay =y and xVvy = x, for all z,y € S. Then, (S,A,V) is a
strongly and co-strongly distributive skew lattice, and thus a strong distributive solution
by Theorem 5.4.3. In fact, Ry holds, for all z,y € S, and (S,A) is a right-zero
semigroup, i.e. it satisfies x Ay = y. So, S is a right-handed skew lattice with one
D-class. The associated map (5.20) is the twist map r(x,y) = (y,x). This solution is
non-degenerate as both \p : X - X :t—=xAt=tandp,: X - X :t—>tvy=1tare
bijective maps, for all x,y € S.

In fact, the skew lattices given by Example 5.4.8 above are the only strong distributive
solutions that give (left or right) non-degenerate set-theoretic solutions of the Yang-
Baxter equation.

Proposition 5.4.9. Let (S,A,V) be a skew lattice that is a strong distributive solution,
where the associated solution is left or right non-degenerate. Then, (S,A,V) is the skew
lattice from Example 5.4.8.

Proof. Assume first that S is a strong distributive solution and that the obtained solution
from the map (5.20) is left non-degenerate, i.e. A\, :y — z Ay is bijective, for all z € S.
We claim that zAy =y and vy = x, for all z,y € S. Take z,y € S two arbitrary elements.
Since the map A, is bijective, there exists an element ¢ € S such that A\, (t) =z At =y.
Thus, zAy = xA(zAt) = At = y. Furthermore, using absorption (5.1), vy = zv(zAy) = .
Hence, we obtain a skew lattice as in Example 5.4.8.

The proof for the right non-degenerate case is similar to the left non-degenerate
case. 0

5.5 More distributive solutions

In this section, we naturally associate other idempotent solutions with skew lattices,
inspired by the solution of Section 5.4. For lattices, all the maps provided in this section
are equal to the map defined by (5.20).
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5.5.1 Left distributive solutions
Let (S, A, V) be a skew lattice and rp : S xS - S x S the map defined by

ri(z,y) = (x Ay, yva). (5.27)

We say that a skew lattice S is a left distributive solution, if (S,rr) is a set-theoretic
solution of the Yang-Baxter equation.

Proposition 5.5.1. Let (S,A,V) be a skew lattice. If S is a left distributive solution,
then (S,rr) is an idempotent solution.

Proof. For any x,y € S, using the absorption laws (5.1), we obtain

ri(z.y) =re(zAy,yve)
=((zry)r(yve),(yvz)v(zay))
=(zAy,yvx)
=rr(z,y),

as desired. O

Theorem 5.5.2. The class of left distributive solutions is a wvariety, defined by the
identity
((yva)ynz)v(zay)=(yrz)vz)a(zVvy). (5.28)

Proof. A skew lattice (S, A, V) is a left distributive solution if and only if it satisfies, for
any x,y,z €S,
(rp xidg)(idg x r1) (rp xidg)(z,y,2) = (idg x r1)(rp xidg)(idg x rp)(z,y,2). (5.29)
Computing the left side of (5.29) yields
(rp xids)(ids x r)(rp x ids) (2, y, 2)

= (rp xids)(ids x rp)(z Ay, y v @, 2)
= (rp xidg)(z Ay, (yva)Az,zvyVve)

=(xAryn(yvae)nz),((yva)az)v(zAay),zvyve).

On the other hand, the right side of (5.29) expands as

(ids xrp)(rp xidg)(ids x ) (2, y, 2)
= (ids x r)(rr xids)(@,y A 2,2V y)
=(idgxrp)(xAynz,(ynz)vae,zvy)
=(zrynz,((yrz)ve)a(zvy),zvyv(yaz)ve).

By absorption (5.1), z Ay A (y Vv ) Az reduces to x Ay A z. Similarly, zvy Vv (yAz)ve

reduces to z vy v x. Hence, (S,A,V) is a left distributive solution if and only it satisfies
the identity ((yvz)Az)v(zay)=((yrz)vz)A(zVy), as desired. O
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Recall that a skew lattice is called quasi-distributivity if it has a distributive maximal
lattice image. Since for a lattice the map defined by (5.27) is equal to the map defined
by (5.20), we obtain that a lattice is a left distributive solution if and only if the lattice
is distributive. Thus, we get a similar result as Corollary 5.4.2.

Corollary 5.5.3. Let (S,A,V) be a skew lattice. If S is a left distributive solution,
then the maximal lattice image S[D is also a left distributive solution, and thus S is
quasi-distributive.

In Section 5.4, we obtained that strongly and co-strongly distributive skew lattices
are strong distributive solutions. The following result shows that these skew lattices are
also left distributive solutions.

Proposition 5.5.4. Let (S,A,V) be a skew lattice that is strongly distributive or co-
strongly distributive. Then, S is a left distributive solution.

Proof. We give a proof for the case of strongly distributive skew lattices. The case of
co-strongly distributive skew lattices is handled in a dual fashion. By Theorem 5.5.2, we
need to prove that S satisfies the identity ((yvz)Az)v(zay)=((yArz)vz)A(zVvy).
Let z,y,z € S. Using strong distributivity (5.24), ((y v ) A z) v (z A y) simplifies
to (yAz)v(zaz)v(xzAy). On the other hand, ((y A z) va) A (zvy) is equal to
(yrza(zvy))Vv(za(zVvy)), which by absorption (5.1) and strong distributivity (5.24)
further simplifies to (yAz) v (zAz) Vv (zAY). O

In fact, the result of Proposition 5.5.4 can be strengthened to a more general class
of skew lattices (see Proposition 5.5.6).

To prove Lemma 5.5.5 and Proposition 5.5.6 below, we use the technique of Re-
mark 5.3.1. A skew diamond {J > A, B > M} is a sub-skew lattice of a skew lattice
(S, A, v) with four D-classes A, B, M, J, such that M = AA B and J = Av B. This is
illustrated in the Hasse diagram below.

Given a skew diamond {J > A, B > M}, the cosets of A in J are given by Avbv A,
where b € B. Likewise, the cosets of A in M are given by A AbA A, where b € B. For
more information, see [66].

Finally, we define some more varieties of skew lattices used in the following results.
The definition of a symmetric skew lattice, i.e. a skew lattice satisfying (5.7), can be
generalized in two ways. A skew lattice is called upper symmetric if

TAYy=yAx implies xvy=yVvuz, (5.30)
and it is said to be lower symmetric if

xvy=yvae implies xtAy=yAx. (5.31)
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Finally, a skew lattice is called simply cancellative if it satisfies
TVZVI=yVzVY,TAZAT=YyAzAy implies x =y. (5.32)

Note that a simply cancellative skew lattice is defined differently (and incorrect) in [69]
(Cvetko-Vah and Verwimp), however all results in the paper were obtained using the
correct definition given above. In [65, Theorem 5.1], it is shown that a skew lattice is
cancellative if and only if it is simply cancellative and symmetric.

Lemma 5.5.5. Let S be a simply cancellative skew lattice, {J > A,B > M} a skew
diamond in S and x1,x9 € A.

(1) Let S be upper symmetric. If Bva1v B = BvxoVv B, then MvxzivM = Mvzov M.
(2) Let S be lower symmetric. If BAz1 AB=BAxaAB, then JAxi AT =JAxzanJ.

Proof. (1) Let S be upper symmetric and z1, z2 € A such that Bva;vB = Bvaav B and
MvzivM+ Mvaxyv M. So, there exists m € M such that a; # ag, where a1 =mvaxivm
and as = m Vv x9 v m. Note that aj,a0 € A, m<ay, m<ag, asmAa; =m =a; Am and
mAaz =m =as Am. Take b € B such that m < b (take for example b = m v b’ v m, for
some b’ € B). Since m < a; and m < b, it follows that a; Ab=m = b A a1, and likewise
as Ab=m =bAas. Indeed, assume a; Ab=mq and b A a; = mo, for some mq,mo € M.
Since M is a D-class, we get m1 = miAmAmy = miAmA (a1 Ab) =myAm = ag AbAm =m.
Similarly, mg = m. In a same way one proves ag Ab=m =bAaz. By (5.30), we obtain

apvb=bva; and aavb=>bVas. (5.33)

Denote j; = a3 vb and j2 = asvb. By Remark 5.3.1, the assumption Bvax;vB = Bvxav B
implies bva;vb=bvmvaivmvb=bvaivb=bvayavb=bvasVvb By (533), it
follows that j;1 =a; vbvb=bvayvb=bvasVvb=asVvb=js, and the set {m,a1,a2,b,71}
forms a subalgebra S’, given by the diagram below.

The subalgebra S’ is isomorphic either to NC%z (a right-handed skew lattice with ajAag =
az, ayAay =ai, ajVag =aj, and agVaj = ag) or to NCgff (a left-handed skew lattice with
ajANag =ai, azAay = ag, ajVag = ag, and agVaj = ay). It was proven in [65, Lemma 3.4]
that a skew lattice is simply cancellative if and only if it contains no sub-skew lattice
isomorphic to NC%z or NC§ . Thus S is not simply cancellative, which is a contradiction.

The proof of (2) is similar. O
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To prove the following proposition, we use the fact that for a skew diamond {J >
A,B > M} in a lower symmetric skew lattice, cosets of J in M are exactly intersections
of cosets of A in M by cosets of B in M. This result is shown in [128, Theorem 3.5]
for symmetric skew lattices. However, the last part of the proof of [128, Theorem 3.5]
shows that if more than one coset of J in M lies inside the intersection of a coset of A
in M by a coset of B in M, then there are pairs of elements that join commute but that
do not meet commute, i.e. the skew lattice is not lower symmetric.

Proposition 5.5.6. Let S be a left-handed (resp. right-handed), distributive, simply
cancellative, and lower (resp. upper) symmetric skew lattice. Then, S is a left distribu-
tive solution of the Yang-Baxter equation.

Proof. Let (S,A,V) be a left-handed, distributive, simply cancellative, and lower sym-
metric skew lattice. Take z,y,z € S arbitrary and define a = ((y vz) Az) v (zAy)
and = ((yAz)vae)A(zvy). Denote the corresponding D-classes by X =D,, Y =D,,
Z =D,, M =D,. By Theorem 5.5.2, we need to prove that o = 5. Since S is distributive,
it follows that S/D is a distributive lattice, and thus a left distributive solution as the
maps (5.27) and (5.20) coincide for lattices. So, a = 8 in S/D, aD 3, and thus «, 5 € M.
We divide the proof into several steps.
First, we consider the skew diamond below.

M/MVX\X
N

(a) We claim that X AaA X =X ABA X, ie. xAarz and 2 A B Az lie in the same
coset of X in M A X. Since the cosets of X form a partition of M A X, it suffices to
prove x Aa Az =z A [ Ax. Using distributivity (5.12), regularity (5.2), and absorption
(5.1), we obtain

zrarnz=(@A((yve)rz)rx)v(za(zay)Ax)
:(x/\(yvx)/\ac/\z/\x)V(x/\y/\x)
=(xrzAaz)V(zTAYyAT)

=zA(zVy)Azx.
On the other hand, using regularity (5.2) and absorption (5.1), we obtain

xABArz=xA((yrz)ve)rxzan(zvy) Az

=z A(zVy) Az,
as desired.
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(b) We claim that (M v X)AaAn(MvX)=(MvX)ArBA(MvX). By applying
Lemma 5.5.5(2) to the skew diamond above, with «,3 € M, step (a) yields exactly
(MvXX)rnarn(MvX)=(MVvX)ABA(MvX).

(c) We claim that Y AaAY = YABAY and (M VY )Aan(MVY) = (MVY)ABA(MVY).
Similar as in steps (a) and (b), it is enough to prove that yAaAy =y A S Ay, and then
apply Lemma 5.5.5(2) to the skew diamond below.

MvY

N
N,

MAY
Using distributivity (5.12) and absorption (5.1), we obtain

yrany=yr(yvz)rz)ry)v(ya(zay)ay)
=(ynzry)v(yrzay),

while

yrBry=yn((ynz)va)a(zvy)Ay
=(yAyrzAy)V(yrzAy),

and thus they are equal.

Denote further A= Mv X, B=MvY and J = Av B. Since S is distributive, the
D-classes form a distributive lattice, and we obtain M = (X AY)Vv (X AZ)Vv (Y A Z),
AAB=M and J =X vY. We consider the skew diamond below.

A/J\B
N

(d) We claim that J AaAJ =JABAJ. Observe that using our new notation, in
steps (b) and (c) we proved that a and f lie in the same coset of A in M and that they
lie in the same coset of B in M. By [128, Theorem 3.5], the cosets of J in M are exactly
intersections of cosets of A in M by cosets of B in M. It follows that o and S lie in the
same coset of J in M.

(e) We have just proven that o and /5 lie in the same coset of J in M. In order to
prove that they are equal, it suffices, by Remark 5.3.1, to show that they both lie below a
common element of J. In fact, we claim that « <yvaz and S <yva. By (5.1), we obtain
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yvava=yvzV((yve)rz)v(zay)=yvav(xay)=yvz. On the other hand, since S
is left-handed (5.4), we obtain av (yvz) = (yvz)vav(yve)=(yvz)v(yve)=yvz,
and thus a <y v z. Moreover, by (5.4), we obtain 5= (zVv (yAz)Vvz)A(zVy), which,
by distributivity (5.13), expands to (z vy v a)A(zVvzvz)A(zVvy), and then, by
left-handedness (5.4), to (yvz) A(zVvz)A(zvy). It follows that (yva)Ap =, and
BAr(yve)=FA(yve)AB=6AB=p. Thus, f<yVz, as desired.

The case where S is a right-handed, distributive, simply cancellative and upper
symmetric skew lattice is handled similarly. O

The following result shows that any distributive and left cancellative skew lattice is
a left distributive solution.

Theorem 5.5.7. Let S be a distributive and left cancellative skew lattice. Then, S is a
left distributive solution of the Yang-Bazter equation.

Proof. Let S be any distributive and left cancellative skew lattice. The left factor Sy of
S is a left-handed and left cancellative skew lattice, and thus it is simply cancellative
and lower symmetric by [65, Theorem 5.1]. Since Sz, is also a distributive skew lattice,
it follows by Proposition 5.5.6 that it is a left distributive solution. Dually, the right
factor Sg of S is a right-handed, distributive and left cancellative skew lattice, and thus

it is simply cancellative and upper symmetric by a result of [05, Theorem 5.1]. It follows
by Proposition 5.5.6 that Sg is also a left distributive solution. By Theorem 5.1.2, S is
a left distributive solution. O

The converse of Theorem 5.5.7 was proven by the Automated Theorem Prover
Prover9 [139], see Code 5 and Code 6 in the appendix, which was able to derive a
proof that every left distributive solution is distributive and left cancellative.

Since a strong distributive solution is distributive and cancellative, as a consequence
of Theorem 5.5.7, a strong distributive solution is also a left distributive solution.

Like strong distributive solutions, the set-theoretic solution obtained from a left dis-
tributive solution will be degenerate in general. Nevertheless, there are examples where
the solution is left non-degenerate. Take for instance the skew lattice from Example 5.4.8.
This skew lattice S is a left distributive solution and one can see that r(z,y) = (y,y),
for all z,y € S. Hence, we obtain a left non-degenerate solution.

5.5.2 Right distributive solutions
Let (S,A,V) be a skew lattice. Consider the map rg:S xS - S xS defined by

rr(z,y) = (yrz,zvy). (5.34)

We say that a skew lattice S is a right distributive solution if (S,rg) is a set-theoretic
solution of the Yang-Baxter equation. Note that rg = r1 o 7, where 7 is the twist map
7(z,y) = (y, ).

The following theorem is proven similar to the corresponding results for left dis-
tributive solutions. However, the latter uses left cancellative skew lattices. So, for the
following theorem, we use right cancellative skew lattices.

189



Theorem 5.5.8. (1) The class of right distributive solutions of the Yang-Bazter equa-
tion is a variety. Moreover, this variety is defined by the identity

(yrz)v(za(zvy))=(Vvz)ar(zv(zay)). (5.35)

(2) Right distributive solutions are always idempotent, i.e. r% =TR.
(8) Every strong distributive solution is also a right distributive solution.

(4) Every left-handed, distributive, simply cancellative and upper symmetric skew lat-
tice is a right distributive solution.

(5) Every right-handed, distributive, simply cancellative and lower symmetric skew
lattice is a right distributive solution.

(6) Every distributive and right cancellative skew lattice is a right distributive solution.

The converse of Theorem 5.5.8(6) was proven by the Automated Theorem Prover
Prover9 [139], see Code 7 and Code 8 in the appendix, which was able to derive a proof
that every right distributive solution is distributive and right cancellative.

Similar to strong distributive solutions, the set-theoretic solution obtained from a
right distributive solution will be degenerate in general. Nevertheless, there are examples
where the solution is right non-degenerate, and thus not degenerate. Take again the skew
lattice from Example 5.4.8. This skew lattice S is a right distributive solution and one
can see that rp(x,y) = (x,x), for all z,y € S. Hence, (S,7r) is a right non-degenerate
solution.

5.5.3 Weak distributive solutions

Let (S,A,V) be a skew lattice. Consider the map 7y : S x S — S x S defined by
rw(x,y)=(xAyAz,xVYVT). (5.36)

We say that a skew lattice (S,A,V) is a weak distributive solution if (S,ry ) is a set-
theoretic solution of the Yang-Baxter equation.

Theorem 5.5.9. The class of weak distributive solutions of the Yang-Bazter equation
1 a variety. Moreover, this variety is defined by the identity

(zrynz)v((zvyvaz)aza(zvyve))Vv(zAayax)

=(xv(yrzay)ve)a(yvzvy Alzv(yarzAay)ve). (5.37)
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Proof. Let (S,A,V) be a skew lattice and z,y,z € S. Then,

(rw x idg)(ids x rw ) (rw x ids) (2, y, 2)

= (rw xidg)(ids x rw)(z Ay Az, zVYy VI, 2)

=(rwxidg)(zrynanz,(zvyve)rza(zvyve),(zxvyve)vzv(zvyve))

=((xryrx)A((zvyvaz)rza(zvyva)) A(zAyAz),
(xArynz)v(((zvyva)aza(zvyva))v(zayAz),

(zvyva)vzv(zvyva)),
and

(ids x rw ) (rw x idg) (ids x rw ) (2, y, 2)
= (idg x rw ) (rw xidg)(z,y Az Ay, y vV 2 VYy)
=(idgxrw)(@A(yrzay) Az, vV (YAzZAY) VT, yVvzVy)
=(xA(yrznry) A,
(zv(ynzay)ve)a(yvzvy) alzv(yrzay)ve),
(zv(ynanzay)va)v(yvzvy)v(zv(yrzAay)ve)).

Using absorption (5.1) and regularity (5.2), (xAyrz)A((xvyva)aza(zvyve))A(zAyaz)
simplifies to zAyAzAayaz. Likewise, using regularity (5.3), (zvyvz)vzv(zvyvae) reduces
toxvyvzvyve, and by (5.1) and (5.3), (xv(yrzay)va)v(yvzvy)v(zv(yrzay)ve) =
xVyVvzvyvae. So, the class of weak distributive solutions is defined by (5.37), as
desired. O

Direct application of left-handedness (resp. right-handedness) to the defining iden-
tities for weak distributive solutions yields defining identities for left (resp. right) dis-
tributive solutions. Hence, the following result.

Lemma 5.5.10. Let S be a skew lattice.
(1) If S is left-handed, then, for any x,y € S, rw(x,y) =rp(x,y).
(2) If S is right-handed, then, for any xz,y € S, rw(x,y) =rg(z,y).

Using Lemma 5.5.10 and Theorem 5.1.2, we obtain results for weak distributive
solutions similar to the results for left and right distributive solutions.

Theorem 5.5.11. (1) Weak distributive solutions are always idempotent, i.e. 7“12,[, =
rw.

(2) Every strong distributive solution is a weak distributive solution.

(8) Every distributive, simply cancellative and lower symmetric skew lattice is a weak
distributive solution.
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Proof. Denote by S; and Sp the left and the right factor of S, respectively. By
Lemma 5.5.10, ry =7, in Sg, and ryy =g in Sg.

(1) and (2) hold because they hold for Sy, by Proposition 5.5.1 and Theorem 5.5.7,
and for Sg, by Theorem 5.5.8.

(3) Let S be a distributive, simply cancellative and lower symmetric skew lattice. By
Theorem 5.1.2, it is enough to prove that both Sy and Sy are weak distributive solutions.
Since Sy, is left-handed, it follows from Lemma 5.5.10 that Sz is a weak distributive
solution if and only if it is a left distributive solution. Similarly, Sg is a weak distributive
solution if and only if it is a right distributive solution. By [65, Theorem 5.1], a left-
handed skew lattice is left cancellative if and only if it is lower symmetric and simply
cancellative. Similarly, a right-handed skew lattice is right cancellative if and only if it is
lower symmetric and simply cancellative. Hence, Sy, is distributive and left cancellative,
and thus a left distributive solution by Theorem 5.5.7. Likewise, Sg is distributive and
right cancellative, and thus a right distributive solution by Theorem 5.5.8. O

The Automated Theorem Prover Prover9 was able to prove the converse of Theo-
rem 5.5.11(3), see Code 9, Code 10, and Code 11 in the appendix, i.e. that any weak
distributive solution is distributive, simply cancellative and lower symmetric.

The skew lattice from Example 5.4.8 is a weak distributive solution. The associated
map ryy is defined by ry (x,y) = (z,z), for all z,y € S. Thus, (S, ) is a right non-
degenerate idempotent solution.

By [65, Theorem 5.1] different kinds of cancellation (left/right/simple/full) coincide
in the presence of symmetry. As a consequence, by using the results of the Automated
Theorem Prover Prover9, we obtain the following corollary.

Corollary 5.5.12. Let S be a symmetric skew lattice. Using the results of the Automated
Theorem Prover Prover9, the following properties are equivalent.

(1) S is a left distributive solution.
(2) S is a right distributive solution.

(8) S is a weak distributive solution.

Proof. If a skew lattice is symmetric, then it is left cancellative if and only if it is right
cancellative if and only if it is cancellative if and only if it is simply cancellative, see
[65, Theorem 5.1] . By Theorem 5.5.11 and the Automated Theorem Prover Proverd9,
a skew lattice S is a weak distributive solution if and only if it is distributive, lower
symmetric, and simply cancellative. By Theorem 5.5.7 and the Automated Theorem
Prover Prover9, S is a left distributive solution if and only if it is distributive and left
cancellative. Finally, by Theorem 5.5.8 and the Automated Theorem Prover Prover9,
S is a right distributive if and only if it is distributive and right cancellative. It follows
that all three notions of distributive solutions are equivalent for the class of symmetric
skew lattices. O

One can easily notice that for a lattice, the maps (5.20), rr,7g, and ry coincide.

Thus, we have the following proposition.
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Proposition 5.5.13. The following conditions are equivalent for a lattice (L, A, V).
(1) L is a strong distributive solution.
(2) L is a left distributive solution.
(8) L is a right distributive solution.
(4) L is a weak distributive solution.

One, and thus aoll of the above conditions are satisfied if and only if the lattice L is
distributive.

Fig. 5.1 below gives an overview of all solutions discussed in this chapter, where we
abbreviate skew lattice by SL and the arrows are inclusions between families of skew
lattices.

Distributive lattice

1

Strongly and co-strongly distributive SL
Strong distributive solution

J/Proverg
Cancellative, distributive SL

Left cancellative, distributive SL Right cancellative, distributive SL
| 1 Prover9 |\ 1 Prover9
Left distributive solution Right distributive solution

Simply cancellative, distributive, lower symmetric SL
1 Prover9
Weak distributive solution

{

s Skew lattice <

{

Solution r(z,y) = ((z Ay) v x,y)

Figure 5.1: Overview of all solutions discussed in this chapter.

From Fig. 5.1, the following corollary is clear.

Corollary 5.5.14. The skew lattice constructed in Proposition 5.2.1 is a left, right, and
weak distributive solution. If {S;|i € I} is a family of pairwise disjoint distributive and
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cancellative skew lattices, then the skew lattice constructed in Proposition 5.2.2 is a left,
right, and weak distributive solution. In case all skew lattices S;,i € I are distributive
and left (resp. right) cancellative, the constructed skew lattice is a left (resp. right)
distributive solution.

5.5.4 Solutions in rings

Quadratic skew lattices in rings are cancellative and distributive by [126, Theorems 2.6
and 2.8]. Cubic skew lattices in rings are cancellative and distributive by [64, Corollary
5]. The following pair of results are immediate corollaries of Theorem 5.5.7.

Corollary 5.5.15. Let (R,+,-) be a ring and S ¢ E.(R) a multiplicative band that is
closed under the operation o with x oy = x+y—axy. Then, (S,-,0) is a left, right, and
weak distributive solution of the Yang-Baxter equation.

Corollary 5.5.16. Let (R,+,-) be a ring and S € E.(R) a multiplicative band such that
the operation V, with xVy = (zoy)? = x + y + yx — xyx — yxy, is closed and associative
on S. Then, (S,-,V) is a left, right, and weak distributive solution of the Yang-Baxter
equation.
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Appendix

In this appendix, we include the input and output codes of the Automated Theorem
Prover Prover9 and Mace/, used in Chapter 5.

Code 1: Any strong distributive solution is distributive.

INPUT

formulas(assumptions).

ClearAll.

x 7 x = Xx.

XV X = X.

x " (y~z)=G" y "=z
xv(yvaz=G&vy vz
x " (xvy) =x.

xv (x 7 y)=x.

vy “y=y.
x~"y)vy=y.

x " (y " (xvy) "“2z)=x" (" 2).

"y vxvy) “z)=Gvy ~2z) " (yvaz).
xv(yvz=xv((y 2 vy vz.
end_of_list.

formulas(goals) .

" vz " x=((x"y) "xv((x"z) " .
vy~ 2)vx=(~((xvy) vx) "~ ((xvz)vzx.
end_of_list.

end of input

PROOF

% Proof 1 at 0.04 (+ 0.01) seconds.
% Length of proof is 30.

% Level of proof is 8.

% Maximum clause weight is 25.000.
% Given clauses 47.

2 (xv(y~2z))vx=((xvy) vx) " ((xvz)vzx)# label(non_clause) # label(goal). [goall.
5 x v x=x. [assumption].

6x " (y " 2z)=(x"y) " z. [assumption].

7 "y) "z=x"(y " z). [copy(6),flip(a)].

8xv(yvz = (xvy)vz [assumption].
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9 (
10
11
12
13
14
15
20
21
24
28
32
33
46
54
55
105
109
114
157
172
296
417
565

566

xvy)vz=xv (yvz. [copy(8,flip(a)].

x ~ (xvy)=x. [assumption].
xv (x ~y) =x. [assumption].
(x vy) " y=y. [assumption].
(x ~y) vy =y. [assumption].

x "y~ (xvy) " 2) =x" (y " z). [assumption].
x "y vxvy) ~z)=(v ("~ 2) " (yvz). [assumption].
(cd v (cb "~ c6)) v cd != ((cd v cB) vcd) =~ ((cd v c6) v cd). [deny(2)].
cd v ((cb "~ c6) vcd) != (cdv (cBvecd)) ~ (ch4v (c6vcd)).
[copy(20) ,rewrite([9(7),9(12),9(17)1)].
xv (yv (xvy)) =xvy. [para(9(a,1),5(a,1))].
(xvy) " (xv(yvz)=xvy. I[para(9(a,1),10(a,1,2))].
xvy) ~(y 2=y " z. [para(12(a,1),7(a,1,1)),flip(a)].
xvyvaz) =z z. [para(9(a,1),12(a,1,1))].
(xv(y~2) " Gvz)vu=(x"y)v ((xvy) ~z)vuw. [para(i15(a,1),9(a,1,1))].
xv ((yvzx)"2z)=(~Gvz "~ (xvz).
[para(12(a,1),15(a,1,1)) ,rewrite([9(2),5(1),9(6),11(5)1)].
(x " (yvz)vz=(xvz) " (yvz). [para(12(a,1),15(a,2,1,2)),rewrite([33(5),9(6),5(5)1)].
x " ((yvzx)~z)=x"z. [para(32(a,1),14(a,1)),rewrite([9(2),5(1),32(6)1)].
(xv (yvx) ~z=(yvzx)" z [para(24(a,1),32(a,1,1)),rewrite([105(5)]),flip(a)].
cd v ((c5 ~ cB) vcd) '= (cb v cd) ~ (ch4 v (c6 v cd)). [back_rewrite(21),rewrite([109(18)]1)].
xvyvx)=(~Gvx "~ vy.
[para(5(a,1),28(a,1,2)) ,rewrite([9(2),109(4),9(5)]) ,flip(a)].
((cb " c6) vcd) =~ (c4 v (cb ™~ c6)) != (cbvcd) " ((c6vcd) " (c4vc6)).
[back_rewrite(114) ,rewrite([157(7),157(19)1)].
x"yYyvz=(Gxvz) "~ (yvaz.
[para(13(a,1),46(a,2,2)) ,rewrite([55(5),9(3),13(2)]1),flip(a)].
(c5 v cd) " ((c6 vcd) ~ (cdv (cB ™ c6))) !'= (c5vecd) " ((c6vcd) ™ (cdvcb).
[back_rewrite(172) ,rewrite([296(5),7(13)]1)].
vy " ((zvy) " (v &x~2))=>GGvy) " ((zvy ~ (yvz).
[para(296(a,1),157(a,1,2)) ,rewrite([54(4),157(3),296(7),7(11)]1) ,flip(a)].
$F. [resolve(565,a,417,a)].

o<

end of proof

Code 2: Any strong distributive solution is left cancellative.

INPUT
formulas (assumptions) .
ClearAll.
x 7 X=X
XV X = X.
x " (y~z2)=G"y "z
xv((yvz=(&vy) vz
x " (xvy) =x.
xv (x 7 y)=x.
xvy) “y=y.
x~"y)vy=y.
x " (y " (xvy) “=2)=x" (G " 2).

"y v (xvy) -2z

X v

xv(y~2) " (yvaz).
(yvz)=xv (((y " 2)vy vaz.

end_of_list.

formulas(goals) .

X

y=x " z&xXxXVy=xvz->y=2z.

end_of_list.

end of input
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PROOF

% Proof 1 at 0.20 (+ 0.02) seconds.
% Length of proof is 78.

% Level of proof is 18.

% Maximum clause weight is 27.000.
% Given clauses 171.

1lx " y=x"z&xvy=xvz->y=z# label(non_clause) # label(goal). [goall.
3x " x =x. [assumption].

4 xvx=x. [assumption].

5x " (y "~ 2z)=(x"y) " z. [assumption].

6 (x " y) “z=x"(y " 2). [copy(b),flip(a)].

7xv (yvz)=(xvy)vsz [assumption].

8 (xvy)vz=xv (yvz). [copy(7),flip(a)]l.

9x " (xvy)=x. [assumption].

10 x v (x ~ y) = x. [assumption].

11 (x vy) ~y=y. [assumption].

12 (x ~y) vy=y. [assumption].

13x " (y " (xvy) ~2)=x" (" z). [assumption].

14 (x "y v (xvy) ~2z)= (v (y "~ 2) " (yvz). [assumption].

15xv (yvz)=xv (((y 2z vy)vz). [assumption].

16xv ((y"2)vyvz)=xv (yvaz). [copy(ld),rewrite([8(5)]),flip(a)].

17 c¢1 = ¢3 = c1 ~ c2. [deny(1)].

18 c1 v ¢3 = c1 v c2. [deny(1)].

19 ¢3 != c2. [deny(1)].

21 x - (x “y) =x " y. [para(3(a,1),6(a,1,1)),flip(a)].

22 xv(yv (xvy)) =xvy. [para(8(a,1),4(a,1))].

23 xv (xVvy) =xvV [para(4(a,1),8(a,1,1)),flip(a)].

24 x " ((xvy) -2 x - z. [para(9(a,1),6(a,1,1)),flip(a)].

26 (xvy) " (xv(yvz))=xvy. I[para(8(a,1),9(a,1,2))].

30 xvy) " (y "= y = z. [para(11(a,1),6(a,1,1)),flip(a)].

31 (x v (y vz) " z=z [para(8(a,1),11(a,1,1))].

3x " (y " (x"=2)=x" (G " 2).

— [para(10(a,1),13(a,1,2,2,1)),rewrite([6(3),21(4),6(5),21(6)1)].

41 x "y v vy =&vy " Gvy))) " (yv xvy). [para(3(a,1),14(a,1,2))].

44 (xv (y ~2)) " (yvz)vu=(x " y)v ((xvy) " z)vu. [para(14(a,1),8(a,1,1))].
51 xv(y "2) - ((yvz) " (kvy ~2)=~Gvy "z

— [para(14(a,1),11(a,1,1)) ,rewrite([6(7)])].

83 (x " (yvz))vz=(xvz) " (yvz). [para(1i(a,1),14(a,2,1,2)),rewrite([31(5),8(6),4(5)1)].
589 x v ((yv(z "~ (yvz)) " (zv((yvz)) =xv (yvz). [back rewrite(16),rewrite([41(3)]1)].
62 (c1 "~ c2) v c3 = c3. [para(17(a,1),12(a,1,1))].

63 (c1 v (¢33 " x)) "~ (c83vx)=(clv (c2" x)) "~ (c2v x).

— [para(17(a,1),14(a,1,1)) ,rewrite([18(6),14(8)]1),flip(a)].

64 c1 v (c3vx)=clv (c2vx). [para(18(a,1),8(a,1,1)),rewrite([8(4)]),flip(a)].

65 (c1 v c2) ~ c3 = c3. [para(18(a,1),11(a,1,1))].

71 c1 v (c2 v c3) =cl v c2. [para(65(a,1),10(a,1,2)),rewrite([8(5)])].

73 (c1 v (c2 " ¢3)) " (c2 v c3) = c3. [para(65(a,1),14(a,1,2)),rewrite([62(5)]),flip(a)].
101 (c1 v ¢2) ~ (c2 v ¢3) = c2 v c3. [para(71i(a,1),11(a,1,1))].

136 x ~ ((y v x) = z) = x " z. [para(30(a,1),13(a,1)),rewrite([8(2),4(1),30(6)1)].

139 (x v (yvx)) ~z=(vzx) "z [para(22(a,1),30(a,1,1)),rewrite([135(5)]),flip(a)].
168 c3 v (c1 v (c2 v c1)) = c3 v cl. [para(64(a,1),22(a,1,2))].

179 x v (yvx) =(yvzx)~ (xvy).

— [para(4(a,1),26(a,1,2)),rewrite([8(2),139(4),8(5)]),flip(a)].

181 (x v (y ~2) "~ (xvz)=xv(y"  z). I[para(12(a,1),26(a,1,2,2))].

194 c3 v ((c2 v c1) ~ (c1 v c2)) = c3 v cl. [back_rewrite(168),rewrite([179(6)])].

196 (x vy) ~ ((yvzx)~2z)=(xvy)  z. [back_rewrite(139),rewrite([179(2),6(4)])].
198 xv ((yv(z " (yvz)))  ((yvz) (zvy))) =xv (yvaz.

— [back_rewrite(59) ,rewrite([179(5)])].

200 (x "y v vy =Gvy - vy S ((xvy) "~ (yvzx).

— [back_rewrite(41),rewrite([179(8)1)1.

202 c1 v (c2 ~ c3) = cl v c2. [para(73(a,1),10(a,1,2)),rewrite([8(7),12(6),18(3)]),flip(a)].

< <
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207 c2 v c3 = c¢3. [para(73(a,1),21(a,1,2)),rewrite([202(5),65(5),202(6),101(8)]1),flip(a)].
215 ¢c2 ~ (3 " x) = c2 " x. [para(207(a,1),24(a,1,2,1))].

217 (x v ¢2) ~ (x v ¢3) = x v c2. [para(207(a,1),26(a,1,2,2))].

254 (c2 ~ x) v (c3 ~ x) c3 ~ x. [para(215(a,1),12(a,1,1))].

377 (3 v c2) = ¢3 = c3 v c2. [para(4(a,1),217(a,1,2))].

454 c2 v (c3 ~ c2) = c3 " c2. [para(3(a,1),254(a,1,1))].

466 c1 v (c3 ~ ¢c2) = cl v c2. [para(454(a,1),64(a,2,2)),rewrite([10(6),18(3)]1),flip(a)].
482 (x "y vz=(vz " (yvaz.

— [para(12(a,1),44(a,2,2)) ,rewrite([53(5),8(3),12(2)]),flip(a)].

657 (x v (y " (xvy)) " (xvy) ~(yvzx)=~Gxvy ~ (yvzx).

— [back_rewrite(200),rewrite([482(3),23(2),179(3),21(5)]1),flip(a)].

701 x v ((yvz) " (zvy)=xv (yvz). [back rewrite(198),rewrite([657(7)1)].

709 c3 v (c2 v c1) = c3 v cl1. [back_rewrite(194),rewrite([701(9)1)].

963 (c1 v c2) "~ (c3 v c2) = c2. [para(3(a,1),63(a,2,1,2)),rewrite([466(5),4(13),11(12)1)].
1015 (x v (el v ¢2)) = (c3 v c2) = c2. [para(963(a,1),51(a,1,1,2)),rewrite([8(9),179(8),207(9),3
— 77(8),64(7),4(6),135(14),963(9),11(4)]),flip(a)].

1059 x ~ (c3 v ¢2) = x ~ c2. [para(1015(a,1),24(a,1,2)),flip(a)].

y<o

1089 c3 v c2 = c2. [para(1059(a,1),3(a,1)),rewrite([11(5)]1),flip(a)].

1090 c3 v (c2 v x) = c2 v x. [para(1089(a,1),8(a,1,1)),flip(a)].

1094 c3 v c1 = c2 v cl. [back_rewrite(709),rewrite([1090(5)]),flip(a)].

12565 c3 v (x v c2) = (x v c2) " (c2 v x). [para(179(a,1),1090(a,1,2)),rewrite([701(7),179(8)1)].
2111 (x v (y " x)) " x=xv (y ~ x). [para(4(a,1),181(a,1,2))].

2138 (c3 v (x " ¢c2)) "~ c2=c3 v (x ~ c2). [para(1089(a,1),181(a,1,2))].

2723 (x vy) " (z~ ((yvzx) "uw)=(vy) "~ (z  u.

—~ [para(196(a,1),38(a,1,2,2)),rewrite([38(5)]),flip(a)]l.

2726 x v (y ~ x) = (x vy) " x. [para(196(a,1),51(a,1,2)),rewrite([11(4),2111(3)1)].
2727 (x vy) ~ ((zvy) " ((xvz) " ((yvx) ~2))=Gvy -~ (zvy) ~ 2.

— [para(51(a,1),196(a,1,2)),rewrite([482(2),6(6),2723(6),482(6),6(12)]),flip(a)].
2728 (x v (y " 2)) “ ((yvx) " ((zvx)~2z)=~Gvy "z

— [para(51(a,1),196(a,2)) ,rewrite([482(4),6(10),2727(10)1)].

2755 (x v (y " z)) ~ ((yvzx) " ((zvzx) w)= (v 2z u

—~ [para(482(a,1),196(a,1,2,1)),rewrite([6(6)1)].

2799 (x v (y " 2)) "~z = (xvy)  z. [back_rewrite(2728),rewrite([2755(7)])].

2805 c3 v (x ~ ¢c2) = (c3 v x) ~ c2. [back_rewrite(2138),rewrite([2799(6)]),flip(a)].
2848 (c2 v c1) "~ c3 = (c2 v cl) ~ c2.

- [para(17(a,1),2726(a,1,2)) ,rewrite([2805(5),1094(3),1094(8)]1),flip(a)]l.

2849 c3 = c2. [para(65(a,1),2726(a,1,2)),rewrite([4(3),1255(6),6(10),2848(9),196(10),11(6)1)].
2850 $F. [resolve(2849,a,19,a)].

end of proof

Code 3: Any strong distributive solution is right cancellative.

INPUT

formulas (assumptions) .

ClearAll.

x " X =X.

XV X = X.

x " (y~z)=G" y "=z
xvyvz=Gvy vz
x " (xvy)=x.

xv (x "y =x.

vy “y=y.
x"y)vy=y.

x " (y " (xvy) ~2)=x" (" 2).

" vxvy) “2)=Gv(y 2) " (yvz).
xvyvz)=xv ((y~2z)vy)vz).
end_of_list.
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for

y

mulas (goals) .
X=z  X&yvx=zvVI->y=z.

end_of_list.

end of input

% P
% L
% L
% M
% G

y

1

3

4 x
5 x
6 (
7 x
8 (

X

©

10
11
12
13
14
17
18
19
21
22
23
24
26
30
31
38
44
51

52

53
61
62
64
65
72
128
131

132
147

149
158
161
315
320
356

PROOF

roof 1 at 0.20 (+ 0.02) seconds.
ength of proof is 66.

evel of proof is 14.
aximum clause weight is 31.000.
iven clauses 157.
"x=2z"x&yvzx=2zvzx->y=z# label(non_clause) # label(goal). [goall.
x © x = x. [assumption].
v x = x. [assumption].
“(y " 2)=(x"y) " z. [assumption].
x "y "z=x"(y " z). [copy(5),flip(a)].
v (yvz)=(xvy) vz [assumption].
xvy)vz=xv (yvz. [copy(7),flip(a)].
~ (x vy)=x. [assumption].
xv (x 7~ y) = x. [assumption].
(xvy) ~y=y. [assumption].
(x " y) vy =y. [assumption].
x " (y " (xvy) ~2z)=x"(y " z). [assumption].

((xvy) " 2z)= (v (y "~ 2) " (yvz). [assumption].
€3 " c2=cl " c2. [deny(1)].

c3 v c2=-clvc2. [deny(1)].

c3 !=c1. [deny(1)].

x " (x " y)=x"y. [para(3(a,1),6(a,1,1)),flip(a)].

xv (yv (xvy)) =xvy. [para(8(a,l),4(a,1))].

xv xvy) =xv [para(4(a,1),8(a,1,1)),flip(a)].

x " (xvy) " 2 x ~ z. [para(9(a,1),6(a,1,1)),flip(a)].
vy "~ v (y z)) =x vy. [para(8(a,1),9(a,1,2))].
(xvy) " (y~2z)=y " z. [para(11(a,1),6(a,1,1)),flip(a)].
xvyvaz) =z z. [para(8(a,1),11(a,1,1))].

x " (y " &x"2z)=x" (" 2.

[para(10(a,1),13(a,1,2,2,1)) ,rewrite([6(3),21(4),6(5),21(6)1)].

(xv(y~2) " GGvz)vu=(x"y)v ((xvy) " z)vuw. I[para(i4(a,1),8(a,1,1))].
vy ~2z) " ((yvz) (xvy ~2)=(&vy) ~ =z

[para(14(a,1),11(a,1,1)) ,rewrite([6(7)])].

xv ((yvzx)"z)=(vx) " (xvz.

[para(ii(a,1),14(a,1,1)) ,rewrite([8(2),4(1),8(6),10(5)1)].
(x~(yvz))vz=(xvz) " (yvz). [para(li(a,1),14(a,2,1,2)),rewrite([31(5),8(6),4(5)1)].
c3 " (c2 " x) =c1 " (c2 " x). [para(17(a,1),6(a,1,1)),rewrite([6(4)]),flip(a)].
c3 v (c1 = ¢2) = c3. [para(17(a,1),10(a,1,2))].

x "y

o<

< <

c3 v (c2vzx)=clv (c2vx). [para(18(a,1),8(a,1,1)),rewrite([8(4)]),flip(a)].
c3 " (c1 v c2) = c3. [para(18(a,1),9(a,1,2))].

c3 v (cl vc2) =clvc2. [para(65(a,1),12(a,1,1))].

x " ((yvzx)~2z)=x"2z. [para(30(a,1),13(a,1)),rewrite([8(2),4(1),30(6)1)].

vy~ ~2z) ((yvz) " (xvy) " (z w)=Gvy) ~ (" w.
[para(14(a,1),30(a,1,1)) ,rewrite([6(7),6(8),6(11)1)].

v (yvzx) "~ z=(yvx) "z [para(22(a,1),30(a,1,1)),rewrite([128(5)]),flip(a)].
xvyvx)=(~Gvx) " Evy.
[para(4(a,1),26(a,1,2)),rewrite([8(2),132(4),8(5)]),flip(a)].

(xv(y~2) " (xvz)=xv (y " z). [para(12(a,1),26(a,1,2,2))].

(c3vecl) " (clve2) =c3vcl. [para(72(a,1),26(a,1,2))].

vy " ((yvzx) " z) (x vy) "~ z. [back_rewrite(132),rewrite([147(2),6(4)1)].

x " (@y " ((xvaz) " w) x ~ (y ~u). [para(38(a,1),24(a,1,2)),rewrite([24(4)]),flip(a)].
c2 " (83 " x) =c2 " (cl " x). [para(61(a,1),38(a,1,2)),rewrite([38(6)]),flip(a)].

c2 " c3 =c2 " cl. [para(65(a,1),320(a,1,2)),rewrite([9(9)]1)].
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450 (x "y vz=(vz " (yvaz.

— [para(12(a,1),44(a,2,2)),rewrite([53(5),8(3),12(2)]1),flip(a)].

758 (c3 v c1) " c2 =cl " c2. [para(62(a,1),51(a,1,1)),rewrite([316(11),11(6),17(3)1),flip(a)].
912 ¢3 v ¢l = cl. [para(158(a,1),52(a,2)),rewrite([758(6),10(5)]),flip(a)].

1873 (x v (y " x)) " x=xv (y - x). [para(4(a,1),149(a,1,2))].

1891 (c3 v (x "~ cl1)) ~cl =c3 v (x "~ cl). [para(912(a,1),149(a,1,2))].

1898 (x v (y ~ (zvx)) - ((zvzx)  (xvz)=xv(y"  (zvx)). [para(147(a,1),149(a,1,2))].
2475 (x vy) " (z~ ((yvzx)"uw)=(vy) "~ (z " u.

— [para(161(a,1),38(a,1,2,2)),rewrite([38(5)]),flip(a)].

2478 x v (y "~ x) = (x vy) " x. [para(161(a,1),51(a,1,2)),rewrite([11(4),1873(3)1)].

2479 (xvy) T ((zvy “(xvz) " ((yvx) "2))=(Gvy -~ (zvy - 2).

- [para(51(a,1),161(a,1,2)) ,rewrite([450(2),6(6),2475(6),450(6),6(12)]1),flip(a)].

2480 (x v (y " 2)) T ((yvzx)" ((zvx)~2)=Gvy) " z

— [para(51(a,1),161(a,2)),rewrite([450(4),6(10),2479(10)1)].

2500 (x v (y "2) " ((yvzx) " ((zvzx) w)=~Gv{y 2" u

— [para(450(a,1),161(a,1,2,1)) ,rewrite([6(6)])].

2503 (xvy) T ((zvy) " ((xvz)" ((yvx) " (z w))=Gvy) -~ (zvy) " (z~ w).

— [para(131(a,1),161(a,1,2)) ,rewrite([450(2),6(7),2475(7),450(7),6(14)]),flip(a)].

2504 (x v (y " 2) " (z " w=(@Gxvy ~(z " u.

— [para(131(a,1),161(a,2)) ,rewrite([450(4),6(11),2503(11),2500(8)1)].

2544 (x v (y ~2)) ~z=(xvy)  z. [back_rewrite(2480),rewrite([2500(7)]1)].

2647 x v (y " (zvzx))=(Gvy) " ((zvzx) " (xvaz)).

— [back_rewrite(1898) ,rewrite([2504(7)]),flip(a)].

2551 ¢3 v (x "~ cl) = (c3 v x) ~ cl. [back_rewrite(1891),rewrite([2544(6)]),flip(a)].

2587 (c2 v ¢3) ~ c2 (c2 v c1) ~ c2. [para(17(a,1),2478(a,1,2)),rewrite([2478(5)]),flip(a)].
2588 (c1 v ¢2) ~ c3 = (c1 v ¢2) ~ cl.

— [para(18(a,1),2478(a,2,1)) ,rewrite([356(4),2551(5),18(3)]1),flip(a)].

2594 c3 v ((c2 v x) ~c2) =cl v ((c2 v x) ~ c2).

— [para(2478(a,1),64(a,1,2)) ,rewrite([2478(11)1)].

2718 c2 v ¢c3 = c2 v cl.

— [para(2587(a,1),10(a,1,2)) ,rewrite([8(9),2594(8),52(8),2547(9),23(5),161(11),3(7)]1) ,flip(a)].
2820 (c2 v c1) ~ c¢3 = c3. [para(2718(a,1),11(a,1,1))].

2855 c3 = c1. [para(2820(a,1),161(a,2)),rewrite([2588(8),161(9),11(5)]),flip(a)].

2856 $F. [resolve(2855,a,19,a)].

end of proof

Code 4: A 16-element example of a left-handed, distributive and cancellative skew
lattice, that is not a strong distributive solution. Note that we only search for an
example of size 16 that does not satisfy (5.22).

INPUT

formulas(sos).

X X = X.

X VX=X
x " (xvy)=x.

xv (x 7 y)=x.

"y vy=y.

vy “y=y.

(x"y) "x=x"y.

xv (yvzx)=yvx.

x T (y"z2=G"y "z
xv(yvz)=Gvy) vz

" (va)) " x=(((x"y) " xv(x"z) " x.
vy " zNvx=((xvy vx) "~ ((xgvz)vzx.
xTy=x"z&xVvy=xVvz->y-=2z.

y  x=z  X&yvx=zvVvx->y=z.
end_of_list.
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formulas(goals) .
"y v(xvy) ~2z)=Gv(y 2) " (vaz.
end_of_list.

% From the command line: clear(verbose).
% assign(domain_size, 16) -> assign(start_size, 16).

% assign(domain_size, 16) -> assign(end_size, 16).

% From the command line: assign(domain_size, 16).

end of input

CLAUSES FOR SEARCH

formulas (mace4_clauses).

X X = X.

X VX=X
x " (xvy) =x.

xv (x 7 y)=x.
x"y)vy=y.

xvy) “y=y.

(x~y) " x=x"y.

xv (yvzx)=yvx.

x " (y~z2)=G"y "z
xv((yvz=&vy) vz

x~" (vz)) " x=Ux"y " xv x"2z) " x).
vy~ 2)vx=(~(xvy v) " ((xvz)vzx.
x “yl=x"zl|lxvyl=xvzly
x “yl!l=z ylxvyl=s=zvyl x=z
(c1 "~ c2) v ((c1 v c2) "~ c3) != (cl v (c2 " c3)) ~ (c2 v c3).
end_of_list.

= Z.

end of clauses for search =============

DOMAIN SIZE 16

MODEL

interpretation( 16, [number=1, seconds=1], [
function(cl, [ 0 1),
function(c2, [ 1 1),
function(c3, [ 2 1),

[

function(~(_,_)
3, 2, 3,

o

>

s >

>

s

>

>

b
5
5
2
5
5,
5
2
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8

s

5
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s
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12,12, 8,12,12, 8,12,12, 8,12,12,12,12,12, 8,12,
13,13,14,13,13,14,13,13,14,13,13,13,13,13,14,13,
14,14,14,14,14,14,14,14,14,14,14,14,14 14,14, 14,
15,15,14,15,15,14,15,15,14,15,15,15,15,15,14,15 1),

function(v(_,_), [

0, 4, 0, 0, 4, 0, 0,10,11, 4,10,11,11,10,11,11,
o, 1,7, 3, 4, 1, 6, 7, 9, 9,10,11,12,13,13,15,
0,1, 2,3, 4,5, 6, 7,8, 9,10,11,12,13,14,15,
o, 1, 6, 3, 4, 3, 6, 7,12, 9,10,11,12,13,15,15,
0, 4,10, 0, 4, 4, 0,10, 4, 4,10,11,11,10,10,11,
0,1, 2,3,4,5,6, 7,8, 9,10,11,12,13,14,15,
o, 1, 6, 3, 4, 3, 6, 7,12, 9,10,11,12,13,15,15,
0,1,7,3,4,1,6, 7,9, 9,10,11,12,13,13,15,
o, 1, 2, 3, 4, 5, 6, 7, 8, 9,10,11,12,13,14,15,
0,1,7,3,4,1,6, 7,9, 9,10,11,12,13,13,15,
o, 4,10, 0, 4, 4, 0,10, 4, 4,10,11,11,10,10,11,
0, 4, 0, 0, 4, 0, 0,10,11, 4,10,11,11,10,11,11,
o, 1, 6, 3, 4, 3, 6, 7,12, 9,10,11,12,13,15,15,
0,1, 7,3, 4,1, 6,7, 9, 9,10,11,12,13,13,15,
0,1, 2,3,4,5,6, 7,8, 9,10,11,12,13,14,15,
o, 1, 6, 3, 4, 3, 6, 7,12, 9,10,11,12,13,15,15 ])
1.

end of model

Code 5: Any left distributive solution is distributive. A proof is given, first for the
left-handed case, and then for the right-handed case.

INPUT

formulas(sos).

x 7 x = x.

XV X = X.

x " (y"=z=G" "y "z
xv(yvz)=Gvy vz
x " (xvy =x.

xv (x Ty =x.

"y vy=y.

xvy) “y=y.

((yvzx) " z22v"y)=Uy"2)vx) "~ (zvy.
(x~y) " x=x"y.
(xvy)vi=yvVx.

end_of_list.

formulas(goals) .
(x "~ (yvaz)  x
(xv(y~2)vzx
end_of_list.

(x~y) " x) v (x"2) " 3.
(xvy)vzx) " ((xvz)vzx.

end of input

PROOF

b ———————= Comments from original proof --------
% Proof 1 at 1.03 (+ 0.16) seconds.

% Length of proof is 27.

% Level of proof is 7.

% Maximum clause weight is 19.

% Given clauses 176.
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1x” ((yvz) " x)=(~" (" x)) v (x" (z"  x)) # label(non_clause) # label(goal). [goall].
3x "~ x=x. [assumption].

5x " (y ~z) =(x"y) " z. [assumption].

6 (x " y) ~z=x"(y "~ z). [copy(5),flip(a)].

7xv (yvz)=(xvy) vz [assumption].

00

x v (y vz). [copy(7),flip(a)].

x. [assumption].

y. [assumption].

13 x ~ (y ~x) =x " y. [assumption].

14 x v (y vx) =y v x. [assumption].

16 (xvy) "z) vy “x)=(x"2)vy) " (zvzx) [assumption].

16 (c1 = (c2 " c1)) v (c1 = (c3 " cl)) '=c1l ~ ((c2 v c3) ~ c1). [deny(1)].

17 (c1 "~ c2) v (c1 ~ ¢3) !'=cl = (c2 v c3). [copy(16),rewrite([13(5),13(8),13(14)1)].
20x ~ (x " y) =x " y. [para(3(a,1),6(a,1,1)),flip(a)].

(xvy) vz
10xv (x~y)
11 xvy) "y

26 x v ((x "~ y) v z) x v z. [para(10(a,1),8(a,1,1)),flip(a)].

28 (xvy) " (y "~z =y z. [para(11(a,1),6(a,1,1)),flip(a)]l.

35 x ~ (y v x) = x. [para(1i(a,1),13(a,1,2)),rewrite([3(1)]),flip(a)].

39xv (yv(zvzx)) =yv (zvx). [para(8(a,1),14(a,1,2)),rewrite([8(5)1)].

40 (x " y) v x = x. [para(10(a,1),14(a,1,2)),rewrite([10(4)]1)].

57 (x ~y) v (x "~ z)=x" (yv (x " 2)). [para(20(a,1),15(a,1,2)),rewrite([40(2),6(5),40(6)1)].
61 c1 ~ (c2 v (c1 = c3)) !=cl " (c2 v c3). [back_rewrite(17),rewrite([57(7)])].
62 x ~ ((yvx) " z)=x" z. [para(35(a,1),6(a,1,1)),flip(a)].

120 (x ~y) v (z v x) =z v x. [para(14(a,1),26(a,2)),rewrite([39(4)1)].

1456 ((xvy) "2) vy " w=(&vy ~(zv(y  u).

—~ [para(28(a,1),15(a,1,2)) ,rewrite([120(3),6(6),120(8)1)].

151 ((x " y) vz " (yvx)=(xvz) "~ (yv(z " x)).

— [back_rewrite(15) ,rewrite([145(4)]),flip(a)].

8237 x ~ (yv (x " 2)) =x " (yvz). [para(15i(a,1),62(a,1,2)),rewrite([62(5)])].
8238 $F. [resolve(8237,a,61,a)].

end of proof

PROOF

b === Comments from original proof --------
% Proof 2 at 1.03 (+ 0.17) seconds.

% Length of proof is 27.

% Level of proof is 7.

% Maximum clause weight is 19.

% Given clauses 176.

2xv ((y " 2z) vx) = (xv (yvzx) ~ (xv (zvx)) # label(non_clause) # label(goal). [goall.
3x "~ x=x. [assumption].

5x "~ (y "2 =("y) " z. [assumption].

6 (x " y) ~z=x"(y "~ 2z). [copy(5),flip(a)].

7Txv (yvz) (x vy)vz. [assumption].

xvy)vz=xv (yvz). [copy(7),flip(a)].

©

10 x v (x ~ y) = x. [assumption].

11 (x vy) ~y=y. [assumption].

13x "~ (y “x) =x " y. [assumption].

14xv (yvzx)=yvx [assumption] .

16 (xvy) "z)v(y " x)=(x"2) vy)  (zvx) [assumption].

18 c4 v ((cb ~ c6) v c4) != (c4 v (cb v c4)) ~ (cd v (c6 v c4)). [deny(2)].

19 (cb ~ c6) v cd != (cb v cd) " (c6 v c4). [copy(18),rewrite([14(7),14(10),14(13)1)].

26 x v ((x ~y) vz)=xvz [para(10(a,1),8(a,1,1)),flip(a)].

28 (xvy) ~(y 2z =y  z. [para(11i(a,1),6(a,1,1)),flip(a)].

356 x ~ (yvx)=x. [para(11(a,1),13(a,1,2)),rewrite([3(1)]),flip(a)].

39xv(yv(zvzx))=yv (zvzx). [para(8(a,1),14(a,1,2)),rewrite([8(5)]1)].

40 (x ~ y) v x = x. [para(10(a,1),14(a,1,2)),rewrite([10(4)1)].

50 ((xvy) ~z)vy=((y ~2z)v xvy)) " (zvy). I[para(11i(a,1),15(a,1,2)),rewrite([14(2)])].
64 x - (yv (zvx)) =x. [para(8(a,1),35(a,1,2))].
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120 (x ~y) v (z v x) =z v x. [para(14(a,1),26(a,2)),rewrite([39(4)1)].

127 ((x " y) vz) " (uv (xvz)=(x"y) vz [para(26(a,l),64(a,1,2,2))].
130 ((xvy) "2)vy=(xvy ~ (zvy) [back rewrite(50),rewrite([120(6)]1)].
145 ((xvy) " 2) vy " uw=(Gvy) ~(zv(y  w).

— [para(28(a,1),15(a,1,2)) ,rewrite([120(3),6(6),120(8)1)1.

151 ((x "y vz " (yvx)=(Gxvz) "~ (yv (z " x)).

— [back_rewrite(15) ,rewrite([145(4)]) ,flip(a)].

8420 (x " y) vz =(xvz)" (yvaz).

— [para(151(a,1),130(a,1,1)) ,rewrite([130(5),8(4),40(3),8(7),127(8)]),flip(a)].
8421 $F. [resolve(8420,a,19,a)].

end of proof

INPUT

formulas(sos) .

x " x = x.
XV X = X.

x " (y " 2)=(&" "y "z

xvyvz=Gvy vz

x " (xvy =x.

xv (x 7 y) = x.

x"y)vy=y.

vy “y=y.

((yvx) "z2)v&x~y)=~U ~2)vx) " (zvy).
x~y) “x=y " x.

xvy)vi=xvVvy.

end_of_list.

formulas(goals) .
(x " (yvz) " x
(xv(y~2)vzx
end_of_list.

(x "y " x) v (x~2) " x.

(xvy)vzx) " ((xvz)vzx.

end of input

PROOF

b —mmmmm Comments from original proof --------
% Proof 1 at 0.01 (+ 0.00) seconds.

% Length of proof is 18.

% Level of proof is 5.

% Maximum clause weight is 19.

% Given clauses 32.

2xv ((y "2z vx) = (kv (yvzx) " (xv (zvx)) # label(non_clause) # label(goal).

4 x vx=x. [assumption].

7xv (yvz)=(xvy)vz [assumption].

8 (xvy)vz=xv (yvz). [copy(7),flip(a)].

9x " (xvy)=x. [assumption].

10 x v (x "~ y) = x. [assumption].

13 x "~ (y " x) =y "~ x. [assumption].

14 xv (y vx) =xvy. [assumption].

16 ((xvy) "2 vy " x)=(~x"2)vy) "~ (zvzx). [assumption].

18 c4 v ((cb ~ c6) v cd) != (c4 v (cBbvcd)) ~ (chdv (c6vc4d)). [deny(2)].

19 c4 v (cb ~ c6) !'= (cd v cb) " (cd v c6). [copy(18),rewrite([14(7),14(10),14(13)1)].

21 x v (xvy) =xvy. [para(4(a,1),8(a,1,1)),flip(a)].

35 (x vy~ x x. [para(9(a,1),13(a,1,2)),rewrite([9(4)1)].
36 x v (y - x) = x. [para(13(a,1),10(a,1,2))].

6lxv(y~ (xvz))=~Gvy "~ (xvz).

- [para(35(a,1),15(a,2,1,1)) ,rewrite([8(2),35(3),21(6)1)].

<

218

[goall.



64 xv ((y " x) vz)=xvz [para(36(a,1),8(a,1,1)),flip(a)].
195 xv (y ~z) = (xvy) " (xvz). [para(i5(a,1),64(a,1,2)),revrite([61(5),64(3)]1),flip(a)].
196 $F. [resolve(195,a,19,a)].

end of proof

PROOF

———————— Comments from original proof --------
Proof 2 at 0.14 (+ 0.00) seconds.

Length of proof is 29.

Level of proof is 6.

Maximum clause weight is 25.

Given clauses 80.

x " ((yvz) " x)=(" (" x))v(x" (z" x)) # label(non_clause) # label(goal). [goall].

x - x = x. [assumption].

x v x = x. [assumption].
(x~y) "z=x"(y " 2). [copy(b),flip(a)].
xv (y v z) (x vy) vz [assumption].
xvy)vz=xv (yvaz). [copy(?),flip(a)].

9x "~ (xvy)

10xv (x "~y =x.

11 (x vy) ~y=y. [assumption].

12 (x ~y) vy =y. [assumption].

13 x - (y " x) =y ~ x. [assumption].

16 (xvy) "z2) vy “x) = (x"2)vy) " (zvzx) [assumption].

16 (c1 = (c2 " c1)) v (c1 = (c3 " cl)) '=c1 ~ ((c2 v c3) ~ c1). [deny(1)].

17 (c2 " c1) v (c3 " c1) !'= (c2 v c3) ~ cil. [copy(16),rewrite([13(5),13(8),13(14)1)].

21 x v (xvy) =xvy. [para(4(a,1),8(a,1,1)),flip(a)].

22 x " ((xvy) " z)=x" z. [para(9(a,1),6(a,1,1)),flip(a)].

26 x v ((x ~y) vz)=xvz [para(10(a,1),8(a,1,1)),flip(a)]l.

28 (xvy) "~ (y 2z =y  z. [para(11i(a,1),6(a,1,1)),flip(a)].

35 (x vy) " x=x. [para(9(a,1),13(a,1,2)),rewrite([9(4)1)].

36 xv (y - x) =x. [para(13(a,1),10(a,1,2))].

61l xv (y~ (xvz)=~Gvy " (xvaz).

— [para(35(a,1),15(a,2,1,1)) ,rewrite([8(2),35(3),21(6)1)].

64 xv ((y " x) vz)=xvz [para(36(a,1),8(a,1,1)),flip(a)].

83 (xvy) " (z” ((x~"2vy) " ((zvzx) " w))=~«Gvy "~ (z " u.

— [para(15(a,1),22(a,1,2,1)) ,rewrite([6(7),6(8),6(11)1)].

143 (xvy) " ((x~2)vy) ~uw = ((x"2)vy) " u [para(26(a,1),28(a,1,1))].

195 x v (y ~2z) = (xvy) " (xvz). [para(il5(a,1),64(a,1,2)),rewrite([61(5),64(3)]),flip(a)].

234 ((c2 " c1) v c3) ~cl != (c2 v c3) "~ cl. [back_rewrite(17),rewrite([195(7),12(10)]1)].

1176 ((x ~y) vz) ~y= (xvz) y. [para(3(a,1),83(a,2,2)),rewrite([35(5),13(5),143(5)1)].

1177 $F. [resolve(1176,a,234,a)].

1
3
4
5x "~ (y "2z =(&"y) " z. [assumption].
6
7
8

x. [assumption].
[assumption] .

end of proof

Code 6: Any left distributive solution is left cancellative.

INPUT

formulas(sos) .

x " x = X.
X VX=X

x " (y " z)=G" y "=z
xv(yvz)=G&vy vz
x " (xvy)=x.

xv (x "y = x.
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(x
(x

Ty vy
vy) Ty

y.
v

((yvzx) " 22vE "y =Wy " 2)vx) "~ (zvy.
end_of_list.

formulas(goals) .

X

y=x"z&xvy=xvz->y=2z.

end_of_list.

end of input

LT oo

==

W N O WN -

37
38
39
43
44
46
47
51
57
59
60
92
10

PROOF

Proof 1 at 0.59 (+ 0.02) seconds.
Length of proof is 81.

Level of proof is 16.

Maximum clause weight is 25.000.
Given clauses 227.

X "y=%x"2z&xvVvy=3xvz->y=z# label(non_clause) # label(goal). [goal].
x ° x = x. [assumption].
x v x = x. [assumption].
x " (y " 2z)=(x"y) " z. [assumption].
(x~y) “z=x"(y " 2). [copy(4),flip(a)].
xv (yvz)=(xvy) vz [assumption].
xvy)vz=xv (yvz). [copy(6),flip(a)].
x " (x vy =x. [assumption].
xv (x ~y) =x. [assumption].
(x ~y) vy =y. [assumption].
(x vy) " y=y. [assumption].
(xvy) "2) vy x)=((x"2)vy) "~ (zvzx) [assumption].

cl ~ c3 =-cl "~ c2. [deny(1)].

cl v c3=clvc2. [deny(D)].

c3 = c2. [deny(1)].

x " (y " x"y))=x"y. [para(s(a,1),2(a,1))].

x " (x " y)=x"y. [para(2(a,1),5(a,1,1)),flip(a)].

x " ((xvy) "2z =x" z. [para(8(a,1),5(a,1,1)),flip(a)].
(x "~y vix~ ("~ 2)=x"y. [para(5(a,1),9(a,1,2))].
xv ((x "~ y) vz)=xvz [para(9(a,l1),7(a,1,1)),flip(a)].
(x " (y " 2)) vz=z [para(5(a,1),10(a,1,1))].

(xvy) ~(y~z) =y  z. I[para(li(a,1),5(a,1,1)),flip(a)].

(xv (yvaz) " z=z [para(7(a,1),11(a,1,1))].
(x~yYvx) ~(yvx)=(x"y) vz I[para(2(a,1),12(a,1,2)),rewrite([3(1)]),flip(a)].
((x~" vz ~(vx))vu=((xvz) " y)v ((z" x)vu. [para(12(a,1),7(a,1,1))].
vy (2" ((x~2)vy) ~(zvx))=(xvy - =z
[para(12(a,1),8(a,1,2)) ,rewrite([6(7)]1)].
" v~ x)=Wx"yY v~ 2)) " (vx.
[para(9(a,1),12(a,1,1,1)) ,rewrite([5(3)1)].
((x~ (g~ x) vy ~x=y " x. [para(12(a,1),10(a,1)),rewrite([10(5)]1)].
(" (@ "2z vy " (v -~y =W " 2v " x) "~ (zvy.
[para(10(a,1),12(a,1,1,1)) ,rewrite([36(4),5(7)1),flip(a)].
(x "y vz~ ((yvzx)" (z" x) =2z"x. [para(12(a,1),11(a,1,1)),rewrite([5(6)]1)].
cl ~ (c3 " x) =c1 " (c2 " x). [para(13(a,1),5(a,1,1)),rewrite([5(4)]),flip(a)].
(c1 =~ c2) v c3 = c3. [para(13(a,1),10(a,1,1))].
clv (c3vzx)=clv (c2vx). [para(14(a,1),7(a,1,1)),rewrite([7(4)]),flip(a)].
(c1 v c2) ~ c3 = c3. [para(14(a,1),11(a,1,1))].
" yYvy &~ w)=y " (x"y). I[para(i6(a,1),10(a,1,1))].
c2 v (c3 ~ cl) c3 ~ (c2 v c1). [para(44(a,1),12(a,2,1)),rewrite([14(3),11(5)1)].
cl v (c2 v c3) cl v c2. [para(47(a,1),9(a,1,2)),rewrite([7(5)]1)].
c3 v (c2 ~ cl) c2 ~ (c3 v cl). [para(47(a,1),12(a,1,1)),rewrite([13(8),10(10)1)].
(c1 v c2) = (c2 v c3) = c2 v c3. [para(59(a,1),11(a,1,1))].
1x "~ ("~ (xvz)"y)=x"y. [para(16(a,1),20(a,1,2)),rewrite([20(3)]),flip(a)].

o n -~
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143 (c1 v ¢2) ~ ((c2 v c3) "~ x) = (c2 v c3) ~ x. [para(59(a,1),28(a,1,1))].

177 c2 ~ (3 ~ (c2 v cl1)) c2. [para(57(a,1),8(a,1,2))].

193 ¢3 ~ (c2 " (e3 v cl1)) = c3. [para(60(a,1),8(a,1,2))].

203 c1 v (c2 ~ (3 v cl1)) = cl v c2. [para(60(a,1),46(a,1,2)),rewrite([9(13)]1)].

217 (c2 "~ ¢3) v ¢2 = ¢2 " c3. [para(177(a,1),23(a,1,2))].

220 (¢3 " ¢2) v ¢3 = c3 " c2. [para(193(a,1),23(a,1,2))].

222 c2 " (c3 " c2) c2. [para(217(a,1),11(a,1,1)) ,rewrite([5(5)1)].

225 ¢2 ~ (c3 " (c2 " x)) = c2 " x. [para(217(a,1),28(a,1,1)),rewrite([5(6)]1)].

227 ((c2 = x) v (2 " c3)) ~ (x v c2) = (c2 "~ x) v c2.

— [para(222(a,1),12(a,1,2)) ,rewrite([10(5),5(8),38(15)1),flip(a)].

231 ¢3 ~ (c2 " ¢3) = c3. [para(220(a,1),11(a,1,1)),rewrite([5(5)]1)].

234 c3 ~ (c2 ~ (c3 " x)) = c3 ~ x. [para(220(a,1),28(a,1,1)),rewrite([5(6)1)].

245 c3 v (c2 " ¢3) = c2 ~ c3. [para(231(a,1),10(a,1,1))].

268 (x " y) v (xv (yvzx))=yvzx. [para(30(a,1),10(a,1,1)),rewrite([7(4)]1)].

383 ((c1 =~ (c2 v c3)) vec2) - (c2 v (3 v cl)) = c2.

— [para(92(a,1),12(a,1,1)) ,rewrite([7(7),60(6),9(7),7(13)]1),flip(a)].

606 ((c2 "~ c1) v (c2 = (3 v cl))) ~ (cl vec2) = (c2 " cl) v (c2 " (c3 v cl)).

— [para(203(a,1),30(a,1,2)),rewrite([5(7),11(6),5(20),11(19)1)].

616 c2 ~ (c3 v c1) = ¢2 ~ c3. [para(193(a,1),225(a,1,2)),flip(a)].

626 (c2 ~ c1) v (c2 ~ c3) = (c2 "~ cl) v c2.

— [back_rewrite(606) ,rewrite([616(8),227(11),616(13)]),flip(a)].

638 c3 v (c2 ~ cl1) = c2 ~ c3. [back_rewrite(60),rewrite([616(10)]1)].

709 (c2 v ¢3) " ¢c2 =c2 v c3. [para(92(a,1),34(a,2)),rewrite([7(18),383(19),143(9)1)].
747 c2 v (c3 v ¢c2) = c2. [para(709(a,1),10(a,1,1)),rewrite([7(5)1)].

830 c2 ~ (c3 v c2) c3 v c2. [para(747(a,1),11(a,1,1))].

850 c3 v c2 = c2 " ¢3. [para(830(a,1),225(a,1,2,2)),rewrite([8(6),830(8)]1),flip(a)].
933 ¢c3 ~ (c2 v c1) c3 ~ c2. [para(177(a,1),234(a,1,2)),flip(a)].

962 c2 v (c3 ~ cl1) = ¢c3 ~ c2. [back_rewrite(57),rewrite([933(10)1)].

1130 (x vy) - (x "~ (y " x)) =y " x. [para(2(a,1),39(a,1,1,1)),rewrite([3(2)1)].

1823 x ~ ((y v (x v 2)) ~ x) x. [para(11(a,1),101(a,2)),rewrite([7(3),28(6)1)].

1931 ¢3 ~ ((x v (c2 ~ ¢3)) ~ ¢3) = c3. [para(245(a,1),1823(a,1,2,1,2))].

2014 c3 ~ ((x v (y v (c2 ~ ¢3))) " c3) = c3. [para(7(a,1),1931(a,1,2,1))].

2017 ¢3 " (((e3 ~ x) v ¢2) " c3) = c3. [para(12(a,1),1931(a,1,2,1)),rewrite([5(10),11(9)1)].
2086 ((c3 "~ x) v c2) - c3 = c2 " c3.

— [para(2017(a,1),37(a,1,1,1)),rewrite([24(6),850(3),5(5),2(4)]1),flip(a)].

2106 c3 ~ (x ~ (c2 ~ ¢3)) c3 " (x " c3). [para(2086(a,1),20(a,1,2)),rewrite([5(6),5(10)1)].
2621 ((xv (y " (x ")) " Pvy " x)vz=(=G" &~y vz

— [para(51(a,1),32(a,1,1,1)) ,rewrite([5(4),5(3),8(2),5(10),5(9),16(10)]1),flip(a)].
2629 x v (y " x"y))) “y=y " &~ y.

-~ [para(51(a,1),34(a,1,2,2,1)),rewrite([5(7),5(6),8(5),17(6),11(6)1),flip(a)].

2646 (x ~ (y " x)) v ((x "~ y) vz)=(x" (y " x)) vz [back rewrite(2621),rewrite([2629(4)])].
3266 c2 ~ c3 = c2.

— [para(638(a,1),268(a,1,2,2)),rewrite([5(5),13(4),626(12),2646(11),26(7),638(6)]),flip(a)].
3394 c3 ~ (x "~ c3) =c3 " (x " c2). [back_rewrite(2106),rewrite([3266(4)]),flip(a)].
3399 c3 ~ ¢c2 = c3. [back_rewrite(2014),rewrite([3266(4),3394(7),29(6)]1)].

3636 c2 v (c3 " c1) = c3. [back_rewrite(962),rewrite([3399(8)1)].

6474 c3 " c1 = c2 " c1. [para(14(a,1),1130(a,1,1)),rewrite([43(8),1130(9)]1),flip(a)].
6602 c3 = c2. [back_rewrite(3636),rewrite([6474(4),9(5)]),flip(a)].

6603 $F. [resolve(6602,a,15,a)].

<<
o

o

y ol

end of proof

Code 7: Any right distributive solution is distributive. A proof is given, first for the
left-handed case, and then for the right-handed case.

INPUT

formulas(sos) .
x 7 x X.
X.

XV X
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MM XM
™

(x
(y
X
X
en

fo
(x
(x

en

(y~z)=G y "z

vyvz=(&vy) vz

S (x vy = x.
v (x "y = x.

Ty vy =y.

vy) Ty =y.

vzt xvy))=(Gvz) " (&v(z"y).
Sy Tx) =x"y.
v (yvzx)=yvzx.
d_of_list.
rmulas(goals) .

Cyvz)) Tx=(x"y) "x) v ((x T z) %)
vy ~z)vz=(xvy) vx)  ((xvz)vzx).
d_of_list.

end of input

h
%
h
h
h

2
3
4
7
8
10
12
13
14
15
18
19

!

36
52
57
62
64
78

—

78

PROOF

Proof 1 at 0.04 (+ 0.01) seconds.
Length of proof is 19.

Level of proof is 5.

Maximum clause weight is 23.000.
Given clauses 60.

vy~ 2z)vx=(xvy) vz  ((xvz)vzx)# label(non_clause) # label(goal). [goall.
x ° x = x. [assumption].
x v x = x. [assumption].
xv (yvz)=(xvy) vz [assumption].

xvy)vz=xv (yvz). [copy(?),flip(a)].

xv (x 7~ y) = x. [assumption].

(x vy) "~ y=y. [assumption].

x "y vz " (yvzx))=(xvz) (yv(z " x)). [assumption].
x " (y "~ x) -

x ~ y. [assumption].
xv (y vx) =yvx. [assumption].
(cd v (cb "~ c6)) v cd != ((cd v cB) v cd) ~ ((cd v c6) v cd). [deny(2)].
(5 "~ c6) vcd I= (cb v c4) ~ (c6 v cd).
[copy (18) ,rewrite([8(7),15(7),8(10),15(10),8(13),15(13)1)1.

(xvy “ vy " x)vu=(x"2) v ((y " (zvzx)vuw. [para(13(a,1),8(a,1,1))].
x ~ (y v x) =x. [para(12(a,1),14(a,1,2)),rewrite([3(1)]),flip(a)].

(x " y) v x=x. [para(10(a,1),15(a,1,2)),rewrite([10(4)1)].

x "~ (yv (zvzx)) =x. [para(8(a,1),52(a,1,2))].

(xvy) "z)vy=(xvy) " (zvy). I[para(52(a,1),13(a,2,2,2)),rewrite([62(5),8(5),4(4)1)].
4 (x "y vz=(Gxvz " (yvz).
[para(57(a,1),36(a,2,2)) ,rewrite([64(5),8(4),57(3)]),flip(a)].
5 $F. [resolve(784,a,19,a)].

end of proof

YA
h
h
h
YA

1
3
5
6

PROOF

Proof 2 at 0.09 (+ 0.01) seconds.
Length of proof is 28.

Level of proof is 6.

Maximum clause weight is 25.000.
Given clauses 70.

x "~ (yvaz)) x=(Ux"y) " x)v ((x~ z)  x)# label(non_clause) # label(goal). [goall.
x ~ x = x. [assumption].
x " (y " 2)=1(x"y) " z. [assumption].

(x~y) “z=x"(y " 2). [copy(b),flip(a)].
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7xv (yvz)
8 (xvy)vz
% -

9

10
11
12
13
14
16
17
20
24
35
44
49
52
60
62
94

(x vy)vz. [assumption].
x v (y vz). [copy(7),flip(a)].
x. [assumption].
x. [assumption].
(x ~y) vy =y. [assumption].
(x vy) " y=y. [assumption].
x "y vz " (yvzx))=(xvz) (yv (z " x)). [assumption].
x " (y " x) =x " y. [assumption].
((c1 = c2) ~cl) v ((el = e3) "~ cl1) != (c1 "~ (c2 v c3)) ~ cil. [deny(1)].
(c1 " ¢c2) v (¢l " c3) !=c1l "~ (c2 v c3).
[copy(16) ,rewrite([6(5),14(5),6(8),14(8),6(14),14(14)1)].
x " (x " y)=x"y. [para(3(a,1),6(a,1,1)),flip(a)].
xvy) ~(xv(yvz))=xvy. [para(8(a,1),9(a,1,2))].
"y vE @  Gvx))=>Gvz" "w) vz~ " =x)).
[para(6(a,1),13(a,1,2)) ,rewrite([6(9)]1)].
vy " ((zv(y " x) "y~ (zvx)) =y  (zvzx).
[para(13(a,1),12(a,1,1)) ,rewrite([6(7)])].
“(y " (x " =2)=x" (" z). [para(14(a,1),6(a,1,1)),rewrite([6(2),6(4)]),flip(a)].
©(y v x)=x. [para(12(a,1),14(a,1,2)),revrite([3(1)]),flip(a)].
S ((y vx)©oz) x ~ z. [para(52(a,1),6(a,1,1)),flip(a)].
S (yv (zvx) x. [para(8(a,1),52(a,1,2))].
(y ~ (zvzx))=x"y. [para(10(a,1),62(a,1,2,2)),rewrite([6(3)])].

(x v y)
xv (x 7y

MoM M XM

1561 (x v (y ~2) ~ (xvz)=xv(y"  z). I[para(11(a,1),24(a,1,2,2))].

524 (x " y) v (x " z) =x " (yv (x " 2)). [para(10(a,1),35(a,2,1)),rewrite([94(4),14(5)1)].
653 c1 ~ (c2 v (c1 ~ c3)) !=cl = (c2 v c3). [back_rewrite(17),rewrite([524(7)]1)].

1386 x ~ (yv (x " 2)) =x " (yvaz.

—

[para(44(a,1),60(a,1,2)) ,rewrite([20(3),49(8),151(6)]),flip(a)].

1387 $F. [resolve(1386,a,653,a)].

end of proof

INPUT

formulas(sos).

x " x = x.
XV X = X.

x " (y"=z=G"y "z

xv(yvz)=Gvy) vz

x " (xvy)=x.

xv (x 7 y) = x.

"y vy=y.

xvy) ~y=y.

Gy x)vz  Gvy))=~Gvz) "~ vz y).
x " (y "x) =y " x.

xv (yvzx)=xvy.

end_of_list.

formulas(goals) .

(x ~
(xv (y~2)vzx

(x~y) " x) v x~2) " .
(xvy)vz) ((xvz)vzx).

(y vz) " x

end_of_list.

end of input

A
YA
YA
%
YA

P
L
L
M
G

PROOF

roof 1 at 0.03 (+ 0.00) seconds.
ength of proof is 26.

evel of proof is 7.

aximum clause weight is 19.000.
iven clauses 54.
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2 xv(y~z))vx=((xvy) vz ((xvz)vzx)# label(non_clause) # label(goal).
5x "~ (y "2z = (& "y) " z. [assumption].

6 (x~y) ~z=x"(y " 2z). [copy(5),flip(a)].

7xv(yvz)=(xvy) vz [assumption].

8 (xvy)vz=xv(yvz. [copy(?),flip(a)].

9x " (xvy)=x. [assumption].

10 x v (x = y) = x. [assumption].

11 (x ~y) vy =y. [assumption].

13 "~ yv(z " (yvzx))=(&vz) " (yv(z " x)). [assumption].

14 x ~ (y ~ x) =y ~ x. [assumption].

15 xv (yvx) =xvy. [assumption].

18 (c4 v (cb ~ c6)) v cd != ((chd v c5) v c4) ~ ((c4d v c6) v c4). [deny(2)].
19 c4 v (cb ~ c6) != (cd4 v cB) "~ (cd v c6).

—  [copy(18),rewrite([8(7),15(7),8(10),15(10),8(13),15(13)1)].

29 (x " y) v(yvz)=yvz [para(11(a,1),8(a,1,1)),flip(a)].

V/xv iy  (xvz)=>Gvy) "~ vzv iy ).

— [para(9(a,1),13(a,1,1)),rewrite([8(2),15(2),8(7)1)].

51 (x vy) "~ x =x. [para(9(a,1),14(a,1,2)),rewrite([9(4)1)].

52 x v (y ~ x) = x. [para(14(a,1),10(a,1,2))].

59 (x v (yvz)  (xvy)=xvy. [para(8(a,1),51(a,1,1))].

63 xv (y - (z -~ x)) =x. [para(6(a,1),52(a,1,2))].

64 xv ((y “x) vz)=xvz [para(52(a,1),8(a,1,1)),flip(a)].

B xv(yv(z~x)) =xvy. [para(9(a,1),63(a,1,2,2)),rewrite([8(3)]1)].
Bxv(y~ (xvz)=(~Gxvy) ~ (xvz). [back_rewrite(39),rewrite([93(7)])].
179 (x v (yvz) " xviz y)=~Gvz) "~ (xvy).

— [para(13(a,1),64(a,1,2)) ,rewrite([98(5),98(8)1)].

568 (x v (yvz) " (xv @@~ y))=xv(u"y) I[para(29(a,1),59(a,1,1,2))].
578 x v (y " 2) = (x vy) " (xvz) [back_rewrite(179),rewrite([568(5)]1)].

57

9 $F. [resolve(578,a,19,a)].

end of proof

PROOF

e

h

0 ~N O U W

10
11
12
13
14
15
16
17
26
29
35

—

Proof 2 at 0.03 (+ 0.00) seconds.
Length of proof is 35.

Level of proof is 7.

Maximum clause weight is 25.000.
Given clauses 54.

(x~(yvz) ~x=(x"y) " x)v ((x "~ z) " x) # label(non_clause) # label(goal).

x ~ x = x. [assumption].
x " (y "~ 2) (x ~y) ~ z. [assumption].

(x~y) ~z=x"(y " 2z). [copy(b),flip(a)].
xv (y v z) (x vy) vz [assumption].

(xvy)vz=xv (yvz. [copy(?),flip(a)].
x " (xvy)=x. [assumption].

x v (x " y) =x. [assumption].

(x “y) vy =y. [assumption].

(x vy) ~y=y. [assumption].

x~"yv(z  (yvzx)=(xvz) " (yv (z " x)). [assumption].

x " (y " x) =y " x. [assumption].

xv (y vx) =xvy. [assumption].
((c1 = c2) ~cl) v ((e1 = e3) "~ cl1) != (c1 "~ (c2 v c3)) ~ cil. [deny(1)].
(c2 " c1) v (c8 " c1) != (c2 v c3) ~ cl.

[copy(16) ,reurite([6(5),14(5),6(8),14(8),6(14),14(14)1)].
xv ((x ~y) vz) =xvz [para(10(a,1),8(a,1,1)),flip(a)].
x~y)v(yvz=yvz [para(li(a,1),8(a,1,1)),flip(a)].
"y v @@  vx))=>Gvz" "w) vz~ " x)).
[para(6(a,1),13(a,1,2)) ,rewrite([6(9)]1)].

224

[goall.

[goall.



V/xvy  xvz)=Gvy) "~ Gvizv(y ).

- [para(9(a,1),13(a,1,1)),rewrite([8(2),15(2),8(7)1)].

51 (x vy) -~ x =x. [para(9(a,1),14(a,1,2)),rewrite([9(4)1)].

52 x v (y ~ x) = x. [para(14(a,1),10(a,1,2))].

59 (x v (yvz)  (xvy)=xvy. [para(8(a,1),51(a,1,1))].

63 x v (y ~ (z " x)) = x. [para(6(a,1),52(a,1,2))].

64 xv ((y "~ x) vz)=xvz [para(52(a,1),8(a,1,1)),flip(a)].

66 (x ~y) vz "y =(x"y)vz)"y. I[para(52(a,1),13(a,1,2,2)),rewrite([6(2),3(1),63(8)1)].
69 ((c2 "~ c1) v c3) "~ cl !'= (c2 v c3) ~ cl. [back_rewrite(17),rewrite([66(7)]1)].

B xv(yv(z" x)) =xvy. [para(9(a,1),63(a,1,2,2)),rewrite([8(3)])].

Bxv(y  (xvz)=(xvy) "~ (xvz). [back rewrite(39),rewrite([93(7)1)].

110 x v (y - (x "~ 2z)) = x. [para(52(a,1),26(a,1,2)),rewrite([10(2)]1),flip(a)].

179 x v (yvz) vz y))=Gvz) " vy.

- [para(13(a,1),64(a,1,2)),rewrite([98(5),98(8)1)].

432 ((x ~y) vz ~y=(xv(z"y) "~ y. I[para(9(a,1),35(a,1,2,2)),rewrite([66(3),110(8)]1)].
521 (c2 v (¢33 " c1)) " cl !'= (c2 v c3) ~ cl. [back_rewrite(69),rewrite([432(7)])].

568 (x v (yvz) " (xv(u~y)=xv (u"y). [para(29(a,1),59(a,1,1,2))].

578 x v (y " 2z) = (x vy) "~ (xvz). [back_rewrite(179),rewrite([568(5)]1)].

600 $F. [back_rewrite(521),rewrite([578(5),6(9),12(8)]1),xx(a)].

end of proof

Code 8: Any right distributive solution is right cancellative.

INPUT

formulas(sos).

x 7 x = x.

XV X = X.

x " (y " z)=G" y "=z
xv(yvz)=Gvy vz
x " (xvy) =x.

xv (x 7 y)=x.
x"y)vy=y.

xvy) “y=y.

y " x) vz~ (xvy))
end_of_list.

(yvz)" vz~ y).

formulas(goals) .

y x=z X&yvx=zvx->y-=z.
end_of_list.

end of input

PROOF

% Proof 1 at 0.64 (+ 0.03) seconds.

% Length of proof is 77.

% Level of proof is 18.

% Maximum clause weight is 21.000.

% Given clauses 229.

1y " x=2z " x&yvx=zvx->y=z# label(non_clause) # label(goal). [goall.
2 x " x =x. [assumption].

3x v x=x. [assumption].

4x " (y~2z)=(x"y) " z. [assumption].
5(x"y) ~z=x"(y " z). [copy(4),flip(a)].
6xv (yvz)=(xvy)vz [assumption].

7 xvy)vz=xv (yvz). [copy(6),flip(a)].
8x " (xvy)==x. [assumption].
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9xv (x " y)=x. [assumption].

10 (x ~y) vy =y. [assumption].

11 (xvy) ~y=y. [assumption].

12 ("~ yv(z "  (yvx)=(&vz) " (yv (z"  x)). [assumption].

13 ¢3 ~ c2 = cl1 " c2. [deny(1)].

14 c3 v c2 = cl v ¢2. [deny(1)].

16 ¢3 != c1. [deny(1)].

16x "~ (y " (x~y)) =x"y. I[para(5(a,1),2(a,1))].

18xv (yv (xvy))=xvy. [para(7(a,1),3(a,1))].

20x - ((xvy) " z)=x" z. [para(8(a,1),5(a,1,1)),flip(a)].

23 (x "y) v (x "~ (y " 2)=x"y. [para(5(a,1),9(a,1,2))].

24 x v ((x ~y) vz)=xvz [para(9(a,1),7(a,1,1)),flip(a)].

26 (x ~ (y " 2)) vz-=2z. [para(5(a,1),10(a,1,1))].

27 (x ~y) v(yvz =yvz [para(10(a,1),7(a,1,1)),flip(a)].

28 (xvy) "~ (y "2z =y  z. [para(11(a,1),5(a,1,1)),flip(a)].

29 (x v (yvz) " z=z [para(7(a,1),11(a,1,1))].

30 (xvy) " (xv(y " x)=xv(y " x). [para(2(a,1),12(a,1,1)),rewrite([3(1)]),flip(a)].
3Bx " (y " ((xvz) " (yv(z" %)) =x"y. [para(12(a,1),8(a,1,2)),rewrite([5(6)])].
3xv iy~ xvzvx))=GGvy ~ Gv(zv iy =x)).

— [para(8(a,1),12(a,1,1)),rewrite([7(2),7(8)1)].

37xv(y~ (xv(yvzx)))=xvy. [para(8(a,1),12(a,2)),rewrite([8(2),7(2)1)].

46 c3 ~ (c2 " x) =cl - (¢2 " x). [para(13(a,1),5(a,1,1)),rewrite([5(4)]),flip(a)].

47 c3 v (c1 ~ ¢c2) = c3. [para(13(a,1),9(a,1,2))].

49 c3 v (c2 v x)=clv (c2vx). [para(l4(a,1),7(a,1,1)),rewrite([7(4)]),flip(a)].

50 ¢3 ~ (cl v ¢2) = c3. [para(14(a,1),8(a,1,2))].

51 (c2 "~ c3) v (x " (el vc2) = (c2vx) "~ (c3v (x "~ c2)). I[para(14(a,1),12(a,1,2,2))].
58 ¢3 ~ (cl "~ ¢2) = cl " c2. [para(47(a,1),11(a,1,1))].

60 (c2 "~ c3) vcl = (c2 v cl) ~ c3. [para(47(a,1),12(a,2,2)),rewrite([14(7),8(8)1)].

64 (c2 " c1) v c3 = (c2 v c3) ~ cl. [para(50(a,1),12(a,1,2)),rewrite([13(12),9(13)1)].
79 (xv (yvaz)  (z uw =2z  u [para(29(a,1),5(a,1,1)),flip(a)].

94 x "~ (y "~ ((xvz) y)=x"y. I[para(16(a,1),20(a,1,2)),rewrite([20(3)]),flip(a)].
102 xv (yv ((x " 2z) vy)) =xvy. [para(18(a,1),24(a,1,2)),rewrite([24(3)]),flip(a)].
130 c2 v (c1 v (c2 v c3)) = c2 v c3. [para(49(a,1),18(a,1,2))].

156 (c2 v c1) ~ (c3 ~ c1) = c1. [para(60(a,1),11(a,1,1)),rewrite([5(7)1)].

168 c2 ~ (3 " cl1) = c2 " cl. [para(156(a,1),20(a,1,2)),flip(a)].

217 (c2 v ¢3) " (c1 ~ c3) = c3. [para(64(a,1),11(a,1,1)),rewrite([5(7)1)].

222 c2 v ((c2 v ¢3) " cl) = c2 v c3. [para(64(a,1),24(a,1,2))].

227 ¢3 v (c1 ~ c3) = cl " c3. [para(217(a,1),10(a,1,1))].

230 c¢2 ~ (¢l " c3) = c2 " c3. [para(217(a,1),20(a,1,2)),flip(a)].

233 ¢3 ~ (c1 = c3) = c3. [para(227(a,1),8(a,1,2))].

235 c3 ~ (c1 ~ (c3 " x)) = c3 " x. [para(227(a,1),20(a,1,2,1)),rewrite([5(5)]1)].

243 xv (yv (xv (y " x))) =xvy. [para(30(a,1),9(a,1,2)),rewrite([7(4)1)].

798 (c3 " cl) v (¢3 "~ x) = c3 " cl. [para(235(a,1),23(a,1,2))].

806 x " (y " (x "~ (yvzx)))=x"y. [para(2(a,1),35(a,1,2,2,2,2)),rewrite([3(1)1)].
1099 ¢3 ~ (cl v ¢3) = ¢3 ~ cl. [para(798(a,1),12(a,1)),rewrite([3(6),2(8)]),flip(a)].
1429 x ~ ((y v (x v 2)) ~ x) = x. [para(l1(a,1),94(a,2)),rewrite([7(3),28(6)1)].

1433 (x ~(y " 2)) v(z "~ ((yvu ~2) =2z~ ((yvu "~ z). [para(94(a,1),26(a,1,1,2))].
1634 c1 = ((c2 v ¢3) ~ c1) = cl. [para(130(a,1),1429(a,1,2,1))].

1708 c1 v ((c2 v ¢3) ~ cl1) = (c2 v c3) ~ cl. [para(1534(a,1),10(a,1,1))].

2022 x v ((y = (x ~ 2)) v x) = x. [para(10(a,1),102(a,2)),rewrite([5(3),27(6)1)].

2094 c3 v (cl v c3) = c3. [para(156(a,1),2022(a,1,2,1))].

2095 c3 v ((c2 v ¢3) ~ c1) = c3. [para(168(a,1),2022(a,1,2,1)),rewrite([64(6)]1)].

2100 c1 v ((c2 v c1) "~ ¢3) = cl. [para(230(a,1),2022(a,1,2,1)),rewrite([60(6)1)].

2147 ¢l v ¢3 = c3 ~ cl. [para(2094(a,1),11(a,1,1)),rewrite([1099(5)]),flip(a)].

2151 ¢3 v ¢l = c1 = c3. [para(2094(a,1),37(a,1,2,2)),rewrite([227(5)]),flip(a)].

2376 (c2 v c3) " cl =c3 ~ cl.

— [para(2095(a,1),36(a,2,2,2)) ,rewrite([2151(8),9(9),1708(7),2147(13),79(14)1)1].
2410 c2 v (c3 " c1) = c2 v c3. [back_rewrite(222),rewrite([2376(6)1)].

2438 c3 v ((c2 v c1) ~ c3) cl ~ c3.

[para(2100(a,1),36(a,2,2,2)) ,rewrite([2147(8),9(9),49(12),2151(15),79(16)1)].

2500 (c2 v ¢3) ~ (el = x) = c3 " (c1 ~ x). [para(2376(a,1),5(a,1,1)),rewrite([5(4)]),flip(a)].

—
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2530 (c2 "~ c3) v (c3 ~ cl1) = c3.

— [para(2410(a,1),51(a,2,1)) ,rewrite([5(10),8(9),5(16),58(16),47(15),11(12)1)].

2579 ¢3 ~ ((c2 v cl) = ¢3) = c3.

— [para(2530(a,1),12(a,2,2)) ,rewrite([60(11),1433(13),2147(10),5(12),233(12)1)].

2598 (c2 v c1) ~ c3 = cl ~ c3. [para(2579(a,1),10(a,1,1)),rewrite([2438(7)]),flip(a)].
2640 (c2 ~ c3) v cl = cl - c3. [back_rewrite(60),rewrite([2598(10)]1)].

3595 c2 v ¢3 = c2 v cl. [para(13(a,1),243(a,1,2,2,2)),rewrite([49(8),243(9)]),flip(a)].
3715 ¢3 ~ (c1 "~ x) = ¢l - x. [back_rewrite(2500),rewrite([3595(3),28(6)]1),flip(a)].
3809 c1 = c3 = c3. [back_rewrite(233),rewrite([3715(5)])].

4047 (c2 ~ c3) v cl = c3. [back_rewrite(2640),rewrite([3809(8)1)].

7595 ¢c2 ~ ¢c3 = c2 " cl. [para(14(a,1),806(a,1,2,2,2)),rewrite([46(8),806(9)]),flip(a)].
7707 c3 = cl. [back_rewrite(4047),rewrite([7595(3),10(5)]1),flip(a)].

7708 $F. [resolve(7707,a,15,a)].

end of proof

Code 9: Any weak distributive solution is distributive. A proof is given, first for the
left-handed case, and then for the right-handed case.

INPUT

formulas(sos).

X X = X.

XV X = X.

x " (y~z)=G" y "=z

xv(yvz)=G&vy vz

x " (xvy)=x.

xv (x 7y =x.

"y vy=y.

vy “y=y.

(x~y) " v (((xvy)vx) ("  (Evy)vx))vx"y) " x))=~(xv (y "2 " y))v
> x) T ((yvza)vy) ~ (kv (y~2z) ~y)v).
x " (y "x) =x"y.

xv (yvzx)=yvx.

end_of_list.

formulas(goals) .
(x " (yvz) " x
(xv(y~2)vzx
end_of_list.

(x~y) " x) v (x"~2z) " x).
(xvy)vz)  ((xvz)vzx).

end of input

PROOF

hh ———m———- Comments from original proof --------
% Proof 1 at 0.92 (+ 0.17) seconds.

% Length of proof is 28.

% Level of proof is 7.

% Maximum clause weight is 19.

% Given clauses 176.

x " ((yvz) " x)=(x (G " x))v(x"(z" x)) # label(non_clause) # label(goal). [goall.
x ~ x = x. [assumption].

x " (y " 2z)=(x"y) " z. [assumption].

(x~y) ~z=x"(y " z). [copy(b),flip(a)].

xv (y v z) (x vy) vz [assumption].

(xvy)vz=xv (yvz). [copy(?),flip(a)].

10 x v (x ~ y) = x. [assumption].

11 (xvy) ~y=y. [assumption].

0 ~N O U W
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13x "~ (y " x) =x " y. [assumption].

14 x v (y vx) =y v x. [assumption].

B5(x"y) "D v ((xvy) vz ~ (" (xvy) v)) v (x"y ~x))=(>(xv (y ~2)" 7))
> vx) T (((yvz)vy - ((xv ((y " 2) ~y)) vx). [assumption].

16 (xvy) "2 vy x =((x"2)vy) ~(zvzx).

— [copy(15) ,rewrite([6(2),13(2),8(3),14(3),8(4),14(4),13(5),6(5),13(5),14(6),6(6),13(6),8(7),14
- (7),8(8),14(8),6(9),13(9),8(10),14(10),13(11)D)].

17 (c1 ~ (c2 " c1)) v (c1 ~ (3 " cl)) '=c1l ~ ((c2 v ¢3) "~ c1). [deny(1)].

18 (c1 " c2) v (c1 " c3) !=cl ~ (c2 v c3). [copy(17),rewrite([13(5),13(8),13(14)1)].

21 x " (x " y) =x " [para(3(a,1),6(a,1,1)),flip(a)].

27 x v ((x ~y) vz)=xvz [para(10(a,1),8(a,1,1)),flip(a)].

29 (xvy) " (y "~ 2z)=y " z. [para(1i(a,1),6(a,1,1)),flip(a)].

36 x ~ (y vx)=x. [para(11(a,1),13(a,1,2)),rewrite([3(1)]),flip(a)].

40 xv (yv (zvzx)=yv (zvzx). I[para(8(a,1),14(a,1,2)),rewrite([8(5)1)].

41 (x " y) v x = x. [para(10(a,1),14(a,1,2)),rewrite([10(4)]1)].

58 (x " y) v(x "2z =x"(yv (x "~ 2). [para(2i(a,1),16(a,1,2)),rewrite([41(2),6(5),41(6)1)].
62 c1 ~ (c2 v (c1 " c3)) !'=cl = (c2 v c3). [back_rewrite(18),rewrite([568(7)]1)].

63 x "~ ((yvx)~z)=x"z. [para(36(a,1),6(a,1,1)),flip(a)].

121 (x ~y) v (z v x) =z v x. [para(14(a,1),27(a,2)),rewrite([40(4)]1)].

146 ((xvy) "2 vy " uw=Gvy) ~(zv (y  w).

— [para(29(a,1),16(a,1,2)),rewrite([121(3),6(6),121(8)1)].

162 ((x " y) vz) " (yvzx)=(vz) " (yv (z " x).

— [back_rewrite(16),rewrite([146(4)]),flip(a)].

8238 x “ (yv (x " 2)) =x " (yvz). [para(152(a,1),63(a,1,2)),rewrite([63(5)]1)].

8239 $F. [resolve(8238,a,62,a)].

<

end of proof

PROOF

b ———————= Comments from original proof --------
% Proof 2 at 0.94 (+ 0.17) seconds.

% Length of proof is 28.

% Level of proof is 7.

% Maximum clause weight is 19.

% Given clauses 176.

2xv ((y " 2z)vx) = (xv(yvzx) " (xv (zvx)) # label(non_clause) # label(goal). [goall.
3 x " x=x. [assumption].

5x " (y " z)=(x"y) " z. [assumption].

6 (x ~y) ~z=x"(y "~ z). [copy(5),flip(a)].

7xv (yvz) (x vy) vz [assumption].

xvy)vz=xv (yvz). [copy(?7),flip(a)].

)

10 x v (x "~ y) = x. [assumption].
11 (x vy) ~y=y. [assumption].
13 x - (y " x) =x " y. [assumption].
14 xv (y vx) =y vx. [assumption].

5 (x"y) " v ((((xvy) vz “ (" (xvy) v))) vl "y ~x)=~Uzxv ((y ~2)"y)

> vx) T (((yvz)vy) " ((xv ((y "~ 2z) " y)) vzx). [assumption].

16 (xvy ~"2vy " x)=(>Ux"2) vy ~(zvzx).

o [copy(15),rewrite([6(2),13(2),8(3),14(3),8(4),14(4),13(5),6(5),13(5),14(6),6(6),13(6),8(7),14J
- (7),8(8),14(8),6(9),13(9),8(10),14(10),13(11)D)].

19 c4 v ((cb "~ c6) v c4) '= (cd v (cb v c4)) ~ (cd v (c6 v c4)). [deny(2)].

20 (cb "~ c6) v cd != (cb v c4) "~ (c6 v c4). [copy(19),rewrite([14(7),14(10),14(13)1)].

27 x v ((x " y) vz)=xvz [para(10(a,1),8(a,1,1)),flip(a)].

29 (xvy) " (y "2z =y~ z. [para(11(a,1),6(a,1,1)),flip(a)]l.

36 x ~ (y v x) = x. [para(1i1(a,1),13(a,1,2)),rewrite([3(1)]),flip(a)].

40xv (yv(zvx)=yv (zvzx). [para(8(a,1),14(a,1,2)),rewrite([8(5)1)].

41 (x ~y) v x = x. [para(10(a,1),14(a,1,2)),rewrite([10(4)])].

51 ((x vy ~z)vy ((y " 2)vxvy)) " (zvy). I[para(11(a,1),16(a,1,2)),rewrite([14(2)])].
656 x ~ (yv (zvzx) =x. [para(8(a,1),36(a,1,2))].
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12
12
13
14
15
84

-

84

1 (x~y)v(zvzx)=zvzx. [para(14(a,1),27(a,2)),rewrite([40(4)1)].
8 ((x " yvz) " (v (xvz)s= (" "y vz /[para(27(a,1),65(a,1,2,2))].
1 (xvy) "2)vy=(xvy) ~ (zvy). [back rewrite(51),rewrite([121(6)])].
6 (xvy) "22vy " w=Gvy ~ (v w).
[para(29(a,1),16(a,1,2)) ,rewrite([121(3),6(6),121(8)1)].
2 (x "~y vz ~(yvx)=(Gvz) " (yv (z "~ x)).
[back_rewrite(16) ,rewrite([146(4)]) ,flip(a)].
21 (x " y) vz=(Gxvz) " (yvz).
[para(152(a,1),131(a,1,1)) ,rewrite([131(5),8(4),41(3),8(7),128(8)]) ,flip(a)].
22 $F. [resolve(8421,a,20,a)].

end of proof

INPUT
formulas(sos) .
x ~ x = Xx.
X VX =X.
x "y 2z)=G" y) " =z
xv(yvz)=Gvy) vz
x " (xvy) =x.
xv (x 7 y) = x.
x"y)vy=y.
xvy “y-=

«(

o
X
X

y.
x "y " v((GEvy vx) Tz (xvy) v v ((x"y) "x)=(xv ((y ~z) " yNDv
x) T (((yvz)vy ~ (v (y~2) "y vz).
S (y "x) =y " ox.
vyvx)=xvy.

end_of_list.

fo
(x
(x

rmulas(goals) .
S (yvaz) " ox
v (y~2z)vzx

(x~y) " x) v ((x~2) " ).
(xvy)vzx) " ((xvz)vzx.

end_of_list.

end of input

PROOF

———————— Comments from original proof --------
Proof 1 at 0.05 (+ 0.00) seconds.

Length of proof is 27.

Level of proof is 7.

Maximum clause weight is 19.

Given clauses 52.

xv ((y "2) vx) = (xv (yvzx)) " (xv (zvx)) # label(non_clause) # label(goal). [goall].
x " (y "z =("y) " z. [assumption].
(x~y) “z=x"(y " 2). [copy(b),flip(a)].
xv (y v z) (x vy) vz [assumption].
xvy)vz=xv (yvaz). [copy(7),flip(a)l.
x " (xvy)=x. [assumption].
x v (x 7 y) = x. [assumption].
(x " y) vy =y. [assumption].
x ~ (y " x) =y " x. [assumption].
xv (yvzx)=xvy. [assumption].
(") " v (((xvy)vx) " (" (Evy v))v x"y) ~x))=0(xv ((y ~2) " y)
vx) T (((yvz)vy) " ((xv ((y " 2) " y)) vzx). [assumption].
"y vE - (vx)=>Gvz ~(Gviz ).
[copy(15) ,rewrite([6(2),13(2),8(3),14(3),8(4),14(4),13(5),6(5),13(5),14(6),6(6),13(6),8(7),14
(7),8(8),14(8),6(9),13(9),8(10),14(10),13(11)D].
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19
20
32
36
37
47
60
64
65
96
10
18
42
43
43

cd v ((c5 ~ cB) v cd) != (cd v (cb v cd)) =~ (chd v (c6 v cd)). [deny(2)].

cd v (cb " c6) !'= (cd v ch) "~ (cd v c6). [copy(19),rewrite([14(7),14(10),14(13)1)].

(x ~y) vyvz)=yvz [para(12(a,1),8(a,1,1)),flip(a)].

x vy ~x x. [para(9(a,1),13(a,1,2)),rewrite([9(4)1)].

xv (y " x) =x. [para(13(a,1),10(a,1,2))1.

xv iy~ xvz)=>Gvy) " Gvizv(y "~ x).

[para(9(a,1),16(a,1,1)) ,rewrite([8(2),14(2),8(7)1)].

(xv(yvz) vy =xvy. [para(8(a,1),36(a,1,1))].

xv (y ~ (z " x)) x. [para(6(a,1),37(a,1,2))].

xv ((y ~x) vz)=xvz [para(37(a,1),8(a,1,1)),flip(a)].

xv (yv (z "~ x)) x vy. [para(9(a,1),64(a,1,2,2)),rewrite([8(3)]1)].
1xv(y~ (xvz)s=(xvy) (xvz). [back rewrite(47),rewrite([96(7)]1)].
0 (xv(yvz)) vz y)=~vz) "~ vy.

[para(16(a,1),65(a,1,2)) ,rewrite([101(5),101(8)1)].
7 v (yvz)) xv@@~ y))=xv(u"y. [para(32(a,1),60(a,1,1,2))].
1xv(y~2z)=(&vy) ~ (xvz). [back rewrite(180),rewrite([427(5)1)].
2 $F. [resolve(431,a,20,a)].

end of proof

47

-

PROOF

———————— Comments from original proof --------
Proof 2 at 17.73 (+ 1.75) seconds.

Length of proof is 74.

Level of proof is 14.

Maximum clause weight is 31.

Given clauses 547.

vz “x)=(x" (" x))v(x" (z x)) # label(non_clause) # label(goal).
x. [assumption].
x. [assumption].

)

(x ~ y) ~ z. [assumption].

x ~ (y ~ 2). [copy(5),flip(a)]l.
(x vy) vz [assumption].

x v (y v z). [copy(7),flip(a)].
x. [assumption].

x. [assumption].

y. [assumption].

y. [assumption].

y = x. [assumption].

x v y. [assumption].

2]

<

~
<

<

N

N

nononon

~
tal
<
<
<
<
| | | | B [}

(x~y) " x) v (((xvy)vx) " (z"  (xvy) v) v (x"y) ~x)=(~(zxv ((y~

vx) T (((yvz)vy) " ((xv ((y " 2) " y) vx). [assumption].
"y viz  (vx)=(~(Gvz) "~ (yv(z " x).

[goall].

z) " y))

[copy(15) ,rewrite([6(2),13(2),8(3),14(3),8(4),14(4),13(5),6(5),13(5),14(6),6(6),13(6),8(7),14

(7),8(8),14(8),6(9),13(9),8(10),14(10),13(11)1)].
(c1 ~ (2 " c1)) v (c1 ~ (3 " c1)) !=cl = ((c2 v c3) "~ cl1). [deny(1)].
(c2 " c1) v (¢33 " cl1) != (c2 v c3) ~ cl. [copy(17),rewrite([13(5),13(8),13(14)1)].
x " (x " y)=x"y. [para(6(a,1),3(a,1)),rewrite([13(2)1)].
x " (xvy) "~ z)=x" z. [para(9(a,1),6(a,1,1)),flip(a)].
"y vx~ (G z)) =x " y. [para(6(a,1),10(a,1,2))].
xv ((x "~ y) v z) x v z. [para(10(a,1),8(a,1,1)),flip(a)].
(xv (yvaz)" z=z [para(8(a,1),11(a,1,1))].
(x ~y) v(yvz)=yvz [para(12(a,1),8(a,1,1)),flip(a)].
(xvy) "~ x x. [para(9(a,1),13(a,1,2)),rewrite([9(4)]1)].
xv (y ~ x) =x. [para(13(a,1),10(a,1,2))].
xv (yv (xv2)
xv (yv (zvx))

)

< < no

xv (yvz). [para(8(a,1),14(a,1,2))].

(xvy) ~(yvzx)=yvx. [para(14(a,1),11(a,1,1))].

xv (y " (xvz) vy ~&Gv(zv(y ).
[para(9(a,1),16(a,1,1)) ,rewrite([8(2),14(2),8(7)1)].

230

x v (y vz). [para(l4(a,1),8(a,1,1)),rewrite([8(2),8(4)]),flip(a)].



49 " Pviz y)=UW "xvz) vz~ ("~ ).

— [para(10(a,1),16(a,1,2,2)) ,rewrite([6(2),13(2)1)].

52 (xv(yvz) (zvx)=zvx

— [para(11(a,1),16(a,1,2)) ,rewrite([32(3),40(4),30(6)]1),flip(a)].

59 (x vy) " (x " 2z)=x" z. [para(36(a,1),6(a,1,1)),flip(a)]l.

60 (x v (yvz))" (xvy) =xvy. [para(8(a,1),36(a,1,1))].

64 xv (y " (z "~ x) =x. [para(6(a,1),37(a,1,2))].

66 x v ((y ~ x) vz)=xvz [para(37(a,1),8(a,1,1)),flip(a)].

67 (x ~y) v (z "y (x ~y) vz "y. [para(37(a,1),16(a,1,2,2)),rewrite([6(2),3(1),64(8)1)].
69 ((x " y)vz)  xviz™ &x~ywW)==UWy  xvz)"  x.

— [back_rewrite(49),rewrite([67(3)]),flip(a)].

70 ((c2 " c1) v c3) " cl != (c2 v c3) "~ cl. [back_rewrite(18),rewrite([67(7)1)].

77 (xvy) " (z " y)=2z"y. [para(37(a,1),30(a,1,1,2))].

8x " (y " ((x~y)vz) " w)=x"( " u. I[para(23(a,1),6(a,1)),rewrite([6(2)]),flip(a)].
79 (xvy) " (xv(yvz) u=(&vy) ~u [para(8(a,1),23(a,1,2,1))].

80 (x v (y vz)) ~y=y. I[para(11(a,1),23(a,2)),rewrite([8(3),77(5)1)].

96 xv (yv (z"x)) =xvy. [para(9(a,1),64(a,1,2,2)),rewrite([8(3)])].

101 x v (y ~ (x v 2)) (xvy)  (xvz). [back_rewrite(47),rewrite([96(7)])].

119 x v (y - (x ~ 2)) = x. [para(37(a,1),27(a,1,2)),rewrite([10(2)]),flip(a)].

123 ((x ~y) vz "y ((y " x) vz)~y. [back_rewrite(69),rewrite([119(5)]),flip(a)].

146 (x ~y) v ((xvz) " y)vu = ((xvz)"y)vu [para(23(a,1),32(a,1,1))].

147 (x v (yvz) "~ (u”~y)=u"y. [para(32(a,1),80(a,1,1,2))].

180 (x v (yvz)) kv y))=Gvz "~ xvy.

- [para(16(a,1),65(a,1,2)),rewrite([101(5),101(8)1)].

182 ((xvy) "z) v ((x " 2z)vu = ((xvy) " z)vu [para(23(a,1),65(a,1,2,1))].

207 (x ~y) v (y "~ x) =x " y. [para(3(a,1),26(a,1,2)),rewrite([6(2),13(2),6(5),13(5)1)].

264 ((xv(y~"2) " z2)v@  (Zvx))=Gv(y " 20vw) (v~ vy~ 2)).

— [para(96(a,1),16(a,1,2,2)) ,rewrite([8(9)1)].

321 x - ((y “x) vy) =y " x. [para(207(a,1),16(a,2,2)),rewrite([21(2),101(5),12(2),59(6)1)].
339x - (((y " x) vy) = =z y ~ (x " z). [para(321(a,1),6(a,1,1)),rewrite([6(2)]),flip(a)].
368 (x “y) v(zv (y " x))=("y) vz [para(207(a,1),38(a,1,2,2)),rewrite([14(4)]),flip(a)].
413 ((x “y) vz) "~ (y " x) =y " x. [para(207(a,1),52(a,1,2)),rewrite([368(4),207(7)]1)].

427 (x v (yvz) " (xv @~ y)=xv (u"y) I[para(32(a,1),60(a,1,1,2))].

431 x v (y “z) = (xvy)  (xvz). [back_rewrite(180),rewrite([427(5)])].

478 (((xvy) "z2) vu) " (zvx)=(Gv (y 2z vuw)  ((zvu "~ (zvx). [back rewrite(264)
— ),rewrite([431(2),6(4),11(3),431(5),32(7),431(10),431(13),431(13),14(13),60(13)1)].

564 x ~ (((x "~ (yvz)vu) ~z)=x" z. [para(11(a,1),78(a,2,2)),rewrite([77(6)1)].

860 ((x ~ (y vx)) vz " x=x. [para(11(a,1),413(a,1,2)),rewrite([11(6)1)].

906 (x " (yvx))vizv xvw)=G"(vx)v(zvu.

— [para(860(a,1),27(a,1,2,1)),rewrite([8(5),8(91)].

1143 ((c1l ~ c2) v c3) "~ cl != (c2 v ¢3) "~ cl. [para(123(a,1),70(a,1))].

2417 ((x ~ (yvz)) vx)~z=x" z. [para(339(a,1),77(a,1)),rewrite([11(2)]),flip(a)].

2488 (((xvy) " (zvu) vx) " (xvy) "w=~ &vy) " (zvu) vz u

— [para(2417(a,1),79(a,1,2))].

3387 (x " (yvx)vyvz=yv xvaz).

— [para(41(a,1),146(a,1,2,1)),rewrite([8(4),906(5),41(7),8(6)1)].

3783 ((x " (yvz)vu "~ (x "~ 2z) =x" z

—~ [para(564(a,1),13(a,1,2)) ,rewrite([6(6),13(5),564(10)1)].

3884 (((xvy) " (zvuw)vx) " u=(xvy)  u.

— [back_rewrite(2488) ,rewrite([3783(7)]),flip(a)].

6688 (x ~ (yvzx))vy=yvzx. [para(4(a,1),3387(a,1,2)),rewrite([14(5)])].

8213 ((x vy) ~(zvzx))vz=zvzx [para(6688(a,1),182(a,1,2)),rewrite([12(5)]),flip(a)]l.
8233 ((xvy) " ((zvuw ~(zvzx)))vz=(zvu) ~ (zvzx).

- [para(32(a,1),8213(a,1,1,1)),rewrite([431(3),431(8)1)].

27126 (((x vy) ~z) vu) ~x=(zvu ~ x.

— [para(478(a,1),3884(a,1,1,1)),rewrite([431(10),8233(17),6(14),6(13),11(12),147(12)]) ,flip(a)].
27152 ((x ~y) vz) ~x = (yvz) ~ x. [para(4(a,1),27126(a,1,1,1,1))].

27153 $F. [resolve(27152,a,1143,a)].

end of proof
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Code 10: Any weak distributive solution is simply cancellative. A proof is given, first
for the left-handed case, and then for the right-handed case.
INPUT

formulas(sos) .

X X = X.

X VX=X

x " (y " 2)=(@&"y "z

xvyvz=Gvy vz

x " (xvy)=x.

xv (x 7 y) = x.

x"y)vy=y.

xvy) “y=y.

(x~y) "D v(G&xvy v ~(z " (Evy v))v x"y) " x)==Uxv ((y ~2z) " yNDv
> x) T (((yvz)vy ~(xv (((y~2)"y)vzx).
x " (y " x)=x"y.

xv (yvzx)=yvx.

end_of_list.

formulas(goals) .
xv(yvzx)=zv(yvz&x
end_of_list.

(y " x) =z~ (y

z) => x = z.

end of input

PROOF

b —mmmmm Comments from original proof --------
% Proof 1 at 0.01 (+ 0.03) seconds.

% Length of proof is 27.

% Level of proof is 7.

% Maximum clause weight is 19.

% Given clauses 32.

x) =z~ (y

lxv(yvzx)=zv (yvz&x z) -> x = z # label(non_clause) #
— label(goal). [goall].
“(y " 2)=(&"y) " z. [assumption].

x "~ (y - 2). [copy(4),flip(a)].
(x vy) vz [assumption].
x v (y vz). [copy(6),flip(a)].
x. [assumption].

y. [assumption].
11 (x ~y) vy =y. [assumption].

x "~ y. [assumption].
13 x v (y vx) =yvx. [assumption].
14 (x"y) " v (xvy)vx) "~ (" (xvy) v))) v (x "y " x)==Uxv ((y ~2) " y))
> vx) S (((yvz)vy - ((xv ((y "2 ~y)) vx). [assumption].
B ((xvy) "2vy " x)=>0U"2) vy "~ (zvx).
— [copy(14) ,rewrite([5(2),12(2),7(3),13(3),7(4),13(4),12(5),5(5),12(5),13(6),5(6),12(6),7(7),13 |
- (7),7(8),13(8),5(9),12(9),7(10),13(10),12(11)D)].
16 c3 v (c2 v ¢3) = cl v (c2 v c1). [deny(1)].
17 c2 v ¢8 = c2 v cl. [copy(16),rewrite([13(5),13(8)1)].
18 ¢3 ~ (c2 "~ c3) =cl 7 (c2 " c1). [deny(1)].
19 ¢3 ~ ¢c2 = cl "~ c2. [copy(18),rewrite([12(5),12(8)1)].
20 c¢3 != c1. [deny(D1)].
41 (x " y) v x = x. [para(9(a,1),13(a,1,2)),rewrite([9(4)1)].
58 (c2 v c¢1) ~ ¢c3 = c3. [para(17(a,1),10(a,1,1))].
62 c3 v (cl = c2) c3. [para(19(a,1),9(a,1,2))].
63 c2 ~ c3 = c2 " cl. [para(19(a,1),12(a,1,2)),rewrite([12(5)]),flip(a)].
82 c1 ~ (c3 v c2) [para(58(a,1),15(a,1,1)) ,rewrite([62(5),63(4),11(6)]),flip(a)].
90 (c2 "~ c1) v c3 [para(63(a,1),11(a,1,1))].

(y

<
<
non

= c3.
= c3.
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102 c3 v ¢l = c1. [para(82(a,1),41(a,1,1))].

130 ¢3 ~ (cl v ¢2) = c1. [para(90(a,1),15(a,2,1)),rewrite([17(3),10(5),19(4),9(5)]1),flip(a)].
132 ¢3 = c1. [para(130(a,1),9(a,1,2)),rewrite([102(3)]),flip(a)].

133 $F. [resolve(132,a,20,a)].

end of proof

INPUT

formulas(sos) .

x " x = x.
XV X = X.

x " (y~z)=G" y "=z
xvyvz)=G&vy vz
x " (xvy)=x.

xv (x 7 y)=x.
x"y)vy=y.

vy “y-=

y.
(x~"y) "0 v (((xvyvx) " (z (v v vz "y " x)=(~(xv ((y "~ 2z) "y))v
> x) T ((yvz)vy - (xv ((y ~2z) ~y)) vx)).
x " (y "x) =y " x.
xv (yvzx)=xvy.
end_of_list.

formulas(goals) .
xv((yvzx)=zv(yvz&x
end_of_list.

(y " x) =2z~ (y " 2z) >x=2z.

end of input

PROOF

b ———————= Comments from original proof --------
% Proof 1 at 0.05 (+ 0.00) seconds.

% Length of proof is 26.

% Level of proof is 6.

% Maximum clause weight is 19.

% Given clauses 51.

lxv(yvzx)=zv(yvz)é&x  (y x)=2z" ("~ z)->x=z# label(non_clause) #

— label(goal). [goall].

4x " (y~z)=(x"y) " z. [assumption].
5(x"~y) ~z=x"(y "~ z). [copy(d),flip(a)].
6 xv (yvz = (xvy) vz [assumption].

7 vy)vz=xv (yvz). [copy(6),flip(a)].
8x " (xvy)=x. [assumption].

9xv (x " y)=x. [assumption].

y. [assumption].

y. [assumption].

12x ~ (y “x) =y ~ x. [assumption].

13 xv (y vx) =xvy. [assumption].

14 (x " y) " v (Gxvy v “(z  (Gvy) vx)) v (x"y) " x))=(~(zv ((y " 2z) " y)
> vx) T (((yvz)vy) " ((xv ((y ~z) ~y)) vzx). [assumption].

156 (x " y) vz (yvzx))=(Gxvz) vz x).

[ [copy(14),rewrite([5(2),12(2),7(3),13(3),7(4),13(4),12(5),5(5),12(5),13(6),5(6),12(6),7(7),13J
- (7),7(8),13(8),5(9),12(9),7(10),13(10),12(11)1)].

16 c3 v (c2 v ¢3) = cl v (c2 v c1). [deny(1)].

17 ¢3 v ¢2 = c1 v c2. [copy(16),rewrite([13(5),13(8)1)].

18 ¢3 7 (c2 " c3) =cl " (c2 " c1). [deny(1)].

19 ¢2 ~ 3 =¢c2 " cl. [copy(18),rewrite([12(5),12(8)]1)].

10 (xvy) ~y=
11 x " y) vy
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20
59
60
62
63
82
31
32
32

c3 !=c1l. [deny(1)].

c3 " (c1 v c2) = c3. [para(17(a,1),8(a,1,2))].

c2 v cd3 =c2vcl. [para(17(a,1),13(a,1,2)),rewrite([13(5)]),flip(a)].

c2 " (c3 " x) =c2 " (c1 "~ x). [para(19(a,1),5(a,1,1)),rewrite([5(4)]),flip(a)].

(c2 "~ cl1) v ¢3 = c3. [para(19(a,1),11(a,1,1))].

(c2 vel) "~ (el v (c3 " c2)) =c3. [para(59(a,1),15(a,1,2)),rewrite([63(5),60(4)]),flip(a)].
0c3 "~ c2=cl " c2. [para(62(a,1),12(a,1)),rewrite([12(5)]),flip(a)].
3 c3 = cl. [back_rewrite(82),rewrite([310(7),9(8),10(5)]),flip(a)].
4 $F. [resolve(323,a,20,a)].

end of proof

Code 11: Any weak distributive solution is lower symmetric. A proof is given, first for
the left-handed case, and then for the right-handed case.

fo

MoK M MM

X

(x

(x
C
X
X
en

fo
X
en

INPUT

rmulas (sos) .
T ox X.
vV X .
(y = 2)
(y v 2)
(x vy
x "y
vy
vy) Ty
x "y " ox)
x) © (((y
S (y T x) =
v (y vx)=
d_of_list.

X

- (x " y) " z.

v (x vy vz

v

<MD A<D X

(((xvy) vzx) " (z "~
z) vy T (xv ((y ~z) ~y))vzx).
'y
vV X.

rmulas (goals) .
Vy=yvzx->x
d_of_list.

y=3y X.

end of input

PROOF

Proof 1 at 0.01 (+ 0.00) seconds.
Length of proof is 19.

Level of proof is 6.

Maximum clause weight is 51.000.

Given clauses 18.
XVy=yvx->x"y=y  x # label(non_clause) # label(goal). [goal].
x ° x = x. [assumption].
x v x = x. [assumption].
x " (y " 2z)=(x "y) " z. [assumption].
(x~y) ~z=x"(y " z). [copy(4),flip(a)].
xv (yvz)=(xvy) vz [assumption].
(xvy)vz=xv (yvz). [copy(6),flip(a)].
(x vy) " y=y. [assumption].
(x~y) " v(((xvy)vx) " ("  (Evy) vx))v (x"y " x)
v) T (((yvz)vy ~ (xv ((y "~ z) " y)) vzx)). [assumption].

vy (@ y)vx) " ((yvizvy) vy~ (z"y)vzx))
viyvzx)) " (z” v (yv=x)))v(x" (G~ =x)).

(vy)vx))) v (x"y) " x))=~(xv ((y " 2) "y v

(xv (Gy ~2z2) "y

(x -~ (y " x) v ((x

[copy(12) ,rewrite([5(2),7(4),7(6),5(10),5(14),7(16),7(18),5(20),7(22)]1) ,flip(a)].

x ~(y " x) =x " y. [assumption].
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15
16
17
18

41
73
76
7

xv (yvzx)=yvx. [assumption].

c2 vecl =clvc2. [deny(1)].

c2 " cl !'=c1l " c2. [deny(1)].

(" vz " (vx)=Wzxvz) "y v(z" x). I[back rewrite(13),rewrite([14(2),15(3),15(;
4),14(5),15(6),14(7),14(6) ,15(7) ,15(8) ,14(9),14(9) ,15(1001)1].

(c1 v c2) = c1 = cl. [para(i6(a,1),11(a,1,1))].

cl v (c2 " c1) = cl. [para(41(a,1),18(a,2,1)),rewrite([2(3),3(6),41(5)]),flip(a)].

c2 " cl =c1 " c2. [para(73(a,1),11(a,1,1)),rewrite([14(5)]),flip(a)].

$F. [resolve(76,a,17,a)].

end of proof

INPUT

formulas(sos) .

x " x = x.
X VX = X.

x " (y " z)=(G y " =z
xv(yvz)=Gvy vz
x " (xvy) =x.

xv (x 7 y) = x.

" y)vy=y.

vy “y=y.
(x~y) " v (((xvy)vx) " (" (v v)v x"y) “x))=~(xv (y " 2) " y))v

—

x) T (((yvz)vy ~ (v ((y "2 ~y)) v

x " (y " x) =y " x.
xv (yvzx)=xvy.
end_of_list.

formulas(goals) .
XVy=yvi->x"y=y"  x.
end_of_list.

end of input
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ol > wN

!

!

[ure
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PROOF

——————— Comments from original proof --------

roof 1 at 0.00 (+ 0.05) seconds.

ength of proof is 18.

evel of proof is 5.

aximum clause weight is 19.

iven clauses 18.

vy=yvx->x " y=y "~ x# label(non_clause) # label(goal). [goall].

"~ x = x. [assumption].

v x = x. [assumption].

“(y "~ 2)=(x"y) " z. [assumption].

x ~ (y ~ z). [copy(4),flip(a)].

(x v y) vz. [assumption].

x v (y vz). [copy(6),flip(a)].

= x. [assumption].

x " (y " x) =y " x. [assumption].

xv (yvzx)=xvy. [assumption].

(x~y) " v (((xvy)vx) " ("  (Evy) vx)))v x"y) " x))=~0(xv ((y "2~ y)
vx) " (((yvz)vy) " ((xv ((y " z) " y)) vx)). [assumption].

vy " (zv(y " x)=&"2)v(y  (zvzx).
[copy(14),rewrite([5(2),12(2),7(3),13(3),7(4),13(4),12(5),5(5),12(5),13(6),5(6),12(6),7(7),13J
(7),7(8),13(8),5(9),12(9),7(10),13(10) ,12(11)]) ,flip(a)].

c2vecl=clvc2 [deny(1)].

»
<
)
N
o

)
~
»
<
<
<
|
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17 ¢2 = cl !'= c1l = c2. [deny(1)].

57 ¢2 ~ (cl v ¢2) = c2. [para(16(a,1),8(a,1,2))].

74 (c2 " cl1) v c2 = c2. [para(57(a,1),15(a,2,2)),rewrite([3(3),2(5),57(5)]),flip(a)].
76 c2 " cl =cl ~ c2. [para(74(a,1),8(a,1,2)),rewrite([5(5),12(5)]),flip(a)].

77 $F. [resolve(76,a,17,a)].

end of proof
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List of symbols

Symbol Description Page
(A, +,+,1,0) A trivial YB-semitruss. 59
(A, +,0,)\ o) A YB-semitruss. 58
(A, +,0,)) A left semitruss. 57
(B,+,0) A (skew) left brace or semi-brace. 30
(G(X,7),7G(xr)) The extended solution of (X,r) on G(X,r). 39
(M(X,7),70(x,)) The extended solution of (X,r) associated to M (X,r), as

defined in Theorem 2.1.1. 39
(S,-°P) The opposite semigroup of a semigroup (S,). 37
(X,<) A shelf, rack or quandle. 33
(X,r) A set-theoretic solution of the Yang-Baxter equation, with

ri X x X > X xX:(z,y) > (A(y), py(2)). 28
(X,s") The right derived solution of (X,r). 40
(X s) The left derived solution of (X, r). 40
[G,G] The commutator subgroup of the group G. 127
Aut(S) The automorphism group of an algebraic structure S. 37
End(S) The set of all endomorhisms of an algebraic structure S. 37
FM(X) The free monoid generated by the set X. 37
gr(X | R) The group presented with set of generators X and with set

of relations R. 37
gr(B) The subgroup of a group A generated by the set B ¢ A. 37
idx The identity map X - X : x —» x on a set X. 37
Im(f) The image of a function f. 36
Inj(X,r) The induced set-theoretic solution (¢(X),7,(x))- 39
L The natural map ¢: X - G. 39
(B) The subsemigroup of a semigroup A generated by the set

Bc A 37
(B)! The submonoid of a monoid A generated by the set B ¢ A. 37
(X | R) The semigroup presented with set of generators X and with
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Ret(X,r)
Soc(B)
Sym(X)
Sym
Z
A(X,r)

n

A(X,r)
A'gr(X,r)
Ag (X, 1)

Be

E.(S)

G(X,r)

K
KI(AX, ), +)]
KI(M(X,7),9)]
KIG(X, ]
M(X,r)
S(X,r)

Sl

T(G)

Z(S)

set of relations R.

The monoid presented with set of generators X and with
set of relations R.

The set of all maps X — X.

The set of non-negative integers.

1-cocycle m: M(X,r) - A(X,r).

1-cocycle m: M(X,r) - A'(X,r).

The retract solution of (X, r).

The socle of a skew left brace (B, +,0).

The symmetric group of a set X.

The symmetric group on n elements.

The set of integers.

The right derived (structure) monoid associated to the
solution (X, 7).

The left derived (structure) monoid associated to the solution
(X,r).

The right derived (structure) group associated to the solution
(X,r).

The left derived (structure) group associated to the solution
(X,r).

B = {(b, A;_l(b)) | b e B}, for a subset B of A(X,r).

The subset of idempotents of a semigroup (.S, *).

The structure group associated to the solution (X,r).

A field.

The derived structure algebra associated to (X,r).

The structure algebra associated to (X, 7).

The structure group algebra associated to (X, 7).

The structure monoid associated to the solution (X,r).
The structure semigroup associated to the solution (X,r).
The smallest monoid containing the semigroup S.

The torsion subgroup of the group G.

The center of a semigroup S.
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37
37
37
44
44
149
31
37
14
24

40

40

41

41
133
82
37
35
102
102
35
37
37
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Index

band, 162
left regular, 166
normal, 166
regular, 162
right regular, 166

co-strongly distributive, 179
commutator subgroup of G, 127
completely (6)-simple inverse semigroup,
134

uniform subsemigroup, 134
completely (6)-simple semigroup, 109
cubic join, 166
cycle set, 32

g-cycle set, 32

regular, 32

diagonal map, 91
divisible, 133

Green’s equivalence relations, 163
Hasse diagram, 164
inverse semigroup, 84

lattice, 162
distributive, 167
left brace, 30
left cancellative left semi-brace, 31
semi-brace, 31
skew, 29

ideal, 30

socle, 30
left cancellative semigroup, 31
left derived (structure) group, 40
left derived (structure) monoid, 40
left divisible, 103, 133
left semitruss, 57
left-zero semigroup, 163
length, 37
length function, 37
lower update, 173

Malcev nilpotent semigroup, 124
matched product, 86
matched product of solutions, 89
matched product system of solutions, 89
matched product system of

Y B-semitrusses, 86
multipermutation solution of level m, 150
multiplicative band, 166

nil, 134
nil radical of a semigroup, 134

opposite semigroup, 37
power nilpotent, 134

quadratic join, 166
quandle, 33

rack, 33
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regular element, 84

regular semigroup, 84

representable algebra, 108

retract relation, 149

right derived (structure) group, 40
right derived (structure) monoid, 40
right divisible, 133

right-zero semigroup, 163

shelf, 33
skew lattice, 162
binormal, 165
cancellative, 167
conormal, 165
coset, 174
cubic, 166
distributive, 167
left cancellative, 167
left distributive solution, 184
left-handed, 163
lower symmetric, 185
natural partial order, 164
natural preorder, 164
normal, 165
quadratic, 166
quasi-distributivity, 179
rectangular, 162
right cancellative, 167
right distributive solution, 189
right-handed, 163
simply cancellative, 186
skew diamond, 185
strong distributive solution, 178
symmetric, 165
upper symmetric, 185
weak distributive solution, 190
skew left brace
finite multipermutation level, 151
skew left truss, 57
socle length, 151
socle series, 151
strong semi-brace, 31
strongly distributive, 179
structure group, 37

structure monoid, 37
structure semigroup, 37

the torsion subgroup of G, 127
upper update, 173
variety, 164

Yang-Baxter equation

quantum, 12

set-theoretic solution, 27
M-irretractable, 91
associated to the structure monoid,
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bijective, 28
cubic, 28
degenerate, 28
epimorphism, 29
finite, 28
homomorphism, 29
idempotent, 28
injective, 39
injectivization, 39
involutive, 28
irretractable, 149
isomorphism, 29
left derived, 40
left non-degenerate, 28
Lyubashenko solution, 29
monomorphism, 29
non-degenerate, 28
on the structure group, 39
retract, 149
retractable, 149
right derived, 40
right non-degenerate, 28
square-free, 28
subsolution, 29
trivial, 29

solution on a vector space, 11

YB-semitruss, 58

N-graded, 72

o-map, 59

A-map, 59
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p-map, 60 strongly N-graded, 72
associated (left) derived solution, 60 structure YB-semitruss, 71
associated solution, 62
homomorphism, 66
left cancellative, 75
non-degenerate, 91 unital, 69

opposite YB-semitruss, 62 unital structure YB-semitruss, 71

sub-YB-semitruss, 59

trivial, 59
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