ALGEBRAIC PROPERTIES OF QUANTUM
QUASIGROUPS
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ABSTRACT. Quantum quasigroups provide a self-dual framework for the
unification of quasigroups and Hopf algebras. This paper furthers the
transfer program, investigating extensions to quantum quasigroups of
various algebraic features of quasigroups and Hopf algebras. Part of the
difficulty of the transfer program is the fact that there is no standard
model-theoretic procedure for accommodating the coalgebraic aspects
of quantum quasigroups. The linear quantum quasigroups, which live
in categories of modules under the direct sum, are a notable exception.
They form one of the central themes of the paper.

From the theory of Hopf algebras, we transfer the study of grouplike
and setlike elements, which form separate concepts in quantum quasi-
groups. From quasigroups, we transfer the study of conjugate quasi-
groups, which reflect the triality symmetry of the language of quasi-
groups. In particular, we construct conjugates of cocommutative Hopf
algebras. Semisymmetry, Mendelsohn, and distributivity properties are
formulated for quantum quasigroups. We classify distributive linear
quantum quasigroups that furnish solutions to the quantum Yang-Baxter
equation. The transfer of semisymmetry is designed to prepare for a
quantization of web geometry.

1. INTRODUCTION AND BACKGROUND

1.1. Introduction. In any symmetric, monoidal category, quantum quasi-
groups provide natural self-dual generalizations of Hopf algebras, without
requirements of unitality, counitality, associativity, or coassociativity. They
embrace diverse phenomena such as octonion multiplication, function spaces
on the 7-sphere, new solutions to the quantum Yang-Baxter equation, and
the combinatorial structures of quasigroups and Latin squares.

One of the main programs in the study of quantum quasigroups involves
the transfer to them of various model-theoretic aspects such as quasigroup
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identities. The transfer would be routine if it were the case that quantum
quasigroups only involved algebraic structure, but the parallel coalgebraic
structure makes the transfer non-trivial in general. Nevertheless, here, we
identify linear quantum quasigroups, and particularly quantum quasigroups
in symmetric monoidal categories of finitely generated modules under the
direct sum, as targets for a more amenable transfer of identities and model-
theoretic properties.

Quasigroups and Latin squares have a rich equational theory, endowed
with a triality symmetry or Ss-action that corresponds to interchanges of
the respective roles of row labels, column labels, and body labels in a Latin
square. The current paper initiates an extension of the concept of triality
symmetry to quantum quasigroups (§4). But just as the group-theoretic
concept of an inverse, which provides an exact left /right duality for groups,
in a Hopf algebra becomes the antipode which need not be involutory, or
even invertible, so we find that the triality of quasigroups may break down
in quantum quasigroups. Nevertheless, Theorems and respectively
show that it works to a certain degree for cocommutative Hopf algebras,
and very well for linear quantum quasigroups.

The equationally defined class of semisymmetric quasigroups is especially
important from many points of view. Within the triality symmetry, its
defining equations are invariant under the alternating group Asz. In fact,
there are equivalent left- and right-handed defining equations. Following
the general approach used on Moufang identities in [1], we propose left-
and right-handed versions of semisymmetry for quantum quasigroups in
this paper (§5.2). Theorem establishes the independence of these two
versions of semisymmetry in categories of vector spaces under the direct
sum, even though the two versions are equivalent in the category of sets
under the direct product.

Idempotent semisymmetric quasigroups are equivalent to combinatorial
designs known as Mendelsohn triple systems. Combining an earlier notion
of quantum idempotence [8, 28] with our new concepts of semisymmetry, we
obtain left- and right-handed versions of a Mendelsohn property applying
to quantum quasigroups. In contrast with the situation of Theorem [5.9]
Theorems and show that these two versions coincide respectively in
categories of modules under the direct sum, and for linear quantum quasi-
groups. Theorem classifies Mendelsohn linear quantum quasigroups in
terms of an automorphism p of the underlying module.

Earlier work [28, 29] identified quantum quasigroup properties, that are
known under the name of quantum distributivity (in both left- and right-
handed versions), which produce solutions of the quantum Yang-Baxter
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equation. Theorem classifies the linear Mendelsohn quantum quasi-
groups that are quantum distributive, in terms of an equation (8.7 that
has to be satisfied by the automorphism g of Theorem [6.8]

1.2. Quantum quasigroups unify quasigroups and Hopf algebras.
Cancellativity properties of groups have been extended in two directions:
using linearization or “quantization” to yield Hopf algebras [13], 23], or by
relaxation of the associativity requirement to obtain quasigroups [24]. A
quasigroup (Q, -, /,\) is a set @ equipped with respective binary operations
of multiplication, right division and left division, such that the identities
(SL) x-(z\2) =2z, (SR) z=(z/z) x,

(IL) 2\(z-2) =z, (IR) z=(z-2)/z

are satisfied. Nonempty quasigroups with associative multiplication are
groups, with x/y = xy~! and z\y = 2~ 'y. On the other hand, within
a symmetric monoidal category (V,®,1), say a category of vector spaces
with the tensor product, or the category of sets with the direct product, a
Hopf algebra (A, V,n,A,e,S) embraces (linearized) monoid (A, V,n) and
comonoid (A, A, e) structures that are mutually homomorphic. Then the
cancellativity is captured by the antipode S: A — A, which is an inverse
to the identity 14: A — A in the convolution monoid (V(A, A), x, 57}) with
product fxg = A(f®g)V, as in below.ﬂ A group (Q, -, e, ~') is a Hopf
algebra in the category of sets under direct product, with multiplication
V:x®y — -y (using the tensor product symbol for ordered pairs), trivial
subgroup 1n = {e}, diagonal comuliplication A: x — = ® x, and inversion
Sl

Quantum quasigroups were introduced to provide a self-dual unification
of quasigroups and Hopf algebras [27]. In a symmetric monoidal category
(V,®,1), a quantum quasigroup (A,V,A) is an object A, equipped with
multiplication V: AR A — A and comultiplication A: A — A® A that are
mutually homomorphic, where the left composite

(1.1)

AR®1 4 140V

(1.2) G:ARA—ARARA—ARA
or “Gauche”) and the right composite

HGW f LLG h 7 d h h

(1.3) D: AR AL Ao A AT A A

(

“©” for “Droite”) morphisms are invertible. Quasigroups (equipped with
diagonal comultiplication) are quantum quasigroups in the category of sets
[T1], while any Hopf algebra (A, V,n, A, e, S) reduces to a quantum quasi-
group (A, V,A). Previously studied nonassociative generalizations of Hopf

1Throughout the paper, we default to algebraic notation, with functions to the right
of their arguments, and composing morphisms in natural reading order from left to right.
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algebras, including the Hopf quasigroups of Majid et al., also reduce to
quantum quasigroups [1}, 3], 14}, (15 22]. However, these earlier concepts are
not self-dual. Moreover, since they are all based on the use of an antipode,
they really ought to be considered as linearizations of inverse property loops
(as in Definition below), rather than quasigroups as such. Nevertheless,
since the term “Hopf quasigroup” is already in use, the term “quantum
quasigroup” has been adopted for the general concept.

1.3. Algebraic and coalgebraic properties of quantum quasigroups.
The current paper forms part of a central program within the study of
quantum quasigroups: the transfer to them of various algebraic properties
of quasigroups. For example, the quasigroup-theoretic property of (self)-
distributivity transfers to quantum distributivity, where the composites of
the quantum quasigroup are required to satisfy the quantum Yang-Baxter
equation (QYBE) [28| 29] — compare below. Various quantum quasi-
groups thus provide new solutions to the QYBE. As noted above, the Hopf
quasigroups studied by Majid et al. transfer inverse property loops to the
quantum setting, while the Hopf algebras with triality of Benkart et al.
transfer Moufang loops to the quantum setting [I]. The diversity of these
examples already hints at the inherent difficulty of the transfer program:
the interplay of algebraic and coalgebraic structure in quantum quasigroups
mean that, in general, there is no standard model-theoretic procedure for
transferring quasigroup properties to quantum quasigroup properties.

Nevertheless, there is one important case where the coalgebraic aspects
of quantum quasigroups may be suppressed. This is the so-called linear
case, where the underlying symmetric monoidal category is taken to be a
category of modules over a commutative, unital ring, but under direct sums
(with the zero module as the monoidal unit), rather that under the tensor
product (with the module reduct of the ring as monoidal unit). Since it
is the tensor product that provides entanglement, the linear case is not of
direct interest for applications to the study of quantum processes. From
the theoretical point of view, however, the bug becomes a feature. Thus
the linear case provides an amenable proving ground for the exploration of
various aspects of quantum quasigroups. Here bimagmas, namely objects
carrying mutually homomorphic multiplications and comultiplications, just
correspond to bimodules (as discussed in below). In the linear case,
the coalgebraic structure is actually algebraic.

Since quantum quasigroups provide a unification of quasigroups and Hopf
algebras, a parallel program seeks algebraic properties of quantum quasi-
groups that correspond to diverse aspects of the theory of Hopf algebras.
In this paper, attention is focused for the first time on grouplike and setlike
elements of quantum quasigroups, as in below. While the two concepts
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are usually conflated in the study of Hopf algebras, they are separated in
the study of quantum quasigroups.

In the opposite direction, we reverse the information flow from quantum
quasigroups to Hopf algebras. First, quasigroup conjugacy, which reflects
the triality or Ss-symmetry of the theory of quasigroups, is transferred from
quasigroups to quantum quasigroups in §4.2 Then, §4.4] examines how
quantum quasigroup conjugacy appears in the context of cocommutative
Hopf algebras.

1.4. Plan of the paper. The paper begins with a brief reprise in Section [2]
particularly for the benefit of readers more familiar with quasigroups from
the combinatorial side, of the key aspects of symmetric monoidal categories
that underlie Hopf algebras and quantum quasigroups. In particular, we
draw attention to our special version A: z — z¥ ® y® of the Sweedler
comultiplication notation, adapted to the situation where coassociativity is
not necessarily required, and to our use of Jay-type set-theoretical notation
[T2] within symmetric monoidal categories.

Section |3|initiates the study of grouplike and setlike elements in quantum
quasigroups, within categories of modules under the tensor product or the
direct sum. Theorem establishes that the set of grouplike elements of a
quantum quasigroup in a category of vector spaces under the tensor product
actually forms a quasigroup. Attention then turns to categories of modules
under the direct sum. As previously noted, shows that bimagmas
are equivalent to certain bimodules in this setting, namely over algebras
that are generated respectively by endomorphisms L, R as appearing in our
Sweedler notation for the comultiplication, and endomorphisms p, A that
represent multiplication by 0 on the right or on the left.

In one of the central topics of the paper, a linear quantum quasigroup
A(p, A\, L, R), is defined as a bimodule where the endomorphisms p, A, L, R
are all invertible. Linear quantum quasigroups form quantum quasigroups
in categories of modules under the direct sum. Conversely, in categories of
finitely generated modules (under the direct sum), quantum quasigroups are
linear quantum quasigroups (as noted in Theorem . Setlike elements of
linear quantum quasigroups are then examined in §3.6] Section [3| concludes
with a brief study of the adjunction connecting linear quasigroups and linear
quantum quasigroups.

If (@,-,/,\) is a quasigroup with a given multiplication (x,y) +— x -y,
then further quasigroup structures on the set ) are furnished by taking
right division (x,y) — x/y or left division (z,y) — z\y as multiplications.
Additional quasigroup structures on the set @) take the opposite (x,y) — y-x
of the original multiplication, or the opposites (z,y) — y/z or (x,y) — y\x
of the original divisions, as the multiplication. These six quasigroups are
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known as conjugates or “parastrophes” [24, §1.3]. Section {4| of the current
paper presents the analogous notion — quantum conjugates — for quantum
quasigroups (Definition . Quantum conjugates of cocommutative Hopf
algebras are described in while examines quantum conjugates of
linear quantum quasigroups.

A magma is described as (left) semisymmetric if it satisfies (xy)x = y,
and (right) semisymmetric if it satisfies x(yx) = y. The two properties
are equivalent, each implying that the magma is a quasigroup [24, §1.4].
Semisymmetry plays an important role in the theory of quasigroups, most
particularly in the application to web geometry [25]. Thus transfer of
semisymmetry to quantum quasigroups becomes fundamental for the task
of quantizing web geometry.

Section [b| presents one approach to the transfer of semisymmetry to
bimagmas (A, V, A, ) that are equipped with an augmentation morphism
e: A — 1 in a symmetric monoidal category (V,®,1). The semisymmetry
concepts (see Definition are quite direct, requiring just one level of co-
multiplication. Typical examples of semisymmetric quantum quasigroups in
our sense are provided by commutative inverse property loops (for example,
commutative Moufang loops), as shown by Theorem In general, the
left and right-handed semisymmetry properties are not equivalent, and do
not entail that a bimagma becomes a quantum quasigroup (Theorem [5.9)).
Exhibited in a category of vector spaces under the direct sum, this behavior
is contrasted with the case of counital bimagmas in the category of sets
(85.5)), where the two semisymmetry conditions are equivalent, and force
the bimagma to be a quantum quasigroup.

Idempotent semisymmetric quasigroups are equivalent to combinatorial
designs known as Mendelsohn triple systems, covered by oriented cycles
of three elements [5], 6, 20]. Section @ transfers the Mendelsohn property
to quantum quasigroups, combining the quantum idempotence property
[28, Defn. 5.1] (originally introduced in [8] under a different name) with
the semisymmetry properties from the previous section. In the presence
of quantum idempotence, the left and right semisymmetry properties turn
out to be equivalent in the linear setting, and to induce the structure of
a linear quantum quasigroup (Theorem . Linear Mendelsohn quantum
quasigroups A(p, A, L, R) are constructed and classified (§6.3)). They are
fully parametrized by a single automorphism (Theorem [6.8). Section [f]
concludes with a brief discussion of setlike elements in linear Mendelsohn
quantum quasigroups.

Section [7] studies the semisymmetry of linear quantum quasigroups. In
this context, left and right semisymmetry are equivalent (Theorem. The
semisymmetrization process, constructing a semisymmetric quasigroup from
an arbitrary quasigroup [25], is transferred to the setting of linear quantum
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quasigroups in §7.2] A similar process, constructing a linear Mendelsohn
quasigroup or triple system from an arbitrary linear quantum quasigroup,
is exhibited in §7.3

A bimagma is said to be quantum left (or right) distributive whenever its
left (or right) composite solves the quantum Yang-Baxter equation (§8.1]).
Section |8 investigates those linear quantum quasigroups that are quantum
distributive. The left and right quantum distributivity conditions turn out
to be equivalent in this setting (Theorem , yielding a linear quantum
distributive quasigroup. These objects are classified by Theorem [8.7] Those
with the Mendelsohn property are analyzed in §8.4, The parametrizing
endomorphism from Theorem satisfies the quartic equation in this
case.

2. STRUCTURES IN SYMMETRIC MONOIDAL CATEGORIES

The general setting for the work of this paper is a (strict) symmetric
monoidal category (V,®,1), with a symmetry 7: A® B — B ® A for
objects A and B. Primary examples are as follows:

e The category (K, ®, K) of vector spaces over a field K, under the
tensor product;

e The category (S, ®,.5) of modules over a commutative, unital ring
S, under the tensor product, with the module reduct of the ring as
the monoidal unit;

e The category (S, ®,.S) of modules over a commutative, unital ring
S, under the direct sum, with the zero module as the monoidal unit;

e The category (Set, x, T) of sets under the cartesian product, with
the terminal object T (a singleton set) as the monoidal unit. In this
case it is often convenient to write the cartesian product as a tensor
product, and to write x ® y for an ordered pair (z,y).

This section records some basic definitions applying to objects A in V.
While these definitions are bread-and-butter for Hopf algebra experts, they
may be less familiar to other algebraists. Following the lead of Jay [12], we
often use a concrete, set-theoretical notation to record computations in a
symmetric monoidal category, much as the Yoneda lemma is used to justify
a set-theoretical notation in general categories.

Extending the concept of a magma (A, V: A® A — A) in the category
of sets, we have magmas (A, V: A A — A) in (V,®,1). Dually, we have
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comagmas (A, A: A — A® A) in (V,®,1). Consider the bimagma diagram

(2.1) A
/ \
AR A AR A
A®A B T B vev
ARARAR A orois ARARARA

in the category V., the biunital diagram

(2.2) 191 —V>1——1-2-1%1
wo| : / pre
AA—Y A2 . A®A

in the category V, and the antipode diagram
A®A AR A
7N
A : 1 ; A
ARA——AR®A

14®S

S®1 4

(2.3)

in the category V, all of which are commutative diagrams.

Definition 2.1. Consider a symmetric, monoidal category (V,®,1).

(a) A bimagma (A,V,A) is an object A carrying a magma structure
(A, V) and a comagma structure (A, A), such that the bimagma
diagram commutes.

(b) A unital magma (A, V,n) is a magma (A, V) with a unit morphism
n: A — 1, such that the left hand trapezoid of the biunital diagram
(2.2) commutes.
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(b) Dually, a counital comagma (A, A, ¢e) is a comagma (A, A) with a
counit morphism €: 1 — A, such that the right hand trapezoid of
the biunital diagram (2.2)) commutes.

A monoid (A,V,n)in (V,®, 1) is an associative unital magma. Dually, a
comonoid (A, A,e) in (V,®,1) is a coassociative counital magma. Suppose
that (A, V,n, A, ¢) is a bimagma for which the biunital diagram commutes,
with monoid and comonoid structures (A,V,n) and (A, A,e). Then the
antipode diagram records that a morphism S: A — A is the inverse
of en: A — A in the convolution monoid (V(A, A), *, 577) with

(2.4) frg=A(f®g)V

for f,g € V(A, A) [13, Prop. I111.3.1]. Note that we write M* for the group
of units of a monoid (in the category of sets). Thus for the endomorphism
monoid V(A, A) of an object A in a (locally small) category V, we write
V(A, A)* for the automorphism group of A in V.

Remark 2.2. (a) Commuting of the bimagma diagram (2.1)) in a bimagma
(A, V,A) means that

A: (A V)= (AR A (LieT1e1,4)(Ve V)

is a magma homomorphism (commuting of the upper-left solid and dotted
quadrilateral), or equivalently, that

V: (A9 A (AR A)(1a®@T®14)) — (4, A)

is a comagma homomorphism (equivalent to commuting of the upper-right
solid and dotted quadrilateral).

(b) A comagma comultiplication on A is often denoted by a version of
Sweedler notation adapted to the general noncoassociative situation, namely
aA = a” ® a®. Note that, in concrete notation, coassociativity then takes
the form

(2.5) oM @ 2 @ 2t = ot @ 2T @ 2BE

for an element x of A. Given coassociativity, the classical Sweedler notation
is recovered by replacing the superscripts, when taken in lexicographic order,
by successive subscript numbers. For example, each side of is then
written as 1 ® 9 ® x3.

(c) Magma multiplications on an object A of a monoidal category are often
denoted concretely by juxtaposition, namely (x ® y)V = zy, or with z -y
as an infix notation, for elements x,y of A. The infix - binds less strongly
than the juxtaposition.
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(d) With the notations of (b) and (c¢), commuting of the bimagma diagram
(2.1) in a bimagma (A, V, A) amounts to

(2.6) etyt @ oy = (ay)* @ (vy)"

for z,y in A.

3. GROUPLIKE AND SETLIKE ELEMENTS

3.1. Grouplike and setlike elements of comagmas. Suppose that S is
the category of modules over a commutative, unital ring S. Let (S,X,1)
denote one of the two symmetric monoidal category structures (5, ®, {0})

or (§,®,5) on 3.
Definition 3.1. Let (A, A) be a comagma within the symmetric monoidal
category (S, 1).

(a) An element g of A is grouplike if ¢ # 0 and A: ¢ — ¢X q.
(a) An element g of A is setlike if A: ¢ — qXq.

(b) Write A; for the set of grouplike elements of A.

(c) Write AY for the set of setlike elements of A.

Lemma 3.2. Suppose that (A,V,A) is a bimagma in (S,X,1).
(a) The set AY forms a subbimagma (A% V,A) of (A, V,A).
(b) With V: ¢1 K g2 — q1 - g2, the set AY forms a magma (A?,-).

Proof. Consider ¢y, g, in A?. The commuting of the bimagma diagram (2.1])
yields

(@1 @)A = (AR @A)V = (1 K q) X (2R )V = (g1 ¢2) B (a1 - 2),
so that ¢ - ¢o lies in A?. Then since 0A =0 =0X0 and ¢ A = ¢; X ¢, for
q1 # 0, the comagma (A, A) contains (A?, A) as a subcomagma. O

3.2. Grouplike elements over fields. Now let K be a field. The following
result is adapted from [23] Lemma 2.1.12] by removing any reference to a
counit.

Lemma 3.3. If (A, A) is a comagma in (I, ®, K), the set Ay of grouplike
elements is linearly independent.

Proof. Suppose that A; is not linearly independent, so there is a dependency
relationship

(31) ho(]o + h1q1 + ...+ thr =0

between r + 1 distinct elements qq, q1,...,q. of A;, with nonzero scalars
h; € K. Suppose that r is minimal among all such dependency relationships.
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Note that r is positive, since 0 does not lie in A;, and that {q,...,¢} is
linearly independent. The relationship (3.1) may be rewritten as
qo = k1q1 + ... + krgr

with nonzero scalars k; € K.
Since qq is grouplike, the tensor rank of ¢5* = ¢y ® o is 1. On the other
hand,

qu:<k1Q1+~-+quT)A=k1¢]1®q1+...+k¢qr®qr,

so the tensor rank of ¢5* = qo®qq is 7 by [23, Lemma 1.2.2], since {q1, ..., ¢}
is linearly independent. Thus r = 1 and ¢y = k1¢q;. Then

kgt = (ki)™ = QOA =qo® qo = (k1q1) ® (k1) = kiqp .

Since ¢& # 0, we have k; = k?, so k; is one of the two roots 0,1 of the
quadratic X? — X = 0. However, ¢y = kiq is nonzero, so k; = 1 and
go = q1. This contradicts the distinctness of the elements qg, q1,...,q.. O

3.3. Grouplike elements in quantum quasigroups over fields.

Theorem 3.4. Let K be a field. Let (A, V,A) be a quantum quasigroup in
the symmetric monoidal category (K, ®, K) of vector spaces over K. Then
the set Ay of grouplike elements forms a combinatorial quasigroup (Ay, ).

Proof. By Lemma[3.3] it follows that A; is a linearly independent subset of
A. The restriction of the left composite ((1.2)) to

AA ={g®q¢]| ¢, @ e A}
acts as
A1 14RV
(3.2) G Rp—>g QR ®q .

By Lemma q1-qo € AY for q1,q2 € Ay. If q1 - g2 = 0 for some grouplike
q1, q2, then (1 ®¢2)¢ = 0. Since G is invertible, this would imply ¢; ® ¢, = 0,
a contradiction. Thus (3.2]) corestricts to Gg: A1 ® A; — A1 ® A;. It follows
that the inverse G™! restricts and corestricts to

GEIZ AT @A = A @A p1r @ pa = p1 @ pi\pa2 .

The equation GoGy' = 14,54, yields

(3.3) Vg, e A, a\la-¢)=q¢,
while the equation GalGo = 14,94, yields
(3.4) V p1,p2 € Ar, pr- (p1\p2) = p2.

Dually, the equation D¢ = 14,54, yields
(3.5) Va,e €A, (- @)/e=aqa,
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while the equation Oy '0¢ = 14,04, yields

(3.6) Vpi,p2 € Ar, (p1/p2) - p2=p1.
Together, (3.3)—(3.6) imply that (A4, -, /,\) forms an equational quasigroup,
so that (Aj,-) forms a combinatorial quasigroup. O

3.4. Bimagmas in categories of modules under the direct sum. In
this paper, we will often have cause to consider bimagmas and quantum
quasigroups in the symmetric monoidal category (S, ®, {0}) of S-modules
under the direct sum, over a commutative unital ring S.

Definition 3.5. Consider the symmetric monoidal category (S, ®, {0}) of
modules over a commutative, unital ring S. Then a magma and comagma
structure (A4, V,A) in (S, @, {0}) with

(3.7) V: A®A = Axdy— a2’ +y and A:A— A® Az — 2l @a”
is written as A(p, A\, L, R).

Remark 3.6. Note that the structure A(p, A, L, R) is a universal algebra,
the S-module A together with its endomorphisms p, A, L, R. This is why
the symmetric monoidal category (S, ®, {0}) furnishes such a useful proving

ground for the study of magma and comagma properties: They reduce to
classical universal algebra in this case.

The following result provides a first illustration of Remark [3.6]

Proposition 3.7. [20, Prop. 3.39] The bimagma condition on (A,V,A)
in (S,®,{0}) reduces to the mutual commutativity of elements of the two

(in general noncommutative) subalgebras S(p, \) and S(L, R), respectively
generated by {p, \} and {L, R}, in the endomorphism ring S(A, A) of the
S-module A.

Corollary 3.8. A bimagma (A,V,A) in (S,®,{0}) may be identified as
a bimodule s(r,ry»As(p,x), where S(L, R)°® is the opposite of the subalgebra
S(L, R) of the endomorphism ring S(A, A) of the S-module A.

Lemma 3.9. Let A(p, A\, L, R) be a bimagma in (S, ®, {0}).

(a) The endomorphism

(3.8) ([Z Rle[1]) ([1] D [ﬂ) = [g Pﬂ

of A? is the left composite of A(p,\, L, R).
(b) The endomorphism

39 el =) ([fem)=[4 3
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of A% is the right composite of A(p,\, L, R).

Proposition 3.10. Let A(p, A, L, R) be a bimagma in (S, ®,{0}).
(a) The bimagma is not uniquely specified by its left or right composites
individually.
(b) The bimagma is uniquely specified by the conjunction of its left and
right composites.

Proof. (a) By (3.8)), it is apparent that A(p, A, L, R) and A(U'p, \, L, RU),

for any S-module automorphism U of A, have the same left composite.

(b) By (3.8]), the left composite of A(p, A, L, R) determines L and A. Dually,
by (3.9), the right composite of A(p, A, L, R) determines p and R. O

3.5. Linear quantum quasigroups. As before, consider the symmetric
monoidal category (S, ®,{0}) of S-modules under the direct sum, over a
commutative unital ring S.

Definition 3.11. Consider a bimagma A(p, A, L, R) in (S, ®, {0}). Suppose
that:

(a) the endomorphisms p, A of the S-module A are invertible, and
(b) the endomorphisms L, R of the S-module A are invertible.

Then A(p, A\, L, R) is said to be a linear quantum quasigroup.

Proposition 3.12. Suppose that (A, V,A) is a linear quantum quasigroup
in (S,®,{0}), interpreted as a bimodule gz gy As(pn) using Corollary .
It may be reconsidered as a bimodule g gy As(pn) over the respective group
rings S{p, \) and S(L, R) of the subgroups (p, A} and (L, R) of the S-module
automorphism group S(A, A)* generated by {p, \} and {L, R}.

Proof. Note the injective ring homomorphism S(L, R)°® — S(L, R) that is
given by L — L' and R+~ R~ U

Proposition 3.13. In (S, ®,{0}), a linear quantum quasigroup A(p, A, L, R)
15 indeed a quantum quasigroup.

Proof. In (A, V,A), the left composite G: A® A — Ad A (1.2) acts as

(3.10) r@y—at ooy 2t @ (2 4+ 4.
Then
(3.11) a®ba @ (B —a AT

is its inverse. Dually, the right composite 0: AG A — A® A (1.3) acts as
(3.12) r@y— oyt oyt e (2 +yH) @yt
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Then
(3.13) a®bs (¢ bV gl
is its inverse. ]

Theorem 3.14. Let (V,®,{0}) be the symmetric monoidal category of
finitely generated modules over a commutative, unital ring S. Suppose that
A(p,\,L,R) is a bimagma in (V,®,{0}). Consider (A,V,A) with the
notation of . Then the structure (A, V,A) forms a quantum quasigroup
in (V,®,{0}) if and only if A(p, \, L, R) is a linear quantum quasigroup.

Proof. The sufficiency of the linear quantum quasigroup property is given
by Proposition [3.13] Conversely, consider a quantum quasigroup (A4, V, A)

in (V,®,{0}), with the notation of (3.7]). Thus the matrices (3.8)) and (3.9)

are invertible, say

(3 14) (551 0412_ L RP_ _ -1A OA- _ L RP- -0411 Q2
' Q21 23| _OA A ] _OA 1A_ _OA A ] [G21 (22

and

(3 15) B Bz p 04 _ 1a 04 _| P Oa| [Bu Pz
' Bo1 522_ _L/\ R_ _OA 1A_ _L)\ R _521 Ba2

for endomorphisms «;; and §;; of the module A, with 1 <4,5 <2.
Consider:

e the (1,1),(2,1),(2,2)-components of the left-hand equation of (3.14));

e the (1,1),(1,2),(2,2)-components of the left-hand equation of (3.15)).

These equations yield

(3.16) anl =1y, Brip + BiolA =14,
a21L = OA ) Bl?R = OA 5
a1 Rp + g = 14, BaaR = 14,

respectively. Note that L retracts ajp, so it is a surjection. Then by
Nakayama’s lemma, it is an isomorphism [19, Th. 2.4]. Thus as L = 04
implies ag; = 04. The equation ag Rp + age A = age A = 14 now exhibits
A as a surjection. Thus A is also an isomorphism. Identical arguments
applied to the three right-hand equations of yield that R and p are
invertible. U

3.6. Setlike elements in linear quantum quasigroups.

Definition 3.15. A linear quantum quasigroup (A4, V,A) in (S, @, {0}) is
classical if A: x — x @ z. In other words, in the structure A(p, \, L, R), we
have L = R =1.

We have the following counterpart of Theorem
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Theorem 3.16. Suppose that (A, V,A) is a linear quantum quasigroup
in (S,®,{0}). Then the set A} of setlike elements of (A,V,A) forms a

classical linear quasigroup (A}, V,A).

Proof. 1t is clear that comultiplication may be (co)restricted to a linear map
AY — A% AV, The set AY is the set of fixed points of the action of the group
(L, R) of automorphisms of the S-module A. As such, it is an S-submodule
of A. In fact, by Proposition [3.7] we have

IUA:xoL@xoR:xLU@IRG:$U@xU

for z € AY and o € (p,)\), making A} an S(p, A\)-submodule of A. Thus
V:z @y 2 +y* (co)restricts to a map A} @ A — AY. d

3.7. Classical reducts. According to Definition [3.15 a linear quantum
quasigroup (A, V,A) or A(p, A, L, R) in the category (3, ®, {0}) is classical
if L =R =14, or equivalently A: x +— x & x.

Lemma 3.17. If A(p,\, L, R) is a linear quantum quasigroup, then so is
A(p, )\, 1A7 1A)

Definition 3.18. The linear quantum quasigroup A(p, A, 14,14) is known
as the classical reduct of the linear quantum quasigroup A(p, A, L, R).

Proposition 3.19. Let A(p, \, L, R) be a linear quantum quasigroup, with
set AY of setlike elements. Then the classical linear quasigroup (A%, V,A)
of Theoremfarms a subquasigroup of the classical reduct A(p, A\, 14,14)
of A(p, \, L, R).

Taking the classical reduct gives the object part of a functor CR, the
classical reduct functor, from the category of linear quantum quasigroups
over S to the category of (classical) linear quasigroups (piques) over S. The
left adjoint LQ to CR is known as the linear quantization functor. It is
constructed by the following theorem.

Theorem 3.20. Consider the symmetric monoidal category (S,®,{0}) of
modules over a commutative, unital ring S. Let S(r,1) be the group algebra
over S of the free group (r,l) on a two-element generating set {r,l}.

(a) The category of classical S-linear quasigroups is equivalent to the
category of right S(r,1)-modules Agypy.

(b) There is an equivalence between the category of linear quantum quasi-
groups in (S, ®,{0}) and the category of left/right S(r,l)-bimodules
sy As@y -

(c) Via the equivalences, the (object part of the) classical reduct functor
is given by the forgetful functor CR: g4y Asey = Asiry-



16 B. IM, A.W. NOWAK, AND J.D.H. SMITH

(d) Using the equivalences, the tensor product functor
Q: Agiay = S(r,1) @ Agy
gives the (object part of the) linear quantization functor.

Proof. (a) The structure of a right S(r,[)-module A amounts to a selection
of abelian group automorphisms p, A € Aut(A), yielding a classical linear
quasigroup A(p, A\, 14,14). Conversely, any classical S-linear quasigroup
furnishes a structure map S(r,l) — End(A);r — p,l — A. To see the
functoriality of this correspondence, consider an S-module homomorphism
f:+A— B. Now fis an S(r,[)-homomorphism if and only if there are
S-linear automorphisms p, A of A and p’, N of B such that for all a € A,
(@f)p = (af) 7 = (a-1)f = (ap)f and (fa)X' = (af) -1 = (a-1)f = (aN)f.
Note that these intertwining conditions fp' = pf and f\ = \f are precisely
what is required of a bimagma homomorphism from A(p, A, 14,14) into
B(p/, )\/, 1A7 1,4)

(b) Given an S-linear quantum quasigroup A(p, A, L, R), we may use the
fact that S(p,\) and S(L, R) are quotients of the free group ring S(r,[)
to establish bijections Ring(S(r,{), End(A)) = Ring(S(p, A), End(A)) and
Ring(S(r,l),End(A)) = Ring(S(L, R), End(A)). The equivalence follows
from Proposition [3.12]

(c) The forgetfulness of CR corresponds to A(p,\, L, R) — A(p, A\, 14,14)
forgetting comultiplication.

(d) In terms of categories of modules, Q is the left adjoint of CR (compare
[1I7, Sec. IV.2]). This fact, in conjunction with (a) and (b), completes the
proof. O

4. QUANTUM CONJUGATES

Quasigroup conjugacy reflects the triality or Ss-symmetry of the theory of
quasigroups [24, §1.3]. This section investigates the transfer of quasigroup
conjugacy to quantum quasigroups.

4.1. Inverting composites of linear quantum quasigroups. We begin
the study of conjugates with an examination of how inverses of composites
of linear quantum quasigroups themselves appear as composites of linear
quasigroups.

Proposition 4.1. Consider the symmetric monoidal category (S, ®,{0})
of modules over a commutative, unital ring S. Let (A, V,A) with

V:AGA—- Azdy—a’+y* and AN A— AP A z— 2l @l

be a linear quantum quasigroup structure in (S, ®,{0}).
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(a) The bimagma (A, ¥V, A;) with
Vii ABA = Azdy— v’ —2” and Ar A — A®Aix s 2 @t R
has the inverse (3.11)) of the left composite G of (A, V,A) as its own
left composite G;. It forms a linear quantum quasigroup.
(b) The bimagma (A, V., A,) with
V,: ABA = Aizdy — 2 —y™ and Av: A — A® Az 2 Lo
has the inverse (3.13)) of the right composite O of (A, V,A) as its

own right composite O,. It forms a linear quantum quasigroup.
Proof. (a) The left composite of (A, Vi, 4;) is

Al -1 -1 16V, -1 —1 -1 -1
G:adb——=a" ®d Bpb—=d @ (b’\ — a7 BeA )

which is inverted by
Gz@y—alostoy— 2o (@ +y).
The right composite of (A, V;, A) is
D a®brta @bt @bt R (BN _gph ) g bR
which is inverted by
(4.1) i x By — eyt eyt e (yRilpf1 — x)‘pil) oyR L,
Finally, since the subgroups
(p,A) and (L,R)
of the automorphism group S(A, A)* centralize each other, the subgroups
(=pA"5 A and (LY LT'R)
centralize each other, so that (A, V;,4;) is a linear quantum quasigroup.
The proof of (b) is dual. O

4.2. Quantum conjugates of quantum quasigroups.

Definition 4.2. Let (V,®,1) be a symmetric monoidal category. Let
(A, V,A) be a quantum quasigroup in (V,®,1), with respective left and
right composites G and oO.
(a) The opposite or transpose (A, Vi, Ay) of (A, V,A)is (A, 7V, AT).
(b) A quantum quasigroup (A,V;,A;) is a quantum left conjugate of
(A, V,A) if the left composite G, of (A, V,,A;) is inverse to the left
composite G of (4, V,A).
(¢) A quantum quasigroup (A, V,, A,) is a quantum right conjugate of
(A, V,A) if the right composite O, of (A, V,,A,) is inverse to the
right composite O of (A, V,A).
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The following is an immediate consequence of Definition

Lemma 4.3. In a symmetric monoidal category (V,®,1), let (A, V,A) be
a quantum quasigroup.

(a) The transpose of the transpose (A, V, Ay) of (A, V,A) is (A, V,A).

(b) Suppose that (A,V,A) has a quantum left conjugate (A,V;, A;).
Then (A, V,A) is a quantum left conjugate of (A, Vi, A;).

(c) Suppose that (A, V,A) has a quantum right conjugate (A, V,,A,).
Then (A, V,A) is a quantum right conjugate of (A, V,, A,).

4.3. The opposite of a quantum quasigroup. The composites of the
opposite are related to the original composites as follows.

Lemma 4.4. In a symmetric monoidal category (V,®,1), let (A, V,A)
be a quantum quasigroup, with composites G and O. Let G; and O; be the

respective left and right composites of the opposite. Then TG = o7 and
TG = OT.

Proof. Consider the commutative diagram

r @yt ®y”

V w
Ot

TRyt ny®yL

Yy y" @yl

AR1 19V
voyter

for the first equation, working with the Jay calculus [12].
The second equation follows from the first equation as applied to the
opposite quantum quasigroup (A, Vy, A;), using Lemma [4.3](a). O

Proposition 4.5. Let (A, V,A) be a quantum quasigroup in a symmetric
monoidal category (V,®,1). The the opposite of (A,V,A) is a quantum
quasigroup.

Proof. The bimagma condition for the opposite of (A,V,A) is verified
along the lines of [I3| Prop. 111.2.3] or [23| Ex. 5.1.2]. Since G; = 7O7
by Lemma [4.4] one has G;! = 70~'7. Similarly, O;' = 7G~'7. Thus
(A, Vi, Ay) is a quantum quasigroup. O
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4.4. Quantum conjugates of Hopf algebras. In general, the existence
of quantum conjugates of a quantum quasigroup is nontrivial. We begin
by offering some initial observations for the case of cocommutative Hopf
algebras. If a quantum quasigroup (A, V,A) is the bimagma reduct of
a Hopf algebra A or (A,V,n,A,e,S), then the opposite or transpose of
(A, V,A) is the bimagma reduct of the Hopf algebra A°P “P (in the notation
of [I3 Cor. I11.3.5]). On the other hand, Theorem below exhibits left
and right conjugates for cocommutative Hopf algebras.

Our proof of Theorem relies on properties of the antipode of a Hopf
algebra, as presented for Hopf algebras in a category of vector spaces under
the tensor product in [I3, Th. II1.3.4], for example; these properties are
listed in Lemma [4.6, However, because Kassel never invokes the structure
of the ground field, we may consider his arguments to be expressions of the
Jay calculus [12], meaning they apply to Hopf algebras in any symmetric,
monoidal category (V,®,1).

Lemma 4.6. Let (A,V,n,A,e,S) be a Hopf algebra in (V,®,1).

(a) The antipode is an algebra antihomomorphism. Thus
(4.2) (zy)® =y°z%  and nS =,

forxz,y e A.
(b) If 252 = 2% for all x € A, then S% = 1,4.
(c) If (A, V,n,A, &, 8) is cocommutative, then S? = 14.

Remark 4.7. While Lemma [£.6(b) is not directly cited in the proof of
Theorem [4.8] note (a) = (b) = (c). Hence, we list all three properties
to make it easier for the reader, when cross-referencing [13, Th. I11.3.4], to
convince themselves of the validity of Lemma in the general context.

Theorem 4.8. Let (A, V.,n,A,e,S) be a cocommutative Hopf algebra in a
symmetric, monoidal category (V,®,1).

(a) The bimagma reduct (A, V,A) is a quantum quasigroup.

(b) WithV; = (S®14)V: AQ A — A;z®y — 1%y, there is a quantum
left conjugate (A, V,,A) of (A, V,A).

(c) WithV, = (1,®8)V: A®A — A;x®@y — xy°, there is a quantum
right conjugate (A, V,,A) of (A, V,A).

Proof. (a) See [27, Prop. 4.1].
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(b) The bimagma condition for (A, V;, A) is verified by the commuting of

TRy Vi xs.y%(xsy)L(X)(xSy)R

ABA 2SLyl @ gSRyR

oF @ 2R @yl @ yR 1eT®l (' @ y*) ® (27 @ yP) Vi®Vi 2ESyL @ g RSyR

for z,y € A, where the upper equality on the right hand side follows by the
bimagma condition for (A, V, A), while the lower equality on the right hand
side follows by the cocommutativity [23 Prop. 7.1.9(b)]. By [27, Prop. 4.1]
or [10, Lemmas 4.2, 4.3], the inverse of the left composite G of (A, V,A) is

Glar@yrit ol @R @yl ol @ ofS ® y 12% ok @ oSy

which is realized by the left composite G; of (A4, V;, A). In particular, G, is
invertible, so the bimagma (A, V;, A) is a left quantum quasigroup.

We now prove the invertibility of O, = (14 ® A)(V; ® 14), the right
composite of (A4, V;, A). Setting

Vu=(5®14)V,; = (S®14)7V: TRy — yx,

we show that Dy = (14 ® A)(Vy ® 14) is inverse to ;. Let y € A. By
coassociativity,

(43) yL ® yRL ® yRR — yLL ® yLR ® yR‘

Tensoring on the right by an arbitrary element x and applying the
map (SR1, Q14214 (VR14®1,) yields (z®@y)004 = (25y* @y®)0y =
(29yH @ yL B @ yf) (Vy @ 14) = yLB(2%yL)% @ yf, but now, the fact that
S is an involutary algebra antihomomorphism leads to

(z ®@y)ou = (y*"y" " %)z @ y"
— (g ) @
— g @ P
— 1@ ylyt
=r®UY.

The second equality is due to cocommutativity.
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Finally, tensoring both sides of (4.3) on the left by = and applying the
map (S® 1A & 1A & 1A)(7_ & 1A & 1A)(V & 1A & 1A) yields

(iL‘ X y)DtlDl = (nyS X yR)Dl

:( LLxS®yLR®yR)(vl®1A>
:( LL S)S LR®yR

y o)y
= 2(yLSyER) @ yF
— z @ yteyt
=Ty,
verifying 0y0; = 1aga-
(c) is dual to (b). O

4.5. Quantum conjugates of linear quantum quasigroups. In the
previous section, Theorem provided partial results toward the existence
of quantum conjugates for Hopf algebras. The current section observes that
linear quantum quasigroups offer much more fertile ground for quantum
conjugacy. Here, the notation of Definition is reconciled with that of
Proposition 4.1 in the following result, where parts (b) and (c) reformulate
the proposition.

Theorem 4.9. Consider the symmetric monoidal category (S, ®,{0}) of
modules over a commutative, unital ring S. Let

A=(A,V,A) = A(p,\, L, R)
be a linear quantum quasigroup structure in (S, ®,{0}).

(a) The transpose
At = (A7 Vta At) = A()\a P R7 L)

of (A, V,A) is a linear quantum quasigroup.
(b) The linear quantum quasigroup

Al = (A7 Vl, Al) = A<_10)\717 >\717 Lila LilR)
of Proposition[{.1(a) is a quantum left conjugate to (A,V,A).

(¢) The linear quantum quasigroup
A= (A V., A)=A(p = \p L, RTIL R

of Proposition[{.1(b) is a quantum right conjugate to (A, V,A).
(d) The transpose

(A, Vo, Ay) = AN, —pA L LTIR, LY
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of the quantum left conjugate (A,V,,A;) of (A, V,A) provides a
quantum left conjugate to the quantum right conjugate (A, V., A,)
of (A, V,A).

(e) The transpose

(Au Vir, Alr) = A<_/\p_1a P_l, R_lu R_IL)

of the quantum right conjugate (A, V., A,) of (A,V,A) forms a
quantum tight conjugate to the quantum left conjugate (A, V;, A;)
of (A, V,A).

Proof. 1t will suffice to prove (e), since (d) is dual. Note that the right
composite Oy of (A, V., A;) is presented in as the inverse of o,
the right composite of (A, V;,4;). Thus (A, V., Ap) is a quantum right
conjugate of (A, Vi, A)). 0

Theorem shows that, in the context of linear quantum quasigroups,
quantum conjugates always exist. By Lemma 4.3 we may thus consider
involutive transformations

A=A, A=A, A A,

from a linear quantum quasigroup A to its respective transpose, quantum
left conjugate, and quantum right conjugate. The appropriate suffices ¢, [, r
have already been applied to many relevant structures of linear quantum
quasigroups, such as their comultiplications and right composites.

By Theorem [6.4(e), we have A,; = A, so t = rir. By Theorem [6.4(d),
we have A, = A,;, so t = Ilrl. We thus obtain a symmetric group

Sz ={(l,r| 1?=r?= (lr)2>

of conjugations of linear quantum quasigroups, with ¢ = rir = Irl. From
this point of view, the conjugation structure of linear quantum quasigroups
is similar to that of classical quasigroups [24, §1.3].

5. SEMISYMMETRY
5.1. Augmentations. Let (V,®, 1) be a symmetric, monoidal category.

Definition 5.1. An augmentation on an object A of V is a V-morphism
e: A— 1.

Remark 5.2. (a) An augmentation on a comagma (A, A) is not necessarily
required to serve as a counit for the comultiplication. On the other hand,
if (A, A, ¢) is a counital comagma, then the counit e: A — 1 is understood
as the default augmentation on the object A.

(b) Suppose that the unit object 1 is terminal in V| as in (Set, x, T), or
the symmetric monoidal category (S, @, {0}) of S-modules under the direct
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sum over a commutative unital ring S. Then each object A has a uniquely
specified augmentation, which need not be mentioned explicitly.

5.2. Left and right semisymmetry. Let (A, V, A ¢) be a bimagma with
an augmentation in V. Consider the diagram

(5.1) AR A Vel
v

e®1 AR1 4 1A®T
A<——r0

ARA—ARARA—ARA®RA

v /
A® A 140V

Definition 5.3. Let (A,V, A ¢) be a bimagma with an augmentation.

(a) If the upper pentagon of the diagram (5.1)) commutes in V, then the
bimagma satisfies the condition of left semisymmetry.

(b) If the lower pentagon of the diagram (/5.1)) commutes in V, then the
bimagma satisfies the condition of right semisymmetry.

(c) If the diagram (5.1)) commutes in V, then the bimagma satisfies the
condition of semisymmetry.

For the record, it is convenient to have an elementary version of the

diagram (j5.1)):

(5.2) zhy ® zh
‘\

5®y<—|x®y|—>xL®xR®y%>xL®y®m

/
L®y:c
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5.3. Commutative inverse property loops. We exhibit a key instance
of semisymmetry for quantum quasigroups.

Definition 5.4. A loop (A,-, /,\,1) is an inverse property loop if

(5.3) e M ay) =y = (yr)o!
for all z,y € A, with 7! = 1/z [2, §11.2].
Example 5.5. An important class of commutative inverse property loops is

formed by commutative Moufang loops, loops satisfying z%(yz) = (zy)(z2)
[18, 1.1.4(4)] (cf. |2, Th. I1.7B)).

The following appears in [2, §I1.2], albeit with a misprint.
Lemma 5.6. The relation (x71)™' = x holds in inverse property loops.

Working in the symmetric monoidal category (Set, x, T), we generally
use tensor product notation for direct products and ordered pairs.

Theorem 5.7. Let (A, -, /,\,1) be a commutative inverse property loop.

(a) Under the multiplication V:a ® b — a - b and comultiplication
A:A - A® Aja — a ! ®a, a quantum quasigroup within the
category (Set, x, T) is formed by (A, V,A).

(b) The quantum quasigroup (A,V,A) is semisymmetric.

Proof. (a) The statement follows by [27, Cor. 3.13], given that the inversion
map x — ! is an automorphism of a commutative inverse property loop

[2, T1(2.2)].
(b) The chase round the upper part of the diagram (5.2)) takes the form

x®y|&1§x_1®az®ynl’4—®;x_l®y®x

£®1AI IV@IA

y =——— (z"y)x Y rly®e

where the commutativity of the diagram follows by y = z(z7'y) = (z71y)x
using (5.3)), Lemma and the commutativity of the loop. Commuting of
the lower part of the diagram is similar, but does not require any application
of Lemma [5.6] O

Remark 5.8. Unless they happen to be Boolean groups (elementary abelian
groups of exponent 2), commutative Moufang loops do not generally form
semisymmetric quasigroups.
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5.4. Independence of left and right semisymmetry.

Theorem 5.9. (a) The left and right semisymmetry conditions are not
equivalent in general.

(b) Neither left nor right semisymmetry guarantees that a bimagma with an
augmentation s a quantum quasigroup.

Proof. Let K be a field. Let A be a vector space over K, with a basis
{e, | n € N}. Consider the linear transformations

A A— Ase, — ey

and
Ao mes {0
Thus
(5.4) Ap =14
and
(5.5) eop\ = egA = e .

In the symmetric monoidal category (K, ®,{0}) of vector spaces over K,
take a multiplication V: A@ A — A;x @y — 2 +y* and comultiplication
A =0 on A. The choice of comultiplication renders the commuting of the
bimagma diagram trivial.

The upper pentagon of commutes, since (zfy)af = (y*)F =y =
Odyforxdy € Ad A by (5.4). Thus the bimagma (A, V,A) is left
semisymmetric. On the other hand, starting from ey ® ¢y in A @ A, tracing
round the bottom left of the diagram leads to ef(epelt) = (ef)* = e
by (5.5)). Then since e; # ey = (eg ® €g)(e ® 14), the bimagma (A, V, A) is
not right semisymmetric. Similarly, the opposite multiplication on A yields
a right semisymmetric bimagma which is not left semisymmetric.

Finally, the left and right composites (.2)), in (A, V,A) are the zero
maps on the non-trivial space A @ A, so that (A, V,A) is not a quantum
quasigroup. U

5.5. Counital bimagmas.

Theorem 5.10. Let (A, V,A,¢) be a counital bimagma in (Set, x, T).
(a) The left and right semisymmetry conditions are equivalent on the
counital bimagma (A, V, A, ¢).
(b) If left and/or right semisymmetry conditions on (A,V,A, &) hold,
then (A, V,A) is a quantum quasigroup.
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Proof. (a) Suppose (A, V, A, ¢) is left semisymmetric. Counitality requires
A: aw (a,a) to be the diagonal embedding. The commuting of the upper
pentagon (j5.1]) is thus equivalent to (ab)a = b for all a,b € A. This is just
classical left semisymmetry for the magma (A, V). It follows [24, Prop. 1.2]
that this magma is also classically right semisymmetric, which we may then
translate into the commuting of the lower half of (5.1]).

(b) By (a), left or right semisymmetry forces (A, V) to be a classically
semisymmetric magma. Then (A,V,V,, V,) is an equational quasigroup,
with V;: (a,b) — ba. Now counital quantum quasigroups in (Set, x, T)
are just quasigroups [27, Prop. 3.11(a)], and thus (A, V,A) is a quantum
quasigroup. Il

Remark 5.11. (a) Definition[5.3]is designed to capture the classical concept
of semisymmetry, as described by Theorem with a single application
of the comultiplication. Alternative versions of semisymmetry, invoking two
comultiplications, are deferred for future consideration.

(b) Within the lower pentagon of the commutative diagram (5.1]), a formal
replacement of the morphism 14 ® 7 by S ® 14 ® 14 yields the first of the
four equations used to specify a Hopf quasigroup [14, Defn. 4.1]. Note that
the Hopf quasigroup definition requires the augmentation to be an algebra
homomorphism.

6. THE MENDELSOHN PROPERTY
6.1. Quantum idempotence and Mendelsohn properties.

Definition 6.1. Suppose that (A,V,A) is a bimagma in a symmetric,
monoidal category (V,®,1).

(a) If the diagram
A® A

% X
A A
14

commutes in V, then the bimagma is said to satisfy the condition
of quantum idempotence [28, Defn. 5.1].

(b) With respect to an augmentation, the bimagma is said to have the
left Mendelsohn property if it is quantum idempotent, and exhibits
left semisymmetry.

(c) With respect to an augmentation, the bimagma is said to have the
right Mendelsohn property if it is quantum idempotent, and exhibits
right semisymmetry.
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(d) With respect to an augmentation, the bimagma is said to have the
Mendelsohn property when it has both the left and right Mendelsohn
properties.

Remark 6.2. In Proposition [.1] if (4,V,A) is a quantum Mendelsohn
quasigroup, the quantum quasigroups (A, V,;, 4;) and (A, V,, A,) need not
satisfy the quantum Mendelsohn properties.

Theorem [5.9[showed that in the symmetric monoidal category (£, @, {0})
of vector spaces over a field K, left semisymmetry does not imply right
semisymmetry. In contrast with Theorem [5.9) Theorem below shows
the power of quantum idempotence to relate the left and right Mendelsohn
properties.

6.2. Left and right Mendelsohn properties.

Lemma 6.3. Suppose that (S,®,{0}) is the symmetric monoidal category

of modules over a commutative, unital ring S. Suppose that (A,V,A) is a
bimagma in (S, ®,{0}), written as A(p, \, R, L) according to Definition .

(a) The left semisymmetry property amounts to
(6.1) =1 and Lp*+ R\=0
in the endomorphism algebra S(A, A).
(b) The right semisymmetry property amounts to
(6.2) pA=1 and Lp+ R\ =0
in the endomorphism algebra S(A, A).
(¢) The quantum idempotence property amounts to
(6.3) Lp+RA=1
in the endomorphism algebra S(A, A).

Theorem 6.4. Consider the symmetric monoidal category (S, ®,{0}) of

modules over a commutative, unital ring S. Suppose that (A, V,A) is a
bimagma in (S, ®, {0}). Suppose that (A, V,A) satisfies the left Mendelsohn
property. Then:

(a) (A, V,A) satisfies the right Mendelsohn property;
(b) (A, V,A) is a quantum quasigroup.
Proof. (a) Use the notation of (3.7). Under the commuting of {p, A} with

{L, R}, together with the left semisymmetry property (6.1) and quantum
idempotence (/6.3)), the right semisymmetry property (6.2 must be derived.

It is helpful to introduce
(6.4) = R\N=AR
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in S(A, A), so that R = RA\p = pp under our assumptions. Then y = R\ =
—Lp? by (6.1). Since both L and p? commute with p, the commutative
subalgebra S[u] generated by s in the endomorphism S-algebra S(A, A)

commutes with the commutative subalgebra S|p| generated by p.

By (6.3]), one has Lp = 1 — R\ = 1 — u. The second equation of (6.1))
then becomes 0 = Lp?> + RA = (1 — p)p + o = .+ p — pp, so that

(6.5) l=1-p—pt+pp=>0-p1—p)=1-p)(1—-p

in S(A, A), the latter equation following by the commuting of S[u| with S[p].
Equation shows that 1 — p and 1 — p are mutually inverse elements of
the automorphism group of the S-module A, the group S(A, A)* of units of
the monoid S(A, A). B

Since pL = Lp = 1 — pu, we have pL(1 — p) = 1 by (6.5). Taken along
with Ap = 1, this shows that p is invertible in S(A, A). Thus A = L(1 — p)
and pA = 1, the first equation of . N

By (6.1)), we have (Lp + RA*)p = Lp* + R\ = 0, which now implies
Lp+ RA\* = 0 since p is invertible. This completes the verification of .

(b) Since A = p~! and u = R\, we have R = puA\™! = up = —p*(1 — p)~*

invertible. Likewise, since u = —Lp?, we have L = —up~? invertible. Thus
A(p, A\, L, R) is a quantum quasigroup by Proposition [3.13| O

6.3. Construction and classification. Theorem and its proof lead to
an identification of all Mendelsohn quantum quasigroups in the symmetric
monoidal category (S, ®,{0}) of modules, over a commutative, unital ring
S, under the direct sum.

Corollary 6.5. An S-module A is endowed with a Mendelsohn quantum
quasigroup structure A(p, \, L, R) in (S, ®,{0}) if and only if
1 1 2
(6.6) A== L=—— and R=--"
p p(1—p) (1=p)
for an endomorphism p of the S-module A such that both p and 1 — p are
wnvertible.

Proof. The proof of Theorem [6.4] serves to provide the necessity of the given
conditions. Conversely, for any module automorphism p such that 1 — p is
also invertible, both the conditions (6.1), and the commuting of {p, A}
with {L, R} are readily verified. O

An interesting “classical” consequence of Corollary follows. Recall
that a magma (A, V) in a symmetric, monoidal category (V,®,1) is said
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to be entropic if V: A® A — A is a magma homomorphism, i.e., if the
diagram

(6.7) A® A v A v A® A
VeV AV
ARARA®A — ARARA®A

commutes. In the concrete notation of Remark (c), this amounts to the
identity x1x9 - x304 = X123 - To24.

Proposition 6.6. Suppose that (A, V,A) is a Mendelsohn quantum quasi-
group in (S, ®,{0}). Then (A, V) is an entropic quasigroup in (Set,®,T).

Proof. Chasing round the diagram (6.7)) in (S, ®, {0}) yields
Vv -, A p A
al@ag@ag@a4l—>al+a2 ®as + aj
E
P Y4 P A\ A
(af +a3)" + (af + a})
1a®Td1la

(@) +a3)" + (a5 +a})

v

VOV p L A 0P oA
a1 bazPbasbas——a; +az Day;+aj

which commutes since p and A = p~! commute. Thus (4, V) is an entropic
magma in (Set, ®, T). It is a quasigroup, since

Viiz®zes 2f — o =y and V,: zEByl—>z)‘—y’\2 =z
give respective unique solutions x and y to z = xy = a” + y . Il
Remark 6.7. (a) The entropic quasigroup (A, V) in Proposition [6.6, when

augmented by a diagonal comultiplication A: x — z®x, forms the classical
reduct of the Mendelsohn quantum quasigroup (A, V, A).

(b) Note that the classical quasigroup (A, V) of Proposition need not
be semisymmetric, let alone a Mendelsohn quasigroup. Consider the case
of § = C with p =i and A\ = —i, so -y = i(z — y) in a complex vector
space A. Then (zy)z =y — z(1 +1).
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(c) Proposition [6.6 aligns with the discussion of [6], where it is noted that
“affine” Mendelsohn quasigroups (in our case, Z-linear Mendelsohn quasi-
groups) are entropic.

6.4. An alternative parametrization. In the context of the preceding
section, it is actually more natural and instructive to take the automorphism
[, as in , for the fundamental parameter. Use the notation y’ for the
complement 1 — p. Corollary may then be reformulated as follows.

Theorem 6.8. Consider the symmetric monoidal category (S, ®,{0}) of
modules over a commutative, unital ring S. With the notations

ViAPA—= Az dy—a’+y° and A:A— AP Ax— a2l @l

of (3.7), an S-module A is endowed with a Mendelsohn quantum quasigroup
structure in (S, ®,{0}) if and only if

p=—p/p, AN=—p/u, L=-)/n, and R=—p’/

for an endomorphism pu = R of the S-module A such that both p and '
are 1nvertible.

Proof. Recall (1 — u)(1—p)=1by (6.5),s0 1 —p=(1—p)~ ! and

1 —p
1l—p 1—p
The rest follows from on substituting for p in terms of u. O

Note that R = pup and L = p/’\. Complementation p +— y' takes both
the quasigroup (A, V) and comagma (A, A) to their respective opposites
(A,7V) and (A, AT). Expressed differently, the involutive complementation
transformation p — p' induces p — X and R — L.

Proposition 6.9. If (A, V,A) is a Mendelsohn quantum quasigroup in
(S, ®,{0}), then so is its opposite (A, TV, AT).

Proof. 1f (A, V, A) is parametrized by p via Theorem , then its opposite
is parametrized by p/'. O

6.5. Setlike elements in linear Mendelsohn quantum quasigroups.
Suppose that (A,V,A) is a classical Mendelsohn quantum quasigroup in
(S, ®,{0}). According to Theorem this corresponds to the equations

pt=—p and  (4)’=—p,

both of which are equivalent to the vanishing of

(6.8) P —p+1
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in the endomorphism ring S(A, A). In this case, the entropic quasigroup
(A, V) of is indeed a Mendelsohn quasigroup, in sharp contrast to the
situation described in Remark [6.7.

More generally, we have the following counterpart to Theorem [3.16

Theorem 6.10. Suppose that (A,V,A) is a Mendelsohn quantum quasi-
group in (S, ®,{0}). Then the set AY of setlike elements of (A,V,A) forms
an entropic Mendelsohn quasigroup (A9, -).

Proof. Consider (A, V,A) as being parametrized by an endomorphism g of
the S-module A, according to Theorem [6.8] Then A{ is the kernel of the
endomorphism (6.8)) of the S-module A. As such, A} is invariant under the
automorphisms p and g/, and therefore carries ¢;-q2 = ¢} +¢5 as an entropic
Mendelsohn quasigroup structure. O

7. SEMISYMMETRY OF LINEAR QUANTUM QUASIGROUPS

Throughout this section, we will be working in the symmetric monoidal
category (S, ®,{0}) of modules over a commutative, unital ring S. Recall
that augmentations here are trivial.

7.1. Left and right semisymmetry of linear quantum quasigroups.
For a free S-module A of countable rank, the proof of Theorem [5.9|(a) shows
that the left and right semisymmetry conditions on a bimagma structure
(A, V,A)in (S, ®,{0}) need not be equivalent if S is nontrivial. For linear
quantum quasigroups, the situation is different.

Theorem 7.1. Suppose that A(p, A\, L, R) is a linear quantum quasigroup
in (3, ®,{0}). The left and right semisymmetry conditions on A(p, A, L, R)
are equivalent.

Proof. First suppose that A(p,\, L, R) is left semisymmetric. Then by
Lemma (b), the left semisymmetry corresponds to

M=1 and Lp*+RA=0

in the endomorphism algebra S(A, A). In particular, we have A = p~! and
R\ = —Lp* Thus pA =1 and Lp+ RN = Lp — Lp*\ = Lp(1 — p\) = 0,
so A(p, A, L, R) is right semisymmetric by Lemma [6.3](c).

The converse implication follows by applying these considerations to the

transpose A(\, p, R, L) of A(p,\, L, R). O

Corollary 7.2. A linear quantum quasigroup in (S, ®,{0}) is left and right
semisymmetric if and only if it has the form A(p, p=t, L, —Lp®) for mutually
centralizing automorphisms p and L of the S-module A.
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7.2. Semisymmetrizations of linear quantum quasigroups. In this
section, we exhibit semisymmetric linear quantum quasigroups constructed
from an arbitrary linear quantum quasigroup.

Definition 7.3. Let A(p, A, L, R) be a linear quantum quasigroup in the
category (5,5, {0}).
(a) Define an endomorphism Ayg: A% — A3 by the matrix

[0 —pAt 0]
(7.1) Aps=10 0 A
00

(b) Define an endomorphism Agg: A*> — A3 by the matrix
[0 —Mp ! 0]
(7.2) Aps=1] 0 0 p
A 0 0

(c) The endomorphism Ag: A% — A® is defined as Ag = Ars @ Ags.

Lemma 7.4. The endomorphisms Ars, Ars and Ag all satisfy the equation
X3+ 1 = 0. In particular, they are automorphisms of A%, A3, and AS
respectively.

Remark 7.5. The significance of the equation X3 + 1 = 0 within the
representation theory of classical semisymmetric quasigroups is discussed
in 21, Ex. 4.6].

Lemma 7.6. Suppose that A(p, \, L, R) is a linear quantum quasigroup in
the category (S, ®,{0}).

(a) Let Crs commute with Aps in the automorphism group S(A®, A%)*
of the S-module A®. Then there is a cocommutative linear quantum
quasigroup structure A*(—Aj g, Ars, Crs,Crs) in (S,®,{0}).

(b) Let Crs commute with Agg in the automorphism group S(A?, A®)*
of the S-module A®. Then there is a cocommutative linear quantum
quasigroup structure A*(—A%g, Ags, Crs, Crs) in (S,®,{0}).

(c) Let Cg commute with Ag in the automorphism group S(A°, A%)* of
the S-module AS. Then there is a cocommutative linear quantum
quasigroup structure A%(—Ag, Ag,Cs, Cs) in (S, ®,{0}).

Lemma 7.7. The respective linear quantum quasigroups of Lemma ( a),
(b) and (c) are left and right semisymmetric.

Proof. Generically, denote each of these structures as AY(—A2 A, C,C).

Note A™' = —A? by Lemmal[7.4] Then C' = —C(—A?)3, s0 A%(—A2, A, C,C)
is left and right semisymmetric by Corollary [7.2] O
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Recall the matrix
0

0 1
P=|-100
0 10
of [0, (2.2)], pronounced “rho”. For an S-module A, we thus define the
automorphism

0 0 14
Pa=1|-14 0 O
0 14 O

of A3. For S-module endomorphisms a: A — A and : A*> — A3, define
the left scalar multiplications

af: A= Brdydze (2% Oy @ 2Y)E.

For automorphisms 6, ¢, 1 of an S-module A, define the automorphism
Dy AB sl reydz—leyr e

of A3. Automorphisms of this type are described as (twisted) diagonals.

Lemma 7.8. Suppose that A(p, \, L, R) is a linear quantum quasigroup in
the category (S, ®,{0}).
(a) An automorphism CLg of A® centralizes Apg in S(A® A%)* if and
only if it is of the form
CLS = Dp,)\,l ((1/1,43 + BPA + 7P131>D1,pA—1,p
for endomorphisms o, 3,7 of the S-module A such that
alys + BPy + P

is wnvertible.
(b) An automorphism Crs of A® centralizes Arg in S(A®, A®)* if and
only if it is of the form

Crs = Dap1(a'lgs + B'Pa+~'P3) Dy 5,11
for endomorphisms o, 5',~" of the S-module A such that
a'las + ' Pa++'P3
15 1nvertible.

Proof. Note that (b) follows by (a) applied to the transpose A(\, p, R, L) of
A(p, A\, L, R), so it suffices to prove (a).
Consider an endomorphism
f C/ ,'7//
(7.3) X=|n &
C 77/ 5//
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of A? that commutes with Ayg, for given endomorphisms &, (', ..., &" of the
S-module A. The commuting is equivalent to ApgX =

—pATt —pATIE —pATI” n'pt —EpATh (A

/\C )\77/ )\g// — gllpfl _np/\fl g/)\ — XALS
pte pi T '™t —CpAT A

or
(74)  —pA7l==EpA7, pTe=ET, AT =8,
(7.5) M =A™, —pXTlp=apTt, pTh =1,
(76) o= A= I =

If the commuting holds, the first two equations of ([7.4]) yield

&= N""pA™t and " =p7p,

Conversely, if these two equations hold, then ([7.4)) is satisfied, including the
third equation as A¢” = A\p~1&p = Mp~pA~tA = ¢\ In similar fashion,
the three equations of ([7.5)) are seen to be equivalent to

n=-A"TngpA™tand 9" = —pATlp,
while the three equations of are seen to be equivalent to
("= —pCpA™ and ("= A(p.
Summarizing, the matrix X of commutes with Apg if and only if

£ —pCpA”t —pAThp
X=1n A %pA" X(p
¢ =Xt pTlép

for endomorphisms &, 7, ¢ of the S-module A. Setting
E=pa, n==-M, (=-7
then gives the desired result. U

Lemmas [7.6] - [7.§ combine to yield the following.

Theorem 7.9. Suppose that A(p, A\, L, R) is a linear quantum quasigroup
in the category (S, ®,{0}).

(a) Consider Aps as in (7.1) and Crs as in Lemma[7.8(a). Then
A*(=A7g,ALs, CLs, CLs)

forms a semisymmetric cocommutative linear quantum quasigroup
structure in (S, ®,{0}).
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(b) Consider Agrs as in (7.2) and Crs as in Lemma[7.§(b). Then
A*(=A%s, Ars, Crs, Crs)
forms a semisymmetric cocommutative linear quantum quasigroup
structure in (S, ®,{0}).
(¢) Consider Aps and Crs as in (a). Consider Agrs and Crs as in

(b). Then there is a semisymmetric cocommutative linear quantum
quasigroup structure A°(—A%g, Ag,Cs, Cs) in (S, ®,{0}).

Definition 7.10. The quantum quasigroups of Theorem [7.9(a)-(c) are
known respectively as left, right, and balanced semisymmetrizations of the
linear quantum quasigroup A(p, A, L, R) in (S, ®, {0}).

7.3. Mendelsohnization of linear quantum quasigroups. If we have a
linear quantum quasigroup A(p, A\, L, R) in the category (S, ®, {0}), define
an endomorphism M : A%2 — A? by the matrix

(7.7) M= [Agl _'01“} .

Lemma 7.11. (a) The endomorphisms M and 142 — M of A% are mutually
inuverse.

(b) The endomorphism M satisfies M? = —1 42.

Theorem 7.12. Given a linear quantum quasigroup A(p, \, L, R) in the
category (S, ®,{0}), the linear quantum quasigroup

A (Laz — M, M, 142, 142)

forms a classical (and thus cocommutative and coassociative) Mendelsohn
quantum quasigroup structure within the category (é ,,{0}).

Proof. The result follows by Theorem since Lemma [7.11] implies first
that both M and 1— M are invertible, and then that L = —(1—M)*M~! =
1A2 andR:—M2(1—M)_1:1A2. U

Definition 7.13. The linear quantum quasigroup A2 (1A2 —M, M, 1,2, 1A2>
of Theorem is called the (classical) Mendelsohnization of the linear
quantum quasigroup A(p, A, L, R).

Remark 7.14. For a classical quasigroup (Q, -, /,\), a classical quasigroup
structure identified as semisymmetric on Q* has been defined by (a version
of) the multiplication

(z1,22) * (Y1, 92) = ((1'1 “Y2) /T2, Y1\ (1 - y2))

in [16, §7]. This product is idempotent, and thus provides a Mendelsohn
quasigroup structure on Q? that may be called the Mendelsohnization of
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the quasigroup (@, -). Thus the Mendelsohnization of the linear quantum
quasigroup (A, V,A) or A(p, \, L, R) appearing in Theorem is just the
Mendelsohnization of the quasigroup (A, V) in (Set, x, T).

8. QUANTUM DISTRIBUTIVITY OF LINEAR QUANTUM QUASIGROUPS

8.1. Quantum distributivity and the QYBE. The quantum Yang-
Baxter equation (QYBE) is

(81) R12R13R23 — R23R13R12
[4, §2.2C]. It applies to an endomorphism
R:ARA— AR A

of the tensor square of an object A in a symmetric, monoidal category. For
a given integer n > 1, the notation R¥, for 1 < i < j < n, means applying
R to the i-th and j-th factors in the n-th tensor power of A. Since the
left and right composite morphisms of bimagmas are also endomorphisms
of tensor squares, it is natural to seek conditions under which they satisfy
the QYBE. Then, as anticipated by B.B. Venkov working in the category
of sets with cartesian product [7, §9], the QYBE corresponds generally to
various distributivity conditions on the products V: A ® A — A appearing
in the left and right composites, as in Example below.

Definition 8.1. Suppose that (A, V,A) is a bimagma in a symmetric,
monoidal category.

(a) The bimagma (A, V,A) is said to satisfy the condition of quantum
left distributivity if the left composite G of (A, V,A) satisfies the
quantum Yang-Baxter equation (8.1)).

(b) The bimagma (A, V,A) is said to satisfy the condition of quantum
right distributivity if the right composite O of (A, V, A) satisfies the
quantum Yang-Baxter equation (8.1)).

(c) The bimagma (A, V,A) is said to satisfy the condition of quantum
distributivity if it has both the left and right quantum distributivity
properties.

Example 8.2. [28, Prop. 6.2] Let (A, V) be a magma in the category of
sets with the cartesian product. Define A: A - AR A;a — a®a. Then the
bimagma (A, V,A) is quantum left distributive if and only if the magma
(A, V) is left distributive, in the sense that the identity

(8.2) 2(yz) = (ry)(z2)

is satisfied.
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8.2. Quantum distributivity of linear quasigroups. For the remainder
of this section, we will work in the symmetric monoidal category (S, ®, {0})
of S-modules under the direct sum, over a commutative unital ring S.
Proposition 8.3. Suppose that (A, V,A) = A(p, A\, L, R) is a bimagma in
(a) The bimagma (A, V,A) is left quantum distributive if and only if
the equations
(8.3) RLp=LRp, Rp= R*p*+ LRp\, RMAp= Rp\
are satisfied.
(b) The bimagma (A, V,A) is right quantum distributive if and only if
the equations
(8.4) Lp\=L)\p, L\=L*X*+RL\p, LRX= RL)\

are satisfied.

Proof. (a) Note that

L Rp 0O L 0 Rp 1 0 0
G2=10 X 0], G¥=1|0 1 0], and G* 0 L Rp
0 0 1 00 A 00 A
by (3.8)). Then
L?> RLp R?p*>+ LRp)\ L*> LRp Rp
GIGBGB = |0 L RM\p , GBGBG2 =0 L) RpA
0 0 A2 0 0 A

The result follows by comparing the corresponding matrix entries.

(b) is dual to (a). Note that duality is implemented in the equations by the
involution (L p)(R \) and a reversal of the order in products (corresponding
to equating matrix entries following a transposition of the matrices in the

QYBE). 0

Corollary 8.4. Suppose that (A,V,A) = A(p, \, L, R) is a linear quantum
quasigroup in (S, ®,{0}). Then (A, V,A) is left quantum distributive if and
only if the equations

(8.5) RL=LR, 1=Rp+ L\, Xp=pA

are satisfied.

Proof. The outside equations of (8.5]) are equivalent to the outside equations
of (8.3) via multiplication by the automorphisms p and R or their inverses.

Given the two commutation relationships expressed by the outside equations
of (8.5)), it is then seen that the middle equation of (8.5)) is equivalent to the
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middle equation of (8.3) via multiplication by the automorphisms p and R
or their inverses. 0

Theorem 8.5. Let (A, V,A) be a linear quantum quasigroup in (S, ®,{0}).

(a) The left and right quantum distributivity conditions on (A, V,A) are
equivalent.
(b) If (A, V,A) is quantum distributive, then (A, 7V, A) and (A, V, AT)

are quantum idempotent.

Proof. (a) Multiplication by the automorphisms L and A or their inverses

establishes the equivalence of (8.5) with (8.4]), in the same way that the
proof of Corollary established the equivalence of (8.5) with (8.3)).

(b) The quantum idempotence of each of the linear quantum quasigroups
(A, 7V,A) = A\, p, L, R) and (A,V,A1) = A(p, A\, R, L) is equivalent to
1 = LA+ Rp by Lemma[6.3(c). This condition is the middle equation in the
criterion for the (left or right) quantum distributivity of (4, V,A). O

A quantum distributive linear quantum quasigroup will be described as
a linear quantum distributive quasigroup.

8.3. Parametrization of linear quantum distributive quasigroups.

Lemma 8.6. Let (A, V,A) = A(p, \, L, R) be a linear quantum distributive
quasigroup in (S, ®,{0}). Definev = Rp. Thenv' =1 —v =LA\,

Proof. By the middle equation of (8.5, we have v = Rp =1 — L. O

Theorem 8.7. Suppose that (A, V,A) = A(p, A\, L, R) is a linear quantum
quasigroup in (S,®,{0}). Then (A, V,A) is quantum distributive if and
only if there is an abelian group G, generated by a subset {l,n,r}, and a
representation 0: G — S(A, A)*, such that

(8.6) =p, =L, n=v, R=vp', A=LW
with V' =1 —v € S(A, A)*.

Proof. First, suppose that (A4,V,A) = A(p,\, L, R) is a linear quantum
distributive quasigroup in (S, ®,{0}). Using the notation of Lemma ,
let G' be the subgroup of the automorphism group S(A, A)* generated by
r=p,l =\ and n = v. Consider the embedding 6: G — S(A, A)*. Then
holds by Lemma and so v/ = L\ is invertible.

Conversely, suppose that A affords a representation 6: G — S(A, A)* as
described in the theorem statement, with (8.6) holding. It may then be
verified that the conditions hold, so that (A,V,A) = A(p, A\, L, R) is
quantum distributive by Corollary Indeed, Rp + L\ = v+ 1V =1,
while RL = LR and Ap = pA since p, A, L, R all lie in the subalgebra of the
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endomorphism ring S(A, A) generated by the image under 6 of the abelian
group G. O

8.4. Linear quantum distributive Mendelsohn quasigroups. Recall
the parametrization of linear Mendelsohn quantum quasigroups (A4, V, A)
or A(p, A\, L, R) in terms of an endomorphism g of the S-module A with
invertible p and g/ (Theorem [6.8]). We will describe a quantum distributive
linear Mendelsohn quantum quasigroup as a linear quantum distributive
Mendelsohn quasigroup.

Theorem 8.8. Suppose that (A,V,A) is a linear Mendelsohn quantum
quasigroup in (S, ®,{0}). Then (A,V,A) is quantum distributive if and
only if

(8.7) (0 = p+1)(2u—1)?=0

in the endomorphism ring S(A, A) of the S-module A.

Proof. Comparison of the specifications of p, A\, L, R from Theorem and
Theorem [8.7] yields the equations

!/ /

!/
—M—/:R:up_lz—y—'u and —&:)\:L_l’:—ylu2
1 I i (1)
so that
3 3
1 (1—p)
l=v+1v = +
(1—p)? (2
or
0=dp* =8 +9u*> —5u+1=(p* — pu+1)(2u — 1)
as required. O

Example 8.9. Let 2 be invertible in S. Consider the automorphism
0 1 0 O

10

=10

sl O O

1 0
0 1
1 9

—5 1 —1 2
of 5*, a companion matrix to the monic multiple X* —2X3+2X2 - 2X 4 1
of the polynomial on the left hand side of (8.7)). Then the automorphisms

1 5 4 —4 4 9 -8 4
1 -4 4 -4 N S T S
P=11 —4 5 4/ *~ 0 -1 1 0
1 -4 5 -3 0 0 -1 1
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and
-3 8 -8 4 1 —4 4 —4
-1 2 -1 0 1 -4 5 -4
L= o -1 2 -=1{" R = 1 -4 5 -3
1 _5 3 0 3 _ 1194
2 1 1 4 4 4

yield a linear quantum distributive Mendelsohn quasigroup S*(p, A, L, R) in
the category (S, ®, {0}).

Corollary 8.10. Let (A, V,A) be a linear Mendelsohn quantum quasigroup
in the category (S, ®,{0}). Then (A, V,A) is quantum distributive if either
of the following holds:

(a) The quantum quasigroup (A, V,A) is setlike, with pu* — pu+1 = 0;
(b) The quantum quasigroup (A, V,A) is not setlike, and 2 = 14.

The linear quantum distributive Mendelsohn quasigroup S*(p, A, L, R) of
Example 8.9 matches neither of the conditions (a), (b) of Corollary [8.10}

REFERENCES

[1] G. Benkart, S. Madariaga, J.M. Pérez-Izquierdo, Hopf algebras with triality, Trans.
Amer. Math. Soc. 365 (2012), 1001-1023.

[2] R.H. Bruck, Contributions to the theory of loops, Trans. Amer. Math. Soc. 60 (1946),
245-354.

[3] T. Brzezinski, Hopf modules and the fundamental theorem for Hopf (co)quasigroups,
Int. Electron. J. Algebra 8 (2010), 114-128.

[4] V. Chari, A. Pressley, A Guide to Quantum Groups, Cambridge University Press,
Cambridge, 1994.

[5] C.J. Colbourn, A. Rosa, Triple Systems, Oxford University Press, Oxford, 1999.

[6] D.M. Donovan, T.S. Griggs, T.A. McCourt, J. Oprsal, D. Stanovsky, Distributive
and anti-distributive Mendelsohn triple systems, Canad. Math. Bull. 59 (2016), 36—
49.

[7] V.G. Drinfeld, On some unsolved problems in quantum group theory, in: P.P. Kulish,
(Ed.), Quantum Groups, Springer Lecture Notes in Mathematics 1510, Springer-
Verlag, Berlin, 1992, pp. 1-8.

[8] K.H. Hofmann, K. Strambach, Idempotent multiplications on surfaces and aspherical
spaces, Rocky Mountain J. Math. 21 (1991), 1279-1315.

[9] B. Im, H.-J. Ko, J.D.H. Smith, Semisymmetrizations of abelian group isotopes,
Taiwanese J. Math. 11 (2007), 1529-1524.

[10] U.N. Iyer, J.D.H. Smith, E.J. Taft, One-sided Hopf algebras and quantum quasi-
groups, Comm. Algebra 46 (2018), 4590-4608.

[11] I.M. James, Quasigroups and topology, Math. Zeitschr. 84 (1964), 329-342.

[12] C.B. Jay, Languages for monoidal categories, J. Pure Appl. Algebra 59 (1989), 61—
85.

[13] C. Kassel, Quantum Groups, Springer, Berlin, 1995.

[14] J. Klim, S. Majid, Hopf quasigroups and the algebraic 7-sphere, J. Algebra 323
(2010), 3067-3110.



QUANTUM QUASIGROUPS 41

[15] J. Klim, S. Majid, Bicrossproduct Hopf quasigroups, Comment. Math. Univ. Car-
olin. 51 (2010), 287-304.

[16] A. Krapez, Z. Petrié, A note on semisymmetry, Quasigroups Related Systems 29
(2017),269-278.

[17] S. Mac Lane, Categories for the working mathematician, Springer, New York, NY,
1971.

[18] Yu.l. Manin, Cubic Forms: Algebra, Geometry, Arithmetic (Russian), Nauka,
Moscow, 1972.

[19] H. Matsumura, Commutative Ring Theory, Cambridge University Press, Cambridge,
1989.

[20] N.S. Mendelsohn, A natural generalization of Steiner triple systems, in:
A.O.L. Atkin, B.J. Birch (Eds.), Computers in number theory, Academic Press,
London, 1971, pp. 323-338.

[21] A. Nowak, Modules over semisymmetric quasigroups, in: P. Vojtechovsky et al.
(Eds.), Nonassociative Mathematics and its Applications, Contemporary Mathe-
matics 721, American Mathematical Society, Providence, RI, 2019, pp. 199-211.

[22] J.M. Pérez-Izquierdo, Algebras, hyperalgebras, nonassociative bialgebras and loops,
Adv. Math. 208 (2007), 834-876.

[23] D.E. Radford, Hopf Algebras, World Scientific, Singapore, 2012.

[24] J.D.H. Smith, An Introduction to Quasigroups and Their Representations, Chapman
and Hall/CRC, Boca Raton, FL, 2007.

[25] J.D.H. Smith, Quasigroup homotopies, semisymmetrization, and reversible au-
tomata, Internat. J. Algebra Comput. 18 (2008), 1203-1221.

[26] J.D.H. Smith, One-sided quantum quasigroups and loops, Demonstr. Math. 48
(2015), 620-636. DOI: 10.1515/dema-2015-0043

[27] J.D.H. Smith, Quantum quasigroups and loops, J. Alg. 456 (2016), 46-75.

DOI: 10.1016/j. jalgebra.2016.02.014

[28] J.D.H. Smith, Quantum idempotence, distributivity, and the Yang-Baxter equation,
Comment. Math. Univ. Carol. 57 (2016), 567-583.

[29] J.D.H. Smith, Belousov’s Theorem and the quantum Yang-Baxter equation, Bullet-
inul Academiei de Stiinte a Republicii Moldovei. Matematica 80 (2016), 7-23.

! DEPARTMENT OF MATHEMATICS, CHONNAM NATIONAL UNIVERSITY, GWANGJU
61186, REPUBLIC OF KOREA.

23 DEPARTMENT OF MATHEMATICS, JowA STATE UNIVERSITY, AMES, Iowa 50011,
U.S.A.

Email address: 'bim@jnu.ac.kr

Email address: *anowak@iastate.edu

Email address: 3jdhsmith@iastate.edu

URL: 3 https://jdhsmith.math.iastate.edu/


http://orion.math.iastate.edu/jdhsmith/

	1. Introduction and background
	1.1. Introduction
	1.2. Quantum quasigroups unify quasigroups and Hopf algebras
	1.3. Algebraic and coalgebraic properties of quantum quasigroups
	1.4. Plan of the paper

	2. Structures in symmetric monoidal categories
	3. Grouplike and setlike elements
	3.1. Grouplike and setlike elements of comagmas
	3.2. Grouplike elements over fields
	3.3. Grouplike elements in quantum quasigroups over fields
	3.4. Bimagmas in categories of modules under the direct sum
	3.5. Linear quantum quasigroups
	3.6. Setlike elements in linear quantum quasigroups
	3.7. Classical reducts

	4. Quantum conjugates
	4.1. Inverting composites of linear quantum quasigroups
	4.2. Quantum conjugates of quantum quasigroups
	4.3. The opposite of a quantum quasigroup
	4.4. Quantum conjugates of Hopf algebras
	4.5. Quantum conjugates of linear quantum quasigroups

	5. Semisymmetry
	5.1. Augmentations
	5.2. Left and right semisymmetry
	5.3. Commutative inverse property loops
	5.4. Independence of left and right semisymmetry
	5.5. Counital bimagmas

	6. The Mendelsohn property
	6.1. Quantum idempotence and Mendelsohn properties
	6.2. Left and right Mendelsohn properties
	6.3. Construction and classification
	6.4. An alternative parametrization
	6.5. Setlike elements in linear Mendelsohn quantum quasigroups

	7. Semisymmetry of linear quantum quasigroups
	7.1. Left and right semisymmetry of linear quantum quasigroups
	7.2. Semisymmetrizations of linear quantum quasigroups
	7.3. Mendelsohnization of linear quantum quasigroups

	8. Quantum distributivity of linear quantum quasigroups
	8.1. Quantum distributivity and the QYBE
	8.2. Quantum distributivity of linear quasigroups
	8.3. Parametrization of linear quantum distributive quasigroups
	8.4. Linear quantum distributive Mendelsohn quasigroups

	References

