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Abstract

The paper develops the theory of quandle rings introduced by the authors in a recent work. Or-
derability of quandles is investigated and many interesting examples of such quandles are given.
It is proved that quandle rings of left or right orderable quandles which are semi-latin have no
zero-divisors. Idempotents in quandle rings of certain interesting quandles are computed and
used to determine sets of maximal quandles in these rings. Understanding of idempotents is
further applied to determine automorphism groups of these quandle rings. Also, commutator
width of quandle rings is introduced and computed in a few cases.

1. Introduction

A quandle is an algebraic system with a single binary operation that satisfies axioms
encoding the three Reidemeister moves of planar diagrams of links in the 3-space. These
objects show appearance in diverse areas of mathematics, namely, knot theory [19, 24],
group theory, set-theoretic solutions to the Yang-Baxter equations and Yetter-Drinfeld Mod-
ules [14], Riemannian symmetric spaces [23] and Hopf algebras [2], to name a few. Though
already studied under different guises in the literature, study of these objects gained mo-
mentum after the fundamental works of Joyce [19] and Matveev [24], who showed that link
quandles are complete invariants of non-split links up to orientation of the ambient 3-space.
Although link quandles are strong invariants, it is difficult to check whether two quandles
are isomorphic. This motivated search for newer properties and invariants of quandles them-
selves. We refer the reader to the articles [11, 21, 26] for more on the historical development
of the subject.

In recent years, quandles and their weaker analogues called racks have received a great
deal of attention. A (co)homology theory for quandles and racks has been developed in [12],
which has led to stronger invariants of links. In fact, a recent work [31] shows that quandle
cohomology is a Quillen cohomology, which is the cohomology group of a functor from the
category of models (or algebras) to that of complexes. Automorphisms of quandles, which
reveal a lot about their internal structures, have been investigated in much detail in a series
of papers [4, 5, 15]. Fusing ideas from combinatorial group theory into quandles, recent
works [7, 8] have shown that free quandles and link quandles are residually finite.

In an attempt to linearise the study of quandles, a theory of quandle rings analogous to
the classical theory of group rings was proposed in [6], where several interconnections be-
tween quandles and their associated quandle rings were investigated, and an analogue of the
group rings isomorphism problem for quandle rings was proposed. The work was developed
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further in a recent paper [16] of Elhamdadi et al., where examples of non isomorphic finite
quandles with isomorphic quandle rings have been given. At the same time, they proved
that if two finite quandles admit 2-transitive actions of their inner automorphism groups and
have isomorphic quandle rings, then the quandles have the same number of orbits of each
cardinality.

The purpose of this paper is to develop the theory of quandle rings further. It may be
mentioned that, at this point, our approach and motivation is purely algebraic. However, a
natural problem concerning knots and links (Problem 3.16) emerges from our discussion.
Following [6], given a quandle (resp. rack) Q and an integral domain R, the quandle (resp.
rack) ring R[Q] of Q with coefficients in R is defined as the set of all formal finite R-linear
combinations of elements of Q with usual operations (see Section 2). We investigate zero-
divisors in quandle rings using orderability of quandles and show that many interesting
quandles arising from orderable groups are left or right orderable. Investigation of unit
groups of group rings is a major research theme in the subject. An analogue of this problem
for quandles is the investigation of maximal quandles in quandle rings. We show that the
set mq(R[Q]) of all non-zero maximal quandles in R[Q] contains, in general, more than one
element. Since each element of a quandle is an idempotent in its quandle ring, the first step
towards a solution of the problem is to describe the set /(R[Q]) of all non-zero idempotents in
R[Q]. The problem of determining mq(R[Q]) also connects with the description of the group
Aut(R[Q]) of ring automorphisms of R[Q] that are R-linear. Clearly, every automorphism of
Q induces an automorphism of R[Q]. In fact, any automorphism ¢ € Aut(R[Q]) is defined
by its action on Q and its image ¢(Q) lies in some maximal quandle from mq(R[Q]). We
compute idempotents, maximal quandles and R-algebra automorphisms of quandle rings of
small order quandles including all quandles of order 3.

The paper is organised as follows. In Section 2, we recall some basic definitions and
examples from the theory of quandles and quandle rings. In Section 3, we introduce unique
product quandles and show that their quandle rings have no zero-divisors over integral do-
mains. We define orderability of quandles to give explicit examples of such quandles, and
show that a semi-latin quandle which is right or left orderable is necessarily a unique prod-
uct quandle. Our results also answer a question from [16, Question 4.3] about existence of
quandles whose quandle rings do not have zero-divisors, and suggest an analogue of Ka-
plansky’s zero-divisor conjecture for quandle rings. In Section 4, we compute idempotents
in quandle rings R[T], Z[R3], Z[R4] and Z[Cs(4)], where T is any trivial quandle, R, is
a dihedral quandle and Cs(4) is the 3-element singular cyclic quandle of Joyce [18]. In
Section 5, the computation of idempotents is then used to determine the set of maximal
quandles in these quandle rings. In Section 6, we determine automorphism groups of these
quandle rings. More precisely, we prove that Aut(Z[T,]) = Z =< Z,, Aut(Z[R3]) = Aut(R3),
Aut(Z[Ry]) = (Zy X Zy) = Zr and Aut(Z[Cs(4)]) = Z,, where T, is the 2-element trivial
quandle. In Section, 7, we introduce commutator width of quandle rings and give a bound
for the commutator width of finite non-commutative quandles admitting a 2-transitive action
by their automorphism groups. We also compute the precise commutator width of quandle
rings R[T], R[R3], R[R4] and R[Cs(4)]. We conclude with Section 8 where we comment on
relation of quandle algebras with other well-known non-associative algebras like alternative
algebras, Jordan algebras and Lie algebras.
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2. Preliminaries on quandle rings

A quandle is a non-empty set Q with a binary operation (x,y) — x = y satisfying the
following axioms:

Ql: x*x=xforall x € Q,

Q2: For any x, y € Q there exists a unique z € Q such that x = z* y,

Q3: (x#y)xz=(xxz)*(y=*z) forall x,y,z € Q.

An algebraic system satisfying only axioms Q2 and Q3 is called a rack. Many interesting
examples of quandles come from groups showing deep connection with group theory.

e If G is a group, then the binary operation a * b = b~'ab turns G into the quandle
Conj(G) called the conjugation quandle of G.

e A group G with the binary operation a * b = ba~'b turns the set G into the quandle
Core(G) called the core quandle of G. In particular, if G = Z,, the cyclic group of
order n, then it is called the dihedral quandle and denoted by R,,.

e Let G be a group and ¢ € Aut(G). Then the set G with binary operation a « b =
¢(ab™")b forms a quandle Alex(G, ¢) referred as the generalized Alexander quandle
of G with respect to ¢.

A quandle Q is called trivial if x * y = x for all x,y € Q. Unlike groups, a trivial quandle
can have arbitrary number of elements. We denote the n-element trivial quandle by T, and
an arbitrary trivial quandle by T.

Notice that the axioms Q2 and Q3 are equivalent to the map Sy : QO — Q given by
Sx(y) =y *x

being an automorphism of Q for each x € Q. These automorphisms are called inner au-
tomorphisms, and the group generated by all such automorphisms is denoted by Inn(X). A
quandle is said to be connected if it admits a transitive action by its group of inner automor-
phisms. For example, dihedral quandles of odd order are connected, whereas that of even
order are disconnected. A quandle X is called involutary if S2 = idg for each x € Q. For
example, all core quandles are involutary. A quandle (resp. rack) Q is called commutative if
x#*y =y=*xforall x,y € Q. The dihedral quandle R3 is commutative and no trivial quandle
with more than one element is commutative.

A quandle Q is called latin if left multiplication by each element of Q is a bijection of Q,
that is, the map L, : Q@ — Q defined by

Lx(y) =X*y

is a bijection for each x € Q. For example, Rj is latin but no trivial quandle with more than
one element is latin. We say that Q is semi-latin if left multiplication by each element of Q
is an injection of Q. Obviously, every latin quandle is semi-latin. The converse is not true in
general; for example, the quandle Core(Z) is semi-latin but not latin. In fact, a direct check
shows that if G is an abelian group, then Core(G) is semi-latin if and only G has no 2-torsion.
Similarly, one can see that for an arbitrary group G and an automorphism ¢ € Aut(G), the
quandle Alex(G, ¢) is semi-latin if and only if ¢ is fixed-point free.

Next we recall some definitions and results from [6]. Throughout this paper, unless spec-
ified otherwise, R will be an integral domain, that is, an associative and commutative ring
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with unity and without zero-divisors. From now onwards, except the situation where there
are more than one binary operations on a set, we denote the multiplication in a quandle (resp.
rack) by (x,y) — xy.

Let O be a quandle and R[ Q] the set of all formal finite R-linear combinations of elements
of Q, that is,

R[O] := {Z aix;i|ai €R, x; € Q}.

Then R[Q] is an additive abelian group with coefficient-wise addition. Define multiplication
in R[Q] by setting

[Z aixi] [Z ﬁjxj] = Z (x,-ﬁj(x,»xj).
i J L]
Clearly, the multiplication is distributive with respect to addition from both left and right,
and R[Q] forms a ring (in fact, an R-algebra), which we call the quandle ring (or quandle
algebra) of Q with coefficients in the ring R. Since Q is non-associative, unless it is a trivial
quandle, it follows that R[Q] is a non-associative ring in general. If Q is a rack, then its rack
ring (or rack algebra) R[Q] is defined analogously.

Define the augmentation map

&:R[O] - R

by setting

Clearly, ¢ is a surjective ring homomorphism, and Az(Q) := ker(e) is a two-sided ideal of
R[Q], called the augmentation ideal of R[Q]. It is easy to see that {x —y | x,y € Q}is a
generating set for Agx(Q) as an R-module. Further, if xy € Q is a fixed element, then the set
{x—x0 | x € Q\ {xo}} is a basis for Ag(Q) as an R-module. For convenience, we denote
Az(Q) by AQ).

Since R[Q] is a ring without unity, it is desirable to embed it into a ring with unity. The
ring

R°[Q] := R[Q] ® Re,

where e is a symbol (not in Q) satisfying e( Y; a;x;) = X; aix; = (X; aix;)e, is called the
extended quandle ring of Q. For convenience, we denote the unity le of R°[Q] by e. We can
extend the augmentation map to € : R°[Q] — R and define the extended augmentation ideal
as

Ap-(Q) := ker(e : R°[Q] = R).

As before, it is easy to see that the set {x — e | x € O} is a basis for Ag-(Q) as an R-module.
We conclude the section by recalling a result that characterises trivial quandles in terms
of their augmentation ideals [6, Theorem 3.5].
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Theorem 2.1. A quandle Q is trivial if and only if AIZQ(Q) = {0}.

3. zero-divisors in quandle rings

Recall that a non-zero element u of a ring is called a zero-divisor if there exists a non-
zero element v such that either uv = 0 or vu = 0. Every non-zero nilpotent element of an
associative ring is a zero-divisor. Determining whether group rings of torsion-free groups
over fields have zero-divisors is a classical and still open problem in the theory of group
rings. In this section, we investigate the analogous problem for quandle rings.

Let R be an integral domain. It is easy to see that if T is a trivial quandle with more than
one element, then R[T] contains zero-divisors. If G is a group with an element g of finite
order, say n > 1, then the element

Ggi=l4g+---+g!

of the integral group ring Z[G] satisfies g(1 — g) = 0, and hence Z[G] has a zero-divisor.
By analogy, it has been proved in [16, Proposition 4.1] that, if a quandle Q has a finite orbit
(under the action of Inn(Q)) with more than one element, then R[Q] has zero-divisors.

We first formulate some sufficient conditions under which a quandle ring contains zero-
divisors. We say that a quandle Q containing more than one element is inert if there is a
finite subset A = {a;, ay, ..., a,} of Q and two distinct elements x,y € Q such that Ax = Ay,
where Az = {a1z, a2z, . .., a,z).

Proposition 3.1. The following hold:

(1) Any extended quandle ring R°[ Q] contains zero-divisors.

(2) If Q is a quandle containing a trivial subquandle with more than one element, then
R[ Q] contains zero-divisors.

3) If Q is an inert quandle, then the quandle ring R[Q] contains zero-divisors. In
particular, if Q contains a finite subquandle with more than one element, then the
quandle ring R[Q] contains zero-divisors.

(4) If Q is not semi-latin, then the quandle ring R Q] contains zero-divisors.

Proof. If e is the unit in R°[Q] and x € Q, then

2

xe—-x)=x—-x"=x—-x=0.

Thus, x and e — x are zero-divisors, which proves (1).
For (2), let T = {xy, x,} be a trivial subquandle in Q. Taking u = x; — x, € R[Q] gives
u = (x1 — x2)(x1 — x2) = 0.

For (3), let x and y be two distinct elements in Q and A = {ay,as,...,a,} such that
Ax = Ay. Then

(ag+ay+--+a,)(x—y)=0.

If O contains a finite subquandle A, then we can take x and y to be two distinct elements of

For (4), suppose that for some x € Q there exist distinct y, z € Q such that L,(y) = L(2).
Then we have



616 V.G. Barpakov, 1.B.S. Passt aNp M. SiNnGH

x(y —z) = Ly(y) — Li(z) = 0.

O

If R is an integral domain, then it is obvious that the quandle ring R[7;] of the one element
quandle 7 does not have zero-divisors. The following question has been raised in [16,
Question 4.3].

QuesTion 3.2. Are there other quandles Q for which R[Q] does not have zero-divisors?

We introduce a class of quandles whose quandle rings do not have zero-divisors. As in
case of groups (see, for example, [27, Chapter 13]), a quandle Q is said to be a up-quandle
(unique product quandle) if given any two non-empty finite subsets A and B of Q, there is at
least one element x € Q that has a unique representation of the form x = ab for some a € A
and b € B. A quandle Q is said to be a tup-quandle (two unique product quandle) if given
any two non-empty finite subsets A and B of Q with |A| + |B| > 2, there exists at least two
distinct elements x,y € Q that have unique representations of the form x = ab and y = cd,
where a,c € A and b,d € B. It is clear that every t.u.p-quandle is a up-quandle.

The following observation is an analogue of the corresponding result for groups [27,
Chapter 13, Lemma 1.9].

Proposition 3.3. If Q is a up-quandle, then R[Q] has no zero-divisors.

Proof. Let u and v be non-zero elements of R[Q] and write

n m
U= Zam, v= Z,Bjy,-,
i=1 j=1

where «;, 8; are non-zero elements of R and A = {x;} and B = {y;} are non-empty subsets of
Q. Then

u = Z @i Xy,
i

where each ;8; # 0 since R has no zero-divisors. Since Q is a up-quandle, there exists a
uniquely represented element in the product AB, say z = xjy;. It then follows that non-zero
summand @8 x1y; cannot be cancelled by any other term in the product uv. Thus, uv # 0
and R[Q] has no zero-divisors. O

We now consider orderable quandles to give explicit examples of up-quandles. Following
the notion of orderability of groups [27, Chapter 13], we say that a quandle Q is right
orderable if the elements of Q are linearly ordered with respect to a relation < such that
x < y implies xz < yz for all x,y,z € Q. Similarly, we say that Q is left orderable if
the elements of Q are linearly ordered with respect to a relation < such that x < y implies
zx < zy for all x,y,z € Q. A quandle is said to be bi-orderable (or simply orderable) if it is
both left and right orderable. Note that the definitions make sense for racks as well.

A right orderable group G must also be left orderable and vice-versa, but not under the
same ordering. Indeed, if < is a right ordering for G, then it is easy to see that <’ defined
by x <’ y if and only if y~' < x7! yields a left ordering (see [27, Chapter 13]). However,
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the case of quandles is not the same. For example, a trivial quandle can be right orderable
but not left orderable. Indeed, if T = {xy, x5, ...} is a trivial quandle, then it is clear that the
linear order x; < x; < --- is preserved under multiplication on the right, but is not preserved
under multiplication on the left.

The following result gives examples of some left and right orderable quandles arising
from groups.

Proposition 3.4. The following hold for an orderable group G:

(1) Conj(G) is a right orderable quandle.

(2) Core(G) is a left orderable quandle.

3) If ¢ € Aut(G) is an order reversing automorphism, then Alex(G, ¢) is a left order-
able quandle.

Proof. Let G be an ordered group with order < and x, y, z € G such that x < y. Then

1

- -1
X*¥7=27 XZ<Z Yyz=y=*z

implies that Conj(G) is a right orderable quandle, and

1 1

z*x:xz_x<yz_x<yz_1y=z*y

implies that Core(G) is a left orderable quandle. This proves (1) and (2).
For (3), ordering of G and ¢ being order reversing implies that #(x)"" < ¢p(y)~'. This
gives

zxx = ¢(exHx = P x < dP(x Ny < pDy Dy =z * y,
which proves that Alex(G, ¢) is left orderable. |

We recall the construction of the free quandle on a given set ([17, p.351], [22]). Let S be
a set and F(S) the free group on S. Define

FR(S) :={a" | a € S,w e F(S)}
with the operation given as
at x bt = awu_lbu‘

A direct check shows that FR(S) is a free rack on S. The free quandle FQ(S) on S is then
defined as a quotient of FR(S) modulo the equivalence relation generated by

aw — aaw

fora € S and w € F(S). It is easy to see that FQ(S) is the desired free quandle satisfying the
universal property. If [S| = n, we denote FQO(S) by FQ,. With this definition, we have the
following result.

Theorem 3.5. Free quandles are right orderable and semi-latin.

Proof. It is known that the free group F,, = {x1, x2, ..., x,) is orderable [33, 13]. Conse-
quently, Conj(F,) is right orderable by Proposition 3.4, and hence the free quandle FQ, is
right orderable being a subquandle of Conj(F),).

Let us prove that F'Q, is semi-latin. If n = 1, then FQ, is the one-element trivial quandle
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and assertion is evident. Suppose that n > 1 and there are elements x,y,z € FQ, such that
x # y and z * x = z * y. Using the interpretation of elements of FQ, as elements in F,, we
can assume that

z=x", x=x7, y=x", 20.%.Y0 € Fu,

i 2
where a” := b~'ab. The identity z * x = z * y gives the equality

-1 -1
20Xy XjXo _20Yy XkYo
i =X

in the free group F,,, which is equivalent to

-1 11, -1
20Xy XjXoYy X Yoy _

) = Xj.
l

But it is possible in F, if and only if
(3.0.1) zoxalxjxoyalx;1y0151 = x7

for some integer @. Take the quotient of F,, by its commutator subgroup, the previous equal-
ity gives

XjxX =%

where Xj, X, X; are the generators of the free abelian group F,/F,. Hence, j = k and a = 0.
Thus, (3.0.1) has the form

-1 S |
20X XjXoYy X; Yozy = 1.
Conjugating both sides by zo gives
X xjxoyy X7 yo = 1,
or
-1 -1
[-xj ,yoxo ]= 1’

where [a,b] = a~'b~'ab. This equality holds if and only if YoX, I = xf for some integer f3,
ie. yo = x?xo. Hence, the elements z, x, y have the form

20

— X0
Z_-xl‘, )

Xx=x0, y=x
j’y J

i.e. x = y. This contradiction proves that F'Q, is a semi-latin quandle. O

It is interesting to have an answer to the following question.
QuesTioN 3.6. Does there exists an infinite non-commutative bi-orderable quandle?

It is easy to see that a right or left orderable group must be infinite. But, this is not
true for quandles since any finite trivial quandle is right orderable. However, the following
properties hold.

Proposition 3.7. Let Q be a quandle. Then the following hold:
(1) If Q is right orderable, then the {S,)-orbit of x is infinite for all x,y € Q with
S,(x) # x.
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(2) If Q is left orderable, then it is semi-latin and the set {LZ(x)}nzo,l
x #y € Q, where

is infinite for

yeun

0p v _ il i _
L)(x)=x, L (x) =y*(L,(x), i=0,1,....

Proof. If x < §,(x) and the (S,)-orbit of x is finite, then right orderability of Q implies
that

X< Sy(x) < SHx) < - < Sp(x) = x

for some integer n, which is a contradiction. Similarly, the assertion follows if S, (x) < x.

Suppose that there are elements x,y,z € Q withy # z,say y < z, such that x x y = x * z.
This is a contradiction to left orderability of O, and hence Q must be semi-latin. Further, if
x # y are two elements of Q such that x = L,(x), then x * x = y * x, which contradicts the
second quandle axiom. Hence, x < L,(x) or L,(x) < x. Suppose that x < L,(x). Since Q is
left orderable, we have

X<Lx)<Ly(x) < <Lpx)<---,

and hence {L.’;(x)},,:(),l is infinite. The case L,(x) < x is similar. O

yeee

Corollary 3.8. If G is a non-trivial group, then Conj(G) is not left orderable and Core(G)
is not right orderable.

Proof. Since Conj(G) is not semi-latin and Core(G) is involutary, the assertions follow
from Proposition 3.7. |
If ¢ € Aut(G) is an involution, then Alex(G, ¢) is involutary and we obtain

Corollary 3.9. If G is a non-trivial group and ¢ € Aut(G) an involution, then the quandle
Alex(G, ¢) is not right orderable.

It is known that the group ring of a right orderable group has no zero-divisors [27, Chapter
13]. On the other hand, a trivial quandle with more than one element is right orderable and
its quandle ring always has zero-divisors. However, for semi-latin quandles we have the
following result, which is a quandle analogue of [27, Chapter 13, Lemma 1.7] and also
answers Question 3.2.

Proposition 3.10. Let Q be a semi-latin quandle. If Q is right or left orderable, then Q
is a tu.p-quandle. In fact, if A and B are non-empty finite subsets of Q, then there exist
b',b" € B such that the product a,,,,b" and a,,;,b"” are uniquely represented in AB, where
Qnax denotes the largest element in A and a;, the smallest.

Proof. Suppose that Q is a semi-latin and right orderable quandle. Let
A=Aapn=a1 <ay <--- < ay =apax}, 1 =2,
and
B={b<by<---<b,}

be two finite subsets of Q. We write the elements of the product AB in the tabular form
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a1b1 < azbl < e < anbl,
a1b2 < a2b2 < e < anbz,
albm < a2bm < e < anbma

where the inequalities in the rows follow from the right ordering of Q. Since Q is semi-latin,
it follows that all the entries in each column are distinct.

Let b; € B be the element such that a;b; is the minimal element in the first column. Let us
prove that we can take b”" = b;, i.e. ani,b"”’ = a,b; is uniquely represented in AB. It suffices
to prove that a,b; < aib; for any pair (k, ) # (1,i). If kK = 1, then the inequality a;b; < aby,
[ # i, follows from the choice of b;. If k > 1, then a,b; < a,b; and the inequalities in the [-th
row imply that a1b; < ab.

Let b; € B be the element such that a,b; is the maximal element in the last column. We
prove that one can take b" = bj, that is, axb; < a,b; for each (k,[) # (n, j). If k = n, then the
inequality follows from the choice of b;. If k < n, then inequalities in the /-th row gives

axb; < a,b; < ayb;.

Hence, the product a,,..b" = a,b; is uniquely represented in AB. The case when Q is left
orderable is similar. O

Propositions 3.3 and 3.10 together yield the following result.

Theorem 3.11. Let Q be a semi-latin quandle. If Q is right or left orderable, then R[Q]
has no zero-divisors.

Theorem 3.5 and Theorem 3.11 leads to the following result.
Corollary 3.12. Quandle rings of free quandles have no zero-divisors.

As a consequence of Proposition 3.4, Proposition 3.7(2) and Theorem 3.11, we have the
following results.

Corollary 3.13. If G is an orderable group, then the quandle ring R[Core(G)] has no
zero-divisors.

Corollary 3.14. If G is an orderable group and ¢ € Aut(G) an order reversing automor-
phism, then the quandle ring R[Alex(G, ¢)] has no zero-divisors.

Proposition 3.1 and Theorem 3.11 suggest the following analogue of Kaplansky’s zero-
divisor conjecture for quandles.

ConJecTURE 3.15. Let R be an integral domain and Q a non-inert semi-latin quandle. Then
the quandle ring R[Q] has no zero-divisors.

It is known that all link groups are left orderable [10], whereas not all knot groups are
bi-orderable [28]. For example, the group of the figure-eight knot is bi-orderable and the
group of a non-trivial cable of an arbitrary knot is not bi-orderable. Since knot quandles are
deeply related to knot groups, the following problem seems interesting.

Problem 3.16. Determine which link quandles are left, right or bi-orderable.
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4. Idempotents in quandle rings

The computation of idempotents is an important problem in ring theory. The study of
idempotents in quandle rings is also motivated by the search for new quandles contained in
quandle rings. To compute the set /(R[Q]) of non-zero idempotents in a given quandle ring
R[Q], we begin with some general observations. First notice that each quandle element is,
by definition, an idempotent in its quandle ring and we refer to them as trivial idempotents.

It is well-known that integral group rings do not have non-trivial idempotents (see [20,
p. 123] or [27, p. 38]). In sharp contrast, in extended quandle rings, the identity element is
trivially an idempotent, and therefore the elements e — x, with x € Q, are idempotents too.

Since the augmentation map € : R[Q] — R is a ring homomorphism, it maps idempotent
in R[Q] to idempotents in R. Since R is an integral domain, &(z) = 0 or &(z) = 1 for each
idempotent z of R[Q]. In the first case z € Ag(Q), and in the second case z = x + ¢ for some
x € X and 6 € Ag(Q).

Proposition 4.1. If T is a trivial quandle, then I(R[T]) = xo + Ag(T), where xo € T is a
fixed element.

Proof. Since T is trivial, by Theorem 2.1, Ai(T) = 0. It follows that non-zero idempotents
do not lie in Agx(T). Hence, a non-zero idempotent has the form z = x¢ + 6, where 6 € Ag(T)
and x¢ € T some fixed element. Indeed,

Z2:X(2)+X()(5+6X0+52=X0+5=Z

since x5 = xo, x06 = 6> = 0 and xg = . o

Observe that, if a quandle Q = Q; U O, is a disjoint union of two subquandles, then
(4.0.2) I(R[QD) 2 I(R[Q1]) U I(R[Q2]).
The inclusion is, in general, not an equality, as we see from the following result.
Proposition 4.2. Let Cs(4) be the 3-element singular cyclic quandle given by
CsA) ={(x,yz| X =x, Y =y, 2 =2 XY=X, XZ=y, yx =y, Yz = X, 2X = 2, 7Y = 2).
Then I(Z[Cs()]) = {(1 = B)x + By, ax+ay + (1 —2a)z | B, a € Z}.

Proof. The quandle Cs(4) is a disjoint union of two trivial subquandles, i.e. Cs(4) =
{x,y} U {z}. fw = ax+ By + yz € Z[Cs(4)], then

w? = (@ + B +By)x + (@B + B> +ayy + (ay + By + 1)z
Thus, w is an idempotent if and only if the system of equations

a2+cx,8+ﬁy,
B = B +af+ay,
y = Y +ay+py,

a

is simultaneously solvable over integers. Suppose that y = 0. Then we have the equations

a=a’+aB, B=p+ap.
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Ifa =0,thenS =0o0rpg = 1. In the first case w = 0, and in the second case w = y. If & # 0,
then @ = 1 — 8 and we have idempotents

w=(1-B)x+py, Be.

These are idempotents of the quandle ring Z[{x, y}].
Suppose further that y # 0. Then the third equation of the system gives y = 1 —a - 8.
Substituting this expression in the first and the second equations gives

(@ =p)a+p)=(a-p).

If @ — 8 # 0, then we have the same idempotent as in the previous case. If @ — 8 = 0, then
we have idempotents

w=ax+ay+ (1l -2a)z, v € Z.
Thus, we have

IZ[Cs®))) = {0 = B)x+ By, ax+ay + (1 = 2a)z | B, @ € Z}.

O
The preceding example shows that
IZ[Cs(B)]) # I(Z[{x, y}]) VU I(Z[{z}]),
and hence the inclusion in (4.0.2) is, in general, strict.
LetR, = {ao, a1, ...,a,-1} be the dihedral quandle of order n, where a; * a; = azj-i gmod n)-

We examine idempotents in Z[R,] for 1 < n < 4. Note that R; and R, are trivial quandles.
Proposition 4.3. I(Z[R3]) = {ay, a1, az}.
Proof. Let z = apap + @1a; + aza; € Z[Rs] be an idempotent. Then &(z) = 0 or e(z) = 1.

Case 1. e(z) = 0, 1.e. ap = —a1 — @». Then z = aje; + arey, Where ¢; = a; — ag. The
elements e; and e, generate A(R3) and have the following multiplication table.

([ o [ =

(4] ey — 262 —€1 — €

e || —ep—ey | —2e1 + e

Thus,
2 = (@? = 21y — 202)e; + (@3 - 2a1a5 — 207)es.
The equality z> = z leads to the equations
) = a/% - 2a1ay — 2&%, ay = a% - 2a1an — 20/%.
Subtracting the second equation from the first yields
@) —az = 3(a) — m)(a) + ).

It is not difficult to see that in this case the system of equations has only zero solution a; = 0
fori=0,1,2.
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Case 2. &(z) = 1. In this case g = 1 — @] — a,. Then z = ay + a1e; + aze; and we get
2_ 2 2 2 2 2
T =ay+ Qay + a7 - 2a1an - 2a3)e; + Loy + @; — 2010 — 2a7)esr.
From z? = z, we obtain the equations

_ 2 2 _ 2 2
a1 —2ar = ] = 20102 - 205, ar - 201 = a; - 2012 — 2a].

Subtracting the second from the first gives

a; —ay = () — a)(a) + a).

If @1 = a», then the system is equivalent to the equation a; = Sa/f, which has only zero
solution (a, @) = (0,0). Thus, ag = 1, and hence z = ay in this case. If a; # a,, then the
system has solutions (e, @>) = (1,0) or (0, 1). In this case @y = 0, and hence z = a; or a,.

m}

Since Ry is disconnected and is disjoint union of its two trivial subquandles {a, a,} and
{ay,as}, we obtain
I(Z[R4]) 2 I(Z{ao, a2}]) VU I(Z[{a1, as}]).
In fact, we have equality in this case.
Proposition 4.4. I(Z[Ry]) = {(ao+a(ay—ao))+(1-0)(ar+B(az—ar)) | € {0, 1}, a. B € Z.

Proof. If z = apap + @1a) + arar + azas € Z[R4], then a straightforward computation
gives

2= (a'é + apar + arap + aras)ag + (a/% + apasz + @ a3 + ara3)a;
+(a/§ + apa + apas + @pasz)as + (a% + apa; + a1 + aja3)as.

The equality z* = z holds if and only if the following system of equations

ay = CX(Z) + oy + a1y + 3,
a; = CZ% + oz + 13 + ara3,
ary = CZ% + qo| + @y + o3,
a3 = CZ%-I—CL’()CL’l +aiay + a3,

has integral solutions. We use the observation from the beginning of this section and con-
sider two cases:

Case 1. e(z) = 0, i.e. z € A(Ry4). In this case
z = ae; + Be; + yes for some , B,y € Z,
where e; = a; — ap, i = 1,2, 3. Using the multiplication table below, we obtain

= (cx2 — yz)el — (cy2 + 2af + 2ay + 2By + yz)ez + (—a2 + ’)/2)63.



624 V.G. Barpakov, 1.B.S. Passt aNp M. SiNnGH

e el o

(] €] —é) —é€3 0 €] —é) —é€3

2 —2e; 0 —2e;

e3 || —ep —exte3 0| —e —er+ e3

The element z is an idempotent if and only if

@ = o - 72,
B = —(&® +2aB+ 2y + 2By +¥7),
vy o= -’ + 72.

Adding the first and third equations gives @ + y = 0, i.e. ¥ = —a. Then it follows from the
system of equations that @ = 8 = ¥ = 0. Thus, A(R4) does not have non-zero idempotents.

Case 2. &(z) = 1,1i.e. z=ag + 6, where 6 € A(R4) and
0 = ae| + ey + yes for some a, B,y € Z.

We have 72 = ay+dag +apd +62. Since A(Ry) is a two-sided ideal, we have dag, apd € A(Ry).
Using the formulas

elay = e3, exap = ez, e3ap = ey, ape = ez, apey = 0, apez = ey,
we obtain
oag = aes + Pey + yey, apd = aey + yes.
Using the expression for 6> from Case 1 gives
2 _ 2 2 2 2 2 2
F=ap+(y+a —y)e+B+ra+y—a —y —2ay-2af-2By)er + (@ —a” +y)es.

Now z is an idempotent if and only if the system of equations

a = y+af -y
0 = a+y-a’-—y*-2eB8-2ay-2By,
y = a-d+y,

has integral solutions. The first equation has the form

(@=y) =(@=ya+y).

Suppose that @ = 7y, then the second equation has the form 0 = a(1 — 2a - 28). If @ = 0,
then for arbitrary 8 we have the idempotent z = ap + S(a, — ap). If @ # 0, then the second
equation does not have solutions.

Suppose that @ # 7y, then v = 1 — « and the second equation gives 8 = 0. Hence, for
arbitrary @ we have the idempotent z = a3 + a(a; — a3). O

RemARk 4.5. Note that T3, R3 and Cs(4) are, up to isomorphism, all the quandles of order
3, which we have considered in this section. Since the number of quandles grow rapidly
with order (see [16, Table 1]), for example, there are 7 quandles of order 4 and 22 quandles
of order 5, computation of idempotents seems, in general, a challenging problem. Further,
Proposition 4.3 deals with a connected quandle whereas Propositions 4.1 and 4.4 consider
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disconnected quandles. This makes us suspect that probably connected quandles have only
trivial idempotents.

5. Maximal quandles in quandle rings

Recall that mq(R[Q]) denotes the set of non-zero maximal quandles in the quandle ring
R[Q]. Obviously, {0} is a trivial quandle in R[Q], called the zero quandle. Further, if some
quandle X in R[Q] contains {0}, then X = {0}. We begin by determining maximal quandles
in the quandle ring R[T].

Proposition 5.1. mq(R[T]) = {{xo + Ar(T)}}, where xo € T is a fixed element.

Proof. By Proposition 4.1, xo + Ag(T) is the complete set of idempotents of R[T]. It
remains to prove the quandle axioms Q2 and Q3. Taking z = xp + d and w = xg + ¢’, where
0,0 € A(T,), we see that

Zw=(X0+5)(X()+6,)=X()+5X0+X0(S,+(55,=X0+5=Z.

Thus, the two axioms hold, and xy + Ag(T) is, in fact, a trivial quandle. O

As a direct consequence of Proposition 4.3, we obtain

Proposition 5.2. mq(Z[R3]) = {R3}.

Regarding R4, which is disconnected, we prove the following.

Theorem 5.3. The quandle ring Z[R4] contains a unique maximal quandle, namely,
M = {t(ay + alay — ap)) + (1 = H)(ar + Blaz = a)) | 1 €10, 1}, o € Z.

Proof. By Proposition 4.4, M is the complete set of idempotents in Z[R4]. Therefore any
quandle in Z[R4] must be contained in M. Thus, to prove the theorem, we need to show that
M is itself a quandle. We write M = M| U M,, where

M, {ap + aa, — ap) | @ € Z},
M, = f{ai+p(az—a1)|p €L}

A direct check shows that each M; is a trivial quandle. Further, for u = ag + a(a, — ap) € M;
and v = a; + B(az — a;) € M,, we have

uv = (ag + ala — ap))ay + Paz —ay)) = ap + (1 — a)(az — ap) € M,
and
vu = (a1 + Bas — ar))(ap + alaz — ap)) = a; + (1 = B)(az — a1) € M>.

Thus, M is closed under multiplication. The proof would be complete once we show that the
map S, : M — M given by S,(w) = wu is an automorphism of M for each u € M. Suppose
that u € M;. Then S|y, is the identity automorphism of M. If w = a; + (a3 — a;) € M,
then

Su(w) = ay + (1 = pB)az — ay).
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Thus, S,|u, is the automorphism of M, that is induced by the automorphism of the subquan-
dle {a;, a3} permuting the elements, and hence §, is an automorphism of M.

Now suppose that u € M,. A direct check shows that S|y, is the identity automorphism.
If w=ay + ala, — ag) € M;, then

Su(w) = ap + (1 — a)(az — ap).

Thus, S,|u, is the automorphism of M, induced by the automorphism of the quandle {ag, a»}
permuting the elements, and S, is an automorphism of M in this case as well. |

Theorem 5.4. mq(Z[Cs(4)]) = {Ny, N,}, where
Ni =1z, 1 =B)x+py|B e Z}
and
Ny ={ax+ay+ (1 -2a)z|acZ}.

Proof. Note that Ny and N, are subsets of /(Z[Cs(4)]) which, by Proposition 4.2, is the
complete set of idempotents in Z[Cs(4)]. A direct check shows that both N, and the set
{(1 = B)x + By | B € Z} are trivial quandles. Further,

(1 =Px+py) =z

and

(I =pB)x +By)z = px+ (1 =pBy.

Thus, the map S, : N — N; act by permuting the elements x, y and fixing the element z,
which shows that N; is also a quandle. It remains to show that Ny and N, are maximal.

For each u € I(Z[Cs(4)]), consider the map S, : I(Z[Cs(4)]) — I(Z[Cs(4)]) given by
Su(w) = wu. If u = (1 — B)x + By, then a direct check shows that S, is the identity map on
I(Z[Cs(4)]). And, if u = ax + ay + (1 — 2a)z, then S|y, is the identity map. On the other
hand, for elements of the form w = (1 — 8)x + By, we have

Suw) = ((1 = B)x + By)ax + ay + (1 = 2)7) = (1 = B)x + By,

where 8/ = 1 — 8 — 2a + 4. Although it follows that S, (vw) = S,(v)S,(w) for all v,w €
I(Z[Cs(4)]), it turns out that S, is surjective if and only if # = z. In fact, given (1 —y)x + yy,
there exists (1 — 8)x + By such that S,((1 — B)x + By) = (1 —y)x + yy if and only if 8 =
(y + 2a — 1)/(4a — 1). This equation admits an integral solution for each v if and only if
a = 0. Thus, N, and N, are the only two maximal quandles in Z[Cs(4)]. O

Theorem 5.5. mq(Zz[R3]) = {{a() +a; + az}, R3, {ao +aj,ag +az,a; + az}},
where Ry = {ay + a1, a0 + az,a; + ay}.

Proof. By Proposition 5.2, mq(Z[R3]) = {R3}. We use the mod 2 reduction homomor-
phism ¢; : Z[R3] — Z>[R3] to determine mq(Z,[R3]). The quandle ring Z,[R3] contains 8
elements and a direct check shows that all its elements are idempotents. Denote

Zege1,6, = €000 T €1a1 + €242, & € {0, 1},
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and set S, ¢, 5, : Z2[R3] — Z»[R3] be the right multiplication by the element z, ., .,. Then
the maps S1,0,0, So.1,0 and Sp 0,1 are automorphisms of order 2 since they are automorphisms
of R3. We now determine actions of the other maps.

The maps 10 acts by the rules:

St10(ao) = ap + az, Si,10(a1) = ax +ay, Si10(az2) = a1 +ap, Si,10(ao +ar) = ap +ai,

Si.10(ao + ax) = ay + az, Si10(ar +ax) = ag + as, Si10(ao +ay +ax) = 0.
The maps S; 0,1 acts by the rules:

S101(a0) = ap +ai, Sip1(ar) = ax +ap, Sip1(az) = ay +az, Sip1(ap +ay) = a + az,

S101(a0 + az) = ap + az, S101(a1 +az) = ap +ai, Sip,1(ap +ay +a) = 0.
The maps Sp,1,1 acts by the rules:

So,1.1(a0) = ax +ay, So1,1(ar) = ay +ao, So,1(a2) = ap + az, So1,1(ao +ay) = ap + az,

So,1,1(a0 + a2) = ap + ai, So11(ar +az) = ay + az, So,1,1(ap +ar +az) = 0.
The maps 1,1 acts by the rules:

Si1,1(a0) = ap+azx+ay, Si1,1(a1) = ap+ay+aop, Si,1,1(az2) = aj+ag+az, Si1,1(ap+a;) =0,

Siaiag+ax) =0, Sipi(ar +ax) =0, Si11(ap +ar +ax) = ap +a; + ax.

Looking at the images of these maps, we see that the only possible maximal quandles in
Zy[Ra] are {ap + a; + a»}, Rs, and {ap + a1, a0 + a», a) + a»}, where Rj is clearly isomorphic
to {ag + ay,ap + az,a; + az}. O

An immediate consequence of Theorem 5.5 and Proposition 5.2 is the following.

Corollary 5.6. The map mq(Z[R3]) — mq(Z,[R3]) induced by the mod 2 reduction ho-
momorphism Z[R3] — Z,[R3] is not surjective.

6. Automorphisms of quandle algebras

For a quandle Q denote by Aut(R[Q]) the group of R-algebra automorphisms of R[Q],
that is, ring automorphisms of R[Q] that are R-linear. It is evident that Aut(Q) < Aut(R[Q]).
Further, if Q is a finite quandle with n elements, then Aut(R[Q]) < GL,(R).

Note that any ¢ € Aut(R[Q]) is defined by its action on elements of Q. Suppose that
0 = {x1,x2,...,x,}. Then each ¢(x;) is an idempotent of R[Q] and the quandle ¢(Q) is
isomorphic to Q. Using these facts we determine the automorphism groups of quandle
algebras of some quandles of small orders.

Let T, = {x1,x2,..., x,} be the n-element trivial quandle. We know that Aut(T,) is iso-
morphic to the symmetric group %,. Since the group Aut(Z[T;]) is trivial, we assume that
n> 1. If ¢ € Aut(Z[T,]), then ¢(T,) is an n-element trivial quandle and ¢ is an isomorphism
of the Z-module Z[T,]. Since each ¢(x;) is an idempotent, by Proposition 4.1, we have
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d(x1) = x1 + a(x2 — x1) + a21(x3 — x1) + -+ + @p_1,1(X, — X1),

d(x2) = x1 + a2(x2 — x1) + a@(x3 — x1) + -+ + @po12(X, — X1),

d(x) = X1 + @1,(X2 — X1) + @2a(x3 = X1) + -+ + @1 0(X, — X1),

and the main problem is to find such integers «;; such that the matrix [¢] has determinant
+1.

For the case n = 2 we have
Theorem 6.1. Aut(Z[T,]) = Z = Z,.
Proof. For any automorphism ¢ € Aut(Z[T;]), by the preceding discussion, we have

) { x1 — (1 — @)x; + axp,
xz > (1 = B)x1 + Bxa,

for some integers a and 5. We first determine « and g for which ¢ is an automorphism of
the Z-module Z[T,]. For that to hold, if

[ 1-a 1-B
a=(120 155
then det([¢]) = S — @ must be equal to +1.
If det([¢]) = 1, then 8 —a = 1 and
l-a -«
Aa.:[(b]:( a 1+a/)'
If det([¢]) = —1, then 8 — @ = —1 and
l-a 2-a
Ba':[(]}]:( a 0/—1)'

A direct check shows that the automorphism ¢ corresponding to A,, B, preserve the ring
multiplication in Z[T,]. Thus, we have

AU(Z[T,]) = {Aq. By | @ € Z}.

It is easy to see that Ay = I is the identity matrix, and for arbitrary integers «, § the following
formulas holds

AGA[; = Aa+,8, BC,B[; = Aw_,g.

It follows from the first formula that {A, | @ € Z} is the infinite cyclic group with generator
Aj. The second formula gives Bz = Ag_1B;, and hence Aut(Z[T,]) is generated by A; and
By. The matrix B; has order 2 and it is permutation of x; and x;. Since B1A,B; = A_,, the
subgroup (A1) is normal in Aut(Z[T,]), and we have the desired result. O

Theorem 6.2. Aut(Z[Cs(4)]) = Z,.
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Proof. Let ¢ € Aut(Z[Cs(4)]). Since image of an idempotent under ¢ is an idempotent,
by Proposition 4.2, we have

{0, ¢(w), ¢} {1 = P)x +By | B € Z} Ufax + ay + (1 - 2a)z| a € Z}.

A direct check shows that the images of all the three generators cannot be of the same type,
else ¢ would not be a bijection. If

x+— (1 -a)x+ ay,
¢ yr— Bx+py+(1-2P),
z— (I =y)x+vyy,

then the relation xz = y gives 1 = 28, a contradiction. Similarly, if

xr— ax+ay+ (1 -2a)z,
¢:9 yr— (1-pB)x+ By,

z— yx+yy+ (1 = 2y)z,

then the relation yz =

x gives 1 = 2q, again a contradiction. Interchanging roles of x
and y, we see that ¢(y) and ¢(z) cannot be of the same type. Thus, only ¢(x) and ¢(y) are

idempotents of the same type. Arguments as above show that the only possibility is

x+— (1 —a)x + ay,
¢4 yr— (1 -p)x+pPy,
2 yx+yy+ (1 -2y)z

Computing det([¢]) and equating to +1 gives (1 —2y)(8—a) = £1. This implies thaty = 0, 1
and 8 = a + €, where € = 1.

If y = 0, then evaluating ¢ on the relation xz = y gives 2 = 1 — €. For € = 1, we see that
[¢] is the identity matrix. On the other hand, € = —1 gives

010
A=[¢l=1 0 0
00 1

In fact, A is induced by the quandle automorphism x — y, y — x, z — z, which obviously
preserve the ring multiplication.

Similarly, if ¥ = 1, then evaluating ¢ on the relation xz = y gives 2a = 1 — €. In this case,
€ =1 gives

1 0 1
By:=[¢]=| 0 1 1
00 -1
and € = —1 gives
01 1
B, =[¢p]=1 0
00 -1

An easy check shows that B;(x)B;(z) # B;(y) for i = 1,2 although xz = y in Z[Cs(4)]. Thus,
only A gives a desired automorphism, and hence Aut(Z[Cs(4)]) = Z,. O
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Proposition 6.3. Aut(Z[R3]) = X35 = Aut(Rj3).
Proof. If ¢ € Aut(Z[R3]), then, by Proposition 4.3,
{¢(ao), p(a1), p(ax)} = {ao, ar, az}.

Thus, ¢ is represented by a permutation matrix, which lies in X3. Conversely, a direct check
shows that any R-module automorphism ¢ represented by a permutation matrix satisfies
¢(a;aj) = ¢(a;)$(a;), and hence ¢ € Aut(Z[R3]). O

Theorem 6.4. Aut(Z[Ry]) = (Zy X Zy) = Zy.

Proof. Note that the quandle R4 = {ay, a;, a», a3} is a disjoint union of trivial subquandles
{ap, ax} and {a;, as}. Since an algebra automorphism maps idempotents to idempotents, it
follows from Proposition 4.4 that any ¢ € Aut(Z[R4]) is of the form ¢(a;) = (1 —a;)ap + @;an
or (1 — @;)a; + a;as for each i. It is clear that no three or more ¢(a;) can be of the same form
else ¢ would not be a bijection. Thus, exactly two ¢(a;) are of one form and the remaining
two of the other form. If ¢(ap) and ¢(a;) are of the same form, then evaluating ¢ on apa; = a,
gives a contradiction. Similar arguments show that ¢(ap) and ¢(a3) cannot be of the same
form. Thus, we must have

ap — (1 — @)ag + aas,
a; — (1 = B)a; + Bas,

b ay > (1 =y)ag + yas,
az +— (1 = 8)a; + das,
or
ap — (1 — @)a; + aas,
gl (1 = Bag + Baz,

a — (1 —ya; + yas,
az +— (1 = 8)ay + das,

for some integers @, f,y,6. One can check that the second automorphism can be obtained
by composing the first with 7, where 7 is the algebra automorphism induced by the quandle
automorphism of R4 given by

dog — ay,
ay — daop,
a, — as,
as — dj.

Thus, it is enough to consider ¢ to be of first type. If we write
l-a O 1-y O
0 1-5 0 1-96
a 0 vy 0o
0 B 0 )

o] =

then det([¢]) = =1 implies that (y — a)(0 — ) = +1. Thus, we can write y = « + ¢ and
0 =B+ €, where ¢ = 1.
Applying ¢ on the identity apa; = a, gives 1 — ¢, = 2a. Thus, ¢ = 1 yields @ = 0
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and y = 1, whereas €, = —1 yields @ = 1 and y = 0. Similarly, applying ¢ on the identity

ajag = as gives 1 — o = 28. In this case, & = 1 gives § = 0 and 6 = 1, whereas ¢, = —1
gives =1 and ¢ = 0. Thus, we obtain four matrices {I, A, B, AB}, where
1 00 O
00 0 1
A= 0010
0100
and
0010
01 00
B= 1 000
00 0 1

A direct check shows that all the four Z-module automorphisms corresponding to these
matrices preserve the ring multiplication in Z[Ry4]. Further, A? = B2 = I, AB = BA and
[7]A[r] = B, where [7] is the matrix of 7. Thus, Aut(Z[R4]) = ((A) X (B)) = ([7]) =
(Zz X Zn) = Zp. O

Problem 6.5. Compute automorphism groups of integral quandle rings of all trivial,
dihedral and free quandles.

7. Commutator width in quandle algebras

Let QO be a quandle and R a commutative and associative ring with unity. Define the
commutator of elements u,v € R[Q] as the element

[u,v] = uv — vu.

Then the commutator subalgebra R[Q]" of R[Q] is the R-algebra generated by the set of
all commutators in R[Q]. If QO is a commutative quandle, then the commutator subalgebra
R[Q] = {0}. Since &([u, v]) = 0 for each commutator [u«, v] € R[Q]’, we obtain

Lemma 7.1. R[Q] < Ar(Q).

The equality in the preceding lemma does not hold in general. For example, the dihedral
quandle Rj is commutative, and hence Z[R3]" = 0. On the other hand, A(R3) = (e}, e2) # 0.

We define the commutator length cl(u) of an element u € R[Q]’ as

n
cl(u) = min {n u= Z a;lu;,v;], where a; € R, u;,v; € R[Q]}.
i=1

The commutator width cw(R[Q]) is defined as
ew(R[Q)) = sup{cl(u) | u € RIQT'}.

In the remainder of this section, we compute the commutator width of a few quandle
rings. We remark that the analogous problem of computation of commutator width of free
Lie rings [3], free metabelian Lie algebras [29] and absolutely free and free solvable Lie
rings of finite rank [30] has been considered in the literature.
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It follows from the definition of commutator width that a quandle Q is commutative if
and only if cw(R[Q]) = 0. Consequently, we have cw(R[R3]) = 0.

We say that a quandle Q is strongly non-commutative if for every pair of distinct elements
X,y € Q there exist elements a, b € Q such thatab = x and ba = y. Obviously, every strongly
non-commutative quandle is non-commutative.

Theorem 7.2. Let Q be a strongly non-commutative quandle or a non-commutative quan-
dle admitting a 2-transitive action by Aut(Q). Then the following hold:

(1) RIQY = Ar(Q).
(2) If Q has order n, then 1 < cw(R[Q]) <n - 1.

Proof. In view of Lemma 7.1, we only need to show that Agx(Q) < R[Q]’. Since Ag(Q) is
generated as an R-module by elements of the form x—y, where x, y € Q are distinct elements,
it suffices to show that each such element is a commutator. Suppose first that Q is strongly
non-commutative. Let x,y € Q be two distinct elements. Then, by definition of a strongly
non-commutative quandle, there exist a,b € Q such that x —y = ab — ba = [a,b] € R[Q]".
Now, suppose that Q is non-commutative. Then, there exist elements c¢,d € Q such that
cd # dc. By 2-transitivity of Aut(Q) action on Q, there exists ¢ € Aut(Q) such that ¢(cd) = x
and ¢(dc) = y. This gives x —y = ¢(cd) — ¢(dc) = [¢(c), ¢(d)] € R[Q]’, which proves
assertion (1).

Let Q = {xo,x1,...,X,—1}. Since R[Q] = Ag(Q) by (1), any u € R[Q]’ is of the form
u= ?:_11 (x; — x0), where each (x; — xp) is a commutator as shown in the proof of (1). Since
Q is non-commutative we obtain 1 < cw(R[Q]) <n - 1. m]

Corollary 7.3. Let G be an elementary abelian p-group with p > 3 and ¢ € Aut(G) act
as multiplication by a non-trivial unit of Z,,. Then 1 < cw (R[Alex(G, ¢)]) < |G| - 1.

Proof. The quandle Alex(G, ¢) is non-commutative for p > 3 and admit a 2-transitive
action by Aut(Q) [4, Theorem 6.4]. O

We remark that a complete description of finite 2-transitive quandles has been given in
a recent work of Bonatto [9] by extending results of Vendramin [32]. The following result
shows that the bounds in Theorem 7.2 are not sharp.

Theorem 7.4. The following statements hold:
(1) If T is a trivial quandle, then cw(R[T]) = 1.
(2) cw(R[Ry]) = 1.
3) cw(R[Cs@D)]) = 1.
Proof. By Theorem 7.2, R[T]" = Ag(T), and hence any element of R[T] has the form
u =", aix;—xp). Taking v = (1 = X%, @)xo + X1, @;x; and w = xp, we see that

[v,w] = ww—wv

e(w)v — e(v)w

n n
(1- Z ;)Xo + Z aiX; — Xo
i=1 i=1
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n
= Z a;(x; — xo) = u,
i=1

and hence cw(R[T]) = 1, which proves (1).

By Lemma 7.1, R[R4]" < Ar(Ry4). We know that Ag(R,) is generated by {ey, e>, e3}, where
e; = a; —ap fori =1,2,3. Let us find the commutators of the generators. One can check
that the elements

e = laz, az], ex = [az,a0l, e3 = —[az, a1],
lie in R[R4]’, i.e. R[R4]" = Ar(R4). We write an element w = ae; + Bey + yes € Ag(Ry) as
w = [az, Bag — ya; — aas].

Thus, any element w € R[R4]" is a commutator, and hence cw(R[R4]) = 1, which proves (2).
The augmentation ideal Ag(Cs(4)) is generated by e; = y — x and e, = z — x. Further,

multiplication rules in Cs(4) show that ¢; = yx — xy and e, = zy — yz, and hence R[Cs(4)]" =

Ar(Cs(4)). Let w = yie; + yres € Ag(Cs(4)), where y; € R. A direct check gives

elx=ej, exx = e, xe; =0, xep = ey.
Now taking u = x + (y; + ¥2)e1 + y2e2 and v = x, we see that
[u,v] = uv —vu = w,
and hence cw(R[Cs(4)]) = 1, which establishes assertion (3). m|
Problem 7.5. Compute commutator width of quandle algebras of dihedral and free quan-
dles.

8. Relation of quandle algebras with other algebras

A group algebra is associative and for studying it we can use methods of associative
algebras. But the quandle algebras are not associative for non-trivial quandles. On the other
hand, some classes of non associative algebras, for instance, alternative algebras, Jordan
algebras and Lie algebras, are well studied. Thus, it is interesting to know whether quandle
algebras belong to these classes of algebras. We conclude the paper by commenting on this
aspect here.

We recall some definitions (see, for example [34]). Let A be an algebra over a commuta-
tive and associative ring R with unity. Then A is called an alternative algebra if

a*b = a(ab) and ab® = (ab)b for all a, b € A;
A is called a Jordan algebra if it commutative and
(a*b)a = a*(ba) for all a, b € A;
A is called a Lie algebra if
a* = 0 and (ab)c + (bc)a + (ca)b = 0 for all a, b, ¢ € A;

A is called power-associative if every element of A generates an associative subalgebra of A
[1], and A is called an elastic algebra if
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(xy)x = x(yx) for all x,y € A.

For example, any commutative or associative algebra is elastic. In particular quandle alge-
bras of trivial quandles are elastic being associative. It was proved in [6, Proposition 7.3]
that quandle algebras of dihedral quandles are not power-associative over rings of character-
istic other than 2. The result was generalised to quandle algebras of all non-trivial quandles
over rings of characteristic other than 2 and 3 [16, Theorem 3.4].

Proposition 8.1. Let QO be a non-trivial quandle. If R is a ring of characteristic other
than 2 and 3, then R[Q] cannot be an alternative, an elastic or a Jordan algebra.

Proof. By [16, Theorem 3.4], the quandle algebra R(Q) is not power-associative. On the
other hand, any Jordan algebra is power-associative [34, Chapter 2], and by Artin’s theorem
any alternative algebra is also power-associative [34, Chapter 2]. Further, if R[Q] is elastic,
then (xx)x = x(xx) and (xx)(xx) = ((xx)x)x for all x € R[Q], and hence R[Q] is power-
associative. m]

Remark 8.2. If Q is a quandle, then the third quandle axiom implies that (xy)x = x(yx)
for all x,y € Q. Thus, all quandles satisfy the elasticity condition which, by Proposition 8.1,
is in contrast to their quandle algebras.

There are two natural constructions on any algebra A = (A;+,:). Define an algebra
A = (A; +, o) with multiplication

Xoy=xy—yx.

If A is an associative algebra, then A is a Lie algebra. If R contains 1/2, then we define
A™ = (A; +,®) with multiplication given by

1
X0y = 5()6]/ + yx).

If A is an associative algebra, then A is a Jordan algebra. We conclude with the following
result.

Theorem 8.3. Let T = {x1,x2,...} be a trivial quandle with more than one element,
A = R[T], L = A©) the corresponding Lie algebra and J = A the corresponding Jordan
algebra. If L* is the subalgebra of L generated by products of k elements of L, then the
following hold:

(1) L? = L? and this algebra has a basis
{x1 — x2, % — x3,...}.

In particular, if T = T, contains n elements, then L has rank n — 1.
(2) (L*)?* =0, i.e. L is a metabelian algebra.
3) J>=J.

Proof. The algebra L? is generated by the products x; o x j = X; — xj, i < j. Denote
e; = X; — X;41 and show that any product x; o x; is a linear combination of ¢;. Indeed, if
Jj =i+ 1, then this product is e;. If j —i > 1, then
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x,-—sze,-+e,~+1 +"'+€j_1.

On the other hand, it is easy to see that elements ey, ey, ... are linearly independent. To
determine L3, we compute the products

€0 X; = ¢,

xjoe,- = —¢€;.

Hence, L> C L* and assertion (1) follows.
The algebra (L?)* is generated by the products ¢; o e;. Straightforward computation gives

eioej=eej—eje; = (X; = Xip1)(Xj — Xjr1) = (X = X)X — xi41) = 0,

which is assertion (2).
For (3), since

1 1
X Qxj = E(Xixj +Xjx;) = E(Xi +.x)),

it follows that J* contains elements x; = x; © x;, and hence J* = J. m]

AckNOWLEDGEMENTS. Bardakov is supported by the Ministry of Science and Higher Edu-
cation of Russia (agreement No. 075-02-2021-1392). Passi is thankful to Ashoka University,
Sonipat, for making their facilities available. Singh acknowledges support from the grants
DST/SIF/MSA-02/2018-19 and and SB/SJF/2019-20/04.

References

[1] A.A. Albert: On the power-associativity of rings, Summa Brasil. Math. 2 (1948), 21-32.
[2] N. Andruskiewitsch and M. Grana: From racks to pointed Hopf algebras, Adv. Math. 178 (2003), 177-243.
[3] V.G. Bardakov: Computation of commutator length in free groups, Algebra Log. 39 (2000), 395-440.
[4] V.G. Bardakov, P. Dey and M. Singh: Automorphism groups of quandles arising from groups, Monatsh.
Math. 184 (2017), 519-530.
[5] V.G. Bardakov, T. Nasybullov and M. Singh: Automorphism groups of quandles and related groups,
Monatsh. Math. 189 (2019), 1-21.
[6] V.G. Bardakov, I.B.S. Passi and M. Singh: Quandle rings, J. Algebra Appl. 18 (2019), 1950157, 23 pp.
[7] V.G. Bardakov, M. Singh and M. Singh: Free quandles and knot quandles are residually finite, Proc. Amer.
Math. Soc. 147 (2019), 3621-3633.
[8] V.G. Bardakov, M. Singh and M. Singh: Link quandles are residually finite, Monatsh. Math. 191 (2020),
679-690.
[9] M. Bonatto: Principal and doubly homogeneous quandles, Monatsh. Math. 191 (2020) 691-717.
[10] S. Boyer, D. Rolfsen and B. Wiest: Orderable 3-manifold groups, Ann. Inst. Fourier (Grenoble) 55 (2005),
243-288.
[11] J.S. Carter: A survey of quandle ideas; in Introductory lectures on knot theory, Ser. Knots Everything 46,
World Sci. Publ., Hackensack, NJ, 2012, 22-53.
[12] J.S. Carter, D. Jelsovsky, S. Kamada, L. Langford and M. Saito: Quandle cohomology and state-sum
invariants of knotted curves and surfaces, Trans. Amer. Math. Soc. 355 (2003), 3947-3989.
[13] B. Deroin, A. Navas and C. Rivas: Groups, Orders, and Dynamics, arXiv:1408.5805v2.
[14] M. Eisermann: Yang-Baxter deformations of quandles and racks, Algebr. Geom. Topol. 5 (2005), 537-562.



636 V.G. Barpakov, 1.B.S. Passt aNp M. SiNnGH

[15] M. Elhamdadi, J. Macquarrie and R. Restrepo: Automorphism groups of quandles, J. Algebra Appl. 11
(2012), 1250008, 9 pp.

[16] M. Elhamdadi, N. Fernando and B. Tsvelikhovskiy: Ring theoretic aspects of quandles, J. Algebra 526
(2019), 166-187.

[17] R. Fenn and C. Rourke: Racks and links in codimension two, J. Knot Theory Ramifications 1 (1992),
343-406.

[18] D. Joyce: An algebraic approach to symmetry with applications to knot theory, PhD thesis, University of
Pennsylvania, 1979.

[19] D. Joyce: A classifying invariant of knots, the knot quandle, J. Pure Appl. Algebra 23 (1982), 37-65.

[20] I. Kaplansky: Fields and Rings, Second edition, Chicago Lectures in Mathematics, The University of
Chicago Press, Chicago, Ill.-London, 1972.

[21] S. Kamada: Knot invariants derived from quandles and racks; in Invariants of knots and 3-manifolds
(Kyoto, 2001), Geom. Topol. Monogr., 4, Geom. Topol. Publ., Coventry, 2002, 103—-117 (electronic).

[22] S. Kamada: Kyokumen musubime riron (Surface-knot theory), (in Japanese), Springer Gendai Sugaku
Series 16 (2012), Maruzen Publishing Co. Ltd.

[23] O.Loos: Reflexion spaces and homogeneous symmetric spaces, Bull. Amer. Math. Soc. 73 (1967) 250-253.

[24] S.V. Matveev: Distributive groupoids in knot theory, (Russian) Mat. Sb. (N.S.) 119(161) (1982), 78-88,
160.

[25] R.B. Mura and A. Rhemtulla: Orderable Groups, Lecture Notes in Pure and Applied Mathematics 27,
Marcel Dekker, Inc., New York-Basel, 1977.

[26] S. Nelson: The combinatorial revolution in knot theory, Notices Amer. Math. Soc. 58 (2011), 1553-1561.

[27] D.S. Passman: The Algebraic Structure of Group Rings, Pure and Applied Mathematics, Wiley-
Interscience, New York-London-Sydney, 1977.

[28] B. Perron and D. Rolfsen: On orderability of fibred knot groups, Math. Proc. Cambridge Philos. Soc. 135
(2003), 147-153.

[29] E.N. Poroshenko: Commutator width of the elements in a free metabelian Lie algebra, Algebra Logic 53
(2014), 377-396.

[30] V.A. Roman’kov: The commutator width of some relatively free Lie algebras and nilpotent groups, Sib.
Math. J. 57 (2016), 679-695

[31] M. Szymik: Quandle cohomology is a Quillen cohomology. Trans. Amer. Math. Soc. 371 (2019), 5823—
5839.

[32] L. Vendramin: Doubly transitive groups and cyclic quandles, J. Math. Soc. Japan. 69 (2017), 1051-1057.

[33] A.A. Vinogradov: On the free product of ordered groups, (Russian) Mat. Sbornik N.S. 25(67) (1949),
163-168.

[34] K.A. Zhevlakov, A.M. Slin’ko, LP. Sestakov and A.L SirSov: Rings That Are Nearly Associative, (in
Russian) Nauka, Moscow, 1978.



ZERO-DIVISORS AND IDEMPOTENTS IN QUANDLE RINGS 637

Valeriy G. Bardakov

Sobolev Institute of Mathematics

4 Acad. Koptyug avenue, 630090

Novosibirsk

and

Novosibirsk State Agrarian University
Dobrolyubova street, 160, Novosibirsk, 630039
and

Regional Scientific and Educational Mathematical Center of Tomsk State University
36 Lenin Ave., Tomsk

Russia

e-mail: bardakov@math.nsc.ru

Inder Bir S. Passi

Center for Advanced Study in Mathematics, Panjab University
Chandigarh 160014

and

Department of Mathematical Sciences

Indian Institute of Science Education and Research (IISER) Mohali
Sector 81, S. A. S. Nagar, P. O. Manauli, Punjab 140306

India

e-mail: passi@iisermohali.ac.in

Mahender Singh

Department of Mathematical Sciences

Indian Institute of Science Education and Research (IISER) Mohali
Sector 81, S. A. S. Nagar, P. O. Manauli, Punjab 140306

India

e-mail: mahender @iisermohali.ac.in



