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ABSTRACT

An Alexander quandle M; is an abelian group M with a quandle operation a x b =
ta+ (1 —1t)b where t is a group automorphism of the abelian group M. In this paper, we
will study the commutativity of an Alexander quandle and introduce the relationship
between Alexander quandles My and M;j_+ determined by group automorphisms ¢ and
1 — t, respectively.
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1. Introduction

A quandle is a kind of algebraic structure that is closely related to the study of knot
theory. The defining axioms of a quandle are derived from Reidemeister moves. In
1942, Takasaki introduced a kei which is referred to as an involutory quandle later
[16]. In 1982, Joyce [8] and Matveev [11] independently introduced the definition of
a quandle under the name “quandle” and “distributive groupoid”, respectively. In
their papers, they proved that if the knot quandles (the groupoids) of two knots are
isomorphic, then the knots are equivalent up to orientation, that is, knot quandles
can distinguish any knots up to the orientation. In this sense, a knot quandle is an
almost complete invariant for knots. The classification of quandles has been studied
by many researchers, see [1, 3, 9, 12, 14].

One of typical examples of quandles is an Alexander quandle, which is a mod-
ule over Z[t,t~1] with the operation a * b = ta+ (1 —t)b. In [4, 5], Hou gave a
classification of Alexander quandles of order p™ for n < 4 and determined the
(quandle) automorphism group of an Alexander quandle. In [2], Ferman, Nowik
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and Teicher also dealt with Alexander quandles of prime order and their (quandle)
automorphisms.

In this paper, we will focus on the structure of Alexander quandles from the
viewpoint of properties of the group automorphisms. An Alexander quandle M; is
an abelian group M with the binary operation a*;b = ta+ (1—t)b where ¢ is a group
automorphism of M. The quandle structure of M; is completely determined by the
group automorphism ¢. In particular, we will focus on the relationship between M;
and Mj_; when both ¢ and 1 — ¢ are group automorphisms of M. We will show
that an Alexander quandle M; is commutative if and only if 2¢ = 1 where 1 is
the identity map of M. We will classify commutative Alexander quandles M; for a
finitely generated abelian group M.

2. Main Results

Definition 2.1. A quandle is a set ) equipped with a binary operation * : Q xQ —
@ satisfying the following three axioms.

(i) Foralla € Q, a*a = a.
(ii) For all a,b € @Q, there exists a unique ¢ in @ such that ¢xa = b.
(iii) For all a,b,c € Q, (a*b)xc= (axc)*(bxc).

For any set @, a binary operation x : Q x Q@ — @ is defined by a x b = a for all
a,b € Q. Then a pair (Q, *) is a quandle, which is called the trivial quandle.

Let M be an abelian group and t a group automorphism of M. Define a binary
operation x; : M x M — M by

axb=ta+ (1—-1)b

for all a,b € M. It is easy to check that a pair (M, *;) is a quandle. We call it an
Alezander quandle and for the sake of simplicity, denote (M, *;) by M.

From the second condition and the third condition in the definition of a quandle,
for each a € @Q, the function *a : Q@ — @Q, defined by (xa)(z) = = * a for all
x € @, is a quandle automorphism of ). Therefore, we can define a new operation
x:QXQ — Qbyaxb=cwhenever cxa = b for all a,b € Q. It is also a
quandle operation on @, which is called the reverse operation of x, see [10] for the
detail.

Consider the group Autg(Q) of quandle automorphisms of @ and the free group
F(Q) on Q. Define a function ¢ : Q — Autg(Q) by ¢(a) = xa for all a € Q. Then
we obtain a homomorphism from F(Q) to Autg(Q), indeed, a right action of F(Q)
on @ is as an action of quandle automorphisms of Q). A quandle (@, %) is said to
be connected if F(Q) acts transitively on @, that is, for every z,y € @, there exists
z € F(Q) such that o x z = y, see [2].

Definition 2.2. A quandle (Q, *) is said to be commutative if a xb = b* a for all
a,be Q.
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Remark 2.3. (1) In [8], Joyce introduced an abelian quandle, which is a quandle Q
satisfying (axb)#(cxd) = (axc)*(bxd) for all a, b, ¢, d € @, and in [15], Neumann
defined a commutative quandle @ which is defined by (a % b) x ¢ = (a*¢) b
for all a,b,c € Q. The definition of Neumann’s commutativity came from the
view point of the action of Autg(Q) on Q. Our definition for commutativity of
a quandle is different to both of them.

(2) In [7], Ishii, Iwakiri, Jang and Oshiro introduced the notion of a G-family of
quandles, which is motivated by handlebody-knots. One can check that the
family {M;}ieans(ary of Alexander quandles is a G-family of quandles where
G = Aut(M).

Let ¢ be a group automorphism of an abelian group M so that it induces the
Alexander quandle M;. Since the inverse map ¢ ~! of ¢ is also a group automorphism
of M, one can obtain an Alexander quandle M;-1 on M. Note that the quandle
operation *,-1 is the reverse operation of %;, and that ¢ is the identity map of M if
and only if M; is the trivial quandle.

Since the Alexander quandle structure of M; is completely determined by the
group automorphism ¢, one can expect a kind of relationship between M; and
My when t and s have some relationship as group automorphisms. The following
example can give some motivation for this approach.

Example 2.4. Let M = Z5 = {0,1,2,3,4} be the cyclic group of order 5. Note
that Aut(Zs) consists of four automorphisms t1, to, t3,t4, where ¢; : Zs — Zs is the
group automorphism of Zs defined by ¢;(1) = i. The operation tables of Alexander
quandles M;, are given in Table 1.

Notice that My, is the trivial quandle and My, is commutative, while the oper-
ation table of My, is the transpose of the operation table of M;, as matrices, and
that the automorphisms ¢y and t3 satisfy the relation t3 = t5 17 but there are no
relationship between their quandle structure. Also note that M;, is commutative,
while M;, is not commutative, and that a ¢, b = b %4, a for all a,b € M, which is
equivalent to the relation t4y =1 — t5.

For an abelian group M and t € Aut(M), if 1 — ¢ is a group automorphism of
M, then ax; b =0bx*;_;a for all a,b € Aut(M). Furthermore if M is finite, then the
operation table of Mj_; is the transpose of the operation table of M; as matrices.

Table 1. The operation tables of Alexander quandles of Zs.

My, M, My, My,
%0 1 2 3 4 %, 0 1 2 34 001 234 x]012 34
00 o000 ©0]043 21 0]03142 0]0¢24T13
111111 1|21043 1[31420 141302
222222 243210 214203 2[3024.1
3133333 3[10432 342031 3[2413°0
44 4 444 432104 4]20314 4]130 24
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From the fact that t3 = 1 —13, one can see the operation table of M, is symmetric,
that is, My, is commutative.

In general, 1 —t is not a group automorphism of M. The following theorem gives
necessary and sufficient conditions that 1 — ¢ is a group automorphism of M.

Theorem 2.5. Let M be a finite abelian group and t € Aut(M). The following are
equivalent.

(1) 1 —t is a group automorphism of M.

(2) t has no fized points except 0.

(3) My is connected.

Proof. Since 1 —t is a group homomorphism of M, it is sufficient to check that
1 — t is bijective. Since M is finite, 1 — ¢ is bijective if and only if ker(1 —¢) = 0.
Since (1 —t)z = 0 is equivalent to tx = z, ker(1 — ¢) = 0 if and only if ¢ has no
fixed points except 0. Therefore (1) and (2) are equivalent.

To show that (1) implies (3), let 1 — ¢ be a group automorphism of M. Then
(1 —-t)M = M. For all x,y € M, y —tx € M. Since (1 —t)M = M, there exists
z € M such that y —tz = (1 —t)z. Then x+, z = tax + (1 —t)z =y for all x,y € M.
Hence M; is connected.

Conversely, assume that M; is connected. Since 1 —t is a group homomorphism
of M and M is finite, it is sufficient to show that 1 — t is surjective. Since M
is connected, for each y € M there exists z € F(M) such that 0 x z = y. Put
z = wi'ws? - --w* where w; € M and e; € {1,—1} for all ¢ = 1,2,..., k. Since
0%z = ( .. ((0 *y wlel) *y wSQ) .. ) *y wzk =, tertter) + t82+---+ek(1 _ tel)wl +
testoten (1 — t2)wg + - + (1 — t%)wy, = y. If ; = 1, then 1 —t% =1 —¢. If
e; = —1, then 1 —t% = ¢=%(1 —t71) = —t=1(1 — t). Therefore (1 — t)m = y for
some m € M. Hence 1 — t is surjective. O

Remark 2.6. In [3], Grania showed that M; is indecomposable if and only if 1 —¢
is surjective, and M, is faithful if and only if 1 —¢ is injective. These are equivalent
to the condition that 1 — ¢ is a group automorphism for the finite quandle M.

Example 2.7. Let Z3s x Z3 be an abelian group of order 9. Define ¢t : Z3 X Zs
— Zs x Zs by t(1,0) = (1,1) and ¢(0,1) = (1,0). It is easy to check that ¢ is a
group automorphism of Zs x Zs and that ¢ has no fixed points except (0,0). By
Theorem 2.5, 1 — ¢ is also a group automorphism of Zs x Zs. The operation tables
of My and My_; of M = Z3 x Z3 are given in Table 2.

The following is a necessary and sufficient condition for an Alexander quandle
to be commutative, which is motivated by M;, in Example 2.4.

Theorem 2.8. Let M be an abelian group and t € Aut(M). Then an Alexander
quandle My is commutative if and only if 2t = 1 where 1 is the identily map of M.
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Table 2. The operation tables of Alexander quandles M; and M;_; of Z3 X Zs.

M

*y (0,0) (0,1) (0,2) (1,0) (L,1) (L,2) (2,00 (2,1) (2,2
(0,0) | (0,0) (2,1) (1,2) (0.2) (2,0) (1,1) (0,1) (22) (1,0
(0,1) | (1,0) (0,1) (2,2) (1,2) (0,0) (2,1) (1,1) (0,2) (2,0)
(0,2) | (2,0) (1,1) (0,2) (2,2) (L0) (0,1) (1) (L,2) (0,0)
(1,0) | (1,1) (0,2) (2,0) (1,0) (0,1) (22) (1,2) (0,00 (2,1)
(L,1) | (2,1) (1,2) (0,0) (2,0) (1,1) (0,2) (22) (1,00 (0,1)
(1,2) | (0,1) (2,2) (1,0) (0,0) (2,1) (1,2) (0,2) (2,00 (L,1)
(2,0) | (2,2) (1,00 (0,1) (2,1) (1,2) (0,0) (2,0) (1,1) (0,2)
(2,1) | (0,2) (2,0) (1,1) (0.1) (2,2) (1,0) (0,0) (2,1) (1,2)
(2,2) | (1,2) (0,00 (2,1) (1,1) (0,2) (2,00 (1,00 (0,1) (2,2

My

*1_¢ (0,0) (0,1) (0,2) (1,00 (1,1) (1,2) (2,0) (2,1) (2,2
(0,0) | (0,0) (1,0) (2,0) (1.1) (21) (0.1) (22) (0,2) (L,2)
(0,1) | (2,1) (0,1) (1,1) (0,2) (1,2) (22) (1,0) (2,00 (0,0)
(0,2) | (1,2) (2,2) (0,2) (2,0) (0,0) (1,00 (0,1) (L,1) (21)
(1,0) | (0,2) (1,2) (2,2) (L.0) (200 (0,00 (21) (0,1) (L, 1)
(1,1) | (2,0) (0,0) (1,0) (0,1) (1,1) (21) (1,2) (2,2) (0,2
(1,2) | (1,1) (2,1) (0,1) (2,2) (0,2) (1,2) (0,0) (1,0) (2,0)
(2,0) | (0,1) (1,1) (2,1) (1,2) (2,2) (0,2) (2,0) (0,0) (1,0)
(2,1) | (2,2) (0,2) (1,2) (0,0) (1,0) (20) (1) (21) (01)
(2,2) | (1,0) (2,0) (0,0) (2,1) (0,1) (1,1) (0,2) (L,2) (2,2

Proof. Assume that an Alexander quandle M; is commutative, that is, ax;b = bx;a
for all a,b € M. Since a %, 0 = 0*; a for all @ € M, ta = (1 — t)a and hence
(2t)a = a = 1(a) for all a € M where 1 is the identity map of M. Therefore 2t = 1.
Conversely, let ¢t € Aut(M) satisfying 2¢ = 1. Since t = 1 — ¢, a *; b = b *; a for all
a,b € M. Hence the Alexander quandle M; is commutative. O

By the virtue of the above theorem, we need to know whether there is a group
automorphism ¢ of an abelian group M satisfying 2¢ = 1. First, we recall the well-
known classification theorem of finitely generated abelian groups, see [6].

Proposition 2.9. Let G be a finitely generated abelian group. Fither G is free
abelian or there is a list of positive integers pi*,p5?, ..., p;*, which is unique except
for the order of its members such that p1,pa,...,pr are primes, Si,So,...,S, are
positive integers and

GgZpil @Zpgz @"'@ZPZk e7z™
with rank(G) = m.

Let M be a finitely generated abelian group. If rank(M) > 1, then M X Z & N
for some abelian group N. Let ¢ be any group automorphism of Z & N. Then
t(1,0) = (a, b) for some (a,b) € Z® N where 1 is the generator of Z. Since 2t(1,0) =
2(a,b) = (2a,2b) and there is no the inverse element of 2 in Z, 2a # 1 and hence
2t(1,0) = (2a,2b) # (1,0). Therefore 2t # 1 where 1 is the identity map of Z & N.
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It rank(M) = 0, then there exist primes p1,pa,...,pr and positive integers
81,89, ...,8E such that M = Zpil EBZP;2 D - -@Zpik . Assume that p; = 2 for some i €
{1,2,...,k},say p1 = 2. Let ¢ be any group automorphism of Zgs, EBZPSQ B - -@Zpik .
Since t(1,0,...,0) = (a1, as, . ..,ax) for some (ay,as,...,ar) € Zos1 & Lips2 @+ D
Zpik where 1 is the generator of Zgsi, 2¢(1,0,...,0) = (2a1,2as,...,2ax). Since
ged(2%1,2) # 1, there is no the inverse element of 2 in Zgs:. Since 2¢(1,0,...,0) =
(2a1,2as,...,2ax) # (1,0,...,0), t does not satisfy the condition 2¢ = 1 where 1 is
the identity map of Zas1 & Lz @+ @ szk.

Assume that p; is odd for all i € {1,2,...,k}. Define ¢ : Zpil @Zp;z D-- -@szk —
Zpil &) ZPSQ D---D Zp';k by

11 5 +1 |
t(ml,xg,...,xk)=<pl x Py + x Lmk

2 1 2 2500 2
for all (z1,x9,...,2%) € Ly @ Lyyze @"'@szk. For every i € {1,2,...,k}, since

p; is odd, Z ';'1;_1 € Z,s:. Then t is a well-defined group automorphism. It is easy to

. . . pil4l pa2+1 k41
prove that ¢ is a group automorphism. Since 2( Ly, P, .., xr)

((p1* + Dz, (p32 +1)zo, ..., (P +1)ak) = (21,22, ..., x)), t satisfies 2t = 1, where
1 is the identity map of Zpil @ Zp;z O D Zka. Hence M; is commutative. Thus,
one can obtain the following theorem.

Theorem 2.10. Let M be a finitely generated abelian group.

(1) If rank(M) > 1, then M; is not commutative for any t € Aut(M).

(2) If rank(M) = 0 and if |M| is even, then My is not commutative for any t €

Aut(M).

(3) If rank(M) = 0 and if |M| is odd, then there exists a unique group automor-
phism t of M such that My is commutative.

Proof. It suffices to show the uniqueness of ¢ in (3). Let ¢ be a group automorphism
of Zpil @ Zpgz DD Zka satisfying 2t = 1. For each ¢ € {1,2,...,k}, let e; be a
generator (0,...,1,...,0) of Liyr @@Ly @+ - DLy of which every entry is zero

except the ith entry. Since every abelian group is a Z-module, t(x1,x2,...,xK) =
x1t(er) + xaot(e2) + -+ - + xxt(ex) for every (zq,xo,...,2x) € Zpil @ Zpgz B D
Zp-;k. Therefore, it is sufficient to determine the image of generators ey, es, ..., ek
of Zpil &) Zp;z SRR Zka. For the generator ey, there exists (a1, as,...,a;) €

Liyir ®Lyygz &+ - © Ly such that ter) = (ar, az,..., ax) and a; € {0,1,...,pj" =1}

for each 7 € {1,2,...,k}. Since 2t = 1, we obtain 2(aq,as,...,ar) = (1,0,...,0),

that is, 2a; = 1 in Zpil and 2a; = 0 in Z,s: for alli € {2,3,...,k}. Then 2a; — 1 =

npi;+l c

{0,1,...,pi" =1}, 0 < inL—H < pi* —1 and hence n = 0 or 1. If n = 0, then

pit+1
2

npj* for some n € Z and a; = 0 for all i € {2,3,...,k}. Since a; =

. Since

a1 = % It contradicts that a; is an integer. If n = 1, then a; =
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Table 3. The operation table of the commutative Alexander quandle of Z3 x Zs.

* | (0,0 (0,1) (0,2 (1,00 (11 (1,2) (2,00 (2,1) (22)
(0,0) 1 (0,0)  (0,2) (0,1) (2,00 (2,2) (2,1) (1,0) (1,2) (1,1)
(0,1) 1 (0,2)  (0,1) (0,0) (2,2) (2,1) (2,00 (1,2) (1L,1) (1,0)
(0,2) | (0,1) (0,00 (0,2) (2,1) (2,00 (2,2) (L1 (1,0) (1,2
(L,0) | (2,00 (2,2) (2,1) (1,00 (1,2) (1,1) (0,0) (0,2) (0,1)
(LY | (2,2) (21 (2,00 (1,2) (L1 (1,00 (6,2) (0,1) (0,0
(L,2) | (2,1) (2,00 (2,2) (1,1) (L,0) (1,2) (0,1) (0,0) (0,2)
(2,0) | (1,0)  (1,2) (1,1)  (0,0) (0,2) (0,1) (2,0) (2,2) (2,1)
21| 1,2 (LY (1,00 (0,2) (0,1) (0,00 (2,2) (2,1) (2,0)
22| 1, (1o (1,2) (0,1) (0,00 (0,2) (21) (2,0) (2,2

p1 is odd, p112+1 € Zys1 . Hence t(1,0,...,0) = (M,O,...,O). By repeating the

same process, we can show that ¢(0,...,1,...,0) = (0,..., p%;“,...,O) for each
i€{1,2,...,k}. Hence there is one and only one group automorphism ¢ satisfying
2t = 1. O

Example 2.11. (1) Let Z be the set of integers. Since rank(Z) = 1, (Z, %) are not
commutative for any t € Aut(Z).

(2) Let Zy @ Z3 be an abelian group of order 6. Since rank(Zy & Zs) = 0 and
|Zo @ Z3| is even, (Zs & Zs, *4) is not commutative for any ¢t € Aut(Ze & Z3).

(3) Let Z3s @ Z3 be an abelian group of order 9. Since rank(Zs & Zs) = 0 and
|Zs @ Zs| is odd, there exists the unique group automorphism ¢ of Zs & Zs such
that (Zs @ Zs, *;) is commutative. In fact, the group automorphism ¢ is defined
by t(x1,x2) = (221,2x2) for all (z1,22) € Z3 ® Zs. The operation table of an
Alexander quandle (Zs @ Zs, *;) is given in Table 3.

Remark 2.12. There are commutative Alexander quandles whose underlying
abelian group is not finitely generated. For example, consider the product M of
countably many copies of Zs. For the group automorphism ¢ defined by t(x) = 3z
for all z € M, M; is commutative because 2t(x) = 6z = x.
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