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Abstract: We define a new algebraic structure for two-component dichromatic links. This definition
extends the notion of a kei (or involutory quandle) from regular links to dichromatic links. We call
this structure a dikei that results from the generalized Reidemeister moves representing dichromatic
isotopy. We give several examples on dikei and show that the set of colorings by these algebraic
structures is an invariant of dichromatic links. As an application, we distinguish several pairs of
dichromatic links that are symmetric as monochromatic links.
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1. Introduction

A dichromatic link is a two-color link, where the two colors are usually represented by the labels
“1” and “2”. Many link invariants have been generalized to dichromatic links. For example, see [1-3].

Kei and quandles are used to describe knots and links. They are algebraic structures satisfying
a number of axioms resulting from Reidemeister moves. A kei or a quandle for a given knot diagram
is presented in terms of generators and relations, where the generators represent arcs, and the relations
result from the crossings. See [4-16] for more information.

In this paper, we introduce an algebraic structure, which we call a dikei. This structure works
as an involutory quandle (or a kei) for dichromatic links. This structure distinguishes several pairs
of dichromatic links that are symmetric as monochromatic links (symmetric monochromatic links
are identical links without colors). The isotopy of the dichromatic links involves a larger number of
Reidemeister moves. Therefore, our dikei involves new axioms resulting from the extra Reidemeister
moves. We give many examples of algebraic structures satisfying the axioms of a dikei. As a by-product
of this structure, we apply the theory to distinguish among dichromatic links which are symmetric
without the two colors.

This article is organized as follows. In Section 2, the basic concepts and terminology for kei
and quandles are given. We also define dichromatic links and their isotopy invariance. In Section 3,
the structure of a dikei is introduced. Many examples of structure satisfying the axioms of dikei
are also given. In Section 4, we use dikei on examples of dichromatic links to distinguish them as
an application of our new structure.

2. Basic Concepts and Terminology

In [9], most of the basic concepts and terminology on quandles can be found. This section begins
with the definition of an involutory quandle (or a kei), and we show how the axioms of a kei are
induced by the three Reidemeister moves. In Figure 1, each “color” corresponds to an arc in a diagram,
and the x > y operation corresponds to the transformation that, when an arc x passes under another
arc iy, we get x > y. So, when x crosses under y, x I> y is a new arc, but y is unchanged; y is doing
something to x. See [9] for reference.
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Figure 1. The coloring of a regular crossing with one operation.

We give the definition of a kei.

Definition 1 ([9]). A kei (involutory quandle) is a set X with a binary operation
>: X x X — X satisfying the following three axioms:

1. xpx=xforallx € X.
2. (xpy)py=x, forallx,y € X.
3. (xpy)pz=(x>z)>(y>z) foralxyzec X.

The axioms of a kei result from the three Reidemeister moves as in the following figure 2.

X X

~N
<be A
XX X (xey)ey”/ ‘y’ Y
Y\/X
XY /
\ \

z (xby)bz (xbz}b(ybz}

Figure 2. The coloring of Reidemeister moves RI, RII, and RIII

Definition 2 ([9]). Let X and Y be kei with operations >x and >y, respectively. Then, amap f : X — Y is
a kei homomorphism if for all x, x' € X we have

flxexx') = f(x) >y f(x').

Definition 3 ([9]). A kei isomorphism is a bijective kei homomorphism, and two kei are isomorphic if there is
a kei isomorphism between them.

Usual examples of kei include the following:

Any non-empty set X with operation x >y = x, for all x,y € X is a kei. It is called the trivial kei.
Let (, ) : R" x R" — R be a symmetric bi-linear form on R”. Let X be the subset of R" consisting

of vectors il such that (i7, i) # 0. Then, the operation

N

—

(i, 5)

uP>v = <1/_[ ﬁ>v—

defines a kei structure on X. This kei is called a Coxeter kei.
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o Aset X = Z with operation x >y = 2y — x, for all x,y € Z is a kei.
e Agroup X = G with operation x >y = yx 1y is a kei. It is called the core kei of the group G.

A dichromatic link in R3 is the image of a smooth immersion of a finite number of circles in R? that
have two colors, where the two colors are usually represented by the labels “1” and “2”. For example,
see Figure 3.

Figure 3. The dichromatic Hopf link.

Note that the word “color” is sometimes used for the colors of the components, and sometimes
the same word is used for the arcs used in constructing a kei. The use of the word “color” in two
contexts should not be confusing for the reader.

Two dichromatic links, L and Ly, are isotopy equivalent if one of them can be obtained from
the other by a finite number of the extended Reidemeister moves, shown below in the figure 4,
which preserves the color of each component.

Figure 4. Reidemeister moves which preserve the color of the component.
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Example 1. The two dichromatic links in the following figure 5 are isotopy equivalent.

Figure 5. The Whitehead dichromatic link diagrams.
3. Construction of Dikei

In this section, we define the notion of a dikei and give solid examples on dikei. We draw the
coloring of the regular dichromatic crossings, as in the following figure 6.

X y X y
/ /
Y X By y XD,y

Figure 6. The coloring of regular dichromatic crossings.

Next, we show how the extended Reidemeister moves induce the relations of a dikei

Figures 7-9.

The following definition comes from the extended Reidemeister moves and the axioms illustrated in

X X X
1 1 2 2
X X
~nJS nJt
X X
X[ X hd X[z X X
Figure 7. Reidemeister move RI for dichromatic link.
» Y Xy by \’f Xy
/ /
VAN 1| 3 7\ 2 |3
Y BiX X N yEaX X

X E?fmx}l:»]x Xy

X E\?sz}bzx Xy

Figure 8. Reidemeister move RII for dichromatic link.
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27 (Y2) By 2) X P42

Figure 9. Reidemeister moves RIII for dichromatic link.

Definition 4. Let (X,>1) and (X, >7) be two kei. Then, (X,t>1,0>7) is called a dikei if the following two
axioms are satisfied:

(x >1 ]/) Doz = (x >2 Z) >1 (y > z), (€))
(xp2y)>1z=(x>12) P2 (y>12). 2

The following straightforward lemma makes the set of coloring of a dichromatic link by a dikei
an invariant of dichromatic links.

Lemma 1. The set of coloring of a dichromatic link by a dikei does not change by the Reidemeister moves.
Lemma 2. Let (X, ) be a kei, and let x>1y = x >y = x > y. Then, (X, >1, ) is a dikei.

Lemma 3. Let (X, >) beakei, and let x >1y = x>y, and x >y y = x. Then, (X, >1,>7) is a dikei.
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Proof. We show that > and >, satisfy the axiom (1), (2).

(xbly) >z = (XI>QZ) >1 (ybzz)
XP>1y=x>1y
X>Yy=x>y,

(xDoy) 1z = (x>12) 2 (Y >12)
XD>1z=x>12

xX>z=x>z
So, (X,>1,>) is a dikei. O
Lemma 4. Let Z be the set of integers with x >1y = x and x >y y = 2y — x. Then, (Z,1>1,>) is a dikei.
Proof. We show that >; and >, satisfy the axiom (1), (2).

(x>1y) Doz = (xD>pz) > (Y>22)
xD>oz=(2z—x)> (22 —y)

2z —x=2z—x,

(x>oy)>1z = (x>12) 2 (YD1 2)
XDoy=xD2Vy
2y —x =2y —x.

So, (Z,t>1,1>,) is a dikei. O
Lemma 5. Let G be a group with x >1y = yx 'y and x >, y = x. Then, (G, >1,>) is a dikei.
Proof. We show that > and >, satisfy the axiom (1), (2).

(x>1y) oz = (x>pz) > (Y>22)
(yx ly)>rz =211y
yxly =yxly,

(xDoy)>1z = (x>12) >2 (¥ >12)

XD>1z=xD>12

zx 1z = zx7 1z,

So, (G,>1,>3) isa dikei. O

Theorem 1. Let Z,, be the additive finite cyclic group of order n with the binary operations x >,y = (n — 1)x +
2y and x >y y = x. Then, (Zy,>1,0>2) is a dikei.

Proof. We show that > is a kei.

x>rx=m—-1)x+x
=nx —x+2x

:x,
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(xry) 1y = (n=1)((n = 1)x +2y) +2y
=(n—1)>2%+2(n—1)y+2y
= n?x —2nx +x +2ny — 2y + 2y

:x,

(x>1y)>1z=(m—1)((n—1)x+2y) +2z
=(n—-1>2%+2(n—-1)y+2z
= n?x —2nx + x +2ny — 2y + 2z

=x—2y+2z
while

(x>1z)>q (y>1z)=(n—=1)((n —1)x +22) +2((n — 1)y + 22)

=n—-1)>2%x+2(n—1)z+2(n—1)y +4z
= nx — 2nx + X +2nz — 2z + 2ny — 2y + 4z

=x—2y+2z.
So, by Lemma 3, (Zy,>1,>7) is a dikei. [
Example 2. Let X = Zjg with x >1y = 9x + 2y and x >p y = x. Then, (X, >1,>7) is a dikei.
Proof. We show that > and >, satisfy the axiom (1), (2).

(x>1y) oz = (x>pz) > (Y>22)
XP>1y=x>1y
9x 42y = 9x + 2y,

(xbzy) >1z= (XD]Z) >2 (y\>12)
X>1z=xD>12z2
9x + 2y = 9x + 2y.

So, (Zlo, >1, |>2) is a dikei. [

Theorem 2. Let G bea group, and Q = {x € G : x> = 1} with a binary operation x >y = yxy. Then, (Q,>>)
is a kei. See [15] for reference.

Proof. We show that [> satisfies the axioms in Definition 1.

(x>y)>y=(yxy) >y
= yyx yy
= 1Px?

:x,



Symmetry 2020, 12,111 8of 13

(x>y)>z=(yxy)> z

= Zyxyz,
while

(x>2z) > (y>z) = (zxz) > (zyz)
= zYyzzX2ZYZ
— 22
= zyz°xz°yz
= zyxyz.
So, (Q,>>)isakei. O

Theorem 3. Let G be a group, and Q = {x € G : x> = 1} with the operations x >1y = yx—ly and
x>y = yxy. Then, (Q,>>1, l>2) is a dikei.

Proof. We show that >; and >, satisfy the axiom (1), (2).

(xbly) >rz = (XI>QZ) >1 (ybgz)
(yx*ly) Doz = (zxz) > (zyz)
1,-1

zyx‘lyz = zyzz~ z71z yz

zyx‘lyz = zyx‘lyz,

(x>2y) 1z = (x>12) P2 (Y >12)
(yxy) 1z = (27 '2) B2 (297 '2)
zy_lx_ly_lz = zy‘lzzx_lzzy_lz

zy‘lx_ly_lz = zy_lx_ly_lz.
So, (Q,>1,>7) is a dikei. O

4. Applications

Example 3. Consider the following two dichromatic links. Let G be a group with the operations x >,y = yx~ 'y
and x >y y = x. See Figure 10 for reference, where the numbers 1 and 2 represent the colors of the components
in the dichromatic links.

xyixz xyix

Figure 10. The dichromatic links A and B in Example 3, respectively.

In Figure 10, the leftt-hand image (A) shows the relations at the crossings resulting from the
binary operations, which give y = (xy~1)%x, xy~'x = yx !y, and xy~xzlxy~lx = z. Thus, the set
of coloring is

{(x,y,2) €EGxGxG:(xy )3 =1, (xy xz 12 =1}.
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Justification:
(y Vx=y = ()P =1

xy tx=yxly = (xyH)?=1,and
xy ez Ty v =z = (ayaz )2 =1

In Figure 10, the right-hand image (B) shows the relations at the crossings resulting from the
binary operations, which give x = y, zx 'z = y, and z = z. Thus, the set of coloring is

{(x,x,2) EGxGxG:(z=x )2 =1}.

Justification:
x =y,and

T lz=y = (=x7 )2 =1

Therefore, this coloring invariant distinguishes these two dichromatic links. To explain this,
let G = Zg3 be the additive finite cyclic group of order 3; then, S1 = {(x,y,2z) € Z3 x Z3 X Z3 :
x+y =2z 3x =3y} ={(0,0,0),(1,1,1),(2,2,2),(0,1,2),(0,2,1),(1,0,2),(1,2,0), (2,0,1), (2,1,0)},
and S, = {(x,x,x) € Z3 x Z3 x Z3} = {(0,0,0),(1,1,1),(2,2,2) }. Therefore, |S;| =9, and |S,| = 3.

Example 4. Consider the following two dichromatic links. Let G be a group, and Q = {x € G : x*> = 1} with

the operations x >,y = yx 'y and x >, y = yxy. See Figure 11 for reference, where the numbers 1 and 2
represent the colors of the components in the dichromatic links.

(xy )2z Hxy 1)x

(xy™)%x 2
zyz

Figure 11. The dichromatic links A and B in Example 4, respectively.

In Figure 11, the left-hand image (A) shows the relations at the crossings resulting from the binary
operations, which give (xy~1)3x = x, (xy~1)%x = zyz, and (xy~!)2xz "1 (xy~!)2x = z. Thus, the set of
coloring is

{(x,y,2) EGXxGxG:(xy D3 =1,(xy HN2xz ly 1z =1, (xy H2xz 12 =1}

Justification:

(y Pr=x = ()’ =1,
(xy 2x=zyz = (xy Y2z ly 27! = 1and
(xy D2zl ay H2x =2z = ((xy D2z )2 =1
In Figure 11, the right-hand image (B) show the relations at the crossings resulting from the binary

operations give (xy)3x = x, (xy)?x = zy~ 'z, and (xy)?xz(xy)?x = z. Thus, the set of coloring is

{(x,y,2) €EGxGxG:(xy)® =1, (xy)*xz lyz~ ! =1, (xy)?xz(xy)?xz" ! = 1}.
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Justification:
(xy)P’x=x = ()’ =1,

xy)2x =zy~lz = (xy)?xz lyz~! =1,and
Yy Yy Yy y
(xy)?xz(xy)’x =z = (xy)xz(xy)?xz ! = 1.

Therefore, this coloring invariant distinguishes these two dichromatic links. To explain this,
let G = Z4 be the additive finite cyclic group of order 4, and Q = {x € Z : x> = 1} = {0,2}; then,
S1={(x,y,2) € QxQxQ:3x =3y, 3x =2z, 2y =2z} = {(0,0,0),(0,0,2),(0,2,0)} ,and S, =
{(x,1,2) € QxQxQ:3x+3y =0, 3x+3y =2z, 6x+4y = 0} = {(0,0,0),(0,0,2),(2,2,0),(2,2,2) }.
Therefore, |S1| = 3, and |S,| = 4.

Example 5. Consider the following two dichromatic links. Let X = 7 with the operations x >1y = x and
x D9y = 2y — x. See Figure 12 for reference, where the numbers 1 and 2 represent the colors of the components
in the dichromatic links.

X y 4 8x-6y-2

X

Y
y Y 4x-3y

1 7] 2)
2z-X 2y-X
Y, \4 2 1
-1 7
X X X Z P4

Figure 12. The dichromatic links A and B in Example 5, respectively.

In Figure 12, the leftt-hand image (A) shows the relations at the crossings resulting from the
binary operations, which give x =y, 2z — x = y and z = z. Thus, the set of coloring is

{(x,x,x) € ZXZ x L}.

Justification:

x =y,and
2z—x=y = 2z2—x—y=0 = z=n1.

In Figure 12, the right-hand image (B) shows the relations at the crossings resulting from the
binary operations, which give 5y — 4x = x, 4x — 3y = 2y — x and 8x — 6y — z = z. Thus, the set of
coloring is

{(x,x,x) € ZXZL XL}.

Justification:
Sy—dx=x = Sy=5x = y=x,

4x -3y =2y—x = S5x =5y = x =y, and
8x—6y—z=z = 8x—6x =2z — x =2z

The solution set is equal for both of the sets of coloring above. Therefore, this coloring invariant
does not distinguish these two dichromatic links.

Example 6. Consider the following two dichromatic links. Let G be a group with the operations x >,y = yx 'y
and x >, y = x. See Figure 13 for reference, where the numbers 1 and 2 represent the colors of the components
in the dichromatic links.
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(xy ) X y z

y X
1
y Yy
(1]
1 2 z x1z
2 y i 1
——/
X X X z
Y y

Figure 13. The dichromatic links A and B in Example 6, respectively.

In Figure 13, the left-hand image (A) shows the relations at the crossings resulting from the binary
operations, which give x = (yx~1)%y, (xy1)3x = yx 1y, and (xy~')3xz71(xy~1)3x = z. Thus, the set
of coloring is

{(x,y,2) EGxGxG:(xy 1> =1,((xy Hixz 12 =1}

Justification:
x Dly=x = ()’ =1,

(xy Px=yx"ly = (xy7!)°=1,and
(xy D3z tay Dix =2z = ((wy D2z 1)2 =1

In Figure 13, the right-hand image (B) shows the relations at the crossings resulting from the
binary operations, which give x =y, zx "1z = y, and z = z. Thus, the set of coloring is

{(x,x,2) EGxGxG:(zx 12 =1}.

Justification:
x =y, and

zlz=y = (zx )2 =1.

Therefore, this coloring invariant distinguishes these two dichromatic links. To explain this,
let G = Zjp be the additive finite cyclic group of order 10; then S = {(x,y,z) € Zig X Z1p X
Zy :5x=5y3x—y—2z=0}, and Sy = {(xy,2) € Zy X Zig xZyp : x = y2x = 2z}.
Therefore, |S1| = 100, and |S,| = 20; we leave the calculations for the reader.

Example 7. Consider the following two dichromatic links. Let G be a group, and Q = {x € G : x*> = 1} with
the operations x >1y = yxy and x >p y = x. See Figure 14 for reference, where the numbers 1 and 2 represent
the colors of the components in the dichromatic links.

Figure 14. The dichromatic links A and B in Example 7, respectively.



Symmetry 2020, 12,111 12 of 13

In Figure 14, the left-hand image (A) shows the relations at the crossings resulting from the binary
operations, which give xyx = xy(x%y)3x, xyx®yx = y, yxzxy = z, and xzx = yzy. Thus, the set of
coloring is

{(x,y,2) €GxGxG:(x®y)® =1, xyPyxy ' = Lyxzwyz L = 1, xzwy 127y 1 =10

Justification:
wyx = xy(Py)’x = (y)° =1,

xyx3yx =y = xyx3yxy_1 =1,
yxzxy =z = yxzxyz | =land
xzx = yzy = xzxy z 7 lyl=1

In Figure 14, the right-hand image (B) shows the relations at the crossings resulting from the
binary operations, which give zyz = x, zxz = y and z = z. Thus, the set of coloring is

{(x,y,2) €EGXxGxG:zyzx ' =1,zxzy !t =1}

Justification:
zyz =x = zyzx ! =1,and

Xz =Yy = zxzyil =1

Therefore, this coloring invariant distinguishes these two dichromatic links. To explain this,
let G = Z4 be the additive finite cyclic group of order 4, and Q = {x € Z; : ¥* = 1} = {0,2},
then S = {(x,y,z) € QxQxQ :9%x+3y =0, 5x+y =0, 2x+2y = 0, 2x = 2y} =
{(0,0,0),(0,0,2),(2,2,0),(2,2,2)},and S, = {(x,1,2) € QX Qx Q: 2x +y+2z =0, x + 2y + 2z =
0} ={(0,0,0),(0,0,2)}. Therefore, |S1| = 4, and |S,| = 2.

5. Conclusions

Our idea is that we extend the notion of an involutory quandle (or kei) from regular links to
dichromatic links, and define a new algebraic structure for two-component dichromatic links. We call
this structure a dikei. It results from the generalized Reidemeister moves representing dichromatic
isotopy. We give several examples on dikei, and we could distinguish many two-component
dichromatic links that are isotopic as without colors. This evidently provides the power of our
structure as it is not affected by the symmetry in the pairs of links in the examples. We failed to
distinguish some dichromatic links, as we think that there are other concrete examples satisfying the
dikei axioms, and this is definitely to be investigated in future research.
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published version of the manuscript.
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