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ABSTRACT. In the paper, we generalize the process of cutting a Mobius strip
and similar strips to a larger extent than Mobius, Listing, Ball-Coxeter and
Fatehi’s papers. We generalize the object from a strip to a “twisted solid torus”
(which we abbreviate to tst) and consider the result after cutting it. The
Argand diagram, together with the usage of complex numbers, has been used
to describe the lines in the cross section of tst. In our derivation, we have used a
technique of checking the concurrence of lines defined by parametric equations
by applying the concept of pole-polar duality from inversive geometry. Euler’s
celebrated formula on graphs has also been employed. Then we study the
resultant objects formed from the cutting process and call them “knotted tst”.
We then deduce a general formula for the number of different knotted tsts.
After that, we consider the links that are formed from the cutting of tsts,
which we call “tst links”. General forms of their braid words, Seifert matrices
and Alexander polynomials are then deduced. Then we generalize the results
further and consider cutting a tst in the form of a non-trivial knot and study
the resultant links. Finally, we study the cutting of combinations of more than
one tsts in the form of virtual knots, which we call “tst products”, and derive
a general formula for the result.

Index of Notations

d(t) a chosen positive denominator for the twist turn of the tst before cut (7)

d
D(7) denominator of the simplest expression of 7(D(7) = gET;)
-
A one-half of the chosen denominator for the twist turn of tst
d
before cut (A = %)

g(7)  the greatest common divisor of the chosen d(7) and corresponding n(r)
G partial tst of a tst I
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integral curves satisfying the slope field equation for a tst

tst; i.e. set of integral curves satisfying conditions on the initial value
number of type I knotted tst(s) in the knotted tst sum ®(n(7),d(r), M)

a line in A(n(7),d(7), M), the cross section of the tst at t = 0 after cutting
set of sets of lines resultant from the cutting of a tst (1)

cross section of tst at t = 0 after cutting

one-half of the number of portion(s) a given tst is cut into (m = 7)

number of portion(s) a given tst is cut into

order of multiple cutting

numerator of the twist turn of tst before cut under the chosen
denominator (n(r) = 7d(7))

numerator of the simplest expression of the twist turn of tst

before cut (N(7) = M)
9(7)
number of type II knotted tst(s) in the knotted tst sum ®(n(r),d(r), M)
resultant knotted tst sum of after ®-cutting
surface resultant from cutting
the real variable specifying the position along tst
twist turn of tst before cut
tst with twist turn 7
twisting function used to define a tst for a given twist turn

the complex variable specifying position in the cross section of tst

i,k,r,C,s,u integral- or real-valued parameters

Convention

The sign conventions for knot or link crossings in our paper are as follows:

Positive Negative
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1. Introduction

The Mobius strip was discovered by Mobius which was announced in 1858. It is
formed by joining two edges of a rectangle with a half-twist, in either the clockwise
or anticlockwise directions. It now becomes a well-known fact that when it is cut
into half, it gives only 1 loop but not 2.

[Image taken from haggisthesheep.wordpress.com]

Listing and Tait generalized this idea in their book [5] in 1847 and the same idea
appears in Ball-Coxeter’s paper [1] in 1987. Instead of one half-twist, two or more
half-twists are given to the strip. When these strips are cut along one-half, one-
third, and one-quarter of the width, the results contain a pattern that depends on
whether the number of half-twists given is odd or even. An example is given below:
giving the strip three half twist, and then cut along half the width.

Here is the appearance of the strip before cut:

And its appearance after cut:

[Image taken from mathcraft.wonderhowto.com)]
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The knot formed is exactly the trefoil knot.

Considerations beyond the Mdobius strip were made by Fatehi [3] in 2010. He
considered a generalized version of strips with polygonal cross sections. His results,
however, are incomplete. He only presents the cross section after cutting, but the
“angles of twist”, in addition to the number of different strips of the resultant
object, are not evaluated. An example is given below: first fix one end of a cuboid

7
and then twist the other end by — radians in the direction as defined below, and

then cut along one-third of the width:

Left end Right end

The two A’s originally do not have the same orientation, but after we fix the left
end and then rotate the right end, we can make their orientation agree:

Left end Rizht end

Then we can connect the right end to the left end. For easy visualization, we do
not draw it in this paper, but the reader is reminded that the two ends are actually
joined.

We can then insert our blade onto the left end, and then cut the “twisted cuboid”
while rotating the blade:

Because the right end is connected to the left, we are brought back to where we

have started:
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Then we continue this process and eventually we get an object with its cross section
same as what is described in Fatehi’s paper as a “3x3 matrix”:

Although the cutting process separates the twisted cuboid into nine partitions, in
reality there are only three connected portions linked to each other.
For the sake of simplicity, we first shrink the nine partitions to nine curves. As an
example, we have shrunk two of the partitions into two blue curves:

e

Then recalling the fact that the left and right ends of the twisted cuboid are con-
nected to each other, we join the nine curves suitably according to how they are
connected. After a series of continuous deformation, we would obtain:

We can see that there are exactly three closed curves in the above diagram. These
three curves represent precisely objects that can be individually deformed to twisted
cuboids.
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In our project, we make an attempt at generalizing the above results to cutting
other similar objects. As the boundary of any d-sided polygon is homeomorphic
to S1, we generalize the idea of cutting a twisted prism to cutting a “twisted solid
torus”. A twisted solid torus is basically the same as a cylinder with one end
twisted, then having its two ends joined together. In this way, we can allow the
“angle of twist” to be @ = 2w7 where 7 is any arbitrary real number.

For example, the process of cutting the “twisted cuboid” illustrated above can be
transformed corresponding into cutting a twisted solid torus as illustrated below:

"‘.1"'
T
-
-.'__.'l"..'- :
e ! i
..--"""f \
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.."; -
e Right end
_r.'-."-f
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_'__.-"'
Left end

1
Note that the left end is fixed, the right end is rotated by g radians (i.e. 7 = Z)

in the direction such that the two A’s are in the same orientation after rotation,
and then the two ends are connected. After cutting, one of the “nine partitions”
are isolated and given below:

We go on considering the results of such cutting, and deduce general formulae to
represent the results that are laid out in this paper.

After that, we study the link formed by cutting these twisted solid tori, and deduce
a general form of their braid words, Seifert matrices and Alexander polynomial.
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Next we study the result of cutting a further generalized version of these objects,
namely combining more than one twisted solid tori to form a virtual knot.

2. Twisted solid torus

Notation 1. f(1—) is used to denote lim f(h) provided that it exists.
h—1-

We first choose the interval [0, 1) as the representative class of elements in the group
R/Z so as to define a twisted solid torus in C x [0, 1):

Definition 2. <7>= {(y(¢),t) : v(t) = v(0) exp[2mi(t)] and |v(0)| < 1}, where
6(t) : [0,1) — R is some function which has a continuous derivative with 6(0) = 0
and (1=) = 7, is called a twisted solid torus (tst).

Definition 3. The function 0(t) in the definition of the tst <7 > is called its
twisting function.

Definition 4. The number 7 is called the twist turn of <t>.

First we consider a coordinate system (z,t) in C x [0,1) : (A cylinder drawn
notwithstanding, the reader is reminded that the left and right ends are connected
to form a torus)

I

| TN —
| | Yo
| | FrE
0 mn 1

ILLUSTRATION 1. A coordinate system for a tst.

Note that in fact for the function v(t) = v(0) exp[2mif(t)],
v (t) = 2mif) (t)y(0) exp[27if(t)] = 2mi0’ (t)(t)

So it is a solution to the following differential equation:

% =27t (t)z
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In differential form, this is the same as:
dz = 2mif' (t)zdt

If we plot this as a vector field, we obtain what is shown in the following illustration:

ILLUSTRATION 2. Visualizing the vector field.

Therefore, the solution to the differential equation, i.e. the integral curves, can be
thought as curves that rotate about the line z = 0. From ¢t = 0 to ¢t — 17, these
curves rotate by 27 (6(1—) — 6(0)) = 277.

Hence, the twist turn 7 of a tst represents the amount of twisting in it.

Hence, <7> is a set of the following curves in C x [0,1) : choose a point y(0) on
or inside the unit circle at ¢t = 0. Then the curve (y(t),t) is a spiral that has its
starting point at (v(0),0) and for ¢ € [0,1), it winds around the line z = 0. From
t=0tot— 17, it winds by 277 radians anticlockwise in total.

The illustration below shows a curve in the tst <7>.
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The following are two concrete examples that give an intuitive idea of a tst:
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1
Example 5. Two curves (in red and blue) in the tst <2> are shown below. They

both rotate about the center line z =0 (in green) by 27 - 3=T7 radians:

7
Example 6. Two curves (one in red and the other in blue) in the tst <2> are

7
shown below. They both rotate about the center line z =0 (in green) by 27 - 3= T
radians:

a

Besides, we define the equality of tsts as below:

Definition 7. Two tsts <m1> and <mo> are equal < 7 = 1o. We denote equality
by the usual “=" sign.

3. Mathematical Formulation of Cuts

Here is how we define “cutting a tst into M parts”.

We first consider 7 € Q, so that for any given 7, we can choose any denominator
d(7) > 0. We let the corresponding numerator n(7), such that n(r) = d(7)r.
Insert the following set of (M — 1) parallel lines to the cross section at ¢ = 0.

W +s if d(r) =1
Lo = orig o ¢=1,2,3,---,M-1,seR
exp d() + zs(exp o — 1) ifd(r) >1
27
Then these (M — 1) lines divide the arc from 1 to exp WW) into M parts with equal
T

arclengths.
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i(2¢ — M
exp%+s ifd(r) =1
We define [ 4(s) = omig for a partic-

Md(T)

exp

ular ¢, so that in fact
Lo = {lo,1(5),10,2(5),10,3(5), - .-, lo,pr—1(8)}

This is shown in the following illustration:

+is(exp;(7:_l) - 1) if d(7) > 1

Tm 280
A+ e
e e
H‘.\?
LR %
[ baenlshT oA
{ s e S, 1|
+ . s "I{r E".‘SJ‘ i 'J. +Re
I.\I ’f_ o Jl{]. I_':_.Tll II.:
- .__.r v "..'

ILLUSTRATION 3. Inserting the lines in the set L.

9
Then each of the lines [y 4(s) are perpendicular to the vector from 1 to exp %
-
2miq
Md(T)’
These lines can be thought as “blades”. When one of the “blades”, ly 4(s) (shown
in blue), say, cuts along the tst, the blade rotates about the line z = 0 while going

through the tst. As it rotates continuously, a surface is formed:

and the line Iy 4(s) passes through the point exp

r.,—-s-l.ilifil.\.'-': formed from rotation of Iy, gz

Blade fo 4(5)



CUTTING TWISTED SOLID TORI (TSTS) 35

The blade eventually arrives at t — 17:

/\

Surface oy, 4(5. 1)

The surface 0¢ 4(s,t) can then be represented by the following equation:
00,q(8,t) = lo ¢(s) exp [2mi6(t)]

This means that it is the line {, 4(s) rotating along the z = 0 line that forms the
surface.

If we consider the (M — 1) lines in Lg, i.e. the lines lo1(s), lo2(s), lo3(s), ...,
lo,m—1(s) rotating at the same time, we obtain one surface for each line, so we have
(M — 1) surfaces in total.

The surface og 4(s,t) intersects the cross section at ¢ — 1~ of the tst in a line
(shown in red)

Similarly, each surface g 4(s,t), where ¢ = 1,2,3,..., M — 1, intersects the cross
section at t — 1~ of the tst at exactly one line. We can find the line by evaluating
t — 1 in the function oy 4(s,?):

00,4(8,1—) =lp 4(s) exp [2mi0(1-)] = lp,4(s) exp (2miT)
We denote this line by i1 4(s).

l1,4(s) = lo,q4(s) exp (2miT)

The line is exactly what is obtained by rotating all points lying on ly 4(s) about 0
by 277 radians in the anti-clockwise direction.

If we let the blades keep going in the positive ¢ direction (with their orientation
unchanged), they then arrive at the position where ¢ = 1.

But since 1 +Z = 0 + Z, the plane ¢t = 1 is the same as that at ¢ = 0. In other
words, the blades are now back to the position where ¢t = 0.

We then define L1 = {l171(8), ll,g(S), 1173(8), . ,ll,M_l(S)} = Lo exp (277i7').
Keeping the process going on, we can obtain Lo, Ls, .. .,

where lp11,g = lp g exp 2mit)and L, ={l,, | ¢=1,2,3,..., M — 1}.

We can then prove the following proposition by induction:

Proposition 8. L, = Lgexp (2mitp) for nonnegative integers p=0,1,2,3,...
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Proof. We prove it by induction. When p = 0, this is obviously true, since
exp [2mi7(0)] = 1. Assume L, = Lgexp (2mitp). Consider L,41 = Ly exp (2miT) =
Lo exp [2miT(p + 1)]. The result therefore holds by the principle of induction. O

We observe that after several times of rotation, the lines in the set Lg returns to
original position. When this occurs, we stop rotating the lines and end this cutting
process.

In other words, we stop the cutting when we find some positive integer p such that
z+ zexp 2miT(p + 1) is the identity map, as this gives L,41 = Lo.

Lemma 9 (Least Rotations to Original). For the equation z = zexp 2miTr,

d(r)

the smallest positive integral solution is r = o) where g(1) = ged(|n(7)|, d(7)).
g(T
Proof. To solve exp 2miTr = 1, we have:

Tr €7

n(r)
d(r

& reZ, sincep >0

d
T >, where g(7) = ged (In(7)],d(7)) as defined.
-

9(7) )
d d
Sr= (mod (T)> since Mand ﬂ are coprime to each other
9(7) g(r) g(7)
Hence, the smallest positive integral solution is
d d
7 = min <(T) k> = —(T) O
rez+ \ g(7) 9(7)
With this Least Rotations to Original Lemma, in order to consider the result of
d
cutting process, we only need the sets Lo, L1, La, . .., Lp(r)—1, where D(7) = ET§
g(T

From now on, we focus on the cross section of the tst at t = 0 and put the cross
section in a plane.
Then we introduce a set defined as follows:

{LO7L17L27 .. "LD(T)—l}

We use the notation A(n(7),d(r), M) to denote a graph with the lines in these sets
together with the unit circle |z| = 1. Note that this is exactly the same as the cross
section at t = 0 of the tst after cut.

This set contains the lines in the set Ly rotated about the point 0 by 277p radians
anticlockwise, where p is an integer between 0 and D(7) — 1 inclusive.



CUTTING TWISTED SOLID TORI (TSTS) 37

Writing explicitly, the lines contained in the sets Lo, L1, Lo, . .., L1 have the fol-
lowing form:

lpq(s) = exp %i(pﬁ;zi\f D i [exp (2miTp)] (eXp % - 1>

where 0 < p <d(r)—1land 1 < g < M — 1 and p, g are integers.

Example 10. This is how A(1,6,3) is constructed step by step:
We first draw the circle |z| = 1:

ILLUSTRATION 4. The unit circle |z| = 1.

211

d(r)

2mi
= exp T into 3 parts with

Then we divide the arc from the point 1 to exp 5

equal arclengths:

ILLusTRATION 5. Dividing the arc into 3 parts.
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Then we calculate the number of blades, which is M —1 =3 —1 = 2, and insert the
lines in the set Lg:

Io, 2(5)

Ig1f5)

ILLUSTRATION 6. Inserting the lines from the set L.
Afterwards, we rotate the lines in the set Lo about 0 by 2wt radians, where 7 =
1
Z((T; =5 So we rotate the lines by g radians to obtain the set of lines Ly:
-

f.2(5)} fais)

Ip.nis)

lo. 105}

ILLUSTRATION 7. Inserting the lines from the set L;.
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If we continue the above process, we can obtain the set Lz, Ly and Ls. As D(17)—1 =
6 —1 =05, we can stop the cutting process and obtain the following diagram, which

is exactly A(1,6,3):

ILLUSTRATION 8. A(1,6,3).

Example 11. A(3,5,4) can be obtained in the same manner and it appears in the
following form:

ILLUSTRATION 9. A(3,5,4).

4. Studying the Result of Cutting

In this section we will present our approach to study the result of cutting. Firstly
we make more definitions on the cross section A(n(7),d(r), M):

Definition 12 (Graph of A(n(7),d(r), M)). The graph of A(n(7),d(r), M) is
A(n(r), d(1), M) with all points and line segments outside the unit circle discarded.
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Definition 13 (Vertex, edge, face). On the graph of A(n(7),d(7), M):

A wvertex is an intersection point of a line lp1 g1 with the unit circle |z| =1 or with
another line lpg ¢2, where lp1 g1 and lya g2 are distinct lines;

an edge is a line segment or arc that connects only two vertices; and

a face is a simply connected region bounded by edges in which there are no other
edges or vertices.

For example, the graph of A(1,6,3) is:

- -,

- =,
~ \x
/{‘x\ -~
S P A
A Trr X
f “‘*-\\ jx’:L ..-"f 4 A face
-~ e
> ‘x:\r«l”’/
7 B
P o N ,4)
\\‘ - “"‘-‘“\?(_f
i
. i
. -
~— e

ILLUSTRATION 10. Graph of A(1,6,3).

In the graph above, each vertex is marked with a cross (x), and each edge is a line
segment or arc connecting two vertices with no other vertices on it, and an example
of the 19 faces is indicated above. We then consider the resultant mathematical

1
object from cutting a tst. Shown below is the example of cutting the tst —> with

the chosen denominator d(7) to be 4:

Faces

a partial tsg

ILLUSTRATION 11. Partial tsts are formed after cutting.
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Definition 14. For a face D in the graph of A(n(1),d(T), M), the partial tst G(D)
is the set of all curves (y(t),t) in the tst <T> where y(t) is a curve in <T> and
~v(0) € D.

After that, we observe that some partial tsts are connected to each other (since
the plane at ¢ — 1~ is connected to the plane at ¢ = 0), as seen in the following
illustration:

Denote the red and blue faces by Dr and Dpg respectively. Then we observe that
the partial tsts G(Dg) and G(Dp) are connected to each other. Moreover, Dy
is obtained by rotating the face Dp by 277 radians about the origin.This thus
motivates us to define “connected” tsts:

Definition 15. The partial tst G(D1) is said to be connected to the partial tst
G(Dz) if D1 and Do are on the same A(n(7),d(7), M) and the face Dy is obtained
by rotating the face D1 by 2wt radians about the point 0.

We also note that some collection of partial tsts are connected to one another and
no any others. If they are isolated, they can be taken as a whole to give a closed
object as explained in the following:
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=0

If we denote the blue, red, yellow and green faces on the left by Dy, Dg, Dy and
D¢ respectively, then G(Dpg) is connected to G(Dg), G(Dgr) to G(Dy),G(Dy) to
G(D¢) and, finally, G(D¢g) to G(Dgr), because the faces Dgr, Dy and Dg and Dpg
is obtained after successively rotating the face Dp by 277 radians about 0. Hence
these mutually connected partial tsts form a closed object.

From this example, we can see that from A(n(7),d(7), M), we must be able to
obtain a finite sequence of k partial tsts G(D1), G(D3),G(Ds3),...,G(Dy) from a
tst such that, for example, G(D;) is connected to G(D3), and the last partial tst
G(Dy,) is connected to the first one G(D1). We are thus motivated to define the
following:

Definition 16. A knotted tst is a sequence of distinct partial tsts G(D1), G(Ds),
G(Ds), ..., G(Dy) where for each r satisfying 1 <r <k —1, G(D,) is connected
to G(Dy41) and G(Dy,) is connected to G(Dy).

We can now define the twist turn for a knotted tst. To deduce its formula, we
first consider how we can deduce the twist turn of a given tst I' with its twisting
function 0(t) found.

Recall that all the curves (y(t),t) € I' share the same twisting function 6(¢). There-
fore we can consider only one instead of all the curves (v(t),t). Take a particular
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~(t) which has v(0) # 0, and then the twist turn 7 is given by:

T=17-0
=0(1-) - 6(0)
h
= lim o' (t)dt
h—1= Jo
B /“’“) v - 27idf
0(0) 2miry

/7(1) dvy
ey 2y

_ L/ &
271 ’Y[O,l) Y

We now analogously define the twist turn of a partial tst by:

1

d
Definition 17. The twist turn of a partial tst G(D) is twt G(D) = —/ 2
7

21 Jyj0,1) 7

where ((t),t) is a curve in G(D) with v(0) # 0.

Note that “twt” is short for “twist turn”.
We also define the twist turn of a knotted tst as the sum of twist turns of all its
constituent partial tsts:

Definition 18. The twist turn of a knotted tst I'x = G(D1), G(Dz), G(D3), ...,
G(Dk) is twt I'x =twt G(Dy)+twt G(Dg)+twt G(D3) + ... +twt G(Dy)

We will also use the following notation to symbolize a knotted tst with twist turn
T

Notation 19. A knotted tst with twist turn 7 is denoted by <> .

The subscript K is used to distinguish between knotted tsts and tsts.

We are then using the number of different knotted tsts, in addition to each of their
twist turns, to present the result of cutting a general tst.

In general, cutting a tst may give more than one knotted tsts. We could have
studied the finite set that contains them, but this is not a satisfactory construction,
since in some cases more than one of them have the same twist turn. Counting the
number of knotted tsts (instead of different knotted tsts) formed is not the same
as the cardinality of the set.

For example, {<2>f,<2>k,<1>g} = {<2>k,<1>k} is a set with cardinality
2. However, if we cut some tst and obtain 2 knotted tsts being <2>j and 1 tst
being <1> g, we have obtained 3 knotted tsts instead of 2. To resolve this problem,
we consider a multiset that contains all the knotted tsts formed and use notations
from the paper [7] to make the following definitions:
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Definition 20. 71>k + <To>g= [<T1>K - <Ta>k] is the multiset that contains
<n>g and <1o>, called the sum of the two knotted tsts.

Sums can be added to form new multisets, i.e. for the multisets A and B, A+ B is
a multiset C satisfying

ma(@) + mp(@) = me(x)
for all elements = in A and B, where mp(z) is the multiplicity of the element x

in some multiset D, i.e. the number of times z appears in D. For example, the
multiplicity of 3 in the multiset D = [3.3.3.5.2_1.7_3] is mp(3) = 4.

Proposition 21. If S; and Sy are two knotted tst sums, then
S1+ Sy =59+5; and(51+52)+53 =S1+(52+S3).

Proof. This follows from the commutativity and associativity of addition of positive
integers. O

Notation 22. We write a knotted tst sum S = l<T>K<T>K<T>K- --,<T>K as

k times

k<r>gk.

This notion of knotted tst sums allows us to express the result of tst-cutting more
clearly and simply, as it is obvious that cutting a tst gives us a knotted tst sum.
Hence, we define:

Notation 23. ®(n(7),d(r), M) denotes the knotted tst sum resultant from cutting
n(r)\ .
a tst <T> represented as { —— ) in M parts.

d(r)

The careful reader may observe that taking the result of cutting a tst as a knotted
tst sum is not enough to determine how the knotted tsts are linked to each other.
This is discussed in the section on tst links. We also notice that there is a close
relationship between the tst sums ®(n(7),d(7), M) and ®(—n(7),d(r), M), so we
make the following definitions.

Definition 24. The conjugate of a knotted tst <>k is <—7>k and is denoted
by (<> )*,.

The conjugate of a knotted tst sum is then defined (inductively) as:
k k
Definition 25. If S = Z <Ti>K, then its conjugate is S* = Z(<TZ>K)*
i=1 i=1
Definition 26. The conjugate of the sum of knotted tst sums S1 and Sy is defined
by (S1 4 S2)* = S1* + So*.
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Example 27. The conjugate of (2 <0.25>g +15 <0.5>k)* = (2 <0.25>k
)+ (15 <0.5>k)* =2 <—0.25>k +15 <—0.5>k.

This conjugate notion will be useful as soon as we develop the “Basis Formula” in
the next section.

5. The twist turns of knotted tsts in ®(n(7),d(r), M)

First we notice the following fact:

Theorem 28 (Twist turn of knotted tst). If the number of partial tsts in a knotted
tst I'c in the sum ®(n(7),d(r), M) is r, then twt I'x = rr.

Proof. Recall from definition that the twist turn of a knotted tst is the sum of the
twist turns of its partial tsts. But as these partial tsts are from the same tst <7>,
they share the same twisting function 6(t) for which #(1—) — 6(0) = .
Hence each of the partial tsts in the knotted tst has a twist turn of 7.
In other words, twt I'x =7+ 7+ 7+ ---+ 7, so the stated result follows. O]

r T’

S

Therefore, we can now suppose the number of partial tsts in the knotted tst is k.
Then we recall the fact that if G(D;) is connected G(Dz), D2 can be obtained by
rotating Dy by 277 radians about the point 0. Hence, if we name the partial tsts
in the knotted tst by G(D1),G(D2),...,G(Dk), then Da, D3, ..., Dy are in fact
the faces obtained after successive rotations of the face D; by 277 radians about
the point 0. Since all of them are distinct, k£ is the smallest number of rotations
required for the face to return to its original position, and our mission is to find
out the value of k.

Before we go deep into the derivation, we recall that for a point z in the graph
A(n(7),d(T), M), there is a curve (v(¢),t) in the tst <7> where v(0) = z. If we
trace along the curve and consider the point where it intersects the plane ¢t — 17,
we would be at the point (y(1—),17) = (7(0) exp 2mif(1—),17) = (zexp 2miT, 17).
Note that z exp 27iT is exactly obtained by rotating the point z 27iT radians about
the point 0. If we trace instead a face D, then the curve (y(t),t) would be replaced
by the partial tst G(D). Then the partial tst G(D) intersects the plane at ¢ — 1~
in the face D’ where D’ is obtained by rotating the point z 2wt radians about
the point 0. Since the plane at t — 17 is connected to the one at t = 0, the
face D’ would appear in the graph of A(n(7),d(7), M), and by definition, G(D) is
connected to G(D’).

With this idea in mind, we separately consider two cases to find the value of k:

Case I The face D contains the point 0.
Observing the following illustration gives us the proposition that follows.
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ILLUSTRATION 12. An example of a face in the containing 0 in the
graph of A(n(7),d(r), M) being not rotational symmetric of order
being a multiple of d(7)/g(7).

Proposition 29. If there is a face that contains 0 in the graph of A(n(7),d(r), M),
then it is rotational symmetric of order being a multiple of AT where g(r) =

g(1)’
ged( In(7)],d(T) ).

Proof. Assume that D (in blue) is a face that contains the point 0 and that D is
d

not rotational symmetric of order a multiple of ﬂ Then D’ (in red), the face
g(T

obtained by rotating D by 277 radians about the point 0, also appears in the graph
of A(n(r),d(r), M), according to the reasoning above. But since D is not rotational

d
symmetric of order a multiple of ﬂ, the faces D and D’ are not the same and
T
DN D (in green) is a region bounded by edges. Therefore there are edges in D
and D’, making D not a face. This contradicts to our initial assumption that D
is a face. Hence, if D is a face that contains the point 0, D must be rotational

d
symmetric of order a multiple of ﬂ O

g(7)

d(r)

the point 0 once gives the same face D. Hence, for the face D containing 0, the
smallest number k of rotations by 277 radians about the point 0 for it to return to
its original position is 1.

Therefore, for faces in Case I, the partial tst G(D) is connected to itself and forms
a knotted tst individually, whose twist turn is 7. Therefore, each of these faces
corresponds to one knotted tst in the knotted tst sum, namely <7>g.

Since D is rotational symmetric of order , rotating D by 277 radians about
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Case II The face D does not contain the point 0.
We first claim the following propositions:

Proposition 30. In A(n(7),d(7), M), let the smallest number of rotations by 2wt
rad about the point 0 for a point to return to its original position be k > 0. Then
for every non-zero point in the graph of A(n(7),d(7), M), the least positive integral
value of such k is the same.

Proof. k is the smallest integer that satisfies the equation zexp(2miTk) = z. This

reduces to exp(2mitk) = 1 if 2 # 0. Hence k is the smallest positive integer
satisfying exp(2miTk) = 1. This argument is independent of z, so it is true for all
z # 0. O

Proposition 31. In A(n(7),d(r), M), let the smallest number of rotations by 2wt
rad about the point 0 for a face to return to its original position be k > 0. Then
for every region not containing 0, the least positive integral value of such k is the
same.

Proof. By the last proposition, consider all points in the face not containing 0.
They have the same k. O

By the Least Rotations to Original lemma in Section 3, the smallest positive integral

d(r)

solution to the equation exp(2mitk) = lis k = )’ where g(7) = ged(|n(7)], d(7)).
T

Therefore, for a face D in Case II, the partial tst G(D) does not individually become

a knotted tst; however, every D(7) such partial tsts belong to one knotted tst I'k,
d(r) _n(r)d(r) _n(r)

g(r) — d(r) g(r)  g(r)

n(r
D in this case, G(D) is an element of some knotted tst > .
K

whose twist turn is twt I'x = 7 . Therefore, for each face

From the above reasoning, we can now conclude that there are only two types of
knotted tst in the knotted tst sum ®(n(r),d(r), M), namely:

Type I A knotted tst with only one partial tst G(D), where D is a face in
A(n(7),d(T), M) containing the point 0.

Type II Any other knotted tsts in the sum.

We denote the number of type I and II knotted tsts in ®(n(71),d(r), M) by I and
P respectively.
Under this classification, the twist turns of type I and II knotted tsts are respec-
tively:

I.—n(T =T

d(r) 9(7)

—
—
—
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In this way, we can take <n(7)> and <n(7)> as “basic elements” for the
K K

d(7) g(7)

knotted tst sum and we have the following theorem:
Theorem 32 (Basis Formula). For all n(7),d(r),M € Z,d(7) >0

d(n(r),d(r), M) = I<Z((7T_§>K + P<Z8>K, where I and P are the respective

multiplicity of the two elements in the knotted tst sum.

Proof. Use the fact that <n(7’)> and <n(7’)> are the only types of elements
d(1) /[ i 9(7) [ K
in the knotted tst sum.

Theorem 33 (Conjugate Cutting). ®(—n(7),d(r), M) = [@(n(r),d(T), M]*.

Proof. The tst <—7> can be obtained by taking the conjugate of the tst <7>.
After cutting <—7>, by the Basis Formula, each resultant tst is either <—7>§ or

< — Z((T))> , each of which is the conjugate of the strips formed from ®-cutting
T) I Kk

<>, with the multiplicity of each knotted tst unchanged. O

Example 34. If ®(1,2,3) = P <1>g +I <0.5>k, then ®(—1,2,3) = [®(1, 2, 3)]*

= (P <l>g +I <0.5>k)* =P <—1>g +I <—0.5>.

This allows us to consider only the case with 7 > 0 and then use the Conjugate
Cutting Theorem to deduce the result for 7 < 0.

6. Deducing a Formula for Multiplicity I of <7> in Sum ®(n(7),d(r), M)

For simplicity, from now on, we are going to use the following notation:
d
Notation 35. N(7) = nlr) and D(1) = d(r)
9(7) 9(7)

Observe the graphs A(1,6,3) and A(3,5,4). Notice that the region containing 0 is
found in the graph when M is odd. Besides, some lines [, , intersect at the point
0 when M is even.

Lemma 36 (Lines through center). In A(n(7),d(r), M), there are some lines pass-
ing through 0 iff M is even.

Proof. For 1 < ¢ < M — 1, the line [, , is given by the equation

lp,q(s) = €Xp (27Tz'(pn( )M + Q)) + is{exp (M)} [exp (@) _ 1]

Md(7) A(r) “w
wi(pn(T)M ) mipn(T mi
o () - i oo (ZRD) 1o (3F5)]
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We now have to solve the equation I, 4(s) = 0.
Rearranging gives exp (%W) = is[exp (2”%:)(7))] [1 — exp (%)]

2mi(—
Multiplying both sides by exp (W), gives
T

o[ 2] 1 (22

Simplifying gives:

R

Observe that the left hand side has a modulus 1 but i{l — exp (%)} does
T

not. Given that s is any arbitrary real number, we can scale the number z[l —

27 27
exp (ﬂ)} to have modulus 1, i.e. we can solve the equation i {1 —exp (ﬂ)] =

d(r) d(r)
re . . . 2me
s'iexp(2mi¢) for some ¢, and s’ is the modulus of ¢ {1 —exp (Wﬂ . Then we note
T

that after canceling the i’s on both sides, the right hand side is exactly the polar
form of a complex number. It follows that

e (G e G- ()

d(r

:[1—exp<d2(77r_))][l—exp< 5(7:_1))]:1_[6)(1)(‘1( )) p( :(7:))]""1
2 . 2m

:2(17005 d(‘r)> :4sm2T(T)

27
Since s’ > 0, we take s’ = 2sin ——, since d(7) > 0. By division, we have

2d(7)
1 2
exp (2mi¢) = {1 exp ( )] (5 csc QdET ))
-
exp (2mi¢) = [(1 )) 18 ] ( CbC )
— Cos sin 2 sin 2— 2s8in 27 oog 28
exp 27TZ< ( d(T)) . d _ : 22d(7') . 2d(7) 2d(7)
2sin 5 2bln2d() QSmT@) QSde()
. 27 o8 27 1 (CO 27 L 27 )
=sin —— — —_— = = S ——— +sin ——
Sodr) P 2am) T i\ 24(n) 2d(7)

()

2
Hence, we have iexp(2mi() = exp (ﬂ

2007

gives exp (]\/2[7;723)) = 55’ exp (;TZ’))

Substitution into ()
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However, note that the left hand side of the equation has modulus one, while that on

2mi 2mi
the right hand side is ss’. Hence we have exp ( MZZ’)) = exp (Tzﬁ)) Therefore:

In A(n(7),d(7), M), there are some lines passing through 0

2mi 2mi
& exp (#Z(qﬂ) = exp (TZ_)) for some integers ¢ such that 1 <¢g< M —1
1
& exp (2m‘ﬁ(7) — 271'1'%) = 1 for some integers g such that 1 <¢< M —1
oM gy int hthat 1 <q< M —1
— or some integers g suc a —
SNd(r) gers ¢ <q<

< 29— M = k(2Md(T)), where k is an integer for some integers ¢ such that
1<g<M-1
Since M < 2q — M < M and right hand side is a multiple of 2M, we must have
k=0
.. There are some lines passing through 0
< 0 = 2qg — M for some integers ¢ such that 1 <g< M —1
< M is even.
O

Now, we have gathered enough information to deduce a general formula for the
multiplicity of <7 >k in the sum ®(n(r),d(r), M), which we recall to be the
number of <7> formed after cutting <7> into M parts.

Theorem 37. The multiplicity of <7 > in the sum ®(n(r),d(r),M) is I =
1—(-1)M
—

Proof. The point 0 can only either be exactly a vertex, where I = 0, or inside one
face, where I = 1. The former case is found when M is even, and the latter when
M is odd.

. . 17 71M
Hence[:{l if M is odd (-1) '

0 if M is even which can be combined to give > O

7. More Properties of A(n(r),d(r), M)

Next we are going to calculate P, or the multiplicity of < N(7)>g in the sum
®(n(r),d(r), M). In order to do so, we have to investigate more properties of
A(n(r),d(T), M).

Recall that we can discard every point, line segment and region outside the unit
circle of A(n(7),d(r), M) to obtain the graph of A(n(7),d(r), M). Besides, we have
defined a vertex, an edge and a face.
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So we can deduce, from the graph of A(1,6,3), the numbers of vertices, edges and
faces.

ILLUSTRATION 13. Graph of A(1,6,3). (Revisited)

There are 24 vertices, 42 edges and 19 faces (excluding the exterior of the unit
circle).

Theorem 38 (Face-multiplicity). The number of faces in the graph of A(n(7),d(T),
M) is F = PD(1) 4+ I, where I and P are the number of type I and II knotted tsts
in the sum ®(n(1),d(t), M) respectively.

Proof. Recall that each partial tst comes from a face in A(n(r),d(7), M). The
number of faces in the graph of A(n(7),d(r), M) is equal to the number of partial
tsts. Since each of the P knotted tsts <N (7)>g produced from cutting contains
D(r) partial tsts and <7> (if produced) contains one partial tst, the total number
of partial tsts, and hence that of faces in the graph of A(n(7),d(7), M), is PD(7)+
I O

In the following discussion, we first assumed that n(7) = 1 for the sake of con-
venience. We would later drop this assumption and consider the case for other

)

n(7)’s.
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7.1. When are three lines I 41, 1p2,42,lp3,43 in A(n(7),d(7), M) concurrent?

Next we consider when three lines Ip1 g1, (p2,g2: lp3,q3 in A(n(7),d(7), M) are con-
current.
For convenience, we introduce the following notation:

Notation 39.

[lplyth (0)7 llplyth (S)} [lpzng (0)7 l/szqg (S)] [lps,qs (0)7 llPs,% (8)]

Ip1.q15p2,42:p3,93]= llplaih (S) [/P27qz (3) ﬁp37QB (S)
lA/pl,th(S) [/pmqa (s) [/p37Q3(3)
1 - N
where [a,b] = i(db — ab) for any complex numbers a and b, and and U'(s) is the

I'(s)

normalized derivative of 1(s) with respect to s, i.e. I'(s) = Ok

This is the determinant that checks concurrence, in which we have considered the
specific three lines l,1 41(51), {p2,q2(52) and lp3,43(s3) in A(n(7),d(7), M) and sub-
stituted the suitable values. The reader is referred to the Appendix A for its
derivation.

Theorem 40.
P15 G1; D2, 423 P3, q3| = A[sin(m f1) sin(7 f2) sin(7 f3) — sin(7 fa) sin(7 f5) sin(7 f5)]

, where
f (o1 —p3+A)M — (M —q1 — q3) I (2 =p)M + (g2 — 1)
e Md(r) P Md(r)
fo = (p3—p2)M+(Q3—(J2) fs = (pr —p3+A)M + (M — q1 — g3)
o Md(7) ’ i Md(7)
fo = (p2 *pl) + (g1 — q2) fo = (p3 —p2)M + (g2 — q3)
o Md(r) ’ ° Md(r)
and A = %T)
Proof. Note that we have I, (s) = i(exp % - 1) Xp 37(1-:_?

From the proof of the Lines through Center Lemma, we have:

'(e 2mi 1) 2mip ,(1 o 214 ) 2mip Yo 2mip . m
i exp—— — —— = —i(l—exp—— = —sex Xp ——
Pam ~ ) ) Y ") Cd(r) " i)
2
where s’ = 2sin QdZTT) >0
U (s) mi(2p + 1)
Hence, lpq(s)* D.g =—exp—————
LO] d(r)
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Consider that [l 4(0),1, 4(s)]

B [ 2mi(pM +q) ox mi(2p + 1)]
Md(ry P T
B mi(2p+1) 2mi(pM + q)
= [ex dir) P Md(r) ]
iy mi(2p+ 1) 2mi(pM + q)
=i Tm|ex i PP ]
. —mi(2p+1)  2mi(pM +q)
= Im[exp am P T () }
_y Imm'(Qq — M)
B Md(T)
— i sin M
Md(T)
Hence, |p1, q1; P2, G2; P3, q3|
jsip G = Mmoo Qe Mmoo (205 — M)m
Md(T) Md(T) Md(T)
_ mi(2p1 + 1) exp mi(2p2 + 1) exp mi(2ps 4 1)
d(r) d(T) d(7)
exp —mi(2p1 +1) exp —mi(2pz + 1) exp —mi(2p3 + 1)
d(T) d(r) d(r)
L 271 pg fp ) —27i(pa — p3)
=1 sm [ 3 exp TT)S}
. (2q2 - M)7r 2m(ps — 1) —27i(p3 — p1)
LR Voo [ex i P ]
. (2g3 = M)m 2mi(p1 — p2) —2mi(p1 — p2)
+osin Jz\)’/[d(T) [eXp an T am }
_isin (2¢1 — M)m {22. sin 2m(p2 — ps)}
o Md(T) d(T)
o (22— M)mr, . . 2m(p3s —p1)
LR VTS 2 a7 ]
. (23 —M)mr.. . 2w(p1 — p2)
+ 7sin ]z\)’/[T(T) [22 sin W}
_ 94 (2¢ — M)m . 2m(p2 —p3) 9sin (2g2 — M)m . 2m(p3s —p1)

Md(r) T d(n) Mdr) T d(n)

(23 — M) 7 sin 27(p1 — p2)
Md(T) d(r)

— 2sin
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— oog 202 —pa)M + (g1 —m)] - 27[(p2 = p3) M — (2 = m)]
- Md(T) Md(T)
+ cos 27[(ps — p1)M + (g2 — m)] — cos 21[(p3 — p1)M — (g2 — m)]
Md(T) Md()
+ cos 27((p1 — p2)M + (g3 —m)] cos 2n[(p1 — p2)M — (g3 — m)]
Md(T) Md(r)

Now 4[sin(7 f1) sin(w f2) sin(m f3) — sin(7 f4) sin(7 f5) sin(7 fg)]

= 2{cos[w(f1 — f2)]}sin(wf3) — 2{cos[r(f1 + f2)]}sin(mf3)
— 2{cos[m(fs — f5)]} sin(m fo) + 2{cos[m(f1s + f5)]} sin(m fo)

T[(p1 +p2 —2ps + A)M + q1 + ¢2 — M]

= 2cos Md(7) sin( f3)
— 2cos 7[(p1 — p2 + A)%;(Z-l) — g2+ 2¢s — M] sin(7 f3)
— 2cos F[(_2p1 t P2 +p3]\;d?7'))]\/[ ta2tas - M] Sin(ﬂﬂi)
P 7[(p1 + p2 — 2p3)M + q1 + g2 — M] sin 7[(p2 —p1)M + (1 — q2)]
Md(7) Md(r)
+osin TPL = P)M +q1 = g2 + 25 = M) o wl(p2 = pO) M + (q1 — g2)]
Md(T) Md(r)
_ 9sin 7[(—2p1 + p2 + p3)M + g2 + g3 — M] sin 7[(p3s — p2)M + (g2 — g3)]
Md(r) Md(T)
_9sin m[(p2 — p3)M — 2q1 + q2 — q3 + M] sin m[(ps —p2)M + (g2 — g3)]
Md(r) Md(r)
— oo 2723 = p)M — (g2 —m)] + cos 2n[(p2 — p3)M + (1 — m)]
- Md(T) Md()
1 cos 27 [(p1 — p2)M + (g3 — m)] — cos 2m(q1 — g2 + g3 —m)
Md(T) Md(r)
_ cos 27[(p1 — p2)M — (g3 — m)] 1 cos 2r[(ps — p1)M + (g2 — m)]
Md(T) Md(r)
— cos 2[(p2 — p3)M — (¢1 —m)] 1 cos 2m(q1 — g2 + g3 —m)
Md(T) Md()
= s L2 = p3)M + (@ =m)] 27 [(p2 — ps)M — (a1 — m)]
- Md(r) Md(r)
+ cos 2n[(ps —p1)M + (g2 —m)] cos 2r[(ps — p1)M — (g2 — m)]
Md(T) Md()
1 cos 2r[(p1 — p2) M + (g3 — m)] — cos 27[(p1 — p2)M — (g5 — m)]

Md(T) Md(T)
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= [p1, q1; 2, 425 3, 43|
O

In the following discussion, we expand use of the notation of I, 4(s) in A(n(r),d(7),
M) from 0 < p < D(7) — 1 to all integral values of p. This means that for any

integer K, lp1.d(r)k,q(8) represents the same line.

e N
hals) ~_ .~ o fa2)
< ¢
SN
|I1 A i \.\\ __.-" LY
___f IJ w_f l“"‘-L }zz' 4};# fﬂ.l(*ﬂ
£ ) D4
i . |
s A 1
| ,/J i AT R
1 L .o ™ {
\ -’._‘.__.f ‘--\?_H- ™ |
las) 7\ A oA /1,200
b i
e N
, g _l(!ll \\--,_ I .--’_,- f 1 1{3.':
~— ]

ILLUSTRATION 14. [, , with various integral values of p

ILLUSTRATION 15. l44b m+e and lg—p m—c are symmetrical about

the line [,
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By careful observation, we can find that the lines lo14m+c and lg—p pm—c are sym-
metrical about the line /, ,,. This is proven below. We call this configuration of
three lines “Config 1”.

Lemma 41. In A(n(7),d(7),2m), the lines lotb,m+c, la,m and lo—p m—c are concur-

2mi(pM +q) . . 2mi
M) + islexp (2miTp)] (exp )

rent, where l,, ¢ is the line [, 4(s) = exp
1).

Proof. Applying a theorem proven in the Appendix A, the lines l,1 ¢1(51), {p2,¢2(52)
and 3 43(s3) are concurrent

< [p1, q15 02,253, q3| =0

(21 — M)m . 2mw(p2 — p3) (2qo — M) . 27m(ps —p1)

0= —2sin Md(7) sin ) — 2sin Md(7) sin )
<~
gy 243 = M) 27(p1 — p2)
Md(T) d(r)

which is proven in the last Theorem.
Let d(7) = 24, so that we have:

9sin (2m + 2¢ —2m)7 sin 2mb 9 sin (2m — 2m)mw sin 27 (—2b)
2m(2A) 2A 2m(2A) 2A
— 2sin (2m — 2¢ — 2m)m sin 2mb
2m(2A) 2A
= —2sin QZA sin bKW — 2sin Osin _Zﬂ-b — 2sin 2_77:2 sin bg
= —2sin o sinb—ﬁ — 0+ 2sin il sinb—ﬂ
2mA A 2mA A

=0

“Aatb,m+cs la,m and lg_p m—c are concurrent.

O

We then go on and figure out other configurations of three lines in A(1,d(r), M)
such that they concur. Except the above one, it is obvious that any three lines
passing through the origin are concurrent, which can be found only when M is
even. We call this configuration of lines “Config I1”

In the following discussion, for the sake of simplicity, we write d(7) = 2A and
M =2m.

We consider the following fact: for d(7) < 2, we cannot find three nonparallel lines
in A(1,d(7), M) from its definition. Hence, we assume that d(7) > 2, i.e. A > 1.
Moreover, we also note that if d(7) = 4, there are only two families of parallel lines,
so it is known that d(7) is even, we assume that d(7) > 6, i.e. A > 3.
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Proposition 42. A line represented by l,4+ A ni—q(s) is the same as the line repre-
sented by 1, 4(s).

Proof. We notice that in fact the line l,4 A p—q(s) takes the equation:

2mi[(p + A)M + (M —q)] . 2mi(p + A) omi
oxp Md(7) e 0 (e i) 1)
e Xl )M —g 2w @( 2mi )
TR Md(r) P Pam \ P am

But note that, from the proof of the Line through Center Lemma, we know that

, (s) o 2mip (e 2mi 1)
$) = —iex Xp —— —
pHAM g P \ P ag)
Moreover, since

2mi(G1 + Cz)]

[exp(2mic1) + exp(2mica), exp =k

2mi(G1 + G2)

=ilm{[exp(—2mi(y) + exp(—2mis)] exp 5 }
:z’Im[eXp 2mi(G = G + exp —2milG = )
2 2
. 2m(C2 — (1)
=ilm [2 cos f]
=i(0) =0,
the number exp(27i(y) + exp(2mi(s) is parallel to exp w and this allows
2mi(C1 + C2)

us to write exp(2mi¢y) + exp(2miy) = rexp where 7 is a real number.

2
Therefore we have:

Md(T)
Lysanr—q(8)

2R 40) [ oy 2000 T DM ]
Md(T) Md(r)

. 2mip 271
fzexp%<exp% — 1)
2mip [exp 2miq exp 2mi(M — q) }
d(r) Md(T) Md()

Ly ani—g(0)

exp

, 2mip 2,
—s'exp —— exp ——

d(r) 2d()
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exp 27iq + exp 2wi(M — q)
B Md(T) Md(T)
- 21,
2d(T)
2miq 2mi(M — q)
rexp Md(T) ; Md(T)
—s’ exp 2mi
2d(T)
27
- 7 exp 3d(7)
s’ exp 27
2d(7)
T
s/
€R
2mi(pM + q)

Hence, the point exp lies on the line I,y A ar—q-

Md(T)
This shows that we can choose another parametrization for the same line:
2mi(pM +¢q) ., 27Tip( 2mi )

l _q(s%) = P . i It
e p—q(s7) = exp =y e s exp ey e g

And by considering

] (—5*) = ex 2mi(pM + q) L ox 2mip ( 27 )

praM=a ) = S T ) Pam\ P ae)

we recover all the points on the line I, 4(s). O

This above proposition allows us to restrict, for any three lines under consideration,
the p1, p2 and p3 such that 0 < p1,po, p3 < A.

The following diagram illustrates the use of this proposition on A(1,5,4) where we
have, for some lines [, 4(s), p is not an integer but 2p is:

p=1
o

~ Fr—

N pu.s
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To find out other configurations, we note that the lines I 41,{p2,q2 and I3 43 are
concurrent if and only if the following equation holds: 4[sin(w f1) sin(7 f3) sin(7 f3) —
sin(m f4) sin(m f5) sin(w fs)] = 0,

i.e. sin(wf1)sin(7 f2) sin(m f3) = sin(nw fy) sin(w f5) sin(7 f), — — — — — — —— (C)
where:
f _(pr—p3+ A)M — (M —q1 — q3) f _ (p2 —p1)M + (g2 — q1)
b Md(r) R Md(r)
y ~ (p3 —p2)M + (g3 — g2) s _(pr—p3+AM + (M —q1 — gq3)
T Md(r) ’ o Md(7)
fy = (P2 —p1)M + (q1 — q2) o= (p3 —p2)M + (q2 — q3)
T Md(r) ’ o= Md(r)
_d(7)
and A = —

We note that fi + fo + fs + fa + f5 + f6 = 1, so that we can follow the paper [6]
for all rational solutions to the equation (C), which lists all possible f1, fa,..., f6
such that equation (C) is satisfied. We start with the following matrix equation for

fla f27 .- ‘7f6 in terms of P1,D2,P3,491,492, 43 as follows:

fl AM — M M 0 -M 1 0 1 P1
fo 0 0o -M M 0 -1 1 Do
s3] _ 0 -M M 0 1 -1 0 P3
Md(r) | ¢ | = 0 ey v 0 -1 1 oll|a
f5 AM + M M 0 —M —1 0 —]. q2
f@ 0 0 -M M 0 1 —1 qs3

We denote the column vector (f1 fo f3 f1 fs f6)T by f.
Performing elementary row operation, we obtain:

M 0 -M 1 0 1|1

o -Mm M 0 -1 1 1

-M M 0 1 -1 0 1

-M M 0o -1 1 0 1

M 0o -M -1 0 -1 1

0 -M M 0 1 -1 1
2M 0 —2M 0 0 0] 1 0 0 0 1 0
0 -2M 2M 0 O 0| O 1 0 0 0 1
0 0 0 0 0 01 1 1 1 1 1

A R A s LT R 7R 2

0 0 0 010y —by by by Syl
0 0 0 00 1|Y Y, =1, L, -1, -1,




60 K.L. CHAN, T.N. CHAN, H.Y. LAU, K.S. MOK, Y.S. WONG

From this result we can then solve for the p’s and the ¢’s.
The ¢’s can be solved directly:

m 1 -1 1 -1 -1 1 m
. :%(T) 1 -1 -1 1 =1 1 |f+|m
g3 1 1 -1 1 -1 -1 m
2 0 2 0 0 2 1 1.1 1 11 m
=mA[2 0 0 2 0 2|f-mA[1 1 1 1 1 1]f+|m
2 2 0 2 0 0 111 111 m
2 0 2 0 0 2 m —mA
=mA|2 0 0 2 0 2|f+|m—-—mA
2 2 0 2 0 0 m—mA

Here we have used the fact that (1 1 1 1 1 1)f = 1. Then we consider the p’s.
Since A(n(7), d(7), M) is rotational symmetric, we can first assume that p; = 0. We
also further restrict that po < p3. In combined form, this is 0 = p; < p2 < p3 < A.
We therefore have:

1 0 -1 D1 10 0 010 —2AM
2M 10 -1 1 po| =410 1 0 0 0 1])f+ 0
1 0 0 D3 0 00 O0O0FO 0

Then we can then solve for po and ps, which are:

-1 -1 -1 -1 A 1 1
(ﬁ;):A(fl 0 8 8 -1 O)f+<A>:A(fl 8 0 0 701 8)“(2)
Here we have alsoused (1 1 1 1 1 1)f=1.
According to the paper [6], there are three types of solutions to the equation (C): the
trivial solutions, where fy, f5, f¢ is a permutation of fi, fo, f3, four families of one-
parameter infinite solutions, and sixty-five sporadic solutions. We can substitute
f1, f2, f3 and so on into the solutions listed in the paper [6] and then find whether

there are some reasonable configurations of the three lines besides Config. I and II.
Details of the consideration can be found in Appendix IV.

Case A The “trivial” solutions.

These are the solutions with f1+4 fo+ f3 = fa+ fs+ f6 = = and f4, f5, f6 is a permu-

1
P
{ = fa fi=Tfe

tation of f1, fo, f3. In other words, we have six subcases: =fs ¢ fo=fs
= fo f3=1s
fi=1Fs Ji=fa fi=1s fi=fs
fo=1fe ,§ fa=fe ,{ fo=[f1 and § fo=/f5 .
3= fa f3=1s fs=1Tle f3=Ja

Case B One-parameter infinite solutions
In order to reduce the number of cases, by symmetry of A(n(r),d(r), M) and sub-
stitute the value of U only into f; in each of the subcases. We consider twelve



permutation matrices as below (with every unspecified entry zero):
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1 1 1
1 1
P = ! s Pa = ! 1 , P =
1 1
1 1
1 1 1
1 1
Py = ! ,Ps = ! 1 , Ps =
1 1
1 1
1 1 1
1 1
Pr = , Pg = ! 1 , Py = !
1 1
1 1
1 1 1
1 1
1 1 1
Pyo = 1 ,Pii = 1 , Pz =
1 1
1 1 1
From the paper [6], we can form four column vectors for the solutions:
1 1
6 6
1
t 58t
1
- -2 t "
s1 = 3 ,89 = ,both for 0 <t < —; and
! +t ! t 6
3 6
t 2t
L Ly
6 6
1 1
= St
6 3
1
S t
6 1
2t -+t 1
s3 = ,84 = 3 ,both for 0 <t < —.
1 1 12
- —2t - —2t
6 6
t 3t
~+t =4t

61
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Then in Appendix IV, in the subcase “B i.j”, we substitute f = P;s; where i =
1,2,3,4and j = 1,2,3,...,12 and then deduce the range of values of p1, p2, p3, q1, g2
and g3 if the case is not rejected.

Case C Sporadic solutions

The paper [6] provides 65 sets of exact values satisfying the equation (C). We
consider this case using a Scilab program. Program codes can be found in Appendix
B.

Combining all the logical arguments in the above analysis, we see that the solutions
to equation (C) other than those giving Config I and IT are as follows: for k € Z*,
In A(1,5,12k), [0,3k;0.5,k; 1,k| =0 (BL3)

|0,k;0.5,k;1,3k| =0 (B1.11)

|0, k;0.5,3k;1.5,9k| =0 (B2.2)

|0,9k;0.5,6k;1.5,k| =0 (B2.7)

10,9k; 1,3k; 1.5,k =0 (B2.10)

|0,11k;1.5,6k;2,3k| =0 ( )

|0,3k;1.5,6k;2,11k| =0 (B4.11)
In A(1,7,12k), |0, 3k; 0.5, 5k; 2.5, 11k| = 0 (

10, 11k; 2, 5k;2.5,3k| =0 (B2.9)
For solutions in A(1,5,12k), we can know that the lines involved are included by
A(1,5,12) (since the values of ‘g’s are all multiples of k). As both A(1,5,12k)
and A(1,5,12) are 10-fold rotational symmetric about the origin, all concurrence
in A(1,5,12k) derived from the solutions also appear in A(1,5,12). By studying

A(1,5,12) directly, we can know that there are 10 pencils of 5 concurrent lines in
A(1,5,12k). Similarly, there are 28 pencils of 3 concurrent lines in A(1,7,12k).

\“&
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7.2. When do lines [, 41,l,2,42 intersect outside the unit circle?

We next consider the problem as in the title and propose the following theorem to
answer the above captioned question.

Proposition 43. If d(7) > 3 is an integer, and p; and ps satisfy the inequality

) _
Ss<Ip—pl<A= ﬂ, then0<sinw <1.
2 d(r)
— 1
Proof. Through division by d(7) > 3, we have 5d(7) < p1d(7'§02| < 5
s 21 _ 2m|py — po
Th 1ds 0 < < —.
BYIES TS50 = 7 dl) 2
The stated result thus follows. O

Proposition 44. If d(7) is even, then no lines intersect outside the unit circle.

Proof. Because d(7) is even, for any two non-parallel lines l,1 41(s) and Ip2 q2(s)
under consideration, we can restrict that 1 < ps — p; < A — 1 and note that we
also have 0 < |¢1 — g2| < M — 2. Then by solving l,1 41(51) = lp2,42(s2), i.e

M+ q . 2mipy 2mi
exp(2772 Md(T) ) + s11 €xXp d(T) (eXp d(T) 1)
P2 M + qo . 2ipo 27
— i 12 - =< — —1).
exp( ™ Md(T) ) + s21exp d(T) (exp d(T) )

We now find a condition on s such that the point [, 4(s) lies outside the unit circle.
In other words, we solve |l, 4(s)| > 1, or |l, ,(s)|> > 1, i.e.

|exp(gwi%:;)—siexp%( - Xp;%)l2

[exp(zmpM(*j) siexp 708 (1 —exp 275)] [ewp (2w
st (1 oy 220 5
T

— is[(l — exp %) exp (27ri M;?T)) — (1 —exp %) exp (27ri M(Z(T) )] >0
Using the fact that
27ip 271 —2mip —2mi
oo 25 (1= e 255) | [ iy (1o 507)]

)
*’e 2(2;( exp%)’ = 4sin® —
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and that

(1 — exp %) exp (27riﬁ(<]7_)) — (1 — exp %) exp (QWiﬁ(T))

oxp (2t~ i e (arigis) e
= —2¢sin M:iT(qT) — 2 sin W
= —4isin dZ:') cos 27;\(4qd(7_7)n)’ where M = 2m,
the inequality becomes
4% sin® % — 4ssin dETT) oS 27;\(4qdz7'7)n) >0
s(s sin erT) — cos ZW]\(quzTT)n)) >0
Since d(7) is an even integer, 0 < ’;{4;(7:) ‘ < ATZ&:) < %, cos W >0

- .m
In addition, we have sin —— > 0. Hence, we have;

d(r)
2m(g—m)
cos
s<0ors> # > 0.
S1n %
f _L fprq[{“r} <
g f"-F_.__ T l o
g N\l
. VM\ "JY ..r"/
S i N ee \ S
s e A
| RS » N )

But if the intersection point of any two lines lp1,41(s1) and Iz 42(s2) is outside the
unit circle and s; < 0 at the intersection point, we can change the parametrization
of the line Ip1 41(s1) t0 lp14a,m—q1(s1*) such that s;* is now positive.
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Ipg(0) :
Hl O e _
® | — .

Ty + 2. 3¢- g0}

Hence we can take s; < 0 as a necessary condition for the two lines to intersect
outside the unit circle. Now we deduce the formula for s; in terms of the p’s and
the ¢’s. We introduce two new variables §; and Ss such that

2p1 + 1) _ syiexp 2mip: (exp 2mi
d(r) ' () d(r)

2pp + 1 . 2mips omi
39 exp(mi i) ) = saiexp ) (exp am 1)

51 exp(mi 1) and

Here 51 and $; are apparently real, since

T(2p+1) , 27ip 2mi

d(r) _E“g[’(eXp(uT))(eXp(aT) o]

1
Then we have s = 7275 and the condition s < 0 becomes § > 0
sin 77
Rearrangement from Ip1,41(81) = lp2,42(52) gives
2pr+1, 2py + 1 M+ ¢ p2M + q2
- 2m——— 2

51 exp(mi a0 ) — 89 exp(mi i) ) = —exp(2mi () )+exp(2mi————— () )

We note that for the following equation:
§121 + Soz9 = z3 Where 21, 25 and z3 are complex numbers, we can have

{ 51Re(z1) + 52Re(2z2) = Re(z3)
51Im(z1) + 32Im(2z2) = Im(z3)

Cramer’s Rule yields

Re(z3) Re(za) Re(z3) —Im(z3) Re(zz) — Im(22)
s Im(z3) Im(z9) _ 2Im(z3) 2Im(zs)

! m%)m@w me—mm)m@—m@‘
Im(z) Im(z9) 2Im(z) 2Im(zy)
Re(z3) —Im(z3) Re(z2) — Im(z2)

Re(z3) + Im(23) Re(zz) + Im(zo
(21) (
(21) (
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Z3 Z2
z3 22 Z3zo — 2322 24 Im(Z329)

w @m | Zm-az o 2 Im(zzn)
21 22
[

23, 22

where [a,b] = iIm(ab) is the complex bracket for any complex numbers a and b.
Therefore, we have

. { — exp (QWipiﬁi;fl) + exp (Qﬂipi\jyal?;)(h ), — m(QdZEQT;— 1)}
mi(2p +1) mi(2p2 + 1)
[GX an) P T am ]

where [a, b] = iIm(ab) is the complex bracket for any complex numbers a and b.

The denominator is:

mi(2p1 + 1) mi(2pa +1)7 mi(2p2 + 1) mi(2p1 + 1)
[GXP d(lT) TP d(ZT) } - [eXp am P T A
. (2p2+1 2pr+1NT . p2—p1
= iImexp {m( () — ) )] = —¢sin 27 )

Note that 1 < py —p; < A—1 < A so we can use the previous propositions to give
1< —2sin2r2 P g,
d(7)

Similarly, we can show that the numerator is equivalent to

M M (2 1
[— exp <2m‘p71 * (h) + exp (27rip2 + qz),—exp 7m( P2 + )}

Md(T) Md(T) d(r)
. P2—P1 , @2—q1 p2—p1—1  q+q
p— 2
2isin 2 ( 2d(r) 2Md(7)) cos 2 2a(r) 2Md(7)>

Using the fact that 1 <py —p; < A—1and 0 < |1 — ¢2| < M — 2, we have

I 2-M p-p @-a A4  M-2
2d(r)  2Md(r) — 2d(r) = 2Md(r) ~ 2d(r) 2Md(T)

The boundaries can be loosened to give:

P M pp—p @@ 1, M
2d(t)  2Md(r) 2d(t)  2Md(r) 4  2Md(7)
p2—p1 2—@ 1 1

1
0<% T aman <12 <2

A

IN

. P2 —Pp1 @2 —q
H 2 ( ) 1
ence 0 < sin 27 2d(7) 2Md(r)
Using the fact 1 <py—p1 < A—1and 0 < ¢q1,q0 < M — 1, we have
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—p1—1 A-2 2M -2 1 2 1
o< 2D +Q1+L]2S n _ 1 1
2d(T) 2Md(7) — 2d(r) 2Md(r) 4 2Md(r) 4
p2—p1—1 q1+q2><1
2d(T) 2Md(r)/ —
Therefore, in the expression of §1, after canceling the i’s, the numerator is positive
and the denominator is negative, giving s; < 0.

The stated result follows. O

Hence we have 0 < cos 277(

Therefore, for the lines in A(1,d(7), M) to intersect outside the unit circle, we must
have d(7) odd. However, this condition is not sufficient. The following proposition
deals with this fact.

Theorem 45 (Intersection outside the unit circle). In A(1,d(7), M) with d(T) an
odd integer, the nonparallel lines lpy1 g1(s1) and ly2 g2(s2) intersect outside the unit

circle only if the angle between them is —.

d(r)

Proof. Tt d(7) = 1, then there is only one family of parallel lines, so there is nothing
to consider. Now suppose d(7) > 3.
For any two lines l,1 41(s1) and Iy g2(s2) under consideration, choose p; and p

d(r)

1
such that they satisfy 3 <|p1—p2l < A= — which is always possible for any

two lines.
From the proof in the previous proposition, we know that

5 = —2sin27r(p2 -P, 22— ) cosQw(m —p1—1 L& + ¢ ) cscop P2 =Pt
! 2d(r) | 2Md(r) 2d(7) 2Md(7) d(r)
Assume that ps > p1, then csc 27Tp2 o csc wa > 0 by the previous

d(r) d(7)
proposition.
-1 _
Now we consider the sign of cos 27T<p2 2;();) ;;42{%) and sin 27T(p;d(7_];1 +
q2 — q1 )
2Md(T)/"
1

Case I py —p1 = 5
Note that since 0 < |g2 — 1| < (M — 1) — 1 = M — 2, we have:

1 1 _p-p - 3 1
Md(r) 4d(7) — 2d(r) 2Md(r) — 4d(r)  Md(T)
e 4—M§PQ—101_’_<12—lhS 3 1 < 3 Sl

AMd(T) 2d(T) 2Md(7) ~ 4d(r) Md(r) 4d(r) ~ 4
and
_r_oor 1 p2—p1—1  @+taq *1+2M*2_ 8 __t .1

4 Md(r) 4d(r) =  2d(r) oMd(r) ~ 4d(r) ' 2Md(r)  4d(r) Md(r) 4
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p2—p1—1 QI+Q2)>O
2d(T) 2Md(T)

Noting the left hand side of the first inequality may be positive or negative, de-

pending on the value of M, we consider two cases.

so we have cos 277(

(a)M <4
4—M P2—p1, @2—q 1 : P2—p1, @2—q
0< < < — 2 >
= 4Md(r) = ( 2d(r) 2Md(7)) = S0 ”( 2d(r) 2Md(7)) =
Hence 57 < 0.
(b)M > 4

M _ _
Let m = - then for sin 27T<p2 P1 + 20 ) < 0, we have

2d(T) 2Md(T)
p2—p1—1 @+¢ 1
— and h —q < M —2.
2d(T) 2Md(7') < 5 and nence m < qip — Qa2 <
Thus, §; < 0 except for m < g1 — g2 < M.

0<

Case T 1 <py—p1<A-1

M+(2*M)<p27p1+QQ7ql<AM*M+M*2
2Md(m)  — 2d(r) 2Md(7) — 2Md(T)
b2 —Pp1 92 — 1

1
0<%a) T anar <2

. P2 —p1 q2 — q1
SO sin 27r( 2d(7) + 2Md(7')) > 0.

1 p2—p1—1+ql—|—Q2 <AM—2M—|—2M—2
Md(r) — 2d() 2Md(7) — 2Md(T)
1 p2—p1—1 q1 + Qg2 1
— < < Z
5= 2d(r) @ 2Md(r) "4

p2—p1—1  qg+aq
2d(T) 2Md(T)
1

Case IlIps —p1 = A — 3

so we have cos 27r< ) > 0 and hence 57 < 0.

AM—%+(2—M)<p2—p1 Q@ —q AM—%-!—M—Q
2Md(T) — 2d(r)  2Md(r) — 2Md(T)
A-3 L _p-p @-a 11
2d(t)  Md(r) — 2d(r) = 2Md(r) 4  4d(r)
1
2

P2 —p1 42 — q1
0< <
2d(r) " 2Md(r)
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. P2 — D1 92 — q1
2 ( ) .
so sin 27 2d(7) 2Md(r) >0
—p—1
For cos 277(p2 2d}(7;) 2(]]1\42((]:)) < 0, we have
p2—p1—1  @+aq 1 p-p—1, @t+taq 1
2d(r)  oMd(r) ~ 4% 2d(r) ' 2Md(r) ~ 4

3 3M
and hence q; + ¢2 < *M(d(’l’) — 5) < 0 (rejected) or - < q1+ q2-
Thus, §; < 0 except for 3m < ¢q + g2 < 4m — 2.

In conclusion, for any two lines intersecting outside the unit circle, we must have

1
either (A)ps —p1 = 5 and m < q; —qa < M or

1
(B)p2 — p1 :A—§ and 3m < ¢1 + q2 < 4m — 2.
In (A), obviously the two lines are from adjacent families of parallel lines and the

1
angle between them is % In (B), note that in fact |ps — (p1 + 4)| = 37 50 the
T

same deduction shows that the stated relation holds. O

7.3. Relations between different A(n(7),d(7), M)’s

Next, we notice the following relation between A(n(7),d(7), M) of two different 7’s
with the same D(7). This allows to compute the multiplicity P of <N(7)>g in
®(n(7),d(r), M) from another sum.

Proposition 46. A(n(7),d(7), M) for any n(t) is the same as A(1,d(r), M) if
g(r) =1.

Proof. The set A(n(7),d(7), M) consists of the unit circle and the I, ,(s) which
takes the equation

2mi(pn(T)M +q) . , 2mi
lp.q(s) = exp Md(r) + is(exp 2mwiTp) (eXp ) 1)
for1<g<M-land 0<p<d(r)-—1.

if g(t) = 1, we can choose a unique integer p’ for each p such that
p' = pn(r) (mod d(7)) and 0 < p’ <d(7) — 1.

M 'M
Then we can write exp (QWi%) = exp (271'1']\5T<7_)) and
/

exp 2miTp = exp (27mp;((:))) = exp (277@' di'))
Hence we can convert every line [, 4(s) to I,y 4(s") which is defined as:

2mi(p’M +q) . 2mip’ 2mi
lrale') = exp == i (e Gt ) (e 55 1)
».q(8") =exp M) +is’( exp ) exp i)
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which is a line in A(1,d(7), M).

Note that the conversion map f : Zg;) — Zg(r) defined by
p+—p’ =pn(7) (mod d(7)) is bijective:
Injectivity:pin(7) = pan(7) (mod d(7)) < (
& d(r) | (p1 — p2)n(r). Since g(r) = 1,d(r)
But since 0 < py,p2 < d(7)—1,0 < |p1— o
which means that p; = ps.

Surjectivity: For p1 # pa, |p1—p2| is never a positive multiple of d(7), the conversion
map is obviously onto.

Because one value of p corresponds to exactly one line, the conversion map
g:{Lplp=0,1,2,...,D(7) — 1} from A(1,d(r), M) = {Ly|p' =0,1,2,...,D(r) — 1}
from A(n(r),d(r), M) defined by 1, 4(s) — 1,/ 4(s") is bijective, so the stated result
follows. O

p1—p2)n(r) = 0 (mod d(7))
(p1 — p2)-

|
<d(r)-— 1 so we must have p; —pa = 0,

Now, observe the following pairs of graphs: A(1,3,3) and A(3,9,3):

ILLUSTRATION 18. A(1,3,3). ILLUSTRATION 19. A(3,9,3).

We note that A(1,3,3) and A(3,9,3) are similar in several aspects. Generalizing
the result, we can prove the following proposition.

Proposition 47. For any given rational 7, A(ny(7),d1(7), M) and A(ny(7),da(7),
M) have the same number of lines and the angle between adjacent families of parallel
lines is the same.

Proof. Note that for A(ny(7),d1(7), M) where g1(7) # 1, the number of families of
(7)

T . .
parallel lines in the graph is 2 if D(r) is even
D(r) if D(7) is odd

, and the angle between
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2

if D(7) is even
each adjacent family of parallel lines is therefore 7) , where
D) if D(7) is odd
-

Then from our observation of A(1,3,3) and A(1,9,3), we notice the following.

ILLUSTRATION 20. A(1,9,3).

Proposition 48. Suppose g(t) > 1. Then A(n(r),d(T), M) is in fact the lines
lpq(s), where p=0,g(7),29(7),...,d(T) — g(7), in A(1,d(T), M) together with the
unit circle.

M 1
Proof. Note that [, ,(0) = exp 2m23\4dz:';] and [, //(s) = expmi d(i) completely
determine the line [, 4(s).

rn(T)M +q
In A(n(7),d(1), M),1,4(0) = exp QWZW and

2 1
lrq'(8) = exp m'rncgz-);_. But for 0 < r < d(r) —
T
rn(T )M+rD( VM +q rn(T)M +q

lT-_;'_D(.,—) (0) = exp 271'1 (7‘) = exp 27TZ(W(T) —+ Tg(T))

Since rg(7) is an integer, I, p(s), q(()

( )-

L t2ng(n)) =1 (9).

Therefore, 1,1 p(r,q¢(s) is in fact the same line as I, 4(s) for all 0 < r < d(r) — 1 —
D(r).

Hence, we are allowed to restrict 0 < < D(7) — 1 in considering all lines I, 4(s) in

A(n(7),d(r), M)

.g(T)k‘M—i—q
In A(17d(T),M)7lkg(T)’q(0) = eXpQ’IT’LW?

) =1,
()

Similarly, I, 1 p(r),q (5) = exp m(
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lig(r),q' (8) = exp m’%.

Set k = rN(7) (mod D(7)), where 0 < k < D(7) — 1.

Then kg(7) = rn(r) (mod D(7)).

Hence, we can assign a unique k to each r where 0 < r < D(7) — 1 such that the
line I, 4(s) in A(n(7),d(7), M) is the same as l;4(;),q(s) in A(1,d(7), M).

Hence, the mapping f : {Lp|p = 0,9(7),2¢9(7),...,d(r) — g(7)} in A(1,d(7), M) —
{Lplp=0,1,2,...,D(7) — 1} defined by

I i lrg(8) = lig(r),q(8) is bijective. Therefore, the stated result follows. O

Proposition 49. In A(n(7),d(T), M) with g(T) > 1, no two lines intersect outside
the unit circle.

Proof. The fact follows from the last proposition. With g(7) > 1, the difference

T 1
in the values of p of any two lines is at least @ > — also allowing ourselves to

change p to p+ A or p — A. The angle between any families of parallel lines is
% if D(7) is odd.

If D(7) is even, d(7) = D(7)g(7) must be even, so by a previous proposition, the
stated result follows.

If D(7) is odd, then for even g(7),d(7) = D(7)g(7) is even, so the stated result

2

follows. If g(7) is odd, then g(7) > 3, and hence % = %g(ﬂ > % > Wt_)
Therefore, by the Intersection outside the unit circle Theorem, the stated result
follows. O

therefore at least D—F if D(7) is even and
T

8. Deducing a Formula for Multiplicity P of <N (7)> in Sum ®(n(7),d(r), M)

After claiming different propositions in the last section, we are now capable of
calculating P. Here we use two main results:

1. Euler’s formula for graphs: V — E + (F 4+ 1) = 2, where V, E and F are the
number of vertices, edges and faces (excluding the exterior of the unit circle)
respectively.

In other words, we have F =1+ FE — V.

1—(—1)M
2. The Face-multiplicity Theorem: F = PD(7) + I, where I = % as
proven.
1+E-V -1
In other words, we have P = skt |
D(r)

We first consider the case where M = 2.
Theorem 50. The multiplicity P of <N(7)>g in ®(1,d(7),2)

o | 1 4fD(r) is even
“P{ 2 if D(7) is odd
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D(r) if D(7) is even

2D(7) if D(7) is odd when M = 2. There-

Proof. Tt is easy to see that F' = {

fore,
g(T) =1 if D(r) is even

P= 219(3) -
D) =2 if D(7) is odd

Then we calculate the value of P in the tst sum ®(1, D(7), M), where D(7) is an
even integer, for which we write D(7) = 2A such that A is an integer. After that
we do the same for odd d(7) where g(7) = 1. Then, the result is generalized to
cases of ®(n(r),d(7), M) with g(7) = 1 and then to cases where g(7) # 1.

Theorem 51. If d(7) is even, the multiplicity P of <N (7)>x in ®(1,24, M) is

p- i(M— D[(A=1)(M = 1) +2] if M is odd,

i[(M—2)(MA C3M = A—2) £ 2M2+ M —4)] if A is even
P =

T —2)(MA+ A +2) if A is odd

if M is even and M # 2.

Proof. Note that if M is odd, the number of vertices in the graph is
1
V=AM-1) §(A -H(M-1)+ 2} and that of edges is

E=AM-1)[(A-1)(M—-1)+3].
If M is even and M # 2, the numbers of vertices (V') and edges (E) are respectively

V =[aCo(M — 1) — 2A(M — 2)(? —1) = ACy + 1] + 2A(M — 1),

B =A{2 72— 2) + (4 1) 1]+ (4 (M ~2) + (M~ 1) + 1] ~2))

+2A(M —1)
if A is even; and
V = ACy(M —1)* —2A(A — 1)(M —2) — ACy + 1] +2A(M — 1),

E:A{[%(M—Q)HH]+[(A—1)(M_2)+1](M_2)}+2A(M_1)

if A is odd. ,
Hence the number of faces is /' = 1+ A(M —1)| (A= 1)(M ~1)+ 1} if M is odd,

and
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é(Mf2)(MA73M7A72)+A(M2+Mf4) if A is even

%(M—Z)(MA—M—}—A—FI) if A is odd

if M is even and M # 2, where A is an integer.
The result thus follows. O

Now we are calculating P for odd d(7). Note that we have assumed g(7) = 1. For
the sake of simplicity, we introduce the following notation:

. 1 difm|n
Notation 52. §,,(n) = { 0 otherwise

This is also used in the paper [6] to which we have referred in our derivation.

Theorem 53. If d(7) is odd and d(7) # 5 and 7, the multiplicity P of <N (7)>k
in ®(1,d(7), M) is

i[(zd(f) ~3)(M — 1) + 6d(r)](M — 1) if M is odd
P =
i[Z(d(T) (M = 2)(M 4+ 1) — M(M —6)] if M is even
where M # 2.
L 1@d(r) = 3)(M = 1) + 6d(m)|(M — 1) if M is odd
Ifd(r) =5,P = ‘1*
Z[Z(d(T) —1)(M —2)(M +1) — M(M — 6)] —8512(M) if M is even
L 1@d(r) = 3)(M = 1) + 6d(m)|(M — 1) if M is odd
Ifd(r)=7,P = ‘1*
Z[2(d(r) —1)(M = 2)(M 4+ 1) — M(M — 6)] — 4612(M)  if M is even

Proof. Note that besides that there are some three-line concurrence not of Config
I or IT in the case of d(7) = 5 and 7, we also have to consider that there are some
lines intersecting at some point outside the unit circle.

Hence, we first consider the entire A(n(7),d(r), M), assuming that there are no
three-line concurrences other than Config I and II. Having calculated the number
of faces in A(n(7),d(7), M), we then subtract from this formula the number of faces
outside the unit circle. Afterwards, we making the adjustment for d(7) =5 and 7
due to the other configurations for 3-line concurrences.

If M is odd, in A(n(r),d(T), M), i.e. the graph of A(n(7),d(r), M) together with
the exterior of the unit circle, the total number of edges is:

E=(M-1D[d(r)—1)(M—-1)+1—2d(7)]
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The number of vertices is
V = (4(r)C2)(M — 1)2 —2d(7)(M — 1)

But the number of faces outside the unit circle is
1

%(MQ— 1)<M2— 1 1)2d(7) = Z[(M_ 1)2d(r) — (M — 1)d(7)].

Similarly, when M is even and M # 2, we have

V= amnCa(M —1)? —d(r)(M = 2)(d(7) = 1) = 4(r)C2 + 1 + 2d(7)

The formula for F is as follows. If M = 4, we have:

E=d(r){d(r)-1)(M -2)/2+ 1+ 1} +[(d(r) = 1)(M —2) = 1](M — 2)}
+ 2(M —2)d(7)

and for M > 6, we have:

E=d(r){(d(r) - 1)(M — 2)(%) +1+1}+[d(r) - 1) (M —-2)—1](M -2)}
+2(M — 2)d(r) — 2d(7) (% - 2).

However, after we apply Euler’s formula for graphs, we can combine the two cases
to give one single formula for the number of faces in the graph of A(n(7),d(7), M)
is:

N0 (M~ 1)~ 1)(2d(r) ~3) + 6(P)] +1 if M is odd
e dTT)[g(d(T) ~1)(M —2)(M +1) — M(M —6)] if M is even
where M # 2 and d(7) is an odd integer not equal to 5 and 7.
For d(7) = 5,

@(M — D)[(M —1)(2d(r) — 3) + 6d(7)] + 1 if M is odd
F= @[%d(ﬂ (M = 2)(M +1) — M(M — 6)] — 406,5(M) if M is even
For d(7) =1,

@(M — D[(M — 1)(2d(7) — 3) + 6d(7)] + 1 if M is odd
o @[2(61(7) —1)(M —2)(M +1) — M(M — 6)] — 28815(M) if M is even

where those d-terms are to compensate for the pencils of concurrence lines.
The result thus follows. O
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Now we consider the case where g(7) > 1. We first consider the case for N(7) = 1,

ie. n(r) = g(1).

Theorem 54. If D(1) is even, the multiplicity P of <N (7)>g in ®(g(7),d(1), M)
17/D

is P = 7[( éT) - 1)(M— 1)+2](M— 1) if M is odd,

4

1

Z[(M—Q)(MA—3M—A—2)—|—2(M2+M—4)] if A is even
P =

i(MfQ)(MA+A+2) if A is odd

where D(7) = 2A.

Proof. From the propositions and theorems from the previous section, we see that
if d(7) is even, in the graph of ®(1(7), D(7), M), no lines intersect outside the unit
circle. Therefore, changing d(7) to D(7) would give the stated result. O

Theorem 55. If D(7) is odd and D(T) # 5,7, the multiplicity P of <N(1)>k in
®(g(1),d(1), M), where g(T) > 1, is

D(1)(M —1)(3MD(7) — M + D(1)) if M is odd
P= { %[(D(T) —1)(M —2)(M +1)+2M] if M is even and M #2
If D(7) =5,
D(r)(M —1)(3MD(r) — M + D(r)) if M is odd
P= { %[(D(T) —1)(M —2)(M + 1) + 2M] — 8012(M) if M is even and M # 2
If D(r) =1,
D(r)(M —1)(3MD(r) — M + D(r)) if M is odd
P= { %[(D(T) —1)(M —2)(M + 1) + 2M] — 4612(M) if M is even and M # 2

Proof. Use the formula of P for ®(1,d(r), M) where d(7) is odd. As no lines
intersect outside the unit circle when g(7) > 3, we subtract from the formula the
number of regions outside the unit circle divided by d(7). Changing d(7) to D(7)
would give the stated result. O

Finally, we consider the case where N(7) # 1.
Theorem 56. m(p(n(.,-),d(T))M)(<T>) = mq>(g(.,-)’d(7))M)(<T>).
Proof. Using a proposition from the previous section, we know that the graphs

A(n(1),d(7), M) is the same as A(g(7),d(r), M). Hence, the stated result follows.
O
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9. Irrational Twist turns

We now extend our discussion to consider tsts with irrational twist turns, i.e. 7 €
R\Q.
d(7)

We first consider the former case. As 7 € R\Q, it is impossible to calculate ﬁ
g(T

directly. However, we have a fact that for any given real number 7, there exists a

rational sequence of {a,} such that lim, ,-{a,} = 7. Thus, we have to consider

d(Tn)

9(Tn)
result for ®(n(r).

Repeated (or continued) fractions are used to generate the sequence {ay},
1

the rational sequence { } to find an approximation in the deduction of the

ie. T=bo+ T = [bo; b1, b, b3, . . .| where by, b1, ba, ... are integers.
b+ 1
ba +
by + -
If the representation is periodic, an over-bar is used to denote infinite repetition.
If we define 7, = [bg; b1, ba, . .., by] to be a truncated expression, then 7, is rational,

and we can thus calculate D(7).

Notation 57. Denote @y <7>r, ®(n(r,),d(r,), M) where 1, is the n-th term
in the sequence of approximation using continued fractions.

Example 58.

- 1 17
58.1 Since 2 = [1;2], so \/§SZ1+71:E and
2+ —
2 _
1 41 T2
Va =1
9 1 29
Tt 1
2+ —
2+ -

2
<I>M<\/§> ~3 ®(17,12, M) and <1>M<ﬂ> ~q B(41,29, M).
58.2 m=1[3;7,15,1,292,1,1,1,2,1,3,1,...], so ®py <m>~3 ®(355,133, M).
d(r)

Remarks: Note that in different approximations, the ﬁ may be different in even-
gt

odd property. Hence, we have to use a = sign to indicate that only a truncated
representation is chosen.

Theorem 59. If 7 is irrational, @y <7>= 00 <oco>i +1 <T>)

Proof. Observe that as n — oo, D(7) — oo and N(7) — oo. Regardless of even-odd
property, we have P — oo. O
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To visualize the result of cutting <7>, we can consider the terms in the sequence
{an}, whose limit is 7, and see how A(N(ay,), D(a,), M) looks like. If n is large
enough, the graph of A(N(ay), D(ay,), M) is generally of the following form:

As n grows larger, the graph of A(N(ay,), D(ay), M) becomes:

As n tends to infinity, D(a, ) tends to infinity as well, so does the number of vertices,
edges and, thus, faces. Therefore, P tends to infinity.

However, I does not depend on D(a,), thus not on n; it depends only on the
even-odd property of M.

10. Cutting with More Blades

In this section we consider a new way of cutting tsts, called multiple cutting, which
we used to define for the sake of discussion in the later sections.
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Consider A(1,4,3) as shown below:

ILLUSTRATION 21. A(1,4,3)

When we evaluate the twist turn of each of the tsts represented in A(n(7),d(T), M),

1
we have considered only the tst being <4> However, we can in fact consider this

1
way of cutting to a tst <2>, by starting with four blades instead of two and then

insert the blades at the position such that after insertion, the cross section at t = 0
of the tst becomes the one in the above illustration. If we continue the process like
the usual cutting method, i.e. allowing the blades to rotate along the tst, and see
how this surface formed from rotation intersect the plane ¢ — 1—, keeping on the
rotation until the blades return to its original positions, then we can obtain new
results from this new method of cutting, in the process of which more blades have
to be inserted. This motivates us to the following definition.

Definition 60. For a positive integer u, the graph A*(n(r),d(r), M) = A(n(r),
ud(7), M) is the cross section at t = 0 of the tst <T> after ®"-cutting it into M
parts.

Note that in ®#-cutting a tst into M parts, u(M — 1) blades are inserted. Besides,
we also define:

Notation 61. For a positive integer u, the graph A*(n(7),d(7), M) = A(n(r),
ud(7), M) is the cross section at t = 0 of the tst <T> after ®H-cutting it into M
parts.

The relation of multiple cuts with cuts defined previously is established by the
following theorem:

Theorem 62. ®*(n(r),d(r),M) = puP < N(7)>xg +I <7 >k, where P =
M (n(r),pd(r),M) (K N(T) >K) is the multiplicity of < N(7)>x in the knotted tst
sum ®(n(r), pd(1), M).
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Proof. Consider first ®(n(7), ud(7), M) but for the 2 twist turns, evaluate with the
twist turn 7 instead of —. Then the number of regions in A*(n(7),d(r), M) =

A(n(7), pd(1), M) is /LD(A;:)P + I from the previous section, where P is the multi-
plicity of <N(7)>f in the sum ®(N(7), unD(7), M). If we set the multiplicity of
<N(7)>k in the knotted tst sum ®*(n(7),d(r), M) to be P’, then the number of
regions is also D(7)P’ + I. Equating gives P’ = uP. O

Corollary 63. ®!(n(7),d(r), M) = ®(n(r),d(t), M)
Proof. Use the above theorem, and substitute p = 1. O

This notion of “cutting with more blades” will become very useful when we develop
our theory of tst links in later sections.

11. Links from Tst cutting and the General Form of Their Braid Words

After cutting different tsts into M parts, knotted tsts of the same twist turn may
be formed, although they may be of different form of links. For example, one may
be in the form of a trivial knot, while the other in a trefoil. This motivates us to
the think of the knotted tsts as links or knots.

Definition 64. The resultant knot/link obtained from ®-cutting a tst <T> in the
form of a trivial knot into M parts by p times is called the tst link of ®*(n(7),d(7),
M) and is denoted by [®*(n(7),d(T), M)].

We are now constructing the tst link [®#(n(7),d(7),

Consider the tst sum ®*(n(7),d(7), M) = uP <N(7)> +I <7> where P is the
multiplicity of <N (7)> in the tst sum ®(n(7), ud(r), M) for p > 1. Using this
result, we can deduce the general form of the tst link [®#(n(7),d(T), M)]. We first
conslder the case for n(7) > 0.

Theorem 65. If M is even and n(r) > 0, then the tst link [®*(n(7),d(7), M)] is
equivalent to the (—uPN (1), uPD(7))-torus link.

M)].

Proof. We claim that each of the tsts <N (7)> individually forms a (—N(7), D(7))-
torus knot. Extract the centers of mass of all the D(7) regions which the tst
<N (7)> intersects the cross section of the original tst at ¢ = 0:

Shown below is the example of A(1,4,4), where the faces whose partial tsts con-
tribute to the same knotted tst are shaded in red and have their centers of mass
marked with a red cross.
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ILLUSTRATION 22

Then dilate the D(7) vectors from the origin to the centers of mass, such that it is of
length one, and mark the terminal point of the dilated vectors on the circumference,
forming D(7) points:

ILLUSTRATION 23

k
Let these D(7) points take coordinates (exp27rim,0) where £k = 0,1,2,...,
T

D(71) — 1. Connect these D(7) points to the D(7) points with coordinates

(exp 27rim, 1—) with line segments:
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INt) lines
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ILLUSTRATION 24

Now fix the left end and rotate the right end by 7 turn(s) as viewed from the point
(0,0):

I DN1) curves
P t turmifs)
=

{ expl 2air ).1=]

ILLUSTRATION 25

Next, we identify (z,0) with (z,1—). Note that this agrees exactly with the defi-

nition of a (g, r)-torus knot. Here r = D(7) and ¢ satisfies the equation KO
r

(we are using a left-handed system in our definitions but the standard one is right-

handed, so there is a minus sign). Solving gives ¢ = —N (7). We can check that

this is a knot (or a one-component link) by noticing that ged(—N(7), D(7)) must

be 1.
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Now, consider the uP tsts put on the same cylinder as shown:

Im
T hunis
il
o e
A E e
___?__‘__,__f.--- _.-r"ff
= _'_._,_.-—"'"_F _Fr._'__,_,.-'-""f
_:-"'-'-_F'-F'_
R
| [
[ I
0 1

ILLUSTRATION 26

Extract the centers of mass of all the regions (except the one that contains (0, 0),
if any) and project them to the nearest point on the circumference:

ILLUSTRATION 27

Some points may coincide after projection. In that case, we allow slight sideway
movement of the points in such a way that if one of the projected center of mass
of a region from one tst is adjusted clockwisely, the other projected centers of mass
of regions from the same tst is adjusted in the same way, and vice versa.
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Similar to the argument above, by definition, this is a (—uPN(7), uPD(T))-torus
link. O

From the theory on torus links, we can deduce the following:

(1) The tst link [®H(n(7),d(T), M)] has ged(—puPN (1), uPD(7)) = pP compo-
nents, which obviously agree with our expectation.

(2) From the theory on torus links, we know that the braid word of the tst link
[®u(n(r),d(T), M)] is (o7 oy togt. .. JHPD(T)_l’l)”PN(T)

If M is odd, I = 1, so we have to proceed with the tst <7>. If we individually
consider the knot formed by this tst, we get a trivial knot as shown:

ILLUSTRATION 28

If we consider this trivial knot together with the torus link formed by the P tsts
<N(7)>, we obtain the following:

Theorem 66. If M is odd and n(r) > 0, the tst link [®*(n(7),d(T), M)] has a
braid word of:

2 -1 _-1_-1 —1\uPN
0y 03 05 ... 0upp(r) ) (7).

(o1
Proof. To find the braid word for this link, we first notice that there is a repetitive
pattern in it, similar to the case when M is even. The pattern is exactly the braid
word obtained from the case with N(7) = 1, and repeats itself for pPN(7) times.
Put the tst <7> together with the P tsts <N(7)> to the same cylinder.
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We can shrink the tst <7> to a line segment passing through (z,¢t) = (0,0) as
shown:

wPD{r) blue eurves

ILLUSTRATION 29

We have used the tst link [®(1,6,3)] as an example
Then project this line segment of <7> onto the circumference in a way shown in
the following illustration:

wPD(r) blue curves

ILLUSTRATION 30
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If we lie the curved surface flat, we obtain the following:

Tii uPDN ) blue curves

L aa

/’--_Jl_:-:_"""'——-—___,__:_d_.:—:-":_-:r;_;_\ T tumis)h
Tae— —

Expand the part of the surface

aiolchad b, ey Take tlus as a closed brmd, then the

braad 1s:

’!-—H\ pPD(r) + 1 stnings

e
7 ™y

[ fHJ T

Similar to the example illustrated above, the braid word for the general tst link
[@#(n(r),d(r), M)] where N(7) = 1 isto; %05 'os tort . opuppn) ™!
and that for the general N (1) is therefore the above braid word repeated uPN (1)

2 1 21 -1 —1\uPN
0y 03 05 ...0upp(r) ) (), O

-~

PO(T) blue curves <

times: (o;

Next we consider the tst link for n(7) < 0. Similar to previous construction, we
obtain the general form of the braid word as follows:

If M is even and n(r) < 0, then the tst link [®#(n(7),d(7), M)] is equivalent to
the (uPN(7), uPD(7))-torus link and has the braid word (0,pp(r)—10.PD(r)=2 - - -
0'2(71)“PN(T).

If M is odd and n(r) < 0, the braid for the tst link [®*(n(7),d(7), M)] is in fact
the mirror image of that for the tst link [®#(|n(7)|, d(7), M)] along the bottom line.
Therefore, the braid word will be

1 —l)uPIN(T)\}—l = (CpPD()TuPD(r)-1 - - 0.3020.12)HP|N(7')|

—2_—1_—1_—1
(o1 70y 05 04 ... 0upPD(r)
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(pPDit) + 1) strings
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braid word for [®*(|n(7)|,d(T), M)]:

-2 -1 -1 -
(o7 “0g 03 0y

< OuPD(r) )

1\puP|N(T)

Reflecting along this line

braid word for [®#(n(7),d(T), M)]:

OuPD(T)OuPD(1)—1---030201

2)uPIN ()|

12. General Form of the Seifert Matrices and Alexander Polynomials of

Tst Links

In this section, we establish links between the class of links we have discovered (i.e.
tst links) and the common knot theory.
In the first part, we present the result for [®*(n(7),d(T), M)] where n(7) > 0. In
the second, we would present the part for n(r) < 0.

Notation 67. The Seifert matriz of the link [®"(n(7),d(T), M)] is denoted by

Vi (n(r),d(r), M).

The Alexander polynomial of the link [®*(n(7),d(7), M)] is denoted by

[A*(n(T),d(T), M)](t).

Using the following notation allows us to express the general form of V#(n(r), d(7),

M), more easily.

Notation 68. B, =

entries.

1 -1

with zeros in the unspecified

Theorem 69. If M is even, then V*(n(7),d(r), M) = Bupp(r)—1 @ (=Bupn(ry—1")-

If M is odd, then V*(n(7),d(T), M)

S

7B2,U,PN(T)71T

A

, where A is the following matriz block:

0

Bupp(r)-1 @ (=Bupn(n-1")
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m -1 0 1 0 0 0 -+ -~ 0 0 0 0
0 0 0 -1 0 1 0 0 0 0 0
0O 0 0 0 0 -1 0 . : 0
0 0
1 0
-1 1

o o
o o
o o
o o
o O
o o
o o
o
o
o O O
o o
oL
o o

o
o
o

0O 0 0 0 0 0 O] [(uPN(r)=1)(uPD(r)—-1)]
X(2uPN(1)—1)
0 denotes a (2uPN(7) — 1) X (uPN(7) — 1)(uPD(7) — 1) matriz block of zeros.

and the S below the equality sign denotes “Seifert equivalent to”.

Proof. We use facts from the theory of torus links.

As pointed out in the previous section, if M is even, the tst links [®*(n(7), d(7), M)]
is exactly a (—uPN(7), uPD(7))-torus link. The result follows directly from the
theory of torus links.

If M is odd, we note that we can in fact determine the Seifert matrix using the
following rules: (Here we have assumed that n(7) is positive)

1. The “central-central” configuration:

_1
JCIC

Tk(
2. The “north-south” configuration:

Lol ) =1

R

o

JEI

-

|
—_
o
=)
a.
;‘.

1k(0!i,04i+1#) = (ai-‘rlva?) =0
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[ 7 7 |

Ik (v, oz;#) = lk(a;, ozfﬁ) =0

4. The “northwest-southeast” configuration:

3. The “east-west” configuration:

Ik(a;,a) = 0 and Ik(ay,a}) = ~1

5. The “northeast-southwest” configuration:

Ik(a;, %) = 0 and Ik(ay, af) = 1
6. Otherwise

Any other configurations would give 1k(a;, af) =0.
Then using the braid word found from the last section, we can obtain the stated

result. O

Next, we shift our focus from Seifert matrices to the associated Alexander polyno-
mial.

Theorem 70. If M is even, then
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(1 —t)(1 — trPNOD))uP _WPN@) ) uPD) )
(1 — t#PN(T)) (1 — tnPD(7))

[A*(n(r), d(r), M)](t) = (=1)""~"

Proof. The result follows directly from the formula of Alexander polynomials for
torus links that if K(q,r) is a (—g, r)-torus link, then from the book [4], its Alexan-
der polynomial is:

ao1 (=1 —t)? ey

Al=er) =D =,

, where d = ged(q,r) and | = lem(q, ).
We then substitute ¢ = uPN (1), and r = uPD(1).

Then d = ged(uPN (1), uPD(7)) = pP ged(N(7), D(7)) = pP.

Also, we have | = lem(uPN (1), uPD(7)) = pPN(1)D(7). O

Next we calculate the Alexander polynomial of tst links where M is odd.
Here we consider some special cases, namely where PN (7) and uPD(7) are 0 or
1.

CaseI pPN(r)=0.
We then have p = 0 (rejected) or P =0 or N(7) = 0.

Subcase I.1 P = 0.

Here we have pPD(7) = 0 and that M = 1. Therefore, the resultant knotted tst
after cutting is the same as that before cut. In other words, the resultant knotted
tst is in the form of a trivial knot and therefore has an Alexander polynomial of 1.

Subcase 1.2 N(7) = 0.

Here we have 7 = 0, with D(7) = 1. Hence we have pPD(r) = puP. The
braid word for the link [®*(n(7),d(7), M)] is therefore (o; oy o3'...0,p™)°
= (o7 toy oyt oup oy oy tog Lo Y)Y = eup, where e, p is the trivial
braid of P strings. Hence the link [®(n(7),d(7), M)] is the pP-component unlink,
which has Alexander polynomial 0.

Case IT pPD(7) =0.
Since D(7) > 0, we must have uP = 0 and therefore uPN(7) = 0, so the result
follows from Case I.

Case IIT puPN(1) =1

Since p, P and N(7) are nonnegative integers, we have y = P = N(7) = 1. Hence,
we have uPD(7) = D(7). The braid word of the link [®(n(7),d(7), M)] is o7 2 which
is Markov equivalent to that of a Hopf link. Hence, the Alexander polynomial is
[A¥(n(r), d(7), M)](t) = t7 (1~ 1).

Case IV uPD(1) =1
Similar to the above case, we have = P = D(1) = 1.
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The Seifert matrix V*(n(7),d(r), M) is then —Bay()—1 ", which is Seifert equiva-
lent to that of a (2,2N(7) — 1)-torus link, so the Alexander polynomial

(1 _ t)[]. _ t2(2N(T)—1)]

(1—#2)(1 — 2N()-1)"

Tabulated in Appendix III is a calculation result by Scilab for 2 < uPN(7) < 10
and 2 < uPD(7) < 10.

Although some of the links may not exist, we put them here so as to guess a general
pattern for their Alexander polynomial.

We find that the following statement holds for 2 < puPN(r) < 10 and 2 <
uPD(7) < 10, but unfortunately we are unable to prove it in general, so we con-
jecture that the following result holds for all integers uPN (1) and pPD(T).

(N(m)-1)

ist™

Conjecture 71. If M is odd, then the Alezander polynomial of the tst link
[A#(n(7),d(T), M)](t) is:

PN (-1 @PD(+ [1 — tEPPOFDNMIRP (1 )
2

[A#(n(r),d(T), M](t) =t 1 — (hPD(1)+1

13. Tst links and Torus links

In this section we are studying the relationship between the set of tst links and that
of torus links.

We denote the set of all links by L, set of torus links by T" and set of tst links by
S. We shall state and prove some propositions on T' and S.

Lemma 72. There are some links that are both tst links and torus links, i.e. S N

T+ {}.

Proof. Note that for M is even, the tst link [®(n(7),d(7), M)]
is a (—uPN(7), pPD(7))-torus linke T'. Hence the stated result follows. O

Lemma 73. Not all tst links are torus links, i.e. 3s € S,s ¢ T.

Proof. Consider the tst link [®(1,4,3)]. Here we have uPN(7) = 1(2)(1) = 2 and
uPD(7) = 1(2)(4) = 8. Using the result from a Scilab calculation tabulated in
Appendix IT1, its Alexander polynomial is t 2 (1—1)(1—t®) which is obviously not
the same as that of any torus link. Hence we have [®(1,4,3)] ¢ T and the result
therefore follows. O

However, we are not able to deduce whether all torus links are tst links. We can
only prove the following proposition:

Proposition 74. If D(7) is odd, then the multiplicity P of <N(7)> in the tst sum
[@(n(T),d(T), M)] is even.
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Proof. If M =2, P =2 which is even.
Then we suppose M > 2 and consider two cases. In the first, g(7) = 1, and the
other, g(7) > 2. Write D(7) = 2r + 1.
For g(7) = 1, recall the formula for P is:
1
Z[(QD(T) —-3) (M —-1)+6D(1)]|(M—1) if M is odd
P = .
1
Z[Q(D(T) —1)(M—-2)(M+1)— M(M —6)] if M is even
where d(7) # 5, 7.
However, even when d(7) = 5 or 7, adding the term —4d12(M) and —8d12(M),
which must be even, does not affect the even-odd property of P. Therefore we can
neglect them in proving our result and write
1
1[(2D(7’) —3)(M —1)+6D(7)](M —1) if M is odd
1
1[2(D(T) - (M —-2)(M+1)— M(M —6)] if M is even

for all odd d(7).

P =

If M is odd, write M = 2k + 1, Then P’ is

i[(4k+2 )@ 41— 1)+ 6(2k+1))2r +1—1)
=r(4kr —r 4+ 6k + 3)

For simplicity, we switch to modulus language:

If r = 1(mod 2), then P = P’ = 1(4k — 1+ 6k + 3) = 0 (mod 2)
If r = 0(mod 2), then P = P = 0[4k(0) — 0 + 6k + 3] = 0 (mod 2)

In both cases we see that P is even.
If M is even, write M = 2m, Then P’ is

i[z(zk 1= 1)(2m —2)(2m + 1) — 2m(2m — 6)]

=2k(m—1)(2m+1) — m(m — 3)

If m =1 (mod 2), then P=P =2k(1-1)[2(1)+1] - 1(1 -3) = -2 =0 (mod 2)
If m =0 (mod 2), then P = P/ =2k(0—1)[2(0) 4+ 1] — 0(0 — 3) = —2k = 0 (mod 2)
Therefore, P is even when D(7) is odd and g(7) = 1.

Now for g(7) > 1, similarly we write:

D(T)(M —1)(3MD(7) — M + D(r)) if M is odd
P =
“[(D(1) = 1)(M = 2)(M + 1) 4+ 2M] if M is even and M # 2

DN =
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2r +1 if M is odd

. . we have:
2m if M is even ’

Writing D(7) =2k + 1 and M = {

Ck+1D)2r+1-1[B2r+1)2k+1)—(2r+1)+ (2k+1)] if M is odd
P =
%[(2]@ +1-1)2m—2)2m+ 1) +2(2m)] if M is even
2r(2k + 1)(12rk + 4r + 8k +3) if M is odd
N 2[k(m —1)(2m +1) + m] if M is even

which is obviously even and is thus P.
Hence, the result follows. O

If the conjecture in the previous section is true, then some (g, r)-torus links, where
q and r are odd, are not tst links. In that case we conjecture that the following
Venn diagram shows the relationship between S, T and L.

L

14. Cutting a Tst in the Form of a Nontrivial Knot or Link

Now, let us consider the result of cutting a tst in the form of a nontrivial knot or
link. In fact, it can be derived from the result of cutting a tst by taking solid knots
as a set of twisted curves. Instead of joining the cross sections at t =0 and t — 1~
directly, we let the cylinder form a tangle before having its two ends joined.
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] !

-1 Forming a
I-",_\\ > noutrivial kuot

i ; before joining
Joiningz directly

_.-—_-w\——._

~<, \“‘) AR
:- Iu._ ;

To apply a specific twist turn on a knot, we combine all twisting part of the curves
into a short cylinder and insert it into a solid knot we set to have no twist turn.

Combine twisting

() —=— (=)

When cutting an “untwisted” knot into two parts, we should make two copies of
the original knot. It is natural for us to set the two boundaries as two of the
“untwisted” curves of the knot.

Cur o halves {f

ILLUSTRATION 31. An “untwisted” trefoil cut into halves

However, Reidemeister type 1 moves can produce twist turn without changing the
knot. If we perform Reidemeister type 1 moves before we cut the tst, (start from a
different knot graph of the same knot,) the cutting result will be different.
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To specify which knot graph we are using, we present the knot in braid words. By
smoothly deforming the knot, we can set the left boundary of each string as the
curves in an untwisted knot.

ILLusTrRATION 32. Conversion from regular diagram of a trefoil to braid
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Then we can now insert the twisted short cylinder into the knot. For convenience,
we put the cylinder just on top of the leftmost string.

e

ILLUSTRATION 33. braid with twist turn inserted

For a tst link, we twist and cut each component once. Braid word can also be
used but since we have applied twist turn £ times to a k-component link, twisted
cylinder should be inserted on top of the leftmost string of each component.

Insert twist

—_— =

-

ILLUSTRATION 34. Conversion from regular diagram of a hopf link
to braid with twist turn

We note that for every braid, there is a unique braid permutation. For example,

the braid permutation of the braid os0104 is permutation <; g i’ é i), T,
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in disjoint cycle notation, (1 2 3)(45) = (312)(45) = (54)(2 3 1), as illustrated
below:

Lad
b3
A

(1—-2,2—-3,3—>1,4—55—4)

As the disjoint cycle representation of a permutation is not unique, we choose to use
the disjoint cycle notation where the first number of each cycle is the smallest among
all numbers in that cycle, and the first numbers in the cycles from left to right are
in ascending order. We call this more restricted disjoint cycle representation the
“component formula” of the braid.

Definition 75. The component formula of a r-braid is the its permutation in dis-

joint cycle form in which every number from 1 to r appears once and the j™* number
from the left in the it cycle from the left is denoted by ;. j, with ;1 < T;2 < T;3 <
. and T < T2y <T31 < ....

Apparently z; ; is smaller than every other number in the component formula, so
1,1 = 1.
Moreover, the number of disjoint cycles in the component formula is exactly the
number of components in the link L formed by closing the braid, denoted by p(L).
To know where the leftmost string of each component is, we consider the “compo-
nent formula”.
The component formula can show which strings in a braid are in the same link
component:
(1, 21,2,21,3,L1,4y - - - 7331,y1), ($2,17 T22,223,724,. .. ax2,y2)7 ($3,1, £3,2; .- az3,y2)a
oo (T 1 Ty 2 - - vxu(L)yy;L(L))v where the integers z; ; in a bracket represent
the positions of strings in the same link component.
When a process similar to cutting the tst <7> into M parts is applied on a k-
component link as the closed form of a braid, each component is cut into (PD(7)+1)
partial tsts so there will be k(PD(7) 4+ I) partial tsts in total. Then we extract
the centre of mass of the cross section at ¢t = 0 of each partial tst, project them to
kE(PD(7)+1) distinct points on the circumference with the aid of sideway movement
and present the partial tsts with the curves starting from these points. Next, we
lies the curved surface flat. The twisted parts will give standard braid words from
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cutting a tst. In the tangle part, each crossing in the original braid will become
(PD(7) + I) strings covering another (PD(7) + I) strings.

— o - .—r""'r Standard braid word of s link

- o -

(PDNr) + 1) srings {(PD{r) + I strings

To clearly present the braid of the resultant link, we develop the idea of braids on
braids.

Definition 76 (link on link). If two links L1 and Lo have chosen braid words B(Ly)
k1

and B(Ls) respectively, where B(Lq) Hoa s € By, and B(Ls) Hab,"t €
s=1

By, and the number of components in the link L is (1(L), then we deﬁne the braid

word of “B(Ls) on B(L1)” to be:

w(L1) ko k1 r=aspz r+p2—1

nt sgn(ms) |
O(wy,1—1)p2+b: Oq
u=1 t=1 s=1 (as—1)p2+1 g=r
n i=n
where H 0; = 010903 -0, and H 0; = Op0p—10p—2"""071.

i=1

The closure of this braid is denoted as LoL1(B(L2),B(L1)).

When both Ly and Ls are tst links and their standard braids are used, without
ambiguity, we can write Lo L1 (B(L2),B(L1)) as LoL; only.

Obviously the resultant link depends on the chosen braid words B(L;) and B(Ls).
From this definition, B(LoL1(B(L2),B(L1))) is actually replacing each string in
B(L;) with py strings and putting B(Ls2) on top of the strings originated from the
leftmost string of each component in L;. The first two product signs represent
B(L2) inserted in the braid. From the component formula, the leftmost strings
of the link components in B(L;) are numbered 11,221, 3,1 T, (1)1 respectively.
Since the string with number x,, 1 in B(L1) will be changed to ps strings numbered
(xu,l - 1)p2 + 17 (xu,l - 1)]92 + 27 (xu,l - 1)p2 + 3, sy Ty, 1P2, the B(LZ) inserted
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ko

there will become H O(¢u1—1)patb, - To present the yu(L1)B(Lz) inserted, another
t=1

product sign is used.

1 2 3 ..[B{L)

J-l-I-::L]-1 - The leftmost strings of the
BiLy) i o1 components in L; are dark-
] I 1 ‘l’ r ened.

R R R R R R

I T

FL:_'I_TI-_______T_‘_ st B : __ g I:LT_T_TJT______J'_‘_ e _l_'l:_—_l_-_:.LT_T_T.IT.
; B(L:) leese! By I
| .__.I_______l { CFELNRER I ST DL )
Lo
.-_-_b-—-—__.__l__ r
=
I

8 T O 1 U 0P 1 2 0 P ) U
ILLUSTRATION 35. B(Ls) put on ps strings coming from x,, 1

The last two product signs show the crossings in B(LyL1(B(L3),B(L1))) resulted
from one crossing in B(L;). The direction of the crossing will be unchanged in
the conversion. A crossing in B(L1),0) where * = 1 or -1, will be changed to

r=up2 r+p2—1 r=upz r+p2—1 me
H H o, and o' will be changed to ( H H O_zgn(ms)> . To
(u—1)p2+1 gq=r (u—1)p2+1 g=r

convert the whole B(L1), one more product sign is used.
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(=11

upy gt

(i + 1)

N nN+1

-1
Ty

-1 o1 gt )(0*1 o
upa+1-upga+2 (u+1)pgy—1 upg—1

(-1l -1 -1 P )
upg upg “upo+1 (u+1)pa—2
(ot o1 o1 coTl)
(u—=1)pa+17 (u—1)pa+2~ (u—1)pa+3 upz
r=upg r=upy r+pg—1
-1 -1 -1 -1 _ —1
(07 0r 10 ha Oy 1) = I I1 -

q
(u—1)po+1 9=T

(u—1)pa+1

(=1 + 1 {1+ 1hm

o

—

Ty —

(Cupy Cupy+1%upy+2 *** F(ut1)py—1)(Tupy —10ups Cupy 41 °

O (ut1)py—2)

—1
(O (u—1)py+19(u=1)pa+2% (u—1)pa+3 " Tupy)
r=upg

(07041042 Trypy—1)
(u—=1)pa+1

r=upy r+pg—1

9q
(u—1)pg+1 a=7

ILLUSTRATION 36. A+1 crossing and a-1 crossing converted into
a set of crossings
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For example, standard braid word of [®(1,4,2)] on trefoil (with braid word o7 %) is

- -

T A

LLI_E L

Bl = G1_1 G1_1 oy =
B(Li)=o1"

B(LoLi(o7 oy oz 07 %))

r=4r+3

(o) (I )

1 g=r

standard braid word of [®(2,2,3)] on Hopf link (with braid word o12) is

[J . LT

T o
%_ B‘[Ll:-*:] o’

B(Ly)=(c; "6y )
B(LyLi((07 %05 )2, 01%))

:(ul:[l (U3u—27203u—171)2) (T];[ rl_[rgq)Q

We also discover some other properties of links on links. The first one is the relation
between the numbers of components p(L1), u(La) and p(LoLy (B(L2), B(Ly))).



CUTTING TWISTED SOLID TORI (TSTS) 103

Theorem 77 (multiplicative property of the number of components). Let (L) de-
note the number of components in the link L. Then we have p(LoLy(B(L2),B(L1)))

— p(Ly)u(L).

Proof. Recall that the number of components in a link L is equal to the number of
disjoint cycles in the component formula of its braid form B(L).
Let the component formula of the links L1 be

(1 12 T1,3 Ti14 .- Il,ml) (332,1 T22 X23 T24 ... ZCQ,mQ)
(:Eg’l xg,g x27m2) (IM(L1),1 ‘TM(L1),2 IM(L1)7m“(L))

and that of Ly be

(1 w2 w13 Y14 - Yim) (Y21 Y22 Y23 Y2a - Y2no)
(y371 Ys2 ... y2,'n2) (yu(LQ),l Yu(Lg),2 -+ yu(Lz),yML))

Then we write the component formula of L L, in terms of the two formulae above.
We introduce the notation |B(L1)| = max{1l,Z1.2,...,T1,m;, T2.1;- - - 7$u(L1),m,L<L)}’
which is in fact the number of strings in the braid B(L4), and, for the sake of brevity,
we use X; ;1 to denote the sequence

IB(L)|(yr2 —1) + x5 [B(L)|(yks — 1) +2iy  IB(L1)|[(yrz — 1) + 24
IB(L)|(y2,n, — 1) + @iy [B(L1)|(yk1 — 1) + 24 5.

Then the component formula of L Ly is composed of all cycles in the form
(Xipne Xigk Xigk - Ximok)

As i ranges from 1 to u(L1) and k ranges from 1 to p(Ls2), the number of cycles in
the component formula is p(Lq)u(Le) and the result therefore follows. O

Next, we find that if we take (L, Ls) — Lq1Lso as a binary operation on the knots
L1 and Lo, then this operation is associative:
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Theorem 78 (associativity). (L1Ls)L3 = L1(LoL3) for the same B(L1),B(Ls)
and B(Ls3) on both sides.

Proof. We notice that the braid of the link on the right hand side is Markov equiv-
alent to:

which is equivalent to

Ly Ly

Here we have used a bracket to denote a braid replicated.
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That of the one on the left hand side is Markov equivalent to:

Ly La

which is equivalent to:

(L3)
T T

[ IIII " |WET‘ l-Ilfil I]

As the braid on the two sides on the equation are Markov equivalent to the same
braid, by Markov’s Theorem, the stated result follows. O

Now, we may consider cutting links that are resulted from cutting a tst. Since we
have already obtained the standard braid word of a tst link, we can use the above
formula to find the general form of braid words of “tst links on tst links”.

Let the standard braid words for [®#1 (ny(11),d1(m1), M1)] and

[®#2 (na(72),d2(T2), M2)] be a1 and ag respectively. The number of strings in « is
denoted as |a| so we have |a| = PD(7)+1. The strings numbered 1,2,3,...,(P+1)
are the leftmost strings of link components of the closed form of a. We consider
the braid word of a on «a; in the following cases.

Case I Both M; and My are even
The braid word of “ag on a;” is :
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P |az|-1 » 112 Pa Na(72) lar|=1  j=|az|j+|az|-1
H( H "(z’—1>|a2|+g> [ H ( H H % 1)|az|+k
i=1  j=1

Since there is far commutative property in bralds we may simplify the above braid
Word a bit to have:

):|M1P1N1(7'1)

lova|—1 j=las| i+ (lar|—-1)]asz|+1
2 P2 Na(T2) r B w1 P1N1(T1)
H( H i~ 1>|a2|+y> i 11 % 1”
1 =i
R
| =
T |
|

JHHJH\JlH..-ﬁ

2 ) ﬂ“m

ILLUSTRATION 37. Simplification of braid word

Case II M is odd and M, is even
The braid word of “ag on «y” is:

Pi+1 Jag|-1

Py No(19)
H ( H TG 1>\a2|+1)u2 e

i=|ag|it|ag|-1 71\01| 1 j=lag|jt|ag|-1 .
X{ LI I1 o' II LI H (i—1)|ag|+k

1 j=i i=1 1 k=7

)}mP&Nr(n)

Jag|—1

P41
_ 1 1 no Py No(T2)
= H ( H ”(i—l)\azlﬂ')

i=1 j=1

i=|ag|it|ag|-1 j=lag| it(lag|-1)]ag|+1

X{ ]TI 71:{ 0;1 H ( H 0;1)]M1F’1N1(7’1)

1 j=1
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Case III M is even and My is odd
The braid word of “as on aq” is:

P |ag|—1 lag|=1 j=l|ag|jt+|ag|-1

1 noPaNo(T2) 1 n1 Py N1(7T1)
II (‘7<i71)\a2\+1 I1 a(i—1)|a2\+j) [ I1 ( I II U(i—1)|a2\+k)]
i=1 =1 i=1 1 k=3
P ag|—1 j=|a it (laq|—1)ag|+1
. El |zl 1 g PyNo () 7 ozl ét(eal-Dlezl+ —1\]H#1P1N1(71)
—H ("(iﬂ)\az\ﬂ H U(i—1)|a2\+j) [ H ( H 7; )]
i=1 =1 1 =i

Case IV Both M; and My are odd
The braid word of “ag on «y” is:

Pr+1 log—1

1 g PaNo(72)
IT (cc-viazi+r IT oGioyianes
i=1 j=1
i=|ag|it|ag|-1 lag| =1 j=lag|j+|ag|-1 41 PLN1(71)
-1 -1
<[ I o' IT (I II oatumms)]
1 =i i=1 1 k=j
Py+1 Jag|—1
_ 1 2 1 na P2 Na(72)
= II (cc-vieai+r TT oGE0) 0014
i=1 j=1
i=laglitlagl-1  j=lag| i+(lagl-1)lag|+1
? 2 -1 2 ! 2 —1\#1PiN1(T1)
< I T 7
1 j=i 1 =i

Note that the twist turn in the tst link is reset before the link is cut again. There-
fore, B([®*(n(7),d(r), M)]) is different from B([®(0,d(T), u)][®(n(7),d(T), M)]).
For example, B([®2(2,4,2)]) is the same as B([®(4,4,2)][®(2,4,2)]) instead of
B(D(0,4,2)][@(2,4,2))).

B® (2. 4. 2] = letele )

b ol gL

[& (0, 4. 2)] [-m.‘._4. ".ﬂ

4

I =m

e [+

B([®(0,4,2)][®(2,4,2)]) = 05 ‘o5 oy 'oy

£l
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i 1 ¥ _J_ T
HLII%:'I%IJ 1!1l|_;-3_-|] _Ij B([(I)(4’4’ 2)][@(2,4,2)])
——=1=F-F  =(o7'os )05 o5 o os )
J% _['_ ’ =(oy "oy 0y )?

In fact, we can cut the resultant link and get an even more complicated link. With
the concept of links on links, we can cut a tst again and again. Now, we would like
to consider the sets of more and more complicated link after applying a number of
cuttings.

15. The Tst Link Hierarchy

We have considered cutting tst links as “tst links on tst links”. Similarly, we can
get the result of cutting these new links by considering “links on ‘links on links’ ”.
To study different sets of links obtained by cutting a tst different numbers of times,
we have the following notation.

Notation 79. S° is the singleton containing the trivial knot. Moreover, the set of
links that can be written as L1Ly where L1 € S and Ly € S*=1 s denoted by Sk,

Obviously, we can write S' as S. Then S? represents the set of “tst links on tst
links” and cutting a tst in the form of a link in S? gives a link in S°

It is obvious that S° is a proper subset of S', since, for example, the tst link
[®(3,2,2)] is a trefoil which is different from a trivial knot. Next, we consider the
relationship between S and S2.

Theorem 80. S is a proper subset of S2.

Proof. First, we will show that § C §%. We note that if L; = [®(0,1,1)] € S, which
is a trivial knot, and Ly € S, then L L, is by definition contained in S2; however,
L1 L5 is also equivalent to Ly. Then we will find an element in S? which is not a tst
link. Consider the braid word of [®(1,2,2)] on [®(3,2,2)]: o7 ‘(05 ‘o5 o7 oy t)?

£y =
ra

= : =
o

vy | —

G

\
L

\ﬁl

\

M |

o
-]

— |l
= 5
5 =

e I

(a et

e
dx&?
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1 -1 0,0 0 O 0 0,0 O
0 1 —-11'0 0 0 0 010 0
O 0 1,0 0 0 0 0,0 0
’1177717767:71777—17707767767:707707’
Its Seifert matrix is 8 _01 (1) : 8 (1) _11 _01 8 :8 8
O 0 0,0 0 0 1 —-1,0 0
o o0 -120 0 0 0 1+0 0
0 0 0,-170 170 0,1 -1
0 0 0 0 -1 0 110 1 |

and its Alexander polynomial is
1—t)(1—#12)(1 — )
51—ttt — 5 8 — 7 4410 :t‘5(
(1-t+ + +t7) =) (1 =5 (1 = 17)

same as that of any tst link. Therefore, the link [®(1,2,2)] on [®(3,2,2)] belongs
to S2, but not to S and hence the result follows. O]

which is not the

The following statement is likely to be true although we are unable to prove it.

Conjecture 81. S* is a proper subset of Sk+1 for any nonnegative integers k.

We are able only to prove the case for £k = 0,1 and we conjecture that it holds for
all nonnegative integers k. If this statement is found true, then we would have a
infinitely extending hierarchy of tst links, for which we also conjecture that S = L,
where L is the set of all links. We believe that this could open up new directions
in researching what hierarchies of links “diverge” to give L.

If this statement is found false, then note that S must be a subset of S¥*1: we can
consider the link [®(0,1,1)] on each link in S*, then by definition [®1(0,1,1)]L €
S+ but [®1(0,1,1)]L = L for every link L in S*. Therefore, there must be some
terminating set S* such that 8™ = S* for every n > k, i.e. S* is an improper
subset of S¥T1. This could arouse attention in researching what hierarchies of links
“converge” to some set of links.

16. Unknotting a Knotted Tst to Give Additional Twist Turns

We are motivated to think about this topic because of the difference in the context
of the 1937 and 1987 [1] versions of W. Ball’s mathematical essays. The earlier
version points out that, when switched to our language, if k is odd and positive,
then ®(k,2,2) =<k> gk, which agrees with our result, while the latter claims that
®(k,2,2) =<k + 1>g. After our observation, we discovered that this one additional
twist turn results from unwinding the knotted tst <k> i using a type I Reidemeister
move, as we shall prove below:
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Lemma 82. If a Reidemeister move is applied to a given knotted tst <T>, then
it becomes <1 + 1>

Conwversely, if the following Reidemeister move is applied to <T> , then it becomes
<r—1>k:

Proof. We consider a portion of the knotted tst that we would apply a Reidemeister
move to eliminate the crossing, and then see how this affects the curling of the curve
inside a the knotted tst.

End fixed End fixed

:_-' f Rotate by x radinas
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After rotation, this becomes:

Hence, the twist turn of the knotted tst increases by 1 after the application of such
a Reidemeister move.

End fized

i) Rotate by x radians

A similar operation on the knotted tst gives:

A T
- \3'

Hence, the twist turn of the knotted tst decreases by 1. OJ
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For this reason, we denote the move that adds one twist turn to the knotted tst
by Q. and the other by Q_. In the light of this observation, we search for similar
situation for other tst links. For the link [®(1,d(7),2)], where d(7) is even, we
found that using some number of 2 moves can “unknot” it to give a circle, i.e. a
knot with no crossings, as shown below:

—
d(T) —9. 1 2+ move
S
i ™y
'
o~
e
s
\
2 £, moves
dr)=4: / —
' Ty r .
r ™
-
\ 34 —
d(T) — 6 S J 3 8. moves L

o
This situation is the same for any link [®(g(7),g(7)D(7),2)] for any g(7) € N,
since for any such ¢(7), the standard braid word for the link [®(g(7), g(7)D(7),2)]
is determined by p =1, P =1, N(7) = 1 and the same D(7) and given by:
(01_102_103_1 cOpy—1 ) =ortey oyt iopy1 ! ~ ortoytostiopy—a !

~L~ ~ h is the identity braid with onl tring.
~ M(71 ~ e1, where ey is the identity braid with only one string

Since the closure of e; is a trivial knot, the links [®(g(7), g(7)D(7), 2)] are equivalent
to the trivial knot. Here each cancelling of the o, I's requires one Q, move. As
each such move produces one additional positive twist turn in the knotted tst, we
can hence state the following theorem:
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Theorem 83. If k is even, the additional twist turn produced by eliminating all
the crossings of the closure of the standard braid word of the link [®(g(7), g(7)k, 2)]
is k —1.

Proof. See above derivation. O

Similarly, (k — 1)€2_ moves are used to eliminate the crossings in the link
[®(—g(7), g(T)k, 2)] to give an unknotted circle, so the resultant twist turn produced
on the knotted tst is —(k — 1).

Hence the result of the later version of W. Ball’s essay is correct only when k = 1,
since for larger positive odd k’s, the link [®(k, 2,2)] is not equivalent to the trivial
knot and applying type I Reidemeister moves does not give any particularly pleasant
form of the link.

17. Cutting Tst Products

We are motivated by an online source [2] to think of the cutting of combinations of
tsts.

We call such a combination “tst product”, which is defined below:

In previous section, we define a tst in C x [0,1), where [0,1) is a representative
class of elements in the group R/ ‘7 so that the two ends of the tst are joined.

To construct a “tst product”, i.e. two tsts merged together, we first lengthen the
tsts so that they now have height 3, leaving room to insert another tst. The heights
are identified with the ¢; and ¢y coordinates, both of which in the interval [-1, 2),
our chosen representative class of elements in the group R/3 7

We now define a tst product in R?®, using two coordinate systems: (z1,t1) and
(22,t2), where in 3-space, they are depicted with (Re z1,Im z1,t1) = (Re 22, to,
—Im 22)

Note that both systems are left-handed.




114 K.L. CHAN, T.N. CHAN, H.Y. LAU, K.S. MOK, Y.S. WONG

Now we can define a “tst product” as follows.

Definition 84. <m><m>= {(71(u),3u — 1), (v2(u),3u —1):

2,0 0<u<?2
M(w) = { Zp0exp [2mi0g(3u —2)] 2 <u< ?i
k=1, 2}}
where O (t) : [0,1) — R is a function which has a continuous derivative with
01(0) = 0 and 0, (1—) = 7, fork = 1,2, and (Re z1, Im z1,t1) = (Re 22, ta, —Im z3),
is called a twisted solid torus product (tst product) or <r1> multiplied by <15>.

for uw € [0,1) and |zx0| < 1 for

In this case, we call <7> tstl and <7o> tst 2. The two ends of tst 1 are joined
above the t;-to plane while those of tst 2 are joined below.

Definition 85. Two tst products <m1><Te> and <13><T4> are equal < (11, 72) =
(13,74) or <71 ><T79> can be obtained from a series of orientation-preserving
isometries on <t3><74>, We denote equality by the usual “=" sign.

We next discover the fact that the order of such tst multiplication does not matter,
as the same object is given when the order is exchanged.

Theorem 86. <71><To>=<Tp><T1>.

Proof. We will show that <75><7; > can be obtained by rotating <7 ><75>
(which is obviously orientation-preserving).

[

|

] Fotate & clockwisely |
s

about the ling => =0

== s

S e

Rotate — clockwise about the Re 2y axis
¥

——




CUTTING TWISTED SOLID TORI (TSTS) 115

The stated result thus follows. O

Next we cut the tst product. We would restrict ourselves to cut the tst product
only into an even number of parts, i.e. M, the number of parts, must be even. We
also use the notation M = 2m.

Like the procedure of cutting ordinary tst, we first define where we insert the
blades. Note, however, that this insertion is different from the ordinary tsts for a

more pleasant result. We insert the blades at t; = —1 such that they would create
the following lines on the plane ¢, = —1:
2mi(qg — m)

Lo ={lko0,4(s) =exp +s|l¢g=1,2,...,M -1}

Md(T)
Then we let the blades run through the heights, letting them rotate along the
way just as what we have done for ordinary tsts. Then we would have the recursive
relation Ly 41 = Ly pexp (2miT). The graph of the sets of lines Ly o, Lk 1, Lk 2, -
Ly, p(rk)—1 together with the unit circle would be the same as the ordinary

.y

A(n(ty), d(1), M) rotated clockwise by — T radians about the center of the unit

d(7)
circle. For example, here is A(1,4,4) rotated by % radians about the center of the

unit circle:

Then we obtain a general picture of the result after cutting the tst products <m><
To>.

Now we consider the link resulting from the cutting first.

For simplicity, we shrink strips to ‘polygonal arcs’ (by regarding it as a knot /
link and then taking its regular diagram) for simplicity, just as we have done for
ordinary tst links. But first we introduce the following notation:

Notation 87. The link resulting from cutting the tst product <t ><T9> into
M parts, with the chosen denominators d(t1) and d(12) respectively, is denoted by
[@(n(71),d(T1), M)(n(72),d(72), M)]. If d(71) = d(12), we write it as
[@((n(71),n(72)), d(11), M)].
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17.1. d(1) =2
We would start with the simplest case, where M = 2, and d(r;) = d(m2) = 2 and

then deduce the general form for [®((a,b), 2, 2)] by employing the same algorithmic
for ordinary tst links. This is illustrated below with the example of [®((1,1),2,2)]:

It results in the link with the general form shown below:

b crossings

F—r—,
Q0 R)

S

-

S
B

ILLUSTRATION 38. General form of [®((a,b), 2, 2)]

a CI%‘S'&IH;S— <
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Here we have shortened “negative crossings” to “crossings” and used the convention
that a crossings to mean |a| positive crossings if a is a negative integer.

Lemma 88. The number of components of [®((a,b),2,2)]
, 1 if both a and b are odd
is )

2 otherwise

Proof. Case I Both a and b are odd.

To compute the number of components, we fill the whole link with the smallest
number of different colors, each for one component. We start with the portion with
b crossings, red and black on the left and right respectively.

b crossings

Ay :

@ crossings

After that, we observe that when we pass through a crossing, we swap the colors
on the left and right:

b erossings

Q Crossings

Since a is odd, as each crossing swaps the colors on the left and right once, we can
see that the coloring of the lower portion would result in:



118 K.L. CHAN, T.N. CHAN, H.Y. LAU, K.S. MOK, Y.S. WONG

@ Crossings <

We go on and then color the portion with b crossings:
The final result becomes:

b crossings
A

~ M
i

@ chpssings <

Now we have filled the whole link with two colors, so this shows that the link has

two components.
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Case II Otherwise, i.e. at least one of a and b is even.
b b
Note that <L—;><§> = <§> <g>, so we exchanges a and b if necessary and assume

a is even.
In a similar manner we try to fill in the link with two colors. We start with the

portion with a crossings.
This results in the following:

b crossings
Al
- p
f + . o ‘.“.'J. '-,I
L ' I
'\.I |I
" >
., ___’_,.«-"" |
L
i T,
® |
acrpssings ¢ . III
- I|
f
Q
> /
AN
"J
/ .

For any integer b, odd or even, we would obtain:
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b crossings

a2 trpssings <

s g

As the component filled in red is in fact the same as that in black, we can see that
this link has in fact only one component. O

Afterwards, we go on and consider some other alternative forms of [®((a, b), 2, 2)].
In the following, we have assumed that both m and n are positive integers. Besides,
if two components are formed, we call them « and 8 components respectively. The
matching is completely arbitrary, i.e. one can call any one of them « and the other
5. The reader is reminded of the fact that <7 ><7To>=<79><711>, which allows
us to exchange 7 and 7y if necessary, so that the tst product under consideration

fits into any one of the following seven cases.
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Casela=2m+1and b=2n+ 1.
2m+1

J"‘

f component

S i | Eﬁl'l“l.]‘l-ﬂﬂﬂl“
bl

Make a component rectangular

fi component & component
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CaseIla=2m+1and b=—(2n+1).

B component & comnponent

Make a component rectangular

B .
i—. --I——‘

¥ *-1‘__"),"“ I|
; ™
[/ O\ N
..';"Lr" --—ur:l. i.lf_ - --..I".I-l'-l
I+l : - —=
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Case Ill a=—(2m+1) and b= —(2n+1)

2m+1

i"—A'—\

L -
-

—

.4
\““.-'r =

b In+1l

? } B component

Ll
@ component #
)
",

et

\ Make & component rectangular
2+ 1
A

' h

P
]

A

14

1
@ componant :

P \ f component

Ld

L&

2m Im

F@j Wﬁ]

d
N\
\Lers A2
n

L ] Lo
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124
Case IV (a =2m and b=2n+ 1) or (a = 2m and b = 2n)
a
—
J
- _-""""-“
b IlII

a=1

"

f“\.’:}f_'r LRI 8"
/ \ 7 A
'l

-
N
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Case V(a=2mand b= —(2n+1)) or (a = 2m and b = —2n)
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Case VIa=—2m and (b=—(2n+1) or b= —2n)
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Case VI a =0

_ﬂ__ﬁ_ﬂ./?” /
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a b
After that, we consider the twist turn of the resultant object after we cut <2 5

b
We denote the object formed from cutting <;><2> y ®((a,b),2,2).

If we define the twist turn of each component of ®((a, b),2,2) just as we have done
for knotted tsts, then the result would be as follows:

Theorem 89. If both a and b are odd, the twist turn of each of the two components
b

in ®((a.b),2,2) is 2

turn of a + b.

. Otherwise, the one component in ®((a,b),2,2) has a twist

Proof. If a and b are not both odd, two components are formed. We note that each
of the component comes from one-half of the original tst product before cut, and

hence the twist turn of each of the component is 5 + —. Otherwise, ®((a,b),2,2)
has only one component. As each of the tst in the tst product is split into two, the

b
twist turn of that component is double the sum of the original, i.e. 2(% + 5) The

stated result hence follows.

However, as we have done in Section 16, we can take the effect of type I Reidemeister
move and other moves that preserve ambient isotopy into consideration. We note
that, the object formed from cutting a tst product can be made into a Hopf link or
unlink constituting two trivial knots. In doing so, we would change the twist turn
of the resultant object as discussed below.

We can take, for any tst , its “strip projection”, which is defined to be the set of
1
curves ¥(t) in it, where Im ~(0) = 0, as illustrated by an example of <2> below:
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So after performing this operation, we obtain a surface (or “strip”). The “strip
projection” of ®((a,b),2,2) is two strips. Changing it to a Hopf link or unlink
of two unknots using knot moves will change its twist turn, and such change can
derived as follows. Consider the strip projection of ®((0,0),2,2):

To see the twist turn of each component, we can in fact take the linking number
of its two boundary curves. As such, it is easy to see that each of the components
form a unknot, although, in contrary to our expectation, the twist turn of each of
them is not zero. One component has a twist turn of 2 and the other has a twist
turn of -2.

Since the total twist turn does not change, if ¢ and b are not both odd, the twist
turn of ®((a,b),2,2), which has one component only, remains the same after we
use knot moves to convert it into an unknotted circle. However, in the case where
both a and b are odd, as two components are obtained, there is an increase in twist
turn by 2 in one component and a decrease by 2 in the other.
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17.2. Even d(7) # 2

Next, we consider the case for even d(7) # 2, starting with the link [®((1,1), d(7), 2)]

d
. Here we use the notation A = L We use the method for deducing the link as

in the previous sections to derive the general form of the link [®((1,1),d(7),2)]:

Expand tlas part anc

lie the curved

surface fla

=

Expand this part and
lie the curved

surface flat
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Eventually we would be able to derive that the general form of [®((1,1),d(7),2)] is
equivalent to:

ILLUSTRATION 39. General form of ®((1,1),d(7),2).

We found that we can also use knot moves to make it into some alternative (and
more pleasant) form, following the series of knot moves below:



Step 1 Shorten the colored strands:
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Step 5 Shorten the strands enclosed in the red ellipse:

A srands———.- -1

(4 — 1) strands——0 .- -+-==----
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We now obtain the following form of the link:

e strands, -4 strands
o e il

r??i11? | ﬁ ‘

— i —

(4 + 1) strauds /

!

(4 + 1} swands”
A is odd A is even

Here, we consider the two cases separately:

Step 7 (Case I A is odd) Split the two unlinked components in the link.

A strands

A+ 1) stranuds

We call the crimson strands o component and the black strands 8 component, and
by observation, we found that they can be separated using knot moves:
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Step 7 (Case IT A is even) In the following diagram, call the black strands a com-
ponent and the crimson strands 8 component. As the part of 8 component between
the two arrows are completely under o component, it can be shortened.

A stramds

¥ |
— strands




)

CHAN, T.N. CHAN, H.Y. LAU, K.S. MO
f f—
: «

—
P
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0

1

r.llL-,.

-

L‘ﬂ
As seen in the above figures, we can conclude that the number of components of
the link [®((1,1),d(7),2)] is 2 for even integers d(7) > 4.
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Conclusions

In this paper, we have considered the cutting of a tst, our generalized version for
strips. We have studied the object formed after we cut it, which we call a “knotted
tst sum”. We have considered its twist turn and the number of each type of knotted
tsts in it. Then we consider the resultant link formed from tst cutting, and derive
the general form of their braid word. We also consider the resultant link formed
from cutting a tst in the form of a nontrivial knot. After that, we consider the
effect of applying type I Reidemeister moves to the twist turn of the knotted tst.
Finally, we consider the cutting of tst product, which is a combination of two tsts,
for some specific cases.

In this paper, we have laid down several conjectures about the properties of tst links
and their Alexander polynomials, which may help open up new research directions
in knot theory. Possible further investigations also include the combination of more-
than-two tsts.

Moreover, our result can in fact be generalized to higher dimensions, by simply
extending 2-dimensional rotations modeled by complex numbers to 3-dimensions
that can be depicted by quaternions. Research in this direction may also give new
insights to the higher-dimensional generalization of knots, i.e. knotted surfaces.

Appendix A.

We note that the checking of collinearity using complex numbers is very easy, since

1 1 1
the points 21, 22, 23 are collinear < |21 22 23| = 0. However, the condition that
21 Z2 23

three lines are concurrent is not easy to check. Therefore, we employ the notion of
pole-polar duality with respect to the unit circle from inversive geometry.

7' (t)
(0,7 @)

1 _
wnere |a, = —(ab—a or any compiexr numoers a an .
h b 5 b — ab) f l b db

Theorem 90. The dual of a line y(t) is

Proof. The dual of a point z is a line that can be parametrized by
(6= 25 4izt= - yizt
= — +izt = = +izt.
FE ?

Let the dual point (or pole) of the line v(¢) be z. Then we note that by definition
the segment joining the origin and z is perpendicular to the line v. We let the
intersection of the segment Oz and the line v(¢) be w such that z = kw for some

. _ !
real k> 0 and { w=r(1)

h d 1 bers.
w = 1(0) + 57 (1) where r and s are real numbers
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A
N

>
)
. w = —iry'(t)
Rearrangement gives ¢~ 1(0) + $9/(t)
Subtraction gives (0) + (s + ir)y'(t) = 0.
.o | sRe”(t) —r Im~/(t) = —Re v(0)
Rearrangement yields: { s Tm 4/ (t) + r Re 7/(t) = —Tm ~(0)
‘ Re~/(t) —Re~(0)
e MA@ AmA(0) | —[(0),9(0)] _ iy (#),¥(0)]
SONIREENS T Ry () | O 0P
m/(t) Re~'(t)
- '(1),~0)] , ' (®),7(0
ence w iry'(t) Iy (1)]2 7'(t) 50

By definition of pole-polar duality it follows that |z||w| = (radius of circle)® = 1.
Hence, |k||w|?> =1 and k =

Jw[?”
1 '(t
__rH 0

1
The result follows from z = —sw == =
w2 @ =[y(2),7(0)]

Theorem 91. Three lines represented by v1(t), v2(t), v3(t) are concurrent
1 (®),71(0)]  [32(8),72(0)]  [35(2),73(0)]
| ) (1) Yt) | =0.

Yi(t) Y2(t) Y3(t)
where 41 (t), 35(t), 45(t) are unit complex numbers in the same direction as 1 (t),
V5 (t) and v5(t) respectively.

Proof. Three lines 71, 72,73 are concurrent
< Duals of 71,72, 7y3 are collinear
71 (t) V3(t) 3(t)

[71 (0), v (t)] ’ [72 (0), v, (t)] ) [73 (0)’ ’Yé(t)] are collinear
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1 1 1
71 () 5 (t) 5 (t)
S| THOMO] O] oo =0
O S0 FA0)
= HOENO R CHOEA©) I CAGEA )
Vi), 71(0)]  [5(t),72(0)]  [v5(t),¥3(0)]
| () A4 (t) V4 (1) = 0ifall of [y}, (£), v (0)] are nonzero.
71 (t) 75 (t) v3(t)
F1(t),71(0)]  [52(t),72(0)]  [¥5(t),v3(0)]
& v (O] () Ao () A3(t) =0.
A1(t) A5 () A3(t)

If one of [v},(t),v%(0)] is zero, then we could have worked in a complex projective
line and the above condition still holds. Note also that +;,(¢) must be nonzero, or
else vy (t) is not a line but a point. This verifies the validity of working in the
projective complex line. The stated result thus follows. O

Appendix B.

We first define mZ = {mx | x € Z} for m € R™.
For a reasonable configuration, the values of d(7),p; and ¢; for i« = 1,2,3 should
satisfy the following conditions:

e d(7) > 3if d(7) is odd and d(7) > 6 if d(7) is even so that three non-parallel
lines can be found. Therefore,A:@:§ 5 , 3, ’ 4,9,...
1 2 1 2'277727772
oIfd(T)isodd,p€§ZandO§p§A—§<A
Ifd(r)iseven,peZand 0<p<A-1< A
egceZand 1 <qg<M-1<M

The solutions to the equation (C) in Section 7 are considered below.

Case A The “trivial” solutions.
Note that (p1 —ps+ A)M — (M —q1 —qs)  (ps —p2)M + (g3 —g2) (P2 —p1)M +(q1 —gq2) 1

Md(T) Md(T) Md(T) T2
Md(T) —2M + 4q1 — 4 4 1
implies that (r) 2]\_4|—d(qu) 92 ¥ 243 =3 or M —2q1 4+ 2q2 — 2q3 = 0, i.e.
g1 +q3=m+qo.
Subcase Al
p1

fi=fa AM — M 2M -M -M 2 -1 1 b2 0

fo=fs = |-AM-M|+| M M —2M -1 1 =2]||P3] =10
{ f3=fo < 0 ) <M -2M M -1 2 1) a1 (o)

q2
q3
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p1

—Md(r)—m
1 2 P2 =Mdlr)-m
) ) ] I 2 A i 3
Performing row reductions gives | 0 m -m o -ly -lg o | = e=u
o 0o o0 1 -1 1 o m

g3

Further adding the first two rows gives M (p; + p2 — 2p3) — g3 = —M A — m, hence
we have:
g3 = m(2p1 + 2p2 — 4p3 + d(7) + 1) € mZ, so since 0 < g3 < M = 2m, we must
have g3 = m

1 1 —MA - M
Similarly, the second row gives M (ps —p3) — —ga — —=m = ———— . We therefore

3 3 3
have:

g2 = m(—6p1 + 6ps — d(7) + 1) € mZ, and hence g2 = m.
The last row gives g1 —m+m = g, = m, so we have q; = ¢2 = g3 = m (Config IT).

p1

fi=7s AM — M M M —2M 1 -1 2\ [P? 0

Subcase A2 fo=f = 0 + M 2 M1 -2 L3 )
fa=17rs a
q2
qs3

—

M M -2M 0 0 1 22 m— MA
Performing row reduction gives 8 1\61 —éw (1) 1/% 143 3| = [ M-Ma

The first row gives g3 = m(—2p; — 2py + 4ps — d(7) + 1) € mZ, so g3 = m.
. . m M—-MA
Similarly, the second row gives M (py — p3) + 3% + ==

3 )

ie. go = m(—06py + 6ps — d(7) + 1) € mZ, so gg = m. The third equation gives
g —m-+m=gq=m.

Hence, ¢1 = ¢2 = g5 = m (Config II).

p1
fi="Fs —2M 0 0 0 2 o0 2\|[P 0
Subcase A3 f,=f = 0 J+{o 0o 0o o -2 2| [P|[=(o0
f3 = fa 0 00 0 2 —2 0| 0

0 0 0
Performing row reduction gives (o 0 o
0 0 0

1 0 1 b2 M
o 1 —1||”]=(o
0 0 0 a 0
q2
The second row gives g2 = ¢3 and the first row gives ¢; + g3 = M. Note that we
have q1 + g3 =m +q2 = M, so 1 = g2 = g3 = m (Config II).

p1

fi=Ffa AM — M 2M  -M -M 2 -1 1\ |P? 0

Subcase A4 fo=fe = 0 +1 o 0 o 0 -2 2][Pl=1o0
—— | fs=7fs —AM — M oM M M 2 -1 1 Zl
2
q3
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p1

) . ) 2M -M -M 0 0 0 |P? —AM
Performing row reduction gives | o 0 o o0 1 —1]|P]= 0
0 0 0 1 0 0 g; m

a3
The second row gives g2 = ¢3 and the last row gives g1 = m. The first row gives

(2p1 — p2 — p3) = —A. Using the assumption p; = 0,ps + ps = A.
Hence ps + p3 = A and g2 = g3 (Config I).

P1
f1=1s —2M 0 0 0o 2 o 2\ [P 0
Subcase A5 { fo=f. = 0 |+ MM -2 M 1 -2 1]|P2|=1o0
fs = fo 0 -M 2M -M 1 -2 1 g; 0
g3
P1
. . . 0o 0o o0 1 0 1\ [P M
Performing row reduction gives (1 -2 1 0o o o |?]=|o0
o 0o o0 o0 1 of % m
q2
a3
This shows that p; + p3 = 2pa, ¢ = m, and ¢; + g3 = M (Config I)
P1
f1="fs AM — M M M —2M 1 -1 2\ |P2 0
Subcase A6 { fo=fs =|-aM-Mm|+|-M —-Mm 2m 1 -1 2| |P|=1o0
f3=fa 0 0 0 o 2 —2 o |®" 0

11 -2 0 0 0
Performing row reduction gives (0 0 0 0 0 1
0 0 0

b2 _A
P3| _ m
q1 0
q2

q3
The second row gives g3 = m and the last row gives q; = go.
The first row gives p; + p2 — 2p3 = —A. (Confin I)

Case B One-parameter infinite solutions

T
SubcaseBI.Ifz(é t 1—2t 1—&-15 t é—t)

3 3
p2:A<§—t) Q1=m+mA(%—6t)
png(%—t) qQ=m+m§

q3 = m + mA(4t)
A d(r
ps—p2= 5 = (T) =2(p3 —p2) € Z©
-.d(7) is even and A > 3
But g2 > m + m = M (rejected)
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T
1 1 1 1
Sub Bi12f=(=- t - -2t t = —t =+t
ubcase (6 3 G 3+>
P2=A<1—t) q1=m+mA(g—2t)
3 3
2

QAG —t) — oy e ZF

g3 = m+m[2A<% —t)} >m+m = M (rejected)

T
1 1 1 1
Sub Bi.3f=|—- t -—-2t ——t -+t t
ubcase (6 3 G 3+ >
1
P2 = A(§ — 3t) @ =m+mA(-2t)
1 1
p?’:A(i_t) qz:m+mA(_§>

q;»,zm—&-mA(—%)
p3—p2:2At:>4At:2(p3—pg) €Z+
2q1 = M — m(4At) € mZ
0< 2 < M and m | 2¢;
c.2¢1 =mand 4At =1
0<@ae<M=A<3=>A=150rA=25

1
If A=1.5,thent= 8 (rejected)

1
2
p2 1
1 p3 1
If A=25, thent = 10’ which gives | ¢1 | = ZM
q2 1
q3 EM
1
—M

o In A(1,5,12k), where k € ZT, |0,3k;0.5,k; 1,k =0

147
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T
1 1 1 1
Sub Bljf=(= t -2t -+t ——t t
ubcase 4 (6 3 3+ 5 >
2
D2 = A<§ - t) @ =m+mA(-2t)
2

pP3 —p2 = 2At = 4At = 2(p3 *pg) € Z+
g2 = m+m(4At) > m+m = M (rejected)

Subcase B1.5 f= (é t %—Qt t é—i—t é—t)T
pQZA(%*t) ermA(%—Gt)
mzA(%—t) m+mA< )
m+mA< )
A d(T)

p3 —p2 = G = 6 = 2(p3 — p2) ezt
c.d(7) is even and A > 3
However, g0 < m —m = 0 (rejected)

T
Subcase B1.6 = 1 t 1—2t 1ft t 1th
6 3 6 3

nea(ys)  ammenato
neal) memena()

qgfm+mA( 3)
0<@p<M=>A<3=>A=150rA=25
If A=1.5, thenp2—05andp3—1;>t—%andt—%(rejected)
If A=2.5, then

2 1 1 5
m<q1<M:>0<2.5(§—2t)<1:>6<§<t<6(rejected)
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T
1 1 1 1
Sub B17f=(- - -2t t -+t t = —t
ubcase (6 3 3+ G >
1 1
po = A(g +2t) Q= m—&—mA(—g)
5 1

qum—&-mA(%—Qt)
0<gp<M=A<3=A=150rA=25
If A=15thenp; =05and ps=1=t= é andt:% (rejected)
If A =2.5, then

2 1 1 5
m<q1<M¢O<2.5(§—2t)<1¢6<§<t<6(rejected)

T
k%caseBl.Sf—<1 17% t ot lft 1+t> T
6 3 6 3
p2 = 2At @1 =m + mA(4t)
2
p3 = A<§ —i—t) g2 = m + mA(4t)

g3 = m + mA(—2t)
ANt =2py € Z7T
g2 = m+m(4At) > m+m = M (rejected)

T
1 1 1 1
Sub B1.9f=(- --2t t ——t -+t t
ubcase (6 3 G 3+ >
A 2
p2=€ q1=m+mA(—§+4t>
1 1
ps=A(z — 1) q2=m+mA(—f)
2 3
1
q3:m+mA(§—4t>
d(T):2p2€Z+

6
c.d(T) is even and A > 3

However, g2 < m —m = 0 (rejected)
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T

1 1 1 1
Subcase B1.10 f=(=- - —2t t —+t ——t t
Subruxt [ 10 (6 3 TS )

3
1 2
2

2
qs = m—!—mA(g —2t)
1
2A(§ —t) = 2(]73 —pg) ezt

g3 = m+m[2A(% —t)} >m+m = M (rejected)

T
1 1 1 1

Sub Biilif==- -2t t t -4+t = —t

ubcase (6 3 3+ G )
1
p2 = 2At q1:m+mA(—§)
1 1
p?’:A(ﬁ_t) q2:m+mA<_§>

g3 = m + mA(—2t)
4Nt =2py € Z7T
2q5 = M — m(4At) € mZ
0<2¢3 < M and m | 2¢3
c.qg3=mand 4At =1
0<@p<M=>A<3=>A=150rA=25

1
If A=1.5, then t = 8 (rejected)

1
2
b2 1
1 P3
If A=25, thent:m,which gives | q1 | = %M
q2
a3 %M
iM
o In A(1,5,12k), where k € ZT, |0, k;0.5,k;1,3k| =0
T
1 1 1 1
Sub B1.12f=|=- -2t t ——t t =+t
Subcase B1.12 (6 3 5 5+ )
A
P2 =& @1 =m+ mA(4t)
2 1
D3 —A(g—i-t) G2 —m—&-mA(g)
1
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d
7(67—) =2py € Z"
c.d(7) is even and A > 3

However, g2 > m +m = M (rejected)

T
Subcase B2.1 f= (é 1—3t t 1—t 2t é—l—t)

2 6
A 1
P2 = q1=m+mA(—§+4t>
5
p3:A(6—2t) g2 =m
2
) q3:m+mA(§fSt)
7(67— =2py € vAl
c.d(T) is even and A > 3

p3 = bpy — 12pot € Z1 = 12pot € Z
@1 = m(1 — 2py + 24pot) € mZ
T0<qgp < M

1
.'_q1:mand172p2+24p2t:1$t:1—2
c.q1 = g2 = g3 = m (Config II)

T
1 1 1 1
Sub B22f=(=- -3t t 2t -+t = —t
ubcase (6 3 3 6—|— 5 >
1
p2 = 3AL q1:m+mA(—§>
2 1

q3 :m—i—mA(%—%)

O<q1<M:>A<3:>A:gorA:g

3 1 1
IfA:§7thenp2:§andp3:1:>t:§andtzO(rejected)
5 15 15 /1 5
If A= 2, th = 22 7(,):,
2 mp=5ts5\) 1
.'.'p2:§orp2:1
1
2
D2 3
1 1 b3 2
P S I : — |
V\/'henpg—Q,L‘—15 which gives 31 =| M
2 1
M
q3 4
3
TM
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o In A(1,5,12k), where k € Z7 |0, k;,0.5,3k; 1.5,9%| = 0

When ps = 1,t = 5 = p3 = 3 (rejected)

T
1 1 1 1
Sub B2.3f=|(=- - -3t t t ——t 2t
ubcase (6 5 + : )

6
p2:A<é+2t) q1:m+mA(—§+6t>
p3:A<§+t) qum-l—mA(—%—i—Gt)

q3:m+mA(§—4t)
oy —ps = A LT oop ezt

6
sod(t)iseven = A >3 and A, p1,p2,p3 € Z

4p2—2p3:A(—§+6t):>A(—§+6t):2(2p2—p3)ez

qlzm[1+A(—§+6t>} emzZ*

cO0<gr <M
2 1
..q1=mand1+1A(—3+6t):1:>t:9
S =m+ mA<§) >m+m = M (rejected)
T
1 1 1 1
Sub B24f=(= -3t t =——t =+t 2t
ubcase 4 <6 5 3 G 6+ )
A 2
pz—g q1—m+mA(—§+6t)
2 1
P3=A<§—L‘) qzzm—i—mﬂ(—g—&-%)
2
%ZZPQGZJ’_
c.d(T) is even and A > 3

p3 = 4dpa — 6pat € Zt = 6pat € yA
g2 = m(1 — 2py + 12pot) € mZ
cO0< g < M

1
sgu=mand 1 —2py+12pt =1=t= 8 (rejected)



CUTTING TWISTED SOLID TORI (TSTS)

T
1 1 1 1
Sub B25f=(=- -3t t 2t = —t =+t
ubcase (6 5 5 6+)

p2 = 3At Q1=m+mA(—% 4t)
pszﬂ(g—i-t) qQ:m—i—mA(—%—&—&f)

1
qs3 :m—l—mA(g—Qt)
Consider 0 < go < M and m < q3 < M

—1<A<—%+6t><1and0<A(%—2t><1

8 64" “18T62"™ 5 22 6
1 1 pp 1 1 1 1 p 1
18 64 3213762’ and 6 24 346
é—1< <é+1andé—§< <é
6 2°P25% 75 2 2 P25
A 3 A 1
D 2D S A
‘3 2<6+2:> <6

If d() is even, then A > 3 and A, p1,p2,ps € Z

3
WhenA=3,0<p2<1and0<p2<§:>0<p2<1(rejected)
1 7 1 1 7
When A =4, — — and - 2= = -
en ,6<p2<6an 2<p2< 2<p2<6
D2 1
1 p3 3
.',pgzlandtzﬁwhich gives | g1 | = | m | (Config I)
a2 %m
a3 3m
1 4 ) 4 .
WhenA:5,§<p2<gand1<p2<§:>1<p2<§(rejected)
1
If d(7) is odd, then A > 1.5 and A, p1,p2,p3 € =Z
3 3 1 1 2 7
When A = g,l < p2 < %1:> P2 = ilj t= §lz>p3 = 6 (;‘fjected)
WhenA:g,11<pg<%:>pg 51:>t—1—5:>p3—g(rejected)
When A = —, - — = =1
MeT oyt TRE R
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1
2
D2 5
1 1 p3 2
If po = 5 then ¢ = o1 which gives Zl =| 1M
2 5
q3 1M
11
M

o In A(1,7,12k), where k € Z7,|0,3k; 0.5, 5k; 2.5, 11k| = 0

2
prg:l,thent:ﬁ;spgzg(rejected)

9 3 2 0
WhenA:%Z<p;<f:>]127—13$t:ﬁ:>p3—§(rejected)
When A = ?,1 < 7 <p2 < 3 < 3 (rejected)

11 g
Subcase B2.6 f= (6 5—3t t -+t 2t —t>
1 1
I -
)
P3:A<6—2t) @ =m

q3 :m—i—mA(% —475)
2A<§ —4t> =2(p3 —p2) €ZT
2qs :m[2+2A<§ —4t)} € mZ*
M < 2q3 < 2M . .

3 2
g3 =>m and 2 2A<774t>:3:>t:77—
g5 = gmand 2+ 248(3 6 8A

3 5
0<q3<M=>A<3:>A:§OrA:5

1
If A= g, then t = % = po = ~6 (rejected)

b2 %
5 1 ps3 1
If A= 2 then t = 13’ which gives | ¢1 | = %m (Config I)
q2 m
q3 %m
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T
1 1 1 1
Subcase B2.7f== t - -3t ——t 2t =+t
_— (6 6 6+ )

2
2 2
P2=A<*—4t) q1=m+mA(f—4t)
3 3
5
p3=A(6—2t) @ =m
1
q;;zm—i—mA(—f)
3 5 ?
0<Q3<M:>A<3:>A:§OI"A:§
IfA:g,thenpgzl—fit
SL0<pe <1
1,4 1 1
Bu‘cpg€§Z,..;l7z—§andt—12
1
2
b2 1
b3 3
¢1 | = | =m | (ConfigI)
2
q2 m
q3 1
5 2m 5
IfAzi,thenpgzg—l()t
0<p<o=12
. D2 3— 3
: = —or =1lor :§
C.P2 2 b2 P2 B
1
2
b2 g
1 7 . . Ps 3
When p; = -, t = —, which gives | ¢1 | = | 2pm
2 60 4
qz 1
q3 —M
2
1
—M
12
o In A(1,5,12k), where k € ZT, |0,9%;0.5,6k; 1.5, k| = 0
7
h :1 = — = — 1
When ps 3,75 1?:>p3 45(rejected)
Whenpgzi,t:@$q1:§m>M(rejected)
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T
Subcase B2.8 f = (é t 1—325 2t 1—|—t l—t)

2 67" 6
p2=A(%—t) 0 =m+mA(§—8t)
p3=A(§—t) q2=m+mA(—%+2t)
Q3=m+mA(—§+6t)
p3—p2=§=>?=2(p3—p2)ez+

c.d(1)is even = A >3 and A,py,po,p3 € ZT
A =6(p3 — p2) and At = 3ps — 4dpy € Z7T

g2 = m[l — 2(ps — p2) + 2At) € mZ

cO0< g < M

1 1
c.q2 =m and A(— 3 +2t) =0=>t= 8 (rejected)

T
Subcase B2.9 f = (é t 1—31f 1—&—t é—t 2t>

2 6
P2=A<§—2t) a1 :m+mA(é—2t)
P3=A<§+t) qum—i—mA(—%—i—Gt)
1

q3:m+mA(—f—|—4t)

p3 — p2 = 3At and 6At = 2(p3 — py) € ZT
Let 6At =k € Z*
Consider m < g1 < M and 0 < qo < M

w

0<A(%—2t)<1 and —1<A(—%+6t)<1

(AR TS S S TS
6 2A 6 18 6A 18 " 6A
6 24 °6A "6 Y18 6A S 64 18 ' 6A

A—3<ki <A and §71<k1<§+1

A
.'.A—3<§+1:>A<6
If d(7) is even, then A > 3 and A,py,p2,ps € Z
k1 = 2(p3 — p2) € 2Z
When A=3,0<k; <3and0<k; <2=0<k <2

1
WhenA:4,§<k1<§andl<k1<4:>1<k1<

rejected)

W~ —~
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2
D2 3
1 p3 5
S ki=2andt= 13’ which gives | ¢ 3™ (Config I)
q2 5
q3 3"
m

3

2 8 8
WhenA:5,7<k1<§and2<k1<5:>2<k1<§<4(rejected)
1
If d(7) is odd, then A > g and A, py,p2,p3 € §Z

3 3 1
WhenA:§,0<k1<§:>k1:1:>t=§$p2= (rejected)

[SSI )

5 11 1 4
WhenA:?,(i<k1<?3:>Iﬁ:1:>t:1—5:>p2:§(rejected)
When A= - =<k <—<3=k =1lork =2

27 2 6

2
5
D2 2
1 D3 11
Ifk1:1,thent:i,whichgives Q| = EM
q2 5
q3 EM
1
-M
4

- In A(1,7,12k), where k € Z*, [0, 11k; 2, 5k; 2.5, 3k| = 0
2
If ky =2,thent = — = py = g (rejected)

21
9 3 5 2 7
h Asz — =2 = — = — 1
When %12<k51<2:>l§17 =t 57 = P2 3(rejected)
When A = 3,2 <5< k1 < 5 < 3 (rejected)
T
1 1 1 1
Sub B210f=|- t - -3t ——t =+t 2t
ubcase (6 5 3 6 6+ >
fA(ngLt) —m+ A(l—%)
b2 = 3 gg=m-+m 3
2 1
png(fft) g2 m+mA(ff+2t)
3 3
1
@ =m+md( - 3)

O<q3<M:>A<3:>A:gorA:

1
IfA= g, then po =05 and ps=1=1t= 0 and t = 0 (rejected)
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§(1):§>1

) 5 5 )

3
.'.p3:§OTP3:2

1
3
b2 )
1 b3 3
Whenpgzg,tzﬁ,whichgives | = EM
qz 1
q3 ZM
1
12
o In A(1,5,12k), where k € Z7, |0,9k;,1,3k; 1.5,k = 0
1
Whenp3:2,t=1—5:>p2:§(rejected)
T
1 1 1 1
Subcase B2.11 f=(- t = -3t 2t ——t =+t
“ (6 5 3 6 6+>
1 2
pziﬂ(f—t) q1:m+mA(f—4t>
2 3
2 1
p3 = (f—i—t) qum—ﬁ—mA(—f—i-Gt)
3 3
2
2 2
2p3—4p2:A(§—4t):>A(§—4t>=2(p3—2p2)ez

2
0<qa <M ) )
c.q1 =m and 1+A(§ —4t) =1l=t= 8 (rejected)

T
Subcase B2.12 f = } t 1—St 1+t 2t 1ft
6 2 6 6
2 2
p2=A(5-2) a =m+mA(s - st)
5
pg—A(g—Zt) g2 =m

q3:m+mA(—%+4t)
6p3—8p2:A(—%+4t) :A(—%—i-élt) — 2(3ps — dps) € Z

1
Q3:m[1+A(—§+4t>} € mZ
c0<gs< M
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1 1
,',qumand1+A(—§+4t)zlét:—
C.q1 = g2 = g3 = m (Config II)

T
1 1 1 1
Sub B3.1f=(= =——92t 2t ——92t t —+t
ubcase (6 5 5 2+)
A 1
pzfg qlfermA(ngGt)
5 2
png(g—t) qgfermA(g—%)
q3 = m +mA(-8t)
d(r)

2po = 5 € Z", so0 d(t) is even and A > 3.

2
Hence ¢o > m + 3m<§ — Qt) >m+m = M (rejected)

T
Subcase B3.2 f= <1 } -2t 2t 1 +t 1 — 2t t)
6 6 2 6

1 2
pg:A(§+3t) Q1=m+Am<—§+6t>
2 1
p3:A(§+2t) qQ:erAm(g +4t>
2
q3:m+Am(772t>
2 1 2 3
q3<M:2m:>A(§—§) <A(3—2t)1<1:>A<3:>A:1.50r2.5
IfA=15ps=05and ps=1,s0t= T and ¢ = 0 (contradiction).
) 2 1 9
IfA=25qg3>m+ §m(§ — 6> =qm > 2m = M (rejected).

T
Subcase B3.3 f = (é é—Qt 2t ¢ %—i—t 1—2t>

6

p2 = 3AL qlzm—i—Am(—é)
ngA(%—t) QQZm—l—Am(—é—Qt)
Q3=m+Am(—%—2t>

1 1
2(pa+ps) = d(7)<§+2t) € Z, hence 2¢g; = M—md(7)<§+2t) = M—M(pa+ps) <
M(1—-0.5—-1) < —m (rejected)
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T
1 1 1 1
Sub B34 f=(=- =-—2t 2t = -2t — 4+t t
ubcase 4 (6 G G 2—|— )

n=% @ =m+ am( -2+ 61)
png(%ft) qz:erAm(f%th)

gz = m + Am(—8t)
o = ) 7 g0 d(r) d4>
P2 = —¢ € Z™, so d(T) is even an >3

2
g2 <m+ 3m( — g) = —m (rejected)

T
Subcase B3.5 f = 1 }—Zt 2t t 1—2t 1~¥—t
6 6 6 2
1
p2 = 3At q1=m+Am(§+6t>
2 1
p3:A(§+3t) qz=m+Am(§+4t>

1
q3=m+Am(—§—2t>

1
g)<c11<2m=>A<3:>A=1.501r2.5.

1
If A=1.5thenp, =05and p3 =1, ..t = g and ¢t = 0 (contradiction)

g <M =2m, ,',m—i—Am(

1
If A =25, then 2py = 15t € Z*, - 15t > 1, ie. t > —

15
q1>m+m(25)< +6< ))z%m>2m M (rejected)
Subcase B3.6 = <é %7% 2t %th t éQt)T
D2 A(%+3t) Q1=m+Am<%1)
nea()  memean(a)

2

Q3 = m+Am( — )

3
G <M=2m,. . 1> A(§ - Qt) > A(3 = A < 1.5 (rejected)
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Subcase B3.7 f = (é 2t é—2t é—Qt t ;—&-)T

P2=A<%—4t) = m—i—Am(f—%)

p3 = A(% + 2t> g2 = mAm(% — Qt)
:m—i—Am(—%)

g <M=2m,. 1> A<f — Qt) > A(;) = A < 1.5 (rejected)

T
‘S'chaseBB’.é’f<(13 2t 1—215 1-1-15 é—Qt t)

6 2
pQ:A(%ft) Q1:m+Am(f%f2t>
png(§+2t) q2:m+Am(é+4t)

q3 = m—i—Am(% +3t)

1
2(p3s — p2) = d(T)(g + 3t) € Z", and 2g3 = M + M(p3 — p2) € MZ™", and since
0 < 2¢q3 < 2M, we must have 2g3 = M, i.e. g3 =
1 1
But then (5 + 4t) =0,ort= 13 (rejected)

T
SubcaseBé’..Qf(é 2t 1—215 t l—f—t 1—2t>

6 2 6
p2 = A(% —t) q = m+ Am(—8t)
P3:A<%—t) q2:m+Am(—%—2t>

q3:m+Am(—§—6t>

g2 >0, . 1>A( +2t>>A(1) orA<3ie A:15or25

But 2(ps — p2) = d(T)(é) €z’ and € Z' an d € Z"' (rejected).
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T
Subcase B3.10 f = (é 2t 1—225 1—225 1—l—t t)

6 6 2
pzzA(%—ﬁlt) Q1=m+Am(—%—2t)
pg:A(%—t) Qsz—l—Am(—%—Qt)

1
gz =m+ Am( — g)
1
2(p2 — 2p3) = d(T)(— 3~ 2t> € —Z", :.2q1 = M — M(py — 2p3) € MZ and since
1
0 < 2¢q1 < 2M, we must have 2¢; = M, i.e. ¢¢ = m. But then -3~ 2t = 0, or

1
t= ~% (rejected).

Subcase B3.11 f= <(13 2t %—Qt t % 2t ;—l—t)T
=l e an(?a)
p3=A<§+2t) m+Am(%+4t>

Q3=m+Am(—§+6t>
g <M=2m, 1> A(; - Qt) > (S)A, ie. A< % (rejected).

T
Subcase B3.12 = (é 2t 1—225 1—+—t t 1—2t>

6 2 6
P2 = A(% — t) g1 =m+ Am(—8t)
p3=A<%—t) 92=m+Am(§—2t)

1
] Q3:m+Am(§+4t)
2(ps —p2) = % € Z*, hence d(7) is even and A > 3.

2
But go <M =2m, . 1> A(§ — Zt) > A(g), or A < 1.5 (contradiction)
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Swwwf%IfZ(é—u t

sl
ool

LN S 1+t)T
3 6 6

:m—I—mA(g—élt)

3

% =m+mA(% - 10t)

g3 = m + mA(—10¢)

7A 7d(r)
p2 +p3 = ? =

=2(pz+p3) € 2"
..d(T) is even and hence A > 3

g2 > m+m(2—12t) > m+m(2 —1) = M (rejected)

Subcase B4.2 f= (;—4t t

p2 = A(% +4t)

p3 = A(% +3t)

g2 = m+ mA(—6t

zm—l—mA(—%)
czt

1+t 3t 1+t 1 Qt)T
3 6 6

—m +mA<§ — IOt)

~—

3p2 — 2p3 = 6At = 12At = 2(3ps — 2p3)

2q2 = m(2 — 12At) e mZ
S 0<2gp <M

1
Sg@=mand2—-12At=1=t=—

3 )
O<Q3<M:>A<3:>A:§OI‘A:,

IfAf3 thent—iépQ

124

2

% (rejected)

18
5 1 7
IfA=— 5 thent—%:pg 5 (rejected)
T
1 1 1 1
Sub Bi3f=(-—4 t -+t =+t =-—2t 3t
ubcase B4 (3 3+ 6+ 5 )
1 1
p2=A<§+2t) =m+mA<§)
1
p3=A(§+6t) @ =m
qs = m +mA(—4t)

pP3 —p2 = 4At = 8AL = 2(p3 *pg) € ZJr

2q5 = m(2 — 8At) e mZ
0<2q3 < M

1
Sgg=mand2-8At=1=t=—

8A

163
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3 5)

1
IfA= §, then t = — (rejected)
2 12

3
2
p2 2
1 Ps 11
IfA= g, then t = 20’ which gives | ¢1 | = EM
q2 1
qs §M
1
ZM
. In A(1,5,12k), where k € ZT, |0, 11k; 1.5, 6k; 2, 3k| = 0
T
1 1 1 1
Subcase B4.4 f= (- —4 ¢t -+t = -2t =+t 3t
oubcase B4 (3 3 * 6 6 + )
1 1
meal)  wemena()
1
p3 = A<§ + 3t) q2 = m + mA(—6t)

g3 = m + mA(—10¢)
p3 — p2 = 4At = 8At = 2(p3 — p2) € ZT = 8At > 1
0 (

Soqz =m —m(104t) < m — m(8At) < m —m = 0 (rejected)
T
1 1 1 1
Sub Bybsbf=|-—4t t -+t 3t =—-2t =+t
ubcase B4 <3 3+ 3 5 6+)
1 2
pQZA(§+4t) q1:m+mA(§f4t)
1

-}

(1 +4(i>) =1=py = 1 t =0 (rejected)

g3 =m+mA

3
0<@z<M=>A<3=A=—-or A=

N oL—~

IfA:g,thenp2<§

5 % % 112 5 51:> 3
o= tenp < (L ia()) =7 2= oy — o=
2tfnp2<213—|— 2 3:>p2 201rp2 or po 3
Whenpgzi,t:;%<0(r§jected)
Whenpgzl,t:%$q1:§m>M(rejected)
3 1 9
Whenpg—i,t—ﬁép;;—i(reJected)
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T
1 1 1 1
st%f:(g—zu t oo+t —+t 3t 6—27:)

3 6
p2=A(%+2t) Q1=m+mA(§—4t)
pSZA(g"f‘t) qum—&—mA(%—lOt)

g3 = m + mA(—4t)
2 2
Aps — dpy = A(g - 4t) = A(g - 4t) = 2(2ps — 2p) € Z

= m[l + A(; - 4t)} >m(l+1) =M (rejected)

1 1 1 I
Subcase B4.7 = (3—415 §—|—t t 6—215 3t 6+t)
P2 = A(% - t) @ =m+ mA(—4t)
pg:A(%—i-t) Q2=m+mA(%—10t)
Q3=m+mA(§—10t)
p2 +p3 = 54 = 5d(r) _ 2(p2 +p3) €ZT

c.d(t)iseven = A >3 and A,p1,p2,p3 € Z

Let A = 6kq, where ky € ZT
p2=k‘1—At€Z+:>AtEZ+

g1 =m(1 —4At) <m(l —4) = —-3m < 0 (rejected)

T
1 1 1 1
Mf:<34t gttt 3t ot 62t)

3
po = 4At @ = m+mA(—10t)
1
p3 = A(§ + 3t> g2 = m + mA(—6t)

1
q;),:gm—&-mAE)(S)
0<Q3<M:>A<3:>A:§OFA:§

3 1
If A= 2 then py = 6t < 3 (rejected)

(@1

5 1
IfA:f,thenp2:10t<6:>p2=§

13
St= 20 = p3 = 5 (rejected)

)

165
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Subcase B4.9 f= (1 4t 1—|—t t 1—i—t E 2t 3t)T
—_— 3 3 6 6

1 1
p2:A<6+2t) q1=m+mA(—§)

1
pSZA(§+2t) G2 =m

2
qs3 :m—l—mA(g—élt)

3 )
0<ql<M:>A<3:>A:§orA:5
3 1 1
IfA:Q,thenp2:Z+3t<§(rejected)
5 ) 5
IfA—li, henpg—ﬁ+5t<6=>p2—§
St= @:>p3 g(rejected)
T
1 1 1 1
Sub B4.10f= (= —4t = - =2t =
ubcase B/ (3 t 3—|—t t 5 t 6—|—t Bt)
1 1
=45 1) 0 =m+mA( - g)
1
p3—A<§+3t) =m + mA(—6t)
2
Q3—m+mA(§ 10t)

+

p3 — 3pa = 6At = 12At =2(ps — 3p2) € Z
22 =m(2 — 12At) e mZ

0 <25 < M
1

gs=mand2—12At=1=t = —
S.g3 =m an :>3 12A5
0<ql<M:>A<3:>A=§orA=5

3 1 1 1 .
If A= ? then ¢t = ? = pg = ? < % (rejected)
IfA:i,thent:%ém:g i(rejected)

T
1 1 1 1

Sub Bj11 f=|-—4t -+t t 3t ——2t -+t
ubcase B/ (3 3+ 5 6+>
po = 4At q1 = m + mA(—4t)

1
P3=A<§+6t) g2 =m

1
q3 =m+ mA<§)
2q1 = m(2 — 8At) = m(2 — 2ps) € mZ
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c0<2q3< M .
.'.Q1=mand2—8At:1:>7;:8—A i
0<QQ<M:>A<3:>A:§OTA:§
3 1
IfA:i,thentzﬁ(rejected)
1
2
p2 2
1 ps3 1
IfA:§,thent:—,whichgives | = ZM
2 20 & 1
qs §M
11
—M
12

. In A(1,5,12k), where k € Z*, |0, 3k; 1.5, 6k; 2, 11k| =0

T
1 1 1 1
Subcase B4.12 f= <3—4t -+t t -+t 3t —2t>

3 6 6
p2 = A(é + 2t) @1 = m+mA(—10t)
P3=A<§+t) q2:m+mA(%—1Ot)

2
B qum—&—mA(g—élt)
.
s —p2=-— = =2(2p3 —p2) € Z"
.. d(7) is even and hence A > 3
S >m+m(2—8t) >m+m(2—1) =M (rejected)

Case C Sporadic solutions

We wrote a Scilab program to check whether any of ¢1, ¢o and ¢3 is a multiple of
m when a set of exact values is substituted. If they are, then since 1 < ¢; < M —1,
for i = 1,2,3, we must have ¢; = m. If ¢1, g2 and g3 are all equal to m in a
certain case, then either the lines must be in Config II, or the p’s take unreasonable
values. Hence this checking program can greatly reduce the number of cases under
consideration. After we run the program, we found that in all of the cases we must
have g1 = g2 = g3 = m and hence the sporadic solutions do not give rise to new
configurations.

Here are the source codes of the Scilab program:

clc;

clear ;

//sporadic soln matrix

M=[1/10 2/15 3/10 2/15 1/6 1/6;
1/15 1/15 7/15 1/15 1/10 7/30;
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1/30 7/30 4/15 1/15 1/10 3/10;

1/30 1/10 7/15 1/15 1/15 4/15;

1/30 1/15 19/30 1/15 1/10 1/10;
1/15 1/6 4/15 1/10 1/10 3/10;

1/15 2/15 11/30 1/10 1/6 1/6;

1/30 1/6 13/30 1/10 2/15 2/15;

1/30 1/30 7/10 1/30 1/15 2/15;

1/30 7/30 3/10 1/15 2/15 7/30;

1/30 1/6 11/30 1/15 1/10 4/15;

1/30 1/10 13/30 1/30 2/15 4/15;
1/30 1/15 8/15 1/30 1/10 7/30;

1/14 5/42 5/14 2/21 5/42 5/21;

1/21 4/21 13/42 1/14 1/6 3/14;

1/42 3/14 5/14 1/21 1/6 4/21;

1/42 1/6 19/42 1/14 2/21 4/21;

1/42 1/6 13/42 1/21 1/14 8/21;

1/42 1/21 13/21 1/42 1/14 3/14;
1/20 1/12 29/60 1/15 1/10 13/60;
1/20 1/12 9/20 1/15 1/12 4/15;

1/20 1/12 5/12 1/20 1/10 3/10;

1/60 4/15 3/10 1/20 1/12 17/60;
1/60 13/60 9/20 1/12 1/10 2/15;
1/60 13/60 5/12 1/20 2/15 1/6;

1/12 1/6 17/60 2/15 3/20 11/60;
1/12 2/15 19/60 1/10 3/20 13/60;
1/15 11/60 13/60 1/12 1/10 7/20;
1/20 11/60 3/10 1/12 7/60 4/15;
1/20 1/10 23/60 1/15 1/12 19/60;
1/30 7/60 19/60 1/20 1/15 5/12;
1/30 1/12 7/12 1/15 1/10 2/15;

1/30 1/20 11/20 1/30 1/15 4/15;
1/60 3/10 7/20 1/12 7/60 2/15;

1/60 4/15 23/60 1/12 1/10 3/20;
1/60 7/30 5/12 1/15 7/60 3/20;

1/60 13/60 11/30 1/20 1/12 4/15;
1/60 1/6 31/60 1/15 1/10 2/15;

1/60 1/6 5/12 1/20 1/15 17/60;

1/60 2/15 9/20 1/30 1/12 17/60;
1/60 1/10 31/60 1/30 1/15 4/15;
1/12 3/14 19/84 11/84 13/84 4/21;
1/14 11/84 23/84 1/12 2/21 29/84
1/21 13/84 23/84 1/14 1/12 31/84
1/42 1/12 7/12 1/21 1/14 4/21;

1/84 25/84 5/14 5/84 1/12 4/21;
1/84 5/21 5/12 5/84 1/14 17/84;
1/84 3/14 37/84 1/21 1/12 17/84;
1/84 1/6 43/84 1/21 1/14 4/21;

1/18 13/90 7/18 11/90 2/15 7/45;
1/45 19/90 16/45 1/18 1/10 23/90
1/90 23/90 31/90 2/45 1/15 5/18;
1/90 17/90 47/90 1/18 4/45 2/15;
13/120 3/20 31/120 2/15 19/120 23/120;
1/12 19/120 29/120 1/10 13/120 37/120;
1/20 23/120 29/120 1/15 13/120 41/120;
1/60 13/120 73/120 1/20 1/12 2/15;
1/120 7/20 43/120 7/120 11/120 2/15
1/120 3/10 49/120 7/120 1/12 17/120
1/120 4/15 53/120 1/20 11/120 17/120
1/120 13/60 61/120 1/20 1/12 2/15;
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1/15 41/210 8/35 1/14 31/210 61/210;
13/210 1/10 83/210 1/14 4/35 9/35;
1/35 2/15 97/210 1/14 17/210 47/210;
1/210 3/14 121/210 11/210 1/15 3/35];
//M = 65x6 matrix

//Add and
Bl = [0 1
0

find denominator matrix
010 0
03

)

o o oo
O = OO~
= O O~

at (M*B1’);
1 0 0;

o = O

V1 = int32(dl);

V2 = int32(d2);

// Make lem matrix

for i =1:65
C(i,1) = lem ([V1(i,2), V2( )]
C(i,2) = lem ([V1(i,3), V2( )]
C(i,3) = lem ([V1(i,5), V2( )]
C(i,4) = lem ([V1(i,6), V2(i,1)]
C(i,5) = lem ([V1(i,1), V2( )]
C(i,6) = lem ([V1(i,3), V2( )]
C(i,7) = lem ([V1(i,4), V2(i,2)]
C(i,8) = lem ([V1(i,6), )]
C(i,9) = lem ([V1(i,1), v2(i,3)]
C(i,10) = lem ([V1(i,2), V2(i,3)
C(i,11) = lem ([V1(i,4), V2(i,3)
C(i,12) = lem ([V1(i,5), Vv2(i,3)

end

//c = 65 x 12 matrix

//Make 3 copies

1:3:34

for s = 1:65
Denom(s,r) = C(s, (r+2)/3)
Denom(s, r+1) = C(s, (r+2)/3)
Denom (s, r+2) = C(s, (r+2)/3)

of denominator matrix

for r =

end
end
//Denom = 65x36 matrix
//Choose and add suitable
B3 =1[(2222222222
2

N R
N »
[~}
[N~}
(V)
]

3

O N ONO N
N O O N
NN O OO
N O oo
N OO NO
NN O OO
o N O O N
O N O NO
NN O OO
N O OO N
N O OO N
N O NO O
S o NN O
OO N O N
N O NO O
N OO NO
N O o NO

0
X = M*B3
//X = 65x36 matrix
//Make product matrix
for k = 1:65

for 1 = 1:36
Prod(k, 1) = X(k, 1)

MO O OoN
| v O o oW

of Denom and X

* Denom (k,

end

N O NOoO O

O O N O N

S o NN O

N O NO O

i~}

N OO OoON

(V)

oON O O N

oN N OO

O O N NO

i}

S O N O N

&)

oNNO O

o N O NO

O N O NO

(V)

oN N OO

]

OO NO N

O O N NO

SN NO O

oON O O N
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end
//Prod = 65x36 matrix
//Check integer by making floor matrix
Res = Prod — floor (Prod);
for a = 1:65
for b = 1:36
if (Res(a,b) == 0) then ChecIn(a,b) =1
else ChecIn(a,b) = 0
end
end
end
//Checln = 65x36 matrix
for ¢ = 1:65
for d = 1:36
if (ChecIn(c,d) == 0) then printf(”%d, %d\n”, c, d)
end
end
end
printf (‘‘end of check\n”)

Appendix C.

Tabulated below is the output of a Scilab program which calculates the determinant
|V —tVT| where V is the Seifert matrix of the (hypothetical) tst link where uPN (1)
and uPD(7) are as given and M is odd. The program codes are as the follows:

t=poly (0, ‘t’) D=block (a—1)
function [A]=block (r) M=zeros ((a—1)*(b—1), (a—1)*(b-—1))
A=zeros (r,r) for i=1:(b—1)
for i=1:r
for j = 1:r M((a—1)*(i—1)4+1:(a—1)*i, (a—1)*(i—1)+1l:(a—1)*i)=D
if i==j then A(i,j)=1 end
elseif j==i+1 then A(i,j)=—1 for i=1:(b—-2)
end
end M((a—1)*i+1l:(a—1)*(i+1), (a—1)*(i—1)+1:(a—1)*i)=—D
end end
endfunction //printf(‘‘(—%d,%d) -torus knot has Seifert
function [B]=altzeros (b,a) matrix:\n” ,a,b)
C=—block ((a—1)/2) endfunction
B=zeros(b,a) function [E]=alexpoly (u,s)
for k=1:(a—1)/2 printf (¢‘mil P N(tau)=%d mil P D(tau)=%d\n” ,u,s)
for 1=2:2:(a—1) D=[block (2*u—1) zeros((2*u—1),(u—1)*(s—1));
B(k,1)=C(k, (1/2)) altzeros ((u—1)*(s—1),(2*u—1)) neg_tsmat(u,s)]
end printf(‘‘The Seifert matrix is:\n”)
end disp (D)
endfuction E=det (D-t*D”)

function [M]=neg-tsmat(a,b) endfunction
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This table has been used to guess the formula for the Alexander polynomial of the
link [®(n(7),d(T), M)] where M is odd.

uPN() |y 3 4 5 6
wPD(T)
2 1—t—t34+t2 [ 1 —t 413 — 1—t+1t3— T—t4+t3—t2 4 | 1—t+3—t2+
t4 6 —¢7 4 — 6 4 10 —tT 49 — | 16 —¢7T — %+
t7 _ t9 + th t10 +t127t13 th _ t12 +
t13_t15+t16
3 1—t4+tP =5 [1—¢—2t2+ [1—t+¢tF— 1—t4+t3 =5+ [ 1—¢+ % —
25 448 — 9 | P +t8 — 18—t 412 — | 5 — 28 +
t9 -‘rt12 —tlS t13 +t16—t17 2t9 _ 2t12 +
2t13 +t16 _
t17+t20—t21
4 1—t—tP 418 [ 1 —t 417 — 1—t—3t0+ [ 1—t+t°— 1—t+t°—
t6 +t10 _ tll 3t6 + 3t10 _ tG + th _ t6 + th _
3t11 _ t15 + tll +t15 _ tll _ t15 +
t16 t16 +t20—t21 th _ t20 +
t21—t25-‘rt26
5 1—t4+t0—¢7 [ 1—t+1¢0 — 1—t+t5 — 1—t—4t5 4+ [ 1—t4+15—
t7 + t12 _ tlS t7 + t12 _ 4t7 + 6t12 _ t7 + t12 _
t13 +t187t19 6t13 _ 4t18 + t13 +t18 _
4t19 +t24 _ t19 +t24 _
t25 t25+t307t31
6 1—t—t 48 [1—t—2T+ [ 1—t+¢t — 1—t+t — 1—t—5t7 +
2t8 +t14—t15 t8 _ t14 + t8 + t14 _ 5t8 + 10t14 _
t15_t21 +t22 t15 +t21 _ 10t15 _
t22 +t28—t29 10t21 +
1022 4
5128 — 5129 —
t35+t36
7 1—t4+t3—t9 [1—t+t3— 1—t4+18— 1—t4+18— 1—t4+18—
t9 +t16 _ t17 t9 + t16 _ t9 + t16 _ t9 + t16 _
$17 4424 425 | 417 4 424 (17 4 424 _
t25+t327t33 t25 +t32 _
433 4 440 _ 441
8 1—t—t9+t10 [ 1—t+t°— [ 1-t—-3"+ [1—-t+t°— |[1—-t+1°—
t10+t187t19 3t10 +3t18 _ th +t18 _ th +t18 _
3419 _ 427 4 $19 4 427 _ $19 _ 427
128 128 4 36 _ 437 | 428 _ 436
437 _ 445 | 446
9 1—t+¢0—¢1 1 [ 1 —¢ — 1—t+t10— [ 1—¢4+¢10— [ 1—¢+¢10—
2t10 +2t11 + tll —|—t20 _ tll +t20 _ tll —2t20 +
t20 _ 2521 t21 +t30 72531 t21 + t30 _ 2t21 _ 2t30 +
t31 +t40—t41 2t31 +t40 _
t41+t507t51
10 1—t—t1 12 | 1 —t 4t — [ 1 —t 4t — [ 1—t— 1—t+t —
t12 +t22—t23 t12 —t22 + 4t11 +4t12 + t12 +t22 _
t23 7t33 +t34 6t22 _ 6t23 _ t23 _ t33 +
4t33 +4t34 + t34 _ t44 +
t44 _ t45 t45 7t55 +t56
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uPN(T)
WPD() 7 8 9 10
2 1—t+t5—tP+ [ 1432 4— [ 1 —t+ 3 —tF+ [ 1—t+3 -2 +
$6 47 149 410 | T g9 10 _y124 | 4647 49 4104 | 46 47 49 410
t12 _ t13 + 2515 _ t13 _ t15 + t16 _ t12 _ t13 + t15 _ t12 _ t13 _ t15 +
$16 4 418 _ 419 (184419421 422 | 416 4 418 _ 419 4 $16 _ 418 4 419
1214221424 425 | 421 4 422 424
125 _ 427 4 428
3 T—tHt—t5+5— [ 1T—t+ ¢ — 5+ | 1—t+t =5 +88— | 1—t+t*—t5+45—
19 4412 413 4 18 — 9 4412 _ 19— 912 £ o183 _ | 49 4412 _ 413 4
$16 _ 417 4 420 _ $13 4 416 _ 417 2416 | 917 _ $16 _ 417 4 420
t21 + t24 _ t25 t20 _ t21 + t24 _ 2t20 + 2t21 + t21 + t24 _ t25 +
t25 + t28 _ t29 t24 _ t25 + t28 _ t28 _ t29 + t32 _
t29 + t32 _ t33 t33 + t36 _ t37
4 T—t4+5—t0+ [1—t+85—t5— [1—t+8> -0+ [ 1—-t4+15 10+
$10 411 4 415 _ 3¢10 4 3411 _ $10 411 4 415 _ $10 411 4 415 _
$16 4 420 _ 421 4 3¢15 4 3416 1 $16 4 420 _ 421 4 $16 4 420 _ 421
t257t26+t307t31 3t20 _ 3t21 + t25 _ 2526 + t30 _ t25 + t26 _ t30 +
3425 3426 _ 430 | 431 4 435 _ 436 31 _ 435 4 436 _
t31 _ t35 + t36 t40 _ 2541 t40+t41 7t45+t46
5 1—t+t— "+ [ 1—t4+t5—t"+ [ 1—t+t0 —t7T+ [ 1—t+1t5—¢7—
t12 _ t13 + t18 _ t12 _ 7513 + 18t _ t12 _ t13 + tlS _ 4t12 + 4t13 _
119 4424 425 4 119 4424 425 4 119 4424 425 4418 44419 4
t30—t31+t36—t37 t30 _ t31 + t36 _ t30 _ t31 + t36 _ 6t24 _ 6t25 +
t37 + t42 _ t43 t37 + t42 _ t43 + 6t30 _ 6t31 _
t48 _ t49 4t36 + 4t37 _
4t42 +4t43 +t48—
t49 + t54 _ t55
6 T—t+t7 =84+ [ 1—t+t7T -3+ [ 1—t+t7 -8+ [1—t+t7T -5+
t14 _ t15 + t21 _ t14 _ t15 + t21 _ t14 _ t15 _ 2t21 + t14 _ t15 + t21 _
t22 + t28 _ t29 + t22 _ t28 + t29 _ 2t22 _ 2t28 + 7f22 + t28 _ t29 _
t35 —t36+t42 —t43 t35 + t36 _ t42 + 2t29 _ 2t35 + t35 + t36 _ t42 +
t43 _ t49 + t50 2t36 + 2542 _ t43 + t43 _ t49 + t50 _
t49—t50+t56—t57 t56+t57—t63+t64
7 1—t—6t5+ 1—t+t5—t9+ [1—t4+5 -9+ [1—t+83 -9+
6t9 + 15t16 _ t16 _ t17 + t24 _ t16 _ t17 + t24 _ t16 _ t17 + t24 _
15t17 _ 20t24 + t25 + 7532 _ t33 + t25 + t32 _ t33 + 7525 + t32 _ t33 +
20t25 + 15t32 _ t40 _ t41 + t48 _ t40 _ t41 + t48 _ t40 _ t41 + t48 _
15t33 _ 6t40 + t49 + t56 _ t57 t49 + t56 _ t57 + 7549 + t56 _ t57 +
6t41 + t48 _ t49 t64 _ t65 t64—t65 +t72—t73
8 1—t+t9 -0 [1—¢—7t9 + 1—t+t9 -0 [1—¢t4+¢9—¢104
tls _ t19 + 2527 _ 7t10 + 2”18 _ t18 _ 7t19 + t27 _ t18 _ t19 + t27 _
t28 + t36 _ t37 + 21t19 _ 35t27 + t28 + t36 _ t37 + t28 + t36 _ t37 _
t457t46+t547t55 351‘,28 + 35t36 _ t45 _ t46 + t54 _ t45 + t46 _ t54 +
35t37 _ 21t45 + t55 + t63 _ t64 + t55 _ t63 + t64 _
21t46 + 7t54 _ t72 _ 2573 t72+t737t81+t82
7t55 _ t63 + t64
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T—t+¢10 -t 4
$20 _ 421 + $30 _
31 4 440 _ 441 o
t507t51+t607t61

1—t+t10—¢11 ¢
t20 _ 2521 + t30 _
131 4 440 _ 441 o
t50 _ 2551 + tGO _
161 4 470 _ 471

1—t—8t10 4
811 4 28420 —
28t21 — 56130 +
56¢31 4 70640 —
70t41 — 56t50 +
5651 + 2860 —
28¢61 — 8¢70
8t71 + t80 _ t81

1—t+t10—¢1T ¢
t20 _ t21 + t30 _
31 4 440 _gal 4
t50 _ t51 + tGO _
61 4 470 _ 471 4
t807t81+t907t91

10

T_tr il — 21
£22 _ 428 4 433 _
£34 4 44 _ 445 4
£55_456 4 466 _467

17t+t11 7t12+
122 _ 423 4 433 _
(34 _ 444 | 445 _
455 1 456 _ 466 |
t67 _ t77 + t78

1—t+th —

t12 +t22 _ 423 +
$33 _ ¢34 + 44 _
45 + 55 _ 56 +
t66 _ t67 + t77 _
78 + 88 _ 89

1—t—9tiT +
9t12 4+ 36122 —
36123 — 84t33 +
84¢34 + 12644 —
12645 — 126t55 4
126156 + 84¢66 —

84t67 — 3677 +
36178 + 0188 —
9t89 _ t99 + thO
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Reviewer’s Comments

In this paper, the authors generalized the well-known question of cutting a Mobius
strip in half to that of cutting a twisted solid torus in different ways. The resultant
links were studied. General forms of their braid words, Seifert matrices, Alexander
polynomials and some other results were deduced.

The paper is very rich in content and contains a lot of details. With the length
of the paper, the authors may consider stating some of the main results in the
introduction. This should help the readers to understand the paper more easily.



