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Abstract

We will prove an upper bound for the Thurston-Bennequin number of Legendrian knots

and links on a rectangular grid with arc index n.
TB(n) = CR(n) - [4]

In order to prove the bound, we will separate our work for when n is even and when n is
odd. After we prove the upper bound, we will show that there are unique knots and links on
each grid which achieve the upper bound. When n is even, torus links achieve the maximum,

and when n is odd, torus knots achieve the maximum.
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1 Introduction

In this paper we will prove the following theorem:

Theorem 1.1. The maximum allowable Thurston-Bennequin number for any knot or link

drawn on a grid with arc index n is,

(2—-1)(%)—2 ifniseven

TB(n) = CR(n) - [4] = 7

(%51)% — 2 if s odd
and there are unique knots and links which achieve the maximum, specifically the 7'( [%W, L%J)

torus knots and links.

Peter Cromwell’s work shows us that an arc presentation of a link L is an embedding of
L into finitely many pages of the open-book decomposition so that every page meets L in a
simple arc [4]. In other words, we have horizontal and vertical line segments where the ver-
tical strand is the over-strand at each crossing. Again, due to Cromwell we know that the
minimum number of pages used to represent a link in this way is called the arc index [4].

Lenhard Ng gives us the following definitions for a grid diagram and the arc index:

Definition 1.1. [13] For a knot or link K in S* a grid diagram is an oriented knot dia-
gram made up of horizontal and vertical segments, where at any crossing the vertical seg-

ment crosses over the horizontal segment.

For this paper, we will only use grid diagrams where a column, or row, of the grid has a
single segment in it, which we will explain in more detail after establishing some other infor-

mation.

Definition 1.2. [13] The arc index of K, a(K), is the minimal arc number, or number of

horizontal line segments in the diagram over all grid diagrams for K.



The arc index has a long history of being used as a tool inside proofs, dating all the way
back to Hermann Brunn in 1898 who used a diagram similar to a grid diagram to find a sin-
gular point of high multiplicity [2]. In 1995, exploration into the topic revved up when Pe-
ter Cromwell showed that every link admits an arc presentation, which can be converted
to a grid diagram [3]. Ian Nutt worked with Cromwell in 1996 to show that the minimal
crossing number provides an upper bound on the arc index for alternating links [5]. Bae and
Park continued that work in 2000 when they proved that the crossing number gives an upper
bound on the arc index of non-alternating knots [1]. Then in 2010, Jin and Park determined
the arc index for prime knots with twelve or fewer crossings [9]. Right around the same time,
Ng provided us with the arc index and maximum Thurston-Bennequin number for all knots
with at most 11 crossings[13]. We define the Thurston-Bennequin number in Definition 1.4.
Another big development in the field happened in 2013 when Dynnikov and Prasolov looked
at stabilizations and destabilizations of rectangular diagrams and used their work to prove
the Jones’ conjecture [7].

One of the more recent developments in this area of study has been the use of rectangular
diagrams in Knot Floer homology. Manolescu, Ozsvath, Szabd and others have been working
to develop a homology theory which uses grid diagrams to calculate the homology [12, 11].
This topic is also related to questions about 4-genus or the minimal slice genus, which is the
minimal genus of a surface embedded in a 4-ball with the knot or link as the boundary in S?.

Rectangular or grid diagrams of knots are drawn so that all of the lines are horizontal or
vertical and the over-crossing strand is vertical with each column or row containing just one
segment. Grid forms of knots have been used to construct 3-manifolds and are also called
square-bridge presentations [Lyon, 10]. In the rectangular diagram form, a relationship to

Legendrian links is easily seen. There are three diagrammatic worlds at play here. There are



grid diagrams, link diagrams, and front projections of Legendrian links. We will be working
within the world of grid diagrams, but the connections are easy to see. In Figure 1 we have
demonstrated the relationship between grid diagrams of knots and their Legendrian form.

We started with the grid diagram of the trefoil knot, then rotated it counterclockwise by
forty-five degrees, and then smoothed half of the corners and turned the rest into cusps. We
will come back to the relationship between grid diagrams of links and their Legendrian forms,

but for more details on this part, see the work of Dynnikov and Prasolov [7].

Figure 1

As stated above, every knot or link can be drawn to fit on a grid diagram. Using the
setup of Lenhard Ng and Dylan Thurston, a grid diagram with grid number n is an n x n
square grid with n X’s and n O’s placed in distinct squares with each row and each column
containing exactly one X and one O [14]. For orientation, we connect X’s to O’s in the rows
and O’s to X’s in the columns, recalling that the over-crossing strand is vertical. In Figure
3, we have the T'(3,2) torus knot, also known as the trefoil knot. For demonstration, we have
drawn a grid diagram of the trefoil knot shown in Figure 2. Notice that the grid is five by
five, and this grid cannot get any smaller and still fit the trefoil knot, so the arc index of the

trefoil knot is 5.
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) ) ) Figure 3: Trefoil Knot . . .
Figure 2: Grid Diagram Figure 4: Grid Diagram

Now, we have two rectangular diagrams shown above for the trefoil knot with the knot
diagram in the middle. In 1995, Cromwell proved that even on a minimally sized grid, which
we have here, there may not be a unique grid presentation. In fact, the different diagrams
are related by a finite set of allowable moves which are analogous to Reidemeister moves
for smooth links [3]. To emphasize the similarities, we first discuss the smooth Reidemeis-
ter moves, then the Legendrian Reidemeister moves, and finally the grid diagram moves with
some discussion on the connection to smooth and Legendrian links. Since we are working in
the world of grid diagrams, the grid moves give us equivalent diagrams of the same knot or

link. First we have the smooth Reidemeister moves:
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Figure 5: Type 1
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Figure 7: Type 3

Figure 6: Type 2

Now we have the Legendrian Reidemeister moves as demonstrated by Gompf [8]:
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Figure 8: Type 1

Figure 10: Type 3

The allowable moves for grid diagrams are similar and are referred to as elementary moves.
They first appear in Cromwell’s work, and they are further demonstrated and explained by

Dynnikov and Prasolov [3, 7]. We have the following moves:
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Figure 11: Permutation or Translation Figure 12: Commutation

o

Figure 13: Stabilization or Destabilization

Now, a permutation or translation moves an entire row or column to the other side of
the grid diagram as shown in Figure 11. This is a similar move to the Type 2 Reidemeister
move and is the allowed move of most importance to us for the purposes of this argument.
Also, notice that the commutation move for grid diagrams as shown in Figure 12 is similar
to a Type 2 Reidemeister move. This move involves adding (or removing) both a positive
and a negative crossing. Both the permutation and the commutation move types are smooth

isotopies. The resulting diagram is of the same knot and has the same Thurston-Bennequin



number.

Now, we have to be more careful with the grid stabilization. A grid stabilization is akin
to the Type 1 Reidemeister move. We have only shown one of the four possible configura-
tions in Figure 13. For the other configurations and further explanation, see Dynnikov’s
work on arc presentations [6]. It is important to see that this type of move creates a new
corner in our grid diagram. Namely, we are allowed a southwest stablilization and a north-
east stablilization, as these corners will get smoothed out after we rotate the grid diagram by
forty-five degrees to convert to the Legendrian form of the link. or we end up with a Legen-
drian Type 1 Reidemeister move. The northwest and southeast stabilizations result in new
cusps in the Legendrian form of the link and therefore change the Legendrian knot type.
These moves also change the Thurston-Bennequin number of the grid [15].

As we stated above, the move we will use the most in our argument, is the cyclic permu-
tation. We can also call it a translation to the opposite side of the diagram. In Figure 14, we

have shown a single strand undergoing a cyclic permutation.

YI— Y

° < p—eo

Figure 14: Cyclic Permutation

We have pulled the outer vertical strand around the diagram and then shifted the grid
over to fit. In the context of a full grid, we already have an example of this type of move. If
we take a look back at Figures 2 and 4, we can see this idea at play in our two diagrams
of the trefoil. If we imagine talking the furthest right strand of Figure 2 and swinging it
around the back of the diagram to the left side, then we have the same diagram as in Fig-

ure 4. We have translated that arc to the opposite side of the diagram, giving us a different



presentation of the same knot. The idea of a cyclic permutation is an idea we will come back
to several times throughout our discussion.

Our goal is to find the maximum Thurston-Bennequin number allowable on the n-grid.
This is for any knot or link we can draw on the grid. We will do this in pieces. First, we will
prove the bound when n is even, and show which links give us the upper bound on tb. Then,
we will prove the bound when n is odd, and we will find which knots achieve the bound. Be-

fore we get to that, we establish a few definitions that we will use along the way.

Definition 1.3. The writhe, wr(D), of a rectangular diagram, D, of a knot or a link is the

algebraic crossing number with sign. That is,

wr(D) = # positive crossings — # negative crossings.

Something to note here is that reversing the orientation of a knot does not change the
writhe. What would affect the writhe is switching all of the over-crossings to under-crossings
in the knot or grid diagram. This would assign opposite sign to all of the crossings. For a
link, however, we have to be more careful. Reversing the orientation for all of the compo-
nents does not change the writhe of the link diagram. If we change the orientation of some of

the components, then the crossings on the components which were reversed, change sign.

Definition 1.4. The Thurston-Bennequin number, th(D), of a rectangular diagram, D,

of a knot or a link is tb(D) = wr(D)—#n.w.corners, where wr(D) is the writhe of the link.

An interesting parallel to the Legendrian knot realm is that the calculation for the b is
very similar. To calculate the tb of a Legendrian front projection of a knot, we count the
writhe, and then subtract the number of left cusps in the projection. Recall, those cusps be-

come the northwest corners after we rotate the diagram by forty-five degrees.



Now, back to the grid diagram picture. Looking at Figure 2, we have w(trefoil)= 3 —
0, coming from three positive crossings and zero negative crossings. There are 2 northwest
corners in this diagram, and therefore, the Thurston-Bennequin number for this diagram of
the trefoil is tb = 3 — 2 = 1. Something to note once again is that a cyclic permutation of
the diagram does not change the Thurston-Bennequin number. For example, the Thurston-
Bennequin Number of the diagram in Figure 4 is also equal to 1. The Thurston-Bennequin
number (tb) of a knot is an invariant and can be calculated from the grid diagram of a knot
or link.

Dynnikov and Prasolov showed that a destabilization, which is an allowed move preserv-
ing the topological type of the link and decreasing the arc index by one, can only increase
the Thurston-Bennequin number, not decrease it. They also proved that the minimal arc
index diagram, or n-grid for a link, maximizes the tb for the link [7]. Here, we will be max-
imizing the tb for all knots or links which cannot be further destabilized on an n by n grid.
As with our example of the trefoil, the knot cannot fit on a smaller grid, so the knot cannot
be further destabilized and has an arc index equal to 5. Dynnikov and Prasolov’s work to
prove that the minimal rectangular diagram maximizes the Thurston-Bennequin number for
the corresponding Legendrian links is of interest because having that maximum tb for a knot
gives lower bounds for topological knot invariants like slice-genus and concordance invari-
ants. An interesting connection to the current research is that Ng used the maximum tb for
a given knot with at most eleven crossings to determine the arc index for that knot [13]. So,
this work is converse to his in that we are starting with the arc index and determining which

knots or links can achieve the maximum ¢b on the n-grid, which we define as follows:

Definition 1.5. The maximal n-grid Thurston-Bennequin number, 7'B(n), is the



maximum tb(D) over all rectangular diagrams D, of a knot or a link on the n-grid. That is

TB(n)= max {tb(D)=wr(D)— #n.w.corners}.

diagrams D

The difference between our definition of maximum ¢b and the definition Ng used, is that
we are maximizing the tb on the family of knots or links on the n-grid, not for a particular
knot or link.

As defined above, the writhe of a link is the algebraic crossing number and the number of
northwest corners is equivalent to the number of left cusps for the Legendrian knot.

Since the writhe of a link is the algebraic crossing number, it is clear that the writhe is

bounded above by the crossing number, hence wr(L) < CR(n).

Definition 1.6. CR(n) is the maximum crossing number for the rectangular diagram of

any link drawn on the n-grid.

Then, we have

tb(D) < CR(n)—#n.w.corners.

This inequality leads us right into proving the bound on the Thurston-Bennequin number.
First, quickly recall that we will prove the bound holds for any knot or link drawn on an n-

grid, then we will show which knots or links, if any, achieve that bound on the n-grid.

2 Even Case

To prove the Thurston-Bennequin bound on any n-grid, we will begin by proving it on the n-
grid when n is even. With the bound we already have on tb for a diagram D, it makes sense

to look first at the crossing number, since it bounds the writhe. From the joint work of Peter



Cromwell and Ian Nutt published in 1996, we know that the maximum crossing number on

an n-grid is a function of triangle numbers. In fact, we have the following proposition:

Proposition 2.1. [5] When n is even, the maximum crossing number, C'R(n) for any knot

or link drawn on the n-grid is 2A(m) where A(m) = gm(m + 1) and m = $(n — 2).

Proof. We assume m = 1(n — 2) and A(m) = m(m + 1). So we have,

A(m) = gm(m + 1)
_ % (%(n - 2)> <%(n —9)+ 1)
G- 6)

This means the maximum crossing number allowable on an even n-grid is

Our goal is to achieve the maximum allowable tb on an n-grid, so we will first maximize
the tb on a half diagram, since doubling that will give us the maximum on the full diagram

by the symmetry of the grid.

Definition 2.1. The half Thurston-Bennequin number, tbz (D), of a half-rectangular

diagram, D, of a knot or a link is
tb2(D) = wrz (D) — 1(#s.e.corners+#mn.w.corners).

10



Definition 2.2. The maximal half Thurston-Bennequin number, TB%(n), of a half-

rectangular diagram, D, on an n-grid of a knot or a link is

1
TB2(n) = max {tb%(D) = wT%(D) — — (#s.e.corners + #n.w.corners) }.

diagrams D 2

The number of northwest corners equals the number of southeast corners in a rectangular
diagram of a knot or link, so half are represented in the half-diagram.
We will maximize the Thurston-Bennequin number on the half-diagram, then we can

maximize the full diagram. We will prove the following theorem by induction.

Theorem 2.1. For an even n by n rectangular diagram, the maximum achievable Thurston-

Bennequin number for any link drawn in the grid is

TB(n) = CR(n) — m
n n n
-3-1G)-G):
Moreover, the only links which achieve this maximum are the T’ (g, %) torus links.

Outline for proof: We will show that tb(n) < (% —1) (%) — % is in fact the bound on the

Thurston-Bennequin number. We will show that this bound is achievable and that there is a

unique knot or link on each grid which achieves it. That is to say,
n n n l
TB(n)=(2-1) (%) — 2 =2TBz(n).
To do this, we want to prove the following theorem:

Theorem 2.2. The maximum achievable TBz(n) for any half-diagram drawn on the 5 by n

half-grid is

11



We will prove this by induction on the half diagram. For the base case, we will show the

maximum holds for n = 4 and then show some example diagrams for n = 6.

2.1 Base Casen =14

We begin with n = 4 because only the unknot has an arc index of 2, as proven by Jin and
Park [9]. Now, the tb of the unknot is —1, which does achieve our proposed bound, but it
is not interesting. So, for n = 4, we want to find a maximum tb%(D) over all possible dia-
grams, D, for the lower half grid. We call this T'B 2 (n), and calculate it in a similar fashion.

We know
th(D) = wr(D) — 1(#n.w. corners + #s.e. corners).

For the writhe in b2 (D), we still count the crossings with sign, this will give us wr%(D). For

the corners, we still count half of the southeast corners and northwest corners. So we have

N[

tb2(D) = wrz (D) — (#n.w. corners + #s.e. corners). The maximum tbz (D) over all possible

half-grid diagrams is

NI

TBz(n) = wr2(D) — 1 (#s.e. corners + #n.w.corners).

Once we have this maximal T'Bz (n), we will have a bound for T'B(n). This bound comes
from doubling the T'B 2 (n) because rotating the lower half-diagram 180 degrees will give us a
full rectangular diagram of a link with tb(D) < 2tbz(D), so we have TB(n) < 2T'Bz(n). One
thing to notice here is that a maximal tb%(D) is the same for an upper half or a lower half.
This is due to the symmetry of the grid.

We will draw options for the lower half-diagram fixing the bottom strand to be oriented

to the right. We have included several of the more interesting options of what the lower half-

12



diagram looks like. There are many more, but they can be grouped into categories. Either
we have just one strand as in Figures 16, 17, and 20 that can be condensed or straightened
out. We can have something like Figure 21, where the single strand crosses itself and can

be stretched across more columns. We can also have two strands which don’t interact like

in Figures 15 and 24 with different orientations. We also have several options for how two
strands interact in the half-grid, but we’ve shown the ones which do not include both a posi-

tive and a negative crossing.

| | 1 1 L 1 L I
BN | NIEEER y
L4 |
» ) > > >
Figure 15: 1Figulre 16: 1Figure 17: 1Figure 18: ) Figure 19
thz =0 - 1(2) th2 =0 — 1(1) thz =0 — (3) thr =1—1(2) ths = —1 - 1(2)
2 2
[ | [
| ‘ |
h + g »
—» g ' b —-
1Figure 20: 1Figure 21: 1Figure 22: ) Figure 23: 1Figure 24:
thz =0 — 3(1) thz =1— 3(3) the =1—4(2)  th2 =—-1—3(2) tbz2 =0—3(2)
= _% — _% =0 =_9 = _1

Hence, we have several options for the lower half-diagram, even limiting ourselves to the dia-
grams with the bottom row oriented to the right, but only two of them give us the maximal
tbz(D) of 0. Thus, we have TB2(4) = 0, and therefore, TB(4) < 2T'Bz(4) = 0. The half-
diagrams which give us our maximum are Figures 18 and 22. Now, we will use those half-
diagrams to maximize the full diagram, which will come from rotating a copy of the maximal
half-diagram by 180 degrees, but we’'ve demonstrated here why that has to be true.

From the half diagrams in Figures 18 and 22, we have the following options for complete

diagrams. Only two options give us th(D) = 2tbz (D). So we have

13



and we have two diagrams shown in Figures 25 and 28 that achieve that maximum.

First, the complete diagrams from Figure 18:

d d il
e | | |
4 —4 —4—
g >
g > >
Figure 25: Figure 26: Figure 27:
tb:2—12:() tb:1—21:—1 tb=0—21:—2
= 2tb2(4) < 2th2(4) < 2th2 (4)
Now, the complete diagrams from Figure 22
14 4
4 >

14 > >
Figure 28: Figure 29: Figure 30:
tb:2—12:0 tb:1—21:—1 tb:0—21:—2
= 2tbz (4) < 2tb2(4) < 2tb2(4)

From all six of those diagrams, we have just two maximal diagrams which we have dis-
played side-by-side below in order to see the similarities. Notice that the two maximal dia-
grams are in fact two copies of the maximal lower half, with one copy rotated by 7 and glued

in place to create a full diagram.

14
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Figure 31: Maximal Full Diagram from Figure 32: Maximal Full Diagram from
Figure 18 Figure 22

Now, the two rectangular representations of links are similar. Actually, Figure 31 is sim-
ply Figure 32 with the top loop rotated around the outside of the diagram. Imagine grab-
bing the outside vertical strand and swinging it around the back, giving us Figure 32 via a
cyclic permutation of 31. The two rectangular diagrams are representations of the 7'(2, 2)
torus link, also called the Hopf link.

So for n = 4 we have shown,

0=TB(4) < 2TB2(4)

:2(107’

1 1
=2 (§C’R(4) - 5(# s.e. corners + #n.w. corners))

=

1
(L) — 5(# s.e. corners + #n.w. corners))

= CR(4) — # s.e .corners

= CR(4) — # n.w. corners

2.2 Examples for n =6

We will now present some examples for n = 6 and check that

15



3=TB(6) <2T'B2(6) = CR(6) — 2 =6 — 3 = 3.

2

When we move to n = 6 we can use the half-diagrams from n = 4. We are adding in one
row and two columns to the previous half diagrams. We will show in Section 2.3.1 why we
can only consider adding the new strands to the half-diagrams from n = 4 which achieved
TBz(4). After drawing our options, we are left with three half-diagrams that give us TBz(6) =

%. We have the following maximal half-diagrams for n = 6:

uA T T

w

v
E

e ™%
L L

|
L

Figure 33: b2 = 3 — 1(3) Figure 34: ths = 3 — 1(3) Figure 35: th2 = 3 — 1(3)

_3 _ 3
2 2

\GJ[GV)

Now by Theorem 2.1, the maximal achievable Thurston-Bennequin number for the full 6

by 6 diagram is

We can achieve the maximum on the full diagram by rotating the maximal lower half-diagram
by 7 and connecting the strands. If the diagram does not match up after rotating, we may
need to apply one or more cyclic permutations to one of the half-diagrams to get the two to
match. When we do this, we get three complete maximal diagrams for n = 6. The lower half
in all three figures is the same as the maximal half-diagrams we have above in Figures 33,

34, and 35. The upper half of each of these diagrams is the lower half rotated by 7 (Figure

36), then permuted for Figures 37 and 38, and attached in place.

16
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Figure 36: Figure 37: Figure 38:
th=6—3=3=2th2(6) th=06—3=3=2th2(6) th=6—3=3=2th2(6)

After completing the maximal half-diagrams,with the bottom strand oriented to the right,
we are left with three diagrams that give us th(D) = 2T'B2(6) = T'B(6). All three diagrams
are rectangular representations of the same link, namely, the T'(3,3) torus link. Again, to
move from Figure 36 to Figure 37, we can grab the leftmost vertical strand and swing it
around the outside of the diagram. Then we can do the same thing to cyclically permute our
diagram from Figure 37 to Figure 38.

So for n = 6 we have shown,

3 =TB(6) < 2TB2(6)

:2(wr

=2 <%C’R(6) - %(# s.e. corners + #n.w.corners))

VI

1
(L) — 5(# s.e. corners + #n.w.corners))

= CR(6) — # n.w. corners

—6—

|

=3

We have also shown that the 7'(3, 3) torus link achieves that maximum.
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2.3 Proving Theorem 2.1

We want to show that TB(n) < CR(n) — [2]. We will do this by proving the bound on the

half grid by induction, then use it to prove the bound on the full n-grid.

2.3.1 Proof of Theorem 2.2

Proof. We want to show that b2 (D) < T (CR(ID)—2) =3 ((2-1) (%) — %) for any rectan-

gular diagram D on an n-grid. Hence, we will show

TB(n) =} (CR(n) — §) =

2

N
—~
—~
|3
—_
~—
—~
|3
~—
|3
~—

We want to show the inequality holds first, then show that it is realized. In fact, we will
prove that the only maximal half-diagram on the n-grid is a cyclic permutation of a diagram

like the one shown below in Figure 39.

|
L A\ 4 A\ 4 Y Y Y Y -’} -~ -~ -~ A -~ -~

4

\ 4

|
|
|
[
|
[
y

\ 4

\ 4

>
>

Figure 39: Here we have 7 nested stands on the n = 14 half-grid.
This can be expanded for % nested strands on the n half-grid.

2
Notice that the vertical strands in the left half of Figure 39 are all coming into the grid,
and the vertical strands in the right half of the figure are all leaving the grid. We can cycli-
cally permute this diagram to change that, but this is the simplest way to see how these half-
diagrams build. Recall, from the work we did above in Section 2.1, we have proven the base

case when n = 4.
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Now for the induction, suppose we have an 3 by n half-diagram. We assume for an ”T_Q

by n — 2 half-grid that

()

To proceed, we want to remove the top horizontal strand of the bigger diagram, D which is
5 by n. Now, D has § rows, so it also has § X’s and § O’s in the half-diagram. When we
remove the top strand, we lose an X and an O, giving us ”T_Q X’s and ”’T_Q O’s. After deleting
empty columns, we find that D’ has at most n — 2 columns filled, and thus D’ is an "7_2 by
n — 2 half-grid. Recall that we assumed the bound for this size half-diagram.

When we add in the additional horizontal strand to move to D, there are four options for

the layout of the top strand.

Figure 40: 1 Figure 41: 2 Figure 42: 3 Figure 43: 4

We have n — 2 columns and therefore at most n — 2 vertical strands. Half of those strands

are oriented up and half of them are oriented down. Thus, the maximum increase possible

for the writhe is ”7_2, since the new strand can cross one set of those vertical strands in the

half-diagram positively.
If the top row of D takes the shape of options 2 or 3, shown in Figures 41 and 42, then

our increase in writhe is strictly less than %2’ that is A(writhe) < "T’z Then, our new dia-
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gram can never achieve the sharpness of the bound. We have,

1
tb2 (D) = tb*(D') 4 A(writhe) — é(new n.w + s.e. corners)

1
< TB%(n —2)+ A(Writhe) - §(new n.W + s.e. corners)
1 n— 1 , , n—2
TBz(n—2)+ — §(new n.w + s.e. corners), since A(writhe) < 5
_lfn=2_ -2 n—2 n n—4 1( n )
=3 5 5 5 (new n.w + s.e. corners

2
n? —8n + 12 n—4
+

(new n.w + s.e. corners)

o
[\
[\Dlr—t

n*—4n—4 1
= - é(new n.w + s.e. corners)

8
2
n® —4n
< , with 0 or 1 new n.w. or s.e. corners
= TBz(n)

So, our tb fits within our proposed bound. Thus, if the change in writhe is less than ”T_Q,
then we are done. We have satisfied the bound, however the bound cannot be sharp.

However, if we actually increase the writhe by “>2, the new strand has crossed “>2 strands
positively. This can happen if the top strand of D is either option 1 or option 4, shown in
Figures 40 and 43. If, however, the top strand does take the shape shown in Figure 43, we
must also consider the fact that we have picked up two additional northwest or southeast cor-

ners.

This gives,
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1
tb2 (D) = tb3 (D') + A(writhe) — i(new N.W. O S.e. COrners)
1 1
< TBz(n —2)+ A(writhe) — 3 1 or 2 new corners

-2 1 -2
n 5 T3 since A(writhe) = o 5

(5 ) (57) - (57757

Thus, either type of diagram fits within our proposed bound. In fact, in this situation, the
bound can be sharp as long as we only pick up one new northwest or southeast corner, which
restricts us to the top row having only one new corner as in Figure 40. So, TB2(n) = T Bz (n—
2) + %22 — 1(1). This is due to the writhe increasing by %52, and in order to increase the

writhe and get the best increase in tb%, we have to pick up one southeast corner decreasing

our new tbz by %
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Thus,

) 1
8 2 2
n>—8n+12+4n—-8—4

This completes the proof of Theorem 2.2. O]

Remark: We have shown that in order to achieve the maximal diagram, D, the diagram with
the top row removed, D', must also be maximal. We can now state and prove the following

corollary:

Corollary 2.1. The maximal T'B(n) for any knot or link on an even n-grid is bounded above.

Namely,

TB(n) < CR(n) —

|3
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Proof. We have, that TBz(n) < 1 [CR(n) — 2]. Thus,

TB(n) < 2T Bz (n)

<obfern -
— CR(n) — g

2.3.2 Proof of Theorem 2.1

Proof. Now that we have proven the bound, we want to construct the maximal diagrams. We
want the maximum ¢b over all diagrams, D, which will give us TB(n). We first cut our grid
in half to maximize the tb? in the half-grid. Then, we look at the possible half-diagrams and
determine which one gives us the maximal tbz (D) = T Bz (n).

So, imagine we have the lowest strand of a diagram, D, and that it is oriented to the
right. We want to add a row/strand above it and get the best net change in tbz. We have
examples in Figures 44, 45, 46, and 47 that show us how to fit a strand in to an existing
diagram. We have demonstrated the ways this new strand can be connected or completely
separate from the previous strand and how this affects ¢z (D).

For the net change in tb%, we are counting the crossings and the northwest and southeast
corners other than the bottom southeast corner. We added a strand to a diagram with the

bottom strand oriented to the right, giving us that corner in all diagrams.
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a ] L

Figure 44: net Figure 45: net Figure 46: lnet Figure 47: net
change of 0 change of —1 change of 5 change of 0

So, Figure 46 gives us the best increase in tb%(D) and is the only configuration (up to
cyclic permutation) that allows us to continue the sharpness of the bound on th? as we in-
crease n, and therefore, increase the number of strands in the half-diagram. As we move to
the next even grid, we will continue to get the best net increase in tb%(D), if we nest the
strands as shown in Figure 46, again up to cyclic permutation. Hence, each strand we add
in will cross all of the previous strands positively and give us that new southeast corner.
This forces the vertical strands (in one of the permutations of the diagram) to be grouped
where the strands coming into the diagram are all together, and the strands leaving the half-
diagram are all together. This construction allows the new horizontal strand to cross all the
previous strands positively. Thus for each even step we will pick up a new southeast corner,
giving us a diagram resembling Figure 39. Since we constructed the lower half-diagram so as
to maximize the Thurston-Bennequin number and that rotating the lower-half and gluing it
in place for the top half gives us the T’ (g, %) torus link, we know that this is the only con-
struction for a rectangular diagram of a knot or link which achieves the maximum. Again,
these maximal diagrams can be cyclically permuted and the link is not changed, nor is the
Thurston-Bennequin number.

To summarize, we have shown that the maximum Thurston-Bennequin number allowable

for any knot or link drawn on an n by n grid for even n, is

TB(w) = CR) - [§] = (5-1) (3) - 3
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and that the only diagrams which achieve this maximum are equivalent diagrams for the

T (g, %) torus links. ]

3 0Odd Case

Now we want to prove the bound holds when n is odd. We will do this in a similar fashion.
First, we will show the bound holds by breaking up the argument into half-diagram bounds.
Then we will show which diagrams achieve the bound.

We begin again with the work of Peter Cromwell and Tan Nutt. We know that the max-
imum crossing number on an n-grid (where n is odd) is a function of triangle numbers. In

fact, we have the following proposition:

Proposition 3.1. [5] When n is odd, the maximum crossing number, CR(n) for any knot or

link drawn on the n-grid is A(m) + A(m — 1) where A(m) = im(m + 1) and m = (n — 1).

1
2

Proof. Now for an odd arc index n, we have m = 3(n — 1) and A(m) = sm(m + 1). Then,

A(m) + Alm —1) = Jm{m + 1) + 2 (m — 1m
:%m[mjtl—l—m—l]

= 5m(2m)
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Thus, the maximum allowable crossing number for any knot or link drawn on an n-grid is

CR(n) = A(m) + A(m —1)

Now, we are trying to maximize the Thurston-Bennequin number for any knot diagram
drawn on an (odd) n-grid. For the even case, we maximized the lower half grid and found
TBz(n). We then proved TB(n) = 2T'Bz(n). For the odd case, we will do something similar.
First, we establish some definitions and conventions.

For the duration of this work, the upper half is the smaller half and the lower half is the

n+1

bigger half. That is, for n, the upper half is a ”T_l by n grid and the lower half is a *7= by n

grid.

Definition 3.1. The upper Thurston-Bennequin number, tb "PPe" (D), of a half-rectangular

diagram, D, of a knot or a link is
th "PPer (D) = wr "PPT(D) — 1(#s.e.corners+#n.w.corners),
where wr "PP'(D) is the writhe of the upper half-diagram.

Definition 3.2. The maximum upper Thurston-Bennequin number, T'B “PPe(n),
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over all half-rectangular diagrams, D, of a knot or a link on an n-grid is

TB ™ (n) = half—ﬂ?r};ms D{tb D)}

Definition 3.3. The lower Thurston-Bennequin number, tb 1°%*(D), of a half-rectangular

diagram, D, of a knot or a link is
th (D) = wr ¥ (D) — 3 (#s.c.corners+#n.w.corners),
where wr 1°¥°r(D) is the writhe of the lower half-diagram.

Definition 3.4. The maximum lower Thurston-Bennequin number, 7B '°"°*(n), over

all half-rectangular diagrams, D, of a knot or a link on an n-grid is

TB'™(n) = max {th'"(D)}.

half-diagrams D

We will maximize each half and then connect them to maximize the full diagram. We will

prove the following theorem by induction.

Theorem 3.1. For an odd n by n rectangular diagram, the maximum achievable Thurston-

Bennequin number for any link drawn in the grid is
n— 2 n
TB(n) = (*7)" - [5]
and T (”T_l, ”T“) torus knots are the only links which achieve the maximum.

Outline of Proof: We want to show that tb(D) < CR(n) — [2] = (”771)2 — [%] for any knot

or link, D, drawn on an n-grid for odd n. That is, we want to show that
n n— 2 n
TB(n)=CR(n) - [§] = (:31)" - [5].
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We will maximize tb "PP'(D) and tb'°"" (D) over all possible knot diagrams D by proving the

following theorems:

Theorem 3.2. The maximum achievable T'B "PP®"(n) for any half-diagram drawn on the ”T_l
by n half-grid is
TB"per(p) = TB2(n — 1),
and there are unique half-diagrams which achieve the bound.
nt1

Theorem 3.3. The maximum achievable T'B '°¥'(n) for any half-diagram drawn on the 2

by n half-grid is
TB(n) =1 [CR(n+1) — 2] = 1CR(n + 1) — 22,

4

and there are unique half-diagrams which achieve the bound.
Once we have the bounds for the half-diagrams, we will have
TB(n) < TB P (n) + TB v (n),

which proves Theorem 3.1. We are going to prove this by induction, so we will show that the

bounds hold for the base case when n = 5, and then we can proceed with induction.

3.1 Base Case, n =15

We begin with n = 5 because there are no knots which have an arc index of 3, as proven by
Jin and Park [9]. Our fist step is to maximize the upper half. For the upper half we have a
2 by 5 grid, therefore we have only two rows and hence, only 2 horizontal strands. We have
actually already maximized the tb for a half diagram with at most two strands in the even

case. Recall our base case n = 4. We had a maximum 7'B %(4) = 0, as shown again in Figures
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48 and 49 which require the two strands to interact so as to maximize the tb3. In Figure
50, since we moved from a 2 by 4 grid to a 2 by 5 grid, we added in an empty column. We

have also reflected the diagram to move to the upper 2 by 5 grid, and achieve the maximal

th "PPer( ).
L \_F J +
L
" 4
L
Figure 48: maximal Figure 49: maximal two Figure 50: maximal
lower half for n = 4 strands without grid upper half for n =5

Notice that in Figure 50, the middle column is empty, but this was just a matter of choice.
Any of the columns can be empty, but we may have move things around to make it work

with the lower half. This gives us one piece of our overall bound, since we have

0="TB"(5) =TB2(4) = } [CR@) — 3] =5 [(5 - 1) (3) — 3] =0.
Now for the lower half-diagram. We want to maximize tb °**(D) for any half-diagram
on a 3 by 5 grid. We have 3 rows for this half-diagram. If we only fill up two of the rows,
though, the maximum tb '°**(5) that we can reach is zero. So, we want to fill up all three
rows and see if we can increase the tb'°"*". As in the base case for n even, there are a lot of
possibilities here, but they can again be grouped. We have shown below some of the cate-
gories of diagrams. Notice that we have not included here any options with all three strands

separated. This is because we only have five columns, but three separate strands would have

the half-diagram occupying six columns.

| | | | | |
lei- |- | | b — || —F |+ »
: - | LR | 1
Li» > * > r
Figure 51: Figure 52: Figure 53: Figure 54: Figure 55:
tblowcr: 1_%<2> tblowor:2_%(2) tbloworzg_%(Zl) tblower:3_%(4) tblowerzz_%(zl)
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| | | ‘J | | |
SEES L T T mmE
. e bt . | <
] - - > s
Figure 56: Figure 57: Figure 58: Figure 59: Figure 60:
tblowcr: 1_%(4) tblowcr:]__%(z) tblowcr:]__%(ll) tblowcr:2_%(4) tblowcr:2_%(4)
:—]_ :O :—1 :0 :0
From these diagrams we have the maximum tb °**(D) = 1, and we have three diagrams

which achieve that maximum- Figures 52, 53, and 54. Notice that Figure 53 is a cyclic
permutation of Figure 54 where the leftmost strand in Figure 54 is pulled around the out-
side of the diagram to become the furthest right strand. Something a little harder to see, is
that Figure 52 is a cyclic permutation of Figure 54. To get from Figure 52 to Figure 54,
imagine taking the left most vertical strand and dragging it around the diagram and land-
ing on the far right side. Going from Figure 52 to Figure 54, we pick up a crossing and two
southeast /northwest corners, but the tb °"*" remains the same.

We have shown

We will now show the maximum upper and lower half diagrams side-by-side. Figures 61
(up to choice of an empty column) and 62 and all of their cyclic permutations are the maxi-

mal half diagrams.
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s,

T

Y

—

Figure 6.11 Maximal Upper Half Figure 62: Maximal Lower Half
Diagram for n =5 Diagram for n =5

These, and all of their cyclic permutations, are the maximal half-diagrams for n = 5. To
maximize the full diagram, we can permute and glue these half-diagrams together to get

the following maximal diagrams. Notice that we had to choose a different empty column for
the upper half in order to glue it to the maximal lower half. So the maximal upper half has
TBvre(5) = 0 and the maximal lower half has T B '°¥°r(5) = 1. Notice that the diagrams
in Figures 63 and 64 are cyclic permutations of each other, and they both have a Thurston-

Bennequin number equal to one.

. -
| ol
F b
Figure 63: A Maximal Full Diagram Figure 64: A Maximal Full Diagram
forn =75 forn =25

Below we have shown the moves it requires to get from one maximal diagram to the other.
Notice that we reversed the orientation of the knot in Figure 63. Doing this allows for us
to clearly see that the two diagrams are representations of the same knot, and it does not

change the Thurston-Bennequin number of the knot.
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Figure 65: Permutations to get from Figure 63 to Figure 64, but moving right
to left will get us from Figure 64 to Figure 63

We have shown for n = 5 the following:

1 =TB(5) < TB"P(5) 4+ TB " (5)

—0+1

We have also shown that the T'(3,2) torus knot, also called the trefoil, achieves the maximum

tb on the 5-grid. This completes the base case.

3.2 Proving Theorem 3.1

We want to show that TB(k) < CR(k) — [%] for k = n + 2. We use k here for simplicity
instead of writing n —2. Again we will start by finding the maximum tb on the half-grids. We

will prove the upper and lower bounds separately.

32



3.2.1 Proof of Theorem 3.2

Proof. We want to show that
T B wpper () < TB%(I{: —1) = %

That is, the upper half has the same bound as the half-grid in the even case below. For a

k-grid, we are working with a % by k upper half-grid. So we have % horizontal strands
to maximize tb, which is the same scenario that we have in the even k — 1 half-grid which
we proved in Section 2.3.2. Hence, our half-grid will look the same with the addition of an

empty column. Therefore we have

TBwrer (k) = TB3(k — 1) = £=8k+5

and thus, we have the bound for the upper half-diagram. We also know that in order for the
half-diagram to be maximal, the diagram must look like a maximal even diagram with an

empty column. We have below a maximal diagram in Figure 66.

Y

-
»

O TTY

Figure 66: This is a maximal upper half-diagram for n = 7.

Notice, we chose the leftmost column to be the empty column. This is a matter of choice
for the upper half-grid, but we chose it here so that we can glue it (easily) to the maximal

lower half-diagram we’ll find in the following argument. O]

3.2.2 Proof of Theorem 3.3

Proof. We want to show that
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TBY (k) = L [CR(k + 1) — 3] = 1OR(k + 1) — 148 = =261

for k = n + 2. Now we want to maximize the lower half-diagram, which is a % by k half-
grid. This means we have one more row than we have in the top half of the diagram. This
leaves us with four options: case 1, the top row has a southwest and a southeast corner; case
2, the top row has a northwest and a northeast corner; case 3, the top row has a southwest
and a northeast corner; case 4, the top row has a northwest and a southeast corner. To help

visualize the four options for the top row, we have the following figures.

Figure 67: Case 1 Figure 68: Case 2 Figure 69: Case 3 Figure 70: Case 4

We also assume that we have

n TL2— n—
TB'"r(n) = 3CR(n+ 1) — ™3 = =21,

That is,

TRB lower(k _ 2) _ %CR ((k’ _ 2) + 1) _ (k—i)+3 _ (k—2)2_§(1§—2)—7.

So we know the maximal tb for the odd case a step below. For this proof, we will induct on
a smaller diagram with a bound we already know, and then find the maximal increase to get
the bound on the larger diagram.

Case 1: Suppose that the top row in our lower half-diagram, D, has two south corners,
that is, one southwest and one southeast corner as shown in Figure 67. If we remove the top
strand, we are left with a % by k — 2 half-diagram, call it D’. Clearly we lose the row that

we removed, but it is harder to see why we lose two columns. We lose two columns because
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the structure of rectangular diagrams prevents anything from occupying the columns under-
neath the two south corners. So, when we remove those, we lose the two columns in the lower

half-grid. We have demonstrated this idea on the half grid for £ = 7 in Figure 71.

Figure 71: The dotted region shows us the grid we’re left with once
we remove the top row of the diagram.

Because we lost the row and two columns, we are actually now in the half-grid for the
odd case a step below. Then, the maximum increase we can have moving from D’ to D is
% — % This is because we have k — 2 columns and therefore, k — 2 possible vertical strands
leaving the diagram, which is an odd number. However, we need an even number of strands
leaving the half-grid, so we have at most k — 3 vertical strands leaving the half-grid, leaving
us with an empty column. Further, half of those strands are up strands and half of them are
down strands, meaning that at most half can cross the horizontal strand we removed in a

positive way. Hence, the writhe can increase by at most % when we move from D’ to D.

Also, in this case, we have a southeast corner present in the top row, so we must subtract
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Now,

— 1
th lower(D> < th lower(D/) + k 5 3 . 5
E—-3 1
<TBlowerk,_2 v
(k=2)+—— -3
1 (k—2)+3 k-3 1
= — -2 1)) — S
SOR((k—2) +1)) - L2 T
1 k-9
= — k—1 IR
SCR(k = 1)+ —

1 k—1_1 k—1 +k—9
2 2 2 4

kK*—4k+3 2k —18

T’ T3
_k2—2k—15
8
- K2 —2k—17
8
1 k+3
—— k+1)— —°
2(JR(+ ) 1
ITB lower(k)_

Thus, our diagram has a tb that fits within our proposed bound, so the bound holds. We also
know that this type of diagram cannot be maximal.

Case 2: Suppose that the top row of our % by k half-diagram, D, has two north cor-
ners. That is, the top row of D has one northwest and one northeast corner as shown in Fig-
ure 68. When we remove it, we are left with a % by k half grid-diagram, D’. Clearly, we
lose the row we removed, but we do not lose any columns. This is because the columns con-

taining the north corners in the top row, have vertical strands underneath that. An example

of what this looks like is shown below in Figure 72.
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Figure 72: The dotted region is the grid that remains
once we remove the top row.

Hence, we are actually in the same scenario as we were in with the upper bound. So, we
have all the rows full and an empty column. There are k£ columns, and only £ — 2 can be
occupied by vertical strands that leave the half-diagram, because our top row caps off two
of the vertical strands. We also know we have an empty column, and that £ — 2 is odd, so
we have at most k& — 3 exiting vertical strands. Therefore, only half of those can intersect
with the boundary of our half diagram, or the top row, positively. Hence, we can increase the
writhe by % moving from D’ to D. The top row has a northwest corner, so we’ll decrease

the tb by 3(1) = 1.
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Now,

k-3 1

th lower(D) < th lower(D/> + 5 . 5
k-3 1

< TB"Per(f) 4 — = _ =

(k) + ———3

, ki —4
=TB:(k 1)+~

(OR(k—l)—k;1>+k;4

—1 —4
CR(k—l)—kTJrkT

(o) ()

k> —4k+3 k-7

NI~ NI~ N~

- T’ i
R =2k —11
-
P

8

| k+3
= SOR(k +1) - — =

—TB 10wer<k)'

Thus, we again have a tb that fits within our proposed bound, however, this still cannot be a
maximal half-diagram.
Case 3: Suppose now, that we have a lower half-diagram, D, where the top row has a
southwest and a northeast corner as shown in Figure 69. Now, if we remove the top row of
k

D to get to a new half-diagram, D’, we have a %1 by k — 1 half-grid, since we lose one row

and one column. This idea is demonstrated in Figure 73 below.
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Figure 73: The dotted region is what we are left with after we remove the top row.

So, there are k — 1 columns in the diagram. That is, we can have at most £ — 1 vertical
strands in the diagram. We have a maximum of % up strands and % down strands. Our
top row of D contains one of those exiting strands and thus, there are at most k — 1 vertical
strands exiting our smaller diagram D’. One of those strands is capped off in the top row of

D, so there are % strands left that are similarly oriented to the exiting strand from the top

. . PR
. . . .
K . . .
. '\ K .
' )
N \ ! .
' . , .
h ! . H
. ' N H
' ' N
]l ] ] ] —_—— | ———{—
. . '
.
. . " '
. 0 \ !
. . . /
. .
. . . .
D . .

Figure 74: Notice that we have the same number of up strands and down strands
leaving the half diagram and that the circled strands give us positive crossings.

row of D.

The similarly oriented strands are the vertical strands leaving the diagram with the po-
tential to cross the top row positively, and we have circled them in the figure above. Hence,
we can increase the writhe by at most % and we do not have to subtract anything from the
tb for the corners when moving from D’ to D. In order to realize the bound on the bigger di-

agram D, the strands underneath it must have realized the bound on the smaller diagram D’.
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So we have,

k—3
th lower(D) < th lower(D/> + 5

gTB%(k—l)Jr%

1 k—1 k—3
== —1) —

2<CR(I<: ) - )+ .

1 k—1 k-3
== S Y T

2CR(/{ ) 1 + 5

1

2

k*—4k+3 k-5

B 8 t
K —4k+3+ 2k — 10
N 8

kR —2k-T
-

1 k+3
— “CR(k+1)—- 212
pCRk+1) ——

—TB lower<k).

So, not only does our bound hold in this case, but we can also realize that bound. So how
can we do this? As we mentioned above, once we remove the top row we want to maximize
the remaining half-diagram, which is the even half-diagram below. We then want to increase
the tb by % by picking up only positive crossings. This idea is demonstrated in the figure

below for k£ = 7.

Y

N R S aaa

Figure 75: The dotted strands here show a maximal half-diagram when k = 6,
which is the even case below k = 7.
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Case 4: Suppose that the top row of our diagram, D, has a northwest and a southeast
corner. When we remove the top row, we move from a k“ by k half-grid, to a % by k —1

half-grid. We again lose one row and one column as demonstrated in Figure 76.

Figure 76: The dotted region shows the half-grid that is left
once we remove the top row.

Therefore, we have k£ — 1 columns and potential exiting vertical strands. That is, we have
at most ®=1 possible up exiting strands and 25! possible down exiting strands. As in Case
3, we have % exiting vertical strands that are oriented the same way as the exiting vertical
strand coapped off in the top row of D. We also have % strands that are oppositely ori-

ented.

Figure 77: Notice that we have the same number of up strands and down strands
leaving the half diagram and the circled strands give us positive crossings.

Those oppositely oriented strands, circled in the above figure, are the strands that give us
the potential for positive crossings. So moving from D’ to D we can pick up at most 21 pos-
itive crossings which will increase our tb. We also pick up one southeast and one northwest

corner, decreasing our tb by 2(3) = 1.
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So we have,

k—1 1
th lower(D) < th lower<D/) + -9 <_>
2 2
—1
<TB%(k—1)+kT—1
k —
—TB2(k—1)+ T?’

k*—6k+5 k-3
_l’_

8 2
K2k -7
B 8
1 k+3
2CR( +1) 1
— TR lower(k).

So we have shown that
tb lower(D) < %CR(k: +1)— ’%3 =TRB lower(k),

and thus we have proven the bound and that this type of diagram can achieve the bound. So

again, we ask, how do we do this? Once we remove the top strand, we have the even maxi-

mal diagram left in the half-grid. Again, we proved in Section 2.3.1 that in order to achieve

the bound on the bigger diagram D, the strands underneath it in D’ have to also achieve the

bound on the smaller grid. This means we have nested strands oriented in such a way to

achieve maximal tb. Then, we have to fit in this top horizontal strand with a southeast and
k—1

a northwest corner and pick up “5= positive crossings. This can only be done one way, up to

cyclic permutation. An example on the 7-grid is shown below in Figure 78.
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Figure 78: The dotted strands here show a maximal half-diagram when k = 6,
which is the even case below k£ = 7.

There are permutations of this diagram which are also maximal. In fact, Figure 75 is a
cyclic permutation of this diagram, with the orientation of one reversed. It requires the same
moves shown in Section 2.1, Figure 65 for the base case when n = 5. Thus, we have shown
that these diagrams, and the cyclic permutations of them are the only maximal half-diagrams
on the lower half-grid when n is odd.

To summarize, in order to maintain the sharpness of the bound the new strand can either
cross all of the vertical strands leaving the half-diagram positively, as demonstrated in Case
4, or it can cross all the vertical strands coming into the diagram positively, as demonstrated
in Case 3. Both of these options give us maximal half-diagrams, but the thing to note is that
they are equivalent half-diagrams, by a cyclic permutation. Thus, we have a unique maximal

lower half-grid diagram up to cyclic permutation. O
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3.2.3 Proof of Theorem 3.1

Proof. Combining the upper and lower half-diagram bounds we have,

TB(k) = TB "™ (k) + T B (k)

1 | k
= TBH(k— 1)+ SCR(k +1) - ks

k*—6k+5 k*—2k—7

- 8 + 8
 2k? -8k —2

8
R4k -1

4
K =2k+1 2k42
- 4 4
kP =2k+1 k41
- 4 2

(s

We also know which diagrams can achieve that bound. We have below a maximal upper half-

diagram (Figure 79) and a maximal lower half-diagram (Figure 80) for n = 7.

A__AL__A_Jl Y Y
1 S Y <
a L | d— <
x vyilvly -
Figure 79: A maximal upper Figure 80: A maximal lower
half for n =7 half for n =7

We already know from Theorem 2.1 in Section 2.3.2 and Theorem 3.2 in Section 3.2.1
that the only maximal upper half-diagram has nested strands like we have shown in Figure

79 up to cyclic permutation. The difference here is the fact that we have an empty column,
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which is a matter of choice and does not affect the maximality of the half-diagram. As in the
even case, the only way to maintain the sharpness of the bound is to nest the strands as we
have shown in Figure 79 with each increase of n. So this is the only construction of the half-
diagram which gives us a maximal tb2 (D).

Now, a diagram similar to Figure 80 is the unique maximal lower half-diagram, up to
cyclic permutation, which we proved in Section 3.2.2. Once we remove the top row of the
lower half-diagram, we are on the same size grid we have in the upper half-diagram, where
the appropriate nesting of strands with an empty column is uniquely maximal, with the choice
of an empty column. When we add in the new strand, we have a couple of options. These
options are demonstrated in Cases 3 and 4 in Section 3.2.2.

To get the unique maximal full diagram, we simply glue these maximal halves together as
shown in Figure 81. Now we can cyclically permute the lower half-diagram and then glue in
an upper-half diagram with the appropriate column empty. We have done this and have the

result shown below in Figure 82.

L 4 1<
Al P TlTvw * I__< 1T
NICaEdE= o R R
(T ITAT \ 4 Y U
v!| TITI T |+ [ |2
ul < \ANNENE A
> Yl I, 11
Figure 81: A maximal full diagram for Figure 82: A maximal full diagram for
n = 7, which is a knot diagram of the n = 7, which is a knot diagram of the
T(3,4) torus knot. T(3,4) torus knot.
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v!| TIT < [+ < L+ < i 1 [T <
i
— < e < = < i — <
> -1L_» < | P
L | | «

Figure 83: Here we have demonstrated the cyclic permutation we use to get to a
different diagram of the same knot.

In Figure 83, we have shown for demonstration the permutation required to get from Fig-
ure 81 to Figure 82. We started with the diagram from Figure 81 and then applied a cyclic
permutation. Notice that the last diagram contains the maximal lower half-diagram we have
in Case 3. In this picture, though, it is the upper half, and our smaller half-diagram is the
lower-half. In other words, the maximal half-diagram shown in Figure 82 is upside down in
the last diagram of Figure 83. This idea can be expanded as n gets bigger, to demonstrate
this idea we look at the 15-grid. We have an analogous picture to the knot-diagram in Figure

81. Both Figure 81 and Figure 84 use the permutation of the unique lower half-diagram

that comes from Case 4.

A 4

v
I

I
A

A

>
>

Figure 84: A maximal full diagram for n = 15, which is a knot diagram
of the T°(7,8) torus knot.

Now, we have in Figure 85 a cyclic permutation of the diagram shown above. This di-
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agram comes from either permuting Figure 84 or using the unique lower half-diagram that

comes from Case 3 and choosing the right the empty column in the upper half-diagram.

'y

>
>

Figure 85: A maximal full diagram for n = 15, which is a cyclic permutation of the
diagram in Figure 84, and an equivalent knot diagram of the 7'(7,8) torus knot.

In conclusion, we have shown that the maximal Thurston-Bennequin number allowable

for any knot or link drawn on an n by n rectangular grid for odd n is,

TB(n) = CR(n) — [2] = (nT—l)2 gl

2 2

and that the only diagrams which achieve the maximum are equivalent diagrams for the

T (”TH, "T_l) torus knots.

4 Conclusions and Opportunities for Further Research

Recall the goal of this work was to prove Theorem 1.1:

Theorem 1.1. The maximum allowable Thurston-Bennequin number for any knot or link

drawn on a grid with arc index n is,
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(2—-1)(2)—2 ifniseven

(%51)% — 2 if s odd

TB(n)=CR(n) — [2] =

and there are unique knots and links which achieve the maximum, specifically the 7'( [%W, ng)

torus knots and links.

Proof. This immediately follows from Theorem 2.1 and Theorem 3.1. O

There are many avenues to delve into for further research now that we have proven this
theorem. One thing we would like to study is knots that are close to torus knots with arc in-
dex n. It would be interesting to see how close these knots are to achieving the maximum on
the n-grid. Also, we now know from this work that torus links achieve the maximum on even
n-grids. So something that would be intriguing to discover is what the maximum achievable
Thurston-Bennequin number is for knots on the even grids and which knots do it. Further
still, are these knots close to torus links? This can be expanded to odd n-grids too. Since the
family of torus knots are in fact the family of knots that give us this optimal ¢b, then which
links on the same grid get us closest to the maximal tb. Another interesting avenue to travel
down is links of torus knots. On their perspective grids, are those links close to the optimal
tb. If we have two torus knots or links 77 and T3, we have from Cromwell’s work bounds
on the arc index depending on how the torus knots are linked [3]. Thus, there is already
some basis to continue to study the relationship between the arc index and the Thurston-

Bennequin number in that way.
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