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CHAPTER 1

Mini-Introduction

A knot is a submanifold of S? that is diffeomorphic to S! and a link is a submanifold of
53 such that each component is diffeomorphic to S*. Knots and links are a fun and much-
loved topic in topology. In these lecture notes we will introduce these concepts in detail
and we will use fundamental groups and “Fox calculus” to define the (twisted) Alexander
polynomials of knots and links. This puts the lecture notes in the tradition of the classical
book by Crowell and Fox [CEF77]. In contrast to most other books on knot theory we will
eschew homology and cohomology.

We will put a particular stress on explaining concepts precisely and on giving precise
and rigorous proofs. For statements on geometric topology and differential topology we
mostly refer to [Fri24].

These lecture notes are organized as follows:

e In Chapter 2] we will introduce knots and links, we will discuss basic examples, concepts
and constructions and we will present some basic results. In particular we will introduce
the meridian of an oriented knot and we will show that it is essentially unique.

e In Chapter 3| we will study the fundamental group 71(S?\ L) of a link. In particular we
will calculate this group if L is a torus knot.

e In Chapter |4 we will introduce link diagrams and we will show that every link admits
a diagram. Furthermore we will formulate the Reidemeister moves that can be used to
relate any two diagrams of a given link.

e In Chapter [5| we will present an algorithm, which takes as input any diagram of a link
L gives, and which gives as output the so-called Wirtinger presentations of 7 (S%\ L),
which is a presentation of deficiency one. This calculation allows us in particular to
show that for any oriented m-component link the abelianization of 71 (S®\ L) is naturally
isomorphic to Z™.

e In Chapter [§] we will use the fact that for an oriented knot K we have a natural isomor-
phism (S \ K)., — Z to introduce the linking number 1k(K, J) with any oriented
knot J in the complement of K. Using the Wirtinger presentation we can give a dia-
grammatic way to calculate the linking number.

e In Chapter [7| we use the linking number to introduce the longitude of an oriented knot
and we will show that it is essentially unique. We will use the meridian and the longitude
of an oriented link to introduce the fairly simple minded coloring polynomials of an
oriented knot, which will turn out to be surprisingly effective in distinguishing knots.

e In Chapter [§] we will introduce the purely algebraic concept of the Alexander function
Az o € Qty,...,t,) of a deficiency-one group 7 and an epimorphism ®: 7 — Z™ onto
a free abelian group of rank m > 1.
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1. MINI-INTRODUCTION

e In Chapter [9] we will study the Alexander function of fundamental groups of link com-

plements. A very mild variation on this concept leads us to the Alexander polynomial
of oriented knots and links.

In Chapter 10| we will show that the Alexander polynomial of an oriented link is always
symmetric.

In Chapter [I1] we will introduce the concept of a Seifert surface of a knot and we will
use Seifert’s algorithm to show that every knot admits a Seifert surface.

In Chapter [I2] we will introduce the notion of a fibered knot and we will show that torus
knots are fibered.

In Chapter [13|we will show that degrees of Alexander polynomials give lower bounds on
the genus of a knot and we will show that Alexander polynomials of fibered knots have
specific properties.

In Chapter [14] we will introduce twisted Alexander functions of groups. This concept
generalizes the above “untwisted” notion. We will outline how some of the “untwisted”
results generalize to the “twisted” setup.

In Chapter we will use the twisted Alexander function to define, not surprisingly,
the twisted Alexander polynomials of knots and links and we will see that these again
give lower bounds on the knot genus and obstructions to fiberedness. In general these
twisted invariants give better information than the original Alexander polynomial.

e In Chapter [L6| we will compare many different notions of equivalence of links.



CHAPTER 2

Introduction to knots and links

In this chapter we will define knots and links and we will discuss several examples, basic
results and notions.

2.1. Knots and links. We start out with the following little lemma.
Lemma 2.1. (Stereographic Projection Lemma) We refer to the mapEl
P: 5% — R3U{cc}

( X1 X9 I3
(.’171,1’2,1'3,334) —

1—x4’1—x4’1—x4>’ lfﬂf4<1,
oo, if Ty = 1.
as the stereographic projection. This map has the following properties:
(1) The map ® sends the North Pole N := (0,0,0,1) € S? to co.
(2) For any P € S? that does not equal the North Pole N the point ®(P) € R? is the

unique point such that the ray emanating from /N and that goes through P intersects
the plane R? x {0} in (®(P),0).

(3) For any (v, vs,v3,0) € SN (R3 x {0}) we have ®(vy, v2,v3,0) = (vy,vg,v3).
(4) The map ® is a homeomorphism.

(5) The restriction of ® to a map S\ {N} — R? is an orientation-preserving diffeomor-
phism.

_— North pole “N = (0,0,0,1)”

ray emanating from N through P

\ ~____— stereographic projection of P
\/ :LRB % {0}

Proof. The statements follow easily from the definitions. [ |

Identification. By definition and the Stereographic Projection Lemma [2.1] we have iden-
tifications

S% = {(z,w) € C*||wl*+|z* =1} = {(w,z,y,2) | w*+a?+y*+2* =1} = R3U {oo}.
/T\

via the stereographic projection as defined in the Stereographic Projection Lemma [27]]

IWe equip R3 U {oo} with the topology where open neighborhoods of co are given by sets of the form
(R3\ K) U {co} where K c R? is a compact subset.

13
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We will go back and forth between these models without mentioning these maps. In partic-
ular we will use the Stereographic Projection Lemma (5) to view R? as a submanifold
of the smooth manifold S? =; R* U {co}.

Now we turn to the definition of a knot.
Definition. A knot is a submanifold of S* =; R® U {co} that is diffeomorphic to S*.

We start out with the most boring but also the most important knot.

Definition. The trivial knot is defined as {(x,y,0) € R¥ |22 +y?> =1} c R3U{oo} =; S5.
In the literature the trivial knot is often also called the unknot.

In the figure below we show the trivial knot together with two other examples of knots.
More precisely, we show 1-dimensional submanifolds of R3 that we view as 1-dimensional
submanifolds of R® U {co} =; S*[|

A D % S,
So &S
trivial knot (left-handed) trefoil figure-8 knot stevedore knot

Remark. The definition of a knot is supposed to model the “physical objects” that we
have in mind and that are sketched in the figure above. It is therefore perhaps at first
not clear why we consider knots in S® =; R* U {00} instead of knots in R?. The reason is
that topologists prefer, if possible, to work with compact spaces. In particular the compact
space S® =; R®U {oo} is often strongly preferable to the non-compact space R?. For peace
of mind we will show in the Link-in-R3-S3-Lemma that the theory of knots in R? is
essentially the same as the theory of knots in S3. O

The notion of a knot can be generalized to the notion of a link:

Definition. Let m € Nj.

(1) An m-component link is a submanifold of S® that is diffeomorphic to the disjoint union
of m copies of S! together with a bijection from {1,...,m} to the set of components
of L.

(2) Given an m-component link L < S% and given i € {1,...,m} we denote by L; the i-th
component of L.

2In principle it is possible to give a precise description of all these four knots. For example we just gave
a definition of the trivial knot as {(z,4,0)|2? + 3?> = 1} < S® = R® U {oo}. Precise definitions, and
3-dimensional models of the trefoil and the figure-8 knot can also be found here:

trefoil: https://www.desmos.com/3d/3c1777edd9 (thanks to Johannes Zander)
figure-8 knot: |https://www.desmos.com/3d/aab54cb3df| (thanks to Filip Misev)

Later, on page we will give an alternative precise definition of the trefoil. It is also clear that one
can give a precise description of the stevedore knot, but this description would be painful to write down
and it would not add to our understanding. We therefore stick with the picture, with the understanding,
that if somebody was challenging us, we could write down a precise description in coordinates. But it is
considered very impolite to challenge a topologist to give a rigorous description.


https://www.desmos.com/3d/3c1777edd9
https://www.desmos.com/3d/aab54cb3df
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Definition. Let m € Ny. We define
trivial m-component link := > {(z,y — 3i,0) € R*|2* + y* = 1} c R* U {0} = S°
i=1

with the obvious numbering of the components of L.

‘O O "D+ g+

trivial 2-component link Hopf link link where one component is a
trefoil and one is the trivial knot

Remark. It follows from the classification of 1-dimensional smooth manifolds that a link
is the same as a 1-dimensional submanifold of S® that is closed as a smooth manifold
(together with a numbering of the components). O

Now we want to say that two links are “the same” if one can be “deformed” into the other.

Definition. We say that two m-component links L = L; U---U L,, and = El Ll Zm
are smoothly isotopic if there exists a smooth isotopy from L to L, i.e. if there exists a
smooth map F:Lx[0,1] — S°

(z,t) — F(z,1)
such that the following holdfj

(1) For each t € [0, 1] the map F;: L — S? is a smooth embedding. _
(2) We have Fy = id and for each i € {1,...,m} we have Fy(L;) = L;.

Remark. One can easily show that the property of being smoothly isotopic defines an
equivalence relation on the set of links. O

Example. The three knots shown in the figure below are smoothly isotopic.

: s T e
u \ fa

Usually we do not distinguish two knots if they are smoothly isotopic. For example, any
knot that is smoothly isotopic to a trivial knot is called trivial knot. Sometimes we also
say that a knot that is smoothly isotopic to a trivial knot is trivial.

O

Playing around with pictures for some time shows that it might be quite difficult to show
that the trefoil is smoothly isotopic to the trivial knot. This arouses the suspicion, that
the trefoil is in fact not smoothly isotopic to the trivial knot. This raises the following
question.

Question 2.2. How can we show that the trefoil is not smoothly isotopic to the trivial
knot?

3As usual, given a map F: X x [0,1] — Y and given ¢ € [0,1] we denote by F;: X — Y the map that is
given by x — F(z,1).
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The following proposition allows us to relate the above question to the question, whether
two topological spaces are diffeomorphic.

Proposition 2.3. (Link-Smooth Isotopy Proposition) Let L and L be two links in
S3. If L and L are smoothly isotopic, then there exists an orientation-preserving diffeo-
morphism between the link complements 5% \ L and 5® \ L.

The key input is the following very general theorem which is proved in [Eri24].

Theorem 2.4. (Isotopy Extension Theorem) Let M be a smooth manifold with OM =
@ and let K be a compact smooth manifolds. Given any smooth isotopy F': K x[0,1] — M
there exists a diffeotopy G: M x [0,1] — M with the following properties:

(1) G = id.

(2) We have G o (Fy x id) = F': K x [0,1] — M, in other words, we have

G(Fy(z),t) = F(x,t) forallz € K and t € [0, 1].

Proof of the Link—Smooth Isotopy Proposition 2.3 Let
F:Lx[0,1] — S3
(z,t) = F(z1)

be a smooth isotopy from a link L to a knot L. By the Isotopy Extension Theorem
we can extend the smooth isotopy F' to a diffeotopy of S®. This means in particular that
there exists a diffeotopy G:S$3%x 10,1 — $°

(z,t) = G(z,1)
from the identity to a diffeomorphism ® = G: S* — S* with ®|x = Fy, in particular with
®(L) = L. The map ®: S* — S? restricts to an orientation-preserving diffeomorphism
O: S3\L— S\ L. [ |

The following lemma says that the theory of links in S® up to smooth isotopy is essentially
the same as the theory of links in R3 up to smooth isotopy.

Lemma 2.5. (Link-in-R3-5%-Lemma)

(1) Every link in S? = R3 U {co} is smoothly isotopic to a link in R®.

(2) Let L, L be two links in R®. Tf I, and I are smoothly isotopic in S* =; R* U {oo}, then
they are also smoothly isotopic in R3.

Sketch of proof. As usual we make the identification S* =; R3U{oo} where e, = N = oo.

(a) Let L be a link in S® = R3 U {oo}. Since dim(L) = 1 < 3 = dim(S®) we know that
L # S®. Therefore we can pick P € S*\ L. Note that there exists an A € SO(4)
with A- P = N. Since SO(4) is connected the matrix A gives rise to a diffeotopy
F: 83 x[0,1] — 83 with Fy = id and such that Fy is given by multiplication by A.
Clearly F defines a smooth isotopy from L = Fy(L) to Fi(L) < S*\ {N} = R?.

(b) Let L, L be links in R3 and let H: L x [0,1] — S be a smooth isotopy from L to L.
We start out with the following rather technical claim:

Claim. There exists a smooth embedding ®: B - SO(4) such that ®(0) = id and such
that ®(B°) - e, = {®(z) - es |z € B} is a neighborhood of e, = oo in S3 = R3U {oo}.
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Proof. We leave it to the reader to verify that the following map has all the desired
properties:
»: B = SO(4)
r s Gram-Schmidt orthogonalization process (starting with the last column)
applied to the matrix (e; ey e3 ey + (x,0)).

eGLr(4 R) H

Next note that it follows fairly easily from CI>(O) id and from L,L c R? that there

exists an € € (0, 1) such that for every z € B. we have ®(z)-L < RS and ®(z)-L < R3

Since dim(L x [0,1]) = 2 < 3 = dim(S?) and since H is smooth we can pick = € B

with ®(x) - ey, & S*\ H(L x [0,1]). (We refer to [Fri24] for details.) Note that this
means that (®(z)™' o H)(L x [0,1]) « R = 83\ {e4}.
We now have the following three smooth isotopies

Lx[0,1] — R? Lx[0,1] — R? Lx[0,1] — R?

(v, t) = @(t-z)"(v) (v,t) = @(2)""H(v,1) (v, t) = @((1—1)-2)"} (v).
Combining these three smooth isotopies gives us the desired smooth isotopy from L to
L in R3. [ |

2.2. Orientations. In many settings it is also natural to equip knots and links with ori-
entations. This leads us to the following definition:

Definition. Let m € Ny. A link is called oriented if it is oriented as a 1-dimensional
smooth manifold.

trefoils with opposite orientation figure-8 knot with opposite orientations

Definition. We say that two oriented links L = L, U--- U L,, and L= Zl LI - L Zm are
smoothly isotopic, if there exists a smooth isotopy F': Lx[0,1] — S? from L to L such that
for each i € {1,...,m} the map F;: L; — L; is an orientation preserving diffeomorphism.

Example. We consider the two Hopf links H* and H~ that are shown in the figure below.

positive Hopf link H~ @ negative Hopf link H* @

The difference is that we flipped the orientation of the blue component. Using the fun-
damental group one can easily show that these two oriented Hopf links are not smoothly
isotopic. O

In light of the above example we now restrict ourselves to knots. For knots one can wonder
whether the orientation of a knot really makes a difference. This suggests the following
definition:
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Definition.
(1) Let K be an oriented knot. We define the reverse K™V of K to be the knot K with
the opposite orientation.

(2) A knot K is called reversible if the two orientations on K give smoothly isotopic
oriented knots

Example. As we see in the ﬁgure below it is basically clear that the trivial knot is reversible.

trivial knot — rotation around the z-axis
by the angle 7 turns the trivial knot
into itself but flips the orientation

In Exercise 2.1 we will show that the trefoil and the figure-8 knot are also reversible. O

This leads us to the following question:

Question 2.6. Is every knot reversible?

2.3. The mirror image of a link. We continue with the following nicely geometric defi-
nition.

Definition. Given a link L — S?® the reflection of L in any hyperplane of R* is called
mirror of L and denoted by L™".

Lemma 2.7. (Link Mirror Lemma)

(1) Let L = S3 be a link. The reflections in any two hyperplanes of R* give rise to
smoothly isotopic links.

(2) Let L = R3 be a link. As usual, using the identification R* U {oco} =; S?, we view
L as a link in S3. The image of L under a reflection of an affine hyperplane in R3
corresponds under this embedding to a mirror of L.

Sketch of proof.

(1) Let L = S® be a link and let H; and Hy be two hyperplanes of R*. Elementary linear
algebra shows that there exists an A € SO(4) with A- H; = Hy. More elementary linear
algebra shows that SO(4) is path-connected. It follows that there exists a smooth path
v:[0,1] — SO(4) with 4(0) = id and (1) = A. We now consider the diffeotopy

F:S$x10,1] — S
(z,t) ~— reflection in the hyperplane ~(t) - H; applied to x

The restriction of F': S% x [0,1] — S3 to L x [0,1] — S gives us the desired smooth
isotopy between the reflections of L in H; and Hs.

(2) Let L < R? be a link. First note that the same argument as in (1) shows that reflection
in any two affine hyperplanes of R? lead to smoothly isotopic links in R3. Thus it
remains to show that there exists a single hyperplane H of R? such that the reflection
of L in H corresponds to the mirror image of L < R?® < S? as defined above. Next

“In the literature what we call a reversible knot is often called an invertible knot. We reserve the adjective
invertible for a related, but different notion.
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note that the stereographic projection, that we used in the Stereographic Projection
Lemma , commutes with the reflection in the (z; = 0)-hyperplane of R* respectively
R3. Thus we see that the hyperplane (z; = 0) has the desired property. [ |

Convention. Let L = S3. Since usually we only care about links up to smooth isotopy we
use the Link Mirror Lemma to talk of “the mirror image” of L instead of the slightly

more correct “a mirror image of L”.

Example. Keeping the Link Mirror Lemma (2) in mind, we see in the figure below the
trefoil and its mirror and we also see the figure-8 link and its mirror.

the trefoil K and its mirror K™ the figure-8 knot J and its mirror J™

As for orientations the question arises, whether the mirror image of a link is “truly different”
from the original link. We are thus naturally led to the following definition:

Definition. We say that a link L in R?® is amphichiral if it is smoothly isotopic to its
mirror image, otherwise we call the link L chiral.

Examples.

(1) The trivial knot equals of course its mirror, in particular the trivial knot is amphichiral.

(2) In the figure below we show that the figure-8 knot J is smoothly isotopic to its mirror
image J™T i.e. the figure-8 knot is also amphichiral.

the figure-8 knot .J the mirror J™r
flip green over purple isotopy rotate by 7 around the origin

It is now natural to ask whether the trefoil is amphichiral. But endless hours of playing
around with the trefoil do not lead to any success. So the suspicion arises that the following
question should be answered in the negative.

Question 2.8. Is the trefoil amphichiral?

2.4. The split union of links. In this and the following section we will introduce two
ways to construct new links out of given links. In both cases the construction will depend
on choices and we will want to argue that up to smooth isotopy the choices make no
difference.

We will deal with this issue using the following proposition.
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Theorem 2.9. (Smooth Ball Embedding Theorem) Let M be an oriented n-di-
mensional smooth manifold. Let ,¢: B — M \ OM be orientation-preserving smooth
embeddings of B". There exists a diffeotopy

G: M x|[0,1] - M

from the identity Go = idys to a diffeomorphism G;: M — M such that the following
diagram commutes:

-n

B

> M.
Finally, if ¢(0) = 4(0), then we can find a diffeotopy rel {¢(0)}.

Sketch of proof. We sketch the proof for M = R™ and if ¢(0) = ¢(0) = 0. In this
case the key observation in the proof is the surprising fact that for any smooth embedding
f: B" — R"™ with f(0) = 0 the map
F:B"x[0,1] — R»

1 .

—f(fl’), lft%oa

t

(.t) — {Dfow, ift=0

is a smooth isotopy from the map that is given by multiplication by D fy - = to the original

map f: B' — R". We refer to [Fri24] for details and how to deduce the theorem from this
observation. n

M

Now let us introduce the first way to construct new (oriented) links out of given ones.

Lemma 2.10. (Link-Split Union Lemma) Let L and L be two oriented links in S3.

(1) We can pick an orientation-preserving embedding ¢: ?3 — 5% with L < ¢(B?) and
we can pick an orientation-preserving embedding @: B~ — S3 with L < ¢(B3).

(2) We pick two orientation-preserving embeddings a, a: B’ — 5% with disjoint images.
The smooth isotopy type of a(¢~ (L)) Ua(p (L)) is well-defined and it only depends
on the smooth isotopy type of L and L.

Definition. We continue with the notation from the Link—Split Union Lemma [2.10]

(1) We refer to a(p~ (L)) Ua(@p~*(L)) as the split union L LI L of the links L and L.

(2) We say that a link is splittable if it is the split union of two non-empty links. Otherwise
we call the link unsplittableﬂ

Sketch of proof.

(1) We will prove this statement in Exercise [2.10]

5Tt follows almost immediately from the definitions that a link is splittable if and only if there exist two
disjoint smoothly embedded 3-balls in 52 each of which contains at least one component of L.
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(2) We start out with the following statement which might actually be of independent
interest.
Claim. Let X be a compact subset of an oriented n-dimensional smooth manifold
M and let ,3: B" — M be two orientation-preserving smooth embeddings with
X c ¢(B™) and X ¢ $(B"). There exists a smooth isotopy ©: B" x [0,1] — M such
that ©g = ¢, ©; = ¢ and such that for each ¢ € [0, 1] we have X < ©,(B").

Proof. It X is empty, then there is nothing to show. So now assume that X is non-
empty. We pick P € X. We can assume without loss of generality that ¢(0) = ¢(0) =
P. Note that this means that we can view ¢ and ¢ as tubular maps for the 0-dimen-
sional submanifold { P} < M. It follows from the Smooth Ball Embedding Theorem-
that there exists a smooth isotopy ©: B" x [0,1] — M such that Oy = ¢, ©; = & and
such that for each ¢ € [0, 1] we have ©,(0) = P.

It is straightforward to show that there exists an open neighborhood U of P such
that for each ¢ € [0,1] we have U < ©,(B"). If X < U, then we are done. Otherwise
we use the fact that X is by hypothesis compact to reduce the general case to the case
that X < U. H

Now we go back the actual statement of the lemma. First note that it follows from
the claim that the smooth isotopy type of (o~ (L)) U &(@ (L)) does not depend on
the choice of ¢ and p. Next note that it follows easily from the Smooth Ball Embedding
Theorem [2.9| that the smooth isotopy type of a(p (L)) U &(@ (L)) does not depend
on the ch01ce of a and a. Finally note that it follows easily from the Isotopy Extension
Theorem [2.4] that the smooth isotopy type of (™ (L)) Ua&(@ (L)) only depends on
the smooth isotopy type of L and L. [ |

2.5. The connected sum of oriented submanifolds and knots. In this section we
will introduce the connected sum K #K of two oriented knots K, K. The definition re-
quires some preparation. Let us first recall the definition of the connected sum of smooth
manifolds.

Definition. Let n € N and let M and M be two oriented connected non-empty n-
dlmensmnal smooth manifolds. We pick an orientation-preserving smooth embedding
p: B" > M \ OM. Furthermore we pick an orientation-reversing smooth embedding
@: B — M \ OM. We define the connected sum of M and M as

M#M = (M\ ¢(B")) U (M \@(B"))/~ where p(P)~@(P) for all P€S"".

Example. The above figure shows convincingly that the connected sum of a surface of
genus g with a surface of genus h is a surface of genus g + h. O
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The following proposition summarizes some key facts about the connected sum of smooth
manifolds:

Proposition 2.11. (Manifold-Smooth Connected Sum-Proposition) Let n € N
and let M and M be two oriented connected n-dimensional smooth manifolds. Further-
more let P B" ~— M \ OM be an orientation-preserving smooth embedding and finally

let ©: B" - M \ OM be an orientation-reversing smooth embedding. The following
statements hold:

(0) The resulting connected sum M #M is a smooth manifold with a unique orientation
that coincides with the orientations of M\ o(B™) and M\@(B™). Up to an orientation-
preserving diffeomorphism the definition does not depend on the choice of ¢ and @.

(1) There exists an explicit diffeomorphism from M#S™ to M.

(2) The connected sum is commutative, i.e. M#M admits an orientation-preserving dif-
feomorphism to M#M.

(3) If n > 2 or if all the manifolds are closed, then the connected sum is associative, i.e.
(M#M")#M" admits an orientation-preserving diffeomorphism to M#(M'#M").

Proof. The fact that M #M is well-defined up to an orientation-preserving diffeomorphism
is a pretty straightforward consequence of the Smooth Ball Embedding Theorem and

the Isotopy Extension Theorem We refer to [Fri24] for details and the proofs of the
other statements. [

Next we want to introduce the connected sum of submanifolds. This requires the following
definition:

Definition. Let n € N and let ke{l,...,n—1}.

(1) We denote by By and B the Closed balls of radius 2 in R™ and R~.
(2) We set J* = {(w 0)eB,|z€B } and we view equip J* with the obvious orientation.
(3) Let M be an oriented n- d1mens10nal smooth manifold and let ' < M be an oriented k-
dimensional submanifold. Furthermore let ¢: B, — M\ M be a smooth embedding.
(a) We say that ¢ respects K if p(J*) = o(B,) N K, if ¢: By, — M is orientation-
preserving and if @[ : J* — p(B,) N K is orientation-preserving.
(b) We say that ¢ anti-respects K if the same conditions as in (a) hold, except that
we now demand that both maps are orientation-reversing.

In the figure below we illustrate the definition of a map that respects K in the special case
that M = R3 U {oo}; = S® and that K is in fact a knot.

'
respects K

The following proposition says that maps that respect a submanifold K always exist and
that in a sense they are unique.
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Proposition 2.12. (Respectful Embedding Proposition) Let M be an oriented n-
dimensional smooth manifold. Furthermore let K < M be an oriented k-dimensional
submanifold.
(1) If K is non-empty, then there exists a smooth embedding E; — M that respects K.
(2) If K is connected, then for any two smooth embeddings ¢: By — M and 1: By — M
that respect K there exists a diffeotopy F': M x [0,1] — M such that Fy = id, such
that F} o ¢ =1 and such that each F; o ¢ respects K.
The obvious analogues of (1) and (2) also hold for “anti-respect” instead of “respect”.
Sketch of proof. The first statement follows easily from the definition of a submanifold.
Now let us turn to the proof of the second statement. Thus we assume that K is connected.
Let ¢: By — M and ¢: By — M be two continuous maps that respect K. It follows from
a variation on the Smooth Ball Embedding Theorem that there exists a smooth isotopy
I: B" x [0,1] — M such that Iy = ¢, such that I; = v and such that each [; o ¢ respects
K.
It follows from a slight generalization of the Isotopy Extension Theorem that there
exists a diffeotopy F': M x [0,1] — M with the following properties:
(1) Fy = id.
(2) For all z € B" and all t € [0,1] we have F(Iy(z),t) = F(x,1).
This diffeotopy has all the desired properties. |
Now we can define the connected sum of smooth submanifolds.
Definition. Let M be an oriented n-dimensional smooth manifold and let K < M be
an oriented k-dimensional submanifold. Furthermore let M be an oriented n-dimensional
smooth manifold and let K < M be an oriented k-dimensional submanifold. We pick
a smooth embedding ¢: EZ —_ M that respects K and we pick a smooth embedding
@: By — M that a i—_r’?spe_ctks K. Wg use ¢: B — ]\ikandgk: B" —>OM to define M# M.
Furthermore we usB =B, 2 G, JP % K and B = Blf% JP 2 K to define
the connected sum K#K. We refer to the resulting pair (M#M, K#K) as the connected
sum of (M, K) and (M, K).

Y i,
<

Tl

M

)
M#M K#

K

The next proposition can be viewed as an analogue of the Manifold-Smooth Connected
Sum-Proposition [2.11]

6Note that here we deliberately restrict ourselves from balls of radius 2 to balls of radius 1.
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Proposition 2.13. (Submanifold—-Connected Sum Proposition) Let M be an ori-

ented n-dimensional smooth manifold and let K be a closed oriented k-dimensional sub-

manifold of M. Furthermore let M be an oriented n-dimensional smooth manifold and let

K be a closed oriented k-dimensional submanifold of M.

(1) The subset K #K is a closed k-dimensional smooth submanifold of M#M.

(2) If M and M are both connected, then the oriented diffeomorphism type of the pair
(M#M,K#K) does not depend on the choice of the map that respects K and the
map that anti-respects K.

Sketch of proof.

(1) We leave it to the reader to verify this statement. Note that here one needs to make

use of the fact that the maps that (anti-) respect the submanifold give us control on
o . -n
B, and not just on B .

(2) This statement follows quite easily from the Respectful Embedding Proposition [2.12]
[ |

Now we can finally specialize to our beloved setting of knots in S®.

Definition.

(1) Let K and K be two oriented knots in S3. We pick a smooth embedding ¢: B — 53
that respects K and we pick a smooth embedding ¢: B — 53 that anti- respects
K. We perform the connected sum (S34#S3, K#K) and we use the semi-obvious

orientation-preserving diffecomorphism S3#5% — S3 to view K#K as an oriented
knot in S3[1

(2) We say that a knot K is primeﬁ if it is not smoothly isotopic to the connected sum of
two non-trivial knots.

Examples.

(1) In the figure below we show the connected sum of the trefoil K and the figure-8 knot
K. Admittedly it can take a minute to connect the picture to the actual definition.

LPES) Drsx

trefoil K figure-8 knot K connected sum K#K

In the next figure we show the connected sum of trefoil K and of the reverse of the
figure-8 knot K™. The figure shows that the orientation of the knots plays a role.

(2) In the figure below we show the trefoil and its “mirror image” K™, i.e. the reflection
of K in the zy-hyperplane.
The connected sum K#K is called the granny knot and the connected sum K # K™
is called the square knot. It is notoriously tricky to distinguish the square knot and the

It requires some thought why this diffeomorphism 53453 — §3 is unique up to isotopy. An easy way out
is to appeal to the Cerf Theorem

8In principle it would be more sultable to call such a knot “irreducible”. The name “prime” is justified by
the Knot—Prime Decomposition Theorem
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L) B
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trefoil K Krev connected sum K #[? rev
trefoil K mirror image K™ granny knot K#K square knot K #K™ir

granny knot, even up to taking “mirror images”. We will see later in Exercise that
the granny knot and the square knot are indeed not smoothly isotopic. O

The following proposition is now an analogue of the Manifold-Smooth Connected Sum-
Proposition

Proposition 2.14. (Knot Connected Sum Proposition) On the set of smooth iso-
topy classes of oriented knots the connected sum operation is well-defined and it has the
following properties:

(1) The trivial knot is a neutral element.

(2) The connected sum operation is commutative.

(3) The connected sum operation is associative.

In other words, the connected sum operation defines a commutative monoid structure on
the set of smooth isotopy classes of oriented knots.

Sketch of proof. First note that it follows almost immediately from the Isotopy Extension
Theorem together with the Submanifold-Connected Sum Proposition that the
connected sum operation is indeed well-defined on the set of isotopy classes of oriented
knots[]

The proof of Statements (1)—(3) is a slight variation on the proof of the corresponding
statements of the Manifold-Smooth Connected Sum-Proposition [2.11] We leave it to the
reader to fill in the details. [ |

2.6. Tubular maps, exteriors and meridians. We continue our discussion of knots and
links with the following fairly general definition.

Definition. Let M be a 3-dimensional smooth manifold with OM = & and let L € M be
a closed 1-dimensional smooth submanifold.

(1) A tubular map is a smooth embedding 7: B° x L — M such that for any P € L we
have 7(0, P) = P.
(2) The image of a tubular map is called a tubular neighborhood of L.

INote though that the statement does not follow just from the Submanifold-Connected Sum Proposi-
tion since we claim that K#K is well-defined up to isotopy in S3. This is a priori not the same
statement as saying that the oriented diffeomorphism type of (S3#S3, K#K) is well-defined.
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The following theorem says that tubular maps always exist and that they are unique in a
suitable sense.

Theorem 2.15. (Link Tubular Map Theorem) Let M be an oriented 3-dimensional

smooth manifold with OM = @ and let L € M be a closed oriented 1-dimensional smooth

submanifold.

(1) There exis_tis an orientation—preservinglﬂ tubular map 7: B'xL— M.

(2) Let o, 7: B” x L — M be two orientation-preserving tubular maps for L. There exists
a diffeotopy F': M x [0,1] — M and a smooth map ¢g: L — SO(2) with the following
properties:

(a) F() =id.
(b) F is a homotopy rel L.
(¢) The diffeomorphism Fy: M — M restricts to the map

0B xL) = (B x1L)
o, z) — 7(9(x)- v, ).
Proof.
(1) This statement is a special case of the Product Tubular Neighborhood Theorem together
with the Tubular Map Lemma from [Fri24].

(2) This statement is a special case of the the Tubular Map—Uniqueness Theorem which is
formulated and proved in [Fri24]. |

Definition. Let L be an link in S3. By the Link Tubular Map Theorem [2.15] (1) there
exists a tubular map 7: B~ x L — S3. We refer to X := 53\ 7(B? x L) as the exterior
of L.

A priori the definition of the exterior depends on the choice of the tubular map. Fortunately
the following lemma tells us that this is not a real issue.

Lemma 2.16. (Link Exterior Lemma) Let L be a link and let 7: B xL— S*bea

tubular map.

(1) The exterior Xy, = 83\ 7(B? x L) of L is a compact smooth submanifold of S with
0Xy, = 7(S' x L). In particular X, inherits an orientation from S3.

(2) The exterior X is well-defined up to an orientation-preserving diffeomorphism.

(3) If L and L' are smoothly isotopic links, then there exists an orientation-preserving
diffeomorphism between the link exteriors X and X, .

(4) The inclusion X — 5%\ L is a homotopy equivalence.

Proof.
(1) This statement follows from standard facts about smooth embeddings, see [Fri24].

. B2 . . . . 52 . . .
10we equip B~ with the standard orientation and we equip B x L with the product orientation.
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(2) This statement is an easy consequence of the Link Tubular Map Theorem [2.15| (2)
(3) This statement follows from (2) together with the Isotopy Extension Theorem [2.4}
(4) Let 7: B’ x L — S be a tubular map. We consider the map that retracts S® \ L
radially to X, i.e. we consider the map
F:(S*\ L) x[0,1] — S*\ L

(1) s 4 TEOA=D 4 p)y), ifz=r(v

) for (v,y) € (B°\ {0})x L

Since the map is continuous on two closed subsets that cover (S \ L) x [0,1] we see
that F is continuous. It is now clear that F is a deformation retraction from S*\ L to
Xp. It follows that the inclusion X; — S%\ L is a homotopy equivalence. [ |

We move on to a particularly important definition:

Definition. Let K be an oriented knot in S®. Let ux < S\ K be an oriented smoothly
embedded loop. We say that ux is a meridian of K if there exists a smooth embedding
Q: B < S8 with the following three properties:

(1) The map |g: defines an orientation-preserving diffeomorphism S' — px-.

(2) The image ¢(B") intersects K transversally in a single point
(3

) A positive basis for Tp(go(§2)) followed by a positive basis for TpK gives a positive
basis for TpS3.

Remark. More casually speaking, the Meridian Proposition says that a meridian
of an oriented knot K is any knot g which “circles once around the knot K7 where the
orientation is given by the right-hand-rule, i.e. if the thumb points into the direction of the
knot, then the fingers point into the direction of the meridian.

meridian px

oriented knot K —

Proposition 2.17. (Meridian Proposition) Let L be an oriented link in S® and let K
be a component of L.

(1) K admits a meridian.

(2) Let 7: B’ x L — S3 be an orientation-preserving tubular map. For any P € K the
image 7(S' x {P}) is a meridian of K.

HHere “intersects transversally in a single point” means that @(Ez) N K consists of a single point P and
that Tpp(B°) + TpK = TpS3.
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(3) Any two meridians for K in S®\ L are smoothly isotopic in S* \ L.
(4) Given any merldlan w of the component K there exists an orientation-preserving tubu-
lar map 7: B xL— S andaPEKVVlthyJ—T(S1 x {P}).

oriented knot K tubular neighborhood 7 (B X [&)

/
« merldlanr
(B’ x {P}) pr=T(S"x{P})

Sketch of proof of the Meridian Proposition

(1) This statement follows easily from taking any submanifold chart for a point on K.

(2) This statement follows almost immediately from the definitions.

(3) Since being smoothly isotopic is an equivalence relation it suffices to show that any
meridian is smoothly isotopic to a meridian that arises from an orientation-preserving
tubular map.

L%t p < S\ K be a meridian. We pick a corresponding smooth embedding
¢: B" — S% as in the definition of the meridian. It follows immediately from the
Link Tubular Map Theorem [2.15] that there exists an orientation-preserving smooth
embedding 7: B X K — S3 such that 7(0, P) = P for all P € K It remains to prove
the following clalm

Claim. There exists a smooth isotopy H: S' x [0,1] — S\ K with Hy = ¢ and such
that for all z € S* we have H,(z) = (z, P).

Proof. We prove the claim in four steps:

(a) We pick a point @ # P on K. Since 7(B3 x (K \ {Q})) is an open neighborhood
of P = 7(0, P) there exists an € > 0 such that ¢(B.) c 7(B2 x (K \ {Q})). After
applying the smooth isotopy

F: B x[0,1] — S
(x,t) — @@ -((1—1t)+e€-1t))

we can assume that @(Ez) is contained in 7(B2 x (K \ {Q})).
(b) By (a) we can consider the map

0: B % (B2 x (K\{Q}) (B x {P}).

It follows easily from hypothesis (1) that the differential of © at 0 is an isomorphism.
It follows from the Inverse Mapping Theorem [Eri24] that there exists an ¢ > 0
such that the restriction of © to B, is a smooth embedding. As in (a) we can
assume, after a smooth isotopy that is given by radial shrinking, that © is in fact
a smooth embedding. Note that it follows from the fact that 7 is orlentatlon—
preserving and hypothesis (2) that this smooth embedding ©: B = T(B x {P})
is actually orientation-preserving.

7(v,2) = 7(v,P)

2Here B, denotes the closed n-ball around the origin of radius .
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(c) Since K'\{Q} is diffeomorphic to an open interval we can find a smooth deformation
retraction from K \ {Q} to {P} If we take the “product” of this deformatlon
retraction with the identity on B’ we sce that our smooth embedelng P: B s
is actually smoothly isotopic, rel (0, P) to a smooth embedding B~ — 7(B3 x { P}).

(d) It follows from the Smooth Ball Embedding Theorem [2.9] that the smooth embed-
ding B 7'(B2 X {P; ) from (c) is smoothly isotopic, rel 0, to the obvious smooth
embeddmg B S T(B™ x {P}). H

knot K T(B x K)

meridian

(4) Let u be a meridian of K. As above we obtain from the Link Tubular Map Theorem [2.15]
an orientation-preserving smooth embedding 7: B~ x K — S® such that 7(0, P) = P
for all P € K. We fix P € K. By (2) we know that v := 7(S' x {P}) is a meridian
of K. By (3) we know that there exists a smooth isotopy F: u x [0,1] — S\ L with
Fy =id and Fj(u) = v. We use the constant isotopy L x [0,1] — L to extend F' to a
smooth isotopy of pU L. Finally we use the Isotopy Extension Theorem [2.4] to extend
this smooth isotopy of 11U L to a diffeotopy H: S3 % [0,1] — S% with Hy = id. Tt
follows that H, o 7: B~ x L — S3 is an orientation-preserving tubular map such that

(H)1oT)(S'x{P})=F(u) =v. |

We conclude this chapter with the following lemma which tells us what effect reversing the
orientation and taking mirror images have on meridians.

Lemma 2.18. (Meridian—Symmetries Lemma) Let K < S® be an oriented knot with
meridian .
)rev‘

(1) A meridian for K™V is given by (ux
(2) Let p: S* — S3 be a reflection in a hyperplane. Then a meridian for K™ = p(K) is

given by p(ux)™".

p is reflection in ‘rhiq hyperplane
oriented trefoil K reverse K oriented trefoil K mirror K™"

Proof. We recall the definition from page 27 of a meridian. Let J be an oriented knot. We
say tl that an oriented knot v < S3\ J is a meridian of J if there exists a smooth embedding
Q! B < S% with the following three properties:

(a) The map ¢|g1_defines an orientation-preserving diffecomorphism S* — v.
(b) The image ¢(B") intersects J transversally in a single point P.
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(c) A positive basis for T p((p(EQ)) together with a positive basis for Tp.J gives a positive
basis for TpS3.

In both cases of the lemma it is clear that the first two conditions of the definition of a
meridian are satisfied. The third condition follows from some elementary linear algebra.
We leave these considerations to the reader. [ |

Exercises for Chapter [2]

Exercise 2.1. Show that the trefoil and the figure-8 knot are reversible. In other words,
show that the two oriented knots shown in the figure to the left, respectively to the right,
are smoothly isotopic.

OB ) (D

trefoil with the two orientations figure-8 knot with the two orientations

Exercise 2.2. Show that the two Hopf links H, and H_, that are shown in the figure
below, are not smoothly isotopic.
Hint. Consider the fundamental group of the complement of the red component.

00 - D

Exercise 2.3. In https://www.desmos.com/3d/92d2884a72

an explicit description of the figure-8 knot is given. Give an explicit description for the
cinquefoil, the three-twist knot and the stevedore knot that are shown below.

2 IR
vy S G
cinquefoil three-twist knot stevedore knot

Exercise 2.4.

(a) Find a 3-component link that “seems to be linked” but such that each 2-component
sublink is unlinked.

(b) For any n € N find an n-component link that “seems to be linked” but such that each
(n — 1)-component sublink is unlinked.

Remark. Such links were first studied by Hermann Brunn [Bru92] and are often called
Brunnian links.
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Exercise 2.5. We consider the Hopf map
H:§% = {(z1,2) € 2| [a2 + [P =1} — 5= CP*

(21,22) > [z1: 29].

(a) Let P € S?. What does H '({P}) < S look like?
(b) Let P,Q € S? be two distinct points. What does H~'({P, Q}) = S® look like?
(c) Let P,Q, R € S? be three distinct points. What does H*({P, Q, R}) = S? look like?

Remark. You can make use of the fact that the answers do not depend on the choice of the
points.

Exercise 2.6. We consider the two links shown in the figure below. In precisely one of the
two cases the red component bounds a smoothly embedded disk that is disjoint from the
other components. Which case is it?

Exercise 2.7. We consider the two disjoint knots .J and K shown below. Is the link
L = J U K smoothly isotopic to the link L = K LI J (with the opposite order)?

T

Exercise 2.8. Let K, J  S? be oriented knots. We assume that there exists an orientation-
preserving diffeomorphism f: Xy — X; with f(ux) = py. Show that there exists an
orientation-preserving diffeomorphism f: S* — S® with f(K) = J.

Hint. Use the Handle Attachment Proposition from [Fri24] to attach a 2-handle to Xk
and X along ux < 0Xg and py < 0X;.

Exercise 2.9. Let K < R* c R*U {00} =; S® be a knot.

(a) Show that there exists a smooth embedding f: S? — R3\ K such that f(S?) is a retract
of R®\ K.

(b) Show that there exists a continuous map g: R*\ K — S$3\ K such that the induced
map g,: 7 (R*\ K) — 7(5%\ K) is an isomorphism.

(c) Show that (S*\ K)V S? is homotopy equivalent to R? \ K.

Exercise 2.10;3Let K < S? be a compact subspace. Show that there exists a smooth
embedding ¢: B” — S3 with K < ¢(B?).

Exercise 2.11. Show that if a link L < S? is splittable, then there exists an embedding
f(S?) — 5%\ L such that f(S?) is a retract of S®\ L.

Remark. If the reader already knows some facts about homotopy groups, then the reader
will notice that the exercise implies that mo(S® \ L) is non-zero.

Exercise 2.12.
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(a) Let X_I§I Y be a subspace of S®. We assume that there exists smooth embeddings
a,: B — S* with disjoint images and such that X < a(B?) and Y < 3(B?). Show
that S3\ (X UY) is homotopy equivalent to (S \ X) Vv S?V (S3\Y).

(b) Show that (a) can be used to give a solution to Exercise [2.9]

Remark. If the reader already knows some facts about homotopy groups, then the reader

will notice that the exercise implies that 75(S® \ L) is non-zero.

Exercise 2.13. Show that for any link L < S3 the complement S\ L is path-connected.
Hint. Make use of the Link Tubular Map Theorem [2.15]

Exercise 2.14. Show that there exists a closed 3-dimensional smooth manifold and a
closed 1-dimensional smooth manifold L. € M such that L does not admit a tubular map.
Remark. This shows in the Link Tubular Map Theorem [2.15 we cannot drop the hypothesis
that M is orientable.

Exercise 2.15. Can you pick up a loose unknotted string with both hands and turn it into
a knotted string as shown in the figure below, while holding on to the ends of the string?
Either way, which smooth isotopy types of knotted strings can you produce this way?




CHAPTER 3

Fundamental groups of link complements

The main idea of the following chapters is to study knots and links using the most powerful
tool that currently is at our disposal, namely the fundamental group. More precisely, given
a link L < 5% we will study the fundamental group m;(S®\ L). In this chapter we will
calculate this group for all torus knots. We will use this result to show in particular that
the trefoil is not smoothly isotopic to the trivial knot.

3.1. The fundamental group of the complement of a link. Our idea now is to study
the fundamental group of link complements. The following lemma says that we do not
really have to worry about base points.

Lemma 3.1. (Link Complement—Connected Lemma) Given any link L < S? the
complement S \ L is path-connected.

Proof. The lemma can be proved using the Link Tubular Map Theorem [2.15 Cleverly we
already filled in the details in Exercise [2.13] [ |

The following lemma shows that fundamental groups can (at least in principle) be used to
distinguish knots and links up to smooth isotopy:

Lemma 3.2. (Isotopic Link-m;-Lemma) Let L, L be links in S3. If L and L are
smoothly isotopic, then 7, (5% \ L) = 7 (S%\ L).

Proof. We suppose that L and L are smoothly isotopic. It follows from the Link-Smooth
Isotopy Proposition that the link complements S* \ L and S* \ L are diffeomorphic.
Evidently this 1mpl1es that the groups m; (5% \ L) and (S \ L) are isomorphic. ]

Remark. For a link L < R®* € R? U {oo}; = S? one could also consider the fundamental
group m(R?\ L). In Exercise |3.1| we will see that m(R3\ L) = 7(5\ L). As we will see
shortly, somewhat surprisingly, technically it is often easier to work with S3\ L instead of
R3\ L. 0
Before we head towards calculations, let us first state the following sobering lemma, which
implies that just looking at the fundamental 7 (S® \ L) is useless for distinguishing a link
from its mirror:

Lemma 3.3. (Mirror Link-m-Lemma) Given any link L in S® there exists an isomor-
phism 71 (5% \ L) & (5% \ L™).

m(S3\K) = m(S?\ K™r)
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Proof. By definition of the mirror we have L™ = p(L) where p: S* — S? is the reflection
in some hyperplane H < R*. Note that p restricts to a diffeomorphism S\ L — S3\ L™,
It follows that the induced map p,: (S \ L) = 7;(S? \ L™7) is an isomorphism. |

The name of the game is now to determine 7;(S® \ L) for interesting knots and links,
e.g. for the trivial knot and the trefoil. The trick is to find an elegant description of the
complements of the trivial knot and the trefoil. For this purpose it is useful to introduce
one more way to think about spheres. We will do so in the next section.

3.2. One more avatar of spheres. As we just mentioned, we want to get one more way
to think about spheres. Even though in this course we only really care about S3, let us
formulate the following lemma in a more general context:

Lemma 3.4. (Sphere—Solid Tori-Decomposition Lemma) Let m,n € Ny. We con-
sider the following two maps:

m— n" 5 m n m+n 1
®: 5" x B = A={(z,y) € R"xR"=R"™"|||z]*+||y[|*=1 and ||y||225}
b

(a.) = (¢||a||§+||b||2’\/||a||2+||b|2>

and

U:B" x 5" = Bi={(z,y) € R"xR"=R™" |[|z[*+||]y|>=1 and ||z[|*>1}
b

(@) = (\/IIaIIZHIbIIQ’\/||a||2+||b|2>'

These maps have the following properties:

(1) The map ®: S™ ! x B" — A is an orientation-preserving diffeomorphism.

(2) The map V: B™ x 8! — B is a diffeomorphism, it is orientation-preserving if and
only if m is even.

(3) The map

O: (Sm_l X En) Ugm—1xgn—1 (Em X Sn_l) — gmin-l

Pl o d(P), if PeS™!'xB",
U(P), if PecB" x 8!

is well-defined and it is a diffeomorphism.

SO % B’

Convention. We use the diffeomorphism © from the Sphere-Solid Tori-Decomposition
Lemma [3.4] (2) to add the smooth manifold (S x B") Ugm-1xgn1 (B x S™1) to our
list of avatars of S™+n=1,

Sketch of proof.
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(1) We consider the map
D m n m+n 1 m—
©: B={(z,y) €R™ x R"=R™" | [|lz[*+[lyl*=1 & [ly|*> 5} — S

(z,y) — (H_fzuﬁ)

"N

One can easily verify that ® and ® are inverses of one another and that ® and ® are
smooth. This observation implies that ®: B x S" ! — B is a diffeomorphism. We
leave the proof that @ is orientation-preserving to the reader or alternatively to [Fri24].
(2) This proof is almost identical to the proof of (1).
(3) Tt is clear that ® and ¥ agree on S™! x S"~1. Tt follows that the given map

O (Smfl % E”) Ugm-1y gn-1 (Em % Snfl) N Sm+n71

is well-defined and continuous. Using (1) one easily verifies that the map is a bijection.
It follows from the Compact-Hausdorff Proposition that the map © is a homeomor-
phism. Going through the definition of the smooth structure of the smooth manifold
on the left shows that the map is actually a diffeomorphism. Finally it follows from (1)
and (2) that the diffeomorphism is actually orientation-preserving. |

We are mostly interested in the case m = n = 2. As we mentioned on page [14 we have an
identification S® =; R3 U {oo} and we view R?® as a submanifold of the smooth manifold
S3 = R* U {oco}. In particular we can view A and B as submanifolds of S* =; R3 U {oo}.
In this setting we have

“central curve of A” = ®(S! x {0}) = S!x {0}

and “central curve of B” = W({0} x S') = the z-axis U {oo}.

We visualize the solid torus A and the central curve of the solid torus B in the figure below.
The solid torus B is more difficult to illustrate. It consists of a closed disk attached to each
point on the central curve. For example the closed disk attached to the origin is just the
“obvious” closed disk in the xy-plane that touches the torus ®(S! x S 1)H

the solid torus A with central curve S x {0} AN xz-plane
7 /j/; Y s
77
the central curve of the solid torus B BN zz-plane

is z-axis U {oo}

BWhat is the disk attached to the point co?
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Next note that the map
0: B x5 — R

cosy —sing 0 1+ sz
(,9), exp(ig)) > [sing cose 0] [ 0
0 0 1 —%y

rotation around z-axis describes circle
in zz-plane

is a smooth embedding. This (or obvious variations thereof) is usually viewed as the
standard smooth embedding of the solid torus into R3.

I\ z
Q\D/ Y

circle in the xz-plane
is rotated around the z-axis

_ O(S! x §Y)

T

O(B? x S1) is in the “interior”

The above embedding and the Sphere— Sohd Tori-Decomposition Lemma [3.4] give us two
smooth embeddings of the solid torus B x S into R3. The following lemma says that
these two smooth embeddings are essentially the same.

Lemma 3.5. (Torus Embeddings—Isotopic Lemma) Let Q: S3\ {N} — R? be
the stereographic projection as defined in the Stereographic Projection Lemma 2.1 We
consider the two smooth embeddings

cosp —sinp 0 Ry , }_)( )
((z,y),€%) = | sing  cosp 0 S \/|z|2+|w|2 NEETE

0 0 1 -4

provided by the above and provided by the Sphere—Solid Tori-Decomposition Lemma
There exists a diffeotopy G of S? rel {(0,0)} x S with Gy =id and G100 = Qo E.

Convention. In all the future examples we will not distinguish between the two smooth
embeddings of the solid torus B x S' = R3 that are given in the Torus Embeddings—
Isotopic Lemma

Proof. The lemma follows immediately from the Link Tubular Map Theorem [2.15 since
both maps are orientation-preserving tubular maps of the trivial knot. [ |

3.3. Fundamental groups of complements of the trivial knot. In this and the fol-
lowing sections we will use the description of S? from the previous section to give precise
descriptions of the complements of the trivial knot and of torus knots (which contains the
trefoil as a special case). These descriptions will allow us to determine the fundamental
groups of complements of the trivial knot and of torus knots.

First let us recall the definition from page [14}
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Definition. The trivial knot is defined as {(x,y,0) € R¥ |22 +y?> =1} c R3U{oo} =; S5.

Now we turn to the calculation of the fundamental groups of the complement of the trivial
knot:

Proposition 3.6. (Trivial Knot-m-Proposition) Let U be the trivial knot.

(1) Under the identification R* U {oc} =; S? from page [14] the trivial knot corresponds to
U={(2,0) € C?||z|* = 1}.

(2) S3\ U is diffeomorphic to S* x C.

(3) We have an isomorphisrn 7 (S?\U) = Z. In fact a generator of m;(S%\ U) is given by
a meridian (see page 27| for the definition of a meridian).

trivial knot U ——_ ®/ meridian is a generator of (S \ U) =

Remark. Let U ¢ R? ¢ R¥U {oco} =; S? be the trivial knot. In the Trivial Knot-m;-Pro-
position [3.6) we just showed that S3\ U is diffeomorphic to S' x C. On the other hand, in
Exercise [3.3| we will see that R\ U is homotopy equivalent to the wedge SV S2. Thus we
see that it is much easier to understand the complement of the trivial knot in S® than the

complement of the trivial knot in R3. This is one instance where it pays off to study knots
in S? instead of R3. O

Proof.
(1) This statement follows immediately from the Stereographic Projection Lemma .
(2)Note that g8\ = {(z,w) € C? | |2 + [w[> = 1}\ {(2,0) | |2| = 1}

= {(z,w) €C?*||z]2 + |w|* =1 and |w|* > 0}.

Now basically the same argument as in the proof of the Sphere—Solid Tori-Decomposition
Lemma [3.4] shows that the map

P: S'xC — S\U={(z,w) € C*||w* + |2|* =1 and |w|* > 0}
a

b
(@0) = <¢|a|2+|b|2’¢|a2+|b|2>

is a diffeomorphism. Let f: S* — S! x C be the embedding given by z — (2,0). We
now consider the following isomorphisms:

m(S\U) 2= m(S'xC) < w8y & oz
0 A 4
isomorphism since isomorphism since f is explicit isomorphism
® is a homeomorphism a homotopy equivalence from [Fri24]

(3) Note that a generator of m1(S') is represented by the loop [0,1] — S* that is given
by t + exp(2mit). One can easily verify that, using the notation from (2), the image
O(f(S")) is a meridian of K. |

3.4. Torus knots. In this section we introduce the family of torus knot, which as a special
case contains the trefoil knot.

Definition.
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(1) Let p,q € Z be coprime. We refer to the image of the map
Opg: R — 53
t (%exp(i ~p-t),%exp(i . q~t)).
as the (p, q)-torus knoﬂ T(p,q). We equip the torus knot with the orientation which

turns the map ¢, ,: R — T'(p, ¢) into an orientation-preserving local diffeomorphism.
(2) We define the right-handed trefoil to be the (2,3)-torus knot and we define the left-

handed trefoil to be the (-2, 3)-torus knot.
Visualisation.
(1) We give an alternative different description of torus knots: Let p,q € Z be coprime.

We consider the curve C' = {(p-t,q-t) | t € R} on the torus ¥ = ([0, 27| x [0, 27])/ ~.

By definition the (p, ¢)-torus knot T'(p, q) is the image of C' under the map

®: %= ([0,27] x [0,27])/~ — 53
1 . 1 .
(s,t) — ( 7 exp(is), 7 exp(it)).

torus in R? “viewed from above”
the torus X = ([0, 27] x [0,27])/ ~

1 is 1 i
(s,t) — (7§€ ' /53¢ "
o
the curve C' with
p=2andqg=3 , , .
K = ®(C) is the (right-handed) trefoil

(2) In the following figure we illustrate several examples of torus knots:

)
AN
& & O O O
right-handed left-handed T(5,2) T(7,2) T(3,-8)
trefoil 7'(2, 3) trefoil 7'(—2, 3)

(3) A visualization of the (p, ¢)-torus knots is also given by Johannes Zander in

https://www.desmos.com/3d/4ba6cb90d2.

Lemma 3.7. (Torus Knot Lemma)

(0) Each torus knot is indeed a knot.
(1) All torus knots T'(n, 1) and T'(1,n) are smoothly isotopic to the trivial knot.

20We will show in the Torus Knot Lemma H that T(p, q) is indeed a knot.
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(2) For any coprime p, ¢ € Ny we have:
) T(=p,—q) =T(p, q)™".
T(—p,q) and T'(p, —q) are mirrors of T'(p, q).
(p, q) is reversible, i.e. it is smoothly isotopic to T'(p, q)
(p, q) is smoothly isotopic to T'(¢, p).

rev

q
q

(0) Let p,q € Z be coprime. We consider again the map
Opg: R — 53
t (\/Liexp(i ~p-t),\%exp(i -q-1)).
One can easily verify that this map is an immersion and that it descends to a smooth
embedding R/27iZ — S3, whose image is precisely the (p, q)-torus knot T'(p,q). It
follows that the image ¢, ,(R*) = T(p,q) is indeed a smooth submanifold of S* that is
diffeomorphic to S*. In other words, T'(p, q) is indeed a knot.
Using the Orientation-Action Proposition ?? (1) one can easily show we can indeed
equip the torus knot with a unique orientation which turns the map ¢, ,: R — T'(p, q)
into an orientation-preserving local diffeomorphism.
(1) We will prove this statement in Exercise
(2) (a) It is clear that as unoriented submanifolds we have T'(—p, —q) = T'(p, q). But the
two maps from R to the torus knots differ by a minus sign. This shows that as
oriented knots we have T'(—p, —q) = T'(p, q)™".
(b) First we consider the map 5 5
g: 5> — S

(z,w) — (Z,w).

First note that we have T'(—p,q) = g(T'(p,q)) as oriented knots. Next note that,
with respect to real coordinates, g is just the reflection in the (zo = 0)-hyperplane.
It follows that T'(—p,q) = g(T(p,q)) = T(p,q)™" as oriented knots. Similarly we
see that T'(p, —q) is obtained from T'(p, ¢) by reflection in the (x4, = 0)-hyperplane.

(c) For the purpose of this proof we denote by p;: S — S3 the reflection in the
(x; = 0)-hyperplane. Note that as oriented knots we have

by (a) by (d) by (d)

T(p,q)™ = T(—p,—q) = pa(T(p,—q)) = palpa(T(p,q)))
pa(pa(T(p,q))) = T(p,q).

smoothly isotopic by the since p4 o pa = id
Link Mirror Lemma 21

>R 1<«

(d) We consider the map

f:8 — 83 which with real f:9 -5 53
z,w) — (w,z coordinates 0 i)
(=) (w.2) we can write as v id, 0"
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Evidently T(q,p) = f(T(p,q)) as oriented knots. Note that A € SO(4). Since

SO(4) is path-connected we see that f is diffeotopic to the identity. It follows that
T(q,p) is smoothly isotopic to T'(p, q). [ |

3.5. Fundamental groups of complements of torus knots. The following proposition

shows that fundamental groups of torus knot complements have very elegant and concise
presentations:

Proposition 3.8. (Torus Knot-m-Proposition) For any coprime p,q € N we have

m(SP\T(p,q)) = (z,y|a" =y7).

)
torus knot 7'(2,5) —— N g /)‘

relation 2% = ¢°
Example.

(1) As we pointed out above, the torus knots T'(b,1) and T'(1,b) are just the trivial knot in
disguise. Evidently the groups (x,y | 2° = ') and (x,y | 2! = ¢®) are both isomorphic

to Z. Thus the Torus Knot-m-Proposition (1) actually contains most of the results
of the Trivial Knot-m;-Proposition (3.6,

(2) Let K = T(2,3) be the trefoil. It follows from the Torus Knot-m;-Proposition (3.8| that
m(SP\ K) = (z,y [ 22 =), 0

In the proof of the Torus Knot-m;-Proposition 3.8, and most other calculations of funda-

mental groups later in this part of the lecture notes we need the following theorem from
[Fri24].

Theorem 3.9. (Seifert-van Kampen Theorem) Let M be an m-dimensional smooth

manifold and let R, S < M be two codimension zero submanifolds such that the following
hold:

(1) M=RUS.

(2) R and S are closed subsets of M.

(3) RN S is a single component of R and it is a single component of 05 F_Tl
For every base point 2y € RN S the inclusion-induced map

(R, o) *r1 (RNS,x0) (S, z0) — m(M,xo)
is an isomorphism.

OR=0S=RnNS

o > ' o@ S

Lo

In our applications we will often perform amalgamations along infinite cyclic groups. For
these discussions the following notation comes in handy:

2Here we mean by OR and 95 the boundary of R and S viewed as smooth manifolds in their own right.
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Notation. Let G and G be two groups and let p € G and i € G be elements. We denote
by G *,—p G the amalgamated product corresponding to the group homomorphisms Z — G
and Z — G that are given by 1+ p and 1 +— p.

Proof of the Torus Knot-m;-Proposition [3.8. By the Sphere—Solid Tori-Decomposition
Lemma [3.4] there exists a diffeomorphism

o)

O S3 — (Sl X EQ) U31X31:5'1><31 (EQ X Sl)
7.A 7.B

which is, up to scaling by a factor of v/2, the identity on ¥ := S' x S*. Thus it remains to
prove the following claim:

Claim. For K = {(exp(psi),exp(gsi)) | s € R} € ¥ < AU B there exists an isomorphism
m((AUB)\ K) = (z,y |2 = y7).

Proof. We start out with the following simple observation:

(a) A and B are codimension-zero submanifolds of AU B.
(b) A and B are closed subsets of AU B.
(c) We have 0A =0B=ANB=1%.

We write A = A\ K, B = B\ K and Yk := 3\ K. Since K is a closed subset of AU B
we obtain easily from the above that the following statements hold:

(a') Ak and By are codimension-zero submanifolds of Xx = (AU B) \ K.
(b") Ak and By are closed subsets of Xj.
(C/) 8AK = 8BK = AK N BK = EK

Next note that x := S' x {0} is a deformation retract of Ax and that y := {0} x S' is
a deformation retract of Bi. Finally note that Y admits a deformation retraction to a
parallel copy of K. More precisely, for ¢ > 0 sufficiently small, there exists a deformation
retraction from X g to the loop

z = {(exp(psi+e€),exp(gsi)) | s € R} < Y.

7 Ak cA=S5'xB
T(2,3)— . _ ol
)3)— . N— S' x {0}

%
e (L

7_) ,
Bx < B” x S!

//f???///%
>
Z
7

We pick a base point x € Y. By an abuse of notation we denote by x,y and z also
the loops corresponding to the circles x,y and z with the obvious orientation. Then the
inclusion-induced homomorphisms
7T1(AK,*) < 7T1(EK,*) — 7T1(BK,*)
ix(g) 9 = Jx(9)

become (@) <
¥ =z =yl
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Thus we see that

m1( Xk, *) T T1(AK, *) *my (5 ) T1( B, %) % (@) *ar—ya (y) = (z,y[ 2P =y7).
by the Seifert—van Kampen by the above
Theorem which we can apply by discussion
the above statements (a’), (b’) and (c¢’) |

Let again U be the trivial knot and let K be the trefoil. The obvious question is whether or
not 7 (S3\ K) = (z,y | * = y3) is isomorphic to m(S*\U) = Z. As usual we first consider
the abelianization of 7 (S®\ K). For better or worse can easily show that the abelianization
of 71(S% \ K) is isomorphic to Z. Despite this slight setback the following lemma, which
answers Question 2.2 does fortunately show that the group m (5% \ K) = (z,y | 2% = ¢*)
is not isomorphic to 71(S%\ U) = Z.

Proposition 3.10. (Trefoil-Non-Trivial Proposition)

(1) The group {(x,y | *> = y*) admits an epimorphism onto the permutation group S, in

particular the group (z,y | 22 = y3) is non-abelian and it is not isomorphic to Z.

(2) The trefoil is not smoothly isotopic to the trivial knot.

Proof.

(1) One can easily verify there exists a unique homomorphism

O: (z,y| 2> =19%) — S3 = permutation group on three elements

with
t O(z) = o = (12) = (; ? g)

and
Dy) = 7= (123) = (, 5 ).

The permutations ¢ and 7 do not commute, hence the image of ® is a non-abelian
subgroup of S3/2 On the other hand the abelian group Z cannot admit an epimorphism
onto a non-abelian group.

(2) It follows from (1), the Trivial Knot-m;-Proposition and the Isotopic Link-7;-Lem-
ma that the trefoil is not smoothly isotopic to the trivial knot. |

3.6. Splits unions and fundamental groups. In this section we discuss the split union
of links and the effect this construction has on fundamental groups of link complements:

Proposition 3.11. (Split Union-7;-Proposition) Let L and L be two oriented links in
S3. We consider the split union L LI L as defined on page There exists an isomorphism

m(SP\(LUL)) = m(S3\ L) *m(S*\ L).

Example. Let L be the trivial m-component link. Evidently L is the split union of m
copies of the trivial knot.

It follows from the Split Union-m;-Proposition and the Trivial Knot-m-Proposition
that 7,(S% \ L) is a free group on m generators. In the figure above we show generators.
These can be obtained easily from the proof. O

221 fact it is easy to see that the only non-abelian subgroup of Ss is Sj itself, i.e. ® is an epimorphism
onto Ss.
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m~-component
trivial link L:
W SS\L (w1, )
T
T

! ~— base point

Proof. We start out with two basic claims:

Claim 1. Given any link J < S® there exists a smooth isotopy from J to a link in S

Proof. There are many ways to prove this claim. One approach would be to modify the
proof of the Link-in-R3-S3-Lemma We leave it to the reader to find their preferred
proof. H

Claim 2. Given any compact X < 52 and given any zy € S2, the inclusion induced map
m(52 \ X, 29) = m1(S® \ X, 20) is an isomorphism.

Proof. By the Seifert-van K en Theorem ve the following pushout diagram:
f. By my 5 3.9 w 3183 l) gD g

_O,I

| rl

71(S2g, ) ———— m (P \ K).

The fundamental groups to the left are trivial. This implies of course that the left vertical
map is an isomorphism. It follows from that the right vertical map is also an isomorphism.
H

Now we turn to the actual proof of the proposition. Let L and L be two oriented links
in S®. Tt follows from Claim 1 and the Link-Split Union Lemma (2) that we can
assume that L < 52 and similarly we can arrange that L < S2

Let ¢: B° — 53y < 5% and P B - 52y < S% be the obvious smooth embeddings.
Cleverly we pick @ = ¢ and @ = @. It follows from the definition on page [20] that
LU L=LUL. Finally we see that

m(S*\(LUL) = m((S%\ L) Ugs, (S%\ L)) = w1 (52 \ L) # w1 (53 \ L).
follows from the Seifert-van Kampen Theorem ]

and the fact that 71 (S?) = 0
For the record we state the following theorem which can be viewed as a converse to the
Split Union-m;-Proposition [3.11]

Theorem 3.12. (Link Kneser Theorem) Let L be an oriented link in S3. If there
exists an isomorphism 71(S3\ L) = G} * Gy, then we can write L = L; LI Ly, where L; and
Ly are unions of components of L, such that 7 (S \ L) = G, for i = 1,2.
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Proof. The theorem is a relative straightforward consequence of the more general Kneser

Theorem in 3-manifold topology which is stated and proved in [HemT76| Section 7] and
[Call4l Theorem 3.9]. [

We conclude this section with one more explicit example of a link:

Definition. We refer to

= ({0} x SHU (S x {0}) = (B x SY) Ugiysr (St x BY) = S°

as the Hopf link.
Lemma 3.13. (Hopf Link—Lemma)
(1) The Hopf link H is smoothly isotopic to the link

{(z,9,0) e R® |2 + 3 = 1} U {(2,0,2) eR*| (z — 1) +2* =1} = R*c S°
(2) 83\ H is diffeomorphic to S x St x (—1,1).
(3) m(S°\ H) = 7°
(4) The Hopf link is not smoothly isotopic to the trivial 2-component link.

trivial link L \Q Q Q

7153\[4 le Tz SB\H

Hopf link H

Sketch of proof.

(1) This follows fairly easily from the identifications given by the Sphere—Solid Tori-Decom-
position Lemma and the Stereographic Projection Lemma

(2) As in the proof of the Trivial Knot-m-Proposition one can write down an explicit
diffeomorphism. We will fill in the details in Exercise

(3) This statement follows immediately from (2).

(4) Let L be 2-component trivial link. On page 42| we showed that 71(S3\ L) is the free
group on two generators. This group is non-abelian, so by the calculation in (3) it

follows that 7;(S® \ L) is not isomorphic to m(S® \ H). It follows from the Isotopic
Link-m-Lemma [3.2] that L is not smoothly isotopic to H. |

3.7. Connected sum of knots and fundamental groups. In this section we will con-
sider the effect of the connected sum operation of knots on fundamental groups. Before we
can state our main result we need to formulate a fairly general lemma:

Lemma 3.14. (Loop-m;-Lemma) Let M be a path-connected smooth manifold and let
Tg € M.

(1) Let C < M be an oriented submanifold of M that is diffeomorphic to S*. We make
two choices:

e We pick an orientation-preserving diffeomorphism f: S' — C.

e Since M is path-connected we can pick a path v: [0,1] — M from z( to f(1) € C
The element
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[ yx (= flexp2mit))) 7 ] € m(M, o)
N -~ e

the loop in (M, zo) that is given

by the concatenation of

(1) the path ~ from zg to (1)

(2) the loop ¢t — f(exp(2wit)) in v(1)

(3) the “inverse” path % from (1) to zo

is well-defined up to conjugation.

(2) Let C,C < M be two oriented submanifolds of M that are diffeomorphic to S*. If
C and C are smoothly isotopic, then C' and C' define the same conjugacy class in
7"'1(]\47 .’I,'())-

(3) Let C = M be an oriented submanifold of M that is diffeomorphic to S'. If we
denote by C™ the same submanifold with opposite orientation, then C' and C™V
define elements of 7 (M, xy) that are inverses of one another.

L 2mit
exp(2mit) @
0 1

Sketch of proof. We leave it to the reader to provide the proof. [ |
The Loop-m;-Lemma allows us to introduce the following slightly dangerous notation:

Notation.

(1) Let M be a path-connected smooth manifold, let 2o € M and let C < M be an
oriented submanifold of M that is diffeomorphic to S'. We denote by [C] € 7 (M, x()
the element, well-defined up to conjugation, that we introduced in the Loop-m;-Lem-
ma [3.14

(2) Let L = S3 be a link and let K be an oriented component of L. It follows from the
Meridian Proposition and the Loop-m;-Lemma that for any zo € S%\ L the
meridian s defines an element in m(S?\ L, o) that is well-defined up to conjugation.
If there is no danger of confusion, then we denote this element by ur € 71(S%\ L, z0)
as well.

Next recall that on pagewe introduced the connected sum K#K of two oriented knots K

and K. For the reader’s convenience we recall the definition (together with the meridians)

in the figure below:

meridian fg meridian pz meridians for K #[?
\ AN / AN
L) D

trefoil K figure-8 knot K connected sum K #]N(

Proposition 3.15. (Knot Connected Sum-m-Proposition) Let K and K be two
oriented knots in S3. For any base points zp € S* \ K and 7y € S® \ K and for any
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meridians g and pgz there exists an isomorphism

i (SP\ (K#K)) = m(S°\ K, 20) *uempre m1(S\ K, o).

Example. Let K be the trefoil K = T'(2,3). Using the Torus Knot-m;-Proposition 3.8 and
the Knot Connected Sum-7;-Proposition [3.15| one can show, with enough patience, that
the sets Hom(m (S \ K),S3) and Hom(m;(S? \ (K#K)),Ss) have different cardinalities.
This implies that the trefoil K and the connected sum K# K are not smoothly isotopic. O

Sketch of proof. We start out with the following observation:

Claim 1. The statement of the proposition is independent of the choice of base points,
choice of meridians and choice of paths connecting the meridians to the base points.

Proof. The claim is an almost immediate consequence of the Loop-7;-Lemma and the
following group theoretic result: If w, 7 are groups, if v € r and v € T and if f: 7 — 7’ is
an isomorphism, then 7 *,_y 7 is isomorphic to 7 *(,)—y 7. H
Now we turn to the actual proof of the proposition.
e As in the definition of K#K we pick a smooth embedding ¢: B — 5% that respects K
and we pick a smooth embedding ¢: Ba — S that anti- respects KP?
e We write D3 := S3\ p(B?), D? = ¢(B’), D = ¢(S?) and K* = D3N K.
o We write D3 := 3\ 3(B?%), D3 == §(B’), D == 3(5?) and K* .= DN K.
e It follows easily from the definitions that pux = ©({0} x S') and pp = $({0} x S') are
meridians for the oriented knots K and K [*4

—{0} x S*
C’lazm 2. The two inclusion-induced homomorphisms (D3 \ K3) — m(S® \ K) and
m (D3 \ K;) — m (S \ K) are isomorphisms.

Proof. By the Seifert-van Ka (rg%en Tlseorem 3.9 we ha(,ve t{xe foglowmg pushout diagram:

| -l

m(D3\ K ) — m (S \ K).

Note that it follows easily from the fact that o: B = s respects K that the inclusion
D3\ Ky — D? \ K_ is a homotopy equivalence. This implies that in the above pushout
diagram the left vertical map is an isomorphism. It follows that the right vertical map is
also an isomorphism. The argument for K is of course basically the same. H

2We refer to page [22[ for the definitions of such maps.
24Tor K one needs to think a little bit about the orientations.
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Next we consider the following maps:

isomorphism by the Seifert-van Kampen

Theorem
~ + ~ ~
m((S°#S%) \ (K#K)) = m(DLN\ K1) % o gy (B Ro) TLDE N\ K1)
S\ (K#£F) W |= 1 |=

ﬂ-l(Di \ K—l—) *ur=ng 7T1(D§r \ K—i—)
(@) |= @) |=
™ (S%\ K) Fur=ng mi(S%\ IN{)
It remains to show that the vertical maps are isomorphisms:
(1) Regarding the top vertical maps we make three observations:
(a) As we mentioned above, pux = ({0} x S') and iz = ¢({0} x S') are meridians
for the oriented knots K and K.
(b) The identification D3 = D} identifies pux with fix as oriented submanifolds.
(¢) pk is a deformation retract D \ Ky and puj is a deformation retract Dg \ K.

It follows from this discussion that the top vertical maps are isomorphisms.
(2) It follows easily from Claim 2 that the bottom vertical maps are isomorphisms. |

Exercises for Chapter [3]

Exercise 3.1.

(a) Let n > 3 and furthermore let K < R™ be a compact subset. We view K also as a
subset of S™ = R" U {oo}. Let zp € R™\ K. Show that the inclusion-induced map
m(R™\ K, x¢) — m(S™\ K, xp) is an isomorphism.

(b) Does the conclusion of (a) also hold for n = 27

(¢) Does the conclusion of (c) also hold for non-compact subsets of R™?

Exercise 3.2. Given k € Z we consider the map
op: Stx St — Sl x gt
(w,2) = (w-2*2).
Show that (S! x B) Uy, (St x B”) is homeomorphic to S3 if and only if k € {—1,1}.
Hint. It might be helpful to compute the fundamental group or the first homology group
of this topological space.

Exercise 3.3.

(a) Let K < R? be the trivial knot. Show that R3\ K is homotopy equivalent to S* Vv S2.

(b) Let L < R3 be the m-component unlink. Show that R3\ L is homotopy equivalent to
a wedge of spheres of suitable dimensions.

Exercise 3.4. Let H < 5% be the Hopf link. Show that S® \ H is diffeomorphic to
Stx St x (—1,1).

Exercise 3.5. Show that for every n € Z the torus knots T'(n, 1) and T°(1, n) are smoothly
isotopic to the trivial knot.
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Exercise 3.6. In the figure below we show the torus knot 7°(2,5) and two loops z and y.
Show directly (without worrying about base points) that 2% = y° € 7;(S%\ T(2, 5)).

torus knot 7'(2,5) —— %ll/
/ _

Exercise 3.7. Give an explicit diffeotopy from the map
f:8 — S8

L0 ids)
v id, 0)7Y

Exercise 3.8. As usual we consider the torus S* x S* ¢ §3 =; (EQ X ST Ugrygr (ST % EQ).
Given m,n € Z we consider L(m,n) = {(y,z) € St x St |y™ = 2"}.

to the identity.

(a) What is the number of components of L(m,n)?

(b) For which m,n € Z is L,,,, a torus knot?

(c) Draw L(2,2) and L(4,6).

Remark. The link L(m,n) is called the torus link L(m,n).

Exercise 3.9. Let p, ¢ € N coprime. Recall that in the proof of the Torus Knot-m-Propo-
sition [3.8] we gave an explicit isomorphism (x,y | zF = y9) — 71(S3\ T'(p, q)).

(a) Show that 71 (S*\ T'(p, q))ap =

(b) Find a word in z and y that represents a generators of m1(5% \ T'(p, q))ab

(c) We consider the trefoil 7'(2,3). Find a word in x and y that represents a meridian of
the trefoil.

(d) Do (c) for all torus knots.
Remark. This might be a bit tricky.

Exercise 3.10. Let n € Ny. We consider the dihedral group
D, = ZyX,Zy = (x,t|a™t?t -z -t =a7).
/I\

semidirect product where ¢: Z,, — Z,, is
given by multiplication by —1

Distinguish the torus knots 7'(2,p) by looking at epimorphisms onto dihedral group.

Exercise 3.11. Let n € Ny. As in Exercise [3.10| we consider the dihedral group
Dy = ZnXNyZo = (x,t]a™ Pt -zt =a7").
Let K; and Ky be two oriented knots and let p be a prime. Use the Knot Connected
Sum-7-Proposition to prove that the following two statements are equivalent:
(1) There exists an epimorphism 7 (S® \ (K1#K3)) — D,.
(2) There exists an ¢ € {1,2} such that 7;(S® \ K;) admits an epimorphism onto D,,.

Exercise 3.12. Let p,q € N be coprime. We set I'(p, ¢) = (z,y | 2P = y9) and we consider
the subgroup C(p,q) of I'(p, ¢q) that is generated by z? and y?. We denote by T'(p,q) the
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(p, q)-torus knot. In the Torus Knot-m-Proposition we showed that there exists an
isomorphism 71 (S®\ T'(p,q)) = T'(p, q).
(a) Show that I'(p, q)/C(p, q) = Z, % Z,.
(b) The center of a group 7 is defined as C(7) == {g € 7| gh = hg for all h € 7}.
(i) We assume that p,q # 1. Show that C(Z, x Z,) = {e}.
(ii) Show that C'(I'(p,q)) = C(p, q).
(c) Let (p,q) and (p/,¢') be two pairs of coprime natural numbers with 1 < p < ¢ and
1 < p' < ¢. Show that if (p,q) # (p',¢’), then the torus knots T'(p,q) and T(p',q') are
not smoothly isotopic.

Exercise 3.13. Let K < S? be an oriented knot with exterior X and meridian pux < 0Xf.
We pick a base point xy € . Show that m(Xk, xg) is normally generated by fix.

Hint. Attach a 2-handle to Xg along the meridian. What can you say about the funda-
mental group of the resulting topological space?

Exercise 3.14. Let K and f}' be oriented knots. Show that the fundamental groups of
S3\ (K#K) and S? \ (K#(K™)™") are isomorphic.
Exercise 3.15. We consider the two links L and L that are shown in the figure below.

(a) Show that there exists an orientation-preserving diffeomorphism X; — X7 which pre-
serves the ordering of the boundary components.
(b) Show that the two links L and L are not smoothly isotopic.

the two links are not smoothly isotopic but
the complements are diffeomorphic

Exercise 3.16. Show that the Borromean rings (which are shown in the figure below) are
non-trivial by considering one component as an element in 7 of the complement of the
other two components.

Borsomean rins /\@

Exercise 3.17. Let K < S? be a knot. We consider the “physical cone”
C = {r-P|[PeKandrel0l]} c B
(a) Show that C'is homeomorphic to the disk B

(b) We suppose that K is smoothly isotopic to | ‘glhe trivial knot. Show that C'is a topological
submanifold of the topological manifold B .

Exercise 3.18. Let K < S® be a knot such that 71(5% \ K) % Z. As in Exercise we

consider the “physical cone”
C = {r-P|[PeKandrel0,1)} c B
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In Exercise [3.17 ﬂ 7| we showed that C' is homeomorphic to the disk B In the following we
will show that C' is not a submanifold of the topological manifold B

(a) Let a: m(S?\ K) — Z and 3: Z — m(S® \ K) be two homomorphisms. Show that
the composition 3o a: 7 (S \ K) — m1(S? \ K) is not an isomorphism.

(b) Suppose that F' is a proper 2-dimensional topological submanifold of B'. Show that
given any point P € F N B* there exists a Contmuous map P: B4 — B that is an
embedding such that ®(0) = P and such that <I>(B x {0}) = ®(B ) ncC.

(c) Show that C' is not a topological submanifold of B
Hint. Evidently the idea is to apply (c) to the point P = 0 € C. The difficulty is
that the map ® from (c) is not just a rescaling of the identity but it is potentially a
completely different chart. To deal with the problem we introduce some notation.

(i) Given I < [0,1] we write Dy := {v € B [|v|| € I}.

(i) Given I < [0, 1] we write N; :== ®(Dy).

(ili) Given t € (0, 1] we write D, :== Dy and Ny :== Nyy.

Show that the following statements hold:

(1) Given any ¢ € (0,1] there exists an s € (0,1) with Dy 4 < Npy).

(2) Given any s € (0,1] there exists a t € (0,1) with Ny < Dy,).

(3) Given any choice of r < s in (0, 1] the two inclusion maps D,\C' — D}, 4\ C and
DN\C — Dy, 4\C' are homotopy equivalences, in particular they induce isomorphism
of fundamental groups. Each of the fundamental groups is isomorphic to m;(S3\ K).

(4) Given any choice of r < s in (0,1] the two inclusion maps N, \C' — N}, 4\C and
NA\C — Nj,. 4\C are homotopy equivalences, in particular they induce isomorphism
of fundamental groups. Fach of the fundamental groups is isomorphic to Z.

(5) Use the above discussion together with (b) to show that such ® cannot exist.

trefoil K

trefoil K < "

—2

B™ x {0}

™ the trivial knot
radius t

93—




CHAPTER 4

Link diagrams

In the previous chapter we gave a completely rigorous calculation of the isomorphism type
of the fundamental group of the complement of torus links and we used this to show that
the trefoil is not smoothly isotopic to the trivial knot.

Our next goal is to calculate fundamental groups of complements of arbitrary links.
But to calculate such fundamental groups we first need to find a way to describe all links
in a reasonable way. In this chapter we will introduce the notion of a diagram of a link.
We will see that diagrams are convenient ways to describe links. In the next chapter we
will explain the Wirtinger algorithm which, given a link diagram for a link L < S3, lets us
determine a presentation of (S \ L) from a diagram.

4.1. Definition and existence of link diagrams. In Chapter [2| we showed lots of 2-
dimensional figures which present knots and links in R3. Some of these are shown in the
figure below:

O ¥ L O R

trivial knot trefoil figure-8 knot Hopf link whatever

Such 2-dimensional pictures, which clearly indicate a link, are usually called “diagrams”. It
takes some thought to say precisely what a “diagram” is supposed to be.ﬁ In this chapter
we will give a formal definition of a link diagram and we will see that every link admits such
a diagram. In the course we will see on many occasions that link diagrams are a convenient
tool for describing links.

Before we start with link theory we introduce one bit of notation

Notation. Given a smooth map v: S' — R" and z = exp(is) € S! we write

v (z) = derivative at the point s of the function R — R™ given by ¢ — ~(exp(it)).

25Unless one applies the popular all-purpose “I know it when I see it” -definition.

51
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Definition. A map y: U S} — R? is called diagrammatic if the following conditions are

satisfied:

(a) The map js an immersion, in our case this just means that v is smooth and that for
each z € U S} we have 7'(z) # 0.

(b)If z £ w € igl S} satisfy v(z) = y(w), then 7/(z) and 7/(w) are linearly independent.
(c) For every P € 7(1'91 S}) the preimage 7! (P) consists of either one or two points.
Any z € igl S} for which there exists a w # 2 € 1'91 S} with v(z) = v(w) is called a double

point of .

images of double points

not allowed in a diagrammatic map images of diagrammatic maps S' — R?
We start out with the following lemma which we will use subconsciously on many occasions.

Lemma 4.1. (Diagram—Double Point Lemma) Every diagrammatic map has only
finitely many double points.

Sketch of proof. To simplify the notation a little bit we only deal with the case m =1,
i.e. we consider a diagrammatic map v: S — R2. Recall that this means that ~ has the
following properties:

(a) For each z € S' we have 7/(z) # 0.

(b) If z # w € S! satisfy v(z) = y(w), then v/(2) and +'(w) are linearly independent.

(c) For every P € v(S') the preimage v~!(P) consists of either one or two points.

Next we consider the map fiS'x S - R?xR2

(z,w) = (v(2),7(w)).

Given a set X we denote by Ay = {(z,z) |z € X} the diagonal in X x X. It follows easily
from the definitions that

#double points of ¥ = % #(f (Ag2) \ Ag).
Stx St
. e v f=rxy
7 (Age2) R? x R?
(2, w) with y(2) = y(w) Az

Thus it suffices to prove the following claim:
Claim. The set f~'(Agz) \ Ag: is finite.

Proof.  We make the following observations:
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(1) Since Age < R? x R? is closed we see that f~!(Arz) = S* x St is closed.

(2) It follows from (a) that there exists an open neighborhood U of Ag: such that U N
f_l(ARz) = Ag1.

(3) It follows from (b) that each (z,w) € (f~'(Agz)\ Ag1) is an isolated point in f~!(Age).

The above observations imply that f~'(Agrz) \ Ag: is a discrete subset of the compact

topological space (S x S1)\ U. It follows that (f~'(Agz) \ Ag1) is finite. ]

Definition. .
(1) A link diagram is a diagrammatic map ~: i|;|1 S} — R? together with a map

c: {double points of v} — {£1}
which has the property that for z # w € U S} with v(2) = y(w) we have ¢(z) # c(w).

(2) A knot diagram is a link diagram with m = 1.

(3) Let (7, ¢) be a link diagram. Let z be a double point of . If ¢(z) = 41, then we say
that the double point is an overcrossing, otherwise we call it an undercrossing.

(4) We refer to the images of the double points as the crossings of the link diagram.

1 ]
_l )
+1 - R?
+1 -1
+1
+1
/ __1 ™ overcrossing .
undercrossing link diagram with five crossings

The next lemma shows that link diagrams give rise to links.

Lemma 4.2. (Diagram-to-Link Lemma) Let (7: igl S} — R?,¢) be a link diagram.
We can pick disjoint compact segments I, ..., I of ;Unl S} and we can pick a smooth map
n: i;ﬁl S} — [—1,0] with the following properties:

(a) Each segment contains a unique undercrossing and each undercrossing is contained in
some segment.

(b) No segment contains an overcrossing.

(c) The value of 1 outside the segments is equal to 0.

(d) On each segment the function n has a unique local minimum, namely at the corre-
sponding undercrossing where the value of 7 is equal to —1.

The following two statements hold:

(1) The image of ;ﬂl S} under the map igl S} — R3 given by z — (v(2),n(2)) (together

with the obvious ordering of the components) is an m-component link.
(2) Any two nghoices of segments and 7 as above give rise to smoothly isotopic links.

If we equip Z,|:|1 S} with the standard orientation, then in the above statements we can also

replace “link” by “oriented link”.
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—1
+1
+1 +1
—1
L —— graph of 7
-1 —1
+1

Definition. The Diagram-to-Link Lemma shows that a link diagram gives rise to an
essentially unique (oriented) link. We refer to this link as the link associated to the link
diagram. At times we will rather blur the difference between a link diagram and the
associated link.

Example. In the figure below we show to the left a knot diagram. To the right we show
the associated knot.
z-axis

+1

+1 RZx {0}

knot associated to a

knot diagram
knot diagram

It is pretty clear that the resulting knot is smoothly isotopic to the trefoil. O

Proof. It is elementary to show that such segments Iy,...,[; and that such a smooth
function n: U St — [—1,0] exist. Given such a function it is clear that the map z

(v(2),m(2)) is injective. Since U S} is compact and since R? is Hausdorff it follows that

the map is actually an embedding. Since v is an immersion it follows that the map z —
(7(2),n(2)) is in fact even a smooth embedding. In summary we see that the image is a
one-dimensional submanifold of R* U {oo} =; % that is diffeomorphic to U S}. In other

words, the image is a link.
Now suppose that we are given two functions 7 and 1’ with the properties stated as
above. We consider the map

H: (iglsg) x [0,1] — R3U{oo} = S3
() = (v(2),n(z)- (1L =)+7'(z) - 1)
This map is smooth. By construction we know that for any two distinct points z, w € Z,|;|1 S}
with v(z) = y(w) we have n(z) < n(w) if and only if ¢(z) = —1 if and only if 7'(2) < 7' (w).
Using this observation one can easily verify that each H; is a smooth embedding. In other

words, the map H; is a smooth isotopy between the two (oriented) links corresponding to
n and 7. [ |
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In practice, i.e. in future examples, we do what every other sane topologist does, namely
we draw a suggestive picture and we interpret it as a link diagram and a corresponding link
in the obvious way. For example in the figure below we show the first prime knots (ordered
by crossing number) in the standard table of knots (where we do not distinguish between
knots and their mirror image).

O
G
@
5
%
2

N A B
Q) @D D XES

We refer to the standard textbooks on knot theory [Rol90, BZH14] for a continuation
of the table. But it should already be pretty clear from this table that knots provide a
straightforward way to produce an almost endless list of interesting topological problems.
In the Diagram-to-Link Lemma [£.2) we saw that any link diagram gives rise to a link. The
following proposition gives us the converse:

Proposition 4.3. (Link Diagram Existence Proposition)
(1) Given any (oriented) link L = S® there exists a link diagram such that L is smoothly
isotopic to the link associated to the link diagram.
(2) Given any (oriented) link L < R? there exists an A € SO(3) such that the projection
of A- L onto the zy-plane defines a link diagram for L.
We postpone the rather lengthy proof of the Link Diagram Existence Proposition to
the next section.
The Link Diagram Existence Proposition [£.3] allows us to introduce the following defi-
nition:
Definition. Let L be a link. We define the crossing number ¢(L) of L as the minimal
number of crossings of any diagram of L.

As an aside let us formulate the following open question:

Question 4.4. s the crossing number additive under the connected sum operation? More
precisely, if K and K are oriented knots, is ¢(K#K) = ¢(K) + ¢(K)?

We have now seen that every link, up to smooth isotopy, arises from a link diagram.
The question arises, when do two link diagrams give rise to smoothly isotopic links? The
following theorem gives a complete answer. We formulate the theorem in a slightly informal
way since we will not really make use of it.

Theorem 4.5. (Reidemeister Moves Theorem) Two link diagrams give rise to smooth-
ly isotopic links if and only if the two diagrams are related by a finite sequence of smooth
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isotopies of R? and Reidemeister moves. The three Reidemeister moves are illustrated in
the figure below.

(D-@) 0D~ &~

Reidemeister move 1 Reidemeister move 2 Reidemeister move 3

Proof. The theorem goes back to the work of Kurt Reidemeister [Rei26], p. 26], [Rei32),
Chapter 3] in 1932 and independently James Alexander and Garland Briggs [AB27, p. 563].
The formulations and the proofs in [Rei26, Rei32, [AB27] are in terms of “polygonal
links”. The statement of the theorem is well known in our setting, where links are defined

as submanifolds of S? and it appears in any textbook on link theory. A satisfactory proof
can be found in [OSS15| Theorem B.1.1]. |

Example. In Exercise [4.8] we will see that the following variations on the above Reide-
meister moves are actually consequences of the original Reidemeister moves.

(D-0) - &=

Reidemeister move 1’ Reidemeister move 3’ Reidemeister move 3"

To preserve our sanity we will not distinguish in our language between the original Reide-
meister moves and the various variations. O

Example. In the figure below we show to the left a diagram of some knot K and we show
how, using a sequence of Reidemeister moves, one can turn the diagram into the “trivial
diagram”.

R3 R2 R2 R2 R1
- %

Remark. Throughout these lecture notes we will see on several occasions that the tools of
algebraic topology, e.g. fundamental groups, linking pairings and Reidemeister torsion can
be used fruitfully to study knots and links. The Link Diagram Existence Proposition 1.3
and the Reidemeister Moves Theorem open up an alternative route to studying links.
More precisely, these two results show that there exists a bijection

iented) link di t th isot =~ : . :
(oriented) lin AETAINS UP 1O SO 1S080PY = (oriented) links up to smooth isotopy.
and Reidemeister moves

This bijection lies at the heart of the definition of several link invariants, like the Jones poly-
nomial that was introduced in 1984 and the HOMFLY-PT polynomial [FYH*85),
PT87] that was discovered in 1985. These polynomial invariants are quite different from
any of the invariants that are obtained through algebraic-topological methods. We refer
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to [Lic97, Chapters 3 and 15] and [BZH14), Chapter 17] for more information on these
invariants. O

4.2. Proof of the Link Diagram Existence Proposition [4.3] The proof of the Link
Diagram Existence Proposition mostly rests on the next lemma. The formulation of
this lemma requires the following notation:

Notation. Given v € S? we denote by
m,: RS — ol ={weR?|(v,w) =0}
w — w—{v,w) v
the projection onto the orthogonal complement of v.
Now we can formulate the lemma.

Lemma 4.6. (Link Generic Projection Lemma) Let L < R? be a link. We pick a
diffeomorphism f: Z‘|;|1 S} — L. We consider the following three properties of a vector

v e S .
(a) The map m, 0 f: U St — vt = {w € R*| (v, w) = 0} is an immersion.

(b) Whenever z # w € i;ﬂl St satisfy (m, o f)(z) = (m, o f)(w), then (m, o f)(z) and

(my o f)(w) are linearly jndependent.
(c) For every P € (m,0 f)( - S}) the preimage (7,0 f)~!(P) consists of either one or two
points.

The set {v € S?| v satisfies (a), (b) and (c)}
has full measure in S2 P9

Proof of the Link Generic Projection Lemma 4.6 To simplify the notation we only
consider the case of a knot. The proof for links is essentially the same.

Let K < R3? be a knot. We pick a diffecomorphism f: S! — K. We say that a subset
of a smooth manifold W is large if it is open and if it has full measure in W. Note
that the intersection of two large subsets is again large. Furthermorenote that any self-
diffeomorphism of S? sends large sets to large sets.

It is convenient to consider an extra property of vectors in S? which is somewhat weaker
than the above property (c):

(¢') given any P € (m,0 f)(S!)

We write V(a) = {ve S*| v satisfies (4)}.

Similarly we define V'(b),V(c),V(a,b),V(a,b,c) and so on. Note that with this language
we need to show that V(a, b, ¢) has full measure.

Let v € S2. We start out with the following three elementary observations regarding
the projections m,,.

(1) Given u € R?\ {0} we have
m(u) =0 <= weR.-v <

the preimage (7, o f)~(P) consists of finitely many points.

u
[lull
(2) The projection m, is linear, hence for any P € R? we have (Dm,)p = m,.

€ {v, —v}.

26We refer to [Fri24] for the definition of a subset of full measure.
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(3) It follows from (2) and the chain rule that given any z € S! we have the equality
(my 0 f)'(2) = mo(f'(2))-
Next we consider the three mapﬂ

=M
p: St — 52 w:i(z,w)651><Sl|,27éw}—>S2 @2 2
f(2) (z,w) fe)-fw) & P Sv : i}
R TIel| ) 17 Gz)—f(w)] :

We make the following observations:

(4) If X is a subset of full measure (respectively large subset) of S?, then it follows from
the above discussion that X N p(X) is also a subset of full measure (respectively large).

(5) Since f is smooth we see that the map ¢ is also smooth.

(6) Given v € S? it follows easily from (1) and (3) that m, o f: S' — R? is an immersion
if and only if neither v nor —v lies in (S'). In other words, we have the equality
Via) = (S*\ ¢(51) N p(S?\ ().

(7) Note that M = {(z,w) € S* x S|z # w} is an open subset of the smooth manifold
St x S, thus it is a smooth manifold in a natural way. With this smooth manifold
structure the map ¢ : M — S? is easily seen to be smooth.

(8) For each (z,y) € S' we make the identification T(,,)S* = R via the basis vector
(—y,x). Given (z,w) € M we use the above identification to make the identification
TewyM = Tw (St x ST) = R% Furthermore recall that given v € S? we know that
we have the equality T,5% = vt = {w € R3| (v,w) = 0} = R

(9) Using the identifications from (8) a rather elementary calculation] shows that for a
point (z,w) € M we can write the differential Dt ), viewed as a homomorphism
TwyM =R? = Ty(.0)S? < R?, in the following way as a (3 X 2)-matrix:

Diew) = g (Mo (F'(2) —muea(f/ ().

vV
(3 X 2)-matrix, in particular two columns

(10) It follows from (9) that (z,w) € M is a regular point of ¢ if and only if the vectors
Ty(zw) (f'(2)) and Ty (f'(w)) are linearly independent.

(11) Let v € S2. Tt follows immediately from (1) and the linearity of m, that we have
mo(f(2)) = my(f(w)) if and only if (2, w) = v or P(z,w) = —v.

(12) We denote by o: S* x S? the diffeomorphism given by (z,w) +— (w,z). It follows
immediately from the definitions that ¥ oo = p o).

2TSince f is an immersion we see that the map ¢ is well-defined, i.e. we do not divide by zero. Similarly,
since f is in particular injective we see that the map ¢ is well-defined, i.e. once again we do not divide by
Zero.

28The astute reader will notice that throughout the argument it might be more reasonable to work with
maps @ and ¥ that take values in RP? = S2/x ~ —ux instead of taking values in S2. We stick with the
maps to S? since S? has the advantage that its tangent spaces can be described easily as vector subspaces
of R?, which makes it easy to write down differentials. Also, the approach of working with maps to RP?
instead creates an extra layer of notation which is as annoying as our notation which requires the extra
map p.

29This calculation can be performed easily using the chain rule and by writing v as the composition of the

map (z,w) — f(z) — f(w) followed by the map P — ﬁ.
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(13) It follows easily from (3), (10), (11) and (12) that
V(b) = {regular values of 9}.

After these initial remarks we turn to our first claim.
Claim 1.

() The sets V(a) and V' (a,b) are large.
(8) We have V(a) = V(a,c) and V(a,b) = V(a,b, ).

Proof. We prove the two statements of the claim in several steps.

(i) Since S! is compact we obtain that S?\ ¢(S') is an open subset of S%. Furthermore,
since ¢ is smooth and since dim( S') < dim(S?) we obtain that 5%\ ¢(S!) is a subset
of full measure. In summary, we have shown that 5%\ ¢(S?) is large. It follows from
(5) and (6) that V(a) = (S%\ ©(S1)) N p(S?\ (p(S1))) is large.

(ii) It follows from Sard’s Theorem (see [Fri24]) that the set of regular values of 1 is a
subset of full measure. It follows from (i) and (13) that V(a,b) = V(a) NV (b) has full
measure.

(iii) Let v € V/(a). It follows from (11)and from the fact that S* is compact that ¢»=!(v) is
finite. In particular we see that V(a,c’) = V(a) and thus also V' (a,b,c) = V(a,b).

(iv) It remains to show that V'(a,b) is open. Let v € V(a,b) = V(a) NV (b). From (13)
and (iii) we obtain an open neighborhood U of v € S? that is still contained in V (b).
Since V' (a) is open we see that U NV (a) is an open neighborhood of v € S? that is still
contained in V'(a,b). It follows that V' (a,b) is indeed open. H

Before we continue it is perhaps helpful to summarize what we have shown so far: In the

claim we have seen that V' (a,b, ) = V(a,b) is large, in particular that it has full measure.

But our actual goal is to show that V' (a, b, ¢) has full measure.

To do so we consider the map

E:E(m,y,z)eslel xAsllxaéyandx%z; — 8% x 52
(r,y,2) = (V(x,9),¢(x,2)).

We make the following simple observations:

(14) We view N as a smooth manifold in an obvious way. Evidently the map = is smooth.

(15) It follows easily from (1) that we have v € V(c) if and only if none of the four vectors
(£v,xv) lies in Z(N).

(16) If one of the four vectors (+v,4wv) lies in Z(N), then so does (v,v). This can be
seen as follows: If Z(z,y, z) € {(£v,+v)}, then f(x), f(y), f(2) lie on the line R - v.
After possibly permuting z,y,z we can assume that f(z) = f(y) + 7 - v and that
f(z) = f(2)+s-v with r, s > 0. But with this permutation we have Z(z,y, z) = (v, v).

Claim 2. We consider the “partial diagonal”
A = {(v,v) € S® x S?|v € V(a,b)}.
The complement of =(/N) N A has full measure in A.

Proof. In the previous claim we saw that V(a,b) is an open subset of S?. Using this fact
it is straightforward to see that A is a 2-dimensional submanifold of S? x S2. Thus it
suffices to prove that if (z,y,z) € N satisfies Z(x,y, z) = (v, v) for some v € V(a,b), then
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= intersects A transversally, i.e. we have the equality
(DZy.2) (TaynN) + Tond = Tapy(S® x %) = R* xR =R".
o 2nd

We write P= (' (), ¢ = m/(f'(y)) and r = 7,(f'(2)) and we write y = f(x)
||f—|l By (10) and (13), and by the fact that v € V(b), we know that p,q and r
are pairwise hnearly independent. In particular ¢ and r form a basis for T,S?. Note that
this implies that and (') form a basis for T(,,)(S? x S2). Thus, using (9) we see
that q "
(D=Z@y.)(TayN) + T = span of the columns of (’:L g _%' q _VO' . Z :) )
Using that p,q and r are pairwise linearly independent it is not hard to see that the
five columns of the matrix on the right span a 4-dimensional subspace of R®. Since this
subspace is contained in the 4-dimensional subspace T(,.)(S? x S?) we see that it equals
T(M)(S2 X 52) H
We consider the “diagonal map” d: V(a,b) — A < S%x S? that is given by d(v) = (v, v).
One can easily show that d: V(a,b) — A is a diffeomorphism. It follows from (16) that
Vi(a,b,c) = dY(A\ Z(N)). By Claim 2 we know A\ Z(N) is a subset of full measure of
A. Since d is a diffeomorphism we obtain that V' (a,b,c) = d~'(A\ Z(N)) has full measure
in V(a,b). We saw above that V(a,b) has full measure in S2. It follows that A\ Z(N) has

full measure in S?. |

Proof of the Link Diagram Existence Proposition 4.3 Recall that in the Link-in-
R3-S3-Lemma we showed that every link in S® is smoothly isotopic to a link in the
subspace R? « R® U {oo} =; S3. Tt follows that it remains to prove the following claim:

Claim. Given any (oriented) link L = R there exists an A € SO(3) such that the projection
of A- L onto the zy-plane defines a link diagram for L.

Proof. Let L — R® be a link. We pick v € S? as in the Link Generic Projection Lemma [4.6]
Note that, possibly after applying a matrix in SO(3) to L, we can assume that v = e3. We
define v :== 7, o f: S' — R? x {0} = R2. It follows immediately from the fact that v = e3
has the three properties (a), (b) and (c) stated in the Link Generic Projection Lemma
that ~ is diagrammatic. Nexg ‘W§1CO§idﬁ£ the function

w +— z-coordinate of f(w).

Furthermore, given 2z # 2o € S with v(2;) = (z2) we define
) HL ife(z) > e(z3-),
(=) = { =1, if e(z) < €(z3-).
It is clear that (v,c) is a link diagram. We pick a function n: S' — [—1,0] as in the
Diagram-to-Link Lemma We consider the map
H:S'x[0,1] — R?
(z,8) = (v(2), (L =1) - e(t) +1-n(t)).
Clearly this map is smooth. Given any z,w € S' with v(z) = v(w) we have n(z) < n(w)
if and only if ¢(z) = —1 if and only if n(z) < n(w). From this observation we deduce that
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each H, is actually a smooth embedding. Thus we see that H is a smooth isotopy from L
to the link associated to the link diagram (v, 7). [

Exercises for Chapter (4}

Exercise 4.1. Let v: S' — R? be a smooth map such that the following condition is
satisfied:

(%) If z # w € S* satisfy v(2) = y(w), then 7/(z) and +'(w) are linearly independent.

A point z € S* for which there exists a w # z € S with y(z) = y(w) is called a double
point of 7. Does 7 necessarily have finitely many double points?

Exercise 4.2. We consider the two knot diagrams shown in the figure below. Use Reide-
meister moves to show that the associated knots are smoothly isotopic.

SR

Exercise 4.3. Use Reidemeister moves to turn the diagram to the left into the trivial
diagram on the right.

Remark. This diagram is sometimes called the culprit diagram, since one first needs to
increase the number of crossings.

H\B Reidemeister
@ moves
\

culprit diagram trivial diagram

(

Exercise 4.4. We show again the list of knots from page [55]

S =N <
@@@@@@

In the following we show six different knots. Each knot is smoothly isotopic (up to mirror
image) to precisely one of the knots from the above table. Match the knots to the corre-
sponding knot in the table.

Solution. A: Figure-8, B: trefoil, C: stevedore 61, D: unknot, E: 63, F: 5;



62 4. LINK DIAGRAMS
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Exercise 4.5. Let L be a link. Recall that the crossing number ¢(L) is defined as the
smallest number of crossings of a link diagram for L.

(a) What are the knots with crossing number < 47

(b) What are the 2-component links with crossing number < 47

(¢) Let p,q € N be coprime. We consider the torus knot T'(p, q), as defined on page [38
What is the best upper bound on the crossing number of T'(p, ¢) that you can find?
Remark. 1t is usually quite hard to give a lower bound on the crossing number of a
given knot or link.

m
Exercise 4.6. Let L be an oriented m-component link. Furthermore let : ‘U1 St — R?
1=

and c¢: {double points of v} — {£1} be two maps that form a diagram for L.

(a) What is a diagram for L™"?
(b) What is a diagram for L"V?

Exercise 4.7. A coloring of a link diagram is a coloring of each strand (i.e. each segment
between two undercrossings) by one of three colors, say red, green blue, such that the
following two conditions hold:

(1) At each crossing either all colors are the same or all three colors appear.
(2) At least two colors get used in the diagram.

We say that the diagram is colorable if a coloring exists. In the figure we show colorings of
two diagrams of the trefoil.

QC_JQ %/\/\)
two diagrams for the right-handed trefoil

(a) Show that if two diagrams represent smoothly isotopic links, then either both are
colorable or neither is colorable. In other words show that colorability is a link invariant
and it makes sense to say that a link is colorable.

Hint. Use the Reidemeister Moves Theorem [4.5]

(b) Is the unknot colorable?

(c) Is the figure-8 knot colorable?

(d) Let K and K be two oriented knots. What is the connection between the colorability
of K, K and the connected sum K+#K?

Exercise 4.8. In the following we show, for the reader’s convenience, the original Reide-
meister moves:
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D-@ Q-0 &

Reidemeister move 1 Reidemeister move 2 Reidemeister move 3

Show that the following alternative Reidemeister moves are a consequence of our original
Reidemeister moves.

Reidemeister move 1’ Reidemeister move 3’ Reidemeister move 3"

Exercise 4.9. We introduce the following language:
e An arc in 3-manifold M is a proper smooth Submamfold that is diffeomorphic to [0, 1].
e We say that a disjoint collectlon_éil, oAk © B’ is trivial if it is properly smoothly
isotopic to the collection of arcs B™ N ({( )} X R) =1,...,k.
e We say that a link L < S? = S>0 Ugs S 20 = B Ug2 UB3 is in bridge position if L
intersects S? transversally and if L U 1_3(3 and L N B3 is a trivial collection of arcs.
Now we can formulate the following exercises:
(a) Show that every link is smoothly isotopic to a link in bridge position.
(b) Let L be an m-component link. Show that 7;(S%\ L)., = Z™.
We define the bridge number b(L) of a link L to be the minimal & such that b(L) is smoothly
isotopic to a link in bridge position and such that the number of arcs equals k.
(c) Show that b(K) = 1 if and only if K is the trivial knot.
(d) Show that the bridge number of the trefoil and the figure-8 knot equals 2.
(e) The meridional rank m(L) of a link L is the minimal & € Ny such that (5% \ L) is
generated by k meridians. Show that m( ) < b(L).
Remark. 1t is an open question where m(L) = b(L) holds for all links.

non—trwlal arcs tr1V1al arcs Hopf link in bridge position




CHAPTER 5

Wirtinger presentations

In Chapter [3| we calculated the isomorphism types of the fundamental group of the com-
plement of any torus knot. But that approach does not generalize to complements of other
knots and links. In the previous chapter we learned about link diagrams and we saw that
every link can be described by a link diagram.

In this chapter we will explain the Wirtinger algorithm which, given a link diagram
for a link L, lets us determine a presentation of 7y (S®\ L). In principle this allows us to
calculate the fundamental group for any given link. The problem is that it is quite hard
to extract meaningful information from the fundamental group. In this chapter we will
develop just enough tools to at least show that the trivial knot, the trefoil and the figure-8
link are pairwise different, i.e. we will show that they are pairwise not smoothly isotopic.
In the next chapter we will learn about the Alexander polynomial which will be a powerful
way to extract invariants from fundamental groups of link complements.

5.1. The HNN-Gluing Theorem. Before we turn to the Wirtinger presentation let us
first build up our expertise on calculating fundamental groups.

Definition. Let m and I" be two groups and let o, 5: I' — 7 be two homomorphisms. We

refer to (m,t|af) =t-BI) -t = (xx{t))/{({alg)-t- 5(9)—1 .t—l}géf‘»

as the HNN-extension corresponding to (m, a, ().

Example. Let 7 be a group and let I" be the trivial group. It follows immediately from
the definitions that the corresponding HNN-extension is the free product 7 x (t). O

Theorem 5.1. (HNN—-Gluing Theorem) Let Y be a topological space and let S Y
be a path-closed connected non-empty subset such that Y \ S is also path-connected.
Furthermore let ¢: S x (—1,1) — Y be an open embedding such that for each s € S we
have ¢(s,0) = s. We introduce the following objects:

(1) We denote by t: S — Y \ S the map given by z — p(z, £3).

2) We pick sg € S.

) We pick s5 € ¢(S x 5t) and we pick a path g~ in (S x [—1,0]) from sp to s; .
) We pick s§ € (S x 3) and we pick a path g in (S X [0, 1]) from sq to s{ .
) We pick a path v in Y\ S from s, to s¢.

) We write a_ == 1_,: I' =m1(S,s0) = m (Y \ S, s0)-

) We write [ ay = i 0 4t mi(S, 50) = m(Y'\ S, s8) = m(Y \ S, s9).

The inclusion Y\ .S — Y and the map ¢ + [vxpT*pu~] € m (Y, sy ) induce an isomorphism

(m(Y'\ S,59),t | a—(m(S,50)) =t ay(mi(S,50)) - t7) — m(Y,s5).

64

(
(3
(4
(5
(6
(7
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S x (—1,1)

Proof. This theorem follows fairly easily from HNN-Seifert—van Kampen Theorem which
is stated and proved in [Fri24]. |

Example. Let Y be a compact connected non-empty topological graph and let T'c Y be
a maximal tree. We pick xo € T'. Let eq,..., e, be the edges of Y that are not contained in
T. Fori=1,...,n we pick a point S; in the interior of e;. Note that for each i € {1,...,n}
we can pick an open embedding p;: (—1,1) — e; with ¢;(0) = S;.

S, S
70 R A
ey o ()01(<_171))
/ / To~ \
y maximal tree T’ Y\ {81, Ss, S3}

We now see that
7T1(G,£L'0) % <7T1(G\{Sl,...,Sn},.l'o),tl,...,tn) ? <t1,...,tn>.

we apply the HNN-Gluing Thcorcm@ since G \ {S1,...,Sn} is contractible

altogether n times
In most applications of the HNN-Gluing Theorem we will deal with the case that Y is
a smooth manifold and that S is a codimension one submanifold of Y. For such a case it
is helpful to introduce the following definition.

Definition. Let M be a smooth manifold and let ¥ < M be a proper codimension-one
submanifold of M with 0¥ = & F_Tl A bicollar for the submanifold Y is a smooth embedding
B:[—1,1] x ¥ — M \ OM such that the following conditions are satisfied:

(1) For all x € ¥ we have §(0,x) = x.

(2) B([—1,1] x ) is a closed subset of M.

M 1is the surface of genus two minus two points image of bicollar

In the following we will use on several occasions the following theorem which is proved in

[Frizd].

30The homomorphisms g, : 71 (Y \ S, s8) — m1(Y \ S, s ) is the isomorphism given by the path p.
31Since we assume that ¥ has no boundary the condition that X is a proper submanifold just means that
it is a closed subset of M.
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Theorem 5.2. (Bicollar Neighborhood Theorem) Let M be an oriented smooth
manifold and let ¥ < M be a proper oriented codimension-one submanifold of M with
0% = @. There exists an orientation-preserving bicollar [—1,1] x ¥ — M.

Example. Let P, ..., P, be pairwise distinct points on S%. Let C = CiU---UC,_; < S?
be a 1-dimensional smooth submanifold such that each C; is diffeomorphic to [0, 1] and
such that 9C; = {P;, P,i1}. Let mg € S*\ {Py,..., P} be a base point. Furthermore let
Yy ooy Yno1: [0,1] = S*\ {Py,..., P,} be smooth loops in zg such that v; intersects C;
transversally in a single point and such that ; N C; = & for 7 # j.

One can easily show that 7 (S?\ (C U- - -UC,,_1), o) is simply connected. It follows from the
Bicollar Neighborhood Theorem applied to the submanifolds C; N (S%\ {Py,..., P.}),
that we can apply the HNN-Gluing Theorem altogether n — 1 times. We see that the
loops 71, - - -, Yn_1 Tepresent a basis for m(S2\ {Py, ..., P.}, o). O

Now we are fully equipped to calculate the fundamental groups of any link that is repre-
sented by a diagram. We will do so in next section.

5.2. The Wirtinger presentation. In the previous chapter we showed in the Link Dia-
gram Existence Proposition [4.3] that we can describe any link via a link diagram. In this
section we will present an explicit algorithm that, given a link diagram of a link L, produces
a presentation for the fundamental group of the complement S*\ L.

Before we can state the promised algorithm we need to introduce a few more definitions.

Definition. Let ( f: iililLl St — R?, c) be a link diagram, in the sense of the definition on
page 53]

(1) We refer to the images of the double points as the crossings of the link diagram.

(2) Let ¢ € f(i|:|1 S}) be a crossing. Let z,w € L S; with f(z) = f(w) = = and such

that ¢(z) = —1 and c(w) = 1, in other words, z is an undercrossing and w is an
overcrossing. We say that c is a positive crossing if the ordered basis (f'(w), f'(z)) is
a positive basis for R2. Otherwise we say that z is a negative crossing.

~

SN g

’ .

Z 1
_1\ t pOSIthG Crossing negatlve Crossing

Definition. Let L < R? x]—-1,0] = R? be the oriented m-component link that is associated
to the link diagram (f: iSA St — R?,¢), in the sense of the definition on page

(3) We refer to the components of L\ (R? x {—1}) as the strands of L.
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+

no m with six strands m/> and six crossings Z/J—FQ'\
knot (\’i) th six strand (\—i) d 8 _é\?&:}_

We start out with two minor lemmas:

Lemma 5.3. (Crossing—Strand Lemma) If each component of a link diagram has at
least one crossing, then the number of crossings equals the number of strands.

Proof. This lemma will be proved in Exercise [5.3 [

The following lemma says that we can always arrange that the hypothesis of the Crossing—
Strand Lemma [5.3] is satisfied:

Lemma 5.4. (One Crossing Exists Lemma) Every link admits a diagram such that
each component has at least one crossing.

Proof. Let L be a link. By the Link Diagram Existence Proposition [4.3| we know that L
admits a link diagram.

dd crossing by
Qo 2 )
Reidemeister 1 % @
If we have a component without a crossing, then we just apply a Reidemeister 1 move to
get a crossing. [ |

The following proposition shows how to determine the fundamental group of the comple-
ment of a link that is associated to a link diagram. We will sacrifice a little bit of rigor in
the formulation in an attempt to make it more readable.

Proposition 5.5. (Wirtingerﬂ Presentation Proposition) Let L be a link that is
associated to a given link diagram such that each component has at least one crossing.
We enumerate the strands by x1,...,z, and we enumerate the crossings by 1,... ,nm
For the i-th crossing we define a relation r; € (zy,...,x,) as shown in the figure below.

(1) We consider the base point ¢ = (0,0,2). We have an explicit isomorphism
(1, T |71, n) — TSP\ L,0)

where each x; is given by a meridian corresponding to the ¢-th strand.
(2) In (1) we can drop any one of the relations and we still obtain an isomorphism.

32The Wirtinger Presentation Proposition was first proved by the Austrian Mathematician Wilhem
Wirtinger in 1905, it seems like this result was first published in [Art25a]. We refer to [Epp99, p. 253]
for more on the history of this result.

331t follows from the Crossing-Strand Lemma that the number of crossings equals the number of
strands.

34For a knot it is customary to enumerate the strands cyclically z4,...,x,, starting at a random strand
and to say that the crossing r; is between strand x; and z;41.
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the positive crossing gives the negative crossing gives
rise to the relation rise to the relation
_ —1, -1 e
Ti =Ty Tr T, T Ti =T, Ty Ty Ty

Definition. Given a link L, any presentation with n generators and n — 1 relators as

obtained from the Wirtinger Presentation Proposition (2) is called a Wirtinger presen-

tation of m;(S®\ L).

We now proceed as follows:

(1) We will use the Wirtinger Presentation Proposition [5.5to give a new calculation of the
fundamental group of the complement of the trefoil and of the Hopf link.

(2) In the next Section we will provide the proof of the Wirtinger Presentation Propo-
sition

(3) In Section we will consider more applications of the Wirtinger Presentation Propo-
sition

Examples.

(1) We consider the knot diagram for the trefoil K that is shown in the figure below to the
left. We number the strands as shown. To the right we show how the three crossings
give rise to three relations.

1 1 ~— relation zy - w1 - Ty - 5

relation :1?3_1 “ Ly T3 - xl_l

3 / & S
knot diagram for the trefoil

with three negative crossings
It follows from this figure and the Wirtinger Presentation Proposition (2) that there

exists an isomorphismlﬂ

relation xfl S X3 X :z:;l

(w1, 19, 75| 25" -I1'$2~I§1,I3_1 R N SRS 1-x2_1> — m(S*\ K).

~~
not needed

(2) We consider the diagram of the Hopf link H = L; U L, that is shown below.

L I both crossings are positive, we get relations
Hopf link 2 1Ty xy texyTH :
r— T X To-Xq Ty Lemxyh

35In the Torus Knot-m;-Proposition we showed that 7 (5% \ K) = (z,y | 22 = y3). In particular
we have now shown that the two groups (x7, 2,23 |x§1x2x3xf1,x§1x1x2x§ ) and {(z,y | 22 = ¢?) are
isomorphisms. In Exercise we will give a purely algebraic proof of this statement.
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We see that
m(S3\ H) f (r1, 29|11 -9 -y o2y = (1| 11, 22)) % 72,
by the Wirtinger Presentation 0

Proposition (2)
5.3. Proof of the Wirtinger Presentation Proposition[5.5] We start out by preparing
the scene:

o Let (fy: Z,|;|1 St — R2, c) be a link diagram with n crossings such that each component

has at least one crossing. -
e We pick a smooth function n: U S} — [—1,0] as in the statement of the Diagram-to-

Link Lemma 4.2 .
e We denote by L < R? x [—1,0] the image of the map A S} — R3 that is given by

2z ((2),m(2)).

_ R*x {0}

(s

~—— L is the graph of (v,n)

in R? x {—1} —
e We enumerate the strands by x4, ..., z,. It follows from the Crossing—Strand Lemma|5.3
that we have n crossings. We enumerate the crossings by 1,...,n.

e We work with the base point ¢ = (0,0,2) € R which lies “above” the link L.

e For the i-th strand we denote, by abuse of notation, by x; also the oriented triangle that
starts at ¢ and “circles once around the ¢-th strand” according to the “right-hand rule”.
Note that this loop is path homotopic to a meridian “around the strand z;”.

e For the i-th crossing we define a relation r; € (z1,...,,) as on page[6§

—— base point ¢ = (0,0, 2)

T, T
i-th strand — C—e\

We break the proof of the statements of the Wirtinger Presentation Proposition [5.5] into
three parts:

(1) (a) We construct an explicit homomorphism
(w1, ... 20|71,y m) — m(S*\ L,0)

(b) We show that the homomorphism from (a) is an isomorphism.
(2) We show that in (1la) we can drop one relation.

Proof of the Wirtinger Presentation Proposition (1a). Let i € {1,...,n}. We
consider the i-th crossing. First we deal with the case that the crossing is positive. By
“sliding” the various loops z,(; along the strands and by some further path-homotopies we
can assume that we are in the situation in the figure below on the left. If one follows the
loop (i) * T7(;) * T,(5) * Tr() on its journey one realizes that on three occasions one goes
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back and forth to the base point. Thus the loop is actually path-homotopic to the loop
shown in the figure below on the right. But that loop is clearly null-homotopic. Almost
the same logic applies to negative crossings.

—— base point ¢ = (0,0, 2)

the loop
Tu(i) ¥ Tr(i) * i) * To(i)
is path-homotopic
to this loop

(i)

but this loop is (?1@&1’1}; null-homotopic
This discussion shows that there exists a unique group homomorphism

(x1,..., 1, |relations corresponding to crossings) — (S \ L, o)
with z; — [z]. u
Before we can continue we need to state and prove the following lemma:

Lemma 5.6. (Punctured Sphere-Normal Generators Lemma) Let P,..., P, be

pairwise dist_iglct points on S? and let zp € S? \ {P,..., P,} be a base point. Let

1, pon: BT — 5%\ {20} be smooth embeddings with disjoint images such that for

each i € {1,...,n} we have p;(0) = P,. For i =1,...,n we set C; :== ¢;(S").

(1) The elementsﬁl Chy...,Cp €m(S*\{P,...,P,},x0) form a norma/El generating set
Ofﬁl(SQ\{Pla"an}?xO)‘ =

(2) In fact, for any ¢« € {1,...,n} the element Ch,...,C; ..., C, also form a normal
generating set of 71 (S*\ {P1,..., P.}, %o).

P

ZTo 03

Proof of Lemma [5.6l. After reordering the points we might as well assume that i = n.
The lemma follows from the following little calculation:

since S%\ {P,} = R?

{e} = m(R?) ~ m(SP\{P}) = m((SP\ (P, P.}) Ugi(B2) - U1 (B))

m((S*\APy, ..., P })/(C], - - [Cal)-

follows from applying the Seifert-van Kampen Theorem .,
altogether n — 1 times and since ;(S') is a deformation retract of p;(B") \ {P;} [ |

> 11 1R

3TRecall that by the Loop-m-Lemma we know that the submanifolds C1, ..., C), give rise to elements
of m1(S?\{Pi,...,P,},xo) which are well-defined up to conjugation. This indeterminacy has no influence
on the statement of the lemma.

3¥We consider the free group (x,y) on two generators. The conjugates  and yxyz~'y~' do not form a
generating set for the free group (this follows from Whitehead’s Algorithm [Whi36]). Using this algebraic
fact one can easily show that the with the “wrong paths” the Cq,...,C, are not a generating set of the
fundamental group.
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Proof for the Wirtinger Presentation Proposition (1b). We continue with the
above notation and we add some notation:

e Somewhat similar to the proof of Torus Knot-m-Proposition [3.8 we consider the follow-
ing subspaces of R* U {o0} =; S3:

A= {(r,y,2) € R¥[ 2> —1} U {oo},

B = {(z,y,2) eR*|z < —1} U{oo},

Y o= {(n,y,2) eR®|z=-1}U{0} = ANB

and we set A, .= A\ L, B, =B\ Land X, =%\ L.

Yo R?x {—1}— T~

T

R?x {0} — P { .

e We pick a base point x € .
e We denote by P, ..., P, = R? the crossings of 7.
e Note that it follows from property (d) of the Diagram-to-Link Lemma that

LAR?xRo;) = LOREx {-1}) = {(P,—1),...,(Pp,—1)}.

Claim 0. The inclusion maps induce an isomorphism
7T1(AL, *) *Tr1(EL,*) 7T1(BL, *) i 7T1(83 \ L, *).

Proof. Using the Stereographic Projection Lemma [2.1] and elementary arguments one can
make the following observations:

(a) A and B are codimension-zero submanifolds of R* U {oo} =; S® with AU B = 53,
(b) A and B are closed subsets of R3 U {oo} =; S3.
(c) We have 0A =0B=ANB=1%.

Since L is a closed subset of A U B we obtain easily from the above that the following
statements hold:

(a’) Az and By, are codimension-zero submanifolds of S®\ L with A, U By, = S3\ L.
(b') Ar and By, are closed subsets of S\ L.
(C/) aAL = 8BL = AL N BL = EL.

It follows from these observations that we can apply the Seifert—van Kampen Theorem [3.9]
which gives us immediately the desired result. =
Our next goal is to understand the groups m (A, *), (B, *) and 71 (X,*). We handle
these three groups consecutively. We start out with the easiest group on our list, namely
the group m (B, *):



72 5. WIRTINGER PRESENTATIONS

Claim 1. The group m (B, *) is trivial.

Proof. One can easily show that the map
Bx|0,1] — B
00, ifP=occort=1,
(Pt) = P —(0,0,75 — 1), otherwise
is continuous. This is a deformation retraction from B to {oo}. Note that this map restricts
to a deformation retraction from By, to {oco}. This shows that By, is contractible. It follows

that 7 (Byg, %) is indeed trivial. H
In the following we will describe the group m(Ay, ) where, as before, ¢ = (0, 0, 2).
(1) We write

D = {((2),w)

(2) We enumerate the strands of the link.

(3) For j € {1,...,n} we denote by D, the unique component of D that contains the j-th
strand in its closure.

(4) For j = 1,...,n we denote by x; a loop in ¢ = (0,0,2) that is the boundary of a
triangle that intersects D; precisely once in a positive direction.

n

ce U standwe [-1,9() ]\ U{(P,—D} < R x[-1,0]

=1

. ——0=1(0,0,2)
z-axis z;

~_— j-th strand

2 - DJ
o ~(P.-1)
Claim 2. The obvious map (x1,...,z,) = m(Ar,©) is an isomorphism.

Proof. We start out with three observations:

(1) One can easily verify that each D; is a proper smooth submanifold of Aj,. It follows from
the Bicollar Neighborhood Theorem that each D; has a bicollar #: D; x [—-1,1] —
Ap.

(2) We set Z = A\ {(7(2),w) ’ z € igl St and w € [—1,n(2)]}.

Note that ZU (D, U---UD,,) = Ar.
(3) Similar to Claim 1 we consider the deformation retraction
Ax[0,1] - A
00, ifP=occort=1,
(Pt) = P+(0,0,75 —1), otherwise
from A to {oo}. It is straightforward to verify that this map restricts to a deformation
retraction from Z to {oo}.
(4) Each D; is simply connected.
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It follows from (1) that we can apply the HNN—Gluing Theorem altogether n times.
It follows from (3) and (4) that the obvious map (z1,...,x,) — 7 (AL, %) is indeed an
isomorphism. H
Fin@zwe turn to the group m (X, *). We pick orientation-preserving smooth embeddings
@it B — R* x {—1}, i =1,...,n with disjoint images and such that for each i we have
©;(0) = (P;, —1). As in the Loop-m;-Lemma we pick paths in X7 from * to a point
on ¢;(S') and we consider the loops in % that are given by the paths and by going “once
around” ¢;(S?). We denote the resulting loops by 21, ..., z,.

——0=1(0,0,2)
-,

R? x {1} —

> .
~1

Claim 3. The loops z1, ..., z, form a normal generating set of m (X, x).

Proof. This statement follows immediately from the Punctured Sphere-Normal Generators

Lemma (1). H
Let 0 be the straight path in Ay from x € R? x {—1} to ¢ = (0,0,2). Now we can finally
prove the desired statement. Indeed, we have

by Claim 0 by Claim 1
b4 M
WI(S?’ \ La*) f 7-‘-1(AL7*> *r1 (B %) 7Tl(BLv*) ;N> 71-1(AL7*)/«ﬂ-l(z}La*)»
= (AL, 0)/0.(m(ZL, %)) f (@1, ) (0 (21), - -, 0 (2n)))

follows from Claims 2 and 3

T P A A (o T )

as on page [70] we see that each 0.(z;) is conjugate to r;, it follows

((217---7%’: ({re,..,mn)) u
Proof for the Wirtinger Presentation Proposition (2). We want to show that
we can drop any one of the relations in the above presentation. Therefore let j € {1,...,n}.
By the Punctured Sphere-Normal Generators Lemma (1) that 2,...,%j,...,2, also
form a normal generating set of m; (X1, x). Therefore we see that in the above equality we
can drop the relation r;. [ |

5.4. More applications of the Wirtinger Presentation Proposition 5.5 The fol-
lowing corollary to the Wirtinger Presentation Proposition [5.5] gives us the disappointing
news that our old trick of using abelianizations of fundamental groups is not particularly
useful for distinguishing links.

Corollary 5.7. (Link Group-Abelianization Corollary) Let L = L; U--- U L,, be
an oriented m-component link. We denote by 1, ..., i, < S*\ L the meridians of the
components of L. There exists a unique isomorphism

B: m(SP\ L)y — Z™
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such that’ ®(u;) =e; fori=1,...,m.

Proof. Let L = L,U---UL,, be an oriented m-component link. By the Link Diagram Exis-
tence Proposition |4.3land the One Crossing Exists Lemma|5.4]such that each component has
at least one crossing. We enumerate the strands by «,..., 2} ,23,...,27,,.... 2", ..., 2"
where for each ¢ € {1,...,m} the strands 7, ... , 2y, are cyclically ordered strands of the
i-th component. Furthermore we enumerate the crossings by ci,...,¢p, &,...,ch,. ..,
", ..., where any crossing ¢} separates the strands ) and 2%, (where we interpret
Ty, 41 as r1.) Note that the relation 7] corresponding to the crossing ¢ is of the form
1

y - ak -y~ - (2f) 7 where y is some generator and € € {—1,1}.

Y

iy Y
i i =1 (=1 i (i) =1
ri=yaigy (@) rp= Yy ye ()

It follows from this discussion, the Wirtinger Presentation Proposition (2) and basic
facts about abelianizations of presentations that a presentation matrix for the abelian group
71(S?\ L)ap is given by the block matrix

J 0 ... 0 1 0 ... -1
0 Jo 0 — 1 0
. where J; = )
: 0 IR :
0 0 I 0o ... -1 1

(ki X k;)-matrix
Elementary linear algebra now gives us the desired result. |
After this sobering corollary we move on to the next example.

Lemma 5.8. (Figure 8 Knot—m-Lemma) Let J be the oriented figure-8 knots shown
in the figure below. There exists an isomorphism

T (S3\ J) = (xl,mg,:pg,x4|3:3-x2-$§l -:Eflj,ir:f -x3-3:4-a:2_11,351 -!E4-:Efl-37§1/>

TV TV NV
crossing (a) crossing (b) crossing (c)

where each x; corresponds to a meridian.

knot diagram for — 9 (2)
the figure-8 knot . i/ 3 /4

Proof. The lemma follows immediately from the Wirtinger Presentation Proposition [5.5
(2) and staring at the above diagram. |

39As we discussed on page the i-th meridian defines an element in 71 (S \ L) that is well-defined up to
conjugation. It follows that the i-th meridian defines a well-defined element of 1 (S \ L)ap.
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On its own the Figure 8 Knot—m-Lemma is not particularly enlightening. It is initially
not clear whether this group is isomorphic to Z or to the fundamental group of the com-
plement of the trefoil. By the Link Group-Abelianization Corollary we know that there
is no hope that the abelianization will tell us something interesting.

So we need a different approach. Recall that in the Trefoil-Non-Trivial Proposition [3.10]
we used the (non-) existence of an epimorphism onto the symmetric group S to distinguish
the trefoil from the trivial knot. The idea now is to repeat this trick with a different finite
group. In fact using dihedral groups we can prove the following corollary:

Corollary 5.9. (Trefoil-Figure 8—Non-Isotopic Corollary) The trivial knot, the tre-
foil and the figure-8 knot are pairwise not smoothly isotopic.

Proof. Recall for each n € N we defined the dihedral group D, = (z,t| 2™, t*,t -z -t71 =
7). Tt is encouraging that D3 = Ss thus we try our luck with D5.m With enough time
on our hands we obtain the following table:

trivial knot trefoil figure-8 knot

epimorphism onto S3 X v X
epimorphism onto the dihedral group Ds X X v
The corollary follows from this table and the Isotopic Link-m;-Lemma |3.2] |

This approach of trying to distinguish knots by the (non-) existence of epimorphisms onto
finite groups is rather ad hoc, but as we have seen, not without its merits. This motivates
the following notation:

Notation. Let 7 be a group. We denote by F(m) the set of isomorphism classes of finite
groups G for which there exists an epimorphism 7 — G.

With this notation we can formulate the following generalization of the Trefoil-Figure
8-Non-Isotopic Corollary

Proposition 5.10. (Trefoil-Figure 8-Detection Proposition) Let K be either the
trivial knot, the figure-8 knot or a torus knot Furthermore let K be another knot. If
F(mi(S3\ K) = F(m (S \ K)), then K is smoothly isotopic to K or to the mirror K™,

Proof. This proposition is proved in [BF20, BR20] and [Wil19, Theorem B|. |
We conclude this section with the following question which is still open.

Question 5.11. Let K and K be two knots in S%. If F(m(S?\ K)) = F(mi(S* \ K)),
does it follow that K is smoothly isotopic to K or to K™?

5.5. The Reidemeister-Schreier process. Even though the Link Group-Abelianization
Corollary 5.7 was quite disappointing, using a clever jiu-jitsu move we will see in this section
that we can actually turn the Link Group-Abelianization Corollary to our advantage.
The key to doing so is contained in the following definition and the subsequent lemma.

Definition. Let 7 be a group and let n € N. We say that a subgroup I' © 7 is cocyclic of
order n if I' is a normal subgroup such that 7/I" is isomorphic to Z,.

40The reader might ask, why we do not try our luck with D4. But for reasons we cannot get into right
now, given a knot K and an even number 2n there cannot be an epimorphism 1 (S%\ K) — Da,.
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Lemma 5.12. (Cocyclic Subgroup Lemma) If 7 is a group whose abelianization is
isomorphic to Z, then given any n € N there exists a unique subgroup that is cocyclic of
order n. It is given by the kernel of any epimorphism = — 7Z,.

Proof. Let m be a group whose abelianization is isomorphic to Z and let n € N. We denote
by t: m — map, the natural projection and we pick an isomorphism ¢: m,, — Z. It is clear
that (¢ 0o4)~'(n-Z) is a subgroup of 7 that is cocyclic of order n. On the other hand,
suppose that I' is a subgroup of 7 that is cocyclic of order n. We pick an isomorphism
0: /T = Z,. It follows that there exists a unique epimorphism «: Z — Z,, such that the
following diagram commutes:

7r i > Tab : Z
g»—>g1"l ia
/T ’ .
It follows immediately that ' = (p o ¢))~*(n - Z). |

The Link Group-Abelianization Corollary[5.7and the Cocyclic Subgroup Lemma allow

us to make the following definition:

Definition. Given a knot K and n € N we denote by 7(K,n) the unique subgroup of
m1(S%\ K) that is cocyclic of order n.

Example. If K is the trivial knot, then we saw in the Trivial Knot-7;-Proposition [3.6] that
we have an isomorphism 71(S® \ K) = Z. It follows easily that for any n € N we have
m(K,n) = n-Z, in particular 7(K,n) is isomorphic to Z. O

We have now a new tool for trying to distinguish knots:

Lemma 5.13. (Cocyclic Subgroup—Invariant Lemma) Let K and J be two knots.
If K and J are smoothly isotopic, then given any n € N the groups 7(K,n) and 7 (J,n)
are isomorphic. In particular the abelianizations of these groups are isomorphic.

The question arises, given a knot K and n € N, how can we determine 7(K,n) from
a given presentation for m;(S® \ K)? Fortunately the following proposition gives us an
explicit algorithm. To facilitate the uptake we formulate the following proposition in a
slightly informal way.

Proposition 5.14. (Reidemeister-Schreier Process) Let m = (x1, ..., 2y, 0| 71,...,7)
be a group and let ¢: m — Z,, be an epimorphism such that ¢(x;) = - = ¢(x,,) = 0 and
¢(t) = 1. Then a presentation for the subgroup ker(¢: m — Z,,) is given by
<f\y170, s YLt Ym0y - - - ,ymjn_1,1£|§(1], U L S ,S?_i)
m-n+ 1Eenerators l-n r;l,ations

where each s/ is obtained as follows:
(1) Fori=1,...,land j =0,...,n — 1 we write t/ - r; - {77 as an expression in

ittt gt L g, et L Tt and
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(2) We replace each term t/z;t~7 by v; ; and we replace ¢ by u. We obtain a word in the
new generators and denote it by s’.
The inclusion map ker(¢: m — Z,) — 7 is then given by sending each y; ; to t/z;t~7 and
by sending u to t".
Proof. This proposition is a special case of a solution to a more general problem: Namely,
suppose that we are given a finitely presented group m = (X | R) and an epimorphism
a:m — G onto a finite group. How can we determine a presentation of ker(a) from the
given data?
Such an algorithm is provided from the Reidemeister-Schreier process that is explained
in [LS7T7, Chapter I1.4], [MKS04, Chapter 2.3] or [Bog08, Chapter 2.9]. Our proposition
is a special case of this more general algorithm. [

Instead of studying the proof of the Reidemeister-Schreier Proposition [5.14] our time is
better spent trying to understand explicit examples.

Example. Let K < S® be the trefoil. We write 7 = 71(S* \ K). In the Torus Knot-m;-

Proposition we showed that we have an isomorphism m = (z,¢ | #° - t72). Note that
—

there exists a unique epimorphism ¢: m — Zs with ¢(z) = 0 and ¢(t) = 1. Evidently

m(K,2) = ker(¢: m — Zs). Now we will use the Reidemeister-Schreier Proposition to

find a presentation (yo,y1,u| So, s1) for ker(¢: m — Zs). We write

0. t70 = g3 .¢72
~—
:yg =y—1
thort™b = thog? 247t = ¢t = (tat )3 72 = (fat )R 72
— —— ~—
=r 3 —u-1
Thus we see that
. ~ p 3 -1 ,3 -1 ~ 3 _ .3
m(K,2) = ker(¢rm = Zo) = {yo.yr b uTyluT) = oyl v =)
by the Reidemeister-Schreier the last relation implies that 37 = u, the isomorphism
Proposition follows from Tietze transformations

We can now easily compute that the abelianization of the above group 7(K,2) = ker(¢: m —
Zs) is isomorphic to Z @ Zs.

This calculation, together with the Cocyclic Subgroup—Invariant Lemma and the
above discussion of the trivial knot, gives a new proof of the Trefoil-Non-Trivial Proposi-

tion [3.10 O

Evidently we would like to continue with the figure-8 knot. But this case is harder than
the trefoil. The case of the trefoil was fairly easily to handle, since we started out with
a presentation where one generator got sent to one, and the other ones got sent to zero.
Unfortunately this is not the case for Wirtinger presentations, so we will need to first
“rearrange” the presentation. The key tool for doing so is the following lemma:

Lemma 5.15. (Presentation—Substitution Lemma) Let X = {z1,..., 24} be a finite
set and furthermore let r = {ry,...,r;} be a finite subset of (X) = (xy,...,2zx). Suppose
that we can write each r;(xy,...,zx) as a word s;(xq,...,2Tg_1, 2% - w) where w is a word
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in x1,...,T,_1, then the homomorphism
(X1, ..y |11,y m) = (T1, e 1, ] S1, .00, S1)
that is induced by z; — 2;, i =1,...,k — 1, and x}, — tw~! is an isomorphism.

Definition. We refer to the isomorphism of the Presentation—Substitution Lemma [5.15
as the isomorphism given by the substitution t = xy - w.

Example. A picky reader might decide that the formulation of the Presentation—Substi-
tution Lemma [5.15|is not completely precise. But the following example should make the
meaning clear:

{a,b|a"*ba " bab™") = (a,bla 'b-a'b-a-(a'b)" -a™t) = (a,c|c-c-a-ctamt).
N 4

=a~1ba~tbab~! substitution ¢ = a~'b O
Proof. Note that there exists in fact a unique homomorphism
(X1, xp |1,y = (T, 1, ] S1, 00, S1)

that has the property that x; — x;, i = 1,...,k — 1 and that x;, — ¢ - w™!. Furthermore,
we have a map from the right to left by the reverse substitution ¢ — x; - w. It is straight-
forward to verify that these homomorphisms are inverses of one another, hence both are
isomorphisms. [
In the following example we consider the figure-8 knot K and we carry out the first steps
needed to calculate the isomorphism type of 7(K,2).

Example. Let K be the figure-8 knot. In the Figure 8 Knot—m;-Lemma [5.8 we saw that
we have an isomorphism

TSP\ K) = (yn,yo,ys, ya |y yayiys s ys Yeysyr s Ys Yiyeys ).
We denote by ¢: 71(S%\ K) — Zy the epimorphism that is given by sending each y; to 1.
We set t := y;. The goal is to replace the generators yq, yo, y3 by generators xy, xo, x3 which
satisfy ¢(x;) = 0. In fact we have

T (SS\NK) = (ty2ys ya |t yatys ' s yayst ™ v tyays )
= (t,yo,ys,ya |t yat bty T by et byt ey Tyt ey )

VvV VvV Vv
=t=lyaty; " : =y3 'y2yst—! ) : =yy 'ty2y;
_ T L U -
= (t, 29, w3,y |t wytey  t 0y wotas, tT g tasx, ).

substitution a; = yit ™", x; ' = ty; ', see the Presentation-Substitution Lemma

At this point we have a presentation to which we can apply the Reidemeister-Schreier Pro-
position A heroic calculation shows that m(K,2)., = Z @& Zs. Thus we obtain a new
proof that the figure-8 knot and the trefoil are not smoothly isotopic. O

The above procedure for distinguishing knots works fairly well in practice. For example,
with enough time at one’s hand, or alternatively a convenient computer implementation,
one can use the above methods to show that all the knots shown in the figure on page
are in fact pairwise different. In fact this is exactly what was done by James Alexander
and Garland Briggs [AB27, p. 563] when they first classified “small knots” (without the
computer though.)
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Nonetheless, the above approach is not overly satisfying. It would be much better to
have invariants of knots that are much quicker to calculate. We will come back to this
challenge in the next chapter.

5.6. Appendix: High-dimensional knots. Since the study of knots in S?® was so much
fun, it would be a shame not to consider high-dimensional knots.

Definition. An n-dimensional knot in S* is a smooth submanifold of S* that is diffeomor-
phic to S™. For n = 1 and k = 3 we say that such a knot is classical. When we consider
the case n > 1 and k > 3, then we say that the knot is high-dimensional.

For the most part we will now restrict ourselves to the case of codimension two knots. We
start out with a boring example:

Example. Let n,k € N with & > n. We refer to U := {(x,0) € S"" < R¥ |z € S} as
the trivial n-dimensional knot in S*. O

Definition. We say that an n-dimensional knot in S* is trivial if it is smoothly isotopic
to the trivial n-dimensional knot in S*.
We continue with two unsurprising lemmas.

Lemma 5.16. (Isotopic Link-7;-Lemma) Let n € N. Let K and K be two n- dimen-
sional knots in S"™2. If K and K are smoothly isotopic, then m;(S""2\ K) 2 7, (S"*2\ K).

Proof. The proof of this statement is verbatim the same as the proof of the Isotopic
Link-7m-Lemma, [3.2] |

Lemma 5.17. (Trivial Knot-m-Lemma) Let n € N. If K is a trivial n-dimensional
knot in S™*2 then 7 (S""%\ K) = Z.

Proof. Let K be a trivial n-dimensional knot in S™*2. We see that
follows from Exercise

4
m(SP\K) 2 m(ST\U) = m(SPx R 2 om(sh) = Z
/I\
by the Isotopic Link-7i-Lemma [ |
Evidently the question now is whether there exist non-trivial high-dimensional knots. Or

perhaps better, the question is whether we will manage to explicitly construct such exam-
ples. The good news is, we can indeed do so.

In the following we will present a construction, which has its origins in the work of Emil
Artin [Art25b] and Eric Zeeman [Zee65], that turns a codimension-two knot in S™*2 into
a family of codimension-two knots in S"*3.

Definition. We start out with the following preparations:

(1) We make the identification S"*2 = Eiﬂ Ugn+1 Bn+2

(2) By the Sphere-Solid Tori- Decomg)osmon Lemma we can make the identification
Snts — (51 B" +2) Ug1 y gn+1 ( X S"+1)

(3) We make the 1dent1ﬁcat10n R""2 = C x R™. In particular we view B asa subspace
of C x R™.

(4) Given z € S* let
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n—+2 n—+2

p.: B B
(wa (L‘) = (Z T w, ZL')
be the rotation of B by the “angle” z € S! around “the 0 x B"-axis”.

Now let K < S™"2 be an n-dimensional knot. It follows fairly easily from the Smooth Ball
Embedding Theorem [2.9)and the fact that K is a smooth submanlfold that, after p0551b1y
applying a diffeotopy of 5™, W§ can assume that J_ = K N B?z = {(0 w)|w € B"}
is the “trivial disk knot” in B We denote by J, = KN B the “other disk knot”.
Next, given m € Z we denote by @ the dlﬁeomorphlsnﬂ

CIDm:SlX_n+2 — Sl x
(Z,l’) = (vazm( ))

Note that @, is the identityf] and also note that each ®,, leaves the subset S* x "~
invariant as a subset. Thus we can define the m-twist spin S,,(K) as follows:

—n+2

S(K) = ©(S* x J4) Ugixgn (B x S < (S* x B"?) Ugiggans (B x S").
W N " s N - 7
CS1><B"Jr2 C§2X5n+1 —gn+3

In the figure below we do our best to illustrate this construction for n = 1. Again informally
speaking, S, (K) is given by spinning the disk knot J, around the S 1-directiog,2performing
m spins around J, as you go around S*, and then capping off the result by B~ x S"7L.

§n+2

cap off with
Sn+1 §77,+2 X Sn,fl
§n+2

As we will see, it follows easily from the following proposition that, perhaps unsurpris-
ingly, some twist spins are non-trivial. Perhaps more surprisingly the proposition also says
that (£1)-twist spins are always trivial.

Proposition 5.18. (Spun Knot-m-Proposition) Let K < S™""? be an n-dimensional
knot.

(1) For the O-twist spin there exists an isomorphism 7 (S"™3 \ Sp(K)) = 7,(S""2 \ K).
(2) For every € € {—1,1} the e-twist spin knot S.(K) is trivial.

—n+2
4 nformally speaking ®,,, spins B altogether m times as we go around the S!-direction.
42As a start it suffices to consider the trivial case m = 0.
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Sketch of proof. Let K < S™*2 be an n-dimensional knot.
(1) We have the following isomorphisms{®]

it follows from the Seifert—van Kampen Theorem [3.9]
that this map is an isomorphism,

note that here we use that ®o(S* x Jy) = S x J4
4

TS\ So(K)) & m(SUx (BNTL)) sy st (smiiygnoty (B x (ST S71))

isomorphisms given by the
Product-m1-Proposition

—=n-+2
(&) x m (B "\ J4)) *()x) (8)
isomorphismbe the group theoretic
fact that I' — ((ty x I) * (s (t) (s)

\J4)

isomorphism by the

o Seifert—van Kampen-Theorem
see the argument on page

™ (™2 K).

(2) This statement is proved implicitly in [Zee65l, p. 486] and explicitly in [FO15l Corol-
lary 2.1]. The reason for writing [FO15] was that it felt easier to prove the statement,
than to try to read the proofs written down by others. So we warmly recommend to try
to prove the statement on your own instead of reading the proofs in the literature. W

7T1 (En+2

Corollary 5.19. (Non-Trivial High-Dimensional Knot Existence Corollary) Given
any n € N there exists an n-dimensional knot in S™*2 that is non-trivial.

Proof. Let K < S2 be the trefoil and let n € N. We see that

by the Torus Knot-m-Proposition and
the Trefoil-Non-Trivial Proposition

4
7 (SN (n — 1)-st iterated O-twist spin of K) = m(S*\K) % Z = m(S"™\U).
4 4
by the Spun Knot-7i-Proposition by the Trivial Knot-7i-Lemma

It follows from the Isotopic Link-m-Lemma that the (n — 1)-st iterated O-twist spin
of the trefoil is a non-trivial knot. [

Exercises for Chapter [5}

Exercise 5.1. Use the HNN-Gluing Theorem [5.1] to calculate the fundamental groups of
the torus and the Klein bottle, just using the fact that m;(S*) = Z.

Exercise 5.2. Let X be a path-connected topological space that admits a non-empty path-
connected subspace S such that X \ S is also non-empty and path-connected. Does 7 (X)
admit an epimorphism onto Z?

43By now the reader will be fully aware of the fact that it is supremely painful to completely keep track
of all identifications, base points, induced maps and so on. Thus we also took some liberties to improve

readability.
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Exercise 5.3. Show that if a knot diagram has at least one crossing, then the number of
crossings equals the number of strands.

Exercise 5.4. Given a diagram D of a knot K we pick an orientation and we define the
writhe w(D) of D as the sum of the signs of the crossings.

right-handed trefoil left-handed trefoil figure-8 knot
KD CAD *
o O S

writhe = 3 writhe = —3 writhe = (

(a) Show that the writhe of a knot is independent of the orientation.
(b) Let D and D be two diagrams for the same knot K < S3. Show that the following two
statements are equivalent:
(i) D and D are related by sequence of Reidemeister moves 2 and 3 (and all the obvious
variations thereof).
(ii) The writhes of D and D agree.
Remark. Of course you should make use of the Reidemeister Moves Theorem [4.5]

Exercise 5.5. Let m be a group. We say that a subset S < 7 normally generates m if
(S)) = m. We define the weight of 7 as

w(m) = min{#S| S is a subset of 7 that normally generates 7} € Ny U {oc}.

(a) Determine the weight of Z™.
(b) Determine the weight of the free group on m generators.
(c) Let L < S® be an m-component link. Show that w(m(S®\ L)) = m.

Exercise 5.6. Let K; and K, be two oriented knots in S%. Show that for i = 1,2 there
exists an epimorphism m(S? \ (K;1#K>)) — m1(S%\ K;).

Remark. Evidently you should make use of the Knot Connected Sum-m;-Proposition [3.15]
But what result from the current chapter do you also need?

Exercise 5.7. Give a purely algebraic proof that the two groups (x,y | 2> = %*) and
{a,b,c| ctbecat, b~ tabc™!) are isomorphic.

Remark. You could use Tietze transformations and you could use the Presentation—
Substitution Lemma [5.15]

Exercise 5.8.
(a) Let K be an oriented knot with diagram D and let K be an oriented knot with diagram
D. How can you obtain a diagram for K# K from D and D?
(b) Let K and K be two oriented knots in S®. Use the Wirtinge Presentation Proposi-
tion to show that there exists an isomorphism
m(SP\ (K#K)) = m(S?\ K, ) * T (S3\ K, Tp).

Remark. This gives a new proof of the Knot Connected Sum-m;-Proposition [3.15]

HK=H5

Exercise 5.9. Given m € N we denote by m - K the m-fold connected sum of the trefoil
(with a fixed orientation). Show that for m # n € N the knots m - K and n - K are not
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smoothly isotopic.
Hint. Use Exercise [5.6| and count the number of epimorphisms from fundamental groups
onto the permutation group Ss.

Exercise 5.10. We start out with two definitions:

e The deficiency of a finite presentation (xq,...,xg |71, ...,7) is defined to be k — [.
e Let 7 be a finitely presented group. We define the deficiency def(m) of m as the maximal
deficiency of a finite presentation for 7.

Let m € N. What are the possible deficiencies of the groups m(S® \ L) where L is an
m~component link?

Exercise 5.11. We say that two knots K and K in R3 are related by a crossing change
if there exists a smooth map F': S x [0,1] — R? and some s € (0,1) with the following
properties:
(1) We have Fy(S') = K and F(S!) = K.
(2) For every t # s the map Fy: S' — S? is an embedding.
(3) The map Fy: S' — S? is an immersion and there exist w,z € S* with the following

properties:

(i) the restriction of Fy to S'\ {w, 2} is an injection,

(ii) Fs(w) = Fs(z) and the vectors F!(w) and F.(z) are linearly independent.

In the figure below we illustrate the definition of a crossing change.

Fy(z) = Fy(w) E,

0 F ‘ " I

Given two knots K and K the minimal number of crossing changes needed to turn K into
K is called the Gordian distance between K and K. The Gordian distance of a knot K
to the trivial knot is called the unknotting number of K. (In practice these numbers are
notoriously difficult to calculate.)

(a) Show that any two knots in R? are related by a sequence of finitely many crossing
changes. In other words, show that the Gordian distance between two knots is finite.
Hint. You could use the fact that every knot admits a knot diagram.

(b) What are the best lower and upper bounds you can find on the Gordian distance
between the trefoil and the figure-8 knot?

Exercise 5.12. A tangle is a proper 1-dimensional submanifold of B’ We consider the
five tangles shown in the figure below. Note that the boundary of each of the five tangles
is the same.

(a) For which pairs .5, 3T of _t}sle five tangles does there exist an orientation-preserving dif-
feomorphism ¢: B® — B~ with ¢(S5) =717

(b) For which pairs *Z:;T of —tzlsle five tangles does there exist an orientation-preserving dif-
feomorphism ¢: B” — B~ with ¢(S5) = T and with ¢|g2 = idg?
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tangle A tangle B tangle C' tangle D tangle F

Exercise 5.13. We start out with a few definitions.

(1) A long knot is a submanifold K of R? that is diffeomorphic to R and which has the
property that there exists an r» > 0 such that

KN (R \BY0) = (B x{(0,0)}) N (B*\ BY(0)).

A long knot comes with a natural orientation given by “going from —oo to co”. We
refer to U :== R x {0,0} as the trivial long knot.

B;(0)

- long knot

(2) In this exercise we say that two long knots K and .J are equivalent if there exists a
smooth isotopy F': R x [0,1] — R3 such that Fy(R) = K, Fy(R) = J and such that
there exists a C' > 0 such that for each ¢ € [0, 1] and each x € R with |z| > C we have
E(l’) = (l’, 0, 0)

(3) Let L be a long knot. We pick an r > 0 such that

LNBX0) = Rx {(0,0)}.
We denote by O F;(O) — 93
o= (G- 5P
the obvious smooth embedding whose image is precisely the upper hemisphere. We
refer to _
L9 = ®(LN B, (0)) U{(z,0,0,v1—2%)|ze[-1,1]}

as the closure LY of the long knot L. Note that the closure inherits an orientation from

L.
2/7 > closure L

long knot L

Now we turn to the actual exercises:

(a) There is a pretty obvious definition of a composition L#L’ of long knots L and L'
Turn this idea into a proper definition.

(b) Show that L#L’' and L'#L are equivalent.

(¢) Show that the fundamental groups of R®*\ L and S®\ L are isomorphic.
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(d) Show that the closure L is well-defined up to smooth isotopy and show that the map

{long knots up to equivalence} — {oriented knots up to smooth isotopy}
L] = [L]]

is a bijection.
Exercise 5.14. We continue with the discussion of long knots from Exercise

(a) Let K and J be two long knots such that K#.J is equivalent to the trivial long knot.
We consider the 1-dimensional smooth submanifold M of R3 that is shown in the figure
below. We denote by U = R x {(0,0)} the trivial long knot. Show that there exists
a diffeomorphism ®: (R* M) — (R3,U) and show that there exists a diffeomorphism
d: (R3, M) — (R K).

Hint. Make use of the fact that by Exercise (b) we know that J#K is also
equivalent to the long trivial knot.

M <\ KJ A KHJ KHJKr®eee*—>

Remark. The braces are supposed to give you an idea for the proof.

(b) Let K < S3 be an oriented knot. Suppose that there exists an oriented knot J < S? such
that K#.J is the trivial knot. Show that there exists a homeomorphism ©: S3 — S3
such that ©(K) equals the trivial knot.

Remark. This argument is known as the “Mazur swindle” [Maz60].

Exercise 5.15.

(a) We consider the epimorphism
¢: Ly * Ly = (a,b|a®,b*) — Zs

that is given by ¢(a) = ¢(b). Show that ker(¢) is isomorphic to Z.
Hint. Use the Presentation—Substitution Lemma [5.15 and the Reidemeister-Schreier

Process [5.14]
(b) We consider the connected sum RP?*#RP? of two copies of the real projective space RP?.

Note that 7, (RP*#RP?) 2 Z, * Z,. What is the covering of RP*#RP? corresponding
to ker(¢)?

Exercise 5.16. Let K be a knot. Show that m;(S® \ K) admits an epimorphism onto the
permutation group Sj if and only if K is colorable in the sense of Exercise [£.7]

Exercise 5.17. Let A and B be two finitely generated abelian groups with F(A) = F(B).
In other words, we assume that A and B have the same finite quotients. Are A and B
necessarily isomorphic?

Exercise 5.18. Let K be the trefoil. Compute the abelianization of the group 7 (K, 3).

Exercise 5.19.

(a) Let K and K be two oriented knots. What is the connection between 7 (K, 2), m(K,2)
and T(K#K,2)?

(b) Show that given any n € N there exists a knot such that 71(S® \ K) has at least n
generators.
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Exercise 5.20. Let n € N and let £ € {1,...,n — 1}. We consider the submanifold
K = {(z,0) € R""! |z € S*}. Show that S™\ K is diffeomorphic to S"7*~1 x RFL.

Exercise 5.21. Let K < S be an oriented knot and let m € Z. As on pagewe consider
the m-twist spin S,,(K) = S*. We view S? as a subset of S* via the embedding z — (z,0).
The intersection S,,(K) N S? is a knot. What is the smooth isotopy type of this knot? A
possible answer is that this knot is a connected sum of K with some suitable other knot.

Exercise 5.22. Let m € N. Show that there exist two 2-component links L = L; L L, and
L= L1 Ll Ly in S+ with dim(L,) = dim(Ls) = dim(L,) = dim(Ls) = m but such that
L and L are not smoothly isotopic.

Exercise 5.23. We consider the “spatial graphs” A < R3 and B < R? that are shown in
the figure below.

(a) (i) Determine a presentation for m (R \ A).
(ii) What is the abelianization of 7rl( \ A)?
(b) Replace A by B and again solve (i) and (ii).

A=



CHAPTER 6

Linking numbers

In this short chapter we introduce the linking number of two disjoint oriented knots. The
linking number is one of the most basic invariants of topology, which we will encounter on
several occasions and in different guises throughout these notes.

6.1. Definition of Linking numbers and basic properties. The Link Group-Abelian-
ization Corollary [5.7] allows us to introduce the following basic and rather useful definition:

Definition. Let K and K be two disjoint oriented knots. By the Link Group-Abelianiza-
tion Corollary we have (5% \ K)a, = Z - k. Note that it follows from the Loop--
Lemma and the discussion on page 45| that K gives rise to a well-defined element of
71(S% \ K)., which we denote by [K]. We now define the linking number 1k(K, K) to be
the unique integer such that the following equality holds in 71(S3\ K)ap = Z - jix:

K] = k(K,K)-px € m(S*\K)ap =Z- px.

Example. In the figure below we show some basic examples of linking numbers:
Lo o C BT B
k(K,K)=1 k(K ,K)=-1 k(K K)=2 k(K,K) =41 Ik(K,K)=-1

These result from the observation that for the trivial knot K we have 71 (S*\ K) = Z - [jux]

and from the fact that for any oriented knot K we clearly have Ik(K, pu) = 1. O

In the following lemmas we collect some basic facts about linking numbers:

Lemma 6.1. (Linking Number-Homotopy-Lemma) Let K be an oriented knot and
let K and K’ be two oriented knots in the complement of K. If K and K’ are homotopic
in the complement of K, i.e. if there exists a continuous map F': K x [0,1] — S\ K such
that Fy = id and such that F;: K — K'is an orientation-preserving diffeomorphism, then

k(K,K) = k(K,K').
homotopy homotopy
>

K K K

[ E— Qa___ ~
L) K—=) O«
L) ~ Ky L) S K L)

k(K , Ko) = Ik(K, K,) - k(K,K,) = 0

Proof. It follows easily from our hypothesis that (K] = LI? 1€ m(S?\ K)ap. Tt follows
immediately from this observation that lk(K, K) = 1k(K, K’). |

87
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Lemma 6.2. (Linking Number—Orientation Lemma) For any disjoint oriented knots
K and K we have

knots with orientation reversed
+ ~ ¥ ~
k(K™ K) = k(K,K®) = —Ik(K,K).

Proof. The lemma follows easily from the definitions and the following two facts:

(1) It follows from the Meridian-Symmetries Lemma together with the Loop-m;-Lem-

ma [3.14] (3) that [uprer] = [(ux)™) = =[px] € m(S®\ K)ap. _
(2) Tt follows from the Loop-m-Lemma [3.14| (3) that [K™] = —[K] € m(S?\ K)ap. N

Lemma 6.3. (Linking Number—Mirror Image Lemma) For any two disjoint oriented
knots K and K we have

k(K™ K™ = —1k(K, K).
K O reflection in the Jomir C .
Q ry-plane - - i
lk K K H((Kmir, Krnir) =1

Proof. Let K and K be two disjoint oriented knots. Let p: S3 — S3 be the reflection in
a hyperplane. We have the following equalities in 71 (S® \ K™),;,

definition of k(K™ ]:'"‘ir) definition of K™ definition of k(K f()
Lo~ oo~ + ~ 4 .
(e, B - e = [ ) (K, ) - i)

= [K(K, K) - plpre)] = W K - [ppe)) = RO = (= pugces)

by the Meridian—Symmetries Lemma m (2) we know
that a meridian for K™" = p(K) is given by p(ux)™",
the equality now follows from the Loop-7i-Lemma m (3)

From this calculation it follows that k(K™ K™ir) = —1k(K, K). |

The following lemma implies that if the linking number of two disjoint knots is non-zero,
then they form a non-splittable link:

Lemma 6.4. (Linking Number-of-Split Link Lemma) Let K and K be two disjoint
oriented knots. If the link K U K is splittable, then lk(K, K) = 0.

Proof. Let K and K be two disjoint oriented knots such that the link K LI K is splittable.
It follows almost immediately from the definition of a splittable link on page 20 that we can
write S® = BU B where B and B are smooth submanifolds with the following properties:
(a) B and B are diffeomorphic to B

(b) We have BN B = 0B =0B. _

(¢c) KcB\0Band K c B\ 0B.

Note that by (c¢) we have S*\ K = (B*\ K)UB

K— %/D

To~
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It now follows from (b) and the Seifert-van Kampen Theorem |3.9 that for any x¢ € 0B =
JB the inclusions B>\ K — S\ K and B — S?\ K induce an isomorphism

m(B*\ K, z0) *m (B, z0) — m(5*\ K, x0).

Since m (K) — m(B) = {e} is the trivial map we now see that m(K) = m(S3\ K) is
the trivial map. This implies that [K] is the trivial element in 71 (S®\ K, 20). This in turn
implies that k(K K) = 0. |

Example. It is not completely unreasonable to ask whether the converse to the Linking
Number-of-Split Link Lemma [6.4] holds. In the figure below we show two disjoint oriented
knots K and K. Note that in the complement of K the closed curve K is homotopic to
the closed curve K’ that is shown in the figure to the right.

Whitehead link < D B ) -
r—\ U & K E—\\_ & S K

As above on page [87] it follows easily from the above figure and the Linking Number-
Homotopy-Lemma |6.1] that k(K K') = 0. It seems unlikely that K U K is splittable. But
as of right now we lack the tools to prove that the link is indeed not splittable. We will
deal with this issue in Exercise [0.12

6.2. Linking numbers via diagrams. Our next goal is to find a practical way for calcu-
lating linking numbers. Before we can achieve this goal it is convenient to remind ourselves
of the definition of positive and negative crossings from page [66}

Definition. A crossing in a link diagram is called positive (respectively negative) if the
direction of the upper strand followed by the direction of the lower strand give a positive
(respectively negative) basis for R2.

positive crossing negative crossing

From the definition it is not clear how to calculate the linking number. To calculate the
linking number we need a way to describe elements in a Wirtinger presentation. This leads
us to the following lemma, which is of more general interest:

Lemma 6.5. (Element-in-Wirtinger Presentation Lemma) Let L be an oriented
link and let J < S\ L be an oriented knot. We assume that the link L LI J is associated
to a link diagram such that each component has at least one crossing. We consider the
base point ¢ = (0,0,2). Let

(T1,. . T |71,y Te1) — m(SP\ L,0)
be the explicit isomorphism from the Wirtinger Presentation Proposition [5.5] We pick a
base point P on J, away from a crossing. We do the following;:

a) We denote by e loop that goes straight from ¢ to P, goes once aroun in the
We denote by J¢ the 1 that traight f to P d J in th
given direction, and that finally goes straight back to <.
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(b) We start with the empty word. We walk along J in the positive orientation, starting
and ending at P. Whenever we go under L (at the strand i of L) we do the following:
e We right-multiply our word with z; if it is a positive crossing.
e We right-multiply our word with x; ' if it is a negative crossing.
We denote the resulting word by wy € (z1,...,2,).

Under the above isomorphism the element [w;] € (x1,...,2,|r1,...,7,_1) corresponds to
[J°] € T (S3\ L, ).

Example. In the following figure we consider the trefoil K with the usual diagram and we
show an oriented knot J < S3\ K:

— base point ¢ = (0,0,2) — .
> —J
P—y

€2
K 4 5
( /3 strand 2 {\/ —32 -/
=, [J°] =21 - 25-23" - 29 - X9
strand 1 _] T

strand 3

—_—

+ —_
On page [68 we showed that we have an isomorphism
: P P S ol ol D A 3
(1, To, w5 |y -y ~ X9y gy cxg- a3y ) — m(ST\ K).

It follows almost immediately from the Element-in-Wirtinger Presentation Lemmal[6.5 that

o] -1 _ 2
[Jo] =2y a3 25 -y 1y = 11 - 127

Sketch of proof. We make the following preparations:

(1) For i € {1,...,n} we denote by z; the loop in ¢ that goes once around the i-th strand
in the usual way.

(2) We pick a smooth map 7: [0,1] — S® with the following properties:
(a) We have v(0) = (1) = P.
(b) v descends to a diffeomorphism ~: [0,1]/0 ~ 1 — J.

(3) We pick 0 = t; < t; < -+ < tjy1 = 1 such that for each j € {1,...,m} the image

Y([tj,tj+1] contains precisely one point where we go under L. Let o; € {1,...,n} be
the corresponding strand. Furthermore we set €; := +1 if the crossing is positive and
we set €; ;= —1 if the crossing is negative.

(4) For j =1,...,m we denote by «; the loop that starts in ¢, goes straight to v(¢;), goes
along v to y(t;+1) and then goes straight back to o.
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Now we see that in m1(5® \ L, o) we have the following equalities:

<& — — J— € € J—
[J°] = Jogx--xan] = Joq]-.c o] = @] [rgm] = [wy)
+ A A A
since the loops J° and definition of the since the loop «; is by definition we have
Qi * -+ % iy are homotopic product in (S \ L, o) homotopic to x5! zgh g =ws

Using the Element-in-Wirtinger Presentation Lemma we can now prove the following
popular proposition:

Proposition 6.6. (Linking Number-via-Crossings Proposition) Let K and K be
two disjoint oriented knots. If the link K LI K < S? is associated to a link diagram, then

~ % -number of positive crossings between K and K
k(K,K) = ~
— % -number of negative crossings between K and K.
positive Hopf link negative Hopf link i N
+\ ™ ¢ +
)+
K K —H
+
linking number =1 linking number = — linking number = 2

Proof. We introduce the following notation: We denote by U (IN( , K) the set of crossings
where K crosses under K and we denote by O(K, K) the set of crossings where K crosses
over K. For each crossing c of K and K we denote by €, € {—1,1} the sign of the crossing.
We start out with the following claim:

Claim 1. We have k(K,K) = Y e
ceU(K,K)
Proof. We consider the base point ¢ = (0,0,2). Let
(T1, .t |71, ) — (5% K, 0)

be the explicit isomorphism from the Wirtinger Presentation Proposition [5.5| Recall that
each z; is a meridian for K. Now we want to apply the Element-in- ertlnger Presentatlon
Lemm 5/to K. Thus we do the following: We pick a base point P on K and we walk
along K in the positive orientation. At every undercrossing with K (at the strand i of
K), we record x; if it is a positive crossing and we record z; L if it is a negative crossing.
In summary we get a word of the form z§ -...-zf" with oy,...,0p, € {1,...,n} and

€1,...,6m € {—1,1}. We now see that we have the following equalities in the abelian group

T (S?\ K;0)ap = Z - jug:

we use additive notation

1

~ ~ m
KRy = (B = o] = Serton) = Serme = (2 o)
1 0 j=1 ceU(K,K)
by definition by the Element-in-Wirtinger since each i
of Ik(K, K) Presentation Lemma is a meridian
It follows that Ik(K, K) = > €. H

ceU (K ,K)



92 6. LINKING NUMBERS

Claim 2. We have k(K,K) = Y e

ccO(K,K)
Proof. Let K™ and K™ he the reflections of K and K in the ry-plane. Note that
K™y K™ has an obvious diagram with the following properties:

e The points where K crosses over K become points where K™ crosses under K™,
e The signs of the crossings flip.

K /\//\ R reflect in the (i /Y/\ Jomic
: AN xy-plane e

positive crossing negative crossing

We now see that

(K, K) = —lk(K™, K™) = - 3 & == 2 (&) = X e
0 0 ceU (Kmir [mir) 4 ceO(K,K) ceO(K,K)
by the Linking Number by Claim 1 since reflections turns over- into undercrossings
Mirror Image Lemma and since reflections flip signs of crossings H

In summary it follows that

by Claim 1 and Claim 2

1l

k(K K) :%( Y e+ X ec)z%-( DO Ec>
ceU(K,K) ce O(K,K) c€U(K,K)UO(K.K)
1 number of positive crossings between K and K

2 — number of negative crossings between K and K | |

Using the Linking Number-via-Crossings Proposition [6.6) we can easily prove the following
proposition:

Proposition 6.7. (Linking Number-Symmetry Proposition) For any disjoint ori-
ented knots K and K we have

k(K,K) = Ik(K, K).

Proof. Let K and K be two disjoint oriented knots. By the Link Diagram Existence Pro-
position and the One Crossing Exists Lemma we know that there exists a diagram
for the link K U K such that each component has at least one crossing. We can thus use
the Linking Number-via-Crossings Proposition [6.6] to calculate the linking numbers of K
and K. The symmetry of the linking numbers now follows from the observation that the
formula in the Linking Number-via-Crossings Prop081t10n18 symmetric in K and K. nm

Exercises for Chapter [6]
Exercise 6.1. Let K and K’ be oriented knots and let J be a knot in the complement of
K and K’. Show that if K and K’ are homotopic in the complement of .J, then

k(K,J) = Ik(K',J).

Exercise 6.2. Provide an example of an oriented 3-component link L = L, L Ly U L3 such
that for any ¢ # j the following two statements hold:

(1) The linking number 1k(L;, L;) is zero.
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(2) The link L; U L, is non-trivial.

Exercise 6.3. We consider the pairs of knots K7, K 1 and Ko, [?2 shown in the figure below.
(a) Determine lk(K7, K1).
(b) Determine 1k(Ks, K5).

K,

Exercise 6.4. For which matrices A = (a;;) € M(n x n,Z) does there exist an oriented
n-component link L = L, U --- U L,, such that for any i # j we have 1k(L;, L;) = a;;?

Exercise 6.5. We consider the trefoil K and the oriented knot J = S®\ K that is shown
in the figure below. Let 2y € J. Show that [J] € m(S? \ K, o) is non-trivial.

Hint. You could try to find an epimorphism ¢: 7 (5% \ K, x¢) — G onto a finite group G
such that ¢([.J]) is non-trivial.

ez

Exercise 6.6. In the literature the Linking Number-via-Crossings Proposition often
gets used as a definition of the linking number. Use the Reidemeister Moves Theorem [4.5]to
make sense of this approach. More precisely, verify by hand that the right hand side of the
Linking Number-via-Crossings Proposition [6.6]is unchanged under any of the Reidemeister
moves.

trefoil K —

In the last two exercises we look at “bands” in R? where the two brown ends are fixed. In
the figure below we show the definition of the n-twist standard band:

n-twist standard band:

Exercise 6.7. We consider the two bands that are shown in the figure below to the left
and right. For each of the two bands determine the n € Z such that the band is smoothly
isotopic (rel the ends) to the n-twist standard band.

fixed

smooth isotopy smooth isotopy

rel the ends rel the ends

> fixed
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Exercise 6.8. Suppose we are given a “horizontal pole”. We want to wrap a band around

the pole such that the ends are fixed as before, such that the band is “tight” and such that

the band is tangent to the pole. We then remove the pole and we consider the question,

whether the resulting band is twisted or not.

(a) For the band shown in the figure below, what is the corresponding number of twists in
the standard band?

(b) How do you have to change the wrapping to get the opposite number of twists?

(c) Can you wrap the band around the pole several times in such a way that the band,
which we obtain from removing the pole, is untwisted?
Solution. Yes. First wrap couple of times in one way, then go underneath the band,
but otherwise wrap the same way.

keeping the
ends fixed




CHAPTER 7

Longitudes and coloring polynomials

In this chapter we will use the linking number, which we defined in the previous chapter,
to introduce the “longitude” of an oriented knot. We will use the pair of a meridian and
a longitude to define “coloring polynomials” of oriented knots. These are fairly simply
minded but surprisingly powerful invariants of knots.

7.1. Longitudes. The following lemma is the key to introducing the longitude of an ori-
ented knot:

Lemma 7.1. (Sputnik Lemma) Let K be an oriented knot, let 7: B’ x K — S° be
an orientation-preserving tubular map and let : S! — K be an orientation-preserving
diffeomorphism.

(1) Given any m € Z we define the knot 7,,(K) as the image of the smooth embedding

Sto— 53
For any m,n € Z we have lk(K, 7,,(K)) — lk(K Tm K)) —m.
(2) There exists a unique m € Z with 1k(K, Tm(K)) = 0.
possible 74 (K) corresponding 7, (K corresponding 7_3(K)
< (\ F/\
@/ 2. 6@ £ 6_3

trefoil —— O

Ik(K, 70(K)) = —2 k(K, 7(K)) = Ik(K, 7-3(K)) = =5

Proof. Let k € Z. We introduce the following loops

Y [0,1] — St x St a:[0,1] — St x St 0d B:10,1] — St x St
¢ (e2mitk g2mity t o (et 1) a t o (1,2,
Note that these loops define elements in 71 (S x S, (1,1)). Now let K be an oriented knot,

let 7: B> x K — S? be an orientation-preserving tubular map and let v: S' — K be an
orientation-preserving diffeomorphism.

3 :
(1) Let m,n € Z. We have the following equalities in m; kgh sqlll(; 1Z-\(lln %?Réb'x S1.(1,1)) follows

definition of 1k(K, 7, (K)) the calculation of 71 of a torus
v ¥
k(K7 (K) - e = [r(E)] = [(7 0 7)(S")] = 7llm) = 7((a"]- [5])
= 7l [a™] - [B]) = T*([ ") + 7([Ym])
T P "+ (Tofym)(sl)] T (n—m +1k(K,7,(K)) - k-
definition of px definition of 1k(K, 7m (K))

95
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It follows that Ik(K, 7,(K)) =n —m + lk(K, 7,,(K)).
(2) This statement follows immediately from (1). [

On page [27] we introduced the meridian of an oriented knot. We now introduce its loyal
partner, namely the longitude:

Definition. Let K be an oriented knot. Recall that by the Lmk Tubular Map Theo-
rem [2.15| there exists an orientation-preserving tubular map 7: B x K — S°. By the
Sputnik Lemma [7.1] there exists a unique m € Z with lk(K, 7,,(K)) = 0. We refer to
Tm(K) as the longitude Ag of K.

Example. Loosely speaking the longitude runs parallel to the knot K. But to ensure that
the linking number of K and its longitude A\x is zero we might have to introduce some

twists around K.
& figure-8 knot
o R Ce=
trefoil — longltudes i/

Using the Linking Number-via-Crossings Proposition [6.6] one can easily verify that in the
above figure the blue knots are indeed meridians of the red knots. O

trivial knot—

longitude

Lemma 7.2. (Longitude Lemma) Every oriented knot K admits a longitude and any
two longitudes are smoothly isotopic in the complement of K.

Sketch of proof. The existence follows immediately from the Link Tubular Map The-
orem m (1) together with the existence statement of the Sputnik Lemma . The
uniqueness follows easily from the Link Tubular Map Theorem [2.15] (2) and the uniqueness
statement of the Sputnik Lemma [7.1] We leave it to the reader to fill in the details. [

7.2. Longitudes and symmetries. We start out with recalling the following definitions
from pages [I8 and [I8}
Definition. Let K be an oriented knot.

(1) The reverse K™ is defined as the knot K with the reverse orientation.

(2) The mirror K™ is defined as the reflection of K in any hyperplane of R“Eﬁl We give
the mirror K™ the orientation that turns the reflection into an orientation-preserving
diffeomorphism K — K™,

(3) The inverse K™ is defined as the mirror of the reverse of K (which of course equals
the reverse of the mirror) "]

The following lemma, is an extension of the Meridian—Symmetries Lemma,

45Note that we showed in the Link Mirror Lemma that, up to a smooth isotopy, the definition of K™
does not depend on the choice of the hyperplane.

46Note that on page [18 we introduced the mirror of an unoriented knot. For the purpose of this section it
is better to work with oriented knots.

4TThe names “reverse” and “inverse” at times also get used with different meanings. We follow [Con70,
p. 336] for our naming convention.
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knot K the reverse K'Y the mirror K™ the inverse K™

Lemma 7.3. (Meridian-Longitude-Symmetries Lemma) Let K < S be an ori-
ented knot with knot exterior Xy and meridian pux < 0Xk and longitude \x < 9Xk.
Furthermore let p: S3 — S? be the reflection in a hyperplane. We obtain the following

table: meridian  longitude
original knot K 15 AK

reverse K™V 15538 AR

mirror image K™ = p(K) | plu)™  p(Ax)

inverse K™ = p(K)™¥ p(pr) p(Ak).

Proof. First note that the statements regarding the inverse follow immediately from the
statements regarding the reverse and the mirror. We proved the statements regarding the
meridians in the Meridian-Symmetries Lemma 2.18] The statement about the longitude
of K™V follows easily from the Linking Number—Orientation Lemma and the statement
about the longitude of K™ follows equally easily from the Linking Number-Mirror Image
Lemma [6.3] [

Now the question arises whether an oriented knot is smoothly isotopic to any of its dop-
pelganger. This leads us to the following definitions from pages [I§ and [19

Definition. Let K be an oriented knot.

(1) We say that K is reversible if K is smoothly isotopic to its reverse.

(2) We say that K is amphichiral if K is smoothly isotopic to its mirror image. Otherwise
we call the knot K chira,lF_-gl

(3) We say that K is invertible if K is smoothly isotopic to its inverse.

Example. As we saw in the figure on page [18] it is basically clear that the trivial knot
is amphichiral and reversible. Furthermore, in the figure on page we showed that the
figure-8 knot J is amphichiral. Also note that in Exercise 2.1] we showed that the trefoil
and the figure-8 knot are reversible. O

Theses examples lead us to the following two questions:
Question [2.6] Is every knot reversible?
Question [2.8 Is the trefoil chiral?

Before we show how to answer both questions let us introduce the following simple-minded
definition:

Definition.

(1) A group-pair system is a triple (G, g1, g2) consisting of a group G together with two
elements g1, g2 € G.

(2) An isomorphism between group-pair systems (G, g1, go) and (H, hq, hy) is a group iso-
morphism ¢: G — H with ¢(g1) = hy and ¢(g2) = ho.
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The following definition gives us the group-pair system we care about most:

Definition. Let K < S® be an oriented knot. By the Lmk Tubular Map Theorem
there exists an orientation-preserving tubular map 7: B x K — S

(1) As on page 26 we refer to X = 5%\ 7(B* x K) as the exterior of K.
(2) We use the tubular map to define the meridian px < dXg as on page 27 and the
longitude A\x < Xk as on page
(3) Let z € K. We refer to the group-pair system
(m(Xx,7(1,2)), prc, Arc)
A 4
group elements by the Loop-mi-Lemma [3:14]
as the group-pair system of the oriented knot K. Note that it follows easily from the
Link Tubular Map Theorem (2) that the isomorphism type of this group-pair
system is an invariant of the oriented knot K.

Example. We consider the following knot diagram for the trefoil K:

1 ( i /3 o m base point P on A\ < 0Xg
() \_\@ HE = T2

T3 . _ =1, =1 .3 -1
longitude — AK =Ty Ty Ty T

We pick a base point P € A\ < 0Xg. As on page |68 we get the presentation
. e =1 =1 B A 3 =
(1, T0, w5 |y -y -9 - x5 1y a9 ay-xy ) — m(SP\ K, P) T m (XK, P)
by the Link Exterior Lemma (4)

where 11, 1o, r3 are meridians that correspond to the three strands. It follows easily from
the discussion of the longitude of the trefoil on page and the Element-in-Wirtinger
Presentation Lemma that pux = 29 and Ag = 2;' - 25" - 23 - 23", In summary, the

group-pair system of K is isomorphic to the group-pair system

. T -1, el , —1 P N B N
((x1, T, w5 | Xy X1~ To - Ty Ty - To-Ty-Ty ), To Ly Ty T Ty ).
N -~ J/ v . ~ /
> (S3\K,P) 2 (Xk,P) =uK =Ag ([

The following proposition can be viewed as a refinement of the Isotopic Link-m;-Lemma
and the Mirror Link-m;-Lemma, (3.3}
Proposition 7.4. (Knot—Group-Pair System Proposition)

(1) Let K and J be two oriented knots. If K and J are smoothly isotopic, then the
corresponding group-pair systems are isomorphic.
(2) Given an oriented knot K with a group-pair system (7, pi, Ak ) the following hold:

(a) The group-pair system of the reverse K™ is isomorphic to (7x, ux', A5 )-
(b) The group-pair system of the mirror K™ is isomorphic to (7x, g, Ai)-
(c) The group-pair system of the inverse K™ is isomorphic to (7x, ux , A\g')-

Sketch of proof.

(1) This statement follows easily from the Isotopy Extension Theorem
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(2) This statement follows basically immediately from the Meridian-Longitude—Symmetries

Lemma [7.3| together with the Loop-m;-Lemma (3). |

7.3. Coloring polynomial. The Knot-Group-Pair System Proposition raises the fol-
lowing question: How we can show that two group-pair systems are not isomorphic? On
page we saw that looking at finite quotients of groups can be a convenient tool for
distinguishing groups. We now apply the same idea to group-pair systems. There are var-
ious ways of making this idea precise. We will use an approach due to Michael Eisermann
[Eis07].

We start out with the following definition:

Definition. Let G be a group. We consider the group ring

We equip this abelian group with the involution that is induced by g — ¢~
we set S -

rl,...,rmEZandgl,...,gmEG}.

! more precisely,

;Ti'gi = ;Ti'gi_l-

We can now introduce a new knot invariant:

Definition. Let G be a finite group and let x € G.
(1) Given a group-pair system (m, g1, go) where 7 is a finitely generated group we define

finite sum by Exercise
\l,

P&(m, 01,92) = > v(g2) € Z[G].
{v€Hom(m,G) | p(g1)=2}

It is clear that isomorphic group-pair systems give the same element in Z[G].
(2) Let K be an oriented knot. Following [Eis07, Definition 1.2] we refer to

PL(K) = P{(group-pair system (71 (Xg), i, Ax) of K) € Z[G]
as the (G, x)-coloring polynomial of K.

The following lemma collects a few basic facts about coloring polynomials:

Lemma 7.5. (Coloring Polynomial Lemma) Let G be a finite group and let z € G.

(1) If K and K are smoothly isotopic oriented knots, then P%(K) = P%(K).
(2) Let K be an oriented knot.

(a) For the reverse K™ we have PL(K'™) = P% ' (K)

(b) For the mirror K™ we have P%L(K™r) = P% ' (K).
(c) For the inverse K™ we have PEL(K™) = PL(K).

Proof.

(1) This statement follows easily from the Knot—Group-Pair System Proposition (1).
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(2) In the following we perform the calculation for (a). The other statements are proved in
a similar fashion. So let K be an oriented knot. We write mx = m1(Xg). We see that

z—1 . . -1 . T
be (K) = > k) = 2. (k) = PG(E™).
¢ € Hom(mx, G) ¢ € Hom(mg, G)
o(pk) = olug ) ==
since ¢ is a by the Knot—Group-Pair System
homomorphism Proposition (2a)

The art now is to find, given a knot, a finite group G and element x € G such that the
(G, z)-coloring polynomial has content. In the following examples and results we will see
how this can be done in practice.

As a first application we can now finally answer Question in the affirmative:

Proposition 7.6. (Trefoil-is-Chiral Proposition) The trefoil is chiral.

Proof. We equip the trefoil K with either orientation. We consider the alternating group
G = As and the element x = (12345) € A;. An elementary (but somewhat lengthy)
calculation shows that there exist precisely six epimorphisms 7 (S® \ K) — A5 which send
the meridian to x € As.

left handed trefoil K — - rlght handed trefoil K™
P} (K)=1+5x O C/ K”“r) =1+5z1

One can then calculate that P4 (K) = 1+ 5z and™ P4 (K™) = 1+ 527! (see ﬂm,
p. 307]). Since z # 27! € A5 we ‘obtain from the Colorlng Polynomial Lemma [7.5] (1) that
K is chiral. |

Example. We consider the Conway knot and the Kinoshita-Terasaka knot that are shown
in the figure belowf

((> Ve @

o T

Conway knot Kinoshita-Terasaka knot

Newton institute Cambridge

This pair of knots is notoriously hard to distinguish. Now let G be the Mathieu group
M1, this is the unique simple group of order 7920 = 2*-32.5- 11 and the smallest of the
sporadic simple groups, see [CCNT85] for details. As is explained in [EisQ7, p. 315], one
way of describing G = Mj; is to note that it is the subgroup of the alternating group Ay,
that is generated by

(1234567891011) (123
= and y= 5

4
234567891011 1 2 3 7 10 11 9 4

5 6 78 9 10 11

1 86 '
491 fact, since by Exercise we know that the trefoil K is reversible we see that the mirror is smoothly
isotopic to the inverse, thus we see that P4_(K™") =P} (K™) =P} (K)=1+5zx=1+5z"".
%0The knots are named after the mathematlclan John Conway ﬂm and after the mathematicians
Shinichi Kinoshita and Hidetaka Terasaka .
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Note that = has order 11 in A;; and thus also in G = My;. By [Eis07, p. 317] we have the
following table:ﬂ

PL(K) = 1+ 1123 + 1127, P&(C) = 1+ 1123 + 1127,
PL(K™) = 1+ 222° + 1147, PL(C™) = 1+ 112% + 112% + 1127,
PL(K™Y) = 1+ 112 + 2245, PL(C™) = 1+ 112 + 1128 + 1125,

PLIK™) = 1+ 11z* + 1128, PL(C™) = 1+ 112t + 1128
Since x has order 11 in G we see that the four elements in each of the two columns are
different. This shows that the Kinoshita-Terasaka knot and the Conway knot are neither
reversible, nor amphichiral nor invertible. Since the collection of four elements in Z[G]
appearing in the two columns are different we also see that no flavor of the Kinoshita-
Terasaka knot is smoothly isotopic to any flavor of the Conway knot. O

For the record let us formulate the following proposition, which gives in particular a negative
answer to Question [2.6]

Proposition 7.7. (Knot-without-Symmetries Proposition) There exists an oriented
knot that is neither reversible, nor amphichiral nor invertible.

Proof. This proposition follows immediately from the above example. [ |

Exercises for Chapter [7]

Exercise 7.1. The writhe of a knot diagram is defined as the number of positive crossings

minus the number of negative crossings.

(a) Determine the writhes of the standard diagrams of the two trefoils and of the figure-8
knot.

(b) Show that every knot admits a diagram of writhe zero.

(c) Let D be a knot diagram of writhe zero. Show that a longitude is given by taking a
“parallel copy” of the diagram in R2.

Exercise 7.2. Find longitudes for the three oriented knots that are shown in the figure
below.

cinquefoil {S) three-twist knot /(9 stevedore knot <§\)

Exercise 7.3. Let 7 be a finitely generated group and let G be a finite group. Show that
the set Hom(m, G) of homomorphisms from 7 to G is a finite set.

Exercise 7.4. Let G be a group and x € G. Determine P{(trivial knot).
Exercise 7.5. Can it happen that the coloring polynomial P (K) of a knot is zero?

5INote that the Coloring Polynomial Lemma implies that the coloring polynomial P¢ of the inverse
is determined by the coloring polynomial of the original knot. The lemma makes no such claim for the
coloring polynomial of the mirror, in fact the following table shows that the coloring polynomial P¢, of the
mirror is not determined by the coloring polynomial P¢ of the original knot.
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Exercise 7.6.

(a) Is the knot 5; chiral?
(b) Is the knot 5; reversible?

Exercise 7.7. Let GG be a group. As we will see on page , we can equip Z[G] with a
naive multiplication given by the multiplication in G and distributivity. Now let K _and K
be two oriented knots. We consider the connected sum K#K as defined on page Let
GG be a finite group and let x € G. Show that we have the following equality in the group
ring Z[G]: B _

PL(K#K) = PL(K)-PL(K) € Z[d].
Hint. Use the Knot Connected Sum-m;-Proposition [3.15]

Exercise 7.8. Let K be the trefoil.

(a) Show that the granny knot K# K is not smoothly isotopic to its mirror image.
(b) Show that the square knot K# K™ is neither smoothly isotopic to the granny knot
K#K nor to its mirror image.

Hint. Use Exercise [7.7.

trefoil K mirror image K™ granny knot K#K square knot K# K™

not smoothly isotopic

Exercise 7.9. Let M be a closed 3-dimensional smooth manifold and let ®: B> — M be
a fixed smooth embedding. This smooth embedding gives us a map

set of smooth isotopy set of smooth isotopy
classes of knots in Eg classes of knots in M
K — ®(K).

Is this map always injective?
Solution. Not if M is not orientable.



CHAPTER 8

The Alexander function of groups

In this chapter we will introduce, following work of Ralph Fox [Fox53] and Masaaki Wada
[Wad94], the Alexander function of groups that admit a presentation of deficiency one. In
the next chapter we will use the group theoretic work of the current chapter to define the
Alexander polynomial of knots and links.

8.1. Group rings. Before we can introduce the Alexander functions of groups we need to
make a few preparations.

Definition. Let G be a group. We consider the abelian group
Z26) = {Zri-
which we equip with the “obvious” multiplication that is given by

i=1j=1

rl,...,rmEZandgl,...,ngG}

EZ eG

We refer to Z[G] as the group ring of G. One can easily show that Z[G] is a ring with
multiplicatively neutral element 1 =1y - eg.

Example. If H is a free abelian group of rank m, then any choice of a basis tq,...,t,
for H gives rise to a natural isomorphism from the multivariable Laurent polynomial ring
Z[tF, ... tE1] to the group ring Z[H]. O

Notation. Let ¢: G — H be a group homomorphism. We consider the ring homomor-
phism
v«: ZIG) — Z[H]

Lricgi v i p(gi).
8.2. Fox calculus. In this section we study the purely algebraic notion of Fox derivatives,

which was first introduced by Ralph Fox [Fox53].

Proposition 8.1. (Fox Derivative Proposition) Let (z1,...,z;) be the free group on
generators 1, ...,x,. Fori € {1,... k} there exists a unique map
o Z(wy, o wx)] = Z(wy,. o)
with the following properties:
(1) For any 4,5 € {1,...,k} we have %xj = g

€Ly

(2) For any u,v € Z[(z1, ..., zx)| we have
82- (u-v) = 8?5- (u) +u- a(z (v)  (Leibniz Rule).

103
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(3) The map 6%1- is a homomorphism of abelian groups.

Proof. We delay the proof of the Fox Derivative Proposition to the next section. M

Definition.
(1) We refer to the map

%:Z[(xl,...,xk)] — Z[{x1,. .., %))

from the Fox Derivative Proposition as the i-th Fox derivative.
(2) At times we write 38; = 8(?3-T‘

As we just mentioned, we postpone the proof of the Fox Derivative Proposition to the
next section. In the following we will first state and prove two lemma on Fox derivatives
which allow us to get acquainted with the weird properties of Fox derivatives. The famil-
iarity with the axioms will also guide us in the proof of the Fox Derivative Proposition [8.1]

The following lemma should be read as an addendum to the Fox Derivative Proposi-
tion B.11

Lemma 8.2. (Fox Derivative Properties Lemma) Let (xy,...,zx) be the free group
on generators x,...,x; and let i € {1,... k}.

(4) If e € (x4, .

.., Zg) is the trivial element, then

o)
= 0.
al‘ie
(5) Let u € (z1, ..., xx). 5 5
(a) For n € N we have oz, Ut = (1+u—|—---+u”’1)-8;.
(b) 5t —ut. g;
(6) Let n € Z. ' '
(a) For j # i we have 82 z? = 0.
(b) We have ' n—1
>oak ifn>0,
k=0
L gn = 0, ifn=0,
® =il
— >k ifn <0,
k=n
In particular we have 6243”;1 = —z; L.
Proof.
4) Note that 9 9 9 9 9
(4) 95, ¢ = 8mi<€'6) = 8—%6—1-6-8%6 = 2'8xi€‘
by the Leibniz rule sincel=1-e=c¢e
9 ., _
It follows that 9z, € = 0.
(5) Let w € (z1,...,z).
(a) Given n € N we see that
n—1
a%iu” = 8%i(u-un_l) = a%iu—i—u-a%iu"‘l = gz -kzouk.
/r\ =

by the Leibniz rule iterating the argument
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(b) Note that I Y 1y 0 9 .1
by (4) by the Leibniz rule
It follows that 0— ut =yt 2y
(6) (a) This statement Tollows 1rnmed1atefy from (4), (5a), (5b) and the fact that for j # i
we have 86 x; = 0.

(b) For n € N this statement follows from (5a). For n = 0 this statement follows from
(4). Finally note that for n < 0 we have

O .m0 (e _ (& i) Ort Ok I

or; Vi = Bz, (; )™ = X (z;7) 8x2 = >oo)(mx) = =)
4+ N k=0 4 Nk=n+1 - m
by (5a) by (5b)

Before we can formulate the next lemma we need to introduce the following harmless
concept.

Definition. Let G be a group. We refer to the map
€ =¢€q: LGl — Z

m
DTG 7 DT
i=1 i=1

as the augmentation homomorphism. One can easily verify that the augmentation homo-
morphism is in fact a ring homomorphismEl

The following lemma gives us a mysterious identity which will be crucial later on.

Lemma 8.3. (Fox Derivative Identity) Given any u € Z[{x1, ..., z;)] we have
)
u—e(u) = Za—i(:cl—l)
4 i=1
augmentation Z[(z1,...,zk)] = Z
Proof. Since both sides are Z-linear it suffices to prove the equality for u € (z1,...,xy).

Note that in this case we has e(u) = 1. In other words, it suffices to prove the following
claim:

Claim. For every u € (x1,...,x;) we have

k ou
N (1) = u-1.

Proof. First note that if u is the trivial element, then it follows from the definitions and
the Fox Derivative Properties Lemma [8.2] (4) that both sides are zero. In particular the
equality holds.

521p fact the augmentation homomorphism is essentially the same as the ring homomorphism corresponding
to the group homomorphisms G — {e}.
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It now remains to show that if the equality holds for some u € (x,...,x), then it also
holds for u - x, and w - 2!, where s € {1,..., k} is arbitrary. We calculate
Leibniz rule =65
) g 0
Lol w) -1 = % (st gy ) - (= 1)
)
= S u -1 +u (1) = u—l+u-z,—u
— Ox;
N ~~ - = u-rs— 1.
= u—1, by the induction
hypothesis
Since this is so much fun we also calculate
Leibniz rule =—ism; !
L) 1 vy 9 1
2 o, (v v ) (wi—1) = ; (%“*“ D, s ) (2 — 1)
1= 27€ a
= Y gou(ri—1) —u-a;t - (2,—-1) =u—l-utu ;'
.:1 1
Z ~- d =u-z;' — 1.
= u— 1, by the induction
hypothesis [ |

8.3. Proof of the Fox Derivative Proposition This section is solely dedicated to

the following task:

Proof of the Fox Derivative Proposition [8.1 We start out with some preparations:

(1) A word in 1, ...,z is a finite sequence (..., 2§ ) where s1,...,s, € {1,...,k} and
€1,...,€6 € Z. We refer to {(w) :=t as the length of the word w.

(2) We denote by W the set of all words in xy,...,z;. We define a multiplication on W

by “juxtaposition”:

1551 Up\ . V1 Vq _ n1 n V1 Vq
(@l ahr) - (g, my)) = (2], el gl ).
Clearly this product turns W into a monoid.
(3) We say that a word (z¢!,..., x5 ) is unreduced if one of the following occurs:

(i) There exists an i € {1,...,t} with ¢ = 0.
(ii) There exists a j € {1,...,t — 1} with s; = s;41.
Otherwise we say that the word is reduced.

(4) The free group (x1,...,zx) is defined as the set of reduced words in zy,...,x;. In
[Fri24] it is shown that there exists a unique group structure on (z1, ..., x;) such that
the map ©: W — (z1,...,2;) given by ©(z§, ..., z5) == 2§ - ... -2 is a surjective

monoid homomorphism.
After these preparations we start out with the actual proof. For the remainder of the proof
we fix i € {1,...,k}.
Claim 1. There exists a unique maﬂ
D;: W — Z[{x1,...,zk)]
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with the following properties:
(0) We have D;() = 0.
(1) (a) For j # i and any n € Z we have D;(z7) = 0.
1+a;---+a? ! ifn>0,
(b) For n € Z we have D;(z?') = ¢ 0, if n =0,
—z;t—..—2?, ifn<0.

(2) For any u,v € W we have the following equality in Z[(z1,...,x)]:
D;(u,v) = D;(u)+ O(u) - D;(v) (Leibniz Rule).

Proof. The three rules tell us iteratively in a unique way how to define D; of a given word

(g, ..., x5) “from left to right”. More precisely, given (z§!,... x5 ) € W we set
¢ 1+xsj---+w§§_1, if ¢; > 0,
Di(x3,...,2) = Zmixiﬂj 0, . if ¢, =0,
=1 —ayt ==, ife; <O,
J
By definition (0) and (1) hold. Furthermore one can easily verify that (2) holds. We leave
it to the reader to fill in the details. H

Claim 2. For any m,n € Z \ {0} we have
Di(z]*,x}) = Di(z]"™).

Proof. First note that this is a statement which holds in Z[zF'] = Z[(z1,...,2;)]. Next
note that Z[z'] can also be viewed as a subring of Q(z;). Furthermore note that it follows

easily from the definitions that in Q(z;) we have for any d € Z the equality
(pd) = Lzaf

Note that in Q(z;) we have the following equalities:

1—a 1—a 1—zmtn m-n
m n J— m m n m L — —
Di(ai", ) = Dyi(ai") +ai" - Di(x}) = ——+ T 1. Dy(a™™™).
0 0 i i oo
by Claim 1 (2) by the above trick again the above trick

Since Z[r'] is a subring of Q(z;) we see that the desired equality actually also holds in
ZlzE) < Z[{xy, ... x1)]. B

)

Claim 3. If we have w,w’ € W with ©(w) = O(w’) € (x1,...,xx), then D;(w) = D;(w').

Proof. 1t follows by the above definition of the free group (zy,...,z;) that any element
in (r1,...,xx) is represented by a unique reduced word. In particular, by reflexivity we
can assume that w’ is reduced. We now need to prove that for any unreduced word w
in z,...,z, with O(w) = O(w’) we have D;(w) = D;(w"). We prove this statement by
induction on the length of w. If {(w) = 0, then O(w) = e and thus w’ = (). It follows from
Claim 1 (0) that D;(w) = e = D;(w').

53This map is of course motivated by the Fox Derivative Properties Lemma
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Now suppose that we have proved the statement for all w of length < ¢. Next let

w = (zg,...,2¢) be an unreduced word of length ¢. We have to distinguish two cases:

(i) There existsa j € {1,...,t} with ¢; = 0. This means that we can write w = (u, mgj,v)-v
with u,v € W. It follows that
Di(w) = Di(u,x),v) = Di(u)+u- Di(2°) +u-(2) - Di(v) = Ds(u,v).
1 —_—— N 1

by the Leibniz Rule =0, by (1) =u by the Leibniz Rule
(ii) There exists a j € {1,...,t — 1} with 85 = SJH Note that this means that we
can write w = (u,z#, x%, v) We seff] @ = (u,z#*",v). Evidently O(w) = O(w).
Since /(w) < ¢(w) = t it suffices, by mductlon to prove that D;(w) = D;(w). First
we consider the case that ¢ = s. In this case we have the following equalities in

Z\{x1,...,x1)]:
[< L ’ k>] by the Leibniz Rule

4

Di(w) = Dj(u,at z¥,v) = D;(u) +u- (D;(at,z¥) v+ " D (v))

= Di(u) +u- (Dy(a™) - v+ 2 - Di(v)) = Dy(u, 2/ v).
4\

by Claim 2 by the Leibniz rule

The case ¢ # s is done in a similar fashion, but it is even simpler since it follows
immediately from the definition of D; that for i # s we have D;(a#,z%) = 0 and

D;(z™) = 0. s
Claim 4. The ma 9
P 2 2,z > 2, )]
> aj-w; = 2 a;- Di(wy)
Jj=1 j=1 N

where O (w;) = w;
is well-defined, it has all the desired properties and it is the unique such homomorphism.
Proof. First note that it follows from Claim 3 that the given map is well-defined.

(1) It follows from Claim 1 that 6i x; = D;(x;) = 0;.
(3) The map is by definition a homomorphlsm of abelian groups.

(2) Let u,v € (x1,...,xr). We pick w,v € W with ©(u) = v and O(v) = v. Note that
0 ~ ~ ~ 0 0
agci(u-?;) = D;(u,v) = D;(u)+0O(u)-D;y(v) = a—%(u)+ua—%(7’)
4 4 4
since © is a homomorphism we by Claim 1 by definition of %

have O(u,v) = O(u) - O(0) =u - v,
the equality thus follows from
from the definition of %

It follows easily from (3) that the desired equality also holds for all u, v € Z[(z1, ..., xy)].

Finally the uniqueness of % follows from the uniqueness statement of Claim 1. [

8.4. The Alexander function. The reader might be wondering, where is this going? In
this section we will give an answer to this pertinent question.

5Note that it is possible that p+ v = 0, which means that we could end up with a word that is unreduced
in the sense of (i).
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Definition.

(1) Given any finite presentation P = (xy,...,xx|r1,...,r;) we denote by

H = pp: <$1,...,l']§> — P
the natural projection.

(2) Let 7 be a group. A finite presentation for the group 7 consists of a finite presentation
(x1,...,x|7r1,..., ) together with an isomorphism

vilmy, .. x|, T) — T
(3) The deficiency of a finite presentation (z1,

oy g |71, .. 1) is defined to be k — .
We continue with a weird definition:

Definition. Let P = (xy,...,2x|71,...,7;) be a finite presentation.

(1) We define the Jacobi matrix J(P) to be the (I x k)-matrix

IP) = {pr( 52 )} izin € MUxRZIP)).

g =1,...,k
EZ[(x1,...,T1)]

(2) Given a group homomorphism ®: P — H we write
J®(P) ®,.(J(P)) € M(I x k, Z[H)).
/t

where @, is the induced ring homomorphism Z[P] — Z[H|

Before we can state the first result of the section we need to introduce just a little bit of
extra notation:

Notation.

(1) Let H be a torsion-free abelian group. We denote by Q(H) the quotient field of the
domain Z[H].

(2) Let R be a ring and let M € M(l x k, R) be a matrix. Given i € {1,...,k} we denote
by M; the | x (k — 1)-matrix which we obtain by deleting the i-th column.

In the Wirtinger Presentation Proposition (2) we saw that fundamental groups of link
complements admit presentations of deficiency one. Since these are the groups we are
mostly interested in, we now restrict ourselves to such groups.

Proposition 8.4. (Presentation Function Quotient Proposition) Suppose we are

given a presentation P = (xy,..., 2k |71,...,7x_1) of deficiency one. Let ®: P — H be a
non-trivial homomorphism to a free abelian group H.

(1) There exists an ¢ € {1,...,k} such that ®(z;) is non-trivial.
(2) Let i € {1,...,k} with ®(x;) # 0. The tern"]

€ @ i
Apg = m € Q(H)

is well-defined (i.e. independent of the choice of i) up to multiplication by a sign.

55The fact that ®(x;) is non-trivial and the hypothesis that H is a free abelian group implies that ®,(z; —1)
is invertible in Q(H).
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Proof. In an attempt to keep the conversation flowing, without getting bogged down by
technicalities, we postpone the proof of this proposition to Section [8.5] [

Example. Let K < S? be the trefoil. We consider the presentation
P= (z,y, 2|y “zy2t 2y ) S om(SP\ K)

-~ -~

=r =79
from the discussion on page [68

_— relation y ta-y-27t

relation 7 '-z-z-y~! which —

o 1
we can and will ignore

———relation 2 ty-zoa”

One can easily verify that there exists a unique epimorphism ®: P — (t) such that ®(z) =
d(y) = ®(z) =t. We now calculate that the Jacobi matrix J(P) € M(2 x 3, Z[P]) is given

Ory Ory Ory

—1 -1, —1 —1 —1 -1 ,,—1 —1
J(Py= | 9 v o) _ v yha—y Ty ey (Y Yy ey -1
Ory Ory Ory —z byt z71 zlhay—zt -1 z71 2y —2m
or 0Oy 0z T T
this follows from the Fox Derivative Proposition since y ! -:c~y~zf1 =e
and the Fox Derivative Properties Lemma [8:2] and z7ty.za Tl =e

applied tor; =yt z-y-z b and ro = 27 Ly -z !

We obtain the following equalities in Q(%):

® det <‘I’* ()y/f y_l'xjy_l 1 - 1)) det <¢71’ 1__t1 1 _1—1) 2 41
det(J*(P)1) _ ~r = 2y —2 _ P S T e A S |
Ou(z—1) . (z—1) N t—1 -1
oy b=y ~1 it 1
det(J*(P)) <q)* (y—l e Zl-y—21>) det <—1 = 1‘“) |
Du(y—1) D.(y — 1) B t—1 I
(o (T )Y (T )
det(J®(P)3) -1 zt cly—")) e T T B e |
O.(:-1) O, (z— 1) a t—1 I T
So all three terms do indeed agree up to a sign. O

Example. Since the previous example was so much fun, let us consider again the trefoil
K=1T( , but this time with a very different presentation. By the Torus Knot-7-Pro-
position [3.8] we know that we have a presentation Q = (x,y | z%-y™3) — m(S®\ K).

Note that
o) 0 — _ _
J(Q) = (a—; 57;) = (142 22 (—y —y2—y).
this follows from the Fox Derivative Proposition [3.1

and the Fox Derivative Properties Lemma (5)
applied to r = 22 -y~



8. THE ALEXANDER FUNCTION OF GROUPS 111

Up to sign the map ®: Q — (t) given by ®(z) = t> and ®(y) = ¢* is the unique epimorphism
onto (t). We calculate

det(J‘I’(Q)') Cdet(®, (T 2 (—y oy 2oyd) (I S (2t t0) 2

O, (r—1) P, (x—1) t3—1 t—1 "’
det(ﬂ( Q)y)  det(®s <1+x W) <1+t3 w> 2 —t+1
D, (y—1) D, (y—1) t2—1 t—1
So we get (up to a sign), the same result as with the Wirtinger presentation which we used
above. Magic! O

The Presentation Function Quotient Proposition is a little surprising and cute, but on
its own not particularly useful. We want to obtain invariants of groups, not of presentations.
Fortunately the above two examples give us the hope that we have actually a group invariant
at our hands.

Theorem 8.5. (Alexander Function Theorem) Let m be a group and let ®: 7 — H
be a non-trivial homomorphism to a free abelian group H. If 7 admits a presentation
y: P={xy,...,2|r1,...,7h_1) — 7 of deficiency one, then
det(J®(P);)

ATI',CP = AP,(I’o'y = P (.73‘—1)
—_———

€ Q(H)

where ®(z;) is
non-trivial

is well-defined, i.e. independent of the choice of the presentation, up to multiplication by
an element of the form +h with h € H.

Proof. We will provide the proof of the theorem in Section [8.6] |

The indeterminacy statement in the Alexander Function Theorem motivates the fol-
lowing notation:

Notation. Let H be a torsion-free abelian group. Given p,q € Q(H) we write p = q if
there exists an e € {—1,1} and an h € H withp=¢€-h-q.

The Alexander Function Theorem [8.5 allows us to make the following definition:

Definition. Let m be a group and let ®: 7 — H be a non-trivial homomorphism to a
free abelian group H. If 7 admits a presentation v: P = (z1,..., x| r1,...,76—1) — 7 of
deficiency one, then we refer to

det(J®V(P);
Bra = Broey = Apesy = S ¢ quar)

where ®(z;) is
non-trivial

as the Alexander functiorﬂ of (m, ®). By the Alexander Function Theorem 8.5/ the Alexan-
der function is is well-defined up to “=".

Before we consider examples let us get the following basic lemma out of the way:

62We call Ar g Alexander function since Ar g € Q(H) can be viewed as a rational function, i.e. the

quotient of two polynomials. Later on we will introduce the Alexander polynomial of an oriented link,

which is a Laurent polynomial, i.e. an element of Z[t{d o R
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Lemma 8.6. (Alexander Function—Functorial Lemma)

(1) Let m and 7 be two groups which admit presentations of deficiency one, let f: T — 7 be
an isomorphism and let ®: 7 — H be a non-trivial homomorphisms to a free abelian
group H. Then Assor = Aro € QH).

(2) Let m be a group which admits a presentations of deficiency one. Let ®: 7 — G and
f: G — H be two homomorphisms to free abelian groups such that fo®: 7 — H is

non-trivial. Then)
f*(ATr,CIJ) = Aﬂ,fo@ S @(H)
Proof.

(1) This statement is an immediate consequence of the Alexander Function Theorem [3.5]
(2) By (1) we can assume that @ = (z1,...,2%|7r1,...,7%_1). We pick i € {1,...,k} such
that (f o ®)(z;) # 0. We see that

det(@.(I(x)))\ _ f.det(®.(7(r)))
f(Bra) = f*<T) - ;

BETD Tt _
r (fo®)(zi— 1)) et

since determinants commute with ring homomorphisms [ |

Example.

(1) Let m = m,(S® \ Ty 3) be the fundamental group of the complement of the trefoil Ty 3.
For at least one of the two epimorphisms © — (¢) we obtain from the above calculations
that Ay g = E-GL

(2) Let m =2 and let ®: Z — (t) be the epimorphism with ®(1) = ¢t. We consider the
deficiency-one presentation that is given by the obvious map v: (s|) — Z. We see that

Ars — A _det(J®((s]))1) _ det((0 x 0)-matrix) 1
e YT T (@oq)(s) =1 o(1) — 1 o1
This calculation, together with the calculation in (1) and the Alexander Function—
Functorial Lemma [8.6] gives us a new, and much more systematic, proof that the fun-
damental group of the complement of the trefoil is not isomorphic to Z.
(3) Let m = Z* and let ®: Z?> — H be a non-trivial homomorphism to a free abelian

group H. We consider the presentation that is given by the obvious homomorphism
v: P = (z,y|xyz~'y~') — Z* Note thaf"]

or Oor — -1,—
JHP) = @5 50 ) = ®(l-zya ! a—ayry ) = (1-0(y) (@) - 1).

If ®(z) is non-trivial, then =y 1
_ . det(J*(P)1) _ det(1l==2ty) ®(x)-1) .
B = Bron = S B(z) -1 D(z) — 1 = 1 € QH).

Basically the same calculation also gives us the same conclusion if ®(y) is non-trivial.

63Recall that f: G — H induces a ring homomorphism f: Z[G] — Z[H]. Tt is clear that it also induces a
ring homomorphism f,: {Z € Q(G) |r,s € Z[G], f«(s) # 0} — Q(H).
6476 simplify the notation we will ignore « in our notation.
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(4) Let m = (x, y) be the free group on two generators and let ®: (x,y) — H be a non-trivial
homomorphism to a free abelian group H. We consider the deficiency-one presentation
that is given by the equality (z,vy|e) — (x,y). If ®(x) is non-trivial, then we see that

det(J®((x,y]e))1) det(®(0 0)1)

A — b = == H .

(z.y),® q)(fll) 1 @(.’B) 1 0 e Q( )
The same calculation also gives us the same conclusion if ®(y) is non-trivial. Note that
we get the same result for any free group of rank > 2. O

The remainder of the chapter is occupied with the proofs of the Presentation Function
Quotient Proposition and the Alexander Function Theorem [8.5 In the next chapter we
will consider (a slight variation of) the Alexander function of fundamental groups of link
complements. At that point we will consider examples ad nausea.

8.5. Proof of the Presentation Function Quotient Proposition In this section
we will provide the proof of the Presentation Function Quotient Proposition [8.4l The proof
is mostly a consequence of the following two lemmas:

Lemma 8.7. (Jacobi Matrix—Vector Lemma) Let P = (z1,...,2,|7r1,...,7) be a
finite presentation. As before we denote by J(P) the Jacobi matrlx of P, Wthh is a
(I x k)-matrix over Z[P]. We have
- ,UP $1
J(P)-
1 — pp(wy)
Proof. We write p = ppy: Z[{x1, ..., xx)] [P]. Note that for any 7 € {1,...,l} we
have L= () ; o [1mnla)
. . r Tk .
j-th row of J(P) - : = (p(a—xi) p(a—x’;)> . :
1 — p(x) 1= p(xy)

T =1
—e=1
since p is a ring by the Fox Derivative
homomorphism Identity [ |
Lemma 8.8. (Matrix—Quotient Lemma) Let F be a field, let M € M((k — 1) x k,F)

w1
be a matrix and let w = g
Wi

w; # 0 and w; # 0 we havﬂ

) € F* such that M -w = 0. For any 4,j € {1,...,k} with

det(Mi) -+ det(Mj)

ws - ’LUj ’
Proof. To simplify the notation we now assume that i = 1 and ;7 = 2. (Note though
that here we pick up a sign indeterminacy.) We denote the k columns of M by ¢1, ..., c.

65Recall that M; and Mj are the matrices that we obtain from M by deleting the i-th respectively j-th
column.
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Note that with this notation our hypothesis that M - w = 0 turns into the statement that
Wy €+ W Co+ws -3+ -+ wg - w, = 0. Since we assume that w; # 0 and wy # 0 we
can divide this equality by w; - wy and we obtain the following equality:

e e L e, = 0.

w1 W2

w3
w1 W2

1 1
(%) w—2-01+w—1-c2+
Finally we perform the following calculation:

det (M det(c ! 4 : k ,
w — 6(62 3 ck) :det(i—i Cg...Ck) :det<(—2—|—z L * G Cg...Ck)

multilinearity of the determinant

w1 w1 ;‘Ul i=3 W1-W2
e by (%)
—c det(c; e3 ... ¢ det (M-
= det(—w(:1 03...ck) _ _det(er e k) det(M) 2).
N 2 w2 w2
follows from (x) [ ]

Proof. To simplify the notation we now assume that ¢ = 1 and j = 2. (Note though
that here we pick up a sign indeterminacy.) We denote the k columns of M by ¢y, ..., ck.
Note that with this notation our hypothesis that M - w = 0 turns into the statement that
Wy CpF+we - Co+ ws-c3+ -+ wg - wg = 0. Since we assume that wy; # 0 and wy # 0 we
can divide this equality by w; - wo and we obtain the following equality:

() cp-wy+cy-wytcg-ws+ -+ -wp = 0.
The lemma follows from the following calculation:

multilinearity of the determinant

3
det(My) -wy = det(cy 3 ... ¢x) - wy = det (02 “wy C3 ... ck)
T det((—cy-wy —e3 w3 — -+ —Cp-wg) €3 ... Ck)
follows from ()
= det(—c;-wy c3 ... ck) = —det(c; ¢3...¢) - wy = —det(My) - wy.
4 +
follows from the multilinearity of the determinant |
Proof of the Presentation Function Quotient Proposition As before we con-
sider a presentation P = (xy,..., x| r1,...,rx_1) of deficiency one and a non-trivial ho-

momorphism &: P — H to a free abelian group H.

(1) Since x1, ...,z is a generating set of P and since ®: P — H is non-trivial homomor-
phism we see that at least one ®(z;) is non-zero.

(2) Let ¢ # j € {1,...,k} with ®(z;) # 0 and with ®(z;) # 0. It follows easily from the
Jacobi Matrix—Vector Lemma [8.7] the fact that ®,: Z[P] — Z[H] ¢ Q(H) is a ring
homomorphism and the Matrix-Quotient Lemma [8.8] that

det(J®(P))) |, det(J®(P);)
Sl ~ T am-n € Q) u

8.6. Proof of the Alexander Function Theorem [8.5. We need to show that two
deficiency-one presentations of a given group lead to essentially the same invariant. The
idea is to go between any two presentations using Tietze transformations, and to see that
Tietze transformations do not change the invariant. Unfortunately this will require us to
generalize our definition of the Alexander function to arbitrary finite presentations. This
program is carried out in the following three subsections.
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8.6.1. Proof of Theorem [8.5t Tietze Transformations. We start out with the follow-
ing definition, which might be familiar from an earlier course in group theory:

Definition. Let b: (z1, .. T | T, ) = T

be a presentation of a group 7. We obtain new presentations of 7 as follows:
(T1) For any element s of ((ry,...,r;)) < (X) we obtain the presentation
¢
(X1, ..., 2k | 71, 70, 8) = (x1,..., T | T1,..., 1) — .
since s € (71, ..., 7)) the groups are identical

(T2) For any = & {x1,...,z} and any s,t € (x1,...,x,) we obtain the presentation

®
(X1, T, | 1y, S o t) = (T, Xk | T, T & T
T, = I;
r — sttt
The above two methods, and their inverses, of obtaining new presentations out of a given
one are called Tietze transformations.

Example. As an illustration let us show three tricks:

(a) If we have a presentation, then we can replace any relator by a conjugate. For example,
if (x,y|r(z,y),s(z,y)) is a presentation, then we have

@ylr@y) 2 (@ylr@y) e ey 2) 2 @yt or(e,y) - o).

(b) One can “eliminate” a generator in suitable settings. For example, suppose we have a
presentation of the form P = (x,y, 2 |z -v(y, 2)~  w(z,y, z)) where v(y, z) € {y, z) and
w(z,y, z) € (x,y, z). We now see that

_ (T1) _
(g, 2]z vy, z) L wz,y,2) = (z,y,z|z vy, 2) 7w,y 2),w(v(y, 2),y,2))

(T1) _
<l’, Y,z | - U(y7 Z) 17 w(v(y, Z)v Y, Z))
<y’ z ’ w(/l}(y’ Z)7 y7 Z)>'
(c) If {x,y | r(x,y)) is a presentation, then we can “substitute y by y = y~!” as follows:

)

(T2) ~ ~ (T1)
<Jf7y|7‘(l’,y)> = <.T,y,l/|7’(l‘7y),1/y>

(T1) ~|~ ~1
=" (v,y,7|y -y r(v,y"))

For example let K < S? be the trefoil. We now see that

(x,y,9|r(z,y), 7 y,r(z, 7))

T e T (@ T Y).

see page [6 apply (a)
v v
m(SPNK) = (g 2|y ayeTh by za™) = oy ey by 2 by zaT)
= Wzlz ey Ty = Welyzy =ty )
apply (b) to z-y-z" 'y ™* apply (a)
= (y,z|y-zy=zy-2). O

Now we can state the following absolutely essential theorem:
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Theorem 8.9. (Tietze Theorem) Any two finite presentations for a given group are
related by a finite sequence of Tietze transformations.

Proof. The proof is actually quite short and elementary. We refer to [Fri24] for details. W

The Tietze Theorem [8.9 will be the key ingredient in the proof of the Alexander Function
Theorem [8.5 which we provide in the next section.

8.6.2. Proof of Theorem [8.5} Arbitrary presentations. The catch with the idea of
using the Tietze Theorem to relate two deficiency-one presentations is that inbetween
we might leave the cozy world of deficiency-one presentations. We thus need to generalize
the notion of an Alexander function to arbitrary finite presentations.
The idea, given a presentation (zy,...,zx|r1,...,7), is as follows:
(1) We again look at the Jacobi matrix J(P).
(2) Again we delete a column and we obtain a (I x (k — 1))-matrix.
(3) To obtain a square matrix we now consider just £k — 1 rows at any given time.
(4) To get a well-defined invariant we need to consider all possibilities to consider k — 1
rows and we use the greatest common divisor to get an invariant.

To put this idea into practice we need to introduce the following notation:

Notation. Let R be a ring and let M € M(l x k, R) be a matrix.

(1) Given ¢ € {1,...,k} we denote by M; the [ x (k — 1)-matrix which is the result of
deleting the i-th column.

(2) Given Z < {1,...,1} with #Z = k — 1 we denote by MZ the (k — 1) x k-matrix that
is given by the rows%_q in Z.

(3) Let i € {1,...,k} and let Z < {1,...,l} with #Z = k — 1. We consider the corre-
sponding (k — 1) x (k — 1)-matrix M7 = (M?%),.

square matrix M7

delete i-th column

The following definition is surely familiar from an earlier algebra course:
Definition. Let R be a commutative ring.

(1) Given r, s € R we write r|s if there exists a t € R with s =1¢ - r.

(2) Given a subset M < R we say that » € R is a divisor of M if for every m € M we
have r|m.

(3) Let R be a unique factorization domain (UFD). Let M < R be a subset. There exists
an element gedp(M) € R such that gedz(M) is a divisor of M and such that if ¢ is

another divisor of gedz(M), then t| gedz(M). Note that gedg(M) is well-defined up
to multiplication by a unit in R.

Example. Let R be a UFD. We have gcdz(R) = 1 and gedz(2) = 0. O

66The mnemonic device here is that “Z” stands for “Zeilen”. Unfortunately R for “rows” is already taken.
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The following lemma is a generalization of the Presentation Function Quotient Proposi-

tion R.4].

Lemma 8.10. (Independence-of-Generator Lemma) Let P = (z1,..., x| ry,..., 1)
be a presentation and let ®: P — H be a non-trivial homomorphism to a free abelian
group H.

(1) There exists an ¢ € {1,...,k} with ®(x;) # 0.
(2) Let i € {1,...,k} with ®(z;) # 0. The term® "
ngZ[H]{det(Jq)(P)iZ)} Zc{l,...,1}

. #Z=k—1
Apsp = Bumi — 1) € Q(H)

is well-defined (i.e. independent of the choice of i) up to multiplication by a sign.

Proof. Let P = (xy,..., x| r1,...,r) be a presentation and let ®: P — H be a non-
trivial homomorphism to a free abelian group H. The proof of Statement 1 is identical to
the proof of the Presentation Function Quotient Proposition (1). Thus let us turn to
the proof of Statement 2. Let ¢, 5 € {1,...,k} with ®(x;) # 0 and ®(z;,) # 0. Furthermore
let Z < {1,...,l} with #Z = k — 1. It follows easily from the Jacobi Matrix—Vector
Lemma [8.7, the fact that ®,: Z[P] — Z[H] < Q(H) is a ring homomorphism and the
Matrix-Quotient Lemma [8.8) that®]

det(JE(P)Z) . det(J®(P)?)
CID*(xl — 1) - (I)*(ZL‘J - 1)

€ Q(H).
It follows that

det(J®(P)7) - @u(z; —1) = det(J*(P)7)- ®u(x; —1) € Z[H].
Taking greatest common divisors in Z[H| we obtain the following equality in Z[H]:

gedg{det(J*(P)7)-@u(z;—1)} ze .y = gedgun{det(J®(P))-@u(zi—1)} s 4y
47 —h—1 4T —h—1

When we take greatest common divisors we can pull out common factors. Thus we obtain
that

ngZ[H}{det(JCD(P)iZ)} Zc{1,...,1} D (z;—1) = ngz[H]{det(J(D(P)jZ)} Zc{l,...,1} @, (z;—1).

#Z=k—1 #Z=k—1
From this we finally obtain the desired equality
gedz{det(J*(P)P)} 4oy gedz{det(J*(P))} 4oy
#Z=k—1 . #Z=k—1
(2, — 1) - Bz, — 1) € QH).

8.6.3. Proof of Theorem [8.5} Conclusion. The following lemma is generalization of
the Alexander Function Theorem [8.5l

67Note that for a presentation of deficiency one we have to take Z = {1,...,k — 1} and we see that the
definition agrees with the definition from the Presentation Function Quotient Proposition

%8By [Lan93| Theorem IV.23] we know that Z[H] is a unique factorization domain.

590ne might think that we are done, but since Q(H) is a field it does not make much sense to consider
greatest common divisors at this point.
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Lemma 8.11. (Independence-of-Presentation Lemma) Let m be a group and let
®: m — H be a non-trivial homomorphism to a free abelian group H. If v: P — 7 and
0: (Q — 7 are finite presentations, then

Apos = Agaos € Q(H).

Proof. By the Tietze Theorem [8.9] we know that the two presentations v: 7 — P and
0: ™ — @ are related by a finite sequence of Tietze transformations, as defined on page [L15]
So it suffices to deal with the case that the presentations P and () are related by a single
Tietze transformation.

(T1) We consider the following situation: We have

le,...,xklrl,...,rl,s> = <m1,...,xk\r1,...,rl>/ Lon
=Q By
where s € ((r,...,m)) < (X). We see that the Jacobi matrix J(Q) equals the

Jacobi matrix J(P), except that we are adding the row 2=

2y 1 =1,...,k. But since

s € ((ry,...,m)) one obtains easily from the Fox Derivative Properties Lemma [8.2] (5)
that there exist Ay, ..., A\, € Z[P] such that for every i € {1,...,k} we have
!

85 87“_]

ox ; )\j " Ox;

.=
J

In other words the extra row of J(Q) is just a linear combination of the previous rows.
Claim. Let Z < {1,...,l} with #Z =k — 2. For any i € {1,...,k} we have

det (JU@PT) = 3 0.() - det (JH@QID).
j=1
J¢Z

Proof. First note that:

by the above discussion
+ !
(I+1)-st row of J®(Q) = ®,((l +1)-st row of Q) = <b*< -21 Aj - j-th row of Q)
‘7:

!
= _Zlq)*()\j) - ®,(j-th row of Q).
4=

since ®, is a ring homomorphism

The claim follows easily from this calculation and the multilinearity of the determi-
nant. H
Finally note that for any i € {1,...,k} we have

follows easily from the above claim

4
ngZ[H}{det(Jq)(Q)iZ)} Ze{l,...i+1} = ngZ[H}{det<J¢(Q)iZ)} Zc{1,...,1}
#Z=k—1 #Z=k—1

= ngZ[H}{det<J¢<P)iZ)} Zc{1,...,1}
0 #Z=k—1
since the first [ rows of J(Q) and J(P) agree

which then implies that Ag g0y = Apaoy, € Q(H).
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(T2) We consider the following situation: We have = & {z1,..., 2%}, s,t € (x1,...,xx) and
the presentations
—Q -p

A\

7 N\ @ 7

(X1, .., xp, x|y, s xet)y = (xy, o x| T, 1) Lo

T; >
r—)

x St

T;
s~
We see that J(Q) = < )

Finally note that for any ¢ € {1,...,k} we have

the determinant is zero unless [ +1 € Z

3
ngZ[H]{det(Jq)(Q)iZ)} Ze{l,...i+1} = ngZ[H]{det(']q)(Q)iZ)} Zc{l,...,l+1}
#Z=k #Z=k, I+1€Z

i ngZ[H]{det(Jq)(P)iZ)} Zc{1,...,1}>

. . . #Z=k—-1
since ®(s) is a unit

which then implies that Ag goro0 = Apaoy € Q(H). [ |
Proof of the Alexander Function Theorem [8.5. We just proved the Independence-

of-Presentation Lemma [8.11] which is a generalization of the Alexander Function Theo-
rem [R.5l So we are done! [

Exercises for Chapter [8]

Exercise 8.1. Does there exist a variation on the Fox derivative which satisfies the “real”
product rule. More precisely: Let (xi,...,xx) be the free group on generators xy, ..., xy
and let i € {1,... k}. Does there exist a map

D;: Z[{xy,...,z5)] — Z[{x1,..., k)]
with the following properties:
(1) We have D;(z;) = d;;.
(2) For any u,v € Z[(z1, ..., xx)] we have D;(u - v) = D;(u)-v + u - D;(v).
(3) D; is a homomorphism of abelian groups.

Exercise 8.2. Let m,n € Z. We consider the Baumslag-Solitar group

BS(m,n) = {(x,y|a"'-y™ 2z = y").

We consider the epimorphism ®: BS(m,n) — (t) that is given by ®(z) =t and ®(y) =
Determine the Alexander function Agg(mny.e € Q(t).

Exercise 8.3. Show that given any polynomial f(t) € Z[t*!] there exists a group 7 of
deficiency one and an epimorphism ®: 7 — (t) such that A, ¢ = %

Exercise 8.4. Let K be the trefoil. Show that given any m € Z there exists a presentation
P for m;(S® \ K) such that

2—t+1

where ® denotes one of the two epimorphisms (S \ K) — (¢).
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Exercise 8.5. Let Ty 3 be the trefoil. Show that the presentation (a,b|aba = bab) can be
turned into the presentation (z,y|z?-y~3) using Tietze transformations.
Hint. Consider x = bab and y = ab.

Exercise 8.6. We consider the presentation P = (a,b|aba = bab). Show that there exist
two epimorphisms ®: P — Z and compute Apg.

Remark. The discussion on page [I15| shows P is also a presentation for the fundamental
group of the trefoil complement. But it is fun to go through the exercise without making
use of this fact.

Exercise 8.7. Let R be a UFD. Convince yourself that gedz (@) = 0.

Exercise 8.8. Let m be a group that admits a finite presentation and let ®: 7 — H be a
non-trivial homomorphism to a free abelian group. Let v: P = (z1,..., x| r1,...,1) = 7
be a finite presentation. Given m € Ny we define E,,(P) to be the ideal of Z[H| generated
by the (k —m) x (k — m)-minors of the Jacobi matrix J*7(P) € M(l x k,Z[H]).
(a) Show that the ideal E,,(P) does not depend on the choice of the presentation.
The greatest common divisor of E,,(P) is sometimes called the m-th Alexander polynomial

of (m, ®).

(b) What is the relationship between the first Alexander polynomial and the Alexander
function?

(c¢) Compute the Alexander polynomials for finitely generated free groups, for free abelian
groups and for the groups m(X,) where 3, is the surface of genus g.

(d) Show that for g > 2 the surface group m(%,) is neither free nor free abelian.

Remark. This invariants are discussed in greater detail in [CE7T7, Chapter VII].

Exercise 8.9. Let 7 be a group that admits a presentation P = (zq,..., 2k |71,...,Tk_1)
of deficiency one and let ®: 7 — H be a non-trivial homomorphism to a free abelian group.
Let i € {1,...,k} such that ®(z;) is non-trivial. We introduce the following objects:
e Let A € M(r x r,Z[H]) be a square matrix. A codimension m minor of A is the
determinant of any square matrix that one obtains from A by crossing out m rows and
m columns.
e We define the k-th order Alexander function of (w, ®) as

gedgp{all codimension k& minors of J *(P);}
(I)(.TZ) —1

koo
Algp =

Note that by definition A 4 = Az g.
Now we can formulate your tasks:

(a) Show that A ; is well-defined up to “=".

(b) Let 7 = Z*%Z?* and let ®: m — Z* be the obvious homomorphism. Show that A, 4 =0
and show A} 4 # 0.

(c) Let g € N. Use the above higher order Alexander functions to show that the genus g
surface group (1, ..., %o | [T1,22] - - - [24—1, T24]) is not a free group.



CHAPTER 9

The Alexander polynomial of knots and links

In this chapter we will use the results from the last chapter to finally introduce the Alexan-
der polynomial of knots and links. The Alexander polynomial of a knot can be introduced
in many different ways, a long list of different definitions is for example provided in [Ari21].
In this part of the lecture notes we use an approach due to Crowell-Fox [CF77] and Masaaki
Wada [Wad94]. This approach has the great advantage that it requires only fundamental
groups and it is completely self-contained.

9.1. Alexander polynomial of oriented knots. Before we turn to the definition of the
Alexander polynomial of oriented knots and link let us recall, for the reader’s convenience,
the group theoretic definition from page [L11] we rely on:

Definition. Let 7 be a group, let ®: 7 — H be a non-trivial homomorphism to a torsion-
free abelian group and let v: (z1,...,2,|71,...,7,_1) — 7 be a presentation of deficiency
1. We pick ¢ € {1,...,n} such that (® o~)(z;) is non-trivial. We set

ory (0l or
Sor o S

87’1171 arn 1 87’1171

o el )
@ @oTh@=1) QA)

In the Presentation Function Quotient Proposition [8.4] and the Alexander Function The-
orem [8.5( we showed that A; ¢ is well-defined, i.e. independent of the choice of the pre-
sentation and the choice of ¢, up to multiplication by an element of the form +h with
heH.

After this reminder we turn to the definition of the Alexander polynomial of oriented knots:

det | (® o).

Definition. Let K < S? be an oriented knot. As usual we denote by px a meridian of
K. By the Link Group-Abelianization Corollary [5.7] there exists a unique epimorphism

Dy 7T1(53\K) — (t)

such that ®x(ux) = t. By the Wirtinger Presentation Proposition we know that
m1(5%\ K) admits a presentation of deficiency one. Thus it makes sense to defin

AK = AK(t) = (t_l)'ATrl(S?’\K),‘PK € @(t)
s defined al

We refer to Ak (t) as the Alexander polynomial of K.

Example.

"Here we use the obvious identification of the group ring Z[(t)] with the Laurent polynomial ring Z[t+!].

This way we end up with the quotient field Q(¢).
121
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(1) Let K be the trivial knot. We calculate

. . 1
AK(t) = (t - 1) . AZ,(I)K = (t — 1) T = 1.
+ 4
by the Trivial Knot-7i-Proposition see page [T12]
(2) Let K < S® be the trefoil. We calculate
. ) t2—t+1
AK(t) = (t - 1) ’ A7r1(S3\K),<I>K = (t - 1) ’ ?;— = -t + 1.
4 A
by definition see page [TI0]

(3) Let K be the oriented figure-8 knot as in the figure below. By the Figure 8 Knot—m;-
Lemma [5.8] there exists an isomorphism
v: P = (x1, 29, 73,74 |\xg-xg-xgl-xfi,gz;l-x;;-m-x;i,ivl-m-xfl-:Eg_i> = (5% \ K)

~~ ~~ '
=71 =79 =r3

such that the z; correspond to meridians.

figure-8 knot — %
2 .
i;;\/ 3 J4

1
Note that
J®K07(P) = (P 07)*(323) i=1,2,3
j=1,2,3,4
= (Dg 07), 0 -1 ot ajlag—at| = 0 -1 ¢! 1-¢t
1 l—zs 0 —1 v 7 \1=t 0 -1 t
uses that for a relation aba™'d~' we since the x; are meridians we
have aba™'d™' = ¢ and aba™' = d have (P o) (x;) =t
It follows that t 1—t 0
det | =1 t71 1—¢71
. det(J2EOV(P)) 0 -1 ¢
Ag(t) = (t—1)- = (t—1)-
)l = -V G o@moy ¢ P 1
= —1+3t—t% O

The following proposition explains in particular why we called the above objects “polyno-
mials”.
Proposition 9.1. (Knot—Alexander Polynomial Proposition)

(1) The Alexander polynomial Ag(t) of an oriented knot K is well-defined up to “=", i.e.
it is well-defined up to multiplication by +t* for some k € Z.

(2) The Alexander polynomial Ak is an element of Z[t*!].

(3) If K and K are two oriented knots that are smoothly isotopic, then Ax = Az.

Proof.
(1) This statement follows immediately from the Alexander Function Theorem E|

"IThere is an alternative approach to showing that we have a well-defined knot invariant: By the Rei-
demeister Moves Theorem we know that any two diagrams for a link are related by a sequence of
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(2) Let K < S® be an oriented knot and let ®x: 71(S* \ K)., — (t) be the unique
epimorphism with ®x(ux) = t. By the Wirtinger Presentation Proposition m we
know that there exists a presentation v: P == (z1,..., %y |71, ..., Tno1) — 71 (S \ K)
where each x; corresponds to a meridian. We see that

by definition by definition
+ + det(J*&°Y(P)y)
AK(t) - (t 1) AW1(S3\K),¢’K — (t 1) (@K 0@7)(931) 1
KoY
_ (t o 1) ] det(z]t 1(P)1) — det(J<DK07(P)1) c Z[til].
1\ —_ N -~ >

determinant of a matrix
with entries in Z[t!]

(3) Let K and K be two oriented knots that are smoothly isotopic. As in the Isotopic Link-
m-Lemma we note that it follows from the Link-Smooth Isotopy Proposition
that there exists an orientation-preserving diffeomorphism f: S?\ K — S%\ K. It
follows easily from the Meridian Proposition [2.17] that the image of a meridian of K is a
meridian of K. This shows that there exists an isomorphism f, : m (S3\ K) — m (S%\K)
such that the following diagram commutes:

f*

since 1 is a meridian

7T153\K = /7T153\K)

A

The desired statement now follows from the Alexander Function—Functorial Lemma 8.6l
[ |

Example. It follows from the above calculations and the Knot—Alexander Polynomial
Proposition that the trivial knot, the trefoil and the figure-8 knot are pairwise not

smoothly isotopic.
e S o=

Ag =1 Ag =1—t+1¢2 Ag =1—3t+1¢

Thus we recover the Trefoil-Figure 8-Non-Isotopic Corollary [5.9) but this time using a
much more systematic approach. O

It is now natural to try to calculate the Alexander polynomial of more oriented knots, e.g.
of torus knots. For the torus knots T'(p, q) we showed in the Torus Knot-m;-Proposition
that 71 (S*\ T'(p,q)) = (z,y|xP - y~7). The slight catch with this calculation is that the

Reidemeister moves. This theorem can be used to show that any two Wirtinger presentations are related
by a sequence of Wirtinger presentations, in particular they are related by a sequence of presentations of
deficiency one. This way one can show that the Alexander polynomial (defined via Wirtinger presentations)
is well-defined without going through presentations of uncertain deficiency. This approach is carried out
in [Wad94].
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role of the orientation of T'(p, ¢) is not entirely clear and we do not know what element in
the presentation corresponds to a meridian. Therefore we will first develop the theory of
Alexander polynomials a little further, before we return to torus knots.

9.2. Alexander polynomial of oriented links. We move to the definition of the Alexan-
der polynomial of an oriented link with > 2 components:

Definition. Let m > 2 and let L < S3 be an oriented m-component link. By the Link
Group-Abelianization Corollary there exists a unique epimorphism
(I)L: 7T1(83 \ L) — <t1? 000 7tm>ab

such that for ¢ = 1,...,m we have @ (uz,) = t;. By the Wirtinger Presentation Proposi-
tion we know that 7;(S®\ L) admits a presentation of deficiency one. Thus it makes

sense to defin
AL = AL(tla 500 7tm) — A71'1(S3\L),<I>L S Q(tlv 0o atm)
~—_—————
as defined on
page [L11]
as the Alexander polynomial of L.

Example.
(1) We consider the m-component trivial link L with m > 2 with any choice of orientation.
We calculate Aty ... )

= A(zl,...,mm),éL = 0.

0 4

see page 2] follows from the calculation on
page and the fact that m > 2

(2) Let H be the Hopf link with any choice of orientation. We calculate
Ag(ti,ta) = Ape, = L
A A

by the Hopf Link-Lemma [3.13] see page [[T2]

trivial 2-component link L Q Q Hopf link H @

Ap(tits) = 0 Ap(tyts) = 1

We continue with the analogue of the Knot-Alexander Polynomial Proposition [9.1][3

Proposition 9.2. (Link—Alexander Polynomial Proposition) Let m € Ns,.

(1) The Alexander polynomial Ay (¢y,...,t,) of an oriented m-component link L is well-
defined up to “=7", i.e. it is well-defined up to multiplication by a monomial in 4, ..., t,,.
(2) The Alexander polynomial Ay, is an element of Z[tF, ... t11].

"?Here we use the obvious identification of the group ring Z[(t1, ..., tm)ap] With the Laurent polynomial
ring Z[tE, ..., tE!]. This way we end up with the quotient field Q(ty, ..., ¢,

731f one compares the proofs of the Knot—Alexander Polynomial Proposition (2) and the Link—Alexander
Polynomial Proposition (2) one can see where the slight asymmetry between knots and links in the
definition of the Alexander polynomial comes from.
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(3) If L and L are two oriented m-component links that are smoothly isotopic, then
1N = AN

Proof.

(1) This statement follows again immediately from the Alexander Function Theorem [8.5

(2) Let m > 2 and let L = L;U---UL,, = S® be an oriented m-component link. We denote
by ®r: m(S®\ L)ap — (t1, ..., tm)ap the unique epimorphism with ®;(uy,) = t;. By
the Wirtinger Presentation Proposition we know that there exists a presentation
v: Pe=(xy,...,x0 |71, .., rn1) — m(S?\ L) where each z; is a meridian. Since m > 2
we can pick iy,is € {1,. n} with (@, 0v)(x;,) = ¢, and with (®707)(z;,) = t2. Note
that by definition we have the following equality in Q(ty, ..., t,):

. det(J®LV(P); . det(J®oV(P);
ALty .. tn) = et(JOr N (P)iy) . det(JTET(P)iy)
t1 —1 to — 1

This implies that we have the following equality in Q(t1,...,t,):
det(J*LV(P);) - (ty — 1) = det(J‘DLOV(P)Z; )-(t, —1).

GZR%% SR ezwl, SR

We make the following observations:
(a) Note that J®2°(P);, and J®2°7(P);, are matrices with entries in Z[t{", ...,
follows that det(J®=°7(P);,) and det(J®=°Y(P);,) both lie in Z[tF, ... t51].
(b) We consider again the above equality
det(J*1(P);,) - (t2 — 1) = det(J**7(P)s,) - (t1 — 1).
By (a) we know that all factors lie in Z[t5!, ... t2!]. Since Z[5', ..., t5!] is a UFD
and since ged(t; — 1,¢, — 1) = 1 we see that det(J*2°V(P);,) = (t; — 1) - f for some
feziEt, ..t
(c) It follows that

tE Tt

. det(J®LV(P),, tp—1)-
Aultsy ooyt = ST SN e g )
(3) The proof of this statement is basically identical to the proof of the Knot—Alexander
Polynomial Proposition (3). [

Example. Let B be the Borromean ring as shown in the figure below.

Borromean rings B /\@ T1— @ Y1

From the diagram and the Wirtinger Presentation Proposition we obtain a presentation
with generators x1, zo, Y1, ¥, 21, 22 and relations py, P2, g1, g2, 71, 72 Where

pro= Tyeay oy

P2 = 2’2_1'.’132'22'.7?1_
and where the other relations are given by cyclically permuting the letters x,y,z. We
consider the obvious epimorphism ®p: 7,(S3\ B) — (1,7, 2)a. Let P be the presentation
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we obtain by removing the last relation. Note that

1—y 0 x —1 0 e
-1 271 0 0 0 —z-t -
det(J*(P)g) = det 0 0 11—z 0 Yy —t
0 —x oty -1 a7t 0 e
z -1 0 0 1—=x g
It follows that
- det(J®B(P))e) L (l=2)-(1-2)-1-y)-1=-2) . N /
Ap ¥ Sple) —1 P = 1—-2)-(1—-y)-(1—2).
the author would like to point that he
calculated det(J®5 (P)g) by hand O

9.3. The role of orientations. A priori the Alexander polynomial of a knot and a link
depends on a choice of an orientation for each component. In this section we will study
to what degree the Alexander polynomial depends on this choice. We start out with the
following lemma:

Lemma 9.3. (Alexander Polynomial-Orientation Lemma) Let L be an oriented
m-component link and let ey,..., 6, € {—1,1}. We denote by L{*»m) the link L but
where we flipped the orientation of the i-th component precisely if ¢, = —1. Then

AL(El ..... em)<t1,...,tm) = AL<ti1,,t%")

Example. In the figure we show Solomon’s link S.

Solomon’s link § — C(‘j) ((j) _3

Ag(ty,ta) = 141t - 1o Ag(ti,to) = L+ttt

We see that if we flip the orientation of the blue component, then the Alexander polynomials
are not equivalent, so the oriented links are not smoothly isotopic. O

Proof. Let L be an oriented m-component link and let €,...,¢, € {—1,1}. We make a
few preparations:

(1) We write L' := L{€tsem),

(2) We write m == m(S?\ L) = m(S®\ L').

(3) (a) Let 1, ..., iy, be meridians for the oriented link L.
(b) Let p, ..., ., be the corresponding meridians for the oriented link L'.

(4) It follows from the Meridian—Symmetries Lemma that u; = p; if ¢, = 1 and that
wy = iV if ¢, = —1.

(5) As on page we introduce the following notation:
(a) We denote by ®1: m — (t1,...,tn)ap the epimorphism given by & (u;) = t;.
(b) We denote by @ : m — (t1,...,tm)ap the epimorphism given by @1/ (1)) = ;.

(6) We denote by ©: (t1,...,tm)ab — (t1, ..., tm)ap the homomorphism that is given by
t; — ti'. Note that it follows from (4) and the Loop-mi-Lemma [3.14] (3) that the
following diagram commutes:
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T
oy @,

(ty . to)a —————— (t1, o nab.

Now we turn to the actual proof of the promised equality. In the following we first consider
the case m > 2. Sharp eyes will notice that the desired result is actually an immediate
consequence of the Alexander Function-Functorial Lemma (2). Alternatively one can
also do a direct calculation:

e We pick a presentation P = (xq,...,2,|r1,...,r,—1) of deficiency one for 7.
e We pick an i € {1,...,n} such that &, (z;) is non-trivial.

We then see that

since determinants commute

by definition of Ay since ¢ = © o &, with ring homomorphisms
Aptan. o ) T det(@pa(J(P))) L det((©0@0).(J(PL) ¥ ¢ (det(%(J(P)i»)
Grr(z; — 1) (©o®r)u(z; — 1) Or.(x; —1)
i OL(AL(t1, .. tm)) T Ap (... tm).
by definition of Ay, by definition of ©

The case m = 1 is basically identical, we just need to multiply the intermediate terms by
t — 1 and we need to notice that ¢t — 1= (—t71) - (t —1) =t — 1. |

A perspicacious reader might have noticed that all the Alexander polynomials that we have
calculated so far are symmetric, up to “=". It turns out that this is not a coincidence, this
is in fact a general phenomenon:

Theorem 9.4. (Alexander Polynomial-Symmetry Theorem) Given any oriented
m-component link L we have

Ap(ty, ... tm) = Ap(tyh, ... t2h).

r'm

Proof. The proof of this theorem is much harder than all the other results on Alexander
polynomials. We outsource it to the next chapter. [

Next we recall the following definition from page |18}

Definition. Let L < S? be an oriented m-component link. The reverse L™ is defined as
the link L with the reverse orientation. In other words, LY = L1~

The following lemma, which builds on the Alexander Polynomial-Symmetry Theorem [9.4]
unfortunately shows that the Alexander polynomial cannot be used to distinguish a link
from its reverse.

Lemma 9.5. (Alexander Polynomial-Reverse Lemma) For any oriented m-compo-
nent link L < S® we have

Aprer(ty, .o tm) = Ap(ty,...,tm).

Proof. We note that
Aprev(ty, ... tm) f At th ? Ap(ty, ... ty).

’'m

follows from the Alexander by the Alexander Polynomial-Symmetry [
Polynomial-Orientation Lemma m Theorem [2.4]



128 9. THE ALEXANDER POLYNOMIAL OF KNOTS AND LINKS

9.4. Alexander polynomials of unoriented knots. The Alexander Polynomial-Rever-
se Lemma [9.5] implies that for knots the Alexander polynomial does not depend on the
choice of an orientation. This is a double edge sword: On the negative side this has the
consequence that we cannot use Alexander polynomial to distinguish an oriented knot from
its reverse. On the positive side it has the advantage that we get an invariant of unoriented
knots and when calculating the invariant, we do not have to worry about orientations:

Definition. Let K < S® be a knot. We pick an epimorphism
O:m(SP\ K — (b).

We refer to Ag(t) = (E—1) Arse € Z[t+]
as the Alexander polynomial of K. It follows from the Alexander Polynomial-Reverse
Lemma |9.5| that this invariant is well-defined, i.e. it is independent of the choice of ®.

Example. It is clear that with enough brain or machine power one can calculate the
Alexander polynomial of any knot that is given by a diagram. For example we already
calculated the Alexander polynomials of the trivial knot, the trefoil 3; and the figure-8
knot 4;. On page 55| we showed a list of small crossing knots. Using heroic calculations
one ends up with the corresponding list of Alexander polynomials:

0 3 4 51 59 61
Q) v (N )
1 2 t41 2_3t4+1 I—t+t2—t34t*  2-3¢+2¢2 2—5t+2t2
62 63 71 72
& > N 0
& @ & &
1-3t+3t2 33 +¢4 1—3t+5t%—3t3 +t* 1—t+t2 =34t —t5+10 3—5t+3t?

The following proposition gives us the Alexander polynomials of an infinite family of knots,
namely of all torus knots:

Proposition 9.6. (Torus Knot—Alexander Polynomial Proposition) Let p,q € N

be coprime. For the torus knot T'(p, q) we havﬂ
Apo () = =D @41
T\ = (1) (99— 1)

Example. For the trivial knot U = T{;;) we obtain from the Torus Knot-Alexander
Polynomial Proposition 9.6/ that Ay (t) = 1 and for the trefoil K = T'(2,3) we obtain that

L (-1 (-1
Arlt) = 2—1)- (-1

= t2 — t + 1. This recovers the results from page |122

"1t is a nice algebra exercise to show that the right hand side does indeed lie in Z[t*1].
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unknot U —— Q trefoil K =T(2,3) \&

Ap(t) =1 Ag(t)y=t*—t+1

Proof. Let p,q € N be coprime. Recall that by the Torus Knot-m-Proposition [3.8| we
know that 71(S%\ K) & P = (z,y | 27 - y~7). Note that

or Or =l g :

= — = 1 —7P. -t

J(P) (895 8y> + (ZZ::OI T ;y )
by the Fox Derivative Properties Lemma (5)

Up to sign the homomorphism ®: P — (t) that is given by ®(z) = t? and ®(y) = t? is the

unique epimorphism onto (t). We calculate:

p—1 q
det [ D, i _ D, —i
A (t):(t_1).w — -1 e< (EOQC a2y >
o ey 1) P.(y—1)
p—r q )
_(t—l)det letng> — t—1 piltqi _ t—1 P71 — 1
N tr—1 Cotr—1 % ¥tp_1 ta —1°
elementary algebra [ ]

Rather impressively the Torus Knot—Alexander Polynomial Proposition allows us to
completely classify the torus knots T'(p, q) with p,q € N:

Corollary 9.7. (Torus Knot—Classification Corollary) Let p;, ¢; € N be coprime and
let ps, g2 € N be coprime. We assume that p; # 1 and ¢; # 1. Then

Tipr,q) and Ty, 4,y are smoothly isotopic <= {p1,¢1} = {p2, @2}

Proof. First note that the“<«"-direction was shown in the Torus Knot Lemma (2d).
We turn to the proof of the“=-"-direction. So suppose that we have coprime p;,q; € N

and coprime po, g2 € N such that T{,, 4,) and T{,, 4, are smoothly isotopic. It follows from

the Knot—Alexander Polynomial Proposition[0.IJand the Torus Knot—Alexander Polynomial

Proposition [9.6] that
(t — 1) . (tprql — 1) . (t — 1) . (tp2~qz _ 1)

(tpr — 1) - (tor — 1) - (tp2 — 1) - (tez — 1)

A purely algebraic argument now shows that {p1, ¢} = {p2, ¢2}. We outsource this argu-
ment to Exercise [9.4] [

The following proposition shows that the Alexander polynomial is multiplicative under the
connected sum operation.

Proposition 9.8. (Connected Sum—Alexander Polynomial Proposition) Let J and
K be two oriented knots. On page we introduced the connected sum J#K. The

following equality holds: )
AJ#K = AJ‘AK € Z[til]
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Proof. Let J, K — S? be two oriented knots. By the Wirtinger Presentation Proposi-
tion we can find presentations

7T1(83\J) P = <IL‘1,...,CCJ‘|’I"1,..‘,T’]'_1>

7T1<53\K) = Q = <y1a"'7yk|517"'78k—1>
where each x, is a meridian of J and where each 1, is a meridian of K. We now see that

by the Knot Connected Sum-7i-Proposition

(S (JHE)) = m(S*\ J) 0,y m(S°\ K)

= <x17"'7xj7y1a"'7yk‘rly'"7Tj—17$17"'78k—17$j yk_1> =: 5.
T3 = 1/4
trefoil J hgure—8 knot K connected sum J#K
It follows that since yj, corresponds to a meridian of J#K
det(J®#K(S) ;) + det (J2#K(S) k)
A = (t—1)- g = (t-1)- T = det(Jr#x(S),
JH#K ( ) det(q)J#K(yk) —1) ( ) r—1 € ( ( )]-i-k)
Ora Org
(3xb) a=1,...,5-1 (8:6]')(1:1 ..... J—1 0 A
b=1,...,j—1
_ 0Sa
= det Pyux 0 0 (8—%) a=1, ... k—1
b=1,... k-1
0 T, 0
4\
7-th column
(I)J(g%’;') a=1,...,j—1 o (g;;)a: ----- Jj—1 0
b=1,...,j—1
_ 0Sa
= det 0 0 ‘I)K(ayb) a=1,... k-1
b=1,...,k—1
0 (I)J<$j) 0
— or 0s
= (—1)k 1 (I)J(l ) - det <(I)] “ a= _ ) det <(I)K - a=1. ... k— )
P4 ®a) gy Bu) gt
=4, e
= Ay Ag. n

The above calculations indicate that the Alexander polynomial is pretty effective at dis-
tinguishing knows. The Alexander polynomial is not perfect though. For example in the
following figure we show the Conway knot and the Kinoshita-Terasaka knot which we al-
ready encountered on page [100]

With enough effort one can show that in both case the Alexander polynomials are = 1.
But on page [100] we already noticed that both knots are rather non-trivial.

9.5. Alexander polynomials and mirrors. In this last section we return to the general
study of links. In the Alexander Polynomial-Reverse Lemma we showed that the
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~_ — = (N~
Co==y CE

Kinoshita-Terasaka knot Conway knot

Alexander polynomial of a link and its reverse coincide. In this section we will prove an
analogous result for mirrors.

First let us recall the following definitions from page [I8}

Definition. Let L < S® be an oriented link. The mirror L™" is defined as the reflection
of L = S? in any hyperplane of R*[[ We give the mirror L™ the orientation that turns
the reflection into an orientation-preserving diffeomorphism L — L™,

link L C—(@B @CZ/Q the mirror L™

oA

The following lemma shows that the Alexander polynomial also cannot be used to distin-
guish a link from its mirror.

Lemma 9.9. (Alexander Polynomial-Mirror Lemma) For any oriented m-compo-
nent link L < S? we have

Apmic(ty, ... ty) = Ap(t7h...,t2h) i Ap(ty, .. tm).

by the Alexander Polynomial
Symmetry Theorem

Proof. Let L be an oriented m-component link. We make a few preparations:

1) We denote by p: R* — R* the reflection in some hyperplane of R*.
p
(2) We write L' :== L™ := p(L).
(3) We write 7 == m;(S® \ L) and we write 7' = (5% \ L'). Note that p induces an
isomorphism p,: ™ — 7’
(4) (a) Let p1, ..., ft, be meridians for the oriented link L.
(b) Let p, ..., u, be the corresponding meridians of the oriented link L'.
e Meridian—5Symmetries Lemma [2.18) implies that for any ¢ we have pu, = p(u;)™".
5) The Meridian—S ies L 2.18 implies that fi , we h : rev
(6) As on page we introduce the following notation:
a) We denote by ®p: m — (t1,...,t)ap the epimorphism given by & (u;) = ¢;.
J
(b) We denote by @, : m — (t1,...,tm)ap the epimorphism given by @1/ (1) = ;.
(7) We denote by ©: (t1,...,tm)ab — (t1, ..., tm)ap the homomorphism that is given by

ity
(8) It follows easily from (5) and the Loop-mi-Lemma [3.14] (3) that the following diagram
commutes:

"™Note that we showed in the Link Mirror Lemma that, up to a smooth isotopy, the definition of L™
does not depend on the choice of the hyperplane.

"6Note that on page [18 we introduced the mirror of an unoriented link. For the purpose of this section it
is better to work with oriented links.
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p* /
s ™

) e

(ty b das —————— (£, .+t ab

Now we turn to the actual proof of the promised equality. In the following we first consider
the case m > 2. Sharp eyes will once again notice that the desired result is actually an
immediate consequence of the Alexander Function-Functorial Lemmal8.6| (1) together with
the Alexander Polynomial Symmetry Theorem [0.4 Alternatively one can also do a direct
calculation:

e We pick a presentation P = (z1,...,2,|71,...,m,—1) of deficiency one for .
e We pick an i € {1,...,n} such that ¢ (x;) is non-trivial.
We see that since determinants commute
by definition of A mir by (8) with ring homomorphisms
N T det(JPo(P)) L det((©00)(J(P)) L g (det(be*(J(P)l)))
oo (Prrop)i(@i — 1) (© Olq’L)*(ﬂfi —1) N O (a - 1)
= 0.(Aulin o)) = Aclir ) = Aulh )
by definition of Ay, by definition of © by the Alexander Polynomial

Symmetry Theorem [0-4]

The case m = 1 is basically identical, we just need to multiply the intermediate terms by
t — 1 and we need to notice that t™* — 1= (—t71) - (t —1) =t — 1. |

Exercises for Chapter [9]

S

Exercise 9.1. Given a non-zero Laurent polynomial p(t) = > a; - t* € Z[t*!] with a, # 0
and a5 # 0 we define its degree as

deg(p(t)) = deg ( ZS: a; - ti> = s—r.
Show that for every knot K we have
deg(Ak(t)) — 1 < crossing number of K.

Exercise 9.2. Let D and D’ be two m-component link diagrams and let L and L’ be the
oriented m-component links that are associated to D and D’. We use the corresponding
Wirtinger presentations P and P’ to define Alexander functions. Show, using the “‘obvious”
oriented version of the Reidemeister Moves Theorem [4.5 that if L and L’ are smoothly
isotopic as oriented links, then the Alexander functions of P and P’ in Q(t4,...,t,,) are
the same up to “=".

Remark. In other words, the exercise is to show that one can get a link invariant without
leaving the world of deficiency-one presentations.

Exercise 9.3.

(a) Let Gy, Gy be groups that admit a presentation of deficiency one. Let ®: G5 — H be a
non-trivial homomorphism to a free abelian group H. Show that for any epimorphism
v: G1 — G5 there exists a p € Z[H] such that Ag, g0y =P Ay 0.
Hint. You should make use of the flexibility provided by the Independence-of-Generator
Lemma [8.10L
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(b) We consider the following variation on (a): We now assume that there exists a monomor-
phism v: G; — G5 such that ®ovy: G; — H is non-trivial. Can you find a relationship
between Ag, ooy and Ag, o7

(c) Let Ky and K be two knots. We now suppose that there exists an epimorphism
71 (S3\ K;) — 7 (S3\ K5). Show that there exists a p € Z[t*!] such that Ag, = p-Ag,.

Exercise 9.4. Let p;,¢: € N be coprime and let p,, g2 € N be coprime. Show that if T{,, 4,
and T{p, 4,) are smoothly isotopic, then {pi, ¢} = {p2, g2}
Remark. By the discussion in the proof of the Torus Knot—Classification Corollary [9.7] it

remains to prove the following statement:
(=1 @01 L (-1 _
(tpl _ 1) . (tql — 1) - (tp2 _ 1) . (tqQ _ 1) = {pla q1} - {p27 q2}

Exercise 9.5. We consider the oriented 2-component link L which is built out of oriented
knots K; and K, as shown in the figure below. Determine Ap(t;,%2) in terms of the
Alexander polynomials of K and Kj.

RN
Sl

Exercise 9.6. Compute the Alexander polynomials of the cinquefoil, the three-twist knot
and the stevedore knot that are shown below.

cinquefoil @ three-twist knot @ stevedore knot @:j)

Exercise 9.7. Compute the Alexander polynomial of the Star of David link, the Whitehead
link and the mystery link shown in the figure below.

L D D

Star of David link Whitehead link mystery link

Exercise 9.8. Let p, q GQN2 be coprime. Let L = T'U J be the link that is given by the
torus knot T'= T'(p,q) = B~ x S! and the core curve J = {0} x S* of the solid torus.

(a) Show that m(S®\ L) = (x,y, 2| [z, 2], 2P -y~ - 27).
(b) Calculate the Alexander polynomial of L.

Gl y gl \'> — torus knot T'=T'(2, 3)

ZaN
&
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Exercise 9.9. Let ay,...,a,, € Z. We refer to the figure below for the definition of the
pretzel link P(ay, ..., any):
(a) For which a4, ..., a,, is P(ay,...,an) a knot?
(b) Show that the Alexander polynomial of P(—3,5,7) equals = 1.
Hint. Try to find a presentation with few generators.

S T—0 .
______ - n| =1": n times
o000 \
A where for n € Ny we have
______ _J —nl = [ =n times
W

pretzel link P(aq,...,ay)

Exercise 9.10. Compute the Alexander polynomial of the Olympic rings.
Hint. Try to find a presentation with a small number of generators.

OO

Exercise 9.11. As usual we consider the torus S x ST < S8 = (B° x §1)Ugixg1 (S x B).
Let m,n € Z. We set g = ged(m,n). As in Exercise we consider the g-component
torus link L(m,n) = {(y,z) € St x S'|y™ = 2"}.

(a) Determine m;(S® \ L(m,n)).

(b) Determine the Alexander polynomial of L(m,n).

Exercise 9.12.

(a) Let L be a link that is splittable. Show that Ay = 0.

(b) Show that the Whitehead link, which is shown in the figure below, is not splittable.
Remark. This confirms our suspicion from page [89

Whitehead link /@ Ik(K,K) =0

Exercise 9.13. In Exercise 3.9/ we introduced higher order Alexander functions A7 5 where
7 is a group that admits a presentation P = (xy,..., 2k |71,...,rx_1) of deficiency one,
®: m — H is a non-trivial homomorphism to a free abelian group H and n € Ny. With
the obvious modifications to the definition on page we can now introduce the higher
order Alexander polynomials A’ () of an oriented knot. In the following we consider the
two knots 6; and 946.

(a) Show that the 0-th Alexander polynomials equal 2 — 5t + 2t2.

(b) Show that the first order Alexander polynomials of 6; and 9,4 are different.

Exercise 9.14. In Exercise 3.9/ we introduced higher order Alexander functions A7 5 where
7 is a group that admits a presentation P = (xy,..., 2k |71,...,rx_1) of deficiency one,
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=0
) XD

®: m — H is a non-trivial homomorphism to a free abelian group and n € Ny. With the
obvious modifications to the definition on page we can now introduce the higher order
Alexander polynomials A% (t1,...,t,) of an oriented link with m > 2 components. Let
L = J U K be the split union of two oriented knots J and K.

(a) If you did not solve Exercise |9.12] then show that Ap(s,t) = 0.
(b) Show that Al (s, t) = Aj(s) - Ax(t).

J =31 @ Q S ﬁﬁigig i OAJ(S) Ak (1)



CHAPTER 10

The symmetry theorem for Alexander polynomials

In this chapter we will do the following:

(1) Given a diagram for a link L we introduce the “over-presentation” of 7;(S*\ L) which is
somewhat similar to the Wirtinger presentation, but in general it has fewer generators.
It thus leads to more efficient calculations of Alexander polynomials.

(2) In the Alexander Polynomial-Symmetry Theorem we prove the result, which we
already mentioned in the previous chapter, that given any oriented m-component link

L we have Ap(ty, ... tn) = Ap(tyh, ..., 10,

The key idea is to calculate the Alexander polynomial twice, namely once using the
“over-presentation” and once using the “under-presentation”. We will see that these two
presentations are “dual” in a suitable sense, which allows us to obtain the symmetry
result.

(3) In the Alexander Polynomial-at-1 Proposition [10.7 we will show that for any knot K we
have Ak (1) = £1. Together with the Alexander Polynomial-Symmetry Theorem
this characterizes the Laurent polynomials that can arise as Alexander polynomials of
knots.

(4) We conclude with two appendices on the Torres conditions for Alexander polynomials
of links and on Alexander polynomials of alternating knots. These appendices do not
contains proofs, but they contain results and open questions which are worth knowing.

10.1. The over presentation. In this section we use a diagram of a link L to introduce
the “over-presentation” for m1(S® \ L). In general this presentation has fewer generators
than the Wirtinger presentation from the Wirtinger Presentation Proposition [5.5] This is
useful since the effort to calculate Alexander polynomials of a link from a given deficiency
one presentation grows rapidly with the number of generators.

In the Diagram-to-Link Lemma we showed that any link diagram gives rise to a
link. In the following lemma we give a slightly different construction:

Lemma 10.1. (Alternative Diagram-to-Link Lemma) Let (y: U S} — R? ¢) be a
link diagram such that each component has at least one crossing. We can pick a smooth

map &: igl S} — [—1,1] with the following properties:

a) £71(1) is the set of overcrossings (as defined on page [53)).
b) £71(—1) is the set of undercrossings.
c) Each component of £71([0, 1]) contains an overcrossing.

) Each component of £~([—1,0]) contains an undercrossing.

136
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m
(e) For each z € =) S} with £(z) = 0 we have £'(z2) # 0.

The following three statements hold:
(1) The image of |—| S} under the map |—| S} — R3 given by 2z — (7(2),£(2)) (together

with the obv10us ordering of the components) is an m-component link.

(2) Any two choices of ¢ give rise to smoothly isotopic links,

(3) The resulting links are smoothly isotopic to the links obtained from the original
Diagramr—nto—Link Lemma

If we equip Z,|:|1 S} with the standard orientation, then in the above statements we can also

replace “link” by “oriented link”.

R2 graph of £: ST — [—1,1]
-1 ; 1)
~1 S ~1
+1 +1

+1 v +1

+1 — +1 1
-1 —1 —1 -
+1 +1

Proof. The proof of the lemma is very similar to the proof of the Diagram-to-Link Lem-
ma [£.2] We leave it to the reader to make the necessary modifications. |
Definition. Let L < R?x x[-1,1] < 3 be the oriented m-component link that is assocjate

to the link diagram (fy l_l St — R? c) via the Alternative Diagram-to-Link Lemma |10.1

(1) We refer to each component of L N (R? x [0, 1]) as an overpass.
(2) We refer to each component of L N (R? x [—1,0]) as an underpass.

We will often use the following fact: If each component of a link diagram has at least one
crossing, then the same argument as in the Crossing-Strand Lemma shows that the
number of overpasses equals the number of underpasses.

The definition of an overpass and underpass is similar, but nonetheless different, from
the definition of the definition of strand which we gave on page [66] The following figure
hopefully helps in distinguishing the different notions:

knot K = 891 — D overpasses
C \ 5 underpasses
eight strands ~>~—{ "/

The following proposition is an analogue of the Wirtinger Presentation Proposition [5.5}
Proposition 10.2. (Over-Presentation Proposition) Let (v: iyl S} — R%¢) be a

link diagram such that each component has at least one crossing. Let L be the link that
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we associated in the Alternative Diagram-to-Link Lemma to the link diagram. We
enumerate the overpasses by z,...,z, and we enumerate the underpasses by 1,..., n.
e We pick orientation-preserving smooth embeddings R;: B - R2,i=1,...,n with
disjoint images such that the projection of the i-th underpass to R? is contained in
R;(B?) and such that R;(S") intersects 7( iEA S}) transversally.

e For the i-th underpass we define a relation r; € (z1,...,x,) as follows: We consider
the path [0,1] — R? that is given by ¢ — R;(exp(2rit)). We start at ¢t = 0 and going
along [0, 1] we record a generator z; (or its inverse z; ') if the path hits the image of
the j-th overpass with a positive (negative) sign.

With this notation the following statements hold:

(1) We have an explicit isomorphism

= B
(x1,..., 2 | r1,...,mn )y — m(S°\ L)
——— ——
correspond to correspond to
overpasses underpasses

where each x; is given by a meridian corresponding to the i-th overpass.

(2) In the presentation (1) we can drop any one of the relations and we still obtain an
isomorphism.

we got thc 1clation -

we get the relation

arg-xl-m4-x1_1-a:§1-$gl

m
Definition. Let (7: i|;|1 St — R?, c) be a link diagram such that each component has at

least one crossing. Let L be the link that we associated in the Alternative Diagram-to-
Link Lemma to the link diagram. We refer to the presentation of (S \ L) from the
Over-Presentation Proposition as the over-presentation of m(S®\ L).

we get generators xy1, To, T3, T4, Ty

Z: . -1 -1 —1
2 and relations T = T3:T1 Ty Ty *To-Ty
% -1 -1 -1
A1 Ty ! \TQ T 9 = X3-T1"Tg- Ty Ty *Tj
\‘\ﬁj 1. -1
L2 s Ty

<

Ty :ZL‘5'I1'$5 '5172
s = T, -mgl-m-mg
over-presentation for (5% \ 83;)

Sketch of proof. First recal] that in the Alternative Diagram-to-Link Lemma we
picked a smooth function &: Z,|;|1 S} — [—1,1] with the following properties:

(a) £71(1) is the set of overcrossings.
(b) £71(—1) is the set of undercrossmgs
(c) Each component of £71([0,1]) contains an overcrossing.
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(d) Each component of £*([—1,0]) contains an undercrossing.
(e) For each z € o S} with £(z) = 0 we have &'(z) # 0.

Let L be the oriented m-component link that is associated to the link diagram via this
function €. As before we refer to each component of L N (R? x [—1,0]) as an underpass.
]t is elementary to see that we can modify the above map & to obtain a smooth function
¢: U S} — [~1,1] with the following modified properties

) £1(1) = &71(1) is the set of overcrossings.

) £1(—1) is the set of underpasses.

) Each component of £1([0, 1]) contains an overcrossing.

) Each component of £7!([—1,0]) contains an undercrossing.
)

(Us)xp1 - ®
(2.8) = (%&(2) (1—t)+&(2) 1)

is a smooth isotopy from L to L.
At that point the proof is almost identical to the proof of the Wirtinger Presentation

Proposition [5.5 which we gave in Section [5.3] We introduce the following familiar notation:

e We consider the following subspaces of R? U {00} =; S
A = {(z,y,2) eR®*|z> -1} U {00},
B = {(z,y,2) e R?|z < -1} U{o0},
S = {(r,y,2) eR*|z=—-1}U{c} = ANB
and we set A, .= A\ L, B, =B\ Land S, =S5\ L.
e We work with the base point ¢ = (0,0,2) € R? which lies “above” the link L.
e For the i-th overpass we denote by x; an oriented triangle that starts at ¢ and “circles
once around the ¢-th overpass at any overcrossing” according to the “right-hand rule”.
e We pick a base point x € S7.

o — X point on i-th overpass
=== _X _______________ /\{ L A
Y=R*x {-1}— ' ; °
- ' - B
underpass — T l

Similar to the arguments in Section the following claims hold:
Claim 0. The inclusion maps induce an isomorphism

1 (AL, %) %7, (s, %) T1(Br, %) = m(S3\ L, #).
Claim 1. The group m;(By,*) is trivial.

Claim 2. The obvious map (x1,...,z,) = m(Ar,©) is an isomorphism.
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Claim 3. The loops R;(S'),..., R,(S!) form a normal generating set of m(Sz,*).

As on page [73]| the proposition is an easy consequence of the above claims. We leave it to
the reader to fill in all the details. [ |

10.2. The symmetry of the Alexander polynomial. In this section we give the long
overdue proof of the following theorem:

Theorem (Alexander Polynomial-Symmetry Theorem) Given any oriented
m~component link L we have

Ap(ty, ... tm) = Ap(ty, ... th).
The logic of the proof is as follows:

(1) In Subsection we will introduce the notion of two presentations being “dual”. We
will see that if a group admits a pair of dual presentations, then the Alexander function
is symmetric.

(2) In Subsection we will introduce the under-presentation of (S \ L).

(3) In Subsection [10.2.3| we will prove the Dual Presentation Theorem which says that,

for a given link diagram, the corresponding over-presentation and under-presentation
are dual.

(4) In Subsection [10.2.4] we will wrap up the proof of the Alexander Polynomial-Symmetry
Theorem [0.41

10.2.1. Dual presentations. We start out with the following standard notation:
Definition.

(1) Let G a group. We equip the corresponding group ring Z[G] with the involution that
is induced by g := ¢g~! for g € G. More precisely, we write

n n 1
20 g = ) ai g -
i=1 i=1

This involution is natural in the sense that for any group homomorphism ¢: G — H
and any p € Z[G] we have ¢.(D) = p«(p) € Z[H].

(2) If G is a free abelian group, then the involution on Z[H| defines also an involution on
the quotient field Q(H) in an obvious way.

The following is the key definition in the proof of the Alexander Polynomial-Symmetry
Theorem [9.4]

Definition. Let m be a group. We denote by ®: m — m,, the natural epimorphism. We
say that two presentationsm P={xy,...;2z |71, .,rn) and PT = (y1, ..., yn |81, 5n)
for m are dual to one another if the following two conditions are satisfied:

(D1) For i =1,...,n we have ®(x;) = (7).

(D2) There exist g1, ..., gn, h1,-..,h, € 7 such that for any ¢,5 =1,...,n we have@

(I)<gi'g;; '(xj—l)) = ¢(hj'%‘(yi—1))-
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The following proposition makes it clear why we are interested in dual presentations:

Proposition 10.3. (Dual Presentation—Symmetry Proposition) Let © be a group
and let &: 7 — H be a homomorphism a free abelian group H. We assume that 7 admits
a pair of dual presentations P = (x1,...,2,|71,...,7) and PT = (y1, ..., yn|51,...,5n)
with the following two properties:

e In each presentation we can drop any one of the relations.

e Forall i € {1,...,n} the images ®(z;) € H and ®(y;) € H are non-trivial.
Then the following equality holds:

Aﬂ,@ = ATr,CD € Q(H)

Proof. Let m be a group and let ®: 7 — H be a non-trivial homomorphism to a free abelian
group H. We assume that there exist two presentations P = (xq,...,2,|r1,...,r,) and
Pt ={y1,...,yn|51,...,5,) for m with the following three properties:

e The presentations are dual to one another.
e In both presentations we can drop any one of the relations.
e For all i € {1,...,n} the images ®(x;) € H and ®(y;) € H are non-trivial.

Evidently we now want to use these presentations to calculate the Alexander function.
Since ® is a non-trivial homomorphism there exists an ¢ € {1,...,n} such that ®(x;) is
non-trivial. To simplify the notation a bit we will assume that ®(z,,) is non-trivial. Note
that (D1) implies that ®(y,) is also non-trivial.
By our hypothesis we can drop in both presentations the last relation. We denote the
resulting presentations by P and PT.

) or; . 0s;
SR det (Q(a;)i,j:17...,n—1) = det ((I)(a;)i,jzl,...7n—1 )
— s (P)a — 2 (P,

Proof. We have the following equalities in Z[H]:

since ® is a ring homomorphisms, since determinants commute with
ring homomorphisms and since determinants are multilinear

_ v
67‘7' (= _ 87‘1'
det (Q(al‘j)i,j:L...,n—l) : 2 (®(xj) —1) = det ((D(ax,‘ Nz — 1))i7j:17...7n_1)
Py det ((D( 8_y], (yi —1) )i,j:l,...,n71> Py det ((I)( aZj ) (yj —1) )i,jzl,...,nﬂ)
by (D2), note that the gi,...,gn since det(A) = det(A™)
and hi, ..., h, get swallowed by the “=”

n—
_ 0s; . )

= det ((I)( By, )i,j:l,...,n—l) H (®(z;) —1).
4 g=1

by the same argument as above, we also use

that f+— f is a ring homomorphism and we use (D1)

To simplify the notation we drop the isomorphism between 7w and its presentations from the notation.
"™The notion of dual presentations was introduced by Ralph Fox and Guillermo Torres [TF54], see
also [CET7]. Our definition differs slightly from their definitions since we allow for the gi,..., ¢, and
hi,...,h, €.
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n—1
To obtain the desired equality we need to dispose of the common factor [] (®(x;) —1).
j=1
To achieve this we make two observations:

e By hypothesis we know that for all j € {1,...,n} the image ®(z;) € H is non-trivial.
This implies that each ®(x;) — 1 € Z[H] is non-zero.
e Since H is a free abelian group we know that Z[H| is a domain.

The desired equality follows from the above calculation and the above two observations. H
We now see that

or; Os.
5 det (o( 20 ) det (2(5) )
Ay = det(J®(P)n) . dxj ) ij=1,..,n-1 . 8y; ) i,j=1,..,n—1
m, = = = - o

by the definition on page [I[1] by the definition on page [L09] by the claim and by (D2)

. det(JE(PH),) . x

= = ,d-

1+ P(yn) — 1 +

as above, this follows from the various definitions [ |

10.2.2. The under presentation. The Dual Presentation-Symmetry Proposition [10.3]
shows that one approach to proving the Alexander Polynomial-Symmetry Theorem is
to prove that (5% \ L) admits a pair of dual presentations.

In this subsection we introduce, given a diagram of a link L, the under-presentation of
71 (S \ L), which will later see is dual to the corresponding over-presentation of 7;(S*\ L).

Proposition 10.4. (Under-Presentation Proposition) Let (7: s — R?,¢) be a

link diagram such that each component has at least one crossing. Let L be the link that
we associated in the Alternative Diagram-to-Link Lemma to the link diagram. We
enumerate the underpasses by v, ..., vy, and we enumerate the overpasses by 1,..., n.
e We pick orientation-reversin smooth embeddings S;: B = R2,i=1,...,n with
disjoint images and such that the projection of the i-th overpass to R? is contained in
S;(B?) and such that S;(S!) intersects y(l,l:l1 S}) transversally.

e For the i-th overpass we define a relation s; € (y1,...,y,) as follows: We consider the
path [0, 1] — R? that is given by ¢ — S;(exp(27it)). We start at ¢ = 0 and going along
[0, 1] we record a generator y; (or its inverse yj_l) if the path hits the image of the j-th
overpass with a negative (positive) sign.
With this notation the following statements hold:

(1) We have an explicit isomorphism

= B
(Y, yn | 81,0008, ) — m(S°\ L)
S—— S——
correspond to correspond to
underpasses overpasses

where each y; is given by the inverse of a meridian corresponding to the i-th underpass.
(2) In the presentation (1) we can drop any one of the relations and we still obtain an
isomorphism.
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we get the relation

we get the relation — 1 1
Y2 Y1 Ya Y3 VYs Y3

Ya Yz Y Yy

Ys

Proof. The proof of this proposition is almost identical to the proof of the Over-Presentation
Proposition [I0.2] which in turn is almost the same as the proof of the Wirtinger Presentation
Proposition [5.5] We leave it to the reader to make the necessary modifications. [

Definition. Let (7: i|;|1 St — R? c) be a link diagram such that each component has at

least one crossing. Let L be the link that we associated in the Alternative Diagram-to-
Link Lemma to the link diagram. We refer to the presentation of 7 (S®\ L) from the
Under-Presentation Proposition as the under-presentation of 7 (S®\ L).

we get generators  yi, Y2, Y3, Y4, Ys

53 and relations S1 = Ys YUYy - y3_1 Yoy
Yi | s y4y3 \yg s1 s = uit oyt ust oy - - s
\1) S3 = Yo Y1-Yo Y3-Ys Ui

o2 ys 4

Yl

S4 :y5‘y2'y51'y11
S5 = Ya Y3 Yy Yy
under-presentation for 7 (S® \ 8;)

10.2.3. The Dual Presentation Theorem. In this subsection we want to show that over-
and under-presentations are duals. To simplify our life we restrict ourselves to presentations
arising from “simple” diagrams:

Definition. A link diagram is called simple if for each overpass X and each underpass Y
intersect in at most one point, i.e. we have #(X NY) < 1.

Lemma 10.5. (Simple Diagram Lemma) Every link admits a simple diagram such
that each component has at least one crossing.

Sketch of proof. Let L be a link. By the Link Diagram Existence Proposition and
the One Crossing Exists Lemma we know that L admits a diagram such that each
component has at least one crossing. For each pair of overpass X and underpass Y with
more than one intersection point we add a kink between the intersection points, as shown
in the figure below:

This move splits the overpass into two overpasses Xi, Xo, each of which has at least one
intersection point with the underpass Y less than the initial overpass. Furthermore it
creates an underpass with a single crossing. It is clear that iterating this procedure (and
doing the same for underpasses) creates a simple link diagram for L. [

™Note that throughout we always use the opposite convention to the one used in the Over-Presentation
Proposition This is a little bit confusing, but it is necessary to obtain a presentation which is dual
to the over-presentation.
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2 we add a kink between —é/ ~— “shorter” overpass X

—— 1 1 1 /
overpass X — two Intersection points \ new underpass

~/—— “shorter” overpass Xy

Theorem 10.6. (Dual Presentation Theorem) Let (fy: igl St — R2 c) be a simpl

link diagram such that each component has at least one crossing. Let L be the lin
that we associated in the Alternative Diagram-to-Link Lemma to the link diagram.
We enumerate the underpasses by 1,...,n and we enumerate the overpasses by 1,...,n.
Since each component has at least one crossing we can and will do this in such a way
that the ¢-th underpass and the i-th overpass correspond to the same component of L.
The corresponding over-presentation and under-presentation of 7 (S® \ L) are dual to one
another.

Example. We consider again K = 85 and in the figure below we consider again our
favorite over- and under-presentations:

over-presentation for m(S?\ K)
T1, T2, T3, T4, Ts . . 3/17y273/373/473/i1 . .
ro= X371, ﬁ .f%.xl_l . s, = yglyl'iyf E/f Yo YT
T2 = $3'x1’${1$1 '$3_1‘I511 x5 Y4 \\ S2 = UYs Uy 71% 91792%1
r3 = $2.x5.x21'x3-x1 T3 s S3 = Y2:U1Y2 "Y3Ys "Ys
Ty = IEZL’l;’L’g "Ly S4 = y5'y2'ygl'y;1

rs = Ty Ty Ty Ty %2 S5 = Y1YsYi Y

y »,  under-presentation for m(S® \ K)
) .

For i =1 and j = 2 we see that

since P (z;) =t
\l/
(22 (03— 1)) = Dpe((—wgemr-zy’ + agey g ar)) (v — 1)) = (—t+1)-(t—1)

Op( G2y — 1) = (v o' oty by )-(n — 1)) = (7)),

since P (y;) = 1t

Thus we see that the two terms do indeed agree up to a power of ¢. O
Proof. [ Let (v: U St — R?,¢) be a link diagram such that each component has at least

one crossing. Let L be the link that we associated in the Alternative Diagram-to-Link
Lemma to the link diagram. We adopt the following notation:

(1) Since each component of the diagram has at least one crossing we see, as in the Crossing—
Strand Lemmal[5.3] that each component has the same number of under- and overpasses.

80The hypothesis that the diagram is simple simplifies the proof, but it is not really necessary. We leave
it to the reader to modify the proof so that it can handle any diagram such that each component has at
least one crossing.

81We will take a few minor liberties and omit a few details to keep the proof readable. A completely
rigorous proof would certainly require more details.
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This implies that we can enumerate the underpasses by 1,...,n and we can enumerate
the overpasses by 1,...,n in such a way that the ¢-th underpass and the i-th overpass
correspond to the same component of L.

(2) We denote by ®r: m(S*\ L) — {(t1,...,tm)ap the epimorphism that sends the i-th

meridian to ¢;.

(3) (a) We denote by X, ..., X, the projections of the overpasses to R.

(b) We denote by Y7,...,Y, the projections of the underpasses to R.

(4) (a) Asin the Over-Presentation Proposition[10.2] we pick orientation-preserving smooth
embeddings Ri,...,R,: B~ — R? “around the Y;”. We obtain the corresponding
over-presentation (xy, ..., 2, |ry, ... 7).

(b) Asin the Under—PresentatiQOH Proposition[10.4 we pick orientation-reversing smooth

embeddings S;,...,S,: B- — R? “around the X,;”. We obtain the corresponding
under-presentation (yi,...,Yn |51, Sn).

Next we introduce two new objects:

(a) Given a smooth embedding ¢: [0,1] — R? that intersects the overpasses X1,..., X,
transversally we denote by & € (x1,...,2,) the following word: We start out at 0,
going along [0, 1] we record a generator z; (or its inverse T]_l) if the image of £ hits the
image of the j-th underpass with a positive (negative) sign.

(b) Given a smooth embedding ¢: [0,1] — R? that intersects the underpasses Y, ...,Y,
transversally we denote by & € (Y1, ...,yn) the following word: We start out at 0,
going along [0, 1] we record a generator y; (or its inverse yj’l) if the image of £ hits the
image of the j-th underpass with a negative (positive) sign.

X Y Y

b, —1 -1 ,—1
X: gﬂ:xzq’zlxs E =UYs "Y1 "Y3-Ys

We make the following observations regarding these definitions:

(a) For two suitable smooth embeddings &, (: [0,1] — R? with £(1) = ¢(0) we have, basi-

cally by definition, (& * {)¥ = &* - ¢*. Furthermore, we have R;(t — exp(27it))* = r,.
(b) The analogues for “*” also hold.

Claim 1. Suppose we are given the following:

e A smooth embedding [0, 1] %)]RQ \ (Y1U...UY,) that intersects X, ..., X,, transversally.
e A smooth embedding [0, 1] = R?\ (X;U...UX,,) that intersects Y1, ..., Y, transversally.
If a(0) = b(0) and a(1) = b(1), then &y (a*) = & (b")~ .

4 4

- \" [ ] / D b
T A A Sy
X

i common endpoint

/ common starting point
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Proof. We introduce some extra notation:

e We set P :=a(0) =b(0) and @ = a(1) = b(1).

e We write o* = (0,0, +2).

e We denote by p* the straight path from P to o*. Similarly we define ¢*.

S NP
A 1
o N [ I / —
! C 1 f l A D
Q" v
B \ —
q —o P

We make the following observations:

(a) at € (x1,...,2,) describes the loop p**xaxqt in 7 ((R?x[0,00))\ L,o%) = (z1,..., x,).

(b) ¥ € (y1,...,yn) describes the loop p=*bxq~ in 7 ((R? x (=00, 0D\ L,o7]) = (Y1, ..., Yn).

(c) Since the image of a lies in the complement of Y7, ..., Y, we see that a is path-homotopic
in R? x [—2,0] to the path p~ * ¢~.

(d) Since the image of b lies in the complement of Xi,..., X, we see that b is path-
homotopic in R? x [0,2] to the path p* * ¢T.

We now consider the following diagram:

(X1, ..., Tp) (X1, T | 71y ey )
lid id
1 ((R? X [0,00)) \ L, 0") ——0 sy (S%\ L, o) L (ty - tmab
[pt*ax*qt] [pFsp= xq— *qt]
(= *pH)x id
[qi *E*pi] inclusion [qi ) q+ *ﬁ+ *pi} 33
ﬂ-l((R2 X (_007 0]) \ Laoi) induced 7T1(53 \ Laoi) <t17 . 7tm>ab
K ]
Y1y -y Yn) » (Y1y ooy Un | Sty Sno1)-

(b))~

Using (a)—(d) one sees that the maps send the given elements to the given elements. It
follows that @1 (af) = ®,((b”)~"), which corresponds to the desired result. H

Now we turn to the actual proof that the over- and under-presentation are dual. We have
to show that these two presentations satisfy the conditions (D1) and (D2) from page [140]
First we consider (D1). Let ¢ € {1,...,n}. Recall that we arranged that there exists a
k € {1,...,m} such that the i-th underpass and the i-th overpass both correspond to the
k-th component of L. We now see that

P (z;) " S (pr,,) " Oy, ) = L)

by construction of the over- and under-presentation
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So it remains to prove (D2). This will require a few more pieces of notation:
e We pick a base point x € R? x {0}.

e For i =1,...,n we pick a path g; in R?\ (X; U---UX,,) from * to S;(1).
e Fori=1,...,n we pick a path h; in R?\ (Y U---UY,) from x to R;(1).

It remains to prove the following claim:
Claim 2. For any i,7 € {1,...,n} we have
3 5 0s;
Ou(gh - oo (= 1)) = @By 52 (1 —1)).

Proof. Since we assume that the diagram is simple there exists at most one crossing between
the i-th underpass and the j-th overpass. If there is no crossing, then one can easily see
that x; does not appear in the Word r; and y; does not appear in the word s;. This implies
S] are zero. Thus the promised equality holds trivially.

Now we consider the muéh moré mterestmg case, that there exists a crossing. We use
the figure below to introduce some further notation.

e ... 1; counterclockwise

g

T

s; clockwise

In the setting of the figure we have
r o= otz Bﬁ € (x1,...,xy,)
sj = & yZ Cb € (Y1, Yn)-
(To be more precise, in the figure we have i =1and v = 1. But we want to take care of

all possible orientations.) We calculate
-1

"
O 0 at . — f f = (af =t g” Bt L
a;cj;axj( Bz )Iax(axﬁw)_(a O‘x‘ﬁiﬂ‘)x._l
by the discussion on page [145 since X; and Y; have only one intersection point we se that v and ¢ play no role
¥ +
9s; 9 b b _ b _ b b -1
ol = a (Oyryl Q) = g (Sypeyy) = (O =8y
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It follows that
gi -G (ay—1) = (g )t (L—af - 5 -aj”) - (af = 1)
Wogt e (yi—1) = (0 (L—yl €y ) (= 1).
This implies that

:1—.7:;“
—_———
BB (= 1) = (graralfoa® (1 akFag)al o (o 1)
0Os; v —v v b —v v —v v
h?'ayi’(%—l) = (hj*é*yi)b'yi =y €y )y (= 1),
—_———
zl—y;l’

Since @ is a homomorphism and since the target of ®, is abelian we obtain that
Or(gf - 3—2;;‘. (z;—1)) = Op((gixaxa)) - @p(1— %) Pp(l—a ")
Bl - G- (i — 1)) = Br((hy 65 y))") - Dr(l—e) - Dp(1—y").

Claim 2 follows from the above calculations and the observation that Claim 1 give us the

following equalities: B ((g; * o x?)ﬁ) — O ((h;*0* gL,
r(F) = Oy ")
OL() = (). u

10.2.4. Proof of the Alexander Polynomial-Symmetry Theorem (9.4, For the reader’s
convenience we recall the theorem we need to prove:

Theorem (Alexander Polynomial-Symmetry Theorem) Given any oriented
m~component link L we have

Ap(ty, ... tm) = Ap(tyh, ... 0.

Proof. Let L be an oriented m-component link. We adopt the following standard notation:

(1) We set 7 := 7,(S3\ L) and we denote by ®: m — {t1,...,tmn)a the epimorphism given
by pr, — t;.

(2) As usual we identify the group ring of (t1,...,¢m)a, with the Laurent polynomial ring
Z[t, .t

(3) Note that the above involution on group rings corresponds to the obvious involution
on Z[tF, ..., tE] and Q(ty,...,t,) that is given by ¢; = t; 1.

With the above notation our task can now be reformulated: We need to show that
Ap = Ap € Z[tF, .. .

Next, recall that by the Simple Diagram Lemma [10.5| we know that L admits a simple dia-
gram such that each component has a crossing. We enumerate the underpasses by 1,...,n
and we enumerate the overpasses by 1,...,n. Since each component has at least one cross-
ing we can and will do this in such a way that the i-th underpass and the i-th overpass
correspond to the same component of L. Next we apply the Over-Presentation Propo-
sition and the Under-Presentation Proposition and we introduce the following
notation:

o Let P:= (xy,...,2,|71,...,7,) be the corresponding over-presentation.
o Let PT:= (y1,...,Yn]|51,...,5,) be the corresponding under-presentation.
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By the Dual Presentation Theorem [L0.6[ we know that these two presentations are duals of
one another. We make two more observations:

e By the last sentence of the Over-Presentation Proposition and of the Under-Presen-
tation Proposition |10.4] we _can drop in both cases the n-th relation. We denote the
resulting presentations by P and PT.

e In both cases we argued that all ®,(x;) and all & (y;) are non-trivial.

The above observation implies that we can apply the Dual Presentation-Symmetry Propo-
sition [10.3], and we see that Ao =N o
™PL ™PL "

For links this gives, by definition, immediately the desired statement that A; = A;. For
knots basically the same argument works, the only extra ingredient we need is the little
observation that t — 1 =t~ — 1. [ |

10.3. The Alexander polynomial evaluated at ¢t = 1. We just showed that Alexander
polynomials of links are symmetric. For knots we will now see that Alexander polynomials
have one more property:

Proposition 10.7. (Alexander Polynomial-at-1 Proposition) For any knot K < S®
we have Ag (1) = £1.

Proof. Let K < S3 be a knot. By the Link Diagram Existence Proposition and the One
Crossing Exists Lemma we know that K admits a diagram with at least one crossing.
We order the strands cyclically. By the Wirtinger Presentation Proposition we obtain
ann € N amap o: {1,...,n} = {1,...,n} and a Wirtinger presentation

o

P = <IE17...,.’L'n|T1,...7Tn_1> — 7T1(S3\K)

where each 7; is of the form

(a) 15 = To(j) - Tjg1 - x;(lj) cayt (positive crossing)

e _1 . . . . _1 1 1
(b) r; = Ty " Tit1 " To(j) * T; (negative crossing).
the generators are 1,9, 3,14

" the relations are 71 = @3- o 25" - 1]
2 , —1 -1
{/ T3 [xy Tog = T, -X3-T4- Ty

—1
1 Ty = Ty-Tq-T] - Tg

Let ®: P — (t) be the unique homomorphism given by ®(z;) = t. As before we denote by
€: Z[t*] — Z the augmentation, i.e. the unique ring homomorphism with e(t¥) = 1.

We see that definition of Ak (t) since x,, is a meridian
M e ¥ e

Ak(l) = edn(®) = ¢((t-1)- LUEIEIN) 2 (g ). SULLIEDD)
= e(det(.(J(P))n)) = det((e 0 ©.)(J(P))n).-

since determinants commute
with ring homomorphisms

It follows from this discussion that it remains to prove the following claim:
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Claim. We have

1 10 .0 1 10 0
(0®,)(J(P)) = 8 _(1) D00 andtmes (0 @)(U(P)), = 8 _é L
O...O—li 0... 0 -1
T T S— ’ determinant — (—1)7-1

Proof. We just need to show that the j-th row of (eo ®,)(J(P)) has an entry —1 in column
J, an entry 1 in column j + 1 and zeros otherwise. We look at the two types of relations:

zit I o(g) # {45 + 1}, then

(a) First we suppose that r; = z4(;j) - 41 - x;(l

e
) _
(€0 ®)(5,) = (€0 @)(=To() - Tjpa - 7,05 - 2;) = b
ar; _ =
(€0 ®)(55) = (€0 @)(wo()) =1
0 j _ - ==
(6 ° q)*)(aa::(j)) 1 (E © (I)*)(l — Lo(j) " Tj+1 'xU(lj)) =0

apply the axioms from the Fox Derivative Proposition

All other Fox derivatives are evidently zero. The calculation for the special case that
o(j) € {j,7 + 1} is almost the same.

(b) We suppose that r; = fL‘;(lj) “Tjy1 To(j) xj_l. This case is treated almost entirely the
same way as the previous case. |

Let K < S? be a knot. By the Alexander Polynomial-Symmetry Theorem and the
Alexander Polynomial-at-1 Proposition we now know that Ag(t) = Ag(t™!) and
that Ak (1) = £1. The following proposition shows that these are the only two general
properties of Alexander polynomials of knots:

Proposition 10.8. (Alexander Polynomial Realization Proposition) Given any
Laurent polynomial p(t) € Z[t*'] with p(t) = p(t~') and with p(1) = £1 there exists a
knot K < S% with Ag(t) = p(t).

Proof. The proposition was first proved by Herbert Seifert [Sei34, Satz 6]. An alternative
proof was given by Jerome Levine [Lev65, p. 136]. [ |

10.4. Appendix I: The Torres condition. It is natural to ask whether the Alexander
Polynomial-at-1 Proposition generalizes to links. To formulate this extension we need
to recall the notion of the linking number of two oriented knots which we introduced on

page [87]

Definition. Let K and K be two disjoint oriented knots. By the Link Group-Abelian-

ization Corollary 5.7 we have m1(S® \ K)a, = Z - pug. Note that it follows from the
Loop-m;-Lemma that K gives rise to a well-defined element of (5% \ K),1, which we

denote by [K]. We now define the linking number k(K K) to be the unique integer such
that the following equality holds in 71(S3\ K)ap = Z - jug:

K] = (K, K)-px € m(S*\K)ap =Z - jix.
Using the notion of a linking number we can now formulate the following theorem:
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Theorem 10.9. (Torres Condition Theorem) Let K = K; U---U K,,, be an oriented
m-component link with m > 2. Fori=1,...,m — 1 we set \; = k(K;, K,,). Therﬂ

A, (t1) .
1) 2K fm — 9
Ag(ty, ... tm,1) = (; ) /\tl—ll ; 1 m ,
(Gt et = 1) Agyueuk,, o (t1y ooy tmer),  if m > 3.

Proof. The theorem was first proved by Guillermo Torres [Tor53|. Alternative proofs can
be found in [Kaw96l, Theorem 7.4.1], [Hil12| Chapter 5] and [Tur02, p. 86|. For the time
being we do not attempt to prove this theorem. [ |

In the Alexander Polynomial-Realization Proposition [10.8 we saw that we know which

Laurent polynomials are realized as the Alexander polynomials of knots. For links this
characterization problem is still open:

Problem 10.10. Which multivariable Laurent polynomials in Z[t{", ... t!] are realized
as the Alexander polynomial of an m-component link?

10.5. Appendix II: Alexander polynomials of alternating knots. We now introduce
a particularly interesting class of knots:

Definition.

(1) A knot diagram (y: S' — R? ¢) is called alternating if on S* the overcrossingﬂ and
undercrossings alternate.

(2) A knot is called alternating if it admits an alternating diagram.

overcrossing —_ | ! +1
—1 —1
undercrossing - 41 +1
—1
alternating knot diagram corresponding knot

Example.

(1) All diagrams shown in the list on page [55| are alternating.

(2) One can easily verify that the (2, ¢)-torus knots are alternating.

(3) The “standard diagram” for the knot 8;9 which is shown below is not alternating. But
in principle there could be a different diagram for this knot which is alternating.

O Y O &

trivial knot trefoil figure 8 knot (7,2)-torus knot 819

alternating alternating?

82As we will see in Exercise m the formulation of this theorem would be neater if we had stuck to the
Alexander function of fundamental groups.

83We refer to page [53| for the definition of an overcrossing and an undercrossing.
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Theorem 10.11. (Alexander Polynomial-Alternating Theorem) Let K be a knot.
We write Ag(t) = 3 a; -t

with a,, # 0 and a, # 0. If K is alternating, then the coefficients are alternating in
sign, more precisely, there exists an € € {—1,1} such that for all i = m,...,n we have
Proof. This theorem was first proved by Kunio Murasugi [Mur58, Theorem 4.4]. See also
[Mur60l, Theorem 3.12] for a related result. |

Example. In the figure below we consider the same knots as above, but this time with
their Alexander polynomials.

O © O O (E

trivial knot trefoil figure 8 knot (7,2)-torus knot 819
1 1—t+t2 1—3t+t2 1—t+t2— 34t 516 1—t4t3—1t2 415

For the first four knots we see that the signs of the coefficients of the Alexander polynomials
are indeed alternating. For the knot K = 8,9 we have Ak (t) = 1—t+0t>+t3+0t*—t5+¢5. We
observe that the coefficients are not alternating. It follows from the Alexander Polynomial—
Alternating Theorem that K = 819 does not admit an alternating diagram. O

The Alexander polynomials of knots still holds some mysteries. For example the following
conjecture, which goes back to a question of Ralph Fox from 1961 [Fox62, p. 170], is still
open:

Conjecture 10.12. (Trapezoidal Conjecture) If K is an alternating knot, then we can
write Ag(t) = ag+ay-t+- -+ ag, - t*9 such that for i = 0,...,g—1 we have |a;| < |a;11].
(The figure below explains perhaps the name “trapezoidal”.)

~— |a;| where q; is the t'-coefficient

;| 1-----

0 i 120
This conjecture was proved by Kunio Murasugi [Mur85] and Peter Ozsvath and Zoltan
Szab6 [SO03|, p. 233] for large classes of alternating knots.

Remark. We defined knots as submanifolds of S®. The definition of an alternating knot
is in terms of diagrams, which is arguably somewhat awkward. A diagram-free characteri-
zation of alternating knots was given by Josh Greene |[Grel7] and independently by Josh
Howie [How17|.

Exercises for Chapter [10]

Exercise 10.1. For which diagrams does the over presentation have the same number of
generators as the Wirtinger presentation?
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Exercise 10.2. Let m,n € Z. We consider the Baumslag-Solitar group
BS(m,n) = (v,yla™"-y™ -z =y").
For which m,n € Z does there exist an oriented link L < S% such that (5% \ L) is
isomorphic to BS(m,n)?
Exercise 10.3. Let K < S? be a knot.

(a) Show that the number Ag(—1) € Z is odd.
(b) Show that deg(Ax(t)) is even.

Exercise 10.4. Let K be a knot let £ € S! such that there exists a prime p and a k € N
such that &#" = 1. Show that A (&) # 0.

Hint. Consider the minimal polynomial of £ and use the Alexander Polynomial-at-1 Propo-
sition [I0.71
Exercise 10.5.

(a) Let L = Ly U Ly be an oriented 2-component link. Show that Af(1,1)
(b) Let L be an oriented link with > 3 components. Show that Ag(1,...,

Hint. In both cases make use of the Torres Condition Theorem [10.9

Exercise 10.6. Let K < S be a knot. By the Link Diagram Existence Propositionand
the One Crossing Exists Lemma we know that K admits a diagram with at least one
crossing. We order the strands cyclically. By the Wirtinger Presentation Proposition
we obtain an n € N, amap o: {1,...,n} — {1,...,n} and a Wirtinger presentation

P o= (z1,.... % |r1, . ) — (S K)
where each r; is of the form r; = 27/ ) Tjl x;(ej) -a; ! for some €; € {—1,1}. Show that
the diagram is alternating if and only if o: {1,...,n} — {1,...,n} is a bijection.

= (Lb Ly).
1) =

Exercise 10.7. Let K = K;U---UK,, be an oriented m-component link with m > 2. We

set K = KU ---UK,,_1.

(a) Reformulate the above Torres Condition Theorem in terms of the Alexander func-
tions of the two groups m(S® \ K) and m(5®\ K) together with the homomorphisms
(S \ K) — m (53 \ K) — m (S K)ab and (S \ K) — m (S K)ab
Remark. If done correctly, this should lead to a more unified formulation of the Torres
Condition Theorem

(b) Prove the Torres Condition Theorem [10.9] N
Hint. Start out with a diagram of K and use the Wirtinger presentation of K and K.



CHAPTER 11

Seifert surfaces

A Seifert surface for a knot K is defined as a compact orientable connected 2-dimensional
submanifold F of S? such that OF = K. In this chapter we will give many examples
of Seifert surfaces and we will see that every knot admits a Seifert surface. We will also
introduce the “genus of a knot” and we will see that it is additive under the connected sum
operation.

In the next Chapter [12] we will introduce the related notion of a “fibered knot”. Af-
terwards, in Chapter we will see that the Alexander polynomial of a knot contains
information about the “genus” and the “fiberedness” of a knot.

11.1. Seifert surfaces. The following is one of the two key notions of this chapter.

Definition. Let K < S® be a knot. A Seifert surfacﬂ for K is a compact orientable
connected 2-dimensional submanifold F' of S® such that 0F = K. If K itself is oriented,
then we equip a Seifert surface F' with the orientation such that 0F = K as oriented
smooth manifolds.

Examples.

(1) In the figure below we show Seifert surfaces for the trivial knot, the trefoil and the
figure-8 knot.

trivial knot trefoil I figure-8 knot

(2) In the figure below we see two surfaces of minimal surface area that bound the trefoil,
both were manufactured by Jiirgen Neukirch.

orientable surface

non-orientable surface

84Geifert surfaces are named after Herbert Seifert (1907-1996) who we had already encountered at the
Seifert-van Kampen-Theorem

154
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The one on the left is orientable, thus it is a Seifert surface. The one on the right is
diffeomorphic to the Mobius band, thus it is not a Seifert surface. O

The following proposition is arguably one of the most consequential results in knot theory:

Proposition 11.1. (Seifert Algorithm) Every knot K < S? admits a Seifert surface.

Remark. The above proposition was first proved in 1930 by F. Frankl and Lev Pontryag-
in [FP30]. Shortly afterwards Herbert Seifert [Sei34] gave a different proof which is the
one we present below. The proof below is very visual, explicit and practical. It is arguably
though not the most rigorous proof. We give a more “high-tech” proof in [Fri24]. O

The proof of the Seifert Algorithm [IT.T] requires some preparations. First of all we need to
introduce the following definition:

Definition. Let X be a 2-dimensional smooth submanifold of some smooth manifold M.
(In most of our applications we work with M = R® or M = S3.) We say that a smooth
submanifold ¥ of M is obtained from ¥ by a band attachment if there exists an embedding
®: [-1,1] x [-1,1] = 3 such that the following statements hold:

(1) 5 = SUP([-1,1] x [-1,1]).

(2) <I>ﬂ L1 x [-L1])NnE=d([-1,1] x [-1,1]) NnoX = d({—1,1} x [-1,1]).

(3) 0% = (92 \ ({~1,1} x (~L 1)) U([~1,1] x {~1,1}).

(1,1} x [~ —1 1] x{-1,1}

We will also need the following proposition.

Proposition 11.2. (Fill-in-Disk Proposition) Let ¥ be a compact orientable 2-dimen-
sional smooth manifold and let f: ST — % be a smooth embeddmg If f is null-homotopic,
then there exists a smooth embedding F': B’ = ¥ with F ls1 =

smooth embedding f: S* — ¥

/
extends to smooth embedding F': S — %

Proof. A proof is provided in [Fri24]. [

Sketch of proof of the Seifert Algorithm [I1.1 Let K < S3 be a knot. It follows

from the Knot Diagram Existence Proposition [£.3] and the Isotopy Extension Theorem
that we only have to deal with the case that K lies in R? and that it arises from a knot

diagram (v: ST — R? ¢). We equip K with an orientation and we perform the following
three steps:

(1) First step we “resolve the crossings” in the diagram. More precisely we do the following:
(a) We enumerate the crossings by ¢y, ..., ¢p.
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(b) We pick disjointly smoothly embedded closed disks Dy,..., D, < R? with the
following properties:
e Each disk D; contains precisely one crossing, namely c¢;.
e Each 0D; intersects v: S' — R? transversally.
e Each D; N (S!) is the union of two oriented properly smoothly embedded in-
tervals.

(c) For each disk D; we do the following: We consider the four oriented boundary
points of the two oriented intervals. In the disk we pick two disjoint oriented
properly smoothly embedded intervals such that the boundary is precisely given by
the four oriented points. We can arrange that in a small neighborhood of 0D; the
new intervals agree with the original intervals.

-/ .
(Sl —1 + —1 +
(5%
D; +1 +1
T —1 —1
crossing ¢; we consider the oriented we connect the endpoints by
boundary of the four intervals two intervals without crossing

(2) (a) From the operation in (1) we obtain a collection of disjoint simple closed oriented
curves vi, . . ., 7 in R2. It follows from the Fill-in-Disk Propositionthat each of
these simple closed curves bounds a smoothly embedded disk By, ..., B, < R?. We
equip these disks with the orientation coming from the oriented curves 7y,..., V.

(b) We pick ty,...,t € R such that ¢; < t; if B; < B,.

(c) We consider the “wedding cake” W = (By x {t;})U---U (B x {tx}) = R3.

(3) For each crossing we attach a band to W according to the type of crossing we started
out with. In the figure below we show this procedure for one type of crossing. We make
the following clarifications and observations:

(a) After a smooth isotopy we can assume that we are in the situation on the left
(except for possibly the opposite type of crossing).

(b) The upper and lower interval each sit on the boundary of one of the oriented disks
By, ..., By. These disks can be “above” or “below” the intervals.

(c) Since the curves are disjoint the disks are disjoint or nested (here “nested” means
that one is contained in the other).

(d) By (b) there are a priori four combinatorial possibilities for the disks. But it follows
from (c) that it is not possible that for the lower strand the disk is above and that
at the same time for the upper strand the disk is below. Thus there are only three
possibilities.

(e) For each of the three possible cases we show in the figure below how to attach a
band to the collection of disks. This band, if we attach it to disks B; and Bj, can
be attached in the cylinder where the z-coordinate lies between ¢; and ¢;. It follows
from (2b) that this cylinder is disjoint from all the other By x {;}.

By construction the resulting submanifold of R3 is compact and orientable. We leave it
to the zealous reader to show that the boundary of the resulting submanifold is smoothly
isotopic to K. Since the submanifold we constructed has no closed component we see that
the submanifold is a Seifert surface for K. [ |
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% & band
~,
4 i) ) f
disks bounding
— upper and
lower strand
since the curves 7y, ..., v, are disjoint, the disks By, ..., By are

disjoint or nested, so only these three configurations can occur

Example. In the figure below we apply the Seifert Algorithm to the usual diagram
of the figure-8 knot.

pink disk if circle is
figure-8 knot oriented counterclockwise

(1) (2)
resolve glue in
crossings @ disks
blue disk if circle is
(3) oriented clockwise
% —
attach
bands

We obtain a Seifert disk that is built out of three disks and four bands.

|

O

11.2. The genus of a surface. The following definition might be familiar from an earlier
course in topology:

Definition.

(1) Given g,n € Ny we write

Ygn = the surface of genus g minus n open disks.

Note that n is precisely the number of boundary components.
(2) Let M be a compact orientable connected non-empty 2-dimensional smooth manifold
with n boundary components. By the classification of compact 2-dimensional smooth

manifolds there exists a unique g € Ny such that M is diffeomorphic to some %, ,,. We
refer to g as the genus(M) of M.

The question is, given a surface, how can we read off its genus in practice? As a first step

towards answering this question, we prove following the lemma, which gives us an easy way
to read off the genus from the fundamental group:
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Lemma 11.3. (Surface-m;-Genus Lemma) Let F' be a compact orientable connected

non-empty 2-dimensional smooth manifold with n € N boundary components.

(1) The genus of F' is the unique g € Ny such that m(F") is a free group on 29 +n — 1
generators.

(2) The genus of F' is the unique g € Ny such that the abelianization 7y (F),p, is a free
abelian group on 2g +n — 1 generators.

Proof.

(1) This statement lemma follows from the following two facts:
(a) This follows from the calculation of fundamental groups of surfaces. For example
one could use that M is homotopy equivalent to a wedge of 2g +n — 1 circles.
(b) The uniqueness of g follows from the fact that two free groups are isomorphic if
and only if the bases have the same cardinality.

(2) This statement follows immediately from (1) and calculation of the abelianization of a
free group. |

The following lemma can be useful for determining the genus of a given surface:

Lemma 11.4. (Genus-via-Graph Lemma) Let F' be a compact orientable connected
2-dimensional submanifold with one boundary component. If I' = F is a topological graph
that is a deformation retract of F', then

genus of F' = % (1=x(F)) = % - (1 — #vertices of T' + #edges of T).
Example. In the figure below we use the Genus-via-Graph Lemma to determine the
genus of some of the Seifert surfaces that we showed on page [154}

trivial knot trefoil figure-8 knot

— graph ' —

genus 0

Proof. We denote by k£ the number of vertices and we denote by [ the number of vertices.
We calculate that

since |G| is homotopy equivalent to the wedge of | — k + 1 circles
\l,
m(X) = m(G]) = free group on [ — k + 1 generators.
/T\
since fundamental groups are a homotopy invariant

The promised result now follows from the Surface-m-Genus Lemma [11.3] [ |

The next lemma is particularly suited for determining the genus of surfaces obtained

through the Seifert Algorithm [I1.1]

Lemma 11.5. (Genus-via-Bands Lemma) Let X be a Seifert surface. If ¥ is obtained
from k& smoothly disjointly embedded disks and the attachment of [ bands, then

genus(X) = % -(l—k+1).



11. SEIFERT SURFACES 159

Sketch of proof. We present two different ways to prove the lemma:

(1) Note that a Seifert surface is connected. Since we start out out with k smoothly
disjointly embedded disks it takes £ — 1 bands to obtain a connected smooth subman-
ifold M. It follows from a slight generalization of the Manifold—Seifert-van Kampen
Theorem that M is simply connected. It follows from a slight variation on the
HNN-Gluing Theorem [5.1| that each of the remaining [ — (k — 1) bands increases the
rank of the fundamental group by 1, so that at the end we see that m1(X) is a free
group on [ — k + 1 generators. It follows from the Surface-m;-Genus Lemma [11.3] that
genus(X (Il—k+1).

(50 () o) (R

Seifert surface with 3 disks two bands make the two extra bands
3 disks and 4 bands o the surface give each rise
connected to a generator

(2) Let I' = (V, E, ) be the abstract graph where V is given by the set of vertices, E is
given by the set of bands and ¢: E — P(V) is the map which assigns to a band b € E
the disks in V' to which the band gets attached. It is not particularly difficult to show
that 8 the topological realization |I'| admits an embedding |I'| — ¥ such that |G| is a
deformation retract of X.

Gso €O 6

Seifert surface X abstract graph I’ INE=D>

Since a Seifert surface is compact, orientable, connected and non-empty we obtain the
promised result from the above discussion together with the Genus-via-Graph Lem-

ma [[T.4
In both approaches we leave it to the reader to fill in the technical details. [

11.3. The genus of a knot. If a knot K bounds a Seifert surface of genus g, then the
construction sketched in the figure below shows pretty convincingly that K also bounds
Seifert surfaces of any genus h > g¢.

@ Seifert surface of larger genus

So the interesting question is, what is the minimal genus of a Seifert surface for a given
knot? This leads us to the following definition:
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Definition. Given a knot K < S® we define
genus(K') = minimal genus of a Seifert surface of K.
The following lemma gets used subconsciously all the time:

Lemma 11.6. (Genus—Smooth Isotopy Invariant Lemma) Let K and K be two
oriented knots. If K and K are smoothly isotopic, then genus(K) = genus(K).

Proof. This statement is an almost immediate consequence of the Isotopy Extension The-
orem [2.4] [

Note that, almost by definition, a Seifert surface has genus zero if and only if it is diffeo-
morphic to a disk. The following proposition now shows that trivial knots are precisely the
knots that admit a Seifert surface of genus zero:

Proposition 11.7. (Genus-Zero Knots Proposition) Let K be a knot. The following
two statements are equivalent:

(1) The knot K has genus zero, i.e. K bounds a smoothly embedded disk.
(2) The knot K is smoothly isotopic to the trivial knot.

knot K bounds a disk
=)=

==

Proof. Let K be a knot. We need to prove the equivalence of (1) and (2).

First we prove the almost trivial “(2)=-(1)"-direction. It is clear that the trivial knot
{(2,9,0) e R3 |22 +y?> = 1} c R¥U {o0} =; S? bounds a disk. It follows from the Genus—
Smooth Isotopy Invariant Lemma[T1.6] that any knot that is smoothly isotopic to the trivial
knot also bounds a smoothly embedded disk.

Now we turn to the proof of the much more interesting * ‘(1)=(2)"-direction.

Thus let ¢: B’ - $8 = R*U {0} be a smooth embedding with ¢(S') = K. Tt suffices
to show that there exists a smooth isotopy from ¢ to a smooth embedding 1) : B - R
such that ¥(S') = S* x {0} = R? x {0}. We perform the following steps{*]

(0) Using almost the same argument as in the Link-in-R3-S3-Lemma [2.5{ one can arrange
that, after a smooth isotopy, we have K < R? and @(EQ) c R3.

(1) Note that it follows from elementary linear algebra that there exists an A € SL(3,R)
such that A - (D(po)(TOB ) = R? x {0}. By the Matrix Group-my-Proposition 77 (2) we
know that SL(3,R) is path-connected. Using the Smooth Path-Connectivity Proposi-
tion ?? we can find a smooth path v in SL(3,R) from id to A. This path gives rise to
the smooth isotopy B« 0,1 — R

(z,1) = A(t)-o(z)
This shows that we might as well assume that (D@O)(TOEQ) R? x {0}.

(2) (a) Let p: R® = R*> x R — R? be the projection. It follows from (1) and the chain
rule that the map D(p o ¢)g: TOB — ToR? is an epimorphism. Since both vector

85The following steps are similar to the steps in the proof of the Meridian Proposition m
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spaces are 2-dimensional we see that the map is in fact an isomorphism. It follows
from the Inverse Mapping Theorem ?7 that there exists an open neighborhood U
of 0 € B” such that the restriction of po Q: B - R2topo ©: U — R? is a smooth
embedding.

(b) We pick € > 0 such that B .(0) c U. We consider the smooth isotopy

B x[0,1] — RS
(x,t) — ép(((l—t)+t'e)~:v)j.

for ¢ = 0 this is the original map ¢,
for t = 1, the composition with p is
still a smooth embedding

This dlscussmn shows that we can now assume that we have a smooth embedding
©: B° — R such that the map po ¢: B° — R? is a smooth embedding.
(3) We write p = @& x pr: B — R? x R. It follows from (2) that the map

B x[0,1] — R*xR
(z,1) = (ore(2), or(2) - 1)
is a smooth isotopy. This shows that we only need to deal with a smooth embedding
P: B - R? x {0}.
(4) Now we can finally apply the Smooth Ball Embedding Theorem |2 - to see that our

smooth embeddlng ¢: B- — R? x {0} is smoothly isotopic to the standard smooth
embedding B - R? x {0}.

knot K R% x {0} R3

image of ¢: B SR

We leave it to the reader to fill in all the technical details. [ |

Example.

(1) We consider again the trefoil. On page we showed that the trefoil admits a Seifert
surface of genus 1. Furthermore in the Trefoil-Non-Trivial Proposition [3.10] (2) we
saw that the trefoil is not smoothly isotopic to the trivial knot. It follows from the
Genus-Zero Knots Proposition that genus(trefoil) = 1.

(2) We consider the knot K in the figure below. It admits a Seifert surface of genus two.

knot K —__ (—?
. ‘/\\\/_\\/_—\\/_/\} Seifert surface of genus 2

But does K also admit a Seifert surface of genus one? This does not seem to be the
case, but right now we lack the tools to exclude the possibility that such a Seifert
surface exists. 0
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11.4. Genus and the connected sum operation. In this section we will see that the
genus of a knot is additive under the connected sum operation. It is worthwhile recalling
the definition of the connected sum of knots from page 24}
Definition.
(1) o We set J :={(x, O)EB |z € [-2,2]}.
e Let K be an oriented knot. We say that a smooth embedding ¢ : B — S3 (anti-) re-
spects K if p(J) = gp(Bs) NK,if p: B3 — 53 is orientation-preserving (orientation-
reversing) and if ¢|;: J — cp(Bg) N K is orientation-preserving (orientation-rever-

sing).
(2) Let K and K be two oriented knots in S3. We pick a smooth embedding ¢: B — 53

that respects K and we pick a smooth embedding ¢ B — S that anti- respects K.
We define _
connected sum K#K = (K \ p(J )) (K\ 3(J ))

c (S3\p(B?))U (53\s0(33)

D), DD

connected sum K #K

Proposition 11.8. (Genus—Connected Sum Proposition) Given any two oriented
knots K and K we have ~ ~
genus(K#K) = genus(K) + genus(K).
The remainder of this section is concerned with a (sketch of) the proof of the Genus-
Connected Sum Proposition [I1.8] More precisely, in the following two subsections we
prove the “<”-inequality and the “>"-inequality. Together these two inequalities gives us
the desired equality. Afterwards, in Section [11.5| we will use the Genus—Connected Sum
Proposition to study “prime decompositions” of knot.

In the following two subsections we will take a few liberties. The key ideas of the proofs
are very pretty. Carrying out the technical details rigorously leads to a technical mess,
involving smooth (sub-) manifolds with corner, which we do not want to get into.

11.4.1. Proof of the “<”-inequality of Proposition [11.8, The proof of the Genus—
Connected Sum Proposition [L1.8| rests on the shoulders of the following lemma:

Lemma 11.9. (Seifert Surface-Connected Sum Lemma) Let K and K be two ori-
ented knots and let F' and F' be Seifert surfaces for K and K. We introduce some objects
and some notation:

oForrER>0wewr1teH —{(xy, )6B|y>0andz-0}andH>0 H ﬂB3
e Since F is a submanifold of S® we can pick a smooth embed>dlng P: B — 53 that

respects K, such that @ restricts to a smooth embedding H5 * L F and such that
0(By) N F = o(H; )N F.
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e Since F is a submanifold of S* we can pick a smooth embeddi>1%g Q: EB — S3 that
anti- respects K such that ¢ restricts to a smooth embedding H; — F and such that
—>0
B(By) N F = 3(H; ) N F.

We now consider the boundary connected sum
Fé# F = (F\(H:")U(F\QHT)).

C (S3\p(B%)) U (S3\G(B?)) = 53

The following statements hold:
(1) F 4 F is a Seifert surface for K#K.

(2) We have genus(F #, F)) = genus(F') + genus(F).

Sketch of proof of Lemma [11.9

(1) This statement follows easily from the deﬁnitions.lﬂ We leave it to the reader to fill in
the details.

(2) We set ¢ := genus(K) and § := genus(K). We have

isomorphisms by a mild generalization of the
Manifold—Seifert-van Kampen Theorem

T (F\(H:)) + m(F\@H®)) = m(F) * m(F)
{free group of rank 2¢} * {free group of rank 2g}
free group of rank 2- (g + 9).

¢

mi(F #y F)

IR Ties

It follows from the Surface-m-Genus Lemma m that genus(F #y F )=9g+37. [ |

We can now already prove the “<”-inequality of the Genus—Connected Sum Proposi-

tion M8

Proof of the “<”-inequality of Proposition Let K and K be oriented knots.
We want to prove that ~ ~
genus(K#K) < genus(K) + genus(K).

Let F' be a Seifert surface for K of minimal genus and let F be a Selfert surface for K of
minimal genus. As in the Seifert Surface-Connected Sum Lemma we form F'#, F
We now see that

genus(K#K) < genus(F #, F) = genus(F) 4 genus(F) = genus(K) + genus(K).
1 4 A

since F' # F is a Seifert by the Seifert Surface-Connected by choice of F' and F [}
surface for K#K Sum Lemma [T1.9] (2)

86Note that here our careful choice of radii plays an essential role.
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11.4.2. Proof of the “>”-inequality of Proposition [11.8. Our proof of the “>"-
inequality of Proposition [11.§| requires two preparations. First of all we need the following
proposition.

Proposition 11.10. (Fill-in-Disks Proposition) ] Let 7: St — 62 be a Smoothzembed—
ding. There exist two smooth embeddings ¢4, @s: B> = S? with ©1(B ) Upe(B) = 52,
with gpl(B )N p2(B) = ~(S') and such that for i = 1,2 we have ¢;|s1 =

St

Sketch of proof. We recall the statement of the Fill-in-Disk Proposition [I1.2} If ¥ is a
compact orientable 2-dimensional smooth manifold and if f: S — ¥ is a smooth embed-
ding Wthh is null-homotopic, then there exists a smooth embedding F': B — ¥ with
Fls1 = f.

Now let v: 8t — S? be a smooth embedding. Note that 71 (5?) = 0. We can thus apply
the Fill-in-Disk Proposition @ and we obtain a smooth embedding ¢ : B® = $? with
¢1]s1 = 7. Next we consider 3 := 52\ ¢;(0). It follows from the 2-dimensional analogue of
the Stereographic Projection Lemma that Y is diffeomorphic to R2. This implies that
3} is simply connected. We can thus appl_y2the Fill-in-Disk Proposition toy: St = X%
and we obtain a smooth embedding ¢y: B~ — 3 with ¢s]s1 = 7. [ |

We will also need the following lemma, which might be of independent interest.

Lemma 11.11. (Interval-Isotopy Lemma) Let I and J be two connected 1-dimensi-
onal smooth submanifolds of S? that are diffeomorphic to the interval [0,1]. If I and J
have the same boundary, then I and J are smoothly isotopic rel 0 = 0J.

— smooth isotopy rel 0 = 0.J

Proof of Interval-Isotopy Lemma [I1.11] The lemma can be deduced, with some ef-
fort, from the Fill-in-Disks Proposition [11.10, To keep the discussion flowing we outsource
the proof of the lemma to Appendix [ |
Now we are finally ready to prove the “>"-inequality of Proposition [11.8

Sketch of proof of the “>"-inequality of Proposition [11.8. Let K and K be two
oriented knots. We need to prove that

genus(K#K) > genus(K) + genus(K).

In other words, we need to show that if G is a Seifert surface of the connected sum K #K
then genus(G) > genus(K) + genus(K). Thus let G be a Seifert surface of K#K. We
introduce the following notation:
e Let S be the sphere that comes with the definition of the connected sum of K and K.
e Let B and B be the closed 3-balls that come with the definition of the connected sum
of K and K.
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Note that it follows from a suitable generalization of the Transversality Theorem of [Fri24]
that, after a smooth isotopy, we can assume that G intersects S transversally. This implies
that GNS is a compact 1-dimensional submanifold of S with boundary 0GNS = (K#K)NS.

sphere S —_ .

KH#E— %f\ |||||""'|m"

|||||||I '
B B

Next note that it follows from the classification of compact 1-dimensional smooth manifolds
that GN.S has precisely one component that is diffeomorphic to an interval and that all other
components are diffeomorphic to S'. We now prove the desired conclusion by induction on
the number of closed components of GN S.

If G NS has no closed component, then G NS consists of a single component [ which
is diffeomorphic to an interval.

sphere S

We set F := GN B and F = GN B. Note that G = F #b F. Also note that using the
Interval-Isotopy Lemma one can now show reasonably easily that (up to an isotopy)
F = G N B is a Seifert surface for K and that (up to an isotopy) F' = G N B is a Seifert
surface for K. It follows that

genus(G) = genus(F #, F) = genus(F) 4 genus(F) > genus(K) + genus(K).
/l\
by the Seifert Surface-Connected Sum Lemma [TT.0]

Now suppose that GN.S has at least one closed component. We start out with the following
claim:

Claim 1. There exists a closed component C' of G NS and a closed disk D < S such that
0D = C and such that GN D = C.

Proof. This can be seen by an “innermost curve” argument:

(a) We start with a closed component C' of G N S. Note that it follows easily from the
Fill-in-Disk Proposition that there exist two closed disks D, D’ < S such that
DND =0D =0D"=C. Let D be the disk that does not contain /. _

(b) If GND = C, then we are done. If not, then there exists a component C' of GN S that
is contained in D. We now replace C' by C' and start again with (a).
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@

sphere S ——

I |

Since G N S has only finitely many components the above process will come to an end, and
we have found a closed component C' of G NS that bounds a closed disk D < S such that
0D = C' and such that GN D = C. H

We now cut G along GN D and glue in two copies of D. More precisely, by the Bicollar
Neighborhood Theorem [5.2]there exists a bicollar for S, i.e. there exists a smooth embedding
B: S x[—1,1] — 52 such that 3(s,0) = s for all s € S. Since G is compact we can arrange
that the restriction of 8 to C' x [—1,1] — S? is in fact a bicollar 3: C' x [—1,1] — G and
that 5(S x [-1,1]) NG = B(C x [—1,1]). We now consider

G = (G\B(C x (—=1,1))UB(D x {-—1, 1}2

(.

~
to be precise, G is this submanifold with the
corner at 3(0D x {-1,1} rounded

One can now easily verify that G is a compact oriented smooth submanifold of S with

0G = K#K, and with GNS = (GNS)\C.

part of G — =

remove $(C x (—1,1)) glue in B(D x {—1,1})

The idea now is to replace G by G. Note though that there are a few issues: The surface G
might be disconnected and since it is not entirely clear what the genus of G is. This leads
us to the following claim:

Claim 2. The component éo of G that contains K #[? is a Seifert surface of K #[? with
genus(Gy) < genus(G).

Proof. It is basically clear that the component ég of G that contains K #[A{' is a Seifert
surface of K#K. It remains to show that genus(Gy) < genus(G). We start out with two
preparations:

(i) For any compact orientable connected 2-dimensional smooth manifold M with n € Ny
boundary components we know that the Euler characteristic x (M) is given by x(M) =
2 — genus(M) — n. B

(ii) We consider the Euler characteristic of G. We see that

X(G) = X(G) = x(C x [-1,1]) + x(D x {-1,1}) = X(G) +
-1,

follows from x(AU B) = x(A) + x(B) — x(AN B) and the  since x(C x
D)=1

2.
1]) =0 and
fact that x(C' x {—1,1}) =0 and x(0D x {-1,1}) =0 since x(
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Now we consider two separate cases:
(1) If G is already connected, then it follows from (i) and (ii) that genus(G) = genus(G)—1.

HH : )>\_\ genus(G) = genus(G) — 1
-

(2) If G is disconnected, then G = GoU G1 Note that G1 is closed, thus it follows from (ii)
that y(Gy) < 2. It follows that x(Go) = x(G) — x(G1) = (G) +2— x(Go) = x(G).
——

=

genus(Gy) < genus(G)

By (i) this implies that genus(é) < genus(G). 22!
Iterating this procedure we can dispose of the closed components of G N .S one by one, till
we end up with the initial case, that G NS has no closed component. [ |

11.5. The prime decomposition theorem. We start out by recalling the following def-
inition from page 24}

Definition. We say that a knot K is prime if it is not smoothly isotopic to the connected
sum of two non-trivial knots.

In principle it would be more suitable to call a knot, which does not admit a non-trivial
connected sum decomposition, “irreducible”. The name “prime” is justified by the Knot—

Prime Decomposition Theorem which we will formulate in a minute. But first let us
state the following proposition:

Proposition 11.12. (Prime Knot—Genus Proposition) For every non-prime knot K
we have genus(K') > 2.

Proof. Let K be a knot which is not prime. By definition this means that K is smoothly
isotopic to the connected sum of two oriented non-trivial knots J and J. We see that

genus(K) = genus(J#J) = genus(J)+genus(J) > 1+1 = 2.
4 A +
by the Genus—Smooth Isotopy by the Genus—Connected by the Genus-Zero Knots
Invariant Lemma [[1.6] Sum Proposition [T1.§ Proposition - since the
knots J and J are non-trivial [ |

The Prime Knot—Genus Proposition [11.12] allows us to prove the first part of the following
theorem:
Theorem 11.13. (Knot—Prime Decomposition Theorem) Let K < S3 be a knot.

(1) There exist oriented prime knots K7y, ..., K, such that K is smoothly isotopic to the
connected sum Ki# ... #K,,.

(2) The oriented knots K, ..., K,, in (1) are unique (as oriented knots) up to smooth
isotopy and reordering.
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Proof.

(1) This statement can be proved easily using induction on the genus of K. Indeed, the
base case genus(K) < 1 is an immediate consequence of the Prime Knot—Genus Propo-
sition [I1.12] The induction step follows immediately from the Genus-Connected Sum
Proposition and the associativity of the connected sum operation (which we proved
in the Knot Connected Sum Proposition [2.14).

(2) This statement was first proved by Horst Schubert in [Sch49]. Alternatively see
[BZH14| Chapter 7] or [Lic97, Theorem 2.12] or [Cro04), Theorem 4.5.4] for text-
book proofs of this statement. These proofs go well beyond what we can hope to
achieve in these notes. |

11.6. Appendix: Proof of the Interval-Isotopy Lemma [11.11} In this appendix we
will sketch the long overdue proof of the following lemma:

Lemma|11.11, (Interval-Isotopy Lemma) Let I and J be two connected 1-dimensi-
onal smooth submanifolds of S? that are diffeomorphic to the interval [0,1]. If [ and J
have the same boundary, then [ and J are smoothly isotopic rel 91 = 0.J.

Sketch of proof. Let P and () be the two boundary points of I and J.

Claim. There exists a smooth isotopy rel I from I to a smooth submanifold I’ such that
I’ and J only intersect at the boundary.

Proof. We prove the claim with the following steps:

(0) We equip I and J with the orientation “which goes from P to @”. More formally, we
equip them with the orientation such that 0 = 0J = —{P} U {Q}. B B

(1) We keep J fixed. By “spiraling around P and Q)" we can modify I such that Tpl # TpJ
and Tl # TgJ and such that the algebraic intersection number of I and J is zero.We
refer to [Fri24] for the definition of the algebraic intersection number.

(2) Next we use the Transversality Theorem from [Fri24] to make I and J transverse,
while keeping J fixed and while keeping (1). Note that this implies that I N J is now
finite.

(3) We now want to arrange that I and J intersect only at P and Q. If I NJ = {P,Q},
then there is nothing to show. Now assume that there are more intersection points.
For this situation we need the following subclaim:

Subclaim. If I N J contains more intersection points than P and (), then there exists a
smoothly embedded disk D < S?\ {P,Q} such that dD is the union of two intervals
acland pcJ.

Proof of subclaim.

(a) If there are more intersection points than P and @, then it follows from the fact that
the algebraic intersection number is zero that there exist two adjacent intersection
points z_ and x, on I with opposite signs.

(b) Let @ and 3 be the intervals on [ and J with endpoints z_, z.

(c) By the Fill-in-Disk Proposition we know that o U 3 is the boundary of two
smoothly embedded disks. Since the signs of the intersection points are different we
see that one of the two disks, we call it D, has the property that in a neighborhood
of x_ and x the intersection of D with I and J comes from « and (.
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(d) It follows from (c) that JNOD = JN (a\ {z_,z,}) = &. (Here we use that z_
and x are adjacent on I.) It follows easily that P, do not lie in D.

(e) It follows from (c) that INOD = 1IN (B\{z_,x4}). f INID # a, then let o/ be
another component of /N D and let D' © D be the disk that cobounds o' and that
does not contain « in the boundary. We then restart the process at (d).

intersection points with opposite sign intersection points with same sign, we do not
need to consider this case, but the figure shows why
the opposite signs are essential for the argument

Let D be a disk as provided by the subclaim. Since the signs of the intersection points
are opposite we can use the disk to push I across the disk to remove two intersection
points with J.

We iterate this process till I and J only meet at the endpoints. We leave the challenging
task of turning the above sketch into a proper proof to the reader. H

In the claim we just showed that there exists a smooth isotopy rel dI from I to a smooth
submanifold I” such that I’ and J only intersect at the boundary. We apply once again
the Fill-in-Disk Proposition [I1.2] this time to I’ U J, and we see that there exists a disk
D < S? with 0D =I' U J.

smooth isotopy

We use this disk to define an isotopy from I’ to J. |

Exercises for Chapter [11]

Exercise 11.1.

(a) Let D and D’ be two disks in R? such that 0D N 9D’ = @. Show that D' c D or
Dc Do DND =o.
(b) Can we replace R? by any 2-dimensional smooth manifold?
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(c) Can we replace R? by any topological space?

Exercise 11.2.

(a) Apply Seifert’s Algorithm to the diagram of the torus knot 7'(2,n) that is illus-
trated below. What is the genus of the resulting Seifert surface?

(b) Let p,q € N be coprime. Find a suitable diagram for the torus knot T'(p,q). Then
apply Seifert’s Algorithm [T1.1] What is the smallest genus that you can achieve?

o) @ 7(2,5) @ 7(2,7) @

Exercise 11.3. Let D be a knot diagram with ¢ crossings. Show that if we apply Seifert’s
Algorithm to this diagram, then we obtain a surface F' with genus(F’) < £.

Exercise 11.4. Give an example of a diagram of a knot K where Seifert’s Algorithm [11.1
does not give a Seifert surface of minimal genus.
Hint. You could even take K to be the trivial knot.

Exercise 11.5. Does the Seifert surface we obtain from Seifert’s Algorithm [IT.1] depend
on the choice of the orientation of the knot?

Exercise 11.6. We consider the knots 5s, 6; and 75 which are shown below (together with
their Alexander polynomials.) Show that in each case the genus equals 1.

2 — 3t + 242 2 — 5t + 242 3 — 5t + 3t

Exercise 11.7. Show that there exists infinitely many pairwise non-smoothly isotopic
prime knots.

Remark. There are many approaches to showing this statement. One approach is to provide
a non-constructive proof using torus knots and by arguing that their Alexander polynomials
have infinitely many different irreducible factors.

Exercise 11.8. We say that an m-component link L = L; U---U L,, is a boundary link if
there exists a collection of m disjoint Seifert surfaces Fi, ..., F}, such that fori =1,....,m
we have OF; = L;.
(a) Give an example of a boundary link that is not split.
Hint. You can use the higher order Alexander polynomials of Exercise [0.14]
(b) Show that if L is an m-component boundary link, then there exists an epimorphism
from 7;(S%\ L) onto a free group on m generators.
Hint. Use ghe Seifert surfaces and bicollars to construct an interesting continuous map
S3\L— V S.
(¢) Show that it m > 2 and if L is a boundary link, then Ay, = 0.
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Exercise 11.9. Let I and J be two connected 1-dimensional smooth submanifolds of S?
that are diffeomorphic to the interval [0,1]. We assume that [ and J have the same
boundary and that I and J intersect transversally. A bigon for I and J is a disk D < S?
such that D is the union of an interval on I and an interval on J. We order bigons by
inclusion.
(a) Does a minimal bigon always exist? .
(b) Let D be a minimal bigon. Is it true that D is disjoint from I and J?

Solution. No. Problems arise if one of the endpoints lies in the bigon.
(c¢) Can we use a minimal bigon to reduce the number of intersection points of I and J?

minimal bigon

Exercise 11.10. Using a specific color, e.g. “red” we can draw 4-dimensional pictures,
where “redness” indicates the fourth dimension. For example in the figure below we show
a map f:[0,4] x [0,1] — R?® which is not injective, but if we use the “redness” function
r:[0,4] x [0,1] = Rsg, then the map (f,7): [0,4] x [0,1] — R x Rsg is injective.

images in R? agree, but they differ
in “redness” (fourth dimension)

A knot K is called smoothly slice if there exists a proper smooth embedding ¢: B =B
such that K = o(S').

(a) In the figure below we show two knots. Precisely two of these knots are smoothly slice.
Which ones?

D & @

(b) Show that for every oriented knot K the connected sum K#K™ = K#(K™)™ is
smoothly slice.



CHAPTER 12

Fibered knots

In the last chapter we introduced the notion of a Seifert surface of a knot. In this chapter
we introduce the notion of a “fibered knot”. These two notions are closely related, since
fibered knot have, basically by definition, particularly pleasing Seifert surfaces. As our
main example we will see that all torus knots are “fibered”.

In the next chapter we will then see that the Alexander polynomial of a fibered knot is
of a specific form. This will then allow us, among many other things, to show that there
do exist knots that are not “fibered”.

12.1. Smooth bundle maps. Before we discussion the specific notion of a fibered knot,
let us first discuss a few aspects of the more general theory of fiber bundles. :

Definition.

(1) Let M and B be smooth manifolds. We say that a smooth map p: M — B is a smooth
bundle map if there exists a smooth manifold F' such that for every b € B there exists
a smooth trivialization of p around b, i.e. there exists an open neighborhood U of b € B
and a diffeomorphism ®: p~!(U) — U x F such that the following diagram commutes:

pU)——=— S UxXF

N ; %;)»—m:

For each b € B we refer to p~1(b) as a fiber of p. Note that each fiber is diffeomorphic
to F.

(2) Let M and B be smooth manifolds. We say that M fibers smoothly over B if there
exists a smooth bundle map p: M — B.

Example. In the following figure we show a map p: M — B from the Md&bius band to a
circle B.

Mobius band M —
p (V)

— fiber p~1(b)
— b

We also illustrate that this map is a smooth bundle map and that each fiber is diffeomorphic
to the interval [0, 1]. O

In the following we will mostly be interested in fiber bundles over S!'. For such bundles
there is a useful alternative description:

172
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Definition. Let F' be a topological space and let ;: F' — F' be a continuous map.
Q) Ve el Tor(F,pu) = (F x1[0,1])/~  where (z,0) ~ (u(z),1) for all x € F,
the mapping torus of (F, u).
(2) We refer to the map
¢ Tor(F, ) = (F x [0,1])/(z,0) ~ (u(z),1) — S
[(z,t)] — exp(2rmit)

as the natural projection onto S*
Note that if F' is a k-dimensional smooth manifold F' and if p: F© — F' is a diffeomor-
phism, then the mapping torus is naturally a (k 4 1)-dimensional smooth manifold with

O(Tor(F, p)) = Tor(OF, plor).

Example. Let F' = [—1,1] and let p: [—1,1] — [—1, 1] be the diffeomorphism that is given
by x +— —x.

Tor([—1,1],x — —x)

Il

The corresponding mapping torus Tor(F, p1) is, more or less by definition, diffeomorphic to
the Mobius band. O

The following lemma says that smooth fiber bundles over S' are essentially the same as

mapping tori of diffeomorphisms.

Lemma 12.1. (Smooth Mapping Torus—Bundle Lemma)

(1) Let F be a smooth manifold F' and let u: F — F be a self-diffeomorphism. The
natural projection

g: Tor(F,p) = (F x [0,1])/(x,0) ~ (u(z),1) — 5
[(z,t)] — exp(2mit)

is a smooth bundle map with fiber F'

(2) Let M be a smooth manifold. A smooth map p: M — S! is a smooth fiber map
if and only if there exists a smooth manifold F', a diffeomorphism p: FF — F and a
diffeomorphism ©: Tor(F, ) — M such that the following diagram commutes:

Tor(F, ) © M

q p
[x,t] — exp(2mit) )

Example. In the figure below we illustrate that the annulus, the Mobius band, the torus
and the Klein bottle fiber smoothly over S?.

fiber
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In Exercise [12.1] we will use the Smooth Mapping Torus-Bundle Lemma to show that
all the remaining compact connected 2-dimensional smooth manifolds do not fiber smoothly

over St. O

Proof. Let 0: [0,1] — S! be the map that is given by 6(t) :== exp(2rit).

(1) We denote by m: [0,1] — [0,1]/0 ~ 1 the natural projection. We consider the two open
subsets Uy == 7 *((3,3)) and U, == 71([0,3) U (3,1]) in [0,1]/0 ~ 1. Furthermore we

consider the maps

p i U) B Uy x F and piUh) % Uy x F ' X
(t,z)] — (tz) )] { (t, p(x)), ifte(0,3),
’ (t, ) if t € (2,1].
Note that the map on the right is indeed well-defined. One can show quite easily that
both maps are homeomorphisms. It is also straightforward to verify that these maps
are even diffeomorphisms. Furthermore it is basically clear that ®; and ®, respect
the projections onto U; and Us. Therefore, since the two open subsets U; and U,
cover all of [0,1]/0 ~ 1. It follgvgs easily from this discussion that the natural map
p: Tor(F,pu) — [0,1]/0 ~ 1 W=00, 615 indeed a smooth bundle map.

(2) Let M be a smooth manifold and let p: M — S* be a smooth bundle map with fiber
F. 1t follows easily from the definition of a smooth bundle map and the Lebesgue
Lemma that there exists ann > 2 and 0 = {5 < t; < --- < t, = 1 such that for all
1=20,...,n — 1 there exists a diffeomorphism

\Iji: [tia ti+1] X — pil(e([tia tiJrl]))
that has the property that for all (s, x) € [t;, t;41] X F we have p(¥;(s,z)) = 0(s).

[ti, tip1] X F

0 ti ot 1
Given s € [t;, t;11] we denote by Wi: F' — p~!(0(s)) the diffeomorphism that is given
by the composition of the obvious diffeomorphism F' — {s} x F and the restriction
of U; to {s} x F. Furthermore given i = 0,...,k — 1 we consider the diffeomorphism
v = (\Ilﬁjrl)_lo\Il?: F — F where we set W, = Wy. Weset p =1 q10---01y: F — F.
Finally we consider the map

©: Tor(F,p) — M
[(%f’)] = Wi(s, (vim1 0+ 0 1p)(x))

where s € [t;, tit1]

It follows easily from the definitions that this map is well-defined and that it is a
diffeomorphism. [ |

12.2. The Ehresmann Fibration Theorem. In this section we want to state two theo-
remsfrom [Fri24] which are instrumental in showing that a given smooth map is actually
a smooth bundle map. First we need to recall the following definition.
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Definition. Let M and B be smooth manifolds and let f: M — B be a smooth map.
(1) Let P € M.

(a) If P € M\ OM, then we say that P is a regular point if Dfp: TpM — Typ)B is
an epimorphism.

(b) If P € OM, then we say that P is a regular point if Dfp: Tp(OM) — Typ)B is
an epimorphism.

(2) We say that Q € B is a regular value if all points in the preimage f~!(Q) are regular.
After this remainder we can now state the following theorem:

Theorem 12.2. (Neighborhood-Regular Value Theorem) Let f: M — B be a

smooth map between smooth manifolds M and B with 0B = &. Let Q € B be a
regular value of f.

(1) F == f~1(Q) is a proper submanifold of M of dimension dim(M) — dim(B).
(2) If M is orientable, then F is also orientable.
(3) If M is compact, then F' is also compact.

For the last statement we assume that M is compact.

(4) There exists an open neighborhood Y of @) € B together with a diffeomorphism
O: f1(Y) — Y x F such that the following diagram commutes:

FHY) © Y x F

\ (y,k) =y
Y.

— regular value @)

Proof. The theorem is proved in [Fri24]. |

The following definition arises naturally in this context:

Definition. Let M and B be smooth manifold where 9B = @. A smooth map ¢: M — B
is called a submersion if every ) € B is a regular value of ¢.

M—_ T M
—P
B projection is submersion B \l,projection is not a submersion
N

Any smooth bundle map p: M — B to a smooth manifold with 0B = @ is evidently a
submersion. The following theorem, which was first proved by Charles Ehresmann [Ehr51]
in 1951, says in particular that under some mild hypotheses the converse also holds.
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Theorem 12.3. (Ehresmann Fibration Theorem) Let M and B be smooth manifold
where 0B = @. Let p: M — B be a submersion. If M is compact and B is connected,
then the map p: M — B is a smooth bundle map.

Proof. Let M and B be smooth manifolds where 0B = @. Let p: M — B be a submersion.
We assume that M is compact and that B is connected. Given Q € B we set F == p~(Q).
The Neighborhood-Regular Value Theorem gives us the following two facts:

(a) Each Fy is naturally a compact smooth manifold of dimension dim(M) — dim(B).

(b) For each @) € B there exists an open neighborhood Yy of @ € B and a diffeomorphism
O: p 1(Yy) — Yo x Fg such that the following diagram commutes:

_ )
P (Yo) Yo x Fo
N mﬁy
Yo.
M - o)

Fo=p'(Q)

submersion p l m) —

B — -

It follows easily from these statements and the hypothesis that B is connected that all Fy
are diffeomorphic. It is now clear that p: M — B is a smooth bundle map. [ |

12.3. Fibered knots. With the following definition we return to the setting of knots:
Definition. Let K < S® be a knot.

(1) We say that K is fibered if there exists a smooth bundle map p: S* \ K — S! such
that each fiber p~!(x) together with K forms a Seifert surface for K.

(2) We say that a Seifert surface F' is a fiber Seifert surface if '\ K = F'\ OF is the fiber
of a smooth bundle map S%\ K — S*.

p: 3\ K — §! / gt

Example. We consider the trivial knot K = {(2,0) € S® ¢ C*|z € S'}. Tt is straightfor-
ward to verify that the maps

fi$\K — CxS! 4 g:Cx S = S\K
(z,w) |gll-(z,w) an (z,w) —”523”

are diffeomorphisms that are inverses of one another. It follows easily from this observation
that the map p: S3\ K — S! that is given by p(z,w) = 77 18 a smooth bundle map.

87Note that to apply this theorem we use that M is compact.
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everything needs to ——
be rotated around
the z-axis

Next note that for any z € S* the map ¢: B® — $° that is given by a — (a,z - (1 —|al?))
is a smooth embedding such that p(B") = g(C x {z}) UK = p~!(z) U K. This shows that
each fiber p~!(z) together with K does indeed form a Seifert surface for K. O

Our main example of fibered knots will be torus knots. It is worth recalling the definition
from page |38}

Definition. Let p, q € Z be coprime We refer to

= {( eXp p - it), \[exp )‘tER}
as the (p, q)—torus knot T(p, q).

Now we are ready to state the most interesting proposition of this chapter:

Proposition 12.4. (Torus Knot—Fibered Proposition) Let p,q € N be coprimeﬂ

(1) The corresponding torus knot T'(p, q) is fibered.
(2) The fiber has genus 1(pg+ 1 —p — q).

Remark. Alternative expositions and illustrations of parts of the argument and further
discussions and generalizations can also be found in [Mil68|, Lemmas 4.8 and 6.1], [Sav12],
Chapter 8|, [EN85| p. 125] and [Rol90, Chapter 10.1].

Example. It follows from the Torus Knot—Fibered Proposition that the trefoil 7'(2, 3)
is fibered. The fibers of a smooth bundle map p: S*\ T'(2,3) — S! are illustrated in the

following video:
https://www.youtube.com/watch?v=T1S080CDQ3g

In the proof of the Torus Knot-Fibered Proposition [12.4] (1) we will use at some point the
following little lemma:

Lemma 12.5. (Connected Fiber Lemma) Let M be a connected smooth manifold and
let p: M — B be a smooth bundle map. If for some x € B the fiber p~!(z) has a single
boundary component, then p~!(z) is connected.

Sketch of proof of the Connected Fiber Lemma Let M be a connected smooth
manifold and let p: M — B be a smooth bundle map. Let x € B such that the fiber p~!(z)
has a single boundary component. We set

p(y) is contained in the unique component }

M = {y eM of pfl(p(?/)) which contains 3(2971(]9(?/)))

881t follows from the Torus Knot Lemma (2¢) that any torus knot is smoothly isotopic to a (mirror
image of a) torus knot T'(p, q) with p,q € N. Since the mirror of a fibered knot is evidently again fibered
we see that every torus knot is fibered.


https://www.youtube.com/watch?v=T1So80CDQ3g
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Using the local condition of a smooth bundle map one can easily verify that M’ is an open
and closed subset of M. Since M is connected and M’ is non-empty we see that M = M’.
It follows that p~!(z) is connected. We leave it to the reader to fill in the details. |

Proof of the Torus Knot—Fibered Proposition (1). Let p,qg € N be coprime.
Note that it follows from the Torus Knot Lemma that it suffices to deal with the
case that p # ¢. Since the factors Lz in the definition of the (p, ¢)-torus knot are an eyesore
we work throughout this proof with

T(p,a) = {(exp(p-it),exp(q-it))[t € R} = & = {((z,w) € C*[|2* + |w|* = 2}
instead of T'(p, ¢) and S°.
Claim 1. We consider the map

f:8 = {(zw) €C?||P+|wt=2} - C
(z,w) +— 29— wP.
(1) We have f~1(0) = T(p, q).
(2) 0 is a regular value of f.

Proof.

(1) This statement is elementary and left to the reader.
(2) We start out with two observations:
e Note that for any (z,w) € C? we have

Dfw = (¢- 270 —pewPh) € M(1x2,C)c M2 x4,R).

e Given (z,w) € S? we have
( ’ ) since for a,b € C == R* we have (a,b) = Im(a - b)

TwS? = {(c,d) € C*|{(z,w), (¢, d)) = 0} e {(c, d) e C? ’ Im (z(-cc—i-w(-:d) = 0}.
g —_——

scalar product .
alar procu calculation in C

in R* = C?

It follows that (_i) and (_2:2) are vectors in T, ,)S?.

Now let (z,w) € f~1(0) = T(p,q). We need to show that (z,w) is a regular point of
f, i.e. we need to show that the differential Df. ,: T(Zﬂu)kS'3 — T#(2,0)C = C has rank
two. Note that

w _ B w . .
Df(z,w)'(_z> = (Q‘Zq ! _p,wp 1)'<_Z> IQ‘U)'Zq +p./wp .z
1 : ~ 2
by the above calculation of D f. . rl()rgizs;g' ;r: I,; fiqland
: ’ . ,
Df o = (qg-2971 —p-wrl). I i (q-w- 29 FpowPlz)
(z,w) s = gz p-w i = 1 q-w-z p-w ).

It follows from these calculations that the differential D f(. ,,) has rank two. This con-
cludes the proof that (z,w) is a regular point. 2!
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Claim 2. We consider the map

f: 8\ T(p,q) = $*\ f(0) — S
o) = Eoe = e

Every (z,w) € 53\ T(p, q) is a regular point.

Proof. We need to show that for every (z,w) € 5%\ T(p,q) the differential Df(z,w) is

non-zero. We make a few preparations:

(a) We denote by 7: C\ {0} — S the map that is given by z -

(b) By definition we have f =mo f: S®\ T(p,q) — S*.

(c) A straightforward calculation shows that for every z € C\ {0} and every v € C we
have D, v =im(v-2z71) - 1-7(2) € Tr)St =R - 1-7w(2).

(d) It follows from (c) that for z € C\ {0} and v € C we have

Dr,-v=0 <= imv-z27") =0 <= veER. z

(e) It follows from the description of T(z7w)§3 in Claim 1 that gl “) and i-0w> are
tangent vectors. In particular any real linear combination o t?lese two vectors is a
tangent vector.

Now let (z,w) € S3\ T(p, q). We calculate that
(S T(z,w)§3 by (e)
——
~ lpz . lpz . 1 1 lpz
Dftzw)- ( i.q.w> ~ D7) Dl ( i.q.w> < Dmpw (@2 prwt™): ( i.q.w>
by (b) and the chain rule calculation of Df( . in Claim 1

= Drmeowr - (i-p-q- (2" — ")),

~
# 0 by the discussion in (d)

We have thus shown that the differential Df(zw) is non-zero. H
After these preliminary claims we turn to the proof of the actual statement:

Claim 3. The map ]7: §3\f(p 9 — S
2d—wP f(zw)
|z4—wP| T |f(z,w)]

(z,w)
is a smooth bundle map.

Proof. We first collect what we obtain from Claim 1 and Claim 2:

(1) It follows from Claim 1 and the Neighborhood-Regular Value Theorem [12.2] (4) that
there exists an € > 0 and a diffeomorphism Z: B, x T(p,q) — f~'(Bj,) such that the
following diagram commutes:

-2

Eze X j:'(p, Q) f_1<BQG)

(m _9 /
B

e

[1]

IR

We set X == S%\ f~1(B?). o
(2) Tt follows from Claim 2 that the map f: S*\ T'(p,q) — S is a submersion.
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7 C\ {0} - 5!

. :
||

Recall that 7: C\{0} — S is the map that is given by z 777~ It follows easily from (1) and
(2) that the map f: X — S' is a submersion. (Note that the control on 9X is provided by
the commutative diagram in (1) since Z restricts to a diffeomorphism S! x T'(p, q) — 0X.)
This observation implies that we can apply the Ehresmann Fibration Theorem [12.3] and
we deduce that f: X ~ St is a smooth bundle map. Using (1) one can easily verify
that mo f = f: f~Y(B 26) \ T(p,q) — S is also a smooth bundle map. It is now pretty
straightforward to combine these two observations and to deduce that f: S*\T'(p,q) — S*
is a smooth bundle map. H

Z

Claim 4. For each = € S* the fiber FH(z) together with T'(p, q) forms a Seifert surface for
T(p,q)-

Proof. Let x € S'. We need to show that the union ¥ = f ) U T(p q) is a Seifert
surface for T(p,q). Note that S? is the union of the two open subsets S3\ T(p,q)) and
Z(B? x T'(p,q)). We first consider the intersection of ¥ with these two open subsets sepa-
rately:

(1) Note that Z N(S\T(p,q)) = FY(x). It follows from the Neighborhood-Regular Value
Theorem [12.2| that XN (5% T( ,q)) = f~*(z) is an orientable submanifold with empty
boundary of the open subset S*\ T'(p, )

(2) Note that X NE 2(B2x T(p,q)) = ({r z|r € [0,6)} x T(p,q)). Since the above map

B x T(p,q) — S is a smooth embedding we see that ¥ N Z(B? x T(p,q)) is a
smooth submanifold with boundary Z({0} x T'(p,q)) = T(p, q).

It follows easily from these two observations that X is a compact oriented submanifold of
S3 with boundary given by T'(p, q).

Finally, eagle eyed readers will have noticed that we still need to argue why > is con-
nected. First note that it follows easily from the Connected Fiber Lemma [12.5] that ¥ N X
is connected. Furthermore note that > N = (B26 x T(p,q)) = [0,2¢] x T(p,q) is clearly

connected. It thus follows that ¥ is connected. [
Proof of the Torus Knot—Fibered Proposition (2). This statement follows from
[Mil68l, Theorem 7.2]. We will give an alternative proof a little later on page m [ |

12.4. Appendix: More fibered knots. In this appendix we formulate a result which
can be used frequently to show that knots are fibered. To state the result it is convenient
to generalize some concepts from knots to links.
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First of all we have the following generalizations of the concepts that we first introduced

on pages and [L76}

Definition. Let L = S? be an oriented link.

(1) A Seifert surface for L is a compact oriented connected submanifold F of S* with
oF = LFY

(2) We say that L is fibered if there exists a smooth bundle map p: S*\ L — S such that
each fiber p~!(z) together with L forms a Seifert surface for L.

(3) We say that a Seifert surface F' is a fiber Seifert surface if F'\ L = F'\ OF is the fiber
of a smooth bundle map S*\ L — S'.

Example. In the figure below we show the positive and negative Hopf link H* with Seifert
surfaces F'£.

By the Hopf Link-Lemma we already know that the complements S® \ H* are diffeo-
morphic to S* x St x (=1,1). In Exercise we will strengthen this result to conclude
that F* are fiber Seifert surfaces for the Hopf links H*. We refer to F* as Hopf bands.

Definition. Let F_ < S2; and F, ¢ S, be two Seifert surfaces such that there exists a
diffeomorphism ©:[-1,1] x [-1,1] - F.NF,

with the following properties:

(1) O({£1} x [-1,1]) = 9F_ N S3,,.

(2) O([-1,1] x {£1}) = 0F . N S3,,.

We call F_ U F, the plumbing of F._ and F,. After rounding corners this is a smooth
submanifold of S3.

With this definition we can formulate the following surprising theorem.

Theorem 12.6. (Plumbing Fiber Theorem) Let F'UF” be the plumbing of two Seifert
surfaces F'  S2; and F' < S3,. If F and F” are fiber Seifert surfaces, then F'U F" is also
a fiber Seifert surface. In particular (F U F”) is a fibered link.

Proof. This theorem is first stated in [Sta78, p. 56]. A proof is given in [Gab83, Theo-
rem 3|. The proof goes well beyond our current technical abilities. [

89For the record we explain why such Seifert surfaces always exist. The Seifert Algorithm can also
be applied to the diagram of an oriented link L. The output is a compact oriented smooth submanifold
F such that the boundary (with the induced orientation) equals L. The slight catch is that F' does not
need to be connected. One obtains a oriented connected submanifold with the same boundary by “internal
connected sum”. Since we will not make use of Seifert surfaces for links we will not elaborate further.
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Example. In the figure below we show the plumbing of two Hopf bands. Note that the
result is a surface of genus one with connected boundary.

plumbed to

two Hopf bands genus one figure-8 knot

By the Plumbing Fiber Theorem the resulting knot is fibered. Since the knot is
clearly isotopic to the figure-8 knot this implies that the figure-8 knot is fibered and that
the figure-8 knot admits a fiber Seifert surface of genus one. O

We consider again some of the knots that were illustrated on page [55]

01 31 ="T(2,3) 4 =figure8 5, =(2,9) 52 61
O ©Q X

It follows from the Torus Knot—Fibered Proposition and the above discussion that the
first four knots are fibered. But even with the powerful Plumbing Fiber Theorem [12.6] it
seems hard to show that 5y and 6; are fibered. This raises the following question:

Question 12.7. Are the knots 5, and 6; fibered?
We will return to this question on page [194

We conclude this chapter with two theorems which we will not prove, but which are
worth knowing. First of all we have the following classification of fibered knots that admit
a fiber Seifert surface of genus one:

Theorem 12.8. (Fibered Genus-One Knots Theorem)

(1) (a) The trefoil is fibered such that the fiber Seifert surface has genus one.
(b) The figure 8 knot is fibered such that the fiber Seifert surface has genus one.

(2) If a knot K is fibered such that the fiber Seifert surface has genus one, then K is
smoothly isotopic to a trefoil or to the figure 8 knot.

Proof.

(1) (a) This statement follows from the Torus Knot—Fibered Proposition applied to
the trefoil 7'(2,3). A more hands-on proof is given in [Zee65|, p. 475], [Rol90,
p. 327-333] and p. 77).
(b) As we just discussed this statement is a consequence of the Plumbing Fiber Theo-
rem An alternative proof is are given in p. 77).
(2) This statement is proved in [BZH14] Theorem 5.15, 6.1 and 15.7]. |
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Finally let us state the following theorem which relates knot theory to algebraic geometry.
The theorem goes back to the work of John Milnor [Mil68].

Theorem 12.9. (Milnor Fibering Theorem) Let f(z,w) € C[z, w] be a complex poly-
nomial in two variables. We assume that f(z,w) is square-free, i.e. we assume that f(z,w)
is the product of distinct irreducible polynomials. We assume that f(0,0) = 0. Given e > 0
we consider the sphere S? = {(z,w) € C?||z|? 4+ |w|* = €} and we set L. == f~(0) N S2.
There exists a 7 € Ryo U {oo} such that for any e € (0,7) the subset L. = S? is a closed
1-dimensional smooth submanifold (in other words, it is a link) and such that the smooth
function p: S\ L. — S?
Z,w
(w) =

is a smooth bundle map which has the property that for each £ € S! the fiber p~1(¢)
together with L. forms a Seifert surface for L.

\\\»//7\ g3
Example. Let p,q € N be coprime. We consider the polynomial f(z,w) = 2P — w?. In
this case one can in fact take 7 = oo and one can easily see, as on page [I78 that the
resulting link L, = S? is precisely the (p, ¢)-torus knot. The links corresponding to more

complicated polynomials are studied in detail in [Wal04] Chapters 5.3, 5.4] and [ENS85,
Appendix to Chapter 1].

Proof. The theorem follows from [Mil68, Theorem 4.8] (with the hypothesis written in
[Mil68, p. 35]), [Mil68], Lemma 6.1] and [Mil68| p. 81]. [

Exercises for Chapter [12]

Exercise 12.1. Recall that that every self-diffeomorphism of S* is diffeotopic to the iden-
tity or to the reflection in a hyperplane.

(a) Show that every self-diffeomorphism of [—1,1] is diffeotopic to the identity or to the
map that is given by x — —uz.

(b) Let N be a compact 1-dimensional smooth manifold and let u: N — N be a diffeo-
morphism. Show that the mapping torus Tor(V, ) is diffecomorphic to the annulus, or
the torus, or the Mobius band or the Klein bottle.

Exercise 12.2. Let W be a compact 1-dimensional smooth manifold and let p: W — W
be a diffeomorphism. We consider the mapping torus Tor(W, p).

(a) Show that 71 (Tor(W, i) cannot be isomorphic to the fundamental group of a surface
¥, of genus g > 2.

(b) Show that m(Tor(W, 1)) cannot be isomorphic to the fundamental group of a non-
orientable surface N of genus k > 3.
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Hint. Consider abelianizations.
Remark. The goal of this exercise is to give a proof of Exercise [12.1| using the fundamental
group instead of using the classification of self-diffeomorphisms up to diffeotopy.

Exercise 12.3. Let M be a path-connected smooth manifold and let p: M — S! be a

smooth bundle map.

(a) Show that p,: m (M) — m1(S') has non-trivial image.

(b) Show that if p,: m (M) — m(S') is an epimorphism, then each fiber p~'(z) is con-
nected.

(c) Show that if p,: (M) — m;(S?) is not an epimorphism, then there exists a smooth
bundle map ¢: M — S' such that q,: 7 (M) — m(S") is an epimorphism.

Exercise 12.4. Let K be a knot. Show that there exists a continuous map f: S3\ K — S!
such that for every xy € M the induced map f.: m(S® \ K,z9) — m (St p(x0)) is an
epimorphism.
Hint. Use the fact that K admits a Seifert surface and use the Bicollar Neighborhood
Theorem (.2

Exercise 12.5. Let p: M — S! be a smooth bundle map. We suppose that for some
x € S! the fiber F' has a non-compact component and a compact component. Show that
M is disconnected.

Exercise 12.6. Let H c S® be the Hopf link as defined on page [44]
(a) Show that there exists a smooth map
0: ' x St x [-1,1] — S°
with the following two properties:
(i) The map O restricts to a diffeomorphism S x St x (—1,1) — S3\ H.
(ii) For each 2z € S! the restriction of ® to {z} x S! x [~1,1] is a smooth embedding
with ®({z} x S' x {-1,1}) = H.
(b) Convince yourself that the Hopf band that is shown below is (after a smooth isotopy)
given by ®({z} x S* x [-1,1]).

Hopf band F

Hopf link H —

Exercise 12.7. Let K and K be fibered knots. Is the connected sum K #[N( also fibered?

Exercise 12.8. Show that the trefoil can be written as the boundary of a surface that is
obtained from plumbing several Hopf bands.



CHAPTER 13

Alexander polynomials, genus and fiberedness

In this chapter we will explore the geometric content of the Alexander polynomial. More
precisely, we will see that the Alexander polynomial gives us a lower bound on the genus
of a knot. Furthermore we will see that the Alexander polynomial of a fibered knot is
bimonic, which implies of course, that knots with non-bimonic Alexander polynomial are
not fibered.

13.1. Genus and the Alexander polynomial. In this section, given a knot K, we will
relate the degree of the Alexander polynomial to the genus of the knot K. First we have
to define what we mean by the “degree” of a Laurent polynomial:

Definition. Given a Laurent polynomial p(t) = ; a; - t' € Z[t*'] with a, # 0 and a, # 0

define its d S j
we define its egreeaﬂ deg(p(t)) = deg(z_:afl“) — s_p

We extend this definition to deg(0) = —oo. Note that if we have p(t),q(t) € Z[t*'] with
p(t) = q(t), then deg(p(t)) = deg(q(?))-
Example. We have det(—5t72 + 3t~! 4 7t* — #5) = 7 and deg(1) = 0. O

The following is the first of the two main results of this chapter:

Proposition 13.1. (Genus—Alexander Polynomial Proposition) For every knot K
we have deg(Ak(t)) < 2-genus(K).

Example.

(1) We consider the knot K which is shown in the figure below.

Seifert surface of genus 2 Ares) (t) = 1—t+2 =3+

We see a Seifert surface of genus two and on page [L61] we were wondering whether K
also admits a Seifert surface of genus one. In the figure we show a smooth isotopy from

90The name “degree” for this concept is perhaps a little unfortunate, a name like “width” or “breadth”
might be more suitable. But since “degree” usually gets used in our context, we stick to this name.

185
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K to the torus knot T'(2,5). Thus we see that

by the Genus—Alexander Polynomial Proposition [13.1] =1—t4+t2 3414
0

(t'—1)-(t°—1)
2 % genus(K) ? genus(7T'(2,5)) > 1-deg(Arpps (1)) ? 1-deg (W) = 2.

by the above by the Genus—Smooth by the Torus Knot—Alexander
example Isotopy Invariant Lemma @ Polynomial Proposition @

(2) Unfortunately in general the inequality of the Genus—Alexander Polynomial Proposi-
tion [I3.1] is not an equality. For example on page [I00] we introduced the Kinoshita-
Terasaka knot, which we show again in the figure below with a different diagram.

—. _— Kinoshita-Terasaka knot K with A x(t)=1

— Seifert surface of genus two

We already mentioned that K is a non-trivial knot with Ag () = 1. Thus it follows
that deg(Ax(t)) = 0, but since K is non-trivial we know by the Genus-Zero Knots
Proposition that genus(K) > 1. In fact we will see on page that the genus of
K is twoﬂ O

To prepare ourselves for the proof of the Genus—Alexander Polynomial Proposition [13.1] we
need to digest two lemmas:

Lemma 13.2. (Complement—Surface-m-Lemma) If F' = 52 is a Seifert surface, then
71(S3\ F) is finitely presented.

Proof of Lemma [13.2] This lemma is a special case of the following more general state-
ment: If M is a compact smooth manifold and F' is a compact smooth submanifold of M,
then 71 (M \ F) is finitely presented. This statement is proved in [Fri24]. |

Lemma 13.3. (Laurent Polynomial-Determinant-Degree Lemma) We suppose that
we are given matrices As_pxs € M((s — 1) X 5,Z) and By, Crxs € M(r X 5,Z). Then

A(s—r)xs
deg (det (Brxs it C,ﬂg)) < r

Proof of Lemma [13.3l The statement follows almost immediately from the Leibniz ex-
pansion of the determinant, since any summand that appears is the product of (s — r)

integers and r linear terms of the form b+ ¢ - ¢ with b,c € Z. [ |
Proof of Proposition [13.1| Let K be a knot. We need to prove that for every Seifert
surface F' of K we have deg(Ax(t)) < 2-genus(F).

So let F' be a Seifert surface for K. We make a few preparations:
o We set g := genus(F).
e We pick by € S\ F.
e We pick an orientation for K and we equip F' with the corresponding orientation.
e We denote as usual by @ : m(S®\ K, by) — (t) the unique epimorphism which sends a
meridian to .

91The first proof that the genus is two was given in [Gab86bl, Theorem 5.7].
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Claim 1. There exists a presentation P of m(S®\ K, by) of the form

. - Mgooaqgly
7T1(S \K,bo) = <y17"'7yk7t) t‘xiﬁ»'t_l.xi,i’i:17“.’2‘9>

where r1,..., 7, 1 4,..., T2+ € (Y1,-..,Yr) and where ®g(y;) = 0 and Pk (1) = t.

Proof. We make a few more preparations:

e We write I/ := F'\ K. One can easily verify that I’ is a proper submanifold of S3\ K.
We pick b, € F".

o It follows from the Bicollar Neighborhood Theorem [5.2) that there exists an orientation-
preserving smooth embedding 3: [—1,1] x F — S3\ K such that 3(0, f) = f for all
feF.

Next note that it follows from the above discussion and the HNN-Gluing Theorem [5.1| that
there exist two homomorphisms a : 7 (F’,by) — 71 (S \ F,by) and an isomorphism

(1 (SPN\ Fob), tae (m (F' b)) =t as (m (F' b)) - 7Y = 1 (S3\ K, b).

We now need to describe the various groups and homomorphisms involved:

e By the Complement-Surface-m-Lemma we know that m,(S3\ F,b) is finitely pre-
sented. Thus we can pick a finite presentation
Wl(Sg\F’bO) = <?/1a-~->yk|7”1,---77”l>-
e Note that

i (F') =N m(F) = 7T1< surface of genus g with one

boundary component ) = free group on 2g generators.

It follows that we get a presentation of 71 (S \ K, bp) of the form

o T1y...,77,
Po= Qe | PG i1 2 )

Note that @ (y;) = 0 and $Pg(t) =t. Fori=1,...,2¢g we now set ;4 = ai(z;) and we
obtain the promised presentation. H
Recall that on page we introduced the Jacobi matrix J(P) of a finite presentation.
Note that in our case the Jacobi matrix is a (I 4+ 2¢g) x (k 4+ 1)-matrix. The following claim
now describes J*% (P) = &g (P) € M((I + 2g) x (k + 1), Z[t*]).

Claim 2. We have l Ak 1
0
Jq)K P — Ixk
(P) 29 <B2gxk't+02gxk * )

where Ajxj, Bogxk, Cagxi are matrices with entries in Z.
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Proof. 1t follows easily from the defining properties of Fox derivatives and the Fox Derivative
Properties Lemma [8.2] that

87‘7;
(5) i1l 0
'](P) = Ox; jfl 78172 —
(t. 8yi7+_t.$7/7+.t ’ 8yj7 ) 7::1,...,297 *
j=1,....k
Since xf,...,xfg € (Y1,...,Yk), since Px(y;) = 0 and since Px(f) = ¢ we see that the
entries of J*¥(P) are precisely of the form we promised. H

We now see that

by the definition on page [121

+
AK(t) = (t - 1)1' A7r1(53\K)7<I>K (t)

R m'ngZ[tﬂ]{det(J‘I’K(w)f+1)} Zc{1,...,1+2g} T

4 #Z=k
by the Independence-of-Presentation Lemma [8.11} note follows from g (t) =t
that it follows from @k (¢t) =t that we can use the ¢-generator and the claim

to calculate the Alexander function

z
Ak g
g Z[tﬂ]{ (BQQX,C.tJnggxk %) } Zc<{1,...,142g}
A -~ - #Z:k

it follows from the Laurent
Polynomial-Determinant-Degree
Lemma that degree < 2g

Thus we see that Ag(t) is the greatest divisor of a set of Laurent polynomials of degree
< 2g. It follows that deg(Ax(t)) < 2¢g. But that is exactly what we had set out to

show. m

13.2. Alexander polynomials and fibered knots. Our next goal is to study Alexander

polynomials of fibered knots. We will do so in the following three subsections:

(1) We will show that if K is fibered, then 71(S® \ K) is a semidirect product F x, (t)
where F' is a free group.

(2) We will study Alexander functions of semidirect products F' X, (t) where F is a free
group.

(3) We will combine (1) and (2) to show that Alexander polynomials of fibered knots are
“bimonic”. This result will allow us to show that certain knots are not fibered.

13.2.1. Fundamental groups and fibered knots. By the Smooth Mapping Torus—
Bundle Lemma we know that if K < S% is fibered, then S®\ K is diffeomorphic
to a mapping torus Tor(F, ). Since the Alexander polynomial is determined by the fun-
damental group it is a good idea to remind ourselves of our earlier results on fundamental
groups of mapping tori.

To state the relevant result we need to introduce the following notion from group theory:

Definition. Let N be a group and let ¢: N — N be an isomorphism.

(1) We define the semidirect product of N and () with respect to ¢ as the group N X, (t)
where the underlying set is given by the direct product N x (t), but where the group
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multiplication is given by
(h,t™) - (h,t™) = (h-™(h),t"™).
We view N and (t) as subgroups of N x, (t) via the two natural monomorphisms
N — N X, (t) and (t) = N X, (t).
(2) We refer to the epimorphism N X, (t) — (t) that is given by g — ¢° for g € N and
t — t as the natural epimorphism.

Example. Note that, with the above notation, we have for any x € N that

tox-t™h = ((e,t) (2,87) (e, t7h) = (p(@),) (e,t™!) = (pl(a),e) = p(a).
Note that this shows that in particular that N is a normal subgroup of N X, (t).
The definition of the semidirect product allows us to formulate the following proposition:
Proposition 13.4. (Mapping Torus-m-Proposition) Let (X, z) be a pointed path-
connected topological space and let p: X — X be a homeomorphism. There exists an
isomorphism ¢: m (X, z9) — m (X, z9) and an isomorphism

©: my(Tor(X, 1), [(xo,0)]) — m1(X,70) Xy, (£).

Proof. We leave it to the reader to deduce this proposition from the HNN-Gluing Theo-
rem [.11 [ |

Using the Mapping Torus-m;-Proposition we can easily proof the following proposition:

Proposition 13.5. (Fibered Knot-m-Proposition) Let K < S be a fibered knot and
let F' be a corresponding fiber Seifert surface@ We denote by g the genus of F'. There
exists an isomorphism ¢: (y1,...,Y24) = (Y1, ..., Y2,) and an isomorphism

(SN K) = (y1,..., 4ag) X (D).
If K is oriented, then we can arrange that under this isomorphism the epimorphism

Py: m(S?\ K) — (t) agrees with the natural epimorphism from the semidirect prod-
uct to (t).

Example. We consider the trefoil K with the diagram and the Seifert surface F' that are
shown below.

Similar to the discussion on page |68 we see that a presentation for m(S® \ K) is given by
m(S*\ K) = {(a,b,c|c-a-ct b a-b-a”t-ct, boebtat ).
—— ——
ie.cra=b-c ie.al - b=b-ct
With z =a'-band y = b"'-c and t = a we see that in m;(S®\ K) we have
ttat =atatba =atbecta =atbetbbtlta = zyta!
ttyt = atbtlca = atbtbe = atbblec = xy.
92 s . . .
We refer to page for the definition of a fiber Seifert surface. Note that such a surface exists precisely
if K is fibered.
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Let ¢: (x,y) — (x,y) be the homomorphismﬁ] that is given by ¢(z) == z-y -2~ ! and by
©(y) = xy. One can now easily verify, using the above considerations, that the assignment
zrrat-b,yr bt cand ¢ — a defines an isomorphism (x,y) %, (t) — m(S*\ K).

Proof. Let K < S? be a fibered knot and let F be a fiber Seifert surface of K. By definition
this means that there exists a smooth bundle map p: S* \ K — S* such that each fiber
p~!(x) together with K forms a Seifert surface for K. We set F' .= F'\ K. We make a few
preparations:

(a) We pick a base point xy € F".

(b) It follows immediately from the Smooth Mapping Torus-Bundle Lemma [12.1]that there
exists a self-diffeomorphism pu: F’ — F’ such that S \ K is diffeomorphic to the
mapping torus Tor(F’, p) = (F' x [0,1])/(x,0) ~ (u(x),1).

The proposition now follows from the following isomorphisms:

MK = m(Ta(e) 2 m(Fa) % ()
(b) by the Mapping Torus-mi1-Proposition [[3.4]

there exists such an automorphism ¢
of m (F’,x0) and such that an isomorphism

= m(Fx) ) (t) = (YY) X (F).
Finally we assume that K is oriented. If the two epimorphisms to () match, then we are
done. Otherwise we use the isomorphism

(Y1, -+, Y2g) Mo (B) — <yL, oy Yag) N1 (D)

(g:2") = (g,t™)
to replace the semidirect product by a semidirect product with the “opposite” natural
epimorphism to (t). |

For the record we also state the following theorem which gives us the converse to the
Fibered Knot-m;-Proposition [13.5}

Theorem 13.6. (Stallings—Fibered Knot Characterization Theorem) Let K < S3
be a knot and let ®: (5% \ K) — (¢) be one of the two epimorphisms. The following
statements are equivalent:

(1) K is fibered.

(2) m(S?\ K) is isomorphic to a semidirect product (yi, ..., yx) % (t).

(3) ker(®) is a finitely generated free group.

(4) ker(®) is finitely generated.

Proof.

(1)=>(2). This statement is the content of the Fibered Knot-m-Proposition [13.5]
(2)=-(3). It follows basically immediately from the definitions that the kernel of the natural
homomorphism (yy,...,yk) ¥ (t) — (t) is the free group (y1,...,Yx)-

(3)=-(4). This statement is trivial.

(4)=(1). This direction was first proved by John Stallings [Sta62, Theorem 2]. A textbook
proof is given in [BZH14l Theorem 5.1]. [

930 Exercise we will see that ¢ is actually an isomorphism.
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13.2.2. Alexander polynomials of semidirect products. The Fibered Knot-m;-Pro-
position raises the following question: What can we say about Alexander functions

of semidirect products F' x (@) where F' is a free group? To state the main result of this
subsection we need to introduce the following definition:

Definition. We say that a Laurent polynomial p(t) € Z[t*!] is monic if the highest coef-

ficient is £1. We say a Laurent polynomial p(t) € Z[t*!] is bimonic if the lowest and the
highest coefficient are +1.

Example. The Laurent polynomial 5t — 2¢> — ¢* is monic but it is not bimonic. a

Proposition 13.7. (Alexander Polynomial-of-Semidirect Product Proposition)
Let m = (y1, ..., yx) be a finitely generated free group and let ¢: m — 7 be an isomorphism.
We consider the corresponding semidirect product m x,, (t) and the natural epimorphism
Q: 7 X, (t) — (t). The following statements hold:

(0) (t —1) - Arx,ze is a Laurent polynomial, i.e. it is contained in Z[t*'] < Q(¢).

(1) (t —1) - Agx,ze is bimonic.

(2) We have deg((t — 1) - Aru,z0) = k.

The proof of the Alexander Polynomial-of-Semidirect Product Proposition will require

the remainder of this subsection. In the next Subsection [13.2.3] we will then return to the
study of Alexander polynomials of (fibered) knots.

Lemma 13.8. (Abelianization-of-Jacobi Matrix Lemma) Let 7 be a finitely gener-
ated free group, let ¢: m — 7 be a homomorphism and let zy, ..., x; be a basis for 7. We
introduce the following notation:
e We denote by a: m — m,, the natural projection onto the abelianization.
e Fori =1,...,k we set T; = «a(z;). Note that m,, is a free abelian group with basis
Ti1y..o, Tk
e Let €: Z[r] — Z be the augmentation homomorphism from page , i.e. € is the ring
homomorphism which is given by g — 1 for all g € .
Then the following two statements hold:

(1) We have the following equality in M(k x k,Z):

. ( (a(p(xi)) ) _ matrix that represents ¢.: m,, — T, With
* dx; /ij=l...k / respect to the basis Ty, ..., T,

J

N
(k x k)-matrix over Z[n]

(2) If ¢ is an isomorphism, then 6*((a§;ii))i,j:1,...,k) € M(k x k,Z) is invertible.

Proof of Lemma [13.8.

(1) The statement follows easily from the definitions and from applying the following claim
tor =p(x;) fori=1,... k:

Claim. For any r € (xy,...,zx) and any i € {1,...,k} we have

zk: <8m) = ar) € map.

=1




192 13. ALEXANDER POLYNOMIALS, GENUS AND FIBEREDNESS

Proof. The claim follows from the following three observations:

. Basically by definition the claim holds for r = z; for any j € {1,...,k}.

° Leti k@} Recall that 11: follows from the Fox Derivative Properties Lem-
3.2

ma . (5) —0;5 - x; . It follows easily from this observatlon and from
the observation that e( ;) =1 that the claim holds for r = z;"

e We suppose that the equality holds for uw,v € (xq,..., ). We claim that it then
also holds for u - v. Indeed, this follows from the following little calculation in m,y:

by the Leibniz rule since € is a rlng homomorphism and since e(u) = 1
k Yok
Ye(5 ) T = g tue ) @ —2( Y m ()T
=1 1=
? a(u) . a(v) = Oé(’U, . /U>.
since we assume that the equality holds for w and v H

(2) If ¢: m — 7 is an isomorphism, then the induced homomorphism ¢, : 7., — 7., is
also an isomorphism. This implies that the matrix on the right hand of (1) is an
isomorphism. By (1) this also implies that e*((&gfi)) ) is an invertible matrix.

J
[ |

i,j=1,..k

Lemma 13.9. (Polynomial Matrix—Determinant Lemma) Let k£ € Ny and let R be
a commutative ring. For any two matrices A, B € M(k X k, R) we have

det(A-t+ B) = det(A) - " + intermediate terms + det(B) - t°.

Proof. This statement follows immediately from the Leibniz formula for determinants. W

Now we can finally provide the proof of the Alexander Polynomial-of-Semidirect Product
Proposition

Proof of Proposition [13.7] Let m = (y1,...,yx) be a finitely generated free group and
let : m — 7 be an isomorphism. We consider the corresponding semidirect product =X, (t)
and the natural epimorphism ®: 7 %, (¢) — (t). Recall that we need to prove the following
statements:

(0) (t —=1) - Aru, ze is a Laurent polynomial.
(1) (t —=1) - Aryx,ze is bimonic.
(2) We have deg((t — 1) - Aru,z0) = k.

First note that we have the following isomorphisms:

follows easily from the example on page [I89]

v . _ . .

Wiy Uk) X Z = (Y1, Uy L yn ot 1-90(?;1)1 Lkt 1-90(%1) b
= <y17"'7yk7t|t'yl lf_IQO(yl_ )7"'>yk 11_190(1/]; )>
= (@1, .. xp, | tay (@), x T p(a).

substitution y; +— x; *
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Note that ®(¢) =t and ®(x;) = --- = ®(x;) = 0. We now see that

we calculate the
Alexander function

using the generator “t” Atz Loz,
det(q)( (t-z; o J)) )
i3

v oz, ” Atz ()
t—1)-A = (t—1)- J : :det<<b< . ‘Pl> )
(=1 Breze = (1) (1 - 1) dz; i
. Op(x;) ! . ()"
e (e +0 () )= aon (i (2427 )
T 8$j ij T (9l‘j ij
N—————
by the properties of Fox derivatives since P is trivial by the ,Abe;“a“ization‘(’f
and by definition of ® on <:L‘1, o ,LL‘k>> Jacobi Matrix Lemma [I3.8]

this matrix is invertible over Z
The desired statement follows from this calculation together with the claim in the beginning
of the proof. [ ]

13.2.3. Alexander polynomials of fibered knots. As the reader will surely have no-
ticed, the Fibered Knot-m-Proposition [13.5 together with the Alexander Polynomial-of-
Semidirect Product Proposition gives us an interesting proposition on Alexander poly-
nomials of fibered knots:

Proposition 13.10. (Fibered Knot—Alexander Polynomial Proposition) If K <
S3 is a fibered knot, then the following two statements hold:

(1) The Alexander polynomial is bimonic.
(2) We have deg(Ag(t)) = 2 - genus of a fiber Seifert surface.

Example. Let p, ¢ € N be coprime. By the Torus Knot—Fibered Proposition [12.4] we know
that the torus knot T'(p, q) is fibered. Let F' be the corresponding fiber Seifert surface. We
now calculate that

1 1 (t—1)- (-1 1
enus(F) = 5 -deg(Ax(t = 5-de ( = 5- +1—-p—q).
g ( ) T 2 g( K( )) N 2 g (tr —1)- (t7—1) 2 (pq p Q>
by the Fibered Knot—Alexander by the Torus Knot—Alexander
Polynomial Proposition Polynomial Proposition [9.6]

Note that this discussion also provides a proof for Statement (2) of the Torus Knot—Fibered
Proposition O
Proof. Let K < S? be a fibered knot with corresponding Seifert fiber surface F. We denote

by g the genus of F. By the Fibered Knot-m-Proposition [I3.5| there exists an isomorphism
©: (Y1, Y29) = (Y1, .,Yay) and an isomorphism

O: m(SP\K) — (41, .., 12q) X (1)

We denote by ®: (y1,...,y24) X, (t) — (t) the natural epimorphism. As we discussed
on page [128, we can calculate the Alexander polynomial of K using any epimorphism
m(S?\ K) — (t). Note that

A(t) = (t=1-dreae = (=1 By

by the discussion on page we can by the above isomorphism and the

calculate the Alexander polynomial of K Alexander Function Lemma [8.G]

using any epimorphism 1 (S \ K) — (¢)
The proposition now follows from the Alexander Polynomial-of-Semidirect Product Propo-
sition [13.7 [}
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Example. We return to the list of knots that were shown on page [182
0y 31=T(2,3) 4,=figure 8 51 =T1(2,5) 5P 61
1 t2—t+1 2-3t+1  1—t+2—3 ¢ 2—3t+42t* 2—5t+4-2t*
fibered knots not fibered!

On page [182] we discussed that the first four knots are fibered. In Question [12.7] we were
wondering out load whether the knots 5, and 6; are fibered. If we now consider the list
of Alexander polynomials from page we see that the Alexander polynomials of 5;
and 6y are not binomic. It thus follows from the Fibered Knot—Alexander Polynomial
Proposition that these two knots are not fibered.

Corollary 13.11. (Fiber—Minimal Corollary) Let K be a knot. If K is fibered, then
for the corresponding fiber Seifert surface F' we have the following equalities:
genus(K) = genus(F) = % -deg(Ak(t)),
in particular F' is a Seifert surface of minimal genus.
Proof. Let K be a fibered knot with corresponding fiber Seifert surface F'. We see that
genus(K) % genus(F) = 3 - deg(Ak (1)) % genus(K).

by definition by the Fibered Knot—Alexander by the Genus—Alexander
Polynomial Proposition [15.7 Polynomial Proposition [13.1
We see that all inequalities have to be equalities and we get the promised result. [ |

Remark. Let K be a fibered knot with fiber Seifert surface F. By the Fiber—-Minimal
Corollary we know that F' is a Seifert surface of minimal genus. In fact, by [EL83|
Lemma 5.1] we know that every Seifert surface of minimal genus is smoothly isotopic, rel
K, to F' (we will also provide a proof in Exercise . In general though, for non fibered
knots, minimal genus Seifert surfaces are not unique, examples are for instance provided in

[AIf70] and [ATt12].

13.3. Appendix: Alternating knots. We have now shown that the Alexander polyno-
mial gives lower bounds on the genus and that the Alexander polynomial of a fibered knot
is bimonic. The Alexander polynomial is an imperfect invariant though, for example we
saw on page that in general it does not determine the genus of a knot.

In this appendix we formulate two theorems which show that in contrast the Alexander
polynomial of an alternating knot is a rather powerful invariant:

Theorem 13.12. (Alternating-A-Genus Theorem) Let K be an alternating knot.

The following two statements hold:

(1) deg(Ak(t)) = 2 - genus(K).

(2) If we apply Seifert’s algorithm to an alternating diagram, then we obtain a Seifert
surface of minimal genus.
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Proof. This theorem was first proved independently by Kunio Murasugi, see [Mur58,
p. 235 and Theorem 4.1], and Richard Crowell [Cro59, Theorem 3.5]. Alternative proofs
are given in [Gab86al Theorem 4] and [Grel7]. |

Theorem 13.13. (Alternating-A-Fibered Theorem) For any alternating knot K we
have Ak (t) is bimonic <= K is fibered.

Proof. This theorem was first proved by Kunio Murasugi [Mur63, Theorem 2]. The
theorem is also a consequence of [Ni07, Theorem 1.1]. [ |

Exercises for Chapter [13|

Exercise 13.1. We consider the knots 64, 63 which are shown below (together with their
Alexander polynomials.) Show that in each case the genus equals 2.

Remark. This exercise, together with the discussion on pages [157 and [193] (and the obser-
vation that 5; and 7, are torus knots), and Exercise [11.6| gives us the genera for all knots
that are shown in the figure on page [128

1 —3t+3t2 — 33 +¢* 1 —3t+ 52— 33 +t*

Exercise 13.2. Given a finitely generated group m we denote, for the purpose of this
exercise, by d(m) the minimal number of generators of 7. Given a knot K we define

- . Y is a compact (possibly non-orientable)
9K) = mln{d(m(Z)) ‘ connected submanifold of S3 with 9% = K }

(a) Determine g of the trefoil.
(b) Show that given any m € N there exists a knot K with genus(K) > m and g(K) = 1.

Exercise 13.3. Let m and I be two groups and let o, 5: I' — 7 be two homomorphisms.
Recall that on page |64 we defined the corresponding HNN-extension:

(mtla@)=1t-BT) 1) = (mx(t))/ ({alg) -t Blg)™ -t }ger)).
We introduce the following language:

e We say that an HNN-extension is ascending if o is an isomorphism.
e We refer to the homomorphism ®: (m,¢ | «(T') = ¢ - B(T) - t~') — (¢) that is given by
g t° for g € m and t — t as the natural epimorphism.

Show that if the HNN-extension is ascending, then the Alexander function corresponding
to the natural homomorphism is monic and show that in general it is not bimonic.
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Exercise 13.4. We say that an m-component link L = Ly U---U L,, is a boundary link if
there exists a collection of m disjoint Seifert surfaces F, ..., F,, such that fori =1,...,m
we have 0F; = L;.
(a) Give an example of a boundary link that is not split.
Remark. You could use the higher order Alexander polynomials of Exercise [0.13 to
show that the boundary link is not split.
(b) Show that if L is an m-component boundary link, then there exists an epimorphism
from 7;(S%\ L) onto a free group on m generators.
Hint. Use ghe Seifert surfaces and bicollars to construct an interesting continuous map
S3\L— V S.
(c) Show thatit m > 2 and if L is a boundary link, then A, = 0.

Exercise 13.5. Let ¢: (x,y) — (x,y) be the homomorphism that is uniquely determined
by o(z) =z - y~'-z7! and ¢©(y) = x - y. Show that ¢ is an isomorphism.

Exercise 13.6. Let K and K be two disjoint oriented links. Show that if there exists a
Seifert surface for K that is disjoint from K, then lk(K, K) = 0.

Hint. Consider the description of (5% \ K) in the proof of the Genus-Alexander Polyno-
mial Proposition [13.1}

Exercise 13.7. Given n € 7Z we consider the n-twist knot K, that is shown in the figure
below.

(a) Determine the Alexander polynomial Ak, (t).

(b) What is the genus of K,,?

(¢) Which n-twist knots are fibered?

K,— g’ 5 where 1| = /\_//\f and -1 | = \/\\/\




CHAPTER 14

The twisted Alexander function: Definition and basic properties

Let m be a group that admits a presentation of deficiency one and let ®: 7 — H be
a non-trivial homomorphism to a free abelian group. On page [111] we introduced the
corresponding Alexander function A, ¢ € Q(H), where Q(H) denotes the quotient field of
Z[H].

In this chapter we will generalize this concept. More precisely if on top of 7 and ®
we are also given a unique factorization domain (UFD) R together with a homomorphism
a: m — GL(n, R), then we will see in this chapter that we can define the twisted Alexander
function AY 5 € Qr(H), where Qr(H) denotes the quotient field of R[H]. The distribution
of labor between this and the following chapter is as follows:

(1) In this chapter we will outline the definition and main properties of the twisted Alexan-
der function.

(2) In the following chapter we will use the twisted Alexander function to introduce the
twisted Alexander polynomial of oriented knots and links. Furthermore we will study
many applications to the theory of knots and links.

Many of the proofs in this and the following chapter are slight generalizations of the earlier
“untwisted” statements. To keep this and the next chapter at reasonable lengths, we will
often just give outlines of the proofs. We leave it to the reader to fill in the details.

14.1. Definition of the twisted Alexander function. In this section we want to define
twisted Alexander functions corresponding to homomorphisms 7 — GL(n, R). We start
out with some notation and three really elementary lemmas:

Notation. Given a ring R and given k,l € Ny we denote by M(k x [, R) the set of k x [-
matrices with entries in R. Furthermore, for k, [, m € Ny we denote by

p: M(k x1,R) x M(l x m, R) — M(k x m,R)

the map that is given by the usual matrix multiplication. Note this map turns M(k x k, R)
into a ring.
Lemma 14.1. (Group Ring-to-Matrix Ring Lemma) Let 7 be a group, let S be a
commutative ring and let v: m — GL(n, S) be a homomorphism. The map

YW Zr] — M(n xn,S)

k k

Z a; - gi Zai'W(gz‘)

1=1 N p=Il

/1\
where a; € Z and g; € 7

is a ring homomorphism.
Proof. The lemma follows almost immediately from the definitions. |

197
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Lemma 14.2. (Matrix Multiplication—-Change-of-Ring Lemma) Let ¢: R — S be
a ring homomorphism. The maps

we: M(kxI,R) — M(kx1,>5)
(aij) — (p(ay))

respect matrix multiplication in the sense that for any k, [, m € Ny the following diagram
commutes: M(k x I, R) x M(I x m, R) —— M(k x m, R)

o 1"

M(k x 1, 8) x M(I x m, S) —— M(k x m, S)
commutes.
Proof. The lemma follows again almost immediately from the definitions. [ |
Lemma 14.3. (Matrix-of-Matrices Lemma) Let S be a ring and let n € Ny. The
map
E:M(kx,M(nxn,S)) — M({(k-n)x(-n),S)
(Ag)is matrix where the (i-n+4d") x (j-n+j) is

given by the (7', j')-entry of the matrix A;;
are isomorphisms of abelian groups that respect matrix multiplication, in the sense that
for any k,l,m € Ny the following diagram commutes:
M(k x I, M(n, xn, S)) x M(I x m, M(n, xn, S)) —— M(k x m, M(n, xn, S))

|

M((k-n) x (I-n),S) x M((I-n) x (m-n),S) —— M((k-n) X (m-n),5)

commutes.

EAllgll(All)IZ §A12311(A12)'12 ( i )11 ( )12 ( )11 (A12)12

_ <A11 A12> . At1)21 (A11)22| | (A12)21 (A12)22 EAn;Ql ((2111))22 EA12;21 ((ﬁlQ))QQ

= == A A A A - Az1)11 21)12 (A22)11 22)12

A1 A vz e | el (el (Az)or (Aor)ar (Aza)on (Az)zo
Proof. The lemma is elementary and follows quite easily from the definitions. We leave it
to the reader to fill in the details. [ |

Shortly we will also need the following definition:

Definition. Let 7 be a group, let S be a commutative ring and let v: 7 — GL(n, S) be a
homomorphism. Given k,l € N we denote by v, also the map

Mk x LZ[r]) — M((k-n) x (-n),S)
(@) = B ylay) )
——
eM(kxI,M(nxn,S))

94In plain English the map = does the following: We view an element, of M(k x I, M(n x n, S)) as a (k x [)-
matrix of (n X n)-matrices. We now view such a matrix as an (k- n) x (I - n)-matrix in the obvious way.
In practice we will often just apply = without specifically pointing out, that we are applying =.
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We point out that it follows from the Group Ring-to-Matrix Ring Lemma the Ma-
trix Multiplication-Change-of-Ring Lemma and the Matrix-of-Matrices Lemma [14.3
that the above maps v.: M(k x [,Z[r]) — M((k-n) x (I - n),S) again respect matrix

multiplications.
After this tiring list of trivialities, let us continue with a definition, which recalls some

concepts introduced on page [I09

Definition. Let P = (xy,...,2x|71,...,7;) be a finite presentation.

(1) As on page |109| we denote by pp: (x1,...,z5) — P the natural projection.
(2) As on page [L09| we define the Jacobi matrix J(P) to be the (I x k)-matrix

J(P) = {up*( ZZ )} e M(I x k, Z[P)).

— i=1l..
EZ[(xl,...,LEk>]

1,...,1
Lk

We move onto a new concept:
Definition. Let 7 be a group, let ®: 7 — H be a homomorphism to a free abelian group
H, let R be a commutative ring and let a: # — GL(n, R) be a homomorphism. We
consider the map dQa: T — GL(n,R[H])

g = afg)- 2(g).
It follows easily from the definitions and the hypothesis that R is commutative and that
H is abelian that the map ® ® a: 7 — GL(n, R[H]) is in fact a homomorphism.

Example. Let m be a group, let ®: 7 — H be a homomorphism to a free abelian group
H, let R be a commutative ring and let a.: @ — GL(n, R) be a homomorphism. Finally let
x € m such that y := ®(x) is non-trivial. We can perform the following calculation in the
Laurent polynomial ring R[y*!] = R[H]:

polynomial in the variable y of degree n
7\

det((P ® a).(z — 1)) = det(a(z)-y —id,) = aet(a(x))-y” + - 4 det(— idns # 0

by the above by the Polynomial Matrix
definition Determinant Lemma [[3.9] O

The following notation is a slight variation on the definition from page [111

Notation. Let R be a commutative domain.
(1) We denote by Qg the quotient ring of R.
Let H be a torsion-free abelian group. (Note that this implies that R[H] is a domain.)

(2) We denote by Qr(H) the quotient ring of R[H].
(3) We denote by R* the group of multiplicative units of R.
(4) Given p,q € Qr(H) we writeﬁp =g q if there exists a unit ¢ € R* and an h € H with

p —_— € - h . q
Finally we recall the following notation from page [109}

9Since —1,1 are the only units of Z we see that “=;” is equivalent to the symbol “=” that we defined on

page [LTT}
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Notation. Let R be a ring and let M € M(l x k, R) be a matrix. Given i € {1,...,k} we
denote by M; the [ x (k — 1)-matrix which we obtain by deleting the i-th column.

We can now formulate the following analogue of the Presentation Function Quotient Propo-
sition [8.4] and the Alexander Function Theorem [R.5}

Theorem 14.4. (Twisted Alexander Function Theorem) Let 7 be a group, let H
be a free abelian group, let ®: m — H be a non-trivial homomorphism, let R be a domain

and let a: 1 — GL(n, R) be a homomorphism. Finally assume that we are given a

presentation@ P={(xy,...,¢k|7r1,...,"-1) — 7

of deficiency one.

(1) There exists an ¢ € {1,...,k} such that ®(z;) is non-trivial.

(2) If ®(x;) is non-trivial, then det((® ® a).(x; — 1)) # 0.

We pick an i € {1,...,k} such that ®(z;) is non-trivial. We consider
. det((® ® a),(J(P);
= meat 1) © o

The following statements hold:

(3) Up to a sign Af 5 does not depend on the choice of i.

(4) If R is a unique factorization domain (UFD), then up to “=x” A7, does not depend
on the choice of the deficiency one presentation.

Proof. As we will see, the proof of the theorem is very similar to the earlier proofs of the
Presentation Function Quotient Proposition and the Alexander Function Theorem [8.5
We will provide the details in Section [14.3] [ |

The Alexander Function Theorem allows us to make the following definition:

Definition. Let 7w be a group, let ®: 7 — H be a non-trivial homomorphism to a free
abelian group H, let R be a UFD and let a: @ — GL(n, R) be a homomorphism. If 7

admits a presentation P = (x1, ...,z |r1,...,rx_1) of deficiency one, then we refer to
o det((® ® o) (J(P);
o o dH@BUP) o
det((® ® @), (x; — 1))
VVheI‘e“I:(ZL' i) is
non-trivial

as the twisted Alexander function of (7, ®, ). By the Twisted Alexander Function Theo-
rem the twisted Alexander function is well-defined up to “=g”.

Example. Suppose that in the previous definition we have R = Z, n = 1 and that we are
considering the trivial representation 7: 7 — GL(1,Z) that is given by g — (1). It then
follows immediately from the definition that the twisted Alexander function A7 4 equals
the Alexander function Ay . O

9670 simplify the notation, which is already heavy enough, we suppress the isomorphism from the presen-
tation to the group from the notation.
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The remainder of this chapter and the next chapter are organized as follows:

(1) In the remainder of this section we will state two very elementary lemmas about twisted
Alexander functions.

(2) In Section we will do an explicit calculation of a twisted Alexander function, just
to get a sense of what is happening.

(3) In Section we will finally provide a proof of the Twisted Alexander Function The-
orem [I4.4]

(4) In Section we will slightly generalize our setup, namely we will define twisted
Alexander functions for any pair (m,®: 7 — H) together with any representation
a:m — Autg(M).

(5) In Chapter |15 we will apply the theory of twisted Alexander functions to knots and
links.

As mentioned above, we now provide two elementary and formal lemmas about twisted
Alexander functions. First of all we have the following lemma, which is a generalization of
the Alexander Function—Functorial Lemma [8.6

Lemma 14.5. (Twisted Alexander Function—Functorial Lemma)

(1) Let m and 7 be two groups which admit presentations of deficiency one, let f: T — 7
be an isomorphism, let ®: 7 — H be a non-trivial homomorphisms to a free abelian
group H, let R be a UFD and let a: # — GL(n, R) be a homomorphism. Then

A;?djjof = Als € Qr(H).
(2) Let m be a group which admits a presentation of deficiency one. Let ®: 7 — G be a

homomorphism to a free abelian group, let R be a UFD and let a: @ — GL(n, R) be
a homomorphism.

(a) Let H be a free abelian group and let f: G — H be a homomorphism such that
fo®: ™ — H is non-trivial. Then

f(A%s) = AL ;e € Qr(H).
(b) Let S be a UFD. Furthermore let ¢: R — S be a ring homomorphism. As in the

Matrix Multiplication—Change-of-Ring Lemma we now denote by ¢, : GL(n, R) —
GL(n, S) the induced homomorphism. Then

pe(ATe) = A" € Qs(G).

Proof.

(1) This statement is an immediate consequence of the Twisted Alexander Function The-

orem [14.4]
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(2) By (1) we can assume that m = (z1,..., 2% |r1,..., 7% 1). We pick i € {1,...,k} such
that (f o ®)(x;) # 0.
(a) We see that

f*(A?T(,@) — f<det((q)®o<)*(<](7'r)i))> o f*(det((q)(ga)*(J(i)i)))

)
Ndet((P @ a)u(z; — 1))/ fuldet((® @ @)u(z; — 1)))
_ det(f((®®a)(J(m))))  _ det((fo®)@a)(J(m)i) _ \a
1 det(fu((P®a)u(zi — 1)) 4 det((fo®)®a).(z;—1)) o

since determinants commute it follows easily from the definitions

with ring homomorphisms that for any matrix A over Z[n| we

[ (2@ a):(4)) = ((f o ) @ @) (A)
(b) This statement also follows easily from the definitions. We leave it to the reader to
fill in the details. u

Before we can formulate the next lemma, we need to introduce a harmless piece of notation:

Notation. Let 7 be a group, let R be a commutative ring and let a: @ — GL(n, R) be a
homomorphism. Finally let A € GL(n, R). We introduce the conjugated representation

o?: 1 — GL(n,R)
g — Aloa(g)oA.

Lemma 14.6. (Conjugation Invariance Lemma) Let 7 be a group, let &: 7 — H
be a non-trivial homomorphism to a free abelian group H, let R be a UFD and let
a: ™ — GL(n, R) be a homomorphism. Finally let A € GL(n, R). For the conjugated
representation a': T — GL(n, R) we have

A%, = A% € Qn(H).
Proof. One can easily verify that for any (r x s)-matrix M over Z[r| we have
(d®@at), (M) = diag(A™,...,A™) - (P ®a).(M)-diag (4,..., A).
—_————

N J/
-~

T copies s copies

In particular, if 7 = s, then we see that det((® ® a?).(M)) = det((® ® a).(M)). The
desired equality of twisted Alexander functions follows immediately from this observation
and the definition of the twisted Alexander function. [ |

14.2. Example of a twisted Alexander function. In this section we want to calculate
the twisted Alexander function in a particular case, just to get a sense for the definition
and for what is happening. The group 7 under consideration will be 7 := (5% \ T'(2, 3)),
where T'(2, 3) is the trefoil. We make two observations:

(i) We already know, e.g. by considering one of the presentations below, that there exists
(up to sign) a unique epimorphism ®: m — (¢). It follows from the Twisted Alexander
Function-Functorial Lemma [14.5] (1) that this indeterminacy has only a negligible
effect on any twisted Alexander function.

(ii) We consider the permutation group S.

e Using the Presentation-Homomorphism Lemma 7?7 and say the presentation pro-
vided by the Torus Knot-7-Proposition one can easily verify that, up to con-
jugation, there exists a unique epimorphism ¢: m(S®\ K) — Ss.
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e We consider the following two special elements of Ss:

o = <; 2 i’) (cyclic permutation)

_<1
T =\

One can easily show, say using Exercise 7?7 and using the Presentation—-Homomor-
phism Lemma ?7?, that there exists a unique homomorphism 6: S3 — GL(2,Z)

with
o) = () 1) ad o= (] )

In combination we get a homomorphism « := 0o ¢: 7 — GL(2,Z).

W w

g) (swapping of second and third number).

In the following, for practice, we will perform the calculation of the twisted Alexander
function A% 5 € Q(t) using two different presentations:

(1) We will use the presentation from the Wirtinger Presentation Proposition (2).
(2) We will use the presentation from the Torus Knot-m;-Proposition [3.8|

These calculations will happen in the following two subsections. The calculations show that
calculating twisted Alexander functions is doable, but unfortunately also a pain, which is
best left to computerﬂ In this particular example it is also not entirely clear, what the
resulting twisted Alexander function tries to tell us.

14.2.1. Calculation using the Wirtinger presentation. Recall that on page[68 we used
the Wirtinger Presentation Proposition (2) to show that there exists an isomorphism

Pi={(v,y,z|ly oyt oy oo ey DY — m(S?\ K).
—_——
not needed

__——relationy™l-z-y- 27!

Y

relation =% z-z-y~! which ——

. . 1
we can and will ignore

~—— relation 2z !- y-zx

Using the above presentation P and the Presentation-Homomorphism Lemma ?? we obtain
the following two homomorphisms:

(i) We obtain an epimorphism ®: 7 — (¢) that is given by ®(z) = ®(y) = ¢(2) =t.

(ii) We consider again the above permutations o,7 € S3. Note that ¢® = id, 72 = id
and 0 o7 oo = 7. We can now easily verify that we have a well-defined epimorphism
p: m™ — S3 that is given by

123 (123 B
pla) =1 = (1 3 2)7 p(y) = ooToo ™! = (3 2 1>7 p(z) = ooTo0 " = (2 1 3)'

970r for older people: Better left to students with programming skills.
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Note that with & = 6 0 : 7 — GL(2,Z) we now have
(@®a)(x) = ®(x)-a(r) =t-0(r) -t (7o) =(V0)
@@a)y) = ®y)-aly) = t-beoroa) =t ("o 1) = (75 i)
(@ ®a)(z) = &(2)-alz) = t-O(c*oro0?) = t'(i _‘1)) - (_i _2)

Next recall that on page we saw that the Jacobi matrix J(P) € M(2 x 3, Z[P]) is given

by -1 -1, . -1 1
Yy Y r—=y
T (R
We obtain the following equalities in Q(¢):
—1 . —1
det y r—y , -1 >>
Ao det((® a>*< (P)) _ < ( R R
e T det((® @ )y (z — 1)) det((® ® o). (z — 1))
-1 tl (0t (=t =t -1 0
0 t—1 t 0 0o t! 0 —1
Fl 0 et 0N (=t =t (Tt 0
B —f*l —¢~1 — =t ¢ 0 t — =1 ¢
N 0t -1 0
e (1 0) = (T 1))
1+t— —14¢7! 10 —1+t7 1t -1
—t_l > 0 1> 1 —t_l 0 -1
det
0 —1—-tt -1 t—1 0 —1—t71 -1
—1 —1 1+t_1 t—l B —t_l —t_l 1+t_1 +
- 1 ¢ B -1 ¢
< 1) e (7 )
-2 2
— (t 1) _ t—2_1
1—¢2

14.2.2. Calculation using the torus knot presentation. For practice, and as a sanity
check, we also calculate the twisted Alexander function of 71(S5%\ T'(p, q)) using a different
presentation. Namely, for coprime p,q € N we consider the presentation

Q= (z,y|a"-y™) = m(S°\T(p,q))
from the Torus Knot-m-Proposition [3.8] where for the trefoil we have p = 2 and ¢ = 3.

Using the above presentation () and the Presentation—-Homomorphism Lemma 7?7 we obtain
the following two homomorphisms:

(i) We obtain an epimorphism ®: Q — (¢) that is given by ®(z) = t? and ®(y) = t?
(ii) We obtain an epimorphism ¢: (z,y|z* - y=3) — S3 that is given by ¢(z) = 7 and
p(y) =o.
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Note that with a = 0 o p: m — GL(2,Z) we now have
N D)l — _ 3 (01 _ (0 ¢
@@ a)(r) = () a(r) = t-0(r) =t (1 0) - (f3 0),

@ea)y) = o) al) =00) = (0 1) = (2 %)

Next recall that in the proof of the Torus Knot—Alexander Polynomial Proposition we
saw that

J _ (o o _ (RS poS i) = (] 2 (=14 ,~-2, -3
Q) = {g: ay) = (a8 —a?- 2y = (I+z —a2 (y 4y +y™)).
/l\ i=0 =1 /]\

by the Fox Derivative Properties specialized to p =2 and ¢ = 3

Lemma (5) applied to r = a? -y~

We obtain the following equalities in Q(%):

A%yt = det((® ® a).(J(Q)2) Cdet((® @ ) (140 —22- (=g Fy 7))

 det((P@a).(y — 1)) det((® ® o)+ (y — 1))
(o 1)+ (0 0) el )
“((£D6Y  mC

- 36
R S = 1-t%
1462+t
With a big sigh of relief the author can now proudly point to the fact that the two calcu-

lations of A%, 4 (t), namely t=2 —1and 1 —t2, do indeed just differ by multiplication by a
power of t]ﬁ

14.3. Proof of the Twisted Alexander Function Theorem [14.4l In this section we
will prove the Twisted Alexander Function Theorem As we will see, the proof is an
adaptation of the arguments of Sections and [8.6], where we dealt with the “untwisted”
Alexander function.

In the following arguments we will on several occasions make use of the following ele-
mentary lemma:

Lemma 14.7. (Determinant-after-Homomorphism Lemma) Let 7 be a group, let S
be a commutative ring and let p: 7 — GL(n, S) be a group homomorphism. Furthermore
let A, B € M(kxk,Z[r]) be two square matrices and let A € Z[r]. The following statements
hold:

(1) (a) If we obtain B from A by right multiplication of a column by A, then

det(p.(B)) = det(p.(A)) - det(p.(N)).
(b) If we obtain B from A by adding a right-multiple of column to another column,

then det(p.(B)) = det(p.(A)).

9BHere we actually do not need a sign.
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(2) (a) If we obtain B from A by left multiplication of a row by A, then

det(p.(B)) = det(p.(})) - det(p.(A)).
(b) If we obtain B from A by adding a left-multiple of a row to another row, then

det(p.(B)) = det(p.(A)).

Proof. In the following we provide the proof of (1a). The proofs of all other statements
are basically the same. So suppose that we obtain B from A by right multiplication of a

lumn hen
cott by )\’ the follows from the Matrix Multiplication—Change-of-Ring Lemma [14.2
by hypothesis together with the Matrix-of-Matrices Lemma [14.3]

1 id, 0 0 1 id, 0 0
det(p«(B)) = det (cp* (A- (0 A 0))) = det (gp*(A).gp*(o A 0))
0 0 ids 0 0 ids

— det(py(A)) - det (% (i?f ; 8)) — det(py(A)) - det <id6‘" o) 0 >

0 0 ids 0 0 ids.n

= det(p.(A)) - det(p.(X)). u

Next we recall the following notation from page [116}

Notation. Let S be a ring and let M € M(l x k., S) be a matrix.

(1) Given ¢ € {1,...,k} we denote by M; the [ x (k — 1)-matrix which is the result of
deleting the i-th column.

(2) Given Z c {1,...,1} with #Z = k — 1 we denote by M?Z the (k — 1) x k-matrix that
is given by the rows in Z.

(3) Let i € {1,...,k} and let Z < {1,...,l} with #Z = k — 1. We consider the corre-
sponding (k — 1) x (k — 1)-matrix M7 = (M?%),.

Using the Determinant-after-Homomorphism Lemma we can easily prove the following
generalization of the Matrix—Quotient Lemma [3.8}

Lemma 14.8. (Generalized Matrix—Quotient Lemma) Let 7 be a group, let k € N,
w1
let M € M((k—1) x k,Z[n]) and and let w = ( :
Wk
that M - w = 0. Furthermore let S be a commutative ring and let ¢: 7 — GL(n, S) be a
homomorphism. For any 4,5 € {1,...,k} with det(p.(w;)) # 0 and det(p.(w;)) # 0 we

have the equality M . M
det(pu(ws)) — ~ det(pa(wy))

) € Z[r]* = M(k x 1,Z[r]) be such

Proof of Lemma [14.8 To simplify the notation we now assume that ¢ = 1 and j = 2.
(Note though that here we pick up a sign indeterminacy.) We denote the k columns of M
by ¢q,...,c,. Note that with this notation our hypothesis becomes

(*) cl-w1+02'w2+--~—|—ck-wk20.
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We now perform the following calculation:
by the Determinant-after-Homomorphism Lemma m (1)
det(p. (M) - det(os (ws)) = det(iou(cs - ws cs - .- &)
= det(pu((—c1-wy —cg w3 — -+ —Cp-wg) €3 ... Ck))
follows from (*)
= det(pu(—c1-wics ... c)) = (—=1)"™ - det(p«(Ms)) - det(py(wy)).
this follows from the Determinant-after-Homomorphism Lemma [T4.7] (1)
This of course gives us the desired result. [

Proof of Theorem [14.4l. Let 7 be a group, let ®: m — H be a non-trivial homomorphism
to a free abelian group H, let R be a domain and let a: @ — GL(n, R) be a homomorphism.
Finally assume that we are given a presentation

P={(x1,...,¢|71,...,Th1) = 7
of deficiency one.

(1) Since x1,...,x is a generating set of P and since ®: P — H is a non-trivial homo-
morphism we see that at least one ®(z;) is non-zero.
(2) Let @ € {1,...,k} such that ®(x;) is non-trivial. It follows immediately from the

example on page that det((® ® a).(z; — 1)) # 0.
(3) We need to prove the following claim:

Claim. Let i,j € {1,...,n} such that ®(x;) and ®(x;) are non-trivial. Then
det((2 ® @)« (J(P)i)) _  det((? ® a).(J(P);))

T (@Ba)m—1) ~ Td(@sa)n@ 1) ° &)
Proof. First recall that by the Jacobi Matrix—Vector Lemma we know that
1 — pp(z1)
J(P) - : = 0.
1 — pp(zy)

The claim now follows from the Generalized Matrix-Quotient Lemma [I4.§|

(4) We now assume that R is a UFD. We need to show that the definition of Af 4 (up to
“=pr”) does not depend on the choice of the presentation. As we will see, the proof of
this statement is very similar to the proof of the Alexander Function Theorem [8.5]

First we need to extend our definition of a twisted Alexander function to presen-
tations that are not necessarily of deficiency one. Thus let P = (zq,..., 2% |71,...,77)
be any finite presentation for 7 and let ¢ € {1,...,k} such that ®(z;) is non-trivial.
Similar to the Independence-of-Generator Lemma we considerf]
gedp{det (2 ® @) (J(PY)} 7.
#Z=k—1

Ao = det((® ® o)y (z; — 1)) € Qr(H)

99Here we use that R is a UFD. More precisely, since R is a UFD and since H is a free abelian group it
follows from [Lan93 Theorem IV.23] that R[H] is a unique factorization domain. Thus it makes sense to
talk of the greatest common divisor in this context.
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and we see that it is well-defined (i.e. independent of the choice of 7) up to multiplication
by a sign.

Now let P and @) be two deficiency-one presentations for w. Recall that by the
Tietze Theorem we know that the two presentations v: 7 — P and §: m — @) are
related by a finite sequence of Tietze transformations, as defined on page [I15] So it
suffices to deal with the case that the presentations P and @) are related by a single
Tietze transformation.

(T1) We consider the following situation: We have
(X1, | e,y s) = (T, x| 7"1,...,77>/ Lon

(. J/ N
-

—Q =P
where s € ((r1,...,7m)) < (X). We see that the Jacobi matrix J(Q) equals the
Jacobi matrix J(P), except that we are adding the row %7 i=1,....k. But

since s € ((ry,...,r;)) one obtains easily from the Fox Derivative Properties Lem-
ma [8.2] (5) that there exist A1, ..., \; € Z[P] such that for every i € {1,... k} we
have ds orj

l
7j=1

In other words the extra row of J(Q) is just a “left-linear” combination of the
previous rows.

Claim. Let Z < {1,...,l} with #Z =k — 2. For any i € {1,...,k} we have

det ((® ®Oé)*(J(Q)iZU{l+1})) _ zl: det(®,();)) - det ((¢®a>*({](Q);‘{Zu{j}))'

‘2:
J¢€Z

Proof. First note that by the above discussion we have
!

(I + 1)-st row of J(Q) = A; - j-th row of J(Q).

7=1

The claim follows easily from this observation and the Determinant-after-Homo-
morphism Lemma m (2). 2!
Finally note that for any i € {1,...,k} we have

gedp{det(J((2 ® ) (@)} zeq,..iv 1y =R
#Z=k—1

?R gedp{det(J((@ @ a) Q)Y zc 1, p

follows easily from
the above claim

?R ged gy {det(J((@ @ ) (PN} zcp .y -

since the first [ rows
of J(Q) and J(P) agree

This calculation implies that Ag 4., =r AP g0, € Qr(H).
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(T2) We consider the following situation: We have = & {x1,...,z}, s,t € (x1,...,xp)
and the presentations

=9 -
?xl,...,xk,x|T1,...,7"l,s-a7-t; 8, le,...,xﬂrl,...,rl) Lo
T; = X
r o sttt
J(P) 0
We see that J(Q) = < (*) s)'

Finally note that for any i € {1,...,k} we have

ngR[H]{det<<(I) ® a)*(J(Q)ZZ»} Zc{l,...,1+1} =R
#Z=k

=R ngR[H]{det(((I) ® O‘)*(J(Q)ZZ))} Zc{l,...,l+1}
4 #Z=k I+1cZ

by the above description of J(Q) the
determinant is zero, unless [ + 1 € Z

iR ged gy {det((2 @ ) (J(P))} 2z, 1y -

#Z=k—1
since det((® ® a)(s)) = P(s)™ - det(a(s))
is a unit in R[H]

This calculation implies that Ag) 40,06 =r AP g0, € Qr(H). |

14.4. Twisted Alexander functions corresponding to representations. In this final
section of this chapter we will generalize our framework a little bit. We start out with a very
general definition, which appears in many guises throughout large parts of mathematics:

Definition. Let 7 be a group and let R be a commutative ring.

(1) An R-representation of 7 consists of a finitely generated free R-module M and a
homomorphism m — Autgr(M).

(2) We say that two representations ¢: m — Autgr(M) and ¢: m — Autg(N) are isomor-
phic if there exists an isomorphism ©: M — N of R-modules such that for each g € 7
we have p(g) =©o1(g) 0O 1: M — M.

Example. Let R be a commutative ring.
(1) Let G be any group. The map
=70 G — Autg(R")
g +— idgn
is called the trivial n-dimensional R-representation of G. For R = Z we write 7, == 72.

(2) Let G be a finite group. We consider the group ring R[G]. It follows easily from the
definitions that the map

pE: 1 — Autr(R[G])

- (7 )

defines an R-representation of m. We call it the regular R-representation of G. For
R =7 we write pg = pL.
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(3) Let n € N.
e The map af: Sn — Autg(R™)

. ( R — R" )
(vl,...,vn) — (vg(l),...,vg(n))

is clearly an R-representation of the permutation group S,,. We refer to it as the stan-
dard R-representation of the permutation group S,. For R = Z we write o, := oZ.

o We set (R")g = {(v1,...,v,) € R"|vy +---+ v, = 0}. It is clear that (R"),
is preserved under permutation of the coordinates. Thus we obtain a well-defined

representation 020: S, - AutR((R”)o)
N < (R")o — (R")o )
(vl,...,vn) — (va(l),...,va(n))
We refer to this representation as the reduced standard R-representation of the
permutation group. For R = Z we write 0y, = 02. O

The following lemma shows that representations are essentially the same as homomorphisms
to matrix groups:

Lemma 14.9. (Representation Classification Lemma) Let 7 be a group, let R be a
commutative ring and let n € N.

(1) Let M be a free R-module of rank n and let vy, ..., v, be a basis of M. The map

Autgr(M) — GL(n,R)
matrix representing ™ p: M — M with

v respect to the ordered basis (vy, ..., v,)

is an isomorphism.

(2) The isomorphism from (1) defines a natural bijection between the set of isomorphism
classes of representations m — Autg(M), where M is any free R-module of rank n,
and conjugacy classes of homomorphisms 7 — GL(n, R).

Proof. Both statements follow easily from the definitions. We refer to the reader’s pre-
ferred linear algebra book for details. [ |

The Conjugation Invariance Lemma [14.6| allows us to extend our concept of the twisted
Alexander function:

Definition. Let 7 be a group which admits a presentation of deficiency one, furthermore
let ®: m — H be a non-trivial homomorphism to a free abelian group H, let R be a UFD
and let a: m — Autg(M) be an R-representation. We pick a basis vy, ..., v, of M and we
consider the corresponding homomorphism a: 7 — GL(R,n). Note that it follows from
the Representation Classification Lemma[14.9/and the Conjugation Invariance Lemma|14.6

that Aty = Afg € Qr(H)
does not depend on the choice of the basis vq,...,v, and that in fact it does not even
depend on the isomorphism type of the representation. We refer to Af 5 as the twisted

100WWe refer to page ?? for the definition of this matrix.
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Alexander function of (m,®,«). By the Twisted Alexander Function Theorem the
twisted Alexander function is well-defined up to “=pg”.

This formulate our next lemma we will need the following definition:

Definition. Let 7 be a group, let R be a commutative ring and let a: m — Autg(M) and
f:m — Autgr(N) be two R-representations. We define the direct sum representation
a®f:m — Auwtr(M & N)
= ( Mé&N — M&N )
! (m,n) = (alg) - m, ) - n).

Example. Let n € Nj. In Exercise we will see that the direct sum of the reduced

standard Q-representation ago of S, and the trivial one-dimensional Q-representation 7.2
of S, is isomorphic to the standard representation o@ of S,. O

Lemma 14.10. (Direct Sum-Twisted Alexander Function Lemma) Let 7 be a
group which admits a presentation of deficiency one, let ®: 7 — H be a non-trivial
homomorphism to a free abelian group H, let R be a UFD and let a: m — Autg(M) and
f:m— Autgr(N) be two R-representations. Then

o8 - B
A:,tb = Als AL s

Sketch of proof. The lemma follows easily om the definitions and the observation that
the determinant of a diagonal block matrix g is just the product of the determinants
of A and B. We leave it to the reader to fill in the details. |

Notation. Let R be a commutative ring.
(1) We denote by R* the group of multiplicative units of R.
Let H be an abelian group and let p: H — R* be a homomorphism.

(2) We consider the map p.: R[H] — R[H]
k k
;Tz"hi = ;(P(}%) SO

One can easily verify that this map is a ring homomorphism.
(3) Given a group 7 and a homomorphism «: m — Autr(M) we consider the map

pra:m — Autg(M)
g = (m—p(g)-alg)).
One can easily verify that this map is a group homomorphism.

Lemma 14.11. (Modified Twisted Alexander Polynomial Lemma) Let 7 be a
group which admits a presentation of deficiency one, let ®: # — H be a non-trivial
homomorphism to a free abelian group H, let R be a UFD and let av: @ — Autg(M) be
an R-representation. Furthermore let p: H — R* be a homomorphism. With the above

notation we have A(p‘f)'a = p.(A%4)
™, 3 U :

We conclude this chapter with a short discussion when the twisted Alexander function is
actually a polynomial. To formulate the corresponding result we will need the following
definition from representation theory.
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Definition. Let 7 be a group, let IF be a field and let a: @ — Autp(M) be a representation.
We say that the representation is reducible if there exists a subspace V < M with 0 &
V' & M such that for every g € m we have a(g)(V) = V. Otherwise we say that the
representation is irreducible.

Now we can formulate the last result of this chapter:

Proposition 14.12. (Twisted Alexander Function—Polynomial Proposition) Let
7 be a group which admits a presentation of deficiency one, let ®: 7 — H be a non-trivial
homomorphism to a free abelian group H, let F be a UFD and let ao: @ — Autgr(M) be a
representations. We assume that one of the following conditions is satisfied:
(i) The image of ®: m — H is a free abelian group of rank > 2.
(ii) The ring R is a field, the representation « is irreducible and the restriction of a to
ker(®) is non-trivial.
Then A% 5 € R[H].

Sketch of proof. If (i) holds, then it follows by the same argument as in proof of the
Link-Alexander Polynomial Proposition (2) that A4 € R[H]|. We will not really
make use of the case (ii). We will thus not provide a proof. The statement that under
the hypothesis (ii) we have Af 4 € R[H]| follows from [FKK12| Proposition 9.3] and the
discussion in [F'V11al Chapter 3.3]. |

Exercises for Chapter [14]

Exercise 14.1. As in the Baumslag-Solitar Group Proposition 7?7 we consider the Baumslag-
olitar group BS(1,2) = (zyle™ty-w =y

(a) Show that BS(1, 2) admits (up to conjugation) a unique epimorphism ¢: BS(1,2) — S;.
(b) Let ®: BS(1,2) — (t) be the epimorphism that is given by ®(z) =t and ®(y) = 1.

Furthermore let 6: S5 — GL(2 Z) be the representation from page - Compute the
twisted Alexander function ABS (12).0°

Exercise 14.2. Let n € Ng.

(a) Show that the direct sum of the reduced standard Q-representation Uno of S, and
the trivial one-dimensional Q-representation 7'1 of S, is isomorphic to the standard
Q-representation 0¥ of S,,.

(b) Does the conclusion of (a) also hold if we replace Q by Z?

(c) Does the conclusion of (a) also hold if we replace Q by F, for some prime p?

Exercise 14.3. Let G be a finite group. We denote by 0¢ ¢: G — Autg(Q[G]) the regular
Q-representation. Show that there exists a representation a: G — Autg(Q[G]) such that
0G,Q = TG,Q D .

Exercise 14.4. Let 7 be a group that admits a presentation of deficiency one, let &: 7 — H
be an epimorphism onto a free abelian group H with rank(H) > 2, let a: 7 — G be a

homomorphism to a finite group G and let p&: © — Autg(Q[G]) be the corresponding
regular representation. Show that there exists an f € R[H] such that

71'7@ - 7T7¢ :
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Hint. Make use of Exercise 14.3]

Exercise 14.5. Let 7 be a group, let F be a field and let o: @ — GL(n,F) be a representa-
tion. Show that the representation is reducible if and only if there exist r,s € {1,...,n—1}
with 7 + s = n, maps A: 7 — GL(,F), B: # — M(r x s,F) and C: # — GL(s,F) and a
matrix P € GL(n,F) such that for every g € m we have

P.a(g)- P! = (Agg) gg;).



CHAPTER 15

The twisted Alexander polynomial of knots and links

Let R be a UFD. In Chapter [14] we associated to a group 7 (assuming it admits a presenta-
tion of deficiency one) together with a non-trivial homomorphism © — H to a free abelian
group and a representation m — Autr(M) the twisted Alexander function Af 4 € Qr(H).
Our favorite groups of deficiency one are the fundamental groups (5% \ L) of link comple-
ments. In this section we will thus use the general theory of twisted Alexander functions
to introduce the twisted Alexander polynomials AY € Qg(t,...,ty) of any oriented m-
component link together with a representation (S \ L) — Autg(M).
This chapter is organized as follows:

(1) In Section we will introduce twisted Alexander polynomials of oriented links and
we will study basic properties, e.g. we will study the effect of reversing orientations and
of taking the mirror.

(2) In Section we will see that twisted Alexander polynomials can be used to distin-
guish knots, in particular they can be used to distinguish the Kinoshita-Terasaka knot
from the Conway knot.

(3) In Section we will see that twisted Alexander polynomials can be used to give lower
bounds on the knot genus. We will use this method to determine the rather elusive
genera of the Kinoshita-Terasaka knot and of the Conway knot.

(4) In Section we will see that twisted Alexander polynomials can be used to give new
obstructions to a knot being fibered.

(5) In the Appendix we will discuss the question, for which representations twisted
Alexander polynomials of links are symmetric. We will only state a symmetry result
from the literature, without proving it.

15.1. Twisted Alexander polynomials of oriented knots and links. On page [124]
we used Alexander functions to introduce the Alexander polynomial of an oriented link.
In a very similar fashion we now use twisted Alexander functions to define the twisted
Alexander polynomial of an oriented link:

Definition. Let m € N, let L < S? be an oriented m-component link, let R be a UFD,
let M be a free R-module and let m(S®\ L) — Autg(M) be a representation. Recall that
by the Link Group-Abelianization Corollary [5.7] there exists a unique epimorphism

(I)L: 7T1(SS \ L) — <t17 o000 7tm>ab

such that for i = 1,...,m we have ®(ur,) = t;. By the Wirtinger Presentation Proposi-
tion we know that 7;(S®\ L) admits a presentation of deficiency one. Thus it makes
sense to defin

214
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A% = A%(tl, 000 ,tm) = A$1(53\L),@L S QR(tl, 500 ,tm)
———
as defined on
page [217]
as the twisted Alexander polynomial of L.

Example. Let m € N and let L < S? be an oriented m-component link. We denote by
7: m(S*\ L) — GL(1,Z) the trivial one-dimensional representation. It follows from the
discussion on page [200] and the definition on page of the Alexander polynomial of a

knot that N ﬁ Ax(t), i =1,

it tm) = { Ap(ty, ..., ty), ifm>2.
In particular we see that the twisted Alexander polynomial of a knot is - alas - not neces-
sarily a polynomial. Fortunately the Link-Twisted Alexander Polynomial Proposition [15.1]
(2) shows that in almost all other cases the twisted Alexander polynomial of a link is in
fact a polynomial. O

The following proposition can be viewed as an analogue of the Knot—Alexander Polynomial
Proposition 0.1] and the Link—Alexander Polynomial Proposition [9.2}

Proposition 15.1. (Link—Twisted Alexander Polynomial Proposition) Let m € N,
let L be oriented m-component link L, let R be a UFD and let a: m;(S%\ L) — Autg(M)
be a representation.
(1) (a) The twisted Alexander polynomial A% (¢, ..., t,,) is well-defined up to “=g”, i.e. up
to multiplication by a unit in R and up to multiplication by a monomial tfl vt dm
(b) If B: m(S®\ L) — Autr(N) is a representation that is isomorphic to «, in the
sense of the definition on page , then A%(ty,...,tm) =r Ag(tl, costm)
(2) We assume that we are in one of the following settings:
(i) We have m € N>s.
(ii) The ring R is a field, the representation is irreducible and the image of « is a
non-abelian subgroup of Autg(M).
Then the twisted Alexander polynomial A¢ is an element of R[t{!, ..., 1.
(3) If L is an oriented m-component link that is smoothly isotopic to L, then there exists
a representation a: m1(S%\ L) — Autp(M) with Ag = A%.

Sketch of proof.

(1) (a) This statement is just a special case of the Twisted Alexander Function Theo-
rem [14.4] (4).
(b) This statement follows immediately from the Representation Classification Lemmal[14.9]
together with the Conjugation Invariance Lemma [I4.6]

(2) This statement follows immediately from the Twisted Alexander Function—Polynomial
Proposition [14.12]

(3) Let L be an oriented m-component link that is smoothly isotopic to L. As in the Isotopic
Link-7;-Lemma we note that it follows from the Link-Smooth Isotopy Proposi-
tionthat there exists an orientation-preserving diffeomorphism f: S3\ L — S3\ L. It
follows easily from the Meridian Propositionthat for each i € {1,...,m} the image

10114 follows from the Conjugation Invariance Lemma that we can ignore base points.
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of a meridian of L; is a meridian of E, This shows that there exists an isomorphism
fe: m(S?\ L) — 71 (S \ L) such that the following diagram commutes:
m(S%\ L) - m(S*\ L)

[

X ‘I’E

<t1, Ce >tm>ab-

Given a homomorphism a: 71(S?\ L) — Autg(M) we set & := ao (f,)~!. The desired
statement now follows from the Twisted Alexander Function-Functorial Lemma [14.5]
(1). [ ]

The following elementary lemma is a generalization of the Alexander Polynomial-Orien-
tation Lemma 0.3}

Lemma 15.2. (Alexander Polynomial-Orientation Lemma) Let m € N and let L
be an oriented m-component link L. Given €,... ¢, € {—1,1} we denote by L{€1s6m)
the link L but where we flipped the orientation of the i-th component precisely if ¢; = —1.
For any UFD R and any representation a: (5% \ L) — Autzr(M) we have

z(q ..... em)(t17"~7tm) iR A%(til77t:)21>

Sketch of proof. The proof of the lemma is basically the same as the proof of the Alexan-
der Polynomial-Orientation Lemma[9.3] The only real difference is that we need to replace
the Alexander Function—Functorial Lemma (2) by the Twisted Alexander Function—
Functorial Lemma [14.5] (2). We leave it to the reader to fill in the details. |

Now let L be an oriented m-component link. As on page [18 we consider the mirror L™,
For the untwisted Alexander polynomial we know that

Apmie(ty, ... ty) : At th T Ap(ty, .. tm).

» Ym
by the Alexander Polynomial by the Alexander Polynomial
Mirror Lemma Symmetry Theorem

e 2
link L '//[:\(\—)O %/%/D " mirror [,™ir

reflection p in a hyperplane
We have the following analogue of the Alexander Polynomial-Mirror Lemma [9.9}

Lemma 15.3. (Twisted Alexander Polynomial-Mirror Lemma) Let L be an ori-
ented m-component link, let R be a UFD and let a: m(S® \ L — Autg(M) be a repre-

sentation. Let p: S — S? be a reflection in a hyperplane. We consider the corresponding
mirror L™ = p(L). Then

Aty o tm) = ATt

r'm

Sketch of proof. The proof of the lemma is basically the same as the proof of the Alexan-
der Polynomial-Mirror Lemma [9.9) The only real difference is that we need to replace
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the Alexander Function—Functorial Lemma (1) by the Twisted Alexander Function—
Functorial Lemma (1). We leave it to the reader to fill in the details. [

15.2. Distinguishing knots and links. Since the twisted Alexander polynomial is an
invariant of an m-component link together with a representation, it is a priori not clear
how one could use twisted Alexander polynomials to distinguish smooth isotopy classes of
oriented links.

In this section we will see that there are workarounds for this issue. In particular the
following slight refinement of the Link-Twisted Alexander Polynomial Proposition m (3)
will turn out to be helpful:

Proposition (Link—Twisted Alexander Polynomial Proposition) Let m € N,
let L be oriented m-component link L, let G be a group and let p: 7,(S*\ L) — G be a
homomorphism.

(3") If L is an oriented m-component link that is smoothly isotopic to L, then there exists
a homomorphism @: m1(S%\ L) — G with ¢(m;(S*\ L)) = @(m1(S?\ L)) such that for
any UFD R and any representation a: G — Autr(M) we have

aop - aop

Proof. The proof of this statement is almost identical to the proof of the Link—Twisted
Alexander Polynomial Proposition [15.1] (3). [

Example. Let C' be the Conway knot and let K be the Kinoshita-Terasaka knot, that we
introduced on page [100]

Conway knot C' — //_5 K\\ — Kinoshita-Terasaka knot /'
<v > \/>- j/\)_
Y Y

On page[100| we managed to distinguish these two knots using the somewhat naive but pow-
erful knot coloring polynomial. On the other hand we saw on page [I30] that the Alexander
polynomial is in both cases = 1. Thus the Alexander polynomial cannot distinguish these
knots, and it cannot say anything interesting about these knots.

In both cases one can verify that, up to conjugation, there exists a unique epimorphism
oo m(S3\C) — As < S5 and a unique epimorphism ¢ : m(S*\ K) — A5 < S5. Next let
o5: As — GL(5,Z) be the permutation representation which we introduced on page .

One calculates that ATOC() = 7777

ARFE() = 7
Since calculations over the integers can quickly get out of hand, it is often more efficient to
work with a finite field instead of Z. For example, if we replace Z by F7, i.e. if we use the
representation o : As — GL(5,F;), then we obtain

F

A‘557°“"C(t) = 14+t+42 4+ 663+ 15+ 210 + 57 + 265 + 17 + 6t + 4412 + 13 4 14
F

ATOPE() = 14 Bt 4 662+ 5t5 + 4+ 265 + 246 4 27 4+ 15 4 5t + 6110 + 511 4412,
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It follows from these calculations, the Link—Twisted Alexander Polynomial Proposition[15.1]
(3') and the Link-Twisted Alexander Polynomial Proposition (1b) that the two knots
are not smoothly isotopic. O

15.3. Twisted Alexander polynomials and the knot genus. In the Genus—Alexander
Polynomial Proposition we showed that the degree of the Alexander polynomial of a
knot gives a lower bound on 2 - genus(K). In this section we will generalize this statement
to twisted Alexander polynomials.

To do so we first of all need to slightly generalize the notion of the degree of a Laurent
polynomial (which we first introduced on page [185)):
Definition. Let R be a domain.

(1) Given a Laurent polynomial p(t) = ; a; -t € R[t*'] with a, # 0 and a, # 0 we define
its degree aﬂ deg(p(t)) = ( 2 a; - ti> = s—r.

We extend this definition to deg(0) =
(2) Given f(t) € Qgr(t) we write f(t) = p() 1th p(t),q(t) € R[t*'] and we set

deg(f(t)) = deg(p(t)) — deg(q(t)).
One can easily verify that this degree is well-defined. It is also elementary to see that
if we are given f(t),g(t) € Qr(t) with f(t) =g g(t), then deg(f(t)) = deg(g(?)).

Example. Let K be an oriented knot and let 7: 71(S3 \ K) — GL(1,Z) be the trivial
1-dimensional representation. Then

K (t
deg(A%(1) = deg (SE) = deg(Ax() —deg(t — 1) = deg(Ax(t) - 1.
by thc discussion on page [215] O

In light of the above example the following proposition can be viewed as a generalization
of the Genus—Alexander Polynomial Proposition [13.1}

Proposition 15.4. (Genus—Twisted Alexander Polynomial Proposition) For every
oriented knot K, ever UFD R and every representation a: 71(S° \ K) — Autp(M) we
havd™]

deg(A%(t)) < rank(M)- (2 - genus(K) —1).
In other words, we have

1 a 1
genus(K) > 2rank(M) | deg(AK(t)) T 3
Example. Let K = T(2,3) be the trefoil. As we pointed out one page the trefoil
has genus one. Recall that in Section we gave an explicit example of a representation
a: (5% \ K) — GL(2, Z) such that A% (t) = 1 — t?. Note that in this case the inequality
of the Genus—Twisted Alexander Polynomial Proposition is in fact an equality. O

Proof. Evidently the proof of this proposition is very similar to the proof of the Genus—
Alexander Polynomial Proposition [13.1] In particular we will import some results from the
earlier proof.

103 e expression “2-genus(K) — 1”7 is not as random as it looks. For a Seifert surface F' of minimal genus
we have 2 - genus(K) — 1 = —x(F).
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Let K be an oriented knot and let R be a UFD. It follows immediately from the
definition of the twisted Alexander polynomial on page that it suffices to consider the
case that we are given a homomorphism a: 71(S*\ K) — GL(n, R). We need to prove that
for every Seifert surface F' of K we have

deg(A%(t)) < n-(2-genus(F)—1).

So let F' be a Seifert surface for K. We make a few preparations:

e We set g := genus(F).

e We pick by € S\ F.

e We denote as usual by @ : m(S®\ K, by) — (t) the unique epimorphism which sends a
meridian to t.

Claim 1. There exists a presentation P of m(S®\ K, by) of the form

3 _ Mg ooaqgly
ﬂ'l(S \K,bo) - <y177yk7t) t'Iz7+.t_1.x’L,i’Z:17’2‘g>

where r1,..., 7, 1 4,. .., T2+ € (Y1,...,Yr) and where ®x(y;) = 0 and Pg (1) = t.

Proof. We proved this claim on page H

Claim 2. We set I' := ker(®g). There exist matrices Ajxj, Bagxk, Cogxr With entries in
Z[I'] such that L 1

. l Alxk 0
J(P) = 29 (Bzgxk'f-i-czgxk *)

Proof. The proof of this claim is very similar to the proof of the corresponding “untwisted”
claim on page [I87 We leave it to the reader to fill in the details. H
Evidently we now want to use the presentation of Claim 1 and the discussion of Claim 2
to prove the desired inequality. First note that it follows from the proof of the Twisted
Alexander Function Theorem that we can use the presentation P from Claim 1 to
calculate the twisted Alexander polynomial. More precisely, it follows from that proof,
applied to the (k + 1)-st generator (i.e. applied to the generator t), that

ged gy {det((Px @ @)« (J(P)TL))} 2y
a _ Aa B #7 =k
AK - AM(S?’\K)#DK - det((Px @ a)y(t — 1)) € QR(t>'

Next note that it follows from the discussion on page that the degree of the denominator
is n. Thus it remains to prove the following claim:

Claim 3. For any Z < {1,...,l} with #Z = k we have
deg(det((Px ® ). (J(P)i1,))) <n-2g.
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Proof. Let Z < {1,...,l} with #Z = k. Weset Z' := ZN{1,...,l} and Z"N{k+1,... 1+
2¢g}. We note that

by claim 2

1

det((Px ® @).(J(P)7,,)) = det ((q)K ®a) o /6/>

* (Bngk 't"‘Cngk g

AZ o, (A7)
= det q) ®Oé * < 7 Ixk 7 > > = det ( 7 * Ixk 7 .
<< " ) Bkt + Cop 0 a(Br) -t + a(C)

since A, B and C' are matrices

over Zlker(®x)| and since Px (t) =t
Note that a*(B2Zg”X i) has n-2¢g columns. Thus it follows from from the Laurent Polynomial-
Determinant-Degree Lemma that the degree of the above determinant is indeed at
most n - 2g. [ |

In the following two subsections we consider two of our favorite challenge examples, namely
the Kinoshita-Terasaka knot K and the Conway knot C'.

But before we do so, let us, for completeness’ sake, state the following theorem, which
complements the Genus-Twisted Alexander Polynomial Proposition [I5.4}

Theorem 15.5. (Twisted Alexander Polynomial-Genus Detection Theorem) Given
any oriented knot K < S® there exists a unitary representation 7,(S*\ K) — U(n) such

that deg(A%(t)) = n-(2-genus(K) —1).

Remark. Unfortunately the Twisted Alexander Polynomial-Genus Detection Theorem [15.5
is not as useful as one might hope, since it does not give us any indications how one could
find these elusive unitary representations. O

Proof. This theorem is proved in [FV15] Theorem 1.2]. |

15.3.1. The genus of the Kinoshita-Terasaka knot. In the figure below we show the
Kinoshita-Terasaka knotFEl together with a Seifert surface of genus 2.

___— Kinoshita-Terasaka knot A’

— Seifert surface of genus two

Recall that on page we saw that (up to conjugation) there exists a unique epimor-
phism g : 71(S%\ K) — As. As before we denote by 057 : A5 — Autp, (F2) the standard
representation. On page we saw that

F
AT PR () = 1+ 5t + 662+ 53 + ¢4+ 265 + 20 + 27 + 15 + 5¢° + 6110 + 561 4 12,

104We leave it to the reader to verify that this diagram does indeed represent the Kinoshita-Terasaka knot
as defined on page [T00}



15. THE TWISTED ALEXANDER POLYNOMIAL OF KNOTS AND LINKS 221

If we plug this twisted Alexander polynomial into the Genus—Twisted Alexander Polynomial
Proposition we obtain that

1 o5 0P 1 1 1 _ 1
genus(K) > > i (D) deg(A¥ () +5 = 55-12+35 = 15
+ +
by the Genus—Twisted Alexander by the above
Polynomial Proposition calculation

Since the genus is a natural number, we see that genus(K) > 2. Thus the upper and lower
bounds match, and we have shown that genus(K) = 2.

15.3.2. The genus of the Conway knot. In the figure below we show the Conway knot
C together with a Seifert surface of genus 3.

— Conway C'

~ Seifert surface of genus 3

Evidently we want to repeat the trick from the previous subsection. On page we saw
that (up to conjugation) there exists a unique epimorphism pc: 7(S*\ C) — A;s. As
before we denote by o:7: A5 — Autg. (F2) the standard representation. On page [217| we
saw that

F
AT OPC() = 14+t 448 4 685 + 15+ 20 + 517 + 265 + 1% + 611 + 412 4 13 4 414,

This time we obtain that

1 057 opc 1 1 1 19
genus(C) > Sranks, (F3) deg(AZ (1) +5 = 55 -14+5 = 13-
4 4
by the Genus-Twisted Alexander by the above
Polynomial Proposition calculation

Since the genus is a natural number we see that genus(C') > 2. Thus the upper and lower
bounds do not match. As we will see shortly, we will get around this nuisance by replacing
the standard representation of S,, by the reduced standard representation of S,,.

We will make use of the following lemma, which explains the relationship between the
standard representation of .S,, by the reduced standard representation of .S,,:

Lemma 15.6. (Standard Representation—-Decomposition Lemma) Let n € N and
let F be some field such that the characteristic of F is coprime to n. As on page [210]
we write (F")o = {(v1,...,v,) € F"|v; +--- 4+ v, = 0} and as before we denote by
Opo: Sn — Aut((F")o) the reduced standard representation. Then we have the following
isomorphism of representations of S,,:
O'E’O o1 = ol

Proof. By hypothesis n is coprime to the characteristic of F. This implies that there exists
an r € F with n-r = 1. Now we consider the following homomorphisms of F-vector spaces:

o: (F")yaF — B
(01, vn), f) = (v, ,00) + - (1,...,1)
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and
U:F 5 (F),@F
(v, .. y0n) = (V1o ) =7 (V1 F o) - (1,0, 1), (v + -+ vp)).

N

sum of the cozfrﬁcients is zero
It follows easily from the definitions that the two maps are inverses of one another. In
particular both are isomorphisms of F-vector spaces. Finally note that it follows easily
from the definitions that ® preserves the S,-action, thus it defines an isomorphism of
Sp-representations. [ |

We now return to the example of the Conway knot. The idea now is to replace the reduced

standard representation o;” by the reduced standard representation anO. We could calculate
O'IF‘7

AL (t) again by a comppter. But it is much more insightful to relate it to the twisted

Alexander polynomial A (t) which we already calculated. In the following calculation we

will use the following notation:

e We denote by p: Z — F; the unique ring homomorphism.

e Given a representation « of Sy we write AZ(t) = AL (1).

Now we see that

oy’ . ‘7570597'?7 . UE?@ o . 0270 pxoTE
Ac ) = A" (1) = A -Ag (1) = A -Ag ()

+ + +
by the Standard Representation by the Direct Sum since Tf T =p.o7l as
Decomposition Lemma [I5.6 Twisted Alexander maps 71 (S*\ C) — CL(1,F7)

Function Lemma
F7 z F7 oy

. 05,0 T . 05,0 Ac(t . 05,0 1

= AT AT ) = AT p(5Y) = AT

+ + +
by the Twisted Alexander Function by the discussion on page [[30] we saw
Functorial Lemma [I45] on page [2T5] that Ac(t) =1

Thus we see that the two twisted Alexander polynomials corresponding to the standard
representation and corresponding to the reduced standard representation essentially agree.
But since the rank of the reduced representation is lower, we get a better bound on the
genus. More precisely, we now obtain that

Fr7
1 75,09PC L _ 1 _ L _ 17
genus(C) i 2-rankp. ((F3)o) deg(A¢ (1) + 2 ; 2.4 (14-1)+ 5 — %
by the Genus—Twisted Alexander by the above
Polynomial Proposition [15.4 calculation

Since the genus is a natural number we see that genus(C') > 3. Thus the upper and lower
bounds now do match. Thus we have finally shown that genus(C') = 3.

15.4. Twisted Alexander polynomials and fiberedness. In this section we will gener-
alize the Fibered Knot—Alexander Polynomial Proposition [I5.7] to the twisted context. To
formulate the main result of this section we need the following generalization of a definition

from page [191}
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Definition. Let R be a domain.

(1) We say that a Laurent polynomial p(t) € R[t*!] is bimonic if the highest and lowest
coefficients both are a unit in R, i.e. they both lie in R*.

(2) Wesay f(t) € Qg(t) is bimonic if it is the quotient of two bimonic Laurent polynomials.

In light of the discussion on page [215] the following proposition can be viewed as a gener-

alization of the Fibered Knot—Alexander Polynomial Proposition [15.7}

Proposition 15.7. (Fibered Knot—Twisted Alexander Polynomial Proposition)
Let K be an oriented knot, let R be a UFD and let a: m(S® \ K) — Autgr(M) be a
representation. If K is fibered, then the following two statements hold:

(1) The twisted Alexander polynomial A%(¢) is bimonic.
(2) We havd™] deg(A%(t)) = rank(M)- (2 - genus(K) —1).

Example. We consider the knot K = 12345 = 12,,57. One can show that its genus equals
two and that its Alexander polynomial equals 1 — 2t + 3t2 — 2¢3 + ¢4,

— K = 121345 = 12,57

@/ Ag(t) =1—2t+ 3t — 263 + t*

genus(K') = 2, but K is not fibered

So the Fibered Knot—Alexander Polynomial Proposition has no objections to K being
fibered. But one can show that there exists a homomorphism ¢: m(S® \ K) — S5 such
that AZ() = 14+ 8+ 0+ 17+ 15 € Pyt
We see that

deg(Aig%‘P(t)) =8 # 12 = 4-(2:-2-1) = dimp,((F5)o) - (2- genus(K) — 1).

Thus it follows from the Fibered Knot—Twisted Alexander Polynomial Proposition [15.7]
that K is not fibered. O

Before we head to the proof of the Fibered Knot—Twisted Alexander Polynomial Proposi-
tion [15.7, we state for completeness’ sake the following theorem, which can be viewed as a
converse to the Fibered Knot-Twisted Alexander Polynomial Proposition [15.7}

Theorem 15.8. (Twisted Alexander Polynomial-Fiberedness Detection Theo-
rem) For any non-fibered knot K < S3 there exists a representation (5% \ K) — U(n)

such that deg(A% (1)) = 0.
Proof. This theorem is proved in [F'V13] Theorem 1.2]. (A somewhat weaker fiberedness
detection theorem was first proved in [FV11bl Theorem 1.2].) |

The proof of the Fibered Knot—Twisted Alexander Polynomial Proposition will occupy
the remainder of this chapter. We start out with a few preparations:

105Recall that by the Fiber—Minimal Corollary [13.11| we know that genus(K') equals the genus of a Seifert
fiber surface.
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Definition. Let ¢: ' — F' be a homomorphism between two finitely generated free

groups. Given a basis x1,...,x; of F' and given a basis v, ...,y of G we refer to
. 590(3%‘)
aeme) = (H52) ci € M(kx1ZIn)
J=1,...,1
as the Jacobi matrix of ¢ with respect to the bases zy,..., 2, and yy,...,y,. If we are
given an endomorphism ¢: F' — F' of a free group, then given any basis x1, ...,z of F
we write J T () = JTTk (o).
Example.
(1) Let F be a free group with basis x1, ..., xy. It follows immediately from the definitions

that Jo-2(id) = idp € M(k x k, Z[F]).
(2) Let m = (y1,...,y1|r1,-..,7%) beafinite presentation. Let ¢: (x1,...,2x) = (y1,..., %)

be the homomorphism given by ¢(z;) = r; for i = 1,..., k. It follows immediately from
the definitions that

77777

Jo¥ (p) = J(finite presentation (yi,...,y|71,...,7%))-

as defined on page [109 U
In a second we will need the following “chain rule”:

Lemma 15.9. (Fox Derivative—Chain Rule) Let X be a finitely generated free group
with basis x1,...,2, and let Y be a finitely generated free group with basis vy, ..., Y.
Furthermore let \: X — Y be any homomorphism. Given any g € 7 and given any
j €{1,...,m} we have the following equality in Z[Y]:

8>\ Z )‘(a > , m@r).

0y;
Proof. We need to prove the desired equality for any g € 7. Since 1, ..., x,, is a basis for
7 it suffices to prove the following claim:
Claim.

(a) The desired equality holds for any g = ;.
(b) The desired equality holds for any g = ;"
(c) If the desired equality holds for u,v € X, then it also holds for g = u - v.

Proof.
(a) It follows easﬂy from . = ¢, that the statement holds for any x;.
(b) For g = z; ! we have
G B O\ €2 I 1, OMw) C1 Sy Oz | OA(E)
on T on —Azi) ™ T R —Az:) 'TZI/\<3;ET> " oy
by the Fox Derivative Properties Lemma (5) by (a)
o mn -1 % aA(qu) o &L*l 8>\(M)
- ,,;1)‘<_xi '0xr>' dy; 2/\( &vr)' dy; -

by the Fox Dernatlve Properties Lemma (5)
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(c) Suppose the desired equality holds for u,v € X. Then the following calculation shows
that the desired equality also holds for u - v:

by the Leibniz rule since v and v satisfy the desired equality
4
OAuwv) 7 OA(w) 8)\ 8)\(1' ) oA (x,)
dr; O, AW ZA( ) — AW ZA(%J dy;
by the Leibniz rule [ |

Lemma 15.10. (Jacobi Matrix-Isomorphism Lemma) Let 7 be a finitely generated

free group. If p: m — 7 is an isomorphism, then for any basis 1, ..., z, of m the Jacobi
matrix J* " (@) = (8(3(51)) ij=1,..n has a right inverse in M(n x n Z[ ]-

Proof. We apply the Fox Derivative-Chain Rule in the setting where X =Y =7

and A\ = id. Since ¢ is an isomorphism we know that y; = ¢(z;), i = 1,...,n also form
a basis for w. Given any i,j € {1,...,n} we set g == p(z;) and we obtain from the Fox
Derivative-Chain Rule [[5.9 that
de n 87‘,
8y] ; Sy
But this implies that =J%10%n (o) matrix over Z[r]
0 - (asom)) N <Z do(wi) a) _ '(&o(w») h (a) )
" " dy; b=l =1 Oxr dy; b=l 4 Oy ir=1,..n dy; jj=1,m
since p(x;) = y; and by the above definition of matrix multiplication
since idy, = (045)4,j=1,....n
We have thus shown that J*1»*"(¢) has a right inverse in M(n x n, Z[r]). |

Now we can finally provide the proof of the Fibered Knot-Twisted Alexander Polynomial
Proposition [15.7]

Proof of Proposition [I5.7 Let K < S* be a fibered oriented knot with corresponding
Seifert fiber surface F'. We denote by ¢ the genus of F. Furthermore let R be a UFD. It
follows immediately from the definition of the twisted Alexander polynomial on page [217]
and the Fiber-Minimal Corollary [I3.11]that it suffices to show that for any homomorphism
a: m(S?\ K) — GL(n, R) the following two statements hold:

(1) The twisted Alexander polynomial A% (t) is bimonic.
(2) We have deg(A%(t)) = n-(2-9g—1).
First recall that by the Fibered Knot-m-Proposition [13.5 we know that there exists an
isomorphism ¢: (y1,...,Y29) = (Y1, -,Y2y) and an isomorphism
O: T (SP\K) 5 (Y1, 2g) X (1)

such that under this isomorphism the epimorphism @ : 71(S® \ K) — (t) agrees with the
natural epimorphism ®: (y1,...,y2,) X, (t) — (t) that is given by ®(y;) = 1 and ®(t) =
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Next note that, as in the proof of the Alexander Polynomial-of-Semidirect Product
Proposition [13.7] we have the following isomorphisms:

follows easily from the example on page [I89]

v _ - _
(Y1, Y2g) X = Qhw-‘ﬂhmt|tﬂh'fd'¢@h%1w-wy%'t “94y?)1>
= (Y1, Yty 0y )yt (Y )

= (w1, mag, -2yt (@), ag, T p(aay)) =t P.

substitution y; 1771

We will now work with the presentation P that we just found. Using the (2g + 1)-st

generator ¢ we see that det((® ® a)*(J(P)ggH))
det((® ® o). (t — 1))

By the discussion on page [199 we know that the denominator of the above fraction is
bimonic of degree n. Thus it suffices to prove the following claim about the numerator:

Claim. The determinant det((® ® a).(J(P)24+1)) is bimonic of degree n - 2g.

Ag(t) =

Proof. We perform the following calculation:

det((P ® )« (J(P)2g41)) = det <((I) ® ) (8(t - 31; . ‘P(mi))>ij:1 29)

— ; : —1,—1 —1,-1 (i)

- det ((@ ® a). (t ~diag(—z1, . .., —wgy) + diag(taey T, ...ty 1) ( oz; ),
follows from the Fox Derivative Proposition [8:1] and
the Fox Derivative Properties Lemma

= det(t - diag(a(—m1), ..., a(—xgy)) + diag(a(tay 1), ..., oty t7h)) - (J™"29 ()
/]\
by the definition of ®

29 29

= 120 ] det(—a(a;)) + (° - ( Il det(oé(tx;lfl))) - det(a, (Jo729 ().
i=1 N’ =1 ~ . P 2

T S ER* € R" by the discussion below

by the Polynomial Matrix
Determinant Lemma [[3.9]

By the Jacobi Matrix-Isomorphism Lemma we know that J*1»%29(p) has a right in-
verse in M(2gx2g, Z[x]) % It follows from the Group Ring-to-Matrix Ring Lemmal[l4.1] the
Matrix Multiplication—-Change-of-Ring Lemma and the Matrix-of-Matrices Lemma|14.3
that au(J"29(p)) has a right inverse in M(2g - n x 2g - n, R). But this implies that
det (o (J™ "2 (p))) is a unit in R. |

15.5. Appendix: Symmetries of twisted Alexander polynomials. For ordinary
Alexander polynomials we proved the Alexander Polynomial Symmetry Theorem [0.4] which
says that for any oriented m-component link L we have |

Aplty, .. ty) = Nt 6.
The reader might also remember that the proof was highly non-trivial. It is natural to ask
whether a similar type of symmetry statement also holds for twisted Alexander polynomials.
It turns out that this is a tricky question and, as we will see, even just to formulate the

106Note that at this point the proof starts to differ quite drastically from the original argument in the
untwisted case.
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corresponding symmetry theorem requires some thought and preparations. Since we will
not really make use of the symmetry statement, and since we will not prove it anyway, we
are hiding this discussion in an appendix.

First of all we need the following definitions:

Definition. Let R be a commutative ring.

(1) An involution on R is a map R — R, usually written z — Z, with the following
properties:
(a) z+w =z +w for all z,w € R,
(b)w-z=w-Z for all z,w € R,
(c)Z =z for all z € R.

(2) Given an R-module M we denote by M the R-module where for m € M we have
TR M =T pp M.

Example.

(1) For any commutative ring the identity map is evidently an involution.
(2) Complex conjugation turns C into a ring with involution. O

Definition. Let R be a commutative ring with (possibly trivial) involution and let M be
a free R-module.
(1) A R-sesquilinear pairing on M is a map (, ): M x M — R such that the following
holds:
e For all v,v' € M and all w,w’ € M we have (v + v, w) = (v,w) + (v,w) and
(v,w+w) = (v,w) + (v,w').
e For all v,w € M and r € R we have (r-v,w) =r- (v,w) and (v,r - w) =T - (v, w).
(2) We say that an R-sesquilinear pairing ( , }: M x M — R is non-singular if the induced
maps

M — Homg(M, R) M — Homg(M,R)

o (% B @w) " e (M S ﬁ,w)

are isomorphisms of R-modules["”]

Lemma 15.11. (Dual Representation Lemma) Let R be a commutative ring with
(possibly trivial) involution, let a: m — Autg(M) be a representation and let

(—, =) MxM — R

be a non-singular R-sesquilinear pairing. In this setting there exists a unique representation
ol : m — Autg(M) such that for all m,m’ € M and all g € m we hav

(a(g)(m),m) = (m,al(g7")(m)).

We refer to this representation as the Hermitian adjoint of a.
Example.

10774 is worth verifying that these maps are homomorphisms of R-modules.
1081 other words: For any m,m’ € M and any g € m we have (a(g)(m),af(g)(m)) = (m,m’).
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(1) Let R be a commutative ring with involution. We consider M = R™ and the non-
singular R-sesquilinear pairing

(,))R"xR" — R
(V1o 0n), (W, wy)) = Z_;vi-wi.

It follows easily from the definitions that given any representation a: 7 — GL(n, R)
and given any g € 7™ we have af(g) = (a(g)T)™*. For R = R it follows from this
discussion that for any orthogonal representation a: # — O(n) we have o = o' and for
R = C it follows from this discussion that for any unitary representation a: @ — U(n)
we have a = of.

(2) Let R be a commutative ring. We consider the pairing

(—,—):R*xR* - R

() (2) = 0 (5 3)

In Exercise we will show that this R-bilinear pairing is non-singular and we will
show that for any representation a: 7 — GL(2, R) we have af(g) = det(a(g)) ™! - a(g).
In particular, if we are given a representation a:: m — SL(2, R), then af = a. O

Proof. Let g € m and let m’ € M. Since the pairing is sesquilinear we see that the map

M — R

m = ({a(g)(m), m')
defines an R-linear homomorphism M — R. Since the pairing is non-singular we see that
there exists a unique m € M such that (m,m) = (a(g)(m), m’) for all m’ € M. We now set
(af(g71))(m') := m. We leave it to the reader that this way we defined a homomorphism
a'(g): M — M, that this defines a homomorphism a': 7 — Autz(M) and that this
homomorphism has the desired properties. [ |

After all these preparations we can now finally formulate the following theorem which, by
the discussion on page [215] can be viewed as a generalization of the Alexander Polynomial—
Symmetry Theorem

Theorem 15.12. (Twisted Alexander Polynomial-Symmetry Theorem) Let L be
an oriented m-component link. Furthermore let R be a UFD with involution and let
a: m(S*\ L — Autgr(M) be a representation. For any Hermitian adjoint representation
a' as above we have

A%(tr, .. tm) =rp AY (7Y, E20.

r'm

Proof. This theorem is proved in [HSW10l Theorem 3.2], building on [Mil62, Lemma 2].
We also refer to [Kit96l, Theorem B|, [Hil12l Theorem 6.7], and [FKK12, Theorem 1.1]
for related results.

The courageous reader can also try to prove the theorem, using the approach taken in
our proof of the Alexander Polynomial-Symmetry Theorem [9.4] [

The following summarizes the special cases one mostly cares about:
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Corollary 15.13. (Twisted Alexander Polynomial-Symmetry Corollary) Let L
be an oriented m-component link L. We suppose that we are given one of the following
types of presentations:
(1) (a) An orthogonal representation a: m(S®\ L — O(n), where R = R.

(b) A unitary representation «: 71(S*\ L — U(n), where R = C.
(2) A representation «: m(S*\ L) — SL(2, R) for some UFD R.

Llne A%/(tlu"wtm) =R A%(tl_17"'7t;11)'
Proof. The corollary follows immediately from the Twisted Alexander Polynomial-Sym-
metry Theorem [15.12| together with the examples on page 228 [ |

Example. We consider again the trefoil T and as on page we denote by T™V the
trefoil with the opposite orientation. Next recall that in Section [14.2] we introduced a
representation a: w1 (S?\T) — GL(2,Z) and we saw that A%(t) = 1 —t2. We now see that

by the Twisted Alexander by the Twisted Alexander by the example on page 22§
Polynomial Orientation Polynomial Symmetry where p: m(S*\ K) — {£1}
Lemma Theorem is given by p(t) = —1
¥ L ¥ + ¥ pa
a - a(4— - a - :
Mpalt) S Agh S AW S M) 2
S pAR) = ARCD = (P = 1-f
by the Modified Twisted follows easily from the
Alexander Polynomial definitions and p(t) = —1
Lemma [I4.17]
We thus see that Af.e.(t) = AZ(t). But that is perfectly reasonable since in Exercise
we showed that the trefoil is reversible, i.e. it is smoothly isotopic to its reverse. O

Exercises for Chapter [15]

Exercise 15.1. Let H be the Hopf link. Show that every twisted Alexander polynomial
equals, up to the indeterminacy, 1.

Exercise 15.2. Let R be a commutative ring. We consider the form
(—,—):R*xR* - R

() (2)) = a5 2)

(a) Show that this pairing is non-singular.
(b) Show that for any representation a: m — GL(2, R) and any g € m we have the equality

af(g) = det(a(g)) ™" - a(g).

Exercise 15.3. Let L be an oriented m-component link and let R be a UFD. Show that
if L is splittable (in the sense of the definition on page , then for any representation
a: m(S%\ L) = Autgr(M) we have A¢ = 0.

Remark. In [FV15] the following converse is shown: If L is not splittable then there exists
a representation (5% \ L) — GL(k, Q) such that A # 0.
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Exercise 15.4. Let p,q € N be coprime. We consider the torus knot T'(p, ¢). Recall that
by the Torus Knot-m-Proposition 3.8 we have an isomorphism

m(S\T(p.q) = (wy|a”-y™).
—_———
(a) Show that there exists a unique representation
a: <ZE,y | P - y7q> - GL(TL?C)

such that
exp(2ri/q) 0 ... 0
afz)=(0 1 0...) and aly) = 0 -0
: . 0
0 exp(2mi/q)

(b) Compute A%,
Hint. Modify the proof of the Torus Knot—Alexander Polynomial Proposition [9.6]

(c) Show that for p = 2 and ¢ = 3 the representation from (a) is conjugate (over C) to the
representation 71 (S% \ K) — GL(2,Z) that is given in Section [14.2,

Exercise 15.5. Let K; and K5, be two oriented knots, let R be a commutative ring and
let (S \ (K1#K3)) — GL(n, R) be a representation. In the proof of the Knot Connected
Sum-m;-Proposition |3.15 we gave an explicit isomorphism

T1(S%\ K1) e, =ure, T (S°\ Ko) = m(SP\ (K1#K2)).

We can use this isomorphism to obtain homomorphisms p;: 7 (S?\ K;) — m1(S3\ (K 1#K5)).
Determine the relationship between the twisted Alexander polynomials AR (t), A%P*(t)
and A% 4y, (1)

Remark. This exercise is supposed to generalize the Connected Sum—Alexander Polynomial
Proposition[0.8. Note though that we do not just have a completely straightforward product
formula.



CHAPTER 16

Different notions of equivalence of links

Let L and L be two links. If L and L are smoothly isotopic, then we know by the Link—

Smooth Isotopy Proposition 2.3 the Link Exterior Lemma and the Isotopic Link-7-

Lemma that the following statements hold:

(1) There exists an orientation-preserving diffeomorphism $%\ L — 5%\ L between the link
complements.

(2) There exists an orientation-preserving diffeomorphism X; — X; between the link
exteriors. _

(3) There exists isomorphisms m (S \ L) = m1(S* \ L) and m (X)) = m(X5).

It is natural to ask to what degree the converses of these three conclusions results hold.

We will discuss this question in great detail in this chapter.

16.1. Comparing different notions of equivalence of links. Before we can state our

main result we need to introduce a few rather dry notions. We start out with the following

definition which extends the notion of a group-pair system from page

Definition.

(1) A group-pair system is a tuple (G, P, ..., P,,) where G is a group and P, ..., P, are
ordered pairs of elements of G.

(2) We say that two group-pair systems (G, P, ..., P,) and (H,Q,...,Q,,) are isomor-
phic if there exists an isomorphism ¢: G — H such that for each ¢ € {1,...,m} there

exists an h; € H with h; - o(P;)-h; ' = Q; as an ordered pair of elements of H. In this
case we write (G, Py,...,P,) = (H,Q1,...,Qmn).

Next we introduce a closely related concept:
Definition.

(1) A subgroup system is a tuple (G, Si,...,S,) where G is a group and Sy,...,S,, are
subgroups of G.

(2) We say that two subgroup systems (G, S, ...,Sy,) and (H,Ti,...,T,,) are isomorphic
if there exists an isomorphism ¢: G — H such that for each ¢ € {1,...,m} the group
©(S;) is conjugate to T;. In this case we write (G, Si,...,) = (H,T1,...,T,).

We now return to the study of links:

Definition. Let _LQ be an oriented m-component link. We pick an orientation-preserving
tubular map 7: B x L — S3.

(1) We define the exterior Xy := S\ 7(B? x L).

231
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(2) Fori =1,...,m we do the following:
(a) We denote by 77, the boundary torus of X, corresponding to the i-th component
of L,ie. Tp, = 7(S' x L;). We denote by ¢;: Ty, — X, the inclusion map.
(b) We pick y; € L; and we define the meridian ur, = 7(S* x {y;}) < T,.
(c) We define the longitude Ay, = 9T}, as on page
(3) Let 29 € X.
(a) For each boundary component we pick a path 7; from zg to 7(1,y;).
(b) We use this common path to view pp, and Az, as elements of m (X, zo). Note
that as a pair (ur,, Ar,) < m(Xz,xo) is well-defined up to a common conjugation.
The group-pair system (71(Xp), pr, Ar) of the link L is defined as the group-pair
system (Wl(XLv 550)’ (IML17 )‘L1)7 ° 009 (:uLmv )\Lm))m m
(c) The peripheral subgroup system (m(Xy),m(7%)) of the link L is defined as the
fundamental group m (X, o) together with the (ordered) family of subgroups
’Yi*([/i*(ﬂ-l(TLi)y 7'(17 yz)>) with 7 = 1, 600 ,mE

Ll\@@ Ly

Throughout this chapter we adopt the following convention:

Convention. If we talk about the exterior, meridians and longitudes of an oriented link
it is understood that we used the same orientation-preserving tubular map to define them.

Now we can formulate the main result of this chapter:

Theorem 16.1. (Link Equivalence Theorem) Let L and L be two oriented m-compo-
nent links. We pick orientation-preserving tubular maps for L and L to define the exteriors
X and X7 and for ¢ = 1,...,m to define the boundary tori Ty, 7% , the meridians yup,,
pz, and the longitudes Ar,;, Az . We consider the following statements:

109Note that this definition generalizes the notion of a group-pair system from page [98| from oriented knots
to links.

01t follows easily from the Link Tubular Map Theorem m (2) that the isomorphism type of the group-
pair system of an oriented link L is well-defined up to isomorphism.

11Tt follows easily from the Link Tubular Map Theorem (2) that the isomorphism type of the peripheral
subgroup system of an oriented link L is well-defined up to isomorphism.
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L=19L L and L are smoothly isotopic.

(S3,L) = (S3,1) There exists a diffeomorphism f: S — S3 such
that for every i € {1,...,m} we have f(L;) = L; as
oriented smooth submanifolds.

Xp = X5z There exists a diffeomorphism f: X, — X;.
(Xi,pur) = (X5,p3) There exists a diffeomorphism f: X; — X7 such
that for every i € {1,...,m} we have f(ur,) = pg,
as oriented smooth submanifolds.
(Xp,pur) = (X3, £43) There exists a diffeomorphism f: X;, — X3 such

that for every i € {1,...,m} we have f(ur,) = pg,
as unoriented smooth submanifolds.

(Xi, o, AL) = (X5, pu5, A7) There exists a diffeomorphism f: X; — X7 such
that for every i € {1,...,m} we have f(ur,) = pg,
and we have f(Ar,) = Az as oriented smooth sub-

manifolds.
(Xr,Tr,) = (Xg,T%) There exists a diffeomorphism f: X; — X7 such
that for every i € {1,...,m} we have f(1,) =17 .
X, ~ X5 X1, and X5 are homotopy equivalent.
m (X)) = m(X3) The groups 71 (X) and m1(X;) are isomorphic.
(m(X1), pr, A\p) = (m(X5), 15, A;) The group-pair systems are isomorphic.

I

(m(Xp),m(Ty)) = (m1(X3),m(T5)) The subgroup systems are isomorphic.
We will also use the following variations on the above:
(1) If we write =, then we mean an orientation-preserving diffeomorphism.

(2) If we write ~ = | then we mean homeomorphism instead of diffeomorphism.
(3) In some of tH&8hove statements we replace the link exteriors by the link complements.
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With this notation we can formulate the following implications:

I=p,
ﬂ(l)
(5% L) = (5% L)
(2a)
/ (2¢)
(X, pp, An) = (X5, ug, Ap) - (XL, pr) ;:? (X7,17) S\ L ;%; S3\ L
& (4b) for knots ﬂ(S)
(12b) ¥ X i@ P X
if L, L are no 12a = _ Y Wa
splittablﬂ ’ ( ) ( 158 ML) or. ((103) NL) (4a) L or.
Q loose control y
(10b) not for links orientations of the
components
(X TN) (11), loose control over the

(m(XL), prs Ar) = (m(X3), 1z, Ap) (Xp,T2) =

order of the components

If we do not care about the difference between links and their mirror images, then we also
have the following implications:

LI or = [mr

(S3,L) =~ (S3,L)

(Xp,pr) = (Xz, pz)

®) (4b) for knots
@ 5 ~
(X1, ) 2 (X, pp) ————— X = X ———> S\ L2 S\ L
(10a)
@ ””
components ) _
(X, Tp) = (X3, T7) Xth X5 53\Lh%“ S3\ L

if I, L are (9a)
(&) prime knots Q

(12b) ’
- (12a) (8) T
isfpl[i/t,;tgbalgenrﬁot XLZXE(:}S:}\LZS?’\L
(7b) if L,E are not (
splittabld22 (7a)

(m1(X1), m(TL)) = (m(X3), m(T7)) m(Xz) = m(Xg) gﬁl(sg\@gﬁ(sg\z)-
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The proof of the Link Equivalence Theorem will require the remainder of this chapter.
It is unfortunately unavoidable that we will have to refer to many results which we will
prove and discuss in later chapters. Furthermore we will also have to cite lots of results
which we will not prove at all.

Even when in the following we provide proofs of statements our arguments will be more
sketchy than in the other chapters.

16.2. Proof of the Link Equivalence Theorem [16.1] In the following twelve subsec-
tions we consider all the implications of the Link Equivalence Theorem [16.1]

16.2.1. Proof of (1). The proof of the Link Equivalence Theorem (1) rests on some
mundane observations and one very hard result. The latter is worth stating separately:

Theorem 16.2. (Cerf Theorem) Every orientation-preserving diffeomorphism of S? is
diffeotopic to the identity.

Proof. The theorem was proved by Jean Cerf [Cer68|, a generalization of the theorem
was proved by Allan Hatcher [Hat83, p. 553]. [ |

Proof of the Link Equivalence Theorem (1). Let L and L be two oriented m-
component links. We need to prove the following two statements:

L=L < (8% L)~ (S% L) and L=LorlL = L™ <« (S°L)=(S%L).
“="_We first suppose that [ = Z, i.e. we assume that L and L are smoothly isotopic. As
we discussed in the proof of the Link—Smooth Isotopy Proposition [2.3] it follows from the
Isotopy Extension Theorem that there exists an orientation-preserving diffeomorphism
®: 5% — 93 such that for i = 1,...,m we have ®(L;) = L; as oriented smooth manifolds.

We have thus shown that (5%, L) = (S3, L).

If L and L™ are smoothly isotopic, then we obtain from the above discussion that there
exists an orientation-preserving diffeomorphism (8%, L) — (8%, L™"). If we compose this
diffeomorphism with the reflection in a suitable hyperplane we obtain an an orientation-
reversing diffeomorphism (S*, L) — (S*,L).

“<”. First we assume that (S® L) = (5% L). Thus let ®: S* — S? be an orientation-
or.

preserving diffcomorphism such that for ¢ = 1,...,m we have ®(L;) = EZ as oriented
smooth submanifolds. Note that by the above Cerf Theorem [16.2] there exists a diffeotopy
F: 8% x[0,1] — S* with Fy = id and F; = ®. The restriction of F to L x [0,1] is the
desired smooth isotopy from L to L. We have thus shown that L = L.

Finally we suppose that there exists an orientation-reversing diffeomorphism ®: S* —
S3 such that for 7 = 1,...,m we have ®(L;) = L; as oriented smooth submanifolds. If
we compose this diffeomorphism with a reflection in a hyperplane, then we obtain an
orientation-preserving diffeomorphism ®: S* — S3 such that for i = 1,...,m we have
®(L;) = LM as oriented smooth submanifolds. By the above this implies that L =
Lo, [ |

H2 1t follows from the Link Kneser Theorem that if L and L are two links with (X)) & m ()?L),
then L is splittable if and only if L is splittable.
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16.2.2. Proof of (2). In this subsection we need to show the following implications:
(S%,0) 2 (S°, L)

(5% L) = (5%, L)
(20) W o) and ﬂ@)
(Xp, iz, Ar) = (Xg, pg, Af) = (XL, pr) = (X7, 1z (Xe,uz) = (X, )

In the proof we will need the following theorem on self-diffeomorphisms of the 2-dimensional
torus:

Theorem 16.3. (Torus—Mapping Class Group Theorem)

(1) Given any automorphism ¢ € Aut(m;(S* x S*,(1,1))) there exists a diffeomorphism
f: St x 8t — 8t x St with f, =

(2) If p: ST x ST — S' x S! is a diffeomorphism such that ¢, = id on m (S x S, (1,1)),
then ¢ is diffeotopic to the identity.

Proof.

(1) For the proof it is best to replace S* x S! with 7' = R?/Z?. We make the usual iden-
tification 1 (T, [(0,0)]) = Z2. Now let A € Aut(m (T, [(0,0)])) = Aut(Z?*) = GL(2,Z).
The map

f:R?*/7? — R?/Z?
[v] = [A-v]
is clearly a diffeomorphism. Note that f, is given by multiplication by A.
(2) This statement is proved in [FM11, Theorem 2.5] or alternatively in [Rol90, Chap-
ter 2.D].

We use the Torus—Self Diffeomorphism Theorem to introduce a construction which is
very popular in low-dimensional topology:

Proposition 16.4. (Dehn Filling Proposition) Let Y be a 3-dimensional smooth man-

ifold and let T" be a component of the boundary 0Y such that T is diffeomorphic to the

2-dimensional torus. Furthermore let C' = T' be a submanifold such that [C] € 7 (T) can
be extended to a basis of 7 (T) = Z2.

(1) There exists a diffeomorphism ®: S x S' — 9Y with ®(S! x {x}) =C
(2) The diffeomorphism type of

Y(C) = Y Upyesixsio (B x S = (YU(B x 8Y))/ -

where ®(z,w) ~ (z,w) for (z,w) € S* x S*

does not depend on the choice of ®. We refer to the 3-dimensional smooth manifold
Y (C) as the Dehn filling of Y along C.

St x St

Oo: S xSt T

TS )

Y is the exterior of a link in S
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Sketch of proof.

(1) By hypothesis we can extend [C] € m(T) to a basis of m(T"). The statement now
follows quite easily from the Torus-Self Diffeomorphism Theorem [16.3] (1) and (2).
(2) Let ®,¥: S' x S' — Y be two diffeomorphisms with ®(S* x {x}) = C and with
U(St x {x}) = C. We make the following two observations:
(a) Note that diffeotopic diffeomorphisms S' x S* — T lead to diffeomorphic results.
(b) It follows easily from the Torus—Self Diffeomorphism Theorem (2) that, up to
smooth isotopy, ¥ 1o ®: St x St — S! x S!is of the form
0: x5 - Stxst
(z,w) = (2 w* w)
for some k € Z and some € € {—1,1}. Note that this diffeomorphism extends to a
diffeomorphism —y —y
©:B " xS" - B xSt
(z,w) = (2 w* we)
Using these two observations one can easily show that ® and W lead to diffeomorphic
results. |

Example. Let L < S? be an m-component link with link exterior X, let L; be a compo-
nent of L and let u; € 0Xp be a meridian of L;. We consider the Dehn filling X (p;) as
defined in the Dehn Filling Proposition [16.4 In Exercise [16.1] we will see that there exists
an orientation-preserving Xr(u;) — Xp\z, which is the identity on X, and which sends
{0} x S! to L; as oriented smooth submanifolds. O

Proof of the Link Equivalence Theorem (2). Let L and L be two oriented m-
component links. We need to show the following implications:

(53,L)= (S L) (%,L) = (S% L)
(2a) H(QC) and ﬂ@)
(Xz,po, An) = (X5, 1z, Af) T (Xr,pr) ;%J (X7, 17) (Xz, 1) = (XE, 1),

In the following we will prove the oriented statements to the left. We leave it to the reader
to modify the argument to deal with the unoriented statement to the right.

(2a). In the following we suppose that (S3, L) = (S3, L), i.e. we suppose that there exists
an orientation-preserving diffeomorphism f: $%— S3 such that for every i € {1,...,m}
we have f(L;) = L; as oriented smooth submanifolds. We pick an orientation-preserving
tubular map 7: B~ x L — S3 for L. It is clear that (f o 7)o (ido(f]z)™"): B xL— S°
is an orientation-preserving tubular map for L. If we use these tubular maps to define
the exteriors, the meridians and the longitudes we see that f: S® — S3 restricts to an
orientation-preserving diffeomorphism f: X; — X5 such that for every i € {1,...,m} we
have f(ur,) = pg, and we have f(Ar,) = Az, as oriented smooth submanifolds. Thus we
have shown that (X, ur, A\r) = (X5, i, A;)-

(2b). We now suppose that (X, ur, A\r) = (X5, p5,A;), i.e. we suppose that there exists
a diffeomorphism f: X, — Xj such that for i = 1,...,m we have f(uz,) = pg and
f(Az;) = Az, as oriented smooth submanifolds. It follows easily that the restriction of f to
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0Xp — 0Xj is orientation-preserving. This implies that the original map f: X; — X5 is
also orientation-preserving. Thus we have shown that (X, uz) = (X5, 17).
(2c). We suppose that (X, pz) = (X7, pz), i.e. we suppose that there exists an orientation-
preserving diffeomorphism f: X7 — X; such that for every ¢ € {1,...,m} we have
f(ur,) = pg, as oriented smooth manifolds.

Iterating the example preceding the proof we see that f: X; — X; extends to an

orientation-preserving diffeomorphism f: S* — S% such that for every i € {1,...,m} the

map f restricts to an orientation-preserving diffeomorphism f: L; — L;. Thus we have

shown that (S, L) = (S, L). [
or.

16.2.3. Proof of (3). We need to show that
(Xpopr) = (X, 2pp).

In fact, this is of course trivial. It is perhaps more important to say what this step does: In
the process we loose control over the orientation of the components of the link. In general
the step is not reversible since we saw that on page there exist non-reversible knots,
e.g. the Conway knot. For this knot K and its reverse K™ we know, by the Meridian—
Symmetries Lemma [2.18] that (Xx, pux) = (Xx, —(ur)™) = (Xgrev, — e ), but we have
K 22 K™, thus it follows from (1) and (2) that we do not have (X, i) = (Xgrev, figrev).

16.2.4. Proof of (4). In this subsection we want to show

(4b for knots
A

(1)

(Xp,pp) = (X7, £p7) Xp = X;

and we want to prove the corresponding oriented version. The statement (4a) is of course
trivial. So it remains to deal with (4b). The proof of the Link Equivalence Theorem [16.1]
(4b) rests squarely on the following theorem:

Theorem 16.5. (Gordon-Luecke Theorem) Let K be a knot and let C' < 0 Xk be an
oriented submanifold that is diffeomorphic to S* such that [C] € 71 (0Xk) can be extended
to a basis of 7 (0Xx) = Z2. If the Dehn filling Y (C'), which we introduced in the Dehn
Filling Proposition , is diffeomorphic to S3, then C' is smoothly isotopic in X to a
meridian of K (as unoriented smooth submanifolds).

Proof. This theorem was proved in the 1980s by Cameron Gordon and John Luecke [GL89,
Theorem 1]. The proof builds in particular on the work of William Thurston [Thu82] for
which William Thurston was awarded a Fields medal in 1982. |

Proof of the Link Equivalence Theorem (4b). We need to show the following
claim:

Claim. Let K and K be two oriented knots. If there exists an (orientation-preserving)
diffeomorphism f: Xx = X, then there exists also an (orientation—preservindiffeo—

=

morphism g: Xx — X such that g(px) = pj as unoriented smooth manifolds

374 is clear that we cannot hope to recover the orientation of uy.



16. DIFFERENT NOTIONS OF EQUIVALENCE OF LINKS 239

Proof. First note that we have the following (orientation-preserving) diffeomorphisms:
$ 2 X = SXQUE) = X))

by the example this is clear since f(Xk) = Xy

on page [237]
It follows from this discussion and the Gordon-Luecke Theorem that f(uk) is smoothly
isotopic in 0X to pz. Using the Isotopy Extension Theorem one can now easily find
a diffeotopy from f to an (orientation-preserving) diffeomorphism ¢: Xx — Xz such that
g(px) = pj (as unoriented smooth submanifolds). |

16.2.5. Proof of (5). We need to show that
X, 2 X; = S\L = S\L
and we need to show the corresponding oriented analogue. In the proof of the “<"-direction

we will need the following non-trivial proposition:

Proposition 16.6. (3D-Product Splitting Proposition) Let ¥ be a closed orientable
connected 2-dimensional smooth manifold. If f: ¥ — (—1,1) x ¥ is a smooth embedding
such that ([—1,1] x X) \ f(X) is disconnected, then there exists an orientation-preserving
diffeomorphism ®: [—1, 1] >< ¥ — [—1,1] x ¥ which is the identity on a neighborhood of
{£1} x ¥ and with ®(f(X)) = {0} x 2}

06, @O e UHON(

{-1} x X f@) A xxE {0} x &

Proof. This proposition can be deduced from [Hem72l, Theorem 10.5]. Note that [Hem72),
Theorem 10.5] builds on the “Loop Theorem” (see [Hem72l, Theorem 4.2]) which is one of
the key theorems in the study of 3-dimensional smooth manifolds. [ |

Proof of the Link Equivalence Theorem (5). Let L and L be two oriented m-
component links. We need to show

X, = X; — S\ L = S$\L
and we need to show the corresponding oriented analogue.
“=". In the following we assume that there exists an (orientation-preserving) diffeomor-
phlsm f: Xp = X;. In this case we now need to show that there exists an (orientation-
preserving) dlffeomorphlsm S3\ L = 5%\ L Note that f restricts to an (orientation-

preserving) diffeomorphism f: X, \ 0X; = X; \ 0X;. Thus it remains to prove the
following claim:

Claim 1. Let J < S be an oriented link. There exists an orientation-preserving diffeo-
morphism between the smooth manifolds X;\ 0X; and S3\ J.

Proof. Let 7: B x J — S% be an orientation-preserving tubular map for the oriented

o) z,t l'7',7t oY T . . .
link J. Tt is clear that the map B~ x J E97GE B« 7 5 SB is also an orientation-

preserving tubular map for J. It follows from the Link Exterior Lemma that there



240 16. DIFFERENT NOTIONS OF EQUIVALENCE OF LINKS

exists an orientation-preserving diffeomorphism S° \ 7(B? x J) — 8%\ 7(B? x J). Since
the boundary of S\ 7(B? x J) equals 7(S1 x J) we now see that it suffices to provide an
2 2

orientation-preserving diffeomorphism 5% \ (§21 X J)— S3\ J.
One can easily find a diffeomorphism ¢: (21 1] — (0,1] such that ¢(t) = t for all

tel31).
1
graph of ¢ \:ﬁ
0

1

1
2
Using the Smooth Pasting Proposition ?? one can now verify that the map
S3\T(B? xJ) — S3\J
2

z, if v ¢ (37 x J),
me(lyl) - v,2) ifz=7(y,z) withy € B’ \B1 zeJ

is an orientation preserving diffeomorphism. H
“<=". In the following we assume that there exists an (orientation-preserving) diffeomor-
phlsm f:83\ L= 53 \ L. We need to show that there exists an (orlentatlon }Z)reservmg)
diffeomorphism X, =N X;. We pick an orientation-preserving tubular map 7: B~ x L — 3
for L.

Claim 2. There exists an orientation-preserving tubular map 7: B x L — S for L and
a bijection a:_{21, oom} — {1, .. m}v such that for every ¢ € {1,...,m} we have the
inclusion f(7(B~ x L;) \ L;) ?(B X Lo@y) \ L

BXL T_XL \L U() XLU(

O = @+ @

Proof. We pick an orientation-preserving tubular map 7: BxL — S3for L. First note that
that 7(B? x L) < S* is open. This implies that the complement S*\ 7(B? x L) is compact.
We note that it follows from the fact that f: S3\L — 53\L is a diffeomorphism that the sets
{F(SP\7(B2? X L)) }1c(0.1) form an open cover of S?\7(B? x L). Tt follows from compactness
of S3\7(B? x L) that there exists an s € (0, 1) such that S?\7(B*x L) < f(S*\7(B2x L)).
From this inclusion and the equalities

FISENT(BIx L)) = f(SP\NL)\T((BI x L)\ L)) = (S*\L)\ f(r(BI x L)\ L)
it follows that f(7(B?x L)\ L) < 7(B? x L) \ L. We can now “radially rescale” 7 to obtain
an orientation- preservmg tubular map 7: B x L — S3 for L such that we have the desired
inclusion f(1 (B x L)\ L) c T(B x L)\ L.

We still need to show the existence of the bijection 0. Let ¢ € {1,...,m}. Since
f(r (B x Li)\ L;) is connected and since T(B x L)\ L is the disjoint union (as a topological
space) of the subspaces T(g X L i)\ L there exists a unique o(i) € {1,...,m} such that
f(r (B x L)\ L;) € 7(B" x L )\ Lg(l It remains to argue that the resulting map
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o:{1,...,m} — {1,...,m} is a bijection. Since we are dealing with a finite set it suffices
to show that the map o is surjective. Thus let j € {1,...,m}. Smce e f(S*\ 7(B? x L))
is compact we obtain, by considering the open cover {53 \ (B x L )%’te 01 of S*\ L
that there exists an s € (0,1) such that f(SS\ T(B? x L)) < 5%\ (B x L;). This of
course implies that f(S%\ 7(B% x L)) N7F(B- x L, ;) = @. Since f: S*\ L) = 3 \ Lis a
d1ffeomorphlsm (in partlcular a bijection) we see that there needs to exists ani € {1,...,m}
with f(7 (B XL))CT(B X L;). H

We continue with the notation from claim 2. It remains to prove the following claim:

Claim 3. There exists an orientation-preserving tubular map 7’ . B X L — $3 for L such
that f restricts to a diffeomorphism S* \ 7(B? x L) — S3\ N’(B2 x L).

Proof. Note that f(S®\ 7(B? x L)) is a closed subset of S? that is disjoint from L. Since
F(S3\ L) = $3\ L we now see that f(r(B%x L)\ L)UL is an_open neighborhood of L
One can easily show that there exists an r» > 0 such that T(B x L) c f(r(B2x L)\ L)UL.

B x L, F(r(B° x L)\ L) Lo BXLU(i)

OF @ @~
(B°\B?) x L St X Lo

Next note that it follows easily from the 3D-Product Splitting Proposition - 16.6] that for
each i € {1,...,m} there exists an orientation-preserving diffeomorphism

W (BN\B) x Ly — (B\BY) x Lugy,
with U, (51+T X Lyy) = (T71(7(S* x L;))) and which is the identity in a neighborhood of

the boundary It 1s now straightforward to verify that the desired orientation-preserving
tubular map 7’ B x L — S%for L is given by the radial rescaling of the following map:

B%XL — 53

PR ) if | <, N
’ 7 (z,y)), if ||lz|| € [r, ] and y € Lo). |

B, x L)

16.2.6. Proof of (6). We need to show that

X = X; PN Xp = Xj and  S¥\L=S3\L LEN 53\th S\ L.

The “="-direction is of course in both cases trivial. The “<"-direction is in both cases a
special case of the following deep theorem:

Theorem 16.7. (3D-Homeo-implies-Diffeo) If two 3-dimensional smooth manifolds
are homeomorphic, then they are also diffeomorphic.

Proof. This theorem follows from work of Edwin Moise [Mo0i52] [Moi77, p. 252 and 253],
William Thurston [Thu97, Theorem 3.10.8] and James Munkres [Mun59, p. 333][Mun66|[Mun60,
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Theorems 6.2 and 6.3]. We refer to [Kui99] and [Thu97, Chapter 3.10] for a more detailed
discussion. [

Remark. The statement of the 3D-Homeo-implies-Diffeo is rather specific to dimen-
sion three. For exampleThere exist closed 4-dimensional topological manifolds that are
homeomorphic but not diffeomorphic.

16.2.7. Proof of (7). We need to show that
(7a)

L v

(7b) if L, L are not splittable

m(Xz) = m(Xg).

The “=-"-statement (7a) is just a special case of the well-known fact that homotopy equiv-
alences induces isomorphisms on fundamental groups. The other direction is much more
interesting and much harder. It will build on several results which go well beyond the
other material of this part of the lecture notes, but which we will cover in later parts of
the lecture notes.

In the following discussion it is unavoidable to make use of the notion of higher homotopy
groups m,(X, o), n > 2 of a pointed topological space. For the purpose of this section it
is enough to know that m,(X,zo) is defined as the set of homotopy classes of continuous
maps (S™, %) — (X, zo). Furthermore we will mention the notion of a CW-complex. But
even if the reader is completely unaware of these concepts, it should not be a problem to
follow the flow of the conversation.

Definition. Let X be a non-empty topological space. We say that X is aspherical if X is
path-connected and if all higher homotopy groups ,(X), n > 2, vanish.
The following theorem explains why we are interested in these new notions:

Theorem 16.8. (Eilenberg-Maclane Uniqueness Theorem) Let (X, zy) and (Y, yo)
be two pointed aspherical CW-complexes. For any isomorphism ¢: m1 (X, zo) — m1(Y, %0)
of the fundamental groups there exists a homotopy equivalence f: X — Y with f(z¢) = 5o
such that f. = p: m, (X, z0) — (Y, y0).

Proof. This theorem is proved in [Fri24]. |

The Eilenberg-Maclane Uniqueness Theorem [16.§] sounds like a promising approach to
dealing with the “<="-statement formulated above. But to apply this theorem we need to
figure out which link exteriors are CW-complexes and which link exteriors are aspherical.
Fortunately the next theorem says in particular that all link exteriors are CW-complexes:

Theorem 16.9. (Smooth Manifold-CW-Theorem) Every compact smooth mani-
fold M admits a CW-structure.

Proof. A sketch of a proof of this theorem is provided in [Fri24]. [ |

The question, which link exteriors are aspherical, is more subtle:
Theorem 16.10. (Aspherical Link Exterior Theorem) Let L be a non-empty link.
Then X, is aspherical <= L is not splittable.
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Sketch of proof. The“=-"-direction is quite straightforward: So let L be a link that is
splittable in the sense of the definition on page 20l We need to show that X, is not aspher—
ical. Basmally by deﬁgutlon this implies that there exist smooth embeddings Fl : B s
with F_( Bg) NF.(B) = F_ (82)3 = F.(S?%) such that Fy(S*) N L = @ and such that
L_=F (B )NLand L, = F(B")N L are both non-empty. This allows us to pick points
P el _and Py € L,.

O
T plit link

It is elementary to see that there exists a retraction from F. (Eg)\{Pi} to F£(S?). Together
these two retractions give us a retraction r from S*\ (L_ U L.) to the sphere F_(S?)[™]
It follows from thethe calculation of m5(S?) that my(F_(S?)) = Z. By the functoriality of
7y we see that r,: mo(Xp) — m(F_(S?)) is an epimorphism. This implies that mo(X}) is
non-trivial. Thus we have shown that X is not aspherical.

The“«"-direction is much harder. Here we just mention the three main ingredients:

P

(1) The Sphere Theorem which says that if N is an orientable 3-dimensional smooth man-
ifold N with mo(N) # 0, then there a smooth embedding f: S — N such that [f] is
non-trivial in 7y (N'). This theorem was proved by Christos Papakyriakopoulos [Pap57]
and John Whitehead [Whi58§].

(2) The Generalized Smooth Schoenflies Theorem which says that for any smooth em-
beddlglg f: 52 o S3 there exist two smooth embeddings F : B’ — 5% such that
F(B) A () = £(5?).

(3) The Hurewicz Theorem and the calculation of homology groups of topological manifolds
which imply that if L # @ and if 7, (X.) = 0 for some n > 2, then 7,,1(X) = 0.

Now let L be a link that is not splittable. Using (1) and (2) one can easily show that
mo(X 1) = 0. Iteratively applying (3) we see that m,(X.) = 0 for all n > 2. Thus we have
shown that X, is aspherical. [ |

Proof of the Link Equivalence Theorem (7). Let L and L be two oriented m-

component links. We need to show that
(7a) ~
XLZXE Wl(XL):ﬂ-l(XE)'
v

(7b) if L, L are not splittable

As we already mentioned in the beginning of this subsection, the “=-"-direction is just a
special case of the Homotopy-m-Proposition ?7.

We turn to the proof of the “<«<"-direction. We assume that L and L are not splittable.
It follows from the Aspherical Link Exterior Theorem [16.10] that X; and X; are both
aspherical. The promised statement now follows from the Eilenberg-Maclane Uniqueness

Theorem together with the Smooth Manifold-CW-Theorem [16.9| |

H4This argument is basically the content of Exercise m
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16.2.8. Proof of (8). We need to prove

Xp o X; < 3\ Lo S8\ L and  mi(Xg) = m(X;) < my(S3\ L) 2 my (53 L.
Both statements follow from the Link Exterior Lemma [2.16] where we showed that for any
link J the inclusion X; — S%\ J is a homotopy equivalence.

16.2.9. Proof of (9). We want to prove the following statement:

(9a)
X, = X; X~ X;.
homeo. v
(9b) yes, if L and L are prime knots,
) no, in general

The proof of (9b) for prime knots rests on the following theorem:

Theorem 16.11. (Whitten Theorem) Let K and K be two prime knots. If 7 (X ) is
isomorphic to m (X %), then Xx is homeomorphic to X .

Proof. Let K and K be two prime knots such that the fundamental groups 71 (Xg) and
71 (X ) are isomorphic. Wilbur Whitten [Whi87, Rigidity Theorem]m showed that Xy
is homeomorphic to Xz. (In fact, if one reads the proof and the references one sees that
the argument actually implies that X is diffeomorphic to Xz.) [

Proof of the Link Equivalence Theorem (9). Let L and L be two oriented m-
component links. The (9a)-statement is of course clear.

Now we turn to the (9b)-statement. First let L and L be two prime knots with X ~ X75.
By the elementary (7a)-statement this implies that m(X) = m(X3). It thus follows from
the Whitten Theorem that X, is homeomorphic to X7;.

Now it remains to prove the following claim:

Claim. There exist knots K and K such that X k ~ X, but such that X is not homeo-
morphic to Xz.

Proof. Let T be the trefoil. We equip 7" with an orientation. As always we denote by
TV the reverse of T, i.e. the trefoil with the opposite orientation. Let p: S® — S® be the
reflection in a hyperplane of R*. We set 7™ := p(T'). Let pur be a meridian for T

5Note that [Whi87, Rigidity Theorem] is formulated in terms of knot complements, but the proof shows
that the statement is really about knot exteriors.
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We consider the granny knot K = T#7T and the square knot K= THT™T . Note that

by the Knot Connected Sum-7-
Proposition [3-15] applied to K = T#T algebraic isomorphism

TSP\ K) = m(S\T) *upmpr m(SP\T) TS\ T) #ugmp. (ur) P+ (T (SP\T))
TSP\ T) #ur=pu(ur) T (S \ p(T)) = 71 (S°N\T) m(SP\T™)
since p(S2\T) = S*\ p(T) by definition of 7™ = p(T) and since by the

Meridian—Symmetries Lemma we
have p. (1) = fi(rrevymir as oriented smooth submanifolds

= ($\T) x (ST = (S0 K).

by Exorciscmwe have T = TV by the Knot Connected Sum;m—
Proposition applied to K = THT™"

NT:N(TrcV)mir

> R IR+«
> R IR+«

KT =Hpmir

trefoil T mirror image 7™ granny knot K = T#T square knot K= TH T
(% (K)) = m(5°\ K),
but K and K are not smoothly isotopic

We have thus shown that 71(S% \ K) = 7(S®\ K). From (8”), (7b) we obtain that
Xg ~ X. On the other hand we saw in Exercise that the square knot is neither
smoothly isotopic to the granny knot nor to its mirror image. By (1), (2), (3), (4a), (6)
this implies that X is not homeomorphic to X . [ |

Remark. Let K be the trefoil. We consider the link L = KUK and the link L :== KLK™,
r (DO D 1 (5O (XD
K~ — K K-~ K
It follows from the Mirror Link-m-Lemma [3.3] together with the Split Union-m-Propo-
sition that m(S®\ L) = m(S%\ L). On the other hand one can show that X, is
not diffeomorphic to X;. So one of the two statements (7b) and (9b) fails. But it is not

entirely clear, which one. Put differently, the following question arises: Are S®\ L and
S3\ L homotopy equivalent

16.2.10. Proof of (10).
Proof of the Link Equivalence Theorem (10). We need to show that

(10a)

(Xr,pr) = (Xg, £pg) (X1, T1) = (X3, T7)

(10b) no for links

161t seems to the author that one can might be able to show that they are not homotopy equivalent by
considering 75 as a module over the group ring Z[m], but it seems like a daunting task to turn this into a
proper proof.
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and we need to show the oriented analogue. First we deal with the (10a)-statement, i.e.
we deal with the “=-"-direction. We assume that there exists an (orientation-preserving)
diffeomorphism f: (X, 1) = (X7, 4u;). Recall that this means that there exists an
(orientation-preserving) diffeomorphism f: X; — X5 such that for ¢ = 1,...,m we have
f(ur,) = pg, as (unoriented) smooth submanifolds. Since f is an diffeomorphism we see
that f restricts to a diffeomorphism 0X; — 0X;. Since for each i € {1,...,m} we have
f(ur,) = pg, we see that boundary components of X1, and X5 get matched in the way they
are ordered. In other words, for each i € {1,...,m} we have f(Tr,) =1T%,.

_ We turn to the proof of (10b). We need to show that there exist oriented links L and
L with (Xp,Tp) = (X3,T5) but such that (X, pr) 2 (X7, £p;). We consider the two
2-component links L and L that are shown in the figure below (and which we already
considered in Exercise [3.15):

I <@ i <@ — trefoil

unknot —

Note that all components of L are the trivial knot, whereas one component of L is a trefoil.
This shows that in no reasonable sense are L and L smoothly isotopic. It follows from
(1), (2) and (3) that there is no reasonable sense in which (X, ) and (X;,+p;) are
diffeomorphic. In contrast to this we have the following claim:

Claim. There exists an orientation-preserving diffeomorphism (X,,77) — (X3, 75).
Proof. Let L, = Zl be the blue component of L and L. Since it is the unknot we know, e.g.

by the Sphere Solid Tori-Decomposition Lemma [3.4] that there exists a dlffeomorphlsm
g: X, = B’ x S'. We now consider the diffeomorphism

0: B xS - B xS
(z,w) — (z-w,w).

(Pictorially speaking the diffeomorphism © gives the disk B’ one full twist as we walk
along S1.)

1B x g

The figure above should convince the reader that the diffeomorphism g 'o@og: X, — X i
sends Lo to Lo. It follows that the map ¢! o © o g restricts to an orientation-preserving
diffeomorphism (X, T7) = (X3,75%). [

16.2.11. Proof of (11). We need to show that
(XL7TL) = (X’E,Tz) ﬁ X = X’E
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and we need to show the oriented analogue. In fact this statement is trivial. It is perhaps
more important to point out what is happening: Going from left to right we loose control
over the ordering of the components of the link. Of course in general this step is not
reversible.

16.2.12. Proof of (12).
Proof of the Link Equivalence Theorem (12). We need to show that

(Xp,T1) = (X3, T7) (X, pp, An) = (X7, 15, A7)
(12b") irlfofﬁsgliizble (H(l?a/) and (12b") irfo%s%l?tiible (H(Ma”)
(mi(Xp), m(TL)) = (m1(X7), m(T7)) (T (XL), i, An) = (mi(XG), ug, Af)-

The downward directions are trivial in both cases. We now turn to the proof of the upward
directions.

First we consider (12b')-statement. In the following we assume that there exists an
isomorphism ¢ (1 (X1,), 71 (T7)) = (m1(X3),m1(T;)) of subgroup systems. It follows easily
from the Waldhausen Theorem [Wal68, Corollary 6.5] that there exists a diffeomorphism
f: (X, TL) = (X3,T5) such that f, = ¢.

Finally we consider (12b’)-statement. In the following we assume that there exists an
isomorphism ¢: (71 (X1), pr, Ar) = (m1(X;), 13, A7) of group-pair systems. Since for each
i € {1,...,m} the group m(7},) is generated by py, and Ay, we see that ¢ also defines
an isomorphism ¢: (m(X), 71 (T1)) = (m1(X3), 71 (T5)). By the above discussion of the
(12b')-statement we see that there exists a diffeomorphism f: (X, 77) — (X3,7%) such
that f. = . It follows that for each i € {1,...,m} we have f.(uz,) = pz € m(1L,)
and f.(Ar,) = Az, € m(1L,). It follows easily from the Torus-Mapping Class Group
Theorem that f is diffeotopic to a diffeomorphism f': (X, Ty) — (X3, T;7) such that
for each i € {1,...,m} we have f(ur,) = pg and f(Ar,) = Ap as oriented smooth
submanifolds of 17, . [

Exercises for Chapter [16|

Exercise 16.1. Let L — S? be an m-component link with link exterior X, let L; be a

component of L and let u; € X, be a meridian of L;. We consider the Dehn filling X (p;)

as defined in the Dehn Filling Proposition [16.4f Show that there exists an orientation-

preserving Xy (u;) — Xy, which is the identity on X, and which sends {0} x S* to L; as

oriented smooth manifolds.
St x St

\

d: S xSt T

91 x %)

2

B xSt

Exercise 16.2. Let L, L be two m-component links. We consider the link exteriors X7,
and X7. We denote by T, ..., T, respectively 11, ..., T, the boundary components of X,
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and X7 that correspond to the components of L and L. We consider the following two
statements:

(1) There exists a diffeomorphism f: X; — X; such that for every i € {1,...,m} we have
F(1) =T, )

(2) There exists a diffeomorphism f: S\ L — S3\ L such that for every i € {1,...,m}
we have 7777

Formulate Statement (2) in such a way that the two statements are equivalent and prove

the equivalence.

Hint. You might want to look up the notion of ends of a topological space, as introduced

on page 77.

Exercise 16.3. Let K be a fibered knot with fiber Seifert surface F'. By the Fiber-Minimal
Corollary we know that F' is a Seifert surface of minimal genus. Show that every
Seifert surface G' of minimal genus is smoothly isotopic, rel K, to F.

Hint. Consider the covering of p: Xx — Xk corresponding to the kernel of the abelianiza-
tion 71 (Xx) = 71 (Xk)ab = Z and make use of the 3D-Product Splitting Proposition [16.6]

Exercise 16.4.

(a) Show that in general the statement of the Link Equivalence Theorem (12b") does
not hold for links that are splittable.

(b) Show that in general the statement of the Link Equivalence Theorem [16.1] (12b") does
not hold for links that are splittable.



	Bibliography
	Chapter 1. Mini-Introduction
	Chapter 2. Introduction to knots and links
	2.1. Knots and links
	2.2. Orientations
	2.3. The mirror image of a link
	2.4. The split union of links
	2.5. The connected sum of oriented submanifolds and knots
	2.6. Tubular maps, exteriors and meridians
	Exercises for Chapter 2

	Chapter 3. Fundamental groups of link complements
	3.1. The fundamental group of the complement of a link
	3.2. One more avatar of spheres
	3.3. Fundamental groups of complements of the trivial knot
	3.4. Torus knots
	3.5. Fundamental groups of complements of torus knots
	3.6. Splits unions and fundamental groups
	3.7. Connected sum of knots and fundamental groups
	Exercises for Chapter 3

	Chapter 4. Link diagrams
	4.1. Definition and existence of link diagrams
	4.2. Proof of the Link Diagram Existence Proposition 4.3
	Exercises for Chapter 4

	Chapter 5. Wirtinger presentations
	5.1. The HNN-Gluing Theorem
	5.2. The Wirtinger presentation
	5.3. Proof of the Wirtinger Presentation Proposition 5.5
	5.4. More applications of the Wirtinger Presentation Proposition 5.5
	5.5. The Reidemeister-Schreier process
	5.6. Appendix: High-dimensional knots
	Exercises for Chapter 5

	Chapter 6. Linking numbers
	6.1. Definition of Linking numbers and basic properties
	6.2. Linking numbers via diagrams
	Exercises for Chapter 6

	Chapter 7. Longitudes and coloring polynomials
	7.1. Longitudes
	7.2. Longitudes and symmetries
	7.3. Coloring polynomial
	Exercises for Chapter 7

	Chapter 8. The Alexander function of groups
	8.1. Group rings
	8.2. Fox calculus
	8.3. Proof of the Fox Derivative Proposition 8.1 
	8.4. The Alexander function
	8.5. Proof of the Presentation Function Quotient Proposition 8.4
	8.6. Proof of the Alexander Function Theorem 8.5
	8.6.1. Proof of Theorem 8.5: Tietze Transformations
	8.6.2. Proof of Theorem 8.5: Arbitrary presentations
	8.6.3. Proof of Theorem 8.5: Conclusion

	Exercises for Chapter 8

	Chapter 9. The Alexander polynomial of knots and links
	9.1. Alexander polynomial of oriented knots
	9.2. Alexander polynomial of oriented links
	9.3. The role of orientations
	9.4. Alexander polynomials of unoriented knots
	9.5. Alexander polynomials and mirrors
	Exercises for Chapter 9

	Chapter 10. The symmetry theorem for Alexander polynomials
	10.1. The over presentation
	10.2. The symmetry of the Alexander polynomial
	10.2.1. Dual presentations
	10.2.2. The under presentation
	10.2.3. The Dual Presentation Theorem
	10.2.4. Proof of the Alexander Polynomial–Symmetry Theorem 9.4

	10.3. The Alexander polynomial evaluated at t=1
	10.4. Appendix I: The Torres condition
	10.5. Appendix II: Alexander polynomials of alternating knots
	Exercises for Chapter 10

	Chapter 11. Seifert surfaces
	11.1. Seifert surfaces
	11.2. The genus of a surface
	11.3. The genus of a knot
	11.4. Genus and the connected sum operation
	11.4.1. Proof of the ``''-inequality of Proposition 11.8
	11.4.2. Proof of the ``''-inequality of Proposition 11.8

	11.5. The prime decomposition theorem
	11.6. Appendix: Proof of the Interval–Isotopy Lemma 11.11
	Exercises for Chapter 11

	Chapter 12. Fibered knots
	12.1. Smooth bundle maps
	12.2. The Ehresmann Fibration Theorem
	12.3. Fibered knots
	12.4. Appendix: More fibered knots
	Exercises for Chapter 12

	Chapter 13. Alexander polynomials, genus and fiberedness
	13.1. Genus and the Alexander polynomial
	13.2. Alexander polynomials and fibered knots
	13.2.1. Fundamental groups and fibered knots
	13.2.2. Alexander polynomials of semidirect products
	13.2.3. Alexander polynomials of fibered knots

	13.3. Appendix: Alternating knots
	Exercises for Chapter 13

	Chapter 14. The twisted Alexander function: Definition and basic properties
	14.1. Definition of the twisted Alexander function
	14.2. Example of a twisted Alexander function
	14.2.1. Calculation using the Wirtinger presentation
	14.2.2. Calculation using the torus knot presentation

	14.3. Proof of the Twisted Alexander Function Theorem 14.4
	14.4. Twisted Alexander functions corresponding to representations
	Exercises for Chapter 14

	Chapter 15. The twisted Alexander polynomial of knots and links
	15.1. Twisted Alexander polynomials of oriented knots and links
	15.2. Distinguishing knots and links
	15.3. Twisted Alexander polynomials and the knot genus
	15.3.1. The genus of the Kinoshita-Terasaka knot
	15.3.2. The genus of the Conway knot

	15.4. Twisted Alexander polynomials and fiberedness
	15.5. Appendix: Symmetries of twisted Alexander polynomials
	Exercises for Chapter 15

	Chapter 16. Different notions of equivalence of links
	16.1. Comparing different notions of equivalence of links
	16.2. Proof of the Link Equivalence Theorem 16.1
	16.2.1. Proof of (1)
	16.2.2. Proof of (2)
	16.2.3. Proof of (3)
	16.2.4. Proof of (4)
	16.2.5. Proof of (5)
	16.2.6. Proof of (6)
	16.2.7. Proof of (7)
	16.2.8. Proof of (8)
	16.2.9. Proof of (9)
	16.2.10. Proof of (10)
	16.2.11. Proof of (11)
	16.2.12. Proof of (12)

	Exercises for Chapter 16


