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Introduction

Knots are smooth embeddings of S' in the interior of a 3-manifold. We
usually regard equivalence classes of knots up to isotopy. Isotopy is a
homotopy from one embedding of S' to another such that, at every time it is
an embedding in the 3-manifold. A generic projection of a representative of
an isotopy class of a knot into a plane is called a knot diagram. The isotopy
of knots has been discretified by Reidemeister, proving that isotopy is a
combination of locally planar isotopy and the three Reidemeister moves. The
classification of knots up to isotopy is still an open problem, yet there are
strong invariants that classify large families of knots, such as the classical
polynomial invariants, Vassiliev invariants, general quantum invariants,
Khovanov homology etc.

The Vassiliev invariants are extensions of knot invariants to knots which
fail to be embeddings in finitely many transversal double points. The
extension is possible using the relation called the Vassiliev skein relation:
U(X) = v(yl\) - U(X). A finite type invariant of type k is a knot invariant
whose extension vanishes in all diagrams with n > k singularities. In the
original work of V. Vassiliev [26], finite type invariants correspond to the
zero-dimensional classes of a special spectral sequence. In fact, the space
of knots is understood as the complement of the space of mappings of S' in
R3 that fail in some way to be an embedding (the so-called discriminant).
Knot invariants are just locally constant functions in the space of knots
and Vassiliev’s formalism was trying to show that there exists such a
spectral sequence that converges to the cohomology of the space of knots.

These definitions and calculations have been very much simplified by the



works of Bar-Natan[1], Birman & Lin[3], Stanford[23],and Polyak & Viro[22],
as we are interested only in the zero-class, and as the use of the chord
diagrams made a large part of the theory combinatorial, avoiding heavy
technical issues of singularity theory. It is indeed a very strong family of
knot invariants, as shown by the proof of the Vassiliev-Kontsevich Theorem.
Nevertheless,it is not yet known whether Vassiliev invariants, or finite type
invariants, can classify knots or even if they detect the unknot. Vassiliev
invariants can be seen as building blocks to other known knot invariants,
such as the classical Jones polynomial whose coefficients in the Taylor
expansion are Vassiliev invariants.

The theory of knotoids was introduced by V. Turaev in 2011 [25]. A
knotoid diagram is a generic immersion of the interval in the interior of a
connected orientable surface X. An isotopy class of knotoid diagrams is
called a knotoid. We will usually refer to spherical or planar knotoids. As
Turaev showed, the theory of spherical knotoids is a faithful extension of the
classical knot theory. Remarkably, and unlike classical knot theory, in the
theory of knotoids, spherical knotoids that are isotopic can be in different
isotopy classes of planar knotoids. Knotoids have caught the attention of
the mathematical community the last years with many different results and
applications to other aspects of science, such as the topological study of
proteins.

In this work we introduce the theory of finite type invariants for knotoids.
The main results are: a classification of knotoids with exactly one singu-
larity, up to singular equivalence, as representatives of different homotopy
classes of the annulus. We then construct the corresponding linear chord
diagrams, and with that in hand we give an explicit formula for the uni-
versal invariant of type-1, and we prove that, indeed, we can generate a
knotoid invariant given a real function on linear chord diagrams. We then
give some examples of non-trivial v; invariants, such as the affine index
polynomial and invariants which arise from the Taylor expansion of the
Turaev extended bracket polynomial.

In Chapter 1 we give the basic definitions and results from the theory

of knotoids and we give examples of some strong knotoid invariants. In



Chapter 2 we summarize the theory of Vassiliev invariants and chord
diagrams. We give a proof that the chord diagrams have a rich algebraic
structure and we state the Vassiliev-Kontsevich Theorem, as well as the
insufficiency of this classical theory to provide a proof of the Theorem. In
Chapter 3 we give the proof of the Vassiliev-Kontsevich Theorem using
the Kontsevich integral and by claiming some basic facts about Knizhnik-
Zamolodchikov connections. Chapters 4,5,6 are the chapters containing
new results, which are joint work with S. Lambropoulou and L.H. Kauffman.
In Chapter 4 we introduce the theory of singular knotoids, we give examples
of Vassiliev invariants obtained by different closures and we construct the
linear chord diagrams. In Chapter 5 we give some technical lemmas about a
rail representation of spherical knotoids, which will be useful for proving the
Classification Theorem for spherical knotoids with exactly one singularity.
In Chapter 6 we prove the Classification Theorem using the results from

Chapters 4 and 5, and we construct the universal Vassiliev invariant of

type 1.
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Ewcayoyn

O1xép6ot eivat Aeieg epgutevosig Ing S! 010 £0wTEPIKOS P1ag 3-oAAanAdtntag.
ZuvnOwg pedetape kKAAoelg 10oduvapiag KopBmv g Ipog v €vvola g 100-
tortiag. Iootortia etvat pia opotortia and pia epgutevon g S' oe pia dAAn,
TETO10 WOTE 0 KAOE XpOoVIKO onpeio va eivat epguteuor) otnyv 3-toAAanAotnta.
Mua turtikr) ripoBoAr| EVOG AVIUTPOOMITIOU [1ag KAAONG 100ToTtiag evog KOpBou
oe éva emntinedo ovopddetat Sidypappa tou kopBou. H 1ootoria tov kOpBwv
£xel dakprroronBei arno tov Reidemeister, anobdeikvuoviag 6t pia 1ootortia
eival évag MenmepPAoPEVog ouviUaoIog TOTIIKGV 100TOTIOV eMITESOU KAl TV
PV Kwvrjoewv Reidemeister. H ta§ivopunon tov k6pBmv og rpog tmyv évvola
g 1o0toITiag £ival akopa €va avolkto npoBAnpa twv Mabnpatkov. 'Openg
UITAPXOUV 10XUPEG AVAAAOIWTEG TIOU TASIVOLIOUV PEYAAEG OIKOYEVEIEG KOPB®V,
0TS 01 KAAOIKEG TIOAUMVUHIKEG avadAointeg, ol avadAdoiwteg Vassiliev, ot
kBavuikég avaddoimteg yevikd kat 1 opodoyia Khovanov.

Ot avaAdointeg Vassiliev eivatl enektdoelg tov avalloiotov KOpBev oe
KOPBOUG IMOU arotuyXAavouv va eival ep@puieUoslg O TIEMEPAOHEVA T® TTAT)00G
eykdpota dumdd onpeia. H enékaon eival duvatr) Xpnoiponolmviag 1) 0XEor)
mou ovopadetal Vassiliev skein relation U(X) = U(K/l\) - v(/,\’). Miua a-
vadloiwtn menepaocp€évou turou k, eivatl pla avadoitn kopBwv tng oroiag 1
enéktaon pndevidetat oe 6Aa ta Sraypappata pe n > k idopopeisg. v ap-
XK1] 60UAe1d tou V. Vassiliev, o1 avaAddointeg menepaopévou TUTTOU AVTIOTOl-
X0UV ot Pndevikrg 61dotaong KAAon cuvopoAoyiag Piag e181KNG ACHUATIKNG
axkoAoubiag. O Xwpog T®v KOPBeV yivetal aviiAnItog ©g T0 CUPITAN)POHA TOU
XWPOU ToV ansikovioswv tou S! otov R® nmou anotuyxdavouv pe KAIo10 tporo

va givatl epguteuor), Kal o ornoiog anokaleitatl ‘Giakpivouoa’. O1 avaAdointeg
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KOpBwv eival armAd tormkda otabepeég ouvaptnoelg OT0 XWPO TV KOopBav. O
@EPOPHAAIOPOG auTog 1poortadel va Heifel 0Tl UTTApXEL Pid TETO1A PACHATIKAG
akoAouBia rmou va ouykAivel otr ouvopoAoyia Tou X®WPou tov KopBwv. Autot
Ol Oplopol KAt o1 uroAoyilopol €xouv armlorondel anod ) douleld twv Bar-
Natan, Birman & Lin, T. Stanford kat Polyak & Viro. Agou pag evdiadépet
Hovo 1 undevikr) KAAon, 1 Xp1on IV 'dlaypappdiov Xopdwv HPetEpepe autn
m 9ewpia oto nedio g ouvduaotkng Sewpiag, aropevyoviag peydda te-
XVika npoBAnpata tng Sewpiag 6ropoppiev. Eivatl éviog pia moAu duvartr)
okoyévela arnd availointeg KopBwv, Onwg @aivetat arod v arodeidn tou
®cswpnuatog Vassiliev-Kontsevich. ®uowkd, dev eival akopa yvooto av ot
avaldoiwteg Vassiliev ta§ivopouv toug kopBoug, oute Kav av avayvepilouv
TOV TETPIPpévo KopBo. Mropoupe va doupe 11§ avaddoiwteg Vassiliev og Ba-
OlKA KOPPATIA KATAOKEUTG AAA@V avaAlointov KOpBev, Oeg T0 TTI0AUGVUO
Jones, tou oroiou ot ouviedeotég oto avarttuypa Taylor eivat avaAdointeg
Vassiliev.

H 9ewpia tov 'kopBoeidov (knotoids) eionx6n amno tov V. Turaev. 'Eva 61-
aypappa kopBoeldoug eivatl pia turukr epBAnTtUon evog KAE10TOU dlaotrpa-
10G OT0 £0MIEPIKO H1AG OUVEKTIKNG MpooavatoAiowng smgavelag ~. Mia
KAdorn 1ootortiag ano daypdppata kopBoedwv ovopadetat kopBoeldeg. A-
&ldel va onpewwBet o1, avtibeta pe v KAaoiky Yewpia kopbev, ot Sewpia
OV KopBoedav, daypdappata opaiplkeov KopBoeldov mou eivatl 100TormKa
propel va avnkouv oe 1apopeTikeG KAAOELS 100TorTiag wg erineda kopBoest-
61n. Ta kopBoeldr) €xouv Tpabniet v POCOXH NG PABNPATIKNG KOWVOTNTAG
1a tedevtaia xpovia, pe moAdd anotedéopata, aAAd Kat Xpr)oteg ePpapoyEg
oe AAAEG TITUYXEG TG ETTIOTN NG, OTI®S OTNV TOTIOAOY1KI] PEAETT TOV TTPATEIVAOV.

Ze authv v gpyaocia sioayoupe ) denpia 10V avaAlointev nenepacpévou
TUrou yia kopBoedr). Ta PBaoika amotedéopata eivatr pia tadivopnon, og
mpog tv woduvapia 1dopopdiag, v kKopBoedav pe akpiBog pia Saota-
Upwon 1Blopopdiag, £Ppooov aAvVIIOTOLXOUV Of AVIUTIPOOMITOUS S1aPOPETIKGDV
KAAOE®V OP10TOTTiag TOU KUKAOU. XTI OUVEXELD KATAOKEUAOUE Ta avtiotolxa
Ypappika Siaypdappata xopdav 1e ta omoia Propoupe va KATAGKEUAOOU-
pe mv kaboAkn avaAdoiotn tunou 1 yla kopBoetdr), kat arodeikvuoupe ot

MIPAYHATL PITOPOUE va rapdyoupe avallointeg kopBoedwv pe dedopévn pia
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MIPAYHATIKI] OUVAPTNOL Otd Ypappika dtaypappata xopdav. Tedog divoupe
HEPIKA TIapadeiypiata aro Pn-TteIPIPEVES U aVAAAOI®TES, OTIONG TO TIOAUMVU-
po affine index, kat avaAloiwteg rou mpokurntouv anod to avarrtuypa Taylor
ToU TtoAuwvupou Turaev.

210 ipato Kepdldalo divoupe toug Bacikoug 0ploP0oUg Kat tda Bacikd aro-
TeAéopata arno 1 dewpia 1@v kKopBoeldov, katl divoupe nmapadeiypata amod
KATIO1EG 10XUPEG avadAointeg kopBoeldmv. Xto 6eUteEPO KEPAAAO TTIAPOUCT-
aloupe ta Baokd anotedéopata @V avaddointev Vassiliev kat tov draypap-
patev xopdov. Aivoupe anddeidn ot ta daypdappata Xxopdov éxouv rmlovoia
alyeBpikn doun kat dSiatuniovoupe 10 Oswpnpa Vassiliev-Kontsevich, 1o o-
noio arodeikvuoupe oo Kepdlao 3 elodyoviag v @ewpia 1oV oUVOX®V
Khnizhnik-Zamolodchikov kat i) xprjon tou oAokAnpopatog Kontsevich. Ta
Kepdldala 4,5,6 mieplEXouv véa amotedéoparta, ta oroia £ival Kowvr] 60UAslda
pe 1 Z. AapnportovAou kat tov L.H. Kauffman. Zto Kegpddoo 4 sicayoupe
Becwpia TV 1810p0pP1K®V KopBoe1dmv, divoupe napadeiypata and avadioie-
1eg Vassiliev mou naipvoupie amno dtapopetikd KAgioipata twv KopBoetdov, Kat
Kataokeualoupe ta ypappika daypappata xopdwv. Xto Kepdalao 5 divou-
HE KATola TEXVIKA ANPHata yid pid avarapdotaot 0€ payes TV oPpaiplkOV
ropBoedwv, ta oroia 9a sival xpriompa yia va anodei§oupe 1o Oswpnpua Ta-
Svounong t®vV oPpalpikav KOPBoedov pe akpiBmg £va onpeio 161opopdiag.
Z10 KepdAaio 6 arodeikvioupe 10 Behpnpa Tadivopnong Xpnoonowviag

1a RKePpdAawa 4,5, kat kataokeudadoupe v KabBoAikr avaAdoiowtn tumnou éva.
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Chapter 1

Knotoids

1.1 Definition

Definition 1.1.1. Let X be a path connected, oriented 2-manifold without
boundary, smoothly embedded in R3. A knotoid diagram is an immersion y
of the interval in 2, whose singularities are only finitely many transversal
double points, which are endowed with over- or undercrossing data. These
double points are called crossings. y(0) is called the leg and y(1) is called
the head of the knotoid diagram, while both comprise the endpoints of the
knotoid. We will actually call a knotoid diagram its image in X rather than
the immersion itself. Similarly, a multi-knotoid diagram is an immersion of
a disjoint union of the interval and some copies of the circle, and an isotopy

class of a multi-knotoid diagram is a multi-knotoid.

In classical knot theory, ambient isotopy is generated combinatorially
by three local moves on diagrams, the Reidemeister moves, see Fig.
together with planar or disc isotopy. Note that in the knotoid theory an
isotopy may displace the endpoints, but may not pull a strand adjacent to
an endpoint over or under a transversal strand. This justifies the notion of
the forbidden moves Q,, Q_, illustrated in Fig. [1.2]

Definition 1.1.2. Two knotoid diagrams K;, K, in a surface X are called

isotopic if they differ by disc isotopies of X and the Reidemeister moves

13



14

away from the endpoints. An equivalence class of a knotoid diagram (up to

D

isotopy) is called a knotoid.

= 6
I I

Figure 1.2: The forbidden moves for knotoids

The height (or complexity) of a knotoid K is the minimum number of
crossings over all diagrams of K that are created when joining the leg and
the head of K by a simple unknotted arc. The knotoids of zero height are
the knot-type knotoids and their isotopy classes correspond bijectively to
the classical knot types. The knotoids of height greater than zero are called

proper knotoids.
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Definition 1.1.3. Let M be a category of mathematical structures (e.g.Laurent
polynomials, abelian groups, commutative rings). An invariant of knotoids
is as usual a mapping I : Knotoids — M such that equivalent knotoids map

to equivalent structures in M.

Knotoids in R? and S? are called planar and spherical knotoids respec-
tively and are denoted K(R?) and K(S?). Writing S? = R? U {0} we get the
well-defined surjective map 1 : K(R?) —» K(S?). On the other hand, any
knotoid in S? can be represented by a knotoid diagram in R? by pushing a
representative diagram in S* away from the point at infinity. The knotoid
represented by an embedding [0, 1] < X is called trivial in 2. There exist
examples of non-trivial planar knotoids which are trivial in K(S?). The
simplest such example is the unifoil. See Fig

/ /

Figure 1.3: Two non-equivalent planar knotoids which are equivalent as

spherical

In [25] and [8] several invariants for knotoids have been defined, mainly
for spherical ones. One of them is the bracket polynomial.

In a knotoid diagram we can take an arc joining the leg and the head
without passing through any other existing crossing but only creating new
ones. Such an arc will be called a shortcut and there are various ways to
declare the new crossings to obtain a knot diagram in an invariant manner.
We will later deal with the different type of closures for singular knotoids.
So we will postpone for the moment the proofs concerning the under, over

or virtual closure of a knotoid.
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If K is a knotoid diagram with n crossings and for the moment ignore the
over/under extra data, then we get a graph in S? with n 4-valent vertices
and 2 1l-valent vertices which correspond to the endpoints.This graph is
called the underlying graph of the knotoid diagram K, and straightforwardly
from the Euler’s formula it divides S? into n + 1 regions, which we will call

regions of the knotoid. The same hold identically for R? instead of S?.

1.2 The Kauffman bracket polynomial and the

Jones polynomial

We first introduce the Kauffman bracket polynomial in an inductive way,

exactly as for classical knots.

Definition 1.2.1. Let K be a knotoid or a multi-knotoid diagram. Let < K >
be the element of the ring Z[A, B, d] defined by means of the rules:

1. <>> = 1 meaning that the Kauffman bracket of the trivial knotoid is
trivial but since the trivial knotoid is knot type of course also <O> =1

2. (LuQ)) = «L)
3. (X)=a(X)+50()

We must determine A, B, d in order to have knotoid isotopy invariance
or invariance under Reidemeister moves. Rule (1) says that < K > takes
the value 1 on a single unknotted linear or circular diagram. Rule (2) says
that < K > is multiplied by d when the knotoid diagram K is a disjoint
union of K with a circular or linear (unknoted) component. This component,
if circular, can surround other parts of the diagram. Rule (3) applies to
diagrams that differ locally at a neighbourhood of a crossing. Applying
rule (3) several times we expand the formulas until we reach diagrams
consisting of disjoint unions of circles (or generally Jordan curves), and one
unknotted arc embedded in the surface (i.e. the trivial knotoid). Rule (2)
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then implies that the value of <> on a disjoint collection of n — 1 circles

and one arc is d""!. And of course rule (3) implies the formula

(X)=8(X)+20()

Definition 1.2.2. We define a state on a knotoid diagram K C X, when X is
an orientable surface, a mapping from the set of crossings of K to the set
{(—1,1}.

If G is the underlying planar graph for K, then a state of G is a choice of

splitting marker for every vertex of G. We can choose between the A-splitting,

vV
VO

graph for a diagram K the universe for K. This terminology distinguishes

which is , and the B-splitting, which is > < We call the underlying planar
the underlying planar graph from the link projection and from other graphs
that can arise. Thus we speak of the states of a universe.

Since splitting all the vertices of a state results in a configuration of
disjoint circles and an embedded segment, we see that the states are in
one-to-one correspondence with final configurations in the expansion of the
bracket. Accordingly, we define for a diagram K and a state S the bracket
(K|S), given by the formula (K|S) = A™B!, where m is the number of state
markers that correspond to the A-splitting and 1 is the number of state
markers that correspond to the B-splitting. The total contribution of a given
state to the polynomial (K) is then given by the formula (K|S) d'°I"!, where
S| is the number of the connected components of the 1-manifold formed

when all the splittings are done. Then we have:

Proposition 1.2.3. (K) is uniquely determined from the rules (1), (2), (3)

and is given by the formula

(K)= ) (KIS)d™!

S:state

Lemma 1.2.4.

() =480() B+ 4* + 5 (X

where the three diagrams represent the same projection except in the area
-~
indicated. And hence <>\> = <> <> if AB=1andd=-A*>-A"2
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The rules of the Kauffman bracket are now deformed to the following

L)=1(O)=v

(Lu O} = (A2 - A2)(L)

3. (X)=4(X)+4 ()

and the formula for the bracket becomes
(K)= > (KIS)(-A* =A% = %" A%(-A? — A7)
S:state S:state

where o, € Z is the sum of the values +1 of the states over all crossings
of K.

Proof. <>> ; +B I A(B +A<_/\_>)+B(B<,.-V:>+A<><>)

(ABd + A? + BZ)< >+AB<><>

where the first and the second equality follow by rule (3) and then we use

rule (2) to deduce that <I> =d <X> and again rule (3). O

One can easily show that the bracket polynomial ((K) € Z[A*!]) is a
Laurent polynomial which is regular isotopy invariant (i.e. invariant under
Reidemeister II and III moves). Indeed, it is only left to check the Reide-
meister III move, which is a straightforward calculation. So (K) is a regular
isotopy invariant for knotoids and an isotopy invariant when consider up to
multiplication of integer powers of —A3.

Furthermore, (K) is multiplied by —A*? under the Reidemeister I moves.
We call writhe wr(K) = n, — n_ where n, is the number of positive crossings
y\ and n_ is the number of positive crossings X The writhe is clearly a
regular isotopy invariant and changes by +1 under Reidemeister I moves.

From the above we have:

Proposition 1.2.5. (K) is a regular isotopy invariant for knotoids. More-

over,

fi = (=A%) Twr® Z A% (=A% — A2y

s:state
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is an isotopy invariant for knotoids, which is called the normalized bracket
polynomial for knotoids (and which is the analogue of the Jones polynomial

by an appropriate change of variable).

1.3 The Turaev extended bracket polynomial

The Turaev extended bracket polynomial is a generalisation of the Kauffman
bracket polynomial for knotoids, introduced by V. Turaev. In the original
paper [25] it is denoted by ((K)),, we will denote it by Txk. It is a two-variable
Laurent polynomial Tk € Z[A*!, u*']. Tk is defined as follows: Let K be a
knotoid diagram in S?. Pick a shortcut a for K, meaning a generic arc in S*
which joins the leg with the head of the knotoid, creating the least number
of extra crossings. Then, take a state s and the smoothed 1-manifold K
described in the bracket polynomial. Let ks be the segment component of
K. Note that ks coincides with K in a small neighborhood of the endpoints
of K. In particular, both ks and a have the same endpoints as K. We orient
K, ks and a, from the leg of K to the head of K. Let ks - a be the number of
times Ik crosses a from right to left minus the number of times kg crosses
a from left to right (the common endpoints are not counted). Similarly, let

K - a be the algebraic number of intersections of K with a. We then define

Tk(A, 1) 1= (—A3) W)y ~Ka Z A%~ A2 — A2

s:state

Clearly T(A, u) is an isotopy invariant for knotoids.

1.4 The affine index polynomial

The affine index polynomial was defined for virtual knots and links by L.H.
Kauffman [13] and then for knotoids, virtual or classical, by N. Gugimcu
and L.H. Kauffman [8]. It is based on an integer labeling assigned to flat
knotoid diagrams (i.e. diagrams with the information ‘under’ or ‘over’ on
classical crossings omitted) in the following way. A flat knotoid diagram,

classical or virtual, is associated with a graph where the flat classical
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crossings and the endpoints are regarded as the vertices of the graph. An
arc of an oriented flat knotoid diagram is an edge of the graph it represents,
that extends from one vertex to the next vertex.

We start labeling the edges as exemplified in Fig. At each flat crossing,
the labels of the arcs change by one. If the incoming arc labeled by a € Z
crosses another arc which goes to the right then the next arc is labeled by
a + 1; if the incoming arc b € Z crosses another arc which goes to the left
then it is labeled by b — 1. There is no change of labels at virtual crossings.
Note that it is convenient to label the first arc from the leg to the first

crossing by O.

b a+l

a b-1

Figure 1.4: Integer labeling

Let ¢ be a classical crossing of the knotoid diagram K. We denote
w,(c), w_(c) the following integers deriving from the labels at the flat cross-

ing corresponding to c:

w,(c):=b—-(a+1)

w_(c):=a—-(b-1)

where a and b are the labels for the left and the right incoming arcs,
respectively. The numbers w,(c) and w_(c) are called positive and negative

weights of c, respectively. Define, now, the weight of c to be:

wK(C) := Wsgn(c) (C)
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Definition 1.4.1. The affine index polynomial of K is defined as
Pe(H):= ) sgn(e)(t - 1)
ceCr(K)

where Cr(K) is the set of all classical crossings of K.

The affine index polynomial is an isotopy invariant and has some very
interesting properties, as shown in [8], including that its higher degree is
smaller than or equal to the height of the knotoid. Furthermore it is very
easy to calculate by hand, as in the following example which will be very

useful in what follows.

Example 1.4.2. We will calculate the affine index polynomial of the knotoid

below:

0
he

Figure 1.5: Labeling the knotoid
w,=b—-(a+1)|w_=a-(b-1)

A 2 -2

B 1 -1

C -2 2

D -1 1

Table 1.1: Weights for the affine index polynomial
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With the labeling of Fig. and of Table we have all we need for

calculating the polynomial. Namely:

Py = Z sgn(O)(t™ — 1) = —(t2 - 1) -t - D= (B -+t = 1) =

cecr(K)
=—(+t2-2).

This calculation will be used afterwards, but for now note that we have a

simple proof that K, as illustrated in Fig. has height 2.



Chapter 2

Finite type invariants for knots

and chord diagrams

In the original work of V. Vassiliev [26], finite type invariants correspond to
the zero-dimensional classes of a special spectral sequence. In the theory,
the space of knots is the complement of the so-called discriminant. Knot
invariants are just locally constant functions in the space of knots and
Vassiliev’s formalism was trying to show that there exists such a spectral
sequence that converges to the cohomology of the space of knots. The
sequel works of Bar-Natan[1], Birman & Lin[3], Stanford[23, 23] and Polyak
& Viro[22] simplified greatly Vassiliev’s theory, making it combinatorial,
especially by the use of the chord diagrams. In this work we are mainly

interested in this combinatorial approach.

2.1 Vassiliev invariants of finite type

Definition 2.1.1. A singular knot is a mapping of S! in R® that fails to be an
embedding only in finitely many points where we have only transversal self-
intersections, the singular crossings. If f : S' — R? is an almost everywhere
smooth mapping, then a simple transversal double point p € im(f) is a point
in which f~!(p) = {t,, tz} such that f’(t,), f’(t,) are linearly independent.

Definition 2.1.2. Two singular knots are said to be rigid vertex isotopic if

23
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any two diagrams of theirs differ by a fine sequence of disc isotopies, the
Reidemeister moves for classical knots, and the rigid vertex isotopy moves

involving singular crossings, some variations of which are illustrated in

Figs. [T and 2-1}
/

Figure 2.1: Rigid vertex isotopy moves for singular crossings

Any knot invariant v can be extended to an invariant of singular knots

using the Vassiliev skein relation[26]:

o) = w3~ vOX) 2.1.1)

The small diagrams in the relation denote diagrams that are identical except
for the regions in which they differ only as indicated in the small diagrams.
Using this relation successively, one can extend v to singular knots with an
arbitrary number of singular crossings. Such an invariant is said to be a
Vassiliev invariant.

On the other hand, given a singular knot K, there are many choices
when resolving a sequence of singular crossings of K; in fact the complete

resolution yields the alternating sum
Z (_l)lglv(Kslsz...sn)
e1=%1,..., en==%1
where |¢| is the number of —1’s in the sequence of ¢; and K, ., ., is the knot

obtained by a positive/negative resolution of each singular crossing of K.
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Definition 2.1.3. A knot invariant v is said to be of finite type < k if there
exists a k € N such that v vanishes on every singular knot with more than
k singular crossings. We say that v is of type k if it is of type < k and not of
type<k-1.

Symbolically, the set of all C-valued Vassiliev invariants of finite type < k

is Vk and it has a natural grading

VocViccViccvi=| v
k=0
It follows from the definition that each V, and V are complex vector
spaces of finite and infinite dimension respectively. We could, if needed,
replace C by any commutative ring R; thus each Vi is an R-module and so

is its graded completion.

Definition 2.1.4. The closure of V, denoted V, is defined as:
veEV & VKK, with v(K;) # v(K;) there exists an n € N and a

Vassiliev invariant of finite type < n, v,, such that v,(K;) # 0,(Ko).

2.2 Chord diagrams

Definition 2.2.1. A chord diagram of order n is an oriented circle with a
distinguished set of n disjoint pairs of distinct points, considered up to
orientation preserving diffeomorphisms of the circle. The set of all chord
diagrams of order n will be denoted by A,,. This means that only the relative
combinatorial positions of the ends of the chords are important. Their

precise geometrical locations on the circle are irrelevant.

By a chord diagram of a singular knot K we mean a circle parametrising
K with the two preimages of each singular crossing connected by a chord.

Furthermore, a top row diagramis a knot with precisely n singular crossings.

Lemma 2.2.2. The value of a Vassiliev invariant, v, of order < n on a top
row diagram depends only on the chord diagram and not on the graph

embedding in the space.
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Proof. Let Kj, K, be singular knots with n singularities, which have diffeo-
morphic chord diagrams. Then there is a bijection between the chords of
the two chord diagrams and hence between the singularities. Place K, K
in R® so that the corresponding singularities coincide together with both
branches of the knot in a neighbourhood of each singular crossing. Now,
K, K, are two embeddings of the same abstract graph, and we know that we
can obtain one from the other by a finite sequence of crossing switches. Now
we can deform K; into K, in such a way that some small neighbourhoods
of the singular crossings do not move (rigid-vertex isotopy). By a general
position argument, we may assume that the only new singularities created
in the process of this deformation, that is, of the crossing switches, are
a finite number of transversal double points, all at distinct values of the
deformation parameter. By the Vassiliev skein relation, in each of these
switching events the value of v does not change, and this implies that

U(K;) = v(Ky). o

Remark 2.2.3. The technique of (classical) crossing switches can be applied
to any finite type invariant of order k when applied to a top row diagram.
Namely, one can use Eq. for switching any real crossing at will. As a
result, the value of a finite type invariant of order k depends only on the
nodal structure (the underlying 4-valent graph) and not on the embedding
of the graph in space.

2.3 1-term and 4-term relations

Definition 2.3.1. The symbol of a Vassiliev invariant of finite type < n is
the restriction of v to the set of singular knots with precisely n singular

crossings, considered as a function on the set of chord diagrams.

It would be a question whether the symbol of an invariant is an arbitrary
function on chord diagrams. We shall explore this question by following
the story of the Vassiliev-Kontsevich theorem. In fact, it satisfies certain
relations. The so-called one-term relation (17T) is very easy to see. Namely,

the symbol of an invariant v always vanishes on a chord diagram with an
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isolated chord (not intersecting other chords). This follows from the fact that
we can choose a singular knot representing such a chord diagram as having
a small kink parameterized by the arc between the endpoints of the isolated
chord. Then the Vassiliev skein relation [2.1.1] and the Reidemeister I move
gives what is illustrated in fig. [2.2] In the following relations, for reasons
of simplicity, when summing diagrams we mean the evaluations of the

Vassiliev invariant v on the relevant diagrams.

Figure 2.2: One-term relation

The second topological property of v is the so-called four-term relation

(47), see Fig.

N\ N Ve N\ Va
—/~= —/= 4—? ‘ ZD
; é N
Figure 2.3: Four-term relation

The proof is topological and pure skein theoretic, as it uses consecutively

the Vassiliev skein relation to get the result, see Fig[2.4]
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Figure 2.4: Proof of the four-term relation

Summing over these four relations by parts, the left hand side vanishes
and hence we derive the desired formula.
So the four-term relation holds for all singular knots with more than two

singularities, as well as for the corresponding chord diagrams.
Remark 2.3.2. Every knot invariant of type 1 is trivial.

Indeed, let v be an invariant of type 1 and let K be a singular knot with
exactly 1 singular crossing (v vanishes on knots with more singularities).
The singular crossing divides the knot into two disjoint closed curves. After
appropriate classical crossing switches, using the Vassiliev skein relation,
the two closed curves can turn into simple unknotted closed curves with
no self-crossings or shared crossings between them. Now, these crossing
switches cost nothing, because each use of Eq. will add a singular

crossing to the one of the two resulting diagrams and, by definition, v will
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vanish on this diagram. Hence, we derive the relation:

N ree)

which, again, using Eq. is clearly equal to zero, by the Reidemeister I

move.

Proposition 2.3.3. There exists an injection @, : V,, \ V,,.; —» RA, where
RA,,, the dual space of A, modulo (1T) and (47).

Proof. Let{e;, ey,..., e} be a set of representatives of non-equivalent chord
diagrams of order n. Then every symbol of type n depends only on the
values on {e}, e, ..., ec}. Thus, for every v, € V,, \ V,,_; we have the values
{vn(ey), vn(ey), . .., va(er)) which define a linear function in R*. So, we have
the 1 — 1 operator T : V,,/V,_; — (R¥)* which is not an epimorphism. One
can see that easily, since, for example, every non-trivial element of V; /V,
cannot correspond to a linear function which does not vanish in the unique
chord diagram with one chord.

Let, now, U be a vector space with basis (ey,...,e), U its dual space
and F C U* such that Vf € F

k
i=1

K

Mfe)=0,.... > Auf(e) =0,
i=1

for jlj; fixed. Let, further, U, C U subspace generated by

I k

i=1 i=1
Then every f € F vanishes in U, thus F is can be thought of as a subset of
u/uyy".
We return to R* with basis (e, . . ., e) that corresponds to chord diagrams
of order n. In this basis we want to express the equations that come from
(1T) and (47T), such that:

e v(ey) = 0, for some indices s.

o v(ey) — v(ep) + v(e.) — v(eq) = 0, for appropriate indices.



30

Then the symbol of a Vassiliev invariant of type < n can be thought of as a

linear function in R*/U,, where U, is spanned by the expressions
€5, — €, + e.— ey.

On the other hand, the space A,, modulo (1T) and (4T) could be presented
by {e1, ..., e} such that

e e;=0
e c,—e,+e.—e;=0

Hence, we have shown that there exists a monomorphism of V,,/V,_; in
RA,.

2.4 Examples of Vassiliev invariants of knots

2.4.1 The Conway polynomial

The Conway polynomial may be defined by the skein relation and its initial

condition on the unknot:

MV ARMPNERIVY "O)=1

Its coefficients are Vassiliev invariants. Indeed, comparing the Conway
skein relation with the Vassiliev skein relation (2.1.1) we conclude that the

Conway polynomial of a knot with a singular crossing is divisible by z:

"(X)=v(R)-7(X) =)0

Consequently, the Conway polynomial of a knot with k > n singular
crossings is divisible by z*. Thus, its coefficient c,(K) at z" vanishes on
singular knots with > n singular crossings. Therefore, it is a Vassiliev

invariant of order < n.
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2.4.2 Finite type invariants and the Jones polynomial

Recall the definition of the normalized bracket for a knot K:

Jx(A) := (A7) O(K) (A)

where w(K) = n, — n_ the writhe of K for n. the number of positive/negative
crossings of K.

Making the substitution t'/4 = A™! we obtain the classical Jones polyno-
mial. The skein relation for the Jones polynomial together with an initial

condition for the unknot is

a2 - wl = @2 - a0 - 3O =1

Making a further substitution t = e¢* and then taking the Taylor expansion
into a formal power series in x, we can represent the Jones polynomial of a

knot K as a power series:

J(K) = Y Jn(K)x".

We claim that the coefficient j,(K) is a Vassiliev invariant of order < n.

Indeed, substituting t = e* into the skein relation gives:

-x+..)J(M) - +x+..-9(N) = (x+—+ J()0)

From which we obtain:

IR0 = (3R) =9 () = i GR) +3o () +40 D) +

This means that the value of the Jones polynomial on a knot with a single
singular crossing is divisible by x. Therefore, the Jones polynomial of a
singular knot with k > n singular crossings is divisible by x*, and thus its

nth coefficient vanishes on such a singular knot.

2.4.3 The HOMFLYPT polynomial

The skein relation and the initial condition for the HOMFLYPT polynomial is

@) - ap(X) = 200 PO = 1
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Making a substitution a = e* and taking the Taylor expansion in x, we
represent P(K) as a Laurent polynomial in z and a power series in x,
P(K) = Y, pii(K) x*Z'. Similarly to the case of the Jones polynomial, one

can show that py;(K) is a Vassiliev invariant of order < k + L

Remark 2.4.1. Despite the fact that the coefficients of the Conway, the
Jones and the HOMFLYPT polynomials are finite type invariants, the degrees
of these polynomials are not of finite type. Nevertheless, they belong to the

closure V.

2.5 Lie algebras

Definition 2.5.1. A Lie algebra g over C is a vector space equipped with
a bilinear operation (x,y) — [x, y], the so-called Lie bracket, which also

satisfies the identities

[x. yl = —[y. x]

[[x. yl. z] + [[y. z]. x] + [[z. x]. y] = O

We will call g abelian if [x,y] = 0 Vx, y € g. Obviously, any vector space
V endowed with the trivial bracket is an abelian Lie algebra.

We usually consider the bilinear operation of Lie bracket as a product,
and hence one can speak about rings, homomorphisms, ideals etc. An ideal

in a Lie algebra g is a vector subspace I so that [a,x] €] Yae€g,x€l.

Definition 2.5.2. A Lie algebra is called simple if it is not abelian and does
not contain any proper ideals. It is called semi-simple if it is isomorphic to

a direct sum of simple Lie algebras.

For x € g we write ad, for the linear map ad, : g — g defined by

ad,(y) = [x, y]. The Killing form on a Lie algebra g is defined by
< x,y >":= Tr(ad,ad,)

Note that this bilinear form is non-degenerate iff g is semi-simple.
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Definition 2.5.3. A bilinear form <, >: g® g — C is ad-invariant iff
<ady(x),y>+<xad,(y >=0 VYxy zeg
A Lie algebra equipped with an ad-invariant metric is said to be metrized.

If (e;) is a basis of the vector space (Lie algebra) g we have
d

lei. g] = Z Cijkc €l

k=1
and the coefficients cy, are called the structure constants of g with respect to
the given basis. Note that, in a metrized Lie algebra if (e;) is an orthonormal
basis with respect to the ad-invariant metric, the structure constants are
anti-symmetric with respect to permutations of the indices, which is obvious
by the definition of ad-invariance.

Given an associative algebra A one can think of it as a Lie algebra
equipped with the commutator [a, b] = ab — ba. The converse is not true
since not every Lie algebra can be thought to be in this context, but in fact
every Lie algebra g is a subspace of an associative algebra closed under the

commutator.

Definition 2.5.4. A representation of a Lie algebra g in a vector space V is
a Lie algebra homomorphism p : g — gl(V), where gl(V) is the Lie algebra

of linear operators of V.

This means that p maps g to gl(V) so that,

o([x, y]) = p(x)p(y) — p(y)p(x).

Equivalently, one could say that p is a g-action on V and V is a g-module.
The invariants of the action are the elements of V that lie in the kernel of p

for all x € g. Symbolically V9 is the space of all invariants in V.

Definition 2.5.5. The Universal Enveloping Algebra of g, which is denoted
by U(g), is the quotient of the tensor algebra T(g) by the two-sided ideal
generated by all expressions of the form:

X®Yy-y®x-—[xy]

One could understand that what we did here was to force the commutator

of two elements of g C T(g) to be equal to their Lie bracket in g.
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2.6 Quantum knot invariants

Let g be a semisimple Lie algebra and V a finite dimensional representation
of g. One can view V as a representation of the universal enveloping algebra
U(g). This representation can be also deformed with parameter q to a
representation of the quantum group U,(g). The vector space V remains
the same, but the action now depends on g. For a generic value of g all
irreducible representations of U,(g) can be obtained in this way. Using
representation theory we can go through the technicalities also for non-
generic values of g and obtain compact results on 3-manifold invariants,

but the generic values are enough for our purposes.

Remark 2.6.1. An important property of quantum groups is that every
representation gives rise to a linear transformation R: V®V — V® V which

is a solution of the quantum Yang-Baxter equation:

The general construction of the matrix corresponding to the linear trans-
formation R from a representation of a semi-simple Lie algebra g is the
following. Consider a knot diagram in the plane and take a generic horizon-
tal line. To each intersection point of the line with the diagram assign either
the representation space V or its dual V*, depending on whether the orien-
tation of the knot at this intersection is directed upwards or downwards.
See left-hand illustration of Fig. [2.5] Then take the tensor product of all
such spaces over the whole horizontal line. If the knot diagram does not
intersect the line, then the corresponding vector space is the ground field C.
A portion of a knot diagram between two such horizontal lines represents a
tangle T. We assume that this tangle is framed by the blackboard framing.
Consecutive tangles can be viewed to be multiplied by concatenation.

To T we associate a linear transformation &"(T) from the vector space
corresponding to the bottom of T to the vector space corresponding to
the top of T. See right-hand illustration of Fig. [2.5] The following three

properties hold for the linear transformation & (T):
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e &7(T) is an invariant of the isotopy class of the framed tangle T.

o (Ty - Ty) = &(Th) 0 8"(T)

e (M ®T) =8"(Th) ®(Ty)

(T, - T)

Figure 2.5: Multiplicity of quantum invariants of tangles

Because of the multiplicativity property, it is enough to define the in-
variant only for elementary tangles such as a crossing, a minimum and a
maximum point (a cup and a cap). So, given a quantum group Uy(g) and
a finite-dimensional representation, V, one can associate certain linear
transformations with elementary tangles in a consistent way. Of course,
for a trivial tangle consisting of a single string connecting top to bottom,
the corresponding linear operator should be the identity transformation.
The R-matrix appears here as the linear transformation corresponding to
a positive crossing, while R™! corresponds to a negative crossing. So, the
validity of the Reidemeister Il move is straightforward. We are ready to check
the validity of the Reidemeister III move which is the most complicated
one. Fig. shows clearly that it is the same as the quantum Yang-Baxter

equation.
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Figure 2.6: Reidemeister IIIl move for quantum invariants

This process is valid for all quantum groups. Since we are not interested
to go in deep with the quantum invariants, we will conclude the chapter with

the construction for g = sl, and its standard 2-dimensional representation.

1
e ®e — qgie e
_1
e®e > qie;®e

e®e q‘iel ® ey + (—q% + q‘i)ez ® e;

_1
eR®e b qie®e

One could see in a typical way that the quantum invariant corresponding
to sl, is a substitution of the Jones polynomial. Generally, the known
polynomial invariants have quantum invariant descriptions. This fact is
crucial for studying categorifications, homology theories for knots and links

and, of course, Topological Quantum Field Theory.

J. Birman and X.-S. Lin in [3] proved that all quantum invariants produce
Vassiliev invariants in the way similar to the previous examples. Namely,
making a substitution q = e*, one can show that the coefficient of x" in the
Taylor expansion of a quantum invariant is a finite type invariant of type

< n. Thus all quantum invariants belong to the closure V.
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2.7 The graded algebra of circular (knot) chord
diagrams

Recall that a chord diagram encodes the order of singular crossings along a
singular knot. A Vassiliev invariant of order k gives rise to a function on
chord diagrams with k chords. The conditions that a function on chord
diagrams should satisfy in order to come from a Vassiliev invariant are the
so-called one-term and four-term relations (as adapted to chord diagrams).
Indeed, for the chord diagrams we can reinterpret the (4T) relation to what
Fig. illustrates, using the injection a,.

f{ﬂj‘) _ f@@) ; f(%) - f(!(?) 0

Figure 2.7: Four-term relation on chord diagrams

The vector space spanned by chord diagrams, A,, modulo the (47T) rela-
tions is denoted by ﬂ{f , and, as we will see, it has the structure of a Hopf

algebra.

Definition 2.7.1. We call a function f : A, — R which satisfies the (47T)
relations a (framed) weight system. Here R is a commutative ring, but we
usually think of R = C. We will call a weight system that also satisfies the

(1T) relations an unframed weight system.

Our goal is to define an algebra structure on A" = @ Al

n=0
Definition 2.7.2. We define the product of two chord diagrams D, D, to be
their connected sum along the two circles, in a way that the cutting and
gluing take place in regions of the circles that do not involve any endpoint

of any chord.
The product of chord diagrams is extended linearly toamap u : A’ @ A" — ﬂ{;m.

Lemma 2.7.3. The product of chord diagrams is well-defined modulo the

(47) relations.
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Proof. It is enough to prove that if one of the two diagrams, say Ds, is turned
inside the product diagram by as much as it is required for the cutting to
happen in the region that was next to it without moving D, then the result
is the same modulo (47T) relations.

Let n be the order of D; and a chord of D, with endpoints a, b adjacent to
D,;. What we shall prove is that the chord diagram is stable when moving a
across an endpoint of a chord while fixing b. In this process we obtain 2n+1
chord diagrams, say Py, Py, ..., P,,. We must prove that Py is equivalent to
P,,, modulo (47T) relations. But summing over all (4T) relations we get every
P, ke {l,...,2n - 1} an even number of times, with opposite signs, and
only once P, and the last —P,,. Hence Py — P,,, = O which was the desired

result. o

Definition 2.7.4. We define the co-product in the algebra AL as

5: A > QAo Al

k+l=n

with value on a chord diagram D € ﬂ’:

8(D) = Z D, ® D;
JC[D]

where the summation is taken over all subsets J of [ D], the set of chords
of D. Here D; is the diagram consisting of the chords that belong to J and
J = [D] \ J is the complementary subset of chords.

Lemma 2.7.5. The co-product inﬂrff is well-defined modulo the (47T) relations.

Proof. Let D; — Dy + D3 — D, = O be a (47T) relation. We must show that the
sum 6(D;) — 8(D,) + 6(Ds) — 6(D,) can be written as a combination of (47)
relations. Recall that a specific (47T) relation is determined by the choice of
a moving chord m and a fixed chord a. Now, take a chord diagram and the
splitting A U B of the set of chords in the diagrams D;, the same for each i,
and denote by A;, B; the resulting chord diagrams giving the contributions
A; ® B; to 6(Dy), 1 ={1,2,3,4}. Suppose, without loss of generality, that the
moving chord m belongs to the subset A. Then B, = B, = B; = B, and
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A ®B, — Ay ®By + A3® B3 — A, ® B, = (A — Ay + Az — A,) @ B;. If the fixed
chord a also belongs to A, then A; — Ay + A3 — A, is a (47T) relation. If a
belongs to B then it is A; = A; and A3 = Ay. O

In Fig. 2.8/ we compute an example of a co-product.

Figure 2.8: Example of co-product

The unit, ¢, and the co-unit, &, in the algebra A" are:
1:R> A" l(x)ZXO
e A" >R, s(xO+...):x

Remark 2.7.6. Note that we could end up with the same construction of
Hopf algebra structure if in the chord diagrams we allowed two types of

trivalent vertices:

e Internal vertices in which three segments, which start from the circle,
meet. These vertices are oriented by specifying one of the two possible

cyclic orderings of the arcs emanating from such a vertex.
e External vertices in which a chord ends on the circle.

Then we would take the set of all such new diagrams, symb. D', and
consider it modulo the so-called STU relation, as illustrated in Fig.

which is a purely algebraic construction. Indeed: take a (matrix) Lie algebra
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with generators T,. Then, a natural equation expresses the closure of the
Lie algebra under commutators, namely: T*T? — T°T® = f,,.T¢, which is
diagrammatically equivalent to the STU relation. Denote A' = D'/{STU},
which is isomorphic to the algebra of chord diagrams that we defined earlier,
as the STU relation implies the (4T) relation easily. Hence, another approach
to the theory could be purely algebraic and, so, one would pay attention
to the properties obtained by the Lie-algebra structures. This approach is

used for proving the flatness of the KZ-connection.

Figure 2.9: The STU relation

2.8 The Vassiliev-Kontsevich Theorem

Recall that the map a, : V,/V..1 — RA, is injective. For R = C the
map da, identifies V, /V,_, with the subspace of unframed weight systems
W, C RA,. In other words, the space of unframed weight systems is
isomorphic to the graded space associated with the filtered space of Vassiliev

invariantoso: -
W = @(Wn = @(Vn/(vn—l
n=0 n=0

Theorem 2.8.1. The theorem consists of two parts:

1. (V. Vassiliev) The symbol of every Vassiliev invariant is an unframed

weight system.

2. (M. Kontsevich) Every unframed weight system is the symbol of a

certain Vassiliev invariant.
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With the technology we developed so far we can prove for the moment the
first and easy part of the Vassiliev-Kontsevich theorem and wait to develop

some analytic and geometric tools for proving the converse.

Proof. The idea is to prove that given a function f € RA, coming from the
symbol of an invariant v, it satisfies the (1T) and (47T) relations.

Let K be a singular knot whose chord diagram contains an isolated chord.
The double point p that corresponds to the preimage of the isolated chord
divides the knot into two disjoint parts K;, K,. The fact that the chord is
isolated means that K; and K, do not have common double points. There
may, however, be crossings involving branches from both parts, which can
be ruled out by crossing switches using the Vassiliev skein relation. So
we can untangle K; from K, and obtain a singular knot K’ with the same
chord diagram as K and with the property that the two parts lie on either
side of some plane in R® that passes through the singular crossing p. Thus,
easily by the Vassiliev skein relation: v(K) = v(K’') = v(K}) - v(K’) =0

The (47) relation, as already said, is purely topological property, so the
proof that any function f € RA, coming from the symbol of an invariant v
satisfies the (47T) relation is illustrated in Figs.
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Chapter 3

The Kontsevich integral

The space A, of unframed chord diagrams of order n is the quotient of ﬂ{f
by the subspace spanned by all diagrams with an isolated chord, i.e. an (1T)
relation. Let A = @ A,. Then, roughly speaking, an idea of the proof of

n=0
the Kontsevich theorem is to construct an element Z(K) € A of the algebra

of chord diagrams for every knot K. Having a weight system w we can apply
it to Z(K) and prove that w(Z(K)) is a Vassiliev invariant whose symbol is
w. However, when we try to realize this idea, several complications occur.
The first one is that Z(K) is going to be an element of the graded completion
A of the algebra (A, or in other words, it is going to be an infinite sum of
elements of ‘A, for all values of n, like a formal power series. The second
one is that Z(K) is not quite an invariant of knots. We will have to correct it

before applying the weight system to it.

3.1 The construction

Let z € C and t € R be coordinates (z, t) in R3. The planes t = const are
thought of being horizontal. We define the Kontsevich integral for strict
Morse knots, i.e. knots with the property that the coordinate t restricted
to the knot has only non-degenerate critical points with distinct critical

values.

43



44

Definition 3.1.1. The Kontsevich integral Z(K) of a strict Morse knot K is

given by the following formula

Z(K) = mi (2,;),71 f St \ % ,

P={(z.7))) =1

tmin <t1 <-- <t <tmax

{;j are noncritical

where

e the numbers t,;, and t,., are the minimum and the maximum of the

function t on K.

e the integration domain is the set of all points of the m-dimensional
simplex t,, < t; < --- < t, < thax None of whose coordinates t; is a
critical value of t; the m-simplex is divided by the critical values into

several connected components.

e the number of summands in the integrand is constant in each con-
nected component of the integration domain, but can be different for
different components. in each plane {t = t;} C R3 choose an unordered
pair of distinct points (z;, t;) and (sz ,t) on K, so that z(t;) and zJ’ (%)
are continuous functions; we denote by P = {(z;, sz)} the set of such
pairs for j = 1,...,m and call it a pairing; the integrand is the sum

over all choices of the pairing P.

e for a pairing P, the symbol ‘|p’ denotes the number of points (z;, t;) or

(sz . ;) in P where the coordinate t decreases as one goes along K

e for a pairing P, consider the knot K as an oriented circle and connect
the points (z, t;)) and (sz, t) by a chord; we obtain a chord diagram
with m chords (thus, intuitively, one can think of a pairing as a way of
inscribing a chord diagram into a knot in such a way that all chords

are horizontal and are placed on different levels).

e over each connected component, z; and zJ’ are smooth functions in t;

" odz; — dz
by /\ — 7 e mean the pullback of this form to the integration

/
(IR
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domain of the variables t;, . . ., t,; the integration domain is considered
with the orientation of the space R™ defined by the natural order of

the coordinates t, ..., t,.

e by convention, the term in the Kontsevich integral corresponding to
m = O is the (only) chord diagram of order O taken with coefficient

one, which is the unit of the algebra A.

Example 3.1.2. (see [5])
We exemplify the integration domain for a strict Morse knot with two

local maxima and two local minima for the case of m = 2 chords.

t A t2 A
toon bax
th t02
te,
te,
tmin
tmin

For each connected component of the integration domain, the number
of summands corresponding to different choices of the pairing, a typical
pairing P, and the corresponding chord diagram (—1)*Dp are shown in the

picture.
(—lf® <—1)2® (—1>2®
1 summand 6 summands 1 summand
@ -1’ @ \.Lr/

6 summands / \
2 1
() 1)
1 summand 36 summands
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Now let us calculate the coefficient of the chord diagram @ in Z(@ )

Out of the 51 pairings, the following 16 contribute to the coefficient:

VAVAVIVIRVAVAVEV,
VAVAVAVIRCAVACIV

All of them appear on the middle triangular component, t,, < t; < ty <

of the integration domain. To handle the integral which appears as the

coefficient at @ we denote the z-coordinates of the four points in the
pairings on the level {t = t,} by a;, as, as, a;. Correspondingly, we denote
the z-coordinates of the four points in the pairings on the level {t = t,} by
b1, ba, bs, by:

A\ AN

Then each of the four possible pairings z;, — z| on the level {t = t,} will look
like a; 1= ai — q; for (jk) € A :={(12), (13),(24), (34)}. Similarly, each of the
four possible pairings z, — z, on the level {t = t,} will look like by, := by, — b;
for (Im) € B := {(13),(23),(14), (24)}. The integral we are interested in now

can be written as

1 .
Wf Z Z (—1)]+k+l+mdln Qi A dln blm

Y (eA (lmeB

1 .
— _4_2 (Z (_1)]+k+1d1n a:]k) /\( Z (_1)l+m—ld1n blm
I

A (jlc)eA (Im)eB
1 a2 a. b14b.
=L [ Q2% g Drsbes
41 A13094 b13b24

A



47

The change of variables

_ Q12034 __ buabys

Ay3Q24 bi3boy

transforms the component A of the integration domain into the standard

triangle A’

Since it changes the orientation of the triangle (has a negative Jacobian),

our integral becomes

1
1 du
dlnuAdlnv = —f(fdlnv)
4n? u

N 2

|
|
N
1
5
=
|
5
,p
;i —
N
gk
o%
5:
Q.
S:

Therefore,

where the free term 1 stands for the unit in the algebra A of chord diagrams,

1:@6?(.

The following terms of this integral are of degree 4:

Z(& ‘”_O 57&00 11520 TZUO
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3.2 The universal Vassiliev invariant

Here we deal with the second complication in the proof of the Kontsevich

theorem. The Kontsevich integral possesses several basic properties:
e Z(K) converges for any strict Morse knot K.

e [t is invariant under the deformations of the knot in the class of Morse

knots with the same number of critical points.

e It behaves in a predictable way under the deformations that add a

pair of new critical points to a Morse knot.

We will only sketch the proof of these properties here referring the reader to

[1], [B]. The last property may be specified as follows. Let H stand for the
unknot from Example

If a knot isotopy creates one extra local minimum and one local maximum,

the Kontsevich integral is multiplied by Z(H):

AAECERY

where the multiplication is understood in sense of the formal infinite series

from the graded completion of the algebra of chord diagrams A.

Definition 3.2.1. With the help of this formula, we can define the universal
Vassiliev invariant by either

Z(K) Z(K)

I(K) = Z(H—)C/Z or I,(K) = W’

where ¢ denotes the number of critical points of K in an arbitrary strict
Morse representation, and the quotient means division in the algebra A

following the law: (1+a) ' =1-a+a®>-a®+....
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Both I(K) and I'(K) are invariants of topological knots with values in A.
The version I'(K) has the advantage of being multiplicative with respect
to the connected sum of knots; in particular, it vanishes (more precisely,
takes the value 1) on the unknot. However, the version I(K) is also used as

it has a direct relationship with the quantum invariants. In particular,

1 1 1 1 1
HO):z—:l——O— : PRI % TN SR
Z(H) 24 5760 1152 2880

Proposition 3.2.2. The Kontsevich integral is multiplicative for any Morse
knot K.

Z(K; - Kz) = Z(Kl) : Z(KZ)

Actually the whole discussion of the Kontsevich integral applies in any
morse tangle just by replacing the algebra A of chord diagrams by the
graded completion of the vector space of tangle chord diagrams on the
skeleton of T,and take t,,;; and t,,, to correspond to the bottom and the top
of T. So what we mean with the dot product is a multiplication of tangles.
So we rewrite the proposition as Z(T; - Ty) = Z(T;) - Z(T3) for any strict Morse
tangles Ty, Ty

Proof. Let t,;, and t,u correspond to the bottom and the top of T; - T5,
respectively, and let t,,4 be the level of the top of T, (or the bottom of Tj,
which is the same). In the expression for the Kontsevich integral of the
tangle T; - T let us remove from the domain of integration all points with at
least one coordinate t equal to t,;4. This set is of codimension one, so the
value of integral remains unchanged. On the other hand, the connected
components of the new domain of integration are precisely all products of
the connected components for Ty and Ty, and the integrand for T; - Ty is the
exterior product of the integrands for T} and T,. From which we take the

desired result using the Fubini theorem. O



50

3.3 Convergence of the Kontsevich integral

Proposition 3.3.1. For any strict Morse tangle T the Kontsevich integral

Z(T) converges.

Proof

A ”short chord” is a chord whose endpoints are adjacent, that is, one of
the arcs that it bounds contains no endpoints of other chords. In particular,
short chords are isolated. The linear span of all diagrams with a short chord
and all four-term relation contains all diagrams with an isolated chord.

The integration domain may have many connected components, in the
boundary of whom the integrand may have singularities. This happens
near a critical point of a tangle when a pairing includes a "short chord" i.e.
its ends are on the branches of the knot that come together at a critical
point. In this case the integrand could have a problem as the denominator

z; — z; may explode.

First of all, from the multiplicity of the Kontsevich integral for tangles we
have that the Kontsevich integral of a product converges iff the integral of
the factors do so. With this in hand and the fact that we can decompose a
strict Morse tangle to simpler ones i.e. with at most one critical point. So
it is sufficient to prove the convergence only for tangles with at most one
critical point.

So suppose that T has only one critical point with value t..Then for any
pairing, its coefficients in the integral of T is factors through a product of
one integral which corresponds to the chords over t. and one to the chords
under t.. The integral which corresponds to the chords over t. converges
since the integrand has no singularities. Hence we consider the chords

under .. We take two seperate cases.

e There exists an isolated chord (z;, z;") under t, which tends to 0. In
this case the isolated chord contributes nothing to the integrand due
to the 1-term relation since the corresponding chord diagram D, has

an isolated chord.
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e There exists a chord (z;, z;’) that tends to zero near t. but the chord is

not isolated, and exists at least one chord that seperates it.

Let for the second case (z;, z;") the chord that tends to zero near the
critical point and (z,, z,") the chord that seperate it which does not tend to
Zero near t..

We have then

ftcdzg—dzé
/
t, 227 2Zy

So this integral is of the same "order" as z; — z| and this compensates the

<C

<C |zl - z’1|

te
f d(z, ~ z;)‘ = Cl(ze~2z) - (2, - 7))
ty

denominator corresponding to the chord (z;, z;). Hence by induction one
sees that this could happen for every k chords which separate (z;, z}). The

preceeding imply the convergence of the Kontsevich integral.

3.4 The Knizhnik-Zamolodchikov connection

The Knizhnik-Zamolodchikov equation appears in Wess-Zumino-Witten
model of conformal field theory.

Let M be a smooth manifold and A an assosciative algebra. The intuition
behind that is that we will use the algebra of chord diagrams but the
definitions hold in general so for the moment we let A to be arbitrary or
better the graded completion of a graded algebra A. We will assume also
that it is an algebra over C with unit 1.

A connection is a 1-form whose values are in the algebra of endomor-
phisms of the fiber. Some results rising from the thory of connections have
application to 1-forms of an arbitrary A as we discussed. So, an A-valued
connection is a A-valued 1-form Q on M.

Its curvature is a 2-form given in an arbitrary form Fo = dQ + Q A Q The
definition of the exterior differentiation and the wedge product for A-valued
forms is the same as in matrix-valued forms.

Let also, y : I - M a piecewise-smooth curve in M, where I = [a, b].

The holonomy h, along y is a function h,q : I — A such that h,o(a) =1
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as initial condition and satisfies the equation

o
= a(d) = QO (t € D

In many interesting cases h, o exists and is given by the iterated integral

formula. (Note that if it exists it is unique).

ha=1+) f V't ... (Y QL)
=1 Y ash <. <<t

since we take h takes values in the graded algebra A and so we can write
h=h +hy+...
and then

hy(t) =0 ho(0) =1
hi(t) = Q(Dho(t) hi(0) =0

where ()(t) is actually the pullback of (2 under y. We continue inductively
to take the desired formula and h;(t) = fot Q(t,)d;,, and respectively hy(t) =
ko) = [, A AQb). ...

Furthermore, just like in the standard theory of connections, if Fo = 0
,s0 Q) is flat, then the holonomy is invariant under homotopies of y that
preserve its endpoints. In the case of interest for us, The connection will
be homogeneous of degree 1. Note that, in this case the kth term hy,q is
homogeneous of degree k, and there is no problem with the convergence of
the sum there. Also, as each term lives in a different degree, Chen’s theory
[4] implies that each term is invariant under homotopies of y that preserve
its endpoints.

Let D be the collection of all diagrams made of n ordered upward
pointing arrows, and dashed arcs and oriented vertices as in the definition
of A', with the standard conventions about higher than trivalent vertices

and about the orientation of vertices:
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Let AX¥? be the quotient of DX*/{STUrelations} Then A¥* is a graded
algebra with the composition as a product operator.
For 1 < i <j < n define Q; € A¥ by

Let X, = {(z1,2z....2,) € C"|z; = z; = i = j} and let the complex 1-form

on X, defined by
dz; — dz;

w; = dlog(z; — z;) =
i 9(z; - ) P—

The formal Knizhnik-Zamolodchikov connection is the A% -valued con-

Q, = Z Q0

1<i<j<n

nection

on X,.

The Formal Knizhnik-Zamolodchikov ,, by a straightforward calculation
can be proven to be flat, which leads to the invariance of the Kontsevich
integral under horizontal deformations, small removings of needles and
critical points. These are proven in detail in [1] and in [5] but are beyond

the scope of this text.

3.5 Proof of the Vassiliev-Kontsevich Theorem

The first part of the theorem is already proven. We are now get ready to
prove the second and difficult part of the theorem using the Kontsevich
integral.

The central importance of I(K) (as well as I'(K)) in the theory of finite-type
invariants is that it is a universal Vassiliev invariant in the following sense.
Consider a weight system w of order n (that is, a function on the set of chord
diagrams with n chords satisfying one- and four-term relations). Applying

w to the n-homogeneous part of the series I(K), we get a numerical knot
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invariant v := w(I(K)). This invariant is a Vassiliev invariant of order < n
and symb(v) = w. Moreover, any Vassiliev invariant is a sum of Vassiliev
invariants obtained in this way. Indeed, any Vassiliev invariant v has a
symbol symb(v) which is a weight system. So v(K) and symb(v)(I(K)) are
two Vassiliev invariants with the same symbol. Their difference is of order
< (n—1) and we can repeat the same process by induction. This argument
proves the Kontsevich theorem.

To prove that v : K +— w(I(K)) is a Vassiliev invariant with symbol w, it
is enough to show that I(Kp) = D + (terms of order > n) for a singular knot
Kp representing a chord diagram D of order n. Let p,, ... p, be the singular
crossings of Kp.

Since the denominator of I(K) starts with the unit of the algebra ﬁ it is

sufficient to prove that
Z(Kp) = D + (terms of order > n) .

By definition, Z(Kp) is the alternating sum of 2" values of Z on the
complete resolutions of the singular knot K at all its singular crossings
Di.- .. DPn. To see what happens at a single singular crossing p;, let us look
at the difference of Z on two knots K, and K;_ where an overpassing in K; ,
is changed to an underpassing in K;_. By an isotopy we have:

5.0 - 2050 2(%)-2(X) - 2 3 |-2( 1

—

These two knots differ only in that the first knot has one string that makes
a small curl around another string. We assume that this curl is very thin
and enclose it in a box of height 6 to consider it as a tangle T;,. Let T;_ be

the similar tangle for K;_ consisting of two parallel vertical strings:

The difference Z(K; ) — Z(K;-) comes only from the difference of the Kontse-

vich integrals of tangles Z(T;.) — Z(T}-). For the tangle T;_, both functions
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z(t) and Z'(t) are constant, hence Z(T;_) consists of only one summand: the
trivial chord diagram D on T; - (here ‘trivial’ means with an empty set of
chords) with coefficient one. The zero degree term Dfro) of Z(T;,) is also the
trivial chord diagram on T;, with coefficient one. So DY = Dfro) as chord
diagrams. Thus the difference Z(T},) — Z(T}-) starts with a first degree term
which comes from the chord connecting the two strings of T} ,.

Hence, Z(Kp) starts from degree n. Moreover, the term of degree n is
proportional to a chord diagram whose j-th chord connects the two strings
of the tangle T;, corresponding to the jth singular crossing p; in Kp. This
chord diagram is precisely D. Now to calculate the order n part of Z(Kp) we
must compute the coefficient of D. It is equal to the product of coefficients
of one chord terms in Z(7T;,) over all j. We will show that all of them are
equal to 1. Indeed, it is possible to choose the coordinates z and t is such a
way that z'(t) = O for one string, and for another one, the point z(t) makes

one complete turn around zero when t varies from O to 6:

L4

So we have
1 dz — dz' 1 SE dz
2mi z—z 2mi

by the Cauchy theorem. O
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Chapter 4

Finite type invariants for

spherical knotoids

In this chapter we first introduce the notion of singular knotoid in any
connected, oriented surface X. Then we introduce the notion of a linear

chord diagram and we define finite type invariants for knotoids.

4.1 Singular knotoid diagrams and rigid vertex

isotopy

Definition 4.1.1. A singular knotoid diagram is a knotoid diagram with
some (finite) undeclared double points which are transversal, the singular

crossings. See Fig. for some examples.

Figure 4.1: Singular knotoids

Definition 4.1.2. A rigid vertex isotopy for singular knotoid diagrams is

57
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generated by locally planar isotopy and the Reidemeister moves for classical
knotoids (recall Fig.[I.I), extended by the rigid vertex isotopy moves involving
singular crossings (recall Fig. [2.1). An isotopy class of singular knotoid

diagrams is called singular knotoid.

Note that in the theory of singular knotoids we still have the restrictions
of the forbidden moves (recall Fig. [1.2).

4.2 Types of closures

Definition 4.2.1. We call classical closure for (classical or singular) knotoids
of type ‘0’ (resp. ‘u’) a mapping c° (resp. c") from the set of (classical or
singular) knotoid diagrams in a surface X to the set of singular knot diagrams

in 2, induced by the over- (resp. under-) closure on knotoid diagrams.

c°(K):=K° and c“(K):=K"

where K° K" denote the singular knots in X obtained via the over- resp.

under-closure of a knotoid K. For examples, see the top row of Fig. [4.2]
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Figure 4.2: Types of closures: over- and under-closures (top row), virtual

closure (bottom left), and singular closure (bottom right)

Lemma 4.2.2. Any classical closure (over or under) for spherical or planar

(singular) knotoids is well-defined up to isotopy.

Proof. We want to show that a singular knotoid K C S? determines, via the
under-closure, a unique singular knot K,, C S® up to isotopy.

Indeed, pick an embedded arc a C S? connecting the endpoints of K and
otherwise meeting K transversely at a finite set of points distinct from the
crossings of K (a shortcut for K) K U a is a knot diagram declaring that a
passes everywhere under K. The orientation of K from leg to head defines
an orientation on K U a The knot in S°® represented by K U a is denoted by
K". We say that K represents K".

K" does not depend on the choice of the shortcut a because, by the
Reidemeister moves, any two shortcuts for K are isotopic in the class of
embedded arcs in S? connecting the endpoints of K.

O

Remark 4.2.3. Intuitively, one might consider taking all possible closures

by taking a diagram that realizes the height and an arc connecting leg



60

to head and not passing through any other crossing, but creating ¢ new
crossings. Then one would declare with 2¢ options which crossing is under
and which over. Given two isotopic knotoid diagrams K',K? with the same
height, say 2, there is no way to prove that the knot Kj‘u is knot-isotopic
with the knot K?,, or K,

u,0’

where K, is the knot that we obtain if, starting
from the leg of K" and following the arc a, we declare the first extra crossing
to be over-crossing and the second one to be under-crossing. Respectively,
we denote K, . to be the closure of the knotoid K" with height ¢, such
that iy, ..., i € {0, u} and if i, = o this means that the kth extra crossing is
declared to be over, while if i, = u this means that the kth extra crossing

is declared to be under, k = 1,...,c. The above mean that K}, . is not

well-defined, as different shortcuts will possibly give non isotopic knots.
For example if we take two distinct shortcuts in the knotoid illustrated in

Fig. , we will end up with different normalized bracket polynomials with
the (u, o)-closure.

Figure 4.3: A knotoid that attains two distinct (u,0)-closures

We will now introduce the virtual closure. Virtual knot theory was
introduced by L.H. Kauffman in 1998 [13]. We recall that a virtual knot
diagram is an immersion of S' in the plane, containing finitely many
double points, some of which are classical crossings and some are virtual
crossings, which can be viewed as permutation crossings with no ‘under’
or ‘over’ specification. Virtual isotopy comprises the planar isotopy, the
Reidemeister moves and the extra isotopy moves involving also virtual

crossings, illustrated in Fig. [4.4] A virtual knot is a virtual isotopy class of
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virtual knot diagrams.

Definition 4.2.4. We call virtual closure for knotoids (classical, singular or
virtual) a mapping ¢’ from the set of (classical, singular or virtual) knotoid
diagrams in a surface X to the set of virtual knot diagrams in %, induced
by the virtual closure on knotoid diagrams, whereby all extra crossings
are declared to be virtual when taking a shortcut for the knotoid diagram.
Namely,
c’(K) := K*

where K’ denotes the virtual knot in X obtained via the virtual closure of a
knotoid K. See bottom left of Fig. [4.2]

For singular virtual knotoid diagrams we further have:

Definition 4.2.5. Two singular virtual knotoid diagrams differ by singular
virtual isotopy if they differ by (a finite sequence of) planar isotopy, the
Reidemeister moves, extended by the local moves involving virtual crossings,

and by rigid vertex isotopy.
Lemma 4.2.6. Virtual closure is well-defined up to virtual isotopy.

Proof. Clearly, the closing arc may move freely, by the detour move, so
the definition does not depend on the choice of shortcut. Moreover, any
virtual/rigid vertex isotopy move between knotoid diagrams is also a valid

isotopy move for their virtual closures. O

For (singular) knotoids of height one, we can also define a singular
closure, as follows. We say that a knotoid is prime if it is not a product of

two knotoids. Equivalently, a prime knotoid has no local knotting.

Definition 4.2.7. We call singular closure for prime knotoids of height one
(classical, singular or virtual) a mapping c® from the set of prime knotoid
diagrams (classical, singular or virtual) in a surface X to the set of singular
knot diagrams in 2, induced by the singular closure on knotoid diagrams
which realize the height, whereby the extra crossing is declared to be

singular when taking a shortcut for the knotoid diagram. Namely,

c’(K) .= K°®
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o = )
A=)
K= X
= 2%
N

Figure 4.4: Isotopy moves involving virtual crossings. The last one is the
so-called detour move. It generalizes the local detour move just above, and

it is derived by the local virtual moves.
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where K°® denotes the singular knot diagram in X obtained via the singular
closure of the knotoid K. For an example, see the bottom right of Fig. [4.2]

Lemma 4.2.8. Singular closure for prime knotoids of height one is well-

defined up to rigid vertex isotopy.

Proof. We will first argue that the definition of singular closure does not
depend on the choice of shortcut. Indeed, since our diagram realizes the
height one, there is at least one place where the leg is separated by the
head by just one boundary arc. If there is only one such place, we are done.
Suppose there are more places. We consider two neighbouring. Then the
union of the associated shortcuts makes a simple closed curve. This closed
curve bounds a disc,and this disc does not contain any knotting, since
it would be by definition local so the two shortcuts differ by rigid vertex
isotopy.

Moreover, any virtual /rigid vertex isotopy move between knotoid diagrams

is also a valid isotopy move for their virtual closures. O

Remark 4.2.9. Singular closure is well-defined only for height-one prime
knotoids and, moreover, on diagrams that realize the height of the knotoid
they represent. The requirement for prime knotoids becomes apparent in
the proof of Lemma[4.2.8 For bigger height, take, for instance, the following
counterexample of height two, shown in Fig.

L 2

Figure 4.5: A knotoid diagram that admits two distinct singular closures

Indeed, calculating its affine polynomial we obtain

Pi=t?+t'+t'+t2-4
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so the knotoid is indeed of height 2. Yet, it admits two distinct singular
closures, as indicated in Fig. the closure s; illustrated by the blue
arc corresponds via an oriented smoothing of the singular crossings to a
non-trivial link of 3 components. However, the closure s, illustrated by
the red arc corresponds to the trefoil knot via an oriented smoothing of the

singular crossings. So, the two singular closures are not isotopic.

Figure 4.6: Two distinct singular closures

For the rest of the text we mainly focus on knotoids (classical, singular,
virtual, etc) in S?. Occasionally we will be making more general definitions

and comments, stating explicitly the generalization.

4.3 Finite type invariants obtained by closures

Definition 4.3.1. Let v be any finite type invariant for classical knots. We
call classical closure finite type invariant for (classical) knotoids related to v
a mapping v° from the set of (classical) knotoid diagrams to R?, where R is

a commutative ring, defined in the following way:
v(K) 1= (u(K"), v(K®))

where K", K° are respectively the knot diagrams obtained via under- and

over-closure, respectively, of a knotoid diagram K.

What we want to prove is that given a finite type invariant for knots v

induces an isotopy invariant for knotoids using the classical closure. For
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isotopic knotoids Kj, K;, and for any (knot) finite type invariant v, we want
V(K;) = v°(Ky), or equivalently we want v(K}') = v(K}) and v(K?) = v(K7) but
this is true because v is an isotopy invariant for knots and a knotoid K C S?
determines (via the under-closure) a unique knot K, C S8 (resp. K, C S3)

up to isotopy from Lemma [4.2.2/

Definition 4.3.2. Let v be any finite type invariant for virtual knots. We
call virtual closure finite type invariant for knotoids related to v a mapping
v’ from the set of (virtual) knotoid diagrams to a commutative ring R, by

computing the invariant on the resulting virtual knot. Namely,
V'(K) := v(K")

where K is a (virtual) knotoid diagram and K" is the virtual knot diagram

obtained by the virtual closure.
For finite type invariants of virtual knots, see for example [13],[10], [7].

Definition 4.3.3. Let v be any finite type invariant for singular knots. We
call singular closure finite type invariant for prime knotoids of height one
related to v a mapping v° from the set of (singular) prime knotoid diagrams
realizing the height to a commutative ring R, by computing the invariant

on the resulting singular knot. Namely,
V’(K) := v(K®)

where K is a (singular) knotoid diagram realizing the height and K° is the
singular knot diagram obtained by the singular closure. One could then
say that this knotoid invariant is of order (or type) < n if it vanishes on all

singular knotoids with more than n — 1 singular crossings.

4.4 Finite type invariants defined directly on

knotoids

As in the case of knots, the principal idea of the combinatorial approach

to the theory of finite type invariants is to extend a knotoid invariant v to
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singular knotoids with finitely many singular crossings, by making use of

the Vassiliev skein relation:

(D) = v(3Q) - (X

So we define:

Definition 4.4.1. A knotoid invariant, v, is said to be a finite type invariant
of type < n if its extension on singular knotoids vanishes on all singular
knotoids with more than n singular crossings. Furthermore, v is said to be

of type n if it is of type < n and not of type < n — 1.

Definition 4.4.2. Two singular knotoid diagrams K, K, in a connected,
oriented surface X are said to be singular equivalent if one can be deformed
to the other by rigid vertex isotopy moves (recall Figs. and and real

crossing switches.

For any finite type invariant v for knotoids we consider the top row
singular knotoid diagrams up to singular equivalence. Now, as in the
classical case, any finite type invariant remains unchanged under crossing
switches on top row diagrams, due to the Vassiliev skein relation. Indeed,
if K is a top row diagram and has a positive (resp. negative) crossing we

can switch this crossing by invoking the relation

(5 = v(H) + v

But U(X) = 0 because this diagram has n + 1 singular crossings, since K

is a top row diagram. Hence v(y\) = U(X). From the above, a top row
singular knotoid may be represented by an appropriately chosen ‘regular’

representative of its singular equivalence class.

4.5 Linear chord diagrams

Since a spherical knotoid diagram is an immersion from [0, 1] to S*> we

must think of chord diagrams as ‘chords’ joining points of an open-ended
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smooth curve in the sphere, that is, a connected, oriented 1-manifold
with boundary two endpoints, which correspond to the two endpoints of
the singular knotoid diagram. Each chord corresponds to precisely one
singular crossing of the singular knotoid diagram, and the chords respect

the forbidden moves.

Definition 4.5.1. A linear chord diagram of order n is an oriented closed
interval with a distinguished set of n disjoint pairs of distinct points being
connected with an immersed unknotted curve, a ‘chord’, in S?, considered
up to orientation preserving diffeomorphisms of the interval, and up to
isotopy of the immersed curve which fixes the endpoints. The set of all

chord diagrams of order n will be denoted by L,.

Figure 4.7: Linear chord diagrams

It is clear that there are many ways that two points can be connected
by a chord, even being considered up to diffeomorphisms of the interval.
Namely, a chord may wrap around the leg or/and the head a number of
times, in the clockwise or counterclockwise orientation. Fig. shows
two examples in L;, where s denotes the singular crossing in the knotoid
diagram. So, contrary to the classical chord diagrams, even the set L, is far
from being trivial.

Note that there are two trivial chord diagrams, in which the chord does
not wind around the leg or the head: the one that the chord lies under
the interval and the one that the chord lies over the interval, denoted by
1., 1, respectively. Of course they both correspond to knot-type singular
knotoids and hence they can be identified with the classical chord diagram

with one chord. So, 1, = 1,. Furthermore, thinking of finite type invariants,
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the one-term relation applies on such a trivial chord diagram, yielding zero

evaluation of the invariant.

For the rest of this work we will restrict ourselves to the case n = 1. Our
goal is to classify all different chord diagrams of order 1. With this in mind,
we first consider two generators a, b: The generator a means a wrapping
of the chord once around the leg with the counterclockwise orientation,
starting from the point in the interval closer to the leg with destination the
point closer to the head. The generator b means a wrapping of the chord
around the head with the counterclockwise orientation, starting from the
point in the interval closer to the leg with destination the point closer to the
head.

We will now define an operation between two chords. Multiplication
x -y means that we locate all four points in the interval such that the two
involving x are both before the ones involving y, with respect to the natural
orientation of the interval. Then we apply the following procedure in order
to obtain a new chord out of the chords x and y. All the intersections of
x and y are declared to be flat (of no importance), so we take a tubular
neighbourhood of the sub-interval starting from the destination of x and
ending at the start of y. Inside there we connect the destination of x with
the start of y by a simple ‘concatenating’ arc, which is unique up to planar
isotopy, so that it is transversal to the interval at both points. The result
is a new chord. Note that the trivial chord diagram plays the role of the
unit: 1,-x=x-1,=x=x-1, = 1, - x, as it only extends the chord x by a
small arc. We also have inverses with respect to the product. Indeed, for
the clockwise orientations we will use the symbol a™!( respectively b™') for

the following reason.
Lemma 4.5.2. a-a’'!=1 b-b'=1.

Proof. The idea of the proof is clearly illustrated in Fig. and the result
is an immediate consequence of the definition of the multiplication, where
with x = a and y = a™! it is clear that a - a™' is flat isotopic to the trivial

chord diagram.
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Figure 4.8: a-a™ =1

Lemma 4.5.3. a-b=1=b-ain S%.

Proof. Now the idea is this. Take x = a and y = b. Connect the endpoints
as the definition suggests, such as both arcs cross the interval transversely.
Then Fig. shows that in S* a - b is trivial.

Figure 4.9: a-b=1

O

Corollary 4.5.4. This leaves us with only one generator in our construction,
say a, and so we can assume that every chord diagram, when speaking

about spherical knotoids, has its head in the outer region.

From the above, it is clear that we can rethink of a linear chord diagram
with one chord, representing a singular knotoid with exactly one singularity,

as a closed interval with a loop winding (only) around the leg w times.
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So, the two points s can collapse into a single point and the loop can be
abstracted to a circle. See Fig.

-----

Figure 4.10: The abstraction of a chord diagram with winding number
we-Z.

Hence, we have proven the following proposition:

Proposition 4.5.5. In S? for any linear chord diagram C € L, there exists

a w € Z such that C = a®. In other words, as a group, L, is infinite cyclic.

Note that in R? this technique wouldn’t work, since, for example, the
second diagram in Fig. is locked and non-isotopic to the third one. So,
if one tries to extend this theory to R? or a surface X, one would have to

deal with more complexities.

4.6 From a singular knotoid to its chord dia-

gram

In knot theoretical finite type invariants there is a natural way to encode
the order of the singularities in a circular diagram and then join the two
points of the circle with a simple interior arc. There are many non-pairwise
isotopic ways to join two points of the interval with a simple arc. This
is not a technicality but a first attempt to understand the complexity of
the problem since chord diagrams are closely connected with singular

equivalence classes of knotoids.
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For example if we tried to have a convention which allows us to join
two points without winding around ! or h we would have the same chord
diagram for the knotoids showed in Fig.

h 1

he S\ 4
1

Figure 4.11: Two non singular equivalent knotoid diagram

The first attempt to overpass this obstacle is to observe that joining the
points winding once around the leg counter-clockwisely would correspond
to a knotoid diagram which winds once around the leg from the first time

that passes form the singular crossing until the second time.

he

Figure 4.12: A knotoid diagram with its corresponding chord diagram

So, we end up with the following construction. First of all there is no

point on considering paths that wind around the head since we know
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that this would correspond to a path winding around the leg the same
amount of times but with reserved orientations. Take a knotoid diagram
K. Split the knotoid into 3 paths. The path joining leg to singular point
(Il — s), the singular loop, and the path joining the singular loop with the
head(s — h). Erase | —» s and s — h, but keep track of the points [, h.
What remains is a loop that winds some integer number of times around
l. The integer is conventionally positive if the winding is counterclockwise.
We now construct a chord diagram of class a with w being the winding
number we just discussed. One can compute directly w by the usual

isomorphism m,(D? \ {l}, s) = Z and so w € Z corresponds to the class of
y(s) € m(D*\ {1}, s)

he

Figure 4.13: The singular loop and the corresponding chord diagram

4.7 From a chord diagram to a singular knotoid

It is a natural question to ask whether the construction of a chord diagram

corresponds to a representative of a singular equivalence class and here
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we will follow the classical construction of surgery along the two endpoints.
The intuition behind the technique is that a chord diagram illustrates the
nodal structure of the singularities, and specially in pure knotoids every
chord illustrates the winding number around the leg as you traverse in a
singular loop.

Given a linear chord diagram D with precisely one chord ¢ which has
endpoints a, b with a being closer to [ and b closer to h. The technique
is simple but yet accurate. Take two small open subintervals each one
containing an endpoint and cut it out from the interval, say (a — &, a +
€),(b— 6,b+ 6). The chord ¢ now has a new initial point from a + €. (That
is a convention, we can follow the same procedure if the new initial point is
a-—e.

Take a new arc with initial point a — ¢, say y which crosses transversely
c in an & neighbourhood of a, and has no other common points in the
neighbourhood with c. Then y traverses next to c¢ (in a small thickened
band following c without crossing it, (except of course the cases that ¢ has
self-intersections but these cases can be excluded in spherical knotoids),
until the thickened band enters a small 6" neighbourhood of b, where either
y should be linked with b — 6 and c with b + 6 or the other way, so we are
forced to choose the only connectivity pattern that leads to a knotoid and
not a multi-knotoid. This construction may or may not create an extra flat
crossing in the 6’ neighbourhood of b. Actually, in spherical knotoids the
pattern is always the same, and it always create an extra flat crossing, but
this generality could solve some future ambiguities.

Note, again, that all the self crossings of c, the crossings of ¢ with y and
¢, y with the interval are flat since we are trivially in a top row diagram so
we regard singular-equivalence classes of knotoids with one singularity or

equivalently isotopy classes of flat knotoids with one singularity.
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Figure 4.14

: Recovering a singular knotoid from a chord diagram



Chapter 5

Rail representations for knotoids

5.1 The rail representation for planar knotoids

One thing that is worth mentioning now for our purpose is a special way to
represent planar knotoids. Intuitively speaking, one could take a knot in
the thickened surface X X F out of knotoid diagram that lives in a surface 2.
For K(R?) there is something more specific. Identify the plane of the planar
knotoid K with R? x {0} c R®. K can be embedded into R® by pushing the
overpasses of the diagram into the upper half-space and the underpasses
into the lower half-space in the vertical direction. This creates an embedding
of [0, 1] in R3. The leg and the head of the diagram are attached to the two
lines, {l} XR and {h} xR that pass through the leg and the head, respectively
and are perpendicular to the plane of the diagram. Moving the endpoints
of K along these lines gives rise to open oriented curves embedded in R®
with two endpoints lying on each line. Such a curve is said to be the rail
representation of a knotoid diagram. An example of a knotoid K, and its
rail representation K is illustrated in Fig/5.1]

75
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K,

o

D

Figure 5.1: Example of a knotoid and its rail representation

Definition 5.1.1. Two smooth open oriented curves embedded in R® with
the endpoints that are attached to two special lines, are said to be line
isotopic if there is a smooth ambient isotopy of the pair (R3/{t xR, h xR}, t X
R U h x R), taking one curve to the other curve in the complement of the

lines, taking endpoints to endpoints, and lines to lines.
In [8] N.Guigtimcti and L.H. Kaufflman prove the following:

Theorem 5.1.2. There is a one-to-one correspondence between the set of
knotoids in R? and the set of line-isotopy classes of smooth open oriented
curves in R® with two endpoints attached to lines that pass through the
endpoints and perpendicular to the xy-plane, and generally Two open
oriented curves embedded in R® that are both generic to a given plane, are

line isotopic (with respect to the lines determined by the endpoints of the



77

curves and the plane) if and only if the projections of the curves to that

plane are equivalent knotoid diagrams in the plane.

Furthermore, in [18] D. Kodokostas and S. Lambropoulou develop the

theory of rail knotoids.

5.2 Arail representation for spherical knotoids

Definition 5.2.1. The spherical knotoid diagrams which have the head
in the point at infinity are called semi-special. The semi-special knotoid

diagrams which have the leg in the point O are called special.

Lemma 5.2.2. Every spherical knotoid K € K(S?) is isotopic to another
K € K(S?) such that there is a path joining the head of the knotoid with
the point at infinity co and does not intersect any other part of the knotoid,

or K is semi-special.

Proof. Take a point p # h in the connected component of h and by the
fact that S? is rotationally symmetric p can be thought as the point at
infinity via isometry. One could also think that given h and co, we are not
allowed by the forbidden moves to pass branches of the knotoid K through
h, but we can pass them through o and so if in the initial position we
had Ik intersection points when joining h, co, by passing k branches to the
other side of co we have the desired semi-special diagram only by using

locally-planar isotopy. O

Lemma 5.2.3. The spherical knotoids K(S?) are in bijection with the planar
knotoids whose head is in the non-bounded connected component of R? \ K
if K is the planar knotoid (K’(R?)).

K(S*) — K'(R?)

We could equivalently think of these knotoids as "long knots in one
direction", meaning that the leg is trapped but following the knotoid diagram

we can approach the head with a straight line outside a compact region.
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Proof. Let K € K(S*).From Lemma we can assume without loss of
generality that K is semi-special. Technically we need the head to be "very
close" to co.

By the decompactification of S? using the usual stereographic projection
the initial diagram corresponds uniquely to a K € K(R?) since

Then the knotoid diagram K except a neighbourhood of h, is in a compact
subset B which does not contain oo.

Let

m:S%\ {00} — R?

be the stereographic projection.

Then we have that n(B) is compact and n(h) € n(S? \ B) is not non-
bounded and has no common point with the knotoid other than the small
path near n(h). Correspondingly we can assume that outside a compact
F 2 B the knotoid reaches the head with a straight line, and from our
hypothesis that h is "very close" to the oo, we get m(h) is "very far" from the
non-linear part of the knotoid. One could determine exactly the metrics
that make clear this "very close" situation but this is easy and irrelevant to
our goal.

The converse is easy the same since we begin with a knotoid K € K(R?)
which is inside a compact F except a straight line from the boundary of
F to h, which has a "big length". Applying n~' we will get a semi-special

knotoid which is what we want.
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Figure 5.2: Transformation to a semi-special knotoid diagram and then to

a planar

Lemma 5.2.4. Every descending classical spherical knotoid diagram is

isotopic to the trivial knotoid.

Proof. Since in any isotopy class of spherical knotoids there is a semi-special
representative, we choose without loss of generality K to be a descending
semi-special spherical knotoid diagram. In S? take a disc D; centered at oo
which intersects the diagram only at a single segment, starts with the head
and intersecting the disc at exactly one point.

Take now the disc D?, possibly with application of some planar isotopies
centered at leg such that D, is tangent to D,. This disc encloses the rest of
the knotoid diagram except for a segment a which links the head with the

tangential point.
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Applying the stereographic projection of lemma [5.2.3|yields in the plane
the knotoid in which the head is outside a compact containing all the rest
of the knotoid except a small neighbourhood of h.

Then take the rail lifting in R3. This gives rise to a solid cylinder with
central axis the rail of [, denoted by L. Denote also the rail of h, by H. H
is allowed to move in the boundary of the solid cylinder. Our knotoid now
corresponds to a curve c in R? for which if two points p; = c(t;), p2 = c(t)
with t; < tp, with p; = (x, y, z1), ps = (X, Yy, z5), then z; > z,. Here we use the
convention that L, H are perpendicular to the x, y plane.

if the leg at the point (x,y, 1) on L. The head is pulled down until K
becomes a helical curve. The curve ¢ does not wind around H since K
is a semi-special knotoid diagram. Then the curve c is line isotopic to a
curve with h fixed on the boundary after winding around L, where [ is
fixed. The part of the c that winds around the L together with L, both
oriented downwards, is a 2-braid. The parts that correspond to a braid
word o;0; ! are cancelled so we have a braid word of the form o]'. Now we
can unwind c from the bottom to the top by consecutive rotation of m in the
counterclockwise direction around L for n-times. Then the projection of ¢

to the plane is the trivial knotoid diagram. O



Chapter 6

Type-1 invariants for spherical

knotoids

What is of crucial importance here is the notion of the regular diagrams

which gives rise to our main result for the v,

6.1 Regular diagrams and the classification the-

orem

Definition 6.1.1. A regular diagram is a knotoid diagram K with 1 singular
crossing which has the minimal crossing number , is descending and the
singularity is located "next to" the the leg of the knotoid i.e. There exist no
other crossings between the leg and the singular crossing. Finally, there

exists no local knotting and the real crossing number is odd.

81
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Figure 6.1: Two regular diagrams

Our goal is to prove the following theorem

Theorem 6.1.2. Every knotoid diagram with 1 singularity is singular equiv-

alent to one and only one regular diagram.

With this in hand we will be ready to show that we can handle the com-
plexity occurring by the forbidden moves and the rigidity of the singularity

just by the winding number of the so-called singular loop.

Definition 6.1.3. The singular loop is the oriented closed path that starts
from the singular crossing, as it is first encountered from the leg, follows

the knotoid diagram and ends at the singular crossing.

Lemma 6.1.4. In a spherical singular knotoid that has 1 exactly singular
point, the singular loop contains all the knotedness up to singular knotoid
isotopy. This means that the path joining the head with the singularity
contains only crossings that get involved in the singular loop and all others

can be excluded. The same for the path joining the leg with the singularity.

Proof. We can consider the knotoid to be descending as crossing switches
do not change the singular equivalence class of the knotoid.

We consider the rail representation for the spherical knotoid using the
isomorphism of Lemma The knotoid can be thought to live in the
interior of Cg \ C; where C, is the solid cylinder of radius n centered at [
except a small unknotted segment that links ! with the boundary of C, and
the head h lives in the boundary of Ck.
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First of all because the knotoid is descending, the subpath joining [ with
s is a classical spherical descending knotoid and hence a trivial that lays
over the rest of the diagram, with the technique that we described earlier
by unwinding the arc around the L rail.

The same argument will show that the subpath joining s to h is trivial
and underpasses all the rest of the diagram.

So every crossing that is not involved in the singular loop can be excluded

via singular equivalence.

—
-

—
H L /

Figure 6.2: Rail representation of a regular knotoid
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Proof of the Classification Theorem

Since the only thing that matters is the singular loop we have the following

considerations.

1. The cylindrical anulus Cy \ C; deformation retracts to a disc without
a point D? \ {1}.

2. Two regular diagrams have two singular loops in a bijection as we
saw, so they are classified by m,(D? \ {l}, s). so the regular diagrams

are different among each other.

3. There is a singular equivalence making the singular loop wrap around
the point grading the radii of the winding from the bigger to the smaller.
We then have w — 1 self intersections i.e crossings where w is this

winding number.

4. We then must join s with h with an underarc. This will create w extra
under crossings projecting again the knotoid to the plane, applying w

times the Jordan curve theorem.

This constructive proof gives us the result that any knotoid diagram is
singular equivalent to exactly one regular diagram.
Q.E.D.

6.2 The singular height

Definition 6.2.1. We define the singular height of a knotoid diagram K to be
the minimal height of its singular equivalence class. sh(K) = min{h(K')|K" ~

K}, where ~ means singular equivalence.

Obviously sh(K) < h(K) and there exists a regular diagram in the singular
equivalence class of K which realizes singular height. Of course every
regular diagram realizes singular height.

Thus, it is natural to say that since a regular diagram realizes height and

a linear chord diagram corresponds to exactly one regular diagram, chord



85

diagrams realize singular height. The question here is simple: In planar
knotoids where the construction of regular singular knotoids is not so easy
can we detect singular height, just by seeing the chord diagram.

The farther we can reach for the moment is conjecture the formula that
holds in this occasion and search it further in the future. First of all recall
that in planar knotoids b is a free generator as well as a. We don;t have
that ab = 1 as in Lemma [4.5.3| so we should think linear chord diagrams
fro planar knotoids as words of F,[a, b].

Solet c € Fy[a, b], then c = a™b™...a™b™,k < oco,n;, m; € Z
em#0 Vi<k-1

e n;#0 Vi>2

e if m; =0 = m; =0 for every i and then ¢ = a" for some r € Z

We search the first two consecutive exponents which have the same sign.

1. If the first such pair is n; > 0, m; > O for some j, then let d be the
number of (consecutive) pairs n;, m; where n; > 0, m; > 0 added by the

number of (consecutive) pairs my;, n;,; where m; < 0, my;; <0
2. Ifitis m; < 0, my,;; < O let d be the same as in (1).

3. If the first such pair is n; < 0, m; < O for some j, then let d be the
number of (consecutive) pairs n;, m; where n; < 0, m; < 0 added by the

number of (consecutive) pairs m;, n;;; where m; > 0, my;; > 0

4. If it is my; > 0, my,; > O let d be the same as in (3)

Conjecture 6.2.2. Given a linear chord diagram for planar knotoids D, with
one chord, then the singular height of the corresponding knotoid diagram is

given by the formula

-2d

I
sh(K) = [Z (Ingl + Imy)
i=1
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6.3 The integration theorem

With the proof of the classification theorem, some natural questions arise.
First of all, we have the following algorithm. Given a weight system W i.e.:
a function W : LCD — R where R is a commutative ring, we can construct
an invariant on knotoids by this way. Starting from the leg of a knotoid
diagram K, and the first time that we see a crossing that under-passes
the first time, or the first crossing that the knotoid fails to be descending.
Call that crossing c. Change c using the Vassiliev skein relation so we get
the under crossing + the evaluation of the weight system in the regular
diagram which is singular equivalent to K.. K. is the given knotoid with ¢
nodified, and + corresponds to the sign of c. In the end, continuing with
the same process we will have a descending diagram which will be trivial
and so contributes nothing to our sum.

So this algorithm says that

vi(K) = > Sesgn(OW(K,)

c€CR(K)

where

5 0, cis an over crossing the first time
c =
1, otherwise

sgn(c) is the sign of the crossing ¢ and W(K,) is the value of W in the
knotoid diagram K with ¢ nodified.

Theorem 6.3.1. Every function W : LCD — R that has zero evaluation in
the trivial linear chord diagram, using the Vassiliev skein relation gives rise
to a knotoid invariant where LCD is the set of equivalence classes of linear
chord diagrams, or equivalently the sum that we defined is stable in the

isotopy class of the knotoid diagram.

Proof. First of all, any Reidemeister I move would create a trivial curl and a
crossing in which the weight system with the crossing nodified would be O
so Reidemeister I moves contribute nothing to our sum.

The Reidemeister III move does not create any crossings and it does not

hide any crossings involved. Furthermore, performing the Reidemeister III
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move there are some possible ways because of the orientations. In any such
choice, we will see the contribution of this change is equal 0. An interesting
case is when all three arcs as illustrated below are oriented from left to right
and so both crossings change signs.The central crossing contributes to the
sum the same as it contributes after the Reidemeister III move. Let A the
left crossing and B the right one. Then their corresponding crossings after
the Reidemeister move are A’, B’ respectively, and the knotoid diagram has
initial point O. But then W(K,) = W(Kp ), W(B) = W(K, ),since we regard
singular equivalence classes of singular (flat) knotoids and course neither
the leg nor the head are in the closed region between the arcs, or else we
performed a forbidden move. Moreover, 4 = 6p, 65 = 64 since the same
arcs are involved and of course sgn(A) = sgn(B’), sgn(B) = sgn(A’). Hence
again no contribution to our sum. What we describe here is illustrated in

the following picture

The last thing we must check is the Reidemeister II move. The idea is
again to perform such a move and show that it contributes nothing to
the sum.We will sum over diagrams for simplicity and of course mean
the evaluations on such diagrams. Choose in the diagrams following the
orientation from the top to the bottom and the understrand appears first

in the knotoid diagram, with initial point O as described in the following

CICX

picture.
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(

~N

which contributes nothing more than the two parallel lines to the sum
since both crossings are first overcrossings. The proof for all other choices

is identical except possibly some opposite signs. |

6.4 Examples of non-trivial v,

6.4.1 The affine index polynomial

Proposition 6.4.1. The affine index polynomial is a Vassiliev invariant for
knotoids of type 1.

Proof. We have to prove that if we extend the affine index polynomial by the

Vassiliev skein relation to singular knotoids. We have that

Pe(t) = ) sgn(e)(t™© - 1)
ceCr(K)
So for every singularity inserted in a knot diagram we have the following

contribution to the sum

P(X) =P (R)-P(X) =t = 1+ (@ = 1) = > + 1> =2

The -2 is also justified by the change of writhe by 2 when one changes a
positive crossing to a negative.
Take a knotoid diagram with two singularities .c, d with corresponding

@, and @, This yields the following contributions.



89

P [chd] -P,,-P,_—P,+P_=
(% = D)+(t% = 1) = (=t + D)=t = 1)=(t* = 1) = (=t "+ 1) +(~t* + D)+ (-t"+1) = 0

So Py is a Vassiliev invariant of knotoids of type 1. O

Now recall the calculation in where we calculated the affine index
polynomial of this knotoid

It was Px = —(t* + t72 — 2). We also have that (omitting the Pk(t))

So the regular diagram of order 2 has an affine index polynomial Px =
t? + t2 — 2 which of course was what we expected due to the calculation
of the affine index polynomial on an abstract knotoid diagram with one

singularity.

6.4.2 The invariants coming from Turaev extended bracket

Proposition 6.4.2. Recall the Turaev’s extended bracket Tx(A, u). Making

the substitution A = e*. We hence represent the Turaev polynomial of a
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knotoid K as a power series

T(K) = Z Z tklulxk
k=0 l:—n1
Then each ti.; is a Vassiliev invariant of type k foralll = {—n;, —n;+1, ..., my}

Proof. We got the skein realation

At (32) + a1 () = a2 - a1 ()() =

16
—|1+4x+

:((1+2x+...)—(1—2x+--'))TOO

Hence, by the Vassiliev skein relation

T (X) =T (V\) -T (X) = 4x(some mess)

SoT (X) is divisible by x.
Hence, if a knotoid has n > k singularities then the coefficient of x*
vanishes.

So we have the following results:

my
1. Z ti i is a Vassiliev invariant of type k

l:—nl
2. The coefficient of x* vanishes means that in the knotoids with n > k

my
singularities Z tk,lul =0 VYumeans that t,; =0 VI So every i is
l:—nl
a Vassiliev invariant of type < k
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