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Introduction

0.1 Motivation

“Contact geometry is all geometry.”

— V. 1. Arnold

Contact geometry can be seen as an odd dimensional sibling of symplectic
geometry. Pursuing the first ideas of contact geometry leads us to Christian
Huygens [Gei05], who studied optics in 17th century. But first explicit use of
contact geometry dates to early 20th century, when Sophus Lie's work on differ-
ential equations|Liel2] was written.

Legendrian knots are natural objects on contact 3-manifolds. Their impor-
tance appears in Eliashberg's work on tight versus overtwisted dichotomy of con-
tact 3-manifolds [EIi89]. Also, Ding and Geiges [DGO04] described that every
closed connected 3-manifold can be obtained by surgery along a Legendrian link
on S? with a standard contact structure.

To understand Legendrian knots, we can study their classification on given
contact manifold up to Legendrian isotopy. This leads to classical invariants of
Legendrian knots. Those are: the underlying topological knot type, rotation
number, and Thurston-Bennequin invariant. Many knot types are completely
determined by classical invariants. Given an example, this is the case of unknot,
as showed Eliashberg and Fraser [EF09], or torus knots, as proven by Etnyre and
Honda [EHO1].

Unfortunately, Chekanov [Che02] described two Legendrian knots of topolog-
ical type m(5y) that have the same classical invariants and are not Legendrian
isotopic. This was done by studying Chekanov-Eliashberg differential graded al-
gebra (DGA) for Legendrian knots. Chekanov-Eliashberg DGA was found by
Eliashberg, Givental, and Hofer in their work on symplectic field theory [EGHO0]
and independently combinatorially defined by Chekanov for Legendrian knots
in R?® with a standard contact structure [Che(2]. The homology of Chekanov-
Eliashberg DGA is called Legendrian contact homology (LCH) and it is a modern
invariant of Legendrian knots. However, LCH is often difficult to compute.

Luckily, Chekanov also introduced the notion of augmentations as a way
how to linearize Chekanov-Eliashberg DGA and obtain some computable invari-
ants. Which is, for example, linearized LCH. Augmentations form two important
Fukaya-type A, categories. The first one, Aug,, was described by the work of
Ng, Rutherford, Shende, Sivek, Zaslow [NRST15] and the second one, Aug_, was
originally defined by Bourgeois and Chantraine [BCT14].

It is possible to generalize the notion of augmentations to representations of
Chekanov-Eliashberg DGA, where augmentations can be seen as a 1-dimensional
case of representations. Representations can be used for the linearization of
Chekanov-Eliashberg DGA. Also, Chantraine, Dimitroglou Rizell, Ghiggini, and
Golovko [CRGGI6] constructed A, categories Rep, and Rep_ that are ana-
logues of Aug, and Aug_. From this perspective, studying representations of
Chekanov-Eliashberg DGA is an important task allowing us to understand pow-
erful Fukaya-type invariants of Legendrian submanifolds.



Sivek [Siv13] gave an example of a Legendrian knot which admit higher di-
mensional representations, but does not admit any augmentations. Hence, the
study of higher-dimensional representations is meaningful. Note that the repre-
sentations discussed by Sivek were ungraded. The goal of this thesis is to describe
2-dimensional irreducible representations (and hence the representations coming
only from higher dimensions) of certain knot that are graded.

0.2 Outline

The thesis is organized as follows.

In the first chapter, we introduce contact 3-manifolds and study the behav-
ior of the contact structure. Namely, we will be interested in the global/local
character of contact 1-forms in relation to the contact structure. Also, we ex-
plain using Frobenius theorem the notion of “maximal non-integrability” of the
contact structure. We finish the chapter with Darboux's theorem.

In the second chapter, we are concerned with projections of Legendrian knots
on standard (R3,&.q). We start with a front projection and then continue with
Lagrangian projection. Moreover, we outline a resolution as a way to switch the
knot diagrams between these projections.

In the third chapter, we define classical invariants of Legendrian knots. Also,
we introduce an operation on Legendrian knots called stabilization. Here, we
study the stabilization for better understanding of classical invariants.

In the fourth chapter, we conclude to the main terms of the thesis that are
Chekanov-Eliashberg DGA and its homology (LCH). After we properly define
Chekanov-Eliashberg DGA with Zy coefficients, we study invariance of stable
tame isomorphism class of Chekanov-Eliashberg DGA. And hence we obtain the
invariance of LCH up to Legendrian isotopy. Then we lift Chekanov-Eliashberg
DGA to Z[t,t']. We finish this chapter with a note on LCH of stabilized Leg-
endrian knots.

In the fifth chapter, we inspect representations of Chekanov-Eliashberg DGA
as a tool for obtaining some useful invariants of Legendrian knots. We also
briefly study exact Lagrangian cobordisms and derive some further properties of
representations.

In the sizth chapter, we conclude to the computation of irreducible graded
2-dimensional representations of Chekanov-Eliashberg algebra for a Legendrian
knot of type m(52).



1. Contact manifold

In this chapter, we will follow [Han0§].
From now on, let M be a 3-dimensional manifold.

Definition 1. A plane field & on M is a smooth choice of the 2-dimensional
subspace §, C T,M for every point p € M. It means that for each p € M there
exists neighborhood U, C M and set S = {X1,Xs} of two pointwise linearly
independent vector fields on U, such that S is a spanning set of &, for each q € U,.

Next, a smooth choice of the 1-dimensional subspace T,M at each pointp € M
is called a line field.

Definition 2. A 1-form a on M is called a contact form if
aAda #0, (1.1)
i.e. for every point p € M and every basis { X1, Xo, X3} of T,M holds
ap A day(Xy, X, X3) # 0.

A plane field & on M is called a contact structure if for every point p € M
there exists a neighborhood U, C M and contact form o defined on U, such that
§ =kera CTU,.

The pair (M, &) is called a contact manifold.

Remark. At first, we note that any plane field £ on M can be locally written
as a kernel of some 1-form. We choose an arbitrary Riemannian metric g and
construct a normal bundle £+ with respect to this metric. Then for any p € M
exists by the definition of vector bundle a neighborhood U, C M such that &+
is on U, diffeomorphic to U, x R, i.e., &+ is trivial on U,. So, we can take a
nonzero section v on U,. Then we construct 1-form ay, on U, as ay, = i,g.
Clearly, &y, = ker ay,,.

Now, we will see that the coorientability of ¢ is sufficient and necessary con-
dition to define £ globally as a kernel of some 1-form. Coorientabilty means that
quotient bundle TM /¢ = £+ is orientable. By the definition, orientability of real
vector bundle guarantees covering by trivializations such that transition functions
are vector space orientation-preserving. But £+ is a line bundle, so it has to be
a trivial bundle. Hence, if ¢ is coorientable, then we can take a global nonzero
section v of 1. Thus analogously defined 1-form will be also global. Conversely,
let & = kera on M, where « is a contact form. Then it is possible to find a
nonvanishing global section of the line bundle ¢+ using o. Hence &+ is orientable
and & is coorientable.

From now on, we will be interested only in studying coorientable contact struc-
tures.

Remark. Observe that there are many contact forms for given (M,&). More
precisely, if « is a contact form and f is a non-vanishing function on M, then also
o = fa is a contact form. It quickly follows from the computation: o’ A do/ =
fand(fa)= fan(df Na+ fda) = f2a Ada, where in the last equality we used
the anticommutativity of the exterior product.
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Remark. If o is a defining contact form on the contact manifold (M, €), then
a A da is a non-vanishing top-form on M, so M must be orientable.

Let’s concentrate on a condition (1.1 in the definition of the contact form.
From this condition follows that contact structure is “mazimally non-integrable”.
Now, we are going to explain the meaning of this statement.

Definition 3. Let £ be a plane field on M. An integral submanifold N for &
is a submanifold of M such that for every point p € N holds T,N C . Observe
that dim N < rank¢&.

A plane ﬁeld§ is called integrable if M can be covered by coordinate charts
{Ua,goa = (al, 22 933)} A such that & = spaun{ax1 , 812} on U, for each a € A.

a’va’rva

Remark. We see that plane field £ is integrable if and only if for every point
p € M there exists an integral submanifold N C M for &.

Theorem 1 (Frobenius theorem). A plane field & on the manifold M is integrable
if and only if for all X, Y € I'(§) holds [X, Y] € I'(§).

For the proof of Frobenius theorem, we refer the reader to [Warl0].

Lemma 2. Let & is a plane field on M defined as a kernel of the 1-form «.. Then
the following are equivalent:

(i.) «a is a contact form,

(ii.) dal, #0,

(t3i.) [X,Y], € &, at every p € M, for all pointwise linearly independent X,Y €
I'(€).

Proof. We choose an arbitrary point p € M.

(i.) = (1i.) : Let dap|Dp = 0. By the definition, there exists a basis vy, v, of &,

such that doy,(v1,v2) = 0. Next, we complete vy, vy with a non-zero vector vy of

pr to the basis vy, v1,ve of T, M. Clearly, o, A day,(vo, v1,v2) = 0.

(17.) = (i.) : Let dap|£p # 0. Then there exist nonzero vectors vy, ve € &, such

that da,(vi,v2) # 0. Take a nonzero vector vg of &, then evaluating (vo, vy, v2)
on oy, A day, gives o A da # 0.

(1.) < (i13.) : Let « is a 1-form on M. Now, we prove, using the Cartan's magic
formula and properties of the Lie derivative on tensors, the following identity:

da(X,Y) =ixda(Y) = (Lxa)(Y) — (dixa)(Y)

(a(Y)) — a(LxY) — (dixa)(Y)
(V) —a(LxY) — (dixa)(Y)
a(Y) — ([ Y]) = d(a(X))(Y)

a(Y) = Ya(X) — o[X,Y]).

Since this identity holds also for the vector fields X, Y € T'(§¢ = ker ), we obtain:

(Lx

Ly
Xa
X
X

do(X,Y) = Xa(Y) — Ya(X) — a([X,Y]) = —a([X,Y]).

Thus da(X,Y’) vanishes if and only if [ X, Y] € I'(¢). O

5



Remark. By Lemma [2| and Frobenius theorem, we see that the contact structure
is out of being integrable as far as possible. Hence, we say that the contact
structure is “maximally non-integrable”.

Definition 4. Let (M,&) be a contact manifold with the contact form a. R is
called a Reeb vector field associated with o if it is a vector field on (M, &) that
is defined by the following system of equations:

(i) a(R) =1,
(id.) in(da) = 0.

Remark. From the following consideration, we find out that on the contact mani-
fold (M, €) exists one and only one Reeb vector field associated with the contact
form a.

We know from Lemma 2/ that at each point p € M is day|, # 0. So, doy,
has 1-dimensional kernel. From (i.) in the definition of the Reeb vector field,
we obtain the existence of the unique line field on M. Then we get from (ii.) a
unique section of this line field.

Example. Consider R? with Cartesian coordinates (x,y, 2) and 1-form
Qgrg = dz — yd.

Observe that agyq is a contact form, since agq A dogy = (dz — ydx) A (dx A dy) =
dx N\ dy A dz # 0. Then contact structure ker aq is called a standard contact
structure and denoted by &yq (see Figure . Note that &4 is spanned by
{8%, y% + %}. And also, % is a Reeb vector field associated with cgy.

Figure 1.1: Standard contact structure &yyq.

Definition 5. Two contact manifolds (My,&y) and (My, &) are called contac-
tomorphic if there exists diffeomorphism f : My — M, such that f.(&) =& .

Let & = kerag and & = keray. Then we can equivalently say that (Mo, &)
and (M, &) are called contactomorphic if there exists nonvanishing smooth func-
tion g on My and diffeomorphism f : My — M, such that f*(a1) = gag.

We finish this section with Darboux's theorem, which says that all contact
manifolds are locally contactomorphic. In other words, there are no local in-
variants in contact geometry. This property distinguishes contact geometry from
Riemannian geometry, where, for example, curvature is a local invariant.
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Theorem 3 (Darboux [Hon|). Let (M, &) be a contact manifold, where £ = ker .
Then for any point p € M exists a neighborhood U, and diffeomorphism ¢ : U, —
V C R3 such that ¢(p) = 0 and ¢*(agq) = .

Proof. There is a coordinate chart (¢, (z,y,2)) such that ¢(p) = 0 and induced
contact structure & := . (&) satisfies £(0) = kerdz,. Hence, we can take a
contact form

a=dz+ fdr+ gdy

on some small neighborhood of 0.

Contact structure &, restricted to xz-plane, is given by the span of vector
field X = 3% — f(z,0, z)%. By Fundamental theorem of ODEs, there exists a
flow ¢ of the vector field X starting at (0,0, z) with time coordinate z. Since
z-axis and X are transverse, ¢ is a diffeomorphism on some neighborhood of 0 in
zz-plane by Inverse function theorem. Hence, we can take new coordinates (z, z)
such that X = a%. Since X € ker «r, we obtain that f(z,0,z2) = 0.

Next, & restricted to @ = const is given by the span of vector field X =
a —gq 59 Note that X is well defined on some neighborhood of 0 in R? and
IS transverse to zz-plane. By Fundamental theorem of ODE's, we can similarly
construct a flow ¢ of the vector field X, which starts from zz-plane and has
time coordinate y. Also, by Inverse function theorem, we obtain new coordinates
(2,y,z) such that X = 2. Since X € ker ar, we can write near 0:

o = dz + f(z,y, 2)dr.

where f(0,0,0) = 0.

Moreover, we see from contact condition that a A da = —g—idx ANdy ANdz # 0,
SO %5 # 0. Then the map (z,y,z) — (z,—f(x,y,2),z) is invertible in some
neighborhood of 0.

Thus we can make a change of coordinates around p such that £ is a standard

contact structure around 0 in these coordinates and we are done. O



2. Legendrian knots

We assume that reader is familiar with some basic concepts of knot theory, like
smooth knots, equivalence of knots and knot diagrams. For further details, we
refer the reader to [Rol04]. In this chapter, we will follow [Etn05] and [HanO§].

Definition 6. A Legendrian knot K on the contact manifold (M,&) is an
embedding of S* into (M, €) such that T,K C &, for any v € K.

Definition 7. Let Ky and K, be Legendrian knots on the contact manifold (M, §).
We say that Ky and K, are Legendrian isotopic if there exists a map f :
St x [0,1] — M such that:

(i.) f(S* x {t}) is a Legendrian knot for any t € [0, 1],

(ie.) f(S*' x {t}) = K; fort € {0,1}.
Remark. We will distinguish Legendrian knots up to Legendrian isotopy.
From now on, we will be studying Legendrian knots on (R3 &.q).

Remark. By Darboux's Theorem [3, we will be also studying Legendrian knots
locally on arbitrary contact 3-manifold.

Remark. Let us suggest a regular parametrization of Legendrian knot K, which
is given by a map
¢:S' =R 0 (2(0),y(0), 2(0)). (2.1)
Since ¢/ () = (2'(0),y'(0), 2'(0)) € £4(9), we obtain the following identity:
Z(0) —y(0)2'(6) = 0, (2.2)

by evaluating (dz — ydx)eg) on vector ¢'(f).

There are two natural projections of Legendrian knots in (R?,&yy). We will
discuss them in the following two sections.

2.1 Front projection

Definition 8. A front projection is a canonical map mp = (R? Eqq) — R, -
(m7 y7 Z) H (:L'7 Z)'

Definition 9. Let K be a Legendrian knot with a front projection parametrized
by o : S' = R?: 0 — (x(0),2(0)). And let 6y € S', then ¢r(6y) is called a cusp
point if 2'(6y) = 0.

Definition 10. Let f, f be maps from the manifold Ny to the manifold No. We
say that f is C°-approzimated by fif for any € > 0 locally (in coordinates)
we have ||f(x) — f(z)|| < e. Moreover, f is C*-approzimated by f if the
approximation condition holds for any derivative up to order k.



Theorem 4. Let K be a Legendrian knot. Then front projection wp(K) has no
vertical tangents. -

K can beNCO—appmxz'mated by a Legendrian knot K Legendrian isotopic to K such
that mp(K) is paramatrized by immersion except of finite number of semi-cubical
cusp points and all self-intersections of this parametrization are transversal.
Moreover, given a parametrization ¢p(0) = (2(6), 2(0)) of mx(K), we can recover
any y-coordinate of K in the following way:

Z(60) if pr(0o) is not a cusp point
y(0o) = {x (60) (2:3)

limg_, 4, % if (EF(GO) is a cusp point.

Proof. Let K be parametrized by ¢ as in (2.1). Then ¢r(0) = (z(0), 2(9)) will
denote its front projection. From equation (£2.2)), we see that if 2/(¢) vanishes,
then also 2/(6) vanishes. Thus it is not possible to obtain )y such that a tangent
space of ¢p(6p) is spanned by %. Hence, there are no vertical tangents in front
projection.

Because any immersion of S' into R? must have vertical tangents, we see
from the above that ¢z can not be an immersion. Since it is possible that K
has z/(6) = 0 on open intervals, we C%-approximate K by a Legendrian isotopic
Legendrian knot K with a finite number of cusp points and there ()" # 0. This
can be done by “sharpening” the cusp points, see Figure . Let a be a regular
parametrization of K, then clearly $F is an immersion everywhere except cusp
points.

.
JIRAY
)

Figure 2.1: At each row, there are front and Lagrangian projections of Legendrian
arcs. At the first row, we see Legendrian arc with 2'(6) = 0 on open interval and,
in the second row, there is a C°-approximating Legendrian arc with z/() = 0 in
the single cusp point.

From equation (2.2)), we observe that 2/(#) vanishes maximally up to order
of 2/(f). Thus y-coordinate can be recovered as in relation (2.3). However,
obtained y-coordinates are not necessary smooth functions, since, from relation
(2.3), we only have guaranteed continuity of recovered y-coordinates. To obtain
a smoothness, we need to apply the following procedure.
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Let ¢p(f) be a cusp point. Then z/(6)) = 2/(6,) = 0. Because ¢ is an
embedding, thus an immersion, we get that y'(6y) # 0. So we can reparametrize
qg by a parameter s such that our cusp point is attended for s = 0 and locally
around this point

y(s) =s+a,
for some constant a. Note that locally around this cusp point is x(s) a Morse
function, where 0 is the only critical point. Then by Morse lemma [Mil63], x can
be locally written as
z(s) = sg(s) + (0),
where ¢(s) is a smooth function such that ¢g(0) # 0. Now, we make the following
C-approximation of g(s) around 0 by h(s). Put

g(0), |s| < e, where ¢ is sufficiently small,

h(s) = .
g(s), otherwise.

Then 2'(s) = 2sg(0) for |s| < e. Using the equation (2.2) on the small

neighborhood of 0 we obtain z’(s) and by integrating also z(s). Hence, around

the cusp point at s = 0, we get the semi-cubic parametrization ¢ of Legedrian
knot K:

qg(s) = (g(O)s2 +b,54a,—g(0)(25*/3 + as?) + c),

where a, b, ¢ are some real numbers and g(0) # 0. Clearly, K is C?-approximated
by a Legendrian isotopic knot K.

If we have some non-transverse intersection in the front projection, then we can
apply Elementary transversality theorem [GGT74] on the z-coordinate. Leaving y-
coordinate unchanged, we can recover z-coordinate by integrating from equation
(2.2). This leads to CY-approximation by a Legendrian isotopic knot with only
transverse self-intersections in the front projection. m

Corollary 5. Any knot diagram that is satisfies the following properties:

(i.) there are no vertical tangents,
(1.) the only non-smooth points are semi-cubic cusp points,

(791.) at each crossing is the slope of the overcrossing smaller than the slope of
undercrossing (here we suggest a standard orientation of R® with y-axis
having a direction “into the page”),

represents an unique Legendrian knot K. Such a diagram is called front dia-
gram of Legendrian knot K.

Examples:

==

Figure 2.2: Front diagrams of Legendrian knots: unknot (left), m(52) (right).



Lemma 6 (Reidemeister moves in front projection [Swi92]). Let K and Ky be
Legendrian knots and Dy, Dy be front diagrams of K1 and K,, respectively. Then
K1 and K5 are Legendrian isotopic if and only if we can pass from Dy to Dy by
a reqular homotopy and a finite sequence of moves of the following type:

SN S
SN

Figure 2.3: Reidemeister moves I, II, III (it is also necessary to consider these
moves rotated by 180° around all three coordinate axes).

Lemma 7. Any topological knot in (R3, £.4) can be CP-approzimated by a Legen-
drian knot. In particular, for any topological knot type, there exists a Legendrian
knot of this type.

Proof. For a given topological knot T in (R?, £,4), we take its knot diagram Dy
We would like to approximate Dy by some knot diagram satisfying conditions of
Corollary fl Then we can lift this new knot diagram to the desired Legendrian
knot. Let us do the following observation.

We can C?-approximate any arc A that can be immersed into R,, by a Leg-
endrian curve isotopic to this arc relative to the endpoints. This can be done by
adding small locally non-intersecting zigzags (see Figure to C-approximate
the curve mp(A) in particular way. The slope of the zigzag-curve will be such
that the lifted Legendrian curve also C%-approximates y-coordinate of A.

Figure 2.4: Diagrams in xz-plane of arc (black) and its C%-approximation (green
zigzags), respectively.

Applying this idea on a knot diagram Dy, we finish the proof. ]

Remark. By Darboux's Theorem [3, Lemma [7] can be stated for an arbitraly
contact 3-manifold. For details see [Han08].
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Remark. In practice, we use the following moves to obtain Legendrian knot of a
given topological knot type:

)= (=<
> =~ >

7
>

N#

Figure 2.5: local changes of topological knot to obtain a Legendrian knot.

As we will see later, making a zigzag in the knot diagram has some unwanted
consequences for the Legendrian isotopy class of the resulted Legendrian knot.
And hence, it is better to avoid zigzags if possible.

2.2 Lagrangian projection

Definition 11. A Lagrangian projection is a canonical map 7, : (R3, £q) —
R2,: (z,y,2) = (z,y).

Theorem 8. Let ¢(0) = (x(0),y(0), 2(0)) be a reqular parametrization of Legen-
drian knot K, then its Lagrangian projection ¢, is an immersion. Moreover, we
can recover K from ¢ by:

2(6) = 2(0) + /0 " ()2 (0)db. (2.4)

Any immersion g : St — R? : 0 — (2(0),y(0)) can be lifted uniquely, up to
translation in z-direction, to the Legendrian knot if:

(i) Jo " y(0)2'(6)dd =0,

(ii.) fo! y(0)2'(0)df # 0 for all g # 61 with g(6p) = g(61).

Proof. First, if we assume that ¢p is not an immersion, then 2/(0) = y/(0) = 0
for some 6 € [0,27]. And from identity (2.2)) we obtain that 2/(6) = 0, but ¢ is

an immersion. Contradiction.
Next, since z(0) = z(0) + J¢ 2/(9)d#, by identity relation holds .
We would like to lift ¢ to Legendrian knot using relation (2.4). In order to
do that we need to have correctly defined function z : [0,27] — R. Hence, we
require that z(0) = z(27), which is equivalent to (i.) in statement of the theorem.
Since Legendrian knots are embeddings, we need to lift each double point to
two points with different z-coordinate. And this condition is equivalent to (ii.)
in the statement of the theorem. ]

12



Remark. By Stokes theorem, we see that the condition (i.) from the previous
theorem is equivalent to the zero oriented area of the immersed closed curve
given by g.

In general, diagrammatical description of Lagrangian projection is much more
difficult than description of the front diagram. However, there are some advan-
tages of Lagrangian projection as we will see later.

Lemma 9 (Reidemeister moves in Lagrangian projection [Kal05]). Let K; and
Ky be Legendrian knots and Dy, Dy knot diagrams representing in Lagrangian
projection K1 and Ko, respectively. Then K; and K, are Legendrian isotopic
only if we can pass from Dy to Do by a finite sequence of moves of the following

type:
T~ I~
DX = =

AX

Figure 2.6: Reidemeister moves II, I1I (it is also necessary to consider these moves
rotated by 180° around all three coordlnate axes).

From the front diagram of given Legendrian knot, it is possible to obtain
a Lagrangian projection, which represents the same knot. This leads to the
following definition.

Definition 12. Let D be a front diagram of arbitrary Legendrian knot. Then
knot diagram obtained from D by reqular homotopy and replacing all cusps as in
the Figure[2.7 is called the resolution of D.

(=000

Figure 2.7: Local changes of the front diagram D to the resolution.

Lemma 10 ([Ng03]). Let Dy be a front diagram of Legendrian knot K,. By the
resolution Do of Dy, it is possible to produce a Lagrangian projection of knot Ky
that is Legendrian isotopic to K.

Proof. We would like to change Dy by a regular homotopy to the front diagram
D} such that we obtain a corresponding diagram D, in Lagrangian projection
after applying moves as in Figure to D}. For illustration see Figure on
the next page.
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- X D
. > X D

Figure 2.8: Example of resolution for the unknot. On the top, we see the front
diagram D;. In the middle, we see the distorted diagram D/, containing only line
segments and exceptional segments (viewed as corners of D}). On the bottom,
we see the resolving diagram D, in zy-plane.

Let Dy have k left cusps and any of them has different z-coordinate from
others. We would like to obtain D] such that D] consists only line segments that
are glued together by small smooth “exceptional segments”. Each line segment
has some slope of {0,1,...,2k — 1} and for each z-coordinate corresponding line
segments have different slopes.

Construction of D] will be following. We will start with left cusps. Each left
cusp will be simply two line segments with slopes 7,5 + 1 for some j that are
smoothly joined by an exceptional segment. If we need to have a crossing of two
segments, we will interchange their slopes by smoothly adding two exceptional
segments and glue each segment with the slope of the opposite segment. Thus we
obtain a crossing. Construction of the right cusp is similar as in the case of the
crossing. Only before the crossing of two segments, we will glue them smoothly
by the exceptional segment. Such a construction always exists.

By relation , we recover y-coordinate and obtain a Lagrangian projection
corresponding to D). Line segments will be transformed to line segments parallel
to z-axis and after transformation, no pair of line segments will intersect. Also,
each interchange of slope will produce a crossing in zy-plane. Thus, each right
cusp will produce a loop and there is an identification of each crossing in zz-plane
with some of the remaining crossings in xy-plane. So Lagrangian projection
corresponding to D] is clearly a diagram D, obtained by moves as in Figure

2.7 O
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3. Classical invariants

In this chapter, we will follow [Etn05].
From now on, all Legendrian knots will be oriented.

Remark. Since Legendrian isotopy is also a topological isotopy of the underlying
topological knot, the most obvious classical invariant of Legendrian knots is the
underlying topological knot type.

Now, we conclude to the definition of the remaining two classical invariants:

Definition 13. Let K be a Legendrian knot.
We denote rotation number of K by r(K) , which is defined as

H(K) = S (4D~ #0U),

where #U is a number of upward cusps and #D is a number of downward cusps,
when we follow the orientation of K in mp(K).

We denote Thurston-Bennequin invariant of K by tb(K), which is de-
fined in terms of front projection as

to(K) = #P — #N — #right cusps,

where #P and #N are numbers of positive and negative crossings in mr(K),

respectively (see Figure .

Figure 3.1: positive crossing (left) and negative crossing (right).

Remark. 1t is straightforward to verify that tb and r are not changing after Reide-
meister moves in front projection, hence they are invariants of Legendrian knots
by Lemma [6]

Remark. Using the same construction as in Lemma [10] we can also compute tb
and r in Lagrangian projection of Legendrian knot K.
Then the rotation number can be viewed as a winding number of tangent
vectors to 7 (K), so
r(K) = winding (7 (K)).

Next, Thurston-Bennequin invariant can be computed as
th(K) = #P — #N,

where #P and #N are numbers of positive and negative crossings in 7 (K),
respectively.

Remark. Note that Thurston-Bennequin invariant does not depend on the orien-
tation of given Legendrian knot.
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Definition 14. Let K be a Legendrian knot. Stabilization is an operation on
K, which changes an arbitrary strand in mg(K) by one of the following zigzags
(see Figure |3.2). If we added downward cusps, then the stabilization of K is
called positive and denoted by S, (K). Otherwise stabilization is of K is called
negative and denoted by S_(K). Legendrian knot S+ (K) is called stabilized.

S:

2
S \5\

B

Figure 3.2: stabilization in front projection.

Remark. Stabilization is a well-defined operation, i.e. it does not depend on which
strand of the given Legendrian knot is chosen for a stabilization. To prove this,
it is necessary to check that we can move with a zigzag along cusps and crossing
without changing a Legendrian isotopy knot type of the given Legendrian knot
(see [E'T97]).

Remark. Observe that stabilization does not change the topological knot type.
Stabilization changes the remaining two classical invariants of Legendrian knot
K in the following way:

r(Si(K)) =r(K)=+x1and th(SL(K)) =tb(K) — 1.

Thus we can obtain a Legendrian knot of an arbitrary negative tb for given topo-
logical type. Conversely, there is an upper bound on tb for a given topological
class of Legendrian knots. But, first, we introduce the notion of Kauffman poly-
nomial for Legendrian knots.

Take a front diagram of Legendrian knot K and make all cusps smooth. For
resulting diagram D of the smooth knot, we state polynomial Lp(a, z) as a poly-
nomial that satisfies four skein relations

() 2(3<) 1)+ 1))
1) =aaf). 29)=s(). 40) -

and is an invariant under Reidemeister moves II and III.
Definition 15. Kauffman polynomial F of Legendrian knot K is defined as
Fi(a,z) = a®™#PLp(a,2).

Remark. Kauffman polynomial always exists and is an invariant of topological
knot [Kau90).

Theorem 11 ([Rud90]). Let K be a Legendrian knot. Then K satisfies Kauff-
man bound, i. e.
to(K) < min-deg, F(a,z) — 1.

Theorem 12 ([F'T97]). Two Legendrian knots with the same topological type
become Legendrian isotopic after a finite number of stabilizations.
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Remark. Finally, note that using the construction as in Lemma [10| we can alter-
natively define a stabilization in terms of Lagrangian projection as in Figure |3.3|

572
—_
S_\‘_\é

Figure 3.3: stabilization in Lagrangian projection.

17



4. Legendrian contact homology

4.1 Differential graded algebra

In this short section, we would like to recall some definitions from general algebra.
S will denote an unital commutative ring in these definitions.

Definition 16. An S-algebra A is an S-module with an associative bilinear
map:

m: ARs A — A.
For simplicity, we will rather write x - y instead of m(x ®g y) for all z,y € A.

Definition 17. Let A be a S-algebra and G a cyclic group. We say that A is
(G-)graded if A as an S-module can be decomposed as a direct sum of S-modules:

A= @ A
i€G

such that for any x € A" and y € A™ it holds that x -y € A™™,

Moreover, if x € A™, we say that x is a homogeneous element of grading n
and write |x| = n.

An S-linear map between graded S-algebras is called graded morphism of
degree n if it maps homogeneous elements of degree m to homogeneous elements
of degree n +m. If n =0, we call this map simply a graded morphism.

Definition 18. (A, 0) is called a differential graded S-algebra (DGA) if it
is a graded S-algebra A with an S-linear map 0 : A — A satisfying:

(i.) 000 =0,
(ii.) O(A™) € A" (ie. O has grading —1),

(i43.) Leibniz formula: O(z -y) = d(z) - y + (=1)l*lz - d(y) for any homogeneous
elements x,y € A.

Such a map 0 is called differential.

Moreover, (A, 0) is called semi-free if the underlying graded S-algebra A is
free. Let {ay,...,a,} be a set of generators of (A,d). To emphasize them, we
sometimes use the notation (A(ay, ..., a,),0).

Let (A,0) and (A',d') be two DGAs and ¢ : A — A" a graded morphism.
Then ¢ is called a chain map between (A, ) and (A',d') if pod =0 o ¢.

0g will denote a category, whose objects are DGAs and morphisms are chain
maps between them.

From now on, all DGAs are assumed to be semi-free.
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4.2 Chekanov-Eliashberg DGA

In this section, we follow [ENST02] and [Che02].

Definition 19. Let K be a Legendrian knot. An integral curve for the Reeb vector
field () with endpoints on K is called a Reeb chord.

From now on, unless otherwise specified, all the singularities of Legendrian knots
in Lagrangian projection will be a finite number of double points, where we also
have orthogonal crossings.

Remark. Note that the last convention is always satisfiable, since any Legendrian
knot can be C?-approximated by a Legendrian isotopic Legendrian knot satisfying
this convention.

Remark. Observe that Reeb chords for given Legendrian knot K correspond to
double points of 77 (K). We denote the set of double points of 71 (K) by Q(K).

Now, we can conclude to the combinatorial definition of Chekanov-Eliashberg
DGA with Z, coefficients.

Let K be a Legendrian knot. Then the definition of Chekanov-Eliashberg
DGA (Ag,0k) of K will be divided into three parts: algebra, grading and
differential.

The algebra: Ay will be a free unital commutative Zo-algebra generated by
Q).

The grading: Ay will be graded over Zy, k) as follows. To any generator a
of Ay, we associate a path =, along 7 (K) starting from ovecrossing in a (denote
it a*) and going to undercrossing in a (denote it a~). Then r(~,) will be a
(fractional) winding number of a tangent vectors to the curve 7,. The grading of
a is defined by

la| = 2r(v,) — 1/2 mod 2r(K).
Note that r(~,) is an odd multiple of 1/4. Finally, expand the grading on A by
|ab] = |a| 4+ |b]. Thus [1| =|1-1|=|1]+|1] = 0.

The differential: We would like to define the differential by some appropriate
count of immersed polygons, but first it is necessary to state the following term.

Neighborhood of any double point in 77, (K) is divided by crossings into four
quadrants. To each of the quadrants, we would like to associate a Reeb sign
defined as in Figure [4.1

<
+/_ +

Figure 4.1: Reeb sign.

Let Py denote a (curved) convex (k + 1)-sided polygon in R? with ver-
tices vy, ..., v appearing in counterclockwise order around the polygon. Each of
bo, .. ., by take a value in Q(K). Then we define the set

b = {1 (Peg1,0Pe1) = (R2,, mL(K))}/ ~,

'''''

where ~ is reparametrization of the domain and u is an orientation-preserving
immersion sending v; to b; for i € {0,...,k}.
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Moreover, for u € My, ., we call vertex v; of Py, positive (with respect
to u) if the neighborhood of v; is mapped to the quadrant of b; with + Reeb sign
(i.e. positive quadrant). Otherwise, the vertex v; is called negative.

..........

.....

immersions.
Now, we can conclude to the definition of differential 0k : Ax — Ag. Let a
be a generator of Ax. The we put

8K(a) = Z (#QMgl bk)bl Ce bk, (41)

k>0
bi,...,br generators of Ag

where #2Mj , means modulo 2 count of elements of My . Finally, we
extend O on Ay by Zs-linearity and Leibniz formula.

Note that dx (1) = Ox(1-1) = dx(1) - 1+ (=11 - 9x (1) = 2 - Ok (1), hence
Ok (1) = 0. Of course, here the sign in Leibniz formula is redundant, however in
definitions of Chekanov-Eliashberg algebras with more sophisticated coefficients
the sign plays a substancial role.

When it is clear from the context, sometimes we will write simply DGA instead

of Chekanov-Eliashberg DGA.

Next, we are going to show in the following three lemmata that the differential

Ok is well defined.

Lemma 13. For any Legendrian knot K, there is only finite number of admissible
immersed polygons.

Lemma 14. Ok has degree —1.
Lemma 15. 9% = 0.

Remark. 1t is possible to define Chekanov-Eliashberg DGA also in terms of front
projection. It will lead to DGA generated not only by the set of double points, but
also by the set of right cusps. There will be also other differences and analogues
of Lemmata [13] will be a little bit more complicated. For details, see
[Ng03].

Remark. We would like to derive an important relation between Reeb signs of
vertices of the immersed polygons. By H we will denote a height function on
double points in 7, (K), i.e. let b be a double point in 7, (K), then H(b) will be
equal to the difference between z-coordinate of preimages of b+ and b~ in K. Let
each of by, ..., by take a value in Q(K) and u € My, 5, is an immersion with
the domain Py, .

Then we lift u(0P;+1) to u(0P;41) on K in a way that 7 (@(0Pkt1)) =
u(0Pg+1). Note that @(0Py1) together with Reeb chords, corresponding to

.....

bo, ..., br, make a piecewise smooth loop. Thus
S H(u() - Y H(u(w)) + / 7 (dz) = 0,
veQ+ veEQR™ 9Pi+1
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where Q1 and @)~ are sets of positive and negative vertices of Py, 1, respectively.
By the relation dz = ydx and Stokes theorem, we obtain

S Hu@) — S H(u()) = / w*(dz A dy) > 0. (4.2)
vet veQ~ Prta

Now, we make a few useful observations about this inequality. Since H takes

values only in RT, there is only finite number of sets M, 5, . Also, note that at

least one of vertices of Py is positive. If we suggest an admissible immersion, it

is not possible to have positive and negative vertex mapped to the same double

point.

Proof of Lemma Due to the previous remark, it remains to show that for
given double points a, by, ..., b, in 7(K), the set My, is finite.
Let {Cy,...,C,} be a set of components of R?* \ 7(K) and {Sy,...,Sn}
denotes the set of areas of corresponding components. Now, we suppose that
b....b, is nonempty and we take u € My, . Then

/ “(dx N dy) = Z n;S;,
Pk+1

where n; are non-negative integers that are equal to the cardinality of u=!(p)
for any p € C;. From relation , we see that there is only finite number of
possibilities, how to choose n;. Since any immersion in Mj, , is uniquely given
by its cardinalities n; on components of R*\ 7, (K), the set M§ , is also finite.

O

Proof of Lemma . Let u € My, , and Py be a corresponding polygon with
vertices v, ..., v,. Note that u(0P,y1) can be seen as an union of paths (arcs)
uw(To, 1), - -+, w(Tp—1, Uk), u(Tx, o) in 71 (K'). We denote them by 7o, ..., n,. From
the diagram

_ 10 oy - m - N _
‘s at b by by - by —— a

)

we observe that the union w(0FPx41) U =7y, U, U -+ U, corresponds to the
unique oriented loop I', in K. Since K = S', T, coincides with an unique element
of H\(K, Zor(iy) = Zaor(iy- And we denote thls element by n(u).

Now, we would like to count the rotation number of the loop I, in two ways.
Recall that the I', corresponds to the union w(90Px+1) U =7y, U Y5, U -+ U Y,
Hence, it is equal to n(u)r(K). But, we can also count the rotation number of
I', by parts, i.e. as the sum of contributions of smooth pieces of the union. Then
smooth pieces of u(0Fy41) contributes by 1 — (k + 1)/4, since we substract 1/4
for each corner of immersed polygon. And next, by the definition, r(~,) is equal
to (2|la| +1)/4 and r(y,) is equal to (2]b;| +1)/4 for i € {1,..., k}.

Thus

E+1  2al+1  E20b|+1
4 4 T2 4

i=1

n(u)r(K)=1-—

Which can be rewritten as
k
la| = > |bs| — 2n(w)r(K) — 1.
i=1
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Next, we obtain that
k
lal =" |bil = 1, (4.3)
i=1

because we count grading over Zs.(x). Note that for the same reason relation
(4.3)) is independent on the choice of paths ~;. Hence, the grading is well defined.
Finally, formula and Leibniz formula finishes the proof. O

Proof of Lemma[18 Strategy of the proof will be following: by Leibniz formula,
it is enough to check 9% = 0 only for generators of Ag. In more detail, we will
show that each word of 9% corresponds to some immersed polygon with one non-
convex vertex (we call him an obtuse polygon). But, such an obtuse polygon can
be constructed in two ways by gluing a pair of admissible immersed polygons.
Thus, if any word appears in 0%, then it appears even number of times and they
cancel, since we count modulo 2.

1. Construction of the obtuse polygon
Let a be a generator of Ax and W be an arbitrary word in 0% (a). Then
W can be written in the form

b1 c. bi,lcl c Ck/bi+1 ce bk,

for i, k, k" € N and i < k and where W is corresponding to some elements
ue Mg o, and U € ./\/lglck/ We use also the following notation; Pjq
will be an associated polygon to u with vertices {vo, ..., v} and Py, will
be an associated polygon to v’ with vertices {wy, ..., wx }.

Now, we would like to glue polygons P}, and P4, to an obtuse polygon
P such that v and u will be glued to the orientation-preserving immersion
U:(P,0P) = (R}, m.(K)) and immersed polygon U(P) will have letters
from the word aWW appearing along its boundary. We put

where g is a (smooth) embedding such that wog =« on Dom g, g(wg) = v;
and Dom g C 0P/, and Im g C 0P}, are connected and largest possible.
If S" is a neighborhood of wy in P}, ; and S is a neighborhood of v; in P41,
we can WLOG assume that wy and v; are glued as in the Figure [£.2] There
are several cases of gluing.

Wo | V4

SIS

Figure 4.2: Gluing of neighborhoods of vertices wy and v;.

If ¥’ > 0, then see Figure 4.3

(a) viy1 € Img and wy_; € Dom g,
(b) viy1 € Img and wy 1 € Dom g,
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(¢) viy1 € Img and w1 € Dom g; in this case, P will have only nega-
tive vertices, but this contradicts relation (4.2)). Thus this case is not

possible.
r - - - A S -vran ol
wWo |v; . Wol v : wo [v; ,
] 1
P, ] ' pr I
1 k+1 1 1 /
. k'+1 1 k_‘H Pk+1 . | k41 Pk+1 1
1 ) 1 ! !
__________ [P C—— |

(a) (b) ()
Figure 4.3: Gluing polygons P, ; and Py to obtain non-convex polygon P, and
where the dashed lines denote unspecified part of boundaries of glued polygons.

Note that it is not possible to have simultaneously v;;; € Im g and w1 &
Dom g, because then Im g or Dom g will be not largest possible.

If ¥ =0, then see Figure [4.4]
(d) v;11 € Img and Dom g # Pj; this case is displayed by the same figure
as (a),
(e) vi11 € Img and Dom g = P{; observe that in this case g(v;41) ~ wo ~

g(v;), where ~ is equivalence relation induced by g.

Otherwise, if v;1; ¢ Img and Domg = P/, then there exists * € 9P
such that x ~ v; but = # v;. Moreover, we need to glue some pieces of the
boundary of P to obtain the required obtuse polygon. We put

P::PUhP,

where h is a (smooth) embedding such that U oh = U on Dom h, h(v;) =z
and Domh C 9P and Imh C 9P are connected and largest possible. So,
now, we need to distinguish the following cases:

(f) viy1 € Imh and v;_; € Domh,

(g) viy1 € Imh and v;—; € Dom h,

(h) v;11 € Imh and v;_y € Dom h; in this case P will have only negative
vertices, but this contradicts relation (4.2]). Hence, this case is not
possible.

(¢) (f) () (h)
Figure 4.4: Gluing polygons P| and Py, to obtain non-convex polygon P, and
where the dashed lines denote unspecified parts of boundaries of glued polygons.
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Observe that such a construction of P and U always exists and is unique
up to reparametrization of U. Let v denote the vertex of P with an obtuse
angle. Note that P has either one positive vertex or the neighborhood of v
is mapped by U to two quadrants with + Reeb sign and one with — Reeb
sign.

2. Cutting P
At v, there are two segments pointing into P. We would like to extend each
of these segments by tracking curve ~ until this curve does not self-intersect
or reach the boundary of P and moreover v will satisfy U(y) C 7. (K).
Note that endpoint of tracking v will correspond to some double point of

WL(K>.

There are four possibilities (A)~(D) of 7, see Figure 4.5l Also, v in each
case divides the polygon P into two polygons P and P’ and also divide U
into two admissible immersions v and u' that can be glued as in the step
1. to (P,U) and correspond to the word W. Here it is necessary to say
that each of v and v’ is admissible. This follows from the construction and
relation (4.2)).

A%

(A) (B) (C) (D)
Figure 4.5: Cutting non-convex polygon P by v into two polygons P, P’, where
v is denoted by green line.

Observe that in a case (D) we obtain two pairs of different admissible im-
mersions (i.e. each pair corresponds to another word in 9% (a)). This is
true since v appears as a vertex glued from vertices v;,; and v; and each
of them contributes by one admissible immersed polygon. Other cases also

produce pairs of two different admissible immersions. And we are done.
]

4.3 Modern invariants

Note that it is possible “to change” Chekanov-Eliashberg DGA by Reidemeister
moves in Lagrangian projection. For example, Reidemeister move II increases
(decreases) the number of generators of underlying algebra by two. Thus, the
DGA itself is not an invariant under Legendrian isotopy. But, if we look closer, we
find out that Reidemeister moves preserve certain equivalence class of Chekanov-
Elisashberg DGAs. This leads to the notion of modern invariants of Legendrian
knots (i.e. mnon-classical invariants). In this section, we follow [ENST02] and

[Che02].
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Definition 20. A chain isomorphism of DGAs

o: (Alay,...,a,),0) = (A(d},...,d,),d)

is called elementary if there is some j € {1,...,n} such that
a;, i # 7,
¢<al> = / s !/ / / / /
a; +u, i=j, for someue€ A(ay,...,ad}ad; ... a,).

The composition of some number of elementary isomorphisms is called tame
tsomorphism.

Definition 21. Let (Ex(e1,e2),0g,) be a differential Z-graded algebra that is
given by |e1| = k,|ea| =k — 1 and Og,(e1) = ez, O, (e2) = 0.

Then the degree k stabilization of a DGA A(ay,...,a,),0) graded by G is
a DGA

(Sk(A)v ask) = (Aa 6) H(Ek(eh 62)7 aEk)

graded by G @ Z = G, where Os, is given by Os, (a;) = 0(a;), Os,(e;) = O, (€;)
and the degrees of generators are images of the initial degrees under the natural
homomorphisms G, Z — G ® 7.

Two DGAs (A,0) and (A',0') are called stable tame isomorphic if there

exist sequences of stabilizations S;,,...,5;, and S;,,...,S;,, and a tame isomor-
phism

¢ (Si (- (Si(A),0s, ). 0s;.) = (S5, (- (S, (A, Js, ). 0s; ).
Lemma 16. Stable tame isomorphic DGAs have same homology groups.

Proof. 1t is sufficient to prove the lemma for (A, 9) and (S(A), ds). Consider the
natural projection 7 and inclusion ¢

A—5 SA) —T— A.

We would like to show that 7 and ¢ are homotopy equivalent, since then they will
induce desired isomorphism of homology groups.

Observe that 7 o7 = Id 4. On the other hand, we would like to show that o7
and Id 4 are chain homotopic, i.e. there is a graded linear map P : S(A) — S(A)
of degree 1 such that

iOT+IdS(A):850P—|—P085. (4.4)
Let x,b € S(A) and a € A.
e If z = a, then put P(x) := 0. Relation (4.4) is satisfied, since

(Toi+ IdS(A))(a) =0
= (0so P+ Pods)(a).
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o If © = aeyb, then put P(x) := ae;b. Relation is satisfied, since
(7 0@+ Idg(ay)(aesb) = aeb
= (Osa)e1b + aesb 4 aeq (Osh)
P((9sa)esb + aea(sh))
= Os(ae1b) + P((Dsa)esb + a(Dse)b + aex(Dsh))
= (Os o P+ P o 0s)(aexb).

e If z = aeyb, then put P(x) := 0. Relation is satisfied, since
(1 0i+Idg(ay)(aeib) = aeqb
= P((dsa)erb + aesb + aey (Dsh))
= P((dsa)erb + a(Dser)b + aey (Ish))
= (0g o P+ P o 0s)(aeb).

Thus, 7 and ¢ are homotopy equivalent and we are done. O

Theorem 17. Stable tame isomorphism class of (Ak,0k) is an invariant of
Legendrian knot K.

Proof. Let K be a Legendrian knot with DGA (A, 0x). We would like to prove
that if we change K by one of the following the Reidemeister moves for Lagrangian
projection (see Figure to the Legendrian knot K’, then we obtain stable tame
isomorphic DGA (Ag/, dk:). We look on the Reidemeister move as a smooth path
{Ki}ie[—e/2,¢/2 in the space of Legendrian knots, where K = K_ )5, K’ = K./, and
the only non-generic Legendrian knot appears at ¢ = 0.

~ I~
/\_/\H/—\

XX X=X

Figure 4.6: Reidemeister moves in Lagrangian projection that will be considered.
For each move, the part of diagram that represents K will be on the left and the
part of diagram that represents K’ will be on the right.

1. Mowve Illa.
First, note that graded algebras Ax and Ak are isomorphic. Hence, we
can label their generators as a, b, c,aq, ..., a,, where a, b, c will label double

points as in the Figure 4.7 It remains to show that dx = Jk.

Ko X

Figure 4.7: On the left (resp. right) double points a, b, ¢ of 71 (K) (resp. 7 (K')).
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By Leibniz formula, it will be enough to construct a bijection B between
admissible immersed polygons for K and K’. B will map admissible im-
mersed triangle T with vertices a, b, ¢ to admissible immersed triangle 7"
with vertices a, b, c. If we apply relation on T', then we obtain that

H(b) + H(c) < H(a). (4.5)

Besides T and T", it is not possible to have admissible immersed polygon
with side [a, b], [a, c| or [b, c|. Indeed, if [a,b] or [a,c| is such a side, then a
will be an image of the negative vertex and b or ¢, respectively, will be an
image of the positive vertex, which is in contradiction with relation (4.5)).
Also, [b, ] can not be such a side, since admissible immersed polygon can
not have two positive vertices by relation .

Thus, B will be bijection between admissible immersed polygons with the
same covered quadrants and double points as vertices. Moreover, except
cases T' and T”, this mapping will be continuous deformation in ¢, see Figure

/ AN\ 7
b

SR v O v
ya Ko

Figure 4.8: Examples of mapping admissible immersed polygons by B.

2. Mowve IIIb.
Similarly as in the previous case, graded algebras Ax and Ay are isomor-
phic. Also, a,b,c,ay,...,a, will denote their generators, where a,b, ¢ will

label double points as in the Figure [£.9] We would like to show that tame
isomorphism ¢ : (Ag, k) — (A, Ox), defined on generators by

o(w) = {w—i—bc, w = a,

w, else,

is well defined. In another words, we would like to verify that ¢podx = Okro0.

Ao

Figure 4.9: On the left (resp. right) double points a, b, ¢ of 7, (K) (resp. 7 (K'))

At first, we make the following discussion about admissible immersed poly-
gons with side [a, b], [a, c] or [b, ¢].

Immersed triangles T" and 7" with vertices a, b, ¢ are not admissible. Thus,
admissible immersed polygons with side [a, b] or [a, ¢| can not have a as an
image of the positive vertex.

Next, we inspect admissible immersed polygons with the side [b, ¢|. Denote
them Py and Py, ;. We will show that a; will be a positive vertex of
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immersed Py, (or Fy, ). By relation , b and ¢ can not be images of
positive vertex, since they are images ot the negative vertex. Now, assume
that a is an image of positive vertex. By relation , if we compare the
signed sum of heights, then we see that the area of immersed Py (or P[,b,c]>
is less than the area of immersed triangle T' (or T"). Also, as € goes to zero,
areas of triangles vanish. But, areas of immersed Py, (or P[/b,c]) can not
vanish. Hence, we get a contradiction.

Also, admissible immersed polygon with side [a,¢| or [a,b], where a is an
image of the positive vertex, can not contain vertex b or ¢, respectively.
This follows directly from the signed count of heights in this polygon and
in T (or T7).

It is enough to check that ¢ is a chain morphism only for a and g € Q(K)
such that Ok (g) contains a letter a. Indeed, by the discussion, we see that

for all other generators the differential remains the same. Also, note that
by relation (4.2)) we have g # a.

We would like to group admissible immersed polygons of dx(g) and d/(g)
into three groups:

(i) immersed polygons of dx/(g) that locally look as in Figure [£.10|a)
and the corresponding immersed polygons of Jk(g) that locally look
as in Figure [1.10[b) and Figure £.10c). By the “corresponding” we
mean that (b) and (c) contribute to Jk(g) with the same letters as (a)
contribute to dx(g), only (c) contributes with be instead of a. Also,
by the discussion is this grouping correct i.e. it is unique defined and

all immersed polygons of (a), (b), (¢) will be contained in some triple.
Flgure 4.10

(ii) immersed polygons of dk(g) that locally look as in Figure .11|(a) and
the corresponding immersed polygons of 0k (g) that locally looks as in
Figure [£.11|(b) and Figure [1.1T}c). By the “corresponding”, we mean
the same as above, only switch K and K’. Also, by the discussion this

grouping is correct.
N ic - c s
a a
c
Vdé\_ \ V
(a) (b) ()
Figure 4.11

(iii) remaining immersed polygons of 0k (g) and Ok (g). Clearly, there is a
bijection between them, which pairs those with exactly same covered
quadrants and double points as vertices.
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For j = i, ii, iii, we denote by & (g) or ¥ (g) contributions of elements
of these three groups to dx(g) or dx/(g), respectively. Clearly, 9% (g) =
¢ 0 dii(g), ¢ odi(g) =L (g), 0ii(g) = i (g). And since ¢* = Idy, and
®(g) = g, ¢ is a chain morphism in this case.

Now, we would like to compare Jxa to Oxra. Note that for small e, we
can assume that H(a) > H(b) and H(a) > H(c). Hence, by relation (4.2)),
neither of d(a), Ik (b), Ok (c) contain a letter a. Thus, ¢ 0 I o ¢~ '(a) =
¢ o 0k(a+ bc) = Ox(a+ be). It remains to verify that

Orc(a) + Do (@) = b(De(c)) + (O (B))e. (4.6)

To prove relation (4.6)), we will construct the following groups. We start
with groups containing immersed polygons of Ok (c):

(i) immersed polygons of 9 (c) that locally look as in Figure [1.12{(a) and
the corresponding immersed polygons of Jg (a) that locally looks as in
Figure [£.12b). By the “corresponding”, we mean that (b) contribute
to Ok (a) with the same letters that (a) contribute to dk(c), only (b)
contribute moreover with b at the begining. Also, by the discussion
the correspondence is bijective.

Figure 4.12

(ii) immersed polygons of dk (c) that locally look as in Figure [4.13(a) and
the corresponding immersed polygons of Jk(a) that locally looks as in
Figure M(b) By the “corresponding”, we mean the same as above.
Also, by the discussion the correspondence is bijective.

Lo
(a) (b)
Figure 4.13

Now, we will make analogue groups for Jx (b):

(iii) immersed polygons of 9 (b) that locally look as in Figure [1.14{(a) and
the corresponding immersed polygons of J (a) that locally looks as in
Figure M(b) By the “corresponding”, we mean that (b) contributes
to Ok (a) with the same letters that (a) contribute to dk(b), only (b)
contribute moreover with ¢ at the end. Also, by the discussion the
correspondence is bijection.
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Figure 4.14

(iv) immersed polygons of 9 (b) that locally look as in Figure [4.15(a) and
the corresponding immersed polygons of Ok (a) that locally looks as in
Figure 4.15(b). By the “corresponding”, we mean the same as above.
Also, by the discussion the correspondence is bijection.

—A— _b\a—

(a) (b)
Figure 4.15

Still, there is just one group of admissible immersed polygons to inspect:

(v) remaining immersed polygons of Oxa and Jk-a, clearly there is a bijec-
tion between them pairing those with exactly same covered quadrants
and doublepoints as vertices.

If we look back at relation , we see that terms contributed by the
elements of the group (v) cancel each other (since we count mod 2). Now,
we inspect remaining terms in relation (4.6). But, each term on the left
side of relation is also on the right side and vice versa. This is true,
since correspondences in the groups (i)—(iv) are bijections. Hence, we find

out that relation (4.6) holds.

. Mowve II.

Let a,b,aq,...,ay,,b1,...,b, be generators of graded algebra Ay, where a, b
are double points of K as in the Figure [£.16] Let X be a two-sided ideal in
Ay generated by a, b. Since algebras A /X and Ay are isomorphic, we can
label corresponding generators of Agxs by aq,...,an,b1,...,b,. Moreover,

by relation (4.2), we can assume that:

H(a,) > -~ > H(ay) > H(a) > H(b) > H(b)) > - > H(b).

a/\b

TN

Figure 4.16: Double points a, b of 71 (K).

Next, we compare the area of the admissible immersed 2-gon with vertices
a, b to areas of other admissible immersed polygons with vertex a covered
by a positive quadrant. If we use the similar argument as in the discussion
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of the move IIIb., then we see that 0 (a) contains only admissible immersed
2-gon as an immersed polygon with vertex b. Hence, we can write, Jx(a) =
b + v, where v contains only terms in b;.

Let (S)q(Ak),0s) be a degree |a| stabilization of (Ag,0k/). Next, ¢
will be a graded isomorphism ¢q : Ax — Sjq(Ak’) which is on generators
defined as

€1, w = a,
do(w) =19es+v, w=0b,
w, else.

Also, A; will denote graded algebra Ak (a, b, aq,...,a;,by,...,b,)and 7 and
1 will be natural projection and inclusion, respectively:

Ag — 5|a\(AK’) —— Ay .

Now, we would like to prove following two claims.
Claim 1. ¢o| 4, is a chain map.

The claim is true for b;, since, by relation (4.2)), we see that Ok (b;) contains
only terms of b; for 7 > 4. For a,b, we may check that:

¢o 0 O (a) = ¢o(b+v) = e2 = Js(e1) = Js o Po(a)
and
0 0 Ok (b) = ¢ 0 I (v) = D (v) = Is(v + €2) = Os © Po(b),
where we used that 0% = 0 and dx(a) = b+ v. Hence, the claim holds.
Claim 2. T o 0g 0 ¢g = T 0 ¢ 0 .
Using Claim 1, it remains to verify the relation for generators a;. We will

denote by W; the sum of terms that occur in both Ok (a;) and dg(a;). Wa
will denote the sum of terms of Jk(a;) that involve b. Then we can write:

GK(ai) = W1 -+ W2 + W3 and 05(@1-) = W1 + W4.

Since terms in W, contain neither a nor b, we get ¢o(W;) = Wi. Terms in
W3 need to contain a, but ¢g(a) = ey, thus 7o ¢o(W3) = 0. Terms in Wy
correspond to admissible immersed polygons that locally look as in Figure
4.17(b). There is a bijective correspondence between these admissible im-
mersed polygons and pairs of admissible immersed polygons in 7 (K): one
with vertex a covered with a positive quadrant and second with b covered
with a negative quadrant. These quadrants look locally as in Figure (a).
Hence W, is the same as W, only every appearance of b is replaced by v,
i.e. Wy =170¢o(Ws). Now, we can conclude to the computation:

70 s o ¢o(a;) = 70 ds(a;)
=7(Wy + Wy)
= T(do(W1) + Wy)
=710 ¢o(W1 + Ws)
=T 0 ¢o(Wy + Wy + W)
=T 0 ¢ 0 Ds(a;).

31



Thus, the claim holds.

> N

(a) (b)
Figure 4.17

Now, we would like to construct desired tame isomorphism ¢,, : (Ag, Ox) —
(Sja|(Ag), 0s). This will be done by induction starting from ¢y and which
for each ¢ < n will give an isomorphism ¢; : Ax — Sjq(Ags) such that
il 4, is a chain map.

Let P : S|4 (Ak’) = Sjq(Ak’) be an analogue chain homotopy between io
and Ids,, (4,,) (for simplicity, we will write Id) as in the proof of Lemma
Recall that this map satisfies:

iOT+Id:aSOP+POas.

Next, we define graded automorphism g; : Sja|(Akr) — Sjo)(Ak) as

w, otherwise.

gi(w) = {w + P(@g(w) + ¢i-10 aK('w)), w = aj,

And finally, put ¢; = g; o ¢;_1.

Since step with ¢q is already done, we can conclude to the induction step.
By induction hypothesis, we can assume that ¢; 1|, is a chain map. Then
¢i|Ai_1 is also a chain map. It remains to show that ¢; 00k (a;) = dso¢;(a;).

Since 7 o P = 0, for all 7 it holds that 7 o g; = 7 and consequently 7o ¢; =
T o ¢g. Also, observe that dk(a;) € A;_1. Using Claim 2 we compute that:

¢i—1 00k (a;) =107 o0¢;_100k(a;) + s o Popi_q00k(a;)
+ P o0g o ¢i—1 00k (a;)
=707 0 ¢y0dk(a;)+ dso Po¢;_100k(a;)
+ P o ¢y 0I5 (a;)
=407 000 ¢o(a;) + s o Popi_yo00k(a;)
=(Id+0dso P+ Podg)ods(a;) + dso Pogp;_q00k(a;)
= Og(a; + P o 0s(a;) + P o ¢;_1 0 Ok(a;))
= 0s ogi(ai)-

Since ¢;_1 0 Ik (a;) € A;_1, we conclude that
¢; 0 8K(ai) = (i o Pi_10 3}((&1) = ¢j_1 0 8K(ai) =0go gi(ai) =0go ¢z’(ai)-

Hence, DGAs (Ag, k) and (Ag+, Ok:) are stable tame isomorphic and we
are done. o
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From Theorem [17] and Lemma [16, we immediately obtain the following im-
portant corollary.

Corollary 18. Homology H.( Ak, k) is an invariant of a Legendrian knot K.

Definition 22. Let K be a Legendrian knot. Homology of (Ak,0k) is called
Legendrian contact homology of K and denoted by LCH,(K).

4.4 Chekanov-Eliashberg DGA over Z[t,t!]

Observe that invariants coming from Chekanov-Eliashberg DGA over Z, are a
bit limited. For example, established DGA does not detect the orientation of
Legendrian knots, and hence induced LCH does not detect the orientation too.
Thus, we would like to introduce the following Chekanov-Eliashberg DGA over
Z[t,t71], which will produce more powerful invariants of Legendrian knots. We
will follow [ENTS].

First, we will fix a base point * in given Legendrian knot K, which is in 77, (K)
different from double points. Similarly as before, we would like to define DGA
(Ak, Ok) in terms of algebra, grading, and differential.

The algebra: Ax will be a free unital noncommutative Z-algebra generated
by Q(K) and letters ¢, satisfying relations ¢ -t = ¢! -t = 1.

The grading: Ay will be graded over Z as follows. For ¢ and ¢!, we put
[t| = 2r(K) and [t~!| = —2r(K). To any double point a we associate a path -,
along 77 (K) starting from a™, going to a~ and missing a base point *. Then, we
put

laf = 2r (1) = 1/2

and expand the grading onto whole Ag.
The differential: first, we need to introduce a definition of orientation
sign, which will be associated to each quadrant of crossing in 7, (K) as in Figure

. W X

Figure 4.18: Orientation sign for green coloured quadrants is equal to —1 and for
remaining quadrants is equal to 1.

Let each of a, by, ..., by take a value in Q(K). Similarly as in the proof of
Lemma , we associate for u € My, a set of paths g, ..., n such that their
union is u(0Py41). Moreover, we now require that n; follows the orientation of
K. Then, t(n;) will denote ™) where n;(u) is sign count of passing 7; through
the basepoint .

We put

w(u) = ¢(no)bot(m1)bs - . . t(1)bx

and define

as a product of orientations signs of quadrant that covers vertices of u(0Py41).
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Then, the definition of differential Jx : Ax — Ak will be the following. For
a generator a of Ax, we put

Ok (a) = > > d(w)w(u)

k>0 uEMgl

and Ok (t) = O (t7') = 0. Finally, extend 0x on Ax by Leibniz formula.
Analogues of Lemmata and Theorem |17 can be proven for this version
of DGA, see [EN1S].

From now on, we will use this new version of DGA.

4.5 A note on Chekanov-Eliashberg DGA

Even though Chekanov-Eliashberg DGA produces, as we will see further, powerful
invariants of Legendrian knots, there is a large class of Legendrian knots that are
not Legendrian isotopic, but have stable tame isomorphic DGAs.

Lemma 19 ([Che02]). Stabilized Legendrian knots have stable tame isomorphic
DGAs. In particular, their Legendrian contact homology vanishes.

Proof. Let K be a Legendrian knot. By the definition of stabilization in La-
grangian projection, we add a double point a with a small loop to K. Using
relation (4.2) we see that the area of the lifted loop is equal to H(a). Hence, we
can add a double point a such that its height is smaller than any other heights
of the double points in 7. (S(K)). The only possible contributions of admissi-
ble immersed polygons to Jg(x)(a) will be admissible immersed monogones. If
there were two contribution by monogones to ds(x)(a), then the knot would be
an unstabilized unknot (see Figure , which leads to the contradiction. And
s0, Og(x)(a) = t™ for some integer n.
Now, we inspect DGA (Agk), Os(k)). Let w be its cycle. Since

Os(roy(at™"w) = Os(x)(a)t ™ "w + adgx) (™ "w) = w,

w is also a boundary. Thus, (Ask),Osk)) is stable tame isomorphic to the
trivial algebra, i.e. DGA with only generator a such that d(a) = 1. In particular,
LCH.(S(K))=0. O
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5. Representations of
Chekanov-Eliashberg DGA

5.1 Augmentations

Since Chekanov-Eliashberg DGA is non-commutative and often not of finite rank,
even in a fixed degree, it is often difficult to compute LCH. In this section, we
would like to introduce augmentations of DGA and linearized LCH, which will
produce some useful invariants of Legendrian knots. We will follow [EN18] and
[Ghi]. Also, F will denote a finite field.

Definition 23. An ungraded augmentation ¢ of DGA (Ay, Ok ) into F is an

algebra homomorphism
e: Ax — F,

such that (1) =1 and e o Ox = 0.
Moreover, if €(a) = 0 for |a| # 0, then € is called a (graded) augmentation.

Remark. We immediately obtain from the definition above that €(t) is invertible,
hence a nonzero element of F.

Remark. Note that (graded or ungraded) augmentations do not exist for all Leg-
endrian knots, because the existence implies LC'H, # 0. Hence, by Lemma [19]
we see that it is not possible to construct them for stabilized Legendrian knots.

To have some sufficient condition for the existence of augmentations, we in-
troduce the following theorem.

Theorem 20 ([Rut06]). Let K be a Legendrian knot. Then Kauffman bound of
K is an equality if and only if DGA (Ak, 0k ) admits an ungraded augmentation
nto Zy.

Remark. Note that it is possible to extend augmentation € over stabilization of
DGA. This can be done simply by sending both e;, e5 to €(e1) = €(e2) = 0.
Hence, the existence of (graded or ungraded) augmentation is an invariant of
Legendrian knot.

However, more important property of augmentations is that they can be used
for linearization of DGA. And thus they consequently produce linearized LCH,
which will have nicer properties to handle than LCH.

Now, we would like to linearize DGA and hence obtain linearized LCH. Let us
assume that € is an augmentation of (Ag, ) into F. Next, define DGA (A%, 0),

where
Ay = A O
{t =e(t))
It is a free F-algebra generated by Q(K). Since t is invertible, €(t) # 0, and hence
|t| = 0. Thus, grading on A% can be simply inherited from grading of Ax. And
also, 0 is obtained from the action of 0k on Ak such that for any a € A%, each
occurrence of ! in Ok (a) is replaced by €(t*') € F*.
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We introduce word length filtration
= (Ax)" D (A D D (AR)" D ..,

where (A% )™ is a subalgebra of A9, which is generated as a vector space by words
in Q(K) of length at least n. We would like to have differential on A% that
preserves word length filtration. Observe that 0 preserves word length filtration
on AS if and only if d(a) does not contain a constant term for any a € Q(K).
But this is never satisfied.

Let ¢ be an elementary automorphism on A%, which is given by

¢*(a) = a+ €(a)
for a € Q(K). Then we define a new differential J5 on A as
Of = 6000 (¢)"!
Clearly, 0 o 0 = 0 and Jj; has degree —1.
Lemma 21. 05 preserves word length filtration on AS .
Proof. Let a € Q(K) and d(a) = ¢+ Y by...b; for some ¢ € F. Note that
(¢9)7(a) = a — €(a), so
O = ¢ 0 d(a - E(a))

=¢(c+ D br..

= ¢°(c) + D _ o bl) -0 (br)

=c+ > (by+e€br))... (b +e(by))

=c+ Y €(br)...e(by) + terms in (A%)".

But ¢+ Y €(by)...€(by) = €0 d(a) = 0, hence 312((,43()1) C (A%)'. Trivially,

of ((A%)O) C (AS%)? and since 9f satisfies Leibniz formula, the proof for (A$)">!
follows. O

Next, (05)1 will denote differential induced from 05 as a map
(A%) ) ((«4%) )
O )t — :
@0 (Gi) - (e

Since (0f5)1 0 (05)1 = 0 and (95 ); has degree —1, we can put the following
definition.

Definition 24. For given augmentation € of (Ak,Ok) into F, we define lin-
earized Legendrian contact homology as

LOHE(K) = H. (Ejg <a;(>1) -

Remark. Tt is also possible to define equivalently LCHS(K) as H.(A, (0%)1),
where A is F-vector space generated by Q(K) and differential (05 ), is defined as
follows. Let a € Q(K), then

Ofh(a) = > ) 25 Debr) .. ebj-1)e(bjr) - e(br)by.

k>1 ue./\/l“ by 7=1
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Now, we are going to state the following famous theorem. This theorem was
originally stated by Chekanov [Che02] for augmentations from DGA with Z
coefficients into Z,. But, the result can be naturally extended for (graded or
ungraded) augmentations from DGA over Z[t,t™!] into F.

Theorem 22. The set

{Isomorphism classes of LCH{(K) € is a (graded or ungraded) }

augmentation of (Ag,0k) into F

is an invariant of Legendrian knot K.
Alternatively, the set of Poincaré polynomials

P(t) = i dim(LCH; (K))t'

over all augmentations € of (Ax,O0k) into F is an invariant of K.

Remark. As a consequence of the previous theorem, Chekanov [Che02] gave an
example of two Legendrian knots K, Ky (see Figure .

They are both of the topological knot type m(52). Also, rotation numbers are
both equal to 0. And Thurston-Bennequin invariant is for both knots equal to 1.
Hence, they have same classical invariants.

Also, the cardinality of the set of Poincaré polynomials is in both cases equal
to 1. However, the polynomials are different. In the case of K, we obtain a
polynomial 2+ . But, in the case of K5, we get a polynomial 272+ x +22. Thus,
K, and K5 are not Legendrian isotopic.

> N

Figure 5.1: Chekanov's knot K (left) and K, (right).

5t

5.2 Representations

In this section, we generalize the notion of augmentations into n-dimensional rep-
resentations, where augmentations can be seen as 1-dimensional representations.

Definition 25. An ungraded n-dimensional representation ¢ of (A, Ok)
into F is an algebra homomorphism

€: Ax — Mat(n,F),

such that (1) =1 and e o Ox = 0.
Moreover, if €(a) = 0 for |a|] # 0, then € is called a (graded) n-dimensional
representation.
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Remark. Analogously, the existence of representation implies nonvanishing LCH.
And hence, it is not possible to construct (graded or ungraded) representations
of stabilized knots.

Remark. Also, nonvanishing LCH is not a sufficient condition for the existence of
representation. Sivek gave an example of m(10132) knot (see Figure that has
nonvanishing LCH, but do not admit any representation into Z,. Note that the
result can be generalized for representations into F, see [DRG15].

f—J\—\4 J ~ ~
Q\\ Hf—AW\”H%

Figure 5.2: Front diagram of Legendrian knot m(10135).

We continue with an important remark.

Remark. Sivek [Siv13] described that (p, —q)-torus knots with p > 3 odd and
q > p (see admit ungraded 2-dimensional representations into Z,, but do not
admit ungraded 1-dimensional representations into Z,. From this perspective,
studying higher dimensional representations is meaningful.

Figure 5.3: Front diagram of (3, —4)-torus knot.

Remark. The definition of Chekanov-Eliashberg DGA can be extended for Leg-
endrian links with a base point for each component. Also, for Legendrian links,
we can extend a definition of (graded or ungraded) n-dimensional representation.
For details, we refer the reader to [Ng03].

Remark. Now, we introduce an interesting connection between augmentations and
higher dimensional representations. But first, we make the following construction.

Let K be a Legendrian knot and n is a positive integer. In front projection,
we construct a Legendrian link K’ consisting n-copies of K, where each of them is
different from all others by a small shift in z direction. Then take a small segment
of K’ that is oriented from left to right and does not contain any singularities.
And replace such a segment with a positive full twist, see Figure 5.4l Finally,
denote the resulting link by K. This construction is a well-defined operation
on Legendrian knots, see [NT04].
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Figure 5.4: Positive full twist of 5 parallel straight lines.

Theorem 23 ([NR13)). Let K be a Legendrian knot. Then DGA (A, Ox) admits
ungraded n-dimensional representation into Zs if and only if DGA (Agm), Oxm))
admits ungraded augmentation into Zs.

Remark. Linearized LCH can be stated also for n-dimensional representations,
where n > 1. For details, we refer the reader to [CRGG16].

Definition 26. Two representations €y, €3 : Ax — Mat(n,F) are called equiva-
lent, if there is a vector space isomorphism f : F" — F" such that foe; = ey0 f
for each a € Ak.

Definition 27. Representation € : Ax — Mat(n,F) is called irreducible if
trivial subspaces are the only subspaces V. C F" such that e(a)V C V' for each
a < AK.

5.3 Exact Lagrangian cobordisms

Here, we give a brief introduction to exact Lagrangian cobordisms and show an
interesting consequence to representations of Chekanov-Eliashberg DGA.

Definition 28. Let Ly, Ly be Legendrian links. We say that surface X in (]Rt X

RS ., d(etastd)) is an exact Lagrangian cobordism from L, to Ly (see Figure

and write Ly <x; Lo if there exists T' > 0 such that the following holds:
(i) N ((T,00) x R?) = (T, 00) X Lo,

(ii.) B0 ((—00,~T) x R?*) = (=00, ~T) x Ly,

(iii.) there exists a smooth function f: ¥ — R such that €'aqlpy = df and f s
a constant when t < =T andt > T.

Also, (T,00) X Ly C ¥ and (—oco,—T) x Ly C X are called positive and
negative end of X, respectively.

If ¥ is diffeomorphic to a cylinder, then we call such an exact Lagrangian
cobordism a concordance.

A
t |
Ly
N \l 7
A
Ly
—N
I I

Figure 5.5: Exact Lagrangian cobordism ..
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Definition 29. Let L, Lo, Ly be Legendrian links such that Ly <x,, Lo and
Ly <s,, L3. Concatenation of ¥15 and X3 is an exact Lagrangian cobordism
from Ly to L3 obtained by gluing the positive end of 312 with the negative end of
Yo3. We denote such an exact Lagrangian cobordism by X1 ® Xg 3.

Remark. Tt is possible to establish the category €ob of exact Lagrangian cobor-
disms. Objects will be Lagrangian links and morphisms will be exact Lagrangian
cobordisms between them. Then, the composition of morphisms in €ob will be
concatenation and identity morphism for Legendrian link L is given as an exact
Lagrangian cobordism R x L.

As is shown in the following theorem, there is a contravariant functor ® from
Cob to 0g.

Theorem 24 ([EHK16|], [Karl9]). If L1 <x Lo, then there is an induced chain
map

Py 1 (AL, 0r,) — (Ary, 01y)
such that
(Z) Zf Ly 421’2 Lo and Lo -<22,3 L3, then @21’2@22’3 = CDELQ o (I)ZQ’?),

(4i.) if L1 <y Ly and Ly <¢ Ly and X is dsotopic through exact Lagrangian
cobordisms with EA], then ®x, and ®g are chain homotopic,

(iii.) Opup = Idy, .

Theorem 25 ([EHK16]). Let Ly, Ly be Legendrian links. There is an exact La-
grangian cobordism Y from Ly to Lo if Ly is obtained from Lo by one of the
following:

(i.) Legendrian isotopy; ¥ is in this case a concordance,

(1.) deleting an unstabilized unknot component of Lo that is contractible in the
complement of the remainder of Lo,

(i4i.) a saddle move in front projection as in Figure[5.6.

= > <

Figure 5.6: Saddle move in front projection between Ly (left) and L; (right).

Definition 30. Ezxact Lagrangian cobordisms from the previous theorem are called
elementary and exact Lagrangian cobordism obtained by their concatenation is
called decomposable.

Theorem 26 (|[CRGGI15]). If there is a concordance Ly <x, Lo, then the chain
map Py induces an inclusion

n-dim representation n-dim representation
of (Ar,,0L,) of (AL, 0r,)

isomorphism isomorphism
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Corollary 27. The number of equivalence classes of n-dimensional representa-
tions is an invariant of Legendrian knot.

Proof. Let K; be a Legendrian knot Legendrian isotopic to K,. For i = 1,2, I;
will denote the set of equivalence classes of n-dimensional representations from
(Ak,, Ok,) into F. Since F is finite, I; are also finite.

By Theorem it follows that K is concordant to K5. And hence, Theorem
induces the inclusion from I; to I,. However, Kj is also Legendrian isotopic to

K. Thus, we analogously obtain an inclusion from I5 to ;. Then, the corollary
follows. O
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6. Computations

Recall that Sivek's higher dimensional representations for torus knots were all
ungraded [Siv13]. In this chapter, we would like to describe an example of higher
dimensional representations that are graded. More precisely, we will study ir-
reducible higher dimensional representations, since these are representations not
coming from augmentations.

And hence, we are going to find, how many different 2-dimensional irreducible
2-graded representations over Z, we can get for Legendrian knot K, see Figure
. Observe that K is really a Legendrian knot, since 7 (K) can be obtained by
Lemma [10] from 7p(m(52)), which is defined on Figure [2.2]

Figure 6.1: Legendrian knot K in Lagrangian projection.

Chekanov-Eliashberg DGA algebra with a basepoint (A, Jx) is generated
by 9 double points a, b, c¢1, o, 3, €1, €2, €3,e4. Now, we compute the grading of
generators. Since the rotation number r(K) is equal to 0, the grading is given by

lal = [b] = [e1| = |eo| = |es| = [t] = [t7'] = 0 and |e1| = |ez| = |es| = |ea| = 1.
Next, we compute the differential 0k on generators. Clearly,
Oxa = Ogb = Ogcy = Oxco = Ores = 0.
There are 3 disks contributing to the count of dxe; (Figure , thus

Oker =t + c3 + c3ba.

Figure 6.2: 3 disks contributing to dxe;.

42



For Oges, there are 5 disks (Figure , thus

Oxey =1 —abcy — ¢; — a — acycs.

ES % &% &
e =

Figure 6.3: 5 disks contributing to Jxes. In the second row left, there is an
admissible immersed disk, where the dark part describes immersion 2 to 1. On
the right, we visualize the same disk with two overlapping parts that correspond
to the dark blue area on the left.

For Okes, there are 2 disks (Figure , thus

8K63 =1+ C1Co.

B &

Figure 6.4: 2 disks contributing to dxes.

And finally, for Oxey, there are also 2 disks (Figure , thus

8K64 =1 + C3Co.

= €55

Figure 6.5: 2 disks contributing to dxey.

Now, we are going to state the following proposition, which is the analog to
the Proposition 3.15. in [LR1S].
Proposition 28. There is a bijection

Repgraa( K, Z3) 4 {(A, B) € Mat(2, Zs) x Mat(2,Zs)|Mi(AB) = {0}},

where Rep,,qq(K, Z3) denotes the set of graded 2-dimensional representations of
(Ak, Ok) into Zs. Also, M1(AB) denotes the set of 1-eigenvectors of the matrix
AB.
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Proof. We would like to show that the map f € Rep,,.q4(K,Z3) — (A,B) =
(f(a), f(b)) is our required bijection.

Take f € Rep,,qq(K,Z3). From the fact that f o dx(e1) = 0, it follows that
fles)(lz + f(b)f(a)) = f(t). Since t is invertible, f(¢) must be an invertible
clement of Mat(2,Z,). Hence, Iy + f(b)f(a) is invertible and BA has not 1
as an eigenvalue. Because AB and BA have same eigenvalues, M;(AB) = {0}
as required. (The last statement follows from the fact that if A\ € Zy and v €
M) (BA) is a nonzero vector, then A(v) € My(AB). And analogously for opposite
direction.)

On the other hand, there is an inverse map mapping a pair (A, B), such that
M, (AB) = {0}, to the element f € Rep,,,4(K,Z3), which is given by

fla) = A, f(b) = B, f(e1) = (I + AB) ™",
f(cd) = I, + AB, f(c3) = (I, + AB)™', f(t) = (I, + AB)™*(I, + BA)

and f(e;) = 0 for i € {1,...,4}, because we need graded representation. Also,
since (I,+BA) is invertible, f(¢t~') can be correctly defined as (f(¢))~!. Next, f is
as an (unital) algebra homomorphism, thus the corresponding element to (A, B)
is uniquely defined on the whole Ag. By the linearity and Leibniz formula, we
see that f o Jx = 0, so we are done. O

To find irreducible representations, we will often use the following lemma.

Lemma 29. Let f be an element of Repy,,.(K,Z3) and (A, B) corresponding
matrices as in the previous lemma. Then, f is irreducible if and only if A and B
have no common eigenvector.

Proof. Let v be a nonzero element of Z2 such that f(a)v = A\,v and f(b)v = Ao
for some A, Ay € Zy. We would like to show that f(z)v € span{v} for any
x € Ag. Since f is algebra homomorphism, it is sufficient to check this condition
only for generators of Ag:

fle)v=0 forie{l,... 4},
flev = (14 X)) 1o =0,
flea)v = (14 AAp)v = v,
flez)v = (14 Xahy) v =,
F®)v = (14 X)) (1 + MA)v = v,
fE = (f) v =0,

where we used the fact that M;(AB) = {0}, and the knowledge from linear
algebra that inverse matrix have same eigenvectors with inverse eigenvalues.

On the other hand, if f is reducible, then by the definition there exists a
nontrivial subspace V' of Z3 such that f(z)V C V for any x € Ag. Since V is
1-dimensional, V' = span{v} for some v € V and v is an eigenvector of A and B.
And hence f is reducible. ]

Now, we conclude to the computation of the irreducible representations. With
Proposition [28 in mind, we are going to find pairs (A, B) that will correspond to
irreducible representations.
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We will denote the entries of A, B and AB by (a;;)ij=12, (bij)i j=1,2 and () j=1,2,
respectively.

Observe that in Z3 there are 3 nontrivial subspaces. They are given by the
span of (0,1)7,(1,0)" and (1,1)T.

Since AB can not have 1 as an eigenvalue, there are only two possibilities for
a characteristic polynomial P4g(\):

A2 case 1,
A4+ A+1 case?2.

Pap(\) = {

Case 1: From the characteristic polynomial, we see that x1x99 + X129 = 0
and x1; + x99 = 0. Thus, there are only 4 possibilities for the matrix AB:
0 0},

(0 0) (2@ )(0)
a) AB=(, )

Note that AB has 2-dimensional kernel. If at least one of A and B has also
2-dimensional kernel, then by Lemma [29| the second matrix has no eigenvector.
And there are only 2 matrices with this property in Mat(2,Zs). So, we obtain
the following four irreducible representations:

(0 0\ [0 1)]
\0 0)7\1 1]]’
(0 0) (1 1)]
\0 0/7\1 0/}"
(0 1\ [0 0)]
\1 1)7\0 0/]’
(1 1) (0 0)]
\1 0/7\0 0/]"
Otherwise, assume that both A and B have 1-dimensional kernel. Let v, be a
O-eigenvector of A, i.e. span of v, is equal to ker(A). Then, the matrix B maps
v, to some vector v,. Since AB is a zero matrix, v, € ker(A). Because ker(A) is

1-dimensional, v, is equal to 0 or v,. Hence, v, is an eigenvector of B. But, it is
a contradiction to Lemma 29

1 1
b) AB=(, ):
We have that b+ aiobyy - anbio + a1oby = b , which is a matrix
a21011 + az2bar  az1bia + ajrags 11

with the only eigenvector (1,1)7. Hence, by Lemma [29] a pair (A, B) will repre-
sent an irreducible representation if and only if (1,1)7 is not an eigenvector of A
or B.

Since (1,1)7 is 0-eigenvector of AB, there are several possibilities of nonzero
vectors vg such that B(1,1) = vp and Avg = 0. If B(1,1)T = 0, there are also
few possibilities of vectors v4 such that A(1,1)7 = v4. And for each vg (respective
v4), we will find matrices A, B that correspond to irreducible representations:
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B(L DT = (1,07 (%),
[ ]
A(1,007 = (0,0)T  (xx).
(In this case, vg = (1,0)T.) We obtain from (*x) that a;; = ag = 0.
Thus, <a12621 a12b22> = <1 1). And from (%) : by + b1 = 0, we get the

a22ba1  ay1a92 1
following two irreducible representations:

G )Gl
63)69)
B(1,1)" = (0,)" (%),

* {A(O, DT =(0,007 ().

. ai1bi1 anbio 11
btain f x%) that = = 0. Thus, = :
We obtain from (k) that ajz = ag us (ambn a21b12> (1 1)

And from (%) : bay + by = 0, we get the following two irreducible represen-

tations:
10 11
1 0)’\1 0/}|’
10 11
1 0/7\0 1/)|°
[
A(1, )T = (0,0)T.
This case will not add any irreducible representation by Lemma
(BT =(0.07 ().
AL, DT =(0,1)T ().
(In this case, vg = (0,0)7 and va = (0,1)T.)From (*x), since z;; = 1, we

get that a;; = a;o = 1. By (%) and x15 = x9; = 1, we obtain the following
two irreducible representations:

(o) o))
G2)-G))

{B(L DT = (0,07 (),
AL, DT = (1,007 ().

From (%), since xqy = 1, we get that ag; = age = 1. By (%) and x5 =
To1 = 1, we obtain the following two irreducible representations:

()6l
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()09
) {B(LDT = (0,07,

A1, D)7 = (1,1)T or (0,0)7.

Neither of both cases will contribute with an irreducible representation by

Lemma 29|
c) AB = 8 (1) :

We have that <a11b11 +a1zbor anibrs + a12622> = (O 1) , which is the matrix

agibin + agebar  a21bia + arnag 00
with the only eigenvector (1,0)7. So, we will be looking for a pair (A, B) such
that (1,0)7 is not an eigenvector of A or B.
Similarly, as in b), there are the following cases:

B(L O)T = (1’ O)Ta
* VAL = (0,0)7.

This case will not add any irreducible representation by Lemma

{B(LO)T =(0,1)7 (x),

[ J
A0, 1) = (0,0)T  (xx).
From (x) and (%), we obtain that ajs = ass = by; = 0 and by = 1. Next,
since 1 = x19 = a11b12+0, we get a;; = bis = 1. Finally, from x4, we obtain
the following two irreducible representations:
10 01
0 0/)’\1 1)}’
10 01
0 0)’\1 0/}
T
. (%),

{B(l,O)T =(1,1)
AL, DT = (0,007 (xx).

We obtain from (x) that by = by; = 1. Next, it follows from x15 and (xx)
that a;; = a12 = 1. 15 gives us two possibilities for a pair (b2, bys) = (0, 1)
or (1,0). Then, from x9s and (**) we conclude the following two irreducible

representations:
)G o))
oG o)
B(1,0)" = (0,0)",

* {A(l,O)T = (1,0)T or (0,0)7.

Both cases will not contribute by any irreducible representations by Lemma
29
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A(L,0)7 = (0, 1) ().

Immediately, we obtain from (%) and (x*) that a;; = b3y = by; = 0 and
as; = 1. Next, from x5 we get that a;o = byy = 1. Finally, from x5 we
conclude the following two irreducible representations:

G2)-6 )]
()6l

. {B(LO)T = (0,07 (x),

. {B<1,0>T= (0,07 (%),
A(L,0)T = (1, )T ().

Immediately, we obtain from (x) and (xx) that by; = by; = 0 and ay; =
as1 = 1. If a;5 = 0, then we obtain the following irreducible representation:

GG

Otherwise, if a;5 = 1, then we conclude from x5 and x99 that b = 0 and
get the following irreducible representation:

G o) 3]

d) AB = (2 8)

Lemma 30. For any irreducible representation (A, B) such that AB = ((1) 8),

there is an irreducible representation (BT, AT) such that BT AT = (8 é) More-
over, this correspondence is bijection between irreducible representations with
product AB equal to (? 8) and (8 (1])

Proof. Fist, we make the following observation. Let V' be a finite-dimensional
vector space. Also, f will denote a linear map f: V — V and f* will be a dual
map f*: V* — V*. Note that if v is A-eigenvector of f, then also f*(v*) = \v*.

It is well known that for any matrix a dual map can be seen as a transpose
matrix. Hence, it follows that if two matrices have a common eigenvector, then
also their transpose matrices have a common eigenvector. By Lemma [29|and the
fact that 2-times transpose matrix is the same matrix, we obtain our required
bijective correspondence. O]

By the previous lemma and the case ¢), we immediately obtain all irreducible

representations for d):
00 01
1 1)7\1 1)’

GGl
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)60

Case 2: Characteristic polynomial has in this case no root. Hence, AB has
no eigenvector and representation, which is given by (A, B), is automatically
irreducible. There are two possibilities for the product AB:

0i)Go)
o) AB—G })

We have the the following system of equations (aubn +aiby b+ a121)22> =

a21011 4 agebar  ag1bia + ajrag

(? 1) . Now, if we look at x4, we would like to distinguish several cases:

o (as1,b12,a11,a9) = (0,0,1,1): it follows from x5 and z9; that ajo = by =
1. Then, from z1;, we get a;; = b;; = 1. So, the concluded irreducible

representation:
11 10
0 1/)’\1 1)|°

o (ag1,b12,a11,a9) = (1,0,1,1): we obtain from x5 that a;o = 1. Then, from
x11 and x21, we conclude to the following irreducible representation:

G2)- )

o (asy, bi2,a11,a2) = (0,1,1,1): we obtain from x5, that by; = 1. Then, from
11 and x1o, we conclude to the following irreducible representation:

G3)-0))

® (azl, blg, ai, CL22> = (1, 1, 0, O) it follows from T12 and T21 that ay] — b11 =
1. Then, from xy;, we get a2 = by = 1. So, the concluded irreducible

representation:
11 11
1 0/7\1 0/
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o (asy, bi2,a11,a2) = (1,1,1,0): we obtain from x5 that a;; = 1. Then, from
211 and x9;, we conclude to the following irreducible representation:

GGl

o (as1,b12,a11,a9) = (1,1,0,1): we obtain from zy; that b;; = 1. Then, from
x11 and x19, we conclude the following irreducible representation:

G o))

f) AB = G é)

Lemma 31. For any irreducible representation (A, B) such that AB = ((1) %),
there is a irreducible representation ((‘1) %,)A, B(? 6)) such that ((1) é)AB@ 5) =
(:‘1 6) Moreover, this correspondence is a bijection between irreducible represen-
tations with product AB equal to ((1) %) and (% (1))

Proof. It immediately follows from the fact that

0 1\ (0 1\ (0 1\7' (11
1 0/\1 1)\1 0 ~\1 0
0 1\ (0 1 : o
and < > ( ) = I, so the correspondence is a bijection. O]

1 0/\1 O

By the previous lemma and the case €), we immediately obtain all irreducible
representations for f):

(1))
()¢
(0369
(9G]
(SR

| — |
N
O =
i)
~—
/N
—_ =
O =
~__—
| I

Now, to distinguish irreducible representations, we are going to sort them into
equivalence classes.
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Note that there are only 5 nontrivial vector space isomorphisms on Z3:

o= (1 0) 2= (1 1) =G 1)o= (1) = (0 1)

Since oy =6 and vo 8 = ¢, we will use only «, 3,7 to find equivalence classes.
Observe, how these isomorphisms will change by conjugating some arbitrary ele-
ment of Mat(2, Z,):

a by 4 [d c
“Ne a) T \b o)

a b\ ,1 f(atc a+b+c+d
5(0 d)ﬁ _< c c+d )’

a b\ a+b b
e d)7 “\a+btetrd brd)

With this in mind, I found (by hand) 10 equivalence classes of irreducible
representations:

{166 -6

L6610 )6 )]

s {[6D-6 LG -6 )

S{[606 66l

1696166

o[G0 6 LG GOl 6]
GGl -6 LE 6]

D66 )G OLE 6]
GO-CLIE -6 L6 )¢
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List of Abbreviations

S
F,Fx

LCH®

b

Ly <x Ly
INROPY

Cob, 0g

P

Repgmd(K7 Z%)
M, (A)

unital commutative ring

finite field, set of nonzero elements of

cyclic group

tangent bundle of M

space of sections of the plane field &

standard contact form

standard contact structure

contraction by a vector field X (interior product)

standard contact form

Lie derivative with respect to the vector field X

Reeb vector field

Legendrian knot

Legendrian link

topological knot

knot diagram

front and Lagrangian projections, respectively

Euclidean norm

rotation number of K

Thurston-Bennequin invariant of K

number of positive and negative crossings, respectively
positive and negative stabilization of K, respectively
Kauffman polynomial of K

set of double-points in 77 (K)

(k + 1)-sided convex polygon

set of immersed polygons with vertices by, . .., b

set of admissible immersed polygons with vertices a, by, ..., by
(Chekanov-Eliashberg) differential graded algebra
Chekanov-Eliashberg DGA of K

degree of a € Ag

Legendrian contact homology

height function on double-points in 7 (K)

paths along 7 (K)

“new” generators of the stabilized DGA

product of orientation signs of vertices in admissible immersed
polygon u

sign count of passing n; through the basepoint *
augmentation or more generally representation of DGA (only in
the proof of Theorem [17|“€” denotes small positive real number)
linerize LCH by the augmentation €

exact Lagrangian cobordism

cobordance ¥ from Ly to Lo

concatenation of >3; and >

categories of exact Lagrangian cobordisms and DGAs, resp.
contravariant functor from €ob to 0g

set of graded 2-dimensional representations of (Ag, Ok ) into Zy
set of 1-eigenvectors of the matrix A
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