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Notes on topological strings and knot contact
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ABSTRACT. We give an introduction to the physics and mathematics involved in the
recently observed relation between topological string theory and knot contact homol-
ogy and then discuss this relation. This note is based on two lectures given at the 2013
Gokova Geometry and Topology Conference, and reports on joint work by Aganagic,
Ng, Vafa, and the author [1].

1. Introduction

These notes introduce, discuss, and provide background for the recently observed re-
lations between topological string theory and knot contact homology found in [1]. The
starting point for these relations was the mirror symmetry motivated construction of
Aganagic and Vafa [2] of a polynomial associated to any knot. In concrete calculations,
this new polynomial was observed to agree with Ng’s augmentation polynomial of knot
contact homology, see [3, 4], and the two polynomials are conjectured to agree for any
knot. Here we will explain how to relate the algebraic varieties determined by the re-
spective polynomials and we will show that certain branches of them agree. In fact, our
argument proves that the polynomials agree if the corresponding curves are known to be
irreducible (but no general condition on knots that guarantees irreducibility is known).
In [1], an analogue of this relation for many component links is presented. That subject
will be discussed only very briefly in these notes, see Section 5.3.

An outline of the paper is as follows. In Section 2 we discuss necessary background on
Chern-Simons theory and topological strings from a physics perspective. In Section 3 we
recall the relation between topological strings in the cotangent bundle of the three-sphere
and in the resolved conifold and describe the mirror construction from [2]. In Section 4
we introduce knot contact homology, and in Section 5 we define the augmentation variety
and demonstrate how it is related to the polynomial in the mirror construction.

Key words and phrases. Augmentation variety, Chern-Simons theory, knot contact homology, topo-
logical string theory.
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2. Chern-Simons theory and topological strings

We give a physics description of Chern-Simons theory, topological strings, and their
relation. Much of the material here is originally due to Witten. Except for original
references, e.g., [5, 6, 7, 8, 9], the presentation is also based on [10].

2.1. Chern-Simons action

Let A be a U(N)-connection on a closed 3-manifold M, i.e., a 1-form on M with values
in complex N x N-matrices A with A = —A*. Then the Chern-Simons action of A is the
integral

S(A) :/ tr (ANdA+ZANANA).
M
Consider a variation A — A + JA of A. The corresponding variation of S is
5S:2/ tr (JA A Fa),
M
where Fy = dA + A A A is the curvature of A. To see this, note that

/5A/\dA+A/\d(6A)=2 JANdA,
M M
by Stokes’ theorem. Furthermore, writing A = (A;) and using the summation convention,

tr(AA AN A) = AL A AL A A
i j k i j k i j k
OAG N AL NAT + AF NSA NAT + A N AL NSAT = (1)
SAL N AL NAF + 5L NAFNAL + 5AF NASN A =3 5AL A AN AL
In conclusion, connections that are stationary for S are flat.
We next consider the effect of a gauge transformation, g: M — U(N). The covariant

derivative is d + A. Changing trivialization with g, we find that the covariant derivative
in the new trivialization is

g M d+A)g=d+ (g7 Ag+ g™ 'dy),

and thus the connection transforms as A — A’ = g71Ag + g~ 'dg. The Chern-Simons
action is not quite invariant under gauge transformations, rather,

S(A") = S(A) +87%k, ke (2)
To see this we consider the 4-manifold M x [0, 1] and a trivial C¥-bundle on it. We build
the bundle £ on M x S = M x [0,1]/(M x {0} ~ M x {1}) by identifying the fibers near
M x {0} with the fibers near M x {1} by the gauge transformation g. Pick a function
¢: [0,1] — [0, 1] which equals 0 near 0 and equals 1 near 1. Then the connection 1-form

A= (1 6(0))A+ o)A

on M x [0,1] descends to a connection 1-form on M x S*. Furthermore,

dir(AANdA + 2ANANA) = tr(FR).
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To see this note that the calculation of the left hand side is similar to (1) and that in the
right hand side the term tr(A”*) in tr(dA + A A A)? gives no contribution since

ALANALNAFAAL= —ALANAL AN AL ANAT

Now the Chern-Weil formula for the second Chern class reads

1
c(8) = 3.2 /stl tr(F})

and

/ tr(F3) :/ tr(F3) :/ dtr(ANdA+2ANANA)
MxS?t M x[0,1] M x[0,1]

:/ tr(A’AdA’—%A’/\A’/\A’)—/ tr(ANdA—2ANANA)
M M
= S(A) - S(4),

by Stokes’ theorem. Since c2(&) is an integer we conclude that (2) holds.

2.2. Chern-Simons partition function

The Chern-Simons partition function is the path integral
Zos(M) = / DA #S(A)

over gauge orbits of connections. (Note that the integrand is gauge invariant.) Here k is
an integer known as the level and is analogous to % in quantum mechanical path integrals.

As for many other path integrals, it is not straightforward to give a mathematically
satisfactory definition the Chern-Simons partition function. Much work has been done
in that direction but we will not discuss that any further here. Rather we will study the
partition function with physics methods.

First, in analogy with the stationary phase approximations for finite dimensional inte-
grals, we expect the partition function to be expressed as a sum of perturbation expan-
sions near each critical point of S(A), i.e., by the above remark, near each gauge orbit
of a flat connection. The perturbation expansion is in powers of % and is obtained via
Feynman diagrams. For readers not familiar with Feynman calculus we start with a finite
dimensional analogue.

Let Q = Q;; denote a positive definite quadratic form in n variables and let C' = Cjj,
be a trilinear form. Consider the integral (as above we use the summation convention)

1
/ e ~3Quimizj+hCijrwizjy g,
n
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We will expand it in powers of h. To this end we first expand the second factor in the
integrand:

L 0smie; thCypmi; — S|
e _2Q”mlm]+hc‘”kmlm]wk dr = e 2Q7,]137,13] (hczszivxk)m dx
m| J J
n 0 n !

=1 o a9 o\"
= > o (n0egg 3 2
0 m: bi bj 6bk
The last integral is Gaussian and it is straightforward to compute it explicitly via a change
of variables:

1
e —5QijTiTj+biz; dx
b=0 JR"

1
/ e ~2Qii%i%iHhCirTizTe g,
n

det A\ 2 X1 o 9 a\™
(57) " 2 s (0 oy any)

m=0

1 s
—Q”bib'
e2 KR

b=0

where Q% is the inverse matrix of Q;;.

We now explain how to express the right hand side as a sum over certain graphs. To
this end we depict the operator Cijkaibiaibja%k as a trivalent vertex weighted by Cj;i,
see Figure 1. Note next that non-zero contributions to the expansion come from pairs of
differential operators é% and aibj where

iie%Qijbibj - %Qw

0b; 0b; b0
To keep track of such contributions we join corresponding edges of the operator graphs
and weights such an edge connecting i to j by Q%. With this observed we find that the
contributions correspond to closed trivalent graphs with weights at trivalent vertices and
edges as just explained. Furthermore, the power of & of such a connected graph I' equals
its number of trivalent vertices, see Figure 1. On the other hand the Euler characteristic
x(T) is, if v and e denote the number of vertices and edges of T', respectively,

xT)=v—e=v—3v=—3v=—dim(H,(T)) + 1,

and thus the power of & corresponding to I' is A"~ where r is the number of loops in
T". Finally, we remark that the sum over all disconnected graphs equals the exponential
of the sum over all connected graphs.

We now return to the infinite dimensional setting and treat the contribution Zég)(M )
to the partition function Zcg(M) at a flat connection C as if the path integral were a finite
dimensional integral as above. Here the first term tr(A A dA) in the Chern-Simons action
is analogous to the quadratic form Q;;x;z; above and the cubic term 2 tr(A A A A A) is
analogous to the trilinear form Cj;iz;x;x,. We find that the partition function should
be expressed as a sum over diagrams with trivalent vertices. In fact, the diagrams are
independent of the gauge indices and to keep track of the contributions it is convenient
to fatten the graphs to a thin surface, a so called fat-graph, see Figure 2. We thus get an
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FiGUure 1. Top: the trivalent vertex corresponding to the operator

Cijkaibiaibj%' Bottom: the two graphs contributing to the h2-term

in the expansion.
&

2

dD 0=0

FIGURE 2. Fattened vertex and diagrams for the A%-term. Boundary
components are decorated with gauge indices.

expansion for the free energy, i.e., the logarithm of the partition function, of the form

FE (M) =3~ G N
h,r
where we sum over connected fat graphs with A boundary components and r loops, and
where Fég) is the free energy corresponding to the local contribution Zég) to the partition
function from the flat connection C. The factor N* arises from the N possible choices of
gauge index on each boundary component. One should however rather use the effective
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expansion parameter or the shifted coupling constant, see e.g. [10] for an explanation,

_ 2w :
K= 79N and rewrite the above as

FE (M) =37 iy NP
h,r

i.e., the former power series is obtained from the latter from the change of variables
N— N,k 5= —N.
Viewing the fat-graph corresponding to a Feynman diagram I' as a Riemann surface

3 of genus g with A boundary components we find that
2-29-h=x(E)=x(I')=1-r,

so the above expansion becomes

FS (M) =37 Gy NM29+1=2,
g,h

2.3. A-model topological string

Our next goal is to relate the Chern-Simons partition function to the partition function
for an A-model topological string theory on T*M, which is also given by a path integral.
In order to describe A-model topological string we start for simplicity with a description
of closed strings in a Calabi-Yau threefold. (Note that T*M equipped with an almost
complex structure J compatible with the standard symplectic form satisfies the Calabi-
Yau condition ¢1(T*M) = 0.)

Let X be a 6-dimensional Kéhler manifold with symplectic form w and equipped with
an (almost) complex structure J, which we assume satisfies the Calabi-Yau condition
¢1(X) = 0. The almost complex structure J gives a decomposition of the complexified
cotangent bundle, viewed as complex valued real linear functionals on TX, into (i, J)
complex linear and anti-linear functionals, respectively. There is a corresponding decom-
position of the tangent bundle:

TX®C=T"X @T%X,

where T1°X is the holomorphic tangent space, annihilated by the complex anti-linear
forms, and 7% X is the anti-holomorphic tangent space annihilated by the complex linear
forms.

The fields of the A-model topological string theory are triples (¢, x, %), where

e ¢: ¥ — X is a map of a Riemann surface into X,
e x: X — ¢*(TX) is a vector field along ¥, and
e : X = ¢ (THOX)RT*'Y @ ¢*(T%'X) @ T8 is a section.

We write the action in local coordinates. Let z = s 4 it be a local coordinate on the
Riemann surface ¥ and write 9, = 85 — 0, and 9; = 05 +10,. Let ¢*, i = 1,...,6 denote
the components of the map ¢ in coordinates (x!,...,2%) on X. Let G;;dz® ® da’ denote
the metric w(-,J-). We pick also local complex trivializations (£1,&2,&3) of TH0X and
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(61, &5,&3) of TO1 X, where we let the latter be the complex conjugates of the former. In
this decomposition we get for example

¢:¢£§I®d2+1/)£§j®dz.

Let R;jr; denote the curvature tensor of the metric Gj;. Note that the metric induces
Hermitian forms G;; and Gj; on TH°X and T%'X, respectively, and likewise Rj;j
induces a tensor with components R;7r 7. The Lagrangian for the A-model is now given
by, with d?z = |dz A dz],

L= 2t/ d*z (%Gij3z¢iaz¢j +iGriD.x” +iGriDax’ — Rfmibélﬂﬁx‘lx") :
b))
Here the covariant derivative D, is
Dax' = daX' + 0a¢’ T X",

where I‘ék are the Christoffel symbols of the metric G;;. The partition function of the
theory is then given by the path integral over these maps with tensor fields along them:

Z(X) = /D(I) el

where @ is a short hand for all the fields of the theory.
A central feature of the theory is that it possesses a BRST symmetry (or a topological
charge) Q which squares to zero, Q? =0, and which acts on the fields as follows

{Q, 0} =x.

{Q.x} =0,
{Qvi} = i0:¢" — xThyvk,
{Q, 0]} =id.¢" — X Thzult.

Noting that Q is an odd symmetry we find that the path integral localizes on the fixed
points of the symmetry. To see this, we argue as in [9]: outside a neighborhood of the
fixed points the Q action is free and that allows us to introduce a global Grassmann
variable € for the Q-symmetry here. The Q-invariance of L then implies that the integral
factors in this region with one of the factors independent of # and the other the fermionic
integral [ df = 0. Thus the partition function localizes at the fixed points of the action
and can be calculated from data in an arbitrarily small neighborhood of it. In the case

under study, we determine the fixed points from the action of Q described above: from
the first equation we get xy = 0, then the last equations give

801 = 0.7,

or equivalently
do¢ + Jdopi = 0.
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In conclusion the A-model partition function localizes on the moduli space of holomorphic
curves. (The argument just given can be compared for instance with the Bott-localization
formula.)

The same result can also be shown via a “heat-kernel argument” as follows. The
Lagrangian L is Q-exact up to a topological term:

L=it{Q,V}— t/ ¢*w,
>
where
V= [ @Gy (vlo.s’ +vloiot ).
b

Noting that the second term in the expression for L depends only on the homology class
A of the map ¢, we find that it just contributes a factor e=* to the partition function
where a = ([w], A) is given by pairing A with the cohomology class of the symplectic form.

As the operator Q is the differential for BRST cohomology, O-exact quantities have
zero expectation value and we find

%/eit{w} :z’/{Q,V}e“{Q»V} =0

and hence (except for the understood factor from the homology class) the partition func-
tion is t-independent. In the limit ¢ — oo one finds that only holomorphic maps con-
tribute.

The above path integral calculations were carried out for a fixed metric h on the
Riemann surface X. However, since we work in a Calabi-Yau threefold X, the formal
dimension of the moduli space of any holomorphic curve is zero and thus for curves of
genus g the formal dimension of a holomorphic curve on a genus g > 2 Riemann surface
with fixed conformal structure is —(6g — 6) and we must take variations of the metric into
account in order to get a meaningful theory for all genera. To this end one notes that
the stress energy tensor T,g, i.e., the variation of the action with respect to the metric
on ¥ is Q-exact: since the second term in the action depends only on the homology class
we have Tog = {Q,bag} where bag = t0V/dgas. Consider now 6g — 6 variations Sh),
j=1,...,6g9 — 6, of the metric and define

b = / dAy, (6n9) ) b)y,,
b))

where dAy, is the area form of h and (-,-)p is the induced inner product on the second
symmetric power of T*3. Then one shows, see [8], that the function © on (6g — 6)-tuples
of tangent vectors to the space of metrics given by

O(ohY, .., 6h0-) = (41 050},

where the right hand side denotes the expectation value in the path integral, is a closed
(6g — 6)-form on the space of metrics. This form is clearly diffeomorphism invariant and
furthermore vanishes if one of the 6hU) is induced by an infinitesimal diffeomorphism.
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This means that the form descends to the quotient of the space of metrics by the space of
diffeomorphisms. The fact that it is closed then means that we can define an associated
form ©4 on the moduli space M, of genus g surfaces, by pulling back via a section, that
is well-defined up to an exact form. We then define the free energy in genus g by

Fq:/ 99'
Mg

As above one shows that this partition function concentrates on holomorphic curves as
well. This time, we have taken variations of the metric into account and since we are
working on a Calabi-Yau threefold all homomorphic curves are of formal dimension 0.
Thus after employing a suitable perturbation scheme we find that the integrals correspond
to a curve count, exactly as in Gromov-Witten theory. Define the free energy Fow(X)
as the weighted sum of genus g free energies over all topologies:

Fow(X) = Z Cya92729Q",
g9,A

where g, is the string coupling constant, Cy 4 is the number of curve configurations of
genus ¢ in the homology class A - w, see Section 5.2 for a more precise definition in the
case of disks. (To motivate the appearance of the string coupling constant: in the path
integral, each emission or absorption of a closed string gives rise to a factor g, = e®°,
where ®g is the energy of the dilaton field, see e.g. [11, p. 83].) The Gromov-Witten

partition function is then Zaw(X) = exp(Faw(X)).

2.4. A-model open topological string in 7% M

We next consider the corresponding open string theory in T*M with N Lagrangian
branes on the zero-section M C T*M. The theory is completely analogous to what
was considered above, we will however replace the closed Riemann surfaces above with
Riemann surfaces ¥ with non-empty boundary. We write h for the number of boundary
components of the Riemann surface and think of it as a closed Riemann surface of genus
g with h disks removed. Naturally we need to specify boundary conditions for our fields
along 0Y.. First we require that ¢ takes any boundary component into (any one of the
N copies of) the zero-section. Locally, this corresponds to Dirichlet conditions in the
directions normal to the Lagrangian. In the remaining directions along the Lagrangian
we impose Neumann conditions. The boundary conditions on the fields 1 and x are
analogous: they are required to take values in ¢*(7T'L) on the boundary and to satisfy
Neumann conditions in these directions. Open string theory also allows for emission
and absorption of open strings that each give a factor ,/gs in the path integral. As in
the closed string case, the relevant path integral localizes on holomorphic curves and we
get a partition function Zgw(T*M, N - M) with free energy corresponding to the open
Gromov-Witten potential:

FGW(T*M, N . M) — Z KgJ‘L Nhg§g+h727
g,h
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where K j, is the number of curves of genus g with h boundary components on the zero-
section. The factor N" arises from the choice of N branes for each boundary component.

2.5. String field theory, topological string, and Chern-Simons

In the previous sections we found two distinct physics ways of associating topological
invariants to a closed 3-manifold in the form of partition functions. In this section we
discuss Witten’s proof that they are in fact the same. The proof goes via open string field
theory with a cubic interaction term.

Consider the open string theory in T* M with N branes on the zero-section as described
above. A string field is a functional A on the configuration space for open strings. This
configuration space is the space of paths with endpoints on M, the Riemann surfaces
with boundary considered in Section 2.4 are then the corresponding world sheets that
the strings trace out as they move. Witten [7] introduces two operations on the space of
string functionals defined via path integrals as follows. Choose a midpoint on the interval
parameterizing the open string. This subdivides any string £ into two halves &7, and &g
and then the two operations admit the following description:

e Integration [ A defined by

/ A= / DE 8(¢1,£r) A(E),

where § is the Dirac-delta on the space of strings, intuitively, the product over
the Dirac-deltas at all points along the string.
e A x-product defined analogously by

/Al*"'*Am:

/ DEL . DE™ 5(eh, £2) . H(En1 EMBER L) A(EY) . An(E™).

The string theory has an underlying parameterization symmetry. Let Q denote the
corresponding BRST-operator and define the (Chern-Simons like) string field action as

S(A) =%/A*QA+§A*A*A.

This action holds all the information of the space time dynamics of the open topological
string. In a sense it corresponds to a Hamiltoninan description of the open string.

The next step is to analyze this in the case of topological strings, we refer to [9] for more
details. One first notes that the string fields can be expressed in terms of the expansion of
the string states around its zero-mode. Here the zero-modes are (¢, x, 1) where ¢! = x

2

is a constant map into M, ¢; = 0,: the corresponding tangent vector, and x* = —dz".
We thus find that on the zero-modes, the string fields have the form

Ao = c(@) + X" Ai (@) + XX Bij () + X'\ X" Ciju(2).

10
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Recall that we have N branes on M with a flat U(1)-bundle on each. The functions under
study here may depend on in which copy the string endpoints land. Thus the coefficients
should be N x N matrix valued. In fact, open strings are oriented and reversing the
orientation changes the sign and charge conjugates the ends which leads to coefficients in
the Lie algebra of U(N).

On these constant modes it is straightforward to check that the integration functional
corresponds to taking trace and integrating forms over M, [+ [, tr, that the x-product
becomes the usual exterior product on forms x — A, and from the commutation relations,
the BRST-operator corresponds to the exterior derivative on forms: Q — d. A general
(ghost number) argument involving formal dimensions shows that 4, is indeed a 1-form
(has ghost number 1). Thus we see that the zero-mode approximation to string field
theory is indeed exactly Chern-Simons theory.

Recall now the t-dependence of the string action and that, as the action is Q-exact,
the theory is independent of t. Analyzing the t-dependence of the string field theory one
finds that the higher oscillations can not contribute: only constant maps contributes to
the path integral. Therefore the 0-mode expansion is in fact exact and we conclude that

211
k+ N

One can also motivate this relation more directly by observing that the open string
theory localizes on holomorphic curves in 7*M with boundary in M. By Stokes’ theorem
there are however no non-constant such curves, so at first glance the invariant would
have to vanish. The reason for it not to vanish is that the corresponding moduli space
of open curves is non-compact, and for small perturbations there are solutions on very
thin fat-graphs. In order to calculate the partition functions one must therefore com-
pute the contribution from limit solutions at infinity corresponding to infinitesimally fat
geodesic graphs. As indicated in our treatment of Chern-Simons perturbation theory
via fat graphs, this count of degenerate Riemann surfaces agrees with the Chern-Simons
partition function. This argument also says that in the general case where a Lagrangian
sits inside a Calabi-Yau threefold one would expect to see instanton corrected versions
of the above result with non-constant holomorphic curves on the Lagrangian giving the
instanton corrections. We will see examples of this below.

ZowT*MN ) (Nog. = 200 ) = ZesUDN )

2.6. Including knots in Chern-Simons

So far we have discussed Chern-Simons theory and open strings for bare three-manifolds.
Witten explains in [7] how to include knots in Chern-Simons theory: a knot is a Wilson
loop observable and inserting it in the path integral gives the HOMFLY knot invariant.
We will review this construction here, restricting attention to the case M = S3.

Let K C S? be an oriented knot and let A be a U(N) connection. Write Ua(K) € U(N)
for the holonomy of A around K. The Wilson loop expectation value of K is then

1

W(K) - m /DA tI‘(UA(K))e%SCS(A).

11
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In order to make sense of this path integral we need to equip K with a framing, and if
none other is specified we use the homotopically unique framing for which the self linking
number vanishes. Witten showed that
N/2 _ ,—N/2
_ 4 4 N
W(K) = WPK(CLQ )

where ¢ = exp ( ,ff]v) The proof is of non-perturbative nature. It derives from a cut

and paste formula for the partition function. More specifically, if a three manifold with
a knot is cut into two pieces by a surface then the path integral over the two halves
determines two vectors in a Hilbert space that the theory associates to the surface. Here
in particular, the surface corresponds to the phase space which has finite volume. By
the uncertainty relation each state occupies a phase space volume proportional to A and
therefore the corresponding Hilbert space is finite dimensional. In the case under study
a central role is played by the Hilbert space of the sphere with four marked points which
is 2-dimensional. Consider now a knot diagram and fix a small ball around one of its
crossings, see Figure 3.

FIGURE 3. The three knot diagrams associated to re-gluing of a small
ball around a crossing in a given knot diagram.

The boundary of this ball is then a sphere with four marked points. The fact that
the Hilbert space is 2-dimensional then implies that there is a linear relation between
the Wilson loop observables of the three links that appear from gluing the ball back in
different ways. This corresponds exactly to the HOMFLY skein relation and via a small
number of explicit calculations the values of the parameters involved are determined.

2.7. Including knots in topological string theory

The counterpart of this inclusion of knots in the open string theory was first studied
by Ooguri and Vafa [12]. They associated the Lagrangian conormal Lx C T*S3:

LK = {(Qap) € T*Sg: q € K7p|TqK = O} ~top Sl X RQ,

to a knot K and considered M branes wrapping it giving an open string theory with
M branes wrapping Lx and N branes wrapping the zero section S3. Here we restrict
attention to the case M = 1. The open string theory then has three sectors corresponding
to strings with both ends on the zero-section, both ends on Ly, or one end on each.
Arguing as above we find that the first two sectors are described by U(N) Chern-Simons

12
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theory on S3 and U(1) Chern-Simons theory on Lx. We next study the sector of mixed
strings.

Arguing as in the string-field theory above we find that the contributions to the mixed
strings come from constant strings in the intersection S® N L = K and that there is a
single commuting 0-mode ¢ along K and a single anti-commuting 0-mode x with

A= c(q) + Al9)x,

where ¢(q) is a complex scalar. Unlike in the previous case the ambient manifold is now
T*S* and the formal dimension argument says that it is the scalar field that contributes
so that the kinetic term in the action for the field ¢(q) is simply

/ cdc.
K

However, there are gauge fields (Chan-Paton factors) 4 on S and A’ on Lk at the ends
of the string that couple to ¢ in the standard way:

/ tr(cAc — cA’e),
K
and the total contribution is
/ éde + tr(cAc — cA'c).
K

Thus, integrating out the c-field gives the following determinant

d A4
exp (—logdet (E +(4; — AZ)d_S)> )

which can be expressed as

det(1 — e Us(K))!,
where €” is the holonomy of the U(1)-connection along the generator of Hy(Lg). To
relate this to the HOMFLY invariants we expand the determinant as

det(1 — e *Ux(K)) ™' =) trg, Ua(K)e ",
Sk

where the sum ranges over the k-dimensional symmetric representations of U(N). Thus
computing in U(N) Chern-Simons theory the following weighted sum of expectation val-

ues
Ui (w) = (trs, Ua(K))e ™, (3)
k
which, in analogy with the discussion in Section 2.6, is expressed through HOMFLY
polynomials, and hence is polynomial in ¢ = e% and ¢V, gives the topological string
partition function for N branes on 52 and one on Lk:
Ui (r) = Zaw(T*S*, N - 8%, L)/ Zaw (T*S% N - §°). (4)

Remark 2.1. When comparing the current text with [1], it may be useful to note that
U(N) Chern-Simons theory factors into SU(N) and U(1) Chern-Simons theories.

13
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3. Large N transition and mirrors of the resolved conifold

In this section we discuss the relation between the large NV limit open string theory
in 7*S? with N branes on S® and closed string theory in the resolved conifold found by
Gopakumar and Vafa, see [13]. We discuss how to move Lagrangian conormals through
the transition and show how this leads to another A-model string theory. The section
ends with the derivation of a local parameterization of the polynomial curve which is one
of the incarnations of the main object of study in this note and which should give a mirror
of the resolved conifold.

3.1. Closed topological strings in the conifold
Recall the free energy for the open topological string in 7*S? with N branes on S3:
Faw(T*S? N - 8%) =Y " K, nN"g20th=2,
g,h

For t = Ngs, if we let Cy(t) =3, Ky pt" then
Faw(T"S N - 8%) =3 Cy(t)g2 ™,
9

which looks like the free energy of a closed string theory parameterized by ¢t. Gopakumar
and Vafa found a setup so that this is indeed the case as follows.

Consider the cotangent bundle X = T*83 with its standard symplectic form and the
unit cotangent bundle 0o X = ST*S3 with the contact form given by the restriction a of
the action form pdq. Outside of a compact set. X is symplectomorphic to the product
[0, 00) x ST*S? with the symplectic form d(e’«), where ¢ is a coordinate on [0, 00). In this
situation, we say that ST*S? is the ideal contact boundary of X. Here we consider T*S3
as the algebraic variety X, in C* with coordinates (ws, ..., w4) given by the equation

wi 4+ wi +wi +wi=¢ €e€0,00),

as € — 0 the zero-section in X, shrinks and at € = 0 we find a cone which at infinity looks
just like T*83 itself. In this way we may consider X, as a resolution of the cone

wi 4 wi + w3 4+ wi = (w1 + dwp) (wy — iws) — (iwsz + wy) (iws — wy) = 0.
There is another resolution Y;: let [€ : 5] be homogeneous coordinates on CP! and consider
Y = {([¢ : ], w1, w2, w3, wy) € CP! x C*:
n(wy + iwe) = E(iws — wy), n(iws + ws) = E(wy — twe) }.

Then Y is the total space of the bundle O(—1) & O(—1) — CP!. Furthermore, the
projection m: Y — C* is an isomorphism outside 771(0) and 7—*(0) = CP!. We consider
a family Y; of such resolutions parameterized by the area of the sphere, concretely for Yz,
we take (£,7) in the 3-sphere |£|? + |n|> = t and let + — 0 then we get a l-parameter
family Y; of resolutions parameterized by ¢, which is proportional to the area of CP' in
the naturally induced metric, that converges to the cone at ¢t = 0.
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We can now state Gopakumar-Vafa’s result with more precision, it relates the open
string partition function on X with N branes along S with the closed string partition
function Y; as follows:

ZGW(XuN : Sgags) = ZGW(YV,*,:N_(]S,QS)'

This conjecture has been checked via both mathematical and physical direct calculations
(where the left hand side has been computed in Chern-Simons theory). There are also
a number of physics proofs, see [14] for a proof in line with the intuition that, for the
described choice of parameters as the zero-section collapses, the boundaries of the holo-
morphic curves on the zero-section shrink in an orderly manner and the curves reappear
as closed curves on the other side of the transition as indicated in Figure 4.

\

A

P

FIGURE 4. A schematic picture of a holomorphic curve changing under
conifold transition.

3.2. Conifold transition and conormals of knots

We next consider the Lagrangian conormal Ly associated to a knot. Note that it
projects to K C S3. Consider a small tubular neighborhood of K diffeomorphic to
S1 x D2 Let df be the standard closed 1-form that generates H'(S'). Then df is a
section in T*S* x D? and a shift € units along df is the map (g, p) — (q,p + €df), where
(q,p) are standard coordinates on T*S! x D?. In particular, the shift of Lx along df
is still Lagrangian and furthermore is disjoint from the zero-section. Thus we can view
Ly C Y, since the conifold transition can be taken to affect only a small neighborhood of
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the vertex of the cone. In light of the intuitive explanation of the mechanism behind the
equality of the partition functions it is clear that the corresponding conjecture should be
as follows in this case.

Consider the open topological string theory in X with N branes along S* and one along
L. The shifted Lg is far from the vertex of the cone and the parts of the holomorphic
curves that lie on Ly should not be affected by the transition, the boundary components
on the zero-section disappears in an orderly manner just as for the closed string. This
leads to the conjecture

Vi(x) =Zaw(Ys, Lr,x)/Zaw (Yr), (5)

where exactly as above t = Ng;.

We point out that there is nothing very special about the conormal Lagrangian L g
here. One would expect that the same relation holds for more general Lagrangians L that
can be moved off the zero-section.

3.3. Mirrors of the resolved conifold

Consider next the open string theory in ¥ with a Lagrangian brane on L (shifted off
the zero-section). Consider the sector of strings with both endpoints on Ly . Here there
is the contribution from short strings that lie entirely in a small neighborhood of Lg
which are controlled by string field theory, as above. In the present case there are non-
constant holomorphic curves with boundary on Lg that will give quantum corrections.
The contribution from the short strings can be computed via GL(1) Abelian Chern-
Simons theory. The GL(1) gauge group corresponds to the complex valued field r + ip,
where the imaginary part is the flat connection on the U(1)-bundle on Lx and where the
real part measures the shift along df.

Recall that Lx ~ S x R?2. We use coordinates (§,7,t) € S* x S x [0,00) on the
solid torus, where (¢,1) are polar coordinates on R%. The connection 1-form is then the
complex valued form

A= Aedé + Aydn + At

using parallel translation in the ¢-direction we find a trivialization such that 4; = 0
(A; = 0 is our gauge fixing condition). The Chern-Simons action is then, with A denoting
the t-derivative of A,

/ AAmz/ﬁ/dwm(&M—@&)
T2xR R T2

= /R (pt — zp)dt

x:/A, p:/A
A Iz

where
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are the periods of the connection, A = S' x pt and p = pt x S'. Note that this is the
usual classical action for the form pdr — xdp and hence the path integral for the Chern-
Simons action is just the path integral for quantum mechanics in dimension one in terms
of the periods. The usual quantization scheme then says that z and p should be viewed
as operators with commutator
[Jf,p] =9s-

In the spirit of string field theory discussed above, these operators act on the partition
function for strings with endpoints on L, see (5). Thus

0
pVr(r) = QS%WK(CU%

and U (x) can be regarded as a wave function in quantum mechanics. In particular, the
usual short wave asymptotic formula holds:

ete) = (L [ies...).

where ... denotes terms that are O(1) in gs.
On the other hand Uk (z) is expressed (5) as a Gromov-Witten partition function:

Uy (x) = exp (g—lsWK(x,Q) + ) :

where Wk (z) = 3", akme Q™ is the Gromov-Witten disk potential, i.e., the part of
the free energy that counts holomorphic disk configurations of holomorphic curves with
boundary on Lg. More complicated holomorphic curve configurations of genus g and
with h boundary components contribute only to the coefficient of g29=2+" 29 —24+h >0
of the free energy.

From these two equations we conclude that, at the level of the disk,

OWgk

Recall (3) the relation between the wave function ¥ g (z) and HOMFLY invariants of
K. Using recursive properties of the HOMFLY established mathematically in [15], we
find that this equation, being the classical limit or characteristic variety of a holonomic
D-module, is in fact (part of) an algebraic curve Vi given by

Ak (e®,eP, Q) =0,
i.e., Vi is the vanishing locus of Ag. Since the potential Wi (z, Q) sums over all disk
instantons on Lx we can interpret the curve as the quantum corrected moduli space of
the Lagrangian Ly. In analogy with SYZ-mirror constructions it was conjectured in [2]
that, regarding @ as a fixed parameter, the 3-dimensional complex hypersurface X i given
by the equation
Ak (e”,eP,Q) = wv

is a B-model mirror to the resolved conifold Y. Mirror symmetry exchanges A-branes,
Lagrangian submanifolds, in Y with B-branes, holomorphic submanifolds, in Xx. In
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particular, associated to every Lagrangian brane L in Y there is a B-brane in X so that
the quantum corrected moduli space of L in Y is the same as the classical moduli space
of the mirror B-brane in Xx. Here the B-brane mirror to Lk at (e®°,eP?) is the line
{u = 0,v arbitrary} over the point (e™,e!?) € Vk.

4. Knot contact homology

Knot contact homology was introduced and studied by Ng, see [3, 4, 16]. It associates a
differential graded algebra (DGA) to any knot or link in S®. We will describe this theory
from the point of view of its contact geometric origins: it is the Legendrian contact ho-
mology algebra of the unit conormal lift of a knot or link, and we will focus on the case of
knots except for the discussion of many component links in Section 5.3. Legendrian con-
tact homology is a Floer type theory and in particular uses moduli spaces of holomorphic
disks. In the case under study the DGA admits a combinatorial description: it can be
calculated from a braid presentation of a knot. Here we will not say much about concrete
calculations but rather focus on the geometric features of the theory that allows us to
relate it to the topological string theory described above. Legendrian contact homology
is a part of Symplectic field theory introduced by Eliashberg, Givental, and Hofer [17]
that was developed in a setting relevant to knot contact homology by Ekholm, Etnyre,
Ng, and Sullivan in a series of papers [18, 19, 20, 21].

4.1. Contact geometry and knots

Let K € M be a knot in a three-manifold M. As mentioned above we view the
cotangent bundle T*M as an exact symplectic manifold with Liouville form 8 = pdq and
symplectic form w = df. The ideal contact boundary, see Section 3.1 for notation, of T* M
is the 5-dimensional spherical cotangent bundle ST*M with contact form o = S|gr+um
(the contact condition in dimension five is a A da® # 0 pointwise). The contact form «
determines a Reeb vector field Ry, by da(Ra, ) = 0 and a(R,) = 1. Closed trajectories
of R, will be called Reeb orbits. Representing the spherical cotangent bundle as the unit
cotangent bundle using some Riemannian metric the Reeb flow is exactly the geodesic
flow on the unit cotangent bundle and Reeb orbits correspond to closed geodesics.

If L ¢ X is a Lagrangian submanifold in a symplectic manifold with ideal contact
boundary Y and if L N[0,00) X Y = [0,00) x A where A C Y is Legendrian then we
say that A is the ideal boundary of L. The ideal boundary of the conormal Lagrangian
Ly C T*M is a Legendrian submanifold Ax C ST*M, which topologically is a torus
that can be naturally identified with the boundary of small tubular neighborhoods of the
knot.

In particular, the homology H; (A ) comes equipped with a canonical basis A, u, where
A is the longitude and p the meridian of the knot K. Trajectories of R, starting and
ending on Ag will be called Reeb chords. In the unit conormal bundle Reeb chords
correspond to bi-normal chords, i.e., geodesic curves with endpoints on the knot and
intersecting it at right angles at these endpoints.
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4.2. Legendrian contact homology

Contact homology is a part of Symplectic field theory and is defined for general contact
manifolds with Legendrian submanifolds in them. Here we will however describe it only in
the case relevant to knot contact homology. As with topological strings contact homology
has a closed and an open sector. The closed sector is a commutative differential graded
algebra (DGA) B = B(ST*M) generated by its Reeb orbits and the open sector is a
non-commutative DGA A = A(Ak) generated by Reeb chords and with coefficients in
B that is called Legendrian contact homology. Here we will be mainly interested in the
case M = 83 in which case the closed and open sectors decouple and the chord algebra
A can be studied separately without considering orbits. For simplicity, we will describe
the construction of the algebra A only in this case, and in order not to have to consider
orbits we take the knot under study to lie in a small ball and one can show, compare [22],
that the theory reduces to the corresponding theory in R3, in other words, we can restrict
attention to the short Reeb orbits lying over this ball since long chords leaving the ball
and orbits have no effect on the algebra.

Let A = A(Ak) denote the algebra over the group ring C[H2(ST*S3, A )] generated by
the Reeb chords of Ax. We associate a grading |c| to a chord ¢ via a certain Maslov index.
In the case under study this index is simply the usual Morse index of the corresponding
bi-normal chord (viewed as a geodesic connecting K to itself) which takes the values
0,1,2. We pick generators t,z,p of Ho(ST*S3, Ag), where t is the class of the fiber
2-sphere and where  and p map to the longitude and the meridian in H;(Ag). We then
write the coefficients of A as

C[HQ(ST*SgaAK)] = (C[eﬂ:z,ezl:p, Qil]v Q = etv

where we use exponential notation to turn the usual addition in the homology group to
multiplication in the group ring. In order to keep track of homology classes of certain
maps we fix some auxiliary data that we describe next. For each Reeb chord ¢ we fix a
capping disk v.: D — ST*53, where D is the unit disk in the complex plane. Here, 7.
restricted to the boundary arc between —1 and 1 parameterizes the Reeb chord ¢ and it
maps the complementary arc into Ag.

The differential on A is defined via a count of holomorphic disks. We start with a
general discussion of the moduli spaces of disks that we will use. Consider the sym-
plectization R x ST*S3 with the symplectic form d(e®a), where s is a coordinate in the
R-factor. (Note that this is symplectomorphic to the complement of the zero-section in
the cotangent bundle, T%S3 —53.) Pick an almost complex structure J on R x ST*S? that
decomposes as a complex structure in the contact planes compatible with da and such that
JOs = R,. In this almost complex structure, if ¢ is a Reeb chord then R X ¢ is a holomor-
phic strip with boundary on R x Ai. Let D,, be a a disk with one distinguished boundary
puncture, called positive, m other boundary punctures, called negative. Consider maps
w: (Dypy1,0Dpy1) — (R x ST*S3 R x Ak ) which are asymptotic to a holomorphic strip
R X a at +o0 at the positive puncture and asymptotic to the holomorphic strip R x b; at
—o0 at the ' negative puncture. Write b = by ...b,,, and define Mz err gt (a;b) to be
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the moduli space of holomorphic such disk maps u, i.e., du + J dui = 0, such that when
u is capped off by the capping disks at the Reeb chords a, b1, ...,b,, then it represents
the homology class nx + kp + [lt, see Figure 5.

b

1 b2

FIGURE 5. A holomorphic disk in R x ST*S? with boundary on R x Ax
and Reeb chord asymptotics.

Then its formal dimension is
dim (M, gingr (a3 b)) = [a] — [b].

We point out that moduli spaces of this form are empty unless the action of the Reeb
chord at the positive puncture is at least as large as the sum of the actions of the Reeb
chords at the negative punctures. This is a consequence of Stokes’ theorem as follows:
for a holomorphic disk u € M nzerpgi(a; b), u*(da) is positive since J is compatible with

da and thus
a— o= u*(da) > 0.
fox o=,

By our choice of almost complex structure, R acts on solutions of the holomorphic
disk equation. It can be shown that for generic J the moduli spaces considered above
are transversely cut out. (Transversality is particularly simple in this case because the
condition of having only one positive puncture rules out multiple covers.) The moduli
spaces Mnzckng(a, b) admit a nice compactification (after dividing by the R-action),
analogous to breaking of flow lines in Morse theory, where the boundary of a moduli
space consists of several level disks joined at Reeb chords, see [23]. Furthermore, from the
dimension formula above the total dimension of a building is the sum of the dimensions
of its levels, see Figure 6.
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dim = d,

dim = d2 dim = d3

FIGURE 6. A two level holomorphic disk in the boundary of a moduli
space of dimension dy + ds + ds.

Fixing a spin structure on Ax we get an induced orientation on the index bundle
associated to the linearization of the holomorphic disk equation of the configuration space
of maps u. This then induces an orientation on the transversely cut out moduli space.
These orientations of the index bundles can be chosen coherently, or in other words to be
compatible with gluing. It then follows in particular that if Mnzckpgi(a, b) is a moduli
space of dimension 2 then after dividing by the R-action we get a reduced oriented moduli
space of dimension 1 and the boundary of this moduli space consists of two level buildings
where each level is a curve of dimension 1 and where the product of the orientation signs
of the corresponding reduced moduli spaces at the ends of the 1-manifold agrees with the
sign induced from the orientation of the 1-manifold, see Figure 6.

The differential 0: A(Ax) — A(Ak) satisfies the Leibniz rule and is defined through
the following holomorphic disk count on generators:

Oa = Z |Me"IekPQl (CL, b)| enzekal ba

la|—[b|=1
n,k,l€EZ

where | M| denotes the algebraic number of points in the reduced moduli space M /R,
which is an oriented 0-manifold. By the above mentioned compactness result the reduced
moduli space is compact and thus the sum above is finite. To see that 92 = 0 we
note that by the above description of 2-dimensional moduli spaces, two level disks which
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contributes to 8%a are in oriented one to one correspondence with the boundary of an
oriented 1-manifold and hence cancel out.

4.3. Computations

Example 4.1. We compute the knot contact homology of the unknot using a heuristic
argument. For full details see [20]. Consider the unknot O as a round planar circle.
Note that there is an S!-family of bi-normal chords of index 1. The Reeb chords of Ao
thus come in an S Bott-family of index 1. Since the action of all chords are equal the
only possible disks with only one positive puncture have no negative punctures. From
a variational perspective, the holomorphic disk equation can be thought of the gradient
flow equation for the action functional v — [ « for curves v with endpoints on Ag. A
chord of O can flow in two directions and then shrinks until its length is 0, see Figure 7.
In order to control what happens for lengths near zero we look at the path traced out by
the endpoints of the flowing chord in Ao, see Figure 7.

< Hr

FIGURE 7. Top: start of chord flow. Bottom: the path traced out by
the endpoints of the chord flow near chord length zero on the conormal
torus is closed up by the boundary values of the two holomorphic disks.

There are two ways to close the curve up and using a concrete perturbation of Ap one
can show that there is exactly one holomorphic disk in each class. In conclusion there are
four disks with one positive puncture at any chord in the Bott family. Morisfication of the
Bott situation gives two chords e and ¢ of gradings |e| = 2 and |¢| = 1. The differential
of e corresponds to the Morse differential in the circle:

de=c—c=0,

and the differential of ¢ gets contributions from the four disks just discussed. It is clear
that the boundaries of these disks lie in distinct homology classes in H1(Ap). In order to
find the component of the homology class along the fiber sphere we count intersections
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with an S3-section that agrees with the covector dual to the direction of propagation of
one of the chord flows. We find that the differential is

dc=1—¢e" —eP + Qe%e?.

Although there are four signs in this formula three of them can be changed by various
choices but then the last is fixed and is computed by a determinant bundle calculation.

With this example established we give a short description of how knot contact homology
is calculated for general knots. We start by representing the knot K as a braid around the
unknot O. As we push the braid toward the unknot, A approaches Ap and in particular
if the braid is sufficiently close to the unknot, Ak is a graphical Legendrian in a standard
contact neighborhood of Ap which is contactomorphic to the 1-jet space of the torus
JY(Ap). We then show that in the limit K — O rigid holomorphic disks on Ak are in a
natural one to one correspondence with rigid configurations of holomorphic disks on Ao,
that are controlled by the above description of the disks in the Bott-degerate case, and
Morse flow trees of Ax C J'(Ap), that can be described from the braid presentation.

4.4. Exact cobordisms, DGA-morphisms, and invariance

Contact homology has functorial properties similar to TQFTs. Here we describe them
only in the setup where we need them and refer to [17, 19] for more general considera-
tions. Consider first two knots K and K’ with corresponding Legendrian tori Ax and
Ag:. Assume that there exists an exact Lagrangian cobordism L C R x ST*S3 such
that L agrees with [M,00) X Ag for s > M and with (—oco, —M] x Ags for s < —M.
Here the exactness condition means that the form e®a|r, which is closed since L is
Lagrangian, is exact, ea = dz for some z: L — R. Note that there is an inclusion
map Ha(ST*S3 Ak) — Ha(R x ST*S3 L) and similar for the negative end. Using
these maps we change the ground ring of both algebras (A(Ak),d) and (A(Ak/),d’) to
C[H2(R x ST*S3,L)]

In analogy with the above we write M%(a,b) for the moduli space of holomorphic
disks u: (Dpi1,0Dme1) — (R x ST*S3 L) with positive puncture asymptotic to the
Reeb chord strip R x a for a Reeb chord of Ax in the positive end and to Reeb chord
strips Rxb; in the negative end, where b = by ... by, is a word of Reeb chords of Ak, which
when closed up by capping disks represents the homology class A € Ha(R x ST*S3, L).

Define the DGA map ®r: A(Ax) — A(Ag-) to act on generators as

®p(a) = > [MZ(a,b)le”'b,
la]—|b|=0
ACH>(RxST*S3,L)
where this time | M| denotes the algebraic number of points in the oriented 0-manifold
MZE. In analogy with our argument above showing that 2 = 0 we find that ®;, is a
chain map, 9 — &’® = 0. To see this we simply note again that the two level disks that
contributes to the terms in the chain map equation (i.e., with one level of dimension 0
in the cobordism and one level of dimension one in the positive or negative end) are
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in oriented one to one correspondence with the ends of a compact oriented 1-manifold.
Similarly, if L’ is a cobordism with positive end Ags and negative end Ay~ then we can
glue the two cobordisms by removing the region s > R from L’ and the region s < —R
from L and gluing the remaining pieces by identifying A x { R} in L' with Ag x{—R} in
L. This gives a new cobordism L, with positive end Ax and negative end Ag~. Here we
consider a 1-parameter family of cobordisms for R — oo and also in this case the moduli
space admits a compactification with several level disks at the boundary. In particular for
R sufficiently large, rigid disks in the cobordism are in oriented one to one correspondence
with two level disks where both levels are rigid. This shows that for R sufficiently large

(I)L% = (I)L/ O(I)L.

A similar argument, that however uses a more advanced perturbation scheme, see [24],
shows that the homotopy class of map @y, is invariant under deformations (e.g., of L or
the almost complex structure). This implies that A(Ak) is invariant under Legendrian
isotopies of Ax as follows. A Legendrian isotopy connecting Ax to A gives cobordisms
Lo and Ly connecting Ax to Axs and vice versa. Composing these cobordism we get
a cobordism that can be deformed to the trivial cobordism which clearly induces the
identity map on A(Ag) or A(A%). We thus conclude that

(I)LOO(I)LIZL (I)LIO(I)LOZI,

which proves that ®;, and ®;, are homotopy inverses, which implies in particular that
A(Ak) is invariant up to quasi-isomorphisms. For a description of the notion of homotopy
used here we refer to [22, Lemma A.3].

Below we will also make use of another type of exact Lagrangian cobordisms. Consider
an exact Lagrangian L C T*S® with ideal boundary Ax. Then L has empty negative
end and the maps above are thus simply maps into the algebra of the empty Lagrangian
which is simply the ground ring C[Hy(T*S3, L)] with the trivial differential. This map
counts holomorphic disks with one positive puncture and boundary on L:

er@)= Y, IMia)et (6)

|a|=0
A€H,(T*S3,L)

Note that, since the differential in the target is trivial in this case, the chain map equation
simply reads ®7 o 0 = 0. This type of map is an example of an augmentation and will
play a central role in all that follows.

Remark 4.2. We point out that the exactness condition on L is crucial for the chain
map properties discussed above. More precisely, the exactness condition shows that any
closed holomorphic disk D with boundary on L would have area

/d(esoz):/ esoz:/ dz=0
D oD oD
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and hence would have to be constant. This rules out boundary bubbling and shows that
the moduli spaces have compactifications with several level disks joined at Reeb chords
only.

5. Augmentations and the augmentation variety

We will next study augmentations of A(Ag) more systematically. Recall that the
coefficient ring of A(Ag) was the Laurent polynomial ring Cle®®, e*? Q*1]. Assigning
non-zero complex values to our formal variables, i.e., taking (e, eP, Q) € (C*)3, we think
of A(Af) as a family over (C*)3 of algebras over C. We then define an augmentation of
A(Ak) to be a DGA-map (i.e., a chain map which is the canonical map on coefficients):

e: AAg) > C, €0d—0oe=€00=0,

where we think of C as a unital DGA in degree zero with the trivial differential.

We define the augmentation variety Vi of A(Ak) to be the closure of the highest
dimensional part of the locus of points (e®,e?, Q) € (C*)? where A(Af) admits augmen-
tation. In all examples this is a codimension one subvariety. Its defining polynomial
Ak (e*,eP, Q) is the augmentation polynomial.

Example 5.1. We compute the augmentation polynomial of the unknot. Here the con-
dition that € is an augmentation is simply

€(0c) = €e(l —e® — e + Qe"e?) =0
and thus the augmentation polynomial is simply:
Ap=1—¢e"—eP + Qe"eP.
5.1. Augmentations and exact Lagrangian fillings

Note that for @ = 1, the augmentation polynomial for the unknot reduces to
Ao(elﬂ,e;ﬂ, Q = 1) = (1 - ew)(l - ep)'

This is no coincidence, in fact the lines {@Q = 1,e? = 1} and {Q = 1,¢* = 1} lie in the
augmentation variety for any knot K.

For the first line, we note that the conormal Ly gives an exact Lagrangian filling of
Ak in T*M, and that in the map Ho(ST*S?, Ax) — Ho(T*S3, L) takes p and t to zero
(recall Q = e') and takes x to x, viewed as the generator of Hy(Lk).

For the second line we note that Lx NS3 = K is a clean intersection of Lagrangians.
Performing Lagrangian surgery along K we construct an exact Lagrangian filling Mg
of Ag which has the topology of the knot complement S® — K. In this case the map
Ho(ST*S3, Ak) — Ho(T*S?, M) takes x and t to zero and takes p to p, viewed as the
generator of Hy(Mg).
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5.2. Augmentations and non-exact Lagrangian fillings

Recall from Section 3.2 that we shifted Lx off of the zero-section in 7*5% and that
after conifold transition we can view it as a Lagrangian Lx C Y. Note however that the
Lagrangian submanifold Ly is no longer exact. In particular, as the physics arguments
of Section 3.2 show there are closed holomorphic disks (i.e., without punctures) with
boundary on L. As we shall see, these holomorphic disks interfere with the definition of
an augmentation that we used in the exact case. In fact, the resolution of that problem,
using obstruction and bounding cochains in the spirit of [25] will allow us to relate the
augmentation polynomial and the polynomial defining the B-model mirror with B-branes
corresponding to the knot Lagrangians.

We first note that the shifted copy of Lk shifts Ak along the closed form df at infinity.
In [1] we argued that although Ax was shifted there is a natural correspondence between
punctured holomorphic disks at infinity with boundary on the original and the shifted
Ag. Furthermore, for closed disks below any given area limit, there exists a compact
subset of Y that contains all of them. We next explain the role of boundary bubbling in
defining chain maps.

Consider a moduli space MZ*(a) of holomorphic disks with a positive puncture at
the Reeb chord a and boundary on L. Also, in this non-exact case there is a version of
Gromov compactness, the limit is a several level holomorphic building, with holomorphic
disks in the symplectization at infinity, but now the level in Y may itself consists of broken
disks. More precisely, these broken disks in ¥ have one main component which is a disk
with a positive puncture and other components that are “bubbled off” holomorphic disks
without positive punctures that are attached along the boundary of the main component.
Here the boundary bubbling is analogous to what happens to the real curve in C? with
boundary on R? given by the equation xy = € as € — 0.

In particular, in the case that the dimension of M%% (a) is one we find that the bound-
ary may contain broken disks with one component in M (a) and one rigid disk on L.
This means that the chain map equation for the map ®, in (6) does not hold, see Figure 8.
We will next describe how to modify the definition of that map to resolve this problem.

FI1GURE 8. Boundary bubbling introduces new boundary components.

Assume that we have fixed a perturbation scheme so that all these disks (below a cut
off area) are transversely cut out. In order to resolve the problem with boundary bubbling
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we use a construction similar to the bounding cochain techniques used in [25]. Pick a
reference curve £ of class = in Ax and then pick for each rigid disk uw: (D,9D) — (Y, Lk)
an obstruction killing 2-chain o, in Lk that connects u(0D) with k€, where kx is the
homology class of u(0D). Let o denote the collection of all obstruction killing 2-chains
and define the moduli space Mﬁ;f; o (a;0) to be the space of holomorphic disks with
positive puncture at a and with all possible insertions of ¢ along its boundary. More
precisely, an element in this moduli space is a several level object with finitely many
levels as follows. The top level is a holomorphic map v: D — (Y, Lk ), with one boundary
puncture and finitely many boundary marked points, where the disk is asymptotic to
the Reeb chord strip of a at the positive puncture and where the evaluation map at each
marked point takes value in some o,,. The disks u corresponding to the obstruction killing
chains constitute the second level and are also equipped with additional marked points
that map to obstruction chains of other disks that then constitutes the third level and so
on, attaching the obstruction chains of the disks in the (r + 1)*® level at marked points
on the boundary of the disks in the " level.
We define the homology class of such a configuration as (recall Q = e)

kx + 1t = (kox + lot) + (k1z + 11t) + - - + (kmax + Int),

where koz + ot is the class of the disk v and where (k;x + [;t) are the homology classes
of the rigid holomorphic disks in the building and we let ./\/leL,f; o (a; o) denote the moduli
space of configurations of total homology class kx + It (but with no restriction on the

specific number of insertions).
We define the map ez, : A(Agx) — Cle™®, Q*1] as follows

€L, (a) = Z |MeLkI;Ql (a; 0)| ellev
la|=0
k€T

where | M| denotes the algebraic number of configurations.

We next define the GW-potential as the generating function of the holomorphic disk
configurations that are inserted in a disk with insertions. More precisely, let u; and us
be holomorphic disks with boundary on Ly and let o,, and o,, be the corresponding
obstruction chains. Then oy, and o,, both agree with a multiple of a standard curve ¢
at infinity. Shifting £ off itself we make the two chains disjoint outside a compact subset
and after a small perturbation the chains are transverse elsewhere. Define the linking
number of u; and ug as the intersection number between u1(9D) and o, or equivalently
as the intersection number of uz(9D) and o,,. The objects that we count are now finite
weighted trees with holomorphic disks at the vertices. Here the weight at a vertex is
the weight of the rigid disk as a component of the moduli space as weighted manifold,
the weight of an edge is the linking number of the two disks at its endpoints and the
total weight of the tree is the product of weights at all its edges and vertices. We write
M(Lg, o) for the moduli space of such tree configurations and we define the homology
class of a tree configuration as the sum of the homology classes of the disks in the tree.
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The GW-potential then has the form:
WK ((E, Q) = Z Ck,r ekaru

k,r€Z

where Cy , is the sum of the weights of the tree configurations in M(L; o) that represent
the homology class kx + rt.

Our main result can now be formulated as follows: if p = %(m, Q) then the map
€, A(Ax) — Clet™, Q*'] is a chain map. It then follows that

oWk

5y (& @)
gives a local parameterization of the augmentation variety Vi . In particular this vari-
ety agrees locally with the B-mirror curve defined in Section 3.3 and the corresponding
polynomials must agree in the irreducible case. In the case that Vi is not irreducible one
might look for other Lagrangian fillings, as discussed at the end of this section.

We point out that from a mathematical point of view this result needs more work. For
the result of the augmentation variety itself a suitable perturbation scheme for moduli
spaces of holomorphic disks with point constraints in obstruction killing chains should
be worked out and for the mirror symmetry connection a more precise description of the
symmetry between the models is needed.

To show this result we study the boundary of the 1-dimensional moduli space of disks
with insertions. First observe that the obstruction killing 2-chains turn boundary splitting
into interior points of the moduli space, as indicated in Figure 9. Consequently, the

e

FIGURE 9. Obstruction killing 2-chains turn boundary splittings into
interior points in the moduli space.

p:

boundary of a 1-dimensional space of disks with insertions consists of two level disks with
insertions. The lower level is a rigid disk with insertions and corresponds exactly to the
configurations contributing to the maps e, The upper level is a 1-dimensional family
of disks with insertions in the symplectization end, see Figure 10. By construction, the
obstruction killing chain looks like a product of the R-factor and a multiple of the reference
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L
/ in R x ST*S®

inY;

:’S
F1GUrRE 10. Boundary configuration in the space of holomorphic disks
with insertions. The dots indicate inserted obstruction killing 2-chains.

curve £ in Ax in homology class . This allows us to derive an algebraic expression for
the count of disks with insertions in the symplectization end.

Let v: Dyp1 — R x ST*S? be a holomorphic disk in Menserngi(a;b).  Consider
the disjoint union of all holomorphic disk configurations of the following form. The
configurations are trees with holomorphic disks and their corresponding obstruction killing
2-chains at the vertices and a distinguished intersection point between obstruction killing
2-chains of the end points of each edge. Then the Gromov-Witten potential W (e, Q) is
the generating function counting the elements in this disjoint union. To see this note that
the linking number between two rigid disks equals the algebraic number of intersection
points of obstruction killing chains.

Consider next the disjoint union of configurations as above with their obstruction
killing 2-chains decorated with a marked point where they can be inserted in the disk v.
Such a decorated 2-chain consists of a 2-chain ¢, asymptotic to R x " together with a
point in £ at which o, is attached to v(0Dy,+1). If o, is asymptotic to R x £ such points
come in r-tuples since £” has multiplicity r. Furthermore, any chain with a marked point
corresponds to an intersection point between & and v(9D,,,+1) and as such come equipped
with an intersection sign, counting them with signs we find that there are k such points
(recall that the homology class of v(0Dy,+1) is nz + kp). In conclusion the obstruction
killing 2-chains o, of a rigid disk configuration v in homology class rx + ht gives rise to
kr chains decorated with a marked point where they can be can be attached. It then
follows that

Wi

kax_

Z krM, e Q"
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is the generating function counting such 2-chains with marked points that can be inserted.
Consider next

R 1 (Z ker,hemQh)
1 rxh 2 1 re b\
+§(Zker7he Q) +"'+E(ZIWMT7’L€ Q) +...

and note that the first term 1 counts no insertion and that the general m™ term counts
m insertions. It follows that

enwek GZVTK Ql
counts the disks with insertions arising from one disk in M nzerpgi(a,b). This then
implies that for p = 81(;1;;( , €, has the chain map property and thus is an augmentation
which is the desired result.

The above argument is not special to the conormal. A similar argument shows that
any Lagrangian which looks like a shift of Ax along some closed form at infinity and
which has first homology generated by the first homology of Ax induces augmentations
via its Gromov-Witten disk potential in a similar way. In fact, as explained in [1], one
can also use immersed Lagrangian fillings to construct augmentations provided they are
unobstructed, which means that the count of rigid disks with one Lagrangian corner
with insertions vanishes. It is a very interesting problem to find constructions of such
Lagrangians, in particular since they could help proving that the augmentation polynomial
gives the B-model mirror in general.

5.3. A brief discussion of the case of links

It is straightforward to generalize the discussion of knot contact homology above to
the case of many component links K = K; U---U K,,. Here the conormal Ay is a
many component Legendrian with torus components. The coefficient ring for the knot
contact homology algebra is accordingly Cle*?s,e®Ps Q*!] where x; and p; are the
longitude and meridian of the j'" knot component Kj;. In this case the augmentation
variety (for fixed Q) is a subvariety in (C*)?". This variety has several components.
The simplest of them is the one corresponding to augmentations of the individual torus
components of Ax. These give augmentations of the link that map any mixed chord,
i.e., Reeb chords with endpoints on distinct torus components of the Legendrian link to
zero. The corresponding component of the augmentation variety is then just the product
of the augmentation curves.

One can also consider augmentations that are non-trivial on mixed chords. Conjectural
constructions give unobstructed connected Lagrangian fillings M C Y of Ax and, much

like in the knot case, there is a disk super-potential Wi (p1,...,p,) associated to them
that gives a local parameterization of the augmentation variety as
oWk
T = ,
J 8pj

which is Lagrangian in (C*)?".
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In [1] we conjecture that Vk is always Lagrangian and that it is the characteristic vari-
ety of a holonomic D-module with generator the HOMFLY wave function Wi (27 ..., x,)
of the link. Furthermore, we conjecture that this D-module arises from A-model open
topological strings in (C*)?" with a space filling coisotropic brane and a Lagrangian brane
on Vi . Here the algebra of open string states with both endpoints on the coisotropic brane
leads to viewing the coordinates on (C*)?" as operators satisfying the commutation rela-
tions of the Weyl algebra and Uy (x1, ..., x,) is the wave function of a fermion in Vi that
corresponds to the unique ground state of strings with one endpoint on the coisotropic
brane and one on Vg . We refer to [1] for more information on this conjecture.

Acknowledgments: The author thanks Mina Aganagic, Lenny Ng, and Cumrun Vafa
for very useful comments on the text. He also thanks an anonymous referee for careful
reading and insightful questions and remarks.
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