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Abstract We construct a new invariant of transverse links in the standard contact
structure on R3. This invariant is a doubly filtered version of the knot contact homol-
ogy differential graded algebra (DGA) of the link, see (Ekholm et al., Knot contact
homology, Arxiv:1109.1542, 2011; Ng, Duke Math J 141(2):365-406, 2008). Here
the knot contact homology of a link in R? is the Legendrian contact homology DGA
of its conormal lift into the unit cotangent bundle S*R> of R?, and the filtrations are
constructed by counting intersections of the holomorphic disks of the DGA differen-
tial with two conormal lifts of the contact structure. We also present a combinatorial
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formula for the filtered DGA in terms of braid representatives of transverse links and
apply it to show that the new invariant is independent of previously known invariants
of transverse links.

Mathematics Subject Classification (2000) 53D42 - 57R17 - 57M27
1 Introduction

Constructing effective invariants of transverse knots in contact 3-manifolds that go
beyond the obvious homotopy invariants has been a notoriously difficult problem. For
knots transverse to the standard contact structure on R3, the first such invariant proven
to be effective was constructed only recently, using combinatorial knot Heegaard Floer
homology [14]; a related transverse invariant in the Heegaard Floer homology of a
general compact contact 3-manifold was subsequently constructed in [10]. In this
paper we define and combinatorially present a new invariant for transverse links in the
standard contact R?. The new invariant is a filtration on the knot contact homology
differential graded algebra (DGA) [4,12] for transverse links and it appears to be
quite different from the Heegaard Floer invariants. The construction of the invariant
can be applied more generally to produce invariants of transverse links in any contact
3-manifold and might even say interesting things in higher dimensions, but the details
are considerable more difficult, as are the computations. So we defer the discussion
of the general case to a future paper.

1.1 Transverse knot contact homology

In [12], the third author constructs a combinatorial DGA associated to a framed knot
K C R3 and shows that its homology, combinatorial knot contact homology, is an
invariant of framed knots. This invariant detects the unknot and encodes the Alexander
polynomial, among other things.

The current authors prove in [4] that the combinatorial DGA is (stable tame) iso-
morphic to the Legendrian contact homology DGA of the conormal lift of a knot K
and also generalize the combinatorial description of knot contact homology to many-
component links. Here the conormal lift of a link K is a union Ak of Legendrian tori
in the unit cotangent bundle S*R3 of R? with the contact structure given as the kernel
of the canonical 1-form. The Legendrian contact homology DGA of Ak is an alge-
bra generated by its Reeb chords with differential defined by a count of holomorphic
disks in S*R3 x R in the spirit of symplectic field theory [8]. Its calculation in [4]
uses the contactomorphism S*R>? a2 T*$2 x R to transfer the holomorphic disk count
in S*R x R to T*S%. The disk count is then carried out using the relation between
holomorphic disks and Morse flow trees [2].

We will call the Legendrian invariant of Ag defined using holomorphic disks the
knot contact homology of K. We denote the underlying DGA by (K C«/(K), d) and
its homology by K C H(K). The algebra K Ce/ (K) is a free graded tensor algebra over
the coefficient ring R = Z[H(Ak)] = Z[Ail, y,lil, s )Lftl y,ftl], where r is the
number of components of K ; the differential 0 depends on K as well, but we suppress
this dependence to simplify notation.
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Transverse knot contact homology 1563

Let (x1, x2, x3) be coordinates on R3 and let & = ker(dxz — x1dxy + x2dxy)
denote the standard tight, rotationally symmetric contact structure on R3. For links
K transverse to &y, we extend the coefficient ring of the knot contact homology DGA
to R[U, V], where U and V are two formal variables which encode intersections of
holomorphic disks with the natural lifts of &y that correspond to its two coorientations.
The resulting DGA will be denoted (K Ce/ ~ (K ), 7) and has a double filtration: by
positivity of intersections the differential 3~ does not decrease the exponents of U or
V. Our main result is as follows.

Theorem 1.1 The filtered stable tame isomorphism type of (KCe/ ™ (K), d7), and
hence its homology, is an invariant of the transverse knot or link K in (R3, &y). The
DGA can be computed from a braid representative of K as described in Theorem 1.3
below.

This invariant of transverse links in particular distinguishes transverse knots with the
same self-linking number and with the same Heegaard Floer invariants, see Sect. 5.2.
The explicit formula for (K Ce/~(K), 97 ) is somewhat involved and is therefore pre-
sented separately in Sect. 1.2. It should however be noted that our method for obtaining
the combinatorial formula relies heavily on the explicit description of holomorphic
disks used in the computation of knot contact homology in [4]. An alternate and purely
combinatorial approach to Theorem 1.1 is worked out in [13]. It begins with the com-
binatorial description of Theorem 1.3 in terms of a braid representation of the knot and
proves invariance under transverse isotopy, without any reference to the underlying
geometry, via a study of effects of Markov moves. See [13] also for various alge-
braic properties of the invariant and more detailed calculations which demonstrate its
effectiveness.

Those familiar with the algebraic formalism of Heegaard Floer homology will
notice that we can construct several otheLin\variants from (KC«/~(K),97). Two

simpler invariants (@(K ),5) and (@(K),/{D arise by setting (U, V) =
(0, 1) and (0, 0), respectively. Setting (U, V) = (1, 1), on the other hand, reduces
(KCo/~(K),07) to the original knot contact homology DGA, (KC<(K), d).
Alternatively, one can tensor (KCeo/~(K), 9~) with an extended coefficient ring
R[U*!, V*!] toobtainaDGA, (K Ce/ (K ), 3°°). It turns out that (K Ce/ (K ), 3°°)
depends on only the topological isotopy class of K, rather than its transverse isotopy
class.

Theorem 1.2 If K is a transverse knot, then as a DGA over Z[)Lil, ,uil, U+l Vil],
(KCa/*®(K), 3%°) is an invariant, up to stable tame isomorphism, of the topological
knot underlying K.

In fact, it equals the Legendrian contact homology of A with coefficients in a rel-
ative homology group, see Sect. 3.7 and also [13]. A statement similar to Theorem 1.2
holds for general transverse links but will not be proven here.

1.2 Calculating (K Ce/ (K )™, 37 ) from a braid presentation
We now turn to the computation of our transverse link invariant. To this end we first

need to introduce some notation. Our notation and conventions differ slightly from
those of [13], in which the equivalence of conventions is discussed.
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The unit circle U in the plane {x3 = 0} is transverse to the contact structure defined
by the 1-form dx3 — xp dx1 +x1 dx;. By work of Bennequin [1], any transverse link K
can be isotoped so that it is braided around U, i.e., contained in a tubular neighborhood
U x D? of U so that it is transverse to the disk fibers. So K can be represented as the
closure of a braid B in U x D> = S' x D?. The braid B is an element of the braid
group B,, for some n and can be expressed as a word in the standard generators of By,
and their inverses; here the standard generator o; (j = 1, ..., n — 1) corresponds to
a braid that intertwines strands j and j + 1 positively.

The Legendrian contact homology DGA of Ak is a free associative non-
commutative unital DGA over the group ring of H{(Ag; Z). Fixing a framing on
each component of K (e.g., the standard topological 0-framing) yields a distinguished
basis {A1, i1, ..., Ay, ur} of Hi(Ag; Z), where r is the number of components of K.
More precisely, by identifying TR? with T*R3, we can identify A g with the boundary
of a tubular neighborhood of K, which consists of r disjoint tori. Each component of
K has a natural orientation given by the positive coorientation of the contact structure
&0. Then p, A; are the meridian and framed longitude of the j-th torus.

Now, as described above, suppose that K is the closure of a braid B € B, in a
tubular neighborhood of the standard transverse unknot U. Let <7, denote the graded

unital algebra over Z[)Lil fl, e, A;tl, /thl] freely generated by

{aij}lf,-,jf,,; i#j in degree 0,
{bij}lfi,jfn; itj in degree 1,
{cij}1<i,j<n in degree 1, and
{eij}1<i,j<n in degree 2,
AE!

where the degrees of i and Mj.tl equal O for j = 1, ..., r. (When there is only one

link component, we drop the subscripts on A, u;.) Let %(0) denote the subalgebra
of o7, of elements of degree 0.

We define an automorphism ¢p: 42{,1(0) — yfn(o) as follows. Introduce auxil-
iary variables fi1, ..., [, of degree 0, and write %;(0) for the unital algebra over
Z[[ﬁl, ...,[L,jf]] freely generated by {a;j}1<; j<p.izj. Fork = 1,...,n — 1, let
Poy ,Q%;(O) — 42/;(0) be given by

o (aij) = ajj i, j#kk+1
o Ak k+1) = —Cir1k

o @ry18) = — ikl ) Ak it

bor (@i k1) = ik i #kk+1
oy (Ars1i) = a i#=k k+1
Go (k) = Qik+1 — AikAkk+1 i<k
bo(@ik) = aik+1 — ﬂkﬁ;:_,l_laikakkﬂ i>k+1
¢<Tk(akz) = Qpy1i — Qk+1kki i #kk+1
¢0k( ) = lel

Go (Mk+1) /:‘lfl

bo () =i i #£kk+ 1
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Write B in terms of braid group generators, B = ai';'o .. .ol.rl"l € B,, and let
¢p = (¢m0 )" o ... 0 (¢"fz)m] . Then ¢ descends to a homomorphism from B, to
the automorphism group of ;zf;(o); in particular, ¢ satisfies the braid relations.

For j =i,...,n,leta(i) € {1, ..., r} be the number of the link component of K
corresponding to the i-th strand of B. Then ¢p can be viewed as an automorphism of
%(0) by setting [i; = () for all i and having ¢p act as the identity on A; for all i.
As an automorphism of %(0) , ¢p acts as the identity on u; as well.

For convenient notation we assemble the generators of .27, into (n x n)-matrices.
Writing M;; for the element in position ij in the (n X n)-matrix M, we define the
(n x n)-matrices

A,‘j = daij ifi < j, Bij :b,‘j ifi < j,
A Aij = Ma(j)qij if i > j, B: Bij = ,ua(j)b,-j if i > j,
Aii = 1+ fag), B;i =0,
C: {Ci./ZC,'j, E: {E,’jzeij.

We also associate (n x n)-matrices with coefficients in 427,1(0) to the braid B as follows.
Let ¢p(A) be the matrix defined by (¢ B (A))l./. = ¢p(A;j). Then there are invertible
matrices @ é and @ g so that

dp(A) = &L -A - 0K

More specifically, we define these matrices by setting B’ to be the (n + 1)-braid
obtained by adding an extra strand labeled O to B (that is, viewing the word defining
B as a word in the (n + 1)-strand braid group generated by oy, ..., 0,—_1). Let ¢>}g be
the corresponding automorphism of the {a;; }o<;, j<n;i= ;. Then define @ IL; and @ g by

n

bl (i) = Z (qﬁé)ij ajo and ¢plag;) = Zn:ao,' (@5),, ;

=1 i—1 Y

see also [4,11,12]. (Note that since the 0-th strand does not interact with the others, i
does not appear anywhere in the expressions for ¢, (a;0) and ¢; (ao;), and so oL @ g
have coefficients in ,;zfn(o).)

Also, define an (n x n) coefficient matrix A as follows. Among the strands 1, ..., n
of the braid, call a strand leading if it is the first strand belonging to its component.

Then let A be the diagonal matrix defined by

Aij =0 ifi# .
A A= Aa(,-)u;”((;)) if the ith strand is leading,

rii=1 otherwise,
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where w (i) is the writhe (algebraic crossing number) of the i-th component of the
braid, considered by itself. Finally, in order to capture the two filtrations, we define
the following additional matrices:

Al = Ua; ifi < j, B, = Ubj; ifi < j,

AU : Al[j = Ma(j)aij ifi > j, BU : Bllj = Ma(j)bij ifi > j,
Al = U + i B[/ =0,

(A} = aij ifi < j, B} = bj; ifi <j,

V. o . \7a . .

AV A};:Ma(j)Vaij if i > ], B : Bi‘;‘=ﬂa(j)Vbij 1fl>]7
Al =1+ pepV. | B}, = 0.

Theorem 1.3 The filtered knot contact homology DGA, (K C</ (K)™, d7) of a trans-
verse link K represented as a braid B on n strands is given by the DGA, (<7, 97),
with the differential 0~ : <, — <, defined by the following matrix equations:

I"A =0,
I B=-2""A1 + ®5.A. 0k

3 C=A"-1 + AV .0k,

8_E:BV-(<D§)_1 + BU A1 - @é-C-X_l + A_I-C-(Cbg)_l,

where if M is an (n x n)-matrix, the matrix 0~ M is defined by (" M);; = 9~ (M;;).

The rest of the paper is organized as follows. We provide some general geometric
background in Sect. 2 before defining the transverse invariant (K C</~(K), 3~) and
proving invariance in Sect. 3. In Sect. 4, we derive the combinatorial formula for
(KCo/~(K), d7) by proving Theorem 1.3, and present examples in Sect. 5.

2 Geometric constructions

In this section we begin by recalling the definition of Legendrian contact homology
and then discuss filtrations on the Legendrian contact homology DGA induced by
complex hypersurfaces with certain properties. In the next subsection we recall the
conormal construction and see how it can be used to construct invariants of smooth
embeddings using Legendrian contact homology. In the last subsection we show how
to construct an appropriate complex hypersurface in the case of the Legendrian contact
homology of the conormal lift of a transverse knot in the standard contact structure on
RR3 and that it gives an invariant of transverse knots. We note that this section gives a
geometric construction of transverse knots invariants that can be generalized to other
situations, but to actually compute the invariant for transverse knots in the standard
contact structure on R we will need to slightly alter the complex hypersurfaces so
that they interact well with the constructions in [4]. This is done explicitly in Sect. 3.
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2.1 Legendrian contact homology

In [8], the Legendrian contact homology LC H (A) of a Legendrian submanifold A of
a contact manifold (V, &) was introduced. The analytic underpinnings were worked
out in detail in [7] for a fairly general and useful case (but under the simplifying
assumption that the chosen Reeb field of £ has no closed orbits, see below). In this case
the Legendrian contact homology LC H (A) is the homology of a DGA, (LC</ (A), ),
over a fixed ring, which changes by a particular type of quasi-isomorphism, called a
stable tame isomorphism, as A changes by Legendrian isotopy. Thus, the stable tame
isomorphism class of (LCg/(A), d) might be considered to be the actual Legendrian
invariant underlying LC H (A).

We briefly sketch the definition of this DGA in the case handled in [7] for the con-
venience of the reader and to establish some notation; for a more complete definition,
see [7] and for generalizations see [8].

Let P be a manifold with exact symplectic form dA. The manifold P x R has
a natural contact structure £ = ker(dz — A) where z is the coordinate on R. The
Reeb vector field of this form is 9, and consequently there are no closed Reeb orbits.
Consider the projection

nc: P xR — P.

The algebra LCa7 (A) is the free tensor algebra generated over Z[ H; (A)] by the double
points of 7 (A). Notice that the double points are in one to one correspondence with
“Reeb chords”, that is, flow lines of the Reeb vector field that begin and end on
A. Thus we will frequently refer to double points as Reeb chords. For the double
points we choose “capping paths” in A: that is, paths in A that connect any Reeb
chord endpoint to a fixed base point in its connected component, and fixed paths
connecting the base points of distinct components; together, these give paths that
connect the two points in A which project to a double point in 7c(A). At a double
point p there are two points in A that project to it. We label the one with larger
z coordinate z* and the other z~. The projection of a neighborhood of z* in A
to P will be called the upper sheet at z and the projection of a neighborhood of
z~ will be called the lower sheet at 7. We then can define a Maslov type index |c|
and |A| of Reeb chords ¢ and homology classes A € Hj(A) to provide a grading
on LC/ (A).

To define the differential we fix an almost complex structure J on P (which
can be thought of as an almost complex structure on & using the isomorphism
dmc|g). For this almost complex structure the differential is determined by counting
(pseudo-)holomorphic disks mapped into P with boundary on ¢ (A). Given a Reeb
chord a, a (noncommutative) word of Reeb chords b = by - - - by,,, and a homology
class A € Hi(A), we define a moduli space

M x(a; b) 2.1)
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of holomorphic disks u: D — P with: boundary on A; one positive' puncture at a
and negative punctures at by, ..., by, in the order given by the boundary orientation;
and the homology class A given by the lift of u(d D) to A together with the chosen
capping paths. For a generic almost complex structure, this moduli space is a manifold
of dimension |a| — [b| — |A| — 1, where [b| = >"_ | |b;|. Furthermore, the space has
a natural compactification which consists of (several level) broken curves and which
admits the structure of a manifold with boundary with corners. The moduli spaces can
be coherently oriented provided the Legendrian submanifold A is spin.
Define the differential on the generators of LCsg7 (A) by

da = Z (—=D“* g w)eb, (2.2)
{ue s (a:b) | |al—[b|—]A|-1=0}

where o (1) € {£1} is determined by the moduli space orientation. The differential is
then extended to all of LC4” (L) by the graded product rule and linearity.

2.2 Almost complex hypersurfaces and filtration on Legendrian contact homology

We discuss how to use a complex hypersurface to add a “filtration” to the Legendrian
contact homology DGA. With the notation above, suppose that H is a submanifold of
P such that

1. H is an almost complex hypersurface (J (TH) = T H and the (real) codimension
of H equals 2) and
2. ANH =02.

Given such A and H, we can extend the base ring for the contact homology DGA of A
from Z[H(A)] to Z[Hi(A)][Uz], by adjoining a formal variable Uz and changing
the definition of the boundary map, using powers of U to keep track of the number
of times the holomorphic disks in the definition of the boundary map intersect Uz.
Specifically, givenu € .#4(a; b), positivity of intersection shows that the intersection
number of the image of u with H is a well-defined and nonnegative integer which we
denote nz(1). We can now modify the differential in Eq. (2.2) and define instead:

dra = > (=D ) U2z e, 2.3)
(ue.ta(ab) | lal—Ibl—|4]~1=0}

Conditions (1) and (2) above ensure that ¢ is a filtered differential; that is, it respects
the filtration

LCH DUp-LCA DUz LCA D -+ .

1 Using the orientation on d D induced by the complex structure a puncture is positive if it maps the segment
of the boundary just before the puncture to the lower sheet at the double point and the segment just after the
puncture to the upper sheet. The puncture is negative if the roles of the upper and lower sheets are reversed.
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The proof that (LCge7(A), ) is invariant up to stable tame isomorphism carries over
to show that the stable tame isomorphism type of (LCa/ (A), 95) over Z[H; (A)][U]
is an invariant of A under isotopies A;, 0 < < 1, such that A, satisfies condition (2)
for all ¢, see Theorem 3.11 below.

2.3 The conormal construction and knot contact homology

Given any n-manifold M, the cotangent bundle 7*M has a canonical symplectic
structure dA where A is the Liouville 1-form. If we choose a metric g on M then we
can consider the unit cotangent bundle S* M. The restriction of A to S*M is a contact
form which we denote by «, and £ = ker « is a contact structure on S*M.

Letpr: T*M — M denote the natural projection. If K is a submanifold of M (of
any dimension) then the unit conormal bundle

Ag ={B € S*M :pr(B) =p e K and B(v) =O0forallv e T,K}

is a Legendrian submanifold of (S*M, &). If we smoothly isotop K in M, it is clear
that A will undergo a Legendrian isotopy in ($*M, &). Thus any Legendrian isotopy
invariant of Ag is a smooth isotopy invariant of K.

In this paper, we consider conormal lifts of links K C R? which are Leg-
endrian submanifolds Ax C S*R3. There is a well known contactomorphism
S*R3 = J1(§5?) = T*S? x R and we will thus consider Ax C T*S? x R and
use the version of Legendrian contact homology of Ak defined in [7]. In particular,
we define the knot contact homology algebra of a link K in R3 to be the Legendrian
contact homology algebra of Ax C J 1(82). We denote it (K C«/(K), d) and note
that the stable tame isomorphism class of (KCge/(K), d) is an isotopy invariant of
K . In [4] the authors show how to compute (K Ce/ (K ), 3) and demonstrate that it is
equivalent to the combinatorial knot DGA introduced by the third author in [12].

We recall for later use that the projection 7 : J'(5%) — $2 x R s called the front
projection and that a generic Legendrian submanifold A in J!(S5?) can be recovered
uniquely from 7 (A) C 2 x R. Since $? x R can be visualized as R3\ {(0, 0, 0)}, it
will frequently be useful to study a Legendrian submanifold A via its front projection.

2.4 Transverse link invariants

Here we describe the geometry underlying the claimed filtration on knot contact homol-
ogy, in the case when K C R3 is a transverse link and not simply a topological link.
Consider a contact structure & on R, If there is a Reeb vector field R for £ such that
the flow lines of the vector field trace out geodesics (in the flat Euclidean metric on
R?) then we can consider the submanifolds

H; = {n € S*R*: £n(R¢) > 0 and 5(v) = 0 forall v € &}.
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1570 T. Ekholm et al.

Since the Reeb flow lines of R: are geodesics, H;E are foliated by Reeb flow lines in
S*R3. In other words, identifying S*R3 with J!(§?) = T*S? x R, the projected sub-
manifold ﬁgh = mC(H;) in 7*S? is an embedded codimension 2 submanifold. One

may also choose the almost complex structure on T*S? so that ﬁgh is a holomorphic
submanifold. Moreover, if K is a knot in R? that is transverse to & then its conormal
lift Ag projects to an exact Lagrangian submanifold in 7* S that is disjoint from ﬁ;t
Thus, as discussed above, we can construct an associated filtered contact homology
DGA that will be an invariant of the transverse isotopy class of K.

To carry out the above construction one must choose a contact form o with § =
ker (o) so that its Reeb flow traces out geodesics. The standard contact structure does
have such representatives, for example &y = ker(sin x| dx; + cos xz dx3), but it is
quite difficult to actually compute the filtered contact homology DGA for this contact
structure. To take advantage of the computations in [4] we would prefer to work
with the contact form ker(dxs + r2 d6), but this contact form does not have a Reeb
vector field with the requisite properties. In the remainder of the paper we overcome
this problem by considering a different S?-subbundle B of T*R?3 instead of the unit
cotangent bundle. As long as each fiber in this subbundle bounds a convex region
containing the origin, we can still identify B with J'(5%). By a judicious choice of
B we will see that the projection of HSﬂE to T*S? retains enough of the properties
discussed above to allow us to explicitly calculate a filtered invariant for transverse
knots in R3.

3 The filtered DGA of transverse links in (R3, &)

In this section we show how to construct from the standard contact structure (]R3, &) a
pair of complex hypersurfaces H+ in T* S? satisfying the following: if K is any link in a
sufficiently small ball around the origin which is transverse to &g, then HiNme(Ag) =
. In order to get a computable invariant we adapt the geometry and use a slightly
non-standard version of S*R3.

In Sect. 3.1 we describe our geometric model of S*R3 and its relation to 7* 5% x R.
In Sect. 3.2 we show that we can control the image of the holomorphic disks used to
compute the knot contact homology so that they lie near the zero section in 7*S? if
the original link is sufficiently small. We then discuss the conormal lift of the standard
contact structure on R3 in Sect. 3.3 and show in Sect. 3.4 that it is no restriction to
assume that all transverse links and isotopies lie in a small ball around the origin. In
Sects. 3.5 and 3.6, we define a suitable almost complex structure on T*S? and then
prove the filtered DGA of a transverse link is well-defined and invariant up to stable
tame isomorphisms under isotopies through transverse links. Finally, in Sect. 3.7, we
explain why the infinity theory for knots in R is a topological invariant.

3.1 The spherical conormal bundle and the 1-jet space of S

Let y = (y1, y2,y3) be standard Euclidean coordinates on R>. Let S denote the
smooth boundary of a (not necessarily strictly) convex subset of R? which is symmetric
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with respect to reflection in the y;y;-plane and with respect to rotations about the
y3-axis. For y € §, let v(y) denote the outward unit normal to S at y. Note that the
symmetries of S imply that v(y;, y2, y3) lies in the subspace spanned by the vectors
(y1, ¥2,0) and (0, 0, y3). In particular, v(0, 0, y3) = (0,0, 1) and v(y1, ¥2,0) =
(1, y2. 0).

yi+y3

We represent the spherical cotangent bundle of R? as
SRI=R3x S c T*R}=R3 x R?
and use coordinates (x, y) = (x1, X2, X3, Y1, Y2, y3) on T*R3. The contact form on

S*R3 is the restriction of the Liouville 1-form y - dx = 23:1 y;jdxj on T*R3 to
S*R3. We compute the Reeb vector field as follows.

Lemma 3.1 The Reeb vector field on S*R3 is
R(x.y) = y[T () - 80) = 1yI7' D vy, 3.1)
and the time t flow starting at (x, y) is

OL(x,y) = (x +t(y[ (), ). (3.2)

Proof If i denotes the standard complex structure on C* = R? 4 iR3 = T*R3 then
the Reeb field lies in the intersection of T (S*R?) and the complex tangent line at y
containing v(y). Thus up to normalization the Reeb field equals —iv(y) = v(y) - 0.
The lemma follows.

The spherical cotangent bundle S*R> can be identified with the 1—jet space J ! (S) =
T*S xR as follows, where we use the flat metric on R to identify vectors and covectors.

Lemma 3.2 The map ¢: S*R3 — J1(S) = T*S x R given by
¢(x,y) = (y,x —(x-v)v,x-y).
is a contactomorphism
¢: (SR, y-dx) — (J1(8),dz — p-dg),

where g = (q1, q2) are local coordinates on S, p = (p1, p2) give the coordinates on
the fiber of the cotangent bundle and z is the coordinate on R.

Proof Note that

¢*(dq) = dy,
¢*(dz) =x-dy+y-dx,
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and thus
¢*dz—p-dg)=x-dy+y-dx —(x — (x -v)v) -dy = y - dx,

where we use v - dy = 0, which holds since y € S and v is the normal of S at y.

3.2 Confining holomorphic curves

Fix 8§ > 0, let S C R be as above and write pg = max{|y|: y € S}. Below we will
measure lengths of cotangent vectors in 7*S using the metric coming from the one
induced on 7*R3 by the flat metric on R3.If (g, p) € T*S then we write |p| for the
length of the cotangent vector measured with respect to this metric.

Lemma 3.3 If K is any link contained in B(38), the ball of radius § about the origin
in R3, then

Ax C{(q,p.2) € T*S xR: |p| <8}

Moreover, if ¢ is a Reeb chord of Ak then

/(dz — pdq) < 2pgé.
c

Proof By Lemma 3.2 if x € K and (x, y) € Ag C S*R> then

Ipl=lx — () - vy = [x] < 6.

For the second statement we note that Lemma 3.1 implies that a Reeb chord ¢ of Ak
is a lift (/¢, y) into § *R3 of a line segment /. in R3? with endpoints on K and that the

action of the chord is
/y~dx < /po|dx| < 2p03.

le le

As aconsequence of Lemma 3.3 we can confine holomorphic curves with boundary

on Ag. As in Sect. 2.3, nc : J'(S) — T*S will denote the projection map and
Ag =nc(Ag).
Lemma 3.4 Let J be an almost complex structure on T* S that is compatible with the
symplectic form on T*S. Fix 89 > 0 a constant. Then there exists 0 < § < 8y such
that if K is a link in B(8) then any J-holomorphic disk with boundary on Ak and one
positive puncture lies in {(q, p) € T*S: |p| < 280}.

Proof Consider 0 < § < §p. By Stokes’ theorem and Lemma 3.3, the area of a disk
u as described is bounded above by 2p0é and its boundary is contained in the region
where |p| < 8. By monotonicity (see for example Proposition 4.3.1 [9]), there exists
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a constant Cy (depending only on J) such that if u leaves the region where | p| < 249
then the area of u is at least C088. If we now take § < CO(S(% /2p0, the lemma follows.

3.3 A contact form on R? and its spherical cotangent lifts

Fix the contact form ag = dx3 — xpdx1 + x1dx) on R3 and write, as in Sect. 1,
&y = ker(ap) for the corresponding contact structure. Note that o is invariant under
rotations in the x| x»-plane and that the diffeomorphism

1 1 1
(X1, X2, X3) (Exl’ 5%2, X3 = Exm)

gives a contactomorphism between o and the standard contact form on R3, dx3 —
x2dxq.

If v € R? is a non-zero vector, we denote the two open half rays determined by v
as follows:

Ry -v={xeR: x=rv, +r> 0.
The positive and negative spherical lifts of a are

Hy ={(x,y) € S*R*: y € R} - ap(x)} and

3.3
H_={(x,y)e SR> y e R_ - ap(x)}, G

respectively. At all points x on a transverse link K, o fails to annihilate the tangent
space Ty K. Thus we have the following immediate result.

Lemma 3.5 If K is transverse to &y then the conormal lift Ak of K is disjoint from
Hy.

3.4 Shrinking transverse links

The following straightforward lemma reduces the study of transverse links in R? with
its standard contact structure to the study of transverse links lying in an arbitrary small
fixed neighborhood of the origin. Let BY(r) denote the closed d-dimensional ball of
radius  around the origin and let B(r) = B3(r).

Lemma 3.6 Fix 8 > 0. Let K(s), s € B(1), be a continuous family of transverse
links in (R3, &o) such that K(s) C B(3) for s € 9B4(1). Then there is a homotopy
K(s,1),0 <t <1, withK(s,t) = K(s)ifs € BBd(l), and such that K (s, 0) = K (s)
and K (s, 1) C B(S) for each s € B%(1). In particular, the space of transverse links
in R3 is weakly homotopy equivalent to the space of transverse links in B(8).

Proof Note that if K is a transverse link in (R?, @) then so is F.(K) where

Fe(x1, x2,x3) = (Ve xi, Ve xa, cx3)
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for ¢ > 0. Choose €1, &2 > 0 sufficiently small so that K(s) C B(8f18) for all
s € B4(1) and K (s) C B(S) forall s € (B4(1) \ B4(1 — &5)). Choose any smooth
& Bd(l) — [&1, 1] such that

es) =1 if s € 3B%(1), and e(s) =& if s € B4(1 — &3).

Then K (s, 1) = F(1—r)+te(s) (K (5)) is a homotopy with the required properties.

Using Lemma 3.6 in conjunction with Lemma 3.4, we can restrict our attention to a
small neighborhood of the zero section in 7*S when counting holomorphic curves
with boundary on the conormal lift of transverse knots.

3.5 Almost complex structures

We choose S C R? as in Sect. 3.1 with the additional requirement that S is flat near
the north and south poles. More precisely, for some fixed §p > 0 we require that

Ja {y eR: )i +)3 < 350] = [(yl,yz,il) eR:\/yl+y] < 350].

(3.4)

For 0 < k < 3, write

Ersy=5SN iy eR: \/yl+y2 < k50} = [(yl,yz, +1) eR: /¥l +y2 < k50] :

and let H (k8p) denote the intersection Hy N (T*Eys, x R). Note that the metric on
S is flat in E35, and that the almost complex structure induced by the metric agrees
with the standard integrable complex structure Jy on 7% E3s, C C2.

Let K be a transverse link in the ball B(8) and A its conormal lift. As usual, let
nc: JU(S) — T*S denote the projection, and write H+ = mc(Hx) and H 4 (k8y) =
e (H(kdo)).

Lemma 3.7 The spherical lifts Hy. of ag intersect the subset d(T* E25y x R) C JL(S)
transversely. Moreover, Hy(280) is invariant under the Reeb flow and its projection
H(280) C T*E»s, is a smooth Jo-complex subvariety.

Proof By Formula (3.4), the normal vector to E3s, is v = (0, 0, 1). By the definition
of the contact form o and Lemma 3.2,

H:(280) = {(q, p.2) € T*S xR: (g, p,2) = (E(—x2,x1, 1), (x1,x2,0), x3)
and x{ +x3 < 483} (3.5)

(see the Proof of Lemma 3.8 for a parameterized version). This is clearly transverse
to d(T*Ezs, x R) and invariant under the Reeb flow (which is just translation in
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the z-direction). Furthermor& under the identification ((u1, up, =£1), (v1, v2,0)) —
(w1 +ivy, un +iva) € C2, HL(280) corresponds to the complex line

(w1 +ivy, uz +ivy) = (ig, ¢),

where { = x1 + ix).

Fix § € (0, §p) so that Lemma 3.4 holds. As pointed out in Sect. 3.4, Lemma 3.6
implies that when studying the isotopy classification of links in R? which are transverse
to o, it is no restriction to assume that all such links are contained in B(§) and that all
isotopies are through links inside B(§). We thus make this assumption throughout the
rest of the paper.

Lemma 3.8 Let K be a transverse link (by our standing assumption K C B(3)).
Then the sets Ag and H 1 are disjoint in T*S. In adilition, Hy \ H1(280) does not
intersect any J-holomorphic disk with boundary on Ak and one positive puncture.

Proof Lemmas 3.5 and 3.7 imply that H1(28p) and Ak are disjoint, for if H1(280)
intersected a Reeb flow line emanating from Ak, then it would intersect Ag itself
since H*(28y) is foliated by Reeb flow lines.

Lemmas 3.3 and 3.4 imply that any holomorphic curve with boundary on A will
be contained in

{(g, p) € T*S: |p| < 250}
Write x = (x1, x2, x3). The g)ntactomorphism of Lemma 3.2 and the properties of

S, see Sect. 3.1, imply that H 1 consists of the points (p(x), g(x)) € T*S whose
coordinates satisfy the following:

‘](x) = b(_x27x1’ 1),
where b > 0 is such that g(x) € S; and

p(x)

= (xl —x2x3¢/ 1 —a2(x] + x3), x2—vxix3y/1 — a2(x? + x3), a2x3(x12+x§)) ,

where a > 0 is chosen so that v(g(x)) = (—axp, ax1, /1 — az(xf + x%)). It follows

that
Ip)? = (xf +x3) (1 + a?x3).

Since the second factor is bigger than or equal to 1, the lemma clearly follows.

Lemma 3.9 There exists an almost complex structure J on T*S which agrees with
Jo in a neighborhood of H+ and outside the region where |p| < 8¢, and which is
regular for Ak in the sense that 0- and 1-dimensional moduli spaces of holomorphic
disks with boundary on Ak and one positive puncture are transversely cut out.
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Proof Proposition 2.3(1) in [7] shows that the asserted regularity can be achieved by
perturbing J in an arbitrary small neighborhood of the double points of Ag. Since
these double points lie neither on H 4+ nor in the region where |p| > §p the lemma
follows.

3.6 A filtered DGA

Following the discussion in Sect. 2, we now define a filtered version of the Legen-
drian contact homology DGA of Ag when K is a transverse link. See [7] for further
background details on the unfiltered DGA.

Let KCo/~(K) = LCo/(Ag) be the graded free associative non-commutative
unital algebra over the ring Z[H1 (Ag)][U, V] generated by the Reeb chords of Ag.
Here U, V are two (formal) variables of grading 0. Other generators and coefficients
have grading exactly as in the usual Legendrian contact homology DGA determined
via a Maslov index. We denote the grading | - |.

Consider a Reeb chord a, a monomial of Reeb chords b = by - - - b,,, and a homol-
ogy class A € H{(Ag). Recall from (2.1) the moduli space .#Z4 (a; b) of holomorphic
disks with boundary on A g, which has dimension |a|—|b|—|A|—1.Foru € .#4(a;b),
let ny (1) and ny (1) denote the algebraic intersection of u and H; and u and H _,
respectively. Lemmas 3.7 and 3.8 imply that these counts are well-defined and non-
negative for the J and K we consider.

Define the differential 0~ : KCo/~(K) - KC«/~(K) by

9 a = > (Dl g @y grv @y Ay (3.6)
(ues(@:b) | lal-Ibl-|A|=1)

where o(u) € {%£l1} is determined by the moduli space orientation; compare to
Eq. (2.3). Setting U = V = 1 we recover the differential used in the Legendrian
contact homology DGA defined in [7].

Theorem 3.10 The above definition gives a filtered differential: 0~ does not decrease
the exponents of U or V, and (37)* = 0.

Proof The unfiltered version of the differential squares to zero due to the usual
transversality, gluing and compactness arguments [7]. The filtered version follows
from the fact that ny and ny are nonnegative, the fact that gluing and compactness
respects the filtration, and Lemmas 3.8 and 3.9.

We call the above filtered DGA the transverse knot DGA of K and denote it
(KCa«/~(K), 7). We next show that the filtered DGA of K is invariant under trans-
verse isotopies of K up to filtered stable tame isomorphism. (For the definition of
stable tame isomorphism, which extends to our situation, see [7] for example.) In
particular, the homology of the filtered DGA (K Ce/~(K), d7) is a transverse link
invariant.

Theorem 3.11 The filtered DGA, (KCe/~(K), 07), is invariant under transverse
isotopies of K up to filtered stable tame isomorphism.
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Proof By Lemma 3.6 we may assume that K;, 0 < ¢ < 1 is an isotopy of transverse
links inside B(8) connecting two given transverse links. Then Ag, is an isotopy of
Legendrian submanifolds confined to the region in J 1(S) where | p| < 8. To prove the
invariance statement we generalize the invariance proof in [6].

We study parameterized moduli spaces and first note that, as in [6, Lemma 2.11],
when there are no disks of index —1 and no births/deaths of intersection points, the
moduli spaces change by cobordisms and the filtered differential is unchanged.

Suppose at some critical time ¢’ an index —1 disk exists. Like in [6, Section 10],
we use a small perturbation of the trace of the fronts of the isotopies near the critical
instance to create a Legendrian submanifold A Ky X R c JI(S x R) and study a
compact part of this manifold corresponding to [—1, 1] C R. Straightforward mod-
ifications of Lemmas 3.4, 3.7, and 3.8 show that Hy x C C T*(S x R) (where we
think of 7*IR as C) are disjoint from ¢ (Ag, x R) and is complex in regions where
holomorphic disks with one positive puncture might exist. As above it then follows
that H x C give filtrations on LCa/ ™ (A k, x R) compatible with those induced on
LCo (A k). From this filtered differential we construct a filtered tame isomorphism
by repeating, essentially verbatim, the construction of the tame isomorphism in the
unfiltered case given in [6, Lemma 2.12].

When a birth/death of intersection points occurs, we use the same analytical “degen-
erate” gluing results [6, Proposition 2.16 and 2.17] and a filtered version of the algebraic
arguments in [6, Lemma 2.15] to construct an explicit filtered stable tame isomorphism.

3.7 Topological invariance of the infinity version in R3

Before delving in depth into the technical details of the computation of the filtered
DGA in R3 in Sect. 4, we give a geometric explanation of Theorem 1.2, which says
that the infinity version of the transverse invariant in R3 is actually a topological
link invariant. To simplify notation, we treat only the single-component knot case
in this subsection. An alternative discussion in the algebraic setting can be found in
[13], though the presentation here has the advantage that it explains the underlying
geometric reason for this phenomenon.

Let K be an oriented transverse knot in R>. The homology H(Ag) = Z has a
distinguished set of generators corresponding to the meridian and (O-framed) longitude
of K, allowing us to identify Z[H|(Ak)] with R = 72 EL, uil]. ‘We can then rewrite
Eq. (3.6) as

0 a= Z (_1)\a|+lo_(u)UnU(u) vnv(u)klong(A)Mmer(A)b’
{(ue(Ma(a;b)/R) | dim .#=1}
3.7

where A is the linear combination of long(A) longitudes and mer(A) meridians.

As in [13], define the infinity DGA, (K C&7*°(K), 3°°), by tensoring (K C<7 ~ (K),
97) with R[UT!, V*!] and replacing A by A(U/ V)~ CIE+D/2 where sI(K) is
the self-linking number of K. We are now ready to prove Theorem 1.2 from the
introduction.
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Proof of Theorem 1.2 Let u denote a holomorphic disk contributing to the Legendrian
contact homology of Ax C S*R3. Just as we viewed the boundary of u in Sect. 2.3 as
an element of H{(Ag) by appending capping paths at Reeb chords, we can view the
entirety of u as an element [1] of the relative homology H,(S*R>, Ak ) by appending
capping surfaces at Reeb chords.

Note that S*R? = J1(5?) is topologically S x R3. The exact sequence

50— Hh(S*R?) = Z —> Ha (SR>, Ag) —> Hi(Ag)=Z> —>0—> -

implies that H,(S*R3, Ax) = Z3. Pick a basis s, [, m of Hy(S*R>, Ag) such that the
following holds:

— 5 = [5?], the class of $? in S*R? = R3 x §?;

— [ is the homology class of the conormal lift of a cooriented Seifert surface of K;

— m is the hemisphere of the S fiber of S*R3 over some point p € K, bounded by
the intersection of A with this fiber and containing the positive lift of & over p.

Note that under the boundary map Hg(S*R3, Ag) — Hi(Ag), the classes 5,1, m
map to 0, the longitude, and the meridian, respectively. Now intersecting H or pro-
jecting to 7*S? and intersecting with with H 1 defines linear maps

ny,ny : Hh(S*R3, Ax) > Z

such that ny(s) = ny(s) = 1, ny(m) = 1, and ny(m) = 0. By the definition of
self-linking number, the difference ny (/) — ny (1) is sl(K ); by addlng the appropriate
multiple of s to /, we may assume that ny (I) = Sl( L and n v() = si¢ 2) +1

If we write [u] = s(u)s + [(u)l + m(u)m for s(u) l(u), m(u) € Z, then nU[u] =
s@) + M=) + m(u) and nyful = s@) — XX @), From Eq. (3.7), the
contribution of u to the differential 9°° has coefficient

(_1)|(1H’10,(u)UVlU[u] an[uj ()\.(U/ V)7(81(1()“1’1)/2)[(”)#}71(14)
= (=D o G/ U ()" vy

Now in the definition of the unfiltered Legendrian contact homology of A, which
is a topological knot invariant, one could use the coefficient ring Z[HZ(S*]R3, Ag)]
rather than Z[H,(Ag)]. If one writes A, i, & for the multiplicative generators of
Z[H>(S*R3, Ag)] corresponding to [, m, s, then the contribution of u to Legendrian
contact homology with this enhanced coefficient ring is

(_ 1)\al—&-lo(u)il(u)llm(u)ois(u).

But this is precisely the coefficient of the contribution of u to 3°°, once we make the
global substitutions A = A/U, i = U, 6 = UV.

It follows that this global substitution turns (K C<Z*°(K), 9°°) into the unfiltered
Legendrian contact homology DGA of Ak with coefficients in Z[ H>(S *R3, Ap)].
Since the latter is a topological invariant, the result follows.
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We remark that our choice of basis (I, m, s) for H»(S*R>, Ag) in the proof of
Theorem 1.2 is canonical, depending only on the topological type of K; as a conse-
quence, the (stable tame) isomorphisms on Theorem 1.2 act as the identity, not just
an isomorphism, on the base ring Z[Ail, ,uil, U+, Vil]. This is clear for m, which
can be defined using the orientation on K rather than the contact structure, and for
s. For [, suppose that there is a topological isotopy K; between two transverse knots
Ko and K1, with a corresponding isotopy X; of Seifert surfaces, such that K; fails
to be a transverse knot at finitely many moments. At these moments, the self-linking
number may jump, generically by £2, but ny ([%;]) and ny ([X,]) also each jump
by £1. Thus the quantity ny ([2,]) — SI(K% remains unchanged during the isotopy.
Since / (which is [ ;] plus some multiple of s) is chosen so that nyy (/) = %, the
isotopy K; preserves /.

4 Computing the filtered DGA of a transverse link

In this section we compute the filtered DGA of a transverse link to prove Theorem 1.3.
We begin by describing the main strategy used in [4] for calculating knot contact
homology. This description leads to a sufficient understanding of the behavior of all
holomorphic disks needed for the calculation of the filtered differential.

4.1 Scheme for calculating knot contact homology

The calculation of knot contact homology in [4] proceeds as follows. Consider a link
K braided around the unknot U with n strands and view it as a multisection of a
fibration U x D?, where D? is the 2-disk, corresponding to a tubular neighborhood
of U. As we degenerate the multisection toward U the conormal lift A g approaches the
conormal lift of the unknot Ay (with multiplicity n). More precisely, a neighborhood
of Ay C S*R3 is contactomorphic to the 1-jet space J'(Ay) of Ay and for K
sufficiently close to U, Ak is a multisection of J 1 (Ay) — Ay with n sheets. In other
words, over any open disk W C Ay, Ak is given by the 1-jet extension of n functions
Fi:W—R,j=1,...,n.

It will be useful to recall that when a Legendrian submanifold A in J 1 (S2) is given
locally as the 1-jet of n functions F; then its Reeb chords (that is double points of
mc(A)) correspond to critical points with positive critical values of the difference of
these local functions F; — F;.

By [4, §3], we know that close to the limit as A g approaches Ay, the Reeb chords
of Ak are of two types:

I Near each Reeb chord ch of Ay there are n? Reeb chords chij, 1 <i,j <nof
Ak, where we write ch;; for the chord near ch that starts on the jth local sheet
of Ak near the start point of ch and ends at the ith local sheet near the endpoint
of ch.

II There are n(n — 1) small Reeb chords corresponding to critical points of positive
local function differences of the form F; — F;. These critical points are either
maxima or saddle points. We denote the former by b;; and the latter by a;;, where
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1 <i,j <n,i # j,and we use the same notational conventions for subscripts as
above.

Thus Reeb chords of Ak are either Reeb chords of Ay with a small chord added or
subtracted or small Reeb chords entirely inside the neighborhood of Ay .

One of the main technical results of [4] (see [5] for a similar result) shows that
holomorphic disks admit a similar description. Near the limit as A g approaches Ay,
rigid holomorphic disks in 7*S with boundary on Ax = 7mc(Ag) and one positive
puncture are of two types:

I They can lie in an arbitrarily small neighborhood of the union of the following: a
disk with one positive puncture and boundary on Ay ; and, certain flow trees of
the function differences F; — F; attached along the disk’s boundary.

II They can lie entirely inside a small neighborhood of Ak and are given locally as
flow trees of the functional differences F; — F;.

Furthermore, any disk with its positive puncture at a chord of type I (resp. II) is of
type I (resp. II). For the notion of flow trees we refer to [2, Section 2]. We do not give a
complete definition of flow trees here, but merely note that they are made from pieces
of flow lines of the functional differences F; — F; and that as Ak collapses onto Ay
the corresponding holomorphic disks stay in smaller and smaller neighborhoods of
Ay.

In conclusion, in order to compute the differential 9: KCo7/(K) — KCo/ (K) we
need to understand holomorphic disks with boundary on Ay and flow trees determined
by F; — F;. The latter can be understood using finite dimensional Morse theory. In
order to understand the former we use the correspondence between holomorphic disks
and flow trees on fronts from [2].

4.2 The conormal lift of the unknot

One may easily compute (or see [3,4] and Lemma 4.1 below) the conormal lift Ay
of the unknot U represented as the circle of radius r < § in the xjx2-plane. This lift
can be slightly perturbed in /! (S) so that it has two Reeb chords denoted ¢ and e, see
Fig. 1.

For purposes of finding holomorphic disks via flow trees, Ay must be perturbed to
be in general position with respect to the front projection into S> x R. Notice that in
Fig. 1 there is a circle in Ay that is mapped to the north pole and a circle mapped to
the south pole. Since Ay is already in general position outside the fibers over the north
and south pole of S we concentrate our attention there. Near the poles, the projection
Ay looks as described in the following lemma.

Lemma 4.1 If U is the circle of radius r < § in the x1x2-plane, then

Ay NT*Ezsy={(q, p): ¢ = (&1, &, £1), p = (x1,x2,0)} = S x (=1, 1) x {1},

where | /xl2 + x% =r, —&1x2 + &x1 = 0, and = denotes diffeomorphism.
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S S
NN

Fig. 1 On the left is R3 with the unknot in the xy-plane and a normal circle at one point is shown. The
middle figure shows the normal circle seen in SZxR=R3— {(0, 0, 0)} which is thought of as the (front)
projection of S*R3 = J1(52) to §%2 x R. On the right is the front projection of the entire conormal lift of
the unknot which is obtained by rotating the circle shown in the middle figure about the line through the
north and south poles. We have also slightly perturbed the picture on the right so that there are only two
Reeb chords, labeled ¢ and e in the figure

’ ’ 4 G
1 1 1 1
I I I I
\ \ 1 \
\ \ \ \

O ©

Fig. 2 Along the rop of the figure is an annular neighborhood of the circle in Ay that maps to the fiber
above the north pole. On the middle left, we see the image of this annulus near the north pole in the front
projection, a cone whose boundary is two circles. On the bottom left is the image of this annulus near the
north pole in $2 (that is, the top view of the cone where we have slightly offset the circles so that they
are both visible). On the middle right, we see the top view of the cone after it has been perturbed to have
a generic front projection. More specifically, the lighter outer curve is the image of the cusp curves, the
dotted lines are the image of double points in the front projection and the darkest inner curve is the image
of the circle that mapped to the cone point before the perturbation. On the bottom right, we see the image
in 52 of the cusp curve and the two boundary circles on Ay
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e e / N\, €
Fig. 3 The rigid disks from Lemma 4.2 in the northern hemisphere of 52

AL
()

Fig. 4 The one dimensional families of trees from Lemma 4.2 in the northern hemisphere of S 2

Proof This is immediate from the definition.

In Fig. 2 we see the front projection of Ay over the region where S is flat. The left
pictures show Ay in a neighborhood of the circle over the north (or south) pole, as
described in Lemma 4.1, and the corresponding cone in the front projection of Ay .
The right pictures show Ay after small perturbation near the cone point that makes
the front projection generic. Using the right representation we get the following result
describing holomorphic disks of Ay, taken from [4, §3]. See Fig. 5 for a description
of the flow trees on the front (which are close to the projection of the disk boundaries)
and Fig. 3 for a description of their lifts into Ay .

Lemma 4.2 (Ekholm et al. [4]) There are exactly six rigid holomorphic disks with
boundary on Ay : four (In, Y, Is, and Ys) with positive puncture at ¢ and no negative
puncture, and two (E1, E2) with positive puncture at e and negative puncture at c.
If q is any point in Ay lying over a point where the front of Ay has 2 sheets then
there are exactly two constrained rigid holomorphic disks with positive puncture at
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e and boundary constrained to pass through q. These two disks correspond to two
constrained rigid flows which lie in two of the 1-parameter families Iy, Yy, Is, and
Y, s of flow trees with positive puncture at e, and are rigidified by the condition that
their 1-jet lift passes through q. The boundaries of these 1-parameter families are as
follows:

Oy = (E1#1y) U (Ex#1y), 8Yy = (E1#YN)U (E2#Yy),
s = (E\#15) U (Ex#1s), 8Ys= (E\#Ys)U(Ex#Ys).

Here E| # Iy denotes the broken flow tree obtained by adjoining Iy to E etc., see
Fig. 4.

Using the capping path convention and isomorphism H)(Ay) = Z{u, \) specified
in [4], the disks Iy, YN, Is, Ys contribute 1, A, A, ju, respectively, to dc. Similarly
E1 and E; contribute —A" ¢ and A~ ¢, respectively, to de. This gives the differential

de=14+r+An+u
de=(—2""+1"He=0.

Asin[4, §3], it suffices to consider constrained rigid trees when studying the filtered
contributions of the curves. (See the third result of Theorem 4.6 below.) Although not
needed for the purposes of calculating the filtered differential in this paper, it is possible,
as mentioned in [4, §3], to prove that 1-parameter families of holomorphic disks with
positive puncture at e are in natural one-to-one correspondence with the 1-parameter
families of flow trees mentioned in Lemma 4.2.

4.3 Intersection numbers for disks with boundary on Ay

Now that we have recalled the computation of the knot contact homology of the
standard unknot in the xjxz-plane, we turn to computing the filtration on this knot
thought of as a transverse knot.

Theorem 4.3 Let U be the transverse unknot with self-linking number — 1. The filtered
DGA (KCg/~(U), 07) is filtered stable tame isomorphic to the algebra over R[U, V|
generated by c and e, where |c| = 1 and |e| = 2, and

0 c=U+r+AuV+pu and 9 e=0.

Proof From the explicit description of the knot contact homology differential in
Lemma 4.2, it suffices to compute the intersection numbers of the four holomorphic
disks Iy, Yn, Is, Ys with ‘H . To this end, we will compute the intersection numbers
of Hy with a disk D homotopic to “Yy — In” to determine the relative intersection
numbers of Yy and Iy with H 1. The absolute intersection numbers will follow from
positivity of intersections. A similar argument will apply to I and Y.

We first note that Lemma 3.8 implies that any point in the intersection between
Hy and a holomorphic disk with boundary on Ay must lie in 7*Eys, so it will be
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Fig. 5 Boundaries of holomorphic disks on Ay

sufficient to consider the parts of the holomorphic disks which lie in this region. As
we shrink the unknot U towards the x3 axis in R?, its conormal lift Ay approaches
the 0-section in J(S). We can also see that the perturbed front generic version of Ay
collapses onto the 0-section. As we degenerate Ay onto the 0-section, the boundaries
of the holomorphic disks converge to the curves on the torus Ay depicted in Fig. 5.

The Legendrian torus Ay can be described as the 1-jet of a multifunction from §2
to R and we notice that the curves in Fig. 5 are given by gradient flow lines for the
functional differences of the multifunction. Furthermore, for an appropriate almost
complex structure, the holomorphic disks C'-converge to the strips corresponding
to these flow lines outside any fixed neighborhood of its vertices, see [2, Lemma
5.13, Remark 5.14, and Subsection 6.4], and inside neighborhoods of its vertices they
converge to other local models, see [2, Subsection 6.1]. Here the strip of a flow line
consists of the line segments in the cotangent fibers between its cotangent lift. In
particular, if we choose a perturbation of Ay so that its projection to 7*S consists
of affine subspaces in a neighborhood of (0,0,1) € S then the standard complex
structure for which H is a complex hypersurface is appropriate in the above sense,
see [2, Subsection 4.1, 2nd bullet from the end].

Consider the flow-line disks depicted in Fig. 6. These flow lines lie in the two
distinct homotopy classes of the disks I and Y. (Which of these disks looks like the
letter 7 or Y depends on the perturbation of Ay which makes its front generic, see also
Fig. 4.) The disks /1 and I, correspond to flow lines of the difference of two functions
that locally describe part of Ay near the north pole. With notation and coordinates
near the north pole of 2 indicated in Fig. 6, the gradient of the function describing
the upper sheet of I; equals —d,, and that of its lower sheet is d,,, and the flow line
corresponding to /1 in S follows the curve C; = (¢,1), —T <t < ¢ where ¢ > 0 is
arbitrarily small and not yet fixed. Thus the flow line strip of /; is
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Fig. 6 Two holomorphic disks u
in distinct homotopy classes. We

have chosen coordinates on S2

near the north pole so that the

north pole corresponds to (0, 0)

uj

(t,8) = ((1, 1), (s(=0u) + (1 =9$)3y,)), —T =<t=<e 0=s=1,
near the origin. Similarly, the flow line strip of I, is
(t,S) = ((_t’ t)v (sau] + (1 - s)auz))v =T <t=e, O =s= 1

On the other hand the intersection of ﬁ+ with the fibers of 7*S over the point (z, 1) €
Cyisa(td,, —t9y,) for some a > 0, see Eq. (3.5). That is,

HyNT*Ci = {((t, 1), a(tdy; — 104y))},

and we see that the strip and the hypersurface intersect once (over the point
(—ﬁ, —ﬁ)). Similarly, over the flow line of I, we have

HyNT*Cy = {((—t,1),a(tdy, +1td,))},

and we see that the strip and the hypersurface do not intersect: the solution of the
equation which sets the fiber coordinates equal would lie over the point (—, t) where
t = i but if we set ¢ < ﬁ, this point does not lie on the flow line of /5.

In order to relate the above calculation to Lemma 4.2, consider the disk DL in
the fiber of T*S bounded by the circle ((0, 0, +1), p) € Ay N T*Eys, and oriented
according to the induced orientation on the fiber. We notice that this circle is a lift of a
longitude for U. Using the description of H in Lemma 3.7 it is easy to see that D
intersects H 4 with intersection number 1. (Note here that the orientation of the base
followed by the orientation of the fiber gives the orientation opposite to the complex
orientation on 7*S and that the orientation induced on the normal bundle to the fiber
by H ., respectively H _, agrees, respectively disagrees, with the orientation on the
base.) Consulting Fig. 5 and considering the algebraic topology of Ay C T*S? one
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may easily see that the difference cycle between the disk corresponding to Iy and Yy is
homologous to D . Since the intersection number of these disks with H ;. equals 1 or 0
(by the above calculation) it follows that the disk corresponding to / has intersection
number 1 with H and the disk corresponding to Yy has intersection number 0.
Similarly, the disks corresponding to I and Y intersect H _ with intersection number
1 and O, respectively. In addition, since D+ does not intersect ‘H ., we find that the I
and Y (respectively Iy and Yy ) disks do not intersect H | (respectively H_).

4.4 The filtered DGA of a transverse link

We begin by recalling the computation of the knot contact homology from [4, Theorem
1.1]. Using the notation in the introduction we have the following result.

Theorem 4.4 (Ekholm et al. [4]) The differential in the Legendrian DGA associated
to the conormal lift Ax of a framed knot K is (KCe/ (K), d) where KCaZ (K) is
generated over Z[,ui S AT bytheaj, bj, cij, and e;j describedin Sect. 4.1 and 4.2 and
themap 0: KCo/(K) — KC</ (K) is determined by the following matrix equations:

IA =0,

B=-1" AL+ O5-A-DF,

IC=A-1 + A0k

E=B-(@H " 1t BA ! - oL.ca' 4+ Co@8),

where A,B,C,E, A, ¢I]§, ¢§ are as in Sect. 1.2, and if M is an (n x n)-matrix, the
matrix OM is defined by (dM);; = 0M;;.

In Sect. 4.1 above we discussed the holomorphic curves involved in the computation
of the differential. In particular, one may easily conclude the following result.

Lemma 4.5 (Ekholm et al. [4]) Given any 8’ > 0, Ak can be Legendrian isotoped
to be close enough to Ay so that any holomorphic disk with boundary on Ak, one
positive puncture, and involving only the chords a;j and b;;, has its image contained
within a §'-neighborhood of Ay .

Proof While this lemma follows from the results in [4, §3.4], we comment that it
can also be seen by observing that the Reeb chords a;; and b;; have small action.
This action can be made arbitrarily small as we isotop K to be close to U. Now a
monotonicity argument will confine the holomorphic curves to stay close to Ay. 0O

To compute the filtration on a transverse knot we will need to explicitly describe the
holomorphic disks used in the computation of the differential. More specifically we
need to understand disks of Type I, discussed in Sect. 4.1. To this end we summarize
the computations from [4, §4.4].

Theorem 4.6 (Ekholm et al. [4]) Given any §' > 0, Ag can be Legendrian isoto;ied
10 be close enough to Ay so that any rigid holomorphic disk with boundary on Ak
either has its image contained within a §'-neighborhood of Ay and one of the rigid
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disks described in Lemma 4.2, or has its image contained within a 8'-neighborhood
of Ay and one of the constrained rigid disks described in Lemma 4.2 constrained by
the projection g € Ay of one of the endpoints of a Reeb chord b;j.

1. The holomorphic disks that contribute to the terms in dc;; satisfy

— the terms in AX with | coefficients are contained in neighborhoods of Is (and
Ap),

— the terms in A\ without | coefficients are contained in neighborhoods of Y
(and Ay),

— the terms in A® g with w coefficients are contained in neighborhoods of Ys
(and Ay), and

— the terms in A g without | coefficients are contained in neighborhoods of
In (and Ap).

2. The holomorphic disks that contribute to the @‘; oD Wt I o S O (CDI];)_l
terms in de;; are contained in neighborhoods of either Eq or Ey (and Ap).

3. The holomorphic disks that contribute to the B - (GDR YU+ B-A"terms of dejj
are contained in neighborhoods of one of the disks in the 1-parameter families Iy,
YN, IS, and Ys (and Ay). That is, they are close to the union of Ay UE|UE,
and one of the disks Iy, Yn, Is, Ys, shifted in the A-direction some fixed distance
(the same distance for all disks). More precisely,

— disks associated to those terms in BA~! with p coefficients correspond to Y,

— disks associated to those terms in BA™' without | coefficients correspond to
Iy,

— disks associated to those terms in B (@ g) ! yith u coefficients correspond to
Is, and

— disks associated to those terms in B (45 g) ! without W coefficients correspond
toYy.

We are now in a position to prove the combinatorial expression for the filtrations
given in Theorem 1.3.

Proof of Theorem 1.3 The first equation in the theorem follows for grading reasons.

The second equation in the theorem follows from Theorem 4.4 and the fact that
none of the holomorphic disk contributing to the differential of a b;; can intersect Hy
by Lemma 4.5.

Since the disks Eg and E lie close to the equator, Lemma 3.8 and the third paragraph
of Theorem 4.6 imply that there are no intersections of H 1 with the disks with positive
puncture at an ¢;j-chord and one negative puncture at an ¢;;-chord. Thus, (DII; -C-
UL St Y O (d>115§)’1 appears in both JE and 0”E.

The remainder of the differential involves disks that intersect H .. The formula
for the filtered differential that derives from these intersections is easily derived by
the intersections of H. with the disks from Lemma 4.2 which were worked out in
Sect. 4.3. Some simple bookkeeping yields the desired computation.
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5 Some examples

In this section, we present some computations of the filtered transverse knot DGA,
(KCa~,07). The first shows that the additional filtration structure is nontrivial; the
second is an outline of a computation that shows that the filtered DGA is an effective
invariant of transverse knots.

5.1 The unknot

We compute the transverse knot DGA for three versions of the unknot: the closure
of the trivial 1-braid and the closure of the 2-braids o and o ' The first two both
represent the standard transverse unknot in R3 with self-linking number — 1, while the
third represents the transverse unknot with self-linking number —3. We will show that
the filtered DGAs for the first two are stable tame isomorphic and are distinct from
the filtered DGA for the third.

For the trivial 1-braid, Theorem 1.3 or 4.3 yields a DGA with two generators c, e
and differential

0 c=U+A+ruV+pu, 90 e=0.

For the 2-braid o1, the relevant matrices are

L [—axn1 R _ [—anl (A 0
(D“l_(l o)’ CDm_(l o)’ 1_(01
A= I+p ap AU — U+wu Uan AV — 1+uV  ap
pnazy 1+p)’ pazy U+w)’ uVay 14+puvV)’
0 Ub12 74 ( 0 blZ)
BY = , BV = .
(Mb21 0 ) uVby 0

We then calculate from Theorem 1.3 that the DGA for o has generators a2, asy, b12,
b1, c11, €12, €215 €22, €11, €12, €21, €22, and differential given by 0™ (a12) = 97 (a21)
=0,

3—(0 bz): 0 —ﬁalz—azl
by O —Aunax; —ain 0 ’

93— (011 612) _ ( A+ Ap2V — par uw+U+ap )
€21 €22 1+ U+ ip?Vay — pagiary 1+ pV + paz )’

- (611 6’12)
el en
1 1
_ (blz + p (12 —ea1 +azienn) Ubiy — e +azierz +biparn + 35 (e + 612012))

= 1 1
2+ 5ba1 — gpen Vb — 12 421 + c22a12

We want to find a tame automorphism of this algebra that sends 9™ to a stabilization
of the differential for the trivial braid. We do this by replacing generators one by one so
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that the new differential on all generators but c13 and ey is trivial or nearly trivial, and
the new differential on cjo and e is as in the case of the trivial 1-braid; for instance,
since 0~ (c12 + ﬁc“) =U+ A+ AnV + 1, we can replace c12 by c12 — /LLC” to get
a generator with differential U + A + AV + w. In full, if we apply successively the
eight tame automorphisms

12

e > ez —bien — ;e

c21 +> c21 — uVba1 + c12 — cxnan
1 1

bz = b2 = e+ pacn
1

by = ba1 + e — Aex

el > e11 + —5emcr — tepn — shexn + Ve
Ap? w m
1

C = C — —C

12 12 = €1
1
az| — az1 — vV — ﬁ

ap = ap+A+AuV,
then we obtain a DGA with the same generators but differential

0 (c11) = —parp, 9 (cp)=U+Ar+rpnV+p, 9 ()= pa,
I (e1) = —mbia, 3 (e2)) = tha1, 3 (exn) = cau,
07 (a12) =90 (az21) = 0~ (b12) =90 (b21) = 0 (c21) = 9™ (e11) =0.

Destabilizing yields a DGA generated by c12, e11 with differential 0~ (c12) = U +
A+ AV 4+ u, 37 (e11) = 0, which agrees with the DGA for the trivial 1-braid above.
For the 2-braid ol_l , we use the matrices

0 1 Al o
R _ _ 1%
of= (1) 2= (")

The expression for d~C from Theorem 1.3 now yields in particular
3 (c11) = A~ + AV 4+ Uays.

We claim that the filtered DGA for o I differs from the filtered DGA for the trivial

—

1-braid by setting (U, V) = (0, 0) and comparing (K/C;,g\\). For o ! we find that

?(C]]) = )\./L_l, a unit in Z[AT, Mil], and so the homology of (@,ﬁ) is trivial.
For the trivial 1-braid, we obtain a DGA generated by ¢, e with g(c) = A+ u and
(e) = 0, and it is clear that this DGA has nontrivial homology.
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5.2 The knot m(7¢)

Let K1, K> be the transverse knots given by the closures of the 4-braids

0'10'2_10'10'2_10'3_10'20‘33, 0102_10102_10330203_1,

respectively. These are both transverse representatives of the mirror of the knot 7,
with self-linking number —1. The following result demonstrates that the filtered DGA
is an effective invariant of transverse knots.

Theorem 5.1 The filtered DGAs for K| and K, are not filtered stable tame isomorphic,
and thus K| and K3 are not transversely isotopic.

Proof Consider the DGAs (@(K i), 5) over Z[A¥!, ,uil] obtained from the filtered
DGAs by setting (U, V) = (0, 1). One can count by computer the number of DGA

maps (augmentations) from (K Co/ (K,-),/B\) to (Z/3,0) that send A to —1 and u to
+1; there are 5 for K and O for K;. The result follows. (See [13] for more details.)

As noted in [13], the hat version of knot Floer homology for m(7¢) is O in the
relevant bidegree (0, 0), and so the transverse invariants in knot Floer homology [10,
14] do not distinguish K and K>. One similarly finds that other previously developed
transverse invariants (in Khovanov or Khovanov—Rozansky homology, for instance)
do not distinguish K and K. We conclude that the transverse invariant from knot
contact homology is independent of previously known transverse invariants.
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