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KNOT CONTACT HOMOLOGY, STRING TOPOLOGY,
AND THE CORD ALGEBRA

By Kar CieLiesak, Tosias Exnorm, Janko LaTtscney

& LLennarp Ng

Asstract. — The conormal Lagrangian Ly of a knot K in R3 is the submanifold of the
cotangent bundle T*R3 consisting of covectors along K that annihilate tangent vectors to K.
By intersecting with the unit cotangent bundle S*R3, one obtains the unit conormal A,
and the Legendrian contact homology of Ag is a knot invariant of K, known as knot contact
homology. We define a version of string topology for strings in R3 U L and prove that this
is isomorphic in degree 0 to knot contact homology. The string topology perspective gives a
topological derivation of the cord algebra (also isomorphic to degree 0 knot contact homology)
and relates it to the knot group. Together with the isomorphism this gives a new proof that
knot contact homology detects the unknot. Our techniques involve a detailed analysis of certain
moduli spaces of holomorphic disks in T*R3 with boundary on R3 U L.

Résumi (Homologie de contact pour les nceuds, topologie des cordes et algébre des cordes)

Le fibré conormal lagrangien Ly d’un nceud K dans R3 est la sous-variété du fibré cotangent
T*R3 formée des covecteurs le long de K qui annulent les vecteurs tangents & K. En linter-
sectant avec le fibré cotangent unitaire S*R3, on obtient le fibré conormal unitaire Ay, dont
I’homologie de contact legendrienne est un invariant du nceud K, appelé homologie de contact
pour les nceuds. Nous définissons une version de la topologie des cordes pour des cordes dans
R3 U Lk et montrons qu’elle est isomorphe en degré 0 & ’homologie de contact pour les noeuds.
La topologie des cordes permet une approche topologique de ’algeébre des cordes (qui est aussi
isomorphe & I’homologie de contact pour les nceuds en degré 0) et la relie au groupe du noeud.
Ceci donne, joint & cet isomorphisme, une nouvelle démonstration du fait que I’homologie de
contact pour les nceuds détecte le nceud trivial. Nos techniques font intervenir une analyse
détaillée de certains espaces de modules de disques holomorphes dans T*R? avec bord dans
R3U Lg.

CONTENTS
1. Introduction. . . ..o 662
2. String homology in degree zero. . ....... ...t 665
3. Roadmap to the proof of Theorem 1.2........ .. ... . i, 681
4. Holomorphic functions near Corners................ooeeuiiieinnenenneann.. 682

MATHEMATICAL SUBJECT CLASSIFICATION (2010). 53D42, 55P50, 57R17, 57TM27.
Keyworbps. Holomorphic curve, string topology, conormal bundle, knot invariant, Lagrangian sub-
manifold, Legendrian submanifold.

The work of KC was supported by DFG grants CI 45/2-1 and CI 45/5-1. The work of TE was
supported by the Knut and Alice Wallenberg Foundation and by the Swedish Research Council. The
work of JL was supported by DFG grant LA 2448/2-1. The work of LN was supported by NSF grant
DMS-1406371 and a grant from the Simons Foundation (# 341289 to Lenhard Ng).

e-ISSN: 2270-518X http://jep.cedram.org/


http://jep.cedram.org/

662 K. Cieriesak, T. Exnouwm, J. Exnoww & L. Ne

5. String homology in arbitrary degree........... ... 687
6. The chain map from Legendrian contact homology to string homology. . .. ... 699
7. Proof of the isomorphism in degree zero...............cooiiiiiiiiieneenne.n.. 719
8. Properties of holomorphic disks............coo i 738
9. Transversely cut out solutions and orientations................ ... . ..., 750
10. Compactification of moduli spaces and gluing............. ... ... .. ..., 762
References. . ..o e 779

1. InTRODUCTION

To a smooth n-manifold @ we can naturally associate a symplectic manifold and
a contact manifold: its cotangent bundle T*@Q with the canonical symplectic struc-
ture w = dp A dg, and its unit cotangent bundle (with respect to any Riemannian
metric) S*Q C T*Q with its canonical contact structure & = ker(pdq). Moreover, a
k-dimensional submanifold K C @ naturally gives rise to a Lagrangian and a Legen-
drian submanifold in T*@ resp. S*@: its conormal bundle

LK = {(q7p) € T*Q ‘ qc K7 p|TqK = 0}

and its unit conormal bundle A = LxNS*Q. Symplectic field theory (SFT [20]) pro-
vides a general framework for associating algebraic invariants to a pair (M, A) consist-
ing of a contact manifold and a Legendrian submanifold; when applied to (S*Q, Ak),
these invariants will be diffeotopy invariants of the manifold pair (@, K). The study
of the resulting invariants was first suggested by Y. Eliashberg.

In this paper we concentrate on the case where K is a framed oriented knot in
Q@ = R3. Moreover, we consider only the simplest SFT invariant: Legendrian contact
homology. For Q = R3, S*Q is contactomorphic to the 1-jet space J*(S?), for which
Legendrian contact homology has been rigorously defined in [15]. The Legendrian
contact homology of the pair (S*R?, Ax) is called the knot contact homology of K.
We will denote it HOM Y (K).

In its most general form (see [11, 33]), knot contact homology is the homology of a
differential graded algebra over the group ring Z[H2(S*R3, Ak )] = Z[ L, p*t UF,
where the images of A, under the connecting homomorphism generate Hy(Ag) =
Hy(T?) and U generates Hy(S*R3). The isomorphism class of HM'(K) as a
Z[NTY pt U+ -algebra is then an isotopy invariant of the framed oriented knot K.

The topological content of knot contact homology has been much studied in recent
years; see for instance [1] for a conjectured relation, which we will not discuss here, to
colored HOMFLY-PT polynomials and topological strings. One part of knot contact
homology that has an established topological interpretation is its U = 1 specialization.
In [31, 32], the third author constructed a knot invariant called the cord algebra
Cord(K), whose definition we will review in Section 2.2. The combined results of
[31, 32, 12] then prove that the cord algebra is isomorphic as a Z[A\*!, u*1]-algebra
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KnoT conTacT HOMOLOGY, STRING TOPOLOGY, AND THE CORD ALGEBRA 663

to the U = 1 specialization of degree 0 knot contact homology. We will assume
throughout this paper that we have set U = 1;(!) then the result is:

Tueorewm 1.1 ([31, 32, 12]). H§ert2et (K) = Cord(K).

It has been noticed by many people that the definition of the cord algebra bears
a striking resemblance to certain operations in string topology [4, 36]. Indeed, Basu,
McGibbon, Sullivan, and Sullivan used this observation in [2] to construct a theory
called “transverse string topology” associated to any codimension 2 knot K C @, and
proved that it determines the U = A\ = 1 specialization of the cord algebra.

In this paper, we present a different approach to knot contact homology and the
cord algebra via string topology. Motivated by the general picture sketched by the
first and third authors in [6], we use string topology operations to define the string
homology H;™™ 8(K) of K. Then the main result of this paper is:

Turorem 1.2. — For any framed oriented knot K C R3, we have an isomorphism
between U = 1 knot contact homology and string homology in degree 0,

Hgontact (K) ~ ‘Z;Istring(l(v)7

defined by a count of punctured holomorphic disks in T*R3 with Lagrangian boundary
condition Ly UR3.

On the other hand, degree 0 string homology is easily related to the cord algebra:

Prorosition 1.3, — For any framed oriented knot K C R3, we have an isomorphism
H"M8(K) = Cord(K).

As a corollary we obtain a new geometric proof of Theorem 1.1. In fact, we even
prove a slight refinement of the usual formulation of Theorem 1.1, as we relate certain
noncommutative versions of the two sides where the coefficients A, ;1 do not commute
with everything; see Section 2.2 for the version of Cord(K) and Section 6.2 for the
definition of H§*™2<*(K) that we use.

Our proof is considerably more direct than the original proof of Theorem 1.1,
which was rather circuitous and went as follows. The third author constructed in
[30, 32] a combinatorial differential graded algebra associated to a braid whose closure
is K, and then proved in [31, 32] that the degree 0 homology of this combinatorial
complex is isomorphic to Cord(K) via a mapping class group argument. The second
and third authors, in joint work with Etnyre and Sullivan [12], then proved that
the combinatorial complex is equal to the differential graded algebra for knot contact
homology, using an analysis of degenerations of holomorphic disks to Morse flow trees.

Besides providing a cleaner proof of Theorem 1.1, the string topology formulation
also gives a geometric explanation for the somewhat mystifying skein relations that

(1)However, we note that it is an interesting open problem to find a similar topological interpre-
tation of the full degree 0 knot contact homology as a Z[Ail, uEL, Uil]—algebraA

JE.P.— M., 2017, tome 4



664 K. CreLiesak, T. Exiorw, J. Exiorm & L. Ne

define the cord algebra. Moreover, string homology can be directly related to the
group ring Zn of the fundamental group 7 = 7 (R \. K) of the knot complement:

Prorvosition 1.4 (see Proposition 2.21). — For a framed oriented knot K C R3,
H'M8(K) 2 HEOMa4(K) s isomorphic to the subring of Zm generated by AX', p®!,
and im(1 — u), where A, i are the elements of w representing the longitude and merid-
ian of K, and 1 — pu denotes the map Zm — Zm given by left multiplication by 1 — p.

As an easy consequence of Proposition 1.4, we recover the following result from [32]:

Cororrary 1.5 (see Section 2.4). — Knot contact homology detects the unknot: if
HEomtact () =2 [gontact (1) where K is a framed oriented knot in R® and U is the
unknot with any framing, then K = U as framed oriented knots.

The original proof of Corollary 1.5 in [32] uses the result that the A-polynomial detects
the unknot [8], which in turn relies on results from gauge theory [28]. By contrast, our
proof of Corollary 1.5 uses no technology beyond the Loop Theorem (more precisely,
the consequence of the Loop Theorem that the longitude is null-homotopic in R? \ K
if and only if K is unknotted).

Organization of the paper. In Section 2 we define degree 0 string homology and
prove Proposition 1.3, Proposition 1.4 and Corollary 1.5. The remainder of the paper
is occupied by the proof of Theorem 1.2, beginning with an outline in Section 3. After
a digression in Section 4 on the local behavior of holomorphic functions near corners,
which serves as a model for the behavior of broken strings at switches, we define string
homology in arbitrary degrees in Section 5.

The main work in proving Theorem 1.2 is an explicit description of the moduli
spaces of holomorphic disks in 7*R? with boundary on Lx UR? and punctures as-
ymptotic to Reeb chords. In Section 6 we state the main results about these moduli
spaces and show how they give rise to a chain map from Legendrian contact homology
to string homology (in arbitrary degrees). Moreover, we show that this chain map re-
spects a natural length filtration. In Section 7 we construct a length decreasing chain
homotopy and prove Theorem 1.2.

The technical results about moduli spaces of holomorphic disks and their com-
pactifications as manifolds with corners are proved in the remaining Sections 8, 9
and 10.

FExtensions. — The constructions in this paper have several possible extensions.
Firstly, the definition of string homology and the construction of a homomorphism
from Legendrian contact homology to string homology in degree zero work the same
way for a knot K in an arbitrary 3-manifold @ instead of R3 (the corresponding
sections are actually written in this more general setting), and more generally for
a codimension 2 submanifold K of an arbitrary manifold Q.(®) The fact that the

(D1n the presence of contractible closed geodesics in @, this will require augmentations by holo-
morphic planes in T*Q, see e.g. [6].
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ambient manifold is R? is only used to obtain a certain finiteness result in the proof
that this map is an isomorphism (see Remark 7.9). If this result can be generalized,
then Theorem 1.2 will hold for arbitrary codimension 2 submanifolds K C Q.

Secondly, for knots in 3-manifolds, the homomorphism from Legendrian contact
homology to string homology is actually constructed in arbitrary degrees. Proving
that it is an isomorphism in arbitrary degrees will require analyzing codimension
three phenomena in the space of strings with ends on the knot, in addition to the
codimension one and two phenomena described in this paper.

Acknowledgments. — We thank Chris Cornwell, Tye Lidman, and especially Yasha
Eliashberg for stimulating conversations. This project started when the authors met
at the Workshop “SFT 2”7 in Leipzig in August 2006, and the final technical details
were cleaned up when we met during the special program on “Symplectic geometry
and topology” at the Mittag-Leffler institute in Djursholm in the fall of 2015. We
would like to thank the sponsors of these programs for the opportunities to meet, as
well as for the inspiring working conditions during these events. Finally, we thank the
referee for suggesting numerous improvements.

2. STRING HOMOLOGY IN DEGREE ZERO

In this section, we introduce the degree 0 string homology H™"#(K). The dis-
cussion of string homology here is only a first approximation to the more precise
approach in Section 5, but is much less technical and suffices for the comparison to
the cord algebra. We then give several formulations of the cord algebra Cord(K') and
use these to prove that Hy"8(K) = Cord(K) and that string homology detects the
unknot. Throughout this section, K denotes an oriented framed knot in some oriented
3-manifold Q.

2.1. A STRING TOPOLOGY CONsTRUCTION. — Here we define Hy"™8(K) for an oriented
knot K C Q. Let N be a tubular neighborhood of K. For this definition we do not
need a framing for the knot K; later, when we identify Hgmng(K ) with the cord
algebra, it will be convenient to fix a framing, which will in turn fix an identification
of N with S' x D2.

Any tangent vector v to @ at a point on K has a tangential component parallel
to K and a normal component lying in the disk fiber; write v*°"™2! for the normal
component of v. Fix a base point zyp € N and a unit tangent vector vy € T,,0N.

Derinition 2.1, — A broken (closed) string with 2¢ switches on K is a tuple s =
(a1,...,a2041;81,-.-,S2041) consisting of real numbers 0 = ag < a1 < -+ < ag41
and C! maps

82i41 ¢ @i, a2i41] — N, s2; : [agi—1,a2;] — Q
satisfying the following conditions:

(i) 50(0) = sa20t1(azet1) = xo and $0(0) = S2s41(a2e+1) = vo;
(ii) forj=1,...,2¢, sj(aj) = sj+1(aj) € K;

JE.P.— M., 2017, tome 4



666 K. Cieriesak, T. Exnoum, J. Exnoww & L. Ne

Ficure 2.1. A broken closed string with 4 switches. Here, as in subse-
quent figures, we draw the knot K in black, @-strings (s, s4) in red,
and N-strings (si,s3,s85) in blue (dashed for clarity to distinguish
from the red Q-strings).

(iii) fori =1,...,¢,

(521(a2i))normal — 7(é2i+1(a21))normal

))normal ))normall

($2i—1(agi—1 = (%2:(azi—1

We will refer to the sg; and sg;41 as Q-strings and N-strings, respectively. Denote
by 2¢ the set of broken strings with 2¢ switches.

The last condition, involving normal components of the tangent vectors to the ends
of the @- and N-strings, models the boundary behavior of holomorphic disks in this
context (see Sections 4.1 and 5.1 for more on this point). A typical picture of a broken
string is shown in Figure 2.1.

We call a broken string s = (s1,...,82041) generic if none of the derivatives
$i(ai—1), $i(a;) is tangent to K and no s; intersects K away from its end points.
We call a smooth 1-parameter family of broken strings s* = (s7,.. ., 3§e+1)v A €[0,1],
generic if s® and s! are generic strings, none of the derivatives $}(a? ;), $2(a}) is
tangent to K, and for each ¢ the family sf‘ intersects K transversally in the interior.
The boundary of this family is given by

o{s*} == st — .

We define string coproducts dg and dy as follows, cf. Section 5.3. Fix a family
of bump functions (which we will call spikes) s, : [0,1] — D? for v € D? such
that s,(0) = {0,1}, $,(0) = v and $,(1) = —v; for each v, 5, lies in the line
joining 0 to v. For a generic 1-parameter family of broken strings {s*} denote by
M, b the finitely many values for which s3; (/) € K for some i = i(j). For each j,
let 87 =5,; (- — /) : [1/,07 + 1] — N be a shift of the spike associated to the normal
derivative 17 := —(dg‘ij (bj))rermal with constant value s%j (b7) along K; interpret this
as an N-string in the normal disk to K at the point sg‘f (b7), traveling along the line

JEP M., 2017, lome /4
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A;O K

A=1.4
N
,41
3=-<,
{2 / >
St SA
A=0 K
1

Ficure 2.2, The definition of 5 and dg. The two configurations
shown have sign € = 1. If the orientation of the 1-parameter fam-
ily s* is switched, i.e., the A\ = 0 and A\ = 1 ends are interchanged,
then dn and g are still as shown, but with sign ¢ = —1. The coor-
dinate axes denote orientations chosen on N (top) and @ (bottom).

joining 0 to 1/ € D?. Now set

AL G N A\ DY S AT ~Y
5Q{8 }'_ E € (51 7"'7S2i|[a27:—1,b”]’5 ’82i|[b17azi]""’s2é+1 3

J

where the hat means shift by 1 in the argument, and &/ = +1 are signs defined as
in Figure 2.2.03) Loosely speaking, d¢ inserts an IN-spike at all points where some
Q@-string meets K, in such a way that (iii) still holds. The operation dy is defined
analogously, inserting a Q-spike where an N-string meets K (and defining v7 without
the minus sign).

Denote by Co(%f) and O (%) the free Z-modules generated by generic broken
strings and generic 1-parameter families of broken strings with 2¢ switches, respec-
tively, and set

Ci(3) = Zééoci(zf), i=0,1.

Concatenation of broken strings at the base point gives Cy(X) the structure of a
(noncommutative but strictly associative) algebra over Z. The operations defined

(S)Regarding the signs: from our considerations of orientation bundles in Section 9, we can assign
the same sign (which we have chosen to be ¢ = 1) to both configurations shown in Figure 2.2,
provided we choose orientations on Q and N appropriately. More precisely, at a point p on K, if
(v1,v2,v3) is a positively oriented frame in ) where v; is tangent to K and v2,v3 are normal to K,
then we need (v1, Juz, —Jvs) to be a positively oriented frame in N, where J is the almost complex
structure that rotates normal directions in @ to normal directions in N. As a result, if we give @) any
orientation and view N as the subset of @Q given by a tubular neighborhood of K, then we assign
the opposite orientation to .

JE.P.— M., 2017, tome 4



668 K. Cieriesak, T. Exnoum, J. Exnoww & L. Ne

above yield linear maps
D:C1(ZY — Co(BY) C Co(R), Iy, g : CL(E5) — Co(2Y) € Co(R).
Define the degree zero string homology of K as
H"™8(K) = Ho(2) := Co(2)/im(d + dn + 8g).

Since 9 + dn + dg commutes with multiplication by elements in Cy(X), its image is
a two-sided ideal in Cy(X). Hence degree zero string homology inherits the structure
of an algebra over Z. By definition, Hgtring(K ) is an isotopy invariant of the oriented
knot K (the framing was used only for convenience but is not really needed for the
construction, cf. Remark 2.3 below).

Considering 1-parameter families consisting of generic strings (on which éy and d¢g
vanish), we see that for the computation of Hgtring(K ) we may replace the algebra
Co(X) by its quotient under homotopy of generic strings. On the other hand, if {s*}
is a generic 1-parameter family of strings that consists of generic strings except for an
N-string (resp. a @Q-string) that passes through K exactly once, then oy (resp. dg)
contributes a term to (9 + 6y + dg), and setting (9 + dny + dg)({s*}) = 0 in these
two cases yields the following “skein relations”:

\. K \ K \ K
T VN S
K K K
A
e /

Since any generic 1-parameter family of broken closed strings can be divided into 1-

parameter families each of which crosses K at most once, we have proved the following
result.

Provosirion 2.2. — Let % be the quotient of Co(X) by homotopy of generic broken
strings and let 7 C 2B be the two-sided ideal generated by the skein relations (a)
and (b). Then

Hy0 () = ) .

Remark 2.3. — Degree zero string homology H:™™ (as well as its higher degree
version defined later) is an invariant of an oriented knot K C Q. Reversing the orien-
tation of K has the result of changing the signs of 65 and dg but not of J and gives
rise to isomorphic Hj'""8. More precisely, if —K is K with the opposite orientation,
the map Co(X) — Co(X) given by multiplication by (—1)¢ on the summand Cp(X*)
intertwines the differentials 0 + dx + ¢ for K and —K and induces an isomorphism
H'"™8(K) — H™™$(—K). Similarly, mirroring does not change H3"™™8 up to iso-
morphism: if K is the mirror of K, then the mirror (reflection) map induces a map
Co(2) — Cp(X), and composing with the above map Cy(X) — Co(X) gives a chain
isomorphism Cy(2) — Co(T).

JEP M., 2017, lome /4
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Vo

K

Iicure 2.3. In the alternate definition that produces modified string
homology, a broken closed string with 4 switches. As usual, @-strings
are in red, N-strings in (dashed) blue.

In Sections 2.2 through 2.4, we will “improve” H5" ™8 from an abstract ring to one
that canonically contains the ring Z[A*!, u*1]. This requires a choice of framing of K
(though for @ = R?, there is a canonical choice given by the Seifert framing). In the
improved setting, Hy"™® changes under orientation reversal of K by replacing (), u)
by (A~ u~1); under framing change by f € Z by replacing (X, #) by (Auf, p); and
under mirroring by replacing (X, 1) by (A, x~1). In particular, the improved H"™"® is
very sensitive to framing change and mirroring. For a related discussion, see [32, §4.1].

A modified version of string homology. — The choice of the base point in N rather
than @ in the definition of string homology Hgmng (K) is dictated by the relation to
Legendrian contact homology. However, from the perspective of string topology we
could equally well pick the base point in @), as we describe next.

Choose a base point zgp € @ ~\ K and a tangent vector vg € T,,Q. Modify the
definition of a broken string with 2¢ switches to s = (ao, - .., ase+1; So, - - - , S2¢), where
now

82 1 a2, G241 — Q,  S2i—1 : [agi—1,a2;] — N,
and we require that sg(ag) = sae(a2er1) = o, S0(ap) = $a2¢(aze+1) = vo and condi-
tions (ii) and (iii) of Definition 2.1 hold. See Figure 2.3.

Let 50(2) denote the ring generated as a Z-module by generic broken strings with
base point zp € (. (As usual, the product operation on 60(2) is given by string
concatenation.) We can define string coproducts dn, dg as before, and then define
the degree 0 modified string homology of K as

H™8(K) = Co(2)/im(d + 8y + 6g)-
We have the following analogue of Proposition 2.2.

Prorosirion 2.4. — Let B be the quotient of 60(2) by homotopy of generic broken
strings and let j\c % be the two-sided ideal generated by the skein relations (a)
and (b). Then

Hy"™"S(K) = 5] 7.

. . Tystri stri .
There is one key difference between Hy "¢ and H; "%. Since any element
in m(Q ~ K,zp) can be viewed as a pure @-string, we have a canonical map

JE.P.— M., 2017, tome 4
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Zm1 (Q ~ K, x9) — H™™8(K). In fact, we will see in Proposition 2.17 that this is a
ring isomorphism. The same is not the case for Hy'""¢(K).

2.2, THE CORD ALGEBRA. The definition of Hgtring(K) in Section 2.1 is very similar
to the definition of the cord algebra of a knot [31, 32, 34]. Here we review the cord
algebra, or more precisely, present a noncommutative refinement of it, in which the
“coefficients” A, 4 do not commute with the “cords”.

Let K C @Q be an oriented knot equipped with a framing, and let K’ be a par-
allel copy of K with respect to this framing. Choose a base point * on K and a
corresponding base point * on K’ (in fact only the base point on K’ will be needed).

DeriNtTioN 2.5. A (framed) cord of K is a continuous map v : [0,1] — @ such
that v([0,1]) N K = @ and ¥(0),~v(1) € K’ \ {*}. Two framed cords are homotopic if
they are homotopic through framed cords.

We now construct a noncommutative unital ring o7 as follows: as a ring, o7 is freely
generated by homotopy classes of cords and four extra generators A\*!, p+!
the relations

, modulo

)\.)\71:)\71.)\:/1”/1,71:/1,71-#:1, )\/L:ﬂ)\

Thus <7 is generated as a Z-module by (noncommutative) words in homotopy classes
of cords and powers of A and p (and the powers of A and 1 commute with each other,
but not with any cords).

Derinition 2.6. — The cord algebra of K is the quotient ring
Cord(K) =/ .7,

where .# is the two-sided ideal of o/ generated by the following “skein relations”:

(1)9/=1—u
(ii)/%/(u~>/ and %/y/ﬂ
w0 ol x5 >///_\//A

(iv) / -/ = / . / .
~ S AN
Here K is depicted in black and K’ parallel to K in gray, and cords are drawn in red.

Remark 2.7. — The skein relations in Definition 2.6 depict cords in space that agree
outside of the drawn region (except in (iv), where either of the two cords on the
left hand side of the equation splits into the two on the right). Thus (ii) states that
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appending a meridian to the beginning or end of a cord multiplies that cord by u on
the left or right, and (iv) is equivalent to:

//K\/K /\/

Remark 2.8. — Our stipulation that A, not commute with cords necessitates a
different normalization of the cord algebra of K C @ from previous definitions [32, 34].
In the definition from [34] ([32] is the same except for a change of variables), A, p
commute with cords, and the parallel copy K’ is not used. Instead, cords are defined
to be paths that begin and end on K with no interior point lying on K, and the skein
relations are suitably adjusted, with the key relation, the equivalent of (iv), being:

Sl

Let Cord’(K) denote the resulting version of cord algebra.

If we take the quotient of the cord algebra Cord(K) from Definition 2.6 where
A, i commute with everything, then the result is a Z[A\*!, y*!]-algebra isomorphic to
Cord’(K), as long as we take the Seifert framing (Ik(K, K’) = 0). The isomorphism
is given as follows: given a framed cord ~, extend v to an oriented closed loop 7 in
Q@ ~ K by joining the endpoints of v along K’ in a way that does not pass through
the base point *, and map v to p~ %)y, This is a well-defined map on Cord(K)
and sends the relations for Cord(K) to the relations for Cord’(K). See also the proof
of Theorem 2.10 in [32].

We now show that the cord algebra is exactly equal to degree 0 string homology.
This follows from the observation that the @-strings in a generic broken closed string
are each a framed cord of K, once we push the endpoints of the @-string off of K;
and thus a broken closed string can be thought of as a product of framed cords.

Prorosition 2.9. — Let K C Q be a framed oriented knot. Then we have a ring
isomorphism
Cord(K) = H"™ 8 (K).

Proof. Choose a normal vector field v along K defining the framing and let K’
be the pushoff of K in the direction of v, placed so that K’ lies on the boundary of
the tubular neighborhood N of K. Fix a base point p # * on K, and let p’ be the
corresponding point on K, so that v(p) is mapped to p’ under the diffeomorphism
between the normal bundle to K and N. Identify p’ with zy € ON from Definition 2.1
(the definition of broken closed string). We can homotope any cord of K so that it
begins and ends at p’, by pushing the endpoints of the cord along K’, away from x,
until they reach p’.

Every generator of Cord(K) as a Z-module has the form ajziasxs---ziapiq,
where £ > 0, x1,..., 2, are cords of K, and ai,...,aps1 are each of the form A%pu®
for a,b € Z. We can associate a broken closed string with 2¢ switches as follows.
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v N v \\W’
K’ — = K’ £ K’ - K’
1\ 7o My i
K K - K K
pDA,Q p p p

Iicure 2.4. Turning an element of the cord algebra into a broken
closed string.

Assume that each cord x1,...,z, begins and ends at p’. Fix paths vg,7¢ in @
from p,p’ to p’, p respectively, and paths vy,¥ny in N from p,p’ to p’, p respectively,
as shown in Figure 2.4: these are chosen so that the derivative of vg,7¢, Yv, 7N at p
is —v(p), —v(p), v(p), —v(p), respectively. For k = 1,..., ¢, let T be the Q-string with
endpoints at p given by the concatenation g - ) - Yo (more precisely, smoothen this
string at p’). Similarly, for K = 1,...,¢ + 1, identify o) € m1(ON) = m1(T?) with a
loop in ON with basepoint p’ representing this class; then define @y to be the N-string
YN cag AN for k=1,... 0, a1 -y for k=0, and vy - apy1 for =L+ 1. (If £ =0,
then @; = ay.) Then the concatenation

al.fl.az.f2...fl.a£+l

is a broken closed string with 2¢ switches.

Extend this map from generators of Cord(K) to broken closed strings to a map
on Cord(K) by Z-linearity. We claim that this induces the desired isomorphism ¢ :
Cord(K) — Hy"™&(K). Recall that Cord(K) is defined by skein relations (i), (ii),
(iii), (iv) from Definition 2.6, while Hi"™#(K) is defined by skein relations (a), (b)
from Proposition 2.2.

To check that ¢ is well-defined, we need for the skein relations (i), (ii), (iii), (iv) to
be preserved by ¢. Indeed, (i) maps under ¢ to

which holds in H3"™$(K) since both sides are equal to > : the left hand side by
rotating the end of the red Q-string and the beginning of the blue N-string around K
at their common endpoint, the right hand side by skein relation (a). Skein relation (iv)

ALK

which holds by (b). Finally, (ii) and (iii) map to homotopies of broken closed strings:
for instance, the left hand relation in (ii) maps to

sy
N

/N

maps under ¢ to
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To show that ¢ is an isomorphism, we simply describe the inverse map from broken
closed strings to the cord algebra. Given any broken closed string, homotope it so that
the switches all lie at p, and so that the tangent vector to the endpoint of all strings
ending at p is —v(p); then the result is in the image of ¢ by construction. There is
more than one way to homotope a broken closed string into this form, but any such
form gives the same element of the cord algebra: moving the switches along K to p
in a different way gives the same result by (iii), while moving the tangent vectors
to —v(p) in a different way gives the same result by (ii). The two skein relations (a)
and (b) are satisfied in the cord algebra because of (i) and (iv). O

As mentioned in the Introduction, when Q = R3, it is an immediate consequence
of Theorem 1.2 and Proposition 2.9 that the cord algebra is isomorphic to degree 0
knot contact homology:

H(c);ontact (K) o~ HString(K) >~ COI‘d(K)

This recovers a result from the literature (see Theorem 1.1), modulo one impor-
tant point. Recall (or see Section 6.2) that H§""*(K) is the degree 0 homology of
a differential graded algebra (&, ). In much of the literature on knot contact ho-
mology, cf. [11, 32, 33], this DGA is an algebra over the coefficient ring Z[A*1, y*!]
(or Z[N*, p*1, U*], but in this paper we set U = 1): o7 is generated by a finite
collection of noncommuting generators (Reeb chords) along with powers of A, u that
commute with Reeb chords. By contrast, in this paper (7, 0) is the fully noncommu-
tative DGA in which the coefficients A, p commute with each other but not with the
Reeb chords; see [12, 34].

The isomorphism Cord(K) = H™**(K) in Theorem 1.1 is stated in the ex-
isting literature as an isomorphism of Z[A*!, u*1]-algebras, i.e., the coefficients X, s
commute with everything for both H$*"*(K) and Cord(K). However, an inspec-
tion of the proof of Theorem 1.1 from [12, 31, 32] shows that it can be lifted to the
fully noncommutative setting, in which A, do not commute with Reeb chords (for
H§e et (K)) or cords (for Cord(K)). We omit the details here, and simply note that
our results give a direct proof of Theorem 1.1 in the fully noncommutative setting.

Remark 2.10. — Besides being more natural from the viewpoint of string homology,
the stipulation that A, do not commute with cords (in the cord algebra) or Reeb
chords (in the DGA) is essential for our construction, in Section 2.4 below, of a map
from degree 0 homology to the group ring of 7, the fundamental group of the knot
complement. This in turn is what allows us to (re)prove that knot contact homology
detects the unknot, among other things. If we pass to the quotient where A, u commute
with everything, then there is no well-defined map to Zm.

Remark 2.11. — As already mentioned in the introduction, in [2] Basu, McGibbon,
Sullivan and Sullivan have given a string topology description of a version of the cord
algebra for a codimension 2 submanifold K C @ of some ambient manifold @), proving
a theorem which formally looks quite similar to Proposition 2.9. In the language we
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use here, the main difference in their work is the absence of N-strings, so that for
knots K C R? the version of H""#(K) they define only recovers the specialization
at A =1 of (the commutative version of) Cord(K).

2.3. HoMOTOPY FORMULATION OF THE CORD ALGEBRA. We now reformulate the cord
algebra in terms of fundamental groups, more precisely the knot group and its pe-
ripheral subgroup, along the lines of the Appendix to [31]. In light of Proposition 2.9,
we will henceforth denote the cord algebra as Hi™" "8 (K).

We first introduce some notation. Let K be an oriented knot in an oriented 3-
manifold @ (in fact we only need an orientation and coorientation of K). Let N
be a tubular neighborhood of K; as suggested by the notation, we will identify this
neighborhood with the conormal bundle N C T*@ via the tubular neighborhood
theorem. We write

m=m(Q\ K)
7 =71 (ON);

note that the inclusion 9N < N induces a map © — , typically an injection.
Let Zm, Z7 denote the group rings of w, 7. We fix a framing on K; this, along with
the orientation and coorientation of K, allows us to specify two elements u, A for 7
corresponding to the meridian and longitude, and to write

Z7 = ZINE .

The group ring Zm and the cord algebra Hgtring(K ) both have natural maps from
Z[AFY, ut1] (which are injective unless K is the unknot). This motivates the following
definition, where “NC” stands for “noncommutative”.

Derinition 2.12. — Let R be a ring. An R-NC-algebra is a ring S equipped with a
ring homomorphism R — S. Two R-NC-algebras Si, Sy are isomorphic if there is a
ring isomorphism S; — S5 that commutes with the maps R — S, R — S5.

Note that when R is commutative, the notion of an R-NC-algebra differs from the
usual notion of an R-algebra; for example, an R-algebra S requires s1(rsa2) = rs152
for r € R and s1,s2 € S, while an R-NC-algebra does not. (One can quotient an
R-NC-algebra by commutators involving elements of R to obtain an R-algebra.) If R
and S are both commutative, however, then the notions agree. Also note that any
R-NC-algebra is automatically an R-bimodule, where R acts on the left and on the
right by multiplication.

By the construction of the cord algebra Cord(K) from Section 2.2, Hi" "8 (K) is a
Z7-NC-algebra. We now give an alternative definition of Hj"'"8(K) that uses 7 and 7
in place of cords.

A broken word in 7,7 is a nonempty word in elements of m and 7T whose letters
alternate between elements in 7w and 7. For clarity, we use Roman letters for elements
in 7 and Greek for 7, and enclose elements in 7, T by square and curly brackets, respec-
tively. Thus examples of broken words are {a}, [z], [z]{a}, and {aq }z1]{a2}[z2]{as}.
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Consider the Z-module freely generated by broken words in m, 7, divided by the
following string relations:

(i) -1 [zar){as)} -2 = -1 [g]{aras} - -2
(i) -1 {ar}[ana] -2 = -1 {aran}fz] -
(iti) (---1[w12a] - -2) = (o1 [wapza] - v2) = -1 [wa {1} [w2] - 2

(iv) (-1 {aras} - 2) — (-1 {oqpan} - 2) = -1 {ar H1]{as} - - -o.
Here - - -1 is understood to represent the same (possibly empty) subword each time it
appears, as is - - -o. We denote the resulting quotient by S(m, 7).

The Z-module S(m, ) splits into a direct sum corresponding to the four possible
beginnings and endings for broken words:

S(m,7) = ST (m,7) © ST (m, 7)) ® S (m, %) & S (m, 7),

where the superscripts denote which of m and 7 contain the first and last letters in the
broken word. Thus S™7 (7, %) is generated by broken words beginning and ending with
curly brackets (elements of 7)— {a}, {1 }[z]{az}, etc.—while S™ (7, T) is generated
by [z], [z]{a}[y], etc. We think of these broken words as broken strings with base
point on NN Q beginning and ending with N-strings (for S (r, 7)) or Q-strings (for
S™™ (rr,7)). The other two summands S™7 (r, 7), S™ (7, 7) can similarly be interpreted
in terms of broken strings, but we will not consider them further.
On S (,7) and S™ (7, 7), we can define multiplications by

(1 {arDHas} - 2) =1 {oras}
and (o1 [z (o] - 2) = -1 [x122] -+ 2,

respectively. These turn S (7, %) and S™ (7, %) into rings. Note for future reference
that S77 (7, %) is generated as a ring by {a} and {1}[z]{1} for a € 7 and z € 7.

Prorosition 2.13. — ST (7, 7) is a Z7-NC-algebra, while S™ (n,7) is a Zr-NC-
algebra and hence a Z7-NC-algebra as well. Both ST (7, 7) and S™ (n,7) are knot
invariants as NC-algebras.

Proof. — We only need to specify the ring homomorphisms Z7 — S (7, 7) and
Zmw — S™ (w,7); these are given by a — {a} and x — [z], respectively. a

Revark 2.14. — View Zr as a Z7-bimodule via the map 7 — 7. Then S™ (7, 7) and
S™ (7, 7) can alternatively be defined as follows. Let o, o/ be defined by

o =77 ®Lr ® (Zr Qzz Lr) ® (Zr Quz Lw Quz Lr) O - - -
A = Tn & (Zr Qpz L) & (Zr Rzz T Qpz L) @ - - .

Each of 7, o has a multiplication operation given by concatenation (e.g. a- (b®c¢) =
a ® b ® c¢); multiplying by an element of Z7 C & uses the Z7-bimodule structure
on Zm. There are two-sided ideals .¥ C &, ¥ C &/ generated by

T1T2 — TIUT2 — T1 @ T
Iz = (1= p)r
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where x1,22 € W, x1x2,x1uT2 are viewed as elements in Zm, and 1z denotes the
element 1 € Z7 while (1 — p), denotes the element 1 — p € Zm. Then

S (7, R) = ot | I
S™(n,7) 2 A )T .

We conclude this subsection by noting that S (7, 7) is precisely the cord algebra
of K.

Prorosition 2.15. — We have the following isomorphism of Zw-NC-algebras:
H'™8(K) 2 ST (7, 7).

Proof. — We use the cord-algebra formulation of H5" ™ (K) = Cord(K) from Defini-
tion 2.6. Let K’ be the parallel copy of K, and choose a base point p’ for 7 = 11 (Q\K)
with p’ € K’ \ {x}. Given a cord v of K, define ¥ € m as in Remark 2.8: extend ~y
to a closed loop 7 in @ ~ K with endpoints at p’ by connecting the endpoints of
to p’ along K’ ~ {*}. Then the isomorphism ¢ : Cord(K) — S77(x,7) is the ring
homomorphism defined by:

o(y) = {131}

¢(a) = {a},
for v any cord of K and a any element of Cord(K) of the form A%uP.

The skein relations in Cord(X) from Definition 2.6 are mapped by ¢ to:

() {1} = {1} —{u}

(i) {1HpyH1} = {p} 71} and {1}[yu[{1} = {1} [7{n}

(iii) {11} = {21} and {1}[FA{1} = {1}[F{A}

(iv) {1y {1} = {32 {1} = {1 {1 el{1}-

In S77 (7, 7), these follow from string relations (iv), (i) and (ii), (i) and (ii), and (iii),
respectively.

Thus ¢ is well-defined. It is straightforward to check that ¢ is an isomorphism
(indeed, the string relations are constructed so that this is the case), with inverse ¢—1
defined by

¢ '({a}) =a

o~ {11 =7,
for « € 7 and ¥ € 7: note that a closed loop at p’ € K’ ~ {*} representing 7 is also
by definition a cord of K. a

Revark 2.16. — Similarly, one can show that H5"™&(K) = 5™ (r,7) as Zmx-NC-
algebras. In the same vein, there is also a cord formulation for modified string homo-
logy H{"™™8(K) (as introduced at the end of Section 2.1), along the lines of Defini-
tion 2.6: this is ,52/7\/ f where « is the non-unital algebra generated by nonempty
products of cords (the difference from ' being that o/ does not contain words of
the form Au®, which have no cords), and 7 is the ideal of & generated by skein
relations (ii) through (iv) from Definition 2.6, without (i).
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2.4. THE CORD ALGEBRA AND GROUP RINGS. Having defined the cord algebra in terms
of homotopy groups, we can now give an even more explicit interpretation not involv-
ing broken words, in terms of the group ring Z=. Notation is as in Section 2.3: in partic-
ular, K C @Q is a framed oriented knot with tubular neighborhood N, 7 = m1(Q \ K),
and 7 = 71 (ON). When Q = R3, we assume for simplicity that the framing on K is
the Seifert framing.

Before addressing the cord algebra Hi™"8(K) 2= S77 (1, 7) itself, we first note that
the modified version HS""8(K) = S™ (x,7) is precisely Z.

Prorosirion 2.17. — For a knot K C Q, we have an isomorphism as Zmw-NC-algebras
S™ (7, ) & L.

Proof. — The map Zr — S™ (7, 7),  — [z], has inverse ¢ given by

o([z1[{en Hzo[{ao} -+ [zn—1[{an-1}zn])
=21(1 — pagza(l — p)ag - Tp_1(1 — p)n—12n;

note that ¢ is well-defined (just check the string relations) and preserves ring structure.
|

The corresponding description of the cord algebra S™7 (7, %) is a bit more involved,
and we give two interpretations.

Prorosition 2.18. — For a knot K C Q, we have a Z-module isomorphism
ST (7, 7) =2 ZINFY @ Zr.

For any o € Z[N*Y), the left and right actions of a on ST (m,T) induced from the 7-
NC-algebra structure on S?T%(ﬂ',%) coincide under this isomorphism with the actions
of a on the factors of ZINTY] @ Zr by left and right multiplication.

Proof. — The isomorphism Z[A*1]@Zr — ST (7, 7) sends (a,0) to {a} and (0, z) to
{1}[z]{1}. Note that this map commutes with left and right multiplication by powers
of \; for example, {\*a} = M\{a} and {1}[N\Fx]{1} = {\k}[z]{1} = NE{1}[=]{1}.

To see that the map is a bijection, note that the generators of S™* (m,7) can be
separated into “trivial” broken words of the form {a} and “nontrivial” broken words
of length at least 3. Using the string relations, we can write any trivial broken word
uniquely as a sum of some {\%} and some nontrivial broken words:

b—1
) = {2 = Y ey
i=0
if b > 0, and similarly for b < 0. On the other hand, any nontrivial broken word in
S77(r,7) can be written uniquely as a Z-linear combination of words of the form
{1}[z]{1}, € m: just use the map ¢ from the proof of Proposition 2.17 to reduce
any nontrivial broken word to broken words of length 3, and then apply the identity

{aa}zl{az} = {1} awzag]{1}. U
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Proposition 2.19. For knots K C R3, string homology HSmng(K) ~ S77 (7, 7),
and thus knot contact homology, detects the unknot U. More precisely, left multipli-
cation by X — 1 on ST (m, ) has nontrivial kernel if and only if K is unknotted.

Proof. — First, if K = U, then A =1 in 7, and so

(A = DAL AK1} = {1} = {31} = {1}AH1) — {1} [A{1} =0
in H{™™8(U), while {1}[1]{1} # 0 by the proof of Proposition 2.18.

Next assume that K # U, and consider the effect of multiplication by A — 1 on
Z[N] @ Zr. Clearly this map is injective on the Z[A*!] summand; we claim that
it is injective on the Zm summand as well. Indeed, suppose that some nontrivial
sum Y a;[z;] € Zr is unchanged by multiplication by A. Then [\*z;] must appear
in this sum for all k, whence the sum is infinite since 7 injects into w by the Loop
Theorem. ]

Remark 2.20. — It was first shown in [32] that the cord algebra detects the unknot.
That proof uses a relationship between the cord algebra and the A-polynomial, along
with the fact that the A-polynomial detects the unknot [8], which in turn relies on
gauge-theoretic results of Kronheimer and Mrowka [28]. As noted previously, by con-
trast, the above proof that string homology detects the unknot uses only the Loop
Theorem. Either proof shows that knot contact homology detects the unknot. How-
ever, we emphasize that for our argument, unlike the argument in [32], it is crucial
that we use the fully noncommutative version of knot contact homology.

We can recover the multiplicative structure on S™ (7, 7) under the isomorphism
of Proposition 2.18 as follows. On Z[A*] @ Zr, define a multiplication operation * by

(AP @) % (A2, ) = (MR NRLy 4 g A2 4 2y — g pua).
It is easy to check that * is associative, and that the isomorphism
ST (1, %) = (ZINF] @ Zrr, %)
now becomes an isomorphism of Z7-NC-algebras, where Z[A\T!] @ Zr is viewed as
a Z7-NC-algebra via the map Z[7] — Z[A*!] @ Zr sending A to (\,0) and p to
We now turn to another formulation of string homology in terms of the group

ring Zm. This formulation is a bit cleaner than the one in Proposition 2.18, as the
multiplication operation is easier to describe.

Prorosition 2.21. — For a knot K C Q, let R denote the subring of Zm generated
by T and im(1 — p), where 1 — u denotes the map Zw — Zx given by left multiplication
by 1 — u. There is a ring homomorphism

¢ H"M8(K) — R

determined by Y({a}) = a and Y ({1}[z]{1}) =  — px.
If # — 7 is an injection (in particular, if K C R® is nontrivial), then 1 is an
isomorphism of Zw-NC-algebras.
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Proof. It is easy to check that 1 respects all of the string relations defining
ST (r,7) = H""8(K): the key relation [z1a5] — [#1puas] — [21]{1}[x2] is sent to
(1—p)xize — (1 — p)zypxs — (1 — )z (1 — p)ze = 0. Thus ¢ is well-defined as a map
H"™8(K) — M. This map acts as the identity on 7 and thus is a Z7-NC-algebra
map.

Since v is surjective by construction, it remains only to show that v is injective
when T — 7 is injective. Suppose that

en o= p(Tal)+ Toal) = e+ o0 e,

for some a;,b; € Z and z; € 7. We claim that b; = 0 for all j, whence a; = 0 for
all 7 since 7 injects into m for K nontrivial. Assume without loss of generality that
the framing on K is the O-framing (changing framing simply replaces A by Au¥ for
some k). Then the linking number with K gives a homomorphism lk: 7 — Z satisfying
lk(A) = 0 and lk(p) = 1. If 37, bjz; is not a trivial sum, then let z, be the contributor
to this sum of maximal linking number. The term —bgpa, in 3, b;j(1—p)x; cannot be
canceled by any other term in that sum; thus for (2.1) to hold, xy must have linking
number —1. But a similar argument shows that the contributor to > ; bjx; of minimal
linking number must have linking number 0, contradiction. We conclude that 3 j bjx;
must be a trivial sum, as claimed. O

Remark 2.22. — To be clear, as a knot invariant derived from knot contact homology,
the cord algebra HS"™8(K) (for K # U) is the ring /8 C Zr along with the map
Z7 = ZINTY, ut] — M. Proposition 2.21 implies that the Z[ ! y*1]-NC-algebra
structure on Zzx = H3"™&(K) completely determines Hj"8(K). We do not know if
H™"8(K) determines Hi™ ™8 (K) as well, nor whether H3" ™8 (K) is a complete knot
invariant.(®

On the other hand, ﬁgtring(K ) as a ring is a complete knot invariant for prime knots
in R? up to mirroring, as we can see as follows. By Proposition 2.17, ﬁgtring(K) =
Z[r], and for prime knots K, Gordon and Luecke [24] show that m = 7 (R® \ K)
determines K up to mirroring. On the other hand, 7 is a left-orderable group, and
the ring isomorphism type of Z|G] when G is left-orderable is determined by the group

isomorphism type of G [29]. We thank Tye Lidman for pointing this out to us.
We conclude this section with two examples.

Exampre 2.23. — When K is the unknot U, then
Hy"™(U) = 2N 5 /(A = D (u = 1)),

(4)Added in revision: it has now been proven by Shende [35], and then reproven in [17], that
the Legendrian isotopy type of Ax completely determines the knot K. The proof in [17] relies on
the present paper and shows that an enhanced version of knot contact homology (or of Hj'""8(K))

determines K. The question of whether H(S)tring (K) is a complete invariant remains open.
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while HS"™™8(U) 2 Z[u*1]. The ring homomorphism 1 from Proposition 2.21, which is
not injective, is given by ¥(\) = 1, ¥»(u) = p. The isomorphism from Proposition 2.18
is the (inverse of the) map

ZN @ 2] — ZIVFL (A = D (e - 1)
(avﬂ) —ra+ (,U, - l)ﬂ

As noticed by Lidman, this computation of Hj'"&(U) along with Proposition 2.21
gives an alternative (and shorter) proof that knot contact homology detects the unknot
(Proposition 2.19), and more generally that this continues to hold even if the knot is
not assumed to be Seifert framed (Corollary 1.5).

Proof of Corollary 1.5. — Suppose that H3""8(K) = H"8(U) where K is a framed
oriented knot and U is the unknot with some framing. By changing the framing of
both, we can assume that K has its Seifert framing. If K is knotted, then Zrm has
no zero divisors since 7 is left-orderable, and thus Hi""#(K) C Zr also has no zero
divisors by Proposition 2.21. On the other hand,

H(s)tring(U) o Z[)\i17ﬂi1]/((>\ﬂf _ 1)(‘LL _ 1))

for some f € Z. Thus K must be the unknot and must further have the same framing
as U. g

In [23], Gordon and Lidman extend this line of argument (i.e., applying Proposi-
tion 2.21) to prove that knot contact homology detects torus knots as well as cabling
and compositeness.

Exampre 2.24. — When K is the right-handed trefoil 7', a slightly more elaborate
version of the calculation of the cord algebra from [32] (see also [34]) gives the following
expression for Hgtring(T): it is generated by A*!, u*!, and one more generator z, along
with the relations:

A= pA
Mibx =z’

1 4pu+z—\lxp Bzt =0

2 2

1—p—Nlap™2 = Nlap2zp™t =0.

On the other hand, ﬁgmng (T) = Zm is the ring generated by p*! and a*' modulo
the relation pap = apa; the longitudinal class is A = apa™'pap™2. The explicit map
from Hj'""(T) to Zr is given by:

B p

A — X = apa pap™>

z— (1 —p)ap ta™t.

It can be checked that this map preserves the relations in H™ " 8(T).
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3. RoADMAP TO THE PROOF OF THEOREM 1.2

The remainder of this paper is devoted to the proof of Theorem 1.2. To avoid
getting lost in the details, we give here a roadmap to the proof and explain the
technical issues to be addressed along the way.

The proof follows the scheme that is described for a different situation in [6] and
consists of 3 steps. Let &7 be the free Zn-NC-algebra generated by Reeb chords and
0p + @/ — o/ the boundary operator for Legendrian contact homology. For a Reeb
chord a and an integer ¢ > 0 denote by .#;(a) the moduli space of J-holomorphic
disks in T*@Q with one positive puncture asymptotic to a and boundary on Q U Ly
with 2¢ corners at which it switches between L and Q.

Step 1. — Show that .#,(a) can be compactified to a manifold with corners .#,(a)
and that the generating functions ¢(a) := > ,o,.#(a) (extended as algebra maps
to &) satisty the relation

¢ = ¢pOp — 69,

where 0.4 (a) is the subset of elements in .#,(a) that intersect K at the interior of
some boundary string.

Step 2. — Construct a chain complex (C.(X),0 + §) of suitable chains of broken
strings such that ¢ induces a chain map

O (A,0)) — (C(X),0+0),

and the homology Ho(%, 8+ 6) agrees with the string homology Hi""8(K) as defined
in Section 2.1.

Step 3. — Prove that ® induces an isomorphism on homology in degree zero.

Step 1 occupies Sections 8 to 10. It involves detailed descriptions of

— the behavior of holomorphic disks at corner points;
— compactifications of moduli spaces of holomorphic disks;
— transversality and gluing of moduli spaces.

In Step 2 (Sections 4 to 6) we encounter the following problem: The direct approach
to setting up the complex (C(X),0 + 6) would involve chains in spaces of broken
strings with varying number of switches. These spaces could probably be given smooth
structures using the polyfold theory by Hofer, Wysocki and Zehnder [27]. Here we
choose a different approach, keeping the number of switches fixed and inserting small
“spikes” in the definition of the string operation § = g + dn. Since this involves
non-canonical choices, one does not expect identities such as 9§ + 60 = 0 to hold
strictly but only up to homotopy, thus leading to an oco-structure as described by
Sullivan in [37]. We avoid oo-structures by carefully defining § via induction over the
dimension of chains such that all identities hold strictly on the chain level.

JE.P.— M., 2017, tome 4



682 K. Cieriesak, T. Exnouwm, J. Exnoww & L. Ne

Step 3 (Section 7) follows the scheme described in [6]. This involves

— a length estimate for the boundary of holomorphic disks, which implies that ®
respects the filtrations of & and C(X) by the actions of Reeb chords and the total
lengths of @Q-strings, respectively.

— counstruction of a length-decreasing chain homotopy deforming C(X) to chains
C(%2)in) of broken strings all of whose @Q-strings are linear straight line segments
(at this point we specialize to Q@ = R3);

— Morse-theoretical arguments on the space ¥y, to prove that ® induces an iso-
morphism on degree zero homology.

4. H()LOM()RI’HIC FUNCTIONS NEAR CORNERS

In this section, we call a function f : R — C on a subset R C C with piecewise
smooth boundary holomorphic if it is continuous on R and holomorphic in the interior
of R.

4.1. Power series Expansions. — Denote by D C C the open unit disk and set
DT :={z€ D|S3(z) >0},
QT :={z€D|R(2) >0, 3(z) =0}
Consider a holomorphic function f : @T — C (in the above sense, i.e., continuous

on Q% and holomorphic in the interior) with f(0) = 0. We distinguish four cases
according to their boundary conditions.

Case 1. — f maps Ry to R and iRy to iR.
In this case, we extend f to a map f: Dt — C by the formula

f(z)==f(=2),  R(z) <0, 3(z) >0,
and then to a map f: D — C by the formula

f2):=1(3), S(z)<0.
The resulting map f is continuous on D and holomorphic outside the axes R U iR,

hence holomorphic on D, and it maps R to R and ¢R to ¢R. Thus it has a power series
expansion

oo
f(Z) = Zagj_lej_l, a; € R.
j=1

This shows that each holomorphic function f: QT — C mapping R, to R and iR
to iR is uniquely the restriction of such a power series. In particular, f has an isolated
zero at the origin unless it vanishes identically. Similar discussions apply in the other
cases.

Case2. — f maps (Ry,iRy) to (iR, R). Then it has a power series expansion

9]
f(Z) = iZagj_lejfl, aj € R.
j=1
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Case 3. f maps (R4,iR4) to (R,R). Then it has a power series expansion
oo
flz) = ZangQj, aj € R.
j=1
Case4. — f maps (Ry,iRy) to (iR, R). Then it has a power series expansion
oo
f(z) :iZa2j22j, a; € R.
j=1

Remark 4.1. — We can summarize the four cases by saying that f : Q™ — C is given
by a power series

flz) = Z apz®
k=1

with either only odd (in Cases 1 and 2) or only even (in Cases 3 and 4) indices k, and
with the ay, either all real (in Cases 1 and 3) or all imaginary (in Cases 2 and 4). Such
holomorphic functions f will appear as projections onto a normal direction of the
holomorphic curves considered in Section 6.3 near switches. Then Case 1 corresponds
to a switch from @ to N, Case 2 to a switch from N to @, Case 3 to a switch from N
to IV, and Case 4 to a switch from @ to Q.

Revark 4.2. — It will sometimes be convenient to switch from the positive quadrant
to other domains. For example, the map v(z) := /z maps the upper half disk DT
biholomorphically onto Q. Thus in Case 1 the composition f o1 is a holomorphic
function on DT which maps R, to R and R_ to iR, and it has an expansion in powers

of \/z by

f @) ’L[)(Z) = Z (12j_12j71/2, a; € R.
j=1
As another example, the map ¢(s,t) := ie”"(+?)/2 maps the strip (0,00) x [0, 1]
biholomorphically onto @™~ {0}. Thus in Case 1 the composition fo¢ is a continuous

function on Ry X [0, 1] which is holomorphic in the interior and maps R4 x {0} to iR
and Ry x {1} to R, and it has a power series expansion

Fod(s,t)=—iY (—1)ag_jeFI~NmEHD2 g, e R,
j=1

Similar discussions apply to the other cases.

Let us consider once more the function f : QT — C of Case 1 mapping (R ,iR,)
to (R,iR). Its restrictions to iRy resp. R4 naturally give rise to functions

f-:(-1,00 — R resp. f1+:[0,1) —R
via

f-(t) = (=) f(=it), t <0, fo(t) = f(t), t > 0.
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Here and in the sequel we always use the isomorphism (—i) = i~! : iR — R to iden-
tify 4R with R in the target. So fi are related by f_ = r. fi, where the reflection r, f
of a complex valued power series f(t) = > ro, axt®, aj, € C", is defined by

oo
rof(t) = (=) f(=it) = Y (=) ayt".

k=1
(Note that the domain C and the target C play different roles here: multiplication by
(—i) on the domain comes from opening up the positive quadrant to the upper half
plane, while multiplication by (—¢) in the target corresponds to the canonical rotation
by —J from iR C @ to R C N.)

The effect of 7, on the power series expansion f(t) = Y272 ag;1t*~" in Case 1 is

as follows:

oo

2j-1 _ 2j—1
E agj—1(—it)™~ E agj_1t7 71,

Jj=1
so the coefficient asj_; is changed to (—1)3a2j_1. Note that ay is changed to —ay,
which justifies the name “reflection”.

Now consider f as in Case 2 mapping (Ry,iR) to (iR,R). Here the restrictions
to iR resp. R naturally give rise to functions f_ : (—1,0] — Rresp. fy : [0,1) = R
via

Fo) = fit), £SO, fo() = (<) f(D), t>0.
So fi are related by f_- = —r.fi, and the coeflicient as;_; in the power series
expansion of f4 is changed to (—1)7*ay;_1. In particular, a; is unchanged so that f_
and f, fit together to a function (—1,1) — R of class C? (but not C?).

4.2. Winpine Numsers. — Consider a holomorphic function f : QT — C given by a
power series f(2) = > p | axz" as in Cases 1-4 of the previous subsection. In each of
these cases we define its winding number at 0 as

w(f,0) := %inf{k | ar # 0}.

Note that the winding number is a half-integer in the first two cases and an integer
in the last two cases. Also note that the winding number is given by

—~ [ra.
T Jy

where v is a small arc in Q@ connecting (0, 1) to (0, 1). This can be seen, for example,
by choosing 7 as a small quarter circle QT NdD,; then the symmetry of f with respect
to reflections at the coordinate axes implies

1
/f — fd@——-Qﬂ'inf{lﬂak#O}Zw(f,()).
Next let r > 1, denote by DT the open disk of radius r, by

Ti={zeC|3(z) =0}
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the upper half plane, and set D;} := D, N HT. Consider a nonconstant continuous
map f : D — C which is holomorphic in the interior and maps the interval (—r, )
to R U iR. Suppose that f has no zeroes on the semi-circle 8D, N HT. Then f has
finitely many zeroes s, ..., sy in the interior of D} as well as finitely many zeroes
t1,...,t¢ in (=1,1). (Finiteness holds because the holomorphic function z — f(z)?2
maps R to R, and thus can only have finitely many zeroes by the Schwarz reflection
principle and unique continuation.) Denote by w(f,s;) € N resp. w(f,t;) € %N the
winding numbers at the zeroes. Thus with the closed angular form df on C \ {0},

w(f,si) = %/@

where «; is a small circle around s; and 3; is a small semi-circle around ¢; in D,
both oriented in the counterclockwise direction. (Thus the w(f, s;) are even integers
and the w(f,t;) are integers or half-integers). Denote by v the semi-circle §Dy N H*
oriented in the counterclockwise direction. Then Stokes’ theorem yields

1 [ ., k
WLf 0= ulfs)+

Since all winding numbers are nonnegative, we have shown the following result.

1
*de, Jti) = — *do,
o= s

i

w(fa tj)'

1

Y4
=
LEmma 4.3. Consider a nonconstant continuous map f : D;f — C which is holo-
morphic in the interior and maps (—r,r) to RUIR. Suppose that f has no zeroes on

the semi-circle v = D1 N H™ and zeroes at ty, ..., ty € (—=1,1) (plus possibly further
zeroes in DY ). Then

1 . -
W/Wf a8 >3 w(f, ;).

Jj=1

More generally, for n > 1 consider a nonconstant continuous map f : D} — C"
which is holomorphic in the interior and maps (—r, ) to R® UiR™. Suppose that f has
no zeroes on the semi-circle 0D N HT and zeroes z1,. .., Zmy in Df (in the interior or
on the boundary). For each direction v € S"~* C R™ we obtain a holomorphic map
fv := my o f, where 7, is the projection onto the complex line spanned by v. Fix a
positive volume form € on S™~! of total volume 1. Then there exists an open subset
V C 8™71 of measure 1 such that for all v € V, f, has zeroes precisely at the z; and
their winding numbers are independent of v € V. So we can define

w(f,5) = [ 0(Fr2)R0) = 0l )
for any vy € V and obtain

Cororrary 4.4. — Consider a nonconstant continuous map f : DY — C" which is
holomorphic in the interior and maps (—r,r) to R"UiR™. Suppose that | has no zeroes
on the semi-circle v = 0Dy N HT and zeroes at ty,...,t, € (=1,1) (plus possibly
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fs.e _ %_

[icure 4.1. Spikes in the model families f. and fs..

further zeroes in DY ). Then there exists an open subset V. C S"~1 of measure 1 such
that for every vg € V,

m

i/vajodg:/v(i/vf;dG) Qv) > Y w(f,t;).

Jj=1

4.3. Seikes. — Consider again the upper half disk DT = {z € D | S(z) > 0} and
real points —1 < by < by < --- < by < 1. We are interested in holomorphic functions
f: Dt~ {by,...,be}, continuous on DT, mapping the intervals [b;_1, b;] alternatingly
to R and :R. We wish to describe models of 1- resp. 2-parameter families in which 2
resp. 3 of the b; come together. A model for such a 1-parameter family is

(4.1) fe(z) :i=Vz2(z —¢), =0

with zeroes at 0,e. A model for a 2-parameter family is
(4.2) f5e(2) = z(z+0)(z —¢e), €,0=20

with zeroes at —d,0,c. Here we choose appropriate branches of the square root so
that the functions become continuous. The images of these functions are shown in
Figure 4.1. They show that f. has a “spike” in the direction iRy which disappears
as € = 0, and f5. has two “spikes” in the directions R_ resp. iR} which disappear
as 0 resp. € approaches zero. Based on these models, the notion of a “spike” will be
formalized in Section 5.
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In the following section, functions with two spikes will appear in the following local
model. Consider the 1-parameter family of functions f, : Q7 — C,

fa(z) = ilaz — 2%), acR.
They map (R4, iR;) to (iR, R) and thus correspond to Case 2 in Section 4.1. Via the
identifications in that section, f, induces functions
f-(a,t) = fo(—it) = at + 3, t#0,
frlat):= (=) falt) = at =%, >0,
which fit together to a C? (though not C?3) function
fla,t) = at —sgn(t)t®,  teR.
In Case 1, one considers the functions f,(z) = —az+ 23 mapping (R4, iR ) to (R, iR).
Here the induced functions
f-(a,t) = (=i) fa(—=it) = at + >, t#0,
fi(a,t) = fo(t) = —at+t>, t>0

do not fit together to a C'* function, but when we replace fy by —fy they fit together
to the function f(a,t) above.

5. STRING HOMOLOGY IN ARBITRARY DEGREE

5.1. Broken strinGgs. — Let K be a framed oriented knot in some oriented 3-man-
ifold Q. Fix a tubular neighborhood N of K and a diffeomorphism N =2 S x D2,

Fix an integer m > 3 and a base point o € ON. We also fix an m-jet of a curve
passing through zg in N. Using the diffeomorphism N =2 S' x D2, this is equivalent
to specifying suitable vectors v(()k) € R3, 1 < k < m. The following definition refines
the one given in Section 2, which corresponds to the case m = 1.

Derintrion 5.1 A broken (closed) string with 2¢ switches on K is a tuple s =
(aty...,a2041;81,-..,820+1) consisting of real numbers 0 = a9 < a1 < -+ < age41
and C"™-maps
S2i41 : a2q,a2i41] —> N, 824 ¢ [agi—1, a2;] — Q

satisfying the following matching conditions at the end points a;:

. k k k

(i) 51(0) = sap41(azet1) = xo and sg )(0) = Sgel_l(a2[+1) = v(() ) for 1 <k<<m.

(ii) For i = 1,...,¢,

s2i(azi) = s2i41(a2;) € K, s2i-1(a2i-1) = s2i(azi—1) € K.

(iii) Denote by o; the D?-component of s; near its end points. Then for i = 1,...,¢
and 1 < k < m/2 (for the left hand side) resp. 1 < k < (m +1)/2 (for the right hand
side)

2k 2k 2k—1 2k—1
o5 (azi) = 05 (az) =0, o5 V(an) = (~1)Fosi P (az),
oeP) (agi1) = 05 (ag—1) = 0, oS D agi 1) = (1) 02 D ag ).
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We will refer to the so; and sq;41 as Q-strings and N-strings, respectively. A typical
picture of a broken string is shown in Figure 2.1 on page 666. Conditions (i) and (ii)
in Definition 5.1 mean that the s; fit together to a continuous loop s : [0, age+1] = Q@
with end points at o (which fit together in C™).

Condition (iii) is motivated as follows: In Section 8 below, we consider almost
complex structures J on T%(Q which are particularly well adapted to the immersed
Lagrangian submanifold Q U Lx C T*Q. For such a J, Lemma 8.6 then provides a
holomorphic embedding of a neighborhood & of S'x{0} € CxC? onto a neighborhood
of K C T*Q mapping ¢ N (S x iR?) to @ and & N (S* x R?) to L. Condition (iii)
requires that the normal component o of s at the switching points a; behaves like
the boundary values of a holomorphic disk with boundary on Q U L when projected
to C? in these coordinates near K.

To see this, let us reformulate condition (iii). As in Section 4.1, to a complex valued
polynomial p(t) = >°\L, pt®, pr € C?, we associate its reflection

m
roplt) = (~i)p(=it) = 3 (~)** it
k=1
Then two real valued polynomials p(t) = Y7 pitt and q(t) = >, qit",
i, i € R?, satisfy 7.p = ¢ if and only if for 1 < k < m/2 (on the left hand side)
resp. 1 <k < (m+1)/2 (on the right hand side)

pok = qor = 0 and pog—1 = (—1)*qop—1.

So in terms of the normal Taylor polynomials at the switching points

m

. M) g gm o oi ()
T™oi(ai—1)(t) :== Z Tt , T"oi(a;)(t) = Z Tt )
k=1 ' k=1 .

condition (iii) is equivalent to the conditions
T 03i(azi) = T 02i11(a2i), T™og9i1(azi—1) = —r.T"02i(azi—1)-

These are precisely the conditions in Section 4.1 describing the boundary behavior
of holomorphic disks at a corner going from the imaginary to the real axis (Case 1,
corresponding to a switch from @ to V), resp. from the real to the imaginary axis
(Case 2, corresponding to a switch from N to Q).

Remark 5.2

(a) The case m = 3 suffices for the purposes of this paper. In fact, for 0- and
1-parametric families of strings we only need the conditions on the first derivatives
(the case m = 1 considered in Section 2), while for 2-parametric families we also
need the conditions on the second and third derivatives). Explicitly, condition (iii) for
m = 3 reads

09;(a2i) = =05 1(a2i),  09_1(azi—1) = 05, (azi—1),
(5.1) 09;(azi) = 05,11 (a2i) = 03,4 (azi-1) = 09;(azi—1) =0,
0y (a2i) = 054 (azi),  09;_y(azi—1) = —0y;(azi—1).
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(b) In Definition 5.1 one could add the condition that all derivatives of the tangent
components agree at switches (as it is the case for boundaries of holomorphic disks).
However, we will not need such a condition and thus chose not to include it. Similarly,
one could have required all the s; to be C* rather than C"™.

We denote by ©¢ the space of broken strings with 2¢ switches. We make it a Banach
manifold by equipping it with the topology of R on the a; and the C"-topology on
the s;. It comes with interior evaluation maps

evi: (0,1) x ¥ — Q resp. N, (t,s) — s; (1 = t)aj—1 + ta;)
and corner evaluation maps

T;: 2t — (RHLHD2I g s T™64(ay)

1

(2k—1)
(Ui (ai))lgkgL(erl)/?J'

Moreover, concatenation at the base point x( yields a smooth map
5 x B s n
5.2. GENERIC CHAINS OF BROKEN STRINGS. — Now we define the generators of the string
chain complex in degrees d € {0, 1,2}. Set A := {0} and let
Ag={(M,.. ;M) ERY N = 0,0 + -+ Xy < 1}

denote the d-dimensional standard simplex for d > 1. It is stratified by the sets where
some of the inequalities are equalities. Fix m > 3 as in the previous subsection.

Derizition 5.3, — A generic d-chain in X! is a smooth map S : Ay — X¢ such that
the maps ev; 05 : (0,1) x Aqg — Q and Ty 0 S : Ay — (R*)LmHD/2] are jointly
transverse to K resp. jet-transverse to 0 (on all strata of Ay).

Let us spell out what this means for m = 3 in the cases d = 0,1, 2.

d =0. — A generic O-chain is a broken string s = (s1,. .., Sa¢4+1) such that
(0a) &;(a;) # 0 for all i;
(Ob) s; intersects K only at its end points.
d=1. A generic 1-chain of broken strings is a smooth map
S:[0,1] — %6 A= st = (s, 89000)
such that

(1a) s° and s! are generic strings;
(1b) 6 (a}) # 0 for all 4, \;
(1c¢) for each 4 the map

(0,1) x (0,1) — @ resp. N, (t,\) — sf‘((l —t)a} | + tag\)
meets K transversely in finitely many points (¢4, A,). Moreover, distinct such inter-

sections (even for different 7) appear at distinct parameter values \,.
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S o \ p1

\
@ .

Figure 5.1. A spike with ends (p, q).

d=2. A generic 2-chain of broken strings is a smooth map
S: Ay — X, A s* = (s1,...,5%41)
such that
(2a) the s* at vertices A € Ay are generic strings;
(2b) the restrictions of S to edges of As are generic 1-chains;
(2¢) for each ¢ the map
(0,1) x intAy — @ resp. N, (t.A) — s2((L—t)a}, +ta))

is transverse to K; moreover, we assume that the projection of the preimage of K
to As is an immersed submanifold D; C Ay with transverse double points;

(2d) for all ¢, j the submanifolds D;, D; C Ag from

(2¢) meet transversely in finitely many points;

(2e) for each 4 the map

intAy — R?, A —s 6 (a})

meets 0 transversely in finitely many points satisfying (0})®)(a}) # 0; moreover,
these points do not meet the D;.

We will see in the next subsection that the points in (2e) are limit points of both D;
and Di+1 .

5.3. StrinG opEraTIONS. — Now we define the relevant operations on generic chains
of broken strings. Let 0 denote the singular boundary operator, thus

I{s*} = st — 0, 0S = S|on,
for 1- resp. 2-chains. For the definition of string coproducts we need the following

Derinition 5.4. — Let p(t) = Y1 pith and q(t) = Y1 qit®, pr, qr € R, be real
polynomials with (p1,q1) < 0. A spike with ends (p, q) is a C™-function f : [a,b] — D?
with the following properties (see Figure 5.1):
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Uj
v x 1 Ds
X(=7,7) = > X(—=,7)
g ) ~|px1
R? D-
D‘P oW X(=7,7)
\_/
f

Ficure 5.2. Construction of the map f.

(S1) the Taylor polynomials to order m of f at a resp. b agree with p resp. g;
(S2) (f(t),p1) > 0and (f(t),q1) <O for all t € (a,b).

Remark 5.5. — Note that the spikes with fixed ends (p, ¢) and fixed or varying a < b
form a convex (hence contractible) space.

We choose a family of preferred spikes s, : [0,1] — D? for all (p,q) depending
smoothly (with respect to the C™-topology) on the coefficients of p and q. Now we
are ready to define the string coproducts oy, g on generic d-chains for d < 2.

d =0. — On 0O-chains set é5 = dg = 0.

d=1. — For a l-chain {s*},c[o,1) let (M, b7) be the finitely many values for which

sg‘z (1) € K for some i = i(j). Set

5Q{S>\} = Z &’ (5%] ER) SS\Z |[a2¢—1,bj]’5ja gg\: |[bj,a2i]’ s ’:93\24—1)’
J

where 57 = s(- — b)) : [b7,7 + 1] — N is a shift of the preferred spike s with
ends (r*Tmaé‘; (b5), Tmag‘ij (b)) in the normal directions, with constant value sg‘f (b7)
along K. The hat means shift by 1 in the argument, and ¢/ = +1 are the signs de-
fined in Figure 2.2. Loosely speaking, d¢ inserts an IN-spike at all points where some
@-string meets K. The operation ¢ is defined analogously, inserting a @)-spike where
an N-string meets K. Note that by Definition 5.4 the spikes stay in N and meet K
only at their end points.

d = 2. Finally, consider a generic 2-chain S : Ay — 3¢ Let M € intA, be the
finitely many points where df‘j (af‘j) = 0 for some i = i(j). For the following construc-
tion see Figure 5.2. Let § > 0 be a number < 1 such that the map ¢ : A — d{\ (ag\) isa
diffeomorphism from a neighborhood U’ of M onto the §-disk Ds C R? (such § exists

by condition (2e) in Section 5.2). We choose U’ so small that it contains no other \’.
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Let v > 0 be a number < 1 such that |o*(t + a?)| < 1 for all |t| < 7. Consider the
function o : U7 x (—v,v) — R? defined by

oMt +a}): t <0,
o(\t) = =0} (t+a}): t>0ifiiseven,
oMi(t+a}):  t=0ifiisodd.

According to conditions (5.1), the function o (), t) is smooth in A and of class C? but
not C? in ¢. Define the function

fiDsx (—=7,7) — R% (a,b,t) — (¢ (a,b),t).

By construction we have %(a, b,0) = (a,b) for all (a,b). Moreover, by condition (2e)
in Section 5.2 we have v/ := (U;\j)(?’) (a}') # 0. Let ¥ be the rotation of R? which
maps v/ onto a vector (u,0) with u > 0, let ® : R> — R? be multiplication by 6/,
and set & := 64/p. Then the map

(5.2) fi=®oWofo(®d 'x1):D,x(—y,7) — R?
satisfies
0
f(a,b,0) =(0,0), ?{(a,b, 0) = (a,d),
82f _ afS B
ﬁ(a,b, 0) = (0,0), ﬁ(0,0,0) = 1(6,0)

for all (a,b). Here the map f is C? but not C3, and the statement about the third
derivative 0 f3/0t3(0,0,0) means that it equals +(6,0) from the left and —(6,0) from
the right. Therefore, f has a Taylor expansion (again considered for ¢t < 0 and ¢t > 0
separately)

(5.3) fla,b,t) = (at — sgn(t)t3, bt) + O(lal[t]® + [b][t]> + |t|Y).

Here to simplify notation we tacitly assume that the restrictions of f to ¢ < 0 and
t > 0 are C* rather than C3. The following argument carries over to the C® case if
we replace throughout O(|t|*) by o([t]?).

Consider first the model case without higher order terms, i.e., the function

a,b,t) = (at — sgn(t)t3, bt).

Note that the first component at — sgn(¢)t3 of fO is exactly the function that we
encountered at the end of Section 4.3. The zero set of fO consists of three strata

{t=0}u{b=0,a>0,t=+/a>0}U{b=0,a<0,t=—y—a<0}.
For a > 0 and b = 0 the function
fa:[0,va] — R?, t— f%a,0,t) = (at — t3,0)
is a spike with ends satisfying

fa(0) = (a,0),  fo(Va) =(=2a,0), £;"(0) = f;"(Va) = —6.

JEP M., 2017, lome /4



KnoT conTacT HOMOLOGY, STRING TOPOLOGY, AND THE CORD ALGEBRA 6()3

TN A

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Ficure 5.3. Two families of spikes vanishing at the origin.

Similarly, for a < 0 the function
fo:[=V=a,00 — R?*  t+—— f%a,0,t) = (at +t3,0)
is a spike with ends satisfying
fa(0) = (a,0),  fo(=V=a) = (-24,0), f"(0) = f"(—v~a) = +6.

So two families of spikes pointing in the same directions come together from both sides
along the a-axis {b = 0} and vanish at (a,b) = (0,0), see Figure 5.3. The following
lemma states that this qualitative picture persists in the presence of higher order
terms.

Lemma 5.6. Let f : D. x (=v,7) — R? be a function satisfying (5.3). Then
for € and ~ sufficiently small there exist smooth functions B(a,t) and 7(a) for
a € [—&,e]\{0} such that with B(a) := B(a,7(a)) the zero set of f in D. x (—7,7)
consists of three strata

{t=0u{b=p(a),a>0,t=7(a) >0tU{b=S(a), a<0,t=r7(a) <0}.
The functions B, T satisfy the estimates
Bla,t) = O(lalt? +[tf*),  7(a)* —a=0(a*?), Bla)=0(a"?).
Moreover, the functions
fa:[O,T(a]—HRQ, tr—>f(a,ﬂ(a),t), a >0,
fa :[(a),0] — R2, t»—>f(a,6(a),t), a<0
are spikes with ends satisfying

£1(0) = (a,0) + O(a®?),  f1(r(a)) = (=2a,0) + O(a*/?).

Proof. — We consider the case a,t > 0, the case a,t < 0 being analogous. Setting
the second component in (5.3) to zero and dividing by ¢ yields b = O(at? + bt? + t3),
which for ¢ sufficiently small can be solved for b = ((a,t) satisfying the estimate

JE.P.— M., 2017, tome 4



694 K. CreLiesak, T. Exiorw, J. Exiorm & L. Ne

B(a,t) = O(at? +t3). Inserting this into the first component in (5.3), setting it to zero
and dividing by ¢ yields

a—t* = O(at® + Bla, t)t? + t3) = O(at® + %),

which for (a,t) sufficiently small can be solved for ¢t = 7(a) satisfying the estimate
7(a)? —a = O(a*?). Inserting t = 7(a) in B(a,t) we obtain the estimate 3(a) =
O(a?/?). This proves the first assertions.

Now consider the function f,(t) = f(a, 8(a),t) for t € [0,7(a)] and a > 0. Inserting
B(a) = O(a®/?) we find

fa(t) = (at —3,0) + O(B(a)t + at® + B(a)t® + t*)
= (at — t°,0) + O(a®?t + at® + t*),

and therefore f.(t) = (a—3t2,0) +O(a®? + at® + ). This immediately gives f.(0) =
(a,0) + O(a®/?) and, using 7(a) = O(a'/?), also f.((a)) = (—2a,0) + O(a’/?).

It remains to prove that the functions f, are spikes in the sense of Definition 5.4.
Write in components f = (f1, f2) and f, = (fl, f?) and abbreviate 7 := 7(a). We

claim that there exist constants d, D > 0 independent of a, t such that for all ¢ € [0, 7]
we have

fat) = 20t(r* = %), [f2(t)] < Dt(a +t)(1 — ).

For the first estimate, note that
1
“fa®) =a— 2+ 0 +at” +1%),

viewed as a function of ¢, has transversely cut out zero locus ¢t = 7 and is therefore
> 25(7% — t2) for some § > 0. The second estimate holds because

%ff(t) =0(a*? + at® +17)

vanishes at t = 7, so |f2(t)| < Dt(a + t)(7 — t) for some constant D. Using these
estimates as well as f/(0) = (a,0) + O(a*?) and 7 = O(a'/?) we compute with a
generic constant C' (independent of a, t):

(f2(0), fa()) = (a+O(a®?)) fa(t) + (O(a*?), £2(1))
> adt(t? — 1) — Ca®/*t(r — t)(a + 1)
— at(r —t) (5(T 1) — Ca?(a + t))
> a?t(r —t)(6 — Cla+1)),

which is positive for 0 < t < 7 and a sufficiently small. An analogous computation,
using f!(7) = (=2a,0) + O(a®/?), shows (f.(), fa(t)) <0, so f, is a spike. O
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Remark 5.7. The spikes from Lemma 5.6 can be connected to the spike of the
model function f° without higher order terms by rescaling: For s € (0, 1] set

1
fi(a,b,t) := —Bf(s2a7 s%b, st)
s

= (at —sgn(t)t>,bt) + sO(|al[t|* + [b][t]* + [¢]*)

S0, (at — sgn(t)t®, bt).
Thus for |a| < e the corresponding family of spikes (f;)se[0,1) connects f, to the
spike f0.

Now we return to the points A € U7 and the corresponding maps
f:Dex (=v,7) — R®

defined by (5.2). After shrinking €, > 0 and replacing U’ by (® o ¢)~1(D.) C A
(where ¢, @ are the maps defined above), we may assume that e, v satisfy the smallness
requirement in Lemma 5.6 for each j. Define

Mz, = Uleva o S)"HEK) N U(U7 x (0,1)),

MSN = L’L_J(GVQZ‘,l o S)_l(K) AN U(U] X (07 1))

J
By construction, MgQ and MgN are 1-dimensional submanifolds with boundary of
Ay x (0,1). Define SQS : MSQ — X1 by inserting preferred N-spikes at all points
where some @-string meets K (via the same formula as the one above for dg on
1-chains), and similarly for (5~NS. See Figure 5.4.
Note that the boundary 8M5Q consists of intersections with 0As and with the

boundaries OU’. Thus each j contributes a unique point )‘Z;) to M5 _, which corre-
sponds in the above coordinates to a = +¢ if the associated index i is odd and to
a = —¢ if i is even. Similarly, each j contributes a unique point )\g\, to 8M5N which
corresponds in the above coordinates to a = —e if the associated index ¢ is odd and
to a = +¢ if 7 is even. The broken strings EQS()\JQ) and gNS(Agv) are C™-close for
[t| > 7, and by Lemma 5.6 for |¢| < v they both have a Q-spike and an N-spike with
the same first derivatives at the ends. So, using convexity of the space of spikes with
fixed ends (Remark 5.5, see also Remark 5.7), we can connect them by a short 1-chain
S7:[0,1] — 2! with spikes in [—7, ] (which we regard as Q-spikes.)

We define 6¢S : Ms, — ST to be SQS together with the 1-chains S7, and we
set Oy S = gNS t Ms, = MSN — 21 Recall that the 1-dimensional submanifold
Mg@ C Ag x (0,1) is the union of the transversely cut out preimages of K under the
evaluation maps evg; 0.5 : Ag x (0,1) = Q. Hence the coorientation of K C @ and the
orientation of Ay x (0,1) induce an orientation on Mg_, and similarly for M5 . (The
induced orientations depend on orientation conventions which will be fixed in the
proof of Proposition 5.8 below.) We parametrize each connected component of MSQ

and Mj by the interval A; = [0,1] proportionally to arclength (with respect to
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Ficure 5.4. The definition of g8 = EQS + 57 and 6§ S = SNS.

the standard metric on Az x (0,1) and in the direction of the orientation, where for
components diffeomorphic to S we choose an arbitrary initial point). So we can view
0QS + Msy, — Y+l and 6§ S : Ms, — X! as generic 1-chains, where we orient the
1-chains S7 such that the points gQS ()‘ZQ) appear with opposite signs in the boundary
of §7 and MSQ'

Prorosition 5.8. — On generic chains of degree 2, the operations 0, dg and én satisfy
the relations

9% = 5% = 512\7 = 5@51\[ +5N5Q =0,
00g + 90+ 0dn + 60 = 0.
In particular, these relations imply
(0+6g +dn)* =0.

Proof. Consider a generic 2-chain S : Ay — > We continue to use the notation
above and denote by 7 : Ay x (0,1) — A, the projection. The relation 925 = 0
is clear. Points in ‘%S correspond to transverse self-intersections of W(MKQ), so each
point appears twice with opposite signs, hence (%S = 0 and similarly §%,S = 0. Points
in dgdnS + dndgS correspond to transverse intersections of 7r(M5~Q) and m(Mg ),
so again each point appears twice with opposite signs and the expression vanishes.
Note that the broken strings corresponding to these points have two preferred spikes
inserted at different places, so due to the uniqueness of preferred spikes with given
end points the broken strings do not depend on the order in which the spikes are
inserted.

In order to achieve 9dg + 60+ 00N + dn0 = 0, we choose the orientation conven-
tions for My and Mz such that (see Figure 5.4):
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- ﬁgQS + EQaS corresponds to the intersection points )\Z? of M5~Q with the bound-
aries of the regions U”, and similarly for 9655 + dnOSS; 4

— the sign of AJQ as a boundary point of MSQ is opposite to the sign of A} as a
boundary point of Ms .
Due to the choice of the 1-chains S7, it follows that d5gS + 60 is the sum of the

points §NS()\§V) with suitable signs, and 0dn S + dy0S is the same sum with opposite
signs, so the total sum equals zero. O

5.4. THE STRING CHAIN COMPLEX. For d = 0,1,2 and £ > 0 let Cy4(%*) be the free
Z-module generated by generic d-chains in $¢, and set

Ca(%) = z@) Cq(2Y, d=0,1,2

The string operations defined in Section 5.3 yield Z-linear maps
0:C4(8Y) — Cam1(ZY), N, 00 : Ca(EY) — Car (B,

The induced maps 0,dq,0n : Cy(X) — Cy_1(X) satisfy the relations in Proposi-
tion 5.8, in particular

D:=0+6g +dn.

satisfies D? = 0. We call (C(X),0+ 8¢ +dn) the string chain complez of K, and we
define the degree d string homology of K as the homology of the resulting complex,

Hzmng(K) = Hy(Cu(%), 0+ dq +dn), d=0,1,2.

Concatenation of broken strings at the base point zy (and the canonical subdivision
of Ay x Aj into two 2-simplices) yields products

% 1 Cg(BY) x Cg (BY) — Capa (DY), d+d <2
satisfying the relations
(5.4) (axb)xc=ax(bxc), D(a xb) = Da x b+ (—1)%8% x Db

whenever dega + degb + deg ¢ < 2. In particular, this gives Cy(X) the structure of a
(noncommutative but strictly associative) algebra over Z and C(X), C2(X) the struc-
ture of bimodules over this algebra. These structures induce on homology the structure
of a Z-algebra on H"™8(K), and of bimodules over this algebra on H;""&(K) and
H3"™8(K). By definition, the isomorphism classes of the algebra Hi"#(K) and the
modules H;"™™8(K), Hi™™8(K) are clearly isotopy invariants of the framed oriented
knot K.

We can combine these invariants into a single graded algebra as follows. For d > 2,
we define Cy(2*) to be the free Z-module generated by products S x - - - x S, of generic
chains S; of degrees 1 < d; < 2 in X% such that dy +---4+d, =dand {1+ -+, = 1,
modulo the submodule generated by

Sy XX S =8 x-- xS,

JE.P.— M., 2017, tome 4



698 K. Cieriesak, T. Exnoum, J. Exnoww & L. Ne

for different decompositions of the same d-chain. Put differently, this submodule is
generated by

Sl X Sz XSi—i—l Xoeee XST—Sl X (Sz XSi—i—l) Xovee XST,
where S; and S;;1 are generic 1-chains and (S; x S;41) is the associated generic 2-
chain. Note that for d = 2 this definition of Cy(%*) agrees with the earlier one. We
define D =0+ g + dn on
Cy(B) = P Ca(2), d>0
£=0
by the Leibniz rule. This is well-defined in view of the second equation in (5.4) and

satisfies D? = 0. Together with the product x this gives C,(X) the structure of a
differential graded Z-algebra. The total string homology

H"™™8(K) := H,(C.(X), D)

inherits the structure of a graded Z-algebra whose isomorphism class is an invariant
of the framed oriented knot K.

Remark 5.9. — Our definition of string homology of K in degrees > 2 in terms of
product chains is motivated by Legendrian contact homology of AK when Q = R3
which is then generated by elements of degrees < 2. From the point of view of string
topology, it would appear more natural to define string homology in arbitrary degrees
in terms of higher dimensional generic chains of broken strings in the sense of Defi-
nition 5.3. Similarly, for knot contact homology in other ambient manifolds, e.g. for
Q = S3, there are higher degree Reeb chords that contribute to the (linearized) con-
tact homology. It would be interesting to see whether such constructions would carry
additional information.

5.5. Lenern rintration. — Up to this point, the constructions have been fairly sym-
metric in the @Q-and N-strings. However, as we will see below, the relation to Leg-
endrian contact homology leads us to assign to @Q-strings ss; their geometric length
L(s2;), and to N-strings length zero. Thus we define the length of a broken string
s =1(81,...,820+1) by

4
L(s) == L(s2),
i=1

where we do not include in the sum those so; that are Q-spikes in the sense of Defi-
nition 5.4. We define the length of a generic i-chain S : K — ¥ by

L(S) := inez}%(L(S(k))
Then the subspaces
FCi(D) = {Z a;S; € Ci(X) | L(S;) < £ whenever a; # 0}
define a filtration in the sense that .#*C;(X) C ZF*C;i(X) for k < £ and
D(%ci(z)) C T (D).
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This length filtration will play an important role in the proof of the isomorphism to
Legendrian contact homology in Section 7.

Remark 5.10. — The omission of the length of Q-spikes from the length of a broken
string ensures that the operation Jy, which inserts @Q-spikes, does not increase the
length. Since @-spikes do not intersect the knot in their interior, they are not affected
by d¢ and it follows that D preserves the length filtration.

6. THE cHAIN MAP FROM [LEGENDRIAN CONTACT HOMOLOGY TO STRING HOMOLOGY

In this section we define a chain map ®: C,.(#Z) — C.(X) from a complex comput-
ing Legendrian contact homology to the string chain complex defined in the previous
section. The boundary operator on C,(Z) is defined using moduli spaces of holomor-
phic disks in R x S*@Q with Lagrangian boundary condition R x Ag and the map ® is
defined using moduli spaces of holomorphic disks in T*(@) with Lagrangian boundary
condition Q U Ly, where the boundary is allowed to switch back and forth between
the two irreducible components of the Lagrangian at corners as in Lagrangian inter-
section Floer homology. We will describe these spaces and their properties, as well
as define the algebra and the chain map. In order not to obscure the main lines of
argument, we postpone the technicalities involved in detailed proofs to Sections 8-10.

6.1. Horomorpric pisks IN THE syMPLECTIZATION. — Consider a contact (2n — 1)-
manifold (M, \) with a closed Legendrian (n — 1)-submanifold A. For the purposes of
this paper we only consider the case that M = S*Q is the cosphere bundle of Q = R3
with its standard contact form A = pdq and A = A is the unit conormal bundle
of an oriented framed knot K C @, but the construction works more generally for
any pair (M, A) for which M has no contractible closed Reeb orbits, see Remark 6.4
below.

Denote by R the Reeb vector field of A. A Reeb chord is a solution a: [0,T] — M
of @ = R with a(0),a(T") € A. Reeb chords correspond bijectively to binormal chords
of K, i.e., geodesic segments meeting K orthogonally at their endpoints. As usual,
we assume throughout that A is chord generic, i.e., each Reeb chord corresponds to
a Morse critical point of the distance function on K x K.

In order to define Maslov indices, one usually chooses for each Reeb chord
a: [0,T] = M capping paths connecting a(0) and a(T) in A to a base point xy € A.
Then one can assign to each a completed by the capping paths a Maslov index p(a),
see [5, App. A]. In the case under consideration (M = S*R? and A = Ag) the Maslov
class of A equals 0, so the Maslov index does not depend on the choice of capping
paths. It is given by p(a) = ind(a) + 1, where ind(a) equals the index of a as a critical
point of the distance function on K x K, see [12]. We define the degree of a Reeb
chord a as

la] := p(a) — 1 = ind(a),
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and the degree of a word b = b1y - - - by, of Reeb chords as

b = 1bl.
j=1

Given a and b, we write .#* (a;b) for the moduli space of J-holomorphic disks
u: (D,0D) = (Rx M,R x A) with one positive boundary puncture asymptotic to the
Reeb chord strip over a at the positive end of the symplectization, and m negative
boundary punctures asymptotic to the Reeb chord strips over by, ..., b,, at the neg-
ative end of the symplectization. Here J is an R-invariant almost complex structure
on R x M compatible with A. For generic J, the moduli space .#* (a; b) is a manifold

of dimension
m

dim (.4 (a3 b)) = |a] - [b] = la] — > [b,],
j=1
see Theorem 10.1. In fact, the moduli spaces correspond to the zero set of a Fredholm
section of a Banach bundle that can be made transverse by perturbing the almost
complex structure, and there exist a system of coherent (or gluing compatible) ori-
entations of the corresponding index bundles over the configuration spaces and this
system induces orientations on all the moduli spaces.

By our choice of almost complex structure, R acts on .#*(a;b) by translations
in the target R x M and we write .# (a;b)/R for the quotient, which is then an
oriented manifold of dimension |a| — |b| — 1.

Finally, we discuss the compactness properties of .#* (a;b)/R. The moduli space
¥ (a;b)/R is generally not compact but admits a compactification by multilevel
disks, where a multilevel disk is a tree of disks with a top level disk in .Z*(a, bl)7
b' =b} - by,, » second level disks in .# (b}; b>") attached at the negative punctures
of the top level disk, etc. See Figure 6.9 below. It follows from the dimension formula
above that the formal dimension of the total disk that is the union of the levels
in a multilevel disk is the sum of dimensions of all its components. Consequently,
for generic almost complex structure, if dim(.#*(a;b)) = 1 then .#%(a;b)/R is
a compact 0-dimensional manifold, and if dim(.#* (a;b)) = 2 then the boundary
of 4 (a;b)/R consists of two-level disks where each level is a disk of dimension 1
(and possibly trivial Reeb chord strips).

The simplest version of Legendrian contact homology would be defined by the free
Z-algebra generated by the Reeb chords, with differential counting rigid holomorphic
disks. In the following subsection we will define a refined version which also incorpo-
rates the boundary information of holomorphic disks.

6.2. LEGENDRIAN CONTACT HOMOLOGY. In this subsection we define a version of
Legendrian contact homology that will be directly related to the string homology
of Section 5, see [10] for a similar construction in rational symplectic field theory. The
usual definition of Legendrian contact homology is a quotient of our version. We keep
the notation from Section 6.1.
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Ficure 6.1. The definition of d(u) and d(u) -; a.

Fix an integer m > 3. For points x,y € A we denote by P, ,A the space of C™
paths v : [a,b] — A with vy(a) = x and v(b) = y whose first m derivatives vanish at the
endpoints. Here the interval [a, b] is allowed to vary. The condition at the endpoints
ensures that concatenation of such paths yields again C™ paths. Fix a base point
2o € A and denote by QA = Py 2, A the Moore loop space based at xo.

DEeriNtTION 6.1. A Reeb string with £ chords is an expression aya1ieas - - - QpapQpy1,
where the a;: [0,T;] = M are Reeb chords and the «; are elements in the path spaces

a1 € P$0a1(T1)7 a; € Pai—l(o)ai(Ti) for 2 <i <Y, Q1 € Pﬂz(o)

o

See the top of Figure 6.1. Note that the «; and the negatively traversed Reeb
chords a; fit together to define a loop in M starting and ending at xy. Concatenating
all the a; and a; in a Reeb string with the appropriate capping paths, we can view
each «; as an element in the based loop space §2,,A. However, we will usually not
take this point of view.

Boundaries of holomorphic disks in the symplectization give rise to Reeb strings
as follows. Consider a holomorphic disk u belonging to a moduli space .# (a;b)
as above, with Reeb chords a : [0,7] — M and b; : [0,T;] — M, i =1,...,0 TIts
boundary arcs in counterclockwise order and orientation projected to A define paths
B1,-..,08¢ in A as shown in Figure 6.1, i.e.,

B1 € Pa(ryb, (1) Bi € Py, 0ypi(;) for 2 <i <Y, Be+1 € Py, 0)a(0)-
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We denote the alternating word of paths and Reeb chords obtained in this way as the
boundary of u by

(6.1) O(u) := B1b1B2ba - - - BebeBe1-
Note that the 8; and the negatively traversed Reeb chords b; fit together to define
a path in M from a(T) to a(0). We obtain from 9(u) a Reeb string if we extend /3,
and fgy1 to the base point zy by the capping paths of a.

For ¢ > 0 we denote by %* the space of Reeb strings with ¢ chords, equipped with
the C™ topology on the path spaces. Note that different collections of Reeb chords
correspond to different components. Concatenation at the base point gives

X = Hg}o%z

the structure of an H-space. Note that the sub-H-space Z° = Q,,A agrees with the
Moore based loop space with its Pontrjagin product. Let

C(#) = @ Cu(Z)

d>0

be singular chains in & with integer coefficients. It carries two gradings: the degree d
as a singular chain, which we will refer to as the chain degree, and the degree Zle |bi]
of the Reeb chords, which we will refer to as the chord degree. For sign rules we think
of the chain coming first and the Reeb chords last. The total grading is given by the
sum of the two degrees. Recall that it does not depend on the choice of capping paths.
Concatenation of Reeb strings at the base point and product of chains gives C(%)
the structure of a (noncommutative but strictly associative) graded ring. Note that
it contains the subring

C(#°) = C (D A).
Next we define the differential

Op = 08 4 9% : C(#) — C(R).

Here 0"8 is the singular boundary and 0% is defined as follows. Pick a generic
compatible cylindrical almost complex structure J on the symplectization R x M.
Consider a punctured J-holomorphic disk u: D — R x M in .#% (a;b). If the Reeb
chord a = a; appears in a Reeb string a = aja; ... a;nam41, then we can replace q;
by d(u) to obtain a new Reeb string which we denote by

8(u) a4 = o1ay &lﬁ(u)&iﬂ RN 7e 7/ N

Here 9(u) is defined in (6.1) and the paths a;, @;41 are the concatenations of ;, a1
with the paths 81, Be+1 in (u), respectively. See Figure 6.1. For a chain a € C(%) of
Reeb strings of type a = ajay - - - a1 we now define

L
0@ = > Y e(=pttlulretlealy) - a,

i=1 i Jbl=1
ue M (a;;b) /R

where d is the chain degree of a and ¢ is the sign from the orientation of .#Z% (a;; b)/R
as a compact oriented 0-manifold (i.e., points with signs). Note that 9% preserves the
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chain degree and decreases the chord degree by 1, whereas 9*'" preserves the chord
degree and decreases the chain degree by 1. In particular, dy has degree —1 with
respect to the total grading. The main result about the contact homology algebra
that we need is summarized in the following theorem.

Turorem 6.2. The differential O : C(Z) — C(2R) satisfies 0% = 0 and the Legen-
drian contact homology

HeoMACt(A) .= ker 95 / im Op

is independent of all choices.

Proof. — In the case that we use it, for M = S*R® and A = A, the proof is an easy
adaptation of the one in [15, 14] and [7], see also [12].

Consider first the equation for the differential. The equation 93 = 0 follows from
our description of the boundary of the moduli spaces .#% (a;b) of dimension 2 in
Section 6.1, which shows that contributions to (9%)? are in oriented one-to-one cor-
respondence with the boundary of an oriented 1-manifold and hence cancel out. The
relations (9°"8)2 = 0 and §*"89% + G 9*'"8 = ( are clear.

To prove the invariance statement we use a bifurcation method similar to [14, §4.3].
Consider a generic 1-parameter family (As, Js), s € S = [0, 1], of Legendrian subman-
ifolds and almost complex structures. By genericity of the family there is a finite set
of points 51 < $3 < -++ < 8, such that in S\ {s1,...,sm} all Reeb chords of A
are transverse, all Reeb chords have distinct actions, and all holomorphic disks deter-
mined by (Ag, J5) have dimension at least 1 (i.e., if we write . for moduli spaces
determined by (Ag, Js) then dim.Z5Y(a,b) > 1 if the moduli space is nonempty).
Furthermore, the points s; are of three kinds:

— handle slides, where all Reeb chords are nondegenerate but where there is a
transversely cut out disk of formal dimension 0 (i.e., there exists one .#% (a; b), with
dim .#*¥ (a; b) = 0 which contains one R-family of J -holomorphic disks with bound-
ary on Ay, and this disk is transversely cut out as a solution of the parameterized
problem);

— action switches, where two nondegenerate Reeb chords have the same action and
their actions interchange;

— birth/death moments where there is one degenerate Reeb chord at which two
Reeb chords cancel through a quadratic tangency.

To show invariance we first observe that if [¢/, s”] C S is an interval which does not
contain any s;, then the Reeb chords of A, s € [, 5] form 1-manifolds canonically
identified with [/, s”] and the actions of the different Reeb chord manifolds do not
cross. Thus for Reeb chords a, by, ..., b, of Ay we get corresponding chords on Ay
for each s € [¢',s"] = S’ which we denote by the same symbols, suppressing the
s-dependence below. We next define a chain map

O: C(By) — C(RBer)
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which counts geometrically induced chains as follows. We introduce the notion of a
disk with lines of Reeb chords. Such an object has a positive puncture at the Reeb
chord a over s’ and negative punctures at Reeb chords according to b over s” and
is given by a collection of disks u;, ..., u, where the disk u; is a disk at o;, where
s <o1 <09 < <oy < 8" and if 0 > oy, for some k then its positive Reeb chord is
connected by a line in a Reeb chord manifold to a Reeb chord at the negative puncture
of some u, for o, < ;. The collection of such objects naturally forms a moduli space,
M (a;b), where we glue two disks when the length of the line connecting them goes
to zero. We define the chain map ¢ as

b(a) = [AS (a,b)].

The chain map equation 0y , ® = ®Jy , follows immediately once one notices that the
codimension one boundary of the moduli space consists of disks over the endpoints
with lines of Reeb chords over [s, s”] attached. (We point out that this construction
is inspired by Morse-Bott arguments, compare [16].)

Consider the filtration in C(#) which associates to a chain of Reeb strings the
sum of actions of its Reeb chords. By Stokes’ theorem the differential respects the
filtration. The pure lines of Reeb chords (without disks) contribute to the map and
show that

®(a) =a+ Po(a),

where the action of ®¢(a) is strictly smaller than that of a. It follows that ® induces
an isomorphism on the Es-page of the action spectral sequence and hence is a quasi-
isomorphism.

In order to show invariance at the bifurcation moments we consider the deformation
in a small interval around [s; — ¢, s; + ¢]. In this case we can construct a Lagrangian
cobordism L in the symplectization R x M interpolating between the cylinders on
As;—c and A, ., see [10, Lem. A.2]. If a is a Reeb chord of A, ;. and b is a word of
Reeb chords of A, . then let .#**(a;b) denote the moduli space of holomorphic
disks defined as .#*(a, b), see Section 6.1, but with boundary condition given by L
instead of R x A. (Note that since L is not R-invariant, R does generally not act on
ML (a;b).) We define a chain map

O: C(Ry) — C(Z-)

between the algebras at the positive and the negative ends as follows: ® is the identity
map on chains, and on Reeb chords a of Ay, . ® is given by

D(a) = YL (a b)),

b

where b runs over all words of Reeb chords of Ay, 4. and [.#**(a;b)] denotes the
chain of Reeb strings carried by the moduli space. SF'T compactness and gluing as
in [10] shows that the chain map equation 8A5j+5(1> = <I>8A3j75 holds. It remains to
show that ® is a quasi-isomorphism.
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Consider first the case that s; is a handle slide. Taking ¢ sufficiently small we find
that for each Reeb chord a on Ay, . there is a unique holomorphic strip connecting it
to the corresponding Reeb chord a on Ay, .. (These strips converge to trivial strips
as € — 0.) Tt follows that for each generator ¢ (chord or chain),

D(c) = c+ Do(c),

where the filtration degree of ®¢(c) is strictly smaller than that of ¢. Thus ® induces
an isomorphism on the Es-page of the action filtration spectral sequence and is hence
a quasi-isomorphism.

Consider second the case of an action switch. In this case we find exactly as in the
handle slide case that

D(c) = c+ Py(c)

for each c. The only difference is that now one action window contains two generators.
Since the two Reeb chords have the same action but lie at a positive distance apart, it
follows by monotonicity and Stokes’ theorem that the chain map induces an isomor-
phism also in this action window. We find as above that ® is a quasi-isomorphism.

Finally consider the case that s; is a birth moment where two new Reeb chords a
and b are born (the death case is analogous). For £ > 0 sufficiently small we have

0¥a=b+ 9 (a),
where the action of 87" (a) is strictly smaller than the action of b, see [13, Lem. 2.14].
As above we find that for any Reeb chord c of Ay, . we have

®(c) = c+ Py(c).

If we filter by small action windows that contain one Reeb chord each, except for
one that contains both a and b (note that the action of a approaches the action of b
as ¢ — 0) we find again that ® gives an isomorphism on the Es-page and hence is
an isomorphism. We conclude that we can subdivide the interval S into pieces with
endpoints with quasi-isomorphic algebras. The theorem follows. |

According to Theorem 6.2, (C(Z#),dy) is a (noncommutative but strictly associa-
tive) differential graded (dg) ring containing the dg subring
(C(#°),0n) = (C(Qa,A), 0°%).
Thus (C(Z),0) is a (C(#°), d)-NC-algebra in the sense of the following definition.
Derinirion 6.3. — Let (R, 0) be a dg ring. An (R, 0)-NC-algebra is a dg ring (5, ds)
together with a dg ring homomorphism (R, ) — (S, ds).

It follows that the Legendrian contact homology H"*<t(A) is an NC-algebra over
the graded ring
H,(Qu, A, 058) = Zy (A) =2 ZNE 1.
Here we have used that in our situation A = T2 is a K (7, 1), so all the homology of
its based loop space is concentrated in degree zero and agrees with the group ring of
its fundamental group 7y (A) = Z2.
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Relation to standard Legendrian contact homology - Recall that C(Z) is a double
complex with bidegree (chain degree, chord degree), horizontal differential 9°"¢ and
vertical differential 0%. As observed above, the first page of the spectral sequence
corresponding to the chord degree is concentrated in the 0-th column and given by

(o := Ho(%,0""¢),0%).

Generators of &/ are words ajajasas - - - agagayyq consisting of Reeb chords a; and
homotopy classes of paths «; satisfying the same boundary conditions as before. Note
that &7 is an NC-algebra over the subring &/° = Ho(#°) = Zm(A) (on which 95
vanishes), and &% = Hy(%") is the k-fold tensor product of the bimodule /1 over
the ring o7°.
We denote by
o = | I
the quotient of & by the ideal .# generated by the commutators [a, 3] of Reeb
chords a and B € m1(A). Since dp(#) C #, the differential descends to a differ-
ential 9 : &/ — o whose homology
ﬁcontaCt(A) :=kerd” /im a7
is the usual Legendrian contact homology as defined in [13].

Length filtration. — The complex (C(Z),0,) is filtered by the length

¢
L{anaragas - - - apapaupsq) := Z L(a;),
=1

where L(a) = [ X denotes the action of a Reeb chord a, which agrees with its period
and also with the length of the corresponding binormal cord. The length is preserved
by the singular boundary operator 9*& and strictly decreases under 9%.

Remark 6.4. — The construction of Legendrian contact homology in this subsection
works for any pair (M, A) such that M has no contractible closed Reeb orbits. Ex-
amples include cosphere bundles S*@) of n-manifolds @ with a metric of nonpositive
curvature that are convex at infinity, with A = Ag the unit conormal bundle of a
closed connected submanifold K C Q. However, if A is not a K(m,1), then the co-
efficient ring H,(Q,A, 9°8) will not be equal to the group ring of its fundamental
group but contain homology in higher degrees.

6.3. SWITCHING BOUNDARY CONDITIONS, WINDING NUMBERS, AND LENGTH. — We continue
to consider @ = R® equipped with the flat metric and an oriented framed knot
K C Q. In addition, we assume from now on that K is real analytic; this can always
be achieved by a small perturbation of K not changing its knot type. We equip T*Q
with an almost complex structure J which agrees with an R-invariant almost complex
structure on the symplectization of S*Q outside a finite radius disk sub-bundle of T*Q
and with the standard almost complex structure Jg, on T*(Q inside the disk sub-bundle
of half that radius. An explicit formula for such J is given in Section 8.2. We point
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—1 | 1

Ficure 6.2. The biholomorphism .

out that the canonical isomorphism (T*Q, Js) = (C3,4) identifies the fibre with R?
and the zero section with iR3. Recall that L = Q U Lg.

Let D be the closed unit disk with a boundary puncture at 1 € 9D and let
u: (D,0D) — (T*Q, L) be a holomorphic disk with one positive puncture and switch-
ing boundary conditions. This means that the map w« is asymptotic to a Reeb chord
at infinity at the positive puncture 1 and that it is smooth outside an additional
finite number of boundary punctures where the boundary switches, i.e., jumps from
one irreducible component of L to another (which may be the same one). At these
additional boundary punctures, the holomorphic disk is asymptotic to some point
in the clean intersection K C L, i.e., it looks like a corner of a disk in Lagrangian
intersection Floer homology.

The real analyticity of K allows us to get explicit local forms for holomorphic disks
near corners. We show in Lemma 8.6 that there are holomorphic coordinates

R x (0,0) c U c C x C?,

in which K corresponds to R x (0,0), the O-section Q corresponds to R x R?, and the
conormal Lx to R x iR2,

Consider now a neighborhood of a switching point of a holomorphic disk « on the
boundary of D, where we use z in a half-disk DI around 0 in the upper half-plane as
a local coordinate around the switching point in the source. According to Section 4.1,
u admits a Taylor expansion around 0, with u = (u1,us) € C x C?:

(6.2) ui(z) = Z brz", ug(z) = Z crz”.
keN keiN

Here compared to Section 4.1 we have divided the indices by 2, so the by and ¢y
correspond to the as; in Section 4.1. The coefficients b; are real constants, reflecting
smoothness of the tangent component of u. The ¢ satisfy one of the conditions in
Remark 4.1, i.e., they are either all real or all purely imaginary vectors in C?, and
the indices are either all integers or all half-integers.

Equivalently (and more adapted to the analytical study in Sections 8 — 10) one can
use z in a neighborhood of infinity in the strip R x [0, 1] as a local coordinate in the
source. Composing the Taylor expansions (6.2) with the biholomorphism

(6.3) X : Rxo x [0,1] = D, 2z — —exp(—7z2)

(see Figure 6.2) one gets instead the Fourier expansions

JE.P.— M., 2017, tome 4



708 K. Cieriesak, T. Exnouwm, J. Exnoww & L. Ne

(6.4) ur(z) =Y (=DFbee™™, up(z) = D (—DFere "
keN keiN

Recall from Section 4.2 that the local winding number at the switch is the positive
half-integer or integer which is the index of the first non-vanishing Fourier coefficients
in the expansion of uy in (6.4). The sum of the local winding numbers at all switching
boundary punctures is the total winding number of the disk. Since the number of
switches from Lg to @ equals that from @ to Lk, the total winding number is an
integer.

The following technical result, which is a special case of [5, Th.1.2], will play a
crucial role in the sequel.

Turorem 6.5 ([5]). — For a cord-generic real analytic knot K C R? the total wind-
ing number, and in particular the number of switches, of any holomorphic disk
u: (D,0D) — (T*Q,L) with one positive puncture is uniformly bounded by a
constant kK.

Remark 6.6. — The necessary energy bound appearing in the corresponding state-
ment in [5] is automatic here, since in our present situation the energy is given by the
action of the Reeb chord at the positive puncture, which only varies in a finite set.

In view of this result, when we discuss compactness we need only consider sequences
of holomorphic disks with a fized finite number of switches, each of fixed winding
number. As we prove in Section 8, each moduli space of such holomorphic disks is for
generic data a manifold that admits a natural compactification as a manifold with
boundary with corners. We will specifically need such moduli spaces of dimension 0, 1,
or 2 and we give brief descriptions in these cases.

Let a be a Reeb chord of Ag. Let ¢1,...,q, be punctures in 0D and let n =
(n1,...,nm) be a vector of local winding numbers, so n; € {%, 1, %, 2,... } is the local
winding number at g;. We write .# (a;n) for the moduli space of holomorphic disks
with positive puncture at the Reeb chord a and switching punctures at q1,...,q¢m
with winding numbers according to n. Define the nonnegative integer

n|:=> 2(n; — 1) >0.
j=1

Turorem 6.7. — For generic almost complex structure J, the moduli space A (a;n)
18 a manifold of dimension

dim . (a;n) = |a| — |n|.

Furthermore, the choice of a spin structure on Ly together with the spin structure
on R? induces a natural orientation on . (a;n).

Proof. — This is a consequence of [5, Th. A.1] and Lemma 9.5 below. O
Note that, due to Theorem 6.5, any moduli space .# (a;n) is empty if n has more

than k components, i.e., there are more than x switches.
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Ficure 6.3. Type (Lag) boundary where an N-string disappears.

6.4. MODULI SPACES OF DIMENSION ZERO AND ONE. For moduli spaces of dimension
< 1 with positive puncture at a Reeb chord of degree < 1, we have the following.
Theorem 6.7 implies that if |a| = 0 then .# (a; n) is empty if |n| > 0 and is otherwise
a compact oriented 0-manifold. Likewise, if |a] = 1 then .#(a;n) is empty if |n| > 1
and is an oriented 0-manifold if |n| = 1. Note that |n| = 1 implies that there is
exactly one switch with winding number 1 and that the winding numbers at all other
switches equal % Finally, if all entries in n equal % then dim(.Z(a;n)) = 1.

It follows by Theorem 10.3 that the 1-dimensional moduli spaces of disks with
switching boundary condition admit natural compactifications to 1-manifolds with
boundary. The next result describes the disk configurations corresponding to the
boundary of these compact intervals.

Prorosition 6.8. — If a is a Reeb chord of degree |a| = 1 and if all entries of n
equal %, then the oriented boundary of .4 (a;n) consists of the following:

(Lag) Moduli spaces .# (a;n'), where n' is obtained from m by removing two con-
secutive %-entrz’es and inserting in their place a 1.
(sy) Products of moduli spaces

M¥ (a;b) /R x Ty, cp A (bj;my),

where n equals the concatenation of the n;.

Proof. — This is a consequence of Theorem 10.3. To motivate the result, note that the
first type of boundary corresponds to two switches colliding, see Figures 6.3 and 6.4.
The second type corresponds to a splitting into a two level curve with one R-invariant
level (of dimension 1) in the symplectization and one rigid curve (of dimension 0)
in T*@Q, see Figure 6.5. By transversality, compactness, and the dimension formula
this accounts for all the possible boundary phenomena, and by a gluing argument we
find that any such configuration corresponds to a unique boundary point. |

We conclude this subsection by giving an alternate interpretation of the first bound-
ary phenomenon in Proposition 6.8. Let .#*(a;n) denote the moduli space corre-
sponding to .# (a;n), but with one extra marked point on the boundary of the disk.
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Ficure 6.4. Type (Lag) boundary where a Q-string disappears.

Figure 6.5. Type (sy) boundary.

Then .#*(a;n) fibers over .# (a;n) with fiber 0D — {1,q1,...,¢m} and there is an
evaluation map ev: .#*(a;n) — L. It follows from Theorem 10.8 that for |a| = 1
and |n| = 0 (and generic data), ev=1(K) is a transversely cut out oriented 0-manifold
that projects injectively into .# (a;n). We denote its image by

oM (a;m).

As the notation suggests, this space will be the natural domain for the string opera-
tions 0 = g + On.

Prorosition 6.9. — If a is a Reeb chord of degree |a| = 1 and if all entries n equal %,
then there is a natural orientation preserving identification between d.# (a;m) and
M (a;n"), where n'’ is obtained from n by inserting in m a new entry equal to 1 at
the position given by the marked point.

Proof. This is a consequence of Theorem 10.8. Here is the idea. Consider local
coordinates around the marked point in the source and around K in the target. Then
the Taylor expansions (6.2) with c1=0 and ¢; # 0 give the map in §.# (a; n) with the
marked point corresponding to 0. The corresponding Fourier expansions (6.4) present
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Ficure 6.6. Type (Lag|Lag)! corner.

l

the map as an element in .# (a; n’), where the marked point is replaced by a puncture.
Conversely, translating the Fourier picture to the Taylor picture proves the other
inclusion and hence equality holds. See Section 9.6 for a discussion of orientations of
the moduli spaces involved. O

6.5. MODULI SPACES OF DIMENSION TWO. For moduli spaces .# (a;n) with positive
puncture at a Reeb chord a of degree |a| = 2, Theorem 6.7 implies the following:

— If |n| > 2 then #(a;n) = 2.

— If |n| = 2 then .#(a;n) is a compact O-dimensional manifold. This can happen
in two ways: either exactly one entry in n equals %, or exactly two entries equal 1
and all others equal %

— If |n|] = 1 then .# (a; n) is an oriented 1-manifold, exactly one entry in n equals 1
and all others equal %

— If [n| = 0 then .#(a;n) is an oriented 2-manifold and all entries in n equal 3.

It follows by Theorem 10.6 that the 2-dimensional moduli spaces of disks with
switching boundary condition admit natural compactifications to 2-manifolds with
boundary and corners. The next result describes the disk configurations corresponding
to the boundary and corner points of these compact surfaces, see Figures 6.6, 6.7, 6.8
and 6.9.

Prorosrrion 6.10. If a is a Reeb chord of degree |a| = 2 and if all entries of n
equal %, then the 1-dimensional boundary segments in the boundary of # (a;n) consist
of the following configurations:

(Lag) Moduli spaces .# (a;n'), where n' is obtained from m by removing two con-

secutive %—entm’es and inserting in their place a 1.
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3/2

Ficure 6.7. Type (Lag|Lag)? corner.

Ficure 6.8. Type (sy|Lag) corner.

(sy) Products of moduli spaces
M (a;b) /R x Iy, cp 4 (b)),
where n equals the concatenation of the n;.

The corner points in the boundary consists of the following configurations:
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Ficure 6.9. Type (sy|sy) corner.

(Lag|Lag)! Moduli spaces # (a;n'), where n' is obtained from n by removing two
pairs of consecutive %—entm’es and inserting 1’s in their places.

(Lag|Lag)? Moduli spaces .# (a;n"), where n' is obtained from m by removing
three consecutive %—entm’es and inserting a % in their place.

(sy|Lag) Products of moduli spaces
M (a;b) /R x 1y, ep 4 (bj;my),

where the concatenation of the m; gives n with one consecutive pair of %—entm’es
removed and a 1 inserted in their place.

(sy|sy) Products of moduli spaces

2 (a:b)/R x [ (///SY(bj;cj) /R x ] //Z(Cjk;njk))
bjeb CikEC;

where n equals the concatenation of the njy, and all but one of the A (b;;c;) are
trivial strips over the Reeb chords b;.

Proof. This is a consequence of Theorem 10.6. The descriptions of the boundary
segments are analogous to the boundary phenomena of Proposition 6.8. At a type
(Lag|Lag)! corner we have two pairs of switches colliding. Local coordinates in the
moduli space around this configuration can be taken as the lengths of the correspond-
ing short boundary segments, which is a product of two half-open intervals. At a type
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(sy|Lag) (Lag|Lag)?
(Lag)

(sylsy)

La,
oyilag) 7 (LaglLag)!

Ficure 6.10. The 2-dimensional moduli space .# (a;n) and the im-
mersed curve w(0.4 (a;n)).

(Lag|Lag)? corner there are likewise two short boundary segments that give local
coordinates on the moduli space, see Figure 6.7. At a type (sy|Lag) corner the two
parameters are the length of the short boundary segment and the gluing parameter
for the two-level curve. Finally, at a type (sy|sy) corner the two parameters are the
two gluing parameter for the three-level curve. (]

We next give alternate interpretations of the boundary phenomena in Propo-
sition 6.10. Recall the notation .#*(a;m) for the moduli space corresponding
to .#(a;m) in which the disks have an additional free marked point * on the
boundary. It comes with an evaluation map ev: .#*(a;n) — L and a pro-
jection m: . #*(a;n) — #(a;n) forgetting the marked point, and we denote
M (a;m) = ev H(K).

Prorosition 6.11. — Ifa is a Reeb chord of degree |a| = 2 and if all entries n equal %,
then there is a natural orientation preserving identification between 0.4 (a;m) and
A (a;n'"), where n'' is obtained from n by inserting in m a new entry equal to 1 at
the position given by the marked point.

The moduli space §.4 (a;n) C AM*(a;n) is an embedded curve with boundary. Its
boundary consists of transverse intersections with the boundary of M*(a;m), cor-
responding to degenerations of type (sy|Lag) and (Lag|Lag)! involving the marked
point *, and to points in the interior of M *(a;n), corresponding to degenerations of
type (Lag|Lag)? involving the marked point *.

The projection (6.4 (a;n)) C A (a;n) is an immersed curve with boundary and
transverse self-intersections. Its boundary consists of transverse intersections with the
boundary of M *(a;n). See Figure 6.10.

Proof. — This is a consequence of Theorem 10.9. Here is a sketch. The proof of
the first statement is analogous to that of Proposition 6.9, looking at Taylor and
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Fourier expansions. That §.# (a;n) is an embedded curve with boundary follows from
transversality of the evaluation map ev: .#*(a;n) — L to the knot K, which holds for
generic almost complex structure. More refined transversality arguments show that
the projection w(6.# (a;n)) is an immersed curve with transverse self-intersections
corresponding to holomorphic disks that meet the knot twice at non-corner points on
their boundary.

For the other statements, note that each stratum of §.# (a;n) corresponds to a
moduli space .#(a;n’), where n’ is obtained from m by inserting an entry 1 cor-
responding to the marked point *. It follows from Proposition 6.10 that boundary
points of 6.4 (a;n) correspond to degenerations of types (sy|Lag), (Lag|Lag)! and
(Lag|Lag)? involving the point *. The first two correspond to transverse intersections
of m(6.# (a;n)) with boundary strata of .#(a;n) of types (sy) and (Lag), respec-
tively. A dimension argument shows that degenerations of type (Lag|Lag)? involving
the point * cannot meet the boundary of .#*(a;n), so they correspond to boundary
points of §.# (a;n) in the interior of .#Z*(a;n). They appear in pairs corresponding
to holomorphic disks in which the marked point * has approached a corner from the
left or right to form a new corner of weight 3/2. In §.# (a;n) the two configurations
on a pair are distinct (formally, they are distinguished by the position of the marked
point * on the 3-punctured constant disk attached at the weight 3/2 corner), so they
give actual boundary points. In the projection 7(§.#(a;n)) the two configuration
become equal and thus give an interior point, hence 7(§.#(a;n)) has no boundary
points in the interior of .# (a;n).

See Section 9.6 for a discussion of orientations of the moduli spaces involved in
these arguments. a

6.6. Tne cuain map. — We can summarize the description of the moduli spaces of
punctured holomorphic disks with switching boundary conditions in the preceding
subsections as follows. For all Reeb chords a and all integers £ > 0 the compactified
moduli spaces

are compact oriented manifolds with boundary and corners of dimension |a| whose
codimension 1 boundaries satisfy the relations

(6.5) 3%@(@) = ]@(al\a) U —5%e,1(a),
where Oya = 0% a and §.4_1(a) is the closure in .#,_1(a) of the set
S My—1(a) =04 (a;5,...,3)
——
20—2

introduced in Proposition 6.11. Again we refer to Section 9.6 for a description of the
orientations involved.
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Prorosition 6.12. There exist smooth triangulations of the spaces .# ¢(a) and
generic chains of broken strings

(I)g(a) :%@(a) — %t

(understood as singular chains by summing up their restrictions to the simplices of
the triangulations) satisfying the relations

(66) 8<I>g(a) = (I)g(a/\a) — (§Q + 5N)‘bg_1(a).

Proof. — The idea of the proof is very simple: After connecting the end points of a to
the base point xg by capping paths, a suitable parametrization (explained below) of
the boundary of a holomorphic disk u € .#(a) determines a broken string d(u) € X°.
Thus we get maps
Dy(a) : My(a) — X, ur— O(u)

and the relations (6.6) should follow from (6.5). However, the map ®¢(a) in general
does not extend to the compactification .#, as a map to ¥¢ because on the boundary
some - or N-string can disappear in the limit. We will remedy this by suitably
modifying the maps <T>g(a) near the boundaries (inserting spikes).

Before doing this, let us discuss parametrizations of the broken string d(u) for
u € My(a). Near a switch we can pick holomorphic coordinates on the domain (with
values in the upper half-disk) and the target (provided by Lemma 8.6) in which
the normal projection of u consists of two holomorphic functions near a corner as in
Section 4. The discussion in that section shows that in these coordinates 0(u) satisfies
the matching conditions on the m-jets required in the definition a broken string.
We take near each corner a parametrization of d(u) induced by such holomorphic
coordinates and extend them arbitrarily away from the corners to make d(u) a broken
string in the sense of Definition 5.1. Note that the space of such parametrizations is
contractible.

Now we proceed by induction over |a| = 0,1, 2.

Case |a| = 0. — In this case .#,(a) consists of finitely many oriented points and we
set ®y(a)(u) := O(u) (picking a parametrization of the boundary as above).

Case |la] = 1. We proceed by induction on £ = 0,1,.... For £ = 0, on the boundary
0M o(a) = Mo(0ra) we are already given the map ®y(Opa). We extend it to a map
®o(a) : M o(a) — X° by sending u to d(u) with parametrizations matching the given
ones on 9.4 (a), so that 0®q(a) = ®¢(Jxa) holds.

Now suppose that we have already defined ®q(a),...,®s_1(a) such that the rela-
tions (6.6) hold up to £ — 1. According to (6.5), the boundary 9.#,(a) is identified
with the union of domains of the maps on the right hand side of (6.6). On the other
hand, on the interior .#(a) we are given the map ®;(a) described above. Further-
more, by Proposition 6.8 and Remark 8.13, elements u close to the boundary points
in 6.4 ¢_1(a) C 0.4 (a) have spikes (shrinking as u tends to the boundary) roughly
in the same direction as those on the boundary. So near 0.4 ,(a) we can interpolate
between the map on the boundary given by the right hand side of (6.6) and the
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map ®,(a) on the interior to obtain a map ®y(a) : .#Z(a) — L satisfying (6.6). Since
the modification of ®,(a) can be done away from the finite set 6.4,(a) C .#(a), ®¢(a)
is a generic 1-chain of broken strings. This concludes the inductive step. Since we are
dealing with 1-chains, a smooth triangulation just amounts to a parametrization of
the components of .#,(a) by intervals whose boundary points avoid the set 6.4 (a).

Case |a] = 2. — We proceed again by induction on £ = 0,1,.... For £ = 0, we again
define ®g(a) : A o(a) — X° by sending u to d(u), with parametrizations matching
the given ones on 9.#(a), so that 9®¢(a) = ®¢(dpa) holds.

Now suppose that we have already defined ®g(a),...Ps—1(a) and triangulations
of their domains such that they are generic 2-chains of broken strings and the re-
lations (6.6) hold up to £ — 1. As in the case of 1-chains, the boundary 0.4(a) is
identified via (6.5) with the union of domains of the right hand side of (6.6), so as
before we define ®4(a) on that boundary via the maps ®y(9ra) resp. 6P,_1(a). By in-
duction hypothesis, these maps coincide at corner points. Note that the map 6®,_1(a)
inserts spikes at the intersection points with the knot. According to Proposition 6.10
and Remark 8.13, elements u close to the codimension one boundary strata §.4,_1(a)
have spikes roughly in the same direction as those on the boundary (shrinking in size
as u tends to the boundary). Elements close to a corner point where two boundary
strata of 0.4 ,_1(a) meet have two spikes roughly in the same directions as those on
the nearby boundary strata (which both shrink as u tends to the corner point), see
Remark 8.13. So we can interpolate between the given map on the boundary 9.4 ,(a)
and the map ®,(a) on the interior .#(a) to obtain a map ®y(a) : 4 e(a) — X
satisfying (6.6).

Recall that 6.4 ,(a) is an immersed 1-dimensional submanifold with finitely many
transverse self-intersections in the interior, and which meets the boundary transversely
away from the corners. The modification of ®;(a) can be done away from the finite
set, of self-intersections of §.#4(a) in the interior. Moreover, the modification of ®;(a)
near the boundary only involves inserting spikes at switching points of broken strings,
which can be performed away from the finitely many interior intersection points of
the broken strings with the knot and thus does not affect §.4(a).

We pick a smooth triangulation of .#(a) transverse to 6.4 ¢(a) (i.e., transverse to
its 1-dimensional strata as well as its self-intersection points) and inducing the given
triangulation on the boundary. By the discussion in the preceding paragraph, ®,(a)
(interpreted as the sum over its restriction to simplices) is a generic 2-chain of broken
strings. This concludes the inductive step and thus the proof of Proposition 6.12. [

Given a Reeb chord a, we define
O(a):=»_Py(a) € C(T) = @ C(T).
=0 =0

Here £ is the constant from the Finiteness Theorem 6.5. The relation (6.6) for the
chains ®,(a) translates into

(6.7) 0P(a) = ®(0¥a) — 6P(a), 0 =100+ 0n.
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Given a d-simplex of Reeb strings a = ajay ... apapmyy 1 A — Z™ we define
P(a) :=a1P(ar) ... am®(am)ami1 € C(X).

Here the boundary arcs are concatenated in the obvious way to obtain broken strings.
For singular simplices A; appearing as domains in ®(a;), the corresponding term in
®(a) has by our orientation convention the domain

AXAL X XA,
in this order of factors.
Tieorem 6.13. — The map ® is a chain map from (Ci(Z£),0p) to (Ci(X),04+g+0N).
Proof. — Using (6.7) we compute for a € Cy(#) as above, with x =d + |ag| + --- +

|ai_1|:

0d(a) = B(*"8a) + Va1 ®(ar)ag - 0P(a;) - - - amP(am) ¥m41

Ms H'Ms

6“nga Oél(b al a9 - ((I)(@Syai) — (S@(CLJ) crr Q41
i=1
= O(0°"8a) + (0¥ a) — 6P (a).
Since 9y = 0°'"8 + &%, this proves the theorem. a
Compatibility with length filtrations. — Holomorphic disks with switching boundary

conditions have a length decreasing property that leads to the chain map ® respect-
ing the length (or action) filtration, which is central for our isomorphism proof. Let
u € A (a;n) be a holomorphic disk with & boundary segments that map to Q. Let
01,...,0% be the corresponding curves in @ and let L(o;) denote the length of o;.
Recall that the Reeb chord a is the lift of a binormal chord on the link K and that
the action fa pdq of a equals the length of the underlying chord in @, which we write
as L(a). In Section 8.2 we utilize the positivity of a scaled version of the contact form
on holomorphic disks to show the following result (Proposition 8.9).

Prorosirion 6.14. If u € A (a;n) is as above then

k
ZL(ai) < La),

with equality if and only if u is a trivial half strip over a binormal chord.

Recall that both chain complexes (Cy(Z),0x) and (C.(X),0 + g + 0n) carry
length filtrations that were defined in Sections 6.2 and 5.5, respectively. Recall also
that the length filtration on C,.(X) does not count the lengths of Q-spikes. Hence the
insertion of Q-spikes in the definition of the chain map ® does not increase length
and Proposition 6.14 implies

Cororrary 6.15. — The chain map ® in Theorem 6.13 respects the length filtrations,
i.e., it does not increase length.
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7. PROOF OF THE ISOMORPHISM IN DEGREE ZERO

In the previous section we have constructed a chain map ® : (C.(%),0n) —
(C«(X), D), where D = 0 + dg + dn. In this section we finish the proof of Theo-
rem 1.2 by showing that the induced map ®, : Ho(Z,0r) — Ho(X, D) in degree
zero is an isomorphism. Whereas the results in the previous section hold for any
3-manifold @ with a metric of nonpositive curvature which is convex at infinity, in
this section we need to restrict to the case Q = R? with its Euclidean metric. This
restriction will allow us to obtain crucial control over the straightening procedure for
Q@-strings described in Proposition 7.6 (see the comment in Remark 7.9 below).

As a first step, we will slightly extend the definition of broken strings to include
piecewise linear Q-strings. A relatively simple approximation result will show that
the inclusion of broken strings with piecewise linear Q-strings into all broken strings
induces an isomorphism on string homology in degree 0.

The central piece of the argument will then consist of deforming the complex of
broken strings with piecewise linear @-strings into the subcomplex of those with linear
Q-strings.

It is important that both of these reduction steps can be done preserving the length
filtration on @Q-strings. The final step of the argument then consists of comparing the
contact homology Hy (%, 05) with the homology of the chain complex of broken strings
with linear Q-strings. At this stage, we will use the length filtrations to reduce to the
comparison of homology in degrees 0 and 1 in small length windows containing at
most one critical value.

7.1. APPROXIMATION BY PIECEWISE LINEAR (Q-STRINGS. — In the following we enlarge
the space of broken C"™-strings X, keeping the same notation, to allow for Q-strings to
be piecewise C™. Here a Q-string sg; : [a2i—1, az;] — Q is called piecewise C™ if there
exists a subdivision ag;_1 = by < by < --+ < b, = ag; such that the restriction of so;
to each subinterval [b;_1,b;] is C™. For a generic d-chain S : Ay — X (d = 0,1,2) we
require that the number of subdivision points on each @Q-string is constant over the
simplex A,. The subdivision points can vary smoothly over ¥; but have to remain
distinct. If for some subdivision point b; the two C"™-strings meeting at b; fit together
in a C™-fashion for all A € Ay, then we identify S with the generic d-chain obtained
by removing the subdivision point b;.

We allow @Q-strings in a generic d-chain S to meet the knot K at a subdivision
point b;, provided at such a point the derivatives from both sides satisfy the gener-
icity conditions in Definition 5.3. If this occurs for some parameter value \* € A,
in a generic 2-chain, then we require in addition that the corresponding @-string
meets K at the subdivision point b;(A) for all A in the component of A\* in the do-
main M;, of oS defined in Section 5.3. These conditions ensure that the operator
D =0+ g+ dn extends to generic chains of piecewise C™ strings satisfying the
relations in Proposition 5.8.
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The subspace ¥, C X of broken strings whose @Q-strings are piecewise linear give
rise to an inclusion of a D-subcomplex

(7.1) C.(Sp) o),

For this to hold, we choose the @)-spikes inserted under the map d to be degenerate
3-gons, i.e., short segments orthogonal to the knot traversed back and forth. Then
C.(2p1) becomes a D-subcomplex.

We will also consider the subspace ¥y, C Yy of broken closed strings whose Q-
strings are (essentially) linear: any two points x1,x2 € K determine a unique line
segment [r1, 3] in R3 connecting them. For technical reasons, special care has to
be taken when such a linear Q-string becomes very short. Indeed, near the diagonal
A C K x K we deform the segments to piecewise linear strings with one corner in
such a way that at each point of the diagonal, instead of a segment of length zero we
have a degenerate 3-gon as above, i.e., a short spike in direction of the curvature of
the knot (which we assume vanishes nowhere). Now Xy, C Xy consists of all broken
closed strings whose @Q-strings are constant speed parametrizations of such (possibly
deformed) segments. In this way,

(7.2) Cu(Zim) % C(S)

will be an inclusion of a D-subcomplex.

Recall from Section 5.5 that these complexes are filtered by the length L(3), i.e.,
the maximum of the total length of Q-strings over all parameter values of the chain,
where in the length we do not count @-spikes. With these notations, we have the
following approximation result.

Prorosition 7.1. — There exist maps
Fy : Co(z) — C()(Epl), Fy: 01(2) — Cl(Epl)

and
HO : 00(2) — 01(2), Hl : 01(2) — CQ(Z)
satisfying with the map iy from (7.1):
(i) ]Foipl =1 and DHO = iplFO - ]1,'
(11) Flipl =1 and H()D + DHl = iplFl — ]1,'
(iii) Fo, Ho, F1 and Hy are (not necessarily strictly) length-decreasing.

Proof. We first define Fg and Hy. Given 8 € Cy(X), we pick finitely many subdi-
vision points p; on the Q-strings in 8 (which include all end points) and define Hy3
to be the straight line homotopy from 8 to the broken string Fy8 whose @Q-strings are
the piecewise linear strings connecting the p;. We choose the subdivision so fine that
the @Q-strings in HyS remain transverse to K at the end points and do not meet K in
the interior. The N-strings are just slightly rotated near the end points to match the
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new @-strings, without creating intersections with K. Then Hyf is a generic 1-chain
in ¥ satisfying

OHpf = FoB — B, d0oHpB = onHpB = 0.
If 8 is already piecewise linear we include the corner points in the subdivision to
ensure Fo8 = 3, so that condition (i) holds.

To define Fy and Hjy, consider a generic 1-simplex f : [0,1] — 3. We pick finitely
many smooth paths of subdivision points p;(\) on the @-strings in S(\) (which in-
clude all end points) and define H; 5 to be the straight line homotopy from S to the
1-simplex F18 whose @Q-strings are the piecewise linear strings connecting the p;(\).
Here we choose the p;()\) to agree with the ones in the definition of Hy at A = 0,1 as
well as at the finitely many values \; where some @-string intersects the knot in its
interior (so at such \; the intersection point with K is included among the p;();)).
Note that for this we may first have to add new subdivision points on the Q-strings
on B(A) for A = 0,1, )}, which is allowed due to the identification above. Moreover,
we choose the subdivision so fine that the @Q-strings in H; /3 remain transverse to K
at the end points and meet K in the interior exactly at the values A\; above. The
N-strings are just slightly rotated near the end points to match the new Q-strings,
without creating new intersections with K besides the ones already present in § that
are continued along the homotopy. Then H; 5 is a generic 2-chain in X satisfying

(OH; + Ho0)p = F18 — B, (0QHy + Hodg)B = (dnHy + Hodn)B = 0.

If g is already piecewise linear we include the corner points in the subdivision to
ensure F1 8 = 3, so that condition (ii) holds. a

7.2. PROPERTIES OF TRIANGLES FOR GENERIC KNOTS. — In our arguments, we will as-
sume that the knot K is generic. In particular, we will use that it has the properties
listed in the following lemma.

Levva 7.2. — A generic knot K C R? has the following properties:

(i) There exists an S € N such that each plane intersects K at most S times.
(ii) The set T C K of points whose tangent lines meet the knot again is finite (and
each such tangent line meets the knot in exactly one other point).

Proof. — We prove part (i). For a generic knot K parametrized by
v:S8'=R/LZ — R3,

the first four derivatives (4,7, 4*) span R? at each t € S'. (For this, use the
jet transversality theorem [25, Chap. 3] to make the corresponding map S' — (R3)4
transverse to the codimension two subset consisting of quadruples of vectors that lie
in a plane.) It follows that there exists an € > 0 such that v meets each plane at most
four times on a time interval of length €. (Otherwise, taking a limit of quintuples of
times mapped into the same plane whose mutual distances shrink to zero, we would
find in the limit an order four tangency of v to a plane, which we have excluded.)
Hence v can meet each plane at most 4L /e times.
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€2

1 — u)xs + uxs

x1 = 7(s)

1=tz +t((1 — w)ze + uxs)

Ficure 7.1. Parametrization of a triangle.

The proof of part (ii) is contained in the proof of Lemma 7.10(b) below. It relies
on choosing K such that its curvature vanishes nowhere. 0

Now we consider the space of triangles in R3® with pairwise distinct corners
x1,x2,x3 such that x; and z3 lie on the knot K. Using an arclength parametrization
v:S8'=R/LZ — K we identify this space with the open subset

T ={(s,29,7) € ST xR® x S' | z1 = ~(s), w2, w3 = y(r) are distinct}.
We parametrize each triangle [x1, z2, 23] by the map (see Figure 7.1)

0,1 — R3, (u,t) — (1 = t)oy +t((1 — u)z + uzs).

Lemma 7.3. — For a generic 1-parameter family of triangles § : [0,1] = 7, X\ —
(s*,x3,7) the following holds.

(a) The evaluation map
evg 1 [0,1]° — R, N, t) — (1=t +t((1 — u)z) + uz))

is transverse to K on its interior, where we have set 3 = v(s*) and z3 = ().

(b) The map (A, u) — ag\t'ﬁ (A, u,0) meets the tangent bundle to K transversely in
finitely many points. At these points the triangle is tangent to the knot at x7 but not
contained in its osculating plane.

(¢) The points in (b) compactify the set evEl(K) N [0,1)2 x (0,1] to an embedded
curve in [0,1]3 transverse to the boundary. Its image in [0,1]® under the projection
(A u,t) = (A u) is an immersed curve with transverse self-intersections.

Proof. — Part (a) follows from standard transversality arguments. For part (b) we
introduce
Vg X U3
Vo (=T — T, V3 = T3 — T, V. = ———.
|’l)2 X 1}3|
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Thus vg, v3 are tangent to the sides of the triangle at x1 and v is a unit normal vector
to the triangle. So the space of triangles that are tangent to the knot at z; is the zero
set of the map
P . (2,3 X Y(s))
: T — R, (s,xa, 1) —> (¥(s),vy = ~—————=L.

|’U2 X 1}3|
The last expression shows that along the zero set the variation of F' in direction x5 (or
equivalently vy) is nonzero provided that vz x 4(s) # 0. So F~1(0) is a transversely
cut out hypersurface in .7 outside the set .J5 where vs = (r) — v(s) and 4(s) are
collinear. By Lemma 7.2(ii) the set .7 has codimension 2. Hence a generic curve
B:10,1] — 7 avoids the set Z and intersects F'~1(0) transversely, which implies
the first statement in (b). The second statement in (b) follows similarly from the fact
that the set of triangles contained in the osculating plane at x; has codimension 2
in 7.

For part (c), consider a point (Ag,ug) as in (b). To simplify notation, let us shift
the parameter interval such that Ao = 0 is an interior point. Then with the obvious
notation v* etc the following conditions hold at A = 0:

d

a:= <;Y(30)7V0> =0, b:= <;§/(80)’V0> #0, c:= a )\:0<;Y(8)\)v VA> # 0.

Here the first condition expresses the fact that the triangle is tangent to the knot at 29,
the second on that the triangle is not contained in the osculating plane, and the third
one the transversality of the map in (b) to the tangent bundle of K. Intersections
of K with triangles B(\) for A close to zero can be written in the form (s* 4 s) with
s = O(\) and must satisfy the equation
1 .
0= (2(s* +5) = 7)) = (s7(s) + 55%(5Y) + O(%). ).
Ignoring the trivial solution s = 0, we divide by s and obtain using s = O()\):

0= {(4(s") + 3i(s*) + O(2), ")
=:<ﬁ@9)%—Xv@o)+—%8&@0)+—O(A%,u0%—ADO+—O(A%>
= G007 4 A0, + (), %) + O] + 5[5 (30,1 + O]
=a+A[b+00)] —I—SE(H—O(/\)]

Since a = 0 and and b, ¢ are nonzero, this equation has for each A a unique solution s

of the form
2b

s=—"X+0(\?).
c
Now recall that by hypothesis 4(s%) is a multiple of (1—u%)v3 +u%v]. If it is a positive
(resp. negative) multiple, then only solutions with s > 0 (resp. s < 0) will lie in the

triangle. So in either case the solutions describe a curve with boundary and part (c)
follows. 0
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Remark 7.4. Lemma 7.3 shows that, given a generic 1-parameter family of trian-
gles B : [0,1] — 7, the associated 2-parameter family (A, u) — evg(A, u,-) can be
reparametrized in ¢ to look like the Q-strings in a generic 2-chain of broken strings.
To see the last condition (2e) in Definition 5.3, consider a parameter value (A, u) as
in Lemma 7.3(b). Since the triangle is not contained in the osculating plane at z7,
the linear string ¢t — evg(\, u,t) deviates quadratically from the knot, so its projec-
tion normal to the knot has nonvanishing second derivative at ¢t = 0. Hence we can
reparametrize it to make its second derivative vanish and its third derivative nonzero
as required in condition (2¢). We will ignore these reparametrizations in the following.

Remark 7.5. — Lemma 7.3 remains true (with a simpler proof) if in the definition
of the space of triangles .7 we allow 3 to move freely in R3 rather than only on the
knot; this situation will also occur in the shortening process in the next subsection.

Let us emphasize that in the space 7 we require the points x1, 2, x5 to be dis-
tinct. Now in a generic 1-parameter family of triples (z1, z2, x3) with z1, 25 € K the
points z1, 3 may meet for some parameter values, so this situation is not covered by
Lemma 7.3. See Remark 7.7 below on how to deal with this situation.

7.3. REDUCING PIECEWISE LINEAR (Q-STRINGS TO LINEAR ONES. — In this subsection we
deform chains in X, to chains in Xj;,, not increasing the length of Q-strings in the
process. The main result of this subsection is

Prorosition 7.6. — For a generic knot K there exist maps
Fo : Co(Ep1) — Co(Ziin), Fq:Ci(Zn) — C1(Zin)

and
Hy : Co(Ep1) — C1(Zp1), H; : Ci(Zp1) — Co(Ep1)
satisfying with the map iy, from (7.2):
(i) Foiyin = 1 and DHy = iy, Fo — 1;
(ii) Fyén = 1 and HoD 4+ DHy = ij,Fy — 1;
(iii) Fo, Ho, F1 and Hy are (not necessarily strictly) length-decreasing.

Proof. — We assume that K satisfies the genericity properties in Section 7.2. We first
construct the maps Hy and Fy.

For each simplex 8 € CP!(X) we denote by M () the total number of corners in the
Q@-strings of 8, not counting the corners in @-spikes (which are by definition 3-gons).
Connecting each corner to the starting point of its @-string, we obtain M (8) triangles
connecting the various @-strings to the segments between their end points. We define
the complezity of 8 € Cgl(E) to be the pair of nonnegative integers

c(B) := (M(B), I(B)),

where I(3) is the number of interior intersection points of the first triangle with K
(we set I(B8) = 0 in the case M () = 0, i.e., if there are no triangles). Note that
by part (i) of Lemma 7.2 we know that I is bounded a priori by a fixed constant
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S = S(K). We define the maps Hy and Fy by induction on the lexicographical order
on complexities ¢(53). For ¢(8) = (0,0) we set Fo8 = S and Hy3 = 0.

For the induction step, let § € C} l(Z) be a 0-simplex and assume that Fy and Hy
satisfying (i) and (iii) have been defined for all simplices of complexities ¢ < ¢(3).
Let the first triangle of 5 have vertices x1,x2, x3, where x; is the starting point of
the first @-string which is not a segment, and x5 and xz3 are the next two corners
on that @Q-string (x3 might also be the end point). Since there are only finitely many
intersections of the knot K with the interior of the triangle (and none with its sides),
we can find a segment connecting 5 to a point z§ on the segment zyx3 which is so
close to 3 that the triangle xs2x5x3 does not contain any intersection points with the
knot. Let h3 € CY 1(E) be the 1-simplex obtained by sweeping the first triangle by
the family of segments from z; to a varying point (1 — w)z2 + uzj on the segment
[x2, x}], followed by the segment from that point to x5 and the remaining segments
to x4 etc. See Figure 7.2 (the point y and the shaded region play no role here and
are included for later use). The N-string ending at z; (and if there is one, also the

€2

(1 —u)x2 + uxh

1
Ficure 7.2. Reducing the number of corner points.

N-string starting at z3) is “dragged along” without creating intersections with K,
and all remaining N-and Q-strings remain unchanged in the process.

The 1-simplex hf has boundary d(h3) = 5’ — 3, where 3’ is the 0-simplex at the
end of the sweep with first segment [z1,x3]. We define

fB:=DhB+ B =p"+0dohB+ dnhpB.

By construction we have dyhf8 = 0 and M(8') < M(B), hence ¢(8') < ¢(B). The
domain of dghf3 consists of those finitely many points where the triangle intersects K
in its interior, so that dghf consists of broken strings with one more Q-string (which is
linear) and with the same total number of corners as 8. But since the new first triangle
is contained in the original first triangle for £, and one of the intersection points is
now the starting point of the new @)-string, we have I(dgh8) < I(3). Altogether we
see that ¢(fB) < ¢(B), so by induction hypothesis Fy and Hjy are already defined
on f3. We set

Fof:=Foff and Hof:=HofB+ hB
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and verify that indeed (using condition (i) on ff)

DHyB = DHofB + DhB =FofB — fB+ fB8—B=FoB8 - B,

so condition (i) continues to hold. Condition (iii) holds by induction hypothesis in view
of L(fB) < L(B) and L(hB) < L(B). Since every € CE'() has finite complexity,
this finishes the definition of Fy and H,.

We next construct the maps H; and Fy, following the same strategy. For this, we
first extend the notion of complexity ¢ = (M, ) to 1-chains with piecewise linear
Q-strings. For a 1-simplex 3 : [0,1] — XP!, we set

M(B) := Arg[gﬁ]M(B(A)), 1(B) := Alg[gﬁ]l(ﬂ(k))-
Note that I(8) is still bounded by the constant S = S(K) in Lemma 7.2. Note
also that, according to our definition of chains of piecewise linear strings, the number
M(B(N)) of corner points of @-strings in S(\) is actually constant equal to the maximal
number M (). Observe that with this definition of complexity for 1-chains, the maps
ho := h and Hj used in the argument for 0-chains do not increase complexity.

Again our definition of F; and H; proceeds by induction on the lexicographic order
on complexity. For simplices 8 € Cfl(Z) with M = 0 we set F18 = 8+ HyDgS and
H, 5 = 0. Then (ii) holds by construction, and (iii) holds since Hy and D are length-
decreasing.

For the induction step, let 5 € Cfl(Z) be a 1-simplex, and assume that F; and H;
satisfying (ii) and (iii) have been defined for all 1-simplices of complexity ¢ < ¢(53).
Using a parametrized version of sweeping the first triangle, we obtain a 2-chain h,8 €
C’Sl(Z). By construction its boundary satisfies Oh18 + hod8 = B’ — 3, where /3’ is the
1-simplex at the end of the sweep with first segment [z1, z3], see Figure 7.3. We now

0 ONS 6P B8
(SQ}L15
(5(9}L10“L‘3
h10
mop olng o
1 Soh10
5Qh1//3’
onhif
1
" 5@33/ 5,

Ficure 7.3. The domain of hq 8.
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define
fiB:=Dhif+hoDB+ B
= B"+ (6gh1 + hodg)B + (dnh1 + hodn)B.

We claim that ¢(f18) < ¢(8). To see this, we need to show that the three terms on
the right hand side of the last displayed equation have complexity lower that ¢(3).
For /8 this holds because its Q-strings have one fewer corner, i.e., M(3') < M(S).
The domain of (dghi + hodg)B consists of the finitely many curves in which the first
triangle intersects K at an interior point y, so that (dghi +hodg)B consists of broken
strings with one more @-string (which is linear) and with the same total number
of corners as . But since the new first triangle (the shaded region in Figure 7.2)
is contained in the original first triangle for each parameter value in (3, and one
of the intersection points is now the starting point of the new @-string, we have
I((6gh1 + hodg)B) < I(B). The domain of (dxh1 + hodn)B consists of the finitely
many straight line segments [u, 1] X {\} emanating from the parameter values (u, \)
corresponding to the tangencies of the triangle [z1,z2,2z3] to the knot at z;, see
Figure 7.3 where one such point of tangency is shown as ZS. So (dxhi + hodn)B
consists of broken strings with one more @-spike and with the same total number
of corners as . But since the new triangle with corners z1, (1 — w)xy + uzh, x3 is
contained in the original first triangle at parameter value A, and one of the intersection
points with the knot is the corner point z; of the new triangle (which does not count
towards I), we have I((dghi + hodg)B) < I(8) and the claim is proved.
According to the claim, F; and H; are defined on f;8 and we set

Fi8:=F fif and H;8:=H;fi8+ hifB.

To distinguish the proposed extensions from the maps given by induction hypothesis,
we temporarily call the extended versions 7 and %7, so we can write

F:=F1fi and A4 :=Hifi +h
without ambiguity. Recall also that in this notation 5 = Hyfy + hg. Now using
f1 = hoD + Dhy 4+ 1 we compute
Do + 4D = DH; f1 + Dhy + Ho foD + hoD

=(Fifi— fi—HoDf1) + (fi = 1= hoD) +HofoD + hoD

= 31 -1 + Ho(foD - Dfl)
Using f1 = hoD + Dhy + 1 again and fy = Dho + 1, we find Df; = DhoD + D =
(Dho + 1)D = foD, so that the last term in the displayed equation vanishes and the

extensions 41, .%; have the required properties. This completes the induction step
and hence the proof of Proposition 7.6. ]

Remark 7.7. — If in a 1-simplex (8 as in the preceding proof the third point z3 of the
first triangle is the end point of the corresponding @Q-string and thus constrained to
lie on the knot, then the points x; and x3 can cross each other for some parameter
values A in the chain. The homotopy hif3 then shrinks the corresponding degenerate
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triangle at parameter A to a constant @Q-string, which according to our convention
from Section 7.1 we interpret as a linear ()-spike in the direction of the degenerate
triangle. Incidentally, the segment [xo, 23] is always short throughout the shortening
process, so if 1 and 3 agree then the triangle is already a linear @-spike without
further shrinking.

Remark 7.8. Definition 5.4 implies that if a @-string in § in the preceding proof
is a (piecewise linear) Q-spike, then it never intersects the knot in its interior and
remains a J-spike throughout the shortening process (which ends with a degenerate
triangle as in Remark 7.7). This property ensures that Hy and H; indeed do not
increase length, which does not count Q-spikes.

Remark 7.9. The proof relies crucially on the (trivial) fact that the new triangle
[y, (1 — u)zg + uxh, z3] (the shaded region in Figure 7.2) obtained by splitting the
Q-string at an intersection point y with K is contained in the old triangle [z, x2, z3].
This is the only place where we use that the metric is Fuclidean; the rest of the proof
works equally well for any metric of nonpositive curvature.

7.4. PROPERTIES OF LINEAR (Q-STRINGS FOR GENERIC KNOTS. Now we consider the
space of 2-gons, i.e., straight line segments starting and ending on the knot. This
space is canonically identified with K x K by associating to each 2-gon its endpoints
on K. We consider the squared distance function

1
E:Kx K —R, E(z,y) = §|x—y|2.

Lemva 7.10. For a generic knot K C R® the following holds for the space K x K
of 2-gons (see Figure 7.4).

t
K x K
L
S5q
-VE

Ve
S

0 L

Ficure 7.4. The space of 2-gons.

(a) E attains its minimum 0 along the diagonal, which is a Bott nondegenerate
critical manifold; the other critical points are nondegenerate binormal chords of index
0,1,2.
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Ficure 7.5. A 2-gon becoming tangent to K at an endpoint.

(b) The subset Sg C KxK of 2-gons meeting K in their interior is a 1-dimensional
submanifold with boundary consisting of finitely many 2-gons tangent to K at one
endpoint, and with finitely many transverse self-intersections consisting of finitely
many 2-gons meeting K twice in their interior.

(c) The negative gradient —V E is not pointing into Sg at the boundary points.

Proof

(a) In terms of an arclength parametrization v of K we write the energy as a
function E(s,t) = |y(s) — y(t)|?. We compute its partial derivatives

%f = (y(s) = y(t),~(s)), aa—f = (y(t) =(s),%(1)),
2 2
(7.3) % = [5()* + (v(s) = v(1),4(s)), % = —{¥(s),7®)),
PE o, .
H = I+ () =(s),5(1)-

We see that critical points of E are points on the diagonal s = ¢ and binormal chords
(where s # t), and the Hessian of E at s = t equals (711 R ) Its kernel is the tangent
space to the diagonal and it is positive definite in the transverse direction. This proves
Bott nondegeneracy of the diagonal. Nondegeneracy of the binormal chords is achieved
by a generic perturbation of K.

(b) We choose K so that its curvature is nowhere 0 (which holds generically). Then
there exists § > 0 such that no 2-gon of positive length < ¢ intersects the knot in
an interior point. Consider the tangential variety 7x of K (where 7v: [0, L] — R3 is a
parametrization of K)

i = {y(s) +r¥(s) | s € [0, L], € R} C R

Since the curvature of K is nowhere zero, there exists § > 0 such that for each s the
line segment {v(s) +r¥(s) | r € (—0,9)} intersects K only at r = 0. Let N(J) denote
the union of these line segments. After small perturbation, the surface 75 ~ N(0)
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intersects K transversely. This shows that there are finitely many 2-gons that are
tangent to K at one endpoint and that this is a transversely cut out 0-manifold.
Moreover, transversality implies that for each 2-gon that is tangent to K at one
endpoint p, the tangent line @ to K at the other endpoint ¢ does not lie in the
osculating plane P (the plane spanned by the first two derivatives of v) at p; see
Figure 7.5.

We claim that the 2-gon [p, g| is the boundary point of a unique local embedded
curve of 2-gons intersecting K in their interior. To see this, we choose affine coordinates
(2,9, 2) on R3 in which p = (0,0,0), ¢ = (1,0, 0), P is the (z, y)-plane, and Q is parallel
to the z-axis. Then K can be written near p as a graph over the z-axis in the form

y = ra®+0(2%), z=0(2*),
and near ¢ as a graph over the z-axis in the form
r=14+0(z%), y=0().

Here 2k # 0 is the curvature of K at p, and after a further reflection we may assume
that k > 0. We fix a small € > 0 (to be chosen later) and consider points &, 7 on the
x-axis with —e < & < n < 2¢. Let p¢,p, be the points of K near p with z-coordinates
&,n and let £¢ ,, be the line through pe and p,,. Let w(z,y, 2) = (x, z) be the projection
onto the (z,z)-plane. Since the line l¢,, is close to the z-axis and K is tangent to
the z-axis at g, the projected curves m({¢ ) and 7(K) intersect in a unique point r¢ ,
in the (z, z)-plane near 7(g) = (1,0). Let fz(n) denote the difference in the y-values
between the points of K and /¢, lying over r¢ ,. Thus fe(n) is the “distance in the
y-direction” between (¢ ,, and K near g. To compute the function f¢(n), note that the
slope of the line through the points (&, k€2) and (1, km?) on the parabola y = kz?
equals x(£+1), so the y-value of this line at = 1 is of the form k(£ +n) +O(£2+n?).
The linear term persists for the function fe¢(n), hence

fe(n) = k(& +n) + O(E +1?).

For ¢ sufficiently small, we see that if £ > 0, then f¢(n) > 0 for all n € (§, 2¢). Suppose
therefore that ¢ < 0. Then for ¢ sufficiently small we have f¢(0) = k€ + O(£?) < 0,
fe(=26) = —w€ + O(?) > 0, and fi(n) = k+ O(|¢| + [n]) > 0. Thus for every
& € (—¢,0) there exists a unique 7n(§) € (§,2¢) such that fe(n(§)) = 0, i.e., the
line £¢ ) intersects K mnear q. Moreover, the point 7(§) depends smoothly on £
and satisfies 0 < n(§) < —2¢€. This shows that the 2-gons with endpoints near p, g
intersecting K in their interior form a smooth curve parametrized by £ € (—¢,0),
consisting of the corresponding segments of the lines ¢ ). As this curve extends
smoothly to £ = 0 by the 2-gon [p, q], the claim is proved.

So we have shown that the subset Sg C K x K avoids a neighborhood of the
diagonal and is a 1-manifold with boundary near the finitely many 2-gons that are
tangent to K at an endpoint. Away from these sets, a generic perturbation of K makes
the evaluation map at the interior of the 2-gons transverse to K. Since the condition
that a chord meets K in the interior is codimension one, and the condition that the
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tangent line at the intersection is parallel to the chord is of codimension three and
can thus be avoided for generic K, we conclude that (b) holds.

(c) Consider a boundary point of Sg, i.e., a 2-gon [p, ¢] tangent to K at one end-
point, say at p. Let p = y(s) and ¢ = (¢) for an arclength parametrization of K such
that 4(s) is a positive multiple of ¢ — p; see Figure 7.5. By equation (7.3) we have
OFE/0s = (p — ¢,7%(s)) < 0, so the parameter s strictly increases in the direction of
—VE. On the other hand, the description in (b) shows that s strictly decreases as we
move into Sg. Hence —VE is not pointing into Sq at [p, ql. O

More generally, for an integer £ > 1 we consider the space (K x K)* of {-tuples of
2-gons with the energy and length functions E*, L* : (K x K)! - R,

£
1
Ee(xlvyla"wxeayf) :25 E |$i_yi|27
i=1

¢
Lz(xlvyla s J%ZW) = Z |xl - yl|
i=1

As a consequence of Lemma 7.10, E* is a Morse-Bott function whose critical man-
ifolds are products Cy x --- x Cp of critical manifolds of F, so each C; is either a
binormal chord or the corresponding diagonal. Note that the symmetric group Sy
acts on (K x K)* preserving E* as well as the product metric.

For a > 0 we denote by M® C (K x K)* the collection of tuples ¢ = (cy,...,c¢) of
binormal chords of total length L(c) = a, and by W the disjoint union of the unstable
manifolds of points in M® under the flow of —~VE* (here M® and thus W% may be
empty). Let ¢7 : (K x K)* — (K x K)* be the time-T' map of the flow of —VE*.

Levva 7.11. — For a generic knot K C R3 and each a > 0 there exist £, > 0 and
T, > 0 with the following property. For each € < e, T > T, and £ € N we have

¢T({LZ <a+e})C {LZ <a—epUVe

where V@ is a tubular neighborhood of W N{L* > a —¢} in {a—e < L* < a+e}.
Moreover, tuples of Q-strings in V* do not intersect the knot K in their interior.

Proof. — Note that on K x K the length and energy are related by L = V2E, so
they have the same critical points and L is strictly decreasing under the flow of —VFE
outside the critical points. Since the flow of —V E? is the product of the flows of F in
each factor, the same relation holds for any ¢ € N: L¢ and E* have the same critical
points and L* is strictly decreasing under the flow of —V E* outside the critical points.

Next recall from above that E* is a Morse-Bott function. In particular, the set of
critical values of E, and thus also of LY, is discrete. Given a € R, we pick €, > 0
such that a is the only critical value of L? in the interval [a — &4, a + &,]. (Since only
finitely many binormal chords can appear in tuples of critical points of total length a,
the constant €, can be chosen independently of £.) For € < ,, the familiar argument
from Morse theory shows that ¢7({L* < a+¢e}) C {L* < a—e} UV, where V2
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for large T are tubular neighborhoods of W N{L! > a —e} in {a —e < L* <a+¢}
that shrink to W2 N {L* > a — e} as T — oo.

For the last statement recall that, for a generic knot K, binormal chords do not
meet K in their interior. So for each ¢ € N there exists a neighborhood U* of M
in (K x K)¢ such that tuples of Q-strings in U? do not intersect K in their interior.
We pick T, large enough and &, small enough so that V* ;- is contained in U“. By
the argument as in the previous paragraph, the constants ¢, and 7T, can be chosen
independently of ¢ and the lemma is proved. O

7.5. SHORTENING LINEAR (Q-STRINGS. We will need some homological algebra. Sup-
pose we have the following algebraic situation:

— a chain complex (¢, D = 0 + ¢) satisfying the relations
0?=06*=00+60=0, and

— a chain map f : (¢,0) — (¥¢,0) and a chain homotopy H : (¢,0) — (¢,0)
satisfying

(7.4) OH+ HO=f—1,
such that for every ¢ € € there exists a positive integer S(c) with
(7.5) (6H)%(c) = 0.

In our applications below, we will have § = d¢ + dn, and the equation 62 = 0 will
follow from

5% = 6% = [60,0n] = 0,

which is part of the statement that D? = 0 in our chain complex. Here, as usual, we
denote the graded commutator of two maps A, B by

[A,B] := AB — (—1)|4IIBIBA.

Set Hy := H and fy := f, and more generally for d > 1 define the maps

d
(7.6) Hy=H(H)", fq:=> (HO)'f(6H)"".

i=0
It is also convenient to set H_; = 0. Note that the maps f; satisfy the recursion
relation fyy1 = fq0H + Hgdf.

Lemma 7.12. For each d > 1 we have

(77) [6’ Hd] + [57 Hd—l] = fa-
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Proof. We prove this by induction on d. The case d = 1 is an immediate conse-
quence of (7.4) and [0, 0] = 0. For the induction step we observe that

[0,Hgy1]) = OH40H + Hy0HO
= [0, Hy)0H — HyodH — Hy00H + Hyo f — Hyd
= fa0H — [0, Hy_1)0H + Hyd f — Hgd
= fap1 — 0Hy — Hq_16>H — Hyo
= fa+1 — [0, Ha).
Here in the second equality we have used (7.4), in the third equality the induction
hypothesis and [4,9] = 0, in the fourth equality the recursion relation above, and in
the fifth equality we have used §2 = 0. g
In view of equation (7.5), for each ¢ € € we have Hgc = 0 and fyc = 0 for
d > S(c) +max{S(fc),S(féHe),...,S(f(6H)5 D e)}.

So the sums

(7.8) H:=Y Hiy F:=) fq
d=0 d=0
are finite on every ¢ € ¥. Summing up equation (7.7) for d = 1,...,e and using

equation (7.4), we obtain
[0,He] + [D,Ho+ -+ He1] = fo+ -+ fe— 1
for all e, and hence
[D,H] =TF — 1.
This concludes the homological algebra discussion.

We now apply this construction to the space Xy, of broken strings with linear
Q@-strings as follows. We fix a large time T > 0 and consider a generic i-chain g
in Yy, for i = 0, 1. Moving the @-strings in § by the flow of —VE for times ¢ € [0,T]
we obtain an (i 4 1)-chain in (K x K)‘. We make this an (i + 1)-chain H” 3 in Sy,
by dragging along the N-strings without creating new intersections with the knot.
In the case i = 1, we moreover grow new N-spikes starting from the finitely many
points Zf where some Q-string becomes tangent to the knot at one end point, as
shown in Figure 7.3. We define f7'3 as the boundary component of H”' 3 at time T

Remark 7.13. — Technically, we should be careful to arrange that H maps generic
chains to generic chains. This is easy for 0-chains, but some care should be taken for
1-chains, especially near the points Z where some @Q-string becomes tangent to K
at one of its end points.

Prorosition 7.14. — For a generic knot K, the operations defined above yield for
1 =0,1 maps

f1: Ci(Sin) — Ci(Sim), H" : Ci(S1in) — Cig1(Sin)
satisfying conditions (7.4) and (7.5).
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Proof. Standard transversality arguments show that f7 and H” map generic
chains to generic chains, provided that we impose suitable genericity conditions on
generic chains with respect to linear strings. Now condition (7.4) is clear by construc-
tion.

For condition (7.5), we use Lemma 7.10(c). It implies that there exists a neighbor-
hood U C K x K of the finitely many 2-gons 0S¢ that are tangent to K at one end
point and an € > 0 with the following property: Each 2-gon in U N Sg decreases in
length by at least € under the flow of —VE before it meets Sg again, and the same
holds for the longer 2-gon resulting from splitting it at its intersection with the knot.
On the other hand, if a 2-gon in Sg \ U is split at its intersection with the knot, then
both pieces are shorter by at least some fixed amount § > 0. Hence each application
of HT§¢ decreases the total length of Q-strings by at least min(e, d), and since L(3)
is finite this can happen only finitely many times. O

Applying definition (7.8) to the maps f7 and HT, we obtain for i = 0,1 length
decreasing maps

F 1 Ci(Shin) — Ci(Zin), H" : Ci(S1in) — Cig1(Siin)
satisfying
(7.9) DHY =F} -1, HID+ DH] =F] —1

We now use these maps to compute the homology of (C;(X),), D) in small length
intervals. For a € R and ¢ = 0,1 we denote by .2Z® the free Z-module generated by
words vyi¢1 -+ Yeceyes1, £ = 0, where c1,...,cp are binormal chords of total length a
and of total index ¢, and the ; are homotopy classes of paths in 0N connecting the c;
to broken strings and not intersecting K in their interior. We define linear maps

O — HI5) (5, D)

1

as follows. For ¢ = 0, © sends 71¢1 - - - Yeceye41 to the homology class of the broken
string yic1 - - YeceYe41, where 7, are representatives of the classes «;. For ¢ = 1,
consider a word vicy - - - Yeceyer1 With exactly one binormal chord ¢ of index 1 and
all others of index 0. Then © sends this word to the homology class of the 1-chain
A1€1 -+ Ck - - YeCeVe+1, Where ¥; are representatives of the classes v; and ¢ is the
unstable manifold of ¢ in (K x K)N{L > a—e¢}, viewed as a 1-chain by fixing some
parametrization.

Cororrary 7.15. For a € R let €, be the constant from Lemma 7.11. Then for
each € < g, the map © : A — Hi[a_s’aJrs)(Ehn, D) is an isomorphism for i =0 and
surjective for i = 1.

Proof. — We first consider the case i = 1. Fix ¢ < g, and T > T, where ¢,, T, are
the constants from Lemma 7.11. Consider a relative 1-cycle 5 € C}aie’aﬁ)(&in). In
view of (7.9), B is homologous to F” 3. Recall from its definition in (7.6) and (7.8)
that each tuple of Q-strings appearing in F” 3 is obtained by flowing some tuple of
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Q-strings for time T (and maybe applying Hdg several times to the resulting tuple).
Now we distinguish two cases.

Case 1. — a is not the length of a word of binormal chords. Then in Lemma 7.11 the
set V@ is empty and it follows that all tuples of Q-strings in F” 3 have length at most
a — £. This shows that H{a_g’aﬁ)(&in) =0 and the map © is an isomorphism.

Case 2. a is the length of a word of binormal chords. For simplicity, let us assume
that up to permutation there is only one word w of length a (the general case differs
just in notation). By Lemma 7.11, FT3 is a finite sum 3] + B4 + --- of relative 1-
cycles 3; in tubular neighborhoods V@ of the unstable manifolds W*N{L* > a —e} of
critical £-tuples of length a. Recall that critical /-tuples consist of binormal chords and
@-spikes (corresponding to constant 2-gons). Using the operation dy, we can replace
Q-spikes by differences of N-strings to obtain a relative 1-cycle 5" in V* homologous
to F7' 8 which contains no @Q-spikes. So each 1-simplex B7 in 8" is a relative 1-chain
whose @)-strings lie in the tubular neighborhood V; of the unstable manifold of some
permutation w; of w. Then the N-strings in " do not intersect the knot in their
interior, and by Lemma 7.11 neither do the @Q-strings. Thus each 37 is a relative cycle
in V; with respect to the singular boundary 0. We distinguish three subcases.

(i) If the total degree of the word w is bigger than 1, then its stable manifold
for the flow of —VE has codimension bigger than 1. So, after a small perturbation,
each ﬁ;’ will avoid the stable manifold of w; and will therefore have length at most
a — ¢ for sufficiently large T'. This shows that, as in Case 1, both groups vanish and ©
is an isomorphism.

(ii) If the degree of the word w is 0, then its unstable manifold is a point and thus
each Vj is contractible relative to {L < a —e}. It follows that each relative cycle 7 is
O-exact, and since no é¢g and dy occurs also D-exact. Again we see that both groups
vanish and © is an isomorphism.

(iii) If the degree of the word w is 1, then each V; deformation retracts relative to
{L < a — ¢} onto the 1-dimensional unstable manifold w; of w;. It follows that each
relative cycle ﬂ;.’ is 0-homologous, and since no dg and dn occurs also D-homologous,
to a multiple of the 1-chain of @-strings w; connected by suitable NN-strings. By
definition of ©, this shows that the D-homology class [8”] = [f] lies in the image
of ©. So O is surjective, which concludes the case i = 1.

In the case i = 0, the proof of surjectivity is analogous but simpler than in the case
i = 1. For injectivity one considers FT 3 for a 1-chain 3 in Xy, with DS = « for a
given O-chain « and argues similarly. Note that this last step does not work to prove
injectivity for i = 1 because it would require considering FT'3 for a 2-chain 3, which
we have not defined (although this should of course be possible). ]

7.6. Proor or tue 1somoreuism. — Let @ : (Cu(Z#),00) — (C«(X), D) be the chain
map constructed in the previous section. We now use the fact (Corollary 6.15) that
the map ® preserves the length filtrations. Thus for a < b < ¢ we have the commuting
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diagram with exact rows of length filtered homology groups

Y R) —— B (#) —— HO () —— Hy(#) —— 0

[ N
H(8) —— H(9) —— HO(5) —— Hy9(5) —— 0.
The main result of this section asserts that ®, is an isomorphism (resp. surjective)

for sufficiently small action intervals:

Proposrrion 7.16. For each a € R there exists an €, > 0 such that for each € < g,
the map
(I)* . H(ga—e,a—&-s) (%) N H(ga—s,a—&-s) (E)
s an tsomorphism and the map
(I)* . H{a—e,a—&-e) (%) N H{a—s,a—&-s) (E)
18 surjective.
This proposition implies Theorem 1.2 as follows. Since Ho(#) = limpg—_ 0o H([)O’R) (%)
and Hyp(¥) = limg_ o0 H([)O’R)(Z), it suffices to show that
o, : H (%) — HPM (3)
is an isomorphism for each R > 0. Now the compact interval [0, R] is covered by
finitely many of the open intervals (a — e,4,a + &), with a € [0, R] and &, as in

Proposition 7.16. Thus, according to Proposition 7.16, there exists a partition 0 =
ro <71 <--- <ry = R such that the maps

. Hy' " (R) — Hy (D)
are isomorphisms and
o, H' V(%) — HUT(R)
are surjective for all ¢ = 1,..., N. To prove by induction that
o, : HY™ (%) — HY™ ()

is an isomorphism for each 1 = 1,..., N, consider the commuting diagram above with
a=0,b=r;_7 and ¢ = r;. By induction hypothesis for ¢ — 1 the second, fourth
and fifth vertical maps are isomorphisms and the first one is surjective, so by the five
lemma the third vertical map is an isomorphism as well. This proves the inductive
step and hence Theorem 1.2.

Proof'of Proposition 7.16. Let us denote the maps provided by Proposition 7.1 by
FP' HP' and the maps in Proposition 7.6 by Fi* H" i = 0,1. A short computation
shows that the maps

F; :=Fi o FP 2 0y() — Ci(Diin),
H; := H?l + ipl o H?n o F?l : CZ(Z) — C,LJrl(E)
for i = 0, 1 satisfy with the map @ := ip) 0 4jin : Cs(Ziin) = Ci(2):
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(1) F()’L =1 and DHO = ’L]FO — ]1,

(11) Fll =1 and H()D -+ DHl = ZIFl — ]1,

(iii) Fo, Hp, F; and H; are (not necessarily strictly) length-decreasing,.
Conditions (i) and (ii) imply DF; = FoD and ¢F;D = D(1+ H; D), and therefore

Fo(im D) Cim D,  Fy(ker D) CkerD,  Fy(im D) C i~ '(im D).

Hence the F; define chain maps between the chain complexes (where the left horizontal
maps are the obvious inclusions)

imD —— O((2) —2 (D)

o lm
i1(im D) —— Cy(Sim) —2s Co(Sin)

Note that the upper complex computes the homology groups Hy(X) and H; (X), while
the lower complex has homology groups Ho(X!'") and

Hy (3% := ker D" /i~ (im D).

Conditions (i) and (ii) show that Fo, F; induce isomorphisms between these homology
groups (with inverses i), and in view of condition (iii) the same holds for length
filtered homology groups. Setting

U:=F;0®: (Ci(#),0n) — (Ci(2"™),D),  i=0,1,

it therefore suffices to prove: For each a € R there exists an €, > 0 such that for each
€ < €4 the map

0, H([Jafs,aJrs)(%) . H([Jafs,aJrs)(E]in)
s an isomorphism and the map

\I/* . H{afe,aJrE)(%) — ﬁ{afe,uA»e)(Z]in)

18 surjective.
We take for £, the constant from Lemma 7.11 and consider € < ¢,. Then we have
canonical isomorphisms

I H () 2, i=0,1

K2

to the groups 7" introduced in the previous subsection. Recall the maps © : &* —
Hi[a_g’aJrE)(Ehn,D) from Corollary 7.15 which are an isomorphism for ¢ = 0 and
surjective for ¢ = 1.

We consider first the case ¢ = 0. By Proposition 6.14, for a binormal chord ¢ of
index 0 and length a the moduli space of holomorphic disks with positive puncture ¢
and switching boundary conditions contains one component corresponding to the half-
strip over ¢, and on all other components the @Q-strings in the boundary have total
length less than a—e. This shows that the map ¥, : HI*"=9)(g2) — Hlt~=F9) (xlin)
agrees with © oI' and is therefore an isomorphism.
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For i = 1 we have a diagram

Hl[afe,aJrs) (:@) v, ﬁl[a*E,GJrE)(Elin)

glr TH

42{104 S) H%l—é‘,lﬁ“f) (Zlin)7
where II : Hy (310) = ker D'/ im D' — ker D' /i=1(im D) = H, (X4") is the canon-
ical projection. Since IT and © are surjective, surjectivity of ¥, follows once we show
that the diagram commutes.

To see this, consider a word w = by - - - bic of binormal chords of indices |b;] = 0
and |c¢| = 1 and total length a. The 1-dimensional moduli space of holomorphic strips
with positive puncture asymptotic to ¢ and one boundary component on the zero
section contains a unique component .Z, passing through the trivial strip over c¢. By
Proposition 6.14, for each other element in .Z,. the boundary on the zero section has
length strictly less than L(c). So, for ¢ sufficiently small, the moduli space represents
a generator of the local first homology at c¢. Since on all other components of the
moduli space the @Q-strings in the boundary have total length less than a — ¢, the
product of .#, with the half-strips over the b; gives ®(w) € C{a_s’aﬁ)(Z). Its image
T(w) = Fy o ®(w) € CL* =" (2y,) is obtained from ®(w) by shortening the Q-
strings to linear ones. Since the tuples of @Q-strings in ®(w) were either C'-close
to w (depending on ¢€) or had total length less that a — €, the same holds for ¥(w).
Hence ¥(w) is homologous (with respect to 9, and therefore with respect to D) in
C{“‘E"”E)(Eﬁn) to the unstable manifold of w in X;,, which by definition equals
ITo® ol (w).

In the previous argument we have ignored the N-strings, always connecting the
ends of @-strings to the base point by capping paths. More generally, a generator of
H{a_s’a%)(%) & o/* is given by a word vyicy - - - Yeceyer1, where the ¢; are binormal
chords with one of them of index 1 and all others of index 1, and the ~y; are homo-
topy classes of N-strings connecting the end points and not intersecting K in the
interior. Now we apply the same arguments as above to the Q-strings, dragging along
the N-strings, to prove commutativity of the diagram. This concludes the proof of
Proposition 7.16, and thus of Theorem 1.2. O

8. PROPERTIES OF HOLOMORPHIC DISKS

In this section we begin our analysis of the holomorphic disks involved in the
definition of the chain map from Legendrian contact homology to string homology.
For the remainder of the paper, we consider the following setup:

— @ is a real analytic Riemannian 3-manifold without closed geodesics and convex
at infinity (the main example being Q = R? with the flat metric);
— K C Q is a real analytic knot with nondegenerate binormal chords;
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— Lig C T*Q is the conormal bundle, Q C T*Q is the 0-section, and
L=LguUuQ@

is the singular Lagrangian with clean intersection Lx NQ = K.

The reader will notice that much of the discussion naturally extends to higher
dimensional manifolds @ and submanifolds K C Q.

8.1. ALmosT coMPLEX sTRUCTURES. — Consider the subsets

S*Q={(¢,p) | Il =1} c D*Q ={(¢,p) | Ip| <1} C T*Q

of the cotangent bundle. The canonical isomorphism

RxS*Q—T"Q~Q,  (s,(q,p) — (g,¢°p)

intertwines the R-actions given by translation resp. rescaling. Let A = pdqg be the
canonical Liouville form on 7% with Liouville vector field pd,. Its restriction A; to
S*Q is a contact form with contact structure & = ker A\; and Reeb vector field R.
We denote the R-invariant extensions of A1,&, R to T*Q ~\ @ by the same letters. In
geodesic normal coordinates ¢; and dual coordinates p; they are given by

_ bdq
Ip| ’

Around each Reeb chord ¢ : [0,7] — S*@Q with end points on Ax = Lx N S*Q we
pick a neighborhood U x (—&, T +¢) C S*Q, where U is a neighborhood of the origin
in C?, with the following properties:

— the Reeb chord ¢ corresponds to {0} x [0, T];

— the Reeb vector field R is parallel to 9;, where t is the coordinate on (—&,T + ¢)
and the contact planes project isomorphically onto U along R;

— along {0} x (—¢, T +¢) the contact planes agree with C2 x {0} and the form d\;
with wgy = dxy A dy1 + dxa A dys;

— the Legendrian Ak intersects U X (—e, T+¢) in two linear subspaces contained in

A 9 }L

0
R= Zpia—qi, §(q,p) = ker Ay Nker(pdp) = span{R,pa—p

U x {0} and U x {T'}, respectively, whose projections to U are transversely intersecting
Lagrangian subspaces of (C2,wg;).

Derinition 8.1. — An almost complex structure J on T*Q is called admissible if it
has the following properties.

(i) J is everywhere compatible with the symplectic form dp A dg. Moreover, Q) ad-
mits an exhaustion Q1 C Q2 C --- by compact sets with smooth boundary such that
the pullbacks 7—1(dQ;) under the projection 7 : T*Q — @ are J-convex hypersur-
faces.

(ii) Outside D*@, J agrees with an R-invariant almost complex structure J; on the
symplectization that takes the Liouville field pd, to the Reeb vector field R, restricts
to a complex structure on the contact distribution £, and is compatible with the
symplectic form dA; on &.
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(iii) Outside the zero section, J preserves the subspace span{pd,, R} as well as &
and is compatible with the symplectic form dA; on £. Along the zero section, J agrees
with the canonical structure 9/9p; — 0/0q;.

(iv) J is integrable near K such that () and K are real analytic.

(v) On each neighborhood U x (—¢,T + €) around a Reeb chord as above, the
restriction of J; to the contact planes is the pullback of the standard complex structure
on U C C? under the projection.

Remark 8.2. Conditions (i) and (ii) are standard conditions for studying holo-
morphic curves in 7*@Q and its symplectization R x S*@. Condition (iii) ensures the
crucial length estimate for holomorphic curves in the next subsection. Condition (iv)
is needed for the Finiteness Theorem 6.5 to hold. Condition (v) is added to facilitate
our study of spaces of holomorphic disks and is convenient for fixing gauge when
finding smooth structures on moduli spaces; it can probably be removed with a more
involved analysis of asymptotics.

Remark 8.3. Note that an admissible almost complex structure remains so under
arbitrary deformations satisfying (ii) that are supported outside D*@Q and away from
the Reeb chords. This gives us enough freedom to achieve transversality within the
class of admissible structures in Section 9.

The Riemannian metric on @ induces a canonical almost complex structure Jy on
T*@ which in geodesic normal coordinates ¢; at a point ¢ and dual coordinates p; is

given by
0 0 0 0
(o) = (o) o

More generally, for a positive smooth function p: [0, 00) — (0, 00) we define an almost
complex structure J, by

0 0 0 4 0
5o (g ) = o) s o () = ol

If p(r) = r for large r, then it is easy to check that J, satisfies the first part of
condition (i) as well as conditions (ii) and (iii) in Definition 8.1. If the metric is flat
(i.e., Q is R? or a quotient of R? by a lattice), then Jy is integrable and J, also
satisfies the second part of (i) (choosing @; to be round balls) and condition (iv).
Condition (v) can then be arranged by deforming J, near infinity within the class of

almost complex structures satisfying (ii). So we have shown the following.

Levya 8.4. — For Q = R3 with the Fuclidean metric there exist admissible almost
complex structures in the sense of Definition 8.1. (|
Remark 8.5. — In fact, the almost complex structure Jg; induced by the metric is

integrable if and only if the metric is flat (this observation is due to M. Griineberg,
unpublished). So the preceding proof of Lemma 8.4 does not carry over to general
manifolds @ (although the conclusion should still hold).
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The next result provides nice holomorphic coordinates near K C T*(Q).

Lemma 8.6. Suppose that J satisfies condition (iv) in Definition 8.1. Then for
§ > 0 small enough there exists a holomorphic embedding from S' x (=§,8) x B,
where Bf C C? is the ball of radius §, with its standard complex structure onto a
neighborhood of K in T*Q with complex structure J with the following properties:

— St x {0} x {0} maps onto K;
~ St x {0} x (R*N BY) maps to Q;
— St x {0} x (iR* N B}) maps to L.

Alternatively, we can arrange the last two properties with the roles of Q and Lk
interchanged.

Proof. — This is proved in more generality in [5, Rem. 3.2]; for convenience we repeat
the proof in the situation at hand. Consider the real analytic embedding v: S' — Q
representing K. Pick a real analytic vector field v on @) which is nowhere tangent to K
along K. Let v; be the unit vector field along K in the direction of the component
of v perpendicular to 4. Then v; is a real analytic vector field along K. Let vy = 4 X vy
be the unit vector field along K which is perpendicular to both 4 and v; and which
is such that (¥,v1,v2) is a positively oriented basis of 7Q. Consider S* x D? with
coordinates (s,01,02), s € R/Z, 0; € R. Since K is an embedding there exists p > 0
such that

(8.1) P(s,01,02) = y(s) + o1v1(8) + 0202(5)

is an embedding for 07403 < p. Note that the embedding is real analytic. Equip S* x D?
with the flat metric and consider the induced complex structure on T*(S'x D?).
The real analyticity of ¢ in (8.1) implies that it extends to holomorphic embedding ®
from a neighborhood of S x D? in T*(S! x D?) to a neighborhood of K in T*Q (here
we use integrability of J near K). In fact, locally ® is obtained by replacing the real
variables (s,01,02) in the power series corresponding in the right hand side of (8.1)
by their complexifications (s + it, 01 + i71, 02 + i72). This proves the first assertion of
the lemma. The alternative assertion follows from this one by precomposing ® with
multiplication by i on Bj. O

Remark 8.7. — The coordinate system gives a framing of K determined by the normal
vector field v. By real analytic approximation we can take v to represent any class of
framings.

8.2. LENGTH ESTIMATES. In this subsection we show that the chain map ® respects
the length filtrations. This was shown in [6] for the absolute case, i.e., without the
additional boundary condition Ly, and the arguments carry over immediately to the
relative case. For completeness, we provide the proof in this subsection and we keep
the level of generality of [6], which is slightly more than what we use in this paper.
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For preparation, consider a smooth function 7: [0,00) — [0,00) with 7/(s) > 0
everywhere and 7(s) = 0 near s = 0. Then

d
A o rpDpdg
|
defines a smooth 1-form on T%Q).
Lemva 8.8. — Let J be an admissible almost complex structure on T*Q and T a func-

tion as above. Then for all v € T(4,)T™ Q) we have

dA: (v, Jv) = 0.
At points where T(|p|) > 0 and 7'(|p|) > 0 equality holds only for v = 0, whereas
at points where T(|p|) > 0 and 7'(|p|) = 0 equality holds if and only if v is a linear
combination of the Liouville field p 0, and the Reeb vector field R = p 0,.
Proof. — By condition (iii) in Definition 8.1, J preserves the splitting

T(T*Q) = span{pdy, R} & ¢

and is compatible with dA; on &. Let us denote by w1 : T(T*Q) — span{pd,, R}

and mo : T(T*Q) — £ the projections onto the direct summands. Since ker(dA;) =
span{p 0y, R}, for v € T(, ,)T*Q we conclude

d)\l(’l), JU) = d)\l(’iTQ’U, J’/TQ’U) 2 0,
with equality iff v € span{p 9,, R}. Next, we consider

drr = 7(|p|)dAs + T/|(}|71|9|)pdp/\ At
Since the form pdp A A1 vanishes on £ and is positive on span{p d,, R}, we conclude
d- (v, Jv) = 7(|p|)d\ (mav, Jmav) + 7J|(I|7p|)pdp A A (mv, Jmv) 20,
with equality iff both summands vanish. From this the lemma follows. |

Let now J be an admissible almost complex structure on 7%Q and
u: (X,08) — (T7Q,Q U Lk)

be a J-holomorphic curve with finitely many positive boundary punctures asymptotic
to Reeb chords aq,...,as and with switching boundary conditions on Q U Lg. Let
O1,...,0% be the boundary segments on Q. Recall that L(o;) denotes the Riemannian
length of o; and L(a;) = faj A1 denotes the action of the Reeb chord a;, which agrees
with the length of the corresponding binormal chord.

Prorosrrron 8.9. With notation as above we have

k s
S L) < Llay).
i=1 j=1

and equality holds if and only if u is a branched covering of a half-strip over a binormal
chord.
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Proof. The idea of the proof is straightforward: integrate u*d\; over ¥ and apply
Stokes’ theorem. However, some care is required to make this rigorous because the
1-form A; is singular along the zero section.

Fix a small § > 0. For ¢ = 1,...,s pick biholomorphic maps ¢; : [0,4d] x [0,1] —
N; C ¥ onto neighborhoods N; in ¥ of the i** boundary segment mapped to Q, so
that ¢;(0,t) is a parametrization of the i** boundary segment. We choose § so small
that N; " N; = @ if ¢ # j and w0 ¢;(6,-) does not hit the zero section (the latter is
possible because otherwise by unique continuation u would be entirely contained in
the zero section, which it is not by assumption). For fixed ¢ we denote the induced
parametrization of o; by ¢(t) := uo ¢;(t) € Q, so we can write

wo ¢i(s,t) = (q(t) +v(s, 1), 54(t) + w(s, 1))

with v(0,¢t) = 0 = w(0, t), and therefore dv/0t(0,t) = 0 = dw/0t(0,t). The hypothesis
that J is standard near the zero section (condition (iii) in Definition 8.1) implies that
Ov/0s(0,t) = 0 = dw/0s(0,t). Denoting vs = v(J, ) and ws = w(d,-) we compute

(64 + ws, ¢ + Us)
16G + ws|

_ <(i+wa/5aq'+v'5>dt

|q 4+ ws /0]

= (l4| + O(9))dt,

(wodi)*Als=s =

where in the last line we have used that ©5 = O(d) and ws; = O(5?).

Pick € > 0 smaller than the minimal norm of the p-components of uo ¢;(4, ) for all
i. Pick a function 7: [0,00) — [0,1] with 7/ > 0, 7(s) = 0 near s = 0, and 7(s) = 1 for
s 2 ¢. By Lemma 8.8, the form A\, = (7(|p|)/|p|) pdg on T*Q satisfies u*(dA;) > 0.
Note that A, agrees with Ay = (p/|p|) dg on the subset {|p| > ¢} C T*Q, so the
preceding computation yields

[ @eora = [ (il +06)dt= L)+ 00)
{s=6} {s=6}

for all i. Next, consider polar coordinates (r, ) around 0 in the upper half plane H™
near the j* positive puncture. Then the asymptotic behavior of u near the punctures
yields

/ WA, = L{a;) + O(6).
{r=6}NH*

Now let X5 C X be the surface obtained by removing the neighborhoods {r < §}NH™
around the positive punctures and the neighborhoods N; of the boundary segments
mapped to @, see Figure 8.1.

The boundary of X5 consists of the arcs {r = § JNH ™ around the positive punctures,
the arcs ¢;({s = §}) near the boundary segments mapped to @ (negatively oriented),
and the remaining parts of 0¥ mapped to Lk. Since A, vanishes on Ly, the latter
boundary parts do not contribute to its integral and Stokes’ theorem combined with
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LK LK

&7

Lk

QO A

Ficure 8.1. The domain Y5 is obtained from ¥ by removing small
neighborhoods of the boundary arcs mapping to @) and of the positive
punctures. The punctures are denoted by x, and switches are denoted
by dots.

the preceding observations yields

s k
0< / WA, = / WA =3 Liag) = S Lios) +00).
S 055 =

i=1
Taking § — 0 this proves the inequality in Proposition 8.9. Equality holds iff u*d\,
vanishes identically, which by Lemma 8.8 is the case iff u is everywhere tangent to
span{p 0y, R}. In view of the asymptotics at the positive punctures, this is the case
precisely for a half-strip over a binormal chord. |

8.3. HoLomoORPHIC HALF-STRIPS. We consider the half-strip Ry x [0,1] with co-
ordinates (s,t) and its standard complex structure. Let J be an admissible almost
complex structure on T*@Q and J; the associated structure on R x S*Q. A holomorphic
half-strip in R x S*@ is a holomorphic map

u: Ry x [0,1] — (R x S*Q, Jy)
mapping the boundary segments R x {0} and R x {1} to R x Ag. Similarly, a holo-
morphic half-strip in 7*@Q is a holomorphic map
u: Ry x [0,1] — (T7Q, J)
mapping the boundary to L = Lx U (. We write the components of a map u into
R x §*Q (or into T*Q ~ D*Q = Ry x S*Q) as
u=(a, f).

Recall from [3] (see also [5]) that to any smooth map u from a surface to R x S*@Q or
T*Q we can associate its Hofer energy E(u). It is defined as the sum of two terms,
the w-energy and the A-energy, whose precise definition will not be needed here. The

following result follows from [10, Lem. B.1], see also [3, Prop. 6.2], in combination with
well-known results in Lagrangian Floer theory, see e.g. [21].
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Prorosrrion 8.10. For each holomorphic half-strip u in R x S*Q or T*Q of finite
Hofer energy exactly one of the following holds:

— There exists a Reeb chord c: [0,T] = S*Q and a constant ag € R such that
a(s,t) —Ts—ag —> 0, f(s,t) — ¢(T?)

uniformly in t as s — co. We say that the map has a positive puncture at c.
— There exists a Reeb chord c: [0,T] — S*Q and a constant ag € R such that

a(s,t) +Ts—ag —> 0, f(s,t) — e(—T%)

uniformly in t as s — oco. We say that the map has a negative puncture at c.
— There exists a point zo on R X Ak (resp. L) such that

u(s,t) — xg

L where x : Ry x [0,1] — DT is the map

uniformly int as s — oco. In this case uox~
from (6.3), extends to a holomorphic map on the half-disk mapping the boundary to
R x Ag (resp. L). If zo ¢ K then we say that u has a removable puncture at g, and
if o € K then we say that u has a Lagrangian intersection puncture at zo. (These

are the standard situations in ordinary Lagrangian intersection Floer homology.)

Because of our choice of almost complex structure we can say more about the local
forms of the maps as follows.

Consider first a Reeb chord puncture where the map approaches a Reeb chord c.
Let U x (—¢,T + ¢€) be the neighborhood of ¢ as in Definition 8.1 (v) and note that
the holomorphic half-strip is uniquely determined by the local projection to U C C2
where the complex structure is standard. By a complex linear change of coordinates
on C? we can arrange that the two branches of the Legendrian A through the end
points of ¢ project to R? and to the subspace spanned by the vectors (e?1,0) and
(0, ¢%2), for some angles 1, 6,. The C?-component v of the map u then has a Fourier
expansion

(8.2) ’U(Z) = Z (Cl;ne—(91+n)z762;ne—(92+n)2) ’

n=>0

where ¢;., are real numbers. We call the smallest n such that (c1,p, c2;n) # 0 the order
of convergence to the Reeb chord c.

We have similar expansions near the Lagrangian intersection punctures. Lemma 8.6
gives holomorphic coordinates (29, 21) = (o +iyo, 1 +iy1) in Cx C? around any point
qo € K such that the Lagrangian submanifold @ C T*@Q corresponds to {yo = y1 = 0},
the Lagrangian submanifold Ly corresponds to {yo = #1 = 0}, and the almost com-
plex structure .J corresponds to the standard complex structure i on C3. Consider a
holomorphic map u: [0,00) x [0,1] = T*Q such that u(z) — ¢ € K as z — oo where ¢
lies in a small neighborhood of gy in K. We write w in the local coordinates described
above as v = (vg, v1). Now Remark 4.2 yields the following Fourier expansions for v.
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If v([0,00) x {0}) C @ and v([0,00) x {1}) C Lk then

(8.3) o(z) = (z Come™ Y iy e—<n+1/2>m),

m>0 n+1/2>0

where co., € R for all m € Zzo and where ¢i,41/2 € R? for all n € Zso, in a
neighborhood of co. If v([0,00) x {0}) C Lk and v(]0,00) x {1}) C @ then

(8.4) U(z) - (Z CO,me_mWZ,i Z Clint1/2 e_("+1/2)ﬂz> ,

m>0 n+1/2>0
where notation is as in (8.3). If v([0,00) x {0}) C @ and v([0,00) x {1}) C @ then

(8.5) v(z) = (Z come” ™", Z cl;ne””>7

n>0 n>0
where co.m is as in (8.3) and c1.,, € R? all n € Zso. If v([0,00) x {0}) C Lk and
v([0,00) x {1}) C Lk then

(8.6) v(z) = (Z come” "1 Z clme"“) ,

n>=0 n>0
where notation is as in (8.5). We say that the smallest half-integer n + 1/2 in (8.3)
or (8.4) such that ¢y ,41/2 # 0 or the smallest integer n in (8.5) or (8.6) such that
c1;n 70 is the asymptotic winding number of u at its Lagrangian intersection puncture.

8.4. Hovromorruic pisks. — Consider the closed unit disk D C C with m+1 cyclically
ordered distinct points zo, ..., zm on dD. Set D := D ~ {z0,...,2m}. Consider a
J-holomorphic map u: D — R x §*Q resp. T*Q which maps 9D ~ {z0, ..., 2mn} to
RxAg resp. L = QULk and which has finite w-energy and A-energy. Proposition 8.10
shows that near each puncture z; the map u either extends continuously, or it is
positively or negatively asymptotic to a Reeb chord. We will use the following notation
for such disks.
A symplectization disk (with m > 0 negative punctures) is a J-holomorphic map

u: (D,0D) — (R x S*Q,R x Ag)

with positive puncture at zo and negative punctures at zi,...,z,. A cobordism disk
(with m > 0 Lagrangian intersection punctures) is a J-holomorphic map

u: (D,0D) — (T*Q, L)

with positive puncture at zp and Lagrangian intersection punctures at z1,..., zZn,.
Let b = b1by - - - by, be a word of m Reeb chords. We write

M7 (a,n05b1, .. b)) = A (a,n0; b)

for the moduli space of symplectization disks with positive puncture asymptotic to
the Reeb chord a where the order of convergence is ng and m negative punctures
(in counterclockwise order) asymptotic to the Reeb chords by, .. ., b,,. Here the points
20, - - -5 2m on 0D are allowed to vary and we divide by the action of M&bius transfor-
mations on D. Note that R acts by translation on these moduli spaces.
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Similarly, let n = (n1,...,n,,) be a vector of half-integers or integers. We write
M (a,n0;N1, ., Ny) = A (a,n0;M)

for the moduli space of cobordism disks with positive puncture asymptotic to the Reeb
chord a with degree of convergence ng and m > 0 Lagrangian intersection punctures
with asymptotic winding numbers given by the integers or half-integers n;. Note that
the number of half-integers must be even for topological reasons (at each half-integer
the boundary of u switches from @ to Lx or vice versa).

In both cases when nyg = 0 we will suppress it from notation and simply write

A (a;b) and A (a;n),

respectively.

For a Reeb chord ¢: [0,T] — S*Q of length T, the map u.: R x [0,1] = R x §*Q
given by u.(s +it) = (T's,c(Tt)) is a J-holomorphic parametrization of R x ¢ and
thus a symplectization disk with positive and negative puncture asymptotic to c¢. We
call it the Reeb chord strip over c.

8.5. Compacrness IN R x S*Q anp T*Q. — In this subsection we review the com-
pactness results proved in [5] that concern compactness of the moduli spaces of holo-
morphic disks discussed in Section 8.4.

Let us denote by a source disk D,, the unit disk with some number m + 1 > 1
of punctures zg, ...,z on its boundary; we call zy the positive and z1,..., 2z, the
negative punctures. A broken source disk Dm with v > 1 levels with m + 1 boundary
punctures is represented as a finite disjoint union of punctured disks,

D, =D"“'u(D* u...uD*?)u...u(D"'U--.uU D",
where (Dj’1 u---u Dj’éj) are the disks in the j* level and we require the following
properties:
— Each negative puncture ¢ of a disk D?* in the ;' level for j < r is formally
joined to the positive puncture of a unique disk D?*"% in the (j 4 1)t level. We say

that D1 is attached to D?F at the negative puncture q.

— The total number of negative punctures on level r is m.

Note that a broken source disk with one level is just a source disk.

We consider first compactness for curves in the symplectization. Let D,,, be a bro-
ken source disk as above. A broken symplectization disk with r levels with domain D,,
is a collection © of J-holomorphic maps v#** defined on D’* with the following prop-
erties:

—Foreach 1 <j<rand1l<k<Y, v9* represents an element in
N (AT N
Moreover, for j > 1, the Reeb chord a’** at the positive puncture of v7** matches the
Reeb chord b~ 1 at the negative puncture of vI=LF in DITUE ¢ which D7 is
attached.
— For each level 1 < j < 7, at least one of the maps v7* is not a Reeb chord strip.
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An arc in a source disk is an embedded curve that intersects the boundary only at
its end points and away from the punctures. We say that a sequence of symplectization
disks

{u;} C A (asby,... bym)

converges to a broken symplectization disk if there are disjoint arcs 7y, ..., in the
domains of u; which give the decomposition of the domain into a broken source disk
in the limit and such that in the complement of these arcs, the maps u; converge to
the corresponding map of the broken disk uniformly on compact subsets.

Turorem 8.11. Any sequence {u;} C M¥(a,b1,...,by) of symplectization disks
has a subsequence which converges to a broken symplectization disk v with r > 1 levels.

Proof. — Follows from [3] (see also [5, Th.1.1]). O

In order to describe the compactness result for moduli spaces of holomorphic disks
in T*Q we first introduce a class of constant holomorphic disks and then the notion
of convergence to a constant disk. A constant holomorphic disk is a source disk D,,,,
m > 3, a constant map into a point ¢ € K, and the following extra structure: Each
boundary component is labeled by Ly or by ) and at each puncture z; there is
L3
the adjacent boundary components of D,, are labeled by different components of
L = Lig UQ and an integer otherwise, and such that ny = ZT:1 n;.

an asymptotic winding number n; € { ...} such that n; is a half-integer if

A sequence of holomorphic maps v;: D,, — T*Q with boundary on L converges
to a constant holomorphic disk if it converges uniformly to the constant map on any
compact subset and if for all sufficiently large j, v; takes any boundary component
labeled by Ly or Q to L or @, respectively, and if the asymptotic winding numbers
at the negative punctures of the maps v; agree with those of the constant limit map
at corresponding punctures.

Let D,, be a broken source disk with r levels and suppose 1 < ry < r. A bro-
ken cobordism disk with ro non-constant levels and domain D,, is a collection ¥ of
J-holomorphic maps v7* defined on D’ * with the following properties.

— For j < 1o and 1 < k < £, v3F represents an element in
. .
///Sy(aj’k; by ,bg’k).

Moreover, for j > 1, the Reeb chord a’** at the positive puncture of v/** matches the
Reeb chord b~ 1 at the negative puncture of vI=LF in DITUE at which D7 is
attached.
— For each level j < 7, at least one of the maps v/** is not a Reeb chord strip.
—For j=rgand 1 <k <Yy, ik represents an element in

///(aj’k;n{’k, . ,nék)
and the Reeb chord at the positive puncture of v7** matches the Reeb chord at the

negative puncture of vi~1* in DI~* at which D* is attached.
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— For j > 79, v»F is a constant map to ¢ € K, where ¢ € K is the image of the
negative puncture of v/ ~Lk in DI _17]“/, at which D?* is attached. Moreover, D’*
has at least 3 punctures and the winding number and labels at its positive puncture
agree with those of the negative puncture where it is attached. (From the point of
view of the source disk these constant levels encode degenerations of the conformal
structure corresponding to colliding Lagrangian intersection punctures, see Section
10.3 for more details.)

We say that the disks in levels j < rg are the symplectization disks, that the disks in
level ro are the cobordism disks, and that disks in levels j > rg are the constant disks
of the broken disk.

We define convergence to a broken cobordism disk completely parallel to the sym-
plectization case.

Tueorem 8.12. — Let {u;} C A (a;n1,...,nm) be a sequence of cobordism disks.
Then {u;} has a subsequence which converges to a broken cobordism disk.

Proof. — This is a consequence of [5, Th. 1.1]. Note that the levels of constant disks
are recovered by the sequence of source disks that converges to a broken source disk.
|

Remarxk 8.13. We consider the convergence implied by the Compactness Theorem
8.12 in more detail in a special case relevant to the description of our moduli spaces
below. Consider a sequence of holomorphic disks u; as in the theorem that converges
to a broken cobordism disk with top level v and such that all disks on lower levels are
constant. Let ¢, be a negative puncture of the top level v and let D, be the (possibly
broken) constant disk attached with its positive puncture at gy.

Consider the sequence of domains of u; as a sequence of strips with slits S;, see the
discussion of standard domains in Section 9.1 and Figure 9.1. It follows from the proof
of [5, Th. 1.1] that there is a strip region [—p;,0]x [0, 1] C S}, where p; — co as j — oo
such that in the limit the negative puncture gy of v corresponds to (—o0,0] x [0, 1]
and the positive puncture of the domain D, corresponds to [0,00) x [0, 1] attached
at this puncture. Assume that gy maps to € K and consider the Fourier expansion
of v near ¢y in the local coordinates near K perpendicular to the knot:

o0
v(s+it) = grom(s+it) Z cpeFT i),

k=0
where kg > 1/2 is a half-integer and ¢, are vectors in R? or iR?, ¢y # 0. We say that
the complex line spanned by c¢q is the limiting tangent plane of v at go. Writing v
using Taylor expansion as a map from the upper half plane with the puncture g, at
the origin and taking the complex line of ¢y as the first coordinate we find that the
normal component of v at x is given by

v(z) = (zko, ﬁ(zk”l)) ,

after suitable rescaling of the first coordinate.
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We next restrict to the case relevant to our applications, of a sequence of disks u;
with a constant disk with three or four punctures splitting off. The three punctured
disk is simpler, so we consider the case of a disk with four punctures splitting off. In
this case, consider a vertical segment {p°}x [0, 1] in the stretching strip [—p;,0] x [0, 1].
It subdivides the domain of u; in two components D, containing the positive punc-
ture and its complement D_. Consider the Fourier expansion of u; near this vertical
segment. We have

uj(s +it) = Y cjpe” O,
k>ko
where k are half-integers and c;,;, € R? (or iR?). Since the winding number along
the vertical segment is equal to the sum of the winding numbers of the negative
punctures in the component of D_ that it bounds, we find that, for j sufficiently
large, ¢;,,x = 0 for all k& < 3/2, hence ko > 3/2. Moreover, ¢;.i,, converges to a vector
in the limiting tangent plane of ug at the newborn negative puncture. In the generic
case, see Lemma 9.5, this limiting vector is non-zero. We assume for definiteness in
what follows that it is equal to (1,0).

Pick a conformal map taking D_ to the half disk of radius 1 in the upper half
plane, with the vertical segment corresponding to the half circular arc and with the
middle boundary puncture mapping to 0. Then as 7 — oo the locations of the other
two punctures both converge to 0 and, for large j, the projection to the first complex
coordinate determines the location of the other two punctures. Moreover, the sum
of the winding numbers at these three punctures equals % (i.e., the winding number
along the half circle of radius 1). Consequently, we have, with z a coordinate on the
upper half plane, for all j large enough

uj(2) = \J2(z = 6))(z = &) ((1,0) +v; + 6(2)),

where d;,6; — 0 and v; — 0 € R? as j — oco. It follows that disks in a limiting

sequence eventually lie close to the model disk (4.2) discussed in Section 4.3.

There is a completely analogous and simpler analysis of the case when two punc-
tures collide which shows that disks in a limiting sequence are close to the model disk
(4.1) of Section 4.3 in the same sense.

9. TRANSVERSELY CUT OUT SOLUTIONS AND ORIENTATIONS

In this section we show that the moduli spaces in Section 8 are manifolds for
generic almost complex structure J. To accomplish this, we first express each moduli
space as the zero locus of a section of a bundle over a Banach manifold and then
show, using an argument from [15], that one may make any section transverse to
the 0-section by perturbing the almost complex structure. Here cases of disks with
unstable domains require extra care: we stabilize their domains using extra marked
points on the boundary. We control these marked points using disks with higher order
of convergence to Reeb chords.
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Freure 9.1. A standard domain.

9.1. CONFORMAL REPRESENTATIVES AND BAanacH maNiFoLps. — In order to define suit-
able Banach spaces for our study of holomorphic curves we endow the domains of our
holomorphic disks with cylindrical ends. For convenience we choose a particular such
model for each conformal structure on the punctured disks. (The precise choice is not
important since the space of possible choices of cylindrical ends is contractible.)

— A standard domain Ao with one puncture is the unit disk in the complex plane
with a puncture at 1 and fixed cylindrical end [0, 00) x [0,1] at this puncture.

— A standard domain Aq with two punctures is the strip R x [0, 1].

— A standard domain Ap,([a1,...,am—1]) with m +1 > 2 boundary punctures is
a strip R x [0,m] C C with slits of small fixed width (and fixed shape) around half-
infinite lines (—oo, a;] x {j}, where 0 < j < m is an integer, removed. See Figure 9.1.
We say that a; € R is the 5" boundary maximum of A, (a1, ..., am-1]).

The space of conformal structures 6, on the (m+ 1)-punctured disk is then repre-
sented as R™ /R where R acts on vectors of boundary maxima by overall translation,
see [9, §2.1.1]. The boundary of the space of conformal structures on an (m + 1)-
punctured disk in its compactification 0%, C %, can then be understood as consist-
ing of the several level disks which arise as some differences |a; —ay| between boundary
maxima approach co. We sometimes write A,, for a standard domain, suppressing its
conformal structure [aq, ..., an,—1] from the notation.

The breaking of a standard domain into a standard domain of several levels is
compatible with the compactness results Theorems 8.11 and 8.12. In the proof of
these results given in [5], after adding a finite number of additional punctures the
derivatives of the maps are uniformly bounded and each component in the limit
has at least two punctures and can thus be represented as a standard domain. In
particular, the domain right before the limit is the standard domain obtained by
gluing these in the natural way and the arcs in the definition of convergence can
be represented by vertical segments. Here a vertical segment in a standard domain
A,, C C is a line segment in A,, parallel to the imaginary axis which connects two
boundary components of A,,.

9.2. CoNFIGURATION $PACES. — In this section we construct Banach manifolds which
are configuration spaces for holomorphic disks. In order to show that all moduli spaces
we use are manifolds we need to stabilize disks with one and two punctures by adding
punctures in a systematic way. To this end we will use Sobolev spaces with extra
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weights. This is the reason for introducing somewhat more complicated spaces below.
The constructions in this section parallels corresponding constructions in [15] and [19].

We first define the configuration space for holomorphic disks in 7*@Q and then find
local coordinates for this space showing that it is a Banach manifold. We then repeat
this construction for disks in the symplectization.

Below we are interested in the moduli spaces .# (a,ng;n) of holomorphic disks for
ng =0 or ng =1and n = (ny,...,n,), which we will describe as subsets of suitable
configuration spaces # = # (a;dp;n). Here §y > 0 and ng are related as follows:
Consider the standard neighborhood (—¢,T +¢) x U (with U C C?) of the Reeb cord
a :[0,T] — S*Q which we introduced on page 739. The projections of the contact
planes at the two end points of a to C? intersect transversally, and we denote by
0 <07 <07 < m the two complex angles between them. Now for ng = 0 we choose
0 < dg < 0" and for ng = 1 we choose 0" < 69 < 1.

The space # fibers over the product space

B=R™" 2 xR x J(K).

The first factor R™~2 is the space of conformal structures on the disk with m + 1
boundary punctures. We represent the disk as a standard domain with the first bound-
ary maximum at 0 and R™~2 as the coordinates of the remaining m — 2 boundary
maxima. The second factor R corresponds to the shift in parameterization of the
asymptotic trivial strips at the positive puncture. The third factor is itself a product
with one factor for each negative puncture:

J(K) = JM(K) x - x Jrm)(K).

Here r; is the smallest integer < n; and J(3)(K) denotes the r;-h jet-space of K.
A point (qo,q1,--.,qr,) € Ji)(K) corresponds to the first Fourier (Taylor) coef-
ficients of the map at the j*" negative puncture. Note that J(K) depends on m =
(n1,-..,Mm), but we omit this dependence from the notation.

Fix a parameterization of each Reeb chord strip. If ¥ € R™2 then we write
Al[y] for the standard domain with first boundary maximum at 0 and the following
boundary maxima according to the components of v. If n = (n1,...,n,,) € (%Z)m
with jnj €Z then we decorate the boundary components of A[y] according to n
as follows. Start at the positive puncture and follow the boundary of A[y] in the
positive direction. Decorate the first boundary component by L and then when we
pass the j*' negative puncture we change Lagrangian (from Ly to Q or vice versa)
if n; is a half integer and do not change if it is an integer.

Fix a smooth family of smooth maps

wp: (A[BlLaA[ﬁl]) — (T*QaL)a B = (ﬂlaﬂ?aﬂ3) S Ba
with the following properties:

— wg respects the boundary decoration, i.e., it takes boundary components deco-
rated by Lg resp. @ to the corresponding Lagrangian submanifold.
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— wg agrees with the Reeb chord strip of a shifted by 3, in a neighborhood of the
positive puncture.

— Consider standard coordinates C x C? near the first component of ﬁg € Jm)(K).
Then in a strip neighborhood of the j*" negative puncture, the C2-component of wg
vanishes and the C-component is given by

Tj
wp(z) =) ae'™,
=0

where the j*" component 5% of B3 is
ﬁ:]), = (QO7QI7 s 7qu) € J(TJ)(K)
Let 0 < 6 < 1/2 and as before let either 0 < §p < 6" or 8" < §y < 1, where 6’

describes the smallest non-zero complex angle at the Reeb chord a and 6” the largest.
Let #,.5(81) denote the Sobolev space of maps

w: AlBy] — T*R® = R®

with two derivatives in L? and finite weighted 2-norm with respect to the weight
function ns with the following properties.

— Ns,,6 €quals 1 outside a neighborhood of the punctures.

~ N5.5(s +it) = €75 near the positive puncture.

~ Nso.5(s +it) = e =O7Isl near the j** negative puncture.

Consider the bundle £ — B with fiber over 5 € B given by .75, s(51). Define the
configuration space # = # (a;dp;n) C E of (8, w) such that u = wg + w satisfies the
following

— u takes the boundary of A[5] to L respecting the boundary decoration.
— u is holomorphic on the boundary, i.e., the restriction (trace) of 9 u to OA[B:]
vanishes.

It is not hard to see that # is a closed subspace of E. In fact it is a Banach sub-
manifold of the Banach manifold E. We will next explain how to find local coordinates
on # . Let (B,w) € E, and assume that v = wg + w is a map in #.

In order to find local coordinates around u we first consider the finite dimensional
directions. Pick diffeomorphisms of the source A[3],

(9.1) by, YER; Wy, m €R™TL

corresponding to the second and first finite dimensional factors. Here ¢, equals
the identity outside a neighborhood of the positive end where it equals translation
by 7, and ¥y, : Alf1] — A[B1 + 1] moves the boundary maxima according to 7,
see [9, §6.2.3].

We next turn to the translations along the knot and the infinite dimensional com-
ponent of the space. Using the coordinate map of Lemma 8.6 we import the flat
metric on T*(S* x D?) to T*Q, we extend this metric to a metric h! on all of T*Q
so that Ly is totally geodesic and flat near Reeb chord endpoints, see 8.1 (v), and
such that h' = ds? + g on T*Q ~ D*Q = R, x S*Q, where g is a metric on S*Q.
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Consider the standard almost complex structure in a neighborhood of the zero sec-
tion of @ = R? in T*Q. Note that this almost complex structure agrees with the
standard almost complex structure in the holomorphic neighborhood of K. Using the
construction in [13, Prop. 5.3], we extend it to an almost complex structure J over all
of T*@ with the following additional property near Lg. If V is a vector field along a
geodesic in the metric A! in Lg then V satisfies the Jacobi equation if and only if the
vector field JV does. To achieve this we might have to be alter h' slightly near but
not on L, see [13, Eq. (5.7)] for the precise form of h! (corresponding to g in that
equation). Note that this construction gives the standard almost complex structure
near the knot. Let h° denote the standard flat metric on 7*Q and note that it has
the Jacobi field property discussed above along Q. Let

(9.2) he, 0<o<1

be the linear interpolation between the metrics A and h'.

Consider the pullback bundle «*T(T*Q). Note that the Riemannian metrics h* on
T*(@ induce connections on this bundle which we denote by V?.

Let #%(u) denote the linear space of sections v of w*T(T*Q) with the following
properties.

— The partial derivatives of v up to second order lie in L2 (A[S], w*T(T*Q)).

— The restriction of VZv+ JoV?voi to the boundary (sometimes called the trace
of Vov+JoV%voi) vanishes, where o = 1 for a boundary component mapping to L
and o = 0 for a component mapping to Q.

— With || - ||5,6,,n denoting the Sobolev 2-norm weighted by 15 s,.n, [|V]ls,n < 0.
Then % 5 5,.m(w) equipped with the norm || - ||s.s,.n is a Banach space.

Also fix m + Z;nzl r; smooth vector fields si, 1<j<mand 0 <k <r;along u
with properties as above and with the following additional properties.

— The vector field si is supported only near the j'" negative puncture in a half
strip neighborhood which maps into the analytic neighborhood of the knot.

— In standard coordinates along the knot C x C?, the C2-component of Si; equals 0
and the C-component is si = k72,

We are now ready to define the local coordinate system. Write exp? for the expo-
nential map in the Riemannian metric h?, 0 < o < 1, from (9.2). The local coordinate
system around u has the form

@uIU1XU2XU3X%—>W,

where U; € R™2, Uy C R, U3 C Hg”le’"J'“, and % C %,5,50”(11/) are small
neighborhoods of the origin with coordinates v; € U;. Let o: A[f;] — [0,1] be a
smooth function that equals 0 resp. 1 in a neighborhood of any boundary component
that maps to @ resp. Lk and that equals 0 on u~1(D*Q). For u as above we then
consider

0 01.72070,0)(2) = (2 (02) + Sl ). = 60 )

j=1k=0
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see (9.1) for the diffeomorphisms ¢., and v.,. Here 1 corresponds to shifts near the
positive puncture, v, corresponds to variations of the conformal structure, 73 is related
to variations of the map near Lagrangian intersection punctures, and v is a vector
field along the curve. We use the exponential map to go from linearized variations to
actual maps.

Lemwva 9.1. The space W is a Banach manifold with local coordinates around u
given by U,,.

Proof. — This is straightforward, see [15, Lem. 3.2] for an analogous result. O

Consider the bundle & over the configuration space # with fiber over u the complex
anti-linear maps
TA[B] — T(T7Q).
The 9 j-operator gives a section of this bundle u + (du + J o du o i) and the moduli
space A (a;ng,n) is the zero locus of this section, where ng = 0 if 0 < §y < 6’ and
ng = 1 if 8” < §y < 1. The section is Fredholm and the formal dimension of the
solution spaces is given by its index. We have the following dimension formula.

Lemma 9.2, — The formal dimension of # (a,ng;m) is given by
dim(A (a,ng;n)) = |a|] — 2ng — |n|.

Proof. — The case ng = 0 follows from [5, Th. A.1 & Rem. A.2]. The fact that the
index jumps when the exponential weight crosses the eigenvalues of the asymptotic
operator is well known and immediately gives the other case, see e.g. [13, Prop. 6.5].

a

We next consider a completely analogous construction of a configuration space for
holomorphic disks in .#Z% (a,ng;b). We discuss mainly the points where this con-
struction differs from that above. Consider first the finite dimensional base. Here the
situation is simpler and we take instead

B = Rm72 x Rm+1’

where the first factor corresponds to conformal structures on the domain exactly as
before and where the second factor corresponds to re-parameterizations of the trivial
Reeb chord strips exactly as for the positive puncture before. We fix a smooth family
of maps wg: A[f1] — R x S*Q which agrees with the prescribed Reeb chord strips
near the punctures. We next fix an isometric embedding of $*Q into RY and consider
the bundle of weighted Sobolev spaces with fiber over 3 € B the Sobolev space %, s
of functions with two derivatives in L? with respect to the norm weighed by a function
which equals €’l*! in the negative ends and e(®+70)lsl in the positive end.

In analogy with the above we then fix (commuting) re-parameterization diffeomor-
phisms g, corresponding to changes of the conformal structure and ¢, correspond-
ing to translation in the half strip neighborhoods. Again this then leads to a Fredholm
section and its index gives the formal dimension of the moduli space.
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Lemva 9.5, The formal dimension of A (a,ng;b) is given by
dim .Z% (a,ng; b) = |a| — 2ng — |b|.

Proof. — See [5, Th. A.1 & Rem. A.2] and use the relation between weights and index,
see e.g. [13, Prop. 6.5]. O

Remark 9.4. — We consider for future reference the conformal variations of the do-
main with more details. In the local coordinates around a map w: A1 — T*Q
or w: Ay — R x 5*Q defined above, the conformal variations correspond to a
diffeomorphism that moves the boundary maxima of the domain. We take such a
diffeomorphism to be a shift along a constant (and hence holomorphic) vector field 7
in the real direction around the boundary maximum and then cut it off in nearby
strip regions. Hence the corresponding linearized variation Ld;(y) at w, where v is
the first order variation of the complex structure corresponding in the domain is

Ld;(v) = 0w o Ir.

We will sometimes use other ways of expressing conformal variations, where the
variations are supported near a specific negative puncture rather than near a specific
boundary maximum. To this end we first note that we may shift the conformal varia-
tion by any element Ld(v) where v is a vector field along w in the Sobolev space .%5.
In particular we can shift v by do where o is a vector field along A,,,; that is con-
stant near the punctures. In this way we get equivalent conformal variations 7y, of the
form

L3 ;(vy) = 0w o0 d7y.
where 7, is a vector field of the form
74(2) = B(s + it)e™ 5T

where s + it is a standard coordinate in the strip neighborhood of the negative punc-
ture a and B is a cut-off function equal to 1 near the puncture and 0 outside a strip
neighborhood of the puncture. We refer to [9, §2.1.1] for details.

9.3. TransversaLity. — We next use the special form of our almost complex structure
near Reeb chords in combination with an argument from [15, Lem. 4.5] to show that
we can achieve transversality for dj-section of & over # by perturbing the almost
complex structure. In other words we need to show that the linearization LJ; of the
section 0 is surjective.

Lemma 9.5. — For generic J any solutions in A (a,no;n) and A (a,ng;b) are
transversely cut out.

Proof. To see this we perturb the almost complex structure near the positive punc-
ture. Consider the local projection to C? near the Reeb chord. Here the Lagrangians
correspond to two Lagrangian planes. Furthermore the holomorphic disks admit local
Taylor expansions near the points that map to their intersection. The lemma now
follows from the proof of [15, Lem. 4.5]. We sketch the argument.
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Let U denote a neighborhood of the Reeb chord strip C, of a for .#* or of the
Reeb chord strip in T*Q — D*Q for .4 . If u is a holomorphic disk then v~1(U N C,)
is the pre-image under u composed with the projection to C? of the intersection point
of the two Lagrangian planes. It follows by monotonicity that the preimage is a finite
collection of points {qo, q1, - - - , ¢ }, where qq is the positive puncture. If ¢; is an interior
point, let E; denote a small disk around g;, if ¢; is a boundary point let E; denote a
half-disk neighborhood of ¢;. If the map u has an injective point near the double point
then a standard argument perturbing the almost complex structure there establishes
the necessary transversality. We therefore assume that this is not the case. Consider
the image of a small half disk Fy near the positive puncture gy, and note that the
boundary arcs end at the positive punctures. Since the map is not injective there
are neighborhoods (after renumbering) F1, ..., E,, where u agrees with the image ~y
under u of one of the boundary arcs of Ey. By analytic continuation, the images of
these neighborhoods then intersect the Lagrangian sheet of the boundary arc ' that
contains . Consequently, the map has multiplicity m + 1 along v and multiplicity m
along +' — ~. Consider a vector field in the cokernel of the linearized operator LQ.
Perturbing the almost complex structure near v/ — v we see that the contributions
from the anti-holomorphic cokernel vector field on E1, ..., E,, must vanish. By unique
continuation, the contributions from FEjy, ..., F,, must then also cancel along v and it
follows that there is nothing that cancels the perturbation in Ey (just as if the map
was injective in Ep). The desired transversality follows. O

9.4. STABILIZATION OF DOMAINS. — For disks with more than three punctures the
transversality results in Section 9.3 directly give the solution spaces the structure
of C''-smooth manifolds. For the case of unstable domains this is not as direct since
the solutions admit re-parameterizations that do not act with any uniformity on the
associated configuration spaces. This is a well-known phenomenon and we resolve the
problem by a gauge fixing procedure, adding marked points near the positive punc-
ture. This construction was studied in detail in [18, App. A.2] and in [19, §5.2 and 6]
and we will refer to these articles for details.

As we shall see below we need only consider moduli spaces of dimension < 2.
Recall the neighborhood a x U, U C C2 of the Reeb chord a, see the discussion
before Definition 8.1 on page 739, and the corresponding Fourier expansion of the
C2-component of any holomorphic disk near a, see (8.2) on page 745.

Consider a space #(a,n) of formal dimension < 1. Then by Lemmas 9.2
and 9.5 the corresponding space .# (a,1;mn) is empty. Consequently, for any solution
u € . (a,n), the first Fourier coefficient of the C2-component of the map near a is
non-vanishing. Let Sp.. and Si.. be spheres in Ag of radii € > 0 around the Reeb
chord endpoints of a. Non-vanishing of the first Fourier coefficient in combination
with compactness then implies that for each solution u there are two unique points
in the boundary of the domain closest to the positive puncture that map to Sj,,
j = 0,1, see Figure 9.2. We add punctures at these points. More precisely, we
consider standard domains with two more punctures and require that the maps are
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asymptotic to points in S;.. at the extra punctures. In the above notation these
would be “Lagrangian intersection punctures” in Sj,. of local winding number 1 in
the direction normal to Sj,c. The transversality result 9.5 holds as before also for the
solution spaces with extra punctures, so that they are C''-manifolds. The asymptotic
properties above then imply that the solutions with extra punctures capture all
holomorphic disks.

Consider next a space . (a;b) of formal dimension < 2. Since any holomorphic
curve in the symplectization can be translated we find that the corresponding space
A% (a,1;b) is again empty and we get a manifold structure by adding two marked
points near the Reeb chord endpoints exactly as above.

It remains then to consider the case of spaces .#(a;n) of formal dimension 2. Here
the corresponding space .# (a,1;n) has dimension 0. There are then a finite num-
ber of solutions with this decay condition. Considering the Fourier expansion we can
fix unique marked points for all solutions in a neighborhood ¥ (in the configuration
space) of these isolated solutions as above. For solutions outside ¥ the Fourier coeffi-
cients do not vanish and we can fix marked points as above. Note however, that these
will generally not be the same marked points. This way we however get two types of
manifold charts: one for solutions inside ¥ and one for solutions in a neighborhood
of any map ' with nonvanishing first Fourier coefficient which lies outside a smaller
neighborhood ¥’ of u. To get a manifold structure for the moduli space we then
need to study the transition maps, and to that end we use four marked points, see
Figure 9.2 and [19, §5.2] for details.

D
S N
i
N/

Iicure 9.2. Top left: marked points for a disk near the disk with
degenerate asymptotics. Top right: marked points for a disk out-
side a neighborhood of the disk with degenerate asymptotics. Lower:
the four marked points in the intermediate region used to define
the coordinate change. The (black) lines represent the projections

of the branches of Lx U @ to C2, and the (blue) circles represent

3
€

3-spheres SZ, which cut these local branches along the circles S,

appearing in the text.
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A priori, the smooth structures on the moduli spaces above depend on the choice
of gauge condition. However, using the fact that the C°-norm of a holomorphic map
controls all other norms, it is not hard to see that different gauge conditions lead to
the same smooth structure.

We also need to show that the compactness result where sequences of curves con-
verge to several level curves are compatible with additional marked points. This is
similar to the above. The compactness result we already have implies uniform con-
vergence on compact sets and in particular it is possible to add marked points on
the curves near the limit that correspond to the extra marked points on the unstable
curves in the limit. As before we show that these extra marked points do not affect the
moduli spaces. See [19, §A.3] for details. In conclusion, by adding marked points also
on curves near broken limits we obtain versions of the compactness results Theorems
8.11 and 8.12 where all domains involved are stable with marked points compatible
with the several level breaking.

9.5. INDEX BUNDLES AND ORIENTATIONS. — Viewing the 0 j-operator as a Fredholm
section of a Banach bundle, its linearization defines an index bundle over the configu-
ration space and an orientation of this index bundle gives an orientation of transverse
solution spaces. Following Fukaya, Oh, Ohta, Ono [22, §8.1] one defines a coherent
system of such orientations as follows. Fix spin structures of the two Lagrangians L g
and @, which we here can think of as trivializations of the respective tangent bun-
dles. Consider a closed disk with boundary in one of the two Lagrangians and the
linearized 0 j-operator acting on vector fields along this disk that are tangent to the
Lagrangian along the boundary. Using the trivialization of the boundary condition,
such an operator can be deformed to an operator on the disk with values in C? and
constant R? boundary condition, with a copy of CP! attached at the center with
a complex linear operator. The first operator has trivial cokernel and a kernel that
consists only of constant vector fields, and the orientation of C induces an orientation
on the determinant bundle of the operator over CP!. This gives a canonical orienta-
tion over closed disks with trivialized boundary condition (that depends only on the
homotopy class of the trivialization).

Here we need to orient moduli spaces of disks with punctures. This was done in
the setting of Legendrian contact homology in [14]; we will give a sketch and refer
to that reference for details. We reduce to the case of closed disks by picking so-
called capping operators at all Reeb chords and along the Lagrangian intersection K
with an orientation of the corresponding determinant bundles. Here it is important
that the capping operators are chosen in a consistent way. At Reeb chords there is a
positive and a negative capping operator and we require that they glue to the standard
orientation on the closed disk. We also pick positive and negative capping operators
at the Lagrangian intersection punctures satisfying the same conditions. Now, given a
holomorphic disk in the symplectization or in T*Q) we glue the capping operators to it
and produce a closed disk. The standard orientation of the closed disk and the chosen
orientations on the capping operators then give an orientation of the determinant line
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of the linearized operator over the disk, which, together with an orientation of the
finite dimensional space of conformal structures on the punctured disk, in turn gives
an orientation of the moduli space if it is transversely cut out. The gluing condition
for the capping operators ensures that the resulting orientations of the moduli spaces
are compatible with splittings into multi-level curves.

In what follows we assume that spin structures on the Lagrangians and capping
operators have been fixed and thus all our moduli spaces are oriented manifolds.

9.6. SIGNS AND THE CHAIN MAP EQUATION. — Recall the chain map
: (Cu(R),00) — (Cx(X),0+dg + ON)

from Theorem 6.13. Here we consider the signs of the operations dg and dy in this
formula. These operations are defined on chains of broken strings by taking the ori-
ented preimage of K under the evaluation map. In the map ®, the oriented chain is
given by a moduli space of holomorphic disks. In order to deal with the evaluation
maps on such spaces we present them as bundles over ) as follows. Consider first the
operation d¢. Fix a point ¢ € ) and an additional puncture on the boundary that we
require maps to gq. Concretely, we work on strips with slits and add a small positive
exponential weight at the puncture mapping to q. Then we consider the bundle of such
maps over (Q when we let g vary in ). The orientation of this space is induced from
capping operators as described above. When we consider the corresponding boundary
condition on the closed disk we find a vanishing condition for linearized variations
at the marked point corresponding to the positive exponential weight. Thus if o de-
notes the orientation of the index bundle induced as above, then the orientation on
the bundle with marked point mapping to ¢ is given by the orientation of the formal
difference 0 © T'Q. (The formal difference should be interpreted as in K-theory: the
difference £ © 1 of two bundles £ and 7 is represented by a bundle ¢ such that the
direct sum ¢ @ 7 is equivalent to £.)

We point out that here and throughout this section orientations depend on ordering
conventions, whether the point condition goes before or after the index bundle, etc. In
calculations below we put point conditions after the index bundle, and put the fiber
of bundles over ) before the base.

The orientation of the bundle corresponding to a point constraint ¢ varying over @
is then given given by 0 ©TQ & T'Q. Finally, the orientation of the chain given by
the preimage of K under the evaluation map is then

(9.3) coTQOTQaTKoTQ=0aTK o TQ.

In order to show that the chain map equation holds we must then show that there
are choices of capping operators and orientations on @ and N so that this orientation
agrees with the boundary orientation of the disk viewed as the boundary in the moduli
space of disks with two colliding Lagrangian punctures.

Consider the capping operators con and cyg for such a puncture going from @
to N and vice versa. These capping operators are standard O-operators on a once
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punctured disk D; acting on C3-valued functions in a weighted Sobolev space that
satisfy a Lagrangian boundary condition.

We first describe the boundary conditions. For cgx the Lagrangian boundary con-
dition A: 0D; — Lag;, where Lags; denotes the Lagrangian Grassmannian of La-
grangian subspaces of C3, starts at the tangent space of  and ends at the tangent
space of N. For cyqg the boundary condition instead starts at the tangent space of N
and ends at the of Q). More specifically, the tangent spaces of () and N intersect
along TK and are perpendicular in the normal directions of K. We think of the
normal directions to K as C? and the tangent spaces of @ and N as iR? and R?, re-
spectively. We take both capping operators cgn and cyg to fix TK, to be a rotation
by 7/2 in one of the complex lines normal to the knot, and a rotation by 37/2 in the
other.

We next describe the weights at the puncture in D;. We use a half strip neighbor-
hood of the puncture and a Sobolev space with small positive exponential weight &,
0 < § < 7/2, in this strip neighborhood.

The index of the d-operator with this boundary condition and weight equals 3, see
e.g. [13, Prop. 6.5].

Recall from Section 9.5 that an orientation of the moduli space is induced from the
capping operators together with an orientation on the space of conformal structures
on the punctured disk. Here we think of variations of the conformal structure as
vector fields moving the punctures along the boundary of the disk. We have one
such vector field for each puncture which give an additional one dimensional oriented
vector space associated to each puncture, see [14, §3.4.1] for details. For simplicity we
write simply con and cyg for the sum of the index bundles of the capping operator
described above and one dimensional conformal variations associated to the respective
punctures. Thus, in the calculations below con and cyg have index 3 +1 = 4.

We choose the orientations on @ and N so that the linear transformations between
tangent spaces T'Q) and T'N induced by the Lagrangian boundary conditions of con
and cyg take the orientation on ) to that on N and vice versa.

The boundary orientation of the two-level disk (second level constant) is the fiber
product over K of the orientations of its levels. We view the top level disk as having
a small positive exponential weight at the puncture mapping to K and a cut-off local
solution in the direction of K. In analogy with the above, its orientation is thus given
by ¢ © TQ ® TK. The orientation of the constant disk (which has small negative
weights at its positive puncture) is then ¢’ & con @ cng, where ¢’ is the standard
orientation on the closed up boundary condition of the constant three punctured disk.
The boundary orientation is thus

(9.4) (coTQ®TK)® (o' ®cogn Deng) ©TK.

Now choose the orientation on coy and cyg so that the orientation of the index
one problem on the constant disk with kernel in direction of the knot induced by
o' & con ® cng is opposite to the orientation of TK. Then the orientation in (9.4) is
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oc®TKSTQ (there is an orientation change when one permutes the odd-dimensional
summands TK and T'Q)), in agreement with (9.3).

For the sign of the operation §y we argue exactly as above replacing @ with N
and we must compare the orientations c @ TK © TN and

(cOTN®TK)® (¢’ ®cng ®egn) © TK.

Compared to the above the main difference is that the summands cyg and con have
been permuted. However, as explained above, the index of each of these operators
is 4, so the orientation remains as before and the positive sign for dy is correct for
the chain map.

10 COMPAC'I‘IFICA'I‘[ON OF MODULI SPACES AND GLUING

In this section we show that the moduli spaces .# (a;n) and .#Z% (a;b)/R admit
compactifications as manifolds with boundary with corners. Furthermore, we describe
the boundary explicitly in terms of broken holomorphic disks. The smoothness of
individual strata of the compactified moduli spaces are governed by the Transversality
Lemma 9.5. The Compactness Theorems 8.12 and 8.11 describe disk configurations
in the boundary of the compactification. The main purpose of this section is thus to
show how to glue these configurations on the boundary to curves in the smooth part
of the moduli space and thereby obtain boundary charts in the sense of manifolds with
boundary with corners. Such gluing theorems were proved before in closely related
situations and we will discuss details only when they differ from the standard cases.

We first state the structural theorems in Section 10.1 and then turn to the gluing
results and their proofs in the following subsections.

We work throughout this section with an almost complex structure J so that
Lemma 9.5 holds. Furthermore we assume that the domains of all holomorphic disks
are stable, which can be achieved by adding marked points as explained in Section 9.4.

10.1. StTrucTURE OF THE MODULI SPACES. — In this subsection we state the results on
moduli spaces of holomorphic disks. As before there are two cases to consider, disks
in the symplectization and disks in the cotangent bundle. The structural results all
have the same flavor. Basically we show that a specified moduli space is a manifold
with boundary with corners of dimension < 2, and we describe the boundary strata
as well as certain submanifolds important for our study. The proofs of the results are
the main goal for the rest of the section.

Recall from Sections 9.2 and 9.3 (with ng = 0) that for generic J the moduli spaces
A (a;n) and A% (a; b) are manifolds of dimensions

dim . (a;n) = |a|] — |n|, dim .Z% (a; b) = |a| — |b].

Here |a| = ind(a) is the degree of the Reeb chord a (which takes only values 0,1, 2),
and to the vector of local winding numbers n = (ni,...,n,,) (where the n; are
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bi b2 b3

Ficure 10.1. Disks u : (D,0D) — (R x S*Q,R x Ak) in the symplectization.

positive half-integers or integers) we have associated the nonnegative integer
m
n| =3 2(n; — 1) > 0.
j=1

If either n or b is empty, the corresponding contribution to the index formula is 0.
If a is a Reeb chord of Ax C S*Q, then 0 < |a| < 2. Since J; is R-invariant, 0-
dimensional moduli spaces in the symplectization consists only of Reeb chord strips.
Thus the only non-empty moduli spaces .# (a; b) of dimension d* are the following
(write b= by ...by,), see Figure 10.1:

~ [2,0]%: If |a| = 2 and |b] =0 (i.e., |bj| = 0 for all j) then d* = 2.

— [2,1]%:If |a| = 2 and |b] =1 (i.e., |bj| =0 for all j # s and |bs| = 1)

then d% = 1.

— [1,0]%: If |a| = 1 and |b| = 0 then d%¥ = 1.

Similarly, the only non-empty moduli spaces .# (a;mn) of dimension d are the fol-
lowing (write n =nq - - - n,,), see Figures 10.2, 10.3, 10.4, 10.5:

~ [2,0]: If |a| = 2 and all n; = 3, then |n| =0 and d = 2.
~ [2,1]: If |a| = 2 and nj = § for all j # s and n, = 1, then [n| =1 and d = 1.
~[2,2]:If || = 2 and n; = £ for all j # s and ny = 3, then |[n| =2 and d = 0.

— [2,2]: If |a| = 2 and n; = § for all j # s,¢, and n, = ny = 1, then |n| = 2 and
d=0.

~ [1,0]: If |a| = 1 and all n; = 3, then |n| =0 and d = 1.

~ [1,1]: If |a| = 1 and n; =  for all j # s and n, = 1, then [n| =1 and d = 0.

~[0,0]: If |a| = 0 and n; = 3 all j, then |n| =0 and d = 0.

It follows from Theorem 8.12 and Lemma 9.5 (see also Section 9.4) that
the O0-dimensional moduli spaces listed above are transversely cut out compact
0-manifolds. The corresponding structure theorems for moduli spaces of dimension
one and two are the following.

Recall that R acts on holomorphic disks in the symplectization R x S*@Q by trans-
lation. Dividing out this action, we obtain moduli spaces of dimension zero and one
in the symplectization which have the following structure.
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a
a
Lk Lk Lk Ly Li
b4 ¢ : — 0
2 Lt 2
2,2]: |a|=2, dim=0 [2,2]: Ja| =2, dim=0
Ficure 10.4. Curves with |n| = 2. Ficure 10.5. Curves with |n| = 2.
Tueorem 10.1. — Moduli spaces of holomorphic disks in the symplectization satisfy

the following.

(i) If A (a;b) is a moduli space of type [2,1]% or of type [1, 0], then 4% (a;b)/R
s a compact 0-manifold.

(ii) If A (a;b) is a moduli space of type [2,0]%, then .4 (a;b)/R admits a natu-
ral compactification A (a,b) which is a compact 1-manifold with boundary. Bound-
ary points of M (a;b) correspond to two-level disks U where the level one disk v'
is of type [2,1]%Y, and where exactly one level two disk v** is of type [1,0]%Y and all
other level two disks v*9, j # s, are trivial Reeb chord strips.

In the cotangent bundle we have moduli spaces of dimension zero, one, or two. We
start with the O-dimensional case.
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Turorem 10.2. Moduli spaces A (a;n) of holomorphic disks of types [2, %], [2,2],
[1,1], or [0,0] are compact 0-dimensional manifolds.

In the 1-dimensional case we consider two cases separately. We first consider the
case when |n| = 0.

Tarorem 10.3. Moduli spaces A (a; 1) of disks of type [1,0] admit natural compact-
ifications M (a;m) which are 1-manifolds with boundary. Boundary points of A (a;m)
correspond to the following.

(a) Two-level disks v where the level one disk vt has type [1, 1] and where the second
level is a three punctured constant disk v? attached at the Lagrangian intersection
puncture of v' where the asymptotic winding number equals 1.

(b) Two-level disks © where the top level disk v' is a symplectization disk of type
[1,0]%Y and where all the second level disks v*7, 1 < j < k are of type [0,0].

(¢) If there are mo entries in m, then all points of the reduced moduli space
M (a; D) /R containing disks of type [1,0]% appear as boundary points.

In the second 1-dimensional case |n| =1 and we have the following.

Tueorem 10.4. — Moduli spaces # (a;n) of disks of type [2, 1] admit natural compact-
ifications . (a;m) which are 1-manifolds with boundary. Boundary points of . (a;n)
correspond to the following.

(a) Two-level disks © where the level one disk v' has type [2,2] and where the
second level is a three punctured constant disk v? attached at the new-born Lagrangian
intersection puncture of v' with winding number 1.

(b) Two-level disks ¥ where the top level disk v' is a symplectization disk of type
[2,1]%Y and where the second level consists of disks v*7, 1 < j < k such that for
some s, v¥° has type [1,1] and v®J has type [0,0] for j # s.

(¢) Two-level disks v where the level one disk is of type [2, 3] and where the second
level disk is a constant three punctured disk attached at the Lagrangian intersection
puncture with winding number % (Here the constant disk has winding number % at
its positive puncture, and 1 and % at its negative punctures.)

Remark 10.5. — In order to parameterize a neighborhood of the boundary points
in Theorem 10.3(a) and Theorem 10.4(a) one can use the local model (4.1) from
Section 4.3. Here the location € > 0 of the puncture on the real axis can be used
as local coordinate for the moduli space. Furthermore, the maps in the moduli space
differ from the map in (4.1) by terms of order &'(22), so they have a spike that vanishes
as ¢ — 0 as shown at the top of Figure 4.1. Similarly, in order to parameterize
a neighborhood of the boundary points in Theorem 10.4 (¢) one can use the local
model (4.2) from Section 4.3 with § = 0. Here the location € > 0 of the puncture on
the real axis can be used as local coordinate for the moduli space. Furthermore, the
maps in the moduli space differ from the map in (4.2) by terms of order €(2°/2), so
they have a spike that vanishes as e — 0 as shown at the bottom of Figure 4.1 (with
0 = 0). See Remark 10.16 for details.
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In the 2-dimensional case we have the following description of the structure of the
moduli space which is naturally more involved.

Tarorem 10.6. Moduli spaces # (a;n) of disks of type [2,0] admit natural com-
pactifications . (a;n) which are 2-manifolds with boundary with corners. The top-
dimensional strata of the boundary have codimension 1 in . (a;n) and correspond to
the following.

(al) Two-level disks © where the top level disk v' has type [2,1] and where the sec-
ond level is a three punctured constant disk v? attached at the Lagrangian intersection
puncture of v where the asymptotic winding number equals 1.

(b1) Two-level disks © where the top level disk v* is a symplectization disk of type
[2,0]Y and where all the second level disks v*7, 1 < j < k are of type [0,0].

(c1) Two-level disks © where the top level disk v is a symplectization disk of type
[2,1]%Y and where the second level consists of disks v*J, 1 < j < k such that for
some s, v*° has type [1,0] and v*7 has type [0,0] for j # s.

The corner points on the boundary (i.e., the codimension two strata) of . (a;m)
correspond to the following.

(a2) Two-level disks © where the top level disk v' has type [2,2] and where the
second level consists of two three punctured constant disks v*' and v®? attached at
the Lagrangian intersection punctures of v' where the winding numbers are 1.

(b2) Three-level disks © where the top level disk vl is a symplectization disk of
type [2,1]%Y, where the second level disk v** is of type [1,1] and all other second level
disks v®3, j # s are of type [0,0], and where the third level consists of a constant
three punctured disk v® attached at the Lagrangian intersection puncture of v>* with
winding number 1.

(c2) Three-level disks © where the top level disk v' is a symplectization disk of type
[2,1]%Y, where the second level disk v** is of type [1,0]*Y and all other second level
disks v*>7 are Reeb chord strips, and where the third level consists of disks v>7 all of
type [0, 0].

(d2) Two-level disks © where the top level disk v' has type [2,3] and where the
second level consists of a 4-punctured constant disk v? attached at the Lagrangian

intersection puncture of v' where the asymptotic winding number is %

Remark 10.7. — In order to parameterize a neighborhood of the corner points in
Theorem 10.6 (d2) one can use the local model (4.2) from Section 4.3 Here the loca-
tions (g,d) of the punctures on the real axis can be used as local coordinates for the
moduli space. Furthermore, the maps in the moduli space differ from the map in (4.2)
by terms of order &(2%/?), so they have two spikes that vanish as €, — 0 as shown
at the bottom of Figure 4.1. See Remark 10.17 for details.

Some of the moduli spaces above admit natural maps into others by forgetting some
Lagrangian intersection punctures. We next describe such maps. It is convenient to
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write
s_ 1 s 1

1 1 1
5 = 55505
We consider first the case when the target is a one dimensional moduli space.

Tueorem 10.8. Consider a moduli space M (a; ;S, '3 ) of disks of type [1,1]. For-

getting the (s + 1)“rl Lagrangian intersection puncture we get a map

%( 18 1 1t>_>%( 18+t)

7 2 )
into the compactified moduli space of disks of type [1,0]. This map is an embedding of
a 0-dimensional manifold into the interior of a 1-manifold.

Finally, we consider similar maps when the target space is two dimensional.

Turorem 10.9. — Consider a compactified moduli space .4 (a ,;871 1t) of disks of

type [2,1]. Forgetting the (s + 1)™ Lagrangian intersection puncture we get a map
v M@ A1 s @ T =

@3 b3

into the compactified moduli space of disks of type [2,0]. This map is an immersion
of a 1-dimensional manifold into a 2-manifold with boundary with corners. Let A ¢11
denote the image of this immersion. Then M i1 consists of those disks for which
some point in the (s+1)™ boundary arc hits K. Then M 511 and M 1,1 intersect (self-
intersect if s = t) transversely at disks with two points hitting K (this corresponds
to disks of type [2,2]). The boundary of # s consists of points in the codimension
one boundary of A corresponding to disks as in Theorem 10.4 (a) and (b) as well
as to interior points corresponding to disks of type [2,%] as in Theorem 10.4(c).
Furthermore M ¢y1 and M o with a common boundary point corresponding to a
disk of type [2, 3] fit together smoothly at this point.

10.2. Froer’s Picarp LEmma. — In the following subsections we show that the broken
disks in Theorems 10.3-10.4 can be glued in a unique way to give disks in the interior
of the moduli space thus providing a standard neighborhood of the boundary of the
moduli space inside the compactified moduli space. Our approach here is standard
and starts from Floer’s Picard lemma, see [26] for a proof.

Lemwva 10.10. — Let f: By — Bs be a smooth map of Banach spaces which satisfies
f(v) = £(0) +df (0)v + N(v),
where df (0) is Fredholm and has a right inverse Q satisfying

(10.1) QN (u) = @N ()|l < G([lull + [lvIDllu — vl
for some constant G. Let B(0,r) be the r-ball centered at 0 € By and assume that
1
10.2 < —.
(10.2) 1QF0)] < 55

Then forr < 1/4G, the zero-set f~1(0)NB(0,r) is a smooth submanifold of dimension
dim(ker(df(0))) diffeomorphic to the r-ball in ker(df(0)).
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We will apply this result as well as a parameterized version of it, see [18, Lem. 5.13].
In our case f will be the 0 -operator. To show existence of solutions near a broken
solution we must thus establish three things: a sufficiently good approximate solu-
tion w near the broken solution corresponding to 0 in Lemma 10.10, a right inverse
for the linearization of the 0 s-operator at w, corresponding to @ in Lemma 10.10, and
a quadratic estimate for the non-linear term in the Taylor expansion, corresponding
to (10.1). Here the Banach space B; will be a product of a weighted Sobolev space
and a certain finite dimensional space that will serve as a neighborhood of the broken
configuration and the Banach space By will be a space of fields of complex antilinear
maps. In addition to verifying uniform invertibility of the differential and the non-
linear estimate we must also check that the gluing construction captures all solutions
near the broken solution and that the natural change of coordinates (from the Banach
space around the broken solution to the standard charts in the interior of the moduli
space) is smooth.

10.3. GruinG consTanT DIsks. — The boundary strata of the moduli spaces we study
involve splitting off of constant disks and splitting off of disks in the symplectization.
In this section we consider gluing constant disks.

We first consider a configuration ¢ as in Theorem 10.3 (a), 10.4 (a), or 10.6 (al).
In all these cases the broken configuration is a two level disk where the second level
consists of a constant 3-punctured disk v? that is attached to the first level disk at a
Lagrangian intersection puncture with asymptotic winding number 1. After we have
carried out the gluing argument in this case we will discuss modifications needed for
the other cases of constant disk gluing.

Assume that the first level disk v' has m Lagrangian intersection punctures. We
take the domain of v! to be the standard domain Al ~ A,,. (As explained in Sec-
tion 9.4, we may assume that the domain is stable by adding extra marked points
near the positive puncture.) Recall that we defined a functional analytic neighborhood
W (a;m) of v, where # (a;n) is a product of an infinite dimensional weighted Sobolev
space € (a;d,m) and a finite dimensional space which is an open neighborhood B of
the origin in R™~2 x R x R™, see Section 9.2. Here the first R™~2-component of an
element in B corresponds to variations of the conformal structure of A, the second
R-factor to shifts of the map in the symplectization direction near the positive punc-
ture, and the last R™-factor corresponds to shifts along the knot near the Lagrangian
intersection punctures. Here we will write #! for this neighborhood # (a;n) and
think of it as a product

vl = x B
where B! is an open subset of R, as follows. Let ¢ denote the negative puncture where
the second level disk is attached. Then B! corresponds to shifts along the knot at q.

Consider the negative puncture ¢ at which the constant three punctured disk
v?: A2 = K, where A? = A3 is a standard domain with three punctures, is attached
and fix a half-strip neighborhood @ = (—o0, 0] x [0, 1] of it such that v!(Q) lies entirely
in the standard neighborhood of K with complex analytic coordinates.
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For p > 0, define a standard domain A, ~ A,,4 as follows. Remove the neighbor-
hood (—o0, —p) % [0, 1] of g from A’ and the neighborhood (p, c0) x [0, 1] of the positive
puncture in A?, getting domains A; and Ai. The domain A, is then obtained by iden-
tifying the boundary segments {—p} x [0,1] C A} and {p} x [0,1] C A2. Then A,
contains the strip Q, ~ [—p, p| x [0, 1]:

Qn = Ap - (A(l) U Ag)-

We next define a pre-gluing w,: A, = T*Q (i.e., an approximate solution close to
the broken disk v) and a neighborhood of it in a suitably weighted space of maps. We
start with the map. Fix complex analytic coordinates C x C? around p € K on T*Q,
where p is the point where the constant disk v? sits. Let ¢: A, — C be a smooth
function which equals 1 on A}) /2> €quals 0 on A2 and is real-valued and holomorphic
on the boundary. (Holomorphic on the boundary just means that the restriction of 9
to the boundary vanishes. For example, if s + it € R x [0, 1] are coordinates on the
strip and ¢(s) is an ordinary real valued cut-off function then a corresponding complex
valued cut-off function that is holomorphic on the boundary is ¢(s) + i1(¢)de/ds(s),
where ¥(t) is a small function with support near 9]0, 1] such that ¥(0) = ¢(1) =0
and dy/dt(0) = dy/dt(1) = 1.)

Define
w,(z) = {Ul(z)’ Z€ 8
d(2)vr(z) 2 ¢ Allj/g’
where the last expression refers to the analytic coordinates around ¢ correspond-
ing to 0 in the coordinate system. Note then that w, takes the boundary dA, to
L = Lg UQ and that 0 Jw, is supported in @),. Furthermore, using the Fourier ex-

pansion of v! near ¢,
vl(z) = Z cpe kT2,
k21
we find that
|0 5wplcn = O (7).
Define a weight function A,: A, — R as follows, where 7s: A;,41 — R denotes the
weight function on A,
Ns(2) for 2 € A},
M(2) = 50T for 2 € Q& [—p, p] X [0,1],
1 for z € A3.

Let || - ||x,p denote the Sobolev norm with k& derivatives on A, and weight function \,.
From the above we then find

_ _ p
(10.3) 13 5w,ll1.p < [Brwplen / S dr = g0,
—p
We next define configuration spaces of maps giving neighborhoods of the approxi-
mate solutions w,. As in Section 9.2 this space is a direct sum of an infinite dimensional
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space and two finite dimensional summands. We first discuss the infinite dimensional
summand.

Define 7% ,(w,) as the Sobolev space of vector fields v along w, (i.e., sections of
wyT(T*Q) — A,) which satisfies the following requirements.

~ If € 9A, maps to Lk (maps to Q) then v(() is tangent to Lx (resp. to Q).

— Vu+JoVuvoi=0along 0A,.

— Fix an endpoint (o € A, of the vertical segment which separates the part of A,
which corresponds to Al from that corresponding to A%. We require that v({p) = 0.

Here the first two requirements have counterparts in Section 8.4 and the third is
connected to the addition of certain cut-off solutions in the gluing region. We endow
It ,(w,) with the weighted Sobolev 2-norm || - ||2,,-

Second, we discuss the finite dimensional factor B, = B} x B2. Here B is an
open neighborhood of the origin in R™™2 x R x R™~! and agrees with the finite
dimensional factor of #{ in the following sense. The first R™~2-factor corresponds to
the conformal variations of A, inherited from A, the second R-factor corresponds to
shifts at the positive puncture, and the last R™~!-factor corresponds to shifts along
the knot K at Lagrangian intersection punctures that are also punctures of A!. The
second factor Bﬁ is an open neighborhood of the origin in R? x R? x R, where the first
R3-factor corresponds to constant vector fields supported in Q, along the Lagrangian
in a neighborhood of p that are cut off in finite regions near the ends of @), where the
weight function A, is uniformly bounded and where the second factor corresponds to
the shifts along K supported at the Lagrangian intersection punctures that are also
punctures of A2. Finally, the third R-factor is a newborn conformal variation defined
as follows.

Consider the domain of the constant disks as a strip R x [0, 1] with positive puncture
at 400, one negative puncture at 0, and one at —oco. Let v be the constant vector
field 9, and note that its flow moves the puncture at 0 and that in the standard model
of the 3-punctured disk this vector field looks like ¢; +&(e~™I7l) at the puncture at +oo
and at one of the punctures at —oco, whereas it looks like coe™™" + &(1) at the other
puncture at —oo, where c;, j = 1,2 are real constants. We extend this vector field v
holomorphically over the gluing region @), and then cut it off using a cut-off function 3
with derivative supported near the end of @), that comes from A' where the weight
function A, is close to 1. The conformal variation is then the complex anti-linear map
i0(Bv).

Note that the conformal variation in A, that is inherited from the conformal vari-
ation at ¢ in A! can be identified with the linear combination of conformal variations
as above for the two punctures from A? which looks like 0 + &(e~"I7l) at the posi-
tive puncture. We take the R-factor to correspond to this variation. (Note that this
conformal variation is supported in A; and agrees with the conformal variation in A!
corresponding to the negative puncture ¢ where the constant disk is attached.)
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Remark 10.11. We note that there is a complementary linear combination of the
two newborn conformal variations with non-zero leading constant term at the positive
puncture of the constant disk that corresponds to the gluing parameter p which, from
the point of view of the domain, shifts the boundary maximum between the two new
punctures, see Remark 9.4.

Let &1, denote the space of complex anti-linear maps TA? , — wyT(T*Q), again
weighted by A,. The linearization of the 0 j-operator at w, is then an operator

Ldy: #,p(wp) X By, — &1,

Lemwva 10.12. The operators LO; admit right inverses which are uniformly bounded
as p — oo.

Proof. — The argument here is standard. Let kq,...,k; be a basis of the kernel K
of the linearized operator on v'. Fix a cut-off function 5 which equals 1 on the part
of A, corresponding to A' and with first and second derivatives supported in Q, of
size O(p~1). (Such a cut-off function exists since the length of Q, equals 2p.) We will
establish an estimate

(10.4) [vll2,p < CllLO;v]1,p,

where C' > 0 is a constant, for v in the L2-complement of the subspace K spanned
by the cut-off solutions Bky, ..., Bk;. The lemma follows from this estimate.

We argue by contradiction: assume that the estimate does not hold. Then there is
a sequence v, in this L?-complement with

(10.5) [vpll2,0 =1, and ||L5JUP”1»P — 0.

We write v, = u, + b, + b2, where u, € 5 ,(w,), b, € B}, and b2 € B>. Fix
cut-off functions ; on A,, j = 1,2 with the following properties. The function 3,
equals 1 on Ai/2 C A, and equals 0 on A2 C A,. Furthermore, 1u, is holomorphic
on the boundary, and |DfB;| = €(p~!). The function B2 has similar properties but
with support in Ai C A,. We also let a be a similar cut-off function on A, equal
to 1 on Q,/2 and equal to 0 outside Q1.

Since \gﬁﬂ — 0 as p — 0 we then have

L8, (B, + Bl + )

3 ) 1 2
’m <1388 llu,ll, , + HLaJ(u,, + b1+ B[ a1)

‘1,p
<1087 llwolly, + 1LD.70pll1, — O,

as p — 0o. We then conclude from transversality of v! (i.e., invertibility of the lin-
earized operator off of its kernel) that there exists a constant M > 0 such that

(10.6) By + 8+ 821y | < M ||285(Brewy + 8]+ B21y)

2,p

‘ — 0.
1,p

In particular the cut-off constant solution in the gluing region goes to 0.
Similarly we have

HL5J(52U,)+17§|A%) 0.

’Lp
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We conclude from the invertibility of the standard operator on the three punctured
disk that

(10.7) H,Bgup —l—bZ|A?7

— 0.
2,p

After dividing the weight function in the gluing region Q,/; ~ [-5,5] x [0,1]

by its maximum the problem on the gluing region converges to the J-problem on
the strip with R3-boundary condition and negative exponential weights at both ends
(i.e., weight function p(s + it) = e~!s). This problem has a three-dimensional kernel
spanned by constant solutions in R®. As mentioned above, the estimates (10.6) and
(10.7) imply that the components along the constant solutions go to zero. This gives
first that

HLéJ(O&UP)HLp — 0,

and then, by invertibility of Ld; on the complement of the kernel, also that
lau,ll2,, — 0. Our assumption thus implies that ||v,|l2,, — 0. This contradicts
(10.5). The lemma follows. O

The next thing to establish is the quadratic estimate for the non-linear term in the
Taylor expansion of d; around Wy, i.e., around the origin in J% , x B,. We use the
exponential map as in Section 9.2 to define the local coordinate system around w,
and the estimate for the non-linear term follows from a standard argument that uses
the uniform bounds on the derivatives of the exponential map in our metric, see
[18, Lem. A.18] and also [13, 15]. In fact the standard argument gives the correspond-
ing unweighted estimate but then the case of positive weights follows since the left
hand side of the inequality is linear in the weight whereas the right hand side is
quadratic. So the inequality follows for weights bounded from below. Note also that
variations along the cut-off solutions in B, give contributions to the non-linear term
only in the regions where the derivatives of the cut-off functions are supported and
in such regions the weight functions have finite size.

Remark 10.13. — It is essential here that the cut-off solutions are real solutions to
the non-linear equation since a small error term would give a large norm contribution
because of the large weight function in N,, which in turn is key for the proof of the
uniform invertibility of the differential in Lemma 10.12.

The final step is then to show surjectivity of the construction. More concretely,
this means that we must show that any sequence of disks which converges in the
sense of Section 8.5 to a broken disk eventually lies in a small || - ||z, ,-neighborhood
of w,,. This follows once we show that any holomorphic disk in a C%-neighborhood of
the approximate solution is also close in || - ||2,,-norm. The proof of that fact follows
from the knowledge of explicit solutions in the region where the weight is big. Here
CP-control at the ends gives norm control, see [18, Proof of Th. A.21] or [9, Proof of
Th. 1.3]. This finishes the gluing results needed in the cases when we glue one constant
3-punctured disks at a Lagrangian intersection puncture of winding number 1.
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The remaining cases for gluing constant disks are proved by modifications of the
above argument that we describe next. Consider first Theorem 10.6 (a2). Here we
replace the gluing parameter p with two independent gluing parameters (p1,p2) €
[0,00)2, one for each constant disk. Likewise we have two copies of the new finite
dimensional factors in the configuration space. The gluing argument is then a word
by word repetition of the above.

Next consider broken disks as in Theorem 10.4(c). Here the exponential weight
at the winding 3-puncture of v! is § € (7/2,7) and the boundary condition in the
strip (), has different constant Lagrangians along the two boundary components. The
cut-off solutions in Bg change accordingly: instead of an R3-factor of cut-off solutions
we have an R°-factor, R® = R x R? x R?. The R-factor is a constant solution in the
direction of the knot. The first R2-factor contains cut-off solutions near the positive

72/2 for ¢ a vector in the appropriate Lagrangian 2-space

puncture of A% of the form ce
perpendicular to the knot, the second R2-factor consists of cut-off solutions of the
form ce~™*/2. Then in Lemma 10.12 we replace (10.7) with the estimate on the three
punctured disk with boundary condition corresponding to the constant disk. I.e., in
directions perpendicular to the knot the boundary condition are two perpendicular
Lagrangian planes at the two boundary components near the positive puncture and
one of these planes between the two negative punctures. There is a small positive
exponential weight at the negative punctures, the weight § and two cut-off solutions
at the positive puncture. In the directions perpendicular to the knot the d-operator
is then an isomorphism and the argument above proceeds as before.

Remark 10.14. In Theorem 10.3 (c) there are two different constant disks and the
corresponding boundary points cancel out. Geometrically this corresponds to pushing
a winding % puncture through a winding 1 puncture.

Finally, we consider Theorem 10.6 (d2). The argument here is the same as that just
described for Theorem 10.4 (c) with the only difference being that the 3-punctured
constant disk should be replaced by a 4-punctured disk and that we invert the operator
on the L? complement of the additional conformal variation in the 4-punctured disk.
In fact, when the 4-punctured disk is broken into two levels it corresponds to the
3-level configuration with the two top levels as in Theorem 10.4 (c¢) and a third level
constant disk attached at the winding 1 puncture of the second level constant disk.

10.4. SymprecTizaTION GLUING. — Consider a disk with two non-constant levels as in
Theorem 10.6 (b) or (¢), Theorem 10.3 (b) or (c), or Theorem 10.4 (b). The argument
needed to glue such configurations is similar to the one in Section 10.3 and we only
sketch the details. There are again four steps: define an approximate solution, prove
uniform invertibility of the differential, establish a quadratic estimate for the non-
linear term, and show surjectivity of the construction.

We consider first the case when we glue a symplectization disk to a disk in T*Q
and discuss modifications needed when the second level also lives in the symplectiza-
tion later. Denote the top-level disk in the symplectization v': Al = A,, = R x §*Q
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and the m second level disks v*7: A, — T*Q, j = 1,...,m. Recall that by adding
marked points we reduce to the case when all domains involved are stable, see Sec-
tion 9.4.

Each symplectization disk lies in a natural R-family. Let ¢ denote a standard co-
ordinate on the R-factor. Fix the unique map v! in this family that takes the largest
boundary maximum in A! to the slice {t = 0}. By asymptotics at the negative punc-
tures, for all T > 0 sufficiently large (v!)~1({t < —T'}) consists of m half strip regions
with one component around each negative puncture of v'. Furthermore, as T — oo
the inverse image of the slice {t = —T'} converges to vertical segments at an expo-
nential rate (since the map agrees with trivial Reeb chord strips up to exponential
error). We fix such a slice and consider the vertical segments through its end point.
Parameterize the neighborhoods of all the punctures cut at these vertical segments
by (—00,0] x [0,1]. For p > 0, let AL C A" be the subset obtained by removing
(=00, —p) x [0,1] from the neighborhood (—o0,0] x [0, 1] of each negative puncture.

Fix neighborhoods [0, c0) x [0, 1] of the positive puncture in each A7, j =1,...,m
in which the map is well approximated by the trivial strip at the positive puncture
and let A%’j C A?J denote the subset obtained by removing (p,o0) x [0,1] from
this neighborhood. Let A, denote the domain obtained by adjoining Af,’j to A; by
identifying the vertical segment at the positive puncture of Ai’j with the vertical
segment of the negative puncture in A} where v*7 is attached to v'. Then we get m
strip regions Q) = [—p, p] x [0,1] C A, around each vertical segment where the disks
were joined.

By interpolating between the two maps joined at each negative puncture using the
standard coordinates near the Reeb chords we find a pregluing

wy: Ay — T7Q
such that 0w, is supported only in the middle [—1,1] x [0,1] of each @’ and such
that
‘ngp‘Cl =0(e” ),
where o > 0 depends on the angle between the Lagrangian subspaces of the contact
hyperplane obtained by moving the tangent space of A at the Reeb chord start point
to the tangent space of Ag at the Reeb chord end point by the linearized Reeb flow.

As in Section 10.3 we use a configuration space of maps in a neighborhood of w,
that is a product of an infinite and a finite dimensional space of functions. We first
consider the infinite dimensional factor. Define weight functions A,: A, — R by
patching (suitably scaled) weight functions ns of the domains of the broken disks
where we take 0 < § < «. In particular, we have \,(7 + it) = c;e’I™l for 7 + it € Q).
Then, writing || - ||x,, for the Sobolev k-norm with this weight, we have

105wl = O(e~0%).

We let 7% ,(w,) denote the \,-weighted Sobolev space of vector fields along w),
which are tangent to the Lagrangians, holomorphic on the boundary, and which sat-
isfy the following vanishing condition. The map w, maps the strip regions pr' into
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small neighborhoods of the Reeb chord strips where we have standard coordinates
R x (—¢,L +¢) x C? and we require that the R-component of the vector field van-
ishes at one of the endpoints of the vertical segments where the disks were joined.
Thus there are in total m vanishing conditions.

Next we discuss the finite dimensional factor B, = B) x B} x Bj. The second
factor B}, is an open subset of the origin in R corresponding to the shift at the
positive puncture of w,. The third factor B§ contains all the conformal variations and
the shifts inherited from the negative punctures of the second level disks. Thus B,f is
a neighborhood of the origin in

T (RTITE X R™),

Finally, the first factor BS is an open subset of the origin in a codimension one
subspace of
(R x R*)™,

where each (R x R?)-factor corresponds to a specific second level disk. The
R-component of the j*! puncture of v! corresponds to a cut-off shifting vector
field a; in the R-direction of the symplectization supported in Qf;. The R2-component
corresponds to the two newborn conformal variations in Af;j. As before these con-
formal variations have the form vy = 0V where V' is a vector field along A,. The first
factor of R? corresponds to a variation 'y{ that agrees with the conformal variation at

27 is attached. The second factor is spanned by

the negative puncture in A! where v
%3 = OV; where V3 is the vector field in A% U Qf; that corresponds to translations
along the real axis that moves all the boundary maxima in Af;j cut off near the end
of @, in A;. The codimension one subspace is the orthogonal complement of the line
given by the equation

2,1 422 _ ~2m
,y _ly _..._’y .

Note that this later conformal variation corresponds to changing p.

Remark 10.15. — The nature of the conformal variations y'7 and 7?7 are easy to
see using a different conformal model for the domain A, as follows. Consider the
domain of A' as the upper half plane H with positive puncture at co and negative
punctures along the real axis. The conformal variations of this domain can be viewed
as translating the negative punctures along the real axis. To construct the domain A,
we think also of the domains A?7J as upper half planes. Cut out small half disks
of radius cje~®” near the negative punctures of A! and glue in the half disks in
the domain A%J of radius c;e*” scaled by e 2*?. Now the conformal variation '+
corresponds to translating the whole half disk at the j'" negative puncture of Al
rigidly in the real direction and the conformal variation 7?7 corresponds to keeping
the small half disk fixed but scaling it so that its negative punctures move closer
together.

We use the neighborhood %, = 7% , x B, of w,. In order to apply Lemma 10.10
we must first establish the counterpart of Lemma 10.12. Here we invert the linearized
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operator on the L2-complement of the subspace spanned by cut-off kernel elements
in A" and A%7 defined as follows. The infinite dimensional components are indeed just
a cut-off vector field. For the finite dimensional components we identify the conformal
variation at the j' negative puncture of A' with 7, the shift at this negative
puncture with a;, and the shift at the positive puncture of A%J with 427, To show
uniform invertibility we then argue by contradiction as in the proof of Lemma 10.12.
Using the above identifications of finite dimensional factors, the result follows in a
straightforward way.

Finally, the two remaining steps, the quadratic estimate for the non-linear term
and the surjectivity of the construction are completely analogous to their counterparts
in Section 10.3 and will not be discussed further.

In the case that the second level disk lies in the symplectization as well we start
as above by fixing a representative for v! and a slice {t = —T'} after which this
representative is well approximated by Reeb chord strips. We then fix representatives
for all the non-trivial second level curves v?7 (of which there is only one in our case)
that are translated sufficiently much so that they are well approximated by Reeb
chord strips in the slice {t = —T'} at their positive punctures. We then repeat the
argument above.

10.5. PoiNt CONSTRAINTS ON THE KNOT. — An analogous construction allows us to
express neighborhoods of disks with Lagrangian intersection punctures of winding
number 1 inside the space of disks with these punctures removed. In the analytical
C x C2-coordinates around the knot a disk v with such a puncture looks like

v(z) = che*”“, z€[0,00) x [0,1], ¢, €R3orc, € R x iR?

n=0

with ¢p = (¢f,, 0), whereas a general disk looks the same way but has unrestricted cg.
We can thus construct a configuration space # for unrestricted disks in a neighbor-
hood of v as

W =W eR?

where % is the configuration space for disks in a neighborhood of v with Lagrangian
intersection puncture of winding number 1 and R? is spanned by two cut-off constant
solutions in the Lagrangian perpendicular to K. The zero-set of the d -operator acting
on # then gives a neighborhood of v in the space of unrestricted disks.

10.6. Proors oF THE STRUCTURE THEOREMS. — The proof of all the theorems on the
structure of the compactified moduli spaces as manifolds with boundary with corners
now follow the same pattern. Transversality and compactness results give the possible
degenerations and gluing give neighborhoods of several level disks in the boundary.
The manifold structure in the interior is a consequence of standard Fredholm theory,
whereas charts near the boundary are obtained from the conformal structures of the
domains.
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Proofof Theorem 10.1. — Part (i) follows immediately from Lemma 9.5 and Theorem
8.12. Consider part (ii). Lemma 9.5 and Theorem 8.12 imply that the broken disks
listed are the only possible configurations in the boundary of the compactified moduli
space. It follows from (the parameterized version of) Lemma 10.10 that the gluing
parameter gives a parameterization of the boundary of the reduced moduli space.
Recall that we identified the gluing parameter with a certain conformal variation
(that shifts all the boundary maxima in the second level disk) and we topologize a
neighborhood of the broken configuration using the induced map to the compactified

space of conformal structures. This establishes (ii). O
Proof of Theorem 10.2. — The theorem follows immediately from Lemma 9.5 and
Theorem 8.12. 0

Proof of Theorem 10.3. The proof is analogous to the proof of Theorem 10.1 (ii)
except for (c). Here a disk without Lagrangian intersection punctures moves out as
a rigid disk in the symplectization into the R-invariant region and the translations
along R give a neighborhood of the boundary. (|

Proofof Theorem 10.4. — The argument is analogous to the proofs above and we
explain only how to parameterize the boundary in the cases that differ from the
above. Consider (b). Recall that we identified the gluing parameter with the con-
formal variation that translates all the boundary maxima in the second level disks
uniformly. As above we use this to parameterize a neighborhood of the boundary.
Finally, consider (c). Here again the boundary can be parameterized by the gluing
parameter which corresponds to a conformal variation. In particular, the boundary
point corresponds to a three punctured disk splitting off. As explained in Remark
10.14 there are two such disks and the corresponding boundaries of the moduli space
naturally fit together to a smooth 1-manifold. O

Remark 10.16 (cf. Remark 10.5). — Consider a holomorphic disk near the codimen-
sion one boundary as in Theorem 10.4 (c). Remark 8.13 gives a local model (4.1) for
the disk, parameterized by a half disk in the upper half plane near the two colliding
corners with one puncture at 0 and one at € > 0. The above proof shows that the
newborn conformal variation which here is the length of the stretching strip can be
used as local coordinate in the moduli space near the corner. A conformal map that
takes a vertical segment in the stretching strip to the upper arc in the unit circle and
the boundary of the domain in the disk splitting off to the real line gives a smooth
change of coordinates from this parameter to the coordinates given by e. Thus the
local model (4.1) used in the definition of the string operations is C*-close to the
actual moduli space, when both are viewed as parameterized by the coordinates . A
similar discussion applies to Theorem 10.4 (c), using the local model (4.2) with § = 0.
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Proofof Theorem 10.6. — Arguments for producing neighborhoods of codimension
one boundary strata are similar to the above, so we discuss the codimension two parts.

Consider a broken disk as in (a2). The gluing result needed in this case is analogous
to the argument in Section 10.3. Here however we attach two constant disks, producing
approximate solutions w,, ,, depending on two independent variables pi, p2 — co. In
this case there are two independent newborn conformal variations and the linearized
gej—operator is inverted on the complement of their linear span. It follows as above
that the projection of the moduli space is an embedding into the space of conformal
structures and we induce the corner structure from there. Note that this is coherent
with our treatment of nearby codimension one boundary disks.

The arguments in cases (b2), (c2), and (d2) follow the same lines. We produce
approximate solutions depending on two independent variables. In case (b2) the lin-
earized operator is inverted on the complement of the 2-dimensional spaces spanned
by the cut off shift of the symplectization disk and the newborn conformal structure
of the constant disk. In case (¢2) the linearized operator is inverted on the comple-
ment of the (independent) shifts of the first and second level disks, and in case (d2)
on the complement of the newborn conformal structure and the additional conformal
structure in the constant 4-punctured disk. In all cases, the corner structure is in-
duced from the corresponding structure on the space of conformal structures and the
construction is compatible with nearby strata of lower codimension. |

Remark 10.17 (cf. Remark 10.7). — Consider a holomorphic disk near the codimen-
sion two corner as in Theorem 10.6 (d2). Remark 8.13 gives a local model (4.2) for
the disk, parameterized by a half disk in the upper half plane near the three colliding
corners with one puncture at 0 and the two others at boundary points § < 0 and
e > 0. The above proof shows that the newborn conformal variation (which here is
the length of the stretching strip) together with the difference between the boundary
maxima in the 4-punctured disk splitting off can be used as local coordinates in the
moduli space near the corner. A conformal map that takes a vertical segment in the
stretching strip to the upper arc in the unit circle and the boundary of the domain in
the disk splitting off to the real line gives a smooth change of coordinates from these
two parameters to the coordinates given by (e, d). Thus the local model (4.2) used in
the definition of the string operations is C*-close to the actual moduli space, when
both are viewed as parameterized by the coordinates (e, d).

Proof'of Theorem 10.8. — The theorem follows from the discussion in Section 10.5.
a

Proofof Theorem 10.9. — The theorem follows from the discussion in Section 10.5 in

combination with the argument in the proof of Theorem 10.4 (c). O
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