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Definition of the cord algebra of knots using Morse thoery

ANDREAS PETRAK

The cord algebra of a knot K is isomorphic to the string homology and the Legendrian contact homology
of K. The proof of the isomorphism of string homology and cord algebra uses a retraction of broken
strings (which are consecutive paths beginning and ending on the knot) on words in linear cords. This
suggests a reformulation of the cord algebra using linear cords, which we present. We will define a
Morse function such that the binormal linear cords of K are the critical points of degree 0, 1 and 2 of
this function. These critical points give rise to a chain complex of K. Then the cord algebra of K is the
degree zero homology of K.

57M25, 57M27; 5TR17

1 Introduction

The cord algebra is a knot invariant first introduced in 2005 by Lenhard Ng in [11, Definition 1.2]. The
topological definition of the cord algebra given there is inspired by the Legendrian contact homology (see
Ng [10, Definition 4.1]). Ng extended the definition in 2008 in [12, Definition 2.4] and in 2014 in [13,
Definition 4.4]. In 2013, Tobias Ekholm, John B Etnyre, Ng and Michael G Sullivan showed that the
cord algebra is isomorphic to the Legendrian contact homology in degree zero [5, Corollary 1.2]. In
2017, Kai Cieliebak, Ekholm, Janko Latschev and Ng developed in [2, Section 2.2] a noncommutative
refinement of the original definition, including a basepoint of the knot and a framing. This results in
four additional generators in the cord algebra. In [2, Theorem 1.2 and Proposition 1.3], another proof
of the isomorphism of the cord algebra to the Legendrian contact homology (in degree zero) is given.
This is done with the help of string homology by first showing the isomorphism of string homology and
the cord algebra and then the isomorphism of Legendrian contact homology and string homology. To
define the string homology (in degree zero), a chain complex is defined which contains broken strings
or 1—parameter families of broken strings as generators in degree 0 or 1, respectively. A broken string
consists of pieces which are paths beginning and ending on the knot, and whose codomain alternates
between the ambient space of the knot and its conormal bundle (there is also a relation of tangent vectors
at the switching points). In the proof of the isomorphism of string homology and cord algebra, a retraction
of the broken strings on words in (linear) cords is used, where (linear) cords are linear curves in space
with start and end points on the knot. Therefore, it makes sense to describe the cord algebra with the help
of a suitable complex of (linear) cords. We will do this in this paper. For this purpose we will define a

© 2024 MSP (Mathematical Sciences Publishers). Distributed under the Creative Commons Attribution License 4.0 (CC BY).
Open Access made possible by subscribing institutions via Subscribe to Open.
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suitable chain complex which contains the critical points of index 0 and 1 of a Morse function in degree
0 and 1, respectively, and the four additional generators mentioned above in degree 0. Further degrees of
the chain complex are not needed. These critical points correspond to binormal (linear) cords on the knot.
In order to construct a suitable differential, we let the binormal (linear) cords of index 1 flow along their
unstable manifolds until they, taking into account four relations, reach (linear) cords of index 0. These
four relations are used in [2, Definition 2.6] to define the cord algebra, where two of them were already
defined by Ng in [11, after Definition 1.1] and a third was introduced in [12, after Definition 2.3]. We
will adapt them here only slightly to the changed concept.

We will need several results from differential topology and Morse theory. The statements and proofs can
be found in the literature referred to.

Important statements from differential topology which we will use are the transversality theorem and the
jet transversality theorem as well as the relative versions of these two theorems.

To define the cord algebra, we will consider a gradient vector field. This vector field has to satisfy
the Smale condition. For this it may be necessary to change the gradient to a pseudogradient. From
Morse theory we also need the statement that in a generic 1-parameter family of vector fields without
nonconstant periodic orbits only birth-death type degeneracies occur.

At the beginning of Section 2 we will first explain the noncommutative definition of the cord algebra
from [2]. A cord is a continuous path in space that has a start and end point on the knot K and does not
intersect the knot in any other point. We also need a basepoint on K and a framing which is a slightly
shifted copy of K. Four relations are defined which specify relations between different cords, partly taking
into account the basepoint and the framing. These relations generate an ideal $ in a noncommutative

unital ring 54, where s is generated by homotopy classes of cords and four other generators A1, *1

1

modulo the relations A- A1 =A"1 A =pu-p~ ' =p~l-u=1and A-p = p-A. The cord algebra of K,

Cord(K), is then defined as the quotient ring s{/$.

In Section 2.1 we will use chords and a (slightly different definition of) framing to be able to define the
cord algebra using Morse theory. A chord of K is a straight line in space with start and end points on
the knot, ie a special kind of cord. A framing is now a smooth map that assigns a unit normal vector to
each point of the knot. The four relations from the original definition of the cord algebra are adapted
accordingly. We’ll look at the energy function E: K x K — R, (x,y) — %|x — y|?, and change it to a
Morse function. The critical points of Morse index 1 of this Morse function are binormal chords whose
unstable manifolds are one-dimensional. These chords are moved along their unstable manifolds and,
taking into account the relations, generate an ideal / in an R—algebra Cy which is generated by critical
points of index 0. Here R = Z[A*!, u*1] is the commutative ring over Z which is generated by A, A™1, 11

1 1

and £~! modulo the relations A -A~! = p- =1 = 1. We then define in Section 2.3 the cord algebra as

Cord(K) := Cy/ 1.

Algebraic & Geometric Topology, Volume 24 (2024)
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In Section 2.1, we discuss, for a generic representative of the knot, various properties of the subsets of
chords (viewed as subsets of K x K via the end point map) where one of three special things happen:

* one of the end points coincides with the basepoint,

¢ the chord intersects the knot in its interior,

¢ the chord intersects the framing.
In the definition of the cord algebra we use the Seifert framing as a canonical framing. To determine the
cord algebra of a knot, however, it is easier to use the blackboard framing. In order to obtain the cord

algebra with respect to the Seifert framing, certain transformations must be applied. We will discuss these
transformations in Section 2.4.

In Section 2.5 we will determine the cord algebras for the unknot and the right-handed trefoil knot.

The main result of this paper is:
Theorem 1.1 The cord algebra defined in terms of Morse theory (see Definition 2.30) is a knot invariant.

The proof of Theorem 1.1 will be given in Section 3. We consider two knots K¢ and K; which are
connected by a smooth isotopy of knots. So it must be shown that the cord algebras of the two knots
are the same. First of all, it is necessary to note that in the course of the isotopy there are only a finite
number of knots that are not generic. Therefore, we can assume that only one nongeneric knot occurs
during the isotopy and show that the cord algebra does not change in the course of the isotopy. Since
there are several cases of degeneracies, we have to go through all these cases. Furthermore, we will also
show that the cord algebra does not change in the course of the isotopy if no nongeneric knot occurs.

In Section 4 we will prove that the definition of the cord algebra using Morse theory is isomorphic to the
topological definition given in [2, Definition 2.6].

Acknowledgements

A thousand thanks to Kai Cieliebak for many inspiring conversations.

2 Definition of the cord algebra

The cord algebra is a knot invariant developed only a few years ago [11; 12; 13]. In [2, Definition 2.6] a
noncommutative refinement of the original definition is presented. This refined version is briefly explained
in the following. For this we need the terms framing and cord. However, in Section 2.1 we will use
chords (instead of cords) and a slightly different definition of framing to define the cord algebra using
Morse theory.

Remark 2.1 For the purpose of this overview we use the following interpretation of framing:

Algebraic & Geometric Topology, Volume 24 (2024)



2974 Andreas Petrak

Figure 1: Relations for cords. Here K is depicted in black, K’ in gray, and cords are drawn in red.

Let K C R3 be a knot of length L and y: [0, L] — R3 be an arclength parametrization of K. Let
v:[0, L] — S? be a smooth map, where v(¢) is a unit normal vector to K at the point y(¢) for all ¢ € [0, L].
Let & > 0 be small enough such that the strip {y(t) +av(¢) : ¢t €0, L], @ € [0, €]} has no self-intersections.

A framing of K is the set K’ := {y(t) + ev(¢) : t € [0, L]}.

Let K C R3 be an oriented knot equipped with a framing K’. Choose a basepoint * on K and a
corresponding basepoint * on K’ (in fact only the basepoint on K’ will be needed).

Definition 2.2 A cord of K is a continuous map «: [0, 1] — R3 such that «([0,1]) N K = @ and
a(0), (1) € K"\ {x}. Two cords are homotopic if they are homotopic through cords.

We now construct a noncommutative unital ring & as follows: as aring, o is freely generated by homotopy
classes of cords and four extra generators A¥!, u®1, modulo the relations

AA =AM dA=p-pt=pton=1, A-p=p-A.
Thus, s is generated as a Z—module by (noncommutative) words in homotopy classes of cords and
powers of A and u (and the powers of A and u commute with each other, but not with any cords).
Definition 2.3 The cord algebra of K is the quotient ring

Cord(K) = A/ 9,

where $ is the two-sided ideal of s generated by the relations shown in Figure 1.
Remark 2.4 [2, Remark 2.7] The relations in Figure 1 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, the second relation states that appending a meridian to the beginning or end of

a cord multiplies that cord by w on the left or right; u is also called meridian. The third relation imposes
that crossing the basepoint multiplies the cord by A from the left or right; A is also called longitude. The

Algebraic & Geometric Topology, Volume 24 (2024)
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Y . y _ S y
/ NIEZAN
Figure 2: Equivalent representation of the fourth relation.

fourth relation is equivalent to the relation shown in Figure 2. Applying the second and fourth relation in
a suitable way to a contractible cord ¢, we get the equation

(c=(1=p)ec=0.

The first relation means that the expression in the brackets already vanishes.
2.1 The energy function for generic knots

In this paper we want to define the cord algebra using Morse theory. For this we need a framing as above.
In contrast to the original definition, we will use chords instead of cords.

Definition 2.5 Let K C R3 be a knot of length L and y: [0, L] — R3 be an arclength parametrization
of K.

(i) A framing of K is a smooth map v: [0, L] — S?2, where v(¢) is a unit normal vector to K at the
point y(¢) for all ¢ € [0, L].

(i) Given a Seifert surface for a knot K, a Seifert framing is a framing such that the normal vector
v(t) is tangent to the Seifert surface and pointing inwards for all ¢ € [0, L].

Remark 2.6 Assume that j vanishes nowhere. A framing can also be understood as amap v: S' — S by
representing v(¢) for each # € S in local coordinates of the normal plane N(¢) = span(j (), 7 (t) X (1))
at the point y(¢).

Given a knot K, we take a look at the set of framings of K modulo homotopy:
{framings of K}/~ = C(S!, S/~ =m1(S!) = Z.

As a consequence, the Seifert framing is unique up to homotopy, since the linking number of K and a
copy of K which is shifted slightly in the direction of the Seifert framing is always zero.

Let K C R3 be a generic oriented knot of length L and y: [0, L] — K be an arclength parametrization
of K. Also, let K be equipped with a framing. For this we use the Seifert framing (obtained by the Seifert
algorithm) as a canonical framing. To facilitate the determination of the cord algebra of a knot, however,
we will use a different framing. This and the necessary transformations to obtain the cord algebra with
respect to the Seifert framing will be discussed in Section 2.4. Furthermore, we choose a basepoint *
on K.

Definition 2.7 Let K C R3 be a knot (or a link). A chord of K is a curve a € C2([0, 1], R?) such that
@(0),a(1) € K and & = 0, ie « is a straight line in R starting and ending on the knot.

Algebraic & Geometric Topology, Volume 24 (2024)
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N(s)

ws(y(t) —y(s))
y(@)—y(s)

N(@) , K

y(@) /
i (y(s)—y@) v@E) !

; /'\V(t)
\/: (s.1)
K

y(s)

7

Figure 3: A chord c intersects the framing. Left: ¢ intersects the framing at its starting point.
Right: ¢ intersects the framing at its endpoint.

The space of these chords can be canonically identified with K x K by associating to each chord its
endpoints on K: for s, € [0, L],
c=(y(s).y() e KxK

is a chord with starting point y(s) and endpoint y(¢). The space K x K can be canonically identified with
the torus 72 by using the identification S = R/LZ. The start and endpoint of a chord ¢ = (y(s), y(1))
can be identified with s € S and ¢ € S, respectively, and thus we can simply write

c=(s,1).

We also assign an orientation to each chord: a chord ¢ = (y(s), y(¢)) is oriented from its start y(s) to its
endpoint y(z).

Definition 2.8 Let K C R3 be an oriented knot of length L equipped with a framing v. Let y : [0, L] — R3
be an arclength parametrization of K. Let N(r) C R3 be the normal plane to K at the point y(t) and
7 R3 — N(7) be the orthogonal projection onto N(z). Let ¢ = (s,1) € K x K be a chord of K.

We say c intersects the framing if one of the following conditions is satisfied (see Figure 3):

o 7m5(y(t) —y(s)) = av(s) for an a > 0 (c intersects the framing at its starting point), or

o 1 (y(s)—v(t)) = av(¢) for an a > 0 (c intersects the framing at its endpoint).

Remark 2.9 From this definition it follows that if a chord (s,?) € K x K intersects the framing, so
does the reverse oriented chord (¢, s). Thus, the set of chords intersecting the framing is symmetric with
respect to the involution on K x K that interchanges the factors.

Remark 2.10 Let & > 0 be such that the strip {y(t)+av(¢):t €0, L], « € [0, €]} has no self-intersections,

ie the map
[0, L] x[0,¢] = R3, (t,0) > y(t) + av(t),

Algebraic & Geometric Topology, Volume 24 (2024)



Definition of the cord algebra of knots using Morse thoery 2977

is injective. In diagrams we will draw the set K" := {y(¢t) +ev(¢) : t € [0, L]} to visualize the framing; K’
is also called framing. An intersection of a chord with the framing according to Definition 2.8 corresponds
approximately to an intersection of the chord with the set K’ if the curvature of K’ is not too strong in
a neighborhood of this intersection. Also, there can be very short chords that do not intersect K’, but
intersect the framing according to Definition 2.8. Therefore, K’ is to be understood only as visualization
of the framing. In order to determine intersections of chords with the framing, it may be necessary to use
the above definition.

Let
E:KxK—>R, (x,y)—3lx—y

be the energy function on the space of chords, where x and y, as described above, are the start and
endpoint, respectively, of a chord (cf [2, Section 7.4]). Using the parametrization y we can write

E(s,1) = 3ly(s) =y (.
Furthermore, we will need the following subsets of K x K:
e Let § C K x K be the set of chords that intersect the knot K in their interior.
e Let FF C K x K be the set of chords that intersect the framing. Since F' is symmetric with respect
to the diagonal in K x K according to Remark 2.9, F can be split into
F=FUF*®

where F* and F¢ are the sets of chords that intersect the framing at their start and endpoint,

respectively. Then
F¢={(s,t) e KxK:(t,s) € F*}.

e Let B C K x K be the set of chords that begin or end at the basepoint *. If we choose a
parametrization with y(0) = %, then B = (K x {0}) U ({0} x K).

Lemma 2.11 [2, Lemma 7.10] For a generic knot K C R3 the following holds for the space K x K of
chords (see Figure 4):

(1) 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 and 2.

(i) The subset S C K x K of chords meeting K in their interior is an immersed curve with boundary
consisting of finitely many chords tangent to K at one endpoint, and with finitely many transverse
self-intersections consisting of chords meeting K twice in their interior.

(iii) The negative gradient —V E is not pointing into S at the boundary points.
The proof of this lemma is given in [2].

From now on, we assume that the representative of the knot has been chosen to have the properties listed
in Lemma 2.11.

Algebraic & Geometric Topology, Volume 24 (2024)
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K x K

—VE

L s
Figure 4: The space K x K of chords.

Remark 2.12 The Morse Bott function E can be converted into a Morse function by adding a smooth
function f: K x K — R to F that satisfies the following properties:

(1) f has exactly two critical points along the diagonal of K x K, a minimum m and a maximum M .
(i) Outside the diagonal, the function f is smoothly extended in such a way that it vanishes outside a

small neighborhood of the diagonal, especially at all other critical points.

In the following, we assume that E is a Morse function since this can be achieved by adding an arbitrarily
small perturbation f.

Remark 2.13 The set S is obviously symmetric with respect to the diagonal in K x K: if the chord
(s, t) intersects the knot in its interior, so does the reverse oriented chord (¢, 5); the same also holds for
the boundary of S. So 0.5 can be split into

S =9"'SUaS
where 0°S and 0°S are the sets of chords that are tangent to K at their start and endpoint, respectively.

Lemma 2.14 For a generic knot K and a generic framing v: S' — S? the following holds for the space
K x K of chords:

The set F* C K x K of chords that intersect the framing at their starting point is a one-dimensional
submanifold with boundary and 0F° = 0°S.

The proof of this lemma is given in the appendix.

Remark 2.15 Lemma 2.14 implies that F* has no self-intersections. Since F is symmetric, an analogous
statement holds for F¢. So the self-intersections of F are the intersections of F* and F¢. These are
either located on the diagonal of K x K or occur in pairs symmetrically to the diagonal and contain the
chords that intersect the framing at their start and endpoint.

Algebraic & Geometric Topology, Volume 24 (2024)
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K K
K K
k k/
p /
K K

Figure 5: Perturbation of the knot in a neighborhood of p such that the chord k does not intersect
the knot in its interior anymore.

Definition 2.16 Let K be a knot and E£: K x K — R be the energy function that has been perturbed to a
Morse function as described above. Denote by Crity (E) the set of critical points of Morse index k of the
function E.

Lemma 2.17 For a generic knot K, a generic basepoint and a generic framing, the following holds for

the space K x K of chords:
CI‘it()’l N(BUF U S) =9

where Critg,; := Critg U Crity.

Proof According to Lemma 2.11(i), Critg,; is a finite set. The sets B, ' and S can be considered
separately from each other:

If Critg,; NB # @, an arbitrarily small shift of the basepoint is sufficient to achieve Critg,; NB = &.

If Critg,1 NF® # @, let k € Critg,; NF*. If the framing is changed in an arbitrarily small neighborhood of
the starting point of the chord k by an arbitrarily small perturbation, & no longer intersects the framing at
its starting point. Thus, also the reverse oriented chord, which was an element of F'¢, does not intersect the
framing at its endpoint anymore. This procedure is necessary only finitely many times because Critg,; NF
is finite.

If Critg,1 NS # @, let k € Critp,; NS and p be the intersection point of k with the knot in the interior
of k. If the knot is changed in an arbitrarily small neighborhood of p by an arbitrarily small perturbation
in a suitable direction (see Figure 5), k no longer intersects the knot in its interior. Since Critg,; NS is
finite, only finitely many such perturbations have to be made. O

From now on, we assume that the representative of the knot has been chosen such that it satisfies the
statement of Lemma 2.17, the energy function £ is a Morse function according to Remark 2.12 and the
framing satisfies Lemma 2.14.

We will show more generic properties of the function E. For this it may be necessary to perturb the
function E with the help of the (jet) transversality theorem, ie to vary E in the function space C" (72, R)
for an n > 0. Such a variation can be considered as the addition of another smooth function g: K x K — R
to E. Denote by

Eg =E+g

Algebraic & Geometric Topology, Volume 24 (2024)
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the perturbed function. The function g can always be chosen so that it is arbitrarily small (in the C"
sense) (according to the (jet) transversality theorem) and vanishes in a small neighborhood of the diagonal
in K x K and small neighborhoods of all critical points of E (since E does not have to be perturbed
in these neighborhoods, because the properties shown in Lemmas 2.20 and 2.23 for generic knots are
already satisfied on the diagonal and because, according to Lemma 2.17, Critg.; N"(BU F U §) = 9).
Thus, all critical points remain unchanged, ie the following holds for k = 0, 1, 2,
Crity (Eg) = Critg (E).
Likewise, the sets S, F and B do not change, since the knot itself is not changed.

We will consider the flow ¢* of the negative gradient —V E, in the perturbed case the flow g3 of —V Eg.
The stable and unstable manifolds of a critical point k of E are

WS(k)={xeT?: lim ¢*(x)=k}, W¥k)={xeT?: lim ¢*(x) =k},
§—>+00 s§—>—00
respectively. Similarly, the stable and unstable manifolds of critical points k of E¢ are denoted by W, (k)
and W' (k), respectively.

To be able to show some generic properties of the function Eg, we need the following statement: if we
perturb the unstable manifold of a critical point of index 1 a little bit, we can find a function g such that
the perturbed unstable manifold is realized by the flow of the negative gradient of the function Ez. First,
we show the following lemma.

Lemma 2.18 (Cieliebak and Volkov [4, Lemma 3.7]) For all §, & > 0 there exists a smooth function
x: R — [0, 1] such that
(i) yx is nondecreasing on R_ and nonincreasing on Ry,
(ii) y is constant 1 in a neighborhood of 0,
(iii) y is constant 0 on R\ (-4, 8),

(iv) forall x € R, we have |x y'(x)| < &.

Proof We consider the function f: [0,8] — R defined by x +— elog(6/x). Notice that f satisfies
xf'(x) =—e, f(§) =0and f(8e~1/¢) = 1. Now shift the function max( f, 1) slightly to the left, extend
by O to the right, smoothen it and mirror it on the y—axis. This gives us the function y we are looking
for. O

Lemma 2.19 Leta,b,c,d e Rwitha<0<bandc <d. Let f € C®([c,d], (a,b)) be a function
such that

(@) flc)=f(d)=0,

(i) forl <k < oo, we have f®(c) = f®(d) =0.
Let f: [c,d] = (a,b) x[c,d], y = (f(y),y), be the graph of f over the y—axis, and let g: R? — R,

(x, y) — y, be the projection to the second coordinate.
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Figure 6: Adjustment of the level sets. Left: im( f ) as a graph over the y—axis and the level sets
of g. Right: changed level sets.

Then there exists a function g: R? — R such that
g=g on R*\((a,b)x(c,d)),
im(f) = {5((0.d)): 0 < s <7},
where ‘Pfg is the flow along the vector field —V g and gag (0,d)) =(0,¢).
Proof Figure 6, left, shows im( f ) and the level sets of g in R := [a, b] X [c, d]. We now want to change

g on R to g so that the level sets of g are perpendicular to im( f ) (see Figure 6, right), but outside of R
coincide with the level sets of g. To do this we use a diffeomorphism

®:R—> R, (x,y)(x,y+¥(x,y)),
where W € C*°(R, R) satisfies
(1) Y(x,y)=0forall (x,y) € 0R,
(i) w(f(»).y) =0,
(i) ¥ (f().9)=~f").

With this function ® we set
gi=god L

Thus, the level sets of g are as required. The flow of the negative gradient runs perpendicular to the level
sets and is unique. So we have

im(f) = {¢5((0,d)):0<5 <7}
with 7 > 0 where go;;((o, d)) = (0,¢).
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It remains to show that such a function W exists so that ® is a diffeomorphism. We choose

V:R—>R, (x,y)=>—f' - fONx(x—f()).

where y: R — R is a smooth cutoff function with the properties
@ x(0)=1,
(i) supp y C [—9, §], where 6 > 0 must be chosen so thata + 8§ < f(y) <b—§ forall y € [c,d],
(iii) |zx'(z)| < e for all z € R and an ¢ > 0, which will be determined more precisely later.
According to Lemma 2.18, such a function y exists for any 4, ¢ > 0. All properties required for W are

satisfied. Moreover,

0
%(x, V)= ="M= FONXE=FON+ )2 (= F ) +(f D> = F DA (= f ()

>0
> /"= FONxE=FODI=IS GNP =X (= F ).

The first term in the last line does not vanish only if |[x — f(y)| < §. After possibly decreasing §,

L") (x—=FO)N)x(x—=f(y)| < % can be achieved. Additionally, we can get |(x— f(»)x' (x— f(»))| <.
So by choosing & small enough, we can achieve |(f/(y))?(x — f(V) ¥ (x — f(¥))| < % Altogether,

%_‘)I/’(x, y) > —1 can be guaranteed for all (x, y) € R.

Now we can show that the above defined function ® is a diffeomorphism. First, we consider

1 0
D o= .
(x,y) (%—‘)I:(x, y) 14+ %(X, y))

Since 1 + %—‘5(x, y) >0 forall (x,y) € R, D(x,,)® is an isomorphism for all (x, y) € R.

It also follows from 1 + %—\;(x, y) > 0 that the map y — y + W(x, y) is strictly increasing. Thus, ® is
injective.

Since @ is continuous and ®|yg = id, the surjectivity of ® follows.

Thus, @ is a diffeomorphism and this proves the lemma. O
Now the following generic properties of the function Eg can be shown:

Lemma 2.20 For a generic function g the following holds for the space K x K of chords:

(i) For all critical points k of the function Eg of index 1, Wg'(k) h B, Wg'(k) h S, and W' (k) h F*
as well as W' (k) M F¢. (Note that there is no condition on avoiding the intersections of F*
and F°¢))

(ii) For all critical points k of the function Eg of index 1, Wg'(k) N dS = @, W' (k) N dF = &, and
W; (k) N S, = @ where S, C S is the set of self-intersections of S.

(iii) For all critical points k of the function Eg of index 1, W' (k)NBNS = and W' (k)NF NS = 2.

(iv) There is no trajectory along the vector field —V E¢ between two critical points of index 1.
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Figure 7: Neighborhoods of critical points k and k' of index 1 and 0, respectively, and the unstable
manifold of k.

Remark 2.21 The set of self-intersections of F' does not have to be considered, because at these finitely
many points a chord is multiplied by x or u~! from the left and from the right. This is not a problem.
The set S must be avoided because at these points a chord would be divided into three parts. However,
this situation is not covered by any relation.

Proof According to Lemma 2.17, we have Critg,; N(B U S U F) = &. Thus, there exist open neighbor-
hoods Uy, of all k € Critg,; such that Uy N (B U S U F) = &. Consequently, for all k € Crity,
WE(kynU)h (BUSUF),

where U := Uk ecrity ; Uk~ We shrink U to U such that U c U holds for the closure . Then in the
following it is sufficient to perturb W' (k) to Wé‘ (k) for all k € Crit; on the subset W'(k) \ U with the
help of the relative version of the jet transversality theorem (see Hirsch [7, Theorem 2.8] and Golubitsky
and Guillemin [6, Corollary 4.12(b)]), so that

WZ k) NWU\U) =Wg'(k)n(U\U)
and

(Wg (k)\U) M(BUSUF).

To prove (i) and (ii), let k be a critical point of index 1 and f € C*®(R, T'?) such that f is a parametrization
of one of the two flow lines which make up W;'(k). Let I C R be the compact interval for which

im(fr) =Wg'(lk)\U
(see Figure 7). Now suppose W' (k) NS # @ and p € W' (k)N S.
Case 1 If p €3S, then we construct a map f :R — T2 as follows:

o flr\a = flrya-
e S is a submanifold of 72. Using the relative version of the transversality theorem (Golubitsky and

Guillemin [6, Corollary 4.12(b)]) we can perturb f'|7 in the space C"(I, T?), for n big enough, to
amap f |7 such that f|; M dS and im(f|;) N (U \U) =im(f|;) N (T \ U).
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Thus, we get f M dS. It follows that f‘l(aS) = @ since codim(dS C T?) = 2. In suitable local
coordinates im( f) can be represented as a subset of the y—axis in R2. Since f can be chosen arbitrarily
close to f, we can guarantee that in these coordinates f is a graph over the y—axis. According to
Lemma 2.19, there exists a function g for which ng‘ (k)yNU = Wg'(k)NU and ng‘ ()\U =im(f|j).
Thus, we get ng‘ (k)nasS = o.

Case 2 Since the set S, C S of self-intersections of S is finite according to Lemma 2.11(ii), it follows
analogously to case 1 that ng‘ (k)NS, =2.

Case3 If pe S:=8 \ (05 U S5), then the set of all 1—jets from R to T2 is
JIR,T?) =R xT? xR2.

Consider the map
R = JURT?), 1 (0 f(0). f (1)

We construct a map f :R — T2 as follows:

o flrvr = flrua-

e The tangent bundle 7'S is a submanifold of T(T2) = T2 x R2. So R x T'S is a submanifold of
R x T(T?) = R x T? x R2. Using the relative version of the jet transversality theorem (see [6,
Corollary 4.12(b); 7, Theorem 2.8]) we can perturb f|; in the space C"(I, T?), for n big enough,
to a map f|1 such that im(f|1) N @ \U)=im(f|;)N U \U) and f;|1 h TS with the map ﬁ|1,
t—(t, f (1), f (1)), which is also perturbed.

Thus, we get # h R x T'S. From codim(R x TS € R x T(T?)) = 2 it follows that 7! (R x T'S) = @.
So im( f )M S since for all # € R with f (r) € S we have f (t) ¢ Tf(t)§ . In suitable local coordinates
im( f) can be represented as a subset of the y—axis in R2. Since f can be chosen arbitrarily close to f,

we can guarantee that in these coordinates f is a graph over the y—axis. According to Lemma 2.19, there
exists a function g for which ng‘ (k)\U =im(f|;) and Wg:‘ (k)yNU =Wg'(k)nU.

Altogether, we get W (k) MhS.

Since Crit; is a finite set, finitely many (arbitrarily small) perturbations suffice to guarantee transversality
to S for all unstable manifolds of critical points of index 1.

The proof of the statements W' (k) h B, Wg'(k) th F*, Wg' (k) th F¢ and W' (k) NOF = @ is analogous
to that of the statements W' (k) h S and W' (k) NS = @.

The two statements of (iii) can be shown by similar transversality arguments as before.

For (iv), let k be a critical point of index 1 and f € C®(R, T'?) with im(f) = Wy' (k). According to
Lemma 2.11(i), Crit; is a submanifold of 72 with codim(Crit; C T2) = 2. Therefore, the statement
follows analogously to (ii). |
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Figure 8: Relations for chords moving along the vector field -V E.

1 modulo the

Let R := Z[A*!, u*1] be the commutative ring over Z, generated by A, A~!, v and p~
relations A - A~1 = - ™! = 1. Let C; be the Z—vector space generated by Crit; (E) and Cy the
noncommutative R—algebra generated by Crito(E), ie A and ; commute with each other, but not with any
elements of Critg(£). These in turn do not commute at all. In the following we will let flow chords along
the negative gradient —V E. It can happen that a chord converges to a point, intersects the basepoint or
the framing or intersects the knot in its interior. For these cases we define the relations in Figure 8. There
the knot K is drawn in black, the framing K’ in gray and the chords in red. Analogous to Remark 2.4,
only the relevant parts of the knot are drawn in the pictures. The diagrams each show a small region
of the knot. The first line refers to any contractible chord. In the second, third and fourth relation, the
diagrams agree outside the drawn region. In the fourth line, the first two diagrams show a chord that runs
once over and once under a strand of the knot. At the transition from the first to the second diagram, or
vice versa, with the help of a homotopy, the chord intersects the knot. At this point, the chord is split
into two parts, which is shown in the other two diagrams. All diagrams are to be understood as objects
in three-dimensional space. Therefore, relation (iv) is for example equivalent to the relation shown in
Figure 9.

Assume a chord ¢ € Wy := g ecny, We' (k) C K x K. If ¢ is split into two parts according to relation (iv)
during the movement along the negative gradient —V E, both parts and the original chord flow further
along —V Eg. Each of these chords may be split again according to relation (iv), and so on.

Lemma 2.22 For a generic function g the following holds for the perturbed function Eg: the recursive
splittings as described above can happen only finitely many times, ie relation (iv) is applied only finitely

SRS

Figure 9: Equivalent representation of relation (iv).

many times.
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Proof (1) Lemma 2.11(iii) implies that there exists a neighborhood U C K x K of the finitely many
chords 9§ that are tangent to K at one endpoint and an ¢ > 0 with the property that each chord in U N S
decreases in length by more than ¢ under the flow of —V E, before it meets S again, and the same
holds for the longer chord resulting from the splitting according to relation (iv). On the other hand, if
astring s € S\ U is split at its intersection with the knot, both pieces are shorter than s by at least a
fixed length § > 0 since s can be neither tangent nor “almost” tangent to K. In total, each piece will be
at least min(e, §) shorter than the original chord. Since its length is finite, however, only finitely many
intersections can happen (see [2, proof of Proposition 7.14]).

(2) According to Lemma 2.20(i), we have W, M S for a generic function g. It follows that there exist
only finitely many intersections of W, with § since W is compact. The chords arising from splitting
at these intersections according to relation (iv) are, according to (1), at least min(e, §) shorter than the
original chords. Let k € Crity. At the first intersection of Wy'(k) with S, starting from k in one of the
two possible directions, the chord is split into two chords k1 and k5. If k1 lies now on Wg“ (k), nothing
more has to be done, because Wy' (k) is already transverse to S. Otherwise the trajectory of k1 along
the negative gradient —V Eg can be perturbed outside of Wy'(k) according to Lemma 2.19 such that this
trajectory becomes transverse to S. This is possible because Wy'(k) and the trajectory of ky are disjoint
outside the critical points.

The same procedure is used for k. If k2 is neither on W' (k) nor on the trajectory starting at k; that
may have been perturbed, we perturb the trajectory starting at k, with the help of Lemma 2.19 outside of
Wy' (k) and the trajectory starting at k1 so that it becomes transverse to .

All other intersections of Wg“ (k) with S are handled in the same way; likewise the unstable manifolds of
all other chords from Cerit;.

Since W has only finitely many intersections with S, the use of relation (iv) also results in a finite
number of chords. The & from (1) may change due to the necessary perturbations of g. But since the
perturbed function is arbitrarily close to g, the new ¢ is arbitrarily close to the original one. Therefore, it
can be achieved that all resulting chords are still at least min(e, §) shorter than the original chords.

The newly created chords are now handled in the same way as the unstable manifolds of the critical points,
and the function g may be perturbed accordingly. Since the trajectories of these chords are transverse
to S, they intersect S only finitely many times. This process is continued as long as further intersections
of a trajectory with S occur and relation (iv) is applied. Since each chord has finite length and becomes
shorter at a splitting by at least min(e, §), this process ends after finitely many steps and the function g
has to be adapted only to finitely many trajectories, which are pairwise disjoint outside the critical points.

All in all: relation (iv) is used only finitely many times. |

Now we can show further properties of a generic function Eg:
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Let k € Crity. Denote by Wg" (k) the “extended” unstable manifold of k, ie all flow lines of chords arising
from the iterative splitting according to relation (iv).

Lemma 2.23 For a generic function g the following holds for the function E, the space K x K of
chords and all chords ¢ € Wé‘ (k) for all k € Crity:

(i) ¢g(c)h B, pg(c) M S, and gg(c) h F fors > 0.
(ii) Forall s > 0, we have g (c) N 3S = &, gz (c) NOF = &, and @3 (c) N Sz = & where S is the set
of self-intersections of S.
(iii) Foralls >0, we have pg(c)NBNS =T and gp(c)NF NS = 2.
@iv) c¢(BUFUYJS).
(v) limg— o0 ¢z (¢) ¢ Crity, ie no such chord runs along —V E¢ to a critical point of index 1.

(vi) ¢ ¢ Crity fork =0,1,2.

Proof The statements (i)—(v) follow analogously to the proofs of Lemmas 2.17 and 2.20, since Crit; is a
finite set and relation (iv) is applied only finitely many times according to Lemma 2.22.

For (vi), according to Lemma 2.22, the set of all such chords c is a finite set; likewise Crity is finite for
k =0, 1, 2. Therefore, the statement can be reached by a small perturbation g, analogous to the proof of
Lemma 2.20(i1). O

2.2 Representation of knots as closed braids

Every knot can be represented as a closed braid (Livingston [8, Section 7.3]). To define the chord algebra
of a knot, we draw the knot as a closed braid along an ellipse in the following way:

The braid should be positioned in such a way that the binormal chords do not intersect the knot in their
interior. This can be achieved by arranging the strands of the braid one above the other, ie from the
drawing plane, with each strand being placed above a slightly larger ellipse than the one below. In addition,
the strands should have a very small distance from each other. This ensures that no unwanted binormal
chords are created that run from the area of the crossings of the knot to “opposite” strands. In order to be
able to distinguish the strands in the diagram well, however, they are drawn with larger distance. They
are also numbered from the outside to the inside.

By an arbitrarily small perturbation it can be achieved that the torsion vanishes only at finitely many
points.

All crossings of the knot are drawn in a quarter of the ellipse so that they lie between two endpoints of
the main axes. In the remaining three quarters the strands run parallel to each other. In Figure 10 this is
shown by the example of the right-handed trefoil knot, equipped with the Seifert framing. The knot is
drawn in black and the framing in gray.
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Figure 10: Critical points of the function E on the right-handed trefoil.

The nontrivial binormal chords are, as is easy to see, the chords that run parallel to the main axes of the
ellipse, as well as the very short chords that connect the strands together. However, the way of drawing
the knot produces a one-dimensional critical submanifold for the latter. By a small perturbation of the
knot this can be cleared up in such a way that exactly two critical points arise, one of the index 0, marked
with s, and one of the index 1, marked with S. In addition, if there are more than two strands, there may
be other short binormal chords between the strands in the area of the crossings. In the case of more than
two strands, they are placed in such a way that the arrangement as shown in Figure 11 is achieved. This
guarantees that the very short chords connecting the strands do not intersect the knot in their interior.
To ensure that no binormal chord intersects the framing, a small perturbation of the framing may be
necessary. Another small perturbation of the framing may be necessary to satisfy the conditions listed in
Remark A.1 (these conditions are necessary for the proof of Lemma 2.14).

The trivial binormal chords are all points on the diagonal of K x K, ie chords which start and end at the
same point on K. As mentioned in Remark 2.12(i), the energy function is perturbed such that we get
exactly two critical points along the diagonal: one minimum, denoted by m (which has Morse index 0),
and one maximum, denoted by M (which has Morse index 1).

1 e e ]

n—1 e * n—1
n e e n

Figure 11: Arrangement of n strands in the cross section.
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Figure 12: Critical points in K x K for the knot K in Figure 10. Left: labeling of the critical
points. Right: gradient flow —VE.

In Figure 10 the critical points, ie the binormal chords, are distinguished by color:

e C(ritical points of index 0 are marked green, in this example m and s.

e Critical points of index 1 are marked red. Here, M, S and the chords labeled with k; ;. The
indexing means that the chord runs from strand i to strand j. In order to determine on which
strand an endpoint of the chord lies, one moves, starting from this endpoint, along the knot until
one reaches the numbering of the strands. The yellow mark must not be exceeded. The numbering
is therefore unique.

e Critical points of index 2 are marked blue, here /; ;. These are only mentioned for the sake of
completeness and will not be required further.

Since the knot K is parametrized by y, we get a canonical orientation of the knot, which is marked by
an arrow. The position of the basepoint is chosen as shown in Figure 10. This choice ensures that no
binormal chord has the basepoint as its start or endpoint.

Each chord ¢ = (s,¢) € K x K can also be assigned an orientation as described above: c is oriented from
s to t. If we consider the orientation, all chords that are not on the diagonal of K x K occur in pairs: once
with orientation in one direction and once with reverse orientation. In order to indicate the orientation of
a chord in its labeling, another index is introduced, which is noted in the upper right of the name. Denote
by ¢® = (s/, 1) the chord ¢ for which s’ < ¢ holds, and by ¢’ = (s, ") the chord ¢ with ¢’ < s. For example,
in Figure 10 k{’l is the longest chord of index 1 with orientation from top to bottom. This indexing is not
necessary for points on the diagonal of K x K, because then we have s = ¢, the corresponding chords
have vanishing length and occur only once.
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Figure 13: Wrong position of M.

Figure 12 shows the same critical points as Figure 10, but here their positions are shown on K x K 2= T?2.
On the left side the critical points are labeled with their names. The arrows on the right indicate the
direction of the gradient flow of the function E.

The figure shows that the position of M on the diagonal can be chosen almost arbitrarily: M must not
be chosen in such a way that the gradient flow of a critical point of index 1 runs in the direction of M,
as shown in Figure 13. If M is placed as shown in Figure 13, the Smale condition is not satisfied (see
Audin and Damian [1, Section 2.2.b]).

S is positioned analogously.

For all other critical points the Smale condition is satisfied because the unstable manifolds of points of
index 2 and the stable manifolds of points of index 0 are already two-dimensional. So the tangent spaces
at these manifolds are two-dimensional and the transversality is ensured.

Thus, —V E represents a gradient field that satisfies the Smale condition.

2.3 Definition of the cord algebra

Before defining the cord algebra of K, we will first define a map D: (K x K)\ A — Cy, where the
exceptional set A C K x K contains all points ¢ € K x K that satisfy at least one of the following
properties:

(1) ¢ €Crita(E) U (Ukecri, (5) W* (k) U Crito(E),

2) ce(SUFUB),

3) @*(c)th B,¢*(c) h F,or ¢3(c) h S for s >0,

@) ¢*(c)N IS # T, ¢°(c) NIF # &, or p5(c) N Sy # & for s >0,

(5) ¢*(c) € S for an s > 0 and one of the properties (1) to (4) is true for one of the chords resulting

from (possibly multiple) splitting according to relation (iv).

So now we can define the map D as

13:(K><K)\A—>Co, ¢ d(c) 4+ 6(c).
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Figure 14: Movement of ¢, along the gradient flow.

The two maps d and § are described below:
First, let d be the map

0:(KxK)\A—Co, cr> > nlc.d) A uPrareub,
d eCritg(E)
where

e n(c,d) €{0, 1} is the number of trajectories along the vector field —V E from ¢ to d;

* «7,02, 1, B2 € Z are such that the intersections with the framing or the basepoint occurring during
the movement of the chord ¢ along —V E are taken into account according to relations (ii) or (iii),
respectively.

The map 9 is well defined since each point ¢ € (K x K) \ A4 lies on exactly one trajectory along the vector
field —V E. This trajectory ends at a critical point of index 0, so there is exactly one d € Critg(E) with
n(c,d) =1, and we have n(c,d) = 0 for all other d € Critg(E). The exponents o, op, 1 and B, are
uniquely determined by the relations (ii) and (iii).

To illustrate the procedure for determining d(c) for a chord ¢ € (K x K) \ A, we will consider two
examples. The movement of the chord along the gradient flow is indicated by the orange arrows in the
figure.

Example 2.24 We want to determine d(cq) with ¢; as in Figure 14. During its movement, the chord
neither intersects the basepoint nor the framing and ends at m, so it is contractible. According to relation (i),
we get

d(c1) =1—p.

Example 2.25 In the second example we want to determine d(c») with c¢5 as in Figure 15. The movement
of the chord is again indicated by orange arrows. As can be seen from the figure, the chord first intersects
the framing at its endpoint, which results in a multiplication by u from the right according to relation (ii),
and then at its starting point (results in multiplication by ;£ ~! from the left). Then the endpoint of the
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S

Figure 15: Movement of ¢, along the gradient flow.

chord crosses the basepoint in the direction of the orientation of the knot, which, according to relation (iii),
yields a contribution of -A~!. At the crossings of the knot, the chord first intersects the framing twice at
its endpoint (yields - ~2), then twice at its starting point (yields u?-), and finally twice at its endpoint
(yields -;2~2). Then the chord runs without further intersections to the chord s? of index 0. So, in total,

Wex) = pPpts'udA ™ w2p 2 = pus' A7 3

because A and 1 commute with each other, but not with s’.

We now discuss the map §. When determining d(c) for a chord ¢ € (K x K) \ A it may happen that the
chord intersects the knot K in its interior during the movement along the gradient flow. Let P be the set
of all these intersections. According to relation (iv), at each p € P the chord is split into two chords, ¢p 1
and cp >, which are multiplied by each other. Since the algebra Cy is not commutative, the order of the
factors must be chosen according to the orientation of ¢. Let ¢y, be the first and ¢, > be the second part
in the direction of the orientation of ¢. Then we determine ﬁ(cp,l) and ﬁ(cp,z). Now we can define the
map § recursively:

§5:(KxK)\A—Cy, cr> Z sign(c, p)ko‘l(p);LB‘(p)ﬁ(cp,1)13(cp,z)kaz(p)u’%(p),
peP
where

e a1(p),a2(p), B1(p), B2(p) € Z are analogous to the above definition such that the intersections
with the framing or the basepoint occurring during the movement of the chord ¢ along —V E up to
the point p are taken into account according to the relations (ii) and (iii), respectively, and

e sign(c, p) € {—1, 1} is the sign in front of the product of the resulting chords obtained by applying
relation (iv) to the chord ¢ at the intersection point p.

Remark 2.26 When splitting ¢ into the chords cp,1 and ¢ > the exact position of the framing relative to
the two chords, as shown in relation (iv), must be taken into account. For this it may be necessary to
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Figure 16: Determination of §(c5).

bend the framing a little bit in one direction. Then the framing is brought back to its original position,
and one of the parts ¢, 1 or ¢p 5 is intersected and multiplied by p or ! from left or right according to
relation (ii).

The map 6 is well defined:

e When determining 13(0) for a chord ¢ € (K x K) \ A relation (iv) is applied only finitely many
times according to Lemma 2.22. Thus, both the sum and the recursion depth are finite.

e The way in which the exceptional set A is constructed prevents the resulting chords from being in
A when a chord is split according to relation (iv).

Example 2.27 We look again at ¢, from Figure 15 to determine 6(c5). Together with the result from
Example 2.25 we get D (c2). If ¢3 is moved along the negative gradient, there is a single intersection with
the knot in the interior of the chord at point p. There relation (iv) is applied and the chord is split into
¢2,p,1 and ¢2 p 2, as shown in Figure 16. The position of the framing relative to the chord ¢> , > results
from the representation of relation (iv) in Figure 9. This figure also shows sign(cz, p) = —1. According
to Example 2.25, we get a1 (p) = a2(p) = 0 because the chord ¢, does not cross the basepoint before
reaching the point p, and with relation (ii) we get B1(p) = —1, B2(p) = 1 because the chord intersects
the framing once at its starting point and once at its endpoint. Thus, we get

8(c2) ==~ D(ca,p1)D(ca,pa)t
and we have to determine ﬁ(cz, p,1) and 13(02, p.2):

The chord ¢3,p,1 intersects the framing once at its starting point and twice at its endpoint, but not the
basepoint or the knot in its interior, and then runs to the chord s’. Thus, the application of relation (ii)
results in

5(02,17,1) = l’Lst:u_z'
For the chord ¢3, p > we get, according to the relations (i), (ii) and (iii),
ez, po) =p A=A ™ =a" p 2 =27 !
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Figure 17: Determination of §(c2,p,2).

and we get an intersection of the chord with the knot in its interior at the point g. There the chord is split
into the parts ¢, p,2,4,1 and ¢2_p 2 4,2 as shown in Figure 17. Since these two chords have no intersections
with the knot in their interior during their movement along the gradient flow, we get
8(c2,p2) = =17 D(c2,p.2,4.1)D(e2,p,2.9.2)

— _/'L_l (MMZSSM—Z)(MZSIM—ZM—2A—1) — —MZSSSI)\._I}L_4

Now we can determine §(c3):
b(c2) =~ ' D(c2,p.) D2 p o)
=—p Nus'nwHA w2 =2
— —Stk_I//L_S + SIA_I[,L_Z + StSSStA_I/,L_

-1 __ Mzssst/\_lli_4)//~
3.
Together with the result from Example 2.25, we get
D(c2) = 3(c2) +8(ca) = us' A 2 = A 3 4 s A 2 - shsSs A 3.

This example clearly shows that even for simple knots K determining 13(c) forachordc € (K x K)\ A
can be laborious and has to be done very carefully.

To define the cord algebra of a knot K, we first choose two points k4, k— € W¥(k) for each critical point
k € Crity (E) as follows:

We move k a little bit in the direction of its unstable manifold. Choose a point k4 near k such that none
of the sets S, F, and B intersect the unstable manifold of k between k and k4. Analogously choose k_
on the other side of k. Examples to illustrate the choice of k4 and k_ are shown in Figure 18, on the
left-hand side as chords on the knot and on the right-hand side as points in K x K.

Now we define the linear map D on generators:
D:Ci — Co, k> D(ky)—D(k-).

Note that D is well defined up to a sign, since the roles of k. and k_ can be interchanged. But this is not
a problem for the definition of the cord algebra as we will see in Remark 2.31.
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k_

Figure 18: Choice of k+ and k_.

Example 2.28 We want to determine D(k{ ;) for the chord ki 1 of the right-handed trefoil knot as in
Figure 10. As can easily be seen, (k] .1)+ can be chosen as the chord ¢; in Figure 14 and (ky .1)— can be
chosen as the chord ¢, in Figure 15. With the above results we get

D(ki ;) = D(c1)=D(ca)=1—p—pus A Iu B A 2 — a2 —sfsSsf A~ 3
because the chord ¢ does not intersect the knot in its interior during its movement along the negative
gradient.

Remark 2.29 On the diagonal of K x K there are exactly two critical points, m of index 0 and M of
index 1 (see Remark 2.12). Both sides of the unstable manifold of M, which corresponds to the diagonal
A in K x K, end at m. According to relation (i), we have m = 1 — . To determine D (M), we select
M~ and M_ as shown in Figure 19. Since the set S’ does not intersect the diagonal, we get

§(My) = 8(M_) =0.

But the diagonal intersects B and possibly F. When determining d(My) the relations (ii) and (iii) must
therefore be taken into account. Since the starting point and the endpoint of the chord M coincide, both
intersect the basepoint and the framing. In the example of Figure 19 the following therefore holds:

M) =21 =A™ =1—p
and, depending on the exact course of the framing (ie depending on how relation (ii) is applied),
M) =p(l—wp™ =1-p or dM_)=p"'A—pwp=1-p.
The same result is obtained if the diagonal intersects the set F' several times.

These considerations are independent of the concrete knot. Therefore, we get that in total the following
holds for all knots: R

D(M)=D(My)~DM-) = (1—p)~(1-p)=0.
By an analogous consideration we get for a chord ¢, whose trajectory runs close enough to the diagonal
and ends at m (see Figure 19); also here both start and endpoint of the chord intersect the basepoint or
the framing if at all such an intersection takes place. Therefore, d(c) = 1 — u follows here as well.
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KxK

Fe M,

M_

F@

m

Figure 19: Determination of D(M).

If the trajectory of a chord runs close enough to the diagonal in K x K, the further intersections of this
trajectory with B and F can be ignored.

Now we can define the cord algebra of a knot:

Definition 2.30 Let K C R3 be a generic oriented knot, equipped with a Seifert framing and a basepoint.
The cord algebra of K is

Cord(K) := Co(K)/ I,
where Ix = (D(C1(K))) C Co(K) is the two-sided ideal generated by the image of C1(K) under the
map D.

Remark 2.31 As mentioned before, D is well defined up to a sign. But as can be seen in Definition 2.30,
we get the same result in the quotient, regardless of which chord we designate with k4 and k_. Therefore,
the cord algebra of a knot is well defined.

2.4 Change of framing

In the definition of the cord algebra the knot K is equipped with the Seifert framing. However, the
determination of D(C1(K)) is more convenient if a framing v is used instead of the Seifert framing such
that the associated set K’ is a vertically shifted copy of K. For this purpose the strands of the knot are
arranged one above the other and each strand is drawn over a slightly larger ellipse than the one below as
described above. Then K’ as a copy of K can be moved vertically upwards by an & > 0 which is small
enough such that the strip spanned by K and K’ has no self-intersections. For each s € S! then v(s) is the
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Figure 20: Blackboard framing.

unit normal vector pointing from the origin of the normal plane N(s) in the direction of the intersection
of N(s) with K’. In the diagram, however, the framing is drawn slightly outside the corresponding strand
in order to clearly distinguish it from the strand. Such a framing is called a blackboard framing. In
Figure 20 the right-handed trefoil knot with the blackboard framing is shown on the left side; on the right
side a section through the knot from A to B with view direction in the direction of the arrow. This kind
of representation ensures that the chords corresponding to critical points in K x K do not intersect the
framing.

Using this framing we can now determine D(C;(K)) as described above. However, the following
adjustments will have to be made in order to get the cord algebra with respect to the Seifert framing:

To change the framing, n additional windings of the framing around the knot K are added. If we look in
the direction of the orientation of the knot, these additional windings run in a mathematically positive
or negative direction (ie counterclockwise or clockwise, respectively) around the knot and are taken
into account with a sign +1 or —1, respectively. So we have n € Z. If we have determined D(C;(K))
for a framing K, we get D(C1(K)) for a framing K, by applying various transformations. The first
transformation is A — A", where n is the number of additional windings, with sign, of K} compared
to K i (see [2, after Remark 2.3]). This results from the following consideration: the additional windings
will first be added near the basepoint; thus, when crossing the basepoint each chord gets the factor y*"

A:I:l

according to relation (ii) in addition to the factor according to relation (iii).

These additional windings change the linking number of the knot and its framing and we get
k(K, K5) =1k(K,K})—n

since the addition of a winding in the positive direction around the knot creates two additional left-handed
crossings, and thus decreases the linking number by 1. Let K| = K 1’7 be the blackboard framing of the
knot K and K’, = K be the Seifert framing. Then we have n = 1k(K, K} ) since Ik(K, Kg) = 0. Thus,
the first transformation is given by

A kﬂlk(K’Kl/’).
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S
shifting the additional windings Seifert framing

Figure 21: Changing from the blackboard framing to the Seifert framing in the example of the
right-handed trefoil knot.

We want to achieve a Seifert framing which is obtained by the Seifert algorithm (for example see Figure 21,
bottom right). In the final step of the Seifert algorithm, the Seifert circles are connected by twisted bands.
So we shift the added windings along the knot such that these windings match the twisted bands. It
can happen that one of these windings intersects a generator of Co(K) at its start or endpoint. These
intersections must now be taken into account in further transformations according to relation (ii), as

explained in the following example.

Example 2.32  For the right-handed trefoil knot K we have Ik(K, K} ) = 3. Thus, the first transformation

1S
A Al

If the three windings of the framing added in the neighborhood of the basepoint are moved to the correct
places, ie to the crossings of the knot, one of these windings intersects the chord s during the movement,
ie the chords s° and s’ if the orientation is taken into account; see Figure 21. According to relation (ii),
the further transformations are

s uTlsS st st
Remark 2.33 The blackboard framing may have to be changed by a small perturbation in such a way
that the assumptions of Remark A.1 for a generic framing are satisfied.
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2.5 Examples: unknot and right-handed trefoil

Example 2.34 First, we want to determine the cord algebra of the unknot U. We draw the unknot with
the blackboard framing and choose a basepoint as shown in Figure 22. Let R = Z[A*!, u*1] be the ring
as described above. The critical points of index 0 and 1, and thus Cy and Cj, can be easily determined
from the figure:

rel._(i)

Co = (m)R (1—p)r =R, Ci1=(MKk*Kk")z.

Since the two nontrivial chords of index 1, k* and k’, when moving along the gradient flow, intersect
neither the framing nor the knot in their interior, relations (ii) and (iv) need not be considered. The image
of C1 under D is therefore very easy to determine:

D(M) =0 (see Remark 2.29),

D) =1-p—(1—wr~",

D(k") = —(1—p) + A1 - p),

No transformation is necessary at the transition to the Seifert framing. Thus, in the quotient Cy /I, where
I = (D(C})) is the two-sided ideal generated by C; under the map D, we get the only relation

A-Dp-1=0
and hence

Cord(U) = ZIAEY, /(A — (e —1).

Example 2.35 To determine the cord algebra of the right-handed trefoil (also called Torus(3, 2)), the
knot is equipped with the blackboard framing and a basepoint is chosen; see Figure 23. The critical points
of index 0 and 1 can be determined from the figure. As before, R = Z[A*!, u*1]. We get

_ s _ N t s t s t s t s t
CO == (m,S ) )R, Cl - (M,S ,S , 1,1,kl,l,kl’z,kl,z,kZ,l,k2,1,k2,2,k2,2>z.

Figure 22: The unknot equipped with the blackboard framing.
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Now we can get the image of C; under the map D by applying D to the generators of Cy:

D(M) =0 (see Remark 2.29),
D(Ss) = g5 + ,LLStpL_l,LL_I/‘{_l =5 + Mst/-{—lu—Z’

D(S') = —s' + Apps*u! = —s" + ApPs’

Dy )= —p) = (ups' p 727 = s’ 7 T (= AT — s T T s T T IATh)

=1 —/,L—/,Lzst)t_lﬂ_z 4 /,LSt/\_lllL_z _MSZA—IM—I —/LStSSSt/\_lﬂ_z,
D(k§ ) =—(1 =)+ Apps*w™ ™ + A0 =) + Apps® ™ ™ s 0 T s !

=1 + 1 +)L,u2ss/1v_2 +Aussu—1 —l//?ssu_l +AM2SsM—lsl/L—1sle—1’
D(ki ) =—pus* + (1= )+ (ups ™ 0™ + A= s ™ w DHps*n™ = —ps® +1—p+ ps'u™'s* ™",

1 1 1

Dki)=s'u ' = (A=) —ps'n  w (ups*n ™ n™ —pps ™ u  A—p)) =5 w1+ pu+ps's*u",

D(k3 ) =ps® = (A=A = s’ ™ ™ s = = A1
— s (s T T — s T TN = AT = st T T s T T IAT))
= s = AT AT 2SS AT 2 4 s s AT 2
s SAT 2 s AT T 4 st st 2,
D(ky ) =—s'u™ "+ A1 =) + Apps® ™ T s 0 !

+ (Apps' w7 T H A0 =)+ Apps®u T T s T T s et s !
— —St/L_l + A —A,LL + Auzssu_ls’u_z +)L,LL2SS/,L_2St/L_1 + AMSSM—ISIM—I
s s Al s s s

D(kS5) = (1—p) — (ups’ ™ ™" —pups® ™ ™ (1= )

1

—ps* T (A=) = ps' ™ T (s T — s T (= )

1 Sotos,,—1

=1—p—p?s’u "+ ps’ = s’ —pussts

D(k3p) = —(1 =) +pps' ™ pt + (1= pps n™ n™!

+ (=) + (ups' ™ + (U= s ™ s s 0!

—1.s,,—1. 1

K e R G T S T L T

=—l4p+pus'p?+s'pu”

According to Example 2.32, the transformations to change from the blackboard framing to the Seifert

framing are

A and, S ulsS, st st

If these transformations are applied to the above results, the formulas for D(S*), D(S?), D(k} ) and
D(ki’z) in the quotient Co/(D(Cy)) result in the equations

(2-1) S s AT 4 =0,
(2-2) —s'u+autsSuTl =0,
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S

Figure 23: The right-handed trefoil equipped with the blackboard framing.

(2-3) S+ l—p+usip S u =0,
(2-4) st 14+ p4ps'sSu~t =o0.
Therefore,

(2-5) (2-1) = s' =pu2sAu?
(2-6) (2-2) = s' =AutsSu?

In the quotient only one generator exists because s’ can be expressed by a term with s*. For simplicity, in
the following we denote s by s. If we now eliminate s’ from (2-5) and (2-6), we get

sau® = Aubs.
We put (2-6) into (2-3) and (2-4) and get the relations
l—p—s+Asu3spu ™ =0, —14+p+Au*su™ +Ap’su2su =0.

If the transformations are applied to the remaining results from D(C), the resulting equations do not
yield new relations. All in all,

Cord(Torus(3,2)) = (s)r/ (SAub—Aubs, 1—pu—s+A s 3spu ™ =14+ pu4-Apsu 2+ A s 2™ h).

3 The cord algebra as a knot invariant

The cord algebra in its original definition, as explained at the beginning of Section 2, is a knot invariant [2,
Remark 2.22]. Now we will prove that the cord algebra in our definition using Morse theory is also a
knot invariant. So we have to show that for generic knots K¢ and K; for which there exists a smooth
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isotopy (K7r)refo,1] of knots,
Cord(Kp) = Cord(K}).

So let Ko and K be two knots that are connected by a smooth isotopy (Kr),¢[o,1] of knots. For all
r €[0,1] let y,: [0, L,] — R3 be an arclength parametrization of K, such that the map r ~> y,(0) is
continuous. Let y, (0) be the basepoint of K. Thus, the set B = (S! x{0)U ({0} xS} c T? = K, x K,
is the same for all K. Denote by S, C K; x K, and F, C K; x K, the sets S and F, respectively, with
respect to the knot K. Likewise, let E,: K, x K, —> R, (x,y) — %|x — y|?, be the energy function with
respect to the knot K, let X, : K, x K, — R2, (s,t) > —VE, (s, t), be the associated gradient vector field
on K, x K, let ¢} be the flow of X, and let W/ (k,) and W} (k) be the stable and unstable manifold,
respectively, of a critical point k, of the function E,. Furthermore, let 5,: (Kr x Kp)\ Ay — Co(K)
and D, : C1(K,) — Co(K) be the maps belonging to K, where A, C K, x K, is the exceptional set
belonging to K.

3.1 Preparations for the proof of Theorem 1.1

First, we need that only finitely many knots in this isotopy are nongeneric. These finitely many knots
each violate exactly one of the properties shown in Lemmas 2.17, 2.20 and 2.23 for generic knots or at
these knots pairs of critical points appear or disappear. This statement is formulated in the following
lemma. This lemma can be proven by extending the arguments used in the lemmata mentioned above to
1-parameter families of knots and energy functions.

Lemma 3.1 For a generic smooth isotopy (K;)e[o,1] of knots, where Ko and Ky are generic, the

following holds:
(i) K, is generic for allr € [0, 1]\ {r1,...,rp} foran n € N and for {ry,...,r,} C [0, 1].
(i) Fori €{1,...,n} the knot K, is generic except for the occurrence of exactly one of the following
phenomena:

() Wi(k) i B for a critical point k of index 1, and Wr’f (k) is tangent to B at most of order 1.

(2) Wi(k) th Sy, for a critical point k of index 1, and W, (k) is tangent to Sy, at most of order 1.

(3) Wii(k) th F;, for a critical point k of index 1, and W, (k) is tangent to Fy; at most of order 1.

4) Wp(k)N oSy, # @, and thus W} (k) N 0F;,; # @ according to Lemma 2.14, for a critical point
k of index 1.

(5) Wr’f (k)N Sy, # @ for a critical point k of index 1, where S5 ,, C Sy, is the set of chords that
intersect the knot K, twice in their interior.

(6) Wp(k)NBNS,, # @ fora critical point k of index 1.

(1) Wi(k) N Fy, NSy, # @ for a critical point k of index 1.

(8) k € B for a critical point k of index 0 or 1.

(9) k € S,, for a critical point k of index 0 or 1.

(10) k € Fy, for a critical point k of index 0 or 1.
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(11) There exists a trajectory between two critical points of index 1 along the vector field —V Ey,.

(12) One of the cases (1) to (10) holds for a chord which is generated by the application of re-
lation (iv) (where in the statements (1) to (7) the unstable manifolds are to be replaced by
trajectories along the vector field —V E,,, starting at this chord).

(13) A chord which is generated by the application of relation (iv) runs along the vector field —V Ey,
to a critical point of index 1.

(14) Creation/cancellation of a pair of critical points of index 0 and 1 or of index 1 and 2.

Remark 3.2 In this 1-parameter family of gradient vector fields only degenerations of birth-death type
occur (see Cieliebak and Eliashberg [3, Lemma 9.7]). Therefore, case (ii)(14) is the only one dealing
with degeneracies of the family of vector fields.

To show that the cord algebra is a knot invariant, we first need the following lemma:

Lemma 3.3 For a generic knot K the following holds:

Let g € (K x K) \ A, where A is the exceptional set defined at the beginning of Section 2.3. Then there
exists an open neighborhood V C K x K of q with l3(x) = 13((1) forall x e V.

Proof Since K is generic, all properties from Lemmas 2.17, 2.20 and 2.23 are satisfied.

There exist only finitely many critical points of index 0. Denote these by g1, ..., g, forann € N.
Then there exist €1,...,&, > 0suchthatforalli =1,...,n,
(3-1) lim ¢°(x)=g; forall x € By, (g:),
§—>00
(3-2) B (g))N(SUBUF) =a.

We can achieve (3-1) since dim W¥(g;) = 2, and (3-2) can be achieved since g; ¢ (S U B U F)) (according
to Lemma 2.17) and this is an open condition.

Since ﬁ(q) € Co(K) according to the assumption, we have ¢ € W*(g;, ) foran iy € {1,...,n}. Therefore,
a T; > 0 exists with

0T1(q) € By, (gi,).
The solution of a differential equation depends continuously on the initial conditions. So,

(3-3) VT <00 Ve>038(T,e) >0Vx e KxKVse[0,T] |x—q|<8 = |¢*(x)—¢°(q)| <.

Choose T' = T, and ¢ = ¢;,. Then, according to the statement (3-3), there exists a 84 > 0 such that, for
all x € Bg, (q),

(3-4) T4 (x) € Bae,, (gi,)-

So far, we’ve shown that each x € B;_(g) flows along the vector field X = —VE to the same critical
point of index 0 as ¢, namely to g;,,.

To prove the lemma, we have to consider the four relations that we need to determine D(g):
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Relation (i): Due to the properties (3-1) and (3-4) relation (i) does not lead to different results when
determining ﬁ(x) for all x € Bs, (¢).

Relation (ii): Let Fy :={x € F:3T > 0: ¢T (q) = x}. Since K is generic, we have ¢*(¢) h F and
|Fg| <oo. Solet Fy ={fi,..., fmp} foranmp € No. For j =1,...,mF let Ty, be the time for which
0T (q) = fj. Because of ¢*(q) th F, there exists an ¢ > 0 with the following properties:

(i) Forall j =1,...,mp and all x € Bs_(q) there exists at most one 7} x > 0 such that
(3-5) T/ (x) € B (SN F,
ie the trajectory starting at x intersects F in B¢, (f;) at most once.
(ii) For all x ¢ (U}"=F1 B (fj))NF,
(3-6) min |¢*(q) —x| <er = x ¢ F,
seR
ie outside of B¢ (f;), F is no closer than ¢ to the trajectory starting from q.

Forall j =1,...,mF there exists, according to statement (3-3) with 7" = Tfj ande =¢F,a Sfj >0
such that for all x € Bs, (g),
J

Ty.
@' (x) € Ber (/7).
So after reducing dy, if necessary, for all x € Bs / (9),
¢*(x) €Bgp(fj)NF foran s> 0.
Let 6 f := min; 5f/
Relation (iii) can be treated analogously to relation (ii). With a corresponding notation (B instead of F
and b instead of f) we get §p := min; p, .

Relation (iv): Let S; :={x € S: ¢°(¢) = x foran s > 0} C K x K. According to Lemma 2.22, there
exist only finitely many intersections of ¢*(g) and S, ie |S,| < co. Solet Sy = {¢1.....gmy} for an
ms € No. Forall g; € S; let T, > 0 be the time for which (pT"i (q) =q;. Let S, C S be the (according
to Lemma 2.11(ii) finite) set of self-intersections of S, ie the set of chords that intersect K twice in their

interior.

Then there exists an &g > 0 such that forall j =1,...,mg,

(3-7) Beg(gj)NAS = o,

(3-8) Bes(gj) N S2 =0,

(3-9) for all x € Bs, (¢), there exists at most one T} x > 0 such that (pr’x (x) € Bgg(gj) NS,

ms
(3-10) for all x ¢ ( U Bss(qj)) NS, we have miﬂ% lp*(q) —x|<es = x ¢8.
. NS

J=1
Such an eg exists since

(i) S,N3S =2,
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/

Figure 24: Splitting of a chord according to relation (iv).

(i) SqNS=02,

(i) ¢*(q)h S,

() @*(g)NS =Sy and g*(q) h S.
and (i)—(iii) are open conditions.

Therefore, the following holds for j =1,...,mg: according to statement (3-3) with 7 =T;; and ¢ = ¢g,
there exists a §4; > 0 such that, for all x € ngj (q),

T,
@Y (x) € Bgg(g;).
Let 65 :=min; dg;.

Every x € S \ S5 splits according to relation (iv) in two chords x! and x> — see Figure 24 — and we can
see that

 x! has the same starting point as x,
e x2 has the same endpoint as x,

o the endpoint of x! is the starting point of x2.

Now consider the maps
U:S\S—> KxK, x#x!,

WUy: S\ S, > K xK, X = x2.
For j =1,...,mg, let

\'Ijqj! = \III(BSS(‘]j)mS)’ lIquz = \IIZ(Bss(Qj)mS)’

which are well defined since B¢ (g;) N S2 = &. In addition, they are connected sets, since the sets
B¢g(g;) NS are connected, the above observation concerning the start and endpoints of x! and x2 holds,
and K is smooth. See also Figure 25.
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! Ko x Ky
Lo
s}:tj1 \Ilq} \/q.jl\
S(‘]j
0 sj =s] Lo s

Figure 25: Splitting of chords according to relation (iv).

Now consider the sets \IJq]! and \Ilq]2_ under the gradient flow analogous to the consideration of Bs_(¢)
under the gradient flow where q} = W(g;) and qu = W5(g;), respectively, take the role of g. Again, the
relations (i) to (iv) must be taken into account. Thus, fori = 1,2 and j = 1,...,mg we get, analogous
to the above considerations,

. 5q§,F such that for all x € Bg_; F(q;) N \I’qf-’ we have that ¢*(x) and ¢* (qj".) intersect the set F
. ] : P
for s > 0 so that relation (ii) produces the same result with respect to u*!

. quzﬁ,g such that for all x € Bs_i , (q}) N \IJq;‘,, we have that ¢*(x) and ¢° (q]’:) intersect the set B
L
for s > 0 so that relation (iii) produces the same result with respect to A®!;

* 84 » forki =1,...,m! 5> with m?, s € N, where q & denote the intersections of ¢ (qj) for s > 0,
with S, such that for all x € B di (g ]) N ‘Ilq © (x) intersects S in an & S—nelghborhood of q K
exactly once, but not within an ¢ S—tube around 03 (q ]) outside these neighborhoods.

According to Lemma 2.22, this process ends after finitely many steps.

Fori =1,2 let Sq; = mln{(sqj_,F"gqj,B’g :

g q i i} Lets , > 0 be such that

ngj‘ (gi)NnSc \I/l_ (ngi (Fi(g;)Nn ‘-Ifq;)
J

We next prove that Wy and W, are injective. Suppose W1 is not injective. Then there exist x, y € S\ S
with x # y and ¥, (x) = W;(y), ie x! = y!. Thus, x and y have the same starting point and a common
intersection point with the knot in their interior. But since x # y, there are only the two possible positions
shown in Figure 26. It follows that x € S, or y € S5, but this contradicts the definition of W;. Similarly,
the injectivity of W, can be shown.
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EEENEEE

Figure 26: Possible positions of the chords x and y.
We get W1 (B, (Wi (g;)) N \Ilq;',) C Be(q;) by the definition of W, and the injectivity of ¥y and Wy,
i :
and thus Bei (¢;) NS C Beg(g)).
J

According to statement (3-3) with 7' =T, ande =¢ g there exists a 8 > 0 such that for all x € Bg (),

% 4
¢! (x) € Be,i (@)

The same procedure is used for all intersections q ki’ fori =1,2, j=1,. mS and ki =1,... mlS,
the §’s obtained thereby having to be pulled back by multiple apphcatlons of W~ ! and statement (3-3)
into the set Bs, ().

IntotalwegettheﬁmtesetA—{8q,841,.. 8qm5 51,.. 81 82,.. 82 ,...}. Let § ;== min A
mg

and V := Bs(q). Then we have D(x) D(q) for all x e |4 because of the propertles (3 1) and (3-2) and

the construction of §. O

3.2 Proof of Theorem 1.1

Now we can prove the main result of this paper.

Proof of Theorem 1.1 We consider a generic smooth isotopy (K ),¢[o,1] of knots where Ko and K
are generic, and want to show that Cord(Ky) = Cord(K). Therefore, we will look at all the cases listed
in Lemma 3.1. Since there are, according to Lemma 3.1, only finitely many nongeneric knots during this

isotopy, we can simplify notation by considering a generic isotopy (Kr),e[—¢,¢]. € > 0, such that

e in case (i) of Lemma 3.1 K, is generic for all r € [—¢, ¢];

e in case (ii) of Lemma 3.1 K, is generic for all r € [—¢, ] \ {0} and K| satisfies exactly one of the
cases (i1)(1)—-(i1)(14).

First, we construct isomorphisms which we will need in cases (i) and (ii)(1)—(ii)(13). Let
= |Critg(Ko)| and nq :=|Crit;(Kp)|.
Since no critical points appear or disappear (in the cases (i) and (ii)(1) to (ii)(13)), for all r € [—e, €],
|Critg(Ky)| =n¢ and |Crity(K;)| = n;.
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So for r € [—¢, €] let
Crito(K,) = {gl.....g"} and Crit;(K,) = {k},... k"}.

Now we define the sets
Critg_e’s] = U {ryx{gl.....g"} C[—e ] x T2,

r€[—es,e]

crit, *i= | rixdkl kP C e el x T2

r
r€[—e,e]

Since the isotopy is smooth, we can number the critical points such that the maps
Wo: [—&, €] x Critg(K—¢) — Crits . (r,g ) >gl fori=1,...,no,
Wy [—e, e] x Crity (K—) — Crit[l_e’s], (r, kis) > ki fori=1,...,n1,

are continuous with respect to the first component. For all r € [—¢, ] we define the linear maps ®¢ , and
@, on generators by

Do, : Co(K—s) = Co(Kr),
g W g)=g. i=1,....n0,
AEL s AEL
W= st
D1,,: C1(K—g) = C1(K}),
K > Wi(n ki) =kl i=1.....n.

For all r € [—¢, €] we extend ®¢ , to an algebra homomorphism. Obviously, ®¢ , and ®; , are isomor-
phisms for all r € [—s, g].

For each ki, rel—eel,i=1,...,ny1,choose k£’+, ki,— eWk (ki) to determine Dr(ki). Choose T < 0o

such that foralli =1,...,nq,
i i ] L
05 (ko,+) €B i (29, g (ko) € B (25),

where the eéi and ef)i are chosen such that the properties (3-1) and (3-2) are satisfied. This must also
hold for all chords created by splitting a chord according to relation (iv) during its movement along the
unstable manifold of ki. Since, according to Lemma 2.22, these are only finitely many chords and all
chords which are moved along the gradient flow reach a B & (gf)) after finite time, such a T’ exists. After
possibly increasing 7 it can be achieved that for all r € [—¢, ], i = 1,...,n1, and matching &/ and 8£i
(since [—¢, €] x T? is compact),

of (ki) €B i (g8, o] (k] ) € By (g]).
Lemma 3.3 implies that there exists a §>0suchthatforalli =1,...,ny and all x € Bg(ké 1)
Do(x) = Do(kl 4).
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Let € > 0 be small enough that for all r € [—¢, €] the properties (3-5) to (3-10) required in the proof
of Lemma 3.3 are satisfied (which are formulated there for ¢f, €g and £g). Such an & exists since
the required properties are open and [—e, ] is compact. The starting times are always so = 0. Since
the solution of a differential equation depends continuously on the initial conditions and the function,
there exists a § > 0 with § < § such that for all i = 1,...,n1 and all x € T? with |x —kf),il < § and
| X;(x)— Xo(x)| <6 forall s € [0, 7],

97 (x) — 9 (k)| < &.
If € is chosen small enough, it follows that for alli = 1,...,n; and all r € [—¢, €],
Dr(Kl y) = @0 D_s(k, 1).
So we get, foralli =1,...,n; and all r € [—¢, g,
Dy (kL) = @o 0 D_g(k',) = ®or 0 D_g o (kL)

Therefore, we have in case (i)
Dy = ®gy 0 D_gody ;.

Thus, where (M) means the ideal generated by the set M,
Cord(K;) = Co(Kr)/ Iy
= CO(Kr)/(Dr(CI(Kr)))
= ®o,r(Co(K—¢))/(Po,r © D—s 0 OT 1 (C1(K7)))

= @, (Co(K—¢))/(Po.r 0 D_e(C1(K_g)))

D @, (Co(K_e)/(D_e(C1(K_o))))

= CI)O,r (C()(K—E)/I_E)
= (I)(),r (Cord(K—e))
=~ Cord(K_¢).

Equality (1) holds since ®¢ , is an algebra isomorphism for all r € [—¢, €].
So in case (i) the cord algebra remains the same up to a canonical isomorphism.

Now we assume that K, is generic for all r € [—¢, ¢] \ {0} and K satisfies exactly one of the cases (ii)(1)
to (ii)(14) of Lemma 3.1. We want to show that Cord(K_;) = Cord(K) in each of these cases. Without
loss of generality, we can number the critical points such that in the cases (ii)(1) to (ii)(10) ké is the critical
point of index 1 that is mentioned in these statements. The above consideration concerning D, (ki) only
holds fori = 2,...,n1 and we have to look at Dr(krl). Furthermore, in the cases (ii)(8) to (ii)(10) we
number the critical points such that g(l) is the critical point of index O that is mentioned in these statements.
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kl—e A W_us(kls) ké+ WO" (ké) ks,+ g e
C_¢g d_g Ce da
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B B
K ¢xK_, Ko x Ky Kex K,

Figure 27: The unstable manifold of the chord k(} is tangent to B.

Case (i)(1) (W' (ké) th B) We consider the situation as in Figure 27. The following consideration
holds analogously for the other possible situations: direction of the flow from the right to the left, krlj_,
and Wy (ké) tangent to ({0} x Ko) C B.

For r € [—¢, €] choose ¢, and d, as in Figure 27. Then for ¢ small enough we get on the one hand
ﬁg(dg) =0 ls_g(d_g) and on the other hand 5,(6,) = ﬁ,(dr) for all r € [—¢,0) and

Dr(cr) = Dp(d)AA™1  (rel. (iii))
= ﬁr (dr)

for all r € (0, €], since the endpoint of the chord intersects the basepoint once in the reversed direction of
the orientation of the knot and once in the direction of the orientation of the knot. Thus, we get

Ds(kgl) =®gc0D 0 q)l_,é(ksl)
It follows that
Dg=®gc0D_;0d7 .

By the analogous computation as in case (i) with r = ¢ we get Cord(K;) = Cord(K_¢).

Case (ii)(2) (W' (ké) th So) We consider the situation as in Figure 28. The chords labeled h‘;, for
i =1,2,3, lie on the unstable manifold of k! such that @}’ (krl,+) =hi,t; >0,andt; > t; ifi > j. (We
will use this notation in the following cases, too.) For r € (0, €] the chord intersects the knot in its interior
at two different times when flowing along the negative gradient, and we get ¢, ¢2, d! and d? by the
application of relation (iv). According to Lemma 3.1, we can assume that there is no critical point between
¢! and d! and between ¢? and d?, otherwise we would have also the case (ii)(13), but this would be a

Figure 28: The unstable manifold of the chord k) is tangent to S.
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Ws' (ko) Wi (k)
K_ . xK_, Ko x Ky K, x K,

3
_hy
2
hy

h 0

Ko

Figure 29: The unstable manifold of the chord ké intersects 0S¢ and 0Fj.

contradiction to this lemma since only one of these cases occurs at any one time. So if ¢ is chosen small
enough, we have 5r(cr1) = ﬁr(drl) and 5r(c,2) =D, (d?) for r > 0. Thus, we get

Dy(h}) = Dr(h}) + Dy (c})Dr(c}) (rel. (iv))
= D, (h})— D,(d})Dr(d}) + Dr(c})Dr(c}) (rel. (iv))
= D, (h}).

As in case (ii)(1) we get De(k;) =Pgs0D_;o0 @i}?(k;), Dg = Ppggo0D_go0 <I>1_é1? and thus by the
analogous computation as above Cord(K,) = Cord(K_;).

The other possible situations are to be treated analogously.

Case (iD)(3) (W' (ké) th Fy) Analogous to case (ii)(1) with relation (ii) instead of relation (iii), ie /,L:tl
instead of A1,

Case (i)4) (W' (ké) NdSo # & and W' (ké) N JdFy # @) We consider the situation as in Figure 29.

e D, (h3 )1 for r <0 and D, (h3) rel () Br(crl),u for

r > 0. If ¢ is chosen small enough, we have D, (h3) = dg 0 ls_g(hie). Now we can compute for r > 0:
Dy(hy) = Dr(h}) + Dr(c})Dy(c)  (rel. (iv))

Dy(h})+ Dy (R~ (1—p)  (rel. (i)

Dy

®o,r 0 D_g(h3 )™

= @, 0 D_g(hL,).

As we can see from the figure, we get D, (hl)

As in case (ii)(1) we get Dg(k}) = ®g o0 D_g 0 @f’};(kg), De = ®g0D_¢0 <I>1_£ and thus by the
analogous computation as above Cord(K;) =~ Cord(K_;¢).

The other possible situations are to be treated analogously.
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W (kb |0 WHk) S
K . xK_; Ko x Ky K, x K,

K_¢

Figure 30: The unstable manifold of the chord k(} intersects 2 .

Case (ii)(5) (W}’ (ké) N S2,0 # ) We consider the situation as in Figure 30. As in case (ii)(2) we can
assume that there are no critical points in the shown region. The small horizontal arrows indicate the

direction in which the chords move along the gradient vector field. From the figure we get
D\—s(cz )
Dy (b?)
If ¢ is chosen small enough, then
De(e}) = Pos0 D—s(cl,), De(d?) = PoeoD_e(d?,), De(d]) = PosoD_(dl,),
De(c) = ®oe0De(c?,), De(h]) = Poeo0D_s(h’,).

LG) —1 A ~ ~
re=ll lD—E(Cis)’ De(ag):Dg(dg),

1() —1A M~ N
=Y T De(al). De(b}) = De(c)).

Now we can compute
Doe(h) 2" D_o(h>) — D_o(c! ) D_s(c2,)
LY B (h3,) + D_e(d2) D_o(d?,) = D_o(c )™ D_e(c2,),
De(h}) 2™ Do(h?) + De(d}) Des(d?)
LY B, (h3) — De(cl) De(c?) + De(d}) De(d?)
LY De(hd) = Dele)) (7 De(ed) — 17" De(al) De(a?)) + (De(d) — De(b)) De(b2)) De(d?)
= De(h]) = De(c}) ™" De(c) + De(b}) De(b7) De(d2) + De(d?) De(d7) — De(b}) De(b7) De(d7)
= ®g,c0 (Dc(h2,) = De(cL ™" De(c2,) + D—e(dl,) D_s(d2,))
= ®g.0D_(hL,).
As in case (ii)(1) we get Dg(kal) =®g,0D_go0d] (kl) and Dy = ®g0D_go0 <I>1 ¢» and thus by the

analogous computation as above, Cord(K;) = Cord(K_S).
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Figure 31: The unstable manifold of the chord ké intersects B N Sp.

The other possible situations are to be treated analogously.

Case (ii)(6) (W' (ké) N B NSy # @) We consider the situation as in Figure 31. As in case (ii,2) we
can assume that there are no critical points in the shown region. If ¢ is chosen small enough, then

De(c) = ®pc0D_c(cl,), De(cd)=dgeoD_(c?,), De(hd)=DgeoD_g(h,).

Now we can compute

D_g(hL,) = D_e(h3 )A7! (rel. (iii))
=D_o(B> )A ' = D_g(ct ) D_g(c2)A7! (rel. (iv)),

De(h}) = De(h}) — De(c}) De(c?) (rel. (iv))

= De(h)A™ = De(c}) De(cd)A™! (rel. (iii))

= ®g 0 (D_e(h)A™ = D_g(cl,) D_s(c2 A7)
= CDO,S o ﬁ—&‘(hl—s)'

As in case (ii)(1) we get Dg(kgl) =®pc0D ;o0 CDI_’L(kgl) and Dy = Pg0D_;0 @71 and thus by the

1,e°
analogous computation as above, Cord(K,) = Cord(K_;).

The other possible situations are to be treated analogously.

Case (ii)(7) (W' (ké) N FoNSo # @) Analogous to case (ii)(6) with relation (ii) instead of relation (iii),

ie u*! instead of AT1,

Case (ii)(8) (a) (g(l) € B) We consider the situation as in Figure 32. The red and blue trajectories
are unstable manifolds of critical points of index 1 or trajectories starting at chords that are generated
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K ¢xK_; Ky x Ky K, x K,

Figure 32: The critical point g} of index 0 intersects the basepoint.

by splitting according to relation (iv). According to Lemma 2.22, there are only finitely many such
trajectories. In Ko none of the red and blue trajectories is tangent to B, otherwise we would also have
case (ii)(1) or (ii)(12) of Lemma 3.1, but this would be a contradiction to this lemma since only one of
these cases occurs at any one time. If ¢ is chosen small enough, we can guarantee the following: In K_,
all of the blue trajectories intersect B in a small neighborhood of gle, but none of the red ones, and in
K all of the red trajectories intersect B in a small neighborhood of g}, but none of the blue ones. It
follows that in K_,; we have a contribution of gle along the red trajectories and of glsk_l along the
blue trajectories. In K, we have a contribution of g! 1 along the red trajectories and of g! along the blue
trajectories. So we can construct the canonical isomorphism

Cord(K—g) = Cord(Kp),
gle > gi,
g gl i=2,...no,
/\:I:l . Ail,
pE s g
The other possible situations are to be treated analogously.

(b) (ké € B) We consider the situation as in Figure 33. If ¢ is chosen small enough, then

Be(kel,_i_) = @0’8 o DA_g(]gie’_'_), Be(lg;,_) = q)O,s o ﬁ—e(klg,—)-

\ W (k) Wi (kg)

W2 (kL \
K . xK_, Ko x Ky K, x K,

Figure 33: The critical point k; of index 1 intersects the basepoint.
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Now we can compute
De(k}) = De(k} ) — De(k} )
= Do(k} ;) — De(kl_)A™! (rel. (iii))
= ®g 0 (D_e(kl, )~ D_e(k!, HA7")
= @0 (D—e(kl, )A—De(kl, _)A7")
= @0 (De(kl, )= Dokl NA7Y)  (rel. (iii))
= Po,e 0 (D—elkl )A)
= (Po,c0 D—e(kL A"
With this result we get, where R = Z[A*!, 4*1] is the commutative ring as described above and (M) g
is the ideal generated by the set M,
Cord(Ke) = Co(Ke)/1e
= Co(Ke)/(De(tkZ, ... k{'}), Delky)) R
= Co(Ke)/{®o,e 0 D—e({kZ,.... . K2L}), ®oe 0 D—e(k1)A ™ )R
= Co(Ke)/{®o,e 0 D—e({k2,. ... . KIL}). @00 D—o(k1o)R
= Co(Ke)/{®Po.c0 D_e({kL,, ... .kK"L}))R
= @0, (Co(K—¢))/ Po,e(I-¢)
= ®g(Co(K—¢)/I-¢) (since Pg . is an algebra isomorphism)
— ®,+(Cord(K—))
=~ Cord(K_¢).
The other possible situations are to be treated analogously.

Case (ii)(9) (a) (gé € So) We consider the situation as in Figure 34. The trajectories drawn in the
upper figures are unstable manifolds of critical points of index 1 or trajectories starting at chords that
are generated by splitting according to relation (iv). According to Lemma 2.22, there are only finitely
many such trajectories. In Ko none of these trajectories is tangent to So, otherwise we would also have
case (ii)(2) or (ii)(12) of Lemma 3.1, but this would be a contradiction to this lemma since only one of
these cases occurs at any one time. If ¢ is chosen small enough, we can guarantee that (in the example of
Figure 34):
e In K_; all of the “lower” (red and brown) trajectories intersect S_, in a small neighborhood of
gL, but none of the “upper” (blue and purple) ones.
e In K_, we get for the chords that are split off from the “lower” trajectories according to relation (iv):
D_g(ct,) = D_g(d2,) and D_g(c2,) = D_o(d2,).
e In K, all of the “upper” trajectories intersect S, in a small neighborhood of g;, but none of the
“lower” ones.
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Figure 34: The critical point g§ of index 0 intersects the knot in its interior.
e In K, we get for the chords that are split off from the “upper” trajectories according to relation (iv):
De(al) = Dg(bl) and Dg(a?) = Do (b?).

e Furthermore, we get ﬁs(a;) =®g 0 D_, (clg) and ﬁg(ag) =®p 0 ﬁ_g(cze).

It follows that in K_, we have a contribution of gls along the “upper” trajectories and of
1 A 13\H 2
8¢ — D—8 (C—s)D—é‘ (C—s)
along the “lower” trajectories according to relation (iv). In K, we have a contribution of
g; + Ds(a;)Ds(ag) = g; + @pc0 (D—e(clg)D—e(cze))

along the “upper” trajectories and of g, along the “lower” trajectories. So we can construct the following
canonical isomorphism:

Cord(K_;) = Cord(Ky,),

gLo = g + De(a) De(af),

g =g, i=2,...,no,

)k:tl — kil

Mil s Mil-
The other possible situations are to be treated analogously.
(b) (k(l) € So) We consider the situation as in Figure 35. As before, we can assume, according to
Lemma 3.1, that the only critical point in the shown region is k. If ¢ is chosen small enough, then

De(d}) = ®oe0 Dclcl,),  De(d?) = Poc0 Dc(c2,),
De(kly)=®oe0D_e(kl, ). De(ki_)=Poe0D_c(kl, ).
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Figure 35: The critical point ké of index 1 intersects the knot in its interior.

Now we can compute

De(k}) = De(k} {)—Dg(k} )
= De(k} 1) —De(d}) De(d?)—De(k} ) (rel. (iv))
= ®g,c0(De(k, )—D_(c!)D_o(c?)-D (kL))
= ®,00(D_e(kl, {)—D—s(cy)D_y(c?)—(D—e(kly _)—D_s(cly)D_s(c?,))) (rel (iv))
= @ o(D_e(k!, )—D_c(k!, )
= g 0D_(kL,).

As before we get Dg(k;) =®g,0D_;o0 CDl_’i(ksl), De=®g0D_¢0 CIDIL and thus by the analogous
computation as above Cord(K;) =~ Cord(K_,).

The other possible situations are to be treated analogously.

Case (ii)(10) (k € Fy for a critical point k£ of index 0 or 1) Analogous to case (ii,8) with relation (ii)
instead of relation (iii).

Case (ii)(11) (there exists a trajectory between two critical points of index 1 along the vector field —V Eg)
We consider the situation as in Figure 36. According to Lemma 3.1, we have k2 ¢ (B U S, U F;) for
all r € [—¢, ¢]. Since this is an open property, we can choose neighborhoods U, of every k? such that
U N(BUS;UF,;)=@. For all r € [—¢,¢] choose ¢, € W (k!) N U,. If ¢ is small enough, we get
Dr(cy) = 13,(kr2’+) for r < 0 and D,(c;) = ﬁr(kz’_) for r > 0. If W (kJ) intersects B, Fo, or So
between ké, n and cg, we can choose ¢ small enough such that W}* (k,l) intersects B, F,, and S, for all r

K_,xK_, Ko x Ky K, x K,

Figure 36: The unstable manifold of the chord k; ends at the critical point k3 of index 1.
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in the same way between k! + and ¢,. That means, while computing ﬁ,(k,l +) we get the same result
up to the point ¢, for all r € [—e¢, g]. So without loss of generality we can assume 5r(k,1 )= ﬁr(cr).
Therefore, we get

Doekly ) =Dek2, ). Delhsy) = Dok ).
If & is small enough, then
De(k2 )= ®oe0D_c(k?, ). De(kZ_)=®os0D_o(k?,_ ). Delki_)=Poco0D_c(kl, ).
With this we can compute the ideal

(De(C1(K))) R = (De(k}). De({h2. ... . KM )R

= (De(k) + Ds(k2). Ds({k2. ... . KM D) R

= (Dg(k} )= De(k} ) + De(kZ ) — De(k2_). Ds({kZ. ... kI )R
= (De(k2 ) — Ds(k} ). De(tk2. ... kP )R

= (Qg,c0(D_s(k?, ;) — D_s(k!, ). P00 D_o({k?,..... k")) R
= (®o,s 0 (D—e(kl, ;) — D_g(kl, ). Poc0 D_c({k?,. ... . k" ))r
= (®g 0 D_g(kl,), ®ocoD_c({k2,..... kK" L)) R

=

(DO goD_ S(Cl (K—s))>
It follows that

Cord(K;) = ®g,¢(Cord(K_;)) = Cord(K_;).
The other possible situations are to be treated analogously.

Case (ii)(12) (one of the cases (ii)(1) to (ii)(10) holds for a chord which is generated by the application
of relation (iv) (where in the cases (ii)(1) to (ii)(7) the unstable manifolds are to be replaced by trajectories
along the vector field —V Ey, starting at this chord)) Analogous to the cases (ii)(1) to (ii)(10).

Case (ii)(13) (a chord which is generated by the application of relation (iv) runs along the vector field
—VE to a critical point of index 1) Analogous to case (ii)(11).

Case (ii)(14) (creation/cancellation of a pair of critical points of index 0 and 1 or of index 1 and 2) It
suffices to consider the creation of a pair of critical points since the other case corresponds to the inverse
isotopy.

(a) Creation of a pair of critical points of index 0 and 1. So let K¢ x K¢ contain a critical point p of
birth type of index 0. For the definition of a critical point of birth/death type see [3] after the proof of
Lemma 9.3. Note that the index of p is defined in the same way as the Morse index of a critical point,
ie the maximal dimension of the subspace on which the quadratic form v — Hess, E (v, v) is negative
definite.
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U_, Uy U

u J7 q V k:»—

K _,xK_, Koy x Ky K, x K,

Figure 37: Creation of a pair of critical points of index 0 and 1.

Since Ky is generic with one exception, the proofs of the Lemmas 2.17, 2.20 and 2.23 also work for p
and Wy'(p). With a similar transversality argument as in these lemmata we can show that p does not lie

on the unstable manifold of a critical point of index 1.

We can choose neighborhoods U, and coordinates such that we can represent the situation as in Figure 37
(see [3, proof of Lemma 9.6]). Here, g, and k. in the right figure are nondegenerate critical points of
index 0 and 1, respectively. Since we get two additional critical points during the isotopy, we have to
modify the linear maps @, and ®; , a little bit:

Let
ng := |Crito(K—¢)| and nj :=|Crit; (K_¢)]|.

Then for all r € [—¢, 0) we have
|Crito(K;)| =no and |Crity(K,)| =n;
and for all r € (0, ] we have

|CI’it0(Kr)| =no+1 and |CI’it1 (Kr)| =n1+1.

So let n .
{gl,....ea’°% if r € [—¢,0),

Crito(Kr) = 4{g4.---.80°, p} ifr=0,
{gh,....g'°% grt ifre(0,e],
kl,...,knl 'f _905
{kp,. .. k' ke ifre(0,¢].
Now we define fori =0, 1,
Critl[_s’s] = U {r} x Crit; (K,) C [, €] x T?.
re[—e,e]

Since the isotopy is smooth, we can number the critical points so that the maps
Wy : [—e, g] x Critg(K—¢) — Critg_s’s], (r, gi_s) — gi, i=1,...,n9,

W [—e. ] x Crity (K_g) — Crith = (ki) > kL, i=1,....n,
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are continuous with respect to the first component. For all r € [—¢, ] we define the linear maps ®¢ , and

®1,, on generators by

®o,r: Co(K—¢) = (g}, &/°) R,
gi_sr—>lIlo(r,gi_£) =g£, i=1,...,nop,
AEL s A%
pE s

Dy Cr(K—g) = (k}.....k!")z,
Ky Wikl =kl i=1,...n.

For all r € [—¢, ¢] we extend ®¢ , to an algebra homomorphism. Obviously, ®¢ , and ®; , are isomor-
phisms for all r € [—e¢, €].

By the same consideration as above, it follows that for ¢ small enough,
De(kl 1) = @os0D_s(k’, ;)
foralli =1,...,n1. Thus, we have foralli =1,...,n1,
De(kl) = @ e 0 D_g(k! ) = o0 D_g 0 BT L(KD).

Now we choose g € Wy'(p) such that {¢j(g) : s <0} N (S U F U B) = &. Analogous to the above
consideration it can be shown that there exists an open neighborhood U of (0, ¢) in [—&, €] x T? such
that for all (r, x) € U,

®g,0 0 @y 1 0 Dy (x) = Do(q).

For ¢ small enough we can assume that we have U N ({r} x T?) # @ for all r € [—¢,&]. Choose
u € UN ({—e} x T?). Also choose k¢ + and ke — to determine Dy (k). Without loss of generality, k¢ +
and k. _ can be chosen as shown in Figure 37. If the orientation of the knot is reversed, k, 4 and kg, —
are swapped and the sign of D¢(k.) changes. However, nothing changes in the quotient. Then we get

®o,0(D—e(1)) = Do(q) = Po,0 0 Py +(De(ke, 1))
In addition we get
ﬁs(ks,—) = &>

since dim W (gs) = 2 and g lies arbitrarily close to k. for ¢ sufficiently small. Therefore, it follows that

Dy(ke) = Dy(ke, ) — De(ke,) = Po,e(D—s(u)) — ge.
Further, we get
CO(K&‘) = (CDO,S(CO(K—s))a gs)Rv C1 (Ke) = (q)l,s(cl (K—S))’kS)Z'
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U_, Uy U,

~
™
b
&)
——

K . xK_, Ko x Ky K. x K,

Figure 38: Creation of a pair of critical points of index 1 and 2.

Now we can compute
Cord(Ks) = Co(Ks)/ I
= Co(Ke)/(De(C1(Ke)))
= Co(Ke)/{De(lky, ... kZ'}), De(ke))
= (®0,6(Co(K—s)). )R/ {P0, 0 D—g 0 T LKL, ... KI1Y), Dy(ke))
= (®0,6(Co(K—¢)). ge) R/ (Po.e © D—s (k. ... k"L}), Dos(D—g(u)) — ge)

= (®0,:(Co(K—¢)), ge) R/ (Do,e(I—¢), Po.e(D—e (1)) — ge)

D B+ (Co(K—s))/ Pos(Ie)

@ Do, (Co(K—¢)/ 1)

= ®g,¢(Cord(K—¢))
=~ Cord(K_,).
Equality (1) holds because on the one hand we have D_, (1) € Co(K—_¢) and on the other hand we have,

in the quotient, g, = @0,8(13_5 (u)). It follows that (g¢) C Po,e(Co(K—-¢)). Equality (2) holds because
®g ¢ is an algebra isomorphism.

(b) Creation of a pair of critical points of index 1 and 2. So let Ko x K¢ contain a critical point p of
birth type of index 1.

With a similar transversality argument as before we can show that p does not lie on the stable or unstable
manifold of a critical point of index 1.

We can choose neighborhoods U, and coordinates such that we can represent the situation as in Figure 38
(see [3, proof of Lemma 9.6]). Here, k. and /; in the right figure are nondegenerate critical points of
index 1 and 2, respectively. We can divide K, x K, into open subsets bounded by “broken” trajectories
(see [1, Figure 3.1]) such that K, x K, is the union of the closures of these open sets. Figure 39
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I, lo
k1 k2 ki P k2
8r go

Figure 39: Broken trajectories and position of the critical point p of birth type of index 1.

shows this schematically on the left, where I, krl, k,2 and g, are critical points with Ind(/,) = 2,
Ind(k}!) = Ind(k?) = 1, and Ind(g,) = 0. These open subsets are of the form

{x e Ky xK;: lim ¢i(x) =g, and lim ¢}(x)=1[}.
S—>00 S—>—00

A “broken” trajectory starts at a critical point of index 2, runs along a stable manifold of a critical point
of index 1 to that point, then on the unstable manifold of that point to a critical point of index 0.

So p lies in such an open subset of Ko x Ko, as shown in Figure 39 on the right. Thus, it is obvious that
the trajectories starting from k. + and k. _ end at the same critical point g of index 0. If these trajectories
intersect the sets Sg, F;, and B in the same way (as well as all flow lines resulting from the application of
relation (iv)) such that ﬁa(kg,Jr) = lsg(kgj_), we get D, (k.) = 0, and therefore Cord(K_,) =~ Cord(K).

If this is not the case, we perturb the 1-parameter family (£ ),¢[—¢,¢ Of energy functions with the help
of Lemma 2.19 such that we get the 1-parameter family (E;),e[—¢ ] With the following properties (see
also Figure 40):
(i) E',=E_;and E[ = E,.
(i) The flow lines starting at p are arbitrarily close to each other, so they run inside a §—tube for a
§>0.
(iii) The flow lines starting at k;, 4 and k; _ run also within a §—tube for all r € (0, &) where 0 < & < &;

¢ is chosen such that the energy functions E; are generic for all r € [-£, £] \ {0}.

Now we choose § small enough such that the flow lines starting at ké, n and ké,_ intersect the sets S, Fj
and B in the same way (and also all flow lines that result from the application of relation (iv)). We now
determine the cord algebras for the knots K, r € [—¢, €] with respect to the energy functions E., except
in the finitely many cases where K, is nongeneric, and get:

(1) Forr € [—¢,0) and r € (&, ¢] the cases (ii)(1) to (ii)(13) from Lemma 3.1 may occur. We have
shown already that the cord algebra does not change in these cases.

(ii) For r € (0, &) the cord algebra does not change since only generic energy functions occur.

(iii) Since Dj(k}) = ﬁé(ké - 5é(ké _) =0, the cord algebra stays the same for all r € (0, ¢].
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K_xK_; Ky x Ky K, x K,
y>? ke‘
—
\ — — A
L

»\}c
\

—
r' é
o I

Figure 40: Perturbation of the 1-parameter family of energy functions.

It remains to be shown that the cord algebra does not change at the transition over r = 0. For this we use

the linear maps as described above:
g, : Co(K_z) — Co(Kr),
gl_é'_)‘llo(r7gl_§):g£-’ izla"'anOv
A:I:l . )L:tl
A s E
®y,:Cr(K_g) = (kL,.... k") g,
K > Wy (rk' ) =kL, i=1,...,n,
where r € [—£, £]. By the same consideration as above, it follows that for ¢ small enough,

Dé(ké) =®gz0 D/_g(kl_g) =®gz0 D/_g o qu}g(ké)

foralli =1,...,n;. Now we can compute
Cord(K;) = Co(K3)/I;
= Co(Kz)/(Di(C1(Kp)))
= Co(Kp)/{Dj(tky, ... k}'}), Dy(k%))
——

=0
= Co(Kp)/(Dy({k;. ... .kZ'})
= ®g,5(Co(K_3))/(Pg,30 D_go @7 j({k;, ... k"))

Algebraic & Geometric Topology, Volume 24 (2024)



3024 Andreas Petrak

= P s (Co(K-3))/{Pg,z0 D_s(C1(K_p)))

= Dg,s(Co(K_3))/ Po,s(I-3)

= D (Co(K-_3)/1-¢)

= @ s(Cord(K_3))

=~ Cord(K_3). |

4 Isomorphism of the topological definition of the cord algebra and the
definition using Morse theory

In this section we will prove that our definition of the cord algebra is isomorphic to the topological
definition given in [2, Definition 2.6].

Theorem 4.1 Cordopological (K) == Cordyorse (K).
Proof That our definition of the cord algebra agrees with the usual one in the literature follows from
results in [2] which we now recall. There is a chain of isomorphisms

COI’d(K) = Ho(z, D) = H()(Epl, D) = Ho(zlin, D)
where the first isomorphism is [2, Proposition 1.3]. The proof of the second and third isomorphism will
be given below. Here Cord(K) denotes the topological definition of the cord algebra. ¥ denotes the space

of broken strings, ie words of alternating Q—strings (in R3\ K) and N—strings (in N \ K for a tubular

neighborhood N of K), and
Yiin C Epl cXx

denote the subspaces whose Q—strings are linear and piecewise linear, respectively. The differential is
given by
D=0+

where 0 is the singular boundary operator, and § = §g +d is defined by decomposing Q— and N —strings,
respectively, when they intersect K in their interior.

Proposition 4.2 Ho(X,D) = Ho(Zp1, D).

Proof We have
Ho(%, D) = Co(X)/im D(C1(X)).

The image of D is a two-sided ideal in Co(X) (see [2, the third paragraph before Proposition 2.2]). Thus,

we can write
Ho(%Z, D) = Co(2)/(im D(C1(X))).

As a consequence, we have to define
Ho(Zp1, D) := Co(Zp)/(im D(C1(Zp1)))

Algebraic & Geometric Topology, Volume 24 (2024)



Definition of the cord algebra of knots using Morse thoery 3025

to get an isomorphism. We extend the maps i,; and [Fp to maps

ini: Ho(Zp1, D) = Ho(Z, D), B e Co(Zp) > ipB,
and B
F()ZH()(E,D)—)H()(EPI,D), ,3 GC()(E)I—)F(),B.

From Foip = 1 [2, Proposition 7.1(i), first statement] it follows that Iﬁofpl =1.
To prove fplﬁ o =1, we take a B € Cy(X). From [2, Proposition 7.1(i), second statement], it follows that
ipilFof — B = DHop.
Since the right-hand side is an element of D(C;(X)), we get
inFoB— B =0. O
Analogously, we can prove
Ho(Xp1, D) = Ho(Zin, D).

In order to compute Ho(Zjin, D), in [2, the paragraph preceding Proposition 7.14] the following operations
are introduced for i =0, 1 and a large T > 0:

fTCi(Bin) = Ci(Ziw). HT: Ci(Zhin) = Cig1(Zhin).-
Here for B € C;(Zyn) the chains f7 8 and HT B defined by moving the Q—strings in B for time 7T,

respectively for times in [0, T'], under the negative gradient flow of the energy functional £: K x K — R.
The N -strings are dragged along without creating new intersections with K.

Applying [2, (7.6) and (7.8)] to fT and HT yields operations
F':Gi(Zin) = Gi(Sin). H': Ci(Ziin) = Cig1 (Sin),
defined by

00 d
IFT — Z de’ de — Z(HTS)ifT(SHT)d_i,
d=0 =0

o0
0T =>"HI. H] =HT@EHT)?
d=0
By [2, (7.9)] they satisfy the relations
pHE =FI -1, WID+pDHT =F] —1.
This implies that
Ho(Zhin) = im Fl /(im DFT).

By definition of Fg and IFlT , for T sufficiently large we have

imFI =Co, im DFT = D(Cy)
where

e C;isthe nc-algebra generated by index i binormal chords connected by N —strings fori =0, 1;
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e D:C; — C, is defined like our boundary operator D : C1(K) — Co(K), with the difference that
the contributions from intersections with the framing and the basepoint are ignored and instead
N —strings are dragged along without intersecting K.

Pulling tight the remaining N —strings, recording their intersections with the framing and the basepoint
and then removing them, yields the isomorphism

im FL /(im DFT) = Co(K)/ I

where the right-hand side is our definition of the cord algebra. Combined with the isomorphisms above
this yields the desired isomorphism

Cord(K) = Co(K)/Ix. O

5 Final remark

Finally, we will briefly compare the topological definition of Ng’s cord algebra with our definition using
Morse theory.

The original version of the cord algebra is easy to define. However, when calculating the cord algebra
for a given knot the following must be considered: if one has found several generators and relations, it
is still to be shown that no further generators or relations exist; this proof must be given for each knot
individually.

The definition of the cord algebra with the help of Morse theory is very complex, since first some properties
of generic knots and a generic framing are to be shown, and then the boundary map is to be defined. As
can be seen in the examples, the determination of the individual relations is also laborious and must be
carried out very carefully. However, since there are only finitely many critical points of index 1, one has
surely found all relations and generators, as soon as one has determined the boundary map for each of
these critical points.

Appendix Proof of Lemma 2.14

Remark A.1 Let K be a knot of length L and y: S' =~ R/LZ — R3 be an arclength parametrization
of K. Assume ji(s) # O for all s € S!. In the proof of the lemma it is used that the framing v satisfies
the following conditions:
(i) v(s) # 0 at all points y(s) for which a chord exists that is tangent to K at y(s). According to
Lemma 2.11, these are only finitely many points.
(i) Consider the map 7i: S' — S2, s +— j(s)/|#(s)|. For all points y(s) with v(s) = 7i(s), we have
D(s) # i1 (s).
(iii) For two particular finite sets R1, R, C K x K, which are described in more detail in the proof, we
have FSN(R1URy) = @.
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Figure 41: Local model of K in a neighborhood of a boundary point of S.

Proof of Lemma 2.14 Let K be a knot and y: S' — R be an arclength parametrization of K. Assume
7(s) # 0 forall s € S!. Let v be a framing of K.

(1) Let (p,q) € 0S be a chord that is tangent to K at the point p = y(s). We can assume that p(s)
points in the direction of the chord (p, g), otherwise we can reparametrize. We choose local coordinates
(x,,z) in R3, where the x—axis points in the direction of the chord (p, g), therefore in the direction
of y(s), the y—axis points in the direction of }(s), and the z—axis points in the direction of y(s) x y(s)
such that we have p = (0,0,0) and ¢ = (1, 0,0). Then K near p can be written as a graph over the x—axis
(with y = kx2 4+ O(x3) and z = O(x?)) and near ¢ as a graph over the z—axis (with x = 1 + O(z?) and
y = 0(z?)). There 2« # 0 is the curvature of K at p (see [2, in the proof of Lemma 7.10]). Note that
is always positive due to our choice of the local coordinates. So we can assume a local model of K near
p and ¢ (see Figure 41):

K can be written near p as a graph over the x—axis,

and near ¢ as a graph over the z—axis,

Thus, chords in a neighborhood of (p, g) can be written as (s(x),?(z)) € K x K such that

X 1
y(s(x)) = |xkx*| and y((z)=1{0
0 z

With this we have
p=y(s(0)) and g =y(t(0)).

The normal plane at the point y(s(x)) near p is

, J —2KXx 0
N(x) = {v eR .<v,%y(s(x))>:()> = span (1) , (1)
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With
—2Kkx 0
a(x) = 1 and B:=10
0 1
we get
N(x) = span(a(x), B).
Thus,
1—x —2Kkx
(y((2))—y(s(x)), a(x)) = <(—Kx2) , ( 1 )> = —2kx 4 26x? —kx? = kx? =2,
z 0
1—x 0
(y(1(2)) —y(s(x)), B) = <(/ch) : (O)> =z
z 1
We define the map

n:D*((p.g) \{(p.q)} = S,
((r(¢(2) =y (). (@) (Yt (2) =y (s(x)). B)) _ (sex? = 2x, 2)
(vt (2)) = y(s(x)), a(x)), (y(t(2) —y(s(x)), B))|  |(kx?—2kcx,2)|

Now we set x(u) = cosu and z(u) = sinu for u € [0, 2] and consider the map

(s(x).1(2)) =

n:St— st

2 _
s ) = R0 20

2

_ (kcos”u — 2k cosu, sinu)

|(k cos? u — 2k cosu, sinu)|

_ ((cosu —2)k cosu, sinu)

"~ |((cosu —2)k cosu, sinu)|”

The mapping degree of 71 can be determined immediately:
deg(n) =1,
ie (p,q) is a boundary point of F° and hence we have shown 3°S C JF”.

Let us now consider a framing

a(x)

P =40l

+b(x)B
with a?(x) + b%(x) = 1. Then

) a(x)\ _ B 1 Kkx? —2cx
1N ek e () =no0.e) = o (),
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If the two equations are squared, both yield the same equation
(A-1) b%(x)(kx? = 2kx)? = a?(x)z>.

Case 1 (a(0),b(0) # 0 or, equivalently, a(0),b(0) £ 1) Then there exists a neighborhood of 0 with
a(x),b(x) # 0 for all x in that neighborhood. In this neighborhood, (A-1) can be solved for z? and z
can be written as a function of x:

B b2(x)(kx? —2kx)?
a a?(x)

2(x)

In addition, it must hold that

sign(z(x)) < sign(b(x)), where sign(b(x)) is constant in a neighborhood of x = 0,
sign(kx? — 2kx) < sign(a(x)), where sign(a(x)) is constant in a neighborhood of x = 0.

It follows that
x>0 for a(0) <0,

x <0 for a(0)>0.

Thus, in a neighborhood of (p, g), F* is a smooth curve with boundary point (p, g).

Case 2 (b(0) = 0 or, equivalently, a(0) = £1) From (A-1) it follows immediately z = 0 and it must
hold that

sign(kx? — 2kx) < sign(a(x)), where sign(a(x)) is constant in a neighborhood of x = 0.

It follows that
x>0 for a(0) =—1,

x <0 for a(0)=1.

Thus, in a neighborhood of (p, g), F* is also a smooth curve with boundary point (p, g).

Case 3 (a(0) = 0 or, equivalently, »(0) = 1) From (A-1) it follows immediately x = 0 (the second
solution x = 2 is not relevant since x is only considered in a small neighborhood of 0) and it must hold
that

sign(z) < sign(b(x)), where sign(b(x)) is constant in a neighborhood of x = 0.

It follows that
z>0 for b(0) =1,

z<0 for b(0) =—1.
Thus, in a neighborhood of (p, ¢), F* is also a smooth curve with boundary point (p, q).
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FS
(r.q)
FS KxK

Figure 42: F*® C K x K in a neighborhood of the chord (p, q).

According to condition (i) from Remark A.1, we have v(s(0)) # 0 because the chord (p, g) is tangent
to K at p = y(s(0)). Since b(0) = +1, and thus b reaches a maximum or minimum, we get b’(0) = 0.
So a’(0) # 0 is satisfied. Using this and L’Hospital’s rule, we can compute

. 4k
lim z%(x) = ——.
Nim 270 = )2
It follows that
. . 2K
J}l_r)r}) z(x) = mgn(b(O))W.

This means that FS can approach the chord (p, ¢) in K x K very close, but in this case does not pass
through this chord. Together with the above, this results in a picture like the one in Figure 42.

So far we have only considered a local model of K and neglected the terms of higher order. These must
now be taken into account in a further step. However, we will not carry out this consideration here in
detail, but only note the following:

Let p = y(so) and g = y(fp). Now we only look at chords with starting point y(s) for s € (so —é&, S0 + €)
and endpoint y(¢) for ¢ € (t9 — 8, t9 + §), where € and § have to be chosen sufficiently small. The above
calculations will then be carried out again, taking into account the higher-order terms. In the course of
the calculations, ¢ and § may have to be reduced several times in order to guarantee that the terms of
higher order are small enough. Compare also the proof of Lemma 7.10 in [2].

(2) Now we consider the behavior of F near the diagonal A C K x K. Let p = y(s) € K. We choose
coordinates (x, y, z) as in (1) such that (y(s), y(s), y(s) X ¥(s)) is a basis of this coordinate system. Thus,
K can be considered as a graph over the x—axis with y = kx? and z = 0. So, the normal plane at the
point y(s(x)) is, as in (1),
—2KXx 0
N(x) = span(a(x), f) where a(x) = 1 and B=1{0
0 1

We define the following map, which is the projection onto the normal plane N(x) and a normalization:

(v, a)/lax)), (v, B))
|((v. a(x)/le()]), (v, DI

ne:R*—> S'c NEx), v
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DK e
)

Figure 43: F C K x K in a neighborhood of the chord (p, p).

Let (x1,x2), where x1 # x5, be a chord in a neighborhood U of the chord (p, p) € A; see Figure 43.
Then

X2 — X1
My (v (s(x2)) = y(s(x1)) = i, | | 1exZ —iex?
0-0
_(=2kx2x1 + 26x? 4 kx5 —kx3,0) _ (k(x2 —x1)2,0) — (1.0)
|(—2kx2x1 +26x? + kx5 —kx3,0)|  [(k(x2 —x1)2,0)] T

In the local coordinates of N(0) the following holds: 3 (s(0))/|7(s(0))| = (1,0). As a consequence, if
v(0) = (1,0) € N(0), we have v(x) # (1,0) in a neighborhood of x = 0 according to condition (ii) from
Remark A.1, and so we get

FNU ={(x1.x2) €U :x1 =0,x5 # x1}.

The set F'* is not defined on the diagonal because there the projection of a chord onto the normal plane is
the zero vector. However, we can extend F¥ in a canonical way on the diagonal (see Figure 43):

FSﬂU={(X1,X2)EUZ)C1 = 0}.

Assumption (ii) from Remark A.1 is necessary for the following reason: if v(x) = (1, 0) in a neighborhood
of x =0, dim F¥ = 2 would follow because every chord in that neighborhood would intersect the framing.

Also here we will not carry out the consideration of the terms of higher order. However, this is to be
realized analogous to the above consideration.

(3) It remains to show that F5\ (05 U A) is a one-dimensional submanifold.
We define the maps vy, vy € C®(S!, S2) by

sy = O _ 7@ x5()
[7(5) 76 xF©)]

Thus, we have (y(s), v1(s), v2(s)) as an orthonormal basis of R3 for all s € S!. So the framing can be

and  v;(s)

written as
v: St 82 s ai(s)vi(s) + az(s)vals),

where (a1,az) =:a € C*®(S!, S'). We define the map
a: St - Stx St s (s,a(s)).

Algebraic & Geometric Topology, Volume 24 (2024)



3032 Andreas Petrak

We also define the following map, which is the orthogonal projection of a chord onto the normal plane at
the starting point of the chord and a normalization:

((V(“)_V(t)Wl(t)
AT\ (OSUA) = S, (t,u)— E

)
)/(M)—J/(t),n(t)))
)

‘( yu) —y (), v1(t) )’
(y(u) —y(@),v2(1))

This map is well defined since the boundary of S and the diagonal are excluded. According to Definition 2.8,
a chord (¢, u) intersects the framing at its starting point if and only if 72 (¢, u) = a(¢). We consider the map

n:T?\(ASUA) = S'x S, (t,u) — (1,7i(t,u)).
We want to show that a is transverse to n. This holds if and only if the map
axn:STx(T?*\(0SUA)) — (S'xSHx (ST xSY), (s.1,u)— (a(s),n(t,u)) = (s,a(s),t,i(t,u)),
is transverse t0 A g1y g1yx(s1xS1), Where
Asixsiyx(sixsty = 1(s. 1.1, 0) € (ST x ST x (ST x 81) 1 (5.1) = (u. v)}

is the diagonal in (S! x S1) x (S! x S1). The tangent space at points of this diagonal is

1 0
0 1
Tis.as.B(s1xsx(stxsy =span [ | ]|
0 1
In addition,
1 0 0
as 0 0
D(s,t,u) (axn)= E) ) 1 0

0 W uy 9t u)

The derivatives of @ and 71 each have two components, but can be regarded as real-valued by the
identification S' 2 R/Z. The matrix is to be understood in this sense. Furthermore,

(axn)(s,t,u) € Agixgiyx(sixsty < §=1,a(s) =n(t, u).

Thus, a x n is transverse to the diagonal A(gi,g1yx(sixs1) if and only if for all points (s,7,s,7) in
(ST x ST x (ST x S1) with (s,,5,¢) = (a xn)(s, s, u) the following holds:

1 0 1 0 0
Ll e 0 0 _ nd
Span il'lol 0 ) 1 , 0 =R".
0 1 0 %—'s’(s, u) g—Z(s, u)
This is satisfied if
: on : on on
(A-2) a(s) # —n(s, u) or a(s) = —n(s, u) and —n(s, u) # 0.
as as u
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Assuming this, (@ x 1) " (A(s1x51)x(51x51)) i @ one-dimensional submanifold of S x (T2\ (35 U A))
since codim(A (g1 s1yx(s1x51) C (ST x S x (ST x S1)) = 2. The following holds:
(@xn) " (Asixsiyxsixsty) = {(s.1.u) zals) = n(t,u)}
={(s,t,u) : (s,a(s)) = (¢, A, u))}
={(s,s,u) : (s,a(s)) = (s,7(s,u))}.

The latter set can be considered as
{(s,u) e T>\ (AS U A) a(s) = A(s, u)},
ie the set of all chords that intersect the framing at its starting point. As a consequence,

FS\(3SUA)C K xK

is a one-dimensional submanifold.

Together with the results from (1) and (2) the following holds: F® C K x K is a one-dimensional
submanifold with boundary and oF° = 9°S.

So it remains to show that condition (A-2) holds generically. For this we want to show the following:
i) M= {(s.u): %(s, u) =0} C T?\ (3S U A) is a one-dimensional submanifold.
(i) Let My := {(s,u):a(s) =fi(s,u).a(s) = P(s,u)} € T2\ (3S U A). Then M1 N M, = 2.
Proof of these two statements:

(i) In Figure 44 we can see that

LI 10 e )

€ span(y(s), (s, u))
ou

<= y(u) € span(y(s), (s, u))
= (Y().a(s,u) xy(s)) =0
= (). (y(u) —y(s)) xy(s)) =0
= (y(s) xy@),y(u) —y(s)) =0.
We define the maps (for k big enough)
[iCEEL R X (TP\@SUA) =R, (y.5,1) > (7(s) x 7 (), y () — ¥ (5)),
friT*\@SUA) =R,  (s,u) > f(y,s,u).
We want to show that 0 is a regular value for f,. First, we show that the map
Diysuyf: CH(ST, R xR* - R
is surjective for all (y, s, u) with f(y,s,u) =0:
Let (y,s,u) be such that f(y,s,u) = (p(s) x p(u), y(u) —y(s)) =0.
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y(u) = y(s)

(s, u)y(s)
P
y(s) y(s)
N(s)

Figure 44: The chord (s, u) with the first and second derivatives of the parametrization y at the
start and endpoint of the chord and 7 (s, u).

We assume that D, ) f is the zero map and determine Dy, ., f - (7.5, 1):

0
T (.. = () <9 0). Y00~y )5,

d

%(% s,u) -t = (p(s) <y (u), y(u) —y(s))i,

9 . .

%(% s,u)-p = (P(s)xy @), yu) =y () + {7 () xy ), y(u) —y(s)) + (y(s) xy (), P (u) =y (s)).

Since (y(s) x y(u), y(u) —y(s)) =0, we can also write
0
%(%S, u) = (((s) +Ap(s)) x y(u), y(u) —y(s)),
0
%(%S, u) = (y(s) x (7 () + uy ), y(u) —y(s))
forany A, u € R.

Assuming y(u) — y(s) = 0, it follows that s = u and hence (s, u) € A. However, this is excluded by the
definition of f.

Assuming (y(u) —y(s)) || y(u), it follows that the chord (s, u) is tangent to K. Thus, we have (s, u) € 9S.
However, this is also excluded by the definition of f. The case (y(u) — y(s)) || y(s) is analogous.
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Assume that y(s), y(s) and y (u) are linearly independent. The set
A:={F)+Ay()) xpu) : A e R}
describes a straight line with O ¢ A. So span(A) is a plane through the origin with span(A4) L y(u). Thus,
((F() +Ay(s)) xy ). y) —y(s)) =0V AeR = (y(u) —y(s)) [ y ().

It follows that (s,u) € 0S. This is a contradiction to the definition of f. So y(s), y(s) and y(u) are
linearly dependent and we get

y(u) =A17(s) + A2y (s) with 41,42 €R
since y(s) and y(s) are linearly independent. It follows that the set
{F ) +Ay() xy) : A e R} ={(AA1 = A2)y(s) X J(s) : A € R}

is a straight line through the origin. Since

0
%(% s.u) = ((7(s) + Ay(s)) x p(u). y(u) = y(s)) =0

for all A € R according to the assumption, it follows that

y () —y(s) € span(y(s), ¥ (s)),
hence
y(u) —y(s) = A3y (s) + Aap(s) with A3, A4 €R.

Now we can rewrite the three summands of %()/, S, u)-P:
(P(s) x y (), y(u) —p(5)) = (Aadz — A Aa) (7(s) X F(5), P(5)),
(7(5) x P (), y(u) —y(5)) = —A3(P(s) X §(s), p(w)),
(7(5) x P (), () = P(s)) = A1 (7 (s) X F(5), P ) — P (5)).
All in all, with A := A3 — A1 A4 we get
d _ . )
%(y,s, W)-§ = () x §(5). 1 (5) = Aafa0) + M (Pa) = H(5))).

We have A3 # 0, otherwise y(u) — y(s) = A4y(s), ie (s,u) € dS. So we can choose y such that
yw) = y(s) x y(s) and p(s) = p(u) — p(s) = 0. With this choice we have

f .
S (.s.1)-9 #0
Y
and therefore the map Dy, s ) / is not the zero map. Hence D, s 4 f is surjective.

Thus, 0 is a regular value for f and f~1(0) is a Banach manifold (see McDuff and Salamon [9, proof of
Theorem 3.1.6] which is based on an infinite dimensional version of Sard’s theorem). The projection map
pry: f71(0) = C k(st,R3), for k big enough, is smooth. According to the Sard—Smale theorem, almost
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My = £;7(0)

(5.u) ) V fy(s,u)

N

Figure 45: A point (s, u) € M with %(s, u) =0.

all points in C k(S1,R3) are regular values for pry, so the parametrization y of K is generically a regular
value. Thus, prl_1 (y) € f71(0) is a Banach submanifold and 0 is a regular value for f, (see [9, proof of
Theorem 3.1.6]). So M1 = fy_l (0) is a one-dimensional submanifold and the assertion (i) is shown.

(i) Let (s,u) € M.

(a) First, we consider the case
0
ﬁ(s, u) =0,
ou

ie in a neighborhood of s the set M; cannot be written as a graph over the s—axis; see Figure 45. To
simplify the notation we define the function g, := df, /du. So,
Jy(s.u) = (y(s) xy (), y() —y(s)) = 0}
gy(s,u) = (y(s) xy ). y(u) —y(s)) =0
y(s) € span(y (), y (u) — y(s))
{ (u) € span(7(s), () — y(s)) “"E span(y (). y () - y(s))}

{)?(S) = w1y ) + ua(ym) —y(s)), n1.p2 €R, g 750}
Y(u) = p3y ) + paly(w) —y(s)), ns, na €R, png #0

where (41 must not vanish, otherwise we have (s, u) € dS, and w4 must not vanish, since y(u) and ¥ (u)
are linearly independent.

We define the function
hy: T2\ (S UA) =R, (s,u) = (fy(s,u), gy(s,u)),

and want to show that h;l ((0,0)) is a finite set for generic knots. This holds if D )/, is surjective for
all (s, u) with Ay, (s,u) = (0,0). Let (s,u) € T2\ (3S U A) with hy (s, u) = (0,0). Then

Do :(<ﬂs>xy'(u),y(u>—y(s)> mw(s)xy‘(u),y(u)—y(s)))
(520 0 i (y ) x 7 (u), y () —y(s)) )
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So D s,u)hy is surjective, ie det(D s )hy) # 0, if and only if
($(5) x 7).y ) —y()) #0 and  (7(u) x F(u). y () = y(s)) # 0.
since pu1 # 0.

First, we look at {y(u) X ¥ (u), y(u) —y(s)). We will need the torsion of the knot at the point y(u). Recall
that for all u € S! the torsion 7(u) € R is the unique real number for which b(u) = 7(u)nn(u) holds,
where 71(u) := y(u)/|y(u)| and b(u) := y(u) x n(u). We calculate

|7 @)* ) — (7). 7 ()7 ()

Bu) = () x s |
and then we can write
@) = ) x F) — LT 0y s,
7))
Therefore,
() % F (). @) — y(5)) = T0) (7 00). y () — y(s)) + W () % F ). y(@0) — ()

=0 since (u) Espan(y ),y ()= (s))
= t) (Y (), y(u) —y(s)).
According to the above consideration, we have y(u) € span(y (1), y(u) — y(s)). Besides, 7(u) and y (u)
are linearly independent. Therefore,

y(u) —y(s) € span(y(u), y(u)),
and thus
y) —y(s) = usy(u) + uey (), ps,ue €R, s #0,

where j5 must not vanish, otherwise the chord (s, ) would be tangent to K. It follows that

() (¥ (), y () = y(5)) = T@) {7 ), ps W) + ey W) = v ps|i ).

This expression does not vanish if t(u) # 0. For a generic knot (1) = 0 holds for only finitely many
ueS. Solet{it; :i =1,...,N,} C S, foran N, € N, be the set of points for which 7(ii;) = 0 holds.
Consider the set

Ry:=1(s,u) e M; : %(s,u) =0,7(u) =0
={(s,u) € T*\ (3*SUA) : hy(s,u) =0, 7(u) = 0}
={(s,i1;) € T*\ (*SUA) : hy(s,1;) = 0,i € {l,..., Ny}}.

We can choose open neighborhoods of S and the diagonal of K x K of which we already know that
F*¥ is a submanifold within these neighborhoods. Let U be the union of these neighborhoods. Thus, it
suffices to consider the set

Ry := RN (T?\U).
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S0 N

Figure 46: The set R is finite.

We now argue that R is a finite set. We have M = fy_1 (0). Therefore, for all (s, u) € fy_l(O), we have
V fy(s,u) L My. If (s,u;) € My, then

a

ﬁ(& uij) =0

ou
according to the assumption. So M; is tangent to the straight line {(s,u) : s = const} at the point
(s,u;) € Ry; see Figure 46. Since the set {u; :i = 1,..., Ny} C S is finite, no further point in R

can be contained in a sufficiently small neighborhood of (s, u;). Therefore, R is a discrete set. Since
M N (T?\U) is compact, R is finite. In the example of Figure 46 we have (sq, #2), (o, upn,) € Ry.

Now let’s look at the entry
0
V(5,0 = (55) % 90 v~y o)

in D s y)hy. According to the assumption, we have f, (s,u) = (y(s) x y(u), y(u) —y(s)) = 0. It follows
that

)
%(S, u) = ((7(s) + Ay (s)) x y(u), y(u) — y(s))
for all A € R. Assume
%(s, u) =0.
as
Then we get, as in (i),
y() —y(s) = A3P(s) + Aap(s), A3, Aa €R, A3 #0.
Thus, we can write
0= fy(s,u) =A3(y(s) xy(u),y(s)) and 0= gy(s,u) =2A3(y(s) x ¥ (), y(s)),
or, since A3 # 0,

(r(s)xy@),7(s)) =0 and (y(s) xy(u),y(s)) = 0.
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Therefore,
y(u), ¥ (), y(u) —y(s) € span(y(s), ¥ (s)).
We define the maps (for k big enough)
) (7(5) X 7 (5). 7 (u))
f:CH(S R < (TP\ (0S U A) = R, (y,5,u) > (v (s) xP(s). ¥ (u)) ;
(v (s) x P (s). y(u) —y(s))
fy:Tz\(BSUA)—>R3, (s,u) > f(y,s,u).

We want to show that 0 is a regular value for fy First, we show that the map
Diysuyf: CF(ST, R xR? - R?
is surjective for all (y, s, u) with f()/, s,u) =0:

Let (y, s, u) be such that f()/, s,u) = 0. Let (§,0,0) € Ck(S1, R3) x R2. We determine

T 9F A
Dysuy f-(7.0,0) = %(%S,M)'V

(P(s) X F(5) + 7(5) x P(5), 7)) + (¥ () x F(s5), P ()
= e xPE) + () x (). ¥@)) + (y(s) XV (5), P (w))
(P(s)x7(s) +y(s) x¥(s), y(u) —y(s)) + (7 (s) x P (s), y () =y (5))
If we choose y1, 2, and 73 such that )Z- (s) = )7, (s)=0,fori =1,2,3, and

« P1(u) = p(s) x §(s) and y1 () = P1(u) — P1(s) = 0, we get

. [7(s) x 7(s)|
Dysuyf - (71,0,0) = 0 :
0

o« Pa(u) = 7(s) x §(s) and 2 (u) = P2 () — Pa(s) = 0, we get

0
Deysanf - (72,0,0) = | [7(s) x #(s)I* | ;
0
o« P3(u) —P3(s) = p(s) x $(s) and P3(u) = p3(u) = 0, we get
0

Diysayf - (93,0,0) = 0
17 (s) x 7(s)|?

Since |y(s) x j(s)|?> # 0, the surjectivity results from any linear combination of these three choices.
Thus, 0 is a regular value for f and f ~1(0) is a Banach manifold (see [9, proof of Theorem 3.1.6]). The
projection map pry: £ 1(0) = CK(S',R3), for k big enough, is smooth. According to the Sard—Smale
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theorem, almost all points in C¥ (S, R?) are regular values for pry, so the parametrization y of K is
generically a regular value. Thus, pry!(y) C f~1(0) is a Banach submanifold and 0 is a regular value
for f;, (see [9, proof of Theorem 3.1.6]). It follows that fy_l(O) = J, ie for a generic knot we have

(¥ (s) xy(u), y(u) —y(s)) # 0 in case (a).
Now we choose some open neighborhoods as follows:
e According to (1), around the finitely many points d°S, F* is a smooth curve with endpoint in 9° S
So we can choose open neighborhoods of these finitely many points of which we already know

that within these neighborhoods F* is a one-dimensional submanifold with boundary. Let Uys g be
the union of these neighborhoods.

e According to (2), there exists an open neighborhood U, of the diagonal in K x K such that F*NUp
is a one-dimensional submanifold.

e We can choose the framing such that F* N Ry = & since Ry depends only on the knot and is finite.
So there exist open neighborhoods Uy, of all points (s, u); € Ry such that for all i, we have
F*n Uiy, = 9. Let Ug, = Ui Uiy, -

Let U := Ug, UUpyss U Ua. We define the map

According to the above, D(s,u)l;y is surjective for all (s, u) with ﬁy(s, u) = (0,0). So the set
—j-1
Ry :=h, " ((0,0))

is finite since 72 \ U is compact.
We choose the framing so that F¥ N R, = @.
(b) Since R; is finite, ie

dfy _

—(s,u) =0

u
for only finitely many (s,u) € M1, M; \ R» can be split into finitely many disjoint subsets M ;, for

i=1,...,Npm,, with Ny, € N, each of which is connected, such that for all i =1,..., Ny, My ; can
be written as a graph over the s—axis; ie

My ={(s.ui(s)) :s € Ui},

where U; C S! is open, u;: U; — R is smooth, and limg—s 5, hy (50, u; (s)) = (0,0) for 5o € AU;. We
define the set
My, :={s € U; :a(s) = g1(5), a(s) = g2(5)} C S' = R/Z
with
g1: St = St s (s, u(s)),

9
g: ST >R, s+ %(s,u(s)).
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The set of all 1—jets from S! to S! is

JUSH s =S x ST xR.

Furthermore,

Li:={(s.81(5), 82(5)) :s € U} C J (ST, 8)

is a submanifold, since L; is a graph over the s—axis, with codim(L; C J1(S!, S1)) = 2. We can perturb

a in the space CK(S!, S1), for k big enough, so that the map

is transverse to | J

h:SY— JUSYSY), s> (s, 4(s). a(s)),

1‘]1\41
i=1

L; (see [7, Theorem 2.9]). So we get

since codim(My C S1) = 2.

Thus, the condition (A-2) is satisfied and this proves the lemma. O
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An analogue of Milnor’s invariants for knots in 3-manifolds

MIRIAM KUZBARY

Milnor’s invariants are some of the more fundamental oriented link concordance invariants; they behave
as higher-order linking numbers and can be computed using combinatorial group theory (due to Milnor),
Massey products (due to Turaev and Porter) and higher-order intersections (due to Cochran). We generalize
the first nonvanishing Milnor’s invariants to oriented knots inside a closed oriented 3—manifold M. We
call this the Dwyer number of a knot and show methods to compute it for nullhomologous knots inside
connected sums of S! x §2. We further show in this case that the Dwyer number provides the weight of
the first nonvanishing Massey product in the knot complement in the ambient manifold. Additionally,
we prove that the Dwyer number detects a family of nullhomotopic knots K in #51x 82 bounding
smoothly embedded disks in t]l D? x S? which are not concordant to the unknot.

57K10, 57K12

1 Introduction

In order to use knots and links to understand 4—manifold topology, we examine their equivalence classes up
to a 4—dimensional relation called concordance. We say two n—component links Lo and L are concordant
if there are n smooth disjoint properly embedded annuli in S3 x I with boundary Lo x {0} U —L; x {1},
and an n—component link L C S? is slice if it bounds n smooth properly embedded disks in B*. Note that
a knot is a link with one component. Knots modulo concordance with the operation connected sum form
the knot concordance group C, introduced by Fox and Milnor in [8], and results about knot concordance
have had many useful implications for the study of 4-manifolds. For example, the result of Dehn surgery
on two concordant knots K and J is two 3—manifolds which are homology cobordant by a 4—manifold
obtained by replacing S! x D2 x I in S3 x I by D? x S! x I with appropriate framing.

From this perspective, it is a pressing issue that every 3—manifold is the result of Dehn surgery on a
link, and not necessarily a knot. Moreover, there are concordance invariants of links, such as the linking
number, which are not simply a generalization of some quantity for knots but are a fundamentally distinct
idea unique to these objects with multiple components. To this end, we address the following questions:

e Can concordance invariants of links in S3 give information about knots in more complicated
3-manifolds obtained by Dehn surgery on some (possibly different) link?

e Can these invariants give more subtle information about links which are distinct in concordance
than previously known techniques?

© 2024 The Author, under license to MSP (Mathematical Sciences Publishers). Distributed under the Creative Commons
Attribution License 4.0 (CC BY). Open Access made possible by subscribing institutions via Subscribe to Open.


http://msp.org
http://dx.doi.org/10.2140/agt.2024.24.3043
http://www.ams.org/mathscinet/search/mscdoc.html?code=57K10, 57K12
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://msp.org/s2o/

3044 Miriam Kuzbary

We address these questions using Milnor’s link concordance invariants defined in [16], which are useful
precisely because they detect subtle linking data not obtained from simply generalizing invariants for
knots. In particular, the linking number is a Milnor invariant of weight 2. The higher-weight Milnor’s
invariants can even detect nontriviality of links where each component is the unknot and removal of any
single component results in the unlink. For example, the Milnor invariants of weight 3 (also known as the
triple linking number) obstruct the Borromean rings from being slice. Note that Milnor’s invariants are
topological concordance invariants and not invariants of smooth concordance; however, here we work in
the smooth category.

Given a knot K in a 3—manifold M, we define a new integer-valued concordance invariant, called the
Dwyer number, denoted by D(K, y) where y is a curve homologous to K with certain technical properties.
This invariant relies on certain subgroups of the second homology of the knot complement which encode
information about the lower central series quotients of the fundamental group of the knot complement.
As detailed in Section 2, this is exactly the information the Milnor’s invariants give us for links. We say
two knots K¢ and K7 in M are concordant if there is a smooth properly embedded annulus in M x [
with boundary K¢ x {0} LI —K{ x {1}, where —K is K; with the opposite orientation.

Theorem 3.10 D(K, y) is an invariant of knot concordance in M x I .

The construction of D(K, y) is quite different from that of Milnor, as the combinatorial group theory
tools of Magnus [13], exploited by Milnor in his original work, do not directly apply. Recall the lower
central series of a group G is defined recursively by G; = G and G, = [G, G;,,—1]. Milnor’s original
definition used nice properties of the lower central series quotients of free groups; in our definition we
constructed an invariant using the lower central series quotients of the knot group using a somewhat
different approach. However, will see in Section 4 that in certain cases this new invariant shares many
of the useful properties of Milnor’s invariants, in particular, its relationship with fundamental group of
the link complement in the ambient 3—manifold. Note that Milnor’s invariants have been generalized to
knots in specific nontrivial homotopy classes of Seifert fiber spaces by D Miller [15] and knots in prime
manifolds which are nontrivial in homotopy by Heck [11].

In the case where K is nullhomologous in M, we can take y to be an unknot and denote this invariant by
D(K). The Dwyer number detects which elements of H,(M) can be represented by G,,—surfaces where
G = m1 (M \ v(K), %), as detailed in Section 3. These objects can be viewed as the continuous image of
2—complexes, historically called gropes. For reasons clear from the name, we will instead refer to a grope
as a surface tower, as suggested by Scott Carter and Ian Agol. When K C #l S1x 82, D(K) can be
viewed as a generalization of the lowest order nonvanishing Milnor’s fi—invariant of a link, as indicated
by Theorem 4.5. Throughout this paper we will refer to the group 71 (M \ v(L), *) of a knot or link L in
a 3—manifold M by G(L, M), and suppress M from the notation when the ambient manifold is clear.

Theorem 4.5 If K C #l S1 x 82 is a nullhomologous knot with D(K) = q, then the longitude of K
lies in G(K)4—1 and not G(K)4.
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In this special case K C # 51xs 2, D(K) also gives the weight of the first nonvanishing Massey product
in the knot complement, just as Milnor’s invariants do for links in §3.

Proposition 4.6 If D(K) =q, thenin H* (#l S1x S2\v(K )) all nonvanishing Massey products are
weight > q.

The original motivation for this project comes from a construction in Heegaard Floer homology called
the knotification of a link. This construction takes an n—component link L C S3 and forms a knot « (L)
inside #" 7' S x $2. The knotification of a link is particularly important as it appears in the original
definition by Ozsvath and Szabé in [19] of the knot Floer complex for a link L C S3, and the resulting
complex is exactly the link Floer complex of L with all U; variables set equal to a single U variable and
the grading appropriately shifted. Our work arose from examining the knotification of a link L C S3 and
determining what linking data from L remained detectable in the knotification in a connected sum of
copies of S! x §2. In future work, we hope to use these ideas to detect this higher-order linking data in
the Heegaard Floer homology setting itself. To this end, we can use our work to predict properties of
some knotified links based on the Milnor invariants of a link in S3.

Proposition 4.14 Let L C S3 be an n—component link whose first nonzero Milnor invariant jiy (I) is
weight g for some positive integer q. Then D(k (L)) > [(g —1)/n].

While it is interesting for those of us who care about Milnor’s invariants to have this generalization, it
is compelling to exhibit situations where this invariant can distinguish knots not previously able to be
distinguished.

Recall for a knot K in S3, K being slice in B* is equivalent to K being concordant to the unknot in
S3 x I. This is not true for knots in a general 3—manifold M bounding a 4-manifold, as demonstrated
in the following theorem. Results in this work about the concordance of knots in (#l Slxs 2) x I
will indicate how different the study of knot concordance in this setting is from that of knots in S3.
Furthermore, these results motivate the definition of a new link concordance group in upcoming joint
work with Matthew Hedden.

Proposition 4.9 Let L C S3 be an (n+1)—component link with slice components such that an n—
component sublink U is the unlink. Then the image of L \ U after performing O—surgery on U is a knot
K c #" S! x S2 which is slice in [j]n D2 x S? and, if L had at least one nonvanishing Milnor invariant
of some weight I, is not concordant to the unknot in (#n S1x 52) x 1.

Theorem 4.10 For each i € Z 4 there is a nullhomotopic family of distinct knots
(Lon CH'S'x 8% |neZy)

with trivial algebraic se]f—]inlg'ng number (in the sense of Schneiderman in [22]) which bound a smooth
properly embedded disk in f]' D? x 2 but are not concordant to the trivial knot in (#' S' x S2) x I.
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Figure 1: A family of knots L, in S 1% 82 with D(L5,) = 2n, where n refers to the number of
copies of the repeating tangle in the middle of the knot.

During the course of this work, other researchers in low dimensional topology worked on a similar
problem and also exhibited examples of knots in S! x $2 which are slice in D? x S? and not concordant
to the unknot in (S x §2) x I. The covering link techniques of Davis, Nagel, Park, and Ray in [6] and
Friedl, Nagel, Orson, and Powell in [10] distinguish L5, from being concordant to the trivial link, but
do not distinguish Ly, from L, where n # k as the linking numbers associated to their covering links
are all —3. Additionally, the algebraic self-linking numbers of [22] are all trivial from a straightforward
calculation using the obvious nullhomotopy.

Finally, as detailed by Celoria in [2], the knot concordance group acts on the set of concordance classes
of knots in a 3—manifold M by local knotting. The quotient by this action is the set of so-called almost-
concordance classes of knots, and Celoria conjectured that the trivial homotopy class in each 3—manifold
contains infinitely many knot representatives, distinct up to almost-concordance. This question was
addressed in [6; 10] and by Yildiz in [27] at around the same time the bulk of our work here was
completed, and the conjecture was proven in [10]. As demonstrated by the examples in Theorem 4.10, the
techniques from these papers are not sufficient to distinguish our examples from each other, and it is in
this case that the higher-order linking data detected by the Dwyer number is useful. Therefore, we present
the following proposition to indicate that the Dwyer number can be used to study almost-concordance
classes in more detail:

Proposition 4.18 Fix [ € Z>¢ and let K be a nullhomologous knot in #l S1x S2. Then D(K) is an
invariant of almost-concordance in #l S1xS2.

1.1 Future questions

(1) Is there a relationship between D(K, y) for K C M and the Milnor number of a 3—manifold M
defined by Tim Cochran and Paul Melvin?

(2) Are there examples of knots K C M with finite D(K, y) where (M, %) is not free?
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(3) For any closed oriented 3—manifold M and each homology class x € Hj(M), is there a smooth
embedded curve y € x such that, for any knot K € x, there is a homomorphism 1 from G(y) to G(K)
inducing an isomorphism from H{(M \ v(y)) to Hi(M \ v(K))?

(4) Is there an unordered version of the first nonvanishing Milnor’s invariants defined by taking the
quotient of the free group by the action of the symmetric group and looking at the image of longitudes in
this result? If such a thing is well defined, can you use this idea to help define higher-order tree valued
invariants in the sense of Schneiderman and Teichner in [23]?

(5) By Proposition 4.6, D(K) for K C #' S1x 582 gives a lower bound on the weight of nonvanishing
Massey products on #l S1 x §2\ v(K). Which of these products is well defined and are they also
concordance invariants?

QOutline

In Section 2, we outline the necessary background on Milnor’s invariants. In Section 3, we define our
invariant for the case of knots in oriented closed 3—manifolds and prove it is an invariant of concordance
in M x I. Finally, in Section 4 we prove that this invariant generalizes important properties of Milnor’s
invariants and express a bound for the invariant in certain cases in terms of the Milnor’s invariants of an
associated link.
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2 Background

To give context for the Dwyer number and justification for why it generalizes the useful properties of
Milnor’s invariants, the following is a short overview of the original definition of these invariants and
why they are useful. While the original definition of Milnor’s invariants with nonrepeating indices by
Milnor in [16] and in general in [17] is somewhat laborious, as we will see in this section the construction
naturally extends the idea of the linking number in the group-theoretic setting in order to detect subtle
higher-order linking data of a link. Milnor’s invariants arise in three contexts: combinatorial group theory,
cohomology, and intersection theory. The connection between the group-theoretic and cohomological
perspectives using Massey products was conjectured by Milnor in his original definitions, but was not
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proven until much later by Turaev in [26], and independently by Porter in [21]. Later, using work
of Stein [25], Cochran showed that one can exploit the duality between Massey products and iterated
intersections of surfaces in order to compute the first nonvanishing Milnor’s invariants in [3]. In this
section, we survey definitions and major theorems about these invariants.

Note that the fundamental group of a link complement is not itself a concordance invariant: there are
many slice links with nontrivial fundamental group. However, we can extract concordance data from the
fundamental group of a link through a clever use of the lower central series. Recall that, for an arbitrary
link in the 3—sphere, we can repackage the linking numbers between its components as a statement about
the homology of the complement of the link. We will refer to a O—framed longitude of a knot or link
simply as the longitude of the knot or link.

Remark 2.1 If L is an n—component oriented link in S3 with L; the O—framed longitude of the i
component of L, then

[Li] =) I(Li, Lj)-x; € Hi(S* \v(L)) = G(L)/[G(L), G(L)),
j=1

where x; represents the j " meridian of L.

From this perspective, one might ask if there is concordance information detected by other quotients of
the fundamental group. Theorem 2.2 indicates there is:

Theorem 2.2 (Casson [1]) If Ly and L, are concordant links in S3, then G(L)/G(L1), and
G(L3)/G(L2)m are isomorphic for all m > 1.

As a result, we have an entire family of nilpotent groups which can tell us information about link
concordance. Furthermore, we have the following important result concerning maps on group homology
and these nilpotent quotients:

Theorem 2.3 (Stallings’ integral theorem [24]) Let ¢: A — B be a homomorphism inducing an
isomorphism on H; (—; Z) and an epimorphism on Hy(—; Z). Then, for each n, ¢ induces an isomorphism
A/Am = B/Bp,.

In order to use these theorems to detect whether a link is nontrivial, we must understand how the structure
of the group quotients relate to the topology we are using them to study. The following lemma is well
known, but we include it here along with a proof to motivate later definitions:

Lemma 2.4 Let L be an n—component link in S3.
(1) If L has only one component (ie L is a knot), then G(L)/G(L),, = Z for all m.

(2) If L is the n—component unlink, then G(L) is a free group generated by the meridians of L.

(3) If L is an n—component slice link and F is a free group on n letters, then G(L)/G (L), = F/ Fp
for all m.
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Proof (1) Consider the homomorphism f:Z — m1(S3\ L, *) defined by sending the generator 1
of Z to a meridian of L. Since L is a knot, this map induces isomorphisms on homology. Thus, by
Theorem 2.3, f induces isomorphisms on the lower central series quotients.

(2) This is a straightforward calculation using the Seifert—van Kampen theorem.

(3) Since L is a slice link, it is concordant to the n—component unlink. By Theorem 2.2 and the
previous statement, G/ G, is isomorphic to F/ F,, for all m. m|

This lemma first tells us that the nilpotent quotients of the fundamental group of a knot in S3 will not
tell us any new concordance information; this is expected, as there is nothing for the knot to “link” with
in the first place since S3 is simply connected. Therefore, in the case of knots and links in S3, these
lower central series quotients will only be useful for studying links. As we will show, this is not the case
for knots in arbitrary 3—manifolds. Furthermore, Lemma 2.4 indicates that if we want to determine if
an n—component link is nontrivial in concordance, we should examine whether the lower central series
quotients of its link group are isomorphic to the lower central series quotients of a corresponding free
group. One major difficulty is the lower central series quotients of free groups on n > 1 letters become
unwieldy quite quickly. We can detect whether these quotients are isomorphic using a clever group
presentation. Recall that the fundamental group consists of based homotopy classes. However, since we
work in nilpotent quotients of fundamental groups and changing the basepoint corresponds to conjugation,
we will suppress the basing from discussion, as in [3, Section 3].

As observed by Milnor, the meridian homomorphism ¢: F — G/Gy,, where F = (x1,...,x,) is a free
group on #n letters and ¢ sends a generator x; to a meridian u;, is surjective, and for any longitude /;
there is a word Ry, (I;) € F such that ¢(Ry,(l;)) = [; mod G,. In the language of Cochran, we call any
such element Ry, (/;) an m-rewrite of /;.

Theorem 2.5 (Milnor [17]) Let L C S3 be an n—component link. For m > 1, there is a presentation
G(L)
G(L)m

lle

(x1,...,xn | [xi, Rm(l;)] for 1 <i <n, Fy,),

where x; represents an i " meridian of L, I; represents the i " longitude of L, F is the free group on the

letters x1, ..., Xp, and Ry, (l;) is an m—rewrite of [;.

In summary, it is clear that, for any m € Z with m > 2,
G(L F
(Z) ~ — < [xi, Rn(lj)] € F, foreachi <= R, (l;) € F—1 for eachi.
G(L)m F,

The remaining piece of the definition of Milnor’s invariants relies on work of Magnus; there is an

embedding of the free group on n letters into the power series ring Z[[ X1, ..., X,]| of n noncommuting
variables defined on generators by

M(x)=1+X; and MG =1-X;+X?—X?+---.
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A word in the free group is in Fy if and only if all the coefficients of its Magnus expansion of degree g or
less are O; this proof is detailed by Magnus, Karrass, and Solitar in [14, Chapter 5].

Definition 2.6 (Milnor [17]) Let L C S be an oriented ordered link. The Milnor invariants of L are
integers [z, (i1, ...,ix), each corresponding to a multi-index (iy,...,in) where i; € {1,...,n}, and are
defined as follows:

Let /;,, be the i longitude of L and let Ry,(/;, ) be an m—rewrite as defined above. By Theorem 2.5,
this group element can be represented by a word w in meridians x1, ..., x,. The Magnus expansion of
this word is

Mw)=1+) X',
I

where the sum is taken over all possible multi-indices I = (ji,..., jm) and X I is shorthand for
X71 ... XJm_ We will refer to the coefficient of X in M(w) as €7 (w). Then,

,a/(ll, L) lm) = Eil,...,im_l (Rm(llm))

We will refer to the length of the multi-index |iy,...,is| as the weight (or order) of the invariant
(i1, ...,im). The integer is well defined if all the Milnor’s invariants of weight less than m are O,
otherwise, this integer is defined to be the residue class modulo

A =ged{p() | 1 €T},
where 7 is obtained from iy, ..., im by removing one index and cyclically permuting the other indices.

Theorem 2.7 (Casson [1]) The ji—invariants are concordance invariants for oriented ordered links in S3.

Notice that Milnor’s invariants are only defined modulo certain Milnor’s invariants of smaller weight.
Therefore, we are primarily concerned with the first Milnor’s invariants which are nonzero, as in [3].

Theorem 2.8 (Turaev [26] and Porter [21]) Let L C S3 be an oriented ordered n—component link and
let L; refer to its i™ component. Let u; € H'(S3\ L;) be the Alexander dual of the generator of Hy(L;)
determined by the orientation of L;. Fori, j € {1,...,n}, set y; ;j equal to the Lefschetz dual of the
element in H{(S3, L; U L ;) determined by a path from L; to L;.

Let (I1,...,1p) be a sequence of integers with [ € {1, ...,n}. If all Milnor invariants of L of weight
less than p are 0, then the Massey product (uj,, ..., uz,) in S3\ L is defined and

(rysooooug,) = EDPapa, . )i,

So we can recover the appropriate Milnor invariants by evaluating (uy,, ..., u;,) on the corresponding
boundary components of S3\ v(L). Recall that Massey products are generalized cup products; just as
cup products are dual to intersections, Massey products are dual to higher-order intersections. Cochran’s
work allows us to compute Milnor’s invariants using surface systems which precisely encode the correct
higher-order intersections to calculate the lowest weight nonvanishing Milnor invariants of a link L [3].
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3 Concordance data in the lower central series

In Section 2, we introduced Milnor’s invariants which detect subtle higher-order linking data for a link in
the 3—sphere using the lower central series quotients of the fundamental group of the link complement.
We further indicated why Milnor’s invariants for a knot in S3 are not useful. It is natural to ask whether
this approach could detect concordance information for knots and links in 3-manifolds other than S3. As
we demonstrate, the nilpotent quotients of the fundamental group of the complement of a knot in a more
complicated 3—manifold still prove to be quite useful. In Section 2, we introduced a theorem of Casson

which generalizes to the following well-known result which we will prove later in the section:

Proposition 3.1 If K| and K, are concordant knots inside a closed oriented 3—manifold M, then
G(K1)/G(K1)m = G(K2)/G(K2)m for all m.

To define the Dwyer number, we first go back to the original proof of Theorem 2.3 and examine why the
condition relating maps on group homology to nilpotent quotients of the respective groups is sufficient to
induce isomorphisms on nilpotent quotients. The proof of this theorem relies on the following sequence:

Theorem 3.2 (Stallings [24]) For a group G with normal subgroup N, there is a natural exact sequence

G N G
H> (G H>| — — — H (G Hi| — 0.
2(G) —> Z(N)%[G,N]_) 1(G) = 1(N)—>
In the case that N = G,,, we have
G G
H,(G) > Hy (—) — m
Gm

m+1

G
— Hi1(G) — H; (—) — 0.

Gm
This sequence indicates the significance of the kernel of the map H»(G) — H2(G/Gy,). This kernel is
called the m™ Dwyer subgroup of G, and we denote it by ®,,(G).

Definition 3.3 Let N be a normal subgroup of a group G. As defined by Cochran and Harvey in [5],
®N (G) is the image of the map Ho(N) — H»(G). Equivalently, ®V (G) is the subgroup of classes which
can be represented by maps of closed oriented surfaces f: X — ®V (G) such that fi (71 (2, %)) C N.
We call such surfaces N—surfaces. We can similarly define N —surfaces for a topological space X with
fundamental group G and see that ®V (G) = ®V (K (G, 1)). In this language, by Freedman and Teichner
[9, Lemma 2.3] and [5, Definition 1.5], ®,,(G) is exactly ®%»(K(G, 1)). We will therefore refer to
elements of ®,,(X) as G,,—surfaces.

As proven in [9, Lemma 2.3] and further detailed in [9, pages 533-537], a G,,—surface has a nice
interpretation as the topological reformulation of an element in the m™ term of the lower central series
of G. More precisely, the elements of ®,,(X) are maps of 2—complexes, which we call surface towers, !

defined recursively as follows:

1 As mentioned in the introduction, historically such a 2—complex has been referred to as a grope.
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Definition 3.4 [9] A surface tower hasaclassm =1, ..., 00. We will first define a surface tower with
boundary, and a closed surface tower will be the result of replacing a 2—cell in S? with an m—surface
tower. A surface tower (with boundary) is a pair (2—complex, circle). A class-1 surface tower is the pair
(circle, circle), and a class-2 surface tower is a compact, oriented surface > with one boundary component.
For finite m, an m—surface tower is defined inductively as follows. Let {a;,b; |i =1,...,g(X)} be a
standard symplectic basis of simple closed curves for X. For any p;,q; € Z+ with p; +¢; > m and
Dio + qi, = m for at least one index ip, an m—surface tower is constructed by gluing a p;—surface tower
to each a; and g;—surface tower to each b;. An oo—surface tower is a nested union of m—towers for all
m > 1. For a surface tower of class at least two, we will refer to each layer of surfaces as a stage, with
the first stage being the initial surface whose curves subsequent layers are glued to.

Recall that the m™ term of the lower central series of G is generated by simple iterated commutators
[x1,[x2,[X1,...,Xm]]] as detailed in [14, Section 5.3]. When G is the fundamental group of a manifold M,
we can realize a commutator in G geometrically as the boundary of a surface of some genus continuously
mapped into M (though not necessarily embedded). Therefore, if we have an iterated commutator, we can
realize it geometrically as the continuous image of a 2—complex as above, where new layers of surfaces
are added on carefully. This idea motivates the following definition:

Definition 3.5 A half-surface tower of order m is inductively defined to be obtained from a surface X by
attaching half-surface towers of order m — 1 to a half-symplectic basis {a;} of .

As noted in [9, Lemma 2.3], any map of an m—surface tower is also represented by a map of an order-m
half-surface tower. Therefore, we will mainly concern ourselves with these representatives.

Recall that Theorem 2.3 provided a sufficient condition for all lower central series quotients of a group to
be isomorphic. The Dwyer subgroup leads to a refinement of this theorem by Dwyer in [7]:

Theorem 3.6 (Dwyer’s integral theorem [7]) Let ¢: A — B be a homomorphism that induces an
isomorphism on Hy(—; Z). Then for any positive integer m, the following are equivalent:

(1) ¢ induces an isomorphism A/ Ay, = B/By,.

(2) ¢ induces an epimorphism trom Hy(A; Z)/ ®,,(A) toHa(B; Z)/ O (B).

(3) ¢ induces an isomorphism from Hy(A; Z)/ ®m(A) to Ha(B; Z)/ P (B) and a monomorphism
from Ha(A; )/ Bm1(A) to Ha(B; Z)/ Pyt 1 (B).

Figure 2: An order-3 half-surface tower.
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In Section 2, we saw that Milnor’s invariants gave us invariants for a link L C 3 which detected exactly
when the nilpotent quotients of 71(S3 \ v(L), *) were isomorphic to the nilpotent quotients of a free
group with appropriate rank. Now, we can use Theorem 3.6 to construct a concordance invariant for a
knot K C M, where M is a closed oriented 3—manifold, using similar principles.

Lemma 3.7 Let M be a 3—manifold and G be its fundamental group. Then
Hy(M) _ Ha(G)
Pm(M) — Pp(G)

forall m > 1.

Proof Recall that we can construct a K(G, 1) by attaching cells of dimension 3 and higher to M.
Furthermore, the homology groups of G are the homology groups of this K(G, 1). Thus, we have the
exact sequence

(M) — Hy(M) — Hy(G) — 0.

Now, consider the Dwyer subgroup ®,,(M) C H>(M) and notice that every element of 75(M) maps to
an element inside ®,, (M) since a 2—sphere is a half-surface tower of order m of arbitrarily large class.
Therefore, we have the following commutative diagram with exact rows and columns:

(M)

L \ Hy (M)

I — &,(M) — Hy(M) — ©,, (M)

L

I — &,(G) — Hy(G) —
! !
1

1

H>(G)
@, (G)

Thus
Hy(G) _ Hy(M)/Im(ma(M)) _ Ha(M)

D (G) ~ @p(M)/Im(m2(M)) ~ Op(M)
by the first and third isomorphism theorems. a

We can use this lemma to prove Proposition 3.1:

Proof of Proposition 3.1 Let C be the smooth concordance from K; to K5 inside M x I, H =
71((M xI)\ C,%), and t;: M \ v(K;) - M x I \ v(C) be inclusion maps. It is a straightforward
exercise using the Mayer—Vietoris sequence, naturality, and the five lemma to show that each ¢; induces
isomorphisms on homology which, by the proof of Lemma 3.7 and naturality, extend to isomorphisms
on the homology of their fundamental groups. Now by applying Theorem 3.6, G(K1)/G(K)m =
G(K2)/G(K2)m. O
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Now, given the utility of the Dwyer subgroups in transforming computations in group homology into
computations in the homology of a 3—manifold with appropriate fundamental group, we define a knot
invariant:

Definition 3.8 Let M be an oriented closed 3—manifold and y be a fixed smooth embedded curve
inside M such that, for any knot K homologous to y, there is a homomorphism ¥ from G(y) to G(K)
inducing an isomorphism from H{(M \ v(y)) to Hy(M \ v(K)). Then the Dwyer number of such a K
relative to y is defined by first considering a fixed ¥,

Ho(M \v(K)) _ Ha(M\v(y))
Pp(M\v(K)) — Pm(M\v(y))

DK,y ¥) = max{m ) induced by ¥ ¢,

then, maximizing over all such ¥,
D(K,y):=max{D(K, y,¥) | ¥ € Hom(G(y), G(K)) where 4 is an isomorphism on H1}.

In the case where this set has no maximum, define D(K, y) := oo.

The fact that this invariant is never the maximum of the empty set (and therefore vacuous) is not obvious.
Recall that

D (m1(X)) ={x € Ha(X) | x is a Gy—surface} = H,(X)
by definition, and thus
Ho(M \v(K) _ o Ha(M\v())
Q1 (M \v(K)) Q1 (M \v(y))
From this we see the invariant is at least 1. We can also reformulate D(K, y) in terms of the fundamental
group:

Proposition 3.9 The Dwyer number can be equivalently formulated by defining
G(K) _ G()
G(K)m — G(¥)m

D(K,y) = max{m ) induced by ¥ ¢ ,

then maximizing over all such V:
D(K,y) :=max{D(K,y,¥) | ¥ € Hom(G(y), G(K)) where ¥« is an isomorphism on H}.
In the case where this set has no maximum, define D(K,y) := oo.
Proof By Theorem 3.6, a homomorphism ¢ : G(y) — G(K) that induces an isomorphism on H;
induces an isomorphism on G(K)/G(K)m = G(y)/G(y)m if and only if it induces an isomorphism on

H,(G(K))/Pm(G(K)) = Ha(G(y))/ Pm(G(y)). Then Lemma 3.7 implies Hy(G(K))/ $ (G(K)) =~
Hz(G(y))/Pm(G(y)) if and only if Hy (M \v(K))/Pm(M \ v(K)) = Ho (M \v(y))/ P (M \ v(y)). O
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The utility of the surface tower approach is that it allows us to do computations involving the homology
of the fundamental group of a knot complement using iterated surfaces and to geometrically realize these
computations. Note that one could generalize this invariant quickly by

(1) defining the Dwyer number of a link in M,

(2) defining the Dwyer number with rational coefficients using the rational lower central series defined
by Cochran and Harvey in [5], which may perhaps be useful in the case of M whose fundamental
group is not torsion-free.

These questions are beyond the scope of this paper, but it would be interesting to see computations of
the Dwyer number using distinct tools from this work. Note that by arguments in Section 2, it follows
immediately that the Dwyer number of a link L C S3 is exactly the weight of the first nonvanishing
Milnor’s invariant of L.

Theorem 3.10 D(K, y) is an invariant of knot concordance in M x I .

Proof Let y be a fixed smooth embedded curve inside M such that, for any knot K homologous
to y, there is a homomorphism from G(y) to G(K) inducing an isomorphism from H;(M \ v(y)) to
Hy(M \ v(K)).

If J is another oriented knot in M in the same concordance class as K with fundamental group G(J),
it follows immediately that K and J are homologous in M and therefore D(J, y) is well defined. By
Proposition 3.1, G(K)/G(K)m = G(J)/G(J )m for all m since K and J are concordant. The result
follows from the proof of Proposition 3.9. a

4 A generalization of the first nonvanishing Milnor’s invariant

In the case where K is nullhomologous and M = #l S1 x S$2, this invariant is straightforward to work
with and has direct connections to Milnor’s invariants for links in S3. We will focus on this case as it
has applications to the study of link concordance in S3 as we will mention in Section 4; we will address
other cases in future work.

Lemma 4.1 Let K be a nullhomologous knot in #l S1x S2, and let U be the unknot in #l Sl %82,
Then U can be used as y in the definition of D(K, ).

Proof A simple Seifert—van Kampen argument shows that G(U) is a free group F on / + 1 generators.
Furthermore, a similar argument shows that G(K) is normally generated by a meridian of K and one
meridian for each S x 2 factor of #’ S x S2. It follows immediately that the map ¢: G(U) — G(K)
sending generators of I" to the aforementioned meridians induces an isomorphism on first homology. O

As a result, in the case when K is nullhomologous in #l S1 x §2 we will drop y from the notation and
simply write D(K).
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Figure 3: A nullhomologous knot in S x S2.

Corollary 4.2 Let K C #' S! x S2 be a nullhomologous knot. Then
Hy(#' S'x S2\K)
J# STxS2\K)

D(K) = max{q ‘

Proof Since H,(F) = 0, the corollary follows. O

Recall that we can view Milnor’s invariants for links L C S3 as detecting how deep the longitudes of L lie
in the lower central series of the link group. In a similar fashion, the Dwyer number for nullhomologous
knots in #l S1x 52 detects how deep the O—framed longitude of K C #l S1x 52 is in the lower central
series of the knot group (and thus how “close” the group quotients of the knot group are to the group
quotients of the corresponding free group). Similarly, it also detects the length of the first nonzero Massey
product in the cohomology of the complement of the knot K in an analogous way to the celebrated
theorem of Turaev [26] and independently Porter [21] relating Milnor’s invariants of links in S3 to Massey
products in the link complement. The case of K C #! 51x 52 may serve as a model for the computation
of D(K,y) in more general situations as we will explore in later work.

To compute D(K) we find the following lemmas useful:

Lemma 4.3 Let K be a nullhomologous knot in #l S1x 82 and v(K) be a tubular neighborhood of it.

Then " I , - .- . o
o S'xS2\v(K) =2, H(# S'xS2\v(K)) =2,

H# S'xS2\v(K) =2,  H,# S'xS2\v(K)) =0 forn>3.

Moreover, H; (#l S'xS2\v(K)) = (u.d1.....d;) where u is a meridian of K and d, ..., d; generate
H; (#l St x Sz). H, (#l S1x8§2\ v(K)) = 7! is generated by surfaces consisting of the S* generators
of Hp (#l S1x Sz) with attached tubes missing K.

Proof First note that any K C #l S1 x §2? can be described by an obvious surgery diagram. We can
clearly find an (/+1)—component link L = (K’, Uy, ..., U;) C S such that the /—-component sublink

Algebraic & Geometric Topology, Volume 24 (2024)



An analogue of Milnor’s invariants for knots in 3—manifolds 3057

U = (Uy,...,U) is the unlink, and after performing O-surgery on U the image of K’ in the resulting
#l S! x §2 is K. Consider a Mayer—Vietoris sequence in reduced homology with neighborhoods
A = ve(K) of radius € > 0 for some € € R and B = #l S1x 8§52\ Ve/2(K) of radius %6 > 0. Then
AUB = #l S1x 8% and A N B deformation retracts to dv(K). Note that H; (#l S x Sz) =7!is
generated by meridians d; for 1 <i </ of unlink U. H, (#l S x §2) = Z! is generated by embedded
2-spheres e; for 1 <i <[ such that each sphere ¢; is the union of the disk X; bounded by U; in S 3 and
a disk D; bounded by U; after O—surgery on U.

We will compute using cellular homology. There is a cellular decomposition of #l S1 x $2 induced by
the surgery diagram: start with a cellular decomposition for S\ v(u), and then performing O—surgery on
U glues a 2—cell to the longitude of U; and a 3—cell to the resulting S? boundary component. Therefore
0x: Hj3 (#l St x Sz) — H,(dv(K)) is an isomorphism from the definition of the boundary map, so we
have the following long exact sequence:

O—>ﬁ2(#lS1xS2\v(K))—>Zl—>Z2—>Z€Bﬁ1(#lS1sz\v(K))—>Zl—>0.

Since the last term is a projective module there is a splitting map s: 7! - Z®H, (#l S1xS2\v(K )), and
thus by exactness Z & H, (#l S1xS2\v(K))=Z'®Im(f: 2> - Z&H, (#l ST x 82\ v(K))), where
f sends meridian u to (0, — (1)) and longitude A to (zx(A), 0) where ; and 1 are inclusion maps since
K is nullhomologous. Hence Z & H; (#l STx 82\ v(K)) > 7' L& (— () = ZH @ (— k().

Now we should determine the order d of —j« () € H, (#l S1x 82\ v(K)). If d(—j«(p)) = 0, then
Ker(ﬁl(av(K)) —Z@®H,; (#l S1x S$2\v(K))) is equal to

Az =Im(f,(# ' x $2) = 2! > H,(v(K)) = Z?).

Since K is nullhomologous, viewing K’ as a 1-component sublink of L as above gives Ik(K’, U) = 0,
which implies that the algebraic intersection K - ¥; equals 0. Furthermore, using the aforementioned
surgery diagram of K C #l S1x 82, it is clear that the geometric intersection K N D; equals 0. Thus,
dv(K) intersects the sphere e; = X; Ur, D; in pairs of oppositely oriented meridians of K (or does not
intersect e; at all). This means that for each generating sphere e¢; of H, (#l S1xS 2), we can compute its
image under d, in the Mayer—Vietoris sequence by the boundary of meridional disks in v(K) which, by
the previous argument, must be algebraically 0. Therefore d«[e;] = O for each i and Im(Z! - Z2%) =0,
s0 —J« (1) is infinite order.

We have therefore shown Z & H; (#l STxS2\v(K)) = Z'+2 and thus H; (#l STxS§2\v(K)) = 7,
Moreover, by the previous argument about intersections, we can take as a generating set the union of each

e; with ij tubes T;,, one for each oppositely oriented pair of intersections p;; and ¢;, between K and e;.
Finally, by exactness Im(ﬁz(#l S'x 82\ v(K)) - Zl) = 7!, and so ﬁz(#l STx 8§\ v(K)) = 7' o

Recall from Section 2 that, in order to define Milnor’s invariants, we exploited a specific presentation
of the nilpotent quotients of the fundamental group of the link complement in S3. We obtain a similar

presentation in this context:
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Lemma4.4 Let K C #l S1 x S§? be a nullhomologous knot with longitude . There is a homomorphism
. F —> G(K, #l St x Sz), where F is the free group on [ + 1 letters, and a word R,,(l) € F with
@(Rm (1)) = [ mod G(K)y, such that G(K)/G(K),, can be presented by

(X,Cl], ceeaj | [X, Rm(l)]’ Fm),

where the F,, are the weight-m commutator relations and each a; generates the i 7. summand in
Hy(# 51 x52).

Proof Notice that K C #™ S x §2 can be viewed as the result of O—surgery on the trivial sublink
U = (Uy,U,,...,Uy) of the ordered oriented (m+1)—component link L = (K', Uy, Ua, ..., Uy,) C S3.
By [17, Theorem 4], the quotients G(L, S®)/G(L, S3),4 have the presentation

{(x.ar,....a | [x, Rm(I)]. [ar, Rm(12)]. .. .. [ar, Rm(l111)]. Fm),

where /; is a word representing the i ™ longitude of L and, for the meridian homomorphism ¢: F —
G(L, S?), Ry (I;) is a word such that ¢(R,, (l;)) = I; mod G(L, S?),,. Since K C #l S1x 82 is obtained
from L C S3 by surgery along longitudes /5, ..., ;1 1, we can see that

G(K.AH S'xS?) = G(L.S®) /(I |2<i < +1).

A straightforward Mayer—Vietoris argument shows that viewing #l S1x 82\ v(L) as the result of surgery
on U results in a surjection on the fundamental groups p: G(L, S3) — G (K , #l SixS 2), which induces
surjections pp,: G(L,S%)/G(L,S%)m - G(K, # 51 x $?)/G(K, # 51 x Sz)m. Since the kernel of
p is generated by longitudes /; for2 <i <!+ 1 and [; = ¢(R(l;)) mod G(L, S3),, for each i, we see
that pm(Rm(l;)) =1 and G (K, # 51 x $?)/G (K, # 51 x Sz)m is presented by

(x,a1,...,a; | [x, Rm(D)], Fm). O

This allows us to quickly obtain the following result, showing that D(K) detects how deep the longitude of
K is in the lower central series of the fundamental group of its complement, just as Milnor’s invariants do.

Theorem 4.5 If K C#' S1xS2isa nullhomologous knot with D(K) = q, then the longitude of K
lies in G(K)4—1 and not G(K)g4.

Proof Consider the homomorphism ¢: F = (x,ay,...,a;) = G(K) sending x to a meridian of K and
each a; to a loop homotopic to the i ™ copy of S! x{0}. This homomorphism clearly induces isomorphisms
Hy(F) = Hy(G(K)) = Z'"1. D(K) = q implies Hy (#' ST x S2\v(K))/ Dy (#' S x $2\v(K)) =0.
As in the proof of Proposition 3.9, we immediately see that F/Fy; — G(K)/G(K)4 is an isomorphism.

By Lemma 4.4,
G(K)

G(K)q

= (x,ay,....a; | [x,Rg()], Fy),
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and for it to be isomorphic to F'/ Fy, [x, Ry(/)] must be in F,. Thus, [x, R4(/)] is trivial in F/F,. Since
x is a generator of F, this implies R, (/) € F;—1 and thus is trivial in '/ F;_1. However, by properties of
lower central series quotients, F'//F; = G(K)/G(K)q implies F/Fy_1 = G(K)/G(K)g—1, 50 (R4 (1))
is trivial in G(K)/G(K)g—1. Recall p(R4(/)) = la where a € G(K)4. By the third isomorphism theorem,
G(K)/G(K)g-1=(G(K)/G(K)q)/(G(K)g—1/G(K)q). The image of a longitude / in this quotient is
in the same class as /a (as they differ by an element of G(K),). Thus, the residue class of a longitude
[ € G(K) inside G(K)/G(K)4—1 is mapped under this isomorphism to the class represented by /a which
is trivial. Thus, / € G(K)4—1. Furthermore, since D(K) <g + 1,

Hy(# 51 x S2\0(K))/ g1 (# ST x S2\v(K)) #0,

and by similar arguments no Rg,1(/) is in Fy, and therefore [ ¢ G(K),. |

We further see that this Dwyer number can detect the weight of the first nonvanishing Massey product in
the complement of nullhomologous K C #l Slx8§2:

Proposition 4.6 If D(K) =gq, thenin H* (#l S!x 82\ v(K)) all nonvanishing Massey products are
weight > q.

Proof This follows directly from an argument in the proof by Cochran, Gerges, and Orr of Proposition 6.8
in [4]. More specifically, if D(K) = ¢ then the knot group quotients G(K)/G(K);, are isomorphic to
the free group quotients F/ F,, for m < ¢ by [7], and this isomorphism is induced by the meridional
map F — G(K). This is exactly the group quotient criterion used in [4] in the context of k—surgery
equivalent manifolds, and we can see that, by their proof, all Massey products of weight less than g in
H* (#l S1xS2\v(K )) vanish and there is a Massey product of weight ¢ in this cohomology ring which
is nonzero. |

At first glance the definition of D(K) looks quite unrelated to that of Milnor’s invariants defined in
Section 2; however, the previous results show that D(K) is a concordance invariant which detects how
deep a knot’s longitude is in the lower central series of its knot group and detects the weight of the first
nonvanishing Massey product in the knot complement. These are exactly the properties of Milnor’s
invariants that make them so useful. This is no coincidence; as we will see, the Dwyer number of a knot
in #l S1xS%is directly related to the Milnor’s invariants of an associated link in S 3. We can in fact use
the Milnor’s invariants of this associated link to compute the Dwyer number. The following lemma lays
the groundwork to do this:

Lemmad4.7 Let L = (K',Uy,...,U;) C S3 be an (I41)—component link such that the [ -component
sublink U = (U, ..., Uy) is the unlink and O—surgery on U gives a nullhomologous knot K in #l SlxS2.
If all Milnor invariants ji7,(I) of weight |I| < q are trivial, then D(K) > q.
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Proof Letmy,...,m; be meridians of U. Since U is an unlink, the longitudes u; of its components
u; bound disjoint disks; call these disks {D;}. Once we perform O—surgery on U, the images of ]
also bound disjoint disks A; inside the surgery tori. Clearly {Si2 = D; U A;} is a generating set for
Ha(#' S' x $2).

By [9, Lemmas 2.4 and 2.7], jiy (1) = 0 for |I| < g implies that each longitude /; of U is the boundary
of the image of an order-(¢—1) half-surface tower X; under a map f;: ; — S3\ L. Notice that we
can extend each of these maps to fiiSiUA; — Sg(U) = #l S x $2, and that the images of these
order-(g—1) half-surface towers are disjoint from the knot K.

Let F; be the image of the first stage of f;. Consider the homology class [F;] € Hz(#l Stx S 2). We
know from intersection theory that

1 1
[F]= " nj[S71=> _((F]-Im;DIS7] = [S?].
Jj=1 Jj=1

This is because all pairwise linking numbers between components of L are O (since these linking numbers
are just the weight-2 Milnor invariants of L and K is nullhomologous in the result of surgery on U), and
by construction [F;] - [m;] =1k(U;,m;) = §;;.

Since Hz(#l St x 82\ v(K)) ~ 7!, by Lemma 4.3 {[F;]} generates Hz(#l St x 82\ v(K)). By
construction, {[F;]} generates @, (#l S!x 82\ v(K)) also, and therefore

Hy(# S' x S2\v(K))/ @, (# S' x S\ v(K)) = 0.
So D(K) > gq. a

Equipped with this lemma we can now prove the following theorem, allowing us to compute the Dwyer
number of a knot using the Milnor’s invariants of an associated link:

Theorem 4.8 Let L = (K’, Uy, ...,U)) be an ordered oriented link in S3 such that the sublink U =
(Uy, ..., Up) is an unlink and O—surgery on U results in a nullhomologous knot K C #l St x 82, If
i (I)=0for|I|<gq and, for some multi-index J = (i1, ...,i4) oflength q, jiy. (J) #0, then D(K) =gq.

Proof Note that since U is an unlink, a nonvanishing Milnor invariant of L must involve the index 1.
Since all invariants of weight less than ¢ vanish, iy = 1 for some k. Therefore iz (J) is equal to
fr(J'1), where J'1 is a cyclic permutation of iy, ., ik, ix41..,ig by Hillman [12, Theorem 10.14].
Notice, since #l S1x 52 is constructed via attaching 2 and 3—cells to S3 \ v(L), we have a surjection
¢:G(L,S? — G(K, #l St x Sz) whose kernel is generated by the longitudes of U'.

Let F = (x1,...,x741) be a free group. By our condition on the Milnor invariants of L, a result of
Milnor [17] shows that the map #: F — G(L, S3) sending x; to a meridian of the i™ component of L
induces an isomorphism F/F, = G(L, S®)/G(L, S%)4. As shown in Lemma 4.7, our assumption also
implies D(K’) > q. Now, the definition of D(K) combined with Dwyer’s theorem gives us that the map
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g: F— G(K, #l ST x S2) sending x1 to the meridian of K’ and x; to the image under ¢ of a meridian
of Uj—; for 2 <i <[+ 1 induces an isomorphism F/F; =~ G (K, # st x $?)/G(K, # 51 x Sz)q.
The conditions on jiz, (1) give us that a longitude A+ of K’ does not lie in G(L, S3),. In other words,
such a class is nontrivial in G(L, S®)/G(L, S*),. By properties of the lower central series and by

construction, we have the following commutative diagram:

G(L,S3)/G(L,S3), ba » G(K. #' S1x8%)/G(K.# §1x5?),
F/Fy

We see that ¢(Ag) is conjugate to a longitude of K. From our diagram,
G(K.# S'x52)/G(KH# 51x8?), = G(L.S¥/G(L.S),
by the isomorphism g4 o /4, and thus ¢4 (A7) is nontrivial in G(K, #l S1x Sz)/G(K, #l S1x Sz)q_l.

Since G(K , #l StxsS 2)q—1 is normal, this means no possible basing of a O—framed longitude of K’ is
in G(K.#' S1x5?)__ |, and by Theorem 4.5, D(K) <q + 1. O

This theorem gives us a way to construct many nullhomologous knots which are not concordant to each
other (or the unknot) using various realization theorems for Milnor’s invariants. In particular, the beautiful
examples involving Bing doubling along a tree by Cochran in [3] allow us to construct links in S3 whose
only nonzero Milnor’s invariants are a specific weight g (and he further outlines procedures for finding
more general “antiderivatives” of links given a specific iterated commutator of generators). It is important
to note that if a knot K C #" S x §2 has an associated (n+41)—component link L, as in Theorem 4.8,
which is not link homotopic to the trivial link, the Dwyer number is perhaps a more subtle invariant
than is needed as the homotopy class of the knot in the 3—manifold is nontrivial. Therefore, to construct
examples illustrating the utility of D(K) to show a knot is not concordant to the unknot, they should
correspond to links in S3 which are link homotopic to the trivial link. We can construct such examples
using the family of “Sydney’s links” defined in [3] and denoted by L,, where n > 5.

Proposition 4.9 Let L C S3 be an (n+1)—component link with slice components such that an n—
component sublink U is the unlink. Then the image of L \ U after performing O—surgery on U is a knot
K c #" S! x S2 which is slice in I]n D2 x S? and, if L had at least one nonvanishing Milnor invariant

of some weight I, is not concordant to the unknot in (#" S x §?) x I.

Proof Note that L \ U is a slice knot in S3, and therefore it bounds a disk A in B*. Denote the result of
attaching O—framed 2-handles to B* along each of the n components of U as X. Since A is properly
embedded, we immediately see the image of L \ U is slice.

Now assume L has some lowest-weight nonvanishing Milnor invariant fi7, (/) of weight g. Then D(K)=¢
by Theorem 4.8, and therefore by Theorem 3.10 K is not concordant to the unknot. |
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Theorem 4.10 For each i € Z 4 there is a nullhomotopic family of distinct knots
(Lo CH#'S'xS? | nez)

with trivial algebraic self-linking number (in the sense of Schneiderman in [22]) which bound a smooth
properly embedded disk in f]' D? x 2 but are not concordant to the trivial knot in (#' S1 x S2) x I.

Proof Sydney’s links with O—surgery performed on the component in Figure 1 satisfy the hypothesis
of Proposition 4.9. More precisely, these links are exactly the L,, for n > 5 which are homotopically
unlinked, but have Milnor invariant ji(1...12211221...1) = (=1)"*!, where each string 1...1 has
n — 3 repetitions of 1. The ellipses denote n — 3 repetitions of the repeated tangle. They give a family of
knots K5, in S x S% which are nullhomotopic, slice in D? x §2, and which are not concordant to the
unknot in S x S? x I.

It is straightforward to construct links in further numbers of copies of S! x S? which are nullhomotopic,
slice in boundary connected sums of D? x S2, and which are not concordant to the unknot in S x §2 x I.
Let L), be the [ with first two components L5, labeled x and y, and with an additional n —5 components
labeled z; through z,_5 as pictured in Figure 4. Using the same surfaces for the first two components as
in [3] and additional punctured tori for each new component, we can compute that the lowest nonvanishing
Milnor invariant is weight 4. From the diagram, we see the surfaces for x and y can be perturbed to
intersect in the connected curve c(xy) and the surfaces for the additional components intersect the surface
for x as shown. Since ¢(xy) and c¢(xz;) are weight-2 curves (using the terminology of Cochran) which
have nonzero linking number, and one can check from the diagram there are no nonzero linkings of

=
—0 L[\

=) -/
c(xzy) \_,C/

Figure 4: The links L/, along with surface intersection curves c¢(xy) and ¢(xzy).
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Figure 5: An embedded order-6 half-surface tower in S x.S2\ v(J) whose bottom stage generates
Hy (ST x §2\v(J)).

lower-weight curves, the link in question has a nonvanishing Milnor’s invariant of weight 4. Therefore, the
result of O—surgery on the same component of the L5, sublink and the additional unlinked components
has Dwyer number 4 by Theorem 4.8. |

It is often possible to get a lower bound on the Dwyer number directly by constructing embedded half-
surface towers of order m which generate the second homology of the complement. In this way, if we
have a fixed K for which D(K) is known, we can sometimes directly show a specific J is not concordant
to it by demonstrating the appropriate half-surface tower of order m, where half of a symplectic basis
for the surface bounds further embedded surfaces, as in Figure 5. Pictured is a knot in J C #2 S1xgs2
with an embedded half (6)—surface and an embedded SZ; together they generate H2(#2 S1x 82\ K),
and thus J is not concordant to L, as D(L,) =4 but D(J) > 5. Note that this bound is not sharp, as a
G,—surface is not exactly the same thing as an embedded surface tower; from Theorem 4.8 and Section 2
we can compute that the lowest-weight nonvanishing Milnor’s invariant underlying link in Figure 5 is
Ar(111111111112) =1, and thus D(J) = 12.

Recall that our construction of D (K) arose originally by studying the effect of the knotification construction
on a link.

Definition 4.11 (knotified link [20] ) Let L be an n—component link in S 3. The knotified version of
this link is denoted by « (L), lies in #"7! S1x 2, and is obtained in the following way:

Fix n — 1 embedded copies of S° inside L labeled {p;, ¢;} so that if each p; and g; are identified, the
resulting quotient of L is a connected graph. Now, view each pair as the feet of a 4—dimensional 1-handle
we can attach to B#, and note that looking at the boundary of the result we get L inside #1151 x 82,
We can now band sum the components of L together inside the boundary of these 1-handles to get a knot
i(L) inside #" 1 S1 x §2. We call k(L) the knotification of the link L.

To address this case, we must first introduce the following notion:
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~

—

Figure 6: A link L C S3 and its knotification k(L) C S x SZ# S! x S2.

Definition 4.12 (interior band sum [3]) Given a link L of m components and disjoint oriented embedded
bands by, ..., by in S3 homeomorphic to [0, 1] x [—1, 1] whose intersections with L are along the initial
and terminal arcs b; ({0, 1} x [—1, 1]) which lie in L and have the opposite orientation, a new (polygonal)
link can be defined by deleting the collection of arcs {0, 1}x[—1, 1] and replacing them with [0, 1] x{—1, 1}.

This definition allows us to use a slight restatement of [3, Theorem 8.9 | which we will use in calculations.
The restatement also corrects an indexing error in the original proof.

Theorem 4.13 (Cochran [3]) Suppose that b(L) is an interior band sum involving k bands. If the first
nonvanishing ji—invariant of L is weight < r < oo, then the first nonvanishing ji—invariant of b(L) is
weight greater than |r/(k + 1)].

We can now prove the following bound on the Dwyer number of a knotified link:

Proposition 4.14 Let L C S3 be an n—component link whose first nonzero Milnor invariant jiy (1) is
weight g for some positive integer q. Then D(k (L)) > [(g — 1)/n].

Proof The knotification of L can also be constructed using the following process. First, take the
disjoint union of L with an (n—1)—component unlink U and perform an interior band sum on the sublink
L C LUU with n— 1 bands, one through each component of the added unlink. We will call the resulting
link J. Notice that U is unchanged by this procedure and L has fused to become a 1-component sublink,
which we call L’. We finally arrive at the knotification by performing O—surgery on the sublink of L’
corresponding to U. By the above theorem of Cochran, the first nonzero j1s is weight r 4 1. The result
then follows from Theorem 4.8. |

We conclude this section by illustrating the following properties of D(K):

Proposition 4.15 In #' 51 x 82 for any | € Z4, every nullhomologous knot K C #' 51 x S2 has

D(K) > 3. Moreover, every integer larger than 3 can be realized as the Dwyer number of a slice knot in
# S1x 82,
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Figure 7: J3C#2S!'xS%and J, Cc #3 5! x 2.

Proof Since K is nullhomologous, from Lemma 4.4 we can see that the only relation in G/ G4 not
coming from a product of simple commutators in Fy is [x, Ry(/)], where Ry (/) is freely homotopic to
a O—framed longitude of K modulo Fj; and is therefore in F>. Thus, [x, R;(/)] € F3 and D(K) > 3. If
K is the unknot, #l S1x 82\ v(K) is homeomorphic to the connected sum of #l S1 x S2? with a solid
torus. Thus every generator of Hz(#l S1x S22\ v(K )) can be represented by a map of a half-surface
tower of order m of arbitrary class.

To see that every integer i larger than 3 is realized as the Dwyer number of a knot, we will construct
a simple family of knots J;. First, consider the oriented Hopf link inside S3. To get J3, double one
component of it to get the Borromean rings and perform O-surgery on two components as shown in
Figure 7. Since the Borromean rings have first nonzero ji—invariant (i(123), by Theorem 4.8 D(J3) = 3.
Iterate this Bing doubling process on the doubled Hopf link as shown in Figure 7 and perform O—surgery
on the sublink, leaving out exactly one new component after this doubling procedure.

’

Notice that the underlying link in the surgery diagram is the result of the “Bing doubling along a tree’
procedure described in [3], and thus the resulting link from doubling a single component of J; to get
Ji+1 has a nonvanishing Milnor invariant of weight i + 1. Additionally, all Milnor invariants of smaller
weight vanish, and therefore by Theorem 4.8, D(J;) =i for all i > 3. Each of these knots J; bounds an
obvious disk in ui_l D? x §2, as in Figure 8. m|

Our invariant has applications to recent work of Celoria in [2]:

Figure 8: A slice disk for K>.
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Definition 4.16 A knot K inside a 3-manifold Y is local if there is an embedded B3 C Y such that K C B3.
Similarly, a link L inside a 3—manifold Y is local if there is an embedded B3 C Y such that L C B3.

Definition 4.17 (Celoria[2]) Two knots Ky and K7 in a 3—manifold Y are almost-concordant Ko ~4. K1
if there are local knots K{j and K| in Y such that Ko # K|, is concordant to K # K} in ¥ x I.

Proposition 4.18 Fix [ € Z>¢ and let K be a nullhomologous knot in #l S1x S2. Then D(K) is an
invariant of almost-concordance in #l S1xS2.

Proof There is a surgery diagram for K as an (/+1)—component link in S3 with O—surgery performed
on [ of the components (note, this diagram is certainly not unique). By Theorem 4.8, D(K;) is exactly
the weight of the first nonvanishing Milnor invariant of this link in §3, which we will call L. By abusing
notation, let K’ also refer to the image of the local knot inside S3. Then infecting the component of L
corresponding to K after surgery by the knot K/ results in a link L} with all of the same Milnor invariants
as L; by Otto [18, Proposition 4.2]. Finally, it is clear that there is a O—surgery on an /—component sublink
of L} giving the sum K # K’ C #l S1x 8§2, and thus applying Theorem 4.8 again, D(K) = D(K # K’)
when K’ is a local knot. O

Therefore Theorem 4.10 also gives us families of knots in #i S1 % S2 for each i which are not almost-
concordant in #' S x S2 to the unknot (or each other).
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Wall-crossing from Lagrangian cobordisms

JEFF HICKS

Biran and Cornea showed that monotone Lagrangian cobordisms give an equivalence of objects in the
Fukaya category. However, there are currently no known nontrivial examples of monotone Lagrangian
cobordisms with two ends. We look at an extension of their theory to the pearly model of Lagrangian
Floer cohomology and unobstructed Lagrangian cobordisms. In particular, we examine the suspension
cobordism of a Hamiltonian isotopy and the Haug mutation cobordism between mutant Lagrangian
surfaces. In both cases we show that these Lagrangian cobordisms can be unobstructed by a bounding
cochain, and additionally induce an A, homomorphism between the Floer cohomology of the ends. This
gives a first example of a two-ended Lagrangian cobordism giving a nontrivial equivalence of Lagrangian
Floer cohomology.

A brief computation is also included which shows that the incorporation of a bounding cochain from
this equivalence accounts for the “instanton-corrections” considered by Auroux (2007), Pascaleff and
Tonkonog (2020) and Rizell, Ekholm and Tonkonog (2022) for the wall-crossing formula between
Chekanov and product tori in C2\ {z1z, = 1}.

We additionally prove some auxiliary results that may be of independent interest. These include a weakly
filtered version of the Whitehead theorem for A, algebras and an extension of Charest and Woodward’s
stabilizing divisor model of Lagrangian Floer cohomology to Lagrangian cobordisms.

53D37, 53D40

1 Introduction

Wall-crossing. . .

The wall-crossing phenomenon for Lagrangian submanifolds is an observation that the count of holomor-
phic disks with boundary on a family of Lagrangian submanifolds need not be continuous over the family.
The count of these disks and how this count changes over families play an important role in describing
the space of Lagrangian submanifolds up to Hamiltonian isotopy.

The moduli space of Lagrangian branes can be understood locally by constructing coordinate charts.
A Lagrangian brane is a Lagrangian submanifold equipped with a unitary local system. Nearby any
Lagrangian, the flux of a Lagrangian isotopy builds a local (C*)* chart, where k = dim(H!(L:;R)). An
expectation which has been proven in good examples (such as Auroux [3] and Palmer and Woodward [28])
is that the open Gromov—Witten (OGW) potential, which records an area-weighted count of the holomorphic
disks with boundary on a given Lagrangian L, is a holomorphic map in these coordinates. Both the

© 2024 The Author, under license to MSP (Mathematical Sciences Publishers). Distributed under the Creative Commons
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symplectic area of these disks and the flux of an isotopy are complexified by the unitary local system on
the Lagrangian submanifold.

Locally, the flux-charts and the OGW potential are holomorphic. However, neither of these can consistently
provide coordinates or functions globally. An inconsistency occurs when a holomorphic disk “bubbles”
over a Lagrangian isotopy, causing a discontinuity in the OGW potential. To consistently construct
coordinates on the moduli space of Lagrangian submanifolds, one must incorporate “instanton corrections”
to the count of holomorphic disks and flux computation. Auroux [3] and Kontsevich and Soibelman [22]
phrased these corrections in terms of a wall-crossing formula. In this paradigm, the moduli space of
Lagrangian submanifolds is divided into chambers of Lagrangians which do not bound Maslov index 0
disks. Separating these chambers are “walls” consisting of the Lagrangian submanifolds which bound
Maslov index 0 disks. To transition from coordinates on one chamber to another, one computes a wall-
crossing formula given by the count of Maslov index 0 disks, which appropriately modifies the OGW
potential and flux computation.

A particular example of wall-crossing occurs when a monotone Lagrangian torus L bounds a Lagrangian
disk D. For such pairs there exists another Lagrangian, called the mutation wp (L), lying in a different
chamber. Palmer and Woodward [28], Pascaleff and Tonkonog [29] and Rizell, Ekholm and Tonkonog [31]
explicitly computed the wall-crossing formula between these two chambers. Notably, this computation
gives a wall-crossing formula between two Lagrangians which are not Hamiltonian isotopic.

The geometric justification for these wall-crossing transformations comes from the homological mirror
symmetry conjecture of Kontsevich [21]. Associated to a symplectic space X is the Fukaya category
Fuk(X) whose objects are Lagrangian submanifolds. The conjecture predicts that, for a Calabi—Yau
manifold X, there exists a mirror Calabi—Yau manifold X such that the symplectic geometry of X as
recorded by Fuk(X) is interchanged with the complex geometry of X as recorded by D Coh()? ). One
way to recover the space X is to study the moduli of points on X. A useful perspective comes from the
SYZ conjecture (see Strominger, Yau and Zaslow [32]), which presents mirror spaces as dual Lagrangian
torus fibrations. From this viewpoint, a candidate mirror to the skyscraper sheaf of a point in Xisa
Lagrangian torus fiber of the SYZ fibration X — Q.

As Hamiltonian isotopic Lagrangian submanifolds give quasi-isomorphic objects of the Fukaya category,
the moduli of objects in the Fukaya category is a good proxy for the Hamiltonian isotopy classes of
Lagrangian submanifolds. This Fukaya-categorical interpretation has the advantage that the incorporation
of “instanton corrections” naturally arises in the construction of the Fukaya category. The presence
of holomorphic disks with boundary on a Lagrangian L complicates the construction of the Fukaya
category considerably. To account for the presence of holomorphic disks, one must equip each Lagrangian
submanifold with additional data. The objects of the Fukaya category are pairs (L, b), where b is a
“bounding cochain” deforming L as an object of the category. This deformation encodes an algebraic
cancellation of holomorphic disks with boundary on L. Hamiltonian isotopy still produces an equivalence
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of such pairs, where disk bubbling is recorded by modifications of the bounding cochain. In the examples
of crossing a wall, Lagrangians (L, 0) in one chamber are equivalent to (L, ") in the second chamber. The
perspective of Fukaya, Oh, Ohta and Ono [17] is that the nontrivial deformation 4’ should be considered
as the correction which occurs in the wall-crossing formula.

...and Lagrangian cobordisms

In the previous discussion, we focused on Hamiltonian isotopy as the geometric equivalence relation
on objects of the Fukaya category. Another such equivalence relation was exhibited by Biran and
Cornea [8], who proved that Lagrangian submanifolds related by monotone Lagrangian cobordism are
equivalent objects in the Fukaya category. As every Hamiltonian isotopy gives an example of a Lagrangian
cobordism, this indeed generalizes the previously considered equivalences. However, the monotonicity
condition precludes the existence of Maslov index 0 disks, so examples considered in [8] do not realize
the wall-crossing phenomenon.

A natural extension is to consider Lagrangian cobordisms equipped with bounding cochains. Such a cobor-
dism (K, b) is predicted to yield equivalences in the Fukaya category between the ends (L™, b|; +) and
(L™, b|L-). One interesting example of a Lagrangian cobordism is the mutation cobordism constructed by
Haug [18], which relates mutant Lagrangians. This is an example of a nonmonotone Lagrangian cobordism,
as mutant Lagrangians L and up (L) are generally nonisomorphic as objects of the Fukaya category.

1.1 Results

Our goal here is to extend our understanding of wall-crossing between Hamiltonian isotopic Lagrangians
to wall-crossing between cobordant Lagrangians. We use the pearly Floer complex CF*(L) as a receptacle
for counting holomorphic disks. This is a deformation of the Morse complex CM*(L) constructed by
inserting holomorphic disks with boundary on L into the flow lines of the Morse function. CF*(L) is a
filtered A algebra. We first prove that the pearly Floer complex of a Lagrangian cobordism is compatible

with the pearly Floer complex of the ends:

Theorem 1.1.1 (restatement of Corollary C.5.2) The projections of the Floer cohomology of a La-
grangian cobordism to that of its ends % : CF*(K) — CF*(L¥) are Ao, homomorphisms.

We employ these new Floer results to extend [8] to the nonmonotone and cylindrical setting:

Theorem 1.1.2 (paraphrasing of Proposition 3.0.2) Suppose that K: L™ ~ L™ is a Lagrangian
cobordism diffeomorphic to L™ x R. Then there is a homotopy equivalence of filtered Ao, algebras
Ok :CF*(L™) — CF*(L™).

As every Hamiltonian isotopy of Lagrangians produces a cylindrical suspension Lagrangian cobordism
realizing that isotopy, this generalizes invariance of Floer cohomology of Hamiltonian isotopic Lagrangians
to the unobstructed setting. The method of proof differs from the Hamiltonian isotopy setting and uses that
CF*(K) is the deformation of the mapping cylinder CM*(K). In the setting where L™ is tautologically
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unobstructed, we show that K is unobstructed by a bounding cochain whose restriction to L™ is trivial
but whose restriction to L+ may not be.

The first nonmonotone and noncylindrical example that we look at is the mutation cobordism. We similarly
prove that this cobordism gives an equivalence:

Theorem 1.1.3 (paraphrasing Theorem 4.2.5) Let K< : L ~> g (L) be a mutation cobordism
satisfying Definition 4.2.6. Then there exists a deforming cochain b € CF*(K MB) such that CF*, (K MB)
is an A~ mapping cocylinder, yielding a map of filtered Ao algebras:

O s : CF"— (1§ (L)) — CF i (L).

The proof is more difficult than the cylindrical case, as CF*(K) is not the deformation of a mapping
cylinder. To show that K is unobstructed, we must construct a bounding cochain for K s, accounting for
an interesting holomorphic disk with boundary on K 15, - The main observation for mutation cobordisms
is that the portion of the pearly differential on CF*(K) arising from this holomorphic disk exactly cancels
out the noncylindrical topology of K.

We verify in a computation included in the appendices that this theorem can be applied to the setting of
monotone Chekanov and product tori in C2 \ {z1z5 = 1}. In this example, the bounding cochain on the
Chekanov and product tori inherited from the Lagrangian cobordism corrects the cohomology of these
mutant Lagrangians. This correction matches the wall-crossing transformations constructed by Auroux [4].
This gives (to our knowledge) the first example of a noncylindrical two-ended Lagrangian cobordism
yielding an equivalence in the Fukaya category. This also gives a Fukaya category interpretation to the
wall-crossing result of Pascaleff and Tonkonog [29], and the invariance of immersed Floer cohomology in
this setting (as computed by Palmer and Woodward [28]). Our result can be considered as an application
of the viewpoints of Biran and Cornea [8] and Fukaya, Oh, Ohta and Ono [17] on wall-crossing to
non-Hamiltonian isotopic Lagrangian submanifolds.

We include some auxiliary results: a weakly filtered version of the Whitehead theorem (Theorem A.2.1), a
definition of domain and label-dependent perturbation systems for the pearly model (Appendix B), a con-
struction of stabilizing divisors for Lagrangian cobordisms (Lemmas C.1.2 and C.1.3), and compatibility
of the pearly model of a Lagrangian cobordism with its ends (Theorem C.5.1).

1.2 Structure

Section 2 discusses the pearly model of Floer cohomology in the setting of Lagrangian cobordisms. We
review some existing versions of the pearly model in Section 2.2, as well as provide an outline extending
the pearly model to the noncompact setting. We summarize the relevant results from the appendices which
are required for the remainder of the paper. The first is a way to construct a perturbation datum for the
purpose of computing specific structure constants for the pearly model. The second is the extension of the
stabilizing divisor pearly model of Charest and Woodward [10] to the setting of Lagrangian cobordisms.
The proofs of these results are delayed until Appendices B and C.
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In Section 3, we look at a toy model where we recover invariance of CF*(L) under Hamiltonian isotopy
using nonmonotone Lagrangian cobordisms. The core of the proof is to show that the Lagrangian
cobordism gives an example of an A, mapping cocylinder, from which a continuation map can be
recovered by the application of Theorem A.3.2. The cobordism is our first example of a nonmonotone
cobordism giving an equivalence of objects in the Fukaya category, and the method of proof provides a
road map to the more general case considered later.

Section 4 contains our main theorem. We first introduce the Lagrangian mutation cobordism from
Haug [18] in Section 4.1. We take some care to work out the parametrization of this cobordism explicitly
in the setting of C2\ {z1z, = 1}. This care is necessary to later characterize the kinds of holomorphic
disks which can appear with boundary on this cobordism, and to compute explicitly the flux swept
between the ends of the Lagrangian cobordism. Section 4.2 looks at the mutation cobordism constructed
from a mutation pair— a Lagrangian L bounding a Lagrangian disk D. The remainder of the section is
spent proving Theorem 4.2.5, which shows that this mutation cobordism K, ,,, when equipped with an
appropriate bounding cochain, gives an equivalence in the Fukaya category. The idea of the proof is very
similar to Section 3, in that we show that the mutation cobordism K ,, has the Floer cohomology of a
mapping cocylinder. This is complicated by the fact that the underlying topology of K, ,, is not that of a
cylinder. We outline the proof here:

 In Section 4.3.1 we construct a Morse function for K, , and point out how this cobordism fails to be a
topological cylinder between its ends.

* In Section 4.3.2 we find a holomorphic disk with boundary on K, .

e In Section 4.4.1 we show that this holomorphic disk contributes to m(l)(u in such a way that its lowest
D
order contributions can be canceled out by a deforming cochain d.

* In Section 4.4.2 we show that there is a homotopy between CF* 4 (K, ) and its left end CF*4_|, - (L™)
which uses the component of the deformed differential arising from the holomorphic disk.

* In Section 4.4.3 we present K, ,, as a weakly filtered Ao, mapping cocylinder (see Definition A.3.1)
using the homotopy constructed above and conclude the existence of a continuation map.

In Section 5 we look at an application of Theorem 4.2.5 to the Chekanov and product tori in C2\{z;z, =1}.
In addition to showing that these objects have the same Floer cohomology (and conjecturally correspond
to the same object of the Fukaya category), the bounding cochains inherited from the Lagrangian
cobordism deform the local Flux coordinates on the moduli space of Chekanov and product tori. Assuming
convergence of sums taken with C coefficients and a multiple cover formula for Maslov index O disks,
these coordinate changes are shown to match the computations made in Auroux [3].

We additionally include three appendices with auxiliary results. Appendix A states some known facts for
filtered Ao algebras and morphism of Ao, algebras. It also includes the statements of Theorems A.2.1
and A.3.2. The first is an extension of the homotopy transfer principle of Kadeishvili [20] or the filtered
Aco Whitehead theorem (see Fukaya, Oh, Ohta and Ono [17]) to the setting of weakly filtered Ao
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homotopies. The second is a proof of existence and characterization of mapping cocylinders for filtered
Ao algebras.

Appendix B extends the construction of Charest and Woodward [10] to use perturbations that depend
on the domain and the labels of the domain. The main application, Lemma B.3.2, shows that under
strong conditions we can use a nonperturbed almost complex structure to compute some of the structure
coefficients for the pearly model.

Appendix C adapts the construction of [10] to Lagrangian cobordisms. The main results are Lemmas C.1.2
and C.1.3 which construct Donaldson divisors of large degree for Lagrangian cobordisms. The Donaldson
divisors can be made weakly stabilizing. Furthermore, the divisors and weakly stabilized almost complex
structures are split (across the product X x C) outside of a compact set. This allows us to construct a
pearly model for Lagrangian cobordisms (Corollary C.4.2) and obtain compatibility between the pearly
model of a Lagrangian cobordism and that of its ends (Corollary C.5.2).

1.3 Notation

We introduce here several pieces of notation that are used throughout the paper.
e Let Ay,..., A be vector spaces. The componentwise projection is the map
gkil-lki . (A, @...@Ai)®k1+-~-+ki N Ai@kl ®...®A;,X’ki_
e Let A=A @ A°® AT and let m*: A®% — A be a multilinear map over field F. When we want to
restrict the domain and codomain we’ll write
k
mbitesto. ®A5i N AZO’
i=1
where the ¢; are chosen from the labels {+, —, 0}. In this notation m>* : F — A¢ denotes an element in AL,

e Let f: Xt — X~ be a map of topological spaces. The mapping cylinder is the topological space
eyl(f) =Xt x1I) Uetx{1}~fx+)) X - This comes with inclusion maps iy -+ : X* > cyl(f) and a
pushforward map 7 : cyl( f) — X~ . We denote the maps on the cochains by

BE 1= (iy2)*: C*(eyl(f)) = C*(XF) and o = (2)*: C*(X7) — C*(cyl(f)).
e All symplectic manifolds considered are rational and aspherical. Unless specifically noted, all La-

grangian submanifolds considered are spin, graded, rational and embedded.
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2 Background

2.1 Lagrangian cobordisms

Lagrangian cobordisms are Lagrangian submanifolds in X x C which interpolate between Lagrangian
submanifolds of X. In addition to providing an interesting relation on Lagrangian submanifolds of X,
cobordant Lagrangian submanifolds are frequently equivalent objects of the Fukaya category.

Definition 2.1.1 [1] Let L™ and L™ be Lagrangian submanifolds of X. A two-ended Lagrangian
cobordism between L~ and L7 is a proper Lagrangian submanifold K C X x C which satisfies the
following conditions:

o Fibered over ends There exist constants t~ < ¢ T such that

KN{(x,z)|Re(z) >tT —e} =Lt xR+ KN{(x,z)|Re(z) <t  +€} =L xRes—te.

e
e Compactness There exists a constant s > 0 such that the projection ,g : K — (R C C is contained
within an interval [—us, ts].

We denote such a cobordism by K: L™ w LT,

We visualize a Lagrangian cobordism by drawing its projection to the C parameter, as in Figure 1. There
is a generalization of this definition to cobordisms with multiple ends, which requires that the Lagrangian
cobordism fibers over rays of fixed argument outside of a compact subset of C. A specialization of the
result of [8] proves that the equivalence relation of monotone cobordance descends to the Fukaya category.

Theorem 2.1.2 Suppose that K: L™ ~ LT is a monotone Lagrangian cobordism. Then L~ and L™
are equivalent objects of the Fukaya category.

In [8], it is stated that this result is expected to hold in a more general setting where the Lagrangians
are equipped with the additional data of orientations, local systems, bounding cochains, etc. We look to
understand this result in the context of pearly algebras of cobordant Lagrangians, where the Lagrangian
cobordism may be nonmonotone but unobstructed by a bounding cochain.
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Figure 1: The profile of the Morse function for a cobordism. Bottlenecks are inserted on the ends
of the cobordism.

Definition 2.1.3 Let (L™,27) and (LT,h™) be two Lagrangians equipped with choices of Morse

function, spin structure and grading. An admissible Lagrangian cobordism between these is the data of
(K, h), where

e K is a Lagrangian cobordism between L™ and L™,

e h: K — R is a Morse function, and

e we have a spin structure and grading for K compatible with those of the ends.

The Morse function # is required to satisty the following compatibility conditions:
(i) The Morse flow restricted to the fibers above real coordinates ¢~ and ¢ is determined by h*:
gradh|nﬂ€1(t_) = (gradh—,0) and gradh|m§1(t+) = (grad ", 0).
(ii) The fibers above t* are perturbations of Morse—Bott maximums in the sense that, at points ¢ € K,

dt(—grad h) |z (g)<i— <0, dt(—grad h)|;— <xp (g)<t—+e > 0,
dt(—gradh)|ﬂR(q)>,+ >0, dt(—grad h)|t+—€<m(q)<t+ <0.

One way to construct an admissible Morse function for a Lagrangian cobordism is to consider the function
h for K, as drawn in Figure 1, which is only dependent on 7, and then take a Morsification which is
constructed in the regions around ¥ using an #*—perturbation. The function h is Morse—Bott near the
ends, and we call critical submanifolds L® x {r*} the bottlenecks of the cobordism.
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Proposition 2.1.4 Let K be a Lagrangian cobordism equipped with an admissible Morse function.

e Even though K is noncompact, the moduli space of Morse flow lines between two critical points
admits a compactification by broken flow lines.

o The Morse flow lines y of CM*(K, h) for which nr(y) = t* are exactly the Morse flow lines of
CM(L*, h¥).

As a result, we obtain projections of the Morse cochain complexes to the ends:

CM* (K, h)

Ty

CM*(L=,h™) CM*(L*, h™T)
2.2 Pearly model for Floer complexes

The receptacle we choose for the count of holomorphic disks with boundary on a compact Lagrangian L
is the pearly Floer cohomology of a Lagrangian. This is a filtered A, algebra CF*(L, h) specified by
a choice of a Lagrangian submanifold L, admissible Morse function #: L — R and perturbation data.
The algebra structure is determined by taking a count of treed disks, which are flow trees of the Morse
function 4 deformed with insertions of holomorphic disks with boundary on L at the vertices. Several
versions of this algebra have been constructed with a variety of conditions imposed on the Lagrangian L
and the manifold X. Some models of the pearly Floer cohomology include [6; 10; 16; 24].

In [6], a version of the pearly quantum homology for monotone Lagrangian submanifolds was constructed.
In this model, the symplectic spaces studied are symplectically convex at infinity, and the Lagrangian
submanifolds considered are compact and monotone. With these hypotheses, [6] gave the definition of the
pearly quantum cohomology QC, (L, &), which is a deformation of the Morse chain complex CM, (L, h).
Furthermore, in [7] they extend this theory to the setting where K C X x C is a monotone Lagrangian
cobordism (Definition 2.1.1). Lagrangian cobordisms have pearly quantum homology with inclusion
maps QH,(L*, ) — QH, (K, h), where L* are the ends of the Lagrangian cobordism K.

In [10], the pearly model is constructed with relaxed requirements for the Lagrangian L. For compact
symplectic spaces X with rational symplectic form, [10] defines a pearly algebra CF*(L, /). The key
piece of additional input into this construction is a stabilizing divisor which intersects every holomorphic
disk with boundary on L. These intersection points stabilize the domain of the holomorphic disks,
allowing one to construct domain-dependent perturbations to the Cauchy Riemann equations. With this
deformation, [10] cuts out a regularized moduli space of treed disks.

Theorem 2.2.1 [10] Consider (X, w) a rational symplectic manifold. Let L C X be a spin and graded
Lagrangian submanifold and h: L. — R a Morse function. There exist a weakly stabilizing divisor
Dyx C X\ L and admissible domain-dependent perturbation datum P for L defining a filtered Ao algebra
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CF*(L, h,P). The filtered Ao homotopy type of CF*(L, h, P) is independent of Morse function, weakly
stabilizing divisor and admissible domain-dependent perturbation datum.

For this reason, when the choice of perturbation P or Morse function / is unimportant, we will write
CF*(L, h) or CF*(L) instead.

In Appendices B and C we make two extensions to the construction of [10]. We include short summaries
of these two appendices here, and highlight the results from those sections which are necessary for the
main portion of this article.

2.2.1 Domain and label-dependent perturbations The first modification, constructed in Appendix B,
is to introduce a perturbation datum for treed pseudoholomorphic disks which depends not only on the
domain, but also on the labeling of the domain. The labels are chosen from the critical points of the
Morse function 4.

The advantage to using this set of perturbations comes from examples where a geometrically chosen
almost complex structure and Morse function provide us with a computable set of regularly cut out
pseudoholomorphic flow trees between a specific set of Morse critical points. We’d like to keep these
pseudoholomorphic flow trees, but it is unclear if our geometrically chosen almost complex structure is
regularizing for pseudoholomorphic treed disks between other Morse critical points. By allowing our
perturbation datum to depend additionally on the limiting labels of the pseudoholomorphic flow trees, we
can keep our perturbation fixed on the areas where we know how to make our calculation, and modify
it elsewhere. See Section B.2.3 for more detailed comments on where domain and label-dependent
perturbations fit in with other regularizations methods.

A specific example of where this works out is given in Section B.3, the results of which we now state.
Let J© be an almost complex structure and let #: L — R be a Morse—Smale function. Suppose that there
is a J %—holomorphic disk e : (D?,3D?) — (X, L) such that

¢ the boundary of uy is transverse to all upwards and downward flow spaces of critical points of /, and

o the disk u is regular and is the unique disk that intersects the stabilizing divisor at a single point.

Suppose that deg(x;) = 1, deg(xop) = 2, and that there are no Morse flow lines from x; to xo. The
hypothesis on the regularity of ucx and transversality of du.x with the flow spaces shows that unbroken
pseudoholomorphic flow-trees whose type belongs to

I

¥ixo -= {Lp [ind(Cp) < 0, input label is empty or x1, output is xo, at most 1 interior marked point}

are regularly cut for P°, the trivial perturbation determined by J© and .

The hypothesis on [10, Theorem 4.19] is too restrictive to show that the perturbation system 77]?51 defined
*1X0
for types I'p € ]If;;o can be coherently extended to a regular perturbation system for all combinatorial types.

This is because I[*S;;O is not downward closed (informally: the coherence conditions for combinatorial types

in ]I*%CO involve combinatorial types outside ]If;;o; see Definition B.1.4). For instance, the combinatorial
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type of a Morse flow tree with inputs y and x; and output x¢ appears in the downward closure of ]IE;}CO,

but not in ]If;ko —this tree could additionally break at further critical points, giving more broken types
in the downward closure of our original set of combinatorial types. It is very unlikely that the trivial
perturbation of Morse flow lines will be regularizing for all of these combinatorial types, as Morse
flow-trees are never regular for the trivial perturbation (unless the moduli space is empty!). So, we will
usually not be able to find a P which is a coherent regular extension of Pﬁ)ﬂo'

However, we can take the following strategy: given P° which regularly cuts out our moduli spaces ]If;;o
for some subset of types, we look for a regular coherent perturbation P, not necessarily agreeing with P°,
but having the same moduli spaces for the desired set of combinatorial types.

Lemma 2.2.2 (paraphrasing Lemma B.3.2) There exists a full regular coherent perturbation system
P such that, for every combinatorial type in I'p € ]IE;LO, the count of P—perturbed pseudoholomorphic
curves of type T'p agrees with the count of P°—perturbed pseudoholomorphic curves.

2.2.2 Pearly model for Lagrangian cobordisms The second modification of the pearly model of [10],
constructed in Appendix C, concerns the extension of the results of [7] to [10]. We show that a perturbation
datum and stabilizing divisors may be chosen so that projection maps from the pearly Floer cohomology
of a Lagrangian cobordism to the ends exist. While we use [10] as a framework due to our familiarity
with this particular version of the pearly model, we expect the techniques employed here should transfer
in the most general sense to other models of Lagrangian Floer cohomology, or any abstract regularization
method used to construct the moduli spaces of pseudoholomorphic treed disks.

Lemma 2.2.3 (paraphrasing of Lemmas C.1.2 and C.1.3) Let K: L™ ~» L™ be a Lagrangian cobordism
and h: K — R a compatible Morse function. There exists a weakly stabilizing divisor D C (X x C)\ K,
and Pk for K satisfying the following properties:

e Pk is admissible, in that it is E—weakly stabilized by the divisor D, regular and coherent.

e Pk consists of domain-dependent choices of almost complex structure for which the projection
nc: X x C — C is holomorphic outside of a compact set.

We use this to prove that the moduli space of pseudoholomorphic treed disks is compact (Proposition C.4.1)
and compatible with the perturbation systems P; 1 for the ends L* of the Lagrangian cobordism
(Theorem C.5.1). Compactness allows us to define the pearly model for Lagrangian cobordisms
(Corollary C.4.2), while compatibility proves that the projections

CF*(K,h)
S ~L
CF* (L™, h™) CF*(L*,h)
are filtered Ao, homomorphisms (Corollary C.5.2). This is the extension of Proposition 2.1.4 to Lagrangian
Floer theory.
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3 Toy model: continuation maps from cylindrical cobordisms

We now give an example where the results of [8] apply to the nonmonotone setting. While we allow our
Lagrangian cobordisms to possibly bound holomorphic disks, we require that the cobordism’s topology
be cylindrical. A relevant set of examples are the suspension of a Hamiltonian isotopy.

Definition 3.0.1 (suspension of a Hamiltonian isotopy) Let H;: X x R; — R be a Hamiltonian with
support on [t ~,t1]. Let ¢, : L xR, — X be a Lagrangian isotopy induced by the Hamiltonian flow of H,.
The suspension of the Hamiltonian isotopy ¢, is the Lagrangian cobordism Kpg, given by the embedding

LxR—>XxC (x,t)—~ ((,bt(x),t +th(¢t(x))).

More generally, given a Lagrangian homotopy ¢;: L x R; — X which is exact (in the sense that
L(d¢/dr)@|L, is an exact form for all 7), there exists a similar construction for the suspension of the exact
homotopy. In a similar vein to the equivalences constructed in [8], the suspension Lagrangian cobordism
gives a continuation map for the pearly algebra of L.

Proposition 3.0.2 Let L~, L™ C X be two Lagrangian submanifolds, with Morse functions h*: L* — R.
Suppose that K C X x C is an embedded Lagrangian cobordism with ends on L™ and L. Furthermore,
suppose that there is a diffeomorphism K =~ L™ x R. Then there exists a filtered A, homomorphism
Ok :CF*(L™;h™) — CF(L*;h™).

Proof We pick a particular Morse function % for K. Take a preliminary function
(1) h(t):R - R

which has maximums at #~ and /™ and a minimum at t ™ — ¢; see Figure 1. This defines a Morse—Bott
function on K. We Morsify this function by taking perturbations based on the functions #¥ as considered
in Proposition 2.1.4. By construction, we have an identification
CF*(K,h) =CF* (L™, h")®CF* (LT, hH)[1]® CF* (LT, h™)
as graded vector spaces. From Theorem C.5.1, the pearly differential on Kz decomposes as
m—~ 0 0

) mg =m0 m%0 m*0 |,

0 0 mtt
+;

+ 1
where m matches 7, , .

See Section 1.3 for notation. We additionally have the projection Ao, homomorphisms ¥ : CF*(K, h) —
CE*(L*, h*). The map m™30 is a deformation of the Morse differential on K by terms of nonzero
filtration. Since the Morse portion of the differential

mTO M (LT, k) - CM* (LT, hH)[1]
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is the identity, the Floer differential 77® which arises as a deformation by higher energy terms remains
an isomorphism. Therefore CF*(L~,h~) <~ CF*(K, H) — CF*(L™,h") is a filtered Ao mapping
cocylinder (Definition A.3.1). We obtain a map «: CF*(L™,h™) — CF*(K, h) and a pushforward—
pullback map (Theorem A.3.2)

Ok =BT oa: CF(L™,h7) — CF(L*, ™). m

Remark 3.0.3 The hypothesis that K is diffeomorphic to L™ x R can be weakened to assuming that K

is an A—cobordism, in which case the map m™° is a quasi-isomorphism. While Definition A.3.1 would

no longer apply, one can use [17, Theorem 4.2.45] to obtain the continuation map.
It immediately follows that there is a continuation map for the pearly model of Lagrangian Floer theory.

Corollary 3.0.4 Let L~ and L™+ be Hamiltonian isotopic Lagrangian submanifolds. There exists a
pullback—pushforward map

Op,:CF*(L™,h™) — CF* (LT, h™)
called the continuation map of H;.

Proof Consider the suspension cobordism Kg, and apply Proposition 3.0.2. O

Additionally, the presence of such a map proves the existence of maps between the Maurer—Cartan spaces
of these Lagrangians.

Corollary 3.0.5 Let L™ and L™ be Hamiltonian isotopic Lagrangian submanifolds. If CF*(L™) is unob-
structed by the bounding cochain b™, then L™ is unobstructed by the bounding cochain b™ = (O g, )«b™.
Furthermore, the continuation map can be made a map of uncurved A algebras (Og,),: CF*y—(L7) —
CF*,+ (LT).

Proof The existence of a filtered Ao, homomorphism implies that these maps exist; see Claim A.1.4. O

4 Cobordisms and mutations

In this section we look at cobordisms arising from mutation configurations. We prove that in certain
scenarios such a cobordism gives an A, mapping cocylinder between the Floer cohomologies of its ends.
In Section 4.1 we introduce a local model for mutation in C2 \ {z1z5 = 1}. This local description is used
to construct a holomorphic disk with boundary on the Lagrangian cobordism. In Section 4.2 we use this
disk to build a continuation map from a Lagrangian mutation cobordism.

4.1 Review of the Haug cobordism

This is a review of the mutation cobordism constructed in [18] between the monotone Chekanov and
product tori in C?\ {z1z, = 1}. We assemble this cobordism from pieces built in Lefschetz fibrations.
The fibration we consider is W = zyz,: C? — C, which has a single nodal fiber at the origin.
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We first give a description of Lagrangian surgery in the sense of [23; 30] for Lagrangians in Lefschetz
fibrations. Consider the paths

L4710, R] - C givenby r +ir2

in the base of the Lefschetz fibration with ends on the critical value of the fibration. We take lifts of these
paths to give Lagrangian thimbles L4, L C CZ2. These Lagrangians have the topology of D? and can be
parametrized in coordinates by

Ly={(x+uw.y+w) |22+ <R} and Ly={(x+iy.—y—w)|x>+)2 <R},

We now recall the construction of Lagrangian surgery and the associated suspension cobordism from [7].
We pick a surgery profile curve, which is a map (a(t) +tb(¢)): [-R, R] — C. The functions a(¢) and
b(t) are nonstrictly increasing, and we require that (a(¢) +tb(t)) =t fort < c and (a(t) +tb(t)) = ut for
t > c. This neck provides a local model for the Lagrangian surgery. To insert this neck at the transverse
intersection point of two Lagrangian submanifolds, we take a Darboux chart around the intersection point
which identifies these Lagrangian submanifolds with the totally real and imaginary subspaces of C”
and interpolate between these two subspaces using the surgery profile curve. For the example we are
concerned with, the surgery L4 # L is explicitly described in coordinates by

@) (@) + b)) (& +15), (@(t) + b)) (P +18)) | B2+ §2 =1},

With this construction, we take special care with the order of the summands in the connect sum. Our
convention is that the end of the neck which corresponds to ¢ € [— R, —c] corresponds to the first summand
of the Lagrangian connect sum. The neck width of a mutation measures the amount of flux swept out as
one takes an isotopy from L4 # L to L # L4. The projection of this cobordism under W' is

W(Lp#Ly) = u(a(r) + b)) + %) = 1(a(r) + b (1)),
whose image under W is a curve in the complex plane:
G #L:[-R Rl > C, t> (=2a()b(t) +u(a(t)* —b(1)?)).

Notice that when ¢ € [— R, —c] the coordinate b(¢) equals 0 and the curve matches the positive imaginary
axis. Similarly, when ¢ € [c, R] we have that a(¢) = 0 and the curve matches the negative imaginary axis.
The real component of £4 #{ is always nonnegative. See Figures 2 and 3 for diagrams of the pieces
described above. We can similarly construct a profile for L | # L4 and corresponding path £ # 4.

Given a Lagrangian surgery, [8] describes trace cobordisms K;: Ly#L |~ L ULy and Ky: L LILy v
L # Ly. There is a comparison between the neck width of the cobordism and the area of the projection
of the cobordism to C, which is that the area of projection of the cobordism is at least the neck width. By
concatenating these cobordisms together, we obtain a Lagrangian cobordism Ky o K;: Ly #L | ~> Ly#L .
The projection of K, o K; to C is the eye-shaped Lagrangian drawn in Figure 2. We additional draw the
slices of the Lagrangian cobordism, K|; := myx (n@l (1) N K).
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K|—c K|O K|c

C

Figure 2: The projection of the eye-shaped Lagrangian cobordism, (K, o K; NU) C X xC — C.
The cycle 77, (0, 0) is highlighted in red.

Remark 4.1.1 Another way of stating the relation between area of the projection and the neck width is
to say that the shadow of the cobordism K, o K;, as defined in [13], is an upper bound for the widths of
the two surgeries.

We now wish to make comparisons between the surgery of the thimbles L*, Chekanov and product tori,
and the Whitney sphere. In the base of the Lefschetz fibration, one can construct the Whitney sphere
by taking a c—shaped path £.: [-S, S] — C from the negative end of £ to the positive end of £4 in a
clockwise fashion, so that the concatenation £ - £ - £4 is a matching path from the single critical point of
the fibration to itself. Let L. : [-S, S] x S! — C be the corresponding parallel transport of the vanishing
cycle. The union L, U L U L4 is the Whitney sphere L 2. By attaching L. to L # L4, we will obtain
the monotone Chekanov torus, denoted by L™. By attaching L. to L4 # L, we obtain the monotone
product torus, which will be denoted by L. See Figure 3 for a picture of these Lagrangian submanifolds.

(C\{ZIZQZl} (C\{ZlZ2=1} (C\{2122=1}
Ly #L4y
& br (€c)
e lele X o X
¢y
Whitney product Chekanov

Figure 3: All of the paths in the Lefschetz fibration needed to assemble the tori and cobordism.
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Ke ULy xyai) Ko

Yy Y Ly#L UL, L #L4U6g(L.)

Figure 4: Steps to build our Lagrangian cobordism by projection to the cobordism C parameter
of X xC.

Ideally at this point we would glue the cobordism L. x R to the concatenation K, o K; to obtain a
cobordism between the Chekanov and product tori. However, the Lagrangian L. x R does not glue to the
cobordism K, o K;, as the boundary of K, o K; corresponding to the ends of the thimbles LY moves
around the parameter space of the cobordism along curves dictated by the gluing profile. We therefore
modify L. x R by a Hamiltonian isotopy so these pieces overlap and we can glue them together.

To achieve this, we need a more precise description of the construction of the Lagrangian surgery trace
cobordism. The surgery trace cobordism is obtained by performing the surgery in one dimension higher
and stretching the neck of the surgery; see [7, Section 6.1]. We will build our cobordism between
Chekanov and product tori by performing surgery on an immersed Lagrangian submanifold. This
immersed Lagrangian submanifold is the suspension of an exact homotopy ¢;: Ls, x R — X which
fixes the points of self-intersection. However, the primitive H;: Lg2 X R — R for t(4¢, /an)@|L S5 which
is used to construct the suspension cobordism will take different values at the self-intersection points
of the Whitney sphere, so the Lagrangian suspension is embedded at all ¢y where Hy,: L x {fo} — R
is nonconstant. As we will later want to compute the flux of this exact homotopy, we construct this
suspension of the exact homotopy using the pieces drawn in Figure 4. Take paths y4, (1): R — C as
drawn in Figure 4 and consider the cylindrical Lagrangian cobordisms L x y; and Ly X y4. Choose a
parametrization of these paths so that yy, (£) = +1f} (¢); see Figure 4, top left. By taking a translation
of these paths, we assume that f3,,(0) =0 and f £(t9) = 0.

We will now glue to (L | Xy )U (L4 Xy4) a Lagrangian which is topologically L. xR. This cobordism will
be the suspension of a time-dependent Hamiltonian isotopy of L.. We pick a Hamiltonian H;: L, xR — R
which satisfies the following properties:
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e The value of H; on L, xR =[S, S]x S! xR is pulled back from [—S, S] and is increasing in s.

e There exists a constant € such that

Hy(Lelse[-8,—S+¢)) = fi(t) and  H¢(Lc|se[s,s—e)) = f1(1).

We define the cobordism K, to be the suspension of this Hamiltonian isotopy; see Figure 4, bottom left and
bottom middle. By design, the Hamiltonian flow X g is constant on the region [£S, £S5 Fe)x S! of L.
Therefore the portion of K. corresponding to the [£S, £5 Fe) xS xR is exactly L. lse[+S,+SFe) XV1/4s
see Figures 3 and 4.

Claim4.1.2 The union K.U(L4 xy4)U(L xy,) is a smooth Lagrangian submanifold with 2 transverse
self-intersections; see Figure 4, top middle.

We now construct the mutation cobordism from K¢ U (L4 xy4)U (L Xy, ). First, we apply a Lagrangian
surgery at both of the self-intersection points to obtain the Lagrangian submanifold KP™ (Figure 4, top
right), which is an embedded Lagrangian submanifold. The slices of this Lagrangian cobordism at times 0
and #g are

KP€lo=(Ly#LyUL;) and KP*|, = (L, #Ly) U0 (Le).

These are product and Chekanov tori, respectively.

We construct the mutation cobordism K, (Figure 4) by taking the portion of KP* between 0 and 79
whose projection to the real component lies in [0, #p]. To obtain a Lagrangian cobordism from this space,
we take this portion and stretch it out to obtain a Lagrangian cobordism with ends. This stretching process
is described in [19, Section 3.1.1], where it is called the truncation of KP™ [19, Definition 3.1.5]. In the

notation of that paper, we write
PR (5]
Kup = KPl[0,r0]-

Remark 4.1.3 The construction of this Lagrangian cobordism can also be done by locally identifying
the Lagrangians L4 X y4 and L x y, with R2 xR, R? xR C C2 x C = C?™1, then following the
construction of the Lagrangian surgery trace in [7, Lemma 6.1.1]. The cutting and cylindrical neck
attachment construction there is similar to the truncation procedure from [19], and produces a Lagrangian
isotopic submanifold.

4.2 General mutations
In this section we look at a generalization of the above construction.

Theorem 4.2.1 (Haug [18]) Suppose that D is a Lagrangian disk with boundary cleanly contained
within an oriented Lagrangian submanifold L. There exists an immersed Lagrangian «p (L) & X, called
the Lagrangian antisurgery' of L along D, such that

e «ap(L) is topologically obtained from L by performing surgery along 0D,

IThe character « is chosen for antisurgery as it looks like an immersed Lagrangian.

Algebraic & Geometric Topology, Volume 24 (2024)



3086 Jeff Hicks

e «ap(L) agrees with L outside of a small neighborhood of D,

e if L. was embedded and disjoint from the interior of D, then ap (L) has a single self-intersection
point.

Antisurgery is inverse to Lagrangian surgery in the sense that if L’ is obtained from L by resolving a
self-intersection point, then there exists an antisurgery disk on L’ such that ap (L") = L. However, the
choices in both surgery and antisurgery mean that the process of applying antisurgery followed by surgery
need not construct the same Lagrangian. By combining antisurgery with surgery, we can obtain a new
embedded Lagrangian. We now restrict to complex dimension two.

Definition 4.2.2 [29] Let L be an embedded Lagrangian and D a surgery disk. Let op (L) be obtained
from D by antisurgery. A mutation of L along D is the Lagrangian u{, (L) obtained from ap (L) by
resolving the resulting single self-intersection point in opposite direction. The width € of the mutation is
the sum of the fluxes swept from L to ap (L) to u$,(L).

An example of Lagrangians obtained by mutation are the monotone Chekanov and product tori in
C2\ {z122 = 1}, where surgery occurs along the disk z; = Z,. It is expected that Lagrangians which are
related by mutation give different charts on the moduli space of Lagrangian submanifolds in the Fukaya
category, and that these charts are related by a wall-crossing formula tied to cluster transformation [29].2
Just as there exists a Lagrangian cobordism between the Chekanov and product tori in C2, there exist
Lagrangian cobordisms between Lagrangians related by mutation.

Theorem 4.2.3 (Haug [18]) Let L be a Lagrangian and let D be an antisurgery disk for L. There exists
a Lagrangian cobordism between L and u§,(L).

Definition 4.2.4 (Pascaleff and Tonkonog [29]) A mutation configuration is a pair (L, D), where D is
an antisurgery disk for L with boundary in a primitive homology class. The mutation cobordism is the
cobordism K, with ends on L and u$,(L). We call [0D?] C Hy(L,Z) the mutation class or mutation
direction.

A key feature of Lagrangian mutation is that the Lagrangians L and u$,(L) are Lagrangian isotopic.

We will show that the Lagrangian cobordism K, ,, can induce a continuation map between the Lagrangians
L and puf, L. The proof attempts to follow the toy model of the suspension cobordism considered in
Section 3. However, the mutation cobordism is not topologically a cylinder so we cannot simply copy
our proof from Section 3. To overcome this difference, we will prove the following replacements for
cylindricity of the cobordism K, ,:

» We first describe the Morse theory of K, in Section 4.3.1.

2We note here that our definition of mutation differs slightly from that in [29], as in our setting there is some symplectic flux
swept between L, ap (L) and pu§, (L). Usually one requires that the amount of symplectic flux between these Lagrangians is
zero. This would be necessary to preserve monotonicity of a Lagrangian submanifold.
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e Section 4.3.2 constructs a holomorphic disk with boundary on this cobordism and Section 4.4.1
shows that the m® contribution of this disk can be deformed away to higher filtration.

e We show that the restriction of the differential to the right end of the cobordism can be inverted
in Section 4.4.2, allowing us to apply a theorem on mapping cocylinders for A, algebras in
Section 4.4.3.

This will give us enough leverage to construct a mapping cocylinder from the Lagrangian cobordism K, ,,
and prove the following wall-crossing theorem:

Theorem 4.2.5 Suppose that (L, D) is an isolated mutation configuration (Definition 4.2.6). Then
there exists a deforming cochain d. for CF*(K, ) such that CF*4_(K,,,,) is an As mapping cocylinder
between CF®g—(4.)(L™) and CF.,BJF(d )(L+).

Definition 4.2.6 is required to rule out the possible appearance of holomorphic disks with boundary
on K, ,, which may appear during the “suspension” portion of the cobordism K, .

Definition 4.2.6 Let € = w(ucx). We say that the mutation pp is isolated if the only holomorphic disk
u with boundary on K ,,, ([0u], x%) #£ 0 and 0() < 0 (Uey) 1S Uey.

We anticipate that it should be possible to decompose a mutation cobordism into a concatenation of
suspensions and mutation cobordisms so that the mutation is isolated. The cobordism decomposition
framework studied in [19] should provide this decomposition in general. We will show that the prototypical
example of a mutation cobordism between Chekanov and product type tori studied in Section 5 is isolated.

Notation 4.2.7 We will say deforming cochain to denote an element d € CF*(K,,,) which we use to
deform the A, algebra (as in [17, Definition 3.6.9]) but which is not necessarily a bounding cochain
(ie mg may or may not be 0). Usually we will employ these to deform the curvature in such a way that
v(mg) is larger than some specified amount.

4.3 Geometric input

We will simplify our notation substantially by restricting to the setting where L = T'2. The Floer cochain
complex of K, is dependent on the data of a Morse function. By picking an appropriate Morse function,
we can simplify the later discussion.

Notation 4.3.1 In this sectionlet L~ = L and L™ = up(L). K, is constructed from L~ by attachment
of a 1—cell and a O—cell. However, there is a slightly more symmetric treatment to K, ,,. Consider an
intermediate Lagrangian L°, which is obtained by performing antisurgery on L~. This is an immersed
Lagrangian 2—sphere. Both L™ and L™ may be obtained from L° via attachment of a 1—cell. By abuse
of notation, we will also use L™, L™ and L? to refer to the submanifolds of K,,,, which (upon inclusion
into X x C and projection to X) correspond to the slices L™, L™ and L°.
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CM*(LY)

CM* (L)

~

Figure 5: The sublevel sets of the Morse-Bott function for K, , at the critical values of h. Notice
that L° separates the cobordism into two halves.

4.3.1 Morse theory for K, , Consider a Morse-Bott function h: K wp — R which has a minimum
along L°, maximums at the ends L* and two index-2 critical points corresponding to the attached 1—cells
(Figure 5).

We now give a decomposition of the Morse cochain complex, with the goal of understanding where
CM* (K, ,) fails to be a mapping cocylinder. The Morse complex CM*(K,,) has the shape

CM*(L™) CM* (L)
CM.(KILD) = ( \\) / v )»

X~ = CM*(LO[1] < xt

where x~ and x T are the critical points corresponding to the handles. We will call the subspace spanned
by x~ and xT
E%:=A(x~,xT).
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Claim 4.3.2 The spaces spanned by
CE(L7)®CF(L°) @ E® and CF(LT)@®CF (L% @ E°
are filtered A ideals of CF*(K ).

Proof These are the kernels of B*: CF*(K wp) — CF*(L*), which, by Theorem C.5.1, are Ao
homomorphisms. |

Notation 4.3.3 For this section, whenever we write an Ao product map, it will always mean the Ao
product structure on CF* (K, ).

Setting A* = CM*(L*) and A° = CM*(L%) @ E°, we can write the differential on CM*(K wp) =
A=@ A% AT as

(m)y>= 0 0
m' = @™ @* @t |,
0 0 (m)+;+
where (m)®* = méM, L+ &€ the Morse differentials. If the ideal AT — A° was nullhomotopic — for

example if (m)**% was an isomorphism — then CM*(K,,,) would be a mapping cocylinder. We will
further decompose this cochain complex by identifying subspaces of CM*(L*) which correspond to the
mutation direction and tease out exactly how our complex fails to be a mapping cocylinder.

The kernel of (1m)7° is one dimensional. We pick an element c** which generates the kernel so that we
may write

ker((m)™3%) = A - (¢"F).
We restrict to the 1—cochains E* := CM!(L*). Pick elements ¢¥* € E¥ such that (m)igo(cwi) =x*.
Then the classes ¢** and ¢** now span the E*.

Remark 4.3.4 The class ¢*™ is determined completely by the cobordism as the Morse cohomology
class whose downward flow space is the surgery disk. However, the selection of ¢*t requires a choice
similar to the choices required to produce local coordinates on the moduli space of Lagrangian tori in
Section 5.2.

With this description, the noncylindricity of CM*(K,,,) exactly corresponds to the nonsurjectivity of the
map (m) " in the diagram

E- (m)—° E© (m) 0 E+

In the chosen basis {c*T, ¢**} for ET and {x~, xt} for Ey, the maps (m)¥° are

()~ = (8 (1)) and ()™ = (8 ‘1))

Remark 4.3.5 In the more general case where L is not a torus, identify E¥ as the preimage of the
above-defined map m*%: CM*(L*) — E°. This will include the kernel of m®. A choice of basis
{c¥E cWEY for E* and a splitting H'(L*) = H'(L)*/E* & E* will be required to construct a
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bounding cochain at a later step; see (5). The portion which is independent of the handle, H(L*)/E¥,
is isomorphic to H!(L?). This corresponds to the “cylindrical” portion of the Morse theory of K, on
+30

which m is invertible at filtration zero.

The construction of the deforming cochain d¢ in Theorem 4.2.5 depends on these choices. Taking different
choices will yield different deforming cochains de, and thus identify L~ and L™ with a different choice
of bounding cochain B (d¢). We expect that looking at all possible choices in (5) identifies a locus of the
Maurer—Cartan solutions MC (L ™) with a locus in MC(L™), corresponding to the choices of bounding
cochains which make L~ and L™ isomorphic objects of the Fukaya category. From a mirror symmetry
perspective, when L~ and L™ are SYZ fibers we propose this locus is mirror to the intersection between
the torus charts constructed around the mirror points to L™ and L™,

A different viewpoint is that the 4o, homomorphism constructed by CF* 4_ (K, ,, ) between CF* g—(4.)(L™)
and CF*® B (o) (L) induces a map between their Maurer—Cartan solutions. By then appropriately
identifying the Maurer—Cartan elements of CF* BE(dL) (L*) with those of CF*(L*), we obtain a pairing
between certain Maurer—Cartan elements of L~ with those of L. This is the approach taken in Section 5.

4.3.2 A holomorphic disk We now show that for a specific choice of almost complex structure there
exists a pseudoholomorphic disk with boundary on K, ,.

Proposition 4.3.6 There exists a choice of complex structure such that K, , bounds a regular Maslov
index-0 disk
Uex: (D2,0D?) — (X xC, K, ).

The contribution of this disk to the m° term is xT + x—.

Proof We proceed by exhibiting the disk in the local model constructed in Section 4.1. Following
[18, Section 2.3] we can construct a standard neighborhood U of the Lagrangian antisurgery disk D,
identifying U with a subset of C? (which, by abuse of notation, we shall also call U). We choose a
complex structure for X which matches the standard complex structure on U C C2. We can pick this
identification so that the Lagrangians L~ and L™ when restricted to U match the local model based
on the Lefschetz fibration (see [18, Section 2.3] for implanting the local model). In these coordinates
Ly, NLy=(0,0). Then

L NU=(L, #Ly)NU and LTNU=(Ly#L)NU.

The restriction Ky := Ky, N (U x C) is the eye-shaped Lagrangian cobordism drawn in Figure 2. Recall
that Ky is obtained by first considering (L x y;) U (L4 X y4), then resolving the self-intersections to
obtain K(pjre, and subsequently truncating to get a Lagrangian cobordism. The chart (L | xy) U (L4 X y4)
contains a holomorphic 2—gon with ends limiting the two self-intersection points. The goal is to show
that, when surgery is applied at both self-intersections, the corners of this bigon are rounded to obtain
a holomorphic disk with boundary on K ?Jre. The truncation will occur away from the boundary of this
holomorphic disk, so the holomorphic disk survives to give a holomorphic disk with boundary on Ky .
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Figure 6: Dividing Ky into four quarters.

The holomorphic bigon uy: D2\ {~1,1} — U x C with boundary on (Ly xyy)U (L4 xy4) has a
particularly nice description. Let u’,: R x [0, 1] = C be the holomorphic bigon which parametrizes the
area between the curves y; and y4. Then u» is given by

up: D2\ {=1,1} > U xC, z ((0,0),u(z)).

From this observation, our candidate construction will be to show that nljl (0,0) has clean S! intersection
with K pUre. The interior of the S will then be a holomorphic disk with boundary on S!.

We need to describe the intersection of 7'[51 (0, 0) with the chart of K ijre which corresponds to the surgery
neck. Using the same surgery profile as in (3), the surgery chart for K %re is parametrized by

4) {((a@) + b @)X + D), (a(t) +1b(1)) (P + %), (a(t) + tb(1))Z) | 2492422 = 1},

where the first two coordinates are in U and the last coordinate factors through the cobordism parameter.
By setting X = y = 0 and Z = 1, we obtain a smooth curve that passes through the surgery neck
parametrizing the clean intersection between the complex line 7, 1(0, 0) and the surgery neck. We call
the corresponding disk ucy: (D2, 9D?) — (U x C, K,.;,). We now show that this disk is regular using
a criterion of [27]. This requires computing the partial Maslov indices of the boundary of u.s. The
boundary of u., can be broken up into 4 components:

e the “neck portions”, which correspond to where the boundary passes through the surgery neck of
KP® and

e the “fiber trivial portions”, where the boundary is contained in L4 X y4 and L X y,.

For simplicity, we will assume that the profile curve a(¢) 4 tb(¢) draws a quarter circle, even though this
doesn’t provide a smooth Lagrangian surgery neck. We also will assume that the curves y4,, are quarter
circles, and choose coordinates so that K|y has projection as drawn in Figure 6. We now consider a
parametrization of the boundary of the holomorphic disk y(#): S' — duex such that we may parametrize
TKP®|5, by maps C-A(0): R3 — C3, Here C is a constant matrix, and A(6) describes the rotation
of the tangent space as we progress through the coordinate . We subdivide S! into four quarters
corresponding to the portions of duex which pass through the right surgery chart, L4 x y4 chart, left
surgery chart and L x y, chart.
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Figure 7: The red cycle in the cobordism K represents the boundary of an exceptional Maslov
index-0 disk contributing to nontrivial m?(u . The green 2—cycle represents a “deforming cochain”
which cancels out the lowest-order contribution of this disk.

e For0<6 < %n, the curve y(6) passes through the right surgery chart. A basis for the tangent
space of (4) along the curve (0, 0, e‘?) is given by

e 0 0
A@)=| 0 e o
0 0 e

e Next, for 6 < %ﬂ < 6 < m, the curve y(0) passes through the chart parametrized by L4 x y4. The
tangent space in the fiber is constant, and we only see rotation of the tangent space in the base
component of X x C:

— 0 0
A@G)=| 0 = 0
0 0 ef

The rotation of the tangent space through the left surgery chart and L | x y, charts is analogous. This
shows that the tangent bundle splits as a direct sum of rank-1 pieces. The first two pieces rotate a negative
half-turn, while the component corresponding to the cobordism parameter of X x C makes a full positive
rotation. The partial Maslov indices of the loop TKP™|y,, . are —1, —1 and 2. Therefore, this is a disk of
Maslov index 0, and it is regular by the criterion of [27, Theorem II].

The homological class of this disk is the loop in the cobordism K which is introduced from the two
1-handle attachments. Therefore, the upward flow spaces of x* each meet the boundary of this disk
once. Since our local model was chosen to have the same J—structure as X, this gives us an isolated
Maslov index 0 disk uex: D? — X x C whose boundary lies on the cobordism K, and whose boundary
contributes to the Morse cohomology class x T + x ™. a

The boundary of this disk is drawn in Figure 7. This is a holomorphic disk which is isolated in the
following sense:

Claim 4.3.7 For the standard holomorphic structure, the disk u.x is the only disk contained in U with
boundary on K, in this relative homology class.
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Proof Every disk with boundary on K, N (U x C) C U x C in the same relative homology class as
Uex gives a class of disk in H; (C, mc(Kup, N(U x (C))). The boundary wc (duex) — drawn as the red
loop in Figure 2 —circles around a connected component of C \ nc (K, N (U x C)) whose area is
oy xC (Uex). The red loop is the minimal loop which encircles this connected component. Therefore, any
other holomorphic disk u: (D?,dD?) — (U x C, K,,, N (U x C)) with boundary in the same class as
Uex Will have projection ¢ o u with area at least wc (Uex)-

As wyxc(u) = wc (1) + oy (1), the projection gy o u has zero area. However, g o u is a holomorphic
map, so the zero-area condition means that 7y o u is constant. The proof is completed upon checking for
which p € U the preimage nl;l(p) N K N U contains a loop in the appropriate homology class. This
homology class necessarily transverses the (L x y) and (L4 X y4) charts, so p € L4 N Ly = {(0,0)}.
Therefore uey is the only such example. |

4.4 Algebraic manipulations
Notation 4.4.1 Let € be the area wy xc (Uex)-

The presence of the disk ux is the first step to proving that CF*(K,,,) is a mapping cocylinder. The disk
deforms the Morse products in two significant ways:

e The holomorphic disk contributes to m? as m?u 1= T¢(xT +x7).

e The boundary du., intersects the downward flow space of ¢** at a point and the upward flow space of
x~ at a point. This will deform the Morse differential on CM* (K, ,). The nonsurjectivity of the map
m}?o in the Morse setting (in comparison to the cylindrical setting given by (2)) is an obstruction to giving
CM*(K ) the structure of a mapping cylinder. In particular, the contribution of u.y to the differential
makes (m [luex] (c®t),x™) = T€, whereas the underlying Morse differential has (m [luex] (c¥t),x7) =0.
When this deformation is considered, the map m™%: E* — E0 is surjective, giving us some hope that

CF* (K, ) is a mapping cylinder.

This nearly proves that CF*(K ) is a mapping cocylinder. However, Theorem A.3.2 requires that
(m™3%)~1(m?) lives in positive filtration. As a result, we cannot immediately apply Theorem A.2.1. This
leaves the following steps to construct a mapping cocylinder:

(i) Deforming to increase v(m?| go) In Section 4.4.1 we first equip K ,, with a deforming cochain
de which will cancel out the curvature contribution of the disk uex, so that the energy of mgé will
be greater than €.

(ii) Inverting (m de)+;0 In Section 4.4.2 we show that the map (mde)"';o can now be inverted. This
is complicated by the introduction of the deforming cochain d.

(iii) Applying Theorem A.3.2 In Section 4.4.3 we conclude that CF*;_(K, ) is a filtered mapping
cocylinder. As a corollary, we conclude that K, is unobstructed whenever L™ is.

We will make a simplifying assumption (Definition 4.2.6) to complete (ii).
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4.4.1 Deforming to remove m?| go When working over the Novikov field we can prove that a map
is invertible by showing that it is invertible at low filtration. We will denote by v: A — R U {oo} the
Novikov valuation, with the convention that v(0) = oco. Following [33], we will use non-Archimedean
normed vector spaces, which are A—vector spaces equipped with a filtration function £: A — R U {co}
satisfying? the axioms of [33, Definition 2.2].

We introduce some notation which will help us use this method of proof:

Definition 4.4.2 Let (A, £4) and (B, £p) be non-Archimedean normed vector spaces. The filtration of a
map ®: A — B is the largest jump in the filtration map under ©:

l4,B(O) := y Sl(lp)_O{EB (O(v))}.

The leading order of a map ®: A — B is the largest drop in filtration map under ®:
ordq,p(®) := v:ej{lvf)zo{fB (©(v))}.
Our reason for using filtration of maps is to construct inverses:
Claim 4.4.3 If {4 p(®) < 0o, then © has a left inverse. If this is also a right inverse, then
L4,8(0) =—ordp 4(®"") and {£p 4(O"') = —ordy g(O).

Proof The condition {4, p(0®) < oo states that ©(v) # 0 for any v # 0, so our map has a left inverse.

Suppose that ©®~1 is the inverse of ®. Let v; be a sequence of vectors with £4(v;) = 0 such that
lim; 00 £ (O(v;)) = £4,5(O). Since £4(O~1 0 O(v;)) = £4(v;) = 0, we obtain that ordp 4(©~!) >
—{4,p(0®). Similarly, let w; be a sequence of vectors with £ g (w;) = 0 such that lim; o {p O Hw;) =
ordg, 4(®~1). Since £5(O 0 ® 1 (w;)) = £p(w;) = 0, we obtain that £4 p(®) < —ordp 4(O7!). |

If one possesses a bound on the filtration and order of a map, then one can obtain a bound on their sum.
Claim 4.4.4 Suppose that {4 p(©1) < ordq,g(®2). Thenly p(O1 + O2) = L4 p(O1).

Proof First we note that for any vector v,

£B(©1(v)) <€4,8(01) <ordg,p(02) < {p(O2(v)),

and so by application of the non-Archimedean triangle inequality,
€p(©1(v) + O2(v)) = £p(O1(v)).
Let v; be a sequence of vectors with £4(v;) = 0 realizing lim; o0 £5(®1(v;)) = £4,5(®1). Then
l4,B(O1 4+ 032) > lim £p(O1(v;) + O2(v;)) = lim £p(O1(v;)) = La,B(O1).
1 —>00 1—>00
3To match the conventions from [10], our filtration function has the opposite sign convention of [33].
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For the other direction, let w; be a sequence of zero-filtration vectors with lim; o0 £5((®1 4+ 02)(w;)) =
{4,B(©1 + O3). Then

l4,B(O1+03) = ll_l)rgo {p(O1(w;) + O2(w;)) = ll_l)n;o {g(O1(w;)) < L4,B(O1). O

Definition 4.4.5 Let ©: A — B be a map. We say that © has leading terms ® < of filtration A and write
©=0,+01)
if ® =0, + R, with
l4,8(O<y) = A <ordg,p(R).

We will now assume that pp is an isolated mutation.

Claim 4.4.6 Suppose that up (L) is an isolated mutation. Let mgo: CF*(K ) — Eq be the standard
projection. Define A := g, (wgoo m?). There exists a deforming cochain d € CF*(K wp) Which increases

the filtration of the curvature, giving
KE()(T[EC' Omg) > A
with £(d) > A.

Proof The restriction mgoom!|p-gp+: E~ @ E*T — E? surjects, and has a right inverse D. After
choosing this right inverse we can construct

(5) d = =D(m°)| 5 (- xt)-
Because the order of D is zero, £(d) > A. Then

LE, (TR0 omg) = EEO(nEo om® 4+ wgoom!(d) —i—ZnEo omk(d®k))
k

> min(ﬁEO(nEo o (m° —}—ml(d))),gEo (Z RO Omk(d®k)))-

k

By Definition 4.2.6, the lowest-energy term of m° is T@®e) . (x~ + x %), which exactly cancels m! (d).
Therefore, £ g, (7 go(m® +m'(d))) > A. Since £(m* (d®¥)) > kA, we conclude

Lgy(TgoomY) > min(A,21) = A. o

4.4.2 TInverting m*:%| g+ Choose the deforming cochain from Claim 4.4.6 so that E((mge, E%) > e.
Because our mutation is assumed to be isolated (Definition 4.2.6), we obtain a lower bound for the
filtration of the deforming cochain:

(6) v(de) > €.
Claim 4.4.7 The map (m*:%),_: ET — E° is invertible, with ordg+ go(((m™%)4.)7!) = —e.

Proof We expand (m+;°)d€ termwise:

mg ) 0 g+ =m0 4 mi(de ®id+id ® de)| g+ g0 0 (Z mF(d®* @id® d?k2>)
k>2

E+
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We then compute the valuation of each term. We will compute this map with respect to the basis
{c¥F, Wy {x, xt

o The first term m? can be explicitly computed, as the isolated mutation condition means that the space
of pearly flow lines of energy less than or equal to € are cut out regularly, and the property Lemma B.3.2

means that these are the only pearly flow lines which contribute to the differential at an order of €:

. T€ 0
mt0 = (Te 1) + O(e).

e The terms m?(de ® id +id ® d¢)| g+ can be further split by the homology class of the disks which
deforms the product m?:

m’o(de ®id)|g+ = Y mzo(de®id)

BeH2(X,L)
w(B)=0

Whenever w(8) > 0, the term m% (de ® c¥™T) has filtration at least v(de) + v(B8) > €. So we need only
worry about the classical portion product, (m)?(de ® id). Since CM*(L1) @ (x+) @ CM* (L") is an ideal
of CM*(K,,),

E+

(m)*(de ®c*™),x7) =0.

So we can write
0 0

m*(de ®id+id®de)| g+ =
Aytx+ Ap+ x+

)-I— O(e),

where either A, +,+ and A,,+ + have filtration € or are zero.

e The remaining terms (Z k>2 mk (d€® M ®id® d® kz), x_) necessarily have filtration at least 2¢ because
the product is filtered and because of (6).

In summary, in the basis {¢*T, c? T}, {x 7, x T},
T€ 0

+:0 —
mgoo(mg )" |p+ = (Te + Ayt 1+ Ay+ot

) + O(e).

Since the order-¢ portion of this map is invertible by Claim 4.4.3, the map 7 go o (m ) d.| g+ is invertible.
The order of the inverse is at least —e. |

Note that a similar argument shows that (m4_)™%: CF*;_(LT) — CF*;_(L°) @ E° is invertible.

4.4.3 Checking conditions of Theorem A.3.2 To show that CF*(K ) is an A« mapping cocylinder
(Definition A.3.1), set AT = CF*,, (L*)and A® = CM*,, (L) @ E°. We’ve proven that CFy (Kup)=
A~ @ A° @ AT as a vector space. By Theorem C.5.1, the differential on this complex is of the form

(ma,) - 0 0
(mg)70 (mg )0 (mg )t
0 0 (ma.) )+
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By Claim 4.4.7, the map (md€)+;0 is invertible with order greater than —e. By Definition 4.2.6,
v((m d€)+;0 ) mge) > 0. We therefore satisfy the conditions for a mapping cocylinder (Definition A.3.1)
and may apply Theorem A.3.2. This concludes the proof of Theorem 4.2.5.

S Examples: wall-crossings and mutations

We now explore some applications of Proposition 3.0.2 and Theorem 4.2.5. We review an example
from [3], computing wall-crossings for Chekanov and product tori in the complement of an anticanonical
divisor. Consider the Lefschetz fibration with total space C2 \ {z1z5 = 1}

W:C?\{z120 =1} — (C\ {1}) givenby (z1,22) > 2125

(see Figure 8). We symplectically inflate this manifold at the removed divisor by taking the completion
along the removed hypersurface. This resulting manifold has the same topology as (C*)?\ {z1zo = 1}.
The new symplectic form can be chosen so that the projection W: C2\ {xy = 1} — C \ {1} remains a
symplectic fibration. The regular fibers of this map have the topology of C* and can be given an SYZ
fibration

valy —1(;): W=l(z) >R givenby (z1,22) — |z1|* — |22/

which is a restriction of the global Hamiltonian to a fiber. The Lefschetz fibration has a single degenerate
fiber z1z, = 0. The base of the fibration can also be equipped with an SYZ fibration. We will take the
fibration of the base given by loops y,(6) := 1 + re?” 0 The symplectic parallel transport map given
by the Lefschetz fibration preserves the isotopy class of SYZ fibers of W~1(z); as a result, one can
build an SYZ fibration for the total space C2\ {z1z5 = 1} by taking the circles valﬁ,l_1 ) (s) and parallel
transporting them along circles y, (6) of the second fibration to obtain Lagrangian tori

Ly, jw) =1{(z1,22) € C*\{z120 = 1} | z122 € yy and |z1|* — |22]* = log |w|}.

Chekanov product

Figure 8: Symplectic fibration over W : C?\ {z;z, = 1} — C \ {1}. Lagrangian tori are created
by parallel transporting cycles in the fibers by loops in the base. Loops on the left of the critical
value are of Chekanov type, while those on the right are product type.
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The resulting SYZ fibration has one degenerate fiber, which occurs when log |w| = 0 and r approaches 1.
The degenerate fiber Ly, ;1 is the Whitney sphere, an immersed Lagrangian sphere with a single double
point. We may generalize this construction to Lagrangians L,, |,,| for curves y: S1 — C\ {1} which wind
around the removed point a single time. Such curves are divided into three types: the Chekanov type
curves which additionally wind around the origin, the product type curves which do not, and those curves
y which contain the origin. If the curve y contains the origin, we say the Lagrangian L, |,,| is on the
wall between Chekanov and product type. By lifting these curves to Lagrangian submanifolds via parallel

transport of cycles in the fibers, we obtain the Chekanov and product type Lagrangian tori in C*\zyz, = 1.

J’_

and the product type tori by Ly wl*

We will denote the Chekanov type Lagrangian tori by L;

lwl
5.1 Uncorrected charts on the moduli space

Wall-crossing for Lagrangian submanifolds is a phenomenon which occurs when we try to parametrize
the space of these Lagrangian tori with coordinates. These coordinates should be constructed over the
Novikov ring, although for the purposes of this exposition we will use complex coordinates and unitary
local systems. We consider Lagrangian branes, which are tuples (L, (. b) where b € H L(L,iR) gives
us a unitary local system on L, via deformation of the Floer cohomology following [3, Lemma 4.1]. The
space of Hamiltonian isotopy classes of Chekanov (resp. product) Lagrangian branes comes with local
coordinates from measuring the flux of an isotopy, which we now describe.

Let (Lo, bo) and (L1, b1) be two Lagrangian submanifolds equipped with local systems and let L; be a
Lagrangian isotopy between these two Lagrangians. Fix ¢ € C;(Lg). The Lagrangian isotopy gives a
cylinder ¢ x I C X with boundary (¢ x {0}) U (¢ x {1}) C Lo U L1. The flux of this isotopy along cy is

the quantity
o= w)e ([ 0)+([ o)
cx{0} cex{1} coxI

This defines a complex-valued cohomological class Fluxz,, € H!(Lo, C). After picking a basepoint for
our moduli space and a basis for homology, the flux cohomology class gives us local coordinates on the
moduli space of Lagrangians, up to Hamiltonian isotopy.

In our example of X = C?\ {z1z5 = 0}, one choice of basis comes from compactifying X to C? and
noting that Lflwl C (C?) now bound holomorphic disks whose boundary classes pick out a basis for
homology.

¢ On the Chekanov family, we call these two classes ¢y, and ¢,,. The class ¢y, € Hy (L;lwl) is the class of
yilwl’
When |w| = 1, this is the vanishing cycle of the Lefschetz fibration. The second class is obtained by

the circle in a fiber of the moment map which is parallel transported around to obtain the Lagrangian L

compactifying the total space to C2. In C2, there is a family of Maslov-2 disks holomorphic disks with
boundary on L;le C C2. The homology class of the boundary of such a class is called c,.

e For the product family, we call these two classes ¢, and cs. They are both obtained from considering
L;L‘wl inside the compactification C2, where the Lagrangian torus bounds two families of Maslov-2
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‘es), then the classes ¢, and ¢y

holomorphic disks. If L;f| w] is the standard product torus (r1e'%r, rye
correspond to the meridional and longitudinal classes of the product torus. We call the corresponding

classes of disks ¢, cg C H; (L;/Hw‘).

Once we have fixed these homology classes, we can construct coordinates on the space of Chekanov (resp.
product) Lagrangian branes by measuring flux against a fixed Lagrangian. Fix the loop yo =1 + et?.
This loop is neither of Chekanov nor product type. However, it still makes sense to measure the flux
against the Whitney sphere L, 1 for both the Chekanov and product Lagrangians.

Claim 5.1.1 Let L, be a Lagrangian isotopy with Lo = Ly, 1 and L; of Chekanov (resp. product) type
for all ¢ € (0, 1]. Then the flux class Fluxy,, € H'(Ly,C) depends only on the Lagrangian L.

The flux constructs local coordinates on the space of Chekanov (resp. product) type tori.

Definition 5.1.2 For (1, w) € (C*)?2, define the class of Lagrangians

Ly liton = (L} b) | exp(Fluxz, (eu)) = u. exp(Fluxz, ) (cw) = w},

where L; is an isotopy of Chekanov type tori starting at L,,,,1 and ending at (L;le’ b). For (r,s) € (C*)?,
define the class of Lagrangians

[L:S]Flux = {(L;,t|w|,b) | exp(Fluxz, (cr)) = r,exp(Fluxz, (cs)) = s},

where L, is an isotopy of product type tori starting at L,,, 1 and ending at (L;|w|,b).

These classes are subsets of the equivalence classes of Lagrangians under the relation of Hamiltonian
isotopy.

Claim 5.1.3 The classes [L;, ,|Fux (resp. [LF

r,s]plux) are the equivalence classes of Chekanov (resp.

product) tori under the equivalence relation of Hamiltonian isotopy through Chekanov (resp. product)
tori. Furthermore, with the standard complex structure, no member of such an isotopy will bound a
holomorphic disk in (C*)?\ {z1zo = 1}.

The classes [L,, ,, |Fux and [L;’:s]Flux allow us to use the coordinates (1, w) and (r, §) to parametrize charts
on the moduli space of Lagrangian tori. We will frequently refer to a specific representative of each class
as Ly ,, or L;F. Notice that each Lagrangian torus L,, |, from Figure 8 is either of Chekanov type,
product type or lies on a “wall” between these two types. If L, is not on the wall, then L, |, belongs
to a distinct [Li]pluX class.

For purposes of exposition, we will assume for the remainder of this discussion that we can work safely
with complex coefficients and avoid convergence issues. Consider the identification between bounding
cochains and local systems

@) (L;J,_s’ ac” + bcs) = (L:_exp(a),s exp(b)’ 0)'
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When the underlying chain model for the Lagrangian is the de Rham complex, this identification is known.
We first learned of this in [4, Lemma 4.1], and [15] constructs a version of Lagrangian Floer theory based
on the de Rham complex for which this holds. We will assume that the same identification holds in the
pearly model.

Assumption 5.1.4 The identification given in (7) holds for the pearly model.

To justify the appearance of the exponential in the pearly model, one needs to compute the equivalence
between the flow-tree model for Morse theory and the de Rham model; an equivalence between these two
chain models is exhibited in [22].

5.2 Correction from Lagrangian cobordism

The main computation for this example is the following sharpening of the minimal-energy disk requirement
of Definition 4.2.6, which was necessary to apply our wall-crossing computation, to the specific example
of K,,,,. We note that there is a relation between the flux of the surgeries used to construct the cobordism,
the flux relative boundary of the isotopy 6, used to construct K, from Claim 4.1.2, and the area of the
holomorphic disk from Proposition 4.3.6. Let width(L  #L4 ) be the flux of the Lagrangian isotopy between
the surgery and the immersed Lagrangian L | U L4. We arrange for L | U L4 U L to be exactly homotopic
to Ly,,1, the standard Whitney sphere from which we compute our flux coordinates. Define the quantities

uy = exp(—widthz, j41.,), uz = exp(Fluxg,, @ €e)),

s = exp(widthy .41, ), z = exp(/ b +/ a))
Otex Uex

where £ is the list of the curve £, from Figure 3 to the L. chart. From the definition of flux and surgery
width, we see that the product side of the mutation cobordism K, , is the Lagrangian L. The flux
between the Chekanov end of the mutation cobordism and the Whitney sphere is the amount swept out
by the surgery neck, along with the flux relative boundary of the component L.. Write u = uju, so
that the Chekanov end of the mutation cobordism is L;; ; From relations in the homology of K, we
observe that u» = (11) " 'sz, and so

3 s=u/z.

Proposition 5.2.1 For the standard choice of complex structure, the only pseudoholomorphic disk with
boundary on K, is the one described in Proposition 4.3.6 and its multiple covers.

Proof We show that this disk is unique. We look at the Lagrangian cobordism K ,, C X x C under
the projections 7y : X XC — X, nc: X xC — C and W: X — C. The first projection that we look at
is Womnx: K, , — C. The regions where we have performed Hamiltonian isotopy and surgery sweep
out flux corresponding to shaded regions in the projection; see Figure 9. We let U be the neighborhood
drawn in Figure 9. Every disk with boundary on K, , must either have boundary contained within the red
region U or have boundary completely disjoint from the red region U, by the open mapping principle.
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W(LT, W(L, ) W o nx (K, (D))

Figure 9: Disks in the Lagrangian cobordism K|, , must either have boundary contained inside
of the red region, or outside of the red region.

We now look at K, N (W omx)~1(U). This is the eye-shaped cobordism from Figure 2. By Claim 4.3.7
the only disks which appear here are u.x and its multiple covers. The complement of the region given
by U cannot bound holomorphic disks for topological reasons. This characterizes the disks which may
appear on K, ,. |

Corollary 5.2.2 The mutation cobordism K, ,: L, | ~> L;’:S is an isolated mutation.

5.2.1 Wall-crossing computation We now compute n*i (de) from Theorem 4.2.5. From our discussion
on orientations, we have that the Lagrangian cobordism K, does not identify L;, ; with L;':S with the
standard choices of spin structures. We therefore will denote the ends of the cobordism by Ii;}l and
lo,;':s to signify that these Lagrangians have a different spin structure than the Lagrangians previously
considered. This is important, as Lagrangians equipped with different spin structures can represent distinct
objects in the Fukaya category. We choose the Morse functions for the i;}l and i;"s matching the one
chosen in Section 5.1 so that the coordinates for the moduli spaces can be identified with our previous
computation.

The vanishing cycle on the Chekanov side is ¢¥, while the vanishing cycle on the product side is ¢” + ¢*.
To construct the continuation map from a mutation cobordism, we must pick a splitting of the vector
spaces E* from Section 4.3.1. This involves picking classes ¢*** as in Remark 4.3.4 On the Chekanov
side we take the class ¢~ := c¢¥ and on the product side we choose the class ¢ :=¢”.

With this choice of Morse function, we show, with Assumption 5.2.3, that the curvature term is
©) mi,, =log(l +2)(x* +x7).
Assumption 5.2.3 For each k, there exists a domain-dependent perturbation J. Zk : D? - End(TX xC)

such that there is a unique J. Zk pseudoholomorphic disk uy : (D?,dD?) — (X xC, K wp ) With the property
that [ug] = k[u].
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Proof of (9) given Assumption 5.2.3 The A, product structure in [10] is defined by the count of
adapted treed holomorphic disks weighted by the number of interior leaves. The curvature term, up to
sign, is given by
m® = Z + (o (u)) 1T k.
x0,ueM(X,L,D,x0)0
where the =+ sign is determined by the orientation of the moduli space and o (1) is the number of interior
leaves.

Consider the preimages of the stabilizing divisor {z1,...,zx} = u;'(D?) C D2 We now define a
domain-dependent perturbation for the combinatorial type ' which has one disk with k interior marked
points and one output flow line. Each C € M(I'*) with disk component D% is labeled with interior
marked points p1, ..., px and attachment point s¢ € aDé for the flow line. For each disk, there exists a
unique automorphism ¢c : Dé — D? with

dc(p1)=z1 and ¢c(so) =1.

We define the perturbation of the almost complex structure P(Cky:u - TX by pullback of the almost
complex structure from Assumption 5.2.3,

k _ 7k
PI*NC.2)=TE (.

By Assumption 5.2.3, for this choice of perturbation, there exists a unique pseudoholomorphic treed disk
uc: C — X with boundary on L and flow line limiting to xo. However, most of these disks are not
adapted to the divisor D, as there is no reason that uEl (D) =¢"1({z1,...,zx}) should be the same as
the set of marked points pi, ..., px. In fact, we are only guaranteed that ¢ ~1(z;) = p; by construction.

The only difference between the domains C are the positions of the marked points, and so the moduli
spaces of P—perturbed D—adapted pseudoholomorphic treed disks are in bijection with the domains for
which ¢~ 1({z1,....2k}) = {p1,..., px}. There are (k — 1)! such domains (as p; must be mapped to z1,
and the remaining k — 1 marked points can be chosen freely).

This means that (given Assumption 5.2.3) there exist choices of the perturbation datum such that
#Mp(X,L,D, Ek ) = (k — 1)!. This gives us (modulo 2) the formula for multiple covers, and (up
to a sign)

(k —1)!
(m®, xo) = ZTT’“”["] = log(1 + 2). O

The deformation from Claim 4.4.6 can be extended to a bounding cochain:
b =1log(l +z)c® +log(1 + z)c®.
By restricting b, to the ends of the cobordism, we obtain a continuation map CF®j,— (Z;’ 1) —~>CF 4 (z;fs).
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If we assume convergence over complex coefficients and identify the bounding cochain with a local

system, we obtain a correspondence between Lagrangians
(Lo 142) ~ (Lig g Jog(1 4+ 2)e)) ~ (L log(1 + 2)e%) ~ (LF 14 ).
Setting w = 1 + z and noting that s = u/z from (8),
o _ o +
(Lu,w) ~ Lu/(w—l),uw/(w—l)'
This closely matches the identification from [3], with the only difference being the signs. This discrepancy
can be explained by the spin structures on the Lagrangian cobordism K, ,,. As the Lagrangian cobordism

K, ,, admits an embedding into R3, it has a trivial tangent bundle and is therefore spin. However, there
is no spin structure on K, ,, which restricts to the standard spin structures [11] on both L=

Appendix A Mapping cylinders for curved A, algebras

A.1 A brief review of filtered A, algebras and homomorphisms

Our notation for filtered Ao algebras and homomorphisms follows [17]. We make some modifications to
extend to the setting of weakly filtered A, algebras and homomorphisms.

Notation A.1.1 We will sometimes write the composition f o g as [ff] This both saves space, and
makes some of the algebraic manipulations easier to follow.

A filtered Ao algebra (A®, m¥) is a free graded A—vector space A® with A—linear cohomologically
graded higher products for each k > 0
mk: (A0)®k N (A.+2_k),

with extra data and satisfying the filtered Ao algebra axioms given in [17, Definition 3.2.20]. The key
relation is the quadratic A relation, which we will denote by

id®%1 @ m*' @ id®k>
Z (_1)&@,k1) |: mk1+1+k2 (xX1,...,xK),
k1+k'+ko=k

where the sign is determined by the cohomological grading of the domain

k1
®(x. k) i=ki+ Y deg(x)).
Jj=1
Notation A.1.2 We will suppress x = (x1,...,Xx;) in future computations, but continue to use the

notation &(x, ) for the purposes of determining signs.

If m® =0, then (4°, m') is a chain complex and we say that A® is uncurved or tautologically unobstructed.
There is a filtration map £: A* — R defined by the smallest A such that v € FAA. Up to a change of sign
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convention, this makes A4 a non-Archimedean normed vector space in the sense of [33, Definition 1.2.3].
The filtration zero portion of products mk: A®% > Aarea tautologically unobstructed A, algebra.

We from now on suppress the cohomological index and, when the product structure is clear, we will
simply notate an Ao, algebra as A. An ideal of A is a subspace I C A such that, for every b € I and
ai,...,ax_1 € A,

mk(al ® Qa4 bRaj1® - Qax—1) < l.

Note that we do not require mO® € I. The set A-¢ of elements with positive filtration is an Ao ideal and
A/Asy is a tautologically unobstructed A, algebra.

We take a variation of [17, Definition 5.2.1] and adapt it to [17, Definition 3.2.7]:
Definition A.1.3 Let (4, mX) and (B, m%) be Ao algebras. A weakly filtered Ao homomorphism from
A to B is a sequence of graded maps

f k. 4% B

satisfying the following conditions:
e Weakly filtered The maps nearly preserve energy, that is,
FRFM A, FM o4y c Fek+lizidig
for some fixed constant ¢ called the energy loss of f with ¢ < ﬁ(m?l).

e Quadratic Ao, relations The f¥, mffl and m’lg mutually satisfy the quadratic filtered A
homomorphism relations

Yo (AR id®1 @ mg @id | _ ) e el
fkl +1+k> mj :
ki+k'+ko=k it =k B

The composition of weakly filtered A, homomorphisms is again a weakly filtered Ao, homomorphism.

We follow [17, Definition 3.6.9] and write mlg - A®% 5 4 for the deformation of the Ao structure at a
element a € A for positive valuation. We say that b is a bounding cochain if (A°®, mp) is tautologically
unobstructed, and write

MCsc(A):=1{be A|m)=0and £(b) > c}

for the space of Maurer—Cartan elements of filtration at least ¢ [17, Definition 3.6.4]. Given f: A — B
a weakly filtered Ao, morphism of energy loss ¢, there exists a pushforward map fi: MCs.(4) —
MC=o(B).

It will be convenient for us to use the following notation:

Claim A.14 Let f:A— B beafiltered A, algebra morphism. Then there exists an A, homomorphism

S (A,my) — (B, (mB)f,(0)
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where f, is defined b
S d = & fork >0,
b7 lo  ifk=o.

Claim A.1.5 Let f: A — B be a filtered A algebra morphism. Let a € A be a deforming element.
Then there is a map
Ja: (A, (m§)a) > (B, mfp).

A.2 Curved homotopy transfer theorem

Theorem A.2.1 (weakly filtered Whitehead theorem) Let A and B be filtered Ao algebras. Suppose
that we have maps

o
v
,Bk

such that B¥ is an Ao, homomorphism, with B¥ = 0 for all k 1, and the following conditions hold:

(10) Bomh—myoB=PBomyomyoh,
(11) aom}l—m}goazhoméomgoa,
(12) homp+mpoh=0ao0f—id—homyomyoh,

Boh=0, hoa=0, Boa=idg, L(hom%)>0.

Then we can extend

e « to a weakly filtered Ao morphism ak: A®% — B and

e h to a weakly filtered Ao, homotopy h*: B®% — B.

Note that this relates to the homotopy transfer theorem of [20] when m% =0, as (10)—(12) become the
chain map and homotopy relations. The additional relations are analogues of the strong deformation
retract conditions. In the filtered setting they tell us that § and « intertwine the curvatures of m}; and m}l:

ﬂom}g om}; ow zm}i om}l.
Theorem A.2.1 is also related to [17, Theorem 4.2.45], which proves that if « and 8 are filtered Ao
homomorphisms and # is filtered, then / extends to an A, homotopy between « and  whenever (10)—(12)
hold at zero valuation. We now examine the possibility of adapting [17, Theorem 4.2.45] with the weaker
condition that % is weakly filtered.

The proof of [17, Theorem 4.2.45] first proves the theorem for unfiltered Ao, algebras. The proof for the
unfiltered Ao, algebra proceeds by constructing the maps m{j: A®k 5 4 inductively over the index of k.
This proof necessarily uses the fact that £© and mg are trivial, as otherwise higher terms f**7 show up

in the k—input quadratic A relations.
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The filtered case is proven by induction on the filtration, with the unfiltered setting serving as a base
case. Two difficulties occur when extending to weakly filtered homotopies. In [17, Theorem 4.2.45]
the definition of homotopy is given in terms of filtered A, homomorphisms /: A — 2, where 2 is a
model of [0, 1] x A. One can generalize these to weakly filtered Ao, homotopies by considering weakly
filtered homomorphisms /: A — 2l and weakly filtered Ao, structures. Difficulties with these approaches
are commented on in the discussion surrounding [17, Theorem 5.2.35], where a similar statement is
considered for weakly filtered maps of Ao, bimodules.

Further, when % is only weakly filtered, we can no longer use the proof strategy for [17, Theorem 4.2.45]
as h no longer provides a weak homotopy between « o 8 and idp on the tautologically unobstructed Ao
algebra B/B-¢. A possible approach to the weak-homotopy case is given in [17, Section 7.2.6], which
examines G-filtered Ao algebras. A G—filtered A structure [17, Definition 7.2.67] is a collection of
mkP . A®% 5 A indexed by k € N and $ in a monoid G. The monoid G should have a unique invertible
element. We also require that every element of G possess only finite factorization. That is, for all 8 € G,

Bl :=suptk | B = B1+---+ P = B and B; # e} < o0,

The A products are given by
mk = Z T+B) kB
BeG
satisfying the A, which respects the structure of G. Roughly, the proof of [17, Theorem 7.2.72] inducts
on k and || ]|, and uses this finite factorization property. In spirit, our approach is much like this one.

Instead of strengthening the condition on the filtration, we choose instead to strengthen the condition
on the hypothesis of the homotopy equivalence (10)—(12). The upshot is that we can reexpress mf in
terms of the maps 8, «, mg and £, allowing us to decompose the map based on the number of mOB terms
which occur in the expansion. This is used as a replacement for the monoid structure, and we induct
on this quantity, rather than the filtration, in our proof. We now give the construction of the maps in

Theorem A.2.1.

Proof of Theorem A.2.1

Our proof is a modification of the inductive proof given in Markl’s Christmas carp paper [25], using the
sign conventions from [17]. We include the steps in the induction proof which differ from the proof in
the unfiltered setting. Notably, our construction inducts over two variables, which correspond degree
filtration and the number of B—curvature terms that appear in the Ao relations. Outside of these changes,
the only difference between the weakly filtered and unfiltered proof is the additional care that must be
spent with the ranges of indices due to the presence of curvature terms. Place a partial order on pairs
(n,k) so that (k’,n") < (k,n) if n’ <n and k’ < k. Define the maps

1,0 1,0, 1 0,1 0,1 0

— 0,1 _ 0 — A _ 0 A 0,0 _ 1,0 _
a " i=a, o =homp, my =my, my =fomp, y > =mpg, y =0 and y"=0.
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Suppose that, for all (k’,n’) < (k,n), we’ve defined the maps ok’ and )(k/’”/. Then inductively define

the kernel . .
k, o 1’n1®...®a rshlr
pr—-y X [eee
k B

r=2k14+k,=
ni+-+nr=n
(0,0)<(n; k;)

error terms

)(k’” _ Z Z (_1)*@’21;—:11 ki) |:o(k1,n1 ®...®in,n; ®...®akr,nri| ’
r>2 ki +-+k,=k h emp

ny+-+n,=n

(0,0)=(n; k;)

and maps

ok = —hophn and mf" = —gopkn.

The first two error terms are
(13) l=homBm% ®al® + (—1)*a ®@m®) =homhomkoa?,
(14) )(0’2 =h omz(ao’1 ® )(0’1 + (—1)“0{0’1 R XO’I) =h om}; om}g oh om%.

The filtrations of these maps are increasing in #, as we can prove inductively that

k
UM ar, . ag) = nlm®) = (1 + )ER) + Y L),

i=1

and by the condition that £(h om%) >0 we see that Y o p”’k converges over Novikov coefficients. Most

of the mﬁ’n terms end up being trivial, as by applying the Ao, homomorphism relations for 8 we obtain

ko — hOpkl,n1®...®hopkr,nr B hOpkl’"1®---®hopkhnr
- ,Bomg o mzo(lg®r) )

which vanishes whenever the composition B o & appears. So this term is zero unless (k,n) = (k,0). We
can therefore write

k k k k,0 k k,0 k,
my =mygo(Boa)® = Bomy o(a)® =my :ZmA".
n

We will prove by induction on the product order for (k,n) that the following relation /(k, n) holds:

k1,m1 kr,ny
Z o ®...®a
B

ki -tk =k
ni+...4+n,=n

. A®J1 Jhn' o 1@
- A |1 @my " ®id k, kn+1
- Z 0T |: aj1+1}2+1,n1 -

i+ 2=k
ni+n’'=n

We note that summing all of the /(k, n) relations for fixed k yields the Ao, homomorphism relation for
ak =3 akn,
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Proof The base cases for our induction are when (k, n) € {(0,0), (0, 1), (1, 0)}.

e The relation 7(0, 0) states

o _ 0,1
mp =X

e A computation using the relation (13) shows that /(1, 0) follows from (11).

e A computation using (14) shows that /(0, 1) follows from (12).

Now assume that we’ve shown that 7(k’, n’) holds for all (k’, n’) < (k,n). As (k,n) # (0,0), (1,0), (0, 1),
we know that 7 > 2 in the left-hand side of /(k,n). We can therefore reexpress it as

ki,n1 ky,ny
a oo a
Z [ ® r® ]=—pk’n+m§OO{k’n=—pk’n—mlBOhO,0k’n
k

eyt = "'
ni+-+ny=n
Byapplyingm};ohopk’ _—aomﬁn pk homBomBoa hom o p*" from (12) and

canceling the highlighted terms, this equals

aomA "+hompomy oak”—l—z Z

r=2k1++k,=
ni+-+nr=n
(0,0)<(n; k;)

ki,n1 ky,ny

o ®...®a

—otom E E .

4 "+ |: homllgom% ]
r=1lky+-+k =k

ny+-+nr=n
(0,0)<(n; .k;)

[aklanl ® - ®akr,nr:|
1 r
. homgomp

Applying the Ao relations for m' om’, we get

aklanl ® e ® akrsnr
Qo mﬁ My Z Z (_I)O(z,k,rl) id®" @ m%’ ®id®"2

ridr/+ro=r>2ki+-+ky =k homy 2l
r1+r2>0 ny+-+ny=n

Here O(x, k. r1):=ri+ > ;L (1—ki + Zf;l deg(x;)). We regroup the terms which lie above m’; in
the composition to obtain

ritr’ ki ‘
id®/1 g [&' =ri @ )} 2id®”2

m
ol Oom"+ Y 3 (— 1Ok B
®iL, (@) @ide); (akimiy |
ri+r'+r=r=1  kite+tky =j1 =1 T e
TET220 ety g = homy *72F
hri =k T R
mi+m’'+my=n r—ry i J2
nitetny =my
nrl+1+...+nr2+r/=m'
Np—p +tny=ms
When taken modulo 2, Q(x,k,r;) = Zl_l ki + > 7, deg(x;) = &(x, j1). When grouped over the

index (', m’), the shaded block is the left-hand side of the relation 1(j’,m’). If m’ = n then ji, j» # 0,
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and therefore j’ < k. Hence (j',m") < (j,m). Let x, j, be the tuple (x;, +1, ..., X, +,). We can apply
the inductive hypothesis to get
al’oomﬁ’"
. 7, .
. ®j] 1d®ll ®mA o] ®1d®12 . ®]2
id*e li+12+1,02 ®id
+ Z (_1)A(§,J’1) Z (_1)&(511,,'2,11) . ) o i .
ri+r'+r=r>1 ki+-+kr = ®i=1(a I l)®l(rj’%i®l_Tr—72(a P
_r1tr>0 ky—r, +thkr=)o homBl 2
1t/ + 2=k nytny, =my
mi+m +ma=n Rp—ry +etny=ms
L+l +h=j'
o1+or=m’
id®]1®(_Xr’,n’+Xr’,n’+1)®id®jz
LD DR GO Vil 2. ®iLi (@ )RR, _,, (@)
r1+r’irz=0rzl ki+-+kr =j1 hom%1 +r2+l
rit+ra> kry+1+-+k 1=j’
. N 1 ro+r’ —.
Jt+i'+i2=k S
ny+-+nr=n

The remainder of the proof proceeds as in the tautologically unobstructed setting by applying the recursive
definition of ¥ and p"*, and using the relation (—1)*@:/1) (—1)®*&/1.72:0) = (—1)#&.j+0)

We now define the homotopy, again following [25]. Inductively define the maps
Bk @ hk ® id®*2

¢k = Z (_1)&(5,/61) o' ®---®alr @id®k2tl ||
ki+k' +ka=k m’ H1tk2
Jitet jr=ky
r+ky>1,k'>1

where h* := h o ¢¥. The Ao, homotopy relations

Yo (R {(a 0f)/1 @ ® (@op)ir @ ¥ ®id®k2}

r+1+k
ki+k +ko=Fk m 2
Jitet jr=ki
r+k>>0,k'>1
: 4®k1 k’ s 1®ko
- (Ot ° 'B)k N idk - z : (_1)‘(&]{1) |:1d h%lnigz-(?lld :|
k1+k'+ka=k,k1+k2=0

are proved inductively. In the above expression, id¥ =id if k = 1, and is zero otherwise. On the right-hand
side k" may be equal to 0. Then

ﬁ@kl ® Wk Q id®k2
S DA | i g g o @id®ktl

ki+k'+ho=k mr+1+k2
it e =k
r+k>>0,k'>1

:m}gohod)k-i—(j)k :aoﬂo¢k—hom}30¢)k—hom}3om}goho(]ﬁk
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B @ ht' @ id®k2
=aofopk+ Z (1)K | it @ ... @ alr @ id®k2+1
ki1+k' +kr=k h omllg om!t1tk2

Jit+jr=ki
r+k2>0,k’>1

B ® h*' @ id®k2

i i o s 1®ka+1
_ k M) +A. ) | @ @ @ el ®id®T
=aofog” + (=1 = . Qi i o i )
1d®" @ mt, ® 1d©*2
ki+k'+ka=k Bt
J1++jr=k1 homtiTi2
i1+i’+ir=r+kx+1>1
k’'>1

where y = y1 ® -++ ® yrtk,+1 18 the partial composition
(ozj‘ ®---Qalr ®id®k2+1) ° (ﬁ@kl ® Kk ® id®k2) o (x).

Collecting into terms for Wthh J1+j ' <r,ji<r<ji+j andr < ]1 + 1 allows us to either apply
the Ao, homomorphism for o* or the induction hypothesis to push the 17 » term through to the top of the
composition. The remainder of the proof is standard. |

Remark A.2.2 The relations (10)—-(12) require some motivation. The A relations can be proved
noninductively by unpacking the definition of p into the sum over compositions defined over stable trees,
as in [22]. The A and homotopy relations correspond to contractions and expansions of these trees at
internal vertices and edges; the argument in some crucial way uses the fact that the contractions of stable
trees at internal edges are again stable trees.

To generalize to the filtered setting, one must consider stable trees with k internal and n external leaves,
where the internal leaves are labeled with curvature terms coming from m®. The Ao, and homotopy
relations again correspond to contractions and expansions. However, the contraction of a stable tree at an
internal leaf is not necessarily stable. The terms added to (10)—(12) cancel out these contributions coming
from nonstable trees.

We give the noninductive proof of Theorem A.2.1 in the preprint version of this paper.

A.3 Morphisms are mapping cocylinders

In the category of chain complexes, there is a dictionary between morphisms and mapping cocylinders.
We now extend this dictionary to filtered A, algebras.

Definition A.3.1 Let AT and A~ be two filtered Ao, algebras. A cocylinder from A1 to A~ is a filtered
Ao algebra B which

e as a vector space is isomorphic to A~ @ A° @ AT,
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¢ has differential of the form .
m—>— 0 0
m—;O mO;O m+;0

0 0 m+;+

’

where m 130 is an isomorphism with inverse satisfying £((m %)~ om?%) > 0, and

e has projections of chain complexes
B
N
A~ AT
which can be extended to Ao, homomorphisms ﬂ’i, with ,3’; =0 forall k # 1.

We denote such a mapping cocylinder by

A" < B— AT
The cylinders from A~ to AT are in correspondence with morphisms f: A~ — AT,

Theorem A.3.2 (cylinders are mapping cocylinders) Let A~ and AT be two filtered A, algebras.

(i) To every cocylinder A~ <> B — AT, we can associate a morphism ®g: A~ — AT,

(i) To every morphism f: A~ — A™, we can associate a cocylinder
A” < By — AT,
(iii) These constructions are compatible in the sense that Op, = f.

Outline of proof The construction of a morphism associated to a mapping cocylinder proceeds by
showing that the projection S_, and the map «: A~ — B and homotopy /: B — B given by

a(x) = (x,0,mT) Tom™%x)) and h(x)= (0,0, (m%"1(x)),

satisfy the conditions of Theorem A.2.1, giving us an A extension of «. The morphism associated to
the cocylinder is the “pullback—pushforward” composition ®p := 4 o .

The construction of a mapping cocylinder associated to a morphism follows from a more general
construction: Let C be any filtered Ao, algebra, and let f: A~ — C and g: AT — C be filtered Ao
homomorphisms. Then C can be equipped with the structure of a filtered (41, A™) bimodule whose

bimodule product

ki|1k —
i (40P o C o (4R s C

is given (up to sign) by

kil1lkz = o1 +1+az h h . ; ;

mA_|C|A+_ Z mec o(f""R R MM R®Idec®LE'' V- ® g'o2).
It gy =k
i+t =k
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The proof of the A, bimodule relations uses the Ao, homomorphism relations of f and g. Given an
Ao bimodule C, we define (up to sign) an Ao product on A~ @ C[1] @ A™ by

k
Mpg—xc A+

_ k klojo k klojo k1|1lk2 k1|1lk2 k 0[|0|k
_(mA+onA_|C|A+)EB(f ONA—|C|A++( Z Myl e+ O +gfom
k1+1+ko=k
® (ml{, o),

for which checking the A relations becomes a check of the bimodule structure. Furthermore, the natural
projections f+: A~ @ C[1]® AT — AT are Ao, homomorphisms.

To obtain the mapping cocylinder, we let C = A" and g = id. a
We include the following remark, which we could not find in the literature:

Remark A.3.3 We expect that the A, algebra A~ @ C[1]@ AT is the homotopy fiber product, A~ xc AT
in the category of filtered Ao, algebras. Some specializations are:

e fA=A"=A" =C and f = g =idy, then A x4 A is amodel of A x[0, 1], similar to that constructed
in [17, Lemma 4.2.25].

e For filtered A, algebras, a morphism f: A — C does not make C a left A module, but rather only
an (A, A) bimodule. We note that if there exists a morphism 0 — C, then we can make C an (4, 0)
bimodule, and so it becomes a left A module. This observation is related to the existence of mapping
cones and the existence of bounding cochains.

By existence of a pushforward map on bounding cochains, C is unobstructed if and only if there exists a
filtered Ao homomorphism 0: 0 — C. We may therefore restate the above observation as f: A — C
has a mapping cone if and only if C is unobstructed.

Appendix B Domain and label-dependent perturbation systems

We adopt language from [10, Section 4.2]. Pick h: L. — R a Morse function. We denote by I" a
combinatorial type of treed disk. We use C to denote a treed disk, M(I") for the moduli space of treed
disks of fixed combinatorial type, M(T") to denote its closure, and /(I") for the universal treed disk
composed of pairs (C, x), where x € C is a point. We will denote the forgetful map by C : U(I") — M(T").
The universal treed disk is covered with two sets, /(I') = S(I') U T (I"), which consist of pairs (C, x)
where x lies in either the surface or tree component of C [10, Section 4.2]. There are morphisms
M(T) — M(T") arising from morphisms of underlying combinatorial types [10, Definition 4.12]; they
are called collapsing edges/making an edge finite or nonzero, cutting edges, locality and forgetting
forgettable edges. For this section, we will focus on the morphisms of making an edge finite and cutting
edges. Let V(I') denote the number of external leaves of I" and N(I") denote the number of interior
marked points of I'. We use £(e) for the length of an edge e.
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A labeled combinatorial type I is a combinatorial type I', along with labels

* X={X0;X1,...,Xy)—1 | X; €Crit(h)} a sequence of critical points of a Morse function /, indexed
by the leaves of I" (we reserve xg for the label of the root of the tree), and

 at each k—broken edge e, a sequence of breaking labels B, := {by,...,b}.

The moduli spaces of domains of fixed labeled type cannot be compactified by simply considering labeled
types, as the resulting compactification will not be Hausdorff. When an edge length goes to infinity, the
domain will not know what label to assign the breaking in the compactification stratum. Therefore, we
help the domains remember how they are supposed to break. A prebroken combinatorial type ['p is a
labeled combinatorial type ', along with the data of prebreaking labels P, which consists of

 an assignment to each edge e of a prebreaking number k’(e),

* alabeling at each k' prebroken edge or vertex a sequence of prebreaking labels P, := {x1, ..., Xg/},
and

e an ordering at each edge e of B, Ll P,.

We will sometimes treat the data of P as a set, so that P’ C P means that the prebreaking labels of T p
are a subset of the labels of L'p, or L'p\ p- is the prebroken combinatorial type where we’ve removed the
P’ prebreakings.

A prebroken disk domain C p of combinatorial type I'p is a treed disk with prebroken marks, which is of
a sequence of labeled points (1, x1), ..., (tk/(e). Xk’(¢)) at each edge e. Here 0 <11 <--- <1p/(¢) < £(e)
is a sequence of points on the edge e and the prebreaking labels are given by P, = {x; }f/:(f). There
exists a moduli space of prebroken combinatorial types M (Lp), as well as a universal curve of prebroken
combinatorial types U(Lp).

B.0.1 Morphisms of prebroken combinatorial types We now look at morphisms of prebroken
combinatorial types. We include the morphisms from [10, Definition 4.6]: cutting edges, collapsing edges,
making an edge length finite, making an edge length nonzero, forgetting tails and making an edge weight
finite or nonzero. We add in a new morphism: forgetting a prebreaking. The main changes between
morphisms of prebroken combinatorial types and combinatorial types are in cutting edges, making an
edge length finite and forgetting a prebreaking. We discuss these changes, as well as the corresponding
maps on the moduli space of prebroken treed disks and their universal curves.

(i) Cutting an edge If ['p has a breaking b; occurring at edge e then:

e I';, — Tp, the morphism of cutting an edge e at b;, replaces I' with a disconnected graph I'’. Let
vy and v, be the edges of e. The graph I'' removes the edge e and adds in two vertices wq and w,
connected to edges e; = viw; and ex = vaw;.

e The labels of '/ are the same as on I, except at the new vertices wy and w5, which both obtain
the label b;.

* Labels for prebreakings and breakings of I, are otherwise inherited from Tp.
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There are induced homeomorphisms M(I'p) — M(Lp) and U(T'p) — U(Lp) as in [10]. See the arrows
labeled (i) in Figure 10 for a visualization of this identification.

(i) Making an edge finite We now discuss the morphism of making an infinite broken edge finite. We
say that I is obtained from I'” by making an edge finite if the edges of I and I'’ agree away from a single
edge e, where p(e) = oo and p’(e) € (0, 00). In this case, M(I"") embeds in M(T") as a codimension-1
boundary M(T) x [0, €).

Given prebroken combinatorial types I'p and I'},,, we say that Ip is obtained from I'p,, by making an
edge finite at breaking b; if

¢ the underlying unlabeled combinatorial types are related by such a morphism, and

* the edge e € [}, has one additional prebroken marking x; which matches the marking of the
breaking b; € B, for 'p.

Unfortunately, it is no longer the case that M(I},,) embeds as a codimension-1 boundary into M(Tp),
due to the extra choice in determining where to place the prebroken point. Therefore we cannot construct
a compactification of M(L'p) by simply including broken configurations. However, there remains enough
structure for us to later define what a coherent perturbation is in this setting, and thus obtain moduli
spaces of pseudoholomorphic treed disks which have the appropriate broken configurations in Section B.2.
For P’ C P a set of markings, let M? >1/ 2(T'p) denote the portion of the moduli space of prebroken
treed disks where the distance between the prebreakings ¢; € e of P’ and the boundary of e is greater
than % When P’ consists of a single marking (x;, #;), this space is homeomorphic to

MEB=Y2(Cp)y = {(Clp, 1, t5) | Clpr € M(Dp)) for r € [0,€) and 1; € (L, €(e) — 1) ce).

By abuse of notation, we denote this set by M (I’)x[0, €) x (%, Z(e)—%). There is similarly an identification
of the portion of the universal curve living over the region uxi3=1/2(1) with UT) %[0, €) x (% L(e)— %)
See the arrows labeled (ii) Figure 10 for a visualization of this identification.

(iii) Forgetting prebreakings Let I'p be a prebroken combinatorial type, and let P’ C P be a subset
of the labels. Then we have forgetful maps on the moduli space of treed disks M(LCp) — M(Lp/) as
well as on the universal curve

resprcp:U(Lp) = U(Lp).

Let P’ C P denote a subset of the prebreakings. We say that a prebroken treed disk C p belongs to
MP'<1/ 4(Tp) if the markings (¢, p) € P’ all have a distance less than % from the boundary of the edges.
Similarly, let 2/ <1/ 4(Cp) denote the portion of the universal curve whose prebroken domain belongs to
MP'<V4Tp). When we look at a single prebreaking labeled x;, the neighborhood U/ *¥<1/4(T'p) can
be identified with

{(C,x, ti) | (C,x) eU(Lp\y,y) for t; € [O, min(i,ﬁ(e)) u (max(ﬁ(e) — %, O),E(e))]}.

See the arrows labeled (iii) in Figure 10 for a diagram of the forgetting prebreakings identification.
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B.0.2 Boundary regions on prebroken disks The moduli space of prebroken curves of fixed combina-
torial type is noncompact. In addition to the usual sequences of treed disks which do not converge in the
moduli space of treed disks, the prebreakings lead to new kinds of sequences that do not have convergent
subsequences. There are two new kinds of phenomena we must account for:

(i) the distance between two prebreakings goes to zero, or

(i) one of the prebreakings moves towards the boundary of an edge.

We will later force the prebreakings to remain disjoint from each other, so the first kind of noncompactness
will not affect the noncompactness of the moduli spaces of pseudoholomorphic treed disks we construct.

The second kind of noncompactness we handle only when constructing the moduli space of pseudoholo-
morphic treed disks. We will consider a perturbation datum which is only domain and label (but not
prebreaking) dependent over M P <1/ 4(Cp) for every P’ C P (and thus independent of the position of
prebreakings in P’). Such a choice of perturbation datum has the property that, whenever we look at a
sequence of pseudoholomorphic treed disks with P’ prebreakings moving towards the boundary of the
edge, we arrive in a portion of the moduli space of pseudoholomorphic treed disks which is cut out by the
P\ P’'—dependent J-holomorphic curve. In this chart, it is no longer a problem that the P’ prebreakings
move towards the edge.

B.1 The perturbation datum and coherence

A perturbation datum for type I'p [10, Definition 4.10] is an assignment of domain and prebreaking
dependent Morse function (ie a map ir: 7 (Cp) x L — R) and domain and prebreaking dependent tame
almost complex structure (Jr: S(I'p) x X — End(T'X)) to each prebroken treed disk C p. These are
required to agree with the prescribed Morse function #: L — R and tame almost complex structure
J: TX — TX near the boundaries of the edges and disks. We will denote perturbation datum for type
I'p by P(Lp), so that

P(Cp)(Cp.x) = J(Lp)(Cp.x) € EI:S(TX) ?f (Cp,x) € ‘E(I:P),

h(Lp)(Cp,x) € C®(L,R) if (Cp,x) €T (Lp).

Definition B.1.1 A stabilizing Morse function is a Morse function /#: L — R whose critical values are
distinct; for x; € Crit(h), denote the level set of / containing the critical point x; by Hy, := {h~ 1 (h(x;))}.

A perturbation datum P(Lp) is stabilizing with respect to D if it satisfies [10, Definition 4.26]; this
roughly states that every solution to the P(Lp )—perturbed Floer equation will meet the stabilizing divisor
in the appropriate number of intersection points (see Section C.1). The perturbations of almost complex
structure must be chosen in such a way that D remains an almost complex hypersurface.

A perturbation datum P(Lp) is stabilizing with respect to / if, away from the critical points, the gradient
Vh(Cp)(Cp, x) is transverse to h~!(Crit(h)). We say that P(I'p) is stabilizing if it is stabilizing for
both D and h.

Algebraic & Geometric Topology, Volume 24 (2024)



3116 Jeff Hicks

F e ) - °
M(L) x M(Tb?) 40 M(T?)

({qx}:l)z/[<qu

..
..
..
.

1ii

e X @

[ ]
Mty | 0| (+)

M(D)

il

® X @ [ J
M(L19) x M(T2) O | me

({vx}:[)z/[<vxw ;

X1 X1 X1 X1
I‘la
Xa
Xa Xa
Xa
re2 I Ty, L
X2~ X2~ X2 X2

Figure 10: Describing the moduli space of prebroken regular treed disks. Here I is the combinatorial
labeled type between two critical points x; and x» with two interior vertices. L'y} and Iy, y have
the same underlying combinatorial type, but additionally have prebreakings at 7, and ?;, respectively,
labeled with classes x4, xp € Crit(h). I, T and I'® are broken types, whereas ', [z, T'15 and
Iy, are combinatorial types between x1, X2, X, and x; with indices indicating the labels. The points
marked 1-6 refer to the pseudoholomorphic treed disks which appear in Figure 11.
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Figure 11: An example of the moduli space of labeled pseudoholomorphic pearly flow lines of
type . The moduli space is represented by the dotted line, and the diagrams represent the image of
u; (T) and u; (9S) inside of L for various maps u;. We also mark critical points x1, X2, X, and xp
of a Morse function /2: L — R, as well as level sets Hy, . The projection C p (M3 (X, L, D,T)) to
the moduli space of types (drawn in Figure 10) is represented by the dotted line in that figure, with
the circled numerals 1-6 identifying the combinatorial type of each of these pseudoholomorphic
treed disks.

Given a regularizing perturbation datum, one can define P (L' p)—perturbed pseudoholomorphic treed
disks, which are maps u: C p — X satisfying the conditions of [10, Definition 4.13].

Definition B.1.2 (modification of [10, Definition 4.17]) A stable prebroken pseudoholomorphic treed
disk u: Cp — X with boundary on L is adapted to D and # if it satisfies the (a) stable surface and
(b) leaf axioms from [10, Definition 4.17], and additionally:

(c) Prebroken axiom Each prebroken point 7; € C p with label x; is mapped to the Hy;. Furthermore,
each connected component of u~! (H x;) contains a prebroken point #; with label x;.

One upshot of using labeled treed disks is that, as I contains the data of which critical points of &
its flow lines limit to, we may now define ind(I"), the expected dimension of the moduli space of
labeled treed holomorphic disks. We denote by M (X, L, D, h, 'p) the moduli space of P—perturbed
pseudoholomorphic prebroken labeled treed disks which are adapted to D and /. Because the perturbations
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that we choose for Morse functions are still required to be transverse to the level sets Hy; for x; € Crit(h),
transversality for the conditions imposed by the prebroken axiom are automatically satisfied on the interior
of Mp(X,L,D,h,Tp). As before, we write the forgetful map Cp: Mp(X,L,D,h,Tp) > M(Lp).
We say that the perturbation datum P(T'p) is regular if the moduli space Mp(X, L, D, h,Tp) is cut out
transversely.

Remark B.1.3 Suppose that ['p is a combinatorial type with prebreakings. Let MZ'(X, L, D,T'p) be
the moduli space of pseudoholomorphic treed disks which are adapted to D, but only satisfy the following
weakening of the prebroken axiom:

() Weak prebroken axiom Each prebroken point #; € C p with label x; is mapped to the Hy,.

We note that if P/ C P is a subset of labels, and P(LCp) arises from P(Lp-) by pullback under forgetting
prebreakings, then every adapted P(Lp) pseudoholomorphic disk is an example of a P(Lp/) weakly
adapted pseudoholomorphic disk, simply given by forgetting the position of the marked points in P \ P’.
Since the prebroken axiom determines the positions of these marked points uniquely, we obtain an inclusion

Mp(X,L,D,h,Tp) C M¥(X.L,D,Tp).

which is a diffeomorphism onto its image.

We will want perturbations that are chosen consistently between different labeled combinatorial types. Let
T denote the set of all prebroken combinatorial types for (L, &), and use I C T to denote a subset of the
prebroken combinatorial types. A perturbation system P is a choice of perturbation datum Py (I'p) for
every prebroken combinatorial type I'p € . If P is a perturbation system for all prebroken combinatorial
types in T, we will call Pt a full perturbation system. For a fixed perturbation system Py and prebroken
combinatorial type ['p € I, we write Mp, (X, L, D, h, I'p) for the moduli space of Py(I"p)—perturbed
pseudoholomorphic treed disks.

Adopting notation from the discussion preceding [10, Theorem 4.19], we write I}, < Tp if

o there exists a morphism of combinatorial types I'j,, — I'p corresponding to collapsing edges/making
an edge or weight finite or nonzero, or

e there exists a morphism of combinatorial types I'p — [';,, given by cutting edges, or
e I'p= 1:},1 U I_’f,z is a disconnected type and ['},, = I_’},l or I_‘%,z, or

o there exists a morphism of combinatorial types I'p — I'p,, given by forgetting prebroken labels.

Definition B.1.4 If T satisfies the property that I'p € I and I:}, < I'p implies [‘}, e I, then we say that I

is downward closed.

Definition B.1.5 (following [10, Definition 4.12]) We say that P(I') and P(L’) are coherent over
1:})/ < I:P if:
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(a) if there is a morphism of type “collapsing edges/making an edge nonzero” I'p,, — Lp with Tp, [p, €1,
then P(I'p) is the pullback of the perturbation P(Ip), or

(b) if there exists a morphism of cutting edges T'p — '), we require that P(I'}) is the pushforward of
the perturbation P(Lp), or if ', is a disjoint union of T ;,1 and E?, » then we require that the perturbation
arises as pullback,

(c)—(d) they satisfy the locality and forgettable edges axiom from [10, Definition 4.12].

In addition to these coherence conditions, we modify the condition for breaking (so that it now incorporates
the prebreaking point) and add a new condition for forgetting labels:

(e) Coherence under making an infinite edge finite Suppose that I';,, — I'p is a morphism of making
an edge finite. Recall that we have an identification M(T'p,) x [0, €) x (1, €(e) — ) C M(Lp), where

oo) U (—oo, —l), consider the inclusion

P’ has one more prebreaking than P. Given f5 € (1 5

57
it,: M(Lp,) = M(Cp) givenby C + (C,0,1y).

Denote by i, : U(I'p,) < U(Cp) the corresponding inclusion of the universal curve. We require that
P(hp) =i 1. P(Lp) for all £, so that near the boundary the perturbation is not dependent on the position
of t;.

(f) Coherence under forgetting labels When P’ C P, so that we have a forgetful map ¥’ <1/4(I'p) —
uP\P’(r P\ P’), We require the perturbation datum to arise as the pullback over the forgetting premarkings
map, that is

Plyrr<1/a(Lp) =resp,c p P(Lpy\ pr).
We say that Py is coherent if I is downward closed, and Py is coherent over all relations I'y,, < Tp € 1.
Remark B.1.6 The revised condition (e) states that if #; belongs to an edge that is about to break, then
perturbations do not depend on the position of ¢;.

Note that (f) means that near the region where a prebreaking #; approaches the boundary of an edge, the
perturbation system is not allowed to depend on the position of the prebreaking ¢;.

B.2 From coherent perturbations to Floer cohomology

We say that a stabilizing perturbation system Py is regular if it is regular for all labeled types ['p € I with
ind(Tp) < 1. Suppose we have a regular coherent perturbation system. Then by (f) and Remark B.1.3,

./\/[73]1 (X, L, D, h, 1:P)|MP’<1/4(1:P) C Mupr]ll (X, L, D9 I:P\P’)-
Furthermore, when these spaces are regularly cut out, this is a diffeomorphism onto its image. We say,
for prebreakings Py and P and curves u; € Mp (X, L, D, h, Lp,)| p(p<1/4(r), that uy ~ uy if they have
the same image in M7 (X, L, D, T'). Property (f) allows us to construct a moduli space of Py—perturbed

pseudoholomorphic disks which do not have boundary components arising from prebreakings moving to
the boundary of flow lines; see Section B.0.2(ii). In summary:
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Claim B.2.1 Suppose that Py is a regular coherent perturbation system. For a labeled type I', we can
define a moduli space

Mp(X.L.D.T):= ()  Mp(X.L.D.h.Tp)/~
labelings P for T

which is a smooth manifold.

See Figure 11 in conjunction with Figure 10 for how Mp, (X, L, D, I') is assembled from charts consisting
of prebroken types.

B.2.1 Extending perturbation systems When proving the existence of a full perturbation system, it is
desirable to construct a regular coherent perturbation system for some small collection of types I, and
then extend this regular coherent perturbation system to a full perturbation system.

Definition B.2.2 Let I be a collection of types, and P be a perturbation system. We say that Py extends
Prif I C J and, forevery I'p €1,
Pi(Lp) =Py (Lp).

We will assume that [10, Theorem 4.19] extends to prebroken treed disks.

Assumption B.2.3 (existence of pearly model for labeled types) Let L C X be a Lagrangian submanifold
and D C X be a weakly stabilizing divisor. Suppose we have already picked Py a regular coherent
perturbation system for a downward closed set of combinatorial types I. Then there exists a regular full
coherent perturbation system P extending Pr. Additionally, Pt can be chosen so that whenever we have
Gromov compactness for choices of perturbations and pseudoholomorphic treed disks, and ind(T") < 1,
the moduli spaces of a regularly coherent and weakly stabilized perturbation system have appropriate
tubular neighborhoods providing a compactification. The orientations of these neighborhoods agree with
the boundary stratification (following [10, Theorem 4.19]):

(16) OMpp(X,L,D,T) = U Mpp(X,L,D,TY)yx Mp.(X,L,D,T?).

[lol2=T
Here I'2 o I'! is the concatenation of labeled trees where the outgoing label of I'! matches an incoming
label for I"2.

The differences between [10, Theorem 4.19] and Assumption B.2.3 come from prebreakings. With regards
to coherence over the morphism of making an infinite edge finite (which has been modified), we note
that the new coherence condition (Definition B.1.5(e)) forces the perturbation to be independent of the
position of prebreaking in a neighborhood of where breaking occurs. As a consequence, the argument for
producing the boundary stratification is no different than in the domain (and label) independent setting.

B.2.2 From coherence to A, relations Let Py be a full coherent regular perturbation system for
(X,L,D). For B € Hy(X, L), let Mp.(X,L,D, T, B) be the set of pseudoholomorphic treed disks

Algebraic & Geometric Topology, Volume 24 (2024)



Wall-crossing from Lagrangian cobordisms 3121

where the sum of the homology classes of the disk components is 8. For fixed x a set of labels, and
B € Hx(X, L), we denote by

Mpy(X.L.D.x.8)= | J Mpy(X.L.D.T.B)/~
Twith labels x
where these spaces are glued along their matching boundary components (corresponding to making an
edge length nonzero). Whenever these moduli spaces have expected dimension less than or equal to one,
we have a boundary stratification

(17 WMp(X.L.D.y.p)= |J Mpp(X.L.D.x1.p1) x Mp,(X. L. D.x2. ).

X10kX2=Y

Bi1+B2=8

where x og x2 = y is the concatenation of the outgoing label of x, with the k'™ incoming label of x.
The count of treed disks in these moduli spaces allows us to construct the pearly model of L.

Definition B.2.4 (following [10, Definition 4.28]) Suppose that L is a Lagrangian submanifold as in
Assumption B.2.3, and let Pt be a full coherent regular perturbation system. The pearly Floer cohomology
of L is the Ao algebra CF®(L) := A{(Crit(h)), whose Ao structure coefficients are given by [10, (4.34)]

(m* (1. x).x0) = Y (D) TP #Mp(X, L. D, x. B).
BeH>(X,L)
where x = {x¢;X1,..., X}, # is the count of 0—dimensional components of the moduli space with

orientation, o (1) denotes the number of interior marked points and Q = Z;‘zl ilxil.

B.2.3 Remarks on relation to abstract perturbation techniques Given the large number of different
approaches to regularizing Floer theory, we provide some context for where this framework fits in with
respect to other constructions. Regularization techniques can be characterized by how “uniform” or
“dependent” they are. Generally, the uniform regularizations retain much of the underlying geometric
data of the symplectic manifold and almost complex structure chosen, and so they can be useful for
computations. However, this must be balanced against the additional flexibility that comes with using
dependent regularizations, which is necessary for achieving regularity in some settings and can be
advantageous for proving abstract properties of Floer cohomology. We give a list of different regularization
techniques below, ordered from “most uniform” to “most dependent”.

¢ Global perturbations of almost complex structures place us in the most geometric setting and therefore
provide us with the best tools for explicit computations of moduli spaces of pseudoholomorphic treed
disks. One can hope with the right choice of global perturbations that techniques like the open-mapping
principle still hold, and thereby use geometric principles to characterize the moduli spaces contributing
to the structure coefficients of the Ao, structure. Problematically, global perturbations are not flexible
enough to give us regularization in examples we consider (in particular, the nonmonotone setting).
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e Domain-dependent perturbations give us all the flexibility we need to construct perturbations for
defining the pearly Floer cochains in the nonmonotone setting. However, it is difficult to explicitly
construct a domain-dependent perturbation.

e Domain and label-dependent perturbations (what we use here) give us slightly more flexibility. The
upshot is that one may be able to use geometric perturbations for particular labeled combinatorial types
contributing to particular structure constants in the Floer cohomology.

e Abstract perturbation techniques (from polyfolds and Kuranishi structures) give us the greatest flexibility.
The gain is that it is possible to be extremely precise about what kinds of perturbation you want to take.
However, the perturbations will generally not come from any kind of geometric source, making some
portions of the theory more difficult to work with.

It is a general expectation that one should be able to use a regularizing perturbation datum from one of
these “uniform” regularization techniques inside the framework of a “dependent” regularization technique.
For instance, one could construct a “domain-dependent” perturbation by just defining it everywhere to be
given by a global perturbation of almost complex structure.

The trick, which we now exploit, is to use uniform perturbations where you need to use geometric
properties for computations, then later use dependent perturbations to achieve regularity and coherence
more broadly.* For our applications, domain and label-dependent perturbations prove to be flexible
enough that we can choose the perturbations we want where we want them.

B.3 Application of domain and label-dependent perturbations: explicit computation of
structure coefficients

We now give an application of using domain and label-dependent perturbations.

Consider the situation from Section 2.2.1. Recall that the hypothesis stated that there was a unique
J O—regular holomorphic disk u¢x with one intersection with the stabilizing divisor. We assumed that vy
intersected all upward and downward flow spaces of critical points transversely. We also looked at two
Morse critical points x; and x¢ in degrees 1 and 2, respectively, without a flow line between them. From
this we concluded that treed disks with combinatorial type in

]If;io :={Cp|ind(Cp) <0, input is empty or x1, output is xg, at most 1 interior marked point}
are regularly cut for P, the trivial perturbation determined by J© and /. We can additionally prove from

the hypothesis that there are no broken flow trees with output on xo and one interior marked point.

Casel V(') =0 LetI be the labeled combinatorial type of treed disks with one vertex labeled with
the class of uex and root labeled with xg, as in Figure 12, top. As the disk u has the minimal number of
stabilizing interior marked points, the only kinds of broken configurations which may occur are those
where the semi-infinite edge breaks (as indicated by I'’ in the right-hand side of Figure 12, top). As the

“4In polyfold theory, Katrin Wehrheim explained this once as the Obamacare principle, based on the idea that “if you like the
plan you have, you can keep it” [26].
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Figure 12: Possible breakings of flow trees between x; and xo with a single marked point.
Top: possible breakings of a pearly flow line between x¢ and x; which has a minimal energy disk.
Bottom: possible breakings of type with output on xj.

disk uey is transverse to all upwards and downward flow spaces and is regular, the configuration with
output on y is a regular configuration; this implies that y has degree 2. This means that the flow line
between xo and yg has expected dimension —1; since the function 4 is Morse—Smale, there are no such
flow lines. Therefore, there are no broken configurations of the type I'’.

Case 2 V(I') =1 In the case that we are looking at pearly trajectories between xo and xj, the
combinatorial types of breaking which can occur (due to the minimal interior marked point conditions)
are listed in Figure 12, bottom. By the same reasoning as the case with one output, the first two types of
breaking (of combinatorial type) I'! and I'? cannot occur. Without additional conditions, the combinatorial
type '3 or I'* may occur (for instance, if there are nonregular Morse flow trees with inputs x; and y and
output xp). As we assumed that there are no Morse flow lines from x; to xg, there are no unperturbed
Morse flow trees that contain x; as input and xo as an output. Therefore the moduli space of unperturbed
pearly flow trees of type I'3 or I'* is empty.

From this we conclude that 7?]?51 is regular for broken types in I[f;ko as well.
*:X0

Definition B.3.1 Let I be a collection of types, and 73]? be a perturbation system defined for combinatorial
types in [. We say that Py weakly agrees with 77]? if, forevery I' e INJ with ind(LCp) <0, the perturbation
data agree in a small neighborhood of the labeled combinatorial types contained in these moduli spaces.
That is, we require that

QP(MP]?(XvL’D’hal:P)) = QP(MPJ(leHD’h’l:P))
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and there exists an open neighborhood U D C,(Mp; (X, L, D,h,Tp)) such that for all Cp € U and

xeCp,
Py(Lp)(Cp.x) =P (Lp)(Cp.x).

We say that Py weakly extends 73]? if they weakly agree and I C J.

Lemma B.3.2 Let 73]?51 be the trivial perturbation on the set of combinatorial types from the above
* X
discussion. There exists a full regular coherent perturbation system P which is a weak extension of 73]?51 .
*1X(Q

The remainder of the section will construct P. We describe the construction of the perturbation datum
in steps. Let ]IJO,;Z denote the combinatorial types of flow lines with no disks from y to z. For any
I'p € Uy’Z@rit(h) ]Ig;z, take P(I'p) to be the trivial perturbation datum. The trivial perturbation is
coherent. Since / is Morse, P(I'p) is regular. The choices made for P so far agree weakly with 771([)51 .
*,X]

We now pick a perturbation datum P(Lp) for Tp € |, ecrin) | 1 the types of index 0 with one internal
marked point and one output.

Claim B.3.3 The perturbation datum P(Lp) can be picked for prebroken combinatorial types Lp € I}

1

in such a way that it is regular, weakly agrees with 'P]?fl on the combinatorial types I' € Iy , and is
WX

1
coherent with previously made choices over Uy, zecrit(h) Lysz-
Proof The definition of the perturbation depends on the number of prebreaking points (ie critical values
of h) on the flow line between the boundary of the disk uex and critical point xo. We discuss the case

where there are 0 or 1 prebreaking points; the remaining cases are similar.

« Suppose that the single ?°—pseudoholomorphic curve of type [p € I )160 from Figure 12, top, has no
prebreaking. Then {I )160} is downward closed, and we can choose a perturbation datum for this type freely.
Then choose perturbation data for the rest of [ J, I..

e Suppose that the single P°—pseudoholomorphic curve of type I'p € I )160 has a single prebreaking, and
let C p be the prebroken disk domain. We assume that this prebreaking has distance of at least % from
the disk (so that the coherence condition for forgetting prebreakings does not hold near this prebroken
combinatorial type). Choose P(Lp,) for all [y, € Uzecm(h) I! with no prebreakings. We can choose
this perturbation to be as close to P as desired. Having chosen these P(I'p,), we now define P(L'p).
The moduli space M(Lp) is a 1-dimensional ray that measures the distance of the prebroken label to the
marked point on the disk .

Let U C M(Tp) be a small neighborhood of C p. Choose P(I"p) which interpolates between P°(I'p) over
the neighborhood U and the previously chosen perturbations PE},/ as the distance of the prebreaking goes
to infinity. The moduli of P(I"p)—curves with domain belonging to the complement of U is empty, since
- P(L},) was chosen close to PP,
— the moduli spaces of P%—curves with domain in the complement of U is empty, and

— emptiness is preserved under small changes of perturbation datum.
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perturbations already prescribed, with empty moduli spaces

P PO PO P
X1 X1 X1 X1 X1 X1 X1
y y
X0 X0 X0 X0 X0 X0 X0

equip these with a small perturbation of 7 so that the moduli space remains empty

Figure 13: The three remaining tree types.

So P(I'p) agrees with P°(I'p) in a neighborhood of the domains which are represented by pseudoholo-
morphic treed disks, which is to say that P(I") weakly agrees with P%(IT'p).

The proof is similar for examples where there are several prebreakings on the domain C p representing
the single P%—pseudoholomorphic curve of type I 3160‘ O

g,y;z the moduli space of Morse flow

trees with inputs x and y and output z. We pick the perturbation datum P for types in [ J X9,z ]Ig’ yiz-

We now handle the types of Morse flow trees. Denote by I

The only coherence conditions we need to worry about are coherence conditions from Morse flow
lines; in particular, regular and coherent P can be chosen to weakly extend P° on Uy Ix,,y;xo- Here,
obtaining a weak agreement is easy: any sufficiently small choice of perturbation P will do the trick, as
Mpo(X,L,D,T) =& for T € [y Lx,,y;x0- The same argument holds for types [ € |, [ x;;xo-

We now extend P to I} .. .

point. This contains three combinatorial types which have expected dimension 0, which are highlighted

the set of treed disks with input on x1, output on x¢ and one interior marked

in Figure 13. On the moduli spaces of types I'? and '3, we choose the perturbation datum which

* satisfies the coherence conditions for P as we go to broken configurations, and

o agrees with P? as we go towards the ghost-bubbled configuration which forms a common boundary
with T'! (which is also forced by coherence).

We note that if we previously chose P to be sufficiently small, Mp(X, L, D, T'') will remain empty for
i €2,3, as the emptiness of moduli spaces is an open condition in the space of perturbations. On I'!, we
take P(I'!) = PO(TY).

We have now defined regular and coherent P on a downward closed set of types containing Jlf;io. By

construction, P is a weak extension of 73]?51 . By [9, Theorem 4.19], we can extend this to a regular and
*1X0
coherent perturbation on all types.
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Appendix C Stabilizing divisors and pearly model for Lagrangian
cobordisms

In this appendix, we drop the requirement that w(m2(X)) < 0. For simplicity of exposition, we assume
that X is compact, H; (L) is torsion free and that [w] € H?(X,Z).

C.1 Stabilizing divisors: background and summary

We use J; (X, w) to denote the space of w—tame almost complex structures. A symplectic divisor is a
symplectic hypersurface D C X. If [D] is Poincaré dual to k[w], we say that the degree of D is k. We
say that J is adapted to D if J(TD) =TD.

A weakly stabilizing divisor [10, Definition 3.8] for a Lagrangian L C X is a symplectic divisor D C X
disjoint from L and for which there exists a Jp € J;(X, w) adapted to D so that every Jp—holomorphic
disk or sphere intersects D in at least one point.

A divisor is of sufficiently large degree for an almost complex structure Jp and a Lagrangian L if, for all
Jp—-holomorphic spheres u g> and disks u > with boundary on L,

PD([D])([us2]) = 2¢1(X)([us2]) +dim(X) +1 and  PD([D])([up2]) = 1.

Lemma [9, Lemma 3.9] Let L be a Lagrangian submanifold and J be an almost complex structure.
There exists a constant ky, such that, for every 0 < 6 < 1, there exists a kg > 0 such that for all k > kg
we can find a O—approximately J—holomorphic divisor D of degree k,,k which is of sufficiently large
degree for L.

Note that the complex structure Jp for which D is weakly stabilizing will likely not be the structure J
we start with. To use weakly stabilizing divisors for the purposes of constructing open Gromov—Witten
invariants, one needs the divisor to transversely intersect Jp—holomorphic curves; additionally, one would
like an open set worth of Jps to use as domain-dependent perturbations.

Definition C.1.1 [10, Definition 4.24] For E > 0, an almost complex structure Jp € J;(X) is E-
stabilized by D if and only if whenever u: (X, dX) — (X, L) is a nonconstant Jp—holomorphic curve
(where ¥ € {D?, S2}) of energy less than E, we have:

e Nonconstant spheres There are no spheres u: ¥ — X whose images are contained in D.

e Sufficient intersections Each sphere (resp. disk) has at least three (resp. one) intersection points
with the divisor D.

Lemma [10, Lemma 4.25] For 6 sufficiently small, suppose that D has sufficiently large degree for
every Jp which is 6—close to J. For each energy E > 0, the set of E—stabilized tame almost complex
structures which are D—adapted and 6—close to J is open and dense (in the set of tame almost complex
structures which are D—adapted and 8—close to J).
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C.1.1 Comparison to previous work We adapt the following lemmas to the setting of Lagrangian
cobordisms:

e [9, Lemma 3.9] and [12, Lemma 8.11], which show that there exist weakly stabilizing divisors for
pseudoholomorphic disks and spheres, and

e [10, Lemma 4.25], itself an extension of [12, Proposition 8.14 and Corollary 8.20], which shows
that for a fixed energy bound we can find a dense set of stabilized almost complex structures.

Let K: L™* » L™ be a Lagrangian cobordism. Denote by V' C C the open set with compact closure such
that K |7T<El C\V) contains only the ends of the Lagrangian cobordism.

Lemma C.1.2 (weakly stabilizing divisors for Lagrangian cobordisms) Let K: L™ ~ L™ be a
Lagrangian cobordism. Pick an almost complex structure Jx x t for X x C. There exists a constant k,
such that, for every 0 < 6 < 1, there exists a kg > 0 such that for all k > kg we can find a 0 -approximately
J —holomorphic divisor D of degree k,,k which is of sufficiently large degree for K. Furthermore, this
divisor can be chosen so that D|n61(C\V) = Dy x (C\ V) for some divisor Dx C X.

For this divisor, we can find Jp which are weakly stabilized by D and belong to
T v X xC,o+owc):={J € J;(X xC,w)|3J; € J;(X,w) with J = J, x ¢ outside n(El(V)},

the set of almost complex structures on X x C which are split and constant outside of a given compact
subset V. There exists a restriction map res: J; v (X x C,w +wc) — J-(X, w) given by restricting to a
fiber X x{z} withz ¢ V.

Lemma C.1.3 (density of E—stabilized almost complex structures) Given K: Lt ~» L™, choose 0 and
D as above. Then for E > 0 there exists an open and dense subset of almost complex structures

TF(X xC.D.J.0.E)C Jry(X xC.D.J.0)

of almost complex structures which are E—stabilized by D.

C.2 Background: divisors in the complement of a Lagrangian

We first recall the construction of weakly stabilizing divisors for Lagrangian submanifolds L C X where
X is compact. Portions of this algorithm will come into play when we construct weakly stabilizing
divisors for Lagrangian cobordisms K C X x C.

The primary method (employed in [2; 14]) for constructing symplectic divisors is to present them as the
zero sets of some line bundle. For J € J: (X, w), let Ex — X be a Hermitian line bundle with connection
VE whose curvature is iw. The zero sets of transverse sections of E§ will be Poincaré dual to k[w].
When we have a J-holomorphic section s: X — E which is transverse to the zero section, the zero set
s71(0) is a symplectic divisor. The condition of being J—holomorphic can be weakened substantially
while still preserving the symplecticity of the divisor. A common way to weaken this construction is
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to consider a sequence of sections s;: X — EX* which are asymprotically holomorphic and uniformly
transverse to 0; then for sufficiently large k, the sections s,:l (0) will give symplectic divisors of degree k.

Theorem 3 of [2] provides a tool for constructing asymptotically holomorphic sections.

Definition C.2.1 Let V C X be a subset. We say that sections s;: X — E k fall off from V if there exist
constants C, A > 0 such that |s;(x)| < C exp(—Ad(y, V)?), where d is the metric induced by @ and J.

A section is concentrated at V if there exists a constant ¢ such that |s;(x)| > ¢ for all x € V, and the
sections sy fall off from V.

Sections which are concentrated along a subset V' can be perturbed to make them transverse to the zero
section without losing transversality over V. This is because if a section is concentrated at V, it is “highly
transverse” to the zero section (in the sense that it is very nonzero!). This idea can be extended to sections
which intersect the zero section.

Definition C.2.2 [14, Definition 17] We say that sections s : X — E k are n-transverse to zero over V
if, for all x € V, whenever |s; (x)| < n the covariant derivative Vsi(x): Ty X — E fg is surjective with
bound |Vsg (x)| > k'/2n. The metric we use here is the metric induced by w and J.

Sections s;: X — E¥ have a neighborhood of n—-transversality over V' if s is n—transverse over all
x with d(x, V') < 4k—1/3. We say that a section is transversely extendible over U if U has compact
closure and s has a neighborhood of n—transversality over dU .

Given U aset, let U= :={x € U | d(x,dU) > 4k~1/3}.

From the definition, it is immediate that if s;: X — E is concentrated at V' then it is transversely
extendible over X = U \ V. The notion of transversely extendible is based on the following theorem:

Theorem C.2.3 (adapted from [2, Theorem 3]) Fix € > 0. Given s : X — E asymptotically holomorphic
sections and any open subset U C X with compact closure, there exist asymptotically holomorphic sections
5k X — EX and # > 0 such that

e the sections are n—transverse over U,

o |5k —sk| <€ and |V5, — Vsg| < k'/2e, and

e si(x) = 5i(x) on the complement of U.

An immediate corollary employed in [5] is that whenever X is compact and sg y: X — E k are asymp-
totically holomorphic sections concentrated on V, there exist n—transverse holomorphic sections which
are nonvanishing on V. A small modification allows us to replace “concentrated” with “transversely
extendible in the complement”.

Corollary C.2.4 Suppose that si oy: X — E k is asymptotically holomorphic, transverse to zero over
X\ U and transversely extendible over U. Additionally assume that s;_ }mt(O) Ix\u is a symplectic divisor
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over X \ U for k > 0. There exists 1 > 0 and asymptotically holomorphic sections 5 : X — C, agreeing
with s over X \ U and 1] transverse to zero over U . In particular, E;l (0) is a symplectic divisor for k >> 0.

Proof By definition of transverse extendibility, sk o, has a neighborhood of n—transversality along d(U).
This implies that s oy is n—transverse in U \ U~.

Pick € small enough that € < %n. By Theorem C.2.3, we can construct sections S with € specified which
are 7—transverse over all points in U= C U. As s o is n—transverse in U \ U™, [§x —sx| < € and
|V5x — Vi | < k1/2€¢, we obtain that 5y, is at least (7—e)—transverse over U \ U=. Therefore the §; are
7 = min(7j, 37n)-transverse over U.

It follows that, for £k > 0, 5,:1(0)|U is a symplectic hypersurface. Since 5 !(0)| X\U = s~10)] X\U
(which is symplectic for k > 0 by assumption), we obtain that, for k > 0, §71(0) is a symplectic
hypersurface. a

We now return to the problem of finding D disjoint from L; this amounts to constructing asymptotically
J—holomorphic and n—transverse sections s such that s (x) # 0 for all x € L.

Lemma 3.9 of [10] observes that these sections must satisfy an additional requirement if we would like
Dy = s;l (0) to be weakly stabilizing. Suppose that Dy, is given as the zero set of sections s : X — E k.
which are nonvanishing on L. The sections determine trivializations tj of £ ks L; the connection
I-form written in this trivialization determines a class oy, € H 1(L,R). We can compute the intersection
number of D with a class of disk u: (D?,9D?) — (X, L) by

(18) [u] - [Dg] :k/ u*a)—/ u¥oy, .
D2 [0D2]

The only way we can hope for this to be positive is if the connection 1-forms a, are bounded; we call
such a selection of trivializations bounded. Lemma 3.9 of [10] proves that for fixed L, boundedness of
oy, is a sufficient condition for the divisors Dy to be of sufficiently large degree for large enough k.

The bounded curvature form requirement following (18) can be accommodated in the construction of [5],
which we now recall. The construction of si 7 starts by finding a constant Cy, and picking trivializations
. L —>FE k with

@) =1 and [V ()lg <Cy.
These trivializations can additionally be chosen so that their connection 1-forms «a, are bounded.

Associated to p € L a point, [5] constructs asymptotically holomorphic and uniformly bounded sections

Sk,p,L(x) = %Sk,p(x)’

where sy ,(x) is the asymptotically holomorphic section concentrated at a point p.
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Consider a finite set of points P (k) C K with the property that the radius 1/+/k balls centered at x € P (k)
cover K N 1(V), and the radius 1/(3+/k) balls around the x € P (k) are disjoint from each other and
KNrng 1(C\ V). By construction, the arguments of s p,1(x) do not differ by much; see (19). Therefore

SkL =Y Skpr(x)
peP(k)
is an asymptotically holomorphic section concentrated along L. To obtain a section which is n—transverse
everywhere (giving us symplectic divisors), we apply Corollary C.2.4 to perturb by a small amount in the
complement of L.

C.3 Construction of weakly stabilizing divisors for Lagrangian cobordisms

We adapt the constructions above for Lagrangian cobordisms K C X x C. Again, we assume that X is
compact, Hy(K) is torsion free and that [w] € H?(X, Z).

C.3.1 Toy case: cobordism with empty ends We start with a toy case: let K C X x C be a compact
Lagrangian submanifold, and suppose that X is compact. We construct a weakly stabilizing divisor for K.

Take V :={z | |z] < R} C C a compact subset such that the ends of K are disjoint from V. Additionally,
choose J = Jx X a split almost complex structure. We now sketch how to construct a symplectic divisor
in the complement of K. The approach is similar to the one before. Consider the bundle £ = (Ex X E¢),
with connection VEX K VEC whose curvature form is wy + wc. We take trivializations 1 : K — E k
which satisfy the connection 1-form bound following (18). By application of [5] we can construct an
n—transverse asymptotically J—holomorphic section si g : X x C — E which is concentrated along K.

We cannot from here immediately proceed using the construction of [5], as we need to perturb over
a noncompact set to achieve transversality. However, we can find a perturbation sg oy : X x C — E k
which is transverse (but not n—transverse!) and asymptotically holomorphic outside of the region V.
Consider the section sg g : C — E¢ modeled after the section which is asymptotically holomorphic and
concentrated on S }Q from [5, page 746]; this can be explicitly written in coordinates as

sk,R(2) = pr exp(5k(R—12))?),

where pg : C — R is a bump function equal to 1 outside a small neighborhood of the origin. The s g (z)
define asymptotically holomorphic sections which are nonvanishing outside of |z| > R. Furthermore,
sk,Rr(z) is concentrated along the boundary of § 11{.

Now pick s x : X — E a section which is asymptotically holomorphic and n—transverse. This gives us
the section s oy 1= Sk, x M5, r: X xC — Ek. For (x,z) € X x C with llz| — R| < k~1/3, we have

E E E
ISk outl + IV Sk oudl = sk, x|+ sk, RI + IV sk x| - |5k, R | + sk, x| - V7€ 5k, RI
E
> (I, x| + 1V5¥ st x DIk r| > 3.

So, Sk, out 18 %n—transverse in a neighborhood of |z| = R.
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This means sg oy + Sk, k 18 %n transverse in a neighborhood of the boundary of (X \ (K U m L\,
which means that it is transversely extendible over the complement of K U 7~ L(C \ V). Since the zero
locus of sk ou + Sk, k restricted to K U L(C \ V) is symplectic for k > 0, by Corollary C.2.4 we obtain
a section 5y : X x C — E* whose zero sets s;l (0) are symplectic for k >> 0 and agree with the zero set
of sk out + Sk,x over K Umg!(C \ V). That portion is

~1 ~1 —1
St Oz @) = Skou Ozt @\ v) = 8k,x (0) < (CA V).

C.3.2 Full case: construction of Donaldson divisors for Lagrangian cobordisms We first note that
there is a flat trivialization of 7z g : R — Eé‘: for the Lagrangian R C C. Pick an almost complex structure
Jx xtfor X x C. As in the construction from [5], we take trivializations 73 g : K — E k ; we ask that
they satisfy the following additional properties:

e The sections satisfy the bounds from [5, Lemma 2].

» There exist choices of trivializations ‘L']?:I L* > E § such that 7z splits as rlgc x TR When restricted
to the ends of the cobordism, L™ x [t T, 00) and L™ x (—o0, t7].

* Additionally, the trivializations 74 and T_ chosen above satisfy 7, (x) = 7_(x) ateachx € LT NL™.
The last condition can be achieved with the argument of [10, Lemma 3.11(b)].

The divisor we construct will be the zero set of a transverse 6—approximately holomorphic section
sk: X x C — E¥ which is nonvanishing on K. The restriction si|x : K — E¥ provides a trivialization
homotopic to the sections 7 g. Provided that these have bounded connection forms (following the
discussion of (18)), the resulting divisors we construct will become weakly stabilizing when k > 0;
see [9, Lemma 3.9].

Using the construction of [5] there exist constants C,n > 0 and asymptotically Jx—holomorphic n-
transverse sections sg x: X — E k which have the property that Sk, x(x) > C forall x € LT UL™; the
section arises as a perturbation of a section concentrated on L™ U L™. For any given 6 > 0, we can
choose the perturbation small enough that for large k and any x € L™ U L™ the argument of the section
Sk, x 1is within 6 of the argument of t,ib [5, page 746], ie

N (sk,x(x))‘ »
\E o) '

1_ . . . . . k
Take 6 < g in the above construction, and define the section sg, x xC,out := Sk, x X sg g: X X C — E¥.

(19) sup
xelL*

The section is asymptotically (Jx xt)-holomorphic, transverse to the zero section outside a noncompact
set and nonvanishing over the ends of the Lagrangian cobordism. Additionally, sg x xc ou has the property
that, for sufficiently large k, the argument of this section approximates (up to ¢) the argument of 7z g
over X X (C\ V).
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It remains to modify this section so that it is nonvanishing over the entirety of K and add further
perturbations to obtain 7j—transversality over g L(V). Consider locally concentrated perturbations whose
arguments are approximately determined by 7z:

% (p)

Sk,p.k (x,2) 1= msk,p(x,Z)-

For each k, consider a subset of points P (k) C K whose radius 1/ Vk balls cover K N o (V) and are
distance at least 1/(3+/k) from each other. By [5], we have that

Sk Kin(X) = %0 Y Sk p k(%)
pePk)

is concentrated at K \ 7~ !(U). Furthermore, for any 6 and k sufficiently large,

) '

Therefore, for sufficiently large k, the sections s g in(X) and s x xc out(*) have arguments agreeing

sup
xEK\T[(El (2]

up to error of 20 = %n overall x e KN nél(V); therefore the sum [Sg g int + Sk, X xC out| 15 at least %r)
over KNz~ 1(V).

In summary, we have constructed a section sg := Sk g int + Sk, X xC,out Which is n—transverse over a
neighborhood of d(X x V'\ K), and s,:l (0) is a symplectic divisor over a neighborhood of K U Lc\v)
for k > 0. From here we apply Corollary C.2.4 to construct asymptotically holomorphic sections
51 X x C — E* whose zero set is symplectic for k£ >> 0; as in the toy case,

51O x vy = sg 0 xx(c\v) = S;:,lX(O) X (C\V).

It follows from [9, Lemma 3.9] and [12, Lemma 8.11] that for k sufficiently large, E,:l (0) is a divisor of
sufficiently large degree for K. This completes the proof of Lemma C.1.2.

C.3.3 Weak stability We now show that for k sufficiently large, the Donaldson divisors D constructed
as the zero sets of §x: X x C — E* described in Section C.3.2 are weakly stabilizing. The argument
follows [9, Section 4.5].

Given J € J,y (X xC,w + wc), we use Section C.3.2 to construct D C X x C which splits in the
complement of 7 L(V), is f—approximately holomorphic and has sufficiently large degree k. This
restricts to fibers X x {z} for z ¢ K to give us divisors Dy which are f—approximately holomorphic with
respect to the almost complex structure Jy.

Denote by
J(X,Dx,Jx.,0) :={Jx.py € Tt (X.0) | |Jx —Jx,px || <6 and Jx p, (TDx) = TDx},
TJev(X xC,D,J,0):={JpeTJv(XxC,wo+wc)||J—Jp| <0 and Jp(TD) =TD},
the almost complex structures which are 6—close and adapted to the divisor D. There is a restriction map

res: Jr,v (X xC,D, J,0) - J:(X, Dx, Jx, ). The argument of [9, Lemma 3.9] carries over here, so for
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0 > 0 there exists do(6) such that if D has degree do(6) then D is sufficiently large [9, Definition 4.24]
for all almost complex structures which are 8—close to J.

Proof of Lemma C.1.3 As in [9, Lemma 4.9] and [10, Lemma 4.25], the proof is similar to that of
[12, Proposition 8.14]. The argument in [9, Lemma 4.9] first shows that j; (X xC,D,J,0,FE) is open.

Consider a convergent sequence J ! in the complement of 7,y (X x C, D, J, 0, E) where there are
J—holomorphic spheres u’ which are contained in D. Then at least one of the following two holds:

e There is an infinite subsequence of J?—holomorphic u’ with Im(rc ou’) C V. Since the images of
these spheres are contained in a compact set, we may apply Gromov compactness to show that a limiting
subsequence converges to u with Im() C D. Therefore, the limit of the J' is in the complement of
Jp(XxC,D,J,0,E).

o There is an infinite subsequence of J/—holomorphic u’ with Im(c ou’) ¢ V. By the open mapping
principle, the ¢ o u’ are constant, and so we obtain a subsequence of J}’;,—holomorphic maps with
image mx ou’ in Dy. The same Gromov compactness argument shows that the limit of the J)i, is
in the complement of 7*(X, Dx, Jx, 6, E). Therefore the limit of the J' is in the complement of
Jyp(XxC,D,J,0,E).

Next, we show that 77 (X xC, D, J, 0, E) is dense. This is done by showing that 7;(X xC, D, J,0, E)
contains jlr,e 8(XxC, J,0, E), the set of almost complex structures such that all simple holomorphic curves
up to energy E are regular. The argument that these regularizing complex structures are E—stabilized is
identical to the proof given in [9, Lemma 4.9], which follows the ideas of [12, Proposition 8.11]. The
portion which differs between our setting and the one considered in [9] is proving that the regularizing
almost complex structures J3,*(X x C, J, 0, E) are comeager in Joy (X xC, D, J, ).

The standard proof, which we use here, is to show that the universal Cauchy—Riemann operator
ICB(K)x Jry (X xC,D,J,0) = Exxc  givenby (u,J) — 3¥*C(u)

is transverse to 0. Here B(K) is the Banach manifold of disks with boundary on K, and Exxc is the
Banach bundle whose fiber at u € B is sections of Q%1 (u*T (X x C)). Given a pair (u, J), we break
into two cases: if Im(u) is disjoint from 7161 (V),orifu C 7161 (V).

(i) Im(rou)NV =@ The open mapping principle implies th.’:_lt Z_Jf *C(u) = 0 only when ¢ (1) is
constant. From this setting, we apply [10, Lemma 4.25] to show that 0% :B(L*)xJ.(X, Dx, Jx.0) — Ex
is a submersion. It follows that the map 9%*C is a submersion as well.

(i) Im(rou)NV # & We fall into the setting described by [12, Definition 5.5]. Then [12, Lemma 5.6]
states® that the universal Cauchy—Riemann operator is transverse to 0 when restricted to variations of J
fixed over the complement of U = 7~ 1(V) as long as the image of u is not contained within U .

5Tn [12] there is different notation: their set V' is our set U.
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Thus, the universal Cauchy—Riemann operator is transverse to 0. By Sard—Smale the set of regular J,
~71r/eg(XX(C,J,9, E), is comeager. -

C.4 Compactness

The above constructions allow us to define regular moduli spaces of P—pseudoholomorphic treed disks
with boundary on a Lagrangian cobordism K. Let X be a rational symplectic manifold, K C X xC a
Lagrangian cobordism and D C X xC chosen so that Lemma C.1.3 holds. We say a that perturbation datum
is stabilizing and cobordism admissible if it is chosen from the neighborhoods .,7; (XxC,D,J,0,E).
The perturbation system is called admissible if it is coherent, regular, stabilizing and cobordism admissible.
We now need the cobordism analogue of [9, Theorem 4.27].

Proposition C.4.1 Let Pp be an admissible perturbation system. For any I of ind(L") < 1, the moduli
space Mp, (X x C, K, D,T) is compact, and its boundary components are given by Morse flow line
breaking in K.

Proof The only modification needed from [9, Theorem 4.27] is to address the use of Gromov compactness
in the setting of X x C. We give a brief recap of the argument used by [6]. Consider a domain-dependent
pseudoholomorphic map u: ¥ — X. Since we choose domain-dependent almost complex structures
from Jz,y (X x C, w + wc), the map w¢ ou is holomorphic for points whose image lies outside of V.
As a result, we may apply the maximum principle to show that holomorphic disks with boundary on a
Lagrangian cobordism K either

e have image contained in X x V, or
e live in a fiber of the projection so that ¢ () is constant.

By choosing a Morse function whose gradient flow points outwards along the ends of the Lagrangian
cobordism, we can show that the image of a holomorphic treed disk is contained within X x V (see
Lemma C.5.3 for a full argument). We can therefore apply Gromov compactness. O

By [10, Theorem 4.19] there exists an admissible perturbation datum.

Corollary C.4.2 Let X be a compact rational symplectic manifold. Let K: L™ ~> L™ be a spin and
graded Lagrangian cobordism and h: K — R an admissible Morse function. There exists a comeager set
of perturbation data such that CF*(K, h, P) defines a filtered A, algebra.

C.5 Pearly model for Lagrangian cobordisms

The main result of this section is the matching of moduli spaces of pseudoholomorphic disks for LT
with those of K. Given a prebroken type I'p for Lt C X, denote by (i;7)I'p the type for K C X whose
underlying tree has combinatorial type I" and whose prebreakings and labels are determined by the
identification i;" Crit(h*) C Crit(h). Denote by 17 := i Ty + the set of prebroken combinatorial types
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of (K, h) whose labels come from the pushforward of labels on (L, /™). Let I denote the trees which
have an outgoing edge labeled by a critical point in i} Crit(h*) C Crit(h).

Theorem C.5.1 (compatibility of pearly model of cobordisms) Let K: L™ ~» L™ be a Lagrangian
cobordism, and h: K — R be a compatible Morse function. There exist admissible perturbations systems
P for K and (i T)*P for L™ such that, for any labeled combinatorial type T'p € 1,

M+yp(X.L¥. Dx . Tp) if If 3Tp =ifTp,

Mp(X xC,K,D,Tp) = e if Tpely \IT
L +

Proof The admissibility of the pullback perturbation (i *)*P is proven in Corollary C.5.4. The charac-
terization of the moduli spaces is (20) and Claim C.5.5. O

An algebraic corollary of this statement is the pearly model equivalent of Proposition 2.1.4:

Corollary C.5.2 Let K: L™ ~ L™ be a Lagrangian cobordism. Then the projections
CF* (K, h)
S ~L
CF* (L=, h™) CF*(L*,h")
are filtered Ao homomorphisms.
Proof The conditions on the moduli spaces imposed by Theorem C.5.1 show, whenever {x; } is a sequence
of Floer cochains with at least one x; corresponding to a critical point in Crit(%) \ i Crit(h™), that
m*(x1 ® - ®xx) € A(Crit(h) \ i Crit(h*)) C CF*(K. h).

This proves that A (Crit(h) \ i Crit(h™)) is an Ao ideal and that CF* (K, h)/(Crit(h) \ i;5 Crit(h™)) is
an Ao, homomorphism. Also, by Theorem C.5.1, the Ao, product on CF*(K, 1)/ (Crit(h) \ i} Crit(h™))
matches the A, structure on CF*(L+, h™T).

The same argument holds on the negative end as well. a
C.5.1 Proof of compatibility of moduli spaces

Lemma C.5.3 Let P be an admissible perturbation datum for K. Consider a combinatorial type I € ]Ijrr
and u € MPH+ (X xC,K,D,T). We claim that mc(u) =t 7.
+

Proof Let y,: (s, ,s;) — K be the Morse flow lines of u, and let uy: (D2, 8D3) — (X xC, K) be the
P-regular holomorphic disks of u, where v and e denote vertices and edges of I, respectively. We make
two observations:
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e If rcoy(sy) =17, then mcoy(s;) =1T because grad ™ points away from 7.
e As the composition u o rc: D? — X x C — C is holomorphic outside of V, if there exists a point

2o € D? such that ¢ ouy(zg) =t T, then mc ouy(z) =t T by the maximum principle.

At the root of the tree ¢ (Ve (s)7)) = 7 (x0) =t ™. Recursively working upwards through the tree from
the root and applying the observations shows that ¢ (1) =t 7. O

From this, we can draw two conclusions:

Firstly, given [p for L™ C X and admissible perturbation (i - T'p) for the corresponding type on K, we
obtain a domain-dependent perturbation of almost complex structure (i ¥)*P(I'p) by using the restriction
map res: T,y (X xC, D, J,0) - J:(X, Dx, Jx, 0). Every P—pseudoholomorphic disk u of type i;f Tp
lies completely inside X x {7}, and (by compatibility of our two perturbation systems) gives rise to an
(i Y)*P (I p)—pseudoholomorphic disk x (1) with boundary on L™ C X. Therefore (as a set)

Mp(X xC. K, D.i} Tp)) C M+y=p(X.L. Dx.Tp).

Because the gradient flow of an admissible Morse function points outwards at ™, and P is regular and
split in a neighborhood of X x {¢tT}, we have that y (1) is a regular disk for (i 7)*P.

Similarly, the lift of any u € M;+yxp(X, L, Dx,Lp) to u x {t™} is a solution for the P—perturbed 3
equation. This shows that

(20) Mp(X xC,K,D,ifTp) = M+yp(X,L,Dx,Tp).

Since P is regular, u x {t T} is a regularly cut out treed disk, so mx (u x {t*}) = u is regular. We conclude
that (i )*P is a regular perturbation system.

Corollary C.5.4 Let Pr, be an admissible perturbation system for K. Then (i 7)*Pr, is an admissible
perturbation system for L.

Secondly, let 1\ ]Ii denote the set of labeled trees with outgoing label in i} Crit(2 ), but at least one
incoming label in Crit(h) \ i Crit(h™).

Claim C.5.5 IfTp €14\ 1T, then M(X xC,K,D,h,Tp) = @.

Proof For all Tp € I, \IT, I'p has an input label which does not belong to i, Crit(h*). Suppose
for contradiction that we have a pseudoholomorphic treed disk u of type ['p. Since the output label of
[p does still belong to i Crit(h™), we may apply Lemma C.5.3 and conclude that ¢ (1) = .
However, this implies that all the labels of I'p belong to i} Crit(h™), a contradiction. Therefore
Mp(K, X xC,D,Tp)=0. |
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Foliated open books

JOAN E LicATA
VERA VERTESI

This paper introduces a new type of open book decomposition for a contact three-manifold with a specified
characteristic foliation F¢ on its boundary. These foliated open books offer a finer tool for studying
contact manifolds with convex boundary than existing models, as the boundary foliation carries more data
than the dividing set. In addition to establishing fundamental results about the uniqueness and existence
of foliated open books, we carefully examine their relationship with the partial open books introduced
by Honda, Kazez, and Mati¢. Foliated open books have user-friendly cutting and gluing properties, and
they arise naturally as submanifolds of classical open books for closed three-manifolds. We define three
versions of foliated open books (embedded, Morse, and abstract), and we prove the equivalence of these
models as well as a Giroux Correspondence which characterizes the foliated open books associated to a
fixed triple (M, &, F).
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1 Introduction

The simplest way to produce a manifold with boundary is to cut a closed manifold, and one goal of this
paper is to render this natural operation an effective one in the setting of contact geometry. We introduce
a new topological decomposition of a three-manifold with boundary: a foliated open book. The simplest
construction of a foliated open book is an intuitive one: under mild hypotheses, cutting a closed contact
manifold equipped with an open book along a separating surface yields a pair of foliated open books.
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Open book techniques have been responsible for significant progress in contact geometry over the last
two decades, leading to both computational and conceptual advances in the field. Open books were first
used by Thurston and Winkelnkemper [28] to prove existence of contact structures, and Giroux [13]
upgraded them as a major tool in the field with the well-celebrated “Giroux Correspondence”, claiming
that contact structures up to isotopy are described by open books up to positive stabilization. Open books
were generalized for contact manifolds with convex boundary by Honda, Kazez, and Mati¢ [14], and
Van Horn-Morris [30] defined another version of open books for contact manifolds with toroidal boundary.
In the latter, pages intersect the boundary torus in circles which give the characteristic foliation on the
boundary. Foliated open books use a similar idea; we will require the characteristic foliation on the
boundary to be “the same” as the foliation induced by the intersection of the boundary with the pages,
but we adapt the condition of Honda, Kazez, and Mati¢ [14] and require that the boundary is convex.

Our main tool for understanding the open book structure near the boundary comes from open book folia-
tions; these originate in the thesis of Bennequin [2], who used the singular foliation induced on a disc by the
angular open book decomposition of S3 to distinguish contact structures on S3. These methods were later
named braid foliations and were extensively used by Birman and Menasco [5; 4; 8; 3; 6; 7]. Pavelscu [26]
revived the notion of braid foliations in general contact structures and they were further studied under the
name open book foliations by Ito and Kawamuro [15; 16; 17; 19; 18; 20; 22; 21; 24; 23].

Topologically, an open book decomposition identifies the complement of a link as a fibration, and this
partition of the manifold into the binding and pages serves to localize the twisting of the contact planes
near the binding. By definition, a contact plane field is nonintegrable, but away from the binding, the
planes are nearly tangent to the pages: it becomes forgivable to pretend the manifold is a collection of
solid tori with twisting planes, together with a foliated fiber bundle. A foliated open book extends this
fiction, decomposing a manifold with boundary into binding and pages. In this setting, however, the
pages need not have constant topology, but may evolve via saddle resolutions. The idea of an open book
adapted to a contact manifold with boundary is not new, but there are a few key differences between the
partial open books of Honda, Kazez, and Matié [14] and the present foliated open books. First, we allow
arbitrarily many nonhomeomorphic page types. Second, the boundary of the manifold inherits a singular
foliation F5 whose leaves are the intersections of the pages with the boundary.

Before continuing, we offer a first example of a foliated open book.

Example 1.1 Let M be a solid torus embedded in R3 = {r, ¥, z} as shown in Figure 1. The foliated

open book structure on M comes from decomposing the complement of the z—axis into surfaces defined
by M N{¥ =c}.

As ¢ changes, the topology of the surfaces changes four times, where each change either joins two
components or splits one. The boundary torus inherits a singular foliation from its intersections with the
radial half-planes. This foliation has elliptic singularities along dM N {r = 0} and a hyperbolic singularity
corresponding to each saddle resolution.

Algebraic & Geometric Topology, Volume 24 (2024)
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Figure 1: Left: M = D?x S! in R3. Center: Selected pages S, = M N {¥ = c}. Right: singular
foliation on dM. The green and blue curves in the three pictures indicate the leaves ¢ = 0 and
¥ = 7/3, respectively.

The singular foliation on dM is an intrinsic part of the foliated open book structure. Singular foliations
are ubiquitous in contact geometry, most prominently in the case of the characteristic foliation of a
convex surface. Above, we summarized the compatibility between an open book and a contact structure
by requiring the contact planes to be “nearly tangent” to the pages, and this translates to foliated open
books as a requirement that the characteristic foliation on the boundary “nearly agrees” with the singular
foliation induced by the pages.

A foliated open book (B, 7, Fz) is compatible with the contact structure & = ker « if
e a(TB) >0,
e daf;-1( is an area form, and

e the singular foliation 5 on dM whose leaves are the level sets of 7 = m|gps “agrees with” the
characteristic foliation F.

Precise definitions appear in Section 3. Having noted some contrasts between partial and foliated open
books before the example, we now make the case that the world has room for yet another notion of
an open book; this rests on claims of naturality (not in the categorical sense) and gluing. As described
above, when a contact manifold arises as an embedded submanifold, the foliated open book structure
is immediate from that of the ambient manifold. This makes it easy to construct examples, whereas
constructing partial open books can be difficult in practice even for rather simple manifolds. Just as
cutting is intuitive, so is gluing: keeping track of Fz on the boundary allows us to glue contact manifolds
with foliated open books and get a new foliated open book. Although gluing is certainly possible with
partial open books, it is less straightforward.

Theorem 1.2 (see Theorem 6.2) Suppose that the foliated open books compatible with (M, L) and
(M R £R) induce the same foliation along their boundary. Then the contact three-manifold formed by
gluing them, (ML U MR gL U ER), has a compatible honest open book decomposition that restricts to
each piece as its original foliated open book.

Algebraic & Geometric Topology, Volume 24 (2024)
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1.1 Applications and results

The primary purpose for defining foliated open books is for applications requiring cut-and-paste arguments,
which are ubiquitous throughout low-dimensional topology. We anticipate further constructions of open
books for manifolds assembled from smaller pieces as well as applications to the study of support norms.

Foliated open books are inherently compatible with gluing, so by design they are the right object to define
the contact invariant in bordered Floer homology. We present this construction in [1], together with its
comparison to the gluing result of Honda, Kazez, and Matic.

It is also possible to amalgamate partial open books with foliated open books; a limited case of this
appears in the proof of Theorem 3.12, and the general construction will be explored in [25]. This is
significant not only as a bridge between different models, but importantly, as a tool for further work in
Heegaard Floer homology. Specifically, these amalgamations offer a path to characterizing the higher
multiplication maps in bordered Heegaard Floer homology using only the data of sutured Heegaard Floer
invariants, as first proposed in Zarev [31].

These advantages would be worth little, however, if foliated open books failed to be either sufficiently
precise or sufficiently broad. We prove the following results:

Theorem 1.3 (see Theorems 7.1, 7.2 and 3.12) Every foliated open book supports a unique isotopy
class of contact structure, and every contact manifold with a characteristic foliation that “agrees with” an
open book foliation admits a compatible foliated open book.

As in the case of honest and partial open books, foliated open books may be stabilized by taking a
connected sum with an open book for S3.

Theorem 1.4 (Giroux Correspondence; see Theorem 6.9) Positively stabilizing a foliated open book
preserves its compatibility with a contact structure, and two foliated open books supporting equivalent
contact structures are related by a sequence of positive (de)stabilizations.

Having said something about what foliated open books do, we return to the somewhat neglected question
of what foliated open books are. In fact, we will introduce three distinct objects: embedded foliated open
books, Morse foliated open books, and abstract foliated open books. In brief, we have the following:

e An embedded foliated open book is a pair (B, ) which could be the restriction of an honest open
book to the submanifold formed by cutting along a surface with an open book foliation without
circle leaves. See Definition 3.1.

e A Morse foliated open book is a pair (B, ) such that B is a properly embedded one-manifold
and 7: M \ B — S! is a circle-valued Morse function with only boundary critical points. See
Definition 3.17.

Algebraic & Geometric Topology, Volume 24 (2024)



Foliated open books 3143

e An abstract open book is a tuple ({S;}, h) where S; 4 is built from S; either by cutting along a
properly embedded arc or by adding a one-handle, and /: S, — Sp is a homeomorphism. See
Definition 3.14.

In Section 5 we describe how to transform a foliated open book of one flavor into another; having several
versions provides technical flexibility in different settings, as well as a more transparent relationship to
other open books.

The final section of the paper is devoted to the connections with partial open books. We characterize when
a foliated open book naturally gives rise to a partial open book for the same manifold, and we show these
conditions can always be achieved via stabilization. Furthermore, we show how to turn a partial open
book into a foliated open book; as one would suspect from the more detailed data on the boundary of a
foliated open book, a given partial open book may give rise to several nonequivalent foliated open books.

Theorem 1.5 (see Propositions 8.10 and 8.11) Any sufficiently positively stabilized foliated open
book for (M, &) contains a partial open book for (M, &) as a submanifold with pagewise inclusions.
Furthermore, any sufficiently positively stabilized partial open book may be obtained this way.

1.2 Organization of the paper

The paper assumes familiarity with contact structures, open books and Morse functions, but we found
it important to recall the basic terminology and results about open book foliations and characteristic
foliations in Section 2. Here we also introduce a technical definition of a “preferred gradient-like vector
field” that will be used throughout the paper. In Section 3 we introduce the three definitions of foliated
open books and, after setting up the local models in Section 4, we prove their equivalence in Section 5.
The last part of this section again introduces a technical notion: ‘“sorted handlebodies” are the main
ingredients in understanding the relationship between partial and foliated open books. The main theorems
that make foliated open books useful are discussed in Section 6, together with a number of examples. We
prove the existence and uniqueness of the supported contact structures in Section 7. Section 8 explains the
relationship between foliated open books and partial open books, and we use this to prove the existence
of a supporting foliated open book and a “Giroux Correspondence”.
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2 Foliations and vector fields on surfaces

Although we assume familiarity with many of the standard tools of contact geometry, this section carefully
introduces two classical singular foliations of surfaces in contact geometry: characteristic foliations and
open book foliations.

2.1 Signed foliations

Definition 2.1 An oriented singular foliation on a surface X is an equivalence class of smooth vector
fields X on X, where two vector fields are equivalent if they differ by multiplication by a smooth positive
function. Zeroes of X are the singular points and connected components of integral curves of X are
called leaves. We denote the equivalence class by F = [X].

We will often refer to an oriented singular foliation as simply a foliation. Both the zeroes and leaves
of a foliation are independent of the representative of F. Throughout the paper we will restrict to
singular foliations with isolated singularities that are either centers (C), four-prong saddles or hyperbolic
points (H), or elliptic points (E). See Figure 2.

Oriented singular foliations have two types of elliptic points: sources (E+) and sinks (E_). The leaves
that limit to hyperbolic points are called stable separatrices, while the leaves that limit from hyperbolic
leaves are called unstable separatrices. Very often, we will further require that our foliation has no circle
leaves; in this case the closures of leaves are all unions of compact intervals and the foliation has no
centers. A singular foliation is Morse—Smale if there are no leaves which connect a hyperbolic point
to a hyperbolic point. In addition to the above data, we will often assign signs (a priori, arbitrarily) to
the hyperbolic points. When | H4 | = | H—|, we call a Morse—Smale foliation with this extra information
(F, H= H;y U H_) a signed foliation. A signed foliation with no circle leaves can be cut along regular
leaves into square tiles, each of which contains exactly one hyperbolic singularity; see Figure 4.

A signed foliation inherits a family of partial cyclic orders on its hyperbolic points. Specifically, we orient
the boundary of a neighborhood of each positive (resp. negative) elliptic point positively (resp. negatively)
and this cyclically orders the hyperbolic points that have a separatrix terminating at the given elliptic
point. We say that a signed foliation is ordered if there is a cyclic total order on the hyperbolic points that
restricts to each of the partial orders induced by the elliptic points.

Figure 2: Left: hyperbolic point. Center: elliptic point (a source with outwardly oriented leaves).
Right: center.
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Figure 3: In this signed foliation on the sphere, boxes represent hyperbolic points and circles
represent elliptic points.

Example 2.2 The existence of an order does not follow from the other conditions on a signed foliation.
Figure 3 shows the singular leaves of a signed foliation which is not ordered. Indeed, the yellow shaded
negative elliptic point is connected to all but one of the hyperbolic points, giving them a partial cyclic
order. The only hyperbolic point that is not included in this cyclic order is the blue shaded hyperbolic
point. However, the two green shaded positive elliptic points give contradicting information on how this
hyperbolic point should be included in the cyclic order.

For signed foliations with no circle leaves we can define the positive graph G+ embedded into X as the
closure of the union of stable separatrices of positive hyperbolic points. This is a graph whose vertices
are the positive elliptic points and whose edges are in one-to-one correspondence with H ; each edge
connects the two elliptic points at the ends of the stable separatrices of a single positive hyperbolic point.
See Figure 4. Similarly, one can define the negative graph G__ using unstable separatrices and negative
hyperbolic points. A dividing curve for a signed foliation (F, H = H1 U H_) is a curve which is positively

et e et e

ht -

e et e~ et

Figure 4: The bold curves show G on a tile defined by a positive (left) and negative (right)
hyperbolic point, and the red curve is I". The separatrices are labeled with u# and s, for unstable
and stable, respectively.
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transverse to the leaves of F and bounds R4 = N(G4+4); as usual, N(-) denotes a neighborhood of
the indicated subset. Up to isotopy through curves with this property, we could have defined I" as the
boundary of R_ = N(G__) with the opposite orientation. In fact, up to isotopy through curves positively
transverse to F, I' is the unique curve that is positively transverse to F and separates Hy U E from
H_ U E_. We say that I" divides the signed foliation (F, H = Hy U H_).

Definition 2.3 Two signed foliations (F, H = Hy UH_) and (', H' = H\ UH! ) on X are topologically
conjugate if there is a homeomorphism ¥ of X that takes the leaves of F to the leaves of F’, while
respecting the partition of the hyperbolic points by sign (i.e., ¥ (H+) = H)). Two ordered signed
foliations are strongly topologically conjugate if they are topologically conjugate via a homeomorphism
in the identity mapping class of X that respects the cyclic orders.

Although we have chosen to define a foliation as a vector field, the presence of an area form w on X
offers an equivalent definition as a dual one-form. Specifically, one may define an oriented singular
foliation as the kernel of a one-form 8, where tyw = . In computations, it is often more convenient to
use one-forms, so we will assume a fixed w and move freely between these two perspectives.

2.2 Characteristic foliation

Characteristic foliations provide natural examples of signed foliations, and here we recall some results
relevant to our paper. See [12] for further discussion.

Definition 2.4 Let j: ¥ < M be a smooth embedding of a surface X into a contact three-manifold
(M, §), and let o be some contact form satisfying kera = £. The characteristic foliation Fg(X) = F is
the kernel of the pullback j*a|y.

As noted above, F¢ can equivalently be defined by the vector field X satisfying tyw = «|x. Note that
with either definition, F is well defined only up to multiplication by a positive smooth function on X. The
leaves of the characteristic foliation are immersed Legendrian curves on X, but the definition presented
above is stronger than simply identifying the leaves as sets.

At regular points, the leaves of F¢ are tangent to 7, X N &, oriented so that the vectors evaluating
positively under a on T}, X coorient the leaves. The singular points are exactly the points where 7, X =§&,.
A singular point is positive (resp. negative) if the orientations of 7), % and &, agree (resp. disagree). We
will see below that this sign agrees with the sign already defined for elliptic points, and that characteristic
foliations have no centers. Depending on the sign of a singular point, d(a|x) = d(a|g) = da|g; note
that da is nondegenerate, as « is a contact form. This means, again depending on the sign of the singular
point, that +d(«|x) is an area form on X. Thus the isolated singular points of ¢ can only be elliptic or
hyperbolic. The sign of elliptic points is positive for sources and negative for sinks. Moreover, this sign
convention for hyperbolic points automatically makes characteristic foliations signed.
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One may recognize the one-forms that arise as characteristic foliations:

Theorem 2.5 (Giroux [12]) A one-form B on a surface X is the restriction of some contact form for
some embedding of ¥ in some contact manifold if and only if +dp is an area form at the singular
points. O

We distinguish an important class of surfaces in a contact manifold: those whose neighborhoods have
I—invariant contact structures. A contact vector field is a vector field X whose flow preserves the contact
structure £, and an embedded surface X is convex if there is a contact vector field transverse to it. Convex
surfaces are naturally equipped with dividing curves I' = {p | X}, € §,} and in fact, the existence of
dividing curves for a characteristic foliation detects convexity:

Theorem 2.6 (Giroux [11]) An embedded surface ¥ is convex if and only if there is a curve I' that
divides B = a|x. |

The usual definition of the “dividing curve” of F¢ in contact geometry is at first glance slightly stronger
and begins with a fixed vector field X' which represents F¢. We require that X is positively transverse
to I'; that there exists an area form Q2 such that I' = {divg X' =0}; and that Ry is {£ divg X > 0}. We
will see in the following that the two notions for dividing are equivalent, but until then we denote the
stronger, divergence-dependent definition by “‘geometrically divide”, and our original, X}, € &, definition
by “topologically divide”.

In order to translate the definition of geometric dividing curves to the world of one-forms, fix X and
choose f/ = 1x 2, a form which defines the same foliation Fe. Then the characteristic foliation F¢ is
geometrically divided by T if and only if I' = {d'=0} and §’|r orients T'. In this case Ry is defined
by {£dpB’ > 0}. The equivalence of the two notions of dividing now follows from the following lemma.

Lemma 2.7 If the characteristic foliation F is topologically divided by I, then it has a representative
one-form 8’ such that T = {d’=0}.

Proof Though this statement is standard in contact geometry, we recall the proof for later use. Starting
from an arbitrary one-form f defining Fz, we will look for 8’ in the form B’ = gB, for some positive
function g. Let A = [—e¢, ] X I" be a neighborhood of I' with coordinates (u, v), so that F is given by du
and I' = {u=0}.

Choose a Morse function /2 on ¥ whose gradient flow with respect to some metric directs Fg and that
satisfies the following conditions:

e I'=1"10),
o A=h"1—¢¢], sothat h =u, and

e Ju orients the level sets of 4.
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Such a Morse function exists by [27, Theorem B], and we use it to define g = 4> + 1 —2¢. Assuming
that ¢ < %, the function g is indeed positive on X, B/(TT') = gB(du) > 0, and

+df = +dg A B+ gdp.

The second term on the right vanishes away the singular points and is a positive multiple of a volume
form near the singular points. As for the first term, we have dg = 24 dh. Recall that the gradient vector
field of /1 directs Fg, so dh A > 0 and the sign of / is £ in R4. This proves that +d’ > 0 everywhere
on R, as required. O

Remark 2.8 In the proof above, g = h%? +1—2¢ < 1—¢ < | on A. We will use this in Lemma 4.2.

From now on we will generally not distinguish the two notions of dividing, although this may require us
to change the defining one-form in order to assume that some I' is geometrically dividing. For example,
Lemma 4.2 will require a specific choice of one-form.

One can also give a local model for the contact structure in the neighborhood of X as follows. As above,
let A= N(I") = [—¢, ¢] x I" with the given coordinates. Then the contact structure on X x /(z) is given
as follows:

Proposition 2.9 (Giroux [11]) Suppose that F¢ is (geometrically) divided by I with respect to the
representative B’. Then there is a function f: X — [—1, 1] such that

-1 —
s [T (D) =R,
e on A, f depends only on u and is a monotonically decreasing function of u,
e f~10)=T, and

e o=+ fdzisacontact formon X x I. O

2.3 Open book foliations

There is another foliation related to contact structures, the open book foliation introduced first in the
context of the angular open book for the standard contact structure in S* in [2] and then later generalized
in [26] and [15]. Let X be a surface, this time embedded in a manifold M equipped with an open
book (B, ). After a C°°—isotopy of X, one may assume that ¥ is transverse to B. Define E = BN X
to be the set of elliptic points. After possibly applying a further C°*°—isotopy of X, we may assume that
7 =m|g: X\ E — S!is a circle-valued Morse function with at most one critical point on each level.
For any such surface, the open book foliation is defined in [15] as the level sets of 7. In order to align
this with our use of the word foliation, we will define an equivalence class of vector fields whose integral
curves are the level sets of 7. In this setting, a leaf of the foliation is a connected component of a level set.

Consider the one-form d7 on X \ E and recall that an elliptic point e € E has a neighborhood D2 (r, %)

where T = 1. Define y = :I:\I’Zi(rz—l) dmw+d, where \Ilgﬁ

for r <e/4, equals 0 for r > £/2, and is strictly monotonically decreasing on [¢/4, ¢/2]. Extend y by O on e.

is a smooth bump function that equals 1
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Up to multiplication by a smooth positive function, y does not depend on any of the above choices. The
signs of the elliptic points of 75 come from the signs of the intersections of the oriented binding B
with X, while each hyperbolic point inherits a sign when we compare the orientation of the level sets
of 7 with the orientation of X. Thus we recover a signed foliation, but with further structure — including
a cyclic total order on the hyperbolic points — coming from the map 7. We summarize the relationship
between this data in the next definition.

Definition 2.10 An open book foliation on an oriented surface X is an ordered signed foliation
(F=|[y], H= Hy U H_) and a function 7 that satisfy the following conditions:

(1) Letting E denote the set of elliptic singularities of 7, 7: X\ E — S! is a circle-valued Morse
function with only index 1 critical points exactly at H.

(2) There is at most one critical point for each critical value of 7.

(3) On X\ N(E),y =dm.

(4) Near each elliptic point, y = j:\IJjﬁ (r2—1)d7 + d7 as described above.

(5) The partition of E into E4 U E_ is induced by the orientation of ¥ and F.

We denote an open book foliation on X by (Fgz,7, H = Hy U H_).

If a surface is embedded in a manifold with an open book, then it inherits an open book foliation, but this
definition allows us to define an open book foliation on an abstract surface. This is justified by the following
somewhat vague statement, a more precise version of which is proved as Propositions 4.1 and 4.3.

Theorem 2.11 Suppose that (Fz,7, H = H+ U H_) is an open book foliation on X. Then there exists
a manifold M with open book decomposition (B, r) such that 3 embeds into M and the inherited open
book foliation on X agrees with the original one. Furthermore, 7 is determined up to diffeomorphism on
a neighborhood of % by the requirement that |y, induces (Fz, 7, H = H_U H).

Restricting the open book (B, ) to N(X) of X produces an explicit local model for a product neighbor-
hood of X; see Corollary 4.6. Whenever a surface is already embedded in a manifold with an open book,
however, we assume that (Fz, 7, H = H4+ U H_) is the induced open book foliation.

A relationship between open book and characteristic foliations is proved in [15]:
Proposition 2.12 [15, Theorem 2.21] If X is a surface in (B, ) with open book foliation F5 with no

circle leaves, then there is a contact structure ¢ supported by (B, ) such that F3 is strongly topologically
conjugate to F. |

Remark 2.13 The original proof of [15] claims only topological conjugacy, but in fact the stronger
condition follows from their argument. In this case, the order on F¢ may be chosen after the fact to ensure
that it agrees with that of F5.
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Remark 2.14 For an open book foliation, d(d7) = 0 holds everywhere, while for characteristic
foliations Fg, df # 0 holds at the hyperbolic points. Since we define foliations as one-forms (or
equivalently, as vector fields), this is the strongest compatibility of foliations that one might hope for;
contrast this to Remark 2.22 in [15], where foliations are viewed only as collections of leaves. Taking
the latter point of view, one may ensure that selected leaves of the two foliations coincide away from a
neighborhood of the hyperbolic points, but it remains unclear if this can be extended to all leaves.

2.4 Gradient-like vector fields

When the leaves of a singular foliation arise as the level sets of a function, the gradient vector field
with respect to some metric has the same singular points but is otherwise transverse to the leaves. In
the absence of a designated metric, one may consider gradient-like vector fields, which share many of
the same properties. More formally, a vector field X on a cobordism M is gradient-like for  if X is
positively transverse to the level sets of 7 away from the critical points; X is tangent to the vertical
boundary; and X can be described via the standard Morse model near the critical points. See [9] for
details. The Morse function 7 has such a gradient-like vector field if and only if the critical points of
agree with the critical points of 7 |gps.

For a fixed gradient-like vector field defined on a manifold with boundary, let W* (&) (resp. W¥(h))
denote the stable (resp. unstable) submanifold of a critical point /. If the critical point % lies on the

boundary, let w* (%) and w* (%) denotes the critical submanifolds of the restriction of the gradient-like
vector field to dM. Equivalently, w®(h) = W¥(h) N dM and w*(h) = W*(h) N IM.

Given an oriented surface ¥ with a circle-free open book foliation (Fz, 7, H = H+ U H_), we define a
special class of gradient-like vector fields for 77 which are characterized by the relationship between their
flowlines and the leaves of F5z. These will play an important role in Section 8.3. We begin by setting
some notation and constructing an example, before stating Definition 2.15 at the end of the section.

As noted in Section 2.1, the surface 3 naturally decomposes into quadrilateral tiles, each of which contains
precisely one hyperbolic point and whose boundary consists of regular leaves connecting elliptic point
corners. Let V7 be a vector field whose flowlines on such a tile are shown in Figure 5. (Since we are
only interested in the qualitative behavior of the flowlines near the critical points, we are free to assume
the required coordinate model.)

More precisely, Vi vanishes exactly at the singular points of F%, is positively transverse to the level
sets of 77, and rotates infinitely many times positively (resp. negatively) near the positive (resp. negative)
elliptic points. By construction, w’ (/) and w* (&) connect the same pairs of elliptic points as did the
separatrices of /1 in Fz. Away from the elliptic points, the flowlines of V7 are “close” to the level sets
of 7 in the sense described next.
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Figure 5: The flow of V7 on a tile.

For “closeness”, we further require that there is a small ¢ > 0 and a small neighborhood N of the elliptic
points such that for any hyperbolic point /2 with 7 (h) = 13,

o w¥(h)\ N intersects 7! (¢) only for ¢ € [t; — ¢, t3];

o w“(h)\ N intersects 71 (¢) only for ¢ € [t5, t5, + €].
The hyperbolic points of F% inherit a cyclic order from the codomain of 77, and we can partially recover

this order from the vector field constructed above. (We refer the reader to Figure 6.) To explain this
relationship, we compare Fz—separatrices and Vi —separatrices. Consider the set of hyperbolic points of a

Figure 6: The order of the positive (resp. negative) hyperbolic points connected to a fixed elliptic
point is encoded in the order that their stable (resp. unstable) separatrices first intersect the regular
leaf 771 (0). Each figure shows two tiles which share a regular leaf along the boundary. On the
left, the intervals /4 and /_ on a regular leaf are thickened.
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fixed sign with Fz—separatrices to some chosen elliptic point. Then the order in which the V7 —separatrices
from this set hit any regular leaf for the first time agrees with the restriction of the original cyclic order to
this subset of hyperbolic points. In Section 8, we will require exactly this property from the gradient-like
vector field for 7.

Definition 2.15 A gradient-like vector field V7 for Fz is preferred if the following properties hold:

e For each regular time ¢ and for each component / of 7~ (¢) with 3] = {e4,e_}, there exist
disjoint subintervals /4 and /_ such that /4 contains e4 U |, (w®(h) N 1) and I_ contains
e_Ul,w*(h)ynT).

» For positive hyperbolic singularities /1, h, with critical values 0 < 77 (h1) < 7 (h,) < 1, the first
intersection of w¥(/,) with I is closer to ey than the first intersection of w® (/1) with /4.

» For negative hyperbolic singularities /1, 1, with 0 < 7 (hy) < 7 (h,) < 1, the first intersection of
w*(hy) with I_ lies closer to e than the first intersection of w* (&) with 1_.

Definition 2.15 lists properties satisfied by the vector field V7 constructed above, proving the next lemma.
Lemma 2.16 Any open book foliation admits a preferred gradient-like vector field. a

In Section 8 we will consider the question of when a preferred Vi defined on dM may be extended
“nicely” to the interior of M.

3 Foliated open books

In Section 3.1 we introduce the central object of the paper, embedded foliated open books. We provide
some examples of embedded foliated open books and define the compatibility between these and contact
structures. At the end of the section, we introduce two variations: abstract open books and Morse foliated
open books. These offer increased flexibility and perspective, and the rather technical proofs relating these
notions are deferred until Section 5. Suppose throughout that M is a smooth oriented three-manifold
with boundary.

3.1 Embedded foliated open books

The key object of this paper —a foliated open book —is motivated in part by trying to understand the
result of cutting an open book (B, i) along an embedded surface that admits an open book foliation with
no circle leaves.

Definition 3.1 An embedded foliated open book is a pair (Be, m.), where B, is an oriented properly
embedded one-manifold in M and the function .: M \ B, — S is a regular function such that the
following hold:

(1) The restriction 7, = 7.|yps is an S'—valued Morse function.
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(2) The closure S; of each level set 7, 1(¢) is a cornered surface with boundary B, U T, L(¢) and
corners E = B, N7, (1).

(3) 7. has a unique critical point for each critical value.

(4) The level sets of 7, have no circle components.
Remark 3.2 From item (4) it follows that the critical points of 7, can only be of index 1.

Remark 3.3 If we would like to allow an open book to be cut along a nonseparating surface, then we
replace (3) with the less restrictive condition that the restrictions of 7, to individual components of dM
have a unique critical point for each critical value. All the statements of the paper are true for this extra
restriction, but it makes notation more complicated.

Example 3.4 Suppose X is a surface embedded in a closed manifold M with an open book (B, ), and
suppose that the open book foliation F3 has no circle leaves. Then the restriction of 7 to each component
of the closure of M \ X is an embedded foliated open book.

Example 3.5 More generally, one may consider a surface ¥ with boundary 03 = T transverse to the
pages of (B, ). In this case the open book foliation Fz on X points transversally out of or into 7,
depending on whether component of 7" in question is positively or negatively transverse to the pages.
After cutting along such a ¥, the boundary of M \ X is the double of ¥ and the foliation is the union
along T of F5 with its negatively oriented copy.

After cutting along an embedded 3, the new components of the boundary retain open book foliations in
the sense of Definition 2.10. In this case, the signs of the hyperbolic points are induced by their signs as
singularities of the embedded X, but the same reasoning assigns signs to hyperbolic singularities on the
boundary of any embedded foliated open book.

Choose a gradient-like vector field V., for 7.; this is the only point in this paper where we consider
gradient-like vector fields which can be transverse to the boundary. Let H denote the set of hyperbolic
singularities of 77, where Vi, points out of M, let H_ be the set of hyperbolic singularities of 7, where
V. points into M, and let E4 U—E_ = B, N dM. We assume these signs in the next statement; the
proof follows immediately from the definitions just introduced.

Proposition 3.6 Suppose that B, is a properly embedded one-manifold in M and w,: M \ B, — S' is a
regular function. Then (B, 7¢) is an embedded foliated open book if and only if (Fz,, e, H = H{UH_)
is an open book foliation on M with no circle leaves. |

Interestingly, even item (2) in Definition 3.1 is forced on m, by the conditions on F%, near the elliptic
points.
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In some settings, we will not want to distinguish circle-valued functions that are just reparametrizations
of each other, so we introduce an equivalence relation that makes sense in the context of surfaces with
open book foliations as well as open books of various sorts.

Definition 3.7 Two (embedded foliated) open books (B, ) and (B’, ') are reparametrizations if there
exist neighborhoods N (B) and N (B’) and a diffeomorphism p: S' — S such that

(1) for each component B; of B or B, the designated neighborhood intersects each page in a subsurface
homeomorphic to B; x I, and

(2) on the complement of the designated neighborhoods, 7’ = po .

Two open book foliations are reparametrizations if there exist neighborhoods N(E) and N(E’) and a
diffeomorphism p: S' — S such that on the complement of the neighborhoods of the elliptic points,
n'=pom.

This notion of equivalence is a reasonable one to consider for several reasons. Readers familiar with
abstract open books will recognize it as an unavoidable indeterminacy in a manifold constructed from
the abstract data (S, &), although it is often not stated explicitly. It will be useful to have the flexibility
to reparametrize open books when we state gluing theorems in Section 6.2, and in some cases we are
concerned only with the combinatorics of the ordered signed foliation on a surface, rather than the full
data of an open book foliation.

From now on we will refer to embedded foliated open books by the triple (B,, ., F5,) to emphasize
the open book foliation on the boundary. Unless otherwise specified, we will consider 7, and Fy, up to
reparametrization.

Given a manifold M whose boundary has an open book foliation (F5, 7, H = H- U H), we say that
an embedded foliated open book (B,, we, Fz,) for M is compatible with the pair (M, Fz) if Fz, = F5.
In general we call an oriented three-manifold M together with an open book foliation on dM that is
defined up to reparametrization a three-manifold with foliated boundary. To simplify the notation, we
will denote this by (M, F5), rather than the more precise (M, Fr]).

Two three-manifolds with foliated boundary (M, Fz) and (M’, F5/) are diffeomorphic if there is a
diffeomorphism ¥ : M — M’ that restricts on the boundary to a diffeomorphism of the open book
foliations Fz to F5 . If M = M’ and ¥ is an isotopy, we say that (M, Fz) and (M, Fz/) are isotopic
three-manifolds with foliated boundaries.

Two embedded foliated open books (Be, 7., Fz,) for (M, Fz,) and (B,, 7}, FJ%'e) for (M’, Fz;) are
diffeomorphic if there is a diffeomorphism v : (M, Fz,) — (M, Fz,) that takes B. to B, and w0 = 7.
If M = M’ and  is isotopic to the identity, then we say that the embedded foliated open books
(Be, e, Fz,) and (B, 1), ]—"7%6) are isotopic to each other.

Examples of foliated open books are given in Section 6.3 and in Corollary 4.6. The interested reader is
advised to review these now for better intuition.
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3.2 Compatible contact structures
Foliated open books, like their partial and closed cousins, are intended as a tool to study contact manifolds.

Definition 3.8 Given a contact manifold (M, ) with boundary, let F¢ denote the characteristic foliation
on M. The embedded foliated open book (B, 7¢, Fz,) strictly supports the contact structure £ = ker « if

(1) du is a positive area form on the interior of each page S =" 1(1),
(2) a>0onTB, and

(3) between each pair of consecutive singular values there exists a regular value #; such that 71 () is
Legendrian away from an arbitrarily small neighborhood of each hyperbolic point.

Remark 3.9 By Lemma 2.7, I' (geometrically) divides the characteristic foliation. Thus dM is automat-
ically convex.

When a contact structure is strictly supported by an open book, the hyperbolic points of the characteristic
foliation inherit a cyclic order from .. However, the combinatorics of the original characteristic foliation
may not completely determined this cyclic order. In order to define a more flexible notion of supported
contact structures, we order the hyperbolic points of ¢ on dM as in Section 2.1.

Definition 3.10 Fix a contact manifold (M, &) with ordered characteristic foliation F¢ on dM. The
embedded foliated open book (B, me, Fz,) supports the contact structure £ if there exists a strictly
supported contact structure & such that & is isotopic to £ through a path of contact structures whose
characteristic foliations are strongly topologically conjugate to Fz, .

In Section 7.2 we will prove the following:
Theorem 3.11 Any embedded foliated open book supports a unique contact structure.
We prove the converse in Section 8.5:

Theorem 3.12 Let (M, €, F¢) be a contact manifold such that F is strongly topologically conjugate to an
open book foliation F5 with no circle leaves. Then there is a foliated open book (B, i, F5) supporting &.
In particular, )B = Ex U—E_and: M \ B — S is an extension of 7.

The following example shows that the circle-free condition is essential for the claim that a supported
contact structure always exists.

Example 3.13 Suppose that S is a component of a page of a foliated open book which is topologically a
disc, so that 0 is a circle component of a leaf of the open book foliation on the boundary. Since F¢ and
F% on OM are strongly topologically conjugate by definition, we may isotope .S so that the characteristic
foliation has a circle C bounding a disc. By construction, this circle is Legendrian.
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Since C comes in an interval of Legendrian circles in F%, its linking number with a Legendrian push-
off —and hence, its Thurston—-Bennequin number —equals 0. On the other hand, we will show in
Proposition 7.3 that the restriction of any supported contact structure to a handlebody associated to a
sequence of consecutive pages is tight, which contradicts the existence of the overtwisted disc S

3.3 Abstract foliated open books

The discretized version of an embedded foliated open book is an abstract foliated open book. This is a
combinatorial object, and it specifies a manifold with foliated boundary only up to diffeomorphism. Here
we present an independent definition for abstract foliated open books, one which will be unsurprising for
readers familiar with other types of open books. We defer an explanation of the equivalence between
abstract and embedded foliated open books to Section 5, after we have introduced an intermediate object,
called Morse foliated open books, in Section 3.4.

Definition 3.14 An abstract foliated open book is a tuple ({S,’}l.zi \»1), where §; is a surface with
boundary! 9S; = B U«; and corners at E = B N«; such that

(1) for all i, or; is a union of intervals, and
(2) the surface S; is obtained from S;_; by either
e (add) attaching a one-handle along two points {p;_1,¢;—1} € ®;j—1, or
e (cut) cutting S;_; along a properly embedded arc y;_; with endpoints in «;—; and then

smoothing; see Figure 7.

Furthermore, /1: Sy — Sy is a diffeomorphism between cornered surfaces that preserves B pointwise.

Note that the operations add and cut are opposites of each other: if S 2d, 57 along p and ¢, then
=Y along the cocore of the new one-handle, and vice versa. When we would like to specifically
identify the attaching sphere or arc, we will record it under the arrow, as below.

Definition 3.15 Two abstract foliated open books ({S,-}l.zi o- 1) and ({S] }izi/o’ h') are diffeomorphic to

each other if kK =k’ and there is a sequence of cornered diffeomorphisms {;: S; — S/ }f.‘=1, all of which

agree on B, satisfy ¥;(B) = B’, and are compatible with the handle attachments and cutting:

o if S5 %) S, then Slf_l )/C,l) Sl./, where Vi/—l = V¥;—1(yi—1) and ¥; is the restriction of v;_;
- i—1

to S; C Si—1,
. dad add )
e ifS;_; —< S, then S/ S!, where ; restricts as ¥;_1 on S;_1 and
= pirai ! =11 (pi—1)s¥i—1(gi—1) "~ Vi Vi-1 i—1

maps the attached handles to each other, and
W =yoohoyyl.

Next, we define an operation that allows us to freely choose which page is indexed as Sg. This is more
than merely notation, as our definition requires the monodromy to be a homeomorphism of this page.

By a slight abuse of notation we denote the “constant” part of the boundary of S; by B for all i.
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Figure 7: The cutting and adding operations on successive pages are inverses of each other.

Definition 3.16 The shift of an abstract open book ({S; lzi 0r 1) is

ASI2K A = ({81, Sa, .., Sax, SI3 K,
where

e if S, %) S, then S7 is defined by the relation Sy # S| and /" is the restriction of /4 to S7;
0
add

. add ;- . / /s
L] _— —_—

if So Pods S1, then S| is defined by the relation S o) =T S} and /" is h extended by
the identity on the added one-handle.

An r—fold iteration of the shift operation is called an r—shift, and denoted by ({.S; [r]}lzi o- Alr]). One can

analogously define r—shifts for r < 0.

As we will see, the above two moves preserve the diffeomorphism type of the defined three-manifolds
with foliated boundary. Two abstract foliated open books are conjugates of each other if they are related
by a finite sequence of diffeomorphisms and shifts.

3.4 Morse foliated open books

To conclude this section, we introduce a final type of foliated open book. Morse foliated open books form
a bridge between embedded foliated open books and abstract foliated open books. Their utility arises
from the fact that — in contrast to embedded foliated open books — the S '—valued function defining the
pages of M has the same critical points as its restriction to dM. Thus the boundary critical points have
stable and unstable manifolds embedded as submanifolds of M. A Morse foliated open book may be
obtained from an embedded foliated open book by slightly modifying 7, near the boundary, a procedure
described in detail in Section 5.1. The pages of embedded foliated open books and Morse foliated open
books are essentially the same, and we will not distinguish between them once we have clarified their
relationship.

Definition 3.17 A Morse foliated open book for M is a pair (Byy,, 7, ), where By, is an oriented properly
embedded one-manifold in M and the function 7,,: M \ By, —> S !'is an S!-valued Morse function
such that

(1) the level sets of 7T, = 7, |9as have no circle components,

(2) the closure S; of each level set ;,,! () is an embedded cornered surface with boundary B, U7, (¢)
and corners E = B, N1, L),

(3) all the critical points of 7, are on dM,
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(4) 7, is Morse function with the same critical points as 7,,, and

(5) the restriction of 77, to each component of dM has a unique critical point for each critical value.

Remark 3.18 Tt follows from condition (1) that the critical points of 77, have index 1. Condition (4)
implies that the critical points of 7, have index 1 or 2 and that 7, has a gradient-like vector field Vi,
that is tangent to dM. All gradient-like vector fields for 7, will automatically be assumed to have this

property.

As in the case of an embedded foliated open book, the boundary of a Morse foliated open book naturally
inherits an open book foliation F%, . In this case, 0B, = E4 U—E_, and Hy is the set of index 2
critical points of m,,, while H_ is the set of index 1 critical points of 7.

Just as for embedded open books we can define diffeomorphism and isotopy of Morse foliated open books.
Morse foliated open books and embedded foliated books are distinguished only in a neighborhood of the
singular points of the open book foliation on the boundary of the manifold, so the definitions of supported
contact structures and stabilization can be extended verbatim to Morse foliated open books.

4 Local models

This is a technical section that may be skipped at first reading. As a start, we provide a neighborhood
theorem for open book foliations on surfaces in Section 4.1, and we construct an explicit model for this
neighborhood in Section 4.2. Taken as a whole, this section lays the groundwork for moving between
embedded, Morse, and abstract foliated open books. Such freedom will be extensively employed in the
rest of the paper, and the reader may wish to survey the results in Section 5, which describe the precise
notions of equivalence between the various types of foliated open books.

4.1 Neighborhood theorem

The key theorem extends the usual neighborhood theorems for characteristic foliations to open book
foliations.

Proposition 4.1 (neighborhood theorem) Let (B, ) and (B’, ") be open books for the three-manifolds
M and M', respectively. Let ¥ < M and ¥’ < M’ be embedded surfaces with induced open book
foliations (Fz, 7, H= H+ U H_) and (]-'7%, 7', H' = H! U H'"). Suppose that there is a diffeomorphism
V: X — Y that takes the two open book foliations to each other; i.e., W (E) = E’, 7’ oy = 7, and
W (Hy) = H! . Then there are neighborhoods N = N(X) and N = N(X') and an extension of  to
W: N — N’ such that

() ¥(B)="5,

2) 7’'oW =,

(3) W(BNN) = B'NN'and ¥ maps the trivialization of N(B) N N = (B N N) x D? in which
7w =1 to the trivialization of N(B')N N’ = (B’ N N’) x D? in which ’ = 9.
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Proof Let us first describe local models around the points of ¥ C M. For each point p € ¥ we will give
a neighborhood DIZ, x I in M with coordinates adapted to (B, ). These coordinates are chosen by a
repeated use of the implicit function theorem, and both the neighborhood DIZ) and the interval / might
shrink as we make our additional choices.

In the neighborhood of a regular point p of the foliation 75 we can choose local coordinates (u, v, z) on M
so that v =7 — 7 (p), ¥ = {z=0} with orientation (du, dv) and coorientation dz, and the foliation F5 is
directed by du. We call such a coordinate system in a neighborhood that only contains regular points
of 7% an adapted coordinate system. The set of adapted coordinates in a given neighborhood U is convex.

Around an elliptic point e € E+ of F5, we know that B h ¥ at e € E, and N(B) = B(p) x D?(r, ).
In these coordinates, e = (g, 0, 0), and in a sufficiently small neighborhood we can write ¥ N N (B)
as the graph of a function f: {go} x D> — R that fixes {¢o} x {0}. Since X is transverse to B we have
df # dg at the origin of {¢y} x D?, so the implicit function theorem allows us to choose coordinates
(z= f —¢, r,7¥). In these coordinates ¥ = {z = 0}, B is oriented by dz, X is cooriented by £9z, and
T =17.

In a neighborhood of a hyperbolic point h € Hy, the function 7 = |y is Morse with an index 1 critical
point 4. By the Morse lemma and since the differential of 7 in the /—direction is nonzero, we can apply the
implicit function theorem and choose coordinates (x, y, z) so that ¥ = {z=0} and 7 — 7 (h) = z— y? + x2.
The surface X is cooriented by +0dz and F5 is directed by y dx + x dy.

As a next step we consider the intersections of these coordinate systems. First, choosing sufficiently small
neighborhoods ensures that the neighborhoods of elliptic and hyperbolic points described above are all
disjoint.
If g is a regular point in the neighborhood of another regular point p with a coordinate system (u, v, z) as
above, then we can write ¢ = (ug, vg, 0) and construct a new adapted coordinate system

W' v, 2') = (u—uo,v—vo,2).

Let p = (0, rg, o) # (0,0, 0) be a regular point on X in the neighborhood of e € E. Then 7 (p) = g
and the coordinates
W' V', 2" = (£ —rg), ¥ — V9, £2)

give an adapted coordinate system around p.

Similarly, let p = (xg, yg,0) # (0,0, 0) be a point on X in the neighborhood of # € Hy. Then
W' V', 2') = (xp — Xoyo, (2 — ¥* + x2) = (—12 +x3), £2)

gives an adapted coordinate system in a neighborhood of p.

Finally, using these local models for 75 and ]-'fﬁ we can define local maps that take the corresponding
coordinate systems to each other. Then we can use a partition of unity to construct a global map
W: N — N’ from the local ones. Near the elliptic points, the map brings the coordinate systems for the
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elliptic points to each other, so v satisfies conclusion (3). Conclusion (1) is automatically satisfied by
the construction. As for conclusion (2), we need to check that 7’ o W = . This is certainly true for
the local maps and for the construction of W used their convex combinations. In the above change of
coordinate systems, the value of 7 was implicit in the system, so we can assume that we only need to
take the convex combination of adapted coordinate systems in the neighborhood of regular points. These
form a convex set, thus the value of 7’ o W is unchanged while taking their convex combination. O

In order to give an explicit model for the open book in N (X), the next subsection constructs a simple
open book for a ¥—bundle over a circle with a prescribed open book foliation on X x {0}.

4.2 Prescribing open book foliations on surfaces

In this section we will show that every circle-free open book foliation (Fz,7, H = H+ U H_) on a
surface ¥ is in fact induced by an embedding of X into an open book.

As (Fz,7, H = Hy U H_) is circle-free, we can construct a dividing curve I' and see that 7|p: " — S'!
is a covering of degree n, where n = |E4| = |E_|. Let { F,-}fle be the set of connected components of T’
and let n; be the degree of 7 |r,. Note that n = Z{;l n;. Then, just as in Section 2.2, we can choose local
coordinates (#,v) on A; = N(I';) so that ¥ = n;v, I' = {u = 0}, and du directs the level sets 7! (¢).
Define 4 = UA; = N(T') and R/, = R4 \ A. Next we construct a characteristic foliation on X that is
also divided by T.

Lemma 4.2 (approximating 75 by F¢) Let I'(F5) be the dividing curve and R (F3) the corresponding
positive and negative regions of the open book foliation (Fz, 7, H = Hy U H_). Then there is a one-form
B that agrees with d 7 away from a small neighborhood of the singular points and +df > 0 on E+ U H.
The foliation F¢ defined by B is a characteristic foliation, it has the same singular points as d 7, and away
from a neighborhood of H, it has the same leaves.

Moreover, we can choose a representative B’ = gf8 so that T = {dp’ = 0} and Ry = {£dp’ > 0}, where
g is a positive function and g < 1 on A.

Proof For the first statement we start with the one-form y as in Section 2.3 and modify it in the
neighborhood of the hyperbolic points of 7. Recall that an elliptic point ¢ € E+ has a neighborhood
D§/4(r, ®) where y = 42 d?. Thus at e we have £df = 2rdr A d¥, which is a positive multiple of a
volume form.

In a neighborhood of a hyperbolic point 4 € H., we can chose local coordinates so that 7 = x2 — y2.
Thus y =d7 =2xdx —2ydy and d’7 =0. Let B =d7 + \Ifg/zxdy. Then, as d\I—'g/2 =0atr =0,
at 1 we have that £df = dx A dy, a positive multiple of the volume form.

Extend the one-form on X\ N(H) as d7 to obtain a one-form f satisfying the conditions of the first claim.
Without the assumption g < 1 on A4, the second statement is standard in contact geometry; the stronger

statement is Remark 2.8 after the proof of Lemma 2.7. O

Algebraic & Geometric Topology, Volume 24 (2024)



Foliated open books 3161

We use the function f* from Proposition 2.9 and the one-form 8’ = gf from Lemma 4.2 to construct
both a contact structure and an open book for a X—bundle over S!. Consider the product ¥ x R with
the contact structure defined as the kernel of the one-form o’ = 8’ + fdz. Let B’ = E X R, where the
orientation of {e} x R is given by +0z for ¢ € E. Consider the function

7 =%+ fz: TxR—>S!,

where adding f(p)z(p) €R to 7(p) € S! (for p € ¥) indicates translation by the image of f(p)z(p)
in the quotient S' = R/Z.

We would like to glue ¥ x {0} to X x {/} for some / € N to get an open book and a contact structure for a
T-bundleover S'. As f'=+1on R/, wehave /(x,0)=7'(x,/)on R/,. On 4; = N(Tj) =T x[—¢, €],
with coordinates (u,v) chosen as in Lemma 4.2, we have n/(u,v,!) — n’(u,v,0) = If(u,v), where
f(u, v) is independent of v and monotonically decreases from 1 to —1 in u. This means that each level set
of 7’| x g1y restricted to A; consists of n; parallel curves connecting the points (—¢, v) with (¢, v+21/n;).
When 2/ is divisible by #;, the endpoints of each component therefore have the same v coordinate, as
v parametrizes S! = R/Z. And in fact, the curve intersects an arbitrary {v = ¢} segment positively
2l /n; € Z times.

Set/ = lcm{ni}f.‘=1 and define a diffeomorphism

Y= ﬁ DEGS

i=1
where Dr; is the right-handed Dehn twist along T';. Let My, (X) = X x [0, /]/(¥(x),0) ~ (x, ) be the
mapping torus of . Then 7/(x,0) = n'(¥(x),/) on S! and 7’ descends as 7 to My, () \ B, where
B=B'/~.
Notice, too, that since f depends only on u and the Dehn twists were along the v—direction in the A;, the
one-form &’ descends to My, as a one-form «, giving a contact structure £ on My,.

Proposition 4.3 (open book for (My,,£)) Via the construction above, any F5 determines an open book
decomposition (B, i) for M.,. Moreover, (B, i) supports the contact structure § = ker c.

Before proving the above proposition, we reformulate what it means for an open book decomposition to
support a contact form.

Lemma 4.4 Let B be a (positively) transverse knot in (M, § = ker ) and suppose that the fibers of the
map w: M \ B — S! are Seifert surfaces for B. Then the pair (B, 7) is an open book supporting the
contact form o if and only if dm A da > 0. |

The proof is straightforward and is left to the reader.

Algebraic & Geometric Topology, Volume 24 (2024)



3162 Joan E Licata and Vera Vértesi
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Figure 8: Local models for the open book of Lemma 4.4. The blue surfaces are pages of (B, ),
while the red surfaces are fibers X x {¢}. The model near a hyperbolic point, which is not shown,
is a blue hyperboloid intersecting a horizontal red plane.

Proof of Proposition 4.3 In a neighborhood of B the function 7 restricts as +( + z), so we see that
7~ 1(¢) indeed enters N (B) as a Seifert surface. If we evaluate & on TB = +09z we get a(+0dz) =1 > 0,
as needed.

For the second step, by Lemma 4.4 it is sufficient to show that d A da > 0 on M., \ B. Since « is a
contact form, o A da > 0, yielding

B+ fdz)An(dB +df ndz) =dz (B ANdf + fdB’) > 0.
This in turn is equivalent to the condition that wg = B’ Adf + f dp’ is an area form on X.
We compute d 7 A do:
da+zdf + fdz)n(dB' +df ndz) =dz A (dT ANdf + fdB).

Thus we require that ’ = d7 Adf + fdp’ is an area form on X. To check this, we compare the given
form to the area form wq given by the contact condition and substitute 8’ = gf:

o' =wy+ (d7T —gB) Adf.
In the following we will prove that (d7 — gB) A df > 0, which implies that @” > 0.
On R’jE the differential df is 0, thus @’ = wy, so it is indeed an area form.
On A, we have 8 = d7, so we have
(d7—gPp)ndf =(1—g)da ndf.

Recall that on 4, f depends only on u and is decreasing, while 7 depends only on v and is increasing.
Thus d7 Adf is an area form, and as g < 1 on A4, sois (1 —g) d7 A df, as desired. |

The pages of (B, 1) are /—fold covers of X\ E via the map from 7~!(t) — X\ E defined by (x, z) — x.

Example 4.5 Cutting the above construction at X x {0} gives a contact three-manifold (X x [0, /], ),
with a compatible embedded foliated open book that is the restriction of (B, ). We illustrate this in
specific case where F5 on the torus is as given in Figure 1. In the resulting foliated open book, each page
is a copy of the original surface, but cut open along a different leaf of F3; representative pages are shown
in Figure 9.
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Figure 9: Representative pages in the foliated open book constructed by applying Example 4.5 to
the foliation of the torus given by Figure 1.

In order to see why Figure 9 shows the correct pages, Figure 10 indicates how a given leaf embeds in
3 x [0, 1]. Note that away from A = N(I"), each leaf is covered exactly once. This builds up surfaces
homeomorphic to R4 as ¢ varies, and these are joined across A by vertically twisting bands.

Corollary 4.6 (local model) Suppose that 3 is an embedded surface in a three-manifold M with an
open book (B, ) that induces an open book foliation (Fz, 7, H = H_U H4) on X with no circle leaves.
Then X has a neighborhood N(X) =~ X x [-n,n] so that t = 7= + [z, where f is the function from
Proposition 2.9 that is &1 on R’ and monotonically increasing inu on A = N(T').

Remark 4.7 This local model for X x[—n, n] is itself a foliated open book which appears as a submanifold
of an open book containing the surface ¥ with the induced open book foliation.

Notice that the induced open book foliations on the nearby surfaces X x {z} are strongly topologically
conjugate to F5. One can also understand the restrictions of each page 71 (¢) to N(X); the pages are
homeomorphic to the surfaces 7~ ![t —n, 1 +n]N R’ and — (@t —n.t +n]N R) glued together with
a twisted band. If the interval [t — 1, + 1] contains only regular values of 7, then 7 ~1(r) N N(X) is
just a union of |E4| = |E_| strips; each strip is a rectangle in N (X) with a pair of its opposite sides
embedded into X x {—n} and X x {n}. If [t — n, t + n] contains a singular value, then one component of

+ - ++ -

Figure 10: The red curves indicate how the page (") ~!(0) intersects selected surfaces X x {t}
when Proposition 4.3 is applied to the foliated torus from Figure 1. On each surface ¥ x {t}, the
blue region is Ry and the white region is R_. The 7—values shown lie in [0, %]

Algebraic & Geometric Topology, Volume 24 (2024)



3164 Joan E Licata and Vera Vértesi

a7 () N N(Z) is a “cross”, embedded as a saddle surface. The intersection 7! (¢) N N(X) is singular
when ¢ £ 7 is a singular value.

4.3 Expansion

In order to understand the relationship between Morse and embedded open books, we will modify our
local model by introducing canceling pairs of critical points. Let X be an orientable surface embedded
in a three-manifold M whose open book structure induces an open book foliation 5 on X. The above
corollary provides a local model for a neighborhood X x [—n, n] C M, which we take as the starting point
for the next result.

Proposition 4.8 (expansion) Let (B,, ) be the embedded foliated open book for ¥ x [—n,n] C M
described in Corollary 4.6. Then there is an S '—valued Morse function t": ¥ x [-n, 5]\ B — S so that
the following hold:
(1) 7' is C%—close to 7 and agrees with 7 outside . x [—¢, €], for some sufficiently small ¢ < 1.
(2) For any hyperbolic point h € Hy of Fz, the function i’ has a pair of canceling critical points
pff =hx{te}e XL =% x{te}.
(3) The index of p,f € X is 2 if the signs of h and ¥ 1 agree, and 1 otherwise.
(4) 7’ has no other critical points.
(5) Each function 7|5 is Morse, and the union of their critical points is the set of critical points of 7r'.
(6) 7’ defines an open book foliation (}"Jf,, n'ls, . Hx{*e} = Hy x{£e} U H_x{%e}) on T that
is strongly topologically conjugate to F%. O

Condition (5) implies that there is a gradient-like vector field for 7 that is tangent to both X4 and X_.

Proof Let z’ be the interval coordinate and u and v the surface coordinates in the local model for
¥ x [—n, n] as in Corollary 4.6. For sufficiently small z’, the surfaces X x {z’} have induced open book
foliations that are strongly topologically conjugate to 5. We will modify & near the singular points of
F. For simplicity, we give the explicit computation only for 2 € H, but the modification near negative
hyperbolic points is similar.

First, reparametrize the I coordinate by z, where z/ = z3 4 pz for some p > 0. Note that z € [, ],
where ¢3 4 p¢ = 1. Now define a path of functions 7y that agrees with 7 outside of a three-ball
neighborhood B2 (/) of each hyperbolic point 4 € H and that is defined on Be (%) as
s =(1— g/z(r))n + \Ilg/z(r)(ﬁ +23 sy =743+ Z(,o— (s + ,0)‘112/2(1’)).
As before, \Ifg/z is a smooth bump function equal to 1 for r < &/2 and 0 for r > &, where r? = u? +v2 422
is the three-dimensional distance from / in B]. Clearly 7_, = 7, and we will show that
e 71, is a regular function for s < 0;

* 15 is non-Morse only for s = 0, with an embryonic critical point at each hyperbolic point of F3;
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e for s > 0, my is Morse with two canceling critical points of index 1 and 2 associated to each
hyperbolic point /1 of F5.

In order to prove the preceding claim, in the following we determine the critical points of 7y for a fixed s.

Away from D3 (/), the function 7y = 7 and thus it is regular, while its differential on D2 (h) is
dng=d7 + (32 +p— (s + PIVE),)dz —z(s + p)d Wy, dr.

For r > & the X—component of d g equals d7 # 0, and thus dwrg # 0. In the thickened sphere defined

by F ={e/2 <r < ¢}, observe that the coefficients of du and dv in d7 are 2u and —2v, respectively;

thus their proportion is u : —v. However, in z(s + p) d ¥ /2d r the proportion of the coefficients of du

and dv is u : v. If in their sum both coefficients are 0, we must have # = v = 0. Thus the possible critical

points of 7 in F are all of the form (0, 0, z) with £/2 < z < ¢. At these points, the dz coordinate of the
equation d g = 0 simplifies to

322+ p— (s + PV )y —2(s + p)d ¥, = 0.

On F we have 3z > g2 /4, while |p— (s + ,0)\113/2| can be bounded above by &2 /8 if we choose both s
and p small. As for the third term,

—z(s + ,o)af\llj/2 < %e(s +p)K,

where K = maxg/4<,<¢/2{—dV; /2} > 0. Thus if we choose |s + p| sufficiently small we can ensure that
this third term is less than ¢2/8, and it follows that d 7y is nonzero on F.

For r < ¢/2 we have dmg = d7 + (32> — s)dz. Thus for \/s/_3 < g/2, there are critical points at
z==,/5/3.

In summary, for sufficiently small p,|s| > 0, the function 7y is Morse. It is regular whenever s < 0, it has
an embryonic critical point at the hyperbolic points /, and it has a pair of canceling index 1 and 2 critical
points for each hyperbolic point /2 on the surfaces ¥ x {4 \/s/_3 }.

In the following we will examine the singularities and the leaves of the foliation induced by mg on
¥ x {z}. Notice that if we restrict 7 to ¥ x {z}, then we get a function 7 + C (for C = z3
in B},
of 7| s x{zy on B 83 /2 UDIAN BS . From the previous computation we see that 7|5} has no critical points
in F ={g/2 <r <e¢}. The fibers of 75(t) on F N I connect the level sets 7! (a) on D§/4 to the fibers
of 7(a—(p+s)z) of T\ |, D82/2. This means that if we choose both |z| and |p + 5| sufficiently small,

the foliation induced by ms|xx(z} Will be strongly topologically conjugate to F7.

Now fix s > 0, p > 0 sufficiently small so that the results above hold. Set 7’ = 7y and X+ = X x{%/s/3}.
The computation above shows that the restriction of 7’ to X is Morse, since the original F5 was an

—zs)
and 7 4+ C’ (for C’ = 23 + pz) outside Bj /5> thus the level sets of 7 agree with the level sets

open book foliation. Since the level sets of 7’|z, are strongly topologically conjugate to 7, there are
no other critical points of 7’|z o » as required for item (5). O

Corollary 4.9 The function ' from Proposition 4.8 induces a Morse foliated open book on each
component of M cut along ¥ 1. |
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4.4 Local models for Morse foliated open books

The techniques above may be adapted to the case of Morse foliated open books. We carefully state the
result we will rely on in the next section, but leave the analogous proof to the reader.

Given three-manifolds M and M’ with properly embedded one-manifolds B and B’, respectively, suppose
that 7: M \ B — S and n’: M’ \ B’ — S! are circle-valued Morse functions. Let ¥ < M and
3’ <> M’ be embedded surfaces with induced open book foliations (Fz,7, H = H+ U H_) and
(F%, 7', H' = H! U H”) with no circle leaves; we require further that 7 and 7" have gradient-like vector
fields tangent to the surfaces ¥ and X’ and thus any hyperbolic points of these open book foliations
coincide with critical points of the corresponding Morse functions on the ambient manifold. Note that we
allow X to embed into M or M’ as the boundary.

Proposition 4.10 (Morse neighborhood theorem) If there is a diffeomorphism ¥ : ¥ — ¥ that takes
the two open book foliations to each other, then there are one-sided neighborhoods N+ = N4 (%) and
NL = N+(X') and an extension of Y to W+ : N+ — N/_ such that

(1) Yi(B)="F,

2) m=n"oV,
(3) Wi(BNN+)= B NN, and the trivialization of N(B) N N+ = (BN N+) x D? in which = = ¢
maps to the trivialization of N(B') N N = (B’ N N} ) x D? in whichn’ = 9. O

We consider one-sided neighborhoods for two reasons. First, if the surfaces containing the critical points
lie in the interior of M, we will in practice always cut along them; we thus require the local models only
after cutting. Second, if we restrict to one-sided neighborhoods, then proof of Proposition 4.1 may be
modified to prove Proposition 4.10 simply by selectively replacing z by 22 when constructing adapted
coordinate systems near hyperbolic points.

5 Equivalence of foliated open books

In this section, we use the local models constructed in Section 4 to relate embedded, abstract, and Morse
foliated open books. After this section, we will move freely between these different notions of foliated
open books and use whichever is most convenient.

5.1 From embedded to Morse and back

Away from a neighborhood of the boundary, embedded foliated open books and Morse foliated open
books are indistinguishable. In this section, we apply results from the previous section to show how to
transform one type to the other.
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Starting first with an embedded foliated open book & = (B, me, Fz,), identify dM with X x {0} in
3 x [—n, 0], half of the standard neighborhood constructed in Proposition 4.1. Define the Morse foliated
open book M(€) = (B, /', Fz/) on M \ T x [—¢, 0] to be the result of first modifying 7, to 7’ as in
Proposition 4.8 and then removing ¥ x [—e¢, 0].

Similarly, suppose that M = (B, m, F5,,) is a Morse foliated open book, and identify dM with X x {0}
in the standard half-neighborhood X x [—n, 0] from Proposition 4.10. Define the embedded foliated open
book £(M) = (B, , Fz) on M \ ¥ x[—n/2, 0] to be the result of removing ¥ x[—n/2, 0].

Proposition 5.1 With the notation above:
(1) M(€E) is a Morse foliated open book. Furthermore, there is a diffeomorphism
YETMIM - M\ T x[—e, 0]

that takes the bindings and the pages of the two foliated open books to each other. In particular, for
any contact structure £ supported by &, the contact structure £ ¢ is supported by M(E).

(2) &£(M) is an embedded foliated open book. Furthermore, there is a diffeomorphism
yM7TE M - M\ Ex[-1n,0]

that takes the bindings and the pages of the two foliated open books to each other. In particular, for
any contact structure £ supported by M the contact structure '€ £ is supported by £(M).

(3) The embedded foliated open books £ and E(M(E)) are diffeomorphic.
(4) The Morse foliated open books M and M(E(M)) are diffeomorphic.

Proof For the proof of item (1), recall from Proposition 4.8 that 7’ has exactly two critical points
for each hyperbolic singularity of Fz,, and only one of each pair survives as a boundary critical point
of M(E). Thus n’ satisfies the conditions of Definition 3.17. The required diffeomorphism will be
constructed as composition ¢ o qb;[l , where ¢¢ and ¢ o are each diffeomorphisms from the respective
foliated open books to the common manifold £ \ (—n,0]. Let ¢ < ' < n be a real number such that
7 =7’ on X x[—n, —1n'], again viewed inside the neighborhood of the boundary in £ and M(&). Choose
diffeomorphisms ¢4 that map X x [—n, 0] (respectively, X x [—n, —¢]) to X x [—n, —n']. Away from the
critical points, these may be chosen to restrict to each page as an isotopy to a proper subpage; since
the open book foliation on X x {z} is strongly topologically conjugate to the open book foliation on the
boundary of each of £ and M (£), the induced isotopy of plane fields takes a supported contact structure
to a supported contact structure.

For item (2), we observe first that the restriction of 1, to the complement of the boundary of M is regular,
and as the induced open book foliation F3 is strongly topologically conjugate to F7, , the conditions of
Definition 3.1 are satisfied. The proof of the second half of the claim proceeds as in the proof of item (1),
via a composition of isotopies from the original manifolds to a common submanifold.

The proofs of items (3) and (4) proceed as the second half of item (1). O
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5.2 From Morse to abstract and back

Suppose that (B, mm, Fz,,) is a Morse foliated open book for (M, F%) and fix a gradient-like vector
field Vi, for 7,,. Let M’ be the three-manifold formed by blowing up B to S' x B. Extend 1, to M’
continuously, now calling the extension 7. A local model near the binding allows us to assume that
Vo = 3t on the blown-up S' x B boundary component; here, ¢ parametrizes S!. Let {hi}l.zi | be the set
of critical points of 7 with corresponding critical values ;" = () <--- <t}; = m(hyy) with respect
J2K sothattg < tf <iy <--- <1}, <iy <Io. Let
S; = w~1(t;). This means that S; is a surface with cornered boundary (B x {t;}) Ua;, where o; = 71 (¢;)

to the cyclic order on S!'. Choose regular points {#;

and the corners are E x {t;} = (B x {t;}) N ;. As we are working in the blow-up of M, S; is closed.

If h; is an index 2 critical point of 7, then its stable manifold W(h;)* intersects S;_; in a properly
embedded arc yl.tl with endpoints on ¢;_;, and S; is obtained from S;_; by cutting along yl.tl and

smoothing. In the notation of Definition 3.14, we have S;_{ % S;.
Yi—1

If h; is a critical point of index 1, then its stable manifold W (/4;)® = w(h;)® intersects S;_; in two points

{pi—1,qi—1} € ®j_1, and S; is obtained from S;_; by gluing a one-handle along this attaching sphere. In
add

the notation of Definition 3.14, we have S;_ gy Sie
1—1Y1—

The flow of the gradient-like vector field gives a diffeomorphism /: S,; — Sy that is constant on B.

Proposition 5.2 (from Morse to abstract) With the notation from above:

(1) Any Morse foliated open book M = (B, wm. Fr,,) and choice of gradient-like vector field Vi,
determines an abstract foliated open book A = ({S;}, h) as above.

(2) If Vr,, and V'w,, are both gradient-like vector fields for w,,, then the corresponding abstract
foliated open books A = ({S;},h) and A’ = ({S;}, h) are diffeomorphic.

(3) If some reparametrization of the Morse foliated open book M’ = (B, ,,, . ) is diffeomorphic
to M = (Bm, Tm, Fr,,), then the corresponding abstract foliated open books A and A’ (for any
choices of gradient-like vector field) are conjugate to each other.

Proof The proposition is a consequence of the construction above. For the first claim, we see that the
critical submanifolds of a fixed critical point determine a pair of abstract pages related by a single handle
addition or deletion. In order to assemble these pairs into an abstract open book, it remains to identify the
two copies of S; associated to the critical points #* and ti*+1’
gradient-like vector field. Although the choice of gradient-like vector field could change the arcs y;_;

but this is accomplished by the flow of the

or the attaching points p;_; and ¢;_1, the diffeomorphism types of the pages S; remain the same; this
establishes the second claim. The last claim is simply the translation of reparametrization (specifically, by
rotation) to the abstract setting. |

In the rest of this subsection we describe how to use abstract foliated open books to build up a three-
manifold with foliated boundary together with a Morse foliated open book.

Algebraic & Geometric Topology, Volume 24 (2024)



Foliated open books 3169

Figure 11: The cobordism between S;—; and S;, shown before smoothing the attached half-
handles. The shaded regions are in the foliated boundary. Left: an index-one boundary critical
point corresponding to half a one-handle or the “add” operation. Right: an index-two boundary
critical point corresponding to half a two-handle or the “cut” operation.

To each handle addition and deletion, we associate a cornered handlebody H;. We first consider the case

of S;_1 1%) S;. Define H; to be the cornered handlebody obtained by attaching a three-dimensional

boundary one-handle to S;_; x I. See Figure 11.

By construction, H; is a cornered cobordism between S;_; and S;; thus H; is a handlebody with
boundary 0H; = —S;—1 U V; U S;, and with codimension-one corners at d(—S;—1) U dS; U (E x I) and
codimension-two corners at £ x d/. The vertical boundary V; is the union of two types of components:

e products of cornered circles with the interval [;

e a (cornered) pair of pants P;.

Components of the first type correspond to components of d.S;_; which are preserved in dS;, while the
second type is associated to the handle addition.

In the case of S;_1 % S;, the cobordism H; may be built up analogously. In this case, we attach a three-

dimensional boundary two-handle to the thickened S; along y;_1; this turns the previous construction
upside down and the boundary and corners may be identified analogously. Each handlebody H; is
naturally equipped with a Morse function r; : H; — I with the following properties:

* Til-s;., =0;
o mils; = 1;
e 7; has a gradient-like vector field V; that is tangent to V; and to the /—component at B x [

» 7; has a unique critical point with critical value % and this is located on the pair-of-pants component
of the boundary. The index is 1 in the case of handle addition and 2 in the case of saddle resolution.

We may glue the pairs (H;, ;) along the S; via the identity and glue S,; to Sy via & to get a three-
manifold M’ with boundary. After rescaling, the maps 7; glue to a map 7: M — S! = R/Z. Finally,
collapse B x S! to B to obtain the three-manifold M = M ({S;},h). Then m restricts as a map
w: M\ B — S! and level sets of ¥ = |3y, induce a foliation F5 on M. Note that different choices
of m; and scaling yield different parametrizations of Fz; thus abstract foliated open books describe
diffeomorphism classes of three-manifolds with foliated boundaries (M, F). The discussion above can
be summarized by the following proposition.
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Proposition 5.3 With the notation and definitions from above:

(1) Any abstract foliated open book A = ({S;}, h) defines, up to diffeomorphism, a three-manifold
(M (A), F(A)) with foliated boundary and a Morse foliated open book

M(A) = (B (A). tm (A), Fm(A))

which is compatible with it.

(2) Suppose that the abstract foliated open books A and A’ are conjugate to each other. Then the above
diffeomorphism-types of manifold with Morse foliated open book (B, (A), 7t (A), Fm(A)) and
(Bm(A"), m(A"), Fin(A')) are the same.

(3) For any abstract foliated open book, A(M(A)) is equivalent to A.
(4) For any Morse foliated open book, M(A(M)) is diffeomorphic to M.

The foliation F5 can be described directly from the data of an abstract open book. The regular leaves
of Fy are a; x {t} fort € (¢, 1",
leaf corresponds to a critical value ;"

), and each leaf is an interval that connects elliptic points. Each singular

The discussion above allows us to state the obvious definition of a contact structure supported by an
abstract open book.

The next definition is stated using the notation introduced above.

Definition 5.4 The abstract foliated open book A = ({S;}, &) supports the contact structure & on M (A)
if the Morse foliated open book (B, (A), tm (A), Fz,,(4)) supports &.

Together with the statements of Proposition 5.1 we have the following equivalence for a fixed diffeomor-
phism class of three-manifolds (M, F) with foliated boundary:

{abstract FOBs}  {embedded FOBs} {Morse FOBs}
<~ .
conjugacy diffeomorphism diffeomorphism

From now on we will move freely between these notions, using whichever is most convenient in our
discussion.

5.3 Sorted handlebodies

In this final subsection, we further examine the relationship between Morse and abstract foliated open
books. The key definition of a sorted foliated open book will be important in Section 8. Throughout
this section, we will consider a Morse foliated open book equipped with a fixed preferred gradient-like
vector field V7 on the boundary, and we indicate this choice by the tuple (B, 7, F5, V7). (Recall that
“preferred” was defined in Definition 2.15.)
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Figure 12: Left: Sy from the sorted abstract foliated open book from Example 6.13, shown with
its two )/l-+ curves. Right: in the corresponding Morse foliated open book, the shaded region
shows Ry and the white region shows Sy \ Ryp.

As in Section 5.2, let M’ denote the manifold formed by blowing up B into S! x B. We denote the fibers
771 (t) in M’ by S;, and we note that these are closed and disjoint. Assume that 1 = 0 is a regular point
of 7, and let M denote the formal closure of M’ \ So, which is a cobordism between Sy and S;. We
call a gradient-like vector field Vr on M \ B preferred if it extends V7, and a preferred vector field
induces a vector field— still denoted by V.r —on M. In the following we will work exclusively in M’
or M . Informally these are the submanifolds one obtains when gluing together some or all consecutive
handlebodies H; of the previous section.

In the definition below, assume that ¢ < ¢’ are regular values for 7: M’ — S1.
Definition 5.5 The submanifold ;H,  := 7~ !(¢,') is sorted if the stable and unstable manifolds of

critical points of V|, g, are disjoint in ;H,/. The Morse foliated open book (B, 7, Fz, V) is sorted if
M is a sorted submanifold.

We identify M with o H7, and the statements below hold for t = 0 and ¢/ = 1, as well.

Remark 5.6 The fact that V. is preferred forces an order on the stable and unstable submanifolds near
the boundary, which may obstruct this disjointness. See Example 5.9.

Definition 5.7 Define ;R; C ;Hy to be the minimal V|, H,,—invariant subset of ;Hy containing a
cornered neighborhood of dM N ;H, that is disjoint from [£,#'] x int(B). Define R = gR; C M and let
R; = RN S;. See the right-hand picture in Figure 12 for an example of Ry.

Since the critical points of 7|, g,, all lie on dM, the invariant subset ; R,/ must contain all the critical
submanifolds W*(h) and W*(h) for critical points / with critical value between ¢ and ¢’. This implies
that the complement of ;R is a product:

Lemma 5.8 Suppose that (B, n, Fz, V) is a sorted Morse foliated open book. Then ;Hy \ ;R is
diffeomorphic to the product (S; \ R;) x [t,t'].

The subsets S; \ R; are isotopic for all values of ¢.

Proof The restriction of Vi to ;H, \ ;R has no critical points, so the flow of Vi defines a diffeomor-
phism between level sets. |
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N
Figure 13: In S, the specified endpoints cannot be connected by disjoint sorting arcs, so the
foliated open book is not sorted.

The discussion in the previous subsection allows us to characterize sorted open books in the abstract
setting, as well.

When a preferred Vrr is fixed, the critical submanifolds define a collection of curves on each regular
page in ;Hy. We call these cutting and cocore arcs sorting arcs. Slightly abusing notation, we will
let )/,:E denote a sorting arc associated to /i on any page. With no further conditions on V& imposed,
observe that these arcs may intersect each other, and after passing a critical point whose corresponding
submanifold intersects another critical submanifold, some arcs may be cut. If /4 is a positive hyperbolic
point in a foliated open book, then we write W5 (hy) N S; = )/];Ir on all pages S for t < w(hy); if hy is a
negative hyperbolic point, then W*(/ix) NSy =y, on all pages Sy for ¢ > m(hy).

When A= ({S;}, h) is the abstract open book associated to a Morse foliated open book as in Proposition 5.2,
we may record the sorting arcs y,ét on the abstract pages; we denote the associated abstract foliated open
book by ({S;}, &, {)/ki }) when we want to keep track of this extra data, in parallel with the quadruple
used for a sorted Morse foliated open book. Similarly, we may write ; H; for the handlebody constructed
from the abstract pages S; with k € {i,i +1,..., j}. This notation will be used in Proposition 7.4 and
again in Proposition 8.11.

When (B, &, F5, V) is a sorted Morse foliated open book, the sorting arcs on the associated abstract
open book ({S;}, /4, {)/,jt }) are disjointly embedded, and vice versa. As the next example shows, requiring
a Morse foliated open book to be sorted may bound the Euler characteristic of the pages from above.

Example 5.9 The foliated open book for the solid torus introduced in Example 1.1 is not sorted, as
shown in Figure 13. Definition 2.15 dictates the order of the attaching spheres and endpoints of the
cutting arcs along each component of ¢, and we see that as ¢ increases, it becomes impossible to connect
pairs of blue and green dots by disjoint arcs in the interior of the page. Example 6.13 shows a sorted
foliated open book for the same F%.

6 Operations on open books: cutting, gluing, and stabilization

In this section, we describe natural operations on open books of various sorts. An initial cutting result
was presented in Example 3.4, and here we extend this to consider the contact structure supported by an
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open book cut along a surface with an open book foliation. We also explain how our focus on boundary
foliations simplifies gluing, and we use this to define stabilization for embedded foliated open books and
Morse foliated open books. We also discuss stabilization for abstract open books, which is analogous to
the operation familiar from closed manifolds.

6.1 Cutting

One of the key advantages of foliated open books is that they are natural structures with respect to cutting
and gluing.

Theorem 6.1 (cutting) Given a three-manifold M with an open book (B, 1), suppose that an embedded
surface ¥ admits an open book foliation F5 with no circle leaves. Then there is a contact structure &
on M supported by (B, ) such that the restriction of & to the closure of each component of M \ ¥
is strictly supported by the embedded foliated open book obtained as the restriction of (B, i) onto the
closure of this component.

In fact, this result and others in this section apply equally well when the ambient manifold is a partial or
foliated open book rather than an (honest) open book; our choice to state them narrowly avoids excessive
and unpleasant notation.

Proof The proof is a modification of the standard Thurston—Winkelnkemper construction of a contact
form supported by an abstract open book (.S, /). Identify the given M with the manifold built from
an open book (S, /1) and choose a collection of regular values t;r so that each two consecutive singular
t—values are separated by a distinguished regular value.

We will outline the construction first and then execute it to ensure the desired properties. Given a family
of one-forms B; on S x {t} interpolating between Bg and 4*Bo and C any sufficiently large constant,
ac = B + C dt yields a contact structure supported by (S, #). We will choose both the interpolating
path and the constant C with additional care. These choices will ensure that the specified leaves of the
open book foliation lie near Legendrian curves and that nearby, the Reeb foliation of o¢ is directed by d;.
We will then push the leaves of the open book along the Reeb vector field until the intersection of the
chosen pages with X are Legendrian; ensuring that the Reeb vector field remains transverse to the page
throughout the deformation ensures that ¢ remains supported.

In order to proceed, pick § > 0 and choose a metric on the manifold. For each of the distinguished regular
values ll.T, we require that B, is constant in an open d—interval around t; . Each choice of sufficiently
large C determines a supported contact form, and hence a characteristic foliation F¢ . on X; choose C
large enough so that the distance in the /—direction between the leaves of F¢. and F% that coincide near
the positive elliptic points is less than /2. To see that this is possible, observe that the distance between
leaves of the two foliations is bounded by the angle between §¢ and S;f along S;F N X, integrated over
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the length of this curve. Increasing the value of C shrinks the angle, making precise the intuition that a
large C pushes the contact planes “close” to the pages.

In [15], local models show that after possibly enlarging C further, one may ensure the singular points of
the two foliations agree. The constraints on 8; imply that away from B N X, the Reeb vector field of a¢ is
directed by d, for pages in the §—intervals. Since ¢ is supported by (S, /), the curves { p} x (z‘;r -4, tl.T"'S)
are transverse to the pages of the open book. We may therefore push the pages along these curves,
preserving transversality, until S;f N X agrees with a leaf of F.., and thus becomes Legendrian.

The restriction of £ is strictly supported by the restriction of the open book on this component, as desired. O

This cutting can also be understood in the abstract setting. For ease of notation, we further restrict our
attention to the case when X is connected and separates M into My U Mpg.

As in Proposition 4.8, we first modify 7 to 7’ in a model neighborhood ¥ X [, n] so that canceling
critical points are created on ¥ x {£¢}. Remove X X (g,¢) to get Morse foliated open books on
Mj; = My \ X x (¢,—n) and Mg = Mg\ X x [, €). Then we construct the abstract foliated open books
({SL}I_1 ,hT) and ({SR}l_l,hR) corresponding to (BN M; ,Jt’|Mi) and (BN M, ,n/|M;e). Note that
the two Morse foliated open books have pairs of critical points with the same critical values, but always
of opposite type (i.e., one each of index 1 and 2). Then the number k of sequentially distinct pages in the
two abstract foliated books is the same.

Moreover, through the two deformation retractions that recover the embedded foliated open book pages
from the Morse foliated open book pages, we can identify the boundaries ocl.R and oel.L with each other
(through 7~ 1(#;) N ), and we will call this simply «;. With this identiﬁcation we can view each «; as
a properly embedded separating arc in S, rather than as two parallel arcs a and ocL Similarly, we
may view y;_; as embedded on SR C S or SL cS. If SlL1 ycm SL then SR1 aa?dl SR nd
vice versa. In this case, AL and hR are just the restrlctlons of hto S Lk and S2 %> respectively. This
perspective allows us to formulate cutting solely in terms of the cutting arcs «; on S, as follows.

Given an abstract open book (S, /1) for M, define a sequence of cutting arcs as a set of properly embedded
separating arcs {a,}zk for some k, so that

e h(ak) = o, and

* ;41 is obtained from ¢; by surgery along an arc y; that intersects «; only at its boundary. (This
means that ;4 is the smoothing of ¢; \ dy; and two parallel copies of y;.) See Figure 14.

Then S\ «; = § Ry g’ L where S; R and S; L are cornered surfaces and the boundary orientation of S; L

(resp. S Ry recovers the orientation of ; (resp. —«;). The diffeomorphism 4 restricts to S Lk and SR Sk s
hfk and & §k.
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Yi—1

Figure 14: The red SR and the blue S are separated by the bold a«. Note that p is an embryonic
critical point.

6.2 Gluing

The cutting operation for abstract open books can be reversed to glue abstract foliated open books with
compatible boundaries. As above, for notational convenience we restrict to the case of gluing two abstract
foliated open books along their respective connected boundaries to obtain an (honest) open book.

Let ({SiL }lzi 0’ hL) and ({Sl.R }lzi 0 hR) be abstract foliated open books, and assume that there is an

orientation-reversing pairing v of the corners dBL and dB® such that

t . . dd .
. SIE 1 LN SiL if and only if Sili 1 N SiR , and vice versa;

e the components of ozl.L_ | containing the attaching sphere (for the handle or for the cutting arc)

on S I.L_ , have endpoints on dBL which are paired with the endpoints of the components of aiR
containing the attaching sphere on SiR.

.. L R . . . . L R
The final condition allows us to glue the pages S;~ and S;* along orientation-reversing maps ¥; : ;" — o/

that extend 1 so that the core of a handle added to yield SiL is identified with the cutting arc of S 1.15 1> and
vice versa. This yields a well-defined page S = S iL Uy, Sl.R , and the monodromy 4 = hl U 7R gives an
honest abstract open book.

Translating the above to embedded open books and using Theorem 6.1 gives the following result:
Theorem 6.2 (gluing) Suppose that the embedded foliated open books (BL,n™) and (BR, 7 R)
define the three-manifolds with foliated boundary (M~ Fsr) and (M R F ~Rr), and assume that there

is an orientation-reversing diffeomorphism ¢: M — 0Mg that takes the foliation F; 1 to (a possible
reparametrization of) F,zry.

Then there are contact structures £~ and £R® compatible with (BL, 7L) and (BR, p(7®)), respectively,
such that £ = £ Ug £R js a contact structure & on the glued-up manifold M = M T Ug MR which is
compatible with the glued-up honest open book

L R L R
(B,n)z(B Ugl, B m=m U¢|3ML\EL p(r )).
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Obviously, cutting is the inverse operation for gluing.

Remark 6.3 The gluing theorem easily generalizes to the case when the resulting manifold has a partial
or foliated open book, rather than an honest open book. However, the statement does not generalize to
self-gluing, since the required reparametrization cannot be done globally. Self-gluing is therefore only
possible if ¢ maps one foliation to the other without reparametrization.

6.3 Examples

The cutting theorem allows us to construct many examples for foliated open books. The next two examples
are Darboux balls embedded in the standard contact structure with the angular open book.

Example 6.4 Figure 15, left, shows a foliated open book for the ball with a unique homeomorphism-type
of page. The complement of B3 in the open book with disc-like pages for S? is a diffeomorphic foliated
open book.

Example 6.5 Figure 15, right, shows the ball from Example 6.4 after a finger move is performed. The
associated foliated open book ({S;CI}ILO, id) has two distinct homeomorphism-types of pages, while the
map is still the identity. The complement of ({S;°'}>_ . id) in (D?,id) is again conjugate to ({S'}?_ . id).

The pages in the examples above do not define partial open books. In the first case, there is a single
homeomorphism-type of page, and in the second, the “big” page cannot be built up from the complement
of the “small” page by adding one-handles.

Example 6.6 In this example, we identify two embedded foliated open books as submanifolds of the
open book (By, ) associated to the Hopf fibration on S*. For S* = {|z|?> + |w|?> = 1} C C?, the
binding By is the set {zw = 0} = {z = 0} U {w = 0} oriented by dw and dz on the respective components,
and the map g is given by 7o(w, z) = zw/|zw|. The pages of this open book are annuli, and (By, )
supports the standard tight contact structure on S3.

Figure 15: Left: a ball intersecting the binding once. Right: a ball intersecting the binding twice.
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Figure 16: Cutting along the sphere shown on the left separates S into a pair of distinct foliated

open books. The center figure shows the pages of the associated abstract foliated open books, and
the open book foliation on the cutting sphere is shown on the right.

Consider the arc yg = {Imz = 0, zw/|zw| = 1} on the page S| = no_l(l). Let N(y9) denote a three-
dimensional neighborhood of y, that intersects pages 7! (¢) in a rectangle for t € (1 —¢, 1+ ¢) and in a
pair of half discs containing dyq for ¢ € (1 4 ¢, 1 —¢). The open book foliation has a pair of hyperbolic
singularities on 7! (1 & ¢) as shown in Figure 16.

The foliated open book for N (yg) may be identified with the foliated open book ({Sl.tel}fzo, id) from
Example 6.5, but the foliated open book for S3 \ N(yy) is distinct. This open book will be the key to
defining stabilization in Sections 6.4 and 6.5.

6.4 Stabilization of embedded foliated open books

Naturally, we would like to understand the relationship between embedded foliated open books that
support the same contact structure. As is the case with other versions of open books, foliated open books
admit an operation called stabilization that preserves the contactomorphism class of the supported contact
structure. Although stabilization in other contexts is often defined in terms of abstract open books, we
present it here in the embedded setting as application of the gluing results above; the abstract version is
discussed immediately afterward in Section 6.5.

Let (Be, e, Fx,) be an embedded foliated open book for M and let y be an arc properly embedded
in some page JTeT(t) As in Example 6.6, let N(y) denote a three-dimensional neighborhood of y that
intersects nearby pages in a single disc and other pages in a pair of discs near dy. This choice implies that
up to reparametrization, the open book foliation on d/N(y) matches the open book foliation on dN (yp).

Definition 6.7 The (positive) stabilization of (Be, m.) along y is the manifold formed by gluing the
foliated open books S3\ N(yo) and M \ N(y) along their boundary two-spheres.

This operation is a refinement of the connect sum that respects the open book structures on the two
manifolds; it also defines positive stabilization for (honest) open books. As every change happens in the
interior of the contact three-manifold, the following is an immediate consequence:
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Proposition 6.8 Any positive stabilization of (B, m., F5,) supports the same contact structure as
(BEa 7Te, fﬁg)-

Note that as stabilization is defined as a strictly interior operation, the definition above may be applied
verbatim to Morse foliated open books. Negative stabilization may be defined the same way by using the
open book given induced by the function zw/|zw| on S3.

Moreover, in Section 8.6 we will prove the following result.

Theorem 6.9 (Giroux Correspondence for foliated open books) Any pair of foliated open books
supporting (M, &, F¢) are isotopic after a sequence of positive stabilizations.

The proof of this theorem will rely on the proof of the analogous statement for partial open books.?
6.5 Stabilizing abstract foliated open books

It will be convenient to stabilize abstract foliated open books without invoking the equivalence of
Proposition 5.2, so we conclude this section with a reformulation of stabilization adapted to the abstract
case.

Definition 6.10 Given an abstract open book ({S;}, /), let y be a properly embedded arc in .S, whose
endpoints p, g lie on B C dS,. The stabilization along y is defined as follows:
(1) First perform an r—shift of ({S;}, &) to ({Si[r]}, A[r]).
(2) Define a new abstract foliated open book (S [r]}l.zi o-1'[r]) by
e Si[r] = Si[r]U H, where H is a one-handle with attaching sphere p U ¢, and
o N'[r]= Dyoh[r], where Dy is a right-handed Dehn twist along the circle formed by the r—shift
of y and the core of H; here, h[r] also denotes its extension to H by the identity.

(3) Perform a (—r)-shift to obtain ({S}}, /'), where S] is still obtained from S; by a handle attachment
along p and ¢.

Remark 6.11 The shift is indeed necessary in the definition in order to obtain an object invariant under
conjugation, as in some cases the arc y cannot be “found” on the original Sy.
Proposition 6.12 (equivalence of stabilizations) The various definitions of stabilization are consistent:

(1) Any stabilization of a Morse foliated open book can be realized as a stabilization of a corresponding
abstract foliated open book.

(2) Any stabilization of an abstract foliated open book induces a stabilization of a corresponding Morse
foliated open book.

The result follows from Definitions 6.10 and 6.7.

2The argument implicitly uses the proof of Giroux Correspondence for (honest) open books, and it does not give an independent
proof for Giroux Correspondence in the classical case.
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Figure 17: A stabilized abstract foliated open book for the solid torus from Example 1.1.

Example 6.13 As an example, we will stabilize the solid torus seen in Examples 1.1 and 5.9. Figure 17
shows a sequence of pages which differ from the pages of Example 1.1 by the addition of a handle
connecting the two components of the original binding. At each step, the bold curve is either the arc
that is cut along to yield the next page or the cocore of the handle that was attached in the step from the
previous page. We record cutting arcs on all previous pages and cocores of added arcs on all subsequent
pages, and with the opposite convention, we record the endpoints of these sorting arcs by bold dots on
the boundary. Note that as the arcs are disjoint, the foliated open book is now sorted.

The correct identifications between successive pages may be realized by horizontal translation in the
figure, and the left-hand side is identified with the right by a right-handed Dehn twist along the core of
the annulus.

7 From foliated open books to contact three-manifolds

In this section we prove the fundamental existence and uniqueness results that ensure foliated open books
are useful tools for studying contact manifolds.

7.1 Existence of supported contact structure

Having established the connection between abstract foliated open books and embedded foliated open
books, we are ready prove the existence of a supported contact structure. This is easiest in the abstract
setting.

Theorem 7.1 Any abstract foliated open book strictly supports a contact structure.

Proof Let ({S;}, /) be an abstract foliated open book. The basic idea of the proof is to find an (honest)
abstract open book (S, 4’) for a closed three-manifold so that ({S;}, #) embeds into it pagewise and / is
the restriction of /4’ to S,j. Then we construct the contact three-manifold corresponding to (S’, #’) and
use the cutting result (Theorem 6.1) to get a contact structure supported by ({S;}, /).

The condition that F5 does not contain circles translates to each «; being a union of intervals. We will
find a surface S’ and embeddings ¢;: S; < S’ which satisfy the following properties:

e For all i, the map ¢; embeds B in a fixed B’ C 3S".

Algebraic & Geometric Topology, Volume 24 (2024)



3180 Joan E Licata and Vera Vértesi

e For all 7, the map ¢; properly embeds (;, de;) into (S’, dB’).

e IfS; 4 & S, then ;1 (S;—1) \ ; (S;) is diffeomorphic to a neighborhood of ¢;_; (y;—1) with a

pair of opposue edges in ;1 (¢r;) and the other pair of edges in ¢; (¢;).

e IfS;— # Si, then ¢; (S;) \ ti—1(S;—1) is diffeomorphic to a rectangle with a pair of opposite

edges in ;1 (o;—1) and the other pair of edges in ¢; («;).

We construct S” inductively as follows. Start with any S| such that Sy embeds into it and satisfies the first
two conditions for i = 0. Now assume that we have defined ¢; and S; ! for j < so that all the conditions
are satisfied for j <i. If S; is related to S;_; by cutting along the arc )/l |- then we can set S] = Si_ !
and keep all the embeddings; then define ¢; = t;_1|g,. If, on the other hand, S; is related to S;_; by a
one-handle addition, then we would like to realize the one-handle addition inside S;. This means that
we need a path y/_, in S]_, \ ¢;_1(S;—1) connecting the attaching points of the handle. If there is such
a path, then we keep S/ = S; ! _, and let the image of ¢; be the union of the image of ¢;—; and a tubular
neighborhood of y/_,. If there is no such path, then we add a handle to S_, to connect the two regions
of Sl./_1 \ t;—1(S;—1) containing the attaching points. Here we use the fact that none of the components of
Sl./_1 \ t;—1(S;—1) is disjoint from the boundary, which follows from the fact that «;_; has no circles. Call
the new surface S;. To complete the inductive step, compose all embeddings with the obvious inclusion
12 S/, <> S} and let (;(S;) extend ¢; 1 (S;—1) by an embedding which maps the additional handle to a
neighborhood of y/.

Consider the embeddings tg: So < S, and ¢,,: S, < S, . The compositions ¢ Lohoty:1,(Sn) = 10(So)
might not be extendable to a diffeomorphism of S, but by embedding S, into a yet larger surface S’, we
may assume that the composition extends to the desired diffeomorphism 4’: S” — S’.

The embeddings ¢; determine a submanifold M corresponding to the abstract foliated open book ({S;}, )
in the manifold M’ corresponding to the open book (S’, 4"). By Theorem 6.1 there is a contact structure &
compatible with (S’, 4’) that restricts to M as a contact structure strictly supported by ({S;}, 1), as
needed. |

7.2 Uniqueness of supported contact structure

In this subsection we show that an abstract foliated open book supports a unique contact structure.

Theorem 7.2 Any two contact structures supported by (B, w, Fr) are isotopic through a family of
contact structures with strongly topologically conjugate characteristic foliations on the boundary.

It suffices to show that two strictly supported contact structures are isotopic, and the proof will proceed
as follows. We will decompose M as a union of handlebodies H; and argue that each H; has a unique
tight contact structure compatible with a prescribed class of characteristic foliations on its boundary,
up to contactomorphism fixing the boundaries. Second, we will show that any strictly supported contact
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structure restricts to a tight contact structure on each H;. The structure of this argument follows [29], and
together, these statements imply the desired uniqueness.

We begin by blowing up the transverse curve B to B x S!; a strictly supported contact structure & on M
induces a contact structure & on the blown-up M. Because & is strictly supported by the foliated open
book, hyperbolic points are separated by regular leaves of F,. Cut M’ along the corresponding pages.
The resulting cornered handlebodies are diffeomorphic to the H; that appeared when building a manifold
from the data of an abstract foliated open book in Section 5.2, so we will use the notation introduced
there.

The boundary of H; is separated into two pages, S;—; and S;, together with the vertical component
Vi = (BxI1)UW,;. Here, W; consists of rectangles o; X I coming from the unchanged intervals «;, together
with a “saddle” component corresponding to the two components of «; that change. The characteristic
foliation on B x S' C dM' is given by the parallel circles {b} x S! for b € B, and thus by {b} x I on the
B x I components of dH,;.

The open book foliation on W; is given by the level sets of 7;. By assumption, the leaves of the
characteristic foliation are isotopic to the leaves of F5, so W; is a convex surface whose dividing curve I"
may be obtained as the boundary of the neighborhood of the positive graph G for either F, or Fz,.

Note, too, that since ker « is supported by the open book, the Reeb vector field Ry is transverse to the
pages. As R, is a contact vector field, the pages (in particular, the S;’s on the boundary) are convex with
empty dividing sets.

This discussion establishes part of the following proposition:

Proposition 7.3 A contact structure £ strictly supported by (B, , Fr) induces a tight contact structure &;
on H; with the decorations described above. Furthermore, up to isotopy fixing 0 Hj, there is a unique tight
contact structure on H; with these boundary decorations.

Proof The tightness of &; follows from gluing (Theorem 6.2) and Torisu’s theorem [29, Theorem 1.1]
as follows. Suppose that &’ is a supported contact structure on (B, 77, F). Then, adapting the proof of
Theorem 7.1, we can construct a second foliated open book (B”, ", Fr~) supporting &” so that the two
foliated open books glue together into a closed contact manifold (M, ") supported by the open book
(B’, 7’). Then Torisu’s work implies that & restricted to any submanifold is tight. Since H; is a subset of
the blowup at B, it must also be tight.

For uniqueness, we will smooth the boundary of H; (in the interior of H; and arbitrarily close to dH;) in
order to obtain a handlebody H; with convex boundary and dividing curve I'; which is determined by
the decoration on dH;. Since the contact structure on a collar neighborhood of dH; is determined by the
characteristic foliation on dHj, it suffices to show that there is a unique tight contact structure compatible
with the dividing curve I'; on dH .
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Figure 18: Smoothing corners in H;. The first figure shows a part of dH; near B x I. The second
figure shows the characteristic foliations, the third one is the picture after merging S;—; with S;
and smoothing the corners, with the dividing curves indicated with red. The fourth picture depicts
the dividing curve after completing the smoothing.

In the above description, all components of dH; were convex except B x I. In a neighborhood of each
component of B x I, we connect —S;_1 to S; via a nearby convex surface F; that has a one-component
dividing curve which is parallel to B. See the third picture of Figure 18.

The above process allows us to smooth out the codimension-two corners as well, leaving a three-
manifold Hi/ " whose boundary consists of two convex surfaces, F; and a smoothed W;, that intersect in a
Legendrian curve L. See the third picture of Figure 18.

Recall that W; is convex and that the dividing curve I' C W; is the boundary of a neighborhood of the
stable separatrices of the positive hyperbolic points. In the blown-up picture of the boundary, the positive
elliptic points correspond to the intervals £ x [; as usual, dB = —E_ U E. Each product component
of W; contains a vertical component of T" of the form {p} x I, where p is a point on ;1 close to E4. The
saddle component contains the same vertical dividing curve if .S; is obtained from S;_; by a one-handle
addition (as in this case the corresponding hyperbolic point is negative), but the dividing curve is as shown
in Figure 19 if S; is obtained from S;_; by cutting along an arc y;_;.

In summary, the Legendrian curve L intersects I' on F; once at every component corresponding to E X I,
while on S; it intersects I" near the points £ x {0, 1} on ;1 and «;, respectively. See, again, the third

-

picture in Figure 18.

Figure 19: The smoothed I' intersects a decomposing disc twice on a cornered handlebody
associated to a positive hyperbolic point.
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Next we can apply standard smoothing along the Legendrian curve L to obtain the handlebody H; with
dividing curve I'; as seen in Figure 19.

Finally, we will prove that H/ has a unique contact structure by describing a disc decomposition of H;
such that the boundary of each disc D intersects I'; in two points. As a first case, assume that the
hyperbolic point on W is negative, so that S; is obtained from S;_; by a one-handle addition. Then
choose arcs {a;} properly embedded into S;_; with endpoints on «;_; that cut up each component
of S;_; into discs, and let D; be the (smoothed) a; x I. After the smoothing on the fourth picture of
Figure 18, it is clear that the boundary of each D; intersects I'; in two points.

This suffices to cut the tight H] into tight balls, proving the proposition in the case of a negative hyperbolic
point. In the case of a positive hyperbolic point, we may first choose arcs a; on §; that cut up S; into
discs and again take D; = a; x I to complete the proof. a

This also finishes the proof of Theorem 7.2.

In the proof of Proposition 8.11, we will require the extension of this approach to a concatenation of
multiple H; handlebodies, or equivalently, to a handlebody cut from M’ by regular pages separated by
multiple hyperbolic singularities. For simplicity, we will again use the notation of abstract foliated open
books. Recall Definition 5.5.

Proposition 7.4 Any sorted submanifold ;H;s supports a unique tight contact structure compatible with
the boundary decorations described above.

The argument is a minor extension of the analysis above.

Proof Recall from Lemma 5.8 that any pair of pages in the sorted ;H,/, cut along their respective sets
of sorting arcs, are diffeomorphic after smoothing; we view this surface as a minimal page that persists
for all ¢.

As seen in Figures 18 and 19, each critical submanifold W*(h4) and W¥(h_) intersects the dividing
curve [" associated to a smoothed ;H;s twice. After decomposing along these discs, the result is a product
cobordism, which may be further decomposed along discs guided by arcs {@;} that cut the minimal page
into discs, as above. O

8 Relationship to partial open books

Partial open books offer a well-established tool for studying contact manifolds with convex boundary,
and in this section, we explore the connections between partial open books and foliated open books.
Section 8.1 describes how to build an abstract foliated open book from the data defining an abstract partial
open book, while Section 8.2 reverses the process and constructs an abstract partial open book from an
abstract foliated open book. In each case, some conditions on the initial open book are imposed, and
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we show in Section 8.3 that these can be achieved via positive stabilization. These constructions are not
inverses, as the construction of a foliated open book from a partial one allows some choice. Nevertheless,
Section 8.4 shows that these transformations preserve the supported contact structure. Section 8.5 applies
the relationship between partial and foliated open books to prove another existence result: if (M, §) is a
contact manifold with an ordered characteristic foliation, then there is a compatible foliated open book
(Theorem 3.12). Finally, we prove a Giroux Correspondence for foliated open books in Section 8.6.

8.1 Foliated open books from partial open books

The intuition behind transforming a partial open book into a foliated open book is straightforward; in a
partial open book, a large change in Euler characteristic is concentrated at two pages, where the S and P
handlebodies meet. For appropriate .S and P, this may be distributed as a sequence of small changes
across many pages to yield a foliated open book.

We begin with a topological condition describing when a surface may be built up from a subsurface by
successive attachment of one-handles. Note that this relationship appears in the definition of an abstract
partial open book [10].

Lemma 8.1 Suppose that S is a surface with nonempty boundary and X is a nonempty subsurface
with cornered boundary such that each component of 0X is either contained in d.S or is polygonal with
alternating edges in dX N dS and 0X \ dS. Then S can be built up from X by successive attachments of
one-handles if and only if the boundary of any component of S\ X intersects dX in at least two intervals.

Proof For the “if” direction, note first that each handle that creates a new component of S \ X must
attach directly to X, so the number of interval components of S N dX on the new component (i.e., the
added handle) is two. No subsequent one-handle attachments can decrease the number of components of
dX N dS on the boundary of any connected component of S \ X.

For the “only if” direction, we describe the cocores of the handles which build S up from X. Fix a
connected component C of S\ X. We can simplify the topology of C by cutting along arcs with boundary
on dS \ dX. Each cut turning C to C’ is along an arc which is the cocore of a one-handle which attaches
to C’ to yield C.

Suppose that successive cutting yields a region C” that is polygonal with 2n edges, for some n > 2. Then
we can add an additional n — 1 > 1 cutting arcs with endpoints on dC" \ 0X, parallel to all but one of the
components of 35 N dX on dC”. This yields a collection of bigons, each with one edge in S N dX and
the other disjoint from X. Taken collectively in the original surface, the cutting arcs are the cocores of a
set of handles that build C up from X. O

If S and X are as in the above lemma, we say that S can be built up from X. With this phrasing, we
recall that the definition of an abstract partial open book (S, P, i) requires that S can be built up from
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S\ P. To create foliated open books, however, we need that S can be built up both from P and i (P).
This property can be achieved by positive stabilization:

Lemma 8.2 Any partial open book (S, P, h) may be positively stabilized to some (S”, P"”, h"") with the
property that S” can be built up from P” and from h(P").

Proof In a partial open book stabilization (S, P, h) — (S’, P’, h’), the added one-handle becomes part
of P’, so choosing the attaching sphere to have at least one component on dS \ 0P implies that

10P" N (3S’\ 9P")| > [P N (3S \ 9P).

Iterating, we eventually stabilize to a partial open book (S”, P”, h"") with the property that each component
of dS”\ 0P” meets dP” in at least two intervals. Thus S” can be built up from P”, as desired. One may
similarly stabilize to ensure that S” is also built up from i (P”). O

Suppose now that P = (S, P, /) is a partial open book such that S may be built up from P and /(P).
This is equivalent to the statement that S may be cut either along a set of properly embedded arcs {§ l+ }fle
to yield P, or along a set of arcs {5]._ }5.‘21 to yield #(P). These arcs are the cocores of the handles added
in the building-up construction.

Set S = S]f and define S]er = S;:Jrj_l \8]7L for j € {1,...,k}. Similarly, define S/Z)—j = S/Z)—jJrl \8]._

for j € {l,...,k}. This yields a collection of abstract pages {Si}izi o that are related to each other by
gluing (for i < k) and cutting (for kK <1i). By construction, Szpk = P and Sy = h(P), thus we can define
h* to be h|p: ka = P — h(P) =Sy C S. Itis clear that this data defines a foliated open book, but
the indexing of the cutting arcs is arbitrary, and different choices will yield distinct foliated open books.
We would like to ensure that this process yields a sorted foliated open book. As a first step, we apply a

k—shift so that the “big” page is now Sj.

Interpreting an indexed set of cutting arcs {8?} as the intersections of stable critical submanifolds with Sy,
we must verify the conditions of Definition 2.15. If the intersections are not properly ordered, then
reindexing the arcs or performing handle slides may correct this. Alternatively, one may positively
stabilize the original partial open book so that no interval of o = .Sy \ B contains an endpoint of more
than one § arc. The ordering conditions are then trivially satisfied, so the resulting foliated open book is
sorted with respect to a preferred gradient-like vector field.

Definition 8.3 A partial open book (S, P, h) is sufficiently stabilized if S may be built up from P and
from i (P), and furthermore, if there is a choice of associated cutting arcs that yields an abstract foliated
book A(P) = ({S I.P }, ") that is sorted with respect to a preferred gradient-like vector field. For any such
choice of cutting arcs {Sii}, we say that A(P) = ({ Sip }, h”) is an abstract foliated open book induced by
the sufficiently stabilized partial open book P = (S, P, h).

We will show in Section 8.4 that this induced foliated open book is associated to the “same” contact
three-manifold with boundary.
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8.2 Partial open books from foliated open books

Transforming a foliated open book into a partial open book requires more effort than the reverse process,
and it relies on the Morse model of a foliated open book to define a “minimal” page that can play the role
of P and a “maximal” page that can play the role of S. As in the previous construction, some carefully
chosen preliminary stabilizations may be required before this is possible. This section relies heavily on
the discussion of sorted foliated open books from Section 5.3.

We will prove the following result in Section 8.3:

Proposition 8.4 Any foliated open book A = ({S;}, h) may be positively stabilized to a sorted foliated
open book.

As an illustration, consider Examples 5.9 and 6.13, which show how the (unsorted) foliated open book
introduced in Example 1.1 may be stabilized to a sorted foliated open book.

Suppose, assuming Proposition 8.4, that A = ({S;}, A, {y,ﬁE }) is a sorted foliated open book for (M, &, Fz).
Set SA =S, and let PA = m, where R\ is the subsurface of Sg from Definition 5.7. See Figure 12.
Lemma 5.8 implies that P embeds in each S; as subsurface. Define ¢ to be the map which embeds P+
into Sy, and set At = hot.

Definition 8.5 Given a sorted foliated open book A = ({S;}, &, {)/]g’E 1), the associated triple is P(A) =
(SA, PA, hH).

Proposition 8.6 Given a sorted abstract foliated open book A = ({S; Y2k . h, {)/,éIE }) with at least one

i=1
2k h

of k >0 or [0M| > 1, there exists a positive stabilization A" = ({S]};X . h") with the property that the

associated triple P(A") = (Sa/, P, ha) is a partial open book.

We call a foliated open book as above sufficiently stabilized, and the obtained partial open book P(.A) an

associated partial open book.

Proposition 8.6 is a partner to Lemma 8.2, in the sense that these assert the existence of procedures for
turning partial open books into foliated open books and vice versa. In fact, Proposition 8.11 will show
that these are the correct procedures, in that they preserve the supported contact structure. The proof
of Proposition 8.6 rests on a pair of lemmas (Lemmas 8.8 and 8.9), which will be proven in the next

subsection.

Remark 8.7 The hypotheses £ > 0 or [0M| > 1 in Proposition 8.6 eliminate only the case of a
foliated open book whose unique boundary component is a sphere with the “trivial” foliation whose
only singularities are a pair of elliptic points. Gluing a trivial foliated open book for a Darboux ball
(Example 6.4) to M yields a closed manifold with an open book decomposition. Much of the machinery
in this section is building towards a proof of a Giroux Correspondence for foliated open books, but we
note that the classical Giroux Correspondence applies in this case. We thus ignore the k =0, [0M | =1
case in what follows.
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8.3 Sorting via stabilization

Propositions 8.4 and 8.6 each assert that an abstract foliated open book may be stabilized to achieve some
given property. In order to prove these claims, it will be useful to identify a subsurface of the foliated
boundary which is isotopic to R4 = N(G+4).

We assume a preferred gradient-like vector field Vi on dM and its extension Vor on M. Recall that
w’¥(h) and w*(h) are the stable and unstable flows of V7 corresponding to the critical point /. Fix a
regular time ¢ = 0, and set w*® (%)’ to be the subinterval of w* (/) that contains / and intersects 7~ (0)
exactly at its two endpoints. Set

Ry =7"0.nuJ Nw* (hy)),
h

where 7 is sufficiently small to ensure the leaves of 7 1[0, 5] are all regular. Then we claim the following:

Lemma 8.8 R. C dM is isotopic to R', C 0M in 0M. If the foliated open book is sorted, then R’ is
isotopic to S\ P4 in M.

Proof Each of these regions is a neighborhood of a graph whose vertices are the positive elliptic points,
and each edge connects the same pair of positive elliptic points.

Because V7 is preferred, the stable separatrices w* (/4 ) intersect each interval /4 C 7~ !(0) in the same
cyclic order as the separatrices of 5 which terminate at the positive elliptic point at the end of /. See
Figure 20. Taking the union of the neighborhood of 7 together with the separatrices recovers the original
the cyclic order; this may be seen by retracting the O—leaf to the positive elliptic point and bringing the
endpoints of the separatrices along.

Now suppose that the foliated open book is sorted, and recall the construction of the associated triple

(S, P4, h™Y). For each positive hyperbolic point, the arc w®(h;)’ can be pushed down to ]/i+ C Sp along

the half-disc W*(h;). Extending these “pushes” to an isotopy with support o R; gives an isotopy of R/,

onto S\ P4, as desired. a
®,

Figure 20: R/, in the star of a positive elliptic point.
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Having defined the triple associated to a sorted foliated open book, Lemma 8.9 is a first step towards
showing that (S, P, ") meets the topological conditions to define an abstract partial open book.

Lemma 8.9 Suppose that (S, PA, h*) is the triple associated to some sorted foliated open book. Then
no component of 3 P4\ 9S4 is a circle.

In fact, Lemma 8.9 is a corollary of Lemma 8.8.

Proof Components of d P4\ S are homeomorphic to components of OR’,\ 771(0). When R’
deforms to R+ on dM, the boundary of R, maps to I" and 771(0) maps to I' N 771 (0). Recall from
Section 4.2 that 77| is a covering of S!. Thus every component of I intersects 7! (0), and it follows
that "\ 7~1(0) can have no circle components. m|

Now we are ready to prove Proposition 8.6:

Proof of Proposition 8.6 Suppose that A = ({S;}, h) is a sorted foliated open book with & > 0. We will
find a positive stabilization A" = ({S}}, 1") with the property that in the associated triple (S, Pa’, ha),
the surface S 4 can be built up from each of Py, ha(Py), S’y \ Pa and SA\ iy (Py) by successive
attachment of one-handles.

As a first step, observe that any positive stabilization of the original foliated open book induces a positive
stabilization of the associated triple, where the latter will be defined exactly as in the case of an abstract
partial open book. Stabilizing the original foliated open book at Sy adds a one-handle to Sy, and
hence, S, with the attaching sphere lying completely on B. The stable manifolds which cut out P+
from S remain disjoint from this handle, so the entire handle becomes part of P, and the monodromy
changes by the appropriate Dehn twist; this stabilizes the triple (S, P4, h#).

Note that we may achieve only a restricted class of partial open book stabilizations this way. In the case
of an abstract partial open book, there are no restrictions on the location of the attaching sphere, but each
time a component of the attaching sphere lies on 9.5\ 9B, a pair of new intersections between B and M
is created. Although this preserves the dividing set, and hence, the partial open book, up to the relevant
notion of equivalence, this represents a fundamental change in the foliated boundary by introducing a
new pair of elliptic points. In what follows, therefore, we consider only stabilizations of the triple along
attaching spheres on B = 5t N d P*; any such stabilization may be achieved by a stabilization of the
original foliated open book at Sj.

Returning to the statement of the lemma, we note that Lemma 8.9 implies d P \ 3S* consists only
of intervals. We will show that there exists a sequence of stabilizations along d P* N 9S4 that ensures
the resulting S 4 may be built up from each of the specified subsurfaces, and we then show that once
this property is achieved for a pair (S 4, X), it persists for the images of the pair under any further
stabilizations.
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First, we observe that as Pt and 4 (P*) are defined by cutting S along arcs, it is immediate that S
may be built up from P# and i(P+). This also implies that if k > 0, then |0 PA N 3S4| > 2.

According to Lemma 8.1, S** can be built up from S\ P exactly when the boundary of each component
of P4 intersects the boundary of S\ P4 in at least two intervals. When we stabilize, each added
one-handle becomes part of P+, so we may stabilize until P is connected. In the case, the observation
of the previous paragraph ensures that S** can be built up from S\ P4 whenever k > 0.

Now consider a map 4: PA — S that is the identity near 9 P* N .S, After stabilizing, we are free to
assume that /2(P*) is also connected, so the stabilized S** can be built up from the stabilized S\ 7#( P4)
as above.

Finally, we consider the case k = 0, when the entire boundary consists of spheres, each of which
has the trivial foliation with two elliptic points. Suppose first that [0M | > 1. Since the topology of
the page remains constant for all ¢, the page is connected and the unique component of P# satisfies
|0PA|N]O(SA\ PAY| = |oM| > 1. i

Now we prove Proposition 8.4, the claim that any foliated open book may be positively stabilized to be
sorted.

Proof of Proposition 8.4 Recall from Section 5.3 that each sorting arc )/Ié’E on S; can be understood as
the intersection between the page S; and the (un)stable submanifold of the critical point hlf with respect
to a preferred gradient. If these arcs are disjoint, then the foliated open book is sorted by definition. On
the other hand, when the stable and unstable submanifolds of two critical points intersect, then these arcs
might become disconnected on the pages. In the following, we will consider sorting arcs in a nonsorted
foliated open book only on the pages where these arcs are still connected.

Given an abstract foliated open book ({S;}, /) for a three-manifold M with foliated boundary, we will
show that it admits a sorted stabilization ({S;}, /", {y; .

Let j be the least index such that the sorting arcs are not disjoint on S;. Then yj+ intersects one or more
y~ arcs; let k denote the largest index such that y,~ N yj+ # . We will define a stabilization at S; to
remove this intersection; the process will introduce no new intersections, so inductively, it suffices to
prove the proposition.

As in the definition of abstract stabilization, choose an arc y on S; that connects to B near the endpoints
of yj+, follows a; to the endpoints of )/j+, and then runs parallel to yj+ except for one intersection in
the interior of yj+. The hypotheses on V7 ensure that y is disjoint from all sorting arcs while it runs
along ay, and it intersects yj+ exactly once. See the first picture of Figure 21.

Now perform the stabilization along y. Consequently, y;~ undergoes a right-handed Dehn twist for each
i < j, removing the targeted intersection point. Note that this may remove other intersection points,
as well, but it cannot introduce new intersections between sorting arcs, so it may be repeated until the
foliated open book is sorted. |
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N/ =/
VAREA | =

Figure 21: Stabilizing the abstract foliated open book along y removes intersections between
sorting arcs.

8.4 Preservation of the contact structure

In this section we prove that the operations turning partial to foliated open books and vice versa preserve
the contactomorphism-type of the associated contact structures.

Proposition 8.10 Suppose that the partial open book P = (S, P, h) is sufficiently stabilized and let
AP)=({S lp 1, h7)) denote an induced foliated open book. Then (M (P), £(P)) is contactomorphic to
(M (A(P)). §(A(P)).

99

As partial open books only define contact structures up to contactomorphism and gluing “/—invariant
contact structures to the boundary, this statement is as strong as it could be with the given definitions.

We first prove the converse, which reads as follows:

Proposition 8.11 Suppose that the foliated open book A = ({S;}, h) is sufficiently stabilized and let
P(A) = (S4, PA, h*) denote the associated partial open book. Then (M (A), £(A)) is contactomorphic
to (M(P(A)).§(P(A)).

Proof We start by cutting each of the contact manifolds (M (A), E(A)), (M (P(A)),E(P(A))) into a
pair of cornered handlebodies which have convex boundary and isotopic dividing sets after smoothing.
The contact structures supported by the foliated and partial open books, respectively, restrict to each
handlebody as the unique tight contact structure compatible with this decoration, so it suffices to show
that the smoothed handlebodies coming from each structure have matching dividing curves.

For (S4, PA, h*Y), we consider the handlebody S x [—%, —%] and its complement in M (P(A)),

(SAx[-1.0])u@Ax[0, 1)U (S x[-1,=2])/~.

Just as in the proof of Theorem 7.1 we may embed each of these inside the product S’ x I, one of
the handlebodies used to construct the open book for an associated closed manifold. The tight contact
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o

>

Figure 22: Smoothing the handlebodies in (S4, PA A,

structure on this restricts to a tight contact structure on each of our handlebodies, and we examine the
induced dividing curves, applying standard disc decomposition arguments to show that there is a unique
tight restriction.

Near the binding, we proceed exactly as in Proposition 7.3. Smoothing the edges 9.S# x {—%} or

dSA x {—%} creates a right-turning dividing curve; see the final image in Figure 18. However, when
smoothing (9 P4 x {0}) N (S x {0}) or (3P4 x {1}) N (SA x {—1}), the dividing curve turns left. See
Figure 22.

In the case of the foliated open book ({S;}, /1), we choose the two handlebodies to be the sorted ¢ H_, = M
and a product |_, H; = Sy x I. Recall that ; H;_, was studied in Proposition 7.4 (as M), and we can
construct the dividing set on d(; H;—¢) as in the proof of Proposition 7.3. Comparing the result to
Figure 22, one sees that the resulting dividing sets are isotopic to the dividing set on ; H_,, as desired.
In the case of each of the product handlebodies, the standard proof applies. a

Proof of Proposition 8.10 Recall from the discussion after Lemma 8.2 that if we start with a sufficiently
stabilized partial open book P and construct the foliated open book A(P) = ({S lp }, "), we can choose the
cutting arcs and their order so that the foliated open book is automatically sorted at .S (7)3 . The construction
of Section 8.2 then recovers the partial open book P without further stabilization, so the result follows
from Proposition 8.11. |

8.5 Existence of foliated open books

In this subsection we continue working with the notation established in Section 5.3. Beginning with a
sufficiently sorted Morse foliated open book, recall that the subsurfaces S; \ R; are diffeomorphic for all ¢
and that the associated partial open book is defined by considering Ry C Sy = S*.
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0
Q+
N+
A A

Figure 23: RtjE C Sy may be isotoped through M to Q,i C 0M (blue) and connected by twisted
bands (red).

In fact, all of the R; can be read off from F3:

Lemma 8.12 For a sufficiently stabilized Morse foliated open book M = (B, , F, V), the diffeo-
morphism type of the subsurfaces R; depends only on F3.

The proof of this lemma is essentially a generalization of Lemma 8.8:

Proof Fix a regular time ¢. Since V7 is preferred, each leaf I of 7~ !(¢) contains disjoint subintervals
Iy C I suchthatey € I and I' N y,jc C 1. Define the subsets R;t of R; by
RS = N(U[+ v U yj+) and R, = N(UI_U g yj_).
e+ w(hj)elt,1] e— 7w (hj)el0,¢]
Thus R, \ (R U R7) is just a union of strips St = N(I \ (I+ U1_)).
As a next step we will push these subsets R;t to the boundary of M. Let /1 be an index 2 critical point
with 7 (hj) = l]f* €[t,1]. Then W¥(hj) C = =10, ¢}]is a cornered disc with boundary )/j+ Uw?*(h;)’, where
again w* (h;)’ denotes the stable manifold of /2; with respect to V7 on 7|0, t]f"]. (This employs the same
slight abuse of notation as in Section 5.3.) Then we can isotope )/j+ through W*(h;) to w®(h;)’. In the
neighborhood of M we can “turn up” the half-neighborhood of 74 in S; into an upper half-neighborhood
Ny(I4+) C 77Ut t + €], keeping the corners. These two isotopies combine to an isotopy of R} into
of =UnN+upu  |J  N@@).
et F(hy)elt,1]
Observe that the orientation of Q;" agrees with the orientation of dM. Similarly, we can push R, into
or=Un~n-tnhu J NG,
e— 7 (h-)€l0,t]
where N_(I_) is a lower half-neighborhood of /_ in 7!t — &, t]. The orientation of Q7 is opposite to
the orientation of dM.

To recover the surface R;, we must isotope the strips Sy to connect Q?E. This can be done via a twist
that keeps 71 (¢) N Sy fixed. See Figure 23. This construction allows us to reconstruct R; from the
foliation F%, proving the statement.

For the critical values, R+ is the degenerate surface between R;+_, and Ry 4. |
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Recall that the union of the R; in M, denoted by R, is a Vr—invariant neighborhood of the union
of dM\ (B x I') and the stable and unstable critical submanifolds. Since each critical submanifold is
a cornered disc with half its boundary on dM, the submanifold R can be compressed inside M to a
neighborhood of dM and R, N dM recovers the foliation F5 cut open at ¢ = 0. As usual, we choose
regular times separating the critical points 0 = 7o < ¢/ <--- < t;‘ r <hk =1, and we write R; = Ry,.
Then up to diffeomorphism, the set { R;} contains all the information about R and R;. In fact, this is the
data needed to describe a partial foliated open book, which is an amalgamated foliated and partial open
book; we examine these objects and their applications in a future paper [25].

As motivation for the following, imagine trying to recover M (A) from M (P(A)), where P(A) is the
partial open book associated to the sufficiently stabilized .A. We will try to mimic the gluing required
for this, but in the case of a partial open book not necessarily obtained from a foliated open book. More
precisely, we will describe how to glue R along dR \ dM to the boundary? of S x[—1,0]U P x [0, 1]/~
for some partial open book (S, P, i) while respecting the foliations coming from R; and P x {¢}. To
move forward, we examine a further property of the original gluing which will be a key to the general case.

The dividing curve I'(P(A)) on (M (P),E(P), T (P)) is obtained as (35S \ 9P*) U (3P4 \ 0S). Thus
35\ P4 intersects each component I'; of ' in |I; N 7~1(0)| intervals. The next lemma ensures that
we may prescribe these intersections for a partial open book.

Lemma8.13 Let (M, &, F¢) be a contact manifold and assume that F is strongly topologically conjugate
to an open book foliation F5 without circle leaves. Then there is a partial open book (S, P, h) supporting
£ so that S \ 0P intersects each component T; of T in |T; N 771 (0)| intervals.

The proof of this lemma is a strengthening of the proof of Lemma 8.9.

Proof Recall from [14, Theorem 1.1] that the construction of a partial open book requires a polygonal
decomposition K’ of dM, where K’ is a Legendrian graph and the boundary of each two-cell of dM \ K’
intersects I in exactly two points. Any such decomposition (with some additional choices explained in [14])
gives a partial open book decomposition for (M, &, ') in which 9. \ dP intersects each component I’
of I' in |T; N K| intervals.

Define K’ = G4+ U G—_ U7~ 1(0). Then we clearly have |T'; N K’'|=|T; N 7~1(0)]. So we need only
verify that K’ is the one-skeleton of a polygonal decomposition. For this we need each component of
dM \ K’ to be a disc whose boundary intersects I in two points.

Since the graph G4 is the spine of R, the components of Ry \ G141 are all annuli. And as each
component of I intersects 7! (0), the components of R+ \ (G4 U 771(0)) are rectangles D with a

3Here, and in the rest of the paper, we construct the manifold from the data of a partial open book using the equivalences
(x, 1) ~ (h(x),—1) and (x,7) ~ (x, ) for x € S and z,¢’ € [1, 0]. This yields a manifold diffeomorphic to the one formed by
further collapsing dP \ 95 x [0, 1] to a collection of intervals.
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pair of opposite sides in 7! (0) and the other two sides in I and G+. The domains of M \ K’ are
obtained by gluing together two such rectangles D4 and D_ along their common boundary in I'. This
gives a polygonal domain D intersecting I" in two points, as required. a

Now we are ready to prove the existence result stated as Theorem 3.12.

Proof of Theorem 3.12 Let I' be the dividing curve for F¢ and F%. By Section 8.5, we can find a
partial open book P = (S, P, h) for (M, &,T') so that in the identification I' = (3.5 \ dP) U (dP \ 95),
I'; intersects P \ 9.5 in exactly |7 ~1(0) N T}| intervals.

Construct as above the surfaces R; for F%. Define

SF = PUpprasouirni-' () Ri-
where the identification of dP \ S with dR; \ 7' (#;) respects the components of T';.

To define the map h?: S SD Y ;)k we have to move between the different identifications of :S’“gj and §fk

Sy =PURy @PURy=PU(S\P)=S,

S =PURy = PUR_ =h(P)U(S\h(P))=S.

Under these identifications, EP| p:=h: P §. Similarly, EP| R, 18 defined as the embedding into S
after we identify Ry with R_.

Since R; is obtained from R;_; by cutting or gluing, and since the rest of :5'73 and §IP \ R; = P are
unchanged, the tuple A(P) = ({§ lp 4, EP) defines a foliated open book.

Notice that A(P) = ({S"l.73 }, sz) is sufficiently stabilized and the partial open book associated to it is
exactly P. This means that the contact three-manifold supported by A(P) is contactomorphic to M (P).
Furthermore, the foliation on dM (A(P)) comes from R;, so Fe (A(P)) is strongly topologically conjugate
to Fz. There is thus a contactomorphism between M and M (ﬂ(P)), and the image of the abstract
foliated open book defines an embedded foliated open book on (M, &, F¢), as required. |

8.6 Proof of Giroux Correspondence

The results in this section so far have described a sequence of modifications that may be made to partial
and foliated open books via stabilization. Here, we apply these to prove the Giroux Correspondence for
foliated open books, which appeared earlier as Theorem 6.9.

Proof of Theorem 6.9 Suppose that A = ({S;}, /) and A" = ({S/}, 1")) are abstract foliated open books
for the same (M, &, F¢). We may assume that each is sufficiently stabilized and that it is possible to
define the corresponding partial open books P(A) = (S, PA, i) and P(A) = (SA, PA hY). As
described in the previous section, we can recover the original abstract foliated open books A and A’ from
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the partial open books by gluing the R; determined by the foliation to the pages. Recall that this gluing
is associated to an identification of P4 \ 9S4 with R; \ ! (#;). This determines an identification of
IPA\ 9S4 with P4\ 9S4, which we will keep in mind as we proceed.

Using [10], the partial open books P(.A) and P(A") may be constructed from a Legendrian one-skeleton K
and K’ as described in [14]. These graphs intersect dM on I', and the intersections K* N T are related to
IPA” \dS A" respectively. Using the identification in the previous section, fix an identification of the
endpoints of K and K’ and assume that in a small neighborhood N (dM ) == dM x I, the graphs K and K’
are each of the form | J(p; x I) for some p; € I'. Now apply the argument of [14] to find a common
refinement of the Legendrian graph, with the modification that K and K’ already agree near N (dM).
This yields a common stabilization of the two partial open books while preserving the Legendrian graphs
in N(dM). This ensures that dP \ 0.5 is constant during the process, so at each stage we can define the
corresponding abstract foliated open book by gluing R;. Since all the added edges were internal, they
may be realized as stabilizations of the foliated open books. O

Notice that in the above argument all foliated open books were obtained from partial open books, and
thus were automatically sorted. Consequently, we get a stronger Giroux Correspondence:

Theorem 8.14 (Giroux Correspondence for sorted foliated open books) Any pair of sorted foliated
open books supporting (M, &, F¢) are isotopic after a sequence of positive stabilizations. Moreover, each
of the intermediate foliated open books in this sequence is sorted.
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Algebraic and Giroux torsion in higher-dimensional contact manifolds

AGUSTIN MORENO

We construct examples in any odd dimension of contact manifolds with finite and nonzero algebraic
torsion (in the sense of Latschev and Wendl (2011)), which are therefore tight and do not admit strong
symplectic fillings. We prove that Giroux torsion implies algebraic 1-torsion in any odd dimension, which
proves a conjecture of Massot, Niederkriiger and Wendl (2013). These results are part of the author’s PhD
thesis.

53D42, 57R17

1 Introduction

B

In this paper, and its followup [Moreno 2022], we address the general problem of constructing “interesting’
examples of higher-dimensional contact manifolds, and developing techniques in order to compute SFT-

type holomorphic curve invariants.

We will construct examples of contact manifolds in every odd dimension, presenting a geometric structure
which is a higher-dimensional version of that of a spinal open book decomposition or SOBD, as defined
in [Lisi et al. 2018] in dimension 3. The type of SOBD present in our examples, which one could call
partially planar, mimics the notion of planar m—torsion domains as defined in [Wendl 2013]. We exhibit
a detailed construction of an isotopy class of contact forms, which is “supported” by the SOBD, so that
one may view these contact forms as “Giroux” forms. We will estimate the algebraic torsion of these
examples, which we show is finite, and, in certain cases, nonzero. In those cases, the contact manifolds
are tight and admit no strong symplectic fillings.

We will also relate algebraic torsion with a geometric condition, Giroux torsion. While this is a classical
notion in dimension 3, the higher-dimensional version was introduced by Massot, Niederkriiger and
Wendl [Massot et al. 2013]. We will show that the geometric presence of certain torsion domains inside a
contact manifold can be detected algebraically by SFT. More concretely, Giroux torsion implies algebraic
1—torsion in any odd dimension. This proves a conjecture in [Massot et al. 2013].

The proof of this result is carried out by interpreting the Giroux torsion domains as being supported by
a suitable SOBD, which we call a Giroux SOBD, for which we give a notion of a “Giroux form”. The
result follows by adapting our computations for the above partially planar model contact manifolds.

© 2024 The Author, under license to MSP (Mathematical Sciences Publishers). Distributed under the Creative Commons
Attribution License 4.0 (CC BY). Open Access made possible by subscribing institutions via Subscribe to Open.
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On the invariant The invariant we will use, algebraic torsion, was defined in [Latschev and Wendl
2011], and is a contact invariant taking values in Z=° U {oo}. It was introduced, using the machinery of
symplectic field theory, as a quantitative way of measuring nonfillability.

The key fact about this invariant is that it behaves well under exact symplectic cobordisms, which implies
that the concave end inherits any order of algebraic torsion that the convex end has. Thus, algebraic torsion
may be also thought of as an obstruction to the existence of exact symplectic cobordisms. In particular,
it serves as an obstruction to symplectic fillability. Moreover, there are connections to dynamics: any
contact manifold with finite torsion satisfies the Weinstein conjecture (ie there exist closed Reeb orbits
for every contact form).

One should mention that there are other notions of algebraic torsion in the literature which do not use
SFT, but which are only 3—dimensional (see [Kutluhan et al. 2015] for the version using Heegaard Floer
homology, or the appendix in [Latschev and Wendl 2011] by Hutchings, using ECH).

Statement of results For the SFT setup, we follow [Latschev and Wendl 2011], where we refer the
reader for more details. We will take the SFT of a contact manifold (M, &) (with coefficients) to be
the homology HY¥T(M,&;R) of a Z,—graded unital BVso—algebra (sd[[#], Dsrr) over the group ring
Rg, := R[H(M ; R)/R], for some linear subspace R € H,(M ;R). Here, st = sd(A) has generators ¢,
for each good closed Reeb orbit y with respect to some nondegenerate contact form A for &, 7 is an even

variable, and the operator
Ds]:Ti ﬂﬂh]] —> ﬂ[[h]]

is defined by counting rigid solutions to a suitable abstract perturbation of a J—holomorphic curve equation
in the symplectization of (M, §). It satisfies

* Dgpr is odd and squares to zero,

e Dgpr(1) =0, and

o Dspr =Y 4=y DihF,

where Dy : s — oA is a differential operator of order < k, given by

ng(Ct.I~.d) g 0 i
Dy = 2 A Y =
r-,r+) ™ ;
rirgd (0T Wy 0y
Tt |+g=k

The sum ranges over all nonnegative integers g > 0, homology classes d € Hy(M ;R)/%R and ordered
(possibly empty) collections of good closed Reeb orbits '+ = ()/li, ey ysﬂi) such that sT + g = k. After
a choice of spanning surfaces as in [Eliashberg et al. 2000, page 566; see also page 651], the projection
to M of each finite-energy holomorphic curve u can be capped off to a 2—cycle in M, and so it gives
rise to a homology class [u] € H,(M), which we project to define [u] € Hy(M;R)/%. The number
ng (I't,T~, d) € Q denotes the count of (suitably perturbed) holomorphic curves of genus g with positive
asymptotics I'™ and negative asymptotics I'~ in the homology class d, including asymptotic markers
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as explained in [Eliashberg et al. 2000], or [Wendl 2016], and including rational weights arising from
automorphisms. C(I'",I'") € N is a combinatorial factor defined as C(I'",I't) = s“!s"'!/cyl— Ky,
where k), denotes the covering multiplicity of the Reeb orbit y.

The most important special cases for our choice of linear subspace R are R = Hy (M ;R) and & = {0},
called the untwisted and fully twisted cases respectively, and % = ker 2 with €2 a closed 2—form on M.
We shall abbreviate the latter case as HY' ' (M, &; Q) := HYFT(M, & ker Q), and the untwisted case
simply by HSFT(M, £) 1= HSFT(M, & Hy(M:R)).

Definition 1.1 Let (M, &) be a closed manifold of dimension 27 + 1 with a positive, cooriented contact
structure. For any integer k£ > 0, we say that (M, £) has Q-twisted algebraic torsion of order k (or
Q-twisted k—torsion) if [#¥] = 0 in HSFT(M, &; Q). If this is true for all 2, or equivalently, if [AX] =0
in HJFT (M, £;{0}), then we say that (M, £) has fully twisted algebraic k—torsion.

We will refer to untwisted k—torsion to the case 2 = 0, in which case Rg = R and we do not keep track
of homology classes. Whenever we refer to torsion without mention to coefficients we will mean the
untwisted version. We will say that, if a contact manifold has algebraic 0—torsion for every choice of
coefficient ring, then it is algebraically overtwisted, which is equivalent to the vanishing of the SFT, or
its contact homology. By definition, k—torsion implies (k+1)—torsion, so we may define its algebraic

torsion to be
AT(M, £;R) := min{k > 0: [#*] =0} € ZZ° U {o0},

where we set min @ = oco. We denote it by AT(M, &), in the untwisted case.

This construction is well behaved under symplectic cobordisms. Any exact symplectic cobordism
(X, w = da) with positive end (M4, £4) and negative end (M_, £_) gives rise to a natural R[[//]-module
morphism on the untwisted SFT,

Oy : HYN (M, &4) — HFT (M- E-),

a cobordism map. This implies that if (M4, £4+) has k—torsion, then so does (M_, £_). There is also a
version with coefficients for the case of nonexact cobordisms and fillings [Latschev and Wendl 2011,
Proposition 2.4].

Examples of 3—dimensional contact manifolds with any given order of torsion k — 1, but not k — 2,
were constructed in [Latschev and Wendl 2011]. The underlying manifold is the product manifold
Mg =S I'x ¥, for ¥ a surface of genus g which is divided into two pieces ¥ and ¥_ along some
dividing set of simple closed curves I" of cardinality k, where the latter has genus 0, and the former
has genus g — k + 1. The contact structure £ is S'—invariant and may be obtained, for instance, by a
construction originally due to Lutz [1977]. Its isotopy class is characterized by the fact that every section
{pt} x X is a convex surface with dividing set I". The behavior of algebraic torsion under cobordisms
then implies that there is no exact symplectic cobordisms having (Mg, &) and (Mg, &) as convex and
concave ends, respectively, if k < k’.

Algebraic & Geometric Topology, Volume 24 (2024)
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The existence of the analogue higher-dimensional contact manifolds was conjectured in [Latschev and
Wendl 2011]. We will consider a modified version of their examples. The modification we do here
consists in taking the S!—factor and replacing it by a closed (2n—1)—manifold Y, having the special
property that Y x I admits the structure of a Liouville domain (here, I denotes the interval [—1, 1]). This
means that it comes with an exact symplectic form do, and has disconnected contact-type boundary
oY xI,da) = (Y_,é_ =kera_) U (Y+,E+ = keray), where Y1 coincide with Y as manifolds, but
(Y4, £1) are not necessarily contactomorphic to each other. In fact, Y1 have different orientations, and so
they might not even be homeomorphic to each other (not every manifold admits an orientation-reversing
homeomorphism). A Liouville domain of the form (Y x I, do) is what we will call a cylindrical Liouville
semifilling (or simply a cylindrical semifilling). Their existence in every odd dimension was established in
[Massot et al. 2013]. We immediately see that this generalizes the previous 3—dimensional example, since
S1 admits the Liouville pair a4+ = +d6, which means that the 1-form e a_ + ¢*a is Liouville in
S1 x R. We prove that the manifold ¥ x ¥ indeed achieves (k—1)—torsion (Theorem 1.2), for a suitable
contact structure which we now describe.

First, for once and for good, we will fix the following notation:
Notation Throughout this paper, the symbol / will be reserved for the interval [—1, 1].
We can adapt the construction of the contact structures in [Latschev and Wendl 2011] to our models. The
starting idea is to decompose the manifold M = Mgz =Y x X into three pieces
Mg = My UMZ,
where My = |_|k Y xI xS and M;,': =Y x ¥4 (see Figure 1). We have natural fibrations
ny: My =Y xI, nf: Mg — Yy,

with fibers S! and ¥4, respectively, and they are compatible in the sense that

k
Ay o) =|_| =y (v
While 7y has a Liouville domain as base, and a contact manifold as fiber, the situation is reversed
for n;f, which has contact base, and Liouville fibers. This is a prototypical example of a spinal open
book decomposition, or SOBD. While we will not give a general definition of such a notion, we refer the
reader to [Moreno 2018] for a tentative one.

Using this decomposition, we can construct a contact structure &, which is a small perturbation of the
stable Hamiltonian structure (SHS) £+ @ T'X 1 along M + and is a contactization for the Liouville
domain (Y x I, € da) along My, for some small € > 0. This means that it coincides with ker(ea + d6),
where 0 is the S !—coordinate. We will do this in detail in Section 2.

For the contact manifolds (Mg, &), we can bound their algebraic torsion. First, recall that a contact
structure is hypertight if it admits a contact form without contractible Reeb orbits (which we call a
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Figure 1: The SOBD structure in M .

hypertight contact form). In particular, there are no holomorphic disks in their symplectization, which
implies that there is no O—torsion. By a well-known theorem of Hofer and its generalization to higher
dimensions by Albers and Hofer (in combination with [Borman et al. 2015]), hypertight contact manifolds
are tight.

Theorem 1.2 Forany k > 1, and g > k, the (2n-+1)—dimensional contact manifolds (Mg =Y x X,&)
satisfy AT(Myg, &) < k — 1. Moreover, if (Y, a+) are hypertight, and k > 2, the corresponding contact
manifold (Mg, &) is also hypertight. In particular, AT(Mg, &) > 0, and it is tight.

In fact, the examples of Theorem 1.2 admit Q—twisted (k—1)-torsion, for 2 defining a cohomology class
in 0:= Ann(P; Hi(Y:R)® H;(S';R)), the annihilator of P H;(Y;:R)® H;(S':R) € Hy(My: R).
Here, we take the homology of the subregion |_|k Y x {0} x S, lying along the region My where ¥+
glue together. Using [Latschev and Wendl 2011, Proposition 2.4], we obtain:

Corollary 1.3 The examples of Theorem 1.2 do not admit weak fillings (W, w) for which [w]|pz,] is
rational and lies in O. In particular, they are not strongly fillable.

Remark 1.4 ¢ By aresult of Mitsumatsu [1995], any 3—manifold ¥ which admits a smooth Anosov
flow preserving a smooth volume form satisfies that ¥ x I can be enriched with a cylindrical
Liouville semifilling structure. Therefore any of these 3—manifolds can be used in the construction
of 5-dimensional contact models with AT < k — 1, for any k > 1.

e The examples of Liouville cylindrical semifillings of [Massot et al. 2013] satisfy the hypertightness
condition. Then we have a doubly infinite family of contact manifolds with 0 < AT(Mg, &) <k—1,
in any dimension. These are then an instance of higher-dimensional tight but not strongly fillable
contact manifolds, since they have nonzero and finite algebraic torsion. For & = 2, this precisely
computes the algebraic torsion.

Massot et al. [2013] defined a generalized higher-dimensional version of the notion of Giroux torsion. This
notion is defined as follows. Consider (Y, a4, «_) a Liouville pair on a closed manifold ¥ 2"~!, which
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means that the 1-form § = %(es a4 +ePa_) is Liouville in R x Y. Consider also the Giroux 2w —torsion
domain modeled on (Y, a4, o) given by the contact manifold (GT, &gr) := (¥ x[0,27] x S, ker Agr),
where

(1 AgT = %(1 + cos(r))o4 + %(1 —cos(r))a— + sin(r) db

and the coordinates are (r, 8) € [0, 277] x S!. Say that a contact manifold (M 2"+, &) has Giroux torsion
whenever it admits a contact embedding of (GT, £gr). In this situation, denote by O(GT) € H*(M ;R)
the annihilator of Rgr := H;(Y;R) ® H;(S';R), viewed as a subspace of H,(M ;R). The following
was conjectured in [Massot et al. 2013] (cf [Juhasz and Kang 2018]):

Theorem 1.5 If a contact manifold (M "+ &) has Giroux torsion, then it has Q—twisted algebraic
1—torsion, for every [Q2] € O(GT), where GT is a Giroux 2w —torsion domain embedded in M .

The proof uses the same techniques as Theorem 1.2, and the main idea is to interpret Giroux torsion
domains in terms of a specially simple kind of SOBD, which we call Giroux SOBD.

A natural corollary is the following:

Corollary 1.6 If a contact manifold (M 2"+, £) has Giroux torsion, then it does not admit weak fillings
(W, w) with [@|pr] € O(GT) and rational, where GT is a Giroux 2w —torsion domain embedded in M . In
particular, it is not strongly fillable.

This is essentially [Massot et al. 2013, Corollary 8.2], which was obtained with different methods. Observe
that if Rgr = 0 then (M, &) does not admit weak fillings at all. This is in fact the condition used in
[Massot et al. 2013] to obstruct weak fillability.

Disclaimer 1.7 Since the statements of our results make use of machinery from symplectic field theory,
they come with the standard disclaimer that they assume that its analytic foundations are in place. They
depend on the abstract perturbation scheme promised by the polyfold theory of Hofer, Wysocki and
Zehnder. We shall assume that it is possible to achieve transversality by introducing an arbitrarily small
abstract perturbation to the Cauchy—Riemann equation, and that the analogue of the SFT compactness
theorem still holds as the perturbation is turned off. However, we have taken special care in that the
approach taken not only provides results that will be fully rigorous after the polyfold machinery is
complete, but also gives several direct results that are already rigorous.
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Figure 2: The qualitative behavior of the flow of the Liouville vector field V' on any cylindrical
Liouville semifilling, for which the central slice (r = 0) is invariant. One may informally think
of such a Liouville domain as being obtained by gluing two negative symplectizations along a
“noncontact hypersurface”.

This research, forming part of the author’s PhD thesis, has been partly carried out in (and funded by)
University College London (UCL) in the UK, and by the Berlin Mathematical School (BMS) in Germany.

Guide to the document

The main construction is dealt with in Section 2. We show uniqueness (Theorem 2.10) in Section 2.6.
Theorem 1.2 is proved in Section 2.8.

The proof of Theorem 1.5 is dealt with in Section 3, which is basically a reformulation of the previous
sections, with the key input being an adaptation of the uniqueness Theorem 2.10.

2 Algebraic torsion computations

2.1 Construction of the model contact manifolds

In this section, we construct the contact manifolds M of Theorem 1.2, making use of the “double
completion” construction, originally appearing in [Lisi et al. 2018].

Let Y be a closed (2rn—1)-manifold such that (Y x I, da) is a Liouville domain, for some exact symplectic
form do € Q2(Y x I). See Figure 2. We assume that o = {a, },¢ is a I-parameter family of 1—forms
in Y. We write the symplectic form as

dazdar—i—dr/\(%i.
or
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The Liouville vector field V, defined to be da—dual to «, points outwards at each boundary component,
and hence, using its flow, we can choose our coordinate € I so that V agrees with 09, near the
boundary d(Y x I) =Y x{+1} =: Y. Therefore, « = e*" " on ¥ x[—1,—1+§) and ¥ x (1—36, 1],
respectively, for some small § > 0. Then Y1 carries a contact structure £+ = keras, where oy =
iy dozlr(yi) = oz|T(yi). Let Y, :=Y x{r}, & = kera,, and we assume throughout that ¢, is a contact
form for every r # 0. Let R, be the associated Reeb vector field, which satisfies R, = e R4 in the
respective components of {|r| > 1 — &}, where R4 is the Reeb vector field of @4 = a4 ;. We shall make
the convention that whenever we deal with equations involving +’s and F’s, one has to interpret them as
to having a different sign according to the region (the “upper” sign denotes the “plus” region, and the
“lower”, the “minus” region).

Let M2"T1 =Y x ¥, where X is the orientable genus g surface obtained by gluing a connected genus 0
surface with & boundary components ¥_, to a connected genus g —k + 1 > 0 surface with & boundary
components X 4 along the boundary, by an orientation-preserving map. The surface X then inherits the
orientation of ¥_, which is opposite to the one in X . On each boundary component of X 1, choose collar
neighborhoods N'(dX+) = (=8,0] x S! (for the same § as before), and coordinates (¢4, 0+) € N(0X+)
such that 0¥ = {r+ = 0}.

We will consider ¥_ and X to be attached at each of the k boundary components by a cylinder 7 x S!,
so that M at this region is the disjoint union of k copies of Y x I x S, with the ¥ x I identified with
the Liouville domain above. We write the points of M here as (y, 7, #), where the § € S! coordinate
can be chosen to coincide with 6+ where the gluing takes place. We shall therefore drop the subscript £+
when talking about the 8 coordinate. Denote also

NEY) =Y x[-1,—-1+8) xS, NY):=Y x(1-8,1]xS",
in the above identification.

We have
M = My UME,

where My = |_|k Y x I x S is a region gluing M ¥ = Y4 x S together (recall Figure 1). We shall
refer to them as the spine or cylindrical region, and the positive/negative paper, respectively. We have
fibrations

ny: My —> Y x1I, nff:M;,t — Y4,

with fibers S! and X4, respectively, and hence can be given the structure of an SOBD (see [Moreno
2018] for a definition).

We now construct an open manifold containing M as a contact-type hypersurface. Denote by X5° the
open manifolds obtained from X4 by attaching cylindrical ends of the form (—§, +00) x S! at each
boundary component, where the subset (—§,0] x S! coincides with the collar neighborhoods chosen
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above. The coordinates 7+ and 6 extend to these ends in the obvious way, and we shall refer to the
cylindrical ends as N(dX5). We also consider the cylinder R x § ! obtained by enlarging the cylindrical
region I x S! we had above. Denote then

Mp® =Y xEP,  N®(=Y)=Y x(—00,—~1+8) xS,
MP=YxRxS!, N®°¥)=Yx(1-§,+00)xS",
and define the double completion of E to be
E®® = ((—00, =1 +8) x Mp"®) U ((1 =8, +00) x Mp"®) Ul ((—8, +00) x M3/ ~),

where we identify (r, y,1—,0) € (—o0, —14+8) X Y X N (3X°) with (¢, y,r, 0) € (=6, +00) x N®(=Y) if
and only if =7, and (r, y, 2+, 0) € (1 =38, +00) x ¥ x N(3XT) with (z, y, r, 0) € (=8, +00) x N*°(Y)
if and only if # = ¢4 (see Figure 4). By definition, the ¢ coordinate coincides with the 7+ coordinates,
where these are defined, so we shall again drop the & subscripts from the variables 74.. Note also that the
r coordinate is globally defined, whereas ¢ is not. Denote them by £°>%°(¢) the region of E°°° where
the coordinate ¢ is defined.

Choose now A+ to be Liouville forms on the Liouville domains X, such that A+ = e'df on N (02).
This last expression makes sense in the region of £°°>%° where both 6 and ¢ are defined, and where
they are not, the form A1 makes sense. So this yields a globally defined 1—form A € Q! (E°°°) which
coincides with A+ where these are defined. Also, the same argument works for «, so we get a global
o € QI(E®™®),

For K >> 0 a big constant, € > 0 a small one, and L > 1, choose a smooth function
o= O’el"KZ R —R*
satisfying
e c=KonR\[-L,L];
e o=con[-L+6§, L4
e 0/(r)<0,forre(—L,—L+§)and o'(r) >0 forr e (L—3,L).

The 1-form o« is Liouville on Y x R. Indeed, if dvol is a positive volume form in Y with respect to the
o_—orientation, we may write

da" = dvolndr, o, Ada?™! = link(a,) dvol,

where the last equation defines a self-linking function r +— link(c, ), whose sign is opposite to that of
r € R. Then
d(oa)" =" (o —no’ link(a,)) dvol Adr.

Tracking the signs, one checks that the above expression is positive.
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The associated Liouville vector field is

|4 on (R\ (-L,L))U[-L+6,L -],
(6/(c+0')d, on(L—-6,L),

—(6/(c —0"))d, on (—L,—L +5§).

Observe that V; is everywhere positively colinear with V.

(o2

@ Vo= raon) T

After extending the form o to £°°*° in the natural way, one checks that

Ao :zk{; =oa+A

is a Liouville form on E°°-°°, Denote
We = wé‘ =dhg =0'dr NAa+oda+dA,
which is symplectic. Denote by X, the associated Liouville vector field.

If X1 denotes the Liouville vector field on X5 which is dA +—dual to A+, coinciding with d; in N(0X5°),
we can define a smooth vector field on E°°-%° by

X+ on{r>1-4},
3) X=4X_- on{r<-1456},

d; on{|r|<1}.
Then

Xo=X+V,.
Denote

ERC = E®®/({Ir| > LyU{t > 0})

for O > 0 and L > 1. We have its “horizontal” and “vertical” boundaries

My@ =0, ERC =t =0}n{re[-L, L}, Mp®:=0,E-C:= Myt Cunhe,

where

Myt Ci=fr=-Lyn@t< 0}, MP"Ci={(r=Lin{r<0}.

The manifold
M2 = yELQ =9, ELCUg, ELC

is then a manifold with corners

MELC NI, ELC ={r|=Lyn{r =0}

One has
o

Xg::t ar+at

oxto’
in the corresponding components of the region {|r| > L — &} N {t > —§}. This means that X, will be
transverse to the smoothening of dEL-€ that we shall now construct.
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0
(F+.G4)

Sl N

Figure 3: The paths p — (F+(p), G+(p)).

Choose smooth functions Fy, G4 : (—6§,8) — (=48, 0] such that
(F+(p),G+(p)) =(p,0) and (F-(p),G-(p)) =(0,p) for p=-4/3,
G\ (p) <0 and F (p)>0 for p > —4§/3,
G (p)>0 and F/ (p)>0 for p <4/3,
(F+(p).G+(p)) = (0.—p) and (F-(p).G-(p)) = (p.0) for p=>5/3.
See Figure 3.

We now smoothen the corner 35 EL-2 N 3, EL-C by substituting the region
IEL2 N ({r e (05, 0L U{|rl e (L—8,L]}),

which contains the corners, with the smooth manifold

ME P = {(r = £L + Fx(p).1 = Q0+ Gx(0). y.0) : (p. y.0) € (=6.8) x ¥ x S'}.

The smoothened boundary can then be written as

LO._ g L0 L0 L0
MEC =My uMETC UM,

where

+,L, ~r+,L, L, vr L,
MPEC — i< 0-68/3), MPC =Ml <L—-8/3)

The Liouville vector field X, is transverse to this manifold, so we get a contact structure on M £-€ given
by
L,O _ L
£8Q = ker(LE | pare.0).

Observe that M £+ is canonically diffeomorphic to M . So, this actually yields a contact structure on M.
By construction, we have nonempty intersections

MR MEPl =(r =+Lin{1 € (Q-5,0-68/3)},
MM =t =0yn{rle (L5 L—8/3).
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We shall construct a stable Hamiltonian structure on M L€ which arises as a deformation of the above

contact structure, such that both coincide on M II; ’Q, as follows.

Choose a smooth function 8: R — [0, 1] such that 8(¢) =0 fort <—§+46/9, B(¢) =1 fort > —-25/3—-6/9,
and B’ > 0. Set

Vo +B()X in the region E°°>°°(¢) where ¢ is defined,
4) Z=13(0/(c+0")d, in E®O)N{r>1-75},

—(0/(0 —06"))0, in E®@)N{r <—1+46},

which yields a smooth vector field on E°*, a deformation of X,. Then Z is still transverse to M L€
and is stabilizing, so that the pair

%= #C = (ALQ = izwo|rprr.0, QP2 = wg|7pr.0)

yields a stable Hamiltonian structure on M L.Q For 0 =0, (M }I; ’0, AL-9) can be seen as the contactization
of the Liouville domain (Y x I, € da).

Along M;“ *C the Reeb vector field is given by RL-C = 9,/e€, which is degenerate, and the space
of Reeb orbits is identified with ¥ x [—L, L]. We consider two perturbation approaches: Morse, and
Morse—Bott. In the first approach we choose Hy : Y x [—L, L] — R=° to be Morse, depending only in r
near r = + L, satisfying d, Hy, <0 near r = L, 9, H;, > 0 near r = — L, and vanishing as one approaches
r = £ L. In the second approach, we choose Hy, to depend only on r globally, with respect to which it is
a Morse function.

Ift— <I>’Z denotes the flow of Z, choose € > 0 sufficiently small so that the manifold
M0 = {dDGZHL(x)(x) € E®%:x e ME2y
is still transverse to Z. We have a stable Hamiltonian structure
e :=#LC = (AC.QL0) = (izwo | ppeiL.0. 0o | ppei.0).

and a decomposition

e;L,0 _ yssL,0 €;+,L,0 €;+,L,0
M = MY U MC U MP ,

where each component is the perturbation of the corresponding component of M L€,

Along the region M é;i’L’Q the new coordinates are

r=F$(p) = @y, (eHL(-.£L + F1(p)). £L + F1(p)).
t =G (0) = 0+ Gu(p) + €HL (-, £ L + Fi(p)),

where ®yp,_(s,-) is the time s flow of V.
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Figure 4: The double completion, and a Morse function H along the spine.

We then have

ARQ = Kay in MEELC = L0
ALQ = L et (ea + €2 dB) in M52,
. €L . eL.O .
o(FEH (e’ ~tas + BGEHC (e O de in M0,
L’Q

One can similarly write down Q¢”* explicitly.

The Reeb vector field REL’Q associated to this stable Hamiltonian structure is
RLQ =Ry/K in Mp
Ri"Q = e_GHL_Q((l +ea(XHL))39—eQXHL) in M;,;L’Q,
L, oL L, —-gghe Ly pesL - s+, L,
(1/ 0S5 9) (eTF LGSO Ry — 02 (0! £ o) (FER)(FE Y 89)  in MET2,

where X, is the Hamiltonian vector field on Y x I associated to Hp , defined by i X, do = —dHj,

;+£,L,0

and
& 0% = o (FER (GG (0) - BGEH 2 (0)) (0" + o) (FEE () (FELY (p).

One can check that <I>1;L’Q has sign which is opposite to its subscript. Observe that critical points (y, )
of H give rise to closed Reeb orbits of the form y, := {p} x S 1 Ccrit(Hr) x S'. If we are taking the
Morse approach, we have only a finite number of such orbits, and they are nondegenerate. Choosing Hy,
to be C'—small has the effect of making the vector field X’ H, also small, so that the closed orbits which
do not arise from critical points of Hy have large period, including the ones not contained in M;“ Q0
So, taking any large (but fixed) 7" > 0, we can choose H, small enough so that all the periodic Reeb
orbits up to period 7" are of the form )/Iﬂ, for p e crit(Hr ), and / < N, for some covering threshold N
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depending on 7'. For the Morse—Bott case, we obtain ¥ —families of Morse—Bott orbits for each critical
point of Hy .

Remark 2.1 (1) Onecancheckthat Aq(R¢) =1 (recall Ag|pse:L.0 is the primitive of Q¢ = wg |ppe:r.0).
Therefore, for compatible almost complex structure J and an asymptotically cylindrical J—
holomorphic curve u with positive/negative punctures I'F, the Q.—energy of u is

6) /u*96=/u*dkg= ZTZ_ZTZ’

zel'+ zel'—
where 77 is the action of the Reeb orbit corresponding to the puncture z. In particular, if the
positive punctures correspond to critical points of Hy , then so will the negative ones.

(2) By inspecting the expressions of the Reeb vector field we see that there are no contractible closed
Reeb orbits for the SHS, if we assume this same condition for R.. Moreover, the direction of
the Reeb vector field does not change after perturbing back to sufficiently close contact data (see
Section 2.7 below), and so this also holds for the latter data. It follows that the isotopy class defined
by the resulting contact structure is hypertight, and this shows the hypertightness condition of
Theorem 1.2.

2.2 Compatible almost complex structure

Construction We set L = 1 and Q = 0, and drop the superscripts L and Q from all of the notation.
We now define a suitable, though nongeneric, almost complex structure J = J¢ on the symplectization
W€ =R x M€, where

M€= MS0 = M§UMPTUME™T.

It will be compatible with the stable Hamiltonian structure #, and the fibers ¥4 of our fibration JT;F,
the “pages”, will lift as holomorphic curves. We will blur the distinction between M = M %1-0 and its
diffeomorphic perturbed copy M€ (as well as for W and W€), so that we are actually working on a

fixed M with an SHS which depends on €.
Let & :=ker A¢. We will define J on &, in an R—invariant way, and then simply set J(dg) := Re.

Choose a da—compatible almost complex structure Jo on Y x I, which is cylindrical in the cylindrical
ends of Y x I, such that, along these, it coincides with a do4—compatible almost complex structure J *
on £4, and maps the Liouville vector field V to R4. Observe that the vector field dg is transverse to &
along My . Therefore, we may then define Jy = 73 Jo on &e|ary .
Along the regions 4+ /N(0Z4+)xY € MZ, and {t € (—8,—8/3)} x Y € MZE, the restriction of the
projection Jrljf: Mlﬂt — 34 induces an isomorphism dnljf: Ec /&L =5 TX4. Choose j+ to be a
d A—compatible almost complex structures on X4, so that ji(d;) = Kdg in N(0X4). Define

J=JF @ (np)*jz
on | ME
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In Mg,
e =&y ® (v1,0F),
where
(7 v =3, v =ax(p)Rs +bx(p)dg.
Here,
B(GS) o(FS$)
Ut =~ Fp g D= Ge o
e+ CI>jE e icbi

where @< is defined in (5). In the overlaps M, Ci N My, one computes that J(vy) = gi (,o)vgE where
e TF £(0)+1 _ . @;
ax(p) B(GY)

which is always positive. Similarly, in M ;,E nM, CjF, we have J(vy) =eT? vzi. Since gi and e ™7 are both

gi::j:

positive, we can now take any smooth positive functions /4 : (=8, 8) — R which coincide with e T
near p = £4 and with gi’ near p = F4. We glue the two definitions by setting

@®) J(p) = he(p)vy = w™,
and we make J agree with J* on £4.

This gives a well-defined cylindrical J in R x M.
Compatibility One can check that J is #.—compatible by straightforward computations [Moreno 2018].

Remark 2.2 Over R x MI?, where A¢ = Koy, we have dA¢ (v, Jv) > 0, with equality if and only if
vé+ =0, so the projection to T'Y of v lies in the span of R.

2.3 Finite-energy foliation

We will now consider the symplectization of our stable Hamiltonian manifold (M, #.), given by
(W =RxM,0f =d(pa)Ae) + Q).

where ¢ € ?. We will construct a finite-energy foliation of W by J-holomorphic curves, consisting of
three distinct types, which we describe in the next theorem. This is an adaptation of the construction in
[Wendl 2010].

Theorem 2.3 There exists a finite-energy foliation of the symplectization (W, w¢) by simple J—-
holomorphic curves of the following types:

e Trivial cylinders Cp, corresponding to Reeb orbits of the form y, = {p} x S ! for p e crit(H),
and which may be parametrized by

CpRxS' S Rx My =Rx (Y xI)x S, Cp(s.t) = (s, p,e <H@)yp),
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e Flow-line cylinders u‘f,, parametrized by
9) u;’,:RxSl SRxMy=Rx (Y xI)xS!, uy(s,t) = (a(s), y(s), 0(s) +1)
for a proper function a: R — R, a function §: R — S, andamap y: R — Y x I satisfying
y =VH(y(s)),
(10) a(s) = eHr®), a(0) =a,
0(s) = —ea(VH(y(s)). 6(0)=0.
Here, the gradient is computed with respect to the metric g4, := da(-, Jo-).
They have for positive/negative asymptotics the Reeb orbits corresponding to
p+ = lim y(s) € crit(H).
s—+o00
+

y,a’

tion level a of a page Pf = (2L \N0Z1)) x{y}, for y € Y, glued to k cylindrical ends which
lift the smoothened corners and then enter the symplectization of My, asymptotically becoming a

e Positive/negative page-like holomorphic curves u which consist of a trivial lift at symplectiza-

flow-line cylinder. They have k positive asymptotics at Reeb orbits of the form y,, exactly one for
each component of My . The positive curves have genus g —k + 1 > 0 and k punctures, whereas
the negative curves have genus 0, and also k punctures.

Remark 2.4 In the Morse—Bott case, one can show that «(V H) = 0 for a suitable metric on ¥ x [
[Moreno 2018, Remark 2.8], so the function 6 vanishes identically.

+
y.a

holomorphic curves that they parametrize, and we will drop the a from the notation whenever we wish

Figure 5 summarizes the situation. We shall not distinguish the curves u3;, and u}, from the simple
to refer to the equivalence class of the curves under R—translation. A short computation shows that the
flow-line cylinders are indeed holomorphic (see eg [Moreno 2018; Siefring 2017]). We now construct the
page-like curves.

The pages P;': = (2L \N(0Z41)) x{y}, for y € Y, clearly lift to a holomorphic foliation of the region
Rx M ij C W, which takes the form {{a} x Pf :a € R, y € Y}. We now glue cylindrical ends to these
lifts.

We have that Jv; = h4 vgc and R, are both linear combinations of the vector fields R and dg along M, =3
with the coefficients only depending on p. Since these are not colinear, we have smooth functions
B,C: (-$6,8) — R such that

dg = BRc+ CJvy.
One can in fact compute that
(G

(11) B=e%%p(GS). C=
ht
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Figure 5: The double completion £°°°°, containing M and its perturbed version M € as contact
type hypersurfaces. The foliation by holomorphic curves is shown in green (for the nontrivial
curves) and blue (for the trivial cylinders).

We have that

We conclude that
(g, Bda+ C0p) = (09, Jg).

It follows that the distribution above has integral submanifolds which are unparametrized holomorphic
curves. We can actually find holomorphic parametrizations given by

wE, i (8,8 x ST > Rx ME =R xY x(=8,8) xS’ (s.1) > (b(s). y. p(s). 1),
for some fixed y € Y, and functions b, p: (-8, §) — R satisfying
p(s) = C(p(s)), p(=8) =—3,
b(s) = B(p(s)). b(=b) =a.

* is indeed holomorphic.

The curve wy-,

The curves wjfa glue with curves u, which look like u (s, 7) = (a(s), y(s), r(s), ) for some y(s) € Y
such that y(s) = y near r = &1 and limg_, 1 o, ¥(s) = y T, and some r: R — I with limg_ 1 oo 7(s) =77,
so that (yT,r ™) € crit(H). We may then define a J—holomorphic curve

+

._ p* + a
Uya' =Py Uw, Uiy

which asymptotes & Reeb orbits Vfa-i = {pjca.i} x S, where p;*La.i ecrit(H) fori =1,...,k, and
which have genus g(u}, ,) = 0 and g(u;r,a) =g—k+1.
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2.4 Index computations and Fredholm regularity

Theorem 2.5 (1) After a sufficiently small Morse perturbation making Reeb orbits along My non-
degenerate, we can find a natural trivialization t of the contact structure along y, (inducing a
trivialization ! along all of its covers )/Iﬁ), and N € N, which depends on H and grows as H gets
smaller, such that the Conley—Zehnder index of )/Ii is given by

! .
&z (v)) = ind,(H) —n,

forl < N.
(2) In the Morse approach, the Fredholm indexes of the curves in our finite-energy foliation are given
by
k
ind(uy ) = 2n(1—k)+ Y _indp- . (H),
i=1
(13) . ‘
ind(uy,) =2n(1—g—k)+ Z lndp;L,a:i (H),
i=1
ind(u},) = indp, (H) —indp_(H).
Proof See [Moreno 2018]. O

Remark 2.6 Since indp;rm, (H) <2n forevery i, ind(u;r’a) <2n(l—g) <0, since g > 1. This means
these curves cannot possibly achieve transversality, and, after a perturbation making J generic, they will
disappear. For the other curves, we have the following:

Lemma 2.7 In the Morse—Bott case, the flow-line cylinders u?, as well as the negative page-like

curves u,, ,, are Fredholm regular.

The proof of this lemma will be omitted (see [Moreno 2018, Section 3.5] for details).

2.5 From Morse-Bott to Morse

In this section, we fix a Morse perturbation scheme. First, choose H to be given by H(y,r) = f(r) where
f is a sufficiently small and positive Morse function on / and has a unique critical point at 0 with Morse
index 1 (which yields the Morse—Bott situation). And then, choose a sufficiently small positive Morse
function g on Y and extend it to a neighborhood of Y x {0} to make a further perturbation (obtaining the
Morse case). Therefore,

H(y,r)=f(r)+y(r)gy).

where y: I — [0, 1] is a smooth bump function satisfying y = 0 in the region {|r| > 2§} and y = 1 on

{Irl =3}
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Figure 6: The Morse-Bott and the Morse scenarios, respectively, in the case where Y = S 1 The
“evil twins” are shown in blue (see Section 2.8).

We view the Morse case as a deformation of the Morse—Bott one, via H;(y,r) = f(r) +ty(r)g(y)
for ¢ € [0, 1]. We obtain a corresponding 1—-parameter families of SHSs and compatible almost complex
structures J’. In the case where g is chosen small, from the implicit function theorem we obtain:

Theorem 2.8 For Morse data sufficiently close to Morse—Bott data, all the genus zero curves in the
finite-energy foliation are Fredholm regular.

In order to simplify the torsion computation of Section 2.8, we will choose g to have a unique maximum
and minimum. Both scenarios are depicted in Figure 6 in the case of ¥ = S.

2.6 Uniqueness of the curves in the Morse/Morse-Bott case

In this section, we prove that the family of curves we constructed above are the unique curves (up to
reparametrization and multiple covers) that asymptote Reeb orbits of the family {y, : p € crit(H)}, and
with positive asymptotics in different components of My . We do this in both the Morse and Morse—Bott
situations. We assume that H has a unique critical point in the interval direction, at » = 0 (and perhaps
other critical points contained in Y x {0}, in the Morse case). In the Morse-Bott case, we denote by
Yy == Y,00 = 11,0} xS ! the simply covered Reeb orbit corresponding to y € Y.

Lemma 2.9 Assume either the Morse or Morse—Bott cases. Let N € N>° and let u be a J—holomorphic
curve with positive asymptotics of the form y, = {p} x S 1, for which the number of positive punctures is
bounded above by N . Then we can find sufficiently small € > 0 (depending only on N ), such that

#T~(u) <#T'F (u),

where I'* (1) denotes the set of positive/negative punctures of u. Here, we count punctures with the
covering multiplicity of their corresponding asymptotic.

Proof This follows easily from Remark 2.1, and by computing the €2.—energy [Moreno 2018]. |
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Theorem 2.10 Let u: Y — R x M be a (not necessarily regular) J—holomorphic curve defined on some
punctured Riemann surface > which is asymptotically cylindrical, and asymptotes simply covered Reeb
orbits of the form y, = {p} x S U at its positive ends. Assume that any two of the positive ends of u lie in
distinct components of My .

Then there exists a sufficiently small and uniform € > 0, and sufficiently small Morse perturbation of the
Morse—Bott case, such that, if u has genus less than go and if it is not a trivial cylinder over one of the yp,
we have the following possibilities:

e Morse-Bott case u has the same asymptotics and relative homology class as a curve of the form
then it

ufﬁa for some y € Y and a € R. In the case where it does not coincide with a curve u, ,,

has strictly positive genus; or

* Morse case u is a flow-line cylinder u,,.

Proof We will consider two cases: either u is completely contained in the region R x My (Case A), or
it is not (Case B).

Case A This case is easily dealt with in the Morse-Bott scenario. By assumption, we have that u has a
unique positive end. Since the y)’s are not contractible/nullhomologous inside My, Lemma 2.9 implies
that u is has one positive and one negative end, both simply covered, corresponding to Reeb orbits yp,, .
But then the Q.—energy of u vanishes, and u is necessarily is a cover of a trivial cylinder.

In the Morse case, we show that u is a flow line cylinder. Again, Lemma 2.9 implies that # is has one
positive and one negative end, both simply covered, corresponding to Reeb orbits y,_ . Observe that, a
priori, # is not even necessarily a cylinder, since it may have positive genus.

In the degenerate case when H = 0, the projection 7y : R x My — Y x I is holomorphic. Then if u is a
holomorphic curve for this data, so is v := 7y ou. Since the asymptotics of u are covers of the S !—fibers
of my, the map v extends to a holomorphic curve in the closed surface . But Y x [ is exact, so v has to
be constant by Stokes’ theorem. This means that u is necessarily a multiple cover of a trivial cylinder.

We then see that the space of stable holomorphic cascades [Bourgeois 2003] in R x Y x I x S'!, the
objects one obtains as limits of honest curves when one turns off the function H, consists of finite
collections of flow-line segments and covers of trivial cylinders. If we take H; = tH, and we assume we
have a sequence {u,} of J;,—holomorphic maps with #, — 0 (where J’ is the almost complex structure
corresponding to H;), with one positive and negative simply covered orbits corresponding to critical

points p4, then we obtain a stable holomorphic cascade u Olg as a limiting object. Since the positive end

H

of uy is simply covered, Lemma 2.9 applied to H = 0 implies that every Reeb orbit appearing in u

is simply covered, and therefore all of its holomorphic map components cannot be multiply covered.
These can then only be trivial cylinders, but stability of the cascade means that it does not have trivial
cylinder components. We conclude that the space of holomorphic cascades which glue to curves as in
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our hypothesis consists solely of flow-lines, which are regular by the Morse—Smale condition, and come
in an (indp, (H)—ind,_(H)—1)—dimensional family. Moreover, note that such flow-lines cylinders can
always be glued to another flow-line cylinder. The implicit function theorem then implies that « is a
flow-line cylinder if H is sufficiently small. Indeed, we can argue as follows. Consider the parametric
moduli space

‘/M/ = ‘/‘Z(R X MY’ {Jt}te[0,1]§ Vp+, Vp_) = {([’u) ‘re [O’ 1]’ ue M(R X MY’ Jt’ Vp.;_’ Vp_)}a

where M(R x My, J*; Yp» Vp_) denotes the Gromov-compactified moduli space of J*~holomorphic
curves in R X My (of any genus) which have simply covered positive asymptotic ¥, , and negative
asymptotic y,_, and where the compactification at 1 = 0 corresponds to stable holomorphic cascades.
Since the Reeb orbits are simply covered, curves in the parametric moduli are somewhere injective.
Then, by the Morse—Smale condition and the implicit function theorem, the parametric moduli space is,
for sufficiently small H, an (ind,, (H)—ind,_(H))—dimensional compact manifold whose boundary
contains (R x My, J°; Yp4 Vp_), only consisting of flow line cylinders. The flow-line parametric
moduli space

Mﬂow-line = Mﬂow-line(R X My, {Jt}te[o,l]; Vo> )/p_)
:={(t,u) : 1 €[0, 1], u corresponds to a flow-line in M(R x My, J";vp, . vp_)}

is, a priori, a submanifold of (R x My, {J'} t€[0,1]: Yp+» Yp—)» Which shares the boundary component
MR x My, JO; Yp4- Yp_), and has its same dimension. By thinking of M as a collar neighborhood of
this boundary component, we get that

M = Mptow-tine.

from which our uniqueness follows. Observe that since there are finitely many critical points, we can
take H (or € > 0) uniformly small.

Case B We first consider the Morse—Bott case, and deal with the Morse case later. The approach in this
situation is to estimate the 2.—energy of u, and to use a suitable branched cover argument. The details
are as follows.

Assume the Morse—Bott case. Since every positive puncture of # corresponds to a critical point, Remark 2.1
implies that so does every negative one. Let us denote by I'F the set of positive/negative punctures of u,
and for z € T'E, let yl',czz be the Reeb orbit corresponding to z, where p;, € crit(H), k; > 1, and k, = 1 for
z € I't. By assumption, we have that #I" " < k, the number of components of My .

The 2¢—energy then has the upper bound

(14) E (u) :/ u*Qe = 2weHO (#r+— > KZ)
P

zell'~
= 2w HO @ —4r7) <27 #TF e || co < 27k |eH || co.
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By construction, we have that over the region X1 \ N'(0X 1), the almost complex structure J splits. This
implies that the projection

TERXY X T1 \N@Z1) > Z4 \N(0Z+)
is holomorphic. Moreover, this is still true if we extend this region by adding a small collar
{t=Fpe(-8.—5+ %5]},
as one can check. Denote by Bi =X \NO@ZL)U{t e (8,6 +8/9]}.

For each w € Bi, the hypersurface Ey := R x Y x {w} is J-holomorphic, and n}? has E as fiber
over w. Since the asymptotics of u are away from B3 | the intersection of u with any of the Ey is
necessarily a finite set of points, since they are restricted to lie in a compact part of the domain of u.

Assuming, without loss of generality, that # indeed has a nonempty portion lying over the “plus” region
Y4+ \N(dX4), by positivity of intersections we have that u necessarily intersects every Ey, for w € Bi.
By Sard’s theorem, we may then find a 79 > —§ such that n; (u) is transverse to the circle {#o} xS C Bi
(over all k£ components of the collar). If we denote Bi;t” = Bi \ {t € (to, —8 + 3/9]}, we have that
Sy = (Jr;,r ou)~! (Bi;t") C ¥ is a surface with boundary 95, = (n;,' ou)~! (HBi;tO). The upshot of the
discussion above is that the map

8;t4
F, = (n;,rou)|g+:S+—>B+°

is a holomorphic branched cover, having as degree the (positive) algebraic intersection number of u# with
any of the £, (which is independent of w € Bi_;t"). Call this degree deg™ (1) := deg(F,). We wish to
show that deg™ (1) = 1, and so this map will be actually a biholomorphism.

Let us write S+ = U§=1 C;, where C; is a simple closed curve whose image under F,, wraps around
one of the circles {fp} x S 1 with winding number 7;. By holomorphicity of F,, we have n; > 0. Observe
that necessarily one has that / > k, since u intersects every E,, at least once, and in particular for every
w on the k circles {fo} x S1.

By counting preimages under this projection of a point in each the k circles {fy} x S, we obtain that
y gp g proj p

1
(15) [ u*do =2n Zni =27k deg™ (u).
LAY

i=1
Using the expression Q¢ = K da+ + d A+, equation (15), the fact that 7o > —§ and u™* da4 > 0, and
Stokes’ theorem, we have the energy estimate

(16) E(u)> / u*Qe = [ u*(K doy +dhry)
Sy Sy
> / u*dry = / u*(e' d) = 2mke’ deg® (u) > 2mke™® degt (u).
Sy A
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If we combine this with the inequality (14), we obtain
(17) 2k e | co > 2meHO@HTT —4I7) > 2mke™ degt (u) > 2mke™.

Now, since we have the freedom to choose —§ and || H|| o as close to zero as wished, one can easily
see that

#It =k, #I~ =0, degt(u)=1.

This proves that # has no negative ends and precisely k positive ends, and that F;, gives a biholomorphism
between S+ and Bi;to. It also follows from our energy estimates that

/ u* day =0.
S+

Since the integrand is nonnegative, we get that u* da = 0, so u(S4+) lies entirely in the almost complex
4-manifold
U:=RxyxX; CRxY x3,

where y is a (not necessarily closed) R—Reeb orbit.

Choose now a point y in the projection of #(S+) to y, in this region. We shall prove that the projection
of u(S4+) to y consists of just the point y, using the Morse—Bott assumption.

Using the Reeb flow along y we have a local coordinate y = y(s), such that y(0) = y. Assume by
contradiction that there is some s # 0 such that y(s) belongs to the projection of #(S+) to y, and consider
the family of curves {u;r( s 4E R}. By choosing a suitable a, we obtain an intersection of u;r( $).a
and u, and, by positivity of intersections, we may assume that y(s) is such that yy) is not an asymptotic
orbit of u. Then the total intersection of these curves in U is at least 1.

On the other hand, the set R x (ups N (u;(s)’a) M), Where upy is the projection to M of u, must be
bounded in the R—direction, since the corresponding Reeb orbits are bounded away from each other. This
means that the standard intersection pairing is homotopy invariant (there are no contributions coming
from infinity), but a priori the intersection points might move along with a given homotopy. If we choose
to homotope by translating in the R—direction, this can only happen if the projection of both curves to M
intersect the asymptotics of each other. Since the projection of the curve u,,(s/) - to M does not intersect
the asymptotics of u, we can homotope the intersections away, a contradiction. This proves the claim that
u is constant in Y.

We have obtained that the portion of u which lies in the over X4+ \ N (024 ) is actually contained in the
3—manifold M, :=R x {y} x (X4 \ N(0X4)), as is the corresponding portion of the curve u;r,a. But
for dimensional reasons, this manifold has a unique 2—dimensional J—invariant distribution, given by

T'M, N JTM,. Therefore the tangent space to # must coincide with the tangent space of some u;r g at
+

every point in this region. The unique continuation theorem finally yields u = uy ,.
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This proves the theorem in the Morse—Bott situation. The proof in the Morse case follows from uniqueness
in the Morse—Bott one, and Morse-Bott gluing. Indeed, if #, is a sequence of curves as in the statement,
but for the Morse case corresponding to H, = f + t,yg with t, — 0 (as in Section 2.5), the limit
configuration u, is a stable holomorphic cascade; here we use the genus bounds that we imposed, in

order to have compactness. By uniqueness in the Morse—Bott case, each nonconstant component of this

+
y.a

constant ghost components attached to curves of the form u

building is a curve of the form u3;, or a flow-line cylinder u,,. A priori, uo may be a nodal curve with

)jf, 4+ but note that in this case, stability dictates
that its arithmetic genus would then have to be strictly positive (and the relative homology class and

+
y.a

all the components of #, are Fredholm regular. It follows from uniqueness of Morse—Bott gluing (for

asymptotics coincide with those of qu,E z)- If there is no u; , component in #,, and no ghost components,

y.a©
component, then as this curve is nonregular,

the case of Fredholm regular components; see Remark 2.11 below however) that u is of the form u

+
y.a

uniqueness of gluing might fail, but u, then has the same relative homology class and asymptotics as a

T

a flow-line cylinder for n large enough. If there is a u

curve of the form u;r a O

Remark 2.11 (Morse-Bott gluing: existence and uniqueness) It has been generally acknowledged that
the proof of Morse—Bott gluing (ie compactness, existence and uniqueness) as outlined in [Bourgeois 2003]
is incomplete. This gap in the literature has been partially filled in a recent paper by Yuan Yao [2022], for
the three-dimensional case, for transversely cut out components, and rigid cascades of height one (see
also [Bourgeois and Oancea 2009] in arbitrary dimensions, also for height one cascades, and autonomous
Hamiltonians; and the detailed analysis carried out in [Colin et al. 2010], for the three-dimensional case,
written in coauthorship with Yuan Yao, which carries out a different pregluing as that of [Bourgeois 2003]
with a smaller error term). It seems that we currently do not have the technology to glue together all

cascades, as there are issues concerning transversality in the presence of multiple covers. Note that in

+
y.a

be viewed as the gluing of the corresponding curves uff 4 of the Morse—Bott case, where the gluing is

the above setup gluing of the relevant curves always exists, as the curves u3 -, in the Morse case can
simply Morse gluing of their cylindrical ends. However, what is more subtle is uniqueness of gluing,
which we assumed for the case where all components of the cascade are regular. This assumption on
the foundations of gluing analysis seems to be uncontroversial, and we will stick to it. We would like to
thank the referee for careful comments concerning this subtle point.

2.7 From the SHS to a sufficiently nondegenerate contact structure

For computations in SFT we need nondegenerate Reeb orbits and contact data. Therefore, we need to
perturb the SHS % = (A¢, Q¢) to a nearby contact structure.

Perturbation to contact data Recall that we have defined an exact symplectic form w, on the double
completion, and we denote by V its associated Liouville vector field. We also have the “vertical” Liouville
vector field X associated to dA, defined by expression (3), and the stabilizing vector field Z for the
SHS %, defined by (4).
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For s € [0, 1], define
Vo +((1—=5)B(t) +5)X in the region E°°°°(¢) where ¢ is defined,
Zsg=1(o/(0+0")0, +sXyt in E)N{r >1-46},
—(0/(0—0"))0, +sX— in E®®()N{r <—1+4}.
We have that Z; = X, is the Liouville vector field associated to ws and Zy = Z. This yields a family of
SHSs given by
%e,s = (Ae,w Qe)se[o,l] = (l.Zsa)0|TM€» walTMf)se[O,l]-

One can see that A¢ ¢ is a contact form for s > 0. By Gray’s stability, as long as € and s are positive and
sufficiently close to zero, the isotopy class of & s is independent on parameters.

Holomorphic curves for the contact data Since we have shown that the genus zero holomorphic
curves are regular for the SHS data, the implicit function theorem implies that they will survive a small
perturbation to contact data, and will still be regular.

2.8 Proof of Theorem 1.2

Once all the technical tools are in place, we will prove Theorem 1.2. We fix the parameters € and s, so
that we work in the SFT algebra (A s )[#] whose homology is HS'T(M, &, ) (which is independent of
parameters). We take coefficients in Rg = R[H, (M ; R)/ker ], where Q € Q%(M) defines an element
in the annihilator 0 := Ann(@k H (Y;R)® H{(S'; R)). Here, we view |_|k YxS!'= |_|k Y xS x{0}
as sitting in My € M. We will show that (M, & ;) has Q—twisted (k—1)—torsion for every [Q2] € O, so
that in particular it has (k—1)—torsion for the untwisted version of the SFT algebra.

Let us recall that for SFT to be defined, we need to introduce an abstract perturbation of the Cauchy—
Riemann equation. We shall be doing our computation prior to introducing this perturbation, and prove
by the end the section that this is justified. See the end of this section for more details.

v.a
index 2n critical points (maxima) at k£ — 1 of the k positive ends, and one index 1 critical point at the

Computation of algebraic torsion The index formula (13) implies that curves u, , which asymptote

remaining one, have index 1.

Given ey, ...,e,_; maxima and / an index 1 critical point, denote by y,, and y; the corresponding
nondegenerate Reeb orbits. Consider the moduli space

‘/‘A/:‘/M/O(Wa ’]E,S; ()/617~ .. 7)/61(_1’)/}!)3@)

of R—translation classes of k—punctured genus zero J¢ s—holomorphic curves in W = R x M, which
have no negative asymptotics, and have Ve, ..., Ve,_,. Vs as positive asymptotics. The uniqueness
Theorem 2.10 implies that every element in L is a genus zero curve in our foliation. Since every such
curve is regular, after a choice of coherent orientations as in [Bourgeois and Mohnke 2004], this moduli
space is an oriented zero-dimensional manifold, which can therefore be counted with appropriate signs.
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Now, a choice of coherent orientations for the moduli space of Morse flow lines induces a coherent
orientation for the moduli space containing the curves u%, and we fix such a choice here onwards. We

choose our function
H:Y xI—R=

as made explicit in Section 2.5. In particular, there are no index zero critical points, and the only
index 1 critical point is given by (min, 0), where min is the unique minimum of g. We shall denote by
M(H; p—, p+) the moduli space of positive unparametrized flow lines y connecting p— to p4. Assuming
the Morse—Smale condition for H, we have then that the zero-dimensional moduli spaces correspond to
critical points satisfying indp, (H) =ind,_(H) + 1.

We then fix ey, ..., ex—;, h = (min, 0) as above, and we let ¢, and g, be the generators in SFT corre-
sponding to the Reeb orbits associated to these critical points. Let
Q ={e; " 'Qek_lqh,

which is an element of (A s)[%]. In order to compute its differential, we need to count all of the rigid
holomorphic curves which asymptote at its positive ends any of the Reeb orbits appearing in Q.

Claim The holomorphic curves contributing to the differential of Q are of either the following types:

y.a
* A holomorphic cylinder u,, inside r = 0, connecting an index 2n — 1 critical point to one of the

» A holomorphic sphere u;, , € M, which is in fact unique.

maxima e;.

e Hypothetical nodal curves with strictly positive arithmetic genus, and constant nodal components

+
y.a:

e Hypothetical curves of arbitrary large genus.

attached to curves of the form u

Indeed, with Theorem 2.10 in mind, note first that nonnodal curves with the same asymptotics and
relative homology class as curves u;‘ 4 have the same Fredholm index as such curves, which is negative,

and hence do not contribute to the differential. If the curve has moreover constant ghost components

+
y.a’

g > g(u;:,a) > 0 (these are listed in the third item). For each genus g¢, there may exist hypothetical

attached to a curve of the form u3 ,, then its stability implies that it has strictly positive arithmetic genus
curves of genus higher than g not covered in the statement of Theorem 2.10; such curves are listed in
the last item.

Using Theorem 2.10, it follows that only the somewhere injective (nonnodal) curves in our foliation are
involved in the computation of this differential (see Proposition 2.12 below), with the potential exception
of the nodal curves already described, which sometimes can have Fredholm index 1, and curves of large
genus. Using that there are no index zero critical points, we see that there are only two possible ways to
approach the critical point (min, 0), entering through the two different boundary components of ¥ x 1,
and that there is a unique R—class of the form u; which has y; as a positive asymptotic (see Figure 0).
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Moreover, by observing that the generic behavior is hitting a maxima, by a generic and small perturbation
of the Morse function H along different components of the spine, we can arrange that this curve actually
defines an element of /M. The uniqueness Theorem 2.10 above shows that in fact this is the only element
in JL. Finally, ruling out the curves coming from the positive side (which have the wrong index and hence
are not counted by SFT), we are left only with the curves listed in our claim.

In order to count the curves of type u,,, we observe that positive flow lines going from an index 2n — 1
critical point p to an index 2n critical point ¢ come in “evil twins” pairs y <> y: by definition of the
Morse index, we have only one positive eigendirection for the Hessian of the Morse function at p, and
the flow lines approach this point on either side of this direction. Since H,, (Y xI) = H,,(Y) =0 (Y
being a (2n—1)-manifold), we only have one generator of the top Morse homology chain group, which
is necessarily closed under the Morse differential. Therefore, after choosing a coherent orientation of the
moduli spaces of curves, the evil twins cancel each other out, and hence #M(H; p,q) = 0.

Fix Q a closed 2—form such that [Q2] € 0. For d € H,(M ;R), we denote by d € H>(M;R)/ker Q the
class it induces, by u( the unique R—translation class in Jl, and, for a rigid holomorphic curve v, we
denote by €(v) the sign of v assigned by our choice of coherent orientations. In particular, we know that
€(uy) = —€(uy).

Observe that, for the i™ component of My, Reeb orbits corresponding to critical points all define the
same homology class [S!]; € H(M). We take as canonical representative of this class the 1—cycle given
by the Reeb orbit y,, over the unique maxima e;. For every index 2n — 1 critical point p lying in the it
component, fix ¥ an index 1 flow line joining p to the maxima ¢;. Choose the spanning surface of y, to
be Fj:=—y xS !, satisfying OF '» = ¥p — Ve;- Then, for this choice of spanning surfaces, the homology
class associated to the holomorphic cylinder uy, is [uy,] = [F}, Uu,]. One thinks of F), as being attached
to u,, at the negative end, corresponding to y,. Let T), ; denote the 2—torus y Uy xS, Observe that

[uy]—[uz] =[Ty.7] € H(Y) ® Hy(S') Cker Q.
Therefore, [u_y] = u_);]
According to Proposition 2.12 below, the image of Q under the differential
D s: A(Aes)[h] = sd(Ae )R]
is then given by

Y

(18) Des(Q) = e(up)zlolpk=t 4 3" Y cluptlgys = atp
i=1,..,k—1 yeM(H;p,e;) é
indp (H)=2n-1
- — d
= e(ug)zMolpk—1 4 % Z Z +(e(uy) + E(”?))Z[uy]‘h) F ¢ +h*P
i=1,..,k—1 yeM(H;p,e;) “
ind, (H)=2n—1

= 51 (e (ug) 0] + A P).
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Here, P contains the potential contributions of arbitrary large genus curves, and the nodal curves of
genus g’ > 0, which satisfy |[['"| + g’ =k + g’ > k, where T'" = {ge,,....qe,_,,qn} is the set of their
positive asymptotics. Noting that e(uo)zm + A P is invertible as a power series in #, we conclude that
our model has (k—1)—torsion with coefficients in Rg. We have used that all orbits are simply covered,
so no combinatorial factors appear, and we need not worry about asymptotic markers.

Why the computation works We now justify the computation above. Let us recall first the fact that
the abstract polyfold machinery for SFT requires the introduction of an abstract perturbation to the
Cauchy-Riemann equation making every holomorphic curve of positive index regular. The basic facts
about this perturbation scheme, which comes from the polyfold theory of Hofer—Wysocki—Zehnder, are
that:

e Every Fredholm regular index 1 holomorphic curve gives rise to a unique solution to the perturbed
problem, if the perturbation is sufficiently small.

e If solutions to the perturbed problem with given asymptotic behavior exist for small perturbations,
then as the perturbation is switched off they give rise to a subsequence of curves which converge
to a holomorphic building with the same asymptotic behavior.

Therefore, the index 1 curves in our foliation survive and are counted, but we need to make sure there are
no extra curves which need to be taken into the count. In what follows, J will denote the original J¢ o
we constructed in the Morse case.

Proposition 2.12 The space of connected J—holomorphic stable buildings of index 1 which may become
curves contributing to the differential of Q = qe, -+ - qe,_,qy after introducing an abstract perturbation,
or after perturbing the SHS to a sufficiently nearby contact structure, actually consist exactly of either an
index 1 curve u, for some positive flow line y, a curve u, , for some y € Y and a € R, potential nodal

curves of strict positive genus with constant ghost components attached to curves of the form u;[ a» O
curves with arbitrary large genus.
Proof It follows by inductively applying Theorem 2.10 [Moreno 2018]. O

3 Giroux torsion implies algebraic 1-torsion in higher dimensions
In this section, we address [Massot et al. 2013, Conjecture 4.14].

Definition 3.1 (Giroux) Let X be a compact 2n—manifold with boundary, @ a symplectic form on the
interior X of X, and &y a contact structure on dX. The triple (2, w, &) is an ideal Liouville domain if
there exists an auxiliary 1-form 8 on X such that

. dﬂzwoni;
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e for any smooth function f: ¥ — [0, 0o) with regular level set ¥ = f~1(0), the 1-form By = /B
extends smoothly to d% such that its restriction to dX is a contact form for &.

The 1-form B is called a Liouville form for (2, w, &p).

In the terminology of [Massot et al. 2013], we say that an oriented hypersurface H in a contact manifold
(M, &) is a E—round hypersurface modeled on some closed contact manifold (Y, &p) if it is transverse to &
and admits an orientation-preserving identification with S! x Y such that E N TH = TS @ &,.

Given an ideal Liouville domain (X, w, &), the Giroux domain associated to it is the contact manifold
¥ x S endowed with the contact structure & = ker( /(8 + df)), where / and B are as before, and 0 is
the S!—coordinate. Away from V() = 0%, the vanishing locus of £, this contact structure coincides
with the contactization ker(B + df). Over V(f) it is just given by £, @ T'S!, so that V(f)x S'is a
&o—round hypersurface modeled on (0%, &p).

One may find a collar neighborhood of the form [0, 1) x H € £ x S!, on which £ is given by the kernel
of a contact form B¢ + s df, where s is the coordinate on the interval, H € dM corresponds to s = 0,
6 is the coordinate in S!, and By a contact form for & [Massot et al. 2013, Lemma 4.1]. Using these
collar neighborhoods, one has a well-defined notion of gluing of two Giroux domains along boundary
components modeled on isomorphic contact manifolds (see Section 3.1 below).

We also have a blow-down operation for round hypersurfaces lying in the boundary. If H is a &—
round boundary component of (M, §), with orientation opposite the boundary orientation, consider
the collar neighborhood [0, 1) x H as before. Let D be the disk of radius /€ in R2. The map
U (ret?, y) > (12,0, y) is a diffeomorphism from (D \ {0}) x ¥ to (0,€) x S! x Y which pulls
back Bo + sdt to the contact form Bo + r2 df. Thus we can glue D x Y to M \ H to get a new contact
manifold in which H has been replaced by Y, and the S!—component of H has been capped off.

Given a contact embedding of the interior of a Giroux domain Gy, := ¥ x S! inside a contact manifold
(M, €), we shall denote by 0(Gx) € H?*(M ;R) the annihilator of H;(X;R) ® H;(S';R), when the
latter is viewed as a subspace of Hy (M ;R). If N € (M, §) is a subdomain resulting from gluing together
a collection of Giroux domains Gy, ..., Gy, , we shall denote

O(N) =0(Gx,)N---N0O(Gg,) € Hy(M:R).

The following theorem implies Theorem 1.5 (see Example 3.3 below):

Theorem 3.2 If a contact manifold (M ?"*1,£) admits a contact embedding of a subdomain N obtained
by gluing two Giroux domains Gx_ and Gy _, such that ¥ has a boundary component not touch-
ing X_, then (M ?"*1 £) has Q—twisted algebraic 1—torsion, for every Q € O(N). Moreover, it is also
algebraically overtwisted if N contains any blown down boundary components.

The motivating example of an explicit model of such subdomain is the following:
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Example 3.3 [Massot et al. 2013] Consider (Y, a4, «_) a Liouville pair on a closed manifold Y271,
As in the introduction, consider the Giroux 2mw—torsion domain modeled on (Y, o4, ®_), given by the
contact manifold (GT, £g7) := (Y x [0, 27] x S, ker AgT), where
19) Agr = %(1 + cos(r))o4 + %(1 —cos(r))a— + sin(r) do
and the coordinates are (r, ) € [0, 2] x S!.
We may write Agt = f (o + d6), where

1

= S0 =sin(). @ =1 Day +e ), u(r) = log ),
sin(r)

Here, u: (0, m) — R is an orientation-reversing diffeomorphism, whereas u : (7, 2r) — R is an orientation-
preserving one, which is used to pull-back the Liouville form %(e”oz + 4+e “a4) defined on Y xR via a
map of the form v = id x u.

This means that we may view (GT, £g7) as being obtained by gluing two Giroux domains of the form
GT_ =Y x[0,7]x S! and GTy = Y x [7,27] x S, along their common boundary, an £gp—round
hypersurface modeled on (Y, a—).

Therefore, from Theorem 3.2 we obtain Theorem 1.5 as a corollary.

3.1 Giroux SOBDs

We consider a specially simple kind of spinal open book decompositions (SOBDs), which arise on
manifolds which have been obtained by gluing a family of Giroux domains along a collection of common
boundary components, each a round hypersurface modeled on some contact manifold. Such is the case of
the Giroux 2m—torsion domains GT. Basically, these SOBDs are obtained by declaring suitable collar
neighborhoods of each gluing hypersurface to be paper components, whereas the spine components are
the complement of these neighborhoods.

Construction of the SOBD Let (G+ = X4 x S, &4 =ker(f+(B+ + dB))) be two Giroux domains
which one wishes to glue along a round-hypersurface H = Y x S modeled on some contact manifold
(Y,&p) and lying in their common boundaries. Fix choices of collar neighborhoods N (H) of H
inside G, of the form Y x S! x [0, 1]. Take coordinates s+ € [0, 1] such that H = {s+ =0}, and € S'!
such that the contact structures £ are given by the kernel of the contact forms Sy + s+ d6. Here, ¢ is a
contact form for &y. In these coordinates, S+ = Bo/s+ and f = f(s+) = s+, and the corresponding
ideal Liouville vector fields are Vi = —s1ds, . We glue N1+ (H) together in the natural way, by taking a
coordinate s € [—1, 1] such that s = —s_, s = s+, and s = 0 corresponds to H. We thus obtain a collar
neighborhood N(H) = N4 (H) g N—(H) >~ H x[—1, 1], where we denote by ® the resulting gluing
map. Doing this for each of the boundary components that we glue together, we obtain a decomposition

M::G+UG_:(E+UE_)><S1,
[} [}
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given by M = Mp U My, where Mp (the paper) is the disjoint union of the collar neighborhoods of
the form N'(H) for each of the gluing round-hypersurfaces H, and My, (the spine) is the closure of its
complement in M . We have a natural fibration structure 7p on M p, which is the trivial fibration over
the disjoint union of the hypersurfaces H, such that the pages (the fibers of 7 p) are identified with the
annuli P := S x [—1, 1]. We also have an S I_fibration 775 on M, which is also trivial. It has as base
the disjoint union of ¥4 and X_ minus the collar neighborhoods, which we denote by X. Let us assign a
sign €(G+) := %1 to each of the Giroux subdomains G C M.

We can also blow-down boundary components in the Giroux subdomains, and in this case we may
extend our SOBD by declaring the D x ¥ we glued in the blow-down operation to be part of the
paper Mp (such that its pages are disks). We declare the blown-down components to be part of the
paper. We will also fix collar neighborhoods of the components of dAM, which correspond to the nonglued
hypersurfaces, in the very same way as we did before for the glued ones. Their components look like
Nx(H):= Hx[0,1]=Y xS x][0, 1] for some nonglued hypersurface H. There is a coordinate s € [0, 1]
such that IM = {s = 0}, and such that the contact structure on the corresponding Giroux domain is
given by ker(B¢ + s d6) for some contact form B for (¥, &y). Denote by N'y; the disjoint union, over all
unglued H'’s, of all of the Nx(H)’s.

We shall refer to the SOBDs obtained by the procedure described above as Giroux SOBDs, where are
also allowing the number of Giroux subdomains involved (which is the same as the number of spine
components) to be arbitrary.

The Giroux form If we denote by A+ = fi(B+ + d6), we can extend the expression A+ = Bo + 5 d,
a priori valid on Ny (H), to N(H), by the same formula. Observe that, by choice of our coordinates, the
resulting 1—form glues smoothly to A_ := f_(B_ — d#). Therefore, we may still think of the contact
structure é_ = ker A_ as a contactization contact structure over the region (Z_ x S1)\ N_(H), with the
caveat that we need to switch the orientation in the S !'—direction.

Denote the resulting contact form by A := A4 Ug A_. We may globally write it as A = /(8 + d6). Here,
/ is a function which is either strictly positive or strictly negative over the interior of the Giroux domains,
and vanishes precisely at the (glued and unglued) boundary components. The 1-form § coincides with
the Liouville forms 81 where these are defined, and is undefined along said boundary components. In
the case of blown-down components, the contact form A also extends in a natural way.

From this construction, in M, each of the subdomains G C M used in the gluing procedure carries
a sign €(G), which we define as the sign of the function f| & Observe that f coincides with €(G)
along every H x {s1+ = 1}, the inner boundary components of the collar neighborhoods. Therefore, we
may isotope it relative every collar neighborhood to a smooth function which is constant equal to €(G)
along G \ (M }8, NG)UN ‘g) (see Figure 7). Here, M }8’ and N ‘3 denote small §—extensions in the interval
direction of Mp and Ny, respectively, so that now |s| € [0, 1 + 8]. The regions Ml‘s, \ Mp play the role
of smoothened corners. Observe that isotoping f as we just did does not change the isotopy class of A,
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Figure 7: The isotoped function f in the extended Giroux torsion domain GT*.

by Gray stability (version with boundary), and has the effect of transforming the Reeb vector field of A
into €(G)dy along My. Observe also that along the paper, we have A = ¢ + ¥, where y = s d0 is a
Liouville form for S! x [—1, 1]. Since this manifold is trivially a cylindrical Liouville semifilling, we
may view A as a Giroux form, as we did with contact form constructed in Section 2.1.

e—extension It will be convenient to consider an e—extension of our SOBD, which we call M €, by gluing
small collars to the boundary. To each component N's;(H) for H lying in dG for a subdomain G of M, we
glue a collar neighborhood of the form H x[—e¢, 0] for some small € > 0. We extend our function f so that
the extended version coincides with € (G)id near s =0, f/(—€) =0, and sgn( /' (s)) =€(G) #0 for s > —¢
(see Figure 7). We will define the paper M, to be the union of Mp and the region H x[—€/2,1+§],
and the spine My, to be the union of My with H x [—€, —€/2]. The point of this extension is that now
the Reeb vector field of the extended A coincides with —e(G)dy along the boundary.

Remark 3.4 Because of the above discussion on orientations, from which we gathered that the S!—
orientation that we need depends on the sign of the Giroux domain, we rule out the case where we have a
sequence (Gy, ..., Gy—1) of Giroux subdomains of M, where G; has been glued to G;41 (modulo N)
along some collection of boundary components, and N > 1 is odd. This condition is to be taken as part
of the definition of a Giroux SOBD.

3.2 Proof of Theorem 3.2

The proof of this theorem is a reinterpretation of what we did in the construction of our contact manifold
models of Section 2.1.

Algebraic & Geometric Topology, Volume 24 (2024)



Algebraic and Giroux torsion in higher-dimensional contact manifolds 3231

/
\
£

N 1
St [brg g M Mg <>/ Mg ‘<:>’

Figure 8: An e—extension of a domain N consisting of two Giroux domains glued along three
boundary components. We draw the Morse—Bott submanifolds of H in green. We also draw an
index 1 holomorphic cylinder (of the first kind).

Proof of Theorem 3.2 Let N be a subdomain as in the hypothesis, carrying a Giroux form A = f(8+d0)
obtained by gluing. Since the contact embedding condition is open, and we are assuming that there
are boundary components of X not touching ¥_, we can find a small € > 0 such that M admits a
contact embedding of the e—extension N €. Endow this extension with a Giroux SOBD N€ = My U M5,
as in the previous section. On this decomposition, add corners where spine and paper glue together
as we explained before. Also choose a small Morse/Morse—Bott function H in M., which lies in the
isotopy class of f, and vanishes as we get close to the paper. With this data, we then may construct
a Morse/Morse—Bott contact form A on N which lies in the isotopy class of A, along with an SHS
deforming it, in the analogous way as done in Section 2.1.

Since in our situation we are allowing ¥4 to be more general than a semifilling ¥ x I, we need to specify
what we mean by the Morse—Bott situation. We will take our Morse—Bott function H so that it depends
only on the interval parameter along the collar neighborhoods N'y close to the boundary and along a
slightly bigger copy of M, and matches the function f close to dN. In particular, N is a Morse—Bott
submanifold. We also impose that H is Morse in the interior of the components of My, which are away
from the boundary. For simplicity, we will assume that, besides the boundary, H only has exactly one
Morse—Bott submanifold close to each boundary component of My which is glued to a paper component,
of the form Y x {¢} for some ¢ (see Figure 8). The Morse situation is then obtained by a perturbation of
this situation obtained by choosing Morse functions along the Morse—Bott submanifolds.

We have an almost complex structure J’ compatible with the SHS, for which we get a stable finite-energy
foliation by holomorphic cylinders, which come in two types: either they are obtained by gluing constant
lifts of the cylindrical pages and flow-line cylinders over My, along the corners (first kind); or they are
flow-line cylinders completely contained in My, (second kind). Both kinds have as asymptotics simply
covered Reeb orbits y;, corresponding to critical points p of H, either along the boundary, or at interior
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points of X (see Figure 9). These cylinders have two positive ends if its corresponding critical points lie
in Giroux subdomains with different sign, and one positive and one negative end if these signs agree. The
Fredholm index formula is exactly as before.

Cylinders of both kinds are Fredholm regular (see [Moreno 2018]). We also have a version of the
uniqueness Theorem 2.10, adapted to this situation.

Make all the necessary choices to have an SFT differential
Dsgr: d(A)[] — sA(M)[7].

which computes HFT(N, ker A; | ), where Q € O(N). Extend these choices to M so as to be able to
compute HYFT (M, £; Q).

Let e be a maximum (index 2n) of H in M5 N (X_ x S1), and let / be an index 1 critical point of H in
Myx N (T4 xS1). We take both to lie in the Morse—Bott manifolds of the Morse—Bott case, before the
Morse perturbation. Denote by ¢, and gy, the corresponding SFT generators. Define

0 = qnde.

an element of s4(A). There is a unique (perturbed) cylinder u of the first kind which has y, and y,
as positive asymptotics, with ind(x) = 1. If we choose H so that it does not have any minimum, by
uniqueness any other holomorphic curve over M which may contribute to the differential of Q is a
flow-line cylinder completely contained in My, connecting an index 27 — 1 critical point p with e, or
potential nodal curves of strictly positive arithmetic genus.

Denote by d the element in H, (M ; R)/ker 2 defined by any d € Hy(M;R), by M(H; p, e) the space of
positive flow-lines connecting p with e, u, the flow-line cylinder corresponding to a flow-line y, and €(u)
the sign of the holomorphic curve u assigned by a choice of coherent orientations. Since Hy,(X+) =0,
elements of M(H; p,e) come in evil twins pairs y <> y such that €(u,) = —e(u). As in Section 2.8,

one can choose suitable spanning surfaces such that [u,,] = [uy].

Then,

200  DserQ =zt Y euy)gpq + 1P

YEM(H ;p,e)
indp (H)=2n—1

=MD Y ey +ewp) gy + 72 P =h( 40P,

yEM(H ;p,e)
ind, (H)=2n—1

where P contains the hypothetical contributions of nodal curves and hypothetical high genus curves.
Inverting z!] 4 # P, this proves that (N, ker A) has Q|y—twisted 1-torsion. This implies that (M, &)
has Q—twisted 1-torsion, since our uniqueness theorem gives that there are no holomorphic curves
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Figure 9: The foliation by holomorphic cylinders (with respect to SHS data) of the symplectization
of GT¢.

with asymptotics in N which venture into M \ N, and therefore Hy ' (N, ker A; Q|xy) embeds into
HYT(M, &; Q). Here, we use that ker A is isotopic to ker A = £| .

For the second statement, assume that we have a blown-down boundary component, so that the corre-
sponding D x Y is a paper component with disk pages. As in Section 2.3, we have that the disk pages
lift as finite-energy holomorphic planes with a single positive asymptotic y,, corresponding to a critical
point p in M. If u is such a plane, its index is ind(#) = ind, (H). Take p so that ind, (/) = 1, and let
P = gy,. Since there is no minima for H, by our uniqueness theorem we know that

DSFT(Z_mP) =1 + AU

for some U, and this expression is invertible. Since the choice of coefficients is arbitrary, (N, ker A) is
algebraically overtwisted, which implies that (M, §) is. |
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Locally equivalent Floer complexes and unoriented link cobordisms

ALBERTO CAVALLO

We show that the local equivalence class of the collapsed link Floer complex ¢ C FL*°(L), together with
many Y—type invariants extracted from this group, is a concordance invariant of links. In particular, we
define a version of the invariants Yz (¢) and v* (L) when L is a link and we prove that they give a lower
bound for the slice genus g4(L).

Furthermore, in the last section of the paper we study the homology group HFL’(L) and its behavior
under unoriented cobordisms. We obtain that a normalized version of the v—set, introduced by Ozsvath,
Stipsicz and Szabd, produces a lower bound for the 4-dimensional smooth crosscap number y4(L).

57K10, 57K18

1 Introduction

Hom [2017] introduced an equivalence relation on the knot Floer complex CFK°°(K) called stable
equivalence. Namely, we say that two knots are stably equivalent if and only if their chain complexes
become filtered chain homotopy equivalent after adding some acyclic complexes. A very important result
of [Hom 2017] is that if K; is concordant to K5 then the complex C FK°° (K1) is stably equivalent to
CFK®(K3), which made it possible to prove that many knot invariants coming from C FK®°(K) are
indeed concordance invariants; see [Alfieri 2019; Allen 2020; Hom and Wu 2016; Kim and Livingston
2018] for some examples.

Another relation on knot Floer chain complexes was given by Zemke [2019a]: two knots K and K> are
called locally equivalent if there exist two maps

f:CFK*®(K,) — CFK®(K,) and g:CFK®(K»)— CFK®(K1)

which preserve the filtrations (both the Alexander and algebraic filtration) and induce filtered isomorphisms
in homology. Even though those two relations appear to be very different from their definition, we can
actually show that they coincide. We recall that this theorem was proved in the involutive setting by
Hendricks and Hom [2019].

Theorem 1.1 Let K and K5 be two knots in S3. Then C FK* (K1) is locally equivalent to C FK*(K>)
if and only if they are stably equivalent.

For the purpose of this paper, the local equivalence relation has the advantage that it can be used in
the same way for links. Let us consider the chain complex ¢ CFL®°(L), defined from CFL™(L) by

© 2024 MSP (Mathematical Sciences Publishers). Distributed under the Creative Commons Attribution License 4.0 (CC BY).
Open Access made possible by subscribing institutions via Subscribe to Open.
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collapsing the variables Uy, ..., U, to U and taking the tensor product with F[U, U], where here F
always denotes the field with two elements; see [Ozsvath and Szab6 2008; Ozsvéth et al. 2015]. We
equip ¢ CFL®°(L) with a filtration %, obtained from the algebraic filtration and the (collapsed) Alexander
filtration; such an & descends to homology, so we can define the filtered group FcHF L (L). Based on
an intuition of Alfieri [2019], we consider % as indexed by some particular subsets S of the plane, which
he calls southwest regions, satisfying the property that if (X, y) € S then each (x, y) such that x < X and
y < y isin S; a more precise definition is given later in Section 2.2.

We recall that two n—component links are concordant if there is a cobordism between them consisting
of n disjoint annuli. Then the local equivalence class of ¢CFL% (L) and the filtered homology group
cHFL(L) are a concordance invariant in the following sense.

Theorem 1.2 Suppose that L is concordant to L,. Then there are chain maps
cCFL*® (L) 2 ¢cCFL*(L,)

which preserve % and induce an F—filtered isomorphism in homology. In particular, the restrictions of
such isomorphisms give identifications

FS cHFLF(L1) =5 F5 cHFLF(L2)
for every d € Z and southwest region S of Z.2.

The strategy of the proof of this result consists in decomposing a concordance into standard pieces and
then a careful usage of the maps introduced by Sarkar [2011] on grid diagrams. In fact, starting from
Sarkar’s work, we can construct maps induced by some specific cobordisms. Some of these maps were
already used by the author in [Cavallo 2018].

Remark 1.3 Zemke [2019c], using different techniques, also defined maps induced by (decorated) link
cobordisms, which conjecturally coincide with the ones presented in this paper. We can use such maps to
give another proof of Theorem 1.2: namely, according to [Zemke 2019¢c, Theorems A and C] every link
concordance induces a graded isomorphism in link Floer homology; while the fact that the JF—filtration is
preserved follows from [Zemke 2019b, Theorem 1.4]. This argument is similar to the one in [Zemke
2019a], which proved a version of Theorem 1.2 for knots.

Theorem 1.2 allows us to define some numerical concordance invariants for links; including a generalization
of Alfieri’s Yg [2019], the v —invariant of Hom and Wu [2016] (see also [Rasmussen 2003]) and the
secondary upsilons, defined by Kim and Livingston [2018]. We briefly describe how to extract some of
these invariants.

Write ¢ CFLS° (L) for the filtered chain homotopy type of the link Floer complex of L. Once we fix a
filtered basis, we can represent such a model complex in the plane by (j, A), where j and A represent
the minimal algebraic and Alexander filtration level, respectively, and * is the Maslov grading of each
generator. We use the fact that dimg gl $O}c‘3€%$8° (L) = 1—see Theorem 2.1 — and then compute
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how far we can shift the region S while being able to find a generator for such a homology class in
cCFLE°(L). In this way, given a southwest region S, we associate a real number to it that we call Yg(L);
the complete definition can be found in Section 2.2.

In the case of knots, Tg (L) is a normalization of the invariant of Alfieri [2019]. This choice was made
because, say A; is the region of the plane consisting of the pairs (j, A) with Az 4+ j(2—1¢) <0, we have
Y4,(K)=Tg(t) fortel0,2],

and the latter is the Y—function of Ozsvéth, Stipsicz and Szabd [Ozsvath et al. 2017a].
Moreover, since there is a unique homology class in %t/ sO}c%%éE‘f‘in (L)\ FY s_l}c%%i"f‘in (L), the
same procedure allows us to define another family of invariants which we call Yg(L). Clearly, for

knots we have Yg(K) = Y§(K) for every S. The following proposition summarizes some of the main
properties of Yg(L).

Proposition 1.4 Suppose that L, L and L, are links in S® and L has n components. Then Ys (L) and
Y5(L) are concordance invariants and
(1) (L) = =77 (0) and t*(L) = —(Y})(0), where the invariants t(L) and t*(L) are defined in
[Cavallo 2018];
(2) Ys(L)=7Y_s(L)and Yg(L)=Y*¢(L) forany S, where —S is the region obtained by reflecting
S along the line {j — A = 0};
(3) Ys(L)="Ys(~L)and Yg(L) = Yg(—L) forany S, where —L is the reverse of L;
4) Ys(L*) = —T%(L), where L* is the mirror image of L and (S is the topological closure of the
complement of the region obtained by reflecting S using the central symmetry of R? at the origin;
(5) Yr,4L,(t) =Y, (t)+ Yr,(t) and TZ]#LZ () = T]":l () + Tzz(t) fort € [0,2], where L1 # L,
is a connected sum of L1 and L»;
©6) Yr(t) = %(1 —n+o(L))-t and Y[ (t) = %(n —1+0(L)) -t fort € [0,1] whenever L is
quasialternating and o (L) is the signature of the link as in [Gordon and Litherland 1978].

We prove that each Tg (L) gives a lower bound for the slice genus g4(L), which as usual is defined as
the minimum genus of a compact, oriented surface X properly embedded in D* such that 9% = L. We
recall that, since we can add tubes between surfaces in D# without increasing the genus, we can suppose
that any such X is also connected. Moreover, in Section 4.4 we define the notion of distance A g (m) from
the point (0, m) to the centered southwest region S, where centered means that (0, 0) € dS'; therefore, we
have the following result.

Theorem 1.5 If L is a link in S with n components then
~Ys(L) <hss(ga(L)+n—1) and —Tg(L)<his(g4(L))
for every centered southwest region S of R?. In particular, for the classic Y —functions,

—Yp(t) <t(ga(L)+n—1) and —Y;(r)<t-ga(L) fortel0,1].
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Now let us consider the southwest regions Vj for k = 0, defined as the subset of the plane consisting
of the pairs (j, A) such that j <0 and 4 < k. We can now define the invariant v+ (L) as the minimum
k such that —2- V7, (k) := Yy, (L) = 0. An equivalent definition of v (L) was given in [Cavallo 2018,
Section 4]; although, the invariant was denoted by v(L) and the concordance invariance was not proven.

Proposition 1.6 Suppose that L, L1 and Ly are links in S3, and L has n components. Then v (L) is a
concordance invariant,

0<t(L)<v'(L)<gs(L)+n—1 and v (Li#Ly)<vT(L)+vT(Ly).

Ozsvith, Stipsicz and Szab6 [Ozsvith et al. 2017b] introduced the homology group HFL’(L) that they
called the unoriented link Floer homology group. From H FL'(L) they define the v—set of L which is a
set of 2"~ integers and is an isotopy invariant of unoriented links after a suitable normalization.

Moreover, for knots they showed that v(K), which coincides with Tx (1) and is the only element of the
v—set in this case, gives a lower bound for the 4—dimensional smooth crosscap number y4(K), which is
the minimum first Betti number of a compact surface F properly embedded in D* and such that F = L.
Note that this time F is not necessarily orientable (and always nonoriented).

Starting from these results, in this paper we consider a slightly different version of HFL’(L) and we
prove that it is an unoriented concordance invariant. Since it shares much information with the original
group and we only use this new version, we denote it in the same way.

We say that a collection of n disjoint annuli X is an unoriented concordance between Ly and L,, which
are n—component links, if X is a concordance between L and L/, obtained by changing the orientation
of some components on L and L, respectively.

Theorem 1.7 The group HFL'(L1)[[30(L1)]) is j—filtered isomorphic to HFL'(L5)|[30(L2)]] when-
ever L1 is unoriented concordant to L».

From Theorem 1.7 we obtain that the wideness of the v—set, |Umax(L) — Umin(L)|, and the numbers
Umax (L) — %O’(L) and Umin(L) — %O’(L) are unoriented concordance invariants of L. Using the same
techniques in Section 4.4, we show that such invariants give lower bounds for yik)(L), a version of the
4—dimensional smooth crosscap number for links. In fact, we say that yik)(L) is defined as the minimum
first Betti number of a compact surface, properly embedded in D*, which has k connected components
and is bounded by L.

Theorem 1.8 Say the n—component link L in S bounds a compact, unoriented surface F, properly
embedded in D*, with k connected components. Then

|k —1- Umax(L) + Umin(L)| < yik)(L)

A corollary of this theorem is the following result, which was already proved in a different way by Donald
and Owens [2012].
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Corollary 1.9 Every quasialternating link L can bound an unoriented, compact surface F, properly
embedded in D*, only when the Euler characteristic y(F) is at most equal to one.

Theorem 1.8 gives a bound that involves the wideness of v(L). We give other inequalities in the following
theorem.

Theorem 1.10 Consider an n—component link L in S3 which bounds a compact, unoriented surface F,
properly embedded in D*, with k connected components. Then

k k
|max(L) = 2o (L) = Lk —m)| < yF(L) and  |umin(L) = 2o (L) = 12—k —m)| < yP(L).
In particular, when k = n,
|max (L) — S0 (L) < y{(L)  and  |umin(L) — La(L) +n—1] <y (L),

and whenk =1,
lui (L) = Lo(L) - 21 —n)| < yP(1)

for every v; (L) in the v—set of L.

We apply this result to the family of links L, = Tz*, i Ti’i; namely, the connected sum of the mirror
of the torus link 7> 4 and n torus knots 73 4. In particular, we show that {L,} for n > 0 is a family of

2—component links such that yil) is arbitrarily large.

Corollary 111 Given the link L, = T}, #T{",, we have y{”)(Ly) =n + 1 and y{" (L) = n for n > 0.
The paper is organized as follows: in Section 2 we summarize the construction of the link Floer complex
c¢CFL*(L) and we describe how to define the filtered homology group %5 ¢ #F$>°(L) and the invariant
Ys(L). Moreover, we prove the equivalence between stable and local equivalence of knot Floer chain
complexes stated in Theorem 1.1. In Section 3 we prove the concordance invariance of ¢cCFL%°(L).
In Section 4 we define the other Y—type invariants and we prove some of their properties, including
Proposition 1.4. We also give the proof of Theorem 1.5, which describes our bound for the slice genus.
Finally, in Section 5 we introduce the group HFL'(L) and the v—set of L, showing that they give
unoriented concordance invariants. Moreover, we study their behavior under unoriented cobordisms and
we prove the lower bounds for )/ik)(L).
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2 Link Floer homology

2.1 Chain complex and homology

Throughout the paper we assume that the reader is familiar with the construction of the link Floer homology
chain complexes, both when links are represented with multipointed Heegaard diagrams [Ozsvath and
Szab6 2004a; 2004b; 2008] or grids [Manolescu et al. 2007; Ozsvéth et al. 2015]. We only recall the
main features.

Let us consider & = (X, «, B, w, z) a multipointed Heegaard diagram for an oriented n—component link
L in S3. The chain complex ¢ CFL>® (%) is the free F[U, U~ !]-module over the intersection points
T =Ty NTg in the symmetric power Sym(X, «, ) — see [Ozsvith and Szab6 2004a; 2008] — where F
is the field with two elements and w and z are two n—tuples of basepoints in 3J; see [Ozsvéth and Szabd
2008]. The differential 0~ is defined by counting pseudo-holomorphic curves on some special [Ozsvath
and Szab6 2008] domains in Sym(X, «, B) with Maslov index u equal to one [Lipshitz 2006; Ozsvath
and Szabd 2004b]; denote the set of such domains by m,. Then for every intersection point x we can

x=) Y m@) U@y,

Y€T pema(x,y)
n(p)=1

where m(¢) € F depends also on the choice of an almost-complex structure on Sym(X, o, ) and

write

0<nw(@) =ny, () + -+ ny, (¢) is the multiplicity of the basepoints w in ¢. Moreover, we say that
0m(UE p) =UF 0 p
forany x € T and p € cCFL*°(%).

For every x € T we can assign an absolute Z—grading, called Maslov grading [Ozsviath and Szab6 2008],
which is denoted by M (x) and can be extended to the whole complex by taking

M(U*p) =M(p) F2
for any p homogeneous. We then have

cCFL® (@) = P cCFLY (@)
deZ
as F—vector spaces; moreover, there is a map
0;:¢cCFLP (%) - cCFL} (D)
for any d € Z.

The chain complex ¢ C FL°° (%) comes with a natural increasing filtration, usually denoted by the algebraic

filtration j, defined as
jlcCFL®(@)=U"-cCFL™(9),

where cCFL™ (D) is the free IF[U]-module over T. Tt is easy to check that the differential ~ respects j.
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We define the homology group

Kerd;
CHFL®(L) = P cHFLF(L) = P ——2-.

(L) d@ F(L) d@lm%l
Since the Maslov grading and the differential only depend on w, such a group, together with the
algebraic filtration, is isomorphic to HF*(S3,n) =~ F[U,U _l]zn_l, where the n denotes the number of
basepoints in the Heegaard diagram. The filtration j descends to homology in the following way. Say
mg:Kerd; — cHFLT (L) is the quotient map; then

JIeHFLP (L) = mg(Kerd; N jTcCFL™®(9)),
which is an F—subspace of c#FZL5’(L). More specifically, we have the following theorem.
Theorem 2.1 Say the link L has n components. Then

(d+k)/2 O (pOO _
] C%J"id (L) ~p F(nkl)
j(d+k)/2—lc%g§£20(L)

wheneverd = k mod 2 and 0 <k < n — 1. It is zero otherwise.

Proof From [Ozsvith and Szab6 2008] we know that H F ™~ (S 3 n) has 2"~ ! generators such that exactly
(”;1) of them have Maslov grading —k. Since

HFX(S? . n) =ppy.y-1 HF, (S*.n) @y FIU.UT',

one has n—2
F2 ifn=2,

CHFLLY (L) = {F if n =1 and d is even,
{0} if n =1 and d is odd,

and this determines the Maslov gradings.

Now we want to compute the filtration j. We note that all the generators of HF~(S3,n) have minimal
Jj—filtration level zero. Hence, the statement is true for j9; in fact if we substitute d = —k in then we
obtain the right distribution of the Maslov gradings. At this point, in order to prove the theorem, we only
need to observe that the multiplication by U1 drops the minimal level of the algebraic filtration by =1
and the Maslov grading by +2. |

Figure 1 shows the distribution of the Maslov grading and the minimal j-level for two- and three-
component links.

2.2 The Alexander and the F-filtrations

In the same way as the Maslov grading, we can assign to every x € T another absolute Z—grading: the
Alexander grading A(x), which also is extended to ¢ C FL®° (%) by taking

AUF p)=A(p)F 1
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Figure 1: Maslov gradings and algebraic filtration for 2— (left) and 3—component links (right).
The algebraic level j is on the x—axis and the Maslov grading is on the y—axis.

for any p homogeneous. We recall that in [Ozsvath and Szab6 2008] the Alexander grading is introduced
as a multigrading A (x) = (A1(x), ..., Ay (x)); in this paper we define A(x) := A1 (x) +---+ A, (x).

In this case, the differential 3~ does not preserve A(x); for this reason we introduce the Alexander filtration.
Let us consider the [F[U ]-subspace ¢*c CF L% (%) generated by all the elements p in ¢ CFL% (%) such
that A(p) < s. The s{-filtration is an increasing filtration like j and it is such that

@2-1) {0} = AScCFLP (@) C--- C A5 c CFLP (@) = cCFLY (%),

which follows from [Ozsvath and Szabd 2008]; moreover, it is again easy to show that it is preserved
by 0~. Note that § and s depend on d.

We define & for now as a double-increasing filtration. More specifically, we say that
F'ScCFL®(®) = j'cCFL® (@) N A*cCFL™ (%)

and clearly 0~ also respects %. We now extend the F—filtration on the homology group, in the way that it
is indexed by southwest regions of the lattice Z? (resp. the plane R?), using an idea of Alfieri [2019].
A southwest region S C 7.2 (resp. R?) is a subset of Z? (resp. a topological submanifold of R?) such
that if (f,5) € S then s <5 and ¢ <7 imply (¢, s) € S. Moreover, we require S to differ from & and Z?
(resp. R?).

Consider again the map 7 : Kerd; — cHFLT (L). Define
Kerd; ¢ = Kerd; NSpan{F*cCFLY (D) | (t,5) € S} :=Kerd; N %SCCFLZO(ED).

Then we say that
FScHTFLP (L) = mq(Kerd; ) C cHFLF(L)
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A

7'

(t)9)

Figure 2: The southwest region W, s is the subset {(j, 4) | j < or A < s} of R2.
for any d € Z. Note that the level F"* corresponds to the southwest region Vy s = {(j, A) | j <t, A < s},
while j? := FUSt and o4 := FASS} correspond to {(j, A) | j <t} and {(j, A) | A < s} respectively.
The filtration & is increasing in the sense that if S; C S, are two southwest regions then

F e HFLL (L) C FS2eHFLL(L).

Moreover, it has the following property.
Proposition 2.2 Fix an integer d, denote by W; ; the southwest region in Figure 2 and take V; ; as before.
Then there exists a pair (¢, s) such that %SC%@LPZO (L) = {0} for every southwest region S C W; 5.
Furthermore, there is another pair (t', s") such that %Tc%@iﬁzo (L) = c#FLT (L) for every southwest

regionT D Vy o

Proof Since cCFL> (%) is finitely generated as an F[U, U ~!]-module, cCF L% (%) is a finite-dimen-
sional F—vector space. Then there are integers A, the minimal Alexander level containing a generator
of cCFL (%), and B, the same considering algebraic levels, by (2-1). If we choose 7 < B and s < 4
then #WrscCF L% (%) = {0} and so FWe ScHFLT (L) is also zero. The first claim now follows from
the fact that & is an increasing filtration; for the second one we reason exactly in the same way. |

From [Ozsvéth and Szab6 2008] we have the following important theorem.

Theorem 2.3 (Ozsvath and Szab6) The F—filtered chain homotopy type of ¢ C FL®° (%), together with
the Maslov grading, is a link invariant of L, where 9 is a Heegaard diagram for L.

For simplicity, from now on we may denote our chain complex by ¢ C FL$° (L), implicitly referring to any
of the representatives of the filtered chain homotopy type. This result guarantees that also the F—filtration
on cHFLYL is a link invariant, justifying our notation.
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We call a graded isomorphism F between the homology groups of two links L and Ly a filtered
isomorphism if F and its inverse F ! both preserve the filtration %. This is equivalent to say that F
restricts to isomorphisms

FS HFLT (L1) =F F° cHFLT (L2)
for every d € Z and southwest region S of Z2.

When L; and L, are isotopic links, Theorem 2.3 implies that ¢ CFL®(Ly) is locally equivalent
to cCFL*(L,), following the notation of Zemke [2019a]. This means we can find chain maps
f:cCFL°(Ly) > ¢cCFL*®(L3) and g: cCFL*°(L3) — ¢CFL®°°(L1) which both preserve % and
induce F—filtered isomorphisms between ¢ #H#FL>°(L1) and cHFL>°(L5).

Corollary 2.4 Suppose that the link L is isotopic to the link L, in S3. Then there is a local equivalence
between c CFL®°(L1) and cCFL*(L,).

Note that we can assume f to be a chain homotopy equivalence, but in general a local equivalence is
not necessarily an F—filtered chain homotopy equivalence. This would happen if the chain homotopies
between f and its homotopy inverse also preserve %.

We call a southwest region S of R? centered if (0, 0) belongs to the boundary 95 of S. Consider
Sk ={(t.s) eR*| (t + Ik.s + 1k) € S},

where k € R. We define the invariant Yg(L) as follows. Given a centered southwest region S of R?, we

say that
Ts(L) := max{k € R | F5kcHFLL (L) D FUSOcHFLP(L)}.

We recall that the F—level {j < 0} coincides with the level j© of the algebraic filtration. Note
also that Theorem 2.1 implies dimp ¢ HFL°(L) > 1 for links with three or more components, but
dimp Ft/ $0}c3€%§£8° (L) is always equal to one. For this reason, in the definition of Yg, we need the
region Sj not only to contain a generator of the total homology in Maslov grading zero, but also that
such an element is homologous to one which lives in the algebraic level ;°.

Corollary 2.5 The real number Ys (L) is a link invariant for every southwest region S of R2.
Proof This follows immediately from Proposition 2.2 and Corollary 2.4. O
2.3 Duality and mirror images

Let us start this subsection with a Heegaard diagram % for an oriented link L in S3. As we recalled in
Section 2.1, from % we obtain the chain complex (c CFL® (%), 0~). We now define the corresponding
dual complex (cCFL®(%)*, 0;) as follows.

The space ¢cCFL*®(%)* as an F[U, U ~!]-module is isomorphic to
(2-2) Homg g, y-11(cCFL® (%), F[U, U™']).
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A A

4 7'

Figure 3: The dotted boundary in the picture on the right is not part of ¢S.

If x is an intersection point then its dual x* is the functional which sends x into 1 and the other intersection
points into 0; and this implies p* € cCFL>®(%)* can be defined by F[U, U ~!]-linearization of the dual
of the intersection points. More specifically, we say that

cCFLY (%)* := (cCFL®;(2))* ={p* € cCFL*®(%)* |1 € p*(cCFLg; (%)) implies m = —d }.

Notice that
cCFL®@)* =5 @ cCFLY (@)*,
deZ

but c CFL™®(%)* 2r Homp (¢ CFL%® (%), F). In particular, U*! p* := (UT! p)* and thus
MU' p*) = M(UT' p)*) =-MUT' p) = —M(p) F2= M(p*) F2
as expected.

We can also define the dual filtration F*. In order to do this, we introduce the concept of inverse ¢S
of a southwest region S in Z? (resp. R?). We take ¢S as the complement of the image of S under the
symmetry centered in the origin of the plane; see Figure 3 for an example.

Lemma 2.6 If S is a southwest region then (S is also a southwest region.

Proof The mirror image of S is a northeast region. The complement of a northeast region is a southwest
region; in fact, if (x, y) € 1S and (x, y) ¢ ¢S with X < x and y < y then (X, y) belongs to the northeast
region (15)¢, which means that (x, y) is also in (¢.5)°. This is a contradiction. |
The dual filtration is defined as

(F*)ScCFLY (@)* := Amn FS ¢ CFL™, (@) = {p* € cCFLY(@)* | p*(F* cCFL> (%)) = 0}

for any southwest region S. We observe that if ' C S then (S C ¢S’ and so Ann F*S "c Ann %S . This
means that * is still an increasing filtration.
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The only missing part in the dual complex is the differential. We introduce 9, as follows. For every
x* € cCFL*®(@)* and y € cCFL*® (%),

(0, x™)(y) =x"(07y).
Moreover, we take 0, (Up*) = U -9, p*.

Lemma 2.7 The map 0, is a differential, drops the Maslov grading by 1 and preserves the filtration F*.

Proof First,

0y (0, X*(3)) = (0,x™)(07y) =x" (0" 03" y) =0=0()
for any y € cCFL®(%). For the second claim, suppose p* € cCFLJ(%9)*. Then 9, p*(q) = p* (0~ ¢q),
soif g € cCFLiOd_H(Eb) then d7g € cCFL,(%). In addition, if r ¢ cCFL°_°d+1(Qb) is homogeneous
then d, p*(r) = 0 and this implies

0 p* =0y p*lecFL=,, @€ (cCFLY ()" = cCFLY |(%)".
Finally, suppose that p* € (@*)SCCFL;O(@)* for a southwest region S. Then p*(FS ¢ CFL%, (%)) =0.
If g € FS¢CFL™, (D) then (3} p*)(q) =0, since d~q € F*5 ¢ CFL™,; (@), which implies that

0, p* € AnF S cCFL®, (D) = (F*)ScCFLY | (D)*. O

We can now prove that the dual complex we have just defined is related to the complex obtained from a
Heegaard diagram of the mirror image of L. We denote by 6;[[a]] the graded complex given by 6,;_,.

Theorem 2.8 If (cCFL® (%), 07) is the chain complex associated to a Heegaard diagram % for L then
there is a diagram 9%, representing the mirror image L* of L, such that

(cCFL™®(%*),05.) = (cCFL®(@)*,97)[1 —n]]

as F—filtered, graded chain complexes.

Proof If % = (2, w, B, w,z) then ¥* = (—X, «, B, w, z). This identifies the domain ¢ € 72 (x, y) with
—¢ € m(y, x); see [Ozsvith and Szab6 2008; Ozsvath et al. 2017a]. Moreover, using the formula in
[Lipshitz 2006] it is easy to check that ¢ and —¢ have the same Maslov index. The identification that
proves the theorem is x — x*, extended U —equivariantly to the whole complexes, where x* denotes the
dual of x as before. We first show that such a map is indeed a chain map:

V€T ¢pem(y,x) pem(2,x)
u(g)=1 w(p)=1
L =@ = (T X m@) Oy = T ) un®,
yET ¢€7[2(tsy) ¢€”2(tax)
n(p)=1 w(g)=1

which holds for every generator ¢ of c CFL® (%), and so the claim is proved.
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Figure 4: The complex ¢c CFL*(T3,3) is on the left and ¢ CFL*(T;’;) on the right. Both chain
complexes are pictured ignoring the U-action. Black, white and gray dots represent Maslov
gradings 1, 0 and —1 respectively.

Now we argue that our identification correctly shifts the Maslov and Alexander gradings. Suppose that
M (x) = d. Then by definition it is M« (x*) = —d. We observe that by [Ozsvith and Szab6 2008],

M(x) —M(y) = pn(p) —2nw (@) = 1(—¢) —2nw(—p) = Max(y™) — Mg« (x™)

with ¢ € m2(x, y), and then Mg is reversed as a relative grading, which means Mg« (x) = —d + ¢ with
¢ € Z. Now we use the fact that the Maslov grading is always normalized in the way that the top grading,
where the total homology is nontrivial, is zero [Ozsvath and Szab6 2008]. This gives ¢ = 1 —n as wanted.

Finally, consider x such that A(x) = s. As before, using the relation

A(x) = A(y) = nz(¢) —nw(®)
whenever ¢ € w5 (x, y) and the fact that the Alexander grading is always symmetric, we find Ag+(x) = —s.
We use the definition of F* to recover
Ax(x®) =min{a € Z | x* € (A™")*cCFL*(%)*}
=min{a € Z | x*(4™* " Le CFL*®(@)) = 0}
=-max{a € Z | x ¢ A*"LeCFL® (@)}
=-min{a € Z | x € A4*cCFL>® (@)}

= —5. O

Note that the identification in Theorem 2.8 also gives that the homology group of the mirror image of L
is the dual of the homology group of L, where the latter group is defined exactly as in (2-2). Furthermore,
as an example in Figure 4 we show the filtered chain complexes for the positive and the negative trefoil.

2.4 Local and stable equivalences of knot Floer chain complexes

Hom [2017] introduced a different equivalence relation for the complexes CFK°°(K) = cCFL*°(K),
when K is a knot. More specifically, we say that the Floer complexes associated to the knots K; and K>
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are stably equivalent if we have an F—filtered chain homotopy equivalence
CFK*(K1)® A~ CFK*(K,) ® B,

where A and B are acyclic chain complexes; in other words, H«(A) = H«(B) = {0}. Here we recall
[Hendricks and Hom 2019, Corollary 3.2], which shows that the notion of stable equivalence coincides
with the one of local equivalence, in the case of knots.

Lemma 2.9 (Hendricks and Hom) If CFK®(K) is locally equivalent to CFK*° () =F[U, U_l](o)
then

CFK®(K) ~TF[U,U ") ® 4,

where A is acyclic.

Thanks to the following result, we can see the local equivalence relation that we defined for link Floer
complexes in Section 2.2 has a natural generalization to links of the stable equivalences introduced by
Hom.

Proof of Theorem 1.1 If our chain complexes are stably equivalent then, in order to define the local
equivalence, we just have to take the restriction of the filtered chain homotopy equivalence and its inverse.
Conversely, let us suppose that f: CFK*(K;) - CFK*®°(K3) and g: CFK*°(K,;) - CFK*°(K)
define a local equivalence. Then

4

feld f
CFK*® (K1) @ CFK®®(K,)* <—w CFK*®(K,) @ CFK®®(K,)* <g—’ F[U, U_l](o)

where both the pairs of chain maps give local equivalences. The existence of f/ and g’ can be proved in
the same way as in [Zemke 2019a, Lemma 2.18].

By Lemma 2.9,
CFK™®(K2) ® CFK®(K2)* ~F[U, U™ () @ 4,
CFK* (K1) ® CFK®(K,)* ~F[U, U "o ® B,
where A and B are acyclic. Therefore,
CFK®(K{)® A~ CFK®(K;) ® (CFK*®(K,) ® CFK®(K>)*)
~ CFK*®(K3) ® (CFK*®(K1) ® CFK®(K3)*) ~ CFK*(K,) & B. m|

It is important to observe that when L is a link with » components and » is at least two, the chain
complex cCFL®*°(L)®cCFL®(L)* is not locally equivalent to the complex ¢ CFL®((),,) representing
the unlink. In fact, these groups have different dimensions as F[U, U ~!]-modules. Furthermore, in
Section 4.3 we give an example of a link L for which such a chain complex is not locally equivalent to
any cCFL*®°(Om) form € N.
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3 Concordance

3.1 Canonical form of oriented link cobordisms

The definition of link cobordism is standard in literature; in particular, for this paper the reader might
find helpful to look at [Cavallo 2018; Sarkar 2011]. We only recall that we always assume the connected
components of a smooth cobordism 3 — § 3% 1, from L to L, to have boundary on both the links.

Given a surface X as before, we assume for now that ¥ is oriented; we study unoriented cobordisms only
in the last section of the paper. Then ¥ consists of four elementary pieces, three of them corresponding
to a critical point in the cobordism: birth, band and death moves; while the fourth is a link isotopy, which
represents a piece with no critical point. Band moves come in two types: split, if the move turns one
component into two, and merge moves, when two components are joint into one.

For the purpose of this paper, it is more useful to consider what we call extended birth and death moves.
These are the composition of a birth and a merge move and of a split and a death move respectively;
see Figures 8 and 11. In addition, we call a forus move the composition of a split move with a merge
move which rejoins together the newly created components; see Figure 6. Hence, if L; has n; fori =1,2
components, while ¥ has k connected components and genus g(X), then the canonical form of X is the
composition (up to isotopies) of b extended birth moves, n; —k merge moves, g(X) torus moves, np —k
split moves and d death moves in this specific order. This implies that ¥ can be arranged as shown in
Figure 5; see [Cavallo 2018].

When L1 and L, both have n components, 3 is a concordance if it is the union of n disjoint annuli 3;,
which means that each X; is a knot concordance between the i ™ components of the two links. From
Figure 5 we immediately see that in the case of a concordance there are no torus moves (g (%) = 0). This
means that the canonical form of a concordance can be decomposed into three standard pieces: extended
birth moves, isotopies and extended death moves.

Figure 5: Canonical form of oriented cobordisms between two links.
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T

Figure 6: A torus move corresponds to two consecutive band moves on the same component.

In this section we define maps which relate the chain complexes of the links, this time constructed using
grid diagrams, before and after each of these moves. Of course we do not need to study the isotopy
cobordism; in fact, in this case Theorem 2.3 and Corollary 2.4 already tell us that the complexes are
filtered chain homotopy equivalent and that in particular there exists a local equivalence. The strategy we
follow is the same as [Cavallo 2018].

3.2 Overview on grid diagrams

A grid diagram D of an oriented n—component link L in S3 is a grid of grd(D) x grd(D) squares,
representing the fundamental domain of a torus, together with a set of O—-markings O ={04, ..., Ogq(p)}
and one of X-markings X = {X1, ..., Xgq(p)}, such that there are exactly one O and one X in every
column and every row. Moreover, we choose a nonempty subset sQ which consists of at most one
O-marking for each component of L. We call these O—markings special and the others normal.

The link L can be drawn in D by connecting the O’s with the X’s on a row and the X’s with the O’s on
a column, specifying an orientation on L. Vertical lines always overpass the horizontal lines.

The chain complex cCFL®(D)isan F[Vy, Vi1, ..., Vi, V1, U, U~ ]-module, where
grd(D)—1=2m=grd(D)—n

is the number of normal Q—markings, and is freely generated by the grid states S(D). The differential is
given by
0 x = Z Z Vlol(r)...VmOm(").UO(r)y
y€S(D) reRect®(x,y)

for any y € S(D), where O;(r) is equal to one if the normal Q-marking O; € r and zero otherwise, and
O(r) is the number of special O—markings in r. The set Rect® denotes some special rectangles in D;
see [Ozsvith et al. 2015] for details. As in Section 2.1 we extend the differential to cCFL®°(D) by
taking 8_(Vii1p) = Vl.jEl -0”pforeveryi =1,...,m and p in the complex. The variables V; are all
homotopic to U so our homology group still has a natural structure of an F[U, U ~!]-module.
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Figure 7: A grid diagram representing the unlink (),. The red circles denote the special O—markings.

The Maslov and Alexander gradings are also combinatorially defined from D [Ozsvéth et al. 2015] and
each variable drops them by 2 and 1 respectively; while to define the j—filtration we need to specify that
the level ¢ is generated by the elements in

V' Vimyt.cCFL™(D),

where iy + -+ iy +1 = —t and cCFL™ (D) is the free F[V1, ..., Vi, Ul-module over S(D). With
this definitions in place we have the following theorem of [Manolescu et al. 2007]; see also [Sarkar 2011].

Theorem 3.1 (Manolescu, Ozsvéth, Szabd and Thurston) The si—filtered chain homotopy type as an
F[U, U~'1-module of ¢cCFL (D) coincides with the one of ¢ CFL (%) together with the Maslov
grading and the algebraic filtration, where D is a grid and 9 is a Heegaard diagram for L. In particular, if
D and D, represent isotopic links then c CFL$° (D) is locally equivalent to cCFLS(D>).

The way the filtered homology group c#F¥°°(L) is defined and how the filtration ¥ descends into
homology are the same as in the previous section.

Remark 3.2 More precisely, Theorem 3.1 tells us that cCFLS° (D) is sdfiltered, but not necessarily
Ffiltered chain homotopy equivalent to ¢ CFL$®(D>), while all the maps induced by link isotopies
preserve the algebraic filtration; in thef sense that, say m and m» are the numbers of normal Q-markings
in Dy and D5, the image of Vi --- V,"V Ut .c CFLS®(Dy) is contained in V" --- V"' U’ -c CFL (D)
when mj < mj or Vli1 S V,ZZZ Uitimytit=tim . CFL®(D,) when my > mj for every (m+1)—tuple
of integers (i1, ...,im,.i). We call this relation between cCFL3°(D1) and cCFL$°(D2) (or between
the complexes given by a grid and a Heegaard diagram for the same link) an almost filtered chain homotopy
equivalence and it implies that the complexes are locally equivalent, as stated in Theorem 3.1.

Figure 7 shows a grid diagram for the two-component unlink (),. We conclude this subsection with a
lemma that we need for later.

Lemma 3.3 Given a grid diagram D for a link, we can always change the X—markings to obtain another
diagram D’ which represents an unlink.

Proof We apply the following algorithm. Let us shift the rows of D until there is a special O—marking in
the top row (remember that D is the fundamental domain of a torus); then, starting from this Q-marking
denoted by Op, we put an X—marking just below O;. We keep doing this procedure with the Q—markings
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Figure 8: An extended birth move, corresponding to a 0—handle attachment followed by a 1-
handle (left). The picture on the right shows only the component of £ where the O-handle appears.

in the row below, unless we reach an O; such that O;1; (in the row below) is special. Note that this can
happen also when i = 1. In this case we put the new X—marking in the same column of O;, but not in the
row below while in the row where the previous special O—marking appeared.

When it happens that two consecutive rows j and j + 1 both have special O—markings on them, we put
the X—marking in the same square of O; and we continue the algorithm from O; 1. At some point we
reach the lowest row; in this case, we assume the next row is the very top row (which contains a special
O-marking) and we put X accordingly.

The reader may shift the rows back to the original ordering; in any case, it is easy to check that the new
diagram D’ represents an unlink and the number of components coincides with the number of the special
O-markings in D. |

3.3 Extended birth moves

Let us study the concordance X given as in Figure 8: we first need a suitable choice of grid diagrams D;
fori =1,...,4, representing the links that appear in the extended birth move at the times shown in the
picture. Second, we define maps b1: Dy — D5 and by : D3 — Dy; the first map represents the disjoint
union of L with an unknot, while the second one the merge move that we need in order to join the new
component to L. Note that the diagrams D, and D3 present isotopic links; then the corresponding chain
complexes are related by an almost filtered chain homotopy equivalence, as in Theorem 3.1, and thus
they are locally equivalent.

Let us start with by: the merge move is described by the diagram fragments in Figure 9, where we
assumed that no special O—markings were on the new unknotted component. More explicitly, we are
picking the diagram D3 in the way that it contains the fragment on the left in Figure 9, while D4 is
the resulting diagram after applying the move. At this point we define D} and D} as the grid diagrams
obtained by applying the algorithm in Lemma 3.3 to D3 and D4. This means that they are both diagrams
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X—) < O
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Figure 9: Band move in a grid diagram.

(the same ones!) for (), where n is the number of components of L and L, with the O—markings in
the same position as in D3 and Dy.

Since the differential and the j-filtration do not depend on the position of the X—markings as we see
from their definition in Section 3.2, and this holds also for the Maslov grading [Ozsviath and Szabé 2008;
Ozsvith et al. 2015], the identity map

1d: cCFL®(D}) — ¢ CFL®(D})

is a chain map, which clearly induces a graded isomorphism in homology and preserves the algebraic
filtration.

Proposition 3.4 The map b, :=1d: cCFL*°(D3) — ¢CFL* (D) preserves the Maslov grading and
the F—filtration and induces an isomorphism in homology.

Proof In order to prove the claim we have to show that the map induces a graded isomorphism in
homology and that preserves the two filtrations j and «. The first two properties only depend on the
O-markings so they hold because b, is defined as the identity map; we only need to show that

by(sA°c CFL™®(D3)) C d*c CFL®(Dy).

This can be checked by proving that Ap, (x) < Ap,(x) for every x € S(D3). Note that this is not obvious,
even if b, is the identity; in fact, this time we need to consider the X—markings in their original position,
not like in D} and D}, and the Alexander grading depend on the X ’s. Hence, we need to use a result of
Sarkar [2011, Section 3.4], which gives us exactly what we need. |

We now want to define b;. We suppose D has an X in the top-right corner; then we use the move in
Figure 10. Of course the new doubly marked square is not a special O—marking. We consider the filtered
NE-stabilization map

sNE: cCFL® (D) — ¢CFL*®(D»)

defined in [Manolescu et al. 2007; Ozsvith et al. 2015; Sarkar 2011]. Stabilizations relate isotopic links;
therefore, such a map is an almost filtered chain homotopy equivalence for Theorem 3.1 and thus a local
equivalence.
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Figure 10: Birth move in a grid diagram. In the diagram D, the top right X—marking X, in D,
does not appear.

We say that by := sNF: ¢cCFL*®(Dy) — ¢CFL>®(D5). This makes sense because the stabilization maps,
in the filtered setting, are independent of the position of the X—markings. Hence, we have the following
proposition.

Proposition 3.5 The map by: cCFL*°(D1) — ¢cCFL®(D5) preserves the Maslov grading and the
F—filtration and induces an isomorphism in homology.

Proof We cannot argue that b, is an s{—filtered chain homotopy equivalence, because the X—markings
in D, are different with respect to the ones in 52. On the other hand, we still have that it is a chain
homotopy equivalence and preserves the j—filtration; in fact, as in Proposition 3.4 these two properties
ignore the X’s. Therefore, we just need to show that Ap, (sNE(x)) < Ap, (x) for every x € S(Dy). This
follows from another result of Sarkar [2011, Section 3.4]. O

Going back to the concordance X, we obtain the following theorem.
Theorem 3.6 There is a map by: cCFL*° (D) — ¢cCFL*(D4), which preserves the Maslov grading
and the J—filtration and induces an isomorphism
b3,: cHFLX(L1) — cHFL®(Ly).

In particular, this means that

bE(FS cHFLY (L1)) C FS cHTFLF (Lo)
for every d € 7, and southwest region S of 7.
Proof We have that by, = b, ob o by, where b is the almost filtered chain homotopy equivalence between
the complexes given by D, and D3. Then the statement follows from Theorem 3.1 and Propositions 3.4

and 3.5, because each piece of the map induces a graded isomorphism in homology and preserves the
filtration %. O

3.4 Extended death moves and invariance

An extended death cobordism is described in Figure 11. If ¥ < §3 x I is such a cobordism between two
n—component links L1 and L, then X*, the same cobordism seen in the ambient manifold S 3 % I with
reversed orientation, can be considered an extended birth cobordism from L3 to LT. Then we can prove
the following proposition.
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O 0

Figure 11: An extended death cobordism, corresponding to a 2-handle attachment together with
a 1-handle.

Theorem 3.7 There is amap dy: cCFL*° (L) — ¢CFL®°(L,) which preserves the Maslov grading
and the F—filtration and induces an isomorphism in homology.

Note that, since c CFLZ’(D) is usually not a finite dimensional [F-vector space when D is a grid diagram,
we cannot directly apply Theorem 2.8 in this case, although this can be done after more work.

Proof Denote by cCFL*(L;) the filtered chain homotopy type of the complexes associated to L;. By
Theorems 2.8 and 3.1, the dual complex ¢cCFL®(L;)* represents the almost filtered chain homotopy
type of cCFL* (D).

We use Theorem 3.6 to say that, up to composing with some j—filtration preserving s{—filtered chain
homotopy equivalences, we can suppose the existence of a map byx: cCFL*(Ly)* — cCFL*(L1)*
which has all the property we want. If we take by« 4 as the dual of this map then

bsx x:¢cCFL*®(L1) = ¢CFL*(L>)

preserves the filtration & and induces precisely a graded isomorphism in homology; this is because the
definition of the dual complex in Section 2.3 implies that ¢ C FL®®(L)** has a natural identification with
¢CFL®°°(L) for every link L.

We conclude by saying that dy := by~ 4 again up to composition with some j—filtration preserving
HA—filtered chain homotopy equivalences. |

Now with this theorem set we can prove one of the main results of the paper.

Proof of Theorem 1.2 After applying Theorems 3.6 and 3.7, by considering the maps induced by a
concordance ¥ from Lj to L,, we obtain a graded isomorphism F, between the homology groups, such
that F(FScHFLF (L1)) C FScHFLF (L), which gives

(3-1) dimp F5 cHFLP (L1) < dimp F5 cHFLT (L2).
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Figure 12: The centered southwest regions Ag (left), A; (middle) and A, (right) of R2.

In order for F' to be a filtered isomorphism we also need that it restricts to an isomorphism on each level
of the Ffiltration. To see this we take another concordance ¥’ from L, to L; and, in the same way as
before, we get the opposite inequality with respect to (3-1). |

We now show that the T—type invariants are indeed concordance invariants. In order to prove this fact,
we only need that the F—filtered isomorphism type of the homology group is a concordance invariant.

Theorem 3.8 The real number Y s (L) is a concordance invariant for every centered southwest region S
in R2.
Proof By Theorem 1.2,

Fh cHFLL(L1) D FUSUHFLR (L) <= FrkcHFLL(Ly) D FISVeHFLP(Lo)

for every k € R, since L is concordant to L. By definition, this immediately implies Yg(L1) = Ys(L2)

for every southwest region S. |

4 Upsilon-type invariants

4.1 Definition of Y ¢ (L) and the Y —function for links

In Section 2.2 we saw that %/ SO}C%@QZSO (L) is isomorphic to F for every link. Using Theorem 2.1 we

can also argue that
FUSOeHFL, (L)

FUSTegFEe (L) "

El

where 7 is the number of components of L. Then, for a given centered southwest region S C R?, we can
define
TE(L) := max{k € R | FSkcHFLL, (L) ¢ FUSBegFes, (L)},

Theorem 1.2 implies that Yg(L) is also a concordance invariant. Moreover, we observe that, for knots,
T* coincides with Y.
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Figure 13: The complex ¢ CFL*°(T33) on the left and CCFL°°(T3”3) on the right. The 2 on
the central staircase is the multiplicity of the subcomplex. White, gray and brown dots represent
Maslov gradings 0, —1 and —2 respectively, while black dots represent the others.

In [Ozsvath et al. 2017a] the Y—invariant is described as a piecewise linear function Yg (¢):[0,2] — R
such that Tg (2 —1) = Yk (¢) for every knot K and ¢. We call this function the classical Y—invariant. In
the case of links we give a similar definition, which can be seen as a particular case of Yg.

Consider the centered southwest region
Ar={(j, A eR*|A- 31+ j(1-31) <0}

for t € [0, 2]; see Figure 12. It can be shown —see [Alfieri 2019] —that Y4, (K) = Yk (¢) for every
knot K. Moreover, we define

Yr(t):="Ya, (L) and Yj(r):= T} (L)

for every link. The reader can easily check that these R—valued functions are piecewise linear and
YL (0) =Y/ (0)=0.

Example 4.1 In Figure 13 we show the chain complexes for the (3, 3)—torus link, which can be computed
from the Heegaard diagram in Figure 14. We write 73 3 when we orient the three components in the same
direction, while T3’,3 denotes the same link with the orientation reversed on one component. From this
picture we can easily compute the Y—functions:

i t if t € [0, 1],
Tr;, (1) =0 ifr€(0.2], ;3,30):{2_[ el
—3t if 1 € [0, 2].
_ —t if t € [0, 1],
Tra0=)"2 weelysl Yha0= {—2+z if £ €[1,2]
—6+3t ifre(5.2], T
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Figure 14: A Heegaard diagram for the link 73 3. The a—curves are red, while the S—curves are blue.

Finally, we show that the classical T—invariants do not determine the J—filtered isomorphism type of
cHFLP(L). In fact, take the knot K = Ty 5 # T2*’3;2,5 # Tz*,s whose homology is shown in Figure 15,
where 73 32,5 is the (2, 3)—cable of 75 5. Kim and Livingston [2018] proved that Yx (t) = Yg(¢) = 0 for
every t € [0, 2]. On the other hand, it is easy to check that Yy, (K) = —2, where Vo ={(a,b)|a <0, b <0},
while Yy, (O) = 0.

4.2 Symmetries

In this subsection we study some of the main properties of the Y—invariants. We start from this proposition
from [Ozsvath and Szab6 2008].

A
A A
3
2 O
Y A 4
1 < /,:
0 < /"=
1 ) j
y Y
-2 <«—0
-3
—41-3 =2 -1(10 1 2 3

Figure 15: The acyclic summand of the chain complex CFK*(K), with K = Ty 5 # T2’“’3;2’5 #T5 5.
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Proposition 4.2 (Ozsvith and Szabd) The Ffiltered chain homotopy type c CFL*°(L) of a link Floer
complex is independent of the (global) orientation of L.

In particular, we can identify the homology group of a link L and its reverse.

Corollary 4.3 There is an F—filtered isomorphism ¢HFL® (L) < cHFL*°(—L). In particular,
Ys(L) = Ys(—L) and Yg(L) = Yg5(—L) for every centered southwest region S of R2.

We remind the reader that this result is not true if we reverse the orientation only on some of the components
of L, as we saw in the previous subsection with the link 773 3.
Say —S is the southwest region obtained from S after applying the reflection r of the plane with respect

to the line {4 — j = 0}. We prove the following property.

Theorem 4.4 We have Ys(L) = Y_g(L) and Y (L) = Y*¢(L) for every centered southwest region
S of R2. In particular, one has Y (t) = Y7 (2—t) and Y/ (t)=";(2—1) foreveryt €0,2].

Proof Since a chain complex for —L is obtained by switching the role of w and z in a Heegaard diagram
for L, and then of the filtrations « and j, Corollary 4.3 tells us that cC FL®°(L) is symmetric under r up
to homotopy. Moreover, this symmetry is chain homotopic to the identity by [Sarkar 2015, Lemma 4.6]
and the claim follows.

For the second part of the statement, we just need to observe that the reflected southwest region —A;
corresponds to Ap_;. O
With this theorem set, from now on we consider the T—functions as defined on [0, 1], since their values

on [1, 2] are then determined automatically.
Now we want to study the relation between the Y’s of L and its mirror image. We recall that, in Section 2.3,
we defined ¢S as the complement of the region obtained from S by applying a central symmetry. Then
we say that (S is the topological closure of (S.
Proposition 4.5 For an n—component link L,
Ts(L*) = ~T5(L)

for every centered southwest region S of R?. In particular, we obtain Yy «(t) = =Y/ () for every
t €0, 1] and for a knot K one has Tg(K*) = —Y;5(K).
Proof We apply Theorem 2.8 to argue that there is an identification

FS cHFLL(L*) < (F*)S cHFLL [(L)* = Ann FS cHF L, (L)
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Figure 16: The centered southwest region 7 in the picture is such that 7 = (T .

that preserves the containment relations. Hence, we only need to use the definition of T':
Ts(L*) = max{k € R | F5kcHFLL(L*) D FUSOcHF L (L*)}
= max{k € R | Ann FSkcHFLL (L) D Amn FYUS U eHFLP (L)}
= max{k e R | FC)~*cHF L (L) c FUS"UeqFee (L)}
= —min{k € R | FkcHFLL (L) c FUSTVeFeP (L)}
= —max{k € R | FSkcHFLL (L) ¢ FUSTVeHFLL (L)} = —Ti(L)
for every centered southwest region S in R2.

The third claim is trivial, while for the second one we note that tA; = A, for every ¢ € [0, 1]. |

We observe that the southwest regions A, are not the only S such that 1S = S as we see from Figure 16.

Let us recall that the homology group ﬁF\L(L) (resp. ?@(L)) is defined as the bigraded homology of
the associated graded object (resp. the s{—filtered graded homology) of the complex C/'F\L(L), given by
setting U = 0 in cCFL®(L); see [Cavallo 2018; Ozsvath and Szab6 2008] for details.

Lemma 4.6 If a cycle in FUSO% ¢ CFL(L) is a generator of the homology group ¢HF$%°(L), and its
homology class has minimal j—level zero, then its projection to m(L) is a generator of HXFL(L).

Proof By [Rasmussen 2003, Lemma 4.5] we know that, up to changing basis, the complex ¢ C FL%°(L)
is such that the differential of the bigraded object associated to fﬁ(L) is zero. Therefore, if we pick a
generator with minimal j—level zero then its projection cannot be zero in ?@(L), because clearly it
would be homologous to an element of U - FUSO ¢ CFL®(L) = FUS"UcCFL®(L). m|

We use the mirror image symmetry to prove the following proposition. We assume the reader to be
familiar with the definition of the concordance invariants t(L) and t*(L), given in [Cavallo 2018].
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Figure 17: A positive staircase (left), a negative staircase (middle) and an acyclic square (right).
The acyclic subcomplex of cCFL®°(L), when L is as in Theorem 4.8, is the direct sum of acyclic

squares.

Proposition 4.7 For a link L,
(L) = —T}J(O) and t*(L)= —(’Y‘Z)’(O).

Furthermore, each slope of Y (t) and Y (t) is an integer s such that the Alexander grading sub-
group m*,s (L) is nonzero, and if tog € (0, 1) is a point where the slope changes from sy to s, then
to € Z/|s2 —s1| and |sp —s1| > 2.

Proof We prove the first part of the statement. We take ¢ € [0, ) with & very small and we show
that for such #’s one has Y, (t) < —t-t(L). Suppose that the homology class of x is a generator of
g{jso}c%?ﬁ&fg" (L). By Lemma 4.6, x, the projection of x to C/F\Loy*(L), is a generator of ?@0 (L).
Hence, assuming Y7 (¢) > —t - (L) contradicts the fact that (L) is the minimum s{—level s such that
AS 5‘7@0 (L) has dimension one; see [Cavallo 2018].

We now show that Y7,(¢) = —t - 7(L). In fact, the same argument we used before also shows that
Y/.(t) <—t-t*(L*)fort €[0, &) and then — Y7, (¢) < —¢(—7(L)) from Proposition 4.5 and the symmetry
properties of t*; see [Cavallo 2018]. This proves the claim; in fact, the version for the Y *—function can

be proved applying Proposition 4.5.
The second part of the proposition follows from the same proof of [Ozsvath et al. 2017a, Proposition 1.4]

and [Feller et al. 2019, Observation 2.2]. O

Using this result we immediately compute the Y—functions for the Hopf links H1. In fact Hy is a
nonsplit 2—component link that bounds an annulus in 3. Since HFL detects the Thurston norm [Ni 2009,
Theorem 1.1], this implies that Ijﬁ/*,s (Hx) is nonzero only when s = —1,0, I and then Yy, and T;‘Ii
are determined by the r—invariants, which are computed in [Cavallo 2018, Corollary 3.7]. Therefore,

Y, (t)=—t, Y (t)=t and T};Jr t)="g_(t)=0
for every ¢ € [0, 1].
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We conclude this subsection by stating a result of Petkova [2013] that allows us to determine ¢ C FL°°(L)
for every nonsplit alternating link. We recall that an n—component link L is HFL—thin if its homology
group ﬁﬁd,s (L) is supported on the line s = d + %(n —1—0(L)), where o (L) is the signature of L.

Theorem 4.8 (Petkova) Suppose that the link L. has n components and it is HFL—thin. Then the chain
complex ¢cCFL* (L) is given as the direct sum of some F[U, U ~1]-subcomplexes as in Figure 17. More
specifically, for every

se{fin—1-0o(L)—k} withk=0,....n—1,
we have (" ,:1) positive (resp. negative) staircases when s is positive (resp. negative). Moreover, the
acyclic subcomplex is determined by

YHFLL) (.17 = Y (=) dimp HFLg (L)1 = (t'2 =172 1w (12 =171/,
deZ

where Vp (z) is the Conway normalization of the Alexander polynomial of L.

Note that quasialternating links (and then nonsplit alternating links) are HFL—thin; see [Cavallo 2018;
Ozsvith et al. 2015]. In Figure 18 we show a Whitehead link and its corresponding complex.

4.3 Connected sums and disjoint unions

It follows from the work of Ozsvith and Szabd that the chain complex for a connected sum of the links
L, and L5 is given by the tensor product between the ones of L and L.

Theorem 4.9 (Ozsvith and Szab6) Given two links L1 and L,, denote by L1 #; j L, the connected
sum performed on the i — and j—component of L1 and L,, respectively. Then

cCFL®(Ly1#;,j Ly) = cCFL®(L1) ®gy,y-1] cCFL®(Ly).

In particular, the complex ¢cCFL°°(L# L) does not depend on i and j .

Since F[U,U™!] is a principal ideal domain, using the Kiinneth formula and Theorem 2.1 on the
identification in Theorem 4.9 gives
FUSO HF L (L1 # L) x2p FISOHFLL (L) Qp FU SO cHFLP (L)
and
FUSOCHFLS, _,,(L1#Ly)  FUSUCHFLL, (L1) FUSBeHFLY , (L2)

%{j$—1}c%%§£ginl_n2(L1 #L5) =¥ %{js—l}c%gggﬁnl@l) F g{js—l}c%@g?ﬁnz(b)’

where n; is the number of components of L; and we recall that ny + ny — 1 is the one of L # L.

Furthermore, if the homology classes of x; are generators for % sO}c%@ig" (L;) then [x1 ® x2] is
a generator of the homology group U $O}c?(fg'iﬁﬁgo(Ll # L5). In the same way, if y; is such that
[yi] is a generator of c%@?&f‘f‘ini(Li), with minimal j-level zero, then [y; ® y»] is a generator of

cHFLS , _p,(L1# L2) and its minimal algebraic level is again zero.
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Figure 18: The complex ¢ CFL* (W) (right) of the Whitehead link W (left).

We can now study how the Y —invariants behave under connected sums. For every centered southwest
region S of R? we define

env(S) ={(j,A) e R? | j =aj +a, and A = by + b, where (a;,b;) € S fori =1,2}.

Clearly, the region env(S) is still a southwest region (unless it coincides with the whole R?) and
S Cenv(S). Moreover, we take h(S) € Z=o U {+0o0} as

inf{lk e N | S_; Denv(S)}

and we state the following proposition.

Proposition 4.10 Let us consider a link L; with n; components for i = 1,2 and S a centered southwest

region of R2. Then
Ys(L1#Lo) = Ys(L1)+ Ys(L2) —h(S),

YELy#Lo) = YE(L1) + YE(Lo) —h(S).

In particular, if S = env(S) then the Y ’s and Y™*’s are superadditive under connected sums.

Proof The proof of the two inequalities is exactly the same; hence, we only do the first one. From what
we said at the beginning of the subsection we can take x and y, such that their homology classes are
generators of %{j@}c%%&ﬁgo (L;) fori = 1,2, in the region Sy (z;) = Sy,;, and we obtain that [x ® y]
is a generator of @{jso}c%@ggo (L1#L>) and x ® y € FS)y +72¢CFLGP(L1#L3). Therefore, from
the definition of /(.S) it follows that

env(S)y,+y, C SV1+Vz—h(S)

andx®y € @Syﬁl’z*h(s)cCFLg"(Ll # L), proving the inequality. |
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A\ 4

Figure 19: The centered southwest region T is such that A(T) = 0.

There are examples of southwest regions S with 2(S) # 0 and Y is not superadditive. Take the region
Vi ={(j,A) €eR?|j <0, A <1}, then

—4="Ty, (T2 3#12,7) <Yy, (T2,3) + Ty, (I2,7) =0+ (-2) = 2.
Corollary 4.11 If a centered southwest region S is such that 1S = S and h(S) = 0 then
Ys(L1#Lz)=Ys(L1)+ Ys(Lz) and Yg(Li#Ly)="Yg(L1)+ Yg(L2)
for every pair of links L1 and L,. In particular, this holds for the classical Y functions.
Proof By Propositions 4.5 and 4.10,
Ys(L1)+ Ys(L2) —h(S) < Ys(L1#Ly) < Ys(L1)+ Ys(L2) +h(S).

The claim follows by using the assumption that (S) = h(tS) = 0. The same proof works for Y*. O

We observe that there are centered southwest regions, different from the A4;’s, for which 2(S) = 0 and
their Y—invariants are superadditive; see Figure 19.

Example 4.12 By Corollary 4.11, for the positive and negative Hopf link one has g 45 _(¢) = —t and
T;IJF#H, (t) =1t for every t €0, 1]. In particular, we have an example when cCFL*° (L) ® cCFL*°(L*)
is not locally equivalent to the chain complex of an unlink; in fact, it is Y, = 0 for every m € N.

The disjoint union of two links can be seen as a special connected sum. In fact, the link L, U L5 is
isotopic to L1 # ()a # Lo, where the two connected sums are performed on different components of the
unlink O)».

Proposition 4.13 The chain complex of the link L1 U L, is given by
cCFL®(L1ULy) = cCFL™(L1#L2) ®pjy,u-11¢CFL®(O2)
>~ cCFL®(L1#Ly)®cCFL*™(Ly#Ly)[1],
where [[ - ]| denotes a shift in the Maslov grading.
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Proof Tt is easy to compute that cCFLZ((2) = F[U, U_l](o) & F[U, U_l](_l). Hence, the claim
follows from Theorem 4.9. O

Note that, since the chain complex for the connected sum is independent of the choice of the components,
¢CFL®°(L1U L) =cCFL*®((L1#L>)u()); in other words, there is an identification between the
chain complexes for the disjoint union and the link obtained by adding an unknot to any connected sum
of L1 and L».

Corollary 4.14 Given two links L1 and L,
Ys(LyU L2) = Ts(Ll #L,) and T;(Ll ULjp) = T;(Ll #Lz)

for every southwest region S of R2.
Proof This follows immediately from Theorem 2.1 and Proposition 4.13. |

4.4 Slice genus

Suppose that a link L has n components and bounds a smooth, compact, oriented surface ¥ — D* with
genus g(X) and k connected components. Then, after removing k open disks from it, we can see X as a
smooth cobordism between the k—component unlink (O and L. If we look at the canonical form of link
cobordisms described in Section 3.1 then X is such that, from left to right, there are no merge moves, the
torus moves are g(X) in total and there are exactly n — k split moves. Other than these, the cobordism X
might have pieces representing concordances, which induce local equivalences as shown in Section 3.

The goal of this subsection is to study how much the Y—invariants of L differ from zero (Ys((z,) =0
for every S') when L bounds a surface X as before. We use grid diagrams like in Section 3.

Let us start from the torus move; see Figure 6. We define a map ¢ as the identity between the grid
diagram representing the link before the move and the one obtained by applying Figure 9 twice. Such a
map is a chain map, induces a graded isomorphism in homology and preserves the j—filtration by the
same argument in Section 3.3: since the links before and after the moves have both k components, the
corresponding diagrams have the same (O—markings (both normal and special). Previously we used a
result of Sarkar [2011] to show that b, is sf—filtered of degree zero. Since now we are composing the
same map twice, but the first time the number of components is increasing, this is no longer true. In fact,
the map ¢ is s{—filtered of degree 1; see [Sarkar 2011, Section 3.4].

Now we study the split moves as in the left side of Figure 20. We may want to define a map s in a similar
way as what we do for : using the same procedure for the map b», but this is not possible. In fact, the
link L, has one more component than L1, so the number of special Q—markings is different and s would
not be a chain map. To avoid this problem, before applying the split move we add a disjoint unknot to L4
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connected sum

T 0D T 0

Figure 20: A split move. The two cobordisms in the picture are isotopic in S3 x I after capping the unknot.

and after the split move we connect sum the unknot to the component without special O—-markings. This
is pictured on the right side of Figure 20. In this way, we can define a map

$2:¢cCFLP (D1 U Q) — cCFL(Dy),
where D; is a grid diagram for L;, exactly in the same way as ¢. Now from Proposition 4.13, the map
s1:=cCFL3(D}]) —» ¢cCFLF(D{u Q) =cCFL(D}) ®cCFLY (D))

is the inclusion of c CFLG®(D1) as the first summand of c CFL§®(D} U Q); and we recall that D is the
grid diagram obtained from D; by applying the algorithm in Section 3.2. Hence, the map s preserves
the Maslov grading and the filtration %. We conclude that the composition

s:=52081:cCFL3°(D1) = ¢cCFLg(D>)
induces a graded injective homomorphism in homology, preserves j and it is s{—filtered of degree 1.
Given a centered southwest region S of R?, we say that
S+m:={(,A)eR?|(j,A-—m)e S}
for every m € N, an example is given in Figure 21. We define the nonnegative integer s g(m) as
min{k € N | (0,m) € S_;}

and we recall that the reversed region —S is defined in Section 4.2 by applying to S the reflection of R?
with respect to the line {A — j = 0}. Then we can prove that each Y gives a lower bound for the genus
of 2.

Proposition 4.15 If L is an n—component link in S3, which bounds a surface ¥ as before, then
—Ys(L) <hsts(g(X) +n—k)

for every centered southwest region S of R2.
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A A

A A

S S+1

Figure 21: A centered southwest region S on the left and the southwest region S + 1 on the right.

Proof We construct a map fx by composing the maps ¢ and s defined in this subsection, together with
the concordance maps in Section 3. We obtain that

Ss (@S cCFLP(Op)) C FEHED T e CFLE(L)

for every S. In particular, if the homology class of x is a generator of %/ <0} cHFLY (Op) then fX[x]
is a generator of Ft/ SO}c%gggo (L). This immediately implies that Yg(L) = —hs(g(X) +n —k) and
we complete the proof by observing that Y_g(L) = Yg(L) from Theorem 4.4. m|

A similar lower bound holds with Y* in place of Y, but it is clear that the proof cannot work as the one of
Proposition 4.15. In fact, we used the map s that preserves the Maslov grading, while the Y *—invariants
2 m(L1) and cHFLX, (L) respectively, where m
is the number of components of L;. To jump this hurdle, in the following lemma we introduce another

of L; are computed by finding generators in ¢ #FL

map s’ induced by the split move.

Lemma4.16 Suppose that L1 and L, are as in the left side of Figure 20 and D and D> are corresponding
grid diagrams. Then we can find a chain map

s':¢cCFLY(D1) - ¢CFLY [ (D>)
for every d € 7., which preserves the F—filtration and induces an isomorphism
FUSOcHF L2 (L) N FUSOcHF L2 (L)
FUSTDHFLY, (L1) | FUSDeHFLS, (Ly)

where m is the number of components of L.

Proof We represent the split move using the fragments of D and D5 as in Figure 22, where this time
the number of special O-markings on each component is the same both before and after the move. We
define s’ as )

if c € x,

/ X / /
s (x) Ux otherwise, an sip) s(p)
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Figure 22: Another split move in a grid diagram. We recall that special O—markings are colored in red.

for every grid state x € S(D1), every p € cCFL® (D) and V;—equivariant for i > 1, where V7 is the
variable associated to the normal QO—marking O7; see Figure 22.

Consider the diagrams D} and D), obtained by applying the algorithm in Section 3.2 to D and D; hence,
the diagrams D; and D] have same O—markings. Denote by D’ the diagram obtained by removing the
row « and the column g from DJ; then ¢ CFL®° (D)) is isomorphic to c CFL**(D%) & c CFL*(D})[1]
by Proposition 4.13. Finally, let us call 7: ¢cCFL*°(D}) — ¢ CFL* (DY) the map given by adapting to
our setting the homotopy inverse of the map i o H used in [Cavallo 2018, Proposition 3.1]. This map
coincide with the special destabilization in [Sarkar 2011, Section 3.3].

dNO is one of the

The map s’ was also studied by Sarkar [2011, Section 3.3], and he proves that 7 o s’ =
destabilization maps in [Manolescu et al. 2007; Ozsvith et al. 2015]. Such a map is induced by the link
isotopy relating D} and D’ which means it is an almost filtered chain homotopy equivalence, and a local
equivalence by Remark 3.2. Therefore, the map s': cCFL*°(D;) — ¢ CFL®°(D;) induces an injective
homomorphism in homology and drops the Maslov grading by one, while the fact that s’ preserves the

Alexander filtration s{ is shown in [Sarkar 2011, Section 3.4].

In order to conclude the proof we just need to observe that s” does not change the minimal j—level of a
generator of the homology in FU<0lc CFL*®(D); and note that this only depends on the Q—markings.
Since the identification in Proposition 4.13 is an isomorphism of chain complexes, we would have that if
s” would drop the minimal j-level then the same should be true for 7 o s’ = dN°, but this is impossible
because the latter is a local equivalence. a

Now we can prove the main result of this subsection.

Proposition 4.17 Suppose that L is an n—component link in S3 which bounds a smooth, compact,
oriented surface ¥ < D*, with k connected components. Then

—hyi5(8(X) < —Ts(L) < hzs(g(X) +n—k),
~hy5(@(X)+n—k)<-Y5(L) <his(g())

for every centered southwest region S of R2.
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A A

/'s A

0, k

Vi Wi

Figure 23: The centered southwest regions Vj (left) and Wy (right) of R? for any integer k > 0.

Proof The fact that —Yg(L) < h+s(g(X)) follows in the same way as in Proposition 4.15 by using
Lemma 4.16. Then we apply Propositions 4.5 and 4.15. |

This theorem immediately gives the lower bound in Theorem 1.5 for the smooth slice genus g4(L) of a
link, which is defined as the minimum genus of a smooth, oriented, compact surface properly embedded
in D*# and that bounds L. For knots such lower bounds agree with the ones of Alfieri [2019] and Ozsvith,
Stipsicz and Szab6 [Ozsvath et al. 2017a].

Example 4.18 We observe that, when L bounds a planar (genus zero) surface in D*, we have Yg(L) <0
and Yg(L) = 0 for every S centered.

4.5 Other concordance invariants from the link Floer complex

4.5.1 The invariant vt Let us consider the centered southwest regions
Ver=1{(j.4) €R?| j <0. A<k}

with k € N; see Figure 23. We denote the Y—invariants associated to these regions by —2-Vz, (k) = Ty, (L).
It follows from [Alfieri 2019] that the invariants Vk (k) determine some of the invariants /1y of a knot K,
which were introduced by Rasmussen [2003].

Proposition 4.19 (Alfieri) Suppose that K is a knot in S3. Then Vi (k) = hy (K) for every k € N.

Applying Proposition 4.17 we obtain that s (K) = Vg (k) < g4(K) —k for aknot K and 0 < k < g4(K),
which coincides with [Rasmussen 2003, Corollary 7.4]. Furthermore,

0<Vp(k)<ga(L)+n—k—1 if k <gg(L)+n—1,

Vi(k)=0 if k=ga(L)+n—1,
and
Vi(k) = Vi(k+1)

for every link L. Finally, Theorem 3.8 tells us that V7, (k) is a concordance invariant for every k € N.
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Hom and Wu [2016] define the knot concordance invariant v and they prove that such invariant gives a

lower bound for the slice genus g4. Using our results we can easily extend v to links: we say that
vT(L) :=min{k e N | V7 (k) = 0}.

It is easy to check [Hom 2017] that for knots such a definition coincides with the one in [Hom and Wu

2016] and it generalizes its well-known properties.

Proposition 4.20 The nonnegative integer v (L) is a concordance invariant of links.

Proof If L is concordant to Ly then V7, (k) = Vp, (k) for every k € N as we saw before. Hence, one
has V7, (k) =0 if and only if V7, (k) = 0. |

Consider the southwest regions W, in Figure 23; we see immediately that one has Wy, = 1V} and then
TI’ka (L) =2- Vi« (k) for every k € N by Proposition 4.5. We say that
D(L) = max{vT (L), vT(L*)},

where
v (L*) = min{k € N | V= (k) = 0} = min{k € N | Ty}, (L) = 0}

which is also a concordance invariant.

Theorem 4.21 Suppose that L is an n—component link in S3. Then
0<vH(L)<D(L)<gs(L)+n—1 and (L) <vt(L).

Furthermore, the invariants v (L) and (L) are subadditive:

vI(Li#Ly) <vt (L) +vT(Ly) and D(Li#Ls) <D(L1)+0(L2)
for every pair of links L1 and L.
Proof We saw before that if V7 (k) # 0 then k < g4(L) +n — 1. Since v (L) is the minimal k such
that V7 (k) = 0 and g4(L) = g4(L*), we conclude that D(L) < g4(L) +n — 1. We now show that
t(L) < vt (L). Suppose that s is the minimal integer such that Vz (s) = 0; then there is an element x in

FVscCF L§°(L) whose homology class is a generator of the homology with minimal j—level zero. The
claim follows from Lemma 4.6.

For the last part of the theorem, take elements x; and x5 as before for L; and L, respectively. From
Section 4.3 we know that

X1 ®Xp € F H LD+ c CFLE(Ly # L)

has the same properties. Since Yy, (L1#L2) <0 for every k, this implies V42, (vt (L1)+v1(L2)) =0.
Now, denote by J; and J5 either the links L and L5 or the links L’f and L;, depending on which ones
give the maximal v™ (J; # J). Then

D(Li#Lo)=vH(Ji#2) <vT(J1)+vH () <D(L1) + D(Lo). O
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Figure 24: The relevant acyclic summand of ¢ CFL®(L), where L = T, o # Ty 5., s # H™~1.
Here, by relevant we mean the summand which contains the generators of %/ SO}C%@SL’SO (L),

in the decomposition induced by the connected sum, according to Theorem 4.9. We have that
(L) =0and vt(L) =2.

Theorem 4.21 tells us that v* gives a lower bound to the slice genus at least as good as the one given
by 7. An example where this happens is shown in Figure 24.
Let us write 2- W (k) = Tw, (L). In the same way as before,

0< Wp(k) <ga(L)—k if k <ga(L),

Wi (k) =0 if k= ga(L),
and
Wr(k) = Wrp(k+1)

for every link L.
We call (L) the nonnegative integer
max{min{k € N | Wy (k) = 0}, min{k € N | W= (k) = 0}},

which shares similar properties with »(L). In particular, V(L) = v(L) for knots.

Theorem 4.22 Suppose that L is an n—component link in S3. Then ¥ is a concordance invariant;

moreover,
0<V(L)<g4(L) and t*(L)<V(L).

Furthermore, the invariant V(L) is also subadditive:
V(L1#Ly) <v(Ly)+V(Ly)
for every pair of links L1 and L.

Algebraic & Geometric Topology, Volume 24 (2024)



3272 Alberto Cavallo

Proof It follows in the same way as in the proof of Proposition 4.20 and Theorem 4.21, by applying
Lemma 4.6 and Proposition 4.17. We just need to observe that

min{k € N | W« (k) =0} = min{k € N | T;k (L) =03}. |
This result implies that if L bounds a compact planar surface properly embedded in D* then (L) = 0.

4.5.2 Secondary upsilon invariants In a paper of Allen [2020] we find an example of two noncon-
cordant knots with the same Y—invariants. These knots are the torus knot 75 7 and the connected sum
T 5 #75,6. Their chain complexes are pictured in [Allen 2020, Figures 4 and 6].

Starting from this example, we build the links J; = T 7 # H¥"~! and J, = T> s #Ts ¢ # H{" . Since
we can compute the complex of the positive Hopf link,

¢CFL®(Hy) = CFK®(T»3) @ F[U, U '] (—y),

we easily obtain that the homology groups of J; and J, are F—filtered isomorphic. On the other hand, it
is still possible to show that ¢ C FL°(J1) is not locally equivalent to ¢ C FL°°(J3), which means that the
filtered isomorphism (or its inverse) is not induced by a chain map that preserves the filtration F.

In order to find an obstruction for the existence of such a map, we need to use another family of invariants,
which was introduced by Kim and Livingston [2018] and by Alfieri [2019] for knots. We define the
secondary Y—invariants T®

S+ 5— S(L) of an n—component link L as —Yg (L) plus the supremum of
k € Z such that

SkU(S;'Jr)U(S

)
F »)¢CFL(L)

contains a 1-chain a with 0" a = x1 + x»; the cycles

(

=(51) 0 a(8;-) 0o
x1€%F vt cCFL(L) and xpe€ %y ’cCFLy (L)

have the property that their homology classes are generators of Ft/ $0}c?€%§£8° (L), where y* =7 g+ (L)

and ST, S~ and S are three centered southwest regions of R2. Note that Té%z S8 (L) can be 400, as

it happens for the unknot.

We can define a secondary Y *—invariant exactly in the same way, only this time we consider elements in
Maslov gradings 1 —n and 2 —n. For the sake of simplicity, in this subsection we only write proofs for

r®

St - S(L), but all the results also hold for this version of the invariant.

@)
Nt i
for every triple of centered southwest regions ST, S~ and S of R2.

Proposition 4.23 Let us consider a link L. Then the invariant Y s (L) is a concordance invariant

Proof Suppose that L; is concordant to L, and Tézl S— S(Ll) < Té,zl 5— S(Lz). Then there is an

integer k > Y) o ((L1)+Ys(L1) such that

Si
X e FvECCFLY(Ly),
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the homology class [z+] = [z7] is the generator of F/ <% cHFL°(L,) and there exists

=+ —
g e g VSIS oppeo,)
with 7B = zT + z~. We recall that y* = Yg+(L1) =Yg+ (L2), since T is a concordance invariant.

From Theorem 1.2 we know that the corresponding chain complexes of two links are locally equivalent.
Then we find a chain map g:cCFLG°(L2) — ¢ CFL{°(L1), which preserves & and induces an Ffiltered
isomorphism between ¢ H#FLg°(L2) and cHFLG (L1). Therefore, we can take

gzT)+g(z7) =g B)=03"g(p)
and we have N
g(z%) e FrEcCFLY(Ly),

the homology class [g(z7)] = [g(z7)] is the generator of 9{js0}cﬁ7€%$8°(L1) and

+ —
g(B) e @SkU(SVJF)U(S”_)CCFLCfO(L1).
This is a contradiction, because it implies k < Tézl’ s—.5 (L1) + Ys(Ly). |

Now we can show that the links J; and J, are not concordant. We have that
cCFL{?,(J1) =cCFLg°(Ts,7) and c¢CFLY?,(J2) =cCFLY(T25#T5,6)
up to acyclics; hence, if J; and J, were concordant then Proposition 4.23 should imply

r®

5T =098 o () =) - (o) =T3¢ (T5#Ts6)

S+,5-.,S S+.,5-,8 S+,5-.S
for every southwest regions S* and S. This is not true, as shown by Allen [2020].

We showed that the secondary Y—invariants can give more information than the F—filtered isomorphism
type of ¢cHFL°(L); nonetheless, the following proposition holds. Here we recall that the invariants
V1, (0) and W (0), corresponding to the southwest regions Vg and Wy, are defined before in Section 4.5.

Proposition 4.24 If V7 (0) = Wy, (0) = 0 then all of the Y’s of L are zero and all of the Y® s of L
are +o00. In the same way, if Vp+(0) = Wr+(0) = 0 then all of the Y*’s of L are zero and all of the
(T*)@ s of L are +o0.

Proof Suppose that S is a centered southwest region of R%. Then Vo C S and 0 = Yy, (L) < Ys(L).
In the same way, S C Wy and Ys(L) < Yw, (L) = 0. This implies Ys(L) = 0.

Consider two centered southwest regions S* of R2. Then Vo € S N S, so there is a cycle, which
represents the generator of the algebraic level zero of c#HFLG (L), in

FocCFLP(L) C 75 ¢ CFLEP(L)NFS ¢ CFLYP(L).

ézl S— S(L) = +00. The proof for T* is exactly

the same by Proposition 4.5. |

Since Y5 (L) = 0 for every S from before, we obtain T
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In particular, for knots we have the following corollary.

Corollary 4.25 For a knot K, if Vi (0) = Vi+(0) = 0 then Ys(K) =0 and Y& o ((L) = +oo for
all southwest regions ST and S of R2.

Proof This follows immediately from Propositions 4.5 and 4.24. O

In fact, it is possible to prove that Vk (0) = Vg+(0) = 0 forces CFK*°(K) to be stably equivalent to
F[U,U _1](0), the filtered chain homotopy type of the unknot; see [Hom 2017].

5 Unoriented Heegaard Floer homology

5.1 The homology group HFL’(L)

Let us take a Heegaard diagram 9 for a link L in S3. The chain complex CFL’(L) is the filtered chain
homotopy type of CFL'(%), the free F[U, U ~!]-module over T = Ty N Tp with differential given by

' x = Z Z m(¢) - Unw(¢)+nz(¢)y,

€T ¢pema(x,y)
w(g)=1

where ¢, n«(¢) and m(¢) are as in Section 2.1, and

I (UF p)=U*"-p
forany x € T and p € CFL'(9).
Foe every x € T we define the §—grading as

8(x) = M(x)— A(x).

It is easy to check that, with this definition, the variable U*! drops the §—grading by +1. Moreover,

there is a map
3,: CFL; (%) - CFL);,_{(%)
for any d € Z.

The chain complex CFL’(L) also has the algebraic filtration j, defined as in Section 2.1 by
JICFL'(Ly=U""-CFL"(L),
where CFL" (L) is the free F[U]-module over T and ¢ € Z. Note that the latter group was the original

unoriented chain complex defined in [Ozsvith et al. 2017b]. It is easy to check that the differential o’
preserves j.

We define the homology group as usual:

HFL'(L)= @ HFL(L) and F' HFL)(L)=m4(Kerd);,):=mng(Kerd, NF CFL'(L)),
deZ
where 74 : Kerd);, — HFL'(L) is the quotient map.
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Proposition 5.1 For every n—component link L,
HFL'(L) =g,y FIU.U' P
with §—homogeneous generators, and
FOHFL'(L) on—1
FTHFL(L) T
Proof The first claim follows from [Ozsvath et al. 2017b], while the second one from the fact that the

U -action drops the §—grading by one: each homology class in #* HFL'(L)\ ¥ ' HFL'(L) corresponds
exactly to an F[U, U ~']-summand of HFL'(L). O

In [Ozsvith et al. 2017b] it is proved that HFL'(L) is an isotopy link invariant. This is also implied by
the following theorem.

Theorem 5.2 There exists a chain map
i:cCFL®(L)®cCFL*(L)[-1] — CFL'(L),
which is an isomorphism of F—vector spaces that identifies the Maslov grading with the §—grading.

Proof Let us consider all the intersection points x1, ..., x; whose Maslov grading has the same parity
of d. We define
i9:¢cCFLY (L) — CFL/,(L),

Ukix; +... ¢ Uklxl s U2ki—AGD) 4 URRImAGD

and . ,
ig: cCFLZo(L) — CFL,;_,(L),

Ukix) +.o + Uklx) s U2ki=AG0 g pi+2k=AG)

These maps are linear by definition; let us prove that they are also injective. We observe that

i5(UR X+ + URLx)) £ 0,

U8+2k,' —A(x;

where ¢ is O or 1, because the monomials )x; fori =1,...,1 are linearly independent in

CF L/d—e (L); hence, the kernel of i} is trivial.

We now show thati; = ig + i(}_H is surjective. Suppose that g = Uhixi+-.-+UMx; € CFL/d(L). If
hi = A(x;) mod 2 then there exists a k; such that 2k; — A(x;) = h;; otherwise, if h; = A(x;) + 1 mod 2
then there exists a k; such that 1 +2k; — A(x;) = h;. Therefore, say ¢ = g1 + q» and g; consists of
monomials of these two kinds respectively; we find p; and p, such that

ig(p1.p2) =iJ(p) +ig 1 (P2) =q1+q2=9¢
and the claim follows.

Since i(‘l) and i(} 4 are both injective and their images have trivial intersection, and then give a direct sum
of CF L;, (L), we obtain that each i; is a linear isomorphism between cCFL*°(L) & ¢cCFL*°(L)[—1]]
in §—grading d and CFL//(L).
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In order to complete the proof we now have to show that i is a chain map, which means i o (37, 97) = 9’ oi.
Since i is linear we can just check monomials. We have
(ig—1 007, 07))(U*x.0) = ig_1 (37 (U*x).0))
=i9 (U*37x)

Sty (5T mer o)

V€T ¢gemz(x,y)
n(p)=1

— Z Z m(¢) . U2k+2nw(¢)—A(J’)y

Y€T ¢ema(x,y)
w(g)=1

and

(8/Oid)(ka, 0) — 8/(l2(ka)) — a/(UZk—A(x)x) — Z Z m(¢) . U2k—A(x)+nw(¢)+nz(¢)y.
Y€T ¢ema(x,y)

n($)=1
To conclude we need to see that 74, (¢p) — A(y) = nz(¢) — A(x) and this holds for every ¢ € m2(x, y);
see [Ozsvath and Szab6 2008]. The proof for the monomials (0, U”y) is the same. |

The graded object associated to CFL'(L) is CFL'(L), which is the version of C FL obtained by collapsing
the bigrading accordingly. Hence, if L; and L are isotopic links then

HFL,'(Ly) =p HFLy'(Ly)

for every d € Z. This means that both HFL’(L) and HFL' are link invariants.

5.2 The v-set and unoriented concordance

We start this subsection with some properties of HFL'(L).

Lemma 5.3 For every link L,
(1) ifthereis a chainmap F:cCFL® (L) — ¢CFL®(Ly) which preserves the F—filtration then the
map F': CFL'(L1) — CFL'(Ly), defined as i o (F @ F[[—1])) oi;!, preserves j;

(2) if cCFL®(Ly) is locally equivalent to cCFL®(L,) then there is a j—filtered and §—graded
isomorphism between HFL'(Ly) and HFL'(L>).

Proof Let us prove (1). We have to show that F’ is j—filtered of degree zero. We do this by proving
that if UXkx € #*CFL/(L;) then F'(U¥x) € ¥ CFL'(L>) for every monomial.

We assume that k = —¢. Then one has
(U k+A)/2 () if k + A(x) is even,

1k _
ip (Utx)= (0, UCIHE+ACD/2) if k 4 A(x) is odd.
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Now, when k + A(x) is even, we can write

(F D FII_I]])(ll—l(ka)) — ( Z a(x’ y) . U(k+A(X))/2+A(X;Y)y’ 0)’
yeT

with a(x, y) € F. This yields
F'(UFx) =Y a(x, y)- UFHA@=A0+2860)
yeT

and it is easy to check that we get the same result when k + A(x) is odd. To conclude we need to argue
that A(y) < A(x) +2A(x, y). Since F preserves &, it is both j and s{—filtered of degree zero. Therefore,
itis A(x,y) = 0and A(y) < A(x) + A(x, y) whenever a(x, y) = 1 and the claim follows.

To prove (2) take the maps f: cCFL®* (L) - cCFL* (L) and g: cCFL®°(L3) - ¢cCFL*(L,),
which both preserve the Ffiltration. Theorem 5.2 implies that /7, defined as iro(f @ f [—1])oi; !, and g/,
defined in the same way from g, induce §—graded isomorphisms in homology. Moreover, Lemma 5.3(1)
also gives that they preserve j. Hence, HFL'(Ly) is j—filtered isomorphic to HFL'(L5). |

The first consequence of this lemma is that the group HFL’ is also a concordance invariant.
Corollary 5.4 If the link L is concordant to the link L, then the unoriented link Floer homology group
HFL'(Ly) is j—filtered isomorphic to HFL'(L,), which means that

F HFL)(L1) ~p ¥ HFL);(L>)

foreveryt,d € Z.

Proof From Theorem 1.2 we know that c CFL®°(L1) is locally equivalent to ¢ CFL®(L5). The claim
then follows from Lemma 5.3(2). O

By Theorem 2.1 we know that for an n—component link L,
FUSOcHFLT (L) o ()
FUSUehFLP(L)

ford =0,...,1—n. Let us denote by {h1,...,hyn—1} a basis for the direct sum of such groups, where
the homology classes h; satisfy that for each i, there is an integer & and a Maslov grading d € [0, 1 —n]
such that ; € FADk cHFLT(L)/ FADk+1 cHFLT (L), where Ay is the centered southwest region

{(j,A)eR?|j+A<0}

that we used in Section 2.2 to define Y7 (1), and, for any fixed k and d, the number of /; with those k

and d is exactly
FADKcHFLYP (L)

g(Al)kJrlc%g?ggZO(L)'

dimp
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We also take /1 to be the only homology class as above in Maslov grading 0 and /,.—1 the same, but in
Maslov grading 1 —n.

We define u; (L) fori =1,...,2" ! as the maximum k € R such that @(Al)kc%?ﬁifgo (L) contains the
homology class /;. Note that the unordered set {u1(L), ..., un—1(L)} does not depend on the choice
of the &;, but only on the F—filtered isomorphism type of ¢c#HFL>°(L). Moreover, u1(L) = Y7 (1) and
Uyn—1 (L) = TZ(I)
Now let v(L) = {v1(L), ..., vm—1(L)} be the set of §—gradings of a homogeneous F—basis of
FOHFL'(L)
F-YHFL'(L)
This set exists by Proposition 5.1 and it does not depend on the choice of the basis, but only on the
Jj—filtered isomorphism type of HFL’(L). We have the following lemma.

Lemma 5.5 A homogeneous F —basis as before is obtained by taking the homology classes of elements
{(Ukgy, ..., Uk2"—1q2n—1}, where q; = ic(l); (pi) and p; represents the homology class h; in Maslov
grading d; foreveryi =1,...,2" 1,

Proof Since i is an isomorphism from Theorem 5.2, there is an injective map ¢ HF£*°(L) — HFL'(L)
identifying the Maslov grading with the §—grading. This means that if p is a representative for /, with
Maslov grading d, then i 3 (p) represents a nonzero homology class in H FL’(L); moreover, representatives
of distinct homology classes are sent into representatives of distinct homology classes, by Theorem 5.2.

The element ¢ =i 3 (p) is in §—grading d, but the minimal j—level of [¢] is not necessarily zero; although,
since the §—grading is an absolute Z—grading and the U —action drops it by one, there is an integer k such
that U¥[¢] has indeed minimal j—level equal to 0.

The fact that the set of all the U kq obtained in this way gives a basis as wanted is assured by the condition
we put on the choice of the 4;. |

We use this lemma to show that the v—set of L is closely related to the set {u1(L), ..., uzn—1(L)}.

Proposition 5.6 Let v(L) and u;(L) fori =1,...,2" "1 be as before. Then v; (L) = u; (L) +d;, where
u; (L) is associated to the homology class h; with Maslov grading d;. In particular, vy (L) = Yr (1) and
Ugn—1(L) =Y/ (1) +1—n.

Proof Suppose that p; = UKix; 4+ ... + Ukex, cCFLZ?(L) represents the homology class /;;
moreover, we assume that

k; —A(kax,~) =2k; —A(x;) 2u;(L) forany j=1,....¢
and 2k1 — A(x1) = u; (L).
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By Lemma 5.5, ¢; = i(p;) = U1 =ACD x| 4 ... 4 y2ke—Axdx, ¢ CFL/, (L) represents a nonzero
homology class in HF L’d_ (L) and U ~2k1+4(x1) -¢; is in minimal algebraic level zero. Moreover, we
saw that we get a homogeneous basis by considering all the 4; and then, by definition of v (L),

vi(L) = §(U AT g;) = §(gi) + 2Ky — A1) = di + i (L)
foreveryi =1,...,2" 1, |
We can shift HFL’(L) in order to turn it into an unoriented link invariant.

Theorem 5.7 CFL’(LI)[[%U(Ll)]] is j—filtered chain homotopy equivalent to CFL'(L5) [[%O’(Lz)]]
whenever L is isotopic to L, as unoriented links, where o is the signature of a link as in [Gordon and
Litherland 1978]. In particular, the set

v(L)—3o(L) ={YL()—30(L),.... Y[ () +1—n—1o(L)}
is an unoriented link invariant for every link L.
Proof Changing the orientation of a link L from Zl to Zz, by reversing the orientation on the i th
component, results in a grid diagram G where the OQ;—markings and the X;—markings are swapped. Then

everything stays the same except for the —grading, which is renormalized. Using [Ozsvath et al. 2017b,
Proposition 7.1] we conclude that

81(x) =82(x) = 30(L1) — 30(L2)
for every grid state x of G. O
It is important to note that, if we only compute the group HFL’(L), we do not know how to identify
Yz (1) and Y/ (1) + 1 —n in the v—set of L. This means that the latter is an unoriented link invariant
only if considered as an unordered set of 2! integers, up to an overall shift that can be determined from

a diagram representing L. Furthermore, an analogue of the last result holds for unoriented concordant
links.

Proof of Theorem 1.7 This follows in the same way as the last theorem, using Corollary 5.4. a
5.3 Unoriented cobordisms

5.3.1 Normal form and Euler number Let us denote by vpax (r€Sp. Umin) the maximal (resp. minimal)
value in the v—set of a link. From [Ozsvath et al. 2017b, Theorem 5.2] if there is an oriented saddle
between L and L', where L’ has one more component with respect to L, then

(5-1) Umax(L/) < Umax (L) < Umax(L,) +1
and
(5-2) Umin(L/) < Umin(L) < Umin(L/) +1.

The following inequalities agree with Proposition 4.17.
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Figure 25: Canonical form of unoriented cobordisms between two links: only one connected
component of F is shown. The nonorientable saddles are Mobius strips with a small open disk
removed.

Proposition 5.8 Suppose that a link L bounds a compact oriented surface X, properly embedded in D*,
with genus g(X) and k connected components. Then

—gX)+k—n<vupnx(L)<g(X) and —gX)+1—-n<vmn(L)<gX)+1-k.

Proof From Corollary 5.4 we know that vyax and v, are concordance invariants. Hence, since every
oriented cobordism X between (O and an n—component link L can be decomposed as explained at the
beginning of Section 4.4, and the values of Umax(Og) and vmin (O ) are 0 and 1 — k respectively, the
claim follows from (5-1) and (5-2). O

We now want to study how these invariants behave when we consider unoriented cobordisms. First, we
note that there still exists a normal form; in fact, comparing the oriented case with the results of Kamada
[1989] applied to cobordisms, we obtain that every unoriented cobordism F' between L; and L, can be
written as in Figure 25. Hence, we just need to check what happens to the v—set when two links are
related by many nonorientable saddles. Of course, we can just study the case where there is only one
such move, since the general case is obtained by composing the cobordism in Figure 26.

We recall that, if F is an unoriented cobordism, there is a well-defined integer e(F), called the Euler

e(F):= Z &p

peFNF’

number, defined as

where ¢, is the sign of a oriented basis of T, F @ T, F’, induced by a local orientation system of F,
compared with the one given by the orientation of 7, (S 3 x I); and where F’ denotes a push-off of F
along the trivialization of v(L1) (resp. v(L2)) in §3 x {0} (resp. S3 x {1}) given by the Seifert framing;
see [Gordon and Litherland 1978; Ozsvith et al. 2017b]. Clearly, e(F) = 0 if F is an orientable knot
cobordism.

The integer e(F') can also be interpreted in the following way. Suppose that L has n components,
while L, has m; since F is homotopy equivalent to a 1-dimensional CW-complex, its normal 1-sphere
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Figure 26: A nonorientable saddle corresponds to a nonoriented band move on a single component.

bundle admits a section F’. The boundary of F’ consists of the links L and L/, which can be oriented
accordingly to L; and L,. Then

n m
e(F) ="y ek(L}, (L)) =Y €k(L}, (L3)).
i=1 j=1

The reader can check that this definition is independent of the choice of the section; see [Gordon and

Litherland 1978].

From the previous statement we obtain that if F is the union of disjoint surfaces Fi,..., Fj then
e(F)=e(F1)+---+e(Fy). In particular, a nonorientable saddle as in Figure 26 has Euler number equal
to that of the unique nonorientable component.

Lemma 5.9 Suppose that L1 and L, are related by a nonorientable saddle F'. Say D1 and D, are planar
diagrams for them such that the saddle is represented as in Figure 27. Denote by D the corresponding
diagram obtained from D; by deleting all the components that do not appear in the saddle. Then

e(F) = wr(D}) —wr(D}) + ¢,

where ¢ is equal to 1 if the crossing is positive and —1 if is negative.

Proof From what we said before, e(F) = e(F’), where F’ is a nonorientable saddle between K
and K>, the components of the links represented by D} and D7, Since e(F’) is computed from a tubular

D, D,

Figure 27: The nonorientable saddle is represented in the diagrams as an unoriented resolution of
a crossing, where both arcs belong to the same component of L.
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unoriented resolution

A N N

nonoriented band move
|
|
| ~_ ~_
|
Figure 28: Each of two rows shows a direction of the equivalence of the two representations of a
nonorientable saddle.

neighborhood of F’ and F’ is disjoint from the other annuli of F, we have that e(F’) can be computed
using [Ozsvéth et al. 2017b, Lemma 4.3]:

e(F") = wr(D}) —wr(D5) +e.

The fact that every nonorientable saddle can be seen as an unoriented resolution of a crossing (and vice
versa) follows easily from Figure 28. |

5.3.2 Unorientable saddle move We use the grid diagrams and maps defined in [Ozsvith et al. 2017b,
Section 5]. Say G and G are grid diagrams for L and L, which are related by a nonorientable saddle
as in Figure 29. Then we have chain maps v: CFL'(G1) - CFL'(G,) and v': CFL'(G,) - CFL'(Gy),
such that v/ ov =vov’ = U, defined as

Ux ifxNA+#o, X ifxNA#a,

v(x) = . and V' (x) = .
X ifxNA=0g, Ux ifxNA=g,
for every grid state x.

O (0] X
[0) [0) 0

X X X
X X @)

G1 G/ G2

Figure 29: Nonorientable saddle in a grid diagram. Assume the markings in the first two columns
of G| belong to the same component of L;; we switch the X—marking in the first column with
the O—marking in the second one to get G'. Then starting from the X at the bottom, we reverse
all the markings on this component of the link until we obtain the diagram G,.
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Lemma 5.10 The maps v and v’ as before drop the §—grading by
12 —e(F))— 3(tk(K1. L1 \ K1) —tk(K2, L2 \ K»)),
12+ e(F))+ 3(Uk(K1. L1 \ K1) —€k(K>, Ly \ K2)),
respectively. Here, K; is the component of L; where we perform the nonorientable saddle move.
Proof Say G, G’ and G, are as in Figure 29, with orientations on G; and G, given as in Section 3.2.

We prove the claim for the map v. From [Ozsvéth et al. 2017b, Proposition 5.7] and its proof we have
that 6, (x) = 8¢/ (v(x)) and

86/ (v(x)) =86, (v(x)) = —z[Wr(G1) —wr(G2) + 1-2]
= —5[wr(G]) = wr(Gp) +1-2] = g[2-4k(K1, L1\ K1) = 2-(k(K2. L2\ K2)].
where Gi1 is the subdiagram representing K;. Then
86, (v(x)) =86, (x) — (2 —e(F)) + 3(Uk(K1, L1 \ K1) — €k(K2, L \ K>))

by Lemma 5.9. The case of v’ is done in the same way. |
This lemma implies the following result.

Proposition 5.11 Suppose that L; and K; are as before and F is the corresponding nonorientable saddle.
Then

Umax(L1) = 5 (2 —€(F)) + 3[¢k(Ky, L1 \ K1) —€k(K2. L \ K>2)]
< Umax (L2) < Umax(L1) + 32+ e(F)) 4 3[¢k(K1, L1\ K1) —€k(K2, L2 \ K2)],
where L1 \ K and L, \ K, are oriented in the same way. The same is true for Upp.

Proof Since v/ ov =vov’ = U we have that v and v’ induce isomorphisms in homology. Therefore,
the claim follows from Lemma 5.10 and the definition of vy, and Upiy. O

These inequalities do not depend on the orientation of the components of L and L, where the saddle
appears. The proof of this statement is given in Lemma 5.12.

5.4 Bounds for the unoriented slice genus of a link

Suppose that the n—component (unoriented) link L bounds a compact, unoriented surface F, with k
connected components and Euler number e(F), properly embedded in D*. Define v = vy 4 --- + vy as
in Figure 30. Using the notation in [Gordon and Litherland 1978], we write
AMLy:= > tk(Li.Lj)
1<i<j<n
for the fotal linking number of L and we take & j(F)i=e(F)— 2) (Z), where L means that we pick an

orientation of L. Then e Z(F ) =0 when F is oriented and L inherits its orientation from F ; see [Gordon
and Litherland 1978, Section 5].
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)

g tori v nonorientable
saddles
Figure 30: The number v; denotes how many nonorientable saddles there are on each of the k

components of F'. In the picture we omitted the attachment of the extended birth and death moves.

Lemma 5.12 Suppose that a link L = L =9F asin Figure 30 is such that n = k, which means that F is
the union of n disjoint unoriented surfaces F;, each one bounding a knot. Then

(5-3) —g— 30+ 177 (F) < vna(L) S g + 30+ 525 (F)
and
(5-4) —g—Sv+1-n+1e;(F) <van(L) <g+3v+1-n+1é; (F)

for every possible orientation we put on L.

Proof If v =0 then the claims are true since in this case e; (F) = e(F) = )L(Z) = 0 (every orientation on
L is compatible with one on F') and by Proposition 5.8. Suppose that v = 1; we prove the last statement
first. We assume (5-3) and (5-4) are satisfied for one orientation L and we prove them for another one, that
we call L. Obviously, we can also suppose that L’ is obtained from L by just reversing the orientation
on one component of L, that we denote by K.

By [Ozsvith et al. 2015, Corollary 2.7.10] and Theorem 5.7,
(L) = v(L) + (K, L\ K),
where here v denotes either vy Or Unmin. Hence, since

ML) =ML\ K)—tk(K, L\ K) = ML) —24k(K,L\ K),
we obtain
e;,(F)=3e; (F)+(k(K.L\ K).

PN,
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This means that if we add &(1% , L \ K ) to each term in the inequalities in (5-3) and (5-4) then we obtain
precisely the corresponding equations for L’; and this part of the proof is complete.

We now prove that the inequalities hold for at least one orientation of L. We proceed by induction on v,
where the initial step has been done at the beginning of the proof. Therefore, we assume that (5-3) and
(5-4) hold for L and we prove them for L , where this time L' is related to L by a nonorientable saddle
move as in Figure 27. Denote by K and K’ the components of L and L’ where the move is performed.
We orient them as in the proof of Lemma 5.10 and Proposition 5.11.

We show the case of (5-3); the argument for (5-4) is exactly the same. We start by writing
—8— %v + %éi(F) < Umax(zf) and Umax(z) Sg+ %v + iéZ(F)

from the inductive step; we call S the saddle move and F’ the surface obtained by gluing S to F, which
means 0F’ = L’. Then the first inequality becomes

—g— 3w+ D)+1; (F) = —g—tv+16; (F)+ (4 +Le($)+ 3 k(K L\K) - L (k(K', L'\ K"))
< Umax(L)+ (=3 +5e($)+ 3 k(K. L\K) =3 (k(K", L'\ K)) < Uman (L),

where the first equality can be easily computed from the definition of e and the last inequality follows
from Proposition 5.11. In the same way,

Umax(L") < max(L) + (L + Le(S) + Lek(K, L\ K) — L tk(K', L'\ K"))
<g+ivtie;(F)+ (L +4e(S)+ 3 ek(K.L\K)— L tk(K'.L'\ K"))
<g+ 3+ + ez, (F).
This concludes the proof because all the terms in (5-3) and (5-4) are preserved under concordance; hence,
we can ignore extended births and deaths in F. O

This lemma allows us to prove Proposition 5.13. Suppose that L is a link which bounds an unoriented
surface F in D*, with Fy, ..., Fy as connected components, as in Figure 30. Fix an orientation on L; we
need to define the integer /\(Z, F):=A(L1)+---+ A(Ly), where L; is the oriented sublink of L such
that L; = dF;. Note that the orientation on L; has nothing to do with F; which may be nonorientable as
well. We say that A(L;) = 0 when L; is a knot.

We also write L for the k—component link which appears before the split moves in the decomposition of
F in Figure 30. Hence, if we denote by F C F the subsurface such that L = 3 F then L and F satisfy
the hypothesis of Lemma 5.12.

Proposition 5.13 With the notation established above, the following inequalities are satisfied for the 2k
orientations of L which are determined by the ones on L:

—g—5v+k—n+32; (F) < max(L) < g + 5 v +€; (F),
—g—3v+1—n+3; (F) Svmn(L) Sg+5v+1—k+zé; (F).
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Proof We have that
Ck(Li.Lj)= Y k(L Ly)

tel;,lel;
forevery i, j = 1,...,k, where I, is the set of the components of L in L, fora = 1,..., k. Therefore,
one has A(L) + k(l_:, F)= /\(Z). We name F’ C F the cobordism between L and L and we obtain
¢; (F) = e(F) =2A(L) = e(F) + e(F") =2(M(L) + A(L, F)) = &1 (F) + (e(F') = 2A(L. F)),

and from this, say F/ = F’' N F; is a connected component of F’, we argue that

k
e(F')=2A(L, F) =) (e(F/) = 2A(Ly))

i=1
by definition of the Euler number. Since each Flf is oriented and it is a cobordism from I;- =1Ln F;

to L;, we can cap F/ off in D* by gluing a compact oriented surface with boundary L;. In this way, we
obtain an oriented surface G; such that dG; = L; and e(G;) = e(Fl/ ) for every i = 1,...,k and then

k k

k
> (e(F)=2A(L)) = > (e(Gi)—2A(Li) = Y e1,(Gi) =0

because the orientation on L; is induced by the one on G; (which is the same induced by Fl.’ ).
We have proved that e; (F) = e Z(ﬁ ) and now we can apply Lemma 5.12 to show that
—¢ =30+ 521 (F) < vmn(L) < g + 30 + 325 (F)
and
—g—3v+1—k+ 57 (F) <vmin(L) S g+ 3v+ 1—k + 3¢; (F).

In order to conclude the proof, we apply (5-1) and (5-2) which tell us that

Umax (Z) < Umax (Z) < Umax (ZJ) +n—k and Umin(l_:) < Vmin (Z) < Umin(z) +n— k»
provided that the orientation on L belongs to the 2k ones induced by an orientation of F’. O
We can use this result to prove that the wideness of the v—set of L gives a lower bound for the unoriented

slice genus )/ik) (L), which is defined as the smallest first Betti number of a surface F as in Figure 30
with k£ connected components.

Proof of Theorem 1.8 This follows from Proposition 5.13 because 2g + v + n — k is exactly the first
Betti number of F. d

Note that Theorem 1.7 tells us that Upax (L) — Umin (L) is an unoriented concordance invariant of L. As a
consequence of Theorem 1.8 we obtain Corollary 1.9; see also [Donald and Owens 2012, Section 5] for
another proof of this result.
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N

/\

Figure 31: The link 7> 4; this link becomes the 2—component unlink after the unoriented resolution
of the crossing on the blue component.

Proof of Corollary 1.9 Suppose that F is the unoriented surface with maximal value of y(F) and
say it appears like in Figure 30. As we saw in the proof of Theorem 1.8, the first Betti number of F is
2g 4+ v + n —k and then the same theorem implies

k—1<2g+v+n—k
because, for a quasialternating link L, Unax(L) = Upmin(L) by Theorem 4.8.
The latter inequality can be rewritten as
2k—n—2g—v<1
and it is easy to check that the left-most side is precisely y(F). O
In particular, suppose that the quasialternating link L has n components and F is the disjoint union of a
disks and n —a Mobius strips. Then a can be at most equal to one.

We saw in Theorem 1.7 that we can shift HFL’ (Z) to obtain an unoriented concordance invariant of links.
This suggests that we can modify the bounds in Proposition 5.13 in a way that only unoriented invariants
appear. The main tool to achieve this goal is the Gordon-Litherland formula [1978, Corollary 5],

7 - k
(5-5) (L)~ Le; ()| < v (),
where L =0F and F = Fj U---U Fp.

Proof of Theorem 1.10 We just need to apply (5-5) to Proposition 5.13. a

Note that the quantities that appear in the left-most side of all the inequalities in Theorem 1.10 are
unoriented concordance invariants; in particular, they are independent of the choice of the orientation
on L.

We conclude the paper with a couple of applications, which imply Corollary 1.11. First, we compute
yf) (L) when L, is the 2-component link Tz*, o # Tf”i.
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Corollary 5.14 yf)(Ln) =n+1 forevery n=0.

Proof Since Tz*, 4 18 nonsplit alternating we can easily compute Umin(Tz*’ 4) = 1 using Theorem 4.8, while
the fact that U(T;’A) = —2n is known from [Ozsvath et al. 2017b, Corollary 1.4]. Moreover, applying
Corollary 4.11 we obtain that

Umin(Ln) = Umin(T5'4) + v(T5%) = 1 —2n.
Now we just use Theorem 1.10 and remember that U(T2*,4) =3 and 0(T3,4) = —6, so
H—2n—13—6m)+1|=|n+L|<n+1<yPLn).

In order to complete the proof we observe that there is a sequence of #n + 1 nonorientable saddles that
change L, into the unlink (O2: there is one from 73 4 to the unknot and we perform one on each summand,
while we can go from 7> 4 to (O2 by an unoriented resolution of a crossing; see Figure 31. |

Finally, we show that yil)(L,,) can be arbitrarily large.
Corollary 5.15 yil)(Ln) =n foreveryn = 0.

Proof We use the last inequality in Theorem 1.10 with vy (L) and we immediately obtain

1—2n—1@3—6n—1)|=n <y’ (Ln). O

We point out that these two results cannot be obtained by using Theorem 1.8 alone.
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Strongly shortcut spaces

NIiMA HODA

We define the strong shortcut property for rough geodesic metric spaces, generalizing the notion of
strongly shortcut graphs. We show that the strong shortcut property is a rough similarity invariant.
We give several new characterizations of the strong shortcut property, including an asymptotic cone
characterization. We use this characterization to prove that asymptotically CAT(0) spaces are strongly
shortcut. We prove that if a group acts metrically properly and coboundedly on a strongly shortcut rough
geodesic metric space then it has a strongly shortcut Cayley graph and so is a strongly shortcut group.
Thus we show that CAT(0) groups are strongly shortcut.

To prove these results, we use several intermediate results which we believe may be of independent interest,
including what we call the circle tightening lemma and the fine Milnor—Schwarz lemma. The circle
tightening lemma describes how one may obtain a quasi-isometric embedding of a circle by performing
surgery on a rough Lipschitz map from a circle that sends antipodal pairs of points far enough apart. The
fine Milnor-Schwarz lemma is a refinement of the Milnor—Schwarz lemma that gives finer control on the
multiplicative constant of the quasi-isometry from a group to a space it acts on.
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2. Basic notions and definitions 3296
3. Characterizing the strong shortcut property 3298
4. The circle tightening lemma 3305
5. The fine Milnor-Schwarz lemma 3321
6. Asymptotically CAT(0) spaces 3323
References 3324

1 Introduction
The study of interactions between nonpositive curvature and infinite group theory have a long history
dating back to the work of Max Dehn on fundamental groups of surfaces in the early 20" century. These

© 2024 The Author, under license to MSP (Mathematical Sciences Publishers). Distributed under the Creative Commons
Attribution License 4.0 (CC BY). Open Access made possible by subscribing institutions via Subscribe to Open.
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ideas have been developed in a variety of directions since that time and have become particularly relevant
in recent decades with the emergence of geometric group theory. Various theories of nonpositively curved
groups have been developed: small cancellation groups, CAT(0) groups, cubulated groups, systolic groups,
quadric groups, etc. However, while the case of negatively curved groups has been satisfactorily unified
by the seminal work of Gromov [1987] on hyperbolic groups, to this date there is no satisfactory general
notion of a nonpositively curved group.

Strongly shortcut graphs were introduced in earlier work [Hoda 2022] as graphs satisfying a weak notion
of nonpositive curvature. They were shown to unify a broad family of graphs of interest in geometric group
theory and metric graph theory including hyperbolic graphs, standard Cayley graphs of finitely generated
Coxeter groups and 1-skeletons of finite-dimensional CAT(0) cube complexes, systolic complexes and
quadric complexes [Haettel et al. 2023; Hoda 2022]. They are finitely presented and have polynomial
isoperimetric functions and so have decidable word problem [Hoda 2022]. Strongly shortcut groups are
defined as those groups admitting a proper and cocompact action on a strongly shortcut graph [Hoda 2022].
They include a wide family of groups satisfying various nonpositive curvature conditions, including
hyperbolic groups, Coxeter groups, cocompactly cubulated groups, systolic groups, quadric groups,
finitely presented small cancellation groups, Helly groups, hierarchically hyperbolic groups and even the
discrete Heisenberg groups [Haettel et al. 2023; Hoda 2022; Le Donne and Paddeu 2023].

A graph T is strongly shortcut if, for some K > 1, there is a bound on the lengths of cycles o: S — T for
which dy (x(p),«(p)) = (1/K)-(|S|/2) for every antipodal pair of points p, p € S. By [Hoda 2022],
a graph I' is strongly shortcut if and only if, for some K > 1, there is a bound on the lengths of the
K-bi-Lipschitz embedded cycles of I'. A result of Papasoglu [1996, page 793] implies that strongly
shortcut groups have simply connected asymptotic cones. By another result of Papasoglu [1996, page 805],
this implies that strongly shortcut groups have linear isodiametric functions and, by a result of Riley
[2003, Theorem C], this implies that strongly shortcut groups have linear filling length functions.

In this paper, we introduce a generalization of this notion to rough geodesic metric spaces. A metric
space X is R—rough geodesic if, for every x1, xo € X, there exists a function f: [0,£] — X such that

f(©0) =x1, f(£) = x2, £ = d(x1,x2) and
ls—t|=R=<d(f(s), f)) <|s—t|+R

for any s and 7 in the interval [0, £]. This is the same as X being (1, R)—quasigeodesic. The special
case R = 0 is that of geodesic metric spaces. An R—rough geodesic metric space X is strongly shortcut
if, for some K > 1, there is a bound on the lengths of Riemannian circles S for which there exists an
R-rough 1-Lipschitz map «: § — X that satisfies dy (a(p), «(p)) = (1/K)-(|S]|/2) for every antipodal
pair of points p, p € S. Such a map « is called a 1/ K—almost isometric R—circle. We give several
characterizations of the strong shortcut property, we show that a group acting metrically properly and
coboundedly on a strongly shortcut rough geodesic metric space is a strongly shortcut group and we
prove a few other results that may be of independent interest in metric geometry and geometric group
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theory. The results of this paper are applied in several upcoming papers [Haettel et al. 2023; Hoda and
Krishna M S 2023; Le Donne and Paddeu 2023].

Below is a summary of our main results.

Theorem A gives several conditions that are equivalent to the strong shortcut property for rough geodesic
metric spaces. Of particular note is condition (5) which expresses the strong shortcut property in terms of
asymptotic cones. Conditions (2) and (3) generalize [Hoda 2022, Proposition 3.5], which expresses the
strong shortcut property for graphs in terms of bi-Lipschitz cycles. These two generalizations have their
own advantages: for geodesic metric spaces (ie when R = 0) condition (2) expresses the strong shortcut
property purely in terms of bi-Lipschitz maps from circles, whereas condition (3) avoids the dependence
on R. Condition (4) expresses the strong shortcut property in terms of nonapproximability of certain
finite metric spaces at large scale. Conditions (4) and (5) also make sense for general metric spaces and
we prove that they are equivalent for general metric spaces (see Theorem 3.6). Thus one may consider
condition (4) of Theorem A as a definition of the strong shortcut property for general metric spaces.

Theorem A (Theorem 3.8) Let X be an R—rough geodesic metric space. The following conditions are
equivalent:

(1) X is strongly shortcut.

(2) There exists an L > 1 such that there is a bound on the lengths of the (L, 4R)—quasi-isometric
embeddings of Riemannian circles in X .

(3) There exists an L > 1 such that for every C > 0 there is a bound on the lengths of the (L, C )—quasi-
isometric embeddings of Riemannian circles in X .

(4) For some L > 1 and some n € N, there is a bound on the A > 0 for which there exists an L—bi-
Lipschitz embedding of /\S,? in X, where S,? is the vertex set of the cycle graph S, of length n and
180 is S? with the metric scaled by A.

(5) No asymptotic cone of X contains an isometric copy of the Riemannian circle of unit length.

The main difficulty in proving Theorem A is in the implication (2) => (1). This is because a 1/ K—almost
isometric R—circle in X does not need to be an (L, 4 R)—quasi-isometric embedding for any L > 1; while
the almost isometric condition only concerns pairs of antipodal points, the quasi-isometry condition
concerns all pairs of points. The idea of the proof is that given a 1/ K—almost isometric R—circle @ with
K > 1 sufficiently close to 1, we can perform surgery on « in order to obtain an (L, 4 R)—quasi-isometric
embedding where L depends on K in such a way that if K — 1 then L — 1 also. The contrapositive
—(1) = —(2) then readily follows since any family of arbitrarily long R—circles with almost isometric
constant K approaching 1 could then be surgered to produce a family of quasi-isometric embeddings
with the multiplicative constant L tending to 1. The circle surgery result, which we call the circle
tightening lemma, is stated in slightly simplified form in Theorem G below and expressed more formally
in Lemma 4.5.
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Theorem B (Theorems 3.5 and 3.8) Let I' be a graph. Then I is strongly shortcut as a graph if and
only if T is strongly shortcut as a geodesic metric space.

Theorem C gives several conditions that are equivalent to the strong shortcut property for groups.
Condition (3) reduces the property to the existence of a strongly shortcut Cayley graph. The proof is a
direct application of the fine Milnor—Schwarz lemma (Theorem H) and stability of the strong shortcut
property under scaling and quasi-isometric perturbation of the metric (Theorem F).

Theorem C (Corollary 5.5) Let G be a group. The following conditions are equivalent.

(1) G is strongly shortcut.
(2) G acts metrically properly and coboundedly on a strongly shortcut rough geodesic metric space.

(3) G has a finite generating set S for which the Cayley graph of (G, S) is strongly shortcut.

Asymptotically CAT(0) spaces and groups were first introduced and studied by Kar [2011]. A metric space
X is asymptotically CAT(0) if every asymptotic cone of X is CAT(0). A group is asymptotically CAT(0)
if it acts properly and cocompactly on an asymptotically CAT(0) proper geodesic metric space. Examples
of asymptotically CAT(0) spaces include CAT(0) spaces, Gromov-hyperbolic spaces and m with
the Sasaki metric [Kar 2011].

Theorem D (Theorems 6.1 and 6.2) Asymptotically CAT(0) rough geodesic metric spaces are strongly
shortcut. Consequently, (asymptotically) CAT(0) groups are strongly shortcut.

Theorem E shows that the strong shortcut condition is preserved under taking asymptotic cones. This
was suggested as a desirable property for a general notion of nonpositive curvature in Gromov [1993,
Section 6.E].

Theorem E (Corollary 3.9) Let X be an R—rough geodesic metric space. If X is strongly shortcut then
every asymptotic cone of X is strongly shortcut.

Theorem F below has several consequences. In addition to showing that the strong shortcut property
descends to isometric subspaces and is a rough similarity invariant, it implies that for a given strongly
shortcut space, a sufficiently small bi-Lipschitz distortion of the metric preserves the strong shortcut
property. This is another property which is discussed in Gromov [1993, Section 6.E].

Theorem F (Corollary 3.10) Let X be a strongly shortcut rough geodesic metric space. Then there
exists an Lx > 1 such that whenever Y is a rough geodesic metric space and f:Y — X isan (Lyx,C)-
quasi-isometric embedding up to scaling, with C > 0, then Y is also strongly shortcut. In particular, the
strong shortcut property is a rough similarity invariant of rough geodesic metric spaces.

In fact, Theorem F holds for general metric spaces with condition (4) of Theorem A in place of the
strong shortcut property (see Proposition 3.4). It should be noted that the strong shortcut property is not
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Figure 1: The closed outer path in black is a 1-Lipschitz embedding « of a Riemannian circle S.
This embedding o has poor bi-Lipschitz constant but only because it badly distorts distances
between relatively nearby pairs of points of S (pairs contained in the subpaths «|g,). If we
consider only antipodal pairs of points of S then the distortion of their distances under « is much
less than in these worst cases. In other words « has low distortion when viewed globally. The
circle tightening lemma tells us that if the global distortion of « is low enough then we can
perform surgery on «, replacing distorted subpaths of arbitrarily low total relative length with
efficient alternatives (the red paths in the figure) in order to obtain an arbitrarily good bi-Lipschitz
constant.

a quasi-isometry invariant so one cannot hope to remove the dependence on X of the quasi-isometry
constant Ly. See Section 3.1 for an example.

The following result, which we call the circle tightening lemma, states that a map from a circle that
satisfies a rough Lipschitz upper bound and that, on antipodes, satisfies a bi-Lipschitz lower bound can
be upgraded through surgery to a rough bi-Lipschitz map. See Figure 1. The circle tightening lemma is
essential in the proof of Theorem A. We believe it may be of independent interest. Here we express a
slightly simplified version of the circle tightening lemma. For the formal statement, please see Lemma 4.5.

Theorem G (circle tightening lemma, Lemma 4.5) Let X be an R—rough geodesic metric space with
R>0,let L > 1 and let ¢ > 0. There exists a K > 1 such that if «: S — X is a sufficiently long R-rough
1-Lipschitz map from a Riemannian circle S satisfying

dx @(p),a(p)) = wds(p. p)

for every antipodal pair p, p € S then there exists a countable collection {Q;}; of pairwise disjoint closed
segments in S of total length ) _; |Q;| < €| S| such that shortening the Q; and replacing the «t|g,; : Q; — X
we can obtain from o an (L, 4 R)—quasi-isometric embedding of a circle.

Note that in the statement of the circle tightening lemma, the rough geodesicity constant R may be equal
to 0 in which case the result is about 1-Lipschitz maps and L—bi-Lipschitz maps in a geodesic metric
space.

Algebraic & Geometric Topology, Volume 24 (2024)



3296 Nima Hoda

We call the following refinement of the Milnor—Schwarz lemma the fine Milnor-Schwarz lemma. It is used
in the proof of Theorem C. It essentially says that if a group G acts metrically properly and coboundedly
on a rough geodesic space X then, up to scaling, the group G has word metrics that are quasi-isometric
to X with multiplicative constant arbitrarily close to 1. We believe it may be of independent interest.

Theorem H (fine Milnor-Schwarz lemma, Lemma 5.2, Remark 5.1) Let (X, d) be a rough geodesic
metric space. Let G be a group acting metrically properly and coboundedly on X by isometries. Fix
xo € X. Fort > 0 let S; be the finite set defined by

St =1g € G | d(xo,gxo) <t}

and consider the word metric dg, defined by S;. (For those t where S; does not generate G, we allow
ds, to take the value oo). Let K; be the infimum of all K > 1 for which

(G,tds,) > X, g+ g-Xo,

is a (K, Cg)—quasi-isometry for some Cg > 0. Then K; — 1 as t — oo.

Structure of the paper

In Section 2 we introduce basic notions that will be used throughout the paper. In Section 3 prove various
characterizations of the strong shortcut property and prove that it is a rough similarity invariant. In
Section 4 we state and prove the circle tightening lemma. In Section 5 we state and prove the fine Milnor—
Schwarz lemma. In Section 6, we apply the results of the previous sections to prove that asymptotically
CAT(0) groups are strongly shortcut.
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2 Basic notions and definitions

Let X and Y be metric spaces, let S be a set and let R be a nonnegative real. A function f:S — Y is
R-roughly onto if every y € Y is at distance at most R from some point in f(X) C Y. An R—rough
isometric embedding from X to Y is a function f: X — Y such that

d(x1,x2)— R =<d(f(x1), f(x2)) <d(x1.x2) + R

for all x1, x2 € X. An R-rough isometric embedding is the same as a (1, R)—quasi-isometric embedding.
An R-rough isometric embedding f: X — Y is an R—rough isometry if it is roughly onto. An R-rough
isometry is the same as a (1, R)—quasi-isometry.
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An R-rough geodesic in X from x; to x, is an R-rough isometric embedding f from the interval
[0,£] C R to X with £ = d(x1, x2) such that f(0) = x; and f({) = x2. An R-rough geodesic is the
same as a (1, R)—quasigeodesic. A metric space (X, d) is R—rough geodesic if every pair of points in X
is joined by an R-rough geodesic.! Note that rough geodesicity implies weak geodesicity, as used by
Kasparov and Skandalis [1994; 2003] and others [Lafforgue 2002; Mineyev and Yu 2002]. A natural
question is whether or not every rough geodesic space can be thickened, in the sense of Gromov [1993,
Section 1.B] to a geodesic metric space.

Let X and Y be metric spaces, let R > 0 and let K > 1. An R—rough K-Lipschitz map from Y to X is a
function «: Y — X such that

d(a(p),a(q)) < Kd(p.q) +R

for all p,q € Y. An R—path in X is an R—-rough 1-Lipschitz map «: P — X from an interval P C R.
An R-circle in X is an R-rough 1-Lipschitz map «: S — X from a Riemannian circle S. We use the
notation | F'| to denote the length of F, where F' is an interval, a Riemannian circle or a finite union of
closed segments in an interval or in a Riemannian circle.

Remark 2.1 The concatenation of two R—paths need not be an R—path. However, if «1: P; — X and
az: P, — X are a pair of concatenable R—paths and y: [0, R] — X is the constant path at the point of
concatenation then the concatenation o; yap is an R—path.

An R—circle o: S — X is 1/ K—almost isometric, for some K > 1, if

S
d(@(p).a(p) = )

for every antipodal pair of points p, p € S.

Definition 2.2 An R-rough geodesic metric space X is strongly shortcut if, for some K > 1, there is a
bound on the lengths of the 1/ K-almost isometric R—cycles of X.

Remark 2.3 By Theorem 3.8, the apparent dependence on R in Definition 2.2 is not essential. That
is, if X is an R-rough geodesic metric space and R’ > R then X is strongly shortcut if and only if it is
strongly shortcut when viewed as an R’-rough geodesic metric space.

We view graphs as geodesic metric spaces with each edge isometric to a unit interval. For a graph T,
we use the notation I'? to denote the vertex set of I with its subspace metric. The cycle graph S, of
length n is the graph isometric to a Riemannian circle of length n. A cycle in a graph I' is a combinatorial
IWe include the condition £ = d(x1, X2) in the definition of an R—rough geodesic f only for convenience. If we do not assume
it, then we can recover it up to slightly increasing the rough geodesicity constant to R’ = (1 4+ +/2)R. Indeed, the remaining
conditions on f imply that [£ — d(x1, x2)| < R and it can be shown that either d(x1, x2) < R’ (in which case any function

[0,d(x1,x2)] = {x1,x2} is an R’—rough isometric embedding) or the composition of f with the orientation preserving linear
bijection [0, d(x1, x2)] — [0, £] results in an R’—rough isometric embedding.
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map S, — I' from some cycle graph S, to I'. A path graph is a graph isometric to a real interval. A
combinatorial path in a graph I" is a combinatorial map P — I' from a path graph P.

Note that if «: S, — I" is a cycle in a graph I then « is a 1-Lipschitz map from a Riemannian circle
to a geodesic metric space or, in the language we have established above, an R—circle in an R-rough
geodesic metric space where R = 0.

Definition 2.4 A graph I is strongly shortcut as a graph if, for some K > 1, there is a bound on the
lengths of the 1/ K—almost isometric cycles of I'.

Remark 2.5 By Theorems 3.5 and 3.8 and Corollary 3.10, the following conditions are equivalent for a
graph T".

(1) T is strongly shortcut as a graph.

(2) T is strongly shortcut as a geodesic metric space.

(3) T9is strongly shortcut as a rough geodesic metric space.

If X is a metric space and A > O then we write A X to denote the metric space obtained from X by scaling
the metric by A.

3 Characterizing the strong shortcut property

In this section we will give various characterizations of the strong shortcut property.
Lemma 3.1 Leta:S — X be al/K-almost isometric R—circle in a metric space X . Then

K —
d(e(p),a(q)) = d(p,q) — ——— —2R
forall p,g € S.

Proof Let p’,q' € S\ {p,q} be antipodal and suppose that a geodesic segment of S visits p’, p, ¢

and ¢’, in that order. Then
1S
=Bl < dap'). o)

<d(a(p"),a(p)) +d(a(p).a(q)) +d(a(g),a(q")

<d(p',p)+ R+d((p),a(q)) +d(q.q") + R

=d(p'.p)+d(q.q9")+d(a(p),a(q)) + 2R

S|
= —d(p.q) +d(a(p).a(q) + 2R,
from which we can obtain the desired inequality. a

The following definition is very useful because it applies to general metric spaces.
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Definition 3.2 A metric space X approximates n—gons if for every K > 1 and every n € N there exist
K-bi-Lipschitz embeddings of AS? in X for arbitrarily large A > 0.

We will see that in the case of a graph or a rough geodesic metric space nonapproximation of n—gons is
equivalent to the strong shortcut property. Thus it would make sense to define the strong shortcut property
for general metric spaces as nonapproximability of n—gons.

Definition 3.3 Let X and Y be metric spaces. A function f:Y — X is a (K, C)—quasi-isometry up
to scaling if there exists a A > 0 such that f is a (K, C)—quasi-isometry when viewed as a function
from AY to X. A function f:Y — X is a rough similarity if, for some C > 0, the function f is a
(1, C)—quasi-isometry up to scaling. A property ? of metric spaces is a rough similarity invariant if
whenever X satisfies % and f:Y — X is a rough similarity then Y also satisfies %. A property P of
metric spaces is a rough approximability invariant if, for any metric space X satisfying P, there exists
an Ly > 1 such that whenever C >0 and f:Y — X is an (Ly, C)—quasi-isometric embedding up to
scaling, then Y also satisfies .

Proposition 3.4 Nonapproximability of n—gons is a rough approximability invariant of metric spaces. In
particular, nonapproximability of n—gons is a rough similarity invariant of metric spaces.

Proof Let X be a metric space that does not approximate n—gons. Then there isa K > 1, ann € N and
a A > 0 such that any K-bi-Lipschitz embedding of AS,? in X satisfies A < A.

Let Y be a metric space, lett > 0, let L € (1,K) and let f:tY — X be an (L, C)—quasi-isometric
embedding. Let K’ € (1, K/L) and let A’ > CLK'/t. We will show that there is a bound on the
A" for which there exists a K’-bi-Lipschitz embedding a: A’S? — Y. Viewing such an & as map
from tA’S? to tY the composition f oa:tA'S? — X is an (LK’, C)—quasi-isometric embedding. But
the minimum distance between distinct points in z1’S? is #A’ and so one can show that f o« is a
(tMLK'+ C)/(tA' — LK'C)-bi-Lipschitz embedding from z1'S?2. But

tAVLK' +C

tA'—LK'C
as A’ — oo so there is a Ag such that if A’ > Ag then (ALK’ + C)/(tA — LK'C) < K. So if we
had A’ > A’ = max{Ao, A/t} then f o« would be a K-bi-Lipschitz embedding of AS? in X with
A =1tA > A, which would be a contradiction. Thus A’ bounds the A’ for which there exists a K'-bi-
Lipschitz embedding o: A’ S,? — Y, as required. O

— LK <K

Theorem 3.5 Let I' be a graph. Then the following conditions are equivalent.
(1) T is not strongly shortcut as a graph.

(2) T approximates n—gons.

Proof (1) = (2) Let K/’ > 1andleta: S,  — I' be a 1/K’—-almost isometric cycle. Let n € N and
subdivide S, into n segments of equal length, ignoring the original graph structure on S,/. Let Y C S,/ be
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the set of endpoints of the segments. Then Y is isometric to 1S, for A =n’/n. Let &’ be the composition
of the inclusion ¥ < S, with «. Let p,q € Y be distinct. Then d(p, g) > |S,/|/n and, by Lemma 3.1,

K —1 |Sy| K'—1 nd(p.q) | n(K'—1)
K2 K’ 2 2K’

4@ (p). (@) = d(p.q) — > d(p.q) )d@qx

but d(a’(p).a’(q)) < d(p,q) so, when K’ is small enough that n(K’ — 1)/2K’ < 1, the map o' is

K-bi-Lipschitz for .
K' -1\~
ke (1_"K=Dy "
2K’

Thus, given an arbitrary n € N and an &’ as above with K’ small enough, we can obtain a K-bi-Lipschitz
embedding of 1S, in I" with

K/ _ 1 -1 /
k=(1-mE =Dy,
2K’ n
Since T is not strongly shortcut, there exist & as above with K’ > 1 arbitrarily close to 1 and with n’
arbitrarily large. But K — 1 as K’ — 1 and A — oo as n’ — oo so we have K-bi-Lipschitz embeddings
of AS, with K arbitrarily close to 1 and A arbitrarily large.

(2)= (1) LetneN,let K >1,let A > K and let a: AS? — T be a K-bi-Lipschitz embedding.
There is a retraction r: I' — I'% such that r is a (1, 1)—quasi-isometry. Then the composition r o ¢ is a
(K, 1)—quasi-isometric embedding. But distinct points in AS? are at distance at least A and, since K < A,
this implies that 7 o o is L-bi-Lipschitz, where L = (KA + 1)/(A — K). View S, as the Cayley graph of
Z /nZ with generating set {1} and, fori € Z/nZ, let v; be the vertex of S,, corresponding to i. Then,
for each i, we have d(r o @(v;),r o@(vj+1)) < | LA] so there is a combinatorial path y;: P; — I' of
length m; € {{LA|—1, | LA]} from r o (v;) to r oa(v;+1). For each i, identify the endpoint of P; with
the initial point of P;; to obtain a cycle y: S, — I’ with m = > 7_; m;. Then « factors through y
via the embedding that sends v; to the initial point of P; C Sp,. So, viewing S? as a subset of SO via
this embedding, we have r o x(v;) = y(v;), for each i. Let x € Sy, and let v; minimize d(x, v;). Then
d(x,v;) < %LLAJ and if ¥ is the antipode of x and i =i + | % | then d(%,v;) < [LA] + %, so

d(y(x),y(%)) = d(y(vi), y(v7)) —d(y(x), y(vi)) —d(y(X). y(v;))
= d(y(vi), y(v7)) —d(x,vi) —d(X, v;)
> d(y(vi), y(v7) = 5L LA] = [LA] = 3n
=d(roa(v;),roa(v;))— % [LA] — %n

1
szxsg(vi,v;)—%LL/\J—%n

A

A 1 (A(n—1)
zz(%(n—l))—%Lk—%n—_—( i —3Lk—n)-%|8m|
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Since m < nLA, the above computation implies that

d(V(x),)/(Sc))z(n_l 3 1)|Sm|

nl2 n LA) 2

so, given « as above, we can obtain a 1/ K’—almost isometric cycle in " of length m, where

1 (n—1 3 1
K \nlL2 n LMA)

We need only show there exist o for which 1/K’ is arbitrarily close to 1 and m is arbitrarily large. By

hypothesis, there exist o for which K = (n + 1)/n and A > n, for arbitrary n € N. But then, as n — oo,
we have m > n(|LA] —1) >oc0oand L = (KA +1)/(A— K) — K so

1 n—1 3 1 ! -
— = - )=>1.
K’ nl?2 n L)

Let X be a metric space. Let AU be a nonprincipal ultrafilter on N. Let (b m)),.en be a sequence in X.

Let (s")),,en be a sequence of positive reals such that s — 0o as m — co. Consider the set

(m)
X' = {(xm)meN ‘ (%) is bounded}
S meN

of sequences in X that are bounded with respect to the basepoint sequence (b(m))m and the scaling
sequence (7). For (Xpm)m. (X,)m € X/,

/
3o (e ) = i )
defines a pseudometric on X’. The asymptotic cone X of X with respect to the nonprincipal ultrafilter U,
the basepoint sequence (b(m))m and the scaling sequence (s (m)),, is the metric space obtained from X’
and d by identifying (xXm)m and (x},)m Whenever d ((xXm)m. (X),)m) = 0.

Note that Theorem 3.6 and Corollary 3.7 apply to general metric spaces and not just rough geodesic
metric spaces.

Theorem 3.6 Let X be a metric space. Then the following conditions are equivalent.

(1) There is an asymptotic cone of X that contains an isometric copy of the Riemannian circle of unit
length.

(2) X approximates n—gons.

Proof (1) = (2) Suppose S C ¥ is a subspace isometric to the Riemannian circle of unit length in the
asymptotic cone X of X with respect to a nonprincipal ultrafilter AU, a basepoint sequence (b™),, and a
scaling sequence (s™),,. Take any n € N, any K > 1 and any A > 0. We will construct a K—bi-Lipschitz
map a: AS? — X with A > A. Subdivide S into n segments of equal length and let S denote the set of
endpoints of the segments. For each ¢ > 0 and each p, ¢ € S° represented by (pm)m and (gm)m, there is

an A?? € A such that
d(pm.qm)

e < d(p.q) + e

d(p.q)—¢=
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for all m € AZ*?. There are finitely many pairs p, g € S° so A = ﬂp’ q AP? cau. Then, for any distinct
p.qeS°,
(1= 55" d(p.q) < d(pm-am) = (14 = )s™d(p.q)

d(p.q) d(p.q)
for all m € A;. But d(p,q) > ,ll and so

(1=ne)s™d(p.q) < d(pm.qm) < (1 +n8)s"™d(p.q)
for all m € A;. Soif ne < 1 then, for m € A,, the map

o s™ S0 s X, P> DPm,

is bi-Lipschitz with bi-Lipschitz constant

max{l—l—ne, 1 }: 1 .
1—ne l1—ne

The space s S is isometric to (s(m)/n)S,? so if we chose ¢ small enough thatne <1and 1/(1—ne) < K
and we take m € A, large enough that s /n > A then we can take o = app.

(2) = (1) For m € N, there exists a (m 4+ 1)/m-bi-Lipschitz map oy, : kmng — X with A,, > m.
Metrize the group (1/2")Z = {k/2™ | k € Z} C R with the subspace metric and metrize the quotient
group (1/2™)7Z/Z with the quotient metric. Then (1/ 2’”)ng is isometric to (1/2™)Z /7. Via this
isometry we identify the vertex set ng with the elements of (1/2™)Z /7. Thus we view (1/ 2’")ng as
a metric subspace of the Riemannian circle of unit length S = R/Z. By this identification, the union
Sp = Upmen ng C S is the dyadic circle Z[%]/Z. The dyadic circle Sp is dense in S. Thus, since
asymptotic cones are complete metric spaces [Drutu and Kapovich 2018, Proposition 10.70], it will suffice
to isometrically embed Sp into an asymptotic cone of X.

View «, as an (m + 1)/m-bi-Lipschitz map from (1/2"’)S§m to (1/A,n2™)X. Set b = ,,(0) and
set (™) = 1,,2™ . Every nonzero element of Sp can be uniquely represented as k /2¢ with k odd and
satisfying 0 < k < 2¢. For any such representation k /2¢ and any m € N, set

m) _ pm) ifm< ¢,

k20T Vo k /28 itm > o,

and set x(()m) = b Then, for any nonprincipal ultrafilter U, the expression p > (x},m))m defines an

isometric embedding of Sp into the asymptotic cone & of X with respect to AU, the basepoint sequence
(b™),,, and the scaling sequence S . Indeed, for every p,q € Sp,

dy" xg™) _ d(om(p).oam(@) _ (m+ D/m-dmds, (p.g) _m+1
s am o Ao 271 = dso(P )
and
Ay x{")  d(om(p).am(@) _ m/(m+1) - Ands,u(p.q)  m
<(m) - A2 = A2 T om+1 dsp (p.4)
whenever m is large enough. |
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Corollary 3.7 Let X be a metric space and let X be an asymptotic cone of X. Suppose that X does not
approximate n—gons. Then X does not approximate n—gons.

Proof By Theorem 3.6, it suffices to show that any asymptotic cone X’ of X does not contain an isometric
copy of a Riemannian circle of unit length. But X’ is isometric to an asymptotic cone of X [Drufu and
Kapovich 2018, Corollary 10.80] so does not contain an isometric copy of a Riemannian circle of unit
length by Theorem 3.6. |

Theorem 3.8 Let X be an R—rough geodesic metric space. The following conditions are equivalent.
(1) X is not strongly shortcut.
(2) Forevery L > 1 there exist (L, 4 R)—quasi-isometric embeddings of arbitrarily long Riemannian
circles in X .
(3) For every L > 1 there is a C > 0 such that there exist (L, C)—quasi-isometric embeddings of
arbitrarily long Riemannian circles in X .
(4) X approximates n—gons.

(5) There is an asymptotic cone of X that contains an isometric copy of the Riemannian circle of unit
length.

Proof Conditions (4) and (5) are equivalent for general metric spaces, by Theorem 3.6. So it will suffice
to prove the equivalence of conditions (1), (2), (3) and (4).

(1) = (2) Let N =2, 1let L > 1 be arbitrary, let K > 1 be small enough to satisfy Lemma 4.5 and
let @: S — X be a 1/K-almost isometric R—circle in X with |S| arbitrarily larger than the M from
Lemma 4.5. Then the limit R—circle doo: Soo — X given by Lemma 4.5 is an (L, 4 R)—quasi-isometric
embedding of a Riemannian circle of length at least %|S |.

(2) = (3) This is immediate.

(3)= (4) Letwa:S — X be an (L, C)—quasi-isometric embedding of a Riemannian circle. Let n € N,
subdivide S into n segments of equal length and let Y be the set of endpoints of the segments. Then Y is
isometric to (|S|/n)S, and

(- 15)dr.) = d(@(pr.ate) = (L + 15 )d(p.a)

for distinct p, g € Y. By hypothesis, there exist arbitrarily long o with L arbitrarily close to 1 and so a|y
is a K-bi-Lipschitz embedding of A.S;, for A = |S|/n arbitrarily large and
1 nC\! nC

K=max{(z—m) ,L—i—m}
arbitrarily close to 1.
(4)= (1) LetneN,let L>1,let A >0andleta:AS? — X be an L-bi-Lipschitz embedding. View
S, as the Cayley graph of Z/nZ with generating set {1} and, for i € Z/nZ, let v; be the vertex of
Sy corresponding to i. Then, for each i, we have d(a(v;), ®(vi+1)) < LA so, by scaling an R—-rough
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geodesic, there is an R—path y/: P; — X of length |P;| = LA from a(v;) to a(v;+1). Let y; be the
concatenation ¢; y; where ¢; : [0, R] — X is the constant path of length R at (v; ). For each i, identify the
endpoint of P; with the initial point of P;4 to obtain an R—circle y: S — X with |S| =n(LA+ R). Then
o factors through y via the embedding that sends v; to the initial point of P; C S. So, viewing S? as a
subset of S via this embedding, we have a(v;) = y(v;) for each i. Let x € S and let v; minimize d(x, v;).
Then d(x,v;) < %(L)L + R) and if X is the antipode of x and i =i + L%J then d(x,v;) < LA+ R, so

d(y(x),y(¥)) Z d(y(vi), y(v7)) =d(y(x). y(vi)) = d(y (%), y (v7))
>d(y(vi), y(vp)) —d(x,vi) = R—d(xX,v;) — R
> d(y(vi),y(v;)) — 2(LA+ R)— (LA + R) —2R
= d(a(vi). a(v))) = 3(3LA +TR)

> L, so(vi v) — LBLA+TR)
A
=731 -36LA+TR)

> %(%(n —1)) = 1BLA+TR)

1 [A(n—1) 1
= (=2 _3LA-7R) L8
|S|( L ) 2151
1 An—1) 1
= —3LA—7R)-LIs
n(L)L+R)( L ) 25|
B An—A 3LA 7R 1|S|
“ \L2An+nLR Lin+nR Lin+nR) 27"

So, given « as above, we can obtain a 1/ K—almost isometric R—circle in X of length |S| =n(LA + R),
where

1 _ ( An—A  3LA TR )

K \L2An+nLR LAn+nR LAn+nR)’

We need only show there exist « for which 1/K is arbitrarily close to 1 and | S| is arbitrarily large. By

hypothesis, there exist « for which L = (n 4+ 1)/n and A > n, for arbitrary n € N. But then, as n — oo,
we have |S| =n(LA + R) — oo and

lz( An—A  3LA TR )_)1

L2An+nLR LAn+nR LAn+nR '

K O

Corollary 3.9 Let X be a metric space. If X is strongly shortcut then every asymptotic cone of X is
strongly shortcut.

Proof This follows immediately from Theorem 3.8 and Corollary 3.7. |

Corollary 3.10 The strong shortcut property is a rough approximability invariant of rough geodesic
metric spaces. In particular, the strong shortcut property is a rough similarity invariant of rough geodesic
metric spaces.

Proof This follows immediately from Theorem 3.8 and Proposition 3.4. |
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Figure 2: Continuing the pattern, one obtains an infinite graph that is strongly shortcut because it
is the 1-skeleton of a finite-dimensional CAT(0) cube complex. Subdividing the interior edges of
each n x n grid results in a quasi-isometric graph that is not strongly shortcut.

3.1 Instability under quasi-isometries

In light of Corollary 3.10, we should point out that the strong shortcut property is not a quasi-isometry
invariant. The 1-skeleton of an n x n grid of squares is strongly shortcut but subdividing its interior edges
causes its boundary cycle to become isometrically embedded. We can construct a strongly shortcut graph
I" that contains isometric copies of 1-skeletons of larger and larger n x n grids. See Figure 2. Subdividing
the interior edges of each n x n grid of I" does not change the quasi-isometry type but results in a graph
that is not strongly shortcut because it contains arbitrarily long isometrically embedded cycles.

4 The circle tightening lemma

The circle tightening lemma describes how one may perform surgery on an almost isometric R—circle to
obtain a quasi-isometrically embedded R—circle, assuming the various constants are chosen appropriately.
A version of this lemma first appeared implicitly in the proof of a proposition in an earlier work [Hoda
2022, Proposition 3.5] where it applied only to graphs. Here we state and prove a generalization to (rough)
geodesic metric spaces.

4.1 Tightening sequence for a Riemannian circle

Let S be a Riemannian circle. A tightening sequence for S is a sequence of intervals and Riemannian

circles (P;);, a sequence of Riemannian circles (S;); and sequences of maps
S=8So«Py—>S1 <P —>S«<Py—---

such that, for each i, either

(1) (@) P; — S; and P; — S; 41 are continuous paths of unit speed,
(b) P; — S;+1 is injective on the interior Pl.° of P;,
(© |Pi| = 38|, and
(@) [Sit1| <|Sil;or
(2) (@ P°=P =S;=Sit1,and
(b) P; — §; and P; — ;41 are identity maps.
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P; im(P;)

~N S

P’

1
o—0

Figure 3: In a circle tightening sequence, the circle S; 4 is either equal to S; or is obtained from S;
by replacing some geodesic segment Q; of S; with a shorter segment Q;, possibly of zero length.

See Figure 3. Then, for each i, the circle S; 41 is obtained from S; by replacing Q; = S\ P with 0,
where either Q; = Q; = @ or Q; and Q; are intervals with |Q;| < |Q;|. So we also have a commutative
diagram of 1-Lipschitz maps

Qo — Qo 01 — 01 02 —» 0>

2

Figure 4: A circle tightening sequence that is disjoint up to 4 but not disjoint up to 5. The outer
circle is the initial circle S = Sy. For i > 0, the circle S; 4 is obtained from S; by replacing the
geodesic segment Q; C S; (indicated by perpendicular markings) with a shorter sequence Q;.
The segment Q4 (drawn in cyan) is the first replaced segment that cannot be viewed as a subspace
of § since it is not contained in Py ,, which can be viewed as S\ Ui, 0.
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where each Q; — Q; is affine. We call the Q; the tightened segments of the tightening sequence. We
let 7() denote the composition m;_j o o--- 0. A tightening sequence is eventually constant if
S; = S; 41 for all large enough i.

Let Py ; be the limit of the diagram

/l\ /l\/l\

S S()\ ’P() /Sl\ ’P] > ’/1—)S1
in the category of topological spaces and continuous maps. Concretely, we have Py, = So, Py, = P,
and P(;’ = P6’ -1 N P ;’_1 where the intersection is taken in S;_;. Thus we have the commutative
diagram
o A > ° yl 5 o
Po1\ Po,z\ P0,3<

I { [
/i\ /l\ /l\

S S()( ’P() < ’Pl < ’P2 >

ER]

We can think of P ; as the original points of S that are not replaced until at least step j of the “construction
of the S;, where the j™ step of the construction refers to the operation of replacing Q; with Q; in order
to obtain S; 41 from §;.

We say that a tightening sequence is disjoint up to j if Q; C Py; for alli < j, where P ; is viewed
as a subspace of S; via the embedding Pg; < S;. See Figure 4. We say that a tightening sequence is
completely disjoint if it is disjoint up to j for every j.

If a tightening sequence is disjoint up to j, for i < j, we have Ql L P0°lJrl = P° — §. So, fori < j,
we may think of the Q; as disjoint subspaces of S with S\ U = P° in S Since S is obtained
from S by replacing Q; with Q;, for each i < j, we see then that the 0, w1th i < j,embed disjointly
in S; with Pg = 8; \U/Zy 0i in S;.
If a tightening sequence is completely disjoint then the Q; all embed disjointly in S and the complement
of their union in S is Pg = (72, P

Lemma 4.1 Consider a tightening sequence for a Riemannian circle S with the same notation as above.
If the tightening sequence is completely disjoint and the sum Y 72, |Q;| of the tightened segment lengths
is strictly less than |S| then

§:85x8 —=>Rxp, (x,y)r lim dg, (Jr(i)(x),n(i)(y)),
1 —>00

defines a pseudometric on S such that the induced metric quotient Soo of (S,6), called the limit
Riemannian circle of the tightening sequence, is a Riemannian circle of length lim; _s o | S; |.
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Proof The 7 are isomorphisms on fundamental group so, for each i, we have a commuting diagram
R —“ 5 R
Si —2s Sit

where R — S; and R — S; 1 are the quotient maps from (R, +) by the subgroups |S;|Z and |S;+1|Z,
respectively. Then, since 7; is 1-Lipschitz, so is 77;. Without loss of generality, the map 7; sends 0 to 0
and preserves order, in the sense that s < r implies 7; (s) < 7; (r). Let 7@ R — R be the composition

ooy o---oj—1 so that the diagram "
ﬁl

R—— R

.

7@

S —— S;

commutes and satisfies the same properties as the previous diagram. Then for r € R, the sequence
(r®D(r)); is either nonnegative and nonincreasing or nonpositive and nondecreasing. In either case the
limit exists so we can define a limit function

7R SR, r> lim 7@ @),
1—>00
which is also 1-Lipschitz, sends 0 to 0 and preserves order.

By assumption Y72, |Q;] < |S] so D (|S]) =|Si| > |S| =352, |Qi] > 0 and so
7(|S]) = lim |S;|> 0.
1—>00
For r € R, we have 7D (r 4 |S|) = 7@ (r) +5;]| so
7 (r +15]) = () + lim |Si],

which implies that if R — S is the quotient map of (R, +) with kernel (lim; o |S;|)Z then the map
7S = Soo, T H+I|S|Z > 7 () + (lim |S;])Z,
1 —>00

is well defined and makes the diagram

R 77 (00) R
s =5

commute.
Then |S| = lim; o0 |S;| and, for r + |S|Z and s + |S|Z in S,
dg (7 (r +1512), 7 (s +1512)) = d5(7 () + 5|2, 7 (s) +15|2)

— mi (00) (1) _ - (00) Slk
min 7)) 7 (5) + |k
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= min |7 (r) — 7 (s) + |S|k|
kel

= min lim |n(i)(r) —n(i)(S) + |§i|k|

kel i—oo

= lim min|n(i)(r)—7r(i)(s)+ |§i|k{
i—oo kel

= lim min{n(")(r)—n(i)(S)-i- |§i|k‘
i—->ookeZ

= lim dg, (7O (r) +|S/|1Z, 7D (s) + 1S;|Z)
1 —>00
= lim ds, (7D +5|2), 7D (s +|S|2)),
1 —>00
where I = {k € Z | |k| < [|r —s|/|S|]}. So the pseudometric on S pulled back from 7 (> is §. Then,

since 77(° is surjective, this implies that S is Seo, the induced metric quotient of (S, §) and 7 is the
quotient map. |

Remark 4.2 If a completely disjoint tightening sequence of a Riemannian circle is eventually constant
then, for large enough i, the limit Riemannian circle S is isometric to the i Riemannian circle of the
sequence S;.

4.2 Tightening sequence for an R—circle

Let R > 0 and let X be an R—rough geodesic metric space. Let o: S — X be an R—circle. A tightening
sequence for « is a sequence of intervals and Riemannian circles (P;);, a sequence of Riemannian circles
(S;); and sequences of maps as in the commutative diagram

S —— Sy ¢ > Py s 51 < > Py > Sp ¢ > Py > e

o7} all (2% o3
X

o
such that each ¢; is an R—circle and the sequence of maps
SZS()(—’P()—)Sl(—"’Pl—)Sz(—’Pz—)---
is a tightening sequence for S. Then, by the discussion of Section 4.1, we have a diagram

Qo — Qo 01— 04 02— 02

BN AN

S:SO< ’PO /S]\ /SZ( ’PZ 7"

oo all a2 a3
X

o

where the bounded planar regions are commuting triangles and squares.
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Lemma 4.3 Consider a tightening sequence for an R—circle o.: S — X in an R—rough geodesic metric
space X, with the same notation as above. If the tightening sequence is completely disjoint and the sum
Y726 |0i| of the tightened segment lengths is strictly less than |S| then

Ooo:Seo — X, x> lim aion(’)oo(x),
i—00

defines an R—circle, called a limit R —circle of the tightening sequence, where S is the limit Riemannian
circle of the tightening sequence and o : Soo — S is a section of the quotient map S — Sco.

Proof Since the tightening sequence is completely disjoint, we may think of the Q; as a collection
of disjoint segments in S. For x € S either x ¢ Ufiq Q; and («; o 7'5(")()c))l.°iO is a constant sequence
or x € Q; for some j and the tail sequence (o; o n(’)(x))?i i1 is constant. In either case, the limit
lim; s 00 o 0 7@ (x) exists so we have a function ol S — X given by o/, (x) = lim; 00 @ © 7D (x).
Let S be the limit Riemannian circle given by Lemma 4.1. So S« is the induced metric quotient of
(S, 6) where § is the pseudometric give by §(x, y) = lim; 00 ds; (7D (x), 7D (y)). Since each ¢; is an
R-—circle, for x,y € S,
dx (¢ oV () 0 07D (1)) < ds, (1D (x). 7D (7)) + R

for all i, and thus

dx (0o (%), 0o () < 8(x, y) + R
by taking limits as i — oo.

Then, for x, y € Seo,
dx (0o (X), Qoo (1)) = dx (0o (0(X)). e (0())) < 8(0(x).0(y)) + R=ds,,(x.y) +R. O

Remark 4.4 If a completely disjoint tightening sequence for an R—circle «: S — X is eventually constant
then, for large enough 7, the limit R—circle oo : Soo — X is isometric over X to the i R—circle of the
sequence «;. This means that there is an isometry Soc — S such that diagram

commutes.
We are ready now to state the circle tightening lemma.

Lemma 4.5 (circle tightening lemma) Let N > 1, let L > 1, let K > 1 be small enough (depending on
N and L), let R > 0, let M > 0 be large enough (depending on N, L, K and R) and let C > 4R.

Let «: S — X be an R—circle in an R—rough geodesic metric space. If « is 1/ K-almost isometric and
|S| > M then « has a completely disjoint tightening sequence such that the total length Y 72 | Q;| of the
tightened segments is at most |S|/N and the limit R—circle ao is an (L, C)—quasi-isometric embedding.
If, additionally, C > 0O then such a tightening sequence exists that is eventually constant.
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Lemma 4.5 is a consequence of Claims 4.7, 4.8, 4.11 and 4.14 and the strict inequalities of Claim 4.12
below, but to understand these claims we need to first define greedy tightening sequences and prove some
properties about them.

4.3 Greedy tightening sequences

In order to prove Lemma 4.5 we will need to describe a tightening sequence that is constructed inductively
by greedily choosing segments to tighten. Let «: S — X be an R—circle in an R—rough geodesic metric
space X, with R > 0. Let C > 4R and let L > 1. We will inductively define a tightening sequence
for o with the same notation as in the previous sections. Suppose we have o;: S; — X. If «; is an
(L, C)—quasi-isometric embedding then we extend the sequence as follows.

(1) We set Pl-0 =P =S =8i+1and Q; = Qi =J.
(2) Welet P; — S; and P; — S; 4+ be identity maps.
3) Weleto;+1 =«;.

Otherwise, the set

1
Ji = {(PaCI) € 8 x S; | dx (i (p). @i (q)) < 745 (p.q) —C}
is nonempty and dg, (p,g) > LC > 0 for any (p,q) € J; and so s; = sup{ds, (p.q) | (p,q) € Ji} > 0.
By compactness of S, there is a sequence (pl.(”), ql.(”))n in J; that converges to some (p;,q;i) € S X S
with dg; (pi.qi) = si as n — oo. Then
dx (o (pi), @(gi)) < dx (o (i), e(p{™) + dx (e (p"), ™)) + dx (i (@), (1)
1
<ds, (pi. p") + R+ 7ds; (p" . q{") = C +ds,(q{" 4i) + R
1
— 7ds:(pi.qi) = C +2R
as n — 00. So
1
() dx (e (pi), @(qi) = 7ds;(pi.qi) —C + 2R,
() ds;(pi,qi) >0 and ds;(pi.qi) = L(C —2R)

hold. Let Q; be a geodesic segment of S; between p; and g;. In the case where p; and ¢; are antipodal
in S;, there are two geodesic segments between p; and ¢;; in this case we let Q; be the geodesic segment
whose intersection with P(;’,l. has greatest total length. Let P be the complement of Q; and let P;
be the closure of P?. Let y;/: Q; — X be an R-rough geodesic from «;(p;) to «;j(g;). For x € X,
let cx: [0, R] — X denote the constant path of length R at x. Let y;: Q; — X be the concatenation
Ca; (Pi)yi/cai () We have

— 1
0<|0i|—2R =dx(xi(pi). 2i(qi)) < lei|—C +2R
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and so, since C > 4R,
— 1
@ 101l < 7101,
We obtain «; +1: Si+1 — X from «;|p, and y; by identifying the corresponding endpoints of Q; with p;
and ¢; in P;. Then, by consideration of Remark 2.1, the map «; 41 is an R—circle.

Remark 4.6 The inequalities

dx (@i+1(pi), ai+1(x)) <ds; ., (pi.x), dx(@i+1(gi).@i+1(x)) <ds;,,(qi.x)
hold for any x € Q;.
This completes the description of our inductive construction. Any tightening sequence for o obtained in

this way is called an (L, C)—greedy tightening sequence for o.. The importance of this construction for us
is evident from the following claim.

Claim 4.7 LetL > 1, let K > 1, let C > 4R and consider an (L, C)—greedy tightening sequence for
a 1/ K-almost isometric R—circle «: S — X in an R-rough geodesic metric space X . If the tightening
sequence is completely disjoint and the sum Y ;o |Q;| of the tightened segment lengths is strictly less
than |S| then any limiting R—circle doo: Sooc — X is an (L, C)—quasi-isometric embedding.

Proof Let Soo be the limit Riemannian circle given by Lemma 4.1. So S is the induced metric quotient
of (S, §) where § is the pseudometric given by 8(x, y) =1lim; o0 dss; (7 @D (x), 7D (p)). Let dloo : Soo — X
be a limit R—circle as in Lemma 4.3. So o is an R—circle defined by oo (x) = lim; o0 @; © 7®o o(x),
where 0: Soo — S is a section of the quotient map S — Seo.

If ¢ is not an (L, C)—quasi-isometric embedding then, since R < C,
dx (@00 (X), oo () < Tl (x,) = C
for some x, y € Soo, Which then must be distinct. But
ds.(x.y) = lim ds,(77(0(x)). 770 (y)).
dx (oo (), oo (y)) = lim dx (o 07D (0 (x)), i 0 7P (@(1))),

where, by complete disjointness, (7 (o (x))), and (7 (a(y))), are eventually constant. So, for all
large enough j,

dx (o7 01D (0(x). 0y o7 P(0(y))) = lim dy (e 0wV (o(x)). i 0D (0 (1))
but also, for all large enough j,
11_1)120 dx ((xi o n(i)(a(x)), oo JT(i)(U(y))) < %dS_,- (ﬂ(j)(a(x))’ ﬂ(j)(U(J’))) -C
so, for all large enough j,
dy (o7 (9 0 0. (x)), a; (1D 0 0 ())) < %dsj (7D oo (x). 7V 06 (y)) - C
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which implies that (JT(j )oo (x), (/) oo(y)) € J;, for all large enough j. But then, for all large enough j,

ds, (x 00(x). 70 00(1) =55 = |0}
with lim; o0 |Q| =0 so

ds. (x,y) = lim dS/. (n(j) oo(x),n(j) oo(y)) =0
j—ooo

which is a contradiction. O

4.4 Eventual constantness and greedy tightening sequences

Consider a greedy tightening sequence with notation as in Section 4.3. Note that if S; = S; 41 for some i
then S; = S;4+1 = Si4+2 = -, so the tightening sequence is eventually constant. Moreover, for any i for
which S; # S; 11, we have

181~ 181411 = 1011 =101 > 10s] = +10i1 = (1= 1) 124l
> (1—%)L(C—2R) — (L—1)(C —2R)

by (1) and (%). If R > 0 then, since C > 4R, we have C > 2R > (0. If R = 0 then C > 2R is equivalent
to C > 0. Thus, if C > 0 then |S;|—|Si+1] = (L —1)(C —2R) > 0. This implies the following claim.

Claim4.8 If R>0,L > 1and C > 0 then any (L, C)—greedy tightening sequence for an R—circle in
an R-rough geodesic space is eventually constant.

4.5 Disjointness and greedy tightening sequences

Consider a greedy tightening sequence with notation as in Section 4.3. Assume that « is 1/ K—almost
isometric and that the tightening sequence is disjoint up to j. Recall that, by the discussion in Section 4.1,
we may think of the Q;, with i < j, as disjoint subspaces of S.

Ifi < j and Q; # @ then, by Lemma 3.1 and (%),

K—1 |S 1
011 - K21 Bl ok < o). wia) = 1011 -C 42,
but C > 4R so
o=KL _Lo,
! K 2 — L'~

for all i < j. Hence, we have established the following claim.

Claim 4.9 If an (L, C)-greedy tightening sequence for a 1/ K—almost isometric R—circle is disjoint up

0= (K51 )

to j then

K L-1) 2

forany i < j, where Q; is the i'" replaced segment of the tightening sequence.
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By this claim, we can find a pair of points p, g in the closure of S \ (U

S| K—1 L |S
ds(p.q) > u——'—~u.

1—1 ) at distance

Let A1 and A, be the two segments of S between p and g. If [1 ={i < j | Q; € A1} then, since «; is

an R—circle,
dx(a(p),a(q)) <ds;(p,q) + R

<|Ail=)_10il+ Y 10il+R

iel iely
1
<|Ail= 3 10il+ 7 Y101+ R
iel iel;
L—1
=|A1l==— > 10| +R
iel

where the last inequality follows by (I). Corresponding relations for A, and I ={i < j | Q; € A,} also
hold, and so, by Lemma 3.1,

|S|——Z|Q |+ 2R > 2dx (a(p). a(q)) = 2ds(p. q)—— NE

i<j
K—-1 L \|S| K-
>S]-— ] ————-|S
> 15| (K L_l)z L)~
which establishes the following claim.

Claim 4.10 Ifan (L, C)—greedy tightening sequence for a 1/ K—almost isometric R—circle is disjoint up

10/ then K—1 L(3L-2) 6LR
E < . _ S [
|Q’|—( K 2(L—1)2)| -

i<j

where Q; is the i replaced segment of the tightening sequence.

Claim 4.10 implies that

Z|Qi|f(KI;1‘§(3L_23+ 6LR )|S|,
oy L=D7 " ISIL-D)
soif K—1 L(3L-2)
K 20-12 N

then, if |S| > M for some M depending only on K, L, R and N, then

K—1 LGL-2) 6LR 1

XK 20— Tisi=n <N
andso D, _; |Qi| <|S|/N. Since

K—1 LB3L-2)
. < JR—
K 2L-1)2 N
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is equivalent to
NL(L-2)

K < )
(B3N —2)L2— (2N —4)L -2

we have established the following claim.

Claim4.11 LetN > 1,let L > 1, let R> 0 and let K > 1 satisfy
NL(3L-2)
K < .
(BN —2)L%2— (2N —4)L -2

Then there exists an M > 0 such that if an (L, C)—greedy tightening sequence for a 1/ K—almost isometric

R—circle o: S — X of length |S| > M is disjoint up to j then

Yo < Bl

i<j

where the Q; are the tightened segments of the tightening sequence.

The following claim about rational functions has a short and elementary proof. We will make use of it
below.

Claim 4.12 The inequalities

- L(9L?>—3L —4) L(9L?>—3L —4) _LGL-9)
7L3+3L2—10L +2° TL3+3L%2—10L+2~ 3L%2-2"
| NL(L—2) L(OL?—3L—4) _ _LOL-6)

< 9 —
(BN —2)L2—(2N —4)L—-2" 7TL3+3L2—10L+2 ~ 5L?-2L-2
hold for any L > 1 and N > 1.

The next claim is essential in proving disjointness of greedy tightening sequences.

Claim4.13 Let K > 1, L > 1 and R > 0. There exists an M > 0 such that if X is an R-rough geodesic
metric space, a: S — X is a 1/ K-almost isometric R—circle with |S| > M and
L(9L? —3L —4)
< ,
TL3+3L2—10L +2
and C > 4R then any (L, C)—greedy tightening sequence for « that is disjoint up to j satisfies the

following statement. With notation as above, if (p,q) € J; and Q is a geodesic segment from p to g
in S, then Q C P°j, where we view P(;’j as a subspace of S; via the embedding Pé’j — S;.

Proof First we will show that Q is not contained in Q; for any i < j. Recall that Q; is the concatenation
AQ; B where o} | 0" 0 " — X is an R-rough geodesic and ; is constant on 4 and B, each of which is
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isometric to [0, R]. By (), we have |Q| > (C —2R)L > (4R—2R)L > 2R and |Q| > 0 so we cannot
have O € A or Q € B. We also cannot have Q; C Q C Q; since then

_ 1 1 = _

Qi =2R = dx (e (pi). i (i) = dx (@ (p).¢j(9)) < 710 = C = 710i| = C <|Qi| = C.
which contradicts C > 4R. So, if Q € Q; then some endpoint of Q is contained in Q; But this implies

that oj|p: O — X is a 2R-rough geodesic and so, by (*) and (),

101-2R < dx (@ (p).aj (@) < 710~ C <0 - C,

which, again, contradicts C > 4R. Thus we see that Q is not contained in Q; for an i < j. Hence Q
intersects P(i j nontrivially in S;.

See Figure 5. We will define a segment Zp C §; containing p and a corresponding segment A, C S.
(Note that A p does not denote the closure of A4, here.) If p is contained in the interior of Q ; for some
i < jthenlet Ay = Q; and let A, = Q;. Otherwise, let A, = A, = {p}. Define A, and A, similarly
for g. A priori, it is possible that A p= A_q. Let O~ be obtained from Q by subtracting the interiors of A P
and /_1q and let QT — S; extend Q <> S; so as to include a full copy of Ep and a full copy of Zq. Let
Qo C S be obtained from Q™ C §; by replacing any Q; C Q™ with Q; C S, fori < j. Let QJ — S
be obtained from O+ — S; by replacing any 0; — Sj, wherei < j, with Q; — §.

Let pT and ¢ be the images of the endpoints of O in S, with p* the endpoint corresponding to p and
g the endpoint corresponding to ¢. Let p~ and ¢~ be the endpoints of Qo in S, with p~ the endpoint
corresponding to p and ¢~ the endpoint corresponding to ¢. Then we have

dx (a(p™),a(q™)) < dx(a(p™),a;(p)) + dx(a; (p), @ (9)) + dx (@ (q), @(g™))
<dz (p*, p)+dx(e;(p).a;j(q) +dz (g.97)

1
<dz,(p*.p)+7101-C+dz,(q.97)
1 _ _ _
=dgp(P+,P)+z(dgp(P,P )+107+dZ, (4 ,Q))+d;14(q,q+)—c
R T _
=dz, (pT.p)+dg, (p.pT)+ 7107 +d5, (a7 9) +d5,(4.47) - C
- 1. _
=|Ap|+z|Q |+ [Aq|=C
_ 1. _
S|Ap|+z|Qo|+|Aq|—C
<L+ 051+ L4 -c = Liof1-¢
— 4 L 0 L q L 0

where the second inequality follows from Remark 4.6 and the last inequality follows from (). By
assumption, Q nontrivially intersects at least one Q;, with i < j. Let m be minimal such that Q
nontrivially intersects Q,,. Then, since Q intersects P(;” j nontrivially, the image of Q(')Ir — S, must
strictly contain Q.
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Figure 5: In the proof of Claim 4.13, from a geodesic segment Q of S; (indicated by a green
outline) we obtain Q! by removing the interiors of any Q; that are partially contained in Q. We
obtain 9 — §; by extending the inclusion Q <> S; to include full copies of any Q; that are
partially contained in Q. From Q= <> S; and Q" — S, we obtain Qo — S and Qo — S in
S = Sy by replacing any Q; — S; with Q; < S. The Q; with i < j are drawn in red in S;.

The Q; withi < j are drawn with perpendicular markings in S

3317

So, if Q(T — S, was the inclusion of a geodesic segment, we would have (p*, ¢ ™) € J,,,, which would

contradict ds,, (Pm, gm) = Sm. Thus |Q(‘)"| > %|Sm|. But then

N |Sm |S| 1 S| (K-1 LGBL-2)\|S| 3LR
901> Z|Q|—_ (K 2(L—1)2) T L-1

1<m

=(1_K—1 L(3L—2) 6LR )@

K 2(L—1)2 [S|[(L—-1)
by Claim 4.10 while

K—1 L \[S|
|Qo|<(—K —L_l)z

by Claim 4.9. So |Q(J)r| < |Qo| would imply

K—1 LGL-2) 6LR K-1 L

1— . — < .
K 2(L-1)2 [S[(L-1) K L-1

which is equivalent to the inequality

K—1 L(5L—4) 6LR

® K 2(L—D2 " |S|(L—=1)

By hypothesis and Claim 4.12, we have K < L(5L —4)/(3L? —2) which is equivalent to

K—1 L(5L—4)

1 .
“TK 20—

so if |S| > M’ for some M’ depending only on K, L and R then we would have

K—1 L(5L—4) 6LR

1> 2AL-12 T S|(L—1)

and this would contradict (§). Hence, assuming |S| is greater than this M’, we have |Q | > | Qo).
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Then if Q(;r — § were the inclusion of a geodesic segment, we would have (pT, ¢ ™) € Jy and this would
contradict dg(po. qo) = so. Thus |Q3r| > %|S|. On the other hand

1051 =100 1+ 4p] + |44]
<1071+ Y _(10i1—10:l) + 4p] + |44]

i<j
S; ] -
=+ _(10i1=10i]) + 14, + 44|
i<j
|S|
+ 5 Z 10i1=10:1) + 1 4p| + |44
l<]

S|
<+ ZlQ |+ 1 4p] + 144

2
l<_]

|S| K—1 L(BL-2) 3LR K—-1 L
<2 . S . S
-2 + K 4(L—1)2 | |+L—1+ K L-1 5]

S| K—-1 L 3L -2 3LR
=——+ : : L)[S|+

2 K L-1 4(L—) L—1

S| K—-1 L 7L-6 3LR
= — 4+ . . .|S|+—

2 K L—1 4L—-1) L—1

2T TR d@ o s =

| K—1 L(TL—6)  3LR
_( 1))' |

where the last inequality follows from Claims 4.9 and 4.10. By hypothesis and Claim 4.12,

L(7L —6)
< —,
5L2—-2L-2
which is equivalent to
1 K—-1 L(7L-6)

— . 1.
2Tk aw—e2 S

Thus, if |S| > M" for some M" depending only on K, L and R then

I, K-l LOL=6)  3LR _,
2 K 4L-1)2 " |S|[(L-1)

and so |Qar | <|S]| so that Q(J)r embeds in S. In this case, the endpoints p™ and ¢+ of Q(J)r in S are at
distance

+ + (1 K=1 LOL—6)  3LR
ds(p "”Z(z K 4L-1)y2 |S|(L—1))||

but we also have

1 1 K—1 L(7L—-6 3LR
dx(e(ph).alg™) < 10§ -C ( 7L —96) ))|S|—

=7 K 4L-1)2 " [S|(L-1
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which, by Lemma 3.1 and C > 4R, implies

1(1 K-—1 L(7L—6) 3LR 5| 1 K—1 L(7L—6)  3LR | K—1 S|
2 K 4L-12 |[S|(L-1) K 2

2 K 4L-12 " S|(L-1)

which is equivalent to the inequality

K—1 9L2—3L—4+ 6R(L+1) J Ll
K 2(L —1)2 IS|(L—1) L

L

M

By hypothesis,
L(OL?—3L —4)

K <
7L3+3L%2—10L +2

which is equivalent to
K—1 9L?-3L—4 _L-l
K 2(L—1)? L

so if |S| > M"" for some M"" depending only on K, L and R then we would have

K—1 9L2-3L—4 6R(L+1)<L—1
K 2(L—1)2 IS|(L—1) L

which contradicts (Y).

Therefore, if |S| > M = max{M’, M", M""}, which depends only on K, L and R then assuming the
existence of a j for which Q ¢ P j leads us to a contradiction. |

Claim4.14 Let K > 1, L > 1 and R > 0. There exists an M > 0 such that if X is an R-rough geodesic
metric space, a: S — X is a 1/ K-almost isometric R—circle with |S| > M and
L(OL? —3L —4)
< 9
TL3+3L2—10L +2
and C > 4R then any (L, C)—greedy tightening sequence for « is completely disjoint.

Proof Consider an (L, C)—greedy tightening sequence for o with notation as above. For the sake of
finding a contradiction, suppose j > 1 is the least 1nteger with Q iz P° As above we view the Q;
with i < j as disjoint segments of S; with §; \ U Q m=

Since Q; g?_‘ P° , we have QO N Q; # 2, for some m < j. Recall that (p;,q;) is the limit of a

(n) .

sequence ( p ,q i ))n in J;. For each n, let Q ) be a geodesic segment between p]( ™ and q; in §;.

By Claim 4.13, Q ) ¢ P(;’J, 0 OmNQ; C {pm,qm} N{p;.q;}. Without loss of generality, we may
assume ¢, = p;. See Figure 6.

Since Q( " P we may think of the Q( ") as segments of Sy,, by the embedding P, e Sm. Each

0,/°
Q(") is a geodesic segment in Sy, since the complementary segment of Q( " in S is even longer than

( (n)

the complementary segment of Q( " in S; . Thus .4 ))n is a sequence in Jy,. For each n, let Q(n)

be a segment between p( ") and q(n) such that ( Q(”))n converges to Q,, in Hausdorff distance. The
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Figure 6: A greedy tightening sequence that is disjoint up to j but not up to j + 1 with Q;
intersecting the prior Q; only at endpoints, as in the proof of Claim 4.14.

circular orders on the triples ( p;(: ), Qr(r:l ), q](-n)) and ( p,(,’f ), p](.n), q}n)) are eventually constant and equal.

Let (A(”))n be a sequence of segments in Sy, from p,(ﬁ ) to qj(-n) such that 4@ eventually contains q,(qf )

or, equivalently, eventually contains pj(.") .
Let £ > 0 satisfy ¢ < %|Qj| and ¢ < LR/(L + 1). Then, for n large enough,
4D > 10W) + 10|~ ds,, (g% p{) > |Om| &+ 10| =& — & = |Om| + Q)] =3¢ > | O

and

dx (@m(p), am(q}™))

< dx (@m(pI). am(g8) + dx (etm (). m (p™)) + dx (cm(p{”). am(q ")

< %dsm (P.q%) — C +ds, (g% p{") + R + %dsm (r".q")—C

< %IQmIJra—C +s+R+%|Q,~|+g—c

= 1(10ml +1Q;) ~2C + R+ 3¢

< %(|A(n)|+38)_2C+R+38

=%|A(")|—2C+R+M.8
< 11A™| -

since C > 4R. So, if A™ is a geodesic segment for arbitrarily large 7 then, for some 1, we would have
(p,(,? ), q;n)) € Jy and ds,, (p,(,? ), q}n)) > |Qm| = Sm, which is a contradiction. Thus eventually

105141271 = 4™ > 3|l
and so |Qm|+10;] > %Sm.
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Then, by Claim 4.9,

K—-1 L \|S|
<2 — — | —
- K L-1)2

while

S S 1 S K—1 LBL-2 S 3LR
|m|z|2_|__Z|Qi>u_( L( ))||

K 2(L-1)2)2 L-1

=( _K-1 LGBL-2) 6LR )|S|

K 2(L—-12 [S[(L-1)) 2
by Claim 4.10. Combining these we obtain
K—1 L(7L-6) 6LR
. + >1
K 2(L-1)2  |S|(L-1)

but, by hypothesis and Claim 4.12,
L(7L —6)

< S —
5L2-2L-2'
which is equivalent to
K—1 L(7L-6)

. <1,
K 2(L-1)72

so, if |S| is large enough (depending only on K, L and R) then we have a contradiction. a

5 The fine Milnor-Schwarz lemma

The fine Milnor—Schwarz lemma is a refinement of the Milnor—Schwarz lemma that gives finer control
on the multiplicative constant of the quasi-isometry. In this section we will state and prove this version of
the Milnor—Schwarz lemma. As a consequence we will prove that every strongly shortcut group has a
strongly shortcut Cayley graph. A corresponding statement should hold for any rough approximability
invariant of metric spaces.

Let (X, d) be a rough geodesic metric space. Let G be a group acting coboundedly on X by isometries.
Let

Sxo.t =18 € G | d(x0,gx0) <1}
for xo € X and r € R>p.

Remark 5.1 If the action of G is metrically proper then the Sy, are finite.

Let I'x,.; be the graph with vertex set G and with an edge of length ¢ between g and g’ whenever g’ = gs
for some s € Sx,,r. So when Sy, ; generates G, the graph I'y, ; is the Cayley graph of G for the generating
set Sx,, with edges scaled by . Let dy, ; be the graph metric on I'y, ; where we set dx, (g, h) = 0o
when g and / are in different components of I'y, ;. Then, when Sy, ; generates G, the metric dy,  is
the word metric on G for the generating set S, ; scaled by ¢. Let fx,.:: (G, dx,.:) = (X, d) be defined
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by fxo.:(8) = gxo. Let Ky, be the infimum of all K > 1 for which there exists some Cg > 0 such
that fy, . is a (K, Cx)—quasi-isometry. Note that if fy, ; is not a quasi-isometry (eg if Sy,,; does not
generate G) then Ky, ; = oo.

Lemma 5.2 (fine Milnor-Schwarz lemma) Let (X, d) be a rough geodesic metric space. Let G be a
group acting coboundedly on X by isometries. Let xo € X and let Ky, ; be defined as above for t € Rx>g.
Then Ky, ; — 1 as t — oo.

Proof Let g € G. We will prove that d (fxo.: (1), fx0,:(8)) < dxo,i(1,8). If dxy¢(1, g) = 00 there is
nothing to show and so dx, (1, g) = Mt for some M € Nx>¢ and there is a combinatorial path defined by

1=g0.81.82.....8M =&

in 'y, ;. The gl.__l1 gi are contained in Sy, ; and so, by the triangle inequality,

d(fxo,t (1), fxo,:(8)) = d(xo, gx0)
< d(xo, g1x0) + d(g1x0, g2X0) + -+ + d(gM—1%0, §X0)
= d(x0, g1X0) + d(x0, g1 ' g2x0) + -+ -+ d(x0, £3/—18%0)
<Mt

=dxo,t (1, 8).
We now establish a lower bound on D = d( fx,,:(1), fx,,:(g)). Since G acts coboundedly on X, the
orbit Gxg is a quasi-onto subspace of X. Hence Gxg is roughly isometric to X and so Gx is also a
rough geodesic metric space. Let R be the rough geodesicity constant of Gxg. Let «: [0, D] — Gxg be
an R-rough geodesic from fy, (1) = xo to fx,.:(g) = gxo. Assume that # > R and subdivide [0, D]
into at most [ D/(t — R)] segments of length at most  — R. Let 0 = ag <aj <az <---<apy = D be
the endpoints of the segments and let g; xo = «(a;), for each i, with go = 1 and gps = g. Then

d(xo, g7 gi+1%0) = d(giXo, gi+1X0) = d(a(a;), a(ai+1)) < |a; —ai+1| + R <t

for each i. Thus gl._lg,-H € Sx,.,s» for each i, and so

1=g¢0.81.82,.--.8M-1.8M = &

defines a combinatorial path in I'y, ;. Hence

D
dxoe(1,8) <tM < t{t—_R—‘

_ {d (frou (D), fxO,t(g))W

t—R

- t(d(fxo,tglz,ljgx(),t (g)) n 1)

= ﬁd(fxo,t(l)’ fxo,t(g)) +1
and so we have ((t — R)/t)dxy,(1,8) — (t = R) < d(fx0,t(1), fx0.,:(8))-
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For g, g’ € G,

d(frot(8): frot(g) = d(gxo, g x0) = d(x0, 87" g'x0) = d(fxo,t (1), frot(g™'8")

and dxy (8. 8') = dxo,i (1,87 g'), s0
f—R

—dxo,1(8:8") = (1 = R) = d(fxo,0(9): fo,(8") < dxo (8. 8):

hence 1 < Ky, < (t —R)/t when ¢t > R. This implies that Ky, ; — 1 as t — oo. |

Corollary 5.3 (Milnor-Schwarz lemma) If the G—action on X is metrically proper then G is finitely
generated and, for any finite generating set S, the map

fs:(G.ds) > X, g+ gxo.
is a quasi-isometry, where ds is the word metric for the generating set S.

Proof By Lemma 5.2, if 7 is large enough then Ky, ; < oo. Thus Sy, , generates G. By Remark 5.1, the
generating set Sy, ; is finite so G is finitely generated. Since Ky, ; < 0o and since scaling the metric dg
by a factor of ¢ preserves the quasi-isometry type, the map fs is a quasi-isometry for S = Sy, ;. But the
identity map on G is a bi-Lipschitz equivalence from (G, ds’) to (G, ds») where S’ and S” are any two
finite generating sets and ds’ and dg~ are the corresponding word metrics. Thus fg is a quasi-isometry
for any generating set S |

Corollary 5.4 Let G be a group. If G acts metrically properly and coboundedly on a strongly shortcut
rough geodesic metric space X then G has a finite generating set S for which the Cayley graph of (G, §S)
is strongly shortcut. In particular, the group G is strongly shortcut.

Proof By Corollary 3.10, there exists an Ly > 1 such that whenever C > 0 and Y is a rough geodesic
metric space and f:Y — X is an (Ly, C)—quasi-isometry up to scaling, then Y is strongly shortcut. But,
by Lemma 5.2, there is a Cayley graph I" of G, a C > 0 and an (Ly, C)—quasi-isometry up to scaling
f:T — X. So T is strongly shortcut as a rough geodesic metric space. Then, by Remark 2.5, the Cayley
graph I' is strongly shortcut as a graph. a

Corollary 5.5 Let G be a group. The following conditions are equivalent:

(1) G is strongly shortcut.
(2) G acts metrically properly and coboundedly on a strongly shortcut rough geodesic metric space.

(3) G has a finite generating set S for which the Cayley graph of (G, S) is strongly shortcut.

6 Asymptotically CAT(0) spaces

In this section we will apply the characterizations of Section 3 to prove that asymptotically CAT(0)
rough geodesic metric spaces are strongly shortcut. By the results of Section 5, this will imply that
asymptotically CAT(0) groups are strongly shortcut.
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Asymptotically CAT(0) spaces and groups were first introduced and studied by Kar [2011]. A metric
space X is asymptotically CAT(0) if every asymptotic cone of X is CAT(0). A group is asymptotically
CAT(0) if it acts properly and cocompactly on an asymptotically CAT(0) proper geodesic metric space.
(Note that the condition that the action be on a proper metric space does not make this definition more
restrictive than the definition given by Kar [2011] since the definition of proper action in Kar [2011,
page 77] seems to be that of Bridson and Haefilger [1999, Section 1.8.2] and any geodesic metric space
admitting a cocompact action that is proper by this more restricted definition is a proper metric space.)
For an introduction to CAT(0) geodesic metric spaces, see Bridson and Haefliger [1999].

Theorem 6.1 Asymptotically CAT(0) rough geodesic metric spaces are strongly shortcut.

Proof By uniqueness of geodesics in CAT(0) geodesic metric spaces, there is no isometric copy of
a Riemannian circle in the asymptotic cone of an asymptotically CAT(0) metric space X. So, by
Theorem 3.8, any asymptotically CAT(0) rough geodesic metric space is strongly shortcut. O

Theorem 6.2 Asymptotically CAT(0) groups are strongly shortcut.

Proof A proper and cocompact action on a proper metric space is metrically proper and cobounded. So,
by Theorem 6.1, any asymptotically CAT(0) group G acts metrically properly and coboundedly on a
strongly shortcut geodesic metric space. Thus, by Corollary 5.5, the group G is strongly shortcut. |
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