INVARIANTS OF KNOTTED SURFACES FROM LINK
HOMOLOGY AND BRIDGE TRISECTIONS

ADAM SALTZ

1. INTRODUCTION

What can link homology say about isotopy classes? About stabilization?

questions about algebra: what else can it do, does it have interesting homology,
relationship to massey products, is it cyclic

questions about ¢: is it 0 on non-trivial knots, connected sum, what does it count,
how closely related is it to the “braidlike resolution” of the tri-plane diagram cf final
computation, what is the “perturbed A..-algebra”

plus more on this:

Remark 1.1. From a filtered complex one can build a spectral sequence. Therefore
there is a spectral sequence from Kh(D) to Sz(D). Conjecturally, this spectral se-
quence is isomorphic to the spectral sequence from Kh(D) to the Heegaard Floer
homology of the double cover of S? branched along the mirror of D [?]. This conjec-
ture was confirmed for knots up to ? crossings by Seed in [|. Therefore our invariant
of bridge trisections is (conjecturally) backed by Floer theory. It should provide some
guide to constructing invariants of four-manifolds using Gay and Kirby’s trisections
and Heegaard Floer homology.

2. TANGLES

Definition. A (m,n)-tangle is a tangle with 2m left endpoints and 2n right end-
points.

Given an (m,n)-tangle t and an (n,p)-tangle u, one can form the (m,p)-tangle
tu by concatenation. The identity braid I, is the identity elements: tl5, = t. The
mirror of t, denoted ¢, is the tangle given by reflecting ¢ over the plane x = % in the
unit cube. If ¢ is an (m,n)-tangle, then ¢ is an (n,m)-tangle. If ¢ is a braid, then

t=1t¢"

2.1. Braids and plat closures. Let § be a 2n-strand braid. Let p, be the cross-
ingless (0, n)-tangle shown in Figure [1]
1
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Definition. The link p,(p, is called the plat closure of B. The (0,2n)-tangle p, [,
also denoted S, is called the half-plat closure of 5.

FiGURE 1. The tangle p,.

The braid group Bs, acts (on the right) on the set of (0,n)-tangles: t - 5 = t5.
Definition. The Hilden subgroup Hs, C Bs, is the stabilizer of p,.

So if h,h' € H, and B € B, then the plat closures of 8 and hBh' are isotopic.
Birman answered gave necessary and sufficient conditions for 5 and 3’ to have isotopic
plat closures [?]. The situation for half-plat closures is much simpler.

Lemma 2.1. Let 5,5’ € B,. B and ﬁu’ are isotopic if and only if 5'/3~1 € H,,.

Proof. p,3 = p,B3 if and only if p,3' B~ = p,. O

Otal proved the following theorem, which can be thought of as the knot-theoretic
analogue of Waldhausen’s classical theorem about Heegaard splittings of connected
sums of St x S%s.

Theorem (Otal). Let f € Bs,. Suppose that B is an unlink with k components.

Write ¢; for the bridge number of the ith component ofB. Then there exist h,h' € Hy,
so that

/
hBR = 0904+ 02¢,02¢, 4402146 * * * Toci42co4+4 " *° O2¢1+-+2cp+4(k—1)-

Equivalently, there is a unique bridge splitting of the k component unlink so that the
components have bridge numbers (c1,...,c).

Essentially, each component of B appears as in Figure
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FIGURE 2

3. BRIDGE TRISECTIONS AND TRIPLANE DIAGRAMS

In the three-dimensional world, an n-bridge sphere for a knot K is a sphere S so
that S cuts K into two trivial tangles and so that S N K is a collection of n points.
Here “trivial” means that all the arcs can be simultaneously isotoped to lie on S.
The four-dimensional equivalent of a trivial tangle is a trivial disk system.

Definition. A trivial c-disk system is a pair (X, C') where X is a four-ball and C' C X
is a collection of ¢ properly embedded disks which can be simultaneously isotoped to
lie on S.

A fundamental property of trivial disk systems is that (X, C') is determined up to
isotopy rel boundary by the unlink X N C, see [?]. So bisections of surfaces are not
very interesting: the disk systems on each side must be identical. This, along with
Gay and Kirby’s trisections of four-manifolds [?], motivates the following definition
of Meier and Zupan.

Definition. [6] A (b;c)-bridge trisection of a knotted surface K C S* is a collection
of three c-disk systems (X7, C), (X2, Cs), and (X3, C3), so that

e (X1, Xo, X3) is the standard genus 0 trisection of S*.

° 01U02U03:IC.

e The tangle T;; = C; N Cj is a trivial b-tangle in the three-ball B;; = X; N X

for all distinct ¢z and j.

A (b ey, c9,c3)-bridge trisection is defined similarly, with (X;, C;) a trivial ¢;-disk
system.

Theorem ([6]). Fvery knotted surface in S* admits a bridge trisection.
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The set (Big, Th2) U (Bas, Tas) U (Bs1, T31) is called the spine of the trisection. Two
trisections are called isotopic if their spines are isotopic. The sphere at the core of
the unique genus 0 trisection of S* will be called the bridge sphere. The tangles T};
intersect the bridge sphere in 2b points. Critically, T};Tj is an unlink for any 4,j,
k. Any (cyclically ordered) triple of tangle diagrams (¢1,ts,t3) satisfying these two
conditions is called a triplane diagram. By definition, every bridge trisection can
be represented by a triplane diagram. Meyer and Zupan show that every triplane
diagram is the triplane diagram of some bridge trisection and determine a complete
set of Reidemeister-type moves for triplane diagrams.

Theorem ([6]). Two triplane diagrams represent the same isotopy class of surface
if and only if they are related by a sequence of the following triplane moves.

Interior Reidemeister move: a Reidemeister move on any of the three tangles
performed in the complement of a neighborhood of the bridge sphere.

Braid transposition: the addition of an Artin generator of the braid or its in-
verse to the ends of all three tangles.

Stabilization and destabilization: Suppose that tity has a crossingless compo-
nent C'. Let v be an arc so that 0 lies on C, the interior of v does not intersect
tity, and v meets the bridge sphere in a single point called p. The stabilization
of t along 7 is the result of surgering along v to obtain two new tangles, t} and
t,, then adding a small bit to t3 at p to obtain ty. Destabilization is the reverse

process.
ﬂ m

NENEN it

p

FI1GURE 3. Stabilization along the arc . On top left, the crossingless
component C' of t1t,. On the bottom left, the bottoms of the strands
of t3 and the point p. On the right, the results of stabilization.

The first two moves correspond to isotopies of the trisection, i.e. isotopies of the
spine which do not pass through the bridge sphere. Two diagrams which can be
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related by these moves are said to lie in the same trisection class. Stabilization
corresponds to pushing part of the surface through the spine and thus it changes the
isotopy type of the trisection. In contrast to some other Reidemeister-type theorems,
destabilization really is necessary: there are triplane diagrams for the same isotopy
class of surface which are not isotopic after any number of stabilizations.

3.1. Orientation.

Definition. An orientation of a triplane diagram (¢y,ts,t3) is a choice of orientation where do we use
on each tangle so that tts, tots, and t3t; are oriented as links. this

Proposition. Let t be a triplane diagram for IKC. The set of orientations on K is in
bijection with the set of orientations of t.
4. LINK HOMOLOGY

This section introduces the link invariants which power the bridge trisection in-
variants following the presentation in [§].
Write V' for the algebra F[X]/(X?). It is standard to write v, for 1 and v_ for X.
If D is a crossingless, oriented link diagram with & components, define
CKh(D) = V&,

Concretely, CKh(D) is the vector space with a basis given by the labelings of the com-
ponents of D by the symbols + and —. Here + corresponds to 1 and — corresponds
to X. We call these labelings the canonical generators of CKh(D).

Y
7N

FIGURE 4. A crossing, its O-resolution, and its 1-resolution.

Let D be an oriented link diagram with ¢ crossings. There are two ways to resolve
each crossing, see Figure . The set of resolutions of D is thus indexed by {0, 1}¢.
For I € {0, 1} write D(I) for the resolution of D according to I. The collection of
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these diagrams is the cube of resolutions. The Khovanov chain group of D is defined
as

CKh(D)= @D CKu(D(])).

Ie{0,1}¢

We sometimes extend the coefficient ring from F to F[W] or F[U, W] where U and
W are formal variables. The definition is exactly the same except that CKh(D(I))
is generated by F[U, W]-linear combinations of the canonical generators.

There is a partial order on the cube of resolutions induced by the order on {0, 1}.
Write || — J|| for the ¢ distance between I and J. If I < J, then D(J) may
be obtained from D(I) by || — J|| diagrammatic one-handle attachments. These
one-handle attachments can be described by planar arcs in D([). These arcs are
called surgery arcs, or, if they are oriented, decorations. A planar diagram with k
decorations is called a k-dimensional configuration. Orienting the surgery arcs in the
all-zeroes resolution [ orients them in every other resolution. We will always assume
that orientations of decorations on other resolutions are induced in this way.

Now make some choice of decorations for D(ly). For I < J and ||I — J|| = k
there is a k-dimensional configuration C(/,.JJ) which describes how to obtain D(.J)
from D(I). Call the circles in C(I,J) which intersect decorations the active part of
C(I,J). The other circles form the passive part. We will often conflate these circles
and their labels, e.g. in the next paragraph.

To define a link homology theory, one cooks cooks up a map Fe(;, ) CKh(/) —
CKh(J) using C(1, J). Each of these maps acts by the identity on the passive part of
CKh(7). In other words, write CKh(I) = CKhctive(/) ® CKhpagsive(1); then Fe(r g
restricts to the identity map on CKhyassive(Z). This is called the extension rule.

Definition 4.1. Let C(/, J) be a k-dimensional configuration from D(I) to D(J).

e The Khovanov configuration map, K¢, is defined via the Frobenius algebra
structure on F[X]/(X?). If k£ > 1 then K = 0. If & = 1, then the active
part of C has either one or two circles. £K¢ acts by multiplication or co-
multiplication on the active circles.

e The Bar-Natan configuration map, B¢, is defined as follows. Construct a
graph whose vertices are in bijection with the active circles of C. Put an edge
between two vertices ibijection with the decorations connecting the underly-
ing circles. Call C a tree if its graph is a union of trees. Call C a dual tree if
its graph is a disjoint union of vertices connected only to themselves.

Let x € CKh(D(I)) be a canonical generator. B¢(x) = 0 unless C is
a disjoint union of v_-labeled trees and v,-labeled dual trees. On the v_-

labeled trees, B¢ is defined by
Be(v. @ ®v_) =v_
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and B¢(x) = 0 for any other labeling. On a v, -labeled dual tree, define
Be() =10 - ®1

and B¢ (x) = 0 for any other labeling.

e The Szabo configuration map, S¢, is defined in [9]. For one-dimensional
configurations, &, = RK¢. It is important that & satisfies the disconnected
rule: if the union of the active part of C and the decorations has more than
one connected component, then S = 0.

From these maps we can construct several link homology theories. For a link
diagram D define

th, dsZ, ds: CKh(D) — CKh(D)

dgn = Y _ e
I<J
I<J

dpn = Z UwH=1=18. ., )
1<J

These are the Khovanov, Szabd, and Bar-Natan differentials.ﬂ
CKh(D) has two gradings. Let z € CKh(D([)) be a canonical generator. The
homological and quantum gradings of x are

() =[] = n-
q(x) = q(z) + 1] + 1y = 21
Give H the (h, q)-grading (0, —2). Give W the (h, ¢)-grading (—1, —2).

Theorem ([9, B]). ds, and dp are differentials of degree (1,0) on CKh(D). They
commute (over F) so ds, + dpn is also a differential. The graded chain homotopy
types of (CKh(D), ds,), (CKh(D), dpn), and (CKh(D), ds,+dgx) are link invariants.

We write 0 = ds, + dpn for the total differential. Write CSz(D) for the complex
(CKh(D), ds,) and CS(D) for the complex (CKh(D), ). One can recover other link
homology theories by setting U, W, or both to zero.
Let ¢t and ¢’ be (n,0)-tangles so that ¢’ is a closed link. Given a link presented in
this way, define CS(##') to be the complex above but with ¢g-grading shifted down by
n. might want to
move this

IBar-Natan’s original construction did not consider configurations of dimension greater than 1
— B is defined in [§].
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4.1. Cobordisms. It will be important to understand how CS interacts with cobor-
disms of links. Let ¥ C S® x I be a cobordism from Ly to L;. Let Dy and D,
be diagrams for Ly and Llﬂ Write ¥ as a composition of elementary cobordisms:
cylinders, handle attachments, and planar isotopies. A diagrammatic 1-handle at-
tachment can be specified by a planar arc y with its endpoints on Dy. Orient this
arc. Put a crossing in Dy along v and call the resulting diagram D. The O-resolution
of the new crossing yields Dy and the 1-resolution yields D;. The differential on
CS(D) has a component which extends from CS(Dy) to CS(D;). This is the map
assigned to the 1-handle attached along v. Call it b,.

0- and 2-handle attachments are much simpler. A 0-handle attachment adds a
crossingless, closed component to a diagram. It is easy to show that

CS(DyUo) = CS(Dy) @ CS(o).
The 0-handle attachment map is the map CS(Dy) — CS(D) induced by
T TR Ut
on simple tensors. The 2-handle attachment map is the dual map induced by
TRU_ .

In [7] we showed that CSz is functorial: diagrammatic descriptions of the same
cobordism (up to isotopy) induce chain homotopic maps. In fact, we showed that
any conic, strong Khovanov-Floer theory over F is functorial, and then we showed
that CSz constitutes a conic, strong Khovanov-Floer theoryﬁ CS is not a strong
Khovanov-Floer theory because it does not satisfy the Kiinneth formula:

CS(D]] D) # CS(D) ® CS(D)
even thought they are isomorphic as F[U, W]-modules. Also, if ¥ and ¥ are cobor-
disms from Dy to Dy and Dy, to D, respectively, then
CS(W @ W') 2 CS(W) @ CS(W').

Nevertheless, the proof of functoriality is valid, mutatis mutandis. CS satisfies every
other condition to be a conic, strong Khovanov-Floer theory. And if D’ is crossingless
—i.e. if CS(D') has a vanishing differential — then

CS(PJ[ D) = CS(D) ® CS(D).

The Kiinneth formula for diagrams is only ever used in [7] in this situation. The
Kiinneth formula for cobordisms is only used to prove the S, T, and 47Tu relations

2There is some subtlety here — see Section WHICH of [1] — but it is not relevant to this paper.
3We actually proved this about CSz with W = 1, but the proof extends to the polynomial version
without trouble.
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of [3]. One only needs to prove these relations for cobordisms of the form Id @W’
where Id is the product cobordism D xI and W’ is a cobordism of crossingless dia-
grams. In lieu of a Kiinneth formula, the cobordism maps satisfy the following:

Fayw = Gw @ Fyy

where G depends in some way on the topology of W’. The key observation is that Fy
does not depend on the topology of D! So if Fy» = 0, then Figjyw = Gw ® 0 = 0.
Therefore the S, T', and 4T'u relations hold for CS. Therefore the proof survives even
without the Kiinneth formula.

Theorem 4.2. CS is a functorial link invariant. The Reidemeister maps on CS are
described by Bar-Natan’s cobordism maps.

Nevertheless we will see in Section [27] that CS’s non-locality does make it more
difficult to work with. The technical result, Proposition WHICH of [7], underlying
the functoriality result has the following easy implication which will be useful in
Section ?77.

Proposition 4.3. Let D be a link diagram. Suppose that D' is a subset of D which
is planar isotopic to a (n,n)-tangle diagram. Suppose further that D' is isotopic, as
a tangle, to the identity braid on n-strands.

Let R and R’ be two sequences of Reidemeister moves supported in D' which trans-
form D' into 1d,,. Call the resulting link diagram D”. R and R’ induce maps

Fr: CS(D) — CS(D")
Fr: CS(D) — CS(D")

These maps are chain homotopic.

Proof. This holds for Bar-Natan’s cobordism-theoretic link homology invariant, [3].
See for example WHICH. Theorem WHICH of [7] implies that it holds for CS. O

5. HYPERBOXES OF CHAIN COMPLEXES AND A,, ALGEBRAS

This section is dedicated to establishing the algebraic framework for our A..-
algebras. This framework extends the hyperbox constructions developed by Manolescu
and Ozsvath in their mammoth paper on Heegaard Floer homology [5]. We show
that from a collection of hyperboxes satisfying some coherence conditions one can
build an A.-algebra. Our goal is to prove Theorem which says that this con-
struction is functorial (up to homotopy). Corollary ?? and Sections and are
new results which we believe will be useful in future work.

wontdvbe good to
restate this

add

good argument to
move all of this to
the end of the
paper, there’s no
topology
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To motivate the construction, let’s first consider how one might build a differential
graded algebra (dga) from a tri-plane diagram. Let

3
A(t) = €B CKh(tit;).
ij=1
One can define a multiplication map

using the cobordism shown in Figure 5]

(

Bi | B Bi | B

(N
Uy

( D
C Bi B )
( D

FIGURE 5. A cobordism from ¢;t; [ [ ¢;tx to ttx.

Extend this to a map
pe: A(t) ® A(t) — A(t)
by linearity and the rule that uy is zero on summands like

CKh(tE;) ® CKh(tif), 5 # k.

It is not too hard (especially ignoring the gradings) to show that A(t), equipped with
the Khovanov differential and ps, is a dga. Now suppose one wants to define a map

ps: At)®* — A(t)
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which is a homotopy between pg o (Id ®us) and pg o (g ® Id). (Actually those two
maps are equal, but forget that for a minute.) In cobordism-theoretic terms, s
represents an isotopy between the two cobordisms in Figure [ In other words, it
shuffles b one-handle attachments past b other cobordisms. So it can be understood
as the coallation of b? smaller homotopies.

A A Y
q D ( D ( D
% Bi Bk% % Br B@% % B Bg% % B; Bz%
C D ( D q D ( D
& 5l Ao
q D

FIGURE 6. Two cobordisms from ¢;t; [ ] ¢t [ ] txts to tit;.

Hyperboxes are a nice way to organize these homotopies. Abstractly, the situation
is this: suppose we have a trio of chain maps

f(]l CO — Cl
f1I Cl — 02
fgl 02 — 03.

(For example, consider s with b = 3.) Consider the diagram
Co — % Cl — CQ — £, 03.

This “factored mapping cone” contains at least as much information as the mapping
cone of fy o fj o fo. This is the definition of a one-dimensional hyperbox of chain
complexes. Now suppose we have some homotopies f; ~ f/ for each i. Every attentive
algebraic topology student knows that foo fi o fo ~ fjo f] o fj, and can draw a map
between the factored mapping cones. What if these homotopies come with their own
factorizations? This is the case when we move b one-handles past b others. The
resulting structure is a two-dimensional hyperbox of chain complexes.
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5.1. Hyperboxes of chain complexes. Let d = (dy,...,d,) € ZZ,. Write E(d)
for the box with dimensions d and its initial corner at the origin. Write F(n) for
the n-dimensional box with dimensions (1,...,1). We call F(n) the n-dimensional
hypercube.

Definition. An n-dimensional hyperboz of chain complexes of shape d is a collection
of graded chain complexes
® c

SeE(d)
and a collection of linear maps
Ds: C° — O
with § € E(d) and € € E,, so that:
o If § +¢¢ E(d) then D§ = 0.
e The map D?: C° — C° is the differential on C°.

e The map Dj has degree ||e]| — 1.
e Each hypercube (of any dimension) is a chain complex. In other words,

(1) Z D§+e © Dg =0
e+e/<(1,...,1)

for all § € E(d).

Informally, a hyperbox is a collection of cubical chain complexes stacked into a
box. It is important to note that the last condition on the maps is not “the sum

of all compositions is zero” — a hyperbox of complexes is not a chain complex. We
collect a hypercube into H = (C, D) where C = @ Cs and D = @ D§. Here are
some examples.

A 0-dimensional hyperbox is a chain complex.

A 1-dimensional hyperbox of size (d) is a collection of chain complexes {C;}%,
and chain maps f;: C; — C;;11. In the above notation, C' = EB?ZO C; and D =
GB?;OI fi. That the f; are chain maps is equivalent to equation

A 2-dimensional hyperbox of size (di, d) is a collection of chain complexes {C"7}
for 0 < i <dy and 0 < j < dy along with maps

i%-»ﬂ): Cij = Cit (horizontal maps)
i(gl): Cij = Cijn (vertical maps)

(1)1

i ). Cij = Cit1,511 (diagonal maps)
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Equation [1| implies that the horizontal and vertical maps are chain maps. It also
implies that the diagonal maps are homotopies between

1,5+1 1,J
H ©°Jv

and

‘i/—i-l,j o fit,

A hypercube of dimension n is a cubical chain complex with diagonal maps.
Such complexes underlie many spectral sequences in low-dimensional topology.
Let H = (C, D) be a hyperbox of chain complexes of shape d = (di,...,d,).

Our standing notation will be that § € E(d) (a “coordinate vector”) and € € E, (a

“direction vector”). It will be helpful to set some more vocabulary and conventions.

0 is called a corner if every coordinate in ¢ is either maximal or zero. In other words,
there is some € € FE,, so that

0= (dlel, PN 7dn€n)-

We call § (or the chain complex at §) the e-corner. We will sloppily append coor-
dinates to a vector by writing e.g. (§,1) for (d1,...,0,,1). Write €y and € for the
all-zeroes and all-ones direction vectors. should we tho

Definition 5.1. Let °H and 'H be hyperboxes of chain complexes. A map of
hyperbozes F: °H — 'H is a hyperbox of size (d,1) so that the §,,; = 0 face of F
is °H and the 6,,; = 1 face of F'is 'H with grading shifted up by 1.

A map of hyperboxes of chain complexes is determined by the edges whose (n+1)-
st coordinate changes, i.e. a family of maps

Fg: 005 — 1C€+5
of degree ||¢|| satisfying

(2) N (D0 FY + F50D5) =0

for all e € E(d), all € with (n + 1)-st coordinate 0, and all ¢ with (n + 1)-coordinate
1 so that € + ¢ < ¢;. Conversely, a collection of maps from C to C’ satisfying these
relations defines a map of hyperboxes.

Let F: °H — 'H and G: 'H — 2H be maps of hyperboxes. Their composition
GoF: %H — 2H is defined by

(3) (Go F)S: 20 — 20+
(4) (GoF)o=) G4, 0Fs

e’<e
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In terms of boxes: glue F' and G together along their common face to obtain a
hyperbox of shape (d,2). To obtain a hyperbox of shape (d, 1), compose all possible
combinations of maps in the (n 4 1)-st direction. One can give similar definitions
for homotopies, homotopy equivalences, and quasi-isomorphisms in the category of
hyperboxes of chain complexes. In fact, if one thinks of two maps F' and G as
hyperboxes, then a chain homotopy can be thought of as a map of these hyperboxes:

Definition 5.2. Let I, F' : °H — 'H. A chain homotopy from F to F" is a hyperbox
J of size (d, 1,1) so that d,.o = 0 face of J is F', the §,,o = 1 face of J is F’, and
any edge map in the direction (0,...,0,1) is the identity map.

A map of zero-dimensional hyperboxes is the mapping cone of a chain map.

A map of n-dimensional hypercubes is an (n + 1)-dimensional hypercube, i.e.
the mapping cone of a map of cubical complexes. A chain homotopy of maps of
hypercubes is equivalent to a chain homotopy of chain maps of cubical complexes.

5.1.1. Compression. There is a recursive recipe called compression for building a
chain complex from a hyperbox of chain complexes. Let H = (C, D) be a hyperbox of
chain complexes of shape d = (dy, ..., d,). Let C be the hypercube whose underlying
vector space is the sum of the corners of H. One can construct a differential DonC
from H. The hypercube H = (6, IA)) is the compression of H. This recipe was first
described by Manolescu and Ozsvath. Presented below is an alternative view due to
Liu [7].
Let H be a one-dimensional hyperbox of shape (n). Define

C=CyaC,

Bé = fn-10---0 fo
Dy = DY, DY =D
and R R
H=(C,D).
Let H be an n-dimensional hyperbox with shape (di,...,d,) and d,, > 1. We can
think of H as d,, hyperboxes of shape (dy,...,d,_1,1) attached along faces. Label

these hyperboxes as H™!, H™?, and so on. Each of these boxes is a map of hyperboxes
of dimension n — 1.

Definition 5.3. Define H" to be
H" = H"% o ...0 ™!,

H" is the partial compression of H along the nth axis, or just the n-th partial com-
pression. It has shape (di,...,d,_1,1). If d, =1, then H" = H.
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Definition 5.4. Let H be an n-dimensional hyperbox. Define
j_j — Hn,n—l,...,l

In other words, H is the result of n partial compressions starting with the nth and
ending with first. H is a hypercube of dimension n.

Let’s describe H more explicitly for a two-dimensional hyperbox H. First suppose
that H of shape (d,1). Then H?> = H, which we view as d maps of one-dimensional

hyperboxes. To compute H=H 21 compose those maps. Clearly

~(0,1) 0,1)

Next,

(1,0 1,0 1,0 1,0
DEO,O)) = D((i—1),o OO Dg,o Vo D((),o )

To understand ﬁgéé; we study equation . The map is a sum of maps, one for each
path in H? from the initial vertex to the terminal vertex. Such a path can only include
one diagonal edge — in fact, it’s totally determined by that vertex. Therefore we can
describe 13(%8 by the schematic in Figure The thick blue diagonal represents a
kind of step which can only appear once.

FIGURE 7

Now suppose instead that H has shape (d,d»). Then H? is a hyperbox of shape
(d1,1). Each square in H? is the compression of a hyperbox of size (1,ds). Therefore
its diagonal maps is given by Figure[§l Now apply the procedure above remembering
that the blue diagonal stands for this shape.

The result is that H has underlying space

C0,0) ® C1,0) @ Cro1) @ Ca ).

The vertical (and horizontal) maps are compositions of vertical (and horizontal) maps
in H. The diagonal map is a sum of maps, one for each diagonal map in H. This
diagonal completely describes a path from (0, 0) to (dy,ds) of the shape in Figure [0}
Readers familiar with hyperboxes will recognize that this description of H agrees
with Manolescu and Ozsvéth’s.

Proposition 5.5 ([?]). Liu’s definition agrees with Manolescu and Ozsvdth’s.
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FIGURE 8

FIGURE 9

Now if G: H — H’ is a map of hyperboxes, then Gis a map H— . Suppose
that F': H' — H" is another map of hyperboxes. It would be nice if

FoG=Fod.
But this formula is false. Write F'G for the hyperbox given by gluing together F' and
G along the appropriate faces so that (FG)"™ = F o G and

FG=FoG.

On the other hand, Fodis computed by first fully compressing both £ and G. In
summary,

]7\ o @ — (FG)n ..... 1In+1
F{O\G — (FG)nJrl,n ..... 1.

Nevertheless,

Lemma 5.6. F/O\G ~ Fo @
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Proof. Suppose that the theorem holds if H, H', and H"” are one-dimensional. Let
them instead be n-dimensional with n > 1 and suppose that the theorem holds
for (n — 1)-dimensional hyperboxes. We can think of each as a one-dimensional
hyperbox in the category of hyperbores — a hyperhyperbox. At each vertex is an
(n — 1)-dimensional hyperbox of chain complexes. So we can think of F'G as a two-
dimensional hyperhyperbox. The two ways to compress this hyperhyperbox yield
FGntbn and FG™™ 1. By hypothesis, these two are chain homotopy equivalent.

Now consider F'G". We can view this as again as a two-dimensional hyperhyperbox
of size (d,,—1,2). Now the vertices are compressed along the n-th axis and the maps
are adjusted accordingly. We see that FG™"*1m~1 is chain homotopy equivalent
to FGm"~ 17+l Continue n — 2 more times to prove the theorem. Manolescu and
Ozsvath’s algebra of songs keeps track of what happens to individual maps in this
process.

The two-dimensional claim is this: if FG is a hyperbox of size (d,2) then FG*! ~
FGY2. If d = 1 there is nothing to show, so assume d > 1. The vertical and
horizontal maps agree, so we only need to study the two differential diagonal maps.
Call them p and g where p follows the scheme in Figure [7] Recall that these maps
are sums of maps along certain paths in the cube, one for each diagonal. Write p; ;
and ¢; ; for the terms in p;; and ¢; ; which use the diagonal from the vertex (i, j).
Write h;; for the map which uses the diagonals at both (z,0) and (j,1). (There is
only one such path because F'G has height two.) Define

h - Zhi’j

1<j
so that
(0,0) (0,0) (1,0) (1,0)
R e © Dig) + Dias) © hiipytee) =Fa 1) © -0 i1
(1,0) (0 1) (0,1) (1,0)
O(@w TG + Gty o f@n)

(1,0) :
OﬂﬁiUon'oﬂHLD

o fitay

of ((iliol),()) o---of ((11,78)) of ((01,78))
I

f(d 12) © f((jlfl)g)
Oﬂjn

(1,0)
Of( i—1,1) © “Of(i—i—Ll)
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(10) | £(0.1) 1 (0,1) (1,0)
o <f(i,2) f + fz+1 1) f (i,1) )
1,0 (1,0 (1,0
o f((i—l),o .o f ) f ))

This sum is easiest to understand in the visual calculus of Flgure 10l From there it
is straightforward to see that

(5) > heaen © Digo) + Digs) © hagkn =P+
1<J
as in the proof of Stokes theorem from multi-variable calculus. 0

’_/_T+J_/“
<_II+H>+<II'+J_F>

e )
- ) _—)

FIGURE 10. A graphical representation of equation (5)). The dots rep-
resent application of the internal differential; in the musical vocabulary,
they are the result of playing {}.

Lemma 5.7. Suppose that F' ~ G are maps of hyperboxes. Then F~d.

Proof. Let J: F — G be the homotopy. Then J is the mapping cone of a chain map
Id+y: F — G. Meanwhile F and G are mapping cones of chain maps f and g. The
square of the differential on J is
Idof +gold+jo D+ Doj.
O

Corollary 5.8. Compression of hyperbozes is a functor from the homotopy category
of hyperbozes to the homotopy category of chain complezes.
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5.1.2. Two tensor products. A one-dimensional hyperbox is a mapping cone of a
factored chain map. For plain old chain maps f and g,

cone(f ® g) # cone(f) ® cone(g).

Suppose that ® is some kind of tensor product operation on hyperboxes. If F': Hy —
H{ and G: H; — Hj are maps of hyperboxes — so F' and G are hyperboxes — then
F ® G is analogous to cone(f) ® cone(G) rather than cone(f ® g). Therefore there
are two different tensor products: ® for hyperboxes in general and X for maps.

Let H be a hyperbox of chain complexes of dimension n and shape d. Let H' be
a hyperbox of chain complexes of dimension n’ and shape d’. Define H X H’' to be
the hyperbox of dimension n + n’ and shape (d,d’) whose underlying space is

(C®C)es) =Cs @ Cy.
and whose maps D® are defined as follows:
o) D§®ldy, ¢ =(0,...,0)
D5y = q1du, @D €= (0,...,0)
0 otherwise

Lemma 5.9. H ® H' is a hyperboz.
Proof. Each cube of H® H' is the ordinary tensor product of cubical complexes. [

Lemma 5.10. (1) H® (H' @ H") = (H® H') ® H".
(2) H® H' = H ® H'. FEquivalently, the differential on H® H' has form D &
ld +1Idz @D’

Proof. The first assertion is a straightforward verification in the spirit of Lemma |5.9]

The underlying groups of @ " and H ® H' are identical. The differential on
H ® H' can be written

D® =1d®D'+ D®1d

where D is the differential on C' and D’ is the differential on C’. We claim this holds
for (H @ H")™mF with 0 < k < m + n. Suppose it holds for k = i. To construct
the next partial compression, one thinks of the boxes in the (i — 1)st direction as
maps of hyperboxes and composes them. This direction belongs to either H or H'.
By hypothesis, all of the maps have the form

Idy ®g
or
feIdy .

It follows that the differential on the fully compressed hyperbox has form Id ® D’ +
D ®Id. OJ
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Any chain complex (C’,d) can be thought of as a zero-dimensional hyperbox.
Therefore H ® C" is a hyperbox with the same shape as H and

(CeCNs=CsxC'

Do _ DYy®d e=¢
’ Ds ®1Id  otherwise

Let F': Hy — Hj and G: Hy — Hj be maps of hyperboxes with shapes (d, 1) and
(d’, 1), respectively. Define F' X G to be the map Hy ® H; — Hy ® H{ defined by

(FRG)) = F, @G

€2,€3)
Lemma 5.11.
(1) If F and G are maps of cubical complexes, then F' X G is the usual tensor
product of chain maps.
(2) FXG really is a map of hyperbozes.
(3) (FRG)o(FFRG)=(FoF)X(Go@G).
(4) IdX1d = Id.
(5) FRG is a map from Hy @ H; tof[\(’)@)fl\{.
(6) As a map of chain complexes, FRG=Fad.
Proof. The first statement is clear. The second holds because each cube which ends

in the mapping direction is clearly a cube. The third and fourth also follow from
thinking cube-by-cube. The fifth follows from the second point of Lemma[5.10[ The
sixth is essentially a consequence of the fact that

(f@f)olgeg)=(fog)®(f od)
for linear maps. ]

5.2. A-algebras. See [?] for a nice introduction to A-algebras and [?] for an
exhaustive resource. We avoid tricky sign conventions by working over F.

Definition. An A, -algebra (over F) A is a Z-graded vector space, also called A,
and a collection of maps
7 A% 5 Ak >1
of degree 2 — k which satisfy, for each n > 1, the A, -relation:
(6) > sk (147 @p1; @ 1d°F)
i+j+k=n

A is unital if there is an element + € A so that

e yu(e) =0. N

o (i5(t,x) = po(x, 1) = x for all x € A.
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e Let z € A% be a simple tensor of length greater than two with a factor of ¢.
Then p(z) = 0.

For n = 1, equation @ simply states that p; is a differential on A. For n = 2, it
implies that the multiplication ps is a chain map. The n = 3 version implies that ps
is a chain homotopy between pis 0 (o ® Id) and pg o (Id ®p2). So A has the structure
of a dga up to homotopy. In particular, if u; = 0 for ¢« > 2, then A can be thought
of as a dga.

Definition. Let A and B be Ay-algebras. A map of Ay -algebras is a collection of

maps
fki .A®k — B
of degree 1 — k which satisfy, for each n > 1,
(7) Y fin (¥ @ @1d%%) = > n(f,@--® fi).
i+j+k=n P14 Fir=n

The identity map is the map with f; =1Id and f; =0 for ¢ > 1.
If f: A— Bandg: B — C are maps of A -algebras, their composition (g o f) is
defined by

(gofln= Z frlgy ® - ®gi,).

i1+ +ip=n

Definition. Let f,g: A — B be maps of A, -algebras. A homotopy between f and
g is a collection of linear maps

hi: A% - B
so that
8) fa—gn= Z Prii4s(fi @ @ fi, @ @ g5, ® -+~ ® gj,)
i1t Atk is=n
(9) + Z hatite (Id@a Qptp & Id@C)

a+b+c=n

A map which is homotopic to the identity map is called a chain homotopy equivalence.

5.3. From hyperboxes to A, -algebras. From a collection of hyperboxes one can
construct an A.-algebra. Below we describe the construction and prove some func-
toriality properties.

First, some notation for sequences and subsequences. Let s = (sg,...,Sg+1) be a
sequence of natural numbers. Write |s| for the length of k£ 4+ 2. Let {C}; : 4,j € N}
be a collection of chain complexes. Set

Cs:Ososl®Cs1sg®"'®C

SkSk+1°
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So we will often think of s as the sequence of pairs ((sg, $1), (51,52), - -, (Sky Sk+1))-

Write s’ C s if ¢’ is a subsequence of s, i.e. there is an order-preserving injection
s’ < s. There is a bijection between subsequences containing sg and s, 1 and 0-1
sequences of length k£ — 1: for a 0-1 sequence ¢, the subsequence s(e) C s includes s;
precisely if ¢, = 0. With these conventions,

s((0,...,0)) =s
s((1,...,1)) = (so, sk + 1).

Let € and € be two 0-1 sequences so that € < ¢’. Consider each maximal contiguous
subsequence of 0s in € which do not appear in €. For example, in

¢=(0,1,0,0,1,0,1,0,0,0)
¢ =(1,1,1,0,1,0,1,0,1,1)

the maximal subsequences are underlined. Let ¢(¢, €') be the set which contains, for
each underlined sequence, all the corresponding elements of s and the surrounding
ones. For example,

s=(1,2,3,4,5,6,7,8,9,10,11,12)
s(e) = (1,2,4,5,7,9,10,11,12)
s(e) =(1,5,7,9,12)
cle, ) =1((1,2,4),(4,5,7),(9,10,11,12))

We call c(e, €') the contraction sequence of € and €. The fized sequence f(e,€') of €
and € is a sequence of pairs of elements from s(e). Its elements are contiguous pairs
of elements of s(¢) which do not appear in ¢(e, €'). So in the running example,

fle,€) =((7.9)).

For a sequence s = (sg) of length one, define Cs = (s¢sp).
5.3.1. Systems of hyperbozes.

Definition 5.12. Let C' = {C;;} be a collection of chain complexes indexed by
N x N. A system of hyperbozes over C, H is an assignment of a (k — 1)-dimensional
hyperbox H; to each sequence s with |s| = k satisfying the following properties:

e The e-corner of H, is Cy(e).

e Let I be the face of H, between the e- and ¢/-corners. Then

F=| & H o & cp

cdec(e,e) fref(ee)
We call H e the active part of F' and Cye /) the passive part.
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Observe that the initial corner of Hy is C, and the terminal corner is Cy,5,. The
second bullet point is the face condition. It’s a locality condition for the component
maps — maps which combine one part of a tensor product (e.g. chain complexes
assigned to disjoint unions of links) should not affect the other parts.

Let € O®**1 be a simple tensor. We say that z is admissible if

x € Cy

for some s. We say that s is the underlying sequence of z. It will be helpful to write
H, = H,. Let y,(x) € Ci,,., be the image of x under the longest diagonal on H,.
Extend linearly to obtain a map

i C%F = C
for k > 1. If x is not admissible, then set ug(z) = 0.
Proposition 5.13. (C,{u;}) is an Ax-algebra.
For a system of hyperboxes H we call this A, -algebra fl(’H)

Proof. Suppose first that = is admissible of lengih k. Write s for the sequence un-
derlying x. Every diagonal from the origin of H, corresponds to a 0-1 sequence €
therefore to a contraction sequence c(eg,€). If this sequence has more than one el-
ement, then the corresponding diagonal map vanishes because of the condition of

faces of a system of hyperboxes and Lemma . Therefore the differential on P/[\z
is a sum of the form

Y ldop®Id.

The component of D? which maps to (1,...,1)-corner of o, is
> g0 (Id@”’ ®p; ® Id®<’“—i—j>) —0.
1,J
This is precisely Equation [6] If x is not admissible, then
<Id®z ®:U“] ® Id@(k‘—z—])) (ZL‘)
is admissible only if y; is applied to a non-admissible simple tensor. So
Pit1+k—j (Id@i Qp; & Id@w_i_j)) (z) =0

one way or another.

Lastly, it must hold that the degree of u; is ¢ — 2. pu; is computed from the
compression of an (i — 1)-dimensional hyperbox. The compression of a hyperbox is
a hyperbox, so it’s diagonal has degree ¢ — 2. O
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This construction constitutes a functor between the homotopy category of systems
of hyperboxes of chain complexes and the homotopy category of A..-algebras. Let’s
construct the former category.

Definition 5.14. Let H and H’ be systems of hyperboxes over C' and C’ so that
H; and H! have the same shape for all s. A map of systems of hyperboxes, g, is a
collection of maps of hyperboxes

G,s: Hy — H,

which satisfies the following face condition. Let F' be the (e, €' )-faces of H;. Then
G5 must satisfy

Gl = ( G;> 5 ( Gf,>
s'ec(e,e) fref(ee)
Note that for f € f(e€), Gp: Cp — CY is (the mapping cone of) an ordinary
chain map. In other words, G acts on the passive part of H, by chain maps.
For any H there is an identity map Id: H — H where Gy is the identity map for
all s.

Definition 5.15. Let G: H — H' and G': ‘H' — H” be maps of systems of hyper-
boxes. Define

(G'oG)s =G oGy
Lemma 5.16. Definition [5.1 actually defines a map of systems

(G'oG): H—H"
and (IdoG) = G and (Gold) = G.
Definition 5.17. A chain homotopy between maps of systems G and G’ is a collec-
tion of hyperboxes

Js: Gs— G,

whose length one maps are identity maps and which also satisfies the following face

condition. Let F' be a face of J, in which the last component changes. Suppose that,
restricting the last coordinate to zero, F' is the (¢, €’) face of Gs. Then

(10) J5|F: @(FSQ’IZ,&Fs;’_ngSi’&GS;;1&&G8¥> ®Id
s'e€cle,e’)  i=1
s'=(sY,...sr)
A map of systems g: H — H' induces a map of A-algebras Ag): A(H) —
A(H') in the following way. Let x € A(H) be a simple tensor of length n. There is
a corresponding map of hyperboxes G,: H, — H.. Define g,(z) to be the image of
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x under the longest diagonal map on é; Extend g, to all of C®™ by linearity. We
aim to show that {g,}5°, satisfies Equation [7]
Consider the differential on (/}; Its restriction to the initial vertex of é\x can be
written as
G+
where G is the sum of all the G-wards maps and

i=> 1d% @u; 1d*"

i7j7k

The component of the square of this map which goes to the terminal vertex of é; is

éoﬂ—l—ﬂoé:Zgioﬂ—i—MT( Z gi1®"'®gz}-)

i 11+ tir=n
where
G- Y peoan
J1etig=k
by Definition [5.14] and Lemma [5.11] part [6]

Theorem 5.18. Proposition [5.15 and the construction above define a functor from
the homotopy category of systems of hyperboxes to the homotopy category of Aso-
algebras.

Composition of maps Ay-algebras is, fittingly, only associative up to homotopy.
The homotopy category is an honest category.

Proof. Proposition [5.13] and the discussion above the theorem define the maps on
objects and morphisms. We need to prove the following:

Suppose that f and g are chain homotopic maps of systems of hyperboxes. Let J,
be the homotopy between F; and Gy. Let x € C be a simple tensor. Define j,(z) to
be the longest diagonal map on :7; applied to x. These maps satisfy equation by
Definition [5.17) and Lemma |[5.11] If = is inadmissible then equation |8 holds by the
same argument as Proposition [5.13] Therefore f is A-chain homotopic to g.

Let g and g’ be maps of systems so that g’ o g is defined. The map of A, .-algebras
induced by G’ o G is A..-chain homotopic to ¢’ o g by from Corollary [5.8 Definition
5.14] and Lemma [5.11} part [6]

It is straightforward to check that the identity map of systems induces the identity
map of A,.-algebras. 0J

Remark 5.19. For the sake of concreteness, this section only discussed systems of
hyperboxes in which summands are indexed by pairs of natural numbers, but of
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course one could repeat the construction over any set. In the next section we will
work with pairs of crossingless matchings.

Remark 5.20. For inadmissible x we defined ug(z) = 0 for lack of better options. It
might seem more natural to say that multiplication is not even defined on x. This
amounts to constructing an A..-category rather than A.-algebra. One ought to
be able to adapt all the definitions of this section to build an A-category from a
system of hyperboxes in which the objects are natural numbers, Hom(s, j) = C;,
and composition is given by the multiplication maps. Maps of systems induces A.-
functors, and so on.

There is another way in which two systems of hyperboxes could yield homotopy
equivalent A,-algebras. Here is what we have in mind: suppose that f ~ ¢g. It may
hold that f = f; o fo and g = g; o gg, but there is no way to fill in the diagram

diagram

So the compressions of these (one-dimensional) hyperboxes are homotopy equiva-
lent, but the hyperboxes themselves are not.

Definition 5.21. Let H and H' be systems of hyperboxes over C. Suppose that
these is an integer ¢ so that

o (= (! for all s.

e If s does not contain ¢, then Hy = H..

o If s contains ¢, then think of H; and H! as a sequence of maps glued together
along the dimension containing ¢. The composition of these maps is chain
homotopic by a homotopy so that

— the homotopy vanishes on any tensor product whose underlying sequence
does not contain /.
— the restriction of the homotopy to any subsequence agrees with the ho-
motopy on that subsequence.
We say that H and H' are internally chain homotopic.

Proposition 5.22. If H and H' are internally homotopic, then A(H) ~ A(H').

Proof. We will define a map f of algebras. Let x be a simple tensor of length k£ whose
sequence s does not contain ¢. Define

fk(x):{x k=1

0 otherwise

In other words, f looks like the identity map when ¢ ¢ s.
Now suppose that the last occurrence of ¢ in s is at the ith entry. The key
observation is that H%1 and H! are homotopic as maps of hyperboxes.
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This follows from the functoriality of compression. So there is a map
F.: Hk,...,i—‘rl - Hlk,...,i-‘rl
S S S

whose length one edges are the identity. With the assumption that all the chain
complexes are finite-dimensional, a standard argument shows that F has an inverse
G5 up to homotopy. It follows that

Kyt 1k,...i+1
H; ~ H

as hyperboxes. Let f, be the longest diagonal map in E By our previous arguments
and the second condition on the homotopy, the sum of all the f, defines a map f
of A.-algebras. Let g be the reverse map defined by hyperboxes G,. We have
Gso Fy; ~1d. It follows that go f ~ Id.
Now we check that H%+*+1 and H®i*+! gatisfy the conditions of Definition [5.21]
The first two conditions are clear.
O

6. A TRISECTION CLASS INVARIANT

Definition 6.1. Let t be a tri-plane diagram. We say that t is in plat form if all
three tangles are planar isotopic to half-plat closures of braids.

Every (n,0)-tangle is isotopic (but not necessarily planar isotopic) to a half-plat
closure. Therefore every trisection diagram may be put into plat form.

6.1. The system of hyperboxes.

Definition 6.2. Suppose that t is a tri-plane diagram in plat form. The canonical

SUrgery arcs on
tit; [ [ it

are the arcs connecting the plats in ¢; and ¢;, oriented towards ¢;. Number these arcs
with 1 to n from top to bottom. For a diagram of the form

titi, H tiytis H e H tintip.
There are (k — 2) families of canonical surgery arcs, defined similarly. They are the
red, dotted arcs in Figure

Let t = (t1,to,t3) be a bridge trisection diagram in plat form. Let s = (s1,..., Sg11)
be a sequence of length £+ 1 > 2 in {1, 2,3}. Define

D, = <t51i52) H(t52i33) H T H(tskflislwrl)'

For simplicity, let us first consider a tri-plane diagram in plat form with no crossings.
(This implies that each tangle is the plat closure of the identity braid, but we won’t

this is the key
point, improve a
bit
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use that fact.) If |s| = 2, then set Hy = CSz(Dy). If |s| > 2, then there are k — 2
families of canonical surgery arcs on Dy, each with n arcs. For each coordinate

§=(dy,...,dy_s) €[0,n]F?

there is a diagram D; s given by performing surgery along the first d; arcs in the ¢-th
family. For example, Dy o,.0) = Ds and Dy 1, 1) = ts,1s,. Let

C,= P CSzD,y).

€€[0,n]k—2

Fix a coordinate §. A direction vector € from d picks out ||e]| canonical arcs: for each
¢; = 1, take the (0; + 1)-st arc from the ith collection. In other words, use the “next”
arcs in each axis with a 1.

Let Cs 5. be the configuration whose underlying diagram is D; s and whose deco-
rations are the arcs picked out by €. Set

D§: CSz(Dss) — CSz(Dsgre)
Dg - Gcs,ﬁ,e

D, =) D
d,€

The (4, €)-cube in Cj is the Szabé complex of the link given by replacing each dec-
oration from e with a positive crossing. So Hy, = (Cy, D;) is actually a hyperbox of
chain complexes.

When t has crossings, there are two additional complications. First, the diagram
D, is isotopic to s15, but not equal to it. This isotopy may always be realized by a
sequence of Reidemeister 2 moves which cancel inverse Artin generators. For a fixed
braid word §; order these from the inside out: if 8 = oy, - -~ 0y, then

BB = ggl e 0;11(71.1 0
and the first cancellation is between o, 'and o;,.

Suppose that the braid word underlying s; has length ¢;. Write ¢; for the length of

the braid word underlying s;. Form a (k — 1)-dimensional hyperbox of link diagrams
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of size
(n—i—&-l, .. ,n—i—&-k_l).

For each coordinate § = (dy,...,dy—1) there is a diagram D, s given as follows: if
d; < n, then perform surgery along the first e; canonical arcs between ;77 and s;9,
just as in the crossingless case. If e; = n + m; with ¢; > m; > 0, then perform all n
surgeries, then perform the first m; Reidemeister 2 moves on the result. D; s is the
result of all these alterations to D. Set

C, = & CSz(D,.).

ec(di+ci,...,dntcn)k—2

Suppose that all of the coordinates of ¢ are less than n. The (4, €)-cube defines a
diagram D;,. by replacing the definitions with positive crossings. Define the edge
maps on the (6, €)-cube so that the cube is the CSz complex of Ds.. This is the
second complication: the edge maps include not just the decorations picked out by
¢, but any number of the decorations from the crossings of ¢, Zs,, .

If 4 has some coordinates greater than or equal to n, then ¢ may pick out Reide-
meister 2 moves in addition to arcs. The map assigned to a Reidemeister 2 move on
CSz is a sum of many configuration maps, see Section ??. The map D5 is given by
adding superimposing these configuration maps and surgery arcs.

Proposition 6.3. Lett be a tri-plane diagram in plat form. The recipe above defines
a system of hyperbozes of chain complexes H(t) over

3
C = P Csu(tit;).

4,j=1

Proof. First we show that H, is actually a hyperbox for any s. To do so, we show
that the (6, ¢)-cube is a chain complex. If € does not pick out any Reidemeister 2
moves then the cube is a CSz complex by definition.

So suppose that e picks out some Reidemeister 2 moves. These moves have disjoint
support, and therefore the maps associated to the commute up to homotopy. In [7] we
showed that this homotopy is precisely described by the diagonals in the (4, €)-cube.
Therefore this cube is a chain complex.

Now let’s check that the assignment s — Hg defines a system. It is clear that the
construction satisfies the first condition. The second follows from the extension rule
and the disconnected rule. Let F be the face of H, between the € and ¢ corners.
The extension rule implies that the map assigned to a handle attachment along a
canonical surgery arc acts as the identity on the fixed sequence of s. Let ¢ and ¢
be distinct subsequences in c(e,€’). Let v and ' be canonical surgery arcs which
are attached as part of ¢ and ¢, respectively. A configuration in F' involving both ~

did we actually
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improve some
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and 7/ can never be connected. This implies that H satisfies the face condition, cf.
Lemma [5.10] part (2). O

Definition 6.4. Let A(t) be the A.-algebra over F[IW] constructed from Proposition
5.13, Proposition [6.3] and the discussion above. The underlying group is

,j=1

For y € C, pk(y) is the image of y under the longest diagonal map of H: applied to
Y.

The argument above applies to any conic, strong Khovanov-Floer theory with a
vanishing differential on flat diagrams. One can rephrase the construction of Hy
in terms of iterated mapping cones of one-handle attachment maps and Reidemeis-
ter 2 moves, and the argument of Proposition holds word for word. The only
part of argument which uses the language of Szab6 homology is the extension rule,
which holds up to homotopy for any strong Khovanov-Floer theory. If the internal
differential vanishes, it holds on the nose. The upshot is that we can construct an
As-algebra with underlying vector space

P csz(tit;)

ij=1

and with multiplications given as above even for the Heegaard Floer homology of
branched double covers (with the right choice of Heegaard diagrams.)

6.2. The simplest example. Let us compute A(t) in the case that t is the flat,
bridge number 1 tri-plane diagram for the unknotted sphere in S*. We call this
algebra Z. Each summand of A(t) has rank two and u; = 0.

Let = be a simple tensor of length k. There is a hyperbox H, underlying p(z).
The active part of any connected configuration which appears in H, consists of some
circles connected to each other in a line. The map assigned to such a configuration
is zero (as long as the dimension is greater than one). The map assigned to a discon-
nected configuration is zero. We conclude that there are no non-zero configurations
of dimension greater than one, and therefore all diagonal & maps in H, are zero. It
follows that u, = 0 for k& > 2.

Suppose that t is the disjoint union of n copies of the 1-bridge unknot. The
argument above, along with the Disconnected Rule for Szab6 homology, implies that
the higher Szabé maps all vanish. It is interesting to note that these configurations
are trees and therefore have non-trivial maps under ‘8.
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7. INVARIANCE OF THE ALGEBRA
Our goal in this section is to prove the following.

Theorem 7.1. Let X be bridge-trisected surface in S*. Let t be a tri-plane diagram
in plat form for ¥. The A -chain homotopy type of A(t) is an invariant of the
trisection class of t.

Proof. We will prove something slightly stronger: let t’ be a tri-plane diagram, not
necessarily in plat form, for . Let t be a Reidemeister-equivalent diagram in plat
form. In the remainder of this section, we show that A(t) is invariant under

e braid isotopies (Proposition [7.2)).

e Hilden moves (Proposition

e interior Reidemeister moves and bridge sphere transpositions (Proposition

7).
The upshot is that one may think of the invariant as the assignment t’ — A(t), even
if t’ is not in plat form.
Observe that, by restricting to plat form, the only interior Reidemeister moves to

worry about are Hilden moves and braid isotopies. But of course those are covered by

the first two bullets. So in the third, we only consider bridge sphere transpositions.
O

Proposition 7.2. Let § and (' be braid words which represent equal elements of
Bay. Let t = (81, fa, B5) and t' = (B, Bs, B3). A(t) is chain homotopy equivalent to
A(t).

Proof. Tt suffices to prove the theorem in the case that 5 and " differ by a single
braid commutation, braided Reidemeister 2 move, or triple-point move.

We begin with braid commutation. Consider the systems (t) and H(t'). If s
does not include 1, then Hy = H.. If it does, then the maps on corresponding edges
are identical except that the order of the two Reidemeister moves has been swapped.
Proposition [4.3| implies that #(t) and #(t') are internally homotopic. (Rather than
applying Proposition 3.3, one can just write down, in terms of cobordisms, a ho-
motopy which shows that the order of two disjoint Reidemeister 2 moves doesn’t
matter.) Proposition implies that A(t) ~ A(t).

Now suppose that g and ' differ by a single braided Reidemeister 2 move. Without
loss of generality suppose that 8’ has two more crossings than 3, and call the added
crossings new. Let s be a sequence which contains 1. Then Hy is larger than H,: any
axis which corresponds to 1 is two units longer than the same axis in H because it
has to undo the new crossings. The other segments of Hy all correspond to segments
of H, in an obvious way. Add elementary extensions to H, so that it has the same
shape as Hy and so that corresponding pieces line up. Call the extended box H.
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Define a map ps: Hg — H. cube-by-cube as follows. Let C' and C” be correspond-
ing cubes of H; and H.. Then either

e Neither C' nor C’ involves a undoing any crossings. In other words, C' and C’
differ only by one or zero Reidemeister 2 moves. Away from the supports of
these moves the cobordisms in the cubes are identical. In other words, C' and
C" are Szab6 complexes of link diagrams which differ by some Reidmeiester
2 moves. Define p;|¢ to be the composition of all the Reidemeister 2 maps.

e (' and C’ do involve undoing some crossings, but not the new ones. Then C
and C" are (iterated) mapping cones of Reidemeister 2 maps on links which
differ by a Reidemeister 2 move. Define ps|c to be the cone of the new Rei-
demeister 2 map on the mapping cone. (In other words, iterate the mapping
cone again).

e (' undoes one of the new crossings. Then define ps|c by the schematic in
Figure [12]

R2

POOCK — XX

T Two R2s TRQ TId

Id Id

-R2

FIGURE 12

Figure deserves a little more discussion. The vertical direction is the map-
ping direction. The horizontal axis should be thought of as a horizontal axis which
corresponds to a 1 in s. Each horizontal arrow represents a map of cubical chain
complexes, for example a Reidemeister 2 map on the Szabd chain complex of some
link. The vertical arrows are defined in the same way. The maps assigned to the
moves in Figure[I2]commute up to homotopy because they commute cubewise. These
homotopies are the dotted arrows. They are also defined via handle attachments and
therefore can be extended to the Szab6 complex of any link diagram. It follows that
the schematic defines a map of hyperboxes.

Define p!, by reversing all the Reidemeister 2 maps in bullet points above. We must
show that ps and p constitute maps of systems. The following principle will apply
more generally. ps is defined as the conglomeration of cobordism maps. (Remember
that Reidemeister maps are cobordism maps.) Suppose that, on some cube C, p;
applies two Reidemeister 2 maps which are applied to disjoint links. By the dis-
connected rule, every configuration which uses one-handles from both maps is zero.
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Therefore p, splits as the box product of two cubes the two Reidemeister 2 moves
applied separately. It follows that p, defines a map of systems p and similarly for p..

psopl, ~1d by a chain homotopy Js. Let’s construct this J; more explicitly. First,
if D, is unchanged by the Reidemeister 2 moves, then p, and p. are identity maps
and J; = 0. If s has a one-element contraction sequence, then define J|r on the
cube C' as the homotopy between ps|c o pl|c and Idc.

If F has a larger contraction sequence, then define J|r by equation (10| with Fy =
(p' o p)s;/ and ngrﬂ = Idsgﬂ. If J; is actually a homotopy between (p’ o p)s and Ids,
then it induces a homotopy between p’ o p and Id, completing the proof. So all we
need to show is that J; is a hyperbox with length one maps equal to the identity.
Both parts are clear.

The triple point move is similar but with an additional wrinkle. Define p, cube
by cube as above. If s does not contain 1 then p, = Id. For other s, note that
H, and H! have the same size. Call the crossings affected by the triple point move
altered. It is straightforward to define maps between cubes which do not undo altered
crossings. The difficulty is that the Reidemeister 3 move shuffles the order of the
altered crossings.

To correct for this, insert into Hg an elementary extension on each axis which
involves the altered crossing right before the altered crossings. Consider the hyperbox
H! in which the elementary extension is changed to a pair of Reidmeister 3 moves
on the affected crossings and the maps after the extension are changed to agree with
those of H.. By Proposition [4.3| H! ~ H, and therefore the systems H, and H. are
internally homotopic.

Extend H! by the identity along each altered axis right before the altered crossings
are undone. Construct a map p: H. — H! using the Reidemeister 2 recipe: if
corresponding cubes C' and €’ do not involve undoing altered crossings, then define
ps|lc using the Reidemeister 3 maps. For cubes which undo altered crossings, the
diagrams actually agree (near those crossings) and so the map can be defined using
the same recipe. In the extended region, the map is quite simple, see the two-

dimensional schematic in Figure [13]
OJ

Proposition 7.3. Suppose thatﬂv and B’ differ by a Hilden move. Lett = (ﬁv, ng, ng)
and t' = (0, B2, B3). A(t) is chain homotopic to A(t').

Proof. Suppose that 8 and §’ are not equal as braids, but nevertheless B is isotopic
to /’. Lemma implies that there is some h € H, so that Sh is isotopic to /'
There is a diagrammatic cobordism

B — Bh
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F1GURE 13. The schematic for the map p in the extension region. The

top is H” and the bottom is H’. In this case the square is commutative
on the nose so no homotopy is necessary.

whose support is disjoint from (; this follows from the motion group interpretation
of H™. This cobordism is the composition of a sequence of Reidemeister moves, so
it induces a chain homotopy equivalence on all the relevant Szabé chain groups.

It suffices to consider the case in which h is one of Tawn’s generators. The support
of each generator is a small neighborhood of the plats, so the crossings they add will
always be canceled first. Write H' for the system underlying ft(t’ ). The new crossings
are the first to be canceled. The Reidemeister 2 moves have support disjoint from
all the canonical surgery arcs (except for the ones which are pushed around by the
Hilden move). Let H” be the system which is identical to H' except that the new
unwindings are moved to be right after those handle attachments. H” is internally
chain homotopic to H'.

Now extend Hy by the identity so it has the same shape as H! and so that the
extensions lie over the cancellations of the new handles. We will refer to the result
as Hy,. We cook up a map for each of Tawn’s generators. The map will always be the
identity in the region “after” the new crossings have been canceled. The map will
be a composition of Reidemeister moves which realize the Hilden move in the region
“before” the relevant plats are connected. So the only challenge is to define the map
in the region in which the relevant plats are connected and the new crossings are
canceled.

t; is the easiest. The downwards maps are the obvious Reidemeister maps. Con-
sider the cobordism b o r, using the notation from Figure [I4 This cobordism is
isotopic to one which begins with a Reidemeister 2 move on (say) the left tangle,
then connects the two plats. (This uses movie move 7 and 13 in Bar-Natan’s reck-
oning [3].) The support of the Reidemeister 2 move is disjoint from the canonical
surgery arc, so the maps assigned to those two cobordisms commute up to homotopy.
This shows that h or ~ 1’ obh in Bar-Natan’s cobordism category. Therefore the ho-
motopy can be chosen to be a map defined by handle attachments, and so Figure
defines a map of hyperboxes.
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FIGURE 15

Figure |15 shows the argument for s;. We have changed the order of handle at-
tachment, but of course the two systems are internally homotopic. The first square
commutes (up to homotopy) because the bottom plats can be passed under the up-
per plats by isotopies which are disjoint from h. For the second square, repeatedly
use movie move 15 to show that h’ o r is equivalent to the cobordism in Figure .
This cobordism is a composition of Reidemeister 2 moves with a disjoint canonical
handle attachment. Swap the order of these two maps to obtain 7’/ oh’. That the next
square and all the ones after it commute up to homotopy follows from Proposition
(compare with the arguments in the previous proof.)

FIGURE 16
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ry and ro are basically identical to s;: use movie move 15 to write a cobordism as
a sequence of Reidemeister 2 moves and disjoint canonical handle attachments.

These maps constitute maps of hypercubes because they are defined locally. They
are invertible, up to homotopy, because all of their components are Reidemeister
moves: one can reverse the maps and run the same argument. Apply the same
process from the previous proof to obtain maps of systems. These homotopies are
also given by cobordisms, so we can obtain homotopies between maps of systems. [

Proposition 7.4. Suppose that t and t" are tri-plane diagrams in plat form which
differ by a braid transposition. Then A(t) ~ A(t').

The proof is essentially the same as that of Proposition 77.

To define an invariant of K up to isotopy, we must understand the behavior of
¢i(t) under stabilization. To do so we must broaden the class of tri-plane diagrams
to which our construction applies. Say that a 2b-bridge tangle diagram is in hybrid
form if it is a disjoint union of the plat closure of a (2b — 2k) braid and k crossingless
arcs. A tri-plane diagram is in hybrid form if each of its tangles is.

Let t be in hybrid form. Define A(t) as above. There are two novelties. First, the
ordering of the arcs is slightly different. Suppose that v belongs to a braid plat and
~' to a crossingless plat. Then v > +/. If v and 4" are both braid or both crossingless
plats, say v > 7 exactly as before. Second, the braid crossings are unwound before
crossingless plats are connected.

Proposition 7.5. The construction of A(t) extends to diagrams in hybrid form.
Suppose that t and t' are in the same trisection class and are in plat or hybrid form.

Then A(t) ~ A(t').

Proof. Let t be in hybrid form. That A(t) is an A.-algebra follows the same argu-
ment as above. So does invariance.

t is isotopic to a diagram t’ in plat form. We may choose this isotopy so that
it only moves the crossingless arcs of t. For a diagram in plat form we may freely
rearrange the order of the plat attachments. To see that A(t) ~ A(t'), put a dot on
the tip of each braid plat of t which becomes a crossingless plat in t'. These dots
mark the points which meet the surgery arc on that plat. Now choose an isotopy
from t’ to t which first slides the dot past other arcs. The dot traces out a path ~'.
Call this intermediate diagram t”. Define A(t”) by attaching extending the surgery
arc to the slid plat by 7. Use the arguments of Proposition ?7? and movie move 15 to
show that A(t”) ~ A(t). Now slide the rest of the arc to obtain t'. The argument
of Proposition ?? shows that A(t') ~ A(t").

OJ

Let t be the flat diagram of the bridge number one, unknotted sphere. Let t’ be
the stabilization shown in FIGURE. Then FIGURE shows that p3 does not vanish
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on A(t’). This shows that stabilization can dramatically change the character of A.
(Note that in any case the rank of A(t") and its homology must be greater than that
of A(t) and its homology, respectively.)

8. [JNITS7 THE HOMOLOGY ALGEBRA, AND MINIMAL MODELS

In this section we study some basic properties of fl(t) and produce some equivalent
algebras of lower rank.

8.1. Units. Let t = (t1,¢2,¢3) be a tri-plane diagram in plat form. Observe that
CSz(t;t;) is an A-subalgebra of A(t). Define

Z(t) = CSz(t1t1) © CSz(tats) ® CSz(tsls)

Z(t) is an A-algebra. Observe that ¢1£; is isotopic to the plat closure of the identity
braid entirely by Reidemeister 2 moves with support contained entirely in (5, /;.

Proposition 8.1. The A, -algebra CSz(t;t;) is Aso-chain homotopy equivalent to I".

The proof is basically that of Proposition [7.4] Recall that Z is the A..-algebra
assigned to the genus 0 trisection of the unknotted sphere. In Section [6.2] we showed
that the higher operations on Z all vanish.

Definition 8.2. Define A(t) to be an A-algebra on the vector space

reLy"eni"e P CStl).
i,j=1,2,3i#j
where Z7" is identified with the algebra of the unwinding of ¢;#;. The operations on

A, which we also call m;, are defined identically to those on A with the addition of
unwinding maps when the codomain is CSz(#;t;).

Corollary 8.3. A(t) is an A -algebra, and its chain homotopy type is an invariant
of the trisection class of t.

A(t) has substantially lower rank than A(t). Another advantage is that it has a
unit. The unit in Z%" is the diagram labeled with all pluses. Write « € A(t) for the
sum of units in Z{", Z3™", and Z3™.

Lemma 8.4. ¢ is a unit in A(t).

Proof. Certainly mq(u) = 0 and mo(u,z) = z for all z € A(t). Let y =11 ® - - Qx,,
be a simple tensor so that z; = u for some i. We aim to show that p;(y) = 0. We
may assume without loss of generality that y € C for some sequence s.

Let H, be the hyperbox used to compute y;(y). Consider a configuration in which
one of the circles of z; is active. That circle has either degree one or indegree and
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outdegree one. Every Szabd and Bar-Natan configuration map vanishes if that circle
is labeled v E| It follows from the definition of compression that p; vanishes on y. [

8.2. The homology algebra. In this section we show that, for connected surfaces,
the associative algebra H(.A(t)) only detects the genus. We use Otal’s theorem on
bridge splittings of unlinks.

Theorem 8.5. Lett be an (n;cy, ¢, c3) triplane diagram in plat form for an oriented,
connected surface S. The graded isomorphism type of the associative algebra H(A(t))
18 determaned by n, c1, co, and c3.

Proof. Write m for multiplication on H(A(t)). As t;t; is an unlink, Kh(¢;¢;) has a
unique generator of highest quantum grading called ©;;. The set

{A\0;; : A € A a monomial}
is a basis for Kh(¢;t;). Let
M = m(@” X @jk)
There is a basepoint action on CKh(t;t;), see [4] which satisfies
m(X,0;; ® Oj;) = X,m(0,;; @ ©,i)

as long p lies in t; or t;. Choose 2b basepoints on each link where the two tangles
meet. This turns each Khovanov homology group into a cyclic module over

A:F[Xl,...,XQb]/(X%,...,Xzzb).

m is a A-module map. Therefore m is determined by the values of m;;y.

m;jr can be described cobordism-theoretically: it is given by ¢;; + ¢;; zero-handle
attachments and then n one-handle attachments. Cap off this cobordism with two-
handles to get a handle decomposition of K. The cobordism is connected if and only
if K is.

To compute m;ji, one needs to describe this cobordism diagrammatically. It begins
with the zero-handles and some Reidemeister moves to get t;t; []¢;t5. The Reidmi-
ester maps are graded isomorphisms and will carry highest generators to highest
generators.ﬂ Require that this sequence begin with Reidemeister 1 moves to put
the circles into Otal position and that the rest of the sequence consists of Hilden
moves. Choose a basepoint on each initial crossingless component. It follows from
the functoriality of Khovanov homology that m,j; is determined by the multiplica-
tion between the Otal links. These moves may cross the basepoints, but because
all the diagrams are crossingless, the basepoint actions on homology commute with
Reidemiester (and therefore Hilden) moves. So for any two tri-plane diagrams t and

4This is identical to the argument that the algebra H™ in [2] is unital.
®Note that this is not necessarily true for the other generators — Khovanov homology does not
satisfy that much naturality!
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t’ with the same combinatorial data, there is an isomorphism A — A and an iso-
morphism of A-modules, twisted by this isomorphism, so that H(A(t)) ~ H(A(t")).
O

This theorem has precedents in independent work of Rasmussen [?] and Tanaka [?].
(It is somewhat surprising that the proof does not use their work.) There is a
natural way to obtain an invariant of closed surfaces in S* from Khovanov homology:
puncture the surface at its top and bottom, find a movie presentation ¥, determine
the associated map

Fs.: Kh(U) — Kh(U),
and compute the O-coefficient of F5(U). Functoriality implies that this map does
not depend on the particular movie presentation. For grading reasons this map must
vanish if I is not a torus, and Rasmussen and Tanaka showed that the map takes
the same value on any torus. Tanaka proved a similar statement for Bar-Natan’s
deformation.

Remark 8.6. Instead of studying H(A(t)), one could form a differential graded alge-
bra A(t) as in the previous section but using only the Khovanov differential. Observe
that H(A(t)) = H(A(t)) as algebras. But Theorem [8.5( does not imply that A(t) is
determined by the genus of K. It would be interesting to study Massey products on
this algebra.ﬁ

Theorem [8.5| and the following theorem of Kadeishvili allow us to make A(t) more
concrete as an invariant.

Theorem (Kadeishvili). Let A be an Ax-algebra. There is an As-structure on
H(A) so that p; =0, pe = m3, and A is Aw-quasi-isomorphic to A. If A is unital,
then the structure and quasi-isomorphism may be chosen to be unital as well.

An A-algebra with py = 0 is called minimal. It follows that there is a (non-
unique) minimal model for A(t) with rank 23¢+ 23", For any two tri-plane diagrams
with the same combinatorial data, we obtain two minimal A.-algebras which are
isomorphic as associative algebras: the invariant is an A..-structure on this algebra.

9. MASSEY PRODUCTS AND AN ISOTOPY CLASS INVARIANT

In Section [6] we applied CSz to a system of hyperboxes to obtain an A..-algebra.
In this section we include Bar-Natan’s perturbation to obtain an isotopy class invari-
ant. Our presentation is somewhat roundabout: first, we consider how the ideas of
Section [6] apply to the full differential ds, + dgn. We study the behavior of the top
degree generators under a triple product map. Then we show that the triple product

6Massey products and A.-constructions are closely related, see [?], so in some sense this is the
subject of Section @ But they are not identical.
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is well-defined even if one throws out the Bar-Natan contributions. Finally, we show
that this product is, in some sense, invariant under stabilization. There is surely
a faster route to defining the final invariant, but the structure of the intermediate
algebra is interesting in its own right.

The recipe of Definition [6.4]is not compatible with CS. Let p be the putative A
operations. Even the As-relation does not hold:

15 (11 (2) @ y) + pihy(x @ iy (y)) + pips(z @ y) = U'Wph(dpxe @ dpy).

because of the failure of the Kiinneth formula for Bar-Natan’s theory. The abberant
term on the left is the part of d o dgy in which dgy counts Bar-Natan configurations
with support on both sides of the canonical arcs but not the canonical surgery arcs.
In terms of hyperboxes, the alleged system will fail the face condition: a one-handle
attachment inside the contraction sequence will have an effect on the fixed sequence.

Nevertheless, there is are map p; defined via not-quite-systems of hyperboxes. We
will exploit p}, ph, and pf to define an isotopy class invariant. Let N3 be the left side
of equation [6] Then the y/ maps satisfy

Ny = U™'W (p3(dpn(2) @ dpn(y) @ 2)
+ 3 (den () @ y @ dn(y)) + ps( @ dpn(y) © den(2)))
+ U W2 (den () ® dn(y) @ dpn(2)).
Call this right side J3. Observe that Js is divisible by W.

9.1. Top generators. Let t be an (n; ¢12, ¢23, ¢31) tri-plane diagram for K. HS(¢t;)
has a unique element ©;; with greatest quantum grading. Write ¢;; for a homogeneous
cycle representative of ©;;. Note that 6;; is unambiguous.

Lemma 9.1. Let x € CS(t;t;) be a canonical generator such that dz # 0. Then
ph(x @ 0j1) cannot have coefficient at Oy, which is divisible by W but not W?2.

Proof. For x to have such a term, it must have homological degree (—1) — otherwise
the power of W would be larger. Setting H to 1, the degree one part of

(11) (o(7 @ Ojk ), Oi)

essentially counts certain two-dimensional configurations in which one decoration
comes from a crossing and the other comes from a handle attachment from a canonical
surgery arc. We may assume that the circles which meet the surgery arc are v,-
labeled. (Any other sort of canonical generator cannot contribute to the coefficient
of ;. by the filtration rule.)

Observe that

dith (1 ® 0) = ph(dr @ 0) + phy(z @ df) + H™ "W iy (dpxr @ dpnb).
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df = 0 and dgyf cannot contribute to the expression in because of its homo-
logical degree. It follows that

In fact the term on the left is zero. For suppose that dus(x ® 6) = ab;, + y with
a € F[U, W|. It follows that y is also a cycle. If y is a boundary then [0;;] = 0. If y is

not a boundary, then it represents a class with lower grading. But then a[f;] = [y],
which is impossible. It follows that

(po(dx @ 051), 03) = 0

Now suppose that ¢ is a crossing which supports a configuration in the sense above.
Write d.. for the component of d which involves c. We can think of

(y(dex @ 0), Or)
as a count of two-dimensional configurations which have been divided into two one-
dimensional conﬁgurationsﬂ Let C be a two-dimensional configuration which uses ¢
and contributes to

(5 (z @ Oj1), O
If C is a Szabd configuration, then it must be connected. It follows from the filtration
rule that all the active circles must be positive. Therefore the configuration is either
of type 1 or 8 in Szabd’s list, page WHICH of [9]. Write C. and C’ for the one-
dimensional configurations which make up C. One can check directly that, if C is of
one of these two types, then

U~"W (py(de(z) ® ), Oire) = (Fe(z ® bi), Oin)
where Fp is the part of p), which includes C. The same holds for Bar-Natan configu-
rations by the principle at the top of the section. It follows that
(t(x @ Oir.), Oix) = U~ W (pp(dw @ Or), Oir,) = 0
O
Lemma 9.2. Fiz representatives 6;;, 05, and Oy;. If pi5(0;; ® 0;) has a non-trivial

coefficient at 0;;, then that coefficient is
Ntk —Cij —Cik
2
Proof. From consideration of the homological degree we can think of u, instead of
th. The naive quantum degree of pf, is —n. The grading of 0;; ® 6, is ¢;; + cjx, so
1h(8;; ® 0j1) has grading ¢;; + ¢j —n. If H* is the coefficient of 6;; in 15(60;; ® 0;1),
then
—aijk —+ Cik = Cij -+ Cjk —nNn

7Compare to “broken polygons” in, for example, Heegaard Floer homology.

this still seems
slightly off — what
if their are
multiple
configurations for
a crossing?
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and therefore
- n—i—cik—cij—cjk

a =
2

O

For crossingless links, the formula above can be worked out by counting the number
of merges and splits in =. It’s a fun exercise to check that the formulas coincide.

The formula implies that ps(6;; ® 0;;) has coefficient 0 at 0, if n + ¢;; — ¢ + i
is odd. One can check this directly for the standard diagrams of projective planes.
If 2, 7, and k are distinct then

K
Aijk = k) + Cik-

2
So the coefficient vanishes if x(K) is odd. Note also that

n+n—20ij

QGji = = — NG

and
aii; = 0.
ok but why subtract one?

Lemma 9.3. The H" X®)/2=1W 0, _coordinate of ps(0i; @ 01 @ 01;) does not depend
on the choice of homogeneous representatives.

Proof. There is only one choice for 6;;. Let dz be a boundary in CS(¢;t;) with
homological degree 0. Then

ps(dz @ 051 @ Ori) = py(x @ po (051 @ Ori)) + 115 (1 (2 ® Oj) ® Ori) + Tz (@, O, Ona).

Every term of J3 involves applying dgy to at least one € and therefore it cannot con-
tribute. Lemmashows that 15 (dr®0;,®0y;) has coefficient zero at H=xK)/2p179....
A similar proof applies with dy or dz in the place of 0, or Oy;. O

9.2. Triple product invariants.
Definition 9.4. Let ¢[;,(t) € Z/2Z to be the coefficient of U™ XX)/2=111/6;; in
15035 ® 01 @ Os).

When the values of i, j, and k are not important we will omit them. Lemma [9.3
shows that ¢;;;(t) does not depend on the choice of #s. We chose the exponent in

light of Lemma .

Proposition 9.5. ¢'(t) does not depend on the choice of representatives 6.

Proof. Follows immediately from Lemma [9.3] 0J
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Observe also that, in computing ¢’, one can almost forget that the s come from
diagrams with crossings: no configuration involving a crossing can contribute to 6;;.
In other words, one can treat the s as sums of generators from flat diagrams. One
still has to remember the crossings to unwind them at the end, but these unwinding
maps cannot involve any higher configurations from the same reason. Therefore we
may compute ¢ by a hyperbox of chain complexes in which each link diagram is
crossingless.

Write H for such a hyperbox underlying the computation of p4(z) for some simple
tensor  which is a summand of a §. Write H for the same hyperbox but with all the
higher Bar-Natan differentials removed. This is still a hyperbox because each cube
of H' belongs to a link diagram with at most two crossings, so the two-dimensional
differential is totally unconstrained.

Definition 9.6. Let g;;;(t) € Z/2Z to be the coefficient of Un—xK)2=1y79.. in
fis(0i; ® Oj1, @ Op;).

where i3 has the same underlying hyperbox as 5 but without any higher Bar-Natan
differentials.

Proposition 9.7. ¢(t) does not depend on the chosen 0s.

Before proving the proposition, note that dky, + dgy is a differential. Write pff for
the resulting triple multiplication. Then
py = i + [is
Observe that (dkn + dpn, 15, i) forms the same sort of “perturbed As-algebra” as
(i, iy, pi); after all, the Bar-Natan differential is the source of the perturbation.
Proof. We claim that

113 (0 @ 01, @ Ori) = s ((dn + dpn) T @ O3 @ Oi) + p3(ds,® @ O @ Oy)
= iy (T @ py (O ® Ori)) + pa (13 (z @ Ojx) @ Ops)
+ pt5(2 @ (dxn + dpn)0jk @ Ori) + p3(z ® Ok @ (din + dpn)Ori))
+ 5 (ds,x @ 01 @ O;)
+ 25(x, Ok, Oi)-
This is just the perturbed As-relation. Note that dky, + dgn8 # 0 because the fs are

0-cycles — Lemma does not apply for this reason. Nevertheless, (dky + dpn)f is
divisible by W. One way to see this is that

(dxn + dpN)0 = ds,0.
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It follows that the terms in third and fourth lines cannot contribute to the W-degree
one coefficient of ;. Neither can the J5 term for the usual reasons. Therefore,
writing (—, —) for the TW-degree one components,

(1502 @ 01, @ Ors), 05i) = (i (2 @ piy (O @ Ori)) + 1y (1 (2 @ 1) @ Oni), i)

Now the arguments of Lemmas and does apply, and therefore the TW-degree
one part of

(15(07 @ 01, @ Ori), i)
vanishes. A similar argument applies to adding a cycle in the second or third position.

It follows that the terms in the second line are divisible by W?2 and therefore do
not contribute to ¢(t). Therefore the W-degree one part of

<M§(3£U ® 0jr ® Oki), 0:i)
is zero. Therefore the W-degree one part of
(A3(07 ® 1 @ Oki), 0ii) = (13 + p3) (0 ® Oj ® Ori), Oii)
is zero. It follows that p(t) is well-defined. O

Proposition 9.8. Suppose that t and t' belong to the same trisection class. Then
Giji(t) = qiji(t') for all i, j, and k, and similarly for ¢

Proof. In Section [7] we constructed a chain homotopy equivalence of A.-algebras
p: A(t) — A(t)).

It satisfies p1 .(0;;) = O} for all i and j. Using the same arguments, we can produce
linear maps

P A)® — A
using the same cobordisms and CS. p} is a graded chain homotopy equivalence and
therefore p; .(0;;) = ©;;. The modified Aj-relation is
P (1 2@Y)+ph(x@ ey y)+i oy (2@y) + 15 (P e @pry) +py 1 (x®y) = H™'W ply(dpna@dpny).
The modified As-relation, applied to the 6s, is
3 (1105 @ Ok @ Ori) + p3(055 @ 110k @ Ori) + p5(0i5 @ 01, @ 11160k) + 1 p3(0i5 © O3 @ Oyi)
= pa(15(0i5 ® i) @ Ors) + p3 (035 @ p15(0jk @ Ori))
+ 1y (0 @ Py (0 @ Ori)) + pa(p2(0i5 @ 1) @ 63;)
+ P13 (0i5 @ 051 @ Oxi) + 3 (0; @ 0, @ 0,)
+ H™'W (ply(dpxbij @ dpnbin @ Ori) + p(denbi; @ O @ dpnbii) + ph (05 @ dpnbix @ denbii))
+ H_2WQP§(CZBN9U ® dpnbji @ dpnbi;).
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We aim to show that only the fourth line can contribute. The proposition for p’
follows.
e The first line is zero because each 6 is a d-cycle and pj = 0 on CS(¢;t;).
e The second line is the most difficult. We have

(i @ 051,) = bHY*0;y, + dw + lower order cycles.

We show that each of these terms cannot be part of a contribution. The first
one: py(0 ® ) cannot contribute by grading. Next, observe that

p2(dw ® ;) = piy(p1(w) @ 05,;) + WH ™ pa(dpnw @ dpnbyi).

If w € ker(p;) then we are done. If not, then Lemmas and 77 apply.
Therefore the dw term cannot be part of a contribution. Finally, the lower
order cycles cannot be part of a contribution by the filtration rule.
e The third line is the subject of Lemma 9.1}
e The last two lines cannot contribute by consideration of the homological
grading.
This completes the proof for ¢’. Observe that ¢'(t) + ¢(t) is a coefficient of

M//(Gij ® 0 @ ki)

and so its invariance can be proved in exactly the same argument as above. Therefore
q(t)+¢/(t) is an invariant of the trisection class of t. It follows that ¢(t) is as well. [

examples: unknotted sphere, projective plane, torus to show asymmetry.

9.3. Stabilization. The rest of this section is devoted to proving the following the-
orem.

Theorem 9.9. Let t' be a stabilization of t. Then q;jx(t') = qiji(t).

¢ is not invariant under stabilization. The best way to see this is to try to prove
the theorem for ¢’. We will see that the difference between ¢'(t) and ¢/(t’) comes
entirely from Bar-Natan contributions. This will prove Theorem and show how
to generate examples of ¢’s non-invariance.

Stabilization is not symmetric in the tangles of t. We will study g3 and distinguish
between central stabilization — stabilization which splits a component of ¢,t3 — and
edge stabilization — stabilization which splits a component of ¢t or t3t;. Central
and edge stabilization can be defined analogously for ¢o31 and g312.

9.3.1. Central stabilization. Let t’ be the tri-plane diagram given by splitting a cross-
ingless component in tot3. Write © and ©’ for ©193; and O,4,, respectively. Let H
be the hyperbox underlying the computation of p5(©): it is two-dimensional with
shape (b,b). p4(6) is the sum of b* maps applied to ©, one for each diagonal of H.
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Likewise, H', the hyperbox underlying p4(©’), has shape (b+1,b+ 1), and p4(0’) is
the sum of (b+ 1)? maps applied to ©'.

The arc of stabilization can be specified by the = arcs which lie directly above it.
Suppose that these are the ni-st (on the left) and no-st (on right) handles. Call the
(ny + 1)-st and the (ny + 1)-st = handles in t’ the new handles. See FIGURE. Now
we can divide the squares of Hy into four groups. We identify each square with its
the coordinates of its bottom-left point. Consider the (ji, j2) square.

e If j; < ny and jy < ny, then the square is pre-stabilization.

o If 51 >ny + 1 and js > ny + 1, then the square is post-stabilization.

o If 51 >ny+ 1 or jo > ny + 1 but not both, then the square is a side square.

Pre-stabilization, post-stabilization, and side square are all called old squares.

e The unique square with j; = ny + 1 and jo = ny + 1 is called the square of
stabilization.

e The other squares with either j; = n; + 1 or jo = ny + 1, but not both, are
called new squares.

We will compare 15(0') to p5(0) by showing that new squares and the square of
stabilization contribute nothing to p5(0’), while the other squares make the same
contribution times H. (Accordingly, the squares could be put into two categories:
old and new. We find this separation clearer.) Let p;- ..j» be the path which uses the
diagonal in the square with lower left corner at (ji, j2). Conflate this path with the
map along this path.

Suppose that p; . is pre-stabilization. Observe that the active part of the

configuration at H; ; is identical to that of Hyj, ;,). Write p; ; (resp. 1/5;17].2) for the
composition of all the maps in pj, j, (resp. p} ;) up to and including the diagonal.

From the observation it follows that

Zé;l,]é (0/) - Zéjl,jz (0) ® vy

where the extra v, factor can be identified with the new component of t,#'5. (This
component is always passive in every configuration in #'.) In short, the topology of
the active parts of all the relevant diagrams is the same for the two p maps. The maps
after the diagonal are all single handle attachments. FIGURE shows that the only
difference between all the configurations for py, ;,(¢) and p}; ; (6") after the diagonal
is that p} ; contains an extra merge and then split on a v -labeled, crossingless
component. It follows that

(P, ("), 0) = UUp;y 3 (0), Os).-
Suppose that p;-hh is post-stabilization. The same analysis applies. The only
difference is that the extra merge and split occur before the diagonal.

Suppose that p) . is a side square. The analysis is more or less the same.
There is an extra merge before the diagonal, and an extra split after. The key
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FIGURE 17. The division of H' into old and new squares after a (?,7)-
stabilization. The blue squares are old, the red squares are new, and
the green square is the square of stabilization.

observation is that the configuration H;, ;, does not involve one of the new handles
and is still unaffected by the stabilization. We conclude that

<p;’1,jg(@/)a @;z> = U<pj1—1,j2(9)7 @m>
or
<p;’1,j2(®/)a @;z> = U<pj17j2—1(6)7 @u>

depending on the side.

Suppose that p;d,j is new. There are a few possibilities here. If the square
is new and left or below the square of stabilization, then it involves a degree one,
plus-labeled circle. Therefore p}lm = 0. If the square is on the upper right, then it
involves a dual degree one arrow on a plus-labeled circle. This could support either a
Szabd configuration of type E or a dual tree configuration. The type E configuration

cannot contribute to the coefficient of the highest generator because the result has
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a minus-labeled strand at a basepoint. Howewver, there can be higher Bar-Natan
contributions. See the next section for an example.

Suppose that p}m corresponds to the square of stabilization. The active
part of this configuration contains a v, -labeled circle with in- and out-degree 1. It
follows that the diagonal map is zero.

9.3.2. Edge stabilization. We can do the same sort of analysis using FIGURE.

Suppose that p;-mé is pre- or post-stabilization. The analysis is basically the
same. The only difference is that the extra-merge-split combo do not happen to the
same component. The merge must be of a plus-labeled circle. The split must be as
well: there must be a canonical generator with plusses there, and 6;; must have a v,
there. Therefore

i3 (0) = #;, 5, (0) @ vy

Suppose that p) . is new. Again, there are two possibilities. One involves
a degree one arrow on a plus-labeled component and so it cannot contribute. The
other involves a dual degree one arrow to a plus-labeled component, and the analysis
inshallah above applies.
Suppose that p;-mé corresponds to the square of stabilization. The active
part of this configuration involves a degree one, plus-labeled circle and therefore
cannot contribute.

O

10. DISJOINT UNION AND SPUN (2,p)-TORUS LINKS

If ¢, = b, then ¢(t) = 0 by unitality. (M-Z show that t is unknotted sphere
anyway. )

10.1. Disjoint union. Let t be a split diagram, t = toUt;. Then q(t) = HXE1)/2¢(t,)+
Hbo~x(Ko)/2(ty).

Proposition 10.1. Let t = to[[t1 be a split tri-plane diagram. Then

q(t) = q(to) + q(tq).

This is a really
bizarre formula.
Sort of  is there a non-split example? spun (2,2p)?
concordance-y? a
knot and its 102 Connected sum. next time
push-off “cancel”
because they
cobound...
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a a a

p p p

i L ndn LT v

FIGURE 18. The tri-plane diagram t, for the spun (2, p)-torus link.

10.3. Spins. In [0], Meier and Zupan systematically produce bridge trisection di-
agrams for spins of knots. Figure shows a tri-plane diagram t, for the spun
(2,p)-torus link. If p is odd then t, presents a knotted sphere. If p is even and
non-zero then t, presents a non-trivial link of an unknotted sphere and torus. These
diagrams have b =4 and x = 2.

Theorem 10.2. ¢(t,) = 1.

This theorem shows that ¢ can distinguish knotted and unknotted spheres. The
method of computation may be widely applicable. We will compute ¢(to), then show
that ¢(t,) = q(to) for all p. In other words, the “braidlike resolution” of t, is the only
resolution which contributes. It is interesting to consider the topological meaning of
such a resolution.

Let’s begin with a few observations about computing ¢(t) in general. A resolution
of t;£; may be written I.J where I is a resolution of ¢; and J is a resolution of ;.
Consider the cancellation

tﬂ?jtjt_k — tit_k.
Let z € CS(tt;t;tx) be a simple tensor in resolution I.JJ'K. Studying the Reide-
meister 2 maps (Figure WHICH of [3]), we see that the corresponding map

vanishes unless J = J'. To compute p3(6;; @ 0, ® 6);) one must compute repre-
sentatives for the s, build a bunch of hyperboxes, and so on. What this discussion
shows is that we only need to consider canonical generators in which 0;; and 6}, have
mirrored underlying resolutions on ¢;. The same argument applies to the 0, and 0y;
with respect to t; and to ¢;; and 0y; with respect to ¢;. In other words, we need only
consider terms in fi3(6;; ® 6, ® 0y;) with underlying resolution of the form
IJJKKI.

Moreover, i3 is increasing in the underlying resolution of simple tensors. It follows
that we need only consider terms of 0;; ® 0, ® 0y; of the form

IJ® JK @ KI.
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The upshot is that we can basically ignore the “filtered structure” on CS and just
improve look at a few hyperboxes. Lastly, recall that by the filtration rule we may throw out
any canonical generators with a v_-label on a bridgepoint.

Proof. We show that ¢(Ky) = 1 by direct computation in the next lemma.

Observe that each t;t;,1 can be unwound to a crossingless diagram using only R2
moves. The canonical generators are therefore of one of the forms shown in Figure 77.
Label the terms by their resolutions, i.e.

eij = Z 9ij;1f~

Following the discussion above,

fiz(6h2 ® 023 ® O51) = Z (0121, O23.1, 031.1).
i

So we need only consider p products instead of 27.

C D C O C D

FIGURE 19. 6015 ® 093 ® 63, for ty. Every component is v -labeled. For
p # 0, this generator still appears in the resolution called .

S

FIGURE 20. H !(f12 ® Oa3 ® 031) for a resolution of t, which differs
from Iy only in two crossings. (We have supressed a power of H.) A
type B resolution is one which differs from I in at most two crossings
in at least one tangle.
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FIGURE 21. An H-multiple of 015 ® 033 ® 637 for a resolution not con-
sidered above. A type C resolution is one which differs from a type B
resoltuion by changing more crossings. Therefore these generators are
formed by applying a Reidemeister 2 move to non-bridge components
of a type B or type C resolution. The dotted circle indicates that the
circle is v_-labeled. The other possible generators on the same reso-
lution are obtained by swapping the dotting to the opposite circle or
removing the dotting and multiplying by H.

to is a resolution J of t, for any p. We claim that this is the only resolution which
contributes to ¢(t). The point is that the Reidemeister 2 cancellation requires the
central circle to be v_-labeled. Therefore a type B resolution cannot contribute.

For the type C resolutions we must be a little more careful. The situation before
attaching canonical handles is shown on the left in FIGURE. On the right is the
situation after attaching the handles — the long oval must be v_-labeled because it’s
the first circle to be capped off in cancellation. We have filled in the circles which are
“innermost” among the circles created by the initial Reidemeister 2. These circles
must be v, -labeled. In the penultimate cancellation, these circles are merged. The
result is a v, -labeled circle. This circle is the last to be canceled. We conclude that
the final cancellation map comes to zero.

In summary,

(13(O12, O3, O31), H*WO11) = {(113(O12,7, O35, O31,5), H*WOq1) = 1.

Lemma 10.3. ¢(to) = 1.

Proof. tq is the split union of an unknotted sphere and a diagram t’ of a torus. We
may ignore the sphere component. The hyperbox for the torus computation is below.
In Section 9.3 we saw that the computation comes down to studying the diagonals
of each squares of this hyperbox. Any square with a degree one circle contributes
nothing: that circle must be v -labeled, so the corresponding Szabé map vanishes.
That leaves two configurations. One is of type 12 in Szabd’s numbering and therefore
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vanishes. The other (in the top right) is of type 1 and therefore is non-vanishing on
vy @ vy, It follows from a short computation (or our study of the gradings above)
that the path with this diagonal contributes a ©;-coefficient of H?W .

U

10.4. Stabilization non-invariance of p;. stabilize twice(?) at the bottom, then
top

1]
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