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On combinatorial link Floer homology

CIPRIAN MANOLESCU
PETER OZSVATH
ZOLTAN SZABO

DYLAN THURSTON

Link Floer homology is an invariant for links defined using a suitable version of La-
grangian Floer homology. In an earlier paper, this invariant was given a combinatorial
description with mod 2 coefficients. In the present paper, we give a self-contained
presentation of the basic properties of link Floer homology, including an elementary
proof of its invariance. We also fix signs for the differentials, so that the theory is
defined with integer coefficients.
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1 Introduction

Heegaard Floer homology [12] is an invariant for three-manifolds, defined using
holomorphic disks and Heegaard diagrams. Ozsvath and Szabé [11] and Rasmussen [15]
extended this construction to give an invariant, knot Floer homology, for null-homolo-
gous knots in a closed, oriented three-manifold. This construction is further generalized
by Ozsviath and Szabé [9] to the case of oriented links. The definition of all these
invariants involves counts of holomorphic disks in the symmetric product of a Riemann
surface, which makes them rather challenging to calculate.

More recently, Sucharit Sarkar discovered a principle which ensures that for Heegaard
diagrams with a certain property, the counts of holomorphic disks are combinatorial.
Manolescu, Ozsvéth and Sarkar [6] constructed Heegaard diagrams of the needed form
from grid presentations of knots or links in 3. This led to an explicit, combinato-
rial description of the knot or link Floer complex, taken with coefficients in Z/27,
henceforth called [, . (See also Sarkar and Wang [16] for a different application of this
principle.)

The purpose of the present paper is to develop knot (or link) Floer homology in
purely elementary terms, starting from a grid presentation, and establish its topological
invariance without appealing to the earlier theory. We also give a sign-refinement of
this description, leading to a homology theory with coefficients in Z.

Published: 17 December 2007 DOI: 10.2140/gt.2007.11.2339



2340 Ciprian Manolescu, Peter S Ozsvdth, Zoltdn Szabé and Dylan P Thurston

We recall the chain complex from [6]; but first, we need to review some topological
notions.

A planar grid diagram G lies on an n x n grid of squares in the plane. Each square is
decorated either with an X', an O, or nothing. Moreover, the decorations are arranged
so that:

e every row contains exactly one X and one O; and

e every column contains exactly one X and one O.

The number 7 is called the grid number of G. Sometimes we find it convenient to
number the O’s and X’s by {O;}7_, and {X;}7_, . We denote the set of all O’s and
X ’s by O and X, respectively. As a point of comparison: the O; correspond to the
“white dots” of [6] and the w; of [9], while the X; to the “black dots” of [6] and the z;

of [9]. We find the current notation clearer for pictures.

Given a planar grid diagram G, we can place it in a standard position on the plane
as follows: the bottom left corner is at the origin, and each cell is a square of edge
length one. We then construct an oriented, planar link projection by drawing horizontal
segments from the O’s to the X ’s in each row, and vertical segments from the X ’s
to the O’s in each column. At every intersection point, we let the horizontal segment
be the underpass and the vertical one the overpass. This produces a planar diagram
for an oriented link L in S3. We say that L hasa grid presentation given by G. See
Figure 1 for an example.

O X
X 10
o X
O X
X 10
X O

Figure 1: Grid presentation for the figure eight knot
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We transfer our grid diagrams to the torus 7 obtained by gluing the topmost segment
to the bottom-most one, and the leftmost segment to the rightmost one. In the torus, our
horizontal and vertical arcs become horizontal and vertical circles. The torus inherits
its orientation from the plane. We call the resulting object a toroidal grid diagram, or
simply a grid diagram, for L. We will again denote it by G.

Given a toroidal grid diagram, we associate to it a chain complex (C~(G),d7) as
follows. The set of generators of C~(G), denoted S or S(G), consists of one-to-one
correspondences between the horizontal and vertical circles. More geometrically, we
can think of the generators as n—tuples of intersection points between the horizontal
and vertical circles, with the property that no intersection point appears on more than
one horizontal (or vertical) circle.

Before defining the differentials, we turn to a grading and a filtration on the complex,
determined by two functions M: S — Z and 4: S — (%Z)E.

The function M is defined as follows. Given two collections A, B of finitely many
points in the plane, let Z(A, B) be the number of pairs (a1,a;) € A and (by,b,) € B
with ay; <b; and a; <b,. Let J(A, B)=(Z(A, B)+Z(B, A))/2. Take a fundamental
domain [0, n) x [0, n) for the torus, cut along a horizontal and vertical circle, with the
left and bottom edges included. Given a generator X € S, we view X as a collection
of points with integer coordinates in this fundamental domain. Similarly, we view
0 ={0;}}_, asacollection of points in the plane with half-integer coordinates. Define

M(x) = J(x,x)—2J(x,0)+ J(0,0) + 1.
We find it convenient to write this formula more succinctly as
(1) Mx)=Jx-0,x—-0)+1,

where we extend 7 bilinearly over formal sums (or differences) of subsets. Note
that the definition of M appears to depend on which circles we cut along to create a
fundamental domain. In fact, it does not (see Lemma 2.4 below). Note also that this
definition of the Maslov grading is not identical with that given in [6], but it is not
difficult to see they agree. See Lemma 2.5 below, and the remarks following it.

For an {—component link, we define an {—tuple of Alexander gradings A(x) =
(A1(x),..., A¢(x)) by the formula

(2) Ai(X)=~7(X—%(X+@),Xi—®i)—(ni2_1),

where here O; C O is the subset corresponding to the i th component of the link,
X; C X is the set of X ’s belonging to the i th component of the link, and where we
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once again use the bilinear extension of 7. For links, the 4; may take half-integral
values. Again, this quantity is independent of how the torus is cut up to form a planar
rectangle (see Lemma 2.6 below).

Given a pair of generators x and y, and an embedded rectangle r in 7 whose edges
are arcs in the horizontal and vertical circles, we say that r connects x to y if x and
y agree along all but two horizontal circles, if all four corners of » are intersection
points in x Uy, and if, as we traverse each horizontal boundary component of r in the
direction dictated by the orientation that r inherits from 7, then the arc is oriented
from a point in x to the point in y. (See Figure 2 for an example.) Let Rect(x,y)
denote the collection of rectangles connecting x to y. If x,y € S agree along all but
two horizontal circles, then there are exactly two rectangles in Rect(x,y); otherwise
Rect(x,y) = @. Let Int(r) denote the interior of the subset of 7 determined by r.
A rectangle r € Rect(x,y) is said to be empty if Int(r) N x = &, or equivalently
if Int(r) Ny = @. The space of empty rectangles connecting x and y is denoted

Rect®(x,y).
Q O %
X 10

Q,
X

Figure 2: Rectangles. The small dark circles describe the generator x and
the hollow ones describe y. There are two rectangles in Rect(x, y), shown
here shaded by two types of diagonal hatchings. The rectangle on the left is
in Rect’(x,y) while the other one is not, because it contains a dark circle in

()

\/

X
&

its interior.

Let R denote the polynomial algebra over [, generated by variables which are in
one-to-one correspondence between the elements of O, and which we denote {U;}7_, .
We think of this ring as endowed with a Maslov grading, defined so that the constant

terms are in Maslov grading zero, and Uj; are in grading —2. The ring is also endowed
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with an Alexander multifiltration, defined so that constant terms are in filtration level
zero, while the variables U; corresponding to the i th component of the link drop the
i th multifiltration level by one and preserve all others.

Let C™(G) be the free R—module with generating set S.
We endow this module with an endomorphism 07: C~(G) —> C~(G) defined by

3 7 (x) = Z Z U101(r) L. Un0n(r) -y,

YES reRect®(x,y)

where O;(r) denotes the number of times O; appears in the interior of r (so O;(r) is
either O or 1).

The results of [6] can be summarized by the following:

Theorem 1.1 (Manolescu—-Ozsvath—Sarkar) The data (C~(G), d™) is a chain com-
plex for the Heegaard-Floer homology CF~(S3), with grading induced by M , and the
filtration induced by A coincides with the link filtration of CF~(S3).!

In particular, appealing to the earlier theorem defined using holomorphic disks [9; 11;
15], the filtered quasi-isomorphism type of this chain complex C ™ is a link invariant.
Other knot and link invariants can be found by routine algebraic manipulations of C~
as well (for example, by taking the homology of the associated graded object).

Our main goal here is to prove the topological invariance of the filtered quasi-iso-
morphism type of the resulting chain complex C~(G), without resorting to any of the
holomorphic disk theory, and in particular without resorting to Theorem 1.1. We prove
the following:

Theorem 1.2 Let L be an oriented, {—component link. Number the elements of
O =1{0;}7_, sothat Oy,..., Oy correspond to different components of the link. Then
the filtered quasi-isomorphism type of the complex (C~(G), 07) over Z|Uy, ..., U]
is an invariant of the link.

We also give independent verification of the basic algebraic properties of C~(G) which,
with F, (ie Z/27) coefficients, follow from Theorem 1.1, together with properties of
the “Heegaard Floer homology package”. Note that for technical reasons, for links
with more than one component the chain complex in [9] was originally defined only
with coefficients in [F,.

IThe reader should be warned: our conventions here on the Maslov grading are such that the total
homology Hy(CF~(S3)) is isomorphic to a copy of the polynomial algebra in U, where the constants
have grading equal to zero. In [12], the convention is that the constants have grading equal to —2.
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There are some related constructions one could consider. In one of these, we set
U =---=Up; =0, and let @(G) denote the resulting chain complex, equipped with
its Alexander filtration. Taking the homology of the associated graded object, we
get a group whose multigraded Euler characteristic is the multivariable Alexander
polynomial of Z, times a suitable normalization factor (this is proved in Equation (1)
of [9]; see also Theorem 6.1 below).

We have endeavored to separate the discussion of signs from the rest of the body of
the paper, to underscore the simplicity of the F, version which is sufficient for the
knot-theoretic applications, and also simpler to calculate. In particular, in Section 3, we
establish Theorem 1.2, working over coefficients in [F;,, where it could alternately be
seen as an immediate consequence of Theorem 1.1. We hope, however, that the present
combinatorial proof of invariance has value in its own simplicity; see also Ozsvéth,
Thurston and Szabd [13] for another application. The sign-refinements are dealt with
in Section 4.

This paper is organized as follows. The algebraic properties are established in Section 2
and topological invariance with coefficients in [F, is established in Section 3. In
Section 5, we describe some further properties of C~. In Section 4, we describe the
sign conventions and the modifications needed for the earlier discussion to establish
Theorem 1.2 over Z. Finally, in Section 6, we show that the Euler characteristic of the
homology is the Alexander polynomial.

Acknowledgements We would like to thank Dror Bar-Natan, Sergei Duzhin, Sergey
Fomin, John Morgan, and Sucharit Sarkar for helpful conversations.
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grant number DMS-0505811 and FRG-0244663. ZSz was supported by NSF grant
number DMS-0406155 and FRG-0244663. DPT was supported by a Sloan Research
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2 Properties of the chain complex C ~(G)

2.1 Algebraic terminology

We recall some standard terminology from homological algebra.

For simplicity, we use coefficients in F, = Z/27 for this section, and also the next
two. The definitions from algebra can be made with Z coefficients with little change.
Other aspects of Z coefficients will be handled in Section 4. (And in fact, the choices
of signs in the formulas below which, of course, are immaterial over [;, have been
chosen so as to work over Z.)
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Definition 2.1 We give Qf its usual partial ordering, (a1, ...,as) < (b1.....by)
if forall i = 1,...,€, a; < b;. Let R be the ring F,[Uy,...,Uy]. A function
g {l,....,n} — (Q@=%)*¢ specifies a Q¢ grading on R. Fix a grading on R. Let M
be a module over R. A Qf—filtration on a module M is a collection of R—submodules
1Fs(M)}seqe of M satisfying the following properties:

o Fs(M)YC Fi(M)if s <t.
* Multiplication by U; sends Fg(M) into Fy_g;)(M).
¢ For all sufficiently large s (with respect to <), Fg(M) =M.

A filtered R—module map ¢: M —> N is an R—module map which carries Fg (M) into
Fs(N). A filtered chain complex (C, d) is a graded and filtered R-module, equipped
with a filtered endomorphism d which drops grading by one. Given filtered chain
complexes 4 and B, afiltered chain map is a chain map ¢: A — B which is a grading-
preserving, filtered R—module map. Given two filtered chain maps ¢;: A — B for
i = 1,2, afiltered chain homotopy is a filtered R—module map H: A — B which
raises grading by one and satisfies the formula

aBOH+H08A=¢1—¢2.

If a filtered chain homotopy exists between ¢ and ¢,, then we say that ¢y and ¢,
are filtered chain homotopic. Let ¢: A — B be a filtered chain map. We say that ¢ is
a filtered chain homotopy equivalence if there is a map y: B —> A with the property
that ¢ oy and ¥ o ¢ are filtered chain homotopic to the identity maps. A filtered
quasi-isomorphism is a filtered map ¢: A —> B which induces an isomorphism from
the homology groups Hy(Fs(A)) to Hyx(Fs(B)). The associated graded object of a
filtered chain complex C is the Q¢—graded chain complex

r(C) = P er,(0),
seQt
where gr,(C) is the quotient of F(C) by the submodule generated by F;(C) for all
t < s, endowed with the differential induced from 9.

A filtered chain homotopy equivalence is a filtered quasi-isomorphism. Moreover a
map is a filtered quasi-isomorphism if and only if it induces an isomorphism on the
homology of the associated graded object.

Definition 2.2 Given a filtered chain map ¢: A — B, we can form a new filtered
chain complex, the mapping cone M (¢) whose underlying module is A & B, and
which is endowed with the differential D(a, b) = (da, ¢ (a) — 0b), where here da and
0b denotes the differentials of @ and b within 4 and B, respectively.

Geometry & Topology, Volume 11 (2007)



2346 Ciprian Manolescu, Peter S Ozsvdth, Zoltdn Szabé and Dylan P Thurston

The mapping cone fits into a short exact sequence of chain complexes (where the maps
are all filtered chain maps)

0 B M (¢) A 0,

and whose connecting homomorphism agrees with the map induced by ¢.

Definition 2.3 Two filtered chain complexes A and B are quasi-isomorphic if there
is a third filtered chain complex C and filtered quasi-isomorphisms from C to A and
to B.

If $;: A — B and ¢: A —> B are chain homotopic, then their induced mapping
cones are quasi-isomorphic.

Our chain complexes will always be finitely generated over F,[Uy, ..., Uy].

2.2 The chain complex C~

We verify that C~(G) as defined in the introduction (using coefficients in [F,) is a
filtered chain complex in the above sense, with (Alexander) filtration induced from the
function A and (Maslov) grading induced from the function M .

Lemma 2.4 The function M is well-defined, ie it is independent of the manner in
which a given generator X € S is drawn on the square.

Proof Fix x € S, thought of as drawn in the usual fundamental domain with the
bottom and left edges included, so there is one component @ with coordinates (1, 0).
Let x' denote the same generator in the fundamental domain with the top and left
edges included, so there is now a component b with coordinates (2, n). For each i
with 0 <i <n,i # m, there is one component ¢; in x and x’ with first coordinate 7.
For m < i < n, the pair (a, ¢;) contributes 1 to the count of 7(x,x), whereas the
corresponding pair (c;, b) does not contribute to 7 (x’,x’). Symmetrically, for each i
with 0 <i < m, the pair (¢;,a) does not contribute to 7 (x, X), whereas (c;, b) does
contribute to 7 (x’, x"). It follows that 7 (x,x) + m = J(x',X) +n—m — 1. We can
similarly analyze 7 (x’, Q) to find

JX.X)=Jxx)+2m—n+1
2J(x,0) =27(x,0) 4+ 2m —n.

In particular Mg(x') = Mg(x) + 1.

Geometry & Topology, Volume 11 (2007)
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To complete the rotation, we have to change O to O’ by moving the O in the bottom

row, with coordinates (/ — %, %), to(l—%n+ %). A similar analysis yields

2J(x',0)=27(x,0)+2] —n
J(@,0) = J(0,0)+ 2 —n—1.
Thus Mg (x') = Mg (x') — 1 = Mg(x), which is the desired cyclic invariance.

The same reasoning also establishes invariance under horizontal rotation. |

The Maslov grading on R and the generating set S induces a Maslov grading on the
chain complex C~. Explicitly, the summand C; (G) is generated by expressions

Ulm1 < UM .x, with x € S, where

d=Mx)-2) m;.

i=1

Lemma 2.5 Suppose that x,y € S, and r € Rect(X,y) is a rectangle with x N Int(r) =
&. Then

(4) M(x)=M(y)+1-23 0i(r).

i=1

Proof Draw the torus 7 on a square in such a manner that the lower left corner of
r coincides with the lower left corner of the square. Then it is clear that 7 (x,Xx) =
J(y,y) + 1 (since the two new coordinates y; and y, in y are the only pair counted
in J(x) which are not also counted in J(x)), while 7 (0, x) = J(0,y) +#ONr},
since each O; € r gives rise to exactly one pair (x1, O;) counted in 7 (O, x) which is
not also counted in 7 (0, x). Similarly, J(x,0) = J(y, Q) + #O Nr}. Equation (4)
now follows when M is calculated with respect to a particular manner of lifting the
data on 7 to data on a square. But according to Lemma 2.4, the Maslov grading is
independent of this data. O

The alert reader might notice that the definition of Maslov grading we give here does
not identically agree with that given in [6], which we denote by M’. However, by
connecting any two generators X € S by a sequence of rectangles satisfying Lemma 2.5
(the existence of which can be deduced from the fact that the symmetric group is
generated by transpositions), we see at once that M is uniquely characterized, up to
an additive constant, by Equation (4), which is also satisfied by M’. It now remains
to show that M (x¢) = M'(xg) for some xq € S. To this end, we take Xq to be the
generator for which x; is on the lower left corner of the square marked with O;.
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According to the conventions from [6], M’'(xg) = 1 — n; it is easy to verify that
M(xgp) =1—n, as well.

For the Alexander gradings, we have the following analogue of Lemma 2.4:

Lemma 2.6 For a given link component i, the function A; is well-defined, ie it is
independent of the manner in which a given generator X € S is drawn on the square.

Proof For a point p € Z?, the quantities Z(p,X; — O;) and Z(X; — O;, p) both
compute the winding number of the i th component of the knot around the point p.
This quantity is unchanged if p is moved from the very bottom to the very top of the
diagram (since in that case the winding number is 0), and if X; and O; are rotated
vertically once, it changes by %1 if p is in between the X and the O that are moved,
and is unchanged otherwise. For a point p with half-integer coordinates, the inequalities
used in the definition of Z(p, X; — Q;) effectively shift p up and to the right by (%, %)
before computing the winding number. Similarly, Z(X; —O;, p) computes the winding
number around p — (%, %). Therefore A;(x), defined as J(x — %(X + 0),X; —0y),
computes the winding number of the i th component around a weighted sum of points
which has total weight 0 in each row and column. This combination is therefore
invariant under cyclic rotation of the whole diagram. m|

The function A4: S(G) — (%Z)e C @% endows C~(G) with a Qf—filtration in the

sense of Definition 2.1, for the function g: {1,...,n} — 7* which associates to i the
j th standard basis vector in Z¢ if O; belongs to the j th component of the link. The
element (U}"" --- U,"")x has filtration level a = (ay, ..., ay), where

n
a=AX-Y mi-g(i).
i=1
It is sometimes useful to consider objects more general than rectangles, called domains.
To define them, let us view the torus 7 as a two-dimensional cell complex, with the
toroidal grid diagram inducing the cell decomposition with n? zero-cells, 2n2 one-cells
and n? two-cells (the little squares). Let U, be the one-dimensional subcomplex of 7°
consisting of the union of the »n horizontal circles.

Definition 2.7 Given x,y €S, apath from x to y isa 1—cycle y on the cell complex 7,
such that the boundary of the intersection of y with Uy is y —X.

Definition 2.8 A domain p from x to y is a two-chain in 7 whose boundary dp is
a path from x to y. The support of p is the union of the closures of the two-cells
appearing (with nonzero multiplicity) in the two-chain p.
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Given x,y € S, let 7(x,y) denote the space of domains from x to y. There is a natural
composition law

x: w(a,b) x (b, c) — m(a,c).
For a domain p € n(x,y), we let X;(p) and O;(p) denote the multiplicity with which
X; and O;, respectively, appear in p.

Proposition 2.9 The differential 3~ drops Maslov grading by one, and respects the
Alexander filtration. Specifically, if x € S has M (x) = d, then 0™ (X) is written as a
sum of elements in Maslov grading d — 1. Also, if A(X) = a, then 0~ (x) is a sum of
elements with Alexander filtrations < a.

Proof The fact that 0~ drops Maslov grading by one follows at once from Equation (4),
together with the definition of 0~ .

The fact that 0~ respects the Alexander filtration follows from basic properties of
winding numbers. Specifically, given X,y € S and r € Rect(x, y), it is easy to see that

AX) = A(y) = Y _(Xi(r) = 0i(r)) - g(0).

Thus if U;"" --- U, -y appears with nonzero coefficient in 9~ (x), then the Alexander
filtration level of the corresponding term is smaller than the Alexander filtration level

of x by > 7_; Xi(r)-g(i). ad

With the terminology in place, we now verify that 0~ is the differential of a chain
complex.

Proposition 2.10 The endomorphism d~ of C™(G) is a differential, ie 3~ 0cd~ = 0.

Proof Consider an element x € S, viewed as a generator of C~(G). We can view
d~ 007 (x) as a count

09 (x) = Z Z N(p)- Ulol(l’) L UOn(P) g,
z€S pem(x.y)
x¢Intp
where here N (p) denotes the number of ways of decomposing a domain as a composite
of two empty rectangles p = ry * r, where r; € Rect®(x,y) and r, € Rect’(y, z) for
some y € S.

If z # x, and if p has a decomposition p = rq *r;,, then we claim that there is a unique
alternate decomposition p = r{ * r, where here r| € Rect(x,y’) and r) € Rect(y’, z).
In fact, if p = r; *r, is a domain obtained from two empty rectangles ry and r;, then
we claim that there are three possibilities for p:

Geometry & Topology, Volume 11 (2007)
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Figure 3: 9700~ =0. The four combinatorially different ways the composite
of two empty rectangles ry * r can appear. The initial point is indicated by
the dark circles, the final by the hollow ones.

e two disjoint rectangles;
e two rectangles with overlapping interiors (the darker region in Figure 3); and

e two rectangles which share a corner.

These three cases are illustrated in the first three diagrams in Figure 3. In each case,
there are exactly two decompositions of the obtained domain as a juxtaposition of empty
rectangles: in the first two cases by taking the rectangles in the two possible orders,
and in third case by decomposing either along the thin or dotted lines, cf Figure 4. It
follows at once that the z component of 0~ o ™ (x) vanishes for z # x.

When z = x, however, the only domains p € 7 (X, x) which can be decomposed as a
union of two empty rectangles are width one annuli, as in the fourth diagram in Figure 3,
or height one annuli in the torus. There are 2n of these annuli. Each such annulus p
has a unique decomposition p = r; * r, with r; € Rect(x,y) and r, € Rect(y, x) (for
some uniquely specified y). The row or column containing O; contributes U; in the
formula for 0~ 0 07 (x). Since O; appears in exactly one row and exactly one column,
it follows now that the x component of 9~ o 37 (x) vanishes, as well. O

The proof of the above proposition is elementary, depending on evident properties of
rectangles in the torus. However, it does deserve a few extra words, since it is the starting
point of this paper, and indeed a recurring theme throughout. Specifically, the alert
reader will observe that the remarks concerning juxtapositions of pairs of rectangles is
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Figure 4: The third case of Figure 3. The three black dots are permuted to
give four different generators. Each arrow represents a rectangle, which is
shown shaded. There are two ways of connecting the initial generator X to
the final generator z: by following the top arrows, or the bottom ones. Each
way gives a contribution to 9~ 0 d~, and in the final count these contributions
cancel out.

one of the last vestiges of Gromov’s compactness theorem, the foundation upon which
Floer’s theory of Lagrangian intersections is built [4] (and knot Floer homology can be
viewed as a variant of that latter theory). The assertions about annuli can also be seen
as remnants of Gromov’s theory, as they are counting boundary degenerations.

In terms of combinatorics, we see a pattern that will be repeated throughout the paper:
in order to prove an identity with differentials (e.g., that (97)? = 0, or that a map is
a chain map) we consider the composites of two domains; generally the composite
domain will have exactly two decompositions. In some cases we need to add or delete
annuli of width or height one while taking care not to change the factors of U; that
appear.

2.3 Algebraic properties of C~

We now turn to the basic algebraic properties of the chain complex.
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In the following lemma, just as U; is a chain map which drops filtration level by one,
the filtered chain homotopy drops the filtration level by one.

Lemma 2.11 Suppose that O; and Oy, correspond to the same component of L. Then
multiplication by U; is filtered chain homotopic to multiplication by Uy, .

Proof Since filtered chain homotopies can be composed, it suffices to show that if
O; lies in the same row as some X; which in turn is in the same column as Oy, then
multiplication by U; is filtered chain homotopic to multiplication by Uy . The filtered
chain homotopy is furnished by counting rectangles which contain Xj .

Specifically, define
H: C(G)— C™(G)
by the formula
H(x) = Z Z U101(r) "'Unon(r) y.

YES reRect®(x,y)
Xjer

We claim that

0" oH+Hod” =U; —Uy.
This follows from the same argument as Proposition 2.10: Most composite domains
on the left hand side can be decomposed in exactly two ways. The exception are the
horizontal and vertical annuli, necessarily containing X; which contribute U; and Uy,
respectively. |

Proposition 2.12 Suppose that the oriented link L has ¢ components. Choose an
ordgring of O ={0;}}_, sothatfori=1,...,£, O; corresponds to the i th component
of L. Then the filtered chain homotopy type of C~(G), viewed as a chain complex
over F,[Uy, ..., Uy, is independent of the ordering of O.

Proof Different numberings can be connected via the filtered chain homotopies of
Lemma 2.11. |

The basic link invariant is the filtered quasi-isomorphism class of C —(Z), thought of as
a complex of F,[Uy, ..., Uy] modules. But there are some other natural constructions
one can consider.

For example, we can consider the chain complex CA’(G), which is a chain complex
over [F,, once again which is freely generated by elements of S, by setting the U; =0
fori =1,...,0. Welet C/i(G) denote the graded object gr(@ (G)) associated to the
Alexander filtration, and let ﬁz(G) denote its homology.
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Lemma 2.13 The group fIZ(G) is a finitely-generated [F,—module.

Proof Clearly, C/'Z(G) is a finitely generated R-module. It follows from Lemma 2.11
that once we set U; =0 for i =1,..., £, then multiplication by U; is null-homotopic
forall j =1,...,n, and in particular it acts trivially on homology. It follows at once
that EZ(G) = H*(a(G)), which is clearly a finitely generated R—module, is in fact
a finitely generated [F,-module. |

There is another construction which is quite convenient to consider for calculations [1].
This is the chain complex C (G), which is obtained from C~(G) by setting all the
U; =0, and then taking the associated graded object. (This complex is denoted simply
C(G) in [6], but we prefer to reserve this notation for later use.) Explicitly, this is the
free F,—module generated by S, endowed with the differential

o Vx ex, x &Int(r),

a(x) = XGS:#{V € Rect(x,y) Vi, Oi¢rand X; &1 } .
y

It is easy to relate the homology of a(G) = gr(@ (G)) with the homology of a(G),

by some principles in homological algebra.

Lemma 2.14 Let C be a filtered, graded chain complex of free modules over
F»[Uy, ..., Uy], such that U; decreases the homological grading by two and the filtra-
tion by one, and such that multiplication by Uj; is chain homotopic to multiplication by
Uj forany i, j. Then H«(C/{U; = 0}7_,) = H«(C/U;) ® V"=l where V is the
two-dimensional bigraded vector space spanned by one generator in bigrading (—1,—1)
and another in bigrading (0, 0).

Proof Suppose for notational simplicity that n = 2. Consider the chain map from the
mapping cone of the chain map U;: C — C to C/U; gotten by taking the quotient
on the second summand. It follows easily from the five-lemma that this map is a
quasi-isomorphism. Moreover, by iterating this observation, we see that C/(U;, U,)
is quasi-isomorphic to the mapping cone

U
c s C

A

U
c — ¢,

which in turn is quasi-isomorphic to the mapping cone of

Uz: C/U1—>C/U1
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But since U; and U, are chain homotopic in C, we obtain an induced null-homotopy
of the map induced by U, on C/U;. Thus, this latter mapping cone is isomorphic
to the mapping cone of zero, ie to the direct sum C/U; & C /Uy, which in turn is
quasi-isomorphic to (C/U;) ® V.

We investigate now the filtrations and gradings. In order for the quasi-isomorphism
from U;: C — C to C/Uj to be a filtered and graded map, we must shift gradings
an filtrations on the mapping cone M (U;) appropriately. Specifically, let C[a, b]
denote the graded and filtered chain complex with the property that Fs(Cyla, b]) =
Fs+5(Cg+q). Then the mapping cone M (U;) is C[1,1]@ C. Following through the
above discussion, we see that the mapping cone C/(Uy, U,) is filtered and graded
quasi-isomorphic to C[1,1]/U; & C/U; = (C/U)Q V.

This discussion generalizes readily to the case where n > 2. O

Proposition 2.15 The homology groups fIZ(G) determine m(G); specifically,

L
H.(CL(G)) = HL(G) ® R V2",

i=1

where V; is the two-dimensional vector space spanned by two generators, one in zero
Maslov and Alexander multigradings, and the other in Maslov grading minus one and
Alexander multigrading corresponding to minus the i th basis vector.

Proof This follows easily from Lemma 2.14, applied component by component. O

Notation Perhaps the reader will find it convenient if we collect our notational con-
ventions here. The chain complex C~(G) refers to the full chain complex (and indeed,
we soon drop the minus from the notation here), CL™ (G) denotes its associated graded
object, and HL™ (G) is the homology of the associated graded object. C (G) denotes
the chain complex where we set one U; = 0 for each component of the link, a(G)
is its associated graded object, and fIZ(G) is the homology of the associated graded
object. C (G) is the chain complex C™(G) modulo the relations that every U; = 0,
a(G) is the associated graded complex, and ﬁE(G) is its homology. Most of
these constructions have their analogues in Heegaard Floer homology; for example,
according to [6], HL™(G) is identified with HFL™ (L), and HL(G) with HFL(L).
We find it useful to distinguish these objects, especially when establishing properties
of the combinatorial complex which could alternatively be handled by appealing to [6],
together with known properties of Heegaard Floer homology.
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3 Invariance of combinatorial knot Floer homology

Our goal in this section is to use elementary methods to show that combinatorial
knot Floer homology is independent of the grid diagram, proving Theorem 1.2 with
coefficients in [, .

Following Cromwell [2] (compare also Dynnikov [3]), any two grid diagrams for the
same link can be connected by a sequence of the following elementary moves:

(1

2

3

(Cyclic permutation) This corresponds to cyclically permuting the rows and
then the columns of the grid diagram.

(Commutation) Consider a pair of consecutive columns in the grid diagram G
with the following property: if we think of the X and the O from one column
as separating the vertical circle into two arcs, then the X and the O from the
adjacent column occur both on one of those two arcs. Under these hypotheses,
switching the decorations of these two columns is a commutation move, cf
Figure 5. There is also a similar move where the roles of columns and rows are
interchanged.

(Stabilization/destabilization) Stabilization is gotten by adding two consecutive
breaks in the link. More precisely, if G has arc index 7, a stabilization H is
an arc index n + 1 grid diagram obtained by splitting a row in G in two and
introducing a new column. For convenience, label the original diagram so it has
decorations {X; i};’:zl , {0; }7:21 Let O; and X; denote the two decorations in
the original row. We copy O; onto one of the two new copies of the row it used
to occupy, and copy X; onto the other copy. We place decorations O and X in
the new column so O; resp. X occupy the same row as X; resp. O; in the new
diagram, cf Figure 6. Destabilization is the inverse move to stabilization. Note
that stabilization can be alternatively done by reversing the roles of rows and
columns in the above description; however, such a stabilization can be reduced
to the previous case, combined with a sequence of commutation moves. In
fact, we can consider only certain restricted stabilization moves, where three
of the four squares Oy, X;, O;, and X; share a common vertex; ie the new
column is introduced next to O; or X;. However, there are now different types
of stabilizations corresponding to the different ways of dividing the O’s and
X ’s among the two new rows.

Of course, since our complex is associated not to the planar grid diagram, but rather to
the induced picture on the torus, the fact that it is invariant under cyclic permutation is
a tautology.
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N\
\

N

7

N

Figure 5: Commutation. The two grid diagrams differ from each other by
interchanging the two columns, but correspond to the same link.

B1 B2

7

Figure 6: Stabilization. On the left, we have an initial grid diagram; on the
right, a new diagram obtained by inserting the pictured row and column.
Another stabilization is given by switching the roles of the new middle two
rows.

O

7/

N

We turn to commutation invariance next, and then stabilization invariance.

Note that all the chain complexes C (G), C(G) depend on the quasi-isomorphism type
of C™(G); thus, the latter is the most basic object. Thus, to streamline notation, we
choose here to drop the superscript “—” from the notation of this chain complex and
its differential.

3.1 Commutation invariance

Let G be a grid diagram for Z, and let H be a different grid diagram obtained by
commuting two vertical edges. It is convenient to draw both diagrams on the same
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torus, replacing a distinguished vertical circle § for G with a different one y for H,
as pictured in Figure 7. The circles 8 and y meet each other transversally in two
points @ and b, which are not on a horizontal circle.

Figure 7: A commutation move, viewed as replacing one vertical circle (8,
undashed) with another (), dashed)

We define a chain map ®g,: C(G) —> C(H) by counting pentagons. Given x € S(G)
and y € S(H), we let Pentg, (x,y) denote the space of embedded pentagons with the
following properties. This space is empty unless x and y coincide at # — 2 points. An
element of Pentg, (X, y) is an embedded disk in 7", whose boundary consists of five
arcs, each contained in horizontal or vertical circles. Moreover, under the orientation
induced on the boundary of p, we start at the f—component of x, traverse the arc
of a horizontal circle, meet its corresponding component of y, proceed to an arc of
a vertical circle, meet the corresponding component of x, continue through another
horizontal circle, meet the component of y contained in the distinguished circle y,
proceed to an arc in y, meet an intersection point of 8 with y, and finally, traverse
an arc in 8 until we arrive back at the initial component of x. Finally, all the angles
here are required to be less than straight angles. These conditions imply that there is
a particular intersection point, denoted a, between 8 and y which appears as one of
the corners of any pentagon in Pentg, (X,y). The other intersection point b appears in
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all of the pentagons in Pent, g(y, x). Examples are pictured in Figure 8. The space of
empty pentagons p € Pentg, (x,y) with x N Int(p) = &, is denoted Pent?;y.

Figure 8: We have indicated here two allowed pentagons in Pentg, (X, y),
where components of x are indicated by solid points, and those of y are
indicated by hollow ones.

Given x € S(G), define

o
Sp= Y > UV yec.
yES(H) pGPent%y(x,y)

Lemma 3.1 The map ®g,, is a filtered chain map.

Proof The fact that ®g,, preserves Alexander filtration and Maslov gradings is straight-
forward. Like the proof of Proposition 2.10, the proof that ®g,, is a chain map proceeds
by considering domains which are obtained as a juxtaposition of a pentagon and a
rectangle, representing terms in d o ®g, , and observing that such domains typically
have an alternate decomposition to represent a term in ®g, o d. One example is
illustrated in Figure 9. Other terms are more straightforward, consisting either of a
disjoint rectangle and pentagon, a rectangle and pentagon with overlapping interior, or
a rectangle and a pentagon which meet along a different edge; the pictures are similar
to those in Figure 3. There is one special case, of a type of domain which has only one
decomposition: these are the domains obtained as the union of a width one pentagon p
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.

Figure 9: Chain map. The given domain can be decomposed either as a
pentagon followed by a rectangle, or a rectangle followed by a pentagon. The
first decomposition represents a term in do ®g,, , the second a term in ®g,, 09.

\\ '

and a width one rectangle r. In this case, if we let x € S(G), there is a canonical closest
generator ¢(x) € S(H) (with the property that x and ¢(x) agree at all intersection
points away from B U y). It is easy to see, then, that our domain has the form r * p
or p xr (depending on the local picture of x), and it connects x to ¢(x). But then,
such domains are in one-to-one correspondence with domains of the form " * p’ or
p’ *r’, where if p is a left pentagon, then p’ is a right pentagon, and vice versa. See
Figure 10. m|

We can define chain homotopy operators analogously, only now counting hexagons.

More specifically, given x,y € S(G), we let Hexg, g(x,y) denote the space of embedded
hexagons with the following property. This space, too, is empty unless x and y coincide
at n — 2 points. Moreover, an element of Hexg,g(x,y) is an embedded disk in 7,
whose boundary consists of six arcs, each contained in horizontal or vertical circles.
More specifically, under the orientation induced on the boundary of p, we start at
the B—component of x, traverse the arc of a horizontal circle, meet its corresponding
component of y, proceed to an arc of a vertical circle, meet its corresponding component
of x, continue through another horizontal circle, meet its component of y, which
contained in the distinguished circle §, continue along B until the intersection point b
of B with y, continue on y to the intersection point ¢ of 8 and y, proceed again on 8
to the S—component of x, which was also our initial point. Moreover, all corner points
of our hexagon are again required to be less than straight angles. An example is given
in Figure 11. We define the space of empty hexagons Hex;y 'L with interior disjoint
from x, as before. There is also a corresponding notion Hex, g, . We now define the
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Figure 10: Special case of the chain map. The generators x and c(x) are
marked by dark circles; they differ from each other only on one row. The
arrow indicates how the dark circle in X is replaced by a corresponding dark
circle in ¢(x). On the left we have a (darkly shaded) pentagon followed by a
(lightly shaded) rectangle, and on the right we have a rectangle followed by a
pentagon. The intermediate generators are marked by hollow circles.

function Hg,g: C(G) — C(G) by

O (h
yeS(G) hEHex%yﬁ(x,y)

Proposition 3.2 The map ®g,,: C(G) —> C(H) is a chain homotopy equivalence;
more precisely

I+ ®ypoPpy, + 3o Hpyp+ Hpypod =0
I+ ®p, 0Pyp+ 3o Hypy + Hypyo0d=0.

Proof Juxtaposing two pentagons appearing in ®,,3 0 ®g, , we generically obtain a
composite domain which admits a unique alternative decomposition as a hexagon and
a square, counted in do Hg,g or Hg,go d. Typically, the remaining terms in do Hg,,g
cancel with terms Hg,g o d.
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O

Figure 11: A hexagon in Hexg,g

There is, however, one composite region which has a unique decomposition. Specifically,
the vertical circles 81, B>, and y divide up 7 into a collection of components, two of
which are annuli and do not contain any X . Depending on the initial point x, exactly
one of these annuli can be thought of as a juxtaposition of two pentagons, or a hexagon
and a rectangle which is counted once in ®, g o ®g,, + do Hg,g + Hg,pgo d; but it is
also counted in the identity map. See Figure 12. |

3.2 Stabilization invariance

Let G be a grid diagram and H denote a stabilization. We discuss in detail the
case where we introduce a new column with O; immediately above X; (and X, is
immediately to the left or to the right of Oy ); the case where X is immediately above
O can be treated symmetrically by a rotation of all diagrams by 180°.

More specifically, given a horizontal arc from O, to X,, we introduce a vertical
segment (somewhere along the arc) consisting of a new pair O; and X;, where O,
is on the square right above X7, which in turn is in the same row as the new copy of
0,, as in Figure 6. Indeed, do this in such a manner that three of the four squares
marked Oy, O,, X1, and X, share a common vertex. Furthermore, by applying
commutation, we can assume without loss of generality that these three squares are
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Figure 12: Decomposing the identity map. Consider the three configurations
in C(G), indicated by dark circles. The shaded region can be thought of
as decomposed into a hexagon followed by a rectangle (as on the left), a
rectangle followed by a hexagon (as in the middle), or a pair of pentagons as
on the right. The first can be thought of as counting terms in d o Hg, , the
middle terms in Hg,, o 9, and the right in ®, g 0 ®g,, . There are three more
cases, if the f—component of the configuration lies on the other arc in §; in
this case, we must decompose the annulus on the right.

O, X1, and X;,. Thus, the grid of H is gotten by inserting a new column of squares,
where two consecutive squares are marked by O; and X;. We let 8; be the vertical
circle on the left, and 8, the one on the right. Let & denote the new horizontal circle
in H which separates O; from Xj.

Let B=C(G) and C = C~(H). Let C’ be the mapping cone of
U, —Uy: B[Ui] — B[Ui].
ie C'[U;] = B[U;]@® B|U,], endowed with the differential 9: C' —> C’ given by
d'(a,b) = (3a, (Uy — Uy) -a— db)

where here d denotes the differential within C (actually, in the sequel we drop the
prime from the differential within C’, as well, and hope that the differential is clear
from the context). Note that B is a chain complex over F,[Us, ..., Uy], so that B[U;]
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denotes the induced complex over F,[U1,..., U,] gotten by introducing a new formal
variable U;. Let £ and R = B[U] be the subgroups of C’ of elements of the form
(¢,0) and (0, ¢) for ¢ € B[U;], respectively. The module R inherits Alexander and
Maslov gradings from its identification with B[U;], while L is given the Alexander
and Maslov gradings which are one less than those it inherits from its identification
with B[U;]. With respect to these conventions, the mapping cone is a filtered complex
of R—modules.

Lemma 3.3 The map from C’ to B that takes (a,b) to a/{U; = U,} is a quasi-
isomorphism.

Proof 1In general, the mapping cone C’" of amap f: C; — C, fits into a short exact
sequence on homology from C, to C’ to Cy. The connecting homomorphism in the
corresponding long exact sequence on homology is the map induced by f'. In this case,
f is Uy — Uy, which is injective on the homology of B[U;], so the map from C’ to
B is a quasi-isomorphism. |

It therefore suffices to define a filtered quasi-isomorphism
(5) F:C—C'.
To do this, we introduce a little more notation.

Let S(G) be the generating set of B, and S(H) be the generating set of C. Let
Xo be the intersection point of & and B (the dark dot in Figure 6). Let I C S(H)
be the set of x € S(H) which contain xq. There is, of course, a natural (pointwise)
identification between S(G) and I, which drops Alexander and Maslov grading by one.
More precisely, given x € S(G), let ¢(x) € S(H) denote the induced generator in I
which is gotten by inserting xo. We then have

6) Mc)(X)=Mc)(9(x))+1=Mc(0,9(x)) = Mc/(p(x),0) + 1
(7 Ac@)X) = Ac)(@(x) +g(1) = Ac/(0,¢(x)) = Acr(¢(x),0) + g(1)

where g is the function from Section 2.2, mapping from i to the basis vector corre-
sponding to the component of the link containing O;. With this said, we will henceforth
suppress ¢ from the notation, thinking of £ and R as generated by configurations in
ICS(H).

As such, the differentials within £ and R count rectangles which do not contain xg
on their boundary, although they may contain xg in their interior. Note however that
the boundary operator (in £ and R) for rectangles containing x¢ does not involve the
variable Uj .
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Definition 3.4 For x € S(H) and y € I C S(H), a domain p € w(x,y) is said to be
of type L or R if either it is trivial, in which case p has type L, or it satisfies the
following conditions:

e p has only nonnegative local multiplicities.

e For each ¢ € xUYy, other than X, at least three of the four adjoining squares
have vanishing local multiplicities.

¢ In a neighborhood of x the local multiplicities in three of the adjoining rect-
angles are the same number k. When p has type L, the lower left corner
has local multiplicity k& — 1, while for p of type R the lower right corner has
multiplicity k& + 1.

e Jp is connected.

The complexity of the trivial domain is 1; the complexity of any other domain is the
number of horizontal lines in its boundary. The set of type L (or R) domains from x
to y is denoted 7L (x,y) (or 7R(x,y)). We set 7F (x,y) = 7L (x,y) UnR(x,y), and
call its elements domains of fype F; see Figure 13 for examples. We denote by 7 '
the union of the sets 7 (x,y), over all possible x and y.

The innermost height (resp. width) of a domain in ¥ is the vertical (resp. horizontal)
distance from the corner adjacent horizontally (resp. vertically) to x¢ to the corner
after that.

We now define maps
Ft.c —r
FR.Cc—>R

where FL (resp. F R) counts domains of type L (resp. R) without factors of Uj.
Specifically, define

O,
FL(X) :Z Z U2 Z(P)“_Unon(p)_y
¥&S pernl(x,y)

O
FR(X) — Z Z U2 2(17)___Un0n(p) y.
¥€S penR(x,y)

We put these together to define a map
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Figure 13: Types of domains. We have listed here domains in the stabilized
diagram, labeling the initial points by dark circles, and terminal points by
empty circles. The top row lists domains of type L, while the second row
lists some of type R. The marked O and X are the new ones in the stabilized
picture. Complexities from the left on the first row are 3, 5, and 7 respec-
tively; on the second, they are 2, 4, and 6. Darker shading corresponds to
higher local multiplicities. Not shown is the trivial domain of type L, which
has complexity 1.

Lemma 3.5 The map F: C —> C’' preserves Maslov grading, respects Alexander
filtrations, and is a chain map.

Proof The fact that the gradings and filtrations are respected is straightforward. For
instance, the Alexander filtration shift of a region p is given by counting the number
of O’s minus the number of X ’s contained in p. A region of type L contains O; and
X1 an equal number of times, and every other O; comes with a cancelling factor of
Ui, so the Alexander filtration shift is negative. The other shifts can be checked in a
similar way.

To prove that F is a chain map, we consider all the terms in the expression d o F or
F 0 0. Most of these are counts of composite domains p * r or r * p, where r is a
rectangle and p is a type L or R domain. A rectangle r € w(x,y) cannot contribute
to this count if any component x € x is in the interior of r, except in the special case
where x = X, and the rectangle is thought of as connecting two intersection points in
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L or R, in which case we say it is of Type 2. All other empty rectangles are said to be
of Type 1.

There are several cases of domains contributing to do F or F od , which we group
according to whether r is a Type 1 or Type 2 rectangle, and to how many corners p
and r have in common. We list the cases below; verifying that these are the only cases
is a straightforward exercise in planar geometry.

If r is of Type 1, we have the following possibilities:

1(0)

I(1)

(1)

A composition in either order of a domain p € ¥ and an empty rectangle r of
Type 1, with all corners distinct. This domain appears in both do F and Fod
as compositions in two different orders, p *r and r’* p’, where r has the same
support as ’ and p has the same support as p’.

A composition in either order of a nontrivial domain p € ¥ and an empty

rectangle r, with p and r sharing one corner and r disjoint from x¢ (including
the boundary). The union of these two domains has a unique concave corner not
at xo, and we can slice this into a domain in 7 ¥ and a rectangle of Type 1 in two
ways by cutting in either way from this concave corner. This gives the domain
as a composition in exactly two ways. An example is shown in Figure 14.

o——0

/

Figure 14: Case I(1). An example of a domain with two decompositions
rx p=r’* p’, both accounted for in case I(1)

A composition r * p with » and p sharing one corner and x( appearing on the
horizontal or vertical boundary of r. The composite looks again like a domain
F or the rotation by 180° of such a domain. See Figure 15. A special case
worth mentioning is when r € Rect’(x,y) with y € I; in this case p is trivial,
with complexity 1, as in Figure 16.

in
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1(2)

I(3)

Figure 15: Cases I(1") and II(1). There are two terms in d o FL 4y FLo)
starting at the black dots and ending at the white dots, thought of as elements
of £. The term on the left is a juxtaposition r * p (as in I(1”)), while the
second is p’ xr’, where p’ is of type L and r’ is of Type 2 (as in II(1)).

A composition in either order of p € 7F and r € Rect®, where p and r share
two corners other than possibly x; see Figures 20 and 21. In this case p has
complexity at least 3.

A domain that wraps around the torus with a decomposition as p xr or r *x p,
where r is an empty rectangle of Type 1 and p € nf has innermost height
or width equal to 1, and r and p share three corners other than possibly xg.
This decomposition is unique. The total domain contains a unique vertical or
horizontal annulus of height or width equal to 1. When the complexity m of p
is equal to 2, the domain is just this annulus. Examples are shown in Figures 16
(m =3, horizontal), 17 (m =5, horizontal), 18 (m =5, vertical), and 19 (m =4,
horizontal).

If r is of Type 2, the composition must be of the form p *r, because Type 2 rectangles

only appear in the differential of the target complex C’. We only have two possibilities:

11(0)
T(1)

All the corners of p and r are disjoint.

A domain that wraps around the torus with a decomposition as p * r, where r
is a rectangle of Type 2 that shares one corner with p. This decomposition is
unique, and the total domain again contains a unique thin (ie width one or height
one) annulus. See Figure 15.

Apart from these, there is one other special contribution to F o d, which does not come
from a decomposition of a domain into p *r or 1’ x p’:
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Figure 16: Cases I(1’) and I(3), where m = 1. In both pictures, the darkly
shaded rectangle represents a map from the black generator to the white
one, followed by the natural map (induced by the trivial domain, which has
complexity 1) to the white generator thought of as an element of in £. This
is accounted for in I(1"). Depending on the placement of the black dot in
the top row, we can cancel this either with a term in F LodordoFL. In
the first case (on the left), we have the domain r * p, where r is the height
one (lightly shaded) rectangle in the row through O, to the intermediate
generator (labelled by the shaded circle), thought of as a differential within
C(H), followed by a complexity 3 domain p with innermost height equal
to one, which we trust the reader can spot. In the second case (on the right),
we have the decomposition p * r, where p is the complexity 3 domain with
innermost height equal to one from the black generator to the intermediate
generator, which is bounded by the dark line, followed by a rectangle to the
white generator, which again we leave to the reader to find. In both cases the
alternate term is accounted for in case 1(3).

5
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Figure 17: Cases I(1") and I(3), horizontal annulus. There are two terms in
do FL 4+ FL o9 starting at the black dots and ending at the white dots. One of
them counts the composite domain r’ % p’ where r’ is the hatched rectangle
containing X, and p’ is the darkly shaded complexity 3 domain (accounted
for in I(1")); and the other is a count of r * p, where r is the height one,
lightly shaded rectangle, followed by a complexity 5 domain with innermost
height equal to one (accounted for in I(3)).
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Figure 18: Cases I(1’) and I(3), vertical annulus. There are two terms in
do FL 4+ FL o9 starting at the black dots and ending at the white dots. One of
them counts the composite domain r’ % p’ where r’ is the hatched rectangle
containing the white dot x¢ in its boundary, and p’ is the darkly shaded
complexity 3 domain (accounted for in I(1")); and the other is a count of
r * p, where r is the height one, lightly shaded rectangle, followed by a
complexity 5 domain with innermost height equal to one (accounted for in

1(3)).

(S) A domain p € L followed by the differential from £ to R, which multiplies
by U2 — U1 .

Contributions from case 1(0) cancel each other out, and the same goes for those from
case I(1). In fact, these cases are the exact analogs of the first three cases in Figure 3
for the proof of Proposition 2.10. See Figure 14 for an example.

We claim that contributions from case I(1") cancel with contributions from case II(1)
or 1(3), together with possibly a contribution from case (S). Indeed, for each domain
of type I(1’) made of a rectangle r; € Rect°(x,y) and a domain p; € nf (y,z) of
complexity m, let po = r{ * p;. We can make a new domain p6 by adding a thin
annulus abutting xo on the opposite side of x¢ from r;. (For instance, if the right
side of r touches xg, add a vertical annulus of width one whose left side touches
Xo.) In the case when m = 1, when r; touches x( at a corner, we attach a horizontal
annulus if r; contains X; and a vertical annulus otherwise, as in Figure 16. If the
innermost height or width of p; is 1, then poy decomposes as p; *r,, where p; € xF
has complexity m. This corresponds to a contribution from case II(1), as in Figure 15.
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Figure 19: Cases I(1), I(3), and (S). This case is similar to those in Figures 17
and 18, except that it also involves a domain of type (S). We count terms in
do F + F o0 starting at the black dots and ending at the white dots (thought
of as representing an element of R). The darkly shaded polygon represents a
domain of type L from the black to the white generator. Postcomposing with
the differential from £ to R, we get (U, — U;) times the white generator.
Alternatively, the region can be decomposed as a rectangle containing O
(with a factor of U ), composed with the rectangle containing X7, thought of
as a polygon of type R. Alternatively, there is a term induced by the height
one (lightly shaded) rectangle, followed by a complexity 4 domain of type R,
which the reader can easily spot. One of these two domains contains O, , and
hence the composite will count with a factor of U,.

If, on the other hand, the innermost height or width (as appropriate) of p; is not 1, the
new domain py is of type I(3) and in turn decomposes as p3 *r3 or 1 * p,, depending
on the placement of the generator on the new row or column, where p, € 7% has
complexity m + 2. See Figures 16-19.

In these cases involving annuli, if p; € 7® and the annulus is horizontal, the rectangle r;
contains O; and so has a contribution which is multiplied by U;, while the domain
p6 contains O, and so has a contribution which is multiplied by U,. Thus these two
terms contribute U; — U, to the composite map from x to z. On the other hand, in
this case the domain py is itself in 7L (x, z), and so we get a cancelling contribution
of type (S), as in Figure 19. In other cases the two domains po and p give the same
contribution to the boundary map.

Compositions 7 % p or p xr from case I(2), with p of complexity m > 3, cancel out
compositions 1’ * p’ from case I1(0), with p’ of complexity m — 2, as illustrated in
Figures 20 (m = 3) and 21 (m =5).

The only domains left to cancel are those of type 1(3) with m = 2 and type (S)
with m = 1. There are two kinds of domains of type 1(3) with m = 2: a vertical
and a horizontal annulus, containing O; and O,, respectively, and in both cases
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Figure 20: Cases I(2) and II(0), with complexity m = 3. The simplest case
of the pairing between cases 1(2) and I1(0)

Figure 21: Cases 1(2) and I1(0). The illustrated domain can be decomposed as
a complexity 3 domain of type L followed by a Type 2 rectangle (accounted
for in II(0)), or alternatively a complexity 5 domain of type L followed by a
Type 1 rectangle (accounted for in 1(2)).

containing X7. These domains map a generator x € I to itself, and so cancel the
remaining contribution from the maps of type (S). |

In order to see that F is a quasi-isomorphism, we will introduce an appropriate filtration.
Consider C (H). Let Q be a collection of (n— 1) dots, one placed in each square
which do not appear in the row or column through O;. Given & € (%Z)e, let C (H, h)
denote the summand generated by generators x with Alexander gradings equal to /.

Note that for fixed x,y € Sy, for any two domains p, p’ € w(x,y) with O;(p) =
Xi(p) = 0i(p') = X;(p') for all i, we have that #(Q N p) = #(Q N p’). Thus,
we can find a function F so that for any x,y € S, if p € n(x,y) is a domain with
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O;(p) = Xi;(p) =0 for all i, then
Fx)—F(y) =#(QNp).

The function F determines a filtration on C (H, h), whose associated graded object
counts only those rectangles which contain no O;, X;, or points in Q. Thus, these
rectangles must be supported in the row or column through O;. We let C o denote
this associated graded object, and typically drop /4 from the notation.

We recall now a well-known principle from homological algebra (see for example
McCleary [7, Theorem 3.2]).

Lemma 3.6 Suppose that F: C —> C’ is a filtered chain map which induces an
isomorphism on the homology of the associated graded object. Then F is a filtered
quasi-isomorphism.

We decompose S = I1U (NI) U (NN), where NI consists those configurations whose
B2 component is o N B, and whose B; component is not in «, while NN consists of
those whose 8, component and 8; component are not on &. We have corresponding
decompositions of modules: C = C! @ CN'@ CNN,

Lemma 3.7 H, (5 o) is isomorphic to the free F, —module generated by elements of
I and NI.

Proof There are two cases, according to whether the X, marks the square to the left
or the right of O;.

Suppose X3 is in the square just to the right of the square marked O;. Then we have
a direct sum splitting 5Q ~C g’ @ B, where the differentials in C 31 are trivial, hence
its homology is the free [, —module generated by elements of NI; and where B is a
chain complex fitting into an exact sequence

0 Gé B égN — 0.

Moreover, it is easy to see that Hy (5 gN) = 0. Finally, the differentials in C é are
trivial, so its homology is the free [, —module generated by elements of 1.

Suppose on the other hand that X, is just to the left of O;. Then there is a direct sum
splitting Cg = C é @ B’, where once again the differentials on C é are trivial and B’
fits into an exact sequence

00— EWN —— B — EY —— 0,

where H, (6‘ gN) = 0 and the differentials on C g] are trivial. a
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Proposition 3.8 The map F is a filtered quasi-isomorphism.

Proof We consider the map induced by F':

ﬁ 0 GQ —> 6 /Q
G/Q splits as a direct sum of chain complexes Lo ® R, both of which are freely
generated by elements in 1.

There are two cases. First take the case where X is in the square just to the right of
the square marked O;. Consider the subcomplex C Cl o C CNI CQ By Lemma 3.7,
this subcomplex carries the homology, and hence it sufﬁces to show that the restriction
of F, o to this subcomplex induces an isomorphism in homology.

To this end opserve that F é restricted to C é is an isomorphism. Moreover, F 5
restricted to C g] counts rectangles supported in the row and column through O; and
which contain X in their interior and end up in I (since no other domains of type R
is disjoint from Q). But for each element of NI, there is a unique such rectangle. Thus
F 0 1s a quasi-isomorphism when X is just to the right of O;.

In the second case, where X, is just to the left of 01 , we proceed as follows. In
this case C CI is a direct summand of the complex C Lo (cf the proof of Lemma 3.7).
Moreover, 1t is easy to see that FL 0 restricted to C:é is an isomorphism of chain
complexes. It remains to show that the restriction of F'5 is a quasi-isomorphism. This
is true because the only domains of type R which do not contain X, are rectangles,
and those which are supported in the allowed region connect configurations of type NI
to I. Once again, the result now follows from the fact that there is a unique rectangle
of type R connecting a given element of NI to an element of I. This completes the
verification that F 0 18 a quasi-isomorphism.

We now appeal to Lemma 3.6 to conclude that F is quasi-isomorphism; and another
application of the same principle gives that F is a quasi-isomorphism, as well. a

Remark 3.9 The chain complex C’ used in this stabilization proof can be viewed
as the chain complex associated to the Heegaard diagram where the vertical circle 8,
is replaced by a small circle enclosing O; and X;. In this Heegaard diagram it is
straightforward to check that the counts of holomorphic disks are still combinatorial
and equivalent to the boundary operator in C’.

3.3 Completion of topological invariance, without signs

We have now all the pieces needed to establish Theorem 1.2, with coefficients in
F,=127/27.
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Proof of Theorem 1.2 This result now is an immediate consequence of Cromwell’s
theorem, our earlier remarks on cyclic permutation, and Propositions 3.8 and 3.2. O

4 Signs

Definition 4.1 A true sign assignment, or simply a sign assignment, is a function
S: Rect® — {+1}
with the following properties:
(Sq) For any four distinct ry,ry,7{, 75 € Rect® with ry * ry = r| *r}, we have that
S(r1)-S(r2) = =8(r}) - S(ry).
(V) If r1,rp € Rect® have the property that rq * r; is a vertical annulus, then
S(r1)-S(rp) =—1.
(H) If rq,r, € Rect® have the property that rq * r; is a horizontal annulus, then

S(r1)-S(rp) = +1.

Theorem 4.2 There is a sign assignment in the sense of Definition 4.1. Moreover, this
sign assignment is essentially unique: if Sy and S, are two sign assignments, then there
is a function f: S —> {%1} so that for all r € Rect’(x,y), S1(r) = f(x)-: f(y)-S2(r).

We turn to the proof of this theorem in Section 4.1. We can use the sign assignment
from Theorem 4.2 to construct the chain complex over Z as follows. Fix a true sign
assignment S. Define C~(G) to be the free Z[Uy,..., U,]-module generated by
x € S(G), endowed with Maslov grading and Alexander filtration as before. We endow
this with the endomorphism

95: C~(G) — C~(G)
_ o
=Y > Ssn-ul?..uon.y,
YES reRect®(x,y)

We will check that this endomorphism gives the sign refinement of C~(G) needed in
Theorem 1.2. In turn, the proof of that theorem involves reexamining the invariance
proof from Section 3, and constructing sign refinements for the chain maps and homo-
topies used there. We turn to this task in Section 4.2. However, first we construct the
sign assignments, proving Theorem 4.2.
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4.1 The existence and uniqueness of sign assignments

Definition 4.3 A thin rectangle is a rectangle with width one. We denote the set of
thin rectangles tRect; given x,y € S, we let tRect(x, y) = tRect N Rect(x, y). For fixed
x and y and n > 2, there can be at most one element in tRect(x,y).

Sign assignments as in Theorem 4.2 are constructed in the following six steps.

(1) Define sign assignments in a more restricted sense, sign assignments for the
Cayley graph. These are analogues of sign assignments defined only for thin
rectangles supported in an (n — 1) x (n — 1) subsquare of the torus, satisfying a
suitable restriction of Property (Sq) from Definition 4.1.

(2) Show that sign assignments for the Cayley graph satisfy a uniqueness property.
Establish existence by giving an explicit formula. (It is also possible to give a
more abstract existence argument, but the formula is needed in the next step.)

(3) Extend the formula to include all thin rectangles on the torus, and show that it
satisfies, once again, axioms gotten by restricting Properties (Sq) and (V) to thin
rectangles.

(4) Show that a sign assignment on thin rectangles can be extended uniquely to a
function satisfying Properties (Sq) and (V), but not necessarily Property (H).

(5) Given the sign assignment on thin rectangles chosen in Step 3, establish a formula
for the values of the function from Step 4 on empty rectangles supported in the
(mn—1) x (n—1) subsquare of the torus.

(6) With our choices of signs, use the explicit formulas from Step 5 to show that the
function from Step 4 satisfies Property (H), thus giving a sign assignment in the
sense of Definition 4.1.

Step 1: Define sign assignments on the Cayley graph Welet X =[0, n—1]x[0,n—1]
denote the (n — 1) x (n — 1)—subsquare of the torus with the lower left corner at the
origin.

Definition 4.4 Given X,y € S, a thin rectangle in ¥ from X to y is a rectangle
r € tRect(x,y) supported inside X. A thin rectangle in X connects x and y if it is a
thin rectangle in ¥ from X to y or from y to x. The set of all thin rectangles in X is
denoted tRect*.

The set tRect™ has an interpretation in terms of a Cayley graph of the symmetric group
in the following sense.
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Consider the graph I" whose vertices are elements in the symmetric group on # letters
&, and whose edges are labeled by the n — 1 adjacent transpositions {t; :’;11 in G,
with an edge labelled t; connecting o1, 0, € &, precisely when 0, = 01 - 7;. When
0, =077, we join o1 and o, by exactly one edge, i.e. we do not draw an additional
one for the relation o7 = 0, - 7;. I' is the Cayley graph of &, with respect to the
generators T;.

There is a one-to-one correspondence between elements in S, and generators S, which
is obtained by viewing elements of S as graphs of permutations oy. (To this end, we
think of &,, as permutations of the letters {0,...,n — 1}.) This can be extended to
a one-to-one correspondence between edges in the Cayley graph I'" and elements of
tRect®, sending a rectangle r € tRect® which connects x and y to the corresponding
edge in the Cayley graph connecting ox and oy:

@) tRect™ =~ Edges(T").

Definition 4.5 A sign assignment on the Cayley graph is a function
So: Edges(I') — {1}

with the following properties:

(Sq) If {ey,...,e4} are four edges which form a square, then
Soler) -+~ Soles) = —1.
(Hex) If {ey,...,eq} are six edges which form a hexagon, then

So(er) -+ Soles) = 1.

Note that a square in the Cayley graph corresponds to two pairs of disjoint rectangles
ri € tRect(x;, X;41) and 1] € tRect(x;,x;H) for i = 1,2, with x; =x| and x; =X,
as pictured in Figure 22. Similarly, a hexagon in the Cayley graph corresponds to
six thin rectangles r; € tRect(x;, X;+1) and r; € tRect(x;, x;_ ;) for i =1,2,3 with
X; = X’1 and x3 = X/, such that the union of the support of ry, 5, and r3 is a rectangle
(with width two), as pictured in Figure 23.

We can relate the above notion of a sign assignment to the earlier notion of sign

assignments (Definition 4.1):

Lemma 4.6 The restriction of a sign assignment in the sense of Definition 4.1 to
the Cayley graph of &, is a sign assignment on the Cayley graph as defined in
Definition 4.5.
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Figure 22: The rectangles in the square rule

Proof The first property follows from the corresponding property in Definition 4.1.
For the second property, note that there is a rectangle r4 of width 2 that cuts across
a diagonal of the hexagon, cf Figure 23. Two applications of Property (Sq) (both
involving r4) now shows that the total number of sign changes around the hexagon
must be even. |

Step 2: Signs assignments on the Cayley graph exist and are unique

Proposition 4.7 A sign assignment on the Cayley graph exists and is unique up to
equivalence given by changing the sign of the basis elements (as in Theorem 4.2).

Proof Recall that for 4, B C R?, we defined Z (A4, B) to be the number of pairs
(a1,a;) € A and (bq,by) € B with a; < by and a, < b,.

Given an edge of the Cayley graph, let r € tRect*(x,y) denote its corresponding
rectangle. Let &2 = h(r) denote the height of the top edge of r (ie the four corners of
rare (i,a), (i,h), (i +1,a) and (i + 1, k), where (i,a) and (i + 1, /) belong to x
and (i, /) and (i 4+ 1, a) belong to y).

We then define
9) S(r) = (_I)I(X,{(Xl,xz)EXlxth(r)}).

Geometry & Topology, Volume 11 (2007)



2378 Ciprian Manolescu, Peter S Ozsvdth, Zoltdn Szabé and Dylan P Thurston

2 S
i A

Figure 23: The rectangles in the hexagon rule. Two applications of the
square rule (Sq) in Definition 4.1 give S(r1) - S(r2) = S(r{) - S(r4) and
S(r4)-S(r3) = S(ry) - S(ry). These imply the hexagon rule S(r1) - S(r2) -
S(r3) =S(ry)-S(r5) - S(r3).

We check that each square anticommutes. To this end, observe that a square in the
Cayley graph corresponds to four rectangles r; € tRect*(x,y), r» € tRect*(y,z),

ry € tRect™(x,y’) and r} € tRect*(y’,z), where r| and r, have distinct corners and

i *ry = r{ * ry as in Figure 22. Number the rectangles so that /1(r;) = h(r}) <

h(ry) = h(r}). It is easy to see that
S(r) =8y,  S(r2) ==8(r)).
We can similarly check that a hexagon commutes. Consider the six thin rectangles corre-

sponding to a hexagon in the Cayley graph r; € tRect(x;,X;41) and r] € tRect(X], X +1)

fori =1,2,3 with x; = x’1 and x3 = x’3 , as pictured in Figure 23. One can check that
S(ry) = S(ry). S(r2) = S(ry). S(r3) = S(r}).

so that in particular

S(r1)S8(r2)S(r3) = S(r)S(ry)S(r3),

as needed.

Geometry & Topology, Volume 11 (2007)



On combinatorial link Floer homology 2379

We will now prove uniqueness. Let S and S’ be two sign assignments on &,,. Define
a new function 7" on the Cayley graph by

T(x: 1) = S(x: 1) (x: 7).
Then the product of 7' around any square or hexagon is equal to 1.

Let W be the Cayley complex of &, : the 2—complex whose edges and vertices form the
Cayley graph of &, and whose 2—cells are the squares connecting {X, X7;, X7; Tj, X7; }
for |i—j|> 1 and the hexagons connecting {X, XTj, XTj Tj+1, XTi Tj+1Ti, XTj+1Ti, XTi+1}-
Since these squares and hexagons (together with the relations riz =1, which are sup-
pressed in the definition of I') form a complete set of relations for &, the complex W
is simply connected.

Now consider 7 as an element of C!(W;{=£1}). The conditions on T are equivalent
to saying that it is a cocycle: §7 = 0. Since W is simply connected, there is therefore
a function f € CO(W;{=£1}) so that §f = T. This function f gives the desired
choice of signs on the basis. a

Remark 4.8 We could prove Proposition 4.7 without explicitly exhibiting the sign
assignment: In general, suppose we have a 2—complex W and are looking for an
assignment of 1 to the edges of the 2—complex so that the number of —1 signs is
odd around a prescribed set of 2—cells. Such an assignment is unique (if it exists) if
and only if H'(W;{%1}) is trivial, as in the proof of the Proposition. Furthermore,
such an assignment exists if there is a 3—complex W’ with W as its 2—skeleton so that
H?*(W’;{£1}) = 0 and the set of faces with an odd number of —1 signs, considered
as a 2—cocycle on W', is coclosed. In the case at hand, we can take W' to be the
3—skeleton of the permutahedron [17], which can be defined as the convex hull of the
vectors obtained by permuting the coordinates of (1,2,...,n). This 3—skeleton is W
with the following types of 3—cells attached:

e cubes corresponding to 3 disjoint transpositions, an Gy X Gy x G, C Gy;

e hexagonal prisms corresponding to S3 x G, C G,; and

e truncated octahedra corresponding to G4 C &,,.

(For the last case, note that the Cayley graph of &4 is the boundary of a truncated
octahedron.) In each case the number of squares on the boundary of the 3—cell is even,
so an assignment of signs exists. The permutahedron is convex (hence contractible), so
W' is 2—connected.
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Step 3: Extend sign assignments to all thin rectangles in the torus

Definition 4.9 A vertical sign assignment for thin rectangles is a function
S: tRect — {£1},
which satisfies the following properties:

(Sq) Given thin rectangles r; € tRect(x,y) and r, € tRect(y, z) with distinct corners,
if we let 7| € tRect(x,y’) and r; € tRect(y’, z) be two other rectangles such that
ry % ry = ry %y, we have that

S(r)S(ra) = =S(r))S(ry).
(See Figure 22.)

(Hex) Given six thin rectangles r; € tRect(X;, X;+1) and r; € tRect(x},x;_ ;) for i =
1,2,3 with x; = x| and x3 = X, such that the union of the support of ry, 15,
and r3 is a rectangle (with width two), we have that

S(r1)S(r2)S(r3) = S(r)S(ry)S(ry).
(See Figure 23.)
(V) If r| € tRect(x,y) and r, € tRect(y, x), then S(r1) = =S(r3).

Proposition 4.10 There is a vertical sign assignment for thin rectangles.

Proof We extend Equation (9), as follows.

Note that 7 is obtained from X by adding one more row of squares, which are of the
form

.. -1
{[i,i +1]x[n—1,n]}{=,,

and one more column of squares which are of the form
.. -1
{ln—1n]x[j,j+1]}] 2.

Consider a thin rectangle r in the torus. If r is contained in ¥ C 7, then S(r) is as
in Equation (9). If r € tRect(x,y) is a thin rectangle which is supported in the new
column, but which is disjoint from the new row, so that it is of the form [n—1, n]x[a, b]
with 0 <a < b <n we define

(10) S(}") _ (_I)I(x,{(xl ,X2)€EX|x2 Sa}) +I(x,{(x1 ,X2)€x|la<xp<b and x> even}) +b )

The thin rectangles not covered by the above two cases are those whose interiors meet
the new row of squares. It is easy to see that for each such rectangle r € tRect(x, y),
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there is a unique other thin rectangle r’ € tRect(y, x), whose interior does not meet
the row of squares, and hence whose sign is defined either by Equation (9) or by
Equation (10). We then define

S@r) =-8@r").

This ensures that Property (V) in Definition 4.9 is satisfied. We must now verify
Properties (Sq) and (Hex).

If all the thin rectangles involved are contained in X, then the two conditions were
already checked in the proof of Proposition 4.7. Let us consider the cases when all the
rectangles involved are disjoint from the new row, but at least one of them is supported
in the new column, so that its sign is given by Equation (10).

Let us consider the square rule, with the support of r; (which is the same as the support
of ré) being in the last column, and the support of r, (the same as that of r{ )in X.
Let A(ry) and h(r;) be the heights of the top edges of ry and r;, respectively. If
h(ry) < h(rp), then, just as in the proof of Proposition 4.7, we have:

S(r1) =80y,  S(r2) ==8(r)).

If h(r1) = h = h(ry), cf Figure 24, let r{ =[n—1,n] x[a, b]. If h < a, we obtain
S(r) ==8(@r3),  S(r2) =8(r)).

If h € (a,b) as in Figure 24 then, in comparing S(rz) and S(r;) using Equation (9),

Figure 24: Anticommutation of width one rectangles. In computing the sign
of the rectangle r, we use the black dot on the horizontal line of height a,
while for the rectangle |, which has the same support, we use the white dot
on the leftmost vertical edge.
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there is a discrepancy coming from a pairs of points where the second point has
coordinates (7 — 1,a), and h — a pairs of points where the first point has coordinates
(0, a). Therefore,
S(r2) = (=D"S(r)).

On the other hand, in comparing S(ry) and S(r7) using Equation (10), there can only
be a discrepancy of one extra pair (two corners of r,), which appears in case / is even.
Thus,

S(r) = (=D"1803).
which implies that S(r1)S(r2) = —=S(r{)S(r}), as desired.

Figure 25: Hexagon rule in the last two columns. We compute the signs in
terms of the generator x; some of its components are the black dots shown

here.

Let us now consider the hexagon rule, where the rectangles are supported in the last
two columns, as in Figure 25. We denote by a, b, and ¢ (with a < b < ¢) the three
possible heights at which the relevant rectangles have their horizontal edges. We use
the notation from Definition 4.9, where x is the initial generator of r; and ;. When
applying formulas (9) and (10), we must keep in mind that the initial point of the
relevant rectangle may differ from x (at heights a, b and ¢), cf Figure 25. After
finding the relevant discrepancies, we can express everything in terms of x:

St = (_I)I(X’{(MQCZ)EXleSb})—i_I(X,{(Xl,X2)€x|b<x2<c, X2 even)})+c
S(r{) = (_I)I(X,{(Xl,X2)€x|x2§b})
S(r2) = (_I)I x{(x1,x2)€x|x2=a})+T x,{(x1,x2)6x|a<x2<c})+1
x{(x1.x2)€xla<xz<c, x; even)})+b+c+1

x,{(x1,x2)€x|a<xr<b, x5 even) }) +b

S(”é) = (—I)I(x’{(xl’x2)€X|x2§a})+I
S(}’3) = (_I)I(X’{(Xl,X2)€x|x2§a})+I
S(}"é) = (_I)I(Xa{(xl,X2)€x|x25a})+1'

AN AN N N

x,{(x1,x2)€x|la<x> <c})
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Putting these relations together, we obtain the required identity:
S(r)S(r2)S(r3) = S(r)S(ry)S(ry).

There is a similar computation that needs to be done for the hexagon rule when the
rectangles are supported in the first and the last column. We leave this case as an
exercise for the reader.

Finally, we need to check the square and the hexagon rule when some of the rectangles
involved wrap vertically around the torus, ie their support has nontrivial intersection with
the horizontal line / of height n —% . We call such rectangles vertically wrapped. For the
square rule, either two or all four of the four rectangles involved are vertically wrapped.
For the hexagon rule, exactly four out of the six rectangles involved are vertically
wrapped. The square and the hexagon rules now follow from the corresponding ones
when we replace the vertically wrapped rectangles r with their counterparts r’ such
that 7 * 7’ are vertical annuli. Indeed, from equations of the form S(r) = —S(r’) we
always pick up an even number of minus signs (either two or four), so the overall signs
are unchanged. O

Step 4: Extend vertical sign assignment to all empty rectangles We weaken the
notion of sign assignments from Definition 4.1 a little.

Definition 4.11 A vertical sign assignment is a function
S: Rect® — {+1}

which satisfies Properties (Sq) and (V) from Definition 4.1. Sometimes, we call this a
vertical sign assignment on all empty rectangles, to distinguish it from the seemingly
weaker vertical sign assignments on thin rectangles.

Our goal in this step is to show that a vertical sign assignment for thin rectangles can
be uniquely extended to a vertical sign assignment on all empty rectangles.

Given a vertical sign assignment for thin rectangles Sy, we define an extension
S: Rect® — {1},

by extending the definition inductively on the width w of the rectangle. Explicitly, if
r € Rect®(x,y) is a rectangle with width 1, then S(r) = So(r). Suppose next that S is
defined for all rectangles of width less than w for some w > 1. Given r € Rect®(x,y)
of width w, there is exactly one rectangle r; ending at x with width one whose upper
left corner coincides with the lower left corner of r, as in the first diagram in Figure 26.
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Then rq * r has an alternate decomposition as r, * r3, where r, has width w — 1, and
r3 has width one. We can then define

an S(r) = —=So(r1)S(r2)So(r3).
(The right hand side is defined, since the width of r, is w —1.)

We verify that S is a vertical sign assignment in the sense of Definition 4.1, which we
do in stages.
/ /

Lemma 4.12  Suppose that we have four rectangles ry, 12,1, 15 € Rect® with ry xry =

r{ * ré, where r; and ré have width one, and ry and r, share exactly one corner. Then
(12) S(r1)S(ry) = =S(r))S(ry).
‘ o9 —@
| e ‘
-] |
o— O :

Figure 26: The four cases in Lemma 4.12. Each case is a decomposition
r1 * ro, where ry is shown shaded. The dotted line gives the alternate
decomposition 7| * 1.

Proof There are four cases in the proof, as illustrated in Figure 26. In the first case,
when the upper-left corner of r; is the lower-left corner of r,, the conclusion holds
by the definition of the extension of S, Equation (11). In the second case, when the
lower-right corner of r; is the lower-left corner of r;,, the conclusion follows from
Property (V) of the vertical sign assignment: if we relate both thin rectangles, r; and r;,
to the other rectangle in the same vertical column, we get the same rectangles as in the
previous case.

Otherwise, we will prove the result by induction on the maximum of the widths of r;
and r{ . We treat the base case first, where this maximum is equal to two. There are
two cases:

e If the upper-left corner of r; is the upper-right corner of r,, Equation (12)
follows from Property (Sq) of the vertical sign assignment, the hexagon rule,
and the definition of S.
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e If the lower-right corner of r; is the upper-right corner of r,, Equation (12)
follows from Property (V) applied to the case above.

We now treat the induction on the maximum of the widths of r, and r{ , which we
may assume is greater than two. If the upper-left corner of 7 is the upper-right corner
of r, (the third case in the figure), we may again apply Property (V) to change to
the last case. So we may assume that the lower right corner of r; is shared with the
upper right corner of r,. Since the width of r, is greater than two, we can find a thin
rectangle ro to X, the initial point of rq, disjoint from r; with the property that rg
and r, share a corner. We consider now the composite p = rg * r; * r,. We organize
the various decompositions of p into the graph in Figure 27. Each edge corresponds to
some rectangle in some decomposition of p, and each vertex corresponds to one of the
various elements of S which can be connected by rectangles in some decomposition
of p. Each face corresponds to two decompositions of p which have some rectangle in
common. Thus we have organized the decompositions of p in a cube. A face is said to
anticommute if the product of the signs associated to its four edges is —1. Our goal is
to show that the face belonging to the two decompositions rq * r{ * 15 and rq * ry * 1y
anticommutes. To see this, we observe that the other five faces anticommute: two of
them do, as they correspond to rearranging two disjoint thin rectangles (Property (Sq)
of the vertical sign assignment for thin rectangles), two of the faces anticommute by the
definition of the extension, Equation (11), and the fifth face anticommutes by induction
on the width of r,. O

Lemma 4.13 Suppose that we have four distinct rectangles ry,ry, 7,15 € Rect® with
ry*ry = ry*ry, where ry and r’, have width one, then

S(r1)S(r2) = =SS (ry).

Proof We prove the result by induction on the width of 7.

The case where r, shares exactly one corner with r; was handled in Lemma 4.12, so
we may assume the corners of r; and r; are distinct. According to Property (V), we
can assume without loss of generality that the supports of r; and r, are disjoint. If r,
also has width one, we are done by Property (Sq).

Otherwise, we proceed by induction in a way similar to the last case of Lemma 4.12.
Specifically, we can find another width one rectangle ry ending at the initial point of r{
which shares one corner with r,. Consider the polygon p = ro * r; * r,. We can once
again organize the various decompositions of this polygon into a cube. In the case
where ry and rq are disjoint, two of the faces anticommute according to Property (Sq)
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L
a

Figure 27: The cube of decompositions in Lemma 4.12. Each vertex is a
configuration (shown by black dots); each edge is a rectangle (shown shaded).
The different decompositions are the different ways to go from the lower-left
corner to the upper-right corner following three edges. We are trying to show
that the back face anticommutes; the front face is the inductive case.

of Sp, two anticommute by Lemma 4.12, and a fifth anticommutes by induction on the
width of r,. Thus, the sixth must anticommute, as well.

In the other case, where ry and r share a corner (which we need to consider only when
the width of r; is three), four of the squares in the cube anticommute according to
Lemma 4.12. The fifth involves a domain r{ * r; where r| and r; are both rectangles
of width two, with r{ containing r; and ré contained in 5. To show that this last face
anticommutes, we can find another rectangle r(’) that can be precomposed with these
two to give a domain 7 % r{ *r5. The various decompositions of this domain can again

be arranged into a cube, in which four of the squares anticommute by Lemma 4.12, the
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fifth anticommutes by Property (Sq), and the sixth is the face with domain r{ * r}, as
desired. a

Proposition 4.14 Given any four empty rectangles ry, 7y, 1,75 € Rect® with ry*r; =
r| * r;, we have that

S(r1)S(r2) = =S(r))S(ry).

Proof Using suitably placed width one rectangles as before, we can narrow rq
and/or r, by induction, until one or the other has width one and hence is covered
by Lemma 4.13. O

In effect, the above proposition shows that a vertical sign assignment for thin rect-
angles Sy can be canonically extended to a vertical sign assignment for arbitrary
rectangles S in the sense of Definition 4.11.

Step 5: Signs for rectangles supported in ¥ In Proposition 4.10 we constructed a
vertical sign assignment for thin rectangles. According to Step 4 above, this gives
a vertical sign assignment S: Rect® — {£1} on all empty rectangles. We aim to
give an explicit formula for S(r) in the case when r is supported in the subsquare
¥ =[0,n—1]x[0,n—1].

Proposition 4.15 Let r = [a, b] x [c,d] € Rect®(x,y), with 0 <a <b <n—1 and
0<c<d =<n-—1. Denote by D(r) the number of points (x1, X,) € X which lie strictly
below r, ie x1 € (a,b) and x5 €0, c), cf Figure 28. Then

(13)  S(r) = (—1)Tstermexa=d}) +D0)(Z(x it x)exle<xa=d}) +1).

Proof We use induction on the width w of . When r has width one, (13) is just the
formula (9).

Assume w > 1. We distinguish two cases, according to the position of the point
(a+ 1,/) € x in the vertical line x; = a + 1. When it is below the support of r, the
inductive step follows by using the anticommutation rule for a decomposition of the
form r *ry = rp *r’, where the rectangles r; and r, have width one and lie in the ath
column, so that their signs can be computed using (9), and r’ has width w — 1. The
latter case is similar, but the decompositions are of the form rq % r = r’ * r,. In both
cases the computations are straightforward. O
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n=20
n—1
>
d ,,,,,,,
cb------
0 a b n—1 n=0

Figure 28: Signs for rectangles on the square. The subsquare X of the torus is
shown bordered by the thick lines. Inside we have a rectangle r . The quantity
D(r) counts the number of points in x which lie in the lightly shaded region
below r.

Step 6: From vertical sign assignments to true sign assignments

Lemma 4.16 Suppose S is a vertical sign assignment. Then there is some function
o:{1,...,n} — {£1} with the property that if r; and r, are two height one rectangles,
with ry %1, connecting some x € S to itself, then S(r1)S(r,) = p(i), where the support
of rq % rp consists of the i th row.

Proof We claim first that when the support of rq * r, is a horizontal annulus [0, 7) X
[i,i 4+ 1], S(r1)S(r2) depends only on i and the components of x in the ith and
(i + 1)st rows. This follows readily from the square rule; if x and x’ are two generators
whose components on the i th and (i + 1)st agree and there is some r € Rect®(x, x'),
then two applications of the square rule establish the claim. More generally, we can
always get between two generators x and X’ that agree on these two rows by a sequence
of squares whose corners are disjoint from the 7 th row, verifying the claim.

We next verify that if r; € Rect®(x,y) are r, € Rect®(y, X) are two rectangles which,
together, form the i th row, then S(r;)S () depends only on the row in which r; and
r, are supported. To this end, observe that there is another rectangle r3 € Rect(x, z)
with height one supported in the row i + 1, and r4 € Rect(z, x). We now claim that
11 *ry x 13 %14 differs from another decomposition r{ *r} % r3 *r, in two steps, in such
a way that the supports of r3 and r4 agree with those of r; and r; (hence together
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they occupy the (i + 1)st row), and the supports of r{ and ré also occupy the i th row,
but the support of r{ and r) are different from the supports of 7| and r;. Thus, it
follows from the square rule that S(r1)S(r2) = S(r{)S(r}). It is easy to see that any
two rq € Rect®(x,y) and r, € Rect®(y, x) which occupy the i th row can be connected
by a finite sequence of such moves. |

We now specialize to the vertical sign assignment S constructed (in Step 3) from the
vertical sign assignment on thin rectangles exhibited in Proposition 4.10, which was
based on the formulas (9) and (10). We claim that the function p from Lemma 4.16 is
identically 1.

Lemma4.17 p(i)=1fori=1,...,n—1.

Proof Tt suffices to check that S(r1)S(r) = 1 when r; € Rect(x,y) is of the form
[0,n—1]x[i —1,i], and r, € Rect(y, X) is the square [n — 1,n] x [{ —1,] in the last
column, cf Figure 29. Proposition 4.15 gives

S(ry) = (_I)I(x,{(xl,xz)exlxzfi})+i+1 _ (_I)I(x,{(xl,xz)exlxzﬁi—l})+1‘

On the other hand, from Equation (10) we get

S(ry) = (_1)1()’:{()’1,yz)GY|y25i—1})+i — (_I)I(X,{(xl,xz)lexzii—l})-i-l. O

Figure 29: Computing p(i) for i < n. The generator x is shown in black
dots, and y in hollow dots. When computing the sign of r, with formula (10),
we need to use y in the place of x.
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To check that p(n) = 1, we first prove the following:

Lemma 4.18 Letk €1,2,...,n—1. Denote by X;,yi € S the configurations

X ={Gn—1-0)0<i <k}U{(k,0)}U{Gi.n—i)k <i <n}
Vi ={0,0}U{i.n—1—D)|1 <i <k}U{(k.n—1)}U{G.n—i)|k <i <n}.

Let r € Rect(Xg,yx) be the rectangle of width k and height 1 supported in the last
row, cf Figure 30. Then, its sign is given by

S(ri) = (=D".

SN T
n—1

Figure 30: Computing p(n). The rectangles ry is darkly shaded, and r;,
lightly shaded. The generators x; and yj are represented by the black and
white dots, respectively. There is an alternate decomposition of r¢ * r; given
by cutting along the dashed line in the top row.

Proof Inductionon k. When k =1, the sign of r{ is minus the sign of a thin rectangle
of width one and height n — 1 supported in the first column. The latter can be computed
using Equation (9), which gives the answer (—1)"~!; therefore, S(r1) = (—1)".

For k > 1, let r;_ € Rect(yg, ) be the rectangle of width one supported in the k th
column, cf Figure 30. Its sign is (—=1)ntk by formula (9). The domain r * r,’c has an
alternate decomposition as py * ryp_1 , where the rectangle pj is again supported in the
kth column and has a counterpart p}c such that pj * p}c is a vertical annulus. Formula
(9) gives S(p;) = (=1)"T*, so that S(pg) = (—1)"TKF1. The inductive step now
follows form the anticommutation relation S(r;)S (r;{) =—=5r-1)S(pr). m]
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Lemma 4.19 p(n)=1.

Proof By the previous lemma, the sign of r,—; € Rect(X;,—1,yn—1) is (—1)". There
is also a thin vertical rectangle r’ € Rect(X,—1,¥n—1) supported in the last column,
whose sign is (—1)"~! by (10). For the little square r” € Rect(y,_1,X,_1) supported
in the top right corner we have S(r”") = —S(r’). Since r,_1 *r” is a horizontal annulus
and S(r"") = S(ry—1), we get p(n) = 1, as desired. |

We can now complete Step 6:

Proof of Theorem 4.2 We proved existence of vertical sign assignments in Step 4.
According to Lemma 4.16, the resulting signs give a true sign assignment provided
that the function p defined there is identically one. This was checked in Lemmas 4.17
and 4.19.

To see uniqueness, let S; and S, be two true sign assignments. We can restrict them
to the square 3 and get sign assignments on the Cayley graph (cf Lemma 4.6). Using
the uniqueness part of result of Proposition 4.7, we obtain a function f: S — {£1}
such that the composite

B: Rect® —> {1}, B(r) = f(x)- f(y)-S1(r)-S2(r) for r € Rect®(x,y)
satisfies the following properties:

e B(r) =1 for any rectangle of width one supported in X.

" r! eRect®

* (Commutation rule) B(ry)-B(ry) = B(r{)-B(ry) whenever ry,r, 1,15

are distinct and satisfy ry *ry =r{ *75.

e B(r1) = B(rp) if r; * ry is a vertical annulus.

e B(r1) = B(rp) if ry x r, is a horizontal annulus.

We claim that B is identically 1. Indeed, the third property above implies that B(r) = 1
whenever r has width one and is not supported in the last column. The fourth property
implies that B(r) = 1 when r is a square of side length one supported in the last
column; the same must be true for all width one rectangles in the last column by
induction on height, applying the commutation rule. Thus B takes the value one on all
vertical thin rectangles. The fact that B(r) = 1 for all r follows by induction on width,
again using the commutation rule. This shows that f* satisfies the property required in
the statement of Theorem 4.2. |
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4.2 Properties of the sign-refined chain complex and the proof of
Theorem 1.2

Proposition 4.20 Let S be a sign assignment. The Z[Uy, ..., Uy,]-module C~(G),
endowed with the endomorphism dg, is a chain complex. Moreover, if S; and S,
are two different sign assignments, then there is an isomorphism of chain complexes

(C™.05,) = (C.d3,).

Proof In the expression ds o ds(x), terms can be paired off as in the proof of Propo-
sition 2.10. These terms cancel, according to the axioms on S.

Suppose we are given sign assignments Sy and S, . Consider the map
®: (C7(G),0s,) — (C7(G), 0s,)

defined by ®(x) = f(x)-x, where f is the function from Theorem 4.2. It is straight-
forward to see that ® is an isomorphism of chain complexes. |

Other algebraic properties from Section 2 have straightforward generalizations to this
context. For example:

Lemma 4.21 Suppose that O; and Oy, correspond to the same component of L. Then
multiplication by U; is filtered chain homotopic to multiplication by Uy, .

Proof The chain homotopy from Lemma 4.21 works to establish the present lemma. It
is important here that for x € S, and r{ and r, are the decompositions of the horizontal
annulus containing X, and r3 and r4 are the analogous decompositions of the vertical
annulus, then S(r1)S (1) = —S(r3)S(r4), but this is ensured by the axioms of the sign
assignment. This ensures that U; is chain homotopic to Uy (rather than, say, —Uy). O

Again, we view the chain complex (C~(G), ™) as amodule over Z[Uy, ..., Uy] where
the {U,-}f=1 correspond to the £ components of our link L. As before, we have the
following:

Proposition 4.22 Suppose that the oriented link L has ¢ components. Choose an
ordering of O = {0i}/_, sothatfori =1,...,¢, O; corresponds to the i thcomponent
of L. Then the filtered chain homotopy type of C~(G), viewed as a chain complex
over Z[Uy, ..., U], is independent of the ordering of Q. Then fIZ(G) and HL(G)
are finitely generated Abelian groups. Moreover,

l
H(CL(G)) = ALG) ® R) V2™V,

i=1
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where V; is the two-dimensional vector space spanned by two generators, one in zero
Maslov and Alexander multigradings, and the other in Maslov grading minus one and
Alexander multigrading corresponding to minus the i th basis vector.

Proof This is a routine adaptation of Proposition 2.12, Lemma 2.13, and Proposition
2.15 from Section 2. |

We now turn to the proof of the main theorem, Theorem 1.2, with signs.

We adopt the strategy from Section 3; however, we must specify the signs used in
defining our various chain maps and chain homotopies, and verify that they are indeed
chain maps and chain homotopies with appropriate signs. As in Section 3, we begin
with the case of commutation.

We adopt notation from Section 3.1. Consider the pentagons Pentg, (x,y) used there.
Straightening out the B Ny —corner of the pentagons naturally induces rectangles in G .
(We could have in fact defined the map in Section 3.1 as counts of rectangles, where
the O’s and X ’s in the central column are moving, but then it would have been a little
confusing to write down exactly when they are counted with powers of the U ’s.)

Formally, we obtain a “straightening map”
e: Pentg, (x,y) — Rect(x,y'),

where y’ is the generator corresponding to y, where we slide horizontally from the y
back to the 8 component. Clearly, the image of e consists of rectangles with a vertical
segment along 8. There are two possibilities: either the rectangle lies to the right of
this vertical segment (ie the segment is a left edge of the rectangle), or it lies to the left
of this vertical segment. In the first case, we say the pentagon is a right pentagon, in
the latter, we say it is a left pentagon. In Figure 8, the one pictured on the left is a left
pentagon, and the one on the right is a right pentagon.

—S(e(p)) if p is aright pentagon.

We define
o
=Y Y e(p) Uyl y,
YES(H) p€Pentgy, (x,y)
xNnt(p)=2
S(e(p)) if pis aleft pentagon
where e(p)=

We obtain the following analogue of Lemma 3.1:
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Lemma 4.23 The map ®g,, is a filtered antichain map, ie

aocbﬂ,,—lrd)ﬂyoa:().

Proof Again, the proof follows from the proof of Lemma 3.1. In fact, the fact that
the terms cancel in pairs typically follows from the same pairing which we see in
Proposition 4.20. There are two cases which look different, though. One of these
corresponds to the two decompositions pictured as in Figure 9. After projecting via e,
both decompositions of the composite region in this case correspond to the same
decomposition of the composite region into two rectangles. However, in one case,
the rectangle corresponding to the pentagon is on the left, in the other, it is on the
right. Thus, the signs given by € are opposite. The other case, the rotation by 180° of
Figure 9, works similarly. O

It seemed more natural in the above proposition to consider antichain maps, rather than
the more traditional chain maps. Just as chain maps induce maps on homology, so do
antichain maps. One could alternatively consider the chain map ® defined by

Bp,(x) = (-HM® .0y .
We now turn to the chain homotopies gotten by counting hexagons.
Once again, there is a straightening map
e’: Hexg,p(x,y) — Rect(x, y),
and we can define a homotopy operator Hg, g: C(G) — C(G) by

h
Hpp= > Y dw)-ul®...uo® .y,

yE€S(G) heHexg,g(x,y)
xNInt(h)=2

where €' (h) = S(e'(h)).
Similarly define H,,g, .

Proposition 4.24 With respect to the sign refinements, the map ®g, induced by
commuting two columns induces an isomorphism in homology.

Proof The proof of Proposition 3.2 adapts readily to show that

ﬂ+d>yﬂod>ﬁy+80Hﬂy,g+H,g,,,goB=0
I]+<I>,gyocb,,,3+aoHy3y+Hyﬂy08:0.
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Note that in the terms @, g0 ®g, and g, o P, g, the two pentagons that appear are
either both right pentagons or both left pentagons, so the extra minus sign for right
pentagons has no effect. The proposition now follows. a

With commutation invariance in hand, we now turn to stabilization invariance, following
the steps in Section 3.2.

As a first step, we need a sign in the definition of C’, the mapping cone of the chain
map
U1 — Uz: B[Ul] — B[Ul],

to ensure it is a chain complex. One way of doing this is to define
d'(a,b) = (0a, (U, — Uy) -a—adb).

We will find the following terminology useful.

Definition 4.25 Suppose p € 7w (X,y) can be decomposed as p = ry *- - -*x 1y, for some
n and r; € Rect®. Suppose moreover that for some i we have r; xrjy1 =71 %1/,
for some 1/, r/ 11 € Rect®. Then we say that the decompositions 7y * - -+ % rp, and

Py kT k] ke ek 1y differ by an elementary move.

Recall that in Section 3.2, we identified C(G) with a chain complex whose generators
are I C S(H), which contain the distinguished point xq. The differentials count either
empty rectangles which do not contain x( as corner points, or those of “Type 27, ie
those which include x¢ (and hence also O; and X7 ) in their interior. These rectangles
are counted, but not with a power of Uj.

Starting with a sign assignment S on rectangles in H, we can induce one on I with
the above two types of differential. To do this, we must give an explicit decomposition
of each Type 2 rectangle r’ as a product of three empty rectangles. There are four
ways of doing this. We choose the following one: the initial rectangle is lower left (and
involves xg), and the third (final) one uses the upper left corner, cf Figure 31, and call
it the standard decomposition Dy(r') of the rectangle r’. For consistency, if r is a
Type 1 rectangle in G, and 1’ is the corresponding rectangle viewed as a rectangle in
H, we let Do(r’) denote the length 1 decomposition Do(r’) =r’.

Lemma 4.26 Fix x,y € S(G) and let r € Rect®°(x,y) correspond to the rectangle
r’ connecting x',y' € S(H) under the correspondence above between S(G) with
I C S(H). For any sign assignment S for H, define

S(r') if r’ has Type 1

So(r) =
olr) {S(rl)S(rz)S(r3) if ¥’ has Type 2 and Do(r') = ry x 1y * r3.
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Figure 31: Decomposing polygons. On the left, we a have a standard decom-
position of a Type 2 rectangle: more precisely, the decomposition consists of
rq %1y %13, and the number on a region indicates which rectangle it belongs to.
On the right, we have indicated the standard decomposition of a complexity 5
polygon of type L, ry *---*rq. Some regions (which have local multiplicity
2) are contained in the support of more than one rectangle, and hence are
labelled with more than one integer.

Then Sy induces a sign assignment in the sense of Definition 4.1 for rectangles in G .

Proof We must show that if rq xr, = r{ * ré in G, then the decompositions Dg(r1) *
Dy(r2) and Do (r{) * Do(r}) can be connected by an odd number of elementary moves.
This follows from a routine case analysis of how r; and r, can interact. When one
rectangle is Type 1 and the other is not, it takes 3, 5, or 7 elementary moves to connect
the two decompositions. The most complicated case is the one where both are Type 2
rectangles; in that case, we can connect the two decompositions by nine moves: Write
the standard decomposition Dg(r1) = 51 * 52 * 53 and Dg(rp) = 11 * 1, * t3, then we
have a decomposition Dg(ry) * Dg(r) = Sy * §3 * 83 * 11 * 5 * t3. In three moves,
we commute #; to the beginning, then in three more moves we commute #, to the
second place, and in three more moves we commute 73 to the third spot. The resulting
decomposition can be easily seen to agree with Dg(r]) * Do(r). The other two axioms
of a sign assignment are also easily verified. |

Remark 4.27 By “commuting the #; to the beginning of s1 % 5y % 53 * f] x5 x 137,
we mean the following string of operations: apply three elementary moves, the first of
which replaces the consecutive terms s3 * £ by an alternative pair #] * 55, then apply
another elementary move to the consecutive pair s, * t{ , to get ti’ * s;, and finally
apply an elementary move to the pair s1 *#{ to get #{"” * s . We will use this shorthand
in several future proofs, as well.
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We need now to introduce signs in the definition of the stabilization map F of
Equation (5) to ensure that it is, in fact, a chain map.

As a first step, we define a function
w ot — (1)

For this, we give a specific decomposition of p € 7 (x,y) as an ordered juxtaposition
of rectangles. Specifically, recall that dp can be thought of as an oriented, connected,
curve. Order now the B—arcs {v;}7L | so that they inherit the cyclic ordering from the
orientation of dp, and so that v,, contains the stabilization point xo (which in turn is
a component of y). We can decompose

pP=ryke Ky,
where r; is a rectangle containing v;, compare Figure 31, and define

u(p) =S8@ry) - Srm—1).

Note that the left edge of each odd rectangle is contained in the circle 8; containing
xo, while the right edge of each even rectangle is contained in f;. We call this
decomposition the standard decomposition D(p). For polygons with complexity m,
there are m — 1 rectangles in this decomposition; m is odd if the polygon is of type L
and even if the polygon is of type R.

We will analyze the signs according to the cases in the proof of Lemma 3.5.

Lemma 4.28 Fix a complexity m domain p € n¥ and a rectangle r as in cases I(0)

or I(1); that is, they are either disjoint or share one corner, with r disjoint from x¢. Then
we can either compose r x p or pr, and this composite has an alternate decomposition
which is either of the form r' * p’ or p’ x r’ where r’ is an empty rectangle distinct
from r and p’ is a domain of type F distinct from p. We have the following cases:

o Ifpxr=r'xp’ (orr*xp=p'*xr') then u(p)So(r)+ (—)"Se(ru(p’) =0.
o Ifrxp=r'xp orpxr=p *r, then So(r)u(p)+ So(r')u(p’) =0.

Proof If rxp= p’xr’ and p has complexity 1, then the decomposition r* D(p) can
be obtained from D(p’)*r’ by m—1 elementary moves: we successively commute the
rectangles in D(p) past the rectangle . The case where ' % p’ = p % r is symmetric.

Otherwise, r shares an edge with some rectangle r; contained in D(p). With some
number & of elementary moves, we can change to a composition series where some
rectangle s, with the same support as r, appears next to ;. Then we can perform one
elementary move to change these two rectangles (s and r;) to s” and r/, respectively,
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where s has the same support as r’; then k more elementary moves returns us to the
composition series for ¥’ and D(p’), for a total of 2k + 1 elementary moves, which is
odd, as desired. O

Lemma 4.29 Suppose that p € n ¥ (x,y’) is a domain of complexity m, r € Rect(y, z)
is a Type 2 rectangle, and the corners of p and r are distinct; that is, they are in case 11(0).
This case matches with case 1(2), so either p * r has an alternate decomposition r’ x p’,
in which case

(14) 1(p)So(r) + (=1)"pu(p")So(r') = 0,

or p *r has an alternate decomposition as p’ *r’, where r’ is a Type I rectangle, in
which case

(15) n(pHSo(r') + (p)So(r) = 0.

Proof In the first case, we find it convenient to start with the decomposition r’ * p’,
and write the standard decomposition

D(p)y=r{*---%r, ..

Recall that ' shares two corner points with p’. There are two cases, according to
whether these two corner points are upper right or lower left corners of p’. We consider
the upper right case. In this case, the boundary of r’ meets the boundary of two

consecutive odd rectangles, as in Figure 32. Write the first as réi_l . Starting from

(© ®
1 0

T#—/ﬁ
!

Figure 32: p % r = r’ % p’, where r has Type 2. The rectangle labeled
by 0 is the rectangle r’, and p’ is a polygon with complexity 5, whose
standard decomposition is indicated by the numbers. This decomposition can
be transformed into a decomposition D(p) x D(r), where r has Type 2, in
an odd number of steps.
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"+ D(p'), we perform 2i — 1 elementary moves, to commute ’ past 75, _,, to obtain
st . "oyl / e

a new'decomposmon rp ke >x< Fai—1 % PR EY kT K *'rm_l . The suppc')rt c.)f

the union of the three consecutive rectangles r” % ré ;% ré ;41 1s arectangle, which is

decomposed so that the upper right rectangle "/ comes first.

We now need some terminology, and then a simple observation. Suppose that s x5, * 53
are three rectangles, whose union is a rectangle (so that some point x in its interior is
a corner of two of the three original rectangles). Suppose also that s1, s,, and s3 are
ordered so that the lower left corner of the total rectangle is the lower left corner of sy,
while the upper left corner in the total rectangle is the upper left corner of s3. We then
say that s; *s5 * 53 is the standard decomposition of a rectangle. (This notion coincides
with the earlier standard decomposition of a Type 2 rectangle, when the central point
X = X¢.) Suppose now that r is some rectangle which can be postcomposed with
S1 * 87 * 53, and which has two corners inside the support of s1 * s, *53. Then after an
odd number of elementary moves (actually, 3 or 5), we can transform sy * §p * 53 % r to
r' s %55 % 5%, so that the supports of r and 7’ coincide, and s7 *s7 * 55 is a standard

1
decomposition of the rectangle.

Starting from the composition r” % rJ; x 7}, . |, we can apply two elementary moves to
transform it into the standard decomposition s; * s, * s3 of a rectangle. Then, applying
the principle in the previous paragraph m — 2i times, we can commute s * s * 53 toO

the end of the decomposition
/ / /
Do =ry kg kS RSy kSR KKy

turning it into the desired decomposition D(p) * Do (r), where r is a Type 2 rectangle.
In all, the number of elementary moves has the same parity as m + 1, verifying
Equation (14) in the case where r’ is on the upper right side of the support of p’. The
case when r’ meets p’ in lower left corners of p’ is similar.

For Equation (15), again there are two cases, according to whether r’ shares two
lower right or two upper left corner points of p’. Assume they are lower right, and
write the standard decomposition of p’, D(p') = r{*---*7, .
of r’ is contained in r7;_, , while the other is contained in ry; +i
decomposition D(p")*r’. In m —2i elementary moves, we commute r’ before r

to obtain a new decomposition

|- Now, one edge

Consider now the
/

2i—1°
I’i *"'*réi_z*FZi—l k81 kSp k83 Kk lpjpo ke kg0,

where 57 * 55 * 53 is a decomposition of a rectangle. After two elementary moves, we
can change it to a standard decomposition of the rectangle. Applying the observation
about commuting rectangles discussed above, we can now commute this decomposition

Geometry & Topology, Volume 11 (2007)



2400 Ciprian Manolescu, Peter S Ozsvdth, Zoltdn Szabé and Dylan P Thurston

of the rectangle to the end of our discussion; the number of steps is congruent to
m + 1 modulo two. The new decomposition is the decomposition D(p) * r, and it
was obtained from D(p’) % r by an odd number of elementary moves. Once again, the
case when r’ meets p’ in upper left corners of p’ works similarly. |

Lemma 4.30 Let r € Rect®(x,y) and p € ¥ (y,z) a domain with complexity m.
Suppose that r and p share one corner, and suppose that xo appears in the interior of
the boundary of r (Case I(1')). Then there is a horizontal or vertical annulus so that
the domain p6 obtained by adding the annulus to r * p has an alternate decomposition.
We have the following cases:

(1) Ifthereisay’ #y and r’ € Rect°(x,y’) and p’ € n¥ (y',z) so that v’ % p’ = Py
(Case 1(3)), then So(r)(p) + So(r' )i’ (p) = 0.

(2) Ifthereisay #y and p’ € n¥ (x,y’) and r’' € Rect°(y’, z) so that p’ 1’ = Py
(Case I(3) if ' has Type 1, Case II(1) if r' has Type 2) then So(r)u(p) +
(=D)"u(p)So(r") = 0.

Proof Note that in the alternate decomposition, in the case where r’ is of Type 1,
the rectangles r’ and p’ meet in three points, and the composite domain of ' and p’
contains an annulus.

Consider Case (1). This can be subdivided into two subcases: either the annulus is
vertical or horizontal. Suppose the annulus is horizontal. In this case, write D(p’) =
Fpkee ek r’/n 41 Consider the decomposition 1'% D(p'). After m elementary moves
(commuting r’ so that it is next-to-last), we obtain an alternate decomposition, where
the last two rectangles compose to the row through O;. Cancelling these last two,
and performing m — 1 more elementary moves (bringing the last term to the first), we
obtain the decomposition r % D(p). The total change in sign is (—1)2"~! = —1, so

So(r)p(p) +So(rH(p’) = 0 as claimed.

Consider next the case that the annulus is vertical. Write D(p’) = r{ H e ek rr/n 4+1-and
consider the decomposition 1" % r{ % ---xr, .. The rectangles " and r{ together
form the column through O;. Thus, cancelling the first two terms (and introducing a
minus sign by Property (V)), we obtain a decomposition r} x---xr, . Now r) =r,
and rj k.- % r}’n 41 1s a decomposition of p. We have changed signs only once, so

again So(r)p(p) + So(r')u(p’) = 0.
Examples of both possibilities for Case (1) are given in Figure 33.

Consider Case (2), which we divide into subcases: either r’ has Type 1 or Type 2.
Consider first the case where r’ has Type 1. This again can be divided into two
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2 1 2 1
4 24 0 0 T 4 2 e} 4
X X
2 13 3 0 01 0
1 1
LA 5 elementary moves LA
& one row elimination
1
—€ ©

8 8 2 2 0 2 @)

~n X O
X

-

No elementary moves
& one column elimination

Figure 33: Case (1) of Lemma 4.30. We have illustrated examples of Case (1)
in Lemma 4.30. The domains on the right column correspond to decomposi-
tions of the form r * p, where x¢ is contained in a boundary of r. On the left,
we have corresponding alternate composite domains r’ * p’. The domains
here are decomposed into ordered rectangles; the integers in a region give the
number of the rectangle the given region belongs to.

subcases, according to whether the annulus in the decomposition r * p is horizontal or
vertical. Suppose first that it is horizontal. Write p’ = r{ ERRRE rr’n 41 and consider the
decomposition D(p’) * r’. Performing an elementary move on the last two rectangles,
and then on the next-to-last two, we obtain a new decomposition r{ *---*r, _ *
Sm * Sp+1 * Sm+2, With the property that s,, and s+ form the row through O;.
Thus, they can be cancelled; performing 1 — 1 elementary moves (commuting $y,+2
to the beginning of the decomposition), we obtain the decomposition r x D(p) with
total sign change (—1)"™*!, verifying the claim. In the case where the annulus is
vertical, write D(p') = r{*---xr, . and consider the decomposition D(p’) % r'.
We commute the last rectangle 7’ to the second place in m moves, then cancel the first
two rectangles (which, since they form a vertical annulus, introduces the sign —1) to
obtain the alternate decomposition r * D(p) (with total sign change (—1)"**!). This
verifies the stated relation when r” has Type 1.
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2 1 2 1
4 24 O 4 2 O
*——
X X
2 13 3 5 0 01 0 0
1 1
[ 4 elementary moves —
one row €limination
1
5 0
»
2 1 a a
4 2 4 O R 2 0 2 O 1
X X
2 ! 0
2
1
3 elementary moves .
one column elimination
2 1 2 1
4 47 247 O 3 4 24 O 13 3
X X l
5 25 136 36 6 0 02 013 03 0
2 13 3 2 13 3
L 5 elementary moves L
-~ & one row €élimination -

2 25 @) 2 0'2 @)

5 elemeniary moves .
3 ! & one column elimination 1

Figure 34: Case (2) of Lemma 4.30. We have illustrated examples of Case (2)
in Lemma 4.30. The conventions are the same is an Figure 33.
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We turn to the case where r’ has Type 2. Again, we have two cases, according to
whether the annulus is vertical or horizontal. Assume the annulus is horizontal. Write
the standard decompositions D(p’) =r{*---*r, _, and Do(r') =1y, %1, . %7/ 5,
and consider the decomposition D(p’) * Do(r') = r{ *---*r, .. Performing one
elementary move, replacing r,, 1, 41 DY Sm *Sm+1, we obtain a new decomposition
in which the rectangles r/ _, and s,, form a row, and hence can be cancelled. Finally,
in m — 2 elementary moves (commuting s,,+ to the beginning of the decomposition),

we obtain the decomposition 7 * D(p), with total sign change (—1)""!.
Consider the final case, where r” has Type 2 and the annulus is vertical. Again, write

the decomposition D(p') =r{ *---xr, _,,and D(r') =rp, *7r, . *r, . Moving

r, 4 to the second place in 7 —1 steps, we obtain a new decomposition whose first
two terms make up a column. Cancel this, at the cost of introducing one more —1.
Next, commute the last two rectangles, and then move the pair to the first two spots in
an even number of steps. In this way, we end up with the decomposition D(r) * D(p),

with a change in sign of (—1)”*!, as needed.

Examples for all possibilities of Case (2) are shown in Figure 34. |

We can now define the stabilization map. In the same way as in Section 3.2, define

o
Fro=3" 3 wlp) 07Uy
YES perk(xy)

o
FRo=3" 30 wp) U2y,
YES penR(x.y)

and put them together to give

L

We have the following sign-refinement of Lemma 3.5:

Lemma 4.31 The map F: C —> C’ preserves Maslov grading, respects Alexander
filtrations, and is a chain map with coefficients in Z .

Proof Our goal is to show that
Fodc—0d¢croF =0.

Recall that 9. has three terms: rectangles in £, rectangles in R (counted with the
opposite sign) and the differential from £ to R, multiplication by (U — U;). Again,
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we can collect the terms in F o d¢c — d¢r o F into terms of Types 1(0), I(1), I(17), I(2),
1(3), I1(0), II(1), and (S). In the proof of Lemma 3.5, we have seen that these terms can
be grouped into pairs. We must show that in each pair, the associated signs cancel.

Lemma 4.28 ensures that the terms in Case I(0) and Case I(1) drop out in cancelling
pairs. The interesting case is when we have alternate decompositions p xr = 1" * p’;
in this case, if p is of type L, m is odd and the differential in £ corresponding to r is
taken with the usual sign So(r), while if p is of type R, m is even and the differential
in R is taken with sign —So(r). In both cases the terms cancel. Similarly, Lemma
4.29 ensures that all terms with complexity m > 3 in Case I(2) drop out with their
corresponding terms in II(0).

Lemma 4.30 ensures that all terms in I(1”) cancel with their corresponding terms of
types 1(3) or II(1), leaving possible terms of Type (S). Specifically, a term of type I(1”)
corresponds to a decomposition pg = r; * p;, where r; is an empty rectangle and
p1 is a term of type F and complexity m. Adding an annulus to pg as in the proof
of Lemma 3.5, we obtain a new domain p6 , which in turn decomposes as r; * p, or
p2#1y asin case [(3) or II(1). In cases where O; € rq, these terms appear in cancelling
pairs according to Lemma 4.30.

In the cases where O; € rq, the decomposition r; * p; contributes once counted with
a multiple of Uy (as ry, which contains Oq, is thought of as a differential in C'), the
decomposition p; *x 1y or rp * p, contributes with a multiple of U, (as it contains
the row through X7), but there is also a contribution coming from the composite
domain pgq, thought of as a domain of type L, times (U, — Uy ), the differential from £
to R within C’. Cancellation of the terms involving U; follows from the observation
that ry * D(p;) differs from the standard decomposition of py by a sequence of
m — 1 elementary moves (commuting r; to the very end), where here m denotes the
complexity of p; (which is necessarily even). Cancellation of the terms involving U,
follows since they have the opposite sign from the terms involving Uj .

It is straightforward to see that the remaining possible m = 2 terms in II(2) cancel the
remaining possible two m = 1 terms of type (S). |

Putting everything together, we have the following:

Proof of Theorem 1.2 This result now is an immediate consequence of Cromwell’s
theorem and the sign refinements discussed above. Specifically, independence of
the choice of sign assignment is established in the uniqueness statement of Theorem
4.2. Commutation invariance follows from Proposition 4.24. Stabilization invariance
follows from Lemma 4.31, together with a straightforward adaptation of the proof of
Proposition 3.8. |
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It is sometimes convenient to consider the chain complex CL™ (G) which is the graded
object associated to the Alexander filtration of C~(G). Explicitly, it is the group with
the same underlying chain complex, endowed with a differential as in Equation (3).
It is a formal consequence of Theorem 1.2 that the homology HL™(G) of CL™(G),
thought of as a module over Z[Uy, ..., Uy], is a link invariant.

S More properties

We next give a few of the basic properties of knot and link Floer homology. Again, most
of these properties are well-known [11; 15; 9]; but again, we can give a self-contained
derivation here. Let fde (Z, s) be the part of PTIZ(Z) with Alexander grading s and
Maslov grading d .

Proposition 5.1 The total homology groups of the chain complex C~(G) are isomor-
phic to the module Z[U], where all the U; act as multiplication by U . The homology
groups of C(G) are isomorphic to Z.

Proof The chain complex C™(G) refers to the {X;}_, only through its Alexander
filtration; in particular, the homology of C~(G) makes no reference to this placement,
and it is unchanged by a rearrangement of these decorations (though it does appear
to depend on the placement of the {O;}7_, ). Now, given any grid diagram G, we
can consider instead the alternate grid diagram H gotten by placing X; in the square
immediately under each O;. This new diagram clearly represents a suitably stabilized
diagram for the unknot. Indeed, after destabilizing sufficiently many times, we can
reduce to the 2 x 2—grid diagram J for the unknot. A direct calculation in this case
gives that Hy(C~(J)) = Z[U] (or F,[U] with coefficients modulo 2).

The analogous statement for C (G) follows similarly. a

Proposition 5.1 allows us to define the invariant 7(K) for a knot K (see Ozsvath and-
Szab6 [10] and Rasmussen [15]; compare also Rasmussen [14]): If we consider the
natural inclusion map t,: Frn (6 (G)) — é(G), then 7(K) is the smallest integer m
for which the map induced on homology by ¢, is nontrivial, as a map to Hsx (C’ (G))=7.

The Alexander polynomial of a link remains unchanged under overall orientation
reversal, it is a symmetric polynomial, and it is invariant under mirror. These three
facts are reflected in Propositions 5.2, 5.3, and 5.5, respectively.

Proposition 5.2 The filtered quasi-isomorphism type of the complex C~ (G) does not
change if we reverse the orientation of all components of the link L.
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Proof Consider the diagram G’ obtained by switching the x and y coordinates, thus
flipping G along the diagonal from the bottom left to upper right corner. Switching
the x and y coordinates also gives a map from the original set of generators S to the
new set of generators S’ which preserves both degrees and is a chain map. The new
diagram G’ is a diagram for L with the orientation of each component reversed.

A few more remarks are needed when working over Z, since the precomposition of a
sign assignment with reflection through the diagonal is not quite a sign assignment, in
the sense of Definition 4.1: the roles of rows and columns are reversed. However, this
is remedied by substituting —U; in place of U;. O

Proposition 5.3 Givens = (sq,...,5¢) € (%Z)e, we have that
HLy(L.s) = HLy_5(L.s),
where S = Zf=1 Si .

Proof Fix a grid diagram for Z, and let A' and M! denote its total Alexander
filtration and Maslov grading. (By total Alexander filtration, we mean the sum of
the components of the Alexander multifiltration.) Switching the roles of O and X,
we obtain a grid diagram for — L. Differentials within C are the same for the two
diagrams, but the Alexander and Maslov gradings are different. We let A% and M2
denote the Alexander and Maslov gradings of the new diagram. We find it convenient
to symmetrize A’, defining

np—1 ng— 1)
T
for i =1,2. Itis a straightforward calculation from Equations (1) and (2) that

i (x) :A"(x)+(

)2
M'=23 A} =M?
i=1
—A' = 42,
The result now follows from Proposition 5.2 together with Proposition 4.22. a

Indeed, we have the following more general version:

Proposition 5.4 Let L be an oriented, £—component link, and let L' be the oriented
link obtained from L by reversing the orientation of its i th component. Then, writing
S=1(51,...,5¢),

HLy(L,(s1....,5¢) = HLg_p5; 44, (L', (S1.....Si—1,—Si. Sis ... 5¢)),
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where here {; denotes the total linking number of the i th component of L with the
remaining components.

Proof From a grid diagram for L we can obtain a grid diagram for L by switching
the roles of O; and X;, ie those markings which correspond to the i th component of
the link. As in the proof of Proposition 5.3, the complexes C agree, but the Maslov
and Alexander functions change, as follows. Let A1 and M! be the jth symmetrized
Alexander filtration and Maslov gradlng for L respectlvely, and let A2 and M? be
the corresponding functions for L'. Let 0;=0 \ O; and X; =X \XG.

By a direct application of Equation (2),
~ Al T
B= 17
_A,' (x) i=],
and, using Equations (1) and (2),
M3*(x)—M'(x) =27 (x—0,%X; —0;) + T (X; —0;,X; —0;)
= —24;(x) = T(X=0,%; = 0) + T (X; = 0, X; — Oy)
=24} (%) + T(Xi — 01, X; — Oy).
Moreover, it is straightforward to see that 7 (’32,- - @i, Xi—0;) =4;. O
Proposition 5.5 Let L bea link, and let r(Z) denote its mirror. In this case, we have
an identification Sd
HLy(L,s)=HL "~ " (C(r(L),s));
note the right-hand side denotes cohomology.
Proof Rotating the grid diagram G ninety degrees to get a new diagram G’ corre-
sponds to passing from the knot to its mirror. There is an induced map ¢ from S(G)
to S(G’). Letting A, M and A’, M’ be the Alexander and Maslov gradings of G
and G’ respectively, it is clear that A(X) =—A (p(x)), M (x) = —M’ (¢(x)). Indeed,
if we think of ¢ as taking x to x*, the dual basis element of C (H) which is one on

x € S(H) and zero on all other y € S(H), then ¢ induces an isomorphism of chain
complexes. The shift in absolute grading now follows from Proposition 5.3. a

6 Relation to the Alexander polynomial

In this section we will show that the Euler characteristic of the multigraded complex CL
with respect to the Maslov grading is the Alexander polynomial. Precisely, fix a grid
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diagram G of a link L with ¢ components. Given s € (%Z)e, let t = (t1,...,%) bea
collection of variables, and for s = (s1,...,S¢) an element of (%Z)e , define
s N
=11,

For any multigraded groups C;(s) with Maslov grading i and Alexander grading s,
define
x(Ci1) =Y (=)'t rank(Ci(s)).

i,s

Theorem 6.1 For any link Z, the Euler characteristic of HL determines the multivari-
able Alexander polynomial up to sign. Precisely,

1 /2 —1/2 7.
—_— > ==l ] P (P & Ay(L;t) £>1
XL = | L= Gt T BaD
+A4(L;1) (=1,
where A4 (Z; t) is the multivariable Alexander polynomial, normalized so that it is
symmetric up to sign under the involution of sending all ¢t; to their inverses.

We will prove this by taking the Euler characteristic of the alternate complex C (Z) . The
Maslov grading of a generator x € S is, up to an overall sign, the sign of x considered
as a permutation. The Alexander grading is, up to an overall shift, minus the sum of
the winding numbers around the generators. Summing over all generators x, we get a
“minesweeper determinant” as illustrated below:

This turns out to give the Alexander polynomial, up to a sign, powers of the variables #;,
and factors of (1 —1¢;).

More formally, given a grid diagram G of size n, define an n x n matrix M (G) by

M(G)j = 1))
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where a(i, j) € (%Z)e is the vector whose & th component is the minus the winding
number of the kth component of the link around the point (i, j). (Here we use the
convention that the links runs between the O’s and the X ’s, which have half-integer
coordinates, so this winding number is well-defined.) Then we have:

Proposition 6.2 For any grid diagram G of a link L with ¢ components, let n; be
the number of vertical segments corresponding to component i . Then

+ek (1= )" IA(L; 1) (=1

det M(g) = i(l_[f=1 i1 _ti)”i)A(Z; 1 £>1

for some integers k; . In the case £ = 1, we write t,n, k for t;,ny, k, for convenience.
This proposition implies Theorem 6.1:

Proof of Theorem 6.1 It follows from Proposition 4.22 that

(T =0 )x(HL(L)) = x(HL(G) = x(C(@)).

The theorem follows by Proposition 6.2 up to an overall sign and powers of the #;. The
powers of t; are determined by Proposition 5.3 and the chosen normalization of the
Alexander polynomial. |

Proof of Proposition 6.2 We will use Fox’s free differential calculus [5] with respect
to a presentation associated to a grid diagram for a link. This presentation was described
by Neuwirth [8], who also proved that it is actually a presentation of the knot group.

The presentation, as shown in Figure 35, has one generator for each vertical segment of
the link, starting from the basepoint (outside of the page at the position of the reader),
coming down to the left of a vertical segment, going under the segment, and coming
back out of the page. There are n generators, one for each vertical segment. There are
n — 1 relations, one for each position between horizontal segments. The path of the
relation comes down to the left of the diagram, runs across the diagram at a constant
horizontal level, and comes back up out of the page. On the one hand this loop is
contractible (pull it beneath the diagram); on the other hand it is equal to the product
of the generators corresponding to the vertical segments that we cross.

In the example in Figure 35, there are six generators, x¢ through x5, and five relations:

F1 = X2Xs Iy = X1X2X3X5
rs = XoX1X3X5 rq = X9X3X4X5
rs = XoX4.

Geometry & Topology, Volume 11 (2007)
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_> 1T = X2%5
_zy T2 = T1T2X3%5
_> T3 = TpT1X3Ts

_ 5 T4 = TT3T4Ts

> s = Tol4

Figure 35: Generators and relations from a gridlink presentation

The Fox derivative matrix is particularly easy to compute in this case, since the gen-
erators appear only positively in the relations and at most once in each relation. The
entries are the initial portions of the relations, and they appear in the positions given by
the vertical strands. In our running example, we get

001 0 0 X5
9 0 1 X1 X1X2 0 X1X2X3
ri
(8_) =11 X0 0 XoX1 0 X0oX1X3
A 1 0 0 Xo XoX3 X0X3X4
10 0 O X0 0

To find the Alexander polynomial, map this matrix to the abelianization of the knot
group, mapping each x; to Ziil , depending on which component the vertical segment
belongs to and whether the corresponding vertical strand is oriented upwards or down-
wards. For knots, the Alexander polynomial is the determinant of a maximal minor
of the resulting » by n — 1 matrix, up to a factor of +¢% . For links, the multivariable
Alexander polynomial is, up to the same factor, the determinant of a maximal minor
divided by (1 —¢;) for each component i that is not the component of the deleted
column.

In the example, we get

O N = = O
o o o

~
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Now let us turn to computing det(M) where M is the minesweeper matrix defined
earlier. Subtract each column from the next one. The winding numbers change by at
most one when we move from one square to a neighbor. Therefore in every column but
the first we have zero entries where the vertical segment does not intervene, and where
a vertical segment of component i does intervene every entry is divisible by ll.il —1.
Thus, for each column but the first, we can factor out #; — 1 if the column is oriented
upwards or #;” I _ 1 if it is oriented downwards. Furthermore, after this operation the
last row contains only a single nonzero entry, 1 in the first column, so we can delete
the first column and last row without changing the determinant (up to sign).

In the example, we get

11 1 ¢t ¢t ¢ 1 0 0 t—1 0 0
1171t 1 0 ¢t '—=11—=¢t"1¢r=1 0
Lt 1 1 ¢t |1t—=1 1—t¢ 0 r—1 0
1t ¢ tt>¢] [1t—=1 0 0 t2—tt—1t?
1t ¢ ¢t t1 1 1—-1 0 0 0 1—¢
11 1 111 1 0 0 0 0 0
00 1 0O
01110
=+¢-D3¢"=D%[1 ¢t 0 10
10 0 ¢ ¢2
10 0 0 ¢
Up to the expected factors of 1 —¢; and =%, this is the same determinant we got from
the Fox derivative calculations. O
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