INVOLUTIVE HEEGAARD FLOER HOMOLOGY

KRISTEN HENDRICKS AND CIPRIAN MANOLESCU

ABSTRACT. Using the conjugation symmetry on Heegaard Floer complexes, we define a
three-manifold invariant called involutive Heegaard Floer homology, which is meant to
correspond to Zs-equivariant Seiberg-Witten Floer homology. Further, we obtain two new
invariants of homology cobordism, d and d, and two invariants of smooth knot concordance,
Vo and V. We also develop a formula for the involutive Heegaard Floer homology of large
integral surgeries on knots. We give explicit calculations in the case of L-space knots and
thin knots. In particular, we show that Vi detects the non-sliceness of the figure-eight
knot. Other applications include constraints on which large surgeries on alternating knots
can be homology cobordant to other large surgeries on alternating knots.

1. INTRODUCTION

In [22], the second author resolved the remaining cases of the triangulation conjecture,
by showing that there are manifolds of every dimension n > 5 that cannot be triangulated.
The proof involves the construction of a Pin(2)-equivariant version of Seiberg-Witten Floer
homology. (Pin(2) is the group consisting of two copies of the complex unit circle with a
map j interchanging them such that ij = —ji and j? = —1.) From the module structure of
this homology one extracts three non-additive maps

a’ﬁ?’y: QE%Z’

where @% denotes the three-dimensional homology cobordism group. The maps «, 3,7
are analogous to the Frgyshov-type correction terms arising from monopole or Heegaard
Floer homology [6, 13], 34], but have the additional property that their reduction mod 2 is
equal to the Rokhlin invariant. Furthermore, we have f(—Y) = —g(Y") for any homology
sphere Y. This implies the non-existence of elements of order 2 in @% with odd Rokhlin
invariant, which in turn disproves the triangulation conjecture—in view of the previous
work of Galewski-Stern and Matumoto [7}, 30].

The construction of Pin(2)-equivariant version of Seiberg-Witten Floer homology in [22]
uses finite dimensional approximation, following [23], and it is only applicable to rational ho-
mology spheres. Doing calculations with this method is rather difficult, and at the moment
only accessible when one has an explicit description of the Seiberg-Witten Floer complex,
e.g. for Seifert fibrations [53]. An alternative construction was given by Lin in [16]; this
refines the Kronheimer-Mrowka definition of monopole Floer homology from [12], and works
for arbitrary 3-manifolds. Recently, Lin established an exact triangle for his theory, which
allowed him to compute it for many examples [17]. However, some of Lin’s computations
make use of the isomorphism between monopole and Heegaard Floer homology [14] 2].

Indeed, among Floer theories for three-manifolds, the one most amenable to computations
is Heegaard Floer homology. This was introduced by Ozsvath and Szabd in the early
2000’s [39, B8, [42]. The definition starts with a pointed Heegaard diagram H = (3, o, 3, z)
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representing a three-manifold Y. One then takes the Lagrangian Floer homology of two
tori in the symmetric product of the Heegaard surface ¥. There are four flavors of this
construction, denoted HF, HF ™, HF~, and HF*; we will use HF° to denote any of them,
with o € {7, 4+, —, 00}. Heegaard Floer homology was shown to be isomorphic to monopole
Floer homology [14, 2]. One reason why Heegaard Floer homology is computationally
tractable is because of the surgery formulas [37, 43] [44] 25] which relate it to a similar
invariant for knots, knot Floer homology [37, 47]. In view of this, it would be desirable to
construct a Heegaard Floer analog of Pin(2)-equivariant Seiberg-Witten Floer homology.

In the present paper we define a Heegaard Floer analog of Z4-equivariant Seiberg-Witten
Floer homology, which we call involutive Heegaard Floer homology. Here, Z,4 is the sub-
group of Pin(2) generated by the element j. The Z4-equivariant theory does not have the
full power of a Pin(2)-equivariant one; in particular, one cannot use it to give another dis-
proof of the triangulation conjecture, because the resulting homology cobordism invariants
do not capture the Rokhlin invariant. Nevertheless, we will see that the information in
involutive Heegaard Floer homology goes beyond that in ordinary Heegaard Floer homol-
ogy. Moreover, we develop a formula for the involutive Heegaard Floer homology of large
surgeries on knots, and this leads to many explicit calculations.

Both Seiberg-Witten and Heegaard Floer homology decompose as direct sums, indexed
by the spin® structures on the 3-manifold. In Seiberg-Witten theory, the element j € Pin(2)
gives a symmetry of the equations that takes a spin® structure to its conjugate, s — s.
In Heegaard Floer theory, there is a similar conjugation symmetry, given by switching the
orientation of the Heegaard surface, as well as swapping the o and the 8 curves:

(Za aaﬁ> z) - (_21167 «, Z)

As noted in [38, Theorem 2.4], this induces isomorphisms
J: HF°(Y,s) — HF°(Y,3)

for any spin® structure s on Y. We have J2 = id, so J is an involution on HF °(Y). This
involution was used in various arguments in the Heegaard Floer literature; see for example
[20, [19).

We define involutive Heegaard Floer homology by making use of the construction of J
at the chain level. Specifically, we have a Heegaard Floer chain group CF°(Y) and a map

t: CF°(Y) — CF°(Y)
that induces the map J = ¢, on homology. We define the o flavor of involutive Heegaard
Floer homology, HFI°(Y), to be the homology of the mapping cone:

cro(y) 2 Q. oF°(v)[-1).

Here @ is just a formal variable, with Q% = 0, and [—~1] denotes a shift in grading. If we
work with coefficients in Zsy, then Heegaard Floer groups come equipped with Zy[U]-module
structures, and we get a Zs[Q, U]/(Q?)-module structure on HFI°(Y).

Theorem 1.1. For any flavor o € {7, 4, —, 00}, the isomorphism class of the involutive
Heegaard Floer homology HFI°(Y), as a Z2[Q,U]/(Q*)-module, is a three-manifold invari-
ant.

The ring R = Z2[Q, U]/(Q?) is the cohomology ring of the classifying space BZ,4, with Zs
coefficients. If we have a space with a Pin(2) action, then one can obtain its Z4-equivariant
homology (as an R-module) from its S'-equivariant homology by constructing a mapping
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cone and then taking homology, just as we constructed HFIT from HF*. Since HF™
is supposed to correspond to S'-equivariant Seiberg-Witten Floer homology, we see that
HFI™" should correspond to Zs-equivariant Seiberg-Witten Floer homology. To construct
the Pin(2)-equivariant theory, one would have to complete the mapping cone to an infinite
complex that involves not just the map ¢, but also the chain homotopy relating ¢? to the
identity, and higher homotopies. To define these higher homotopies one would need to
prove that Heegaard Floer homology is natural “to infinite order,” whereas currently this
is established only to first order, by the work of Juhdsz and Thurston [II]. We refer to
Section [3| below for more explanations.

The module HFI"(Y) decomposes as a direct sum indexed by the orbits of spin® struc-
tures under the conjugation action. The most interesting case is when we have a spin®
structure s that comes from a spin structure, i.e., 5 = 5. We then obtain a group HFI " (Y, s).

Furthermore, if we have a four-dimensional spin cobordism (W, t) from (Y,s) to (Y’,s),
we construct maps

Fiy ot HFIT(Y,5) — HFIT(Y',s").

A priori, these depend on some additional data a. Although we expect the maps to not
depend essentially on a, proving this would require results about higher order naturality
that are not available by current techniques.

Recall that Heegaard Floer homology (for torsion spin® structures s) can be equipped
with an absolute grading with values in Q; cf. [34]. When Y is a rational homology sphere,
the minimal grading of the infinite U-tower in HF " (Y, s) gives the Ozsvath-Szabé correction
term d(Y,s) € Q. When s is spin, the involutive Heegaard Floer homology HFI*(Y,s) has
two infinite U-towers, and by imitating [34] we obtain two new correction terms

such that
d(Y,s) < d(Y,s) < d(Y,s).
We also have a Frgyshov-type inequality for spin four-manifolds with boundary, analogous
to [34, Theorem 9.6]:

Theorem 1.2. Let Y be a rational homology three-sphere, and t a spin structure on Y.
Then if X is a smooth negative-definite four manifold X with boundary Y, and t is a spin
structure on X such that tly = s, then

rk(H*(X;2)) < 4d(Y, 5).

If Y is a Zs-homology sphere, then it admits a unique spin structure s, and we can sim-
ply write d(Y) and d(Y) for the corresponding invariants. Recall that two three-manifolds
Yy and Y; are called homology cobordant (resp. Zg-homology cobordant or Q-homology
cobordant) if there exists a smooth, compact, oriented cobordism W from Yj to Y7 such
that H,(W,Y;;Z) = 0 (vesp. H.(W,Y;;Z2) =0 or H (W,Y;;Q) = 0) for i = 0,1. The ho-
mology cobordism group @% is generated by oriented integer homology spheres, modulo the
equivalence relation given by homology cobordism. Similarly, the Zs-homology cobordism

group 6%2 is generated by oriented Zo-homology spheres, modulo Zs-homology cobordism.

Theorem 1.3. The correction terms d,d are invariants of Zs-homology cobordism, i.e.,
they descend to (non-additive) maps

d.d: ©5, —Q
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Further, when'Y is an integer homology sphere then d and d take even integer values, and
give maps -
d,d: ©3 — 27.

In some cases, for example when Y is an L-space (so that fIF(Y,ﬁ) = Zs), it turns out
that d(Y) = d(Y) = d(Y). On the other hand, for the Brieskorn sphere ¥(2,3,7) we have

d(2(2,3,7) = -2, d(%(2,3,7)) =d(2(2,3,7)) = 0.

Thus, whereas the usual correction term d cannot tell that ¥(2,3,7) is not null-homology
cobordant, the invariant d can. Of course, this can also be seen by other methods, e.g. using
the Rokhlin invariant, which is 1 for ¥(2,3,7). More interesting is the following corollary:

Corollary 1.4. The L-spaces that are Zs-homology spheres generate a proper subgroup of
@%2. For example, (2,3,7) is not Za-homology cobordant to any L-space.

Observe that L-spaces that are Zo-homology spheres include, for example, all double
branched covers over alternating knots in S3; cf. [4I]. We also remark that Corollary
can be obtained using Pin(2)-equivariant Seiberg-Witten Floer homology, by showing that
a = 3 = ~ for L-spaces; this is a consequence of the Gysin sequence that relates the Pin(2)-
and S'-equivariant theories. (See [16, Proposition 3.10] for a version of this.)

In contrast to Corollary [1.4] the Brieskorn sphere (2,3, 7) does bound a rational homol-
ogy ball, and hence is Q-homology cobordant to S%; cf. [4]. This forces the d invariant to
be zero.

In our theory, the calculation of d and d for ¥(2,3,7) is done using an adaptation of the
large surgery formula from [37],[47] to the involutive setting. More generally, this adaptation
allows us to calculate HFI™ of a large integral surgery on a knot K C S3 in terms of the
knot Floer complex CFK*(S3, K) and the analogue of the map ¢ on CFK*(S3, K), which
we denote by tx.

Let us denote by Sg’(K ) the result of surgery on a knot K C S3, with framing p € Z.
Recall that the usual large surgery formula (cf. [37, Theorem 4.4] or [43, Theorem 2.3])
identifies HF*(S3(K), [s]), for p > 0, with the homology of a quotient complex A of
CFK®>(S3,K). Here, s is an integer, [s] is its mod p reduction, and we use the standard
identification of spin® structures on SS (K) with the elements of Z/pZ. In particular, for
s = 0 we have a spin structure, and the map ¢x induces a similar map ¢y on Aar . Let Al (J)r
be the mapping cone

We now state the involutive large surgery formula.

Theorem 1.5. Let K C S® be a knot, and let g(K) be its Seifert genus. Then, for all
integers p > g(K), we have an isomorphism of relatively graded R-modules

HFIT(S3(K),[0]) = H (AI{).

Note that, in Heegaard Floer theory, large surgeries are considered those with coefficient
p > 2g(K) — 1. If we are only interested in the spin structure s = 0, then the weaker
inequality p > g(K) suffices. Therefore, in this paper, a “large” surgery will mean one with
coefficient p > g(K).

In order to compute H,(AI g ), we need to understand the conjugation symmetry ¢x on
the knot Floer complex. This can be determined explicitly for two important families of
knots:
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e L-space knots (and their mirrors), those knots that admit a surgery that is an L-
space; cf. [40]. These include all torus knots, Berge knots, and (-2, 3,2k+1) pretzel
knots;

e Floer homologically thin knots (which we simply call thin), those for which the knot
Floer homology is supported in a single diagonal; cf. [47, [49, 26]. These include all
alternating knots [35] and, more generally, all quasi-alternating knots [26].

The key observation is that L%( is equal to the map studied by Sarkar in [51], which
corresponds to moving the basepoints around the knot. In the two cases above, knowing
L%( and the behavior of ¢x with respect to gradings suffices to determine tx up to chain
homotopy. From knowledge of tx one can calculate HFI™T for large surgeries on those knots
(many of which are hyperbolic).

In fact, it should be noted that tg is in principle computable for all knots in S3, using
grid diagrams and the maps on grid complexes [27, 28]. Thus, HFI is algorithmically
computable for all large surgeries on knots. Although in this paper we limit ourselves
to large surgeries, we expect that HFI T satisfies involutive analogues of the surgery exact
triangle from [38], of the general knot surgery formulas from [43, [44], and perhaps of the link
surgery formula from [25]. Thus, it may be possible to show that HFI™ is algorithmically
computable for all three-manifolds, along the lines of [29].

Going back to correction terms, recall that, for large p, the Ozsvath-Szabd correction
term of S3(K) in the spin structure [0] is given by

(1) A(S3UK), [0) = d(L(p, 1), 0) = 2V5(K) = Pt~ 20(K),

where Vy(K) € Z is an invariant of (smooth) knot concordance, coming from the knot Floer
complex of K cf. [48, [44) 145], 13T]. Similarly, using ¢x we obtain new concordance invariants
Vo(K) and V(K), and we have the following result.

Theorem 1.6. Let K C S° be a knot of Seifert genus g(K). Then, for each integer
p > g(K), we have

—1 - -1 _
d(S3(K), 0) = P — 2Vo(K),  d(SH(K), [0]) = P — 2V (k).
The calculation of Vy and V for L-space knots and mirrors of L-space knots can be found
in Section [7] and that for thin knots in Section [8] Let us state the result for alternating
knots:

Theorem 1.7. Let K be an alternating knot, with signature o and Arf invariant Arf €
{0,1}. The values of the triple (Vo, Vo, Vo) for K are given in the following tables.
If 0 <0, then
’ o H Arf =0 \ Arf =1 ‘

—8k (2k, 2k, 2k) (2k + 1,2k, 2k)
—8k —2 (2k + 1,2k + 1, 2k) (2k+1,2k+ 1,2k + 1)
—8k—41 (2k+2,2k+1,2k+1) | (2k+ 1,2k +1,2k+ 1)
—8k—6 || (2k+ 2,2k + 2,2k +2) | 2k + 2,2k + 2,2k + 1)

If 0 > 0, then
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’ o H Arf =0 ‘ Arf =1 ‘
8k (0,0, —2k) (0,0, —2k)
8k + 2 (0,0, —2k) (0,0, -2k — 1)
8k+41 (0,0,—2k—1)| (0,0, -2k — 1)
8k +61 (0,0,—2k—2)| (0,0,—2k — 1)

For example, the figure-eight knot 4; (with the +1 surgery being ¥(2,3,7)) has 0 = 0
and Arf = 1. Therefore,

Vo(41) =1, Vo(41) = Vo(41) = 0.

The figure-eight knot is not slice: classically, one can prove this by checking the Fox-
Milnor condition on the Alexander polynomial [5], or (as above) by noting that +1 surgery
on 47 has non-trivial Rokhlin invariant. However, the non-sliceness of 41 cannot be detected
by most of the modern concordance invariants coming from Floer or Khovanov homology:
7 from [36, 47], s from [50], & from [24], d(S3(K)) = —2V,(K) from [35, 48], 45], v from [44],
vT from [9], € from [8], and T (t) from [32] all vanish on amphichiral knots such as 4;. By
contrast, our concordance invariant Vy does detect that 4; is not slice.

Moreover, combining Theorems and [I.7] we obtain various constraints on which large
surgeries on an alternating knot can be homology cobordant to large surgeries on another
alternating knot. For example, we have

Corollary 1.8. Let K and K’ be alternating knots such that o(K) = 4-Arf(K)+4 (mod 8).
If S;’(K) and S;’(K’) are Zo-homology cobordant for some odd p > max(g(K),g(K'")), then
o(K)=o(K').

In the same spirit, if we combine Theorem with Theorem we obtain constraints on
the intersection forms of spin four-manifolds with boundary a large surgery on an alternating
knot.

The paper is organized as follows. In Section [2] we define involutive Heegaard Floer
homology and prove its invariance (T heorem. In Sectionwe explain in more detail why
HFI should correspond to Zs-equivariant Seiberg-Witten Floer homology. In Section |4 we
establish a few properties of the involutive Heegaard Floer groups, and define the cobordism
maps. In Section [5| we define the new correction terms d, d and prove Theorems and
[[.3] Section [6] contains the proof of the involutive analog of the large surgery formula,
Theorem ; we also prove there Theorem and Corollary and show that d and d are
not homomorphisms. In Section [7]we apply the involutive large surgery formula to compute
HFI™ for large surgeries on (mirrors of) L-space knots. Large surgeries on thin knots are
discussed in Section [§, where we prove Theorem [I.7] and Corollary

Acknowledgements. We thank Jennifer Hom, Andras Juhdsz, Tye Lidman, Francesco
Lin, Robert Lipshitz and Sucharit Sarkar for helpful conversations.

2. DEFINITION

The goal of this section is to define involutive Heegaard Floer homology. We assume that
the reader is familiar with regular Heegaard Floer homology, as in [39] [38| [42]. However,
we start by reviewing a few concepts in order to fix notation, and to emphasize naturality
issues.
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2.1. Heegaard Floer homology. Fix a closed, connected, oriented three-manifold Y.
Denote by Spin®(Y) the space of spin® structures on Y, and pick some s € Spin°(Y).
Heegaard Floer homology is computed from a pointed Heegaard diagram for Y. A pointed
Heegaard diagram is a set of data H = (%, o, 3, z) where:

e > C Y is an embedded, oriented surface of genus g, that splits the three-manifold
Y into two handlebodies Uy and Us;

e a={w,...,04} is a set of nonintersecting simple closed curves on ¥ which bound
disks in Up, and in fact span the kernel of H1(X;7Z) — H1(Up; Z);
e B={p1,...,04} is a similar set of curves for U; instead of Uy, such that a; N G is

transverse for any i, j;
e 2z € Y is a basepoint that does not lie on any of the alpha or beta curves.

The Heegaard Floer groups are variations of Lagrangian Floer cohomology for the two

tori
To=a1 x---xay, Tg=p x---xpy

inside the symmetric product Sym?(X). There is a natural map s,: T, NTg — Spin®(Y),
and we will focus on those intersection points x such that s,(x) = s. To define the Floer
groups, we need to impose an admissibility condition on H, depending on s; cf. [39, Section
4.2.2]. We also need to choose a suitable (generic) family J of almost complex structures
on Sym?Y(X). We will write H for the data (H, J), which we call a Heegaard pair.

Given such a pair H, the Heegaard Floer chain complex CF*(H,s) is freely generated
over Zo by pairs [x,i] with x € T, N Tg and i € Z, such that s,(x) = s. The differential is
given by

0[x, i) = > > HM(9) - [y, i — n.(o)].
{yeTanTsls: (y)=s} {pema(x,y)|u(¢)=1}
Here, m(x,y) is the space of homotopy classes of Whitney disks from x to y, p(¢) is the
Maslov index, M (¢) is the moduli space of J-holomorphic disks in the class ¢ (modulo
the action of R), and n,(¢) is the algebraic intersection number of ¢ with the divisor
{2} x Sym9~1(X). There is an action of Zy[U,U~'] on CF>, where U acts by U - [x,i] =
[x,7 — 1] and decreases degree by 2. The other complexes CF*, CF~ and CF are obtained
from CF*®° by considering only pairs [x,:] with ¢ > 0,7 < 0 and ¢ = 0. All three complexes

have an induced Zy[U]-action, which is trivial in the case of CF.
We will write CF°(H,s) for any of the four flavors of the Heegaard Floer chain complex,
and HF°(H,s) for the homology groups.

Theorem 2.1 (Ozsvéath-Szabd [39]). The isomorphism class of HF°(H,s) (as a Z3|U]-
module) is an invariant of the three-manifold Y .

A stronger result was obtained by Juhdsz and Thurston, who proved naturality of the
invariant:

Theorem 2.2 (Juhdsz-Thurston [11]). If we fix Y and the basepoint z € Y, then the Zo[U]-
modules HF°(H,s) form a transitive system. That is to say, for any two Heegaard pairs
H=(H,J) and H' = (H',J") we have a distinguished isomorphism

U(H,H'): HF°(H,s) — HF°(H',s),
such that for all H,H', H" we have:
(i) U(H,H) = idHF"(’H,s);
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(ii) O(H 1) o U(H, H') = T(H, H").

Given a transitive system, we can get a single module HF°(Y, z,s) as the inverse limit
of this system. We can identify any HF°(H,s) with HF°(Y,z,s) in a canonical way. We
usually drop z from the notation and write HF'°(Y,s). We can also consider the direct sum
over all spin® structures:

HF°(Y):= @5 HF(Y,s).
s€Spinc(Y)
Although Juhéasz and Thurston phrased their theorem in terms of homology, their meth-
ods actually give a result at the chain level:

Proposition 2.3. If we fix (Y,z,s), then the chain groups CF°(H,s) form a transitive
system in the homotopy category of chain complezes of Zo[U]-modules. In other words, for
every two Heegaard pairs H and H' we have a chain homotopy equivalence

O(H,H'): CF°(H,s) — CF°(H,s),

satisfying the analogs of conditions (i) and (ii) from the statement of Theorem |2.2, with
equality replaced by chain homotopy. In fact, the maps V(H,H') are those induced on
homology by ®(H,H').

Proof. The proofs of Theorems and involve showing that any two Heegaard pairs
are related by a sequence of the following moves: changing the almost complex structures J
(with the diagram H being fixed); isotopies of the alpha and beta curves in H; handleslides
of the curves in H; stabilizations and destabilizations of H. These moves induce chain
homotopy equivalences between the respective Floer chain complexes. Indeed, this was
shown in [39] for most of the moves. The exceptions are handleslides, for which the argument
in [39, Section 9.2] only shows that they induce quasi-isomorphisms. It is proved there that
if F' and G are the maps associated to a handleslide and its inverse, then G o F' is homotopic
to the composition of the triangle map coming from a small isotopy with the nearest point
map. However, one can further show that, for a small isotopy, the triangle map is chain
homotopic to the nearest point map; see [18, Proposition 11.3] and [33], proof of Theorem
6.6]. This implies that G o F' is chain homotopic to the identity. The same goes for F o G,
so we can conclude that handleslides actually induce chain homotopy equivalences.

Given two Heegaard pairs H and H’', we define the maps ®(H, H') by choosing a sequence
of moves relating H and H'. When H = H’, we take the empty sequence, so that ®(H,H) is
the identity. We are left to verify condition (ii), that as we relate H and H” by two different
sequences of moves (one going through H’), the two maps are chain homotopy equivalent.
By composing one of the maps HF°(H,s) — HF°(H",s) with the homotopy inverse of the
other (induced by the reverse moves), we obtain a map ®'(H,H) from HF°(H,s) to itself.
We have to show that ®'(H,H) is homotopy equivalent to the identity, ®(H,H).

In [11], it is proved that as we go around in a loop of moves from H to itself, the map
®'(H,H) induces the identity on homology. The key point is to show that the loop associated
to a simple handleswap induces the identity; cf. [II, Section 9.3]. At the chain level, the
simple handleswap map depends on choices of curves and almost complex structures. The
proof in [I1], Section 9.3] actually shows that this chain map is the identity, for a particular
choice of curves and almost complex structures. If we make a different choice, then the
new chain map differs from the identity by composition with maps induced by loops of
small isotopies of curves, and loops of almost complex structures. By standard arguments,
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these loops produce maps homotopy equivalent to the identity. It follows that ®'(H,H) is
homotopy equivalent to the identity. O

We will sometimes write CF°(Y,s) for CF°(H,s). This is justified by Proposition
which says that the chain groups CF°(#H,s) for different H are chain homotopy equivalent
(although, of course, they are not usually isomorphic).

2.2. The involution. Now let us discuss the conjugation action on Heegaard Floer homol-
ogy. Given a pointed Heegaard diagram H = (¥, o, 3, z), we define the conjugate diagram
H by

ﬁ = (—E,ﬂ,a,z),
where —Y means ¥ with the orientation reversed. A family J of almost complex structures
on Sym?(X) gives a conjugate family J on Sym?(—X). If H = (H,J) is a Heegaard pair,
we write H for the conjugate pair (H,J).

Intersection points in T, N Ty for H are in one-to-one correspondence with those for
H, and this correspondence takes a spin® structure s to its conjugate 5. Moreover, J-
holomorphic disks with boundaries on (T,,Tg) are in one-to-one correspondence with J-
holomorphic disks with boundaries on (Tg, To). Thus, as observed in [38, Theorem 2.4], we
get a canonical isomorphism between Heegaard Floer chain complexes:

n: CF°(H,s) — CF°(H,35).
Moreover, H and H represent the same based three-manifold (Y, z). According to Propo-
sition we have a chain homotopy equivalence
O(H,H): CF°(H,5) — CF°(H,5).

We denote by ¢ the composition of these two maps:

1=®(H,H)on: CF°(H,s) — CF°(H,35).
Lemma 2.4. The map 1*: CF°(H,s) — CF°(H,s) is chain homotopic to the identity.
Proof. We have 12 = ®(H,H) ono ®(H,H) on. Note that n? = 1, so the composition
(2) no®(H,H)on: CF°(H,s) = CF°(H,s)

is the conjugation of ®(H,#H) by 1. Recall that ®(7,H) is the composition of maps associ-
ated to moves between the respective Heegaard pairs. When we conjugate any such map by
n, we get the map associated to the corresponding move between the conjugate Heegaard
pairs. (This uses the identification between .J- and J-holomorphic triangles.) In view of
Proposition the map is chain homotopic to ®(#,H). Therefore,

2~ O(H, H) 0 ®(H, H) ~ idopo(ae),
when in the last step we used the properties of a transitive system. ]
Lemma implies that ¢ induces an involution
J =1,: HF°(Y,s) — HF°(Y,3)
on Heegaard Floer homology. This was already observed in [38, Theorem 2.4].

Remark 2.5. If we view Heegaard splittings as coming from self-indexing Morse functions
on the three-manifold Y, then the equivalence ®(#,H) is induced by moving from a Morse
function h to —h.
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2.3. Involutive Heegaard Floer homology. Let [Spin®(Y’)] denote the space of orbits
of spin® structures on Y, under the conjugation action. An orbit w € [Spin®(Y)] is either
of the form {s} with s =5, or of the form {s,5} with s # 5. The former case corresponds
to spin® structures that come from spin structures.

Remark 2.6. A spin® structure s with s = § admits 22 lifts to a spin structure; see [16,
p. 124]. By a slight abuse of terminology, when s = 5 we will refer to s as a spin structure.

Given z € Y, a Heegaard pair H for (Y, z), and an orbit w € [Spin®(Y)], set
CF°(H,w) = P CF°(H,s).
s€w

We define the involutive Heegaard Floer complex CFI°(H,w) to be the mapping cone
complex

(3) CF°(H,w) % CF(H, w).

Given a complex Cy, we use C[n], to denote the same complex with the grading shifted
by n: C[n|x = Cgipn. Thus, as an abelian group, the cone complex above is

CF°(H,w)[-1] ® CF°(H,w),

with the first factor being the domain of 1 + ¢+ and the second the target.
To get more structure on this complex, it is helpful to introduce a formal variable ) of
degree —1 with Q2 = 0, and write as

(4) CF°(H, @) 2T 0. 0F° (#, w)[-1].

Note that in the target the shift [—1] cancels out the shift due to the variable @), so in fact

Q-CF°(H,w)[—1] is isomorphic to CF°(H,w) as a graded module.
We can re-write as

(CF°(H,w)[-1] ® Z2[Q]/(Q%),0 + Q(1 + 1)),

where 0 is the ordinary Heegaard Floer differential. We write
d=0+Q(1+)

for the differential on CFI°(H,w). Observe that, by construction, CFI°(H,w) is a complex
of modules over the ring

R = 22[Q,U]/(Q%),
with @ and U decreasing the grading by 1 and 2, respectively.

Proposition 2.7. The quasi-isomorphism class of the complex CFI°(H,w) (over R) is an
invariant of the pair (Y, w).

Proof. Note that in the defintion of ¢ we used the map ®(H,#H), which was constructed
from a sequence of Heegaard moves relating H to H. Thus, a priori, CFI°(H,w) depends
not only on H, but also on that sequence of moves. However, Proposition guarantees
that ®(H,H) is well-defined up to chain homotopy. Therefore, so is ¢. Since the mapping
cones of chain homotopy maps are homotopy equivalent, we conclude that changing the
sequence of moves only changes CFI°(H,w) by a homotopy equivalence.
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Next, fix the basepoint z € Y and suppose that we have a different Heegaard pair H’
for (Y, z). Let ¢/ be the corresponding map from CF°(H',w) to CF°(H', w), which is the
composition of @(ﬁ/, H') with an involution 7’. Consider the diagram

(5) CF°(H, ) — 2 . op° (3, =) [1]
@(H,H’)i i@(H,H’)
CPo(H!, ) — 2 0. P (M, w)[-1].

We claim that this diagram commutes up to chain homotopy. This is equivalent to showing
that

(6) S(H, M) o ®(H, H)on~0H ,H)on od(H,H).

We have 7 o ®(H, H') ~ ®(H, ﬁ/) on. (This is similar to the discussion of conjugation by
7 in the proof of Lemma ) Further, by Proposition we have

O(H , H) o ®H,H )~ SH,H) ~ D(H,H) o ®(H,H),

S0 @ follows.
Let

Y(H,H): CF°(H, @) — Q-CF°(H,w)|-1]

be the chain homotopy that makes the diagram commute. Let us add Y(H,H') to
that diagram as a diagonal map from the upper left to the lower right corner. Together
with the two vertical maps, this gives a chain map ®!(#,H’) between the two rows, i.e.,
between CFI°(H,w) and CFI°(H',w). To see that ®!(H,H’) is a quasi-isomorphism, note
that any mapping come comes equipped with a natural two-step filtration; in the diagram
(5), we set the filtration level to be 1 for the left column and 0 for the right column. The
chain map we constructed respects the filtration, and it induces an quasi-isomorphism on
the associated graded. (This is because on the associated graded we only see the vertical
maps ®(H,H'), which are chain homotopy equivalences.) A filtered chain map that induces
a quasi-isomorphism on the associated graded must be a quasi-isomorphism itself.

We have shown that the quasi-isomorphism type of CFI°(H,w) is an invariant of the
triple (Y, z,w). It remains to prove independence of the basepoint z. If we have another
basepoint 2z’ € Y, pick a diffeomorphism ¢: Y — Y such that ¢(z) = 2. Given a Heegaard
pair H for (Y, 2) and a sequence of moves from H to H, we can apply the diffeomorphism ¢
to obtain a Heegaard pair ¢(H) for (Y, 2'), as well as a sequence of moves from ¢(H) = ¢(H)
to ¢(H). The resulting modules CFI°(H,w) and CFI°(¢(H),w) are clearly isomorphic. [J

We define the involutive Heegaard Floer homology HFI°(Y,w) to be the homology of
the complex CFI°(H,w). Summing over all spin® orbits, we set

HFI'(Y):= @ HFI°(Y,).
we([Spin¢(Y)]

Proposition shows that the isomorphism class of HFI°(Y,w), as an R-module, is an
invariant of (Y, @). This implies Theorem
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2.4. Remarks on naturality. With (Y, z) fixed, let us construct a one-dimensional com-
plex K' as follows. We take the vertices of K to be all the admissible Heegaard pairs
‘H = (H,J). Then, for each standard move (change in J, isotopy, handleslide, stabilizaton),
we draw an edge between the initial and the final Heegaard pair. Thus, to each vertex of
K we associate a complex CF°(H,s), and to each edge e! a chain homotopy equivalence
®(el) between the respective complexes. Theorem [2.1|can then be viewed as a consequence
of the connectedness of K.

Furthermore, Proposition says that whenever we have a loop in K! (starting at
a vertex H), the homotopy equivalence from CF°(H,s) to itself given by going around
the loop is homotopic to the identity. The chain homotopy depends on some choices (of
handleswaps, of 2-parameter families of isotopic curves or almost complex structures, etc.)
For each such choice, let us attach a 2-disk to the loop in K!. This produces a complex
K2, where to each 2-cell €2 we have associated a chain homotopy Y (e?). Theorem can
then be viewed as a consequence of the fact that K2 is simply connected. (This should be
compared with the discussion in Appendix A in [I1], which contains an elementary proof
of simple connectivity for a 2-complex of handleslides.)

While Theorem and Proposition give a naturality result “of order one,” one could
ask for more. To each sphere in K2 we have an associated sum of compositions between
the edge maps ®(e!) and the chain homotopies Y (e?). We conjecture that this sum is chain
homotopic to zero. One should be able to attach a 3-cell to the sphere for each natural
choice of such a “higher chain homotopy,” and obtain a 2-connected complex K?3. This
would be a naturality result of order two. Moreover, one should be able to continue this
process and hope for (n — 1)-connected complexes K™ for all n, such that their union is
contractible. This would be a naturality result of infinite order.

Our expectation is based on the situation in Seiberg-Witten theory [12, 23], where mono-
pole Floer homology is defined starting from a contractible set of choices (metrics, per-
turbations, base connections). In contrast, the analogous result in Heegaard Floer theory
seems much harder to obtain. A Heegaard diagram corresponds to a (self-indexing) Morse
function on Y, which gives a gradient vector field on Y. To prove naturality of order one,
Juhdsz and Thurston had to study singularities of 2-parameter families of gradients. To
prove naturality of infinite order, one would need to understand singularities of n-parameter
families of gradients, for all n.

Although they are beyond the scope of the current work, let us now mention two ways in
which Proposition could be strengthened. Both of them would involve proving a kind
of naturality result of order two.

The first improvement would be to replace invariance up to quasi-isomorphism (in Propo-
sition with invariance up to chain homotopy equivalence. This would require construct-
ing a homotopy inverse to the quasi-isomorphism ®!(#,H’). A good candidate is ! (H', H).
To prove that &1 (H,H') o ®!(H',H) ~ id, one needs a commutation result between maps of
the form ®(H,H’) and chain homotopies of the form Y(H,H'). In principle, this is an in-
stance of order two naturality. However, in the case at hand, a proof may be more tractable
by choosing ®(H’,H) to follow the same Heegaard moves as ®(H,H'), but in reverse, and
by choosing Y (H', H) to be a suitable reverse of T(H,H’).

The second possible strengthening is to show naturality of order one for CFI°(H,w). In
the spirit of Proposition this would mean that the complexes CFI°(H,w) for different
‘H form a transitive system in the homotopy category. This would give a construction
of HFI°(Y,w) as a well-defined R-module. A proof would require the following: As we
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move from H to itself by a sequence of Heegaard moves, we get a map ®'(H,H), which is
chain homotopic to the identity by a homotopy Y(#,#H) given by Proposition There
is a similar conjugate homotopy Y(#,H), and we need to prove a commutation result
between these T maps and the equivalences ®(#,7). This is again an instance of order
two naturality. In fact, since we used naturality of order one for CF° to prove Proposition[2.7]
(which is invariance of the isomorphism class for CFI°| i.e., naturality of order zero), it is
not surprising that proving naturality of order one for CFI° requires naturality of order two
for CF°.

3. COMPARISON TO SEIBERG-WITTEN THEORY

By work of Kutluhan-Lee-Taubes [14], or Collin-Ghiggini-Honda and Taubes [2, 54,
Heegaard Floer homology is now known to be isomorphic to monopole (Seiberg-Witten)
Floer homology as defined by Kronheimer-Mrowka [12]. An alternative construction of
Seiberg-Witten Floer homology for rational homology spheres was given by the second
author in [23], and work in progress by Lidman and the second author establishes the
equivalence of this to the Kronheimer-Mrowka theory [15]. Under these equivalences, the
variant EF(Y) of Heegaard Floer homology corresponds to the ordinary (non-equivariant)
homology of the suspension spectrum SWF(Y) defined in [23], and the variant HF (Y
corresponds to the S'-equivariant homology of SWF(Y).

The spectrum SWF(Y) comes equipped with a Pin(2) action extending the S action,
and its Pin(2)-equivariant homology was studied in [22]. Since Pin(2) is an extension of Zs
by S', we expect that the Heegaard Floer analogue of Pin(2)-equivariant Seiberg-Witten
Floer homology should be a Zs-equivariant version of HF ™ (Y'). Further, the extra Zs-action
in Seiberg-Witten theory is the conjugation symmetry, which corresponds to ¢ on HF ™ (Y').

A model for constructing Zg-equivariant Floer homology (in a different setting) was given
by Seidel and Smith [52]. Their starting point was Zs-equivariant Morse theory, in which
one does Morse theory on the homotopy quotient

Mborel =M XZ2 EZQ.

This space is a fiber bundle over BZo = RP* with fiber M. By equipping the base RP*
with a standard metric and Morse function (with one critical point in each nonnegative
degree), and equipping the fibers with a suitable family of metrics and functions, one can
show that H.(Myperel; Zo) = HZ2(M;Zs) is the homology of a complex

(C*7borel (M) ) aborel) s

as follows. As a vector space, the complex Cj porel(M) is freely generated by pairs [z, j],
where z is a generator of the usual Morse complex C,(M) and j is a nonnegative integer.
The degree of [z,j] is (degx) + j. Further, there is a H*(BZa;Zs) = Z2|Q)] action on
Cl.borel (M), given by @ - [z, j] = [x,j — 1]. The differential dore1 decomposes as

(7) abore1:a+Q‘(1+L)+Q2'H+...

where 0 is the ordinary Morse differential for M, and the higher terms are Morse con-
tinuation maps parametrized by gradient flow lines on the base RP*°. In particular,
t: Cu(M) — Cy(M) is a chain map that induces the involution on H,(M), and the next
term H is a chain homotopy between (2 and the identity.

In view of this, a potential Zs-equivariant version of HFT(Y) (or “Pin(2) Heegaard
Floer homology”) should be the homology of a complex whose generators are [x, 1, j| for
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x € ToNTg and 7, j € Z>o, with a differential similar to @ This would come with U and
@ actions given by U - [x,1,7] = [x,i — 1,j] and @ - [x,4,j] = [x,4,j — 1]. However, the U
action would generally not commute with the differential. Rather, given that this should
mimic Pin(2)-equivariant Seiberg-Witten Floer homology and therefore be a module over
H*(BPin(2);Zs) = Zo[Q, V]/(Q?) as in [22], we only expect the U? = V action to commute
with the differential, and we further expect the @ action to satisfy Q3 = 0 on homology.

In any case, a definition of Pin(2) Heegaard Floer homology along these lines is difficult
for the following reasons. The Q2 term in @ involves the chain homotopy H between ?
and the identity. Such a homotopy exists because of the usual naturality (of order one) in
Heegaard Floer homology, but proving that a complex involving H is well-defined up to
chain homotopy would involve showing that any two choices of H are related by a higher
homotopy, and this would mean proving naturality of order two. (Compare Section )
Moreover, naturality of order two would be involved in even defining the @3 term in the
differential. To define the whole differential would require a proof of naturality up to
arbitrary orders in Heegaard Floer homology, and this is not accessible by current methods.

These limitations have led us to settle for a truncation of the complex @, in which we
set Q%> = 0. The result is the involutive Heegaard Floer homology defined in Section
This is a module over R = Zs[Q, U]/(Q?), which can be identified with H*(BZ4;Zs). In
fact, in the Introduction we claimed that HFI*(Y) should correspond to Zj-equivariant
Seiberg-Witten Floer homology, where Z, C Pin(2) is the subgroup generated by j. This is
justified by the following result.

Proposition 3.1. Let X be a paracompact Hausdorff space with a Pin(2) action, and fix a
model E for the classifying bundle E Pin(2). Let C*Sl (X;Z2) be the singular chain complex
of the S' homotopy quotient X x g1 E, with an involution . coming from the action of
j € Pin(2) on X x E. Then, we have an isomorphism of R-modules

(8) HE(X; ) 2 Ha(Cone(CF (X; Z5) L% Q.05 (X 25) 1)),
Proof. Let

Y := (X xg1 E) xz, S*
be the mapping torus of X x g1 E associated to the involution j. The right hand side of
is the homology of Y. Since (X xg1 E)/Zz = X Xpiy9) F, we can view Y as a principal
bundle

(9) St Y = X Xpipo) E

Principal circle bundles over a base B are classified by homotopy classes of maps B — BS!,
that is, by elements in H?(B;Z) (their Euler classes). In our case the classifying map is the
composition

X Xpin2) E — BPin(2) — BS',

where the latter map comes from the quotient Pin(2)/Z, = S*.
On the other hand, since Pin(2)/Zs = S!, we also have a fiber bundle (which is not a
principal bundle)

(10) St X xz, E — X Xpin) E.

General circle bundles over a base B are classified by homotopy classes of maps B —
BO(2), and they can be made into principal bundles if and only if they are orientable,
that is, when the classifying map factors through BSO(2) = BS!. Each circle bundle
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St < T — B has an associated second Steifel-Whitney class wo(T) € H?(B;Zs). Cap
product with wo(T") gives one of the maps in the Gysin sequence on homology

e (T Z) — Ho(B; Zo) =2 H, (B;7) — -

At the chain level, the Gysin construction shows that C.(7T) is homotopy equivalent to

the mapping cone
Cone(Cy(B; Zy) =% Cy_1(B;Zs)),

where w is any cocycle representing wo (7). Therefore, if we have two circle bundles T, T’
over B with the same second Stiefel-Whitney class, then the homologies H,(T';Z2) and
H,.(T';Zs) are isomorphic.

In our setting, the circle bundles @D and have the same second Stiefel-Whitney class,
namely the pull-back to H*(X Xpiy(2) E; Z2) of the generator Q* € H*(B Pin(2); Zy) = Zs.
This implies that

(11) H (X Z9) = Ho(Y'; Zo).
It remains to show that this isomorphism preserves the R-module structures. To see this,
consider the particular case X = pt, where the isomorphism gives
H,(BZ4;Zs) = H.((E/S") xz, S*;Z) = R.

For general X, the R-module actions on HZ4(X;Zy) and H.(Y;Zs) are given by pulling
back cohomology elements under the bundle maps induced by the projection X — pt. The
fact that the isomorphism commutes with these actions follows from the functoriality
of the Gysin sequence (at the chain level) under bundle maps. ([l

In view of Proposition |3.1] we make the following

Conjecture 3.2. For any rational homology sphere Y and spin structure s on' Y, we have
an R-module isomorphism

HFI!(Y,s) = H(SWF(Y,s); Zs),
where SWF(Y,s) is the Seiberg- Witten Floer spectrum from [23].

4. PROPERTIES

In this section we establish a few properties of the involutive Heegaard Floer homology
groups HFI°(Y,w) defined in Section

4.1. Basic facts. First, observe that since CFI° = (CF°[-1] ® (Z2[Q]/(Q?)) as a vector
space, the (relative and absolute) gradings on CF° induce gradings on CFI°. Let us write
c1(w) for the first Chern class of any representative of w, and let 9(w) = ged{(c1(w), &) |
¢ € Hy(Y;Z)}. Then, CFI°(Y,w) has an absolute Zg grading and a relative Z/0(w)Z
grading. Further, when ¢;(w) is torsion, there is an absolute Q-grading lifting the Z/0(w)Z
grading. (Compare [39], [34].)

We have the following exact sequences, in analogy with the corresponding long exact
sequences for ordinary Heegaard Floer homology.

Proposition 4.1. The involutive Heegaard Floer groups have long exact sequences
- = HFI(Y,w) — HFIT(Y,w) % HFIT (Y, ) — - -
o= HFI(Y,w) & HFI®(Y,w) & HFIY(Y, @) — - -
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where © and m denote the maps induced by inclusion and projection.

Proof. We prove the second assertion; the first is similar. From the definitions of the
ordinary Heegaard Floer chain complexes, there is a short exact sequence 0 — CF~ (Y,s) —
CF>*(Y,s) = CF*(Y,s) — 0. We have the following commutative diagram.

0

0—— CF(Y,s) CF>(Y,s)
MQ(l—i—L) Q(1+1) k-@(l—i—a)

0— Q-CF(Y.s)[-1] —— Q- CF=(Y,8)[-1] — Q- CF*(Y,8)[~1] — 0

CF*(Y,s)

Commutativity of this diagram induces a short exact sequence of chain maps between
the mapping cones:

0 — CFI(Y,w) = CFI®(Y,w) — CFI"(Y,w) = 0
which in turn gives rise to the desired long exact sequence. O

In addition to the involutive Heegaard Floer complexes CFI°(Y,w), we can also consider
their duals, the cochain complexes CFI,(Y,w). In ordinary Heegaard Floer homology, the
dual complex to CF°(Y,w) is denoted CF,(Y,w), and then CFI,(Y,w) can be viewed as
the mapping cone of Q(1 + i) on CF,(Y,w), where i* is the dual map to ¢ on cochain
complexes.

By analogy with the reduced Heegaard Floer groups HF :; 1Y, s) from [39, Definition 4.7],
we define the reduced involutive Heegaard Floer homology as

(12) HFI! (Y, w) := HFI" (Y, w)/Im(U") for n>> 0.

In other words, HFI (Y, w) is the cokernel of the map m: HFI®(Y,w) — HFI*(Y,w)
from the second exact sequence in Proposition [4.1]

4.2. Orientation reversal. We would like to consider the behavior of the involutive invari-
ant under orientation reversal. For context, let us quickly recall the situation for ordinary
Heegaard Floer homology. Recall that there is a natural bijection Spin®(Y’) ~ Spin®(—Y")
by regarding a nowhere-vanishing vector field over Y as a nowhere-vanishing vector field
over —Y. Ozsvath and Szabé [42, Section 5] define a pairing map

CF>*(Y,s) x CF>*(-Y,s) — Z
via
lifx=yandi+j+1=0
0 otherwise

<[X7 i]v [Ya]]> = {

which satisfies (Oya, ) = (a,0_y ) and (Ua, ) = (o, U3). For torsion spin® structures,
this induces isomorphisms of chain complexes between CF*°(Y,s) and the cochain complex
CFx(-Y,s) and between CFT(Y,s) and the cochain complex CF_(—Y,s), in both cases
via [x, ] — [x, —i — 1]*.

In order to define an analogous pairing for involutive Heegaard Floer homology on the
chain level, we must take some care with the choices made in producing appropriate chain
maps ¢ for Y and —Y. As in Section [2| let H = (3, «, B, z) be a Heegaard diagram for Y,
and let H = (—%,8,a, z). Assume we have chosen a sequence of moves between H and
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H inducing a chain homotopy equivalence ®(H,H): CF*(H,5) — CF*(H,5), so that the
chain map ¢y is the composition

by CF®(H,s) s cF=(H,5) 25, o,

where 7, as before, is the canonical isomorphism between CF*°(H,s) and CF*(H,5). Now,
let —H = (X%, 3, a, z) be our choice of Heegaard diagram for —Y, and let the sequence of

moves connecting —H = (=X, e, 3, z) to —H be the same moves as in the previous sequence,
but in the opposite order. Then we have a map

Ly CF®(—H,s) s oF=(—H,5) 21, opoo (3. 5).

With this in mind, we define a pairing
(,): CFI®(H,w) x CFI*(-H,w) = Z
by requiring that ([x, ], [y, j])* = (Q[x, ], Q[y,j])* = 0 and

lifx=yandi+j+1=0
0 otherwise.

(I, i1, Qly. )" = (@I, 1], [y, )" = {

The point of our care in constructing ¢y and ¢_y is the following lemma.

Lemma 4.2. The pairing (,)"* satisfies
Qv [x,d]), [y, J])" = (b, 1], Qv [y, 51"

Proof. Each map of chain complexes induced by one of the moves in the sequence we have
chosen to connect H and H counts either rigid pseudo-holomorphic disks of appropriate
index or pseudo-holomorphic triangles; interchanging « and 8 and running the sequence
in the opposite order has the effect that the direction of each disk or triangle is reversed.
Suppose that 1y ([x,]), written as a sum of generators of CF*°(H,s) such that each appears
exactly once, contains [y, —j — 1]. Then there is a chain of pseudo-holomorphic disks and
triangles in the maps comprising ®(H,#) from x to y. This implies that there is a chain
of holomorphic disks and triangles in the maps comprising ®(—H, —H) from y to x, and,
by considering intersections with the basepoint, that t_y ([y, j]), again written as a sum of
intersection points, must contain [x, —i — 1]. O

We can now prove the following.

Lemma 4.3. Under the pairing (,)*, we have the identities
(a,0%yB)" = (Oya, B)"
(o, UB) = (Uay, B)".
Proof. First, suppose that a = [x,7] and 8 = Qly,j]. Let dy denote the usual Heegaard

Floer differential for Y, so that 0§, [x, ] = 0y [x, 4|+ Q(1+vy)[x,4]. Similarly, 0* (Qly,j]) =
QO—_yly,j]. Thus, we have

(Oya, ) =

Oy [x,i] +Q(1+wy)[x, ], Qly, j])*
Oy [x,i], Qly, )

(x,i], QO_yly, j])*

a,0"yB3)"

o~ o~~~
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where the third equality comes from the fact that J-holomorphic disks from x to y counted
by Oy are in one-to-one correspondence with —J holomorphic disks from y to x counted by
O_y. The case in which a = Q[x,1] and 8 = [y, j] can now be obtained from this case by
reversing the roles of Y and —Y.

Next, suppose that o = [x,i], 8 = [y, j]. Then 04 (a) = Oy [x,i] + Q(1 + vy )[x, 4] and

9"y (B) = 0—y[y,jl + Q(1 + t—y)[y, j]. We have
0y, B) = (Oy [x,1] + Q(1 + vy )[x,1], [y, j])

=(Q(1 +wy)[x, ], [y, j])"
= (Q[x, 1], [y, j])" + (Qley (%), 4], [y, j])*

= ([x,4], Qly. j])" + ([x.1], Q(t—v[y. j]))"

=[x, QL + t—v[y, j])

= ([x,i], 0y [y, il + Q1 + t—y)ly, j])*
= (a, 0 YB>

The fourth, most important, equality comes from Lemma Finally, in the case that
a = Q[x,1] and 5 = Q[y, j], both sides of the claimed identity are trivial.
The second statement is straightforward since U[x,i] = [x,i — 1]. O

By Lemma the pairing we have defined on CFI*° descends to give pairings

(,)'+ HFI®(Y,w) x HFI®(-Y, @) = Z,
(,): HFI*(Y,w) x HFI~ (=Y, @) — Z.

In particular, for ¢;(w) torsion, this gives isomorphisms between CFI*°(Y,w) and the
cochain complex C' F1 (Y, @), and between CFI* (Y, ) and the cochain complex CFI _ (Y, w),
in both cases via [x,1i] — [Qx,—i — 1]* and [@x, 1] — [x, —i — 1]*.

At this point we recall that the analogous isomorphism on CF® in ordinary Heegaard
Floer homology, which goes by [x,i] = [x, —i — 1]*, takes CF>°(Y,s) to CF " %(Y,s) [42
Proposition 7.11]. Because the absolute grading on CFI° is induced by the absolute grading
on CF°, we immediately have the following.

Proposition 4.4. Ifs is a torsion spin® structure on'Y and w is its orbit under conjugation,
there are isomorphisms

CFI>(Y,w) — CFI I} (~Y,w)
CFIS(Y,w) = CFI_" Y (-Y,w).

Proof. Let r be the absolute grading of [x, ] as an element of CF*°(Y,s). Then the absolute
grading of [x,1] as an element of CFI*°(Y') is r + 1 and the absolute grading of its image
Q[x,—i—1]* as an element of CFI*®(-Y) is —r —2 = —(r + 1) — 1. Similarly, the absolute
grading of Q[x,i] as an element of CFI*°(—Y') is r and the absolute grading of its image
[x,—i—1]"is —r—2+4+1=—r—1. O

Using the universal coefficients theorem for cohomology, Proposition [£.4] allows us to cal-
culate HFI~ (—Y, @) from knowledge of HFI* (Y, w). Further, once we know HFI ™~ (—Y, @),
we can get HFI" (Y, w) by analyzing the second exact triangle from Proposition
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4.3. Relation to the usual Heegaard Floer groups.
Proposition 4.5. Let w € [Spin®(Y')] be an orbit of the form {s,s} with s #§. Then, we

have an isomorphism of graded R-modules
HFI(Y, @) = HF*(Y,5)[~1] & HF°(Y,5),
with trivial multiplication by Q.

Proof. Recall that for the map ¢: CF°(Y,s) — CF°(Y,5) is the composition of a chain
isomorphism and a chain homotopy equivalence, and is therefore itself a chain homotopy
equivalence, with homotopy inverse ¢: CF°(Y,5) — CF°(Y,s).

For notational simplicity, consider the general situation of two Zs[U]-complexes (A4, 04)
and (B, 0dp) with U-equivariant chain homotopy equivalences f: A — B and g: B — A
which are homotopy inverses. Consider the chain complex ((A® B)[-1]) ® Z2[Q]/(Q?) with
differentials

a— daa+ Qa+ Qf(a) b— Opb+ Qb+ Qg(b)

Qa — Qdaa Qb — Qb
Let W: A — A be the homotopy between gf and the identity. We do a change of basis,
replacing A with A’ consisting of elements o’ = a + f(a) + QW (a) and QB by QB’ with
elements QU = Qb+ Qg(b). We define differentials 94 on A" and dg on B’ by

8,4/(@/) = (8,4@)’, 83/(()’) = (aBb)/.
Notice that, because f, g and W are U-equivariant, if Ua; = ag, then Ua}] = a}, and

similarly for QB’. After this change of basis, we have differentials

a' s Oqa b b+ QY
Qa — Qdaa QY — Qo'
Bearing in mind that A’ ~ A, we see that the homology of this complex is
H, 1(A)® H,(QA) = H, 1(A) @ H,(A).

The @ action is trivial because if a’ is a cycle, then 0qa+ 9 f(a) +QIaH (a) = 0, so in fact
all three of these summands are zero. It follows that Qa’ = Q(a + f(a)) = da, so Q[a’] =0
in homology.

Applying this result to our case yields the conclusion. U

In light of the previous proposition, we will focus on HFI°(Y,w) for w consisting of a
single element s with s = § (that is, s is spin). In this case we simply write CFI°(Y,s) for
CFI°(Y,w), and HFI°(Y,s) for HFI°(Y,w).

Proposition 4.6. Let s be a spin structure on Y. Then, there is an exact triangle of
U -equivariant maps relating HFI® to HF®:

HF°(Y,s) Qi+ Q-HF
~ —
HFI°(Y,s)

(13) O(Yu5)[_1]

Here, the map HFI°(Y,s) — HF°(Y,s) decreases grading by 1, and the other two maps are
grading-preserving.
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Proof. This follows directly from the definitions: CFIT(Y,w) is a mapping cone of chain
complexes, and the homology of any mapping cone fits into such an exact triangle (cf., for
example, [55, Proposition 1.5.2]). O

Corollary 4.7. Let s be a spin structure on Y. Then EFI(Y, s) is isomorphic to the
homology of the mapping cone

HE(Y,s) 28 0 HE(Y, 8)[-1]

as R-modules (with trivial U action).

Proof. Because ﬁ(Y,s) and HFI (Y,s) are Zy-vector spaces, the exact triangle of Proposi-
tion splits, and we have

0 — ker(Q(1 + t,)) — HFI(Y,s) — coker(Q(1 + ¢,))[~1] — 0.

We see that @(Kﬁ) = ker(Q(1 + t4))[—1] & coker(Q(1 + ¢x))[—1], with the @ action
agreeing with the map ker(Q(1 + ¢4)) <, coker(Q(1 + tx)). O

Note that Corollary implies that the Euler characteristic of HFI (Y, s) is always zero.

Interestingly, the analog of Corollary does not hold for the other versions. For ex-
ample, in Section we will compute HFI'(—%(2,3,7)), and we will see that it is not
isomorphic to the mapping cone of 1 + ¢ on HF'. Thus, to understand HFI' we need to
study ¢ at the chain level, before taking homology.

4.4. L-spaces. In Heegaard Floer theory, a three-manifold Y is called an L-space if for
all spin® structures s on Y, we have HF(Y,s) = Zo (in some grading) or, equivalently,
HFY(Y,s) & T+ := Zy[U U 1]/Zs[U]. An L-space is necessarily a rational homology
sphere.

Corollary 4.8. Let Y be an L-space, and s a spin structure on Y. Then
HFI*(Y,s) = HF (Y, 58)[~1] @z,10) R-

Proof. If Y is an L-space, there is exactly one homology class in each grading HF; (Y, s).
Therefore, since ¢ is grading-preserving and U-equivariant, ¢, is either the zero map or the
identity. Since ¢2 = Id, we see that ¢, is the identity map on HF (Y, s). Therefore the map
(1+t): HFT(Y,s) — Q-HF*(Y,s)[—1] must be zero. From the exact triangle we
see that HFIT(Y,s) is an extension of HF ™ (Y,s)[—1] by Q-HF (Y, s)[—1]. Since these two
towers are supported in different degrees mod 27Z, we conclude that the extension is trivial,
implying the result. O

4.5. Cobordism maps. Suppose we have a connected, oriented four-dimensional cobor-
dism W between connected three-manifolds Y and Y’. In [42], Ozsvath and Szabé construct
maps

Fyyg: HF®(Y,sly) — HF°(Y', s]y),

where s is a spin® structure on W. Strictly speaking, the maps F{}V also depend on the
choice of a path ~ from the basepoint on Y to the basepoint on Y’; see [10] and [56] for a
discussion of this in the hat case. However, we drop « from notation for simplicity.
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There is a conjugation symmetry acting on spin® structures on W. If w is an equivalence
class under this symmetry (consisting of either one or two elements), we define

Fiyw =Y Fyg: HF°(Y,wly) — HF(Y', @|y).

scw

The purpose of this subsection is to construct similar maps in involutive Heegaard Floer
homology.

Proposition 4.9. With W and w as above, there exist maps
FyS o0 HFIP(Y,wly) = HFI°(Y @ly1)

depending on some additional data a, such that the exact triangles of the form fit into
commutative diagrams

° Q(1+x) o o
(14) ...—— HF°(Y,wly) 5 Q. 5o (Y, wly ) [ 1] HEI(Y, @ly) —— ...

F‘?V,wl F‘?V,Wi F‘f[/’,ow,al
QL+

T HFO(Y/,W‘Y/) H)QHFO(YCWIY/)[_]-] —_— HFIO(Yljw‘Y/) —_ ..

Proof. To begin with, we choose the following;:

(i) A decomposition of W as
W =W1 Uy, Wy Uy, - - Uy, W,

where W; is cobordism between three-manifolds Y;_1 and Y;, for each i = 1,...,n,
such that Yy = Y and Y, = Y’. We require that exactly one of the W, say Wj,
consists of the addition of two-handles. (There can be several two-handles in W, or
even none. Thus, W is given by surgery on a possibly empty framed link L. C Y;_1.)
Further, for ¢ < j, the cobordism W; consists of a single one-handle addition, and for
1 > j, it consists of a single three-handle addition;

(ii) A basepoint z on Y such that attaching the handles in each W; is always done away
from z; this gives a path v from z € Y to a basepoint 2z’ € Y.

(iii) For each i < j (so that Wj is a one-handle), a choice of Heegaard pairs H;_; for Y;_;
and H, for Y;, such that H/ is obtained from #;_; by a connected sum with a standard
diagram for S' x S2, as in [42} Section 4.3];

(iv) For the value j such that W; consists of two-handles, a choice of a bouquet for the
framed link L, as well as a Heegaard triple (together with almost complex structures)
subordinate to that bouquet, as in [42, Section 4.1]. When restricted to Y;_; and Y}
this gives Heegaard pairs H;_; and ?—l;, respectively;

(v) For each i > j (so that W; is a three-handle), a choice of Heegaard pairs H;_; for
Yi_1 and H] for Y;, such that H;_; is obtained from #, by a connected sum with a
standard diagram for S* x S2, as in [42, Section 4.3];

(vi) For each i = 1,...,n — 1, a sequence of Heegaard moves relating the Heegaard pairs
H. to H; for Y;. These give rise to chain homotopy equivalences ®(H,, H;) from
CFO(/HQ, wly;) to CF°(H;, wly;).

Note that a decomposition of W as in (i) above can be obtained from a self-indexing Morse
function on W. Moreover, the data (i)-(vi) is what was needed to define the cobordism maps
between ordinary Heegaard Floer complexes in [42].



22 KRISTEN HENDRICKS AND CIPRIAN MANOLESCU

To define cobordism maps between involutive Heegaard Floer complexes, we will use
some additional choices a; and b; to construct chain maps

f;=FL° . CFI°(Mi_1,wly,) — CFI°(H}, wly,)

Wi, @lw, e
fori=1,...,n, and
g = (M}, Hi; b;): CFI°(H}, wly;) — CFI°(Mi, wly;)

fori=1,...,n—1. Note that before defining f; and g;, we will first need to construct their
domains and targets. (Indeed, recall that the involutive Heegaard Floer chain complexes
depend on sequences of moves that relate a diagram to its conjugate.) Once f; and g; are
constructed, we will set
[{{}’ow’a = fnogn—lofn—l 0"'0f2091 Ofl
and then let F{,’VOW . be the map induced by fé}?ma on homology. The total data a will
consist of (i)-(vi) above, together with the choices a; and b; at each step.

For each i = 1,...,n, we define f; as follows. We choose a sequence of Heegaard moves
from H;—1 to H;—1. These produce a chain homotopy equivalence

S(Hi-1, Hi): CF' (i, @y, ) = CF°(Hio1, @ly;_,)
which can be used to construct the involutive complex CFI°(H;_1,w|y,_,). We also choose

(ini?pendently) a sequence of moves from ﬂ; to H;, which give a homotopy equivalence
®(H;, H}) and a complex CFI°(H},w|y,). We now consider the diagram

g f&/i,w\wi R
(15) CF°(Hi-1,@lv,_,) CF°(H;, @ly;)
(I)(Hi—h%i—l)l l@(?—t;,?—l;)
f‘(/)VbW‘Wi

CFO(HZ'—17W|YF1) CFO(H;7W|Y2')

where the horizontal maps are chain maps induced by handle additions in Heegaard Floer
theory, as in [42]. Observe that the compositions @(ﬁ;,?—lfi) o fI(/)VZ o, and fy. o

‘b(ﬁl;l,%ifl) can also be viewed as cobordism maps associated to W;. By the well-
definedness results for cobordism maps proved in [42], any two such maps are related by
chain homotopies. It follows that the diagram commutes up to chain homotopy. If we

let T; be a chain homotopy of this type, we can combine it with f{jv ol and fy, ol to

construct the desired map f; from CFI°(H;_1,wl|y,) to CFI°(H}, wly,); we are using here
conjugation invariance of the cobordism maps (Theorem 3.6 in [42]) at the chain level. Note
that the data a; needed for defining f; consists of the two sequences of Heegaard moves,
together with the chain homotopy ;.

The maps g; are constructed just as in the proof of Proposition The corresponding
data b; consists of chain homotopies Y(H}, H;) from CFI(H}, w|y,) to Q-CF°(H;, w|y;)[—1].

This concludes the definition of the map FVIV; . The commutativity of follows from
the construction. O

Remark 4.10. We conjecture that the map F‘f[}ow . depends on a only through the choice of
the path 7. However, since we did not prove naturality for HFI® (cf. the remarks at the
end of Section [2.4)), we cannot prove the conjecture with the available technology. In fact,
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even the target and domain of FJV; o are not yet well-defined as three-manifold invariants;
only their isomorphism classes are.

We have the following analogue of the composition law in Heegaard Floer theory, [42]
Theorem 3.4].

Proposition 4.11. Suppose we have cobordisms W from'Y to Y’', and another cobordism
W' fromY' to Y". Let W be equipped with an equivalence class of spin® structures w, and
with some additional data a as in Proposition @ Similarly, we let W' be equipped with a
class @' and data o. Then, we can find data ao for the cobordism W U W', such that the
following gluing result holds:

1,0 1,0 _ 1,0
Fyr o © P Wi = > Fywow ¢ aor
{¢eSpin®(WUW)][¢lw =w |y =w'}
The proof of Proposition is similar to that of [42, Theorem 3.4].
Next, let us recall, from [42, Theorem 7.1], that if W is a cobordism from Y to Y’

equipped with a spin® structure s whose restrictions s|y and s|y are both torsion, then for
T € HFO(Y,5|y),

c1(s)? — — 30
(16) gt (Fya(2)) — gr() = 26 2X(r/) 30(W)

Because our cobordism maps are induced by the Ozsvath-Szabd maps, we have the same
result for involutive Heegaard Floer homology:

Lemma 4.12. Let W be a cobordism from'Y to Y’ equipped with an equivalence class of
spin® structures, w, whose restrictions wly and wly: are both torsion. Let ci(w) be c1(s)
for any s € w. Let also a be some additional data for W, as in Proposition[{.9. Then for
x € HFI°(Y, wl|y),

c1(w)? — 2x(W) — 3a(W)
1 :

5. NEW CORRECTION TERMS

5.1. Definitions. In this section, we introduce new correction terms arising from HFI T (Y).
In order to motivate the definition, recall from [34] that the ordinary correction term d(Y, s)
associated to a rational homology three-sphere Y and a spin® structure s is the lowest
homological degree of any element in U"HF " (Y,s), where n > 0. Equivalently, d(Y,s) is
the minimal grading r such that the map 7: HF>(Y,s) — HF,(Y,s) is nontrivial. Or,
more concretely, one can show that HF'(Y,s) can be decomposed (non-canonically) as
T+ @®HF/ , where T+ is an infinite U-tower as in Section and HF |, := Coker(r) is a
finite dimensional Za-vector space (with some U-action). Then, d(Y,s) is simply the lowest
degree of an element in 7.

We mimic this construction to produce two new correction terms. For s a spin structure
on Y, we consider the exact triangle ,

(17) HF (Y, s) ot Q-HF*(Y,s)[—1]
R o

HFI*(Y,s)
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consisting of U-equivariant maps, here given names for convenience. For r > 0, we have that
HF (Y, s) is either trivial or a one-dimensional Zg-vector space. Since ¢4 is an isomorphism,
this implies that ¢, is the identity, so Q(1 + ¢.) is trivial. Hence, the elements of HF, (Y, s)
for r large are of the form h(z) for z € HFIT(Y,s), necessarily such that = € Im(U"),z &
Im(U™Q) for n > 0. This allows us to define the lower involutive correction term as follows.

d(Y,s) =min{r | 3z € HFI}(Y,s),x € Im(U"),x € Im(U"Q) for n > 0} — 1.

Meanwhile, if y € QHF (Y, s)[—1] for r large, then y € Im(U™) and y is not in the image
of Q(1 + tx), so it must map to a non-zero element x = g(y) € Im(U"Q). We define the
upper involutive correction term as

d(Y,s) =min{r | 3z € HFI}(Y,s),z # 0, x € Im(U"Q) for n > 0}.

More concretely, the exact triangle implies that, as a Zs[U]-module, HFI*(Y,s)
decomposes (non-canonically) as

THe Tt e HFIL,(Y,s),

where HFI ,(Y,s) is a finite dimensional Zs-vector space. One infinite tower 7 contains
elements in gradings congruent to d(Y,s) + 1 modulo 27Z; we call it the first tower. The
other tower lies in the image of multiplication by ) and has elements in gradings congruent
to d(Y,s) modulo 2Z. We call it the second tower. Thus, d(Y,s) is one less than the grading
of the lowest element in the first tower, and d(Y,s) is the grading of the lowest element in
the second tower. It is worth stressing that this decomposition of HFIT(Y,s) is only as a
direct sum of Zo[U] modules; the R-module structure need not respect this decomposition.

Alternatively, we can think of d(Y,s) = t as the minimal degree such that t = d(Y,s)
modulo 2Z and w: HFI{®(Y,s) — HFI}(Y,s) is nontrivial, and of d(Y,s) + 1 = 7 as the
minimal degree such that r = d(Y,s) + 1 modulo 2Z and 7: HFIX(Y,s) — HFI}(Y,s) is
nontrivial.

Note that, by construction, we have

(18) d(Y,s) =d(Y,s) =d(Y,s) (mod 2Z).
5.2. Properties. Let us prove some basic properties of the invariants we have defined.

Proposition 5.1. The involutive correction terms satisfy the inequalities
d(Y,s) <d(Y,s) < d(Y,s).
Proof. Looking at the exact triangle , let x = g(y) be the element of lowest degree

in the image of U"g for n > 0, so that the homological degree of = is d(Y,s). We have
deg(z) = deg(y). Furthermore, by assumption x € U"HFI*(Y,s) for n > 0, and g is
U-equivariant, leading us to conclude that y € UMQHF ™ (Y,s)[—1] for n > 0. Therefore
d(Y,s) < deg(y) = d(Y;s).

By analyzing the map A in , we obtain the other inequality. O

Proposition 5.2. The involutive correction terms are related under orientation reversal by
d(Ya 5) == 7(_Y75)'

Proof. Let d(Y,s) + 1 = r be the minimal degree such that » = d(Y,s) + 1 modulo 2Z and

7. HFI®(Y,s) — HFI}(Y,s) is nontrivial. In view of the long exact sequence

.= HFT(Y,s) > HFI®(Y,s) & HFIt(Y,s) — - -
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we see that if k is the maximal grading such that k£ = d(Y, s) + 1 modulo 27 and the map i,
is nontrivial, then k = r —2 = d(Y, s) — 1. Similarly, since d(Y,s) = t is the minimal grading
such that t = d(Y,s) modulo 2Z and the map HFI®(Y,s) = HFI}(Y,s) is nontrivial, we
see that if ¢ is the maximal grading such that ¢ = d(Y,s) modulo 2Z and i, is nontrivial,
then £ =t —2=d(Y,s) — 2.

Now, from the discussion in Section [4] leading up to Proposition [4.4] , we have a commu-
tative diagram

Ty

HFI®(Y,s) HFIF(Y,s)
ZDLOO Z)L+
i—r—l
HFI71(Y,s) HFIT""Y(Y, 5)

The vertical maps are the duality isomorphisms between involutive Heegaard Floer homol-
ogy and cohomology. Using the universal coefficients theorem and the fact that HFI*°(Y, s)
is a free module in every dimension, we see that the image of i~"~! is nontrivial if and
only if the image of ¢_,_; is nontrivial. This implies that if » = d(Y,s) + 1 is the minimal
grading such that » = d(Y,s) + 1 modulo 2Z and 7, is nontrivial, then —r—1 = —d(Y,s) —2
is the maximal grading such that i_,_i: HFI_ _,(-Y,s) — HFI%,._,(Y,s) is nontrivial.
Therefore d(—Y,s) = (—d(Y,s) — 2) +2 = —d(Y, s). O

Next, recall from [34, Theorem 1.3] that, when Y is an integer homology sphere, the
correction term d(Y) € 2Z is related to the Casson invariant A(Y) € Z and to the Euler
characteristic x(HF ,(Y)) by the formula

AY) = X(HFE,(Y)) — 2d(¥).

In the involutive setting, here is the formula for the Fuler characteristic of the group
HFI ,(Y) defined in (12).

Proposition 5.3. For any integer homology sphere Y, we have

X(HFI, (V) = 3 (d(Y) - ().

Proof. Consider the exact triangle relating HFI*(Y) to HFT(Y). Let us truncate all
the groups and thus focus on degrees < 2n — 1, for n > 0. Since d(Y') is even, we have
HF;@FI(Y) = 0 for n > 0, so there is an exact triangle relating the truncated groups. By
taking Euler characteristics we get

X(HFIL,, 1(Y)) = x(HF %, 1 (Y)) = x(HF L5, ,(Y)) =0.

On the other hand, HFI ;zn_l(Y) decomposes (non-canonically) as a direct sum of
HFI! ,(Y) and two truncated U-towers. The first truncated tower starts in degree d(Y) + 1
and ends in degree 2n — 1, and thus has %d(Y) -+ n generators. The second truncated tower

starts in degree d(Y) and ends in degree 2n — 2, so it has %J(Y) + n generators. The
conclusion follows readily from this. O

We now prove the version of Frgyshov’s inequality for spin cobordisms that was an-
nounced in the Introduction.
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Proof of Theorem[1.4. Recall from [34], Section 9] that if W is a negative definite cobordism
from Y7 to Ya, then the map Fyy¢: HF™(Y,s2) — HF*(Y,s;) is an isomorphism. (Here
s1 = t|y, and sy = t|y,.) Therefore, from the diagram of long exact sequences (14)),

- —— Q-HF>(Y1,51)[-1] —— HFI*(Yy,51) —— HF®(Y1,51) —— -
s o

- —— Q-HF™(Y2,52)[~1] —— HFI*(Ys,83) —— HF™(Y2,50) — -+~

and the five lemma we see that Flfvioa is also an isomorphism. Notice that this isomorphism
is also R-equivariant. 7

Now, following the strategy of [34, Proposition 9.6], we delete a ball from X to ob-
tain a spin, negative definite cobordism W from S3 to Y. The isomorphism HF>(S3) —
HF®°(Y,s) shifts gradings upward by —2X(W)130(W) = b2(4X), so d(Y,s) = % + 2q for
some integer gq. Consider the following commutative square.

1,00
th
HFI®(S3,50) —— HFIZy (Y, 5)
s JW
Fbt
Wit,a
HFI} (83, 50) —— HFI}y,,(Y,5)

We see there must be some element y € HFIT(S3) with the property that gr(F{f‘}Jtra(y)) =

d(Y,s) + 1. Because the grading shift in the cobordism map is still by %X) and d(Y,s) =

d(Y,s) modulo 2Z , the homological grading of y must be odd. (That is, y lies in the

first tower in HFIT(S3).) But the lowest odd homological grading in HFI®(S?) is 1, and

therefore we have

ba(X)
4

The conclusion follows. ]

gr(Fyt () — gr(y) = < (d(Y,s)+1) - L.

Proposition 5.4. Let (Y1,s1) and (Y2, s2) be rational homology spheres equipped with spin
structures, and let (W,t) be a spin rational homology cobordism between them. Then the
involutive correction terms of (Y1,61) and (Ya,82) are equal.

Proof. As in the proof of Theorem [1.2) the map FLS : HFI®(Yy,s1) — HFI™®(Ya, 55) is
an isomorphism, and consequently

d(Ya,s0) — d(Y1,81) > _QX(W)4_ BJ(W),

A(Va,50) — d(Y1,81) > _QX(W)4_ so(W)

For W a rational homology cobordism, this implies that d(Y2,s2) > d(Y1,51) and d(Y2, s2) >

d(Y1,s1). But reversing the orientation of W gives the opposite inequalities as well. O
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Proof of Theorem[1.3 Every Zs-homology sphere has a unique spin structure, and a Zo-
homology cobordism between Zs-homology spheres is a spin rational homology cobordism.
Thus, the claim about d and d descending to 9%2 follows from Proposition

When Y is an integer homology sphere, d(Y) is an even integer (cf. [34]). In view of

(18), so are d(Y') and d(Y). O

The maps d and d are not group homomorphisms; see Section below for an explana-
tion.

6. THE LARGE SURGERY FORMULA

Ozsvéth and Szabé [37] and, independently, Rasmussen [47] proved a formula expressing
the Heegaard Floer homology of a large surgery on a knot in terms of the knot Floer
complex. Our goal here is to prove an involutive analogue of their formula.

Throughout the section, Y will be an oriented integer homology three-sphere, and K C Y
will be an oriented knot. (However, with minor modifications, all our results can be extended
to null-homologous knots in any three-manifold Y'.) In practice, we will mostly be interested
in the case Y = S3.

6.1. The conjugation symmetry on the knot Floer complex. Let H = (¥, o, B, w, 2)
be a doubly-pointed Heegaard diagram that represents K C Y, and let J be a suitable family
of almost complex structures on the symmetric product. We then say that H = (H,J) is a
choice of Heegaard data for K.

Ozsvéth-Szab6 and Rasmussen [37), [47] defined a version of Heegaard Floer homology for
knots, called knot Floer homology; see [21] for a survey. In their theory, to Heegaard data
‘H one associates a Z-graded, doubly filtered complex CFK*(H), as follows. First, one
defines maps A, M: T, NTg — Z, called the Alexander and Maslov gradings. Then, as a
Zs-vector space, CFK*°(H) is set to have generators

U™'x = [x,4,7], x€ ToNTgs, 4,j € Z such that A(x) = j — .

We can also view CFK™(H) as a free Zo[U, U~ ']-module with generators x € T, N Ts.
The differential is given by counting pseudo-holomorphic disks, with the values of ¢ and j
keeping track of going over the w and z basepoints, respectively. The Z @ Z filtration is
given by F([x,1,7]) = (4,7). The functions A and M can be extended to the generators of
CFK®°(H), by setting

A([X7iaj]) =Js M([Xviuj]) = M(X) + 2i.

The knot Floer complex CFK*(#) is usually drawn in the (i, j) plane, with the generators
represented by dots and the differential by arrows; see Figure [10] below for an example.

We can now imitate the constructions from Section Let H = (-%,8,a,z,w) and
H = (H,J). By [37, Section 3.5], there is a canonical isomorphism

nk: CFK®(H) — CFK™(H), n([x,i,j]) = [x.,1].

Moreover, H and H represent the same knot K C Y, albeit with the roles of the w and
z basepoints switched. We have a (Z @ Z)-filtered chain homotopy equivalence

O(H,H): CFK®(H) — CFK*(H).
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The filtered chain homotopy class of ®(H,H) depends on the choice of two paths along the
knot, one from w to z and one from z to w. We simply choose the simple arcs that go in
the direction of K, so that the union of these two arcs is K.

Then, we set

1 = ®(H,H) onk: CFK®(H) — CFK*(H).

This is the analogue of the map ¢ from Section 2.2] By construction, it has the property
that if [y, 4, j'] is a term in ¢k ([x, 1, j]), then

(19) M(ly,i,j') = M([x,i,5]), i'<j, j'<i.

The first equality says that ¢ is grading-preserving, and the two inequalities say that ¢ is
skew-filtered—in the sense that it is filtered as a map from (CFK*(H), F) to (CFK*(H), F),

where F([x,i,j]) = (j,4). Furthermore, by construction, tx is a skew-filtered quasi-
isomorphism, i.e., it induces an isomorphism between the homology of the associated graded
complexes.

This motivates the following.

Definition 6.1. A set of CFKI-data ¢ = (C,F, M, 0, ) consists of a free, finitely generated
Zo[U, U~ -module C, equipped with a (Z @ Z)-filtration F = (i, j) and a Z-grading M such
that the action of U decreases F by (1,1) and M by 2. Further, there is a differential
0: C — C that preserves F and decreases M by 1, and a grading-preserving, skew-filtered
quasi-isomorphism ¢: C — C.

Let € = (C,F,M,0,.) and €' = (C", F',M',0',.") be two sets of CFKI-data. A mor-
phism (f,S): € — €' consists of a filtered (and grading-preserving) chain map f: C — C’
such that fo: and (/o f are chain homotopic via a skew-filtered chain homotopy S: C' —
C'[—1]. We say that (f,S) is a quasi-isomorphism if f induces an isomorphism on the
homology of the associated graded complexes. We say that 4 and ¢’ are quasi-isomorphic
if they are related by a chain of (back and forth) quasi-isomorphisms.

Proposition 6.2. The quasi-isomorphism type of the set of CFKI-data
(CFK*(H),F,M,0, 1K)

s an itnvariant of the oriented knot K C Y.

Proof. This is similar to the proof of Proposition [2.7] O

Remark 6.3. Given a set of CFKI-data ¢ = (C,F, M,d,.), by analogy with the definition
of CFI in Section [2.3] we can construct an associated complex

O := (C[-1] ® Q-C[-1],8 + Q-(1 +1)).

A quasi-isomorphism of CFKI-data induces a quasi-isomorphism between the associated
CI, as chain complexes over Z»[Q, U, U~']/(Q?). However, we are losing some information
in this process, because (since the identity is filtered and ¢ is skew-filtered) there is no
natural (Z @ Z)-filtration on CI.

When trying to compute the map tx for specific knots, we often know a simplified
complex that is filtered chain homotopic to CFK°(H), and it is helpful to transfer tx to
that complex, to make calculations easier. Thus, the following lemma will be useful.
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Lemma 6.4. If € = (C,F,M,0,.) is a set of CFKI-data, and let (C',F',M',d') be a
filtered complex as in Definition but without the map v. Suppose that (C,F,M,0)
and (C',F',M',d") are filtered chain homotopy equivalent. Then, there exists a grading-
preserving, skew-filtered quasi-isomorphism ' of (C',d"), such that €' := (C", F',M', &',/
is a set of CFKI-data quasi-isomorphic to €.

Proof. Let f: C — C" and g: C' — C be the two chain homotopy equivalences, so that
fg—1=0v+v0 and gf —1 = 0w + wd. We set / = frg. Then, we construct morphisms

(f, frw): € = €', (g,wg): € — F.

Either of these is a quasi-isomorphism, because f and g are chain homotopy equivalences
and hence quasi-isomorphisms. ([l

6.2. The Sarkar map. Lemma implies that the map ¢ induces an involution on Hee-
gaard Floer homology. By contrast, for knots, recall that in constructing tx we used
Heegaard moves that take the basepoint w to z and vice versa, following arcs on the knot
K. Therefore, a similar argument as the one in Lemma shows that

L%{ ~ q,
where ¢ is the map on CFK°°(H) induced by moving the basepoints once around K, i.e.,
associated to the positive Dehn twist around K in the sense of [51, Section 3]. The map
¢ is a filtered, grading-preserving chain map, well-defined up to filtered chain homotopy
equivalence.
As we shall see in Section [8] in some cases ¢k is determined by its behavior with respect
to the grading and filtration, together with (partial) knowledge of its square ¢. To find ¢,

we can use the results from [51]. There, Sarkar considered the complex g CFK ™ (H), freely
generated over Zy[U] by intersection points x € T, N Tg, and with differential

Ox= D, > #M(9) - U@y,

yeTaNTs {¢pema(x,y)|u(d)=1n:(¢)=0}

We can view gCFK ™ (H) as the associated graded of the subcomplex C(i < 0) C
CFK*(H) generated by [x,i,7j] with i« < 0, where the associated graded is taken with
respect to the vertical filtration by j.

The following is Theorem 1.1 in [51].

Proposition 6.5 (Sarkar [51]). Let K C S® be an oriented knot, and let H be a choice of
Heegaard data for K. Then, the map <, induced by ¢ on the complex gCFK ™~ (M) is chain
homotopic to 1 + W®, where

x)= > > #M() - U™ @y
YETaNTg {p€m2(x,y)|u(P)=1,n-(d)=1}

and

Ux) = Y. > HM(9) -y ($)U™ Oy,

y€TaNTs {pema(x,y)|u(¢)=1,n:(¢)=0}

Further, the square (gg)2 s chain homotopic to the identity.

Sucharit Sarkar also informed us of the following conjecture.
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FiGUurE 1. A triple Heegaard diagram that represents the cobordism
W, (K). We show here the neighborhood of the meridional curve 3,. This
curve can intersect any number of alpha curves; two are shown in the picture.

Conjecture 6.6 (Sarkar). Let K be an oriented, null-homologous knot in a three-manifold
Y, and let H be a choice of Heegaard data for K. Let 0 = Zi,j>0 0;; be the differential
on the complex CFK™(H), where the term 0;; decreases the two filtration levels by i and
j, respectively. Then, up to (Z ® Z)-filtered chain homotopy, the map ¢ on the complex
CFK™(H) is given by the formula

¢~ 1 +U_1(Z dij) o (Z Dij)-
$,j>0 i,j>0
i odd j odd
6.3. Preliminaries on the large surgery formula. Let us recall the large surgery for-
mula for Heegaard Floer homology, and its proof. The original references are [37] and [47];
here we use the notation from [43].
Fix an integer p > 0. Let Y,(K) be the manifold obtained by surgery along K with
coefficient p, and W, (K) be the two-handle surgery cobordism from Y to Y,(K). We
denote by W, (K) the cobordism from Y,(K) to Y obtained by turning around —W)(K).

Let F' be a Seifert surface for K, and Fc W;(K ) the surface obtained from F' by capping
it off with the core of the two-handle.

The spin® structures over Y, (K) are identified with the elements of Z/pZ as follows. The
structure s € Spin®(Y},(K)) corresponds to [s] € Z/pZ if there is an extension of s to W (K)
such that

(c1(s), [ﬁ]) —p=2s (mod 2p).
Pick Heegaard data H = (H,J) for K C Y, with
H=%ap3w,z)

being such that w and z are on each side of the beta curve 8, = p (the meridian of the
knot). Here, g = g(X) is the genus of the Heegaard surface ¥, which should not be confused
with the Seifert genus of the knot, g(K).

From this we get Heegaard data H, = (H,, J,) for Y,(K), where

Hp = (27 O’,,’)’, Z)

is such that the first g—1 curves in the set v differ from the corresponding ones in 8 by small
Hamiltonian isotopies, whereas the last curve v, is the result of winding a knot longitude X a
number of times around j3,. For simplicity, we can assume that X is the Seifert longitude, so
that the winding is done p times. Observe that (X, a, 7, 3, 2) is a triple Heegaard diagram
that represents the cobordism W, (K). See Figure
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For each s € Z, we consider the subcomplex of CFK°(H) generated by [x,1,j] with
i1<0and j<s:
A; =C{i<0and j<s}
Let
Af=C{i>0orj> s}
be the corresponding quotient complex.
Theorem 6.7 (Ozsvath-Szabé [37], Rasmussen [47]). There exists N > 0 such that for all

p > N and for each s € Z with |s| < p/2, we have an isomorphism of relatively graded
Zs[U]-modules

(20) HF*(Y,(K), [s]) = H.(A]).
The proof of Theorem involves defining a chain map
(21) [0 CF™(Hp,s) — CFK(H)
by
(22)  TR(xd)= ) > #MW) - [y,i = nu(),i = n:(¥)).
y€TaNTs YEm(x,0,y)

w()=0, nw(¥)—nz(P)=s
We use here the standard notational conventions in Heegaard Floer theory. Thus, v is
a homotopy class of triangles with boundaries on the three tori T,,Tg,T,, and with one
vertex at the intersection point © € Tg N T, that represents the maximal degree generator
in homology. Note that the homotopy class 1) produces a spin® structure s,, on W;(K ), and

the condition n,(¢) —n. (1) = s is equivalent to (ci(sy), [F]) =2s—p
One can easily check that I') takes the subcomplex CF™(H,,s) C CF*(Hy,s) to the
subcomplex Ay C CFK*(H). Therefore, we get an induced map on quotient complexes,

(23) Lro: CFT(Hy,s) — AL

One shows that for p > 0, the map I’+ is an isomorphism of chain complexes. How large
p has to be depends on s and on the Heegaard diagram under consideration. However, a
posteriori, by using the surgery exact triangle and the adjunction inequality, we see that if
the isomorphism holds for p > 0, then it must hold for all p > g(K') + |s|. This implies
that we can take N = 2¢g(K) — 1 in Theorem see [37, Remark 4.3].

In fact, we have the following.

Proposition 6.8. For every p,s € Z with p > g(K) + |s|, the map Fps induces an isomor-
phism on homology.

Proof. By the general integer surgery formula [43], the homology HF ™ (Y,(K),[s]) can be
computed as the homology of a mapping cone complex X (p) of the form

AN + . + LAt l
A Ay A A | Asizp |
| |
| |
. l l
BTt \\\ Bt : BTt :
\\ | |
Here, each B* is a copy of CF*(Y), the vertical arrows represent maps vs pit A;'erl
BT, and the diagonal arrows represent maps hs i A;:pl — BT,
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Observe that Al is a quotient complex of X (p). The natural projection induces a map
HF* (Yy(K), [s]) — H.(A}).

Furthermore, it follows from the proof of the surgery formula in [43] that this map is the
same as the one induced by F; s on homology.

Next, from the adjunction inequality for knot Floer homology (Theorem 5.1 in [37]) we
know that v;,:m are quasi-isomorphisms for s+pi > g(K), and h;pi are quasi-isomorphisms
for s + pi < —g(K). Hence, if p > g(K) + |s|, all the thick arrows pictured in the map-
ping cone complex above are quasi-isomorphisms. By standard filtration arguments, the
subcomplex of X7 (p) shaded in the picture (whose quotient complex is A7) is acyclic. The

conclusion follows. OJ

Our goal is to prove an involutive analogue of Theorem In view of Proposition it
suffices to focus on spin structures. There are two spin structures on Y,(K) when p is even,
and one when p is odd. In this paper we will only consider the spin structure corresponding
to s =0.

The map tx on CFK*(H) induces a map

w: Af — Af.
We set
AL = (AT[-1] © Za[Q)/(@2), 0 + Q(1 + 10)).

The involutive analogue of Theorem [6.7]is then Theorem [1.5] from the Introduction, which
states that, for p > ¢g(K), there is an isomorphism

(24) HFIT(S3(K),[0]) = H,(AI{).
To prove , it suffices to construct a chain homotopy
(25) R;,r: CFT(H,, [0]) — Af

between the compositions ¢g o F;;O and I‘;;O o¢. Indeed, if we had R; , we could combine it
with F;O to produce a chain map between the mapping cone complexes CFI " (Hp, [0]) and
A[S‘, as in the diagram

+
Fp,O

CF ™ (Hy, [0]) Ag

R}
Q(HL)l \ lQ“W

Q- CF* (M, [0])[-1] — Q-Aj[-1]

p,0

By Proposition the horizontal maps are quasi-isomorphisms for p > g(K). If we
consider the natural two-step filtrations on the mapping cones CFIt(H,,[0]) and AI],
since the map on the associated graded is a quasi-isomorphism, so is the combined map from
CFI*(Hp,[0]) to AI{. (Compare the argument at the end of the proof of Proposition )
This would imply Theorem

It remains to construct the chain homotopy R;‘ . Note that F;,o is a filtered version of
the cobordism map associated to the cobordism W (/). Thus, the construction of R;O will
be inspired by the proof of conjugation invariance for cobordism maps, Theorem 3.6 in [42];
compare Section Roughly, since the map ¢ on CF+(’HP, [0]) is determined by a sequence
of Heegaard moves from H, to H,, and the map ¢y on AO+ is determined by a sequence of
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FIGURE 2. A compound a-stabilization (top row), viewed as an the combi-
nation of an isotopy, an ordinary stabilization, and several a-handleslides.

moves from H to H, what we need to do is to choose these sequences in a compatible way,
so that R; will be given by a suitable count of pseudo-holomorphic quadrilaterals. The
way to choose the two sequences of Heegaard moves will be explained in Section |6.5]

6.4. Compound stabilizations. Before moving forward, it is helpful to introduce a new
kind of composite Heegaard move. Suppose we are given a Heegaard diagram H = (X, o, 3, 2)
and a path ¢ on X that is disjoint from the S curves and the z basepoint. The path { may
intersect some « curves in its interior (such as a1, g, a3 shown in the top left corner of
Figure . An compound a-stabilization along ¢ consists in introducing a one-handle on X
with its feet at the ends of (, turning ¢ into a new (-circle, and making the co-core of the
handle into a new a-circle. This construction is shown in the top row of Figure [2l It can
be viewed as the composition of ordinary Heegaard moves (an isotopy, a stabilization, and
some a-handleslides).

The reverse process to a compound a-stabilization is called a compound a-destabilization.
We define compound [-stabilizations and destabilizations similarly, by switching the roles
of the o and S curves.

6.5. Heegaard moves from surgery. Recall that we have a doubly-pointed, triple Hee-
gaard diagram of the form

(Zaav'-% 67w7z)7
as shown in Figure (1l Here, (3, a, 3, w, z) represents the knot K C Y, and (3, o, 7, 3, 2)
represents the two-handle cobordism W) (K) from Y,(K) to Y.

We seek to find a sequence of Heegaard moves relating the knot diagrams (—%, 3, ¢, z, w)
to (3, a, B, w, z), such that they induce (in some way) a sequence of moves from (—%, 7, a, 2)
to (X, e, 7, z). The former sequence will be used to define the map ¢y on Aar , and the latter
to define the map ¢ on the Heegaard Floer complex of the surgery Y,(K’). This will enable
us to construct the chain homotopy .
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FIGURE 3. The diagram (X, ¢, 3,w, z) from Figure [l} after a compound
a-stabilization.

First, notice that, in order for the roles of the o and 8 curves to be more symmetric, it
is helpful to consider a Heegaard diagram for K C Y such that w and z are not only on
each side of a 8 curve, but also on each side of an « curve. This can be arranged by doing
a compound a-stabilization, as in Figure (The same picture appeared in the proof of
conjugation symmetry for knot Floer homology; see [37, Figure 4].) Now w and z are on
each side of the newly introduced curve ag41.

From now on let us write

H=%apBw,z)

for the stabilized diagram in Figure
Let us also consider the diagram

Hl — (El7a/716/7 w/,Z)

shown on the right of Figure This is obtained from the (unstabilized) a-f diagram
from Figure |1 by replacing 3, with a knot longitude B;, as well as replacing w with a new
basepoint w’ on the back side of the cylinder. Thus, we have

a=a' Ufag}, B=(B"\{8}) U {8y By}

In the diagram H’, we can connect z to w’ by an arc & that intersects ﬂ’g, and we can
connect w’ to z by another arc ¢ that intersects some alpha curves (a; and «y in our
picture). The diagram H'’ represents the meridian p for K, viewed as a knot inside the
longitudinal surgery Yp(K). We choose a sequence of Heegaard moves m that go from the
diagram H' = (-X',3',a/,z,w') to H'. We call this a base sequence of moves.

In general, if we have a Heegaard diagram representing a knot inside a three-manifold,
we can connect the two basepoints by an arc in the complement of the alpha curves, and
by another arc in the complement of the beta curves; these arcs are unique up to isotopy,
and we call their union the trace of the knot on the Heegaard diagram. In the case at hand,
the trace is the union £ U ¢'.

The base sequence of moves m consists of some stabilizations, destabilizations, curve
isotopies and handleslides. We could add to this list diffeomorphisms that come from an
ambient isotopy of the Heegaard surface inside the three-manifold; the reason why they
are not usually included in the list is that any such ambient isotopy can be obtained as a
composition of stabilizations and destabilizations.
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FIGURE 4. The arrow labeled m indicates a base sequence of Heegaard moves
going from the diagram H’ to H’'. The alpha and beta curves are switched
in the two diagrams, and so is the orientation of the surface. We can assume
that the moves include a diffeomorphism that reflects the shown cylinder
into the center plane, and also rotates it by 180° about the core axis.

Without loss of generality, we can assume that the diagram H’ has already been stabilized
as many times as needed, so that m only consists of moves that do not change the surface
(curve isotopies and handleslides), together with some diffeomorphism coming from an
ambient isotopy. Note that the diffeomorphism must be orientation-reversing, because it
takes —X' to Y. Furthermore, it must map the trace of the knot on —Y' to a trace on ¥/,
preserving its orientation. Thus, the diffeomorphism takes a neighborhood of the trace (the
cylinder shown on the left of Figure 4] to the cylinder on a right. Since the orientation of the
trace is preserved but that of the surface is reversed, the two boundaries of the cylinder must
be swapped. Moreover, the diffeomorphism must swap the basepoints w’ and z. Therefore,
we can assume that, in the part of the diagram shown in Figure [ the diffeomorphism
consists of a reflection into the plane of the trace, followed by a 180° rotation about the
core of the cylinder.

The reason we started with a base sequence of moves m as above is because it induces a
well-behaved set of moves from H to H. Indeed, we can view H (the diagram in Figure [3)
as obtained from H’ by adding a one-handle with feet near z and w’, re-labeling w’ as w,
re-labeling ﬁ; as Bg+1, and introducing two new curves ag41 and ;. Let us say that H

is obtained from H’ by drilling, and so is H from H’. With this in mind, observe that
any Heegaard move (isotopy or handlelside) of the « curves that is part of the sequence m
induces a move of the corresponding a curves on the diagram obtained by drilling, without
involving the new curve ag41. Indeed, the original a-moves are supposed to not cross the
basepoints w’ and z, so we may as well assume that they do not cross the arc £. It is then
clear that there are similar moves in Figure [} By the same token, we can assume that
the original S-moves do not cross the arc &', and therefore induce S-moves on the diagrams
obtained by drilling, without involving S,.

We have now identified a sequence of Heegaard moves that relate the knot diagrams H
and H. We would like to have a related sequence of moves for the Heegaard Floer complexes
of the surgery Y, (K). For this, we extend H to a triple Heegaard diagram

(E,a,’y,ﬁ,w,z),

where in the new set of curves v we exchanged 3, for a longitude v,, twisted p times around
Bg. (Compare Figure ) For our stabilized diagram H, the result of adding the curves v is
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FiGURE 5. The base sequence of moves m from Figure after drilling,
induces a set of moves ending at the diagram H from Figure [3] Here, H is
shown on the right hand side of the picture. The left hand side represents
the conjugate diagram H (modulo an isotopy that moves z and w lower in
the diagram, on each side of the curve a4, and keeps all the curves fixed).
Note that, because of the 180° rotation involved in m, the curves ag41 and
By are interchanged in the two pictures. Also, the left vs. right position of
w and z is switched because of the reflection in the center plane.

Qg1

Qg+1

FIGURE 6. These are the moves from Figure |5, with a third set of curves
added. The triple diagrams represent the cobordism W, (K).

shown on the right hand side of Figure [} Furthermore, we can follow the same sequence
of moves as in Figure [5| (induced by m), with « curves instead of 8 curves. This is possible
because the moves do not involve 3, (except for the diffeomorphism), and hence we may
take them to keep v, fixed as well. The result of the moves induced by m on the triple
Heegaard diagrams is shown in Figure [6]

The « and 7 curves on the right hand side of Figure [6] form a diagram representing the
surgery Y, (K'). However, the corresponding « and « curves on the left hand side do not give
the conjugate diagram. In order to obtain a sequence of moves that can be used to define
the involution on CFT(Y,(K)), we add another set of moves, which we call the standard
sequence, shown in Figure [7] Let us ignore the § curves from that figure for a moment.
Then, the standard sequence starts at the diagram conjugate to (X, e, vy, w, z), and ends at
the a-y diagram on the right hand side of Figure [ The standard sequence consists of a
handleslide of the « longitude over the a curve, followed by a compound a-destabilization
(removing the upper handle), followed by a compound a-stabilization (introducing a new
lower handle), followed by several v-handleslides over the 7 curve in the middle, and finally



INVOLUTIVE HEEGAARD FLOER HOMOLOGY 37

compound
T ——

—] stabilization

twists

FiGure 7. The standard sequence of moves on triple diagrams.

a diffeomorphism (several Dehn twists that unfurl the o curve at the expense of furling the
7 curve).

If we do the standard sequence of moves, and follow it by the sequence induced by m on
the a-7y curves, we obtain a sequence of moves from (=%, v, a,z) to (X, a,~,2). This is
the kind of sequence needed to define the involution on CF™(Y,(K)).

Thus, we have constructed sequences of moves for both the knot Floer complex (with the
a-f3 curves) and for the Floer complex of the surgery (with the a-y curves). Unfortunately,
the two sequences are not of the same length: the former consists of the moves induced by
m, whereas the latter involves both the standard sequence and the moves induced by m. In
particular, we do not yet have a suitable set of moves for triple diagrams (with the «a, 3,
and v curves).

To understand the moves on triple diagrams, let us first clarify what we mean by the
conjugate of such a diagram. Normally, in Heegaard Floer theory, when we have a cobordism
given by surgery on a link, we consider triple diagrams that are right-subordinate to that
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cobordism as in [42), Definition 4.2] (where the terminology is “diagrams subordinate to
a bouquet for the link”). For example, (3, o, 7,3, 2) is a triple diagram subordinate to
the cobordism W, (K) from Y,(K) to Y. This induces a map from CFT (%, a,7,2) to
CFT (3, a,83,2). The name right-subordinate refers to the fact that, in these two Floer
complexes, the boundary conditions on the right of the pseudo-holomorphic disks are the
same; in our case, they are given by the o curves.

In their proof of conjugation invariance for cobordism maps [42, Section 5.2], Ozsvéth
and Szabé introduced the notion of a triple Heegaard diagram that is left-subordinate to a
surgery cobordism. This means that the boundary conditions on the left are being fixed. For
example, if we have a triple diagram (X, e, 7, 3, z) that is right-subordinate to a cobordism,
its conjugate is the diagram (-, a, 3,7, z), left-subordinate to the same cobordism. The
conjugate induces a map from CF*(—X,~,a,2) to CFT (=X, 3, a, 2).

In our situation, with (3, e, 7, 8, z) being the diagram on the right hand side of Figure @,
its conjugate is the diagram shown at the very beginning of the standard sequence from
Figure[7] Indeed, notice that the a and ~y curves are interchanged, and the § curves are re-
labelled as §. Let us add the new set of curves d to all the diagrams involved in the standard
sequence, following the respective moves. Throughout Figure |7} the -y diagrams (with the
basepoints z and w) represent the knot K C Y. The triple diagrams (—X,~, 4, «, 2z) are
left-subordinate to the cobordism W (K); such left-subordinate diagrams induce cobordism
maps from CFT (=%, a,7,2) = CF1(Y,(K)) to CF"(=X,8,v,2) = CF(Y), by counting
~v-6-«v triangles.

Notice that we cannot go from the conjugate diagram (—X, «, 3,7, 2) to (X, o, 7, 3, 2)
by a sequence of usual Heegaard moves, because these cannot transform a left-subordinate
diagram into a right-subordinate one. Instead, the best we can do is the following:

(i) Go through the standard sequence of moves in Figure
(ii) In the last diagram from Figure [7] replace the delta curves with beta curves as on
the right hand side of Figure[6] This changes a left-subordinate diagram into a right-
subordinate one;
(iii) Finally, go through the moves induced by m, as in Figure @

This is the process we will use to define the chain homotopy . Step (ii) in the process
may seem abrupt, because, for example, it involves passing directly between two (seemingly
unrelated) diagrams for K C Y: the -y and the a-3 diagrams. Nevertheless, a step of this
kind seems unavoidable, and was also considered in the proof of conjugation invariance for
cobordism maps [42], Section 5.2]. The quadruple Heegaard diagram that appears in Step
(ii) is shown in Figure

6.6. Proof of the involutive large surgery formula. We are now ready to complete
the proof of Theorem [1.5]from the Introduction. By the discussion at the end of Section
our task is to construct the homotopy . ) between (g o F+0 and F;O oL.

We use the moves on triple Heegaard diagrams descrlbed near the end of Section [6
sequences (i)-(iii). At each step in these sequences, we have a triple Heegaard diagram that
is either left- or right-subordinate to the cobordism W (K’). Further, we have not one but
two basepoints, so by dropping one set of curves we obtain a Heegaard diagram H*) for

the knot K C Y, for k = 0,1,...,m. Let Hék) be the corresponding Heegaard diagrams
for the surgery Y,(K). Let us add suitable almost complex structures, to obtain Heegaard

data H® for K C Y and ”H(k) for Y,,(K). For each i, we have a chain map as in , with
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Qgt1 g1

FIGURE 8. A quadruple Heegaard diagram.

T CFH(H®, [0]) — Af (HW).

Recall from that these maps are obtained by counting rigid pseudo-holomorphic trian-
gles in homotopy classes ¥ with n, (1) = n. ().
The moves on Heegaard diagrams produce chain homotopy equivalences

Q(HED, HF: cFrHEY, [0]) — CFT(HP, [0])

and
S(HFD HE) AFHEV) o AT (HP)

for k = 1,...,m. In the case of @(H(k_l),’r’-[(k)), there is a special situation for a certain
value of k, corresponding to the abrupt Step (ii) mentioned at the end of Section
Nevertheless, in this case we can still construct an equivalence @(H(k_l), H(k)); see Figure @
and the discussion of Step (ii) at the end of this section.

Observe that 7—[;(70) (the a-vy diagram at the beginning of Figure B) is conjugate to "H](Jm)
(the a-vy diagram at the end of Figure @ Moreover, the composition
O(HW, 1™ = (M HI) o0 (MO, HD): CFTHWD, [0]) —» CET(HI™, [0)),

p TP p

together with the canonical identification 7 of the complexes CF " (7-[1(30), [0]) and CF* (H,(gm), [0]),
produces the map ¢: C’FJF(Hém), [0]) — CF*('Hl()m), [0]).

Similarly, the knot diagram (¥ (the 6-v diagram at the beginning of Figure D is con-
jugate to H (™) (the a-f diagram at the end of Figure @) The composition

S(HO, HM)Y = (H™ D HM™) o0 d(HO, 7D Aar(’H(O)) N A;{(’H(m)),

together with the identification AJ(H(®)) = A (H(™), gives the map o: AJ(H™) —
AF(H™).
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Consider the sequence of diagrams

© Tyo”
CF*(Mp”,[0]) IS — AF(HO)
<I>(H1()0)77.[§71)) T~ IE”\ _ @(H(O)’Hm)
T = oA
(k—1) L
_ . -
CFt (S, (o) Af (M=)
k-1 k T R;’(k)
(MY H) S < S(HKF=D (k)
(k) P~ .
CF*(Hy”,[0]) Af(H®))
T~ +,(m)
Q(H£m71)7H§;m)) =~ - \Rg _ @(H(m_l),,}‘l(m))

CFH(HY™, [0]) AF(H™),

+,(m)
Fp,Om

We claim that, at each step, we can construct chain homotopies R; ) petween @(H(kfl), H(k))o
F;b(k_l) and F;;b(k) o @(Hl(,k_l) , ’HI(,k)). If so, this would imply that we have chain homotopies

O(HO, H) o THO ~ TH™ o @(HO), HI™)

and hence
+(m) F+7(m)

p,0 p,0
as desired.

The construction of the homotopies R; (0) proceeds by standard arguments in Heegaard
Floer theory. Typically, the maps of the form ®(H =1 k), @(Hék_l), ”Hz()k)) and I‘;b(k)
are given by counts of pseudo-holomorphic triangles with n, () = n.(¢»). We can then

pol’ ot

)

define R;,r (k) by counting suitable pseudo-holomorphic quadrilaterals, again in homotopy
classes ¢ with ny, () = n.(¥).

A special situation appears at Step (ii), illustrated in Figure|8 In this case, the diagram
that represents Y, (K) is unchanged (it is the a-vy diagram), but the diagram that represents
K C Y changes directly from the §-v diagram to the o-8 diagram. We then construct
the corresponding chain homotopy R;,r ) a5 shown in Figure @ (This is inspired by [42]
Section 5.2].) Observe that the 3-§ diagram represents the knot K in Y#(S! x S§%), and
the associated A(T complex consists of two copies of the Aa“ complex for K C Y. These two
copies can be distinguished by whether their generators contain the black dot or the white
dot from the intersection 8, MNd, in Figure The d-v-3 and §-6-« triangle maps in Figure |§|
are right-, resp. left-subordinate to the two-handle cobordism from Y to Y# (St x §2), and
therefore they are chain homotopic to the inclusion

AE")' o Aa'(o) — Aa'(o) &) Aa'(o).

The chain homotopy R; %) between the v-6-a and a-y-f triangle maps is then given as
in Figure [9} it involves a count of holomorphic a-v-3-6 quadrilaterals, with n.(¢) = n, ().
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FIGURE 9. Chain homotopies in Step (ii), for the maps coming from Figure

This finishes the proof of Theorem

6.7. Involutive correction terms for large surgeries. Let us now specialize to knots
in 2. Given Heegaard data H for K C S3, let

BT =C{i >0} = CF"(Z,a,B,w) C CFK*™(H)
and consider the natural projection
vy« Af — BT,

Since the kernel of vg is finite dimensional and H.(B") & HF*(S3) = T, we see that
the map induced on homology, (vg )., must be surjective. Following the notation from [44],
we let V) = Vp(K) be the nonnegative integer such that, for n > 0, the map on U-towers

(U(—)"_)*’UTLH*(AO): UnH*(AS_) — H*(B+)

is given by multiplication by U0,

Let p > g(K). Under the identifications H,(AJ) & HF " (Y,(K),[0]) from Theorem
and H,(B%) = HF*(5%), the map (vy)« is the one associated to the cobordism W} (K)
(and the zero spin structure). From the formula for the grading shift, it follows that

(26) A(SIK), 0]) = P — 2% (k).

The quantity Vp(K) can also be identified with —d(S7(K))/2, and is an invariant under
smooth knot concordance. It was studied in [48] [44] [45].

Now we define analogous invariants using involutive Floer complexes. In view of Equa-
tion ([26)), it is natural to set

(o) Vo(K) = 5 (2 - d(si(), o)
and
(28) Vo(K) = 5 (P — d(sy(), o).
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Then, Theorem [1.6] is a tautology. However, there is something to prove, namely that
Vo =Vo(K) and Vy = V(K) are independent of p > g(K). To see this, observe that the
isomorphism from Theorem fits into a commutative diagram of long exact sequences

e Q-HF* (¥, [0)[~1] —> HFI* (¥, [0) —> HF* (%, [0)[-1] — ...

zl :l :i

e QHL(AD)[ 1] H.(AI]) H.(A7)[ 1]

Thus, we can compute Vo and V by looking at the two infinite U-towers in H,(AI g ), and
comparing the minimal gradings in each tower to the minimal grading of the U-tower in
H.(AJ). Precisely, let z be a generator in the minimal grading of the tower in H, (A7),
and let x and @) - T be generators in the minimal gradings of the first and second towers in
H.(AI{), respectively. Then

Vo =1+ 5(e(e) ~ ar(@), Vo ="To+ 5(e(e) — ax(a).

These formulae do not involve p. Furthermore, this is how we will compute Vo and V in
practice.

It follows from , and Proposition that
Vo<V < Vo
Since Vj is nonnegative, so is Vy. However, we shall see in examples that V can be negative.

Proposition 6.9. V and V are invariants of smooth knot concordance.

Proof. By Proposition d and d are invariant under (smooth) homology cobordisms.
Since a concordance of knots induces a homology cobordism between the p-surgeries, we
obtain the result. Compare [45, Proposition 2.1]. d

6.8. An example: +1 surgery on the trefoil. As an example, we compute the involutive
Heegaard Floer homology of S§(T;) = —%(2,3,7), where T} is the left-handed trefoil. Note
that Ty has genus 1, so this is a large surgery.

A picture of CFK*(Ty) appears in Figure Notice that it splits into the direct sum
of complexes U*C, k € Z, where the complex C consists of three elements zo, ri x? with
Ox} = 02?2 = x¢. (This notation, while slightly cumbersome in such a small complex, has
been chosen to match our notation for a more general case, which appears in Section [7] and
) Here, 7 is in homological degree 1, and z} and x? are in degree 2. Therefore

HF™(=%(2,3,7)) = Hi(A7) = Tg" & (Z2) ),

where we use the standard notation in Heegaard Floer homology: 7? denotes an infinite
tower Zs[U, U~']/Zs[U] with the lowest element in degree j, and (Z2)(j) denotes a copy of
Zo in degree j with trivial U action. In our case, the lowest-degree element in the tower is
represented by [U(z1 + 2?)], and the additional element is represented by [Ux1].

Note that the map tx on CFK®(T}) is completely determined by its behavior with
respect to the Maslov grading and the Z @ Z filtration. Specifically, i preserves zo and
swaps 1 with z2.

We now compute the involutive homology H,(A[ [‘)F) The chain complex

Alf = (Af[-1 @ Q-Af[-1],0 + Q-(1 + 19))
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FiGURE 10. The knot Floer complex of the left-handed trefoil.

2 1
7 Ty
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UQx} UQz}

Qzo

FiGure 11. Calculation of +1 surgery on the left-handed trefoil.

breaks into a direct sum of subcomplexes, two of which are pictured in Figure The first
has four elements; the second has six elements, and all subsequent complexes (not pictured)
are copies of the second multiplied by U~* for k > 0. We see that the homology of the four
element complex is

Zo([U (21 + 27)], [UQur] = [UQad])
and the homology of the six element complex is

Lo([z1 + 1], [Q(a1 + 2F)] = [xo]).-
Note that Uzl + 23] = [U(z} + 23)], whereas U[Q(z1 + 22)] = [UQz}] + [UQ232] = 0.
Therefore we see that

HFI+(_Z(2737 7)) = 7?_ ©® 7-2+ D (ZQ)(O)

where the lowest-degree elements of the towers can be taken to be [U(x] 4+ 22)] and [Q(z] +
22)]. Here the degrees are fixed by comparison with HF*(—%(2,3,7)). We conclude that
d(-%(2,3,7)=1-1=0, d(-%(2,3,7) =2.

Using the properties of d and d under orientation reversal (Proposition [5.2)), we obtain the
calculations for ¥(2,3,7) stated in the Introduction. Combining these calculations with

Corollary we get Corollary
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With regard to the smooth concordance invariants defined in Section we have Vp(Ty) =
Zo(Tg) =0 and V(Tg) = —1.
6.9. Failure of additivity. We are now ready to give an example showing that the maps
d.d: ©), —Q
are not homomorphisms. Take Y = 3(2,3,7) and consider the connected sum Y#Y. We
have computed that d(Y) = —2. If d were additive, then we would get d(Y#Y) = —4.

On the other hand, from the calculation of HF*(Y) in [34, p.47] and the connected sum
formula [38, Theorem 1.5] we get

HF N (Y#Y) 27" @ (Za){ 1) © (Za) 2.

From the exact triangle relating HFIT(Y#Y) to HF T (Y #Y') we see that HFI T (Y #Y))
cannot have any elements in degrees less than —2. Hence d(Y#Y') cannot be —4, and d is
not additive.

By changing orientation, in view of Proposition we see that d is not additive either.

7. L-SPACE KNOTS AND THEIR MIRRORS

A knot K C S3 is called an L-space knot if the surgery S;’(K) is an L-space for some
integer p > 0 (and hence for all p > 0). In [40], Ozsvéath and Szabé proved that if K is an
L-space knot, then the Alexander polynomial of K is of the form

Ag(t) = (=)™ + Y (=)™ (" + ™)
i=1

for a sequence of positive integers 0 < ny < ng < -+ < nyy,. Here, n,, = g(K) is the genus
of K. Let n(K) > 0 be the quantity
-1

n(K) := N — 1 + -+ (=)™ 2ng + (=)™ ny.

Furthermore, let /3 = ng — ng_1.

Ozsvath and Szabd also proved that the knot Floer complex CFK*(K) is completely
determined by this information. Before giving their description, it is helpful to introduce
the notion of a model complex for CFK*°(K).

Definition 7.1. Given a knot K, we say that C is a model complex for CFK*(K) if
CFK>®(K) ~ C ®Ze[U~1,U], where Zy[U~ !, U] is regarded as a chain complex with trivial
differentials.

For example, the complex C' from Section is a model complex for CFK*(T}).

Remark 7.2. There is an important subtlety to note at this juncture. To say that C' is a
model complex for CFK ™ implies that it is preserved by 0, but not necessarily by ¢x. This
will not be relevant to the proofs in this section, but in the future computations in Section
it will frequently be the case that only C' ® Zo[U ™!, U] is preserved by tx.

If K is an L-space knot, then CFK°(K) has a model Zy-complex C with generators

zo,x1, 2%, -+ xl 22 as follows. The (i,j)-grading of zg is (0,0), the grading of z is

(—n(K), g(K)—n(K)), and in general the gradings of 2!, and xf?%(2s+l) differ only in the

i-grading by £,,,—2s and the gradings of $fn, ( and :Eini ( differ only in the j-grading

2s+1) 25+2)
by £ (254+1)- Moreover the complex is symmetric: if gr(z!) = (4, 7), then gr(z2) = (j,4).
There is no need to keep track of the homological grading.
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FiGURE 12. Model complexes for the knot Floer complex of an L-space
knot. The case m odd is on the left and the case m even is on the right.

The differentials in the complex C form a “staircase” as shown in Figure If m is odd,
then the nonzero differentials are

A(zo) = x] + a7 oxt)=al_ +al,, for s >0 even, t € {1,2}
whereas if m is even, the nonzero differentials are
d(a}) = zo + 24 Oxt)==al_ +al, for s >1o0dd, te{1,2}.

The quantity n(K) is the total length of the horizontal arrows in the top half of the
complex C.
From the above description of CFK*(K) we see that H.(Aj) ~ T with lowest-degree

element represented by [z} ] = [22], and H.(Bg) ~ T+ with lowest-degree element repre-
sented by [U~"FK)gl | = [U=K)z2 |, We deduce that
Vo = n(K).

By definition, large surgeries on L-space knots are L-spaces. By Corollary [4.8] their
involutive Heegaard Floer homology is determined by their usual Heegaard Floer homology,
and in particular we have

Vo(K) = Vo(K) = Vo(K) = n(K).

It is more interesting to consider mirrors of L-space knots. These have the property that
sufficiently negative surgeries along them yield L-spaces. An example of such a knot is the
left-handed trefoil Ty from Section

If K is the mirror of an L-space knot, let n;, ¢; and n(K) be as before. (The Alexander
polynomial, and hence these quantities, are unchanged under taking mirrors.) The knot
Floer complex does change: There is now a model Za-complex C for CFK*(K) with

2m + 1 generators xg,z1,2%,--- ,xl 22 | as follows. The (i, j)-gradings of x¢ and z!, are

gr(zo) = (0,0) and gr(z;,) = (n(K),g(K) — n(K)). The gradings of Zp—as and z,,_(2s+1)
differ only in the j-grading by f,—2s; and the gradings of x,,_(2541) and x,,_(2542) differ

only in the i grading by £,,_(2541)- Moreover, the complex is symmetric: if gr(zl) = (4,5),
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F1GURE 13. Model complexes for the knot Floer complex of the mirror of
an L-space knot. The case m odd is on the left and the case m even is on
the right.

then gr(z2?) = (4,i). The differentials in this complex form a “staircase” as in Figure
Precisely, if m is odd, the nonzero differentials are

o(zh) = 2o + 24
Ity =2al  +2l_ | for sodd, 1 <s<m
o(zt,) = 2t

m m—1

whereas if m is even, the differentials are
A(zo) = 1 + 22

oty =al +2l_ for seven, 0 <s<m

o(zt,) = 2t

m m—1-

Observe that now n(K) represents the total length of the vertical arrows in the top half
of the complex C.

By Lemma we can transfer the conjugation map tx to any complex filtered chain
homotopy equivalent to CFK*(K); in particular, to C ® Zo[U !, U]. Thus, we can assume
that CFK™(K) = C ® Zs[U~1, U], and look for a map tx on this complex that respects
the Maslov grading, and is a skew-filtered quasi-isomorphism.

In our case, since U decreases Maslov grading by two, the map tx must preserve each
subcomplex U"C, for n € Z. In fact, given the requirements for vx, it is easy to see that
there is a unique possibility:

(29) v (0) = wo, v (1) = 23, 1k (23) = 7.

Thus, we have all the information needed to compute the involutive Heegaard Floer
homology of large surgeries on K. In particular, let us spell out the values of V(K)
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and V(K), which by Theorem determine the involutive correction terms of the large
surgeries.

Proposition 7.3. Let K be the mirror of an L-space knot. Then Vo(K) = Vo(K) =0 and
Vo(K) = —n(K).

Proof. From the above description of CFK > (K), we see that U5 is the largest U-power
of C with nontrivial intersection with AJ. For context, let us begin by computing H.(Ag)
and H,(Bg), and thus V. (The reader who is familiar with this computation may skip the
next two paragraphs.)

Let ) = (UFC) N A, so that H.(A}) = @ H.(C®). For k > n(K), we have
C*) = 0. For n(K) > k > n(K) — £y, the complex C*) has generators Uz}, and U¥z2,
and no nonzero differentials, hence has homology

H(C®)) = Zo([UFx}, + UFa?2 ), [U*22,)).

Similarly, if n(K) — by — -+ — bm-zs > k > n(K) — by — -+ — Ly _(2519), then C®) is

generated by the U* powers of z} 22 ... 2zl . 22 , with the inherited differentials,

and has homology

Zo([U" Y (@t + 2)]s [UF Y o))
t=0 t=0

Finally, for k < 0, C®¥) = UFC ¢ A, and the homology H,(C*)) is one of the following,
according to the parity of m:

H.(CW®)Y — {Zz<[Uk(Ztio(x%n2t + a2 _o5,) + x0)]) for m even,
*(C - m—1
Zo([UR(32, 2 (o + 22,_9)]) for m odd.

We see that H.(Af) ~ T+ EBZS}”(K), where the lowest-degree element in 7+ can be taken
to be [U"F)(z} + 22))]. An extremely similar computation shows that H.(BJ) ~ T,
where the lowest-degree element can be taken to be [U™¥)z2 ], which is the image of
(U™ (2}, +22,)] under the map vo: Hi(AJ) — H.(By). Therefore, v is modelled on the
identity in sufficiently large degrees, and we have V5 = 0.

We now turn our attention to the computation of Vy and V. Recall that we must have
(1+x)2t = 2l + 22 and (1 + 1)z = 0.

Let us compute the homology of the complex ATl a“ . Since 1 + 1i preserves C, it suffices
to compute the homology of

cI®) .= (cP[-1] e Q-c®[-1],0+ Q-(1 + tx))

for each integer k.

For k > n(K), the complex CI®) is trivial. For n(K) > k > n(K)—£y,, the complex CI*)
has generators UFz!, and QU*x!, (t € {1,2}) and the only contribution to the differential
comes from Q- (1 + tx); therefore, the homology H*(CI(k)) is

Lo (UM, + 23], UF Q] = [UF Qa7 ).

Similarly, if n(K)—Ly,—- - -—Llim—2s > k > n(K)—Llm—- - —Llp,_(2542), then CI™ is generated
by t,, -+ 2l o, Qxt, - Qxt _,  with the inherited differentials. The homology of this
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complex is

S

Z2<[Uk Z(x}n—% + $72n—2t)]7 [UkQ Z xin—Qt] = [UkQ Z x72n—2t]>'

t=0 t=0 t=0

Finally, for & < 0, the homology H.(CI (k)) is one of the following, according to the parity
of m:

Zg([Uk(Z?:TQL(x}ant + T o) + 20)),
[UkQ(Z;f:lo(fU}n—Qt + a7, o) + 20)]) for m even,
Z2<[U’“(Et?27(lfff3n_2t + 25,0,
[U*FQ(3: 2% (whu—ne + Tp—2y))]) for m odd.

H,(c1®) =

Notice that regardless of the parity of m, the generator of H,(CI (0)) in the image of @) is
annihilated by multiplication by U. Therefore, combining all three computations above, we

see that, as a Zs[U]-module, the involutive homology H.(AI{)is Tta@ T EBZ;G”(K), where
the first tower has lowest-degree element [U™5) (2} 4-22,)] and the second has lowest-degree
—1

element either [Q(>° 2o (x),_op + 22, o) +x0)] or [Q(D, 2% (@), _op +22,_5,))], according to
the parity of m. Comparing with the homology of Ag , we conclude that Vo = 0 and
Vo = —n(K) ]

8. LARGE SURGERIES ON THIN KNOTS

8.1. Thin knots. A knot K C S is called Floer homologically thin (or thin) if its knot
Floer homology

HFE (K) = @ HFE (K, j)
7,k€EZ

is supported in a single diagonal line j —k = 7, for some 7 € Z. Thin knots were introduced
in [47, 49]. The value 7 = 7(K) is the knot concordance invariant defined in [47, [36].

Alternating knots were shown to be thin in [35]. A more general class of knots, called
quasi-alternating knots, were also found to be thin [26]. Furthermore, in these cases we have
T = —0/2, where o is the signature of the knot. It is an open question whether 7 = —0/2
for all thin knots.

For thin knots, the complex CFK*(K) has been described by Petkova [46, Lemma 7].
By her work, we know that there is a model complex C for CFK*(K) consisting of a direct
sum of a single staircase and some number of square complexes.

Let us introduce some notation. For a thin knot K, all differentials in CFK*°(K) are of
length one, going in either the horizontal or the vertical direction. Given a basis element
x € CFK*(K) lying in grading (7,7), we let Opor,(z) denote the horizontal part of the
differential, so that Onor,(2) lies in grading (i — 1, 7). Similarly, we let Oyert(x) denote the
vertical part of the differential, so that Oyert(z) lies in grading (7,5 — 1). If y is a sum of
basis elements in multiple gradings, then 0o, (y) and Overt(y) are computed using linearity.

We now introduce the Zs complexes that are used to build the model complex for CFK*°.

1 2

A staircase complex of step length one consists of 2m-+1 basis elements g, #1, 23, -+, z} 22,

such that zg is in grading (0,0), and the complex has one of the forms shown in Figure
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FIGURE 14. The four staircase complexes with step length one. For larger

versions, see Figures and

Ue c

FI1GURE 15. A square complex

A square complex consists of four elements a in grading (i, j), b in grading (i — 1, j), ¢ in
grading (i — 1,7), and Ue in grading (i — 1,7 — 1), with differentials

ahorz(a) = b7 avert(a) =, avert(b) = ahorz(C) = Ue, 8(Ue) =0.

A remark on notation: we use Ue instead of e so that a and e lie in the same grading,
which will be convenient in future. Furthermore, because of the potential of confusion with
a differential, we do not use “d” to label any element in the chain complex.

The element a is called the initial corner of the square. An important feature of a initial
corner a is that OnorsOvert (@) = OvertOnorz(a) # 0. Notice that no other basis element of a
square complex or a staircase complex has this property.

As mentioned above, the model complex C consists of a single staircase and some number
of square complexes. The value of the knot invariant 7 can be read from the staircase.
Indeed, for a staircase with 2m + 1 generators, we have

(30) m = |T|.
Further, the sign of 7 is positive if we are in one of the first two pictures in Figure (14| (that
is, the differential connecting x}, and x! | is horizontal), and is negative otherwise.

The Euler characteristic of HFK (K), which is the Alexander-Conway polynomial of the
knot, takes the form

Ar(®)= (" =7 e 7T — (7 =24 1)),
for some symmetric Laurent polynomial r(t) of the form
T(t) =70 — Tl(tfl + t) 4+ 4 (_1)krk(t7k + tk)7

with r; being nonnegative integers. The polynomial r(¢) encodes the positions of the square
complexes. In particular, r(—1) represents the total number of squares.
The determinant of the knot is given by

(31) D = Ag(—1) = 2m+1 + 4r(—1).
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Thus, the number of square complexes is
(32) r(=1) = (D —2|r| —1)/4.

The parity of r(—1) will play an important role in our considerations. Note that this is
simply the parity of rg, so we will refer to it as such.
Let us also define

(33) n(K) = [m/2].

When there are no squares (so that K is an L-space knot), this coincides with the definition
of n(K) in Section

Our goal will be to analyze the conjugation map tx on CFK*(K). By Lemma we
can assume that CFK*(K) is given by C ® Zy[U,U~!], where C is our model complex.
Suppose we have a generator x = [X, 1, j] of C ® Zs[U,U~]. Recall that 1 is skew-filtered,
that is, it takes x to a sum of elements supported in the quadrant with upper right corner
at (7,7). Furthermore, since K is a thin knot, the Maslov grading of z is given by i+ j — 7.
It follows that, in the (i, j)-plane, ¢tk (x) must be on the diagonal with the same value of
i+ 7 as . Combining this with the skew-filtered property, we actually get that ¢x (z) must
be supported in the point with coordinates (j,1).

To get more information about tx, it is helpful to know its square L%(, which equals the
Sarkar involution ¢; cf. Section Since L%( = ¢, we must have that ¢ preserves the support
(4,7). One consequence of this is that ¢ equals the map ¢, induced by ¢ on the associated
graded (with respect to the vertical filtration j).

Now, recall from Proposition that the map ¢, can be computed explicitly. In fact, for
thin knots, the result of this computation appears in [51, Section 6]. We can describe it as
follows. On the staircase complex, ¢ = ¢, is the identity. On each square complex, we have

(34) sla)=a+e, <(b)=0b, s(c)=¢c, c(e)=ce.

We are left to find ¢ that squares to this map, and takes elements supported at (i, j) to
elements supported at (j,1).

8.2. The figure-eight knot. As a first and motivating example, we compute tx in the
case of the figure-eight knot 4;, for which m = 0 and r(¢) = 1. The complex CFK*(4;)
appears in Figure We write x = xg for simplicity.

This chain complex has eight grading-reversing automorphisms. Indeed, in all of them we
must have tx (b) = ¢,1x(¢) = b and (because 1k is a chain map) vk (e) = e. Further, tx(x) is
either x or x+e, and tx (a) is a, a+e, a+x or a+x+e. This gives eight possibilities. However,
six are eliminated because they do not square to the Sarkar involution x — =, a — a + e.

The remaining two maps

r—r+e a—~a+x

r—T+e a>a+x+e

are conjugate to each other (via turning z into x + €), so up to change of basis there is only
one map on CFK(4;) that could be tx. Without loss of generality, let ¢ be the first map
above, so that 1 + ¢ is

e—0, z—e a—x, bc—b+ec
We can use this to compute the knot invariants V and V. We see that

H.(A]) = Zo([U"2] : n < 0) & Zo([b])
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FIGURE 16. The knot Floer complex for the figure-eight.
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FIGURE 17. Parts of the AIS' complex for the figure-eight.

U~'Qz

and Hy(By) = Zo([U"z] : n < 0), so Vo = 0. Now consider the complex AI]. This chain
complex breaks up into a direct sum of subcomplexes, the first two of which are illustrated
in Figure[I7] The subcomplex containing the lowest graded elements, depicted on the left, is
generated by the seven elements a, b, ¢, Qx, Qa, @b, and Qc. The next subcomplex, depicted
on the right, is generated by ten elements, with differentials as shown in the figure; all
further subcomplexes are identical to this subcomplex multiplied by U~". The homology
of the left subcomplex is Zo([Qx], [Qa + ¢], [Qc]) and the homology of the right subcomplex
is Zo([U1Qx], [z + U~1Qc]). Observe that Uz + U~'Qc| = [Qc]. Therefore,

H(AI) = TH @ Ty & (Za) ),

where the towers can be taken to have lowest-degree elements [Qc| and [Qz]. We conclude
that Vo =1 and Vg = 0.
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8.3. The general case. Now let K be an arbitrary thin knot. We seek to determine the
conjugation map tx on CFK*(K). Let C be the model complex for CFK*°(K), described
in Section

For a staircase complex, we define the standard staircase map to be the involution that
exchanges r! and z2 and fixes x. Note that this is a genuine involution.

Given two squares {a,b,c,Ue} and {d’,b',c/,Ue’} such that the grading of a is (i,j) and
the grading of @’ is (j,4), we define standard square map on the pair to be the map

a—d, b=, c—l, e—é,
d—a+e —b Ve, e

Note that this squares to the Sarkar involution (34]) on the squares, which takes a — a-+e,
a' — a’ + €/, and is the identity on b, c,e, b, ¢, €.

Proposition 8.1. Let K be a thin knot. Up to a (grading-preserving) change in basis,
there is a unique automorphism v on CFK®(K) that exchanges the i and j gradings and
squares to the the Sarkar involution.

Proof. Notice that because ¢k is a chain map that interchanges the gradings on CFK*(K),
if = is a basis element in a single grading, we must have Ohor,(tx (7)) = tx (Overt(z)). This
implies that Ohorstk = tikOvert o1 CFK®, and similarly Overttk = txOnorz. In particular,
OvertOhorzt K = Overtt K Overt = UK OhorzOvert = LKavertahorza s0 tg and OyvertOhorz = OhorzOvert
comimute.

The idea of this proof is to split off pairs of square complexes related by the standard
square map from the model complex C', until what remains is a staircase or (more interest-
ingly) a staircase and a single square.

Consider the set of elements {as} which lie at the initial corners of squares in the model
complex C, so that OnorzOvert(as) = OvertOnorz(as) # 0. Recall that as are the only basis
elements that are not mapped to zero by OnorzOvert-

First, assume there is some as in planar grading (7, j) such that ¢ # j. Then tx(a) lies
in planar grading (7,4) and has Onor,Overt (ti(a)) # 0. Therefore tx (a), written as a sum of
basis elements each appearing once, contains an initial corner a’ # a. We will use this fact
to do a change of basis so that the square {a,b,c,Ue} is exchanged with another square
complex by the standard square map on pairs.

Let Onorz(a) = b, Overt(a) = ¢, and Onor,Overt(a) = Ue. Then consider tx(a). Since
Lk is a chain map that interchanges the vertical and horizontal gradings, we observe that
Ohorz(Li (@) = Lt (c), Overt(ti(a)) = ti(b), and OhorzOvert(ti(a)) = tx(Ue) # 0. Change
basis by adding ¢t (a)+a’ to @', 1 (b)+0vert(a’) t0 Oyert(a’), L (¢) +Onorz(@’) t0 Onorz(a’), and
L (Ue) + OyertOnorz (@) 10 OyertOnorz(a’). This change of basis has the effect of changing the
model complex C' to C’ in which the squares {a,b,c,Ue} and {1k (a),tx(c),tx(b),tx(Ue)}
are interchanged by the standard square map.

Our goal now is to split C®Z[U~1, U] as (Cr'®Zy[U~L, U])®(C?*®Z[U~1, U])) such that
each C'®Zs[U ™1, U] is preserved by v, and C? is still a direct sum of square complexes and
a single staircase. To do this, we must change basis again. Let C! be the direct sum of the
squares {a,b,c,Ue} and {1k (a),tx(c), ti(b), . (Ue)}. Suppose there is some x € C” a basis
element not in C'* such that tx (), as a sum of elements in C’ in which each element appears
at most once, contains vk (a). Then we change basis by adding a to z, so that vx(x + a)
no longer contains tx(a). Of course, we should now add b to Onorz(2), ¢ t0 Oyert(x), and
€ t0 OhorzOvert (). Repeating this process for other elements as necessary, we can arrange
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to have a complex C” in which there is no x # a such that tx(a) appears nontrivially in
i (z). Consequently, there is also no y # ¢k (a) such that a appears nontrivially in ¢k (y),
because then ¢t (a) would appear in (% (y); since tx(a) is now the only basis element with
the property that tx applied to it contains a, nothing can cancel with this term. Next, we
do similar changes of bases to produce a complex C"” for which there is no basis element
x ¢ C! such that tx(x) contains b,c,d, i (b), i (c), or ti(d) nontrivially, achieving our
goal.

We repeat the argument above, splitting off subcomplexes generated by pairs of squares
with the standard square involution, until all square complexes remaining have initial cor-
ners on the main diagonal. We may repeat the same procedure with any square whose
initial corner a lies on the main diagonal which has the property that ¢x (a), expressed as a
sum of basis elements each appearing once, includes an initial corner @’ in C' other than a.

This leaves us with a set of initial corners {aq,...,a;} such that tx(a,) contains only a,
and no other initial corner, for r = 1,...,t. (Of course, since Ohor,Overt (ti (ar)) = Lt (er) #
0, tx (a,) must contain at least one initial corner in C| since these are the only elements with
OnorzOvert 7 0.) Suppose that the number of remaining squares, ¢, is at least 2. Without
loss of generality (because of the tensor product with Zs[U~1 U]), each a, lies in planar
grading (0,0). Then ey,...,e; must also lie in grading (0,0). Since we have already split
off any other square complexes in pairs, we see that {a1,...,ase€1,...e, 20} are all of the
basis elements in the grading (0,0). Furthermore, Oyhor,Overt (tk (ar)) = OnorzOvert (ar) = Uey,
so each e, must be fixed by tx. Finally, because Onor,Overt (z0) = 0, we see that tx(zg), as
a sum of basis elements, cannot contain any a,. This implies that we know the following
about the behavior of the involution in grading (0, 0).

t t
LK(GT‘) = €r, LK(ar) =ar + /B’I"‘TO + Z’Yﬁe& LK(xO) =xo+ Z(sses‘
s=1

s=1
Here each f,,v; and J; is either 0 or 1 as appropriate. This implies that

t

L%((ar) = LK(ar + Brxo + ZVﬁes)
s=1

t t t
=ar + Brx(] + 277?68 + /3r$0 + /87' Zéses + Zfﬁes
s=1 s=1 s=1

t
=a, + B Z(Sses'

s=1

However, by assumption L%( is the Sarkar involution ¢, so L%((ar) = a, + e,. This implies
that 8, = 1, §, = 1 and all other d; are 0. Since r was arbitrary, this is a contradiction
when t > 2. We conclude that ¢t =0 or 1.

Therefore, we can always split off pairs of squares related by the standard square map
until we have either a staircase complex C,, of step length one or a staircase complex C, of
step length one and a single square complex whose initial corner a lies on the main diagonal.
(The first case occurs when the original complex had an even number of square summands,
i.e. g = 0 mod 2, and the second case occurs when the original complex had an odd number
of squares, i.e. 79 = 1 mod 2.) In the first case, . must be the standard staircase map. For
the second case, without loss of generality 2y and a lie in the grading (0,0). An argument
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similar to the one given for the figure-eight knot in Section [8.2] shows that up to change of
basis, the map tx in the grading (0,0) must be

a—a+xg, To—x9+e er—e.

Once this is established, the fact that ¢k is a chain map and interchanges the gradings
completely determines the automorphism. There are four different cases, illustrated in

Figures and
In the first and fourth cases (shown in Figures[18| and respectively) we must have

zh 22 b e+ i,

1
s
2

2zl ¢ b+ .

In the second and third cases (shown in Figures [19| and we get

o] = i+ U ke, zl s 2? for s > 1, b— ¢,
z3 e xf + U, 22—zl for s> 1, c—b.
This completes the description of the automorphism ¢x. O

In view of Theorem and Proposition we have all the information needed to
calculate HFI™ of large surgeries on thin knots. In particular, by Theorem the involutive
correction terms are determined by the values of Vg and Vg for these knots. These values
can be computed explicitly:

Proposition 8.2. Let K be a thin knot. The invariants Vo and Vo associated to K depend
on the sign and parity of T(K) and on the parity of ro as follows.

(1) If ro = 0 mod 2, we have the following cases:
(a) If 7(K) >0, then Vo = Vo = Vy = n(K).
(b) If 7(K) < 0, then Vo =Vy =0 and Vo = —n(K).
(2) If ro =1 mod 2, then we have the following cases:
(a) If T(K) =0, then Vo =1 and Vo = Vo =0.
(b) If 7(K) > 0 and 7(K) = 1 mod 2, then Vo = Vo =n(K) and Vo =n(K) — 1.
(c) If 7(K) >0 and 7(K) =0 mod 2, then Vo =n(K) +1 and Vo = Vo = n(K).
(d) If 7(K) <0 and 7(K) =1 mod 2, then Vo = Vo =0 and Vo = —n(K) + 1.
(e) If T(K) <0 and 7(K) =0 mod 2, then Vo =Vy =0 and Vo = —n(K).

Remark 8.3. Of course, the values of Vj for thin knots were already known. See [35]
Corollary 1.5] for the case of alternating knots; the arguments there readily extend to all
thin knots. We included Vj in the statement of Proposition for easy comparison with
ZO and Vo.

Proof of Proposition[8.3. By Proposition [8.1] if ro = 0 mod 2 then it suffices to consider
the case of a staircase complex. We obtain the same results as in case of L-space knots and
mirrors of L-space knots. This proves Cases (1a) and (1b).

The more interesting calculation is when rg = 1 mod 2. Then, again by Proposition (8.1
it suffices to consider the case of a staircase complex together with a single square complex
on the main diagonal. If 7(K) = 0 the staircase in question is a single point, and this is the
complex for the figure-eight knot. By our computation in Section we obtain Case (2a).

The proofs of Cases (2b)-(2d) are computational, and are all variations on the same
strategy. We will do Cases (2b) and (2¢) in detail.
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FIGURE 18. A model complex for a thin knot with 7(X) > 0, and 7(K) and
ro both odd.

Suppose that 7(K) > 0 and 7(K) is odd. This is Case (2b). The relevant portion of
the knot Floer complex is illustrated in Figure Observe that for this knot complex,
H.(A$) = Zo[U)([21]) ® Z2([b]) and Vy = n(K). Therefore we will compare V¢ and V to
n(K) by computing the difference in gradings between the generators of towers in H,(AI{)
and the gradings of the elements ﬁ and Qx%. From the description of tx in the proof of
Proposition [8.1| we see that the map 1 + ¢ is given by

xo > e, b (b+c) + a3, A
a — o, cr (b+c) + a3, e— 0.
We start by breaking the full involutive complex
(CFEK*®(K)[-1] ® Q-CFK™(K)[-1], 0+ Q-(1+ tk))

into the direct sum of three subcomplexes over Zo[U 1, U]. The first of these is generated
by a model Zy-complex C with basis consisting of the elements x! +22, zg, Qe, and U~1Qb.
The nonzero differentials in this subcomplex are as follows:

d"(U~'Qb) = Qe,
0" (x0) = (21 + 1) + Qe,
O"(zl +22) = (vt 4 +22.,) + (vi_4 + 22_) for s even.

This subcomplex is acyclic.
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1

Our second subcomplex is generated by a model Zs-complex Cy with generators zg,

Q(xl + 22), Qxo, a, and b+ c. Here are the nonzero differentials:
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9"(Q(xg + 7)) = Qg4 + 2341) + Q(r 4 + 27 4) for s even.

The homology of this subcomplex is Zo[U, U 1|({[x1 + b + ¢]).
Our third and last subcomplex is generated by a model Zs-complex C5 generated by the
elements b, Qa, Ue, Q(b+ c), and Q2. It has nonzero differentials as follows:

9'(Qa) = Q(b+c),
d'(b) = Ue + Qb+ ¢) + Qa?,
9"(Q2?) = Q22| + Qx2_, for s even.

The homology of this subcomplex is Zs[U, U~ {[Qx?]).

Now we can investigate the homology of the intersection of each of these three com-
plexes with Al g , i.e., we will look at those terms in the region of the (4, j)-plane given by
max(7,j) > 0. The direct sum of these intersections will give Al (J)r, and we are interested in
the two infinite U-towers in its homology.

First, consider the intersection of the subcomplex generated by Cy with Al g . For k£ <0,
the complex U*C is contained in AJ E{. Since C is acyclic, it must be that neither of the
two towers in H.(AI{) comes from Cy ® Zo[U ™1, U.

Let us move to our second subcomplex Cy. All nonpositive U-powers of Cy are contained
in AT (J)r’ and have homology generated over Zo by U _k’[x% + b+ c|. However, the intersection
of U-Cy with AI{ is generated over Zy by Uzl and UQ(x! + 22) for s > 2, with nonzero
differentials as follows:

O'(Uxd) = Uzl + UQ(x} + 23),

o' (Uzl) = UQ(x! + 22) for s odd,

O"(UQ(x3 +23)) = UQ(w5 + 3),

O"(Uz}) =Uxiyy + Uzl + UQ(x} + 22) for s even, s > 2,

IUQ(x +22) =UQ(viyq +2,1) +UQ(xl_q +22_;) for s even, s > 2.

This complex is acyclic. We conclude that the first infinite tower in H.(AI{) has [#1 +b+]
as the lowest degree element.

We finally turn our attention to the subcomplex generated by C5. All negative U-powers
of C3 are contained in Af ar and have homology generated over Zo by [U~*Qz?]. However,
the intersection of Cj itself with Al g loses Ue. That is, C3 N Al g is generated by b, Qa,
Q3, Q(b+ ¢), and Qz? with nonzero differentials as follows:

§'(Qa) = Qb+ o),
9'(b) = Qb+ c) + Qai,
9"(Qz?) = Qx2, | + Qz?_, for s even.
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FIGURE 19. A model complex for a thin knot with 7(K) > 0, 7(K) even,
and 7o odd.

This is acyclic. This means that the second infinite tower in H,(AI{) has [U~1Qx?] as the
lowest degree element.

Recall that the tower in H,(AJ) has [21] as the lowest degree element, and Vy = n(K).
Thus, the grading of [z1 +b+¢] in H,(AI7) is one more than the grading of [z1] in H.(A]).
Further, [z1] and [z?] have the same grading, so the grading of [U~'Qz?] in H.(AI{)
is two more than the grading of [#1] in H.(AJ). We conclude that V(K) = n(K) and
V(K)=n(K) - 1.

Now consider Case (2c), with 7(K) > 0 and even, and r¢p odd. The complex CFK*°(K)
is illustrated in Figure Observe that for this knot complex, H,(AJ) = Zo[U([x0]) ®
Zo([b]) and Vy = n(K). Therefore we will compare V and V¢ to n(K) by computing the
difference in gradings between the generators of towers in H,(AI{) and the gradings of the
elements xg and Qxy. The map 1 + tx on this complex is given by

a— xo, r} o+ 2t + U e, zhs a2 for s> 1,
To > €, et 2t U 22zl 422 for s> 1,
e 0, b—b+c, c—b+ec.

We start, as in the previous case, by breaking the full involutive complex
(CFK*®(K)[-1] ® Q-CFK™(K)[-1], 0+ Q-(1 + tx))

into the direct sum of four subcomplexes over Zs[U !, U]. The first of these is generated
by a model Zs-complex C; with basis consisting of the elements z! 4+ 22, U71Q(b + ¢), and
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U~'Qa. The nonzero differentials in this subcomplex are as follows:

U 1Qa) = U Qb + ¢),
' (x1 + 1) =UT'Qb + ¢) + (a3 + 23),
O"(zl +a2) = (viq +224) + (vi_q + 22_;) for s odd, s > 1.

This subcomplex is acyclic.
Our second subcomplex is generated by a model Zs-complex Cy with basis consisting of
the elements Qa + ¢ and e. The only nonzero differential is the following:

0(Qa+c) =e.

This subcomplex is also acyclic.
Our third subcomplex is generated by a model Zs-complex (5 with basis consisting of
the elements =}, Q(z! + 22), 20, U 'Qc and Qe. The nonzero differentials are as follows:

8L [EO) ( 1QC) Q€,
9(Q(z] +27)) = Q(ay + 23),
81/

(
(
(1) = Q(z! + 22) for s even,
' (1) = 23 + Qa1 + 2%) + 20 + U 'Qc,
(
(z

X

Q

(Qry +23) = Qayy +a21) + Qay_y +a2_y) for s odd, 5 > 1,

L

Q

D =2e ol + Q(zh + 22) for s odd, s > 1.

The homology of this complex is Zo[U 1, U)([xg + U~1Qc]).
Our final subcomplex is generated by a model complex Cy with generators Qz., Qzo, a
and b+ c. Here are the nonzero differentials:

0“(a) = (b+c¢) + Qxo
0'(Qx1) = Qﬂfz + Qo
9"(Qzt) = Qriy + Qzl_; for s odd, s > 1.

The homology of this complex is Zo[U 1, U{[Qx0]).

We now turn our attention to the homology of the intersection of each of these four
complexes with ATl (J)r, to wit, the region of the plane with max(7,j) > 0. The direct sum
of these intersections gives AI{. As before, we are interested in finding the two infinite
U-towers in its homology.

First, consider the intersection of C7 with Af ar. For k > —1, U*C, is contained in AT 8‘ .
Since (1 is acyclic, neither of the two towers in H.(AIJ) comes from Cy ® Zo[U~1,U]. B
similar logic, neither of the two towers comes from Cy ® Zo[U ™1, U].

Now let us consider our third subcomplex, generated by Cs. All nonpositive U-powers
of Cy are contained in Al Sr , and have homology generated by U~*[zq + U~'Qc|. However,
the intersection of U - Cy with AI(T is generated over Zy by Uzl, UQ(x! +22), and Qc, with
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nonzero differentials as follows:
O'(UQ(x1 +27)) = UQ(3 + x3),
O'(Uzxl) = UQ(x! + 22) for s even,
o' (Uzl) = Uz + UQ(2! + 23) + Qe,
IUQ(x+22) =UQ(viyq +Uz2y 1) + UQ(zi_y + U2 ) for s odd, s > 1,
O"(Uz}) =Uxiq + Uzt + UQ(x} + 22) for s odd, s > 1.
The homology of this complex is generated over Zs by [Qc]. Since Ulxg + QU 'c] = [Qd],
we conclude this element is part of the first infinite tower. Finally, the intersection of
U? . Oy with AI{ is generated over Zs by U2zl, QU?(x! + 22) with s > 2, and has nonzero
differentials as follows:
0 (U*Q(a} + o3)) = UQ(xg + 23),
O"(U%zl) = U?Q(xl + 2?) for s even,
0" (U?x3) = Uxy + U?Q(a3 + x3)
O(U?Q(xs +23)) = UPQ(wgpy + 7511) + UPQ(arg_y +a7_y) for s 0dd, s > 3,
O"(U?z}) = Uzl + Uzl + U?Q(x: + 22) for s odd, s > 3.
This complex is acyclic. We conclude that the bottom element of the first infinite tower in
H.(AIT) is [Qc].
Finally, we turn our attention to the fourth subcomplex, generated by C4. Every nonpos-
itive U-power of Cj is contained in AT and has homology generated over Zs by U~*[Qu).

However, U - Cy is generated over Zy by the elements UQx!, with nonzero differentials as
follows:

9'(Qz1) = Q3

0"(Qzy) = Qriq + Qui_y for s odd, s > 1.
This complex is acyclic. We conclude that the bottom element in the second infinite tower
in H.(AI7) is [Qzo].

Now, recall that the tower in H,(Ap) has [z¢] as its lowest degree element, and V = n(K).
The grading of [Qc] in H.(AI{) is one less than the grading of [zo] in H.(Ag), and the
grading of [Qz¢] in H.(AI{) is equal to the grading of [zo] in H.(Aj). We conclude that
V(K)=n(K)+1and V(K) = n(K).

Cases (2d) and (2e) are pictured in Figures 20| and respectively. We leave the com-
putations in these cases to the interested reader. O

Proof of Theorem[I.7. This is now a simple consequence of Proposition taking into
account the relation 7 = —o(K)/2 for alternating knots, the identities (30), (31)), (32)) and
([33), as well as the fact that a knot has Arf invariant 0 if and only if D = £1 (mod 8). O

Proof of Corollary [1:8 We use the following Zs-homology cobordism invariants of Zs-homology
spheres Y: d, d, d, and the (generalized) Rokhlin invariant

u(y) e éZ (mod 27)
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FIGURE 20. A model complex for a thin knot with 7(K) < 0, 7(K) odd,
and 7o odd.
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FIGURE 21. A model complex for a thin knot with 7(K) < 0, 7(K) even,
and 7o odd.
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from [3]. If Y = S3(K) for p > 0 odd, Proposition 3 in [I] says that

H(S3(K)) = %(1 — )+ AM(K)  (mod 27).

In our case, if S3(K) and S3(K') are Zy-homology cobordant, we see that K and K’
have the same Arf invariant. Further, in view of Equation and Theorem the values
of d, d and d for p-surgery on a knot are determined by the values of (Vy, Vp, V) for that
knot. It follows that K and K’ have the same triple of values (Vg, Vo, Vo). By inspecting
the tables in Theorem (1.7, we conclude that K and K’ have the same signature. O

Remark 8.4. The results in Theorem and Corollary apply equally well to quasi-
alternating knots.
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