NON-ORIENTABLE LINK COBORDISMS
AND TORSION ORDER IN FLOER HOMOLOGIES

SHERRY GONG AND MARCO MARENGON

ABSTRACT. We use unoriented versions of instanton and knot Floer ho-
mology to prove inequalities involving the Euler characteristic and the
number of local maxima appearing in unorientable cobordisms, which
mirror results of a recent paper by Juhasz, Miller, and Zemke concerning
orientable cobordisms. Most of the subtlety in our argument lies in the
fact that maps for non-orientable cobordisms require more complicated
decorations than their orientable counterparts. We introduce unoriented
versions of the band unknotting number and the refined cobordism dis-
tance and apply our results to give bounds on these based on the torsion
orders of the Floer homologies. Finally, we show that the difference be-
tween the unoriented refined cobordism distance of a knot K from the
unknot and the non-orientable slice genus of K can be arbitrarily large.

1. INTRODUCTION

A classical problem in low-dimensional topology is the study of embed-
ded orientable surfaces in 4-manifolds. The special case of surfaces with
boundary has been a particularly popular topic for a very long time, and it
includes for example questions pertaining to the slice genus of a knot or the
complexity of a knot or link cobordism.

On the other hand, the study of non-orientable surfaces and knot cobor-
disms in I x S3 has received increasing attentions in the last decade [Bat14)
0OSSz17al (GM18, [Fanl19], and there are now several bounds to the non-
orientable slice genus of a knot. However, if a knot bounds a non-orientable
surface of a given ‘genus’, it is not clear how complicated the embedding must
be. In this paper we tackle this question by proving a non-orientable ana-
logue of a recent result of Juhdsz—Miller—Zemke. In a recent paper [JMZ20],
they proved an inequality involving the number of local maxima and the
genus appearing in an oriented knot cobordism using a version of knot Floer
homology. In this paper, we prove similar inequalities for non-orientable
knot cobordisms using the torsion orders of unoriented versions of knot
Floer homology and instanton Floer homology.

As for knot Floer homology, we use Ozsvath—Stipsicz—Szabd’s unoriented
knot Floer homology HFK' [OSSz17b], which is a module over F[U]. For a
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knot K C S3 we define its unoriented knot Floer torsion order as
Ordy(K) =min{n >0|U" - Tors = 0},

where Tors C HFK'(K') denotes the F[U]-torsion subgroup.

In the instanton setting, we use Kronheimer and Mrowka’s instanton Floer
homology with local coefficients, denoted by [ ﬁ(K ), which is a module over
a Noetherian domain S which has a special element P [KM2Ia]. We will
restrict our attention to certain domains S, for which I*(K) is functorial for
nonorientable knot cobordisms with singular bundles represented by surfaces
w with dw on the cobordism. In this case, it can be shown that for a knot
K and for the torsion part Tors of 1 jj(K ), there is a positive integer n such
that P™ - Tors = 0. Thus, we define

Ord;(K) =min{n > 0| P" - Tors = 0} .

For an unorientable surface ¥ with n boundary components, recall that
its non-orientable genus is

(%) =2-x(X) —n

For example, RP? (with an arbitrary number of punctures) has non-orientable
genus 1. Note that for unorientable knot cobordisms (X) = —x(2). With
this notation in mind, we state our main theorem.

Theorem 1.1. Let K and Ko be knots in S3. Suppose that there is an
unorientable knot cobordism ¥ in IxS3 from Ki to Ko with M local mazima.
Then

(1) Ord;(Ki) < max{Ord;(K2), M} + (%)
and
(2) Ordy (K1) < max {Ordy(Ka), M} + ().

From a formal viewpoint, Theorem is analogous to [JMZ20, Theorem
1.1]. The proof of Theorem uses the functorial properties of HFK’ and
I* (see [Fan19, [KM21a]), in a similar way as [JMZ20, Theorem 1.1] relies on
knot Floer homology cobordism maps [Juhl6, [Zem19c|. Despite being in-
spired by [JMZ20, Theorem 1.1], the proof of Theorem must necessarily
deviate from it. Recall that in order to define a cobordism map in knot Floer
homology one needs to choose a properly embedded 1-manifold on the sur-
face, often called the set of decorations. In [JMZ20] the chosen decorations
were a pair of parallel arcs, which make the computations of the cobordism
maps more tractable. This choice does not work for non-orientable cobor-
disms in HFK', so we are forced to choose different decorations, which make
the cobordism map more complicated. To circumvent this problem we re-
lated the resulting unorientable cobordism to an orientable one, then use a
stabilization lemma proved by lan Zemke (cf. Lemma . In the case of
It, for a cobordism ¥ to define a map, one needs a surface w with boundary
Ow C X. The natural choice for orientable cobordisms would be w = ), in



NON-ORIENTABLE COBORDISMS AND TORSION ORDER 3

which case [JMZ20] applies verbatim to the case of I*. The map can be de-
fined for the non-orientable surfaces we are interested in, but it will usually
vanish. To overcome this problem, we choose a particular w that allows us
to control the induced map.

Remark 1.2. Note that while Theorem [L.1] is stated for unorientable cobor-
disms, both inequalities also hold for orientable cobordisms too. The proof
follows verbatim from [JMZ20], by replacing knot Floer homology with the
desired Floer theory.

We prove several applications of Theorem which mirror those of
[JMZ20), Theorem 1.1].

1.1. Unorientable ribbon cobordism. A knot cobordism in I x S3 is
called ribbon if it has no local maxima. For example, a ribbon concordance
(i.e., a cobordism of genus 0) from the unknot to a knot K is equivalent
to a a ribbon disc for K. Theorem has a straightforward application to
non-orientable ribbon cobordisms.

Corollary 1.3. Let K and Ky be knots in S3. Suppose that there is an
unorientable ribbon cobordism ¥ in I x S from K to Ko. Then

Ord;(K;) < Ordr(Ks2) + (%)

and
OrdU(Kl) < OrdU(KQ) + 7(2).

1.2. The unorientable refined cobordism distance. The standard cobor-
dism distance between two knots K; and Ky is given by d (K1, K3) =
2g4(K1#E), where g, denotes the standard slice genus. This is not a
distance on the set of knots, because concordant knots have distance 0, but
it descends to a well defined distance on the concordance group [Baal2]. In
[JMZ20], Juhdsz, Miller, and Zemke define a refined cobordism distance on
the set of knots, and give lower bounds to it in terms of the torsion order in
knot Floer homology.

There are analogous unorientable notions too. For an (orientable or un-
orientable) cobordism ¥ in I x S3 from K to K with m local minima and
M local maxima, let

|2 = max {m, M} — x(2).

Definition 1.4. Given knots K1, Ko, C S3, we define the standard unori-
entable cobordism distance d, and the refined unorientable cobordism dis-
tance d;, between them as

dy(K1, K2) = min {—x(2)} and d, (K1, K9) = min {|X|},

where in both cases X varies over all unorientable connected cobordisms and
all genus-0 orientable cobordisms (i.e., concordances).
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Remark 1.5. The orientable counterparts, the standard orientable cobordism
distance d, from [Baal2] and the refined orientable cobordism distance d,
from [JMZ20] are defined in the same way as in Definition but the
surface ¥ now varies over all orientable connected cobordisms. One can also
define analogous notions d, and d,, which we can call all-surface cobordism
distances, where ¥ varies over all (orientable or unorientable) connected
cobordisms.

It is immediate to see that d,, d,,, and d, are distances on the concordance
group and dj,, d;,, and d], are distances on the set of knots.
Theorem [I.1] implies the following lower bounds.

Corollary 1.6. If K| and Ko are knots in S°, then
’Ord[(Kl) — Ord[(KQ)‘ S dZ(Kl,KQ)

and

’OI‘dU(Kl) — OrdU(KQ)’ < dZ(Kl, KQ).

In view of Remark one can in fact replace d;, with dj,. However, for
orientable cobordisms one can also use the standard versions of instanton
and knot Floer homology, which should give better bounds.

We use Corollary |1.6[ to show that the difference between d, (K7, K2) and
dy (K1, K2) can be arbitrarily large.

Corollary 1.7. For all v > 1 and m > 1, there exists a knot K, ,, with
du(Kym, Ur) = va(Kym) =7, and such that d;,(Kym,Ur) > v+ m.

Thus, each unorientable surface ¥ C B with 0¥ = K., and v(X) = v
has at least m local minima (with respect to the radial function).

The knots K, ,, that we consider in the proof of Corollary are a
subfamily of torus knots, for which Ordy can be computed explicitly.

1.3. The unoriented band-unlinking number. For a knot K in S3, the
oriented band-unknotting number uy(K) is defined as the minimum number
of oriented band surgeries that turn K into the unknot. This was called
S H (2)-unknotting number in [HNT90]. Its unoriented counterpart uj(K),
called H(2)-unknotting number in [HNT90], seems to pre-date up(K) in the
literature, since Lickorish proved that there exist knots with uy(K) > 1 in
[Lic86]. Note that in the definition of uj!(K’) we allow both orientable and
unorientable band surgeries.

Juhdsz-Miller—Zemke [JMZ20] introduced a variation, called the oriented
band-unlinking number uly(K), is defined as the minimum number of ori-
ented band surgeries that turn K into an unlink. Of course uly(K) < up(K),
and they proved that Ord,(K) < uly(K) for all knots K in S3. Using The-
orem [1.1| we can derive a similar result for the corresponding unoriented
notion.
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Definition 1.8. The unoriented band-unlinking number ulj(K) of a knot
K in S3 is defined as the minimum number of (orientable or unorientable)
band surgeries that turn K into an unlink.

Clearly, we have
uly (K) < uy(K)
(VAN INA
uly(K) < up(K)

Corollary 1.9. For a knot K in S3,
Ord;(K) < uly(K) and Ordy (K) < uly (K).

Remark 1.10. In private communication [Won], Wong has informed us of
a proof, using methods analogous to |[AE20], that if there is a cobordism
¥ C I xS3 from K and K3 (no matter whether orientable or unorientable)
with m minima, b saddles, and M maxima, then

| Ordyr (K1) — Ordy (Ka)| < m + b+ M.

Since the unlink has vanishing torsion order, this would recover the inquality
of Corollary [1.9) involving Ordy.

Our paper is one of several recent papers related to ribbon cobordisms.
In [Zem19a)], Zemke showed that knot Floer homology obstructs ribbon con-
cordance, a result that prompted a flurry of interesting results in this area,
including [LZ19], [MZ21], [DLVVW19], [Kan19], and |[CGL'20|. Other pa-
pers in the area are Sarkar’s paper on the ribbon distance [Sar20] and the
already cited paper of Juhdsz, Miller, and Zemke [JMZ20], which is the
closest paper to ours.

Organisation. The first two sections of the paper are on instanton Floer
homology: we review the necessary background in Section [2, and we prove
the main instanton technical result (Proposition in Section[3] In the fol-
lowing two sections we do the same for knot Floer homology: after a review
in Section 4, we prove the main knot Floer technical result (Proposition
in Section [5] In Section [6] we prove Theorem and the applications dis-
cussed in the introduction (Corollaries and . Finally, in Section
[7 we compute the torsion order Ordy for a subfamily of torus knots and

prove Corollary

Acknowledgements. We warmly thank Haofei Fan for his support and
help. Special acknowledgements go to Ciprian Manolescu, who suggested
to investigate unorientable cobordisms, and to C.-M. Michael Wong, who
shared his work with us and who gave us helpful comments on an early draft
of the paper. We are also extremely grateful and indebted to lan Zemke,
who proved Lemma [5.4 Finally, we would like to thank the anonymous
referee for their careful reading and helpful comments. MM was partially



6 SHERRY GONG AND MARCO MARENGON

supported by NSF FRG Grant DMS-1563615 and the Max Planck Institute
for Mathematics. SG was partially supported by NSF DMS-2055736.

2. BACKGROUND ON INSTANTON HOMOLOGY WITH LOCAL SYSTEMS

2.1. Instanton homology groups. Kronheimer and Mrowka introduced
singular instanton homology with local systems in [KM11b], and introduced
several more involved variants of it in [KM2Ial. In this paper we will be
working with a variant from the latter. Let us now review the relevant
definitions and properties, following [KM21a] and [KM21b].

Let Y be a closed, oriented 3-manifold, let L be a link in Y and let yy be a
basepoint in Y, and let By, be a ball around g that does not intersect L. Let
o C Y be a standard 6-web in B,,. Let w be a 1-dimensional submanifold
of Y, which consists of components that are circles disjoint from L and By,
and arcs which have endpoints on L and are otherwise disjoint from L.

Then there is an associated space, B(Y, L), of SO(3) connections on Y
that are singular at LU#, which lift to SU(2) away from the LUwU#6p, such
that the SU(2) holonomy around w is —1 and the SU(2) holonomies around
components of L and arcs of fy are conjugate to I € SU(2), when we regard
SU(2) as unit quaternions and 1,7, J, K are the fundamental quaternion
units.

The local system T is defined using three maps h; : BYY, L), — R/Z,
for 1 = 1,2, 3, given by taking holonomy along the three arcs of the 6 web,
which gives three maps to SU(2) and then composing with a character
SU(2) — U(1) = R/Z to get maps to R/Z. Let R = F3[Z3] be the group
ring, which we can also write as the ring of Laurent polynomials in three
variables,

R = Fo[TE T3, T3],

Then I' is defined as the pull back via (h1, he, hg) of a particular local system
over (R/Z)? with fibre the free rank 1 module over R. For a commutative
ring S and a homomorphism o : R — S, let ', denote the induced local
system of & modules.

The instanton homology group I*(Y, L;T,), is defined as the Floer ho-
mology of B¥(Y, L),, with a perturbed Chern Simons functional and with the
local system T',. (In [KM21al, there is an additional map hg : BH(Y, L), —
R/Z coming from taking holonomy along the link itself, and R is defined
to be Fy[Z*], but for our purposes, we will only be using the local system
coming from hy, he, and hs.)

2.2. Maps induced by cobordisms with dots. We now review the fun-
catoriality of I*(Y, L;T',),,. Keeping previous notation, let o : R — S be a
map of commutative rings.

For i = 1,2, let Y; denote a closed, oriented 3-manifolds, with a link L;
and a 1-manifold w; embedded in Y; with boundary on L; and otherwise not
intersecting L;.
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For a cobordism of pairs (X,S) from (Y1,L1) to (Ya2,L2), and w a 2
manifold with corners, whose boundary pieces are wy; and wy in Y7 and Y5
respectively, together with arcs and circles in S, then there is an induced
map

IH(X,8; o) : (Y1, Lis To)wy = (Y2, Lo; T ),

of § modules.

This functoriality can be extended to morphisms given by cobordisms of
pairs with dots on the surfaces. That is, for a cobordism of pairs (X, .5),
define a dot on S to be an interior point p € S along with an orientation of
T,S. Then for dots p1, pa, . ..,pq on S, there is an induced map of S modules

(X, 801,02, 0a; U)o - IF(Y1, L15 T )y — TF(Ya, L2; To )y

In our computations, we will always have Y7, Ys = §% and X = 5% x [0, 1].
Moreover we will be using the same I',. Thus, we will denote our cobordisms
by

Iﬁ(‘s”pbp% o apd)w = Iﬁ(Xa Sappr?' .. apd;ro)w

2.3. Properties of the induced maps. Before going over some of the
properties of the maps of S modules induced by cobordisms, let us recall two
particular elements of the rings R and S. Writing R = Fy [Tlﬂ, TQﬂ, T. gﬂ],
the elements P and @) are given by

P=TTT;+TT, ' Ty + T Ty + 10 T, Ty

and
Q=TI +T°+T5 + Ty 2+ 15 + Ty 2.
For 0 : R — S, the elements o(P),0(Q) € S will also be denoted P,Q
respectively.

(1) (Lemma 3.2 of [KM21b]) Let S be an oriented cobordism. Suppose
S’ is obtained from S by adding an internal 1-handle connecting
points p,q € S, where p,q both have the same orientation as S.
Then

IF(S") = I¥(S,p) + I}(S, q) + PI*(S).
Here and throughout we assume that w = () when it is not denoted.

(2) (Lemma 4.2 of [KM21a]) Let (S,w) be a cobordism between (L1, w;)
and (Lg,wz). Let Ry and R_ be the two standard embedded copies
of RP? in S* with self intersection +2 and —2 respectively. Let 7
be a disk whose boundary is the generator of Hy(RP?). Then

Iﬁ(S#R-‘r)w—I—ﬂ = Iﬂ(S)w
and
Iﬂ(S#R—)w—Hr = Plﬁ(s)ow
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(3) (Section 5.5 of [KM11al, Section 2.2 of [KM19], Section 5.3 of [KM21al],

“Kunneth formula for split links”) Let L be a split link, so that
L = LoJIL1, and Ly and L, are contained in disjoint balls in S°.
Then

IM(L) ~ I*(Lo) ® I*(Ly),
and this is natural with respect to cobordisms with dots.

This is shown in Section 5.5 of [KM11a] using a version of excision
without local coefficients, Hopf link instead of a € web, and without
dots. There is an argument in Section 2.2 of [KM19] for why it
does not matter whether one uses a # web or a Hopf link, and it
is explained in Section 5.3 of [KM21a] why it still works with local
coefficients. The proof of functoriality in [KMI1a] carries over with
no problems to the situation of cobordisms with dots.

(4) (Section 5.2 of [KM21a]) Let Uy be the ¢ component unlink. Then

I*(Up) is a free module of rank 1 over S, which we write as I*(Up) =
Sug, and I#(U}) is the free module over S of rank 2, which we write
as I*(U;) = Suy ® Su_. For D the standard disk viewed as a
cobordism from the empty link to the unknot, and ¢ a point with
orientation compatible with the choice of orientation of the knot,

I*(D)(up) = ug and I*(D, q)(ug) = u_.

Moreover, if D, is the standard disk viewed as a cobordism from
the unknot to the empty link, and ¢ a point with orientation com-
patible with the choice of orientation of the knot,

Iﬂ(Do)(u—) =1, Iﬁ(DO)(u-i-) =0, Iﬁ(DmQ)(u-‘r) =1, Iﬁ(qu)(U_) =P.

For Uy, by the previous point, we have

I'(Uy) = (Suy @ Su_)®.

(5) (Section 5.4 of [KM21al) Let m and A denote the standard “pair of

pants” cobordisms between the two component unlink Us and the
unknot Uy, the merge,

m: Uy — Uy
and the split
A:Up — Us.
The map on I* induced by m (with no dots) is given by
Uy @ Uy — Uy
Ut @ Uz — U—
U_ @u_ — Pu_ + Quy,
and the map induced by A (with no dots) is given by
Uy = Uy QU +U_ Qus + Pup @uy
U— = U— @u_ + Qui @ ug.
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3. A TECHNICAL RESULT FOR INSTANTONS

In this section we prove the main technical result for instanton Floer
homology I* which we will use to prove Theorem To do so, we will use
a classical result in Morse theory, Lemma below. We state it in the most
convenient form for us, and give a quick sketch its proof.

Definition 3.1. Given a knot K in S® and a band B for K, i.e. an embedded
rectangle B in S which intersects K in two opposite sides, we say that B
is orientable with respect to K if the knot K and the result of band surgery
on K along B can be given coherent orientations (equivalently, if surgering
K along B gives a 2-component link).

Lemma 3.2. Let ¥ C I x S? be a non-orientable cobordism between knots
K and K' with m local minima, b saddles, and M local mazima. Then,
after an isotopy rel boundary, we can break it into a sequence of cobordisms
as follows.

(1) m births (from K1 = K to Ly );

(2) m band surgeries that join the various components of the link (from
Ly to K});

(3) b— (m+ M + 1) band surgeries orientable with respect to K| (this
cobordism ends with a knot or a 2-component link L');

(4) 1 band surgery unorientable with respect to K} (this cobordism goes
from L' to a knot KJ);

(5) M band surgeries that split the knot K} into M + 1 components;

(6) M deaths.

Moreover, in this decomposition, the attaching arcs of the b bands on K1
can be assumed to be all disjoint, and we can assume that both attaching
arcs of the unorientable band are already contained in K.

Sketch of the proof. We can arrange all births to appear first and all deaths
to appear last (steps and @) We can also find bands that connect the
various components (steps and ) Thus, we can restrict to the part
of the cobordism between K| and K}, which consists of saddles (i.e., band
surgeries). Note that both K] and K/ are knots.

If all bands are orientable with respect to K7, then all ¥ would be ori-
entable, so there is at least one band unorientable with respect to Kj.

Arrange for all bands from K] to K} to appear all at the same time.

If there is more than one band unorientable with respect to K1, pick one
of them (call it B) and slide it following the surgery of K] along all the
other bands. When B slides over an orientable band, it stays unorientable.
When B slides over an unorientable band, it becomes orientable. Note that
eventually it must slide over an unorientable band because K} is connected,
so K} \ B consists of just two arcs.

Repeat until you have only one unorientable band left.
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If B is the unique unorientable band, then you can slide its endpoints
along L’ so that they are disjoint from all the other (oriented) bands, so we
can think of it as in Kj. O

The main technical result of this section, needed to prove Theorem [1.1
is the following Proposition.

Proposition 3.3. Let S be a cobordism from K to K' with m local minima,
b saddles, and M local maxima. Then there is a surface w that meets S
cleanly and only at Ow C S, whose boundary is a circle in S such that for w
its mirror, we have

(5) PMI(S 0 8)um = PP™Id.

Towards this goal, let us start by doing some computations of maps in-
duced by cobordisms with w.

First let us understand the dependence of I*(X),, on w, when w is a surface
with boundary on 3, which intersects ¥ cleanly and only at dw C S. Note
that for a link L in S3, up to isomorphism, I*(S®, L), depends only on
the homology of [0w] € Hy(L;Z/2), because it counts flat connections and
instantons on spaces determined by the homology class.

Similarly, I*(X),, depends only on the homology class [0w] € H,(%,7Z/2).
This is because the map counts instantons on a moduli space built from X,
[ow] € HY(X,7Z/2) and [w,0w] € Ha(X,%,7Z/2), and H1(X) ~ Hz(X,X), for
X =53 xR.

From here, we can see that for a cylinder ¥ and w given by either a
small disk or a small tube with boundary on X, as in Figure [1} I*(X),
induces the identity: here Ow is trivial in H;(X), and [w, Ow] is also trivial
in Hy(X,X,Z/2).

N /N

FIGURE 1. Cylinders with the magenta surfaces depicting w.

————

When the cobordism in Figure |2| is composed with its inverse, the map
induced is the identity. Moreover, up to isomorphism I*(U,w) depends only
on [Ow] € Hy(U;Z/2), so the two ends of the cobordism have the same
instanton Floer homology. Thus, the cobordism in Figure |2| induces an
isomorphism.

We will call the two generators of the instanton Floer homology of the
unknot with an arc w on the right, which is depicted in Figure 3| x4 and
x_, so that in the u4+ and x4+ bases, the cobordism depicted in Figure [2] is
the identity matrix.
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FIGURE 2

FIGURE 3

The cobordism from the two component unlink to itself induced by two
standard cylinders with w as a tube between them, as depicted in Figure
induces the identity map, because in this situation, (w,0dw) is trivial in
homology in (S® x I,%).

FIGURE 4

The same is true for the map depicted in Figure [5| precomposed with its
mirror. Thus, the map induced by the cobordism depicted in Figure [5|is an
isomorphism whose inverse is its mirror image. Here, we are identifying the
link with w on the right end of Figure [5| with the unlink with empty w via
the isomorphism induced by Figure [2, and the link with w on the left has
isomorphic instanton Floer homology.

For the link on the left in Figure [5] its homology is then a free module
of rank 4 over §S. Let xy4,2x4_,x_4,x__ be a basis of this homology so
that if we choose the z, ® x4, x4 ® x_,2_ ® x4, z_ ® x_ basis for the
two component unlink on the right, the matrix the cobodism induces is the
identity. (Recall that x4 are the basis elements of the instanton homology
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0

g U

FIGURE 5

of the unknot with an arc, so that the cobordism of Figure [2| induces the
identity matrix.

A central step in our proof will be dealing with a cobordism that flips
an unknot, but does not change w. To describe this, consider a link L with
decoration w, which has an unknot component U that is split from the rest
of L; we may isotope U so that it is a geometric circle. Suppose that w has
two endpoints on U, p and ¢, which we may isotope to be the endpoints of
a diameter of U. Then the flip cobordism is a cobordism in I x S® that is
traced by the isotopy obtained by rotating U by 7 about the diameter pgq.
So this is an isotopy that does not change w and reverses the orientation of
one of the two components.

Claim 1. The map on the instanton homology of Uy with w consisting of
two arcs, each going between the two components that results from flipping
one of the unknots (as described above) in a way that does not change w is
the identity map.

FIGURE 6

Proof. By composing with the isomorphisms induced by the cobordism de-
picted in Figure[5] if ® is the matrix associated to the flip inthe x4, 24—, x4, x__
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basis, then
a 0 b 0
0 a 0 b
¢ = ¢c 0 d 0
0 ¢c 0 d
where ¢, = ¢ 2 is the flip on the unknot with an arc in the z,,z_

basis, depicted in Figure |7l This is because ® is the matrix for ®; ® Id, for
Id the identity map, in the z; ® x4, 24 K z_,z_ ® x4, r_ ® x_ basis, and
we are using the basis of the instanton homology of Figure [f] corresponding
to this basis.

FIGURE 7

Now let us compute some of the entries of ®;. Note that if we pre-
compose or post-compose ®; with caps like those in Figure [8, we get back
1
0 and [0, 1], so from these
compositions, we can see that a =d =1 and ¢ = 0.

QO

FIGURE 8

the cap itself. These caps induce the maps

Note that if we did not have w, then we could do the same argument
with a cap with a dot, and using the fact that doing a flip and then a cap
with a dot is the same as doing a negative dot, we would be able to get the
remaining entry, b, and recover Proposition 5.8 of [KM21a], in which the flip
map does mot induce the identity. However, because we have w here, this
does not work: the flip changes which side of dw the dot is on.

Going back to our computation, we now have that

06 0

1

010
(I)_001
0 00

_ o o
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We would now like to show that b is 0. Consider the pair of pants cobor-
dism with w as two half-disks from the unlink with two arcs going between
components to the unknot, as depicted in Figure [J] Because we can pre-
compose with isomorphisms to make a regular merge with a null-homotopic
disk on top, as in Figure we see that Figure [9] induces the same as the
merge map, if we use the x4, x4, x_4,x__ basis. Here we are using that
the reverse of the map in Figure [5|is also the identity matrix with our choice
of basis.

FIGURE 9

S

AR

FIGURE 10

Thus, in this basis, it induces the map
|11 0 0 @
"= [ 011 P ]

Similarly, the reverse of this cobordism induces the same map as A, so it
induces

o~ RNy
— o o
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Thus, composing m o ® o A, we get the map

b+ P 0
0 b+ P |-

However, if we compose these cobordisms, we get a Klein bottle, which is
a connected sum of ]RPJQr and RP?, with w given by two disks, one on each
RP?, such that the boundary circle of the disk is the generator of Hy(RP?).
It is shown in [KM21a] that this Klein bottle with these w induces the map
P -1d, so b =0, as desired. O

Claim 2. Let S C S% x [0,2] be a cobordism from Kj to K3 such that in
S3 % [0,1] it is the cylinder on K; and in S3 x [1,2] it consists of adding a
single non-orientable band. More precisely, we may consider a band B C S3
with vertices Ay Ay A3A4 C S with A1 Ay and A3A4 on K1, as in Figure
In S x [1,2], S then looks like (K1\ (A1 42 U A3A44)) x [1,2] away from the
band B x [1, 2], and within the band it goes from A; Ay U A3A4 at time 1 to
As A3 U A A at time 2.
The cobordism is depicted in frames in Figure

mOQOA:[

’ \ .
‘ ] \ N
4 \
’ 1 1 \
L 1 L
: \\ 1 1
1
1 A1 A2 '
]
\ A4 A3 B
‘\ / \ )
N 4 M 4
~ v S .

FIGURE 11. The cobordism S is cylindrical on the dotted part.

. T PRl  CEE Y LSRRI
. .
. . . .
Q 4 A . B . kY . Q ’ .
. ’ . N 1 il “ . . ' .
! J \ . ' . ’ ! ' by
T
N D . s 0 . . . M ’ [}
' \ ' . '
H [
'
\ ! b i !
L . L
“ /'\ ' . " / AN '
' / \ 4
\‘ N . . N . ! “ ’ . ’
. AN . A . AN ’ . ’
. .
See Sene ~eL? . See .ae’

Then there is a surface w with boundary in the interior of S, such that w
meets S only at the boundary, where they meet cleanly, such that for S the
reverse of S, with corresponding @,

I'S)g o I*(S)y = P-1d : I*(Ky) — I*(K)).
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Proof. Observe that A; and Az split K7 into two parts, which we call a and
b (these are coloured magenta and blue respectively in Figure Let ¢ be
the diagonal on the band that goes from A; to As.

. . N
L ’ \ s
, ' \ \\
’ 1 1 \
L 1 L
1 \ ’ '
f \
1
1 A1 B A2 .
1 1
\
1
\ A4 A3 B
\\ ’ \ ’
N 4 v ’
~ 4 C S ’

FicURE 13. The cobordism S is cylindrical on the dotted part.

Consider a U c as a knot in S? and let Fy be a Seifert surface of it. Then,
Fy is a surface with corners, with boundary a U ¢, and which meets b at the
ends, A; and As. We may isotope a, b, c so that Fy meets b cleanly at the
ends and transversely in the interior, as in Figure

FIGURE 14. Here Fj is depicted as a disk though it could have higher genus.

If we choose an orientation of Fj and b, then the intersection points may
have positive or negative sign. We can increase the number of positive
or negative intersections points without changing the isotopy type of the
embedding of K; U c into S® by twisting b around A; or Az, as in Figure
Let us do this, adding either positive or negative intersections as needed
until there are the same number of positive as negative interior intersection
points between b and Fj.

Now say that the intersection points are Ai,p1,po,...pok, A3, in order
along b. Then if p; and p;+1 are intersection points with opposite sign, we
may remove a small disk around each of p; and p;+1 and replace it with a
small tube around the part of b that goes from p; to p;+1, thus reducing the
number of intersection points. We may continue in this manner, removing
adjacent, opposite-sign intersection points until none remain.
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Cc

FIGURE 15

We now have a surface, which we call F; with boundary a U ¢, which
intersects b only at A; and As, where the intersection is clean.

We now consider a surface Fy C S x [0,2] with boundary on S which is
given by the union of Fy C S3 x {1} with a disk sitting between ¢ x 1 C
S$3 x [1,2] and S, as in Figure

FIGURE 16

Then this F5 can have its corners smoothed out to a surface with boundary
w.

Let us now show that for this w, we have

I'(S)g o I*(S), = P-1d : I*(K,) — I*(Ky).

Let ¥ denote the composition of S with S, and let wy, = w U@ be the
decoration on this cobordism. See Figure [17] for an illustration.

Let ~ denote the circle composed of the co-core of the band and its mirror,
depicted in blue in Figure A regular neighbourhood of v in ¥ is a tube,

represented in Figure If we cut the surface along v, we get the twice
punctured cylinder as a cobordism from K to itself.

P T, = taema.  emmsems~, Lemge=Ss 0 Le™" 327
387 k) . 3T . em5,23 . . .
AR AR . ST 20 0 . LR AN

FIGURE 17. This is S with w composed with the reverses S with @.

Figure [1§| shows Ows, as well. The mod 2 homology class [ws] on the
surface ¥ is the same as [y]. One way to see it is to perform surgery on
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Owsy, along the green arc in Figure this operation does not change the
homology class and it yields a curve which is easily checked to be isotopic
to v in X.

FIGURE 18

Let ¥’ be the cobordism obtained from ¥ by inserting a flip in the tube
in the centre of Figure with the same decoration wy. Using Claim
we will see below that I*(X),, = I#(X')us. However, the curve Jws is
homologically trivial in ¥’. One can check it again by doing surgery on the
green arc, but this time the extra flip ensured that the obtained curve is not
7, but a homotopically trivial one. Thus, I*(¥/),,, = I*(X')y, since the map
depends only on [Qws]. If w = () one can apply the neck cutting relation
(Property in Section to obtain that

) =P IYI x K1) = P Idps(,)-

We still have to show that I*(X),,, = I*(X),,. To see this, isotope the
tube in the middle as shown in Figure

Let’s restrict our attention to the piece contained in the cylinder in green,
which is the identity cobordism on a 2-component unlink. By Claim [I] the
map induced by this cobordism is the same that we get if we introduce
a flip on one of the two components. Since instanton Floer maps respect
composition of cobordisms and disjoint unions, the map induced by the
whole cobordism is not affected by the insertion of the flip, i.e. I#(%),, =
L1020 T O
Claim 3. Let S be a cobordism from a knot K7 to a knot K5 such that
S consists of only b bands. That is, there are no births nor deaths. Then
there is a surface w with boundary on S such that

I*(S)g o I*(S), = P¥ - 1d.
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FIGURE 19

Proof. We proceed by induction on b. The base case b = 0, is obvious.

For the inductive step, we divide into two cases. If S is orientable, then
the statement holds for w empty, because the cobordism S o S is the same
as the cylinder on K7 with b orientable tubes, and the result follows from
the tube cutting formula.

In the case that S is not orientable, at least one of the bands of S must
be non-orientable with respect to K. In this case, let us write S = 5, 0 S,
where S, is a cobordism consisting of the non-orientable band, and S, is the
rest of the cobordism, which may or may not be orientable.

Then by the induction hypothesis there is some w, such that

I'(S))g= 0 I*(S,)e, = P71 1d
Applying Claim [2] there is a surface w, with boundary on S, such that
I*(Su)wr 0 I*(Sy)w, = P - 1d.

The statement
I'(S)g o I*(S), = P° - 1d

now follows.

Now, we can proceed with the proof of Proposition

Proof of Proposition[3.3. Applying Lemma [3.2] we may break S into pieces
of the form.

(1) m births (from K to Lj);
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(2) m band surgeries that joint the various components of the link (from
Ly to KY);

(3) b — (m + M) band surgeries which may or may not be orientable,
ending in a knot KJ.

(4) M band surgeries that split the knot K into M + 1 components;

(5) M deaths.

Let us call the cobordisms corresponding to the five steps Si,.5,...S5.
We may isotope the cobordism in S? x R so that S; is in the S® x [i,i + 1].
We will choose w to be in S? x [2,3], so that its boundary is in S3 as in
Claim [3] so that
I*(S3)z 0 I*(S3),, = PP~ M . 1d.

The proof now proceeds the same way as the proof of Proposition 4.1 of
[JMZ20]. The main argument is by considering a cobordims ¥ that comes
from adding M tubes connecting points on the death-caps to their mirrors.

By Lemma 3.2 of [KM21Db], for a connected, oriented cobordism % if 3/
is obtained from 3 by adding a tube between points p and ¢, then

(6) IF(2) = 1N, p) + I, q) + PI*(Z) = PIF(E),

where the second equality is because ¥ is connected, so I*(Z, p) and I*(Z, q)
induce the same map, and since we are working over characteristic two, they
cancel.

Let ¥ denote the cobordism coming from taking S o S and adding M
tubes, one for each death connecting a point in the death to its reverse, so
that 31 = 5152555454535251. Applying Equation @ for each death, to
the part of the cobordism from K3 to itself coming from doing S4, S5 and
their reverses, we see that

I*(2) = PMT*(S 0 9).

Here, we are allowed to use the above result because 54555554 and S4S, are
both orientable and connected.

In ¥; = (51525354)(51525354), M splitting bands of Sy and their re-
verses, cap off the ends, and call the resulting cobordism 5. Then for the
same reason as the above, we have

I'(2y) = PMTH(Sy),

because again, 53545453 and S353 are both orientable and connected.
Now we have Yy = (SngSg)(SlsgSgL
Because of our construction of w, 5353 with w U@ falls under the setting

of Claim 3| so the map it induces is P*=™—M . Idss(k,)- Thus, if we let

Y3 = (8152)(5152), then
IF(25) = PP Mt ().
Now X3 is given by a cylinder on K; and m S2s, with m tubes, with the

tubes connecting the S2s and the cylinder in a tree-like fashion. Applying the
tube-cutting formula, Lemma 3.2 of [KM21b], and observing that a sphere
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without any dots induces the 0 map and the sphere with one dot induces
the identity, we see that I*(X3) induces the same map as the cylinder, which
is to say, the identity.

Putting all of this together, we get

PMIﬁ(go S) = [ﬁ(zl) = pb—m .14,
as desired. O

4. BACKGROUND ON UNORIENTED KNOT FLOER HOMOLOGY

Unoriented knot Floer homology was introduced by Oszvath—Stipsicz—
Szabé [OSSz17al, [0SSz17b]. Fan [Fanl9] showed that an unorientable cobor-
dism (with some extra data) induces maps on the unoriented knot Floer ho-
mology. We now review the relevant definitions, following mostly [Zem19¢]
and [Fanl9].

4.1. Zemke’s oriented TQFT. Cobordism maps in link Floer homology
were first defined by [Juhl6]. In this paper we use Zemke’s setup [Zem19c],
specified to unoriented link Floer homology in the case Y = S3.

Definition 4.1. An oriented multi-based link in S® is a triple L = (L, w, z)
consisting of an oriented, embedded link L C S2, with two disjoint collec-
tions of basepoints w and z on L, such that each component of L has at
least two basepoints and the basepoints alternate between those in w and
those in z as one traverses a component of L.

To an oriented multi-based link 1L, Zemke’s most general construction
gives a curved F[Uy, Vg]-complex CFL™ (L) up to F[Uy, Vz]-equivariant chain
homotopy. Here F[Uy, V3] denotes the polynomial ring generated by a U
variable for each w basepoint and a V variable for each z basepoint. The
curved complex is also endowed with gradings and a filtration.

In our case, we only need a simpler version of Zemke’s complex, namely
unoriented link Floer homology. This is defined as

CFL/(L) := CFL™ (L) @, v, FIUI,

where all variables act on F[U] as the multiplication by U. For the reader
familiar with Heegaard Floer homology, this is the free F[U]-module gen-
erated by the intersection points T N Tg in the symmetric product, with
differential given by

(7) ox= Y Y #M() U

yETaNTg peT2(x,y)
n(@)=1

where n0(¢) = Zwew ( ) + ZzEz nz(d))

Definition 4.2. For a doubly-based knot K = (K, w,z) we also use the
notations CFK’'(K) and HFK'(K) for CFL/(K) and HFL/(K), respectively.
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If Ky = (K,wi,21) and Ky = (K, ws,29) are two doubly-based knot
with the same underlying knot K, then HFK'(K;) and HFK(K3) are non-
canonically isomorphic as F[U]-modules. Thus, the following number is well-
defined.

Definition 4.3. If K is a knot, we define its unoriented torsion order as
Ordy(K) =min{n > 0|U" - Tors = 0},

where Tors is the torsion submodule of HFK'(K), considered as a module
over F[U]. Here K is any doubly-based knot with underlying knot K.

Remark 4.4. CFL’ enjoys the following properties:

(1) CFL/(L) is a genuine chain complex (i.e., its curvature vanishes), so
one can compute its homology HFL'(L), known as the unoriented
link Floer homology of L. This is still an F[U]-module.

(2) For a doubly-based knot K = (K, w,z), HFK'(K) = F[U] & Tors,
where Tors is the torsion as an F[U]-module.

(3) For a doubly-based unknot Uy = (U, w, z), HFK'(U;y) = F[U].

(4) Given doubly based knots K; and Ko,

CFK' (K1 #Ks) = CFK'(K4) F[U] CFK'(Ks).
As a consequence, for knots K; and K> in S3,
OI‘dU(Kl#Kg) = maX{OrdU(Kl), OI‘dU(Kg)} .

(5) If L is the mirror of L (with same basepoints), then by [OSSzI7h,
Proposition 2.17]

CFL/(L) = homg(CFL/(L), F[U]).
As a consequence, for a knot K in S3,
Ordy (K) = Ordy (K).

Definition 4.5. If L = (L1, wy,21) and Ly = (Lo, wa, Z2) are two oriented
multi-based links, an (oriented) decorated link cobordism from L; to Lo is a
pair S = (X, .A) such that
(1) ¥ c I x S2 is a properly embedded, compact, oriented surface with
YN {0} x 83 ={0} x (L) and XN {1} x S3 = {1} x Ly;
(2) A C ¥ is a properly embedded 1-manifold, which we we refer to as
the decorations;
(3) the components of ¥\ A are partitioned into two sub-surfaces, Yy
and X,, which meet along A;
(4) each component of L; \ A contains exactly one basepoint of w; L z;;
(5) w1 Uwy C Xy and 21 Uzg C X,.

Definition 4.6. The identity (decorated link) cobordism idp, from L =
(L,w,z) to itself is given by the surface ¥ = I x L with decorations A =
I x @, where Q C L\ (wUz) is a finite set such that the inclusion induces
an isomorphism in 7.
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By the work of Zemke [Zem19c|, an oriented decorated link cobordism S
from Ly to Lo induces an F[U]-equivariant map

FZ: HFL'(L;) — HFL'(Ly).

Remark 4.7. The map FZ enjoys the following properties:

(1) FZ is invariant under isotopy of ¥ in I x S while fixing the boundary,
and under isotopy of A in ¥ while keeping

0A C (Ll \ (Wl U Zl)) U (L2 \ (W2 U ZQ)).
(2) If idy, is the identity cobordism from L to itself, then

F, = idgpr,) -

(3) If S; and Sy are oriented decorated link cobordisms from L; to Lo
and from Ly to L3 respectively, then one can stack S, on top of S
(after isotoping the decorations so that they match on the Ly level),
and obtain a new oriented decorated link cobordism Sy 0S; from L;
to IL3. In such a case,

Ffs, =FZoFE.
(4) IS = (X', A') is obtained from S = (X, A) by attaching a tube with
both feet in ¥, (or both feet in Xy ), then FZ = U - FZ.

4.2. Fan’s unoriented TQFT. By the work of Fan [Fan19], the link Floer
TQFT can be extended to the non-orientable case. We review the relevant
definitions.

Definition 4.8. A disoriented link in S is a tuple £ = (L, p, q) consisting
of an unoriented, embedded link L C S3, with two disjoint collections of
points p and q on L, called the dividing set, such that each component of L
has at least two points in the dividing set and the points in the dividing set
alternate between those in p and those in q as one traverses a component
of L.

Each component of L\ (p U q) is given a canonical orientation from q
to p. We denote the oriented manifold L \ (p Uq) by 1. Note that these
orientations do not glue to an orientation of L.

As it is customary, we consider isotopic disoriented knots as different
disoriented knots. It is well known that isotopies can induce non-trivial maps
in knot Floer homology, such as the moving basepoint maps [Sar15, [Zem17].

Definition looks exactly the same as Definition except that the
link is now unoriented. However, we emphasise that the basepoints w U z
from are ontologically different from the dividing set from From a
Morse theoretical viewpoint, the former arise as the intersection between L
and the middle level surface of a Morse function, whereas the latter are the
index-0 and index-3 critical points of the function.

However, we can define a notion of compatibility between oriented deco-
rated links and disoriented links.
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Definition 4.9. We say that an oriented decorated link L. = (L, w, z) and
a disoriented link £ = (L, p,q) are compatible if:

e the underlying unoriented link L is the same (but note that in L it
also comes with an orientation);

e p Uq is disjoint from w U z;

e each component of L\ (pUq) contains exactly one basepoint in wUz;

e the components of L \ (w U z) containing the p point are oriented
from z to w (with orientation induced from L).

Remark 4.10. Every disoriented link admits a (non-canonical) compatible
oriented decorated link. Likewise, every oriented decorated link admits a
(non-canonical) compatible disoriented link.

If two oriented decorated links IL; and Ly are compatible with the dis-
oriented link £, then HFL/(LL;) and HFL/(ILy) are canonically isomorphic.
Thus, we can define HFL/(£) as HFL/(L), for any L compatible with L.
(More precisely, HFL/(L) is the transitive system over all compatible ori-
ented decorated links.)

Note that HFL'(£) does not depend on the orientation chosen on L. If
(L,w,z) is a compatible oriented decorated link, then the orientation rever-
sal L" is also part of a compatible oriented decorated link, namely (L",z, w).
The swap of the w and z basepoints does not affect the homology, since the
differential was defined to be symmetric in w and z (cf. Equation (7). This
justifies the name wunoriented knot Floer homology used in [OSSz17h].

Remark 4.11. Fan [Fan19] defines other categories of unoriented links, which
he calls bipartite links and bipartite disoriented links. These are essential to
define a TQFT framework for disoriented links, but we do not recall them
here.

We now revise the cobordism maps defined by Fan [Fan19].

Definition 4.12. A disoriented link cobordism from £y = (Li,p1,q1) to
Lo = (L2,p2,q2) is a pair § = (X, M) such that

(1) ¥ c I x S? is a properly embedded, compact surface with ¥ N {0} x
S3 = {0} x (=Ly) and N {1} x S3 = {1} x Lo;
(2) M C X is aproperly embedded, compact, oriented 1-manifold, which
we we refer to as the motion of the critical points;
(3) the components of ¥\ M are compact, oriented surfaces with orien-
tation induced by M;
(4) OM =ai —p1+ P2 — Q.
Note that, with the orientation given in point (3, d(X\ M) =1 —1; +2M.
The surface ¥ does not need to be oriented.

There is a natural notion of identity cobordism, in the same spirit as
Definition We do not write such a definition explicitly.
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By the work of Fan [Fanl9], an disoriented link cobordism S from £; to
L induces an F[U]-equivariant map

FEHFL/(£1) — HFL'(Ls).

Remark 4.13. The map F'¥ enjoys the following properties:
(1) F, f is invariant under isotopy of ¥ in I x S while fixing the boundary,
and under isotopy of M in ¥ while fixing the boundary.
(2) If id, is the identity cobordism from L to itself, then

F .

Fidg = ldHFL’(L‘) .

(3) If S; and S, are oriented disoriented link cobordisms from £; to Lo
and from Lo to L3 respectively, then one can stack Ss on top of S1,
and obtain a new oriented disoriented link cobordism Sy o &7 from
L1 to L3. In such a case,

F F F
FSy08 =I5, 0 b,
4.3. Relation between Zemke’s TQFT and Fan’s TQFT.
Definition 4.14. For i = 1,2, suppose that L; = (L;, w;,2;) and £; are
compatible. We say that a decorated link cobordism S = (3,.A) from L;

to Ly and a disoriented link cobordism S = (3, M) from £; to Ly are
compatible if
e the underlying unoriented surface ¥ is the same (but note that in S
it also comes with an orientation);
e after isotoping A without crossing wy Lz Uws Uzy, A= M.

Remark 4.15. For i = 1, 2, suppose that L; and £; are compatible. Moreover,
suppose that S is a decorated link cobordism from IL; to Lo and S is a
compatible disoriented link cobordism from £; to L£o. Then

FZ = FE.
5. A TECHNICAL RESULT FOR HFK’
5.1. The flip cobordism in HFK'.
Definition 5.1. The standard disoriented unknot is U; = (U, p,q), where
Up={2>+y*=1}n{z =0}, p=(1,0,0) and ¢ = (—1,0,0).

Definition 5.2. The flip cobordism F = (X5, Mx) from the standard dis-
oriented unknot U; = (Uy,p, q) to itself is the disoriented cobordism traced
by the isotopy obtained by rotating U; by 7 along the z-axis. The points p
and ¢ stay fixed throughout the isotopy, so we can set Mx = I x {p,q}.

Note that the surface underlying a flip cobordism is orientable, although
no orientation of the surface restricts to the same orientation on the two
standard disoriented unknots on the boundary.

Lemma 5.3. The map FJ{T induced by the flip cobordism is the identity map
on HFK'(Uy) = F[U].
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p\_._/q P C >q

FiGURE 20. The figure on the left is our notation for the flip cobor-
dism. On the right we sketched a few sections of the cobordism. We
used different colours for the two components of Uy \ {p, ¢} to help the
visualisation.

Proof. The fourth iteration F* is the disoriented cobordism traced by a 4
rotation about the z-axis. Since 71(SO(3)) = Z/27Z, the rotation by 4 is
isotopic to the identity. Thus, F* is isotopic to the identity cobordism, and

(8) (FEY' = PE, = idgy; .
The map
FE. F[U] — F[U]
is U-equivariant, so it is completely determined by the image of 1. If we set

p(U) := FE(1) € F[U], Equation (§) implies that (p(U))* = 1. Since every
invertible element of F[U] must be in F, we deduce p(U) = 1. O

5.2. A stabilisation lemma. In this subsection only, we will need to work
in a more general setting than the one outlined in Section [4

First, we will consider decorated links IL in a 3-manifold Y, and decorated
link cobordisms (3,.4) in a 4-manifold W. In Section 4, we have stated the
definitions of decorated link and decorated link cobordism only when Y = §3
and W = I x S3. The general definitions are only needed in this subsection,
and they can be found in [Zem19c, Definitions 2.1 and 2.4]. Again in this
subsection only, we will consider the full chain complex CFL™ (Y, K) asso-
ciated to a decorated knot, which is a complex over F[U, V], up to chain
homotopy equivalence.

We will also use the homological action on link Floer homology. (See
[OS04, Section 4.2.5] for the original definition of Heegaard Floer homology,
[OS06, Theorem 3.1] for the cobordism action, and [Zem19bl Section 12.2]
for its extension to link Floer homology.) Given a decorated link LL in a
3-manifold Y there is a homological action

A: A*(Hy(Y;Z)/Tors) ® CFL™(Y,L) — CFL(Y,L),

and given a decorated link cobordism (3, .A) in a 4-manifold W there is a
version of the cobordism map incorporating the homological action

Byt A (H1(W;Z)/Tors) ® CFL™ (Y1,L1) — CFL™ (Y, La).
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FIGURE 21. The three figures show the three decorations A’, A”, and
A" on the surface ¥’ appearing in the bypass relation arising from the
arc ¢.

(We use the notations F to distinguish it from the cobordism map F?%
which does not incorporate the homological action.) If the 4-manifold W is
obtained by adding 1-handles to B*, then the map F¥ can be recovered from
FZ by post-composing with the homological action on Y;. The following
lemma, which is needed to establish Proposition [5.5, was proved by Ilan
Zemke. A related argument appeared in [JZ20l Section 5] (see in particular
[JZ20, Lemma 5.3]).

Lemma 5.4. Let ¥ = I x K C IxS? be the identity cobordism from the knot
K to itself, and let X' denote a surface obtained by adding a compressible
1-handle to 3. If v C X denotes an embedded arc joining the feet of the
1-handle, define decorations A’ on X' as two parallel embedded arcs from
{0} x K to {1} x K such that:

e A’ does not intersect y;

e cach arc of A’ crosses the co-core of the 1-handle exactly once;

e the arcs of A’ join the points (0,p) and (0, q) to the points (1,p) and
(1,q) in I x K respectively;

e the decorations A, obtained by restricting A’ to ¥ and by reconnect-
ing each pair of arcs with an arc parallel to vy, is isotopic el boundary
to a product decoration I x {p,q}.

Then, if K = (K, w, z) for some points w, z alternated to p,q, the cobordism
map

FY, 4+ HFK'(K) — HFK'(K)
coincides with the map U - idypy (k) -

Proof. If a1 and as denote the two components of A’, let § be an arc on ¥’
which starts from aq near a foot of the 1-handle, then traverses ao, follows
~ to the other foot of the 1-handle, and ends on as. See Figure 21| on the
left for an illustration.

We apply Zemke’s bypass relation on a disc A C ¥/ obtained as a regular
neighbourhood of the arc § in ¥’. If A” and A" denote the other decorations



28 SHERRY GONG AND MARCO MARENGON

e D)

FIGURE 22. The figure on the left shows the decorated surface (1, A1 ).
The punctured torus ¥ sits in S* x D? in such a way that its longitude
generates Hi(S* x D®), while its meridian is null-homotopic. The figure
on the right shows the decorated surface (271, fT1)

appearing in the bypass relation as in Figure we have that
FEZ/’A/ - FEZ/7AII + FEZ/”A///.

The decorations A” can be isotoped away from the co-core of the 1-handle.
After compressing the 1-handle the surface becomes isotopic to 3 and the
decorations become isotopic to the product decorations .A. Thus, by Remark

B @,

FEZ/’A// - U . FE{A = U N ldHFK’(K) .

Thus, we only need to show that FZ = 0. From this point until the

end of the proof we will work on the chain level CFL™ (K), considered as
an F[U, V]-complex, up to chain homotopy equivalence. (The variable U is
associated to the basepoint w.)

We split the cobordism (I x S3, %/, A”) as the composition of two cobor-
disms. The first one, which we call W; = (W1,%,.4), is obtained by
taking as Wj the (disjoint) union of a regular neighbourhood of {0} x S3
and a neighbourhood of 7 U ¢ (where ¢ denotes the core of the 1-handle)
containing the 1-handle entirely. Note that the latter component of Wj is
diffeomorphic to S* x D3. The decorated surface (¥1,.41) is obtained by
intersecting W1 with (X', 4”). The second cobordism Ws is obtained by
taking the closure of the complement of Wy in I x S3. Thus, we have

z H H  oH
s qm = Fpygs s amy = iy, © Fyy, -

(In the first equality we used the fact that Hy(I x S%) = 0.)
We focus on the map FVHV1‘ Since Wj has two connected components (one
of which is an identity cobordism over K), the map splits as a tensor product

9) Y, = iderrx) ®FV%7

where W) = (S! x D3, i, .:45/1) is a cobordism from the empty link in the
empty 3-manifold to a doubly pointed unknot U in S x S2, illustrated in
Figure 22] on the left.

The knot Floer complex CFL™(S! x $2,U) is generated over F[U, V] by
two homogeneous elements x4 and x_. Their gr,, and gr, gradings (as
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defined in [Zem19b]) are given by the formulas

1 1
(grwvgrz)(xi) = <:t27 :l:2> :
By grading reasons [Zem19b], we have that
H — .
(10) FWl(l) =k-x_

for some k € Z/2Z. An explicit computation of the action of Hy(S* x S?) =
Z(¢) shows that A(¢ ® x;) = x_. From this fact, a direct computation
shows that

(11) FLCo1) =x,

where Wy = (S x S2,3, A;) is the cobordism shown in Figure on the
right.

Recall that the cobordism W is the dlSJOlIlt union of an identity cobor-
dism over K and the cobordism W1 If W1 denotes the cobordism obtained
by replacing the W1 component with Wi, then by combining Equations @

, and we have

(12)  F(x)=x®F-(1) =k x@ F-(©1) =k FL((®x)

Finally, let W denote the composition of V/\Z and W,. Note that the 4-
manifold underlying W is still I x S3 (same as W), since the replacement of
Wi with Wi did not affect the underlying 4-manifold. Then, by Equation

(2,

FX%,A’”(X) = F%Q e} FVHV1 (X)
=k Fy, OF%\I@@x)

=k- FVHV\(L*(C) ®x) = 0.

The last term vanishes because the map ¢.: Hy(S' x D3) — H{(I x S3) =0
induced by the inclusion of W; into W must map ( to 0. ([

5.3. The main theorem in HFK'.

Proposition 5.5. Suppose that % is a connected unorientable knot cobor-
dism from Kq to Ko in I x 83 with m local minima, b saddles, and M local
mazima, and let ¥ denote the mirrored upside down cobordism from Ko to
K.

Then there are choices of motions of the critical points such that the
disoriented knot cobordisms S = (X, M) and S = (3, M) can be composed
to SoS, and

(13) UM FL o F§ = U™ idppg (k) -
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0 @

FIGURE 23. The circle on the left hand side represents L’ after step 1 ),
in case it is a knot. The figure on the right hand side shows step 1|
of the cobordism ¥, from L’ to K%, together with the motion chosen to
define S.

FIGURE 24. The figure shows step of S in case L’ is a 2-component
link, represented above by the two inner circles.

Proof. Using Lemma we can break the cobordism ¥ into the composition
of cobordisms labelled (I)-(6]). Let K] and K} be the knots after steps
and respectively, as in the statement of Lemma and let L' be the
link after step (3)). Note that L’ differs from K} by a single band surgery.

By removing the two attaching arcs of the unorientable band B from L/,
we are left with two arcs v and 6. If L is a knot, let py, qa, Pp, ¢ be points
on 7, appearing in this order, such that p, and ¢, are close to one end of
and p, and g are close to the other end of v, so that all the intersections of
L' N~ with the oriented bands are between p, and ¢,. See the left hand side
of Figure If instead L’ is a 2-component link, let p, and ¢, be on v and
pp and g be on §, such that they are near opposite corners of the band, and
Pa (resp. qp) is closer to the band than ¢, (resp. py). See Figure

Let S be the disoriented cobordism from (K1, pq,qs) to (K2, pp,Ga) Ob-
tained by endowing > with the following motion of basepoints:
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e on steps —, the motion consists of straight arcs I X {pqa,qa};

e on step ([4)), the motion consists of a straight arc I x {¢g,} and of an
arc that starts from p,, goes through the unorientable saddle, and
ends at p, (see Figure 23| for an illustration);

e on steps —@, the motion consists of straight arcs I x {py,qs}-

A crucial condition in Definition is that each component of ¥\ M;
must be orientable. In fact, we show that ¥ \ M; consists of a single and
orientable component. If L’ is a knot, one can check from Figure that
¥\ Mj restricted to step has a single component; in steps - the
surface X is orientable and the motion is given by two parallel arcs, so there
are two components of ¥\ M1, which are then glued to the unique component
in step ; steps —@ define a concordance of disoriented knots, which
does not change the abstract topology of the disoriented cobordism. The
compatibility of the orientation of ¥\ Mj with the orientation of M is
dealt with in an analogous way.

If instead L’ is a 2-component link, then one should consider Figure
instead. Let ¢ be the closed component of L’ containing p, and ¢, (which
appears on the right in Figure , and let € be the component containing
Pa and gq, minus the short arc connecting p, and g, (which appears on the
left in Figure . From Figure [24]it is immediate to check that ¥\ M; has
2 components in step , which deformation retract on ¢ and on e.Since
K is a knot, ¥\ M, in steps — also has two components: a “small”
rectangular one (5), spanned by the short arc connecting p, and g,, and
a large one (L) the complement of it, which contains all the genus. When
you glue steps — to step , the rectangular component S is glued
to the component containing ¢, without affecting the topology, whereas the
component L glues to both component of step . Thus, we see that there is
only one component of ¥\ M;. Its orientability and the compatibility with
the orientation of M is left to the reader (it basically follows from the fact
that cutting along M effectively cuts the unorientable saddle, leaving an
orientable cobordism). As before, we do not worry about steps —@, since
they define a concordance, which does not change the abstract topology.

We next introduce a disoriented cobordism S from (K2, py, ¢4) to (K1, Pa, qa)
with underlying surface 3. To define it, we play the steps of the cobordism
S in reverse order, but we use a different motion of basepoints:

e on the reversed steps @—, the motion consists of straight arcs
I % {py, qa};

e on the reversed step , the motion consists of a straight arc I x
{pp} and of an arc that starts from ¢,, goes through the (dual)
unorientable saddle, and ends at gp;

e on the reversed steps —, the motion consists of straight arcs
I % {pv, v };

e finally, in a collar of the K7 boundary component, the motion of the
basepoints brings p, and ¢, back to p, and gq.
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da p,

e pq 4a pg

FIGURE 25. The figure on the left represents the disoriented cobordism
T*. The figure on the right represents the disoriented cobordism 7°.

Note that S is not S turned upside down as disoriented cobordisms (even if
the disoriented knots at the boundary are not the same).

We also define a disoriented cobordism 7" from (K71, pa, ¢a) to (K1, Pas Ga),
obtained in three steps:

e the first step is the same disoriented cobordism as in Figure ex-
cept that the knot L' is replaced with K7; more explicitly, the surface
>} in the first step consists of the cylinder I x K, with the unori-
entable band B attached on the upper end (recall that by Lemma
all bands have disjoint attaching arcs, so we can attach B to K1),
and the motion of the basepoints consists of I x {q,} and of an arc
that starts from p,, goes through the band, and ends at py;

e the surface in the second step is simply the surface from the first
step turned upside down, and the motion consists of a straight arc
I x {pp} and of an arc that starts from q,, goes through the (dual)
band, and ends at gp;

e finally, in a collar of the end boundary component, the motion of the
basepoints brings p, and ¢, back to p, and q.

Note that the surface X of the disoriented cobordism 7" is a genus-1 surface,
consisting of a cylinder I x K7 with a flipped tube attached to it. The flipped
tube is made up of the two unorientable bands. See the left hand side of
Figure

Lastly, we define a variant of 7%: the disoriented cobordism 7° from
(K1,P4,qa) to (K1,pa,qq) is obtained by replacing the flipped tube in 7"
with an orientable tube, so that the underlying surface ¥ is orientable (in
other words, the unorientable bands are replaced with orientable bands);
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the motion of the basepoints divides ¥ into a disc and a punctured torus;
see the right hand side of Figure Note that Lemma [5.3] implies that
Ff;u = F7Eo, since it is possible to isolate a flip cobordism.

In order to prove Proposition we argue in a similar way as in [JMZ20),
Proposition 4.1]: we define a cobordism G*, and we compute the map Féz
in two different ways, which will be the two sides of equation (13)).

The disoriented cobordism G*, from (K7, pa,qa) to itself, is obtained by
playing all the steps of S except (@ followed by all the reversed steps of S
except (@ (In S we also play the basepoint moving step in a collar of Kj.

Since the attaching arc of the unoriented band can be isotoped in Kj,
we can move step of 8 and the corresponding reversed step of S up
past all the other steps of S and S. These two steps together make up the
cobordism 7*, which we can replace with the orientable cobordism 7°. The
replacement yields a new disoriented cobordism G° from G%, with FgFo = Fél
The advantage of G° over G is that the underlying surface of the former is
orientable, so Féz = FG? for a compatible decorated link cobordism G, and
we can use the properties of Zemke’s TQFT on FZ, in particular the one
about compressing discs.

Note that in the definition of G* (or G°) we do not play the M deaths
of S (step (@) and the M births of S, obtained by mirroring the deaths of
S. Thus, S oS is obtained from G“ by compressing M discs with boundary
in the complement of the motion of the basepoints. By transiting through
their orientable replacements, and by Remark , we get

(14) Fgu=UM . oFL o F§.

On the other hand, we saw earlier that the cobordism G° can be re-
arranged so that we have 7 at the top. The first part consists of a cylin-
drical cobordism from (K7, pq,qs) to itself with b — 1 — m tubes added, as
in [JMZ20]. (The —1 here comes from the fact that we have moved the

unorientable band to the top of the cobordism.) Thus, we can compress the
cobordism G° b — 1 —m times to get T7°, so

Fg =U"""".Ff,.

But the cobordism 7T is of the form studied in Lemma [5.4] so the map that
it induces is the multiplication by U. Thus:

(15) Fgu = Ffo =U""™ - idypy/(k,) -
By combining Equations and we finish the proof. ([

Remark 5.6. The careful reader will note that the motion of the basepoints
play an important role in the proof of Proposition This is by contrast
with [JMZ20, Proposition 4.1], where the decorations of the cobordism were
the simplest possible, i.e. two parallel arcs from the bottom to the top. In
the unoriented setting it is impossible to choose two parallel arcs as the
motion of basepoints, otherwise the cobordism would not fall in the correct
category.
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6. APPLICATIONS

In this section we prove Theorem which we restate below, together
with its corollaries.

Theorem Let K1 and Ky be knots in S3. Suppose that there is an
unorientable knot cobordism ¥ in IxS® from K, to Ko with M local mazima.
Then

(1) Ord; (K1) < max {Ord;(K2), M} +v(X)
and
(12) Ordy (K1) < max{Ordy(K2), M} + ().

Proof. The proof closely follows that of [JMZ20, Theorem 1.1].
Add decorations on ¥ and ¥ (in the instanton or unoriented knot Floer

sense) to obtain cobordisms with decorations S and S that satisfy the rela-
tion in Proposition [3.3] or [5.5]

(16) oM. FsoFs = b idH(Kl) .

Here m is the number of local minima and b is the number of saddles on
¥, H denotes either I* or HFK’, F denotes the corresponding map induced
by an unoriented cobordisms with decorations, and v denotes the relevant
variable P or U.

Suppose that x € H(K) is a torsion element. Since Fs(z) must be torsion
in H(K,), v*- FsoFs(x) = Fg(v*- Fs(z)) = 0 whenever £ > Ord(K>). Thus,
in view of Equation , pfH=m=M .3 — 0 whenever £ > max{Ord(K>), M}.
Since this holds for every torsion element z € H (K1), we obtain

Ord(K1) < max{Ord(Ks3), M} +b—m — M,
and we conclude by noticing that v(X) = —x(X) =b—m — M. O

We now focus on the proofs of the Corollaries from the introduction.
Corollary follows immediately from Theorem by setting M = 0, so
we move directly to the following corollary, about the refined unoriented
cobordism distance.

Recall that for a cobordism ¥ in I x S2 from K; to Ko, we define

5] = max {m, M} — (%),

and that the refined unorientable cobordism distance between two knots K
and Ko is given by

dZ(Kla KQ) = mln{|2|} )

where Y varies over all connected unorientable cobordisms and oriented
concordances from K; to Ks.
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Corollary If K1 and Ky are knots in S®, then
’Ord](Kl) — Ord[(Kg)‘ S d;(Kl,Kg)

and

| Ordy (K1) — Ordy (Ka)| < (K1, K»).

Proof. The proof follows closely that of [JMZ20, Corollary 1.5]. Given a
cobordism ¥ from Kj to K9 with M maxima and m minima of the kind
considered in the definition of d;,, by Theorem (if X is unorientable) and
Remark (if ¥ is an orientable concordance) we have

Ord(K;) < max{Ord(K3), M} — x(£) < Ord(K2) + M — x (%),
where Ord is either Ord; or Ordy. From here we get
Ord(K;) — Ord(K2) < M — x(¥) < max{m, M} — x(2),

and we conclude by exchanging the roles of K; and K., and taking the
minimum on the right hand side. ([

Recall that the unoriented band-unlinking number ul(K) of a knot K in
S3 is defined as the minimum number of (orientable or unorientable) band
surgeries that turn K into an unlink.

Corollary For a knot K in S3,
Ord;(K) < uly(K) and Ordy (K) < uly (K).

Proof. The proof is similar to the one of [JMZ20, Corollary 1.6]. If b =
uly(K), one can build a cobordism ¥ from K to the unknot U with b sad-
dles and M local maxima, by attaching b bands to K to get an (M + 1)-
component unlink and then capping off M components of the latter. By
applying Theorem and Remark if necessary (i.e., if ¥ is orientable),
we get (for I* or HFK)

Ord(K) < max{Ord(U), M} — x(¥) = M — x(2),

since the unknot has vanishing torsion order in both I* and HFK'. We
conclude by noticing that x(X) = M —b. O

7. EXAMPLES
Lemma 7.1. For the torus knot Ty, p41, Ordy (T nt1) = [n/2].

Proof. Any torus knot is an L-space knot, so its Alexander polynomial de-
termines the full knot Floer complex CFK* up to chain homotopy equiva-
lence, and in turn the unoriented knot Floer homology. See [OS05] [0SSz17al,
JMZ20].

If K is an L-space knot, its Alexander polynomial takes the form

2l

(17) Ag(t) =) (=1

k=0
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for a decreasing sequence of integers o, ...,a9. Let dq,...,dy denote the
gaps, i.e., d = ap — ag_1. Then the full knot Floer complex is (up to
chain homotopy equivalence) a staircase F[U,U~!]-module, generated by
Xq, . . . , Xo7, With
Oxap, = 0, OXo 41 = Xok + Xok+2-
Moreover, the filtration over Z & Z is determined up to an overall shift by
the following properties:
e the element x9p 1 has the same j-filtration as xo, but the i-filtration
differs by doj11;
e the element xXox11 has the same i-filtration as xopi9, but the j-
filtration differs by dog2.
Then, the unoriented knot Floer complex CFK'(K) (up to chain homotopy
equivalence) is generated over F[U] by yy,. .., ¥y, with differential

dyar =0, Oyogyr = U yop + U2 ygp .

In the language of [DM19], this is a standard complex associated to a graded
root. Graded roots were introduced by Némethi [Ném05] to study HF " of
plumbed 3-manifolds. We instead consider the ‘upside-down’ graded roots
as in [DM19], which are used to describe HF~. Note that the generators that
we call yg,..., ¥4 were called vi,a1,v2,a9,...,ap_1,v, in [DM19]. The
numbers d; determine the graded root up to an overall shift: the (relative)
grading is given by

X(Yax) — X(YQk-H) = dak+1, X(Y2k+2) - X(YQk-H) = dag12-

We now determine the numbers d; in the case of the torus knot 77, ;,11.
Recall that the Alexander polynomial of T}, , is

(70— 1) (1~ 1)
Ay q(t) = .

pa(t) (tP —1) - (t7 — 1)
The coefficients of A, 4(t) have been computed in the general case (see for

example [Len78, (1.6) and (2.16)] or [LL96]). In our case p = n and ¢ = n+1,
and A, , is simple enough to be computed explicitly. After simplifying

(xn)n 4 (xn)n—l T U |
e R
one can carry out the long division explicitly and find that A, ;,11 is in the

form of Equation , with
(dl,dz,dg,d4,... ,dQl_l,dgl) = (1,%* 1,2,71 — 2,.. .o — 1,1).

From this one can check that the graded root has a picture with n
branches, of lengths 1, 2, ..., 2, 1. See Figure The longest branch
is in the middle, of length [n/2]. This is also the top graded branch, so it
generates the infinite tower. Thus, the order of HFK’ is given by the next
longest branch, which has length |n/2|. Thus, Ordy (Th nt1) = [n/2]. O

An,n—l—l =

i

We now restrict the attention to the torus knots of the form 75,1 o,.
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FIGURE 26. The figure shows the graded roots homotopy equivalent to
CFK'(T%,s) and CFK'(T3,9) respectively. Each dot in the figure denotes
a generator of the complex over F, and the edges encode the U-action:
for a dot x, U - x is the dot where you get by following the edge exiting
from the bottom of the dot x. The height of the dot denotes its (relative)
Maslov grading, and the U action decreases the Maslov grading by 2.
Note that when n is odd (e.g. 17 8) there is one branch of length [n/2]
and two branches of length |[n/2], whereas when n is even (e.g. Ts,9)
there are two branches of length n/2.

Remark 7.2. Batson [Batld] first proved that v4(T%,—12,) = r — 1. This
can be proved with any of the bounds from [Batl4l, [OSSz17bl [GM18] (for
Tor—1,2 or Tpy_12,), which all give the same sharp obstruction. We choose
to use v from [OSSz17b| because it is an additive quantity, like the knot
signature. In [OSSz17h, Theorem 1.2], Ozsvath—Stipsicz—Szabd proved that
for a knot K in S3

o(K)

5
Batson [Batl4] computed that o(Tor—12,) = —2r% + 2, and by [0SSz17b)
Theorem 1.3] one can compute v(Tor—19,) = —r% + 7. Thus,

Tor—1,2r
(19) O(Tor—1.r) — 0(2212) =r—1.

We now restate and prove Corollary [I.7] from the introduction.

Corollary For all v > 1 and m > 1, there exists a knot K., ,, with
du(Kym,Ur) = va(Kym) =7, and such that d;,(Kym,Ur) > v+ m.

(18) "(K) = v(K) -
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Thus, each unorientable surface ¥ C B* with 0% = K., and v(3) = v
has at least m local minima (with respect to the radial function).

Proof. Let Ky, = Tor—1,2:#12s—1,2s, for r = yv+m and s = m. By Equation
, the additivity of ¢ and v, and Equation , we have that

i (Koym) > (v@m?r) . U<T2212>> . <U(T281725) BCHSEY )

=(r—-1)—(s=1)=r—s=n.

On the other hand, Batson showed that there is a sequence r — s unoriented
band surgeries from Th,_1 9, to Ths_12s [Batld, Figure 7]. Thus, we get a
sequence of r — s unoriented band surgeries from K, ;,, to Tos 1 2s# 125125,
which is slice, so v4(Ky,m) =7 — s.

Now let X be a (possibly non-orientable) surface ¥ C B* with 9% = K, ,,
and b1(X) = 7. Theorem gives a lower bound on the number of local
minima. More precisely, if 3 has n local minima, by removing a small ball
from B* we get a cobordism from K, ,, to the unknot U; with M =n —1
maxima (note that the cobordism is upside down, so the minima are turned
into maxima, and one of them disappears when we remove the ball). Thus,
Theorem implies that

Ordy(Kym) <(n—=1)+(r—s)=n—s+r—1.
We also know that
Ordy (Ky,m) = max {Ordy (Tor—1,2), Ordy (Tas—1,25)} =7 — 1
by Remark (points and ) and Lemma S0 we get
n>s=m.

The statement about d,, and d;, follows from the computation of v4(K )
above and from Corollary O

Remark 7.3. We do not know if the bound on dj,(K, m,U;1) and on the
number of minima of ¥ in Corollary is sharp on the knots used in the
proof of the corollary. Recall that we set

K’y,m = T2r—1,2T#T25—1,23

for r = v+ m and s = m. Batson showed that with v bands we can get
to Kom = Tos—1,2s% 151,25, and Juhasz—Miller-Zemke showed that Ko,
bounds a ribbon disc with 2m — 1 local minima. Thus,

dy(Kym,Ur) < v +2m — 2.

We conjecture that this inequality is actually an equality.
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