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Abstract

We introduce a functor from the cube to the Burnside 2-category and prove that it
is equivalent to the Khovanov spectrum given by Lipshitz and Sarkar in the almost-
extreme quantum grading. We provide a decomposition of this functor into simplicial
complexes. This decomposition allows us to compute the homotopy type of the almost-
extreme Khovanov spectra of diagrams without alternating pairs.

Mathematics Subject Classification Primary 57M25 - 55P42

1 Introduction

Khovanov homology is a powerful link invariant introduced by Mikhail Khovanov in
[4] as a categorification of the Jones polynomial. More precisely, given an oriented
diagram D representing a link L, he constructed a finite Z-graded family of chain
complexes

. Cl,](D) di S Ci‘H»j(D)ﬂ_Ci‘Fzsj(D)H...

whose bigraded homology groups, K h'+/ (D), are link invariants. The groups K '/ (L)
are known as Khovanov homology groups of L, and the indexes i and j as homological
and quantum gradings, respectively.
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In [7] Lipshitz and Sarkar refined this invariant to obtain, for each quantum grading
J,aspectrum X il) whose stable homotopy type is a link invariant and whose cohomol-
ogy is isomorphic to the Khovanov homology of the link, i.e., H*(Xé) = Kh*J(L).
Together with Lawson [6] they gave a neat construction of this spectrum as the real-
ization of a 2-functor F/ from the cube category to the Burnside 2-category (see also
[5.8]).

Shortly after, another geometric realization of the (minimal) extreme Khovanov
homology was given [3] in terms of an independence simplicial complex constructed
from the link diagram. This construction was later shown to coincide with the one
of Lipshitz and Sarkar [1] as follows: functors from the cube to the Burnside 2-
category can be understood as generalizations of simplicial complexes; such a functor
is a simplicial complex if it factors through the category of sets and takes values on
singletons and the empty set.

On the other hand, the Khovanov spectrum of a link in its maximal extreme quantum
grading is Spanier-Whitehead dual to that of its mirror image in minimal grading. This
construction was exploited in [10] to make explicit computations of the Khovanov
spectrum in (maximal) extreme quantum grading.

In 2018 the second author, together with Przytycki applied these techniques one
step further, to the almost-extreme quantum grading. They restricted to the study
of 1-adequate link diagrams, i.e., those whose 1-resolution contains no chords with
both endpoints in the same circle (the extremal homology of these diagrams has been
computed in [2,9,12]), and built a pointed semi-simplicial set whose homology is
isomorphic to the almost-extreme Khovanov homology of the diagram:

Theorem ([11]) If D is a 1-adequate link diagram, then

(1) The functor F g‘lmax gives rise to a pointed semi-simplicial set.

(i1) The realization of F [/;’Im” has the homotopy type of a wedge of spheres and possibly
a copy of a (de)suspension of R P2.

Their construction relates to the functor of Lawson, Lipshitz and Sarkar as follows: the
category of pointed sets includes into the Burnside 2-category, and if a functor from
the cube to the Burnside 2-category factors through it, then it gives rise to a pointed
(augmented) semi-simpicial set.

Simplicial complexes and pointed semi-simplicial sets are simpler objects than
functors to the Burnside 2-category, to which many classical tools can be applied, so
these results prompt the question

Are there simpler models of the spectra of Lipshitz and Sarkar in the almost-
extreme quantum grading?

Unfortunately, it turns out that F g’“‘“‘x gives rise to a pointed semi-simplicial set if
and only if D is 1-adequate. However, in this paper we overcome this problem by
introducing a new functor Mp, whose realization coincides with that of F l’)a“““x, and
gives rise to an (augmented) pointed semi-simplicial set in a broader number of cases.
This is achieved by constructing a natural transformation between M p and F l’;‘“““ and
proving the following result:
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Theorem 1 The natural transformation is a homology isomorphism, and therefore the
realizations of Mp and F [])“lm“ are homotopy equivalent.

The functor Mp can be understood as a “change of basis” of F g”““‘": The relevant
generators of the Khovanov chain complex in its almost-extreme degree (which is the
same as the chain complex of F Ij)a““ax) are indexed by the circles of the state resolutions
of D, whereas the generators of the chain complex associated to Mp are indexed by
the edges and connected components of certain graph whose vertices are the circles
of the state resolutions. A crucial property at the almost-extreme quantum grading is
that the relevant involved graphs are forests, and therefore both bases have the same
size (as it should be). .

The functor Mp is simpler than F 1’) in the sense that it takes values in morphisms

sending generators to (multiples of) generators, whereas F’ 5 takes values in morphisms
sending generators to sums of possibly different generators.

This simplified new basis allows us to decompose Mp in terms of independence
simplicial complexes of simpler link diagrams (Proposition 7.5 and Remark 7.6). The
last part of the paper is devoted to make explicit computations using this decomposi-
tion. _

One of the advantages of Mp over F g’“‘“‘x is that it gives rise to an augmented
pointed semi-simplicial set if and only if the 1-resolution of the diagram contains no
alternating pairs (i.e., two chords whose endpoints alternate along the same circle).
Moreover, the forementioned decomposition allows us to compute the homotopy type
of the realization of Mp in these cases:

Theorem 2 Let D be a diagram whose 1-resolution contains no alternating pairs.

(1) The functor Mp gives rise to an augmented pointed semi-simplicial set.
(i) If D is not 1-adequate then the realization of Mp is homotopy equivalent to a
wedge of spheres.

In [10] the second author conjectured (and proved for several cases) that the extreme
Khovanov spectrum is always a wedge of spheres. If this conjecture were true, then the
above decomposition would give an upper bound for the cone length of the spectrum
X ‘[/)‘“‘“"’”‘ (Remark 7.8). This bound seems to be far from optimal, as the computations of
this paper and [11] produce spectra of cone length at most 2, so we rise the following
question:

Are there diagrams whose almost-extreme Khovanov spectrum is not homotopy
equivalent to a wedge of spheres and possibly (de)suspensions of projective
planes?

The structure of the paper is as follows. In Sections 2 and 3 we recall the categorical
notions that will be used along the paper. In Section 4 we develop some results on link
diagrams which allow, in Section 5, to introduce the functor Mp and prove Theorem
1. In Section 6 we prove the first part of Theorem 2. In Section 7 we decompose M p in
terms of independence simplicial complexes and present three skein sequences which
allow us to determine, in Section 8, the homotopy type of Mp for all links with no
alternating pairs, proving the second part of Theorem 2.
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2 The Burnside 2-category

A 2-category is a higher category that generalizes the notion of category, in the sense
that on top of the objects and morphisms there are also 2-morphisms. More precisely,
a 2-category consists of the data of

(1) acollection of objects,

(2) for each pair of objects X, Y, a category of morphisms hom(X, Y),
(3) for each object X, an object Idyx of hom(X, X) and

(4) for each triple of objects X, Y, Z, a composition functor

hom(Y, Z) x hom(X, Y) — hom(X, Z)

which is associative and unital. The objects in hom(X, Y) are called 1-morphisms and
the morphisms in hom (X, Y) are called 2-morphisms.
Recall that given two finite sets X, Y, a span from X to Y is a triple (Q, s, ) where

. . . . t
Q is afinite set, and s and ¢ are a pair of functions X < 0—Y.

We say that a span is free (resp. very free) if the source map s is injective (resp.
bijective).

. ] t s/ v . L
Given two spans X < Q — Yand X < Q' — Y, a fibrewise bijection
between them is a bijection 7: Q — Q' suchthats’ ot =sandt' ot =1:

X/ r\Y

Q/

The composition of two fibrewise bijections of spans is the composition of bijec-
tions, and the identity morphism of a locally finite span is the identity bijection. This
defines a category of spans from the set X to the set Y, which we note by B(X, Y).

Definition 2.1 The Burnside 2-category, denoted by B, is the 2-category whose objects
are finite sets, and the category of morphisms from a set X to a set Y is given by
B(X,Y), the category of spans from X to Y; in other words, the 1-morphisms are
given by spans and 2-morphisms are fibrewise bijections.

Let X1, X, and X3 be three sets in B. Given a span (Q1, s1, #1) in B(X, X») and
a span (Q», 52, t2) in B(X7, X3), their composition is given by their fibre product

(Q1 xx, Q2,5,1):

s 01 xx, 02 !

— ~

£ EN

01 (0))

X1 X
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The composition of two fibrewise bijections 71: Q1 — Q] and 12: Q2 — Q) is
also given by their fibre product 71 x 72: Q1 xx, Q2 = Q) xx, Q) as follows

0 0> 01 Xx, 02
Xk//l\\\xﬁ///l\\\X Xk/// \\\Y
1 71 2 193 3 TIXT) s
\\\///7 \\\///7 \\\/ ///”
1 2 Q) xx, 05,

0 Q

S . d . Id
and the identity on a set X is the span X < X — X.

Remark 2.2 Note that a span s = (Q, s, t) from X to Y is determined by the matrix
whose entries are the sets s,y := sTlyne ! (y), foreveryx € X,y € Y. Giving a
fibrewise bijection 7 from a span s to a span s’ is the same as giving, for each x € X
and each y € Y, abijection 7, , from sy y to s . The composition of s: X — Y and
s': Y — Zisthespans” withsy =],y Syy X s\, .- The span s is determined by
the formal sum

s5(x) = st,y Y,

yeyY
for each x € X. If a coefficient s, , is not specified, we understand that s, , = {x}
(for example, if s(x) = y + z, then s(x) = {x} - y + {x} - 2).

The category of finite sets Set can be mapped into the category of pointed finite sets
Set, by sending X to X1 := X U {x}, and a morphism f: X — Y to the morphism
f+ that coincides with f on X and sends the basepoint of X to the basepoint of Y, .
Moreover, the category Set, sits inside B by sending a pointed finite set X to X ~ {*},
and a morphism f: X — Y to the span

X ) < X~ fl) Ly s

The inclusions Set — Set, < B induce equivalences between the following
2-subcategories of B:

e The essential image of Set, in B is the 2-subcategory of free spans.
e The essential image of Set in 15 is the 2-subcategory of very free spans.

Fix now a commutative ring R with unit, and let R-Mod be the category of modules
over R. There is a functor

A: B— R-Mod 2.1)

sending the finite set X to the free R-module R(X), and a span s: X — Y to the
homomorphism f: R(X) — R(Y) given, for every x € X, by

FO) = lseyl-y.

yeY



95 Page60of 45 F.C. Moran, M. Silvero

Note that every pair of spans connected by a 2-morphism are sent to the same homo-
morphism, and therefore the functor A is well-defined.

3 Cubes of pointed sets and augmented semi-simplicial pointed sets

The n-dimensional cube 2™ is the partially ordered set (poset) whose elements are
n-tuples u = (uy, ..., u,) € {0, 1}* endowed with the standard partial order so that
u > v if u; > v; for all i. Following [6], we regard 2" as the category whose objects
are the elements of this poset and, for any two such elements u, v, the morphism set
Hom(u, v) has a single element ¢, ,, if # > v, and is empty otherwise. This category
has an initial element 1 = (1, 1, ..., 1) and a terminal element 0 = (0, 0, ..., 0).

The poset map | - |: 2" — N given by |u| = ), u; assigns a grading to each vertex
in the cube. We write u > v if u > v and |u — v| = 1, and we write u >; v if,
additionally,  and v differ in the ith-coordinate, i.e.,if u; = 1, v; = 0and u; = v;
fori # j.

Given n € Z, n > —1, the finite ordinal [r] is the linearly ordered set {0 <
1 < ... < n}. The augmented semi-simplicial category, A, has as objects these
finite ordinals, and as morphisms injective order-preserving maps between them. The
inclusion 9; : [n — 1] < [n] that forgets the i-th element is called ith-face map.

Definition 3.1 Given a category C, let C°P denote its opposite category, obtained by
reversing the morphisms. An n-dimensional cube of pointed (finite) sets is a functor
F: 2™ — Set,, while an augmented semi-simplicial pointed (finite) set is a functor
X: Aﬁg* — Set,. As usual, we write X,, and 9; for X([n]) and X (9;), respectively.

These two categories are related by a functor A: 2" — Aﬁg* which maps every

vertex of the cube u to the ordinal [|u| — 1], and every morphism u >; v to the opposite
of the (Zj<i ui)th-face map.

Taking left Kan extension along the functor A: 2" — AY defines a functor

injsk

op

n AP
A: Set?” —> Set, ", (3.1

whose value on a cube of pointed sets F' is defined explicitely as follows: its set of
k-simplices is A(F)x = [}, =41 F ), for every u € 2", and the ith-face map
0;: A(F)r — A(F)k_q is the union ]—[\u|=k+1 F(u > uli]), where u[i] is the vertex
of the cube 2" obtained by replacing the (i + 1)th one in u by a zero.

Recall from [5, Definition 4.1] that a strictly unitary lax 2-functor F from the cube
2" to the Burnside category B consists of the data:

(1) a finite set F(v) € Ob(B), for each v € {0, 1}".

(2) afinite span F(¢y ) : F(u) — F(v) in B, for each morphism ¢, , in 2.

(3) a2-isomorphism Fy, 4, from F(@y ) o F(@y.v) to F (@, ), for each decompo-
sition Pu,w = Pv,w © Pu,vs
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satisfying that, for every u > v > w > z, the following diagram commutes:

Id X Fy v,w
F(pw,z) X F(w) F(pv,w) X F(v) F(puy) ———— F(pw,z) X F(w) F(pu,w)

va,uanld Fu,w.Z\L
Fuv,z

F(‘pv,z) X F(v) F(ﬁou,v) F(‘pu,z)-

In practice, when defining a strictly unitary lax 2-functor, we use the following result,
from [5, Section 4]. We keep the notation u —ev for the morphism u > v:

Lemma 3.2 A strictly unitary lax 2-functor from the cube category 2™ to the Burnside
category B is uniquely determined (up to natural isomorphism) by the following data:

(D1) for each vertex v € {0, 1}", a finite set F (v) € Ob(B);
(D2) for each u > v, a finite span F(¢y ) : F(u) — F(v) in B;
v

(D3) for each two-dimensional face u W of the cube, a 2-morphism

N 2

Fu,v,v/,w: F(‘pv,w) X F(v) F(‘Pu,v) — F((pv/,w) XF®) F(‘Pu,v’),

satisfying the following two conditions:

v

e -1
o Fuv' v,w w0 w?

/.
(C1) for every two-dimensional face U “
/

v —e w//
(C2) for every three-dimensional face y —ev' ™~ w’ > z , the following commutes:

,U// —eW

Fy oyt o x1d
F((/’u;”.:) XF(w") F(‘ﬂv,w”) X F(v) Flpy,y) —> F(‘/’w’,z) XFw') F(py,u) XF(v) F(‘/’u,t/)

lldx Fyul A% F, o l

F(pur 2) XF(w") F(py w) XF@") F(Qu,v) F(pu.2) XFw') F(pyw) XF@") F(‘Pu,v”)

lﬂ'.w.u.: x1d Fyr ol .z del
IdxF,

u " w

F(ow,2) XFw) F@y w) XFw) FlQuy) ————= F(puw,2) Xrw) F(@u w) XFe) F(@u)-

Definition 3.3 [5] A natural transformation «: F — G between two strictly unitary
lax 2-functors F, G: 2" — B is a strictly unitary lax 2-functor H: 2"*1 — B such
that H|pnyq1y = F and H|pnkqoy = G. For every u € 2", we denote by «, the
morphism H (¢, 1),u,0))- For every u > v € 2", we denote o, , the 2-morphism
Hw, 1), ,0),(0,1),(,0)-

We write CP for the category whose objects are strictly unitary lax 2-functors from

D to C and whose morphisms are natural transformations between them. When C = B
and D = 2" the objects are called Burnside cubes.
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3.1 Realizations and totalizations

Let C be a model category, as the category of (pointed) topological spaces Top (resp.
Top, ), the category of spectra Sp, or the category Ch(R) of chain complexes of R-
modules, with R a commutative ring.

The fotalization of a functor F: 2™ — C is the object of C given by

Tot F = hocofib (hocolim (F |z j0}) — F(0)).
This defines a functor

Tot: C¥' — C.

On the other hand, the relative realization of a functor X : Aiorg N

in C given by

— C is the object

|X || = hocofib (hocolim (X|Ain_j*\{[—1]}) — X_l) ,
which defines a functor
| = A —s .
A semi-simplicial object X : Aﬁf — C may be seen as an augmented semi-simplicial

set by defining X_| = =, the final object of C. Its relative realization is the suspension
of the realization of X:

X1 = Z1X].

Recall now the functor A: 2" — AP

inj mapping every u € 2" to [|u| — 1], and

every morphism u >; v to the opposite of (Z j<i ui> th-face map. Since A is cofinal,
A2" N {0}) = Apjs - {[—1]} and 1(0) = [—1], we have that

|A(F)| ~ Tot F. 3.2)
3.2 From Burnside cubes to chain complexes

Let R be a ring, and let Ch(R) be the category of chain complexes of R-modules.
There is a functor

K: B — R-Mod — Ch(R),

where the first functor is A, defined in (2.1), and the second functor sends an R-module
to the chain complex given by the R-module concentrated at degree O.
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We define the functor C,.(—; R) as the composition

C.(—: R): B — ch(R)* X% Ch(Rr),

where the first functor is the result of composing a 2-functor F: 2" — B from B*"
with K.

Its value at the Burnside cube F can also be described as the chain complex whose
k-cochains are

G(FiRy= @ R(Fw)

ue2™, |u|l=k

and whose differential is

1=y (—D)Zi<i" Ao F(u > v).

|ul=k,[v|=k—1

Observe that since B — R-Mod sends 2-morphisms to identities, a natural trans-
formation between Burnside cubes induces a morphism of chain complexes.

3.3 From Burnside cubes to spectra

In [6], Lawson, Lipshitz and Sarkar gave an explicit construction of the totaliza-
tion functor for cubes in the Burnside category. They associated, to each cube
F:2" — B3, a spectrum Tot F, and to each map f: F — G of Burnside cubes,
amap Tot f: Tot F — Tot G, both well-defined up to homotopy. Additionally, the
homology H.(Tot F'; R) was isomorphic to the homology of C.(F; R), and the map
induced by Tot f on homology was the one induced by C(f; R).

Remark 3.4 If C..(f; R) is a homology isomorphism then Tot f is a homotopy equiv-
alence of spectra.

On the other hand, in [1] the authors showed that if a cube F': 2" — BB factors
through some functor F: 2™ — Set,, then Tot F = £ Tot F, where the homotopy
colimit is taken in pointed topological spaces. Therefore, by (3.2), we have:

Proposition 3.5 If a Burnside cube F: 2" — B in the Burnside category factors
through Set,, then the pointed semi-simplicial set A (F) satisfies

Tot F ~ || A(F)].

Remark 3.6 The spectrum Tot F is denoted | F'| in [6]. The chain complex C,(F; R)
is denoted Tot F' in [5]. We reserve the notation Tot for the totalization of a cube,
|| - || for the relative realization of an augmented semi-simplicial object and | - | for the
realization of a semi-simplicial object.
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X=X X)X

Fig.1 The smoothing of a crossing according to its O or 1 label

4 Knots and graphs
4.1 States

Let D be an oriented link diagram with n ordered crossings {c] < ¢2 < ... < ¢},
where ny (n_) of them are positive (negative). A (Kauffinan) state of the diagram D
is an assignation of a label, O or 1, to each crossing in D. The order of the crossings
induces a bijection between the set of states of D and the elements of 2™ by considering
u € 2™ as the state that assigns the label u; to ¢;.

Smoothing a crossing ¢; of D consists on replacing it by a pair of arcs and a segment
connecting them; the way we smooth the crossings depends on its associated label u;,
as shown in Fig. 1. The result of smoothing each crossing of D according to its label is
the chord diagram D(u), a collection of disjoint circles together with some segments
that we call O- and 1-chords, depending on the value of the associated u;. We represent
1-chords as light segments, and O-chords as dark ones.

We introduce the following notation to refer to the circles and chords of D (u):

Z(u) denotes the set of circles of D(u),

E (u) denotes the set of O-chords of D(u),

E (1) denotes the set of 1-chords of D (u),

¢; (1) denotes the ith chord in D(u),

O; (1) denotes the set of circles containing an endpoint of ¢; (1) (thus |O; (u)] is
either equal to 1 or 2). If |O; (u)| = 2 (resp. |O;(u)| = 1), we say that ¢; (u) is a
bichord (resp. monochord).

Given a state u of D, we define its associated state graph, G(u), as the labelled
graph obtained by collapsing each circle of D(u) to a vertex so that each chord in
D (u) becomes an edge in G (u); each edge inherits a label, O or 1, from the associated
chord. The circles and chords of D(u) are in bijection with the vertices and edges of
G(u). Therefore, the above notation introduced to refer to the circles and chords of
D(u) will be used to refer to the vertices and edges of G(u). In particular, the set of
vertices of G(u) is Z(u) and the set of edges labeled by 0 and 1 are E(u) and E (u),
respectively.

In this setting, write G (u) for the subgraph obtained after removing the 1-edges
from G(u). See Fig. 2 for such an example. We consider loops as length-1 cycles.

Recall that given u, v € 2", we write u >; v if both vectors are equal in all but
the i'" coordinate, where u; = 1 and v; = 0. The partial order > is defined as the
transitive closure of the above relation.

Ifu >; v, then D(v) is obtained from D(u) by doing surgery on D(u) along the 1-
chord e; (1) and adding a new chord e; (v). Observe that, depending on the cardinality
of O; (u), there are two possible surgeries:
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& & U Ll

D D(u) G(u) G(u)

Fig.2 A link diagram D, the configuration D (u) corresponding to the state u = (0, 1,0, 1, 1, 1,0, 0) and
the associated graphs G(u) and G (u)

D(u) D(v) : D(u) D(v)
» € p S X »—
G(u) G(v) G(u) G(v)

(@ (b)

Fig.3 A merging and a splitting are illustrated in (a) and (b), respectively. The endpoints of some chords
have been drawn in order to show the effect of both surgeries in the graphs associated to the states

e If |O;(u)] = 2, then |O; (v)| = 1 and D(v) is obtained from D(u) by joining two
circles into one. The graph G(v) is obtained from G (u) by identifying the two
vertices in O; (u) and adding a loop (the edge ¢; (v)) based on the identified vertex,
as shown in Fig. 3a. We say that u >; v a merging.

e If |O;(u)| = 1, then |O; (v)| = 2 and D(v) is obtained from D (u) by splitting one
circle into two. In this case, G (u) is obtained from G (v) by collapsing the edge
e; (v), as shown in Fig. 3b. We say that u >; v is a splitting.

Remark 4.1 Given two states u and v of D so that u > v, with |u| — |v| = k, there
exist k! possible chains

U=U) >j Ul =iy «.. > Ug =V
connecting them. However, the total composition of the one-by-one surgeries induced
by each of the possible chains does not depend on the chosen chain.

Given a surgery u >; v, we compare G («) and G (v):

[E(v)| = |E)|+ 1.
|Z(u)| + 1 if u >; vis a splitting,
1Z(v)| = . . .
|Z(u)| — 1 if u >; vis a merging.
|0 G (u)| if u >; vis a splitting,
[moG (V)| = 1 |moG (u)] if u >; vis a merging and O; (u) — 7o G (u)is not injective,

|[toG ()| — 1 if u >; vis a merging and O; (1) — 7o G (u)is injective.
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Definition 4.2 Given a state u € 2™ with |u| = n — k and a chain
T=ug > ur > ... > Ug=1u “4.1)

connecting u to the state 1, we define @ (u) as the number of loops in {e;; (u j)}’;: - In
other words, ® (1) counts the number of mergings in the chain.

Equalities above allow us to describe G () in terms of G(1) and ® (u):

1Z@)| = ZMD)| +n — |u] =20 (u), (4.2)
x(Gw) = x(G(D) — 2P (u), 4.3)
oG M| — @) < |moG )| < [moG (D) (4.4)

In particular, the above relations imply that ®(x) does not depend on the chosen
chain connecting the states 1 and u.

Lemma4.3 Let u € 2™ be a state of a link diagram D.

(D) If ®(u) = 0, then G(u) is a forest, namely, it consists of a collection of | Z(1)|
contractible components.

2) If ®(u) = 1, then the number of connected components of G(u), |mwoG(u)|, is
either |Z(1)| or |Z(1)| — 1. In addition:

(@) If lmoG(u)| = |Z(1)| — 1, then there is one single cycle in G(u),

b) IfImoG(w)| = |Z(1)|, then G(u) contains exactly two cycles ¢i and ¢y sharing
a common vertex z. Moreover, in D (u) the chords corresponding to the edges of
¢1 adjacent to the vertex 7 alternate with those of ¢ along the circle z. Therefore
the chords corresponding to the edges of ¢| and the chords corresponding to
the edges of ¢ lie in different regions of R* \. z.

Proof The assertions concerning the homotopy type of G (u) follow from (4.2) and
(4.3) after computing the Euler characteristic of G () as

[0 G ()| — #(cycles in G(u)) = x(Gw)) = x(G()) —2®(u) = [Z(D)| — 2P (u).

If ®(u) = 0, then |79G (u)| = |7pG(1)| = |Z(1)] by (4.4), and therefore G (u)
contains no cycles. In the case (2a), |[toG(u)| = |Z(1)| — 1, and therefore G () has
a single cycle, whereas in case (2b), |[moG ()| = |Z(1)|, and therefore there are two
cycles in G (u).

We prove now that when ®(u) = 1 and |79G(u)| = |79G(1)], the chords of ¢;
adjacent to the circle z alternate with those of ¢, along the boundary of z.

Consider a chain as (4.1), and let u,_1 >;, u, be the states right before and right
after the merging is performed, respectively. Write O; (1,—1) = {z1, z2} and define ¢
as the (possibly empty) set containing those edges ei; in the chain so that Oij (Uy—1) =
{z1, 22}, forr < j <k.
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,\ b (1::‘1) j ,\ b g‘) /\ ,\ /
(a)e(a) (==l (=)
e, ea\ S @ e,
WA
G(ur-1) G(uy) G(w)
(a) (b) (©)

Fig. 4 Diagrams D(u,_1), D(ur), D(u) and the associated graphs illustrating the proof of Lemma 4.3
are shown. Recall that dark (resp. light) chords corresponds to O-chords (resp. 1-chords). In this case
& ={eq, ey}

Since ®(u,—1) = 0, we have just shown that G (u,_1) consists on |Z(1)]| disjoint
trees. When passing from u,_1 to u,, vertices z; and z, are identified and the 1-edge
e;, becomes a 0-loop (i.e., a length-one cycle) in G (u,). Figure 4a, b illustrates this
process.

The case (2a) corresponds to the case when z; and z» belong to different connected
components of G(u,—1). Since no more mergings are possible, no more cycles are
created. Moreover, the length of the (unique) cycle ¢; in G () is |e| 4 1 (see Fig. 4c).

The case (2b) corresponds to the case when z1 and z2 belong to the same connected
component: the fact that there is a path connecting z; and z in G (u,—1) implies that an
additional cycle ¢ is created when identifying both vertices. As illustrated in Fig. 4b,
¢, the condition on the alternacy of the chords holds. The planarity of D(u) completes
the proof. O

4.2 Enhanced states

An enhacement of a state u € 2™ is a map x assigning a label +1 or —1 to each of
the circles in Z(u); we note by (u, x) the associated enhanced state. Write Z (u, x)
and Z_ (u, x) for the subsets of elements of Z(u) labeled by +1 and — 1, respectively.
Define, for the enhanced state (i, x), the integers

hGu,x) = —n_+lul,  qu,x) = ng — 20+ |u] +1Z4(u, )| — | Z- (@, ),

which are the homological and quantum gradings for Khovanov homology, respec-
tively [7].

Let x4 be the constant enhacement with value 41 and, for a given circle z € Z(u),
let x;r be the enhacement assigning a positive label to every circle but z. Sometimes
we will write uy = (u, x4).
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Define
Jmax (D) = max{q(u, x) | (u, x) is an enhanced state of D}

and jamax (D) = jmax(D) — 2; we refer to these numbers as extreme and almost-
extreme (quantum) gradings for Khovanov homology of the diagram D. It turns out
that

Jmax(D) = q(1, x4) and Jaimax (D) = q(1, x;_)’ forany z € Z(1).

Proposition 4.4 Let (u, x) be an enhanced state of a diagram D with q(u, x) = j.
Then,

_ Jmax(D) — j

|Z—(u, x)| 5

— O (u).
Proof From the definition of quantum grading, it holds that

Jmax (D) — j =n+|ZMD)| — u| = |Z4 (u, )| + | Z—(u, x)|
=n+|ZM)| — |ul = 1Zw)| + 2|1 Z—(u, x)|.

Relation (4.2) completes the proof. O

Corollary 4.5 Let (u, x) be an enhanced state of D satisfying q(u, X) = jaimax (D).
Then ®(u) < 1. Moreover,

(1) if ®(u) =0, then x = x for some z € Z(u).
Q) if®P(u) =1, then x = x4.

Since we are interested in studying the almost-extreme Khovanov complex of a
link diagram, in the next section we study the characterization of those states « so that
®(u) equals O or 1.

4.3 States withP(u) =0, 1

We are interested now in characterizing those states taking part in the almost-extreme
Khovanov complex, i.e., given a state u € 2™ of D, we want to determine whether
there exists an enhacement x so that g (u, x) = Jjamax (D), just by looking at D(1).

Definition 4.6 Given u € 2" a state of D and a, b, ¢, d chords in D(u), we say that:

(1) a and b are parallel if they are bichords with their endpoints in the same circles,
ie., Ou(u) = Op(u) = {z,7'}.

(2) a, b form an alternating pair if they are monochords and their endpoints alternate
along the same circle, as illustrated in Fig. 5a (compare to ladybug configuration
from [7]).

(3) a, b, c form an alternating triple if O, (u) = Op(u) = {z, 7'} and their endpoints
alternate with the endpoints of the monochord ¢ along z. See Fig. 5b.
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Do q

(a) (o)

Fig.5 Chords forming an alternating pair (a), an alternating triple (b) and a mixed alternating pair (c)

4) a, b, c, d form a mixed alternating pair if the only alternating pairs among them
are (a, b), (b, ¢) and (c, d). See Fig. Sc.

Given v > u states of D, we write D(v), for the chord diagram having the same
circles as D(v), but only the 1-chords e; (v) such that v; # u;.

Remark 4.7 If w > v > u are states of D, then ¢; (v) € D(v), implies that ¢; (w) €
D(w),.

Proposition 4.8 Let u be a state of D. Then, ®(u) > 0 if and only if D(1),, contains
a bichord or an alternating pair, and ® (u) > 1 if and only if D(1), contains at least
one of the following configurations:

(1) Two non-parallel bichords.

(2) An alternating pair and a bichord.
(3) An alternating triple.

(4) Two disjoint alternating pairs.

(5) A mixed alternating pair.

The proof of the necessary condition (i.e., the implication <) is a case-by-case
straightforward checking. We use Lemmas 4.9 and 4.10 in the proof of the sufficient
condition.

Lemma4.9 Let w > v > u be three states with ®(w) = ®(v). Then:

(1) If D(v), contains a bichord, then D(w), contains a bichord or an alternating
pair.

(2) If D(v), contains an alternating pair, then D(w),, contains an alternating pair.

(3) If D(v), contains an alternating triple, then D(w), contains an alternating triple
or a mixed alternating pair.

@) If D(v)y contains a mixed alternating pair, then D(w),, contains a mixed alter-
nating pair.

(5) If D(v), contains an alternating pair and a bichord, then D(w), contains an
alternating pair and a bichord, or a mixed alternating pair or two disjoint alter-
nating pairs.

Proof Since ®(w) = ®(v), w >; v is a splitting for some monochord ¢; (w). The
lemma follows from Remark 4.7 together with the following facts (i # j # k # [):

— If e (v) is a bichord, then either e;(w) is a bichord or (e;(w), e;(w)) form an
alternating pair.
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— If (¢ (v), ex(v)) is an alternating pair, then (e (w), ex(w)) is an alternating pair.

If (e (v), ex(v), e;(v)) is an alternating triple, then either (e;(w), ex(w), ¢;(w))

is an alternating triple, or (¢; (w), e;(w), ex (w), ¢;(w)) is amixed alternating pair.

— If (ej(v), ex(v), e;(v), e, (v)) is a mixed alternating pair, then (e;(w), ex(w),
e;(w), e, (w)) is a mixed alternating pair.

— If (ej(v), ex(v)) is an alternating pair and e;(v) is a bichord, then either
(ej(w), ex(w)) is an alternating pair and ¢;(w) is a bichord or (e; (w), e;(w),
ex(w), e;(w)) is a mixed alternating pair, or (e; (w), e;(w)) and (e;(w), ex(w))
are disjoint alternating pairs.

O

Lemma4.10 Let w > v > u be three states with ®(w) = ®(v) — 1. Then:

(1) If D(v), contains a bichord, then D(w), contains two non-parallel bichords.
(2) If D(v), contains an alternating pair, then D(w), contains an alternating triple
or an alternating pair and a bichord.

Proof Since ®(w) = ®(v) — 1, w >; v is a merging for some bichord e¢; (w). The
lemma follows from Remark 4.7 together with the following facts (i # j # k # [):

e If e;(v) is a bichord, then e (w) and e; (w) are non-parallel bichords.
e If (¢j(v), ex(v)) is an alternating pair, then either (e (w), ex (w)) is an alternating
pair and ¢; (w) is a bichord, or (e; (w), e;(w), ex(w)) is an alternating triple.

O

Proof of the sufficient condition of Proposition 4.8 Fix a chain
1=u0 >ip UL iy e g U = UL

Consider first the case ® () > 0 and write m for be the minimal number such
that u,—1 >;, u, is a merging. Therefore, ¢;, (u;u—1) € D(u;y—1), is a bichord
and applying Lemma 4.9 recursively, we deduce that D(1), contains a bichord or an
alternating pair.

Consider now the case ® (1) > 1 and write m < p for the first two indices such that
Um—1 >ip Um and up_g =i, Up are mergings. Therefore, ® (u;,) = ®(up—1), and
applying recursively Lemma 4.9 to the bichord ¢;, (up—1) € D(up—1)u we deduce that
D(u,,), contains a bichord or an alternating pair. Apply once Lemma 4.10 and deduce
that D(u,,—1), contains at least one of the following: two non-parallel bichords or an
alternating triple or an alternating pair and a bichord.

Finally, applying in each case recursively Lemma 4.9 we deduce that D (1), contains
at least one of the following configurations:

(1) Two non-parallel bichords.

(2) An alternating pair and a bichord.
(3) An alternating triple.

(4) Two disjoint alternating pairs.

(5) A mixed alternating pair.
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Fig.6 An example of D(u) for
the case when ®(u) = 1 and
710G ()| = |moG (D). The
cycles ¢ and ¢ (of length 4 and
5, respectively) divide z into
four arcs. The ladybug set
corresponds to the thickened
arcs, i.e. L(u) = {P, Q}

4.4 Ladybug set

Let u € 2™ so that ®(u) = 1. If [mgG(u)| = |mgG(1)| — 1, recall from Lemma
4.3(2a) that G (u) contains a unique cycle. We define the ladybug set of u, L(u), as
the singleton consisting of the connected component of G (1) containing that cycle.

Consider now the case when |70G(u)| = |m9oG(1)|. Then, by Lemma 4.3(2b),
G (u) contains two cycles ¢; and ¢y sharing a common vertex z. Write a;, b; for the
edges of ¢; adjacent to z, for i = 1, 2 (if ¢; is a loop, then a; = b;).

The chords ay, by, az, by divide the circle z into four arcs (see Fig. 6). We define
the ladybug set L(u) of D(u) as the set whose elements are the two arcs of z that are
reached by traveling along any of the chords ay, b1, az, by until z, and then taking a
right turn.

Remark 4.11 In the case when |7oG ()| = |mgG(1)| and a; = b; fori = 1,2, the
set L(u) coincides with the right pair giving rise to the celebrated ladybug matching
defined in [7].

Lemma4.12 Ifu > v, |[7oG(v)| = |[moG ()| and ©(u) = ®(v) = 1, then each arc
in L(u) intersects exactly one of the two arcs in L(v) and viceversa.

Proof Let A = {e; (u) | u; # vi} C E(u). Since ®(u) = ®(v), all elements in A are
loops and no pair among them constitute an alternating pair.

By Lemma 4.3(2b), G (1) contains two cycles ¢j and ¢, sharing a common vertex
Zy. Write z, for the circle in D(v) with the same property. Then z, is obtained from
z, by performing surgery along the loops in A with their endpoints in z,,.

Write L(u) = {P, Q} and let A p (resp. A o) be the subset of loops of A so that at
least one of their endpoints lies in P (resp. Q). The disposition of ¢; and ¢, (stated in
Lemma 4.3(2b)) implies that Ap N A g = #. Define the following subsets of RZ:

p= U ej(u) and q = U ei(u).

eij(u)eAp E[(M)EAQ

The endpoints of each loop e; (1) € Ap (resp. e;(u) € Ag) separate z,, into two
arcs: write d; for the unique arc in z,, which is disjoint from Q (resp. from P). Define
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the following subsets of R:

dp= |J d and do= |]J d.

ei()ehp ¢i(w)eh g
As there are no alternating pairs in A, we deduce that
dpNdg =1 and (pUdp)N(qUdp) =¥
As a consequence, we can consider two disjoint open subsets A, B of R? such that
PUpUdp C A QUqUdg C B.

Each of the arcs of L£(v) is obtained by doing surgery on each of the arcs of L(u).
The surgery performed on P is supported in A, while the surgery perfomed on Q
is supported in B. Since A N B = {4, it is possible to define P’ (resp. Q') as the
arc of L(v) obtained from P (resp. Q). Thus, P intersects P’, Q intersects Q' and
PN Q' = QNP =, as desired. O

4.5 The bijection p,

Given u >; v so that ®(u) = ®(v) = 1, then |7roG (u)| = |7oG (v)|, and therefore it
is possible to define a bijection p, ,, : L(u) — L(v) in the following way:

(1) If [moG(v)| = |[moG@)| — 1, then p, , maps the unique element in L£(u) to the
unique element in L£(v).

2) If [mgG(v)] = |mpG(1)|, then by Lemma 4.12 each of the two arcs in L(u)
intersects one of the two arcs in L(v). Write L(u) = {P,, Q,} and L(v) =
{Py, Oy}, labelling the arcs so that P, N P, # @ and Q, N Q, # @ as subsets
of R? (see Fig. 7). The bijection p, , : L(u) — L(v) is given by sending P, to
P, and Q, to Q,. In particular, in those cases when none of the endpoints of the
chord ¢; (1) lie in P, nor Q,, p,.», becomes the identity.

The following lemma follows immediately from Lemma 4.12:

Lemma4.13 Let u > v,v > w so that ®(u) = ®(w) = 1. Then the following
diagram commutes

L) -2 L)

\Lpu,v’ \va,w

L) 2 L (w).
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D(v)

(b)

Fig.7 Two examples illustrating the bijection py, , for the case u >; v, ®(u) = ®(v) = l and |7 G (v)| =
|9 G (1), with the edge e; (1) depicted in light colour. In both cases py,, : L(u) — L(v) maps Py to Py
and Qy to Oy

ei(u)

D(u) D(v)

Fig.8 Anexampleillustrating the bijection j; (1) forthecaseu >; v, ®(u) =0, P(v) = land |roG(v)| =
|9 G (1)|. The edge e; () is depicted in light colour. The bijection p; (1) : O; (u) — L(v) sends z1 and zp
to P and Q, respectively

4.6 The bijection u;(u)

Given u >; v with ®(u) = 0, ®(v) = 1 (i.e., a merging), we define a function
wi(u): O;i(u) — L(v)

as follows:

(1) If |moG(v)| = |mpG(1)| — 1, then |L(v)| = 1 and we define w; (#) as the unique
constant function.

Q) If [moG(v)| = |moG )|, write O;(u) = {z1, 22}, L(v) = {P, Q}, and assume
without loss of generality that P Nz # @ and Q Nzy # ¢ as subsets of R%. Then,
we define the bijection w;(u) : O;(u) — L(v) by declaring wu;(u)(z1) = P,
wi(u)(z2) = Q (see Fig. 8).

The next result is a consequence of Lemma 4.12.

Lemma4.14 Letu >; v >; w, u >; v’ >; w. Then, the following squares commute:
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(1) If®(u) = PW') =0and ®(v) = ®(w) = 1, then!

Orw) 2 L)

\Lhu.v’ \va,w

0,0 XL £ w).

2) Ifo(u) =0and ®(v) = ®(v') = ®(w) = 1, then

0;w) = O w) 2% £v)

\L/,LJ(M) \va,w

LOY —2 s L (w).

5 Khovanov functors

In this section we review the functor given by Lipshitz and Sarkar [5,6] and introduce a
new Khovanov functor, giving a natural transformation between them which allows us
to prove that the geometric realizations of both functors are homotopy equivalent at the
almost-extreme quantum grading (Corollary 5.7). First, we introduce some notation.

Let u be a state of a diagram D so that ®(#) = 0. Orient G («) by fixing, for each
of its edges, one of its two possible orientations. We define, for each e € E(u), the
subgraph ey C G(u) as the connected component of G (1) . {e} towards which e is
pointing. Note that e is well defined, since Lemma 4.3 guarantees that G («) has no
cycles.

Given any two states u > v of D, there is an inclusion of the associated graphs
G(u) C G(v), and we define the maps

Juw: m0GW) - 710G ), guov: E() — E(v); (5.1

observe that the first one is an isomorphism if ® () = ®(v), while the second one is
always injective. Additionally, if u >; v, there exists a Burnside morphism

hyv: Z(w) — Z(v)
mapping a circle z € Z(u) either to itself if z ¢ O; (u), or to O; (v) if z € O; (u).
5.1 The Khovanov functor in almost-maximal grading

The key piece in the construction of the Khovanov spectra in [6] was the Khovanov
functor, whose associated stable homotopy type is a link invariant. Using Lemma

! We defer the definition of hy,v: Z(u) — Z(v) some lines until the beginning of Sect. 5.
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3.2, we restate now this functor, adapted to the particular case of the almost-maximal
quantum grading.
Given a link diagram D with n ordered crossings, consider the functor?

F:2" > B
defined, in a vertex u € 2", as®:

Z(wu) if @) =0,
Fu) = { {us) if d) = 1,
g ifdw) > 1.

On a morphism ¢, ,, with u >; v, the span Fj~, = F(@,): F(u) — F(v) is
given, for z € Z(u) and u4 = (u, x4), by

hu,v(z) if ®(v) =0,
Fusv(z) = vt if ®(v) = landz € O; (u),
] if ®(v) = landz ¢ O;(u);

vy ifd() =1,

Fu> =
D=0 e =2

Finally, we specify 2-morphisms: Let u >; v >; wand u >; v > w. We
need to produce a 2-morphism F), ,, . ,, between the 1-morphisms F-, o F,~, and
Fyswo Fysy.

Consider first the case when ® (1) = 0. If ®(u) = ®(v) = P@) =0, d(w) =1,
then the chords e; (1) and e () form an alternating pair attached to some circle z1, so
Oj(w) =0;(v)and O; (V') = O; (V). Ifz € Z(u) and z # z1, then Fy~ 0 Fy=y (2) =
?.

In the case z = z1, label the circles involved in the mergings and splittings as

{z1} = Oi(w) = O (u), {z2, 23} = Oi(v) = O;(v),
{z6) = Oi(w) = O (w), {z4.25} = O; (V) = O; (V).
Therefore,

Fosw o Fusv(z1) = Fysw(za +23) = {22} - wy + {z3} - wy = Oj(v) c Wy,
Fyowo Fusy(z1) = Fy=y(z4 +25) = {z4} - wy +{z5} - wy = Oi(v/) F W

2 When working with different diagrams, we write Fp to denote the functor F associated to the link
diagram D.

3 The original functor F from [6] splits into functors F J which associates to each state u a set Ey,j of
enhancements so that ¢ (u, x) = j, forevery x € &, ;. When particularizing to the case when j = jaimax >
Corollary 4.5 implies that if ®(u) = 0, then the set Su_j can be identified with Z (1), whereas if ® (1) = 1
then &, j = {u4}.
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Then, the 2-morphism F}, ,, ,/ ,, consists of a bijection between O; (v) and O; (v')
given by the ladybug matching p; (v')~! o ni) 1 O;() < Lw) < O;(V) (see
Sect. 4.6).

If ®(u) = 0 and we are not in the previous situation, then every summand in the
formal sums (Fy~ o Fyy~y)(z) and (Fy~, o F,~,)(z) has a singleton as coefficient,
so there is a unique choice for the 2-morphism F, ; 1 1.

In the case when @ (1) = 1,then F,, ,,0F,, , and Fyy ,0F, v areempty if ®(w) > 1;
otherwise, both F, ,, o F, , and F,s , o F, ;v map uy to the formal sum w4 which
has a singleton as coefficient.

Lemma 5.1 [5] F satisfies conditions (C1) and (C2) in Lemma 3.2.

The (strictly unitary lax) 2-functor F' defined above is the Khovanov functor given
in [6] at the almost-maximal quantum grading and, if D has n_ negative crossings,
the almost-extreme (maximal) Khovanov spectrum is defined as

Xfime — 571 5% Tot Fp. (5.2)

5.2 A new equivalent functor

We introduce now a (strictly unitary lax) 2-functor M: 2™ — B, with the property
that its realization coincides with the realization of F, as will be show in Corollary
5.7. As before, we start by defining® M for the vertices of the cube, corresponding to
the states of D:

70Gu) U E@) if () =0,
M) = {u, if d(u) =1,
Y if d(u) > 1.

On a morphism ¢y, ,, with u >; v, the span M-, := M (¢, y): M(u) — M(v) is
defined either on a connected component C or an edge e of G (u) (if ®(u) = 0), or on
the enhanced state u (if ®(u) = 1), as follows:

M,y (C) = fu,v(c) ?f ®(w) =0,
(L) N fu(C) - vy if D(v) =15
Mooy = |80 if o) = 0.
(ni(@)(e+ NO;u)) - vy if P(v) = 1;
e ifd(w) =1,
Mims ) =007 i o) = 2.

Remark 5.2 Observe that the expression £(v) N f, ,(C) equals either £(v), in the case
when O;(u) N C # @, or the empty set otherwise.

4 When working with different diagrams, we write Mp to denote the functor M associated to the link
diagram D.
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\/GD B
e [

€3

N
€1 &/ e \\Z; Z2

D(u) G(u)

Fig. 9 We illustrate the three cases considered in Remark 5.3. Given D(u) and the orientation shown in
Gu), e+ NO1(w) =0, e4 NOy(u) ={z2} and e N O3(u) = {z1, 22}

| PN | <O
ol :
@:@“O =0 O, =

:u\ ;S : \C%/

(a) (0) (c)

Fig. 10 Cases (a), (b) and (c) in the definition of M,, ,, ./ ,,. In order |L(w)| = 2, |rgG (w)| must be equal
to |G (1)| and therefore the vertices corresponding to the two circles depicted in D(u) in cases (b) and
(c) must belong to the same connected component in G («)

Remark 5.3 Observe that the evaluation of the expression e, N O; (1) leads to either
the empty set or one or two circles, as illustrated in Fig. 9. When e; N O;(u) = z €
Z(u), there are two possibilities: if |7gG (v)| = |moG (1), then w;(u)(e+ N O;(u))
maps z to one of the two arcs in L(v); however, if |G (v)| = |7oG(1)| — 1, then
wi(u)(e+ N O;(u)) maps z to the singleton L(v).

Finally, givenu >; v >; wandu >; v’ >; w, we define the 2-morphism M, ,, ,/ 4
between the 1-morphisms My~ 0 My~ and My~ o M, as follows.

First, note that M,, ,, ., is trivially defined when ®(u) = ®(v) or |[L(w)| = 1,
since it is a bijection between singletons. Then, we just need to specify the cases when
@) =0, ®(w) = 1 and |L(w)| = 2, depicted in Fig. 10. Moreover, the value of
My~ o My~ and My~ o M-,y on a component C € moG (u) equals the empty
set or a singleton, unless f, ,,(C) is the component of G (w) containing two cycles; a
similar reasoning applies for edges e € G(u), unless e (or possibly g, ,(e) or g, ,(e))
points to the two circles involved in the unique merging. We define M, ,, , 4, in such
components and edges:

(@) f®(u) = P(v) = PW) =0, P(w) = 1 and |L(w)| = 2, then ¢; (1) and e (u)
form an alternating pair (see Fig. 10a) and we have
Id
My 0 My=y(C) = L(w) - wy <> Myoy 0 My (C) = L(w) - wy,

Id
My=y o My=y(e) = Lw) - wy <> My~y 0o My=y(e) = L(w) - wy.
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JITI1L

Fig. 11 Moving along the cube. Paths (a), (b) and (c) represent Mpo1=000 © Mo11=001 © M111=011-
Mop10>000 © Mo11>010 © M111=011 and Mo10>000 © M110=010 © M111>110, respectively

b)) f®(u) = (W) =0and ®(v) = ®(w) = 1 and |L(w)| = 2, then ¢; (u) is a
bichord and e (1) a monochord (see Fig. 10b) and we have
Pv,w
My~ o My~(C) = ‘C(U) wy <> My~ oMy.y(C) = ,C(U)) c W4,

Pv,w
My=w o My=y(e) = L(v) - Wi < My o My~ y(e) = L(w) - Wi

(¢) If ®(u) = 0and ®(v) = ®(V) = ®(w) = 1 and |L(w)| = 2, then ¢; (w) and
ej(w) are parallel bichords (see Fig. 10c) and we have:

IO / ,OL w
My 0o My=y(C) = L(v) - wy < My sy oMy-y(C) = ﬁ(v/) c Wy,

—1
p o/ pv w

Myoy 0 Mysp(e) = L) - wy < My-y o My (e) = L) - we.

Lemma 5.4 The 2-functor M satisfies conditions (Cl) and (C2) in Lemma 3.2 and
therefore is well defined.

Proof Condition (C1) follows from the definition of M. Consider an arbitrary three-
dimensional face and denote its vertices as follows:

Miyi=o11
111 53
M0|1>00| (5-3)
+ 001
110 Moo1>000
100 _— OOO.

In order to prove condition (C2), we need to show that 2-morphisms in this cube
commute. To do so, we study the bijections obtained when we move along the cube.
More precisely, starting from Mop1>000 © Mo11>001 © M111>011 we move to Mo10>000 ©
Mo11=010 © M111=011 and continue moving along the cube following Fig. 11 until we
reach again Moo1>000 © Mo11>001 © M111>011-

To simplify notation, write p; for the morphism p, , if 4 >; v; then, the com-
mutative diagram of Lemma 4.13 associated tou >; v >; wandu >; v > w
becomes:
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L)~ L) (5.4)

N

L)~ L(w).

We just need to study the cases when ®(111) = 0, ®(000) = 1 and |£(000)| = 2

(otherwise, the coefficients involved in all compositions of 1-morphisms of the edges of
the cube are singletons, and therefore the 2-morphisms commute trivially). In principle,
up to permutation, there are 8 different situations attending to the value of ® in each
vertex, depicted in Fig. 12. However, it is not hard to check that situations (a), (¢) and
(f) leads to inconsistency in the chord diagrams, and therefore they are not possible.
We study the remaining 5 possible situations:

(a)

(b)

(©

Figure 12b (i.e., ®(110) = &(101) = P(O011) = &(100) = P(010) =
0, ®(001) = 1): D(111)ggo contains three monochords, two of them constitut-
ing an alternating pair. Coefficients involved in the three-fold compositions when
moving around the cube are either singletons or the following:

-1
L£(001) PLEN L(000) = £(000) = L£(000) = L£(000) <p3—> L(001) = L£(001).

The composition of the 2-morphisms connecting coefficients is the identity mor-
phism.

Figure 12¢ (i.e., ®(110) = &(101) = ®(011) = P(100) = 0, (001) =
®(010) = 1): D(111)ggp contains three monochords constituting two alternating
pairs. Coefficients involved in the three-fold compositions when moving around
the cube are either singletons or the following:

—1 —1
£001) 22 £010) = £010) <> £(000) = £(000) L2 £(001) = £001).

The composition of the 2-morphisms connecting coefficients is the identity mor-
phism.

Figure 12d: D(111)ggp contains two monochords not forming an alternating pair
and a bichord. Coefficients involved in the three-fold compositions when moving
around the cube are either singletons or the following:

L(011) = L(011) PN L(010) «— L£(000) = E(OOO) [,(001) [,(011)
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The composition of the 2-morphisms is the following square, which is a particular
case of (5.4):

coi
™~
P, L£(001)
£(010) i
2

L£(000).
(d) Figure 12g: D(111)0gp contains one monochord and two parallel bichords not

forming an alternating triple. Coefficients involved in the three-fold compositions
when moving around the cube are either singletons or the following:

—1 —1 —1
LO11) = £011) <25 £010) 28 £100) &5 £a01) = £aon) 22 £o11).

The composition of 2-morphisms is the boundary of the union of two squares of
the form (5.4) along an edge, which commutes:

£(011)

) V\”Z—]
(o1 -2 L£(001)
;! £(010)

2
£(100) < L(000).
P1

(e) Figure 12h: D(111)gpp contains three parallel bichords. Coefficients involved in
the three-fold compositions when moving around the cube are either singletons or
the following:

123 pl

—1
LO11) = £011) 25 £110) = £(110) 222 £a01) = £3101) 22 £011).
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(@) (b) (c) (d) (e) ® (® (h)

Fig. 12 Situations (a), (e) and (f) are not possible when considering ®(111) = 0, ®(000) = 1. Each 0 or
1 represent the value of @ in each of the vertices of the cube (5.3)

The composition of 2-morphisms is the boundary of the union of three squares of
the form (5.4) along their common edges, which commutes:

£ty

£(110)

]

Once we have defined M, we will prove that its geometric realization is equivalent
to that of the Khovanov functor F. To do so, we introduce a natural transformation
y: M — F and show that the induced homomorphism yy: C.(M; Z) — C.(F;Z)
is in fact an isomorphism (see Sect. 3.2).

Given a state u € 2", we set the natural natural transformation y as follows:

(€)=Y 2,

zeC
vul@) =)z,
z€ey

Yulug) = uy.

Next, for each u >; v, we define a 2-morphism Y,y : Fy=v 0 Yu = Vv © M=y,
i.e., Yu,» makes the following diagram commute:

M@u) —" ~ Fu)

\LMM>U FM>U\L

M) — ~ F).
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If ®(u) = 0and ®(v) =0, y,., is defined as the identity:

Id
Fusp 0 vu(C) =Y hyp(2) «<— 2= ¥y 0 My=y(O),
zeC Zefu,v(c)
Id
Fysyoyule) = Z hyv(z) <— Z = yyoMy=y(e).
z€et 2€8uv(e)+

In the case when ®(#) = 0 and ®(v) = 1 we define y,, , as u; (u):

Fysyopu(C) = (Ol w)yNnC) - vy M (E(U) N fu,v(C)) “Vp =Yy o M=y (C),

Fus 0 yu(e) = (Oi() Ney) - vy 2% (i) (e 0 O1w)) - vs = vy 0 My=o(@).

And when ®(u) = 1 = ®(v), yu,o is defined as the identity:

Id
Fusvyoyu(uy) =vy <— vy = yyo Mysy(uy).
Lemma 5.5 The natural transformation y, is well defined.

Proof We need to prove that y, satisfies conditions (C1) and (C2) in Lemma 3.2.
Condition (C1) follows from definition of y,,. Next, we prove (C2) by showing that 2-
morphisms in the following cube commutes, similar as we did in proof of Lemma 5.4:

Mu) —— > M(v)

~ I

Yu M(U/) L‘ M(U))
Yo
F(u) — F(v) Yw
N N
F) F(w).

The commutativity is clear when all coefficients are singletons, i.e., it holds unless
®(w) =0, d(w) = 1 and |L(w)| = 2; thus, we have to study the three following

situations®, corresponding again to the cases illustrated in Fig. 10:
Pu) =0, d(v) =0, () =0, d(w) =1; (5.5)
dwm) =0, P(w) =1, () =0, d(w) =1; (5.6)
du) =0, d() =1, o) =1, d(w) =1. 5.7

Now, for each of the three cases above, we have to study the bijections obtained
when we move along the cube: starting from y,, o My~ o My~,, we move to Fy~, o

5 The case du)=0,d(w) =0,P0W) =1, ®(w) = 1is symmetric to (5.6).
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Yv © My~,, and continue moving along the cube following Fig. 11, until we reach
again ¥y 0 My=y 0 My~y.

We just need to consider the action of those compositions on the component C €
oG (u) such that f, ,(C) € mpG(w) contains two cycles (otherwise, the value of
Fy~y o Yy 0 M~y is trivial, as explained in the proof of Lemma 5.4).

Consider the case (5.5), where edges e; (1) and e (1) form an alternating pair (see
Fig. 10(a)). Then Fyy oy, 0 My, (C) equals L(w) - w4, and we obtain the following
values when moving along the cube as in Fig. 11:

i@t wi(v)” u,(v)

Lw) wy <— O;j@) - -wy =0;) wy O, -wy =0; () - wy

) <~ L(w) wy =L(w) - ws.

We focus now in case (5.6), where e (u) is a loop and e; (1) a bichord (Fig. 10(b)
shows an example of this situation). In this case F~ 0y 0 M=, (C) equals L(v)- w4,
and we get:

i )~

LOW) wy =L wy < O;u) wy fﬂ) O;(W) -wy =0;) - wy

1

() «— L(w) - wy <p—> L) - wy.

Consider the third case (5.7), where e; (u) and e;(u) are parallel bichords, so
O;(u) = O;(u) (see Fig. 10c). Then Fy~y 0 ¥y 0 M=y (C) = L(v) - wy, and we
obtain:

O
>

L) -wy = L) wy Oi(w) - wy =0 (u) - wy M LO) - wy=LOW) wy

Oy Py
'Ull U Jw £(v) w+

Hence, showing the commutativity of the cube reduces to proving the following
equalities in the corresponding situations:

i) o i) o pj)op(w) =1d,
Pty © i (W) 0 Iy 0 i () =1d,
Pyl © Puraw 0 1) 0 i)™ = 1d.

The first line holds on the nose, whereas the second and third are a consequence of
the commutativity of the following squares, proved in Lemma 4.14:

/"Ll() u’l()

Oiw) s £y Oy M1 L)
lhu,u’ \va,w lﬂj(“) \va,w
0;) YL Lw), L) L Lw).



95  Page 300f 45 F.C. Moran, M. Silvero

Proposition 5.6 y,: C.(M; Z) — C.(F; Z) is an isomorphism of chain complexes.

Proof Given a state u € 2™ with ®(#) = 0 and a vertex z € Z(u) in G(u), write C,
for the component of G (1) containing z and write E(u) for the set of edges incident
to z. For each edge e € E;(u), set
0 ifz € ey, _ 1 ifz €ey,
o(e,2) = . o(e,z) = .
1 ifz ¢ e, 0 ifz¢es.

The inverse of y is:

vi'@= ) =D@et[1- 3" s ]C.,

ecE (u) ecE (u)

)/*_1 (y) =uq.

The above proposition together with Remark 3.4 yield to the following result:
Corollary 5.7 The spectra Tot F and Tot M are homotopy equivalent.

6 Pointed semi-simplicial sets

Definition 6.1 A link diagram D is 1-adequate (resp. 0-adequate) if G(1) (resp. G(0))
contains no loops. D is said to be adequate if it is both 0-adequate and 1-adequate.
If D is either 0-adequate or 1-adequate, it is called semiadequate. A link is said to be
(semi)adequate if it admits a (semi)adequate diagram.

Proposition 6.2 The functor F factors through Set, if and only if the diagram D
is 1-adequate. The functor M factors through Set, if and only if D(1) contains no
alternatig pairs.

Proof From the definition of F it follows that F),-, is not a function of pointed sets if
and only if ® (1) = ®(v) = 0. This situation is avoided for all possible states u > v
if and only if ®(v) > O for every state v # 1, or equivalently, if and only if G(1)
contains no loops.

Now, looking at the definition of M, we get that M,,~., is not a function of pointed
sets if and only if ®(#) = 0, ®(v) = 1 and |L(v)| = 2. This situation is avoided for
all possible states u > v if and only if D(1) contains no alternating pairs. O

Combining the functor A from (3.1) with the definition in (5.2) we get the following
results:

Corollary 6.3 If D is I-adequate, then X g‘l‘““" is an iterated desuspension of the aug-
mented semisimplicial pointed set A(F) (cf. [11]).

Corollary 6.4 If D(1) has no alternating pairs, then X g‘l"‘“" is an iterated desuspension
of the augmented semisimplicial pointed set A(M).
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7 Breaking up Mp

In this section we introduce skein sequences for Mp (Sect. 7.3). To do so, we decom-
pose Mp into subposets of the cube 2™ (Sect. 7.2), and compare one of them with the
simplicial complex Ip introduced in [3] for extreme Khovanov homology.

7.1 The simplicial complex Ip

Given a link diagram D, in [3] the authors introduce a simplicial complex whose
associated cohomology complex coincides with the Khovanov homology of the link
in the minimal quantum grading. We restate that construction in terms of the maximal
quantum grading jmax.

Definition 7.1 Let D be a link diagram. Its associated Lando graph G (D) is con-
structed from D(1) by considering a vertex for every monochord, and an edge joining
two vertices if the endpoints of the corresponding monochords alternate along the
same circle. We define the independence complex6 associated to D, Ip, as the sim-
plicial complex whose set of vertices is the same as the set of vertices of G (D)
and 0 = (e1ez - - - ex) is a simplex in Ip if and only if the vertices eq, ea, ..., ¢ are
independent in G (D), i.e., there are not edges in G (D) between these vertices.

Note that G (D) can be thought as the disjoint union of the Lando graphs arising
from each of the chord diagrams in D(1) after removing all bichords. Moreover, if
Gr(D) = Gr(Dy1) U GL(Dy), then Ip = Ip, * Ip,, the join of both simplicial
complexes.

Theorem [3] Let L be an oriented link represented by a diagram D with p positive
crossings. Then

Kh"Jm (D) ~ Hpi—1(Ip).

The poset of faces of the independence complex I is precisely the subposet of the
cube 2" of those states u for which ® (1) = 0.

Given a set of vertices {v1, ..., v,}, each simplicial complex on these vertices gives
rise to a downwards closed subposet of 2" (i.e., if a state u belongs to the subposet
and u > v, then v belongs to the subposet too): its poset of faces. Conversely, every
downwards closed subposet of 2" is the poset of faces of some simplicial complex.

Let S C Set be the full subcategory on ¢ and a singleton, and let S;, C Set, be the
full subcategory on the basepoint and S°. Downwards closed subposets of the cube are
in bijection with functors 2™ — S. Subposets of the cube are in bijection with functors
2" — S, (see discussion in the final section of [1], for example). The realization of
a subposet of the cube is the desuspension of the totalization of its associated functor
2" — S, C Set,. Thus, the realization of a simplicial complex X coincides with the
realization of its poset of faces.

Given u € 2", we write i for the state of 2™ satisfying ut; # u;, for 1 <i <n.

6 The independence complex is defined in terms of a graph. Hence, given a graph G we define its associated
independence complex /; as described in Definition 7.1.
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Definition 7.2 The categorical dual of a downwards (upwards) closed subposet X C
2" is the upwards (downwards) closed subposet X* C 2" — S, given by u € X* if
and only if & € X.

The complement of a downwards (upwards) closed subposet X C 2" is the upwards
(downwards) closed subposet Xcan given by u € X if and onlyifu ¢ X.

The complement of the categorical dual of a downwards closed set X is again a
downwards closed subposet of the cube whose associated simplicial complex is the
Alexander dual of X. In general |)A(| ~ ¥»|X] if X is downwards closed and | X*| is
Spanier-Whitehead dual to | X|. Observe that

(1) If | X| >~ |A| V |B], then | X*| >~ |A*| v |B*|,
(2) If | X| ~ S, then | X*| ~ §" k=2 where n is the dimension of the cube.

Given a link diagram D, the upwards closed subposet of the cube given by those
states u such that ®(u) = 0, which we denote Xp, corresponds to the functor
Flimax ;20 5 Set, C 8.

Corollary 7.3 Xp is the categorical dual of the poset of faces of Ip. As a consequence
if |Ip|~ Sk, then |Xp| ~ §"~k—2,

7.2 Decomposing Mp

Given a state u of a diagram D, recall that we write D(1),, for the chord diagram having
the same circles as D (1) and those chords ¢; (1) so that u; # 1. Given a crossing ¢ in
D, we write D[c = 0] (resp. D[c = 1]) for the link diagram obtained after smoothing
¢ following a O-label (resp. 1-label).

Definition 7.4 Given a link diagram D with n crossings, we consider the following
subposets of the cube 2™:

e Xp:is the subposet of 2" consisting of those states u so that ® (1) = 0 (as defined
in previous section).

o X{, = Xple=0), for any monochord e € D(1).

e Yp:is the subposet of 2" consisting of those states u so that ®(u) = 1 and D(1),,
contains an alternating pair.

° Z%: is the subposet of 2™ consisting of those states u so that ®(u) = 1 and D(1),
contains a bichord parallel to a given bichord b of D(1).

Observe that each state (admitting an enhacement) in the almost-extreme complex
of D belongs to one and only one of the previous subcubes Xp, Yp or Zp (see
Corollary 4.5 and Proposition 4.8).

Proposition 7.5 The functor Mp can be realized as the following cofibre sequence

»! \/xDv\/xg — YpV \/zg—>MD, (7.1)
Z(@1) eeN [bleB

where N is the set of monochords in G (1) and B the set of classes of parallel bichords.
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The decomposition follows because the second map is levelwise injective and the
suspension of the leftmost term is precisely the quotient functor of this second map.

Remark 7.6 A Mayer-Vietoris spectral sequence allows to compute both posets Yp
and Z % in terms of some posets X p/, where D’ are partially smoothed link diagrams
of D. We explain this below.

The poset Yp can be covered with the subposets X pre—o, /=o; where {e, f} runs
along the set of all alternating pairs in D(1). The k-fold intersections Ay of this
covering are

Ak = \/ X Dle;=o0...., ey 1=0]>
{er,..., ek+1}
where {ey, ..., ex11} are monochords attached to the same circle in such a way that

they can be divided into two non-empty sets H; and H> so that all monochords in H
alternate with all monochords in H; and viceversa. Similarly, the poset Z}Z) can be
covered with the subposets X p(,—o) where b runs along the set of bichords of D(1),
and the k-fold intersections By of this covering are

By = \/ XDb1=0,....br=0]

where {b1, ..., by} are bichords parallel to b.
Thus, the (first page of the) Mayer-Vietoris spectral sequences associated to these
coverings are:

HP [ \/ Xbiey=0,..cqn=01 | = H" T4 (YD),

{‘30~~->(3q+l}

Example 7.7 Consider the torus knot 7 (3, ¢) and let D = D3 4 be its standard
diagram. Since D(1) contains no bichords, Z% is trivial. We will combine Remark
7.6 together with Corollary 7.3 to compute the realization of subposets in (7.1). More
precisely, we will express Xp, X7, and Yp (via Ag) as the duals of independence
complexes of some Lando graphs. Write C,, for the cycle graph of n vertices and L,
the path of length n.

- GL(D) = Cyy;

— G (Dle = 0]) = Lay_4, for any monochord e in D(1);

— Gr(Dler =0, e; = 0]) = C2y—2 when e and e; are two consecutive monochords
in D(1). Note that alternating pairs consist precisely in consecutive monochords;
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— Gr(Dle; = 0,ep = 0,e3 = 0]) = Ly;—6 When ey, e, e3 are three consecutive
monochords in D(1). Note that the previous condition is equivalent to require that
e1, e, e3 can be divided into two subsets H and H» such that all monochords in
each subset alternate with all monochords in the other subset.

Note that there are no n-tuples of monochords ey, ..., e, which can be divided into
two subsets H; and H> satisfying the condition above when n > 3.
Summarizing we have:

Vag 18, , k=1,
Xp = 1§, X5 =17, , A=V If,, , iTk=2,
7 ifk > 2.

The homotopy types of the above complexes were computed in [10, Corollary 3.4
and Proposition 3.9]:

gk—1 ifn=k=+1, S* ifn=3k+1,3k+2,
He =3 it o et 7, |~ .
sk=1y § ifn = 3k. ifn = 3k.

This allows to compute the almost-extreme Khovanov spectra of 7(3, ¢) in terms
of well-known independence complexes of cycles and paths, with no need to apply
induction on q.

Remark 7.8 The cone-length ¢(X) of a spectrum X is the least n such that there is a
sequence of cofibre sequences

Vi— & — X

fori = 0,...,n — 1, such that Xj is contractible, ); is a wedge of spheres and
X, = X.In [10] it was conjectured that | X p| is homotopy equivalent to a wedge of
spheres for any diagram D. If this were true, then Remark 7.6 would imply that the
cone length of Tot Mp is bounded above by the maximum of the following numbers:

(1) the maximum number of parallel bichords plus one in D(1).

(2) the maximum number of monochords in D(1) that can be partitioned into two
disjoint subsets Hy, H» such that all chords in Hj alternate with all chords in H>
and viceversa.

7.3 Skein sequences

Let a be a crossing in a link diagram D. Observe that if a is a monochord in D(1) we
get the skein short exact sequence’

Mpia=1) —> Mpa=0) —> Mp, (7.2)

7 Compare to skein short exact sequences from [13].
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whereas if a is a bichord in D(1), then the skein short exact sequence becomes
Mpia=11 — Xpla=0] — Mbp. (7.3)
Moreover, when a is a monochord in D(1) we also have the following sequence:
Xpla=1] — Xpla=0] — XbD. (7.4)

To verify the three above sequences note that the second map is an inclusion whose
quotient is the suspension of the first spectrum.

Definition 7.9 Let D be a diagram and let a be a monochord in D(1). We say that a
is:

(1) 2-free if it is not part of any alternating pair in D(1).

(2) 3-free if it is not part of any alternating triple in D(1).

(3) freeif it is 2-free and 3-free.

(4) b-free if it is not part of any alternating triple involving the bichord b in D(1).

Lemma 7.10 Let D be a diagram and let a be a monochord in D(1).

(1) Ifais2-free, then Xp, Yp and all X$,, with e # a a monochord, are contractible;
if, additionally, D(1) contains another 2-free monochord, then X{, is contractible
too.

. . . . . . b

(2) If a does not form an alternating triple with a bichord b (i.e., a is b-free), then Z7,
is contractible.

Proof The leftmost map in skein sequence (7.4) along the crossing associated to a is
identity, hence X p is contractible. A similar reasoning works for X¢, when e # a.
In general, the skein sequence (7.2) does not respect the decomposition in (7.1);
however, when a is 2-free, it respects the term Yp and when a is b-free it respects le’).
In both cases the maps Yp[u=1] = Yp[a=0] and Z?)[u:l] — Zlb[azo] are the identity.

O
Corollary 7.11 If D(1) contains at least two 2-free monochords, then
Mp~\/ Z}.
[bleB
Proof The result is direct from cofibre sequence (7.1) and Lemma 7.10(1). O

Corollary 7.12 If D has a free monochord e, then Mp == X p[e=0]-

Proof Lemma 7.10 implies that the only possibly non-contractible subposet in (7.1)
is XLD = X ple=0]- O

Lemma 7.13 Let a be a 2-free monochord in D(1) dividing a circle into two regions
so that both of them contain at least one 2-free monochord (we say that D(1) contains
nested monochords). Then Mp ~ XM p[4=1]-
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Proof We use skein sequence (7.2) and show that M p[,—0 is contractible. First, notice
that the circle in the statement is split into two circles z; and zo when changing the
1-label of a for a 0-label, each of them attached to at least a 2-free monochord that
we call ¢ and d, respectively. Lemma 7.10(1) implies that the the only possibly non-
contractible spaces when applying cofibre sequence (7.1) to Dy,—o) are Z}Z)[ a=0]°
Now, since a is 2-free in D (1), there is no bichord connecting z; and z; in D[a =
0](1). Therefore, for any bichord » in D[a = 0](1) at least one of the monochords ¢
or d are b-free, so Lemma 7.10(2) implies that Zlb[a:()] is contractible for all bichords
b, thus M p[4—0) is contractible. O

Definition 7.14 Two parallel bichords a and b of a chord diagram D (1) are equivalent
if there is no monochord e so that a, b and e constitute an alternating triple.

Lemma7.15 If D has two equivalent bichords a, b, then Mp >~ L Mp[4=1].

Proof Since a and b are equivalent, the chord b is 2-free in the chord diagram D[a =
0](1), so Lemma 7.10(1) implies that X p[,—¢) is contractible. The statement follows
from the skein sequence (7.3) along the chord a. O

8 Diagrams with no alternating pairs

In this section we determine the homotopy type of Mp (thus, that of the Khovanov
spectrum given by Lipshitz and Sarkar in [7] for the almost-extreme quantum grading)
for diagrams D so that D (1) contains no alternating pairs. Observe that this determines
their Khovanov homology groups at almost-extreme quantum degree.

8.1 Diagrams with no monochords

This case was studied in [11]: If D is 1-adequate (i.e., D (1) has no monochords), then
Mp is homotopy equivalent to a wedge of spheres and possibly a suspension of the
projective plane. See [11, Theorem 1.1] for the details.

8.2 Diagrams with one monochord

Proposition 8.1 Ler D be a link diagram with n crossings so that D(1) contains a
single monochord attached to a circle z, and let k be the number of circles connected
to z along an alternating triple. Then,

[Mp| ~ \/ §n3,
k—1
Proof Write e for the monochord in D(1). By Lemma 7.10(1), the decomposition in
(7.1) becomes

27X, — \/ 25 — Mp.
[bleB
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The subposet X, has a single element in degree n — 1, thus [ X, | ~ §"—2. By Lemma
7.10(2), Z Ib is contractible unless b forms an alternating triple with e. Therefore we
may assume, up to suspension, that all bichords are attached to z and form an alternating
triple with e. Moreover, using Lemma 7.15 we can assume, up to suspension, that
circles are connected to z by exactly two bichords.

Therefore, for each such bichord b, the subposet Z [Z) has five elements in M-shape,
with two elements in degree n — 1 and three in degree n — 2, thus |Z}Z)| ~ §"73, and
the above decomposition becomes

'3 — \/ "7 — |Mpl.
[bleB

The map to the wedge of spheres is a diagonal map. This concludes the proof. O

8.3 Diagrams with 2-free monochords

Let D be a diagram whose associated chord diagram D(1) contains more than one
monochord, all of them 2-free. Recall from Corollary 7.11 that in this situation Mp >~
\/[b] s Z %, thus we can restrict to the independent study of each connected pair of

circles when computing Z }[’).

At this point we can make some simplifications in D(1): Lemmas 7.13 and 7.15
allow us to remove nested monochords and equivalent bichords when computing Mp
(in exchange of taking suspensions). Moreover, by Lemma 7.10(2) we can assume
that D(1) contains no b-free monochords for any bichord b. These simplifications
motivate the following definition:

Definition 8.2 A diagram D is simple if the associated chord diagram D(1) contains
at least two monochords, all of them 2-free, and satisfies the following conditions:

(1) It contains exactly two circles;

(2) It contains no nested monochords;

(3) There are no b-free monochords for any bichord b;
(4) There are no equivalent bichords.

By definition, if D is simple then D(1) can be isotoped in S? so that monochords
and bichords lie in different regions (see Fig. 13). Moreover, since D(1) contains no
nested monochords, a circle with n monochords is divided into n half-disks (each
of them bounded by a monochord and an arc of the circle) and an additional region
(bounded by the » monochords and 7 arcs of the circle) that we call polygon.

Given a monochord e in D(1), we write d, for the half-disk bounded by %, and |d,|
for the number of bichords having one of their endpoints in d,. In simple diagrams
|d.| > 1 for any monochord e.

In the proofs of Lemmas 8.3, 8.7 and 8.8 we use several results from [10, Section
3].

8 If ¢ is the only monochord attached to the circle, then there are two possible options for d; in this case
choose an option minimizing |d,|, without loss of generality.
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Fig. 13 Two chord diagrams corresponding to simple diagrams. Grey regions correspond to half-disks
bounded by monochords. In a |de| = 3, while |d,/| = 1 for every monochord ¢’ in (b)
( e
€
f f
\
(b) (c)

Fig. 14 The 1-resolutions corresponding to D, D[b = 0] and D[b = 0, e = 0] illustrating the proof of
Lemma 8.3 are shown in (a—c), respectively. Regions R and R’ are shaded green and grey, respectively
(color figure online)

Lemma 8.3 Let D be a simple diagram whose associated chord diagram D(1) con-
tains a monochord e so that |d.| = 1. Then |Mp| is either contractible or homotopy
equivalent to a sphere.

Proof Let b be the only bichord with an endpoint in d, and consider the skein sequence
(7.3) along b:

Mpp=11 —> Xpp=0) —> Mp.

The monochord e is free in D[b = 1](1), thus by Lemma 7.10 Zpp—1] is con-
tractible, thus M p[p=1) is contractible (by Corollary 7.11) and Mp >~ X p[p=0)-

Now, D[b = 0](1) has a single circle and its inner part is separated into two regions
R and R’ by the monochord e. See Fig. 14b. Moreover:

(1) monochords in D(1) become internal monochords in D[b = 0](1);

(2) monochords attached to each of the circles in D (1) become monochords contained
in each of the regions R, R" in D[b = 0](1);

(3) bichords in D(1) become external monochords in D[b = 0](1) having one end-
point in R and the other one in R’.
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Consider now the skein sequence (7.4) along the monochord e
X Dlb=0,e=11 = X D[p=0,e=01 —> X D[b=0]-

Condition (2) above implies that there are no alternating pairs in D[b = 0, ¢ = 0](1)
(see Fig. 14c¢), so the middle term in the above sequence is contractible and we have
X pp=0] = ZXD[p=0,e=1]-

Assume first that b connects d, with the region that we call polygon, then we claim
that the Lando graph G of D[b = 0, e = 1], contains no cycles (i.e., it is a forest). In
order to prove that, we proceed by contradiction. Suppose that C, is a cycle of length
n in G, with vertices ej, ea, ..., e, numbered so that e; is an internal chord in the
region R. Conditions (1) and (2) imply that monochords esx+1 and esx3 lie in R and
R’, respectively. Moreover, the absence of equivalent bichords in D(1) implies the
absence of cycles of length four in G, i.e., n > 8. The monochord e4 separates the
external region into two subregions S, §’. Since there are no cycles of length 4, ¢; and
eg lie one in each of these two subregions, say e; € S and eg € §’. Moreover, as the
internal monochords are non-nested, all internal monochords but e3 and es have both
endpoints in either S or §’. Therefore

(1) the endpoints of e lie in S (because e lies in §) and
(2) the endpoints of exx41 lie in S if k > 3 (because ey lies in S’ if k > 3).

In particular, both endpoints of e,_; lie in §’. This is a contradiction, since e, is
a external monochord connecting e; and e,_1. Therefore G contains no cycles, and
by [10, Corollary 3.7] its associated independence complex is either contractible or a
sphere. Corollary 7.3 completes the proof.

Assume now that b has its endpoints in two half-discs d, and d s, for some mono-
chord f, and consider the skein sequence (7.4) along f. We get that X p(p—0,e=1, f=0]
is contractible, since all monochords in R’ are 2-free. Therefore, X pp=0,c=1] =~
2 X plb=0,e=1, f=1]. The latter is the same as X p/[p=0 =1, Where D' = D[ f = 1] is
a diagram where e connects d, with the polygon, which was studied in the previous
case. O

Remark 8.4 Since simple diagrams do not contain equivalent bichords, if |d,| > 4 for
some monochord e, then there exists a monochord f with |d | = 1 (d is connected
to d, by a bichord). In other words, if |d.| > 1 for all monochords e, then |d,| < 3 for
all monochords e.

Definition 8.5 A simple diagram D so that 2 < |d,| < 3 for every monochord e of
D(1) is called super-simple.

If D is super-simple, every half-disk d, in D (1) satisfies one of the three following
conditions:

(1) |de| = 2, and both bichords connect d, with two contiguous half-disks in the other
circle (see Fig. 15a);

(2) |d.| = 2, and one bichord connects d, with a half-disk in the other circle and the
other one connects d, with the polygon in the other circle (see Fig. 15b);
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Fig. 15 The three possible situations for a half-disk d, in the 1-resolution of a super-simple diagram are
illustrated in figures (a—c). Situation d is not allowed in simple diagrams

Fig. 16 The 1-resolutions corresponding to D, D[a = 0, f = 1] and D[a = 0, f = 0] illustrating the
proof of Lemma 8.7 are shown in (a—c), respectively. Dotted lines represent those chords that may or may
not be in the diagrams

(3) |d.| = 3, and two bichords connect d, with two contiguous half-disks in the other
circle, and the third one is placed between them and connects d, with the polygon
of the other circle (see Fig. 15¢).

The next statement follows from Lemmas 8.7 and 8.8.

Proposition 8.6 Let D be a super-simple diagram. Then |Mp| is homotopy equivalent
to a wedge of spheres.

Lemma 8.7 Let D be a super-simple diagram so that D(1) contains at least one
bichord connecting a half-disk with the region called polygon. Then |Mp| is either
contractible or homotopy equivalent to a sphere.

Proof Let b be a bichord connecting a half-disk d, in a circle z; with the polygon
of the circle z;, for some monochord e. See Fig. 16a. Since D is super-simple, there
exists at least a bichord a connecting d, with dy for a monochord f attached to z5.
We distinguish two cases, depending on whether z, contains at least two monochords
or it contains just a single monochord.
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Case 1: Assume that the chord diagram D(1) contains more than one monochord
attached to z, and consider the skein exact sequence (7.3) along a:

Mpia=11 — Xpla=0] —> Mp.

We will show that X p,—o) is contractible. To do so, we apply the skein sequence
(7.4) along the monochord f:

XDla=0, f=11 —> XD[a=0, f=0] —> X D[a=0]-

Figure 16brepresents D[a = 0, f = 1](1), where b is a free monochord. Moreover,
any monochord different from f attached to zo becomes 2-free in D[a = 0, f =
0](1), as illustrated in Figure 16c. Therefore by Lemma 7.10(1) X pra—o, =17 and
X pla=0, f=0] are contractible, and so is X pja=0)-

As a consequence, Mp >~ XMpia=1]. If |d.| = 2 in D(1), then |d.| = 1 in
Dla = 1](1), and the statment holds by Lemma 8.3. If |d,| = 3 in D(1), then |d,| = 2
in D[a = 1](1) and it contains a bichord ¢ connecting d, with dj, for a monochord %
(contiguous to f') attached to the circle z,. Applying the skein exact sequence (7.3)
along ¢ and repeating the same reasoning as before leads to Mp =~ M Dla=1,c=1]-
Since |d,| = 1 in D[a = 1, ¢ = 1](1), Lemma 8.3 completes the proof for this case.

Case 2: Assume that there is just one monochord f attached to the circle z in D(1).
Then, since D is super-simple, D(1) is as one of the six chord diagrams depicted in
Fig. 17 (each picture leads to two possible chord diagrams, depending on whether it
contains the bichord p or not). In order to compute Mp for each of these situations,
we use skein sequence (7.3) together with Corollary 7.3. We also use [10, Lemma 3.2,
Corollary 3.3, Corollary 3.4] to compute Ip:

e If D(1) is as in Fig. 17a with p: we consider the skein sequence (7.3) along
the bichord c. Since the Lando graph G (D[c = 0]) is a path of length four, we
deduce from [10, Corollary 3.4] that | Ipje—oj| = S', and therefore | X p.—o;| == S°.
Next, we show that M p(.—1) is contractible by applying the skein sequence (7.3) to
D[c = 1] along the bichord a (we use the fact that chord f is free in Djc=1 4=17(1)
and use [10] to compute Ip(c=1,4=0]). Therefore, |Mp| >~ | X p[c=0]] = S2.

e If D(1) is as in Fig. 17a without p: we proceed as in the previous case, and get
that both M p[.=1] and X p.—o; are contractible, and so is Mp.

e If D(1) is as in Fig. 17b with p: we consider the skein sequence (7.3) along the
bichord a. First, we compute |Ip[a=0)| = S 1 and therefore | X Dla=0]] = $%. Next,
we show that Mp[,=1; is contractible by applying the skein sequence (7.3) to
Dla = 1] along the bichord b (we use the fact that chord e is free in Djg=1 5=1;(1)
and that Ip[,=1,p=0] is contractible). Therefore, |Mp| > | X p[a=0]| == sS4,

e If D(1)is asin Fig. 17b without p: the procedure is analogous to the previous one,
the only difference is that | X pjs—01| = $3 and therefore |Mp| ~ S°.

e If D(1) is as in Fig. 17c with p: we consider the skein sequence (7.3) along the
bichord a. Since I p[4—0) is contractible, sois X pjs—0]. Next, we show that M p[4—1]
is also contractible by applying the skein sequence (7.3) to D[a = 1] along the
bichord b (we use the fact that chord e is free in Dy,—1,,=1)(1) and that I p[4—=1, =0
is contractible). Therefore, Mp is contractible.
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Fig. 17 The six possible chord diagrams illustrating Case 2 of the proof of Lemma 8.7

e If D(1) is asin Fig. 17c without p: we proceed as in the previous case, and get that
X pla=0) 1s contractible and [M p(4=1]| = $3. Therefore, IMp| >~ X|Mpla=1)| =
s*.

Lemma 8.8 Let D be a super-simple diagram so that all bichords in D(1) connect two
half-disks (i.e., there are no bichords with an endpoint in the region called polygon).
Then, |Mp| is homotopy equivalent to a wedge of spheres. More precisely, if we write
2n for the number of monochords in D(1), then

SST"_I \/Sng_1 ifn =0 (mod3),
\Mp| ~ | s 1 ifn =1 (mod 3),
S ifn =2 (mod 3).

8nt2 2
Proof First, notice that since all bichords in D (1) connect two half-disks, the number
of monochords equals the number of bichords. We label the chords as follows (see Fig.
18a): we write ey, ..., e, (resp. f1, ..., fn) for the monochords attached to the circle
z1 (resp. z2), and a; (resp. b;) for the bichord having its endpoints in the half-disks d,
and dy, (resp. d,,, anddy), for1 <i <n.

Consider the skein sequence (7.3) along the bichord ay:

Mpia;=1) —> Xplay=0) —> Mp. (8.1)

We study now the homotopy type of X p4,=0]. Figure 18b shows the chord diagram
Dla; = 0](1), whose associated Lando graph G = G (D[a; = 0]) is as depicted in
Fig. 18c. Now, since vertex e dominates® e and vertex f1 dominates f3, it follows
from [10, Lemma 3.2] that the independence complex associated to G, is homotopy
equivalent to the independence complex associated to the graph G — e — f1, which

9 Following [10], given two vertices v and w in a graph, we say that v dominates w if the adjacent vertices
to w are also adjacent to v.
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is a path of length 4n — 4, L4, _4, whose independence complex follows from [10,
Corollary 3.4]:

61 = Homerpl = Vpgy sl = {5y D01 DS
Gl = 1 IG—e — o e ~ n— :
e1—fi Lap—a S|.4 3 4] otherwise,

and by Corollary 7.3 we get:

X | * ifn=1 mod 3,

D =0 x~ n— .

(=0} §4=3-1" otherwise.

Next, we compute the homotopy type of Mp(,,=1]. Consider the skein sequence

(7.3) along the bichord by:
Mpiay=1,b,=1] —> XDlay=1,b;=0] —> Mp[a;=1].

Figure 19a, b represent the chord diagrams associated to D[a; = 1, b1 = 1] and
Dla; = 1, b1 = 0], respectively. Notice that f; is free and e; is 2-free in D[a; =
1, by = 1](1), hence M p[q,=1,5,=1] is contractible by Lemma 7.10 and M p4,=1] =
X Dlay=1,b;=0]. The Lando graph H associated to D[a; = 1, b; = 0] is depicted in
Fig. 19c, and since vertex f; dominates f> and vertex e; dominates e3, we have the
following equivalence relations:

ifn=2 mod 3,

otherwise,

*
gl >~ Ug—ey— | = ULy, 5| = {SL4n3sJ

and by Corollary 7.3 we get:

* ifn =2 mod 3,

IMpia;=111 = | X Dlay=1,b,=0]] = 0 :
[a=1] [y 1=0] S4”’4’L4TSJ otherwise.

Finally, we compute |Mp|:

— If n = 0 (mod 3), then the skein sequence (8.1) becomes:
8n_o 8n_q
S3 — S3 —> |Mp|,

so [Mp| ~ §F1v 51,
— If n = 1 (mod 3), then the skein sequence (8.1) becomes:

8n+l_2
S3 —> % —> |Mp],

8n+1 1

S0 |Mp| >~ 8§ 3 .
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Fig. 18 The chord diagram D(1) satisfying conditions in Lemma 8.8 is shown in (a). The chord diagram
and the Lando graph associated to D[a; = 0] are shown in (b, ¢), respectively
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Fig. 19 The chord diagram associated to D[a; = 1, by = 1] is shown in (a). The chord diagram and the

Lando graph associated to D[a; = 1, by = 0] are shown in (b, ¢), respectively

— If n = 2 (mod 3), then the skein sequence (8.1) becomes:

8n+2

* —> § 3 _2—>|MD|,

8n+2 _2

S0 |Mp| >~ 83

]

Theorem Let D be a diagram so that the associated chord diagram D(1) contains
more than one monochord, all of them 2-free . Then |Mp| is homotopy equivalent to
a wedge of spheres.

Proof Since all monochords are 2-free, then Mp >~ \/[ bleB Z’i), by Corollary 7.11,
so we consider each pair of discs in D(1) independently. Moreover, we can remove
nested monochords and equivalent bichords when computing Mp at the expense of
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taking suspensions (Lemmas 7.13 and 7.15). In addition, we can assume that D(1)
contains no b-free monochords for any bichord b (otherwise, Z}l’) is contractible by
Lemma 7.10(2)). Hence, we just need to prove the statement for simple diagrams.
Lemma 8.3 and Proposition 8.6 complete the proof. O
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