W Skl boi A Chpactedats i e R,
Nof- j~sT Cemjfmf%/o-m

IF R i /}u#@cfﬂ\—f/«%ﬂ/ f% Sonll be
/hfﬁxbf/c"/d S0,

KHOVANOV HOMOLOGY FOR ALTERNATING TANGLES

DROR BAR-NATAN & HERNANDO BURGOS-S0TO

ABSTRACT. We describe a “concentration on the diagonal” condition on the Khovanov com-
plex of tangles, show that this condition is satisfied by the Khovanov comnplex of the single
crossing tangles (3{) and (), and prove that it is preserved by alternating planar algebra
compositions. Hence, this condition is satisfied by the Khovanov complex of all alternaiing
tangles. Finally, in the case of O-tangles, meaning links, our condition is equivalent to a well
known result [Leel] which states that the Khovanov homaology of a non-split alternating link
is supported in two lines. Thus our condition is a generalization of Lee’s Thecrem to the
case of tangles
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1. INTRODUCTION

Khovanov [Kh] constructed an invariant of links which opened new prospects in knot the-
ory and which is now known as the Khovanov homology. Bar-Natan in [BN1]| computed this
invariant and found that it is a stronger invariant than the Jones polynomial, Khovanov,
Bar-Natan and Garoufalidis [Ga] formulated several conjectures related to the Khovanov
homology. Omne of these refers to the fact that the Khovanov homology of a non-split alter-
nating link is supported in two lines. To see this, in Table 1, we present the dimension of
the groups in the Khovanov homology for the Borromean link and illustrate that the no-zero
dimension groups are located in two consecutive diagonals. The fact that every alternating
link satisfies this property was proved by Lee in [Leel].
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Table 1. The Khovanov homology for the Borromean link

In [BN2] Bar-Natan presented a new way of seeing the Khovanov homology. In his
approach, a formal chain complex is assigned to every tangle. This formal chain complex,
regarded within a special category, is an (up to homotopy) invariant of the tangle. For the
particular case in which the tangle is a link, this chain complex coincides with the cube of
smoothings presented in [Kh].

This local Khovanov theory was used in [BN3] to make an algorithm which provides a
faster computation of the Khovanov homology of a link. The technique used in that last
paper was also important for theoretical reasons. We can apply it to prove the invariance
of the Khovanov homology, see [BN3]. It was also used in [BN-Mor| to give a simple proof
of Lee’s result stated in [Lee2], about the dimension of the Lee variant of the Khovanov
homology. Here, we will show how it can be used to state a generalization to tangles of
the fore-mentioned Lee’s theorem [Leel] about the Khovanov homology of alternating links.
Most of the success attained by this algorithm is due to the simplification of the Khovanov
complex associated to a tangle. This simplification consists in the elimination, of the loops in
the smoothing of the complex (delooping), and the isomorphism in the differentials (Gauss-
ian elimination). Indeed, given a chain complex {2 is possible apply iteratively delooping
and gaussian elimination and obtain a homotopy equivalent complex with no loops and no
isomorphisins. In this paper, we say that the resulting complex is a reduced form of €1, and
the algorithm that allows to find it will be named the DG algorithm.

In section 7.1 we observe that the Khovanov complex of an al-
ternating tangle can be endowed with consistent “orientations”’,
namely, every strand in every smoothing appearing in the complex
can be oriented in a natural way, and likewise every cobordism, in
a manner so that these orientations are consistent. (A quick glance
at figures 7 and 8 on page 18 should suffice to convince the experts).
Given an oriented smoothing o, a point in the boundary of o can
be considered as an in-boundary point or an out-boundary point
depending on the orientation of the respective strand in this point. We can enumerate the
boundary points of the o from 0 to 2k — 1 starting from an in-boundary point of a strand,
counting counterclockwise, and finishing in the boundary point to the left of the mentioned
in-boundary point. If h, and ¢, denote respectively the numbers assigned to the in-boundary

INgte that these are orientations of the smoothings, and they have nothing te do with the orientations of
the components of the tangle itself
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and out-boundary points of an open strand « in an oriented k- qtrdnd smoothing ¢. Then

the rotation number of « is given by: R(a) = ,”ﬂ[ — halok — —. where the bracket [ | is
defined by
P ] it j>0
& M%{jmk if 7 < 0.
If o is a loop, R{a) = 1 if « is oriented counterclockwise, and R(a) = —1 if « is oriented

clockwise. The rotation number of o is the sum of the rotation numbers of its components
(loops and strands).

R@)=}-}=-}
R =4-1=0
Bly=g-3=3

Figure 1. Several strands and their rotation numbers for k = 3.

In a manner similar to [BN2], we define a certain graded category Cob® of oriented cobor-
disms. The objects of Cob‘o’ are oriented smoothing, and the morphisms are oriented cobor-
disms. This category is used to define the category Kom(Mat(Cob?)) (abbreviated Kob,) of
complexes over Mat(Cob?).

Specifically, for degree-shifted smoothings o{g}, we define R(c{¢}) := R(o) + ¢. We fur-
ther use this degree-shifted rotation number to define a special class of chain complexes in
Koaob,, of the form

;e [, [, =

which satisfies that fo%ee shifted smoothings o] 2r — R(o7} @ is a constant that
we call rotation constantof the complex. In other words twice the homological degrees and
the degree-shifted rotation numbers of the smoothings always lie along a single diagonal.
Chain complexes that have a reduced form satisfying this property are called diagonal com-
plexes.

An important tool for stating our main results is the concept - G
of alternating planar algebra. An alternating planar algebra is an % sy / g
oriented planar algebra as in [BN2, Section 5], where the d-input - . /—\
planar arc diagrams D satisfy the following conditions: i) The L s
uumber k of strings ending on the external boundary of D is greater : 2 - .
than 0. ii) There is complete connection among input dises of the " g s \ ke
diagram and its arcs, namely, the union of the diagram arcs and the St :
boundary of the internal holes is a connected set. iii) The in- and e esiak
out-strings alternate in every boundary component of the diagram. A planar are diagram as

O Lz
ﬂm}

L'\ﬁt ﬂdlhi
3
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this is called a type-A planar diagram. If ® is an element in the planar algebra and 1) is a
l-input type-A planar diagram then D(®) is called a partial closure of ®.
Using the above terminology, our main result is stated as follows:

Theorem 1. If T is an alternating non-split tangle then its Khovanov homology Kh(T) is
diagonal and furthermore the same is true for every partial closure of Kh(T)

We say that a complex O is coherently diagonal if it is a diagonal complex whose partial
closures are also diagonal. Indeed, Theorem 1 can be restated as saying that the Khovanov
homology Kh(T) of a non-split alternating tangle is coherently diagonal. To prove this
theorem we use the fact that non-split alternating tangles form an alternative planar algebra
generated for the one-crossing tangles () and (?X). Thus Theorem 1 follows from the
observation that Kh(*) and Kh(X) are coherently diagonal and from Theorem 2 below:

Theorem 2. If Qy, ..., 8, are coherently diagonal complexes and D is an alternating planar
diagram then D(Qy,...,$2,) is coherently diagonal

In the case of alternating tangles with no boundary, i.e., in the case of alternating links,
Theorem 1 reduces to Lee’s theorem on the Khovanov homology of alternating links.

The work is organized as follows. Section 2 reviews Bar-Natan’s local Khovanov theory.
Section 3 is devoted to infroduce the category Cobg and gives a quick review of some con-
cepts related to alternating planar algebras. In particular we review the concepts of rotation
numbers, alternating planar diagrams, associated rotation munbers, and basic operators.

Section 4 introduces the concepts of diagonal complexes, coherently diagonal complexes,
and their partial closures. We state here some results about the complexes obtained when a
basic operator is applied to alternating elements. The Khovanov homology is formed from
a double complex. However, when applying the DG algorithm the configuration of double
complex is lost. Attempting to fix this problem in Section 5 we introduced the concept of
perturbed double complex which is the object in which the DG algorithm lives. Indeed,
we shall see that double complexes are special cases of perturbed complexes and that after
applying any step of the DG algorithm in a perturbed complex, the complex continues being
of the same class. The application of the DG algorithm leads to the proof in section 6 of
Theorem 2. Finally section 7 is dedicated to the study of non-split alternating tangles. Here,
we prove Theorem 1 and derive from it the Lee theorem formulated in [Leel].

2. THE LOCATL KHOVANOV THEORY: NOTATION AND SOME DETAILS

The notation and some results appearing here are treated in more details in [BN2, BN3,
Naot]. Given a set B of 2k marked points on a circle €, a smoothing with boundary I is
a union of strings a1, ..., a, embedded in the planar disk for which C is the boundary, such
that U ,8a; = B. These strings are either closed curves, loops, or strings whose boundaries
are points on B, strands. If B = (), the smoothing is a union of circles.
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We denote Cob?(B), the category whose objects are smooth-
ings with boundary B, and whose morphisms are cobor- )
disms between such smoothings, regarded up to boundary : o
preserving isotopy. The composition of morphisms is given )
by placing one cobordism atop the other.

Our ground ring is one in which 27! exists. The dotted figure is used as an

abbreviation of % and Colb? al I3) represents the category with the same objects and

morphisms as C'ob*(B), whose morphisms are mod out by the local relations:

C @ e

(2) / \\‘,""'1—‘# — I /I ‘-‘-"; ~ Pl
et ki o= §ile] Col o+ 1) o
and Lt ) L N VL N

We will use the notation Cob® and Cob? 51 88 a generic reference, namely, Cob® = | J, Cob®(B)
and Cob? n = UpCobl #(B). If B has 2k elements, we usually write Cobf'/,,(k] instead of
Cob? /,J('B). If C is any category, Mat(C) will be the additive category whose objects are
column vectors (formal direct sums) whose entries are objects of C. Given two objects in
this category,

Oy O;

1

o-| or— | &
On (9;{11

the morphisms between these ohjects will be matrices whose entries are formal sums of
morphisms between them. The morphisms in this additive category are added using the
usual matrix addition and the morphism composition is modelled by matrix multiplication,
Le, given two appropriate morphisms F = (Fy) and G = (Grj) between objects of this
category, then F o (G is given by

FoG=Y FyGy.
k

Kom(C) will be the category of formal complexes over an additive category C. Kom m(C) is
Kom(C) modulo homotopy. We also use the abbreviations Kob(k) and Kob /{k) for denoting
Kom(Mat(CobZ ,(k))) and Kom,,(Mat(Cob ,(k))).

Objects and morphisms of the categories Cob®, Cob? 5 Mat(Cob? 1)> Kob(k), and Kobyp (k)
can be seen as examples of planar algebras, ie., if D is a n-input planar diagram, it defines
an operation among elements of the previously mentioned collections. See [BN2| for specifics

of how D) defines operations in each of these collections. In particular, if (;,d;) € Kob(k;)
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are complexes, the complex (Q,d) = D(€y, ..., §},) is defined by

= P DEOp,....q

T=ri+--+rn

(3)
dID(EEIIJ.,S?;ﬂ) = Z(‘“l)zi’(ﬁ 2 D([SETLI g s d-“ ey IQIIWJ.
D(,...,Q,) is used here as an abbreviation of D((y,dy),. .., (2, du))-

In [BN2] the following very desirable property is also proven. I‘ he Khovanov homology is a
planar algebra morphism between the planar algebras T(s) of oriented tangles and Kobs (k).
That is to say, for an n-input planar diagram D, and suitable tangles 1. ..., T;,, we have

(4) Kh(D(Ty, ..., Tp)) = DKR(TY), ..., Kh(T})).

This last property is used in [BN3] to show a local algorithm for computing the Khovanov
homology of a link. In that paper, Bar-Natan explained how it is possible to remove the
loops in the smoothings, and some terms in the Khovanov complex Kh(T;) associated to
the local tangles 71, ..., T, and then combine them together in an n-input planar diagram
D obtaining D(Kh(T}), ..., Kh(T})), and the Khovanov homology of the original tangle.

The elimination of loops and terms can be done thanks to the following: Lemma 4.1 and
Lemma 4.2 in [BN3]. We copy these lemimas verbatim:

Lemma 2.1. (Delooping) If an object S in Cob? 1 contains a closed loop £, then il is isomor-
phic (in Mat(Cob® 1)) to the direct sum of two copies S'{+1} and &' {—=1} of S in which ¢ is
removed, one taken with a degree shift of +1 and one with a degree shift of —1. Symbolically,
this reads O = 0{+1} & 0{-1}.

The isomorphisms for the proof can be seen in:

D |y
0o O
(B

(D41
using all the relations in (2).

\Q

Lemma 2.2. (Gaussian elimination, made abstract) If ¢ : by — by is an wsomorphism (in
some additive category C), then the four term complex segment in Mat(C)

)

is isomorphic to the (direct sum) complex segment

(6) (]

7

M (ﬂ; f) H (n v)

D E

bl] (‘3 fﬂ?@‘lé) M (0 v)

@ 0 b o
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=]

Both these complezes are homotopy equivalent to the (simpler) complezr segment

(2619 @

SR 7)) [E]

® -
Here C, D, E and I are arbitrary columns of objects in C and all Greek letters (other
than ¢) represent arbitrary matrices of morphisms in C (having the appropriate dimensions,
domains and ranges); all matrices appearing in these complexes are block-matrices with blocks
as specified. by and by are billed here as individual objects of C, but they can equally well be
taken to be columns of objects provided (the morphism matriz) ¢ remains invertible.

[F] -

From the previous lemmas we infer that the Khovanov complex of a tangle is homotopy
equivalent to a chain complex without loops in the smoothings, and in which every differen-
tial is a non-invertible cobordism. In other words, if (©, d) is a complex in Cob® /1, We can use
lemmas 2.1, 2.2, and obtain a homotopy equivalent chain complex (£, d') with no loop in
its smoothings and no invertible cobordism in its differentials,, This complex (£, d') is what
we call a reduced form of (£2,d) . .
Wt fusg That < Comph

ﬂwﬁL <y ‘Hucjz 'fv(; /ro/.;f’r{fcj

- g ik “
3. THE CATEGORY Kob, AND ALTERNATING PLANAR ALGEBRAS /§ 7 t/ aced

In this section we introduce an alternating orientation in the objects of Cob? (k). This ori-
entation induces an orientation in the cobordisms of this category. These oriented k-strand
smoothings and cobordisms form the objects and morphisms in a new category. The com-
position between cobordisms in this oriented category is defined in the standard way, and it
18 regarded as a graded category, in the sense of [BN2, Section 6]. We subject out the cobor-
disms in this oriented category to the relations in (2) and denote it as Cob>(k). Now we can
follow [BN2] and define sequentially the categories, Mat(Coby(k)), Kom(Mat(Cob?(k))) and
Kom ;(Mat(Cob’(k))). These last two categories are what we denote Kob,(k), and Kob, .
As usual, we use Kob,, and Kob,, to denote |, Kob,(k) and {J, Kob,(k) respectively.

The orientation in the smoothings is done in such a way that the orientation in the strands
is alternating in the boundary of the disc where they are embedded. That can be achieved
by shading the connected components of the complement of the smoothing (regions) in the
disc black and white, so that regions with common boundary have different shadings. This
checkerboard coloring defines an alternating orientation of the strings of the smoothing. We
simply draw arrows on the strings so that the arrows point in a counterclockwise direction
around the black regions. We can forget the coloring and consider that the regions are
divided into: mnegative, those with boundary oriented clockwise; and positive, those with
boundary oriented counterclockwise. This orientation in the smoothings and the rotation
number associated to it were previously utilized in [Bur] to generalize a Thistlethwaite’s
result for the Jones polynomial stated in [Th].



8 DROR BAR-NATAN & HERNANDO BURGOS-50T0O
I The $hidy 5 acbe
oo, 1+ ShoHd
After removing loops, the resulting collection of alter- a /M eI Y qet, & et 7

nating oriented objects obtained will be denoted with the ﬂ@yf st
symbol &,. A d-input planar diagram with an alternating o .
orientation of its arcs, which could be also achieved by a <
checkerboard coloring of the dige, provides a good tool for
the horizontal composition of objects in §,. Given smooth-
ings o1, ..., 04, a suitable alternating d-input planar diagram
D to compose them has the property that the i-th input disc
has as many boundary arc points as o;. Moreover placing o;
in the -th input disc, the orientation (the coloring) of ; and D match. An alternatively ori-
ented d-input planar diagram as this, provides a good tool for the horizontal composition of
objects not only in S, but also in Cob?, Mat(Cob?(k)), Kob,, and Kob,;,. For the horizontal
composition of morphisms in Cob?, the coloring of the disk, define a colouring in the vertical
cylinder D x [0, 1] in such a way that vertical curtains separate solid regions of different colour.

We are going to use these alternating diagrams to compute non-split alternating tangles,
and we want to preserve the non-split property of the tangle. Hence, it will be better if we
use d-input type A diagrams.

A d-input type-A diagram has an even number of strings ending in ;o f/ ks
each of its boundary components, and every string that begins in the - ¥, by / =
external houndary ends in a boundary of an internal disk. We can ; /\ S
classify the strings as: curls, if they have its ends in the same input _./ - \- S 5\
disc; interconnecting arcs, if its ends are in different input discs, T e o)
and boundary arcs, if they have one end in an input disc and the - i \
other in the external boundary of the output disc. The arcs and the ST (L
boundaries of the discs divide the surface of the diagram into disjoint
regions. Some arcs and regions will be useful in the following definitions and propositions.

Definition 3.1. We assign the following numbers to every d-input planar diagram 0):

e ip: number of interconnecting arcs and curls, i.e., the number of non-boundary arcs.

e wp: number of negative internal regions. That is, in the checkerboard coloring, the
white regions whose boundary does not meet the external boundary of D.

e Rp: the rotation associated number, which is given by the formula

1
Rp = 5(1 +ip —d) —wp W’%‘\ J-/':{/‘
o
Ear r'r\/h‘f -(or’)
7/ ¢ Proposition 3.2. Given the smoothings oy, ...,o4 and a suitable d-input planar diagram D,
Wt Sevier' | ; . £
@8 é G where every smoothing can be placed, the rotation number of D{oy, ..., aq) is:
V]

; d
Layv/t}hm“} (9) R(D(ay,...,04)) = Rp + ZR(J-i)

Diagrams with only one or two input discs deserves special attention. Operators defined
from diagrams like these are very important for our purposes since some of them are consid-
ered as the generators of the entire collection of operators in a connected alternating planar
algebra.
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| ‘(-a)‘%:;//;\_ o R0=~®O
Figure 2. Examples of basic planar diagrams

Definition 3.3. A basic planar diagram (See Figure 2) is a l-input alternating planar dia-
gram with a curl in it, or a 2-input alternating planar diagram with only one interconnecting
arc. A basic operator is one defined from a basic planar diagram. A negative unary basic
operator is one defined from a basic 1-input diagram where the curl completes a negative
loop. A positive unary basic operator is one defined from a basic 1-input diagrain where the
curl completes a positive loop. A binary operator is one defined from a basic 2-input planar

- ——diagram.

Proposition 3.4. The rotalion associated number of « planar diagram belongs to %Z and
the case when we have a basic planar diagram it is given as follows:
e [f D is a negative unary basic operator, Rp = -%
e If D is a binary basic operator, Rp =0
o If D is a positive unary basic operator, Rp = %

Proposition 3.5. Any operator D in an alternatively oriented planar algebra is the finite
composition of basic operators.

4. DIAGONAL COMPLEXES

Once we have applied lemuma 2.1 to an element of Kob,, we obtain a complex (£, d) which
preserves some properties of the former one, but with a change in the rotation number of
the element {q, }, in which we have applied the delooping. Indeed, the smoothing has been
replaced in the complex by a couple whose rotation number has changed either by -1 or by
+1. This shift in the rotation number could be even greater if we continue removing loops in
the same smoothing. We know, from Lemma 2.1, that there is also a change in the grading
shift of the smoothings. Thus, it would be prudent to define a concept that states a relation
between the rotation number of o and its grading shift g,.

Definition 4.1. Let (2, d) be a class-representative of Kaob, /n, and let o;{¢;} be a shifted
degree object in 7, then its degree-shifted rotation number is R(o;{¢}) = R(0;) + g;

Definition 4.2. A degree-preserving differential chain complex in Kob, /i 18 called a diagonal
complex if it has a reduced form (2, d)

d”

O Qr+l,

in Kob,, satisfying that for each homological degree r, and each shifted degree object oi{a:}
in 7, 2r — R(e:{ai}) = Ca, where Cy, is a constant that we call rotation constant of (£2, d).
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The following are some examples of diagonal complexes in Kob,.

Example 4.3. As in [BN3], a dotted line represent a dotted curtain, and > represents the
saddle )( — X

(1)

< '

= /"\ {—2} “ﬂ" )( {1} .

This is the Khovanov homology of the negative crossing <, now with orientation in
the smoothings. Remember that the first term has homological degree -1. In this
example the rotation number in the first term is ﬁé and in the second term it is %
Observe that in each case, the difference between 2 times the homological degree r

and the shifted rotation number is 2.

. o Lo~ L . (PR .
winnd (LS R | S ey
fwrt N [} N O = I

. " ' E e ‘;
wands| RS Ay b ]
Wt 1 r I{:‘dﬁ ?1} R | B ;j']
tht awt rotd.| o G /f:
| {0} | e {3} |

Figure 3. A diagonal complex.

(2) In Figure 3, the number below each smoothing is the grading shift of the smoothing.
The upper line below the complex represents the homological degree r, and the lower
one represents the degree-shifted rotation number. For instance, the rotation number
in the first smoothing with homological degree 1 has rotation nmunber 0 and a grading
shift by -1. In the second smoothing of the same vector, the rotation number is -1 and
its grading shift is 0, so both terms have the same degree-shifted rotation number.
We see in this example, that for each r we have that 2r — R = 3, so this is a diagonal
complex with rotation constant 3.
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4.1. Applying unary operators. The reduced complexes in Kom(Mat(Cob?)) can be in-
serted in appropriate unary basic planar diagrams, and then apply the DG algorithm to
obtain again a reduced complex in Kob,. The whole process can be summarized in the
following steps:
(1) placing of the complex in the corresponding input disc of the d-input planar arc
diagram by using equations (3),
(2) removing the loops obtained by applying lemna 2.1, i.e, replacing each of them by a.
copy of ){+1} & @#{—1}, and
(3) applying gaussian elimination (lemma 2.2), and removing in this way each invertible
differential in the complex.

Definition 4.4. Let (2, d) be a chain complex in Kom(Mat(Cob®(k))), then a partial closure

of (€2,d) is a chain complex of the form D;o---0 Dy(Q) where 0 < | < k and every D,
(1 <4 <) is a unary basic operator.

We have diagonal complexes whose partial closures are again diagonal com- .~
plexes. For instance, embedding €; of the example 4.3 in a unary basic \ ;
planar diagram {/; as the one on the right which has an associated rotation : D
number Ry, = %, produces the chain complex. B,

oo = [ 2] - [0 -]

e[

The last complex is the result of applying lemma 2.1. Now applying lemma 2.2, we obtain
a homotopy equivalent complex

(0]

i) ~ 0 2. {) {0}]

which is also a diagonal compleg, but now with rotation constant zero. C Z
('l Du) s JL

Definition 4.5. Let (€. d) be a diagonal complex in Kob, with rotation constan We
say that (, d) is cdherently diagonal, if for any appropriated unary operator with associated
rotation number R/, t@closure U($2,d) has a reduced form which is a diagonal comple

fith rotation constant — Ry

We denote as D(k) the collection of all coherently diagonal complexes in Kom(Mat(Cob2(k))
and as usual, we write D to denote |, D(k). It is easy to prove that any coherently diagonal
complex satisfies that:

H

(1) after delooping any of the positive loops obtained in any of its partial closure, by
using lemma 2.2, the negative shifted-degree term can be eliminated.
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(2) after delooping any of the negative loops obtained in any of its partial closure, by
using lemma 2.2, the positive shifted-degree term can be eliminated.

Since the computation of any other of its partial closures produces R
other diagonal complex, the complex @ of the example 4.3 is an element | ‘/ _ ;
of D(2). Another example of coherently diagonal complex is the complex - ’ ’ i
€, of the same example. This last complex has C'r = 3. All of its partial - : D '
closures /() are diagonal complexes with rotation constants given by % /’ Sl

3— R;;. Here, we only calculate the one produced by inserting the element . VK

in the closure disc U, with Ry = —3, that appears on the right. It will ’

be easy for the reader to compute the other partial closures. Inserting {2, in U produces
the complex of Figure 4, which is also a diagonal complex, but with a loop in some of its

ir e 1 R N EE e Ll el Wi L
]u g S e L 2
hg*q‘:) P e | { o 0

: g -1 {1} ‘ {3} | ‘
) L by
t2) Ry Ao B 4 |
104 B 2
L {0 ] | {2} | L {8} |
r
-0 1 2 3 4 —
A 3 1 5 9_
2 2 2 2

Figure 4. A diagonal complex inserted in a negative unary basic diagram U.

smoothings. We observe that the rotation number of the smoothings have decreased in %
after having been inserted in a negative unary basic diagramn.

After applying the DG algorithm, we obtain the complex in Figure 5 which is also a diagonal
complex, but now with rotation constant g

4.2. Applying binary operators.

Proposition 4.6. If D is an appropriate binary basic operator and (U, e), (®, f) are diagonal
complezes in Kob,, with rotation constants Cy and Cg respectively, then D(U, @) is a diagonal
complex with rotation constant Cy + Ceg.
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wA e | RV R A [~
H A J("; Ty } w Ty } :< }
oy ] b e L ] BT
EA TR e AR VR b R Ty % !
(-3) -1) (1) 3] 4)
r
~=0) 1 2 3 4 —
Bz 3 b 5 9
2 2 2 2 2

Figure 5. A partial closure of a coherently diagonal complex is also a diagonal complex.

Proof.  Inserting (V,e) and (®, f) in the disc D produces the complex (£, d) = D(¥, @)
which by equation (3) satisfies

(10) Q= b,
r=s-+t
and
(11) di[){q;s:@t) = D(G, JT(I,#) —+ (—I)SD(_[‘W, f)

If ¢{gy } and ¢{g,} are respectively elements in the vectors ¥# and @', so by equation (10)
the clements in the vector 27 are of the form D(w, 9){gy + ¢4}. As ¢ and ¢ are smoothings
with no loops, the same we have for D(1), ¢) and by using propositions 3.2 and 3.4, we obtain

R(D(, $)) + gy + s = R(¥) + R(¢) + gy + d5-
Therefore, the homological degree r satisfies

2r — R(D(¢,9)) = 5 — (R(¥) + qy) +t — (R(¢) + ¢4) = Cy + Cs

be H

/ \ *
Tm rof” Sur Proposition 4.7. Let (V,€) and (9, Mlplex‘ in D mi&h rotation constant C'y and Cg
Fi frof- YF |respectively, and let D be a binary basic planar eperator “which D(¥, ®) is well defined.
QL For each partial closure C{D(\W, ®)), there erists an operator D' defined du a diagram without
3 sartia it sl cams D00, 8 -
curls and chain complezes V'O in D such that . Using 2
nessv', C(D(W, ®)) = D'V, &)

) et abst T pohifin mepbors
@ o F'ly 2
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Proof. We have a binary basic planar diagram D as the one at the // /
right. A closure of D(U,®) can be regarded as the composition of ¥ \

and ® in an operator C(D) defined from this closure, i.e., an operator

defined from a disc D embedded in a closure disc. Consider the strings / \ \
with ends in the same input disc (the curls of the diagram). Since D

is a binary basic operator, in each input disc there is at least one string that is not a
curl. Thus, we can regard the disc D as a composition of two closure disc E, E' em-
bedded in a binary planar diaglam D’ with no curl such that C(D) = D(E,E’). See
Figure 6. Hence, C(D(V,®)) = D(E(¥), E'(®)). Since E(WV) and E'(®) are respec-
tively closures of U and ® which are elements of D, the proposition has been proved.
O

Figure 6. The closure of a binary operator can be gopsidergte_as the binary composition of
two uhary operator closures conyy h-t

Proposition 4.8. Let o and 7 be smoothings, and let D be o suitable binary planar operator
defined from a no-curl planar arc diagram with output disc Dy, input discs Dy, Dy, associated
rotation constant Rp and with at least one boundary arc ending in Dy. Then there exists a
closure operator C and a unary operator D' defined from o no-curl planar arc diagram such
that D(o, 1) = D'(C(0)). Moreover, if (Q,d) € D has rotation constant Cq, then D(£), 1) is
a diagonal complex with rotation constant Cq — R(7) — Rp.

Proof.  To prove that the rotation constant of D(Q, 1) is Coy — R(7} — Rp, we observe that
for each smoothing 0{q,} in © the shifted rotation number satisfies R{D{c{¢-},7)} = Bp+
R{o{gs})+R(7) = Rp+2r—Cq+R(r). Therefore, 2r— R(D(c{¢,}.7)) = Ca—R(7)—Rp O

5. PERTURBED DOUBLE COMPLEXES

Given an additive category C, an {upward) perturbed double compler in C is a family §2 of
objects {{1,,} of C indexed in Z x Z, together with morphisms

= d Qg — Qpis14vi for each i >0,
such that if @ d’ then d? = 0; or alternatively,
k
(12) Z(ﬁ od* =0 for each k>0

i=0
It will be convenient to illustrate the perturbed double complex as a lattice in which any

node €2, is the domain of aa-infinite mberof arrows d°, d*, . .., which
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Q}'?' 2,4 Q;u" 2.q+1 Qp—z.q+2 Qp~2:q+3

dS

8, Qp_ 1412 Qp-1,9+3
o Qp-q 1 > Qp,tﬁl Qp,qﬂ S)~?3,q+3
d
d°

Qpi1q Qprtgr Qpi1,9+2 Qpe1g+3

satisfies the following infinite number of conditions

For k = 0: Equation (12) reduces to d® o d® = 0. This condition is equivalent to say/ J <

that for each fixed ¢ € Z, the objects £, and the morphisms d° : Q,, — Qpiig
form a complex. We call these complexes the vertical complezes € 14 4 0f the reticular
complex

For k = 1: Equation (12) reduces to d® o d' + d' o d° = 0 This condition is equivalent
to say that all the squares in the diagram anticommute

d° d°
dat 4l f 4t
® @
d” d®
d1 dt d
® ] >
dl} | dﬂ

For k = 2: Equation (12) reduces to d® o d® + d' o d* + d® o d?> = 0. This states that
for each p, ¢ the sum of d' o d' plus the compositions along consecutive sides of the
parallelogram with vertices on €, 4, Qp_14-2, Qpr14 and Q, 442 is zero.

@
d?
l d0
dl
@

T a9 —

[
dl
(]
d’ l /
[ ]

For any k > 0: Equation (12) states that the sum of the compositions along con-
secutive sides of all possible parallelograms with diagonal on 9,, and €,y grpro is
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ZEero.

F 3 . S K /i : 3 i
We must include in the sum, a composition d* o d/? along the common diagonal of the
parallelograms, for cases where k& is an even integer.

In the same way as in the case of double complexes, a perturbed double complex is
associated to a chain complex that we denominate its total comples, abbreviated Tot(£2),
and defined as follows:

Definition 5.1. Given a perturbed double complex £, its total complex Tot(Q) is defined
by
Tot()" = @B Qg
pHg=n

= 4
R B

i=0

d

Note that the condition stated by equation (12) makes certain that Tot({2) is indeed a
chain complex. We observe also that double complexes are just the special cases of perturbed
donble complexes in which d* = 0 for each i > 2.

If no confusion arises, from now on we omit specific mention of the adjective total and we
will write just © when we refer to Tot(Q2). We shall simply say “perturbed double complex”
to mean the total complex associated to it.

Oune desired feature of perturbed double complex  is that the DG algorithm works well
when applied to one of its vertical complexes Q. ,. What we mean with this last sentence is
that the homotopy equivalent complex obtained after applying the DG algorithm in objects
and morphisms located in the same vertical complex of a perturbed double complex is itself
a perturbed double complex. We see this inmmediately.

First of all, by applying Lemma 2.1 in £, 5, we do not change the configuration of perturbed
double complex. Indeed, if f: €, , — Q;J‘q is an isomorphism, then it is possible to obtain a
perturbed double complex £ homotopy equivalent to by substituting £, , by €2 , and by
replacing any morphism df with image in €, , by the morphism f o d’, and any morphism d
with domain in 0, by & o f~1.

Secondly, if ¢ : by — bs is an isomorphism in C, and if Dy, Fy are column vectors of object
in C. Given a perturbed double complex {} with

b- b

then eliminating ¢ by applying Lemma 2.2 does not bring any change in a vertical chain
%, with r # ¢. Moreover, since the application of this lemma does not bring any new type
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of arrow in €2, we have that the homotopy equivalent complex obtained is also a perturbed
double complex. Hence, the DG algorithm can be applied to a vertical complex in € in such
a way that the others vertical complexes remain unchanged.

6. ProoOF OF THEOREM 2
Before proving the first main theorem, let us state the following result.

Proposition 6.1. Let (2, d) be a coherently diagonal complex with rotation constants Cq.
Let [Jj]j be a vector of degree-shifted smoothings all of them with the same rotation number
R. Suppose that D is a binary operator with associated rotation constant Rp and at least
one boundary arc coming from the first input disc. Then D(5), [crj]j_) has a reduced diagonal
complex with rotation constant Cq — R — Rp.

Proof.  The complex D(€, [o;].) is the direct sum @;[D (2, 0;)]. Thus, the proposition
follows from the observation that by proposition 4.8, each of its direct summands D (Q,05)
is a coherently diagonal complex with rotation constant Co, — R — Rp. U

Lemma 6.2. Let (0,dy) be a coherently diagonal complex with rotation constants Cy. Let \I ﬂ]@

(Qa,ds) a diagonal complex with rotation constant Cs. Suppose that D is a binary operator
with associated rotation constant Rp and af least one boundary arc coming from the first input
disc. Then D(S, Q) has a reduced diagonal complex with rotation constant C'y + Cy — Rp.

Proof.  Observe that Q = D(Qy, Q) is a double complex. Indeed, if Oy is the chain complex
e T Of o I

then €2, ; is the planar composition D(Q;.Q3). Since () is a diagonal complex, any of the
smoothings in Qf has the same rotation number, 2¢ — (5. Thus, by proposition 6.1, £, ,
is homotopy equivalent to a reduced diagenal complex 2, , with rotation constant C; +
Uy — 2g — Rp. We already know that we can apply delooping and gaussian elimination in
{} involving only elements of §), , and obtain a homotopy equivalent complex that has no
changes in another vertical chain complex of Q. In consequence, € is homotopy equivalent to
a perturbed complex ' in which cach (2, , has been replaced by its correspondent reduced
complex € .. Thus, for each obtained §, , and each of its homological degree p, we have
2p—R(Q, .} = Ci+Cy—2¢— Rp. Therefore, )’ is a diagonal complex with rotation constant
Ci 4+ Cy — Rp. O

Proof.  (Of Theorem 2) By proposition 3.5, we only need to prove that D is closed under
composition of basic operators. Let ({21, d;) € D and let I/ be a basic unary operator. Since
U(£Y) is a partial closure of (Q4,d;), U(£) is diagonal. Furthermore any partial closure of
U(§h) is also a partial closure of (24, d,), so U/(Qy) € D.

Let (£, d;) and (Qg,ds) be elements of D, and let D be a basic binary operator. Since D
is defined from a type-A diagram, there is at least one boundary arc in D. Without loss of
generality, we can assume that there is one boundary arc ending in the first input disc of D.
By proposition 4.6, D(€2;,;) is a diagonal complex. Let C(D(9,s)) be a partial closure
of D(,€);), by proposition 4.7 there exist ), Q5 € D and a binary operator [ defined
from a no-curl planar diagram such that C(D(€2;, Q) = D'(©4, Q). By using Lemma 6.2,
we obtain that D'(£)), %) is a diagonal complex. U

M

Lepma™”
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7. NON-SPLIT ALTERNATING TANGLES AND LEE’S THEOREM

7.1. Gravity information. Given a diagram of an alternating tangle, we add to it some
special information which will help us to compose the Khovanov invariant of an alternating
tangle in an alternating planar diagram. This is illustrated by drawing, in every strand of the
diagram, an arrow pointing in to the undercrossing, or equivalently (if we have alternation),
pointing out from the overcrossing. In a neighborhood of a crossing, the diagram looks like
the one in Figure 7(a). Figure 7(b) shows a diagram of a tangle in which we have added the

Figure 7. (a) Gravity information in a neighbourhood of a crossing. (b} Gravity information
in the tangle. We use: o for out-boundary points and i for in-boundary points.

gravity information to the whole tangle. We observe, (see Figure 7(a)) that if we make a
smoothing in the crossing, the orientation provided by the gravity information is preserved,
and that a O-smoothing is clockwise and 1-smoothing is counterclockwise, see figure 8. It is
easily observed as well that if we go into a non-split alternating tangle for an in-boundary
point and turn to the right (a O-smoothing) every time that we meet a crossing, we are going
to get out of the tangle along the boundary point immediately to the right. Hence, the in-
and out-boundary points of the diagram of the tangle are arranged alternatingly. These two
observations are stated in the following two propositions:

\ %clockwise

clockwise

Figure 8. The smoothings in the diagrams preserve the gravity information

Proposition 7.1. The 0-smoothings and 1-smoothings preserve the gravity information. The
first ones provides a clockwise orientation of the pair of strands in the smoothing, and the
last provides a counterclockwise orientation.

Proposition 7.2. In any non-split alternating tangle, if the k-th boundary point is an in-
boundary point, then the (k + 1)-th boundary point is an out-boundary point.

Propositions 7.1 and 7.2 indicate that the smoothings of a tangle could be drawn as trivial
tangles in which arcs are oriented alternatingly. Therefore, the Khovanov homology produces
an alternating planar algebra morphism in the sense of [BN2].
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7.2. Proof of Theorem 1. This proof is a direct application of Theorem 2. and the fact
that the Khovanov homology is an alternating planar algebras morphism

SEJ‘\LL )

Thy i3 ;Iy/, ;‘ Proof. (Of Theorem 1)The Khovanov complex of a 1-crossing tangle is an element of

on St /H{ 0:? (2). (See first example 4.3.y Any non-split alternating k-strand tangle with n crossing T,
1

s obtained by a composition of n of these 1-crossing tangles, 7},...,7%, in a n-input type-
A planar diagram. Since the Khovanov homology is a planar algebra morphism, by using
, the same n-input planar diagram for composing Kh(T}),..., Kh(T,) we obtain the Khovanov
homology of the original tangle. According to Theorem 1, this is a complex in D. [

Corollary 7.3. The Khovanov complex [T] of a a non-split alternating 1-tangle T' is homo-
topy equivalent to a complex

= Q2r + K} — 200+ 1)+ K} — - -
where every Q" is a vector of single lines, and K is a constant.

Proof. We only have to apply theorem 1 and see that the rotation number of a 1 open
arc, which is the only simple possible smoothing resulting from a 1-tangle, is zero. [l

Figure 9 shows a diagonal complex which is obtained from embedding the complex in
Figure 5 in a positive unary basic planar diagram, and then applying lemmas 2.1 and 2.2. The
smoothings in this complex have only one strand. Since the rotation number of a smoothing
with a unique strand is always 0, we have that the degree shift and the homological degree
multiplied by two are in a single diagonal, i.e., 2r — g, is a constant.

o 2 0] of
S [0 L N Sy [
@ G &} |
r
—0 = 2 3 A ===
R
- 1 5

Figure 9. A diagonal complex with only one strand in each of its smoothings.

Corollary 7.4. (Lee’s theorem)The Khovanov comples Kh(L) of a non-split alternating
Link L is homotopy equivalent to a complex:

®{g- +1} g1 + 1}
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where every ® is a matriz of empty I-manifolds, . = 2r + K, K o constant, and every
differential 1s a matriz in the ground Ting.

Proof. Every non-split alternating link /. is obtained by putting a 1-strand tangle T in
a l-input planar diagram with no boundary. Hence, by applying the operator defined from
this 1-input planar diagrams to the Khovanov complex of this 1-strand tangle, we obtain
the Khovanov complex of a link L. By doing that, the vectors of open arcs that we have in
corollary 7.3 become vectors of circles. Moreover, every cobordism of the complex transforms
in a multiple of a dotted cylinder. Thus, using Lemma 2.1 converts every single loop in a
pair of empty sets §{r + K + 1}, 0{r + K — 1} and every dotted cylinder in an element of
the ground ring. 0]

Figure 10 displays the closure of the complex in Figure 9. After applying lemmas 2.1 and
9.2 we obtain the complex supported in two lines displayed on Figure 10, as stated in Lee's
Theorem.

) 0] 0] o
{@{'2} —[¢tA]—— 0@ —— o] — ¢ 16}
Ei.fp{-af} i 1‘9{4}
;
== [ 1 2 ¢! 4 —

Figure 10. A closure of a coherently diagonal complex is a width-two complex.

Remark 7.5. Tt is clear that if our ground ring is @, as in the case of [Leel], we can use
repeatedly lemma 2.2 in the complex in corollary 7.4 and obtain from this complex, one
whose differentials are zero, i.e, the Khovanov homology of the link.
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