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Introduction

In his seminal paper [Kho00] Khovanov introduced his celebrated categorification of the
Jones polynomial [Jon85| Kau87| for links. More precisely, to a generic plane projection
D of a link L in R? Khovanov constructs a bigraded chain complex CXh(D) whose graded
Euler characteristic is the Jones polynomial of L. Given two diagrams D and D’ repre-
senting the same link L, i.e. D and D’ are related by a sequence of Reidemeister moves,
the corresponding chain complexes turn out to be homotopy equivalent. In particular, the
homology groups of the chain complex CICh(D) are invariants of the link L.

In [Kho(O2| this homological link invariant was extended to tangles with an even num-
ber of top and bottom endpoints categorifying the Reshetkikhin-Turaev invariant [RT90]
associated with the quantum group Uy(slz). The original construction of this tangle ho-
mology theory is of combinatorial nature. All the chain groups are obtained by applying
a two-dimensional TQFT to smoothings of a generic plane projection of the tangle, after
closing it up by certain matchings on top and bottom to create a collection of circles.
Cobordisms between these smoothings induce the differentials.

From an algebraic point of view the extension of Khovanov homology from links to
tangles is interesting because the chain groups of the complex can be equipped with a left
and right action of a graphically-defined algebra, nowadays often referred to as Khovanov’s
arc algebra, thereby turning them into bimodules. In the case of links these actions
degenerate into the action of the ground ring and therefore the additional structure is lost.
Although the basic arc algebra first appeared in the context of tangle homology [Kho02] it
has been generalized and studied extensively outside the field of low-dimensional topology
from a purely combinatorial and representation theoretic point of view (cf. [BS11,[Str09]).

Khovanov himself found a connection to the geometry of flag varieties by proving that
the center of the arc algebra is isomorphic to the cohomology ring of a two-block Springer
fiber [KhoO4]. Given a nilpotent endomorphism z of C™, the Springer fiber FI* associated
with this operator is the complex projective variety of full flags

{0}cFiCcFkHhC..CF,=C"

in C" fixed by the endomorphism z, i.e. we demand inclusions z(F;) C F;_; for all
i€ {1,2,...,n} (set Fy := {0}) (partial flag varieties fixed by a nilpotent operator are
referred to as Spaltenstein varieties). In general, these varieties are not smooth and have
many irreducible components. The structure of the irreducible components is poorly
understood for arbitrary nilpotent operators (cf. also [FM10]). However, if we restrict
ourselves to two-block Springer fibers, i.e. flag varieties fixed by a nilpotent operator with
two Jordan blocks, then the irreducible components can be written down explicitly using
the combinatorics of cup diagrams. This goes back to the work of Spaltenstein [Spa76],
Vargas [Var79] and Fung [Fun03].

In their recent paper |[SW12] Stroppel and Webster extend Khovanov’s result on the
center of the algebra by providing a geometric construction of the entire algebra as a
convolution algebra using the irreducible components of two-block Springer fibers. In fact,
their results are much stronger than that since they also provide geometric constructions
of interesting generalized Khovanov algebras (cf. [BS11}Str09]) and their quasi-hereditary
covers. Based on the work of Stroppel and Webster we want to ask the following question:

Question. Is it possible to extend the geometric construction of the arc algebra to a new
geometric construction of Khovanov’s chain complex (in which the TQFT does not occur
anymore) using Springer fibers or the more general Spaltenstein varieties?



In this thesis we give an affirmative answer to this question. More precisely, we con-
struct subvarieties inside a finite product of Spaltenstein varieties such that after taking
the cohomology of these varieties we are able to recover the chain groups of Khovanov’s
complex. These subvarieties sit inside each other in an interesting way. In particular, we
prove that the differentials of the complex can be given a natural geometric meaning by
realizing them via pullback or pushforward maps in cohomology induced by the inclusions
of these subvarieties. This main result is documented in Theorem [3.34]

One possible motivation for the question above might be the goal of finding a precise con-
nection between Khovanov homology (respectively its Lie-theoretic version [Str05] which
is known to agree with Khovanov homology) and the link homology theories by Cautis
and Kamnitzer [CKO§| via coherent sheaves and the ones by Seidel and Smith [SS06] and
Manolescu [Man07] via symplectic geometry. An explicit categorical connection between
all these theories is not yet established. Since Springer fibers play a crucial role in the work
of Cautis and Kamnitzer as well as Seidel and Smith, our geometric construction of Kho-
vanov homology might provide another small step in comparing all three categorifications
in the future.

Structure of the thesis: In the following we outline the contents of our work. This
thesis is subdivided into three major parts.

The main agenda of the first part is to identify and describe the topological space
underlying the two-block Spaltenstein variety equipped with the analytic topology. A
topological description of the equal-block Springer fiber FI 2% as a certain subspace of a
n-fold product of spheres was conjectured by Khovanov [Kho04] and proven by Russell
and Tymoczko |[RT11], and independently by Wehrli [Weh(09]. This was later generalized
by Russell to the general two-block-case [Rusll|. It turns out that the topological model
from [Rusl1] can also be used to describe the topology of two-block Spaltenstein varieties.
This is Theorem [L.I5

In the second part we explain how to assign a subvariety inside a finite product of
Spaltenstein varieties to a given tangle diagram. We also provide a simple topological
model (cf. Proposition . If two tangle diagrams are related by a local surgery then
the associated varieties are related by an inclusion map, i.e. one of them sits inside the
other one as a subvariety (cf. Proposition [2.35). In Theorem [2.51] (Theorem is
the topological equivalent) we explicitly compute the pullback and pushforward of these
inclusions in cohomology and relate the result to the maps obtained by applying a TQFT
to certain surgery cobordisms between the tangle diagrams. This requires genuine work
and is therefore considered as one of the central results.

In the final part we recall the definition of Khovanov’s arc algebra as defined in [Kho02]
and sketch the construction of the convolution algebras of Stroppel and Webster [SW12]
in the equal-block-case. Then we use the machinery developed in the second part of this
thesis to construct some important bimodules and bimodule homomorphisms geometrically
via Spaltenstein varieties and pullback and pushforward maps. In Theorem this
culminates in the promised geometric construction of Khovanov’s chain complex associated
with a tangle diagram (cf. also Theorem for the topological equivalent).

Notation and conventions: Once and for all we fix the following notation and conven-
tions valid throughout this thesis:

e Let X be a topological space. Then we denote by H*(X) its singular cohomology
with Fo-coefficients, i.e. we use the notation H*(X) for H*(X;F2) (which among
topologists is usually reserved for cohomology with Z-coefficients). Similarly, we
write H,(X) for the homology of X with Fa-coefficients.



e A vector space or an algebra will always be a Fo-vector space or a Fo-algebra, respec-
tively. Moreover, all tensor products are defined over s, i.e. we use the notation ®
for ®r,, unless stated otherwise.

e If V is a graded vector space (“graded” always means “Z-graded”) we write V{j}
for the graded vector space whose i-th component is given by (V{j}); = V{i — j}.

Acknowledgements: The author would like to thank his advisor Prof. Dr. Catharina
Stroppel for her continuous support in all matters related to this project.



1 Topology of two-block Spaltenstein varieties

1.1 Two-block Spaltenstein varieties: Structure of irreducible
components and a topological model

We begin this section by providing the basic definitions. Then we recall some struc-
tural results concerning the irreducible components of two-block Spaltenstein varieties
including the involved combinatorics. Moreover, a simple topological model for two-block
Spaltenstein varieties is introduced at the end of this subsection.

Let n > 0 be a natural number and let I = (i1,...,4y,) € N be a family of integers
such that 0 < i1 < iy < ... < i, = n. Define Flj to be the set consisting of all sequences

F, CF,C..CF, =C"

where F;, C C" is a subspace, dim Fj, = i4;, for all I € {1,...,m}. Such a sequence of
subspaces is called a partial flag of type I and we will write (Fj,, ..., F; ) to denote such
a flag. Let Gr(k,n) be the Grassmannian of k-planes inside C™. Then there is an obvious
embedding

Flr — Gr(iz,n) x Gr(iz,n) X ... X Gr(im,n),

which can be used to prove that Fl; is a smooth complex projective variety called the par-
tial flag manifold of type I. Alternatively, one could realize Fl; as the homogeneous space
GL(n,C)/P, where P is the parabolic subgroup of GL(n,C) given by all matrices with all
entries zero below the block diagonal where the blocks are squares of size i1,149,.. ., %m.

Let g = s[(C™) be the Lie algebra of traceless endomorphisms of C" and let N' C g be
the nilcone consisting of all elements which act nilpotently in all representations of g. By
the general theory of Lie algebras these elements coincide with the elements which are
nilpotent as linear endomorphisms in the sense of linear algebra.

For everything that follows it will be convenient to set ip := 0 and Fy := {0} C C".

Definition 1.1. The Spaltenstein variety of type I associated with some fixed nilpotent
operator x € N is the variety

Flf = {(Fy,,...., F;,,) € Fly | «F;, C F;,_, for all l € {1,...,m}},
consisting of all flags in Fl; fixed under =z.

Remark 1.2. In the case of full flags, i.e. if I consists of all integers between 1 and n, the
index [ is dropped from the notation and we simply write FI*. In this case we refer to
the Spaltenstein variety as Springer fiber.

Spaltenstein varieties are rich geometric objects and they arise naturally as the fibers
of a resolution of singularities of the nilcone; see e.g. [CG97, Sections 3.2, 3.5, 3.7, 4.1 and
4.4] for details. In general they are not smooth and have many irreducible components.

In this work we will only study two-block Spaltenstein varieties, i.e. the case where x is
of Jordan type (n — k, k), where 0 < 2k < n. More explicitly, this means that there exists
an ordered basis ey, ..., en_g, f1, ..., fr of C™ such that

r(e;) =ei1  and  z(fi) = fi1,

where we set eg = fo = 0. One can easily show that the Spaltenstein variety does not
depend (up to isomorphism) on the particular choice of x, but only on the Jordan type

of . This allows us to speak of the (n — k, k)-Spaltenstein variety of type I, which we

ln—k,k

denote by FI; , without further specifying the nilpotent operator z.



Notice that for a flag (F,,..., Fj,,) € FIf, where x is of Jordan type (n — k, k), the
rank-nullity theorem yields inequalities

dim F;, = dimker x\Fil +dimzF;, <24+dimF;,_|

for alll € {1,...,m}. Thus Fi7 will be empty if ¢; —¢;_; > 2 for some index in the family /.
In order to exclude these trivial cases from the beginning we will always restrict ourselves
to the following special type of integer-sequence.

Definition 1.3. A family of increasing positive integers (i1, ..., i) is called admissible if
the conditions 0 < i; — i;—1 < 2 are satisfied for all [ € {1,...,m}.

Given an admissible family I, one can associate to it a word of length n, consisting of
letters from the alphabet {e, x }, by putting a dot at position 4; of the word, if i; —i;_1 = 1,
and a cross at positions i; and 7, — 1 if 4 — ¢;_1 = 2. Such a word is called a dot-cross
sequence. Any word obtained in this way consists of 2(n — m) crosses and 2m — n dots.

Ezample 1.4. The dot-cross sequence associated with (1,3,4,5,6,7) is given by e X X eeee.

Schéfer proved in [Sch12| that the irreducible components of the (n — k, k)-Spaltenstein
variety of type I are in one-to-one correspondence with cup diagrams of type (n — k, k)
on the dot-cross sequence corresponding to I (cf. Proposition below).

Definition 1.5. A cup diagram of type (n —k, k) on the dot-cross sequence corresponding
to some admissible I = (i1, ...,4,) is a planar diagram which is obtained by attaching
n — 2k downward-pointing rays and k — (n —m) arcs to the dots of the dot-cross sequence.
Arcs only pass below the symbols of the dot-cross sequence and we require that every dot
is connected to precisely one cup or ray. Moreover, we think of the rays as being “infinitely
long”, so arcs do not pass below rays. The set of all cup diagrams of type (n — k, k) is
denoted by B?_k’k.

Remark 1.6. In order to tie in with the notation from Remark [[.2] we omit the index I
and simply write B"~%* if the family I consists of all integers between 1 and n.

Ezample 1.7. Here is a complete list of cup diagrams of type (4, 3) on the dot-cross sequence
considered in Example

e X X e o o o e X X e o o o e X X e o o o
U \/\/ \/ v
e X X e e o o e X X e o o o

vV

\\y
n—k,k

Given a € B; the notation (i,j) € a, where i < j, means that the symbols at
positions ¢ and j in the dot-cross sequence corresponding to I are connected by an arc in
the diagram a. We write (i) € a if there is a ray in a connected to the dot at position i.

If we slightly modify the cup diagram then it contains all the necessary information to
write down explicit relations defining all the flags which lie in the corresponding irreducible
component. In order to make these modifications precise let a € B?_k’k be a cup diagram.
For certain arguments it is convenient to think of the crosses at positions i; and 4; — 1
as being connected by a dashed arc if i; — 4;_1 = 2. Such a dashed arc is called invisible
because it does not appear in the usual cup diagrams from Definition If we want to



include invisible arcs in the cup diagram a, we will denote this by a. Notice that invisible
arcs only connect neighboring crosses. In particular, they are never nested inside each
other.

Ezample 1.8. This is a cup diagram from Example including invisible arcs:
[ ] X X e o o o

Definition 1.9. Given a cup diagram a € B?_k’k we obtain a map

Pa: {1,2,...,n}—>ZZO

by defining p, (i) to be the number of rays in a which are left of the i-th symbol in the dot-
cross sequence corresponding to I. We use the convention that a ray is always considered
as being left of itself.

Ezample 1.10. Consider the following cup diagram:
e X X ®© © o o o o o o o o

NV

Then we have p,(3) = 0 and p,(12) = p(9) = 3.
The following proposition is essentially [Sch12, Theorem 6.11].

Proposition 1.11. Let I be an admissible family and x a nilpotent operator of Jordan
type (n — k, k). Then the irreducible component K, C Flj corresponding to a € B?ik’k

consists of precisely those flags (Fj,, ..., F; ) € Flr which satisfy the following conditions
imposed by the cup diagram a:

(i) If (i,j) € a (the arc connecting the symbols i and j might be an invisible arc), then
Fj = x_%(j_“—l)Fi,l.
(i) If (i) € a, then we have
F; = F;_1 + span (e%(ﬂpa(i))) .

Proof. The proof is omitted here (see [Sch12, §6] for a detailed argument). The rough
idea is to reduce the statement of the proposition to the case of Springer fibers which is
treated in the work of Fung [Fun03]. O

Remark 1.12. The original version of Proposition in [Sch12] is formulated using the
combinatorics of dependence graphs. In order to avoid confusion we remark that these
graphs differ slightly from the cup diagrams used here. Our cup diagrams correspond to
what Schéfer calls extended cup diagrams if we replace the rays by green arcs.

Let S? C R3 be the two-dimensional standard unit sphere and let p = (0,0,1) be its
north pole. Given a cup diagram a € B"%*_define a smooth submanifold S, C (S%)™ of
the n-fold cartesian product of the sphere with itself by

Sa = {(x1,...,2n) € ()" | 2; = a; if (i,7) € a and x; = (—1)'p if (i) € a}.



Following Russell [Rus11}, §2] we define the (n — k, k) topological Springer fiber as

Shh = | ) S.c(sH)".

aeBn—kk

Definition 1.13. For a € B?fk’k let a..q denote the reduced extended cup diagram ob-
tained by erasing all crosses. In particular, this assignment induces a map

red: B?_k’k N Bm—k‘,m-‘rk—n
to which we refer as a reduction map.
Ezample 1.14. The reduced version of the diagram in Example is the following:
e X X e o o o e o o o o

U reduce w
A~

The main result of the first part is the following theorem:

Theorem 1.15. The irreducible component K, of the Spaltenstein variety .Fl?_k’k
sponding to a € B?fk’k is homeomorphic to S,,

corre-

. and we have a homeomorphism

]:l}z—k,k? o U Samd C (82)2771—71.
aeB?_k’k
A proof of this theorem is provided in section [1.4l For the reader’s convenience we
summarize the main ideas of the argument to motivate the next sections.

Sketch of proof (Theorem [1.15):

Our proof closely follows and generalizes the train of thought of Wehrli’s argument in
[Weh09] for the (%, 5)-Springer fiber. The general idea is as follows: In section n we
introduce a smooth projective variety Y; which contains the Spaltenstein variety JF l?_k’k.
We prove that Y7 is homeomorphic to a (2m —n)-fold product projective spaces (P1)2m_n,
cf. Corollary Proposition [1.11] above enables us to explicitly compute the images
¢1(K,) of the irreducible components K, under this homeomorphism in section The
most important result in this context is Proposition In the last section we introduce

o

another homeomorphism g, : (Pl)Qm_n — (SQ)Qm_n such that the composition

YI ¢_I> (P1)2m*n Y2m—n (SQ)2mfn

maps the irreducible components K, C F l?_k’k C Y7 to the sets S, ,. In particular, this

l?fk’k, which is just the union of its irreducible components, to

U Saw c®

n—k,k
a€B;

homeomorphism maps F
the subset

which will prove the theorem.

1.2 A smooth space containing the Spaltenstein variety

In this section the first step in proving Theorem [1.15]is provided by embedding the Spal-
tenstein variety into a smooth space homeomorphic to a finite product of projective spaces.



1.2.1 Some linear algebra

Let N >0bea largeﬂ integer and let z : C2Y — C2V be a nilpotent linear endomorphism
with two equally-sized Jordan blocks, i.e. there exists a basis e1, ...,en, fi, ..., fx of C2N
such that

z(e;) =ei-1 and  2(fi) = fi1,
for all i € {1,2,..., N}, where ey = fo = 0. We equip CV with the structure of a unitary
vector space by defining

(ei,ej) = (fi, fj) = 6i5, (i, [5) =0

for all 4,7 € {1,2,..., N}, where §;; is the Kronecker delta.
Let e, f denote the canonical basis of C2. Define a linear map C: C?>¥ — C? by

Cle;))=e and C(f;)=1f

for all i € {1,..., N}. Notice that C? has the structure of a unitary vector space coming
from the standard Hermitian inner product.

In general it does not make sense to ask whether the map C' is unitary, i.e. whether the
equality (C'(v),C(w)) = (v,w) holds for all v,w € C?V, because this would imply that
C is injective, which cannot be the case if N > 1. However, it is meaningful to ask for
two-dimensional subspaces U C C2V such that the restriction of C' to U yields a unitary
isomorphism. The following lemma contained in |[CKO08, Lemma 2.2] (cf. also [Weh09,
Lemma 2.1]) constructs important examples of such spaces.

Lemma 1.16. Let U C C*V be a z-stable subspace, i.e. 2U C U, such that U C im(z).
Then C' restricts to a unitary isomorphism
C:z"'unut =2
Before going into the proof of the lemma, let us record the following general fact:

Lemma 1.17. IfU C C?V is a subspace contained in im(z), then dim(z~'U) —dim(U) =
2. Similarly one obtains dim(U) — dim(zU) = 2 if a subspace U C C*V contains ker(z).

Proof. The inclusion U C im(z) implies that z restricts to a surjection z: z~'U —» U.
Applying the rank-nullity theorem to this map yields

dim(z7'U) — dim(U) = dim (ker(z|,-17)) = 2,

where the last equality follows from the inclusion ker(z) = 271(0) C 27'U. An analogous
argument for the map z: U — zU proves the second claim. ]

Proof (Lemma . There is an isomorphism z~*UNU+ 22 2 ~1U /U by elementary linear
algebra. Thus one obtains
T.17
dim(z"'U N U*) = dim(z~'U/U) = dim(2"'U) — dim(U) %2 2.
Hence the domain and target space of C: z~'UNU+ — C? are equidimensional and it only
remains to show unitarity because unitary maps are always injective. Let v, w € z~1UNU+
and write
v =71+ ...+ UN, w=w,+..+wN

1See also Remark for a more accurate description of what is meant by the word “large”.



with v;,w; € span(ej, f;). Since the restriction C : span(ej, fj) — C? is easily seen to be
unitary, we deduce

we see that it suffices to show

> (C(vi),C(wy)) =0 (1)
i#j

to complete the proof.
For w € 27U and v € U+ we have (v, z'w) = 0 for all | > 1 because U is z-stable by
assumption. A calculation shows

(v, 2w) = (C(v1), Clwi1)) + ... + (Cloy_y), C(wy))

for all [ > 1. Adding up all these equations for every [ gives

0= (C(w), Cluy)). (2)

i<j

Interchanging the roles of v and w (i.e. interpreting v as an element of z~'U and w as an
element of U+), we obtain

0= {Clw),Cwy)) | =D (Clwi),Clwy)l = (C(u;),C(w)), (3)

1<j 1<J 1<j

where the dagger T denotes complex conjugation. Adding up and yields and
therefore the second claim. O

1.2.2 The variety Y7

Fix an admissible family I = (i1, ...,4,) and let N > m. For every q € {1,2,...,m} define
a complex projective variety

Vivigiq = {(Fiys o, F3,) | Fy, € C*Nhas dimension i, Fj, C ... C Fy,,2F;, C Fj, |}

and set Y;, to be the one-point space. We equip all these varieties with the analytic
topology. In particular, they are compact Hausdorff spaces.

We will be most interested in the variety Y; for which we also use the short notation

1eelm )

Y7, because we can obviously identify F l?_k’k with the subset

{(Fil, ...,Fim) ey | Fim = span(el,...,en_k,fl, ,fk)} (4)

and thus obtain an embedding ]:l?_k’k — V7.

Before we prove that Y7 is homeomorphic to a finite product of projective spaces we
make the following important remark.

10



Remark 1.18. Notice that the conditions zF;, C Fj, | imply

F,, Cz'F;, _, C..C2z7"™(0)=span(eq, ..., em, fi, . fm)-

In particular, the variety Y7 is independent of the choice of N as long as N > m because
the spaces Fj, C C2N of the flags in Y7 never “see” the basis vectors e; and f; for [ > m.
This turns out to be extremely useful because we can always assume (by increasing N if
necessary) that all the subspaces of a flag in Y7 are contained in the image of z.

Proposition 1.19. Let g € {1,...,m}. If ig — i1 = 1, then the projection map
Tg: }/7;1...7:(1 — Y:L'l.,,iq,l ) (Fi17 seey qu) — (Ela "'7Fiq,1>
defines a trivial fiber bundle with fiber P'. More precisely, the map

1
¢q 11%2...9q _)}/1112 Ag—1 x P 5 (Fip"'vF'

iq

) s <F1F

1q—19

C(F,, NF;- ))

1g—1

defines a homeomorphism such that the following diagram commutes:

x Pt

1112 Jig 1112 dg—1

\/

1112 ig—1
Ifig —ig—1 =2, then my: Yiy. iy = Yél‘..z‘q,l is @ homeomorphism.

Proof. Let g € {1,...,m} such that i; —i;—1 = 1. We clearly have m, = pri o ¢4 and ¢, is
a continuous map between compact Hausdorff spaces. Hence it will be a homeomorphism
if it is bijective.
Notice that the vector space F; _, C C?V is z-stable and by Remarkwe may assume
that it is contained in the image of z. Hence Lemma yields and isomorphism
C:z'F

1g—1

NFL . Sc2

For given (Fj,, ..., Fi,_,,1) € Yy i, 4 X P! it is easy to check that the flag

—1
(Fiw ceey Fiqfw (C|z—1Fiq_1ﬂFit_1> (l) D Fiql) (5)

is a well-defined preimage under ¢,. Let (Fj,,..., F;

%q) €Y i, be another preimage, i.e.

we have

1g—1

bg(Fiys o Fi,) = (Fil,...,ﬂqﬂ,C(F nE+ )) = (Fiy s Fy, 1, 1)

Since Fj, N Fié_l C z_lFl-q,l N Fij_l is the unique one-dimensional subspace which is

mapped to [ under the isomorphism C we have

~1
Fiq N Fij—l = <C|z1F¢qlﬂF.J- 1) (l)v

Zq7
which implies

7,

—1
Fu=(Clny o) 0B
q q—1

11



Thus the preimage is unique which proves that ¢, is indeed bijective.

In the case ig—i4—1 = 2, themap 7y : Y3, i, — Yil...iq_l is clearly a continuous surjection
between compact Hausdorff spaces and it suffices to show injectivity to prove the claim.
By definition we have F;, C z_lFi(F1 for every flag in (Fj,,...,F;,) € Y, .i,- By the
assumption i; — i,—1 = 2, Lemma and Remark we obtain

dim(z7'F;,_,) = dim(F,_,) + 2 = g,

q—1

showing that this inclusion is in fact an actual equality. Thus the vector space Fj,
is completely determined by F; _,. In particular, there is precisely one preimage of
(Fiyy ooy Fiy_y) € Yiy 4y, under 7. ]

ig—1

As a corollary we obtain a slight generalization of [CK08|, Theorem 2.1] which also covers
partial flags inside C2VV corresponding to admissible I.

Corollary 1.20. Let (ij,,...,%j,,_,) be the subfamily of I consisting of all entries where

ij, —1 = 45,1, t.e. ij,...,%5,,_, are precisely the places of the dots in the dot-cross-
sequence. Then the map ¢y : Y7 — (P1)?™" defined by

1 1
), C(Fiy, N Fijzfl)’ wC(Fy, NF, ))

Yiom—n—1

(Fyy,os Fy ) (C(FZ- nEL

J1
is a homeomorphism.

Proof. Fix j; for some | € {1,...,2m — n} and set ¢ = j; and p = j;_1, where jo = 0, to
simplify notation. Let Ti,..i, denote the composition:

Y ﬂ—iq*l Y ﬂ—iq*Q 7riP+1 Y
irigo1 > Yigig o — . — Y4 e

Notice that all the projections in this composition are homeomorphisms by the definition
of the sequence (ji, ..., jom—n) and the second part of Proposition m

For the particular choice ¢ = j; and p = jy we can apply the first part of Proposition
and obtain a homeomorphism

1 Tip...iq xid

¢ ~
Gi.ig: Yiy.ig — Yiy x P Y;, x Pl = P!

g1
which is explicitly given by
(Fiys s Biy) = C (B N FE ).
If ¢ = 5; and p = j;_1 and we assume that the homeomorphism ¢z’1,..ip : Yil...ip — (Pl)l_l
given by
(Fiyy s F

L) e (C(Fi NFE ) C(Fy, 0 FZ-]L,lfl)>

is already constructed, then we define ®iy...i, as the composition

Jl—1 _1—1

biy .. Xid
Vi,.qp x P22y

ip...ig Xid
Yivoig 25 iy, x P20 (.

1...’iq 1...iq_1

The reader easily verifies that this homeomorphism is given by

(Fiyy oo Fy) <C(F

i L
i O FL ), C(Fy, 0 Fijl_l)) .
Thus the claim of the corollary follows (after reversing the order of the factors). O

Remark 1.21. If the sequence I consists of all integers between 1 and n we will also write
Y,, instead of Y7 and similarly ¢,, instead of ¢y.
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1.3 Topology of irreducible components

By the results of the last section we have a homeomorphism ¢;: Y7 =N (PY)2m="_ More-
over, the (n — k, k)-Spaltenstein variety of type I sits inside Y7 via the identification .
For the rest of this section the notation F l?_k’k will always refer to this embedded Spal-
tenstein variety. The next goal is to see what the images of the irreducible components

look like under ¢j.
1.3.1 Technical preliminaries

We begin by proving some statements which will simplify some of the arguments later on.

Notice that we have an explicit description of the irreducible components of the embed-
ded Spaltenstein variety J. l?fk’k C Y7 by replacing the map z in condition (i) of Proposi-
tionwith the map z,_j,  defined to be the restriction of z to span(ex, ..., ep—g, f1, .-, fk)-
A priori it is necessary to work with this restricted map because preimages under z might
not be contained in span(ey, ..., €y, f1, ..., fr) anymore. The following lemma shows that
this does not happen.

ln—k,k n—k,k
1

Lemma 1.22. The irreducible component K, C F C Y7 corresponding to a € By
consists of precisely those flags (Fj,, ..., F; ) € Yr which satisfy the following conditions
imposed by the cup diagram a:

(i’) If (i,7) € a (the arc connecting the symbols i and j might be an invisible arc), then
Fj = Zf%(ijl)Fi_l'
(ii’) If (i) € a, then we have
Fy = Fiy - span (€351,07)
Before we prove the above lemma, it is useful to note the following (trivial) fact:
Lemma 1.23. Let U, U’ C C?V be two subspaces. Then we have
2(U+U") =20+ U
If we additionally assume U, U’ C im(z), then we also get
THNU+U) =270+ 2710, (6)

The reader is invited to make up examples showing that the assumption about the
containment of U, U’ in the image of z is indeed necessary for equation @ to be true.

Proof (Lemma[1.29). Assume (F;,, ..., F;,) € K, C .Fl?fk’k C Y7. By condition (i) of
Proposition we have an inclusion

_ 1y o
Fi = anlgjk erl)Fi_1 C Zf%(g—wd)Fi_l7 (7)

whenever (i, j) € a. We obtain a chain of equation

dim (Z_%(j_i—i_l)}:’ifl) =j—i+1+dim(Fi_1) = dim(F}),

13



where the first equation follows from Lemma [I.17] and Remark [I.18] Hence the inclusion
is in fact an equality and we obtain (i). Moreover, condition (ii) clearly implies (ii’).

For the converse take a flag (Fj,, ..., F;,,) € Y7 satisfying conditions (i’) and (ii’) of the
lemma. Again, condition (ii) trivially holds. In order to prove condition (i) for this flag,
it suffices to show that

Em :Span(ely--wenfk?fh"'7fk)7 (8)
because this equality implies
Fy = FjNspan(et, ..., en—, f1, -, fk)
=z 2(] H_l)Fi N Span(eh vy En—ky fla ey fk)
= anlg,]k Hl)Fl’v
whenever (i,j) € a
Let rq,...,7,_9r be the positions of the dots in a to which the rays are connected,
numbered from left to right. We additionally set rg := 0. So for fixed s € {0,1,...,n —

2k — 1}, the diagram consists of arcs only in between nodes rs and rgy;. In particular,
there is a sequence of outermost arcs (some of which might be invisible)

(pla QI)v ceey (ptv Qt)

such that p1 =rs+ 1, ¢¢ =7rs41 — 1l and g+ 1 =pyyq forall I € {1,...,t — 1}. By (i’) we
have relations
F, =z —3(a pH—l)Fpﬁl

for all I € {1,...,t}. We claim that
F, = z—%(Qz—m-&-l)Fpl_l (9)
holds for all [ € {1,...,¢}. This is obviously true for [ = 1. So suppose @ holds for [ — 1,
[ > 1. Since q;_1 = p; — 1 we calculate
F, = Z—%(qz—pzﬂLl)lrrpﬁ1
_ Z—%(qz—pz+1)z—%(m-1—p1+1)Fp171

L —
=z Q(ql P1+1)Fp171’

which proves @D by induction. Setting [ =t one obtains the equation
F, =z 2@ P»thp | — ma@-pt)p (10)

s

which we will use below.
After these local considerations the next step is to relate the vector spaces of a flag

beyond the confines of two subsequent rays, too. From now on set ¢s; := 7541 — 1 for
s€{0,1,....,n—2k — 1} and g9k := n. The next claim will be the following:
Fy, == —3(as—5) Zspan <e1 (s —s)+a> (11)

For s = 0 this claim is obviously true, because equation (11]) reduces to equation .
Now assume that the claim holds for all 0 < < s. Then we have

F,

1
I »—3(@st1-rs11) p

Ts+1

— 3@ (7 + span(e
- ds p 1 (r +1+s+1

1
— >3 (@41-7s41) 5 (@s+1-7s41)
=z 2\9s s F 4+ 22\ s Spal’l( %(Ts+1+5+1))7

14



and inserting the induction hypothesis into the first summand yields

s
Z_%(qs+l_rs+1)FqS = Z—%(QS+1_TS+1) (z_%(qs_S)(O)) t Z Z‘%(‘Zs+1_rs+1) Span (eé(‘]s—s)-i-a)
a=1

(g (s >
= Z 2(qs+l ( +1)) (O) + Zspan (e%(qs_s)+a+%(qs+l_TS+1))

a=1

S
_1 _
= 2720 (0) 4 3 span (€3, (upaypea)
a=1
where we used the relation 7511 = ¢s + 1. The second summand simplifies to

1
B B
53 (@s1-7511) span(e,,,,+s+1) = Span(e%(qsﬂJr(SH)))

and hence we get

s+1
Fy,py = 27200 760)(0) + 3" span (e%<qs—(s+1))+a>
a=1

which proves the claim.
Inserting s = n — 2k into yields

s+1
F,, = Fu = 2%(0)+ 3 span(epsa)

a=1
= span(ex, ...k, f1, .-, fx) + span(egi1, ..., €n—k)
:Span(ela--'enfkafla“'afk%

which finishes the proof of the lemma. O

For admissible I = (i1, ...,4m) and p € {1,...,n} such that p — 1,p+ 1 € {i1, ..., i}, i.e.
p—1=1igand p+1 = iy for some g and ¢, we can define a new admissible family denoted

by I —{p,p+1} = (¢}, ...,i;ni(q,iq)), where

7:/ e Zl’ ifl S Qv
1= :
i (g—q) — 2 ifl>q.

It is easy to verify that we have inequalities 0 < 7;—;_; < 2foralll € {1,....,m— (¢ —q)}.
Passing from I to I —{p, p+1} can be understood combinatorially by deleting the symbols
at positions p and p + 1 in the dot-cross sequence corresponding to I.

Ezample 1.24. Consider I = (1,3,4,5,6,7) as in Examplewith corresponding dot-cross
sequence @ X x e e @ o. If we choose p = 2, then ¢ — ¢ = 1 and the family I — {2,3} is
given by (1,2,3,4,5). For p =4 we have ¢ — ¢ = 2 and the family I — {4,5} is given by
(1,3,4,5). From the combinatorial point of view we have:

I—{2,3} =eceee I—{4,5} =ex Xxee.
Since p — 1,p+ 1 € {i1, ..., im }, it makes sense to define

Xrp:={(Fiy,.,F,)) €Y1 | Fpy1 = 271 Fp1}. (12)
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Lemma 1.25. The map Yrp: X1p = Y1_(p 1) given by the assignment

(Fi17 "'aFim) — (Filll7 ""Fi/' ) ) ,
m—(q'—q)

where

F-/, = {Elu Zfl S Q’ (13)
t zFiH(q_q> ifl >q.

s a well-defined surjection.

Proof. Let (Fj,,...,F;,,) € X1, be a flag and let

wI,p(F:L'17"'7F"L'm) — <Fi,’1""7Fi,, >

m—(g'—q)

be its image. By Lemma and Remark we have

dim <2Fil+(q’—q)> = dim (El+(q/—q)> -2 = il—l—(q’—q) — 2,

which implies dim(F},) = i) for every | € {1,...m — (¢ — ¢)} by the definition of
l
(i}, ...,i;ni(q,fq)) and . Thus the vector spaces of the flag ¥y ,(F,, ..., Fj,,) have the
right dimensions.
Notice that we have inclusions

’_ ) : =F
Zsz —F (ZFZH(q’w)) < ZFZl*H(q’f@ - Fiffl <14)

for every [ > g+ 1 and

ZF@-,; =zl C By, = Fz‘/;,l’ (15)
if [ < q. In particular, and together with
/ /
ZFif1+1 = zFiq,+1 C zFiq =F;, = Fi;l
show that there are inclusions zF}, C F, foreveryle {1,...m — (¢ —q)}.
1 -1
We omit the easy check that the flag (Fj,, ..., F;,,) € X1, given by
Fi/H lf l S q,
F;, = '
! z1F), if I > q,
1—(d'~q)
defines a preimage of (F,, ..., F}, ) under 1. Hence 1, is surjective. O
1 m—(a’—q)

Remark 1.26. In order to tie in with the notation introduced in Remark we will write
Xnp and 9y, ;, in the case of full flags.

The following lemma is a bit technical and not well-motivated at this point. In some
sense it shows that 17, respects the relations defining the irreducible components of
F l?ik’k. Reading the proofs of Lemma and Lemma where everything is a bit
more explicit, will probably be a great help for the reader in cherishing its generality and
power.
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Lemma 1.27. Let (F;,, ..., F;,,) € X1 be a flag and let is,,is, € {i1,....0m} — {p,p+ 1}

such that s1 < sa. If we define
Sj Zf Sj S q,
ry = , .
sj—(d' —q) ifs;>q,
for j = 1,2, then the following equivalence holds:

1/- .
o —5(1sy—15,+1
Fi,, == 2l i T

_ Yo
& F, =z 2"t
1

S1 T
Moreover, if is € {i1,...,im} — {p,p+ 1} and
s if s < g,
ri= ,
s=(¢—q) ifs>gq,

then there is an equivalence

F‘is — Fi571 =+ sSpan (6%(,5»5_’_&)) P F"{T — F‘Z(;.,l -+ Span <e%(z;+a)> 5

where « is an integer such that 15 + a is even and %(zs +a) < N.

Proof. The proof of equivalence is divided into three cases:
o If 51 < 59 < ¢, then we have r; = s; and

/ /
F,L'I :F’L/ :F:L'Sv
T S5

J

for j = 1,2. In particular, both sides of are exactly the same statements.

o If 51 < ¢ < ¢ < s9, then

(13)
and F, =F, 2F,
T2

3 lsg *
so—(d’'—q) 2

/
1

S1
Moreover, we have
A o o _2
Upy = Uy = Tgy_(qg—q) — sy = Usy — lsy .
Thus we only have to show

1,- .
Fi :z_5(152_151+1)F-

=2 (isy—is; +1)+1
o i, & zF, =zT2tmn F;

1sq

(16)

(17)

to prove . But this follows by applying z (respectively z=!) to the left (respec-

tively right) side of the equivalence.

e If ¢ < 51 < s9, then we have

for j =1,2 and

g i
T2 = tsa—(¢'—q) T Ysi—(d'—q)

Hence is the same statement as

& B = z_%(isfisl“)“F»

1/ .
=5 (lsg—tsy+1
Fi , = z 2( sg " lsy )F o ey

isy

which we already treated in the case above.

Qs —2— (i —2) =gy —ig,-
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In order to prove equivalence , two cases have to be considered.

o Ifiy, <p—1,ie. s <gq,thereisnothing to show because both sides of the equivalence
are the same statements similar to the first case in the proof of .

o If iy >p+1,ie. s> ¢, we have to show the equivalence

F,=F, +s an(e 4 ) & F) = F}, +span | e, /, ,
e ot P 3(is+a) s—(d'~a) Ys—(d/—a)—1 P %(zs,(q’*q)—’—a)
because r = s — (¢’ — q).

Now suppose the left hand side of holds. Since s — (¢’ —¢q) > ¢ in the case under
consideration, we obtain

/ _
Fi;,(q/,q) = 2F,, =z (F,;sf1 + span(e%(is+a)))
[23)
= 2F;, ,+=2 (Span(e%(iﬁa))) .

Since i;—(q’—q) =15 — 2 we obtain

z (span(e%(is+a))> = span(e%(is+a)_1)

and thus it remains to prove

ZFZ =
ot Ys(q/ )1

in order to deduce the right hand side of equivalence . If s > ¢’ + 1 this is an
immediate consequence of and if s = ¢’ + 1 we calculate

/ /
F, = F}, = F, = z2F,, = zF,

il s—17
s—(q'—q)—1 q

where we used the fact that (Fj,,...,F;,,) € X1, for the third equality. We leave

it to the reader to check that the right hand side of implies the left hand side
(simply apply 27! to the equation and argue similarly as above).

O

1.3.2 Review of the Springer fiber case

In the following we only consider the special case of full flags. We prove that ¢,, maps the
irreducible component K, C FI" ¥ corresponding to the cup diagram a € B" ** to the
set T, C (P')" (cf. Proposition below) defined by

To:={(l1,....In) € (Sz)n | I =1; if (i,7) € a and I; = span(e) if (i) € a}.
For a fixed cup diagram a € B"®* with k& > 1 there always exists p € {1,....,n — 1}

such that the dots p and p + 1 are connected by an arc in a. Removing this arc yields a
new cup diagram in B"~*~1*~1 which we denote by a — {p,p + 1}.

18



Corresponding to the choice of p consider the set
Xnp i ={(F1,. ) €Yy | Fpy1 = 27 'Fp 1}
and the map v, ,: X, , — Y,_2 given by
(F1yoo F) = (F1, ooy Fpot, 2F 4, .., 2Fy)
as introduced in and Lemma The following lemma generalizes [Weh09, Lemma
3.2] from the equal-row case to the general two-row case.

Lemma 1.28. There is an equality of sets:

Ko =n (Ko (ppi1})-

Proof. By assumption there is an arc in a connecting the dots p and p + 1. Hence the
equality F,y1 = 271F,_; holds for every (Fi,...,F,) € K, by Lemma and K, is
contained in X, .

Since K, = @b;;,(Ka,{m,H}) is equivalent to the statement

(Fl, ...,Fn) e K, = wn,p(Fly ,Fn) S Kaf{p,erl}’

we have to prove that a flag (F1,..., F},) € X, , satisfies the conditions of Lemma m
for the cup diagram a, if and only if the flag (F7, ..., F] _,) satisfies the conditions of the
lemma for a — {p,p + 1}. Being totally explicit, it remains to show the equivalence

1 1
F82 = 2_5(52_51+1)F81 = F’,{z — 2_5(7”2—7‘14‘1)17/

719

where
sj it s; <p-—1,
’I“j = X
s;—2 ifs; >p—1,

for 7 = 1,2 and the equivalence

_ A ] }
Fy = F,_1+span <e%(s+pa(8))) & F.=1F,_{+span (e%(ﬂrpa,{p,p“}(r))) .

s ifs<p-—1,
ri=
s—2 ifs>p—1.

where

The reader easily sees that this is just the statement of Lemma [[.27] (with a = pa(s) =
Pa—{pp+1}(r)) in the special case considered here. O

In the following lemma we recall results contained in [CKO08| Theorem 2.1], [Weh09,
Lemma 2.4].

Lemma 1.29. The homeomorphism ¢, maps X, , to the set

App = A{(, s ln) € (P [ lp1 = 15}

and the following diagram commutes:

Pn,
Xn,p - Yn—?
(bnxn,plg %l¢n2
Anp ——— (P12

f"vP‘An,p

where fnp: (P1)™ — (PY)"=2 is the map which forgets the coordinates p and p + 1.
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Before we can prove the lemma we have to introduce some more linear algebra. The
following result was first proved in [Weh09, Lemma 2.2].

Lemma 1.30. Let U C C?V be a z-stable subspace such that ker(z) C U C im(z). Then
2 maps 27 YU N U~ isomorphically to U N (2U)*, and the following diagram commutes:

ZlUNUL z Un(zU)*+

=2

(CQ

Proof. In order to see that z actually maps elements in z~'UNU to elements of UN(2U)*,
notice that for v € 21U N U~ we clearly have z(v) € U (because in particular v € z~1U).
For the proof that z(v) € (2U)* pick any u € U and write

v =v1+ ..+ UN, U=uy +...+uyn
with vj,u; € span(ej, f;). Since span(es, f1) = ker(z) C U by assumption and v € Ut we

deduce that vy = 0. It is easy to see that z : span(e;, f;) — span(ej—1, fj—1) is unitary for
j = 2. Thus one gets

N N
(zv, zu) = Z(zvi,zui> = Z(vi,uﬁ = (v,u) =0,
=2 =2

which proves zv € (2U)*.

To check the commutativity of the diagram let v € z~'U N UL and decompose v =
v2 + ... + vn with v; € span(e;, f;) as above. One easily checks that C(vj) = C(zv;) for
all j > 2 and hence obtains

Our assumptions together with Lemma [1.16{ imply that C: z~'U N U+ — C? is an
isomorphism and so z: z~'U N U+ — U N (2U)* must be injective by the commutativity
of the diagram. By Lemma we have

dim(U) = 2 + dim(zU). (19)

Basic linear algebra tells us that U N (2U)+ = U/zU and hence U N (2U)* is two-
dimensional by and thus z: 27U NU+ — U N (2U)* is an isomorphism. O

Corollary 1.31. Let U c U’ € C*V be two subspaces such that dim U’ = dimU + 1 and
ker(z) C U C im(z). If U is z-stable and zU’ C U, then

CU'NUL) =CRUNU)Y).
Proof. By our assumptions we can apply Lemma to U and obtain an isomorphism
22 lUnUt S Un (zU)*.

Notice that the inclusion 2U’ C U together with the assumption on the dimension on U’
imply that U’ N U+ c 27U N U*' is a one-dimensional subspace. The same is true for
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2U' N (2U) € Un (2U)*. Moreover, it is easy to see that for every v € U' N UL we
have zv € 2U’ N (2U)* which implies 2(U'NUL) = 2U’' N (2U)* by the above dimensional
considerations. Hence, one obtains the desired equality

CU'NUY) =C=U'NnUL) =CEU N (U)),
because C(v) = C(z(v)) for all v € z7'U N U+ by Lemmam O

Proof (Lemma[1.29). Let (Fi, ..., F,) € Xy, be a flag. Both vector spaces Fj,41 ﬁFpL and
EF,N FP{I are contained in z_le_l N Fp{1 and they are clearly orthogonal. By Lemma

the map
C: z_le_l N Fpl_l = c?

is a unitary isomorphism. Hence we deduce that the images l,11 = C(Fpi1 N FpL) and
l,=C(F,N Fpi_l) are orthogonal.
In order to check the commutativity of the square we calculate

fmp (d)n(Fla aFn)) = fn,p (C(Fl N FOJ_)7C(F2 N Flj_)ﬁ "'vC(Fn N F#—l))

= (1 ooy ln2) € (P1)"72,

where
C(F;NF:- if j < p,
LS ) s )
C(Fj2 0 Fj+1) if j = p.
On the other hand one gets
¢n72 (¢n,p(F17 sy Fn)) = ¢n72 (Fla ceey prla ZFp+27 ceey ZFn)
= (lhs sy o) € (B)",
where
y_ JOEN Fit)) if j <p, (21)
’ C(zFjpa N (zFj1)h) if j > p.

Notice that in the case j = p we inserted the equality F,+1 = 271F,_1 to obtain the above
result.
Comparing and , we see that it suffices to prove that

C(Fjya N Fihy) = C(zFj42 N (2Fj11)T)

for all 7 > p to complete the argument. But this follows from Corollary by setting
U := Fj;1 and U’ := Fj9, because

ker(z) = 271(0) C 27 F,_1 = Fpy1 C Fj1

and Fj;1 C im(z) by increasing N if necessary (all the other hypotheses of the lemma are
obviously satisfied). O

Proposition 1.32. There is an equality of sets:
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Proof. Let n > 1 and consider the Springer fiber FI™". This variety has one irreducible
component corresponding to the matching consisting of n rays and no arcs. The relations
of Proposition [1.22] imply that this irreducible component consists of precisely one flag,
namely
(span(eq),span(eq, €2), ..., span(eq, ..., €,)) .
Now it is easy to check that ¢, maps this flag to (span(e), ..., span(e)) € (P')
Notice also that by Lemma we obtain the claim for Fib!.
For the general case we proceed by induction, assuming that the claim of the proposition
is true for the irreducible components of FI"*~Lk=1 Let a € B"%* be a cup diagram
and fix an arc connecting dots p and p + 1. By Lemma there is an equality of maps

n

¢nap © ¢7‘L—2 - fnvp’An,p o ¢n‘X'n,P'

In particular, we have an equality of sets

Ol X0y Unp (Ko (ppi1})) = fn,pui,p (Pn—2(Ka—fppr1})) -

Applying Lemma [I.28] and the induction hypothesis to this equality yields

bnlx,, (Ka) = fn7p|;x,11,p (Ta—tp.p+13)-
But we clearly have
fn,pu,ll,p (Totpp+1y) = Ta,
which finishes the proof. O

1.3.3 Extension to Spaltenstein varieties

Let I = (i1,...,4m) be admissible and let i, be an integer in the sequence such that
ip —ip—1 = 2, i.e. there is a cross at 7, and 7, — 1 in the dot-cross sequence. By Lemma
we obtain a well-defined map v¢y;,1: X7;,-1 — YI—{z‘p—l,z‘p} given by

(Fiyy -, Fi,)) — (El, o By 2F, ...,zﬂm) .
Lemma 1.33. The following diagram commutes:
Yrip—1
X1ip—1 . Yi (ip—1,)
¢1|X%\14 ) *AM@}

Proof. Let (Fy,...,F;,,) € X1;,-1 be a flag and let (i}, ...,4j,,,_,) be the subsequence of
I consisting of all entries where 7;, — 1 = i;,_1. Then we have

Gr—{iy—1,ip} © Vip—1 (Firs oo Fi)) = b1-giy—1,y (Fiyy ooy Fip 1 2F5, 4y 5 ooy 285,

- (l17 ---7l2m—n) S (P1)2m_n7

where
) L if 5 _
ls — C(Ejs N P’ij571) N lf j-S S p 17 (22)
C(zFy, N(zF;,_,)7) ifjs>p+1.
The same argument as in the proof of Lemma [1.29| shows that
C(zF;, N (ZFijrl)L) = C(Fy, N (Fijrl)L)’
for js > p+ 1 and hence we have ¢I’X1,ip_1 = OI—{ip—1,ip} © VLip—1- O
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Lemma 1.34. There is an equality of sets:
-1
Ka = /IZ)I7ip_1 (K‘l_{ip_laip}) .

Proof. Since there is an invisible arc in a connecting the crosses at positions i, — 1 and
ip in the dot cross sequence corresponding to I, we have F; = 27 E; for every flag
(Fi17 ...,Fim) € K, and thus K, C X_[7ip_]_.

Similar to the proof of Lemmait remains to prove that a flag (F;,, ..., F;,,) € X1;,-1
satisfies the conditions of Lemma [I.22] for the cup diagram a, if and only if the flag
(Fi/i’ s Fi’,m 1) satisfies the conditions of the lemma for @ — {i, — 1,4,}. More explicitly,

p—1

we have to show the equivalence

_ = E(isy—is; +1)
Fi32 =z 2V%2 781 FZ'31

1/ -/
= Fi/’ = 27§(ZT272T1+1)F{/ ,
7'2 7'1

where
55 if s, <p-—1,
ri=
! Sj—l iij >p,

for j = 1,2, and the equivalence

— L. / /
Fi, = Fi,_, +span (%(mpa(is))) & By = span (eé(i4.+paf{ip71,i,,}<z‘;>))-

where

S ifs<p-—1,
ri=
s—1 ifs>p.

The reader easily sees that this is just the statement of Lemma (with a = pa(is) =
pa_{ip_17ip}(i;)) in the special case considered here. O

Proposition 1.35. There is an equality of sets:

¢I(Ka) = Ta,.y-

Proof. We induct on the number of indices in [ satisfying i; —4;_1 = 2. If 4y —4;_1 = 1 for
all 1 € {1,...,m} the claim was proved in Proposition [L.32]

Now let a € B’Il*k’k be a cup diagram and let i, be an index such that 7, —i,_1 = 2.
Then we have

(L.34) _ .
o1(Kq) ¢r <¢1,Z-1p_1 (Ka—{ip—l,ip})> = dr—qip—1,i,t (Ka—fip—1.0,1) »

and by the induction hypothesis we have

<Z5I—{z',,—1,ip} (Ka—{ip—l,ip}) =Toeq-

1.4 Gluing the irreducible components

In this section we finalize the proof of Theorem The essential ingredient will be the

~

construction of a homeomorphism o,y : (Pl)szn — (SZ)men such that the composi-
tion ) )
Y[ ¢_1> (]P)l) m—n Y2m-—n (SQ) m—n

23



maps the irreducible component K, to the set S, as defined at the end of section [1.1
Consider the stereographic projection o: S*\{p} — C and its analog for projective space

0: P\ {span(e)} — C, span(ae + Bf) — %.

We can use o and 6 to define a homeomorphism ® : P — S? by

o1 (0 (span(ae + Bf))) if span(ae + Bf) # span(e),

span(ae + B f) — {p — (0,0,1) if span(ae + Bf) = span(e).

This induces a homeomorphism &, : (Pl)n — (SQ)n on the n-fold products by setting
D, (1, s ln) = (P(l1), ..., P(ln)) .
Moreover, define an involutive homeomorphism I, : (SQ)H — (82)n by
(1, .oy Tp) = (—21, T2, —T3, ..., (—1)"xy)
and set 7y, := I, 0 ,.
Proposition 1.36. There is an equality of sets v, (T,) = S, for every a € B FF,

Proof. From the definition of ®,, it is easy to see that ®,(7T;) consists of precisely those
elements which satisfy the conditions

o z; = —u; if (i,7) is a pair in a
o z; =pif (i) is a ray

Notice that if the dots 7 and j are connected by an arc, then either i is odd and j even or ¢
is even and j is odd. Hence I,(®,,(T})) is the set of elements (z1, ...,z,) € (S?)" satisfying

o z; =x;if (4,j) isa pairin a
o 1; = (—1)p if (i) is a ray
which shows 7, (T,) = I, (Pn(Ks)) = Sa- O

Proof (Theorem . We can write the (n — k, k)-Spaltenstein variety of type I as the
union of its irreducible components

Fip = | K.
aEB}lik’k
and view it is a subvariety of Y7. Pushing this union through the homeomorphism
Y] ﬂ) (P1)2mfn Y2m—n (82)2m7n

yields

oot FEN = 1 a1 B) B2 o (o)

(JLEB;H’C’IC aEB?ik’k
(1.36)
- U Sared7
aEB?_k’k
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and hence we obtain the desired homeomorphism

Fptte ) Su

n—k,k
a€B;

O]

Example 1.37. Let I = (1,3,4,6,7) and consider FI7 where x is of Jordan type (4,3).
Then the dot-cross sequence of I is given by e x x @ x x e and the set B}l’?’ consists of the
following cup diagrams:

e X X e X X e e X X e X X e

If we delete the crosses we obtain the following reduced diagrams:

v N\

Qred = breq =

Thus the Spaltenstein variety FI7 is homeomorphic the union of the following two sets:

Sures = {(z,2,—p) | v € 8%}  (5?)° Sy = {(=p,2,7) | 2 € %} C (7).
Each of these submanifolds is homeomorphic to a two-sphere and their intersection is given
by Sa,eq N Sbey = {(—P, —P, —P)}. Thus, topologically, the Spaltenstein variety ]-'l}l’?’ is a
wedge of two spheres:

2 A 2d TQFT via Spaltenstein varieties

The following material is at the heart of this work. After discussing the combinatorics
of tangle and circle diagrams in the first subsection we use these diagrams to define sub-
varieties inside a finite product of Spaltenstein varieties in the second subsection. If two
diagrams are related by a certain graphical operation called local surgery, then the corre-
sponding varieties are related by an inclusion map, i.e. one of them sits inside the other
one. Finally, in the last subsection, we compute the pullback and pushforward of these
inclusions in cohomology and relate them to the TQFT associated with the ring of dual
numbers equipped with a Frobenius algebra structure. The obtained results provide the
basis for the geometric constructions and applications in the third part of this work.

2.1 Combinatorics of tangle and circle diagrams

We begin by extending our combinatorial tool kit, introduce cap diagrams and explain how
to combine them with cup diagrams in order to get tangle and circle diagrams. Similar
combinatorial structures also occur in the work of Brundan and Stroppel [BS10,BS11].
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Let us remark right from the beginning that whenever we draw cup, cap, tangle and
circle diagrams we think of these as means of visualizing combinatorial structures. In
particular, we do not distinguish between diagrams related by a planar isotopy leaving the
dot-cross sequences in the diagrams fixed.

In the following I = (i1,...,%y) and I’ = (¢},...,7 ,) are admissible sequences with
highest integer n and n' respectively, i.e. i,, = n and i/ , =n'. We say that the sequences
I and I’ have length m and length m/, respectively.

Definition 2.1. Let a € B?ik’k be a cup diagram. Then we obtain the corresponding
cap diagram @ by reflecting the diagram a in the horizontal line containing the dots and
crosses.

Ezample 2.2. The diagram on the right side is the cap diagram corresponding to the cup
diagram on the left:

e X X e e o o

| e TN
M

e X X o o o o
Notice that the order of the symbols in a dot-cross sequence induces an order on the rays
. . . . . n—k,k
of a cup diagram on this dot-cross sequence. In particular, if two cup diagrams a € B; ,

be B?,Lk/’kl have the same number of rays, i.e. the equality n — 2k = n’ — 2k’ holds, then
there is a unique order-preserving bijection between the rays in the two diagrams.

Definition 2.3. Let a € B?_k’k, b e B?,,_k,’k/ be two cup diagrams having the same

number of rays. Then we define a new diagram ba by placing the cup diagram b on top of
the cap diagram @ (with both dot-cross sequences left-aligned) and connect the loose ends
of the rays in b with the ones in @ pairwise according to the order-preserving bijection.
The resulting diagram ba can be drawn in the plane without crossings and it is called a
(combinatorial) tangle diagram of type (I,I'). The glued pairs of rays are referred to as
the strands of the tangle diagram.

Ezample 2.4. The following picture shows the process of building a combinatorial tangle
diagram from two given cup diagrams as explained in Definition [2.3}

e o X X L]

e o o ¢ X X e e o X X e
Y reflect first diagram \/
R O NN,
\/ \/ and glue rays /\

e o o [ ] X X o

The rays in the two cup diagrams are glued at their endpoints to obtain the strand
connecting the third dot on the bottom with the first dot on top.

Definition 2.5. Let a € B}%k’k, b e B?ik/’k/ be cup diagrams. We define ba to be the
diagram obtained by sticking the cap diagram b on top of the cup diagram a, i.e. we glue
the two diagrams along their common dot-cross sequence (respecting the ordering of the
sequence). This diagram is called a circle diagram of type I.

Remark 2.6. The term “circle diagram” might be a bit deceiving because in general circle
diagrams consist of both circles and line segments (cf. the following example). A circle
diagram does not contain any line segments if and only if the two cup diagrams involved
in its construction do not contain any rays.
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Ezample 2.7. Here is an example illustrating the gluing process of a cup and cap diagram
in order to obtain a circle diagram:

e X X o o 0 @ e X X o o o @ /\ ‘ ‘ ‘
\\/ \V reflect second diagram

\_/ e e X X o o o o

and glue \\/ U

The resulting diagram consists of one circle and two line segments.

Once we know how to stick cup diagrams on top of cap diagrams and vice versa we can
easily construct more complicated diagrams by iterating the gluing process explained in
Definition and Definition

For the remaining subsection we fix a collection I1,...,Is; of at least two admissible
sequences. Let mqi,ma, ..., ms be the respective lengths of the admissible sequences and
ni,...,ns denote the respective heighest integers.

Definition 2.8. Let b;a; be a combinatorial tangle diagrams of type (I;, [;1+1) for every
i€{l,...,s—1}. Using the gluing procedure from Definition we can define a diagram

bs_10s—_1 ...boagb1ar

called a (combinatorial) tangle diagram of type (I1,...,1Is). The set of all combinatorial
tangle diagrams of type (I1,...,Is) is denoted by T (I, ..., I5).

Notice that for s = 2 the set 7 (I1, I2) consists of the diagrams from Definiton

Definition 2.9. Let bs_1a5_1...beazbyar € T([1,...,1s) be a combinatorial tangle dia-

n

gram and let a € Bll_kl’kl,b € st_ks’ks be cup diagrams. Then we can glue a to the

_ 1
bottom of ¢ and b onto the top to obtain a diagram

bta = Ebsflasfl ...boagbiata

called a circle diagram of type (I1, ..., Is). The set of all circle diagrams of type (I3, ..., Is)
is denoted by C(Iy,...,Is). We write C(I) for the set of all circle diagrams of type I as in
Definition 2.5

Remark 2.10. As always, if I; is a sequence consisting of all integers between 1 and n; we
will use the short notation 7(...,n;,...), respectively C(...,n;,...), instead of writing
down the whole admissible sequence.

Ezample 2.11. The diagram depicted on the left is a combinatorial tangle diagram in
7((1,3,4,5),5,(2,3,5,6,7)) and on the right we have a circle diagram in C(8, (2, 3,4, 5,6)):

X X @ X X e e /\
\/ o\
X X e o e @
/AN v
/N /
e ©e e o o
N4 o NN
e © o o o o o o
W Y

2
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Remark 2.12. When we refer to the symbol (o, ) in a tangle or circle diagram, we mean
the S-th symbol (counted from left to right) in the a-th dot cross sequence (counted from
bottom to top). We think of the pairs of integers as being ordered lexicographically (the
order in the first and second component comes from the canonical order of the natural
numbers). By identifying the symbols with pairs of integers we obtain a total order on the
set of all symbols in a tangle or circle diagram. This will be useful at the end of subsection

The following subset of T (I, ..., Is) plays an important role in the next subsection (cf.

Definition and Remark [2.23)):

Definition 2.13. Define T([i,...I5) to be the set consisting of all tangle diagrams ¢ €
T(I,...,1Is) which satisfy the following property: Whenever there is a strand in ¢ con-
necting the dots (o, 3) and (a + 1,3), it follows that 8 = [, i.e. every strand in ¢ is
vertical.

Ezample 2.14. Here is an example of a tangle diagram contained in T((2,3,5,6,7,8), 8):

X X e X X e e o

The tangle diagram from Example provides a non-example because it is clearly not
contained in the subset T((1,3,4,5),5,(2,3,5,6,7)).

Notice that we can easily extend the reduction operation for cup diagrams as introduced
in the first section to tangle and circle diagrams:

Definition 2.15. Given a tangle diagram ¢ = bs_1a5_1...bya; € T(I1,...,1Is) we define
a reduced diagram t,eq by setting

tred = (bs—l)red(as—l)red cee (bl)red(al)reda

where, on the right side, the subscript “red” refers to the reduction of cup diagrams from
Definition Thus we obtain a reduction map

red: T(I1,...,I5) = T(2m1 —nq,...,2mg — ng)

by sending a tangle diagram to its reduced diagram.
Similarly, given a circle diagram bta € C(Ii,...,I), where t = by 1G5 71...bja; €
T(L,...,Is),ac le_kl’kl and b € B?j_ks’ks, we define

(Bta)red = bred(bs—l)red(as—l)red e (bl)red(al)redared
and thus we also have a map
red: C(I1,...,Is) = C(2m1 —ny,...,2ms — ng).

For the simple circle diagrams ba € C(I) as in Definition where I is an admissible
sequence, we set (ba)red := bredGred-
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Remark 2.16. Let t € T(I1,...,Is) be a tangle diagram. Suppose there is an arc in ¢
connecting the dots (o, 8) and (a, 8'). Then there is a corresponding arc in t,eq connecting
the dots («,v) and («,~’), where the number v (respectively 7) is the difference of
(respectively 8') and the number of crosses which are left of 3 (respectively ') in the
dot-cross sequence associated to I,. This defines a canonical bijection between the arcs in
t and the arcs in t,eq (excluding of course all invisible arcs). Similarly, given a strand in ¢
connecting the dots (o, 8) and (a+1, 8’), there is a corresponding strand in t,eq connecting
the dots (a,v) and («a + 1,7"), where v and 4’ can be calculated as in the case of arcs.
Again, this defines a canonical bijection between the strands in ¢ and the strands in t,eq.
Obviously, all these notions still make sense if we replace the tangle diagram by a circle
diagram. We will come back to this in the proof of Proposition [2.:26

Ezample 2.17. The following picture shows the reduction operation applied to the tangle
diagram from Example

X X e X X e e e o o
Y Y
m reduce diagram ﬁ\\
t= e o o o o PSP tred= ©® © © @ @
N\ Y
e X X e @ e o o

The resulting diagram is an element of 7 (3,5,3). The cup connecting the dots (3,6) and
(3,6) in t corresponds (in the sense of Remark to the cup connecting the dots (3,2)
and (3,3) in t.eq and the strand from (1,4) to (2,2) in ¢ corresponds to the strand from
(1,2) to (2,2) in tred.

Definition 2.18. Let t = bs_1a5_1...bia; € T([3,...,Is) be a tangle diagram and fix
a € {l,...,s —1}. Suppose there is an outermost arc in the cup diagram a, connecting
the dots at positions § and 3’ as well as an outermost arc in b, connecting the dots v and
v such that p,,(8) = pp,(7), i.e. the number of rays left of 3 in a, equals the number
of rays left of + in b, (cf. Definition . So locally (using the indexing convention of
Remark the tangle diagram ¢ looks as follows:

(a+1,y) (a+1,9")
[ ] e )

~_ -

27N

(c,8) (a,8")

The assumption pg,(8) = pp,(7) guarantees that there is neither a strand connecting
a dot left of (,3) with a dot right of (v + 1,7’) nor a strand connecting a dot left of
(v + 1,7) with a dot right of («,8"). In particular, we can perform the following local
surgery operation

Cut arcs in the
/\ mlddle and glue
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i.e. we cut the two arcs in the middle and reglue the resulting rays to obtain two strands.
The rest of the diagram remains unchanged. In particular, by the assumption p,,(8) =
P, (77), the result of this surgery operation is again an element in 7 (I1, ..., I5).

Remark 2.19. Given a tangle diagram from the set T(Iy, ..., ;) a local surgery will often
result in a diagram which is not contained in T(Iy,. .., I5) because a non-vertical strand is
created. However, if we restrict to surgeries along cups which are opposite of each other,
i.e. one cup connects the dots («, 3) and («, ') while the other one connects the dots
(a+1,0) and (a + 1, ), then this problem does not occur.

Ezample 2.20. The following picture shows a concrete example of a local surgery. For the
reader’s convenience the arcs and strands involved in the surgery are doubled:

[ ] [} [ ] e o X X o o [} [} [ ] [} [}
A\ N\
perform surgery
e X X @ . e X X e @

2.2 Varieties and manifolds associated with tangle diagrams

In the following we use the combinatorics of tangle and circle diagrams from the last
subsection to define subvarieties inside a finite product of Spaltenstein varieties. We also
provide a topological model which is related to these varieties by a homeomorphism (cf.
Proposition . Moreover, the relationship between varieties associated to diagrams
which differ by a local surgery is examined in Proposition [2.35

Throughout this subsection we fix the following data: As in the previous subsection let
Ii,...,I; be a family of admissible sequences. This time we additionally assume that all
sequences have the same heighest integer n which is supposed to be even, i.e. we have
n = 2k for some positive integer k. Let mqi,mo, ..., ms denote the respective lengths of
the admissible sequences I, ..., Is. Independent of these data we also consider a collection
of even positive integers ni,...,ng, i.e. n; = 2k; for every i € {1,...,s}.

Let N > max (mq,...,ms) be a large integer. Then we can consider the smooth projec-
tive varieties Y7, , ..., Y7, of partial flags inside C?V (we use the same N for every variety)
fixed by the nilpotent operator z: C2N — C2V as defined in subsection At this
point the reader is advised to also recall the definition of the map C': C2V — C? and the
hermitian products on the source and target space (cf. the beginning of subsection .
Notice that we obtain an embedding

}"l’;l’k X ... X }"l’;;k CYr x..xYyp,

by using the identification from subsection _ for every factor of the product. For
the rest of this section we write F. l’;’k X .. X f l * for this embedded product of Spaltenstein
varieties. For an s-tuple of flags F' € F l X F lk " we use the notation F, g to denote
the B-dimensional vector space in the a- th ﬂag of F

Since all the vector spaces F,, g are subspaces of the same vector space C2V it is possible
to define relations between vector spaces in different flags of the s-tuple F', too. Relations
which produce interesting subvarieties of F l’;lk X...xXF l];sk are encoded in the combinatorics
of tangle and circle diagrams.

Definition 2.21. Let t € T(I1,...,Is) be a tangle diagram. Given two cup diagrams
a € Bi’k, be BZ’k, we assign a subvariety

K (t)a C FIFF x oo x FITE
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to these data as follows: By definition K (t), consists of precisely those s-tuples of flags
Fe ]-"l];l’k X ... X ]-"llfs’k which satisfy the relations:

(R1) Fop = z*%(ﬁlfﬁﬂ)Faﬁ_l, if the symbols at position (o, 8) and (a, 8'), 8 > B,
are connected by a (possibly invisible) arc in the circle diagram bta,

(R2) Fup = Fut1,, if the dots at positions (a, 3) and (a + 1, 3) are connected by a
vertical strand in bta.

Ezample 2.22. Consider the tangle diagram

X X e e

t = € T(4,(2,3,4))

together with the following two cup diagrams:

a— o o o e C B22 b= X X e e 6322’234
v v v (77)

Then the subvariety ,K (1), consists of all flags
(Fi1, Fro, Fi3, Fi4), (Fao, Fa3, Foy)) € FI*? x ]:l?é?3,4)
satisfying the conditions
Fia=2"10) Fizg=Fs Fia=F, Fy=z"'0)
imposed by the diagram ¢ as well as the additional relations
[Filo=2"50)] Fia=z"'Fi2) [F2=210)] IFa=2z1(Fo)

coming from the diagrams a and b (the relations in brackets are redundant). All in all, we
have

oK (t)a = { (FL1,271(0), Fig,27%(0)) , (271(0), Fug, 27 2(0) } © FI32 x FUG -

Remark 2.23. We would like to point out that Definition does not extend to arbitrary
diagrams in T ([y,. .., Is), i.e. the restriction to tangle diagrams from the set T([1, ..., Iy)
is necessary. In order to illustrate this consider the following diagram:

e O o o
v
t= € T(4,4)
M\

Since there is a strand connecting the fourth dot on the bottom with the second dot on the
top the strand relation (R2) would tell us to make the identification Fj 4 = Fb 9 in order
to obtain the variety , K (t), (for some fixed cup diagrams a € B>2, b € B*2). Obviously,
this is nonsense because dim Fj 4 # dim Fy 5.
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However, tangle diagrams with non-vertical strands will become extremely important
in subsections [3.2] and Hence, it is desirable to be able to assign varieties to these
diagrams, too. There seem to be several possible solutions to this problem, e.g. one might
try to alter relation (R2) and replace it with a more complicated one which makes sense
for non-vertical strands, too. Our idea is to keep the simple relation and instead introduce
crosses (playing the role of “placeholders”) in the combinatorics which make the strands
vertical, e.g. in the case of the above diagram we would make the replacement

e o o o [ ] X X [ ] [ ] [}
A4 A\
insert crosses making
the strands vertical
/N N\
e o o o e o o o X X

and work with the right diagram instead of the left one. In the geometric world the
introduction of crosses in the combinatorics corresponds to passing from Springer fibers
to Spaltenstein varieties.

We can extend the topological model of Spaltenstein varieties from the first part of
this work to an easy topological model of the varieties from Definition One of the
advantages of working in the topological setting is that the issues explained in Remark
[2:23] above do not occur, i.e. it is possible to define manifolds inside a finite product of
topological Springer fibers for diagrams with non-vertical strands by only making simple
coordinate identifications.

Definition 2.24. Given a tangle diagram ¢ € T (ni,...,ns) and cup diagrams a €
BFukLp ¢ BFsks we define a manifold ,S(t), € SF* x ... x SksFs as the set of all
elements

((3}‘171, ... ,l‘l’nl), ceey (l’s,l, ... 7$s,ns)) c Skl’kl X ... X Sks’ks

satisfying the coordinate equations

(R1’) x4 = xq,p, if the dots at position (o, 8) and («, §’) are connected by an arc in
Bta,

(R2’) 24 = Tay1,p, if the dots at positions (o, 8) and (o +1, B') are connected by a
strand in bta.

Ezample 2.25. Consider the following combinatorial tangle diagram

t= €T(4,2)

/M

which is turned into a circle diagram by closing it up on top and bottom with the diagrams

a= o o o o C B22 b= e e c BLL
A\ A\ A\

respectively. Thus the manifold ,S(t), consists of all elements

(11,712,713, 71.4), (T21,7229)) € S>? x SH
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satisfying the relations
Tyl =2Ti2  T13 =221 T14 = T22
(coming from the arcs and rays in ¢) and
[T10 =x12] X13=x14 To1 =22
(coming from the diagrams a and b). Thus we have
bS(t)a = ((z,2,,9), (y,y)) C S x SH.

The next goal is to prove that the varieties from Definition [2.21] are related to the
manifolds from Deﬁnitionvia a homeomorphism (cf. Propositionbelow), thereby
justifying the term “topological model”.

Notice that we obtain a homeomorphism

Yy, X .. X Y], O X0n, (P1)2m1_n X .o X (}P’l)2ms_n (23)

as the product of the homeomorphisms from Corollary and a homeomorphism

(]P)l)2m17n X % (]P)l)QmeTL Y2mq—n X XV2mg—n (Sg)2m17n X X (SQ)Qmsfn (24)

as the product of maps defined in subsection In the following, we will write ¢, .

for the map and Y2, —n,... 2m,—n for the map .
It follows immediately from Theorem [I.15] that the composition

Vomi—n,...2me—n © G111, = (V2mi—n © O1) X (V2ma—n © @1,) X ... X (V2me—n © O1,)

restricts to a homeomorphism
FIPF x L ox FIPF = smizhmik oy gme—hima=k, (25)

Our task is to identify the image of the varieties , K (t), C fllfl’k X oo X }"l];;k from
Definition under this homeomorphism.

Proposition 2.26. Let t = bs_1a5_1...b1a; € T(I1,...,Is) be a tangle diagram. Then
the homeomorphism restricts to a homeomorphism

1w

Yomi—n,...,.2ms—n © ¢I1,..-Js |bK(t)a : bK(t)a bredS(tred)ared
for every choice of cup diagrams a € Blfl’k, be Bik

Proof. Let us fix a s-tuple of flags F' € , K (t), C flllfl’k X ... X ]-"lﬁk satisfying the relations
(R1) and (R2) with respect to the diagram bta and let

X = ((1'1,17 ce. 7$1,2m1—n)7 ceey (x5,17 <. 7xs,2ms—n)) = Y2myi—n,....2ms—n © (bll,...,ls (F)

denote its image. In order to prove x € S (tred)a,q We have to fhow that this element
satisfies the relations (R1’) and (R2’) imposed by the diagram (bta)yeq.
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e Suppose there is an arc in (bta).eq connecting the dots (o, y) and (,7’). Then there

is a corresponding arc in bta connecting the dots (a, ) and (a, ') (cf. Remark
2.16]). Since Fl];;k is the union of its irreducible components there exists a cup

diagram c € Bl;ak such that the a-th flag of our fixed s-tuple lies in the component
K.. The assumed relations imply that we can choose a ¢ which has an arc connecting
the dots 3 and /. In particular, we have

F e fllfl’k X . X ]-"l];i’]jl x K, x fl];i’fl X oo X ]-"l’;s’k
and by Theorem it follows that

x € §mhmi—k w8 % . x §MsThms—k

Cred

Since there is an arc in ¢eq connecting the dots v and +' the definition of S,
immediately implies the equality x4~ = %4, i.¢ relation (R1’) for the arc under
consideration.

Next, assume that there is a strand in (bta).eq connecting the dot («,~y) with the dot
(a+1,7"). Then there is a corresponding vertical strand in bta connecting the dots
(a, B) and (a + 1, 3), i.e. we have F, g = F,11 g for the respective vector spaces in
the s-tuple of flags F' by (R2).

We claim that we also have an equality F, g1 = Foy15-1. In order to see this
consider an outermost sequence of (possibly invisible) arcs in the cup diagrams a,
and b, between the ray starting at position 8 and the preceding ray, say at position
B’ (since t = bs_1a5-1...ba; € T(I4,...,Is) all the rays in a, and b, start at the
same positions). Thus, locally the tangle diagram t looks as follows:

(a+1,8") 5 : (a+1,8)

[ ] e ... o e ... & X X [ ]

N
[ ] .o. ... ./...\. [

(a,") ; : (o)

By inductively inserting all the relations (R1) for the outermost arcs (similar as in
the proof of Lemma |1.22)) and by using the equality Fi, 3 = F,41 3 (coming from
relation (R2)) it follows that

Fop-1= Zﬁ%(ﬁfﬁlfl)Fa,ﬂ’ = Zﬁ%(ﬁfﬁlfl)FaHﬂ’ = Fat1,8-1

which is what we claimed.

Now the equations Fi, g1 = Foy13-1 and F,, g = F,11 g together obviously imply
O(Fa,ﬁ N Fa%,é’—l) = C(Fa+1,5 n Fozl—i-l,,é’—l)? (26)

where C': C?Y — C? is the map introduced at the beginning of subsection By
the definition of the homeomorphism ¢y, . 7, this equality is equivalent to saying

¢Ila~~~7[s (F)a,'y = ¢Ilz~~~7ls (F)a+17'y’ ’



where the subscript «, vy picks out the respective component, i.e. the one correspond-
ing to the v-th P! in the a-th factor of the product (P)2™177 x ... x (P!)2ms—n,
Finally, recall that the map Yo, —n,... 2m.—n first identifies ¢, . 1, (F)o[’,y € P! with

a point on the sphere S? which is then sent to itself if v is even and to its antipode
if v is odd. Hence, it follows that

Y2mi—n,....2ms—n © <Z>11,...,IS (F)a,'y = Y2mi—n,....2ms—n © (bh,...,ls (F>a+177/

because v and 7/ are easily seen to be either both even or both odd.

This proves o,y = Ta41,y, i.. relation (R2’) for the strand under consideration.
All in all, we thus have an inclusion
727”1_”7---727”3_77/ © ¢Il7~'~715 (bK(t)a) C bredS(tred)ared‘ (27)

In order to complete the argument let F' € ]-"l’;l’k X .. X ]-"ll;s’k be a s-tuple of flags (not
necessarily contained in ,K(t),) whose image

X = ((371,17 ce. 7«T1,2m1—n)7 ceey (375,17 s 7$s,2ms—n)) = Y2mi1—n,....2ms—n © ¢11,...,IS (F)

is assumed to be contained in p_ S(tred)a,.q- We want to prove that this implies F' €
K (t)a, 1.e. we have to show that I satisfies the relations (R1) and (R2) imposed by the
diagram bta.

e Suppose there is an arc in bta connecting the dots («, ) and (o, 8'). If this arc is
invisible there is nothing to show because the relations for invisible arcs are auto-
matically satisfied for every element F € F llflk X ... X fl?;k. Hence, assume that
the arc is not invisible. Then there is a corresponding arc in (Bta)red connecting the
dots («,7) and («,~"). Then we argue similarly as in the proof of “(R1) = (R1’)”
above, i.e. there exists ¢ € B];ak which has an arc connecting the dots 8 and 3’ such
that

N, Smsfk,msfk

x € SMThmk xS,

and hence we have
FeFliFx  x FIVF x Ko x FIPF <. x FIF
1 i—1 i+1 s

by Theorem which proves F, g = z_%(ﬁ/_ﬁ‘*'l)Fa,g,l, i.e (R1) for the arc under
consideration.

e Assume there is a strand in Btafconnecting the dots («, 8) and (a+1, 3). Then there
is a corresponding strand in (bta)yeq connecting the dots («,v) and (o + 1,7'). In
particular, we have o, = Ta11,, by (R2’) which implies equation , ie.

C(Fap N Fyp_1) = CFay1,5 N Fapy5-1),
by reversing the argumentation from the case “(R2) = (R2’)” above (check that

every implication was in fact an equivalence).

We have already seen that the s-tuple F' satisfies the arc relations (R1) for the
diagram bta. Moreover, by induction, we assume that the relation (R2) holds for
all strands which are left of the one under consideration, i.e. we have equalities
F, g = F,t1,3 whenever there is a vertical strand in bta connecting the dots (a, 3')
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and (a + 1,4, where 8’ < 8. Thus, we can use an outermost sequence argument
(cf. the proof of the implication “(R2) = (R2’)”) to deduce the equality F, g1 =
Fyi1,58-1. If we combine this with equation we get

C(Faﬁ n FoaL,B—l) = C(Fa+1,,3 N FaL,ﬂ—l)' (28)

By Lemma C restricts to a unitary isomorphism on z71F, 51 N Fi- 5_1- Since
F, 3 and Iy g are both contained in zilFaﬂ,l N Fj’ﬂ_l the equation 1} implies
that F, g = Fi,11,8, thereby proving relation (R2) for the strand under considera-
tion.

This shows that the inclusion is in fact an equality which finishes the proof. O

Ezample 2.27. Notice that the diagrams in Example are the reduced diagrams of the
ones from Example In particular, by Proposition the complex variety from
Example [2.:22] is homeomorphic to the manifold from Example

Finally, we ask for a relationship between the varieties (respectively manifolds) asso-
ciated to two tangle diagrams which only differ by a single local surgery. The answer is
provided in Proposition below. As a preparation we introduce some more definitions
first.

For t € T(n1,...,ns) a tangle diagram and cup diagrams a € B**1 b € BFs/*s (notice
there are only arcs in @ and b and no rays) the circle diagram bta consists of circles only
and there are no loose endpoints in the diagram.

Definition 2.28. Let ¢t € T(ni,...,ns) be a tangle diagram and let a € B** and
be Bks’ki be cup diagrams. Then we write ¢(bta) to denote the number of circles in the
diagram bta.

Two dots in bta are said to be equivalent if there is a sequence of arcs and strands in the
diagram which connects the two dots. This clearly defines an equivalence relation on the
set of dots and the equivalence classes correspond bijectively to the circles in the diagram.
Henceforth, we will often be a bit sloppy and use the term “circle” when we actually mean
an equivalence class of dots. However, this should not cause any confusion.

Recall that there is a total order on the set of all dots in a circle diagram by identifying
the dots with pairs of positive integers («, 3) as explained in Remark

Definition 2.29. A dot is called a distinguished representative of a circle in bta if it is
minimal (with respect to the order from Remark [2.12)) among all the dots lying on the
circle under consideration.

This notion of a distinguished representative can be used to define a total order on the
set of all circles in bta.

Definition 2.30. Let C; and Cs be two distinct circles in the diagram bta. We say that
C1 is smaller than Cs if the distinguished representative of C; is smaller than the one of
Cs.

From now on we stick to the following conventions: When we write C1,...,C o(bta) for

the collection of circles of a circle diagram bta we assume that this collection is already
ordered in the sense of Definition i.e. we have C7 < Cy < ... < Cc(Et a)" Moreover,

whenever we refer to the i-th circle in a circle diagram bta we always mean the i-th circle
with respect to this ordering.
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Remark 2.31. Notice that the above notions also make sense for the simplest kind of circle
diagram obtained by gluing a cap diagram on top of a cup diagram without a tangle
diagram sitting between the two (cf. Definition . In particular, a circle C' in such a
diagram is smaller than a circle Cs if the leftmost dot on the circle Cj is left of the leftmost
dot on the circle Cy. Again, this yields a total order on the collection of all circles.

Ezxample 2.32. Consider the circle diagram:

/\ﬁ\\/\

vV

M\ M\

e o6 o o o o

N
The set of dots is partitioned into the following four equivalence classes each of which
corresponds to a circle in the diagram:

Cr={(1,1),(1,2)} C2={(1,3),(1,4),(1,5),(1,6),(2,1),(2,2)}

Cs = {(273)7 (274)7 (275)7 (276)} Cy = {(27 7)7 (278)}‘

The distinguished representatives as in Definition are (1,1), (1,3), (2,3) and (2,7)
respectively. In particular, the circles are already indexed correctly according to the total
order from Definition [2.30] i.e. we have C7 < Cy < C3 < (4.

The following lemma describes to what extent a local surgery operation impacts the
combinatorial structure of a tangle diagram.

Lemma 2.33. Let t,t' € T(nq,...,ns) be tangle diagrams and suppose that t' is obtained
from t by performing a single local surgery. Then, for fized cup diagrams a € B¥1*1 and
b € BFsks | there exists a pair of positive integers i < j such that either the i-th circle in
bta splits into the i-th and j-th circle in bt'a, due to the local surgery, or the i-th and j-th
circle in bta merge and become the i-th circle in bt'a while the rest of the circles remain
unchanged.

Proof. There are two cases to be considered: Either the two arcs involved in the surgery
are parts of the same circle in bta or they are not. The two cases can be visualized as
follows:

;N N ( )
o ° ° °
| |
\ \\/ / \\/
\ [
/\ /\
! e ... o ! ° °
\V/ \,/ AN /

The dashed connection lines represent the remaining arcs and strands on the respective
circles.

Let us treat the first case (left picture): Let us assume that the circle which contains the
two arcs involved in the surgery is at the i-th position in the ordering of all circles in bta.
Then the combinatorial structure of the diagram clearly forces the circle to split. Since the
rest of the circles remain unchanged one of the two created circles is still at position ¢ in the
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ordering of the circles in bta (namely the circle which contains the minimal representative
of the old circle) while the other one is at position j for some j > i.

In the second case the two arcs involved in the local surgery lie on two different circles,
say the i-th and j-th circle, where i < j. The surgery operation clearly forces the two
circles to merge. In particular, the new circle is the easily seen to be the i-th circle in the
diagram bta because it contains the minimal representative of the i-th circle in bta and
the remaining circles are unchanged by the surgery. O

Ezxample 2.34. Here is an example of a local surgery which merges the second and fourth
circle in the diagram from Example into the second circle of the diagram resulting
from the surgery, i.e. we have i = 2 and j = 4. As in Example the arcs and strands
involved in the surgery operation are doubled in the following picture:

A /AN A A /AN A

e 6 o o o o o o e 6 o6 o o o o o
\/ \/ \Y%
perform surgery \\ %/
N N
e 6 o o o o . o o . e o

AN
Proposition 2.35. Let t,t' € T([3,...,I) be two tangle diagrams, where t' is obtained

from t by a single local surgery, and let a € Bz’k, b e Bi’k be two fized cup diagrams.
Then we either have an inclusion

b K)o CoK{t)a  or  yK({t)a CuoK(t)a

depending on whether a circle splits or two circles merge by passing from (bta)req to (bt'a)req
(a splitting circle corresponds to the first and two merging circles to the second inclusion).

Analogously, let t,t' € T(nq,...,ns) be two tangle diagrams, where t' is obtained from
t by a single local surgery. Then for fized cup diagrams a € B*¥F1 b e BFsks we either
have an inclusion

bS(t)a C bS(t/)a or bS(t/)a C bS(t)a

depending on whether a circle splits or two circles merge by passing from bta to bt'a (again,
a splitting circle corresponds to the first and two merging circles to the second inclusion).

Proof. We start by proving the claim in the topological setting: Let ¢, € T(nq,...,ns)
be tangle diagrams as in the proposition. By Lemma there exist integers ¢ < j such
that the local surgery either merges the i-th and j-th circle in bta into the i-th circle in bt'a
or the i-th circle in bta splits into the i-th and j-th circle in bta. Without loss of generality
assume that the first case is true (otherwise exchange ¢ and t' in all that follows).
Let Cq, ..., Cc(gm) be the classes of dots representing the respective circle in bta. Then
the sets
Cla---,Cz‘UCj,---7Cj—1ycj+17---acc(gm) (29)

represent the circles in bt'a. It is a straightforward consequence of Definition that
»S(t)a (respectively ,S(t'),) consists of precisely those elements

((xl,la e 7:61,111)7 ceey (35571, s 7xs,n5)) € (SZ)nl X X (82)ns

which satlsfy coordinate equations z, 3 = x4 3 Whenever the dots corresponding to (a, )
and (/, B) lie on the same circle in bta (respectively bt’a). Thus the circles partition the set
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of coordinates into groups of coordinates which are necessarily equal. Since the partition
corresponding to the circle diagram bta is clearly finer than the one of bt'a (see above)
we deduce that ,S(t')qs C pS(t')a-

In the algebro-geometric setting we can deduce the claim from the topological case as
follows: Let t,t' € T(I1,...,1Is) be related by a local surgery as in the proposition. In
particular, tyeq,t.,4 are related by a local surgery and we have

bred S(tred)arcd C bred S(t;‘ed)arcd or bredS(t:‘ed)arcd - bredS(tred)arcd

by the above argumentation. Without loss of generality assume that the first-mentioned
inclusion holds (otherwise exchange ¢ and ¢’ in the notation). Then the injection obtained
as the composition

bK(t>a — bredS(tred>arcd — bredS(t;ed)arcd — bK(t,)ay

where the outer maps are given by the homeomorphisms

1
Yomi—n,e.2ms—n © 1,1, ad (YVomi—n,... 2me—n © 1,,...1,)

restricted to K (t), and 4, S (theq)area respectively, clearly sends every s-tuple of flags to
itself. Hence, we deduce , K (t), C s K(t')a- O

Ezample 2.36. Consider the tangle diagram

e o 0o 0 0 0 o o
vV YV

t= €7(6,8)

and the following two cup diagrams:

a= © © o o o o c B33 b= e ¢ © ¢ o © o o < B%4
N VYV

The circle diagram bta associated with these choices is depicted in Example The

reader also finds a picture of the circle diagram bt’a in this example, where t' is the tangle

diagram obtained by performing a local surgery on the two rightmost arcs of t.
Corresponding to these combinatorial data we have manifolds

bS(t)a = { (=, 2,9, 9,9, 9), (y,y, 2,2, 2, z,w,0)) | z,y,2z,w € S*} (30)
and
bSt)a = { (=, 2,9,9.9,9), Wy, 2,2,2,2,9,9) | 2.y, 2 € S*} (31)

which are clearly related by an inclusion ,S(t'), C $S5(t),. Notice that this inclusion agrees
with the statement of Proposition because the second and fourth circle in bta merge
into the second circle in bt'a.
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Since every dot in the circle diagram bta (respectively bt'a) corresponds to a sphere in
the product (82)6 X (82)8 we sometimes use the notation

A /AN A A /AN A

Yy 2 2 z zyuy Yy Yy 2z z 2w w
vV vV VU

instead of writing down the sets as in and . Each one of the small letters z,y, z, w
replacing the dots in the diagrams stands for the choice of an element in S?. This notation
is very intuitive and emphasizes the combinatorial nature of the manifolds ,S(t), and

»S(t)a-

2.3 A 2d TQFT via pushforward and pullback maps in cohomology

The goal of this subsection is to provide an explicit description of the pullback and push-
forward map in cohomology of the inclusions from Proposition As a main result
(cf. Theorem and Theorem we prove that these maps can be described via a 2d
TQFT. This provides a first connection between the geometry and topology of Spaltenstein
varieties and Khovanov’s TQFT-based construction of tangle homology [Kho02].

We begin by establishing some notation and conventions which are used throughout this
subsection: Given a positive integer N, let Sym({1,2,..., N}) be the symmetric group of
all permutations of the set {1,..., N}. Moreover, let X be a topological space and V a
n-dimensional vector space with fixed basis b1, bs,...,b,. We say that V together with
this basis is a based vector space.

The group Sym({1,2,..., N}) acts on the N-fold cartesian product of X with itself, i.e.
a permutation ¢ induces a homeomorphism

o XN = XN (21,22, ., 2N) 2 (To1)s To@)s - 5 To(N) (32)

by permuting the coordinates. We also have an induced linear automorphism of the N-fold
tensor product of the based vector space V' with itself given by

g V®N — V®N7 bil ® b7j2 Q& sz — bz (1) Y bia(Ny (33)

where (i1,...,ix) runs through all N-tuples of elements from the set {1,...,n}, thereby
specifying the linear map ¢ completely. By abuse of notation we will always denote the
induced maps with the same letter as the permutation. Notice that the isomorphism
is clearly grading-preserving if V' is a graded vector space.

Let 7; € Sym({1,2,...,N}) be the transposition interchanging ¢ and 7 + 1. For a triple
of positive integers ¢ < j < N we define a permutation o; ; € Sym({1,2,...,N}) as the
following composition of transpositions

Ti,j *= Tj—1 0" OTi42 O Tit]. (34)

If j =i+ 1 this is the empty composition, i.e. we set 0;;11 = id{; o . n} in this case. The
permutation o; ; will play a crucial in the following section.

Last but not least, we also fix a collection ni,...,ns of even positive integers, i.e.
n; = 2k; for all i € {1,...,s}.
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2.3.1 The 2d TQFT associated with the ring of dual numbers

Let us consider the truncated polynomial ring Fo[X]/(X?), i.e. the ring of dual numbers.
As a Fo-vector space this ring has a basis given by 1 and X. Throughout this work we
will always view the ring of dual numbers as a graded Fs-algebra with deg(X) = 2 and
deg(1) = 0. In |Kho02], Khovanov works with a graded vector space

A= Fa[X]/(X?){~1},

obtained by shifting the grading down by 1, i.e. deg(X) =1 (this is not a graded algebra
anymore). This grading is motivated by knot theory since the graded dimension of A is
precisely the Jones polynomial (suitably normalized) of the unknot (cf. subsection for
more on this).

We can equip A with the structure of a commutative Frobenius algebra with trace form

e:A—=>TFy, 10, X —1
and comultiplication
A ARA, 1 XR14+410X, X —» X®X.

In particular, we obtain a 2d TQFT associated with this algebra, i.e. a symmetric
monoidal functor F from the two-dimensional cobordism category 2Cob to the category
of finite-dimensional (graded) Fo-vector spaces (cf. [Abr96,Koc03| for details on Frobenius
algebras and their relation to TQFTSs).

The objects of 2Cob are finite, ordered disjoint unions of the smooth manifold S!
which is assumed to be equipped with a fixed orientation. We write n for the disjoint
union consisting of n copies of S! (the empty set 0 is also allowed). A morphism n — m
is given by an equivalence class of (not necessarily connected) compact oriented surfaces
(smooth 2-manifolds) which are equipped with an orientation-preserving diffeomorphism
from their boundary to the disjoint union n* LI m (the upper star denotes a reversal of
orientation of all connected components). Two such surfaces X, ¥/ are called equivalent
if there exists an orientation-preserving diffeomorphism ¢: ¥ — ¥’ making the following
diagram commute:

Blos

0x ()%

1%
IR

n*Llm

The reversal of orientation is used to distinguish between the in- and outboundary of the
manifold (notice that in order to have a morphism we need a well-defined source and
target). In the following we will always use the term “cobordism” to refer to a morphism
in 2Cob. The composition of morphisms is defined by gluing cobordisms (more precisely
the representing surfaces) along their boundary and the monoidal structure is given by
ordered disjoint union.

It can be shown (e.g. by using Morse theory) that the category 2Cob is generated by
the following elementary cobordisms (cf. e.g. [Abr96, Proposition 12] or |[Koc03|, §1.4.13]):

© g0 0§ @ gl

The word “generates” means that all cobordisms can be built from these elementary ones
by horizontal (gluing) and vertical composition (disjoint union). We use the convention
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that cobordism pictures are supposed to be read from bottom to top and left to right. More
precisely, this means that the circles on the left side of a picture belong to the inboundary
and the circles on the right to the outboundary. Moreover, the i-th connected component
of an object in 2Cob is represented by the i-th circle counted from bottom to top. Notice
that the category 2Cob is combinatorial by nature. According to the classification of
oriented surfaces with boundary (see e.g. [Hir76, Theorem 3.11]) a cobordism is completely
determined once we know the number of in- and outboundary components and the genus
of a representating surface. In particular, the pictures provide a precise graphical tool
in the sense that they capture all the information from differential topology necessary in
order to specify a cobordism uniquely.

The picture of the twist cobordism which seems to penetrate itself in the middle is
supposed to symbolize the fact that our surfaces are not embedded in an ambient space.
Hence, the notion of “over” and “under” does not exist. In particular, the two connected
components represented by the picture do not really intersect. Instead the drawing em-
phasizes the fact that we do not prefer one component (the category 2Cob is symmetric
and not just braided).

Ezxample 2.37. Here is an example of a cobordism 3 — 2 of genus 1 decomposed into
elementary cobordisms:

Let n: Fo — A be the unit map sending 1 to 1 and let m: A® A — A be the multipli-
cation in A. Moreover, 7: A® A — A® A denotes the twist map given by a® 8 — SQ a.
Then the TQFT F associated with the Frobenius algebra A sends a disjoint union of N cir-
cles (compact 1-manifolds) to the N-fold tensor product A®Y. On elementary cobordisms
F is given by

% —m:ARA— A QO +—n:Fy— A
@ — i A AR A D +——e: A—TFy

%% —r A A=A A O O —idy: A— A

Notice that the monoidal functor F is completely determined by the above table. It
requires some more work to see that it is also well-defined. However, this follows from
the well-known folk theorem that in the case of a Frobenius algebra the relations between
compositions and tensor products of the linear maps in the above table precisely correspond
to the topological relations between cobordisms built from the elementary pieces by gluing
and disjoint union (cf. [Abr96, Theorem 3| or [Koc03, §3.3]).

Ezxample 2.38. Applying the TQFT functor F to the cobordism from Example yields
the linear map

AQARQATIY Ao A™M AS A A™ A5 A0 A
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Definition 2.39. For a fixed triple ¢ < j < N of positive integers we define two cobordisms

which we denote by
@ 0
0 and (@) (35)
@) 0

as follows: The cobordism on the right merges the i-th and j-th circle in a disjoint union
of N circles into the the i-th circle in a disjoint union of N — 1 circles via a pair of pants.
The remaining circles are connected by identity cobordisms in an order-preserving manner.
Similarly, the right cobordism splits the ¢-th circle in a disjoint union of N —1 circles into
the i-th and j-th circle in a disjoint union of N circles. Again, the remaining circles are
connected by identity cobordisms. We refer to these cobordisms as surgery cobordisms
(the choice of terminology is justified below).

Ezample 2.40. The following picture shows the above cobordism (including a decomposi-
tion into elementary pieces) for the triple 2 < 4 < 5:

Definition 2.41. Given a triple ¢ < j < N of positive integers we define linear maps
m; ;¢ A®N 5 A®N-1 by

mi; = (id®i71 QM id®N*ifl) o U;]'l

and (5,’73‘: ASN=L . gON by
51‘7]' =00 (id®i_1 RO id®N_i_1) ,

where o; ; is the permutation introduced at the beginning of this section (it acts on
A®N as in with respect to the basis 1, X of A).

Lemma 2.42. Let ¢ < j < N be a triple of positive integers. Then the cobordisms from
Definition[2.39 induce the linear maps m;; and 0; ; respectively, i.e. we have

(5)m )

Proof. This follows immediately by decomposing the respective cobordisms into elemen-
tary pieces. ]

We finish our discussion of 2d TQFTs by relating the cobordisms from to the
combinatorics of tangle diagrams. Given a tangle diagram ¢t € T (nq,...,ns) and cup
diagrams a € B*1:#1 b € BFs*s the diagram bta consists of an ordered collection of circles
ci,...,C c(bta)" Thus it makes sense to apply the functor F to the diagram bta (after
identifying bta with the c(bta)-fold disjoint union of S') to obtain F(bta) = A®c(tta)
where the i-th tensor factor of A®N corresponds to the circle C;.

43



In particular, if ¢ € T(ng,...,ns) is obtained from ¢ by a single local surgery, then
there exist positive integers i < j such that either the ith and j-th circle in bta merge and
become the i-th circle in bt’a or the i-th circle splits into the i-th and j-th circle in bt'a
(cf. Lemma . So the circle diagrams bta and bt'a are naturally connected via the
surgery cobordisms from Definition [2.39] For future reference we summarize these ideas
in the following lemma.

Lemma 2.43. Let t,t' € T(nq,...,ns) be two tangle diagrams, where t' is obtained from
t by a single local surgery, and let a € BF"%1 b e BFsks be cup diagrams.

If the i-th and j-th circle in bta merge and become the i-th circle in bt'a due to the
local surgery, then the circle diagrams bta and bt'a are naturally connected by the surgery

cobordism
@) @
o ond
@) 0

bta —— bt'a or bt'a ———= gta,

depending on whether we choose bta or bt'a as domain. Applying the TQFT F to these
cobordisms induces the maps

p@c(bta) Mid, g@c(bt'a) and  A®®a) Ohiy y@c(bta)

associated with the triple i < j < c(bta), respectively.
~ If the i-th circle in bta splits into the i-th and j-th circle in bt'a, then the circle diagrams
bta and bt'a are naturally connected by the surgery cobordism

9 @
o 5
bta ———= bt'a or bt'a — Bta,

depending on whether we choose bta or bt'a as domain. Applying the TQFT F to these
cobordisms induces the maps

A(X)C(Eta) 62_]> A(X)c(gt’a) and ‘A®c(gt’a) Mi,j .A®C(Bta)
associated with the triple i < j < c(bt'a), respectively.

Proof. This is just a reformulation of Lemma [2.42) O

2.3.2 Explicit calculation of pullback and pushforward maps

Finally, we want to compute the pullback and pushforward in cohomology of the inclusions
from Proposition In doing so, an important role is played by the diagonal embedding

A:S?* =S xS?, 2 (z,).
and the following generalization:
Definition 2.44. Given a triple i < j < N of positive integers, define
Aig: (N = (87N

to be the map which embeds the i-th factor of (S?)¥~! diagonally into the i-th and j-
th factor of (S?)V. More precisely, let o;; € Sym({1,...,N}) be the permutation (34)
introduced at the beginning of subsection Then we define

Ai,j ‘= 04,50 (idi_l X A X idN_i_l) s
where o; ; acts on (S?)V as in (32) by permuting coordinates.
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Ezample 2.45. If one chooses i = 2, j = 4 and N = 4 then the map Ay 4: (82)3 — (S2)4
is given by
(z,y,2) = (2,9,2,y).
Let t € T(ni,...,ns) be a tangle diagram and let a € B*¥F b ¢ BFsks be cup
diagrams. Moreover, let vy, ... ga) be the minimal representatives of the circles in
2.29)

the diagram bta (cf. Definition . Thus it makes sense to define a homeomorphism

5515(13 bS(t)a i (82)C(bta)
(11,212, T1m)s - (T ds o Ton)) 2 (Togs s Ty, )

by throwing away redundant coordinates.
The following lemma shows that the inclusion maps from Proposition [2.35 are related
to the maps A; ; via the homeomorphism &, .

Lemma 2.46. Let t,t' € T(nq,...,ns) be two tangle diagrams, where t' is obtained from
t by a single local surgery, and let a € B¥*1 b e B*sks be two cup diagrams.

If the i-th and j-th circle in bta merge and become the i-th circle in bt'a due to the local
surgery, then we have a commutative diagram

pS(t) e 1S(t)a

§gt/al5 = égtu
oy ¢(bt’a) Aqj o\ c(bta)

(8% (5%

where A; ; is defined with respect to the triple i < j < c(bta).
If the i-th circle in bta splits into the i-th and j-th circle in bt'a, then the following

diagram commutes
pS(t)e =15t

ggtai% %\ngt/a

(Sg) c(bta) A (Sg) c(bt'a)
where A; ; is defined with respect to the triple i < j < c(bt'a).

Proof. Let us assume that the i-th and j-th circle in bta merge into the i-th circle in
bt'a and let vy,..., Ve(bta) be the minimal representatives of the circles in bta. Then the

minimal representatives of the circles in bt’a are given by v, ..., Vi1, Vit1s - 5 Ve(hta) i.e.
v; is deleted.
Given an element x = ((T1,1,.- -, Z1my)s- -5 (Ts1s- -3 Tsmy)) € p5(t')q we have

§ra(X) = (ac,,l, e ’xl’c@m)) , (36)

where z,, = x,; (because the dots v; and v; lie on the same circle in bt'a).
On the other hand we obtain

Aij 0 &gyra(x) = Aij («%u s Ty T v%c,(zm))
= (931/1» s Ty Ty Ty ey xl’c@m))

which is the same as the c(bta)-tuple in . Hence, the first diagram in the lemma
comimutes.
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In case that the i-th circle in bta splits into the i-th and j-th circle in bt’a one can simply
copy the above proof after replacing ¢ with ¢ and thus obtain the commutativity of the
second diagram. O

The above lemma suggests to compute the pullback and pushforward of the maps A; ;
(this is done in Proposition and Proposition below) and then relate the result to
the pushforward and pullback of the inclusions via the induced isomorphisms

i ((82)00) Sy e 80 and H(E)00) S (,5(0),)

Let N be a positive integer. By standard algebraic topology we have a natural isomor-
phism of graded Fs-algebras

o H((6%)") = 1 (7)Y = Wy[x]/ (X3, (37)

where the first isomorphism is the inverse of the cross-product map K from the Kiinneth
theorem and the second one is the N-fold tensor product of the unique isomorphism
H*(S?) = Fy[X]/(X?) of graded Fy-algebras sending the non-vanishing top cohomology
class to X.

In the following we fix the Fa-basis 1, X of the algebra Fo[X]/(X?). We also equip
H*(S?) with the structure of a based vector space by taking the preimages of 1 and X
under the isomorphism H*(S?) = Fy[X]/(X?). In particular, we obtain induced maps

oij: Fo[X]/(XHN = Fo[X]/(XHY  and  oy,: H (SN — H*(SHY

as defined in for every triple ¢ < j < N.
We are ready to observe that that the pullback A; j and the map m; ; from Definition
are compatible via the isomorphism for any fixed triple ¢ < j < N.

Proposition 2.47. Given a triple of positive integers i < j < N, the following diagram
commautes:

*

H((SY)N) ki H((S2)N1)

CPN\LN N\L‘PNl

o Fy[X]/(X2)2N 1

Proof. We prove the claim by showing the commutativity of the following diagram:

*

or . ii71 iNf'Lfl*

HH(S)N) 2 g((e)N) T eV
K—liN K—llfv NlK_l
o} S 1®i—1 S IQN—i—1
H*(SQ)(X)N “J H*(S2)®N id®* ' eURId® H*((SQ)N—I)

1%

L

Fa[X]/(X?)®N —— = F,[X]/(X*

!

A®i—1 FAQN—i—1

Notice that the outer square is just the diagram from the proposition broken up into four
pieces.

It is an easy calculation to prove that the cross-product isomorphism respects twists,
i.e. we have K o710 K~! = 7, where 7; is a simple transposition, 1 <1 < N (notice that
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the transposition on the right acts as in and the one one the left as in (33))). By
contravariance of the cohomology functor we thus obtain

k% * — . - - -1 -1
ofj=T1i10..0Tf y=Komyo..oj 10K —Koai,j oK

and hence the commutativity of the left square in the top row.

The commutativity of the top square on the right is an immediate consequence of
combining the following two facts: Firstly, by standard algebraic topology, we have a
commutative diagram

H*(S? x S2?) = H*(S?)

<

H*(S?) ® H*(S?)

=/ IR

K-

Secondly, the cross product isomorphism is natural in the sense that the pullback of
a cartesian product of maps corresponds to the tensor product of the pullbacks of the
factors via K.

The commutativity of the two squares on the bottom of the diagram is clear (respectively
a straightforward calculation). O

For a triple ¢ < j < N of positive integers we can also ask for the pushforward
(Djg): H((SHN) — H*((8*)Y)

in cohomology.
For compact manifolds X,Y and a continuous map f: X — Y the pushforward f, is
defined as the composition

—1

P
H(X) 25 H1.(x) L5 1.(v) 2 BY(Y),
where f, is the usual pushforward in homology and
Px: H*(X) = H.(X)

is the Poincaré isomorphism given by cap-product with the unique (since we work over Fy)
non-vanishing top homology class. Notice that pushforward in cohomology is functorial,
i.e. for continuous maps f: X — Y, g: Y — Z between compact topological manifolds
we clearly have

(gofli=gofi. (38)

Proposition 2.48. Given a triple of positive integers i < j < N, the following diagram
commutes:

H*((SZ)N_l) (Aiyj)!

SON—I\L% E\LWN

FallX]/(X)#N 1 ——

Before we can prove this proposition we introduce some more isomorphisms and closely
examine the Poincaré isomorphism in the case of a finite product of two-dimensional
spheres (cf. Lemma below).
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Notice that the choice of basis 1, X for Fo[X]/(X?) yields a distinguished basis of the
2k-th graded component of the tensor product Fo[X]/(X?2)®"N which we denote by As.
This basis is given by the following set of elementary tensors

{or®..@an|oef{l,X} and #{a; | oy = X, 1 <I< N} =k} (39)

The operator # in returns the cardinality of a set. Corresponding to this basis we
obtain a linear isomorphism

( )\/: Agp i HOII][F2 (Agk,Fg) , 01 Q... Q any (041 ®...Q aN)V,
sending a basis vector to its dual, i.e. we have

1 ifa;=06 VI<I<N,

(1 ®..0an)’ (/1 ®..0BN) = {0 oo,
Next, recall the Kronecker pairing
(= =) H*((S)™) @ Ha((SH)N) = Fa, [f]® [z] = ([f], [a]) := f(2) (40)
satisfying the crucial property

(/1. 1ol N lz]) = ([fTU [g], [2]) (41)

for all [f],[g] € H?**((S*)) and [x] € Hor((S?)"). One can check that in our case this
pairing is non-degenerate. In particular, the map

01 Ha(S%)N) = Hom, (H*(S)V).Fs ) . [«] = (f] = f(2)) (42)

is an isomorphism of vector spaces for all k € {0,..., N}.
In order to state the next lemma, we introduce a linear involution

inv: Fo[X]/(X?) = Fo[X]/(X?)
given by 1 — X and X ~ 1. This yields an involution
inv®V: Fy[X]/(XHEN - Fy[X]/(X2)®N.
This map sends elements of degree 2k to elements of degree 2(N — k).

Lemma 2.49. For fized k € {0, ..., N}, the following diagram commutes:

H(($?)N) —= Hyn 1y ((81)V) ® - Homg, (HXN -9 (($2)V), Fy)
‘p]7\71 T THomur2 (en,F2)
inv®N ( )v
Ay, Ag(n—r) Homp, (Ag(n—_r), F2)

Proof. By linearity we only need to check the commutativity of the diagram on the basis
of Ag. Solet a1 ® ... ® ay € Ay, be a basis element and let [(S?)V] € Hon((S?)V)
denote the generator of the top homology. In order to compute the linear functional

poPopyt(ar @ .0 ay) € Homg,(H*N=H((S1)N),F)
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it suffices to see what it does on a basis of H2N=F)((S2)N). Let us fix the basis consisting
of the images of the basis vectors of Ay _j) as defined in under the isomorphism gp&l.

Hence a typical basis element has the form go;\ll(ﬁ1 ®...08N), where 51 ®...0 N € Ay(n_)
is a tensor such that
#{B|B=X,1<I<N}=N—k.

We can thus calculate
poPopnt(ar®..®ay) (¢35 @ .0 6N))
(oN (BL® ... ® BN), oN (o1 @ ... ® an) N[(S*)N])

(<PN (B1® ... ® Bn) Uy (a1 @ ... ® an), [(SH)N])
(pn (@1B1 ® ... @ anBN), [(SHN]),

where the last equation follows because o is an isomorphism of algebras. Notice that

(41

X@N if inv(ey) = B V1 <1< N,

0 else.

a1 Q... Qanfyn = {

Hence we obtain

poPopyt(ar@..®an) (P (81 @ ... ® Br)) = (py'(@1f1 @ ... @ anBn), [(SHN])
{1 if inv(ey) =3 V1 <1<N,

0 else.

On the other hand one gets

(Homp, (N, F2) o ()Y o inv®N (a1 ® ... ® an)) (o (B1 ® ... ® B))
= ((inv(e1) ® ... @ inv(an))" o o) (pn (b1 @ ... ® BN))
=(inv(a1) @ ... @ inv(an))V (4 @ ... ® Bx)
_{1 if inv(ey) =8 V1 <1< N,

0 else,

which proves our claim. ]

Proof (Proposition . The proof is subdivided into two parts.

Claim 1: The following diagram commutes:

(id* ! x AxidV =iy,

H*((S2)N_1) S

e

_ ~d®171®6®-d®N7171
Fo[X]/(X?)EN-12 : X]/(X

Proof of Claim 1. By applying the Hom-functor to the diagram from Proposition m (in
the case j =i+ 1) we obtain a commutative square:

HOIH]F2 (A*

i,i+17F2)

Homg, (H*((S?)V 1), Fy) Homp, (H*((S*)V), F2)
Homp, (AON1JF2)T

Homp, (F2[X]/(X?)#N =1, Fy)

THOHIJFQ oN,F2)

Homp, (Fo[X]/(X?2)®N Fy)

Homg, (m,i+1,F2)
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If we combine this diagram with Lemma we get a commutative diagram:

P~log~toHomy, (A, 1,F2)ogoP

H* (%)) H*((S*)Y)

WN—I\L%’ %ls@w
inv®N o(()V) " oHomg, (m;,441,F2)0()V oinv®N ~1

Fo[X]/(X2)®N 1 Fo[X]/(X2)®N 1

By standard algebraic topology (homology and cohomology are dual) the map

¢710H0m]y2 (Af,i-',-l JF2)og

H, ((82)N—1) H, ((S2)N)

is precisely the map (A;;+1)«. In particular, the composition in the upper row is the
pushforward (A;;4+1)1 in cohomology.

Thus, it remains to calculate the composition in the lower row. An easy dualization
exercise shows that the map

Homp, (m4,i+1,F2)

HOII][F2 (FQ [X]/(X2)®N71, Fg) HOH]]F2 (FQ [X]/(X2)®N, ]FQ)

is explicitly given by

(a1®...®ai,1®1®1®ai+1®...®0z]\/,1)v if a; =1,
(1 ®. 00 13XR1®@a41®...0ay_1)"
—i—(al®...®ai_1®1®X®ai+1®...®aN_1)V if ; = X.

(1 ®..® aN_l)\/ —

Another simple calculation using this result shows that the composition
()Y oinv®M)™ o Homp, (m; 41, F2) o ()Y o iny®V !

is precisely the map d; ;41 = id" ' ® 6 ® id¥ "1 which proves the above claim.
Claim 2: We have a commutative diagram:

(0

H*((T%N) H*((T%N)
FalX/(X2)PN — 79 Fo[X]/(X2)2N

Proof of Claim 2. In order to see this notice that the map

Homp, (7;,F2)

Homp, (Fo[X]/(X%)*N Fy) Homp, (F2[X]/(X*)¥N,Fy),
where 7; is a simple transposition interchanging [ and [ + 1, is given by
(®..Qan)' = (M@ - Qu®u®-- Qay),

i.e. the vectors o and ;41 change places. This easily implies that the map

()Y 0 inv®N)~1 o Homp, (77, F2) o ()¥ o inv®V
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is given by 7, and by Lemma we have a commutative diagram:

H (%)) -

ona

Fo[X]/(X2)N

((5%)

IR

H* (SZ N)
|+
B[ X] /(X))

T

Using the functoriality of pushforward we obtain the commutativity of the diagram
from the second claim.

All in all, putting together the first and second claim, the following diagram commutes:

(id* =t x Axid V=171, (i

H*((SQ)N_l)

eaNllg %lsow

Fy[X]/(X2)ON-1 1d¥ " @iid®N it

((S%)

1%

H* (SQ N)
|+
ol X]/(X?)EN

This finishes the proof of Proposition [2.48 O
The observations of this section are summarized in the following main result:

Theorem 2.50 (Topological version). Let t,t' € T(n1,...,ns) be two tangle diagrams
where t' is obtained from t by a single local surgery and let a € B¥1F1 b € BFsks be cup
diagrams. We distinguish between two cases:

e Suppose that the i-th and j-th circle in bta merge and become the i-th circle in bt'a
due to the local surgery. Then we have a commutative diagram

(6S(t)a=S(t)a)”

H*(55(t)a)

%Dc@m)o(ﬁg_ti)* = 9 = %(Et/a)o(gg_t/lay
7 0,
£7)

F (bta) {c(bta)} F (bt'a) {c(bt'a)}

H* (p5(t)a)

of vector spaces. If we exchange the domain and codomain we obtain a commutative
diagram

BS(t)a=bS(t)a)

H*(,5(t)a) H*(5S(t)a)

s (62’2 (2 *[orane()’
2
0,

F (bt'a) {c(bt'a)} F (bta) {c(bta)}

of vector spaces.

e Suppose that the i-th circle in bta splits into the i-th and j-th circle in bt'a due to
the surgery. Then we obtain the same commutative diagrams as in the case above
with the only difference that we have to exchange t and t' in both diagrams.
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Proof. Without loss of generality we assume that the i-th and j-th circle in the diagram
bta merge and become the i-th circle in bt’a due to the local surgery. For the case of a
splitting circle one can simply copy the proof after exchanging ¢ and ¢’ in the notation.

If we apply the cohomology functor to the first commutative diagram in Lemma [2.46
we obtain the following commutative diagram:

(bSE)a—pS(t)a)* H(,8(#)a)

bta iu ui(ﬁb_t}a)*
7 ( c(bta) ) Ajj 7+ ( (SQ)C(Bt'a))

Sticking this diagram on top of the one from Proposition proves the commutativity
of the diagram

(6S(t)a—S5(t)a)”

H*(55(t)a) H(5(t)a)
‘Pc(zm)C’(f{ti)*i% %l%"c@t/a)o(ﬁg_t/la)*
A=e®ia) {e(bta)} e A=) {e(bt'a)}

where we used the obvious fact that Fo[X]/(X?2)®<( (bta) — f®e bt"“){c(bta)} as graded vector
spaces. In particular, by Lemma the lower map is precisely the map induced by the
cobordism as claimed in the theorem.

On the other hand, we also have a commutative diagram:

HA (58 (#)a) — 2 HL(,8(#)a) 220500 g 510 —E= o H#(,5(8)a)

(&n/a)*T% (Sbt/a)*l% gl(gbm)* %T@bm)*
H* ((Sz)c@t’a)) P, ((Sz)c@t’a)> _ Bige . ((Sg)c@ta)) P e ((Sg)c@m))

The middle square is obtained by applying the homology functor to the first diagram from
Lemma and the two outer squares commute by a simple calculation (use the simple
fact that (&)« and (&,,)« respect the top homology classes).

Notice that the composition in the upper row is the pushforward of the inclusion
»S(t")a — 5S(t)q and the composition in the lower row is the pushforward of A; ;. Thus
it follows from Proposition that we have a commutative diagram:

. (6S (a5 (1)a) )
H* (5S()a) ————— H*(,5(t)a)
<Pc(5t’a)o<£gtlla)*l% glsoc(gta)()(fii)*
Ba) T 81,5 5 .
ABPr) {e(bt'a)} - A®ebta) {e(bta)}

Again, Lemma|[2.43|shows that the lower map in this diagram is precisely the map induced
by the cobordism as stated in the theorem. This finishes the argument. O

Using the homeomorphism from Proposition we can easily translate the above
theorem into the algebro-geometric world of flag varieties without much further work. Let
Ii,...,Is be a collection of admissible sequences each of which has highest integer n = 2k
and let my,..., ms be the respective lengths.
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Theorem 2.51 (Algebro-geometric version). Let t,t' € T(Iy,..., 1) be two tangle
diagrams where t' is obtained from t by a single local surgery and let a € BZ’k, be Bi’k
be cup diagrams. We distinguish between two cases:

e Suppose that the i-th and j-th circle in (bta)eq merge and become the i-th circle in
(bt'a)yeq due to the local surgery. Then we have a commutative diagram

(K (t)a—K(t)a)"

( )
7 )
F (Ba)ea) {c (bta)rea) ) ——2

of vector spaces, where the vertical isomorphism are given by the maps

Coferes) ® (Erarea) © (omnemin) © (9110) (43)

H* (b (t)a) H*(pK (t)a)

F ((bt'a)rea) {c ((bt'a)rea) }

and i} . .
Pe((bt'a)rea) © (g@i/a)reJ ° (72_77111—n,...72m5—n> ° <¢i1,...,13) (44)

respectively. Moreover, we also have a commutative diagram

Kt )a—sK(t)a),

=5)

of vector spaces, where the right vertical isomorphism is given by and the left

one by .

e Suppose that the i-th circle in (bta).eq splits into the i-th and j-th circle in (bt'a)req
due to the surgery. Then we obtain the same commutative diagrams as in the case
above with the only difference that we have to exchange t and t' in both diagrams.

H*GK(t)a) H*(,K (t)a)

F ((Bta)red) {c ((Eta)red)}

F ((bt'a)rea) {c ((bt'a)rea) }

Proof. Let us assume that the ¢-th and j-th circle in (bta)req merge and become the i-th
circle in (bt'a)yeq (as in the proof of Theorem the case of a splitting circle follows by
exchanging ¢ and ¢'). By Proposition we have inclusions

bK(t,)a - bK(t)a and bredS(t;ed)arcd C bredS(tTEd)arcd

which are related by the homeomorphism from Proposition [2.26] i.e. the diagram on
the left of the following picture, where the two vertical homeomorphisms are given by
the respective restrictions of the map Vo, —n,... 2m,—n © @1,,....1,, clearly commutes and we
obtain the commutative diagram on the right by applying the cohomology functor:

c*

K (t)a 2 K ()a H*(bK(t)a) H* (K (t')a)
T = M :
bredS(tYCd)ared ;)breds(t;ed)ared H* (bredS(t;‘ed)ared) - H* (bredS(ter)ared)
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Now the claim follows by sticking the diagram on the right on top of the diagram obtained
by applying Theorem m to the tangle and cup diagrams t,eq, t;ed and Qred, bred-
Alternatively, we can consider the commutative diagram

. = H. (K ()a) (bS(t
H* (bred (t red)ared) H, (p bred S(t red)ared) = H, (bredS(tred)ared) - H* (p bred S(t red)aled)

where the vertical isomorphisms are the usual pushforward and pullback of the homeo-
morphism 2,1, —n,... 2m,—n © @1,,....1, in homology and cohomology. The commutativity of
the middle square is clear and as in the proof of Theorem the outer squares are easily
seen to be commutative, too.

The map in the upper row is by definition the pushforward of the inclusion , K (t'), C
»K (t)q in cohomology. Similarly, the map in the lower row is the pushforward of the
inclusion p_, S(t! ) areq C brogS (tred)ayeq- Again, we can apply Theorem to the tangle
and cup diagrams tred, tred and apeq, breq and combine the resulting diagram with the one
above in order to deduce the claim. O

Remark 2.52. For completeness, we remark that all the results in this subsection are still
true if we replace Fo by the more natural coefficient ring Z or C. However, this requires a
careful choice of orientations of all the involved manifolds in order to get the correct signs.
This is rather technical and therefore avoided in this work.

3 A geometric construction of Khovanov homology

3.1 Khovanov’s arc algebra as a convolution algebra

We begin by recalling the definition of the basic arc algebra as introduced in [Kho02, §2.4].
Interesting generalizations motivated by Lie theory can be found in [BS11] and [Str09].
We also review a result by Stroppel and Webster [SW12] who reconstructed these algebras
geometrically by realizing them as convolution algebras using Springer fibers.

We set H” = Fy (viewed as an algebra over itself). Given a positive integer k, it makes
sense to define a graded vector space

Hr = @ b(?‘[k)a,

(a,b)E(Bk»k)2

where ,(H*)q := F(ba){k}, because ba is an ordered collection of circles (cf. Remark [2.31])
to which we can apply the TQFT functor F as explained in subsection [2.3.1

Let a,b,¢,d € B** be cup diagrams. In order to define a collection of multiplication
maps

Md.cb,a- d(Hk)c o2y b(Hk)a — d(Hk)a (45)

turning H* into an associative graded algebra with unit, set to be the zero map
unless b = c. In the latter case consider the tangle diagram ¢y := bb and choose an order
on the cups of b compatible with the nesting. Then we inductively obtain a sequence of

tangle diagrams tg,t1,...,t; as follows: The diagram t; is obtained from the diagram ¢;_
by performing a local surgery on the i-th cup of b. In particular, we obtain a sequence
of circle diagrams dtypa, ..., dtra which are connected by natural surgery cobordisms (cf.
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Lemma [2.43). By applying the TQFT functor F to the resulting chain of cobordisms we
obtain a map

Mdbba’ F(db) ® F(ba) = F(dtoa) — F(dtra) = F(da).

The collection of maps mgp o defines the multiplication of Khovanov’s algebra.

Ezample 3.1. If we choose

e o o o b=c= o o o @

a0 =d— w v N\

then the multiplication map F(ab) ® F(ba) — F(aa) for H? is obtained by applying F to
the following cobordism:

O

The induced linear map is given by

A A™ AL A A

In the work of Stroppel and Webster [SW12] the algebra H* was redefined as a convolu-
tion algebra using the irreducible components of the (k, k)-Springer fibers. More precisely,
they define a graded vector space by setting

Héeo = @ b(%éeo)av
(a,b)€(BFF)?

where

1
b(Hléeo)a = H*(Sa N Sb){k - 5 dim(Sa N Sb)}

and dim(S, N Sy) denotes the dimension of S, NSy, viewed as a real manifold. The graded
vector space Héeo can be equipped with a convolution product. In order to explain this
consider the diagram

H*(Sa N Sb)

ab

H* (SN Sy 1 S.) L 1(5, 1 S,)

.

H*(SyNSe)

where the maps tqp, tpe and tq. are the respective inclusions and fix a cohomology class
f e H*(S,NSy,NS.). We define a linear map

H*(S, N Sy) ® H*(Sy N Se) — H*(Sa N Se)
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by the formula
kg = (tac)(f Utgp(a) Uge(B)) (46)

where o € H*(S, N Sy) and € H*(Sp N Se).

For general f this algebra behaves very badly, i.e. it might neither be associative nor
graded (cf. [SW12] Section 4] for an interesting non-associative algebra corresponding to a
“nested TQFT”). The following theorem states the existence of a particular nice choice of
f. Tt is the topological equivalent to the algebro-geometric version [SW12, Theorem 35].

Theorem 3.2. There exists a cohomology class f € H*(S,NSyNS.) such that the algebra
HE, ., with the convolution product (@ defined above is isomorphic to Khovanov’s arc
algebra H* as a graded algebra.

Remark 3.3. The class f is constructed inductively in the proof. Its precise geometric
meaning remains mysterious to the author. It would be nice to have an explicit description
in terms of characteristic classes of a certain vector bundle. It can be shown that the degree
of f corresponds to the number of handles in Khovanov’s cobordism. However, we refrain
from making this precise.

Proof (Sketch). The general idea of the proof is to use Theorem and interpret the
chain of cobordism as a chain of pullbacks and pushforward maps in cohomology. Once this
chain is constructed one can use the well-known clean intersection formula (cf. e.g. [Qui71]
or [Ron80]) to inductively replace pullbacks with pushforwards and vice versa (this is where
the cohomology class f comes from) until the composition can be described as a single
pullback to the intersection followed by a pushforward. ]

3.2 Geometric bimodules via Spaltenstein varieties

Our goal is to use the general machinery developed in the second part of this work to extend
the results from [SW12] by providing a geometric construction of what Khovanov calls “ge-
ometric bimodules” in [Kho02]. These geometric bimodules are certain combinatorially-
defined vector spaces equipped with an action of a suitable arc algebra from the left and
right, respectively. Despite their name, there is no geometry involved in the original con-
struction of these bimodules. In Proposition and Proposition |3.10] we realize these
bimodules by defining a left and right action of an arc algebra on a sum of cohomology
rings. Moreover, we construct some important bimodule maps using pushforward and
pullback in cohomology (cf. Proposition and Proposition .

Throughout this subsection we fix a collection n; = 2kq,...,ns = 2k, of positive inte-
gers.

3.2.1 Khovanov’s bimodules via a 2d TQFT

We begin by reviewing some of the basic definitions and results on geometric bimodules
contained in [Kho02|. More general bimodules associated with the generalized arc algebras
from [BS11] can be found in [BS10, §3].

Let t € T(nq,...,ns) be a tangle diagram. Then we define a graded vector space

F(t) := $ bF ()a,

a€BFk1:k1 be BFs ks

where . F(t), := F(bta){ki}, i.e. the summands of F(t) are obtained by applying the
TQFT functor F to the circle diagram bta as explained at the end of subsection
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In [Kho02, §2.7], Khovanov defines a (H*s, H4¥1)-bimodule structure on F(¢). In order
to explain the left #*s-action we fix cup diagrams a € B**1 and b, ¢ € B¥s*s. Consider
the tangle diagram to := bbt. By choosing an order on the cups of b compatible with
the nesting (as in the definition of the multiplication of the arc algebra) we inductively
obtain a sequence of tangle diagrams %o, . .., tx,, where the diagram ¢; is obtained from the
diagram t;_1 by performing a local surgery on the i-th cup of b. In particular, we obtain
a sequence of circle diagrams ¢tpa, ..., ctg,a. By Lemma there is a natural surgery
cobordism from the diagram ¢t;_1a to the diagram ¢t;a. If we apply the TQFT F to this
chain of cobordisms we obtain a linear map

lepat o(H™)p ®@ b F(t)q = F(ctoa) — F(etp,a) = F(t)a,

The collection of all such maps (varying over all choices of cup diagrams a,b,c) defines
the left H*s-action 1: HFs @ F(t) — F(t).

Similarly, the right H*'-action on F(t) is defined. The resulting bimodule F(t) is
finitely-generated and projective as a left and as a right module (cf. [Kho02, Prop.3]).

Ezxample 3.4. Consider the following list of diagrams:

Then the map lepa: «(H?)p ® aF (t)c — aF (t)p associated with these data is obtained by
applying the TQFT functor F to the following sequence of circle diagrams and surgery
cobordisms:

Thus, being totally explicit, the map I.p, is precisely the composition A ® A meoAd
A® A

Following Khovanov [Kho02, §2.8], we call a graded (H*, #*")-bimodule a geometric
bimodule if there exists a grading-preserving isomorphism to a finite direct sum of bi-
modules F(t) (possibly with an extra grading shift), where ¢ can be any tangle diagram
whose bottom dot-cross sequence consists of 2k’ dots and whose top dot-cross sequence
consists of 2k dots. In particular, we have an additive category GB(k, k') whose objects are
the geometric (H¥, ’Hk/)—bimodules and whose morphisms are grading-preserving bimodule
homomorphisms.

In subsection we will be interested in bimodule homomorphisms induced by surgery
cobordisms.

Proposition 3.5. Lett,t' € T(n1,...,ns) be tangle diagrams, where t' is obtained from t
by a single local surgery. Then the direct sum of the linear maps F(bta){k1} — F(bt'a){k1}
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(one summand for every pair of cup diagrams a € BFuk1 be BFsks ) induced by the natural
surgery cobordism from the diagram bta to the diagram bt'a (cf. Lemma defines a
grading-preserving homomorphism

F(t) = F(A){-1} (47)
of (H"s, Hk1)-bimodules.

Similarly, we also obtain a grading-preserving bimodule homomorphism
F(t") — Ft){-1}. (48)

in the other direction. In particular, the maps and @ are morphisms in the category
GB(ks, kq).

Proof. It is clear that the linear maps and are indeed bimodule homomorphisms
(see also the more general statement [Kho02, Proposition 5] in Khovanov’s paper). More-
over, notice that the maps F(bta){k1} — F(bt'a){k1} have degree 1 for every choice of
cup diagrams a € B¥"*1 and b € B*s*s (the multiplication and comultiplication in A have
degree 1). Hence, the direct sum of the maps is grading-preserving after shifting down the
grading of the bimodule in the codomain by 1. O

3.2.2 Geometric and topological construction of bimodules

For the rest of this subsection we fix a tangle diagram ¢ € T (ny,...,ns). The next goal is
to reconstruct the associated bimodule F(t) topologically. In order to do that we define a
graded vector space

G(t) = . bG (t)a;

a€B¥1:k1 bc Bks ks

where the ,G(t), are the shifted cohomology rings

G(0)a = H* (,5(1)a) (b1 — 5 dm(S(0)a)}

of the manifolds from Definition 2.241 In this context the word “dim” denotes the real
dimension of the manifold enclosed in parentheses.

Lemma 3.6. There is an isomorphism of graded vector spaces ®;: G(t) = F(t) which is
explicitly given as the sum of the isomorphisms

Pyt © (G50) B (5(0)0) T — 3 dim(,8(02)) = F(bta) (k). (49)

Proof. This is part of Theorem Since dim(,S(t),) = 2-c(bta) the linear isomorphisms
are grading-preserving for every choice of cup diagrams a € B¥"*1 and b € B*sks. [

We can use the isomorphism from Lemma to define a left H*s-action on G(t) as

follows: )

Hhs @ G() 920 ke o 7y b F) 2 g). (50)

Similarly, we can also define a right H*' action, thereby turning the graded vector space
G(t) into a (H"s, HF1)-bimodule.

Proposition 3.7. The isomorphism of graded vector spaces ®;: G(t) =N F(t) from Lemma
becomes an isomorphism of (HFs, H*')-bimodules if we equip G(t) with the bimodule
structure defined above. In particular, ®; is an isomorphism in the category GB(ks, k1).
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Proof. Notice that we obviously have a commutative diagram:

! ot

HEs @ G(t) HFs @ F(t) F(t) . G(t)

id®<1>tl id®idi \Lid \L@t

M @ F(t) —2 gk @ F(t) — Flt)—~ F(#)

id@d;

By the definition of the left #*s-action on G(t) the commutativity of this diagram is
equivalent to saying that the map ®; is an isomorphism of left #*s-modules. Proving that
®, is also an isomorphism of right H*'-modules follows completely analogously. O

Proposition 3.8. Let t,t' € T(n1,...,ns) be tangle diagrams, where t' is obtained from t
by a single local surgery. Then we obtain a grading-preserving homomorphism of bimodules

G(t) = G(t"H{-1} (51)
as the direct sum of the linear maps
H (15(1)a) thr — 5 dim(,5(0)a)} — H* (:5(F)a) (1 — 5 dim(S(7)a))

obtained by pullback or pushforward in cohomology depending on whether ,S(t')q C S (t)q
or bS(t)a C bS(t/)a.

Similarly, we also obtain a grading-preserving homomorphism of bimodules
G(t') = G(®{-1} (52)
i the other direction. The maps and @ are morphisms in the category GB(ks, k1).

Proof. The following diagram is commutative:

2 o)1)

@tiw N\L(Dtl

& rey-1

By linearity it suffices to check this on a summand of G(¢). But then the claimed commu-
tativity follows directly from Theorem [2.50 By Proposition and Proposition the
map (47)) and the isomorphism ®; are morphisms in the category of geometric bimodules.
Hence, by the commutativity of the above diagram, so is the upper map G(t) — G(¢'){—1}.
The same argument proves that the map is a bimodule homomorphism, too. ]

For the reader who prefers to work with flag varieties we sketch how these bimodules
can also be constructed in the algebro-geometric picture. Since all the statements can be
deduced from the corresponding statements in the topological world by precomposing with
the homeomorphism from Proposition we omit the proofs (cf. the proof of Theorem
for a detailed example of such a reduction argument).

Fix a tangle diagram ¢ € T (ni,...,ns). Then there exist an even positive integer
n = 2k and admissible sequences I, ..., s, each of which has heighest integer n, and a
tangle diagram tey € T(I1,...,Is) with the property that (fext)reda = t, i.e. the tangle
diagram tey is obtained from ¢ by adding pairs of crosses making the strands in the
diagram vertical. We call tey an extension of ¢t (this explains the subscript). It is clear
that extensions always exist but they are obviously not unique, e.g. we can always add
crosses at the end of the dot-cross sequences and still end up with an extension of the
diagram we started with.
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Ezample 3.9. On the left we have an example of a tangle diagram in 7(4,4,4) and on the
right we have an extension:

e o o o e ¢ @ X X X X X X e
V A4

M\ M\
’v’ e o extend X X ® X X e e X X e
~ | T N

M ~

¢ X X X X X X e e e @
The extension is not minimal, e.g. it is possible to delete the fourth and fifth cross in all
of the three dot-cross sequences and we still have a well-defined extension of the tangle
diagram we started with. For reasons of efficiency it is preferable to work with minimal
extensions. However, this is not necessary.

For the remaining subsection we fix an extension texy € T(Iy,...,I5) of the tangle
diagram ¢ € T (nq,...,ns). Define a graded vector space
gGeo(text) = @ bgGeo(text)ay

aeBE‘%,beBi’%
where the pGaeo(text)a are the shifted cohomology rings

bgGeo(t)a =H" (bK(text)a) {kl - dim(bK(text)a)}

of the varieties from Definition (here, the word “dim” stands for the complex dimen-
sion of the respective variety).

As in the topological case we obtain a left and right action of an arc algebra on the
vector space Ggeo(text) via the isomorphism of graded vector spaces Ggeo(text) == F(t)
obtained as the sum of the grading-preserving linear isomorphisms

H* (5K (text)a) {k1 — dim(p K (text)a) } = F(breatarea){k1} (53)

as in Theorem [2.51} where a € B7'? and b € B'?. Thus, it makes sense to formulate
the following algebro-geometric analog of Proposition [3.7}

Proposition 3.10. The sum of the isomorpisms of graded wvector spaces defines an
isomorphism of geometric bimodules Ggeo(text) = F(t).

We also have an analog of Proposition and Proposition

Proposition 3.11. Let t,t' € T(n1,...,ns) be tangle diagrams, where t' is obtained from

t by a single local surgery, and let texy, thy, € T(I1,..., 1) be extensions. Then we obtain
a grading-preserving homomorphism of bimodules
Gaeo(text) — Gaeo(texi){—1} (54)

as the direct sum of the linear maps

H* (5K (text)a) {k1 — dim(p K (text)a) } — H” (bK(t/ext)a) {k1 — dim(p K (tixe)a) }

n n n n

(one summand for every pair of cup diagrams a € Bg’i, be BZ’E) obtained by pullback
or pushforward in cohomology depending on whether we have K (thy)a C K (text)a oOT
bK(text)a C bK(t,ext)a'
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Similarly, we also obtain a grading-preserving homomorphism of bimodules

gGeo(t:ext) — gGeo(text){—l} (55)
in the other direction. The maps and are morphisms in the category GB(ks, k1).

Thus we have constructed a representative of each isomorphism class of objects in the
category of geometric bimodules purely in terms of Spaltenstein varieties. The distin-
guished bimodule homomorphisms from Proposition (respectively Proposition
play a crucial role in the following subsection.

3.3 A geometric construction of Khovanov homology

So far we have only dealt with planar tangle diagrams which can be embedded in R?. In
this last section we add one dimension and study tangles in R3. Whereas the algebraic data
associated with the two-dimensional world lives inside an additive category (the category
of geometric bimodules) we have to pass to a triangulated category (the homotopy category
of complexes of geometric bimodules) in order to describe the three-dimensional objects
algebraically.

Due to the work of Khovanov [Kho02] we know how to assign a complex of geometric bi-
modules to a tangle in R? in such a way that isotopy of tangles corresponds to isomorphism
in the homotopy category of complexes. Thus, we have a tangle invariant (cf. also The-
orem below) which is known to categorify the Reshetikhin-Turaev invariant [RT90]
associated with the quantum group Uy(slz). In Theorem the main result of this
thesis, we prove that Khovanov’s homological invariant can be reconstructed without a 2d
TQFT only using cohomological methods and the topology of Spaltenstein varieties.

3.3.1 Tangles, planar projections and resolutions

We begin by recalling the notion of a tangle and the notion of a planar projection. Then
we explain how to assign a collection of combinatorial tangle diagrams to a given planar
projection. This connects the combinatorics of tangles in a three-dimensional space to the
familiar planar combinatorics from subsection [2.1

Definition 3.12. A geometric tangle is the image a proper, smooth embedding of a
compact, smooth I-manifold (this is just a finite disjoint union of circles S' and intervals
[0,1]) in R? x [0,1]. An oriented geometric tangle is a geometric tangle together with an
orientation of each connected component.

By definition, a proper embedding maps the boundary to the boundary and the interior
to the interior. In particular, the intersection of the image of the embedding with the set
O(R? x [0,1]) consists of a finite number of points in R? x {0}, called the bottom endpoints
of the geometric tangle, and a finite number of points in R? x {1}, called the top endpoints.
Throughout this work we only consider geometric tangles with an even number of top and
bottom endpoints.

Definition 3.13. A geometric tangle is called a geometric (k, k")-tangle if it has 2k’ bottom
and 2k top endpoints.

Remark 3.14. A geometric tangle without any endpoints is just a knot (if the domain of
the embedding consists of a single S') or a link.

It is natural to identify geometric tangles which are related by a smooth isotopy.
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Definition 3.15. A tangle as a smooth isotopy class of geometric tangles. An oriented
tangle is a smooth isotopy class of oriented geometric tangles, where we additionally assume
that the isotopies are orientation-preserving.

Let D be a generic plane projection of T'. This is just a planar drawing of the tangle
without “singularities” such as triple intersections, tangencies and cusps. If we are dealing
with oriented tangles we will often decorate the pictures with orientation arrows.

Ezample 3.16. The picture on the left is a plane projection of an oriented Hopf link. The

one on the right represents a (1, 1)-tangle.
X\—J

Obviously there are many different possible ways of representing a tangle by a planar
projection. The answer to the question about a precise relationship between a tangle and
its planar projections goes back to the early work of Reidemeister [Rei26].

Proposition 3.17. Two planar projections represent isotopic geometric tangles if and only
if they are related by a planar isotopy and/or a finite sequence of Reidemeister moves:

| o \ ‘X
P — — — \
| AN
Proof. This is a well-known result from elementary knot theory. Detailed proofs can be

found in [KT08,Kas95| or many other standard textbooks on the subject. O

A given planar projection D can be sliced up and written (after performing an appro-
priate planar isotopy if necessary) as a vertical composition of elementary projections, i.e.
a plane projection of a tangle which does not contain any circles and has at most one
crossing.

Ezample 3.18. Here is an example of a Hopf link sliced up into elementary projections:

ANYA

/

[
J

/

vV

We would like to associate a collection of tangle diagrams (as in subsection [2.1]) to a
plane projection D with a fixed decomposition. Motivated by elementary skein-theory we
can resolve the crossings of D in two possible ways:
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A resolution of D is a resolution of each crossing of D. This yields a combinatorial tangle
diagram (or a circle diagram if D represents a knot or link) if we mark the gluing points
of the elementary projections in the decomposition with a dot.

Ezample 3.19. Here is a complete list of resolutions for a plane projection of a Hopf link
decomposed as in Example |3.18

VA /M VA /M VA /M /N /M
e o o o e o o o e o o o e o o o
N\ /
/N /M
e o o o e o o o e o o o e o o o
N\ v/
/N /N
o o o o e o o o e o o o e o o o
v/ v/ v/ v/ v/ v/ N\ v/

3.3.2 The category of commutative cubes and a functor to chain complexes

We proceed by introducing a category of commutative cubes and explain how to assign
a chain complex to an object of this category in a functorial way. Most of the material
presented in this subsection is standard (see e.g. [Kho00, Kho02,[BN02]), except maybe
for the extensive use of categorical language (inspired by the work of Everitt and Turner
[ET09] on generalized Khovanov cube constructions). The categorical viewpoint seems
to be appropriate for our purposes because our focus of interest lies on the morphisms
between commutative cubes and the induced morphisms between the chain complexes
associated with these cubes rather than the cubes and complexes themselves.

Given a positive integer N, we can consider the set {1,2,..., N} and its power set
P({1,2,...,N}), i.e. the set of all subsets of {1,2,..., N}. We will always view the power
set as a partially ordered set (poset), where the order relation is given by inclusion. For
two sets X,Y € P({1,...,N}) we write X < Y if Y covers X, i.e. Y can be obtained
from X by adding a single element.

A useful tool for visualizing the structure of the poset P({1, ..., N}) is its Hasse diagram.
This is the oriented graph which has a vertex for every subset of {1,..., N} and an edge
between the vertices corresponding to X,Y € P({1,..., N}) whenever X < Y. The edges
are oriented towards the subset with larger cardinality.

Ezample 3.20. Here is the Hasse diagram of the poset P({1,2,3}):

{1} —{1,2}

™~

) —- {2} {1,3} —{1,2,3}

<

{3} —{2,3}
Notice that we use the convention to arrange subsets of the same cardinality in columns

when depicting a Hasse diagram. This is motivated by Bar-Natan’s paper on Khovanov
homology [BN02] (cf. also Example [3.27)).
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In the following, we will view the poset of subsets of {1,..., N} as a category denoted by
Posy. More precisely, the objects of Posy are the elements of the power set P({1,...,N})
and the morphism space Homp,s, (X, Y') between two objects X,Y € P({1,..., N}) either
consists of a single element, if X is a subset of Y, or is the empty set in all other cases.
In terms of the Hasse diagram we can say that Homp,s, (X,Y") # 0 if and only if there is
an oriented path from X to Y.

The next definition can be found in [Kho0O0, Definition 1] or [Kho02, Definition 2] in a
slightly disguised form.

Definition 3.21. Let C be a category. A commutative N-cube in C is given by a func-
tor F': Posy — C. This is equivalent to specifying an object F(X) € C for every set
X € P({1,...,N}) and a morphism F(X) — F(Y) for every pair of sets X < Y. By
functoriality these data must be subject to the following condition: The diagram

F(X U{x})

/ \
F(X) F(X U{z,y})
\

FXU{y})

commutes for every triple (X, z,y), where X € P({1,...,N}) and z,y € {1,...,N}\ X,
x #£y.
Remark 3.22. The notion of a commutative N-cube is not as abstract as it sounds. Es-

sentially, this is just a commutative diagram in the category C whose shape is given by
the Hasse diagram of the poset P({1,...,N}).

We would like to go one step further than what is usually presented in the standard
literature and define a category whose objects are the commutative N-cubes as defined
above. A natural choice for such a category is the functor category Fun(Posy,C). Written
out explicitly, we thus have the following morphisms in Fun(Posy,C):

Definition 3.23. A morphism between two commutative N-cubes F, G in C is a natural
transformation of functors n: F' — G, i.e. we have a morphism nx: F(X) — G(Y) in C
for every set X € P({1,..., N}) such that the diagram

F(X) —— F(Y)

nxi lny

G(X)——=G(Y)
is commutative for every pair X < Y.

In the following we set C = GB(k, k'), the category of geometric (H¥, H* )-bimodules.
Let Chgp(x,k) denote the category of chain complexes of geometric bimodules.

Definition 3.24. We define a functor Fun(Posy, GB(k, k")) — Chgp iy as follows:

e An object F' € Fun(Posy,GB(k, k")), i.e. a commutative N-cube F: Posy —
GB(k, k'), is sent to the complex

0= FM 5.5 P O FXO)S LS F{L. N =0,

XeP({1,....,N}),
#(X)=i

homological degree i
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where the differential &° in homological degree i is the sum of all maps in the cube
from a bimodule associated with a set of cardinality ¢ to a bimodule associated with
a set of cardinality ¢ + 1.

e A morphism of cubes n: F — G is sent to the chain map whose i-th component
is the direct sum of the natural transformation maps nx: F(X) — G(X), where

#(X) =1

.. — P xerq...., NY), F(X) L@Xep(u ..... Ny, F(X) ——. ..

#(X)=i #(X)=i+1

D xer{1,..,N}),1X D xer{1,...,N}),1X
#(X)=i #(X)=i+1

e T @XGP(U ..... N}, G(X) i> @XGP(U ,,,,, N}, G(X) — ...

#(X)=i #(X)=it1

Lemma 3.25. The functor Fun(Posy,GB(k,k')) — Chgpy iy from Definition is
well-defined.

Proof. In order to prove that the alleged chain complex associated to a commutative N-
cube F' is indeed an object of Chgp; iy we have to show that d o 9 = 0. By linearity
it suffices to check this on a summand of the i-th chain group. Let o« € F(X) be an
element, where X € P({1,...,N} is a set with cardinality . Then it follows from the
commutativity relation in Definition that

dod(a) € ) F(Y)

YEP({1,...,N}), #(Y)=i+2

is a sum of elements in which each summand occurs exactly twice. Since we work over o
it follows that 0 o d(«) = 0.

One easily sees that the map induced by a morphism of N-cubes is indeed a chain map.
This follows immediately from the commutative square in the Definition of a morphism of
N-cubes. Thus the functor from Definition [3.24] is well-defined on objects and morphisms.

We omit the easy verification that the functor respects compositions and identities. [

Remark 3.26. If we work over a field F with char(F) # 2 (or more generally a ring in which
141 # 0) the above constructions still make sense after replacing commutative cubes with
skew-commutative cubes as in Khovanov’s original construction (cf. e.g. [Kho00, §3.3]).
More precisely, we would have to add signs to some of the maps in the cube in a consistent
way such that the summands cancel.

Ezample 3.27. As already mentioned in Remark it is useful to think of a N-cube as a
commutative diagram. If we follow the convention of Example[3.20|and draw the diagram
in such a way that objects associated with sets of the same cardinality occur in columns,
then the chain complex in Definition [3.24] can be obtained by simply summing the objects
and morphisms along the columns. As an example consider a functor F': Poss — GB(k, k'),

65



i.e. a commutative diagram

F{1}) —F({1,2})

X
/

/
F0) —F({2}) F({1,3}) —=F({1,2,3})
\ /

F({3}) — F({2,3})

X

of objects and morphisms in GB(k,k"). Applying the functor to the category of chain
complexes yields

FO) = F{1}) e F{2}) & F({3}) — F({1,2}) & F({1,3}) ® F({2,3}) = F({1,2,3}).

More concrete examples and applications of these abstract notions are provided in the
following subsection.

3.3.3 The complexes CKh and CKhgeo and an explicit isomorphism

In the following we explain two interesting ways of assigning a commutative cube to a plane
projection of a tangle. The first one is a review of Khovanov’s original construction [Kho02,
§3.4] and the second one uses the cohomology of the manifolds introduced in Definition
[2.:24] The resulting cubes are compared and proven to be isomorphic in Proposition [3.33]
This yields a new construction of Khovanov’s chain complex (cf. Theorem Theorem
m is the algebro-geometric version).

For the remaining subsection we fix a generic plane projection D of a (k,k’)-tangle
together with a decomposition into elementary pieces. Let us assume that the projection
D has N crossings. By labelling each crossing with a different element from the set

{1,..., N}, i.e. we order the crossings of D, we obtain a bijection
P{1,...,N}) 2 {resolutions of D} (56)

by sending a set X € P({1,...,N}) to the tangle diagram obtained by 1-resolving all the
crossings of D whose label is contained in X and 0-resolving all the others. We write ¢(X)
for the tangle diagram associated with the set X via this bijection.

Definition 3.28. Define a commutative N-cube Kh-Cube: Posy — GB(k,k’) in the
category of geometric bimodules as follows:

e The functor Kh-Cube sends an object X € Posy, i.e. aset X € P({1,...,N}), to
the geometric bimodule
Kh-Cube(X) := F (t(X)) {#(X)} (57)
associated with the tangle diagram ¢(X) (cf. subsection [3.2.1)), where the grading is
shifted according to the cardinality of X.

e Given a pair of objects X,Y € P({1,...,N}) such that X < Y, then either the
tangle diagrams ¢(X) is obtained from #(Y") by a single local surgery or vice versa
(a O-resolution in ¢(X) is replaced by a 1-resolution in ¢(Y")). In any case, we obtain
a homomorphism of bimodules

F (X)) {#£(X)} = F@(Y) {#(Y)} (58)

as the sum of the linear maps induced by natural surgery cobordisms as in Proposi-
tion
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Lemma 3.29. The functor Kh-Cube: Posy — GB(k, k') from Deﬁnition 1 a well-
defined commutative N -cube in the category of geometric bimodules.

Proof. We already know that is indeed a geometric bimodule and that is a homo-
morphism of bimodules (cf. Proposition[3.5). Since #(Y) = #(X)+1 this homomorphism
is grading-preserving and thus a morphism in GB(k,k’). The commutativity condition
in the definition of a cube follows immediately from the functoriality of the TQFT F
(cf. [Lee05, §2.1.4] for a detailed case-by-case analysis using cobordism pictures). O

Hence, we can apply the functor from Definition [3.24] to the N-cube from Definition
and obtain a chain complex denoted by CKh(D). This is Khovanov’s chain complex
associated with the plane projection D as constructed in [Kho02), §3.4]. It becomes an
invariant of oriented tangles after shifting the bimodule and homological grading according
to the number of positive crossings z(D) and the number of negative crossings y(D) in D:

o= (00) e (4]

More precisely, we have the following famous result due to Khovanov [Kho02, Theorem 2]:

Theorem 3.30. Let D and D' be two plane projections of the same oriented tangle T, i.e.
D and D' are related by a finite sequence of Reidemeister moves. Then there is a chain
homotopy equivalence

CKh(D)[x(D){22(D) — y(D)} = CKh(D")[z(D')|{22(D") — y(D')}

of complezes of (H*, ”Hkl)—bimodules. The number in squared brackets shifts the homological
grading to the left. In particular, the isomorphism class in the homotopy category of
complezes of geometric bimodules is independent of the chosen planar projection of an
oriented tangle and therefore an invariant.

Proof. The proof consists of constructing explicit homotopy equivalences between the
complexes associated with diagrams related by a Reidemeister move (cf. [Kho02, §4]). O

We want to see that this homological tangle invariant can be interpreted geometrically
in terms of Spaltenstein varieties.

Definition 3.31. Define a commutative N-cube Khgeo-Cube: Posy — GB(k, k') in the
category of geometric bimodules as follows:

e The functor KLhgeo-Cube sends an object X € Posy, i.e. aset X € P{1,...,N}),
to the geometric bimodule

Kheeo-Cube(X) := G (¢(X)) {#(X)} (59)

associated with the tangle diagram ¢(X) (cf. subsection |3.2.2), where the grading is
shifted according to the cardinality of X.

e Given a pair of objects X,Y € P({1,...,N}) such that X < Y, then either the
tangle diagrams t(X) is obtained from ¢(Y) by a single local surgery or vice versa.
In any case, we obtain a homomorphism of bimodules

XDA#X)} = G (V) {#(V)} (60)

as the sum of the linear maps induced by pullback or pushforward as in Proposition

B3
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Lemma 3.32. The functor Khgeo-Cube: Posy — GB(k, k") from Definition is a
well-defined commutative N -cube in the category of geometric bimodules.

Proof. By Proposition the vector spaces are objects in GB(k, k) and by Proposi-
tionthe maps are morphisms in GB(k, k') (because #(Y) = #(X)+1). Hence, in
order to prove the lemma, it remains to show the commutativity condition for every fixed
triple (X, z,y) as in Definition

Notice that this is equivalent to proving the commutativity of the following diagram
because the outer square is precisely the

G (X)) — L G (X)) — 2> G (H(X U fa})) — L G (H(X U{a}))
id Pe(x) Py (xu{e}) id

G (H(X)) — o F (X)) FUX U{2}) DG (4(X U fa})

(60) (158) (158) (60D

G (1(X U () S22 (1(x U 1) —BL F (1(X U {a)) S G (4(X U {a,))

id Q4 (xu{y}) Pi(xUfz,y}) id

G (H(X U {y}) —4= G (t(X U (1)) — B G (1(X U {,4}) —— = G (H(X U {x1}))

The middle square commutes by Lemma and the commutativity of the squares in the
corners of the diagram is trivial. In order to check the commutativity of the remaining
squares it suffices (by linearity) to check the commutativity summandwise. But by the
definition of the involved maps this reduces the argument to the statement of Theorem
which finishes the proof. O

Proposition 3.33. Let nx denote the bimodule isomorphism associated with the tangle
diagram t(X) from Proposition i.e. nx = Pyx). Then the collection of maps n =
(nx)xep1,...n}) defines a natural isomorphism Khgeo-Cube — Kh-Cube of functors,
i.e. an isomorphism in the category Fun (Posy,GB(k, k")) of commutative N -cubes in

GB(k, k).

Proof. Let X, Y € P({1,...,N}) such that X < Y. We have already seen several times
that the following diagram commutes:

GO (#()} -Be G ) (£}

NinY—ét(Y)
FYN{#Y)}

Thus, the commutativity condition in the definition of a morphism of N-cubes is satisfied.

Since the maps nx are isomorphisms in the category of geometric bimodules for ev-
ery X € P({1,...,N), it follows that n: Khge,-Cube =, Kh-Cube is an isomorphism in
Fun (Posy, GB(k,k')). O

nx=%¢(x) lN

FOXO)){#(X)}

Theorem 3.34. The chain complezes CKh(D) and CKhgeo(D) induced by applying the
functor from Definition to the N-cubes KCh-Cube and Khgeo-Cube, respectively, are
isomorphic in the category of chain complexes Chgp iy of geometric bimodules. In par-
ticular, the complexes CKh(D) and CKhgeo(D) are isomorphic in the homotopy category
of chain complexes of geometric bimodules.
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Proof. By Proposition |3.33| we have an isomorphism of cubes Khgeo-Cube = Kh-Cube.
Hence, applying the functor from Definition induces an isomorphism of chain com-
plexes CKhgeo (D) = CKh(D). O

Corollary 3.35. The chain complex CKhgeo(D) is an invariant of oriented tangles in the
homotopy category of complexes of geometric bimodules.

Proof. This follows immediately from combining Theorem [3.30| with Theorem O

Thus, we have a description of Khovanov homology for tangles purely in terms of coho-
mology, pushforward and pullback maps. The 2d TQFT used in the original construction
does not occur (at least not explicitly) in this picture anymore. In particular, Theorem
3:34)is our answer to the question from the introduction.

For completeness we also provide (without a proof) the analogous version of Theorem
using flag varieties. Consider the collection of tangle diagrams ¢(X) obtained by
resolving the crossings of D in all possible ways. Take the diagram ¢(X) with the maximal
number of strands and construct an extension text(X) € T([y, ..., Is) (as explained at the
end of subsection , where I4,...,I; are appropriate admissible sequences with the
same heighest integer n = 2k. Then it is easy to see that we also have extensions of the
other diagrams in T(Iy,..., ).

Now we can define a commutative N-cube as in the topological setting and prove that
it is well-defined:

Definition 3.36. Define a commutative N-cube Khajggeo-Cube: Posy — GB(k, k') in
the category of geometric bimodules as follows:

e The functor Khajggeo-Cube sends an object X € Posy, i.e. aset X € P({1,...,N}),
to the geometric bimodule

IChAlgGeo—Cube(X) = GGeo (text (X)) {#(X)} (61)

associated with the tangle diagram te (X) (cf. subsection [3.2.2)), where the grading
is shifted according to the cardinality of X.

e Given a pair of objects X,Y € P({1,...,N}) such that X < Y, then either the
tangle diagrams tex(X) is obtained from tex(Y) by a single local surgery or vice
versa. In any case, we obtain a homomorphism of bimodules

gGeO (text(X)) {#(X)} - gGeo (text(Y)) {#(Y)} (62)

as the sum of the linear maps induced by pullback or pushforward as in Proposition

B.I11

Theorem 3.37. The chain complex CKChagGeo(D) obtained by applying the functor from
Definition to the commutative N-cube in Definition is isomorphic to the chain
complexes CKhgeo(D) and CKh(D) in the category of chain complexes of geometric bi-
modules.

Proof. Essentially, this follows from the homeomorphism in Proposition [2.26 O
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