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Abstract We give an explicit graded cellular basis of the s[3-web algebra K's. In order
to do this, we identify Kuperberg’s basis for the s(3-web space Wy with a version of
Leclerc—Toffin’s intermediate crystal basis and we identify Brundan, Kleshchev and
Wang’s degree of tableaux with the weight of flows on webs and the g-degree of
foams. We use these observations to give a “foamy” version of Hu and Mathas graded
cellular basis of the cyclotomic Hecke algebra which turns out to be a graded cellular
basis of the sl3-web algebra. We restrict ourselves to the sl3 case over C here, but our
approach should, up to the combinatorics of s[y-webs, work for all N > 1 or over Z.

Keywords Categorification - g-Skew Howe duality - Webs and web-algebras -
Kashiwara—Lusztig crystal bases and intermediate crystals - Cyclotomic Hecke
algebra

1 Introduction

After Khovanov published his groundbreaking work [30] on the so-called arc alge-
bra H,, which was inspired by his categorification of the Jones polynomial [29],
researchers started to study these diagrammatic algebras and generalizations of it
from different viewpoints and it turns out that these algebras have a beautiful com-
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binatorial structure and representation theory. Moreover, they are related to algebraic
geometry and knot theory.

The literature about this subject is wide nowadays and many results are known. To
list a few of them, the generalizations of the arc algebra in type A are for example
studied in [8-12,15,31,54] and [55], in type A for example in [44] and [48] or [49],
in type Ay case for example in [43] and [47]. There is also an arc algebra in type D
studied in [17,18] and [19] and one in the gl(1]1) case studied in [53].

These algebras in type A can be seen as a categorification of the underlying s(y-web
space. In the sl case (if one ignores orientations) one has the so-called Temperley-
Lieb category, which gives a diagrammatic presentation of the representation theory of
U, (sl2) (an interesting historical remark is that a first diagrammatic approach already
arose in a paper of Rumer, Teller, and Weyl [51]). In the sl3 case the underlying space
consists of Kuperberg’s sl3-webs, introduced in [38]. They give a diagrammatic pre-
sentation of the representation theory of Uy (s13). In the 5[y case the underlying space
consists of sly-webs. They give a diagrammatic presentation of the representation
theory of U, (sly), as was recently proven by Cautis, Kamnitzer and Morrison [13].

In this paper we continue the study of the so-called s(3-web algebras introduced
in [44]. We denote them by K, where S is a sign string (string of 4+ and — signs).
To be more precise, we show that Kg is a graded cellular algebra in the sense of
[23] Graham and Lehrer (who introduced the notion in the ungraded setting) and Hu
and Mathas [25] (who extended Graham and Lehrer’s notion to the graded setting)
by giving an explicit graded cellular basis for the sl3-web algebra Kg. We follow a
different approach than Brundan and Stroppel used in the sl case [8], since their
arguments does not seem to generalize in a straightforward way to N > 2. In fact,
we claim that our approach in this paper will, up to some combinatorics of s[y-webs,
generalize to all N > 1.

It should be noted that it was known before, as the author showed together with
Mackaay and Pan in [44] in the sl3 case and Mackaay and Yonezawa [47] showed
in the sly case, that all the s[y-web algebras are graded cellular algebras. The way
this was proven is by an abstract Morita equivalence—no other proof is known at the
moment. An explicit cellular basis in only known in the sl; case. As mentioned, the
construction is due to Brundan and Stroppel [8].

Our approach in this paper is as follows. One main ingredient is the usage of cat-
egorified, diagrammatic quantum skew Howe duality studied recently independently
by varies authors in this framework [13,39] and [44] to cite a few (the first appear-
ance in the context of sly-webs seems to be the paper of Huerfano and Khovanov
[27], although they never used the notion of skew Howe duality). In the sl3 case this
means that there is a strong 2-representation v : U(sl,,) — Foamjs, called foamation,
of Khovanov and Lauda’s [35] categorification of ﬁq (sln), denoted by U(sl,), to the
category of s[3-foams Foams. This foamation functor was used in [44] to show that K g
is Morita equivalent to a certain block of Rp, where Ry denotes Khovanov-Lauda’s
[33] and [34] and Rouquier’s [50] cyclotomic quotient, called the cyclotomic KL-R
algebra.

In aremarkable paper [4] Brundan and Kleshchev showed that the cyclotomic KL-R
algebra is isomorphic to the so-called cyclotomic Hecke algebra. Their isomorphism
was used by them to define a non-trivial grading on the cyclotomic Hecke algebra.
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Using this isomorphism, Hu and Mathas gave in [25] a graded cellular basis for the
cyclotomic KL-R algebra based on earlier work of Dipper, James and Mathas [16]
who gave a (ungraded) cellular basis of the cyclotomic Hecke algebra and Brundan
and Kleshchev’s (and Wang’s) work on graded Specht modules for these algebras, see
[5-T7].

The approach we follow here is that we give a “foamy” version of the Hu and
Mathas basis (short HM-basis) using foamation and quantum skew Howe duality. It
turns out that the combinatorial structure can be easier seen within the cyclotomic
Hecke algebra, while the topological structure can be easier seen within the foam
setting.

We note that the explicit construction is a non-trivial task, since bases behave really
badly under Morita equivalence and some non-trivial translation from the cyclotomic
Hecke algebra to the foam framework was needed, that is, even the answers to basic
questions were unknown before. It turns out, as we explain below, that this non-trivial
combinatorics is in fact quite nice itself, since it gives a new perspective on the sl3-web
spaces.

The second main ingredient is that we use a special basis for our underlying sl3-web
space Wy, the so-called intermediate crystal basis By of Leclerc—Toffin [40] (short
LT-basis) of the highest weight Uy (sl,)-module V,, which can be translated to the
sl3-web setting using quantum skew Howe duality. It turns out the the LT-basis is easy
to work with if one wants to categorify the results from the level of sl -webs.

To be a little bit more precise, we “categorify” the LT-algorithm for s(3-webs by
giving a growth algorithm for foams producing a graded cellular basis.

That is, the LT-algorithm, under g-skew Howe duality, turns given semi-standard
tableaux into sl3-webs by applying a sequence of so-called slz-ladder operators
obtained from an algorithm on semi-standard tableaux to a certain highest weight
vector. On the other hand, the growth algorithm for foams, under categorified g-skew
Howe duality, turns standard 3-multitableaux into sl3-foams by applying a sequence
of certain sl3-foams (that categorify the ladder operators) obtained from an algorithm
on standard 3-multitableaux to a certain highest weight object.

It should be noted that, in order to formulate the growth algorithm for foams, we
relate standard 3-multitableaux to Khovanov—Kuperberg flows (see [32]) on sl3-webs.
Recall that these flows are a combinatorial way to answer the important question what
a web, seen as an invariant tensor Ianq(5[3)(®k Vi), is explicitly in terms of the
elementary tensors of ® A Vsk.

In order to prove both observations highly non-trivial combinatorics on the s(3-
webs is needed (in fact this seems to be the only problem for generalizing everything
to N > 3). But this combinatorics turns out to be quite beautiful itself, i.e. we identify
Kuperberg’s basis of non-elliptic webs as an intermediate crystal basis (which shows
“immediately” that it is related by an unitriangular change-of-base matrix to the dual
canonical and again demonstrates that it is somehow “the” basis of the s(3-web space),
we give a growth algorithm for s(3-webs with flows and we relate webs with flows
to standard fillings of 3-multitableaux. We use latter to identify Brundan, Kleshchev
and Wang’s notion of degree [7] in a very natural way, i.e. as the weight of flows on
webs [32] and the g-degree of foams, where latter is just a slight modification of the
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geometrical Euler characteristic (hence, Brundan, Kleshchev and Wang’s degree is
an isotopy invariant).

The reason why we think this approach should “easily” (up to combinatorics of
sly-webs) generalize is that both of our main ingredients are known in general for
N > 1, see [43] and [47] (and conjecturally sly-foams [45]). Note that the results
from Sect. 3.1 can be easily generalized to sly-webs to give a growth algorithm for
such sly-webs. In fact, we tend to argue that this basis forms somehow a “natural”
basis of the s[y-web space, which is neither the Satake basis nor Fontaine’s basis. For
details about the Satake basis and about Fontaine’s basis see [20] and [21].

This paper is organized as follows.

(1) We start by giving our notation for 3-multipartitions in Sect. 2.1. Most notions
from this section can be done in more generality, but we only need the case of
3-multipartitions in this paper.

(2) In Sect. 2.2 we recall Leclerc-Toffin’s basis and its relation to Kashiwara-
Lusztig’s crystal bases, Khovanov-Lauda’s categorification U (sl,), the cyclo-
tomic KL-R algebra and the HM-basis for it.

(3) We recall sl3-webs/foams and their connection to Uy (sl3) in Sect. 2.3.

(4) In Sect. 2.4 we recall the s(3-web algebra Kg (note that we use the conventions
from [44]) and the foamation functor ¥ : U(sl,,) — Foams.

(5) Inthe Sect. 3.1 we show that Kuperberg’s basis is indeed a monomial basis, that
is, we show that it is an intermediate crystal basis in the sense of Leclerc and
Toffin [40]. This includes that there is an unitriangular algorithm to compute the
dual canonical basis of the web space Wy using Kuperberg’s s(3-web basis and
the Kuperberg bracket.

(6) We show how one can relate flows on sl3-webs to fillings of 3-multipartitions.
This gives rise to a growth algorithm for s(3-webs with flows in the two Sects. 3.2
and 3.3. These two combinatorial sections are crucial for the rest of the paper.

(7) In Sect. 3.4 we show that Brundan, Kleshchev and Wang’s degree of a tableaux
[7] has a very natural interpretation as the weight of flows on s(3-webs.

(8) We give in Sect. 4.1 a growth algorithm for foams that produces a homogeneous
basis of the foam space based on a categorified version of Leclerc—Toffin’s algo-
rithm to compute the intermediate crystal basis.

(9) We show that the growth algorithm for foams gives a homogeneous basis of
the foam space by showing that it can be seen as a “foamy” version of Hu and
Mathas graded cellular basis. Note that this includes that Brundan, Kleshchev
and Wang’s degree has a very natural interpretation as the g-degree of foams
(which is just a slightly modified Euler characteristic). This is done in Sect. 4.2.

(10) And finally, in Sect. 4.3, we show that the growth algorithm for foams produces
a graded cellular basis of K.

(11) Itfollows (almost) as a direct application (see Remark 4.25) that the set of simple
heads of the cell (or Specht) modules S of Kg, denoted by D, and the set of their
indecomposable, projective covers of, denoted by P, give rise to the canonical
and dual canonical bases of the s(3-web space W§*>.

It is worth noting that we give lots of examples in each section to show that every-
thing can be done explicitly.
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2 Basic notions
2.1 Combinatoric, partitions and tableaux

In this section we define/recall some combinatorial notions that we use in this paper.
Note that we recall most notions only for the sl3 case, although they can be done in
more generality without difficulties, see for example [25].

Choose arbitrary but fixed non-negative integers n > 2 and k < n. Let

An,d) = [k eN" | D> A =d]
i=1

be the set of compositions of d of length n. By A*(n,d) C A(n,d) we denote the
subset of partitions, i.e. all A € A(n, d) such that

MZA=- =k 20

Let AT (n,d)12 C AT (n,d) be the subset of partitions whose entries are all 1 or
2. We use similar notions for AT (n, d)y for some N e N, that is
n
At(n, d)y = [A eN"| D xi=d, 1€ {O,...,N}].
i=1
Recall that we can associate to each A € AT (n, d) a diagram for )

A={rc)]|0=<c=<A,1=<r<nj

which we, by a slight abuse of notion, denote by the same symbol A. The elements of
a diagram are called nodes N. For example, if A = (3, 2, 1), thatisd = 6, n = 3, then

A:

Hence, we use the English notation to denote our partitions/diagrams.

A tableau T of shape X is a filling of A with (possible repeating) numbers from a
chosen, fixed set {1, ..., k}. Such a tableau T is said to be semi-standard, if its entries
increase along its rows (weekly) and columns (strictly), and column-strict, if its entries
increase along its columns (no restriction on rows). For example

1[2]3] 112]2]
3 T, =[4]3

T =

4
15
the tableau 77 is semi-standard, but 73 is only column-strict. We denote the set of all

semi-standard tableau of shape ) by Std* (1) and the set of all column-strict tableau
of shape A by Col(A).

2
4]
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Moreover, we stress that we do not assume that our tableaux have only non-repeating
entries. In fact, we only assume that the number of times that an entry appears is
between 0 and 3. For our 3-multitableaux A (see below) we assume the same with the
extra restriction that repeating entries are never in the same vector entry of 2 and all
repeating entries are of the same residue. We note that this strange looking condition
is due to the fact that we use divided powers which do not appear in the language of
cyclotomic Hecke or KL-R algebras.

In the same vein, a 3-multipartition ae AT (n,d,3) of d with length n is a triple of
partitions A= L, AZ Mywitha! = L, ..., )»ﬁll) such that their total length is n and

their total sum is d. As before, we can associate to each Ae AT(n,d,3) adiagram
for A

h={rc.D|0<c<i 1<r<n, I=1,..3)}

which we, by a slight abuse of notion, denote by the same symbol A. For example, if
we have 1 = ((3,2, 1), (0), (4)), thatis d = 10, n = 4, A! = (3,2, 1), A2 = (0) and
= (4), then

|
A= 7®a

At this point it is worthwhile to say that since both notations appear repeatedly
in the literature: To distinguish between the notion of partition A and components of
multipartition A= (Al, 22, A3), we write latter using superscripts (and similar for
multitableaux). . .

As before, a 3-multitableau T of shape A is a filling of A with (possible repeating)
numbers from a chosen, fixed set {1, ..., k}. Such a tableau T is said to be standard,
if its entries increase along its rows and columns (both strictly).

We denote the set of all standard tableau T of shape s by Std()»)

As we mentioned above, we are mostly interested in 3-multipartitions AT(n,d,3)
here. But under skew Howe-duality it is necessary to consider them as /-partitions,
where the / > 0 depends on the context. There are two natural embeddings
bk AT(n,d,3) > AT(n,d, D) forl > 2,ie.

LG) = (0), ..., 0), 21, 22,23 and 4 () = A1, 22,13, (0), ..., (0)).
-3 -3

We always use the first one 113, since the first one fits to our other conventions. But,
with a slight abuse of notation, we always think of L[3 (A) as a 3-multipartition A.

Definition 2.1 Let A € A" (n,d) be a partition. Then we associate to each node
N = (r,c) € A of A a residue r(N) by the rule r(N) = r — ¢ + m where m is the
number of non-zero entries of A. It should be noted that we see m as being fixed by A,
even if we speak about addable or removable nodes.

@ Springer



J Algebr Comb (2014) 40:1001-1076 1007

If ) = {(r,e,D) | 0<c< Alr, 1 <r <mnl =1,2,3}is a 3-multipartition, then
we can use the same notions for each of its nodes N = (r,n,[) € . This time m is
the maximal number of non-zero entries of the components of s

An addable node N of residue r(N) = k is a node N that can be added to the
diagram of A such that the new diagram is still the diagram of a partition and the
residue is 7 (N) = k. We denote the set of addable nodes of residue k of 1 by A¥().

Similar, a removable node N of residue r(N) = k is a node that can be removed
from the diagram of A such that the new diagram is still the diagram of a partition and
the residue of N is r(N) = k. We denote the set of removable nodes of residue k of A
by RK(L).

Again, we can use the same notions for a 3—113u1tipartition ae AT(n,d,3).

Moreover, we say anode N = (r,c,l) of A = ()Ll)?zl comes before (or after)
another node N’ = (+/, ¢/, ') of . denoted by N < N (or N = N'),iffl <l or
[=0Uandr <r' (orl >1"orl =1"and r > r’). We use the obvious definitions for
the notions strictly before < and strictly after >.

For a fixed node N, we denote the set of addable nodes of A before N with the same
residue (N) = k by AK<N (1) and we denote the set of addable nodes of \ after N
with the same residue r(N) = k by AN (3). In the same vein, for a fixed node N,
we denote the ser of removable nodes of A before N with the same residue r(N) = k
by RE<N()) and we denote the set of removable nodes of A after N with the same
residue (N) = k by RN (3).

We are mostly interested in the nodes after a given node N. One would have to use
the nodes before if one wants to construct a “dual” basis of the HM-basis, see [25].

Example 2.2 Letx = (A1, 22, A3) be the following 3-multipartition (we have m = 3).

3[415]6] 374 314[5(6
A =213 . N =5 . XN =[2[314]5
1] <] 11213

We have filled the nodes of A12:3 with the corresponding residues. Note that the residue
is constant along the diagonals.

The set of addable nodes of residue 4 for A and the set of removable nodes of residue
2 for ). are given by

A= : |, A2 = - :

X

where we have indicated the addable nodes with a - and the removable with a x.
The removable node is after the first addable and before the second addable node.
Moreover, in the following we demonstrate all nodes strictly before < and strictly
after > a fixed node marked —.

) <|=l=l=] ,
A=<= ;A
<

:<|’ 2\ —

YI|Y
YI|Y
YI|Y
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Definition 2.3 Let & = (A!, A2, 2%) and /i = (1!, u2, 13) be two 3-multipartitions
in AT (n, d,3).Recall that 4; = had, and py = (i, s, ) forl € {1,2,3).
We say A dominates i, denoted by i < A, if

[—1 K -1 K
DU+ uh < DT+ A,
i=1 j=1 i=1 j=1

forall1 </ <3and 1 <s. We write ji < A, if ji ﬁzandﬁ # x Ttis easy to check
that < is a partial ordering of the set of all 3-multipartitions AT (n,d,3), called the
dominance order.

This order can be extended to 3-multitableaux in the following way. Suppose we
have two standard 3-multitableaux T1 € Std(A) and Tz € Std(jt) with k nodes filled
with numbers from {1, ..., k} (no repetitions). As in Definition 3.16, we denote the
corresponding 3-multipartitions after removing all nodes with entries higher than j €
{1,...,k}by i/ and A/. Then

T)<9T & i/ <3/ forall jel{l,... k).

To extend it to all, i.e. allowing repetitions, 3-multitableaux we use a special 3-
multitableaux 7" associated to T by inductively replacing repeating entries from left
to right, e.g.

7 12hn71ﬂ L 13h@’2ﬂ_
3 S S 7] 2.1)

Then we can use the same rules as before.
Given )l € AT (n,d,3) we can associate to it a unique standard 3-multitableau
T; € Std(2) with the property

TeSd() =TT

Note that 75 is easily seen to be the tableau with all entries in order from top to bottom
and left to right.

Example 2.4 Given the same 3-multipartition as later in Example 3.14 part (b), i.e.

(o)
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we see that

1(2 516
- (-0 FP)

It will dominate all 7' & Std(X). For example

will be dominated, since

f4:(;) 2|,@,)§1T;\1:< é 2|7’@>.

Definition 2.5 Let T e Std(X) be a 3-multitableau. The residue sequence of T,
denoted by r(7) is the k-tuple whose j € {I,..., k} entry is the residues of the
node with number j. Moreover, the residue sequence of a 3-multitableau A, denoted
by r (), is defined to be r (1) = r(T3). Note that, since we only use 3-multitableaux
whose repeating numbers are of the same residue, the notion makes sense for or notion
of 3-multitableaux.

2.2 Intermediate crystal bases and categorified quantum algebras

In this section we shortly recall Leclerc—Toffin’s definition of an intermediate crystal
basis, of which we think as a basis sitting in between the lower global (in the sense of
Kashiwara) crystal bases b7 (also called canonical basis in the sense of Lusztig) and the
standard basis e7’. Then we recall the notion of Khovanov and Lauda’s categorification
of Uq (sl,) (recall that this is Beilinson, Lusztig and MacPherson idempotented form
[2]), denoted by U(sl,), and the notion of Khovanov-Lauda and Rouquier algebras
(KL-R for short) and Hu—Mathas graded cellular basis for latter.

We stress that we really only recall everything very briefly. Much more details can
be found for example in the references we give below.

Moreover, we do not recall g-skew Howe duality or the representation theory of
U, (gl,,) and U, (sl,)-tensors, because we want to keep the length of this paper in a
reasonable boundary. Details concerning g-skew Howe duality (or even more, i.e. a
nice survey about it) can for example be found in the paper by Cautis, Kamnitzer
and Morrison [13] and, for example in Mackaay’s paper [43], the reader can find a
good discussion how tensor products and certain bases behave under ¢g-skew Howe

duality. We note that we use the conventions of [44] (with E_; = F;) and we hope
that the reader does not get confused, since some authors use different conventions,
e.g. a different quantum parameter v = —g .

2.2.1 Intermediate crystal bases

Note that a similar section can be found in [43], since Mackaay also uses in his paper
[43] the intermediate crystal basis under g-skew Howe duality.

@ Springer



1010 J Algebr Comb (2014) 40:1001-1076

Let us denote by V), the irreducible ﬁq (sl,)-representation of highest weight A =
(3%). There is a particular nice basis of V, called the lower global crystal basis (or
canonical basis). Since we do not need it explicitly here, we do not recall the definition.
Details can be found in [24] or [42] for example. We denote the canonical basis of
V., which is parametrized by Std*(3%)", by

can(Vp) = {by | T € Std*(3%)}.

In contrast to the standard basis {e7’ € Af;((CZ)®3 | T" € Col(3%)}, which is easy
to write down, but has not a very good behavior under the action, the lower global
crystal basis is very hard to find, but has a very good behavior. Note that, as pointed
out in [43], g-skew Howe duality turns by +— b; and vice versa, that is, the canonical
basis of V, turns under g-skew Howe duality to the Uq (sl3)-dual canonical basis
dcan(Wy) = {b; | T € Std* (35)} of the sl3-web space Wjy.

Leclerc and Toffin [40] defined a different basis of V), denoted by B , parametrized
by the elements in Std* (3) (as Kashiwara-Lusztig’s lower global crystal basis). It is
also called the intermediate crystal basis. It is much easier to write down than the
lower global crystal basis and Leclerc and Toffin [40] gave an inductive algorithm
how to compute can(Vy) from Bp. We recall their definition of By now very briefly
(we should admit that we do not recall the details about the notation here, but they are
not important for us in this paper. A good discussion can be found in [43]).

Given T € Std*(3%), let us recall how to obtain the Leclerc—Toffin (or short LT?)
basis element A7 € Bp. Let 1 < iy < £ be the smallest number such that the rows
of T = T with row number < i; (where we number the rows starting with 1 from
top to bottom in our convention) contain numbers equal to i1 + 1. We denote the total
number of such entries by j; > 0. Lower these entries to /| and denote the new tableau
by T, € Std* (3%) (this tableau will still be semi-standard). Continue until one obtains
after s-steps a tableau 7y whose entries are exactly the row numbers. The element A7

is defined by (F\") = 1b, 4'+q "

=Gnis the divided power with the quantum integer [a] = e

Ar = Fi(ljl) S Fl.(ij)vA (here vy is the vector of highest weight A). 2.2)

These basis elements are fixed under the bar involution.

One can easily work out the expansion of A7 on the standard basis e+ of Af; ((CZ)®3
(the quantum exterior power—details can be found in [13] or [43]). Leclerc and Toffin
showed (i.e. Lemma 9 in [40]) that

Ar =er+ D aper, 2.3)
T'<T

with 77 € Col(3%) and certain a7+ (v) € N[v, v=!] (with v = —g~!). Here < denotes
the lexicographical ordering on column-strict tableaux: For a column-strict tableaux

I Note that we write 3¢ as a shorthand for the partition (32).

2 We always mean Toffin and not Thibon. We thank Catharina Stroppel for recognizing this confusing point.
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T we define the column-word co(T) = (cy, ..., c3¢) to be a sequence of the entries
of the columns of T read from top to bottom and then from left to right. Note that this
sequence has length m£. Then the set Col(3") is partial order by

T <T &) —c(T)eN* with «(T?) =", ¢+, e+ 4.

Since we tend to use 3-multipartitions and 3-multitableaux instead let us state what
this means in our notation. A column-strict tableaux T of shape (3¢) corresponds
to a 3-multipartition x by subtracting from each row its number and obtain a new
column-strict tableaux 7'. Read the k-th column from bottom to top to obtain in this
way the k-th partition AX of A= (A1, A2, 13). It is easy to see that this process is in
fact invertible.

Write XT for the corresponding 3-multipartition. Then T < T’ iff XT < XT/,
where < is the dominance order from Definition 2.3. As a small example consider the

1

following.
3 1(2 |
24334 and <@, )Q(D, )

Moreover, there is an algorithm to obtain the canonical basis can(V,) which uses
B, as an intermediate basis. Leclerc and Toffin showed (i.e. Sect. 4.2 in [40]) that

br =Ar+ > Bror(WAr, (24)
T"<T

with T” € Std* (3%) for certain bar-invariant (1) coefficients Bz»7(v) € Z[v, v™'].

It is worth noting that a slight change in the definition of By, i.e. changing the rules
which entries are to replaced, one get similar results as above. In fact, in this paper
we use such a slight change. We call such these basis, by a slight abuse of notation,
still LT-bases or of LT-type. Under g-skew Howe duality, as explained in Sect. 3.1,
this basis turns out to be Kuperberg’s basis of sl3-webs. Moreover, it changes the
underlying space Ag ((CZ)®3 to A (C;)@’".

2.2.2 The special quantum 2-algebras

Khovanov and Lauda (Rouquier introduced independently similar notions [50]) intro-
duced diagrammatic 2-categories {/(g) which categorify the integral version of the
corresponding idempotented quantum groups [35].

Cautis and Lauda [14] defined diagrammatic 2-categories o (g) with implicit
scalers Q consisting of #;;, r; and siqu which determine certain signs in the defini-
tion of the categorified quantum groups.

In this section, we very briefly recall ¢/ (sl,) = U (sl,). Much more can be found
in the papers cited above. The scalars Q are givenby t;; = —1if j =i+ 1,1; =1
otherwise, r;, = 1 and sfq = 0. This corresponds precisely to the signed version in
[35,36]. For simplicity we work with C as an underlying field.
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Definition 2.6 (Khovanov—Lauda) The 2-category U(sl,) is defined as follows.
e The objects in 2 (sl,) are the weights A € Z"~ 1.

For any pair of objects A and A’ in U(sl,), the hom category U (sl;) (%, ') is the
Z-graded, additive C-linear category consisting of the following data.

e Objects (or 1-morphisms in U/ (sl,)), that is finite formal sums of the form &;1; {¢}
where ¢ € Z is the grading shift and i is a signed sequence such that A’ =
bt et €ally

e The morphisms or 2-cells are graded, C-vector spaces generated by compositions
of diagrams shown below. Here {k} denotes a degree shift by k. Moreover, we use
the two shorthand notations o/ = (¢, « ;) and oM = p ai)

(ai )
Qsl — )\+D¢i%\)\ ¢2 — )\+ozi$)\ ¢3 = ] ¢4 _ [\i/)\ ¢5 _ \ij\)\
i i

with ¢ = idgil)\, ¢ &l = gilk{aii}, @3 gigjlk = gjgilk{aij} and cups
and caps ¢4: Li{3a' + o'} = &F1, and ¢s: Li{3al — ot} = F &1,
Moreover, we have diagrams of the form

Uy = ,\al\k\ Wy = Aa,-,\#,\ s = i ] Wy = \;i\)\ Vs = /NA

with Y1 = idgy,, ¥2: Fily = Fil {o'}, Y3: FiFil, = .7:]'.7:,‘1)L{Olij} and
cups and caps ¥4: F; &1 = l,\{%a” +oMyand ¥s5: §Fil, = lk{%a” — o).

The relations on the 2-morphisms are those of the signed version in [35,36]. The
convention for reading these diagrams is from right to left and bottom to top. The
2-cells should satisfy several relation which we will not recall here. Details can be for
example found in Cautis and Lauda’s paper [14].

2.2.3 The cyclotomic KL-R algebras

In this subsection, we recall the definition of the cyclotomic KL-R algebras, due to
Khovanov and Lauda [33,34] and, independently, to Rouquier [50]. We also very
shortly recall Hu and Mathas graded cellular basis [25] for these algebras of type A.

Let A be a dominant sl,-weight, V, the irreducible Uq (sl,)-module of highest
weight A and Pp the set of weights in V.

Definition 2.7 (Khovanov-Lauda, Rouquier) The cyclotomic KL-R algebra R is the
subquotient of ¢/ (sl,) defined by the subalgebra of all diagrams with only downward
oriented strands and right-most region labeled A and modded out by the ideal generated

by all diagrams Of the fOrm
+ + \/ (1]} A .
Xn
il i ) i, 3 ’Ln

This relation is known as the cyclotomic relation.

(2.5)
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Note that

Ry = P Ra),

HEPA

where R (1) is the subalgebra generated by all diagrams whose left-most region is
labeled p. It is not clear from the definition what the dimension of R, is. Moreover,
it is not clear that R, is finite dimensional, but Brundan and Kleshchev proved that
R is indeed finite dimensional [4].

Note that we mod out by relations involving dots on the last strand, rather than the
first strand as in [33] to make it consistent with our other conventions in this paper.

It is worth noting that if we draw pictures for the KL-R algebra, then we do not
need orientations anymore, that is pictures will look like

- X

In [25] Hu and Mathas gave a graded cellular basis of the KL-R algebra R, (or R?( s)
in their notation). We do not recall their definition here, since it is not short and we
give an alternative definition using foams later. The reader is encouraged to take a
look in their great paper. We call their basis HM-basis. We only mention that their
basis is parametrized by A e At (n, c(S), 1), i.e. all [-multipartitions of ¢(S) for all
suitable n, [, and T T e Std()i), i.e. standard /-multitableaux in the KL-R sense

without repeating entries. They denote their basis by

W7 7 | % € Pe(s) and T,T' e Std(h)},

where P(s) is the set of all multipartitions of ¢(S). Moreover, it is graded by

degpiw (V7 7/) = degBKW(f) + degBKW(f/)’

where the degree is Brundan et al. degree given in [7], which we recall in 3.28. We note
that n in our context will be the number of strands of a given web (see next section)
and c(S) is as in 2.11. It is worth noting that we restrict to the easiest case, i.e. the
linear quiver over C, but much more is known about HM-basis, see for example [26]
or [41] for a version over Z.

2.3 Webs and foams

We are going to recall the notions of s(3-webs and foams in this section. Nothing here
is new, i.e. the whole section is literally copied from [44] (up to some small changes)
and the results are mostly from either [32] or [38] in the case of webs or [28] and [46]
for the foams. As before, we only briefly recall the different notions and much more
can be found in the papers mentioned above.

In [38], Kuperberg describes the representation theory of Uy (sl3) using oriented
trivalent graphs, possibly with boundary, called webs or s(3-webs. Boundaries of webs
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consist of univalent vertices (the ends of oriented edges), which we will usually put on
a horizontal line (or various horizontal lines), called the cut-line, and that we usually
picture by a dotted line, e.g. such a web is shown below.

.................... Gy

We say that a web has n free strands if the number of non-trivalent vertices is exactly 7.
In this way, the boundary of a web can be identified with a sign string S = (s1, ..., Su),
with s; = &, such that upward oriented boundary edges get a “+” and downward
oriented boundary edges a “—”" sign. Webs without boundary are called closed webs.

Fixing a boundary S, we can form the C(g)-vector space W, spanned by all webs
with boundary S, modulo the following set of local relations or Kuperberg relations

[38].
Q = [3] (2.6)
— o = [2] 2.7)
N~
= -
TN (2.8)
Here
_9 =9 i a3, ) -1
la] = g—q T 4 +q" Tt tg €Nlg,q ']

denotes the quantum integer. Note that we sometimes do not orient our webs. In all
those cases the orientation does not matter and is therefore not pictured.

By abuse of notation, we will call all elements of Wg webs. From relations (2.6),
(2.7) and (2.8) it follows that any element in Wy is a linear combination of webs with
the same boundary and without circles, digons or squares. These are called non-elliptic
webs. As a matter of fact, the non-elliptic webs form a basis of Wy, which we call Bg.
Therefore, we will simply call them basis webs or Kuperberg’s basis webs or LT-basis
webs (we explain the name in Sect. 3.1).

Following Brundan and Stroppel’s [8] notation for arc diagrams, we will write w*
to denote the web obtained by reflecting a given web w horizontally and reversing all
orientations. Moreover, by uv*, we mean the planar diagram containing the disjoint
union of u and v*, where u lies vertically above v*. By v*u, we shall mean the closed
web obtained by glueing v* on top of u, when such a construction is possible (i.e. the
number of free strands and orientations on the strands match).
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It should be noted that we usually use the symbol w for any web, closed or with
boundary, while we use the symbols u, v for half-webs, that is w = u*v for suitable
webs u, v € Bg.

To make the connection with the representation theory of U, (sl3), we recall that a
sign string S = (s1, .. ., §,) corresponds to

Vs=V, ®---® Vs,

where V. is the fundamental representation and V_ its dual. Both V and V_ have
dimension three. In this interpretation, webs correspond to intertwiners and

Ws = InVUq(5[3)(Vs) = Hoqu(5[3)(C, Vs).

Therefore, the elements of By give a basis of InVUq (stiy) (Vs). However, this basis is not
equal to the usual tensor basis nor to the dual canonical basis, see [32]. Moreover, in
[44] it was proved that Kuperberg’s web basis and the dual canonical basis are related
by a unitriangular change of basis matrix. The proof follows from categorification.
We will reproduce this result without using categorification in Corollary 3.7.

Kuperberg showed in [38] (see also [32]) that basis webs are indexed by closed
weight lattice paths in the dominant Weyl chamber of sl3. It is well-known that any
path in the sl3-weight lattice can be presented by a pair consisting of a sign string
S = (s1,...,5,) and a state string J = (ji,..., ju), with j; € {—1,0, 1} for all
1 <i < n.Givenapair (S, J) representing a closed dominant path, a unique basis web
(up to isotopy) is determined by a set of inductive rules called the growth algorithm.
We do not need it here explicitly, but it should be noted that Khovanov and Kuperberg
showed in [32], that the growth algorithm is independent of the involved choices. A
result that we need later in Sect. 3.1. The growth algorithm gives the basis Bg.

Following Khovanov and Kuperberg in [32], we define a flow or flow line f on a
web w to be an oriented subgraph that contains exactly two of the three edges incident
to each trivalent vertex. At the boundary, the flow lines can be represented by a state
string J. By convention, at the i-th boundary edge, we set j; = +1 if the flow line is
oriented downward, j; = —1 if the flow line is oriented upward and j; = O there is
no flow line. The same convention determines a state for each edge of w. We will also
say that any flow f that is compatible with a given state string J on the boundary of
w extends J.

Given a web with a flow, denoted w s, Khovanov and Kuperberg [32] attribute a
weight to each trivalent vertex and each arc in wr, as in Figures 2.9 and 2.10. The
total weight of w 7 is by definition the sum of the weights at all trivalent vertices and

YYYYYY
1L AL XX

1
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ez (2.10)

For example, the following web has weight —4.

We will show later in Sect. 3.4 that Brundan, Kleshchev and Wang’s degree of a multi-
tableau has, after translating it using g-skew Howe duality, a very natural interpretation
as (minus) the weight of a flow f on a fixed web w.

We choose arbitrary but fixed non-negative integers n > 2 and £ < n, such that
d=3¢>n.Recall A(n,d) ={r e N" | X7 | & =d}.

Recall that a flow on the line on the boundary of a web, i.e. a pair of a sign string
S and a state string J, can be encoded using column-strict tableaux Col(A). Here
r = (3% € A(n, d) and for any sign string S = (sq, ..., S) the number s; appears
with multiplicity one or two depending on the sign string S, see [44]. To be precise,
in [44] we showed the following. We note that the restriction to the canonical flow
gives semi-standard tableaux. Therefore, non-elliptic webs can be associated 1 : 1
with semi-standard tableaux, a fact that was already known before (we note that some
authors, e.g. Russell [52], use different reading conventions).

Proposition 2.8 There is a bijection between Col(\) and the set of state strings J
such that there exists a web w € Bg and a flow f on w which extends J.

Example 2.9 All of the three webs with flow

=TS 5

belong to the same tableau, i.e. the unique one for the sign string and state string pair
(S, J)ywith S = (+,—,+,—, +,—)and J = (0,0, 0,0, 0, 0), that is

21112
43[4
6(5|6
We need the following constant. For each S = (s1, ..., s,) with3¢ = ny + 2n_

define

k, ifsp =+, 3
c(sy) = 1 St =+ and c(S) = c(s1) +---+clsp) — =L+ 1).(2.11)
2k, ifsp = —, 2
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Moreover, Khovanov and Kuperberg defined a special flow on basis webs, called the
canonical flow. See [32]. We do not need it here in much detail, but it is important
to note that the pair of a sign string and state string (S, J) for a web w under the
identification with its corresponding tableau gives a semi-standard tableau. See [44]
for more details. We denote usually a web w with its unique canonical flow by w.

For another connection to representation theory, recall the following. Let eﬂfl’o’ 41
be the standard basis of V.. Given (S, J), let

€)=, @@

be the elementary tensor. Khovanov and Kuperberg proved the following result (The-
orem 2 in [32]) which we will reprove later. Note that we work with ¢ instead of
v = —q_l as in [32].

Theorem 2.10 (Khovanov—Kuperberg) Given (S, J), we have

wf = ei + Z (S, J, J’)e}g,
J'<J

for some coefficients ¢(S, J, J') € N[v, v’]], where the state strings J and J' are
ordered lexicographically.

We shortly review the category called Foams of sl3-foams introduced by Khovanov
in [28] (these can be seen as a sl3 version of Bar-Natan’s sly-cobordism [1]). It is worth
noting that Blanchet has proposed in [3] a slightly different foam category and it seems
to be easier to work out the signs following his approach (as for example in [39]). But
we, old-school as we are, do not use his setting here. Moreover, we only need the
graded version in this paper. So we do not recall for example Gornik’s filtered version
here. For more details see [22].

We recall the following definitions as they appear in [46]. We note that the diagrams
accompanying these definitions are taken, also, from [46].

A pre-foam is a cobordism with singular arcs between two webs. A singular arc
in a pre-foam U is the set of points of U which have a neighborhood homeomorphic
to the letter Y times an interval. Note that singular arcs are disjoint. Interpreted as
morphisms, we read pre-foams from bottom to top by convention. Thus, pre-foam
composition consists of placing one pre-foam on top of the other. The orientation of
the singular arcs is, by convention, as in the diagrams below (called the zip and the

unzip respectively).
e

We allow pre-foams to have dots that can move freely about the facet on which they
belong, but we do not allow a dot to cross singular arcs.

By a foam, we mean a formal C-linear combination of isotopy classes of pre-foams
modulo the ideal generated by the set of relations £ = (3D, NC, S, ®) and the closure
relation, as described below.
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(3D) E:o

-
. '@@@
(S) ==07 :_1

1, (o, 3,8) = (1,2,0) or a cyclic permutation,

s
(©) /3"' =< -1, (o,0,9)=(2,1,0) or a cyclic permutation,

0, else.

The closure relation, i.e. any C-linear combination of foams with the same
boundary, is equal to zero iff any way of capping off these foams with a common
foam yields a C-linear combination of closed foams whose evaluation is zero.

The relations in ¢ imply some identities (for detailed proofs see [28]). We only
recall a few here that we need later on. More can be found in [28].

S— N AR O NaRAR

Definition 2.11 Let Foams be the category whose objects are webs I" lying inside a
horizontal strip in R?, which is bounded by the lines y = 0, 1 containing the boundary
points of I'. The morphisms of Foams are C-linear combinations of foams lying inside
the horizontal strip bounded by y = 0, 1 times the unit interval. We require that the
vertical boundary of each foam is a set (possibly empty) of vertical lines.

(DR)

(SaR)

The g-degree of a foam F is defined as
deg, (F) = x(0F) —2x(F) +2d + b,

where x denotes the Euler characteristic, d is the number of dots and b is the number
of vertical boundary components. This makes Foams into a graded category. We show
later, using g-skew Howe duality, that the g-degree deg, is Brundan, Kleshchev and
Wang’s degree degp k-
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Definition 2.12 [28] (Foam homology) Given a web w the foam homology of w is the
complex vector space, F(w), spanned by all foams

U:0—w
in Foams.

Remark 2.13 The complex vector space F(w) is graded by the g-degree on foams
and has g-rank (w), where (w) is the Kuperberg bracket. See [28] or [46] for details.

2.4 The sl3-web algebra

We are going to recall the definition of the sl3-web algebra K as given in [44]. For
the rest of the section let S denote a fixed sign string of length 7.

Definition 2.14 (sl3-web algebra) For u, v € Bg, we define
uKy = F(u*v){n},

where {n} denotes a grading shift upwards in degree by n.
The sl3-web algebra K is defined by

Kg = @ WKy

u,veBg
The multiplication on K is defined by taking
qu1 ® szw —> uKy

to be zero, if v; 7# v2, and by the map to be defined as in [44] if v] = vy = v.

We use the following lemma throughout the whole paper.

Lemma 2.15 For any u, v € Bg, we have a grading preserving isomorphism
Foams(u, v) = ,K,.
Using this isomorphism, the multiplication
uKy ® v Ky = u Ky
corresponds to the composition
Foams (1, v) ® Foams(v', w) — Foams(u, w),

if v ="/, and is zero otherwise.
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Proof See [44]. O

Remark 2.16 Lemma 2.15 shows that K is an associative, unital algebra. Moreover,
completely similar as in [44], the algebra K5 is a graded Frobenius algebra of Goren-
stein parameter n. We do not need this fact in this paper, so the interested reader can
find the details in [44].

Note that for any u € Bg, the identity 1, € Foamj3(u, u) defines an idempotent.
We have

1=ZlueKS.

ueBg
Alternatively, one can see K g as a category whose objects are the elements in Bg such

that the module of morphisms between u € Bg and v € Bg is given by Foam3 (u, v).
Moreover, there is a graded, linear involution on K denoted

*: Ksg — Kg (2.12)

that reflects the foams along the xy-plane and reorient the edges afterwards. For exam-
ple

N
(N

Remark 2.17 The algebra has a basis given by the so-called face removing algorithm
as explained in [56]. We do not know much about this basis except that it is easy to
compute. We do not need it here and do not recall it, but it is worth noting that it is
possible to prove Theorem 4.18 “by hand”, i.e. use induction on the number of faces
and show that the corresponding moves are “almost” face removing moves.

We will now briefly recall an instance of g-skew Howe duality, the so-called foa-
mation functor. We will refer to the application of this functor on the level of webs
and foams, depending on the context, by saying “using foamation” or by abuse of
language “by g-skew Howe duality”. The hope that the reader does not get confused.

We note that such a functor was independently studied by Lauda, Queffelec and
Rose [39] with a slightly different convention than the one we recall from [44].

Let us denote by Ks-(p)Mod,, the category of all finite dimensional, (projective),
unitary, graded Kg-modules. Recall that we need a slightly generalization of a sign
string called enhanced sign string. With a slight abuse of notation, we use § for
enhanced sign strings. Fix d = 3.

Definition 2.18 An enhanced sign string is a sequence denoted by S = (s1, ..., s,)
with entries 5; € {o, —1,+1, x}, for all i = 1,...n. The corresponding weight
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uw = pus € A(n, d) is given by the rules

0, ifS,':O,
L ifs =1,
M= 02, s = -1,
3, ifs; = x.

Let A(n,d)3 C A(n, d) be again the subset of weights with entries between 0 and 3.

Define

Ken= D Ks

ns€A(n,n)3

and

)
W(fz) = K 3t)-(p)Mod,,

= @ KS-(p)Modgr.
useN(n,n)3

(p)

Recall that there exists a categorical U (sl,,)-action on WGZ)’

called foamation.

Definition 2.19 (sl3-foamation) We define a 2-functor

v UGl — W((;))

called foamation, in the following way. Recall that we read U/ (s[,,) diagrams from right
to left—this will correspond to reading webs from bottom to top.

On objects: The functor is defined by sending an s[,-weight A = (A{, ..., Ay—1)
to an object ¥ (A) of W3¢, by

n
YG) =S, S=(an....an). ai € {0. 1,23}, A =aip1 —ai, D a; = 3L,
i=1

and to zero if no such enhanced sign string S exists. Note that, if such an S exists, then
it is unique.

On morphisms: The functor on morphisms is defined to be the algebra homomor-
phism of C-algebras defined by glueing the following webs on top of the sl3-webs in
W(3L’ ).
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1)\ — XX
A A2 An
i+l Ngp1—1
EZ]_)\ — 000 000
A1 Xi—1 A Ait1 Aig2 An
Ai—1 Aip1+1
*El)\ — ooo ooo
A1 Aic1 A Ait1 it An

If the boundary values a; are a; ¢ {0, 1, 2, 3}, then we send the morphism to zero. We
use the convention that vertical edges labeled 1 are oriented upwards, vertical edges
labeled 2 are oriented downwards and edges labeled O or 3 are erased. Note that the
orientation of the horizontal edges is uniquely determined by the orientation of the
vertical edges, e.g. a H-move from an E is always orientated from right to left and a
H-move from a F from left to right.

On 2-cells: Note our conventions. We only draw the most important part of the
foams, omitting partial identity foams. We only mention the most important ones
here. See [44] for the full list. Note that our drawing conventions in this paper are
slightly different from those in [44], i.e. we have rotated the foams by 7 clockwise
around the y-axis.

(1) The bottom (top) part of the string diagram in U/ (sl,) is represented by the web at
the bottom (top) of the foam.

(2) Glueing a U(sl,) diagram on top of another corresponds to gluing a foam on top
of the other.

(3) In our string diagram conventions an upwards pointing arrow represents an E.
Hence, on the level of webs, such H-moves have to point to the bottom left.

(4) We only draw some of the orientations in the pictures. The rest are fixed by the
ones drawn following the conventions in [44]. They are not so important here, so
we will not recall them.

(5) A facet is labeled O or 3 if and only if its boundary has edges labeled O or 3.

(6) All facets labeled O or 3 in the images below have to be erased, in order to get real
foams.

(7) For any A > (3%), the image of the elementary morphisms below is taken to be
zero, by convention.

@ Springer



J Algebr Comb (2014) 40:1001-1076

1023

In the list below, we always assume thati < j.

st P A

Lol e

i\

Aig1

LN e (_1)[%1+LA%J

i\
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Proposition 2.20 The foamation

Y UGsly) — W)

is a well-defined strong 2-representation in the sense of [14].
Proof See [44] or with a slightly different setting [39]. O

It is worth noting that the foamation functor descends to the KL-R algebra by taking
only downwards pointing arrows in a good way, see Cautis and Lauda [14] or Lauda,
Queffelec and Rose [39] for more details. There is also a version for the extended
graphical calculus from [37] and we conjecture that using it could make some of the
later arguments easier.

Moreover, for N > 3 Mackaay and Yonezawa give a version of the foamation
using matrix factorizations [47]. Conjecturally, there should also be a foamation using
N > 3-foams (see [45]).

3 The uncategorified picture
3.1 Web bases and intermediate crystal bases

We are going to show in this section that Kuperberg’s web basis Bg is in fact an
intermediate crystal basis, i.e. we show that it can be obtained from a Leclerc—Toffin
like® algorithm using ¢-skew Howe duality, i.e. use the foamation 2-functor v from
Definition 2.19 on the level of webs and let the divided powers act on the highest
weight vector vse.

Throughout the whole section we assume that all partitions A are partitions of 3¢
for some ¢, i.e. A € A1 (n,3¢), and S denotes a sign string of length n such that
ny + 2n_ = 3¢, where ny, n_ denote the number of +, — of S.

Definition 3.1 Let 7' € Std*(1) C Col()1) denote a semi-standard tableau. We asso-
ciate to each such T a string of divided powers of F which we call the LT-generators
of T and we denote it by

Lr(1) = [ F.
k

The rule to obtain the string is as follows. We have two different kinds of rules, i.e.
the usual and the extraordinary rules. We generate the string of F’s inductively using
these rules.

Start with the empty product LT(7")g = 1 and set Ty = 7. Assume that we are in
the k-th step. Search for the lowest entry of T which is below its own row and not in
a forbidden position, i.e. a position such that lowering this entry by one does not lead
to a semi-standard tableau any more.

3 The reader should compare our definition with the one of Leclerc—Toffin explained in Sect. 2.2.

@ Springer



J Algebr Comb (2014) 40:1001-1076 1025

Note that we use for simplicity 2 for this entry in the following definition and we
only picture the important parts of the tableau. As long as the tableau 7} is not of the
form

1]2
Tk:2 Oer:;23
37

where the 3’ should indicate that there is at least one 3 in the first column, we use the
usual rules, that is, replace all ji occurrences of 2 below its own row by 1 and obtain
a new tableau

Ti4+1 = Tr(2 — 1 for all 2 below row 2)

and a longer string LT (T )¢4+1 = LT(T )« F l(z}l k), Otherwise, and this is the extraordinary
step, search for the next higher, that is > 2, value that appears below its own row and
that is not only in the first column or in the first and second column and repeat this
step with it instead of 2.

We denote the length of

(LT(T)
=[] FW
k

by £(LT(T)) and the otal length by & (LT(T)) = 3, ji.

Note that, since we do not allow infinite tableaux, there can not be an infinite string
of extraordinary cases, i.e. a tableau like

1

(O] LN ] ] )

2
3
4
5

does not appear. Hence, the inductive process terminates.

Definition 3.2 (LT-algorithm for webs) Let T € Std* () C Col(}) denote a semi-
standard tableau. The Leclerc—Toffin algorithm for sl3-webs is defined by applying
the LT-generators to the highest weight vector vse using g-skew Howe duality, that is

u(T) =LT(T)vye € Ws.
We use the notions length and total length of non-elliptic webs £(u) under the
identification with their semi-standard tableaux (recall that each non-elliptic web u

can be identified with a semi-standard tableau 7;, using its unique canonical flow. See
[44] for more details).
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Example 3.3 The only non-elliptic webs whose total length £;(#) < 3 are either arcs

S r=0012) e N\ 7=[11212]

with LT-generators F1 and F 1(2) , or theta webs

and

—_
—
(S]] 8)

T =[1]2]3]

with LT-generators F F2(2) and Fi F> F respectively. Moreover, the first three are also
the only examples of length £(u) < 2. The corresponding procedure under g-skew
Howe duality for the third web is

2 2 2
S A
3 1 2
Y
V32 = 3 3 0

Note that we read form bottom to top when we apply F) F2(2) to the highest weight
vector vz and we label the boundary points from left to right, i.e. an F; acts between
the boundary point number i and i + 1.

Proposition 3.4 For any T € Std*(3%) we have that Khovanov and Kuperberg’s
growth algorithm and Leclerc and Toffin’s algorithm give the same non-elliptic sl3-
web.

Proof In the growth algorithm there are often cases in which one can choose between
several steps. Khovanov and Kuperberg show in Lemma 1 in [32] that the final web does
not depend on these choices. We are going to show that the Leclerc—Toffin algorithm
makes a particular choice for each step in the growth algorithm, which proves the
proposition.

Suppose we are given a semi-standard tableau and that we have already done some
steps in the Leclerc—Toffin algorithm. The list below gives all possibilities for the next
step. All cases in which one of the entries appears three times are similar, so we have
only given one such example at the bottom of our list. To simplify matters we have
called the entries 0, 1, 2 and 3 etc., instead of k — 1, k, kK + 1 and k + 2 etc., and we
have only drawn the relevant part of the tableau. The nodes whose contents is not
relevant for our argument are left empty. Moreover, if a number 3 appears, then we
only assume for simplicity that this number has to appear with the same multiplicity
in the same columns, but is allowed to be above the shown row.

The usual cases are (beware that in the following pictures we use the numbers
+1, 0, —1 from Khovanov—Kuperberg’s growth algorithm, that is they do not indicate
the orientation of the webs)
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1

—_

—_—

[\)»—A%UJ»—A
SI©

—_

—_

N —| «— [N —

10

1 -1

1 -1

(W

1 -1

Y 4

In the first extraordinary case, that is

112

2

LEy

11

2

13 10
2
LFy
12
2 1
112]2 1 -1
LR by
111
111]3 1 -1
2
LFy
1[1]2
2 0
1[1]2 10
2
LFy
111
2 1
12]2 10 -1
2[3[3
2) (2
LA E?
111
212]2
1
?

the Leclerc—Toffin algorithm gives the “wrong” answer. That is why we had to add an
extra rule for this case. One easily checks that the extra rule works out as claimed.
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To be more precise, the first extraordinary case, i.e. at least one three in the first
column, is related to the question of nested components of webs. The rules in Definition
3.1 for this case can be read as “outside first”. In fact, choosing the smallest entry that
is not only in the first column or in the first and second columns ensures that this entry
does not have flow 1, while its left neighbour has flow 1. In this case, no matter what
the orientation of the web is, it is always possible to perform a step in the growth
algorithm, i.e. either a Y-move, if the flow is 1 and 0 or 1 and —1 and the orientation
is the same, a H-move, if the orientation is different and the flow is 1 and O or an
arc-move otherwise.

In the second extraordinary case (where 3 is the next to be replaced) we can easily
see that the rules forces us to use F» which is precisely the answer of the growth
algorithm, that is

112]3 1 1 -1
2 V4
LF

1[1]2

2 1

We should note that the other two cases, where the LT-algorithm gives the “wrong”
answer, 1.e.

112 11213
213 and 1573

work out up to isotopies. To see this note that in the first case we get first F; and then
F>, while we get Fz(z) after F in the second case. Hence, the LT-algorithm gives us

1 1 0

1 1 -1
d
while the growth algorithm gives us
1 1 0 1 —1
m and
It is worth noting that, under the assumption that the next step in the Leclerc—Toffin
algorithm is a step after i — 1, tableaux of the form

1 1 1
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can not appear, since, if we assume that the 1 does not change in this step, one has to
create a tower of non-allowed pairs as illustrated below.

-2 -2 |-2)-1 20 |- -2|-1
-1 -1/ |-1/0 -1 10 -1]10
0 0| [0]1 0 1 01
1 1 1 1 1

That is the reason why we do not have to take these case in account, since they will
never lead to legal tableaux constructions. O

Example 3.5 It should be noted that the Leclerc—Toffin algorithm makes a choice of
how to apply Khovanov and Kuperberg’s growth algorithm that avoid doing H-move
with an horizontal arrow pointing to the left, since they would correspond to E’s and
not F’s. For example, instead of doing a move like

0 0 —1

the Leclerc—Toffin algorithm makes the following move.

113 0 0 —1

2

The dots between F| and F> should indicate that there could be F; in between, but for
all those F; one hasi < 1.

We obtain directly from Proposition 3.4 that the LT-algorithm gives the sl3-web
basis Bg, since the set of semi-standard tableaux enumerates the web basis.

Corollary 3.6 The LT-algorithm gives the full sl3-web basis Bs.

We note that this gives another proof of Khovanov and Kuperberg’s result.

Proof (Theorem 2.10) This follows from the LT-algorithm, i.e. an equation like 2.4
can be verified (by using the “LT-like” algorithm from above) as in [40], Proposition
3.4 and the substitution v = —g~!. Note that the underlying space is changed under
g-skew Howe duality (and therefore the corresponding elementary tensors). O

Corollary 3.7 Kuperberg’s web basis Bs and the dual canonical basis are related by
a change of base matrix which is unitriangular.
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Proof Note again that our small change of the rules does not affect the arguments in
[401].

By Proposition 3.4 the LT-algorithm gives the basis Bg. Moreover, since Leclerc and
Toffin showed [40] that their basis is related to the canonical basis by an unitriangular
change of base matrix, see 2.4, and since g-skew Howe duality turns the canonical into
the dual canonical basis (as for example explained in [43]), we obtain the statement.

O

To conclude this section, we note the following simple, but nevertheless important
observation that we need repeatedly.

Lemma 3.8 Let u, v € Bg be two non-elliptic webs with the same boundary and let
LT (u), LT (v) denote their LT-generators. Then £((LT (1)) = £((LT (v)).

Proof Note that the multiplicities of all the entries in the associated semi-standard
tableaux 7, T, for u, v are equal. Therefore, since the LT-generators are obtained
by reducing these semi-standard tableaux 7,,, T, to the one associated to the highest
weight vector, the total length is the same. O

It should be noted that the length can be different in general, that is £(LT(u)) #
£(LT(v)), due to Serre relations like

FiFis1F; = F2 Fipr + Fin F2.

3.2 Multipartitions and webs with flow

We are going to show in this and the next section that non-elliptic webs with flows u ¢
can be obtained from fillings of 3-multitableaux via an extended growth algorithm.
In this section we discuss how we can turn a web with flow into a filling of a 3-
multipartition, while we give the extended growth algorithm in the next section.

The main observation is that there are way more ways to fill a 3-multipartition than
there are webs with flows, because, roughly speaking, a filling of a 3-multipartition
does not see isotopies. This corresponds to the fact that two Morita equivalent algebras
can have different dimensions, e.g. the sl3-web algebra has a way smaller dimension
than the corresponding cyclotomic Hecke algebra. Very roughly, the cyclotomic Hecke
algebra does not see isotopies. We therefore stress that, if we work in Bg or WSJ as
defined below, then we do not take isotopies into account.

The way we show that the extended growth algorithm is really an algorithm to
obtain every flow on any web is that we construct an injection ¢ from webs with flow
to fillings of 3-multipartitions and we show that ¢ is a left-inverse of the extended
growth algorithm (which we discuss in the next section).

We start by extending the Proposition 2.8, that is we give another bijection to a set
of so-called 3-multipartitions & = (A, A2, 3) from Definition 2.1. Recall that Col(})
below means that the entry k in the column-strict tableaux of Col(A) appears with
multiplicity Ag.
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Proposition 3.9 There is a bijection between Col(A), the set of state strings J such
that there exists a web w € Bs and a flow f on w which extends J, denoted by B,
and At (n,d, 3), i.e. the set of 3-multipartitions of d = 3£.

Proof The first bijection was proven in Proposition 2.8.

We give the bijection from Col(1) to 3-multipartitions A" (n, d, 3) with d = 3.
First we define a standard filling of a diagram with i-rows and j-columns, denoted by
T;, by filling all nodes in the i’-row with i’ forall 1 <i’ <i,e.g.

Ty =

DN B[N —
DN B[N —
DN B[N —

Now, givena T € Col(1), the tableau T — T; (for suitable i, j) has non-negative entries
due to the column-strictness of 7. We can now associate for each column 1 < j' < j
the column word ¢ ;s by reading the entries of T — T from bottom to top. This gives
a partition A ;. The reader can easily verify that this 1s a bijection. O

Note that the second bijection of Proposition 3.9 is not restricted to tableaux with
only three columns. In fact the whole bijection is not new, i.e. it is well-known. See
[6] for example.

Example 3.10 We have the following correspondence.

211]2

41312 <_>X—((3,2,1),(2,1),(3,2,1))—< , , ‘).
6|56

Seeing a column-strict tableau 7 as a 3-multipartition X has some advantages.
For example we can fill such a 3-multipartition A with non-negative numbers. As in
Definition 2.1, we denote the set of all 3-multitableaux T of A with a standard fillings by
Std(i). For example the following tableau is in Std(X =(3,2,1),2,1), (3,2, 1))).

112]3] 112]3]

a7 ,29|,610
B 6] i

In order to give a growth algorithm for webs with flow linesu y € B SJ (that is the set
of all non-elliptic webs du = S with a fixed flow f that extends J), we first define an
injection of the set of all non-elliptic webs with flows associated to a certain pair (S, J)
(or equivalent a column-strict tableau or a 3-multipartition X) into Std(X). Moreover,
we denote the set all webs with boundary datum (S, J) and a chosen flow by WSJ .

Note again that there are in general much more elements in Std(X) than in BSI .
After that we give a method to obtain from an element of Std(i) a web with flow and
we show that this map is in fact the left-inverse of the embedding ¢: B ; — Std(X).
Hence, we can call this process an extended growth algorithm.
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Definition 3.11 Given a partition A which is partially filled with numbers and a fixed
number j. Then the highest not filled node N of residue j is the unique (if it exists),
highest node of A without filling to the north east such that a filling of this node still
gives a legal tableau and r(N) = j.

Example 3.12 Assume that X is the following partition (note that m = 3, i.e. the
residue of the nodes is shifted by 3) with the following partially filling.

11215
A=|6|x

o}

We have marked the highest node N with residue (N« ) = 3 by x and the highest
node N, with residue r(N,) = 1 by o. Moreover, there is no possible node of residue
2 to be filled.

We start now by defining the map . We give it inductively using an inductive
algorithm.

It should be noted that the following algorithm looks very complicated, since it has
many different rules one has to follow. But the main idea is simple and straightforward,
i.e. look at the corresponding pictures and read of the tableau “locally” at the top and the
bottom. Then the k-th step in the algorithm should add nodes labeled k, whose number
depends on the divided power of the Fi(k”‘) ’s, at the corresponding given positions with
residue iy.

Definition 3.13 (Flows to fillings) Given a pair of a sign string and a state string (S, J)
andawebuy € B, we associate to it a standard filling ¢ (u y) € Std(A) inductively by
going backwards the LT-growth algorithm from Proposition 3.5, i.e. use the canonical

flow on w to determine the LT-generators LT (w) = Fiij”) .. Fl.(lj Y for u (note that
we read backwards now).

(1) At the initial stage set fo = (1,9, 9).
(2) Atthek-thstepuse F iij ¥ to determine the type and color of the operation performed

on Ty_i. We give a full list of all possible types and colors below together with
the operation

k: fk,1 = fk.

(3) Repeat until k = n. Then set t(u r) = Tn.

The full list of possible types (depending on the orientation of the web) and colors
(depending on the flow line) is the following.

e Arc moves come in two different types, called arc-type a and b, each with three
different colors, called 1, 0, —1. Note that type a corresponds to an F @), while
type b corresponds to an F1,
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Color 1 Color 0 Color — 1

Typea: [ ¥ 4 y @ Y
Typeb: [Y Ny b )

Color 1 Color 0 Color —1

e Y-moves come in two different types, called a and b, with six different colors, called
1,1/,0,0" and —1, —1'. Note that all Y-moves belong to a F). The Y-moves of
type a are

Color 1 Color 0 Color — 1
4 by A A
Type a: I H I A ir +

I 4

Color 1/ Color 0/ Color — 1
and the Y-moves of type b are
Color 1 Color 0 Color — 1

Type b:
4 oW / ¥
i e

Color 1’ Color (Y Color — 1/

e H-moves only have one type, since the other type does not appear in the LT-
algorithm (it would use a EV instead of a F()). But to make the argument later
more convenient, we use two types, again a and b, for them again with six different
colors, again 1, 1/,0, 0" and —1, —1’. The H-moves of type a are

Color 1 Color 0 Color —1
\/
Type a: T
N
Color 1’ Color 0/ Color — 1/
while the H-moves of type b are
Color 1 Color 0 Color — 1
A D
Z T
Type b:
N
7\<
Color 1’ Color 0/ Color — 1’
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e Right shifts come again in two types a and b with three colors, again 1, 0, —1. Note
that type a corresponds to F1), while type b corresponds to F?).

Color 1 Color 0 Color — 1

Type a: +r H + + W H
Type b: i H g Y i

Color 1 Color 0 Color —1

e Left shifts come again in two types a and b with three colors, again 1, 0, —1. Note
that type a corresponds to F®, while type b corresponds to F1.

Color 1 Color 0 Color — 1

Type a:

Type b: H ¥ Y Y H

Color 1 Color 0 Color — 1
e The unique empty shift. Note that type a corresponds to F3).
9 X
X o

I:Iote that the pair (S, J) givesrise to a Zi—multipartition A= (A‘ A2, A3). The tableau
T, should be a 3-multitableau of shape A. We build it inductively.
The following list of operators should add the corresponding nodes at the highest

free place of the tableau 7123 of residue iy, (if the step is for Fl.ij")) (as in in Definition

3.11). We use the symbol 4 for this procedure and denote the tableaux of fk_ 1 by
Tk1;21’3. The operators for the k-th step are the following.

e For the arc-moves of type a we use

(L, 17, +[kx] T2, +[k]), ifthecolorisl,

k: (T, T2 1, T3 )) — S (T, +[k}, T2, T}, +[Kk]), ifthe colorisO0,
(T, +[k],T? | +[k], T ,), ifthecoloris — 1,

and for the arc-moves of type b we use

(T, T7 1, T} +[k]), ifthe coloris 1,

k: (T, T T ) — S (T, T2, +[k}, T} ), ifthe coloris 0,
(T}, +[k]T¢,,T? ), ifthecoloris — 1.

o For the Y-moves of type a and colors 1, 1’ we use

K (T, T2 T3 ) e (L, T2, +[k] T ), %fthe color %s 1,
(T}, +[k] 77, T ), ifthecoloris?’,
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and or the Y-moves of type a and colors 0, 0 we use

(T}, T2, T, +]k]), ifthe coloris O,
(T, +[k} T2, T2 ), if the coloris (V,
and or the Y-moves of type a and colors —1, —1” we use

1 2 3 . i
ki (TL T2 T8 ) o {(Tk_l,Tk_l,Tk_l +[k)), if the coloris — 1,

k: (Tkl—lv TkQ—la Tl?—l) =

(T}, T2, +[k] T} ,), ifthecoloris —1".
o For the Y-moves of type b and colors 1, 1" we use similar rules, i.e.

(T, T2 1, T +[k]), if the coloris 1,
(1L, T2, +[k], T ), ifthecoloris’,
and or the Y-moves of type b and colors 0, 0’ we use

(T, T 1, T +[k]), if the coloris 0,
(1L, +[x| 77, T ), if the coloris(V,
and or the Y-moves of type b and colors —1, —1’ we use

(T T, +[k] T2 ), ifthecoloris —1,
(Tp_y +[k ] T2\, T2 ), ifthecoloris — 1.
o For the H-moves of type a and colors 1, 1’ we use

(T} ,, T2, +[k]}, T} ), if the coloris 1,
(TL , +[k} T2 ,, T} ), ifthecoloris 1/,
and or the H-moves of type a and colors 0, 0’ we use

(T}, T2, T, +]k]), ifthe coloris 0,
(T}, +[x] T2, T2 ), if the coloris 0,
and or the H-moves of type a and colors —1, —1” we use

(T}, T ,, 77, +[k]), ifthecoloris — 1,
(T}, T, +[k] T3 ,), ifthecoloris —1".
o For the H-moves of type b and colors 1, 1’ we use

(T}, T2 +[k], T2 _,), ifthe coloris1,
(T 1, T 1, T}, +[k]), if the coloris 1,

k: (Tklfla Tk2717 Tlg)fl) =

k: (Tklfla Tk2717 Tlffl) =

k: (Tklfh Tkah Tlgfl) =

k: (Tkl—lv Tk2—17 T/?—l) =

k: (Tkl—lv Tk2—1a T/?—l) =

k: (Tkl—h TkQ—lv Tlg—l) =

k: (Tkl—lv Tl?—lv Tl?—l) =

and or the H-moves of type b and colors 0, 0" we use
(T, +[k}, T2, T2 ), if the coloris 0,
(L, T2, T2 | +[k]), if the coloris (V,

k: (Tkl—lv Tk2—17 TI?—I) =

and or the H-moves of type b and colors —1, —1" we use
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(T}, +[k| T2, T} ), ifthecoloris — 1,
(T}, T3, +[k] T} ), ifthecoloris —1".
e For the right shifts of type a and colors 1, 0, —1 we use
(Y, +[k]T¢ ,, T2 ), ifthecolorisl,
k: (T, T . T ) — (T, T2, +[k] T ), ifthecoloris O,
(T, T2, T3, +[k]), ifthecoloris — 1,
and for right shifts of type b and colors 1, 0, —1 we use
(T, +[k],T? | +[k], T2 ), ifthecoloris 1,
k: (Tkl—p Tk2—1a Tlg—l) = (T + [k TR, T2 +[k])), ifthe coloris 0,
(1L, 1?7, +[k] T, +[k]), ifthecoloris —1,
e And finally, for the left shifts of type a and colors 1, 0, —1 we use
(T, T, +[k] T2, +[k]), ifthecolorisl,
k: (T, T 1, T ) — (T, +[k], T2, T} | +[k)), ifthe coloris 0,
(T, +[k], T2, +[k} T2 _,), ifthecoloris — 1,
and for left shifts of type b and colors 1, 0, —1 we use
(T} ,,T7 ., T}, +[k]), ifthecolorisl,
ki (Tyy, Ty Tiy) = (Ty—y, Ty +[k1T3,),  if the color is 0,
(T, +[k], T2 ., T ), ifthecoloris — 1,
e For the unique empty shift we use

k: (Tkl—lleg—th?—l) = (Tkl—l +7 Tkz—l +» Tlg—l "“

Thus, we have a map

k: (Tklthkallegfl) = {

i Bl — Std(%).

We have to show that the algorithm is well-defined, i.e. a priori we could run into
ambiguities if the nodes in one of the three tableaux are already filled with numbers
or that there are no suitable free nodes of residue ix. But the following lemma ensures
that this will never happen. Moreover, the lemma shows that the map ¢ is an injection.
But we give an example before we state and prove the lemma.

Example 3.14 (a) For example for S = (—,—,—) and J = (1, —1,0) we have
the half-theta web with the following flow and tableau, 3-multipartition and LT-

generators.
X = (D, 0, H) LT = R FY

Hence, the algorithm from Definition 3.13 has three steps, i.e. the initial and two
“honest” steps. One gets the following sequence

—
—
WIN
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= (0.0,0)— T, = ([1], 0, [1]) = T> = (@)

which can be easily verified from the following picture

Y(b,0)

Arc(a,0)

(b) We have two webs with flows for the pair S = (+, —, +, —) and J = (0, 0, 0, 0),
i.e. two either nested or non-nested circles without flow

In this case the tableaux and the 3-multipartitions are the same, but the LT-
generators are different, that is

PRS- (FP O ) e ot s = o

For the left case one gets the following sequence

=(0,0,0)— Ty = ([1], 0, [1]) — To = ([1]2], ¢, [1]2])
Hﬁ:<;2‘,®,§2‘)Hﬁ:<§2‘,,;2‘>,

While in the right case we get

=(0,0,0)— Ty = ([1], 0, [1]) — To = ([1]2], 0, [1]2])
-7~ (2. 3. 012 - 7 - (2 . ).

which can be easily verified from the following picture

érc(b,O) Arc(a,0 )

left(a,0) right(a,0)
right(b,0) right(b,0)
Arc(a,0) Arc(a,0)

It is worth noting that the residues of the nodes match exactly with the correspond-
ing positions.
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Lemma 3.15 The algorithm in Definition 3.13 is well-defined and two webs with flow
ug, vy satisfy

tup) =tvp) S u=vand f = f.

Proof To show that the algorithm is well-defined observe that Lemma 3.8 ensures
that the total number of nodes of the 3-multipartition Ay associated to u is exactly
the number of nodes added in total by the algorithm from Definition 3.13. Hence, we
only need to ensure that the placement of the nodes works as claimed, that is, we fill
the nodes without running into a step where there are either no nodes to fill at the
corresponding position or the tableau can not be filled in a suitable standard way any
more.

To show this we use induction on the total length ¢, (x). One can easily verify that
the placement works for all cases with £;(«) < 3, i.e. the arcs and theta webs from
Example 3.3 with all possible flows.

By induction, given a web with a flow u y and LT-generators

L(u) )
LTw) =[] FP.
k

we know that the placement works for the web with flow 5. that is obtained from u ¢
by removing the last step. Note that u7< has in general a different pair of sign string
S and state string J than u y. Moreover, the total length can drop by maximal three.

A case-by-case check considering all possible steps from Definition 3.13 (since all
of them could be the last step) then shows the statement. They all work the same so
we only illustrate two here, i.e. first an H-move of type a with color O

us

=

uj-

where we have illustrated the change for the tableau going from u%. (bottom) to u s
(top). Note that we for simplicity use the entries 1, 2 again, but this does not affect the
argument.

Hence, the difference between the associated bottom and top 3-multipartition is
that latter has one extra node in the last entry. The rules from Definition 3.13 now tell
us to perform the following move for the H of type a and color 0.

k: (Tklfllezfllegfl) = (TklprszuTlil "‘v

with k = £(u). That the residue of this extra node is exactly 1 is due to induction, since
in one of the steps before (that is for the web u7<) we see that the 2 in the middle was
filled with a node that, by the map from Proposition 3.9, has the same residue as the
new node.
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Second, we consider an right shift of type b and color 0, that is

where we have again illustrated the change for the tableau going from u7< (bottom)
to u ¢ (top). Thus, the top has two more nodes in the first and third partition. The rules
tell us to put two nodes exactly in these partitions, that is

ki (T_y, Ty, Ty ) — (T, +[k], T\, Ty, +[k)),

with k = £(u). That these two nodes have the right residue follows by induction again

and the fact that this move corresponds to a F 1(2) and the two extra nodes will be in a
row that starts with residue 1 (by our shift in the residue from Definition 2.1) and was
empty for u;< (again by Proposition 3.9).

Hence, the placement works out as claimed. Moreover, it follows directly that the
corresponding tableau is still standard.

To show the second statement we use induction on the total length again. First
we consider the case u = v and f # f’. Moreover, we can freely assume that the
sign and state string pair is the same for both flows, since otherwise the shape of the
corresponding 3-multitableaux Tu Py T , is already different.

One can check the statement again by hand for the four webs from Example 3.3.
As before, we consider the difference between u 7 and us 7 by removing the last step
of the LT-algorithm and do a case-by-case check.

It should be noted that the number of cases we have to check is small, since the
assumption # = v fixes the type of the last performed move, i.e. only the color could be
different, and the assumption that they have the same state string reduces the question
to H-moves of type a. To be more precise, we need to ensure that the H-moves of type
a and colors 1/0, 1’/ — 1 and 0’/ — 1’ perform a different last step, which is indeed
the case. Hence, using induction, we see that

tup) =tup) & f=f.

The case u # v works in a slightly different vein, i.e. we are going to show that the
two tableaux ¢ (u ) and ¢ (v ¢/) already differ at the first step, following the LT-algorithm
for both webs, where the two webs differ.

In order to show this, we note that Proposition 2.8 shows that different webs « and
v with different sign string S or state string J have different column-strict tableaux
and therefore we see that the shapes of ¢(u ¢) and ¢(v /) are different.

So let us consider the first step in the LT-algorithm of u that is different form the

one from v. Denote the F obtained in this step for u by Fl.ijk) and the one for v by
(]k
F; "

it
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Since we assume that they differ at this position, we see that iy # i; or jx # j;.In
the first case the residue of the new node with entry k is different by our construction,
since the residue corresponds to the iy and the i; . In the second case the total number
of new boxes with entry k are different, since by our construction they correspond to
Jjx and the j;. In both case we see that the tableaux are different.

Hence, we see that

tup) =tp) S u=vand f = f".

This proves the lemma. O

3.3 Extended growth algorithm
In this section we give the extended growth algorithm
g: Std(h) — W{ > BY,

i.e. we give a method to obtain from an element of Std(i) a web with a flow uy €
Wél (recall that WSJ means the set of all possible webs with boundary pair (S, J)).
In general, this web can be elliptic. We start with some preliminary combinatorial
definitions. It is worth noting that the following definitions can be seen as an extended
version of the definitions in the sl case, i.e. the case of the level two Hecke algebras,
see for example [8,9] and [10].

Definition 3.16 Let 7 € Std(X) be a 3-multitableau 7 = (T, T2, T3) such that
T!isa standard tableau and the numbers are from a fixed set {1, ..., k}. Then we
assocnate toT a sequence of 3- mulmableaux (Tf ) for each j € {0, 1 , k} where
TI = (T1 T2 T3) nd TJ 23 is obtained from 7123 by deleting all nodes with
numbers strlctly blgger than j.

Moreover, we associate to it a sequence of 3-multipartitions (Xj ) by removing the
entries of the nodes of (7).

Example 3.17 Given the following 3-multitableau

= 1]2
(B2 m.om),

one obtains the following sequence. First note that, by definition, 70 = (@, 9, 9) and
the rest is

-, —. 12 — —
~(@.0.m). #=(Om.0.m). #- (FF.m.m). #-7

In order to make connection to webs with flows recall that a flow can be seen as either
+1, if it is pointing downwards, —1, if it is pointing upwards or 0, if there is no flow
at all. We use two extra symbols o, X to illustrate the case when there is no web at all.
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Definition 3.18 A sl3-weight diagram A is a Z-graded tuple with entries A; of sym-
bols from the set {o, —1, 0, +1, x}.
A sl3-weight diagram A is said to be trivial, if AN, € {x}and An_, € {o}.

Example 3.19 An example of a sl3-weight diagram A is the following.
X X +1 -1 0 0 X o X +1 0 o o
)

Note that the e indicates the position of Ag. And the entries A; with i > 0 are right
of Ag, while the entries A; with i < 0 are left of Ag.

Definition 3.20 A tower of slz-weight diagrams (AD)jerisa sequence of Z-graded
tuples with entries A; of symbols from the set {o, —1, 0, 41, x} for a finite index set
I1=1{0,1,... k}.

We draw the sequence as a tower starting from the bottom with A©.

Example 3.21 An example of such a tower is the following.

X X 0 —1 o X X 41 o (O -1 o o

X x -1 0 -1 -1 o o (0 —-1 x o o
X X +1 -1 0 0 X o X +1 0 o o
X X +1 -1 0 0 X o X +1 0 o o

Definition 3.22 Let T Std(X) be a 3-multitableau and let ()U ) denote its associated
sequence of 3-multipartitions. We denote the number of nodes in the 1, 2, 3-th entry
and the /-th row of le’z’3 by |Tj1’2’3|1. We can associate to it a tower of sl3-weight
diagrams (AD)jer with I = {0, ..., k}, where k is the maximal entry of T in the
following way.

e First define for each (Xj ) three N-graded tuples %{’2’3 by

7 1,2,3 1,2,3 1,2,3
Ko = (122001 =11 =2, ).

e Set A to be the trivial sl3-weight diagram.
e Fori =1, ...,k we use the convention

x, iflis an entry of %{’2’3,
+1, iflis only an entry of %{2 or only of k.,
Af 4 .

Il
L

if [ is only an entry of 12{3 or only of k3,
—1, iflis only an entry of 1253 or only of k{,
o, otherwise.
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It should be noted that the convention agrees with the initial convention to set A” to
be the trivial, since the corresponding 3-multitableau 7° will only contain empty sets.

Example 3.23 Suppose one has the following filling of a 3-multipartition %, which is
the one from Example 3.14 part (a),

f:(,@,).

Then we only have to consider three steps, i.e. the initial plus two non-trivial steps.
We illustrate the resulting vectors k{ 5 3 below with j increasing from left to right and

I_é{ in the top row, l_cg in the middle and Zg at the bottom.

(0,—-1,-2,...) (1,-1,-2,...) (1,-1,-2,...)

(0,-1,-2,...) (0,-1,-2,...) (0,—-1,-2,...)

(0,—-1,-2,...) (1,-1,-2,...) (1,0,-2,...)
J=0 J=1 J=2

The associated tower is illustrated below. Note that it is no coincidence that we need
exactly as many steps as in the LT-algorithm for the half-theta web. In fact, the reader
is encourage to draw the half-theta web with the flow from Example 3.14 (a) inside.

x 1 -1 0 o

Remark 3.24 Usually it is more convenient to extend the notions from Definition 3.22
slightly by allowing the entries 41, 0, —1 to be marked with a x. For the webs this has
the advantage that the tower constructed in 3.22 suffices to recover the web completely
by the convention that a x-marked entry is a downwards pointing arrow of the web
and an entry +1, 0, —1 without such a marked is a upwards pointing arrow. We use
these notions in the following.

In order to define Af with x-markers one just have to refine the convention and

also count the number of occurrences in the vectors l?{ 5 3» 1.€. use a x-marker iff the
corresponding entry appears twice. Then the example from above would be
X 1* =1 0* o

X X 0 0" o

X X X o o
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We are now ready to define the extended growth algorithm for s(3-webs.

Definition 3.25 (Extended growth algorithm) The extended growth algorithm is a
map

g: Std(h) — W{ > BY,

i.e. it assigns to every 3-multitableau T € Std (5;) a (possible elliptic) web with a flow

g(T).
The g(T') is defined to be the web that one obtains by connecting the entries of the
tower (A');<; of Definition 3.22 in the way explained in Remark 3.24.

Theorem 3.26 The extended growth algorithm is well-defined. Moreover, we have
gotlL = idB.S/ .

that is the extended growth algorithm can be used to obtain any non-elliptic web with
any flow and if one start with the unique 3-multitableau ((-), then the resulting web is
also unique.

Example 3.27 Before we prove the theorem, let us give an more sophisticated example.
We take the web u ¢ with one internal hexagon and with the following flow.

As one can easily check (see also Example 2.9) the corresponding column-strict tableau
is

27112
T =[4]34
656

and the corresponding 3-multipartition is

i T
A: P I

Moreover, one easily checks that the sequence of LT-generators is
LT(us) = FiRFP FF R R RFS FPES,
which can be verified as we explained above in Sect. 3.1.
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Everything is of course also the same for the web

since the data on the boundary is the same in both cases.

We have to fill the 3-multitableaux with numbers {1, ..., 11} to distinguish the two
and the algorithm given in Definition 3.13 for the first makes the following twelve
steps.

L

b= (0,0.0) T = ([T]. 0, [1)) — T = ([I[2], 0,

~T3:<\1|z|3\,w,\1|z|3\>HT4:(

1
14]
2'3‘77 ) HT”GZ(

2'3‘, w,)

-7~ (| 3. 576, (213 )
) 12]3 12[3] 273
=Ty = | 4] 516/, 14| ’56’8
7] 7] —
. 1]2]3] . 112]3]
HTQ—(49 ,|5|6l,ég3>HTm—<49 ,150673533)
7] L7] —
. 23] 23]
HTM<49 ,1506‘,89 >
7 10

It is worth noting that the node in the seventh step, due to our convention for the
residue, is placed the way it is. The reader is encourage to try to do the example

that has the same boundary datum as before (and the same LT-generators). The resulting
filling in this case after the last step is

2[3]

) 11213
T11: 819 71506|7
H 1=

|\1-l>»—‘
O

Following the extended growth algorithm one obtains the original web with flow
back. Again we encourage the reader to do it for the case with the reversed flow.
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x 0 0* ° o
X b-1* 1 o o
X H-1* 1* o o
X 41 1* ° o
X Ho1* o o
X X H-1* o o
X X H1* o o
X X =1 o o
X X X o e}
X X X o o
X X X o o
X X X o o o o o

Proof The main part of this proof is the Lemma 3.15, i.e. ¢: Bb{ — Std(X) is a well-
defined inclusion of webs with flows u ; to filled 3-multitableaux ¢(u r). In fact the
only thing we have to see is that the process which we described in Definition 3.25 is
given by reading the process from Definition 3.13 backwards and place the web with
flow u ¢ on a suitable chosen grid.

That the algorithm is well-defined follows by its deterministic nature.

To see that the extended growth algorithm is a left-inverse for the embedding
L Bs{ — Std(i), we note that, by Proposition 3.4, we only have to consider non-
elliptic webs. That the process of Definition 3.13 is literally undone by the process of
Definition 3.25 follows by comparing the two procedures as follows.

We prove the statement again by induction on the total length. It is easy to verify
all the small cases from Example 3.3, so assume that for all 1 <i < j the statement
is true and consider a web whose total length is j = £;(u).

Hence, we have to check all the possible last moves. Since they all work in the
same fashion, we only do two here and leave the rest to the reader. The first move we
discuss is a Y-move of type b and color 0, i.e.

I%J
X 0
I I'+1

We assume that this is the j-th step. The rules from Definition 3.13 tells us to add
one extra node labeled j to the first tableau T'!, say in the [-th row. Looking at the

information at the bottom, we see that the N-graded tuples 12{ 513 are of the form
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k : (U >V +1,.0) (L, <U U +1,..0)

oy - LU+, (LT,

by (Lo U>U+1000) (LU >+,
J—1 j

where we have only illustrated the important parts of the tuples. Here I’ = |Tj]_1 I —
I+1

This is true, because we can use the induction hypothesis and an easy calculation
checking the corresponding residues. It should be noted that the grid is chosen in such
away that ford =3¢ a F, e('/ *) acts between the 0-entry and the 1-entry of the tower.

To see that the step from j — 1 to j happens as indicated above, we note that adding
a node only in the first tableau 7' only effects the tuple i{_l. Moreover, since we
assume to add the node in the /-row, the only change is as indicated above because
|T]’1|l = |Tj171|l + L

The second move we discuss is an arc-move of type a and color —1, i.e.

_1 1*
X e}
U I'+1

We use the same notation as before. Again, looking at the information at the bottom,
we see that the N-graded tuples k{ ;13 are of the form

Ky (U >U+1,.0) (<l +1,..)

B (ST, (< +1,0)

ks : (.U >U+1,.00) (LU > +1,..0)
J—1 j

Here I’ = Ile;z1 1, — I1,2 + 1 by the same argument as above. Note that this time
the rules from Definition 3.13 tell us to add a j labeled node to the first 7! and second
T? tableau. Note that both nodes will be added in different rows [ 1,2, but since they
have the same residue, we see that /" = [| = [/,. Therefore the corresponding numbers
for the LT-algorithm have to be in the same row, because their nodes were filled with
the highest appearing numbers at the beginning. Hence, the change is as indicated
above because |Tj1’2|1L2 = |Tj1;21 1, + 1.

All other case work similar, hence this proves the statement. O

3.4 Degree of tableaux and weight of flows
We are going to recall Brundan, Kleshchev and Wang’s definition of the degree of a

tableau given in [7] in this section. We show that the embedding ¢: B 5{ — Std(X)
is a degree preserving map, where we consider minus the weight of a web with flow
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usp € Bb{ as the degree deg,, for Bg and Brundan, Kleshchev and Wang’s degree
degpkw as the degree for a 3-multitableau T € Std(h).

Note that this shows that degpyyw 1S an isotopy invariant and that Brundan,
Kleshchev and Wang’s degree has a very natural interpretation on the level of webs,
i.e. it is minus the weight of a flow line and is therefore directly connected (to be more
precise: to the slightly changed version) to the LT-coefficients in 2.3, since Khovanov
and Kuperberg showed in Sect. 4 of [32] that the weight of flows gives the coeffi-
cients of the web basis Bg with respect to the elementary tensors and we showed in
Proposition 3.4 that By is in fact an intermediate crystal basis.

Recall the following combinatorial definitions. We only recall the case of a 3-
multitableaux, since we do not need the more general case here.

The reader should be careful that we use a slightly different definition than Brundan,
Kleshchev and Wang, since we are working with divided powers (and therefore we
have in general more than one node with entry j € {1, ..., k}). This is the reason why
we have some shifts in our definition. For example, an arc-move created by a divided
power differs from the one without the divided power by a digon

F@. A } and F?:

and the empty-shift differs from the one without divided powers by a theta web

o X
FO. and F?3:

X o

Definition 3.28 (Brundan, Kleshchev and Wang: Degree of a tableau) Let T e Std(X)
be a (filled with numbers from {1, ..., k}) 3-multitableau T = (T, 7%, 73) as in
Definition 3.16. For j € {}, ..k} let N J denote the set of all nodesﬁthat are filled
with the number j and let T/ denote the 3-multitableau obtained from 7' by removing
all nodes with entries > ;.

The degree of T/, denoted by deg(T/), is defined to be

0, if [IN/|=1,
deg(T7) = A" N(T/)| — IRN(T/)| —a with a= {1, if|[N/| =2,
3, if IN/| =3,

where we use the convention to count all nodes with the same number step by step
starting from the leftmost. . .

The degree of the 3-multitableau T = (T, T2, T?), denoted by deggyw (T), is
then defined by

k
degpyw(T) = D deg(T/).
j=1
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Example 3.29 The following three standard 3-multitableaux have all degree zero.

Ti=0,0.[1) =0, 1.0, %=, 0, 0.

To see this, we note that in the first case there is no node after > the unique node
N'. Hence, deg(T;) = 0. In the second case we have to calculate two steps. In the

first step, i.e.
@, 11, [,

we count one addable node of the same residue which we have marked with a -, but the
second step there is again no node after > the last node anymore. Hence, deg(f‘g) =0,
since we have to take the divided power into account. For the last case we have to
calculate three steps, i.e. the first and the second are

(], . L) and (), 1], [,

where we have again indicated the addable nodes of the same residue with a -. The
third step is again as before. Hence, deg(73) = 0, because the divided power is 3.

It should be noted that it is possible that the degree (total or local) is negative. For
example the last step of

576] (11213
f4:123|10|49
891 ' "7

has no addable nodes after > the node N1! with the sameqresidue, but one removable,
namely the left node filled with the entry 7. Hence, deg(T4“) = —1. The total degree
in this case is

degprw (@) =14+0+0+0+1+0+0+1+0+1—1=3.

Example 3.30 Given a column-strict tableau 7', a string of LT-generators LT(7') and
a filling, i.e. flow, for its corresponding 3-multitableau 7" like

—_
[
[\

K o 3 5
r=PPHBY and 101 = AFPREPEY and T_<5 @ 4>,

one can easily draw a web with flow u ¢ from this data

A;NJ

0

Uf:
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with total degree deg,, (u f) = —Wt(u ) = 2 and local degrees as indicated in the
figure. The degree degBKW(T) of T is given inductively by (Tf )5 _; with

- 0.1 7= (12 0. (12 . 7 - (. 0. [
. 2]\ - _ ([1]2] 2
=02k ) T =\ B )

[am—

Hence, we get
deg(T") =1, deg(T?) =0, deg(T?) =0, deg(T*) =0, deg(T”)=1.
Therefore we see that the total degree is
degprw(T) =1+0+0+041 =2 =deg,,(uy)

and the local degrees are exactly the ones we have seen in the figure above.

Recall that the sets B ; and WSJ are graded with deg,, (u r) = —wt(u ), while the
set Std(i) is graded with the degree from Definition 3.28. In fact the observation from
Example 3.30 that the degree of a web with flow u ;s € BSJ is exactly the degree of
t(uy) € Std(i) is no coincidence, i.e. we note that following interesting Proposition.

Proposition 3.31 The map ¢: Bé — Std(z) and g: Std(z) — WSJ are of degree 0.

Proof The proof is again an inductive case-by-case check. It is easy to verify the
statement for the case where the total length (1) < 3, i.e. for the four webs given in
Example 3.3.

So assume that £;(x) > 3 and that the statement is true for all i < £¢(u) = k,
i.e. after removing the last LT-generator from u s, which results in a web with flow
denoted by u = o we have

degy, (uZy) = degpgw (t(uZ ).

Thus, we only have to show that the local changes of minus weight and degg gy (¢ (4 f)k )
coincide.

We have to check all the possible cases again. We skip most of them and leave them
to the reader, since they all work in the same vein. We do three as an example, i.e. an
H-move of type a and color 1, an H-move of type a and color —1’, and a right shift of
type b and color 0.

The two H-moves of type a are almost the same, i.e. we have

Pl I and for bo S (AL BT k-1
ﬁ X ¥ # dforboth k: (A1 AE—L [I] ALY,
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That is the H-move of type a and color 1 lowers the degree by one, while the H-move
of type a and color —1’ raises the degree by 1, but both have the same rule to place
the node.

To see why the degree is still different we note that they have a different state string
at the top. In fact, if we use 1 and 2 for simplicity again, we have

=k =

2[2]1

.

Hence, the H-move of color 1 has a removable node of the same residue above the
new node iff the H-move of color —1’ has an addable node of the same residue above
the new node. To see that such a removable (or addable) node exists and is unique
note that this follows from the fact that there will be a last move before the H-moves
that gives rise to the flow at the left side of the H-moves. The node that corresponds
to this move will be, by construction, the removable (or addable) node.

The shift of type b and color 0, that is

ru and k: (A7 [k AT AT +[K)),

can be done in a similar vein. Again we have to take the state string in account. We
have

2] [2]

—

[ [1]

Thus, the local change in degree is zero, since, by construction, the left new node
will have exactly one addable node of the same residue and the second none. Since
this shift corresponds to a divided power we have to subtract 1 from the degree. Hence,
the local change is zero.

We leave the verification that the map g is also of degree O to the reader, since it
follows by similar arguments as given above. O

Example 3.32 For the filled 3-multitableau f4 from Example 3.29 we see that the
corresponding web with flow u  is
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—1
1
0
1
0
up = 0
1
0
0
0
1

where we have indicated the local degree changes in the figure above (the weight of the
flow has a different sign). This corresponds exactly to the calculation from Example
3.29.

Since Khovanov and Kuperberg [32] showed that the weight is invariant under
isotopies, we get the following two corollaries.

Corollary 3.33 Letuy € Bs] be a web with flow. Then deggyw (t(u r)) is invariant
under isotopies of the web u y.

Corollary 3.34 Let T] , _’1?2 € Std(z) such that g(fl) and g(i‘z) differ only by isotopies.
Then we have degggw (T1) = deggrw (12).

Moreover, we have the following natural interpretation of Brundan, Kleshchev and
Wang’s degree on the level of webs. Note that, by our more general construction, the
proposition works not just for non-elliptic webs u € Bg, but for all webs.

Proposition 3.35 Let u € Bg be a non-elliptic web. Moreover, let Fj denote the
possible empty set of all flows on u with boundary J. Denote by e§ = ej.i R--® ejz
the corresponding element in the tensor basis. Then

u=>yc(S. e,

J

where the coefficients ¢(S, J) (recall v = —q~") are given by

C(S, J) = Z th(”f) = Z iqidegwt(”j) — Z iq*dEgBKw(t(uf))'
feF, feF,; feF,

@ Springer



1052 J Algebr Comb (2014) 40:1001-1076

Proof This is a direct consequence of Khovanov and Kuperberg’s results from Sect.
4 of [32] together with the two Propositions 3.4 and 3.31. O

4 The categorified picture
4.1 A growth algorithm for foams

In this section we are going to categorify the results from before. That is, we explain
how the extended growth algorithm can be used as a growth algorithm for foams.

It should be noted that we freely use the results from the uncategorified framework
that we discussed in the sections before, e.g. we identify the flows on webs with their
3-multitableaux.

The main idea can be explained as follows. To define a foam F: u — v with
u,v € Bg we use the two different types of data, i.e. the pair (S, J) of the sign and
state string on the line and the two flows on u, v. The first completely determines the
dot placement, while the second gives rise to the topology. It should be noted that the
dot placement, i.e. the combinatorics, is rather mysterious in the foam framework, but
rather “straightforward” in the cyclotomic Hecke algebra framework. The topology
on the other hand is in the foam framework only given by zipping certain edges away.
Recall that we have F(u, v) = F(u*v). We tend to use the former in the following.

We start and give the definition of the basic idempotent, denoted by e(i). Itis worth
noting that e(A) will in general be a foam between elliptic webs, since we do not use
divided powers.

Definition 4.1 (Idempotent associated to 1) Given a 3-multipartition  with k nodes,

we can associate to it a certain idempotent foam, denoted byﬁe(i), using the following
rules. Define a sequence of LT-generators for A by (with (1) as in Definition 2.5)

LT = [[F6y = Frgos - Friny- .1
k

Define a web w(X) to be the web generated by applying LT(X) to a highest weight
vector vy¢ and use g-skew Howe duality. Then

e(M) =1d € Fw®), w(h)),
that is the identity foam Id: w(X) — w().

Recall that there is an C-linear involution *: F — F of the foam space

Fs= @ Fw.v)

ou,dv=>S

that turns the foams around (and changes some internal boundary orientations). For
example
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N

Lemma 4.2 The idempotent e(X) is well-defined, that is it is not zero and an idempo-
tent. Moreover, for all 3-multipartitions A, L we have

—_—

. ifr() = r(i),

e(e(it) = e(fe(i) = 85 ze(h) = 8 ze(). & ; = [ o iFréo 2 ()

Moreover, we have
e()* = (),
that is e(X) is fixed by the involution *.

Proof To see that it is well-defined, i.e. that LT(X) does not kill the highest weight
vector, we have to use Theorem 3.26. That is the Theorem 3.26 ensures that there
is a web with a flow that has exactly the corresponding multitableaux 75. Thus, the
idempotent can not be zero.

That the element is an idempotent follows from the fact that it is just the identity
foam on a certain web w(z)

The other statements follow d1rectly from the definition of the multiplication, that
is different 3-multipartition A i give rise to different webs w()») and w () iff r(A) *
r(j1), since the convention to obtain the webs from the multitableaux only depends on
the residue sequence, see 4.1. Moreover, the composition is zero if the webs are not
the same. by convention.

That the idempotents are fixed by the involution is clear by the definition of *, i.e
it just turns the foams around (and inverts some arrows). O

Example 4.3 If the 3-multipartition is the one from Example 3.14 part (b), that is

=(Ho.H).

then we get LT(X) = F|F3F, F>, F| F3F> and therefore w()i) will be
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Hence, the idempotent (we have skipped the orientations below) for A is

47

An important property of this idempotent is the square (if we ignore the digon) in
the back, since it allows use to change to both webs that can be associated to A for
“free”, i.e. without changing the degree.

Definition 4.4 (Dot placement associated to X) Given a 3-multipartition X as in Def-
inition 4.1 together with its associated idempotent e()) and its LT-generators

LT = [ Fg = Frs -+ Friin-
k

Recall thateach of the F, G corresponds to a ladder-move (with some possible deleted
edges) on the level of webs. Therefore, each F Gy, corresponds to a
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<

)\

for the foam e(X). We place my dots on F. ), on the middle facet

A

23

Ve

<

~

e

F, Nk (my) ~

where m; = AN (T;4), i.e. is the number of addable nodes after the node N with
entry k in 75, with the same residue as the node N. We denote the dotted idempotent

associated to A by e(i)d (X), where
d@) =[] 4"
k

should indicate the number of dots on the different facets.

It should be noted that it is not clear that e(X)d (X) is well-defined. We show this fact
in a lemma below, but first we give an example.

Example 4.5 We consider the 3-multipartition from Example 3.14 part (b) again, i.e.

PO

As before, we have LT(X) = FIF3FKFRFIF3F, (that is k = 1,...,7 =
c((+, —,+,—))) and

1(2 516
TX:(3 @12 |)

Thus, we see that my = O unless k = 1 or k = 4, where m; = 2 and m4 = 1.
Therefore, we have
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Lemma 4.6 The dot placement of Definition 4.4 is well-defined. Moreover, we have

e(R)d(X) = d(R)e(h) = (e(R)d(R))*.

Proof To see that the dot placement is well-defined it suffices to show that the middle
facet always exists, i.e. it is not removed because its corresponding number is O or 3.
That this is indeed the case follows from the fact that all possible ladder-moves in our
convention from Definition 3.13.

The second statement follows directly from the definition of the involution *, the
Lemma 4.2 and the fact that the corresponding foams are just identity foams. O

It should be noted that Sy acts on the set of strings of F’s of length k with a fixed
number of occurrences of the /’s by defining the action of the j-th transposition ; by
exchanging the neighboring entries j — 1 and j reading from right to left. We denote
a transposition t; that exchanges a F,, and a Fj, by 7;(a, b), i.e.

tj(a,b) - (Fy---FpFq---F1) = Fy--- FoFp - F1.
—— ——

pos. j pos. j

Definition 4.7 (Foam between LT-generators) Given two strings of LT-generators

LT, = H F;, and LT, = H Fy
k k

such that LT and LT, differ only by a permutation o € Si_; of their F’s. Let

w; = LTv3e and wy = LT,v5¢ be the corresponding webs obtained by g-skew Howe

duality. We assume that o € Sy is already decomposed into a string of transpositions
o =T...T,

such that cLT| = LT». Then we associate to LT, LT, and o a foam

Fo (LT, LT2): w1 — wa, Fo(LTy, LT2) = F(1i (aiy, biy))
O---0 f(‘[,'l(a,'[, bi,)) (@) Idw1
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by composing the identity Id,,, on w; from the bottom with the foams

i bz)) = f(Ti(ai'a bi)) =

and

a; —b; > 1 a; — b < —1

where the not pictured parts should be the identity and we use the usual rules to read
these foams and the usual signs ¢ € {4, —}, i.e. the ones given by categorified g-skew
Howe duality. Note that, by our conventions, this procedure really gives a foam from
wi to wy.

The action defined above can be stated in a different way just on the level of tableaux
without multiple entries. That is, the group S—; acts on the set of all 3-multitableaux
Std(1) U {x} by defining the action of the transposition t; by

(71 ) {fz = fl (j—j+1, j+1+ j), iftheresultis a standard 3-multitableau,
Tj(11)=

*, otherwise.

Finally, for a fixed 3-multipartition % and a corresponding 3-multitableau T e
Std(A) we choose a fixed permutation o € Sx_1 such that

o W) =T
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by searching for the lowest j € {1,...,k} such that the node N with entry k in
T is not the same as the node N’ with entry k in 7. Apply a minimal sequence
of transpositions until they match and repeat the process until G_I(T) = T;. By
construction, the permutation o € Sx—1 will be of minimal length with respect to the
property o~ (T) = T;.

It is worth noting that we put a o ~! here because we usually want a foam with a
web associated to 75 at the top. One easily verifies that

o(T) =T & o W) =T forall Ty, Tr € SAX), o € Sp_1.

We denote the foam associated to this permutation o by 7.

Lemma 4.8 The definition of the foam F, (LT, LTy) is well-defined, i.e. one does not
run into ambiguities and the resulting foam is a foam between wi and wy. Moreover,
the definition via the LT-generators and via actions on 3-multitableaux agree.

Proof To see that the definition is well-defined, note that, using Lemma 3.8 and the
observation that, without divided powers, the total length and the length agree, each
step of the action of F, (LT, LT2) on the top web changes the boundary of the web
to the bottom boundary as indicated in the pictures above. Thus, each step is a legal
move between a web at the top and a web at the bottom. That is, starting from w; at
the top, one builds inductively a foam going stepwise from w; to w», i.e.

Wi = Wy, > Wy, o b Wi, > Wiy > WY,

where each step is well-defined and one of the foams pictured above. Hence, we get
a well-defined foam

fg(LTl,LTz): wp — wa.

To see that the two actions agree we note again that the residue r(N) of the node
N with entry k is exactly the Fy(y). Thus, reading the two residue sequences for T
and T3, we see that they give rise to a web on the bottom and the top and the action
on 3-multitableaux is exactly defined such that the result of the action of 7; depends
in the same way on the residue of the two nodes N; and N as the action via foams
depends on the difference a; — b;. Then one repeats the inductive argument from
before, that is, a direct comparison of the LT-generators in each step shows that each
step is a legal permutation and the end result are exactly the LT-generators associated
to ws.
It should be noted that this also shows that our rules to define o ensure that the
action of the transpositions of o on the tableaux never produce a non-standard tableau.
O

Definition 4.9 (Foam for uy € By) Given a non-elliptic web with a flow u s € By,
we associate to it a foam

Fuprup — w(h),
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where X is the corresponding boundary datum and w(X) is as in Definition 4.1, in
the following way. Change the 3-multitableau ¢ (u y) associated to u s by replacing the
lowest multiple entry j of multiplicity ;" of ¢(u s) decreasing from left to right with
consecutive numbers j, ..., j + j’ and shift all other entries by j’. Repeat until no
multiple entries occur and obtain ¢(u r)’, see 2.1. Set

Fuy = FroFoltlug) , T): up — w(i),

with F, (¢(u f)’, T;) for the LT-generators LT > corresponding to ¢ (u f)’ and 75 respec-
tively. The foam JFR is given by removing the generated internal digons (pictured
below 2.12) with a dot-free digon removal and the internal theta-foams with a dot-free
identity. It should be noted that these are the only possible differences for the webs
associated to g(t(u r)) and g(t(u r)").

Example 4.10 If we consider Example 3.14 part (b) again, that is

= (HoH).

and consider the right example u ¢, then we have

12 576 12 112 Li3 o
T)‘\:(:S ‘77 5 ‘) L(Uf):<4 ‘77 ) ‘) [,(’lLf)/:<6 ‘77 7 ‘)

Therefore, o € Sg is given by 0 = 147573747572, since

"(“f)/:<é3"734‘)2’(é2"’34‘>g(é2"@’24‘)
g(izt@, 2 5\)&,(; 2 4, s 5\)
@ ) (o 5)-

This can be reinterpreted as an action on the two LT-strings, that is (reading backwards
now)

LT(TX) =FNFBREBFIFEF il I3 PR FIF3 il WP FIFE,
a3 P\, Fr,F3F, il F\FhFIF3FF3F,

T

3 F\F\FaF3FaF3Fy % FFy o F3F3F> Fs
= LT((up)).

When we re-read the strings of F’s using ¢g-skew Howe duality as webs, then we
see how this procedure gives rise to a foam between the web associated to LT(73)
(as shown in Example 4.3) and the web associated to LT (¢(u f)’ ) as shown below.
Each of the 7; corresponds to one of the basic generators pictured in Definition 4.7—
depending on the difference of the residues of the exchanged nodes. For example, the
foam associated to the last step 7 is locally
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that is a zip, and the identity outside of this local picture. The bottom of this local
picture is the part of the web associated to w ; marked with a square on the left and
the top is shown on the right

"reecoccsccs
cocccccea
XXX XXX X J

cocccccee

and unzips the marked edge. The foam FR then just removes the three digons and we
obtain the original web from Example 3.14 part (b) back.

We are now able go give a growth algorithm for foams. We will see later that this
gives rise to a graded cellular basis in the sense of Hu and Mathas [25]. Hence, in the
spirit of Proposition 3.4, we can call this a categorification of the intermediate crystal
bases.

Definition 4.11 (Growth algorithm for foams) Given a pair of a sign string and a state
string (S, J), the corresponding 3-multipartition A and two Kuperberg webs u, v € Bg
that extend J to u ¢ and v receptively.

We define a foam following Definition 4.9

; .
ﬁ(u/-),z(vf,)- u—v
by

F ) =Fu fe(X)d(X)fjf,.

l(Llf),L(Uf/
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Example 4.12 Letus consider t he following example. The web is the right theta-foam
from Example 3.3. Note that the Kuperberg bracket gives [2][3] = ¢~ + 2¢~! +
2q + ¢3. All the six different flows are indicated below.

y
1

wt=—1 degq 0 degq:4

Y
/

deg,=2 deg,=4
wt=1 wt=—3 deg,=2 deg,=6

To illustrate why the growth algorithm for foams gives (up to a sign) the result above,
let us do the top left u, in more detail. We have

(0. [1], [2]3]) and w(uc) = t(ur) = (0, [3], [1]2])-

Thus, the foam e(X)d (X) will be a dotted (the dot comes from the node labeled 1)
identity for the web F» F Fiv31, which is a theta-foam with an extra digon. It is worth
noting that this dot is unexpected from the foam framework. But the permutation from
t(uc) to T; is given by o = 7571 and thus we see that

EFF &5 BEF &3 BEE,

where u = F| F, Fivzi. The corresponding foam F,,. will be a composite of the top left

foam from Definition 4.7 and an unzip. Therefore, the final foam F* o) () MU
contains a so-called singular bubble with a dot. As Khovanov explains in [28], this
bubble can be bursted which removes the bubble and the dot. The reader is encouraged
to do the other five, but we note that two of them will also create “two many” dots,
which will be bursted.

Note that it is no coincidence that there are always two basis elements that are
“dual” to each other, i.e. cupping them of with its “dual” gives £1 while cupping it
of with all the others gives 0. This is related to the “dual” cellular basis given in [25].
We note that this could be useful to evaluate “foams” for N > 3.

Lemma 4.13 The growth algorithm for foams from Definition 4.11 is well-defined.
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Proof That the algorithm is well-defined follows from the Lemmata 4.2, 4.6 and 4.8
above. m|

4.2 Foam basis

We are going to show in this section that the growth algorithm for foams given in
Definition 4.11 suffices to produce all foams, i.e. it can be used to generate a basis of
the foam space. Moreover, we show that this basis is homogeneous. We show in the
next section that it is indeed a graded cellular basis in the sense of Hu and Mathas
[25].

The main observation is that the foams F(t;(a;, b;)) defined in Definition 4.7 are
either zip or unzip foams (in the case |a; — b;| = 1), two digon removals (in the case
a; = b;) or just shifts (all the other cases). Since this is not trivial, we state it as a
lemma. Recall that deg, denotes the g-degree of the foam space.

We start with some useful Lemmata.

Lemma 4.14 Given the same data as in Definition 4.7, we have that for all t; € S_1
the foams F(ti(a;, b;)) split into three disjoint cases.

(a) F(ti(aj,bi)): w1 — wy is a zip or a unzip iff la; — bj| = 1. We have
deg, (F(zi(a;, b)) = 1 in this case.

(b) F(ti(a;, bi)): wi — wy removes two digons iff a; = b;. We have degq(}'(r,- (ai,
b;))) = —2 in this case.

(c) F(zi(ai, bi)): wy — wy is just a shift iff |a; — b;i| > 1. We have degq(f(ri(ai,
b;))) = 0 in this case.

Proof (a): A case by case check of all the possibilities how the local picture of the webs
wj at the top and w, at the bottom could look like. Note that both webs are generated
by a sequence of LT-generators, thus not all combinations are possible. Since all cases
work in the same vein we only illustrate four here. So five in total, i.e. counting the
one from Example 4.10. In fact the Example 4.10 is a blueprint of all cases. The four
other cases are the following.

and
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We have indicated the important face for our argument with color in all the pictures.
To be more precise, the foam in the top left is a unzip between a Y-move and a flipped
Y-move at the top and two H-moves at the bottom, the foam in the bottom left is
between two shifts and a Y-move and a flipped Y-move, the foam in the top right is
between a Y-move and arc pair and a H-move and a flipped Y-move at the bottom and
the lower right is between two H-moves and a Y-move and a flipped Y-move.

All other cases are similar. It should be noted that the number of case-by-case
checks reduces if one takes rotational symmetries into account, e.g. the foam in the
top left picture and the one in the right bottom are essentially the same.

Moreover, it is worth noting that the ambiguous case, i.e. two similar moves at the
bottom and top, does not occur by construction, since the action of F; Fj1 will be
different than the action of F; F; and will therefore always give two different local
webs.

(b): As before a case-by-case check. In fact the number of cases is small, that is
only two can occur, since a H-move after a H-move is not possible because at least one
of the H-moves would correspond to an E. Thus, we only the following two cases.

and

4.2)

We have smoothen the first picture a little bit to make it more visible. We have indicated
the important face with color again.

(c): This is clear by the definition of the local changes of the foam pictured in
Definition 4.7, because it will be the identity foam up to isotopy.

Since the g-degree of a zip or unzip is 1, the g-degree of a digon removal is —1 and
the g-degree of the identity is zero, we conclude that the degrees work out as stated
which finishes the proof. O
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Lemma 4.15 Let the foam

x _ by 3 %
.E(uf),L(Uf/) = fufe()\.)d()\.)]:vf/ U=V

be as in Definition 4.11. Then

deg, (f-t)zuf),L(Uf/)) = degy, (u ) + deg, (vyr) = degggw (t(uf)) + degggw (L(vy)).

Proof We only have to show the first equality, since the second already follows as a
consequence of the Proposition 3.31.
We start by noting that

deg, (e()d (L)) = deg, (d (1)) = 2ny.

where n, is the number of dots. This is true, because both are topological just the
identity and a dot has g-degree 2. This implies, since we spread dots using a convention
of adding dots per addable nodes and T; does not have removable nodes, that

deg, (e(L)d (1)) = 2deggyy (T3).

It should be noted that the extra removing of the internal faces from Definition 4.9
corresponds exactly to the change in degree from ¢(u ) to ¢(u r)’. So to simplify our
notation, we can freely assume that ((u r) = t(uy)" and (v ) = t(v ).

Hence, the results of the two Lemmata 4.8 and 4.14 imply now that we only have
to check that the degree works out on the level of actions on tableaux, because the
action defined via foams agrees with the one on the tableaux (part two of Lemma 4.8)
and, as a consequence of Lemma 4.14, we see that it has exactly the same degree as
the action defined on tableaux.

Thus, we can use a result from the side of the cyclotomic Hecke algebra, i.e.
Corollary 3.14 of Brundan et al. [7], and we get

degpgw (t(ur)) = deggrw(T3) + degq (}"uf) and deggyw (t(vy))
= degggw (T3) + deg, (Fv,).

Hence, we have

deg, (Fliu ) c0,) = degy (Fu eV F; ) = degy (Fiuy)
+ deg, (e(M)d (X)) + deg, (Fu,)
= degggw (t(u r)) — degpgw (T5) + 2nyg
+ degggw (t(v 1)) — degggw (T3)
= degggw (L(us)) — ng + 2ng + degggw (L(vy7)) — na
= degpyw (t(ur)) + deggyw (t(vy) = degy, (uy) + degy, (vy)
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which proves the statement. O

Lemma 4.16 Let the foam

2 o 3 TN Tk .
.7:[(,”))[(”.[,) = fufe(k)d()n)fvf, Tu—> v

be as in Definition 4.11 and let * denote the involution on the foam space. Then
7 % .
(]:L(uf),L(uf,))* = fz(uf,),z(uf)- v—u.

Proof This is a direct consequence of Lemma 4.2, because we have

Fliuppatwy)” = Fuy eI Ty )
= ((Fo, ) (R () Ty,
= Fo, e VOV T,
where the second equality is due to the definition of the involution *. O

The next proposition shows that the growth algorithm for foams is a “foamy” version
of Hu and Mathas graded cellular basis [25].

Proposition 4.17 Let S be any sign string and let
Js ={J | (S, J) is a pair of a sign and state string for some web w € Bg}
and let

Bg ={wys | w e Bs, f isaflowwith boundary J extending to w}.

Then (S, J,uyg,vp)withJ € Jsanduy, vy € B; gives rise to a foam ‘E}Euf),t(vf/) €
K.

This foam is obtained from the application of the foamation functor to the HM-basis
element with the datum (the multipartition X is the one associated to (S,J))

(b t(uyp) € SR, t(vs) € Std(R))
and removing the internal faces using digon removals or theta removals.

Proof The first statement is just a collection of the results of the sections before, i.e.
that a pair (S, J) gives rise to a 3-multitableau A is proven in Theorem 3.26, that
the webs with flows u ¢, vy give rise to a unique filling ¢(us), t(vy) € Std(d) of
the 3-multitableau X is proven in Lemma 3.15 and finally the definition of the foam

A‘ . . . o, .
Flup, (v 18 given in Definition 4.11.
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To see that the second statement is true, we observe that the Sect. 3.1 and g-skew
Howe duality imply that we can read the HM-basis elements as foams in the following
way. Given a 3-multipartition & with residue sequence r(X) = (r1,r2,...), we can
read it as a 2-morphism in U/ (sl,) as indicated below

w=...F,F L, F v

Ty rs T r
V3¢

T4 rs (] r

w=...F, L F v

reading from right to left and all arrows pointing downwards. This can be translated to a
web for the top and bottom string of residues by applying the corresponding sequence
of F to the highest weight vector v;¢ as explained in the Sect. 3.1 and reading the
residues r; as F}, as explained in and around the Definition 3.25.

Then the second statement follows now from the sequence of Lemmata 4.6, 4.8
and 4.14, i.e. the Lemma 4.6 shows that the dotted HM-idempotent, after applying the
foamation functor, is essentially the same as the dotted idempotent from Definition
4.4, since in both pictures the idempotent e(i) is obtained from the residue sequence
r(X) and the dots are obtained from the set of addable nodes explained in Definition
4.4. Moreover, the Lemmata 4.8 and 4.14 show that the HM-element ¥, ,y, after
applying the foamation functor, is the same as the foam 7, , (plus the extra internal
face removals while passing from ¢(u r)’ to ¢(u 1)), since we have the correspondence

>< ~ F(ri(ai, b)) >< ~ F(riai, b)) >< ~ F(riai, b))
la; — b;] =1 la; — b;| =0 la; — b;] > 1

Fa1 }Tvb1 }Tvaz Fai Fai }Tvb1
57

by Lemma 4.14 and the different local pictures are spread in essentially the same way
in both cases by Lemma 4.8. Hence, we conclude that the HM-basis element with the
datum

(o t@up) € SR, L) € Std(R))

corresponds to the foam F*

)t € K (plus the relevant internal face removals).

O

We are now able to proof that the growth algorithm for foams given in Definition
4.11 gives a basis of the sl3-web algebra K.

Theorem 4.18 The growth algorithm for foams gives a homogeneous basis of Ks.

Proof We will show that the growth algorithm gives a linear independent set of foams
denoted by

§= {‘E)Euf),L(vf/) € Ks| (S, J, ug, Uf’)» J e Js, ur,vy € BSJ}
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By a counting argument we see that this set forms a basis, since we know that every
triple

(h, tup) € SR, ((vpr) € Std(R))

corresponds exactly to one closed web w = u*v with a fixed flow by Theorem 3.26.
Thus, because K g has a basis indexed by closed webs with flows as we have recalled
in Remark 2.13, we conclude that the linear independence of § suffices to show that
the set § forms a basis.

To see linear independence we use Proposition 4.17 and pull § back to the cyclo-
tomic Hecke algebra. We denote the pullback (by not removing the internal faces)
restricted to the datum

(h, t(up) € SAR), t(vyr) € Std(R))

by ¥ ().

Since Hu and Mathas showed that their definition gives rise to a basis, we conclude
that the corresponding set 1/~ () is linear independent.

In 4.3.3. of [39] Lauda, Queffelec and Rose showed that all the foam relations in
F(w) follow from certain relations in I/ (s[,,). Moreover, they argue that the sl3-foam
category can be obtained from U(sl,) by modding out certain relations involving
bubbles of weight 3. But our convention to only use 3-multitableaux ensures that the
elements of w_l () do not contain any of these relations, while all the other relevant
relations are true independent of n. Hence, a possible linear independence of § can not
be created by the foamation functor ¥ (which is an additive functor) nor by modding
out by the cyclotomic relation 2.2.

Thus, the set § must be linear independent, since, as Khovanov showed in Propo-
sition 7 and 8 of [28], the internal face removals give rise to a isomorphism of graded
vector spaces and the foams without the internal face removals form a linear inde-
pendent set for a version of the sl3-web algebra between the webs without the face
removals.

That § is homogeneous follows from Lemma 4.15. O

Remark 4.19 Hu and Mathas proof that their set is linear independent relies on the
connection to another basis that is known for the cyclotomic Hecke algebra, the so-
called Dipper, James and Mathas standard basis which can be seen as a “higher
version” of the classical construction of the basis for Specht modules. The proof that
this standard basis is in fact a basis is non-trivial, see Dipper, James and Mathas [16].

In our framework, since everything is inductively build from small cases, it is
possible to proof most statements by an inductive case-by-case check. In fact, there is
such an alternative proof of Theorem 4.18 in our framework.

The alternative “by hand” proof of the statement 4.18 is roughly as follows. One
does induction on the number of faces of u*v to conclude that the restriction of § to
« Ky gives a basis of latter. The small cases can all be verified easily and the induction
step is similar to the induction that shows that the basis from Remark 2.17 is in fact
a basis. To be more precise, all the three basic moves, called circle removal, digon
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removal and square removal, have a local inverse. One then verifies “by hand” all
possible cases how a face in u*v with flow can look like. If one does so, then one
realizes that the growth algorithm for foams has a summand that looks like one of
these face removals and all the other summands are killed by the inverse. To see this
one does a case-by-case check. It should be noted that Lemma 4.14 ensures that the
growth algorithm “almost” remove faces anyway, since the face removing foams are
just local zips. One just have to be careful that sometimes not the right edges will be
unziped. But one can always use the relations DR, SqR and Dot Migration to show
that at least one of the summands is exactly the desired face removal (and the other is
killed by the inverse).

Hence, one can conclude that the set § is related by a non-singular change of base
matrix to the basis from Remark 2.17. But since there are a lot of cases to check, we
do not do it here.

We can reprove Brundan and Kleshchev’s graded dimension formula, i.e. Theorem
4.20 in [5], as a direct consequence of Theorem 4.18 in a very simple fashion for our
framework. Note that we see g(7;) K g(7;,) in the following theorem by abuse of notation
as an analogue of the s[3-web algebra between the possible non-elliptic sl3-web given
by the extended growth algorithm from Definition 3.25.

Theorem 4!.20 (Brundan and Kleshchev: Graded dimension formula) For 3-multi-
partitions A, ji of c(S), we have (where {n} is the shift by the number of strands)

dim, e(X)Re(sye(ji){n} = dim, o) K g1y in} = Z gdeesxw (T +degpw (T2)

TieStd(h)
T>eStd(ji)

Proof The second equality follows from the fact that Brundan, Kleshchev and Wang’s
degree is given by minus the weight of the corresponding flow, i.e. Proposition 3.31,
and the fact that the g-degree of the sl3-web algebra is given by the Kuperberg bracket
(up to the shift {n})—even if the underlying web space consists of non-elliptic s(3-
webs.

The first equality follows from Proposition 4.17 and Theorem 4.18 if we regard
¢(T;) K g(1;) as an analogue of the usual K with a possible different underlying s[3-
web space. The details of this slightly modified version of the sl3-web algebra can be
verified as in the usual case demonstrated in [44]. O

4.3 Cellularity

We are able to show now that § is a cellular basis of K. First we recall the definition
of a graded cellular algebra due to Graham and Lehrer [23] in the ungraded setting and
Hu and Mathas [25] in the graded setting. Note that graded always means Z-graded.

Definition 4.21 (Graham—Lehrer, Hu—Mathas) Suppose A is a graded free alge-
bra over some field K of finite rank. A graded cell datum is an ordered quintuple
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(B, 7, C, 1, deg), where (1B, >>) is the weight poset, T (1) is a finite set for all A € 3,
iis an involution of A and C is an injection

C: [[Tx T — A, s.0) - .
reP

Moreover, the degree function deg is given by

deg: H T(\) — Z.
reP

The whole data should be such that the ¢* form a homogeneous K -basis of A with
i(c?,) = cﬁy and deg(cskt) = deg(s) +deg(r) forall A € Pands, r € 7 (1). Moreover,
foralla € A

acl, = > ra(s,u)cl, (mod AP, 4.3)
ueT ()

Here AP is the K -submodule of A spanned by the set {c%. | w> A and s, 1 € T (w)}.
An algebra A with such a quintuple is called a graded cellular algebra and the c?,
are called a graded cellular basis of A (with respect to the involution 1).

We are now able to show that

8= AFliupat,y € Ks | (S Joup.vp). J € Js up.vp € Bg).

is a graded cellular basis.

Theorem 4.22 (Graded cellular basis) The algebra K is a graded cellular algebra
in the sense of Definition 4.21 with the cell datum

(B (s)- t(BL). 5. *. degpiw).

where ‘}33 ¢y is the set of all multipartitions of c(S) with at most three non-zero entries
that all are gathered in the last three entries ordered by the dominance order > from
Definition 2.3, L(BSJ) is the image of the set of all webs given by the LT-algorithm
together with flows, the involution * on the foam space and the degree degggw on the
tableaux in L(BSJ)4.

Proof We have to prove four statements. To shorten our notation in the following
equations, we write uy = t(uyf), vy = t(vys) and B; = L(B;) as a shorthand and
hope the reader does not get confused since the left hand side is a flow on a web and the

4 Note that the formulation can be done alternatively using sl3-web notions as described in the sections of
3.
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right hand side is a multitableau. Moreover, the scalars below should all only depend
on the element on the left side of the multiplication.

(a) Each ]-"MX g is homogeneous of degree

deg, (f’ff*vf") = degpgw (1 r) + degpgw (v 7).

(b) The set § is a basis of the graded C-algebra K.
(c) The involution satisfies

1
(F, by

Ufsvypr

(d) Given 5\, i€ &]33(5), up, vy € Std(X) and ft};, ﬁf., € Std(ft), then there exist

scalars ry ; w o which do not depend on v s/, such that

7 ﬂf Frovn= 3 TupwpFl ., (mod KF). (4.4)

,f)f/ Uf,vypr W prr, U pr
wf// EBS‘]

In fact most of the statements follow directly from the work we have already done
in the sections before. To be more precise, points (a)+(b) are true because of Lemma
4.15 and Theorem 4.18, while the statement (c) is just Lemma 4.16. Hence, we only
have to verify (d), i.e. Eq. 4.4 (it is worth noting that, by linearity, it is sufficient to
show Eq. 4.4 to get Eq. 4.3).

We want to use the foamation functor i again together with Proposition 4.17 and
the fact that Hu and Mathas proved [25] that their basis is cellular with almost the
same poset.

In fact, the difference between the poset Hu and Mathas use is that they consider
all multipartitions of ¢(S) instead of only the 3-multipartitions. But our convention
how we see the 3-multipartitions A as such multipartitions, i.e. embed into the last
three entries, ensures that all multipartitions v with a node left to the last three entries
are bigger in the dominance order, i.e. v > X, than all 3-multipartitions. On the
same side the foamation functor and our conventions how to place dots kills all those
multipartitions v, since the first (that is leftmost) node in T3 will have three or more
addable nodes of the same residue. Thus, the corresponding foam e(v)d (V) will have
a face with three or more dots and is therefore killed anyway. Hence, we do not need
to consider them in order to prove Eq. 4.4.

Another difference is the fact that we have to use additional face removals, because
otherwise, as explained before, we would not have the Kuperberg basis as an under-
lying web basis. But since the corresponding removals are just digon and theta foam
removals, it is quite easy to handle them and the crucial case (where we need the
underlying combinatorics of the cyclotomic Hecke framework) is in fact the cases
t(uyr) = L(uf)’ and (V) = L(ﬁf,)’ and we can prove the rest by induction on the
number n(face) of extra needed face removals in the multiplication of the middle part
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F. : N Fu e Moreover, from now on we consider the case u = v, since the other case is,

by our multiplication convention, zero anyway.

Case n(face) = 0: So given the two elements Fg ]-"uA ovp € §, we can pull

them back to the HM-basis. We denote the pullbacks by 1//5 5, and 1//u I
v

a similar way all the other HM-basis elements). By Hu and Mathas results we almost
obtain the result we want, i.e.

(and in

Vis Ve, = 2 iV, , (mod REG). (4.5)
TeStd(h) !

Moreover, by Proposition 3.9, we can be sure that all possible 3-multipartitions s
have an interpretation as some web w with boundary S together with some flow f.
Those, by Lemma 4.13 and Theorem 4.18, give always rise to a non-zero foam in our
basis § given by applying the foamation to a HM-basis element with the same A by
Proposition 4.17. That is, there can not be any gaps in the partial ordering > on the
side of the foams, i.e. we can restrict our attention to the part of Eq. 4.4 and 4.5 with
X as the underlying 3-multipartition. .

In fact the only problem is the appearance of the full set Std(A), because not all of
them give rise to a web wy € B, since there are in general much more fillings for
such tableaux than flows on webs. But it turns out, by locality of the construction, that
this can only happen on intermediate layers of the foams (where this is allowed by
construction), but not at the top or bottom. To be more precise, after translating Eq.
4.5 to the foam picture, we obtain almost Eq. 4.4, i.e. we have

i x X >
fé‘f’ﬁf’fwyvﬂz > rwffT (mod K5™). (4.6)

TeStd(h)

Butthe T € Std()i), which in general does not correspond to a flow on a web in the
LT-basis, certainly, by the extended growth algorithm from Definition 3.25 and the
result of Theorem 3.26, corresponds to a web with flow w ¢ and boundary pair (S, J).
But, due to the definition of the multiplication of K, this web has to be i, since we
have

iKi @ uKy = Ky

and ; K, is closed under addition. Hence, we have

Ry ite@ =y,
" T T N0, i o(T) = £ with w £ @,
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where the scalar Fuf is a certain (we have no further control here) sum of scalars
P g i for some webs w, but, and that is the crucial observation, all the webs w are
non-elliptic.

To summarise, we see that Eq. 4.6 can be restricted to

i 3 _ 3 S
fﬁf-.,ﬁf/fuf,vf/ - Z ruf’wf”fwf”’vf’ (IIlOd KS ),

wf//Gstv

which proves the point (d).

Case n(face) # 0: Since internal theta removals are completely independent from
the rest, we can freely ignore them, since they do not affect point (d) at all.

First note that the digon removal all commute with each other because they exists
as digons in the web v = u and are therefore not neighbors) as we see below.

~ 7

AN

Note that the case where a certain digon removal on the left side corresponds to a
mirror digon removal on the right side follows easy from induction since we would
get a local picture as pictured in Eq. 4.2.

With the observation diplayed in 4.3 above, we can then slide such a pair to the
right side (or the left) such that all other digon removals are left to the fixed pair. This
local pair can then be regarded as a legal move for some other flow on the middle web
v = u by Lemma 4.14. Therefore, we get the requirement (d) without difficulties by
induction.

Note that, by construction, all digon removals are always mirrored on the other
side, since we assume that v = u. Thus, we obtain the statement by induction.

It should be noted that the scalars are in general, due to our case-by-case argumen-
tation from above, not the same for the cyclotomic Hecke algebra and K. O

4.7

Remark 4.23 1t is worth noting that Theorem 4.22 can also be verified (at least in
theory) “by hand” again, i.e. without using the fact that HM-basis is cellular. Latter
relies on the highly non-trivial fact that the standard basis of Dipper, James and Mathas
[16] is cellular. Thus, on “higher” Specht theory.

The cellularity proof “by hand” can be done in a similar vein as Brundan and
Stroppel did for the sl case [8]. Of course the number of case one has to check is
bigger in our context.
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To be slightly more precise, one can check how the local behaviour of the compo-
sition
[ 7
f.ﬁ];,f)j:/fufavf’
changes the 3-multipartition 2. Due to the locality of the construction, we only have
to consider compositions of the five cases from Lemma 4.14 and see that the either
increase the number of dots (which corresponds to a higher or equal order in the

dominance order <1). Hence, one only has to check that the one of the same order do
not depend on u 7 But this follows again from the locality of the construction, since

we can pull the middle, i.e. f;‘f, Fuy, of
Fr oo gy = Fa e AT FupeG)dOIF;,

by shifting it to the left side using
F(ti (ai,, bi))e(R) = ety - M) F (tiy (aig, biy))-

This will, by construction, in the end correspond to a linear combination of foams as
in 4.6, since we do not affect the right side at all and due to the fact that each each
such summand will correspond as a consequence of Theorem 3.26 to a basis element.

As a direct consequence of the cellularity Theorem 4.22 we construct a complete
set of pairwise non-isomorphic, graded, simple Kg-modules and a complete set of
pairwise non-isomorphic, graded, projective indecomposable K g-modules.

Let us denote the graded cell modules® (also called Specht modules in our context),
whose existence is guaranteed by Theorem 4.22, for Ae ‘}32( ) by S* and their heads
or tops by

D* = §* Jrad(s%)

and the projective cover of the D* by P, Moreover, define ‘138 = {X € ‘133( s | D* #
0}.

By an abstract theorem about graded cellular algebras, due to Graham and Lehrer
[23] in the ungraded stetting and Hu and Mathas [25] is the graded setting, we get the
following theorem.

Theorem 4.24 The sets
D= {D"k} | % € B3, k € Z) and P = (P*k} | % € B3, k € Z)

form a complete set of pairwise non-isomorphic, graded, simple K s-modules and pair-
wise non-isomorphic, graded, projective indecomposable K s-modules respectively.

5 A definition can be found in [25]. We only note that the action is given by the scalars r, Fowpn from Eq.
4.4.
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It is worth noting that a direct consequence of Theorem 4.24 is that the set ‘43(3) is noting
else than the set of all semi-standard tableau Std* (3¢) by Corollary 2.11 in [25], since
it is well-known that the elements of Bg, which can be identified with the elements
of Std* (3%), enumerate the set P, i.e. forgetting the grading. These multipartitions are
sometimes called Kleshchev multipartitions and it is in general highly non-trivial to
give an explicit characterization which multipartitions are Kleshchev multipartitions,
see [25].

Remark 4.25 We note that one can closely follow the approach indicated in [43], i.e.
using the strong 2-representation (in the sense of Cautis and Lauda [14]) on the abelian

category W3¢y (which can be restricted to the additive category W(’;l)) defined in

[44], where W(3z) and W{;@) are the categories of all finite dimensional, graded, unital
Kse-modules and of all finite dimensional, graded, unital, projective K;¢-modules
respectively, to show that the bases D and P (note that K5, as a direct sum of graded

cellular algebras, is itself a graded cellular algebra) of the (split) Grothendieck groups

) (y1(P) &) yy,(P)
Ko® WiEaw = K¢ V) @214, 4-1 Q@)

corresponds to the canonical basis of the co-standard form of the s(3-web space W(*%g )

and to the dual canonical basis of the sl3-web space W 3¢ respectively (up to shifts as
explained by Mackaay in [43]). This can be verified almost similar to the approach of
Mackaay in [43], since his arguments are based on Brundan and Kleshchev [5] proof
about the graded Specht modules S7 of

Va = Ra-Mody; and V§ = R-pMod;,

where R is the cyclotomic KL-R algebra from Definition 2.7, which can be identified
with the corresponding ones coming from Hu and Mathas graded cellular basis, due
to Corollary 5.10 in [25].

Acknowledgments 1 like to thank Bernard Leclerc, Lukas Lewark, Marco Mackaay, Weiwei Pan, Hoel
Queffelec, A Referee, Louis-Hadrien Robert, Antonio Sartori and Catharina Stroppel for helpful discus-
sions and comments about (intermediate) crystal bases, g-skew Howe duality, cyclotomic Hecke/KL-R
algebras, s[y-web algebras and HM-bases. Special thanks to Marco Mackaay for a lot of helpful dis-
cussions. The author thanks the FCT-Fundag¢ ao para a Ciéncia e a Tecnologia, through project number
PTDC/MAT/101503/2008, New Geometry and Topology for sponsoring one research visit during this
project.

References

1. Bar-Natan, D. : Khovanov’s homology for tangles and cobordisms, Geom. Topol. 9, 1443-1499 (2005).
arXiv:math/0410495

2. Beilinson, A., Lusztig, G., MacPherson, R.: A geometric setting for the quantum deformation of gl,,.
Duke Math. J. 61-2, 655-77 (1990)

3. Blanchet, C.: An oriented model for Khovanov homology. J. Knot Theory Ramif. 19-2, 291-312
(2010)

4. Brundan, J., Kleshchev, A.: Blocks of cyclotomic Hecke algebras and Khovanov-Lauda algebras.
Invent. Math. 178, 451-484 (2009). arXiv:0808.2032

@ Springer


http://arxiv.org/abs/arXiv:math/0410495
http://arxiv.org/abs/arXiv:0808.2032

J Algebr Comb (2014) 40:1001-1076 1075

10.

11.

13.

14.
15.

16.
17.

18.

19.

20.
21.

22.
23.
24.
25.

26.
27.

28.
29.

30.

31

32.

33.

34.

35.

36.

. Brundan, J., Kleshchev, A.: Graded decomposition numbers for cyclotomic Hecke algebras. Adv. Math.

222, 1883-1942 (2009). arXiv:0901.4450

. Brundan, J., Kleshchev, A.: The degenerate analogue of Ariki’s categorification theorem. Math. Z.

266, 877-919 (2010). arXiv:0901.0057

. Brundan, J., Kleshchev, A., Wang, W.: Graded Specht modules. J. Reine und Angew. Math. 655, 61-87

(2011). arXiv:0901.0218

. Brundan, J., Stroppel, C.: Highest weight categories arising from Khovanov’s diagram algebra I:

cellularity. Mosc. Math. J. 11(4), 685-722 (2011). arXiv:0806.1532

. Brundan, J., Stroppel, C.: Highest weight categories arising from Khovanov’s diagram algebra II:

Koszulity. Transform. Groups 15, 1-45 (2010). arXiv:0806.3472

Brundan, J., Stroppel, C.: Highest weight categories arising from Khovanov’s diagram algebra III:
category O. Represent. Theory 15, 170-243 (2011). arXiv:0812.1090

Brundan, J., Stroppel, C.: Highest weight categories arising from Khovanov’s diagram algebra IV: the
general linear supergroup. J. Eur. Math. Soc. 14, 373-419 (2012). arXiv:0907.2543

. Brundan, J., Stroppel, C.: Gradings on walled Brauer algebras and Khovanov’s arc algebra. Adv. Math.

231, 709-773 (2012). arXiv:1107.0999

Cautis, S., Kamnitzer, J., Morrison, S. : Webs and quantum skew Howe duality, to appear in Math.
Ann. arXiv:1210.6437

Cautis, S., Lauda, A.D.: Implicit structure in 2-representations of quantum groups. arXiv:1111.1431
Chen, Y., Khovanov, M.: An invariant of tangle cobordisms via subquotients of arc rings. arXiv:math/
0610054

Dipper, R., James, G., Mathas, A.: Cyclotomic g-schur algebras. Math. Z. 229, 385-416 (1999)
Ehrig, M., Stroppel, C.: 2-row Springer fibres and Khovanov diagram algebras for type D. arXiv:1209.
4998

Ehrig, M., Stroppel, C.: Diagrams for perverse sheaves on isotropic Grassmannians and the supergroup
SOSP(m|2n). arXiv:1306.4043

Ehrig, M., Stroppel, C.: Nazarov-Wenzl algebras, coideal subalgebras and categorified skew Howe
duality. arXiv:1310.1972

Fontaine, B.: Generating basis webs for sl;;. Adv. Math. 229, 2792-2817 (2012). arXiv:1108.4616
Fontaine, B., Kamnitzer, J., Kuperberg, G.: Buildings, spiders, and geometric Satake. Compos. Math.
149, 1871-1912 (2013). arXiv:1103.3519

Gornik, B.: Note on Khovanov link cohomology. arXiv:math/0402266

Graham, J.J., Lehrer, G.L: Cellular algebras. Invent. Math. 123, 1-34 (1996)

Hong, J., Kang, S.-J.: Introduction to Quantum Groups and Crystal Bases. Graduate Studies in Math-
ematics, vol. 42, 307 pp. American Mathematical Society (2002)

Hu, J., Mathas, A.: Graded cellular bases for the cyclotomic Khovanov-Lauda-Rouquier algebras of
type A. Adv. Math. 225-2, 598-642 (2010). arXiv:0907.2985

Hu, J., Mathas, A.: Quiver Schur algebras I: linear quivers. arXiv:1110.1699

Huerfano, R.S., Khovanov, M.: Categorification of some level two representations of s/(n). J. Knot
Theor. Ramif. 15-6, 695-713 (2006). arXiv:math/0204333

Khovanov, M.: sl3 link homology. Algebr. Geom. Topol. 4, 1045-1081 (2004). arXiv:math/0304375
Khovanov, M.: A categorification of the Jones polynomial. Duke Math. J. 101, 359-426 (2000). arXiv:
math/9908171

Khovanov, M.: A functor-valued invariant of tangles. Algebr. Geom. Topol. 2, 665-741 (2002). Elec-
tronic, arXiv:math/0103190

Khovanov, M.: Crossingless matchings and the cohomology of (n, n) Springer varieties. Comm. Con-
temp. Math. 6-2, 561-577 (2004). arXiv:math/0202110

Khovanov, M., Kuperberg, G.: Web bases for s13 are not dual canonical. Pacific J. Math. 188:1, 129-153
(1999). arXiv:q-alg/9712046

Khovanov, M., Lauda, A.D.: A diagrammatic approach to categorification of quantum groups I. Rep-
resent. Theory. 13, 309-347 (2009). arXiv:0803.4121

Khovanov, M., Lauda, A.D.: A diagrammatic approach to categorification of quantum groups II. Trans.
Am. Math. Soc. 363, 2685-2700 (2011). arXiv:0804.2080

Khovanov, M., Lauda, A.D.: A categorification of quantum sl,. Quantum Topol. 2-1, 1-92 (2010).
arXiv:0807.3250

Khovanov, M., Lauda, A.D.: Erratum: “A categorification of quantum s[,”. Quantum Topol. 2-1, 97-9
(2011)

@ Springer


http://arxiv.org/abs/arXiv:0901.4450
http://arxiv.org/abs/arXiv:0901.0057
http://arxiv.org/abs/arXiv:0901.0218
http://arxiv.org/abs/arXiv:0806.1532
http://arxiv.org/abs/arXiv:0806.3472
http://arxiv.org/abs/arXiv:0812.1090
http://arxiv.org/abs/arXiv:0907.2543
http://arxiv.org/abs/arXiv:1107.0999
http://arxiv.org/abs/arXiv:1210.6437
http://arxiv.org/abs/arXiv:1111.1431
http://arxiv.org/abs/arXiv:math/0610054
http://arxiv.org/abs/arXiv:math/0610054
http://arxiv.org/abs/arXiv:1209.4998
http://arxiv.org/abs/arXiv:1209.4998
http://arxiv.org/abs/arXiv:1306.4043
http://arxiv.org/abs/arXiv:1310.1972
http://arxiv.org/abs/arXiv:1108.4616
http://arxiv.org/abs/arXiv:1103.3519
http://arxiv.org/abs/arXiv:math/0402266
http://arxiv.org/abs/arXiv:0907.2985
http://arxiv.org/abs/arXiv:1110.1699
http://arxiv.org/abs/arXiv:math/0204333
http://arxiv.org/abs/arXiv:math/0304375
http://arxiv.org/abs/arXiv:math/9908171
http://arxiv.org/abs/arXiv:math/9908171
http://arxiv.org/abs/arXiv:math/0103190
http://arxiv.org/abs/arXiv:math/0202110
http://arxiv.org/abs/arXiv:0803.4121
http://arxiv.org/abs/arXiv:0804.2080
http://arxiv.org/abs/arXiv:0807.3250

1076 J Algebr Comb (2014) 40:1001-1076

37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.

49.

50.
51,

52.

53.

54.

55.

56.

M. Khovanov, A.D. Lauda, M. Mackaay and M. Stosi¢, Extended Graphical Calculus for Categorified
Quantum sly, Mem. Am. Math. Soc. 219 (2012). arXiv:1006.2866

Kuperberg, G.: Spiders for rank 2 Lie algebras. Comm. Math. Phys. 180, 109-151 (1996). arXiv:q-
alg/9712003

Lauda, A.D., Queffelec, H., Rose, D.E.V.: Khovanov homology is a skew Howe 2-representation of
categorified quantum sl(m). arXiv:1212.6076

Leclerc, B., Toffin, P.: A simple algorithm for computing the global crystal basis of an irreducible
Uyq (sly)-module. Int. J. Algebr. Comput. 10, 191-208 (2000)

Li, G.: Integral basis theorem of cyclotomic Khovanov-Lauda-Rouquier algebras of type A, Ph.D.
thesis, published online by University Sydney, Sydney digital thesis, 2012. hdl.handle.net/2123/8844
Lusztig, G.: Introduction to Quantum Groups. Progress in Mathematics, Birkhduser (1993)

Mackaay, M. : The sl(N)-web algebras and dual canonical bases. arXiv:1308.0566

Mackaay, M., Pan, W., Tubbenhauer, D.: The sl3-web algebra, to appear in Math. Z. arXiv:1206.2118
Mackaay, M., Stosi¢, M., Vaz, P.: SI(N) link homology using foams and the Kapustin-Li formula.
Geom. Topol. 13-2, 1075-1128 (2009). arXiv:0708.2228

Mackaay, M., Vaz, P.: The universal s(3-link homology. Algebr. Geom. Topol. 7, 1135-1169 (2007).
Electronic, arXiv:math/0603307

Mackaay, M., Yonezawa, Y.: The sl(N) web categories and categorified skew Howe duality. arXiv:
1306.6242

Robert, L.-H. : A characterisation of indecomposable web-modules over Khovanov-Kuperberg Alge-
bras. arXiv:1309.2793

Robert, L.-H.: A large family of indecomposable projective modules for the Khovanov-Kuperberg
algebra of sl3 webs. J. Knot Theor. Ramif. 22, 25 (2013). Electronic, arXiv:1207.6287

Rouquier, R.: 2-Kac-Moody algebras. arXiv:0812.5023

Rumer, G., Teller, E., Weyl, H.: Eine fiir die Valenztheorie geeignete Basis der bindren Vektorinvari-
anten, Nachrichten von der Ges. der Wiss. Zu Goéttingen. Math.-Phys. Klasse, 498-504, 1932.
Russell, H.: An explicit bijection between semistandard tableaux and non-elliptic s/3 webs. J. Algebr.
Comb. (2013). Electronic, arXiv:1204.1037

Sartori, A.: Categorification of tensor powers of the vector representation of Uy (g/(1]1)). arXiv:1305.
6162

Stroppel, C.: Parabolic category O, perverse sheaves on Grassmannians, Springer fibres and Khovanov
homology. Compos. Math. 145, 945-992 (2009). arXiv:math/0608234

Stroppel, C., Webster, B.: 2-Block Springer fibers: convolution algebras and coherent sheaves. Com-
ment. Math. Helv. 87, 477-520 (2012). arXiv:0802.1943

Tubbenhauer, D.: Categorification and applications in topology and representation theory, Ph.D. thesis,
published online by Universitit Gttingen, Univ., Diss., 2013, DISS 2013 B 9481. arXiv:1307.1011

@ Springer


http://arxiv.org/abs/arXiv:1006.2866
http://arxiv.org/abs/arXiv:1212.6076
http://arxiv.org/abs/arXiv:1308.0566
http://arxiv.org/abs/arXiv:1206.2118
http://arxiv.org/abs/arXiv:0708.2228
http://arxiv.org/abs/arXiv:math/0603307
http://arxiv.org/abs/arXiv:1306.6242
http://arxiv.org/abs/arXiv:1306.6242
http://arxiv.org/abs/arXiv:1309.2793
http://arxiv.org/abs/arXiv:1207.6287
http://arxiv.org/abs/arXiv:0812.5023
http://arxiv.org/abs/arXiv:1204.1037
http://arxiv.org/abs/arXiv:1305.6162
http://arxiv.org/abs/arXiv:1305.6162
http://arxiv.org/abs/arXiv:math/0608234
http://arxiv.org/abs/arXiv:0802.1943
http://arxiv.org/abs/arXiv:1307.1011

	mathfraksl3-Web bases, intermediate crystal bases and categorification
	Abstract
	1 Introduction
	2 Basic notions
	2.1 Combinatoric, partitions and tableaux
	2.2 Intermediate crystal bases and categorified quantum algebras
	2.2.1 Intermediate crystal bases
	2.2.2 The special quantum 2-algebras
	2.2.3 The cyclotomic KL-R algebras

	2.3 Webs and foams
	2.4 The mathfraksl3-web algebra

	3 The uncategorified picture
	3.1 Web bases and intermediate crystal bases
	3.2 Multipartitions and webs with flow
	3.3 Extended growth algorithm
	3.4 Degree of tableaux and weight of flows

	4 The categorified picture
	4.1 A growth algorithm for foams
	4.2 Foam basis
	4.3 Cellularity

	Acknowledgments
	References


