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1. Introduction

Graham and Lehrer [GL96] first defined cellular algebras to understand the representation
theory of non-semisimple specializations of the Hecke algebra 7 = J#(S,) of the sym-
metric group. They were inspired by the work of Kazhdan and Lusztig [KL79] on what is
now known as the Kazhdan-Lusztig basis {H , | w € S} of 5 (for a more accessible
introduction see [Soe97]).

In this chapter we recall some results from this theory that motivated the definition
of cellular algebras. Then we give an overview of another cellular basis of .77, called the
Murphy basis, which will be discussed in more detail in Section 4.3. Here we describe its
history and some of its features we will discuss in this thesis. Afterwards we summarize the
structure of this thesis and state our main contributions.

1.1 Motivation and context

Kazhdan and Lusztig [KL79] were interested in the representation theory of 7. They con-
structed representations of 77 that possess a special basis by introducing a basis of 7,
now known as the Kazhdan-Lusztig basis. To construct these representations they studied
the action of the standard generators of .7Z” on Kazhdan—-Lusztig basis elements and certain
¢ -submodules of 7 connected to them. Here we give a brief description of some of their
ideas that will motivate the definition of cellular algebras below.

LR
Relate two elements x,y € Sy, denoted by y « x, if there exists an a € 57 such that in
the expression of aH, or H,.a in terms of the Kazhdan-Lusztig basis, the

LR
coefficient of ﬂy is non-zero. Moreover, set w < z for w,z € Sy, if there exists a sequence
LR LR LR . ) R . LR LR
w = X] & X3 « ... & xx = z. Finally, write w ~ zifw < z < w and
LR LR LR

w<zifw<zbutz £ w.
Kazhdan and Lusztig understood their basis well enough to make sense of these rela-

LR
tions. They proved that for all w € S; the submodules 77 (< w) and %ﬂ(]f w), spanned

LR LR
by elements H, with x < w and x < w respectively, form two sided .7#’-submodules of 7.

LR LR
They called their quotients .77’ (< w) /. (< w) cell representations. Note that a basis of

the cell representation is given by {ﬂ_x | x L& wi.
These relations also imply a partial order on partitions of size d if combined with the



Robinson-Schensted correspondence, a one-to-one correspondence

L Ordered pairs of standard tableaux
d of the same shape with d boxes
w +— (P(w),Q(w))
named after Robinson [Rob38] and Schensted [Sch61]. For two partitions A, u + d set u<A
LR
if there exist x < y such that Shape(P(x)) = p and Shape(P(y)) = A. Note that we will
define another partial order on partitions of size d in Section 3.1.

By this correspondence there also exists a labeling of Kazhdan—-Lusztig basis elements
by ordered pairs of standard tableaux. Hence, these basis elements can be clustered by the
shape of their indices and are thus assigned to an element in the poset of partitions of d.

By repeating the constructions from above there is a cell representation for each par-
tition A of d. For an ordered pair of standard tableaux (S,T) of shape A, the basis element
Hg, is mapped to a basis element Hg. of that cell representation.

Graham and Lehrer defined cellular algebras to be finite dimensional algebras with prop-
erties similar to the described properties of the relabeled Kazhdan-Lusztig basis. Roughly,
a cellular algebra A is equipped with a special basis, called a cellular basis. The basis must
be labeled by an ordered pair of indices, which need to be related to some poset. The action

LR
on this basis of A must follow the partial order, so A-submodules similar to .#°(< w) and

e%”(lf w) can be defined. Their quotients, which are the cell representations in case of the
Kazhdan-Lusztig basis, are now called two-sided cell modules. For the exact definition of
cellular algebras given by Graham and Lehrer [GL96] see Definition 2.1.1.

One of the most important results in the theory of cellular algebras is a classification of
irreducible right modules for cellular algebras over fields (see Proposition 2.3.12). Because
of its generality it is often difficult to apply this result for concrete examples. However, if A
is semisimple it is easy to describe. In this case, every irreducible is a right A-submodule of
precisely one two-sided cell module (cf. [GL96, Theorem 3.8]).

The Kazhdan-Lusztig basis was the motivation of Graham and Lehrer and is indeed a
cellular basis, so .77 is a cellular algebra. The author of [Wil03] compiled all results necessary
to prove this result. We will see a short description of the cellular structure of the Kazhdan-
Lusztig basis and the Robinson—Schensted correspondence in Section 4.6.

There can be many cellular bases for a given algebra. Choosing a cellular basis to work
with depends on the problem the cellular structure is applied to.

In this thesis we are, for the most part, interested in the Murphy basis, another cellular
basis of 7. It was introduced by Murphy [Mur92] and is based on work done by Dipper
and James [DJ86].

Dipper and James set out to study the representation theory of Hecke algebras over
fields of any characteristic and were in particular interested in results for fields of positive
characteristic. They approached this problem by generalizing several tools and construc-
tions from the representation theory of the symmetric group to the Hecke algebra. Then
they derived their results for the Hecke algebra by essentially repeating the classical theory.



They defined, for example, generalizations of right permutation modules M* for each
composition p |= d. For a classical definition of permutation modules and their role in the
representation theory of S; see [Sag01, Section 2.1]. They are generalized to ¢ as right
submodules

MY = m, I C H

generated by a single element m, € JZ, the construction of which is connected to the
subgroup S, < S;. Specht modules are then defined as distinguished right submodules
SH < M* for each p, but do not need to be irreducible like they are in the classical theory.
They rather show that a certain quotient of S¥ is either trivial or irreducible and that the non-
zero quotients are an exhaustive list of pairwise non-isomorphic irreducible right modules

of H(Sy).

Although Dipper and James achieved their goal, the study of permutation modules,
Specht modules and their quotients require extensive calculations. Murphy [Mur92] sought
to remove a large part of difficult computations from the ideas of Dipper and James and later
presented a self-contained account of his approach in [Mur95].

He constructed the Murphy basis by transforming the generators m, of permutation
modules into a basis labeled by pairs of standard tableaux with the same shape of size d.
Graham and Lehrer had not yet defined cellular algebras, but Murphy’s results show that his
basis is cellular anyway. He proceeds to discuss results from Dipper and James using this cel-
lular framework. For example, the Specht modules from Dipper and James are submodules
of two-sided cell modules of the Murphy basis. The classification coming from the cellular
structure  is  exactly  the  classification = from Dipper and  James
(cf. [Mat06, Theorem 3.43]).

Consistent with the initial ideas of Dipper and James, features of the representation
theory of symmetric groups can be generalized to the representation theory of .7 using
Murphy’s basis. We will see four of them in this thesis. Firstly, the action of general-
ized Jucys—Murphy elements, which were classically defined by Jucys [Juc74] and Murphy
[Mur81], on cell modules associate to the Murphy basis is well understood
(see Proposition 4.4.11).

Secondly, if 7 is semisimple the Murphy basis provides a basis of each irreducible rep-
resentation, as they are submodules of precisely one two-sided cell module. Using Jucys—
Murphy elements, this basis can be transformed into a special orthogonal basis, called
Young’s orthogonal form. It generalizes Young’s orthogonal form for C[S,], a classical result
which is, for example, proved in [Jam78].

Thirdly, decomposing irreducible representations of S; into irreducible representations
of S4-1 follows a branching rule (cf. [Mur81]). Young’s orthogonal form can be used to
generalize this result to all semisimple Hecke algebras 7.

Lastly, the Schur algebra, an algebra arising in classical Schur-Weyl duality, is gener-
alized as homomorphisms between certain permutation modules. It is a cellular algebra
and one cellular basis, called the semistandard basis, is derived from the Murphy basis
(cf. [Mat06, Chapter 4]).



1.2 Structure of the thesis

The goal of this thesis is to study the different cellular structures connected to .77°(S,)
mentioned above. Broadly, it can be split into three parts.

The first part is dedicated to preparations for our studies. In Chapter 2 we partially
recall the theory of cellular algebras from [GL96] and roughly follow [Mat06]. However,
our account of the proofs in this chapter are a bit more detailed and focused on certain
filtrations a cellular basis entails.

We start this chapter with the definition of cellular algebras from [GL96] and state many
examples. Afterwards, we construct the mentioned filtrations and study some of their prop-
erties. These are then used to prove the already mentioned classification of irreducible right
module due to Graham and Lehrer (see Proposition 2.3.12).

In Chapter 3 we recall the notions of compositions, partitions and tableaux from [Ful96],
[Sag01] and [Mat06]. As indicated above, these are important for both cellular bases of 77,
as well as the semistandard basis of the Schur algebra.

The second part of this thesis discusses the three cellular bases connected to .72 men-
tioned above. For the Murphy and semistandard basis we mainly follow [Mat06]. To de-
scribe the Kazhdan-Lusztig basis we use [Soe97] and [Sag01] and refer to [Wil03] for a more
detailed account.

We begin Chapter 4 by recalling the definition of Hecke algebras of type A. In Sec-
tion 4.3 we describe the Murphy basis of .7# and discuss its various features in subsequent
sections. In particular, Section 4.4 outlines the proof of a classification of irreducible right
#-modules, which uses the general classification result for cellular algebras.

Next, we state the cell datum associated to the Kazhdan-Lusztig basis in
Proposition 4.6.9 and construct the Robinson—Schensted correspondence in Proposition 4.6.2.

Afterwards, in Chapter 5, we recall the Schur algebra and see how to upgrade the
Murphy basis to the semistandard basis.

Detailed proofs for the Murphy and semistandard basis require some extensive calcula-
tions and can obfuscate the bigger picture. Proofs for the Kazhdan—-Lusztig basis are even
more involved. Our main contribution is a clean description of their constructions, the mo-
tivations behind them, as well as illustrating the ideas with many examples.

In the last part of this thesis, Chapter 6, we provide three explicit examples of cellu-
lar bases: the Murphy and Kazhdan-Lusztig basis of J#(S3) as well as the semistandard
basis of .”(2,3). We describe their constructions in full detail, state multiplication tables
and verify that these bases are cellular. Moreover, we calculate all irreducible right mod-
ules explicitly, calculate their dimensions and verify the general classification result for the
Murphy basis and the semistandard basis. These calculations are done for fields over any
characteristic, but we only consider the Kazhdan-Lusztig basis over algebraically closed

fields.
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2. Cellular algebras

Graham and Lehrer first defined cellular algebras in [GL96] to study non-semisimple spe-
cializations of Hecke algebras. As mentioned in the introduction, they were inspired by
the construction of cell representations using the Kazhdan—Lusztig. A finite dimensional
algebra is cellular if it has an exceptional basis, called a cellular basis. Vaguely, the right
action on elements in the cellular basis must follow an associated poset, which can be used
to generalize cell representations.

In this chapter we want to focus on the algebraic structure such basis entails, mainly the
many algebra filtrations it provides us with. We will see that these filtrations lead to abstract
results about the irreducible modules of a cellular algebra. However, applying these results
to a given algebra with cellular basis can be difficult. It requires, for example, that we know
certain coefficients appearing in the multiplication of two basis elements. Therefore, the
problem is not just finding a cellular basis for a given algebra, but rather finding a cellular
basis that is understood well enough to apply one of the general results.

Choosing a cellular structure to work with might also be influenced by the context it is
applied in, as different cellular bases for a given algebra can possess different advantages. We
will see advantages of two different cellular bases for Hecke algebras of type A in Chapter 4.

The material in this chapter is well-known and based on [Mat06] and [GL96]. Here
we present it with a clear focus on the algebraic structure induced by the cellular basis.
However, all results are still due to Graham and Lehrer.

We start this chapter with the definition of cellular algebras from [GL96] and give many
examples of such algebras. Then we construct special bimodule filtrations of cellular al-
gebras, which are interesting on their own, but also needed in the last and most important
part of this chapter: a classification of irreducible right modules involving the cellular struc-
ture (see Proposition 2.3.12). Additionally, we will describe how to construct new cellular
algebras from a given cellular algebra.

Although many examples are given throughout this chapter, more comprehensive ex-
amples with explicit computations follow in Chapter 6.



2.1. DEFINITION AND EXAMPLES OF CELLULAR ALGEBRAS 7

2.1 Definition and examples of cellular algebras

Definition 2.1.1. Let R be an integral domain and A an associative unital R-algebra. A cell
datum for Ais a tuple ((A, <),7,C, %), where

(A, <) is a finite poset,
7 : A — {finite sets } assigns to each A € A a finite indexing set 7 (1),

C:=111eACA) : Lpea T (A) X T (1) = A, (s,t) > ¢ , which image forms a basis
of A, i.e.
im(C) = {ci e AlAeA steT (D)

is a R-basis of A, and

* 1 A — Ais the algebra anti-isomorphism determined by

A A
(Cst)* = Cts

forallA € A and s, t € 7 (1),

such that the right A-action on the basis elements has the cellular property, meaning that

foralla € A, A € Aandt,v € 7 (1) there exist coefficients r>? € R independent of s € 7(1)

such that

cla= Z rbact mod A%, (C1)
veT (1)

where for A € A we define
At = spanR{cffD lpeA, p>A ue T(p)} ,
a right A-submodule of A. We call A a cellular algebra with cellular basis im(C).

In essence, all cellular basis elements belong to an element of a poset. The right A-action
onto cellular basis elements respects the poset ordering and only move upwards. We can
associate a right quotient module, called a node of that algebra, to an element A of the
poset. It is the submodule of A/A% spanned by the quotients of all cellular basis elements
associated to A. The basis elements of each node are related to each other via an algebra
reflection map.

Note that by Definition 2.1.1, cellular algebras as defined by Graham and Lehrer [GL96]
are finite dimensional, because the poset is finite and each labeling set is finite. In [KX12]
the notion of cellular algebras has been generalized to an infinite dimensional setting and,
for example, has been applied to affine Hecke algebras. Another generalization to the in-
finite dimensional case has appeared in the study of generalized highest weight categories
(see [BS21] and the references therein).
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Example 2.1.2. A prototypical cellular algebra is the matrix ring M,x,(R). We want to
define a cell datum for Mpx,(R). Let {E;; | i,j = 1,2,...,n} be the standard basis of
Mpxn(R) with E;j; == (8ik0j1)k,1=1,2,...n- Let A = {1} be the poset with one element,
7 (1) = {1,2,...,n} and C defined by assigning E;; to the tuple (i, j), i.e. cl.lj = E;j for
some i,j € {1,2,...,n}. Let * be the usual matrix transposition.

Then acting with a matrix B = (bk;)k,1=1,2,...n Onto a basis element E;; yields
EijB = ¥ ;_, bjxEix. Therefore, cellular property (C1) holds, because the resulting coef-
ficients bj are independent of i. Matrix transposition is an algebra anti-isomorphism with

the property (cl.lj)* = Ej; = Ej; = cj;, so the above is indeed a cell datum for My, (R).

Example 2.1.3. Another well-known example of cellular algebras, which was already men-
tioned in by Graham and Lehrer in [GL96], is the Temperley-Lieb algebra TL, (R, §) for R
as above, n € Z.g and § € R. It is spanned, as a R-module, by crossingless matchings of n
points, meaning diagrams of two rows with n points, each point connected by non-crossing
strands to one other point. For example:

'\// N\
N N

Multiplication of two crossingless matchings ¢; and c2 in TL, (R, §) is defined in two steps.
First, concatenate the two diagrams, putting c; at the top and ¢o at the bottom. Then reduce
the result to another crossingless matching by connecting the strands and removing circles
that might have formed, creating a factor § for each removed circle. For example:

N\

S1085 = §-
VN

Each basis element is now labeled with two cap diagrams of n points. These are diagrams
consisting of a single row with n points, some of them connected by non-crossing caps.
The other points have a dangling strand attached to them that do not cross the caps. For
example:

N B N S

Each crossingless matching can be split horizontally into a cap diagram at the bottom and
an inverted cap diagram at the top. Both have the same number of points connected via a
cap. A crossingless matching is labeled by an ordered pair of cap diagrams. The first one is
its top diagram, the second on is its bottom diagram.

Now we can define a cell datum for TL,(R,d) that is associated to this basis.
Let A:={i | 0 <i < n, i even}, a poset with the usual ordering. For A € A let 7 (1) be the
set of cap diagrams of n points with A dots connected via a cap. For D;,Ds € 7 () let cngQ
be the crossingless matching with inverted D; at the top and Dy at the bottom. Finally, let =

. . . . . 2 « A
be the algebra anti-isomorphism reversing each basis element, meaning (chDQ) = Cp,p,-
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To check the cellular property, note that acting on a basis element from the right, so precon-
catinating it with another element, can not strictly reduce the number of points at the top
that are connected via cups. Furthermore, the amount of circles that have to be removed
in the action on such element does not depend on the top cap diagram. So the coefficient
appearing is independent from D;. It only depends on the bottom cap diagram Dy, as well
as the element we are acting with.

Thus, TL,(R, §) is a cellular algebra with the constructed cell datum. For more informa-
tion about the cellular structures and the representation theory of Temperley-Lieb algebras
see [Spe20].

Graham and Lehrer also considered a slightly different cell datum of TL,(R,d)
in [GL96, Chapter 6]. More concretely, they introduce a different labeling of the basis ele-
ments and a different poset.

The basis described above is not the only cellular basis of of TL,(R,d). In [AST18] the
authors construct another cellular basis of TL,(R, ). Their construction is based on tilt-
ing modules and Schur-Weyl duality. Notably, their construction depends on a variety of
choices, so more precisely, they get a whole family of cellular bases for TL,(R, §).

We want to highlight one difference between their bases and the basis described above.
Note that the construction above is independent of R and §, as the basis elements are always
crossingless matchings. In particular, there is no difference in the construction of this basis
for semisimple and non-semisimple Temperley-Lieb algebras. The construction in [AST18]
depends on R and §, so they can differentiate between their bases of the semisimple and
non-semisimple TL, (R, §).

The authors of [AST18] provide a comprehensive comparison between their bases and
the basis above. For example, in [AST18, Proposition 5.3] and [AST18, Proposition 5.5] they
show that none of their bases are the basis described above, if n > 1.

Example 2.1.4. The Hecke algebra 77 (S;) = & ,(S4) is also a cellular algebra. One
cellular basis of 77(Sy) is the famous Kazhdan-Lusztig basis, first introduced in [KL79]. A
sketch of the cell datum for .7(S3) is pictured in Figure 2.1. The cell datum for 52 (S;) will
be stated in Section 4.6. See [Wil03] for a full proof of the cellularity of this basis.

At this point it is only important to know that the cell datum will label elements H_and
H,, with a common first label and H,  and H, also with another common first label. The
anti-isomorphism maps H to H _, for all w € G3, so in Figure 2.1 it transposes elements
in each box along the diagonal from the top left to the bottom right.

Note that there is another cellular basis for .77 (S;), called the Murphy basis. We will
state its general cell datum in Chapter 4. It is distinct from the Kazhdan-Lusztig basis we
considered above.
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il
H il

—e —sts

Figure 2.1: Sketch of the cell datum associated to the Kazhdan-Lusztig basis of 57 (S3)

For 77 (S3) we will see that the Murphy basis has the following elements:

= 1/_3HstS + v_2Hts + v_2Hst + v_lHt + V_le +1

aa

Il =vlH 41 cf =V Hy+v'H,
Cgb = V_2Hst + V_lHt Cgb = V_3Hsts + (V_2 - 1)Ht + V_2
CI =1

Here we used a slightly simplified cell datum associated to this basis. The poset is again
{I < II < III}, the labeling as indicated and the anti-automorphism is defined as in Defini-
tion 2.1.1.

We verify the cellular property for this example by hand in Section 6.1. Note that there
we will switch to another labeling of the Murphy basis that comes from the general con-
struction of this basis (see Section 4.3).

Example 2.1.5. In Examples 2.1.3 and 2.1.4 we have already seen that cellular algebras
can have different cellular bases. Choosing to work with one cellular basis over another
then depends on the problem one wants to solve. For example, if one wants to investigate
semisimplicity of Temperley—Lieb algebras from Example 2.1.3, one might want to work with
a cellular basis that depends on semisimplicity.

Another, much easier example of an algebra with multiple cellular bases was given in
[KX99]. For R as above consider

A=FEIY 02 8 syy, gy, s, yay)

as a right R(x,y)-module, where R(x,y) is the free R-algebra in two variables. One cell
datum for A is depicted in Figure 2.2. The set

A = {LILIIL IV, Va, Vb}
is partially ordered by the roman numerals. Let
TOH=TM)=7()=7 (Va) =7 (Vb) = {1} and T (IV) = {1, 2,3} .

C labels basis elements in each box of Figure 2.2 with its column as its first label and its row
as its second label. * transpose the elements in each box along the diagonal from the top
left to the bottom right corner.
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Va
2
Xy“x
I\ ,
2
X X X
I I 11 e
1| < |y | < || <|x py v'xy
xy? yxy® yxy? Vb
-
xXyx

Figure 2.2: Sketch of a cellular basis of A from Example 2.1.5. Each box represents an element in the
poset and contains cellular basis elements corresponding to it, for example cIl\; = xy.

We only need to verify the cellular property (C1) for generators x and y acting on basis
elements. For x, note that acting on a basis element either yields 0 or a basis element
associated to a poset element strictly above the one we started with. Additionally for y, the
result can be a basis element associated to the same poset element. However, that element
is then also in the same column as the element we started with and has therefore the same
first label.

We will use A combined with this cell datum as an example throughout this chapter.

The other cellular basis of A presented in [KX99] is depicted in Figure 2.3. Note that the
poset differs from the one above and even the nodes are completely different. We will see
below that the nodes for a cell datum are of particular interest to us. It is therefore crucial
to pick a cell datum that has nodes we understand well or can study effectively.

I v \Y

! 1 y xy y* xy? yxy yxy

yx  xyx yix  xy’x yxy? yxy?

Figure 2.3: Cellular basis of A from Example 2.1.5 distinct from the one depicted in Figure 2.2.

Example 2.1.6. Every finite dimensional, commutative algebra A over an algebraically
closed field k is a cellular algebra with * = id4. We can argue via induction on the di-
mension of A.

If A = kit is easy to assign a cell datum to A. For example A = {1}, 7 (I) = {1} and
=1

If dim(A) > 1 we can fix a one-dimensional A-submodule N = span;{x} of A, as all
irreducible A-modules are one-dimensional. Then A/N is also a commutative algebra. By
induction, it is a cellular algebra with some cell datum ((IN\, i),‘f,é, ida).

I
‘11
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To get a cell datum for A we augment A by some y to A := AU{y } and augment the
partial order on A by > AforallA € A. Set 7 == 7 on A and 7 (i) = {1}. Now lift
cellular basis elements from A/N to A and let C label these elements like C labeled the
basis elements before the lift. Finally, set C(u) : 7 (1) X T (p) — A, (1,1) - x.

This defines a cell datum for A with * = id4. Indeed, the cellular property (C1) holds
for x, because it spans an irreducible A-submodule. For ever other basis element it holds,
because these are lifts from cellular basis elements of A/N and the fact that x is associated
1, an element related to and above all other poset elements.

Note that if we use this inductive approach to construct a cell datum for A, in this cell
datum we have |7 (1)| = 1 for all A € A. The poset is in fact totally ordered.

Let A be a fixed cellular algebra cell with datum ((A, <), 7, C, ) for the rest of this
chapter.

The first construction using cellular algebras is similar to the construction of A* in Defin-
ition 2.1.1. Extending A* by the elements of A associated to A gives rise to another right
A-submodule of A denoted by

AN = spanR{c{l’D lpelA, p>A uoe T(ﬂ)} ,

where we use cellular property (C1) once more.

Under the quotient map A — A/A* the image of the elements {c_jt | s,t € T(A)} of A
span the quotient module
AA/AA = spanR{cft + A |s,te ‘7'(/1)} ,
which we called the A-node above. Note that the set {cft | 5,t € T (1)} does not necessarily
span a right A-submodule of A. Of course, if the set {c;‘t | s,t € 7 (1)} isaright A-submodule
of A, then it is isomorphic to A* /A%,

The result of the right A-action on an element cjt + A* € A*/A% encapsulates all the
information we have from the cellular property (C1) about the right A-action on c?t.

The cellular structure of A manifests itself on A*/A* in two more ways. For any
s € T (A) there is a right R-submodule C} < A*/A* spanned by elements
{cft + A% |t € T(A)}. This is also a well defined right A-submodule by the cellular property
(C1). Indeed, acting with a € A from the right on cft + A% € C? yields

. C .
(C?t +AA)a € Z rf;a(cgln + A’l) , (2.1
veT (A)

which is also contained in C4, because it is a sum over elements with s as their first index.
Moreover, the coefficients appearing in (2.1) only depend ona € Aand t,»p € 7 (A).
Most importantly, they do not depend ons € 7 (1). Therefore, the right A-module structure
of C does not depend on the choice of s € 7°(1). In other words, for two s,s” € 7 (1) the
map C} — CSA, defined by ¢, - cg{},D for all v € 7 (1) is a right A-module isomorphism.
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There is a more abstract definition of this right A-module.

Definition 2.1.7. For A € A define the corresponding right cell module as the R-module
ct = spanR{c{1 [te T()L)} .

Right cell modules are also right A-modules. The action is defined by

A t,a A
cra= Z ry o cy

veT (1)
foralla € Aand t € 7 (1), where the coefficients rb® come from cellular property (C1).

Right cell modules are well defined right A-modules by the same arguments we used for
CZ above. For all s € 7 () the R-module isomorphism

~ A
= Cf cA /i
ct’1 — cgt + A%
is also an A-module isomorphism, because acting with a € A from the right produces the
same coefficients coming from (C1).

Example 2.1.8. To get familiar with the abstract definition of right cell modules, let’s con-
sider the algebra A of Example 2.1.5 together with its cellular basis depicted in Figure 2.2.

For A # IV, A* /A% is spanned by one element, so C* = A% /A, All cellular basis elements
act by zero, except for 1 € A, which acts by the identity.

For A = 1V the cell module is spanned by three elements and we denote them by

clV = spanR{cllv, cIQV, cév}. It is isomorphic to spang{x, xy,xy?} C AMAN so 1,y,y° € A

act by

V. 1_ Vv v, IV v, 2 _ IV
' l=¢ 'Y =c¢y ¢ yY° =cy
V. 1_ IV v, IV v, 2 _
¢y - 1=c, Cy "y =g cy "y =0
V.1 _ IV v, v, 2 _
cg - l=rcy ¢ y=0 ¢y -y =0

and all other cellular basis elements of A act by zero.

In summary, the statement of (C1) is best understood in the context of quotient mod-
ules A* /A% for A € A. Firstly, it guarantees these quotient modules are well defined right
A-modules. Secondly, it presents us with [7°(1)| many right A-submodules of A*/A%* we
denoted by C2 for s € 7°(1). Lastly, it asserts that all these right A-submodules are in fact
isomorphic as right A-modules, leading us to the definition of right cell modules.

At this point it is worthwhile to emphasize that the same is not true if we just consider
A’ onits own. Although it is also a right A-submodule of A, the right A-submodules spanned
by elements {c} | t € 7 (1)} can differ for different s € 7°(1). , if we express c*a for some
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a € A in the cellular basis, then the coefficients in front of elements from A% can differ for
different s € 7 (1).

An example of this can be found in Section 6.1, where the Murphy basis of 7(S3) is
computed explicitly. The action on these basis elements is summarized in Figure 6.2 and the
mismatching coefficients in front of elements in A* is readily observed.

Remark 2.1.9. If (A, -) is a cellular algebra, then so is (A°P, o).
Indeed, let ((A, <), 7, C, %) be a cell datum of A, then

(1) . . y
cﬁt oa= acﬁt = (céa*)* = ( Z ry? c’l)* = Z ry? Cf}t mod A% . (C2)

to
veT (1) veT (1)

foralla € A1 € A and s,t € 7(A). Furthermore, the coefficients r>® are independent
of t € 7(A) by property (C1) of A. Thus, (A°, o) has cell datum ((A, <), 7, C°P, %), where
C(s,t) := ¢/ for all 5,t € 7°(1). In other words, the basis elements are the same as for
(A, ), but the labels are swapped.

We denote the right cell module for (A°P, o) corresponding to A € A by

C** = spang{c} | s € T (1))

loa= Z re?cl

veT (1)

and have

foralla € Aand s € 7 (1). We will sometimes regard right A°°-modules as left A-modules.

2.2 Filtrations of cellular algebras as bimodules

Combining the right A-module and right A°’-module structure of A*/A* discussed in the
previous section we can also give a complete description of A*/A* as an (A, A)-bimodule.
The map

A ) A
ir=C C
/A/I ®R (2.2)
cﬁt = cf ® c?

is an (A, A)-bimodule isomorphism, implying that for each node, A and A°? cell modules are
just multiplicity spaces for each other (see Figure 2.4).

Example 2.2.1. We continue with the cellular basis in Example 2.1.4, the Kazhdan-Lusztig
basis of 7 = #(S3). This is a sketch of its (2,1)-node 731 / 7(21).
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Cin C2n  C3n  Can Cnn

2R S S A

VR LR LR I Yowr

C13¢ - -Q=-=-90--0- -0C,3
C12Q = -Q=-=-0=-=-2- -0Cpn o
__0--0--0--90 -0

11 €21 €31 €41 Cn1

Figure 2.4: Decomposition of a node as a right A-module and as a right A°°-module. Here
T (1) = {1,2,...,n}, the o are elements ¢ijin AA/AA, elements connected by — gen-
erate a right A-submodule of A*/A* and elements connected by - - generate a right
A°P-submodule of A*/A*. Moreover, all — submodules are isomorphic and likewise all
- - submodules are isomorphic.

As aright Z-module it decomposes into two modules, that are both isomorphic to the right
cell module C3Y). Similarly, as a right .#°P-module it decomposes into two cell modules
21, As a (A, 7)-bimodule, it does not decompose at all.

I I o =-=0 o ....... o
o =-=0 [ XTITIT o
Decomposition as Decomposition as Decomposition as

right .#-module right ##°P-module (A, 7)-bimodule

Characterization (2.2) of A* /A% already suggests that A provides many different right
A-module and right A°P-module filtrations of A with cell modules as subquotients. Our
approach is to first focus on certain (A, A)-bimodule filtrations of A involving so called
poset ideals. These filtrations, while interesting on their own, can then be refined to right
A-module and right A°-module filtrations with the mentioned subquotients.

Before we proceed let’s recall that (A, <) is, per definition, a finite poset.
Definition 2.2.2. A subset I' C A is called a poset ideal, if for all A, z € A:
(el AA>pu)=21el.

For such a I" denote by A(T") the two-sided A-submodule of A defined by

A(T) = spanglcl |1 €T, s,te T (1)) = > A
Ael

Achainl'g c I'y € --- ¢ 'y of poset ideals is maximal, if 'g = 0, 'y = Aand [T';\I';—1| =1
foralli=1,2,...,k.
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A(T) is a well defined two-sided A-submodule by the cellular property (C1). Maximal
chains of poset ideals will be wused in Proposition 2.2.5 to construct
(A, A)-bimodule filtrations of A. As a preparation we first gather some properties of such
maximal chains (see [Mat06, Lemma 2.14]).

Lemma 2.2.3. Let (A, <) be a finite poset, then:
(i) There exists a labeling A = { A1, A2, . .., Ak} of this finite poset such that A; > A; implies
j > i. ThenT; = {A1,A9,...,A;} fori = 0,1,...,k defines a maximal chain of poset
ideals.

(ii) Any poset ideal I' C A is part of a maximal chain of poset ideals that has the labeling
property of (i).

(iii) For any maximal chain of poset ideals Ty c T'y C --- C T’y there exists a labeling
A =Tk ={A1,A2,..., Ak}, such that A; > A; implies j > i.

Proof. We call an element y maximal in A if A # pforall A € A.
(i) For A € A denote by p(A) the maximal size of a totally ordered subset

{A<m<m<---<y}cCcA

starting at A. If A > p, then a maximal subset for A can be extended to a totally
ordered subset starting at p. Therefore, A > p implies p(u) > p(A). Also, A and yu are
incomparable if p(1) = p(i) and p is maximal if p(p) = 0.

Now, starting with the maximal elements, label A increasingly by the values p(1).
Then A; > A; = p(4;) > p(A;) = j > i because A; got labeled before A;. Moreover,
the I'; define a maximal chain of poset ideals, as for some A, € I'; and A, > A, we
have p(1,) > p(Am) = n>m = A, €.

(ii) Both " and A\ T are naturally posets, where the partial order agrees with the partial
order on A, so (i) can be applied to each of them. Denote the resulting chain of poset
ideals for I" by I';, where i = 0,1, ..., |I'|, and the chain of poset ideals for A\ I" by

F?\F, where j = 0,1,...,|A\T|. Then

0=TocTyc--clpc(TPur)c--c(iyul)=A (23

is a chain of poset ideals of A, as the union of two poset ideals is again a poset ideal.
Additionally this chain is maximal, as I'; and Fj.\\r each define a maximal chain of

poset ideals. Denote the chain in (2.3) by Ff\ fori = 0,1,...,|A| and label elements
in A such that F? = {A1,A9,..., ;).

Finally, to show the labeling property consider A; > A;. If i,j < |I'| or i,j > |I'| the
property follows because we applied (i) before. In all other cases we must have A; ¢ T,
because otherwise A; € I"as well and then i, j < |T'|. In conclusion we have i < |I'| < j.

(iii) For a given maximal chain of poset ideals we can apply (ii) iteratively to each poset.

Because the property of (i) holds in every step it will also hold for A.
O
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Example 2.2.4. The poset we associated to the Kazhdan-Lusztig basis of /7 (S3) in Ex-
ample 2.1.4 was A = {I < II < III}. For this poset the only maximal chain of poset ideals
is

Oc{Il} c{ILII} CA,

so the labeling from Lemma 2.2.3(iii) is Ay = I, A = M and A3 =L
The following Proposition is from [Mat06, Lemma 2.14].

Proposition 2.2.5. Let A be a cellular algebra with labeling set A. For any maximal chain of
poset ideals T'g c T'y C --- C T'x the corresponding (A, A)-bimodule filtration of A

{0} = A(Fo) C A(Fl) c---C A(Fk) =A (2.4)

has subquotients
A F >~ A/ll ~ ~ A Ai
( l)/A(Fi—]_) = /A).l = C ®R C
forsome A; € A.

Proof. By Lemma 2.2.3(iii) there exists a labeling A = {A1,A2,...,Ak} such that
I'i = {A1,A2,..., A4;} and A; > A; implies j > i. Using the definition of A(I';) we get
A F B 14/1 Fi:Fi&l U{/li}A/li
( l)/A(Fi—l) N A;i 4 Z A - 4 Z At (2.5)
).GF,;l AEFl;l

The labeling clearly implies A% ¢ A% N 2Ael; A?, but suppose for contradiction that the
inclusion is strict. Then, by definition of A% there must exist some Aj € I'i_q such that
Ai > Aj. But A; # A;, because A; ¢ I';_1, and A; > A; implies j > i, which is a contradiction
to the labeling of A.

So A% N 2Ael; A" = A% and by continuing (2.5) we get

A F >~ AAi ~ ~ #A Ai
( l)/A(Fi—l) = /AAl = C ®C 5

where the last isomorphism was already stated in (2.2). O

Example 2.2.6. Consider again the Kazhdan-Lusztig basis of J#(S3) with poset
A ={1< 1 < II}. For the unique maximal chain of poset ideals in the poset associated to

H(S3), the (H(S3), 7 (S3))-bimodule filtration from Proposition 2.2.5 is:

0 c spang{H,,.} Cspang{H , H,H  H, H, }cH(S3)

—sts —sts’ —st’

At the end of Section 2.3 we will come back to poset ideals and see how they can be used
to construct new cellular algebras from A.

To understand why (A, A)-bimodule filtrations like in equation (2.4) of A are so useful
in the theory of cellular algebras we first need to take a closer look at right A and A°P cell
modules.
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By Proposition 2.2.5, right A and A°P cell modules appear as multiplicity spaces in sub-
quotients of (A, A)-bimodule filtrations of A arising from maximal chains of poset ideals.
These can be refined to right A-module filtrations with right cell modules as subquotients.
In this way we could build composition series of A as a right A-module and as a right A°? by
combining composition series of right cell modules. A slight variation of this idea is used in
the next section.

However, we have not yet investigated the module structure of cell modules themself,
so we will need some preparation before we can combine such composition series. In the
next section we will define more concepts surrounding cell modules to better understand
this module structure.

Afterwards we will prove a classification result for irreducible right modules for cellular
algebras using the established structures, at least if the ground ring is a field. They are
labeled by a set that is connected to special submodules of right cell modules. This labeling
set can be hard to determine in concrete examples, although its definition is straightforward.

2.3 Classification of irreducible representations

Consider again a cellular algebra A over R with cell datum ((A, <),7,C,*). Basic fea-
tures of the right A and A°P-module structures and the (A, A)-bimodule structure of A have
been described this chapter thus far. However, the cellular property of A also affects right
A-modules other than A itself. These influences will be studied in this section.

As indicated above, our analysis begins by revisiting right cell modules, which were
introduced in Definition 2.1.7. The main goal of this section is to classify all irreducible
right A-modules in case R is a field, an additional assumption we will make later on.

To achieve this goal we also need to readdress poset ideals. We are particularly interested
in quotient modules of A by two-sided A-submodules of A generated by poset ideals. These
quotient modules turn out to be cellular algebras as well, just with a smaller poset than A.

We begin our analysis of the A-module structure of right cell modules with a small
lemma. It identifies elements of A that have to act trivially on a given right cell module,
based on the cellular structure of A. Its statement is rather technical and unassuming, its
proof is not difficult and based on results of Section 2.1. However, it will simplify upcoming
proofs significantly. See also [Mat06, Lemma 2.7].

Lemma 2.3.1. Assume A, i € A. Then:
A¥p = xa=0 e€C forallx € C* anda € A*

Proof. The statement follows by combining two facts discussed before. Firstly, recall the
(A, A)-bimodule isomorphism A*/A* = C*} @ C* from (2.2). Using the definition of C**
given in Remark 2.1.9 we thus also know there exists a decomposition

/Aa @ c? (2.6)

teT (A
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as a right A-module into |77 ()| copies of C*. Secondly, as A* and A* are both two-sided
submodules of A and A # y by assumption, we have A* - A# ¢ A* N A# c A, Thus

( @ c/l) . AH (226) (A/1 'Aﬂ)/AA = {0}

te7 (1)

and, in particular, Ct - A* = {0). O

The cellular property (C1) of A was central in defining right cell modules for A and,
subsequently, for A°?. Additionally, it provides us with a special right A-submodule of each
right cell module, which we will construct below.

Recall the cellular property (C1) for (A, ) and the cellular property (C2) for (A°P, o) from
Section 2.1. Specifically, let’s consider some s,t,1,0 € 7 (1) for some A € A. Then the

multiplication c{}scﬁ) can be computed with (C1) and with (C2) respectively:

A
A A 5y A AA
ClsCly = Z Iy el mod A
meT (1)
t, A <
clel =ctocl = Z re el mod A%
ne7 (1)

Because the image of C, i.e. the set {c;}t eA|AeA, s,te 7'(/1)}, forms a basis, the coeffi-

A A
cients in both versions have to agree. So the only possible non-zero coefficient is r:c“‘ = rltl’fs“.
Moreover, by (C1) and (C2) this coefficient is independent of both 1 and v, which leads us

to the next proposition (see [Mat06, Proposition 2.9]).

Proposition 2.3.2. Forevery A € A there is a unique R-bilinear map
(.,):C*xC* —R
such that
(cgl,c?)cfn = cl’}scﬁ) mod A%
foralls,t,u,v € T (A).

Basic properties of this bilinear form are:

B oy =% (symmetry)
(ii)  (xa,y) = (x,ya*) (associativity)
(iii)  xcl, = (x, ¢yl

forallx,y € C*,ae Aandu,v € T (2).

Proof. By above, the element (cﬁ,cﬂ) is well defined and thus such a unique bilinear form
exists. The other proofs are rather short and done in [Mat06, Proposition 2.9]. O
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The R-bilinear map (. , .) captures, per construction, essential information about the
module structure of right cell modules. Due to its elegant definition and property (iii) from
Proposition 2.3.2 it plays a central role in the construction of irreducible A-modules and in
the following definition.

Definition 2.3.3. For 1 € A let the radical of C* be defined as the A-submodule
rad C* == {x ect | (x,y) =0forally e CA} c Ct.
Denote the corresponding quotient module by

C/l

A
D*: /radC’l’

which also induces the labeling set

AO::{)LeAlDA;t{O}}.

Indeed, the radical rad C* is a right A-submodule by Proposition 2.3.2(iii).

Remark 2.3.4. Note that rad C* - A* = {0} by Proposition 2.3.2(iii), so the radical is also
a right A/A*-module.

Example 2.3.5. Consider once again algebra A of Example 2.1.5. For A # I, the result of
multiplying two basis elements of A associated to A is always in A*. Therefore (. ,.) = 0
and rad C* = C%. For A = I the bilinear form is completely determined by 1-1 = 1, so
rad C! = { 0 }. It follows that Ag = {I} in this example.

The labeling set Ag has an important role in the theory of cellular algebras, but in many
cases it is hard to control. However, by the next proposition we know that it is always
non-empty. The proof is from [Mat06, Lemma 2.15].

Proposition 2.3.6. If A is minimal in A, i.e.n# A = A % n foralln € A, then C* = D*.
Proof. We need to show x € radC* = x = 0. Write 1 € A as a linear combination of

cellular basis elements
p)
1= Z rstcy +a,
5,teT (A)

where a € 3., A". As 1 is assumed to be minimal we know A % 7 and can apply
Lemma 2.3.1. Therefore, xa = 0 € C* and we finish our proof by observing

2.3.1 2.3.2(iii
x=x-1"= x- Z rgtcjt :( ) Z Vst (x,cf)c{lz().

s,teT (1) s5,teT () =0, since

xerad CA
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Remark 2.3.7. For some cellular algebras it is possible to construct cell data that are inde-
pendent of their ground ring R. Thus, for any choice of R there will be the same amount of
right cell modules. One example of such cell datum is associated to the Murphy basis for
the Hecke algebra. We will discuss this basis in detail in Section 4.3. Another example of
such algebra is the Temperley-Lieb algebra from Example 2.1.3.

Even the bilinear form on right cell modules of such cellular algebras can be independent
of R. However, R can influence whether the bilinear form is degenerate or not. Thus, the
choice of R affects the radicals and can, for example, change their dimensions. Consequently,
Ay can also depend on the choice of R.

In Proposition 6.1.1 we will see this in explicit computations for the Murphy basis of
€ (S3) over a field R. There, Ay depends in part on the characteristic of R.

The main result of this section is that if R is a field, then Ag labels the irreducible right
A-modules, clarifying its importance. There is still some preparation needed before we can
prove this statement. We begin with some properties of the quotient modules defined in
Definition 2.3.3 if we work over a field (see [Mat06, Proposition 2.11, Corollary 2.13]).

Proposition 2.3.8. Let R be a field and A, u € Ay.
(i) D* is an irreducible right A-module.
(ii) IfD* = D" then A = .

Proof. (i) By the assumption on A we have D* # {0} and can therefore show the equi-
valent statement

(i") rad C* is the unique maximal, strict submodule of C*,
which in turn follows from
(i"”) xA* = C*forall x € C* \ rad C* .

For such x € C* \ rad C* there exists, by definition of the radical, an element y € ch
such that (x, y) # 0. By Definition 2.1.7

ct = spanR{cg1 |ve 7'(/1)}.

Hence, there even exists a 1 € 77 (1) such that (x, ¢!y # 0, which is invertible because
R is assumed to be a field. Applying property (iii) of . , .) from Proposition 2.3.2 we
get

(x, eyl = xcl, e xA' forallv e T(2) .

So ¢} = (x, ¢y xcl, € xA? for all v € T(A), proving (i”") and (i), because this is a
basis of C*.

(ii) We only prove u > A. Then simply reversing the roles of i and A proves (ii), because
< is antisymmetric.
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Take x € C* \ rad C* like in the proof of (i), which exists because A € Ag, and extend
the given isomorphism D* = D to a A-module homomorphism 6 : C* - D* = D*.
Using (i”) we see that 0 produces a special generating element of D¥:

(i)

DH = 0(C*) = 0(x)A* . (2.7)

Now, let 8(x) € C* be a lift of 8(x). Then 6(x)A* c C* must be non-trivial by (2.7).
Hence, u > A follows from Lemma 2.3.1.
o

If we work over a field the quotient modules associated to elements in Ag are pairwise
non-isomorphic right A-modules by Proposition 2.3.8. In fact, the main result of the theory
of cellular algebras we will state in this section is, that all irreducible right A-modules are
such quotient modules.

We need one final lemma to state a proof of this result. The idea is to reduce the problem
for A to a problem for a cellular algebra with fewer elements in its poset. Then we use an
inductive argument to finish the proof.

Poset ideals and the associated two-sided A-submodules of A, which were introduced in
Definition 2.2.2, are exactly the right notions to construct such cellular algebras.

Lemma 2.3.9. Let A be a cellular algebra with labeling set A.

(i) The quotient A/A(T) is a cellular algebra for any poset ideal ' C A. Its labeling poset is
given by AU .= A\T' c A, where the partial order agrees with the partial order on A.

(ii) Let A € AV, then the cell module of A/A(T") corresponding to A is, as a R-module, iso-
morphic to the cell module of A corresponding to A. Moreover, the radical is the same for
both algebras, so

Aj C Ag .

Proof. (i) We need to define a cell datum for A/A(T"). Consider

AT = A\ T c A, partially ordered by restricting the partial order on A to AT,
71 . AT = {finite sets} defined as the restriction of 7 to AL,
Cl i [aear TV (M) x TE(A) = A/A(D), (s,1) = & + A(l') and
% the algebra anti-automorphism of A/A(I') determined by
(& +AT)) =l +AI).
Then (A", <), 71, CY, #) is a cell datum for A/A(T) if we can verify cellular property
(C1). Note, (A/A(F))/1 = AY/A(T) as right A-modules, so for A € A" we have

(cZ + A))(a+ A(T)) E( > rﬁ’“(c§n+A(r))) mod (4/A())"

ve7 (1)

forall A € A',t € 71(1) and (a + A(T)) € A/A(T).
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The coefficients r>% come from the cellular basis of A and are therefore independent
of s. Moreover, the coefficients are independent of the coset representative, because if
a; = ay + x for some x € A(I"), then cjtal = cﬁtag + cftx with cgltx e A() N A* c AN

We decorate right cell modules of A/A(T") by ~ to differentiate them from right cell
modules of A.

For A € A" we have C* = spang (¢! | t € 7U(1)}. This basis is labeled exactly like
the basis of C*, because 77 (1) = 77(1). Additionally, the bilinear forms on C* and
C* agree in the following way: by the proof of (i) and construction of {. , .) we have

t, el

A
Ct _r’ s
—'u

@y =r" = (.
for all s,t,u,v € ‘TF()L). Therefore, rad C* = rad C* as R-modules. In particular,
D* # {0} = D* # {0}, where D" denotes the quotient module for A/A(T). .

O

Example 2.3.10. ') := {p € A | p > A} defines a poset ideal for all A € A. Its corresponding
(A, A)-submodule is A(T'}) = A%, so A/A" is a cellular algebra by Lemma 2.3.9.

@)

/] J NN
NN |
Y

s

\

\@

Figure 2.5: Let the dots depict elements of a poset A that is part of a cell datum for a cellular algebra

A. Assume a < b for a,b € A if and only if there is a directed path from a to b. Let the
circled dots be the elements Ag C A.

Now assume I' € A is the subset of all dots contained in the gray area. Then I is a poset
ideal. The poset associated to A/A(T") is the set of all dots outside of the gray area and
denoted by A'. Circled dots outside of the gray area are also in Afj. They label non-zero
quotients of right cell modules of A/A(T").

Remark 2.3.11. Note that, using the decomposition

A
A/AA = @ ct (2.8)
teT (1)

of right A-modules from (2.6), the (A, A)-bimodule filtration (2.4) of A, induced by a max-
imal chain of poset ideals, can be refined to a right A-module filtration with subquotients
isomorphic to cell modules C* for some A € A.
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By Lemma 2.3.9(i) we can also apply this observation to A/A(I"). This provides a filtra-
tion of A/A(T") as a right A-module with subquotients isomorphic, as a R-modules, to C* for
some A € AL, by applying Lemma 2.3.9(ii). We will see a similar result for the radical be-
low that allows us to extract information about composition series of C* from the quotient

AJA(D).

Combining some of the preceding preparations, Graham and Lehrer [GL96] first proved
the main result of this section: a classification of irreducible modules using the cellular
structure of A (cf. [GL96, Theorem 3.4]). The proof below closely follows the proof of
[Mat06, Theorem 2.16], which is still largely based on the ideas of Graham and Lehrer.

Proposition 2.3.12 (Classification of irreducible representations). Let R be a field. Then:

11 { Irreducible right A-modules }

Viho = up to isomorphism

A — D?

Proof. We already know that W is a well defined, injective map by Proposition 2.3.8(i), (ii),
so we only need to show surjectivity.

Every irreducible right module of a cellular algebra already appears as a composition
factor of a right cell module, reducing the problem of surjectivity significantly. Indeed, let

{0} =Agc A1 C---CA=A

be the right A-module filtration introduced in Remark 2.3.11, having subquotients
Ai/A;_1 = CY for some A; € A. Any irreducible right A-module is a quotient of A and,
in particular, of A;/A;_; for some i = 1,2,...,k, proving the stated reduction. Therefore,
to prove the theorem it is enough to show that composition factors of right cell modules are
isomorphic to some D¥.

We use induction on |A| and in each induction step we consider all A € A individually.
If |A| = 1 then A is minimal and C* = D* by Proposition 2.3.6. If |A| > 1 we differentiate
between two cases. For minimal A we again use Proposition 2.3.6. If A is not minimal and
C* = D? there is nothing to show. Otherwise rad C* # {0} and we need to show that its
composition factors are of the wanted form. Consider the poset ideal I' .= {np € A | A # n}.
Then A/A(T) is a cellular algebra with poset AT by Lemma 2.3.9(i). Recall that, by definition,
AY' ={neA|A>n}#0and]|A"| < |A]. Moreover, by Lemma 2.3.1 and Remark 2.3.4 we
have
22.3.4

radC* - A(I) =radC* - )" A7 "2 radC? - A {0} .

A¥n
Hence, rad C* is also a right A/A(I")-module and, by induction, has composition factors

isomorphic to some D¥, 1 € AT, By Lemma 2.3.9(ii) these are also composition factors for
rad C* as a right A-module, finishing the induction step and the proof. O
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We applied Lemma 2.3.1 at two important points in this proof. The base case of the
induction is basically a corollary of Lemma 2.3.1 and we used it to reduce to a slightly smaller
cellular algebra in the induction step.

Remark 2.3.13. In general it is not possible to determine A only from the cellular structure
of an algebra. To apply the classification result of Proposition 2.3.12 to a specific algebra in a
meaningful way, one needs to first establish a cellular basis for this algebra and then develop
enough theory to study right cell modules and their radicals. In this case it might even be
possible to control their dimensions and thus the dimension of the irreducible modules.
Only then one can hope to relabel Ay and get a useful classification of the irreducibles for
this algebra.

By Remark 2.3.7, Ag might depend on the choice of R and, in particular, on the charac-
teristic of R. Therefore, such further relabeling might also depend on the ground ring. This
occurs, for example, for the Murphy basis of the Hecke algebra, which will be discussed in
Section 4.3. There, the notion of e-restrictedness is partially based on the characteristic of
R and can be used to decide which elements in A are in Ag.

Remark 2.3.14. Although it might be difficult to control Ag in general, for very explicit
examples, say the Hecke algebra .7°(S3), we only need to calculate the radicals of the right
cell modules. Therefore, a cellular basis provides a straightforward way of calculating the
irreducibles and their dimension in explicit examples. This is a valuable aspect of the theory
of cellular algebras.

For a general cellular algebra we a priori only know that minimal A € A are contained
in Ag by Proposition 2.3.6, possibly |Ag] = 1. An example where this occurs is shown in
Example 2.3.15 below. Still, Ag = A is a possibility, as we will see for Schur algebras over
fields in Section 5. More generally, we have Ay = A for a cellular algebra over a field, if and
only if it is quasi-hereditary (cf. [Mat06, Corollary 2.23]).

Example 2.3.15. Let k be an algebraically closed field and
A= k[x1,x2,. .. ,xd]/I

finite dimensional with homogeneous I. Then A is a cellular algebra by Example 2.1.6. Pick
a cell datum of A and let A be its poset. As A is local, there exists only one irreducible A-
module. Therefore, by the classification in Proposition 2.3.12, we have |Ag| = 1 for this
algebra.

Note that if we construct a cell datum for A using the inductive approach described in
Example 2.1.6, then each cell module is one-dimensional. Nevertheless, because |Ag| = 1,
all cell modules except one must have trivial bilinear form, because the radical is the whole
cell module. This means the basis element associated to such cell module must have non-
zero degree, as multiplication with itself is not contained in its span. The one cell module
without trivial bilinear form must be the cell module associated to a basis element that has
1 € Ain its span.
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Definition 2.3.16. Forn € Ag and A € A let d;,, := [C* : D] be the multiplicity of D"
appearing as a subquotient of a Jordan-Holder filtration of C*. Then D = (d,h])AGA peA

3 0
is called the decomposition matrix of A.

Example 2.3.17. The decomposition matrix of A from Example 2.1.5 is

U I GG
—
—
—

which is of course simply the dimension of each cell module because the only simple module
is one dimensional by Example 2.3.15. Alternatively one can see the filtration

0c spanR{cllv} C spanR{cllv, cIZV} C spanR{cllv, Y, c?’} =V
of CIV in Example 2.1.8, which is a composition series as each subquotient is clearly iso-
morphic to D%

Remark 2.3.18. The proof of Proposition 2.3.12 shows d3,, = O forall n £ A and additionally
dyy = 1if A € Ag. Indeed, in case of {0} # rad C* # C* the radical contributes to the
composition series of C*. It is shown that rad C* is also a right module over a cellular
algebra with poset A = {r € A | A > 1}, so composition factors can only come from A"’

Apart from the classification of irreducibles in Proposition 2.3.12, another major result
of the theory of cellular algebras is concerned with the Cartan matrix. Here we will only
state this result and refer to [GL96, Theorem 3.7] or [Mat06, Theorem 2.20] for the proof.

Recall that for each irreducible right module D* there exists a principal indecompos-
able right A-module P* with top D*. We are interested in composition series of P* as a
right A-module and denote by c,, the multiplicity of D as a subquotient of a composition
series of PA. Then the Cartan matrix is defined as C := (CAp) 2, peno-

Proposition 2.3.19. If R is a field then C = D'D, where D' is the transposed of D.

In particular, the Cartan matrix of a cellular algebra over a field is symmetric. Thus, for
A, pt € Ag, the multiplicity of D¥ in a composition series of P? is the same as the multiplicity
of D in a composition series of PH.
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Example 2.3.20. Continuing with Example 2.3.17, the cellular algebra A from Example 2.1.5
has Cartan matrix

C=(14) I

according to Proposition 2.3.19. Indeed, there is only one irreducible module, so A itself is
its corresponding principal indecomposable right module. Moreover, the irreducible module
is one-dimensional and A has dimension 14, so we have verified Proposition 2.3.19 for this
example.



3. Tableaux

We want to study the two cellular bases of Hecke algebras of the symmetric group and the
one cellular basis of Schur algebras mentioned in Chapter 1. By design, Murphy’s basis
generalizes ideas from the representation theory of the symmetric group. Irreducible rep-
resentations of the symmetric group are labeled by certain tableaux, so it can be expected
that they also appear in the discussion of the Murphy basis. The semistandard basis of
Schur algebras is based on the Murphy basis and thus also related to tableaux. Finally,
to state a cell datum for the Kazhdan-Lusztig basis the basis elements are relabeled via
the Robinson—Schensted correspondence. The new labels are pairs of tableaux. Hence, the
Kazhdan-Lusztig basis is related to tableaux as well.

The goal of this chapter is to fix notations for the symmetric group, for compositions
and tableaux, so we can use these concepts in subsequent chapters without much more
explanations. We also recall basic results that will be needed later on.

A good reference for the representation theory of the symmetric group and tableaux in
general is [Sag01]. There is also [Ful96]. We will mainly follow [Mat06], where the author
already collected all results from this theory relevant for a cellular basis of Hecke algebras.

We begin with the definition of the symmetric group, then move to compositions and
partitions of a natural number and end this chapter with a discussion of different kinds of
tableaux. In particular, the interaction between tableaux and compositions is highlighted.

3.1 Symmetric group and compositions

The symmetric group S; of d > 1 elements consists of all permutations of {1,2,...,d}.
Transposing two elements i # j € {1,2,...,d} defines an element (i, j) in 4. The simple
transpositions s; == (i,i + 1) fori = 1,2, ...,d — 1 generate S, as a group and relate to

each other via braid relations:

SiSj = S8jS; foralli,j=1,2,...,d—1st.|li—j| =2 (3.1)
$iSit18i = Sir18isip1 foralli=1,2,...,d -2 ) ’

. . ~ , . _

As simple transpositions generate S; we find an expression w = s;,s;, ... s;, for each
w € Gq. A subexpression of s;si,...s; is an expression s;; s;, ...s;; for some
1 <ji1 <j2 <--- < j; <k If nostrict subexpression of w = s; s;, ...s;, is again an

expression of w it is called a reduced expression. By Matsumoto’s theorem, all reduced

28
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expressions w = s;,s;, ...s;, of w € S; are of the same length {(w). Moreover, the the-
orem proves the existence of a well defined partial order on S;. For elements x,y € Sy it is
defined by

cg‘ Some reduced expression of y is a
subexpression of some reduced expression of x

and called the Bruhat order on S .

A sequence pu = (p1, pi2, ... ) of non-negative integers such that >, y; = d is called a
composition of d with parts ;. It is denoted by p |=d. If y; = 0 for all I > k we also write
u=(psp2s....pk). fAlEdand A; > A;yq foralli = 1,2,... we call A a partition of d
and write A + d.

d—times
——
Example 3.1.1. The compositions (d) and (1)¢ := (1,1,..., 1) are partitions for any d. For
d = 3 the composition (1,0, 2) is not a partition.

We will need the set of all compositions of d, the set of all partitions of d, as well as the
sets only containing compositions/partitions where the last possibly non-zero part is the
n-th part:

Ad) = {p=(u1.p2,...) | pEd
AT(d) ={A=Ando,...) A d) 52)
An,d) = {p= (p1,p2,- > ptn) | p = d} '
A(nd) ={A= A1 o.... n) | Ard} .

Let’s now combine the previous two paragraphs. If we identify Sy with 0 and consider
= (g1, pi2, . . ., gk ) |E d we can define the Young subgroup associated to y as

Sy = Sy XGpy X=Xy, < Gy
More precisely, if d; := 3;; pj then S, is the subgroup of S; generated by simple trans-
pOSItions g, Sd;, 1s - -+ » Sd;+p;~1-
There also exists a well defined partial order > on all compositions, which we will mostly

use to compare compositions of a given d. Relate two compositions y and 1 by

def
pen S ) 2

i i
j=1 j=1

njforalli>1,

which defines a partial order on the set of all compositions, called the dominance order-
ing. This partial order can also be restricted to subsets of compositions, for example to a
dominance ordering on partitions.

Example 3.1.2. For d = 3 the dominance order on partitions is
(3) > (2,1) > (1,1,1) = (1)® .

For more information about the dominance ordering see [Sag01, Section 2.2].
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3.2 Standard tableaux

The notion of compositions is expanded by diagrams and tableaux. Formally, a diagram of
U = d is the subset
[ =A{@j)1i>1,1<j<p} ¢ NxN

and a p-tableau is a bijection t : [p] — {1,2,...,d}. We also call y the shape of a
p-tableau t and write y = Shape(t).

One way to visualize diagrams is as stacked boxes, one box for each (i,j) € [u].
A p-tableau is then a labeling of these boxes. We use a fixed notation for stacking boxes,
known as the English notation, which is demonstrated in Example 3.2.1.

Example 3.2.1. The following is an example of a (1,0, 2)-tableau:

Notice that the 0-part of the composition is indicated by a dot.

A tableau is called row-standard, if the labels increase from left to right in each row.
For each p |= d there is a row-standard p-tableau t#, labeling boxes increasingly from left
to right and top to bottom. Moreover, for A + d a row-standard tableaux with columns
increasing from top to bottom is called a standard tableau. The set of standard tableaux
with shape 1 is denoted by Std(A).

Example 3.2.2. The following tableaux are all standard tableaux for d = 3:

3

2,1): L 2] |1]3]

An example for a non-standard row-standard tableau is

23]
1

s

because its first column is strictly decreasing.
These are the tableaux t* for all p |= 3:

@ = [1]2]3], tev = [L[2] a2 1]
3 213




3.2. STANDARD TABLEAUX 31

There exists a well defined partial order > on the set of all standard tableaux of a given
size d, which is also called dominance ordering. For m < d and a standard tableau t of
size d, let t | m be the standard tableaux carved out of t by removing all boxes labeled with
integers greater than m. Now, if s is also a standard tableaux of size d then

def
s >t & Shape(s | m) > Shape(t | m) forallm < d .

Note that we use the dominance ordering on compositions to compare the shapes of s | m
andt | m.

Example 3.2.3. To check if and how and are related in the dominance ordering
on standard tableaux of size 3 we need to compare three diagrams:

t Shape(t | 3) Shape(t | 2) Shape(t | 1)

JE) L L

We see that these two tableaux are related in the dominance ordering and that

2] » [1]3]
3 2

For more information about this partial ordering see [Sag01, Section 2.2].

Compositions of d are in bijection with diagrams of d boxes by identifying
u = (g1, p2 - .. pn) E d with the diagram having u; boxes in row i for i = 1,2,...,n.
However, there can be several p-tableaux for each p |= d.

Recall that compositions also correspond to Young subgroups of S;. We now describe
the connection of Young subgroups to tableaux.

The symmetric group S; acts from the right on tableaux, which shapes correspond to

a composition of d. Let p |= d, t a p-tableaux and w € Sy, then t.w is defined to be the
u-tableaux

wl
tw: 1] = (L2, d) 2 (L2, d)

where S4 acts on {1,2,...,d} by applying the permutation. In other words, the right ac-
tion on tableaux permutes the labels of boxes in the diagram of the tableaux. For every
p-tableau t there exists a unique w(t) € G4 such that t = t*.w(t), so there is a bijection

—_

{u — tableaux} 3 Sa (3.3)
t w(t)

1737
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Example 3.2.4. Assume, as we will for many examples below, that d = 3 and the simple
transpositions of G5 are denoted by s := (1,2) and t :== (2, 3).
Let u = (2,1), then the correspondence of (3.3) is:

12‘<—>e 13‘<—>t QB‘HtS‘
3] 2] 1]

1‘<—>s 3 1‘<—>st 2‘<—>sts
3] 2] 1]

The Young subgroup &, < S, is exactly the set of elements that only permute labels in
each row of t#. While their corresponding tableaux from (3.3) are not of special interest to
us, their cosets will be important.

Proposition 3.2.5. For i |= d the set
Dy = {w € Sq | t¥.w is row-standard tableau}

is a complete set of minimal length right coset representatives of S, < Sy, so if w € &, and
x € 9, then {(wx) = €(w) + {(x).

Proof. We only sketch the idea of the proof of Proposition 3.2.5. For a full proof
see [Mat06, Proposition 3.3].

As S, reorders labels in rows, these elements must be in different cosets. It is com-
plete, because the rows of any tableau can be reordered such that it becomes row-standard.
Minimality follows from the idea that ordered rows produce the lowest number of inver-
sions. o

Example 3.2.6. Only tableaux in the first row of 3.2.4 are row-standard, so:
Do) = let, ts)

Tableaux of a given shape p |= d can be interpreted as Sy-orbits of the composition u
via the action on t#. By Proposition 3.2.5 this action enables us to study Young subgroups
S, < &4 and their cosets.

However, this is not an orbit in the set of compositions, as the shape of a tableau does
not change under the action. We therefore consider an action of compositions on tableaux
in the next section to study compositions in this context.
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3.3 Semistandard tableaux

The notion of p-tableau for some p |= d is generalized by relaxing the restrictions on labels
of the underlying diagram.

Let » = (51,7m2,....1n) = d such that n,, = 0 for all m > n for a givenn € N,
son € A(n,d). Then a p-tableau of type 7 is a not necessarily bijective map

T:[u —({1,2,...,n}

such that; = #{x € [u] | T(x) =i } forall i > 1. Put simply, these are diagrams with labels
ranging from 1 to n, where label i appears exactly n;-times.

Similarly to the normal tableaux from before we call a py-tableau T of type 1 row-
semistandard, if labels in each row are non-decreasing. If additionally p + d and the
columns of T are strictly increasing we call T semistandard and we use the notation

To(u, n) == {semistandard y -tableaux of type n} .
Example 3.3.1. For partitions (3) and (2,1) of d = 3 the semistandard tableaux are:

1] e,

e (70, () 1] e (0. )
e (0. ) L2l em ()

s2]2] en (T )

In this example there is at most one element in each 75(y, 7). This is not true in general
and thus misleading. However, we will continue the example below and this circumstance
makes it easier to keep track of all semistandard tableaux, because we can label them by
their combination of i and ».

HH
HH
H-

=
2]

Note that in a p-tableau of type (1¢) each label from 1 to d appears exactly once, so
introducing types generalized the normal p-tableaux from before. We can also generate a
p-tableaux of type n from a normal p-tableaux t by replacing a label i by the row it appears
in t7. Put simply, we replace labels 1,2,...,1n1 int by 1, we replace 51 + 1,71 +2...,12 by
2 and so on. Hence, we get a p-tableau of type 5, which is denoted by n(t).

There are three important features of this construction. Firstly, notice that replacing
labels i < j either keeps the ordering intact or they get replaced by the same label. Thus
row-standard tableaux t generate row-semistandard tableaux 5(t), but standard tableaux do
not have to generate semistandard tableaux.

Secondly, for any normal p-tableau t from Section 3.2 and any  # (1¢) the p-tableau
n(t) will not be a normal p-tableau. Hence, the orbits of normal p-tableaux under the action
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of compositions can not be interpreted as orbits in the set of tableaux. In this sense it is
similar to the S, action on the diagram [] via the row-standard p-tableau t#. Its orbits can
not be interpreted as orbits in the set of diagrams and must instead be seen as orbits in the
set of tableaux.

Thirdly, acting with n on two different p-tableaux can yield the same p-tableau of type
1. Therefore, in contrast to the bijection (3.3) for normal tableaux, there is no sensible way
to assign an element of S; to each p-tableau of type 7.

Example 3.3.2. If n = (1,2), then:

o5 B ()

Note that both actions generate the same semistandard tableau.
Now let n = (3), then:

Note that in this example the action on a standard tableau produced a non-semistandard
tableau.

We can rectify the last feature for our purposes, as we will again only be interested
in row-semistandard tableaux. The action on row-standard p-tableaux gives orbits in row-
semistandard p-tableaux. By generalizing Proposition 3.2.5 we can identify these elements
with certain elements of &, C &;. In fact, these turn out to be some kind of minimal coset
representatives as well, but we will not discuss it in detail.

Proposition 3.3.3. For u,n |= d there is a bijection

Dy =Dy N D, 1 g {row-semistandard u -tableaux of type n}
w b p(thw)

A proof of this result can be found in [Mat06, Proposition 4.4]. We see that the
action of n on row-standard tableaux gets translated to intersecting with 9,;1.

For n = (1%) Proposition 3.3.3 reduces to Proposition 3.2.5.

This finishes our recap of the symmetric group, compositions and tableaux. We are now
ready to define Hecke algebras associated to a symmetric group, construct cell data for it and
discuss their implications. The concepts introduced in this chapter will appear throughout
this discussion.



4. Cellular bases for Hecke algebras
of type A

The definition of cellular algebras in [GL96] was motivated by the Kazhdan-Lusztig basis
of Hecke algebras J¢ of symmetric groups, also known as Hecke algebras of type A. The
authors also briefly describe a cell datum associated to that basis. A much more extensive
exploration of this cell datum can be found in [Wil03].

However, this is not the only cellular basis of Hecke algebras of type A. Murphy intro-
duced another basis, now called the Murphy basis, in [Mur92]. His goal was to simplify
the approach of Dipper and James in [D]86], but still referred to some of their results. They
were interested in the representation theory of Hecke algebras over fields of arbitrary char-
acteristic and constructed all irreducible representations. In [Mur95], Murphy presented a
self contained version of his approach. Although cellular algebras were not yet defined, his
techniques are very similar to the techniques that Graham and Lehrer used. He labels his
basis by ordered pairs of standard tableaux of a given size, orders them via the dominance
ordering on their shapes and proves that the action on these elements satisfies a cellular
property. He continues to construct one-sided cell representations, defines a bilinear form
on them and uses this form to classify all irreducible representations of the Hecke algebra.
There is a cell datum associated to the Murphy basis that formally puts Murphy’s results
into the cellular context. A detailed description of the Murphy basis as a cellular basis is
given in [Mat06].

One goal of this chapter is to give an overview over the constructions of both cellu-
lar bases of Hecke algebras of type A mentioned above. We introduce all relevant notions
needed to define the cell data, give many examples and state the complete cell data, but will
only give a few proofs and intuitions.

Proving the cellular property for the Murphy basis requires some careful induction
(cf. [Mur95, Theorem 4.18]). We also refer to [Mat06] for a complete discussion of the
Murphy basis, which we will partially follow here. In [Mat06] there is also a description of
the role of the Murphy basis in the construction of a cellular basis for Schur algebras.

Proving the cellular property for the Kazhdan—-Lusztig basis is much more involved and
we refer to [Wil03] for details, where all results needed to prove cellularity are presented and
collected. Compared to the definitions from Chapter 2, the author uses a slightly different,
but equivalent, definition of cellular algebras. If we cite this reference we will still be using
the definitions from Chapter 2.

35
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The Murphy basis was build around the ideas of Dipper and James [D)86] to generalize
an approach to the classification of irreducible representations of the symmetric group to
Hecke algebras. One advantage of the Murphy basis is that it can also be used to generalize
other constructions from the representation theory of S; to the representation theory of
. The other goal of this chapter is to describe a few of these generalizations.

Murphy already used generalized Jucys—Murphy elements in his classification of irre-
ducible 7Z-modules, so this will be the first generalization we will discuss in Section 4.4.
If 7€ is semisimple, the Murphy basis also defines a basis for each irreducible module. In
combination with Jucys—Murphy elements, this basis can be transformed into a generaliza-
tion of Young’s orthogonal form, a special orthogonal basis we will see in Section 4.5. This
result can then be used to describe the decomposition of restrictions of irreducible modules,
classically known as the Branching theorem.

For C[S], these results can be found, for example, in [CST10] and [VOO05]. References
for these constructions for Hecke algebras of type A are [Mur81], [Mat06] and [Soe97]. We
will closely follow their presentations in this chapter.

This chapter is organized as follows. First we recall the definition of Hecke algebras of
type A. Then we study special modules, called permutation modules, in Section 4.2, that are
needed to define the Murphy basis and will also be used in Chapter 5, where we consider
the Schur algebra. Finally, we state the full cell datum associated to the Murphy basis in
Section 4.3. In these sections we mainly follow [Mat06] and provide additional examples for
all constructions.

In Section 4.4 we describe Murphy’s approach to the classification of irreducible
#-modules using Jucys—Murphy elements. Afterwards we construct Young’s orthogonal
form for each irreducible representation in Section 4.5, if .7 is semisimple, and use it to de-
rive the Branching theorem for 5. References for the classical case are [Sag01] and [VO05],
part of the general case is also described in [Mur81].

To close this chapter we then recall the Kazhdan-Lusztig basis mentioned above and
state its full cell datum, partially following [Wil03]. We are particularly interested in the
labeling of this basis, which is done via a one-to-one correspondence between S, and the
set of ordered pairs of standard tableaux of the same shape and of size d, called Robinson-
Schensted correspondence.

4.1 Definitions and notations

Let R be an integral domain. Additionally, let v € R be invertible and d € Z..

Definition 4.1.1. The associative, unital R-algebra generated by elements
Hi,Ho,...,H 1 such that

H,'Hj = HjHl' foralli,j:1,2,...,d—1s.t.|i—j|22
HiHi+1Hi = Hi+1HiHi+1 forall i = 1,2, e ,d -2 (41)
0= (Hi-v1)(H +v) foralli=1,2,...,d -1

is called the Hecke algebra J#% ,(S;) the symmetric group Sg.
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When we fix R, v and d we will often simply write ¢ for the associated Hecke algebra.

The connection of 7 to Sy is hidden in Definition 4.1.1. A more elaborate notation
for the generating elements H; is Hs,, where s; = (i,i + 1) € &, the i-th simple transpos-
ition. Then the first two lines of (4.1) mimic the braid relations of corresponding simple
transpositions in S;. We will use these notations interchangeably.

Expanding on this idea we would like to associated to each w € S; an element in 77
such that some structure of S, is carried over to J7.

Let w = s;,8;, ...S;, # e be a reduced expression for w € Sy, then define

H, = HilHig .. ‘Hik e H (42)

and H, == 1. By Matsumoto’s theorem, the element H,, € 7 does not depend on the
reduced expression and is thus well defined.

Proposition 4.1.2. The set of elements {H,, | w € S} is a R-module basis of 7, called the
standard basis of 7. Acting with a generator onto this basis yields

Hys, if l(ws;)>1(w)

Hsti - { sti + (V_l - V)Hw ’f l(wsi) < l(w)

See [Mat06, Theorem 1.13] for a proof of this proposition.
By Proposition 4.1.2, Hy is invertible for any simple transposition s € S; with inverse

H'=H,-(v-v!).
Therefore, any standard basis element H,,, w € S; is invertible with inverse

-1 —1y7-1 -1
H'=H'H' . Hb

1

Hence, there exists a well defined algebra anti-isomorphism

x 1 H — I,
H,— H,

which is part of both cell data for .7# we consider in this chapter.
Note that Proposition 4.1.2, in combination with (4.2), completely describes the
multiplication between standard basis elements.

Remark 4.1.3. Because standard basis elements are well defined by (4.2), we can associ-
ate to each H,, the length ¢(w) and use this to construct two, possibly isomorphic, one-
dimensional representations of .. In the sign representation, each H,, acts by (=v){(").
In the trivial representation, each H,, acts by v=(*). We will take another look at these
representations for the explicit example 77 (S3) in Section 6.1.

Finally, we can associate to each Young subgroup S, < &y a subalgebra of J7(S,).
Indeed, let 77(S,) c A (S;) be the R-submodule spanned by Hj for all simple reflections
s € S,,. Then J#(S,) is also a subalgebra of 7#(S;) by Proposition 4.1.2.
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Remark 4.1.4. Suppose R = C and v = 1, then there exists an algebra isomorphism
Ht1(34) = C[S,4] that identifies H; € ¢ 1(S,;) with the simple transposition
(i,i + 1) € C[Sy] foralli = 1,2,...,d — 1. We are able to identify H; with a transpos-
ition that has braid relations because of the three relations in (4.1). The Hecke algebra is
said to be a one-parameter deformation of the group algebra of the symmetric group.

Remark 4.1.5. There exists another, almost equivalent definition of the Hecke algebra that
is used in many of our references. .
For R as above and q € R they define J# 4(Sy) as the unital R-algebra generated by

elements Ty, To, . . ., Ty—1 and the following relations:
T,T; = T,T; foralli,j=1,2,...,d—1st.|li—j| =2
TiTi+1Ti = Ti+1TiTi+1 foralli = ]., 2, ey d-2

0= (Ti-¢)(T;+1) foralli=1,2,...,d-1

The two definitions are equivalent if g is invertible and q_% exists, for example in the case of
R = Z[q%,q_%]. Indeed, we can transition between the definitions by identifying v = q_%
and H; = vT; foralli=1,2,...,d - 1.

We will continue with the Hecke algebra from Definition 4.1.1 and translate results from
our references into this convention if necessary. For another short introduction to Hecke
algebras as defined in Definition 4.1.1, see the beginning of [Soe97, Section 2].

4.2 Permutation modules

One possible definition of permutation modules for the Hecke algebra is as an induced rep-
resentations. Recall the Young subgroup &, < ©; associated to y |= d from Section 3.1 and
let 7(S,) C H(Cq) be the corresponding subalgebra. Denote by 1 /(s the one dimen-
sional trivial representation of J#(S,) from Remark 4.1.3. Then the permutation module
associated to y is defined to be the right 77 (S;)-module

M' =1 ,) @x,) H(Ca) -

In the classical case of C[S;], permutation modules were used to determine all irre-
ducible representations. More precisely, these are found as submodules of permutation
modules. See [Sag01] or [Jam78] for a complete discussion.

Here we are interested in two applications of permutation modules. Firstly, the Hecke
algebra itself is the permutation module for the composition (1) |= d. After defining the
Murphy basis of the Hecke algebra it can be generalized to bases for all permutation mod-
ules. Secondly, it is possible to define the Schur algebra using permutation modules, as we
will see in Chapter 5. There are other, equivalent definitions of the Schur algebra, even in
the classical case. The advantage of defining it via permutation modules is, that we can use
the generalized bases of permutation modules to build a cellular basis for the Schur algebra.

One reference for this algebra is [Don98]. For its mentioned basis stemming from per-
mutation modules see [Mat06].
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Note that the construction of permutation modules from above can be generalized even
further. Young subgroups of the symmetric group can be replaced by parabolic subgroups of
Coxeter groups. It is also possible to consider induction of the one-dimensional sign repres-
entation from Remark 4.1.3, instead of the trivial representation. Modules constructed via
these methods are called parabolic Hecke modules. We refer to [Soe97] for more informa-
tion. There the author constructs, for example, a Kazhdan-Lusztig basis of parabolic Hecke
modules. An even more detailed account of this theory can be found in [Str20].

We begin this section with a redefinition of permutation modules as submodules of
H(S4) generated by a single element. In Lemma 4.2.2 we see that both definitions are
equivalent. Afterwards we use these generators to construct the Murphy basis of 7 (S;).
This basis is then generalized to bases for all permutation modules.

4.2.1 Definition and row-standard basis

We continue with the setup of Section 4.1, so R is an integral domain, v € R is invertible and
d S Z>0.

Definition 4.2.1. Assume p [= d and let S, < S be the corresponding Young subgroup.
Then the element
my, = Z v, € #(3,) c H(Sy) (4.3)
weg,
spans the right permutation module associated to p:
MV = m, C H

As indicated above, permutation modules are closely related to the subalgebras
J€(S,) € A . With the next lemma we see that permutation modules are, as .7#’-modules,
just induced modules of the trivial representation of J#(S,). The following proof is given
in [Mat06, Lemma 3.2].

Lemma4.2.2. Ifu|=d andw € S, then

t(w)

myH,, =v""m, . (4.4)

Proof. By (4.2) it is enough to show (4.4) for simple reflections s € S,. We can reorder the
sum  of  (43) by  realizing  that {(w) < f(ws) also  implies
{(ws) > {(wss) = £{(w). Now

meH, 2 Y VI =Y (O, v )R,
weg, wes,
t(w)<l(ws)
_ Z (V—f(w)—lHW + V—[(ws)—les) _ V—l . Z V_Z(W)HW _ v_lm,,
wed, weS,
L(w)<l(ws)

finishes the proof, using the multiplication formulas in 5 (S;) from Proposition 4.1.2 in the
third equation. O
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Remark 4.2.3. For composition g = (1)% of d the corresponding Young subgroup is
S, = {e}, the generating element is m(;ye = He = 1 and the permutation module is

MO = . Hence, all permutation modules are submodules of a single permutation
module, the Hecke algebra itself.

There exists a R-basis of each permutation module, which uses the coset representatives
of Young subgroups from Proposition 3.2.5. Recall that for a y-tableau t we denote by w(t)
the element in S, such that t = t*.w(t).

Proposition 4.2.4. Let i |= d, then M* has the row-standard basis
{muH,ys) | t row-standard p-tableaux} . (4.5)

Proof. By Lemma 3.25 we can express each w € &5 as w = xy with
t(w) =€(x) 4+ {(y) for some elements x € S, and y € &,. Then we have
m,H,, = V_[(x)myHy by Lemma 4.2.2, so the elements of (4.5) span M*. They are linearly
independent because each m,H, is a sum over standard basis elements of .7’ coming from
disjoint cosets of S,. O

The proof of Proposition 4.2.4 is from [Mat06, Corollary 3.4]. Here we see the advantage
of extending the notion of compositions to tableaux in Section 3. Row-standard tableaux
correspond to minimal length coset representatives of S, < S; by Proposition 3.2.5, which
help us to understand the .77-action onto the generator of M*.

The row-standard basis is a generalization of the standard basis of % from Proposi-
tion 4.1.2 to permutation modules. Indeed, both constructions agree for J¢, as all
(1)?-tableaux are row-standard. Just like the standard basis of .#, the row-standard basis
reveals a basic structure of permutation modules. However, it is not suitable for our pur-
poses and we will modify it below. Note that there also exists a Kazhdan-Lusztig basis for
all permutation modules (cf. [Soe97], [Str20]).

4.2.2 Standard basis

One example of the shortcomings of the row-standard basis of permutation modules is its
interaction with the anti-isomorphism *. A central object for Schur algebras below will be
the intersection M# N M"" for y,n |= d. Note that because S, is a subgroup of Sy, so
weS, ©wled,and {(w) = {(w), we have

m, = Z y gz = Z y oy = my (4.6)

weg, weg,

and thus M" = J¢m, C JZ. Although Proposition 4.2.4 also gives us a basis for M7", it is
unclear which row-standard basis elements are in this intersection, or which elements even
span it.

These observations motivate the search for elements in .7# similar to row-standard basis
elements that interact with such intersection and * by construction.
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For u |= d and two row-standard p-tableaux s,t define
Mt = v_(f(w(s))”(w(t)))H;(s)m#HW(t) €A . (4.7)

We have m, = my; by (4.6). We will see concrete examples of these elements in Example 4.2.6
below.

Note that M* is not necessarily a two-sided module, so these elements do not have to
lie in M. They also do not have to be linearly independent. At first glance this seems
problematic for our goal of finding another basis of permutation modules, but in reality
the situation was similar for the row-standard basis. There we established a row-standard
basis for .77 in Proposition 4.1.2, which elements are only contained in certain permutation
modules. However, summing up elements in the same Young subgroup cosets led to row-
standard bases for all permutation modules in Proposition 4.2.4.

Here we will proceed in a similar way. We start with the construction of a basis of 7
consisting of some of the mg. For the general case we then sum up these elements using
the action of compositions on tableaux.

Proposition 4.2.5. The Hecke algebra ¢ has a R-basis
{mst | A+dands,t € Std(A)},

which is called the Murphy basis of 7.

Proof. Here we only sketch the proof and refer to [Mat06, Theorem 3.20] for a complete
proof. The set
B:={mg | u = d and s,t row-standard}

generates 7, because for y = (1)¢ and s = t# the elements m.; are the basis in Proposi-
tion 4.1.2. Note that the tableaux t involved in this argument are not standard, except for
t =t

Then one can show that those mst stemming from partitions of d already generate B.
A careful induction shows that the remaining elements can be generated by mg; stemming
from standard tableaux.

For linear independence one then counts the elements in this set and compares this with
the cardinality of the standard basis in Proposition 4.1.2. O

Example 4.2.6. We continue with the example 7 (S3) and want to construct the Murphy
basis with (4.7).
The set of all partitions of d = 3 is

their corresponding Young subgroups are

S = (s, 1) = Gg, SHj =(s) = {e,s}, SE = (t) = {e, t}
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and the generators of their permutation modules defined in Definition 4.2.1 are

mrp] = v_3Hsts + V_2Hts + V_QHSt + V_lHt + v_le +1
-1
mBj =v "Hy+1

mﬁzl.

To construct elements of the Murphy basis we need the standard tableaux of all parti-
tions. The standard tableaux of [T T Jand || are obvious, as rows must be increasing and

columns strictly increasing. For Bj the standard tableaux are included in Example 3.2.4.

std (1) = {[1]2]3]}. Std(Hj)—{ } Std(@)—

Finally, the elements in the Murphy basis are:

MOGEIRE = H:mD:DHe = V_3Hsts + V_2Hts + V_2Hst + V_lHt + V_le +1

m = H:mB:‘He = V_IHS +1
m = V_lH:mB:‘Ht = V_QHst + V_lHt
1= -2 -1
m =vy Hth:‘He:V H;s +v "H;
mimn = v eH mp Hy = v Hgs + (v = 1)H; +v72
H
M = H,m—H, =1
E

Note that mst are defined for all row-standard tableaux, but only standard tableaux ap-
pear in the basis. An example of an omitted element is

-2y
mspr) = v Hemry Hes

_ -3 -2 _
=V "Hgs + v "Hys = MELEmann - M ~ M
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Semistandard tableaux, which were introduced in Section 3.3, are used to generalize
the Murphy basis of ## to all permutation modules. Let A + d and t € Std(A) a standard
A-tableaux. Let p |= d and S a semistandard A-tableaux of type p. Then we define

Mmst = Z Mt
seStd(A)
u(s)=8
and
mis ‘— Z Mty — m;t .
seStd(A)
u(s)=s
Example 4.2.7. Let p = (1,2) = Hj’ then by Example 3.3.1 there are two semistandard
tableaux of this type: and .
The shape of S = is [T11. The only standard tableau with this shape is [1273].
Acting with p on this tableau yields

(L2)([1]2]3])=[1]2]2] =s.

Hence, we get the element

MOLL]0T0E] = MOl 02 EMBI'

The shape of S = is Bj . The standard tableaux with this shape are and .
Acting with p on them vyields

ol ) B oo (BF)

so we get two summands for each t € Std( Bj ):

eMBj
eMHj

MR [A]e] = Mz T MG
MO = MARaE T MR

Proposition 4.2.8. The permutation module M* for ji |= d has the standard basis
{mst | Ard, SeTo(A,p), t € Std(A)} .

Proof. We again only sketch the proof and refer to [Mat06, Theorem 4.9] for a complete
proof. Its key input is an extended version of Proposition 3.3.3. It implies that for w € 7,
such that S = p(t*.w) we have

Z v_g(y)H;mA = Z v EH, e MH (4.8)

yE,@A ZE@IIW716,1
p(th.y)=s
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and, by applying = to (4.8),

my Z v_f(y)Hy = Z v [, e MH . (4.9)
yG_@)L ZE@AW‘S”
p(tt.y)=s
Then s
mst = Z mg ="y (Ov(0) Z v_f(y)H;m;LHw(t) e M+, (4.10)
seStd(A) yeg)
p(s)=$ p(th.y)=s

where the double cosets of the last sum are disjoint for different S, so these elements are
linearly independent.

The argument for generation of M* involves expressing an element of M* in the Murphy
basis of .7 and observing that all ms; with p(s) = S have the same coefficient. O

Example 4.2.9. We already computed the standard basis of M Bj in Example 4.2.7 using the
semistandard tableaux of Example 3.3.1. Here are the permutation modules for compositions

p= (p1, p2) of d = 3:
1]
M = spang m}

e :spa“R{'"""""}

MBI—SPa”R M O[3 02 M —|—m,m

PP

M :spanR{m}

From Proposition 4.2.8 we get a similar basis for the dual permutation modules, con-
sisting of elements mys. Note that if .7 is viewed as a permutation module, the basis in
Proposition 4.2.8 is the Murphy basis from Proposition 4.2.5.

Remark 4.2.10. The naming convention of the basis of permutation modules in Proposi-
tion 4.2.8 is problematic. The Hecke algebra is a permutation module itself and already has
a basis named standard basis from Proposition 4.1.2. Therefore, the basis of the Hecke al-
gebra from Proposition 4.2.8 is called the Murphy basis (cf. Proposition 4.2.5), named after
Murphy [Mur95].

The standard basis of permutation modules can now be used to study intersections
M* N M"*. By summing up standard basis elements once more we get a R-basis. To make
this precise let A + d, S € T5(A, 1) and T € T5(A, 7). Then define

mst == Z Mst = Z mst = Z mstT . (4.11)

s,teStd(A) teStd(A seStd(A
p(s)=S, n(t)= n(t)= 7 u(s)zs



4.2. PERMUTATION MODULES 45

The following proposition is from [Mat06, Corollary 4.11].

Proposition 4.2.11. For u,n |= d the intersection M* N M"™ has a basis
{mst | Ard, S e To(Au)andT € To(An)} .

Proof. These elements are, by construction, contained in the intersection. They are linearly
independent as they are sums over disjoint sets of standard basis elements.

To see that they generate the intersection we use the Murphy basis and compare coef-
ficients. Let h € MH N M"* C 7 and express it in the Murphy basis as

h=>" >, rams. (4.12)
Ard s,teStd(A)

Then we have for all 5,5, t,t" € Std(A) that

4.2.8
/1(5> = y(s’) = Ist = I'et
, 4.2.8 4
nt) =nt") = rg=rw

N (5) = ()
p(s) = p(s’
’ = Tt = Tyt =Ty = Ty -
n(t) = n(t") } T
Therefore, every summand of some mgr has the same coefficient in (4.12). Thus, h is gener-
ated by the set {mgr}. O

Example 4.2.12. We continue with the setup of Example 4.2.7 for the semistandard tableaux
and .
There is only one standard tableau of shape [T 11, so we get

A po
M []a2)[1]2]2) = Mlele)[i]zs) = Maen)aep) € M= nM :

For S = we computed two elements mg; € MB:‘, one for each t € Std(Bj). To get

mss we have to take the sum of these two elements:
P R P
Enlayyiuu)
R R e e R e e R e e D

The two elements m and m [173) 77 form the basis ofMB:‘ﬂM Bj " described
in Proposition 4.2.11.
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Bases for all intersections between permutation modules and dual permutation modules
of Example 4.2.9 are summarized in the following table:

n | mHH m ian ML)
M *
nPE|EE M ({2 ]3] [12[3) M (12 ]3] [12[3) M ) (20

M 2 20

-
M m

MB]* M 23] 0T2]3]
MO [Ae]s] m —l-m

3

+M )+ M)A

l:\:\:‘*
M M [ Tels][A1203] ML 0T M OLE] 0T M el 01206

Remark 4.2.13. It is worth highlighting that all constructions in this chapter thus far did
not really depend R or v. This includes the standard basis of 7#°, permutation modules,
row-standard bases, the Murphy basis and even the basis of the intersections in Proposi-
tion 4.2.11. These constructions are mainly based on the combinatorics of the symmetric
group, partitions and different tableaux.

Of course, multiplication in .J# and the action on modules will depend on R and v.
Thus, if these constructions should be part of a cell datum, we will eventually have some
dependencies on R and v.

This ends the discussion of permutation modules. In Section 4.3 we will continue to deal
with them in the context of a cellular basis of the Hecke algebra, called the Murphy basis.
In Chapter 5 we will also use them in the construction of another cellular algebra, called the
Schur algebra.
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4.3 Murphy basis

We can now state a cellular basis for JZ. In fact, we have already seen most of it in
Proposition 4.2.5, but let’s describe it in full detail. We refer to [Mat06, Theorem 3.20] for
this result, but much of it was already proven in [Mur95].

Proposition 4.3.1. The Hecke algebra 7 = 7 (Sy) is a cellular algebra. A cell datum for
S is given by the tuple (A1 (d),>), Std, M, *), where
(AT (d),>) is the set of all partitions of d with dominance ordering,
Std: AT (d) — {finite sets} assigns to A € AT (d) the set of standard A-tableaux Std(1),
M Hjea+(a) Std(A) X Std(A) — H#(Sq), (s,t) = mst is the map with image
im(M) = {ms | A+ d ands,t € Std(7)},
the R-basis of 7 from Proposition 4.2.5, and
%1 A — I is the algebra anti-isomorphism H,, — H,,-1

Much of what is used to prove this proposition has been discussed in Section 4.2, but we
have not yet touched on the cellular property (C1) of this basis. By Proposition 4.1.2 the cel-
lular property (C1) can be checked by verifying it for the right action of
all H,, € JZ on Murphy basis elements. The full proof involves careful induction on the
length of w € Sy, on partitions A € A™(d) using the dominance ordering on tableaux
(cf. [Mat06, Theorem 3.20] or [Mur95, Theorem 4.18]). Instead of repeating these argu-
ments we will verify the cellular property in an example.

Example 4.3.2. We already constructed the Murphy basis of .7#°(S3) in Example 4.2.6. The
complete 7#-action on Murphy basis elements can be found in Section 6.1. Here we will
only consider an excerpt of two basis elements to see the cellular property in an example.

m m right s -action
BB

_2 2

(v +1)m VAV DMEGEnER | MOEELED]

( >’"rr e
5] \
IIIII M)
"R
5

-2 _ -4 _ .
V. CMOTalAe]E) m V. MOTals)A2]E) m m
3 2 2 2 2 2

"I TP |
313

-2
MOl aelE] — V. MOTasAe ) m
3 3 2

The basis elements are chosen such that they have a common second tableau but differ
in the first tableau. We have to check three points to verify the cellular property for these
elements.
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Firstly, tableaux of shape Bj appearing as a first tableau have to have the same filling

as the first tableaux of the basis element that is acted on. This is true in both columns of
the table.

Secondly, partitions are ordered as [T [ 1> Bj > E, so the element m should not
appear in any of the two columns. Indeed, it does not.

Thirdly, basis elements associated to Bj with the same second tableau should have the
same coefficient for both columns in each row of the table. This is true as well, for example
in the second row of the table the coefficient (v™2 4 1) appears in both columns for the
correct basis elements.

Hence, we have verified the cellular property for these elements in this example.

Remark 4.3.3. As noted in Remark 4.2.13 above, the Murphy basis of 77 (S;) is independ-
ent of R and v, in the sense that the construction of the basis elements, their labeling, the
poset and the anti-isomorphism do not depend on them. Therefore, the number of right cell
modules is also independent of R and v.

So if the irreducible representations of .7#(S;) depend on R and v, which is what we
would expect, then R and v have to affect the bilinear form. More precisely, whether the
bilinear form is degenerate or not has to depend on R and v. As a result, we expect the
radicals and Ag to depend on these choices.

Having established a cellular basis of 7 we will now apply some constructions and
results developed in Chapter 2 to Hecke algebras for this basis. For simplicity we will as-
sume that R is a field throughout the rest of this section, although it is only necessary for
classifying the irreducibles.

We start with the construction of cell modules of J#, which are called Specht mod-
ules because they generalize Specht modules from the representation theory of symmetric
groups (cf. [DJ86, Chapter 4]). Hence, we denote the cell module for a partition A + d
by $* instead of C*.

By Definition 2.1.7, $* is the right .#-module

§* == spany {m{1 [te Std(/l)} (4.13)

with right JZ-action determined by the cellular property (C1). Note that
Shape(t) = A, so the superscript A in the generators of $* is redundant and will be omit-
ted from now on.

Example 4.3.4. For 7 (S3) the Specht modules are:

sHH = spanpy {m} SBj = spany {m, m}, S@ = spang m

The right 7#-action on the generators can be inferred from Figures 6.2 and 6.3 in Section 6.1.
They are summarized in Figure 6.4 in Chapter 6.1. A more detailed description of these
computations can be found in Section 6.1 as well.
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Recall that, by Proposition 2.3.12, the set (DY | A+ d, D* # {0}}is a complete set of
non-isomorphic irreducible .7#-modules, where D* == $%/rad $* . In principle, it is now
possible to compute the bilinear form introduced in Proposition 2.3.2 on Specht modules S*,
the corresponding radicals rad $* and quotients D” to determine the non-trivial quotients
and their dimensions for fields of any characteristic. We will do so for the case d = 3 in
Section 6.1, an excerpt of this is also stated in Example 4.3.5 below.

Although these calculations are tedious and prone to error we can make an important
observation: The radical depends on the characteristic of R and the choice of unit v. This
dependency does not come from the Specht modules or the construction of the bilinear form
on them. It is the degeneracy of the bilinear form that is dependent on R and v. We will see
how the degeneracy is affected by them in the example below.

Example 4.3.5. The bilinear form on Specht modules of .7#°(S3) can be inferred from the
multiplication table in Figure 6.3 in Section 6.1, similar to the action on Specht modules in
Example 4.3.4.

gL,

SB:‘:

s,

UnpaldnamEs v o4t o241

i, mp) = v 1 (mpg. mip) = -1
.
mppempm) =1 e mm) = v+ L

(mp,ma) =1

Note that the bilinear form on SHj and S@ is never trivial, so their radical is never the whole
module. The bilinear form on S=- is trivial, if and only if ™6 + 274 + 272 + 1 = 0. So
either v-2 = 1 and charR = 2,3 or v=2 # 1 and v~2 is a 2nd or 3rd root of unity.

We calculate the radicals and irreducible quotients explicitly in Proposition 6.1.1 of Sec-
tion 6.1.

Instead of explicitly calculating each quotient D¥ it is possible to determine the set
A+ d| D" # {0}) by a simpler condition on the partitions. However, this condition
will not give us the dimension or even the explicit form of the irreducible modules.

Definition 4.3.6. For a field R with unit v we define
e::inf{m>0 |14+ v 24y 4y 2mD) :0} .
Then a partition A + d is called e-restricted, if

Ai—Adigr <eforall i >1. (4.14)
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Note that the definition of e is just a compact way of writing

charR ,ifv2=1
e=< m , if v2 # 1 and v is m-th root of unity . (4.15)
00 , otherwise

With Definition 4.3.6 we can state a classification of irreducible right .7#-modules based
on Proposition 2.3.12, the general classification result for cellular algebras.

Proposition 4.3.7. LetR be a field, v € R a unit and d € N. Then:

) ) 11 | Irreducible right 7% ,(S4)-modules
{A+d| A is e-restricted} «— { up to isomorphism

A — D*

We will outline the proof of this proposition that was presented in
[Mat06, Theorem 3.43 (i)] in Section 4.4. Moreover, we verify Proposition 4.3.7 for 7 (S3)
in Proposition 6.1.1 of Section 6.1 and in Example 4.3.8.

Example 4.3.8. We use Proposition 4.3.7 to classify the irreducible representations of 77 (S3).
To check that a partition A - 3 is e-restricted for a fixed e we need to compute all A; — 4,41
by (4.14):

A=[I1T11=2>A -4 =3
A:B:‘ =>/11—12:/12—/13:1

A:@ DM -Adg=do—A3 =0, A3 — Ay =1

Because e > 2, the only partition not e-restricted is [T 1] for e = 2 or e = 3. So by

Proposition 4.3.7:

{ Irreducible right .7 (S3)-modules } B DHI, D@ ,if e=2or3

up to isomorphism E
DD:D, DBj, D , otherwise

By reformulation (4.15) of e-restriction we also have

-2
annll v 2 =1 A (charR=2o0r3)
b = {0 e or v 2#1 A (v2is2nd or 3rd root of unity)

This result agrees with our explicit analysis of the bilinear form in Example 4.3.5, verify-
ing Proposition 4.3.7 for this example.
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Note that Proposition 4.3.7 does not reveal the module structure of the irreducible rep-
resentations. In particular we do not know which irreducible representation is the trivial and
which is the sign representation of .7. For this we need to calculate the radicals explicitly,
which we will do in Section 6.1.

Proposition 4.3.7 also makes no statements about the dimension of the irreducible mod-
ules of 7. When we outline its proof in Section 4.4 we will at least derive a lower bound on
the dimension.

However, it is important to note that, for a specific example, we could get the exact di-
mension of all irreducibles by calculating the radicals. Providing a distinct path to calculate
these dimensions is a valuable feature of the cellular structure of J#Z, or rather of cellular
bases of all cellular algebras.

Remark 4.3.9. For the first time in the discussion of the Murphy basis, the result of Pro-
position 4.3.7 does depend on the choice of R and v. And, as we have seen in Example 4.3.8,
the choice really matters. For R and v such that e = 2,3 there is one less non-zero quo-
tient of a right cell module than for choices such that e # 2,3, so one less irreducible
right 7 (S3)-module. Moreover, in all of these cases we can get the irreducible modules
explicitly by calculating the radicals.

4.4 Classification of irreducible right 77 (S;)-modules

In this section we want to outline the proof of Proposition 4.3.7, in which irreducible right
€ (Sq)-modules are classified by e-restricted partitions of d. Recall that the irreducibles
are exactly the non-zero quotients of Specht modules by their radicals.

Careful computations with the Murphy basis of 7 (S,) show, that D* = {0} if A + d
is not e-restricted. Indeed, if s and t are standard A-tableaux, then the author of [Mat06]
explicitly computes factors of {mg, m;) in [Mat06, Lemma 3.42] and shows that one of these
factors is 0, if A is not e-restricted. Because s and t are arbitrary, it follows that D% is trivial.

The other part of this proof, showing that D* # {0} if A is e-restricted, involves
Jucys—Murphy elements of 77 (S;), a generalization of Jucys—Murphy elements of C[S].
One key result of this part of the proof is a lower bound for the dimension of quotients D*
of right Specht modules (see Corollary 4.4.16 or [Mat06, Corollary 3.38]).

The Jucys—Murphy elements of J#(S;) are interesting beyond these applications. In
particular, they will reappear in Section 4.5 when we discuss Young’s orthogonal form, an
orthogonal basis of Specht modules.

Here we focus on the second part of the proof and give examples for all constructions
and the intuitions behind them. All results are due to the author of [Mur95], but we also
refer to [Mat06, Section 3.3 and 3.4] for rigorous proofs of these results.



4.4. CLASSIFICATION OF IRREDUCIBLE RIGHT 4 (S4)-MODULES 52

4.4.1 Jucys-Murphy elements and residue sequences

Jucys—Murphy elements originate in the representation theory of the symmetric group
over C. Classically, these are defined as elements

S

-1
L= p (i.k) € C[Sd]

~
I
—

fork =2,3,...,d and L1 = 0, where (i, k) € S, is the element transposing i and k.

Jucys proved in [Juc74] that every element in the center of C[S,] can be expressed as a
symmetric polynomial in Jucys—Murphy elements. Murphy used these elements in [Mur81]
to construct a special basis for each Specht module of C[S,]. The matrix representations of
simple transpositions in this basis are sparse. Symmetric groups are naturally nested in each
other and this special basis are also important in the study of restricted representations in
this nesting structure. We will come back to this point in Section 4.5.

A good reference for Jucys—Murphy elements and the mentioned orthogonal basis in the
classical case is [CST10, Chapter 3]. Their work is based on [VOO05], but their explanations
are a bit more detailed.

There are several generalizations of Jucys—Murphy elements to the Hecke algebra of the
symmetric group. We follow the conventions used in [Mat06]. However, depending on the
application, other conventions might be better suited (see [Mat06, Notes on Chapter 3]).

The other tool we introduce in this section is the residue sequence of a standard tableau,
which is a specific tuple of integer we associate to a tableau. In the classical case of C[S,]
it is possible to recover the tableau from its residue sequence. We will see that entries of
this sequence naturally appear in the action of Jucys—Murphy elements on basis elements
of Specht modules.

One approach to generalize the classical Jucys—Murphy elements is to generalize the
transpositions appearing. We denote by

Hxy € 7(Sa)
the standard basis element associated to the transposition
(Lk) = Sk—1Sk—2 - - - SI4+1SIS141 - - - Sk—25k—1 € Cg -
Definition 4.4.1. The Jucys-Murphy elements of 77 (S;) are defined as
Li=0
and

k-1
L= VZ H gy = VHk-1,k) + VHk-2,k) + -+ + VH(1, 1)
i—1

1

fork=2,3,...,d.



4.4. CLASSIFICATION OF IRREDUCIBLE RIGHT 4 (S4)-MODULES 53

Example 4.4.2. If we consider R = C, specialize v to 1 and identify H(; ) with (i,k) € C[S4]
we get the classical Jucys—Murphy elements for C[S;].

Example 4.4.3. The Jucys—Murphy elements of 77 (S3) are:

Ly =0
LQ == VH(LQ) == VHS
L3 = vH(9 3) + vH(1,3) = VH; + VHss

The goal of Section 4.4 is to demonstrate how Jucys—Murphy elements can be used to
prove the classification of irreducible right 7 (S,;)-modules by e-restricted partitions from
Proposition 4.3.7. Therefore, we focus on two central properties of these elements that we
need for our goal.

Just like in Proposition 4.3.7 we will now assume that R is a field.

The first property is connected to the subalgebra generated by all Jucys—Murphy ele-
ments.

Proposition 4.4.4. The Jucys—Murphy elements of 7 (S4) commute and thus generate an
abelian subalgebra

£ =(L1,La,...,La) C H(Sy) .
See [Mat06, Proposition 3.26 (iii)] for a proof of this property.

Example 4.4.5. For 77 (S3) this property is easily verified, as we only need to check:
LyLy = v(1 = v*)Hyys + v?Hgp + v2Hys = L3Lo

Compared to J#(Sy), the representation theory of .Z turns out to be quite simple.
In Section 4.4.2 the Specht modules of .77°(S,) are considered as right .Z-modules. Their
composition series contain enough information to deduce results about the representation
theory of 7(S;).

The second property needed to achieve our goal is, that the right action of Jucys—-Murphy
elements on Specht modules is triangular, if we consider the partial order on standard
tableaux of a given shape, which was introduced in Section 3.2.

Moreover, the diagonal part of this action is entirely determined by so called residue
sequences.

Definition 4.4.6. Let A be a partition of d and t a standard A-tableau. Let k = 1,2,...,d
and (ig, jk) the position of the box in t, which is labeled by k. Then the e-residue of k in t
is defined as

rest(k) := (jx —ix) mode.

The residue sequence of t is defined as the tuple of integers

(rest(1),rest(2),...,resi(d)) .
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An equivalent definition of the e-residue is based on top-left to bottom-right diagonals
of t. Label these diagonals increasingly with integers, such that box | 1]is on diagonal 0.
Then relabel the diagonals by taking these labels mod e. The e-residue of k in t is then just
the label of the diagonal on which the box labeled with k resides.

Example 4.4.7. Suppose v = 1, charR = 3, so e = 3. Let t be the (2, 1)-standard tableau
. Here is how the diagonals are labeled:

0 1 0 1

-1 2
113 113

2 2

diagonals labeled by previous diagonals
increasing integers taken mod e

The residue sequence of t is (0,2, 1).

Remark 4.4.8. In the setup of Definition 4.4.6 we could also consider the tuple
(1 —i1,j2 =iy - s ja — ia) - (4.16)

If e = oo then 4.16 is just the residue sequence. It is possible to recover the original tableau
from this sequence, so different standard tableaux can not share such sequence.

Indeed, if (I1,la, . . . I) is sequence (4.16) of some standard tableau, then we can rebuild
it by sequentially adding boxes with labels k from 1 to d to an empty tableau by placing
them at diagonal I;. Because we know the original tableau has strictly increasing columns
and rows, there is only one place on diagonal I, where a new box can be added. It is the
first spot on diagonal i, where no box has been placed yet.

Note that the same does not hold true for the residue sequence. Suppose R and v are
chosen such that e = 2. Then sequence (4.16) of and is (0,-1,1) and (0,1,-1)
respectively, so they are distinct. However, both have residue sequence (0,1,1).

Residue sequences of standard tableaux also appear in the representation theory of
C[S4], for example in [Mur81]. To adapt residue sequences to Hecke algebras, they are
transformed from integers to expressions in R involving v, so called quantum integers.

Definition 4.4.9. The quantum integers are defined as

forallm e Z.q and

form € Zsy.
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Remark 4.4.10. This definition is equivalent to
m = —
Il v—vl
forallme Zifv# v soifvs1, -1

If v is specialized to 1, the quantum integers are the usual integers.
Note that for m > 0 we have

vf(mfl)[m]v —14v 24y iy y2ml)
and
v Dm], =0 e [m], =0.

So the definition of e for e-restricted partitions in Definition 4.3.6 can be reformulated using
quantum integers:

e:=inf {m > 0| [m], = 0} = inf {m >0 v Dm], = 0}

In the next proposition we will see where the residue sequence appears in the
action of Jucys—Murphy elements on Specht modules. For a proof of this result
see [Mat06, Theorem 3.32].

Proposition 4.4.11. Let A + d, t a standard A-tableau and 1 < k < d. Then there exist
coefficients a, € R for all standard A-tableaux v > t such that

miLy = v_(r“*(k)_l)[resf(k)]vmf + Z Ay .
veSid(A)
>t
In other words, the action of Jucys—Murphy elements on a basis element m; of a Specht
module $* follows the dominance order on Std(1). The coefficient of m; is entirely determ-
ined by the residue sequence of t.
These coefficients are gathered in the quantum residue sequence p' of t. Set

pti= (v e W Dresi (1)), v et @D res (2)],, ..., v e @D Dlres(d)], ) (4.17)

and
pt = v e Dres, (k)]

forl <k <d.
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Example 4.4.12. Assume R and v are chosen such that e > 3. Under these assumptions the
quantum residue sequences of all standard tableaux of size d = 3 are distinct:

: VO], L' 2l) = (O Ly v +vTh)

L G 1) = 00)

L3l @0l -1 (1) = (0,021

1

2| ©[0]y.v?[~1]y.v?[-2],) = (0, =2, =P (v +v71)
3

We summarize the right action of Jucys—Murphy elements on basis elements of Specht mod-
ules for 77 (S3) in the following table:

e es " "
0 0 0 0 Ly
2 2 2 L
M) mr —vImT) = vomT —vimp Lo
-1 -1 2 2 3 -1
v vy monn || —vimam o mpm b vempg || (v v )mE | Ly

Entries of the quantum residue sequences appear as coefficients, as predicted by Proposi-
tion 4.4.11. Furthermore, the Jucys—Murphy elements act diagonally on m, but not on

m. This agrees with Proposition 4.4.11, because (2, 1)-standard tableaux are partially

ordered by > .

Note that Proposition 4.4.11 is not directly related to the cellular property of 77 (S;),
although it looks similar. Here we have a partial order on tableaux of a given shape, which
label basis elements of a Specht module. For 77 (S;) the partial order is on partitions of d
and basis elements are labeled by ordered pairs of tableaux with the same shape.
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4.4.2 Specht modules as right Z-modules

We are now able to describe how Murphy [Mur95] used Jucys—Murphy elements and their
properties to proof Proposition 4.3.7, the classification of irreducible right 5 (S;)-modules.

Proposition 4.4.11 vyields certain composition series of Specht modules
as right .Z-modules. Order the set Std(1) = {t1,t2,...,tk} for A + d following the par-
tial order, meaning i > jift; >1; fori,j = 1,2,...,k. Then the R-submodule

Si == spanp{my;, | i<j<k}C %

is a well defined right .Z-submodule for i = 1,2,...,k + 1 by Proposition 4.4.11. The
filtration
SP =81 >8> > S > Spyq = {0} (4.18)

is a right .Z-module composition series with one-dimensional composition factors S; /S; 1.
Again by Proposition 4.4.11, a Jucys—Murphy element L; acts on S;/Siy1 by
p;" = y=(resu(D=Dlres; (1)],, an element of the quantum residue sequence p'i. Thus, this
irreducible right £-module is denoted by .Z ;.

Additionally, every irreducible right .Z-module is of this form, because .Z is a sub-
algebra of 7 (S,;) and every irreducible right 7 (S;)-module is a composition factor of
some Specht module. Therefore, irreducible right .Z-modules are characterized by quantum
residue sequences of standard tableaux of size d. However, by Remark 4.4.8 they are in gen-
eral not in one-to-one correspondence with standard tableaux of size d themself, because

different standard tableaux can yield the same quantum residue sequence.
Example 4.4.13. Let’s continue with the setup of Example 4.4.12, so e > 3 and d = 3.

SEEE and S are one-dimensional and we see from Example 4.4.12 that
SUEE — ZL0.1,v1 (v4v-1y) and ST = Lo 2 _y3(,4,-1)). For S recall that > ,

so filtration (4.18) for A = is

SEI = spang{ms, mps)) > spang{mp} > {0} .
: §

Its right .£-module composition factors are

SYs, = Loy and SYg) = Lo1v2) -

Recall that by Proposition 2.3.12, the general classification result for cellular algebras,
irreducible right 77 (S;)-modules are exactly the non-zero quotients of Specht modules by
their radicals. Let’s see how .Z is used in [Mur95] to identify non-zero quotients.

Let S* be the Specht module associated to A + d and D* the quotient by its radical.
By Remark 2.3.18 and the proof of Proposition 2.3.12 we know that a right /7 (S;)-module
composition series of $* can only have composition factors isomorphic to D* for A & p.
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Refine such composition series to a composition series of S* as a right .Z-module and com-
pare its composition factors to the composition factors appearing in (4.18).

Assume £ is a composition factor from (4.18). This composition factor thus also ap-
pears in the refined composition series, but the question is: When does ;i have to appear
as a composition factor of D*? In other words, under what condition is .,S,”pt never a com-
position factor of D for A > p?

We know that every composition factor of D¥ as a right .Z-module is of the form £
for a y-standard tableau s. The existence of a right -Z’-module isomorphism ;= £
is equivalent to p' = p°, meaning s and t have the same quantum residue sequence. This
motivates the following definition.

Definition 4.4.14. Let p be the quantum residue sequence of some standard tableaux of
size d. Equip the set {t | A+ d, t € Std(1), p' = p} with a partial order defined by

def | s =tor
s<te
{5 # t and Shape(s) < Shape(t) .

Minimal elements in this poset are called e-restricted tableaux. For A + d the
set of e-restricted tableaux is denoted by Std.(2).

Example 4.4.15. Suppose e = 3, then the quantum residue sequences of standard tableaux
of size d = 3 are:

1
:(0,1,2) % £ (0,2,1)
3

2] EI
1 (0,1,2) 1 (0,2,1)

By comparing their shapes we see for (0,1,2) that < and for (0,2,1) that
< in the partial order defined above. Hence, Std3((2,1)) = {} and
:

Stds((1)%) = { 3] }. Note that there is no 3-restricted tableau of shape (3).

Continuing the reasoning from above we can see that if t is e-restricted,
then £« can not be isomorphic to .Z:. Otherwise p° = p!, which, in combination with the
assumption A > p1, contradicts the minimality of t in the poset stated in Definition 4.4.14.

We summarize the reasoning from above in the following corollary.

Corollary 4.4.16. For all A + d the dimension of D is bounded by
dimD" > |Std,(})] .

The reasoning from above closely follows [Mat06, Section 3.4]. In particular,
Corollary 4.4.16 is [Mat06, Corollary 3.38].
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Example 4.4.17. If e > d, two quantum integers for 0 < m < d agree, if and only if
the underlying integers agree. Thus, two quantum residue sequences agree, if and only if
the underlying residue sequences agree. By Remark 4.4.8 all residue sequences of standard
tableaux are distinct in this setup. Thus, every standard tableau is e-restricted.

Hence, D* # {0} by Corollary 4.4.16 for all A + d. Furthermore, D* = Sh forall A F d,
because the dimension of each Specht module is [Std(A)].

Definition 4.4.14 already suggests that a partition A is e-restricted, if and only if there
exists an e-restricted A-tableau. We have stated in the introduction of Section 4.4 above
that D* = {0} if A is not e-restricted. To show the converse it is enough so construct an
e-restricted A-tableau if A is e-restricted. This is surprisingly difficult, as the construction
should hold for any e.

The author of [Mat06] constructs a so called ladder tableau and proves that it is indeed
e-restricted if A is e-restricted in [Mat06, Lemma 3.40]. Here is an algorithm that constructs
the ladder tableau for A. First label each box (i, j) in the diagram of A by its ladder number
j—i+e(i—1). Then label boxes of another A-diagram with 1,2, .. .,d, increasingly by their
ladder number. If two boxes have the same ladder number, label the one on the lowest row
in the diagram first, that is the box with the highest row number.

Example 4.4.18. Suppose R and v are chosen such that e = 3. To construct the ladder
tableau of shape (2, 1) first label boxes of the (2, 1)-diagram by their ladder numbers:

0[1]
2

Then label boxes of a (2, 1)-diagram increasingly by 1, 2, 3 according to their ladder numbers,
prioritizing boxes with highest row numbers in ties:

1 1]2] 1]2]

s
3

|

Note that by Example 4.4.15 this is the single 3-restricted tableau of shape (2, 1).

If two boxes have the same ladder number, then they also have the same e-residue. So
the ladder number splits the set of boxes with the same e-residue into groups that indicate,
which boxes of a given e-residue should be added first.

This finishes our outline of the proof of Proposition 4.3.7, classifying irreducible right
A (S4)-modules by e-restricted partitions of d, following [Mat06]. Careful computations
show, that if A + d is not e-restricted, then the bilinear form on $* is trivial, so D* = {0}.
Here we focused on the reverse implication. Using the subalgebra of 7 (S;) generated by
Jucys—Murphy elements, one can bound the dimension of D* by the amount of e-restricted
A-tableaux. Such a tableau exists if A is e-restricted, proving D* # {0}.



4.5. AN ORTHOGONAL BASIS OF SPECHT MODULES 60

4.5 An orthogonal basis of Specht modules

In Section 4.3 we recalled Jucys—Murphy elements for ¢ (S;) from [Mur95] and gave an
overview of their application to the classification of irreducible right 77 (S;)-modules. Now
we want to discuss another application of these elements: constructing an orthogonal basis
for each Specht module, which is known as Young’s orthogonal form, if Z is semisimple.
There are two properties that make this orthogonal basis special. Firstly, the action of stand-
ard generators of 7 (S;) on these elements is known explicitly and quickly computed.
Secondly, matrix representations of these generators are sparse.

Their construction is a generalization of the corresponding result for the classical case
of C[S4]. See [Mur81] or [CST10] for more details of the classical case. We will look at the
general case of .77°(S;) and explicitly compute the bases for Specht module of .77°(S3).

Jucys—Murphy elements and the orthogonal basis have been generalized to a broader
class of cellular algebras. Such algebras need to possess a set of elements that behave like
Jucys—Murphy elements. The right cell modules then have an orthogonal basis with similar
properties as described above. One account of this generalization is given in [MS06].

Thus, the construction presented below is rather natural and is connected to the cellular
structure of J7(Sy). For rigorous proofs of the results we once again refer
to [Mat06, Section 3.3].

Afterwards we will see how to use this orthogonal basis to decompose irreducible right
€ (S4)-modules as 77 (S;)-modules for j < d using ideas from [VOO05]. The traditional
approach to such decompositions in the case of C[S,] requires a decent amount of compu-
tations and can, for example, be found in [Jam78]. The approach with the orthogonal basis
is simpler and can also be applied to the general case of all semisimple 77 (S;).

4.5.1 Young’s orthogonal form

Assume, just like in Section 4.4, that R is a field. An additional assumption is e > d, so either
v=2 = 1 and charR > d or, if v=2 is a m-th root of unity, then m > d.

Remark 4.5.1. These assumptions guarantee that every Specht module of 57 (S;) is irre-
ducible. Indeed, following the arguments in Example 4.4.17, e > d implies that the residue
sequences of all standard tableaux of size d are distinct. Therefore, all standard tableaux are
e-restricted and the claim follows from Corollary 4.4.16. Alternatively, all partitions of d are
e-restricted if e > d.

It is possible to show that the reverse implication is also true: if all Specht modules are
irreducible, then e > d. Furthermore, it is also true that this assumption is equivalent to
semisimplicity of .777(S,). See [Mat06, Corollary 3.44] or [GL96, Theorem 3.8] for details.
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The construction of Young’s orthogonal form begins with the definition of an interme-
diate element in 7 (S;). Recall the definition of the quantum residue sequence

o= (gl o)
= (V_(res‘(l)_l)[rest(l)]v, v_(rest(2)_1)[rest(2)]v, e v_(res‘(d)_l)[rest(d)]v )

for A+ dandt e Std(A) from (4.17).

For such t set
ﬂ [ -

=1sestd(d) pk pk
PPl

(Gd) (4.19)

which is well defined, because Jucys—Murphy elements commute with each other and R is
a field.
Moreover, define
fi = miF; € $* . (4.20)

These definitions are straightforward generalizations of similar elements in the classical case
(cf. [Mur81]). There are two important properties of these elements.

Firstly, because Jucys—Murphy elements act triangular on m; by Proposition 4.4.11, fol-
lowing the partial order on Std(1), so does F;. Additionally, each factor of F; acts non-
trivially on m; and gets normalized by the coefficient of my. Thus, {f; | t € Std(1)} is a basis
of $* and the base change from {m; | t € Std(A)} is unitriangular. It can be shown that
{fi |t € Std(1)} is orthogonal with respect to the bilinear form on $*.

Secondly, it is possible to compute

filk = p} fi (4.21)

forallk =1,2,...,dand t € Std(A), so the transformed basis elements are eigenvectors for
the Jucys—Murphy elements. For detailed proofs see [Mat06, Proposition 3.35].

Remark 4.5.2. Recall that if v = 1 the quantum integers are the ordinary integers. There-
fore the Jucys—Murphy basis act by elements in Z in the classical case of C[S,].

Example 4.5.3. We want to compute all elements F; and f; for 72 (S3) and verify the two
properties stated above. Note that the element 1 4+ v? € R is invertible, because we assume
e> 3 and R is a field.

To compute F; for and (7], note that the product in (4.19) is empty. Hence, F; = 1

3

for these standard tableaux. .

For and there are two factors in F;. Indeed, the quantum residue sequences
are

(v[0]vs [1]vsv*[=1]y) = (0,1, —v?)
and

(v[0)y v*[=1]y, [1],) = (0,~v2, 1)

respectively. They only agree in the first entry, because we assume e > 3.
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We get the following elements in 7 (G3):
Frpm =1

1
Frry =-———(Ly+v?) (13— 1
T (1+V2)2(2+V)(3 )

P =~ gap(e - D+ v

Fp =1

For elements f; in the Specht modules we use (4.20) and the action of Jucys—Murphy ele-
ments on the standard basis of Specht modules, which were summarized in Example 4.4.12:

JoEm = mann

fm =mmm
2
ESH:‘

v
fim =mpm+ /M
(1+7?)

fm =mg 65@

We see that for 77 (S3) the elements f; indeed form a basis of each Specht module. Recall

that > , so the base change in SBj is unitriangular with respect to the dominance
order on standard tableaux. The other Specht modules satisfy this property as well.

To compute the action of Jucys—Murphy elements on the transformed basis we once
again use the results of Example 4.4.12 and express the results in the transformed basis:

foem fi f] 7
0 0 0 0 Ly
frro f _sz —2 Lo
(1+ V_Q)f _sz f -3 (v + v‘l)f ‘L3
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We see that the transformed basis elements are eigenvectors for Jucys—Murphy elements.
The coefficients agree with entries of the quantum residue sequences of the corresponding
standard tableaux from Example 4.4.12. We have therefore verified (4.21) in the case of d = 3.

We are now ready to state Young’s orthogonal form for 5#(S;). The statement is taken
from [Mat06, Theorem 3.36].

Proposition 4.5.4. Let R be a field and v € R invertible such that e > d. Then the set
{fi | t € Std(1)} is an orthogonal basis of S* for all A + d. Moreover, let s € Std(1) and
i=1,2,...,d -1 and define as,; = res;(i) — resy(; ;+1(i) as the difference between the i-th
e-residue of s and s(i,i + 1). Then the action of the standard generator H; € .7 (S4) on the
orthogonal basis element f; is given by:

p%s, i

Taeily S5 ifs(ii+ 1) ¢ Std(2)

V a, i ,ifs(i,i+ 1) € Std(1)
f;Hi = 05 z]v ﬁ + Vf; l l+1) ands > S(i, i + 1)
,ifs(i,i+ 1) € Std(A)
ands <s(i,i+ 1)

p%, i

aql]v

-1 [0’5 z“l’l} [
[axs, J

fotv f;lerl

Example 4.5.5. To verify Proposition 4.5.4 for 77 (S3) we continue with the setup of Ex-
ample 4.5.3. Orthogonality can be verified with Example 4.3.5, where we stated the bilinear
form on each Specht module of 77 (S3) explicitly.

Using the constructions from Example 4.5.3 we can calculate the action of standard gen-
erators on the orthogonal basis directly:

fomm fi i I
-1 -1
v Vo i v —v -H;
e r
-1 “L(v2414v72)
v i V+V_1)f 0+ vf V+V-1 me + —V+V_1) f —v -H,
:

A comparison to the coefficients in Proposition 4.5.4 shows that we have verified the result
for 7(C3).

Instead of the construction above we could have used Gram-Schmidt to deduce an or-
thogonal basis of each Specht module. What is special about this particular orthogonal
basis are the explicit formulas for the right action of the standard generators of 77(Sy).
Note that for each combination of s € Std(A) and i = 1,2,...d — 1, f.H; expressed in the
orthogonal basis is the sum of at most two elements. Hence, the matrix representation of
each H; in this basis is sparse.
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4.5.2 Restrictions of irreducible representations

We want to discuss another application of Young’s orthogonal form besides sparse matrix
representations of the H;’s. Symmetric groups are naturally nested in each other and repres-
entations can be restricted according to this structure. One is interested in the decompos-
ition of such restricted representations into irreducibles, classically in the semisimple case
of representations over C. With Young’s orthogonal form already established it is relatively
straightforward to describe the decomposition, even for all semisimple Hecke algebras.

We first recall the classical results before proving their generalizations to semisimple
Hecke algebras.

For any d > 3 the natural injection
Si1 = Sq, (Li+ 1) (it 1)
yields a chain of finite groups
{1} = CcScCcS3C.... (4.22)

If V is a representation of S; and j < d, then V is also a representation of &; by acting via
the injection from (4.22). We call this representation the restriction of V to S; and denote
it by resng.

This structure naturally leads us to the following question in the semisimple case of
representations of the symmetric group over C: if V is an irreducible representation of Gy,
which irreducible representations of &; appear in the decomposition of resJV and what
is their multiplicity? The traditional approach to this question, for example in [Jam78],
involves extensive calculations using tableaux.

More recently, the authors of [VO05] presented another approach to the representation
theory of S;. They build the representation theory on top of the nested structure (4.22)
and even introduced a more general framework to study representations for groups with
a nested structure similar to (4.22). The decomposition of restricted representations is a
natural part of their construction. For the symmetric group they even show how to get
Young’s orthogonal form from their results.

For a more elaborate explanation of the approach of [VOO05] in the
classical case of C[S,] see [CST10].

Here we can take a much easier approach that still relies on the ideas of [VO05], because
we already stated Young’s orthogonal form in Proposition 4.5.4. This proposition holds for
any semisimple Hecke algebra of the symmetric group, which also has a nested structure.
We can therefore immediately prove the general result.

Assume that R is a field and e > d. Recall from Remark 4.5.1 that the Hecke algebra
H(S4) is semisimple under these assumptions and that every Specht module is irreducible.
Under these assumptions we can apply Proposition 4.5.4, so the Specht module $* for A + d
has Young’s orthogonal form, an orthogonal basis {f; | t € Std(4)}.
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Like for the symmetric group there is a natural injection
H(Cq-1) = H(S4), Hi = H;
for any d > 3, which yields a chain of finite-dimensional R-modules
R=0(S) c H(Sp) cH(S3)C....

Any right J#(S;)-module M is also a right J#(S;)-module for j < d. It is called the

restriction of M to J#(S;). We denote this right .7°(S;)-module by resﬁg‘?))M and are
J

particularly  interested in the decomposition of Specht modules into

irreducible right ' (S;)-modules. The Branching theorem, a naming convention that be-

comes obvious momentarily, gives their exact decomposition.

Ifj <d, A+ dandpt jthen we write g C Aif y; < A; for any i € N. In other words,
we write p C A if we get the diagram of u by removing boxes from the end of rows in the
diagram of A. This relation is transitive.

Example 4.5.6. Consider the partitions (13) + 3, (1?) + 2 and (2) + 2. Then (1) c (13)
but (2) ¢ (13).

The proof of the general Branching theorem works by repeatedly applying the one-step
case, meaning the case where j = d — 1. We deal with this one-step case in the following
lemma.

Lemma 4.5.7. LetR beafield, e > d and A + d. The restriction of S* to #(S4_1) decomposes
as a right 7€ (S4_1)-module as
H(Ga) A _ I
res%(sdil)s = @ SH.
prd-1
pca

In particular, S* for p + d — 1 is a summand of S, if and only if p C A. In this case it has
multiplicity one.

Proof. We begin by clustering basis elements f. € S* based on having the same box in their
diagram labeled by d. Let y1 + d—1 and let S*  S$% be the right H(S4-1)-module generated
by elements f;, such that if we remove the box labeled d from s, the resulting tableau has
shape 1. By construction, S# is non-trivial, if and only if y C A.

Firstly, note that the generating elements of S* also form a R-basis. Indeed, by Proposi-
tion 4.5.4 we know that for i < d —2 the element f;H; lies in the span of f; and f;(; i11). The
tableau s(i,i + 1) has the same shape as s and moreover the same box labeled d as s. Thus,
fa(i,i+1) is a generating element of S# and the claim follows.

Secondly, we have S¥ = SH as right J#(S4_1)-modules. Indeed, by Proposition 4.5.4
the coefficients appearing in f;H; for i < d — 2 do not depend on the box of s labeled d.
Moreover, they are the same coefficients appearing in fiH; € S, where the tableau t is s
with box labeled d removed. This follows again by Proposition 4.5.4.

Lastly, we see that each f, € S* is part of exactly one S¥, proving the claimed decom-
position and multiplicity of S¥ € $4. O
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Example 4.5.8. Let’s consider an example of the grouping done in the proof of Lemma 4.5.7.

The Specht module SHI of #°(S3) has basis elements f and f. Removing the box
labeled 3 from and yields the tableaux and respectively.

Thus, St = spang{ frirz)} and §H = spang{ fi}

The proof of Lemma 4.5.7 motivates the definition of a directed graph Y with all parti-
tions of all d > 1 as vertices and a directed edge from y + jtoA+rdifj=d—-1landp c A
This graph is sketched in Figure 4.1 with partitions represented as diagrams.

T HH -+
\/WW
T @

’\/v

mulNE

s

Figure 4.1: Sketch of the directed graph Y up to partitions of size 4. Partitions of the same size are
placed on the same level of the graph. There is at most one edge between two vertices.
The ending vertex of each directed edge is exactly one level above its starting edge.

Proposition 4.5.9 (Branching theorem). Let R be a field, e > d, A + d andj < d. The
restriction of S* to ' (S;) decomposes as a right 7 (3;)-module as
PACHI IR u er)
w2305 — .
)
pca

where r;} is the number of directed paths in Y between p and A. In particular, S* for y v j is a

summand of S*, if and only if i C M. In this case it has multiplicity r/’}.

Proof. In light of Lemma 4.5.7 the proof of this proposition is an induction over j, starting at
j=d—1. For j =d -1 this proposition is exactly Lemma 4.5.7, because if y C A, py+d — 1,
A+ d, then there is a single edge between pand A in Y. For j < d — 1 we apply induction for
j+ 1 and get a decomposition as right .7#°(S;;.1) modules

H(Ca) oA nmerd
res%(eﬁl)S = g@l(s )&
nci



4.5. AN ORTHOGONAL BASIS OF SPECHT MODULES 67

H(@a)or _ o (Cjr1) A (Ca) oA
Now res (s )S res (s (res%( )S ) as right 7 (S;)-modules. and thus
H (S H(G;
res%gs;’l))S’1 = @ (resﬂggj_;’l)S”)@r
Fj+1
UUJC/I
Each res‘%o( ”1)5’7 decomposes according to Lemma 4.5.7. All S* for u + j, u C 1 appear as

H(S))
summands with multiplicity one and, by transitivity, we also have p c A. Finally, if p F j,

nt+j+1land g C n C A, then each path from 5 to A in Y can be extended to a path from
1 to A. For each extension, one copy of S# appears in the decomposition of resfgf"i))S’l. So,
H(Sa) o)
r@)®
paths from pto Ain Y. O

varying n and adding up all paths, the multiplicity of S* in res’ is the number of all

Example 4.5.10. To decompose restrictions of Specht modules of 7 (S3) to 7 (S2) we
apply Proposition 4.5.9 and use Example 4.5.8 and Figure 4.1.

S is one-dimensional, the only partition g + 2 such that g ¢ [T 1 Jis g = [T]
and there is a single path from [T1to [T T]in Y. Hence res;{g@ ;SD:D = st as right
€ (Sz)-modules.

#(Ss) @ = SH as right .77 (S2)-modules.

Similarly, res%p(q)

This is expected, because S“H s the trivial representation of .7 (S;) and SH is its sign
representation.

By Example 4.5.8 we already know that resj?ﬁ(\?)SBj = Sm®SH The first summand

is associated to the path in Y from [IJ to Bj, the other summand to the path in Y from

Htij.

Remark 4.5.11. The inductive proof of the Branching Theorem obscures the importance of
Young’s orthogonal form from Proposition 4.5.4 in this proof, so we want to highlight it in
this remark.

The restriction res

H(Sa)
(%))
position of S* using Lemma 4.5.7. First, it is decomposed into irreducible
right ¢ (S4-1)-modules, then into irreducible right 7#(S;_2)-modules and so on until
J(S;) is reached.

By the proof of Lemma 4.5.7, each element f, € S% is part of some copy of S# for some
pkj,p C A if S is viewed as a right J#(S;)-submodule of S*. This can also be seen
with the explicit formulas from Proposition 4.5.4 and a similar argument as in the proof of
Lemma 4.5.7. Acting with H; for i < jon f. € S is part of the R-span of elements f;, where t
has the same boxes labeled j + 1,j + 2,...,d as s. In fact, the right
A (S;)-submodule f,.57(S;) c S* is isomorphic to S¥, because of the explicit formulas
given in Proposition 4.5.4.

Note that, by the decomposition in (4.23) and its construction, basis elements in Young’s
orthogonal form can be labeled by the path from[Jto A in Y.

45 for some j < d and A + d is decomposed by stepwise decom-
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Remark 4.5.12. Let’s consider the Branching Theorem for the extreme case resj?;gf))s/1 for
(2‘1”)5’1 as described in Remark 4.5.11 we get

(1)

(S rA
res%,gs‘f))S’1 = (SD)eB O

H
some A+ d. If we decompose res’,

as right 27 (S;)-modules, with #(S;) = R. As R-submodules of S*, each copy of sHis
generated by an element of Young’s orthogonal form f, € S*. Moreover, for j < d the right
€ (S;j)-submodule

() c $* (4.23)

is an irreducible right .7(S;)-module. By the Branching theorem it is a Specht module S*
for p+ j with g C A

Example 4.5.13. With our previous calculations we can verify Remark 4.5.12 for the Specht

module SBI of (S3). In Example 4.5.5 we summarized the right action on Young’s or-
thogonal form. As a subalgebra, .77 (S2) c J€(S3) is generated by Hs. Therefore,

o (S2) € H#(Ss)

is determined by firs- Hs = v™L fiira. Hence, fii1s15%(S2) is the trivial representation st
of 77 (23), which is indeed a summand ofSHj by Example 4.5.10. Similarly,

frimH (S2) € H(C3)

is determined by f -Hs = —vf. Hence, it is the sign representation SH of (Sg),

which is the other summand ofSBj by Example 4.5.10.

In the next section we will see another cellular basis of 77, that differs from the Murphy
basis. The Branching theorem 4.5.9 can be seen as a motivation for the labeling of this
cellular basis.

Remark 4.5.14. Assume that R is a field and e > d, then J7 is semisimple. Recall that if
A is semisimple, all Specht modules are irreducible. Then .7 decomposes into a sum of
matrix rings by the Artin-Wedderburn theorem. Their dimensions are determined by the
dimension of the Specht modules.

Thus, there exists an isomorphism of algebras:

H = M st (4.24)
D

Ard

By Young’s orthogonal form, S* for A + d has an orthogonal basis

(f. |5 €Std()} .
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Hence, 77 has an exceptional basis
{i® filArd, s, teStd(A)}.
To study 7 as a right .7’-module using (4.24), consider A + d and s,t € Std(2), so
fefiest @St cH.

In the decomposition of $*” ® $% as a right .7-module, the element f, ® f; has the following
interpretation. The first factor f; of f, ® f; fixes a copy of $* in the decomposition of $*" ® $*
as a right JZ-module. By Remark 4.5.12, the second factor f; is an element in that copy of
$% and associated to a path in Y from [Jto .

In summary, Young’s orthogonal form and the Branching theorem vyield a special basis
of JZ, also labeled by ordered pairs of standard tableaux of size d. Their shape determines
a summand in (4.24). The first label fixes a right .7Z-submodule of this summand, which
is also a right Specht module. Each standard tableau is associated to a different copy of
this Specht module in S from (4.24). The second label determines an element in Young’s
orthogonal form of that Specht module. It is interpreted as a path from[Jto A in Y.

Note that this basis differs from the Murphy basis in general. An element mg of the
Murphy basis would be associated to m; ® my in (4.24). This motivates us to find another cel-
lular basis of 7, where the second label of each basis element is
interpreted as a path in Y.

4.6 Kazhdan-Lusztig basis

Cellular algebras can have many different cellular bases. One example of such algebra was
discussed in Example 2.1.5, where we highlighted the different sized posets between two
cellular bases for a certain quotient of the free polynomial ring. Another example of such al-
gebra is the Temperley—Lieb algebra from Example 2.1.3, where we described one cell datum
and referred to [AST18] for a whole family of cellular bases that differ from the one we de-
scribed. We also stated two cellular bases for .7’ (S3) in Example 2.1.4.

In general, cell modules for different cellular bases do not have to be pairwise isomorphic.
Hence, we potentially have a variety of different cell modules for a cellular algebra. To study
a particular problem it is then crucial to find a cellular structure adjusted to that problem.

In Remark 4.5.1 we mentioned that ¢ (S;) is semisimple over a field, if and only if all
Specht modules are irreducible. More generally, a cellular algebra over a field is semisimple,
if and only if all right cell modules are irreducible (cf. [GL96, Theorem 3.8]).

Consequently, the cell modules for a semisimple algebra of different cellular bases are
pairwise isomorphic. Even in this situation, one basis of the cell modules might be preferable
over another.

We conclude that it is advantageous to have several cellular bases for a cellular algebra.
In light of our discussion of the Murphy basis, we are particularly interested in another
cellular basis for 72°(Sy).
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In this section we will consider the Kazhdan-Lusztig basis of .7°(S;), introduced by
Kazhdan and Lusztig in [KL79]. In their article the authors used the convention for gener-
ators and relations of J#(S,;) mentioned in Remark 4.1.5. See [Soe97] for a discussion of
Kazhdan-Lusztig elements using the convention of Definition 4.1.1.

As mentioned in Chapter 1, the work of Kazhdan and Lusztig inspired Graham and
Lehrer to define cellular algebras as in Definition 2.1.1. The first example of a cellular algebra
given by them in [GL96] was the Hecke algebra of the symmetric group with Kazhdan-
Lusztig basis as its cellular basis. A complete account of this result can be found in [Wil03],
where the author compiled all the necessary prerequisites to proof that the Kazhdan-Lusztig
basis is cellular. One advantage of the Kazhdan-Lusztig basis as a cellular basis is that it
is also defined for more general Hecke algebras of Coxeter groups. It can, in particular,
be used to construct a cellular basis for Hecke algebras of Coxeter groups of finite type
(see [Gec07] for more details).

Even for Hecke algebras of type A, proving cellularity for the Kazhdan-Lusztig basis is
non-trivial. We do not attempt to prove it here but refer to [Wil03]. Note that the author
uses left action on cellular basis elements for the cellular property and a reverse ordering
on the poset A that is easier to work with in the context of Kazhdan-Lusztig elements.
Thus, results might only be applicable in our setup if the anti-isomorphism * is used and
the partial order on A reversed. Here, we will state the results using the convention from
Definition 2.1.1.

We will verify the cellular property for the Kazhdan-Lusztig basis in the case d = 3 by
explicit computations in Section 6.2.

This section is organized as follows: we first recall the definition and basic properties
of the Kazhdan-Lusztig basis of 7 (S;), relabel the basis elements using the Robinson-
Schensted correspondence (named after Robinson [Rob38] and Schensted [Sch61]) and then
state the corresponding cell datum.

4.6.1 Construction of Kazhdan-Lusztig elements

For the remaining sections of this chapter we assume that R is an algebraically closed field
and v € Rinvertible.

Recall from Section 4.1 that each standard basis element of J#(S;) is invertible. To
construct the Kazhdan-Lusztig elements of J#(S;), we first define the bar-involution as
the unique ring homomorphism

- H(Sq) — H(Sa)
H, ~ (H,1)™".

vis vl

Note that the bar-involution is not the anti-isomorphism s of 77 (S;) defined in Section 4.1,

which maps H,, to H,,-1 and v to v. _
An element H € 7(3,) is called self-dual, if H = H.
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Now we recall the Kazhdan-Lusztig basis of 7 (S;) from [Soe97]. It consists of the
elements H  for all w € &y, where H € J(Sy) is defined to be the unique self-dual
element in 77 (S;) such that

H, €Hy,+ > vZ[vH, .
y<w

The partial order appearing in the sum is the Bruhat order on S; from Section 3.1. Unique-
ness of such elements is not that difficult to prove. Assume there are two elements with that
property, then their difference is in 3, .., vZ[v]H, and still self-dual. The coefficient of H,
in their difference, where z < w is a highest length element y < w such that the coefficient
of Hy is non-zero, can be shown to be self-dual as well. But the only self-dual element in
VvZ[v] is 0, so the difference above must be 0. Existence of such elements is not so clear. We
refer to [Soe97, Chapter 2] for a concise proof and to [Wil03, Section 3.5] for a slightly more
elaborate proof.

To summarize, notable properties of Kazhdan-Lusztig basis elements H,  are that they
are self-dual, the coefficient of H,, is 1, only H, with y comparable and below w appear in
the sum and non-zero coefficients are polynomial in v with minimal degree 1. For more
results regarding the coefficients appearing in the Kazhdan-Lusztig elements see [Soe97].

Most important for us is their interaction with the anti-isomorphism *. Let w € Sy,
then
HY =H, 1 . (4.25)

See [Wil03, Proposition 3.6.2] for a proof of this property.
Example 4.6.1. The Kazhdan-Lusztig basis of .7#(S3) consists of:

H, =1

H, =Hs+v

H, =H +v

H,, = Hy; + vH; + vH, + v*

st

H, = Hys + vHs + vH; +v*

ﬂsl‘s: Hg;s + vHg; + vH;s + V2Hs + V2Ht + V3

In each element the correct coefficients appear in front of the standard basis. Checking that
these elements are self-dual is lengthy.

We want to state a cell datum associated to the Kazhdan—-Lusztig basis and thus need to
define a finite labeling sets 7 (1) for each A € A, an anti-isomorphism * and then label the
Kazhdan-Lusztig elements in a way such that the cellular property (C1) holds. Here we will
only describe the construction of the poset, labeling sets and the anti-isomorphism for the
cell datum associated to the Kazhdan-Lusztig basis. Proving the cellular property is quite
involved, using deep theorems from the Kazhdan-Lusztig theory. An exhaustive explanation
of the cellular structure of the Kazhdan-Lusztig basis, including rigorous proofs, is presented
in [Wil03].
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4.6.2 Robinson-Schensted correspondence

To state a cell datum for the Kazhdan-Lusztig basis, it is more convenient to first state the
labeling of the elements by an ordered pair of indices, which is needed for a cell datum.
Afterwards we define a suitable poset and its connection to the labeling.

Rather than labeling the Kazhdan-Lusztig elements directly, we relabel the elements in
S4 they are associated to. This is achieved with the so called Robinson-Schensted corres-
pondence, named after Robinson [Rob38] and Schensted [Sch61]. It is a well-known result
and discussed in many references, for example in [Ful96] and [Sag01].

Proposition 4.6.2 (Robinson—Schensted correspondence). There exists a bijection:

s KL Ordered pairs of standard tableaux
d of the same shape with d boxes

w o (P(w),Q(w))

This result is proven in [Sch61, Lemma 3] and another proof is in [Sag01, Theorem 3.1.1].
We focus on the algorithm that constructs the ordered pair (P(w),Q(w)), which is also
described in [Sch61] and [Sag01].

P(w) is constructed by repeated application of the row bumping algorithm. Its inputs
are a standard tableau s and a natural number x that is not already a label in s. Its output,
denoted by s « x, is a standard tableau with one more box than s that has label x in addition
to all the labels from s. The algorithm works as follows. If x is greater than all labels in the
first row of s, then add a box to the end of this row of s and label it with x. Otherwise
replace the smallest label larger than x in that row of s and call the displaced label y. Then
repeat this step with the next row and y instead of x. The algorithm ends if a box is created,
meaning if a box is added to the end of some row.

By [Sch61, Lemma 1], the output s < x is again a standard tableau.

Example 4.6.3. We apply the row bumping algorithm to:

315
6 and x=4

w
I
’\II\DH

Then the following diagram describes how we arrive at s « x.

@

3]4] 3]4

5 ~

3]5]

N>

©

(5

’\1[\3»—!
D

’\I DO |
D
’\1 Do | —

1
2
6]
L7

At each step, the circled number indicates the label we want to insert into the row it is
attached to. Because 4 < 5 the 4 replaces the 5 and the 5 needs to be inserted into row two.
As 5 < 6 the 5 then replaces the 6, which in turn replaces the 7. Then 7 is added to empty
row four, so a box is created and the algorithm stops.
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To get P(w) we first express w via its permutation action of {1,2,...,d}, meaning for
i=1,2,...d we define w; :== w(i). Then set

PO (w):=0
andfori=1,2,...,d set
PO (w) := PV () — w; .

Finally, denote P(w) := P9 (w). In other words, we get P(w) by starting with the empty
tableau and successively adding the w; to the tableau using the row bumping algorithm,
beginning with w;.

Example 4.6.4. We construct P(w) forw = 32541 € G, so in total we need five applications
of the row bumping algorithm. Note that in the diagram below, each ~» indicates one pass
of the row bumping algorithm, adding the circled label above to the tableau left of it.

® 3] @ [2] ® [2]5] @ [2][4] @
~ 3 N>

0 3] ~ 35| w

4

>

’OJ[\)»—-

Then P(w) is the rightmost tableau in this sequence.

Constructing Q(w) is much easier, as it only tracks the step in which each box in P(w)
was added. Formally, set Q(°)(w) :== @ and for i = 1,2,...,d add a box to Q"D (w) to
get 01 (w), where the box is added in the same place as a box is added to P(") (w) to get
P (w). This box is then labeled with i. Again, we set Q(w) = Q@) (w).

Example 4.6.5. For w = 32541 € Gj the associated Q(w) is derived from the sequence of
tableaux in Example 4.6.4:

Q(w) =

’Cﬂ[\?»—k
B

Q(w) naturally has the same shape as P(w) and is also a standard tableau, because when
a box is added in some step, its label is the largest label appearing.
See also [Sché61, Lemma 2].

The other direction of the Robinson—Schensted correspondence, recovering an element
in S4 from an ordered pair (P, Q) of standard tableaux of the same shape with d boxes,
builds on the idea that if we know where the last box was placed in P, then we know which
label was last inserted by reversing the row bumping algorithm. We use this idea in the
example below, the general case works just the same. We can read off of Q when which
box was added to P by its construction. So by repeating the idea from above we build w by
piecing together the labels in reverse order.
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Example 4.6.6. Consider the standard tableau we build in Example 4.6.3:

314

’\1‘@ N | —

Suppose we know this tableau is the result of one pass of the row bumping algorithm and
we know that the last box added is the one labeled 7. Note that this information can be read
off of Q(w), if we wanted to reverse the Robinson-Schensted correspondence.

As 7 is larger than the 6 in the row above the box labeled 7, we know that 6 must have
displaced 7 during the row bumping algorithm. Now 6 is larger than the 5 in row two and
2 < b, so 5 must have displaced 6. Lastly, 5 > 4 and 4 is the largest label in row one that
is smaller than 5, so 4 must have displaced 5. Therefore, the row bumping algorithm must
have inserted 4 into the standard tableau

’\I[\’)»—l
D

A comparison to Example 4.6.3 shows, that we have successfully reversed the row bump-
ing algorithm from Example 4.6.3.

Remark 4.6.7. Note that in each step in the construction of P(w), the shape of P()(w)
moves one layer upwards in the directed graph Y from Section 4.5.2. Its path in Y is recorded
in Q(w). Or in other words, its path can be reconstructed from Q(w) by successively adding
boxes to an empty diagram according to their label in Q(w). Thus, the pair (P(w), Q(w))
is an ordered pair of standard tableaux of the same shape and the second entry can be
interpreted as a path in Y.

In Remark 4.5.14 we wanted to find a cellular basis with such an ordered pair as labels.
Using the Robinson-Schensted correspondence, we can now relabel the Kazhdan-Lusztig
basis, which labels are not suitable for a cellular algebra, with our wanted labels. This en-
ables us to view the Kazhdan-Lusztig basis as a cellular basis.

For our purposes, the next result is an important property of the Robinson-Schensted
correspondence, because knowing what happens when labels are swapped is a key property
of a cellular basis.

Proposition 4.6.8. Letw € S;. Ifw ~ (P, Q) under the Robinson—Schensted correspondence,
then w™! ~ (Q, P).

There is a good amount of preparation needed to prove this result. We refer to
[Ful96, Chapter 5] for a full proof. All necessary details to prove Proposition 4.6.8 are also
collected in [Wil03, Section 2.5]. More concretely, the above result is [Wil03, Theorem 2.5.2].

We are finally ready to state the complete cell datum associated to the Kazhdan-Lusztig
basis and refer to [Wil03, Theorem 5.6.2] for the proof.
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Proposition 4.6.9. The Hecke algebra 7 = 5 (Sy) is a cellular algebra. A cell datum for
A is given by the tuple (A1 (d), ), Std, K, %), where

(AT (d),5) is the set of all partitions of d with reverse dominance ordering,

Std: AT (d) — {finite sets} assigns to each A € A" (d) the set of all standard A-tableaux
Std(2),

K+ Uiea+(a) Std(A) x Std(d) — H#(Sq), (P(w),Q(w)) = H,, is the map with
image
im(K) ={H,, | we &g},

the Kazhdan-Lusztig basis of 7, and
% 1 A — J is the algebra anti-isomorphism H +— H, ..

The reverse dominance ordering on A™(d) is defined by A5y & A < p for all partitions
A p € AT(d), where < is the usual dominance ordering that is part of cell datum for the
Murphy basis of 77 (S;). Note that * is the same anti-isomorphism we used in Section 6.1.
Furthermore, the labeling sets Std(1) for A € AT (d) are also part of the cell datum for the
Murphy basis.

To emphasize the cellular structure of the Kazhdan-Lusztig basis of 7 (S;) we denote

Hpyorw = Ha

where w € 4 and where 1 € AT (d) is the shape of P(w) and Q(w). Sometimes we omit
A, because it is the shape of P(w) and Q(w). By the important property of the Robinson—
Schensted correspondence from Proposition 4.6.8 the following relation holds:

A x x (4.25) 4.6.8 1.2
(Hp(yow) = (Hy)" ="Hy "= Hop)

Recall that this is exactly the interaction of * with cellular basis elements we need by Defin-
ition 2.1.1.

Remark 4.6.10. By [GL96, Theorem 3.8] a cellular algebra over a field is semisimple, if and
only if all right cell modules are irreducible. Hence, if ¢ is semisimple, each cell module
from the Kazhdan-Lusztig basis is isomorphic to a Specht module from the Murphy basis.

The general result of Graham and Lehrer does not give us specific isomorphisms, nor
does it provide us with a matching between cell modules from this section and Specht mod-
ules. In Section 6.2.2 we describe these matchings for .7 (S3) and provide explicit isomorph-
isms.



5. A cellular basis for Schur algebras

Schur algebras originate from the representation theory of S; over C and its connection to
the general linear group.

Let n,d > 0 and denote V := C". Then GL,, naturally acts from the left on V, as well
as on the tensor space V& by acting on each factor separately. Moreover, S; acts from the
right on the tensor space V®¢ by permuting the entries. This situation is usually depicted
as:

GL, My Ve ¥\ gy (5.1)

Classical Schur-Weyl duality states that these two actions centralize each other (see [Eti+11]
for details). In particular, viewing the action GL,, /" \ V®¢ as a map GL,, — End(V®?), the
image of this map is Endg,(V®?) and called the Schur algebra .7 (n, d).

Its importance stems from the study of polynomial representations of GL,. We refer to
[Gre80] and the introduction of [Don98] for the complete picture.

There exists a quantum version of the Schur algebra, which was first introduced in [D)89]
and will be recalled below. It appears in a quantum Schur-Weyl duality, first described in
[Jim86], where the right side of (5.1) is replaced by J#(S;) and the left side of (5.1) by a
quantum group.

A good reference for these Schur algebras is [Don98]. For an extensive review of quantum
Schur-Weyl duality, the classical Schur-Weyl duality and even affine versions of Schur-
Weyl duality we refer to [Ant20].

Here we only focus on one aspect of quantum Schur algebras: they are cellular algebras.
Below we state a cell datum for a cellular basis, called the semistandard basis, that is de-
duced from the Murphy basis of 7. Compared to the Hecke algebra, classifying irreducible
modules for quantum Schur algebras over a field R using the cellular basis is very simple:
every quotient D* of a cell module C* is non-zero and thus irreducible. It is, in particular,
independent of the choice of R and v.

We begin this chapter with the definition of quantum Schur algebras, which we simply
call Schur algebras, following [Mat06]. Afterwards we state the full cell datum associated
to the semistandard basis. We will see an explicit example of the semistandard basis in
Section 6.3. In this example we will also verify the cellular property of the semistandard
basis by hand.
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5.1 Definition and notations

Let R be an integral domain and v € Rinvertible. Note that this is the setup from Section 4.3,
where we considered the Murphy basis of 77 (S;). Recall the sets

An,d) = {p= (1, p2, - pin) | o [E d}
Af(nd) = {A=ApAs....A,) | A+ d)

for n,d € N from (3.2). Denote by .7# := % ,(S4) the Hecke algebra associated to S;.

Definition 5.1.1. The Schur algebra is defined as

SRyv(n,d) = End,yg( @ Mﬂ) .

pnelA(n,d)

For some fixed R, v,n and d we will simply write . (n,d) or just . for the associated
Schur algebra.

Example 5.1.2. The poset of compositions p = (u1, p2) of 3 is

A(2,3) = {Djj muguil m} :

so the involved permutation modules are

M MBI, MBI, and ML,

Remark 5.1.3. Compare Definition 5.1.1 to the definition of Schur algebras as certain en-
domorphisms of a tensor space from Schur-Weyl duality. The definitions are equivalent.
Indeed, there is a well defined right action of .7 on this tensor space and an isomorphism
ved = ®HGA(n,d) M* as right -modules.  See [Mat06, Exercise 4.19] or
[Ant20, Lemma 2.19] for more details.

Definition 5.1.1 is advantageous for our purposes, because we can apply results from the
bases of permutation modules derived from the Murphy basis of 7. Recall that these were
discussed in Section 4.2.

The cellular basis of .7 (n, d) we are interested in is constructed via the decomposition

S(nd) = Homy(M",M") (5.2)
mneA(n,d)

by constructing a basis on each Hom_,»(M", M*) and extending these basis elements trivially

to . (n,d).

For now we fix compositions y, n € A(n,d) and want to study Hom ,»(M", M*). The per-
mutation module M7 is, by Definition 4.2.1, generated by m,, as a right ./”-module. Hence,
any ¢ € Hom »(M", M*) is uniquely determined by ¢(m,). Conversely, elements in M*
that determine a homomorphism can be characterized by the following lemma.
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Lemma 5.1.4. For p,n € A(n,d) there exists a R-linear isomorphism

Hom (M1, M) — MH N M"*
¢ > p(my)

For a proof of Lemma 5.1.4 see [Mat06, Corollary 4.8]. We have already studied the
intersection M* N M"* in Proposition 4.2.11. It has a R-basis given by all mgt for S € 75(A, p)
and T € 75(A, n) for some A + d. Recall that the elements mgr were defined in (4.11) as

mst = Z Mmst .

s,teStd(A)
p(s)=S, n(t)=T

We can now use these elements to define the homomorphisms

A 1 H
dsr: MT — M
my [ ad msrt

Recall that g = (p1,p2,..., tn), because p € A(n,d). If a semistandard tableau
S € To(A, p) exists, then A has at most n non-zero parts as well, because Shape(S) = A
and columns of S must be strictly increasing.

Conversely, for all A = (A1,A2,...4,) € AT(n,d) there exists the semistandard A-
tableau A(t*) of type A € AT (n,d) c A(n,d). Therefore, the set 75(1) = Upean,a) To(4, 1)
of semistandard A-tableaux of types A(n, d) is non-empty.

A combination of Lemma 5.1.4 with Proposition 4.2.11 gives us a basis of Hom j» (M", M*).

Proposition 5.1.5. For p,n € A(n,d) Hom»(M", M*) is a R-module with basis

{¢2 12 € At (n.d), S € To(A ) and T € To(A.n)} .

By extending ¢?.. trivially to a map on &P (n.a) M" we get an element in .“(n, d),

peA
which we will also denote by ¢§T. Combined, these elements form a basis of .’ (n, d) by the
decomposition (5.2). In fact, this basis is cellular.
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5.2 Semistandard basis

Proposition 5.2.1. The Schur algebra .#(n,d) is a cellular algebra. A cell datum for . (n,d)
is given by the tuple (A" (n,d),>), 7o, ®(n,d), *), where

(AT (n,d),>) is the set of partitions of d of form A = (A1, Aa, ..., An),

o is the map assigning the finite set \J e (n,a) To(A, pt) to each A € A™ (n,d),

®(n,d) : pea+(na) To(A) X To(A) = L (n,d), (S.T) — ¢, is the map with image
im(®(n,d)) = {¢p&; | A € AT (n,d) and S, T € To(A)},

the R-basis of # (n, d) called semistandard basis stemming from Proposition 5.1.5, and

* is the anti-automorphism ¢§T - gi)%s of . (n,d).

Proof. These elements form a basis by Proposition 5.1.5 and decomposition (5.2) of . (n, d).
We only sketch the proof of the cellular property here, which is based on the cellular property
of the Murphy basis of #(S,). For a full proof of this proposition
see [Mat06, Theorem 4.13].

Let ¢t € Hom (M7, M*) and ¢ € .(n,d) and consider ¢2.. o §. We can assume that
¢ is an element of the semistandard basis and ¢ € Hom - (M?*, M"), otherwise the action
is trivial. Then ¢(m.) = myh for some h € J# and thus ¢2.. o §(m;) = msrh. We want to
express ¢§T o ¢ € Hom(M?", M*) in the semistandard basis and hence compute mgrh and
express it in the basis of M¥ N M™.

Recall from (4.11) that

mst = Z Mt ,
s,teStd(A)
p(s)=S, n(t)=T
so by the cellular property of the Murphy basis we have

t,h
msth = Z ry Mgy + Z rgqmpq;. (5.3)
seStd(A) veStd(A) K>A
u(s)=S p,q€Std(k)

Moreover, because M* N M™ is a right .7#-submodule we have mgrh € M* N M™ and thus

msth = Z ruvmyy . (5.4)
aeAT(n,d)
UeTo(a,p), VeTo(a,t)
We compare (5.3) with (5.4) and see that only ryy associated to @ > A can be non-zero.
Moreover, because of the first sum of (5.3), ryy associated to A can only be non-zero, if
U = S. Summarized, we get

msth = Z rymsy + Z rurvemyrye
VeTo(A 1) aeAT(n,d) a>A
U'eTo(a,p), V'eTo(a,t)

and hence verify the cellular property: ¢sr 0 ¢ = Yy ez (2, r) r'vPsy mod S n,d). o
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Note that 75(1) is never empty, as it contains the canonical element T4 := A(t), the
unique semistandard A-tableau of type A.

Example 5.2.2. All elements of the semistandard basis of .”(2, 3) are gathered in Figure 6.8
of Section 6.3.

Remark 5.2.3. The construction of elements mgr, and subsequently the construction of
¢§T, is largely independent of the choice of R and v. In particular, the number of right cell
modules of . (n, d) is independent of R and v. Similarly to the Murphy basis of .77°(S;), we
would therefore expect that R and v influence the radicals of the cell modules, because we
suspect that the irreducible right .#(n, d)-modules depend on R and v.

Having established a cellular basis of .#(n,d) in Proposition 5.2.1 we can classify the
irreducible representations using Proposition 2.3.12, the general classification result for cel-
lular algebras. It is much less involved than the classification of irreducible 7#-modules in
Section 4.

Firstly, consider the right cell modules of .7 (n, d), which are called Weyl modules W
for some A € At (n,d). Instead of using the abstract construction of cell modules from
Section 2.1 we will work with a specific realization of them. This lets us compute the
< (n,d)-action more naturally.

From the theory of cellular algebras we know that .#*(n, d)/y’l(n, d), as a
right . (n, d)-module, decomposes into |75(1)| copies of the right cell module for 1. We
define the Weyl module W* to be the copy associated to the canonical element T € 75(A).
Explicitly, it is the . (n, d)-submodule

W* = spanj {%T IT e 75(/1)} c 7 (n, d)/jl(n’ 4) (5.5)
which is actually generated by ¢’;L~/1T/l as a right . (n, d)-module, because ¢/T1/1T/1 is the iden-
tity on M*. To simplify the notation we can define (ﬁ’} = ;AT'

Now, by Section 2.3 we know that the right .#(n, d)-module L* := W*/rad W* for
A € AT (n,d) is either irreducible or {0}. Recall that by definition of the bilinear form on W*
in Proposition 2.3.2 we have

<¢;A’¢;A>¢;AT1 = ¢’§1~ATA ° ¢;1“AT/1 mod 52/1(”’ d),

SO <¢;A7¢;A> =1, as ¢/T1ATA is the identity on M*.

Therefore, gb%A is not in the radical and thus every L* is irreducible and we get the fol-
lowing classification by Proposition 2.3.12.

Proposition 5.2.4. LetR be a field, v € R a unit and n,d € N. Then:

¥ At (n,d) 2L Irreducible right .7 (n, d)-modules
' ’ up to isomorphism

R
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A concrete calculation of all irreducible representations of .#(2, 3) can be found in Sec-
tion 6.3, in particular in Proposition 6.3.1.

Remark 5.2.5. Like the construction of the Murphy basis of .7 (S;), the construction of the
semistandard basis of .7 ,(n, d) does not really depend on R and v. Moreover, the classi-
fication of irreducible right .7z , (n, d)-modules is also independent of R and v. Hence, com-
pared to the classification of irreducible right 77 (S;)-modules, this result is much easier to
apply in practice.

Note that this result does not give us the dimensions of the irreducible representations.
For this we still need to compute the radical explicitly. We have done so for .#/(2,3) in
Section 6.3.



6. Explicit examples

One caveat of the theory of cellular algebras is, that it can be difficult to construct a cell
datum for a given algebra. Usually, the algebra has to be well understood before a cellular
basis can be defined. We gave an overview over three cellular bases in Chapters 4 and 5, but
the complete proofs either computationally involved or, in the case of the Kazhdan-Lusztig
basis, require hard results from its theory.

Given a cell datum it might also be difficult to apply the classification result from Pro-
position 2.3.12, as Ag can be elusive. We have seen so in Section 4.4, where we outlined a
reformulation of the general classification result Proposition 2.3.12 for the Murphy basis of
€ (S4). Moreover, these classification results do not give us the dimension of the irredu-
cible right modules.

In this chapter we explicitly construct an example for each of the cellular bases discussed
in Chapters 4 and 5. We verify their cellularity in these explicit examples by providing
multiplication tables. Furthermore, we compute the associated right cell modules and state
the right .77-action on them. The multiplication tables also give us the bilinear form on each
cell module, which we use to calculate their radicals. Finally, we compute all irreducible right
modules.

All explicit computations are done over fields of arbitrary characteristic and for any non-
zero v € R. For the Kazhdan-Lusztig basis we assume, like in Section 4.6, that the field is
algebraically closed.

We begin this chapter by discussing the Murphy basis of .7#(S3) in Section 6.1, then we
construct the Kazhdan-Lusztig basis of 77 (S3) in Section 6.2 and finish with the semistand-
ard basis of .#(2, 3) in Section 6.3.

6.1 Murphy basis of 77 (S3)

In Section 4.3 we described the general construction of the Murphy basis of J7(S;). In
this section we will do the whole construction for d = 3, considering both the generic and
non-generic case of v. We give detailed explanations on how to apply the results of
Section 4.3 in practice and state all computations explicitly.

In our explicit calculations we will see, how and why the results depend on v and on the
characteristic of R.

82



6.1. MURPHY BASIS OF 7 (S3) 83

We first recall the standard basis of .7#(S3), calculate the Murphy basis elements and
verify the cellular property for them. Then we compute the right A-action on Specht modules
and calculate the irreducible right A-modules without Proposition 4.3.7. Finally, we will
identify the trivial and sign representation in our results.

6.1.1 Constructing the cell datum

Let’s assume, similar to Section 4.3, that R is a field and v € R is a unit and
denote 5 := ¢ (S3). The simple transpositions that generate S3 are denoted by s := (1,2)
and t:=(2,3).

By Proposition 4.1.2 we know that JZ has the standard basis

{He, HSa Ht, Hst, Hts’ Hsts}

and also know how to multiply standard basis elements. The complete multiplication table
is given in Figure 6.1.
By Example 3.1.2 we know that the partitions of d = 3 are totally ordered by the dom-
inance ordering:
HEN

> >

In this chapter we will fix a notation for standard tableaux to make the labeling of
Murphy basis elements more compact.

A standard tableau t is denoted by A decorated with a subscript, containing the shape 4
of the tableau, and a superscript, containing the element in w(t) € 3 such that t = t*.w(%).
By bijection (3.3) the tableau is uniquely determined by this information.

— —=|1]2 t._[1]3 —
Ay = L Ay =] Al = 2 A= 6.1)
Recall the Murphy basis of JZ calculated in Example 4.2.6:
mA?g)AZ))) = H:mD:DHe = V_3Hsts + V_2Hts + V_QHst + V_lHt + V_IHS +1
— g* _ -1
MAS, 1 AG ) = HemBjHe =v Hs+1
mye

i - -2 -1
=v "Hm H;, = v “H, v "H
Al e Bj t st T ¢

A = V_IH;‘m H, =v%H,; + v 'H,

m
Al )AL

mAt

—277* -3 ) 9
(2,1)AE2,1) =V Hthth = v "Hgs + (V — 1)Ht Y

(137 (13

mae _ Ae :Hjm@He =1



°H + E;Iw._,

H(4 = - *H+H(A— )+ 'H+H(1—_a)+ s 5
SISy B (a— 4 (e - _a)+ Bs(a— )+ Eméwﬂ] 2) m:I?wWT W) "H
QINA\# - vn_l m“mmNA\» _ Hlbv mhmmNA\p _ HI\Q 1= -
meAm\F — AT+ AT — ml\Q
'H+ P H(4— 1)+
- 2@? M K&ITV s1s vHT H m_vmwm? B H|>v+ 7 HT g SH
ST (4 ! =) H(t = -1) BH(1 = o) H(4 = (-4)
SH+ *H(4 — _4)+
I 2~|~A> M \—an_nv [ + N:A\F — HI\QAT o ST+ 15y N g+ 5y
SISH (4 = ) YH( = 1) H(t = 1-4) H(t = 1-4)
WNEIT WEIT mml_l
“.NIN. wuwm‘ﬁxﬁ _ ﬂl\#v mww: umm‘A\ﬁ _ Hl>v NNlNA} _ ﬂl\#v “wm N‘m
“H+ 'H+ H+
SEH- 2&.1; . T\& ﬁm? - T\Q sisgy Sigy mm? — T\Q SH
mwm.. muwm. WNm Nwm NNIN Wm wm
m.ﬂm.m M.NI. Nmm .N.NIN mm. N.NIN

Figure 6.1: Multiplication table for the standard basis of 7 (S3).
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To verify the cellular property of the Murphy basis in this example it is enough to check
it for the action of some basis elements of 7. The right action of the standard basis and
Murphy basis on the Murphy basis itself is given in Figure 6.2 and Figure 6.3 respectively.
One can check the cellular property using both figures. We will use Figure 6.2 to check it

for the action on mAf >3A§ " and mag, ac and Figure 6.3 for the action on the other basis
1 1

elements.

Like in Example 4.3.2 we have to check that only certain elements appear in each column,
that the dominance ordering on partitions is followed and that the same coefficients appear
in both columns for each row of the table.

For mA(e Ae )3 and m mag, ac, we only need to check that acting on them only produces
results that are assouated to poset elements above them, because there is only one standard
tableaux of shape (3) and (1)? respectively. This is always true for mae AC s because (1)3
is minimal in the poset, and also hold true for mAf3>Af3>’ as we can observe in the first column
of Figure 6.3.

There are four elements associated to (2, 1), making verifying the cellular property a bit
more involved. Compare, for example, the results of acting from the right with mge 4

(2,1)°7(2,1)
onmye ae and my: 4e , which have the same tableau as second label:

(2,17 (2,1) A(2,1) (2,1)
Figure 6.3 , _o
Ayl MAG ALy 07 FLmag ag
Figure 6.3 , _o
m -m = % 1
A€2,1)Af2,1) Afll)Ag?»l) ( + ) (2 1)Af2 1)

Both results are a scaled Murphy basis element and both have the same first tableau as as
the element that was acted on. In both results the tableaux in the second label is the same
and these elements also have the same coefficient (v=2+1). No other basis elements appear

in the expression. In particular, Mmae L AC s which is associated to (1) below (2, 1), does
1

1)3
not appear in the expression. Hence, the property we verified for mAE RV and m mag, ac
1 1
is also valid here.
Similarly, the cellular property can be verified for all other elements associated to (2, 1)

and thus for the whole basis.

6.1.2 Right Specht modules and their irreducible quotients
Now we can compute the right A-action on Specht modules of 7. They are defined as

gt

o) <} |
spany {m} spang m m spang m

where the right J#-action on the generators can be inferred from Figures 6.2 and 6.3.
We give an informal description of this process. For an element m; € S*, where
t € Std(A), one picks some mq; € 7% and computes the right action of 7 on this element.
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Figure 6.2: Multiplication table for Murphy with standard basis of .77 (S3).
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Figure 6.3: Multiplication table for the Murphy basis of 57 (S3).
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Then one applies the quotient map ¢ — # /. #* and transforms non-zero quotients of
Murphy basis elements back to elements in S* by dropping the first tableau of each Murphy
basis element.

Consider, for example, the result of mat, -Hg; € SBj. We pick Mac, AL, € H(S3)

and compute

M pe t H — MAae e — Mpe e — M pe t S
Ao Ay ApAls ~ TMenden T AL )AL

with Figure 6.2. Applying the quotient map ¢ — %/%Bj kills Mg, a¢ » SO we get

—Mpye At G%/%Bj

m
Af2,1)Af2.1) (2,1)°7(2,1)

This element corresponds, by construction of cell modules in Section 2.1, to —mag, TMat,
X L1

in the Specht module. Therefore,
€ SBj .

Using this process we can describe the complete action on each cell module. The results are

Hyy = —m -

m . m
Az, Az ~ Al

summarized in Figure 6.4.
The bilinear form on each Specht module is defined in Proposition 2.3.2 as
(ms, my)myy = mysmy, mod A

forall A + 3, s,t,u,v € Std(A) and can hence be computed from Figure 6.3. As stated in
Example 4.3.5 we have:

gt I,

SBj:

.

(m,m) =y 642y + w241

(m,m) = y2 +1 (m,m> -1
(m,m)z—l <m,m>:v‘4+1

<m1>m>:1

Using e-restriction we know which Specht modules have irreducible quotients by Pro-
position 4.3.7. Here we want to verify the classification of irreducibles for .7 (S3) by calcu-
lating the radicals explicitly. Moreover, we want to compute the irreducible representations
and their dimensions in this example.
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mae SD:\:‘ mae SE
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Figure 6.4: Right .7 (S3)-action on Specht modules.

Proposition 6.1.1. The quotients of Specht modules of 5¢(Ss3) by their radicals are:

{0}
gLl

st

/spanR{—v_QmAe

sFF
NI:

ptLL

, otherwise

pi =

m
Az

if W2 =1) A (charR = 2 or 3)
*or(v2# 1) A (v72 is 2nd or 3rd root of unity)

if(v2=1)A
(charR = 3)

b or(v2#1)A
(v72 is 3rd root of unity)

, otherwise

89
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Proof. Recall that by Definition 2.3.3 the radical is the submodule
rad $* = {x € St (x,yy =0forally e S’l} c s

for some A € AT (3). We consider each partition separately.

1 s s one-dimensional, so we have to determine when v=6 + 24 +2y2 4+ 1is0:
v2=1:6=0 & charR=2or3
v2%1: Thenv2—-1#0,so:

v Ot 4224 1=0
& (v D)2t 202+ 1) =0
o (-1 +1)=0
(=4

v~2 is 2nd or 3rd root of unity

Bj The Specht module is SBj = spanR{mAf oy AL }.
Assume x = a - mAf2 N + b - mAE2 Y € radSBj, then we have for all
y=¢ mA& 1 +d'mA(t2,1) €5
(6 y) =2+ 1)ac—ad-bc+ (v *+1)bd =0 (6.2)

Firstly, notice that if x # 0 then a # 0 and b # 0. Indeed, if a = 0 then b # 0 and if
we choose ¢ = 1 and d = 0 then (x,y) = —b # 0. The case b = 0 is similar. Thus we

have already established that rad S Bj +S

Secondly, we test (6.2) with element y = mac, + mAf2 b soc =d = 1, to get

information about a, b and v. In this case, (6.2) is
(v +1la-a-b+(v*+1)b=0,

which reduces to a = —v~2b. This already gives us an element spanning the radical,
should a non-zero radical exist. Plug a = —v~2b back into (6.2), rearrange the terms
and get that

vA+v 2+ Dd=(vi+v241)c

has to hold for all ¢c,d € R. Therefore, a non-zero radical exists if and only if

449241 =0,s0either v = 1 and charR = 3,0orv 2 # land v2isa
3rd root of unity. In these cases, the radical is spanned by —1/_2m,4§2 , T mar -

@ S@ is one-dimensional and (mge _,mue ) =1,s0 radS@ = {0}
(13 13
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By Section 2.3 the non-zero quotients in Proposition 6.1.1 are the irreducible represent-
ations of .7°(G3). This result agrees with the classification in Example 4.3.8, where we used
the criterion of e-restriction. Additionally, we have a complete description of the 7#-action
on the irreducible representations and their dimension.

In particular, if (v72 = 1) A (charR = 3) or (v2 # 1) A (v"2 is 3rd root of unity), there
is no two-dimensional representation of .77(G3).

6.1.3 Identifying the trivial and sign representation

Before we end this section about the Murphy basis we use Proposition 6.1.1 to identify which
quotients correspond to known irreducible representations of 7.

The trivial and sign representation defined in Remark 4.1.3 are one-dimensional and thus
irreducible .7#-modules. By the classification of irreducible 7#-modules in Proposition 4.3.7
they must be isomorphic to some irreducible quotient of some Specht module.

This leads to a natural question: to which quotients do they correspond exactly? We
need our explicit calculations from above, the general classification result is not enough to
determine this identification.

We approach this question for our example using the action on Specht modules from
Figure 6.4 and Proposition 6.1.1.

The irreducible module D@ is the sign representation. Indeed, S@ is always irreducible

and by Figure 6.4 Hs; and H; act by —v on the basis element of DL

Identifying the trivial representation seems straightforward as well. By Figure 6.4 we ex-
pect D 11 to be the trivial representation. But we know from Proposition 6.1.1 that D RN
is not always irreducible. For these cases we have to identify the trivial representation with
another quotient.

We start with the case of (V72 = 1) A (charR = 2 or 3). If (v = —1), then the trivial

representation is obviously the sign representation, so DE. This also includes the case of
(v =1) A (charR = 2), because then also (v = —1).
For (v = 1) A (charR = 3) or (v'2 # 1) A (v™2is 2nd or 3rd root of unity) we have

D =S /spanR{—v_QmA& b + mAfzn} by Proposition 6.1.1. Using the relation in

D Bj, denoted by ¢, we see for the action of the standard generators on the basis element

Mmae ofDBj:

(2,1)

- Hg =1

AL AL

& —
Mmge -Hy =vmy =V Mmgye
(2,1) (2,1) (2,1)

Thus, in these cases the trivial representation is DBj.



6.2. KAZHDAN-LUSZTIG BASIS OF 7 (G3) 92

We summarize our results in the following table:

trivial sign

representation representation
(v =—-1) A (charR = 2 or 3) including D@ D:
(v=1) A (charR = 2) B
(v=1) A (charR = 3) or DBj D:
(v72# 1) A (v2 2nd or 3rd root of unity) B
otherwise pHU DU

6.2 Kazhdan-Lusztig basis of 77 (S3)

Like in Section 6.1 we can verify the cellular property of the Kazhdan-Lusztig basis for
' (S3) using explicit calculations. This is also a good opportunity to demonstrate the
Robinson-Schensted correspondence from Section 4.6.2 once more. Our computations show
that, in general, the Kazhdan-Lusztig basis differs from the Murphy basis, although parts
of the cell data agree.

We begin this section with the cell datum associated to the Kazhdan-Lusztig basis of
H(3). In particular, we calculate the complete Robinson-Schensted correspondence from
Proposition 4.6.2 for S3. Using this result we relabel the basis elements, which were already
stated in Example 4.6.1. Afterwards we compute the irreducible right 77 (S3)-modules once
more, this time using the Kazhdan-Lusztig cell datum. We finish this section with a brief
comparison between the Kazhdan-Lusztig and Murphy basis of .77°(G3).

6.2.1 Constructing the cell datum

Recall that simple transpositions s = (1,2) and t = (2, 3) generate S3 as a group. The
standard basis of .7#’(S3) consists of elements

{He’ Hs’ Ht’ Hst, Hts, Hsts} .
The Kazhdan-Lusztig basis of .7 (S3) consists of elements

{Ho Ho HoH HH

—sSt> —ts’ —sts

which were stated in Example 4.6.1 and will be recalled below.
We will now gather the complete cell datum associated to the Kazhdan-Lusztig basis of
H(S3). Its poset (A1(3),>) consists of three elements

(3)a(2,1) a(1,1,1) = (1)3 (6.3)
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T17 @

that are partially ordered by the reverse dominance ordering as indicated.
The standard tableaux with these shapes also appeared as labels in the Murphy basis.
Recall the compact notation for them from (6.1) in Section 6.1:

or as diagrams

e A P e — 112 t — 1113 e o
Aty = []2[3] . A%, =[L2), 4l =3 ar =

Recall that this notation was based on the action of S3 on the tableau t* that produces the
standard tableau for A € AT (3).

To label the Kazhdan-Lusztig elements with ordered pairs of standard tableaux of the
same shape we apply the Robinson-Schensted correspondence 4.6.2 to each element in Gs.
For another example of the construction of the ordered pair of standard tableaux
(P(w),Q(w)) for a w € Gg, consider the element w = st € S3. First, we need to express w
as a word wiwaws with w; = w(i) for i = 1,2, 3. For our example it is st = 231, because:
() s()

1—-1— 2

210 520 4

() s)

33— 2— 1

Here is the stepwise construction of the pair (P(w), Q(w)):

®_® O
P(O)(w):(DW n ~ ~ = P(w)

Q0w = 0~ [1] ~ [1]2] = L2 o)

The circled number indicates the label added to the standard tableau left of it using the row
bumping algorithm. First, 2 is added in a new box to the first line of the trivial standard
tableau. Then, because 3 > 2, 3 is added in a new box at the end of the first row. Lastly,
because 1 < 2, 1 displaces 2 to the second row, adding a new box. The resulting standard
tableau is P(w). By construction, Q(w) tracks when each box in P(w) is created and labels
them accordingly.
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Here are the ordered pairs of standard tableaux of the same shape corresponding to each
element in S3:

e ~ ([0, (120)) :(Af),Af(f))

() )

b~ (’) (A€21 (21)

st~ () (AEQI A?Ql))

R
1 1

o () = (46,040,

We can immediately observe the results of Proposition 4.6.8 in our example S3. The elements
e,s,t,sts € Sg are self-inverse, so they correspond to a pair with the same tableau in both
entries. The elements st,ts € S3 are inverse to each other, so the pairs they correspond to
are mirrored to each other, meaning we get one pair by swapping the entries of the other
pair.

With the established Robinson—Schensted correspondence we now state the Kazhdan-
Lusztig basis of 77 (S3) with the labeling used to highlight its cellular structure:

HA?:;)AE;) =Huppnpm =H, =1
HA<2 Az H =H, =H;+v
HAfz,l)Afm) = H =H, =H;+v
A€2,1)Afz,1) - H = ﬂst = Hg; + vHs + vH; + V2
HA(ez yAeny H =H,, =H;s+VvHs+VvH; + v2
HA€1>3AF1)3 H =H,,, = Hss +VvHss + vHys + v2H, + v?H, +v3

Our next goal is to verify the cellular property of the Kazhdan-Lusztig basis in this
example. It is enough to check it for the right action of a basis of .7°(S3) on the Kazhdan-
Lusztig elements. Of course, the result must be expressed in terms of the Kazhdan—-Lusztig
basis.

Recall the multiplication table for the standard basis from Figure 6.1. With this table we
can compute the action of the standard basis on the Kazhdan-Lusztig basis. It is summar-
ized in Figure 6.5. Multiplication of two Kazhdan-Lusztig basis elements is summarized in
Figure 6.6.

Now we can check the cellular property in our example. For HAF3>AF3) and HAF a4e 5 e
1 1

only need to check that elements from poset elements above the respective element appear,
because there is only one standard tableau each with shape (3) and (1)3. From (6.3) we
know that partition (3) is minimal in the reversed Bruhat ordering, so the above is always
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Figure 6.5: Multiplication table for Kazhdan-Lusztig with standard basis of J7(G3).



(1)_ (1)
(1) ¢(1) € € (1)_ (1) (1) ¢(1) (1) e(1) (1) (1) (1) (1)
FovE YH- MUVH(L A gt v VR (4 + T\Q Favt &\Em?n_. T\C Syt &\mm?nf T\Q Favt VH (4 + T\Q Fove YH
m|>N+m|>
:.mr\:,mx\ (1) (1) Q@«Xﬁm{ :.mﬁxﬁﬁm{ Q,mwﬂﬁﬁmwfmn_n S,mv«\:.mx\ :.mv«\:,mx\
7 . B4 m<~|~A>+H|>v 1 VE(a+ ~|>v 1 VE(a+ ~|>v miv«\mivﬂ 1 Vi 1 v
E} 2 m
(12), (1) (12), (1) (12) ,(1°2)
(12),,(1'2) (D e(D) A gTan VoV VoAV g(a4 )+ (o), (1), (1'2)
eV VU VH (4 + _a) gt (D) (D (D ! WoVH(a 4 ) VeV
VUV VoV (a 4 T\L oV &\I?.TT\Q
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Figure 6.6: Multiplication table for the Kazhdan—-Lusztig basis of 57 (G3).
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satisfied for HA@)A&). As (1)3 is maximal, for the above property the action on HAED?’ A s
must be linear. This is easily seen in Figures 6.5 and 6.6.

This property also holds for the other four elements, because the single element HA€3)A‘E3)
from the poset element below (2, 1) does not appear in columns two to five in Figures 6.5
and 6.6.

Additionally, acting on those elements and expressing the result in the Kazhdan-Lusztig
basis only produces elements from the poset element (2, 1), which have the same first label
as the element we started with. For example, consider

-1 -1
H,: e -H,, = v "Hye e v Hy: — Hy: e 6.4
Al Ay TS A a4 T Ao AnAl (64)

from Figure 6.5. Only elements HAt DAL and H,: Ay A% from the poset element (2,1)

appear in the expression. These have the same first label as the element Hy:  4e

(2,1)°7(2,1)

started with.

Finally, if we fix the second label, the coefficients appearing in the expression should not
depend on the first label. Compare the example in (6.4) above to

— 1 — e
Al 1A His =v HA&J)AEZD Hag Al Al

from Figure 6.5. Coefficients v=' and —1 appear in both expressions. The elements they
are associated to have the same second label, which verifies the cellular property for these
elements and this one action. Note that we do not compare the coefficients in front of
HAf RY A because this element is not from the poset element (2, 1) and thus vanishes in

1
the quotient.

With Figures 6.5 and 6.6 one can verify the cellular property for all elements in the poset
element (2, 1) in a similar fashion, thus for the Kazhdan-Lusztig basis of .77°(S3).

6.2.2 Right cell modules and their irreducible quotients

Having established the cell datum associated to the Kazhdan-Lusztig basis we can now
construct the right cell modules for this basis. We have already done this for the Murphy
basis in Section 6.1, where cell modules were called Specht modules. The approach is the
same in both cases. Note that the cell modules below were called cell representations by
Kazhdan and Lusztig in [KL79].

Cell modules are, as R-modules, defined as:
1] _ _ E _
C = spanR{HA&)}, CBj = spanp| HA(ez,l)’HAfz,l)}’ ClL) = spanp{ HA§1>3}

The right .7 (S3)-action can be inferred from Figure 6.6 or 6.5. This process was already
described in Section 6.1 for the Murphy basis. Here we do one more example of this process.
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HA?:%) cLL ] HA:1)3 CE
_VHAfS) -H V_lHA§1)3 “Hy
—vHue | -H; v‘lHA§1)3 -H,
+v2Hye | Hat V—QHAé)s ‘Hy,
+v2Hye | His V_QHAEI)S ‘Hi
_VSHA&) Hgys V_3HAE1)3 “Hys
HA&J) HAfz,l) CB:‘
HAf2,1) HAfz,l) .He
Ha,, =VHag,,  vTHa, o | Hs
V_lHAfz,n Hag, ) =vHag, | e
“vHy,, vTHag ~Ha | He
V_lHAfZl) - HA§2,1) —VHA<e2,1) -H;,
_HA&,I) —HAFQ’I) Hg;s

Figure 6.7: Right ¢ (S3)-action on cell modules from the Kazhdan-Lusztig basis.

Say we want to compute
HAe N Hst .

(2,1)

We pick a representative of HA»(e2 b in 7(G3), say Hy: , and compute the action on

Ae
(2.1)7(2,1)
this element instead. We can look this computation up in Figure 6.5:

At

-1
H e -H.; = v "Hpye e —VH
Al st A Ay Al 1Al

(2,1)77(2,1)

First, we drop v‘lHA(e 49 s from this expression, because it is not associated to (2, 1) and
1 1
will vanish in the quotient. Then we drop the first label of the remaining _VHAE2 AL, @D

arrive at:

Hye -Hy = —vH
Aoy st YHAG )

The complete right .7 (S3)-action on the cell modules is summarized in Figure 6.7.
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We can now state the bilinear form on right cell modules by using the multiplication
table in Figure 6.6 for the Kazhdan—Lusztig elements or the explicitly given right action on
the cell modules in Figure 6.7. Recall that by Proposition 2.3.2 the bilinear form on a cell

module C* for 1 € AT (3) is defined by
(Hs, Hi)H,, = H,sH, mod %1(63)

for all s,t,u,v € Std(A). For example, to get <HAE:2 l),HAEQ 1>> we compute

mod 7>V (S3)

H -H
Afz,1)’A€2,1) A22,1)’Af2,1) AfZl)’Af?,l)

with Figure 6.6 and get

(Ha y=1

e H
(2,1) ’ A€2,1)

Alternatively, we could have taken these from certain coefficients in Figure 6.7, but this
approach is more error prone.
Here is the bilinear form on each cell module:

CITT. . e ) —
C : <HA(3)’HA(3>> 1
Bj : € € — -1 t e =
¢ ' <HA(2,1)’HA(2,1)> Vot <HA(2,1)’HA(2,1>> .
<HA€2’1)7HAE2-1)> =1 <HA22,1)’HAE2,1>> vty
c@ : (Hpe ,Hpe Y=v3+2v2 4207141

37 w3

Note that we already see from this overview that DBj will never be trivial, because

Hye, |

) and HAE , are not in the radical.
2,1

Finally, we can state the irreducible representations of .7°(S3) once more, this time
using the cell modules coming from the Kazhdan-Lusztig basis. To apply the classification
result from Proposition 2.3.12, we need to take the quotient of each cell module by its radical
and identify the non-zero quotients. These are decorated with ~ to differentiate them from
the quotients from the Murphy basis in Section 6.1.
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The computations are summarized in the following proposition.

Proposition 6.2.1. The quotients of cell modules associated to the Kazhdan—Lusztig basis of
€ (S3) by their radicals are:

ptL oL

CBj if (=v™1 = 1) A (charR = 3)
Bj P“”R{HA(EQ’U - HA(tzU} " or (=v7t # 1) A (=v7!is 3rd root of unity)
D = CBj if v71 =1) A (charR = 3)

/SPQ”R{HA&U + HAE2,1)} *or (v # 1) A (vt is 3rd root of unity)

CBI , otherwise
@ (0) if v =1) A (charR = 2 or 3)
D — *or (vt # 1) A (v!is 2nd or 3rd root of unity)

ct

, otherwise
Proof. Recall that by Definition 2.3.3 the radical is the submodule

radC* = {xEC’1 | (x,y)zOforalIyeCA} c ¢t

for some A € AT (3). We consider each partition separately, just like we did for the Murphy
basis in Proposition 6.1.1.

[TT] The cell module Cis one-dimensional and <HA?3>’HAFS>> = 1, so the radical only
contains 0.

Bj Assume that x = a - HA«(zQ N +b -HAE2 Y € rad " for some a,b € R. Then for all

y:c.HA(eﬂ) +d'HAf21) ECD:D, so for all ¢,d € R, we have:

(¢, y) = (v +v)ac+ad + be+ (v +v)bd = 0 (6.5)

As in the proof of Proposition 6.1.1, we first notice that if x # 0, thena # 0 and b # 0.
Indeed, if a = 0 then b # 0 as x # 0. But if we test (6.5) with ¢ = 1 and d = 0 we
get b = 0, a contradiction. So a # 0, and similarly b # 0. Therefore, we already know

that rad CHj * CHj, so the quotient module DHj is always irreducible.

To get more information about a,b and v we test (6.5) with the element

Y= HA(EQ,I) HA€2,1)’ so ¢ = d = 1, rearrange the terms and get:
(vI+v+D(a+b)=0
Thus, a non-zero radical can only exist, if either videv4+1l=0o0ra = -b

We consider each case individually.
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a = —-b: We can plug a = —b into (6.5):

(v 4+v)(=b)e=bd +bc+ (v7I +v)bd =0

béo(v_l—l—v—l)(d—c):o

This needs to hold for all ¢,d € R, so (v-! + v — 1) = 0, which is equivalent to
(vv2—v71 +1) = 0,as vis invertible. Hence, either —v=' = 1 and charR = 3, or
—v~1 # 1 and —v7!is a 3rd root of unity. In these cases the radical is spanned

by Hge —H as a R-module.
Y A(2,1) AE2,1)

<I
—

+

<

: This assumption is equivalent to (v™2 4+ v~} + 1) = 0, so either v"! = 1 and

+
—
I
o

charR = 3,0or v! # 1 and v~ is a 3rd root of unity.
To find a non-zero element of the radical in these cases, we once again test (6.5),

this time withc =0andd = 1:
at+b(v i 4+v)=0
By our assumption v=! + v = —1, so we must have a = b. Thus, the radical is

spanned by Hye : + HAE2 , 352 R-module.

(21

: The cell module C@ is one-dimensional, so we only have to check when

v=3 4+ 2172 4+ 2v71 4 1is 0. This works exactly like a case in Proposition 6.1.1:

v1=1:6=0echarR=2o0r3
vi#1: Thenvt-1%0,s0:
vi4a P42 +1=0
e -3+ +2 1) =0
o(v? -1 1t+1)=0
v tis 2nd or 3rd root of unity

O

Note that, just like we saw in the explicit computations for the Hecke algebra in Proposi-
tion 6.1.1, there is no two-dimensional irreducible module if
(v72=1) A (charR = 3) or (v72 # 1) A (v™2 is 3rd root of unity).

In Remark 4.6.10 we referred to result [GL96, Theorem 3.8] of Graham and Lehrer that
characterizes semisimple cellular algebras by their cell modules. In particular, if 57 is
semisimple then all right cell modules are irreducible. From this abstract result we know
that cell modules from the Kazhdan—Lusztig basis must be isomorphic to cell modules from
the Murphy basis.

Before ending this section we want to give explicit isomorphisms between these cell
modules in our example.
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Proposition 6.2.2. LetR be an algebraically closed field and assume that 77 (Ss) is semisimple.
Then there are the following isomorphisms of right ¢ (S3)-modules between cell modules from
the Kazhdan-Lusztig basis and cell modules from the Murphy basis:

C Dj:‘ ;) S @, HAe‘ | d mAe
(3) (1)3
CE N SD:\:‘, Hye = Mge
(1)3 (3)
+ = o
c S ’ Afz,l) V(mAfz,l) - mAé2,1))
=
Hatyy 2 Magy

Proof. For the first two maps we can see in Figures 6.4 and 6.7 that the modules on both
sides are the sign and the trivial representation respectively.

For the last map note that Hy acts on HA(:2 Y € CHj by v~ and H, acts on HA«(z2 , € CHj

also by v=1. The idea is to find elements in SHj on which Hy and H; act similarly.

For H they are of the form aimae, and for H; they are of the form ag(mAf:2 . —l—mAf2 1))

for all aj, as € R. Hence, our candidate for the isomorphism assigns

Hy aimac,

and Hye B ag(mae + myt .
- | ac, ) az( At )

1 A(2, 1) (2,1)

Now a1 and as need to be chosen such that this map is a right .7’ (S3)-module isomorphism.
We check the action of Hg; and H; on both sides and conclude, after some calculation, that
ap=1landay = v. O

6.3 Semistandard basis of .7(2, 3)

In Section 5.2 we recalled the semistandard basis of Schur algebras from [Mat06]. There
we did not provide many examples for this construction, which we want to rectify in this
section.

Here we give a detailed description of the semistandard basis of .#(2, 3), including the
construction of all basis elements, their multiplication, verifying the cellular property and
calculating the irreducible representations of .%(2,3). Like in Section 6.1 for the Murphy
basis of 77 (S3), we will see how the results depend on the choices of R and v in our explicit
calculations.

The semistandard basis of . = .%(2,3) is build on top of the Murphy basis
of = 7 (S3), so we will be using results from Section 6.1.
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6.3.1 Constructing the cell datum

Assume, like we did in Section 6.1, that R is a field and v € R a unit. Note that we will be
deviating from the notation used in Section 5 to make it more compact.
By (5.2) the Schur algebra .¥(2, 3) has a natural decomposition

F(2.3)= € Homuy (M, M") .
H€N(2,3)

The poset of compositions p = (p1, pi2) of 3 is

A2 = {00 0 0 )

so the involved permutation modules are

M- MBj, MH], and MCLL],

By Definition 4.2.1 they are, as a right J#-module, generated by

mErTy=mae, as, =V Has + v Hys + v Hy + v Hy + v Hy + 1

_ -1
mHj = MALy ALy T Hs+1
-1
mB] =v H;+1
m e = mAf3) Ag, = 1/_3HstS + v_ths + v_QHst + v_lHt + v_le +1.

First, we need the poset of the semistandard basis of ., which are all partitions in
A(2,3) with dominance ordering:

A+ (2,3) = {Djj > Bj}

The labeling set associated to each of these consists of all semistandard tableaux of this
shape. Recall that we have already stated them in Example 3.3.1. Here we will use a modified
notation:

30)_ € 7o (11,000
B — e (0. ) 0= e (0L )

B =[12]2] em(T0.H)  BL=PL2) em(. o)
30)_ E%(D:D’E:D)



6.3. SEMISTANDARD BASIS OF ¥ (2, 3) 104

A semistandard tableau is denoted by B decorated with its shape as subscript and its
type as superscript. Note that this notation only makes sense in this example where n = 2
and d = 3, as there is at most one semistandard tableau for each combination of shape and

type.
The labeling sets of the semistandard basis of . are:

_ (g3 2D p02) 03)
7o (L1) = {B<3,o>’ By By B<3,0>}
a2 o2)
7 (H) = {831 B3]

To construct the semistandard basis elements we first need to construct the basis of in-
tersections of permutation modules with dual intersection modules from Proposition 4.2.11.

Recall that we have already done it for the intersection MBI N MBI "in Example 4.2.12:

m,(1,2) o(1,2) = MAe A€
B(&O)B(&O) 3)7®3)

m_(, 2) = M ge e +m ¢ e + m 4e t +m 5¢ t
BE;?;BE;?; A(2,1) A(2,1) A(2,1) A(z,l) A(2,1) A(2,1) A(z,l) A(2,1)
*
= MH] N MH] = spany {mB(1,2)B(1,2), mB(l,Q)B(l,Q)}
(3,0)7(3,0) (2.1)7(2.1)

By similar calculations we get bases for all intersections, which are summarized in the
table of Example 4.2.12. Here is the table using the notation of this chapter:

N M M Hj MH] MO
(111
M g M 5(3.0) 5(3.0) M g(2.1) 5(3.0) M (1.2) 5(3.0) M 5 (0.3) 5(3.0)
(3,0)7(3,0) (3,0) 7 (3,0) (3,0) 7(3,0) (3,0) 7 (3,0)
mp(2,1) p(2,1) m,(1,2) p(2,1)
Bj* B(3.0)B<3,0> B(3,0)B(3,0)
M M (3.0 g(2.1) Mp0.3) p(2.1)
(3.0)°(3.0) m gi; gi; m 8'3 gi)) (3.0)°(3.0)
m_(2,1) ,(1,2) m_(1,2) ,(1,2)
Hj* B(B-O)B<3,0> B(3,0)B(3,o)
M M (3.0) (1.2) M (0.3) p(1.2)
(3.0)°(3.0) m gi; E;f; mBE;’f; 83 (3.0)°(3.0)
MD:\:‘* m _,(3,0) ,(0,3) m_(2,1) ,(0,3) m_(1,2) ,(0,3) m (o,3) ,(0,3)
Ba.0)B(3.0) B0y B3.0) B0y Bs.0) Ba.0)B(3.0)
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For A = I 1the basis elements are

Mon n = Mmye 4 € MFNM™
B(3,0)B(3,0) A(3)A(3)

for all pu,n € A(2,3), because there is exactly one semistandard tableau of shape [T 1] for
each type in A(2,3).
For A = Hj these basis elements are:

e M A

m = Mpe e
B Bay et

m =m m € MHj N MBj
B2 g2 A 1ALy T A, AL

(2,1)7(2.1)

e mbamt”

m ) X = M ae e + luye
BEéfﬁBgﬂ Al A AaAl21)
m = Mge ge M ye € MBj n MBj*
BE;:?;BE;:?; Al A + Al 1Az
m e m
+ AE2,1)A(2,1) t A€2’1>A€2’1>

Now we are able to construct the semistandard basis elements of .7(2,3).
Forp,n € A(2,3),1 € AT(2,3),S € To(A, u) and T € To(A, ) they were defined in Chapter 5
as

Pt MT — MK
my [ ad msrt

viewed as elements in . by trivial extension to @,ueA(ZB) M. All basis elements are sum-
marized in Figure 6.8. Note that we do not need A in the superscript with our notation,
because it is the shape of S and T, which is the subscript of each B.

For easier multiplication of the semistandard basis elements we have already expressed
¢§T(mq) = mgt € M via the J-action on the generator m, of M* in Figure 6.8.

Because we extend these elements trivially to @”EA(Q@ M* a multiplication ¢§:T, o ngéT
can only be non-zero, if S and T’ are of the same type. For example, one possibly non-zero

multiplication is ¢B(3,0>B(2,1) o ¢B(2,1)B(2,1). Using Figure 6.8 we get
(3,0)7(3,0) (3,0)7(3,0)

(3.0) 5(2.1) O @ (2.1) H(2.1) * - , m —m - (V" "Hszs st + vHs) .
Ppe0g P MBj MEBH Djj(lH+H+H)

(3,0)7(3,0) (3,0)7(3,0)

— * . — 1
Now, because we know Mae, Ac = H; -m171-He = m171 from Section 6.1, we can

use Figure 6.2 to calculate
mir]- (V_lets + Hg; + vH) = (V_4 +v 24 1)’”533
and so

-4 -2
¢ 021 0P ey ey = (VT VT 1) 6o e -
B(&O)B(J,O) B(3,O)B(3,O) B(3,0)B(3,0)



(3.0)7(3,0)

(3,0)7(3,0)

Pp1.2) 5(3.0)

(3,0)7(3,0)

P 5(0.3) 5(3.0)

(3,0)7(3,0)

Pp.0)p21)

(3,0)7(3,0)

Pp21)p21)

(3,0)7(3,0)

Pp1.2) p(21) :

(3,0)7(3,0)

Pp0.3) p(21)

(3,0)7(3,0)

P (3.0) (1.2)
B(3.0)B(30)

(3,0)7(3,0)
(3,0)7(3,0)

(3,0)7(3,0)

(3,0)7(3,0)

(3,0)7(3,0)

Pp(1.2) 5(0.3) -

(3,0)7(3,0)

Pp(03) p(03)

(3,0)7(3,0)

Pp21)p21)

(21721

Pp1.2)p(21) :

MB]%MBI,

Pp21)p12)

MBI—)MBZ!’

Pp12)p12) :

(21)7(21)

(21721

(21)7(21)

5.0 g3.0) : M — M

1) g0t M — M

. M — M
M — M

Pp21)p12)

MBI—)MBZ!,

Pp1.2)p12) :

2

MDjj_)MHj

M - Mﬁj],
MmO
M S M
M S mih,

MHj — Mli\j]’

b

b

Pp(0.3) 5(1.2) Mt — mem,

5.0 g0.3) : ML — M,

Pp21)503) Mo — M

ML —)MB],
MO — ML
M S M
MH:‘ — MBZ!’

m = M ae e =m
[T1] A(3)A(3) T
_ -1
me - Mac, ae, = mBj - (v"'Hgys + Hgy + vH)
— -2 -1
Mr b mas ae = mo_ (v ®Hgy + v H + H,)
MO 2 Ay Ay = Mer
m = M ae e =m
5 A Ras
_ -1
mBj = mA(S)A(S) = mHj (V Hsts + Hst + VHS)
-2 -1
mrpy b mae_ae =mpq - (V“Hy + v Hs + H
2 T As) H (v="Hi s+ He)
M MATG Al = e
m = M ae e =m
b e Ras
_ -1
mH:‘ = mA(S)A(S) = mHj (V Hsts + Hst + VHS)
-2 -1
mp B mae aqe =mpq - (V7 Hy + v Hs + H
H ™ e g, (v Hs s+ He)
M, ™ Al Al = My
Moy ™ mAf3)Af3) = Mo
_ -1
i MGy Ay = e (7 s e+ V)
e e — . -2 -1
el b Mac e mo_ (v®*Hgy + v H; + H,)
My 7 MA Al ~ Mo
MR ™ Al Al — M
-1
[ e e e = .
MEP ™ MAG ALy T Ml )ALy T T (v7Hs + He)
-1
- e e e — .
mHj mA(z,l)A(Q,l) mA(2,1)At(2,1) mBj (V H + He)
[ e e e
mH] mA(Zl)A(Zl) mA(2,1)At(2,1)
AL ATy AL AL
- mBj - (mAEQvl)A‘(zZl) mA22,1)AE2,1)

mB] - (v72Hy, + v~ 'H, + v 'H, + H,)

Figure 6.8: All semistandard basis elements of .7 (2, 3).
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Our next goal is to verify the cellular property of this basis. By Definition 2.1.1 of cellular
algebras we need to show that for all A € AT(2,3), n,y € A(2,3), a € . there exist
coefficients r)’ € R independent of 1 € A(2,3) such that

_ n,a pA
Hpn O = E r upy mod 7.
¢)B/1B/\ 4 ¢)B/1B/\
yeA(2,3)

Of course it is enough to show this for all a in the semistandard basis. Calculating all
202 multiplications to verify the cellular property is too much work. We can reduce that
number by using the anti-automorphism = and only calculating the possibly non-zero mul-
tiplications. Even then there are many cases left, in particular for basis elements associated
to[[I Tl Therefore we will use another argument to verify a large part of the cellular prop-
erty for [ 1], reduce the calculations needed for Hj and then calculate the remaining cases

by hand.

Let A =11, u,n € A(2,3) and ¢st a semistandard basis element, where T is of type
Y € A(2,3). We want to calculate ¢B§BZ o ¢sT, S0 we assume that it is non-zero and thus S

of type 1. By Figure 6.8 we have ¢B§BZ (my) = mae, ac, for any 1, so if we express ¢sr(m,)

in terms of m,, like we did in Figure 6.8, then ¢upn just replaces m, by mag, Ac, in that
ATA

expression:

. Y i
¢B§BZ°¢ST' MY — M

m (g m — e e
Y ¢st(my)im, MAls)Als)

Notice that ¢5T(my)|m,7:mAe e isindependent of u. Moreover, it is the result of some
3)7(3)

element of 7 acting on mag, ac from the right. In Section 6.1 we saw that mag, ac is part

of the Murphy basis of .77, that [T ]is maximal in the dominance ordering on A*(3) and
that A‘E3) is the only standard tableau of shape [T .

Therefore, m —m.e .. €spanp{mae e },sa
dst( y)lm,,—mA(3>A(3) pangf{ A(g)A(g)} y

m = = aAsTMAEC e
¢5T( Y)|m,7 mAf3)Af3) ST A<3>A<3)

with ast € R independent of p.
Finally, note that the basis element (/)B;BX maps m, to Mag, ac, € M*, so
= 6.6
Pprpy © PsT = AsTPRY Y (6.6)

with ast independent of y. This proves the cellular property for all elements associated to
A=[1TT1

Furthermore, the coefficient ast is the same for all T of shape [T 1, because we see in
Figure 6.8 that after replacing m, by mae e the expression is the same for all y. This allows

(3)°7(3)
us to state the .”’-action on semistandard basis elements associated to [ T 1]in Figure 6.9.

For standard basis elements associated to Hj we can do a similar reduction by applying *

and using the results from above. We want to consider yu,n € {(2,1),(1,2)},S,T € To(CT 1)
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_ gt
such that ¢B?2,1)BE72,1) o ¢st # 0. Then S must be of type n,so S = B(3’0). Lety € A(2,3) be

the type of T,so T = Bz/g,o)'

By applying * twice we get

*
$pr g1 Oo¢gn pr :(¢BY B’ O¢gr e )

@nBa 3,0)8(3,0) (3.0)B(3.0) @B
O gy, o, Bt otre) = Gt ot 8
= n H Y “ = apn H H Y
Bia1yBia,1) " B3,0)B(z,0 Bia1yBia1) " B3,0) B0

with aB? Bl independent of y, so we only need to calculate one of these coefficients. In
2,1)°(2,1
fact, these coefficients already appear in Figure 6.9. Moreover, we see the cellular property

holds, because ¢z zr is associated to [ [ ]> Bj, so
(3,0

)7 (3,0)

¢Bp )Bn >o¢Bn )By EOmodﬁ’ZBj

(2,1)7 (2.1 (3,0)7(3,0)
for all p.
Although we have reduced the amount of calculations needed to verify the cellular prop-

erty for elements associated to Bj there are still a few that need to be done by hand using

Figure 6.8. We have gathered the results in Figure 6.10 to check the cellular property for
these cases.
Consider, for example, the non-zero actions of ¢B(1,2)B(2,1>:

(2,1)7(2,1)
-2
P21 n(1.2) © Pr(1.2) p21) = P21 H(21) +vTP 2 p2)
B(2,1)B(2,1) (2,1)B(2,1) B(s,o) (3,0) B(Z,I)B(Zl)
-2 -2
¢ (1,2) (1,2) 0¢ (1,2) ,(2,1) = (V + 1)¢ (1.2) ,(2,1) TV ¢ (1,2) (2,1)
B(2,1)B(2,1) B(2,1)B(2,1) B(S,O)B(S,O) B(2,1)B(2,1)

The coefficients of ¢.B(2,1) agree and ¢.B<2,1) € LS’ZBH, so their coefficients do not have to
2,1 3.

agree. Hence, the cellular property holds for this action. Similarly, the cellular property hold
for actions of all semistandard basis elements associated to Bj

We have finally shown that the semistandard basis of (2, 3) is cellular and thus verified
Proposition 5.2.1 forn =2 and d = 3.



G L3O Gou 2 Gon 12 Gon 0.3
B(3,0)B(2.0) B(3,0)B(2.0) B(3,0)B(2.0) B(3,0)B(2.0)
" n of (3,0
¢B<3,O>B<3,o> B(5.0)B(s.0)
(vt +v2 5
OP(2,1) pn
+1)¢B€3,0)B33,0) B(30)B(3.0)
(vt +v? 5
OP (1,2) pn
+1)¢B2‘3’0)B273’0> B3 0)B(3.0)
M n oQ ,(0,3)
¢B(3,0)B(3,0) ¢B(3,0)B<"3,0>
Pron p21) 0P (2.1) y(2.1)
B(3,O)B(3,O) B(2,1)B(2,1)
-2
(V=D oo 0P (2.1) (1.2)
B(SsO)B(3,0> B(2,1)B(2,1)
-2
(v2+1)¢ 1) 0P (1.2) L(21)
B(3.0)B(3.0) BBz
- 2
(V1% o 0P (1.2) L(1.2)
B(3,0)B(3.0) BiayBia)

Figure 6.9: . (2, 3)-action on semistandard basis elements associated to [ [ [ |.
Here u,n are arbitrary elements in AT (2,3). Empty entries illustrate that the action is
zero.
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P (1.2) p(2.1)
Bay B

¢ o(1.2) p(1.2)
BB

(V2 + Dy,

(3,0)7(3,0)

[ ICRVNCRY
B(3.0)B30)

-2
+ V2P (21) ,21)
BB

(V_2 + 1)¢B(2,1)B(1,2)

(3,0)7(3,0)

-2
+VP ) L(12)
Bay Bz

(V2 + 1)) o

(3,0)7(3,0)

(V72 + D)y o
3.0)B(3,0)
+V_2¢ (2,1)

(1.2)
Bo1y Bz

(V_2 + 1)2¢B(1’2)B(1’2)

(3,0)7(3,0)

)
+V7P (1.2) L(1.2)
BB

Figure 6.10: .7 (2, 3)-action on semistandard basis elements associated to[ [ ].

Herey € {(2,1),(1,2)}, u € {(3,0),(0,3)} and n € A(2,3). Empty entries illustrate that

the action is zero.

o pu n
gi)B<3,o>B<3,o>
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o (2,1) o(1.2)
BBz

0P (1,2) (2.1
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0P (1,2) o(1.2)
B(Q,I)B(Z,l)
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6.3.2 Right cell modules and their irreducible quotients

Let’s derive the irreducible representations of . (2, 3) from the calculations above. Recall

that there is a canonical element T = A(t*) € T5(A) for each A € AT(2,3). With the
notation of this chapter these are Bgzg; € 7p(CI 1) and BE;B € %(Hj).
By (5.5) there are two Weyl modules for .%(2, 3):

whH = spang {¢B<3,0)T | T € %(D:D)} c y/j[mj ~ .Y

WBj = spanR{ @y | T e T(Bj)} c y/ij

We abbreviate these generators by ¢, where the shape of T indicates which Weyl modules
it is a generator of. The right (2, 3)-actions can be easily inferred from Figure 6.9 and
Figure 6.10.

Next we use the canonical semistandard tableaux to calculate the bilinear form on both
Weyl modules:
<¢5, ¢7‘>¢B(3 0) (3 0) = ¢ (3, 0)5 o ¢TB(3 0) mod 5” for all S, T € 760:\:\:‘)

3,0) (3 0) (3,0)

(¢s, ¢T>¢B(2 1)B(2 1y = ¢y ©¢pen mod YBH forall S,T € ‘T(Hj)

Ly (2 1)) (2,1
By Figures 6.9 and 6.10 the non-zero pairings are:

(D300, Pp3.0) 1
Bigo) "B, 0)
(Ppen,ppen)y= vitv?il (Pgen, Ppen) = 1
(3,0) (3,0) (2,1) (2,1)
(Pprz,ppan) = vitv2el (Ppr2,Ppan) = v?
(3 0) (3,0) (2 1) (2,1)
(P09, ¢Pp09) = 1
B30y (3.0)

We are now ready to find all irreducible representations of .’(2, 3). By Proposition 5.2.4
all L* = W /rad W#, 1 € A*(2,3) are non-zero and thus irreducible.

Proposition 6.3.1. The irreducible representations of ./ (2, 3) are

i)

with
LIT]
w o4 -2
/ L Ifvi+vTe4+1=0
pH = spang {¢B<2 DIYCE 2)}
3.0 Po
w1 , otherwise
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Proof. We proceed like in the proof of Proposition 6.1.1.

[T171: Assume x € rad W1 and express x in the basis of WD:D, say ayx,bx,cx,dy € R
and

R AR R R
Then (x,y) = Oforall y € ij, so if we also express y in this way and use the
calculations from above we get

=a 0 +b 1) +c 2 +d 3) .

SE T ARGC TR R

and
axay + (V2 4 Dbeby + (v 4+ 02 + Dexey + dydy = 0

for all ay, by, cy,dy € R.

Testing with a, = 1,b, = 0,¢, = 0,d, = 0 we see a, = 0 and by similar arguments
alsod, = 0. If (v 4+ v72 4+ 1) # 0 the same applies for by and c, and therefore
rad w1 = {0 }. Otherwise (x,y) = 0 for any b, and ¢, so

rad w1 = spang {¢B(2,1),¢B(1,2) } .

(3,0) (3,0

Bj : Assume x € rad WHj, so(x,yy = 0forally € WHj. Express x and y again in the

basis of WBj:

X =expen + fx¢BE1’2§ andy = ey%gm; + fypga2)
21 21

(2,1) (2,1)

By the calculations above we get:
exey + V_2fxfy =0
for all ey, f, € R.

Because v # 0 we can use similar argument as for [T [ ]and get rad WBj = {0}.
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Before ending this section about explicit computations for .#(2,3) we use our results
to calculate the decomposition matrix of .#(2, 3). Decomposition matrices were introduced
in Definition 2.3.16. If v™* 4+ v™2 4+ 1 # 0, both Weyl modules are irreducible by Proposi-
tion 6.3.1. Otherwise rad W1 c W - Hisa proper submodule and there exists a R-linear
isomorphism

rad WDjj N LBj
do2n P P ,
B30y By
P2 P o)
B30 v B,

which is also .7(2, 3)-linear. Hence, the decomposition matrix of .(2, 3) is:

munfiiiun
vi4v24120 sp=( L 0} LD
0 1 Bﬂ
111 Bj
1 1) NN

0 1 H

v i+ 241=0 :D:(

Moreover, by Proposition 2.3.19 the Cartan matrix of (2, 3) is C = D'D, so:

viA4rv 24120 =C= 1 0 D
0 1 H
1] H:!

viv241=0 sC=( 1 1) oo
1 2 E
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