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Abstract

In the representation theory of Iwahori-Hecke algebras of type A (and in particular for repre-
sentations of symmetric groups) the notion of the weight of a block, introduced by James, plays
a central role. Richards determined the decomposition numbers for blocks of weight 2, and here
the same task is undertaken for weight two blocks of Iwahori-Hecke algebras of type B, using the
author’s own definition of the weight of a bipartition.

1 Introduction

1.1 Iwahori-Hecke algebras and Ariki-Koike algebras

Let n be a positive integer, let F be a field, suppose g, Q1, Q> are elements of F. The Iwahori—Hecke
algebra H,, of type B is the unital associative F-algebra with generators Ty, ..., T,—; and relations

(Ti+q)(Ti=1) =0 (I<i<n-1)
(To—Qi)(To—Q2) =0
T,T; = T;T; O<ij<n-11li-j>1)
TiTix1Ti = TisaTiTia 1<i<n=-2)

ToT1ToT1 = T1ToT1 To.

The subalgebra H,, generated by Ty, ..., T, is the Iwahori-Hecke algebra of type A, and both these
Iwahori-Hecke algebras are special cases of the Ariki—Koike algebra, which corresponds to the complex
reflection group C,1S,,. These Iwahori-Hecke algebras arise in the study of groups with BN-pairs, and
their representation theory bears a close relationship to the representation theory of the corresponding
Coxeter groups. This relationship has been exploited to great effect in type A: a great deal of the
very rich theory of representations of symmetric groups has been generalised to the representation
theory of H,,, and in some instances (such as the author’s proof [10] that the decomposition numbers
for weight 3 blocks of symmetric groups are at most 1) information has passed in the opposite
direction, with the representation theory of (particular instances of) H, answering questions about
the symmetric groups.

‘H, is less well studied than H,; it was first examined by Dipper, James and Murphy [7, 8],
who defined Specht modules for H,, and classified the simple modules. Since then, much of the
representation theory of H, has been deduced as a special case of the representation theory of the
Ariki-Koike algebra. This algebra was introduced by Ariki and Koike [3], and independently by
Broué and Malle [6], and various facts are known about it. Ariki gave a necessary and sufficient
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criterion for the Ariki-Koike algebra to be semi-simple, and described the simple modules in this
case. These are indexed by multipartitions of n with r components, and in general the combinatorics
underpinning the representation theory of the Ariki-Koike algebra seem to be analogous to those
of the Iwahori-Hecke algebra H,, but with partitions replaced by multipartitions; for the Iwahori-
Hecke algebra of Type B, one uses multipartitions with two components, or bipartitions. It has been
shown that the Ariki-Koike algebra is cellular, and this provides a great deal of information about
its representation theory. In particular, we have a classification of the simple modules, in terms of
‘Kleshchev multipartitions’. One of the central problems in the study of algebras such as the Iwahori-
Hecke algebra and the Ariki-Koike algebra is the determination of the decomposition numbers, i.e.
the composition multiplicities of the simple modules in the Specht modules. In this paper, we do this
in a special case.

1.2 Blocks of weight 2

One of the most useful notions in the representation theory of Iwahori-Hecke algebras in type A
is that of the e-weight of a partition, defined by James, where ¢ is the least positive integer such that
1+g+---+ q"’_l = 0in F. To each partition A of 1, one associates a Specht module S for H,, and if
we define the weight of S* to be the weight of A, then weight is a block invariant, and gives a useful
notion of how ‘complicated” a block is. Much of the representation theory of the symmetric groups
and Iwahori-Hecke algebras of type A has taken a ‘bottom up” approach, by studying blocks of a
given small weight. This was done to great effect in weight 2 by Richards [18], who described the
decomposition numbers for these blocks in terms of the combinatorics of weight 2 partitions. His
result may be summarised as follows. Assume e is finite. If A is an e-restricted partition (that is, if
Ai — Aiy1 < e for all i), then S* has a simple cosocle D*. The D" give all the irreducible modules for
H, as A ranges over the set of e-restricted partitions of n. To each e-restricted partition u is associated
an e-regular partition 1°, with the property that the decomposition number [S* : D#] is zero unless
u® = A = u, where & is the usual dominance order on partitions.

Theorem 1.1. [18, Theorem 4.4] Assume that the characteristic of IF is not 2, and let B be a block of Hy, of
e-weight 2. To each partition A in B, one may associate a non-negative integer dA, and to each A for which
dA = 0, one may associate a colour (black or white) such that the following hold.

1. The partitions A in B with a given value of dA are totally ordered by C>.

2. A partition A in B is e-restricted if and only if there is a partition v in B such that v > A, dv = dA and
(if IA = 0) v has the same colour as A. In this case, A° is the least dominant such v.

3. If A and u are partitions in B with u e-restricted, then

1 (u=2)

1 (u=1°)

1 (U= A pand|dA —dul =1)
0 (otherwise).

[S*: DH] =

Richards’s theorem is proved by extensive use of the Jantzen-Schaper formula, a tool for calculat-
ing decomposition numbers of Iwahori-Hecke algebras. Richards classifies all possible ‘cases” of this
formula in weight 2. Using the same techniques, the present author has extended Richards’s work to
characteristic 2 [9].

The purpose of the present paper is to prove a version of Richards’s theorem for the algebra H,,. In
[11], the author introduced a definition of weight for multipartitions, and hence for representations of
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Ariki-Koike algebras, and demonstrated some basic properties of this weight function. In particular,
blocks of weight 0 and 1 were studied, and found to behave in similar ways to blocks of H,, of weight
0 and 1. Here we examine blocks of weight 2, in the type B case. It turns out that (with certain
assumptions on the parameters Q1, Q>, which eliminate ‘trivial” cases) these occur in two different
types. We are able to prove suitable analogues of Richards’s theorem for these types. Our method
is also to use the Jantzen-Schaper formula, or rather its cyclotomic version, proved by James and
Mathas in [13]. Fortunately, there are considerably fewer cases for us to check than in Richards’s
work. On the other hand, we have some work to do in describing the Kleshchev bipartitions in these
blocks.

Much of the background theory we shall use (for example, the parameterisation of simple modules
by Kleshchev bipartitions and the author’s own definition of the weight of a bipartition) holds in
the more general context of Ariki-Koike algebras, and some of our results will generalise easily to
that context. But we concentrate on the type B case in this paper without paying much attention to
generalisation; this is partly to avoid over-burdening the reader with notation, and partly because
even with generalisations of our results, much more work would be needed to obtain a full picture
for the Ariki-Koike algebras — there are other ‘types’ of weight 2 block in general.

For the rest of this introduction, we summarise the background theory we shall use. In Section 2,
we give a rough characterisation of weight 2 blocks. We find that these fall into two distinct types,
which we call Types I and II. We describe a prototypical example for each type. In Section 3, we
analyse blocks of Type I, which seem to be the most interesting. We develop the combinatorics of
Type I blocks by means of a certain partial order on the set Z/eZ, and we describe the Kleshchev
bipartitions and the dominance order in these blocks. Finally, we find the decomposition numbers
for these blocks, proving an analogue of Richards’s theorem above. In Section 4, we look at blocks of
Type II. Here the combinatorics are rather different, and the blocks are easier to analyse. In particular,
any two blocks of Type II have essentially the same decomposition matrix, and we may study these
blocks in much the same way as we studied weight 1 blocks of Ariki-Koike algebras in [11]. We prove
an analogue of Richards’s theorem for Type II blocks also.

1.3 Background theory and notation

In an attempt to regulate the length of this paper, we assume familiarity with much of the
background material we use, concerning the representation theory of Iwahori-Hecke algebras of
types A and B. The standard reference for Iwahori-Hecke algebras of type A is Mathas’s book [15],
and for the Ariki—Koike algebra the reader should consult Mathas’s survey article [16]; concentrating
on the special case r = 2 will yield the theory of the Iwahori-Hecke algebra of type B. The relevant
background information is also summarised in the author’s paper [11], in which the definition of the
weight of a bipartition (which is vital to this paper) is introduced.

Henceforth, we let H,, be the Iwahori-Hecke of type B presented at the start of this introduction,
with g, Q1, Q2 elements of the field F. We assume that g does not equal 0 or 1, and that neither of
the Q; equals 0. We let e denote the multiplicative order of g in F; our assumptions on 4 mean that
e€f2,3,...,00}.

Note that the isomorphism type of H,, is unaffected if we interchange Q; and Q,. However, the
isomorphism types of some of the modules we use are affected under this transposition, and so it is
important that we regard (Q;, Q2) as an ordered pair.

We assume that the reader is familiar with with following combinatorial concepts: partitions,
bipartitions, Young diagrams, addable, removable, normal and good nodes and their residues, rim
e-hooks and their leg lengths and foot nodes, the (e-)weight of a partition, and (e-)cores. As usual, we
may abuse notation by not distinguishing a partition or a bipartition from its Young diagram. We also
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use the notion of Kleshchev bipartitions (as defined in [5]); although the definition of these depends
on the parameters g, Q1, Q>, we shall simply say ‘Kleshchev” without fear of confusion. We use the
recursive definition of Kleshchev bipartitions, but we remark that Ariki, Kreiman and Tsuchioka [4]
have recently found a non-recursive characterisation.

Let S denote the Specht module indexed by a bipartition A = (A1), A?)), and let D¥ be the simple
module indexed by a Kleshchev bipartition p. The fact that the modules D¥ are precisely the simple
‘H,,-modules was proved by Ariki [2, Theorem 4.2].

Our main concern in this paper is the calculation of the decomposition numbers [S* : D*]. The
following fundamental result follows from the fact that H,, is cellular, with the Specht modules being
a set of cell modules.

Theorem 1.2. Suppose A and p are bipartitions of n with y Kleshchev.
1. If u= A, then [SA:DH] = 1.
2. If[S/‘ : DF] > 0, then A & p.

We shall also need the following lemma, which will aid us in determining which bipartitions are
Kleshchev.

Proposition 1.3.
1. Suppose A is a bipartition of n and that x is a good node of A, and let y be the bipartition of n — 1 with
p = A\ {x}. Then A is Kleshchev if and only if p is.

2. Suppose A is a bipartition with at least k normal nodes of residue f. Let p be the bipartition obtained by
removing the highest k normal nodes of residue f from A. Then A is Kleshchev if and only if p is.

Proof.
1. This follows from [5, Theorem 2.9 & Corollary 2.11], in which it is shown that the crystal graph
of a certain highest weight module for U,(sl,) (or for U,(slw), if e = oo0) has vertices indexed by
Kleshchev bipartitions and edges corresponding to removal of good nodes.

2. This is proved by induction on k, with the case k = 1 being part (1) of the present theorem. If
k> 1,let A~ be the bipartition obtained by removing the good node (that is, the highest normal
node) x of residue f from A. By (1), A is Kleshchev if and only if A™ is Kleshchev. The f-signature
of A” is obtained from the f-signature for A by replacing the — corresponding to x with a +.
Hence the reduced f-signature of A~ is obtained from the reduced f-signature of A by replacing
the — corresponding to x with a +. So the normal nodes of A~ of residue f are precisely the
normal nodes of A of residue f other than x. So u is obtained from A~ by removing the k — 1
highest normal nodes of A~ of residue f, and so by induction A™ is Kleshchev if and only if p is.
O

1.3.1 The blocks of H,, and the weight of a bipartition

The block structure of H,, (and for the Ariki-Koike algebras in general) was conjectured, and
proved in one direction, by Graham and Lehrer [12]. The proof has recently been completed by Lyle
and Mathas [14]. Given a bipartition A and an element f of F, let c(4) denote the number of nodes
of A of residue f.

Theorem 1.4. [12, Proposition 5.9(ii)], [14, Theorem 2.11] Suppose A and p are two bipartitions of n. Then
SA and SH lie in the same block of H,, if and only if cp(A) = cp(p) forall f €F.
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If B is a block of H;, then in view of Theorem 1.4 we may define c¢(B) to equal c¢(A) for any
bipartition A in B. We abuse notation by saying that A and y lie in the same block of H,, if and only if
S* and DH lie in the same block.

Now we define the weight of a bipartition, as introduced by the author in [11]. Retaining the
notation c¢(A) from above, we define the weight of A to be

w(A) = cq,(A) + co,(A) — % Z(Cf(/\) - cqf()\))2.
feF

Note that the notion of weight depends not only on g but also on Q1, Q> (or rather, on the ratio Q;/Q>).
It is immediate from Theorem 1.4 that w is a block invariant, and we define the weight of a block

to be the weight of any bipartition in that block. Below we describe a simpler way to calculate the

weight of a bipartition, but first we need to make certain assumptions on the parameters Q1, Q».

1.3.2 g-connected cyclotomic parameters

The representation theory of H, depends crucially on the parameters Q;, Q,. It is clear that the
isomorphism type of H,, is unaffected if these parameters are simultaneously multiplied by a non-zero
scalar. In [7], Dipper and James showed that, as far as representation theory is concerned, we may
assume that the set {Q1, Q2} is g-connected, that is, Q> = ¢°Q; for some integer s. In fact, they showed
that if {Q1, Q2} is not g-connected, then [7, Theorem 4.17] H,, is Morita equivalent to the direct sum

n
@ H;®H,_j,
i=0

where H; is the Iwahori-Hecke algebra of type A. In this situation, it is easy to analyse blocks of H,,
of weight 2; such a block B is Morita equivalent to the tensor product By ® By, where B; is a block of
H; and B; is a block of H,_;, and by [11, §3.1] the weights of B; and B, sum to 2. Furthermore, under
this Morita equivalence a Specht module SAOAD) maps to the tensor product " 51, and so it is
easy to calculate the decomposition numbers for B from the decomposition numbers for By and B>,
and prove an analogue of Richards’s theorem.

In view of this, we shall assume for the rest of this paper that the set {Q1, Q>} is g-connected. In
fact, given the above remark about simultaneous re-scaling of {Q1, Q>}, we assume henceforth that
each Q; is a power of 4. Note that the residue of any node of a Young diagram is then also a power
of g; we shall use the term ‘i-node’ to mean ‘node of residue . We now define integers 6;(A) for
any bipartition A and for i € Z/eZ: §;(A) is simply the number of removable i-nodes of A minus the
number of addable i-nodes. The importance of the §; lies in the following result.

Proposition 1.5. [11, Proposition 3.2] Suppose A and p are bipartitions of n. Then A and  lie in the same
block of H,, if and only if 5;(A) = 6,(u) for all i € Z/eZ.

Proposition 1.5 allows us to define the integers 6,(B) for any block B of H,,: we set 6;(B) = 0;(A) for
any bipartition A in B.

1.3.3 Dual Specht modules and conjugate Kleshchev bipartitions

In this section we summarise some of the results from Mathas’s paper [17] which we shall need.
If A is a partition, let A’ denote the conjugate partition. If A = (A(, A(?)) is a bipartition, the conjugate
bipartition is defined to be
A = (/\(2)// /\(1)/)
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Using Theorem 1.4, it is easy to see that two bipartitions A, u of 1 lie in the same block of H,, if and
only if A and p’ lie in the same block; for there is a bijection between the nodes of A and the nodes of
A’ given by
(i, j k) = (j, 1,3 = k),

and satisfying

res((j,i,3 — k) = Q1Qares((i, k)"
In view of this, we say that the block of H,, containing A" is conjugate to the block of H,, containing
A, for any bipartition A.

In [17], Mathas constructs an H,-module S’(A) for each bipartition A of 1, which he calls a dual
Specht module. The dual Specht modules perform a similar réle to the Specht modules: each S’(A) has
a quotient D’(A) which is either zero or irreducible, and the non-zero D’(A) give all the irreducibles
for H,,. In fact, we can say more.

Theorem 1.6. The module D’ (u) is non-zero if and only if u is Kleshchev. Furthermore, for such a u, we have
o [S'(w):D'(W)]=1,and

« [SA):DW=0ifA%p
Proof. This follows from the discussion in [17, §4]. The algebra H,, has a second presentation which
shows it to be the Iwahori-Hecke algebra of type B with parameters g7!,Q,,Q;. The dual Specht
module S'(A) is then simply the Specht module S* for this latter algebra, and the quotient D’(A) is
the quotient D. It is easy to see from the definition of Kleshchev bipartitions that a bipartition is
Kleshchev for the parameters q‘l, 2, Q1 if and only if it is Kleshchev for the parameters g, Q1, Qo,
and the result then follows from the usual Specht module theory. O

The importance for us of dual Specht modules is as follows. There is an anti-automorphism of
‘H,, defined by T; — T; fori = 0,...,n — 1, and this allows us to define, for each H,-module M, a
contragredient dual module M°. We then have the following.

Theorem 1.7. [17, Theorem 5.7] For each bipartition A,
S'(A) = (V).
As a consequence of Theorem 1.6 and Theorem 1.7, we deduce an important result on decompo-
sition numbers. Say that a bipartition y is conjugate Kleshchev if y’ is Kleshchev.

Proposition 1.8. There is a bijection p v+ pu° from the set of Kleshchev bipartitions of n to the set of conjugate
Kleshchev bipartitions of n such that

o [SH :DH]=1,and

o [SN:DH]=0ifA & p°.
Proof. Contragredient duality is an exact contravariant functor which induces a permutation of the
irreducible modules, so there is a bijection g from the set of irreducibles to the set of Kleshchev bipar-
titions such that [S’(g(D))° : D] = 1 and [S’(A)° : D] = 0if A ¢ g(D) (in fact, the simple modules are
contragredient self-dual, so that g(D’(u)) = p, but we do not need this). Conjugation of bipartitions

reverses the dominance order, so Theorem 1.7 implies that [$8P) : D] =1and [S*: D] = 0ifA g g(D)'.
Now for each Kleshchev u we put u° = g(DH#)". O

We shall make frequent use of Proposition 1.8 later in this paper, and we shall use the notation
p® without further comment. We shall use the following lemma to find the bijection A — A°; this is
simply an adaptation of [18, Lemma 2.12], and the proof is the same as for that result.
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Lemma 1.9. Suppose B is a block of H,,, and we have a bijection A — A” from the set of Kleshchev bipartitions
in B to the set of conjugate Kleshchev bipartitions in B such that [S* : D] > 0 for all Kleshchev A. Then
A" = A° forall A.

1.3.4 Beta-numbers and the abacus

When working with partitions and bipartitions, it is often useful to define beta-numbers. Suppose
A is a partition, and choose an integer a. For i > 1 define

,Bi:)\i+a—i.

Then the integers f1,f2,... are distinct, and the set B(1) = {f1,B2,...} is referred to as the set of
beta-numbers for A with charge a. An important feature of beta-numbers is that removing a rim r-hook
from A corresponds to reducing one of the beta-numbers for A by r. In particular, A has a rim r-hook
if and only if there exists some m such that m € B(A) 2 m —r.

Given a set of beta-numbers for A, we may construct an abacus display: we take an abacus with e
vertical runners, labelled 0, ...,e — 1 from left to right (or labelled with ...,-1,0,1,2,... from left to
right, if e = c0). On runner i, we mark positions corresponding to the integers congruent to i modulo
e, increasing from top to bottom if e < oo, and such that position i — 1 is directly to the left of position
i, if i # 0 (mod e); if e = 0o, we mark only one position on each runner, and these positions lie on a
horizontal line. Now given a set B(1) of beta-numbers for A, we place a bead at position f5; for each i.
This configuration is called the abacus display for A with charge a.

Now suppose we have a bipartition (A, 1?)). Since we are assuming that Q; and Q, are powers
of g, we may choose integers 41,42 such that Q; = q"i for j = 1,2; we refer to such a pair (a1,42) as a
bicharge. For j = 1,2, we construct the set B(AV) = {,ng, g), ...} of beta-numbers for A with charge
a;. The abacus display for A with bicharge (a1, a,) is obtained by constructing the abacus displays for A()
and 1@ with charges a; and a, respectively, and placing them side by side.

Again, removing a rim r-hook from A corresponds to reducing one of the beta-numbers by r.
Given the condition Q; = 4%, we can say more: it is easy to calculate that if we replace [%E]) with

; 0
ﬁy) — 1, then the residue of the foot node of the corresponding rim r-hook is qﬁi] 1. In the special

case r = 1, we see that removing a removable i-node from A corresponds to replacing a beta-number
0 _q

() , .
B;”” congruent to i modulo e with f;

i
1.3.5 Calculating the weight of a bipartition

In [11], a simpler way is found to calculate w(A) in the case when the cyclotomic parameters are
g-connected; we give a full account of this here, since for this paper (where we use only bipartitions,
rather than multipartitions) we can use slightly simpler notation than is needed for multipartitions
in [11].

We refer to a bipartition (A), A®) in which A( and A® are both cores as a bicore. We may reduce
the calculation of the weight of a bipartition to that of a bicore, by removing rim e-hooks from A.

Proposition 1.10. [11, Corollary 3.4] Suppose A = (AY), A®)) is a bipartition of n, and that A~ is a bipartition
of n — e obtained by removing a rim e-hook from A1 or A®. Then w(A) = w(A~) + 2.

By induction, this lemma enables us to restrict attention to bicores. To calculate the weight of
a bicore A = (AW, 1@), we choose a bicharge (a1,42) and calculate the beta-numbers defined above.
Now for i € Z/eZ define

yith) = [(BAM\BAD) n(je Z g/ = )| - [(BAP) \ BAD) nj e Z1 ¢ = 4|
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So yi(A) is the number of beta-numbers of A() congruent to i modulo e which are not beta-numbers of
A®, minus the number of beta-numbers of A?) congruent to i modulo e which are not beta-numbers
of A,

We can use the integers y;(A) to ‘modify” A in such a way as to reduce its weight. Suppose we are
given integers 7, j which are incongruent modulo ¢, and if e = co suppose also that

ie BAM)\B(A®),  jeB@AP)\BAD).

Let I; be the largest element of B(AM) which is congruent to i modulo e, and let ; be the largest
element of B(A?) which is congruent to j modulo e. Let m; be the smallest integer not in B(A()) which
is congruent to j modulo e, and let m, be the smallest integer not in B(A®) which is congruent to i
modulo e (note that the extra assumption on 7, j in the case where ¢ = co guarantees that Iy, I, my, mp
are defined). Now define s;;(A) to be the bipartition obtained from A by replacing [y with m; in B (AR,
fork=1,2.

If e < oo, then replacing A with s;;(A) may be visualised as follows: in the abacus for AD we slide
all the beads on runner i up one space and all the beads on runner j down one space; in the abacus for
A, we do exactly the opposite; see the example below. Replacing A with s;;(A) helps us to calculate
weight recursively, using the following result.

b -2 (=i
Yi(sii(A) =3y +2 (=)
71(A) (otherwise).

w(sij(A)) = w(A) = 2(yi(A) = y(A) = 2).

This proposition is used as follows: if we have y;(A) — y;(A) > 3 for some i, j, then we find that
w(sij(A)) < w(A), and so we may replace A with s;;(1). Continuing in this way, we will certainly reach a
bicore A for which y;(A) — y;(A) < 2 for all i, j. (Note that when e = co, any bicore (i.e. any bipartition)
will have y;(4) — y;(A) < 2 for all i, j.) The weight of this bicore is then given by the following result.

Proposition 1.12. [11, Proposition 3.8] Suppose A is a bicore, and that the integers y;(A) defined above
satisfy
yild) = 7j(A) < 2

foralli, j. Define
I=A{i|yi(A) —yi(A) = 2 for some j}, ] =1{j 1 yi(A) = yi(A) = 2 for some i}.
Then w(A) = min{|I, |]|}.

Armed with Propositions 1.10-1.12, we can easily calculate the weight of a bipartition, or indeed
classify bipartitions of a given weight. We also note the following, which is a consequence of
Proposition 1.11 and [11, Lemma 3.7(i)].

Lemma 1.13. Suppose A = (A, A?) is a bipartition of n which is a bicore, and that y;(A) — yj(A) = 2 for
some i, j. Then s;j(A) is a bipartition of n, and lies in the same block of H,, as A.



Weight two blocks of Iwahori-Hecke algebras of type B 9

Example. Suppose e = 3 and (Q1,Q2) = (4,4%). Let A be the bipartition ((5), (8,3,12)). This has the
following abacus display (with bicharge (1, 2)):

A 1@

01 2 012

We begin by removing rim e-hooks, which corresponds to sliding beads up their runners. We get
w(A) = w(A”) + 4, where

A0 1@

012 012

- = Lo Lo :((2)’(5’3’12))

We have y1(A7) — y0(A7) = 4, and so we have w(A™) = w(s19(A7)) + 4, where

A 1@

012 012

s0A) = 008 S8 e =(212),2).

We have
72(510(A7)) = yo(s10(A7)) = y2(510(A7)) = y1(s10(A7)) = 2,
and so w(s19(A7)) = 1, and hence w(A) =

1.3.6 The cyclotomic Jantzen-Schaper formula

The Jantzen-Schaper formula is a very valuable tool for calculating and estimating decomposition
numbers. The version for Ariki-Koike algebras was proved by James and Mathas in [13]. We state a
weak version here which will be adequate for our purposes, specialising to the case r = 2.

Suppose R is a principal ideal domain and 4, Q1, Q, are elements of R, with § {q invertible. Suppose
also that p is a prime ideal in R such that R/pR = T, and that the images of 4, Q1, O, under this quotient
map are g, Q1, Q respectively. Let K denote the field of fractions of R, and for (i, j, k) € Nx N x {1,2}
define

res((i, j,k) = QO € K.
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Now suppose A and v are bipartitions of n. If x is a node of A, let ry denote the corresponding rim
hook in A, let [(r,) denote the leg length of 7, and let f, be the foot node of r. Make similar definitions
for a node y of v, and then define G(A, v) to be the set of all pairs (x, y) such that

e xis anode of A and y a node of v,
e A\ry,=v\ry,and

o res(f,) = res(fy).
Given (x, y) € G(A,v), define ey, = (=1)10-10)  and let

sw= [[ (Fs(f)-7es(fy)™.

(. y)eGA,v)

Now for any pair of bipartitions (A, p) with u Kleshchev, we define

Sau =Y, vo(gan)IS" : D]

<A

We also need to define the Poincaré polynomial

PG00 =[Ja+d+-+d [] @'Q-Gek
i=1

—n<d<n

The Jantzen-Schaper formula in type B may now be stated as follows.

Theorem 1.14. [13, Theorem 4.6] Suppose R, g, Ql, Qz are such that P(g; Ql, Qz) # Ok. Suppose A and
p are bipartitions of n with u Kleshchev. Then the decomposition number [S* : DF] is at most Opy, and is
non-zero if and only if 5, is non-zero.

Given this theorem, we may refine Theorem 1.2 and Proposition 1.8, by using a coarser order
than the dominance order. Specifically, suppose we have two bipartitions A and p with A & u, and
suppose that there is anode x of A and anode y of y such that A\ r, = u\r, and res(f,) = res(f,). Then
we write A — u. We extend — transitively to form a partial order, which we call the Jantzen—Schaper
dominance order; this order depends on the parameters g, Q1, Q2, but these parameters will always be
implicit when we use this dominance order, so there should be no danger of confusion. It is easy to
see that the usual dominance order is a refinement of the Jantzen-Schaper dominance order, and that
conjugation of bipartitions reverses the Jantzen-Schaper dominance order. It is clear from Theorem
1.14 that Theorem 1.2 and Proposition 1.8 remain true when the usual dominance order is replaced
by the Jantzen-Schaper dominance order. Given these facts, we use Jantzen-Schaper dominance
exclusively from now on, and the symbol & will henceforth denote this order.

Remark. In fact, when we state our decomposition number theorems as analogues of Richards’s
theorem, it will be crucial that > is understood as the Jantzen-Schaper dominance order. The fact that
Richards does not need (a type A analogue of) this order is simply because for a block of weight 2 of
the Iwahori-Hecke algebra in type A, the Jantzen-Schaper order is essentially identical to the usual
dominance order.

We now derive a corollary of the Jantzen-Schaper formula which we shall use repeatedly later.

Corollary 1.15. Suppose A = (AD, A@), y = (uD, u®) and v are bipartitions of n, with v Kleshchev. Suppose
that one of the following holds:
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1. eis finite, A1) and uD are distinct partitions of weight 1 with the same e-core, and A® = u?;
2. eis finite, A® and u® are distinct partitions of weight 1 with the same e-core, and AV = u@;
3. there is a node x of AV and a node y of u® such that A\ ry = u\ ry and res(fy) = res(f,).

Suppose also that [SF : DV] = 1, and that p is the unique bipartition such that A — pand [S¥ : D] > 0.
Then [S : D¥] = 1.

Proof. We define R = F[4, [Tl] with 4 an indeterminate, and set O1=01,0 =0+ aG-q),r=G-9),
for some non-zero a € F to be chosen later. Then certainly Pr(j; 0O1,0») # 0, and it suffices to show
that in each of cases (1-3) we have vy(gau) = £1; for then the Jantzen—Schaper formula will imply that
vp(gap) = 1 and [S*:D"]=1.

1. We claim that there is a unique way to choose a node x of A(!) and a node y of u® such that
A\ 7y = pu\r,and res(fy) = res(f,). Let & be the core of AM and uM, and construct the sets B(&),
B(AM), B(y(l)) of beta-numbers for &, A, y(l) with charge a;. Then we have

B(AW) =B\ I} Ul +el,

B(u™) = B(&) \ fm} U m + e}
for some I, m € B(&). The fact that A > y means that [ > m. We need to find all ways of reducing
one of the beta-numbers for A() by r and reducing one of the beta-numbers for ¥ by r in such
a way that the resulting sets of integers are equal, and the reduced beta-numbers are congruent
modulo e. The only way to do this is to replace [ + e with m + e in B(A()), and to replace  with

m in B(u™). So x and y are unique. Moreover, if we have f; = (x1,x2) and f; = (11, y2), then we
see that x; — x — y1 + y2 = ¢, so that

g = (Q1f° = Qug)*!

for some s. We have
vp(8ap) = £vp(f (@),
where f(§) is the Laurent polynomial Q14°(1 — §°). Since f(g) = 0 and

df _ s—1
d_q(CI) - _teq 7& O/

we have vy(f) = 1, and hence vy(gay) = £1.
2. This is done in a very similar way to (1).
3. Clearly x and y are unique, and so we have
Sap = (Q14° — Qoi")*!

for some s, t; the fact that res(fy) = res(f,) means that Q14° = Q29'. We have vp(gap) = £vp(f(9)),
where

f@) =15 = (Q2+a@@-9)q'".

We calculate f(q) = 0 and we may choose a so that

d
d—g(q) = (s -1y —aq %0,

so that vy(f) = 1, and vy(gau) = 1. O
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2 Rough classification of weight two blocks of H,,

In this section, we gain an understanding of what blocks of H,, of weight 2 ‘look like’. We find
that there are essentially two different ‘types’, according to the types of bipartition that occur. We
describe a prototypical block of each type. In the remaining sections of the paper, we examine blocks
of the two types in more detail.

2.1 Types of weight 2 bipartition

As mentioned above, we may safely assume that Q;, Q> are powers of 4. Using Propositions 1.10—
1.12 which describe the weight of a bipartition, we can easily characterise and categorise bipartitions
of weight 2.

Proposition 2.1. Suppose A = (A1, A?)) is a bipartition. Then A has weight 2 if and only if one of the following
occurs.

Type la e is finite, A has a rim e-hook, and removing this rim e-hook leaves a bipartition of weight 0.

Type Ib e is finite, A is a bicore and there exist i and j such that y;(A) — y(A) = 3 and y;(A) < yx(A) < yi(A)
for every k ¢ {i, j}.

Type Il A is a bicore and y;(A) — v (A) < 2 for all i, j. Furthermore, if
I={i|yiA) —yjA) = 2 for some j}, ] =1{j 1 yi(A) —yi(A) = 2 for some i},
then min{|I|, |J|} = 2.

Proof. If A is not a bicore, then A has a rim e-hook. Proposition 1.10 then implies that A is of Type Ia.
So suppose that A is a bicore. Examining the integers y;(A) and appealing to Proposition 1.11, we find
that y;(4) — y;(A4) < 3 for all , j. If there do not exist i, j with y;(A) — y;(A) = 3, then A is of Type II, by
Proposition 1.12. If there do exist such i, j, then certainly e is finite, and Proposition 1.11 implies that
the conditions of Type Ib are satisfied. O

It is clear that the types mentioned in Proposition 2.1 are mutually exclusive. Given a block of H,
of weight 2, we say that it is of Type I if it contains bipartitions of Type Ia or Ib, or Type Il if it contains
bipartitions of Type I It is not at all clear yet that a block cannot be of more than one different type,
but this will emerge later.

For the rest of this section, we describe ‘prototype’ blocks of the two types, and then we consider
maps between blocks analogous to the Scopes bijections for blocks of Iwahori-Hecke algebras.

2.2 Some prototypical blocks
221 Typel

For our first prototypical block, we assume that e is finite. We let B, be the block of H, with

0 (otherwise).

1 1,q9,...,q0°"

It is easy to describe the bipartitions in B,.

Proposition 2.2. B has weight 2, and the bipartitions in B, are precisely the following:
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1. all bipartitions of the form ((w + 1,171, @) or (&, (w + 1,1 ) for 0 S w < e — 1;
2. all bipartitions of the form ((w + 1,1%), (y + 1, 1%)), where w, x, y, z are non-negative integers satisfying
wHx+y+z=e—-2

and

QZ — qw+z+1 Ql )

Proof. The fact that B, has weight 2 is immediate from the definition of weight. If A = (A, 1@ lies

in BI, then we must have /\(21) <land /\22) <1l(.e. AD and A®@ are ‘hook partitions’), since the nodes
of A have distinct residues. It is easy to see which pairs of hook partitions will give exactly one node
of each residue. O

Note that if Q; = Q», then the integers w, x, y, z cannot exist, and so the second type of bipartition
does not occur.

Proposition 2.3. Every bipartition in B, is of Type Ia or Type Ib.

Proof. The bipartitions ((w+1,1°7%"1), @) and (&, (w + 1, 1°7“~1)) are clearly of Type Ia. For the others,
we choose a bicharge (a1,42), and calculate the corresponding beta-numbers and the integers y;(A).
For A = ((w + 1,1%), (y + 1,17)), we can see that

BAW)y={meZ|m <a— 1\ {a1 —x— 1} U{a +w),
BA®Y={meZ|m<ay—1}\{aa —z—1} U {ar + y}.

Hence (recalling thata, =a; +w+z+1=a; — (x +y—1) (mod ¢)) we have

%(ul—e—(az—w—z—l) k=a,....;m+w-1)
%(ul—e—(az—w—z—1)+ k=a +w)

Ll —e—-@@-w-2z-1)) k=m+w+1,...a1 +w+2)

)

)

_Je )

yi(A) = )
)

)

%(ul—e—(az—w—z—l) k=a;—x-y-1,...,m4 —x-2)

%(ul—e—(az—w—z—l) k=ap—x-1)

%(ul—e—(aQ—w—z—l) k=a1—x,...,a1 1),

where all congruences are modulo e. Thus we find that if we puti =a; + wand j = a; —x — 1, then
we have the conditions for Type Ib. m|

2.2.2 Typell
For our next prototype, we assume 4 < e < co. We also assume that
Q2 =q"Q
for some 0 < p < e — 4. Then we define B; to be the block of Hop g with
2 (fe{QuqQ1,...,4"Q1})
crBy) =41 (f €{g7'Qu, 4" Q1))

0 (otherwise).
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Proposition 2.4. B, has weight 2, and the bipartitions in B, are precisely the bipartitions
Aca = (e, d), (227,179
for0<d<c<p+2
Proof. The weight is immediate from the values of cf(Bj;). Now assume A is in B. We have

520, (A) = cpp2g, (A) = 0, so the partition AW is contained in (p + 2,p + 2). Similarly, the partition A
is contained in (2/*2). Now it is easily checked that the only possibilities are those given. O

Proposition 2.5. Every bipartition in By is of Type 1.

Proof. It is clear that A4 does not have a rim e-hook, so is of Type Ib or Type II; we find which by
examining the integers y;(A. ), for a given bicharge (a1, 4,). For )\El‘; = (¢,d) we have

BA)Y=(meZ|m<a-3}Ulay +d—2,ay+c—1},
while for 1) = (227,17 we get

BAZ)=fmeZ|m<ay+ N \laz—p+d—2,a—p+c—1}.

Now (recalling that a, = a; + p (mod e)) we find that if e < co then

%(az—m—p)—l i=m—-2,...,a0+d-23)
%(az—a1—p)+1 (i=a1+d-2)
Yap-m-p)-1 (i=m+d-1,...,41 +c—2)
Vilhed) = la—m-p+1 (i=a+c-1)
la—m-p -1 (i=ar+c...,m+p+1)
L —a -p) (i=a+p+2,...,a1 +e—23)

with congruences modulo e; a corresponding statement holds for the case e = . So we have
Vi(Aca) = 7j(Aca) < 2foralli, j. So A s must be of Type IL O

If Q1 = ¢PQ, for some 0 < p < e — 4, then we introduce another prototype Bj, with

2 (f € {Qlqull"'quQl})
B =131 (felg'Qu g™ Qi)
0 (otherwise).

All the results we shall need concerning the block Bj; are analogous to corresponding results for B,
and are proved in exactly the same way. For example, the bipartitions in Bj; are the bipartitions

Ac,d = ((2p+2—cl 1C_d)/ (C, d))

for 0 < d < ¢ < p +2, and these bipartitions are all of Type IL.
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2.3 Scopes-type bijections

In order to prove some of our results concerning weight 2 blocks, we take an inductive approach,
beginning with the prototype blocks defined above. In order to do this, we need to introduce maps
between blocks of type B Iwahori-Hecke algebras analogous to the ‘Scopes isometries” in type A [19].

For i € Z/eZ, define the function ¢; : Z — Z by

j—1 (j=i (mod e))
¢i(j)=<j+1 (j=i-1 (mod e))

] (otherwise).

It is clear that ¢; reduces to a function ai :Z/eZ. — 7] eZ.
Now, given a bipartition A and given i € Z/eZ, we calculate the beta-numbers of A, and then

we define the bipartition ®;(A) by replacing each beta-number ﬁ](cj ) with <Pz‘(ﬁ,(<j )). Informally, ®@;(A) is
obtained from A by simultaneously removing all removable i-nodes and adding all addable i-nodes,

or by swapping the (i — 1)th and ith runners of each abacus in the abacus display for A.

Proposition 2.6.
1. If Ais a bipartition of n, then ®;(A) is a bipartition of n — 6;(A).

2. w(®@(A)) = w(A).

3. If A and p are bipartitions of n, then A and p lie in the same block of H,, if and only if 6;(A) = 6;(u) and
D;(A) and D;(y) lie in the same block of H,_s, ().

4. If A has weight 2, then ®;(A) is of the same type (as defined in Proposition 2.1) as A.

Proof. (1-3) were proved in [11, Proposition 4.6]. For (4), suppose first that A is of Type Ia, and write
®;(A) as (uP, u?). Then A has a rim e-hook, so there exist j, k such that j € B(A®) but j — e ¢ B(A®).
Hence we have ¢;(j) € B(y(k)) but ¢;(j) —e=¢i(j—e) ¢ B(y(k)), and so ®;(A) has a rim e-hook. Next,
suppose A is a bicore. For each j, k, [, it is clear that we have y;(D;(4)) = Y3.0) (A), and so the type of A
is preserved. O

Suppose B is a block of H,,, containing a bipartition A, and that C is the block of H,,_s,(1) containing
@;(A). In view of Proposition 2.6(3), we may write @;(B) = C unambiguously, so that ®; is also defined
on blocks. Proposition 2.6 has the following corollary.

Corollary 2.7. Suppose B is a block of H,, of weight 2. Then B is of Type I or Type II if and only if ®;(B) is of
Type I or Type I1, respectively.

3 Blocks of Type

3.1 Type I blocks and bipartitions of weight 0

We now examine blocks of Type I in detail. For each of these blocks, we find a convenient
description of all the bipartitions in the block, and we find which of these are Kleshchev and which
are conjugate Kleshchev. We also describe the dominance order on the bipartitions, and then finally
we apply the cyclotomic Jantzen-Schaper formula to find the decomposition numbers, and hence
prove an analogue of Richards’s theorem.
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For many of these results, we use an inductive approach, starting with the prototype block B,. So
we begin by showing that given an arbitrary Type I block, we can apply the functions ®; repeatedly to
reach B;. We begin by examining bipartitions of weight 0; we shall see that we can naturally associate
a bipartition of weight 0 to each Type I block, in much the same way as we associate an e-core to a
block in type A.

Lemma 3.1. Suppose A is a bipartition with both an addable i-node and a removable i-node. Then w(A) > 0.

Proof. Write A = (A, A@). If some A® has both addable and removable i-nodes, then by [11, Lemma
2.2] A® is not an e-core, and so A certainly has positive weight. On the other hand, if A% has a
removable i-node and A4~ has an addable i-node for k = 1 or 2, then (assuming A is a bicore) we
have [y;(A) — yi—1(A)| > 2, and so A has positive weight by Proposition 1.12. O

Corollary 3.2. Suppose A is a bipartition of weight 0, and that 6;(A) < 0 for all i. Then A = @.

Proof. If A # &, then A has a removable i-node for some i. Now 6;(A) equals the number of removable
i-nodes of A minus the number of addable i-nodes of A, so A has at least one addable i-node as well.
But then w(A) > 0 by Lemma 3.1. O

Now if e < 00 and A is a bipartition of Type Ia or Ib, we define a bipartition A as follows:
e if Ais of Type Ia, define A by removing the rim e-hook from A;
e if Ais of Type Ib, with y;(A) — y;(A) = 3, define A to be 8ij(A).
Lemma 3.3. A is a bipartition of weight 0. If A lies in the block B of H,,, then A lies in the block B of H,,—, with
cf(B) = cf(B) - 1

for f€{1,q,...,4° ). If A and p are bipartitions of Type la or Type Ib lying in the same block of Hy,, then
A=1L

Proof. The fact that w(A) = 0 follows from Proposition 1.10 (for Type la) or from Proposition 1.11(2)
(for Type Ib). It is clear that 0;(A) = 0;(A) for each i, and as noted in the proof of [11, Proposition 3.2]
this implies that qu(/‘) = cq;(/\) — C, for some constant C; by [11, Lemma 3.3] we have [A| = |A| — e, and
soC=1.

The final statement now follows, since the block containing A depends only on the block contain-
ing A, and a block of weight 0 contains only one bipartition [11, Theorem 4.1]. O

So weight 2 blocks of H, of Type I are in bijection with blocks of H,,_, of weight 0. Now we can
show that from any Type I block we can reach the prototype block B, by applying the functions ®;
repeatedly.

Proposition 3.4. Suppose that e < co and B is a weight 2 block of ‘H,, containing a bipartition A of Type la or
Type Ib. Then there is a sequence n = ng > --- > n,, = e of positive integers, a sequence B = By, . .., By, where
Bj is a block of Hy, for each j, and a sequence iy, . .., im of elements of Z/eZ, such that

Bj = ®;,(Bj-1)

forj=1,...,m,and By, is the block BIfrom §2.2.1.
Hence B contains only bipartitions of Types Ia and Ib.
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Proof. We proceed by induction on #; if we can find some i such that 6;(B) > 0, then by Corollary 2.7
we can replace B with @;(B), and appeal to the inductive hypothesis. So all we need to prove is that
if 6;(B) < 0 for all i, then B is the block B,. But if 6;(B) < 0 for all i, then we also have 5;(A) < 0 for all i.
Hence A = &, by Corollary 3.2, i.e. cf(z) = 0forall f € F. But then cs(B) = 1for f € {1,q,.. .,q"’_l} by
Lemma 3.3,s0 B = BI.

The last statement now follows from Propositions 2.3 and 2.6(4). O

Now we are able to examine Type I blocks in much greater detail. We have seen that to each Type
I block B we can associate a bipartition of weight 0, namely A for any A in B. We call this bipartition
the root of B.

3.2 The bipartitions in a Type I block

Our next task is to find all the bipartitions in a Type I block. Suppose B is a Type I block with root
v, and construct an abacus display for v. The fact that v has weight 0 means that y;(v) — yx(v) < 1 for
all i, k, by Proposition 1.12. We partition Z/eZ into two sets I, K such that y;(v) — yx(v) = 1 whenever
i € I,k € K. This defines I, K uniquely except in the case where y;(v) = y,(v) for all i, k, in which case
we choose either

I=7/eZ, K=o
or
=g, K=127Z/eZ

as we wish. Now we impose a partial order on Z/eZ. For each i € Z/eZ and for a = 1,2, we define bga)
to be the largest beta-number of v@ congruent to i modulo e, and then for i,k € Z/eZ, we define i = k
if both bgl) > b]((l) and bfz) > bl((Z). Then = is a partial order, which restricts to a total order on each of
I and K. When there are several Type I blocks under consideration and we wish to emphasise B, we
may write Ip, K, =p. We use the symbol % to indicate incomparability under the partial order »=.

Now we can describe all the bipartitions in B. Given h € Z/eZ and a = 1 or 2, define [h]* to be
the bipartition obtained from v by moving the lowest bead on runner & of abacus a down one space.
Giveni € I and k € K, define [ik] to be the bipartition sy (v). Again, if we wish to emphasise B, we may
write [h]}, or [ik]p.
Lemma 3.5. The bipartitions [h]” for h € Z/eZ and [ik] for i € I,k € K are all the bipartitions in B.
Proof. It is easy to verify that [h]” is a weight 2 bipartition of Type Ia with root v, while [ik] is a Type
Ib bipartition with root v and with yx(A) —y;(A) = 3. On the other hand, it is easy to check that a Type
I weight 2 bipartition A with A = v must be of one of these forms. For example, if A is of Type Ib with
Yk(A) = 7i(A) = 3, then A = s544(A), and Proposition 1.11 implies that yi(X) - yk(X) =1,sothati € [ and

k € K, and A = [ik]. O
Examples.
1. Suppose e = 4, Q1 = g> and Q; = g, and take v = (&, (1)). Then v has an abacus display
A0 1@

0123 0123

lfiiag
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and we find

I={0},

K = {1/ 2/ 3}/

Matthew Fayers

and that the partial order = is given by the following Hasse diagram:

3/1\0

2

The bipartitions in B are as follows:

1@

=((3,1), (1)),

A0

0123

:):\(1;:

0123
[1]' =

i

: ).\(1; :

= (@), (1),

: /.\(25 :

0123

it

A(li .

[2]' =

0123

f;ff = (1%, (),

: /.\(2; :

0123

il

: A.(li :

31" =

0123

D= (2,1%),(),

il

0123

#

[01] =

= (4, 1), (2)),

=(2,(2%1)),

=(2,(,2)),

0123

oo =((19),(19),

i
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A A2

i

2. Let B be the prototype block B, and suppose without loss of generality that Q1 = ¢4, Q, = 1.
Then wehave I ={0,...,a—1}, K ={a,...,e — 1} and the order = is given by

[03] = =(2,1),(1%).

0<---<a-1, a<---<e—-1

and i 2 k fori € I,k € K. Furthermore, we have

' =((e—a+1+i,1"7), @) 0 <i<a),
k' = ((k —a+1,17175), &) a<k<e),
(1) = (2, (h +1,1717)) O<h<e),
[ik] = (k—a+1,17"9),G+1,17%) (0<i<a<k<e).

3.3 The dominance order in a Type I block

Armed with our description of the bipartitions in a Type I block, we now describe the dominance
order, which will be very useful later for calculating decomposition numbers. Recall that by the
‘dominance order’, we mean the Jantzen-Schaper dominance order described in §1.3.6. Recall also
the relation — from that section.

Proposition 3.6. Suppose B is a Type I block, and use the notation described above for bipartitions in B. Then
the relation — on bipartitions in B is given as follows:

[° =[] (@ell,2},ijelixj), []' = [kKI' (elLkeKixkk),
' = [[> (eI, [i]' - [k] (elLkeKixk),
k' = [[' GelLkeKksi), k] = [II° (a€{1,2},k1eKkx=I),
[k]' = [k]* (keK), [k]' = [ik] (GelLkeKi%k),
[i? = [k>? (eLkeKixk), [i]? = [ik] (eLkeKisx=k),
K> > [II>? GelLkeKk%i), k> > [ik] (GelkeKk<i),
[ik] > [[]' (elLkeKix<k), [ik] > [k]' (eLkeKi=<k),
[ik] = [[>? (elLkeKi#k), [ik] = [kK]* (eLkeKi#k),
[ik] - [jk] (G, jeLkeKixj), lik] = [ill] (elkleKk:l).

Proof. This is easily checked, by considering all possible ways of removing a rim hook from a bipar-
tition and then adding a rim hook of the same length with foot node of the same residue. Recall that
removing a rim /[-hook corresponds to reducing a beta-number by [, and that the residue of the foot
node of this rim hook is 4°*1, where a is the reduced beta-number. |
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Corollary 3.7. The Jantzen—Schaper dominance order in a Type I block is given as follows:

e[ Gjelisj), ['> k' (ieLkeKi%k),

' [1° G jelisjorik%j somekeK), []'> [k (elLkeKixk),
' > [jk] (G, jelLkeKikk#j),

k' [ GelkeKks=i), K'Y (k1eKkx=1),
k' = [i> (elkeKk«i), k' = [ (k1eKk=1),

k' (il GelkleKksx=I#i),

[P e[ Gjelix)), [Pk (elLkekKixk),
[P = [kl G jelLkeKix=k=<)),

K> = [i]? (elkeKkx%i), KPP = [11? (k1eKk:x=),
kP[] GelLkleKkx=I1<i),

k1= []]' G jelkeKi<ks=j), ikl=[]' (eLkleKi<ksx=l),
lik] = [/° G, jelLkeKi#k%)j), [Kl=[I>? (elLkleKi#ks=l,
k1= [ GjelLkleK@=<jk=Dor(iskz=l#)or(i#k=1<)).

Proof. This is simply a matter of extending — transitively. It can be checked that for any A, u for
which we claim A > p, there are v and & such that A - v — & — p. On the other hand, it can be
checked that if A & p appears in our list and g — v, then A > v appears in our list. O

Example. For the Type I block considered in the last example, the Hasse diagram of the Jantzen-
Schaper dominance order is

[01]
/
[1]*
AN
[0]1
[1]2
\ / \
[03] 2]
[3]2/ [02]/
[2]2
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3.4 Kleshchev bipartitions in Type I blocks

Next, we want to determine which of the bipartitions in a Type I block are Kleshchev. First we
examine how the partial order = changes when we apply the function @, for some: € Z/eZ. Recall the
function ¢, : Z/eZ — Z/eZ defined above. The following result is easy to check from the definitions.

Proposition 3.8. Suppose B is a Type I block of weight 2, and that 6,(B) > 0 for some h € Z/eZ. Let C denote
the block ®y(B). Then we have

o Ic = ¢,(Ip), Kc = ¢, (Kp),
e Oy([gl}) = [ah(g)]‘éfor all g € ZjeZ and a € {1,2},
o Oy([iklg) = [, (), (K)]c for all i € Ip, k € Kp, and

o forall j,1 € Z/eZ we have j =g lifand only ifah(j) =c Eh(l), except when 6,(B) = 1and {j, I} = {h—1, h},
in which case we have
h—-1<gh, h—l%ch.

Now we examine normal nodes. If B and C are as above and A is a bipartition in B, then A has at
least 6;,(B) normal h-nodes. We write Wj(A) for the bipartition in C obtained by removing the 6,(B)
highest normal #-nodes from A. It is easy to see that W, is a bijection between the set of bipartitions
in B and the set of bipartitions in C. Moreover, by Proposition 1.3(2) W}, maps the set of Kleshchev
bipartitions in B to the set of Kleshchev bipartitions in C. We need to describe the action of V.

Proposition 3.9. Suppose B and C are as in Proposition 3.8, and A is a bipartition in B. If 5,(B) > 2, then we
have Wj,(A) = @y, (A) for all bipartitions A in B. If 6;,(B) = 1, then exactly one of h — 1 and h lies in Ig, and the
action of Wy, is as follows.

o If h € Ip, then Wy(A) = Dy(A) for all bipartitions A in B other than the ‘exceptional’ bipartitions
[h =112, [h13, [h(h = 1)]B, for which we have

Wi([h = 113) = [(h = Dhlc,

Wy, ([h]3) = [h]Z,
Wy, ([h(h = 1)]g) = [ - 1]2.

o Ifh—1 € I, then Wy(A) = Dy(A) for all bipartitions A in B other than the ‘exceptional’ bipartitions
[h— 1]%, [h]g, [(h = 1)h], for which we have

Wy ([h = 11p) = [h(h = D]c,

Wi ([hlp) = [hlg,
Wi([(h = 1)hlg) = [h = 1]¢.

Proof. Suppose first that either 6,(B) > 2 or A is not an exceptional bipartition. By examining
the runners labelled # — 1 and & in the abacus displays for the bipartitions in B, we find that every
bipartition A has exactly 6;(B) removable h-nodes and no addable i-nodes, so W},(A) is obtained simply
by removing the removable -nodes. If 6;(B) = 1 and A is an exceptional bipartition, we may calculate
W,(A) using the abacus display for A. As above, let v be the root of B and let bl(.“) be the largest beta-

number of v@ congruent to i modulo ¢; then there are integers t0 1@ such that b](f) = ;”_)1 +1+et@,
We have
|t(1) _ t(z)l <1
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(since v has weight 0), and we also have
D 4+ 1@ = 5,(B) = 1.

Hence either t1) = 1 and t® = 0 (in which case h € Iz and h — 1 € Kp), or tV) = 0 and t® =1 (in
which case h € Kg and h — 1 € Ig). We now illustrate the abacus displays for each of the exceptional
partitions in these two cases; in each case the good h-node corresponds to the white bead.

(7 € Ig]

A=T[h- 1]23 A= [h]ZB A =Thth-1)]

A A2 A A2 A A2

h-1h | h-1 h h-1h | h-1 h h-1h | h-1 h

EIESERAIREIR AL
[h—1¢€lp]

A=T[h- 1]]{3 A= [h]}g A=[(h—-1)h]

AM 1@ A0 1@ A0 1@

h-1h | h-1 h h=1h | h-1 h h-1h | h-1 h

T

O

We are almost ready to state which bipartitions in a Type I block are Kleshchev. First, we do this
for the prototype block B,.

Proposition 3.10. The Kleshchev bipartitions in B, are
e the bipartitions (w +1,1%), (y + 1,1%)) (wherew + x + y + z = e — 2 and Qp = g***1Qy) and
e the bipartitions (@, (w + 1,1 Y with1 <w+1<e—1.

Proof. We begin by showing that the bipartitions listed are Kleshchev. For the bipartitions A =
(w+1,1%),(y + 1,1%)), we may get from A to & by repeatedly removing the lowest removable node:

(w+1,1%,W+1,1%)) - (w+ 1,19,y + 1, 12‘1)) — > (w+1,1%,@1y+1)

—>((w+1/1x)/(y)) _).“_>((w+1,1x)/®)
- (w+1,1"1), 2) — o ((w+1),2)
- (), 2) - (2, 9).

It is easily checked that the removed node at each stage is normal, and hence (since there is at most
one node of any residue) good.
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Now we consider the bipartitions of the form A = (&, (w + 1, 1“‘“]‘1)), withw +1 < e—1. Again,
we repeatedly remove the lowest removable node:

@, (w+1,1" 5 (2, (w+1,1Y2) 5 ... - (&, (w + 1))
— (7, (w)) - > (T, 9).

The removed node at each stage is normal (the condition w+1 < e guarantees this for the first removed
node) and hence good.

Now we show that the remaining bipartitions are not Kleshchev. The bipartition (&, (¢)), is easy
to deal with, since it has no normal nodes. For a partition of the form ((w +1, 16701, @), suppose we
can remove good nodes one by one to reach the empty bipartition. At some point, we must remove
the node of residue Q,; but the Q>-signature at this stage must be —+, and so the node of residue Q>
is not normal; contradiction. O

Now we can state which Type I bipartitions are Kleshchev.
Proposition 3.11. Suppose B is a Type I block, with the sets I, K as above.

e Fori € I, the bipartition [i]! is Kleshchev if and only if there is some k € K with i < k.

For i € I, the bipartition [i]? is Kleshchev if and only if there is some m € Z./eZ with i # m.

For k € K, the bipartition [k]' is Kleshchev if and only if there are some i € I,] € K with [ > k 3= i.

For k € K, the bipartition [k]* is Kleshchev if and only if there is some m € Z./eZ with k < m.

Fori e Iand k € K, the bipartition [ik] is Kleshchev if and only if either k * i or there exist j € I,] € K
withi> jandk < I.

Proof. We use induction on 1, with the initial case being the prototype block B;. The proposition
holds here by Proposition 3.10 — using that result and recalling the notation from Example 2 in §3.2,
we see that the Kleshchev bipartitions in BI are the bipartitions [M?for0 < h<e-2, together with
all the bipartitions [ik].

Now suppose B is some Type [ block other than B,. Then we have 6,(B) > 0 for some h € Z/eZ, and
we let C = @;(B) and assume that the proposition holds for C. Let Lp denote the set of bipartitions in
B which the proposition claims to be Kleshchev. We must show that for A a bipartition in B, Wj(A) is
Kleshchev if and only if A € Lp.

If 65(B) > 2, the proposition holds by Proposition 3.9: the set £z depends only on the sets Iz and
Kp and the order =g, and these are obtained from those for C by applying the function ah On the
other hand, the correspondence A <> W,,(A) is also obtained by applying ¢, .

So suppose 0y(B) = 1, and that A is a bipartition in B. If A is not one of the three exceptional
bipartitions, then we may apply essentially the same argument as in the case where 6,(B) > 2; it is
easily checked that if A is non-exceptional, then the conditions for A to lie in £z do not depend upon
whether & = 1 — 1, and this is (up to relabelling using ¢,) the only place where = and =¢ differ.

Finally we check the three exceptional partitions. We begin by noting the following.

Claim. If m € Z/eZ, then m <g hif and only if m #p h —1.

Proof. This is a matter of considering the possible abacus configurations; if m were a counterex-
ample to the claim, then m would have to lie strictly between i — 1 and h, which is absurd.

Now there are two cases, according to which of 1 — 1 and £ lies in Ip.
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[heIB,h—leKB]

o [h— 1]123 lies in Lp because h — 1 <g h. On the other hand, [( — 1)/]c is Kleshchev because
h#ch-1.

) [h]lz3 lies in Lp if and only if there is some m € Z/eZ with m «p h. On the other hand, [h]é is
Kleshchev if and only there is some m € Z/eZ with m >¢c h. Given any m, we have

m&ph e mAgh,m#h
osm>ph-1,m+h
S m>ch,

and so [h]é € L if and only if [h]é is Kleshchev.

o [hi(h —1)]p lies in Lp because h — 1 #p h. On the other hand, [l — 1]% is Kleshchev because
h—1%ch.

[h—lEIB,hEKB]

o [h— 1]1%g lies in L since h =g h — 1. On the other hand, [k(h — 1)]¢ is Kleshchev because
h—=1%ch.

e Since h =g h — 1, we find that [h]ll3 lies in L3 if and only if there is some [ € Kg with [ >p h.
On the other hand, [h]lC is Kleshchev if and only if there is some I € K¢ such that [ »=¢ h.
Forl € Z/eZ, we have

leKg,I>pheoleKg, I Agh 1l+h
sleKg l>ph-1,1#h
@lEKc,l>Ch,

and so [h]ll3 € Lpif and only if [h]é is Kleshchev.

o [(h—1)h]g lies in Lp if and only if there exist j € Ip, | € Kp with j <p h — 1,1 > h. On the
other hand, [l — 1]}: is Kleshchev if and only if there are j € Ic, | € Kc withl >c h—1 > j.
Given any j, we have

jelg, j<ph—-1e jelg j#ph—-1,j+h-1
©jelp j<gh jth-1
©jele, j<ch-1,

while for any / we have
leKg,I>pheleKe,l>ch-1,

and so the two conditions are equivalent. O

We wish to describe the set of conjugate Kleshchev bipartitions also. To do this, we describe the
conjugation action on bipartitions in Type I blocks. If B is a Type I block of H,, with root v, let B be
the Type I block of H,, with root v'. Then a bipartition A lies in B if and only if A" lies in B, so B’ is the
block conjugate to B. The relationship between B and B’ in terms of our notation for Type I blocks is
as follows.
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Lemma 3.12. Define the bijection™: 7./eZ. — Z[eZ by h = ay + ay — 1 — h. Then we have
Ip ={i|i€lg},
Kp = {k |k € Kg},
(g=p ) @ <ph)
([h1p)" = (RT3,
([iK1p)" = [kl

Proof. It is easily checked that if v is a partition and B(v) is the set of beta-numbers for v with charge
a,then Z\ {b—B | B € B(v)} is the set of beta-numbers for v/ with charge b+ 1 —a. Hence if v = (v(1, v?)
and we calculate B(v()) and B(v\?)) using the bicharge (a1, a2), then

Z\{B | p € B&@)}
and

Z\{B | B € B}

give the beta-numbers for v = @7, vy with bicharge (a1,a2). From this we can calculate the integers
yi(v") in terms of the integers y;(v), and hence calculate Ip., Kp- and =p-. The conjugates of the various
bipartitions are calculated in the same way. m|

We can immediately read off the set of conjugate Kleshchev bipartitions.
Corollary 3.13. Suppose B is a Type I block, with bipartitions [h]* and [ik] as defined above.
e Fori € I, the bipartition [i]' is conjugate Kleshchev if and only if there is some m € Z/eZ with i % m.

For i € I, the bipartition [i]* is conjugate Kleshchev if and only if there is some k € K with i = k.

For k € K, the bipartition [k]' is conjugate Kleshchev if and only if there is some m € Z./eZ with k > m.

For k € K, the bipartition [k]* is conjugate Kleshchev if and only if there are some i € 1,1 € K with
i=k>1L

Fori € Iand k € K, the bipartition [ik] is conjugate Kleshchev if and only if either k X i or there exist
jel,le Kwithi< jand k > L.

3.5 Decomposition numbers for Type I blocks

In this section, we calculate the decomposition numbers for a Type I block. This is done in the same
way as the corresponding calculation by Richards for weight 2 blocks of Iwahori-Hecke algebras,
using the Jantzen—Schaper formula and analysing several cases. Fortunately, we do not have quite as
many cases to contend with.

Of course, the decomposition numbers [S* : DF] are easier to calculate if we know what the
bipartition u® is. But this will emerge from our calculations, using Lemma 1.9. The logic of our
argument is as follows: our main theorem will be a statement of the decomposition numbers for
Type I bipartitions. This will be split into several cases, and will inherently specify a map y — y~,
which will be a bijection from the set of Kleshchev bipartitions in B to the set of conjugate Kleshchev
bipartitions in B. For each case, we attempt to calculate the decomposition numbers [S* : D¥] for
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those A with u < A < p*. We are able to find these exactly except for [S¥ : D], where we find simply
that [S# : DH] > 0 in each case. By Lemma 1.9 we shall have y* = u° for all y, and we shall know all
the decomposition numbers by Proposition 1.8.

We introduce further notation: given / in Ip (or in Kp, respectively), we let i* be the least element
(with respect to the order =) of Ip (respectively Kg) such that ™ > h, if there is any such element. And
we define /i~ to be the greatest element of Ip (or Kg, respectively) such that i~ < £, if there is such an
element.

Table 1 is split into thirteen cases, according to the possible pairs u, yu*. Each case is then split into
sub-cases, according to the possible A such that [S* : D¥] = 1.

Theorem 3.14. Suppose r = 2, e < oo and B is a Type I weight 2 block of H,,. Let I, K, = be as defined above
for B. If A and y are bipartitions in B with p Kleshchev, then the decomposition number [S* : DF] is either 0
or 1. For each , the bipartitions A with [SA : DH] = 1 are listed in Table 1. In each case, conditions involving
i*,i7,k*, k™ should be ignored if these elements do not exist.

Before examining each case of Theorem 3.14 separately, we prove a useful lemma which uses the
Jantzen-Schaper formula to calculate decomposition numbers for Type I blocks. Recall the relation
A — p and the function €, from Section 1.3.6.

Lemma 3.15. Suppose B is a Type I weight 2 block of H,,, and that u, v, & are bipartitions in B such that:
o u is Kleshchev;
e [SY:DH] =1,
o Eopand & > v,and egy # €gy;
e pand v are the only bipartitions 1 in B for which & — mand [S™ : D¥] > 0;
o (u, v, &) takes one of the following forms:

(K], [ik], [jk]) (R, i, j € I, k € K);

1. (
2. ([Hk], [ik], [K]%) (hi € Lk € K,a € {1,2));
3. (K2, [k, LKD) G, j € Lk € K);
4. (
5. (

— —

— —

[k1?, [ik], [K]Y) (i € Ik € K);
[F1%, ()% [h]Y) (f, g, h € Z/eZ,a € {1,2}).
Then [S% : DH] = 0.

Proof. For cases (1-4), we show that gs,¢s, = 1 for any appropriate R, g, Q1,Qy; then the Jantzen—
Schaper formula gives the result. In each of these cases we find, by checking the abacus displays,
that:

e u is obtained from & by adding a rim hook /; to the first component, and removing a rim hook
hy from the second component;

e v is obtained from & by adding a rim hook /; to the first component, and removing a rim hook
I from the second component;

e }i; and [; have the same foot node, fori =1, 2.
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A for which y <A <y

Case | p conditions ' | additional conditions o [ o 1
AP Ake K;(i ; i % k) Lik] = (11:; ;i)i+) [i+k[]k’][1i+]1
A | 1 k<iFk i ) L ATH
B | rernrorinn |07 - [, 1P
C WP | Greni gkriviy | M ST e
C M| renet pivkan | W g e
D IF | grenprive) | E [i+k[]k'1[2i+]2
D | [ik] K wi%k [l d (Zk_;f ff)i_) [i_][llg][f_k]
W iy | e
B i e pop s LA
QIEpUZEID L e
ke KK g s [ik*] 1P, k]!
e R e ot T [P 1 4
S e
R LNEIE 1]>c<i€+1<jcgi sk | K] SFy [ik]ii[gﬂl'1[2i+]z
¢ | K fRiRE T T e e
di,kt
H [ik] (k=iori~ »=k* [i7k*] — [ik*], [i" k]

or (k% i,i” % k*)

Table 1
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Now the condition €z, = —€g, implies that gz, ¢, = 1.

A similar argument deals with case 5. O

Now we prove Theorem 3.14. In each case, we find all the bipartitions A such that g < A <y,
using Corollary 3.7. We then find the restriction of the relation — to this set of bipartitions, using
Proposition 3.6. We indicate this relation in a diagram; our convention in the diagrams below is that
whenever there are parallel arrows v — & and & — 7, there is an implicit arrow v — m parallel to
these. Now we can find the decomposition numbers [S* : DF] for u << A <t u*: for each A, we either
apply Corollary 1.15 to get [S* : D¥] = 1 or Lemma 3.15 to get [S* : D¥] = 0. By ad hoc use of the
Jantzen-Schaper formula, we can easily find [S¥ : DH] > 0 in each case also.

We indicate the diagrams for cases A-H; the diagrams for cases A’, C’, D’, E’ and G’ may be found
by inverting the diagrams for cases A, C, D, E, G and conjugating all the bipartitions. Theorem 3.14
may now be verified, case by case.

Case A [ik]
\
[ik]
\ .
N\
[jk]
[k]!
(1!
./
/.
[
o l/
[7] (Gj=max{jel|j=<k}
Case B i1
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Case C [k]!
\
[i*k]
\ .
[]'k]\
[i]l e [k]2
e
(17
Ve
/.
[i*]?
e
[i? = max(jel] ]
(j=max{jell|j#k}
Case D [ik]
AN
[i*k]
\ .
N
[jk]
[k]?
(17
Ve
[i*]?
[i]? (j=max{jell|j#k})
Case E [ik*]
[itk*]
\ .
[ik+\]‘
[iK] . (k]!
<
1!
Ve
/.
[i*]!
e
(k]!

(j=max(jel|j< k)

29
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Case F k]!
PR
71" [ik]
N N
Wk [ik’]
5
[k]l [k+]2
\ '
k] [1]?
N 4
\[]lk] e i=min{iel|i%k*}
N t=max|iel|i% k")
(kP j=min{jel|j%k
j=max{jell|j%k}
Case G [ik™]
\
[itk™]
\ .
[jk*]
N\
[ik] . [k*]?
e
[j1?
Ve
/.
[i*]?
<
[k]?

(j=max{jell|j#k"})

Case H [ik]

XN
[i7k] [ik*]

e
[ik"]

3.6 A Richards-type theorem for Type I blocks

We now give a simpler description of the decomposition numbers for a Type I block, analogous
to Richards’s description for weight two blocks of Iwahori-Hecke algebras.

Suppose A is a bipartition of Type I, with root v. Then A and v are related in one of three ways:

e Ais obtained from v by adding a rim e-hook to one component (if A is a bipartition of the form

[R]%);
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e Ais obtained from v by adding a rim d-hook to the first component and a rim (e — d)-hook to the
second component (if A is of the form [ik] with i % k);

e Aisobtained from v by adding a rim (d + e)-hook to one component and removing a rim d-hook
from the other (if A is of the form [ik] with i >= k or k = i).

We define an integer dA as follows.

e If A is obtained by adding a rim e-hook to the first component of v, we define dA to be the leg
length of this hook plus 1.

e If Ais obtained by adding a rim e-hook to the second component of v, we define dA to be the leg
length of this hook.

e If A is obtained by adding a rim d-hook to one component of v and a rim (e — d)-hook to the
other component, we define dA to be the sum of the leg lengths of the two hooks plus 1.

o If A is obtained by adding a rim (4 + e)-hook to the first component of v and removing a rim
d-hook from the second, we define JdA to be the leg length of the added hook minus the leg
length of the removed hook plus 1.

e If Ais obtained by adding a rim (d + e)-hook to the second component of v and removing a rim
d-hook from the first, we define dA to be the leg length of the added hook minus the leg length
of the removed hook minus 1.

We re-interpret this definition in terms of Ig, K3, =3.
Proposition 3.16. Suppose B is a Type I block. If i € Ip and k € Kp then

olil' = heZ/eZ|h =i,
Ikl' = |(heZ/eZ | h £k,
1° =
] =

lil>= I{heZ/eZ|h £i),
k> = |(heZ/eZ|h >k},
Hjelpl|j>ill+I{l €Kp|l>kll (i = k)
ikl ={ljelg|j>il+ W eKp|l>K|+1 (i%k)
Hjelplj>il+I{leKpll>k|+2 (ixk).

Proof. Recall that adding a rim hook to a partition corresponds to increasing one of the beta-numbers
for that partition. If this beta-number is increased from b to ¢, then the leg length of the rim hook equals
the number of beta-numbers lying in {b+1,...,c—1}. Given this, it is easy to check the various cases. O

Lemma 3.17. Suppose B is a Type I block, and d € Z. Then the bipartitions A in B with dA = d are totally
ordered by .

Proof. Suppose A and p are bipartitions in B with A 2 y 2 A. Using Corollary 3.7, we can find the
various possibilities for A and p, and show that dA # Jdu in each case. For example, if A = [k]' and
Y= [i]?> with i € I, k € Kg, then the condition A £ u implies that i >= k. We have

OA=|heZleZ|h £K), Ou=lheZleZ|h«i);
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the condition i = k implies that
{heZjeZ |h Ak} 2theZ/eZ|h i},

and this inclusion is strict, since the first set contains 7 and k while the second does not. So we have
dA > du. The other possibilities may be checked just as easily. O

Now we can state our Richards-type theorem.
Theorem 3.18. Suppose B is a Type I block, and w is a bipartition in B. Then p is Kleshchev if and only if there

is some v in B with v > pand dv = dy. In this case, u° is the least dominant such v, and for any bipartition
Ain B we have

A u® — <
[SA:DV]Z{l (B <AL, 10A - apl < 1)

0 (otherwise).
Proof. For each of cases A-H above, we calculate dA—du for each A with g < A < p°, using Proposition
3.16. The diagrams of these cases are arranged so that two bipartitions in the same column have the
same d-value, and these values decrease from left to right. We find that in each case:
° 8y° = ay;
e thereisno pu <A < u® with dA = dy;
e the bipartitions A with [S? : DF] = 1 are precisely those with [9A — du| < 1

For example, suppose we are in Case C with i* # k. We calculate the d-value of each bipartition
in the diagram, from left to right:

Al = |{h | h 3= )] = |{i,it, i, YUk kY KT, L
Ak = |tk | h £ K| = {it, i, Utk K KT,

Ail* = th | h % )] = [{it, i, Ul K KT,
ikl =lhellh>it)+theK|h>k|+1={it, i, JUlkkt k™,
i) = Ith [ h % i*)] ol LUARPE ARRPPPRY AR | % S |

8[]k]—|{hel|h>]}|+|{heK|h>k}|+1 = [, 7, UKL T, L
AP =1th|h %l =, Ul KT KT,
Ik = (| h > k) =77, 7, UKL

The bipartitions A with [S : D] = 1 are precisely those in the first three columns of the diagram.
The result follows for cases A-H. Cases A’, C’, D', E’, G’ follow from these and the easily-verified
formula

Ol =e—JA. O
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4 Blocks of Type Il

We now turn to blocks of Type II. We undertake the same tasks as for Type I blocks: describing
the bipartitions and the Kleshchev bipartitions in a Type II block, finding the dominance order for
these bipartitions, and calculating the decomposition numbers.

Blocks of Type Il behave differently from blocks of Type I. They do not have a naturally associated
bipartition of weight 0, which makes the partitions in them slightly awkward to describe. On the
other hand, we shall see that if B is any block of Type II, then B and @;(B) have the same decomposition
matrix. This makes it easy to prove a Richards-type theorem for these blocks inductively.

As with Type I blocks, we begin by showing that we may get from a Type II block to one of the
prototype blocks B, or B}, by a sequence of the maps ®;; this will facilitate an inductive approach to
many of our results.

Proposition 4.1. Suppose B is a weight 2 block of H,, containing a bipartition A = (A(D, A@) of Type II. Then
there is a sequence n = ng > --- > ny, of positive integers, a sequence B = By, ..., By, where Bj is a block of
Hy, for each j, and a sequence iy, . .., iy, of elements of Z/eZ, such that

Bj = ®;,(Bj-1)

forj=1,...,m,and By, is either the block B, or the block B’I‘Ifrom §2.2.1.
In particular, B contains only bipartitions of Type II.

Proof. We proceed by induction on n. As in the proof of Proposition 3.4, it suffices to prove that if
6i(B) < 0 for all , then B is either the block B, or the block Bj;.

Suppose that 6;(B) < 0 for all i. Suppose A1) # &, so that A1) has a removable i-node for some i.
Either A or A® must have an addable i-node, but AV can’t by Lemma 3.1, since A is a core. So A
has at least one addable i-node. Now if AV has x removable i-nodes and 1@ has y addable i-nodes,
then

Vi) —yiii(A) = x+y,

so the condition for A to be Type I means that x = y = 1. If we define p = (uV, u®) by removing the
removable i-node from AY) and adding the addable i-node of A then p = sii-1)(A) lies in B, and we
have Iy(l)l = [AD| - 1.

So by induction on AD] we may assume that AD = g Certainly MA@ % &, since otherwise we
should have w(d) = 0. So A® has a removable i-node, for some i. By a similar argument to that
used above, we find that A® has exactly one removable i-node, and A has exactly one addable
i-node. Hence g' = Q;, and so A® has only one removable node. So A?) is a rectangular partition,
say A@ = (c?). We have c +d < e since A® is a core, and so by examining the residues of the nodes
we find that

cQ,(A) = cg,(A) = min{c, d},
and that (c(A) — ¢, f(/\))2 equals 1 for exactly 2 min{c, d} values of f, and O for all other values. Hence
2 = w(A) = min{c, d}.

Ifc=2<d wegetQ; = qd‘le, and we find that A lies in the block B,. If ¢ > 2 = d, then Q; = qC‘ZQZ,
and so A lies in the block By ]
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4.1 The dominance order, Kleshchev bipartitions and decomposition numbers in B;; and
By

In order to work out the decomposition numbers for Type II blocks, we begin by looking at the
prototype blocks B, and Bj;. First we must describe the Jantzen-Schaper dominance order and find
the Kleshchev bipartitions in these blocks. For the dominance order, recall the relation — which
generates .

To begin with, we look at the block Bj;. We shall state corresponding results for B
proved in exactly the same way, at the end of this section.

*

I which are

Proposition 4.2. Suppose B is the weight 2 block B
§2.2.2. Then we have A4 — A, if and only if

[ With the integer p and the bipartitions A4 as defined in

e c=aandd > b, or
ec>aandd=>b,or
ed=a+1.
Hence we have A. g = A, if and only if c > aand d > b.

Proof. This is easy to check. O

Now we find which bipartitions in B}, are Kleshchev.

Proposition 4.3. Suppose B is the weight 2 block B,. Then the bipartition A, in B is Kleshchev if and only if
c<p+2andd<p+1.

Proof. Suppose first that c < p+2and d < p+1. Then we may remove nodes from A, in the following
order to get to the empty bipartition; it is easy to check that at each stage the removed node is good:

/‘C,d = ((C, d)/ (2p+2—cl 1C_d))

- ((c,d), (2P+1—c, 1c—d+1))_> o= ((c,d), (1p+2—d))
> (-~ 1,d), (172

— o> ((d, d), (1P)
- ((d, d)/ (1p+1—d)) — ((d, d)/ Q)
- (d,d-1),2) - > ((d), D)
—((d-1),92) — - > (2, 0).

Now we look at the other bipartitions. A, ,+2 has no normal nodes, so cannot be Kleshchev. From
the bipartition A, 4 with d < p + 2, we remove good nodes as follows:

Apirg = ((p +2,d), (17279
= ((p+2,d), 1P N)— - = ((p +2,d),9)
- ((p+2,d-1),2) —--->((p+2),9)
- ((p+1),9).

This last bipartition has no normal nodes, so is not Kleshchev, and so by Proposition 1.3 A5 4 is not
Kleshchev.
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Finally, consider A1 ,+1. We remove good nodes as follows:

/\p+1,p+1 = ((P + 1/p +1),(2)
—((p+Lp+1),1) = (p+Lp+1),2) = (p+1p)9)
- ((p+1lp-1),9) —--- - ((p+1),9).

S0 Ay41,p+1 is not Kleshchev either. O

Corollary 4.4. Suppose B is the block By;. Then A is conjugate Kleshchev if and only if ¢ > 1 and d > 0.
Proof. By examining residues, we find that B is self-conjugate. The conjugation map is given by
/\c,d — /‘p+2—d,p+2—cr

and the result follows. a

Now we can describe the decomposition numbers for B;.

Theorem 4.5. Suppose B is the block B;. If A,  are bipartitions in B with u Kleshchev, then the decomposition
number [S* : DH] equals 0 or 1. For each p, the bipartitions A with [S : DH] = 1 are described in Table 2.

. Afor which py <A <y

Case | u conditions Y and [$h: DF] = 1
A | Ay | 0<d<c<p+1| Ast1441 Acv1,d, Al
B | Agg 0<d<p Adi2,d+2 Adi1d, Ads2,d11
Table 2

Our approach to proving Theorem 4.5 is much the same as our approach to Theorem 3.14, although
the details are much simpler. As for Theorem 3.14, we draw diagrams of the relation — on the set
of bipartitions A with p < A < p*. It then remains to use the Jantzen-Schaper formula; since this is
rather easier than for Type I, we omit the details.

Case A Act1,d+1

a
\A/

Case B Agio442

O\

/\d +2,d+1

| N

/‘d+1,d+l /\d+2,d

7

Adi1d

W

Add

Now we give the corresponding results for the block B;.

Acr1,d o d+1




36 Matthew Fayers

Theorem 4.6. Suppose B is the weight 2 block By, with the integer p and the bipartitions A, defined as above.

1. Wehave A,y &= A, p ifand only if c <aandd < b.

2. A, is Kleshchev if and only if ¢ > 1 and d > 0, and is conjugate Kleshchev if and only if c < p + 2 and
d<p+1.

3. Given A, p in B with u Kleshchev, the decomposition number [S* : DF] equals 0 or 1. For each y, the
bipartitions A for which [S* : D¥] = 1 are listed in Table 3.

Case | u conditions e A f(;l;l‘gk[l;ih %;} /1 T #
A /\C,d 1<d<c< p+2 /‘c—l,d—l /\c—l,d/ /\c,d—l
B | Agg| 2<d<p+2 |Ajogo Ad-1,4, Aa—2,4-1
Table 3

4.2 A Richards-type theorem for B,

We may re-state Theorem 4.5 to describe the decomposition numbers for B, in a way analogous
to Richards’s description of decomposition numbers for weight 2 blocks in type A.

Let B be the block Bj; or Bj;. We define a function d on the set of bipartitions in B by dA.4 = ¢ — d.
Furthermore, we say that A, 4 is black if d is even, and white otherwise. Then we may re-state Theorem
4.5 and Theorem 4.6(3) as follows.

Theorem 4.7. Let B be the block B, or By;.
1. The bipartitions A in B with a given value of dA are totally ordered by (Jantzen—Schaper) dominance.

2. A bipartition p in B is Kleshchev if and only if there is a bipartition v in B such that v > pu, dv = dy,
and (if du = 0) p and v have the same colour. In this case, u° is the least dominant such v.

3. The decomposition numbers for B are given by

[sA;D#]:{l A=pA=p’or(u<AQu’and|du—dA| = 1))

0 (otherwise).

4.3 The bipartitions in a Type II block

Now we consider Type II blocks in general. First, we need to describe the bipartitions in a Type
II block; we use similar arguments to those used in the discussion of weight 1 blocks in [11].
Suppose A is a Type Il bipartition. There are well-defined sets V3, Wy C Z/eZ such that

=2 (iEV/\,jGW,\)

<1 (otherwise),

yi(A) = Vj(/\){

and we have either |V| = 2 < [Wj| or |[Va] > 2 = |[W,].

For v € V,w € Wy, we define Ay, to be the bipartition s,,(A) as defined in Section 1.3.5. For
u,v € Vy and w,x € Wy with u # v,w # x, we define A,y to be the bipartition s,.,(syx(A)). Note
that we have

Auw)wr) = Auo)w) = Au)an)-
Ay and Ap)wy) lie in the same block as A, by Lemma 1.13.
Now we can describe the bipartitions in a Type II block.
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Proposition 4.8. Suppose A is a Type 11 bipartition lying in a block B of H,,, and define Ay, forv € Vy, w € Wy
as above. Then the set of bipartitions in B is precisely

{AJU{Apw v eV, we Wylu {/\(uv)(vw) lutveVyw#xe Wyl
We shall prove Proposition 4.8 by reducing to the case where B = B, or B};.

Lemma 4.9. Suppose A is a Type 1I bipartition and i € Z/eZ. Then Proposition 4.8 holds for A if and only if it
holds for ®;(A).

Proof. Recall the bijections ¢; : Z — Z and ¢, : Z/eZ — Z/eZ. We know from Proposition 2.6(4)
that ®;(A) is of Type II, and we examine the sets Vg, 1), Wo,1). Since the beta-numbers for @;(A) are
obtained from those for A by applying the function ¢;, we obtain

Vo = ¢:(Va),  Wow = ¢:(Wa).

We also get
D;i(Apw) = (D; (A))ai(v)ai(w)
and
Pi(Awo)wn) = (Pl G (15,000

foru # v eV, w # x € Wy, and so @; gives a bijection between
{AVJU{Apw v e Vi, we Wit u {A(uv)(vw) luveVyw+xe Wyl
and

{Di(A)} U {(DPi(A))ow | v € Vo, 2y, w € W, 1)} U{Auoyww) | 1t # 0 € Vi), w # x € W, (1)} O

Proof of Proposition 4.8. By Proposition 4.1 and Lemma 4.9, we may assume that B is the block B},
or B’I*I. In fact, we assume that B is BII ; the other case is similar.

We show also that we may also reduce to the case where A = @: if A() has a removable i-node
for some i, then, since 6;(A) < 0, A has an addable i-node. So we have Vi(A) = vi—1(A) > 2, so there is
exactly one removable i-node and exactly one addable i-node. Applying the function @; is equivalent
to removing all removable i-nodes and adding all addable i-nodes, and so we replace A with ®;(7),
and appeal to Lemma 4.9. We repeat this until we have removed all nodes from A().

So we have A = (&, (2/*2)), and we wish to calculate V; and W,. We choose an integer a such that
Q1 = 4%, Q2 = ¢"7, and as in the proof of Proposition 2.5, we find that

BAWY={meZ|m<a-1},
while
B(/\(z)):{meZ|m<a+p+1}\{a—2,a—1}.

Hence, writing m for the residue of an integer m modulo ¢, we have

Vi={a-2,a-1}, Wa=f{a,a+1,...,a+p+1}.
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We find
A2y = (W —a+1,1), P+ 1070)) @<w<a+p+1),
A=ty = (W —a + 1), @PHHHo-w qu-a+ly) @<w<a+p+1),
A@-2)a-1)wr) = (x —a+1,w—a+?2), (rHita=x qx-w-ly) @<w<x<a+p+1),

and so by Proposition 2.4 the result follows. O

Now, as we did for weight 1 blocks of Ariki-Koike algebras in [11], we wish to give a description
of the set of bipartitions in a Type II block which is independent of the choice of A. Suppose A is of
Type II and lies in a block B, and let V3, W, be as above. Using Proposition 4.8, we may easily find
that [Va|, [IWa| and V3 U W, are independent of the choice of A in B, and so we write these as vg, wp,
Xp respectively. Our description of the bipartitions in B will depend upon which of vg and wg equals
2; if both equal 2, then both descriptions apply.

o If vp = 2, then we write V; = {u, v}, and for distinct y,z € Xp we define

A (y, z} = {u,v})

Ayz (y=u,z€ Wy)

Ay (y=v,z€ W)
Vy,z =

Awy (z=u,y € W,)

Auy (z=v,y € W)

/‘(uv)(yz) ( zZ€ W)\)

Thenv,. = v, is independent of the choice of A, and by Proposition 4.8 the bipartitions v, , are
precisely the bipartitions in B. We shall write v, , as v, .(B) when there is a danger of ambiguity.

o If wp =2, then we write W, = {w, x}, and for distinct y,z € Xp we define

A (y, z} = {w, x})
Azx (y =w,z € Vy)
Az (y =X,z€ VA)
5%2 = A _
yx (Z =w,y € V}l)
Ayw (z=x,y€Vy)
Ay  (Y,z € Va).

Again, &, . = &, is independent of the choice of A; we may write &, as &, .(B).
If vp = wp = 2, with Xp = {a, b, c,d}, say, then we have v, = &4, V4 = &, 5 et cetera.

Example.
1. Supposee =6, Q; = q5, Q> =1,and A = ((5,23,1), (6,1)). This has an abacus display

A0 1@

012345 0123435

Ll
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and we find V; = {3,4}, W = {0, 2, 5}. The bipartitions in the same block include v34 = A, and

A0

1@

012345

012345

2. Suppose ¢ = co and B is the block Bj;. Suppose Q1 = ¢¥ and Q2 = 1. B contains the bipartition

A= (2,(p+2,p+2)), which has an abacus display

A0 |

1@

v p=3p=2p-1 p p+1 p+2 ..
-0 o @& | { .

e —4=3-2-1..p-1p p+lp+2 ..
P R

o e -

Wehave Vy ={-2,-1,...,p—-1}and Wa = {p,p+ 1}. For -2 < y <z < p+1, we have

&y = (@172, 17797), (2 + 1,y +2)).

4.4 The dominance order in a Type II block

Next we work out the dominance order for the bipartitions in a Type II block.
If B is a Type Il block, let vg, wg, Xp be as above. We define a total order on Xp.

e If vp = 2, then for x € Xp define p = (uV, u®) to be the bipartition vy, for any y € Xp distinct
from x, and let 85(x) be the largest beta-number of u!) congruent to x modulo ¢; it is easy to see
that f8(x) does not depend on the choice of y. The integers f5(x) for x € Xg are distinct, and we
totally order Xp according to the usual order of these integers: x 3= y if and only if g5(x) > p5(y).

e If wp = 2, then for x € X3 define y = (uV, 1) to be the bipartition vy, for any y,z € X distinct
from x, and let B(x) be the largest beta-number of u" congruent to x modulo e. 5(x) does not
depend on the choice of y, z, and we totally order Xg according to the order of the integers f(x).

Now we can describe the dominance order in a Type II block.

Proposition 4.10. Suppose B is a Type II block of H,,, with v, wg, Xp, »= and the bipartitions Vy,z OF éy,Z as

defined above.

o Ifog = 2, then we have vy, — vy »» if and only if one of
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’ ’

cy=yandz =z cz=Yyandy =z

~y=zZandz =y cz=Zandy =y
occurs. Hence we have vy, > vy . if and only if one of

cyryandz =7 cyxZandz =y
occurs.

o Ifwp = 2, then we have &, , — &, ., if and only if one of

’

cy=yandz <z z=y andy <z

cy=z'andz<y cz=Zandy <y
occurs. Hence we have vy, > vy if and only if one of

cysyandz <7 cyszZandz<y

OcCcurs.

4.5 Kleshchev bipartitions and decomposition numbers for Type II blocks

The decomposition numbers for Type II blocks are easy to calculate, given our work on B,.
Again, we mimic the argument for weight 1 blocks of Ariki-Koike algebras in [11], and show that the
decomposition numbers are preserved under the Scopes bijections @;. In the following proposition,
we use the notation M ~ dN to mean that the module M has the same composition factors as the
module N7

Proposition 4.11. Suppose B is a Type 11 block, and i € Z/eZ is such that 6;(B) > 0; let C = ®;(B).
1. If Ais a bipartition in B, then A has exactly 0;(B) removable nodes and no addable nodes.
2. ®;(A) is obtained by removing all the removable i-nodes from A, and is Kleshchev if and only if A is.

3. There is a bijection o between the set of Kleshchev bipartitions in B and the set of Kleshchev bipartitions
in C, such that

SNE~ 8BS, SPINE ~ 5Byt
DHE ~ 5;(B)ID"®,  D®I1E ~ 5,(B)IDH

and
[S* : DF] = [$*D : D7W)]

for any bipartition A and any Kleshchev bipartition y in B.
4. ©; preserves the dominance order of bipartitions in B.

Proof. This is proved using the branching rule for Specht modules [1, Lemma 2.1] in exactly the same
way as [11, Proposition 4.11], but citing Proposition 4.10 of the present paper rather than Lemma 4.8
of [11]. O

In fact, we know what the bijection in (3) is.
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Lemma 4.12. The bijection described in Proposition 4.11(3) is the restriction of ®@; to the set of Kleshchev
bipartitions.

Proof. Suppose p is a Kleshchev bipartition in B, and that o(m) = ®;(m) for all Kleshchev bipartitions
1t in B for which o(m) > o(u). We have

1=[SF:DH] = [s%W . DWW,

so that @;(u) > o(u) by Theorem 1.2. If ®;(u) > o(u), then (since @; and ¢ are bijections on the set of
Kleshchev bipartitions) we have ®@;(u) = o(m) for some Kleshchev bipartition 7, and (by assumption)
o(m) = @;(m). But then we get ™ = p, so o(u) = P;(u). O

Now we can state our Richards-type theorem.

Theorem 4.13. Suppose B is a Type II block of H,,. Then there is a function d from the set of bipartitions in B
to the non-negative integers, and a function from the set {A in B | dA = 0} to the set {black, white} such that the
following hold.

1. The bipartitions in B with a given value of d are totally ordered by dominance;

2. Given a bipartition y in B, u is Kleshchev if there is a bipartition v in B such that v > u, dv = du, and
p and v have the same colour if du = 0. In this case, u° is the least dominant such v.

3. The decomposition numbers for B are given by

N 1 A=p,A=p°or(u <AL p®and|du—JdA| = 1))
[S":DH] = .
0 (otherwise).

Proof. We prove this by induction on 7, with the initial cases B = B}; and Bj; already proved. If B is
not B, or By, then we have 6;(B) > 0 for some i € Z/eZ, and we may assume that the result holds for
C = @y(B).

We define d and the colour function on B simply by taking those for C and composing with ®;.
Proposition 4.11 implies the result. m|

Remark. Itis easy to get an explicit expression for d and the colour function: we find thatif y < z € Xp,
then
Iy =lxeXply<x<z

if vg = 2, while
dé,. =llxeXp |y <x<zi

if wp = 2. If vp = 2 and dv,;, = 0, then v, is black if |{x € X | x > z}| is even, and white otherwise. If
wpg = 2 and 85%2 =0, then 5y,z is black if [{x € Xp | x < y}| is even, and white otherwise.
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