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Abstract

Suppose I, m are natural numbers with | < m, and F a field of characteristic p, and let C}[jm
denote the centraliser of the group algebra FS; inside FS,;. Ellers and Murray give a conjectured
classification of the blocks of CZI?m, in terms of the p-blocks of S; and S;,. We prove this conjecture
for a family of blocks that we call ribbon blocks and belt blocks. These are the blocks containing

Specht modules labelled by skew-partitions having no repeated entries in their p-content.
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1 Introduction

Let G be a finite group, H a subgroup of G and F an algebraically closed field. The centraliser
algebra FGH is defined by
FG" = {a € FG | ah = ha Vh € H}.

This algebra appears in a series of papers by Ellers [E1, E2, E3, E4] mainly motivated by the at-
tempt to extend some local-global conjectures and theorems whenever F has positive characteristic.
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Ribbon blocks for centraliser algebras of symmetric groups 2

Such statements relate representation-theoretic information on FG* to local information. In partic-
ular, Ellers” main motivation lies in constructing a theory in which Alperin’s Weight Conjecture and
Brauer’s First Main Thoerem are just special cases of a more general setting.

With this in mind, the centraliser algebra has become an important object of study. If F has
characteristic zero, then a more general argument by Curtis and Reiner [CR, Section 11D] shows that
FGH is a semisimple algebra, with a straightforward construction of its simple modules. So the main
focus is on the case where [ has positive characteristic.

In this paper we focus on the case where both G and H are symmetric groups. Let [,m be non-
negative integers with | < m. The symmetric group S; is naturally a subgroup of S,, and hence
it makes sense to consider the centraliser algebra FSy! := Cfm. The main goal is to find a suitable
labelling for the simple Cfm-modules and a complete description of its blocks, i.e. minimal two-sided
ideals whose direct sum gives the whole algebra. A powerful result would be to give answers to
these issues in terms of the combinatorics of integer partitions, somehow extending the symmetric
group case pioneered by James [J] which we recall in Section 2. Following [K], a complete set of
pairwise non-isomorphic simple Cfm-modules when char(F) = 0 is given by modules of the form

SM\* .= Homps, (S 1s,,S")

where y and A denote partitions of m and I, respectively, and y \ A is a skew-partition in the sense of
Section 2.3. In view of the similarity with the symmetric group case, we name these modules Specht
modules. The Specht modules are also defined in positive characteristic, where they are generally
reducible, and (unlike in the symmetric group case) there does not seem to be a straightforward way
to obtian the simple modules from the Specht modules. In positive characteristic, a full description
of the simple modules of CE ., 18 far out of reach.

The goal of the present paper is to characterise certain blocks of Cfm. As in the symmetric group
case, describing the blocks amounts to finding the appropriate subdivision of the set of Specht mod-
ules (or equivalently, of the set of skew-partitions). In [EM2], Ellers and Murray suggested a classi-
fication of the blocks in positive characteristic and checked it for m — I < 3. Their conjecture (Con-
jecture 2.5) is inspired by the Nakayama Conjecture (Theorem 2.1) and hence is in terms of cores of
partitions. We define a combinatorial block to be a set of skew-partitions which is predicted to com-
prise a single block by Conjecture 2.5. The work of Ellers and Murray shows that every combinatorial
block is a union of blocks, so the remaining task to prove their conjecture is to show that the Specht
modules labelled by two skew-partitions in the same combinatorial block really do lie in the same
block.

In this paper we prove Ellers and Murray’s conjecture for a class of combinatorial blocks of Cf |
we call ribbon blocks and belt blocks. These are precisely the combinatorial blocks containin skew-
partitions having no repetitions in their content (see Section 2.3). In Section 3 we show that (a proper
approximation of) the decomposition matrix of a ribbon or belt block is a connected matrix; this
implies that combinatorial blocks of this kind are blocks of the centraliser algebra.

Acknowledgements. The second author is supported by GNSAGA (INdAM) and has been funded
by the European Union — Next Generation EU, Missione 4 Componente 1, PRIN 2022-2022PSTWLB
— Group Theory and Applications, CUP B53D23009410006.

2 Background and notation

In this chapter we introduce all the background we need in Section 3. We begin with some basic
notations. Let R be a commutative ring with field of fractions F. Let p be a maximal ideal of R and
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denote by k the residue field R/p of positive characteristic p. We suppose that both F and k are
algebraically closed.

If e > 2 is an integer, then we write 4 to mean a + eZ, fora € Z, so that Z/eZ = {a | a € Z} =
(0,1,...,e—1).

In this paper, N denotes the set of positive integers.

2.1 Partitions and Specht modules

In this section we introduce the main combinatorial objects in this paper. A partition is a non-
increasing sequence v = (1,13, ...) of non-negative integers such that vy = 0 for N > 0. The integer
Vi is called the k-th part of v and the number of non-zero parts is referred as the length of v and denoted
by I(v). The (finite) sum vq + - - - + vy, is referred as the size of v and denoted by |v|. If n > 0 and v
is a partition of size n, we say that v is a partition of n and we write v = n. We denote by @ the unique
partition of 0. When writing partitions we omit the trailing zeroes and group together equal parts
with a superscript, e.g. (3,2%,1) stands for the length 5 partition (3,2,2,2,1,0,...) i 10. We denote by
P the set of all partitions and by P, the set of partitions of a fixed non-negative integer n.

The set of partitions P, plays the role of a powerful labelling set for a relevant class of RS;, FS,
and kS,-modules known in the literature as Specht modules. The set of Specht modules {S" | v € P, }
is a crucial object in the study of the representation theory of the symmetric group S, because it
provides a complete set of pairwise non-isomorphic simple FSn-modules (in fact, more generally,
over any characteristic zero field). If F is replaced by the residue field k, an analogous statement
holds if n < p. When n > p, a complete family of pairwise non-isomorphic simple kS,-modules can
be constructed from the Specht modules: if y is a p-regular partition (meaning that it does not have
p equal positive parts), then the Specht module S over k has a unique simple quotient D*, and the
simple modules obtained in this way give a complete set of non-isomorphic simple kS,-modules.
The main outstanding problem in the modular representation theory of the symmetric group is the
determination of the decomposition numbers [S* : D*] for all partitions A, i of n with u p-regular. This
problem goes back to the work of Robinson in the 1960s [Ro2], but remains unsolved in general.

2.2 Young diagrams and standard tableaux

We now introduce a good method for visualising partitions. The Young diagram of a partition v is
the set
V] = {(r,c) e N* | c < 1y }.

The elements of [v], and more generally of N2, are called nodes. We draw a Young diagram as an array
of boxes in the plane such that the horizontal axis is oriented left-to-right and the vertical axis top-to-
bottom (commonly referred as the English notation). For example, [(3,23,1)] appears as follows.

Motivated by the drawing, we say that the node (r,c) is above the node (s,d), or that (s,d) is below
(r,c), if r < s. Analogously, we say that (r,c) lies to the left of (s,d), or that (s,d) lies to the right of
(r,c), whenever ¢ < d.

Fix e is a positive integer. The content of a node (7, ¢c) is the integer ¢ — r, and the e-residue of (r,c)
is c — 7. Note that nodes lying in the same diagonal of N? have the same content and therefore the
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same e-residue for all e. If v € P, we define the e-content and we write cont,(v), for the multiset of
e-residues of the nodes in [v]. For example,

conts(3,23,1) = {—4,73,2,-2,-1,-1,0,0,1,2} = {0,0,0,1,1,1,2,2,2,2}.

The rim of a partition v is the set of nodes (7, ¢) € [v] such that (r+1,c+1) ¢ [v]. We regard this set
as ordered from from SW to NE saying that a node (7, c) comes after (s,d) if (r,¢) lies above or to the
right of (s,d). For h > 1, we define a removable h-hook of v to be an interval (71, ¢1), ..., (r, ¢j,) of the rim
of vsuch that (r1 +1,¢1) € [v] and (r,¢c;, + 1) ¢ [v] and . We call (r1,¢1) and (75, ¢;,) the foot node and
the hand node of the removable h-hook, respectively. By definition the nodes of a removable i-hook
can be removed from [v] to give the Young diagram of a partition of |v| — h. If 1 = 1, a removable
1-hook is simply called a removable node. Dually, we define the neighbours of [v] to be the nodes
(s,d) ¢ [v] such that eithers =1 ord =1, or (s —1,d — 1) € [v]. The neighbours of v are naturally
ordered in increasing order of content. For & > 1, an interval of neighbours (s1,d1),..., (sy,dp) of [v]
is called an addable h-hook if d; =1 or (s1,d; — 1) € [v],and s, = 1 or (s, — 1,d},) € [v]. As in the dual
case, we call (s1,d;) the foot node and (sy, dj) the hand node of the addable h-hook. Again we can see
that, pictorially, an addable h-hook is a series of adjacent nodes which can be added to [v] to obtain
the Young diagram of a partition of |v| + h. An addable 1-hook is called an addable node.

Fixn > 0and v € P,,. We define a v-tableau as a bijection T : [v] — {1,...,n} represented by filling
the nodes of the Young diagram [v] with their images under T. A v-tableau is called standard if its
entries increase along rows and down columns.

Example. Letv = (5,3,2,1) - 11. The following are two v-tableaux, the one on the left being standard.

1[3]7]8]10] 419[2]8]10|
2[5/9 11/7]3
46 16

11] 5

2.3 Skew-partitions and skew Specht modules

This section gets the reader in touch with the combinatorial protagonist of the paper. Since the
algebra of interest — as we shall see in Section 2.7 — relies on two natural numbers, it seems natural to
consider a relation of containment between pairs of partitions.

Let A, u € P. We say that A lies inside p if [A] C [u]. In this case we say that i \ A is a skew-partition.
We immediately see that, if j \ A is a skew-partition, then |y| > |A| with equality holding if and only
if 4 = A. We call the non-negative integer |u| — |A| the size of it \ A. Given two non-negative integers
I<m,wesetP,, :={u\A|A€P, u € Pn}

It is useful to visualise skew-partitions as Young diagrams. For a skew-partition y \ A, we de-
fine the skew-diagram [p \ A] as the set subset of N?> comprising nodes [u] \ [A]. For example, if
i =(6,42,3,2) F19and A = (3,23,1) I- 10, the skew-diagram [u \ A] comprises the coloured nodes in
the picture below.

Note that two different skew-partitions can have the same Young diagram; for example, [(3,2) \

G =[(2%1)\ (217)].
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We remark that if A lies inside y, the Young diagram [A] can be recovered by repeatedly deleting
removable hooks from [y]. The union of these hooks comprises the skew-diagram [y \ A]. Note that
this series of removals is not unique.

Similarly to the case of partitions, for e a positive integer, we define the e-content of a skew-
partition u \ A, and we write cont,(u \ A), as the multiset of e-residues of the nodes in [y \ A], e.g.

conty((6,4%,3,2) \ (3,2%,1)) = {—3,-1,0,1,1,2,3,4,5} = {0,0,1,1,1,1,2,3,3}.

In conclusion to this section, we generalise the ideas of tableau and standard tableau to the case
of skew-partitions. If u \ A is a skew-partition of size n, a y \ A-tableau is a bijection T : [u \ A] —
{1,...,n} represented by filling the nodes of [y \ A] with their images under T. A tableau is standard
if its entries increase along rows and down columns. Standard skew-tableaux play a role in the repre-
sentation theory of symmetric groups: if y \ A € P, ,, the set of standard u \ A-tableaux is in bijection
with the paths between the Specht modules S* and S* in the branching graph of symmetric groups
(see for example [S, Theorem 2.8.3]). The branching rule itself also ensures that if A is a commutative
ring A, then the A-module

SV\A = HomAsl(S)‘,SV is,)

is non-trivial if and only if j# \ A is a skew-partition, in which the dimension of $#\* equals the number
of standard y \ A-tableaux. Modules of this kind will come back in Section 2.7 and will be the heart
of our treatment. We remark that analogous modules for the affine Hecke algebra were studied by
Ram [Ra].

From now on throughout this paper we will abuse notation by omitting square brackets and
not distinguishing between partitions and Young diagrams and between skew-partitions and skew-
diagrams.

2.4 The abacus

In this section we introduce an idea of James and Kerber [JK] that gives another combinatorial
perspective to the objects mentioned in Sections 2.1 and 2.3. Fix e a positive integer. We consider an
abacus display with e vertical runners labelled from left to right by the symbols 0, ...,e — 1. We index
the positions in the i-th runner by the integers i,i +e¢,i + 2¢,... from the top down. Then we align
runners so that position x is immediately to the right of position x — 1 whenever e t x. Each position
in the abacus is either a bead @ or a space 1.

Now consider a partition v and an integer C > I(v). We put a bead in the abacus display just
constructed at position v; — j + C for 1 < j < C. We refer to this drawing as the abacus configuration
of v (of charge C) and we denote it by Ab,(v), or simply Ab(v) if e is clear from the context. The
abacus configuration of a skew-partition p \ A is the pair of abacus configurations Ab(u) and Ab(A)
with the same charge. For convenience we always choose C = 0 (mod e) (this means that the total
number of beads in an abacus display is a multiple of €). Observe that increasing C by e entails
adding a row of beads at the top of the abacus configuration. Note that, by construction, every
runner of the abacus has infinitely many consecutive spaces downwards. We will use the convention
that all positions below those shown are spaces. The picture below exhibits the abacus configuration
of (7,3,22,12) - 16 in an abacus display with 4 runners and 12 beads.

0123
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We remark that given the abacus configuration Ab(v) with charge C, we can read off the j-th
part of v counting the number of spaces which precede the j-th largest bead position in Ab(v). Note
that, by definition, the abacus encodes the rim of v: a node (r,c) corresponds to the position marked
by ¢ — r + C; this position is a bead if and only if (r,c) lies below the next node in the rim of v, or
(r,c) = (1, A1), and otherwise this position is a space.

We remark that for & > 1, a removable h-hook arises from a position x such that x is a bead and
x — his a space in Ab(v). The removal of this h-hook from v corresponds to moving the bead at x into
the space at x — h. Similarly, adding an addable h-hook corresponds to moving a bead at position
x to position x + h, for some x. We will say that a removable or addable hook is at runner i if it
corresponds to a position x = i (mod e). In the abacus configuration above, for example, (7,3,22,1?)
has a removable 7-hook at runner 1 since position 13 is a bead and position 6 is a space. Switching
these two positions gives the abacus configuration of the partition (7,12) - 9 obtained by removing
nodes (6,1),(5,1),(4,1),(4,2),(3,2),(2,2) and (2,3) from (7,3,22,1%).

2.5 p-cores and p-blocks

Our main interest in this paper is understanding blocks, and to prepare the ground we recall the
combinatorics underlying the p-block theory of the symmetric groups. The theory of p-blocks of
finite groups goes back to the early work of Brauer, and the p-blocks for the symmetric group were
first studied by Nakayama [N], who conjectured a classification proved simultaneously by Brauer
and Robinson [B, Ro1].

Fix an integer e > 2, we say that a partition is an e-core if it has no removable e-hooks. Givenv € P,
we define the e-core of v as the partition obtained by successively deleting removable e-hooks from
v until an e-core is reached. We denote this partition by core,(v). In terms of the abacus, evaluating
core,(v) coincides with sliding all beads up as far as possible in the runners of Ab(v). Since this
process clearly produces a well-defined abacus configuration, we deduce that the e-core of a partition
is well-defined. We define the e-weight of v, written weight, (v), to be the number of e-hooks removed
in evaluating core, (v). Note that |v| = |core,(v)| + eweight,(v). Fori =0,...,e — 1, we write v() for
the partition which corresponds to the i-th runner of Ab(v) considered as an abacus configuration
with one single runner (with positions properly numbered). The e-tuple of partitions (v(), ..., v(¢=1)
is called the e-quotient of v. From the abacus interpretation of the weight, we immediately deduce that
weight, (v) = [vO] + .. 4 v,

Example. Let v = (12,72,5,4,2,12) - 39 and e = 4. Then cores(v) = (2,1) - 3, as we see from the
following abacus configurations.

Ab(v) Ab(cores(v))
We find that weight, (v) = 9, and the 4-quotient of v is ((2,1), (12), 2, (3,1)).

Now let n be a positive integer, and consider the p-blocks of S,; that is, the indecomposable
summands of the algebra kS, It is a standard fact that each Specht module is a module for a single
p-block. Conversely, every block contains at least one Specht module (because every simple module
is a composition factor of a Specht module), so in order to describe the p-block structure of S, it
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suffices to say when two Specht modules lie the same block. The following famous result, known
as the Nakayama conjecture, gives a combinatorial condition to understand when two Specht modules
belong to the same p-block of S,,.

Theorem 2.1. Let «, B € P,,. The Specht modules S*, sp belong to the same p-block of S, if and only if
core,(«) = core, ().

Theorem 2.1 was stated by Nakayama in 1940 and proved independently by Brauer and Robin-
son. Thorough the paper we will abuse notation regarding a p-block B of S, as the subset of partitions
of n which labels the Specht kS,-modules belonging to B.

Clearly if two partitions of n have the same p-core then they have the same p-weight. Given a
p-block B of S,;, we denote by g and wg, respectively, the p-core and the p-weight of any partition
in B. It is clear that (the abacus configuration of) all partitions in B can be recovered starting from g
and then sliding wp times beads down in Ab(-yp) in all possible ways.

We now give some more conditions equivalent to those in Theorem 2.1. Note that nothing of
what follows requires p to be a prime number. We need all the abacus configurations to contain the
same number of beads. Since the length of a partition of n is at least 1, to ensure this is enough to fix
the (common) charge C of the abaci to be at least 7, maintaining the convention that C = 0 (mod p).
For every v € P, and everyi =0,...,p — 1, let b;(v) denote the number of beads in the i-th runner of
the abacus configuration Ab, (v). It turns out that the p-tuple (bo(v),...,bp—1(v)) is another invariant
of the p-block to which v belongs. Actually, by definition, the p-core of a partition is obtained by
only sliding beads up in its abacus configuration. It follows that the number of beads in every runner
remains unchanged at the end of the process. In particular, if x and f are in the same p-block B, then
bi(a) = bi(yp) =b;i(B) foralli =0,...,p — 1. (Note that the numbers b; depend on the choice of the
charge; in fact C can be recovered as by + - - - + b,_1. If C is increased by p, then each b; is increased
by 1.)

Analysing the integers just defined, Ellers and Murray [EM2, Lemma 7] derived the following
result which we will need later.

Proposition 2.2. Let B be a p-block of S,, and let a, € B. Suppose that for some h > 1 and some
i€{0,...,p— 1}, a has a removable h-hook at runner i. Then at least one of the following occurs:

o a has an addable h-hook at runner j =i — h (mod p);

¢ P has a removable h-hook at runner i.

Another reinterpretation of the combinatorial condition for two Specht modules to be in the same
block concerns p-contents. Recall that the p-content of a partition A is the multiset of p-residues of
the nodes of A. The following result goes back to Littlewood [L].

Theorem 2.3. Suppose A, i € P,. Then A and u have the same p-core if and only if they have the
same p-content.

So we can label a p-block B of S,, by a multiset of cardinality # of elements of Z/ pZ, corresponding
to the p-content of any partition in B. Using this interpretation, we immediately gain a useful fact
which will come in handy in Section 3.2.

Proposition 2.4. Let m be an integer withm > p. If y \ A € Py_pn and cont,(u\ A) = {0,...,p — 1},
then core,(A) = core,(p) and weightp(A) = weightp(y) —1.

Proof. Let v = corep(}t), let B be the block of S, containing A, and let C be the block of S, with
p-core v. Observe that the nodes of a rim p-hook have contents a,a +1,...,a + p — 1 for some integer
a, and therefore have p-residues 0,1,...,p — 1 in some order. Therefore the p-content of C is obtained
from the p-content of B by adding one copy of each element 0,1,...,p — 1. From Theorem 2.3, this
means that y lies in C. O
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2.6 The degenerate affine Hecke algebra

The next two sections are devoted to introducing the main algebraic objects in the paper. Before
meeting the algebra which is at the heart of the treatment, we introduce an auxiliary structure and
some interesting related concepts. Let A be a field and n be a positive integer.

Definition. The degenerate affine Hecke algebra of degree n over A, denoted by HZ', is the unital, associa-
tive A-algebra with generators zy,...,z,,51,...,5,—1 subject to the following relations:

1. zjzj = zjz; for all i, j;

2. (sisj)™i =1, where m;; = 1, m;;1) = 3 and m;; = 2 for |[i — j| > 1;
3. sizj = zjs;, forj #i,i+1;

4. sizi =zj115; — 1.

Looking at the relation (1), we see that the polynomial generators z1, . ..,z, generate a subalgebra
Alz1,...,zn] of HZ isomorphic to the polynomial algebra in 1 indeterminates over A. Moreover, this
is a maximal commutative subalgebra of 7. Considering relations in (2), we also observe that the
Coxeter generators sy, ...,5,_1 generate a subalgebra of "H,‘;‘ isomorphic to AS,,. In fact, as A-modules,
HA 2 Alzy,..., 24 ®4 AS,. We remark that the centre Z(H2) of HZ' is given by the ring of symmetric
polynomials in the indeterminates z1, ...,z [K, Theorem 3.3.1].

We now focus on the polynomial subalgebra in the case where A is an algebraically closed field.
Since A|[zy,...,z,) is commutative, every simple A[zy,...,z,]-module M is one-dimensional and cor-
responds (via a 1:1 correspondence) to the n-tuple (a,...,a,) € A" such that z; acts as the scalar a; on
M. We define the formal character of a Alz,...,z,]-module as the formal Z-linear combination of the
elements of A" corresponding to its composition factors. The formal character of a finite dimensional
H-module M is then defined as the formal character of its restriction M | Alz1,...2q)- More formally,
following [K], one identifies A[z1, ..., z,| with the parabolic subalgebra

HE 1y =H @4 @4 HY

of HZ}, and defines the formal character ch(M) of M as the image of the class [M] in the Groethendieck
group K(H2-mod), under the homomorphism

ch : K(HA-mod) — K(’Hﬁ,m,l)—mod)

A
(1,...1)

composition factors of an HZ-module are determined by its formal character. This fact will be par-
ticularly useful in what follows due to the strong relationship between the degenerate affine Hecke
algebra and the algebra we are going to meet in the next section.

Before going on we associate another important object to any indecomposable H-module M.
Let (ay,...,a,) be a summand in the formal character of M. The central character of M is defined as
the map Z(H2) — A such that f > f(ay,...,a,) for all f € Z(H2). Since M is indecomposable, all
summands of ch(M) lie in the same S,-orbit [K, Lemma 4.2.2], so the previous definition does not
depend on the choice of the summand (a3, ...,a,). So we say that {ay,...,a,} is the central character
of M and we write C(M) for it. Then two indecomposable H/-modules lie in the same block if and
only if they have the same central character.

induced by the restriction from ’H;? to H . By [K, Theorem 5.3.1], ch is injective, therefore the
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2.7 The centraliser algebra for symmetric groups

We are ready to meet the algebraic protagonist of the present work. Most of the material in this
section is taken from [EM2]. Let A be a commutative ring and take m, ! non-negative integers with
I <mandsetn:=m—1I. Then AS; is an A-subalgebra of the group ring AS,,. We define the centraliser
algebra Cl"“m to be the centraliser of AS; in AS,,; that is, the algebra

Cfm :={a € AS,, | ab = ba for every b € AS;}.

This algebra has been studied extensively by Ellers and Murray [EM1, EM2], following earlier more
general work on centraliser algebras for subgroups of finite groups by Ellers. However, C;1 remains
poorly understood, and in particular its blocks are not yet known. This is the focus of the present
paper.

By the very effective description in [K, Section 2.1] we know a straightforward generating set for
Cl’f‘m. This is the union of three subsets:

o the centre Z(AS,,);
o the symmetric group (isomorphic to S,,) on the symbols {/ +1,...,m};
o the set of Jucys—Murphy elements L; = (1j) + (2j) +---+ (j—1j)forj=1+1,...,m

We introduce a family of Cl’j‘m—modules which will be at the heart of our treatment. Suppose that

A Fland y = m. Then the A-module S\ = Hom AS, (S*, s ls,) introduced at the end of Section 2.3
is naturally a module for Cl’f‘m, via the action

(c¢)(v) = co(v) forc e C{f‘m, $p s\, vest.

As already remarked, S\! is non-trivial if and only if i \ A € P .. To emphasise the similarity with
the symmetric group case, we refer to these C{} -modules as Specht modules.

We now recall our p-modular system (R, IE*‘ k) where p is the prime characteristic of the residue
field k. Since char(F) = 0 the algebras FS,, and FS; are both semisimple by Maschke’s Theorem. The
general theory of centraliser algebras then implies that Cfm is semisimple as well, with a complete
irredundant set of simple modules given by the set

{" [u\A e P}

of Specht modules.

Things change if the fraction field F is replaced by the residue field k: the centraliser algebra C;‘,m
is in general not semisimple and its Specht modules generally fail to be simple. The decomposition
number problem for Cl’fm asks for the composition factors of the Specht modules; unfortunately, at
present we do not have a good labelling of simple module for C . This paper is concerned with

determining the p-blocks of Ck . The Specht module S\ over k is a p-modular reduction of the
corresponding (simple) Specht module over F. So (analogously to the case of symmetric groups)
describing the p-block structure of Ck,m reduces to finding the appropriate partition of the set of Specht
Clk/m-modules. For this, we use an approach pioneered by Ellers and Murray, which we describe in
the next section.
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2.8 Combinatorial blocks

Let [,m,n be as in Section 2.7. We have pointed out that in order to find the decomposition
of Ck into p-blocks, we need to look for a way to partition the set of Specht Ck -modules. We
know by Theorem 2.1 how the Specht modules for the symmetric group split into p—blocks, this is a
characterisation based on the concept of p-core. Our main conjecture (which is implicit in the work
of Ellers and Murray [EM2]) predicts that the case of the centraliser algebra works in the same way.

Conjecture 2.5. Let y1 \ A1, pi2 \ A2 € Pp . The Specht Clk’m -modules $"1\M,8"2\'2 belong to the same
p-block ofCl’fm if and only if corey(p11) = corep,(p2) and core, (A1) = core,(Az).

We can consider Conjecture 2.5 in terms of idempotents. We say that a non-zero central idempo-
tent of Cl’fm is a block idempotent if it is primitive, i.e. it cannot be written as the sum of two non-zero
central idempotents. The blocks of Cl’fm are then precisely the algebras eClk’m for e a primitive central
idempotent.

In the case of the symmetric group S,;, Theorem 2.1 tells that there is a bijection between the set
of p-block idempotents of kS, and the set of p-core partitions which are the p-core of at least one
partition in P,. Given p-blocks B and B’ of kS, and kS, respectively, let eg and ep the corresponding
p-block idempotents. Then it is straightforward to see that ep ep is a central idempotent of Cf I SOisa
sum of block idempotents, and ep eB/Cl,m is a (possibly zero) sum of p-blocks of Cf‘,m. Moreover, ep epr

acts as the identity on $*\! if S* lies in B and $" lies in B’ (that is, if core,(p) = vp and core,(A) =
vp'), and otherwise epep S\ = 0. If ep eg # 0, then we refer to ep eB/Clk,m as a combinatorial block of
Ck Conjecture 2.5 then predicts that every combinatorial block is a p-block. Since the sum of the

elements egep over all choices of B and B’ is 1, this would then mean that every p-block of Ck
a combinatorial block. We will abuse notation by identifying a combinatorial block with the set of
Specht modules in that combinatorial block, or with the set of labelling skew-partitions.

In [EM2], Ellers and Murray prove Conjecture 2.5 in the case n < 3. The aim of the present paper is
to prove Conjecture 2.5 for a large family of combinatorial blocks of C{" - We follow the idea of Ellers

and Murray [EM2, Section 1.2] to exploit the relationship between the centraliser algebra Clk,m and the
degenerate affine Hecke algebra X. Their work shows that every C lk ,~module naturally admits the
structure of an HX-module: the symmetric group on {I +1,...,m} and the Jucys-Murphy elements
Li+1,..., Ly generate a subalgebra of Clk,m which is a quotient of HX; restricting to this subalgebra and
then inflating yields an #-module. With respect to this structure, every Specht module is equipped
with a formal character and a central character and it is an easy task to combinatorially evaluate these.
Crucially, two Cl'fm-modules in the same combinatorial block have the same composition factors if and
only if the corresponding HX-modules do. This enables us to work with formal characters of Specht
modules to prove the p-block structure.

Let u \ A € P, and consider a standard u \ A-tableau T. We associate to T the permutation
ar = (ay,...,a,) of conty(u \ A) such that a; is the p-residue of the node containing with number j

in T, for j =1,...,n. The formal character of the Specht module $#\*, we denote by ch(y \ A), is the
formal sum of the n-tuples ar with T varying in the set of standard p \ A-tableaux.
Example. Let p = 3 and u \ A = (42,2) \ (22,1) € Ps10. The formal character of the Specht Cé‘,lo-

module $*\! is as follows (we draw the skew-diagram yu \ A filling every node with its 3-residue,
omitting bars):

210
112
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2.(2,2,0,1,2) +2-(2,2,1,0,2) +2-(2,0,1,2,2) +2-(2,1,0,2,2) + (2,0,2,1,2) + (2,1,2,0,2).

By construction, every term of the formal character ch(y \ A) is a permutation of the p-content of

1\ A. The central character of the Specht module S"\A, as an HK-module, then exactly coincides with
the multiset cont, (z \ A). We observe the following fact.

Proposition 2.6. Let j11 \ A1 and pp \ Ay be skew-partitions in the same combinatorial block of Cl’fm.
Then cont,(p1 \ A1) = conty(p2 \ A2).

Proof. This follows from Theorem 2.3. O

Motivated by the above result, we say that a combinatorial block B has central character C(B)
equal to the p-content of any skew-partition in B.

One of the main tools in the paper is the decomposition matrix. Let B be a combinatorial block
and let Dp be the matrix whose rows are indexed by B and columns by those simple H*-modules
appearing as composition factors of some Specht module in B. To detect the entries of the row of Dp
labelled by the skew-partition p \ A, write ch(u \ A) as a Z-linear combination of formal characters
of simple H¥-modules. The coefficients in this expression give the desired decomposition numbers.
B is then a p-block of Cl’fm if and only if the decomposition matrix Dp is a connected matrix (i.e. if it
cannot be put in block-diagonal form by permuting rows and columns).

We end this section and this chapter with a crucial remark.

Remark. Given a skew-partition y \ A, fill the boxes of the skew-diagram p \ A with their p-residues,
and define the p-shape of u \ A to be the multiset of connected components of the resulting diagram. It
is easy to see that if two skew-partitions in B have the same p-shape, then the corresponding Specht
modules have the same formal character, and therefore the same composition factors (with multiplic-
ity) as Hk-modules. This means that for our purposes, we can largely shorten the number of rows
of Dp relabelling them with the set B that comes out quotienting B by the equivalence relation that
identifies skew-partitions with the same p-shape. We say that B is the set of p-shapes of B. We regard
the elements of B as Hk-modules and when talking about the formal character and the composition
factors of a p-shape X we mean those of any Specht module in B whose p-shape is X. Also, saying
that a p-shape belongs to a combinatorial block we mean that the combinatorial block contains a
skew-partition with that p-shape.

When drawing p-shapes, we follow [EM2] by drawing the connected components in a diagonal
line in arbitrary order.
For example, take p = 3, and consider the skew-partitions (4,1) \ (2) and (3,2) \ (2):

[2]0] 2
2 2]0

Both skew-partitions have the same 3-shape and the corresponding Specht modules both have formal
character (2,0,2) +2-(2,2,0).

3 Ribbon blocks and belt blocks

This chapter is devoted to establishing Conjecture 2.5 for a special family of combinatorial blocks
of the centraliser algebra. Again let m,] be non-negative integers with m > [ and let n = m — I. Recall
that (R, T, k) is a p-modular system where p denotes the (prime) characteristic of the residue field k.
Let B be a combinatorial block of Clk’ - The central character of B is a multiset of elements of Z/ pZ. We
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will be concerned with the case where there are no repeated entries in the central character, so that
the central character is a subset of Z/ pZ. In this case clearly n < p and we say that B is a generalised
ribbon block if n < p (so that the central character is a proper subset of Z/ pZ), or a belt block if n = p.
We will assume for the rest of Section 3 that B is either a generalised ribbon block or a belt block.

In the last section we explained that when working modulo p we can identify skew-partitions
with the same formal character (since the rows of the decomposition matrix Dp labelled by them are
identical), so from now on we will be concerned with just the set B of p-shapes of B. Firstly it is a
good idea to give a visualisation of the elements of B. If j \ A is a skew-partition in B, then its skew-
diagram does not contain a 2 x 2-subdiagram (because otherwise it would have boxes with equal
p-residue, contrarily to our assumption on B) and hence it is a disjoint union of rim-hooks of p. If X
is the p-shape of u \ A, we refer to a connected component of X for any of these rim-hooks and we say
that X is a ribbon if p \ A is connected, i.e. it is a single rim-hook of y. For example, if p > n = 3, and
B has central character {0, 1, 2}, then the p-shapes in B are among the nine drawings below (the first
four on the left being the possible ribbons).

of1]2] [1]2] ‘ 2] LTW 2] Qﬂ 2]
1 0 01 1 [0 1 01 1
0 o 0] ﬁ 0]

We close this long preface noting that, since there are no repetitions in C(B), if X is a p-shape in

B, there is no risk of confusion writing | i | for the unique node labelled by i in X, for every i € C(B).

3.1 Generalised ribbon blocks

In this section we fix a generalised ribbon block B, with C = C(B) C Z/ pZ its central character.
Our aim is to prove Conjecture 2.5 for B.

Before starting we give another combinatorial perspective to the p-shapes in a generalised ribbon
block. The reason why we do this will be clarified in the next section. We define an arrow graph to be
a directed graph with vertex set C such that every arrow has the formi —+i+1ori+1 —i. Givena
p-shape X, we define an associated arrow graph I'x by drawing an arrow i — i+ 1 [resp. i +1 — 1]
whenever | i |lies on the left of [resp. below] in X, or no arrow between i and i + 1 if these nodes
lie in different connected components of X. It is clear that the set of all possible p-shapes is in bijection
with the set of all possible arrow graphs. We define a p-shape to be maximal if its arrow graph is
maximal, i.e. contains an arrow between i and i 4+ 1 whenever i,i + 1 € C. Note that starting from an
arrow graph we can recover the corresponding p-shape by mirroring the above procedure. Moreover,
we can evaluate its formal character by taking the formal sum of all permutations (ay,...,a,) of C
with the property that i appears before j for every arrow i — j.

Example. Suppose p =7 and C = {0,1,2,3,6}. We give an example of a p-shape and the correspond-
ing arrow graph (omitting bars).

g

The corresponding formal character is then

(0,1,3,2,6) + (0,1,3,6,2) + (0,1,6,3,2) + (0,3,1,2,6) + (0,3,1,6,2)
+(0,3,6,1,2) + (0,6,1,3,2) + (0,6,3,1,2) + (1,0,3,2,6) + (1,0,3,6,2)
+(1,0,6,3,2) + (1,3,0,6,2) + (1,3,0,2,6) + (1,3,2,0,6) + (3,0,1,2,6)
+(3,0,1,6,2) + (3,0,6,1,2) + (3,1,0,6,2) + (3,1,0,2,6) + (3,1,2,0,6).

3
1]2 6+—0 1—2+—3
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Remark. Let p \ A be a skew-partition with p-shape X. Consider the abacus displays for y and A
with the same number of beads. For each i € C, let x; be the position of Ab(y) corresponding to the
node| i | (that is a node of the rim of i by assumption). We look at the arrow graph of X to detect the
content of the position x; in Ab(u) and Ab(A): x; is a space in both Ab(y) and Ab(A) if there is an
arrow i — i+ 1, is a bead in both Ab(u) and Ab(A) if there is an arrow i + 1 — i, is a bead in Ab(y)
and a space in Ab(A) if there is no arrow between i and i + 1.

Now we introduce a fundamental tool in our treatment. Let X, Y be two p-shapes and let D(X,Y)
the subset of C containing those integers i such thati + 1 € C and | i |lies on the left of in X and
below in Y (see the picture below), or vice versa.

X Y

Define the distance d(X,Y) between X and Y as the cardinality of D(X,Y). This concept can be
rephrased also in terms of arrow graphs: take I'y and I'y and denote by I'x UT'y the picture obtained
by overlapping these two arrow graphs. Then d(X,Y) coincides with the number of edges where
two differently oriented arrows overlap in I'x U T'y.

Note that d is not a metric: d(X,Y) can be zero even when X # Y.

9
5/6/7]8

\100‘@‘

S

H~ |1

0]1]2]3 213
01

Then D(X,Y) = {1,3,7} and d(X,Y) = 3. The union of the two arrow graphs 'y UTy is given as
follows, with I'y in red and I'y in blue.

021772723554 5726177879

We start our analysis of generalised ribbon blocks by observing that the formal characters of two
different maximal p-shapes have no summands in common.

Lemma 3.1. Consider a = (ay,...,a,) where ay,...,a, are the elements of C in some order. Then a
appears in the formal character of exactly one maximal p-shape.

Proof. We construct the unique maximal p-shape X such that a is a term of the formal character
ch(X). Start drawing | i |, for some i € C such that i — 1 ¢ C. Then consider the order of i and i + 1
in a: if i + 1 occurs before [resp. after] i, then draw just above [resp. to the right of] the node
. Now do the same for i + 1 and i + 2, and continue until an element k € C is reached for which
k+1 & C. This determines one component of X. Now repeat with the other elements i € C for which
i — i ¢ C to obtain the other components.

By construction, a is a summand of ch(X). We now see that X is unique. If Y is different maximal
p-shape, then the set D(X,Y) is non-empty, because I'x and I'y both have arrows joining i and i + 1
whenever i,i +1 € C. Take i € D(X,Y), and suppose that i appears before i + 1 in a (the other case
being similar). This means that we have an arrow i — i + 1in I'x, and therefore an arrow i <— i +1in
I'y, so that a does not appear in ch(Y). O
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Corollary 3.2. Different maximal p-shapes have no composition factors in common.

The next three results will finally give us a labelling set for the columns of the decomposition
matrix of a ribbon block. In Lemma 3.3, if X is a p-shape, a standard X-tableau indicates a standard
tableau of any skew-partition with p-shape X. We begin with a definition.

Definition. Let X be a p-shape. A refinement of X is a maximal p-shape Y that can be obtained joining
the connected components of X together.

Example. Suppose p = 7, and let X be the p-shape from an earlier example:

3|

112
0
6
Then X has exactly two refinements, as follows.

3] (3],
112 0(1]2
0] 6]
6]

Lemma 3.3. Let X be a p-shape. The formal character of X is the sum of the formal characters of the
refinements of X.

Proof. This follows from a correspondence between standard tableaux: given a refinement Y of X,
each standard Y-tableau gives rise to a standard X-tableau (just by breaking into individual con-
nected components). Conversely, each standard X-tableau arises in this way for a unique refinement
Y: for each i such that the nodes | i |and lie in different connected components of X, the relative
order of the entries 7,i 4 1 tells us how they need to be joined together if the resulting tableau is to be
standard. ]

Corollary 3.4. If X is a p-shape, then the composition factors of X are the composition factors of the
refinements of X.

Proof. This follows from the fact that the formal characters of simple modules of the degenerate
affine Hecke algebra are linearly independent [K, Theorem 5.3.1]. O

Theorem 3.5. Let X and Y be two p-shapes. The following are equivalent:
1. X and Y have a composition factor in common;
2. The formal characters of X and Y have a term in common;
3.d(X,Y)=0;
4. There is a maximal p-shape which is a refinement of both X and Y.

Proof.

(1= 2) This follows from the fact that the formal character of a HX-module is the sum of the formal
characters of its composition factors.
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(2 = 3) If there exists an integer i € D(X,Y), then i + 1 occurs before i in every summand of ch(X)
and after i in every summand of ch(Y), or vice versa. So ch(X) and ch(Y) have no terms in
common.

(3 = 4) Consider the graph I'y UTy. Since d(X,Y) = 0, this is an admissible arrow graph. Then
every arrow graph obtained by filling the vacant edges in I'x U I'y corresponds to a refinement
of both X and Y.

(4 = 1) This follows from Corollary 3.4. O

Theorem 3.5 tells us that the set of maximal p-shapes serves as a labelling set for an approximation
to the decomposition matrix of B: by Corollary 3.4 any simple module S occurs as a composition
factor of a unique maximal p-shape Y (say with multiplicity c). So by Corollary 3.4, if X is any p-
shape then S occurs as a composition factor of X with multiplicity c if Y is a refinement of X, and 0
otherwise.

So we can define a matrix D with rows indexed by the set of p-shapes, and columns indexed
by the set of maximal p-shapes, with entry dxy = 1 if Y is a refinement of X and 0 otherwise. Then
the actual decomposition matrix of B is obtained from Dg by possibly duplicating rows (because
a given p-shape may correspond to more than one Specht module) and possibly duplicating and
rescaling columns (because a Specht module labelled by a maximal p-shape might be reducible). As
a consequence, to show that B is a single p-block of Clk,m, we just need to show that Djp is a connected
matrix, and our problem becomes purely combinatorial.

(In fact we suspect that every Specht module labelled by a maximal p-shape is simple, but we
could not find a proof of this statement, and we do not need it.)

Example. Suppose p = 5,1 = 5 and m = 8, and let B be the block consisting of Specht modules $*\*
where cores () = (2,1) and cores(A) = @. Then C = {0,1,4}, and the p-shapes in B are as follows:

1
% =[a0[1) %=t %= 01 xl.
-

— 4
(For example, the p-shape X arises from the skew-partitions (7,1) )and (5,3) \ (4,1).
The matrix Dp is then given as follows.

X1 X3 X5
X311 0 0
X1 1 0
X3/ 0 1 0
X400 1 1
Xs| 0 0 1

Definition. Let X, Y be two p-shapes in B. We say that X and Y are p-linked if there exists a series of
p-shapes X = X1, Xo,..., X;1, Xt = Y in B such that d(X;, X; 1) =0 forevery 1 <j <t — 1.

In what follows we will mainly work with abacus configurations. We remark that if y \ A is a
skew-partition in B, a connected component of its p-shape corresponds to a rim-hook of y. If h, f € Z
are the positions corresponding to the hand node and foot node of the rim-hook, respectively, then h
isabead and f — 1is a space in Ab(y), and vice versa in Ab(A). These pairs of positions are the only
in which the contents in Ab(y) and Ab(A) differ. We represent Ab(y) and Ab(A) simultaneously in
an abacus configuration Ab(u \ A), putting a right half-bead P at position h and a left half-bead € at
position f — 1. (So the right half-beads are precisely the beads occurring in the abacus configuration
of u but not of A, and vice versa for the left half-beads.)
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Example. Take p = 5and u \ A = (7,3,12) \ (7,2), giving the following p-shape.

This p-shape has two connected components, so that 2 \ A comprises two rim-hooks. We draw the
abacus configuration Ab(y \ A) with half-beads.

Our aim is to show that any two p-shapes in B are p-linked. Consider a pair of p-shapes X,Y € B
such that d(X,Y) > 0. Let ux \ Ax and py \ Ay be skew-partitions in B having p-shape X and Y,
respectively. We write Ab(X) and Ab(Y) for the abacus displays Ab(ux \ Ax) and Ab(uy \ Ay),
respectively. Consider C the central character of the generalised ribbon block B; recall that this is a
(disjoint) union of intervals of Z/ pZ. For every j € C, consider the (unique) node| j |in yx \ Ax and
#y \ Ay and denote by x; and y; the positions corresponding to these nodes in the abacus displays
Ab(X) and Ab(Y'), respectively. The choice of the charge ensures that positions x; and y; are both in
the j-th runner.

Note that in Ab(X), position x; is

¢ abead, if node lies immediately above | j |in yx \ Ax;
¢ aspace, if lies immediately to the right of m inpx \ Ax;

o aright half-bead, if | j |and are in different components of px \ Ax.

In particular, x; cannot be a left half-bead in Ab(X). A similar statement applies to y;, so that j €
D(X,Y) if and only if x; is a bead in Ab(X) and y; is a space in Ab(Y'), or vice versa.

Fix i € D(X,Y), and assume without loss of generality that the node | i | lies on the left of
in X and below it in Y. Then x; is a space in Ab(X) and y; is a bead in Ab(Y). We let r be maximal
such thati,i+1,...,i +r € C (where we add modulo p); note that there must be such an r because

by assumption C # Z/pZ. Observe that if j € {i,...,i + r} and node | j | lies in the same connected

component of px \ Ax as , then x;, x;41,..., X; are consecutive integers in increasing order, so that
Xj = x; + j — i; a similar statement holds for y;.
We prove a series of useful facts.

Lemma 3.6. Supposek € {i+1,...,i+r}, and suppose that foreveryj e {i+1,...,k—1} \ D(X,Y):
o x; is a space in Ab(X) or yx has no addable (j — i)-hook at runner i, and
¢ y; is a bead in Ab(Y') or Ay has no removable (j — i)-hook at runner j.

Then position y; +i — j is a bead in Ab(Y) and position xj + i — j is a space in Ab(X), for every
jed{i+1,... k}.

Proof. We only prove the first part of the statement; the second follows by a perfectly dual argument.
Consider the node | j |in Y. Let t € Z be such that yj=yi—i+j+tp. If t =0, then position
yj+1i—jis a bead since y; is by assumption. If ¢ # 0, then (from the observation just before the
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lemma) | i |and | j | lie in different connected components of Y. Let [ € {i +2,...,j} be such that
is the foot node of the connected component of Y containing | j | This implies that y; = yj+1—j,so

thaty; +i—j =y, +i—l. Moreover, is the hand node of a connected component of Y, so that
y;—1 is a right half-bead in Ab(Y) and I — 1 ¢ D(X,Y). The hypotheses of the lemma then imply that
Ay has no removable (I — 1 — i)-hooks at runner I — 1, so position y; + i — I must be a bead in Ab(Y)
because y; — 1 is a left half-bead. O

Lemma 3.7. Letk be as in Lemma 3.6 and letj € {i+1,...,k—1} \ D(X,Y).
1. If x; is a space in Ab(X), then yx has an addable (j — i)-hook at runner i;
2. Ify; is a bead in Ab(Y), then Ay has a removable (j — i)-hook at runner j.

Proof. We only show (1); a dual argument then applies to (2). The hypothesis that j ¢ D(X,Y) implies
that y; is a space or a right half-bead in Ab(Y). On the one hand, the hypothesis on k means that Ay
has no removable (j — 7)-hooks at runner j. On the other hand, by Lemma 3.6, position y; +i —jis a
bead in Ab(Y) meaning that Ay has an addable (j — i)-hook at runner i. By Proposition 2.2, it follows
that Ax has an addable (j — i)-hook at runner i. This hook is not at position x; because this is a space
by assumption, hence it is an addable (j — 7)-hook at runner i of px as well. O

We now give the main result of this section.

Theorem 3.8. Let X,Y € B such that d(X,Y) > 0. Then there is Z € B such that d(X,Z) < d(X,Y)
andd(Y,Z) < d(X,Y).

Proof. Letall the setting be as above and letk € {i+1,...,i+r} be maximal subject to the hypotheses
of Lemma 3.6. Then we claim that k ¢ D(X,Y) and either

o X is a bead or a right half-bead in Ab(ux \ Ax) and px has an addable (k — i)-hook at runner i
or
o Yy is aspace or aright half-bead in Ab(py \ Ay) and Ay has a removable (k — i)-hook at runner k.

If k < i+ r then this follows from the assumption that k is maximal subject to the hypotheses of
Lemma 3.6, so suppose instead that k = i + . The node is the hand node of a connected com-
ponent of both X and Y because i +r + 1 ¢ C. Then positions x;;, and y;;, are right half-beads in
Ab(X) and Ab(Y), respectively, and in particular i +r ¢ D(X,Y). Moreover, ux has a removable
r-hook at runner i 4 r since position x;., is a right half-bead and x;,, — r is a space by Lemma 3.6. By
Proposition 2.2 it follows that px has an addable r-hook at runner i or yy has a removable r-hook at
runner i + r. In the latter case, the removable hook does not occur at position y;;, because position
Yitr — 1 is a bead by Lemma 3.6, then it is a removable r-hook at runner i 4 r of Ay as well. Hence,
i 4 r satisfies at least one of the above conditions.

We show that the required p-shape exists by modifying Ab(X) or Ab(Y'), according to which
of the above conditions k satisfies. We show how to proceed in the first case, with the other case
following by analogous and dual arguments. So we assume that x; is a bead or a right half-bead in
Ab(X) and ux has an addable (k — 7)-hook at runner i.

The strategy is to operate on the abacus display Ab(X) by performing a series of bead moves as
shown in Figure 1. Note that the rows of the abacus in which the given positions appear are illustra-
tive only; these rows could easily appear in a different order in practice. The abacus is arranged such
that i labels the leftmost runner and k the rightmost one.
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e,

Figure 1

In terms of the Young diagram, what we are going to do is to remove all the nodes s k]
from ux, and to put these nodes back in new positions.

We work on Ab(X). By assumption there exists a; = i (mod p) such that px has an addable
(k — i)-hook at a bead position a;. Let 1 < k1 < k — i be the least integer such that k — k; ¢ D(X,Y),
position xj_y, is a space and a1 + k —i — k; is a bead. By Lemma 3.7, if k; < k — i, then there exists an
integer a; = i (mod p) such that jix has an addable (k — i — kq )-hook at position a,. Then we repeat
the above process, letting 1 < k < k — i — ki be minimal such that k — ky — ko € D(X,Y), Xk, —k, iS
a space and a, + k —i — k; — ky is a bead. It is clear that this procedure always terminates at a step s
such thati =k — Y1, <, ky. Summarising, we have found integers a1, ...,a; = i (mod p) and ky, ..., ks
such that, for every 1 < v < s, in Ab(X), there is a bead at position ¢, :=a, +k —i — Y1, <, ky and
a space at position d, :=a, +k — i — Y 1<ycp1 ku. Leti +1 < j; < -+ < j; <k be those residues such
that [j1],...,]j| are hand nodes of connected components of X.

We now construct a new abacus configuration by modifying Ab(X). Our aim is to modify px
while keeping Ax the same, so each move only moves the right half of a bead. We perform the
following moves (where the colours correspond to the coloured arrows in Figure 1):

© move the right half-bead (or the right half of the bead) at x; to the left half-bead at xj, ;1 — 1,
o for every 2 < v < t, move the right half-bead at x;, to the left half-bead at x;, 1 — 1,

© move the right half-bead at x;, to the space at x;,

¢ for every 1 < v <5, move the right half of the bead at ¢, to the space at ds.

If 117 is the partition of m defined by this new abacus configuration, then by construction, piz \ Ax
is a skew-partition in the combinatorial block B (we have replaced each removed node with a node
with the same residue). Let Z be the p-shape of this skew-partition. We will show that in most cases,
Z is the p-shape desired in the theorem. For every j € C, let z; be the position of the node [j]in
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Ab(pz \ Ax). Note that for j & {i +1,...,k}, then z; = x;. Also, {z;11,...,2} is the union of intervals
[Cl,dl], ey [CS — 1,ds], e.g. Zx = dl.

We firstly note that i ¢ D(X,Z) UD(Y, Z) because z; is a right half-bead in Ab(yz \ Ax) by con-
struction. If j € {i +1,...,k—1} withj € D(X,Y), thenj ¢ D(X, Z). Indeed, if x; is abead Ab(X), then
by the definition of k, jx has no addable (j — i)-hooks at runner 7, so that z; is a bead in Ab(yz \ Ax);
if xj is a space in Ab(X), then the choice of k1, ..., ks means that zj is a space or a right half-bead in
Ab(uz \ Ax). Similarly it can be deduced that j ¢ D(Y, Z).

Furthermore, k ¢ D(X, Z) because x; and zj are beads in the respective abacus configurations. It
follows that d(X,Z) < d(X,Y). Regarding to Y, it can happen that k € D(Y, Z): this situation occurs
if and only if yy is a space in Ab(Y), x is right half-bead in Ab(X) and a1 = x4, —k +i — 1. This
condition can be rephrased in terms of Young diagrams, saying that | k |is on the left of inY,
and during the process from i x to yz, the node | k |- that is the hand node of a connected component

of X - has joined below the node . If this is note the case, then d(Y,Z) < d(X,Y) and Z is the
required p-shape.

Assume for the rest of the proof that position yj is a space in Ab(Y), position x; is a right half-bead
in Ab(X) and a1 = x¢,1 — k +i — 1. We can also assume that the only addable (k — i)-hook at runner
i of ux is at position a;. Indeed, if ux had another such an addable hook, then the above process of
modification of px could be initiated from this addable hook, resulting a different partition uz - m
that works for our purposes. By Lemma 3.6, position xj + i — k is a space in Ab(X), therefore ux has
a removable (k — i)-hook at runner k (at position xx). Again by Lemma 3.6, position yx +i —k is a
bead in Ab(Y), therefore uy has an addable (k — i)-hook at runner i (at position y; + i — k). The fact
that px has a removable (k — i)-hook at runner k and exactly one addable (k — i)-hook at runner i,
together with Proposition 2.2, implies that j1y has a removable (k — i)-hook at runner k. This is not at
position yj (because yy is a space), then it is a removable hook of Ay as well. Now we can perform a
dual version of the bead moves above operating on Ab(Y) and constructing another skew-partition
in B. In terms of young diagrams, we add all the nodes P , to Ay and we remove these nodes
from other positions. Since the construction is perfectly dual, we only show an illustative drawing
(Figure 2) that gives an idea of the bead moves. (Again, the labels of the shown runners go from i
tok.)

By construction, we obtain a partition Aw - I such that uy \ Ay € B. We let W be the p-shape
of puy \ Aw. Similar to the above with Z, it can be shown that i ¢ D(X, W) UD(Y, W) and for every
je{i+1,...,k—1} with j ¢ D(X,Y), then j ¢ D(X, W) UD(Y,W). Also, k ¢ D(Y,W) and hence
d(Y,W) < d(X,Y). Finally, by the assumption that x is a right half-bead in Ab(X), it follows that
k ¢ D(X,W). This implies that d(X, W) < d(X,Y) and therefore that W is the required p-shape. [

Example. Let m = 42, | = 37 and p = 7. The skew-partitions ux \ Ax = (142,7,5,2) \ (142,4,3,2)
and py \ Ay = (9,8,7,5%,42) \ (9,8,4°) have size n = m — [ = 5 and belong to the same combinato-
rial block of C; ,, having 7-content C = {0,1,2,3,4}. Indeed, cores(jix) = corez(uy) = (5,3,2) and
corez(Ax) = corez(Ay) = (7,3,23). Let X and Y be the p-shapes of ux \ Ax and uy \ Ay, respectively.
The Young diagrams and the abacus configurations (with charge 14) are shown below.

ix \ Ax 2[3]2
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Yk

Figure 2
e *
P\ Ay 2[3]4
ol s

We see that D(X,Y) = {0}, so that d(X,Y) = 1. In particular, position xy = yo = 14 is a space in Ab(X)
and a bead in Ab(Y). We have that k = 4 and the construction in Theorem 3.8 comprises the bead
moves shown in the abacus configuration Ab(Y') above (we are modifying Ay but not yy, so we move
the left half of each bead, as indicated by the colours). We find a partition Az = (82,7,5,42,1) 37

such that puy \ Az has 7-shape Z such that d(X,Z) = d(Y,Z) = 0 as can be easily deduced from the
Young diagrams.

py \ Az

21314

We immediately deduce the following corollary, using induction on d(X,Y).
Corollary 3.9. Suppose X,Y € B. Then X and Y are p-linked.
We deduce as a corollary the main result of this section.

Corollary 3.10. Conjecture 2.5 holds for generalised ribbon blocks.
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Proof. Let B be a generalised ribbon block as above. It follows from Corollary 3.9 and the implication
(3=4) in Theorem 3.5 that the matrix Dp is connected. As explained in the discussion following

Theorem 3.5, this implies that the decomposition matrix of B is connected, so that B is a single p-
block of Cl’fm. O

3.2 Belt blocks

For the rest of this section suppose that p = n. Our aim is to establish Conjecture 2.5 for a belt
block B, i.e. a combinatorial block of Clk/m whose central character equals Z/pZ = {0,...,p — 1}.

As in Section 3.1, we first replace B (again regarded as a subset of P, ,,,) with its set B of p-shapes.
We keep going with the same notation established in the preface of the chapter talking about the
connected components of a p-shape. Now the maximal p-shapes are ribbons. Unfortunately in this
situation we cannot mimic at all the arguments we have used for ribbon blocks. Indeed, even if it is
still true that the formal character of a disconnected p-shape is the sum of the formal characters of its
refinements, a basic step of the reasoning in Section 3.1, namely Lemma 3.1, is no longer true in this
setting. This means that, in general, different ribbons may share composition factors.

Example. Let p = 5. The formal characters of the following two ribbons share two summands:
(1,2,0,3,4) and (1,2,3,0,4).

1/0/4

l ‘ 0

»pw‘m‘)—\‘

To fix this inconvenience, we need to introduce a functional 'refinement’ of the set of ribbons.
To do this, we begin with the introduction of a graph analogous to that in Section 3.1. We define
a (circular) arrow graph to be a directed graph on the set Z/pZ such that every arrow has the form
i—i+1lori+1— iforsomeiand the graph is not a directed cycle. An arrow graph is a belt if for
every i there is either an arrow i — i+ 1 oranarrowi+1 — i.

We will draw arrow graphs with 0,1,...,p — 1 in clockwise order, omitting bars. So we may say
that the arrows of an arrow graph are all oriented clockwise to mean that they all have the form
i—i+1

Example. Let p = 7. The following are two arrow graphs, the one on the right being a belt.

0 0

6~ 1 6~ T
5 2 5 2
\ / \ /
4 —3 4<+—3

We observe that every p-shape X in a belt block is uniquely associated to an arrow graph I'y
through the same procedure explained in Section 3.1. For example, the arrow graph on the left of the
above example corresponds to the p-shape below.

w %‘m‘

6|01
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Note that in this case the procedure does not give rise to a bijection between all possible p-shapes
and all possible arrow graphs. In particular, no p-shape corresponds to a belt. If I' is an arrow
graph, we define its formal character ch(T’) to be the formal sum of all permutations b = (by, ..., b,_1)
of Z/ pZ with the property that i appears before [resp. after] i + 1 for every arrow i — i + 1 [resp.
i+1 — i]. Note that if X is a p-shape, then ch(I'x) = ch(X).

Our next task is to build for every belt I' a H’;—module whose formal character is ch(I'). Our
construction is inspired by Young’s orthogonal form, and as far as we can tell it is new. We take a
vector space Mr with basis {ep, } labelled by the different summands of ch(T'). If b = (by,...,b,_1) is
a summand of ch(T'), then for each k € {1,...,p — 1} we define oyb = (by, ..., by, bk, ..., bp—1) . We
define an action of ’HI; on Mr as follows. Fix a summand a of ch(T"). We set

zxep = brep

and

bkﬂl,hk ep + €nb if by appears after by, 1 in a,
Sk eb = . .
bkﬂlﬁ ep + <1 — m> e, b if by appears before by in a.
Theorem 3.11. With the above rule Mr is a H’r‘,—module with formal character ch(T').

Proof. We just need to prove the first statement; the second part is then obvious from the definition
of the formal character of a ’H’r‘,—module.

We prove that Mr is an H’;-module by showing that the above defined rules respect the defining
relations of 7—[';, shown in Section 2.6. Relations (1) and (3) are trivially satisfied and need no further
investigations. Therefore we only consider the braid relations in (2) and the relations between the
polynomial and the Coxeter generators in (4).

We start from the braid relations. These divide into three types depending on the integers m; ;
such that (s;s;)"i/ = 1. For each relation several cases arise depending on the positions of the involved
entries of b in the fixed summand a of ch(I'). We only analyse one case for each relation, the others
being similar.

o s2 = 1. Suppose that by appears before by in a. We have that

1 1
siep = ———ept+|(1— — s |eppy =
o by — b ° ( (bk+1_bk)2> b

, 1 1 1
Skep = ( )zeb + 1-— ( )2 €ob

b1 — bi b1 — bi b1 — bi
—1<1—1>e +<1—1>e
b1 — bi (bgsq — )2 ) (s — b2 ) °
= €p.

o 58k = sxsj with |k — j| > 1. Suppose that by appears after b, and that b; appears before b;,1 in
a. For the left-hand side we have

Skep = ept+enp =

by1 — by

1 1 1
SiSiep — ep + ]- — 5 | €
PR by — 0) (01 — b)) ° " Byt — by ( (bjr1 — bj)2> 7P

e (1o e
bj —bj " (bjs1 —bj)? ) 7
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while for the right-hand side we have

1 1
e = bjy1 — bjeb " <1 (b - bj)z)e%b -
1 1
(Birr — b0) (b1 — )" * b1 — b
+ 1 <1— 1 )e.b+<l—1>e b
b1 — b (bjs1 —b;)2) 7 (bj+1 — )2 )

Comparing the coefficients of the different basis elements we easily gain the proof.

S5kSj€p =

© SkSk+1S5k = Sk+15kSk+1. Suppose that by 1 precedes by, which precedes by in a. The left-hand
and right-hand sides are as follows

Skep = ep +enp =

b1 — by

1 1 1
Sky15k€p = e + 1= ©
k+15k€b (i1 — 00) (Bera — brar) b bri1 — by ( (bry2 — bk+1)2> T41b
1
T meﬂkb teumb =
1 1
SkSkL15k€p = e + €
R ™ ey — 002 (Bka — bipa) ° (Bks — b) (bran — beyr) 00

_|_

1 1
1——-———|e
(bk+1 — by) (bry2 — ) < (brso — bk+1)2> k1P

1- e b
bk+1 — by (b2 — bk+1) ) et

1 1 1
egpt+—F (1 — 77— |€
(b2 — b)) (b — b)) *° T biyn — by ( (b1 — bk)2> °
1
T hers —bpgq oot T (1 - (bm_w) €oi01:10vb
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and

1 1
e G — by © * ( (brs2 — bry1)? ) S

1 1
ep
)

SkSk+1€b = ( €ob

+ -
bri2 — bry1) (b1 — by bri2 — brya

+1<1_1>e +<1_1>e R
brt2 — bi (bxya = bry1)? Titb (brs2 — brs1)? it

1
ke = — b)) 2 (bigr — b))
1 1
+ 1— e
(b2 — ber) (Bern — by) ( (b2 — bka) b
1
+ b+ ————€
Bz — b1) (kg — brar) 70 bpgg — braq 1P

1 1
. 1-—— e
(brs2 — bi) (bxr2 — bry1) < (bry2 — bk+1)2> PP
brio — by (bky2 — bi1)2 ) 0

1 1 1
_ (1 - 1 - '
- b1 — by < (bgyo — bk+1)2>eg"g"“b T < (byo — biey1)? > €0411040311b

The coefficients of ;4. ,b,€0,.,0,b aNd €5,0,,,0,b = €0;,1010,.,,b are the same on both sides. The
coefficients of ey, €, and e, p turn out to be equal from easy calculations comparing the two
above formulas.

We finally focus on the relation (4): sgzy = zx15¢ — 1. Suppose that by precedes by in a. We
evaluate the action of both sides of (4) on ep,. On the left-hand we have

Zxep = bkeb =

szer = — 2 ep b (1- — Ve
N e = 0" (bes1 — be)? ) >

while on the right we have

1 1
= — 1—-— =
H T ey b T < (b1 — bk)z)eakb
bri1 1

—lep = —"—— bll — ——— — €p.

(zk+15k — 1)ep Drr1 — bkeb + Ok (bror — by)? €ob — €b
It is now straightforward to check that the coefficients of e, and e}, are equal on both sides. This
ends the proof. O

Theorem 3.11 strengthens the above discussion and shows that every arrow graph corresponds
toa ”H’;-module. In particular, we can talk about the composition factors of a belt, meaning the
composition factors of the corresponding ’H];,-module. Later on we may look at the set of p-shapes B
as a subset of the set of all possible arrow graphs.

As in Section 3.1 we rely on the notion of distance between p-shapes. Given p-shapes X and Y,
we define D(X,Y) and d(X,Y) as in Section 3.1.
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Example. Let p = 7, and let X and Y be the p-shapes below. From the corresponding arrow graphs,
we see that D(X,Y) = {0,4}, and therefore d(X,Y) = 2.

5] 6
6]0[1]2]3]4 3)2345
X Y
0 0
6 1 6 1
5 2 5 2
N\ Ve N Ve
4—3 4<+—3
I'x I'y
We can now state a variant of Lemma 3.1.
Lemma 3.12. Consider a = (ay, . ..,up,l) where ay, ...,a, 1 equal 0,...,p — 1 in some order. Then a

appears in the formal character of exactly one belt.

Proof. This result follows similarly to Lemma 3.1. Take an empty arrow graph and fill its edges
according to the relative position between the entries of a until a belt X is reached. By construction
a is a term of the formal character ch(X). If a different belt Y is considered, then D(X,Y) # @ and
repeating the last argument in the proof of Lemma 3.1, we see that ch(X) and ch(Y) have no terms
in common. [

Corollary 3.13. Different belts have no composition factors in common.
At this point we can mimic the arguments in Section 3.1 using belts in place of maximal p-shapes.

Definition. Let X be a p-shape. A belt Y is a refinement of X if Y can be obtained by adding edges
to X.

Corollary 3.14. Let X be a p-shape. The formal character of X is the sum of the formal characters of
the refinements of X.

Proof. Given Y a refinement of X, every term of ch(Y) is also a term of ch(X) (just because X is ob-
tained forgetting some arrows of Y). Conversely, each term of ch(X) is a term of the formal character
of a unique refinement of X: for every j and j + 1 (mod p) that are not linked by an arrow in X, the
relative order of these entries in the chosen term of ch(X) indicate how they need to be linked to find
the desired belt. O

As in Corollary 3.4, [K, Theorem 5.3.1] ensures the following.

Corollary 3.15. If X is a p-shape, then the composition factors of X are the composition factors of its
refinements.

We are know ready to establish a result which gives us a way to recognise when two Specht
CF -modules share a composition factor.

Theorem 3.16. Let X and Y be p-shapes. The following are equivalent:
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1. X and Y have a composition factor in common;

2. The formal characters of X and Y have a term in common;
3. d(X,Y) =0andI'x UTy is not a directed cycle;

4. There is a belt which is a refinement of both X and Y.

Remark. Before proving Theorem 3.16 we dwell a moment on the meaning of condition (3). Since
d(X,Y) =0, the overlapping I'x UT'y is an admissible arrow graph. We have that I'x UT'y is a directed
cycle if and only if all arrows in I'y and I'y are anticlockwise (or all clockwise) and there is no k €
Z/ pZ such that | k | is simultaneously the foot node of a connected component of X and a connected
component of Y.

Example. Let p = 7, and let X and Y be the p-shapes given below. All arrows in I'x and I'y are
oriented clockwise (because neither X nor Y has a node immediately above another). Moreover, X
and Y do not have foot nodes of the same residue. So I'xy UT'y is a directed cycle. As a consequence,
the formal characters of X and Y have no term in common, so X and Y do not share a composition
factor.

4[5]6
0[1[2]3] 5[6[0[1]2[3]4]
X Y
0 0
6 T 6 T
/ \ 7 \
N / Y
4 3 43
Ty r,

Proof of Theorem 3.16.

(1=-2) Thisis trivial because the formal character of a H];,-module is the sum of the formal characters
of its composition factors.

(2= 3) Suppose that ch(X) and ch(Y) have a term in common. Then it immediately follows that
d(X,Y) = 0. Suppose for a contradiction that 'y UTy is a clockwise directed cycle and set

Fx := {k € C(B) || k|is the foot node of a connected component of X}

and
Fy :={k € C(B) || k |is the foot node of a connected component of Y}.

(For example, for the 7-shapes in the example above, Fx = {0,4} and Fy = {5}.) The remark
above shows that Fx N Fy = @. Now since every term of ch(X) has an element of Fx as first
component and every term of ch(Y) has an element of Fy as first component, it follows that
ch(X) and ch(Y) have no terms in common and this contradicts the hypothesis. (If the arrows
in 'y UTy are all anticlockwise, the proof follows similarly replacing “foot” with “hand” in the
definitions of Fx and Fy above.)
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(3= 4) By the hypothesis the union I'y UT'y is an arrow graph. This can be refined to a belt by adding
in arrows if necessary (ensuring that these arrows are not all oriented the same way as all the
existing arrows). This belt is a refinement of both X and Y.

(4= 1) This follows from Corollary 3.15. O

In fact, we can prove that the modules Mr are simple. We do this next (although we do not
actually need it for our main result).

Corollary 3.17. Let I be a belt. Then the H’;-module M is simple.

Proof. Let B be the set of all permutations b appearing in ch(I'). Given ¢ € B, define

|4
ze=]] [T (z—1).
k=1i€Z/pZ
[E
It is easy to see that zce. # 0, while z.ep, = 0 for every b # c.

Now suppose N is a non-zero submodule of Mr. Take a non-zero element n = ) ;g Apep of N,
and choose ¢ such that the coefficient A is non-zero. Then z.n is a non-zero scalar multiple of e, so
e. € N.

Now suppose d is another element of B, and write d = 0y, ... 0}, ¢ with r as small as possible. Note
then that all the intermediate terms Ok; - - - Ok, € will also lie in B. Now the formula defining the action
of s on Mr shows that eq appears with non-zero coefficient in sy, ...s; ec. Hence zgsy, ...s ec is a
non-zero multiple of eq lying in N, so thateq € N. So N = Mr. ]

Now we construct an approximation to the decomposition matrix as in Section 3.1: we construct
the matrix

Dg = (dx,y)xeBycBelts

where dx y = 1if Y is a refinement of X, and 0 otherwise. As in Section 3.1, showing that Dp is a
connected matrix is sufficient to show that B is a block.

Definition. Let X,Y be p-shapes in B. We say that X and Y are p-linked if there exists a series of p-
shapes X = X1, Xy,..., X1, Xt = Y in B such that X; and X; 1 satisty any of the equivalent conditions
in Theorem 3.16, forevery 1 <j <t —1.

We now move to the heart of this section. First of all we show that we can reduce to the case
where two p-shapes in a belt block have distance zero.

Proposition 3.18. Let X and Y be p-shapes in B with d(X,Y) > 0. There exists a p-shape Z € B such
thatd(X,Z) < d(X,Y) andd(Y,Z) < d(X,Y).

Proof. Fix i € D(X,Y). We use all the notation introduced for proving Theorem 3.8. Let ux \ Ax
and py \ Ay be skew-partitions in B having p-shapes X and Y, respectively. Assume without loss of
generality that x; is a space in Ab(X) and y; is a bead in Ab(Y). Letk € {i+1,...,i + p — 1} be the
integer defined in Lemma 3.6. If k exists, then we can follow the proof of Theorem 3.8 to modify yx or
Ay depending on the situation, and to show the existence of a skew-partition in B with an appropriate
p-shape. If k does not exist, it follows that forevery j € {i+1,...,i+p—1} withj ¢ D(X,Y),

o if x; is a bead or a right half-bead in Ab(X), then px has no addable (k — i)-hooks at runner i,

and
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Figure 3

o if yx is a space or a right half-bead in Ab(Y), then Ay has no removable (k — i)-hooks at runner k.

We perform a modification of yx that comprises deleting all the nodes in px \ Ax and adding them
in different positions. The illustrative abacus in Figure 3 illustrates the bead moves we are going to
do (we arrange the runners such that runner i is the leftmost).

The partition px has an addable p-hook at runner i, this is at the largest bead position of runner i
of Ab(px), say b =i (mod p). We can now emulate the construction in the proof of Theorem 3.8 to
find integers k1, ..., ks such that } , ., .k, = p, and positions ¢y, ..., cs,d1, . .., ds of the abacus display
such that cy,...,cs are beads and dy, ..., d; are spaces in Ab(X). We find a partition pz - m obtained
from px removing the p nodes in pix \ Ax and moving the right half of the bead at ¢, to the space at
dy for all v. If Z is the p-shape of uz \ Ax, as in Theorem 3.8 the hypothesis on k implies that Z is the
desired p-shape. O

Example. Let m = 119,/ = 112 and p = n = 7. Consider the skew-partitions
ux \ Ax = (20,18,17,16,12%) \ (20,18,17,16,12%,11,6),
uy \ Ay = (212,17,15,14,13,12,6) \ (20,162,15,14,13,12,6)

in P112,119 having 7-shapes X and Y, respectively. These belong to the same combinatorial block of
Ci(lz,lw as can be easily checked (all the partitions involved have 7-core (13,7,3,22,1) - 28). Below
we show the abacus configurations with charge 21 and the arrow graphs of X and Y.
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2000
1 6/0\1
X |
5 2
N\ /
4¢—3
90000
6 0,,\1
! " IR ) SZ \2
s T1%e% <
4¢—3

We see that D(X,Y) = {0,4} and hence d(X,Y) = 2. Let i = 0. It is easy to see that the integer k
does not exists. Following Theorem 3.8 and Proposition 3.18, we perform the modification of ux as
shown in the abacus above. We obtain the partition uz = (22,21,17,16,14,12,11,6) - 119. Denoting
by Z the 7-shape of jiz \ Ax, we see that d(X,Z) =1and d(Y,Z) = 0.

2000

z o ele I

{ | <

Now we use Proposition 3.18 to show that the combinatorial block B is actually a p-block of Cl’fm.
This is slightly more complicated than in Section 3.1, because it is no longer the case that two p-shapes
at distance 0 are p-linked. Take two p-shapes X,Y € B such that d(X,Y) = 0. By Theorem 3.16, X
and Y are p-linked if I'x UTy is not a directed cycle. Hence from now on we suppose that I'x UT'y is
a directed cycle and we assume without loss of generality that all its arrows are oriented clockwise.
The aim of the rest of this section is to prove that X and Y are p-linked.

First of all we establish some notation. Every skew-partition y \ A in B satisfies the hypothesis of
Proposition 2.4 and hence core,, (1) = core,(A). So there is a p-core y and an integer w such that

core, (i) = core,(A) =1, weight, (1) =w, weight,(y) =w+1
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for every skew-partition y \ A in B. Let ¢ € Z/ pZ be the p-residue of the right-most node in the first
part of y,i.e. c = 91 — 1. If 7y is the empty partition, we set c := p — 1.

Let L be the p-block of S; whose partitions all have p-core v and p-weight w. For eachi € Z/pZ,
let

Ll:{)\EL’)\l—lzl}
We remark that some L; can be empty and that
L= || L.
i€Z/ pZ

For every A € L, let O, be the set of partitions y - m such that y \ A € B and all the arrows of the
p-shape of u \ A are clockwise (i.e. it \ A does not contain two nodes in the same column).

Remark. Suppose Ax, Ay € L, ux € O), and puy € O,,, and let X and Y be the p-shapes of yux \ Ax and
ty \ Ay respectively. Then d(X,Y) = 0, because all edges are oriented clockwise. Moreover, every
pair X, Y such that I'x UT'y is a clockwise directed cycle arises in this way:.

For every i € Z/pZ, let X; be the (ribbon) p-shape

P e i1 i |

For example, if p =7 and i = 4, X4 is the p-shape Y in the example in Theorem 3.16.

Let A € L; and let py = (A1 + p,A2,...,Ayn))- Then the abacus configuration for y, is obtained
from the abacus configuration for A by moving the last bead down one position. It is easy to see that
upr € Oy and p, \ A has p-shape X;.

Example. Let m =37, ] =30 and p = n = 7. Consider the partition A = (12,8, 5,4,1) - 30. Then
ur = (19,8,5,4,1) and py \ A has 7-shape Xj.

| [ [ [5IeJol1]2]3]4]

pa\A
Now take p € O, with y # u,, and call X the p-shape of y \ A.

Proposition 3.19. X and X; are p-linked.

Proof. If a connected component of X has hand node | i | then we are done because ch(X;) and ch(X)
share the term (i +1,...,i). Suppose that this is not the case, and let j € Z/ pZ be such that | j |is the
hand node of the connected component of X containing [ i |. We firstly observe that y; = A; because
otherwise the nodes (1,A1 +1),...,(1,41) of 4 would form a connected component of X with
as foot node and this would imply that X has a connected component whose hand node is| i |

Now we can modify p by removing the nodes ,...,l j | and putting them back at the end of
the first row. Let i - m be the resulting partition. By construction core,(ji) = core,(y), then fi \ A is
in B. If X denotes the p-shape of ji \ A, then X is p-linked with both X; and X: ch(X) and ch(X) share
the term (i +1,i +2,...,i) while ch(X;) and ch(X) share (j +1,j +2,...,j). So X and X; are p-linked.

O
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Example. Let m,l,p,n and A be as in the previous example. Let y = (122,5, 42) € O). The skew-
partition y \ A belongs to the combinatorial block B of C§0,37 characterised by the 7-core 7y := core;(B) =
(12) - 2. Call X the 7-shape of 1 \ A.

p\A

Retracing the notation of Proposition 3.19, we have that i = 4 (because A; —1 =11 = 4 (mod 7)
and then A € Ly) and j = 6 because the node | 4 | belongs to the connected component of X having
hand node [6]. So we find i by moving the nodes to the end of the first row, giving fi =
(14,12,5,4,2) - 37.

5]6]

pAA
Now the 7-shape X of /i \ A, is 7-linked with both X and Xj.

Remark. If Ay, Ay € L, then py, \ A1 and p,, \ A2 have the same p-shape X;. By the previous proposi-
tion we deduce that, for every yi; € O, and ps € O,,, the p-shapes of j11 \ A1 and 5 \ A2 are p-linked.

We are now very close to the end of this section. The next result will link p-shapes X;, X; for
all pairs of i,j € Z/pZ. Recall that c = 1 — 1, and observe that L. is non-empty: for example, it
contains the partition ¥ = (1 + wp, 72,73, ... ). In particular this shows that B contains at least one
skew-partition with p-shape X..

Proposition 3.20. Let i € Z/pZ such that L; # @. Then X; and X, are p-linked.

Proof. Let A € L; and consider the skew-partitions piy \ A and y5 \ 7 in B having p-shapes X; and
X,, respectively. For convenience we suppose that ¢ = 0, though the proof can easily be modified for
other values of c.

If i = 0, the result follows by the previous remark.

Suppose that i # 0. First of all we observe that in the abacus configuration of vy, the leftmost
runnet, i.e. runner 0, has more beads than any other runner: this is because the last bead on the
abacus occurs on this runner and (because vy is a p-core) the beads are at the topmost positions of
their runners. So, following the notation of Section 2.5, we have that for every j € Z/pZ \ {0},

bo(y) > bj(7y). (1)

The abacus configuration of A is obtained by lowering down beads in Ab(7y) a total amount of w
times. Now recall the p-quotient (A(9),...,A(P=1)) of A. The fact that A € L; implies that

A0 = A0 4 by(A) — bi(A), @
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where A(); and A(9); denote the number of spaces above the lowest beads in the i-th and 0-th runners
of Ab(A), respectively. Recalling that bj(A) = b;(-y) for all j € Z/pZ, we combine (1) and (2) getting

A0 > A0 3)

By construction, if (y&o), . .,ptg\p b ) denotes the p-quotient of ), then (yy))l = AU); for every j €

Z/pZ\ {i} and

(1), = A0 +1. @
Comparing (3) and (4) we find that
(1), > (), +1

This inequality implies that y, has at least two addable i-hooks at runner 0. We consider one of
them, say at position a; = 0 (mod p), avoiding the one that affects the space immediately above the
lowest bead in the i-th runner of Ab(j, ), if necessary. Now let 1 < kj < i be the least integer such that
a1 +i—kyisabead. If ky <i,by (1) and the fact that b;(u) = bj(7) forall j € Z/ pZ, pi) has an addable
(i — k1)-hook at runner 0, say at position 4. Then we start again the process from position a5, letting
k, be minimal such that position a; + i — k1 — k» is a bead. It is clear that this procedure terminates
at a step s such that i = } ;. k,. Then for 1 < v < s we have positions ¢, := a, +1 — } 1<, ku
and dy 1= ay +1— Y 1<,<,—1 ku such that ¢, is abead and dj, . .., d, are all spaces in Ab(u,). Then we
modify Ab(pu, \ A) as follows (we denote C the charge of the abacus display):

¢ move the right half-bead at x := Ay + p — 1 + C to the space at x — i,
o for every 1 < v < s, move the right half of the bead at ¢, to the space d,.

An illustrative abacus is drawn in Figure 4 (only runners from 0 to i are shown).

Figure 4

The resulting partition fi - m is such that /i \ A € B and has p-shape X that is p-linked with both X;
and X,: the formal characters ch(X;) and ch(X) share the term (i + 1,...,i) while ch(X,) and ch(X)
share the term (1,2,...,p — 1,0). This ends the proof.

O
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Example. Let B the combinatorial block of C§0’37 from the previous examples. As already pointed
out, following the notation, v = (1?) and then ¢ = 93 — 1 =0 (mod 7). We see that 7 = (29,1) and

Hy = (3611)
PP PP D[ [elsl4f3]2]1]0]

py\ Y
We show how to modify the skew-partition y, from the previous example, to find a 7-shape that is
7-linked with both X4 and Xj.

We first draw the abacus configuration of <y (all abacus configurations in the example have charge
C =14).

v

Note that as remarked in the proof of Proposition 3.20, the number of beads in runner 0 of v, by (y) =
3, is bigger than the number of beads in any other runner of Ab(7y).

Our proof points out that y) has at least two addable 4-hooks at runner 0, actually these are at
positions 7 and 14. Choosing a; = 14 and following the construction in the proof of Proposition 3.20,
we modify Ab(u, \ A) as shown in the picture. The resulting skew-partition fi \ A = (15,8,7,5,1%) \
(12,8,5,4,1) has the desired 7-shape.

$

pA\ A fA\A
| [ [ [5Tel0]

pAA
We have finally gained the key result of this section.
Corollary 3.21. Suppose X,Y € B. Then X and Y are p-linked.
Proof. By Proposition 3.18, we can reduce to the case when d(X,Y) = 0. Moreover, Theorem 3.16

tells us that we are done if I'y UT'y is not an oriented cycle. In the opposite case, the description of
the remaining cases together with Propositions 3.19 and 3.20 ends the proof. O
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Now, Corollary 3.21 and Theorem 3.16 implies that the decomposition matrix Dp of the belt block
B is connected. As remarked along the treatment, this is enough to state our main result.

Corollary 3.22. Conjecture 2.5 holds for belt blocks.
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