N

N
N

HAL

open science

Identifying Young diagrams among residue multisets

Salim Rostam

» To cite this version:

‘ Salim Rostam. Identifying Young diagrams among residue multisets. 2022. hal-03030397v2

HAL Id: hal-03030397
https://hal.science/hal-03030397v2

Preprint submitted on 22 Dec 2022 (v2), last revised 21 Feb 2023 (v3)

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.science/hal-03030397v2
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

arXiv:2011.13872v2 [math.RT] 21 Dec 2022

I[dentifying Young diagrams
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December 22, 2022

Abstract

To any Young diagram we can associate the multiset of residues of all its nodes. This
paper is concerned with the inverse problem: given a multiset of elements of Z/eZ, does it
comes from a Young diagram? We give a full solution in level one and a partial answer in
higher levels for Young multidiagrams, using Fayers’s notions of core block and weight of a
multipartition. We apply the result in level one to study a shift operation on partitions.

1 Introduction

Studying the representation theory of a finite group G over a field k of characteristic zero
reduces to find the irreducible representations of G. If G = &,, is the symmetric group on
n letters, the irreducible representations are indexed by the partitions of n, that is, non-
increasing sequences of positive integers A = (A; > -+ > Ay, > 0) with sum |\ = n. If the
field k is of positive characteristic p, some representations may not be written as a direct
sum of irreducible ones. Hence, we are also interested in the blocks of the group algebra,
that is, indecomposable two-sided ideals. These blocks are parametrised by the p-cores of
the partitions of n, in particular, any block is uniquely determined by its p-core and its p-
weight. Note that the set of irreducible representations can be parametrised by the p-regular
partitions of n.

More generally, we can replace the symmetric group &,, by a complex reflection group.
The set of irreducible complex reflection groups consists of an infinite family {G(r,p,n)}r pn
where r, p, n are positive integers with p | r, and also a finite number of exceptions (see | D-
The complex reflection group G(r,1,n) is isomorphic to (Z/rZ) 1 &, ~ (Z/rZ)" x &,, and
can be seen as the set of n X n monomial matrices with non-zero entries in the set of com-
plex r-roots of unity, while G(r,p,n) is a certain subgroup of G(r,1,n) of index p. We
can then study the representation theory of a Hecke algebra Hs (q) of G(r,1,n), where
s=(s1,...,S) € Z" is a multicharge (| : : ). The algebra #: (¢) is a partic-
ular deformation of the group algebra of G(r,1,n) and ¢ € k is the deformation parameter.
Assume that ¢ € k\ {0} and let e > 0 be its multiplicative order (with e := 0 if ¢ is of infinite
order). The representation theories of H (q) and G(r,1,n) are deeply linked. For instance,
if » = 1 then G(1,1,n) ~ &,, and the situation is the following: if H (¢) is semisimple
then its irreducible representations are indexed by the partitions of n, otherwise they are
parametrised by the e-regular partitions of n and the blocks are parametrised by the e-cores
of partitions of n. In the general case r > 1, if H3 (¢) is semisimple then its irreducible rep-
resentations are indexed by the r-partitions of n, that is, r-tuples A = ()\(1), ey )\(’”)) with
IA| = AD|4- -4+ |A)| = n. On the contrary, if HS (¢) is non-semisimple then the situation is
more complex. First, its irreducible representations can be indexed by a non-trivial generali-
sation of e-regular partitions, known as Kleshchev r-partitions (see | , ]). Similarly,
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the naive generalisation of e-cores to r-partitions, the e-multicores, do not parametrise in
general the blocks of #5 (q). Namely, Lyle and Mathas | ] proved that the blocks of
H? (q) are parametrised by the multisets of s-residues modulo e of the r-partitions of n. To
make things more explicit, let ) = ®;cz/ezZ; be a free abelian group. If A is a multipar-
tition, for any ¢ € Z/eZ we denote by c¢$(A) the number of i-nodes of XA. Then the block
corresponding to A is

a*(A) = Y Nai €Q,

€L/l

and we say that A lies in o®(A). During their proof, Lyle and Mathas used a generalisation
of the e-weight to r-partitions, introduced by Fayers [ . A= ()\(1), ce )\(’”)) is an
r-partition, its s-weight is given by

W)=Y N - 3 (@) - )

Jj=1 €L/ el

In particular, two r-partitions that lie in the same block (i.e. @®*(A) = o®*(p)) have the same
s-weight. Fayers proved that if » = 1 then this definition of s-weight coincides with the usual
notion of e-weight for partitions. For instance, we have

=3 3 () (),

i€L)eL

if the partition X is an e-core (in level 1 we may omit to write the multicharge, assuming,
without loss of generality, that s = 0). Moreover, while the fact that the e-weight of a
partition is non-negative follows from the definition, this is a non-trivial statement for the
s-weight in higher levels (see | D

In level one, a partition is an e-core if and only if its e-weight is zero. In higher levels, we
still have an implication: if an r-partition has s-weight at most »—1 then it is an e-multicore.
However, we can find e-multicores of arbitrary large s-weight. Moreover, we can have two
r-partitions A and p lying in the same block, thus having the same s-weight, but with A
(respectively p) being (resp. not being) an e-multicore. In order to obtain a more satisfying
notion of core of a multipartition, Fayers | ] introduced the notion of core block and
reduced e-multicore (the latter expression is due to [ ]): an e-multicore X is s-reduced
if any multipartition g such that o®(p) = o*(A) is an e-multicore, in which case the block
associated with A is a core block. If r = 1 then every e-core is s-reduced and every block
is a core block. Now if » > 1, to any multipartition we can still associate a unique core
block, however there is no canonical choice for a reduced e-multicore inside this core block.
Note that Jacon—Lecouvey | ] managed to define what they have called the (e,s)-core of
a multipartition (they also use the notion of reduced (e,s)-core, which is different from the
notion of reduced e-multicore that we use here). The (e,s)-core of an r-partition is again
an r-partition, and the situation is then entirely similar to the level one case, namely, for
the combinatorics of blocks. However, the (e,s)-core of a multipartition is associated with
a possibly different multicharge, which depends on the multipartition.

Now let p | . We can use Clifford theory to study the representation theory of G(r, p,n),
and this involves the following natural shift operation of order p on r-partitions:

A= (AW AD) e T = (ACTAED A A A

where d := £ (see, for instance, | , , , ]). Now take e > 2 and assume

that p also divides e. There is a map o : Q — @ of order p such that if s € Z" is a multicharge
satisfying some compatibility conditions, we have the relation

a*("X) =0 - a*(N). (1.1)

In [ ], the author proved that if » > 2 then a block o € @Q®° that is stuttering, that
is 0 - a = «, always corresponds to a stuttering multipartition, that is, a multipartition A
satisfying 7\ = A.



The aim of this paper is to study the natural generalisation of Fayers’s weight function
to Q@ = ez ez, and then apply this result in level one to define a shift operation on
partitions so that a relation such as (1.1) holds. More precisely, let s € Z" be a multicharge
and for any o = Ziez/ez c;a; € Q define its s-weight by:

- 1
wi(a) =) e — 3 >~ (i - cin1)’ €2,
=1

i€L)el
so that w*(af(X)) = w*(X) for any r-partition X\. We also define the set
Q= {as()\) :Ais an r—partition} C Q.

Since w(A) > 0 for any r-partition A, we have an inclusion @Q° C {a € @ : w’(a) > 0}.
The paper is mainly concerned in studying a reverse inclusion. More precisely, we prove the
following results.

Theorem A (Corollaries 3.7 and 3.24). Let r > 2 and e > 0. We have

QD {a €Q:w(a) >Ny, 77"},

where NT’7e = L;_Z {%H
Theorem B (Propositions 2.37 and 3.9). Let r > 1 and e > 0. Assume that r = 1 or
(re) € {(2,2), (2,3), (3,2)}. Then

Q*={aeQ:w(a)>0}.

In particular, given a multiset of elements of Z/eZ, we can easily determine whether it comes
from a Young diagram by computing its weight.

Note that Theorem A does not hold when e = 0, whereas Theorem B does (when r = 1).
If e > 0, a set of the form {a € Q : w3(a) > C} for C > 0 is never empty (and even always
infinite), so that the inclusion of Theorem A is not trivially true. The main idea of the proof
of Theorem A is to prove that the weight function is bounded above by a constant N, .
on the set of reduced e-multicores. Note that this assertion is wrong if we only consider e-
multicores, which can have arbitrarily large weight. With some calculations involving binary
matrices, we then give a sharp estimation of the bound N, .. Interestingly, as it is mentioned
in the statement Theorem B gives a simple criterion to determine whether an element of
@, in particular, a multiset of residues, actually comes from a partition. To the author’s
knowledge, such a result was not already known and is a non-trivial generalisation of an old
result of Robinson—Thrall | ] from e = 0 to e > 0. We will also give a procedure to
compute all the corresponding partitions.

Now assume that r = 1, take p dividing e and let A be a partition. Shifting the compo-
nents of the e-quotient of A\, we define another partition oA. Using Theorem B, we prove
the following analogue of (1.1) in level one.

Theorem C (Corollary 4.10). Let A\ be a partition. With ' == %, we have
alod) =0 -a(d) <= oA =N <= co(A) =ce (V).

In particular, if A is a partition of n then o\ is a partition of m with possibly m # n.
Finally, we complete the study of stuttering blocks initiated in [ ], by giving its analogue
in level one. It turns out that a similar equivalence holds, now with an additional condition
on the weight of the block.

Theorem D (Lemma 4.15 and Corollary 4.17). Assume that r = 1 and let « € Q°. The
block o corresponds to a partition X satisfying oA = X\ if and only if 0 - o = @ and p | w(a).



We now give a brief overview of the paper. Section 2 introduces the necessary material
to define core blocks and give their proprieties as stated in | ]. In particular, in §2.1
we define the weight of any element of QQ = ©;cz/ezZ; and in §2.2 we define the abaci
representations of a partition and recall how to recover the block associated with a partition
from its abacus. We use these results to prove that an element o € () corresponds to an e-
core if and only if & has weight 0 (Lemma 2.36) and we deduce the case r = 1 of Theorem B
(Proposition 2.37). We deduce a simple criterion to determine whether a given collection of
residues actually comes from a Young diagram (Corollary 2.38). In §2.4 we recall Fayers’s
definition of weight for multipartitions, and we reprove that the weight of a multipartition is
non-negative using abaci. We also recall an important result from | ] (Proposition 2.50),
which expresses the weight of a multipartition as the minimum of the cardinalities of two
sets. Finally, in §2.5 we recall from [ | the notion of core block and reduced multicore,
and we prove that any element of @ is canonically associated with a core block (Lemma 2.62).
This leads to the definition of the s-core of any element of @ (Definition 2.65). We conclude
this section by recalling a key result from | ] (Proposition 2.68), which characterises
the abaci of reduced e-multicores.

Section 3 is the heart of the paper. In §3.1 we show that the weights of reduced e-
multicores can be obtained via a simple functional on binary matrices (Lemma 3.2), where
the columns are seen as characteristic vectors of subsets of {1,...,e}. In §3.2 we prove that
for fixed r and e the weight of a reduced e-multicore is bounded above by a constant IV, .
(Theorem 3.6). We then deduce the first part of Theorem A, stating that Q° contains an
(infinite) superlevel set for the weight function on @ (Corollary 3.7). We also give the
second part of Theorem B, using some results of the next subsection (Proposition 3.9).
In §3.3 the aim is to give sharp bounds for the constant N,.. We first compute N, .
for r = 2 and e = 2 (Propositions 3.10 and 3.11), and we give a lower bound for N, .
using the superadditivity of the sequence (N, ¢)e>1 (Corollary 3.13). The computation of
a sharp upper bound is more elaborate. We use the fact that the computation of NV, .
reduces to maximising a certain quadratic form with integer coefficients on the (2¢ — 1)-
sphere for the l-norm (Proposition 3.14). Namely, using a calculation taken from graph
theory, we compute the eigenvalues of the matrix A,y = (|[ENF|)g,r, where E, F run over
the subsets of {1,...,e} of cardinality k£ (Lemma 3.21). Note that the matrix A, j often
appears in the literature (see, for instance, [ ) ). We then deduce an upper bound
for N, . (Corollary 3.24), and we compute other values of N, . for small  or e, proving that
Ny = Ny, (where Ny, is the constant appearing in Theorem A) for (at least) r € {2,4}
and e € {2,...,6} (Proposition 3.43). We conclude the section by a quick study of the
asymptotic behaviour of N, ¢, for e — oo (see (3.46)) and r — oo (Corollary 3.49).

Finally, Section 4 is devoted to an application of Theorem B in level one. In §4.1 we
define a shift operation o — o - a on Q of order p where p divides e, and we characterise the
blocks a € @ such that both « and o - a correspond to a partition (Corollary 4.4). In §4.2
we propose a definition of a shift operation A — o\ on the set of partitions, uniquely defined
on the set of e-cores by the following requirement: if A is an e-core then a(o ) is the core
of o - a(N). In particular, if o - a(\) = a(u) for some partition p then o is the e-core
of p. Moreover, we prove that the two shift operations, on blocks and on partitions, are
compatible under some conditions, giving an analogue of (1.1) in level one (Corollary 4.10).
Finally, in §4.3 we give some properties of the map a(A\) — o - a(A). We first give some
properties involving e-cores and e’-cores, where €’ = ° (Propositions 4.13 and 4.14). Then,
as in | ] we study the existence of a stuttering partition inside a stuttering block.
More precisely, given a partition A such that o - a(\) = a(\), we prove that there exists a
partition p satisfying o = p and a(p) = «(N) if and only if p divides the e-weight of A
(Lemma 4.15 and Corollary 4.17).

2 Background on core blocks

We recall here the combinatorics of blocks of Ariki-Koike algebras. We will write N for Z>¢.
Let e € N. If e > 0 we identify Z/eZ and {0,...,e — 1}, and if e = 0 then Z/eZ ~ Z.



2.1 Partitions

Let n € N. Let A be a partition of n, that is, a non-increasing sequence of positive integers
A= (A > > Ay > 0) with sum n. We will write |A| :== n and h()\) :== h. We denote by (
the empty partition, which satisfies |@] = h(#) = 0. The Young diagram associated with A
is the region of N2 given by

YA) ={(a,b) eN*:1<a<h(N)and 1 <b< A}

An element of Y()) is a node of A. More generally, we will call node any element of N2, A
node v ¢ Y()) is addable (respectively, v € Y(A) is removable) if Y(A) U{~} (resp. Y\ {7})
is the Young diagram of a partition. A rim hook of A is a subset of Y()) of the following
form:

TE\a’b) ={(d,b)eYN):d >a, ¥ >band (' +1,0' +1) ¢ YN},
where (a,b) € V(). We say that r()‘a p) i an [-rim hook if it has cardinality . Note that 1-rim
hooks are exactly removable nodes. The set Y(A) \ TE\a p) is the Young diagram of a certain

partition u, obtained by unwrapping or removing the rim hook r()‘%b) from A. Conversely, we

say that A is obtained from p by wrapping on or adding the rim hook TE\a,b). We say that
A is an e-core if A has no e-rim hook. Note that if e = 0 then every partition is an e-core,
and if e = 1 then the empty partition @ is the only e-core. In particular, the combinatorics
of 1-cores is very easy, and all the future statements in the paper can easily be proven for
e=1.

Ezample 2.1. We consider the partition A := (3,2,2,1). An example of a 3-rim hook is

A _
T1) = ,

1 X1X]
X

and a 4-rim hook is for instance

7"?24) =

X

x]x]

]

We can check that A has no 5-rim hooks so it is a 5-core. We will see in §2.2 how to use
abaci to easily know whether a partition is an e-core.

More generally, we can successively remove e-rim hooks to the partition A until we reach
an e-core partition. This e-core is uniquely defined from A, in particular it does not depend
on the order we chose to remove the e-rim hooks (see Lemma 2.17). We denote by X the
e-core of A. The number of e-rim hooks that we remove to obtain A from X is the e-weight
of A, denoted by w.()). Note that || = [A| +w.(\)e if e > 0 and wo(\) = 0.

Now let s € Z be a charge. Given i € Z/eZ, an (i,s)-node or simply i-node is a node of
s-residue i, where the s-residue of the node (a,b) € N? is res’(a,b) :== b—a+s (mod e). More
generally, if i € Z then an i-node will be a node v € N? such that res*(y) =4 (mod e). We
denote by ¢;(A) the number of (i,s)-nodes of A. Note the following simple equality, where 0
denotes the charge 0 € Z:

EN) = (\). (2.2)

i i—S
Remark 2.3. Let i € Z. The integer ¢§()\) does not depend on e if e > max(|A|,]i — s|), in
which case the value of ¢}()) is the one for e = 0. In particular, we will sometimes deal with
the case e = 0 by taking e > 0. Besides, we have ¢}(A\) = 0 as soon as e > |[i —s| > [}| (as
soon as |[i —s| > || if e = 0).
A simple consequence of the definition of a rim hook is the following.

Lemma 2.4. Let \ be a partition. Any e-rim hook of X\ has exactly one node of residue i
for each i € Z/eZ.



Fayers | ] introduced another weight function on partitions: the s-weight of A, given
by
1
w(A) = (M) - 5 (G0 =)

i€L/el

2

It is well-defined for e = 0 by Remark 2.3. We will see that the s-weight coincide with
the e-weight, however these weights will have different generalisations to multipartitions
(see §2.4).

Let @ be a free Z-module with a basis indexed by Z/eZ that we denote by {c;}icz/ez-
We have Q = @jcz/ezZa; and we define Q1 = @;cz/zNa;. We will also use the element
0 € Q4 defined by

5= Yiczjer i, ife>0,
0, ife=0.

For any o € @, we denote by |a| € Z the sum of its coordinates in the basis {c;}icz/ez. For
any partition A\, we define

() = Z Qress(y) = Z ;(Nai € Q4.
YEYV(N) €L/l

Note that |af(A)] = |A|. We will say that the partition A lies in @ € Q if o*(\) = a.
Lemma 2.4 can be reformulated as follows.

Lemma 2.5. Let A and p be two partitions such that p is obtained from A by adding an
e-rim hook. Then of(u) = a*(\) + 4.

We extend the definition of the s-weight to @) by setting
1
ws(a) = Cs — 5 Z (Ci — Ci+1)2 €7,

€L/ el
for any a = }7,c7 /.7 cioi € Q. Note that w*(a) € Z indeed, since } ;.7 /.7 (ci—cit1) =0
and thus Ziez/ez (cz- - ci+1)2 is even. Moreover, we have
wi(A) =w?(a* (X)), (2.6)

and if e > 0 then
w®(a + hé) = w*(a) + h, (2.7)

for any h € Z. Finally, we define
Q° = {a*()\) : A partition of n for some n € N}.

In §2.2 we will give a parametrisation of @° using abaci, while in §2.3 we will give an implicit
description of )°, using a superlevel set for the s-weight function.

2.2 Abaci

Let X be a partition. The charged beta-number associated with the partition A and the
charge s is the sequence 8°(\) = (ﬁs()\)a)a>1 defined by

BN)a=s+As—a€Z,

for any @ > 1. It is a (strictly) decreasing sequence of integers. For a > h(A) we have
B°(N)a = s — a, and conversely if 5 = (8,)q>1 is a decreasing sequence of integers such that
Ba =s—a for a > 0 then 8 = B°(\) for some partition A\. Representing 3°(\) by a copy of Z
where we put a bead on position ¢ € Z if ¢ € 5(\) and a gap otherwise gives the s-abacus
associated with A.



Ezample 2.8. The 0-beta-number associated with the empty partition is (—1,—-2,-3,...)
and the associated charged abacus is

Ezample 2.9. The 1-beta-number associated with the partition (4,3,3,1)is (4,2,1,—-2,—4,—5,...)
and the associated charged abacus is

- e e o | ee e
The next result is well-known, see for instance [Ol, Proposition (1.8)].

Lemma 2.10. Let | € N. The partition A\ has an l-rim hook if and only if there is an
element b € S(N\) such that b—1 ¢ B(N). In that case, if v is the partition that we obtain
by removing this l-rim hook, then B(u) is obtained by replacing b by b — 1 in B(N\) and then
sorting in decreasing order.

Unless mentioned otherwise, we now assume that e > 0. For each i € {0,...,e — 1} we
can define b3(\) € Z to be the largest element of 8%(\) congruent to ¢ modulo e. By | ,
Lemma 3.2], if A is an e-core we have the following relation:

_et+1 1 R
s=— +;Z b3(\). (2.11)
1€L/eL

Setting y5(A) = L(bS(X) —i) +1 € Z for each i € {0,...,e— 1}, the relation (2.11) becomes

s = iyf()\). (2.12)
1=0

Proposition 2.13. Let yo,...,Ye—1 € Z. There exists an e-core X such that y; = y3(\) for
alli€{0,...,e—1} if and only if yo + -+ - + Ye—1 = 5.

Proof. The direct implication follows from (2.12). Now assume that yo+ -+ +ye—1 = s and
define b; := e(y; — 1) + i for all i € {0,...,e — 1}. The (unique) decreasing sequence of
integers 8 = (B4)q>1 defined by:

o for all i € {1,...,e — 1}, the integer b; is the largest element of § congruent to i
modulo e;

o forall h € B wehave h—e € f3;

is the charged beta-number associated with some partition A and charge s’ € Z. By
Lemma 2.10 the partition A is an e-core and by (2.12) we have s’ = s. This concludes
the proof. O

The abacus representation of a partition that we now use has been first introduced by
James [Ja]; we use here the setting of [ ]. We dispose the elements of 85(\) on an
abacus with now e runners, the charged e-abacus of A\, each runner being a horizontal copy
of Z and displayed in the following way: the O-th runner is on the bottom and the origins of
each copy of Z are aligned with respect to a vertical line. We record the elements of 5°()\)
on this abacus according to the following rule: there is a bead at position j € Z on the
runner ¢ € {0,...,e — 1} if and only if there exists @ > 1 such that 85(\), = i + je. For
each i € {0,...,e—1}, the i-th runner corresponds to the charged abacus (as defined at the
beginning of §2.2) of a certain partition A/, The e-tuple ()\[O], e ,)\[6_1]) is the e-quotient
of A\. In particular, any partition is uniquely determined by its e-core and its e-quotient.
Remark 2.14. The e-quotient of A depends on the charge s only up to a shift: if (A, ... Ale=1
is the e-quotient of A\ computed on the s-charged e-abacus then ()\[6_1],)\[0], ceey )\[6_2]) is
the e-quotient computed on the (s + 1)-charged e-abacus.

Ezample 2.15. We take the charge s = 1 and we consider the partition X := (4,3,3,1) as in
Example 2.9. The associated charged 3-abacus is



and the associated 6-abacus is

Counting the number of gaps down each bead (continuing counting on the left starting
from the top runner when reaching the bottom one) recovers the underlying partition. The
3-quotient of \ is ((Z), 0, (1)) and its 6-quotient has only empty partitions.

The e-abacus representation is particularly adapted to the addition and deletion of rim
hooks: we give two particular cases, as corollaries of Lemma 2.10.

Lemma 2.16. Let A be a partition and i € {0,...,e — 1}.

e The partition \ has a removable i-node if and only if we can move a bead from runner i
to runner i — 1 (to runner e — 1 if i = 0), keeping the same position j € Z (from
position j to j —1 ifi =0).

e The partition A has an addable i-node if and only if we can move a bead from runner i
to runner i + 1 (to runner 0 if i = e — 1), keeping the same position j € Z (from
position j to j+1ifi=e—1).

Lemma 2.17. Let A be a partition.

e The partition X\ has an e-rim hook if and only if on some runner we can slide a bead
at some position j € Z to the previously free position j — 1. Hence, the partition \ is
an e-core if and only if its associated e-abacus has no gaps, that is, there are no gaps
between two beads on a same runner.

e The partition A has an addable e-rim hook if and only if on some runner we can slide
a bead at some position j € Z to the previously free position j + 1. In particular, to
any partition we can add at least e different e-rim hooks.

Remark 2.18. Let A be an e-core. For any i € {0,...,e — 1}, the integer y$(\) corresponds
to the position of the first gap on runner ¢ (pictured by ¢ in the abacus below). For instance,
by Lemma 2.17 the partition A = (4,3, 3,1) of Example 2.15 is a 6-core and we have y(\) =
(0,1,1,—1,1,—1). In particular, note that (2.12) is satisfied indeed.

PSP SN




Note that Lemma 2.17 implies

e—1
we(\) = Z]AM . (2.19)
i=0
The next result follows from Lemma 2.16 (see, for instance, | , Lemma 2.11]).
Proposition 2.20. Assume that A is an e-core. For anyi € {0,...,e — 1} we have:

YA = (A) — g (V) + 3 (0).
Note that we can compute the value of y5(0).

Lemma 2.21. Write s = be +s', where b € Z and s’ € {0,...,e —1}. For any i €
{0,...,e — 1} we have:

0) = {b+1, ifie{0,...,s — 1},

B b, otherwise.

Proof. We have 3°(0)), =s—a for alla > 1. Thus, forany a € {1,...,¢e},ifi € {0,...,e—1}

is the residue modulo e of s — a then b5(#) = s — a. Thus, if a describes {1,...,s'} then
i :=s — a describes {0,...,s’ — 1}, moreover i =s —a (mod e) thus b$(0)) =s—a =be+1i
and y$(0) = 2(65(0) —i)+1 = b+1. Similarly, ifa € {s'+1,... ¢} then with i :==s'—a+e €
{s',...,e—1} we have i =s —a (mod e) thus b3(0) = be +i — e and y(0) = b. O

For any i € Z/eZ, define
z;(A) =y (A) — 43 (D).
By Proposition 2.20 (and (2.12)), for an e-core A we have

i(A) = G(A) — i1 (N), for all i € Z/eZ, (2.22)
> a(y) =0 (2.23)

i€L)el

S
i

As for the e-quotient, the family 25()\) = (= ()\))l.ez/eZ depends on the charge s only up

to a shift (by (2.2) and (2.22)). The following proposition is a direct consequence of (2.12)
and Proposition 2.13.

Proposition 2.24. Lets € Z and xo,...,xe—1 € Z. There exists an e-core \ such that
x; = x3(N) for alli €{0,...,e =1} if and only if xo + -+ + xe—1 = 0.

For completeness, we also give the version of Proposition 2.24 in the case e = 0. We
recall that every partition A is a O-core, and we define the integers z3(\) for any i € Z
using (2.22). By Remark 2.3 the family (xj()\))iez has finite support, equality (2.23) is still
satisfied and by (2.22) we have

0,1 if ¢ >
e 0t e (2.25)
{0,—-1}, ifi<s.
Proposition 2.26 (| , (3.9))). Let (xi)icz € Z* with finite support. There exists a
partition A such that x; = x5(\) for all i € Z if and only if
1 if 1>
re O Tizs (2.27)
{0,—-1}, ifi<s,

for alli € Z, and

in =0.

€L



Proof. We have just seen that these conditions are necessary. Now let (z;)icz € Z% with
finite support satisfy the conditions of Proposition 2.26 and let N > 0 such that z; = 0 if
|i| > N. We define a family (¢;);ez by setting ¢y = 0 and

Ci+1 + x4, 1f’L<N,
C; =
‘ Cci_1—xi_1, ifi> N.

By assumption we have ¢; = 0 if |i| > N, moreover ¢; — ¢;41 = z; for all i € Z. By (2.27),
it is clear that we can construct a partition A such that ¢; = ¢}(\) for all i € Z. O

The following result shows that the two notions of weight that we have introduced coin-
cide.

Proposition 2.28 ([ , Proposition 2.1]). Let e € N. We have we(\) = w*()).
We are thus able to recover the integers c¢3(A) from z°(\).
Corollary 2.29. Let e € N.

o Assume that e > 0. If X is an e-core, then

s 1 s 2
) = Sl = Z:c
3 1 s 2 s s
Ce+i(A) = SN WI7 = 2i(A) = =2z (V)
forallie{1,...,e—1}.
o Assume that e = 0. We have

S 1 S
G0 = Sl = 5 32 )

zEZ
1
i) = S MNIP =25V = = a5, V),
1
=) = Sl + 2 ) + -+ 2l (),

for all i € Zsy.

2.3 Blocks for partitions
Let e € N. We first recall some standard facts concerning blocks associated with partitions.

Lemma 2.30. If A and p are two e-cores with a5(A) = o*(u) then A = p.

Proof. The statement is clear if e = 0. If e > 0, by (2.22) we have z°(\) = z°(u). We
thus conclude that y$(A) = y5(u) and thus b3(A) = b3(u) for all i € {0,...,e — 1} whence
A= p. O

Together with Lemma 2.5, (2.6) and Proposition 2.28, we deduce the next lemma, which

can be seen as a combinatorial version of the so-called “Nakayama’s Conjecture”.

Lemma 2.31 (] , Theorem 2.7.41]). Two partitions that lie in the same block share the
same e-core.

In particular, the elements o*(\) encode the blocks of the associated Iwahori—-Hecke alge-
bra, see for instance [Ma, 5.38 Corollary]. Finally, by (2.6), Proposition 2.28 and Lemma 2.31,
we have the following result.

Lemma 2.32. Let a € Q° with w*(«) = 0. Then there is a unique partition lying in o, and
this partition is an e-core.

10



Remark 2.33. We will see in Lemma 2.36 that the statement of Lemma 2.32 remains true if
we replace a € @Q° with o € Q.

We can now give a 1:1-parametrisation of the set @° = {a*(\) : A partition of n for some
n € N} by Z¢7! x N, if e > 0. By Lemmas 2.30 and 2.32, for any o € Q° we can denote
by A, the (unique) common e-core of the partitions lying in «.

Proposition 2.34. Assume that e > 0. The map
Q°— {x: (o)., Tee1) EZ° :xo+ -+ + Ter :0} x N,
given by o — (:Cs()\a),ws(a)), is a bijection. Its inverse is given by

e—1

e—1
1
() (Ghel? + ) T = Y+ + tupicr)aces
=0

i=1
where the indices of x = (xg,...,%c—1) are taken modulo e.

Remark 2.35. Using Proposition 2.26 and Corollary 2.29, we can also give a version of
Proposition 2.34 in the case e = 0, using the map « +— 2°(\,). Note that in this case, an
element a = ., cio; € Q is in @Q® if and only if

{0,1}, if1 > s,
C; —Ciy1 € .
{0,—-1}, ifi<s.

1€

We now want to give an implicit description of @*. Note that in the following results we
consider the s-weight inside ) and not Q.

Lemma 2.36. We have {a()) : A is an e-core} = {a € Q : w*(a) = 0}.
Proof. We first assume that e > 0. The inclusion C follows from (2.6) and Proposition 2.28.
Now let a = Ziez/ez cia; € @ such that w®(a)) = 0 and define x; :== ¢; —¢;41 for all i € Z/eZ.

By Proposition 2.24 we know that z; = z3(\) for some e-core A. By Corollary 2.29 and since
w*(a) = 0 we have

. 1
G =3 Y a0
i€L)el
1
_1 22
2 K2
€L/ el
= Gs,
and
i) = EA) —af(A) — - — a1 (V)
=T~ =T
= Cs+iy

thus a®*(\) = a.

We now assume that e = 0. Again C follows from (2.6) and Proposition 2.28, thus let
a =) ., cio; € Q such that w*(a) = 0. We can repeat the proof of the case e > 0, using
Proposition 2.26 instead of Proposition 2.24. However, we have to ensure that ¢; — ¢;41 €

11



.
{0, 1}, lfl = Since ws(a) = 0 we have
{0,—-1}, ifi<s.

205 = Z(Cl - Ci+1)2

i€l

= (ci—cip1)®+ Y _(ci—cit1)?
i>s 1<s

> Z(Cz —cit1) + Z(Q‘H —¢)
i>s i<s

= Cs + Cs,

thus we deduce that

2 Je—cipr, ifi>s,
(ci —ciy1)” = i i
Cit+1 — Ci, 11 <s,

for all 4 € Z, thus we obtain the desired result. Another way to see the result for e = 0 is to
consider e > 0 large enough so that we can apply the previous case (using Remark 2.3). O

Proposition 2.37. We have Q° = {a € Q : w¥(a) > 0}.

Proof. Assume first that e > 0. Again C follows from (2.6) and Proposition 2.28. Let
& = ) icz/en Citi € Q such that wi(a) > 0. By (2.7), setting & == oo — w*(a)d € Q we
have w®(&) = 0 thus by Lemma 2.36 we have & = o°(\) for some e-core \. Now if u
is any partition obtained from A by adding w®(«) times an e-rim hook we have o®(u) =
a®(A) +wi(a)d = & + w®(a)d = o which concludes the proof in the case e > 0.

Now if e = 0, if @ = >, ;cia; € Q is such that w*(a) > 0 then as in the proof of
Lemma 2.36 we have

2¢s > Z(Cz —cip1)? > Z(Cz —Cit1) + Z(Q‘H —¢i) = 2cs,

i€z i>s i<s

1€EZL

thus we have in fact w®(«) = 0 and we apply Lemma 2.36. O

An interesting consequence of Proposition 2.37 is the following result, which was, up
to the author’s knowledge, not already known. It allows to determine whether a given
multiset of residues actually comes from a Young diagram and non-trivially extends a result
of Robinson—Thrall | ] for e =0 to e > 0.

Corollary 2.38. Let e € N and let (ci)icz/ez be a sequence of integers indexed by Z/eZ
(with finite support if e = 0). There exists a partition A satisfying c5(N\) = ¢; for alli € Z/eZ
if and only if 3,707 (ci — civ1)’ < 2.

Remark 2.39. If a partition as in Corollary 2.38 exists, Lemma 2.36 and the proof of Propo-
sition 2.37 show how to compute the associated core, and thus all the partitions with the
same multiset of residues (that is, lying in the same block).

The aim of Section 3 is to study an analogue of Proposition 2.37 in higher levels. By (2.7)
we obtain the following corollary of Proposition 2.37.

Corollary 2.40. Assume e > 0. For any o € Q and any h > —w*(«) we have
a+hd e Q.

Example 2.41. Assume e > 2 and take s = 0. Let h € N and define  := hag € Q4. If h =0
then o = 0 = a®(®) and if h = 1 then o = ap = a®((1)). Thus, we now assume that h > 2.
We have w’(a) = h — h% < 0, and

wl (o + (h* = h)d) = 0.

12



Thus, by Lemma 2.36 there is an e-core A such that
e—1
a®(\) = hPag + (h* = h) Y ai,
i=1

in other words ¢3(\) = h% and ?(\) = h2 — h for all i € {1,...,e— 1}. Note that, by (2.22),
this e-core satisfies z3(\) = —2%_; (\) = h, the other integers 2?(\) being 0.
Example 2.42. Assume e > 2 and take s = 0. Let h € N and define o := hoy, € Q4 for
ip € {1,...,e —1}. If h =0 then a = 0 = a®(0), thus we now assume that h > 1. We have
wl(a) = —h? < 0 and
wl (o + h?5) =0,
thus there is an e-core A such that
a®(N) = (B + h)oi, +h* >
€L/ el
iio
in other words ¢ (A\) = h? + h and ¢(X) = h? for all i # ig. This e-core satisfies 9 (A) =
—29 | (X\) = h, the other integers z9(\) being 0.

i0—1

2.4 Multipartitions

Let r > 1 and e € N. Let A be an r-partition (or multipartition) of n, that is, an r-tuple
A= ()\(1), cee )\(T)) of partitions such that ’)\(1)} + o+ ’)\(T)} = n. The Young diagram of
the r-partition X is the subset of N2 x {1,...,r} defined by

VA = U Y(AD) x {5}

An element of Y(A) is a node of A, more generally any element of N2 x {1,...,r} is a node.
An e-rim hook of A is an e-rim hook of AU) for some j € {1,...,r}. We say that X is an e-
multicore if \U) is an e-core for all j € {1,...,7}, and the e-multicore of A is the r-partition

X given by X = (W, . ,W)
Now let s = (s1,...,s,) € Z" be a multicharge. The s-residue res®*(y) of a node v = (a, b, j)
is the s;j-residue of the node (a, b), in other words

res®(a, b, j) =res¥(a,b) =b—a+s; (mod e).

Again, given i € Z/eZ an (i,s)-node (or simply i-node) is a node of s-residue i. We denote
by ¢$(A) the number of (¢,s)-nodes of A. We define

a®(A) = Z Qress(v) = Z (N)a; € Q4.
~EY(A) €L/l
Following [ ], the s-weight (or simply weight) of an r-partition X is
1 2
W) =) s (A - 3 Yo (@) =)
j=1 i€L/el.

Note that we recover the corresponding definition given at §2.1 when r = 1. We extend the
definition of the s-weight to @) by setting

r 1 )
Ws(a) = chj — 5 Z (Ci — Ci+1) €7,
j=1 i€Z/eZ
for any o = 37,07 .z cici € Q. Note that w¥(a) € Z for the same reason as in level one, and
w'(A) = w*(a®(N)).

We now recall some results from [ ]. The first one follows from Lemma 2.4.

13



Lemma 2.43 ([ , Corollary 3.4]). Assume that e > 0 and let X be an r-partition obtained
from p by adding an e-rim hook. We have w®(X) = w(p) + .

More generally, if e > 0 then for any a € @ and any h € Z we have
w*(a + hd) = wi(a) + rh. (2.44)
If X\ is an e-multicore, for any ¢ € Z/eZ and j € {1,...,r} we define
b3, (A) = b (AV),
VN =57 (W),
() =2l ().
Moreover, if e > 0 then for any j,k € {1,...,r} we define

ujk(A) = _‘T:j,j(’\) - w:j+i—1,j(/\)a
if s; # sk, where ¢ > 1 is any integer such that i = s —s; (mod e) (recall (2.23)). We define
ujk(A) =0 if s; = s;. The point of this definition is that

NG [N NIE
(W) = §Hx T A7+ wjn(N), (2.45)
for all j,k € {1,...,r}, by Corollary 2.29
Lemma 2.46 (| , Proposition 3.5]). Write A = (/\(1), cee )\(T)). If X is a multicore then

wé(A) = Z W(Sjvsk)()\(j),)\(k)).
1<j<k<r

Note that Lemma 2.46 can be proved by a direct calculation using the elements z73; (N)
together with (2.22) and (2.45). Using the same idea, we will give a proof of the next
proposition.

Proposition 2.47 ([ , Corollary 3.9]). For any r-partition X we have w*(X) > 0.

Proof. By Lemma 2.43 it suffices to consider the case where A is a multicore, moreover by
Lemma 2.46 it suffices to consider the case r = 2. Besides, by Remark 2.3 we can assume
e > 0. By (2.2) and since w®:52) (A1) A(2)) = w25 (A2 A1) we can further assume that
s = (0,s) with s € {0,...,e — 1}. We have, using (2.22) and (2.45),

W) =GO AN — 3 D (EN) - )’

€L/l
9 2
fz(w A 4 &) - L SO _ & (\O)
=S (O 0D =5 D[ D (7 OD) -, (0)
j=1 i€Z/eZ \j=1
1
= (2O " + 1) + (] A" + w21 N) =5 32 @) +2%(N)’
€L/l
1
= [l OO+ e AP w1 20) +u2a V) = 5 37 (@) + 2 () + 205 (Vb (V)
€L/l
1
= 5 (I OD) 2 + 25 A@)2) + w15 (A) + w2 (X) = D 2hi(N)ah(¥)
€L/ el
1
= 5 (I OD) 2 + 22 A@)2) + uro(A) +u2a(X) = D7 2dAD)ai (@)
i€L)el

1
= 51127 D) = 2F AP + ur 2 (N) + w21 (N).
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If s = 0 we have uy 2(A) = uz1(A) = 0 so that w¥(A) > 0 as desired, otherwise we have
se{l,...,e—1} so that

U1,2(>‘> = *xal()‘) - z:71,1()\)7
u2,1(A) = =25 (A) — -+ — 251 5 (A).

Now by (2.23) we have
u21(A) = 25 2(A) + -+ 51 2 (A).

Hence, setting z := 2%(A(V)) — 25(A\(?)) we obtain

1
W) = glzl? =20 = 2,

thus we conclude by the below Lemma 2.48, recalling (2.23). O

Lemma 2.48. Assume that e > 0. Let z = (z1,...,2.) € Z° such that z; + -+ + z. = 0.
Then ||2]|> > 2(z1 + -+ - + 25) for anys € {1,...,e}.

Proof. First, note that for any integer t € Z we have t? > 2t unless if t = 1. We define the
following two sets:

I={ie{l,...;s}:z =1},
J={ie{l,...;e}: 2z <0},
in particular I N J = (). We have
0:21+-~'+zezzzi+zzz—,
icJ iel

so that |I| + >, ;2 < 0. For any i € J we have z; € Z<( thus

eJ
2 2
2y — 22 2> 25 > —2z,

hence we obtain

l2l® =20z + -+ 2) 2D (2F = 220) + ) (=)

iel ied
SDIEIE 3
i€l ied
~-in-X =
=
>0,
as desired. O

Note that wé(X) > 7 >°7_; w¥ (A7), Indeed, by Propositions 2.28 and 2.47 the inequality
holds when A is an e-multicore, and we conclude by Lemma 2.43.
Finally, if A is an e-multicore, for any i € Z/eZ and j,k € {1,...,r}, asin | , ]
we define
_ b5 - BN

Vegn(A) = = =45 (A) — 4 () € Z.

These integers depend on the multicharge s, however for any i,1 € Z/eZ and j, k € {1,...,r}
the set defined by the integers

Vit gk (A) = 75 51 (A) = 27 (A), (2.49)

does not.
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Proposition 2.50 (| , Proposition 3.8]). Assume that r = 2 and let X be a bicore.
Assume that vi12(X) < 2 for alli,l € Z/eZ. Then w(X) is the smaller of the two integers

#{z € ZJeZ : vii12(X) =2 for somel € Z/eZ},

and
#{l € ZJeZ : vi1.12(X) = 2 for some i € Z/eZ}.

Proposition 2.50 immediately implies that if X is a bicore satisfying v;;,12(A) < 2 for all
i,l € Z/eZ then w¥(X) < e. We will see that we can straighten this inequality for a certain
class of multipartitions. One on the aim of this paper is to study the consequences of such
an inequality, namely, on the blocks of multipartitions.

Remark 2.51. By | , Lemma 3.7], the s-weight function on e-multicores is not bounded.
For instance, if e > 0 assume that » = 2 and s = (0,0), and let A and p be two bicores.
By (2.22) and Corollary 2.29 we have

WO =280 — 5 () — ()

€L/ el
1 2
=26 +2¢5(1) =5 D () = () + () — el ()
€L/l
2 2 1 2
=[O+ 2" = 5 X2 @) +ai(w)
€L/ el
1 2
~ Loy - s
Thus, if we chose the e-core u so that 2%(u) = —2%()\) (which satisfies the conditions of

Proposition 2.24 indeed) we obtain

wi(\, 1) = 2]V |

= co(N),
which is not bounded since we can find e-cores with arbitrary large number of 0-nodes (see,

for instance, Example 2.41). If e = 0 one can simply consider the partition A= (hy...,h)
where h > 1 is repeated h times, and see that ws(A") ) = wO(AIM)) 4 (AP =04 h = h.

2.5 Blocks for multipartitions

The combinatorics between an r-partition A and a®(A) is more intricate than in the case
r = 1. For instance, the natural notion of e-multicore no more suffices to distinguish
the blocks between two r-partitions. However, as in the level 1 case the quantities a®(\)
determine the blocks of the associated Ariki-Koike algebra (see | D.

Ezample 2.52. Let r = 2, e = 2 and s = (0,1). The bipartitions A = ((1),(1)) and
un= ((2), (Z)) lie in the same block ag + a1, however A is a bicore whereas p is not.

Again, we define
Q®° = {a*(A) : A is an r-partition of n for some n € N} .

Remark 2.53. As we mentioned in §2.1, the case e = 1 is particularly easy to deal with, and
indeed we have here Q°* = Nag = Q4.

Since a®(X) = > 7, o™ (AU)) we have Q® = > j—1 Q% however the sum is not direct. In
particular, using the 1:1-parametrisation of §2.3 for each %, we can give a naive parametri-
sation of Q° but this parametrisation will not be 1:1. We will rather aim at a generalisation
of Lemma 2.36 and Proposition 2.37, looking for an implicit description of @°. It turns out
that the following simple result, which comes from Lemmas 2.5 and 2.17, is the key of what
follows.

Proposition 2.54. Let a € Q% and h € N. Then a+ hé € Q5.
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We have the following generalisation of Corollary 2.40 (see also | , Theorem 4.7]).

Proposition 2.55. Assume e > 0. For any o € Q and any h > —max{w%(a) : j €
{1,...,7}} we have
a+hi e Qs

Proof. Let j € {1,...,r}. If h > —w% («) then by Corollary 2.40 we have o+ hd € Q%. We
conclude the proof since Q% C Q% =", | Q. O

As we saw in Example 2.52, the raw notion of e-multicores is not adapted to the study
of blocks.

Definition 2.56 (] D). Let o € Q. We say that « is a core block if o € Q®° and either:
e ¢=0;
e e>0and a—9 ¢ Q°.

By Lemmas 2.5 and 2.17, a block a € Q*® is a core block if and only if every r-partition
A such that a®(A) = « is an e-multicore.
Remark 2.57. In particular, if » = 1 then o®()\) is a core block if and only if A is an e-core,
in which case A is the only e-core (and partition) that lies in a®(\) (see Lemma 2.32).
Remark 2.58. If e = 1 then the only e-multicore is the empty multipartition, thus there is
only one core block, which is 0 € Q°.
Remark 2.59. The notion of core block is related to the notion of mazimal weight for (irre-
ducible) modules on Kac—Moody algebras: see, for instance, | , §3.1] for the connection
with Kac-Mody algebras and [Ca, §20.3] for the notion of maximal weights.

Definition 2.60 (| D). A multipartition X is an s-reduced e-multicore if a®(\) is a core
block.

Note that the term core multipartition has a different meaning, see [ , ]. Any
s-reduced e-multicore is an e-multicore, and the converse holds when r = 1 by Remark 2.57.

Lemma 2.61. Let A = ()\(1), . ,)\(T)) be an s-reduced multicore. Then for each 1 < j <
k <, the bipartition ()\(j), )\(k)) is an (sj,si)-reduced bicore.

Proof. We prove the contraposition. Assume that ()\(j),)\(k)) is not an (s;,sx)-reduced
bicore. Then we can find a bipartition (u(j),u(k)) in its block which is not a bicore, in
particular we can remove an e-rim hook to x() or u*). But then the multipartition

()\(1)’ AT D AGED A=) ) AR ))\(T))
lie in the same block as A and is not an e-multicore, thus A is not a reduced s-multicore. [

Lemma 2.62. Assume that e > 0 and let o € Q. There is a unique integer h € Z such
that o — hé is a core block and we have h = max{k €l :a—kbe QS} Moreover, we have
a€QR’ < h>0.

Proof. Write H = {k: €l :a—kbe QS}. The set H is non-empty by Proposition 2.55 and
bounded above by (2.44) and Proposition 2.47. If h := max H, then by definition we have
a—hé €@ and o — (h+1)0 ¢ Q° thus o — hd is a core block. We now prove the unicity.
If b’ € Z is such that o — h'§ is a core block then in particular o« — h'd € Q® thus b/ < h by
maximality of h. Now if b’ < h then

a— (W +1)§ = (a—hé) + (h—h —1)4,
but the left-hand side is not in Q° since a — k' is a core block while the right-hand side is

in Q° by Proposition 2.54, thus ' = h. Finally, we have a € Q°* <= 0€ H <= h >0,
which concludes the proof. O
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Remark 2.63. If e > 0, Lemma 2.62 ensures that Q/(d) ~ Z¢~1! is in 1:1-correspondence with
the set of core blocks. In particular, if e > 2 then given a multicharge there is an infinite
number of core blocks.

Remark 2.64. Let a € Q and let h € Z such that & :== a — hd is a core block. By (2.7) we
have h = M Note that the quantity w*(&) can be computed from «, see | .
However, the formula given in | ] does not seem suitable for the purpose of this paper.

Definition 2.65. Assume that e > 0 and let @ € Q). We say that the unique core block of
the form a — hé for h € Z as in Lemma 2.62 is the s-core of a.

We will simply use core instead of s-core when the multicharge s is understood from
the context. Given a multipartition A, by Lemma 2.5 to compute the core of a®(A) we can
proceed as follows. We first look at the e-multicore X of X. If every r-partition lying in
the same block as X is an e-multicore then we are done (in which case a®(X) is the core of
a*(\)), otherwise we repeat the procedure with an r-partition in the block of X that is not
an e-multicore.

Remark 2.66. The terminology fits with the usual notion of e-core when r» = 1: if X and p
are two partitions then a°()) is the s-core of a®(u) if and only if X is the e-core of u (by
Remark 2.57 together with Lemmas 2.5 and 2.30).

By Lemma 2.43 and Proposition 2.47, we have the following particular case of core block.

The aim of this paper is to give a (weak) converse.

Proposition 2.67. Let o € Q° with w*(«) <7 — 1. Then « is a core block.

We say that a multicharge s’ € Z¢ is compatible with s (or simply compatible if s is
clear from the context) if s’ —s € eZ. In particular, note that if s’ is a compatible multi-
charge then a multicore A is s-reduced if and only if it is s’-reduced. We have the following
characterisation of core blocks in terms of abaci.

Proposition 2.68 (| , Theorem 3.1]). Assume that e > 0 and let A be an e-multicore.
The following assertions are equivalent.
(1) The e-multicore A is s-reduced.

(i1) There exist a compatible multicharge s’ and integers by, ..., b, € Z such that
b3;(A) € {b;, b; +e},
foralli € Z/eZ and j € {1,...,r}.

(tit) There exist a compatible multicharge s’ and integers o1, ...,0, € Z such that
Yijk(A) S 05 —or+ 1,
foralli € Z/eZ and j, k € {1,...,r}.
(tv) For any compatible multicharge s', there exist integers o1,...,0, € Z such that
’Yf,jk()‘) <oj—op+1,
foralli € Z/eZ and j, k € {1,...,r}.

Corollary 2.69. Assume that e > 0. An e-multicore X is s-reduced if and only if there
exists a compatible multicharge s’ such that

'7?,jk ()‘) <1,
foralli € Z/eZ and j, k € {1,...,r}.

Proof. If the e-multicore A is s-reduced then by Proposition 2.68(i7) we can write bf;(/\) =
b; + €;5e for all i € Z/eZ and j € {1,...,r}, where ¢;; € {0,1} and s’ is a compatible
multicharge. Thus, we obtain

1 C Rl 0Y)

Vi ik (A) = =€ — € < 1,

€
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foralli € Z/eZ and j, k € {1,...,r}. Conversely, if there exists a compatible multicharge s’
such that ’yf:jk()\) < 1foralli € Z/eZ and j, k € {1,...,r} then item (iii) of Proposition 2.68
is satisfied with o1 = - -+ = o,. thus the e-multicore A\ is s-reduced. O

3 Implicit description of the blocks

We will give in this section the central results of the paper. We will first give a formula to
compute the weight as a map from binary matrices. Let » > 2 and e > 1.

3.1 Weight of binary matrices

Recall from Proposition 2.68(i¢) that to any s-reduced e-multicore we can associate an e X r
binary matrix. Conversely, given an e X r binary matrix € = (¢;;) and integers by, ..., b, € Z
such that b; =4 (mod e) for each i € {1,..., e}, we can construct an s-reduced e-multicore
A = X(¢,(b;)), where the multicharge s is determined by (2.11). Note that the integers

Vi k(X)) = €ij — €ir, (3.1)

do not depend on the choice of (b;) so that the weight w*(X) =: w(€) only depends on & (cf.
Proposition 2.50).

Notation Given an e x r binary matrix £, we denote by Fi,...,E, the subsets of
{1,...,e} such that for any j € {1,...,7} the j-th column of £ is exactly the character-
istic vector 1, of E;. Conversely, if E1,..., E, are subsets of {1,...,e} then we denote by

& the e x r binary matrix such that 1; is the j-th column of £ for any j € {1,...,r}.
Lemma 3.2. Assume that r = 2 and let Fy, E5 C {1,...,e}. We have:

w(&) = min(|Ey |, |Es|) — [E1 N Epl.

Proof. Let by,...,b. € Z with b; =4 (mod e), let s be the multicharge associated with (b;)
and let A be the s-reduced e-multicore associated with (b;) and the e x 2 binary matrix &.
By (3.1), for any i € Z/eZ we have

7?,12()‘) = 11(i) — 12(3),
so that 7§ 15(A) = 1 if and only if i € Fy \ Fa. Hence, recalling (2.49),

Yi,12(A) =2 = 75,12()‘) =1 and 715,12()‘) =-1
< iGEl\EQ anleEQ\El,

so that

|Ey\ Eof, if |E2\ Eq] #0,

A=#{ie€Z/eZ : vi12(A) =2 for some | € Z/eZ} = { }
, otherwise,
and similarly

|E2 \ By, if |[Ey\ Eo| # 0,

B:=#{l€Z/eZ: vii12(X) =2 for some i € Z/eZ} = { )
, otherwise,

Recall from Proposition 2.50 that w(€) = min(A, B). First assume that |E; \ E2| # 0 and
|Es \ E1| # 0. We obtain that A = |F; \ Ez| and B = |E» \ F1|, thus

w(E) = min(|Ex| — |Ex N Bal, |Ba| — |By 1 Ba))
= min(|E1], |E2|) — [E1 N B2,
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as announced. Now assume that |Ey\ E2| = 0 or |Ex\ E1| = 0. Without loss of generality, we
can assume that we are in the first case. On the one hand, we have A = B = 0 thus w(&) = 0.
On the other hand, the assumption implies that E; C Es thus min(|Ey|, |Ez|) = |E1| and
|E1 N E3| = |E4|. Hence, we have min(|E1 |, |Ez|) — |E1 N Es| = 0 = w(€) and this concludes
the proof. O

Note that with Lemma 2.46 we have

w(@) = > [min(IEl, | Exl) - |E; 0 Bl (33)
1<j<k<r

We conclude this subsection by the following particular case of Lemma 3.2.

Lemma 3.4. For any E C {1,...,e} we have:
w(E,E) =w(E,0) =w(E,{1,...,e}) = 0.

Remark 3.5. Recalling Remark 2.58, if e = 1 then we recover the fact that w(€) = 0 for any
e X 1 binary matrix &£.

3.2 Bound for the weight of core blocks
Recall from Remark 2.63 that there is an infinite number of reduced e-multicores.

Theorem 3.6. Let v > 2 and e > 0. There exists a constant C' > 0 such that for all
multicharge s and all r-partition X that is an s-reduced e-multicore we have

wi(A) < C.
Note that the statement is wrong if e = 0 (see Remark 2.51 or the coming Remark 3.8).

Proof. We first prove the case r = 2, which is clear since by Proposition 2.50 and Corol-
lary 2.69 we have w¥(A) < e (we could also have use Lemma 3.2). We now assume that
r > 3. Since A is a multicore, by Lemma 2.46 we have

wé(A) = Z W(Sjvsk)()\(j),)\(k)).
1<j<k<r

By Lemma 2.61 we know that each ()\(j), )\(k)) is a reduced (s;,s)-bicore, thus using the
case r = 2 we find

which concludes the proof. o
We denote by N, . the smallest possible constant C' as in Theorem 3.6, in particular
Ny.e = sup{w*(X) : s € Z" a multicharge and A an s-reduced e-multicore} < oc.

Corollary 3.7. Assume that e > 0. We have
Q*2{aeQ:w(a)>N,.—r}.

Proof. Let a € @ and assume that o ¢ Q°. We will prove that w®(a) < N, . —r. By
Lemma 2.62, we can find h € Z such that o — hd is a core block, and since o ¢ Q° we
have h < 0. Now by Theorem 3.6 we have w®(a — hd) < N, . thus by (2.44) we have
wi(a) < Ny +71h < N, . —r. This concludes the proof. O

Note that the inclusion of Corollary 3.7 is not trivial, that is, the set {a €qQ:w(a) >
Ny — 7} is not empty, and in fact it is even infinite (by (2.44)).
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Remark 3.8. The result of Corollary 3.7 does not hold if e = 0. For instance, assume that
r = 2 and take s = (0,s) for s > 0. For any h > 1, as in Remark 2.51 we consider the
partition A" = (h,..., h) where h is repeated h times and we define

alhl = a® My - ay oy = Z (h —li])ai + st
li|<h

Let (ci)iez € Z* so that alll = ZiEZ cia;. Since cp4s = 0 < ¢pts+1 and s = (0,s), we have
oMl ¢ Q3 (by (2.22) and (2.25)), however

1
Ws(Oé[h]) = 260 — 5 Z(CZ — Ci+1)2

i=—h

1 h—1
_ 2 2 2
%5<§:1+1+1>

i=—h

h—1
1
= 2¢0 = 2 ( Z (¢i = €iv1)® + (Chas — Chast1)” + (Chgst1 — Ch+s+2)2>

1
= 2h — 5 (2h +2)
—h-1.

Note that this calculation remains valid for e > 2(h + 1) +s. This proves that we can find
elements in @ \ Q° of arbitrarily large weight.

We will give in §3.3 more information about the constant N, .. In particular, in the
following particular cases the situation is the same as in level one (cf. Proposition 2.37).

Proposition 3.9. Assume that (r,e) € {(2,2), (2,3), (3,2)}. Then QS = {a €Q:w(a) >
0.
Proof. We will see in Proposition 3.10 (respectively, Proposition 3.29) that N, . = 1 (resp.
Nye =2)if r =2 and e € {2,3} (resp. r = 3 and e = 2). In these three cases we have
Ny <r—1, thus

{ae@ :w(a) >0} C{acQ :w(a)>N,—r+1}.
We conclude the proof by Proposition 2.47 and Corollary 3.7 since we then find

QP C{lac@Q :w(a) >0} C{acQ :w(a)>N,.—1r} CQ°.

3.3 Optimality

The aim of this subsection is to give sharp bounds for N, .. Note that we have seen during

the proof of Theorem 3.6 that N, . < w In fact, we will see that this first bound
is roughly the value of N, . multiplied by a factor of 4 (see Corollary 3.26). We will also
compute N, . for small values of e or r (see §3.3.1 and §3.3.3).

3.3.1 Values for small parameters
We will here compute N, when r =2 or e = 2.
Proposition 3.10 (Case r = 2). We have Ny = | 5].

Proof. By Lemma 3.2, it suffices to prove that for any E, F C {1, ..., e} we have min(|E|, |F|)—
|ENF| < [§] and that equality happen for some E,F. Writing E = (E N F) U E" and
F=(ENF)UF’, we have

MMWHFD*WHFFﬂmMW%WWS[a,
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since E' N F’ = (). We conclude the proof since equality holds when |E| = |$] and F' =
E-. O

Proposition 3.11 (Case e = 2). We have N, o = L%J

Proof. Let En,...,E, C {1,2}. By Lemma 3.4, if E; = ) or E; = {1,2} for some j €

{1,...,r} then w(€) does not decrease if we replace E; by {1}. Hence, we can assume
that for all j € {1,...,r} we have E; = {1} or E; = {2}. Let s € {0,...,r} so that,
after reordering, we have By = --- = E; = {1} and Es41 = --- = E, = {2}. Then by

Lemmas 2.46 and 3.4 we have

w(&) = s(r —s)w({1},{2}) = s(r — s).

This quantity is maximal for s € {0,...,7} at s = [ 5] thus

Mo =[3) (= [5))-

If r is even then we obtain NV, 2 = L%J as announced, and if r is odd we obtain N, =

2 2
tiodl = 2l = | L] as well. O

3.3.2 Bounds
Except in Lemma 3.12, we always assume that e > 2 (recall from Remark 3.5 that N, ; = 0).

We will first give a lower bound for NV, ..

Lemma 3.12. Let r > 2. The sequence (Ny.)e>1 is superadditive, in other words:
NT,eJre’ Z Nr,e + Nr,e’v
for any e, e’ > 1.

Proof. Let Eq,...,E. C{1,...,e} and Fy,..., F, C{1,...,¢}.For any j € {1,...,7} we
define F} = {i+e:i€ F;} C{e+1,...,e+e'}. Note that E;NFy, =0 forall1 <j <k <.
For any j € {1,...,7}, we define G; :== E; UF] C{1,...,e+ ¢’} (the corresponding binary
matrix G is obtained by putting F below £). For any 1 < j < k < r we have

min(|G;|, |Gx|) = min(|Ej| + [Fj|, [Ex| + [Fk|)
> min(|Ej|, |Ex[) + min(|Fj |, [Fk]),
and, recalling that E; N F, =0,
GjNGy = (Ej UFj)N(Ex U Fy)
= (E;NE,)U (F]f N Ey),

so that w(G;,Gr) > w(Ej, Ey) + w(F}, F;). By Lemma 2.46 we obtain w(G) > w(&) +
w(F) and this conclude the proof since Nyt > w(G) and by taking the maximum on &
and F. O

Corollary 3.13. For any e > 2 we have Ny > L%J L%J

Proof. Since Ny,1 = 0 we have Ny e > N, g ¢| > | 5] Nr2 by Lemma 3.12 and we conclude
by Proposition 3.11. O

We will now give an upper bound for IV, .. The next proposition is the key of the next
results. We write P, := P({1,...,e}) for the powerset of {1,...,e}, the set of subsets of
{1,...,e}. We denote by |-||; the 1-norm on R”  given by ||z|; = > pep, |TE| for all
x € RP:. For any x,y € R we write (z,y) = 2Ty for the canonical scalar product. We
have (z,z) = ||z||?, where ||-|| is the Euclidean norm as in Section 2. Let A, = (ag.r)g rep,
be the matrix given by ag p = w(E, F) for all E, F € P.. The matrix A, is symmetric of
size 2¢ with all its diagonal entries being 0 and only non-negative entries. We denote by ¢,
the quadratic form given by ¢.(z) = & (z, Acx) for all x € R”-.
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Proposition 3.14. We have

reN"e

lz|[1=r
Proof. We have a one-to-one correspondence between r-tuples Ei,...,E. C {1,... e} of
subsets of {1,...,e} and elements z = (zg)gep, € N7¢ with ||z|; = r given as follows:

vp=#{je{l,....,r}: E; = E}.
For such elements, by Lemmas 2.46 and 3.4 we have

wE)= > w(Ej Ex)

1<j<k<r

= E : AE;, By,

1<j<k<r

which concludes the proof. O

We will now study the quadratic form ¢.. Our first aim is to prove that it suffices to
study the restrictions of g. to the subspaces of R¥< corresponding to subsets of {1,..., e} of
same cardinalities.

Lemma 3.15. Let E,F C {1,...,e}. We have w(E, F) = w(E°, F°).
Proof. A simple calculation gives
w(E®, F°) = min(|E€|,|F¢|) — |[E° N F€|
=min(e — |E],e — |F|) — |(E U F)¢|
e —max(|E|,|F|) —e+ |EUF]
—max(|E|,|F|)+ |E|+|F|—|ENF]
min(|E|, |F|) — |EN F|

=w(E,F).
O
Lemma 3.16. Let Eq,...,E, C{l,...,e}. Let m = mini<;<,|E;| and assume that m < e.
Let jo such that |Ej| =m and let x € {1,...,e} \ Ej,. Forj e {l,...,r}, we define
j = o .
Ej, U{z}, i j = jo.

Then
w(€) =w(&) +#{je{1,....,r}: |Ej| >m and x ¢ E;}
—#{je{l,....;r}:|Ej| =m and x € E;}.

Proof. Let j # k € {1,...,e}. If j,k # jo then w(E;, Ey) = w(E;, E). If k = jo then,
recalling that 1; denotes the characteristic vector of Ej,

W(Ej’ Ejo) = W(Ej’ Ej, U {x})
= min(|E;|,m +1) — |E; N Ejy| — 15(x)

_ Y w(E), Ejy) —15(x), if [E;| = m,
w(Ej, Ejo) +1—15(z), if [E;] > m.
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Thus, by Lemma 2.46 we have

Mﬁ—W@F=2:M@%@J—W@%@M
=
=#{je{l,....r}: |Ejl >m} —#{je{l,....,r} 1z € E;}.

Writing
{je{t,....r}:|Ej|>m}={je{l,....r}:|Ej| >mand z € E;}
u{je{l,....r}:|E;| >mand z ¢ E;},
and

{je{l,...,r}:erj}:{je{l,...,r}:erj and |Ej|>m}
U{jE{l,,r}erJ and |EJ|:m}’

gives _
wé) —w(E)=#{je{l,....r}:|Ej| >mand z ¢ E;}
—-#{je{l,....,r} 12 € Ej and |Ej| = m},
as announced. (|
Proposition 3.17. There exist Eq,...,E. C {1,...,e} with |E1| = -+ = |E;| such that
w(€) = Nye.

Proof. Let Eq,...,E, C {1,...,e}. It suffices to prove that we can find E‘l,...,ET -
{1,..., e} satisfying |E1| = --- = |E,| such that w(&) > w(E).
Let m = mini<;<,|E;| and M := maxi<;<,|E};|, and define

Npo=#{j e {1,...,r} : |Ej| =m},
Ny =#{je{l,...,r}: |E;| = M}.

We will use induction on (M — m, N,, + Np) € N2, If m = M then we are done, thus

assume that m < M. Let jm,jm € {1,...,e} such that |E;,,| = m and |E;,,| = M.

We have e —m + M > e by assumption, thus Ef N Ej;, # (0, in particular we can pick

r € E; NEj,. If

#{j e{l,...,r}: |E;| >mand:c$_ij} Z#{j e{l,...,r}:|Ej| :mandzEEj},
(3.18)

then by Lemma 3.16 applied with the family Fy,...,E, and « ¢ E;, , we can construct a

family By, ..., E, C {1,..., e} satisfying w(&) > w(€) such that either

m )

max |EJ| =M,
1<j<r
min |EJ| =m+1,
1<j<r

or
max |E]| =M,
1<5<r

in [B| = m,

#{je{l,...;r}:|Ej| =m} = N — 1,
#{je{l,...,r}:|Ej|= M} = Ny,
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thus in both cases we conclude by induction. Thus, we now assume that (3.18) fails, that is,

#{je{l,...,r}:|Ejl >mandz ¢ E;} <#{je€{l,...,r}: |Ej| =m and z € E; }.
(3.19)
Defining Fj := EY for all j € {1,...,e}, we have

#{je{l,....r}:|Fj|>e—Manda ¢ F;} =#{j€{l,...,r}: |E;| <M and x € E;}
2#{j€{1,...,r}:|Ej|:manderj}
>#{j€{1,...,7’}:|E]—| >mandz¢Ej} (by (3.19))
>#{je{l,...;r}:|Ej|=M and z ¢ E;}
:#{je{l,...,r}:|Fj|:efMandx€Fj}.

Since we have chosen x such that « ¢ Fj,, with |F},,| = e — M = mini<;<,|F}|, we can
apply Lemma 3.16 to the family Fy, ..., F, and z ¢ Fj,,. We thus find a family Fi,..., F, C

{1,...,e} satisfying w(F) > w(F), and this concludes the proof since w(F) = w(E) by
Lemmas 2.46 and 3.15. (|

For any k € {0, ..., e}, let g. x be the restriction of g, to the subspace R * where P, is
the subset of P, given by the subsets £ C {1,...,e} of size k. We have g, x(7) = 2 (x, Ac 1)
for all z € RP* where A, = (ap,F)B,Fep, , is the symmetric matrix of size (z given by

aEﬁpiw(E,F):k7|EﬂF|,

for all E,F € P.yj. In particular, as for A., the matrix A, has only 0 entries in the
diagonal. By Lemmas 3.4 and 3.15 and Proposition 3.17, we have

= max max T). 3.20
re = Jdpax | max Ge.k(2) (3.20)
llll=r
The matrix A,y appears at some places in the literature (see, for instance, | , D.

The result of Lemma 3.21 is maybe well-known; we provide a proof for convenience.

Lemma 3.21. Recall that e > 2 and let k € {1,...,e—1}. The eigenvalues of A. 1 are the
following:

-1
k:(e I ), with multiplicity 1,
e
0, with multiplicity <k:> — e,
e—2 . Ll
— <k: _ 1) , with multiplicity e — 1.

Moreover, the constant vector 1 € RP<* is an eigenvector for the eigenvalue k(egl).

Proof. We follow the computation of the eigenvalues for adjacency matrices of strongly
regular graphs (see, for instance, [ ]). For any m,n > 1, we denote by Jy, », the m x n
matrix filled with ones, and we define J,, := J, . We also write I,, for the n x n identity
matrix.
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We first note that for any £ € P, ; we have,

> apr= Y (k—|ENF|

FE'Peyk FG'Pewk
k—1

k\ [e—k
So-0(3)(i20)
£=0

() ()
k()

thus, using Vandermonde’s identity we obtain,

I
B

14

|
= |l

~

so that the constant vector 1 is an eigenvector of A, with eigenvalue k:(e;l).
Now let B = (big) 1<i<e be the e x () incidence matrix associated with the elements of

E€Pe
{1,...,e} and P, . In other words, for any i € {1,...,e} and E € P, j, we have b;g = 1(i),
where 1g is the characteristic vector of E C {1,...,e}. The matrix BTB is square with

rows and columns indexed by P, and for any E, F' € P, we have

(B"B)gr = Y _1p(i)1p(i) = |[ENF|,

i=1

so that A, = k:J() — BTB. We will now compute A%, . First, note that the matrix BBT
k s

is square of size e and for any i,j € {1,...,e} we have
-1
(k 1>, if i = j,
(BBT);j = Z 1p(i)1g(j) = c_9
E€Pe i (k - 2>7 ifij

(with the convention ({~3) = 0 if k = 1), so that

o= () (70 (70 = (2 ()

It is clear that BT.J, is a scalar multiple of J(e) .» similarly
%)
2
. BTB and J/.\ B
J(k), J(k) an J(k),e s

are scalar multiples of J (2): We deduce that

:
A2 = (i) - BB) .

= aJ(sy + BT(BBT)B

e
k

= BJ sy + <Z - ?) BB
=7J() ~ (Z; B i) Ack, (3.22)
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for some scalars «, 5,7. Now let z be any eigenvector of A, ; orthogonal to 1 and let A be

its associated eigenvalue. Since (z,1) = 0 we have J(Z)z = 0 and thus (3.22) gives

-2
Ag,kx = — (Z B 1) Ae,kl',

thus A2 = —(§73)\ thus A = 0 or A\ = —({_7). Now if m (respectively mg) denotes the

k—1
multiplicity of the eigenvalue —(2:?) (resp. 0), what precedes proves that k:(e;l) is of
multiplicity 1 and we have

e
1+mog+m= (k:)’
e—1 e—2
k( i )m(k_1> =tr(Aer) =0,

recalling that the diagonal entries of A. ) are 0. We find that m = k:(e;l)/(;:?) =e—1

and mg = (Z) — e, which concludes the proof. O

Proposition 3.23. Letk € {1,...,e — 1}. For any z € RP** we have

el
der(®) < ELLk(e — k).
Proof. For any x € RP* we have
{z,1)
TRt

where 2, € RPe* is orthogonal to 1. By Lemma 3.21 we have g, x(z1) < 0 thus

x,1)2 x,1)2
don() = %qe,ku) T gen(el) < %qe,ku).

Now [{z,1)| < ||z|l1 by the triangle inequality and, again by Lemma 3.21,

1 kfe—1
1) = —(1,A. 1) = = 1.
dea) = 340 = 5 i)

Hence, we have

2|2k fe—1 2|2k fe—1
s AT )
We obtain the announced result since (}) = (,°,) = =% (ef;il) =< (621). O
Corollary 3.24. We have 21,2
Ny < % LzJ

Proof. For any k € {1,...,e— 1}, by Proposition 3.23 we know that g r(z) < ;—zk(e — k) if

lz]|1 = r. We conclude by (3.20) since k(e—k) < L%J (see the proof of Proposition 3.11). O

2 2

Definition 3.25. For any 7 > 0 and e > 1 we define Ny, := Lg—e L%JJ

Combining Corollaries 3.13 and 3.24 yields the following final bounds.

Corollary 3.26. For any e,r > 2 we have
2

2
S5 ] < Mo sV <
2 4 ’ e 8

We have the following particular case.

Proposition 3.27. Assume that e,r > 2 are both even. Then

67"2

N,e=N], = .
s s 8
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3.3.3 More values for small parameters

Let ,e > 2. We now aim to compute the value of N, . for r € {3,4} or e € {3,...,6}. For
these values, we will see that, except for r = 3, we have N, . = Nai,e (see Proposition 3.43).

With small r We begin by the following result, which will be in fact interesting only in
the case r = 3.

Lemma 3.28. Ifr > 3 then N, . < L—(T’Gl)’”ej,

Proof. Let Ey,...,E. C{1,...,e} and define a;j; := w(E;, Ex) = min(|E;|, |Ex|) — |E; N Ey|
forall 1 <j <k <r. By (3.3) and since a;; € N, it suffices to show that

r—1)re
> apslibre

1<j<k<r
Let 1 < j < k <1 < r; note that this is possible since r > 3. We have
aji + ap + aj = min(|Ej;|, |Eg|) + min(|Ey|, |E1]) + min(|Ej], | E])
— |Ej M Ekl — |Ek M El| — |Ej ﬂEl|
< |Ej| + [Ex|+|Ei| — |Ej N Ex| — |Ex N E1| — |E; N E
< |EjUEkUEl| — |EjﬂEkﬁEl|
< |Ej UEpU El|
<e.

Now, in the sum >, ;. <, (ajk + am + aj) each couple (j, k) for 1 < j < k <r appears
exactly r — 2 times, thus

Z (ak + ax + aj;) = (r —2) Z k-
1<j<k<li<r 1<j<k<r

Thus, we find that

-2 3 aije@,

1<j<k<r

r(r—1
3 ajkge%,

1<j<k<r

and thus

whence the result. O
Proposition 3.29 (Case r = 3). We have N3, = e.

Proof. By Corollary 3.13 and Lemma 3.28 we have
P EJ < Ns.<e, (3.30)

in particular N3 . = e if e is even. (Note that if we use Corollary 3.13 instead of Lemma 3.28
we only obtain N, . < %.) Thus, we can now assume that e is odd and let us write e = 2¢’+3
with €/ > 0. We first assume that ¢’ > 1. By Lemma 3.12 we have

N3o¢r + N3 3 < N3 .
Since 2¢’ is even we have N3 9. = 2¢/, thus we obtain, using (3.30) for the right inequality,
e—3+N33<N3.<e.

Thus, to conclude it suffices to prove that N33 = 3. We already know by (3.30) that
N3 3 < 3, thus it suffices to find Ey, Es, E3 C {1,2,3} such that w(£) = 3. Using (3.3), this
equality is satisfied with E; := {i} for any ¢ € {1,2,3} and this concludes the proof. O
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Proposition 3.31 (Case r = 4). We have:

N4e:

)

2e, if e is even,
2e — 1, if e is odd.

Proof. If e is even then we know by Proposition 3.27 that Ny, = % = 2e. We thus now
assume that e is odd. By Corollary 3.24 we obtain

8 | e2 8 2
Nye<—|— —— = 2e,
o= {4J < e 4 ‘
thus Ny, < 2e—1. If e > 3, as in the proof of Proposition 3.29, using Lemma 3.12 we have

Nye—3+ Nyz < Ny,

thus, since e — 3 is even,
2e — 6 + N473 S N4ﬁe.

Hence, to conclude it suffices to prove that Ny 3 = 5. We have seen that Ny 3 <2-3—-1=5,

thus it suffices to find Ey,...,Ey C {1,...,e} with w(€) = 5. Setting E; = {i} for all
i €{1,2,3} and E; := FE3, we have

1, if j e {1,2},
0, otherwise,

w(Ej, Ey,) = {

for any 1 < j <k <4, thus w(&) = >,y W(Ej, Ex) = 3+ 2 = 5. This concludes the
proof. o O

With small e The next results will mainly consist in using the fact that 1 is an eigen-
vector of A, j.

Proposition 3.32 (Case e = 3). We have N, 3 = L?J

Proof. By Corollary 3.24 we have N, 3 < % L%J = g, hence N, 3 < L?J Thus, it suffices to
find x € NPe1 with ||z||; = 7 such that g 1(x) = LéJ To that extent, write r = 3a+ h with
a>1and h € {—1,0,1} and consider x := al +hlg € Z%<1 where 1 is any characteristic
vector of an element of P ;. Note that x € NP1 and ||z||1 = a(}) + h = 3a + h = r indeed.
We have, recalling that ag g = 0 and from Lemma 3.21 that A. 11 = (f)l =21,

1
() = 5(Aca,2)
1
=3 (a*(Ae11,1) + h*(Ac11p, 15) + 2ah(A.11,1E))
1
=3 (2a°||1[]* + 4ah)
= 3a” + 2ah
_ T2 _ h2
3
2
3 ifr=0 (mod 3),
=3 ,2
—1
! g ifr==%1 (mod3),
r2
el
This concludes the proof. O
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Proposition 3.33 (Case e € {4,6}). We have Ny, 4 = LgJ and Ny g = L%J = 3{%]

Proof. If r is even then the result is true by Proposition 3.27. Now if r is odd, by Corol-
lary 3.26 we have
2 2
2 r_ SN’I‘4 S r_ )
4 ’ 2
72 3r?
3| — Nog < |—1.
7] <o 7]
r2 77’271 r2 77’2—1
2] 27 41 47

which concludes the proof for e = 4. For e = 6 we note that

2 2 _q 2 2
%LJ:J :3L_§:{3LJ’

IN

Now we have

4 4 4 4 4
which concludes the proof. O

We will now deal with the case e = 5.

Definition 3.34. For any » > 0 and e > 2, we define

Qr,e = max qe,k(-r)a
zeNTe k
lzll=r

where k= | §].
Recalling (3.20) and Corollary 3.26, for any r > 2 and e > 2 we have
Qre < Npe <N .. (3.35)

Remark 3.36. We will see that when e = 5 then Q. = N, (Lemma 3.40). It is unclear
whether this equality holds in full generality, in particular we state the next results with the

quantity Q...

Recall from Definition 3.25 that Nai,e = L;—z L%“

Lemma 3.37. Let r > 0 and e > 2. Assume that Q,. = N/ .. Then QH_(E) . =N

r+(z),e’
where k == L%J

Proof. By assumption, we can find # € NP« with |lz||; = r such that g x(z) = N/, (with
k= 1%]). We have, where \ == k(ezl) is the highest eigenvalue of A, j (see Lemma 3.21),

Qe,k(z + 1) = Qe,k(x) =+ qe,k(l) + <:C7 A61k1>

Afle
- Qr,e+ §(l€) +)‘Tv

thus QT+(2)76 > Qre+ % (Z) + Ar. Note that %(Z) = qe k(1) is an integer. Now, recalling the

o

identity (§) = =2 (°.") (see the proof of Proposition 3.23), we have Ny .= LE—E))\J thus
k

2 e\ 2 e
/ |t (k) + 2(k)r
Nt (o).e 2 A




Finally, we have

Nr(p)e Z @re(p)e
= Qe+ (@i (5)c — Qre)
2 Nt (N gy~ Vi)
=N (e
which concludes the proof. O

Lemma 3.38. Letr >0 ande > 2. Letk .=
with ||z|[y = r such that g x(x) = Ny, where
Then Q( ) e = N{ )

e .
k)T n)—T.e

| and assume that there exists x € {0,1}7=*

5
k= LgJ (in particular, we have Qr.e = NLJ-

Proof. As in Lemma 3.37, we have, noting that 1 — z € N”<* since the entries of = are at
most 1,

Q(

k

)—r,e > Qe,k(l - 1')
= qe,k(-r) + Qe,k(l) - <-Ta Ae,k1>

Ae
Qr,e+§<k> —Ar

=N, +%(Z) —Ar

= Nle
(

)
k>7r,e

thus we conclude by (3.35). O

Remark 3.39. Assume that r = 1. We have N{,e < g by Corollary 3.26, thus if e < 7 we have
Ni . = 0. In particular, the assumption Q.. = N, , of Lemma 3.37 is satisfied. Moreover,

since any x € NP+ with ||z||; = 1 has entries in {0, 1}, the assumption of Lemma 3.38 is
also satisfied (using (3.35)).

We give a last preliminary result, which is a refinement of (3.20) (see Remark 3.36).

Lemma 3.40. Assume that e =5. For any r > 2 we have Qr e = Ny c.

Proof. By (3.20), Proposition 3.23 and Corollary 3.13, it suffices to prove that

ovew] <l51 5]

for all ¥’ € {1, RPN L%J — 1}. In our setting, this reduces to proving

2 2 2
{%J <2 VZJ . (3.41)
2r? E

If 7 is even, we have |2-| < 20 < % = 2L§J thus (3.41) holds. If r is odd we have

5
5] =5 and

272 - r2—1
5 2
thus (3.41) holds since r > 2 is odd. O

— 4r? <512 -5,

Proposition 3.42 (Case e = 5). For any r > 2 we have Ny 5 = N/ 5 = L%J
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Proof. By Lemma 3.37 and Lemma 3.40, it suffices to prove the equality for 2 < r < (g) = 10,
together with Q.5 = Ny 5 for 7 € {0, 1}. For r = 0 we have Q.5 = N, 5 = 0, and the equality
also holds for r = 1 by Remark 3.39. By Lemma 3.38 and again Remark 3.39, we thus have
N5 = N/ g forr =9.

It remains to prove N,5 = N; 5 for r € {2,...,8}. It follows from Propositions 3.10
and 3.29 that the equality N,5 = N] 5 holds for r € {2,3}. Moreover, the proofs of these
propositions guarantee that Lemma 3.38 can be applied for r € {2,3}, so that the equality
N5 = N 5 also holds for r € {7,8} (using Lemma 3.40). The same can be said for r = 4
(Proposition 3.31) and thus r = 6, however we need to carefully check that the conditions of
Lemma 3.38 can be satisfied when r = 4. Following the proofs of Propositions 3.11 and 3.31,
taking

E1 = {1,3}, E2 = {2,4},
Es = {lﬂ 5}7 E, = {275}5

by (3.3) we have w(€) = 371 r<4 (2—|E;NEg|) =9 = Ny 5 indeed and the corresponding
z € NP2 has entries in {0,1}. We could have also noticed that Ng 5 = [230] = |35 43| =
21, and by Lemma 3.12 we have

Neo,5 > Ng,3 + Ng2,

thus by Propositions 3.11 and 3.32 we have

62 62
Nes > {?J + hJ =2.-6+3*=21,

thus Ngs5 = Ng 5 by Corollary 3.26 (note that this alternative proof does not work for
r e {7,8}).

It thus remains to treat the case r = 5. We define:

E1 p— {1, 2}, E2 = {1,3},
E5 = {2,4}, E3 = {3, 5},

E, == {4,5},

so that |E; N Ej4q| =1for all j € {1,...,5} (with Es := E1), every other pairwise intersec-
tion being empty. By (3.3), we deduce that

w(€)=5-1+5-2=15,

thus N5 > 15. Since Nf 5 = |35°| = 15, by Corollary 3.26 we obtain that Ns5 = N

and this concludes the proof. O

All in one We now gather all the results we have proven in these small cases.

Proposition 3.43. Let e,r > 2. We have
Nr,e = Naiyea
in (at least) the following cases:

re{2,4} or ee{2,...,6}.

Note that if » = 3 then N . = e by Proposition 3.29, however if for instance e is even

we have N3 , = L%J e+ LgJ > N3 . as soon as ¢ > 8.
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Proof. First, note that the result holds if both r and e are even, by Proposition 3.27. We

have
LTQeJ .
—, if e is even,
N/ = 8
re = 20,2
{MJ . if e is odd.
8e

For r = 2, we deduce that (with e > 2 odd)

I Kt I R ~ 4]
2e 7 2 | |2 2| L2l

thus Nj , = Ny . by Proposition 3.10. For r = 4, we have (with e > 2 odd)

M= |2ED) e |2 e

e

thus Ny, = Ny, by Proposition 3.31. The equalities N] . = N, for e € {2,...,6} are
straightforward from Propositions 3.11, 3.32, 3.33 and 3.42. O

3.3.4 Asymptotics

In this section, we will describe the asymptotic behaviour of the two sequences (Ny ¢)e>2
and (N, )r>2 for r,e > 2. We first recall the following basic fact, which will be used without
any further reference.

Lemma 3.44. Let (uy)n>1 be a sequence of real numbers that converges to +oo and let

[zun ]

x € R. Then the sequence ( ™ )n>1

converges to x.
We also recall the following standard result.

Lemma 3.45 (Fekete’s superadditive lemma). Let (un)n>1 be a superadditive sequence.
Then (%) _ . has a limit in [—00,+00] as n — +00.

By Lemmas 3.12 and 3.45, we know that the sequence (N;’e) has a limit N, o €
e>1
[0, +00]. By Corollary 3.26 we have

1|7 r?

Sl = < Npoo < —, 4

5| 7] <M (3.16)
in particular if 7 is even then N, o, = %.

Remark 3.47. By Propositions 3.10, 3.29 and 3.31, we have Ns o = %, N3 o = 1 and
Ny oo = 2.

Our aim is now to give a similar result when r grows to infinity.

T, e

Proposition 3.48. The sequence (1\12 ‘)T>2 converges to Noo e = max, cpre qe(y).
= llylli=1

Proof. By Corollary 3.26, we know that the sequence (NT,C/TQ)T>2 is bounded. Hence,
to prove that it converges to Nu . it suffices to prove that any converging subsequence
converges to Noo .. We thus consider a converging subsequence of (Nne /7"2)T>2 and let
¢ € R be its limit. To avoid the notation being overloaded, we still denote this subsequence
by (Nne/TQ)DQ. By Proposition 3.14, we have N,../r? < Ny ¢ for any r > 2 thus £ < N .
We will now prove the reverse inequality.

Let * = (vg) € RP:. Defining |z| == (|zg|)pep, we have |||z|||1 = ||z]1. Since the
entries of A, are non-negative we have q.(r) < ¢.(|z|). Hence, if z € R”- is such that
ge() = max,|, =1 ¢e(y) then we can assume that x has only non-negative coordinates. In
particular, we can take a sequence of rational vectors with non-negative entries (2, )n>1
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with limit z and satisfying ||z,|l1 = 1 for all n > 1, where the entries of x,, have the same
denominator b,. Noting that b, is not necessarily coprime with its associated numerator,
we can always assume that b, — co. Then by Proposition 3.14 we have Ny, o > ge(bpzy) =
b%qe(acn), thus since ¢. is continuous we obtain ¢ > ¢.(x) = Ns .. This concludes the
proof. O

By Corollary 3.26 we have
1lje 1 |e?
|| < Newe < — | —]|.
4 bJ - T T 2e L4J
We will be able here to determine the exact value of the limit N .

Corollary 3.49. For any e > 2 we have

1 |e?
Nooe:_ - |-
’ 2@{4J

Proof. Since Qo = Nj . = 0, we deduce from Lemma 3.37 and (3.35) that Q. = N, . =
N/ = Lg—z L%H as soon as r is of the form r = a(LEJ) for some « € Z>;. This proves that
: e >

(Ny.e /%), has a subsequence that converges to 5 L%J and this concludes the proof. O

4 Application in level one

Let e > 2. We will here apply the implicit description of the set QQ* given at Proposition 2.37
to study a shift operation on partitions, and relate it to a shift operation on blocks that is
naturally defined in higher levels.

In this whole section we assume that we are in level one, that is, we have » = 1. In
particular, without loss of generality we can assume that the charge is zero and therefore
we will often omit to write the corresponding superscripts. For instance, the weight of

a= Ziez/ez c;o; € @ is given by
w(a) =co— 1 Z (ci —ciy1)?
2 . 03 1+ )
i€L)el

and, recalling Lemma 2.21, if X is an e-core and i € {0,...,e — 1} then x;(\) = y;(\). The
only case where we keep the superscript is for Q° = {a(\) : ) is a partition}, to avoid
confusion with the ambient abelian group Q 2 Q°. Finally, we define

Q% = {a()) : X is an e-core}.
We recall from Lemma 2.36 that Q0 = {a € Q : w(a) =0}. Let € € {1,...,e — 1} and let
p € {2,...,e} be the order of ¢’ in Z/eZ.
4.1 Shifting blocks

Definition 4.1. We define the Z-linear map o : Q — Q by 0 - a; = ;. for all i € Z/eZ.

The map o is an automorphism of @ of order p. As we saw in the introduction, the
automorphism o naturally appears with a shift operation on r-partitions with » > 2. Note
that

o-0=0, (4.2)

recalling that 6 = _,7 /.7 @ € Q.

Proposition 4.3. Let a = Ziez/ez cia; € Q. We have w(o - o) = w(a) + ¢or — ¢p.
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Proof. By definition, we have

g0 = E Cite' O,

€L/l
thus
w(o-a)ZCr—l Z (Citer — Ciyert1)’
e 2 - 1+e 1+e’+1
i€L)eL
1
= Ce¢/ — 5 Z (Ci — Ci+1)2
€L/ el

=w(a) —co+ Cer.

Using Lemma 2.36 and Proposition 2.37, we deduce the following corollary.
Corollary 4.4. Let o = Ziez/ez cia; € Q0. Then

c-a€Q <= co<ce+w(a),
the right-hand side being an equality if and only if o - o € Q°. In particular, if o € Q% then
c-ae@’ < ¢y <co,

the right-hand side being an equality if and only if o - o € Q0.

4.2 Shifting partitions

In the continuation of Corollary 4.4, given a partition A such that o-a()\) € Q° we show how
to obtain the partitions that lie in o - @()\). The constructions and results that we present
in this subsection can be obtained using Scopes isometries (see [Sc] and for instance | D,
a Scopes isometry consisting in swapping two (adjacent) runners in the e-abacus.

Definition 4.5. Let A be an e-core. We denote by o\ the unique e-core such that
z(oX) = (zer(N), .o, Tem1 (), 2o (N, .., Ter—1(N)).

Note that o\ is well-defined by Proposition 2.24 since xe (A) + -+ + Te—1(A) + 2o(A) +
o+ xe—1(A) =0.

Proposition 4.6. Let A be an e-core and let § = co(N\) — cer(N). We have
a(oX) = o - a(A) + §6.

Proof. By (2.22) we have xg(\) + -+ + xe—1(\) = §, moreover by Corollary 2.29 we have
co(oA) = co(N). Hence, for any i € Z/eZ we have by (2.22)

ci(oN) = co(oN) —xg(oX) — - —xi_1(0A)
o) = N — e s ()
=co(A) +6 —xo(A) =+ = Terpi1(N)
= Cer4i(N) + 0.

‘We conclude since

aloN) = Z ci(oN)a; = Z (ceri(N) + 0)ey; = Z ¢i(N)@i—er + 00 = 0 - a(A) + 66.

€L/ el €L/l €L/l

O
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The next result shows that Definition 4.5 fits with what we can expect between o - ()
and a(oA) when A is an e-core. Recall from Definition 2.65 that any o € @ has an associated
core.

Corollary 4.7. Let \ be a partition and let X be its e-core. Then a(o)) is the core of
o a(A).

Proof. By definition, the partition o) is an e-core thus the block a(c)\) is a core block
(recalling Remark 2.57). The assertion then follows from Lemma 2.62 and Proposition 4.6.
O

In particular, it follows from Remark 2.66 that if A is a partition such that o - a()) € Q°
then o\ is the common e-core of the partitions that lie in o - «(A). We now propose a
generalisation of Definition 4.5 when A\ is not necessarily an e-core.

Definition 4.8. Let A be a partition and for any i € {0,...,e—1}, let R; be the i-th runner
of the e-abacus of \. We define oA to be the partition whose e-abacus is obtained as follows:
for any i € {0,...,e — 1}, the i-th runner is R;1. (where addition is modulo e).

Remark 4.9. The partition o\ is the (unique) partition with e-core oA and e-quotient
(/\[e/], D\ Lt B Y ) E )\[e/*”). In particular by (2.19) we have we(X) = we (o A).

Corollary 4.10. Let A be a partition. We have
a(od) =0 -a() <= oA =N <= co(A) =ce (V).

Proof. By Lemma 2.4 we have cg(A\)—cer (A) = co(A) —cer (A), thus from (4.2), Proposition 4.6
and Remark 4.9 we obtain

a(od) =0 - a(X) + (co(A) —co (V) 1.

Since |o - a(N)| = |a(A)] = |A|, we deduce that |[oA| = |A| + co(A) — cer (A) and this concludes
the proof. O

Remark 4.11. Is is easy to construct an e-core (and thus, a partition) that satisfies the
equivalent conditions of Corollary 4.10. Indeed, if X is an e-core then by (2.22) we have
co(A) = cer(N) if and only if zo(A) + -+ - + zer—1(A) = 0.

4.3 Some properties

In this subsection, we always assume that ¢’ divides e. In particular, the order p of ¢’ in
Z/eZ is p = 5. We will count both modulo e and €', thus to avoid ambiguities we will
add a prime when we compute modulo €¢’. For instance, for any partition A and for any
i’ € {0,...,¢ — 1} we will denote by ¢}, (A) the number of nodes v of A such that res(y) =’
(mod ¢€’). The next lemma is immediate.

Lemma 4.12. Let i’ € {0,...,¢’ —1}. For any partition A\ we have

p—1
(N =D cirprer (N).
k=0

Let Q" = ®jez/erzZa; be a free abelian group with basis {;}jcz/cz. We consider the
Z-linear map 7 : Q — @’ determined by
(o) = o}

i mod e’

for all i € Z/eZ. Note that ¢ mod ¢’ is well-defined since we have assumed that e’ divides e.
It follows from the definition of the automorphism o that

m(o-a)=n(a) € Q,

for any o € @. We then deduce from Lemma 2.31 the following result.
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Proposition 4.13. Let a € Q° so that o - € Q°. If a partition \ (respectively, 1) lies
in « (resp. o-«) then A and p share the same €’-core.

Recall the classical result that any e’-core is an e-core (cf. Lemma 2.10).

Proposition 4.14. Let A be an e-core and assume that o - a(X) = «(X). Then X is an
e’ -core.

Proof. Since o - a(\) = a(X) we have ¢;(\) = ¢jye (A) for any ¢ € {0,...,e —1}. We deduce
that

e —1

(X)) =itV =p Y (eo (V) = cirg1 (V)
1'=0

)
|
—

Il
o

i

and, by Lemma 4.12,
cii(N) = peir(N),

for any i’ € {0,...,¢’ — 1}. By Proposition 2.28, we obtain

e'—1

we () =y = 3 S () — oy (W)’

i'=0

= peo(N) = 5 D (er () = e (V)
i'=0
= peo(N) = £ D" (eiN) = cina (V)
1=0
= pWe()‘)
=0,
thus ) is an e’-core. O

The previous proposition involves a block a € @ satisfying « = o - . We say that such
a block is stuttering. In a similar spirit as in [ ], we will now study the relationship
between stuttering blocks and stuttering partitions, that is, partitions A satisfying oA = A.

Lemma 4.15. Let A be a partition that satisfies o = A. Then o-a(X) = a(X) and p | we(N).

Proof. The first assertion is clear by Corollary 4.10 since |cA| = |A|. For the second assertion,
since oA = A then we know by Remark 4.9 that the e-quotient of A is

()\[0], T G IO A e I\ L R ,A[e’*”) :

where the sequence A%, ..., Ae' =1 g repeated p times. Thus by (2.19) we have
e —1
we(A) =p YA,
i=0
which concludes the proof. o

The aim is now to give a converse statement for Lemma 4.15, proving Theorem D from
the introduction.

Proposition 4.16. Let A be an e-core. If o - a(N\) = a(\) then o\ = .

Proof. The assumption implies that c¢g(\) = ce/(A\). Hence, by Corollary 4.10 we have
a(oA) =0 - a()) = a()), thus A and o lie in the same block. This concludes since X is an
e-core (recalling Lemma 2.31). O

37



Corollary 4.17. Let a € Q°. If o = 0 -« and p | w(a) then there exists X\ with a(\) = a
satisfying oA = .

Proof. Let u be a partition with a(u) = « and let @ be the e-core of u. By Lemma 2.5
and (4.2), since o - () = a(p) we have o - a(f) = «(fr). Thus, by Proposition 4.16 we have
ofi = fi. By assumption and (2.6), we can write we(p) = wp with w € N. Now let A be
the partition whose e-abacus is obtained as follows: for each ¢ € {0,...,p — 1}, we slide w
times the rightmost bead on runner ie’ of the e-abacus corresponding to 7. By Lemmas 2.5
and 2.17, the partition X satisfies a(A\) = a(@r) + pwl = a(f) + we(p)1 = ap), and by
construction oA = A. (]

Note that for any h € N, by (4.2) the block a = h1 € Q° satisfies & = o - o, however, we
have p | w(«) if and only if p | h.
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