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Abstract LetIrr(W) be the set of irreducible representations of a finite Weyl group W.
Following an idea from Spaltenstein, Geck has recently introduced a preorder < on
Irr(W) in connection with the notion of Lusztig families. In a later paper with lancu,
they have shown that in type B (in the asymptotic case and in the equal parameter case)
this preorder coincides with the preorder on Lusztig symbols as defined by Geck and
the second author in 2011. In this paper, we show that this characterisation extends to
the so-called integer case, that is, when the ratio of the parameters is an integer.

Keywords Lusztig’s families - Lusztig’s symbols - Representation of Weyl groups

1 Introduction

Let W be a finite Weyl group together with a weight function L and let Irr(W) be the
set of irreducible representations of W over C. On the one hand, Lusztig has defined a
function a on the set Irr(W) (now known as the Lusztig a-function) which allowed him
to define a partition of Irr(W) into the so-called families. On the other hand, Kazhdan-
Lusztig theory naturally yields a preorder <, on Irr(W) which in turn gives rise to a
partition of Irr(W). When the weight function is equal to the length function (the equal
parameter case), these two partitions turn out to be the same: the proof relies on some
geometric interpretation. It is conjectured that the two partitions should coincide in the
general case of unequal parameters, that is for any choice of weight function L. The
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notion of families plays a fundamental role in the work of Lusztig on the characters
of reductive groups over finite fields. It also naturally appears in the work of Geck [2]
on the cellular structure of Iwahori—-Hecke algebras.

Despite a fairly simple definition, the preorder <, is particularly hard to han-
dle. To understand it and to give a combinatorial description, Geck has introduced a
new preorder <z in [3] on Irr(W) which is defined using only standard operations
on the irreducible representations of W, such as truncated induction from parabolic
subgroups or tensoring with the sign representation. He then proved that this preorder
coincides with the Kazhdan—Lusztig preorder in the equal parameter case. He conjec-
tured that this should also hold in the general case of unequal parameters. Later on,
Geck and Iancu have studied < in type B, and they have given a complete combina-
torial description of it in the equal parameter case and in the asymptotic case, using the
combinatorics of Lusztig symbols. Their result brings in a preorder on symbols, which
generalises the dominance order on partitions. This preorder was introduced, as far as
we know, in [4, §5.7.5] and since then it has naturally appeared in various contexts not
only in the representation theory of Hecke algebras [7] but also in the theory of canon-
ical bases for Fock spaces [4, Ch. 6] and in the theory of Cherednik algebras [1,8,9].

The main purpose of this paper is to show that the results of Geck and Iancu remain
valid in the integer case; that is when the weight function L satisfies some integer
condition. The proof relies on some combinatorial properties of Lusztig symbols which
may be of independent interest. The paper is organised as follows. In Sect. 2, we
introduced the basic concepts such as the preorder <;, the notion of symbols and the
dominance order on the set of symbols. In Sect. 3, we characterise adjacency of two
symbols for the dominance order. This will play a crucial role in the proof of the main
result in Sect. 4.

2 Ordering Lusztig families
2.1 Lusztig families

Let W be a finite Coxeter group with generating set S, and let L be a weight function
on W, that is a function L : W — N such that L(w;w») = L(w1) + L(w;) whenever
wi, wy € W satisfy £(wjwz) = £(wy) + £(w7). Here £ denotes the usual length
function. It is easily seen that L only depends on the set {L(s) | s € S} which is called
the set of parameters.

Let Irr(W) be the set of complex irreducible representations of W. Using the
‘generic degrees’, Lusztig [11] defined a function

a:lr(W) — Z
E +— a(E)

which plays an important role in the representation theory of Weyl groups; see for
example [4, Ch. 1,2,3]. Using this function, Lusztig [10, §4.2] showed that the set
Irr(W) can be naturally partitioned into the so-called ‘families’. In Example 2.5 and
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Proposition 2.11, we give explicit formulae for the values of the a-function on the
irreducible representations of the Weyl groups of type A and B.

We now briefly recall the definition of families. We use the following notation: if
J C S M e Irr(Wy) and E € Irr(W), we write M 1 E if E is a constituent of
Indi(M), and we write M ~»; Eif M © E and a(M) = a(E) (where a(M) is the
value of the a-function within the group W;).

Definition 2.1 When W = {1}, there is only one family which consists of the unit
representation. When W # {1}, E € Irr(W) and E’ € Irr(W) are in the same family
if there exists a sequence

E=EyE,....E,=FE

in Irr(W) such that for alli = 1,2, ..., m, the following condition is satisfied: there
exist a subset /; C S and two simple modules M;, Ml./ € Irr(Wy,) which belong to the
same family in Irr(W},) such that

e cither M; ~; E;_1 and Ml/ ~1 Ej,
e or M; ~ E;_1 ® ¢ and Mz/ ~r Ei e,

where ¢ denotes the sign representation of W.
Example 2.2 Let W = (s, t) be the dihedral group of order 12, that is, the element

st is of order 6. We refer to [6, §5.3.4,§6.3.5,8§6.5.10] for details of the computations.
We have Irr(W) = {1w, ¢, &5, &, @1, @2} where

1w is the trivial representation,

¢ is the sign representation, i.e. e(w) = (=Dt

&g and &; are two linear representations defined by e, (w) = (=)&) where ¢,
for x = s, t is the number of x in any reduced expression of w,

@; for i = 1, 2 are defined by

¢i(st) = (g’ gl) and @;(s) = ((1)(1)) where £ = e

There are only 4 parabolic subgroups, namely Wy = {1}, W, = (s), W, = () and
W itself. One can check that we obtain the following relations, inducing the trivial
representation of each of the parabolic subgroups to W:

1y =1w,
ly, = lw + &+ X1,

1
1y = lw + & + 2 ¢
1
l% =lw+ete+e+2D0.
i

Next we obtain the following values for Lusztig a-function
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E € Irr(W) 1w s &t o1 %) €
a(E) 0 1 1 1 1 6

From there, we see that the families are

{lW}s {85, &ty 91, 902}7 {8}

O

Kazhdan-Lusztig theory allows one to define another preorder on irreducible rep-
resentations that we will denote by <, . More precisely, one can define a preorder
<rr on W using the Hecke algebra associated to W. This preorder yields a partition
of W into the so-called two-sided cells which are then naturally equipped with a partial
order that we will still denote by <, . Next, each two-sided cell ¢ affords a represen-
tation of W, not necessarily irreducible, that we will denote by M_. It turns out that any
irreducible representation appears in a unique cell representation and therefore, the
partial order < % on cells induces a preorder on Irr(W) as follows: E <, E’if and
only if there exist two two-sided cells ¢ and ¢’ such that ¢ <5 ¢/, E is a constituent of
M, and E’ is a constituent of M. In turn, this preorder induces a partition of Irr(W).

As shown in [10, Chapter 5] these two partitions turn out to be the same in the
equal parameter case. The proof relies on some geometric interpretation which does
not exist in the general case of unequal parameters.

Conjecture 2.3 (Lusztig) Let W be a finite Coxeter group together with a weight
Sfunction L. The partition of Irr(W) into families agrees with the partition induced by
the Kazhdan—Lusztig preorder <,pR.

As far as unequal parameters are concerned, this conjecture has been verified by explicit
computations in type 1> (m) and Fy4 by Geck. In type B, it holds in the asymptotic case;
see next section.

2.2 The preorder <,

To have a better understanding of the preorder <, in Conjecture 2.3, Geck [3] has
introduced a preorder <, (see the definition below) satisfying the following condition:
E, E' € Irr(W) lie in the same family if and only if E <, E’ and E’ <; E. Then
with Iancu, they studied this preorder in type B and gave a complete combinatorial
description in the asymptotic case and in the equal parameter case [5]. Finally, they
deduced that Conjecture 2.3 holds in the asymptotic case.

We now recall the definition of <.

Definition 2.4 When W = {1}, Irr(W) contains only the unit representation which is
related with itself. When W # {1}, E € Irr(W) and E’ € Irr(W) satisfy E <, E'if
and only if there exists a sequence

E=EyE....,.E,=E
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in Irr(W) such that for alli = 1, 2, ..., m, the following condition is satisfied: there
existasubset /; C S and two simple modules M;, M{ € Irr(Wy,) satisfying M; <, le
in Irr(Wy,) such that

e cither E;_; 1 Indfi (M;) and M/ ~ E;,
eorEi®e? Indfi(Mi) and M} ~p E;i_1 ®¢,

where ¢ denotes the sign representation. We write E ~; E’ if we have E <, E’ and
E’ <. E.

Directly from the definition of <y, one can easily check that

1. if E and E’ belong to the same family, then E ~; E’;
2. E <y E' = a(E) > a(E').

The fact that this preorder gives rise to families (in other words that the converse of 1.
holds) is not straightforward by any means: it is one of the main results of [3] and [5].

Example 2.5 Letn > 2 and W be a Weyl group of type A, —; with diagram as follows:
S1 52 S3 Sn—1
An,1 Q O O .. _O

The description of <, is given in [5, Ex. 2.11]. We explain it for the convenience
of the reader as our proof in type B, will roughly follow the same pattern. The group
W can be identified with the symmetric group &, and it is a well-known fact that
the irreducible representations of W are parametrised by partitions of n. We use the
labelling as in [6] where, for instance, the unit representation is parametrised by the
partition with one part equal to n and the sign representation by the partition with n
parts equal to 1. For a partition A of 1, we denote by E* the corresponding element of
Irr(W). We will denote by Sy, the parabolic subgroup of W generated by {s1, ..., sk—1}
and by H, the parabolic subgroup of W generated by {s,—¢+1, ..., S,—1} Where, by
convention, we set &1 = {1} and H; = {1}. With these notations, if £, £ > 1 are such
that n = k + £, then the subgroup &y x Hy is a maximal parabolic subgroup of W.

Let A = (A1, ..., Ay) be a partition of n where .y > Ay > --- > A,; > 0. Then
we have

a(E*) = (i — D

i=1

We claim that the order < is the usual dominance order < on partitions. Recall that,
for two partitions A = (Aq, ..., Ar) and u = (uy, ..., i) of n, we have A < i if and
only if

k k
D ki =D piforallk > 1
i=1 i=1

where, by convention, we set A; = 0ifi > rand u; = 0if j > 5.
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We will need the following results, and we refer to [6] for proofs and details. In the
following, &¢, denotes the sign representation of the parabolic subgroup Hy,, while &
denotes the sign representation of W.

(1) We have E <, E’ if and only if there exists a sequence E = Ey, ..., E,, = E’
such that for each 1 < i < m there is a decomposition n = k; + ¢; and two
irreducible representations M;, M; € Irr(Sy,) such that M; <; M/ and either
o M;Xegy t Eand M Kegy, ~p E
o MiKey t E'®@eand MRy, ~1 E® ¢

(2) (Pieri’s Rule) Let n = k + £, and let A be a partition of k and p a partition of n.
Then

E*X ey 4 EF

if and only if  can be obtained from A by adding one box to ¢ different parts of
A

(3) (truncated Pieri’s Rule) Let n = k + £, and let A be a partition of k and u a
partition of n. Then

E*Xegp ~op EF

if and only if x can be obtained from A by adding one box to the £ greatest parts
of A.

We are now ready to prove the claim. Let A, 11 be such that E* <; E*. It is enough
to consider an elementary step in the definition, so by (1), we may assume that there
existk < nand E*, E# € Irr(&y) such that the following is satisfied: E* <; E
within &y, and we have either

° E’v&sg 0 E* and E”“/&é‘g ~p EM
o E* Kep + EF @ eand EM ey ~~p E*®e.

Arguing by induction we may assume that ” <0 /. Suppose that we are in the first
case. Then, by (2), A can be obtained from A’ by adding one box to ¢ different parts
of 2/, while, by (3), 1 can be obtain from u’ by adding one box to the ¢ greatest parts
of w. It is clear that in this case we still have A < u. The argument is similar in the
second case, since E* ® ¢ = E* where A is the transposed partition of A.

Conversely, assume that A < . We may assume that A and p are adjacent in the
dominance order, that is, if v satisfies A < v < p then either v = A or v = u. By [12,
§1.16], we know that u differs from A by only one box. That is there exists i} < j; € N
such that

i :)‘-i| +1, My =)\.j1 — 1 and u; = A; foralli # iy, ji.

Let v be the partition defined by

o [ Lifk < i,
K= e itk = i
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Then, one sees that u can be obtained from v by adding one box to the j; — 1 greatest

parts of u, while A can be obtained by adding one box to j; — 1 different parts of v

(namely the part indexed by {1, ..., ji} — {i1}). Therefore we have E¥ M e 1 1 E*

and E" M ej 1 ~»1 E* and A <1 u as required using (1). O
Finally, Geck conjectures the following relation.

Conjecture 2.6 (Geck [3]) Let E, E' € Irr(W). We have E < E' if and only if

E <rR E'.

It has been shown in [3, Prop. 3.4] that the implication E <; E' = E <y;r E’

always holds. The conjecture has been proved in the following cases:

e in the equal parameter case by Geck [3, Th. 4.11]. The proof relies on a geometric
interpretation of the Kazhdan—Lusztig theory;

e in type F4 and I(m) for all choices of L by Geck [3, §3];
e in type By, in the so-called asymptotic case by Geck and Iancu [5].

2.3 Type B,

Let W be a the Weyl group of type B, with diagram as follows:

t S1 82 Sp—1

B O—O—O— - - —O

together with a weight function L : W — Z.

Remark 2.7 The case where L(t) > (n — 1)L(s;) > Oforalli =1,...,n—11is
called the ‘asymptotic case’.

In the rest of the paper, we will assume that we are in the ‘integer case’, that is,
L#t)=beNandL(s;) =1ifi =1,...,n — 1; we will denote by L} such a
weight function.

We now show how the irreducible representations, the a-function and the families
can be described in the integer case, for all choices of weight function L.

The set of irreducible representations of W is naturally labelled by the set H%
of bipartitions of rank n. Recall that for a partition A = (A, ..., A) we have set
|Al = >, <;<, Ai. A bipartition of n is just a pair of partitions A = (A1, A2) such that
A1 + |A2] = n. We have

Irr(W) = (E* | A € TI2}.

We refer to [4] for more details and for an explicit description of the irreducible
representations E* for A € T12.

To each bipartition, one can associate an important object: its symbol. This notion
depends on the weight function that we have chosen on W. Let A = (1!, 1?) be a
bipartition of n € N where A= ()J, ...,)\il_) and A"l > Aé > .. > )\il_ > 0 for
i =1,2.Let N € N be such that

N > max{k € N | max{r}, A7} # 0}
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where, by convention, we set )L,i =0ifk > ry and )L,% = 0if k > r». Such an integer
will be called admissible for the bipartition A. Then, we associate to A and N the
(b, N)-symbol

B2 .83
B, (X)=( ¥ 1 )
*-N) By .. Bl Bl

where

Blo=Al —j+ N+bforj=1,...,N+b,

%é :=)\§—j+Nf0rj=1,...,N.

We will denote by kv (A) the sequence of 2N + b elements in B, x)(A) written
in decreasing order. A straightforward computation shows that it is a partition of the
integer

f(b,N,n)=n+ (NN — 1)/2+ (N +b)(N + b — 1)/2.

We set K(byN)(X) = (K1, ..., kKaN+p) and

ne,NyA) = Z (i — Dx;.

1<i<2N+b

Example 2.8 Letb =2, 1! = (5,1), A> = (2,2, 1) and A = (A', A?). Then, N = 3
is admissible for A, and we have

134
By = (0 124 9)'

Then k2 3)(A) = (9,4,4,3,2,1,1,0) which is a partition of f(2,3,11) = 24. |
From now on and until the end of this section, we fix a weight function L, on W.

Using symbols, one can easily describe the a-function and the families in type B,,.

Proposition 2.9 ([11, §22.14, §23.1]) Let A = (A, 2%, n = (1!, u?) € T2 and
assume that N € Nis admissible for both X and . Then the irreducible representations
E* and E* belong to the same family in W with respect to the weight function Ly, if
and only if kp, Ny(A) = kK, N)(R)-

Example 2.10 (1) Asnoted in [5, Ex. 8.1], if we have b > n — 1, then all the families
are singletons.

(2) Consider the Weyl group of type B3 together with the weight function L. There
are 10 bipartitions of 3. In Fig. 1, we list all the bipartitions of 3 together with their
(3, 1)-symbols and the partitions «3 i.
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Bipartition of 3 Symbol K13
@ 0) (0 53 4)|(®3221,00
.0) (8 L3 5) (5,3,2,1,1,0,0)
(o, 0) (8 2 6) | (6.2,2,1,1,0,0
0,5 ((1) 23 3) (3,3,2,2,1,1,0)
0,5) (075 3) 322100
(0, o) (8 LS 3) | (5.3,2,1,1,0,0)
©.A) (8 23 4) (4,3,2,2,1,0,0)
(o, ) (8 L3 4) (4,4,2,1,1,0,0)
B0) (8 L 4) (4,3,3,1,1,0,0)
(@.0) (8 L 5) | (5,3,2,1,1,0,0)

Fig. 1 Bipartitions and symbols for (B3, L1)

One can easily check that the families are then given by

[Eo. 0. 0B} (& 0. ¢.o0. @o). (@),
[@p) ey @o). .

Proposition 2.11 (Lusztig) Let A = (A!, A2 € l‘[% and assume that N € N is
admissible for A. Then

a(E*) = np.nyh) — np.n) (@)

where @ denotes the empty bipartition.

There is a similar description of the a-function in the case where W is the complex
reflection group (Z/¢Z)" x &, (see [4, Prop 5.5.11]).

Recall that our main aim is to give an explicit description of <7. We already know
that this preorder is a refinement of the preorder induced by the a-function. Actually,
looking at the above formula for the a-function, we see that the preorder induced by a
admits another natural refinement which has first been introduced in [4], again in the
wider context of complex reflection groups of types (Z/{Z)" x &,,.
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Proposition 2.12 (Geck-J.) Let A, u € Hﬁ and assume that N € N is admissible for
both A and ju. Then we have

Ko, Ny (M) Dk Ny (1) = a(E*) > a(EM).

Itis then natural to ask if the preorder defined by the dominance order on the k(;, y)(X)
coincides with <y . This is the main result of this paper.

Theorem 2.13 Let A, p € H% and assume that N € N is admissible for both A and
. Then

kp,NyA) Lk, ny() = A =L i

Note that the implication

kp,N)A) Dkpny(m) <=L 2L 1

has already been proved in [5, Theorem 7.11]. So this article is devoted to the proof
of the reverse implication. Note that the result has also been established in the case
where:

e b =0and b = | by Geck and Iancu [5, Ex. 8.2] using results of Spaltenstein [13],
e b > n — 1 by Geck and lancu [5, §6].

3 On the adjacency of Lusztig symbols with respect to <

As we have seen in the previous section, to any bipartition A of n we can associate the
Lusztig’s symbol 25, vy (X) and a partition «,, n)(A). Therefore, the usual dominance
order < on partitions yields an order on Lusztig’s symbols and bipartitions of n.
We will still denote this order by <. In this section we study adjacent bipartitions
for this order. Let us first clarify what we mean by adjacent: let A and u be two
bipartitions of n, and let N € N be admissible for both A and u. We say that A <
are adjacent if k@ n)(A) < k@, n)(p) and there is no bipartition v of n such that
kb, Ny(A) < k@, Ny (V) < Kk, Ny (). Equivalently, if a bipartition v satisfies

kb, X)) Lk ny () D,y (r)

then we have eitherv = A orv = u.

It is a well-known fact, see, for example, [12, (1.16)], that if two partitions are
adjacent for the dominance order then one can be obtained from the other by moving
a single box in their Young diagram. The aim of this section is to show that a similar
result holds for the dominance order on bipartitions and symbols: if A < p are adjacent
bipartitions then the partition «; y)(A) can be obtained from «(; n)(u) by moving a
single box in their Young diagram.
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3.1 Sympartitions and symbols

In this section, we study the following problem: given a partition A, under which
condition can we find a bipartition A € 12 such that > = k(. v)(A) forsome b, N € N?
We start by introducing two definitions.

Definition 3.1 An {-overlap in a partition A is a repetition of exactly £ non-zero
elements.

For example, there is one 2-overlap in the partition A = (4,4,2,2,2,1) and one
3-overlap.

Definition 3.2 Letb, N, n € N*. We say that A is a (b, N, n)-sympartition if and only
if

e ) is a partition of f(b, N, n),
e there is no 3-overlap in A,
e the number of 2-overlaps is at most N.

When the triplet (b, N, n) is clear from the context, we will simply write sympartition
instead of (b, N, n)-sympartition.

Example 3.3 The partition (7, 4,4, 3,2, 1, 1,0) is a (2, 3, 9)-sympartition and also a
(4, 2, 6)-sympartition. However, it cannot be a sympartition associated to a triplet of
the form (b, 1, n) as there are two 2-overlaps.

Recall the definition of admissible in Sect. 2.3.

Proposition 3.4 Let A be a bipartition of n, and let N € N be admissible for A. Then
the partition kp, ny(A) is a (b, N, n)-sympartition. Conversely, let A be a (b, N, n)-
sympartition. Then there exists a bipartition A of n such that kg, ny(A) = A.

Proof Let A be a bipartition of n. Then by definition of the (b, N)-symbol, the
sequences (93}),-:1,_,_,]\/“7 and (%1.2),-:1,___,1\/ are strictly increasing. It follows eas-
ily that there cannot be any 3-overlap in «(; y)(A) and that the number of 2-overlaps
is less than or equal to N. We have seen in Sect. 2.3 that x(, »)()A) is a partition of
f(b, N,n). Hence k@, ny(X) is a (b, N, n)-sympartition.

Assume now that A is a (b, N, n)-sympartition. Then there exist two sequences of
strictly increasing integers B! and 27 such that

e there are N elements in B! and N + b elements in B2,
e B! NB? contains all the 2-overlaps of A,
e B! UB2 = A (as a multiset).

Now there exist two partitions A! and A2 such that the increasing sequences (kl.l —i+
N +b)i=1,.. . n+b and ()‘1‘2 — i+ N)ij—1...n are, respectively, equal to B! and B2. If
we set A = (Al, Az), then one can check that X is a bipartition of n and that

.....

%2
Bp.NyR) = (%1) and k@p N)y(A) = A.
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3.2 Raising operators

Following [12], we introduce the raising operators. To this end, we will work on
M -uplets of integers instead of partitions or sympartitions.

Definition 3.5 Leta = (ay, ...,ay) € ZM For 1 <k, < ky < M, we set

Upkl)kz(a) =(at,....,a +1,...,a0, = 1,...,am),
Downy, r,(a) = (a1, ...,ak, — 1, ..., ak, +1,...,ay).

Let A be a partition of n and assume that Upy, ¢, (%) is also a partition of n. Note
that this would be the case whenever Ay, > A,41 and Ag,—1 > Ag,. Then, looking
at the associated Young tableau, Upy, 4, (2) is obtained from A simply by moving the

(k2, A,)-box to the kiM-part of 2.
Lemma 3.6 Let A < A’ be two partitions of n and let
m m
i:==min{k e N| Ay < A} and j:=min{m e N|m > i, Zkk = Zk}c}.
k=1 k=1

We have X > )Jj > )‘/j+l > Ajy1. Further, for all i < ki < ky < j such that
Upy, .k, (A) is a partition of n we have

A <AUpy, 1, (1) 1.
Similarly, foralli < ki < ky < j such that Downy, k, (1) is a partition of n we have
X < Downy, k, (A) <A/,

Proof By minimality of j we know that
j—1 j—1
Sh< >k
k=1 k=1

thereforetohave >/ Ax = >./_, A} wemusthave; > ;. Thefactthata’; > A/,
is clear, since A’ is a partition. Finally we need to have A j+1 =< )Jj L1 and this follows
from the fact that A <1 A'.

Let k1, k» € N be such that i < k; < kp < j and assume that Upk],kz()n) is a
partition of n. It is clear that A < Upy, 4, (&) since we moved a box in the upward
direction. Let us show that A" := Upy, 1, (1) < M. Leti <m < j.Notethat A, = A,

for all m < ki thus
m m
Z)‘k = ZAZ forallm < k.
k=1 k=1
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Further, for all m > k> we have
m m
> ru=dn
k=1 k=1
From those two inequalities and since A < 1/, we get

m m
DAl =D x forallm <k andallm > k.
k=1 k=1

Let k1 < m < k. By minimality of j and since m < j, we have
m m
Sh< 3k
k=1 k=1
By definition of A”, we know that
m m
S =S,
k=1 k=1
and therefore we get
m m
IED P
k=1 k=1

The result follows. The proof of the second part of the lemma is similar. O

3.3 A first simplification

Let A = (A1, ..., A+) be a partition of some integer. By convention, if i > r we set
A =0andifi <0wesetA; =4o00.Fori < j €N, we set

Mij1= iy A h<i = (A1, ..., &) and As; = (A, ..., Ap).

We define A_;, A~; in a similar and obvious fashion.

Proposition 3.7 Let A and p be two bipartitions of n, and let N € N be admissible
for A and p.. Assume that A < p are adjacent. Let k = k@, Ny(A) = (K1, ..., k) and
k"= kN () = (k{, ..., k) and set

m m
iz=minfk € N |k < «;} and j:=min{m e N|m > i, ZKk = Z/c,i}.
k=1 k=1

@ Springer



170 J Algebr Comb (2015) 41:157-183

Then we have k<; = k' <j and k- j =Kk’ .

Proof Itis clear that k.; = k' ; by definition of i. Let us show that k- ; = «’ ;. First,
by minimality of j we have «; > K}, and since ¥ < «’, we also have k., | > k1.

Jj+1
In particular, it follows that «; > « ;1. This implies that both & := (k<;j, k ) and

/
.. .. 2]+1
B = (K/<j’ k> j+1) are partitions. In addition, we have

loe| = Zlgkgj K + Zj+1§k§r Kli
—_ ! /
= leks./ Kk + Zj+1§ksr Ky
= [«]

and

18l = Zlgkgj Ky + ZjJrlskSr Kk
= Z1§k§j Kk + Zj+1§k§r Kk
= |«|.

So « and B are both partitions of f (b, N, n). We claim that either « or isa (b, N, n)-
sympartition. First let us show that there is no 3-overlap in these two partitions.

e Since k; > Kj > K] 41 It is easy to see that « cannot contain any 3-overlap as

and «’ does not; see Proposition 3.4.

e Assume that there is a 3-overlap in 8. Then we must have K;

Ky =kKjorkjia =kjy. Firstk; = ;11 implies that ', = Kj+1 =«
;' = /+l J+
k <1 «’. Finally, we get /cj+1 = K/_H /+2 > /cj+2

= «j+1 and either

i1 since
K > Kjy42 as

> kj41. Second, smce K’ 1 = Kj41, We must have «’,

Jj+2

— Assume that Kj_l = /cj. Then K]_l = K;- /+1’ and we have a 3-overlap in
«" which is a contradiction.
. : ; = / .
— Assume that k11 = /c]+2. Then the inequality k1 = /clJrl Z Kipn Z Kjt2

implies that K} | = k., and since we have seen that /< =« ,, we have a

itz
3-overlap in «” which is a contradiction.

J+P

Thus, as claimed, there is no 3-overlap in « and S.
For v a partition, we denote by O (v) the number of 2-overlaps in v. Then we have

Ok) = Ok<jr1) + O(k=j) (we have seen that kj > kjy1)
O =90l ) +O«. )+ 8,(}7,(}“

where § stands for the Kronecker symbol. We also have

D) = Ok<jr) + O’ ;) and
D(B) = D(Lj,) + D)+,

K K1t
Note that if (SK/ ki = 1, then we also have SK/ K = I thus in any case
(SK/ ki = 8- We want to show that either D(a) < NorO(B) < N. We
i+

argue by contradlctlon assuming that O(«w) > N and O(B) > N. Then
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OK)+O(«") > O(a) +O(B) > N +2
SO
OK)+9OK«')>2N+2

which is a contradiction, because both « and «’ are (b, N, n)-sympartitions and so we
have O (k) < N and O (k') < N. Since neither « nor B contains a 3-overlap, we see
that one of these partitions is a (b, N, n)-sympartition.

Finally, the hypotheses imply that k< ; </ «’<; (they are both partitions of the same
rank) and k- j < k'~ ; (they are both partitions of the same rank). Thus we are in one
of the following configurations:

e cither « is a (b, N, n)-sympartition, and we have
k<o <k’

— [— . — ! : . /
Thenk =@ ork’ = and k- j = k_; since k<j # K_;.

e or Bisa (b, N)-sympartition and we have
kB <.

_ ’_ o . ’
Thenx = Bork’ = B and k- ; = K_ ; since k< ;éKSj.

This concludes the proof. O

3.4 The double break Lemma

From now on and until the end of this section, we will assume that A <1 @ are two
adjacent bipartitions of n and that N € N is admissible for A and . We set

K:=kp Ny A) = (K1, ..., kr)s K i=kpn)(B) = (K], ..., K))

m m
i =min{k € N | kx < k;} and j::min[meN|m>i,ZKk:ZK,i].
k=1 k=1

For a partition v we set J; := vx — Vg1 > 0. We then say that k is a break point of v
if and only if we have J;_;, > 1 and J} > 1.

Lemma 3.8 Assume that foralli <m < j — 1 we have 3% = 0or 1. Then k' has at
least two break points k1 and ky such thati + 1 < ki, ky < j — 1.

Proof Assume that «’ has no break point. There are 4 cases to consider, whether 3;‘ '
and 3’;;1 are equal to O or 1. In the figure below, we give four examples of partitions
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«’ corresponding to the four cases we need to consider. The first line corresponds to
the ith-part and the last one to the jth-part.

H . (@) ) G

Let £ € N be such that j —i + 1 = 2¢ 4+ ¢ where ¢ = 0 or 1. A straightforward
computation in each case yields

j l
(1) D kp= D 20 —k+1)=20x] — £ — 1),
k=i k=1

J ¢
() ZK;Q = ZZ(K; —k+ D)+ (k] — ) = Qe+ k] — €2,
k=i k=1

J 14
B) D ki =k[+ D 20k —k) = Q2L+ L] — £+ 1),
k=i

k=1
J -1
k=i k=1

From there, we see that the smallest value of Zi:i «/ that can be achieved when there
is no break point is

20k — €2 if j — i + lis even,

(2 + D/ — L+ 1) if j —i + 1is odd.

Now the largest sympartition that one can construct starting with a ith-part equal to
ki < k! will satisfy

Z’: [ 26k — € —1) if j —i + 1is even,
2 TV @0+ D — €2 if j — i+ 1is odd.
=1

If j —i + 1is even, then we would have

j
Zxk <2 — (L — 1)
k=i

<20 — 1) — € —1)
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=2k] —L(L+1)

contradicting the equality >/ _. k] = >1_. ki.
If j —i + 11is odd, then we would have
J
ZK[ < Q2+ D — £2
k=i
< QU+ 1)K — 1) — £

=20+ k] — (L +1)%

once again contradicting the equality > {_; k/ = >/_, k;. So we see that £’ has at
least one break point.

Assume that ¥’ has a unique break point. Let N be the length of the part corre-
sponding to the break point. Note that we have K;. < N < «/. There are 4 cases to

consider, whether J} "and 3;;1 are equal to 0 or 1. As before, we give four examples
corresponding to the four cases we need to consider.

ey C E) G

To use the computation done before, we will set £ to be suchthat j —i +2=20+¢
where ¢ = 0 or 1. A straightforward computation in each case yields

j
1) ZK,Q =2k] — € —1) =N,
k=i

J
) ZK,Q = Q0+ ] —€* =N,
k=i
j
(3) D k= QL+ —LL+1) =N,
k=i
j
@ Dk =2 —>—N.
k=i
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From there, using the fact that k, < N < k] we see that the smallest value of >7_, x}
that can be achieved when there is exactly one break point is strictly less than

20k] — L+ 1)if j —i + 1 iseven,
(2¢ — D] — €% if j —i 4 1 is odd.

Now the largest sympartition that we can construct starting with a ith-part equal to
ki < k! will satisfy

i" _[2tk = e =1y if j —i+ 1is even,
. F=10@e—1Di; — (=172 if j —i + 1is odd.
=i

If j —i + 1is even, then we would have

J
D ki < 2k — (L= 1)
k=i
<200k —1) — € —1)
= 20K — 0L — 1) —2¢
= 20K] — L(L+ 1)

contradicting the equality Z,{:i Ky = Z/{:i Kk.
If j —i + 11is odd, then we would have

j
D ki < 20— D — (L — 1)
k=i
< Q=D — 1) —(—1)7
= Q20— ] —(—1)>=@20—1)
= (20 — k] — ¢

once again contradicting the equality Zi:i K = Z/{:i k. This concludes the proof.00

3.5 Adjacency of two sympartitions

Theorem 3.9 Let b, N,n € N, and let «, k' be two adjacent (b, N, n)-sympartitions
with respect to <. Then there exists ki, ka € N such that k" = Upy, ;. («).
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Proof The proof of this theorem is rather long and tedious and requires a case by case
analysis. First, as before, we set

m m
i=min{k € N | kx < k;} and j :=min meN|m>i,Z/<k:ZK,i
k=1 k=1

Then by Proposition 3.7 we know that k.; = k; and k~; = /c’>j. The idea of the

proof is to construct a sympartition «” either of the form Upy, ,, (k) or Downy, x, (k")
for some i < k; < ko < j. Assume that we have constructed such a sympartition «”.
Then by Lemma 3.6, we would have

" / " /
Kk <k’ k' or k Jk" k',

Since «, " are adjacent, this would imply that «” = «’ or k” = i as required.

Case 1. 3| > 2 and 5’]‘. > 2. In that case, we do not create any overlap by

removing the (x;, j)-box in x nor by adding a box to the i t part of . Then if we
setk” = Up; ;(k), we have O (k") < O(k), and the result follows. (Recall that O (v)
denotes the number of 2-overlaps in v.)

Case 2. Assume that Jf_; > 2 and 3’; = 1. Wehavex; = k4141, and by Lemma
3.6 we get K} = K}_H = kj+1. The shapes of x and «” are described in Figure 2.
Of course we may have k;_1 — k; > 2. Since «’ is a sympartition, we have x| =
/ / .
Kipl > Kipg = Kj42.

Subcase 1: There exists an overlap in k[i, j]. We set
k:=max{m e N|i<m < j, 3, =0}

Let us show that kxq2 > ki43. Since kj11 > kjy2 and k; > K41, this is true if
k=j—1lork=j—2Ifk < j—2,wecannot have k42 = ki3, since k +2 < j,
and this would contradict the maximality of k.

Consider the partition " = Up,, | ; (k). We claim that «” is a sympartition. To see
this, note that since kg4+2 > kx+3 and k;—1 — k; > 2, there is no 3-overlap in «”. Then
by removing the (k4 1, kx+1)-box, we eliminate the 2-overlap at place (k, k+ 1) while

(a) Sympartition «[i — 1, j + 1] (b) Sympartition «/[i — 1, j + 1]

Fig. 2 Shape of x and «’
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possibly creating one at place (k + 1, k +2). Also, by adding a box at the i "-part of
we cannot have created a 2-overlap since x;—1 — 2 > k;. So the number of 2-overlaps
in k" is less than or equal to the number of 2-overlaps in «. This shows that «” is a
sympartition, and we get the result in this case.

Subcase 2: There is no overlap between i and j. Set k" = Up;, ; (k). First, since
Kj+1 > Kjy2, wedonotcreate a 3-overlapremoving the (j, j)-box ink. Then we have

Oy =O®[l,i —11) + 1+ O(*k[j + 2, ()]
= O [1,i — 1)+ 14+ O[] +2, L))
<O«

The last inequality holds because «’ has a 2-overlap at place (j, j + 1) and may have
more between i and j. Since «’ is a sympartition, so is «”.

From now on and until the end of the proof, we will assume that J%_, = 1. In that
case, since k;_| = ki1 and k] > ki, we have k| = «/_; = «; + 1. That is, the
sympartitions « and k' have shapes as shown in Fig. 3.

Case 3. J¥ = 0 and 35 = 1. Note that by Lemma 3.6, we have K} = K}_H =Kji1.
The shape of « and «” are described in Fig. 4.

Letk := max{m € N | i <m < j, J¥ = 0}. Note that k is well defined, since
there is a 2-overlap at place (i,i + 1). Set«” = Up; k41 (k). Arguing as in Case 2.1,
using the maximality of k, one can show that we do not create a 3-overlap by removing
the (k + 1, kx+1)-box and that the number of 2-overlaps remains constant. Also, we
have k; 5 = k]_, > k/_, = k;_1, so that we can add a box at the i th-part of ¥ without
creating a 3-overlap while keeping the number of 2-overlaps constant. It follows that
k" is a sympartition as required.

Case 4: J¥ = 0 and S’J‘. > 1. The shapes of « and ' are described in Fig. 5. Of
course, we may have k; —kj_1 > 2. Asin the previous case we have k; > > k;_1, S0

(3) Sympartition «[i — 1, i] (b) Sympartition «'[i — 1, i]

Fig. 3 Shape of x and «’

(a) Sympartition «[i — 1, j + 1] (b) Sympartition «/[i — 1, j + 1]

Fig. 4 Shape of x and «’
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(a) Sympartition «[i — 1, j + 1] (b) Sympartition «'[i — 1, i]

Fig. 5 Shapes of « and «’

that we can add a box at the ith-part of x without creating a 3-overlap while keeping
the number of 2-overlaps constant. Then setting «”” = Up;. j (i) easily yields the result.

Case 5: J¥ > 1 and 3’; = 1. The shapes of « and «’ are described in Figure 6.
We may have k; —k;—1 > 1. Arguing as in Case 3, we can show that k11 > k1.
First assume that there exists i < m < j such that K,/n — K,’" 0= 2. Then set

k:=max{t e N| £ <m,35 =0}

Note that k is well-defined as there is an overlap in «” at place (i — 1,i) andk > i — 1.
Consider k” = Downg m+1(k"). We show that there is no 3-overlap in «”. If
k < m — 1, then we cannot have K]L 1= K,Q 42 because this would contradict the
maximality of k. If k = m — 1, then we do not create a 3-overlap, since K,’n — K'/n 11 = 2.
We show that O(k”) < O (k). If k < m — 1, then by removing the (k + 1, k., ;)-box
from k', we remove an overlap at place (k, k + 1) while possibly creating one at place
(k+1, k+2). By adding a box at the m + 1th-part of «”” we do not create a 2-overlap
at place (m, m + 1), since «,, — K’/n_H > 2, hence the result in this case. If k = m — 1,
then we are in the situation described in Fig. 7, and the result follows easily.

Second assume that for alli < m < j we have 35{ = 0 or 1. Then by the double

break lemma, there exist at least two break points in k. Let k| (respectively k;) be

(a) Sympartition «[i — 1, j + 1] (b) Sympartition «'[i — 1, ]

Fig. 6 Shape of x and «’

Fig. 7 From «'[k, k 4 2] to
Wk, k+2] -
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() Casek; <k — 1

(b) Case k) =ky — 1

Fig. 8 From «’ to k" = Downg, _i t,41(k")

the highest (respectively lowest) one. Note that it is necessarily preceded (respectively
followed) by an overlap. Then set «” = Downg, _1 k,+1(«’). It can be seen in Fig. 8
that O (k") = D (k’), so that «” is a sympartition, and the result follows.

Case6:J; > land 3’]‘. > 1.Inthat case, we can remove the (, « j)-box of k without
creating a 2-overlap nor a 3-overlap. If there exists i < k < j — 1 such that J;_, > 2,
then we setk” = Upy j(k), and k" is a sympartition. Otherwise, there is no such k and
Jz_l =0orlforalli <k < j— 1.If between i and j there is a sequence of shape,

()

then we can put the (j, k;)-box at the 3rd-line starting from the top to obtain the
desired sympartition x”. Since, the top of « has the following shape:
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Fig. 9 From « to k"

we see that either «[i, j — 1] is a ‘staircase’ or one can find a shape as in (x). If it
is a staircase, then we set k" = Up;, /(K). This situation is described in Fig. 9 in the
case where 3’;_1 = 1 though possibly 3']‘._1 > 1.

The number of overlaps in «” is then

OK")y =O®[l,i — 1)) + 1+ O(kl[j + 1, £(x)])
=OW'[1,i—1)+14+9'[j+1,Lk)])
<O

where £(k) denotes the length of «. It follows that «” is a sympartition, and this
concludes the proof of the theorem. O

4 Proof of the main result

We start by giving an explicit characterisation of the preorder <y as in [5], which
is in spirit very similar to the one given in Example 2.5 in type A. Then, using our
characterisation of the adjacency of bipartitions we will prove the main result of this
paper, that is, the order <, on bipartition is the same as the order < in the integer case.

4.1 On the preorder <y in type B,

We refer to [5, Lemma 7.5] for details in this section. Let W be a Weyl group of type
B, with diagram as in sect. 2.3. The maximal parabolic subgroups of W are of the
form Wy x Hy wheren =k + £ (k > 0 and £ > 1). Here, Wy is of type By generated
by ¢, s1,...,5k—1, and Hy is of type Ay_1 generated by sii1, Sk+2, - - -, Sp—1 (With
Wo = H; = 1). We denote by &, the sign representation of Hy.

Let A and p be two bipartitions of n. We have A <y u if and only if there exists a
sequence

A=A0, AL, .., A=

such that for each i € {1, ..., m}, the following condition is satisfied: there exist a
decomposition n = k; + ¢; and bipartitions v;, v; of k; such that EVi <; E vi and

e cither E” K¢y, 1 EY-1 and E”i Nep ~r Ei

e or EVi Keg, 1 E* and E¥i K g0, ~L EXi-1 (where it means the transpose of ).
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Lemmad4.1 Letn = k + £ where k > 0 and £ > 1. Let A be a bipartition of k,
and let p be a bipartition of n. Then E* is a constituent of Ind(E* X &) if and only
if kK, Ny () can be obtained from k, ny(X) by increasing € parts by 1. In addition,
we have a(E* K ) = a(E®) if and only if these parts are the € largest entries of
Kb, Ny(A).

Proof The first assertion is proved in [5, Lemma 7.6]. The ‘if” part of the second
assertion is a result of Lusztig [5, Lemma 7.10]. Let us show that if we increase the /
largest entries of «,, ;)(A) by 1, then a(E*Xep) = a(EM). First, by [5, Remark 2.8],
we have

a(E* X ey) = a(EY) + a(ey).

Next by [4, Ex. 1.3.8], we have

a(z)= Y (-1,

1<i<¢

If k@, vy (@) is obtained from «(,, ) (A) by increasing the £ largest entries of kp, n)(X)
then, by Proposition 2.11, we obtain

a(E*)=a(EM+ D> (-1

1<i<¢t

as required. O

4.2 Proof of Theorem 2.13

Assume that A and  are two bipartitions such that k 1=« (A) <k’ := k(). If i« = i/,
then we already know that A and p are in the same family so that A <; u. From now
on we assume that « <1 «’.

We want to show that A <7 u. To do so, it is enough to consider the case where
« and «’ are adjacent. In the previous section, we have seen that there exist i} and j
such that " = Up;, ; (k). In other words

K = ( s Kig—1, Kips Kip4+15 - -+ Kjl—ls Kjl, Kjl+l’ .. ) and

k' = (.., Kij—1, Ki; + 1, Kij41s - Kjj—1,Kj; — 1, Kji+15 - ).

Note that this implies that there is at most one elementin k whichisequal tox’; =k j, —
1. Indeed, since the (1, «j;)-box can be removed in «, it implies that x j, 11 < «;, — 1.
If the inequality is strict, then the result is obvious, since no element of « is equal
to kj — 1. Next if k41 = «j; — 1, then we see that we must have k12 < Kj,+1,

otherwise we would create a 3-overlap by removing the (ji, «j,)-box.

Case 1: kj, 1| #«j;.
We will construct a (N, b, n — £)-sympartition «” for some £ € N satisfying the
two following properties:
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e « is obtained from «” by increasing £ parts,
e «’ is obtained from «” by increasing the £ largest parts of «”.

Consider the partition «” such that

7 K}—l ifj<j1,

' K if j > ji.

Note that this is indeed a partition since we have seen that there is at most one element
in k which is equal to K}l = «j; — 1. In other words, we have

/ / / / I /
K :(...,Kih] —1,Ki] —I,Ki]H—l,...,Kjﬁl—l,Kjl,/chH,...)

and

"
=(...,K,'1_1—1,K,‘1,K,‘1+1 —1,...,Kj1_1 —1,Kjl —l,KjH_],...).

We show that «” is a (N, b, n — £)-sympartition. It is clear that " is a partition of
f(N,b,n — £). So we only need to check that (1) there is no 3-overlap, and (2) the
number of 2-overlaps is less than or equal to N.

(1) There is no 3-overlap in «’, thus the only possibility to have created one in «”
is to have « | —1 =« =« ., but this would imply that kj—1 = «j,
contradicting the hypothesis.

(2) The number of 2-overlaps in k" satisfies

O«") = D(K//<j1) + 8"”/’1—1#("1’1 + D(K//Zjl)
=O«'<j) + (Sk,j]*l—l,K/j] + O~ ).

Aswehave x| —1=kj_1 — 1%k —1=«] byhypothesis, we conclude
that

Ok") <O®K') <N.

The j; — 1 largest parts in k" have size x/ — 1 withi < ji. Thus «’ can be obtained
from «” by adding 1 to the j; — 1 largest parts. Further, « can be obtained from «” by
adding 1 to j; — I part. It follows that A <; @ by Lemma 4.1.

Case2:kj | =«;j,.
The partitions «, k" have the following shape around j (Fig. 10 ):
We consider the transposed bipartitions A and . We choose 7 so that we have the
following inclusion of multisets:
t—kK1y...st —kr) €0, 1,...,2,0,1,...,1) (1)

and

(=K, ... t—k)CSO1,....6,0,1,....0). 2)
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(a) Sympartition [ j; — 2, ji + 1] (b) Sympartition «'[j{ — 2, ji + 1]

Fig. 10 Shape of « and «’

(a) Sympartition x[ip — 1,ip + 1] (b) Sympartition «’[ip — 1, ip + 1]

Fig. 11 Shape of « and «’

Then the sympartition & (respectively k) associated to A (respectively ) is the parti-
tion obtained by reordering the complement of the first multiset into the second in (1)
(respectively in (2)); see [11, §22]. There exist i» < j» such that

1, ~"7K_/i2—15K_/i2’K/i2-ii7 ""K/jz—_17 K/jZ’_K/jZ"Fl’ '_')
boeeos ki 1, K iy 1k g1, o K 10Ky — 1K 1,0

Al A
Il

K/
K-/

~—~ o~

Looking at the shape of «, k" around ji, we see that the shape of k¥ and k¥’ around i
is the following (Fig. 11):
Consider the partition «” defined by

//_[Kj_lifjfiL
J

K LT
K if j > is.

Since ki, — kj,+1 > 2, we see that " is a sympartition. Then « is obtained from «”
by adding 1 to the iy largest parts, and «’ is obtained by adding 1 to ip parts. This
concludes the proof of the theorem.

Remark 4.2 In the non-integer case, the definition of symbol is different (see [5,
Definition 3.1]), and it is not clear, at least to us, how to characterise adjacency of
symbols in this case.
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