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A NATURAL GENERALISATION OF BALANCED TABLEAUX

FRANCOIS VIARD

ABSTRACT. We introduce the notion of “type” that allows us to define new
families of tableaux, which include both balanced and standard Young tableaux.
We use these new objects to describe the set of reduced decompositions of any
permutation. Moreover, we generalise the work of Edelman and Greene on
balanced tableaux by giving among other things, a new proof of the fact that
balanced tableaux and standard Young tableaux are equinumerous.

INTRODUCTION

The problem of enumerating reduced decompositions of a permutation was first
studied by Stanley in [7]. By using symmetric function techniques, he showed that
|[Red(wp)|, the number of reduced decomposition of the longest permutation wg in
the symmetric group S, is given by the number of standard Young tableaux of
staircase shape A, = (n — 1,n —2,...,1). Moreover, he conjectured that for an
arbitrary permutation o, |Red(c)| = > a,\f, where A runs over the partitions
of n, f* is the number of standard tableaux of shape )\, and a, ) are nonnegative
integers.

In [3], Edelman and Greene gave a combinatorial proof of this conjecture by
introducing an algorithm, now called the Edelman-Green insertion. This algorithm
has been recently investigated by Billey and Pawlowski [1], who highlighted the
links between values of the coefficients a,  and some patterns which are avoided
by o. Another proof of the conjecture is based on the Lascoux-Schutzenberger tree
[5]. The link between these two different approaches has been recently studied by
Hamaker and Young [4], using the very elegant work of Little [6].

In another part of the same paper [3], Edelman and Greene introduced a new
family of combinatorial objects called balanced tableauz, in an attempt to prove
bijectively Stanley’s result for the longest permutation. They proved that balanced
and standard Young tableaux of same shape are equinumerous. Their proof is quite
involved and a direct bijective one is still missing.

The goal of this paper is to generalize Edelman-Greene work on balanced tableaux
in different directions. In order to do this, we deal with a bigger class of tableaux
which are not required to be standard or balanced. To each tableau T of shape S,
where S is any finite subset of N x N, we associate a combinatorial object 7 called
the type of T. This allows us to split that set of tableaux into different classes: two
tableaux will be in the same class if and only if they have the same type. Let us
denote Tab(T) the set of tableaux of type 7. Both sets of balanced and standard
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Young tableaux of a given shape A can be seen as special classes of our classifica-
tion. We construct all the tableaux of a fixed type thanks to an iterative process.
In particular, we can use this procedure to easily construct all balanced tableaux
of a given shape.

In [2] an explicit bijection between Red(wp) and the balanced tableaux of stair-
case shape is given. We generalise this result in (Theorem 2.10) as follows.

Theorem A. For each o € S,,, there exists a bijection between Red(c) and Tab(7,),
where T, is a special type associated to o.

This result gives a new combinatorial way of obtaining all the reduced decompo-
sitions of any fixed permutation. In Section 3, we focus on vexillary permutations,
namely 2143 avoiding permutations. It is well-known [7], that each vexillary per-
mutation o is associated with a partition A(¢), and that the number of reduced
decompositions of o is f2(?). In Section 3.2, we introduce a combinatorial process
on types, that together with Theorem A, leads us to our second main result (The-
orem 3.18), which can be written as follows.

Theorem B. For each vezillary permutation o, there exists a type T, such that
|Tab(T.F)| = fM9). Moreover, all tableauz in Tab(T.F) have shape \(o).

From this, a new and more accessible proof of the Edelman-Greene result on the
equality between the number of balanced and standard Young tableaux, will arise
(Corollary 3.22).

Finally, consequences of our work allow us to answer to a problem raised by
Edelman and Green. More precisely, in [3] the authors enumerate in some cases
the number of balanced tableaux of shape A having the integer n in a given fixed
position, and ask for a general answer to this problem. In Section 3.6, we deal with
a more general situation where the integers n,n — 1,...,n — k are in given fixed
positions. This leads to the following result.

Theorem C. Set A\ n. Set A the number of balanced tableaux of shape A with the
integers n,n—1,...,n—k in given fized positions. Then there exists a permutation
w € Sy, such that A = |Red(w)].

1. TYPE OF A TABLEAU

1.1. Partitions. We begin with some standard notation. A partition A of a non-
negative integer n € N, is a nonincreasing sequence of nonnegative integers A\; >
A2 > -+ such that Y A\; = n. The integers A\; # 0 are called parts of the partition
A

The Ferrers diagram of X\ is a finite collection of boxes, or cells, arranged in
left-justified rows of lengths given by the parts of A\. By flipping this diagram over
its main diagonal we obtain the diagram of the conjugate partition of A denoted \'.
We usually identify a partition with its Ferrers diagram.

1.2. Tableaux. In this paper we deal with Ferrers diagrams, but more generally
with diagrams, namely finite subsets of N x N, without any constrain. So let
S C N x N such that |[S| = n (where |S| denote the cardinal of S). A tableau T of
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shape S is a bijective filling of S (seen as a set of boxes) with entries in {1,2,...,n}.
Given a tableau we denote its shape by Sh(T'). The set of all tableaux of shape S
will be denoted by Tabg. If we require Sh(T") to be a partition A, then T" will be
what is usually called a Young tableau. Moreover, if we consider tableaux satisfying
the conditions that the filling is

(1) increasing from left to right across each row;

(2) increasing down each column;
we obtain the set of standard Young tableauz of shape A\, denoted by SYT()\), whose
cardinality f* = [SYT()\)] is given by the well-known hook-length formula.

1]4]5][8]12]21 o7 16142015
2 {6 [9[13]1s s |3 [17]12]21
3 |10 {16 [17]19 62 [13]11]18
12| 7 [11]20 51119
6 14 10
o 15 4 |

FIGURE 1. A tableau, a standard tableau, and a balanced tableau.

1.3. Type of a tableau.

Definition 1.1. Fix a diagram S. Any box ¢ = (a,b) € S determines a hook
H.(5), which consists of that box and all boxes below in the same column (the
leg Lo (S)), and strictly on its right in the same row (the arm A, ;(S)). More
precisely

Lop(S)={(k,b) | k>a,(kb) €S}, Aup(S)={(a,k) | k>b,(a k)€ S}, (1)

Hap(S) = Aap [ Las 2)
We will denote by 1, 4(5), aq,5(S), and hq ,(S) their cardinalities.

Definition 1.2. Set S a diagram and T = (t;).cs € Tabg. The type of T is the
filling 7 = (0¢)ces of S defined by 0. = |{z € H.(S) | t. > t.}|. We note by
Tabg(7T) the set of all tableaux of shape S whose type is 7. When there is not any
ambiguity we will simply denote this set by Tab(T).

More generally, we can define a type without using a tableau as follows.

Definition 1.3. Let S be a diagram and T = (0.).cs a filling of S with 6, € N.
T is called a type of shape S if and only if for all c € S, 0 < 6, < h.(S) — 1. We
denote Sh(7) the shape of a type. The set of all types of shape S is denoted by
Type(S). When S is the Ferrers diagram of a partition A, we will denote this set

by Type(A).

Remark 1.4. By definition, if T' € Tabg for a given diagram S, then the type of T is a
type (according to Definition 1.3). Furthermore, it is easy to see that this definition
generalises both the definitions of standard Young tableauz and balanced tableaux
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w]7]6la]3]2 slals]2]1]o0
slslal2]1 alsl201]o0
7lals|1]o alsf2]1]o

1o| 4{1]o 2010

0 1 0

- 0| 0]

FIGURE 2. The types of the tableaux in Figure 1.

[3]. Set Sx = (sc) € Type(A) where s, = he(A) — 1, then Taby(Sy) = SYT(A). In
the same way, set By = (8.) € Type(\) with 8. = a.()), then Taby(B)) = Bal(})
the set of balanced tableaux of shape A\. An example of a balanced type is given at
the right of Figure 2.

Now we recall one of the main result of ([3], Theorem 2.2) which will be gener-
alised by Theorem 3.18 of this paper.

Theorem 1.5 (Edelman-Greene). For all A n, then [SYT(A)| = |Bal()\)].

1.4. Tableaux of fixed type. In this section, we introduce the definition of a
filling sequence which will allowed us to prove that for each 7 € Type(S), Tabgs(T)
is not empty.

Definition 1.6. Set S a diagram and 7 = (6;)ces € Type(S). A box ¢ € S is
called erasable in T if and only if 6. = 0 and for all z € S such that ¢ € H,(S5),
6, #0.

Lemma 1.7. Set S a diagram and T = (0.)ces € Type(S). Then there exists
c € S which is erasable.

Proof. There exists z € S such that |[H,(S)| =1 because S is finite. Then we have
that 0 <0, <1—1=0. So 6, = 0. Then, because S is finite, we have that at least
one of the boxes which contain a 0 is erasable, and this concludes the proof. [

Definition 1.8 (Filling sequence). Set S a diagram, n = |S|, and T = (0.)ccs €
Type(S). Set L = [c1, ..., cn] asequence such that S = {c1,...,c,}. We say that L
is a filling sequence of T if and only if there exists a sequence (P°,P!,...,P") such
that for all 1 <i <n, P* = (0¢) € Type(S \ {c1,...,ci}), that can be constructed
recursively as follows:

(1) P°=T;

(2) cgy1 is erasable in P*, and P**! can be obtained from P* in this way: for
all ¢ € Sh(P*+1), if cj41 € H.(Sh(P*)), then 0¥+ = 6% — 1, and for all the
other ¢ € Sh(PkFL), o+l = gk,

The set of all the filling sequences of T is denoted Fil(T).

At first glance, this definition appears to be quite technical. Indeed it is quite
easy to construct all filling sequences thanks to the next recursive procedure.

Recursive process 1.9. We start with the type 7 and we set P° = 7. In the
first step we localise all the boxes ¢ € S which are erasable in T (circled boxes in
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Example 1.10). In the second step we chose one of those boxes ¢; (we can chose
anyone of them). In the last step, we construct the type P! from P° by first
decreasing by one all the 62, where z € S and ¢; € H.(S), letting the others entries
unchanged, and to finish by deleting the box ¢;. Then we repeat those steps until
we obtain the type P™ which is empty. At the end, the sequence L = [c1,...,¢,] is
a filling sequence by construction.

Example 1.10. We consider A = (2,2) -4 and T € Type(\) which is represented
in the top left of Figure 3. Then we perform Process 1.9 on T in order to construct
a filling sequence of 7. All the erasable boxes of T are circled for the first iteration
of the procedure, and this has been omitted in the others.

T ="P° P! P?
110 1|0 1 ([0] 0 [0]
0o 0)| 0 0o 0]o| ofo] | [o]o]}
Step 1 Step 2 Step 3
¢ = (1,2) e = (1,1)
fP‘% 7)4
The sequence L = [c1, ¢, ¢3, ¢4
0
O] 0 |
is a filling sequence of T
=21 | er=(22)

FIGURE 3.

Remark 1.11. Thanks to Lemma 1.7, this process can always be performed. As a
consequence, Fil(T) # (.

Now we focus on the connection there exists between Fil(7T) and Tab(T).

Definition 1.12. Set 7 € Type(S), and L = [e1,...,¢,] € Fil(T). We define a
tableau T, = (t.)ces € Tabg by setting t., =n+1—k.

Lemma 1.13. For any filling sequence L of T € Type(S), Ty, € Tab(T).

Proof. Let L = [cy, ..., cy] be a filling sequence of T = (0,.), set Tr, = (t.), T’ = (6%)
the type of Ty, and 1 < k < n. By construction t., =n+1—k and 6% = 0. For
each ¢ € S, we define the following set

Ues = Ho(S) N {e1, ... cro1 ). (3)

We use the following convention: if k = 1, U, ; = (. By construction of Process 1.9,
Oc, = 02 = |Ue, k|- Moreover, by definition of Ty, if z € H,, (S) then t. > t, if
and only if z € U, , so by definition ¢, = |Uc, x|. Then 7" is equal to 7 and the
lemma is proved. O

With Remark 1.11 we have the immediate corollary.
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Corollary 1.14. For any type T, Tab(T) # 0.

Theorem 1.15. Set T € Type(S) for a given diagram S. The application L — T,
from Fil(T) to Tab(T) is a bijection.

Proof. By definition and Lemma 1.13, this application is clearly injective. Now, we
will prove recursively on n = |S| that this application is surjective. If |S| = 1, then
the property is true since |Fil(7)| = |Tab(7)| = 1.

Now we suppose that the property has been proved for all the diagrams of car-
dinality n. Set S a diagram such that |[S| = n+ 1, T = (0.)ces € Type(S),
and T € Tabg(T). We define the sequence L = [e1,...,cne1] such that for
all k, t,, = n+ 2 — k. Hence proving the property is equivalent to show that
L € Fil(T). To do this, we use the Process 1.9: by definition t., = n + 1,
hence for all z € H. (5), t. < n+1 =t., so 6, = 0. Moreover, for all z
such that ¢; € H,(S) then t, < ¢, so 6, # 0. So c¢; is erasable, and it can
be picked at the first iteration of Process 1.9. Now we consider the type P!
obtained after we picked c¢;. By definition, P! € Type(S \ {c1}). We also con-
sider the tableau T = (te)ees\{e,y obtained from T just by removing the box c;.
Then, by construction we have that 77 € Tabg\ f.,1(P'). Hence by induction, we
have that the sequence [ca, ..., c,11] € Fil(P!), and by construction of Process 1.9
[c1,...,cnt1] € Fil(T), and this concludes the proof. O

We give an example to visualise a dynamic construction of the tableau Ty, asso-
ciated with a filling sequence L.

Example 1.16. Consider the type 7 on the top-left of Figure 4, and the filling
sequence L = [(1,3);(1,1);(1,2);(2,2);(2,1)]. In the top line is represented the
sequence (P, ..., P?) associated to L. The corresponding tableau T}, is depicted
in the bottom-right of the figure.

T =P Pl P2 P Pl Ps
tJi]o]{[o]o [0 |
1]0 1]0 [1]o [1]0] IZ,
| 5|4 5|435|435 4]3]s
2 1]2
Ty,
FIGURE 4.

Remark 1.17. We have some basic properties. Obviously, if A = (n) or A = (17)
then for any 7 € Type()), there exists a unique tableau of type 7. This is because
at each iteration of the Process 1.9, there is only one (i,5) € A which is erasable.
This fact leads us to a first interesting property.

Proposition 1.18. Let k and p be two integers. Set X\ = (k,1P) and T a type of
shape \. Then there exists f* tableauz of type T .

Proof. Set T = (6.) € Type((k,17)). Set L a filling of 7. To begin, we remark
that in the tableau Ty, = (f.) we have t1 1 =n — 61 1. So if we set S =X —{(1,1)}
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2|

Arm of the type

<&— Leg of the type

FIGURE 5.

(see Figure 5) and we consider the type 7' = (0.)ces, then we have |Taby(T)| =
|Tabs (7).

Now the result follows from Remark 1.17. In fact at each iteration of Process 1.9,
the only thing we have to chose is an element in the leg or in the arm of S. This is
independent of the choice of T, so the result is proved. O

This first result might lead us to think that there should be a simple way to
calculate the number of tableaux of a given type, such as a general “hook-length
formula”, but a quick verification shows that the situation seems to be considerably
more complicated. For example the number of tableaux of type

0]0]
0

‘O[\DO

is 11 which do not divide 6!. Nevertheless, we have a sort of probabilist result.

Theorem 1.19. If we consider the set of all types of shape A and we choose uni-
formly a type T, then the expected value for |Taby(T)| is f.

Proof. Set Hy = H(a b)E ha.b(A). It is obvious that the number of type of shape A is

precisely Hy. Then because of the uniform choice, the probability for a type T to be
b7 (A

chosen is exactly Hik Then by definition, the expected value is TET”“(I};‘Ta T

and the numerator is trivially equal to n!, so the result follows. O

)

Now, a few questions arise.

Question 1.20. Is it possible to find a general formula to compute |Tab(7)| for
any given type T 7

Question 1.21. Set A + n. Can we find a subset A C Type(A) such that
|Taby(T)| = f* for any T € A, as the standard and the balanced type ?

The first question is still open, but in Section 3 we will give a positive answer to
the second one.

2. TYPES AND REDUCED DECOMPOSITIONS

In [3], Edelman and Greene exhibit a bijection between balanced tableaux of
staircase shape A, and Red(wp). In this section we will rephrase this result in our
terminology and show how it can be generalized to each permutation. A new com-
binatorial interpretation of the set of reduced decompositions of any permutation
will arise.
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2.1. Definition and Theorems. It is well-known that the symmetric group S,
is generated by the elementary transpositions s; = (i,i+1), 1 <i <n—1. For any
o € S, there exists a minimal integer k such that o = s;, - - - s;, called the length
of o, and denoted £(c). Such a product is called a reduced decomposition of o. The
set of all the reduced decompositions of o is denoted Red(c). Usually we denote a
permutation o € S, in its window notation o = [o(1),...,0(n)]. It is well-known
that ¢(o) is equal to the number of inversions of o, namely the cardinality of the
set
(o) = {(p,q) €N* [ p < gand 0~ (p) > 07" (q)}. (4)

We have the following classical result: for ¢ and w two permutations, o = w if
and only if Inv(c) = Inv(w). Now we will define the (right) weak Bruhat order. Set
o and w two permutations, we said that o <p w if and only if there exists k£ such
that w = 0s;, -+ s;, and l(w) = £(0) + k.
For any undefined notations we refer to the book [2]

Remark 2.1. In all this section, it will be convenient to change the coordinates of
the cells of the diagram of A, : (a,b) will denote the cell previously denoted by
(a,m+ 1 —1b) (see Figure 6 for an illustration on A7).

@

©)

©

©®©

@
FIGURE 6. The cell previously denoted by (2, 3) is now (2,5).

Recall the definition of the balanced type Bx, = (Bc)cer, € Type(A,) given in
Remark 1.4: for all ¢ € Ay, Bc = ac(A,) (Definition 1.1). With the coordinates of
Remark 2.1 we have that for each ¢ = (a,b) € \,,

Be={¢geN|a<g<b}=b—a—-1 (5)
The next is a well-known result of Edelman and Greene ([3], Theorem 4.2).
Theorem 2.2. There exists a bijection between Red(wy) and Tab(By, ).
Hence with Theorem 1.12 we have this immediate corollary.

Corollary 2.3. There ezists a bijection between Red(wp) and Fil(B),).

Remark 2.4. Since we will use this bijection later on, we give a brief sketch of its

construction. Set N = (Z), and

Id=00<poy <p...<poNy =wo
a maximal chain in the weak order of S,, (which corresponds to a unique reduced
decomposition of wy). Set ¢; = (a4, b;) the unique element in Inv(c;) \Inv(o;_1) and
set T'= (tc)cen, € Taby, with t., = N+ 1—1i. Set a; < ¢ < b; if it exists. Since a;
and b; are adjacent in 0;_; (i.e. there exists 1 < k <mn — 1 such that o;,_1(k) = a;
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and o;_1(k + 1) = b;), there exists a unique j < ¢ such that either ¢; = (¢,b;) or
¢; = (a;,q). This is enough to show that |{z € H.,(S) | t. >t} =|{¢geN]|a<
q < b}| = B(a, b (thanks to Equation 5), so T' is balanced. Then L = [cy,...,cn]
is a filling sequence of B), and it obviously defines an injection from Red(wy) to
Fil(By, ).

The reverse application is constructed in this way: set L = [¢1,...,cn] a filling
sequence of By, and ¢; = (a;,b;). We define a sequence of permutations (o;)o<i<n
as follows: op = Id, and for all0 < i < N—1, 0,41 is obtained from o; by exchanging
the positions of a;+1 and b;; in the window notation of o; (see Figure 7). Edelman
and Greene showed in [3] that for all 0 < i < N — 1, 0,41 covers o; in the weak
order (more precisely, they showed that a;;1 and b;11 are adjacent in o;). Hence the
sequence (0;)o<;<n defines a maximal chain in the weak order, which corresponds
to a unique reduced decomposition of wy.

Example 2.5. We illustrate how the bijection turns L = [(1,2),(1,3),(2,3)] €
Fil(B,,) into a reduced decomposition of wy € Ss.

©)
®

©)
©)

®
©)

10|
01
®

0
0] 0]
® ® ®

Cl — (1,2) Cy — (1,3) C3 = (2,3)
o) = [1,2,3] o1 = [2,173] 09 = [2,3,1] g3 = [372,1]
= 0051 = 0159 = 0951

The element of Red(wp) corresponding to

[c1, ca, 3] € Fil(B),) is s15281.

FIGURE 7.

By using the maximality of wy for the weak order and the previous result, we
can in fact generalize Corollary 2.3 to all permutations. To do so, we introduce the
next definition.

Definition 2.6. Set S a diagram contained in A,, and By, = (8¢)cen, . Set Ag =
(Be)ees, we call Ag a subtype of By, if and only if there exists L = [¢1,ca,...,cn] €
Fil(By, ) such that S = {c1,...,¢g}. The set of all the subtypes of By, is denoted
Sub(B,,,).

By definition, if A € Sub(B,,), then A is a type.

Definition 2.7. For any o € Sy, we set 7o = (Bc)ccinv(s) Where Inv(c) is seen as
a subset of \,, with the new convention for the coordinates.

Lemma 2.8. For any o € Sy, T, is a subtype of By, .
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2) 110 21110 2) 110
110 1 (0 110
0 0 0

FIGURE 8. The first subset defines a subtype, the two others do not.

Proof. Set o € Sy, and s;, - - - 84, € Red(c). Then by the maximality of wp, we can
complete this reduced decomposition into a reduced decomposition s;, « - $;,,, *** Siy
of wg. By Corollary 2.3 this decomposition correspond to a filling sequence L =
[c1,...,cn] of By, and by Remark 2.4 we have that {ci,ca,... ¢} = Inv(o).

This concludes the proof.

O

Proposition 2.9. The application ¢(o) = T, is a bijection between S,, and Sub(By,)

Proof. By Lemma 2.8 and Definition 2.6, ¢ is an application from S,, to Sub(B,,).
Set o and w two permutations. Since o = w if and only if Inv(o) = Inv(w), then ¢
is injective.

Set A € Sub(B,,), we have that Fil(A) # (. Set L € Fil(A), we complete it into
a filling sequence L’ of By, using Process 1.9. By Corollary 2.3, L' = [¢1,...,¢N]
corresponds to a reduced decomposition s;, ---s;, of wg. Set o4 = sy, C Sigys
then by Remark 2.4, {c1,..., ¢4} = Sh(A) = Inv(c.4). Hence ¢(c.4) = A, and ¢
is surjective. This concludes the proof. O

And now we can formulate the claimed generalisation.

Theorem 2.10. For all 0 € S, there exists a bijection ¢, between Fil(T,) and
Red(o).

Proof. Set ¢ € S,, and consider 7,. Consider a filling sequence L € Fil(7,), and
complete it into a filling sequence L’ of By, which give rise to a reduced decompo-
sition s, * -+ Si,,, =" Siy Of wo. By definition Inv(o) = Sh(75), so s, -+ si,,, = 0.
Moreover, since s;, - - - s;, is reduced, s;, - - - Sigy 18 A reduced decomposition of o.
In this way we associated to each element of Fil(7,) a reduced decomposition of o.
Let us denote this map by ¢,. By Corollary 2.3, ¢, is injective.

Now consider sj, - - - sj,,, € Red(c). By maximality of wg, we complete it into a re-
duced decomposition sj, -+ sj,,, -+ Sj5 € Red(wp). By Corollary 2.3 it corresponds
to U = [21,...,2,) € Fil(By,), and by Remark 2.4, Inv(c) = {21,...,2)}, hence
(21, -5 2000)] € Fil(T5), 80 ¢o([21,- -, 200)]) = Sj, S, and the application is
surjective. This concludes the proof. (]

Example 2.11. In Figure 9, we show how we construct the reduced decomposition
of 0 =[3,1,4,2] associated to [(2,3),(1,3),(2,4)] € Fil(T5).

This bijection gives an easy way of obtaining all the reduced decompositions of a
permutation using Process 1.9. An example of such a use of this bijection is given
in Figure 10. Now, we give a combinatorial characterisation of the subtypes of By ,.

Proposition 2.12. Set S a subdiagram of \,. A = (Bc)ces is a subtype of By, if
and only if:
(1) forallce S, B. < |H.(S)| -1,
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1[0|®
)
®

!

0|0|®
©)
©)

0 |® 0 0|®
©) ©)
O

®@

2 2 1
1 0 0
0 0 01®

O @ O

associated a=(23) e=(1,3) c3=(2,4)
pejnguzaz(’; o = [1,3,2,4] os = [3,1,2,4] o3 = [3,1,4,2]
7= [ T } = Id.SQ = 01.51 = 02.53

The element of Red(o) associated with [cy, ¢a, 3] € Fil(75) is sas183.

FIGURE 9.
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permutation 3 3 2
[4,1,3,5,2] 82558184 82555451 52855281
FiGure 10.

(2) forallce X\, \'S, B > |SNH(A\)].

Proof. Those conditions are clearly necessary. We will show recursively that they
are sufficient. By condition (1), there exists ¢ € S such that 8. = 0. Moreover
by condition (2), for all z € A\, \ S, if SN H.(\,) # 0 then 3, # 0. Then there
exists ¢; € S erasable, and L a filling sequence of B, which starts with ¢;. Set
[PO,PL, ..., P"] the sequence of types associated with L and S’ = S\ {¢1}. Then
by definition of Process 1.9,

(3) for allce S, B < |H.(S) -1,
(4) ce M \{a})\ S, B =[S N He(An \ {er})];
and by induction, the proposition is proved (A, has just been replaced by A, \

{er}). 0

Proposition 2.12 allows to define the notion of subtype for any given type, but
we will not talk about that in this paper.
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3. VEXILLARY PERMUTATIONS AND BALANCED TABLEAUX

We have seen that some types are related with the theory of reduced decompo-
sitions in symmetric group. There exists a class of permutations called vexillary
permutations which are strongly linked with the theory of standard Young tableaux.
In this section we will show that a careful study of those permutations will give rise
to a generalisation and a new proof of the fact that standard Young tableaux and
balanced tableaux are equinumerous.

First, we give an important result of Stanley which will be central in the next
sections.

Theorem 3.1 (Stanley, [7]). Set o € S,,. Forie{l,...,n}, we define:

(1) di(o) = 1 > i | o(3) < ()},

(2) gi(o) =l{i <i|a(j) > (@)}
Set p(o) (resp. A(o)) the partition obtained by rearranging the sequence (d;(o))
(resp. (gi(0))) in a nonincreasing order. If N(o) = u(o)’, then red(c) = fA),

Definition 3.2. A permutation o such that A(o) = p/(0) is called a vexillary
permutation. In [7] it is shown that vexillary permutations are the 2143-avoiding
permutations.

The two previous sequences have a further combinatorial interpretation when we
use the convention of Remark 2.1 for the coordinates of the cells of \,,.

Lemma 3.3. Set 0 € S,,, then we have that ¢;(Ty) = di(0) and 1;(T5) = gi(0)
where

¢i(To) = {7 | (G,7) € Inv(0)}| and (7o) = {7 | (i,5) € Inv(0)}], (6)
called respectively the column and line sequences of T,. Note that Inv(c) = Sh(7,).

3.1. Stacking process. Set o € 5, here we give a combinatorial interpretation of
A(o) and p(o) which will be useful in Section 3.3. We begin by putting the diagram
Inv(o) in a grid such as in Figure 11.

Y
FIGURE 11. Diagram associated with o = [4,8,9,5,7,6,1,3,2] € Sg

Then we push all the boxes against the Y-axes. To finish, we push all the boxes
against the X-axes, by obtaining a Ferrers diagram (Figure 12).
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oo | ]
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1 1 1 1
. 1 1 | |
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1 1 1 1 1 1
Y -process X-process
FIGURE 12.

Remark 3.4. The partition obtained after this Y X-process is A(c). In fact by
Lemma 3.3, the number of boxes in the row 4 is precisely equal to g;(c). Moreover
after we packed all the boxes against the Y-axes, these rows of boxes are left-
justified. So when we push everything on the X-axes, we are just rearranging those
rows in a nonincreasing order. As a consequence, the diagram we obtain is precisely
A(o). Similarly, if we do the same thing but by first stacking on the X and then
on the Y-axes (XY -process), then the partition we obtain is precisely u(o)’.

Corollary 3.5. As a consequence, a permutation o is vexillary if and only if the
two partitions obtained with these two combinatorial processes are the same.

3.2. A transformation on type. At this point, we have two different descriptions
of the set of reduced decompositions of any vexillary permutation ¢ € .S,, in terms
of tableaux. On the one hand, from Theorem 3.1 we have

[Red(o)| = [SYT(A(e)); (7)
and on the other hand, from Theorem 2.10 we have
[Red(o)| = [Tab(75 ). (8)

Notice that in general, Sh(7,) # (o). Hence it is not clear that those two sets of
tableaux are linked. So it seems natural to ask for a generalisation of (8) where the
shape (o) of (7) appears clearly. Indeed we can answer positively to that question,
thanks to the transformation on types that we describe below.

Remark 3.6. From now on, we go back to the usual coordinates for the boxes of a
diagram.
Definition 3.7. Let S be a diagram and “a” (resp. “b”) a row (resp. a column)
of S. We define S/, (resp. ?b) the diagram obtained by exchanging rows a and
a+ 1 (resp. columns b and b+ 1) of S.

In the same way, we can exchange rows and columns in tableaux.

Definition 3.8. Let T" be a tableau of shape S and a (resp. b) a row (resp. a

column) of S. We define T}, (resp. ?b) the tableau of shape S/, (resp. ?b)
obtained from T by exchanging rows a and a + 1 (resp. columns b and b+ 1).

In general, if we consider T' € Tab(7) and “a” a row of T, then the type T’ of
T, heavily depends on the tableau T" and not only on 7. In the sequel, we focus
on a special case where 7" is totally determined by 7.
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Definition 3.9. Set S a diagram and 7 = (0;)cecs € Type(S). Let “a” (resp. “b”)
be a row (resp. a column) of 7. This row (resp. column) will be called dominant
if
(D) for all (a,y) € S (resp. (x,b) € S), (a+1,y) € S (resp. (z,b+1) € S) and
9,173} > 0a+1,y (resp. 996,1, > 0x,b+1)-
Definition 3.10. Set 7 a type of shape S and “a” (resp. “b”) a dominant row
(resp. column) of 7. We define the type T |, (resp. ?b) of shape S|, (resp.

b) obtained from 7 by first decreasing by one all the integers in the row a (resp.
column b) of T, then by exchanging rows a and a + 1 (resp. columns b and b+ 1)
of T, and keeping all other entries unchanged (see Figure 13).

Dominant ] 9 | 211 a4 110 113]1]0 0‘
row
1({3(1|]0]0|— |1]|3]|1]O0 0|—> 1 110
111/0 11110 11110
T Th
FIGURE 13.

Lemma 3.11. Set T = (6,,) € Type(S), and consider a dominant row “a” of T.
Then for any T = (t.) € Tab(T), we have t, .y < tqi1,y for all (a,y) € S.

Proof. Consider T' € Tab(7). By Theorem 1.15 there exists L = [(ax,bx)]1<k<|s| €
Fil(7T) and (P’ = (Gi,b))j its associated sequence of types such that T, = T. By
definition of Process 1.9, to prove the lemma it is enough to show the following
property:

(Q) for all 0 < k < n, and (a,y) € Sh(P¥) such that (a + 1,y) € Sh(P¥), then

95,7; > 9§+1,y'

So let ¢; be the biggest integer such that (a,c;) € S. Then we have that

Hae,(S)\ {(a,¢1)} € Hay1,6,(S) and 63 . > 69, . because the line a is dom-

a,cy1
inant. Set k such that (a +1,¢1) € Sh(P*), then 6% . > 6%, . (such an integer
exists, at least k = 0 works). Now let see why the property is still true for £+ 1 by
focusing on (a, by). We have two main cases :
(1) If (ak,bx) = (a+1,¢1), then (a+1,¢1) ¢ Sh(PF+L).
(2) If (ag, b) # (a+1,¢1), then 6% . > 6%, . > 0. There are two possibilities:

a,cy
i (alw bk) ¢ Ha,c1 (S) \ {(av Cl)}v then 9]1;?211 = olac,cl > 0§+1,cl > esj—_%,cl'
i (i/j_?lbk) € Ha7c1 (S) \ {(a,Cl)}, then 0];1_11 = 95,(:1 -1> 05—&-1,01 -1=
0a+1,c1'

Finally, we proved by induction that the property (Q) holds for the column ¢;
for any k. Now let ¢y be the biggest integer such that c; < ¢; and such that
(a,c2) € S. Then L, ., (S) \ {(a,c2)} € Hut1,,(S) and Ay, (S) = {(a,c1)}. As
before we will prove recursively that for all 0 < k < n, the property (Q) holds for
the column co. As before we focus on (ag, br), once again we divide our study into
several cases as for ¢;. The only new situation occurs when (ag, bx) = (a, ¢1). Based
on our previous analysis about column c¢;, we know there exists ¢ < k such that
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(ag,bg) = (a+1,¢1). Then for all g+ 1 < s < k we have that 0; ., — 05, ., > 2, s0
ijtj — 953&62 > 1 and the property is proved. With similar arguments, we show

that the property (Q) holds for all the columns, and this concludes the proof. O
With this lemma we have the following property.

Proposition 3.12 (Exchange property). Set T a type and “a” (resp. b) a dominant
row (resp. column) of T. Then the operation |, (resp. =) is a bijection between

Tab(T) and Tab(Tl,) (resp. Tab(?b)).

Proof. We consider the tableau T'|,= T" = (t,, ) € Tabg, (7") where T" = (¢, ).
Let (z,y) be a cell of Sl,, and Hy (T) = {tes | (a,0) € Hy,(Sh(T)) }. fx #a
and a + 1, H, ,(T) = H,,(T"), and 0, = 0,,. If x = a, then H,,(T") =
Hoy1,4(T) U{ta,y} and by Lemma 3.11, ¢, , = tat1,y > tay s0 0y, = Ouy1,. To
finish if 2 = a+ 1, then 0, ; , = 04, — 1 because Hoy1,4(T") = Hoy(T) \ {tat1y}-
Then 7' = Tla, 80 lq send an element of Tabg(T) to an element of Tabg, (7T14)-
Similar arguments show that |, also sends an element of Tabg, (71,) to an element
of Tabg(T'), hence |, is an involution, and it concludes the proof of the line-exchange
property. The proof of the same property for columns is similar. O

We finish this section with a useful definition.

Definition 3.13. Set T a type of shape S. The row (resp. column) a (resp. b) is
called dethroned if: for all (a,y) € S (vesp. (z,b) € S, then (a — 1,y) € S (resp.
(x,b—1) € S), and 041,y < 4,y (resp. Oy p—1 < 654).

Remark 3.14. Obviously, if a is a dominant row of 7', then a+ 1 is a dethroned line
of 7], and viceversa. The same holds for dominant columns.

3.3. The exchange algorithm. In order to reach the goal described in the intro-
duction of Section 3.2, we define an algorithm on 7., whose definition will be moti-
vated in Lemma 3.16 and Proposition 3.17. For the reader convenience we show how
this algorithm works for the vexillary permutation o = [7,8,4,5,1,2,6,9,3] € So.

Definition 3.15 (The exchange algorithm). First, we erase all the boxes of By,
that do not belong to 7. At this step, some lines and columns are possibly empty, so
we remove them (Figure 14). We denote 72 the type obtained. We note 7 (resp. s)

7|o|e)] 4 [®]2)] 10| 65 32
6 [5)|@)] 3 |2)]@)]o 504 211
5|3 @0 — 543 ]2]1]o0
43|21 o 32
32| o 21

2 [ 1[0

1]o

0

FIGURE 14.

the number of lines (resp. columns) of 7°. As in Lemma 3.3, we define the column
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of TY. Now we create a sequence of

and the line sequences (¢9)1<;<, and (I9);
= ) and |Tab(7}X)| = |Tab(7TF*1)| with

types (TF)o<k<r+s such that Sh(ﬂ’“)
the following algorithm.

(1) Let i1 be the smallest integer such that ZJQ < l?l forall1<j<r.

(2) Exchange row iy with row i; — 1 using Proposition 3.12, then exchange the
new row i; — 1 with the row ¢; — 2, and so on until 4; has been exchanged
with all the rows above it. Call T} the type obtained after this process,
and denote (I})1<i<, its line sequence (its column sequence is the same of
75)-

(3) Define i the smallest integer such that ljl- < ll-l2 forall2 <j<r.

(4) Exchange the row iy with all the rows above it except the first. Call T2
the type obtained and (I7);<;<, its line sequence.

(5) Continue this procedure till a type 7. having a nonincreasing line sequence
is obtained. After that apply the same procedure to the columns, and at
the end obtain a type 7% such that both line and column sequences are

nonincreasing.
(6) Denote T.F = Tr+s.

1<i<s
Ao

alaf1fof1]o]
5421
alsl1]o
32

2 |1

1]o0

FIGURE 15. This is the type 7.F obtained from o = [4,8,9,5,7,6,1,3,2]

To prove that this algorithm can always be performed, we need an intermediate
lemma.

Lemma 3.16. Set 0 € S, a vezillary permutation. Set l; (resp. ¢;) the line
sequence (resp. the column sequence) of Sh(T,) (see (6) ). For alli and j in N
such that 1; < 1; (resp. ¢; < ¢;), if (i,a) € Sh(T,) (resp. (a,i) € Sh(75)) then
(4,a) € Sh(T5) (resp. (a,j) € SW(T5)).

Proof. We prove this lemma for lines only (the proof for columns is similar) by
induction using the stacking process (Section 3.1). Set 41,...,4, such that the
sequence (l;,,...,l;, ) is nonincreasing. We focus on i1, and consider the corre-
sponding line in S = Sh(7,). Now set ¢ # i1 and k such that (i,k) € S, then we
will show that (i1, k) € S. To prove it, we assume that (i1, k) ¢ S.

1 I:' \:‘ |:| <— [;, boxes in this row
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So, if we push the boxes against the X-axes, then in the first row there must be
strictly more than l;, boxes.

i \:l I:I:I:I <— [;, + 1 boxes in this row

So this is again the case when we stack all the boxes on the Y-axes. If we reverse
the order of the stacking process and we first pack the boxes against the Y-axes
and after we stack the boxes on the X-axes, because of the maximality of ;,, the
first row contains only I;, boxes. But o is vexillary, so this is a contradiction, and
the lemma is proved for the row i;.

Suppose the lemma is proved for rows iy, ..., ik, kK € N. Set A(0) = (A1,..., Am)-
By induction, if we delete rows 41,...,%; in S, and then perform the XY or Y X

stacking process on the obtained diagram, we found the partition (Agt1,...,Am)
in both cases. With a similar argument as for the case i1, we prove that the lemma
holds for row ix41, and this concludes the proof. O

Proposition 3.17. Set o a vezillary permutation, then the exchange algorithm can
always be performed.

Proof. First we focus on the row i1 —1: since the integers in 72 are strictly increasing
from bottom to top, by Lemma 3.16 we have that the row i; — 1 satisfies condition
(D), hence it is dominant. Then we can use Proposition 3.12 to exchange the row
i1 with the row i3 — 1. We denote T the type obtained after this exchange. With a
similar argument we can show that row ¢; —2 of 7’ is dominant, so we can exchange
rows i1 — 2 and 4 — 1 in 7, and so on. At the end, we exchanged the row i; of T
with all the rows above it. Moreover, since the integers in T2 are strictly increasing
from bottom to top, by Proposition 3.12 the integers in the rows from 2 to r in 7}
are again strictly increasing from bottom to top. Then by Lemma 3.16, we prove
that we can use Proposition 3.12 to move the row iz to the second position. And
SO on.

We remark that the integers in each row of 7, are increasing from right to left.
Then with exactly the same arguments, we show that the process over the columns
can be performed. O

At this point, we have a type T.X such that both column and line sequences are
non-increasing. It is easy to see by using the stacking process and Lemma 3.16
that T.F is of shape A\(c). As a consequence of Proposition 3.12, Lemma 3.3, and
Theorem 3.1 we have the expected theorem.

Theorem 3.18. Set o € S, wvezillary, then the type TE is of shape (o) and
| Tabx (7,7)] = | Tab(7)| = fA¢).

3.4. Link with balanced tableaux. Now we use the theory developed in the
previous section to give an alternative proof of the fact that balanced tableaux and
stantard Young tableaux of same shape are equinumerous. Consider the Ferrers
diagram of A. A corner of A is a cell ¢ of its diagram such that there is not any cell
below and on the right of ¢. Now consider a corner ¢ = (a,b) of A such that the
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integer k = A\, + A\j — 1 is maximal. Then we can place X in the staircase partition
Ak+1 as depicted in the following figure.

™ Corner ¢ = (a,b) such that A\, + X — 1

is maximal.

Then we look at the corners (u,v) of A which are on the diagonal border of the
staircase partition. For each such corner set R, ) = {(z,y) € A | 2 < u, y < v},
and consider the union R of all these R, ,). Then we let each other connected
parts of A fall in the staircase tableau as depicted in Figure 16. Then we repeat
the same procedure for each connected part of the obtained diagram, until this is
possible. At the end, we obtain a subdiagram S of Ap41.

l
&

-—
-—
-—

|E Diagram S

FIGURE 16.

Definition 3.19. Set S the diagram obtained with the procedure depicted above.
We define F = (B¢)ces-

Lemma 3.20. F is a subtype of By, ,. Moreover, if we denote oy € Siy1 the
permutation such that F =Ty, , then oy is vexillary of shape .

Proof. To prove this Lemma, we use Proposition 2.12. Consider z = (z,y) € Agt1;

o if z ¢ S, then the only elements in H,(A,+1) NS have to be strictly below z.
Moreover, by definition 3, is precisely equal to the number of boxes strictly
below z. Hence 8, > |H,(Ag41) N S|;

o if 2 = (z,y) € S, by construction of S there exists 2z’ = (2/,y’) € S such
that: @’ >z, 9y >y, B =0, and for all z < u < 2’ and y < v < 3/ then

(u,v) € S. Then 3, = (o' —z) + (v —y) < |H.(S)] — 1.
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Hence, F € Sub(B,,,). By Proposition 2.9 there exists o such that 75, = F.
Moreover, if we perform the stacking process on Inv(oy) = S, it is easy to see that
both XY and Y X processes end with the partition A. Hence by Corollary 3.5, o
is vexillary of shape A, and this concludes the proof. O

Definition 3.21. Set A = (A1,...,\x) a partition of n. We said that two elements
(a,b) and (c¢,d) in the Ferrers diagram of A\ are in the same block if and only if
Ao = Ae.

Now we focus on T2 = (0.)cex. We first remark that if ¢ is a corner of A, then
0. = 0. Moreover by construction, the column sequence of S is nonincreasing, hence
when we perform the exchange algorithm on oy, it does not exchange any columns.
Hence, we have that:

(A) for all (z,y) € A, if (z,y —1) € A then 0, 1) = Oz ) + 1.
More technical now: set j € N and ¢ < j maximal such that [;(S) = [;(S). Then by
construction of S we have that for all k such that i < k < 7, then I(S) > 1;(S) (in
particular the line k is not empty). Then when we perform the exchange algorithm,
we exchange row j with each rows k where ¢ < k < j. Moreover, each time we do
that, we decrease by one the integers in row j. Hence, since there is not any empty
rows between row ¢ and row j in S, we have that:

(B) for all (z,y) € A, if (z —1,y) € A and is in the same block as (x,y), then

Oa—1,y) = Owy) + 1.

From (A) and (B) we deduce that 77 is of the form depicted in Figure 17.

7165 4|32 (1|0
81716 |5 |43 |2
7165 43|21

3|2 1
2 1 0
0
FIGURE 17.

Definition 3.21 splits ’7:,EA into several blocks. We can use Proposition 3.12 on
each block in this way: the bottom row is translated to the top, then the new
bottom row is translated to the second position, and so on (see Figure 18). And at

716514132 6154132110
716514 (13|2]1 6 (5432|110
6|54 132|110 6|5(413[2]1]0

FIGURE 18.

the end, the type we obtained is effectively B, and this proves the following result.
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Corollary 3.22. For all A - n we have that
[Bal(A)| = |Tab(B))| = |Tab(T,7)| = f* = [SYT(A)].

At this point, one could expect that there exists a vexillary permutation o4
such that we directly have 721 = B). Unfortunately, we can show that such a
permutation does not exist in general.

We conclude this section with a natural question: given two vexillary permutations
o and w, when do we have TX = TF ? We will answer to this question in the
following section.

3.5. An equivalence relation between vexillary permutations. Now we will
exhibit an equivalence relation ~, on the set of vexillary permutations with the
property that for any two vexillary permutations o € S,, and w € S,,, then T.F =
T.F if and only if 0 ~, w.

Set o € S,,and p < n the lowest integer such that o(p) # p and ¢ < n the biggest
integer such that o(gq) # ¢. Then we define,

o=lop)-(-1);0p+)=@-1; ... ;0@ —-@-1]
Note that o is an element of S,41_p—q because of the choice of p and gq.

Definition 3.23. We say that o ~, w if and only if 7 = @.

Theorem 3.24. Set o and w two vexillary permutations. Then T.E = TF if and
only if o ~, w.

Proof. We have a combinatorial interpretation for the relation ~,,. Set o € S,, and
w € S, such as o ~, w. We can assume n bigger than m. Then we can see w
as a permutation of S,, by adding n — m fix points at the end of w. Set p, (resp.
Do) the smallest integer such that o(p,) # p, (resp. w(py) # pu). By definition
Inv(7) = Inv(@), moreover Inv(c) = {(z+ (ps — 1),y + (s — 1)) | (z,y) € Inv(7)}.
So if we look at T, and 7, we have the situation described in the following figure.

We obtain 7, by translating

T, along the diagonal.

Then it is clear that we have T.X = TF by construction.

To prove the opposite direction, we will construct the inverse procedure of the
Exchange algorithm (Definition 3.15). This algorithm is divided in two parts, one
for the columns, and another for the lines. We will show how it works on columns
(on lines is similar). Set o € S,, vexillary.

(1) Start with T.Z: set r its number of lines and s its number of columns.

(2) Scan the columns of T.Z from right to left starting from column s. When
one meet a column k which is dethroned (see Definition 11) then use the
Proposition 3.12 on k and k£ + 1. Then scan again the columns from right
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to left, starting from column s and look for a column which is dethroned
in order to use Proposition 3.12 again, and so on.
(3) The algorithm stops when there is not any dethroned column left.

Recall that 7. = 775, By Definition of the Exchange Algorithm, there exist
1 <wuy < sand k; € N (which can be 0) such that: if we exchange the column w4
of T7+5~! with the k1 columns on its left using Property 3.12, then the type we
obtain is 7774. Note that for any u; —k; < i < j < s, the columns 4 and j of 7/ +¢
have not been exchanged at any step of the exchange algorithm. Since the integers
in each row of 7, are increasing from right to left, we have that this property is
still true for columns u; — k1 + 1 to s in 77 "%. This implies that the rightmost
dethroned column of 777 is the column u; — k3 + 1. After k; iteration of the
algorithm described above, the obtained type is 77771, With similar arguments,
we show that the type we obtain when this algorithm stops is 7. Then we perform
the same process on the lines of 7, and at the end we obtain 7. Now let us see
how we can turn this type into 7.

In the Exchange algorithm we removed empty lines and empty columns from 7,
in order to obtain 72 = (6; ), so now we have to put them back. Set (L;) the
line sequence of 72 and i,,,, an integer such that L; _ is maximal in the line
sequence. Then let s be the biggest integer such that (i, s) € Sh(TL). Then for
all 1 <j <s, weputb,.;— 0i,..j+1 — 1 empty columns between the column
j and the column j + 1. We do the same thing with lines. We call 7 = (f.) the
obtained type.

By hypothesis, T = T,. Set w € S,, such that 7, = 7. We can suppose that m =
n by adding some fix points at the beginning of ¢ and w. Then Inv(7) = Inv(@),
hence with a similar argument as in the first paragraph of this proof, w ~, o. This
concludes the proof. O

4. ON A QUESTION RAISED BY EDELMAN AND GREENE

In this last section, we use our previous work to give an answer to a question
raised in the [3]. Set A F n, it is obvious that

=X (9)
=

where the sum runs over all the partition A\~ obtained by removing a corner from
A. Since it holds for standard tableaux, it also holds for balanced tableaux. In [3]
was raised the question to give a direct proof of this result. We can answer this
problem by considering a more general question. Set o € 5,, a vexillary permutation
of shape A and associated type T.F. Set z1,...,2 a sequence of boxes of \, we
want to enumerate the tableaux T' = (t.)cex € Tab(T.F) such that for all 1 < j <
k, t., =n+1—j. Equivalently, this consists in enumerating the filling sequences
[c1,...,cn) of TE such that for all 1 < j < k, ¢; = z;. In the sequel, we will give
a complete answer to this question using the theory of reduced decompositions of
the symmetric group. To do so, we introduce the following definition.

Definition 4.1. Set S C S” C A, such that both Tg = (8.)ces and Tsr = (Be)ces:
are in Sub(By, ). Define Tg/ /s = (0c)ccs\s, Where 0. = B — [Hc(A,) N'S|. Then
Ts//s is a type, and we say that Tg/ /g is a S-subtype of B, .

Then we have the following property.
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Proposition 4.2. Set S C S" C A\, such that Ts and Ts: € Sub(By,). Set o and

w € S, such that Ts = T, and T = Ty, then |Fil(Ts:/s)| = [Red(oc~w)].

Proof. Set k = |S"\ S|, V = [z1,..., 2] € Fil(Tg//s), and U = [c1,...,¢9)] €
Fil(7s). Then W = [c1,...,¢5),21,.--,2x) € Fil(Ts/). By Theorem 2.10, W
corresponds to s;, -+ i, € Red(w). Moreover, by construction of W we have
that s;, ---si 5 € Red(c). Hence we have that s, ...si,,, € Red(c™'w). In
this way, we associate to each element of Fil(7s//g) an element of Red(c~'w), and
as in the proof of Theorem 2.10, this defines a bijection. |

This result implies the following theorem which answers to the question raised
at the beginning of this section.

Theorem 4.3. Set o € S,,, a verillary permutation of shape A\ = n, TE its asso-

ciated type, and U = [z1,..., 2] a sequence of boxzes in the Ferrers diagram of A.
Then if we consider the number of filling sequences L = [c1, ..., cn] of TE such that
Ly =c1,...,ck) = U, we have the two following cases :

(1) IfU can be completed into a filling of T.F, then there exists w a permutation
such that this number is equal to |Red(w)].
(2) If not, this number is 0.

Proof. By construction, the exchange algorithm defines a bijection 1 from the dia-
gram A to Inv(c) C A, such that: [c1,...,¢,] € Fil(T.F) if and only if [1(c1), . . ., ¥ (cn)] €
Fil(75). Set S = {¢(21),...,%¥(zk)}, then there is two possibilities:

(1) if there exists 7 € Sy, such that 7. = Tg, then by Proposition 4.2 the
number we are looking for is [Red(7710)|;
(2) if not, this number is 0.

This concludes the proof. ([

This theorem can also be applied to balanced tableaux. Moreover, this result is
not just theoretical : the permutation w can be computed by using the Exchange
algorithm 3.15 and Proposition 4.2. Since the algorithm is not easy to manipulate,
we cannot provide a systematic description of the associate permutation. However
we have this nice combinatorial result.

Theorem 4.4. Set o, TX and U = [z1,..., 2] as in the previous theorem. We
consider the diagram S = Mo) \ {z1,...,2k}. We perform the stacking process on
S, and we set A\(S) (resp. u(S)') the partition obtained after the XY (resp. YX)
process. If U can be completed into a filling of T.X and \(S) = u(S)’, then we have
that

HL =lc1,...,cal € FI(TE) | fe1,. .. cx) = U} = ),

As a corollary of Theorem 4.3, if U cannot be completed into a filling of 7, then
this number is 0. Moreover, as before this theorem is still true with the balanced
type. This theorem is an immediate consequence of Theorem 3.1 together with
Proposition 4.6, which is given after an intermediate lemma.

Lemma 4.5. Set S C S C A, such that Ts and Tg: € Sub(B,,). Set o and
w € S, such that Ts = T, and Ts: = T,,. Then Inv(c~'w) = o=1(S" \ S) where
o S\ S) ={(e71(@),071(5) | (i,5) € (S"\ 9)}.
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Proof. We have that w = [w(1),w(2),...,w(n)], then

ol = [0 (@ (1) 0 ()],
Since S C S’, by Proposition 2.9 we have that Inv(c) C Inv(w). Now let (4,5) be
an inversion of w, then w = [w(1),...,7,...,4,...,w(n)]. We have the two following
cases.

(1) If (i,§) € Inv(o), then by definition we have that o=1(i) > o~1(j). But
o= o= (L), () 0 (i) 0 ()], S0
(07 (1), 07 ')) ¢ Inv(o™'w).
(2) If (i, §) ¢ Inv(0), then 071(i) < 07'(j), so (07 1(i),071(j)) € Inv(c ™ w).
Hence we have that o~ !(Inv(w) \Inv(a)) C Inv(oc~'w). Moreover it is easy
to see that (o~ 'w) = f(w) — (0), so o~ (Inv(w) \ Inv(c)) = Inv(c~'w). But
S"\ S =Inv(w) \ Inv(o), so the lemma is proved. O
Proposition 4.6. Set S, S', o and w as defined in Lemma 4.5. Then with
convention of Remark 2.1, we have that for all i, c,;(S"\ S) = di(c™w) and
ZU(Z—)(S’ \ S) = gi(O'_l(JJ).
Proof. Set 1 < i < n, we have that d;(c~'w) = [{(k,i) | (k,i) € Inv(c~'w)}| and
ci(S"\S) = [{(k,4) | (k,i) € (S"\ S)}|. With the previous lemma, we have that
oV {(k,0(0) | (ko)) € (8"\ 8)} = {(4,4) | (j,9) € Inv(0™'w)}
sod;(oc™w) = Co(i)(S"\S), and we prove the other equality with a similar argument.

O

Now we give a direct proof of Equation (9). First we need a definition.

Definition 4.7. Set A I n seen as a diagram. Set B a block of A, then there exists
i minimal such that (i, A;) € B. The box (4, ;) is called the upper right corner of
the block B.

Set T a balanced tableau of shape A - n. By definition of Process 1.9, we have
that the integers n appears in the upper right corner of a block (Figure 19).

< n appears in one of these boxes

FIGURE 19.

Then by Theorem 4.4 we directly have the next result.

Proposition 4.8. Set B a block of A = n and ¢ the upper right corner of B. Then
the number of balanced tableaux of shape A such that n appears in c is equal to the
number of standard tableauz of shape \~, where A\~ = n — 1 is obtained from X\ by
suppressing the corner of the block B.
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