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Abstract

The aim of this work is to study some lattice diagram determinants
ArL(X,Y) as defined in [E] and to extend results of [E] We recall that
M, denotes the space of all partial derivatives of Ar. In this paper, we
want to study the space M} ;(X,Y) which is defined as the sum of My
spaces where the lattice diagrams L are obtained by removing k cells from
a given partition, these cells being in the “shadow” of a given cell (¢, 7)
in a fixed Ferrers diagram. We obtain an upper bound for the dimension
of the resulting space Mi’fj (X,Y), that we conjecture to be optimal. This
dimension is a multiple of n! and thus we obtain a generalization of the n!
conjecture. Moreover, these upper bounds associated to nice properties
of some special symmetric differential operators (the “shift” operators)
allow us to construct explicit bases in the case of one set of variables, i.e.
for the subspace Mi’fj (X) consisting of elements of 0 Y-degree.

1 Introduction

Definition 1.1 A lattice diagram is a finite subset of N X N. For py > ps >

<> uk > 0, we say that p = (1, po, ..., puk) s a partition of n if |u| =
w1+ -+ pk equals n. We associate to a partition p its Ferrers diagram {(i,7) :
0<i<k-—1,0<j< 41— 1} and we shall use the symbol p for both the
partition and its Ferrers diagram.

Most definitions and conventions we use are similar to [ﬂ] For example, given
the partition (4,2, 1), its partition diagram is

2,0

1,0 | 1,1

0,001 02103




It consists of the lattice cells {(0,0), (1,0), (2,0),(0,1),(1,1),(0,2),(0,3)}.

Let now X = X,,, = {z1,22,..., 2} and Y =Y, = {y1,y2,...,ym} be two
sets of m variables and Q[X|=Q[x1, 22, ...,z and Q[X,Y]=Q[x1, 22, . . . , Tim,
Y1,Y2, - - ., Ym] denote respectively the rings of polynomials in m and 2m vari-
ables with rational coefficients. Since we have to deal with polynomials in Q[X]
or Q[X,Y], we shall denote by Z a subalphabet of (X,Y) and by Q[Z] the
corresponding ring of polynomials.

Definition 1.2 Given a lattice diagram L = {(p1,q1), (p2,42), - - -, (Pn, qn)} with
n cells we define the lattice determinant

AL(X,Y) = det (‘Tij?j)1gi,jgn' (1.1)

The polynomial A (X,Y) € Q[X,,,Y,] = Q[X,Y] (with m = n, the number of
cells in the diagram L) is different from zero only if the diagram L consists of
n distinct cells in the positive quadrant. In this case Ay is bihomogeneous of
degree |p| =p1 4+ -+ pn in X and of degree |¢| = q1 + -+ g in Y. To insure
that this definition associates a unique determinant to L we require that the list
of lattice cells is given with respect to the lexicographic order with priority to
the second entry that is to say:

(p1,q1) < (P2,q2) <= @1 <g2 or [@1 =g and p; < pa). (1.2)

Definition 1.3 For a polynomial P(Z) € Q[Z], the vector space spanned by all
the partial derivatives of P of all orders is denoted Ly|P], i.e.:

Ly[P] = Q[oZ], (1.3)

where for a polynomial Q in Q[Z], Q(0) = Q(0Z) denotes the differential op-
erator obtained by substituting x; and y; respectively by Ox; and Oy; in the
expression of (). Next we define

My, = Lo[AL(X,Y)] (1.4)
the vector space associated to the lattice diagram L.

A permutation o € S, acts diagonally on a polynomial P(X,Y) € Q[X,,Y,] as
follows: oP(X,Y) = P(Xoy,Togy- -y Zoy s Yo Yoas - -« » Yo, )- Under this action,
AL(X,Y)is clearly an alternant. It follows that for any lattice diagram L with n
cells, the vector space My, is an S,-module. Since Ar(X,Y") is bihomogeneous,
this module affords a natural bigrading.

The most general problem considered in [E] and [ﬂ] concerns the space M.
The main question is to decide whether this space is Sy,-isomorphic to a sum of
left regular representations or not. In [ﬂ], the case where all the lattice cells of
L lies on a single axis is solved. In the particular case where L corresponds to
a partition u the question leads to the “n! conjecture” which asserts that the
space M, is a single copy of the left regular representation. Many efforts to



prove this conjecture were only sufficient to obtain it in some special cases (see
M, B, B, @ for example).

The next class of lattice diagrams that is of interest is obtained by removing a
single cell from a partition diagram. Its interest comes in part from the fact that
it gives a possible recursive approach for the n! conjecture, with the statement
of a conjectural “four term recurrence.” If p is a partition of n + 1, we denote
by p/ij the lattice diagram obtained by removing the cell (4, j) from the Ferrers
diagram of pu. We refer to the cell (4, 7) as the hole of u/ij. It is conjectured in
[ﬂ] that the number of copies of the left regular representations in M,, /;; is equal
to the cardinality (which we denote by s,(i, j) or by s if there is no ambiguity)
of the (i, j)-shadow, where the shadow of a cell (4,75), as shown on the figure
below is: S, ((¢,7)) ={(#,7) e p: ¢ >4, j' > j}.

A study of the subspace M, /;;(X) of M, ;; consisting of elements of 0 Y-
degree can be found in [E], in which the corresponding “four term recursion” is
proven by using the construction of explicit bases.

The aim of this article is to propose a generalization for the n! conjecture.
The space that we consider is defined as follows. Let u be a partition of n + k.
This partition is fixed and does not appear in the following notations.

Definition 1.4 Let ij denote the following sum of vector spaces

k k
My = Mi5(X,Y) = > Myu/{(a1,01), oo (arbi) } (1.5)
(a1,b1),...,(ar,br)

where the sum is over all the k-tuples of cells in the shadow of (i, 7).

We first observe that because of the “shift” operators (see [, Proposition 1.3
or Section 2 in this paper) we have M, /;; = M}, (equation ). Hence this
space szfj is a possible generalization of M, /;; if we want to make k holes in the
Ferrers diagram. The object of this paper is to show the interest of the space
ij and to give support to the Conjecture @ that dim ij = (,‘Z)n'

The organization of the article is the following. In the second section we
introduce some “shift” operators which are useful to move the holes and the
cells in the diagrams. The third section is devoted to the proof of an upper

bound ((;)n!) for the dimension of Mf;, that is conjectured to be optimal. In



the fourth section we study Mf] (X), the subspace of ij (X,Y) consisting of
elements of 0 Y-degree, for which we obtain explicit bases.

2 The “shift” operators

In this paragraph, we want to describe the action of some special symmetric dif-
ferential operators on the determinants Ar. We recall the following definitions
as stated in [L():

Definition 2.1 For each integer r > 1, the r-th power sum P,.(X) (we do not
use the classical notation p, to avoid a possible confusion with the biexponents)

s defined by
Pu(X) =) af. (2.1)

For each integer r > 0, the r-th elementary symmetric function e.(X) is the
sum of all products of r distinct variables x;, so that eg = 1 and for r > 1:

e(X)= > myoem,. (2.2)

i1 <<y

For each integer r > 0, the r-th complete symmetric function h,(X) is the sum
of all monomials of total degree r in the variables x;, so that:

he(X)= > @iy -oemi,. (2.3)

Zlgng

For the sake of simplicity, we only state the following propositions for X-shifts.
Of course similar results also hold for Y-shifts. The only difference concerns the
signs. The choice of the lexicographic order is made to simplify the results
and the proofs for X-shifts.

Proposition 2.2 Let L be a lattice diagram. Then for any integer k > 1 we
have

Pe(0X)AL(X,Y) =Y +e(L, Pilis L)) Ap, iz (X, Y), (24)
i=1
where Py(i; L) is the diagram obtained by replacing the i-th biexponent (p;,q;)
by (p; — k,qi) and the coefficient e(L, Py (i; L)) is a positive integer. The sign
in 2.4 is the sign of the permutation that reorders the obtained biezponents with
respect to the lexicographic order .

Proof. This is a particular case of Proposition I.1 in @], but we shall give here
a simple proof because some ingredients will be useful later.

If the diagram L consists of the cells L = {(p1,q1),---, (Pn,qn)}, We can
develop the determinant Ay with respect to the j-th column and write:

AL(X,Y) =) abiy® A (2.5)
=1



where A;; denotes the cofactor (¢,7). Let us remark that this cofactor is a
polynomial where the variable x; does not appear. Thus when we derive E,

we obtain:
n

830?AL(X, Y) = Zcfxpl_ky;hAlJ (26)

J
i=1

where & = pi(p; — 1)+ (p; — k + 1). Next we sum R.6 over j to get:

Pe(0X)AL(X,Y) =Y cb Y al Tyt A, . (2.7)
i=1  j=1

Thus we obtain @ by recognizing in E the development (up to sign) of
Ap,(i;)- As abiproduct we observe that e(L, Py (i; L)) = cF = pi(p;—1) -+ (pi—
k + 1) and that this coefficient does not depend on the operator P.

Remark 2.3 The diagram Py (i; L) is the diagram obtained by pushing down
the i-th cell of L: its biexponent (p;, ¢;) is replaced by (p; — k, ¢;) which corre-
sponds to k steps down. The other biexponents are unchanged. This duality
between the substractions on the set of biexponents and the movements of cells
in the diagram will be extensively employed throughout this article, explicitly
or implicitly.

Observe also that since Ay, # 0 only if L’ consists of n distinct cells in the
positive quadrant, we can forget all the terms in the sum @ but those relative
to such diagrams.

Proposition 2.4 Let L be a lattice diagram. Then for any integer k > 1 we
have

er(0X)AL(X,Y) = > e(Lyex(ity .y ini L) Aoy iy inen) (X, Y)
1<i1<ia< <1 <n
(2.8)
where ey (i1, ..., ix; L) is the lattice diagram obtained by replacing the biexpo-
nents (piUQil)’ ] (plk’Qlk) by (pll -1, qil)’ SR (plk -1, qlk) and where the

coefficient e(L, ex (i1, .. .,ik; L)) is a positive integer.

Proof. The proof is almost the same as for the previous proposition. We write

er(X) = Sy, (2.9)

1<ihi<<gr<n

We develop the determinantal form of Az, with respect to the columns jy, .. ., ji
to obtain the following expression where A%""** denotes the lattice diagram
determinant relative to the biexponents i1,...,7; of L and Ai, . i 1,....5, the
cofactor:

Ap = Z AZLhm’lk ('le e T ) Ain ik (2.10)

1<i1 < <ig<n



Next we derive to obtain

) ) _ o AL ‘ ‘
O(wjy . wj) AL = § : (0117~~~71k;31,---7jk Aek(il,...,ik;L)(le’ s Ty
1<ip <---<ip<n

XAy kit enin) (2.11)
where ¢;, ... i,:j1,...,j, 1S & positive integer. We see that ¢;, .. i,.1,....5. 15 equal to
Di, - - - pi, and thus does not depend on ji,...,jr . Therefore we can omit the
subscript j1,...,Jk. Thus we get
n(@X)AL = Y Yo (Conin AL ) @2

(1<iy <+ <ip<n) (1<51 <+ <jp <n)
XAi17--~,ik;j1,---7jk)' (2'12)
By recognizing in the development of A, (;, .. i.:1), we finally obtain the
expected formula. The sign in front of the coefficient e(eg; i1, . . ., ix; L) should be
the sign of the permutation that reorders the obtained biexponents in increasing
lexicographic order. In fact the choice of the lexicographic order is such that
this permutation is always the identity: each cell stays in its original column
and no one of them “jumps” over another one, so that the order is unchanged.

Remark 2.5 A useful observation is the fact that in the Propositions @ and
-4, the coefficient ¢(L, L’) only depends on the original diagram L and on the
final diagram L’, but not on the differential operator. Let us clearly define this

coefficient: if L = {(p1,q1),--., On,qn)} and L' = {(p},q1),..., (0, q,)}, € is
given by the following formula:

P |
(L) = e (2.13)

This coefficient is a positive integer that appears (up to sign) as the coefficient
of Ay in the expression of P(0X)A[,, where P is a power sum or an elementary
symmetric function ; we shall see in the next proposition that it is also the case
for homogeneous symmetric functions.

Another important remark is that we have to be careful when we apply
products of differential operators. Indeed in this case multiplicities may appear
in the formulas. Let P(J) and Q(9) be two differential operators such that
formulas like P-4 or P.§ hold for P(9) and Q(9) with € given by P.1J. We first
observe that e is multiplicative, i.e.

e(L,L') = e(L, L")e(L", L), (2.14)

for L, L and L’ three diagrams. Thus the coefficient of Ay, in P(9)Q(0)Ay is
a multiple (up to sign for power sums) of ¢(L, L’). This multiplicity corresponds
to the number of choices in the order of the different shifts, that is to say the
number of diagrams L” such that L” appears in Q(9)AL and L’ appears in
P(9)Ap~. This multiplicity is denoted by cp,o(L'L’)



Let us take an example: if we apply e1(0X)e1(0X) to the determinant of
the diagram L = {(1,0), (1,1)}, we obtain a single diagram L’ = {(0,0), (0,1)},
with e(L, L") = 1, but

61(8X>61((9X>AL = QAL/. (215)

The multiplicity 2 correponds to the fact that we can either first move down
the cell (1,0) and next the cell (1,1) or do it in the reverse order.

All these observations are crucial to well understand the proof of the follow-
ing proposition.

Now, to state the next proposition, we need to introduce some notation. For
a lattice diagram L, we denote by L its complement in the positive quadrant
(it is an infinite subset). Again we order L = {(p;,q), (P2, Ts), - - - } using the
lexicographic order E

Proposition 2.6 Let L be a lattice diagram. Then for any integer k > 1 we
have

hk(aX)AL(X7Y) = Z G(Lahk(ila'--7ik;L))Ahk(i1 ..... Zk,L)(X)Y)
1<iy <ip < <ig
(2.16)
where h(i1,...,ix; L) is the lattice diagram with the following complement dia-

gram. Replace the biexponents (B;,,;,),- -, (ﬁik,@k) of the complement L with
@;, +1,@,),---,(®;, +1,q;,) and keep the other unchanged. The coefficient
(L, hi(iv, ... ig; L)) is a positive integer, given by formula B.13.

Proof. We shall prove this proposition by induction on k. If & = 1, then
h1 = e; and the result is true since moving down a cell is equivalent to moving
up a hole. Assume the result is true up to £k — 1. Then we use the fact that
hy =eithy—1 —eshp_o +---+ (71)k€k,1h1 + (71)k+16k.

Each term ejhy_; for 1 < [ < k gives a linear combination of Ar,, whose
coefficients are multiple of ¢(L, L) according to Remark P-§. The problem is
to compute the alternating sum of all these coefficients to get the result of
hi(0X)AL.

Let L' be one of the diagrams created by the terms e;hi_;. The coefficient
of Ar in €;(0X)hi—1(0X) is equal to ce, n,_, (L, L')e(L, L"). In this proof let us
denote ¢, p,_, (L, L") simply by ¢;(L, L"). The question is to compute

S (-)"*a(L, L). (2.17)

1<i<k

Let k" < k be the number of distinct holes moving between L and L’ and d < k’
the number of those which have a moving hole below them. Each of these d
holes has to move with h;_;(0X) because the hole below it is able to move up
with €;(0X) only if it has a cell above itself. The choice therefore comes from



the k' —d other holes which can either move up with hx_;(0X) or not: we choose
k — 1 — d among them to move with hj_;(0X). Thus we get

a(L, L) = <k:k—/l—dd) = (z _k(/k_dk,)) (2.18)

And the sum in becomes

k

Z(l)l+1<l —k(/k—dk’)> - { 0 i Z: <k (2.19)

1=1
Thus we get the desired formula .

Remark 2.7 One efficient application of the previous proposition is to give a
necessary condition that tests if a partial symmetric operator belongs to the
vanishing ideal of a lattice diagram determinant (see [i]). An example of the
strength of this principle is to give immediate proofs of Propositions 1-2-3-4 of
[E] (these propositions provide a Groebner basis of the vanishing ideal of A,
when 4 is a hook). The previous proofs in [P were recursive and intricate but
the results now become simple applications of Proposition @

Remark 2.8 The shift operators are also useful to reduce the sum defining
Mi’fj. In the special case of one hole, it is now easy to see that

M}y =M, ;. (2.20)
Indeed we have that for any integer k£ and [
€k(aX)€l(aY)A#/iﬁj = C'A,u./i+k,j+la (221)

with ¢ an integer different from zero. This implies Mi{j C M, ;, and the
reverse inclusion is obvious.

In the particular case of two holes, let k and [ be positive integers and let
us use the following notations: for two cells h; and ho, e};hhz = e(p/{(,5), (i +

17])}7M/{h17h2}) and G{thZ = E(M/{(Z,]),(Z,]+ 1)},‘LL {hlahQ ) If we are
careful of the different signs by applying Propositions and P.4, then we get
the following identities

Pi0Y )er—1(0X)Apyig) i+ 1)y = PHOY )€l ), (1-0.5) Du/10), (4,0} )
b+h 1
= ()" €, 5500 D/ +k.3) 54D}

b+v )
F(=D Tl gy, () D/ () (4D (2.22)

and

Pe(0X)er—1(0Y) Ay /gy, .54y =Pr(OX) (D" e, i Dusiti) iy



i+k, i+k

_ b+ht1 b j
=(=1) ((*1) EZiJrk,j).,(i,jJrl)Au/{(i+kaj),(i7j+l)}
+(71)U€zi,j),(i+k,j+l)AM/{(iaj),(i-i-k,j-‘rl)})’ (2.23)
where h, v and b are respectively the numbers of cells with horizontal, vertical
and both horizontal and vertical stripes in the figure above (we have to compute
the sign of the permutation which reorders the cells in the lexicographic order
3.

By observing that the product of the signs of the four coefficients in and
is (—1)2(@b+2htv+D+1 — (1) we have that exactly three coefficients in
and are of the same sign, whence A, /¢ i), (i+k,j+0)} a0 Ay /g itk ), (i j+0)}
are in My (i), ig+0} + Mu/{(ig),+1,9)}-

Next, by Proposition P.6| we can move simultaneously the two holes. This im-
plies that for any couple of holes (h1, hz) in the shadow of (i, j) then A, (5, n,y €

My, G401 + Muyii,g),+1,5)) thus
2
M; ;= M), G+t + Musgg,i+1.9)} (2.24)

The question of whether the obvious generalization of the previous result
is true when k& > 3 appears naturally. Is it sufficient to take only the
diagrams such that the holes form a partition of origin (¢,5)? The answer is
negative. For example it is easy to check (by computer) that when p = (3,2),

A4/(0,0),(1,00,00,2)F € Myuy(0,0),(1,0),00,1)F T Mu/(0,0),(0,1),(0,2)}- (2.25)

3 The upper bound
Definition 3.1 Let M be a vector subspace of Q[Z] where Z is a subalphabet
of (Xn+tk, Ynt+r). We define its vanishing ideal as the following ideal:

Iy = {P S Q[Z] 1 VQ e M, P(@)Q = 0} (31)

If P(0)Q = 0, we shall say that P “kills” Q.
If M = Ly[P] then we denote its vanishing ideal simply by Ip. In the case
of Mikj we denote Iy by Ifj.
. £ .



We recall the following important result ([f], Proposition 1.1):
Proposition 3.2 For M a subspace of Q[Z], we have
M =1 ={PecQ[X,,Y,]: VQ € I, (P,Q) = 0}, (3.2)

where the scalar product is defined by (P, Q) = Lo(P(0)Q) and where Lg is the

linear form that associates to a polynomial its term of degree 0.

3.1 About ideals

We want here to prove the following

Proposition 3.3
ko def
Ii»j - ﬂ Iariilayfﬁl axiikayiikA @[Xn,yn] =1 (33)
(al,bl) ..... (ak,bk)

where the intersection is over the k-tuples of different cells in the shadow of
(i,7) that we assume to be ordered in lexicographic order.

Proof. Let (a1,b1),...(ar,br) be k cells in S, ((¢, 7)), the shadow of (4, j) in p.
By expanding A,, with respect to the last k£ columns, we obtain:

A#(Xn+kayn+k) = Z :l:A{(all1b,1)7~~~a(a;€,b;c)}(Xn,Yn)
CRCORINCINA
R 10t ) (K Vo), (3.4)
where Xy, = {zn41,..,Znpr} and Yo = {yni1,. . ynsr}. Thus we get:

a a b
Oyt y - ety VAL (Xt Vit k) = AL {(ar by ) (ansbn)} (X Yo )(+ C)
3.5

where c is a rational constant (different from 0) and C' a linear combination with
coefficients in Q[$n+1, Yn+1s- -+ Tn+k, yn—i-k] of polynomials A,u/{(all,bll) 1111 (al,bh)}

(X, Yy), with:
VI<I<k, (a,b) € Su((i, 5))- (3.6)
)

Indeed A{(a’l,b’l),...,(a%,b;)}(Xn; }7 ) is not killed by 8( n+1yn+1 n+kyn+k
only if there exists at least a permutation o € S, the symmetrlc group on k
elements, such that

(@,0), Vo)) € Sullan, b)), V1<I<Ek. (3.7)

This follows easily from the definition of the Agias 1), (ay,00)

follows easily from the definition of the Af(a; ) (ag.03),..., (af,b)} @S a de-
terminant:

b’ a’ b’ a’ b’

_ g 1) o(1) .%o (2), Yo (2) o(k), Vo(k)

A{(all1b,1)7(a,27b/2)1"'7(a;c7b;€)} = Z Sgn(0) T, 51 Yokt Tnto Ynga - Tk Yntk
€Sk

10



Taking the partial derivative 8(xflﬂrlyflﬂrl ceeapk kyf}’; L), we get B7. For all 1 <
I <k, we have S, (a;,b;) C S,.(i,7). Consequently (a;(l),b;(l)) €5,(i,5), V1<
[ < k. Because o is a permutation, @ is now obvious.

To illustrate the equation @, we give the following example: u = (3,2),
n=3, k=2, (a1,b1) = (0,0), (az,b2) = (1,0), then

A(23y375y8) A (X5, Ys) = Ayyi(0,0)1,001 (X35 Y3) +¥58,/((0,0)(1,1)) (X3, Y3)
—Yalu/11,0)(0,1)3 (X3, Y3)
+ (—2ays + Taya) Ay 1,0)1,1)} (X3, Ya)
— Y2 A ((1,0)0.2)1 (X3, Y3) + yays A 0.1y (1,1)3 (X3, Y3)
— Yiys D102} (X3, Y3).

Hence we get what we want because:

e 7 C Illf ;i let P be a polynomial in Z. Since P kills the left-hand side of
B.3, it kills the constant term in Q[X,,,Y,] of the left-hand side which is
Au/{(ln,ln),...,(ak,bk)}(X’na Yn) Thus P isin IZkJ

° IZ-’fj C Z: let P be a polynomial in Ii’fj. By @, P kills all the terms of the
right-hand side of E; thus it kills the left-hand side. This implies P € 7.

3.2 Sets of points and vanishing ideals

The reasoning is inspired from [ﬂ], Theorem 4.2.

Let u be a partition of n + k, | = pp its length and h its height (the
number of its positive parts). We consider two sets a« = («ap,...,ap—1) and
8 = (Bo,--.,0i—1) of distinct rational numbers. To any injective tableau T' of
shape p with entries {1,...,n+ k}, we associate a point (a(T),b(T')) in Q*("+k)
by the following process:

V1 S t S n -+ k, (It(T> = art(T) and bt(T) = 6ct(T) (38)

where r¢(T) (resp. ¢,(T')) is the number of the row (resp. column) of T where the
entry t lies in T. We think useful to recall here that the convention introduced
in the Definition E is that the first row and column are indexed by 0. We
define p as the orbit of (a,b) when T varies over the (n + k)! injective tableaux
of shape . Let us observe that, since the ay’s and 3;’s are distinct, two different
tableaux give two different points, i.e. T — (a(T),b(T)) is an injective map.
We introduce J, the ideal of polynomials that are zero over all the orbit. We
recall that the operator gr is the operator that associates to a polynomial its
term of maximum degree and that the gr of an ideal is the ideal generated by
the gr of its elements. Next we define I = grJ, and H = I+. We will use the
following important result (cf. [}, Theorem 1.1):

Proposition 3.4 For any choice of ai’s and Bt’s, if I is the graded ideal asso-
ciated to the vanishing ideal of p then we have the inclusion

IClIn,. (3.9)

11



We now look at another set, this time in Q2". We consider the set of tableaux
T of shape p with n entries and k white cells such that the & white cells are in
the shadow of (,7). Let us denote this set of tableaux by ’Z;k] By the same

process as described in @, we define a set p* in Q%". We recall here that we
denote by s,(i,7) or simply by s the cardinality of the shadow of the cell (3, j)
in p. Since the cardinality of ’];kj is (,‘Z)n' and the process @ is still injective,
the set p* has (Z)n' points. We introduce J,» the ideal of polynomials that are
zero all over p*, and I* = grJ,. and H* = (I*)*.

The first information is given by the following equation:

dim H* = (Z) nl. (3.10)

This comes from the fact that dim H* = dim Q[X,Y]/Jx = #p* = (;)n!. We
shall not develop this point, extensively treated in [H]

We want to prove that ij C H* and by Proposition @, it is equivalent
to prove that I* C 7.

3.3 Inclusion

We want here to obtain the next proposition:
Proposition 3.5 We have the inclusion:
" C 1. (3.11)

Proof. Let P be a polynomial in J,x. Let us consider

QXpik, Yorn) = P(X, V) X TT02 o (@ngr — ir) -+ 1oy (@nak — cvir)
o o
x [T 2o Wnv1 —agr) - T —o Wntn — o). (3.12)

We want to check that this polynomial is an element of J,. We take an element
(a,b) = (a(T),b(T)) of p. If its projection on Q*" (by keeping the first n entries
of a and b) is in p* then Q(a,b) = 0 because of P. If not, the tableau T" must
have at least one entry between n + 1 and n + k£ in the complement of the
shadow of (i,7), i.e. in the first ¢ rows or the first j columns and we have still
Q(aa B) =0.

Thus Q € J,, hence gr(Q) € In,. Next by looking at the term of maximal
degree we get: gr(P) € Iamilt»ll6y;jz,i11'“6zij«fk6yiilkA#.

For any set of k cells {(a1,b1), ..., (ak, br)} in the shadow of (i, j), we observe
that Vr, 1 <r <k, a, > i and b, > j. Hence gr(P) is in Z, which was to be
proved.

3.4 Conclusion

The main result is now a consequence of all what precedes:

12



Theorem 3.6 If u is a partition of n + k and s the cardinality of the shadow
of the cell (i,j), then we have:

. k S
dim M;’; < (k)n' (3.13)

Remark 3.7 If we recall the proof of Theorem 1.1 of [§], we observe that the
previous reasoning implies the following fact. If equality holds in Theorem @,
then ij decomposes as (Z) times the left regular representation.

Numerical examples and the fact that the construction described in the
previous subsection affords the “good” upper bound in the case of one set of
variables (see the next section) support the following conjecture, which was first
stated by F. Bergeron.

Conjecture 3.8 With the notations of the previous theorem:

. k(S
dim M, = (k) nl. (3.14)

Remark 3.9 When k£ = 1, this conjecture reduces to Conjecture 1.2 of [E] and
when s = k or kK = 0 to the n! conjecture.

4 Case of one set of variables

Definition 4.1 Let M = M(X,Y) be a subspace of Q[X,Y]. Then we denote
by M(X) the subspace of M consisting of elements of 0 Y -degree. We also
denote the vanishing ideal of M(X) by Ins(X).

The goal of this section is to obtain an explicit basis for szfj (X), the sub-
space of szfj (X,Y) of elements of 0 Y-degree.

4.1 Construction

We first recall results about M, (X) the subspace of M, of elements of 0 Y-
degree (which was denoted by M} in [B] and [{]). When p is a partition of n,
we have

dim M, (X) =n!/p!, (4.1)

where p! = pp!- - - .. This space has been studied in [J], [§], [[. Let M () be a
set of monomials whose cardinality is n!/u!, such that the set B, = {M(9)A, :
M € M(p)} is a basis for the space M, (X). By the work in [P] we know such
a set exists.

Now let p be a partition of n + k. Next we choose in the Ferrers diagram
u, k cells which are simultaneously in the shadow of (¢,7) and such that any
circled cell has either a cell outside the partition on its right or a circled cell (see
the figure below). A circled cell satisfying this condition is said to be “Right”.

13



We denote by F Zf the set of the obtained objects, which we call Right diagrams
(associated to ).

We are now going to associate to each Right diagram two objects: a partition
and a diagram with (at most) k holes in the shadow of (i,7). The Figure 1
illustrates this construction. In this figure, the chosen cells in the Right diagram
are cells with a circle, in the cell (i, ) appears a + sign and the holes are as
usual cells with crosses (x). In this example n = 142 and k = 10.

To a Right diagram F'in F Zf we first associate pp the partition of n obtained
by pushing up the circled cells and by removing the corresponding cells (see
Figure 1).

We also define a diagram p% with k holes by proceeding as follows. We
look at the columns where a circled cell appears. In our example we have 8
such columns. For a column j’ > j where a circled cell appears, we denote by
h(j') the number of places where we could have put a circled cell (of course
a Right one) below the lowest circled cell of this column. In our example, we
have: h(3) =1, h(5) =0, h(6) =0, h(7) =1,..., h(13) = 0. Next for any
column j’ with a circled cell, we do the following. We denote the positions of
the circled cells in this column by (c(5'), j'), (c¢(3')+a1,7), ..., (c(j') +aa,7'),
with (¢(4'),4’) the position of the lowest one, 0 < a1 < --- < aq4, and d + 1
the number of circled cells in the column j'. We then place holes in cells (i +
r(G"), 3", G+h()+a1,5"), ..., (i+h(j")+aq,j’). Doing this for all columns
gives the diagram p%. This construction is illustrated in Figure 1.

The crucial idea is to apply the monomials associated to ur to the deter-
minant associated to u’} and we are now able to state the main result of this
section.

Theorem 4.2 With the previous notations
BYj(X) = {M(9)Ax : M € M(ur), F € Fy} (4.2)
is a basis for Mf](X)

The object of the end of the article is to prove this theorem. We will obtain
an upper bound for the dimension of ij(X ), next verify that the cardinality

of Bﬁ ;(X) is equal to this upper bound, and prove that the family Bﬁ ;(X) is
linearly independent.
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Figure 1: A Right diagram F' and its associated partition ur and diagram with
k holes k..
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4.2 Upper bound

Definition 4.3 We denote by ’Z;k] the set of injective, row-increasing tableaux
of shape p with n entries {1,...,n} and k white cells (without any entry) such
that the k white cells are in the shadow of (i,5) and not on the left side of an
entry 1,...,n.

We can also see chj as the set of injective, row-increasing tableauzr with
entries 1,...,n of shapes all the Right diagrams F of fff.

The following lemma will be useful in the proof of the next proposition.

Lemma 4.4 Let M = M(X,Y) be a subspace of Q[X,Y] and M (X) its sub-
space of elements of 0Y -degree. We suppose that M is stable under derivation.
Then we have the following relation between vanishing ideals:

In(X) = Iy N Q[X]. (4.3)

Proof. The inclusion I N Q[X] C I(X) is immediate. The reverse inclusion
is obtained as follows. If P is an element of I(X) and @ a polynomial in
M(X,Y), we look at the monomials of @ in Y with coefficients in Q[X]. These
coefficients are elements of M (X) because M is supposed to be stable under
derivation. Thus these coefficients are killed by P and so is @ itself.

The next proposition gives the analogue upper bound to Theorem @ in the
case of one set of variables.

Proposition 4.5 The dimension of Mzk](X) satisfies the following inequality:
dim M}, (X) < #7T,. (4.4)

Proof. From the Proposition @ and the Lemma Q applied to Mi’fj(X,Y),
which is of course stable under derivation, we deduce that Ii’fj(X ) = If,j N
Q[Xn] =1n @[Xn]

We consider the projection of the set p* on Q", i.e. we associate to each
injective tableau T of shape p with n entries {1,...,n} and & holes in the shadow
of (4, 7) the point aj, (T") following the process defined in B.gd. Let pk denote this
set of points and JY, its vanishing ideal. From the definition of ay,,(T') it is
clear that two tableaux give the same point if and only if they have the same
entries on each line. It is therefore equivalent to associate a point a),(T') to each
tableau T" in 77“] In this case the correspondance is one-to-one and the number
of points in pf is precisely #’Z;k], which is also the dimension of gr(JpOk.)l (this
is the analogue of B.10).

It remains to prove the following inclusion to justify Proposition @:

gr(J) € If(X). (4.5)

=1
Let P be a polynomial in Jgk. Since P € Q[X,] C Q[X,,Yx], P is also in the
vanishing ideal of p¥, thus gr(P) € If; and next gr(P) € I};NQ[X,] = I};(X).
Hence we have gr(JpOk) C If,j (X) and the equation [.4 is now a consequence of
Proposition @
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4.3 Cardinality
We claim that:

Proposition 4.6 We have the following equality
#BE(X) = #T5. (4.6)

Proof. Let h be the height of the partition u. For a fixed Right diagram F' in
F ff, the number of associated elements in Bf, j( is equal to Tl,”—'rh, where the
r’s are the lengths of the rows of up because of ji.] and [.d By Definition
the number of elements in Tzk] associated to F' is 51,"—'&’1, where the s;’s are the
lengths of the rows of F'.

It is therefore sufficient to observe that we do not change the cardinality by
pushing up the circled cells. We look at the example of the lines 9, 10 and 11
of the previous example.

O OO0
O
O|0|0 O

We observe that the lengths of the lines before the transformation are 5, 7,
6 and after the transformation 7, 6, 5. Thus the set of the lengths is unchanged.
It is easy to see that it is always the case: the operation that pushes the holes
up only permutes the lengths of the rows.

4.4 Independence

We want here to conclude the proof of the Theorem @ by proving the inde-
pendence of the set Béfj(X).

Proposition 4.7 The set of polynomials Bﬁj(X) defined in Theorem @ is
linearly independent. Thus in particular equality holds in Proposition @

Proof. Assume that we have a non-trivial dependence relation.

We define the depth of a hole to be the number of cells (different from holes)
that are above this hole. We look at the k-tuples of the depths of the &k holes of
ph: (dy < dg < -+ < dg). The crux of the proof is the following result:

Lemma 4.8 The k-tuples (dy,ds,...,dy) are all distinct.

Proof. We want to prove that the depth of the holes increases from the right to
the left and from top to bottom, and that two different Right diagrams F' and
F' of F ;Ij give two different k-tuples of depths. We look at the circled cells with
respect to this order. We refer to the next figure and look at the columns from
the right to the left. In this figure, ¢ denotes the number of circled cells in the
column that we consider, m the number of positions below the lowest circled
cell where we could put a circle (these cells appear with a square), [ the height
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of this column (we look only at the cells above the i-th row) and [ + h is the
height of the “next” column (i.e. the first on the left). We want to prove that
if we put a circled cell either in this column or in the next one, its depth will be
greater or equal to the preceeding ones, and that its position is unambiguous if
its depth is given.

The depth of the lowest circled cell is p = — ¢ —m. The highest depth that
could be obtained in this column is l —cif m =0and |l —c—1if m > 0. In
the next column the lowest depth is (it corresponds to put a circle at the top of
the column): I+ h—1—¢—h+1=1—c. Thus there is no ambiguity for the
position of the next circle if its depth is given, which proves the lemma.

Now let us complete the proof of Proposition @ If we have a non-trivial
dependence relation between the elements of Bf, ;(X), we consider the great-
est k-tuple of depths with respect to the lexicographic order which appears in
this relation: (d9,d3,...,d?). This k-tuple is relative to a Right diagram F°.
We then apply the differential operator hy(9)% . hy_1(9)%=4 .. hl(ﬁ)d(’i_d%fl
to the dependence relation. It kills all the terms but those which come from
the single Right diagram F°. These terms give polynomials which are in
B ={M(0).Ay,, : M &€ M(upo)}. They are independent since B is a basis of
Mﬂpo (X)

The proof of Proposition Q and as a consequence of Theorem Q are now
complete.
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