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Completeness conditions in certain Weyl
complexes, combinatorics and parsimony

Mari Sano *

Abstract

We describe the combinatorial relationship between different com-
pleteness theorems in certain Buchsbaum-Rota resolutions of Weyl mod-
ules. In particular this gives a completely elementary, combinatorial de-
scription of this Buchsbaum-Rota construction that shows that it is a
resolution.

1 Introduction

The context of this work is the Buchsbaum-Rota program of constructing res-
olutions of Weyl modules in a characteristic free setting, using Letter-Place
methods.

The study of resolutions of Weyl modules has several motivations: the repre-
sentation theory of GL(n) [3], where the Giambelli and Jacobi-Trudy identities
appear in the guise of Euler-Poincaré characteristic of the resolution; the study
of determinantal ideals [4, 5, 2, 12], intertwining numbers [5, 6] and the invari-
ant theory of GL(n), all in a characteristic free context [9]. We are specially
interested in the use of Letter-Place methods, which in several instances have
been essential in cutting down the amount of computation needed to arrive at
the desired resolutions.

In [8], Buchsbaum and Rota constructed a characteristic-free resolution over
the Schur algebra of 3-rowed Weyl modules with at most one triple overlap,
using Letter-Place methods and a generalized bar complex. The fact that the
Buchsbaum-Rota complex is a resolution is proven through a highly indirect
proof, using the fundamental exact sequence.

The series of papers [14, 15] and the present one is an attempt to understand
this resolution in a more elementary, combinatorial way. The usefulness of this
understanding lies in the fact that the general program is to construct resolu-
tions for all Weyl modules using Letter-Place methods; a deep combinatorial
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understanding of the known resolutions is a neccessary step for this program to
succeed.

The main objective of this paper is to describe the combinatorial identities
relating the different “Completeness theorems” produced by the author in the
study of the Buchsbaum-Rota resolutions of 3-rowed Weyl modules ([14, 15]);
this combinatorial relationship gives a neat way of organizing the computation
that implies that d? = 0, and therefore gives a completely elementary proof of
the fact that the Buchsbaum-Rota construction is a complex and, by the ho-
motopy constructed in [15] assuming d? = 0, a resolution; in short, [14, 15] and
this paper gives a proof of the Buchsbaum-Rota resolution that uses exclusively
the combinatorics of the divided powers and the polarization operators applied
to bistandard bitableaux. Let us remark in the standard bar complex, the proof
that it gives a resolution also goes through these two stages: constructing the
homotopy, and then showing that it is, in fact, a complex (cf. [13], page 287).
Thus the sequence of papers [14, 15], with the weak and strong completeness
theorems, plus the present one, can be seen as the analogous process for this
particular Buchsbaum-Rota generalized bar complex in Letter-Place methods.

Let us describe this sequence of papers [14, 15] and this one in somewhat
more detail:

In [14], a basis for the syzygies of the Buchsbaum-Rota resolution was con-
structed under certain conditions; a fundamental element of the construction
is the division of the basis of each term in the resolution into two complemen-
tary subsets, the essential and non-essential elements. This division satisfies
two conditions: the completeness condition, that roughly says that there are
“enough” essential elements, and the rank condition, that says that there are
just enough of them.

Then in [15], it was realized that a strong form of the completeness theorem
would produce a splitting contracting homotopy for the Buchsbaum-Rota com-
plex, (not assuming that it is a resolution) thus giving a more elementary proof
of the fact that the complex is a resolution.

For a more precise description of these completeness theorems, see section 3.
In this paper we show that certain terms (the “essential correcting terms” M,
and M, of section 3) in the completeness theorems, which look very different in
the strong completeness theorem of [15] compared to the terms in the weak com-
pleteness theorem of [14], are in fact equal. As we have said, this equality will
show that the Buchsbaum-Rota construction is a resolution without assuming
anything at all.

The paper is organized as follows: in section 2 we give the minimum back-
ground neccessary on Letter-Place and generalized bar complex construction of
[8] to carry out the computations. Then in section 3 we describe briefly the
Weak and Strong Completeness Theorems proved in [14] and [15], respectively.
In that section we also hope that the examples given shed some light into the
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heuristics of how to find the essential/non-essential partition and its relation
to the “parsimony principle” mentioned in [9]. And finally in section 4 we
show how these completeness theorems are related via combinatorial identites,
in particular showing that d? = 0. Section 5 contains some concluding remarks.

A remark on notation. Sometimes, such elements -especially linear combi-
nations of them- do not fit in a single line. In such cases what should be a single
line splits into several lines in order to fit the printed page. Also, the binomial
coeffcient (ﬁ) will be denoted by the more compact version BY.

2 Notation and Preliminaries

In this section we give a very brief introduction, in fact just setting the notation,
to the Buchsbaum-Rota resolution of 3-rowed Weyl modules using Letter-Place.
For more in-depth descriptions, the reader can look at [11] (Letter-Place), [9],
[14].

Letter-Place is a symbolic method which generalizes the ordinary algebra
of polynomials in a set of A variables with integer coefficients. The set A is
the union of three disjoint subsets AT, A° and A~; whose elements are called
positively, neutral and negatively signed. These variables satisfy the following
rules:

1) Positively signed variables act like the divided powers. (Recall that the
divided power functor is isomorphic to the symmetric powers in characteristic
zero but not in general characteristic, [1])

aDql@) = Bitig(it)

inG) — @Y g
(@) =Sy

and

(a+b) = Z a k)

j+k=i

These variables and their divided powers commute.

2) Neutral variables behave like ordinary polynomial variables; in particular
they also commute.

3) Negatively signed variables satisfy the rules of ordinary exterior algebra:
ab = —ba and a? = b? = 0.
We take the following discussion of Letter-Place from [9]:
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The main idea is to note not only the basis elements of a given tensor
product, but also to keep track of their “places”. Thus we have the positive
alphabet, or basis of the underlying free module, and we also have a ‘place
alphabet’ of positive places. For example, an element w @ w’ € D, ® D, would
be written, in letter-place algebra, as (w|1®))(w’'|2(?)) to indicate that it is the
tensor product of a basis element of degree p in the first factor, and one of
degree ¢ in the second. This is then written in double tableau form as

w 1(®)
w | 2@ |-
In this paper, instead of denoting the place alphabet by 1, 2,3, ..., we denote
it by a,b,c... (thisis in order to be consistent with the notation in [7] and [8]).
Let us also use the symbol (v|a(™b(®)) to denote 3 v(r) ® v(s), where this

stands for the diagonalization of the element v € D, into its image under the
diagonalization map in D, ® D,,. Then we also have double tableaux

which means the element ) w(p) ® w(k)w’ € D, ® D,. Ordering the basis
elements of the underlying free module and the place alphabet as well, we can
now talk about ‘standard’ and ‘double standard’ tableaux. By the standard
basis theorem ([11]), the set of double standard tableaux form a basis for D, ®
D,. In a similar fashion, the Letter-Place language is used in Dy, ® Dy, ® -+ ®
D,,. where the ‘places’ run from 1 to n., and also with mixed products of divided
and exterior powers, and negative and positive places. In this article, we will
work mainly with three factors, so that our place alphabet will be {a, b, c}.
We will be working mainly on the set of standard tableux

wW a(n) b(Ul) C(Pl)
w’ blo2)  cle2) , where a < b < ¢ are positive places
W// C(pS)

In this set, the polarization operators are given by

1%7%4 am  plon)  ple1)
DIEI;) w’ plo2)  o(p2) =
W” c(p3)

w am=k)  plktor) (1)
Byter [ wr | plo2) cle2) ,
W/, C(PS)
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157 am  plon)  ole1)
DEIZ) W/ b(UQ) C(pZ) e

W’ | ¢p3)
& 1774 am ploi—i) clit+p1)
Z B/l')—‘-m B}’;—sz W’ ploa—k+i) o (k—itp2)
1 2 ’
i=0 W | clps)

W am  plon)  ole1)
D((:’;) w’ plo2)  o(p2) =
W// C(pS)

W am=Fk)  plor)  o(k+p1)
Bﬁf”l W’ | ble2)  cle2)
W" C(PS)

Let us describe the Buchsbaum-Rota resolution of 3-rowed Weyl modules
using Letter-Place and the differential bar complex of [9]:

ty | | »p
ta | | q

L] r

where the number of triple overlaps is at most 1, i.e., r —t; — t < 1. Here,
from [8], we have a resolution

dp d d d
-—>Pk—k>---—>P3—3>P2—2>P1—1>P0—>K)\/H

modeled on a subquotient of the differential bar complex as follows: consider free
bar module Bar(Super(L|{a, b, c}), A(Zva, Zebs Zea), {x, y}), where we denote by
Super(L|{a,b,c}) the letter-place algebra with the places a,b,c we have been
working with,  and y are two separators. The algebra A(Zyq, Zeh, Zea) is the
associative noncommutative algebra generated by the variables Zpq, Zep, Zea,
subject to the commutation relations Z.,Zop = ZepZeq and ZeqZpy = ZpaZca-
The algebra A(Zya, Zeb, Zea) acts on the module Super(L|{a,b,c}) by letting
Zpa, Zep and Z., act like the polarization operators Dy,, Dep and D.,.
Let us impose now the relations

«

RS WP
k=0

ca

Zeak = X ¢y,

ZCbJL‘ = JUZC{,
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The module Py, is freely spanned by all elements of the form

%% al™  plon)  ple1)
Z(Efl)y...ngjA)yZégl)a:...leSs“)x W’ | ble2) c2) ,
W” C(pS)

where all the integers «; and 3; are positive, 51 > t2 + 1 and o > ¢1 + Zj Bj,
T=p+>; 04, 01+02q+> B =>4, pr+petps=r—>,; B and \+p =k

The boundary operator is 9,49, given by place polarization by taking away
the separators. Let us do an example to describe how this boundary operator

works:
1774 alpraitaz)  plor)  (p1)
e B I D
WI/ C(PS)

%% apta)  plastor)  (p1)
Btz 7y zley [ wr | gl eler) -

W” C(PS)
17,74 a(p+a1+0¢2) b(0'1) C(pl)
Bglﬁ-az ngl)y2£f2)yzés1+a2)m w! plo2) o(p2) n
w" c(p3)
B2 k ' ‘ ‘
DD BRIBp Bz yzy T ez
k=0 j=0
w aPtortas—PFatk)  plor—k+j)  (p1+62-7)
W' | blo2—d) o(pa+3) _
w" c(p3)
17,74 a(p-i-ou +asz) b(ol) C(pl)
Bgi+52 Zc(fl+ﬁ2)yZlEZél)xZ§2¢2)x w! p(2) op2)
w" c(p3)

3 Completeness conditions

The main tool in [14, 15] is the division of the canonical basis of bistandard
bitableaux of each module P; in the complex in two complementary subsets, the
“essential elements” and the “non-essential elements”, so that P, = FE;_1 & N,
P; D E;_1 = span(essential elements), P; D N; = span(non-essential elements)
in P;. the essential elements are those which
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e Have at least one Zlga) variable in front, and no b in the first row.

e Have only Zég) variables in front, no c¢ in the first row, and o < t;.

And N is the complement of the &£_; in the canonical basis of P;, that is,
non-essential elements are those which

e Have at least one Z,Sa) variable, and b appears in the first row.
e Have only Zii;) variables, and either ¢ appears in the first row, or o > ¢;.

For example in the first level a basis for P; is given by bistandard bitableaux

of the form
W aPte)  plor)  (p1)

Zlgg)x W/ b(UZ) C(p2) ,
W/I C(p3)
where a > t1, 01 + 09 = q¢— « and p; + p2 + p3 = r, and

W a(p) b(Ul) C(pl)
ZPy [ wr | ple) cle2)
W// c(pii)

where 8 >t + 1,01 +00o=q+ B and p1 + p2 + p3 =71 — 0.
The essential elements &y are the elements of the form

1574 aPta) (1)
Zb(g)x W/ b(qfa) C(PZ)
W// C(pS)

where a > t1 + 1 and p; + p2 + p3 = r, plus elements of the form

Wl a®  pletB)
Zc(f)y W' | pla—o) o)
W” C(p2)

where B >to+1,g—p <o <t;and py +p2 =71 — .
And the non-essential elements N7 are given by the complement of &.

This partition satisfies the following:
eWeak Completeness Condition: [14]: Given a non-essential basis el-

ement T, € N;i1, there exits an explicit M, € F; such that d; 1(T,) =
div1(My).
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eStrong Completeness Condition [15]: Given a non-essential basis el-
ement T, € N;i1, there exists an explicit C, € F;11 such that d;12(Cy) =
T, — M/, where M/, € E;.

Let us remark that the word “explicit” is an essential part of both theorems.

Note that assuming d?> = 0 the Strong Completeness Condition implies the
Weak Completeness Condition. The terms M, and M/, are called the essential
correcting terms, and the main Theorem states that they are equal and its
consequences. Many computations in this theory are done modulo essential
correcting terms (e.g. the main construction of [15])

The Weak Completeness Theorem (i.e. showing that the Weak Completeness
Condition hold for the resolution at hand) is used in constructing a basis for
the syzygies by setting z, = d;11(€4); the set of z, € P; where ¢, ranges in the
essential basis elements of P11 forms a basis for the syzygies ([14]).

The Strong Completeness Theorem is then used for the construction of the
homotopy: define s;11 : Pix1 — Piy2 by s;41(Ty) = 0 if T, is essential; if T,
is non-essential then s;11(7T,) = C, where C, is as in the Strong Completeness
Condition above. The proof that s; forms a splitting contracting homotopy
reduces to showing that s;d;;1(e) = € for essential elements e, which follows
from lemma 1 of [15], and the non-essential case then follows from the fact that
d? = 0 and the construction.

Let’s do an example to ilustrate how the Weak and Strong Completeness
Condition works in practice:

Example. Given the following non-essential basis element

%% a® plert+B)  (p1)
ng)y W' | pla—o)  ale2)
W” C(p3)

where 01 > t1, 8 >to+ 1, p1 + p2 + p3 =7 — B and p; > 0, we have that

1574 a®) plortB)  olp1)
dy (Zﬁl’?)y W' | bla—o)  elp2) ):
WI/ c(pS)
8 %% alproi+i) . (B4p1—i)
dy <Z Bffpl*iBfﬁiZégﬁi)x W' | pla—oi—i)  lp2ti) )

i=0 w?" c(ps)

Ié] W a(p) b(0'1+i) C(ﬁ“!‘pl_i)
SO BEeiprti W | paeis) lert)
i=0 w” c(ps)

Note that two different elements give the same element under the boundary
map. Sometimes we can get an element either by taking away exponentials
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from b’s and putting it in ¢’s or taking away exponential from a’s and putting
it in b’s. The “principle of parsimony” states that we should try to get a given
element with the least amount of work possible; thus in this case the essential
elements are chosen as the ones that take exponential from a and put it into b;
that is for this hind of bitableuax the essential element are the ones of the form

W a(p"l‘a) C(pl)
Zé:)cc w’ pla—a)  (p2)
W” c(pS)

where a > t1 + 1 and p; + p2 + p3 = r. Then the example just provided shows
that the elements of the form

%% a® plert+B)  (p1)
ZPy | w | pla—e) e
W” C(p3)

where 01 > t1, 8 > ta+ 1, pr + p2+p3s =r — [ and p; > 0, are “redundant”
for the boundary map, that is, non-essential. In this case,

) 1574 aPtoi+i)  (p1+6-1)
M, = ZBglﬁﬁﬂBg;Jrizéglﬂ)x w' | plamei=i)  a(p2)
=0 W” C(pS)

Let us use the same kind of bitableaux to illustrate the Strong Completeness
Condition. For that non-essential element we also have that

1774 aPtoitB) (1)
dg(Zéf’yzé;’l*% W' | paon o) ):

WN C(pS)
1574 a®) plortB)  olp1)
Z(Ef)y W/ b(qfo'l) C(p2) —
W” c(pS)

B . w qptoiti)  (p1+B—1)
S pptimiprarigit iy W | plame=d )
=0 W” C(pS)

The previous equation is taking this game one step further, that is the non-
essential element of the form

1574 a® plert+B) (1)
ZOy [ wr | bl cle2)
W// C(PS)
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where 01 > t1, 0 > ta+ 1, p1 + p2 + p3s =r — B and p; > 0, can be reached by
the boundary map applied to an essential level one level higher modulo essential
element. In this case,

A W qPtoi+i)  (p1+B—i)
M}, =3 BoOTiprtiZ g | W | plame) e
=0 WI/ c(pS)

Note that in this easy example there is nothing to prove, that is, M, = M,
directly. In the general case they look quite different but Theorem 1 shows their
equality.

4 Combinatorial equivalence of completeness conditions
Let us recall the completeness conditions of the previous section:

eWeak Completeness Condition: Given a non-essential basis element
T, € Nii1, there exits an explicit M, € F; such that d;y1(T,) = diy1(My,).

eStrong Completeness Condition: Given a non-essential basis element
T, € Nii1, there exists an explicit C' € E;y1 such that d; 2(C) = T, — M/,
where M/ € E;.

We have the following theorem, that relates the Weak and Strong Complete-
ness Conditions in a combinatorial way.

Theorem 1. For all a parametrizing non-essential elements T, the linear com-
bination of essential elements M, of the Weak Completeness Condition is equal
to the linear combination of essential elements M/ of the Strong Completeness
Condition.

Before we prove this theorem, let us notice the following
Corollary. The Buchsbaum-Rota sequence satisfies d* = 0.

Let us show the corollary: we call it a corollary because Theorem 1 is the
last step in a series of purely computational facts that imply that d*> = 0 and
then that the Buchsbaum-Rota sequence is a resolution. The merit of this way
of arriving at this is that both the completeness condition plus Theorem 1 rely
purely on elementary combinatorial computations instead of, for example, the
homological considerations of the fundamental exact sequence of [9)].

Let us show how the corollary follows from these results:
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1. The Weak Completeness Condition implies that it suffices to show that
d? = 0 for essential basis elements.

2. d? = 0 for linear combinations of essential elements that are in the image
of the homotopy s;y1 : Piy1 — P42 indeed, the image of s;4; is spanned
by €n = 8i+1(Tw), To, € P;11 non-essential basis element. But d;;2(€,) =
T, — M/, as above. Then theorem 1 says that d; 2(eq) = Ty — M, where
M, is of the Weak Completeness Condition, which satisfies d;1(T,) =
d;y1(M,). Therefore for such elements d? = 0.

3. The homotopy condition applied to essential elements reads s;d;;+1(€) = €
when € € E;. This is shown in [15] without assuming d? = 0 (but d = 0
is needed to show the homotopy condition sd + ds = 1 for non-essential
elements). This implies that the image of s; spans the essential space F;.

O

Proof of Theorem 1

We will do the prove in a pedagogical sequence, first we will show that
M, = M/, (corresponding to the non-essential element T, ) for the level one and
then for the general level.

Level one. In this level we will have three cases, corresponding to the
different ways in which an element can be non-essential.

Case 1.For non-essential elements of the form

W qpta) plor)  o(p1)
Zlgg)x W/ b(qfafo'l) C(P2) ,
W” C(pB)

where a > t1, 01 > 0 and p; + p2 + p3 = r, the corresponding

W a(P'f‘OH-O'l) C(Pl)
M, = M/, = Beto1z%o) g [ | pla—a=en)  (le2)
W” c(p3)

Case 2.For non-essential elements of the form

1574 a® plort+B)  o(p1)
Zc(f)y W/ b(qfo'l) C(p2) R
W' | ¢(p3)

where 01 > t1, 8 > to+1, p1 > 0 and p; + p2+ p3 = r— 3, the corresponding
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3 w a(PJrUlJrﬁ*i) C(P1+i)
M, = Z B[l)’;iﬂm Ball Zlggl+/3—z)x w! pla—o1=p+i) o (B—itpz)
i=0 w’ c(p3)

and the corresponding

8 ‘ W aPtroiti)  c(p1+6-7)
My =S (W | o ot
j=0 w" c(ps)

If we put k = 8 — j in M/, we get that M/, = M,,.
Case 3.For non-essential elements of the form
157 a® plort+B)  o(p1)
Zc(f)y W/ b(q_o'l) c(p2)
W// c(pS)

where g —p < o1 <t1,3>ta+1, p1 >0and p; + p2 + p3 =r — [. This case
splits in two different cases: if we set oty — oy — 1,

3.1)If p; > o + 1 then the corresponding

o+1 w a(P) plor+B+p1)
M! = Z(_1)kB£§+kBg+Pl*’“Z&)ﬁ*‘f’l_k’)y W’ | pla—or—k)  lpa+k)
k=0 W | p3)
pr—o—1 p
+1 ppatotl+l potl pBtp—o—1-—n—I ppato+1+i+
- (=) BT BZHBg_Zl o BS§+Z+1+1 "
=1 n=0

1% qpttiti+n)  (B+pr—o—1-n—I)
ZéZl+l+n)x w’ pla—ti—n) c(p2tot+l+ntl) =B-D,
WU C(p3)

and the corresponding

o+1 %% a®) plor+B8+p1)
My = Z(_1)iBg§+iBgl+£1—iZ§bﬁ+p1—z)y W | pla—oi—i)  plpati)
=0 w" C(p?’)
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p1 B+p1—i
i i pB+p1—ipB+pitp2—i
+ E E (—1)ZBPQ+ZB 1B .
P2 p1—1 p2ti
1=0+2 j=0

w apror+B+p1—i) ()
ZZSZlJr,Berl *j)x W pla—o1—B—p1+j)  (B+pi+p2—3)
W// c(pS)

Now, let M, = A1 + Ay where

o+1 _ ' W | a® plor+6+p1)
A= Z(—l)iBg;+iijr_Pilsz£bﬁ+m —z)y w! pla—o1—i)  (p2+i) ’
=0 W” C(p3)
and
p1 B+p1—i _ ‘ ' ,
A2 = Z Z (_1)235§+1B§ﬁ?—zBf;-eril-&-pz—J
1=0+2 j=0

W aPtoit+B+p1—j) ()
Z[SZ’lJrﬁerl *j)x W pla—o1—B—p1+j)  (B+pi+tpz—j)
W// C(pS)

CrLAIM: the following combinatorial identities hold

1) B=A
2)  —D=A,

The first identity is clear, we only need to show the second one. In order to
prove the second identity we have to consider two cases.

3.1.1)If in the expression for D we take n+1=1¢, where 1 <t < p; —o —1,
then

t

_ 0’+1§: p2t+o+1+n+l ppo+o+1+l po+l pP+pr—o—1—-n—1 __

( 1) BP2+U+1+Z BPz BU-‘rlBﬁ*n -
=1

t

_1\o+1 pp2to+1+t o+1+t no+l pB+p1—o—1—t
(=07 B > BrhliBIh By, =X
=1

Ifweputp=n, m=p0and g =0+ p1 —0—1—1t+n in the following

formula
p

Bgnifpp = Z(_l)lBgn_zBf7
=0
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we get that

n
Bgifblfaflft _ Z(il)iBngplfolftJrnfiB;n )
=0
So
t t—l

X = (71)a+1B§§+o‘+1+t Z (71)1‘Bf_+l1+thi-iBf—lBg+p1faflflfi
0

=1 i=

Let l4+17=2z where 1 <z <t

t z
X = (_1)0’+1B£3+0’+1+t Z Z(_l)zlefjl—&-thiiBtt:iBg—&-pl—a—l—z _

z=11=1
t z
()7 B S (1) SO (<) BB BT B
z=1 =1

t z

() B S ) B S () B
z=1 =1

Set v =1—1, then

t z—1
D Y e D O e L
z=1 v=0

t
= (_1)0+1Bg§+6+1+t Z(_I)ZJrlngzl-HBj:%Bg-i_pl_U_l_z
z=1
t
_ (—1)U+1B£§+U+1+t (_1)z+lejzl+th+p1fJflfz

z=1

Now, if in the expression for Ay we let j = 54 p1 — 0 — 1 —t then we get

o+t+1
Z (_1)zsz+o+1+th+1+tBﬁ+p1—z .
P2 4 B
i=0+2

Setp=i—0o—1

t
_1\o+1l pp2to+1+t _1\p pot+1+4t pB+p1—o—1—-z
(=17 B2 (-1 By 1By .
p=1
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3.1.2)If in the expression for D we take n+1 = ¢, where p1—o <t < f+p1—0o—1
thent=p; —oc+a, where 0 < a<fg—1. Thusl+n=p; — o+ « and

_1\o+1l ppitp2tatl § : p1ta+l pita—n pf—l-a _
( 1) sz B p1t+a+1— nBUJrl Bﬁ n -
n=a+1

8
(_1)U+lBg;+p2+a+1 Z BZl—&-a-l—lBgiﬁaang:ifa )
n=a+1
Seti=n—a-1
B—a—1
1 1 +a+1 —1- 1—
(=) Hipptetett Y BT B BT
i=0
Now, if in the expression for Ay welet j =08+p1—0c—1—t=0—1—a we get

P1

p1t+p2ta+l ippitatl pB+pi—i _
Britee (—1)' B! B} =
1=0+2
p1 B-a-1
Bp1+p2+a+1 Z Z Bp1+a+1Bp1+a+1 zBB a—1 _
i=04+2 k=0
B—a—1 P1
p1+p2+a+1 p1+oe+1 _1\i pp1ta+l—B+k f—a—1 __
B Z B Z ( 1) Bp1+a+17if,6+k Bk -
1=0+2
B—a—1 1
p1+p2+a+l p1+a+1 i pp1tat+l—P3B+k B—a—1 _
Boite2 Z B > (-1)'B! By =
1=0+2

B—a—1 o+1
BP1+P2+O¢+1 Z Bpl+a+l |:Z(1)iBipl+Oc+1—ﬁ+k:| B[L:—a—l —
k=0 1=0

B—a—1
_( )a+1Bp1+p2+a+1 Z Bp1+a+lB§}:ia B—i-kBﬁ a—1 -V
Ifweset p=f8—a—1—kinY we get

B—a—1
_(_1\o+1l ppit+p2ta+l E pitatl pp1—1-p pB—a— 1
( 1) Bp2 Bp+o¢+1 Bchrl B

p=0

3.2) If p; < o + 1 then the corresponding
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p1—1p1—k

ot
Mf = =30 3 (1B B )y
k=0 j=0
W a(p) b(01+ﬁ+k+j) C(Pl*kfj) p1—1
W' | pla—or—k=j)  lp2tk+i) + Z(q)kngkBg*Pl*k
W' | ¢(ps) k=0
1% aP) plor+B+p1)
fo“l_k)y w’ pla—o1—k)  (p2+k) ——A+B
) w" clps)

where in the first term k + j > 1, and the corresponding

FL w a®) plor+B+p1)
M, = Z(—l)ing—‘riBg-i-pl —z'Zéerplfz)y w’ pla—o1—i)  a(p2+i)
i=0 W | cles)

To prove that M/ = M, we note that:

-If in the expression for A we take k + j = t, where 0 <t < p; — 1 then

t t
p2+t ppotk _ +t kpt

D BB = Bt (1) B

k=0 k=0

which is equal to 0 if ¢ is different to 0.

-If in the expression for A we take k + j = p; then

p1—1 p1—1
Z (_1)sz§jr-£1Bg§+k _ B,ZzQ-HH Z (_1)](‘,351 _ (_1)10135;-"-/01 )
k=0 k=0

General level. Let us prove the equality in general now. We will have
four cases corresponding to the different ways in which an element can be non-
essential.

Case 1.For non-essential elements of the form

w a(ptlal) plen)  olp)
Zlgg‘l)x...legs‘i)x W’ pla—lal—o1)  .(p2) ’
W// C(PS)
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2,..,t, 010 > 0 and p; + p2 + p3 = 7, the

where a1 > t1, a; > Oforj
corresponding

apHlalton)  o(m)

W
My = M/, = B+ z{V g gz [ w7 | pla-lel=o0 o) | 4
W// C(p?’)

1

Z (fl)i*mBg‘::Jra’”“Zégl)a:...xZéjm‘l)xZéstram“)xZéZ‘m“)x...x

m=i—1
w aPtlel+or)  o(p1)
ZZEZ“)'/L‘ZISZI)'% W’ b(qfla‘fo'l) C(p2)
W// C(p3)

Case 2.For non-essential elements of the form

W aptlel) pe)  lp1)

Zébﬁl)y...yZéf*)yZéjl)x...mZéj")x W' | platlbl=lel=p)  (p2) ,
W" c(pS)

where p > 0, A\—p =14, 51 >ta+1and §; > 0for j =2,..,\ oy >t1 + 5]
and a; >0 for j=2,....0, |8 =>.06), la| =>  aj, and p1 + p2 + p3 =r — ||,

the corresponding
M, = M = Zéfl)y...yZébﬁ*)yZégl)x...achEZ""):v

W | a®+led b))
W' | platlBl=lal=p)  clp2) + Bortez 0y yzN 7
W | eles) !
1% aptlal+p) c(p1)
Zoe gz Cwt 0y | W | platiBl=lal=p) o) | 4
W | cles)

1
Z (71)”*}6Bg‘:+0"“+1Zébﬁl)y...yZég*)yZlgsl):r...xZIEZ"“Jrak“)x...xZé;X“)zZés)a:

k=p—1
aPtlal+p) clp1)

w
platiBl=lal=p)  alp2) | 1

W/
W” C(p?’)
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Z (71)u+/\713§lz+,@z+1 Zc(fl)y~.ngbﬂlwl“)ymyZC(fA)yzégl)fru.xZéj“)xZéZ)%

157 aPtlel+p) clp1)
W’ | platlBl=lal=p)  clp2) | 1
W// C(p?’)

B w kic1 ky

) Z Z Z Z MA,M,ICBBH_’” kuBﬁﬁ-m mez+m

k1=0 1=2 k;=0 m=0
DDy g7y gl =B ) glen ) o) o=t
W a(P+|a‘_ﬁ>\+P+Tn) c(ﬂx—i—pl —m)
w’ platlBl=lal—p—m)  (p2+m)
W” C(p3)

where

Br—ku (ﬁz\_ku)!
Mk = Bk bbb =k T (B — k) (ky — ko) (Kpmy — k)]

is the monomial coefficient.

Case 3.For non-essential elements of the form

1% a(®) plotlB) - p1)
25 gy 2y | W | b e ,
WN C(p3)

where 01 > t1, f1 >t + 1, 8; >0for j =2,..,4,tg =01 +1+4+0 and p; > 0,
the corresponding

Bi
i —J j i— +|8|-Bi+j
=M :ZBglﬁpl JB,§’§+’Z§51)y...yZC(5 1)yZZ§Z'1 1B1=Bi+3) ,,

w aptoi+lBl=Bi+i)  (Bit+p1—j) 1
w’ pla—o1—3) clp2+3) + Z (_1)i—lBglz+ﬁz+1
W | eles) l=i—1
W a(p+0'1+|ﬁ|) C(pl)
Zc(fl)y-..yZéb’B’w"”)y...ch(f")yZéZIHﬁDl’ w’ pla—o1) (p2)
w" c(p3)

Case 4.For non-essential elements of the form
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1774 aP) plor 1Bl (p1)
2(51 y.. yZ(ﬁq) w! pla—o1)  o(p2) ,
W’ | elp3)

where ¢ —p < 01 < t1, p1 >0, 1 2 t2+1, 35 > 0for j = 2,...,7, and

p1+p2+ps = r—|5|. Here we have to consider two cases: if we set o = t1—01—1,

4.1)If p; > 0 + 1 then the corresponding

o+1
Mc/v _ Z(_1)kBg22+kBg:+p1ka§b[31)y ch(@ 1)yZ(ﬁ1+P1 k)y
k=0
W a®) plor+IBl+p1) o+l 1 ‘
w’ pla—o1—=k) . (p2+k) _|_Z Z (_1)k+zmeg§+kB§::+ﬁm+1
W | cps) k=0 m=i—1
%% a® ploi+lBl+p1)
Zéfl)yyzc(fm+5m+1)yyzébﬁt)yzéglfk)y W/ b(qfo'lfk;) C(P2+k)
w c(ps)
p1—o—1 (; 5
o +o+1+14n o l po+l .+ oc—1—-n—I
Z Z(_ +1B£§+0+1+l Bp2+ e BailBﬁ,—le
Zéfl)y yZ(@ 1) Z(t1+\ﬁ\ Bitltn),.
w a(p+t1+|ﬁ|7ﬁi+l+n) C(ﬁi+plfa'flfnfl) pr—o—1
W/ b(qftlflfn) C(p2+a+1+l+n) a’+l+i—m
W | les) Z sz:l

cb

oto m+Bm B 18]
Boat o1t gotl Bontinis 700, 7 Ontonid)y 4750, 710140,

w aP B+ (pr—o—1-1)
w' | pla—ti=h cleetotith |\ = B4+C-E-F

W// C(pS)

and the corresponding

o+1
MO‘:Z( l)kBP2+kBglmi'P1 kZ(ﬁl)y yZ(B’ 1)y yZ(ﬂH-Pl ’f)
k=0
w a(P) b(01+\5\+ﬂ1) p1—1
W’ pla—o1—k) C(p2+k) _ Z (_1)kBS§+kBgfi_zl_k

W” C(p3) k=042
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Bi—1+Bi+p1—k (B Bi— i— i - o
Bﬁﬁ-;l—k 1 Zcbl)y"'yZp(,b Q)yzc(g 1+Bi+p1 k)yZéa1+|ﬂ|+p1)x
W | aptrortiBltes)
w’ b(Q7U17k)C(P2+k) _ (_I)Ppr2+p1Bﬂi—1+,@7‘,
W o(08) p1 Bi

%% aqPtroi+Bl+p1)
Zc(gl)yyZ(bﬁl*2)yZ§5171+ﬁ1)yZlggl+|ﬁ|+pl)x w’ b(q_al—ﬂl)c(l’2+ﬁ1)

C

W” C(p3)
p1—1 1
ki i+p1—
FE 3 gt

k=oc+4+21=i—2
(B1) Bi+8 i— i -
ZGy. 2Oy y 2y Z Gy z e
W | aetortiBl+en) 1
w’ b(q_al_k) (p2+k) _1\p1+i—l ppatpr RPitBi+1
w (p3) ‘ * Z( 2 B, Bﬁz

C l=i—2

Zc(gl)ymyzibﬁl-‘rﬁwﬂymyz(gifﬂyngﬁi)yZ521+|5|+P1)x

C

W aPtortlBlte) p1 Bitpr—k
w’ b(qfffl *Pl)c(02+01) + Z Z (_l)kngJrkBﬂii-Zl—kBP2+II:+j
W c(pe.) v p1 p2+
Zgbﬂl)ymyzéfifl)yZISZHr\ﬁ\*ﬁHrkJrj)x
%% a((P+U1+\ﬁ\*5i+k+j) cBitp1—k—j) i—1 o1
W’ | pla—or—k=j) clp2th+7) — (—1)imt-mtd
w" cp3) mzzl g
Bm+Bm p2+6 (B1) (Bm+Bm f -5
By By Z )y y 2y, +1)y...yZ§5 )ngjl )y
W | o® plor+18l+p1) i—2 p1—1
LA B B M DIt
I m=1d=oc+2
Bm+Bm & pBitp1—§ m+Bm i -
B BB 7y ey e,
W a(Proi+1Bl+p1) p1—1
w! pla—o1—-9) (p2+9) 1\ pBi—1+Bi pp2+8 pPi—1+LBi+p1—6
W | oo ‘ +5Z (BB B
=042

Zégl)y”.yZ(Egi—Q)yZC(ZLji—l-ﬁ-ﬁH-Pl—5)yZéZ1+\ﬁ\+p1)z
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W | aPtortlBite) i1 pi—1 m+2

W' | bl elet) | g NN N (g)mtomet gt gt
W’ | ¢p3) m=1d=0421=i—1

m m + K3 -4 + +
Bg;%“Zc(fl)y...yZéf +4 +1)ymyZC(51 m“)y...ngf)yZéfl )Z/ZIEZI 18] Pl)m

W a(p+o-1+|ﬂ+/31) i—2 p1—1
W’ b(Q—U1—5)c(p2+5) + Z Z (_1)5717m7(m+3)
W | cps) m=16=0+2

B§:+[3m+1 B§2+§Bﬁm+[5m+1+ﬁm+2 Zéfl)y---yZEbﬁerﬁerﬁﬁm”)y--.

B'm +Brn+1 y

1574 aProi+lBl+p1)
Zébﬂi)yz(gl*5)yZl§Z'1+|B|+P1)x w! pla—o1-8) (p2+6) +

C

W// c(pB)
i—1 p1—1 5
_ \6—1—-m—(m+4) RPm+Bm+1 p2+0 RPBm-1+Bm+Bm+1
> > D) By, B5 By b
m=2d=o0-+2

i — m+Bm i -4 o
ngl)y...yzgf 14+Bm+8 +l)y...yZC(f)yZ£§1 )yZlEal-‘rW\-i—Pl)x

W | aPtortiBlten) i1 p—1 1

w’ pla—o1=98) o(p2+6) | _ Z Z Z (_1)6—1—m—l

W | p3) m=16=0+2l=m—2

mtBm g + +
Byt gt gt 70y Ly z G0y Ly

1574 aqPtoi+Bl+p1)
Zébﬁm,+ﬁm,+1)y”.yzc(fi)yzc(l/?—5)yZZEg1+|5|+P1)x w’ b(q—01—5)c(p2+5)
w" c(ps)

i—1 p1—1 p1—46

_ Z Z Z (—1)i_1_m+6Bg::+ﬁ’"“B[?QHngj:gHZé?l)y---yZC(E"LJrﬁ’"“)
m=1d=0+2 j=0

w aPtor+Bl+d+5)  (p1—0—7)
y...ch(fi)yZéglﬂﬂlHH)m w! pla—o1—6—7) c(p2+o+3) —
W” 6(93)

Ay — Ay — A3+ Ay + As+ Ag— Ar + Ag + Ag+ Ao+ A1+ Ap — Az — Ay

Claim:
1)B:A1 4)—F:—A14—A3+A5 7)—A2—|—A9:O

9)C = —A;  5)Ayg— Az =0 8)As+ Ag =0
3) *E:AG 6)A11 +A12 =0
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Proof of the claim: The identities 1), 2), 5) and 8) are clear.
4)

i—1  p1 p1—9
“ Ay — As+ A5 _ Z Z Z (_l)i—l—m+535nl+5m+1BP2+JBp2+6+j
Bm p2 p2+6
m=18=c+2 j=0

Zéb’al)y...yZ(Ef"L+ﬁm+l)y...yZébﬁi)yZlSZIHﬁH‘SH)x
w aProiHBl+6+5)  (p1—8—4)
w’ pla—o1—6—7) c(p2+6+7)
W// C(p?»)

We know that 1 <l < py—oc—-1land c+2 < d+75 < p1. So we let
0+j=c+1+lord=0+1+1—j. Thus

-1 -1

727 i—l—m+4o+1+l—j pp2to+1+l p2+6,7§:7 i—m+o+l—j pp2+o+1+l
( 1) sz-‘rts BP2 - ( 1) BP2

=0 =0

-1
B;_r+1+l — _(_1)i—m+a+lB;))§+a+1+l (_1)jB;_7+1+l — _(_1)i—m+a+l
§=0

BZ§+U+1+I(—1)I_1BZU_+1l — _(_1)i—m+a+1B£§+o+1+lBlU_+ll
6)A11 + A12 = 0 because we have

ﬂm+ﬂwz+1+6m,+2 ﬂm+ﬂm,+1 _ Bm,+ﬁm,+1+ﬂm,+2 B‘m+1+ﬂ7n+2
ﬁ'm +/6m,+1 Bﬁ?n - Bﬁrn Bﬁ'rn+1

in Ajp where 1 <m <i—2 and

Bm—1+Bm+Bm+1 pBm+LBm+1
Bﬁmfl B,@m

in Ajp where 2 <m <i—1.
7)—As + Ag = 0 because

Bi—1+Bi+p1—90 pli—1+Bi _ npBi—1+Bi+p1—06 pBi+p1—35
Bi—1+0Bi B/Bi—l - B/Bi—l Bﬂi

In order to prove the identity (3) we have to consider two cases depending
of p1. Recall that p; > o + 1.

Case 1. If in the expression for F we take n+1 =t¢, where 1 <t < p;—o—1,
then from (3.1.1) we have that
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t

_ O'+1§: p2t+o+1+n+l ppsto+l1+l po+l pBit+p1—o—1-n—1 __

( 1) BP2+0+1+Z BP2 BU+1Bﬁ'—n -
=1

t
(71)J+1BS§+0+1+t Z(il)z+1Btfr_—i-Zl+thii+P1*0’71*2
z=1

On ther other hand, let u =%k — o — 1 then

1—0—1Bi+p1—o—1-u

P

— _1\uto+l ppatotltuppetotltuti pBi+pr—o—1—u
A = Z Z ( 1) sz Bﬂ2+a+1+u Bﬁi
u=1 7=0

Zég)y...Z(bﬂifl)yZz§21+|m*ﬁi+u+j)x

C
W a@tiiFlB8l=Bi+uti) . (Bitpr—o—1-u—j)
w’ pla—ti—u—3) c(p2to+1tuty)
W” C(PS)

Now, we let u+ j =t, where 1 <t < p; — o — 1, then

t
()7 Y (S BT BB =
u=1
t
(—1)U+1B§§+U+1+t (_1)uB;rju1+th;+p1folfu
u=1
Case 2. If in the expression for E we take n + 1 = t, where py —0 <t <

Bi+pr—o—1thent=p;—o+a,where0 < a < 3;—1. Thusn+l=p;—0c+a
and

(71)0+1B£§+P1+1+a i BglJraJrlBgirJEaangz:?llfa
n=a+1
Set j=n—a-—1
Bi—a—1
(=)7Hipptettte Y B B BT
7=0

Now, ifin Ag welet k+j=0+1+t=p; +a+1 we get

P1
pa+p1+a+l k ppit+at+l pBi+p1—k _
By Y. (DB B =
k=042
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Bi—a—1

_(—1\etlpp2tpitatl pitat+l pp1—1—j pBi—a—1
(-1) sz E BjJraJrl Ba+1 By, .
J=0

4.2)If p; < o+ 1 then the corresponding

p1—1p1—k
k+j 1 i
My== 3" 3 (OMBEBR Y 2y g2y
k=0 ;=0
1574 a® ‘ b(alﬂﬁlfkﬂ') clp1—k—=7) pr—1 .
w! pla—o1—k—=j)  (p2+k+j) + Z (_1)kB’;;§+kBgz+p1—
WI/ C(p3) k=0
W aP) plor+1Bl+p1)
Zgbﬁl)y“_yzgfi—l)yzc(fﬂrﬂl*k)y w’ pla—o1—=k)  .(p2+k) +
W” C(p3)

p1—1 1

i— m+Om m— m+Om m
Z Z (_1)k+z mBg;+kBgm B +1Zc(51)yyzc(bﬁ l)yzc(f B +1)ch(bﬁ +2)
k=0 m=i—1

w alP) plor+18l+p1)
y...yZéfi)ch(Zrk)y W' | pla—oi=k)  o(p2+k)
W” C(p3)

where in the first double sum k + j > 1, and the corresponding

P1
% - 1 7 — % 1—k‘
My =Y (~1)FBeztkplitm =k 7000y 7m0y 7 ey
k=0
W a®) plor+IBl+p1) i—1 p1—1
W’ pla—o1—k)  (p2+k) _ Z Z (_1)i717m+6Bg:+ﬁm+l B§2+5
W | eles) m=1 §=0
w a® plor+IBl+p1)
Zibﬁl)yyzé5m+ﬁm+l)yyszﬁw)yzc(;;l_(s)y w! b(Q—01—5) C(P2+5)
W' | eles)

The proof is exactly the same as in (3.2), and this finishes the proof of
theorem 1. O
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5 Concluding remarks

The series of papers [14, 15] and the present one provides a proposal to un-
derstand the Buchsbaum-Rota resolutions of Weyl modules: first, partition de
Letter-Place basis of each module into “essential” and “non-essential” elements
satisfying the weak completeness condition. This produces, in particular, a
basis of the syzygies. Then give a strong form of the completeness condition:
this provides a splitting homotopy. Finally, relating the weak and strong com-
pleteness conditions provides an “elementary” (i.e. completely combinatorial)
understanding of the resolutions.

The author hopes that this strategy can be applied to the other types of
shapes (e.g. the shapes considered in [9]). Of course, the hurdles imposed by
the computational complexity are enormous, but they can be mitigated by using
symbolic computation packages.

Also, it would be interesting to give combinatorial interpretations of the
kind of computations given in these papers.
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