HOMOTOPIES FOR THE GENERALIZED BAR COMPLEX ASSOCIATED TO
CERTAIN 3-ROWED WEYL MODULES

MARI SANO

ABSTRACT. In [13], Buchsbaum and Rota presented a generalized bar complex associated to certain
3-rowed Weyl modules and proved that this complex is in fact a resolution via an induction on
the number of overlaps between the second and third rows and a fundamental exact sequence
([1]). In this paper we study the structure of this resolution by constructing a splitting contracting
homotopy for the complexes corresponding to certain shapes. We also use the method of proof to
give a basis for the syzygies that is more structured than the basis given in [20]

1. INTRODUCTION

This paper is a contribution to the program of understanding resolutions of Weyl modules
associated to general shapes, via Letter-Place methods as carried out by Buchsbaum and Rota
(112, 13, 14)).

Concretely, we construct an splitting contracting homotopy for the Buschbaum-Rota resolution
of 3-rowed Weyl modules for certain skew-shapes. The construction of homotopies is a basic tool in
understanding the structure of these resolutions; however they have been constructed only in very
special cases: the two rowed case ([12]), some steps for partitions ([14], page 176), hooks ([10]) and
skew hooks ([11]).

Let us describe the content of this paper in a more detailed way:

The study of explicit resolutions of Schur and Weyl modules is rooted in the construction of
explicit resolutions of determinantal ideals, and the closely related representation theory of GL(n),
in a characteristic-free setting (see [3, 4], and the more expository [7, 8, 9]).

In [1], Akin and Buchsbaum constructed a resolution of two-rowed Schur and Weyl modules (the
latter called coSchur modules in that paper) using an arithmetic Koszul complex and the exactness
of certain sequences of skew-shapes. However, this method becomes too unwieldy when dealing with
the many-rowed case. Subsequently, it was realized that the language of Letter-Place could greatly
simplify the construction and analysis of resolutions of Weyl modules. In [12], [13], Buchsbaum and
Rota used Letter-Place methods and a generalization of the bar resolution to describe resolutions
of certain Weyl modules. For two-rowed Weyl modules, they give a complex (the differential bar
complex) and construct a splitting contracting homotopy which shows that the given complex is a
resolution and allows them to write a basis for the syzygies.

They also consider the following three-rowed case: Weyl modules K/, (where \/p = (p +t1 +
to,q+ta,7)/(t1 + t2,t2,0)), associated to the skew-shape

131 D
ta | | q
[ ] r
where the number of triple overlaps is at most 1, i.e., » —t; — t3 < 1. In this case a projective
resolution over the Schur algebra

d d d: d
'—>Pk—k>'—)P3—3>P2éP1—1>PO%K/\/H
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is constructed (see theorem 2 of [13]). The Letter-Place method describes the modules P; as the
free modules generated by a basis of bistandard bitableaux and the boundary maps are explicitly
given in terms of polarization operators. All of the terms of these resolutions are direct sums of
tensor products of divided powers, and therefore are projective resolutions over the appropiate Schur
algebra. A very thorough survey article about this and related topics is [14].

The proof of the fact that the differential bar complex is a resolution in the 3-rowed case depends
esentially on a fundamental exact sequence considered in [1] ; this sequence furnishes an induction
which works in the case of at most one triple overlap.

In [20], the author constructed and described a basis for the syzygies associated to the resolution
the aforementioned 3-rowed Weyl modules satisfying the additional condition ¢—p > s—t2 —1 ([21])
where s is the number of overlaps between the second and third rows.

As it is said in that paper, in addition to the intrinsic combinatorial and invariant theoretic interest
of such basis, the author thinks of this basis esentially as a stepping stone for the construction of
homotopies which lead to resolutions of Weyl modules; but in [20] the author was unable to construct
the explicit homotopy. This homotopy is construted in the present paper for the condition g—p > s—1
(this condition implies at most one triple overlap in the case of skew-shapes)

The techniques used in the construction of basis for the syzygies in [20] is used in a fundamental
way for guiding the construction of the homotopy; thus let us describe briefly the techniques of [20]:

This basis is constructed as follows: the canonical basis of bistandard bitableaux of each module
P; in the complex is divided in two complementary subsets, the “essential elements” and the “non-
essential elements”, so that P, = E;_1 @ N;, P, D E;_1 = span(essential elements), P, D N; =
span(non-essential elements) in P;. This partition of the basis satisifes:

e Completeness condition: Given a basis element T, € MN;,1, there exists an explicit
M, € E; such that di+1(Ta) = di+1(Ma)
e Rank condition: The submodules F; satisfy rank(E;) = rank(Z;).

Thus, the paritition in to essential and non-essential elements is constructed in such a way that d;
restricted to the span of the essential elements is an isomorphism into its image; thus it also happens
that P, = E;_1 @® Z; where Z; C P, is the it" syzygy, and d;y1 : E; — Z; is an isomorphism. The
basis for the syzygies is then given by d;(¢), € essential.

Let us remark that the completeness condition in [20] does not use the fact that the complex is
a resolution; the essential elements M that satisfy d;(M) = d;(N) for non-essential elements N are
found by hand computation.

The basic construction of this paper is that a stronger form of the completeness condition provides
us with an splitting contracting homotopy and dispenses with the rank condition (which does use
that the complex is a resolution). The stronger form is as follows:

e Strong completeness condition: Given a basis element T, € N;ii, there exists an
explicit C € E; 41 such that d;2(C) =T, — M/, where M/, € E;.

Taking M, = M/, in the strong completeness theorem gives us the completeness theorem given in
[20]. Tt is interesting to note that the explicit M’ produced by the strong completeness theorem and
the M provided in [20] do not look equal; the combinatorial relation between the two completeness
concepts is quite interesting and is analyzed in [22].

The construction of the homotopy comes from the following idea: define each homotopy s; : P; —
Piy1 to be zero on E;_;, and on Z; is the inverse of the isomorphism d;4+1|g, : E; — Z;. This is,
of course, cheating, since, first, the construction of the basis in [20] assumes that the complex is a
resolution already, (which one wants to avoid since, among other things, the homotopy can be used
to prove in a more direct way that the complex is a resolution) and also one wants the homotopy to
be written explicitly in terms of the canonical Letter-Place basis that spans each P;. The result of
the present paper comes from taking the neccessary steps so that this cheat becomes legal, that is,
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we do the neccessary constructions in order to be sure that one does not use that the complex is a
resolution; and we also carry out the (non-trivial) task of writing the homotopy described above in
the canonical basis. Both steps depend on the strong form of the completeness condition.

In fact, it seems to the author that the intermediate step of finding basis for the syzygies via the
“essential” and “non-essential” elements in the basis at each level, and then go through the weak
and strong completeness conditions for the complex, is an implementation of the heuristic “principle
of parsimony” described by Buchsbaum and Rota in [14] for finding resolutions of Weyl modules.

Acknowledgments. The author would like to thank D. Buchsbaum for introducing her to the
subject and to the specific problem considered in this paper.

2. NOTATION AND PRELIMINARIES

In this section we describe very briefly the generalized bar complex associated to the 3-rowed
Weyl modules discussed here. We just describe its Letter-Place basis and the boundary maps; a
more in depth description is given in section 3 of [20] for this case and for general Weyl modules, in
[14].

Let us now study the case treated in this work, the case of three rows

t D
ty | | q
] r

where the number of triple overlaps is at most 1, i.e., r — ; — to < 1. Here, from [13], we have a

resolution

d d d: d
-—>P;€—k>~--—>P3—3>P2—2>P1—1>P0—>K)\/u

modeled on a subquotient of the differential bar complex as follows: consider free bar module
Bar(Super(L|{a,b,c}), A(Zva, Zevs Zea), {x,y}), where Super(L|{a,b,c}) is the letter-place algebra
with the places a,b,c we have been working with, x and y are two separators. The algebra
A(Zya, Zep, Zeq) is the associative noncommutative algebra generated by the variables Zpo, Zep, Zea,
subject to the commutation relations Z., Zey = Zep Zeq and Zeq Zpg = ZpaZeq- The algebra A(Zpe, Zep, Zea)
acts on the module Super(L|{a,b, c}) by letting Zy,, Zep and Z., act like the polarization operators
Dbaach and Dca~
Let us impose now the relations

[

(@) (B) _ (B—atk) (k) (a—k
ch(: Zba *Zzba “ chb Zc(a )

k=0
Zea® = Tcq
Zcb:(: = l‘Zcb

The module Py is freely spanned by all elements of the form
W a(ﬂ') b(Ul) c(ﬂl)
Zéb’al)y...yZéf*)yZésl)x...xZéj“):U W’ | blo2) ele2)
W” C(pS)
where all the integers o; and 3; are positive, 81 > to + 1 and a1 > t1 + Zj Bj, m=p+>, 0,
o1t oa=q+3 08— anprtpetps=r—> ;5 and A+ u=k.

A remark on notation. Sometimes, such elements -especially linear combinations 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.
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The boundary operator is 9, +9,. Let us do an example to describe how this boundary operator
works:

W qPtontaz)  plor) (1)
d4 (Zc(gl)yz(ﬁ2)yz(a1) ZZSZQ)Z, W/ b(o'z) C(pg) >:
w?" c(p3)

1574 alptor)  plaztor)  (p1)

(5o gz W | e o .
a2 W// c(pB)

1574 alPraitaz)  plor)  (p1)

(" 2o agraiguzizses (w | e e )
a1 W// C(p3)
B2 k ﬁ o +ﬁ o 44
3 ( > j) <p1 2 J) (pz J)Zégl)yzéglﬁﬁk)xzéf)x
imoi=o 2=k P P2

(ffz 7) clp2+7) —

alprontas—B2+k)  ploi—k+j)  (p1+B2—))
( w" (p3)

1% qptontaz)  plor)  (p1)

(51 +52>Z<51+62 27000, [ | plew) 02)
WI/ c(PS)

It is not easy at all to prove that this complex is in fact a resolution; the known proof is done by
using the fundamental exact sequence (which only works in the case of one triple overlap, see [13]).
The present paper gives a conceptually much simpler proof along the lines of the 2-rowed cased, i.e.
by constructing an explicit splitting contracting homotopy.

3. A BASIS FOR THE SYZYGIES

In this section we describe briefly the contents of [20] for the benefit of the reader; as such, we
assume that the Buchsbaum-Rota complex is a resolution.

The " syzygy Z; C P; is the kernel of d;, and by exactness, this is the same as the image of
d1+1 Denote by 7;41 = {T1,...,Tn}, N = rank(P;1), the basis of bistandard bitableaux that spans

P;+1. Since Z; = Im(d;+1), certainly the set {d;+1(7T1),...,di+1(Tn)} spans Z;; of course this set is
not linearly independent.

The key element in the construction of the basis will be to discard from 7;;; the elements that are
“redundant” for the boundary map. More precisely, the basis of bistandard bitableaux {71, ...,Tn}
spanning P;1; will be divided in two disjoint sets: the essential elements & = {T1,...,T.} and
the non-essential elements N;y1 = {Tr41,...,Tn}. Set E; = span(&;), Niz1 = span(Niy1). This
partition 7; 1 = & U N;41 will satisfy two conditions:

e Completeness condition: Given a basis element T, € N; 1, there exists M,, € E; such
that di+1(Ta) = diJrl(Ma).
e Rank condition: The submodules F; satisfy rank(E;) = rank(Z;).
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The completeness condition guarantees that d;+1|F; : E; — Z; is onto. Then the rank condition
shows that d;1|E; : E; — Z; is actually an isomorphism.
Therefore the desired basis for the syzygies will be given by:

{dig1(T1), .. diga ()}, To € &5

Important Remark. The proof of the completeness condition does not use the fact that the
complex is a resolution; the completeness condition is proven directly: given T, € N;11, an explicit
M, € E; satistying d;1(Ts) = di+1(M,,) is found. The stronger form of the completeness condition
is similarly done by direct hand computation; we do not use that the complex is a resolution.

Let us now describe the essential elements. This is the first instance of a repeated expository
thecnique in this paper, which has been succesful in the past ([19, 20]): describe the first few steps
(for Py, P, etc.) and then do the general case; the first modules being much easier to write, the
ideas are much clearly exposed there.

3.1. Construction of Fj. A basis for P; is given by bistandard bitableaux of the form

w alptae)  plon)  (p1)
Zég)x W/ b(g2) C(pZ) ,
W’ | ¢ps)

where o > t1, 01 + 02 = q— a and p; + p2 + p3 =7, and

W a(P) b(Ul) C(Pl)
ZDy | w | ple2) e
W” c(p3)

where 3 >to+ 1,01 +02=q+ [ and p; + ps+ p3 =7 — L.
The essential elements & are the elements of the form
w aPta)  clp1)
ZOz [ W | plame) e
W' | elp3)

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

1% a®) plo+B)
Zif)y WI b(q_a) c(pl)
WN C(p2)

where 8>ty +1,q—p <o <t;and p1 +p2 =71 —f.
Thus, the essential elements are those double standard tableaux which
)

.« variable and no b in the first row, or

e Have a Zé

e Have a Z&)y variable and no c in the first row, plus the condition o < ¢y .

3.2. Construction of F;. A basis for P, is given by bistandard bitableaux of the form

174 (™ plon)  olp1)
(B1) (Bx),), (1) (o) / CL(a) (p2) ‘
2oy YLy yly, x| W blo2)  clp2

W' | eles)
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where:

Brzta+1l , ar>t+Y B
J

7T=p+zai ; 01+U2ZQ+Zﬁj—Z%
B j i

Pl+Pz+P3=T—Zﬂj and A+p=2.
J
Since A + p = 2, the variables in front of the bitableaux can only be Zégl):cZZSSQ) or Z(Efl)yZil’?Q)
or Zéf )yZég). The essential elements £ are the elements of the form
1% qptontaz)  (p1)
Zégl)a:ZlSSZ)x W' | plamea—a2)  ((p2)
WN c(PS)
where a1 > t1, ag > 0 and p; + p2 + p3 = r, plus elements of the form
1% a(P) plo+B1+B2)
Zéfl)yZé;?Q)y W' | pla—o)  ler)
W” C(P2)
where 81 > to+ 1,0 >0, p1+p2=7r—01 — P2, ¢ —p < o < t1, plus elements of the form
W apta) clp1)
Zgj)yzlgg)x W’ | platB—a)  (p2)
W” C(pB)

where 8 > to+ 1, a > t1 + B and py + p2 + ps = r — B. Thus, the essential elements in £ are those

e Having Zé')xZégl)x or Zéi))yZl;)x variables and no b in the first row, or

a

. HavingZC(l;)ch(l; y variables, no c¢ in the first row plus the condition o < t;.

And the nonessential elements N3 are given by the complement of £1; that is, a basis element T
is non-essential if:

e T has ZlgnglE;l)x or Zél'])yZlS;L)x variables and b appears in the first row, or
e T has Zc(l'))ch(l;)y variables, and o > t;; there might or might not be a ¢ in the first row, or
e T has Zc('b)ch('b)y variables, 0 < t1; and there is a ¢ in the first row.

3.3. The general case. In general, &; is the set formed by the basis elements of the form
%% a@Ptlal) (1)
Zézl)xZés”)x...mZési“)x W’ | pla=lah - cle2)
W” C(p3)

where oy > t1, a;j > 0for j =2,3,...i+1, pr+p2+p3=r, |a| = 22111 ag; plus elements of the
form

a®) plo+181)
ngl)yzc(fﬁymyzc(fiﬂ)y w! pla—o)  o(p1)
W' | ele2)

where 81 > to+1, B > 0forj = 2,3, ...+ 1, |8 = X35, B, pr+p2 =71 —18], ¢ —p < 0 < t1; plus
elements of the form
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W aP+lal) c(p1)
Zc(bﬁl)y...yZél’?”)yZégl)x...xZégT)x W' | platlBl=lel)  (p2)
WN C(p3)

where n+7 =i+1, 8] =37_, Bj, lal = 37_ oy, B > ta+ 1, B; > 0forj = 2,...,m, an > t1 +10,
a; >0forj=2,..,7and p1 +p2+ps =1— 03|

In a similar fashion as in the previous cases the way of defining of essential elements depends on
the variable in front: the essential elements are those which

e Have at least one Zé;l) variable in front, and no b in the first row.

e Have only Zc('b) variables in front, no c¢ in the first row, and o < ¢;.

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 ZZS('I) variable, and b appears in the first row.

e Have only ZC(Z;) variables, and either ¢ appears in the first row, or o > ;.

4. CONSTRUCTION OF THE HOMOTOPY

The general strategy is described as follows:

Let us assume for a moment that the Buchsbaum-Rota differential bar complex is a resolution.
Then by the completeness and rank theorems of [20], we know that P, = E;_1 ® N; = E;_1 & Z,,
and di1|g, : B; — Z; is an isomorphism. Then let us define s; : P, — P, as follows: any element
p € P; is written uniquely in each decompostion as p = ¢ +n =€ + z, where ¢ € E;_1,n € N; and
z € Z;. Then we define s;(p) as the unique element & € E; such that d;(€) = z. Note that in this
map the span of the essential elements is mapped to zero; with such definition, it is trivial to show
that d;+18; + si—1d; = Idp,.

Now, as said in the introduction, we have cheated in two ways: first this is not written in terms
of the standard basis, and second, we assumed that we already have a resolution in order to use
P,=FE, 16N, =E;_1®Z;, and djy1|E, : E; — Z; is an isomorphism.

How do we straighten this cheat? First, writing it in terms of a basis: if T' is a basis element of
P;, we will define s;(T) to be zero if T is essential; if T' is not essential we will construct the strong
form of the completeness condition: explicitly find an element e, which is a linear combination of
essential basis elements, such that that d;y1(¢) = T— linear combinations of essential elements. We
then define s;(T) = €.

Then we need to show by hand that the maps s; form a splitting contracting homotopy. This
amounts to proving that for each basis element T € P;, (d;118; + s;-1d;)(T) =T.

Note that if T is essential, then we have to show that s;_1d;(T) = T since s;(T) = 0. If T is
non-essential, then the strong completeness theorem implies that there is nothing to prove. Indeed,
if T is non-essential and s;(T") = ¢ is such that d;1(¢) =T — M, where M is a linear combination
of essential elements, we have

di_._lSi(T) -+ Sz_ldz(T) = di+1(€) -+ Si_ldi(M) 5

since d;(M) = d;(T) because d?> = 0. But if we prove the homotopy relation for essential elements,
$i—1d;(M) = M, and by definition we have d;y1(¢) =T — M. Thus

diz15i(T) +8i1di(T) =T - M+ M =T,

which shows that we only need to prove the homotopy equation s;,_1d;(T) = T for essential basis
elements T'. By construction the homotopy is splitting.

We carry out this program in 4.1, 4.2 and 4.3; again, we give the maps s; : P, — P;41 in a
pedagogical sequence, first the sg and s; and then the general case.
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Remark. In the previous work [20], given a non-essential element T, a linear combination M,
of essential elementes such that d(T,,) = d(M,) is found, and thus there is (in principle, assuming
that the Buchsbaum-Rota complex is a resolution) a linear combination e of essential elements such
that d(e) = T, — M,,. Again assuming that this complex is a resolution, this € has to be the same
as the explicit ¢ constructed above, and thus M, = M,. But M, and M, do not look the same
at all; it takes a lot of combinatorial identities to prove that they are equal. But proving these
identities makes d(T, — M) = 0 independent of d> = 0, therefore giving a more elementary and
precise undersatanding of the Buchsbaum-Rota resolution. We prove these combinatorial equalities
in [22], as part of comparing the two completeness theorems involved.

4.1. Construction of sg. Before we construct of homotopy sg : Py — P; we will construct the
essential and non-essential elements of Py, which were not given in [20] (since they were not needed).
A basis of Py is given by bistandard bitableaux of the form

w a®) plo)  olp1)
w’ pla—o1)  o(p2)
W// C(FS)

where t1 =01+ 140 and py + p2 + p3 = 7.
The non-essential elements Ny are the elements of the form

W a(p) b(a'l) c(pl)
w! pla—o1)  (p2)
W” c(pB)

where o1 > t; and p; + p2 + p3 = 7, plus elements of the form

W a(p) b(o'l) C(Pl)
w! pla—o1)  (p2)
W’ | cp3)

where g —p < o1 <t1,p1 >ta+1and p1 +p2+p3=r.

And the essential elements £_; are given by the complement of NVy. We call E_1 = span(€_1)
and Ng = span(Np).

Now we define sy : Py — P in the following way: Given a canonical basis elements T in Py we
define so(T') to be zero if T is essential and if T' is non-essential we will have two cases corresponding
to the different way in which an element can be non-essential.

Case 1.Non-essential elements with o7 > t; and ¢ may or may not appear in the first row. If
p1+ p2 + p3 =r, we define

W aP) plor)  clp1) %% ator) (1)
80( w' pla—o1)  o(p2) ): Zégl)m w! pla—o1)  a(p2)
W | ele3) W’ | ¢l

Case 2.Non-essential elements with ¢ — p < 01 <ty and p; > to+1. If {1 =01+ 1+ 0 and
p1+ p2 + p3 =r, we define

1% a® pler)  clp1) ~ 1% a®) plorte1)
so( W' | pla=on) (e2) > > o (=1)F (’02 + "’> ZO Ry [ wr | pame=k) et
W' | eles) k=0 P2 W | eles)
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1774 a(p+t1+l) C(pl —o—1-1)

p1—o—1
(—1)7 (P2 to4+14 l) <a + l) 200, [ W | panen errorin
=1 P2 Y w" C(pS)

where v isequalto o+ 1if py —oc—1>ty+1and yisequalto p; —to —1if py —o—1 <t + 1.

4.2. Construction of s;. Given a canonical basis element T in P; we define s1(7T') to be zero if T
is essential and if T' is non-essential we will have three cases corresponding to the different ways in
which an element can be non-essential.

Case 1.Non-essential elements having Z,E('l) variable and b appearing in the first row. If a > 1,
o1 > 0 and py + p2 + ps = r, we have define

1% aPta) plen) (1) 1% aPtator)  (p)
$1 <Zl§g)x w’ pla—a=a1)  (p2) ): Zlgg)alesgl)x w’ pla—a=a1)  (p2)
W | oles) W | ¢lpa)
Case 2.Non-essential elements having Z;)) variable, there may or may not be a c in the top row
but oy > t1. f > ta+ 1, p1 >0 and p1 + p2 + p3 = r — B, we define

w a(P) b(Ul-‘rﬁ) c(pl) W a(p+<71+5) C(Pl)
51 (Zg’)y W | plaon) o) >: ZPyz 0 [ wr | plamen )
W | s W’ | ¢lps)

Case 3.Non-essential elements having ZC(,;) variable and ¢ appearing in the first row and ¢ — p <
o1 <t;. fB>to+1,p1 >0,t1 =01+ 1+ 0 and p; + p2 + p3 =7 — G, we define

1574 a® plort+B)  olp1) ot1 1% a® plor+B+p1)
a2y W | e o )- S capayag oy [ W | b
W | cles) k=0 W' | ele3)
p1—o—1 w a(p+t1+ﬂ+l) C(plfaflfl)
_ Z (—=1)°+! <p2 +o+1+ l) (a + Z>Zc(bﬁ)yzéil+ﬁ+l)z W | pla—ti-n patot1t)
=1 P2 o+1 W' | eps)

Let us now show that the defined map is a homotopy. For the essential elements E of the canonical
basis, we have to show that
Sod1 (E) =F 5
since we have defined s; to be zero on such elements. For that we consider the following cases:
Case 1.Essential elements having ZIE;I) variable and b doesn’t appear in the first row. If @ > ¢
and p1 + p2 + p3 = r then

1%7%4 a@ta)  o(p1) 174 a® p@)  lp1)
sodl(E)sodl(z,gyx W | pla-e) e >30( W | pae) e )
W | s W’ | lps)

W a@ta) (1)
ZOx | W] bl le2)
W// c(p3)
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Case 2.Essential elements having Zc(l;) variable and ¢ doesn’t appear in the first row. If 8 > t5+1,
q—p<o;<ti,t1 =01+1+0 and p; + p2 =r — 3 then

1% a(P) plor+8)

Ssody (E) = sody (Zﬁl’?)y w’ b(q o1) C(Pl) >
w clP2)
B ) %% a(P) ploi+i)  (B—i)
50 (Z (pl + Z) W' | pla—oi=i)  clprti)
i=0 P1 w" c(p2)
o , W a® plorti)  (B—1) o1 1574 a® ploiti)  (B—1)
50 (Z <p1 + Z) w’ pla—o1—i)  o(p1+i) + Z pl + Z w’ pla—o1—i)  o(p1+i)
i=0 P1 w?" c(p2) i=a+1 w c(p2)
w aP) plorti)  o(B—1)
n Z <P1 + ’) W' | plamor—i) ot )
1=0+2 W” C(Pz)

where ais such that 6 —a >t +1if f—0c—1>te+land f—a=ts+1if f—0c—1<ty+ 1.
Hence, we have to consider two cases.

Case 2.1.If 6 —0 —1>ty+ 1 then

W aP) plor+8)
SOdl (E) — SOdl <Z£bﬁ)y w! b(Q—Jl) C(pl) =

W// C(pQ)
o+1 . 1% a(p) b(Ul+i) C(B—i)
Z <P1 + Z) 80( w’' | pla—or—i)  (p1+i) >+
i—o \ 1 W' | ele2)
] Y w a® plorti)  o(B—4)
> (" Y[ | oo o _
imot2 NP1 W | cle2)
o+lo41—i , , W a® ple1+8)
Z Z (—1)k (pl + Z) (Pl +1 + k) Z(‘(f—i—k)y W/ b(fI—Ul—i—k) C(P1+i+k)
= 1 prre ) ” W | o2

W | ettt (B-1-o-D)

o+1p3-1-0c 1 I . L
Z Z (—1)o+1-d </)1 tlto+ ) (Pl + z) (U —it )ZIEZlJrl)m W | pa—ti-d  mtiror) |
i—0 =1 Pt P o—it+l W | ele2)

%% aqptot+i)  (B—i)

8 .
> (pl N @) 237 g [ W | pleeri) et | =4 B4C

p ba
=042 1 w' c(p2)

CrLamM: A= F and C = B.
Let’s do first A = E,

AIfk+i=tand 0<t<o+1 then



HOMOTOPIES FOR THE GENERALIZED BAR COMPLEX... 11

t . t
S (2 () - () e -
k=0 prti/\ P P1 /=0 !
t
p1 +t> k(t)
—1
(" )5

which is equal to 1 if ¢ = 0 and 0 if t is different to 0.

Now, we will prove that C' = B. For each [, 1 <1 < 3 —1— o, we have that

pr+140+1 [il(—l)"“_i l4o+1\(o—i+l
) oc—1+1

‘il(_l)oﬂ_i(m +1 +a+l) <p1 —l—i) <a —z’+l) _ (
Pt p1+1 P1 oc—i+1 01 =

Seto+1—i=7j

<P1+1+U+l>§(1)j(1+0+l>(l+j—1> B <p1+1+a+l>‘§(1+a+l> (—l> B
o 2 o150 o 2 \o+1-3)\j
J_ J_
<P1+1+0+l)<1+0) 7 <p1+1+0+l>
P1 oc+1 P1

Case 2.2.If —0 —1<ty+1 then

W aP) plor+8)
W’ | pla—o) o) >

Sod1 (E) = Sod1 <Z§5)y

W// C(ﬂ?)
a B—i—ta—1 . . w a®) plo1+s)
(—1)F <p1 - Z) (pl e k) ZB7Ry [ W | plamoi—ick) otk
i=0 k=0 P prti W | ce2)
a B—o—1 . . %74 alpttitl) o (B—o—1-1)
(—1)f-i-ta=1 <P1 + z) (,01 +o0+ 1 + l) ( o —i +1 )Zéiﬁl)x W pla—tiod  getibern |
i=0 =1 P1 P11 f-i-t2—1 W' | ele2)
5 . W | aproi+d (80
Z (pl + 7/) ZISZIJri)x w! b(qulfi) C(leri) —A-B+C
P1 W’ | cle2)

i=o+2
CrammM: A=F and C = B.
We will do first A = F,
Alfk+i=tand 0 <t <[ —ty —1 then
t . t
pr+t\[(p1+i p1+t k(t)
~1)* = -1
S ()0 ) - () Ze G

k=0
which is equal to 1 if ¢ = 0 and 0 if ¢ is different to O.
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Now, we will prove that C' = B. For each [, 1 <1 < 3 — o0 — 1, we have that

za:(—l)ﬁt“H(pl*"HH) <p1+z'>< o—i+l ):
p1ti p J\B—ta—1—i

=0

prto+1+1\ < Botg1 ifO+1+I1 o—i+l
( J e () (7

1 =0

Set B—to—1—i=j

(Pl+0+1+l> 5_§:_1 (_1)j< o+1+1 )(l+a—ﬂ+t2+l+j>:
B—ta—1-7] J

P1 j=B—ta—1—a

<p1+0+1+l> Bi_l ( o+1+1 )(ﬁ—t2—1—1—0—1>
B—ta—1—3 J

P1 j=B—ta—1—a

Setn=j—F+ta+1+«

pr+o+1+1 i c+1+I0\(B—to—1—-1l-0—1\ [(pr+o+1+1\[(B—ta—1\ _
P1 =\ a—n B—to—1l—a+n ) P1 B—ta—1)
<P1+J+l+l)

1
4.3. General construction of s;. Let us define the homotopy in general now. Given a canonical
basis element T" in P; we define s;(T") to be zero if T is essential; if T" is non-essential we will have
four cases corresponding to the different ways in which an element can be non-essential.
Case 1.Non-essential elements having only ZZE('Z) variables and b appearing in the first row. If
o1 > 0, we define

W | a®tled plon)  olp1)
Si (Zlgsl)x...leggi)x W’ | pla—lel=o1)  (p2) -
W” 0(93)
W a(p+|0&|+0'1) C(pl)
Zégl)x...leE:i)mZégl)x W’ | pla-lal=o1)  (p2)
W// c(p3)

Case 2.The mixed case with both ZIS;I) and Z;)) variables and b in the first row. If p > 0,
Adp=14 pr>te+1land §; >0for j =2,..,% a1 >t1+|F and a; > 0 for j = 2,...,p,
1Bl = >0, la| =3 ay, and p1 + p2 + ps =7 — | 5], we define

Wl e+l b o)
i <Z§bﬁl)y...yZig*)yZégl):c...xZé:“)a: W’ | platlBl=lel=p)  c(p2) )
W” c(p3)



HOMOTOPIES FOR THE GENERALIZED BAR COMPLEX... 13

%% alptlal+p) clp1)
Z((fl)y...ngf*)yZégl)x...xZé{?“)xZég)x W’ | platlbl=lel=p)  (p2)
WN C(p3)

Case 3.Non-essential elements having Z&)) variables in front, and o7 > t1; there might or might
not be a c in the first row. If o4y > ¢y, 81 > t2 +1, 85 > 0 for j =2,...,4, and p; > 0. We define

w a®) plortlB) - lp1)
S (Z(Efl)y...ch(fi)y W' | pla—or)  o(p2) _
w c(p3)
W a(p+0'1+|6|) C(pl)
Zigl)y...ch(fi)yZéZlHﬁDZL' w’ pla—a1) o(p2)
WN C(p3)

Case 4.This is the case of non-essential elements N having no ZZS;I) variable in front and g —p <
o1 < t1 and c appears in the first row. If py > 0, 81 > ta+1, 5; > 0for j = 2,...,4, pr+p2+p3 = r—|f]
and t;1 = o1 + 1 + o, we define

Wl a® bl HB)  olor)
S; (Zc(fl)y...ch(gi)y w' pla—o1)  o(p2) ) —
W” c(pS)
oyl W a(p) b(01+|ﬁ‘+P1)
S (V2 Z gz | W | e e -
k=0 W | els)
pr_o—1 W | gttt elpr—o—1-0)
S (BRI (T 00y oz e | oo ey
P2 oc+1 W o(03)

=1

Let us now show that the map defined is a homotopy. For the essential elements F of the canonical

basis, we have to show that
si1di(E) = E,

since we have defined s; to be zero on such elements. We do the proof for each type of essential

elements.

Case 1.Essential elements having only Zlgt'l) variables and b doesn’t appear in the first row. If

a1 >t1, a5 >0for j=2,..,4, |of = 2221 and p1 + p2 + p3 = r then

W a(p""lal) C(pl)
$i—1d;(E) = s;_1d; <Zé:1)xZé:2)x...xZé:")x W’ | blamla) ele2) =

w c(ps)
W aPtlal—ai)  plew)  o(p1)
Si_1 (Zésl)xZégZ)x...xZési1)90 w’' | bla—le) c(p2) +
W” C(p?’)

1V.% a(p'HO‘I) c(pl)

1
Z (—1)t=m <am + am+1> Zégl)x...xZéj’”‘l)xZ£3m+am+1)le§2‘m+2)x...xZé;”)x W’ plale)  ele2) )
1 am W” C(p3)

m=i—
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W | a@tal—a)  pla) s

Si-1 (Zésl)le(,jQ)m...le()s”l)x w' | pla—le) c(p2) _
W | p3)
w a@tlel) (1)
ZISZ‘I).TZIEZ‘Z)J;,..J;ZISS‘i)x W/ b(q7|o¢) C(pz) —FE
W’/ C(p3)

Case 2.The mixed case with both ZIE;) and Z&) variables and b doesn’t appear in the first row.
fA+pu=i, 01 >ta+1, ﬁj >0forj=2,..,\ a; > tl—l—‘ﬁl, |ﬁ| = Z;\:Iﬁﬁ aj > 0forj=2,..u,
la] = Z;L:l a; and p1 + p2 + p3 = — |G| then

W aP+lal) c(p1)
si_ldi(E):si_ldi(zgfﬂy...yzggvyzggﬂx...xz;gﬂx W | platisl-lad o )—

W” C(p3)
w a(P""'al_o‘u) b(au) C(Pl)
s (zggl>y...yz§5x>yzggl>x...xz;gu—l>x W| sl el 4

W” C(PB)

1 W a(p‘HO‘I) C(pl)
3 <_1)M<“k+ O"fﬂ)ngﬂl>y...yzgfk>yzggl>z...xz,ggwawﬂx...zz,ggwx W | platisl-lad oo

k=p—1 Ak w” C(pS)
1 B+ 3 %% aPtlal) clp1)
(—1)“_’\_l< ! Hl)ngl)y...ngbﬂﬁﬁl“)y...ngf*)yZéjl)x...xZé;l”)x W’ | platlBl=lal)  clp2)
I=A—1 P W’ | cles)
Br p kio1 kg
Brx+p1 —ku\ (Br+pr—m)\ (p2+m
(=1~ My, k(
klz:O;kiZ:OmZ:() g P ki —m P2
Zﬁfl)y...yZébB*’l)yZésl_m’Lkl)achEZ‘Q_k1+k2)x...x2é3“_l) —ku—2+ kuflmZé:“_k“_ﬁm)x
%% a@PFlal=Bx+m)  (Br+p1i—m)
W | platlBl—lal-m)  apatm) )
W// C(PS)
where

M _ ( 5)\_ku ) _ (/8)\_]?3#)!
MR T By — ke — Ky oo k1 — Ky (Br — k1) (ky — ko)l (k1 — k)

is the monomial coefficient.

Thus
w aPtlal) clp1)
8i—1d; (Zéfl)y...yZébﬁA)yZlEgl)x...legg”)x W' | platlBl=lel)  clp2) )z
W// C(PS)

W | a@tol-a)  plew) o)
si_l(Zéfl)y...ch(f*)yZéjl)x...xZ}E:“l)x W' | platlBl=lel)  p2) )
w! c(ps)



HOMOTOPIES FOR THE GENERALIZED BAR COMPLEX... 15

w qptlel) clp1)
200y gz yz g a7y [ W | patiBizlad o) | = R
) ) W | cps)

Case 3.Essential elements having only Z, () variables and ¢ doesn’t appear in the first row. If
B1 >ta+ 1, 5; >0for j =23,..,4 q—p <op <ttty =01+ 1405 |8 = 3, 8 and
p1+ p2 + p3 =r — |0 then

W a®) ploi+1Bh

o+1
. k .
$i—1d;(E) = 8;-1d; (Zéfl)y...ch(fl)y W' | bla—on) elen) ): Si—1 ( E ([71 + )Zﬁfl)y...yZibB"l)y
W | (p2) k=0 P1

w a®) plortk+IBl=Bi)  o(Bi—k) Bi i
W plamei—k) otk S (Pl+ )Zéfl)ymyziginy
W | el i\

%% alP) plor+k+|81=Bi)  ~(Bi—k) 1

W' | pla—oi—k) (pr+k) + Z (—1)i=m (@n ‘;5m+1>
W | cle) m=i—1 m

1% a®) ploi+i8h

o+1
, k
Zc(fl)y...yZib'Bm+ﬁ’"“)y...ch(f’)y W' | pla=on) lp1) )— Si 1 (Z <P1 + >
w?" clp2) k=0 Pl
W a(®) plortk+|Bl=6:)  (Bi—k)
Zc(bﬁl)y...yZéfi_l)y W' | bla—or=k) clprth) +
W// C(p2)

Bi w | a® plortk+181=8:)  o(Bi—k)
2 (pl N k) 20y 8y | W | e et >:
keot2 \ P1 W | ep2)

W a® ploi+1BD)

o+lo+1—k .
SS (-1y (pl + k) (Pl +k +]>Zc(fl)ymyzc(§i1)yzébﬁikj)y B A N
k=0 ;=0 P prtk w" | cle2)

o+1B;—k—o+k—1

_ +E\/(pr+k+o+1—k+1\[o—Fk+I (B1) (Bic1)  (t1+18]=Bi+D)
_10'+1kp1 Zl “.Zzl Zl 4
>y (") o R P -

%% aPttitIBl=Bi+l)  (Bi—k—o—1+k—1)

W’ pla—ti—1) clpithto—k+14) | 4 Z (p1+k>Z(ﬂl)y yzc(ﬁl 1) Z(ol+k+|ﬂ| Bi) o,
W | elp2) k=o+2

w aProitk+[B8]=8i)  (Bi—k)
w’ pla—o1—k) clpit+k) —A-B+(C
W” C('DQ)

CramM: A= F and C = B.

Let’s do first A = E,



16 MARI SANO

Afk+j=tand 0 <t <o+ 1 then
t t
_ +t\[(p1+Ek p1tHt\ [t
() () = e () () -
;:;J( ) p1+k p1 ( )kZ:O( ) p1 k

()5 ()

which is equal to 1 if ¢ = 0 and 0 if ¢ is different to O.

Now, we will prove that C' = B. For each [, 1 <[ < 3; — 0 — 1, we have that

"2*:1(_1),,+1_,€<p1+a+1+1) <p1+k) <o+l—k> _
p1+k 1 c+1—-k

k=0
pr+o+1+1 ‘f(_l)gﬂ_k c+1+0\ [ o+1—k
1 P k c+1—-k

Setco+1—k=j
o+1 . o+1
(P1+a+1+l> Z(_l)j(a—i-l—i-l)(l-l-j—l) _ <p1+a+1+l>z<a+1+l>(—l> _
p1 o+1-j)\ ] P “Z\o+1-7)\j

j=0
<p1+0+1+l> <a+1> B <p1+a+1+l>
p1 o+1 p1 ’

which finishes the proof.

5. ANOTHER BASIS FOR THE SYZYGIES

In [20], the basis for the syzygies was given as d;(€), € essential. Here we give a basis that is, in the
author’s opinion, more easily indexable, and is given along the lines of the 2-rowed case explained
in [10]: a basis of the syzygies is given by considering elements of a subset {z;_ } of the canonical
basis {x;} such that {s;(z;_}) is linearly independent. Then the set d;115;(x;,) will be the basis for
the syzygies.

In our case, the non-essential elements satisfy this condition; therefore a basis for the syzygies
will be given by the d;118;(Ny,), N, non-essential.

This basis has the advantage of being indexed by the non-essential elements N, themselves, indeed
recall that d;y18;(Ny) = N, — M, where M, is a linear combination of essential elements. Thus
the basis is given by applying a transformation of the form Id+ P, where P sends essential elements
to (say) zero and non-essential elements to essential elements.

Concretely, the basis for the syzygies is given by
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5.1. Basis of the syzygies in Py: For non-essential elements of the form

W a(p) b(Ul) C(pl)
w! pla—o1)  (p2)
W” c(pB)
where o1 > t; and p; + p2 + p3 = 7, the corresponding basis of the syzygies is
W a® pler)  olp1) 1574 aPtor)  o(p1)
d1 50 ( w’ pla—o1)  (p2) ): dy (ZISZI)JU w! pla—o1)  alp2) ):
w" c(p3s) w" clps)
W a(p) b(a'l) C(pl)
W' pla—o1)  (p2)
W” c(pB)

For non-essential elements of the form
1% a(P) b(01) C(Pl)
W' | pla—o1)  p2)
w" c(ps)
where ¢ —p < 01 < t1, p1 > ta+1 and py + p2 + p3 = 7, the corresponding basis of the syzygies is

1574 a®) pler)  alp1) 5 W aP) plortpr)
dso( | w | pa=on o2 4 CR(P2 RN e [ g | pamoi—k) etk
150 1 (1) b Y
" 3 _ P2 © " 3
W | cles) k=0 W | cps)
p1—o—1 w aPttitl)  (pr—o—1-1)
Z (—1)" (02 +o+1+ l) (0’ + l) Zlgfll+l)x W | pamtio)  petotitD) _
=1 P2 v W’ | eles)
v pi—k . w a® ploitk+i)  o(p1—k—j)
Z Z (—1)* (92 + ki + J) (PQ + k) W' | plamor—k—i)  alpatk+i) B
k=0 j=0 J P2 W | clps)
p1—o—1 W a(P+t1+l) b(t1+l) C(pl—a—l—l)
(—1)7 <P2 to+1+ l) (0 + l) W | pa—ti-h  patotian
P2 Y W (p3)

1=1
where yisequal too+1if py —o—1 >ty +1and yisequalto py —to —1if p1 —0 —1 <ty 41

5.2. Basis for the syzygies in P;: For non-esssential elements of the form

w a(p+a) b(o'l) C(pl)
ZPx | W] plamamo) (o)
W” c(pB)

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

1% a(p) b(Ul) C(pl)

das1 (Zég)x w’ pla—a—o1)  (p2) —
WN C(pli)
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1% alptator)  (p1) %% a(P) pler)  clp)
dy (Zéﬁf)x ZEg [ W | plamama) (2 )Z Zz [ W | plamaon le2) _
W’ | cp3) W' | ¢p3)

is

W | aPtaton)  c(p1)

<a+01)2l§3+61)$ W' | plamamon)  cle2)
@ W” C(F’S)

For non-essential elements of the form

1574 a®) plortB)  olp1)
Zc(g)y W/ b(qfo'l) C(p2)
W | ¢(p3)

where 01 > t1, B > ta+1, p1 > 0 and p1 + p2 + p3 = r — 3, the corresponding basis of the syzygies

W a® ploith)  clp1)
dys; (Zﬁf)y w' | pla—en)  le2) -
w" c(p3)
%% aPtoi+B)  (p1) 1574 a®) plortB)  olp1)
ds (Zc(g)yzlggﬁﬁ)x W' | pla—on) c(p2) ) — Zif)y w' | pla—en)  le2) _
w" c(p3) w" c(p3)

1574 aPtoiti)  o(p1+B—j)

B . .
Z <p1 + 06 _ .7) (Pz +.7>le;fl+j)x w’ pla—o1—=3)  (p2+7)
B— P2 w" (ps)

§j=0
For non-essential elements of the form
W a(p) b(o'l‘l’ﬁ) C(pl)
Zc(g)y W/ b(q_o'l) 0(92)
W” C(pS)

Whereq—p§01 Sthpl >0andpl >U+1762t2+1, t1:0'1+1+0', p1+p2+p3:7’—5,
the corresponding basis of the syzygies is
W aP) ploi+B)  o(p1)
dysi (Zéf)y W’ | pla—on)  le2) ):

W | etes)
! +k w a®) plortB+p1)
dsy (Z(—l)k (pQ )Z(f)yzéflk)y w! pla—o1=k)  o(patk) _
p2 W/I C(p3)

k=0
p1—o—1 w qPtti+68+l)  H(pr—o—1-1)
(—1)7+1 (Pz to+1+ l) (cr + l) 2Oy 780, [y | g lerroria

1)
; P2 o+1 W | olos)
o+1p1—k , %% a® plor+B+k+i)  (p1—k=3)
(—1)* (Pz + k:) (pz +k+ ]) 20y [ wr | pamerkei) et -
k=0 j=0 & P2tk W | lea)
o+1 %% a® plor+B8+p1)
(—1)k (Pz + k> (ﬁ +p1 - k) 200y [ | ek et -
p2 ﬁ W” c(p3)

k=0
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pr—o—1 %% a® p(ti+B+1) clpr—o—1-1)
Z (_1)a+1 (P2 +o+1+ l) (o + l) Z(f)y w! pla—ti—1)  clpato+1+0) +
= p2 o+1) ¢ W’ | cp3)
plilfz(—l)”+l(p2+a+l+l> <a+l) <5+p1 —0—1—n—l> (p2+a+1+l+n)
~ = P2 o+1 6—n pet+o+1+1
174 apttitltn) . (B+p1—o—1-—n—I)
Zlgtl‘H‘Hl)x w! pla—ti—n) c(p2to+1+n+l)

w" c(p3s)

For non-essential elements of the form

1%7% a® plort+B)  o(p1)
ZPy | w | plamen e
W” c(p3)

where ¢ —p <oy <t;,p1 >0and py <o+ 1,8>t2+ 1, ti =01 +1+0, pr+p2t+p3s=r—0,
the corresponding basis of the syzygies is

W a(P) ploi+B)  o(p1)

das1 (ng)y W' | pla=or)  clp2) ):
W” C(p3)
p1—1 %% a®) plor+B+p1)
< <p2 + k> Z(B) Z(pl k) w! b(qfo'lfk) C(p2+k) ):
k=0 W' | ¢(ps3)
p1—1p1—k W a(P) b(01+ﬁ+k+j) C(plfk,j)
SN (-t (Pz + k> (Pz +k +J>Z£b6) W | pamor—hei) o) -
k=0 j=0 p2 p2+k w (p3)
p1—1 %% aP) ploi+B+p1)
Z (—1)* (Pz + k) (5 +p1— k) Zébﬁ+p1—k)y W | plamoi—k) path)
k=0 P2 g w" C(p3)

5.3. Basis for the syzygies in general P;: For non-essential elements of the form

w a(P'HOtU b(Ul) C(Pl)
Zég‘l)x...leEZ‘i)x W’ pla—lal=on) (p2)
W” C(pB)
where o1 > 0 and p; + p2 + p3s = r, the corresponding basis of the syzygies is

w aPtlel) plo)  aler)
di+1si<Z§31)x...le§gi)x W' | pla—lal=a1)  (p2) ):
W// c(PB)

wW atlal+o)  (p1)
di+1<Zlggl)x"'le§gi)leggl)iﬂ w' pla—lal=o1)  .(p2) )_
W” C(pS)
w aptlal) plo)  lp1)
Zégl)x...xZéji)x w' pla—lal=o1)  .(p2) B
WN C(P:})
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1% aptlal+or)  (p1)

(ai+UI>Z§Z“m...xZ§5"+”1>x W | plalal=on o) |
@ W | cles)

1
Z (—1)i—m <am + am+1> Zégl)x...J:Zéj’""l)xZ£:m+am'+1)le§:m’+2)x...xZégi)xZégl)x
A
m=i—1
W a(p+|0¢‘+0'1) C(pl)
W | pla—lal=on) o)
w" c(p3)

For non-essential elements of the form

W aptlal) ple)  lp1)
Zéfl)y...yZp(f*)yZlgsl)x...achEg"')x W’ | platlBl=lal=p)  (p2)
w" c(p3)

where p > 0, A+ p =14, 1 >ta+1and 3; >0for j =2,...,A a1 > t1+|B8| and o; > 0 for
J =2, |68 =3B lal =3 aj, and p1 + p2 + p3 = 7 — |3, the corresponding basis of the
syzygies is

%% aP+lal) ) lp1)
di_Hs,'(Zéfl)y...yZifA)yZlggl)x...legg“)x W’ | platlBl=lel=p)  (p2) )
W | cp3)
w aptlal+p) clp1)
dH_l(Zéfl)y...yZébﬁ*)yZéjl)x...xZéS“)legs)x W’ | platlBl=lal=p)  (p2) =
w" clps)
%% alptlal) e lp1)
Zifl)y...yZéf*)yZéZ‘l)x...xZéZ‘“)x W’ | platlbl=lel=p)  (p2) —
w c(p3)
W aPtlal+p) clp1)
(O‘M*P)zggﬂy...yzgfvyz;g%...mz;gu1>xz;gu+ﬂ>x W | parsilal=n o) |
Op W' | elp3)

1
Z (—1)r* <ak + akH) Zc(fl)y...ngfx)yZégl):v...mZ,SZ‘kJrak“)x...xZé:“)xZég)x
1

k=p— Ak
W a(p‘HaH'p) C(pl)
w’ platiBl=lal=p)  olp2) | —
w’ c(p3)

1
Z (_1>M+>\—l (ﬁl +6lﬁl+l>Zébﬁl)y“.ngfH-ﬂHl)ymyzébﬁx)yzégl)x”_xzégu)less)x

I=x-1
1574 aPtlel+p) c(p1)
w’ platlBl=lel=p)  (p2) | —
WI/ C(p3)

Bx p ki1 ky
ﬁ)\+p1—kﬂ Ox+p1—m\ [(p2+m
S IP NI
k1=0 i=2 k;—=0 m=0 P by —m P2
Zc(fl)y...yZifk’l)yZéjl7ﬁ*+kl)x2(a27k1+k2):lc...leSS"'_k“_1+k"’)xZézl_k"’+m)x

ba
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w alptlal=Bxt+oi+m)  (Br+pi—m)
W' | platlBl=lal—o1—m)  (p2+m)
W” C(p3)

T B vt S —
e ﬁ)\ —k‘l,]{il —kg,...,ku_l _kN (6>\ _k‘l)!(k‘l —k‘g)!...(k‘u_l —k‘u)!

is the monomial coefficient.
For non-essential elements of the form

W | a®) plar+Bh o)
20y yz 0y [ W | plame) e
W | cles)

where o1 >, f1 > ta+1, ;> 0for j =2,...,4, t; = 01 + 1+ 0 and p; > 0, the corresponding
basis of the syzygies is

w a®) ploatlBh) - lp1)
di+1si<Zc(51)y...yZéfi)y W | plamen) o) _
W” C(p?’)

W a(p+0'1+|6‘) C(pl)
div1 (Zgbﬂl)y...ngfi)yZégl+6)x w' | pla—o1) cp2) —
W" C(pS)

Wl a®  peHs) e
Zﬁb’al)y...yZ(fi)y W’ | bla—o) ele2) —

C

W” C(p3)
Bi B+ pL—3 ny ‘ w aproi+lBl=Bi+i)  (Bit+p1—i)
3 ( i+ 1 J) <p2 J>Zéfl)ymyZC(fi_1>yzégl+|ﬁl—m+a> w' | pla—or—i) clp2+d)
=0 1 P2 W | eles)
1 B+ 8 w a@toi+18) (1)
Z (_1)i—l< 1 l+1>Zébﬁl)ymyzc(fz-i-ﬁwl)ymyzgji)yzégﬂrﬁl)x w! pla—o1) c(p2)
I=i—1 bi W | ces)

For non-essential elements of the form

1774 a®) plortlB) - (p1)
Zc(gl)y...ch(bﬁi)y W' | bla=on) (p2)
W” c(pB)
where g —p < o1 <ti,p1 >0and p1 >0 +1, 6, >t+1,8; >0forj=2,...,i,t1 =01 +1+4+0
and p; + p2 + p3 = r — | 8], the corresponding basis for the syzygies is
1574 a®) plor Bl (p1)
dit15; <Z(bﬁl)yyZ§5l)y w’ pla—o1)  (p2) —

C

W” c(pS)
ol o+ k 1% a®) plor+IBl+p1)
di+1<2(1)k( 2 >Zéfl)y...yZéfi)yZifl_k)y W' | pla—or—k)  (p2+k) _
p W// c(p3)

k=0
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p1—o—1 w aPttitlBl+l)  (pr—o—1-0)
Y (e (pz to+1+ l) <a + l) 200y 780y 7 G0 [y | et (oot
=1 P2 o+l W’ | cp3)

o+1p1—k . w aP) plor+IBl+k+i)  (p1—k—j)

SO (=1 <P2 + ) <p2 + Zy)zébﬁl)ywyzc(f,)y W | plamoi—k—i)  pathti)

k=0 j=0 P2 P2+ W' | cles)

o+1 W a(®) ploi+lBl+e1)

Z(_l)k (02 + k) (ﬁz +p1— k) Zébﬁl)y yZ(ﬁz 1) Z(bﬁiJr/h*k)y w' pla—o1—k)  a(patk) _

k=0 P2 fi W” | )

SR p2 Y\ (B +
i—m [ P2 1 m+Bm+1 i —k
>0 30 (e (PR (T ) 2y 2 iy

k=0 m=i—1 P2 ﬂm
%% a®) pler+18l+p1) pr—o—1
W' pla—ori—k) o2tk _ Z (—1)7+1 (Pz +o+1+ l) (0 + l>
w c(p3) =1 P2 oc+1
%74 a® ptr+181+1) clpr—o—1-1)
200y yzB0y | W | plamtmD leatoti) n
W” c(/’ii)

mili U+1<2+0+1+l+n ppoto+1+0N\[oc+I\/(Bi+pr—0c—1—n—1
=1 n—o p2+o+1+1 P2 o+1 Bi —n
W a(IH*tlJr\ﬁ\*ﬂHan) C(ﬁi+p170717n7l)

2.y 2y zy PR | platimten) clpzrtotitin) +
W” C(p3)

p1—o—1 1
o i—m + +1+l +l 6m+ﬂm
e N (SO G

P2

W apttatIBl+l)  (pr—o—1-0)
Zé?l)y...yZ£5m+ﬁm“)y...yZéfi)yZéZﬁlmH)x w’ | pla—ti-D clp2tot+1+0)
W” C(p3)

For non-essential elements of the form

W | a® plortIBh  olpr)
20y yz Py [ W | pame) e
W | ps)

where g —p< o1 <t;,pr >0and py <o+1, 6 >ta+1,8; >0forj=2,..,i,ty =01 +1+4+0
and p1 + p2 + p3 = r — |5, the corresponding basis for the syzygies is

W a(P) b(01+|5|) c(pl)
diHsi(Z(ﬁl) ZOy [ W | pame) e >:
W” C(p3)

w a® plor+18l+p1)

p1—1
+k : _
dm(Z(l)’“(p2 )Zﬁfl)y...yzéff’yzggl Dy [ wr | pameim ceetw
p2 W” c(p3)
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p1—1pi—k . 1% a(p) b(<71+‘m+k+j) c(p1—k—j)
(_1)k (Pz + k) <P2 +k+ ]) ngl)ymyzggi)y W' pla—o1—k—3)  (pat+k+))
k=0 j=0 p2 p2+k W | s
p1—1 1574 a® plor+18l+p1)
Z (71)]@ <p2 + k) <ﬁz +p1 — k) Zéfl)ymyzébﬁi—l)yzéfr‘rm—k)y W' pla—o1—k)  (patk) _
k=0 P2 b W | o)
p1—1 1
i—m + k 67" + ﬁm 1 m— m m m i 1—
S ey (P2 ) (O B ) 20y 2y 2 2 g2y

k=0 m=i—1 m

w a®) plor+1Bl+p1)

w! pla—o1—=k)  .(p2+k)

W// C(FS)
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