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THE DECOMPOSITIONS OF SCHUR COMPLEXES

HYOUNG J. KO

ABSTRACT. This paper presents a method for finding the characteristic-free
Pieri type decompositions of Schur modules, Weyl modules, and Schur com-
plexes. We also introduce several new combinatorial rules for computing the
Littlewood-Richardson coefficients.

1. INTRODUCTION

The study of finite-free resolutions, modular representations, invariant the-
ory, and algebraic geometry over fields of positive characteristics has led to the
characteristic-free representation theory of the general linear group. Several
authors constructed and investigated the representations of the general linear
group over fields of arbitrary characteristics (see, for instance, [5]), but the
question is far from being completely understood. Recently, it has been recog-
nized that those constructions can be adequately adapted in order to make sense
over arbitrary commutative rings; Akin, Buchsbaum, and Weyman [1, 2] have
introduced and studied the Schur and Weyl functors which turn out to be the
natural generalizations to commutative rings of the constructions of the classical
representations of the general linear group given by I. Schur and H. Weyl, re-
spectively. These functors are universally free and give rise to modules—Schur
and Weyl modules—which are isomorphic over fields of characteristic zero,
but are far from being isomorphic over the integers. Furthermore, Schur and
Weyl modules are indecomposable, but they are not, in general, irreducible over
commutative rings. Moreover, this important development admitted a natural
generalization to Schur complexes, whose usefulness is abundant. For instance,
Schur complexes play a central role in the resolutions of determinantal varieties
[2, 8]. This forces us to further study Schur complexes. One way to study
Schur complexes is to look for complex-theoretic versions of classical character
relations for the general linear group. We shall first specialize our questions
in terms of modules. Let F denote a finitely generated free module over a
commutative ring R with an identity. Then, the Schur module L, / #F and the
Weyl module K, L are naturally GL(F)-modules. If R is a field of charac-

teristic zero, we have the direct sum decompositions L, / #F =3 CiVLVF and
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K, F=2 CﬁVKVF for suitable partitions v of weight |A| — |u|, and suitable

coefficients Cﬁy [2, 3]. In general, the above decompositions hold only up to
filtration because the direct sum decompositions are natural only in characteris-
tic zero. To extend such decompositions to the more general case in which the
ground field is replaced by an arbitrary commutative ring, we need to describe
those partitions v by means of a filtration natural in every characteristic, and
the coefficients Cf“, in an efficient way.

With this example in mind, we will now sketch the outline of this article.

§2 covers the basic definitions and some of the important properties utilized
in the main body of the paper.

In §3, we prove the analog for Schur complexes of the Pieri formulas for
symmetric functions (or Schubert cycles). More precisely, let ¢: G — F be
any homomorphism of finitely generated free modules over a commutative ring
R. Then we construct universal filtrations of the Schur complexes L, /(p)qb and
L, /(Ip)d) whose associated graded complexes are the direct sums of Schur com-
plexes of the type which results in the classical case. Specializing our results,
we obtain the characteristic-free Pieri type decompositions of Schur modules,
Weyl modules, and Schur complexes.

84 provides efficient algorithms for computing features of the Littlewood-
Richardson coefficients Cju .

2. SCHUR COMPLEXES

Shape matrices. In this section, we will review some of the basic facts and give
some of the basic notation that will be used throughout. For proofs and details,
we refer the reader to the papers [1, 2] of the bibliography.

A partition is a nonincreasing sequence A = (4,,..., 4;) of nonnegative
integers 4, > A, > --- > 4,. We say that the number of its nonzero terms
is its length, /(A). The weight of a partition A is the sum of the terms of
/ and is denoted by |A]. We will denote by N°° the set of all infinite se-
quences of nonnegative integers containing only a finite number of nonzero

terms. Given any finite sequence A = (4, ..., 4,) we may think of it as a se-
quence (4;,...,4,,0,...) in N* by extension with zeros at the end. Thus,
we will not distinguish between (4,,...,4,) and (4;,...,4,,0,...) in N*.

A relative sequence is a pair (4, u) of sequences in N*° such that u C A
meaning that u; < 4, for all /. We will use the notation i/u to represent
relative sequences. If both 4 and u are partitions, then the relative sequence
A/u will be called a skew partition. It is natural to think of a sequence A in
N as a relative sequence 4/(0) by taking the zero sequence (0) = (0,0, ...)
as the second member of the pair.

Suppose now that A/u=(4,, ..., 4)/(u,, ..., u,) is a skew partition. The
diagram of A/u is defined to be the set of all ordered pairs (i, j) of integers
satisfying the inequalities 1 </ <'s, u;,+ 1 < j < 4; simultaneously. The
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shape matrix of A/u is an S x 4, matrix 4 = (q, ;) defined by the rule

{1 ifu, +1<j<4;,
a.. =
Y 0 otherwise.

As an example take A = (4, 3, 2) and u4 = (2, 1). Then the shape matrix of

Mu is
0011
(0110)
1100

where each dot represents an ordered pair (i, j). It is often convenient to
replace the dots by squares, in which case the diagram is

and the diagram of A/u is

In general, we define a shape matrix to be a finite matrix with zeros and ones as
entries. Given any relative sequence A1/u we can associate to A/u a diagram
and a shape matrix with the similar rules used for skew partitions. However, we
will usually not distinguish between a relative sequence A/u, its shape matrix
A4 = (a;;) and its diagram A;, - The weight of a shape matrix 4 = (a;;) of
a relative sequence A/u is defined to be |A| — |u| and is denoted by |A4|, or
simply |4/u].

If A=(4,4,,...)€ N is a partition then its conjugate or transpose is
defined to be the partition A = (Il , 12, ...) where Z]. is the number of terms
of A which are greater than or equal to j. Similarly, if 4 = (a; j) is a shape

matrix we define the transpose A’ := 4 = (a, j) of A in the usual way by taking

a.=a...
ij Ji
Let 4 = (a;;) bean s xt shape matrix. We define the row sequence a, =
(a;,...,a,) of Abya,= Z;-:l a;; for i=1,...,s and the column sequence
b, tobe a;. Clearly b, = (b, ..., b) where b, =3;_a,; for j=1,...,1.

That is, a, is just the sequence of row sums of 4 and b , 18 the sequence of
column sums of 4.

Schur modules, Weyl modules, and Schur complexes. Let R be a commutative
ring and let ¢: G — F be any homomorphism of finitely generated free R-
modules. We define the symmetric algebra S¢ on the map ¢ to be the Hopf
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algebra AG ® SF and the exterior algebra A¢ on the map ¢ to be the Hopf

algebra DGRAF , where ® denotes the ‘twisted’ tensor product over R. The

element C; € G* ® F corresponding to the map ¢ € Homg(G, F) under the

natural isomorphism Hom (G, F) = G*®F acts on both S¢ and A¢ making

them into complexes. In particular, C Py ANG® SjF s A"'Ge S ; 1 F » where

C,€ AG*®SF ,and C,: D,GRA’'F — D,_ ,G®A’*'F , where C, € SG*®AF .
Define Sp¢ to be the complex

0o AG— - 2AGeS FE...2G®S _FoSF—0
p—i p—1 P
and define Af¢ to be the complex
C —i C _
0—-D,G—  <DGRA'F=S -GN 'F—A'F—0.

It is clear that S¢ = szo S,¢ and A¢ = szo A’¢. Tt can also be checked
that multiplication and comultiplication maps in S¢ and A¢ are compatible
with the boundary maps. The reader should keep in mind that if ¢ is a zero
map of 0 — F, then S¢ is just the usual symmetric algebra SF on F and A¢
is the exterior algebra AF on F . Similarly, if ¢ is the map of G — 0, then
S¢ 1is the exterior algebra AG on G and A¢ is the divided power algebra DG
on G. Note that S,¢ = A’¢ is the trivial complex 0 — R — 0 and S,¢ = A'¢
is0-GLF—=0.

Now we let 4 be an s x ¢ shape matrix and a,, b, to be the sequences of
row and column sums of A4 as we did before. We can then define a map of chain
complexes, called the Schur map, d,(¢): A, ¢ — S ;¢ to be the composition

A= A > (AR AP @ @ (AY P @ A% ¢)

= (A9 @AM 8 @(ANP® @ AYg)

x~ (Sa“d; Q- ®Saﬂ¢) R ® (Sa“¢® .. ®Sa5,¢)

_’Sb]¢®"'®Sbr¢= SbA¢=S/i¢’
where the first map is diagonalization, the second is the isomorphism rear-
ranging terms, the third is the isomorphism identifying A% ¢ with S , ¢ (for
a; = 0 or 1), and the last map is multiplication. (Notice that we use only
formal properties of the Hoof algebras involved.) It should be observed that
the Schur map d,(¢) does not depend upon ¢, for only G and F are used.
Since each of the maps comprising d,(¢) is a map of complexes, the Schur

map d,(¢4) is a natural transformation and a morphism of complexes. Hence,
its image is a complex and we make the following definition.

Definition 2.1. The image of d,(¢), denoted by L ¢, is called the Schur com-
plex on ¢ associated to the shape matrix 4. When A is the shape matrix of
a skew partition i/u, we write L, y ﬂqﬁ instead of L, ¢ . It should be noted that
the Schur complexes L, ¢ are complexes of GL(G) x GL(F)-modules (“GL(¢)-
complexes”, for short).
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Notice that L,(_) is a functor from maps to complexes over R. If we re-
strict our attention to the maps of the form ¢: 0 — F, then we write d,(F)
for d,(¢) and recover the usual Schur functor L, F on R-modules (in dimen-
sion zero) as the image of d,(F). When we view L, ,F as a GL(F)-module
in a natural way L F will be referred to as the Schur module. Similarly, if
we restrict attention to the maps of the form ¢: G — 0 we write d,(G) for
d,(¢) and obtain the Weyl (or Coschur) functor K,G (in dimension |4[) as
the image of 4 ,;(G). When viewed as a GL(G)-module K,G will be referred
to as the Weyl module.

Suppose now that ¢: G — F is the direct sum ¢, @ ¢, of two maps
¢;: G, — F,, i =1,2. By this we mean that G = G, ©G,, F = F, @ F,,
and ¢(g,, &,) = (¢,(g,), $,(g,)) . For any nonnegative integer p we have the
direct sum decomposition
(1) No= 3 A% ons,

a+b=p
of chain complexes. If P = (p,, ..., p,) is a sequence of nonnegative integers
of length s, then (1) immediately yields a natural direct sum decomposition of
the chain complexes Ap¢ = ANip®- - -® A as follows

(2) Ap¢ = ZA.¢1 ® A|,¢2 s
where the sum is taken over all sequences a = (a,, ..., a,), b= (b, ..., b))
of nonnegative integers such that a,+ b, = p, for i=1,...,s. Fix integers a

and b such that a+b = |P|, and define Ay(¢,, ¢,: a, b) tobe J_A, ¢, ®A P,
over all sequences a, b of length s satisfying a+b="P, |aj=a,and |b|=b.
It follows from (2) that there is a direct sum decomposition
Ap¢= Z Ap(¢1 s ¢2; a, b)
a+b=p
where p = |P|. The above discussion and definitions may be repeated with S
in place of A.
If A is a shape matrix, then we can apply the above discussion to the row
and column sequences of 4 to obtain natural direct sum decompositions
AA¢= E AA(¢1’¢2;a’b)’
a+b=|A|
Sip= Y Si¢,,¢,:a,0)
a+b=|4]|
of chain complexes. It is immediate from homogeneity that the Schur map
d,(¢) decomposes into a direct sum ), b= 4] d,é,,¢,;a,b) where each
d¢,, ®,;a, b) isamap of complexes A (¢, ¢,; a, b) = S;(é,, ¢,;a,b).
We can then define L,(¢,, ¢,; a, b) to be the image of d,(¢,, ¢,; a, b) and
obtain the natural direct sum decomposition
(3) LA¢= Z LA(¢1>¢2;a,b)
a+b=|A4|
of complexes.
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Standard basis theorem. Most of what is known about the functors L,(_) is
known in the case 4 = A/u is a skew partition. We will give a brief summary
of those properties which will be needed in this paper, beginning with the pre-
sentation of Schur complexes by generators and relations. (See [2] for details
and for references to treatments of related subjects.)

If A4 is a shape matrix of a skew partition A/u, we let p, = A, — u, for
1<i<l(A)=s,and t,=p;—u, ,+1 for 1<i<s—1.Foreach i<s-1
and r;, > 0, we have a map [J,:

Apl¢®”.®Api+tl+ri¢®Api+l—’i—ri¢®,H®Aps¢__)Apl¢®.”®Aps¢

defined by diagonalizing A”**"i¢ into A”¢ ® A“*"i¢ and then multiplying
A*ip @ AP+ 75 into AP+'¢. We then define the map

Dl/u(d)): EApxqs@...®Api+’i+’i¢®Api+1_’i_’i¢®.”®Aps¢ __}AP:¢®”.®AP:¢

i,r;

i+1

to be the sum of all the above maps [, as we let i range from 1to s—1, and
the nonnegative integer 7, range from 0 to 4, ., —u; — 1. It is shown in [2]
that dl/”(¢)DA/#(¢) = 0. Hence, if we set L/W(zﬁ) = cokerDM”(d)) , we have a
natural map

©5/u(®): Lyyu® = Ly 8-
Theorem 2.2 [2]. For any skew partition A/u, the complex L, u® 1S free in each
dimension, and the morphism 81/#(q5) is an isomorphism. Hence, L, /#d) isa
universally free complex. (By this, we mean that for a given map ¢: G — F of
free R-modules of finite ranks the component of L, W@ in each dimension is a
free R-module of finite rank which depends only on the ranks of G, F and not
on the ground ring R.)

As the Schur complex L, / #q’) is universally free, we may ask what a basis for
L, / ud) is? There are many ways to describe a basis for L, / ﬂqb in terms of bases

{g&,...,8,) of Gand {f,..., f,} of F,but we shall describe two of the
most common ways that arise in practice.
Let B(G,F) = {g,...,8&,,f;»---, f,,} be the union of the two bases

totally ordered by
g < &< <g <fi<h<--<[f,

and let B(F,G) ={f,,..., f,, &,---, &, be the same set totally ordered
by i< fh<- < f,<8 <& <--<g,. Then we call a map, T,
from AW to B(G, F) a tableau in B(G, F) of shape A/u. The set of all
such tableaux is denoted by Tab, y u(B(G , F)). Now the domain of d, /#(d)) is

Ayd= A THg @ .. @ AN % ¢ which can be viewed either as

(4) 3 (DaIG®A”IF)®~~®(DaG@A’%F)
a+b=4—p, )
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or as
5 A"FeD,G) & & (A*F®D,G).
(5) bzu< . G) ( Ne)
A tableau T in Tab, y #(B(G, F)) is called row-standard mod G if in each row
of the tableau T, the entries are increasing with repeats allowed only among the
basis elements of G. T is called column-standard mod G if in each column of
T, the entries are increasing with repeats allowed only among the basis elements
of F. T is called standard mod G if it is both row-standard mod G and
column-standard mod G . We note that when G has the empty base (i.e., G =
0) the tableau 7 may be called row-standard, column-standard, or standard
in the above definitions, respectively. If F has the empty base (i.e., F = 0),
then the tableau 7 may be called co-row-standard, co-column-standard, or co-
standard in the above definitions, respectively.

If, now, we take a tableau T € Tabl/ﬂ(B(G, F)) which is row-standard
modG, then we may associate to such a tableau a basis element Z,. of A, / #qb
as follows: if the entries in the ith row of T are
gil...gil giz...giz...gik...gikf;l...ﬁbi

o o o

I ] 43
(where Zeij =a;,and a;+ b, = A; — u;), then the element

zZr =8 e g @ f AN,

is a basis element of D, G ®A%F and 2 =2Z;® ® ZT is a basis element
of (4). Conversely, gwen a basis element of Z of (4) we can assign to it
a tableau T, in Tab, y ﬂ( (G, F)) which is row-standard modG. The above
discussion and definitions can be repeated with B(F, G) and (5) in places of
B(G, F) and (4). Notice that the same conclusion holds for any order of the
basis elements of G and F, not only for the ones B(G, F) and B(F, G) we
have chosen. Thus, from now on, when we do not specify the order of the basis
elements of G and F, we assume that we have chosen some order, once and
for all, and we denote by B(¢) such a totally ordered set of the basis elements
of G and F.

Theorem 2.3 [2]. A basis for Ll/”qﬁ is given by {dl/u(qﬁ)(ZT)lT is standard
mod G in Tabl/u(B(qﬁ))}.

Remark that Theorem 2.2 and 2.3 are usually called the standard basis the-
orem for Schur complexes. If 7 is standard modG in Tab, /#(B(qS)) , we call
., /ﬂ(d))(Z ) a standard basis element of L, / u¢‘ If G =0, then we call those
theorems the standard basis theorem for Schur modules. But if F = 0, then
we call those the standard basis theorem for Weyl modules.
An important consequence of the standard basis theorem is the decomposi-
tion by filtration of the Schur complex L, (¢, ® ¢,). Let ¢: G — F be the
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direct sum ¢, ® ¢, of two maps ¢,: G, — F;, and let 4 =4/u be a skew par-
tition. From (2) we have the direct sum decomposition of the chain complex
A

A= ZAa/u¢l ®A;,0,
where the sum is over all sequences ¢ such that 4 C g C 1. Now for any such
sequence y we define subcomplexes

My(LA¢) = dA(¢) (Z Aa/#¢1 ®Aﬂ./o‘¢2) ’
g2y

(6)
My(LA¢) = dA(d)) (Z Aa/”¢1 ®Al/a¢2) >
o>y

where d,(¢): A, ¢ — S;¢ is the Schur map and the summations are restricted
to partitions ¢ satisfying x4 C ¢ C A. The inequalities ¢ > y and ¢ > y refer
to the lexicographic order on sequences of natural numbers. Thus ¢ > y means
that ¢, =y,,...,0,=7, and o, , > 7, for some i. Notice that if y is not
a partition, then it is clear from (6) that My(L 4P) equals My(L ). If yisa
partition, it is equally clear that My(L ,9) equals M?(L ,$) where 7 denotes
the smallest partition > y in the lexicographic order.

We have a filtration {My(L 4D)lu €y € A} of L,¢ by chain complexes,
decreasing as a partition y increases in the lexicographic order. It should be
observed from the straightening law [2] that the summations in (6) can be al-
lowed to range over all sequences o, 4 C o C 4, satisfying ¢ >y and o > vy,
respectively.

Theorem 2.4 [2]. If v is a partition, u C y C A, then there is a natural isomor-
phism of chain complexes

L,, 6, ®L,,6, = M, (L,)/M,L,0)
induced by the restriction of d [(¢): A ¢ — L ¢ to
A0, ®AN,,¢,— M,(L,3).
Hence, the associated graded object of the filtration {M (L )} is naturally iso-

morphic to the direct sum
> L8 8L,,6
Y

of complexes where the sum is over all partitions y satisfying u Cy C 4.

From the decomposition result (3) for a direct sum, this theorem can be
reformulated for convenience as follows.

Corollary 2.5. If A is the shape matrix corresponding to a skew partition A/u,
and integers a, b satisfy a+b = |A|, then the complex L ,(¢,, ¢,; a, b) admits
a natural filtration

{M,(L,(¢,, ¢p5a,b)luCyCAa,ly/ul=a,l|i/7]=0b}
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by subcomplexes so that the associated graded complex is

2Ly ®L,,0,
where the sum is taken over all partitions y such that u Cy C 4, |y/u| = a,
and |A/y|=b.

One of the consequences of Theorem 2.4 and Corollary 2.5 is a decomposition
formula for the chain module (L ¢) ; in dimension j of the Schur complex
L ¢, where again 4 = A/u is a skew partition and ¢: G — F is a map of free
R-modules.

Corollary 2.6 [2]. There is a natural filtration by R-modules of (L,®) i whose
associated graded module is naturally isomorphic to

> L, Fek,,G,
7

where the sum is over all partitions y satisfying u Cy CA and |A/y|=j.

To complete this section, we stress the fact that Theorem 2.4 and Corollary
2.5 give filtrations of complex (whenever ¢ = ¢, ® ¢,), while Corollary 2.6
gives a filtration of modules (for any ¢).

3. PIERI FORMULAS FOR SCHUR COMPLEXES

In this section, we will prove the characteristic-free versions for Schur com-
plexes of Pieri formulas for symmetric functions (or Schubert cycles).

Over a field R of characteristic zero the irreducible polynomial represen-
tations of GL(F) are the vector spaces L, F', where 4 = (4,,...,4,) with
A, < dimF. The tensor product L,F ® SpF is again a representation, and
since GL(F) is linearly reductive, we have

LF®SF=Y LF
[

where ¢ runs over all partitions of weight |A| + p containing A subject to the
restriction that the diagram of o/4 contains at most one box in each row. Sim-
ilarly, the tensor product L, F ® A’ F decomposes into the direct sum 3 P L pF
where p again ranges over those partitions of weight |A| + p containing 4, but
now subject to the condition that p/A contains at most one box in each column.

In [1], these two decompositions were proved in a form that is valid over any
commutative ring R.

A natural question, then, is whether the same decompositions hold for Schur
complexes. We begin with the skew Pieri formulas.

Theorem 3.1. Let R be any commutative ring, ¢: G — F any homomorphism
of finitely generated free R-modules, and A any partition. Then

(a) L, /199 admits a natural filtration whose associated graded complex is
isomorphic to Zu L#QS where the sum is taken over all partitions u C A such
that |\u|=1|Al—p and A;— 1 < u; <4, forall i;
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(b) L, /(p)qﬁ admits a natural filtration whose associated graded complex is
isomorphic to ), L, ¢ where the sum is taken over all partitions v C A such
that |v|=|Al-p and A; - 1<V, <4; forall j.

Proof. (a) Let us take w: 0 — R to be the zero map. Using Corollary 2.5 we

know that L,(v, é; p, |4| — p), which is isomorphic to L,(¢, v ; |A| — p, p)
has two natural filtrations which yield the following two decompositions:

L(y,é;p,|Al-p)= Z L,y ®L, ¢ up to filtration,
yCA
ly|=p

L(¢,v;]Al-p,p)= Z Lﬂ¢®L,Wt// up to filtration.
uCa
|A/ul=p
Since y: 0 — R is a zero map, Ly= 0, unless y is the partition (17), and
in this case L= (0 = R — 0). Therefore, we have

L,(v, ¢;p, 1Al -p) =L, ).

On the other hand, we have L, WY = 0 unless A/u contains at most one box
in each row, in which case L, Y = (0 = R — 0). Hence, we get exactly the
statement (a).

(b) To see the formula (b), we will follow the same line of reasoning as
that of formula (a), but we need some minor modifications. Consider a zero
map y: R — 0 (see the difference in the zero maps here and there). Using
Corollary 2.5, we know that L,(v, ¢;p, |A] — p), which is isomorphic to
L,(¢, v;|Al - p, p), has two natural filtrations which yield the following two
decompositions:

L(v,¢;p,|Al-p)= Z L,y ®L,, ¢ up to filtration,
7CA
[7I=p

L(¢,v:lAl-p,p)= ) L¢® L,,, ¥ up to filtration.
IJ!%ip
Since w: R — 0 is a zero map, Ly = 0 unless y is the partition (p), and
in this case Lyv=(0—-R-0). Therefore, we have L,(y, ¢;p, |A| —p) =
L, /(p)¢- On the other hand, we have L, WY = 0 unless A/v contains at most
one box in each column, in which case L, W= (0 - R — 0). Thus, formula
(b) now follows from the above discussion.

As special cases of Theorem 3.1, we obtain the Pieri formulas for Schur
complexes.

Theorem 3.2. Let R be any commutative ring, ¢: G — F any homomorphism
of finitely generated free modules, and A any partition. Then
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(a) L,¢®S,¢ admits a natural filtration whose associated graded complex is
isomorphic to ), L_¢ where the sum is taken over all partitions o such that
lo|=1Al+p and A, <0, <A, +1 forall i;

(b) Lo ® AP ¢ admits a natural filtration whose associated graded complex
is isomorphic to 'y, , L, where the sum is taken over all partitions p such that
lpl = Al +p and Ij <p; 51j+1 forall j.

Proof. (a) If we let A =(4,, ..., 4,) be a partition with 4_# 0 and

M= +1, A +1, 1,...,1)
p

a partition formed by adjoining s + p ones to A, then it follows from the
definition of the Schur complex that L,¢ ® S, =Ly /(13)¢. A diagram of

A'/(1%) is pictured below:

If we now apply formula (a) of Theorem 3.11, we immediately recover for-
mula (a).

(b) As regards formula (b), we take A" to be the partition (4,+p, 4,, ..., 4,)
and note that L,¢ ® o= L A 41)¢' We then apply formula (b) of Theorem

3.1to L,, /(xl)‘ﬁ and obtain formula (b).

Recalling that if ¢: 0 — F (thatis, G = 0) then L/Wq& is L/WF in dimen-
sion zero, and if ¢: G — 0 (thatis, F =0) then L, /#¢ is K, /”G in dimension
|A/u| (the number of boxes in the skew shape), we obtain the following results.

Corollary 3.3. Let R be any commutative ring, and let F denote any finitely
generated free R-module. Then one has the isomorphisms (up to filtrations,
obviously):

(a) L, qanF = Zu LF, where u runs over all partitions such that u C 2,
lul=Al—p,and A, — 1< u, <A, forall i,

(b) L, o = >, L, F, where v runs over all partitions such that v C A,
lv|=1Al—p, and Zj— 1<, Sij forall j;

(c) Kl/“p)F = E,, K, F, where u runs over all partitions such that u C A,
ul=|Al—p,and A, — 1< pu; <A forall i,

(d) K, F = X, F. where v runs over all partitions such that v C 1,

lv|=|A|-p, and @-159}3% forall j.
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Corollary 3.4. Let R be any commutative ring, and let F denote any finitely
generated free R-module. Then one has the isomorphisms (up to filtration, obvi-
ously):

(a) LLF®S,F =} L,F, where o runs over all partitions such that ¢ 2 4,
lol=|Al+p,and 2, <0, <A, +1 forall i

(b) LLFRA'F =Y , L,F . where p runs over all partitions such that p 2 4,
lpl=1Al+p,and i, < p,<2;+1 forall j;

(c) K,FRAN'F =Y _K_F, where o runs over all partitions such that ¢ 2 4,
lo|=|Al+p,and 4, <0, <A;+1 forall i,

(d) K;FeD,G=3. K F, where p runs over all partitions such that p 2 4,
lpl =|Al+p, and Ij <P, SIJ.-H Sorall j.

4. LITTLEWOOD-RICHARDSON RULES

In this section we will provide useful descriptions of Littlewood-Richardson
coefficients. Let us first review some preliminary notions in Combinatorics.
A finite sequence a = (q,, ..., a,) of positive integers is said to be a lattice
permutation, if for each k = 1, ..., n, the number of times [ appears in the
subsequences (a,, ..., a;) is not less than the number of times i+ 1 appears in
there, for every positive integer {. E.g., (1,1,2,2,1, 2, 3) is alattice permu-
tation; (1,1, 2,2,2,1, 3) is not a lattice permutation. If a = (q, ..., a,)
is any sequence of positive integers, its content is defined to be the sequence
v = (v, v,,...), where v; is the number of times i/ appears in a. It follows
that a is a lattice permutation if and only if the content of (a,, ..., a,) isa par-
tition for each k =1, ..., n. More generally, a finite sequence (xi, s X )
from an ordered set B = {x; < --- < x,} is called a lattice permutation if
(iys...,1,) forms a lattice permutation of numbers.

Lemma 4.1 [2]. There is a bijection between the set of lattice permutations of
content v and the set of standard tableaux of shape v with distinct entries from
the set {1,2,...,n}, where n is the weight of v .

Proof. To see this let T be row-standard tableau of shape v with distinct en-
tries 1,...,n. Each i€ {1, ..., n} appearsas anentry 7(j, k). Let a, = j
and define o(7T’) to be the sequence (q,, ..., a,) of content v. Conversely,
if a=(a,,...,a,) is a sequence of content v, let (akl e aku‘) be the sub-
sequence of a with entries equal to i. Define f(a) to be the row-standard
tableau of shape v given by f(a)(i, j) = k;. It is clear that o and B are
inverses. An easy induction argument on » shows that S takes lattice per-
mutations to standard tableaux and that o does the reverse, giving the desired
bijection.

As an illustration, f takes the lattice permutation (1,1, 2, 1, 3, 2) to the
following tableau.
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1 2 4
3 6
5

Suppose that 7' is a tableau of shape v . Then its transpose T is the tableau
of shape U given by 7~’(i, J)=T(j,i). It is clear that T=Tandif T isa
standard tableau with distinct entries, then so is T. Now let a= (@y,...,a,)
be a lattice permutation of content v. We define its transpose a to be the
lattice permutation «(f(a)) of content 7, so that a =a. It is easy to see that
a=(da,,...,4,), where g, is the number of @, such that @, =q, and k <i.
Furthermore, we define the content of a tableau 7' in Tab, /V({l ,2,...,n})
to be the sequence in N whose ith term is the number of times the element
i appears as an entry in T .

Now let T be a standard tableau in Tab, /.,({1 ,2,...,n}). We define two
sequences Ass 7T and &ss T associated with 7" as follows:

—Ass T is the sequence of T formed by listing the entries of 7 from bottom
to top in each column, starting with the left-most column and continuing to the
right;

-&ss T is the sequence of T formed by listing the entries of 7 from left
to right in each row, starting with the bottom row and continuing to the top.

Definition 4.2. The Littlewood-Richardson coefficient (or LR-coefficient, for
short) Cﬁy is the number of standard tableaux 7 in Tabi/y({l s oo ity }) of
content i such that AssT is a lattice permutation.

v

u,v CA. Atableau T is a Littlewood-Richardson (“LR”, for short) tableau
if AssT is a lattice permutation. Thus Cju is the number of standard LR-
tableaux of content z in Tab, /V({l »2,..., 4,}). Now we will prove that
Ass T may be replaced by &/ssT in the above definition. This allows us a
little bit more freedom for computing the coefficients Cju in practice. For the
convenience of simplicity, we consider all the tableaux in the following as those
with values in {1, 2, ..., n} for a suitable integer n.

It is easy to see that Cju = C'lﬂ, and Cﬁy = 0 unless [A| = |u| + |v| and

Proposition 4.3. Given a pair of partitions v C A, let T be a standard LR-
tableau of shape A/v that has more than one row. If T, is the tableau obtained
by erasing the top row of T, then AssT, is a lattice permutation.

Proof. If we let AssT, = (a,, a,, ..., a,), then it is clearly enough to show
that the content of (a,, ..., a,) is a partition for each k =1, ..., n. From
the proof of Lemma 4.1, S(AssT) is a tableau whose shape is the content of
T, and the entries in the top row of T correspond to the outside boxes in the
rows of the diagram of B(Ass7T). If we let a’ to be a subsequence listed from
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a, upto a; in AssT (note that g, and g, are not in the top row of T), the
content of a’ is a partition because Ass T is a lattice permutation. Notice that
the sequence (q,, ..., a,) can be obtained from a’ by erasing all the entries
in the top row of 7. Now observe that the diagram obtained by erasing an
extremal box in the diagram whose shape is a partition has again the shape of a
partition. (A box is extremal if it is an outside corner, i.e., if it has no neighbor
to its right or below it.) If we let

b,--b,

be the top row of T and the entries b, < b, < --- < b, are involved in the
sequence a’, then the box in f(a’) corresponding to b; is extremal. Thus, the
diagram obtained by erasing that extremal box in B(a’) corresponding to b,
has the shape of a partition. Using the same argument as above, we next keep
erasing the boxes in fB(a’) corresponding to b,_y..., b, one after another,
to obtain the sequence of the diagrams whose shapes are partitions. This shows
that the diagram of B((q,, ..., a;)) has the shape of a partition. It then follows
from Lemma 4.1 that the content of (a,, ..., a,) is a partition.

Theorem 4.4. Given a pair of partitions v C A, let T be a standard LR-tableau
of shape AJv. Then ZssT is a lattice permutation.

Proof. We shall proceed by induction on the number r(4/v) of rows of the
diagram A, v observing that &/ssT = AssT is a lattice permutation in the
trivial case r(A/v) = 1. Assuming the theorem is true for all such 7 ’s with
the number of rows < r(A/v) — 1, let us prove it for a standard LR-tableau T
with r(4/v) rows. From Proposition 4.3, AssT, is a lattice permutation and
so &ssT, :=(a,, ..., a,) is alattice permutation by our induction hypothesis.
Using the same notation as in Proposition 4.3, we have

HssT=(a,,...,a,, b,,...,b).

Therefore, it is clearly enough to show that the content of (q,...,aq,,
by, ..., b;) is a partition foreach i = 1,...,/. As b, <--- < b, are the en-
tries corresponding to the outside boxes in the rows of the diagram of B(AssT),
we erase the boxes of f(AssT) corresponding to the entries b,, b,_,, ..., b,
(starting from b, up to b, , one after another), and then we get the diagram of
B((a,,...,a,,b,...,b;)). From the proof of Proposition 4.3, the shape of

1

the diagram of B((a,, ..., a,, b,, ..., b;)) is a partition, so that the content of

(a,,...,a,,by,...,b;) isapartition. Hence, &/ss T is a lattice permutation.

Next, we claim that if 7 is any standard tableau and /ss T is a lattice
permutation then Ass7 is also a lattice permutation. Using the same meth-
ods given in the proofs of Proposition 4.3 and Theorem 4.4 with the column
arguments in place of the row arguments, we obtain:

Proposition 4.5. Given a pair of partitions v C A, let T be a standard tableau
of shape A/v that has more than one column, and let &/ss T be a lattice per-
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mutation. If T' is the tableau obtained by erasing the right-most column of T,
then &ssT" is a lattice permutation.

Theorem 4.6. Given a pair of partitions v C A, let T be a standard tableau of
shape A/v, and let s/ssT be a lattice permutation. Then AssT is a lattice
permutation.

On the basis of the above theorems, we state the Littlewood-Richardson
coefficients in the following alternative form.

Corollary 4.7. The LR coefficient ij is the number of standard tableaux T
in Tab, /u({l s .-+ My}) of content i such that &/ssT is a lattice permutation.

To complete this section, we give a few other rules for the LR coefficients.
We have already noticed in §2 the dual nature of d, ; (_) and d/'l / W) Ttis
proved as a consequence of the universal freeness of (co)Schur functors in [2]
that (L, F )" = K; wF *). Working with a field R of characteristic zero, we
know from the Littlewood-Richardson rule [2, 3] that

L,F= Y C,LF and

Alu
uCrCi
~ i
K;,F= Y Ci,K,F.
RACPCA

Since GL(F) is linear reductive, the GL(F)-modules L F and K F are irre-

ducible and isomorphic, so we have Cﬁv = C;L, . Hence, we have the following
result.

Proposition 4.8. The LR coefficient C:V is the number of standard tableaux T
in Tab;w({l , ... i, }) of content u such that AssT (or equivalently, &/ssT)
is a lattice permutation.

Finally, we transpose all standard tableaux in the above discussion to refor-
mulate the results in terms of costandard tableaux.

Corollary 4.9. The LR coefficient C‘f,, is the number of costandard tableaux
T in Tab; /0({1 , ..., M }) of content i such that the sequence associated to T
(formed by listing the entries of T from top to bottom in each column, starting
with the right-most column) is a lattice permutation.

Corollary 4.10. The LR coefficient Cju is the number of costandard tableaux
T in Tab, /V({l , ..., l;}) of content u such that the sequence associated to T
(formed by listing the entries of T from top to bottom in each column, starting
with the right-most column) is a lattice permutation.
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