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Introduction

In 1982 R. Stanley initiated the study of reduced decompositions of elements
of S,,. Central to his work was the introduction of a family of symmetric functions
indexed by permutations. He conjectured these functions to be Schur positive and
proved a number of their interesting properties including the enumeration of certain
classes of reduced decompositions. Over the years that followed several works have
appeared with different proofs of the Stanley conjecture by various methods which
range from the purely combinatorial to the purely algebraic. Circa 1982 in a completely
independent development Lascoux and Schiitzenberger founded the Theory of Schu-
bert polynomials. Central to their study were some combinatorial consequences of a
Pieri-like result for Schubert polynomials which they called “Monk’s rule”. This led
to the definition of a tree associated to every permutation ¢ € S,,. Unbeknown to
them at the time and to many even at the present time, the LS tree of a permutation
is, in a sense that can be made precise, a purely combinatorial version of the Stanley
symmetric function. Using this tree and several combinatorial properties of reduced
decompositions, the Schur positivity of the Stanley symmetric function follows in a
remarkably illuminating manner. In these notes we present the contents of a series of
lectures in a Topics in Algebraic Combinatorics Course given at UCSD in Winter 2001.
The material by no means covers all the aspects of the fascinating subject of reduced
decompositions that have been developed over the last two decades. The choice of
topics, limited by the time available, follows the taste of the author and what appeared
to be a natural path through a luscious forest of remarkable combinatorial discoveries.
We strived throughout to make our presentation as self-contained as possible. Some of
the later proofs that appeared in the literature after the original papers are so elegant
and simple that we were forced to reproduce them here almost verbatim. Our main
effort has been concentrated into providing a novel and illuminating way to develop
the material. Our original stimulus for choosing this topic came from several exciting
exchanges with Kevin Kadel a visitor at UCSD for the academic year 2000-2001. We
also benefitted immensely from some of the insights he provided us in the study and
developments connecting reduced decompositions to balanced tabloids.

Unquestionably the most rewarding byproduct of our efforts is the discovery by
David Little of a new and remarkably simple bijective way of deriving the Schur posi-
tivity of the Stanley symmetric function. Indeed, our close study of the combinatorial
properties of the Lascoux-Schiitzenberger tree suggested a way to avoid the Theory of
Schubert polynomials by a purely elementary path that refines the information yielded
by the Theory. A description by David Little of his work is included as an Appendix
to these notes.






A Historical Note

The following picture displays a letter of Richard Stanley announcing his break-
through in the summer 1982. The statement that he was unable to prove that

“...the multiset M () cannot contain elements with negative multiplicity. ..”
refers to his conjectured positivity of the Stanley symmetric function.
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Mathematics has a fascinating way of providing us with unexpected develop-
ments. Itis indeed quite remarkable that, after so many years and so many researchers
roaming in the area of reduced decompositions, and the deep machinery that was in-
troduced in their study, anything could be added that uses only “bare hands”. Yet,
after David Little’s work, as a final comment to Stanley’s letter, we may add that

“There is now an elementary proof of Schur positivity that uses
... 1o Schensted, no representation theory, no Schubert polynomials and
... no symmetric functions! ”






1. Reduced Factorizations

1.1 Notation

It is customary to interpret a permutation ¢ € S, as a bijection of {1,2,...,n}
onto itself and we often write it in the form
( 1 2 3 ... n )
o = ,
gy 02 03 ... Op

meaning that o; is the image of ¢ under o. In this vein to compute the product § x o we
proceed from right to left and obtain

1 2 3 ... n - 1 2 3 ... n « 1 2 3 ... n
001 9(72 003 e 9(,” o 91 02 93 e 011 o1 09 O3 . Op
Keeping this in mind, it will be convenient and economical with space to omit the first

line and simply write
g = 010203 "-0p

viewing o asaword in theletters 1,2, 3, ..., n. Hereand after welet s; (for1 <i <n—1)
represent the simple transposition

1 2 -~ i i+1 - n) 111

Siz(i’i+1):<1 2 o i+l i - om

Note that multiplication of o on the right by s; results in the interchange of the elements
0;,0i+1. Thus in our shorthand we may write

0102+ 0i410; *0Op = 0102 0;0it1 " Op X S; .

Let us recall that the number of inversions of ¢ is given by the sum

inv(sig) = Z x(o; > 0j) .

1<i<j<n

Itis clear that right multiplication of o by any simple transposition increases the number
of inversions by one if 0; < ;41 and decreases it by one if o; > ;1. Let us recall that
an index i such that o; > 0,4 is called a “descent” of o and correspondingly

Do) = {1<i<n—1:0;>011}

is usually referred to as the “descent set” of . This given, if we want to express an
element o as a product of simple reflections the number of factors required should be
at the very least inv(o). For this reason, inv(o) is often referred to as the “length” and
briefly also denoted by /(o). Note that it is always possible (in fact in many ways) to
express o as a product of I(o) simple transpositions. To do this we simply start with
o = 0(°) and construct a sequence of permutations

c D) L) L@ L () L 0
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i 1 . , 35621784
with 01 = (") x s; and where i is only chosen by the requirement 35551743

that i be in the descent set of o("), that is 0!”) > o7, . Since this 35261748
requirement assures that [(c("*1)) = [(¢(")) — 1 the sequence will stop 35261478
after exactly (o) steps with ¢(!(?)) = 123...n, (the identity permu- gggi 23;2
tation). In the display on the right we illustrate such a sequence for 53516478
the permutation o = 35621784. Here the labels on the right of the 23514678
dividing line give the indices ¢ for which the correspondind s; was 23154678
chosen. It should be apparent from this example that each time we 21354678
have a variety of choices, (one for each element of the descent set of 21345678
’ 12345678

the current permutation).
Factorizations of a permutation ¢ as a product of (o) reflections are called “re-
duced” and the word in the letters 1,2,...,n — 1 giving the successive indices of the
factors is called the “reduced word ” corresponding to the factorization. Thus for the

factorization above

_ RN WU RN R OW

35621784 = §18452835551525458653S7 1.1.2

the corresponding reduced word is 14235124637. Factorizations into simple reflections
whether reduced or not are best studied by means of a line diagram which exhibits
the trajectories of each of the labels 1,2, ..., n as we proceed in our construction of the
target permutation. In the display below we illustrate the diagram corresponding to
the factorization illustrated above.

1 2—0—0—2—2, I—G—G——3—3
emeeeeo
B—3—GS M =G 1D——2) (6
@@ (=G D—D—D—1) oS 12—2 .
=G Y@= (o606l TH—D—1D— B
OO OO 0RO OO O e D€
O O OO O O O O RO OYC
O O OO O O OO OO ORC

A close examination of this display reveals one fundamental property of diagrams
corresponding to reduced factorizations:

for any pair of indices 1 < i < j < n: thei-line and j-line cross at most once.

The reason for this is quite simple: once we interchange 7 and j, doing it again would
decrease the number of inversions, and we never do that to get a reduced factorization.

We should mention that there is a systematic way of getting a reduced factor-
ization for any permutation ¢ = o103 - - 0,,. Starting from the identity permutation,
we make first the interchanges that bring ¢, to first position, then those that bring o2
to second position, then those that bring o3 to third position and so on until we reach
o. This is best understood by an example. In the next display we have illustrated this
process applied to o = 452163.
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1.1.4

We thus obtain the factorization 452163 = s352515453525355. It is easily seen that, in
general, the resulting factorization will be of the form

n—1
o = H (saisai,lsai,g e si+1si) 1.1.5
i=1

with a; > i — 1 (note that a; = 7 — 1 must be included for the cases when the the
corresponding factor should be taken equal to 1 (i.e. missing). Here and after these
factorizations will be called “canonical”. A moment’s reflection should reveal that these
observations yield the following basic identity

Theorem 1.1.1

n—1
Z o = H (]. + S; + Si+18; + Si42Si+1Si + -+ Sp—1- - Si+28i+18i) 1.1.6
oES, i=1
Proof

It should be understood that the factors in the right hand side of 1.1.6 are to be
taken from left to right as 7 goes from 1 to n — 1. This given, interpreting the left hand
side as an element of the group algebra of S,,, then the identity simply asserts that each
o € Sy, has a factorization of the form given in 1.1.5.

The following basic identities will play a fundamental role in the sequel, they are
usually referred to as the “Coxeter Relations”.

Proposition 1.1.1

1) s? =id V 1<i<n-1,
2) Si Si4+1Si = Si+1 Si Si+1 A 1§i§n—1, 1.1.7
3) Si S5 = 8584 Zf |Z—j|22

Proof
The first and last follow immediately from the definitions of the s;. The middle
one just expresses the fact that the permutation

g (12 i itlit2 om
T\l 2 id2 ikl i o

has two reduced decompositions. We should also point out that the right hand side
of 1.1.7 2) is in fact the canonical decomposition of #;. A visual understanding of this
relation may also be provided by the following display
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This is but an instance of the more general result which may be stated as follows

Theorem 1.1.2

We may pass from any reduced factorization to any other of a given permutation o by a
sequence of applications of identities 1.1.7 2) & 3). The inclusion of 1.1.7 1) is only necessary
to pass from a non-reduced factorization of o to a reduced one.

Proof

It is sufficient to show that we can pass from any factorization of ¢ to a canonical
one. To this end our first step is to show that we may pass from any factorization which
does not contain s1, s9, .. ., s;—1 to one which contains at most one occurrence of s;. We
can prove this by descent induction on . Clearly the assertion is trivial for i = n— 1. So
let us assume that it is true fori+ 1,7+ 2,...,n — 1 and let W be a factorization which
contains no occurrences of sy, sa, ..., s;—1. Suppose W contains two occurrences of s;
and let us write it in the form

W=W1SiW28iW3 1.1.8

withno occurrences of 51, sz, . . ., s;in Wa. So by induction we change W5 to a expression
W3 which contains no occurrences of s;;1 or one of the form

/
Wg = W21 8¢+1W22

with Ws; and Wag not containing any occurrences of sy, S2,. .., si+1. In the first case,
by successive uses of the Coxeter relations we can carry out the three transitions

W=W1SiW28iW3 — W18¢W2/SiW3 I W1Si8iW2/W3 — W1W2/W3.

In fact, the second transition only needs successive uses of 1.1.7 3). Clearly, this case
only occurs when W is not reduced.
In the other case, using the Coxeter relations we first carry out the transition

W =WisiWas;Ws — Wi s; Way si401 Wao s Ws .

Since W51 and Ws, have only occurrences of s; with j > ¢ + 1, by successive uses of
1.1.7 3) we can then carry out the transition

W18 Wat si11 Waa 8 Wa —— Wi Way 85 8541 8 Waa W3
and finally a use of 1.1.7 2) completes the sequence

W = WlSiWQSiW{; I W1 S; ng Si+1 W22 S; W3 —
— W1 W21 Si Si4+1 Si WQQ W3 I

— W1 W21 Si4+1 Si Si+1 WQQ W3
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reducing by one the number of occurrence of s; in W. Proceeding in this manner we
can arrive at a point where either there is only one s; left or none at all. This completes
our induction. This given, starting from any factorization W, by means of the Coxeter
relations we can eliminate altogether all the occurrences of s; or carry out the transition

w — W181W2

with Wi and W» containing no occurrences of s;. By a further sequence of steps we
can carry out one of the two transitions

W1 S1 WQ — W11 S92 W12 S1 WQ or W1 S1 WQ — Wll S1 WQ

with no occurrences of s; or sy in Wi or W{. In each case successive uses of 1.1.7 3)
will complete the succession of transitions

W — WisiWo — WiisaWiasi Wo — Wiy sos WiaWs

or
W — W181W2 — W{81W2 — 81W1/W2.

Since there are no other occurrences of s; in either case and no ocurrences of s; or
s9 in Wiy in the first case, we see that the pattern typical of a canonical factorization
is beginning to emerge. Indeed the next step is to work on W;; and obtain one of
the transitions W71 — Wi11s3Wi12 or Wip — s3Wi12 with no occurrennces of
51, 82, s3 in W12 This gives the transitions

w — W11 S92 81 W12W2 I W111 83W112 S92 81 W12W2 —
— Wi11Whi2 53 52 51 W12 W

or
W — W118281W12W2 — 83W1128281 W12W2 — 8382 851 W112W12W2.

We need not say any more here. The reader should have no difficulty understanding
how this process can be continued to yield in the end a canonical decomposition of
the permutation o corresponding to the factorization W. To clear up any remaining
uncertainties it may be appropriate to carry out the all the steps necessary in a particular
instance. A good case in point is the factorization in 1.1.2. In the display below the
labels on the right of the vertical line indicate which of the Coxeter relations are used in
that particular transition the boxes appear as soon as one of the descent strings typical
of canonical factorizations is formed.

142351246 37],
41213524637/,
4 21235246 37]|];
214235246 37]|;
2 1 4232546 37]|;
2 174 3 2|3 5 4 6 3 7|,
2 1[4 3 2[5 3 4 3 6 7|,
2 1[4 3 2[5 4 3[4]6][7]
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The main goal of these notes is to present some of the main results obtained in the
description and enumeration of all reduced decompositions of any given permutation.
Nevertheless, we should note at this point that, at least for small n, these reduced words
can be constructed by computer in a relatively simple manner. This construction is
based on the following identity.

Theorem 1.1.3
If for a given o € S,,, we denote by “RED(c)” the collection of all words corresponding
to reduced factorizations of o then

>oow = > ool 1.1.9

weRED (o) i€D(o) w €RED(os;)

Proof

It might be good to start by explaining the notation used in 1.1.9. To begin with
the left hand side should be interpreted as the formal sum of all the elements of R(o).
Thus to prove 1.1.9 we only have to show that each summand occurring in the left hand
side occurs once and only once on the right hand side. Finally, we should note that the
symbol “w’i ” simply means the word obtained by appending the letter i to the word
w’. Now note thatif W = W’'s; is a reduced factorization of o then we must necessarily
have o; > 0,41 and W’ will necessarily be a reduced factorization of ¢’ = os;. This is
because W' is a factorization of ¢’ and the number of its factorsis I(c) — 1 = [(¢”). Now
if w is the word corresponding to W and w’ is the word corresponding to W’ we have
w = w'i. This given we see that all w € RED(o) do occur in the right hand side and
they occur only once for the simple reason that eachsum . ppp(,s,) w'é consists
of distinct words and different values of “i ” yield different sums of words.

It will be instructive at this point to show how this identity can be translated
into a MAPLE program. However, before implementing 1.1 we need a three auxiliary
procedures “sigact”, “preds”, “cocat”. The first has 2 input variables, an index 4
and a permutation o . Then sigact returns the permutation ¢’ = os;. The procedure
preds takes a permutation o as input and returns all the “predecessors” of o, that is the
collection

PRED(0) = {0’ : o' =0s8; & 0> 0441} 1.1.10

Finally, cocat takes two input variables, an index s and a list of words L. Its output is
the list of all words obtained by appending the index s to each word of L. These three
procedures are given below

preds:=proc(sig)

local n,out,i;
N - n:=nops(sig); cocat:=proc(s,L)
sigact:=proc(i.sig) out:=NULL; local o%t,i,w;
Ioc.al pout; for i from 1 to n-1 do out:=NULL;
°“‘-=s[isge[‘i1ﬁigs%ﬁ‘s-;:()s’igm if sig[i]>sig[i+1] then forw in L do
il oL ’ out:=out,[i,sigact(i,sig)]; = .
j=i+2..nops(sig))]; fi; ou(t)d.out,[op(w),s],
end: od; out;,
[out]; end:

end
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This given, the following procedure with input a permutation ¢ returns all the words
corresponding to reduced factorizations of ¢. It can be easily checked that it simply
expresses in MAPLE almost verbatim the identity in 1.1.10.

REDS:=proc(sig)
local prevs,out,i,s,m,tau,te,med;
prevs:=preds(sig);
if prevs=[] then
out:=[[]];
else
te:=NULL;
m:=nops(prevs);
for i from 1 to m do
s:=prevs[i][1];
tau:=prevsli][2];
med:=cocat(s,REDS(tau));
te:=te,med;
od;
out:=[te];
fi;
out;
end;

Now a call of REDS([4, 3, 2, 1]) yielded 16 reduced words as listed below.

123121 213231 312132 213213
121321 123212 132132 232123
212321 312312 321232 323123
231231 132312 231213 321323

1.1.11

We need to introduce a combinatorial structure which will play a crucial role in our
further developments. Given a permutation ¢ = 010203 - - - 0, We associate to it an
n X n diagram with entries “ ()", “X” or “e“, as follows. In column j and row o;
we place an X. This done, in all the positions west or below this X we place an “e”.
Finally when all the X’s and the e ’s have been placed we fill the remaining positions
with O ’s. The resulting figure will be referred to here and after as the “Circle Diagram”
of the permutation o. The display below gives the circle diagram of the permutation

o = 48652371.

4 8652371
1/\/\/\/\/\/\/\x
=
LA A A JX|e|e]e
3/\/\/\/\. ol e

NAA A A

4[X[o|o|e|o]e]e]e 1.1.12
5 QC)C)X e|lo o0

6 .()X e|o 0|0 e

7 o()o e o0 X|o

S|le|X|e|e|e e e|e

Remark 1.1.1

We should note that each of the circles correspond to an inversion of . Indeed,
from our construction of circle diagrams we will have a “()” in position (3, j) if and
only if the “X” in column j occurs below (7, j) and the “X” in row i occurs to the right
of (i,7). This is equivalent to saying that o; > i and j' = o; ! > j, Thus this “Q)”
corresponds to the inversion o; > 0.
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1.2 The matrix approach

Note that the rearrangement
/
X = (z1,22, 23, 04, 35, 26,07, 78) — X' = (24,73, %6,T5, T2, T3, T7, T1)

may simply be obtained by matrix multiplication. In fact, if we must have X’ = XM
(interpreting X and X’ as row vectors), then we are forced to take

1.2.1

[N eNeNoll >Nl
_ O OO oo oo
SO OO O oo
[ NeNel e NN Nl
OO DO O OO+ O
S oo oo~ OO
O R OO OO oo
OO DD OO OO

We clearly see that the positions of the ones in this matrix corresponds precisely to the
positions of the X’s in the circle diagram of 48652371. More generally, the transition

X = (21,22,23,.. ., Tn) — X' = (Toy,ToysTogy-+rTo,)

can obtained be obtained by right multiplication of X by the matrix

. n
M(o) = [Ix(i=0oj)|;,_,
We usually refer to M (o) as the “permutation matrix” corresponding to 0. Note then
that the permutation matrix corresponding to the simple transposition s; = (¢,7 + 1)
of S,, may be schematically depicted as the n x n matrix

In other words, M (s;) has entries equal to one in positions (i,7 + 1), (¢ + 1,7) and (3, j)
forj=1,...,i—1land j =4+ 1,...,n, and all the remaining entries equal to zero.

This enables us to view the line diagrams in 1.1.3 and 1.1.4 in a completely
different light. Indeed, note that we may write the ¢, j-entry of the multiplication of

k + 1 matrices A" = Hag)Hﬁj:l, (r=1,...,k+ 1) in the form

1) 4(2) A3 TR N ~ 1) @ 3 (k1)
(AD AP A®) gDy Z Z Z .. Z afa; an ag 122
i1=142=1143=1 =1

This expression has a very useful visualization. We depict a sequence of k + 2 equally
spaced columns, with nodes labelled 1,2,...,n and view the sequence of indices
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i—i1—iy— - - - =i —J as a path successively hitting the labels 4,41, iz, . . ., i, j as indi-
cated below for the case n = 6, k = 4 and the sequence 3, 5,2, 1,4, 2. We also assign to

the edge joining label i of column r to label j of column r + 1 the “weight” al")

.; and,
correspondingly assign to any path a weight equal to the product of the weights of its
edges. This given, we can then interpret the right hand side of 1.2.2 as the sum of the

weights of all the paths joining label ¢ of column 1 to label j of column £ + 2.
1 1 1 1 1 1

3
azl)

)

a,

2 2 27 2\"2 2
4 ot
3 3 /3 3 \3/3
(1)
a35
4\4 4 4 4 4
5 5 5 5 5 5

6 6 6 6 6 6

We shall here and after briefly refer to these displays as “multiplication diagrams”.
Clearly, the sum on the right hand side of 1.2.2 need only be carried out over the paths
of weight # 0. This given, to further simplify these diagrams, we shall only depict edges
i—j of weight a;; # 0. In this manner the multiplication diagram of M (s )M (s2)M (s1)
reduces to

1 1—1 1
X X
2 2 2 2

We can thus visualize the identity

0 0 1

010 1.2.3
1 00

by computing each of the 9, j-entries in the product as a sum of weights of paths. Zero
i, j-entries corresponding to the cases when there is no path joining i to j. Of course
in this extremely simple case for any pair i, j either there is no path or there is only
one of weight 1. This accounts for the right hand side of 1.2.3. Although we may not
see it from this example, we will soon appreciate how powerful this imagery can be in
understanding certain matrix identities. Atany rate, we can now visualize the displays
in 1.1.3 and 1.1.4 as instances of multiplication diagrams. In this manner we can use
the display in 1.1.3 to obtain a visual understanding of the identity

M(s1)M(s2)M(s1) =

00001000
00010000
10000000
M (s1)M (s4)M (55)M (53)M (s5) ~loooo0oo0o0 01
M (s1)M (s2)M (s4)M(s6)M(ss)M(s7) — [0 1.0 0 0 0 0 0
00100000
00000100
00000O0 10
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It develops that Kassel, Lascoux and Reutenauer [6] discovered that by adding a single
non-zero entry in each of the matrices M (s;) we can have the resulting product retain
full information as to each of its factors and the order in which they occur. To be precise
these authors let P;(z) (for a fixed n) be the n x n matrix

This given, it is easy to see that in the 3 x 3 case the product P (x)P»(y)P:(z) may be
represented by the multiplication diagram

1l-z-1—1-2-1
2 2-y-2 2

3—3 3—3

from which we derive that
r 1
Pi(z)P(y)Pi(z) = z 1 0 1.24
0 0

Here the y + xz entry accounts for the fact that there are two paths joining 1 to 1.
Namely, 1—-1—1—1 and 1-2—2—1 of weights “z2” and “y” respectively.

Likewise from the diagram

1—1-y-1—1

2 =x=2 2=2=2

3—3
we derive that
y z 1
Py(z)Pi(y)P(z) = [« 1 0 1.2.5
1 0 0

At this point it will be useful to note, for future reference, that combining 1.2.5and 1.2.4
we obtain the following beautiful relation first noted in [5]:

Pi(x)Pa(y)PL(z) = Pa(2)Pi(y + 22)Pa(x)
Similarly, in the n x n case, we derive that
Pi(z)Piy1(y)Pi(2) = Pip1(2)Pi(y+x2)Piy1(z) (fori=1,2,...,n—1) 1.2.6
More generally, for a given reduced word w = ajagas - - - a; Kassel et al. do set in [6]

Pw(xl, T2, T3,y ,Il) = Pa1 (Z‘l)Pa2 (Z‘Q)Pa3 (xg) e Pal (Z‘l) . 1.2.7
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Our goal here is to fully understand the structure of this matrix. We shall begin
by showing that in some cases its entries can be written down without any calculation.
To be precise we have the following remarkable fact.

Theorem 1.2.1 (Kassell, et al.)
If w is the word of the canonical factorization of a permutation o, then the matrix
Py (z1,x2, 3, . ..,21) is simply obtained from the circle diagram of o by replacing every “X”

by a 1, every “o” by 0 and the “(O’s” by the variables x1,x2,xs, ..., x; successively up the
columns starting from the left most column and proceeding to the right.

Proof
It will be good to start with a particular case. For instance, for the canonical
factorization of o = 452163, illustrated in 1.1.4, this construction yields

45216 3 x3 mg x7r 1 0 0
: A @ x5 1 0 0 0
3 L X| — P32143235(J)1 o, ... xg): 1ot 0 0 s 1 1.2.8
41X oo elele e 1 0 0 0 0 O
sleTx[eTalels 01 00 0 0
6G|le|e|e e |X|e 0 0 0 0 1 0

To visualize the mechanism that produces this result we resort to the multiplica-
tion diagram corresponding to the product that yields Ps2143235(%1, Z2, . . ., xg). Now it
is not difficult to see that this diagram can be simply obtained by adding edges with
weights 1, x2, 3, 24, 5, 6, 7, g to the display in 1.1.4, as indicated below

To calculate the 3, 2-entry in Ps2143235(21, %2, - - ., Tn) using this diagram we locate all
the paths that join 3 to 2. We see that there is only one such path. This is obtained
by following the 3-line until it meets the edge labled x4 then traverse this edge and
then follow the 5-line untill the end. This gives that the 3,2-entry is z4. Now we
should clearly see why the entries in positions (3,1), (2,1) and (1,1) turn out to be
x1, T2, 3 respectively. This is simply because as we bring 4 to first position by the
transpositions sz, s2, 51, in the product diagram corresponding to Ps(z1)P(z2)Pi(x3)
the horizontal edges with weights x1, z2, 23 open up three paths respectively joining
3to1,2to1land1to 1. Similarly in the portion of the diagram corresponding to the
factors Py(x4)Ps(x5)Ps(z6) the horizontal edges with weights x4, x5, 26 open up three
paths respectively joining 3 to 2, 2 to 2 and 1 to 2. That accounts for x4, x5, ¢ landing
in positions (3,2), (2,2), (1,2), of the resulting matrix. Similar reasoning accounts for
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the positions of z7 and xg. To establish the result in the general case, we have three
crucial observations:

First, we note that because in a canonical factorization, we bring the elements
01,02,03 ... to their positions successively one at the time, as we bring o; to the j th in
steps k,k + 1,k + 2,...,k + r the edges with weights zy, Txy1, Trt2, ..., Thyr are all
above the o;-line. This given, when a path in the multiplication diagram traverses one
of these edges it will then be forced to follow the o;-line to its end and therefore it will
never be able to traverse any other z-weighted edge. This shows that for any pair (¢, j)
there is no path joining i to j, or a single path. In the latter case the path starts with
the i-line and either it never traverses one of the z-weighted edges thereby following
the i-line all the way to the end (here ¢ = o; and the 4, j-entry is “1” ) or it traverses an
z-weighted edge and then it must continue along the i’ = oj_l—line all the way to the
end (see figure at the end of the proof). If the crossing occurs at step k then the weight
of the edge is xj, and the 4, j-entry will be zy.

Second, we note that in the latter case, 0 = i (see figure below) with j' > j and
o; =14’ > i imply that the 4, j-position is precisely a “()”-position in the circle diagram
of 0.

Finally, if the weights of horizontal z-labelled edges that touch the o;-line are
successively «;, Zit1,. .., Zi4+r then these weights will necessarily land in the “()”-
positions of the j** column of the resulting matrix. This completes our proof.

Remark 1.2.1

We have shown above that if the k*" transposition in our reduced expression
interchanges i with i’ = ¢; then the variable z; will appear in the i, j-entry of the
resulting matrix. If we review the argument we can easily see that this particular
conclusion did not use the fact that there we were dealing with a canonical factorization.
However, in the general case, as we shall see, there will also be other paths joining i to j
and they will contribute further terms to the 4, j-entry of the resulting matrix. Keeping
in mind this fact we can prove the following remarkable property of the matrices
R‘,(Z‘l, T2y ,xl).

Theorem 1.2.2 (Kassel, et al.)
Let o be a permutation of length l and let J = (z;x; : 1 < i < j <) be the ideal in the
polynomial ring Q[z1, x2, . . . , x| generated by the products x;x;. Then for any w € RED(o)
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the matrix Py (x1,22,...,2;1) modulo J may be obtained from the circle diagram of o by

“u

replacing every “X” by a 1, every “o” by 0 and the “(O’'s” by a permutation of the variables
x1,T2,T3,. .., 2. More precisely, if w = a1, as, . .., a; then the ”()” in position (i, j) is to be
replaced by xy, if the transposition s,, interchanges i with o ;.

Proof
Recall that we can pass from w to the canonical factorization w, of o by a suc-
cession of applications of the relations 2) and 3) of 1.1.7. Now from 1.2.6 we deduce
that
Pi(x)Pi11(y)P;(2) & Pi(2)Piy1(y)P;(x) (mod J) fori=1,...,1 1.2.9

and we clearly have
Pi(z)P;(y) = P;(y)Pi(x) for|j—i|>2 . 1.2.10
Thus if we use the same relations that bring us from w to w, to the product
Pu(@1, 2,y 01) = Py (01) Py (@2) Pay () - Puy (a1)
we see that the relations in 1.2.9 and 1.2.10 will yield us an identity of the form
Py(x1,20,...,2;) = Py (x9,,Toy,...,20,) (mod J)

with 61,05,...,6; a permutation of 1,2,...,n. This given, our assertions follow from
Theorem 1.2.1 and Remark 1.1.1.

It will be worthwhile to illustrate this argument by working on a specific exam-
ple. For this we take 0 = 615243 and the word w = 453243251 € RED(o). In the
display below we give the sequence of steps that transform 453243251 into the canoni-
cal factorization 543215435 of . On the right of the vertical line we have indicated the
transformation we carried out from one step to the next.

R(x) E(z) Bz, Bz E(z,) E(z) Bz, Ex) Plx,)
B(z) E(z,) B(z) Bz, Rz, E(z,) Bz, Rz, Ex)
P(x) E(z)) Bz B(x) Bz, E(z) B(z)) Pz, Elx)
Rlx) Rz) Be) ) Bla) Bla) B) Ra) Be) |

Rla) Rz) Ra) ) Bla) Bl Ra) Re) Re) | 0 1211
R(z,) E(z) P(z,) E(z,) E(z,) E(z,) Bz, Ez,) E)

R(z) E(z) P(z,) E(z,) E(z,) P(z,) Bz Ez,) E)
B(z,) E(z,) B(z) Elz,) E(z,) B(z,) Ex) E,) E)
R(z)) E(z)) Bz B, F(z,) B(z) Ez) E,) E)

51 =>51
2432 > 4232

232 > 323

3421 > 3214
454 > 545

5321 > 3251

This shows that modulo the ideal J = (Z‘ix]‘ 1<i<j< 9) we have

Pys3243251 (1, T2, T3, T4, T5,%6, T7, Ty, Tg) = 1919

P543215435(x77x27x5) T6, L9, L1, L3, T4, 1‘8,)
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Since s554535825155545355 is the canonical factorization of o = 615243 we can follow the
recipe given by Theorem 1.2.1 and obtain

9 1 0 0 0 O
Te 0 T4 0 0 0
~ Is 0 T3 0 Tg 1
Py53243251 (21, 22, 3, T4, T5, 6, T7, Ty, Lg) = 2 0 2, 0 1 0 1.2.13
xzz 0 1 0 0 O
1 0 0 0 0 O

Remark 1.2.2

We should note that the effect of working
in the quotient ring Q[z1, 2, ..., x]/J is to kill
all contributions to the matrix P, (z1,z2,. .., ;)
coming from paths that traverse more than one
of the z-weighted edges. In fact we can easily
see from the adjoining product diagram that the
if we do not kill all monomials of degree 2 the
resulting matrix is

T 1 0 0 0 O

6 +xazy 0 x4 0 0 O

+ 0 0 1

Prssaagosn (21,22, 0w0) = | 00T 0
T7 0O 1 0 0 O

1 0 0 0 0 O

Our next goal is to show that we can produce equivalences such as in 1.2.12
by working directly with the final matrices, rather than by acting on the factors. To
state and prove this result we need to make some definitions and establish some
auxiliary propositions. To begin let us denote by P (z1,%2,...,7;) the matrix we
obtain when we compute the entries of P, (z1, z2,...,z;) mod J. We shall also refer to
PJ (21,22, ...,2,) as the “linear part” of P,(z1,xa,...,7;). For given indices j; < ja <
-+ < ji, let us denote by PJ[j1,ja,. .., jk]| the k x k submatrix of P (z1, %, ...,2;)
contained in columns ji, j2, ..., jr and rows o;,,0j,,...,0; . Note thatif k = 3 and
oj, > 0j, > 0, then the submatrix P [j1, j2, j3] will be of the form

w

y z 1
Pg[jlvj?vjl}] = z 1 0
1 0 0
This given, we shall call a “3-Coxeter transition for k” in P7(z1,72,...,7)a replacement
of the form
Th41l Thyo 1 Th+1 T 1
Tk 1 0 — Thyo 10 1.2.14
1 0 0 1 0 O

More precisely, such a transition consists in locating three indices j; < j» < j3 such
that the submatrix Py [j1, jz, j3] is of one of the forms given in 1.2.14. This done, the 3-
Coxeter transition consists in replacing one form by the other formin P (z1, 2, . . . , ;).
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In the same vein, a “2-Coxeter transition on k” is the exchange of z; and zj4;
when

zr and xk4+1 are not in the same row or column.

Thus this Coxeter transition carries out one of the following 4 possible exchanges in
the matrix P (z1, 22, ..., 7))

Lpy==——== | Lpypr————- | === Lpy1 === Z;

I | - I I | - I

I I I 1 1 I 1 I

b L1 b Ly Lpr————— - Lppp===—= -
Proposition 1.2.1

Let w = aq, a9, - - - a; be a reduced word and let
ag =1 , apr1=1+1, ag2=1.
Let w' = af,al, - - - aj be the same as w except in positions k, k + 1, k + 2 where we have
/- 1 / . / . 1
ap=1t1+1, a1 =1, apo=1+

Then the matrix P;Z (z1, 29, ...,7) is simply obtained from PJ (x1, 2, ...,z;) by making a
3-Coxeter transition on k.

Proof
We have

Py(x1,m2,...,m1) = Po(v1) - Pi(xk)Pig1(@ps1) Pi(why2) - Poy (1) -
Under this assumption, the portion of the diagram that contains the edges of weights

T, Tht1 and x4 will necessarily be of the form given below with the xy, z541 and
7)o edges at heights i, i 4+ 1 and i respectively.

=== 1.2.15

- s

Indeed, if it is i1-line and the i»-line that cross at thew k" step, and if it is the i3-line
that the 7;-line crosses at the k + 1°* step then the 75 and i3 lines will necessarily cross
at the k + 2"? step. Since, in the line diagram of a reduced decomposition, any two
labelled lines cross only once, we will have i; < i3 < i3 and the i3, i and ¢; lines must
respectively end up at levels j; < j2 < jz as indicated in the figure. Of course this
means that 0;, =13, 0, =iz and o, =41
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Using this diagram and the recipe given by Theorem 1.2.3, we can easily derive
that the submatrix P [51, ja, j3] must be precisely as given below

Try1 TR 1
PIlj1,gadal = | aks2 1 0] . 1.2.16
1 0 0

Note next that if the portion of the product diagram of P,, (21)P,,(z2) - - - Py, (z1) given
above, is replaced by the portion given below

- s

what we get is precisely the multiplication diagram we can use to compute the matrix
Py (z1,29,...,2) = P (1) -+ Py (ak) Pi(zk41) Pig1 (Trg2) - - Py (x1) .
On the other hand, the relation in 1.2.7 (modulo ) gives
Pi1(@i) Pi (k1) Pip1 (@p42) = Pi(@pg2) Pipr (@e1) Pi(ze) - (mod J)

This means that we also have

PJ(x1,22,...,m1) = Pa, (1) Pi(ri2) Piv1(@hs1) Pi(xy) - - Pay (1)
= Pg(xlv" * 3 Lk42, Lk41, Tk, - "7‘131)
In other words P;Z (z1, 29, ...,7) is obtained from P/ (z1, 2, ...,z;) by interchanging

x, with z;12. However, in view of 1.2.16 this is precisely a 3-Coxeter transition on k.

It is important to know at this point how the matrix P (1,22, ...,z;) changes
as we increase or decrease the number of factors. It develops that these changes can be
carried out by a very simple recipe. More precisely we have

Proposition 1.2.2
Let w = ajaz---ar, € RED(0), and let 0; < o011 so that w' = ajas---apj €
RED(o x sj), then the transition

Pg(ml,mg,...,xk) — Pg,(ajl,arg,...,xk_,_l)

is simply obtained by interchanging columns j and j + 1 of P (z1,x2,...,x)) and then
changing the (o ;, j)-entry of the resulting matrix to “xy41”.
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Proof
For convenience let M,, and M, denote the multiplications diagrams
corresponding to w and w’ and let M,,,, denote the the last two
columns we have to add to M, to get M. Since by our assump-
tions we have

Py(z1,22,...,2541) = Py(x1,22,...,2%) X Pj(Tr41),
the diagram M, /,, will necessarily be as depicted in the the adja-
cent figure. We have also set there i = ¢0; and i = 0;41. Now note
that, when s # j or s # j + 1, to compute an 7, s entry in the matrix
Py (z1,x2,...,2k41) we simply follow the same paths as for the com-
putation of the 7, s entry of P,(x1,22,...,x;) up to the first column
of My, and then proceed to the second column of M, ,, travers-
ing the horizontal edge at level s. This yields that the s*" columns of
Py (z1,x2,...,x,) and Py(z1, x2, . .., xx) areidentical. Similarly we see
that, to compute an r, j+1-entry of P, (1, z2, . .., zx), wemust followa
path of M,, that goes from r to level j and then drop down to level j +1
by following the last step of the i-line in M, /,,. This causes the j + 1%
column of Pg, (x1,29,...,2,41) to be identical with the j** column of
PJ(x1,22,...,75). To compute the r, j-entry of P/ (z1,22,..., k1)
we have two sets of paths. Those which in M,, go from r to level j and
continue in M, ,, horizontally by traversing the z1-weighted edge
(see figure), and those which in M,, go from r to level j + 1 and then
climb up to level j by following the last step of the i'-line in M, /.

However from the first set of paths only the i-line survives in computation mod
J. The reason for this is,except for the i-line, all the other paths have contributed an
z-entry in P7(z1,22,...,7;) and the continuation across the the xp+1-weighted edge
will make their weight a product of z’s and therefore equal to zero mod J. On the
other hand the ¢-line in M,, followed by the zj;-weighted edge will contribute an
Zi+1 to the ¢, j-entry of P;Z (x1,22,...,2k+1). Now a path in M,, from second set that
goes from an r # i to level j + 1, yields the , j + l-entry in P (z1, 2, ..., z)) and will
cause this entry to move to the r, j position in Pg, (z1,22,...,Tkt1) as it climbs to level
j in M“,//w .

We have now accounted for all but the ¢, j-entry in Pg, (z1,22,...,Tk41). The
possibility remains that z+; may not be the only term there because of some path
from second set that went from i to level j + 1 in M,,. However note that since o; =4
there is no “(0” or “X” in position ¢, j + 1 in the circle diagram of o so the i, j-entry in
Py (z1,x2,...,2k) is necessarily zero and therefore there is no path in M,, that joins i
to j + 1. Thus the 4, j-entry of Pg, (x1,29,...,xk+1) must be x4 1 precisely as asserted.

In the display below we illustrate the sequence of transitions corresponding to

the reduced word w = 24534231 € RED(516324).
100000 1 0 0000 1.0 0 0 00
0100 O0O 0 =z 1 0 0 O 0O 21 1 0 0 O
00 100O0]) 9., 0 1. 000 0] _ 4o 0 1 0 0 0O
000100 00 0100 00 0 22 10
00 0O0T1TO0 0 0 00 10 0 0 0 1 0O
000001 00 0001 00 0 0 01
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1 0 0 0 0 O 1 0 0 O 0 O
0 3 1 O 0 0 0 z1 z4 1 0 O
s lor o0 00| 5 fo1 00 00
0 0 0 x29 23 1 0 0 xz2 0 23 1
0O 0 0 1 0 0 0 O 1 0 0 O
0O 0 0 O 1 0 0 O 0O 0 1 0
1 0 O 0 0 O 1 0 0 0 0 O
0 z1 4 =5 1 0 0 24 1 x5 1 0
0 1 0 0 0 O 0 z¢ 1 0O 0 0
4= 0 0 2 w3 0 17270 22 0 a3 0 1 1217
0 0 1 0 0 O 0 1 0 0O 0 0
0O 0 O 1 0 0 0 0 O 1 0 0
1 0 O 0 0 O zg 1 0 O O O
0 z4 x5 1 1 O zg 0 x5 1 1 O
_ 0 z¢ =7 1 0 O | zg¢ 0 7 1 0 O
3210 22 a3 0 0 1 =12 025 0 01
0 1 0 0 0 O 1 0 O 0O 0 O
0 0 1 0 0 O 0 0 1 0O 0 0

Since each of these matrix transitions can be reversed, an immediate corollary of
Proposition 1.2.3 is that the word w can be reconstructed from P (z1, 2, ...,7;). To
do this we simply carry out the illustrated process in reverse. In particular we obtain
thus a proof that the matrix P, (x1,z2,...,x;) is completely determined by its linear
part. Now it develops that there is an even simpler way, in fact a recipe, for recovering
w from P7 (z1, 22, ..., ;). This result can be stated as follows.

Theorem 1.2.3 (S. Fomin et Al [3])

Let w = aqaq - - - a;, and for each k € [1,1] let ¢y, denote the number of x, with s > k
that are directly NORTH or SOUTH of xy, in PJ(z1,2o,...,1;) and let vy, be the number of
x5 with s > k that are directly WEST. This given, if zy, is in column ji, of P (x1, 22, ..., 2))
we necessarily have

ar = Jk+ckp—Tk 1.2.18

Proof

It follows from Proposition 1.2.2 and it is easy to see from the processin 1.2.17 that
if a, = j then z;, lands in column j at the moment itis inserted. However, as the process
of construction of P (x1,zs,...,2;) continues, its column changes. Nevertheless we
can easily keep track of what happens. To begin we see that every time an z, with
s > k gets inserted in the column of z;, the column number of z;, decreases by one.
On the other hand note that if an =, with s > k gets inserted in the row of z; this will
necessarily take place EAST of zj, because to the right of x5 we place a 1 and there is
nothing but zerosin Py (x1, w2, ..., 2;) to the right of any 1’s. Now the only time when
such an z passes to the WEST of z;, is when «z, is immediately to the right of z; and
their columns are interchanged. This causes the column number of z, to increase by
one at that time. Putting all this together we derive that when the transition process
terminates we will find zj in column j; with

Jk=ak+ T —Ck -

This proves 1.2.18.
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Proposition 1.2.3
Let w = aq, a9, - - - a; be a reduced word and let

ap =1 and apy1=s with|r —s| > 2. 1.2.19

Let w' = @, ab, - - - a) be the same as w except in positions k, k + 1 where we have

apy=s and ap =7 1.2.20
Then the matrix P;Z (z1, 29, ...,7) is simply obtained from PJ (x1, 2, ...,z;) by making a
2-Coxeter transition on k.
Proof
Let MS" for amoment denote the matrix obtained after A steps in the construction
process that yields Pg (x1,22,...,2;). Likewise let M fU}f be the matrix obtained after
h steps in the construction process that yields P, (zy,zs,...,z;). This given, from

Proposition 1.2.2 and 1.2.19 it follows that x;, and 11 will respectively be in columns
r and s of ngjk“). Itis also clear that x4 ;1 is not inserted in the same row as x; because
immediately to the right of z;, in M thereisa 1.

Now note that since the two columns involved in the insertion of z; do not
overlap with the two columns involved in the insertion of x;4+1 we can easily see that
M 5)’?“) will necessarily be identical with M. (1) except that the positions of z;, and z41
are interchanged. Consequently, during the remaining part of the insertion processes
yielding PJ (21,2, ...,2;) and P, (21,22, ...,2;) we shall have that MM and Mgf)

will remain related by a 2-Coxeter transition and it will be so the end as well proving
our assertion.

We are now finally in a position to establish the following basic result.

Theorem 1.2.4

For any two reduced words wy and wo of a permutation o of length | we can find a
sequence of Coxeter transitions that transform Py (z1, 22, ..., x;) into Py (z1, 22, ..., ).
Proof

By Theorem 1.1.2 we can pass from w; to wa by a sequence of applications of
identities 1.1.17 2) and 3). But now from Propositions 1.1.2 and 1.1.3 we derive that
1.1.17 2) will cause a 3-Coxeter transition on the corresponding matrix and 1.1.17 3)
will cause a 2-Coxeter transition. Thus the theorem is an immediate consequence of
Theorem 1.1.2 and Propositions 1.1.2 and 1.1.3.






2. Balanced Labeled Circle Diagrams

2.1 From matrices to tabloids

The matrix approach of Kassel et. al. has naturally brought us to the general
notion of Balanced Labeled Circle Diagram introduced in [2] and [3]. Although it will
be good to keep in mind the mechanisms that produce the matrices P (1,2, ..., x;)
it will be more convenient to carry out all our combinatorial constructions and manip-
ulations directly on these tabloids. Roughly speaking, these tabloids are obtained by
filling the circles in the diagram of o with the labels 1,2, ...,1 so that “k” is in the same

position as “z;,” is in PY (z1, 72, ...,7)).
To be precise, in view of Theorem 1.2.2, we have the following

Definition 2.1.1

Given a permutation o of length 1, here and after we associate to each word w =
aiaz - --a; € RED(o) the tabloid T'(w) obtained by placing “k” in the “(O” that is in position
(1,7) if and only if the transposition s,, interchanges i with o ;.

Now it develops that these tabloids have a very curious characterization. To
state it we need some notation and further definitions. To begin, it will be convenient
to let “C'D(0)” denote the circle diagram of a permutation ¢. If ¢ has length [ then
CD(o)has! circles and a filling of these circles with the labels 1,2, ..., [ will be called an
“injective” labeling of C'D(o) or briefly an “injective tabloid”. The label in position (i, j)
in the resulting tabloid 7" will be denoted T;;. We shall of course use matrix convention
to denote location and thus ¢ increases as we go SOUTH and j increases as we go
EAST. As we did for matrices, if T' is an injective labeling of C'D(c), we shall denote
by T'(j1, jo, - - -, jk) the subdiagram of T that is contained in columns j1, jo, . . ., jr and
TOWS 0j,,0j,, - - -, 0j,. We shall also denote by T.5(j1, j2, . - . , jx) the entry that is in the
rt" row and s** column of T'(j1, jo, - - - , jx)-

For a given cell (7, j) € C'D(o) the collection of cells that are directly EAST of
(1,7) is called the “arm” of (i, j). Likewise the collection of cells that are directly SOUTH
of (i,7) is called the “leg” of (i,7). The collection consisting of the cell (4, j) together
with its arm and leg is usually referred to as the “hook” of (i, j), it will be denoted by
“H;;”. A hook H;; of an injective tableau T is said to be “balanced” if and only if the
number of labels in the arm of (i, j) that are smaller than T, is equal to the number of
labels in the leg that are bigger than T;;. In particular we see that if the labels in H;;
are sorted in increasing order then placed back in H;; starting from the bottom of the
leg then NORTH up to (4, j) then finally EAST along the arm, T;; will necessarily land
right back in its cell. We say that T itself is “balanced” if all its hooks are balanced.

The notions of “arm”, ‘leg”, “hook” and “balanced hook” and “balanced tabloid”
are easily extended to subdiagrams 7'(ji, jo,...,Jjr). For instance we let the arm
of T, s(j1,Jjo,---,Jx) be the collection of cells of T'(ji,jo,-..,ji) that are EAST of
T s(j1, 2, - - -, jk). The remaining notions are analogously defined. In particular, we let
H,s(j1,j2, - -, jr) denote thehook of T} 5(j1, jo, - - - , ji ). Tobe precise, Hys(j1, j2, - - -, jk)
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consists of T s(j1, jo, - - -, Ji ) together with its arm and leg in T'(j1, j2, . . ., ji ). Likewise
we say that T'(j1, j2, . - -, jr) is balanced if all the hooks H,s(j1, je, - - -, ji) are balanced.

It goes without saying that all the results we have established for the matrices
PI(z1,29,...,1;) can be transfered to the tabloids T'(w). We shall use this fact here
and after without necessarily spelling out in detail how this transfer should be carried
out, since it only amounts to making the replacements

“ 7 “ ” “wn “ 7 3% Rk “ 7
TR — , 0" — “eo7 | 17— X7 |

In particular the 3-Coxeter and 2-Coxeter transitions of section 1.2 now become as
indicated below. Namely, 3-Coxeter transitions are simply interchanges in T" of 3 x 3-
subdiagrams T'(j1, j2, j3) of the form:

V.o oY )

DTE SOE:

OKE (2] X | 2.1.1
X|o|e® X|o|e®

while 2-Coxeter transitions are substitutions of the form

In the same vein Theorem 1.2.3 may now be stated as

Theorem 2.1.1
For any two reduced words wy,ws € RED(c) we can find a sequence of Coxeter
transitions which transform T (w1 ) into T'(w3).

The notion of balanced tabloid arised quite early [2] in the study of reduced
words. The work of Kassel et. al. shows that it has a natural algebraic setting which
beautifully explains its origin. We derive it here as a corollary of Theorem 2.1.1.

Proposition 2.1.1
The tabloids T (w) are all balanced.

Proof

A view of the displays in 2.1.1 and 2.1.2 should make it clear that applying a 2
or 3-Coxeter transition on a balanced tabloid does not destroy balance. At any rate,
note that in the case of the 3-Coxeter transition which goes from left to right in 2.1.1
we see that we are increasing by one the number of entries in the arm of k£ + 1 that are
less than % 4 1 but at the same time we are increasing by one the number of entries in
the leg of k + 1 that are larger than k + 1. Going from right to left in 2.1.1 reverses this
process and cannot affect balance of the hook of k£ + 1. All the other hooks H;; contain
only k,k + 1 or k + 1,k + 2 and their balance is trivially not affected by either of the
two changes in 2.1.1. Likewise, the balance of a hook is not affected by any of the two
transition in the first part of 2.1.2, for in this case no hook contains both k£ and k£ + 1.
As for the transitions in the second part of 2.1.2, note that if T;; # k,k + 1 then T;; > k
if and only if T3; > k + 1 and the balance of H;; cannot be affected by this transition.
Similarly, if T;; = k or T;; = k + 1 then replacing k by k + 1 or viceversa cannot affect
the balance of H;;.
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To conclude, note that the tabloid 7T'(w,) of any canonical factorization w, is
necessarily balanced since, by the way T'(w,) is constructed (cf. Theorem 1.2.1), all
the labels in the arm of a hook H; ; are larger than T;; and all the labels in the leg are
smaller. Now when w and w, are reduced words of the same permutation, by Theorem
2.1.1, we can pass from T'(w,) to T'(w) by a sequence of Coxeter transitions. Since when
w, is canonical T'(w,) is balanced, T'(w) must be balanced as well since, as we have
seen, all these transitions preserve balance.

We should note that Proposition 1.2.2 yields us an algorithm for constructing our
tabloids T'(w) without resorting to multiplication diagrams. In fact, Proposition 1.2.2,
converted to tabloids, may be restated as

Proposition 2.1.2
Let w = ajas---ar € RED(o), and let 0; < o011 so that w' = ajaz---arj €
RED(o x sj), then the transition

T(w) — T(uw')
is simply obtained by interchanging columns j and j + 1 of T'(w) and then changing the
(0}, g)-entry of the resulting tabloid to "k + 1”.
This result as an immediate converse which may be stated as follows

Proposition 2.1.3
Let w = ajaz---arj € RED(0), and let 0 > oj41 so that w' = aiaz---ap €
RED(o x sj), then the transition

T(w) — T(w')

is simply obtained by interchanging columns j and j+ 1 of T (w) and then changing the "k +1"

“_r

toa “e”.

At this point it is good to have a visual image of these two transformations. For
convenience let “construct” and “deconstruct” denote the transformations described
in Propositions 1.1.2 and 2.1.3. More precisely when w € RED(o) and 0; < ;11 then

construct[T'(w),j| = T(wj)
and when w = aqas - - - ax41 € RED(o) then
deconstruct [T(alag . -ak+1)} = (T(alag ceeag), j) -

This given we can schematically represent Propositions 2.1.2 and 2.1.3 by the following
displays.

J j+l J J+l
ulv vlu
construct X| o = 1) X
L] L]
L] L]
L] L]
o |w w|
[ ] [ ]
L] L]
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j g+l j g+l
v|u ulv
deconstruct 41 X = X|e
L] L]
L] L]
L] L]
w| e s lw
[ ] [ ]
L] L]

Remark 2.1.1

We should note that to apply construct we need to give j and then k is the
largest entry in T'(w). To apply deconstruct we locate the largest entry, say itis k + 1
and it lies in the j** column. This given we operate as indicated in the figure and return
the resulting tabloid along with the index “j” .

Now we see that to construct a tabloid T'(aias - - - a;) we only need to carry [
applications of construct. More precisely, we recursively set
T(ajaz---axy+1) = construct [T(alaz ---ag), ak+1} (fork=1,2,...,1—1)
with the initial step
T(a;) = construct|T,]

where T, is the tabloid that corresponds to the identity permutation. In the following
display we have carried out this algorithm for w = 42132.

X|o|o|o|e@ X|oe|o|o|e X oe|o|o|eo
o |X|o|o|e o |X|o|o|e e (2]X|e|e
oo |X|o|e|—m 0|0 (X| 0|0 —m |0 X 0|0 0
e|eo |0 |X|e e|le o1 )X e|le o] |X
e|leo 0|0 |X e e |0 |X|e e e |0 |X|e

3] X|e|e|e@ 31 X|e|e|e@ 3[5)X|e|e

2/ |X|e|e® 2] (4]X]| e 214) e |X| e

—» X| oo o |0|—m (X 0|00 |0 —m X 0|0 0o 0

e|le o)X e|le(1)]e|X e(1)]e|e|X

e|eo |0 |X|e e e |X|o|e o | X|eo|o|e

For a moment let us say that a injective labeling 7" of the circle diagram C'D(o) is
“constructible” if and only if T = T'(a1as - - - a;) for some aqas - --a; € RED(0).
We have the following remarkable fact.

Theorem 2.1.2
An injective labeling of the circle diagram of a permutation is constructible if and only if
it is balanced.

Proof (from Kassel et al. [6])
In view of Proposition 2.1.1, we need only prove that every balanced tabloid is
constructible. Let then T be a balanced labelling of the circle diagram of ¢ and let IV be
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the largest label in T'. Suppose further that N = T;;. We claim that in position (i, j + 1)
there necessarily is an X. To see this, note that if this were not so then the j*" and j 4 1%
columns of T" would have one of the following forms:

j g+l j g+l
(a))( ecoe -
. i S0
g @E or -
° X| ooeoe
° [®]
° °
° °
° °

Indeed, if the X in column j + 1 were above the i'" row then immediately to the left of
it there would have to be a circle because there is no “.X” to kill that cell from the left or
above. Now the label in that circle is necessarily a number a < N but that would cause
the hook of a to be unbalanced since there is a label bigger than a SOUTH of a and no
label less than @ EAST. In fact no label at all EAST of a because of that adjacent X . This
eliminates the first alternative. In case the X in column j + 1 is below the i*" row then
there would have to be a circle in column j + 1 immediately to the right of NV because
there is no “X” to kill that cell from the left or from above. Now again in that circle
there would have be a label b < N, but then the hook of N is unbalanced be cause there
is a label smaller than N EAST and no label bigger than N SOUTH. This eliminates the
second possibility. This forces the j** and j + 15! columns to be of the following form

7 g+l
NN
\b/(%

=
V)

[N NN ) 2.1.3

eeee0e X

where we claim that every label b above N, in the j** column, has necessarily an
adjacentlabel a < b in the j 4 1% column. Clearly, there must be a circle adjacent to b in
the j + 1%¢ column because there is no “X” to kill that cell from the left or from above.
To show that in that circle there is a label a less than b we proceed by contraddiction.
Suppose that the situation is as indicated in 2.1.3 with a > b, and that pair is the lowest
we can find. Let then p be the number of labels, SOUTH of b, that are larger than b. We
have p > 1 because N > b. But then, since T is balanced, there must also be p labels
b1,b2, ..., by all less than b in the arm of b.

Now, since a > b all these labels are less than a as well. But then again, since T
is balanced, there must be at least p labels wu;, us, ..., u, larger than a in the leg of a.
However all these labels must fall in circles of column j + 1 that are between the a and
the X. Moreover, the presence of these circles in column j 4 1 forces circles adjacent to
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them in column j. Let wq, ws, ..., w, be the labels that fall in these circles, (indexed so
that w, is to the left of u,). Since we chose b and a to form the lowest pair b < a, we
must have w, > u, > a > b(forr=1,2,...,p). rJo J+17

In summary, these two columns would the be as depicted in the ' '
adjacent figure. But this cannot be since we now see p + 1 labels greater
than b in the leg of b, contrary to our initial choice of p. We have now
proved that T is the form given in 2.1.3 where every pair of adjacent
circles above the pair N, X contain labels b, a with b > a. We claim that i i
if we apply deconstruct to T the resulting tabloid 7" will be againa | w2 > wuy
balanced injective labelling of CD(c). Indeed a look at the picture below :
should make it clear that the only hooks whose collections of labels have
been affected in a significant way are those of a and b. Now a only gains | “» > Up
a label greater than it to the right, this does not affect its rank among the .
labels in his hook, so its hook remains balanced. As for b we see that it N
loses N > binits leg but at the same time it loses a < bin its arm. These '
losses compensate each other and thus leave the hook of b still balanced.

w1 > U1

o0 0 0 0 < - -

J g+l j J+l -

bla alb

deconstruct ; » N|X|ooee| = ;- NEXXD

eeoeoe X
eeceoe X

We can see now how the proof can be completed. To begin the result is trivially
true for the circle diagram of the identity since there are no circles at all to fill. So we
assume by induction on the number of circles, that all balanced labelings of C'D(o) that
have less circles than T are constructible. Now we see from the figure above that 7" is, in
fact, alabelling of the circle diagram of the permutation o x s;. The inductive hypothesis
gives that T” is constructible. This given, we must have that 7/ = T'(a1, a2, - a;—1)
with a1, a2, --a;—1 € RED(o x s;) and a fortiori a1, as,---a;—1 j € RED(0). Since

construct (T",j) = T
We deduce that
T = T(ay,a2, --a;) (with a; = j)
This shows that 7" is constructible, completing the induction and the proof.

It develops that constructibility, (and now in particular balance) forces a whole
family of restrictions on the labeling.

Definition 2.1.2
Let T be an injective labelling of the circle diagram of a permutation. We shall say that
T is “k-balanced” if and only if all of its k x k-subtabloids are balanced.

Now we have the following remarkable result.
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Proposition 2.1.4
Every constructible tabloid is 3-balanced. In other words each of its 3 x 3 subtabloids
must have one of the following forms with a < b < c:

bla

cIX|e
X|o|e alX|e X|o|e alb]X X| e X|o|e®
o |X| e X|eo|e e [a)X X|o|e a)e|X 214
o e |X oo o |X|e ° ° X|o|e blc

a [ ]

X|o|e

Proof
Let T = T(w) with w = ajaz---a; € RED(o) and let M(ajaz---a;) be the
multiplication diagram for the matrix

Ru(mthv"-v'xl) = Pal(ml)P(ZQ(xQ).'.Pa[(ml)'

Let1 < i< j <k <! begiven indices and let

Now there are 6 possibilities.
r<s<t, s<r<t, r<t<s, t<r<s, s<t<r, t<s<r,

In the first case the 7, s and ¢-lines do not cross in M(ajas - --a;). In the second case
the s-line and r-line cross and in the third case it is the the ¢-line and s-line that cross.
Assuming that these crossings occur at time a, we have schematically represented
below, what these conditions imply on M(aiazg - - - a;) and the subdiagram 7'(i, j, k):

L X] -
t t
X
[ ]

w

<=
ol
o
»
ES)

X|o|e <a> ° X °
o |X|e X ° ° (@X
o e (X ° X o X|eo

In the fourth and fifth case there are two crossings. Assuming that the first crossing
occurs at time a and the second at time b > q, the fact that any two lines cross only once
forces the line diagrams and implications depicted below:

tla 7 (a)(b) X s b 7 (b) X| o
r ? J > | X|e|e t% j > @ o | X
s k o | X|e r k X|eo|e
In fact, for instance, when when t < r < s we clearly see from the figure that the s and

r lines must cross an even number of times and thus in a line diagram they can only
cross 0 times. This given the ¢ and r lines will necessarily be the first pair to cross.
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Finally, when t < s < r, the ¢ and r lines must cross, and if the time they cross
is b, there still remains two possibilities. Indeed the geometry of these line diagrams
requires the s line to go either over or under the b-crossing (see figure below). In the
first case the ¢ and s line crossing occurs first and the s and r lines cross last. In the
second case the order is reversed. This accounts for the diagrams and implications
depicted below.

VTN 0 OFIE N2 I O OF:
2 j o= @X ° s~ Xc -] => @X °
r k X|e|e r k X|eo|e

This establishes our result.

Now it develops that Proposition 2.1.4 can be reversed.

Proposition 2.1.5
Every 3-balanced injective tabloid is balanced, therefore constructible.

Proof

Let T'be given and 3-balanced injective labeling of C D(o) and let b = T;. To show

that the hook Hy; is balanced we need to show that there is a one to one correspondence

between the labels “a” EAST of b that are less than b and the labels”c”, SOUTH of b,

that are larger than b. Now, this correspondence is simply obtained from the highest

pattern in 2.1.4. To be precise, let a < b be in position (t,j), with j > i and let the

“X” in row t be in column %k > j. This given, from the list in 2.1.4 we deduce that the

subdiagram T'(, j, k) can only be of the form

i j ok
OO

s @ X|e

riXle|e

~

with ¢t = oy, s = 0 and r = ¢;. This shows that if b = T}; then the label ¢ > b in the leg
of b that corresponds to a label a < b in position (¢, ) will be found in position (¢}, 7).
This completes the argument.

What now follows by putting together all the results of this section is truly
remarkable.

Theorem 2.1.3
For an injective labeling T of the circle diagram of a permutation o of length [ the

following conditions are equivelent

(i) T is balanced,

(ii) T is constructible,

(iii) T is 3-balanced,

(iv) T is k-balanced for some k = 4,5,...,1,

(v) Forsomek =4,5,...,lall the k x k subtabloids of T' are constructible.

Proof
We have the following sequence of implications
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Indeed if T is balanced then it is constructible by Theorem 2.1.2. If it is constructible
it is 3-balanced by Proposition 2.1.4. If it is 3-balanced all the k x k subtabloids are
necessarily also balanced by Proposition 2.1.5 and so they are salso constructible by
Theorem 2.1.2. But then all the 3 x 3 subtabloids will be balance by Proposition 2.1.4
and then Proposition 2.1.5 yields that 7" must be balanced.

Remark 2.1.2

We should note that saying “all the k x k subtabloids of T are constructible” is an
abuse of terminology. What we really should say that if we take a k¥ x k subtabloid
T(j1,42,---,jk) with labels a1 < a2 < --- < a,, and respectively, replace these labels
by 1,2,...,m the resulting tabloid T"(j1, jo, - - ., jx) is constructible. For later purposes
it will be good to formalize this operation, refering to it as “downscaling” and set

T'(j1,jas--.,js) = downscale (T(jl,jg,...,jk)). 2.1.5

It follows then from Theorem 2.1.3 that if we want to have the list of all possible tabloids
T’ that may be obtained by downscaling a subtabloid T'(j1, jo, - . ., jx) we simply list all
tabloids T, corresponding to reduced decompositions of permutations in .

We should also keep in mind that we denote by M (a1, az, -, a;) the diagram
corresponding to the product

Pal (xl)Paz (xQ) e 'Paz (xl)

We will also informally refer to M (a1, as,- -, a;) as the “line diagram for w”.

2.2 Descents and Kevin Kadell’s ZIGZAGs

We define the “Descent Set” of a word w = ajas - - - a; and denote it “D(w)” the
set
Dw) = {1<k<l:ap>ap} 2.2.1

Kevin Kadell discovered a remarkably beautiful way to recover D(w) directly from the
tabloid T'(w). To state it we need some notation. Note first that, if the labels k and k + 1
are not in the same row or column of the tabloid T'(w), then the 2 x 2 subtabloid of
T'(w) containing the labels k, k + 1 may have one of the following forms.

or
i ] i ] i ! 2.2.3

and, of course, also those that are be obtained from them by interchanging k and k + 1.
Kadell (personal communication) associates to each of these subtabloids a “ZIGZAG”
path, whose midcorners are labelled by k, k + 1, oriented so that £ comes before k + 1.
The following display depicts the ZIGZAGs associated to the tabloids in 2.2.2 and 2.2.3.
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sty o) Bleesly) sl
g==ollo=—0olin==0lo=20

N N N N N N

N N N N N N
1

1 1 1 1 1
o== ]
The display below shows the ZIGZAGs obtained when we interchange k¥ and k + 1 in
222and 2.2.3.

224

1 1 1 1
E_ N 7N N E_ N 7N N
N A N A N A N A N A N A

225

This given, Kadell’s result may be stated as follows

Theorem 2.2.1
Let o be of length l and w = a1as - - -a; € RED(0), then a given k is in the descent set
D(w) if and only if one of the following three conditions are satified
(1) kand k + 1 are in the same column of T'(w).
(2) kand k + 1 are not in the same row or column of T'(w), k is in a lower row than
k + 1 and the corners of their ZIZAG contain no other labels.
(3) kand k+ 1 are not in the same row or column of T'(w) and the labels encountered
in their ZIGZAG are in increasing order.

Proof

We should note that (3) simply means that the ZIGZAG of k and k + 1 is given by
one of the patterns inin 2.2.4 and 2.2.5 witha < kand b > k+ 1. We shall first establish
the result under the assumption that & + 1 is the largest label. More precisely we work
with o—o®*+D = s, 54, -+ 8q,,, and w—ayaz - - - ax41. This given, letting 7 = a), and
s = ag+1, the last two columns of the line diagram M(w(’““) can be schematically
represented by one of the four cases depicted in Figure 2.2.6.

Cases A and B occur when |r — s| > 1, cases C and D when |r — s| = 1. Moreover
(ac) Cases A and C occur when k is not a descent, that is we have ap < agy1
(i.e.r < s).
(bc) Cases B and D occur when k is a descent, that is we have a > ajp41
(i.e.r > s).
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0-0-O
0-0-O
i 0-0-O
u Ji Ji
J: Jo
i 0-0-O
A 0-0-O p—
i fi+! A i
Ji Ji
0-0-O 0-0-O
0-0-O 0-0-O
0-0-O 0-0-O
0-0-O 0-0-O

Fig2.2.6
The indices i1, i2, i3, 74 and j1, Jo, j3, j4 are determined as follows

(1) In cases A:

a=r ,  Ja=r+1l ., jz3=s, Ja=s+l1
(2) In cases B:
=0t i = oYy = oY iy = oY, 2.2.8
a=s, Je=s+l, j3=r , gJja=r+l1
(3) In case C we have s = r + 2 and
L (k+1) . (k+1) . (k+1)
=0y, y 12 =04 )y 13 =04, ’ 2.2.9
jlz'f‘, j2:T+1 ’ j3:'f'+2-
(4) In case D we have
(k1) . (k1) . (k+D)
=0, - 12=0, ', 13=0; 7, 2.2.10
jlz'r" j2=T+1 , j3=8.

It develops that, in case C the labels k£ and k + 1 are in the same row of the tabloid
T(aiaz---ag+1) and in case D they are in the same column. This is in complete
agreement with with assertion (1) of the Theorem.

To prove this note first that, in case C, if w continue the i1, i3 and i3 lines all the
way to the beginning of the diagram M (aias - - - ax+1) the i;-line cannot intersect either
of the 75 and i3 lines but the i3 and i3 lines can intersect. Now using the assignments in
2.2.9 we can schematically represent these two possibilities by the following diagrams

i k Ji i k Jn

i ? J2 (ERN S P

i3 J3 i J3
form which we derive the following two possibile forms for the the subtabloid
Tw(k+1) (jl,jg,jg) in case C"
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Ji J2 s Ji J2 J3
HOSES HOTES
| X|e|e i2<a>>< °
iz e |X|e i3] X| o] e

Likewise from the assignments in 2.2.10 we derive that in case D the portion of
M(aqaz - - - ap4+1) consisting of the iy, iz and i3 lines can be schematically represented
by one of the following two diagrams

i kel o Ji 12 \G__k+1- ]y
in <k J2 i E Q Ejz
13 1 13 ]

J3 J3

consequently, in this case we get the following two possibile forms for the the subtabloid
Tpte+n) (]1 »J2, j3):

Ji J2 s Ji J2 J3
Jcroiifoos
HODIEIEERATE
3| X|e|e 3| X|e]|e

We show next that in the Cases A and B the labels k£ and k + 1 are at the corners
of a rectangle with the cooresponding ZIGZAG meeting its labels in increasing order
in Case B and in disorder in Case A. Note that since the word corresponding to Case
A can be obtained from the word corresponding to Case B by interchanging the last
two letters, we derive that the tabloid T'(a1as - - - ag+1) corresponding to case A can be
obtained from that corresponding to Case B by a 2-Coxeter transition. This implies
that the ZIGZAGs occurring in case A can be obtained from those occurring in case B
by interchanging k and k + 1. Therefore it will be sufficient to show that, in Case B the
ZIGZAGs meet their labels in increasing order. It will then follow that, in Case B, the
ZIGZAGs meet their labels in disorder as asserted.

We can deal with case B as we did for Cases C' and D. We start by noting
that, as we follow the i1, iz, i3 and i4 lines from the last three columns of the diagram
M(aqaz - - - ag+1), all the way back to the beginning, there cannot be any further inter-
sections between the i, and i lines nor between the i3 and i4 lines. This implies that
the indices i1, i, i3, 4 may be governed only by the following six sets of inequalities:

l)il<i2<i3<i4 2)i1<i3<ig<i4 3)i1<2'3<7;4<7;2
4)i3<i1<i2<i4 5)i3<i1<i4<i2 6)i3<i4<i1<i2

In Figures 2.2.11 and 2.2.12 we have schematically represented each ensuing diagram
and the corresponding form of the subtabloid T, 1 (j1, j2, 3, ja). Here we have omit-
ted filling the circles that are not corners of the ZIGZAG of k and k + 1. We should
note that the label “a”, of course, will always be less that k since the corresponding
intersection occurs before time k.

We have thus established the result in the case that & + 1 is the highest label. To
complete the proof we need only check what happens as we continue the diagram
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JiJe Js Js JiJo Gy Ja JiJo Gy Js
Lkl X | @ | @ Lkl X | @ | @ G(k+1] X | @ | ®
LIX|e|e|e isla) e |k]X ila)e|k]X
i o | e k|X LiX|e|e| e Ty o X | e
iy e e |X]| e e |e|X|e LI X | e|e|e

JiJo Js Js S Jo Js Js Ji Jo Js Js

i a k| X i a k| X i a k| X

LWkt X | @ | ® LW+l X | @ | @ iy X| e

L X|e|e|e iy o | X| e Lk+1] X | @ | @

e | e |X]|e LI X|e|le|e LI X|e|e|e
Fig 2.2.12

T(ajasz---agt+1) so as to obtain the final diagram T'(a1as - - - akt16k+2 - - - ar). To begin
with we note that in applying “construct” a “e” can never be changed to a labelled
“O” if it lies below an “ X”. This means that the first subtabloid T,,(;+1)(j1, j2, j3, ja) in
2.2.11 namely

Wi jz ,js j4
1, | X| ®
iy o | ()X
le|e|X]|e

will never acquire a labelled circle below k + 1 in the row of k. Moreover if it acquires
a circle in the row of k + 1 above k it will necessarily be with a label b > £k + 1
yielding a ZIGZAG with increasing labels. Likewise, in all remaining cases of Figures
2.2.11 and 2.2.12, any labelled circle added to a further corner of the ZIGZAG will
also come with a label b > k 4 1. Finally it is easily seen that the transformations
which Ty, () (1, j2, 3, j4) undergoes as m increases to [ under successive applications
of “construct” cannot change an ordered ZIGZAG to a disordered one for the simple
reason that the label ¢ < k will always remain before k and the label b > k + 1 will
always remain after k + 1 in the ZIGZAG ordering. This completes our argument.
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2.3 Special Circle Diagrams

In this section we introduce several important classes of permutations and derive
some useful properties of their circle diagrams. Before we can proceed we need to make
a few definitions. To begin, for a given o € S,, wesetfor1 <i<n —1

Ci(o) = {j>i:0;<0i}. 2.3.1
The sequence of subsets
C(o) = [Ci(0),C(0),...,Cho1(0)], 2.3.2
will be referred to as the “code sequence” of . Setting
cilo) = #{j>i:0;<0} = |Ci(0)], 2.3.3

the vector
co) = (c1(0),¢2(0),...,ca1(0))

will be called the “code” of the permutation o.

Note that we have
ci(o) <n—1 (forizl,...7n) , 2.3.4

this is because there are i “X” ’s in the first ¢ columns of C'D(o) that leaves at most n — 4
cells in the i*" column where we can put a circle. It is also easily seen that every vector
¢ = (c1,¢9,...,cy) with non-negative integer components satisfying the inequalities
in 2.3.4 is the code of a permutation o € S,,. Indeed, the circle diagram CD(c), and
therefore o itself are easily reconstructed form ¢(o). We start by placing an “O” " in each
of the first ¢; cells of the first column of C'D(c) followed by an “X” in the ¢; + 15 cell.
Then, having placed all the “X"” ’s, the “O” ’s and the “e” ’s in the first ¢ — 1 columns,
we fill the i*"* column by first placing the “e” ’s in each cell that is killed by an “X” to
its WEST, then place the “O” ’s in the first ¢; available cells followed by an “X” in the
next available cell. Of course here “available cell” means a cell that has not been killed
by a previous “X”. Note that after we filled the n — 15! column, the n'* column will
automatically get an “X” in the only remaining available cell. In the display below we
illustrate this construction process when the given code is ¢ = (2,4, 3,0, 1,0) yielding
the permutation o = 365142.

X X|® X|eo|e
° . . X
X| ® X|eo|e X eo|o|e X oe|o|o|e@ X|o|o|o|o|e
. - . - ° ° - . LD ¢ - . e X | o
° o X L] Xl e . X|eo|e ° X|eo|o]|e
o | X e |X|e e X|eo|e o | X|o|o|e e X oo |e|e
Let v be a two-line array
v = Jvoda gz oo gk |
ap az asg - Qg |




2.3 Special Circle Diagrams 39

with j1 < j2 < j3--- < jx and a1, a2,as,...,a; distinct integers. For a given ¢ =
1,2,...,k let r;(y) denote the “rank” of a; in the set {a1,as,as, ..., a;}. That is we set
ri(y) = m+ 1if and only if precisely m of a1, as, as, . . . , ai, are less than a;. This given,

we shall say that ”y downscales” to the permutation

1 2 3 e k
r = . 2.3.5
) { () 1) () (7)]
Leto € S, and let § € Sy, for some 2 < k < n, we shall say that ¢ is “#-avoiding”
if we cannot find indices 1 < j; < j2 < -+ < ji < n such that the two-line array
_ {J& J2 gz Uk }
0451 Ojp Ojz =+ Ojy

downscales to 6.

Remark 2.3.1

It is not difficult to see that a permutation ¢ is f-avoiding if and only if there are
no subdiagrams of the circle diagram of o which are identical to the circle diagram of
6.

We now have the following remarkable result

Theorem 2.3.1
If a permutation o is 321-avoiding then
(i) When we remove from C'D(c) all the rows and columns that contain no circles, the
circles in the resulting diagram fill the cells of a French skew Ferrers diagram D.
(ii) For every w € RED(o) the balanced filling T,, of CD(c) can be obtained from a
corresponding standard filling 7., of D.
(iii) The descent sets of w and T, are identical.

Proof
A French skew diagram D is characterized by the following property

(t1,51), (i2,J2) € D with i3 <ip & j1 <jo —  (i1,42),(i2,51) € D

Thus to prove the first assertion we need only show that no 2 x 2 subdiagram of C'D(¢)
can have any of the following forms

where a shade in a cell signifies absence of a circle. To begin with, it is easily seen
that the first two cases can never occur for a 2 x 2 subdiagram of a circle diagram. To
eliminate the third case let it be possible that the 2 x 2 subdiagram of C'D(¢) contained
in rows i1, 42 and columns ji, j» has any of the two forms below

- > 2.3.6

7

Now in the first case the “o” must be due to an “X” either to the left or above.
However, this “.X” together with the “.X"’s in column j; and row %; yield us one of the
two configurations below
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x O Ox
Q x n N X
N E
X X
which yield a 321-pattern that ¢ is supposed to avoid. Likewise for the second case in
2.3.6 the “X"’s in column j; and row %, yield us again a 321 pattern. In either case we

reach a contraddiction. This proves (i).
As for (ii) note that, since ¢ is 321-avoiding, the two tabloids below

bla)X blc)X
c)X|e alX|e
X|eo|e X|o|e®

cannot occur as 3 x 3 subtabloids of T,. Thus from Propostion 2.1.4 we derive that the
only remaining possibilities for a 3 x 3 subtabloid of T}, are

X|o|e a)X|e X|o|e alb)X b]X|e
e |X|e X|eo|e e (a|X X|eo|e a)e | X
oo X o e X o |X|e o |X| o X|e|e

with @ < b. This means that for any pair of labels appearing in the same row of T}, the
one to the left is smaller that the one to the right and for any pair of labels that are in the
same column the one below is smaller than the one above. This shows that this filling
can be obtained from (or gives rise to) a standard filling 7,, of D.

To prove (iii) recall that k is called a “descent” of a french standard tableau if and
only if £+ 1 is NORTH-WEST of k. This given, we see that if k and k + 1 are in the same
row in T,, then k + 1 is to the right k and therefore k is not in the descent set of 7,. If &
and k + 1 are in the same column of T}, then k£ + 1 is above k and therefore k is in the
descent set of 7,,. Finally, if £ and k& + 1 are not in the same row or column and there are
no other labels in the in the ZIGZAG of k and k + 1 then from (2) of Theorem 2.2.1 we
get that we have a descent at & for w if and only if £+ 1 is NORTHWEST of k in T,,. This
makes k also a descent of 7,. Likewise, if the ZIGZAG of k and k + 1 as some other
labels then from (3) of Theorem 2.2.1 we get that & is a descent of w if and only if the
labels in the ZIGZAG of k and k + 1 are in increasing order. But that again can happen
if and only if £ 4+ 1 is NORTHWEST of k in T,. In any case we see that the assertion in
(iii) is an immediate consequence of Kadell’s Theorem 2.2.1. This completes our proof.

Definition 2.3.1
The decreasing rearrangement of the code of a permutation o (with all the zero's omitted)
will be here and after called the “shape of ¢” and will be denoted \(c).

The following is an important property of the shape.

Proposition 2.3.1
For any permutation o we have

AMo) < N(o™h) 2.3.7

where “<” represents the dominance partial order. Moreover, equality here holds if and only if
the code sequence C(c) is totally ordered by set inclusion.
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Proof
Leto = 0102 -0, and let M = |[m; ;|7 ,—; with
e — { 1 if thereis a circle in C'D(¢) in position (i, j)
! 0 otherwise

It is easily derived from the definition in 2.3.3 that the column sums of M are ¢; (o),

c2(a),..., cu(0) and the row sums are ci (07 1), ca(07 1), ..., cn(0™t). Let j1, 2, ., 0n
be a permutation that rearranges ¢ (0), c2(0), . .., ¢y (o) in decreasing order so that
Cjr (U)a Cja (U)a < Gy (U)

except for some terminal zeros gives A(c). Clearly, the matrix

mi; Mig, --- Mg,
Moo | T i s ™M2,5,)
Mnp,ji Mngy .- Mng,
has the same row sums as M and moreover, for every k = 1,2,...,n, the number of

1’s in the first k columns of M’ is given by
Cjr (J) + Cjy (J) + ey (U)

Note next that if, in each row of M’, we push all the 1’s to the left until they are “bumper
to bumper” and likewise push all the zeros to the right, then the number of 1’s in the
first k column of the resulting matrix will be given by the expression

oAk + e HYAE+ - Felo ) Ak

where for convenience we set a A b = min(a,b). This is simply due to the fact that in
row i of M’ there are ¢;(c~!) 1’s altogether and we can’t fit more than k in the first k
columns of any row. Consequently we must have

¢ (@) +ejp(o)+ -+ (o) < alc)ANk+eloYANE+-+eu(o")AE 238

Note further thatif p = (p1, pi2, . . ., i) is any partition and ' = (py, ph, . . ., pih,,, ) is its
conjugate we necessarily have for any & < m/

ANk 4 po Nk + - Nk =+ ph 4+ g,

Thus if k is less than the number of parts in both A(o) and X' (0~!) we may rewrite 2.3.8
as
M(@)+X2(0) + -+ (o) < M@ H+XN(o™ )+ -+ N (oh).

This shows that A\(c) is dominated by X (c=1). To prove the last assertion, note that
equality in 2.3.8 for all k can only hold true if and only if none of the 1’s have moved.
Let us take a moment to find out when can this happen. Note first that the way we
constructed M’, it follows that the 1’s in the rt"* column of M’ are in the rows indexed
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by the elements of C;, (o) (}). This given, we claim that no motion of 1’s forces the set
inclusions
Oj (U)QC]‘Q(U)Q"'QCJ‘”(U) . 2.3.9

Indeed if any of these containements did not hold then there would be a 1 to the right
of a 0 in M’ and that 1 would move. This show that equality in 2.3.7 implies that the
components of the code sequence C(o) are totally ordered by inclusion. Conversely,
if this holds true, then the permutation jij> - - - j,, that yields ¢;, (¢) > ¢j,(0) > -+ >
¢, (o) > will necessarily produce 2.39 as well, and under these conditions there would
be no possible movement of 1’s, forcing equality in 2.38 for all k£ and equality in 2.3.7
as well. This completes our proof.

Remark 2.3.2

We should point out that the sets C; (¢) are not totally ordered by inclusion if and
only if there are a pair of indices r < s for which both containements C () C C(0)
and C (o) C C, (o) simultaneously fail. However this will happen if and only if in the
columns r and s the circle diagram C'D(o) contains a 2 x 2 subdiagram of the form

2.3.10

note further that locating the two “X"’s that cause these “o” and the “X"’s to the right
and below the second “O” we will necessarily find in CD(c) a 4 x 4 subdiagram of the
form

X

2.3.11

e e |0 X

o | X|o|e@

X

This given, we arrive at the conclusion that equality holds in 2.3.7 if and only if C'D(0)
contains no such 4 x 4 subdiagrams. Finally we should add that what we did with C(o)
we could just as well have done with C(c~!). Thus we see that the esclusion of 4 x 4
subdiagrams of the form in 2.3.11 is also equivalent to C(c~') being totally ordered
by inclusion. Adding the notion of pattern avoidance to all this we may schematically
represent the contents of this remark by the following diagram of equivalences.

A(o) = A'(o™)
(~ X|eo|#
C( )Totallyordercd <> Xla|f|° <=> C( —1) Totally ordered 2 3 12
o by inclusion o | & X 4 by inclusion b
o e |X|e

g

0 2143-avoiding

This brings us to another remarkable class of permutations:

(1) see definition 2.3.1
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Definition 2.3.2
We say that o is “Vexillary” if and only if it satisfies any of the equivalent conditions
displayed in 2.3.12.

We should note that this terminology is due to Lascoux-Schiitzenberger who
apparently used the prefix “Vexill” to express the presence of the “flag” of subsets we
seein 2.3.9.

Remark 2.3.3

Note that if a permutation ¢ has a 2143 subpattern then it has also a 132 subpat-
tern. Moreover between the “2” and the “1” ¢ will necessary have a have a descent and
likewise between the “4” and the “3” it will have another descent. This brings us two
important subclasses of Vexillary permutations that play a crucial role in the study of
reduced decompositions.

Definition 2.3.3
A 132-avoiding permutation will be called “Dominant ”.

Definition 2.3.4
A permutation with only one descent will be called “Grassmanian”

These two classes of permutations have further useful characterizations.

Proposition 2.3.2
For a permutation o € S,, the following conditions are equivalent
(i) o is dominant
(ii) The circles in CD(o) fill an english Ferrers diagram.
(iii) The code sequence C (o) is decreasing.
(iv) The code of o is weakly decreasing.

Proof
Note that from the definitions in 2.3.1 and 2.3.3 we derive that (i7) is equivalent
to the condition

CZ‘(O') = {1,2,---,@(0’)} with ci(0)20i+1(0) for i=1,2,...,n—1 2.3.13

Thus (i7) implies
01(0') 2 CQ(O') 2 03(0') 2 cee D Cn_l(O') .

Consequently (ii)—(iii)—(iv). We next prove (iv)—(i7) by showing that the condition

¢i(o) > ¢ip1(o) for i=1,2,...,n—1 2.3.14

75

implies 2.3.13. We proceed by induction on “i”. Clearly, in any case we have
01(0) = {15 2,00, 01(0')} :

Now note that if C;(0) = {1,2,---,¢;(0)} then all the “X” ’s in the first ¢;(c) rows of
CD(c) must be in columns ¢ + 1,5+ 2,---,n. Thus C;41(0) = {1,2,---,k} if the “X”
in column i + 1 is in a row k < ¢;(0). But then |Ciy1(0)| = ¢it1(0) < ¢i(o) forces
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k = c¢;41(0) and completes the induction. Thus (i4), (ii7) and (iv) are equivalent. To
complete the argument we show that 132-avoiding is equivalent to (i¢). To this end
note that an english Ferrers diagram ) is characterized by the property that all cells
NORTH or WEST of a cell of A are in \. Now if one of these conditions fails for CD(o)
it necessarily follows that C'D(o) must contain one of the subpatterns below

However, if we add the “X” that causes the “o” and add the “X” ’s that are in the

column and row of the “O” we see that CD(s would necessarily contain one of the
patterns below

(X[ X
X] o [ JX]
X X

forcing o to have a 132 subpattern. Conversely, we easily see that the presence of a
“132” in o would prevent the circles of C'D((o) to form a Ferrers’ diagram. In summary
we see that “not (i)” is equivalent to “not (i¢)"”. This proves that (¢),(ii),(¢i7) and (iv)
are equivalent as asserted.

Proposition 2.3.3
For a permutation o € Sy, the following conditions are equivalent
(i) o is Grassmanian with descent at r
(ii) c1(0) < ea(0) <--- <c¢p(o) >0and ci(o) =0 forall i > r.
Proof
Note that for any permutation o we have
a) c¢i(o)>cip1(0) <= o0;>0i11 5315
b) c¢(o) <cip1(o) <= o0, <0im1
The reason for this is simple. If o; > 0,41, then all the o; less than o;; to the right
of o;41 are also less than ;. Accounting for ;1 itself, this gives ¢;(¢) > 1 + ¢j+1(0).
Conversely, if 0; < 0;41, then all the ¢; less than ¢, that are to the right of o; must also
be to the right of o;11. Thus, in this case, we must have ¢;1(c) > ¢;(0) . This given,
we see that the condition

01 <03<--<0o.>0p041 and o1 <0oppa << oy
is equivalent to
c1(0) <ex(0) <+ <cp(o) >0 and  ¢r41(0) = crg2(0) =~ =cp(0) =0.

This proves the proposition.

Remark 2.3.4
Note that if a permutation ¢ has a 321-subpattern, then it must have at least 2
descents. Indeed, o will necessarily have descents between the “3” and the “2” and
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between the “2” and the “1”. Thus we see that Grassmanian permutations are also
321-avoiding.

This observation yields us a beautiful corollary of Theorem 2.3.1. It may be stated
as follows.

Theorem 2.3.2
If o is Grassmanian of shape A then
(i) For every w € RED(o) the balanced filling T, of CD(c) can be obtained from a
corresponding standard filling T, of the Ferrers diagram of X
(ii) Under this correspondence the descent sets D(w) and D(7,,) are reversed. That
is we have D(w) = n — D (7).

Proof

From Remark 2.3.4 and (i) of Theorem 2.3.1 it follows that the circles of C(o)
fill the cells of a French skew diagram D. However, since ¢ is also vexillary from
(1) of Proposition 2.3.3 we derive that its code sequence is an increasing sequence
of subsets. This forces D to be a “reversed” Ferrers diagram. More precisely, if
A(o) = (A1, A2, ..., A) then the columns of D will have lengths Ay, Ag—1,..., A1, and
its rows will have lengths M|, X, ... .\, with X = (M, )},..., A}) the conjugate of
A(0). This means that if we rotate D 180 degrees, we will obtain precisely the Ferrers
diagram of the partition \’. In particular, this rotation gives a correspondence between
the standard fillings of D and the standard fillings of the Ferrers diagram of A\’. To do
this we only need to replace, after rotation, each label k by its complement n + 1 — k.
This given, for w € RED(0), let T,, be the corresponding standard labeling of CD(0),
Tw be the induced standard labeling of D and finally let 7/, be the standard labeling of
the Ferrers diagram of \’ that we obtain by rotating and complementing 7,,. It is easily
seen that under the mapping 7,, — 7, an element ¢ of D(7,,) is sent onto the element
n — i of D(7),). Thus Part (i7) of this theorem follows from (ii) and (7i7) of Theorem
2.3.1.

From Theorems 2.3.1 and 2.3.4 we may derive two remarkable identities which
essentially go back to R. Stanley’s original paper. To state them we need to introduce
some notation. To begin with, it will be convenient to use compositions to represent
descent sets. More precisely, given a subset

S={l<i1<ig<---<ixg<n} C [1,n]

we set
p(S,n) = [il y ig—il y ig—ig, ey ik—ik_l y Tl—ik] 2.3.16

Note that from this notation not only we can recover S but also the interval [1, n] we
are considering S a subset of. This given, for any word w = ajas - - - a; we shall here
and after set

p(w) = p(D(w),!) 2.3.17

For instance for
w = 23453624 € RED([1,5,3,6,4,7,2])
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we have
D(w) = {476} - [178]

Thus
p(w) = [4,2,2].

In the same vein for a standard labeling 7 of a french or english skew or straight Ferrers
diagramon 1,2,...,n we set

p(r) = p(D(1),n) . 2.3.18

4 8
T =3 5 7
1 2 6
the underlined elements are its “descents” thus
p(r) = [2,1,3,1,1]

Using this notation we can represent collections of “descent” sets by formal sums of
variables indexed by compositions. More precisely we set for a given o € S,

Eo) = D Tpw 2.3.19
w € RED(o)

For example we have
RED([3,4,2,1) = {[1,2,3,1,2], [1,2,1,3,2], [2,1,2,3,2], [2,3,1,2,3], [2,1,3,2,3]}
from which we deduce that
2([4,3,1,2]) = 32 + w221 + 131 + T23 + T122 2.3.20

In the same vein, for a french or english straight or skew Ferrers diagram D we set

S(D) = > ayem 2.3.21
TEST (D)

where this summation is over all standard labelings of D.
For instance, the standard tableaux of shape (3, 2) with descents underlined are

3 3 4
o1 1 1

= Do
= Do

5
2 3°

N~
Do Ot

5
3 5 7

Q0 W~
ot
|~

é 3

and this gives
2([3,2]) = 122 + w131 + T2z + X221 + T32 -

The fact that we get the same expression here as in in 2.3.20 is not an accident. Indeed,
it is a particular case of the main result proved by Stanley in [15]. We can show now
that it is a consequence of Theorem 2.3.2.
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In fact, Theorems 2.3.1 and 2.3.2 yield us the following two general results.

Theorem 2.3.3
(1) If o is 321-avoiding with associated french skew diagram D then

2(0) = %(D), 2.3.22

(2) If o is Grassmanian of shape X and we let X also denote the Ferrers diagram of
shape X then
E(0) = Z(N). 2.3.23

Proof
The identity in 2.3.22 is simply another way of stating part (ii7) of Theorem 2.3.1.
Now from part (ii) of Theorem 2.3.2 we derive that if o is Grassmanian then

E(O’) = Z xp*(.,.)

TEST(N)

where, for a compositionp = (p1,p2, . . ., pr) We set p* denotes the reversed composition
p* = (pr, ..., p2,p1). But then 2.3.23 follows from the fact that for any Ferrers diagram

we have
DT = D Tpm -

TEST(N) TEST(N)

It turns out that Grassmanian permutations are also closely related to dominant
permutations. More precisely we have

Proposition 2.3.4
Let 0 = 0109 - - - oy, be Grassmanian with descent at r, and shape A = (A1, Aa, ..., \p)
then
o' = 0,0, 10104107420y 2.3.24
is dominant of shape
w=M+r—LXxX+r—2,.... N +r—r) 2.3.25
Proof
If

01 <03<--<0.>0p041 and o1 <0oppa <-- <oy

then the code of o is
clo)=(o1—1,00—2,...,0,—1,0,0,...,0)

and

=

o)=(op—1,...,00 — 2,01 —1). 2.3.26
On the other hand, we derive from 2.3.24 that

MNo')= (o, —1,...,00— 1,01 — 1) 2.3.27
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and (iv) of Proposition 2.3.2 gives that ¢’ is dominant. The final assertion in 2.3.25
follows by comparing 2.3.26 and 2.3.27.

Now it develops that collections of Grassmanian permutations and in particular
also collections of vexillary permutations can be used to encode certain characteristics
of general permutations. This remarkable discovery of Lascoux and Schiitzenberger
will be the main topic of the next section.

2.4 The Lascoux-Schiitzenberger tree of a general permutation.

Before we can proceed with the construction of this tree we need to review a few
basic facts about the so called “Bruhat” partial orders. To begin, let us use the symbol
t;; to denote the transposition (4, j). Here and after we shall use the symbol “¢” to
refer to a generic such transposition and reserve the letter s to refer to a generic simple
transposition s; = (¢,7 + 1). We also set

T=T,={tj :1<i<j<n} and S§=8,={s;i=12,...,n—1} 241

Note that if
o =ocxt with teT 2.4.2

then
o=t xo with t'eT 2.4.3

Indeed from 2.4.2 we derive that

t = oxtxo !
In other words, if 2.4.3 holds with ¢t = ¢;; then 2.4.3 holds with t’ = t,, , .- Keeping this
observation in mind we set

a) o'=cxt withteT
0—B—o <= 2.4.4
b) (') > 1(o)

Note that if ¢ = t;; we see that b) simply says that o; < 0;. Note further that when
o; < 0; we have

Z(O'/):l(O')—Fl ifandonlyif {0'1'4_1,0'1'4_2,...,0']'_1}ﬂ[O’i,Uj] = @ 2.4.5

This is simply due to the fact that for any ¢ < k < j such that o}, is in the interval [0, 0;]
the number of inversions of ¢ increases by 2 as we transpose o; with ¢;. We shall refer
to “c —B— o'” as a “Bruhat transition ” and as a “simple Bruhat transition ” when 2.4.5
holds true. This given, the transitive closure of the relation “o0 —B— ¢’ ”, denoted
“< " is usually referred to as “Bruhat partial order of S,,”.

Remark 2.4.1
We should note that the “weak Bruhat order”, denoted “ <y is similarly obtained.
We call “weak Bruhat” transitions interchanges of the form

a) o'=0cxs withseS§
o-W—=o <= 2.4.6
b) U(o’) > o),
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and then define “<y,” be the transitive closure of weak Bruhat transitions. With this
terminology the reduced decompositions of a permutation o € \S,, may be viewed as
the maximal (unrefinable) chains joining the identity of S, to o. The following display
illustrates the difference betwee the weak and strong Bruhat orders of Ss.

321 321
&

123 123
The following is an important tool for working with Bruhat order.

Proposition 2.4.1 (Exchange Property)
Let o a permutation of length | and suppose that

w=aias---a € RED(o") 2.4.7
let
l(o") <l(o) with o =ots (r<s). 2.4.8
Then for some i = 1,2, ...l we have
a) 0" =Sa,8ay " Sa;_1Sass Sa,  and b) 0 = Sa,5a5 " Sa;_15ais1 " Saitrs
2.4.9

In particular if l(o”) = I(0) — 1 then we also have

w' =ajaz---ai_1ai41---a; € RED(0") 2.4.10

Proof
The assumption in 2.4.8 says that ;. > o,. This together with 2.47 yields that in
the line diagram M(aqas - - - a;) the o, and o lines cross precisely once. Assuming that
this crossing occurs at time ¢ by the action of s,,, then removing s,, and ¢, from the
factorization
o = Sai1Sas """ Sa; " Saytrs 2.4.11

i

we simply obtain the factorization in 2.4.9 a) which will then achieve the same end
result. Schematically we may represent the passing from 2.4.11 to 2.4.9 a) as replacing
the line diagram on the left by the one on the right in the following display.

@)—@) (o—@—0 ©@
@—@) @ @)—@)--@)
@—@ © @ —0)--@
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Clearly 2.4.9 b) follows from 2.4.9 a) and 2.4.8. Finally, since the factorization in 2.4.9
a) has [ — 1 factors, the assertion in 2.4.10 will necessarily hold true when I(¢’) =1 — 1.
This completes our proof.

Remark 2.4.2
We should note that removing s,, from a factorization

o = Sal Saz N Sai N Sawn
may be simply obtained upon multiplication of ¢ on the right by the transposition

t = Sa'm Sa,m,1 T Sai+lsai Sai+1 T Sa'mflsa'm

It will be convenient here and after to denote the omission of a factor by sourrounding
it by square brackets. That is we shall write

0 = SaySay[Sa;]" San
for
0 = SaiSaz """ Sa;—1%ai41 """ Sam
As a corollary of Proposition 2.4.1 we obtain.
Proposition 2.4.2

If the permutation o has the factorization
0O = 8a,5a2 """ San, 2.4.12
Then indices 1 < i1 < 9 < --- < i), < m can be selected so that
0 = Say Sai, " Sa;, 2.4.13

gives a reduced factorization of o.

Proof
If i(c) = m then 2.4.12 is reduced and there is nothing to prove. If (o) < m then
as we compute the successive products

Sai — Sa1Sas — SaiSazSas —

sooner or later we will have a drop in length. Letting j 4 1 be the first time this happens
we will have

I(SaySas8as **Sa;) =7 and  1(Sa;SapSas - Sa;4,) =J — 1 .

From the exchange property we then deduce that for some 1 < i < j we will have the
reduced factorization

8a18a28a3"'5aj+1 = Slllsllg"'[sa,;]"'saj
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Continuing the successive multiplications
SarSas - [Sai] - Sa; = SarSan - [Sai] -+ Say 50,40 —
— SaySay [Sai] 8q;8aj408a;4
We may run into another drop in length. If this occurs at time &+ 1, another application

of the exchange property will yield a reduced factorization of the form

Sa1Saz " Sary1 = SaiSas T [Sai] T [Saj+1] T [Sar] T Say

We can easily see that if we carry out this process to completion we will end up obtaining
a reduced factorization for ¢ from an appropriate subword of aias - - - an, precisely as
asserted.

The construction of the Lascoux-Schiitzenberger trees, here and after briefly
referred to as “LS-trees”, depends on performing certain “down-up” transitions of the
form

o — u — o 2.4.14

where for some 7 < r < s we have

and b) 2.4.15

U=0 X lrg o' =u Xt
a) {
l(u)=1(c) -1 (o) =1(u)+1

This given, for a fixed u € S, and 1 < r < n we set

W(u,r) = {a€Sp:a=uxty& (o) =1(u)+1withs>r}, 5416
P(u,r) = {BeSy:B=uxty & UB) =1(u)+1 withi<r}. o
Now we have the following truly remarkable identity
Theorem 2.4.1
For every 1 < r < n for which both ¥ (u,r) and ®(u,r) are not empty we have
Yo E@ = > E(P) 2.4.17

a€e¥(u,r) BEP(u,r)

The proof of this result will be given in section 3.3 (Theorem 3.3.8). In this section
we shall start by showing that it naturally leads to LS trees and then derive a number of
its important consequences. To this end note that 2.4.17 takes a most interesting form
when ¥(u,r) or ®(u,r) contains a single element. The case when |¥(u,r)| = 1 can be
stated as follows.

Theorem 2.4.2
Let 0 = 0109 - -0, € Sy, and suppose that for a pair 1 < r < s < n the permutation
u = ot satisfies
(1) l(u) =1(0) — 1.
(2) W(u,r) = {o}
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(3) ®(u,r) # 0
Then

Eo)= > E(d) 2.4.18

This identity suggests an algorithm for computing the polynomials Z(c). The
idea is that recursive applications of 2.4.18 should enable us to reduce Z(c) to a sum
of Z(¢’) which we already know. In view of Theorem 2.3.3, we might hope that we
can force all the ¢’’s occurring in the final sum to be Grassmanian or even only 321-
avoiding. It develops that Lascoux and Schiitzenberger in [11] devised precisely such
an algorithm for the computation of Littlewood-Richardson coefficients. Curiously,
their algorithm (in spite of their claims to the contrary) is hopelessly inefficient as
compared with well known methods. Nevertheless, unbeknown to them at that time,
and unbeknown to many even at this time, the “tree” resulting from their algorithm is
precisely what is needed for an efficient way to compute the polynomials Z(o) as well
as proving some of the fundamental properties of the Stanley symmetric functions.

We shall see that conditions (1) and (2) of Theorem 2.4.2 are easily assured. The
only thing that is needed is a device for assuring condition (3). This is obtained by
means of the following “shift” operation introduced by Lascoux and Schiitzenberger.
Using Macdonald’s notation this operation may be defined by setting for each o =
o102 -0, € S, and and integer m > 0:

123 - m 14+m 24+4m -+ n+m
ln®o = 1 23 -«- m oo+m os+m - o,+m| 2.4.19
The relevancy of this operation for our purposes derives from the following simple

fact:
Proposition 2.4.3

Forall o € S,, and m > 1 we have

El,®0) = E(0) 2.4.20

Proof
Note that from 2.4.19 we deduce that

araz---a; € RED(0) <= (a1 +m)(az+m) ---(aj+m) € RED(1,,, ® 0). 2.4.21

Since shifting by a constant each letter of a word does not change its descent set, the
identity in 2.4.20 follows then immediately from the definition in 2.3.19.

The following result is basic in assuring that conditions (1) and (2) of Theorem
2.4.2. are satisfied.

Proposition 2.4.4

Let 0 = o102+ - -0y, and for a triplet 1 < i < r < s < n suppose that 0; < o5 < oy.
Set u =0 X tps and ¢’ = u X t;.. Decompose the circle diagrams of o, w and ¢’ as indicated
below
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7 r s 7 r s i r s
A|B|C A|B|C A| B|C
o o; o:
E | F E | F E | F
01 O-S 0-5
al m alr alr 2.4.22
(o o 0,
L L L
CD(o) CD(u) CD(c")

"o

where a letter in a square represents the collection of “X” ’s in that open region. Then
(a) U(u,r) = {o}and (b) o’ € ®(u,r) hold trueifand onlyif D =0, G =0, H =0, L = 0.

Proof
To assure that 0 € ¥(u,r) we must have 2.4.15 a). This requires that o, < 0, and

{Jr+1,or+2,...,as,1} Nlop,os] =0, 2.4.23

because any element common to these two sets would produce two additional inver-
sions in the transition u—o, violating the second part of 2.4.15 a). Now it is easily seen
that 2.4.23 simply means that there are no “X” ’s in the open region denoted by G in
CD(0), CD(u) and CD(0’). Similarly, to assure that ¢’ € ®(u, ) we need to have

{O’i+1,0'i+2,...,0'7-_1}ﬂ[Ui,Us] :Q . 2.4.24

and this means that there are no “X” ’s in the open region denoted by D.

Note further that if we had some s’ > s with 05 < 0y < 0, then by taking the
one with s’ minimal the permutation v X t,.,» would yield us another element of ¥ (u, 7).
So to satisfy the uniqueness part of condition (a) we must also require that there be no
“X*’s in the open regions denoted by H. Likewise if we had an s’ with r < s’ < s and
os > o, then by taking the one with s’ smallest the permutation u x ¢, would yield us
another element of ¥(u,r). This accounts for the requirement L = (§ in CD(o), CD(u)
and CD(o’). This completes our argument.

To complete the picture we need to find out for which permutations ¢ =
o102 --- 0, we can find at least one triplet of indices 1 < i < r < s < n for which
the conditions of Proposition 2.4.4 are satisfied. Lascoux and Schiitzenberger noted the
following very simple solution to this problem.

Theorem 2.4.3

If we choose 1 to be the last descent of o = 01,02 - - - 0y, and let s > r be the largest index
such that o5 < o, then setting u = ¢ X t,s we shall have U(u,r) = {o} and there will be at
least one index i < r for which o’ = u X t; € ®(u,r) provided

min{o; : j<r} <o, 2.4.25

Proof
To help visualizing these choices of r and s, in the figure below, we have schemat-
ically depicted the behaviour of ¢ after its last descent.



54 Chapter 2. Balanced Labeled Circle Diagrams

oI
0_ L]
. 000 (J ==m—==—ee s+1
0‘10'20010'7 '.'0—7. O'S
.a-s—l
..
042
r+1
In other words we have assured the inequalities
Org1 < Opy2 < -+ <0521 <05 < 0Op <041 < 02 < -+ < Op, 2.4.26

In the same vein the permutation v = o x t,, which here and after is denoted “u(c)”,
may be depicted as indicated below

U0)= 0y Gy 0000, a0 gy =y, O 2.4.27

r+1

Now it is not difficult to see that the inequalities in 2.4.26 guarantee the conditions
G =H =L =0 for CD(0) and CD(u(c)) assuring that ¥(u(c),r) = {o}. Now, if the
condition in 2.4.25 is satisfied then by chosing the largest ¢ < r for which ¢; < o we
will have

{0it1,0i42, -, 0p_1 N [og,05] = 0

assuring that o’ = u(o) x t; € ®(u(0), r). This completes our argument.

This result shows that when condition 2.4.25 is satisfied we are able to express
Z(o) as in 2.4.18 with u = u(c). But what are we to do if

01,09,...,00_1 > Os 2.4.28
Lascoux and Schiitzenberger have a simple answer also in this case: They simply
replace o by

1 2 3 -oon+1

loo =1y 1416 1400 - 140,

Indeed, since the last descent of 1 ® ¢ is now atr + 1 and
u(l®o) = 1®u(o)
we can easily see that we have
l(lul®o))=l(l1®o)—1

as well as
V(u(l®o),r+1) = {les}

Now the inequalities in 2.4.28 can also be rewritten as

1+Ul,1+02,...,1+07«_1 > 1+ o0y
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and these yield that the permutation

o = uw(l®o) Xty 41 2.4.29
belongs to the set
P(u(l®o),r+1).

Moreover, it is easy to see that ¢’ is the only element of this set. Thus we can apply
Theorem 2.4.2 to this case and derive from 2.4.18 that

2(0) = Eu(l®0) X ti,1) 2.4.30

We now have all the ingredients we need for the construction of the LS trees.

The Branching Process for o = 0102 - - - 0yt

Step 1: Locate the last descent of o. If this occurs at r then let s be the largest index such
that s > rand o, < o, .

Step 2: Letu =0 X tys =01,02...0p-1050p41" " Os—10p Og41 """ On.

Step 3: Case a) If ®(u,r) # () then the children of o are the permutations o’ € ®(u,r).
Case b) If ®(u,r) = () then o has only one child, namely o’ = w(1® o) X t1 1.

Definition 2.4.1

The LS tree of a permutation o is the tree obtained by recursive calls of the branching
process described above starting with o and stopping the recursion at every child that is
Grassmanian.

To show that this construction always yields a finite tree, Lascoux and Schiitzen-
berger produce the following beautiful estimate for the length of any downward path
in the LS tree of a permutation.

Proposition 2.4.5
Let o be a permutation of length | and let d,(c) and di(o) denote the first and last
descents of 0. Assume that for the following chain of permutations

c=ocMW @ ... 50
we have
(a) Each is a child of the previous one,
(b) None of them is Grassmanian,
then
N <1x (di(o) —do(0)) 2.4.31

Before we prove this result it will be good to experiment with the construction
of a number of LS trees and understand how simple the process really is.

To begin let us make more explicit our construction of the children of o. To this
end note that in Case a) the children of o are the permutations ¢/ = u X ¢;, for each
i < rsuch that

o <o, & {Ui+1,0'¢+2,...,O'T_1}ﬂ[O'¢,0’5] = 0,
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and when this holds

/
0 = 01,02 0j—1050i41 " Op_10;0p41°" 05107041 " On. 2.4.32

In Case b), the unique child ¢’ = u(1 ® 0) X 1,41 is none other than the permutation

1 2 3 r r+1 r+2 s s+1 s+2 R e |
o = 2.4.33

oOs 01 02 v Op—1 1 Orp1 o Os—1 O Os1 oo On

with the understanding thatz =z + 1.

For our first example we take the permutation o = 2671536, which has a simple
but not entirely trivial LS tree. In the figure below we depict this tree with a circle
diagrams appended at each leaf.

2671534

2674135 4671235

X|o|o|e

3672145 o X]e|e

oo |X|e

X|o|o|o| o |00

24781356 . o|o|o|X

X|eo|o|e e X o/ o|o 0|0

X|eo|o| o o o |0 e e e X/ o|0o 0|0
° e X|eo|e
e X| oe|o| o0 0o
e e e e | X|e
e e e |0 | X
e o X|o| oo 0 e
e o o X| o0 0o

Note then that multiple applications of the identities in 2.4.18 and 2.4.30 give us the
relations

[1]

2(2671534) = 2(2674135) + £(4671235)
2(2674135) = 2(3672145)
2(3672145) = £(24781356)

[1]

On the other hand since 24781346 and 4671235 are Grassmanian of shapes [4421] and
[443], from Theorem 2.3.3 we derive that

E(24781356) = %([4322]) ,  E(4671235) = %([3332])
Combining all these identities we derive that
2(2671534) = X([4322]) + X([3332])

Thus, in particular it follows that the number of reduced decompositions of 2671534 is
equal to the number of standard tableaux of shapes [4421] and [443].

We can easily see from this example that the relations in 2.4.18 and 2.4.30 com-
bined with Theorem 2.3.3 yield us the following general result
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Theorem 2.4.4
On the validity of Theorem 2.4.1 and Proposition 2.4.5, for any permutation o, we have
the expansion

E(o) = > 2(N(a") 2.4.34

o’€LeavesLS(o)

where the symbol “o’ € LeavesLS(o)” is to indicate that the summation is over the leaves of
the LS tree of o.

We shall take as our next example the permutation o = 24156837. To follow step
by step the operations that yield the LS tree of this permutation, in the display below
we have placed under each ¢ the permutation u(c) or (1 ® o) as the case may be, and
right below we display the offspring. The circled indices are those that get transposed
as we pass from a o to its corresponding u(o). Finally under each Grassmanian leaf ¢’
we draw the Ferrers diagram of the partition X' (¢”).

2415 63)30)
2 41 5(6(7)3(8)
v
241578
2415 73)6)s
2435 1 8 341 5(7)2(6)8
2435 1 8 3415 2(7)8
¥
243678 341678
24361057 8 3416 78
v e
235 4 1 8 9 3.4 2 1 7
2354%1%89 342%1%7
2356789 2364789 345678 352678
235 6(1)04)7 8 9 236 4(1) 57 8 9 34 5()02)6 7 8 35 2(1(4)6 7 8
v v v v

23467158910 23470 )68 910 245613789 24603 1)s5 7809
v 234768910 v 2465780
v

® ®

Thus from Theorem 2.4.4 we derive that
=(34156837) = X([5,2]) + X([5, 1, 1]) + =([4, 3)) + =([4, 2,1]) 2.4.35

This example is particularly interesting since the permutation 34156837 is 321-avoiding
with corresponding diagram the French skew partition [5,5,2]/[4, 1]. Now it develops
that the skew Schur function S[5 5 o) /(4,1] has the Schur function expansion

Si5,5.21/[4,1] = S5,2] T S[5,1,1] + Spa,3) + Spa,2,1) 2.4.36

The fact that the right hand sides of 2.4.35 and 2.4.36 are essentially identical is not
an accident. In fact it is only an instance of the general fact discovered by Lascoux
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and Schiitzenberger that the LS tree can be used to compute Littlewood-Richardson
coefficients.

For the final example we have chosen ¢ = 4321. Here, to save space, we have de-
picted the LS tree horizontally. In particular the permutations must be read from top to
bottom. We have depicted the circle diagrams of the starting and ending permutations.

5 X[e]e
x| 4 4 4 4 3 [X|e|e[e]e]e
X 33 <> 1 X
)(o:_»_»_»6:)(o:o:
55 55
)(aa- 4 |e|e e e | X
22 33 2 |e|e|X|e|e|e

We should notice two important facts. First we see here a case when each parent has a
single child. This not an accident. As we shall soon see this is always true for vexillary
permutations. Secondly we might guess that for the general reversing permutation

(n) _ 1 2 - n—1 n
> T non-1 -~ 2 1]
which is dominant of shape [n —1,n—2,.. ., 2, 1], the Grassmanian permutation which

is the single leaf of its tree has always an associated French skew diagram obtained as
180° rotation of of the diagram of [n — 1,n — 2,...,2,1]. We leave the proof of this to
the reader and derive from Theorem 2.3.3 the following result which essentially goes
back to Richard Stanley.

Theorem 2.4.5
For the top permutation c™ € S,, we have

2™y = S(n—-1,n—-2,...,2,1])

In particular the number of reduced decomposition of o™ is equal to the number of standard
tableaux of “staircase” shape [n — 1,n —2,...,2,1].

Our next task is the proof of Proposition 2.4.5. However before we do this
we need some preliminary observations and an auxiliary result. To begin, given a
permutation o, it will be good to distinguish children ¢’ resulting from Case a) of the
branching process from those resulting from Case b). We shall call the former “regular”
children and the latter “lateral” children.

It will be good to order regular children ¢’ = u(o) x t; according to increasing
i. More generally, under the hypotheses of Proposition 2.4.4 let

b(u,r) = {u Xtigry, UWXligp, o, WX ti,,mr}
with i; < i < -+ < i,,. Then it is easy to see that we must also have
Oiy > 0jy >0+ > 04, 2.4.37
for otherwise the condition in 2.4.24

{0’1'4_1,0'1‘_,_2, .. -,Ur—l} n [O'i,O'S] = (Z)
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assuring that o’ = u x t; € ®(u,r) would be violated. This given we see that 4,, must
be the last index i < r such that o; < o,. Following Lascoux and Schiitzenberger we
shall call u x ¢;,, , the “leader” of ®(u,r).

Remark 2.4.3
For our later purposes it will be good to note that o/ = u x t;, is the leader of
®(u,r) if and only if 0; < o5 and

Oi+1,0i41y--+,0r—1 > Os 2.4.38

The following two auxiliary results will provide us with the necessary ingredients
for the proof of Proposition 2.4.5.

Lemma 2.4.1
Let 0 = o102 -- 0, and suppose that for a triplet 1 < i < r < s < n we have
0; < 05 < op. Suppose that for u = o X t,s and o’ = u X t;, we have

U(u,r)y={c} , o €d(u,r). 2.4.39
Then
V(uto)={c""' , o tecdul oy 2.4.40
and
a) Mo) < Ao') by N H<Noe™ 2.4.41

with equality in a) if and only if o' is the leader of ®(u,r) and equality in b) if and only if o'~!
is the leader of ®(u™', o).

Proof
From Proposition 2.4.4 we derive that the conditions in 2.4.39 hold if and only if
the circle diagrams of o, u and ¢’ are of the form given below.

7 r s 7 r s 7 r s

A A C A
O; 0; O;
F

¢lEFl | |d ¢

2442
¢

<o 3| W
=
<o 3| W
-
<o 3| W

CD(o) CD(u) CD(o)

Since the empty sets are symmetrically located with respect to the main diagonal of
these diagrams we derive from Proposition 2.4.4 that the conditions in 2.4.39 and 2.4.40
are equivalent. Thus we only need to prove the inequalities in 2.4.41. Letting a, b, ¢, ¢, f
denote the cardinalty of the sets A, B, C, E, F' we immediately deduce, by counting the
number of circles in columns 4, r and s of C'D(o) that

cilo)=a+b+c , cr(o)=b+ct+e+f+1 cs(o)=c+ f. 2.4.43
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Doing the same for C'D(c’) we obtain
cilc)=a+b+c+1l+e+f | e (d)y=b+c , cs(d)=c+ f. 2.4.44

Since the changes needed to get CD(¢’) from CD(o) involve only columns ¢, and s
we see that we have

cj(o) =cj(0’)  forj#rs

Now we need to distinguish two cases according as
a) a>e+ f+1 or b) a<e+ f+1.

In the first case ¢;(0) > ¢, (o) and 2.4.44 shows that to obtain the Ferrers diagram of
A(¢’) from the Ferrers diagram of A\(o) we simply transfer 1 + e+ f cells from a smaller
row to a larger row. In the second case ¢;(0) < ¢.(0) and to obtain the transition
Ao)—A(0") we need to transfer a cells again from a smaller row to a larger row. So in
either case the transfer will cause A(¢’) to be larger than A\(c) in the dominance order.
This proves a) of 2.4.41. Now because of 2.4.2, we can apply this very same inequality

to the triplet 0=, u~!, 0’~! and obtain

AMo™hH) < Mo’ 2.4.45

This proves 2.4.41 b), since passing to conjugates reverses dominance.
Finally, from 2.4.43 and 2.4.44 we see that in any case we have

cr(0) > ¢ (0'). 2.4.46
Thus equality in 2.4.41 a) can only occur if and only if ¢, (¢) = ¢;(¢’) and ¢;(0) = ¢, (0”).
This shows that equality holds if and only if a = 0. Now a look at the diagrams in
2.4.42 reveals that a = 0 occurs if and only if

oj>0s VYV i<j<r

But this is 2.4.38 which, from Remark 2.4.3, is precisely the condition that characterizes
a leader of a collection ®(u, ). This given, note that since equality in in 2.4.41 b) holds
if and only if we have equality in 2.4.45, we see that the finall assertion simply follows
by applyng what we have just shown to the triplet 0=, u=!, o’~1. This completes the
proof.

Lemma 2.4.2
If o' is a child of a non-Grassmanian o then

di(0") — do(0") < di(0) — dy(0), 2.4.47
and, in case of equality we then have

¢y (o) (0") < cay(0)(0) - 2.4.48
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Proof
Since a lateral child of a permutation o is a regular child of 1 ® ¢, and we trivially
have
a) di(l®o)=di(o)+1
b) do(1®0)=do(0)+1
¢)  Ca(180)(1 ©0) = ¢4, (0)(9)

we can easily see that we need only prove 2.4.47 and 2.4.48 for regular children. This
given, let us assume that ¢’ is a regular child of . Now under this hypothesis we will
actually show that

a) do(0) <d,(¢') and b) di(c') <di(0). 2.4.49

To this end, recall that in this case we have u = u(o) = o X t,5, ¢/ = u(o) X t; with
r = di(0) (the last descent) and again 1 < i < r < s < n witho; < 05 < g,. In
summary

O = 01°°°0;-1040441" " 0p—10y0p41**°05-1050541 " " 0p

and
!

0O = 01°0i-1050i41" " 0pr_10i0pr41° 051070541 "' 0p
In particular
0j =0 for j#i,r,s.

Thus if dy(0) < i — 1 then dy(0’) = d,(0) and similarly we will have d, (o) = do(0’) if
i <do(o) <r—1.1fd,(0) = i —1 we may have destroyed the descent at i — 1 by placing
os > 0y in position i, giving d,(c') > d,(0). Otherwise we again have d,(c’) = d,(0).
If do (o) = i then the inequalities

/ !
0-1:0-9>0.’L>0.’L+1:O.1+1

give d,(0’) = i as well. But what if d,(c) > ¢ (thatis 0; < 0;41) and 041 < 0. Now
this cannot happen for otherwise the condition

{O-i+170—7;+27"'70'7'71}m [0'7;,0'5] = (Z)

assuring that o’ = u x t;, € ®(u,r) would be violated. Since by assumption o is not
Grassmanian we must have d,(o) < r, thus we are only left to check what happens
when d,(¢) = r — 1. That is if 0,_1 > o0,. However in this case the inequalities
o, > 05 > 0; guarantee that 7 — 1 remains a descent as we pass from o to o’ completing
the proof of 2.4.49 a). To prove 2.4.49 b) note that the picture in 2.4.27 clearly shows
that neither u(c) nor ¢’ have a descent after position r. So we only need to check what
happens at r itself. To this end note that since o]. = 0; and 0], | = 0,41 we see that we
have d;(¢0') = d1(0) only if the picture is as in 2.4.27 and o; > 0,41. Forif o; < 0,41
or worse yet if o has no elements between positions r and s, (that is if s = r 4 1) then
0,1 = 0r > 05 > 0; > 0, destroys the descent at r and we will have d;(0’) < di(0).
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Finally since the computations in the proof of Lemma 2.4.1 apply to the present
case as well we see that the inequality in 2.4.46 holds true here with r = d; (¢). In other
words we have in any case

Cdy (o) (U/) < Cdy (o) (U) :

However, this inequality reduces to 2.4.48 when d;(0) = di(o’) and this certainly
happens when 2.4.47 reduces to an equality. In fact from 2.4.49 a) and b) we can see
that 2.4.47 can be an equality only if we have both d;(¢') = di(0) and d,(c’) = do(0).
This completes our proof.

We now have all the ingredients we need to carry out the final step in the definition
of the LS tree.

Proof of Proposition 2.4.5
Let us associate to the member (9 of the chain

2) N)

o= oW g@ . g

the point
PO = (g (@?), di(e™) =do(a)) .

Note that, since the components of the code of a permutation never exceed its length,
and all the descendants of a permutation have the same length we see that we must
have

1< cgy oy (0?) <1 fori=1,2,...,N. 2.4.50

Note further that, since none of the o(¥) are Grassmanian, we necessarily have
1<di(0W) = dy(c™) fori=1,2,...,N. 2.4.51

Moreover, we can apply Lemma 2.4.2 to each transition 0() —¢(i+1) and, by successive
applications of the inequality in 2.4.47, derive that

di(6D) —do(0D) < di(0) — do(0) fori=1,2,...,N. 2.4.52

Combining 2.4.50, 2.4.51 and 2.4.52 we obtain that each of the points P(*) lies in the
rectangle
Sio)={(z,y) : 0<2<l & 1<y<di(o)—do(o)}.

Since S(o) contains [ x (di (o) — do (o)) lattice points, we see that to prove the inequality
in 2.4.31 we need only show that the points P() are all distinct. Actually we can do
more than that. Indeed, note that from Lemma 2.4.2 we derive that either

di (") = do(c) < dy (6D — d,(a)

or
dy (c0FV) —dy (oY) = dy (6D) — dy(0P)

but then 2.4.48 gives
Cay (o+0) (0TTV) < g, (pwry (017)
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Thus the point P(*) keeps moving to the left as it remains in any given row of S(o),
This means that after at most [ steps we will necessarily have the inequality

di (0D —dy(cHY) < dy(6D) — d,(a)

which will cause P to skip to a lower row. In summary, we see that P(*), as i =
1,2,..., N, skips from lattice point to lattice point precisely in a strictly decreasing
lexicographic manner and thus N cannot exceed the number of lattice points in S(o).

The last result of this section is the following (anticipated) beautiful consequence
of Theorem 2.4.4.

Theorem 2.4.6
If o is vexillary then its LS tree reduces to a chain of vexillary permutations ending with
a Grassmanian. In particular it follows that

E(o) = Z(N(0)) 2.4.53

Proof
Let o be any vexillary permutation and let its children be given by the collection

O(u,r) = {uxtihr, UX Tigr, o, uxti,,mr}

with r = di(0) and 41 < i2 < -+ < i,,. Then we have seen (2.4.37) that we must also
have
Ojy > Ty >+ > 04,

However our construction also requires that
op > 05 > 0y

and the elements oy, ,0;,,0,, 0 occur in o precisely in this order. This means that if
k > 2 then o would contain a 2143 subpattern which is contrary to our assumption that
o is vexillary. Thus vexillary permutations have only one child, regular or lateral.

Now, recalling (see 2.3.12) that a vexillary permutation o is characterized by the
equality A\(c) = N (0~ !), we derive from the inequalities in 2.4.41 that the child of a
vexillary must also be vexillary and of the same shape as well. This means that the
Grassmanian leaf o’ of the LS tree of a vexillary o will necessarily also have shape A(o).
Thus the equality in 2.4.53 is simply another consequence of Theorem 2.3.3.






3. Symmetric Functions and Schubert Polynomials.

3.1 Stanley’s Theory of P-Partitions

In these note a partially ordered set (briefly a poset) is a pair {2, <) consisting
of a finite set {2 and a partial order “=<" of the elements of Q2. It will be convenient here
and after to let n be the number of elements of . For a given poset P = {Q, <) we let
Fp denote the family of integer valued weakly increasing function in P. In symbols

Fp = {f:QHN:xjy = f(x)gf(y)}

The elements of Fp are usually referred to as “P-Partitions”. More generally, given an
integral injective labelling w of Q2 we let Fp ., denote the subfamily consisting of those
elements of Fp which strictly increase when w decreases. In symbols

Frw = {feFpia<y & w,>w, = flz)<fly)}. 311

The elements of Fp ., are called “w-Compatible P-Partitions”.

It will be convenient sometimes to keep these families finite and restrict their
elements to take only the values 0,1,2,..., N, for some unspecified very large integer
N. In this vein set

Fp(N) = {feFp :0<f<N}, Fpo(N) = {f€Fpu:0<fF<N}.
3.1.2
This given , to each element f € Fp , we associate a monomial z(f) in the
variables x1, z2, 3 ... which is to carry information as to the multiset of values taken
by f. More precisely we set

(f) = fo(r) = szni(f) 3.1.3

reQd

where for i € N, the integer m;(f) denotes the number of times f takes the value i.
Extending an idea of MacMahon, Stanley obtained a number of identities con-
cerning the generating functions

pr(xl,xg,...xN) = Z {E(f) 3.14
fE]:’P,w(N)

The main goal of this section is the derivation of some of the identities that are pertinent
to our study of reduced decompositions.

The first step is to obtain an expression for Fp , that more closely reflects its de-
pendence on the poset P and its labeling w. The basic idea is to obtain a decomposition
of each element f into a pair (o(f), p(f)) consisting of a permutation ¢ = o103 --- 0o,
and a composition p = (p1,p2, - -, pn). To this end, let f € Fp ,(N) take the values

V1 <V < - < U
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and set
A = {x: flx)=v;}. 3.1.5
Since €2 has a n elements, there is no loss to assume that the given labeling w takes the
values 1,2, ...,n. For simplicity it will also be convenient to denote the elements of
) by their labels. This given, the permutation o(f) is simply obtained by reading the
elements of A;, As, ..., Ay successively. More precisely we set
o(f) = Tw A1 Tw Az Tu Ay 3.1.6
Where the symbol “1,, A;” denotes the word obtained by reading the elements of A4; in
increasing order. Now, given that o = 0109 - - - 0,, we simply set p(f) = (p1,p2,---,Dn)
with
p1 = f(o1) and p,. = f(o,) — f(or—1) (forr=2,...,n). 3.1.7

This construction is best understood by an example. Let P be the poset depicted below
with the partial order indicated by the arrows and the labeling w indicated by the
integers placed in the circles. We have also given an instance of a particular element
f € Fp o(N) by placing its value above each of the circles.

3.1.8

In this case our definition gives
Ay = {5}, Ay ={2,6,7}, A3 = {3,4}, A, = {1}. 3.1.9

thus 3.1.6 gives
o(f) = 5.267.34.1

Here we have indicated by dots the positions of the descents of the resulting permuta-
tion. Following 3.1.7 we then obtain

p(f) = (1,2-1,2-2,2-2,3-2,4—3,5-3) = (1,1,0,0,1,1,2). 3.1.10

To state the basic result of the Stanley Theory of P-partitions we need some
notation. To begin, given a poset P = (Q, <), the linear extensions of the partial
order “=<” will be briefly referred to as the “Standard Orders of P”. If P has been
given an injective labeling w by the numbers 1,2,...,7n, then by reading its labels
according to standard orders of P we obtain a collection of permutations o € S,.
Here and after we will call these permutations “w-Standard” and we will denote their
collection by “ST,,(P)”. Finally, given a permutation ¢ = ¢102...0, a composition
p = (p1,D2,-..,pn) willbe called “o-compatible” if its components satisfy the inequalities

Pra1 >1 if Or > Ory1
>0 & for r=1,2,....,n—1 3.1.11
pr+1 > 0 otherwise
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Since this condition essentially says that p majorizes the descent set of ¢ translated by
1 we will briefly express it by writing

“p>>1+ D(o)”

We now have the following fundamental fact.

Theorem 3.1.1

Let P = (2, %) be a poset with an injective labeling w by the integers 1,2, ..., n. Then
the map f— (o (f),p(f)) defined by 3.1.6 and 3.1.7 is a bijection between the family Fp ., and
the collection C(P, w) of pairs (o, p) where o is w-standard and p is o-compatible. In symbols

C(P,w) = {(U,p) o€ ST,(P) & p>> 1—|—D(a)} 3.1.12

Proof
For a given f € F,,(P) leto(f) = o102 - - - 0. Identifying the elements of Q with
their labels 1,2, ..., n, to show that o(f) € ST, (P) we need only verify that

Or < 0 = r<s 3.1.13

Now recalling the construction that led to 3.1.6, we see that if f(o,) = f(o,) then the
definition in 3.1.2 yields that o, < o,. Moreover, o, and o must lie in the same set A;.
But then o, must come before o, giving r < s as desired. If f(o,) # f(os) then o, < o
forces f(o,) < f(os) and this means that o, € A; and o, € A; with ¢ < j, so we must
again have r < s. This proves 3.1.13.

To show that p( f) satisfies 3.1.11 note that, by its very construction, the descents
of the permutation o(f) can only occur between two successive words “7,, A;” and
”Tw Ai+1”. But if o, € A; and Ory1 € Ai+1 then f(or) = v; and f(o-r+1) = Vj+1 give
Pr+1(f) = vig1 —v; > 1 as desired.

Now the map f— (o (f),p(f)) is clearly injective since we may simply recover f
from the identity

flor)=p1i+p2+---+pr 3.1.14

which reverses 3.1.7. To complete the proof we need only verify that this map is onto.
Let then the pair (o, p) € C(P,w) be given and let f be defined according to 3.1.14. We
must show that f € F,,(P) and that (o(f),p(f)) = (o,p). To begin with, since o is a
linear extension of P we have that o; < 0 forces i < j and thus the definition in 3.1.14
gives

floi) < f(aj)

as desired. Moreover, note that if o; > o; then between ¢ and j the permutation ¢ will
necessarily have a descent and the o-compatibility of p will force

f(Uj)_f(Uz‘):Pj+]9j—1+"-+pi+1>0.

This shows that f € F,(P).
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Finally, to construct the permutation o( f) according to the recipe in 3.1.6 we need
to determine first the sets A;. To this end let us decompose the permutation o in the
form

c = B 1 BQ - B h

where the B; are the words obtained by cutting o at its descents. Since these words are
necessarily increasing, we may view their collection as a partition of the set {1,2, ..., n}.
Note then that, having constructed the sets A; for the f defined by 3.1.14, we see that if
or € A;, thenp,.1 > 0will cause 0,1 tobein A; 1 and this forces A, A, ..., A tobea
partition of {1,2,...,n} which can be obtained by cutting the words B; into successive
segments. Putting it in another way, for some indices 1 < i; < iy < --- < ip_1 < k we

will have
Bl :Tw Al Tw A2 te Tw Ai1

By =Tw Aii41 Tw Ai2-- Tw Asy

B, :TW Ai}L71+1 Tw Aih,1+2 - Tw Ay
But this gives
U(f) :TwAlTwAQ"'TwAk = BlBQ"'Bh — o

as desired. This given the identity

p(f) = »p
immediately follows from the definition of f in 3.1.14. This completes our proof.

Theorem 3.1.1 yields a beautiful expansion for the polynomials Fp .

Theorem 3.1.2

Fp (z1,22,...,TN) = Z Z T3, LB, X3, 3.1.15

0€ST,(P) 1<B1<B2< <P <N
0;>0i41 = Bi<Bit1

Proof
Using the map f— (o (f),p(f)) from Theorem 3.1.1 and the definition in 3.1.3 we
get that

FP,UJ(£C1,9€2, cee ,xN) = E Lp1Tpi+pe " Lpr+pat+-+pn *
(0,p)EC(P,w)

However, 3.2.12 gives

F'Pw(xlvx%"wx]\f) = E E Lp1Tpi+p2 * " Lpi+pat---+pn - 3.1.16
c€ST,(P) p>>1+D(o)

Now p >> 1+ D(o) simply means that

0y >0i41 = P11+ +p;<p1+-+Ppit1
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and so we see that 3.1.15 is simply another way of writing 3.1.16.

Remark 3.1.1

We should mention that the inner sum in 3.1.15 is one of Gessel’s “Quasi-
Symmetric” functions (Cont. Math. 1984). To simplify some of our formulas, and
to be consistent with the notation introduced in section 2.3, it will be good to represent
these polynomials by a symbol indexed by a “strict” Composition.(T) To this end if
p = (p1,p2,-..,px) and all p; > 1 then we shall write

pEN «—prtpatFpe=n

To such a composition p we shall associate the subset S(p) C {1,2,...,n} defined by
setting

Sp) = {p.p1+p2--p1+p2+- +pre-1} 3.1.17

This given, for p = n we shall here and after set

Qp(x1,22,...,2N8) = Z T3, LB, X3, 3.1.18

1<B1<B2<-<Br <N
i€S(p) = Bi<PBi+1

Now, recalling the definition in 2.3.17 of the composition p(w) corresponding to the
descent set of a word w, we see that the identity in 3.1.15 may be simply written as

Fp,w(xl,xg,...,xN): Z Qp((,)(xl,xg,...,xN) 3.1.19
ceST,(P)

Remark 3.1.2

In view of the definition in 3.1.1, we see that for the example given in 3.1.8 the
labeling forces the elements of Fp ., (IN) to be strictly increasing as we go NORTH-WEST
and weakly increasing as we go NORTH-EAST. In particular, in this case, the family
Fp.. can be identified with the collection of all column-strict tableaux of shape (3, 3, 2).
Recalling the definition of a Schur function S as a sum of monomials corresponding
to column-strict tableaux of shape A we see that in this case we have

Fp’w(ﬂil,xg, P ,Z‘N) = 5373’2(1‘1,1‘2, e ,xN) .

Clearly this is not an accident but a particular case of a general method for obtaining
expansions of Schur functions in terms of quasi-symmetric functions. To state the
result which follows, we need to make some notational conventions. Given a French
skew diagram D with n cells and a standard filling 7 of D we shall denote by w(7) the
permutation obtained by reading 7 from from left to right, by rows starting from the
top row. For instance if D = 5442/311 and

2 10
3 7
4

1 3.1.20

9
8
5 6

(M That is an integral vector with all components > 1.
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then
w(T) =21037914856 3.1.21

Now we can construct from any skew diagram D a poset Pp, by tilting the diagram 45°
counterclockwise and for two cells z,y set < y if and only if we can go from x to y by
a sequence of NORTH-WEST and NORTH-EAST steps. In the display below we have
illustrated the poset Pp corresponding to the shape D = 5442/311

Fig 3.1.22

In this display the numbers in circles are obtained by labeling the cells of D with
1,2,...,n = 10 from left to right and from top to bottom. We shall here and after
assume that the posets Pp are given an w labeling constructed in this manner. This
will be referred as the “Natural Labeling of Pp”. It should then be noted that every
standard standard tableau 7 of shape D will then give raise to a linear extension of Pp.
This should be quite clear from Fig. 3.1.22 where we have placed above the circles the
corresponding entries of the tableau 7 of 3.1.20. This given, to each standard tableau
of shape D there will correspond an element o(7) € ST,,(Pp) obtained by reading the
labels in the circles in the order given by the linear extension corresponding to 7. For
instance in the case illustrated in Fig 3.1.22 we obtain the permutation

6

2 3 4 5 7 8 9 10
13 7 9 10 4 8 5

9 3.1.23

1

U(T) - 6

We are now in a position to state and prove a basic expansion result for skew
Schur functions.

Theorem 3.1.3
For any skew diagram D we have

SD(Z‘l,J)Q,...,xn) = Z QP(T)(xl,xg,...,a:n) 3.1.24
TeST (D)

Proof

Let Pp be the poset corresponding to D and let w be the natural labeling of
Pp obtained by the construction given above. We can easily see from the example
displayed in 3.1.8 that the column strict tableaux of shape D may be identified with the
w-compatible Pp-partitions. It thus follows from Theorem 3.1.2 that

Sp(x1, 22, .. 1n) = Y Quoy(1, 2, 70).

€8T, (Pp)
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Now from what we have observed it follows that this identity can be rewritten as

SD(xl,xg,...,xn) = Z QP(U(T))(xl,JZQ,...,In). 3.1.25
TE€ST (D)

However, a glimpse at Fig. 3.1.22 and the permutation in 3.1.23 should reveal that the
descents of o(7) occur precisely at the indices i of 7 where i + 1 is strongly NORTH and
weakly WEST of 7. But these are precisely the descents of 7 itself. In other words by
the notation we introduced in section 2.3 we have

Substituting this in 3.1.25 gives 3.1.24 as desired, completing the proof.

Given two words a = ajas---ap and b = b1bsy - - - b, the collection of all words
obtained by shuffling the letters of a and b (as if they were card decks) is called the
“shuffle of a and b” and is denoted

“a UL D7,

For instance if ¢ = a1a2 and b = b1byb3 then

aUb = {aragbibabs, arbiazbabs , a1bibzasbs , aibibabsaz , biaiazbabs ,

biaibaasbs , braibabsas , bibaaiazbs , bibaaibzas , b152b3a1a2}

The following result shows the peculiar way by which quasisymmetric functions mul-
tiply.
Theorem 3.1.4

Forao=aiag--ap € Spand 8= 3102 - - - Bi. € Sk, we have (for sufficiently large N)

Qp(a)(arl,arg,...,xN)Qp(g)(arl,a:Q,...,xN) = Z Qp(g)(ajl,ajg,...,x]v) 3.1.26

cealll1;R0

Proof
Let P, denote the ordinary chain

Pr=({1,2,...,h},<).
and let us label the elements 1,2,...,h by ai,aq,...,ap respectively. Since Pp, is

linearly ordered, the collection ST, (Ps) reduces to the single permutation «. Thus
from 3.1.19 we derive that

Fp, o(z1,72,...,0N) = Qpu)(T1,22,...,2ZN). 3.1.27

Similarly, if Py, = ({1,2,...,k}, <) and we label its elements (31, 32, . .., Bx We get

Fpk’g(xl,xg, .. .,Z‘N) = Qp(g)(xl,xg, .. .,Z‘N) . 3.1.28
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Now let P = P, U Py, be the poset consisting of the simple disjoint union of these two
chains and let w be the labeling of P obtained by giving the elements of P}, the labels
a1, qo,...,an and the elements of Py, the labels

h+01,h+02, ..., h+Gk. 3.1.29

This given it is easy to see that every w-compatible P-partition f € Fp , is simply
obtained by choosing a pair f1 € Fp, o(N) and fo € Fp, g(N) and transplanting them
onto the Pj, and Py, portions of P. In fact, the w-compatibility of f; is trivial and that
of f; follows from the fact that the labeling in 3.1.29 has the same descent set as the
labeling 31, 52, . . ., Bk. Thus it follows that in this case

Fpo(x1,72,...,oN) = Qpa)(T1,%2,...,2N) Qpa) (21, T2, ..., TN). 3.1.30

Now it turns out that the desired identity in 3.1.26 is obtained by computing the same
polynomial by means of formula 3.1.19. In fact, it is easy to see that here the elements
of ST, (P) are none other than the shuffles of a1, a, . .., ay, with the labels in 3.1.29. In
our notation these are simply the permutations in

a Uy 1h®ﬂ

Thus in this case 3.1.19 may be rewritten as

Fpu(zr,@2,...,28) = > Quoy(ar e, an).
cEa L1 RA

This completes our argument.

3.2 The Stanley Symmetric Function of a Permutation.

Early in the summer of 1982 Richard Stanley started an investigation aimed at
the enumeration of reduced decompositions. This was prompted by his discovery that
data gathered in previous work showed that the number of reduced decomposition of
the top element of S, for n = 2,3,4,5,6 is equal to the number of standard tableaux
of the corresponding staircase shape. Given his previous work, in particular formula
3.1.19, he was led to the bold step of setting for any given o € S, and N > [(0)

Fa(l‘l,l‘g,...,xN) = Z Qp(w)(l‘l,l‘g,...,xj\]). 321
wERED (o)

Unbeknown to him at the time, he was essentially discovering a natural generalization
of “Skew Schur Functions”. Experimentations with examples that can be obtained by
hand computations led him to conjecture that F, is a Symmetric Function with a Schur
Function expansion of the form

Fy(x1,29,...,2N) = Z ax(o) Sx(xz1,x2,...,2N) . 3.2.2
XeC(o)
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with C(o) a suitable collection of shapes and the a (o) certain positive integers. His
investigations led him to the seminal publication [15] where he presented a number of
results supporting his conjectures. In particular he proved the symmetry and showed
the containement

Clo) C{A: A ) <A<N(o)}. 3.2.3

In particular he derived (see 2.3.12 and Theorem 3.2.3 below) that for o vexillary
Fg(xl,xg, ceey Z‘N) = Sx(g)(l‘l, Loy .. . ,xN) . 3.2.4

This allowed him to completely settle the case of the top element of S,,. However
he was not able to prove Schur positivity (i.e. ax(s) > 0 in 3.2.2) nor identify the
collection C(o). In subsequent years all of his conjectures were proved and even some
analogous results were established for other Coxeter groups, in a variety of papers.
The methods used ranged from purely combinatorial, to representation theoretical
and algebraic geometrical. In reviewing this literature we discovered that a relatively
simple and very accessible proof of the Schur positivity of F,, canbe obtained by suitably
combining a number of results from a variety of sources. To be precise, note that as
a corollary of Theorem 2.4.4 we obtain the following remarkably beautiful solution of
the Schur positivity problem for Fi,.

Theorem 3.2.1
On the validity of Theorem 2.4.1, for any permutation o we have

Fy(z1,2o,...,2,) = Z Sxi(on (X1, 22, ..., 2p) 3.2.5
o’€LeavesLS (o)

In particular, for the collection of shapes occurring in 3.2.2 we obtain that
Clo) = {X: X=X(0") forsome o' € LeavesLS(c)} 3.2.6

Moreover, form 3.2.5 we derive that the multiplicities ay (o) have a very simple combinatorial
interpretation, namely

ax(0) = #{o' € LeavesLS(c) : N(¢') =\ } 3.2.7

Proof
From the definitions of Z(¢) and £(\) given in 2.3.19 we see that

Fy(zi1,20,...,2) = Z(0 3.2.8
(21,22 ) (o) O (s )
Now using 2.4.34 we derive that
F,(x1,29,...,0n) = > S(N(d)) : 3.2.9
IP*’QP(IDI%"WTH)

o’€LeavesLS (o)

Now note that from the definition in 2.3.21 and Theorem 3.1.3 we get that for any
partition A we have

Sx(x1,z2,...,mn) = 2(N) 3.2.10

Tp—Qp(T1,T2,...,Tn)
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This given we see that 3.2.5 follows from 3.2.9. This completes the proof since 3.2.6 Ind
3.2.7 are immediate consequences of 3.2.5.

Remark 3.2.1

It should be noted that also the containement in 3.2.3 follows from Theorem 3.2.1.
Indeed we see from Lemma 2.4.1 that for every regular child ¢’ of a permutation o we
have

No) < A@) <N H <N

and since A(c) = A(1 x o) we see that these inequalities must hold also for a lateral
child. Applying them recursively yields that they will have to hold as well for any leaf
o’ of the LS tree of 0. Thus 3.2.3 follows from 3.2.6.

Our proof of Theorem 2.4.1, on which the validity of Theorem 3.2.1 depends, will
be given in the next section. It will be based on the Theory of Schubert polynomials
together with some of the identities proved in [13], [4] and [15]. In the remainder of
this section we shall present these results. In particular we shall include here the very
beautiful argument given by Fomin and Stanley in [4] proving the symmetry of Fi,.
Of course, also this symmetry is a consequence of 3.2.5. However, even though most
of what we ever wanted to show follows from Theorem 3.2.1, there are a number of
beautiful arguments and results in this theory that are worth relating. So it will be
worthwhile to include some of them here, even at the expense of ending up with more
than one proof of the same result.

In [4] Fomin and Stanley base their arguments on the so called “Nil-Coxeter ”
algebra N'C,, . Using this device they were not only able to prove the symmetry of F,
but also could derive in a very efficient way some of the basic properties of Schubert
polynomials. This given it will be most appropriate to introduce it in this section. The
definition of N'C,, is quite immediate. It is simply a K-algebra with generators

UL, U2y« ooy Un—1, 3.2.11
together with an identity “1”, and relations

a) u?=0,
b) Ui Uj = Uj Uy when |i—j|>1, 3.2.12

C) Ui Uit1 Ui = Uj41 Ui Uj41 for ].SZSTL—Q

Here K needs only be the ring of polynomials with integer coefficients in the variables
Z1,2,... TN, 2, y. Weshall see that such an algebra has a natural faithful representation
in terms of the Lascoux-Schiitzenberger divided difference operators §; introduced in
the next section.

The relations in 3.2.12 assure that for any word w = aias - - - a; we shall have

Ugy Ugy ** * Ug, 7 0
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if and only if w is a reduced word of some permutation 0. Moreover, using b) and c)
we can show that if w = ajag - - - a; and w’ = aja} - - - a] are both reduced words for the

same permutation o then we necessarily have

ual ua2 [N ual = Uy ua2 e uag

This means that to any o € S,, we can associate a well defined element u, € NC,

simply by setting for any reduced word w = a1as - --a; € RED(0)
Us = UqyUqgy - Uq, -
This given, Fomin and Stanley set
Ai(z) =14+ zup1) 1 +xup—2) - (1 +xu;).
and obtain the following basic commutativity relations.

Proposition 3.2.1

Al(m)Ai(y) = Ai(y)Ai(m) (fOT’iZl,Q,...,n—l)

Proof
Note that for i = n — 1 the identity in 3.2.15 reduces to

I+zup—1)1+yun—1) = Q4+yup—1)l+zuy_1).
This is trivially true since setting
hi(z) = 1+ zu;)
from a) of 3.2.12 we derive that

hi(x)hi(y) = hi(x+y) = hi(y)hi(x).

3.2.13

3.2.14

3.2.15

3.2.16

3.2.17

3.2.18

So the idea is to prove 3.2.15 by descent induction on . Now the crucial identity here

is a beautiful extension of 3.2.12 ¢), namely

hi(@)hit1(x +y)hi(y) = hiv1(Y)hi(@ + y)hiva(z).

3.2.19

This can be easily verified by means of a) and ¢) of 3.2.12. Now, assume that we have

shown
Aip1(@) Aig1(y) = Air1(y) Aipa(2)
This given, we have
Ai()Ai(y) = Aip1(@)hi(@) Aiga (Y)hiv1 (y) hiy
(using 3.2.12b) ) Ai1(2) Air2 () hi (@) hiea (y) i (y)
(using 3.2.18) Aip1(2)Aip2 () hi(@) i1 (y)hi(y — 2)hi(z)
(using3.2.19) = Aip1(2)Air2(¥)hiv1(y — 2)hi(y)hiv (2)hi(
(using3.2.18) = Ais1(2)Ais1(Whis1(—2)hi(y)his1 (2)hi(2)
(using3.220) = Aiy1(y)Aits(@)hi1(=2)hi(y)hipa(2)hi(x)
(using 3.2.18 ) Aiv1(y) Aiva()hi(y)hiv1 (2)hi(z)
(using32.12b) ) = A1 (¥)hi(y)Aisz(2)his1(z)hi(x)

3.2.20
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completing the induction and the proof of the proposition.

The relevance of these computations in our context stems from the following
remarkable identities

Proposition 3.2.2
Given a permutation o = 0103 - - - 0y, Set

o* =ojo5---0}, 3.2.21
with
of = n+1—on1i (fori=1,2,...,n) 3.2.22
Then for N > | = (o) we have
Foe(@1,32,... @) = > > wpap, g 3.2.23

aiaz-ai€RED(0) 1<pB1<B2<<B <N
a;i<ait1 = Bi<Bit+1

in particular

Fa* (xl,xg, ceey In) = Al(l‘l)Al(xg) s Al(l‘N) 3.2.24

Uo

Proof

Note first that if we turn upside down the line diagram of a reduced decomposi-
tion ajas - - - a; and replace each label “i” by the label “n + 1 — i” the result will simply
be the line diagram of n — a;n — az - - - n — a;. Since this replacement changes the target
permutation o into o* we deduce that we have

aias - a; € RED(o) = n—an—ag---n—a € RED(c") . 3.2.25
This means that if
W= aay---a and w'=n—amn—ax--n—aq
Then the descent sets of w and w* are complements of one another. In symbols
Dw*) = °D(w)={1,2,...,1—1} — D(w) 3.2.26

Now the definition in 3.2.1 may also be written as

Fy(z1, 9, ..., 2,) = > > g, g 3.2.27

aiaz-ai€RED(0) 1<B1<B2<<B <N
a;>a;+1 = Bi<Pit1

In particular, using 3.2.25 we derive that for F,« we have the expansion

Fo’*(xlaan"'7xn): § E T3, T3y " X3
aiaz--a€RED (o) 1<B1<B2< - <BISN
n—a;>n—a;+1 = Bi<Bit+1
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and this is simply another way of writing 3.2.23.
Finally, note that when we expand the product in the right hand side of 3.2.24,
we obtain terms of the form

xﬁl xﬁ2 T xﬁ'm ual ua2 T uawn “
o

with

satisfying
a;i < aiy1 = Bi <Pit1 .

This is because from the definition in 3.2.14 we get that two successive factors x g, u,, and
8, Ua,,, With B; = Bi11 = r coming form the same A, (z,) in 3.2.24 will necessarily
also have a; > a;y1.

Now because of 3.2.12 a) the only terms that survive are those for which m =1,

Ug, Ugy " U, = Uo-

and
araz---a; € RED(o) .

Thus 3.2.24 follows from 3.2.23. This completes our argument.

As a corollary of Proposition 3.2.2 we obtain

Theorem 3.2.2

For any permutation o the Stanley polynomial Fy(x1,x2, . .., xy,) is a symmetric func-
tion of x1, T2, ..., Tn.
Proof

From 3.2.24 we derive that

F(,(arl,arg,...,xn) = Al(xl)Al(mg)---Al(xN) . 3228

u

o *

Thus the assertion is a simple consequence of Proposition 3.2.1.

Stanley’s proof of the inclusion in 3.2.3 is based on the following two auxiliary
results.

Proposition 3.2.3
o) C {)\ SAC X(a)} 3.2.29

Proof
Since we have proved that F, is symmetric we shall have an expansion of the
form

Fy(xy,@e,...,2,) = pr(a) my(z1, T2, ..., Tn) 3.2.30
m
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where “m,,” denotes the monomial symmetric funtion corresponding to i and the b, (o)
are suitable non-negative integer coefficients. In view of the expansion in 3.2.27 we see
that b, () > 0 if and only if at least one of the summands in 3.2.27 yields the leading
monomial of m,,. In other words, if b,(c) > 0 for

p= (1 >pg > >pp>0)F1

then from some word w = ajas---a; € RED(o) we have

— M1 K2 HE
L33,y T = T Ty g

with 81 < B2+ < frand §; < B;41 when a; > a;1. Now this implies that the descents
of w must be all contained in the set

{ma s m+po, e+, o, gt ke )
Equivalently, we must have the inequalities

a1 <ag < - <y Qui1 < Oppg2 << Auigp, s s
Apy 4ot pg14+1 < gty 42 < - < ap
To see what this tells us about the circle diagram of o we only need to have a look at

the corresponding line diagram M (aias---a;). To this end we have depicted below
the case w = 23456 - 2345 - 1234 - 123 - 12 and ¢ = (5, 4,4, 3,2),

10 14 17

1 6

) 11 15 18, 7

3 7 12 5

4 8 13 4

5 J 1

6 3

7 2
Let us imagine that we break up the construction of our diagram into k stages containing
M1, 2, - - ., pii Steps respectively. In this case we obtain the successsion of diagrams

M(a1,az,...,a5)—=M(a1,a2,...,a9)—M(ar,as,...,a13)
—>./\/l(a1, az, ..., alf,-)—>./\/l(a1, agz, ..., alg)

Now recall that, according to definition 2.1.1, an “x” at the kth step contributes a circle
labelled “k” in position (i, j) of CD(o) if that “x” interchanges the i-line with the o;-
line. In this particular example, the first stage creates 5 labelled circles. Due to the fact
that a1 < a2 < -+ < as our definition implies that these circles will fall in 5 different
columns. Proceeding with our construction, in the second stage we add 4 more circles
some of which could land in the same column as the ones created in the first stage, but
due to the fact that ag < a7 < --- < ag they themselves will fall in 4 different columns.
Similarly in the third stage we add 4 more circles in 4 different columns. Here some
of these circles could land in the same column as one or two circles created in the two
previous stages.
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In the general case after r < k stages we will have created

labelled circles and, due to the fact that during each stage the a; increase the circles
created within a stage will land in separate columns. This causes circles appearing in
the same column to come from different stages. Consequently, after r stages there will
be at most r circles in any given column. This means that if we push these circles up
along their column until they are tightly packed, they will necessarily fall in the first
r lines of the circle diagram. On the other hand, if, after we finish the construction,
we tightly pack all the circles of CD(o) in the same manner, we see from the defintion
2.3.3 of the code of o, that the number of circles that will be packed in the first r rows
is given by the expression

Ci(U) A T,
1

n

(2

where aAb = min(a, b). Butsince the shape (see definition 2.3.1) is only a rearrangement
of the code we necessarily have the equalities
ci(o)Ar, = Z/\i(a) Ar = N(o)+My(o)+ -+ (o) . 3.2.32

=1

Since in the process of constructing the corresponding sequence of balanced tableaux
T(a1a2 P a’Nl) RN T(a1a2 P G’N2) —_— e — T(a1a2 N al)
pairs of circles in different columns remain in different columns and pairs of cicles in

the same column remain in the same column, it follows that the circles counted by
3.2.31 will be a subset of those counted by 3.2.32, and thus we must necessarily have

p A pig - e <N (0) +X5(0) + -+ X (0)
In summary we have shown that
bu(o) >0 = u<N(o).
Thus the expansion in 3.2.30 may be rewritten as

Fy(z1,ma,...,2,) = Z bu(o) my(z1,x2,. .., 2n) . 3.2.33
<N (o)

Now recall from Symmetric Function Theory that the “monomial” and “Schur” bases
are related by upper unitriangular matrices. Thus we may write

mu (T, T, ) = Y Sa(@1, 2, Tn) Hay 3.2.34
A<p
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Substituting this in 3.2.33 gives
Fy(x1,x9,...,2,) = Z bu(o) Z Sa(z1, 22, ..., xn) Hyy
n<A (o) Asp

= Sa(@1,m,-,ma) Y bu(o) Hap.
A

ASHEN (o)
This shows that the coefficients a) (o) in the expansion 3.2.2 satisfy

Por<pen(o) bul0) Hye A< N(o),
ax(o) =
0 otherwise.

This proves 3.2.29 and completes our proof.

We now need two further properties of the permutation o*.

Proposition 3.2.4
For any permutation o we have for N > (o)
Ao*) = Mo ™h 3.2.35
Fy(x1,20,...,20) = wFe«(z1,22,...,2p) 3.2.36

where w denotes the fundamental symmetric function involution.

Proof
Note that from 3.2.22 we get that the code of o* is given by the equalities

ci(o™)

#{j>i 1= o > n+1—an+1,j}

#{] > On+1—j > On41—i }
Now this may be rewritten as
Cnt1—i(0™) = #{n+1—j>n+1—i Doy > 01'}

#{j<i:oj >0i}.

This proves 3.2.35 since
#{j<i : 0 >0'¢} = ¢i(o7h).
To prove 3.2.36 note that from 3.2.26 and 3.2.1 it follows that we may write for [(o) =1

Fa*(x17x27"-;xn) = Z Qp( CD(w),l)(mlaan"wxn)-
weERED(o)

Now using Theorem 3.2.1 and 3.1.24 this may also be rewritten as

Fou(x1,29,...,2,) = Z ax(o) Z Qp( eD(r), ) (T1, T2, .., Tp) 3.2.37
XeC(o) TEST(N)
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On the other hand, since transposing a standard tableau complements its descent set,
again from 3.1.24 we obtain that for any partition A - [ we have (for N > [)

Z Qp( ep(r))(T1, T2, ..y 2n) = Sn(x1,72,...,0,) = wSA(T1,72,...,70) .
TEST(N)

Substituting this in 3.2.37 gives 3.2.36 precisely as asserted.

We now have all we need to give Stanley’s proof of 3.2.3. More precisely he
obtains.

Theorem 3.2.3
For any permutation o we have

Fy(z1,2o,...,2,) = Z ax(o)Sx(x1,x2,...,Zn) 3.2.38
Ao~ 1) <AL\ (o)
with
a) ax(o) (071) =1 and b) ax (o) (o’) =1 3.2.39
Proof

Applying 3.2.29 to c* we can write

FU*(J,‘l,J,‘Q,...,J?n) = Z CL)\(U*)S)\(Z‘l,J)Q,...,In),
AN (%)
and from 3.2.36 we get that
Fﬂ(x17x27"')xn) = Z CL)\(O-*)SA/(Z‘l,J)Q,-.-,JEn).
AN (%)

Changing variable of summation from A to " yields that this may also be rewritten as

Fo(z1,22,...,2n) = Z ax(o+)ySA(T1, T2, ..., Tn),
NN (o)

and using 3.2.35 together with the fact that conjugating reverses dominance we finally
get that

Fg(xl,xg,...,xn) = Z aA/(U*)SA(xl,xQ,...,xn).
A>A(o— 1)

Since Proposition 3.2.3 gives also

Fo(z1,22,...,2n) = Z axe)SA(T1, T2, ..., Tn),
A<\ (o)

we see that 3.2.38 must necessarily hold true as well.
It is easily seen from the above argument that 3.2.39 a) for ¢ implies 3.2.39 b) for
o*. Thus we need to establish only one of these equalities. We shall prove 3.2.39 b). To
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this end we must show that in the expansion 3.2.27 there is one and only way to obtain
the equality

Tg, g, xp, = xhtah?ealt, 3.2.40
when
wi =Ni(o) (fori=1,2,...,k) 3.2.41

and k is the number of parts of X' (¢). This implies that in the expansion 3.2.33 we must
have by (,) = 1 and then 3.2.39 follows since H,,, = 1in 3.2.34.

As we noted in the proof of Proposition 3.2.3, we may have the equality in 3.2.40
only if the associated reduced word w = ajas - - - a; satisfies the inequalities

ar <az << Guy oy Q41 < Qpp42 < 0 < Quytpy 3.9.42

T Qe 1+l < Qe g +2 < <A

To see that 3.2.41 and 3.2.42 determine the a; uniquely we need only make one funda-
mental observation. Namely that in any column of a line diagram one “high” label gets
interchanged with a “low” label.

Now if we construct the line diagram M(aq, ag, - - -, a;) in stages

i M(ala ag, - aau1+~~~+ltr—1) — M(alv az,: -, au1+"'+ur) —

forr =2,3,...,k, it follows that at the r" stage exactly ., distinct high labels are inter-
changed with p, low labels (not necessarily distinct). We claim that the requirements
in 3.2.41 and 3.2.42 force the high labels involved at the r*" stage to be the collection

Ms,(0) ={0i : ¢i(0) =1}, 3.2.43

consisting of the entries of o that have at least r smaller labels to their right. The reason
for this is best understood by working on an example. Note that for o = 72381645 we
have the following circle diagram

72381645
1 X|o|o|e
2 X|o|o|o|o|e|e
3 e|X|o|o|e 0|0
4 oo e X| e
5 oo e o | X
6 oo o X|eo|eo
TIX|e|o|o| e e oo
Sleje(e (X e e 00

For convenience we have placed the entries of o on top of their columns. From this it
is easy to see that we have

MZl :{273567758}7 MZQ = {65778}7 MZ3 = {758}5
My ={7,8}, M>5= {7}, M>¢= {7}

Note also that in this case

Ao) =(6,4,2,1,1) , XN(o)=(5,3,2,2,1,1) and (o) =14.
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Since in general

Ni(o) = Zx()\j(a) >r)

we see that the successive sizes of the collections M>,.(o) give the components of X' (o).
Now in this case for the word w = ajag - - - a14 € RED(0) to produce the monomial

_ 5,32 2 11
T TGy TPy, = X]THT3TyTsTg 3.2.44

we must have
ap <ax<az<aqg <as, ag<ayr<ag, ag<aypg, a1 <aiz,

Thus at the end of the first stage, 5 high labels will be involved. Each these labels
will then have at least one smaller label to their right in the target permutation. But
there are altogether only 5 such labels in our ¢ and they are precisely 2, 3,6, 7, 8. So the
high labels involved in the first stage must be the elements of M>q (o). Similarly, the
second stage must involve 3 high labels. Moreover, these labels must be a subset of the
previous ones for otherwise there would be more than 5 entries of o with at least one
smaller element on their right. This means that each of the high labels involved in the
second stage will have at least 2 smaller labels to their right in the target permutation.
But ¢ has only 3 entries with this property and they are 6, 7, 8. Thus again we see that
the high labels involved in the second stage must be the elements of M>2(o). This
reasonning forces the high labels involved in each stage to be a subset of the high labels
involved in the previous stage. This forces the high labels involved in the 7" stage to
be the elements of M, (o) precisely as asserted. It is easy to see that this argument, in
full generality yields that there can be one and only one word w € RED(0) yielding
the monomial in 3.2.40 when p = A (¢). This completes our proof.

For sake of completeness we include below the line diagram of the word that
produces the monomial in 3.2.44 for the permuation 72681645

2

@
®
©
@
®

We terminate this section with a result that can be used to compute the Schur
function expansion of the product of two or more Stanley symmetric functions.
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Theorem 3.2.4
Fora=ajas---ap € Spand 3= 8162 -+ By € Sy we have

Fa X Fﬁ = a®B 3.2.45

with
a®pfB=aaz-ap(h+ G1)(h+ B2) - (h+ Ok) 3.2.46

Proof

Note that from 3.2.46 we derive that we can obtain the reduced words of a ® (3
by taking pairs u, v withu € RED(«a) and v € RED(f3) and then shuffling v with i+ v.
In symbols

RED(a®p) = | U wuuh+o).

uwERED(a) vE RED(3)

Thus the definition in 3.2.1 gives

Fagp = Y, > Y Quw) - 3.2.47

w€ERED (o) vERED() weu LI (h4v)

The last summation should remind us of the expression occurring in 3.1.26. It develops
that we can still use Theorem 3.1.4 here even though we are shuffling pairs of words
rather than pairs of permutations. Briefly, the idea is to replace v and v by permutations
of 1,2,...,l(a) and 1, 2,...,I(0) respectively by the standard procedure that preserves
descents and then apply formula 3.1.26 to the resulting pair. In this manner we derive
that

Y. Q) = @ X Qo)

weu L (h+v)

Substituting this into 3.2.47 gives

Fagp = ) Do Qo X Qo) :( > Qp(u))x( > Qp(v))

wERED(a) vERED(J3) wERED(a) vERED(B)

and thus 3.2.45 follows from the definition in 3.2.1.

Remark 3.2.2

Note that by taking « and § both Grassmanian we can use Theorem 3.2.4 in
conjunction with Theorem 2.4.4 to obtain the Schur function expansion of the product
of Sx/(a) by Sx/(3)- On the basis of this fact Stanley observed in [15] that there could
not be a rule simpler that that of Littlewood-Richardson to compute the Schur function
expansion of an arbitrary F,. We believe however that the LR tree construction is
conceptionally and algorithmically simpler (although not necessarily more efficient)
than the LR-rule. What appears to have escaped from Stanley’s reasoning is that the
computation of product of Schur functions within the family of Stanley symmetric
functions should in fact be easier since it may go through inductive steps involving
a wider collection of functions. Indeed, the variety of possible circle diagrams is
considerably wider than that of skew diagrams since all of the latter can be already
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be obtained from a circle diagrams of 321-avoiding permutations. What is also rather
curious is that Lascoux and Schiitzenberger in [11] herald their tree algorithm as an
improvement (in efficiency) over the LR rule (which is quite untrue) and fail to point
out that it is more elementary (see [12]) and that it applies to a wider class of symmetric
functions, namely the Stanley symmetric functions.

3.3 Divided Differences and Schubert Polynomials.

We shall deal here with a family of divided difference operators ¢; (for
i = 1,2,3,...) acting on polynomials (or formal power series) in the variables z;,

Z2,x3, . ... The definition of J; is quite simple. Namely we set
51' = 5.T7z.r7z+1 ) 3.3.1
where for any polynomial P in the variables z, y
P - P
by Play) = DLW =P 2) 3.3.2
r—y
Note that we may also write this in the form
Ooy = ! (1= 54y) 3.3.3
Ty — T —y Ty .0,
where s, is the operator that interchanges « and y. In particular we have
1
6 = ——(1—s) 3.34
Ti = Tit1

where s; = s;,4,,, interchanges z; and x;1.
Since §; acts only on the variables z;, z;11 to compute its action we only need to

know the following identity
Proposition 3.3.1

a—1_b a—r—1_b+r b..a—1 .
, T Tyt rify ey fa>b
0y xiay, = =0 ifa=1"0 3.3.5
a b—1 a+r _b—r—1 b—1 _.a .
vl 4+ e+t wl ifb>a
Proof
If @ > b we may write
a.b b,.a a—b a—b
5 2 I o 2 S N p i T Ty
RS = (2Ti41) —————
Ti — Ti4+1 Ti — Ti4+1

Thus

a—b—1

& afaly, = (€iip1)” (af +

a—b—r—1_r a—b—1
+x* $i+1+"'+$i+1

).
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This proves the first identity in 3.3.5. The third identity follows in a similar way. The
second one is trivial.

Proposition 3.3.2
These operators satisfy the following version of the ”Leibnitz rule: ”

a) 0i(fg) = (6if)lg + (sif)dig

In particular for f homogeneous of degree 1 we get

k
b) 6a16a2 o '6%-, (fg) = Z (5llislli+1 T Sllkf) 5a1 T [5ai] o '5akg

=1
+ (Salsaz o 'Sakf) 51115!12 o '6akg

3.3.6

where [0,] indicates omission of the factor “4,,”.

Proof
From 3.3.4 we derive that

5(f9) = ——— ((1-s0P)g + (s:5)(1-5)9).

Ti — Ti41

This proves 3.3.6 a) and the case k = 1 of 3.3.6 b). Proceeding by induction on k assume
3.3.6 b) true for k. This given note that from 3.3.6 a) we get that

Oa Oa * '5a’€+1 (f9) = day0ay - Oay, ((5ak+1 g+ (S(lk+1 f) 5ak+1g) =
= (5ak+1 f) 5(11 5(12 e '5akg

k
+ Z (6aisai+1 T Say (Sak,+1 f)) 5a1 T [5ai] o '5ak5ak+1g
i=1
+ (Sm Sas " Say, (Sak+1 f)) 5a15a2 o '5ak§ak+1g
This completes the induction and the proof of case b).

Most importantly we also have the so-called “Nil Coxeter” relations:

Proposition 3.3.3

D) 6idi=0 (Yi>1)
ZZ) di 51'_;,.151' = 5i+1 d; 51'4_1 3.3.7
i) 8185 =050, (¥ |i—j|>2)

Proof
It follows immediately from the definition in 3.3.4 that ¢; kills every symmetric
function of z;, z;+1. Thus, since in each of the three cases in 3.3.5 the result is symmetric,
we derive that
67alal,, = 0.
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This proves 3.3.7 ¢). The identity in 3.3.7 #4) is trivial since when |i — j| > 2 the two
operators §; and d; act on disjoint sets of indices. The identity in 3.3.7 i¢) is proved by
noticing that repeated uses of 3.3.4 give

1

810201 = 020102 = ' . 3.
10201 20102 (o = 22) (0 — 23) (23 — 73) Z sign(o)o 3.3.8

It follows from 3.3.7 i) that for w = ajas - - - a; we shall have
0a,0a5 *** 0gy # 0

if and only if w is a reduced word of some permutation 0. Moreover, using i) and i)
of 3.3.7 we can show that if w = ajas - - - a; and w’ = aja} - - - a] are both reduced words
for the same permutation ¢ then we necessarily have

Sarbas0ar = BarBar -+ 0ar -

This means that to any ¢ € 5, we can associate a well defined divided difference
operator ¢, simply by setting for any reduced word w = aia2---a; € RED(0)

Sy = O0ay0ay - 0a -

Here and after the symbol (™ will denote the top permutation of s,,. That is

ol = {n Lo 1}. 3.3.9

Remarkably, the operator corresponding to the top element is a version of complete
“symmetrization”. More precisely we have the following general form of 3.3.8.

Proposition 3.3.4

1
Opny = sign(o) o 3.3.10
H1§i<j§n(xi - ;) agn

Proof
The canonical factorization of (™) and 3.3.4 gives

n—1
Sy = [ On-16n-2---di
i=1

n—1 ) 3.3.11

S (AL S PR S SR

Tpn—1 — Tn LTp—2 — Tp-1 Ty — Tj41

where the factors are to be taken from left to right. This given we see that d,,) is of the
form

oy = Y ag(x)o 3.3.12

ocES,
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with the coefficients a, (x) rational functions of x1, z9, . . ., z,. Now note that since the
product

n—1
6; 11 6n-160—2---0;
i=1

has (%) + 1 factors, it does not correspond to any reduced factorization. Consequently
we must have
6j60.(n) = 0. (forj:1,2,...7n—1).

In view of 3.3.4 this may also be written as
Optny = 85 0g(n) (forj=1,2,...,n—1).
It thus follows that we must also have
Ogn)y = & Ogn) (Ya e S,)

Using 3.3.12 this becomes

Z (vap(z)) ao = Z ay(z)o.

geSy oeSy

Equating coefficients of o 3 we get
aag(r) = aqs(x) 3.3.13

This means that we only need to compute one of these coefficients. Now we see from
3.3.11 that

s, 1 1 1
(n)zlli_ - - (_ e~ (.
o () iy Tne1 !En( Sn_l)xnf2 — Tpo1 (Z8n-2) Ti — Tit1 (=)
n—1 n—1
n 1 1
= (-1 (2)( ) || Sn—1Sn— S;
( ) el Tn—i — Tp—i+l T1 — Tn—it1 i1 ! ?
_1)(5)
( ) O,(n)

a H1gi<jgn(33i - xj)

So from 3.3.13 for a8 = o and 8 = o(™) we get

ar(@) = oo (n® ) = gt

1§i<j§n(xi - H1§i<j§n(xi — ;)
This proves 3.3.10.

This proposition has the following immediate corollary

Theorem 3.3.1
For any partition A = (A1, A2, ..., Ay) we have

0 g (n) (a:i‘ﬁ”*lx;‘ﬁ"*? . -xi\”Jr”*") = Sx(x1,29,...,2,) . 3.3.14
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The fact that a Schur function can be obtained by the action of the difference
operator d,(») on a monomial should suggest that an interesting family of polynomials
might be obtained by the action of the general operators J,. This is precisely the
discovery of Lascoux and Schiitzenberger in [9]. In fact for a ¢ € §,, the Schubert
polynomial SC,(z) is defined by setting

SCo(x) = Spmrpm at tal 2zl . 3.3.15
In particular we get
SCom(z) = " tal™2.al . 3.3.16

The polynomials SC, () have been shown to have remarkable properties The reader
will find a detailed presentation of basic results of theory of Schubert polynomials
in Macdonald’s book [13]. For sake of completeness we shall reproduce here the
statements and proofs of the results that we will need in our proof of Theorem 2.4.1.

Remark 3.3.1
Note that for any o € S,, we have

l(a_la(")) = (5) - o) 3.3.17

the reason for this is that all the inversions of ¢! are transformed into non-inversions
after right multiplication by ¢(™. Thus I(c~'0(™) = (}) — l(c™!), and then 3.3.17
follows since (o) = I(o71).

Note next that we can always find a sequence of indices ajaz - - - a with 1 < a; <
n — 1 such that

1(0SaySay **Sa;) = (o) +1 fori=1,2,...,k 3.3.18

and
OSaySay - Say, = o 3.3.19

To do this we simply choose s,, to be any of the transpositions that interchanges two
adjacent elements of 0S4, Sq, - - - Sa,_, that are in the right order. This will eventually
bring us to the top element of \S,, at which time we stop. Now 3.3.17,3.3.18 for i = k
and 3.3.19 give

a) k= ()=o) and b) o 'o™ =s,84, 50, 3.3.20
In particular from 3.3.20 a) we derive that
aias---ap € RED(U_la(”)) .
This given, the definition in 3.3.15 yields
SCo(x) = Oay0ay---Oay a2t tah 2ozl . 3.3.21

These observations immediately yield us the following two basic facts.
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Theorem 3.3.2
For o € S, SCo(x) is a homogeneous polynomial of degree I(o) in x1, %2, ..., Tp—1 .

Proof
We see from 3.3.5 that each J; preserves homogeneity and lowers degrees by 1.
This given the statement follows from 3.3.20 a) and formula 3.3.21.

We shall here and after denote by A,, the collection of monomials

A, = {x?mil---azen_l :0<¢<n-—1i for i:1,2,...,n—1}.

n—1

It is well known that A,, is a basis for the quotient

Qlz1,z2,...,zn]/(e1,€2,...,e5)
where €1, eg, . . ., e, are the elementary symmetric functions. It develops that Schubert
polynomials may be integrally expanded in terms of these monomials. More precisely

Theorem 3.3.3
Foro e S,
SCo(x) = > apa? 3.3.22

zPEA,

where the coefficients a,, are non-negative integers. For the identity permutation this reduces to

SCr(z) = 1 3.3.23

Proof

In view of formula 3.3.21, to prove 3.3.24 we need only show that each §; sends
any element of A,, into a N-linear combination of elements of A,,. However this follows
immediately from formula 3.3.5. In fact, if a = ¢; and b = €;41 we get that

€ €itl
0; @yt
is a sum of monomials of the form
2l g T (withr >0 and  eq1 +7r <6 — 1)

if €; > €;41 or a sum of monomials of the form

af Tl T (withr >0 and 6 47 < eq1 — 1)

if ¢; < €;41. In either case we see that ¢; < n — 7 and ¢;11 < n — i — 1 force all these

summands to be of the form
azfa:ffll (with p; <n—i and piy1 <n—i—1

and this is all that is needed to show the first assertion of the Theorem. To complete
the proof we note that by definition we have

n—1_n—1 1
SCi(z) = Syl xy - xp_q,
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but then 3.3.10 gives
1 ; -1, n— H1<¢< i<n (@i — x5)
SCr(z) = sign(o) attante gl = SASSIS
Mizicjen(@ = 25) ff; T b Thcicien (@i —2)
=1

This proves the second assertion.

The following identities enable us to obtain explicit expressions for some Schubert
polynomials.

Proposition 3.3.5

Foru,o € S,
SCoy—1(x) if l(ou™t) =1(0) —l(u)
0. SCo(x) = 3.3.24
0 otherwise
In particular when 1 <i<n-—1
SCUS@ (x) l'fO'i > 0341
§; SCy(z) = 3.3.25
0 otherwise
Proof
From the definition we get
6uSCo(z) = 640,15 7 tah ™2 ay
Now clearly 6, d,-1,m = 0 unless
I(u) + 1(0710(")) = I(u 0710(”)) = (o ufl)*la(”)) 3.3.26
in which case
O 50710(71) = 5(0u71)710(n) .

However, from 3.17 we derive that 3.3.26 is equivalent to
n n -
I(u) + (2) - (o) = (2) — l(ou),

lou™) = l(o) — lu).

This proves 3.3.24. In particular we get

or better

SCos, (x) ifl(os;) = 1(0) — 1
5; SCo(z) = {

0 otherwise
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and 3.3.25 then follows since [(0s;) = (o) — 1 holds if and only if o; > 0;+1. This
completes the proof.

Schubert polynomials have several interesting properties the following two are
worth mentioning here

Theorem 3.3.4
Foranyo € S,
a) SC,(x) is symmetric in x; , x;41 if and only if o < 0441
b) If 1 < r < nis the last descent of o then SC,(x) € N[z, 2, ..., z;]

Proof
Formula 3.3.24 yields that

0; SCo(x) = 0 3.3.27
if and only if 0; < 0,41 . However 3.3.4 shows that 3.3.27 is equivalent to
SCy(x) = 8;8Cq(x).
This proves the assertion in a). Note next that if r is the last descent, then

O—'r+1<0-r+2<"'<0-n

So part a) gives that SC,(z) is symmetric in x,41,Zr42,...,2,. But from Theorem
3.3.2 it follows that SC,(z) does not depend on z,,, Therefore it cannot depend on
ZTr41,Tr42, ..., 2Ln—1 as well. This proves part b).

Let H,, denote the linear span of the monomials in A,,, in symbols

H, = Llaf'as ay + 0<e¢<n—i]. 3.3.28

n—1
This given we have the following useful result.

Theorem 3.3.5
The collection {SC,(x)}
the expansion formula

veg, isabasis of Hy and for any polynomial P € H,, we have

P(z1,22,. ., an-1) = Y 0P| _ SCo(z1,22,. ., 20 1) 3.3.29
oESy,

Proof
The definition in 3.3.28 gives that

dimH, = n! = #{SCU(x)}

o€Sy

Since Theorem 3.3.2 gives {SC, ()}
this end let

ves, S H.., we need only show independence. To

P(z) = > a;8Cy(x) 3.3.30

ocES,
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Note that the homogeneity of SC,(x) coupled with formulas 3.3.23 and 3.3.24 give

1 ifa=o,
60 SCo(2)|,_, = { 3.3.31
0 otherwise.

Applying d,, to 3.3.30 and setting = = 0 we get
ao = 6P| _,. 3.3.32
Thus P =0 = a, =0, proving independence. This given, 3.3.29 follows from 3.3.32.

The following beautiful result of Billey, Jockusch and Stanley [1] reveals the
intimate relationship between Schubert polynomials and Stanley symmetric functions.

Theorem 3.3.6
For any permutation o € S,, of length | we have

SCo(x) = Z Z B, X3, - X3, 3.3.33

araz-a€RED(0) 1<B1<f2<-<Bi<n—1
a;<ai+1 = Bi<Pit1
Bi<a;

We shall give here the remarkably simple proof of this result due to Fomin and
Stanley [4]. To this end we need to present some auxiliary material. To begin we note
that the right hand side of this identity has a very simple expression in terms of the
Nil-Coxeter algebra.

Proposition 3.3.6
Forany o € S,, we have

Ar(z1)A2(22) - An—1(Tn-1) = Z Z Tp, Ty g,
araz-a€RED(0) 1<B1<B2<-<fi<n—1
a;i<ait1 = Bi<Bit+1
Bi<a;

3.3.34

Proof
It is easily seen from the definition in 3.2.14 that the expansion of the product on
the left hand side produces terms of the form

TB1LBy * LBy, Uay Uay ** " Uayy,

Uo

with

satisfying
a; < air1 = Bi < Bix1
this is for the same reason as in the proof of 3.2.23. However in this case we have the

additional feature that the factor Ag(xg) contributes only terms x5 u, with a > (. This
shows that we must also have the inequalities

Bi<a; (fori=1,2,...,m).
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Now the Nil-Coxeter relations in 3.2.12 again guarantee that the only terms that survive
are those for which m = [ and

Ug Ugy * " Ugy, = Ug.
This completes the proof of 3.3.34.

To proceed we need one more identity of the Nil-Coxeter algebra.

Proposition 3.3.7
Forany 1 < i < n we have

Opy Ai(2)Aix1(y) = Ai(x)Aip (y) us 3.3.35

Proof
Note that from the definition in 3.2.14 we get that

Ai(x)Ai(y) = Ai(x)Aia(y) + yAi(x) A1 (y) u 3.3.36
Interchanging = and y gives

Ai(p)Ai(x) = Ai(w)Airi(x) + zAi(y)Aiz1(x)u; 3.3.37
Subtracting 3.3.37 from 3.3.36 and using Proposition 3.2.1 we get

(:U.Ai WA (@) u; — yAi(x)Air1(y) i )
rT—y

3.3.38

Oy Ai(2)Aiv1(y) =

But we have

Ai(2) Aiva(y) wi i1 (@) (1 + 2u) Aigr (y) ui
ir1(2)Air1(y) + v Aipi (2
-A1+1 y) + 33-/41+1(

() u; Aip1(y) wi
()

(y) + 2y A
()

()

()

Aira(y) wi (14 yuiv1) ug

) Aitra(y) w; wiv1 ug

)
x x)

(z)
(z)
i+1(7)
i+1(7) Aiy )
() o) Air2(Y) Uit1 Wi Uit
(x) JAir2(y) (1 + Y ui1) witr w; wiy
(x) )Ai+1(y)

X Ai+1 Y) Uig1 U Ui41

y) + vy At
) A1 (y) + zy Ay

it1(x) Aigr

i+1 x

|
PN D N N N

o~ o~ o~ o~

ir1(x) Air1(y) + 2y Aita

Since this last expression is completely symmetric in « and y (again by Proposition
3.2.1) we deduce that

Ai(y)Aip1 () ui = Ai(@)Aiv1(y) ui -
Using this in 3.3.38 gives that

(zAi(@) A () wi — yAi(@)Aini(y) w)

Ozy Ai(2)Air1(y) = T —y
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which is easily seen to simplify to 3.3.35.

We now have all the ingredients we need to establish the Billey-Jockusch-Stanley
formula.

Proof of Theorem 3.3.6
For convenience, let us for a moment denote by G,(z) the right hand side of
3.3.33. Recalling in extent the definition in 3.2.14, 3.3.34 gives

Go(z) = (1+z1Un—1)(1 + T1Up—2) - - - (1 + T101) X
(1 + zotpn_1)(1 + xotp—2) - (1 + xou2)X

3.3.39
(14 2p2un—1)(1 + Zp_2up_2)Xx

(]- + xnflunfl)

U

A view at this display makes it palpably clear that the only way to obtain a term
involving u, ) from this expression is to pick the “z” part in every one of the factors.
Thus we must have
Goom(z) = af lay ™ oap .

This proves 3.3.33 for the top permutation. We can thus proceed by descent induction
on the length of o. Let us then assume that we have proved G,(z) = SC,(z) for all
o € S, of length [ + 1 and let o € S,, be of length [. Since « is not the top element there
will be an index i < n for which o; < a;41. This gives that the permutation as; has

length [ 4 1 so by the induction hypothesis we have
Gas; () = SCas, (7).
Now 3.3.25 can be applied to ¢ = as; and obtain
SCo(z) = 6;SCas;(x) = 8;Gas, ().
Now, using 3.3.39 we get that

Sca(x) = 64 (xl) s Ai(xi)Ai+1($i+l) e 'An—l(xn—l)

U Ui

= Ai(z1) - (00 Ai (i) Aipr (Ti41)) - - An—1(@n—1)

UeUj

(using 3.3.35 ) = ./41 (1‘1) tee (Al(xl)A’L-i-l (1‘1'4_1)11,1') . '-An—l(mn—l)

Ua Ui

(using 3.2.12b) ) = Ai(w1)--- Ai(@i) Ais1(@ig1) - An1(Tn—1) s

UeUj

= ./41 (Qfl)AQ(xg) s An_l(xn_l) = Ga(a:) .

This completes the induction and the proof of the Theorem.

An immediate corollary of Theorem 3.3.6 is the following important identity.
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Theorem 3.3.7
If o € S, is any permutation of length | then

S8Ci, 00 (1,22, .., Tn) = Fo(z1,22,...,2n) Y m>n) 3.3.40

Proof
Note that we have

aiag---a; € RED(oc) «— ai+mag+m ---a+m € RED(1,,® o).
Thus formula 3.3.33 for 1,,® ¢ may be written in the form

Sclm®0 (331,.132, ) xm+n—1)

= Z Z LB1xBy ~ Ty -

araz--a€RED(0) 1<p1<f2<- < <m+n—1 3.3.41
a;+m<aipi+m = Bi<fit1
Bi<a;+m
But if all the variables x,, 1, Zn12, - - -, Tmin_1 are set to zero the condition 5; < a; + m

becomes vacuous when m > n, and so 3.3.41 yields

Sclm®0' (xla T2,... 7xm+n71)
Tp41,-sTmtn—1=0

= E E LB LBy T -
ajaz--a€RED(0) 1<81<B2<<Bi<n
a;i<ai+1 = Bi<Bit+1

This proves 3.3.40.

Before we proceed any further it will be good to note that Schubert polynomials
are stable under the natural embedding of S, into S, 1. To be precise we have the
following general result.

Proposition 3.3.8
Ifo = 0109 0y €5, has last descent at r then for any m > 0 we have

SCU®1M (xl,xg, ceey IT) = ch(ml, Lo, .. . ,xr) . 3.3.42

Proof
By definition
sl — 1 2 -~ n n+l n4+2 - n4+m
mT oy oy - op n+l n4+2 o0 n+m|’
In particular also o ® 1,,, has last descent at 7. Thus from Theorem 3.3.4 we derive that
both sides of 3.3.42 are polynomials in 1,2, ...,z,. Moreover we see that we also
trivially have
RED(c) = RED(0c®1p,).
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Thus 3.3.42 follows immediately from Theorem 3.3.6.

This given, here and after we will make replacements ¢ — o ® 1,,, whenever
necessary to keep all the permutations, indexing Schubert polynomials appearing in
a given identity, in the same Symmetric Group. Keeping this in mind we have the
following basic result which contains the Schubert polynomial analog of Pieri’s rule,
usually referred to as Monk’s [14] rule (see [13] (4.15”)).

Theorem 3.3.8
For any u € Sy, we have

(a1z1 + agxy + -+ + @ 2,)SCy (21, T2, . .., Tpo1)
= Z (g — ap) SCuxty, (T1,T2,- -, Tn) 3343
1<a<b<n+1

l(uxtep)=l(u)+1

Proof

Since by Theorem 3.3.3 we have SC,(z1,%2,...,2Zn—1) € Hy, it follows that the
left hand side of 3.3.43 is in H,,4+1. We can thus apply Theorem 3.3.35 and obtain the
expansion

FSCu(ar, o, n1) = Y 05(fSCu)|,_SColar, 22, ... T0) 3.3.44
c€Snt1

where for convenience we have set
f=aix1 +asza+ -+ anzy, - 3.3.45

Assuming that /(u) = | — 1, it follows that the product fSC, is a homogeneous poly-
nomial of degree | and therefore the summation in 3.3.44 need only be carried out over
permutations o of length [. This given assuming that

araz---a; € RED(o)

we may compute the coefficient of SC,; in 3.3.34 by means of formula 3.3.6 with g = SC,,
and k = [. We thus obtain

l
0o (fSC) |,y = D (BaiSarsrosn f) Oar - [0a,] -+ 00, SCu . 3.3.46

=1

Note that we need not evaluate at + = 0 on the right hand side here since SC,, is
homogeneous of degree | — 1. For the same reason we have

80,00y 0qy SCy = 0,

so no additional term is needed in 3.3.46. Now it follows from formula 3.3.24 that we
have

1 ifay---[a;]---a; € RED(u),
{ 3.3.47

0 otherwise.
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Now it is easy to see that if
(a,b) = Sq, - 5a;,, (@i, a; +1) 3.3.48
then

tab = Sa; " Sa; " Say and Say *[Sa;]  Sa; = o Xtap  3.3.49

0

and thus from 3.3.47 we deduce that the only terms that survive in 3.3.44 are those for
which
o=1uXtg and l(uXtub)Zl.

for some 1 < a < b < n+ 1. This given note that 3.3.48 gives that
Sa; 'Sai+16aisai+1'“5al = (Swa,wb

Thus from 3.3.45 we get that

5ai5ai+1~~~sal f - Sal e SaH_l(Sai Sai+1~~~sal f - 5ra,,fcbf = Oqg — Qp .

In summary when we have 3.3.49 the summation in 3.3.46 reduces to the single term
aq — . This proves 3.3.43.

For our purposes we only need the special case f = z, of the identity in 3.3.43.
This may be written as

Zp SCyu(T1, 22,y Tp1) = Z (X(a =r)—x(b= r))SCuxtab (1,22, .,Zn)
1<a<b<n+1
l(uXtqy)=l(u)+1

or better

Z SCUXM (1‘1, Lo, .. . ,xn) =

r<b<n+1 T, Scu(xb Ty ,In_1)+
W(uXtpy)=l(u)+1
Z SCuxt, (T1,T2,..., 7). 3.3.50
1<a<r

l(uXtgr)=l(u)+1

We are finally in a position to prove the crucial identity in 2.4.17. To this end
note that comparing the definition of =(o) given in 2.3.19 and of the Stanley symmetric
function F, (z1, z2, . .., z,) givenin 3.2.1itis easily seen that Theorem 2.4.1 is equivalent
to the following result.

Theorem 3.3.9
Forue S,and1 <r < n set
U(u,r) = {aESn:azuxtrb&l(a)z
P(u,r) = {feSn:f=uxte & I(B)=

(u)+1 withn >b>r},

3.3.51
(u)+1withl<a<r}.
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Then for every 1 < r < n for which both W (u,r) and ®(u,r) are not empty we have

Z Fo(z1,20,...,20) = Z Fg(z1,22,...,2Zn) 3.3.52

aeW(u,r) BeED(u,r)

Proof
We begin by rewriting 3.3.50 with v — 1,, ® v and r—r + m in the form

E Sc(lm®u)><tr+m,b (xla X2y 7xn+m) =
r+m<b<n+m+1

(L @) Xt ) =L ()41 Trym SC10u(T1, T2, - -+ Tnym—1)+ 5.3.53
Z ‘S’C(lw,,®u)><t,l,T_¢_m (xla T2,y anrm) . o
1<a<r+m

{(Lm®u) Xta,rpm)=l(u)+1

Now note that ¥(u,r) is not empty if and only if we have u; > u, for some index
n > b > r. Under this condition, we have u, + m < uy, + m < m + n + 1 and then the
length of the permutation (1,,, ® %) X ty4m nt+m+1 i Necessarily greater than I(u) + 1.
Likewise, ®(u, r) is not empty if and only if we have u, < u, for some index1 < a <.
Now under this condition, we have m < u, + m < u, + m and the length of the
permutation (1,, ® u) X ty r4m is greater than I(u) + 1 for all m’ < m. This given,
when ¥(u,r) and ®(u, ) are both non empty 3.3.53 can be rewritten as

E Sc(ly,,z®u)><tr+m,b+m (331, T2y .-y xn+m) =
r<b<n
(L @) X byt g v ) =L(w)+1 Zr4m SC1,, 0u(®1, T2, .., Trpm—1)+
: : Sc(l'm®u)Xta+7n,r+7n (x17 L2, xn“l‘m) .
1<a<r

(L ®@u) X tatm,rtm)=l(u)+1

But since (1,, ® ©) X tppm ptm = Lm @ (u X t,p) and likewise (1, ® ) X topm,rm =
1m ® (u X tq,,) this equation simplifies to

Z SC1,,@(uxtyy) (@1, T2, -+, Tngm) =

r<b<n
Wuxtyp)=l(u)+1 Trym SC1,,0u (1, L2, s Tngm—1)+
E Sc1m®(uxtw)($1,$2, e Trgm) -
1<a<r
l(uXtq,r)=l(u)+1
Now setting zp4+1 = Tpy2 = -+ = Tnim = 0 and using Theorem 3.3.7 we see that for

m > n we must have

§ : FuXtr,b(mlaa:Qa'-'?xn) = § FUXta,r(x17x27"'7xn)a
r<b<n 1<a<r
H(uxtyp)=l(u)+1 l(uXtq,r)=l(u)+1

and this is simply another way of writing the equation in 3.3.52. Our proof is thus
complete.
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Now that we have finally established the identity in 2.4.17, (and with quite some
effort we must say), a natural question arises whether or not there is a simpler, purely
combinatorial explanation of this identity. To be precise, purely esthetical considera-
tions lead us to the following conjecture.

Foreachwu € S, and 1 < r < n, when ®(u,r), V(u,r) # 0, there is a natural bijection
O, between the following two collections of reduced words

U RED(e) and | ] RED(B)

a€W(u,r) BeEP(u,r)

with the property that

p(Ourw) = p(w) forall we,cy, RED(@)

Now it develops that as this writing was about to be completed, David Little was
able to prove this conjecture by constructing a bijection based on simple manipulations
of line diagrams. In fact, for any « € ¥(u,r), David Little’s ©,, , sends a reduced word
w = aiaz---aq € RED(a) into a word w' = biby---b = O, ,w € RED() for some
B € ®(u,r) with the property that

ai—bi =1 or 0.

It is easy to see that this assures the preservation of “descents” in the simplest possible
way.

Of course David Little’s construction proves the identity in 2.4.17, completely
bypassing all the machinery we have developped in these notes. David Little’s discov-
ery yields the simplest and most elementary proof of the Schur positivity of the Stanley
symmetric functions that could ever have been conceived. Moreover, by iterations of
the Little bijection we can obtain a very elementary algorithm that converts a reduced
factorization of any given permutation ¢ into a standard tableau. To do this we simply
go down the Lascoux-Schiitzenberger tree of o, starting from a word w € RED(o) then
proceed from parent to child until we reach a Grassmanian leaf ¢’. At that point all we
are left to do is convert the target word w’ into the standard tableau obtained by reading
the corresponding labelled circle diagram of o’. A bijection between reduced words of
the top permutation (™) and standard tableaux was in fact one of the important results
of the Edelman and Greene paper [2]. It is quite possible that the algorithm we have
just described may yield the same final tableau. Nevertheless, we should add that the
proof of the validity of the David Little bijection is considerably simpler than what is
required to validate the Edelman and Greene’s correspondence.

We should also add that another byproduct of David Little’s discovery is a
completely elementary proof of the validity of the Lascoux-Schiitzenberger tree as
a tool for the computation of the Littlewood-Richardson coefficients. It is simply
astounding that so many time proven very difficult achievements can be derived from
such a surprisingly simple construction.



4. A Combinatorial refinement of the
Lascoux-Schiitzenberger Tree

In this section, we describe the bijection referred to at the end of Chapter 3. We
will break up this description into three sections. First, we present the bijection as it
pertains to the Lascoux-Schiitzenberger tree. Then we show how to experiment with
this bijection using a Java applet available online at

http://schur.ucsd.edu/~garsia/SAGA_APPENDIX/

Lastly, we present a number of conjectured properties of our bijection.

4.1 The bijection.

For a given permutation o, we describe a bijection, 6, between the two collections
of reduced words
RED(s) and ] RED(o’) 4.1.1
o' e®(u,r)
where u and r are as defined in the Branching Process of the LS tree. This bijection will
have the property that

p(0(w)) = p(w)

for all w € RED(0), yielding a purely combinatorial proof of Theorem 2.4.4. We will
first describe our bijection through an example, after which we will formally define ¢
and give an outline of the proof that  is indeed a bijection.
Before we begin, let us introduce a bit of notation. For a given word w =
aias - - - a, we define
w' = aras - ag_1aps - ag

and

W= arag -+ ar—1(ar — ag -+ ag ifa; > 1
¢ (a1 + D(ag+ 1)+ (a—1 + Dag(agyr + 1) -+ (ap + 1) ifar=1"

where we will refer to w; as the word obtained from w by bumping at time t.
For a given permutation ¢ = (01, 03,...,0,), recall the following definitions
used in constructing the Lascoux-Schiitzenberger tree.

r=max(i | o; > 0i41),
s=max(i >r|o; <o),
I={i<r|o,<osandVj € (i,r) o; & (0i,05)}.

Lastly, we need to extend the defintion of the labeled circle diagram, T'(w), to
include non-reduced words. To begin we note that we may refer to the line diagram of
a general word since this object is as easily defined in the non-reduced case as it is in the
reduced. As in the reduced case, the columns of T'(w) arelabelled o1, 09, . . ., 0,,. Again,
to go from the line diagram to the labeled circle diagram, we follow the procedure
illustrated in the picture below.
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o0
OO

o0
OO0

i
<>

J

That is to say, we place k in the row labeled i and the column labeled j of T'(w) if and
only if the k" letter of w interchanges i and j. It is important to note that prior to
switching ¢ and j, ¢ appeared before j in the permutation. The main difference is that
we are including the case when 7 > j, implying that w is not reduced. This not only
allows for the possibility that £ is placed in a cell directly SOUTH or EAST of an “x",
but also that more than one number appears in the same cell. We will be careful to

avoid the latter situation in what follows.

We are now ready for an example of our bijection. Letw = 3,4, 1, 5,6, 5,2, which
is a reduced word corresponding to the permutation o = (2,4,1,5,7,6,3) with r = 6,
s ="Tand I = {1, 3}. The line diagram associated to w, denoted LD(w), and T'(w) are

shown in the following picture.

OROR OB ORORORORO)
@00 OO0 ®

s D@

~N OBl W=

2415763
317X e |e|e|e
X| o|o| o o0 e
o 1) e2]514]x
o X o o 0o |0 e
o o0 X o |0 e
o o 0|0 [(|X| e
o oo 0 X |0 e

41.2

We begin the bijection by locating the letter of w which interchanges ¢ and o
There is at least one letter that does so since » < s and o, > o,. However, there cannot
be anymore since w is reduced. From 4.1.2, we see that the 4" letter of w interchanges

0s = 3 and o, = 6. The next step is to temporarily set v = w T4 .

OO0 @O

@@ OO
(O—O——®
& =3 [
& B=G] 5

~N OB W=

2413756
317X | e|e|e|e
X| o|o| o o0 e
e[l ]e | X|e[2] e
o X o o 0o |0 e
o o e (4]6]|X]| e
e e |0 |0 (5]e X
o oo 0 X |0 e

4.1.3

In 4.1.3, we can easily see that lines 3 and 5 cross at times 2 and 4. Therefore v is not
reduced. Since we have already bumped up at time 4, we continue the process by

resetting v tobe v T2 .
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O-O-@Q_O-O-O-0-® 5315746
@Q-@0-@ O-O-0O-0, 5 1(3)7)X|e|e]|e
QA P-0-0-0~f D TPttt
669900 S5/ e|le|e | X | e|0|e

6|le e |le|e[5]e X

T/ e|le o e | X |0 |e

Again, v is not reduced since lines 3 and 4 cross at times 1 and 2 as seen in 4.1.4. Since
we just bumped up at time 2, we reset v tobe v T .

O-O-Q_L=@=@==3
Q =GE O-O-0O-Q_»

\|

o | X|e oy~

N
[ Ve S NEN|

[ ]
X
[ ]
°
[ ]

~N OB W -

We stop the bumping process here since v is now reduced.

In summary, the bijection begins by identifying the unique time, ¢y, at which lines
or and o, cross in LD(w) and letting v = w T¢,. The cross at time ¢, switches two lines
in LD(v). If these two lines cross again in LD(v), we claim that they cross at exactly
one other time, ¢; # t¢. This being the case, let v = v T4, and repeat until v is reduced.
Note that the time, ¢, at which we bump v can always be located in the same cell of
T'(v). In particular, ¢ is always located in row o, and column r of T'(v).

The bumping algorithm is formally defined as:

The Bumping Algorithm for w € RED(0):
Step 1. Let r = max(i | 05 > 0i41), s =max(i > 1| 0; < o) and v = w.
Step 2. t = (o5, r) entry of T'(v).
Step 3. v =0T,
Step 4. If v is not reduced, go to Step 2. Otherwise, return v.

We should point out here that in the description of the above algorithm, we refer
to the (o, 7) entry of the labeled circle diagram T'(v). By this we mean the cell at the
intersection of the 0" row and the r*" column. We are not referring to the column with
label r. We should also point out that in the event I is empty, the bumping process will
inevitably bump a cross in the first row into an empty row above it. If we create a new
row on top and relabel the rows from top to bottom, it would have the same effect as
applying the bumping process to 1 ® o.

The proof that # is a bijection between the sets given in 4.1.1 relies on the following
four facts:
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Fact 1. Step 2 of the algorithm is well-defined.

In other words, each time Step 2 is reached, there is exactly one number in the (o, r)
entry of T'(v). This is certainly the case the first time Step 2 is performed, but if v is not
reduced, conceivably there could be more than one number or even no number in the
(0s,7) entry of T'(v). However, we claim that this cannot happen.

Fact 2. No cross is bumped up more than once.

This means that the variable ¢ never takes on the same value twice. Not only does this
imply that the algorithm terminates, but it insures that p(f(w)) = p(w).

Fact 3. The word v in Step 3 always corresponds to ot,gt,; for some i.

This means that after the bumping algorithm is done, the reduced word v that is
returned will correspond to a child of ¢.

Fact 4. This process is completely reversible.

This last fact means that 6 is in fact a bijection. This is an immediate consequence of
the fact that the same process yields a more general bijection, ©,, ., between the sets

U RED(@) and ] RED(B).
ac¥(u,r) BED(u,r)

Starting with a reduced word w € RED(o) with o € ¥(u,r), we transform w
into w' € RED(¢') with ¢/ € ®(u,r) using the general bumping algorithm defined
below. In the general case, s refers to the index greater than r such that o = ut,..

The General Bumping Algorithm for w € RED(o) and 0 € ¥ (u,r):

Step1. v =w.
Step 2. t = (os,7) entry of T'(v).
Step 3. v =0T,

Step 4. If v is not reduced, go to Step 2. Otherwise, return v.

The advantage to using this more general algorithm is that in order to show O, ,.
is a bijection, one need only show that it is injective. This is simply because its inverse
can be defined using the exact same mechanism! Either we could define a bumping
“down" operation, |, that would increase the corresponding letter of a word by one,
or we could simply turn the line diagram upside-down, apply the general bumping
algorithm as is, and then turn the diagram right-side up. Either way, the inverse is
injective if and only if ©,, is injective. For complete proofs of the above facts, the
reader is referred to [12].

We end this section by briefly mentioning what happens under repeated appli-
cations of #. Since each application for our bijection goes down one level of the LS tree,
repeated applications of # will inevitably yield a Grassmanian permutation. In other
words, for a given reduced word w, we can define the map 6* as

0" (w) = (o, T)

where « is the resulting Grassmanian permutation and 7' is a standard tableau of French
skew shape \/p where A = M ¥ for some M and N. For example, repeated applications
of f tow = 3,4,1,5,6,5,2 yields the following sequence of tableaux.
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&~
S}
)

[3]7 3[7 3[7 2
1]2]5]4] [1]2]4]6] [1]2]5]4] 7

3 7
6 5 6 [5] 6 5
Thus o = (2,3,5,7,1,4,6,8,9) and T is of skew shape [4,4,4]/[3, 2].

1]6] 1[4] [1]3
2

W
f=2)
~
W
~

w
<
w

m‘c\ =

4.1.5

Remark

The above tableaux were formed by removing the rows and columns from 7T'(w)
that were devoid of circles. This will be the convention we use for drawing labeled
circle diagrams in the remaining sections.

4.2 The Applet.

To further understand 6, a Java applet was written to automate the process of
drawing line and circle diagrams as well as carrying out the above bijection. This applet
proved its worth many times over by providing numerous examples with relative ease,
which ultimately guided us to a proof of #’s validity. In this section, we will discuss
how to use this online implementation of the preceding bijection.

[l=——————— LineDiagrams =————————— HIH
Permutation

1> 3,5,6,7,1,4,2

I [«]»

Reduced ‘word

I [4]»
[« ][ clear J[ -2 ]

1,5,7,6,3 | Update

41,5652 || Reset

%

In the lower left portion of the applet, the user can select n and the type of per-
mutation desired. The currently available types of permutations are “Any" (except the
identity), “321-avoiding", “Alternating" (i.e., the permutation 2,1,4,3,6,5...,2n,2n —
1), “Dominant" (132-avoiding), “Grassmanian", “Reverse" (i.e., the permutation n,n —
1,...,3,2,1),and “Vexillary" (2143-avoiding).

Directly to the right of this region are two buttons labeled “Random Permuta-
tion" and “Random Reduced Word". The first button selects a random permutation
from S, of the specified type and generates a random reduced word corresponding to
this permutation. The second button simply produces a random reduced word corre-
sponding to the current permutation. When either button is pressed, the line diagram
is automatically updated and the current permutation and reduced word are written
to the right of each button. If desired, the user can manually type in a permutation
or reduced word. To enter a permutation, type each number separated by a single
comma and then press the “Random Reduced Word" button to input the permutation
and generate a new reduced word. To enter a reduced word, type in each number
separated by a single comma and then press RETURN on the keyboard.

Applying the bijection can be done in one of three ways. The first way is to
manually perform the bijection by bumping up the appropriate letter of the word.
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For convenience, the o, and o, lines have been colored red initially. This allows for
easy recognition of where to begin the bumping process. To start, double click in the
region of the line diagram where the red lines cross. This reduces the value of the
corresponding letter by one and highlights the appropriate lines. To continue, simply
double click in the region where the two red lines cross. Note that double clicking in a
region that has already been bumped up will bump the appropriate letter back down
to its original location.

The lines that are colored blue indicate where the bijection will terminate. In
other words, if at anytime you bump a red cross into a blue line, the bijection will be
complete. When this happens, press the “Update" button located in the lower right
portion of the screen to update the applet so you may apply the bijection to this new
reduced word. It also stores the new permutation and reduced word in the appropriate
lists located above the “Update” button. If at anytime during the bijection you want to
start over, simply press the “Reset" button.

The second way to apply the bijection is to have the computer do everything for
you. By pressing the “->" button, the computer automatically performs the bijection
and “Update’s the applet as described above.

[0 === Circle Diagram = F1 B
2 415 7 6 3
2
[ @
4
5
: ®
7
Z

The third and final way to apply the bijection is to use the labeled circle diagram.
For convenience, the times at which the two red lines cross in the line diagram are
colored red in the circle diagram. Double clicking in these regions of the circle diagram
has the same effect as double clicking on the corresponding region of the line diagram.

To undo the bijection, simply press the “<-" button. Note that this does not
apply the inverse of §, but rather “Update"s the applet with the next to last permuta-
tion/reduced word stored in the appropriate list. The “Clear" button erases all informa-
tion recorded in these lists and initializes each list to the current permutation/reduced
word.

4.3 Robinson-Schensted and Edelman-Greene correspondences as particular cases.

Further experimention with the applet has revealed several amazing properties
of §. To begin, when o = (2,1,4,3,6,5,...,2n,2n — 1), we see a Robinson-Schensted
like correspondence. In this case, the number of reduced factorizations is n!, since each
reduced word is a rearrangement of the numbers 1,3,5,...,2n — 1. To each reduced
word, w, we can associate a permutation a € S, by letting a(i) = j if the j letter
of w is 2i — 1. For example, the word w = 3,9,1,7,5 corresponds to the permutation
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a = (3,1,5,4,2). This can also be seen by looking at the labeled circle diagram of w
and reading off the numbers as they appear on the diagonal.

If we repeatedly apply our bijection to w until the resulting permutation is Grass-
manian, we would pass through the following sequence of labeled circle diagrams:

5. G, G GG [P

5 IE
5 5 5 4
4 4 4 2]
2] 2 2 o

Notice that the above sequence has a Robinson-Schensted insertion feel to it.
More specifically, define a modified version of Robinson-Schensted insertion of a into
the tableau T as follows:

‘N#U}

‘l\)‘m ~

5
14
2]

Modified Robinson-Schensted insertion:
Step1. Letr =1.
Step 2. If a is less than the smallest entry in row r of T or row r is empty, then prepend a
to row r.
Step 3. Otherwise, find the largest number, b, in row r that is less than a. Replace b with
ainT and let a = b. Increase r by 1 and repeat Step 2.

The reader should easily recognize that we are essentially applying the regular
Robinson-Schensted correspondence to the permutation (n+1—a,, n+1—ap_1,...,n+
1 —az,n+ 1 — aq). For example, notice what happens when we insert the numbers
of the permutation o = (3,1, 5,4, 2) from right to left, using this modified Robinson-

Schensted insertion.
[1]5 3]s
— — — i —» | 1|4
2 2 2

The final insertion tableau is exactly the same as the tableau corresponding to the Grass-
manian permutation resulting from our bijection. This leads us to our first conjecture.

Conjecture 4.3.1

Let w = ayaz - - - a,, be a rearrangement of the set {1,3,5,...,2n — 1}. Define « to be
the permutation o; = j iff a; = 2i — 1. Then the insertion tableau formed by the modified
Robinson-Schensted correspondence applied to o is the same as the resulting standard tableau,
T, after applying 6* to w.

The difficulty in proving this conjecture appears to lie in the fact that one appli-
cation of our bijection does not correspond to one Robinson-Schensted insertion.

Another apparent property of our bijection is the inclusion of the Edelman-Greene
correspondence as a special case. To illustrate this, let us first compute the image of
a standard tableau, T, of staircase shape under the Edelman-Greene map. With a
standard tableau in hand, apply Schiitzenberger’s promotion operator n consecutive
times to T, recording the index of the column which contains the largest entry at each
step. For example, the following sequence of tableaux illustrates repeated applications
of the promotion operator.
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5] 1]5] 1] 1] 1] 1
3 2|3 3

4 2 2

V| W

‘AN»—
[=)}

1213
4] L
The sequence 2, 3, 1, 2, 1, 3records the column index of the largest element in the tableau
at each step. This sequence can also be viewed as a reduced word, and thus be
transformed into a balanced tableau. The procedure Edelman and Greene used to do
so is exactly the transpose of how we defined the balanced labelling of a circle diagram
in Section 2.1. Thus the resulting balanced tableau of Edelman-Greene would be the
following.

4]2]5]

On the other hand, if we apply 6* to the reduced word 2,1,3,2,3,1, which
corresponds to the above balanced tableau using the definition given in Section 2.1, we
get the following sequence of tableaux.

2[5] [2
1

4] [2]4

[o]w]=

‘CY\LAJU\
—_

5
6
3]

‘UJUIG\

If we rotate the resulting standard tableau about a vertical line and replace each entry
ibyn+1—1i,weform

W

5]

216
4

which is exactly the standard tableau to which we initially applied the Edelman-Green
bijection. This leads us to our next conjecture.

Conjecture 4.3.2

The map 0* restricted to reduced words of the permutation (n,n —1,...,3,2,1) is
the same as the Edelman-Greene correspondence between balanced and standard tableaux of
staircase shape.

The relationship between §* and the Edelman-Greene bijection for tableaux of
non-staircase shape is not as clear. In fact, this remains an open problem.

Our last observation deals with a jeu-de-taquin like property of §*. In describing
our bijection in Section 4.1, we always started the bumping process where the lines o,
and o intersect. What happens if we start the bumping process at some other position?

One pitfall we might run into is that the two red lines cross in more than two
positions. In other words, Step 2 of the bumping algorithm might not be well-defined.
However, if we simply agree to start the bumping process at a time ¢ where w(® is
reduced (as is the case in the Bumping Algorithm) then this will not happen.

As an example,let’s consider the reduced word w = 3,4,1,5,6,5,2, the same
word illustrated in 4.1.5. Instead of starting the bumping process at time 4, we might
decide to start the process at time 2. After applying 6, we might then decide to start the
bumping process at time 4 and so on. This is illustrated in the following diagram.
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3]7 3[7 3[7 2[4]1]6]
1]2]5]4]—=[1]2 —|1|2]4]6|—[3]7 —
6 5[4] 5

6]
[1]3]6]4] [1]3]4]7 [1]3]4]7 [1]3]4]7
—  |2]7 — 2l6| —= 2l6| —= 206
5] 5] 5]

The time selected to start the bumping process at each stage is shaded. In this case, we
proceeded in a manner that would eventually bring us to a Grassmanian permutation,
although we strayed from the LS tree in the process. In particular, notice that we arrived
at the same reduced word as in 4.1.5. This leads us to our final conjecture.

Conjecture 4.3.3

Let wo, w1, . . ., wy, bea sequence of reduced words where w; 1 is the result of applying the
General Bumping Algorithm to w;, starting the bumping process at time t;. If wy, corresponds
to a Grassmanian permutation, then the tableau T'(wy,) is the same as the tableau T' resulting
from applying 6* to wy.
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THE SAGA OF REDUCED FACTORIZATIONS OF
ELEMENTS OF THE SYMMETRIC GROUP

Le but de cette monographie est de présenter certains des développements des deux
dernieres décennies concernant les décompositions réduites de permutations. L'étude
de ces décompositions est naturellement liée a la théorie des polyndmes de Schubert, qui
représentent les classes d’homologie des variétés de drapeaux. L'originalité de ce texte
est de souligner une interaction naturelle entre la combinatoire d’arbres, associés aux
permutations et introduits par Lascoux et Schiitzenberger pour l'étude des polynémes
de Schubert, et les propriétés de fonctions symétriques introduites par Stanley pour
I'énumération des décompositions réduites.

The aim of this book is to present some of the developments of the last two decades
concerning reduced factorizations of permutations. The study of these decompositions
has inherent connections with the theory of Schubert polynomials, which represent
homology classes of flag manifolds. The emphasis is on a natural interaction between
the combinatorics of certain trees, associated with permutations and introduced by
Lascoux and Schiitzenberger for the study of Schubert polynomials, and properties of
symmetric functions, introduced by Stanley for the enumeration of reduced decompo-
sitions.
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