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Abstract

Foata and Zeilberger defined the graphical major index, maj;;, and the graphi-
cal inversion index, invy, for words over the alphabet {1,2,...,n}. These statistics
are a generalization of the classical permutation statistics maj and inv indexed by
directed graphs U. They showed that maj;; and invy are equidistributed over all
rearrangement classes if and only if U is bipartitional. In this paper we strengthen
their result by showing that if maj;; and invy are equidistributed on a single rear-
rangement class then U is essentially bipartitional. Moreover, we define a graphical
sorting index, sory;, which generalizes the sorting index of a permutation. We then
characterize the graphs U for which sory is equidistributed with invy and maj;; on
a single rearrangement class.

1 Introduction

Let a = (ay, a9, ..., a,) be a sequence of nonnegative integers. We will denote by R ()
the set of permutations of the multiset {1%1,2%2 ... n*} ie., R(a) is the set of all
words over the alphabet {1,2,...,n} containing «; occurrences of the letter ¢ for all
i=1,2,...,n. Forw=ux25...2, € R(a), the inversion number is defined as
invw = Z X(x; > xj),
1<i<gj<m

and the major index is defined as

m—1

majw = ZZX(“T’ > Ziv1),

=1
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where X" is the characteristic function defined as X(A) = 1 when A is true and X'(A) =0
when A is false. The set of all positions ¢ such that x; > x;y; is known as the descent set
of w, Desw, and its cardinality is denoted by desw. So, majw = Y. .., %

The generating function for permutations by number of inversions goes back to Ro-
drigues [16] and the generalization to multisets is due to MacMahon [11]. MacMahon also

showed [10, 12] that maj and inv are equidistributed on R(e). Namely,
invw __ majw __ ap+ag+ -+ ay,
Z q - Z q _{ a1, Qa, ..., Qp
weER(ax) weER ()

where

o tayt.o o | [ +ag + - + ay!
1,0, ..., O [aqNaa]!. .. [ag]!

is the g-multinomial coefficient and [n]! = (1 +¢)(1+q+¢*) - (1 +q+¢@F +---+¢* 1)
is the g-factorial.

In honor of MacMahon, all permutation statistics that share the same distribution
are called Mahonian. These two classical Mahonian statistics have been generalized in
various ways. Some examples are Kadell’s weighted inversion number [8], the r-major
index introduced by Rawlings [15], the statistics introduced by Clarke [2], and the maj-
inv statistics of Kasraoui [9]. The generalization that we will be considering in this paper
is due to Foata and Zeilberger [4]. They defined graphical statistics (graphical inversions
and graphical major index) parametrized by a general directed graph U and they described
the graphs U for which these statistics are equidistributed on all rearrangement classes.

A directed graph or a binary relation on X = {1,2,... n} is any subset U of the
Cartesian product X x X. For each such directed graph U, we have the following statistics
defined on each word w = z125 ... x,, over the alphabet X:

invy w = Z X((z;,z;) € U),
1<i<j<m
Desypw = {i: 1 <i<m,(x;,x;41) € U},
desy w = | Desy |,
maj; w = Z l.
1€Desy w
An ordered bipartition of X is a sequence (B, B, ..., By) of nonempty disjoint subsets of
X such that BiUByU---U By, = X, together with a sequence (01, (2, ..., i) of elements
equal to 0 or 1. If 8; = 0 we say the subset B; is non-underlined, and if 5; = 1 we say the
subset B; is underlined.

A relation U on X x X is said to be bipartitional, if there exists an ordered bipartition
((By, Bs,...,By), (b1, B2, ..., Br)) such that (z,y) € U if and only if either x € B;, y € B,
and ¢ < 7, or z and y belong to the same underlined block B;. Bipartitional relations were
introduced in [4] as an answer to the question “When are invy and maj;; equidistributed
over all rearrangement classes?”.
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Theorem 1 ([4]). The statistics invy and majy are equidistributed on each rearrangement
class R(ax) if and only if the relation U is bipartitional.

In particular, if U is bipartitional with blocks ((By, ..., Bx), (B1,--.,Bk)) then

P I e P )1 (O TR

wER(ax) wER(ax) J=1
Here and later we use the notation

o] = a1 + -+ ay,
a(B): (Oéz'l,...,Oéil> lfBZ:{Zl, ,il} with 4 < -+ < 4.

A similar result was proved in [3]|, where the definition of graphical inversions and
major index is modified to allow different behavior of the letters at the end of the word.
Hetyei and Krattenthaler [7] showed that the poset of bipartitional relations ordered by
inclusions has nice combinatorial properties. Han [6] showed that bipartitional relations
U can also be characterized as relations U for which both U and its complement are
transitive. In particular, we will use Han’s formulation of this characterization as stated
in [6].

Theorem 2 ([6]). U is bipartional if and only if the following two properties hold:
(i) (z,y) €U, (y,2) €U = (x,2) €U
(i) (z,y) €U, (2,y) ¢ U = (2,2) € U.

Here we do two different things. First, we strengthen Foata and Zeilberger’s result by
showing that the equidistribution of invy and maj;; on a single rearrangement class R(cx)
implies that U is essentially bipartitional (Theorem 3). Second, we define a graphical sort-
ing index on words, a statistic which generalizes the sorting index for permutations [13].
We then describe the directed graphs U for which sory is equidistributed with invy and
maj;; on a fixed class R(a) (Theorem 4).

In the next section we define the terminology we need and state the main results.
Then we prove Theorem 3 and Theorem 4 in Section 3 and Section 4, respectively.

2 Preliminaries and Main Results

It will be convenient to refer to U C X x X as a directed graph and a binary relation
interchangeably and use language related to both terms. For example, in some places we
will use the notation x >y y or x — y to represent the directed edge (x,y) € U. Also, we
will say x is related to y if (z,y) € U or (y,z) € U.

In this paper we will be considering the distribution of invy and maj; over a fixed
rearrangement class R(a). Notice that if the multiplicity «, of x € X is 1, then the pair
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(x, ) contributes neither to invy nor to maj;. Therefore, omitting or adding such pairs
to U doesn’t change these two statistics over R(a). For that purpose, we define U to be
essentially bipartitional relative to o if there are disjoint sets I C X and J C X such that

(1) a, =1forallz € IUJ and
(2) (U\{(z,x): z€I})U{(x,x): x € J} is bipartitional.

Theorem 3. The statistics invy and maj;; are equidistributed over R(e) if and only if
the relation U 1is essentially bipartitional relative to o.

In view of the comment preceding the theorem, the“if” part of Theorem 3 follows from
Theorem 1. We prove the “only if” in Section 3.

The third Mahonian statistic we will consider is the sorting index introduced by Pe-
terson [13] and also studied independently by Wilson [17]. Every permutation o € S,
can uniquely be decomposed as a product of transpositions, o = (i1, j1)(i2, jo) - - - (ix, Jk),
such that 71 < jo < --- < jr and iy < j1,12 < Jo,..., % < Jk, for some k < n. The sorting

index is defined by
k

sor o = Z(j’” — ).
r=1
The desired transposition decomposition can be found using the Straight Selection Sort
algorithm. The algorithm first places n in the n-th position by applying a transposition,
then places n — 1 in the (n — 1)-st position by applying a transposition, etc. For example,
for o = 2413576, we have

2413576 % 2413567 2 2314567 2 2134567 13 1234567

and, therefore, sorc = (2—1)+ (3—2)+ (4 —2)+ (7T—6) = 5.

The sorting index has been extended to labeled forests by the authors [5]. It can
also be naturally extended to words w € R(a) by using a stable variant of Straight
Selection Sort which reorders the letters into a weakly increasing sequence. At each step
transpositions are applied to place all the n’s at the end, then all the n — 1’s to the left
of them, etc, so that for each z € X, the a, copies of x stay in the same relative order
they were right before they were “processed”. Then we define sor w to be the sum of the
number of positions each element moved during the sorting. For example, applying this
sorting algorithm to w = 143123123 yields

143123123 — 133123124 — 133122134 — 131122334 — 121123334 — 111223334  (2)

and thus sorw =7+2+4+4+2=19.

We define a graphical sorting index that depends on U using the same sorting algorithm
but at each step, when sorting x, we only count how many elements y such that (z,y) € U
it “jumps over”. More formally, to compute sory w for w = 125 ... Tp:

e Begin with ¢ = m, and sory w = 0.
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e Consider the largest element in the first ¢ letters of w with respect to the integer
order. If there are multiple copies of the largest element, let z;, j < ¢ be the
rightmost one.

e Foreach h=j7+1,5+2,...,4,if (z;,z,) € U increase sory w by 1.
e Interchange x; with z; and keep using the notation w = x 122 ... zp,.
e Repeat this process for i =m —1,...,1.

For example, consider the sorting index of the same word w = 143123123 under the
relation U = {(4,3),(3,3),(3,1),(2,3),(1,1)}. The sorting steps are the same as given
in (2) and thus sorpw =3+ 142+ 2+ 0 = 8. In particular, if U is the natural integer
order U = {(z,y): x > y} then sorw = sory w. Our second main result is the following.

Theorem 4. The statistics sory, invy and maj;; are equidistributed on a fized rearrange-
ment class R(ex) if and only if the relation U has the following properties.

1. U 1is bipartitional with no underlined blocks.

2. If (x,y) € U then x > y.

3. All but the last block of U are of size at most 2.

4. If U has k blocks By, ..., By and |B;| =2 for some 1 < i <k — 1 then amaxp, = 1.

We give the proof of Theorem 4 in Section 4.

3 The Proof of Theorem 3

The proof of Theorem 3 is based on a series of lemmas that we prove next. The first two
of them describe how the distribution of maj;; and invy over R(a) are related for general
U. This will lead us to define special words in R(a) which we call mazimal chain words.
Then we will show that when invy and maj;; are equidistributed over R(e), the chains
that are the building blocks of the same maximal chain word are nicely related to each
other. We use this to show that U and U° have to satisfy the properties of Theorem 2
modulo some relations (z,z) with a, = 1.
We begin with a simple but very useful observation.

Lemma 5. The statistics maj; and invy are equidistributed on R(e) if and only if maj.
and invye are equidistributed on R(cx).

Proof. This follows from the fact that for every w € R(a),

o
majy; w + majye w = <‘ ) ) = invy w + invye w. O]
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Lemma 6. For any a = (a1, ..., a,) and any relation U on X = {1,2,... n},

max maj;w = max Invy w.
wER(x) wER ()

Proof. We will use induction on |e|. It’s clear that the statement holds when |a| = 1.
Assume that it holds for all a with |a| < m.

Consider a rearrangement class R(a) such that |a| = m + 1 and a relation U on [n].
Let (e, U) be a directed graph with vertex set {1*,...,n%} and a directed edge z — y
whenever (z,y) € U. Let 7 — 23 — --- — x, be a directed path in (e, U) of maximal

possible length. This means we have a descending chain xy >y z9 >y -+ >y a7 of
maximal possible length that uses at most «; copies of each i € [n]. Set o’ = (o}, ..., )
where

!
ar = —ZX(a:j =1).
j=1
Let v’ be a word that maximizes maj;; on the rearrangement class R(a’). One can easily

verify that for the word u = w'x129 - - - 2, in R(ax) we have

(—-1)2m+2-1)
5 :

maj; u = maj; u' + (3)

To bound max,ecr(q)invy w, first suppose there is an element y € (o, U) such that
for all i = 1,2,...,0 we have (y,z;) € U or (x;,y) € U. If (y,21) € U then y — 2, —
Ty — -+ — a7 is a longer directed path in (e, U), therefore (y,z1) ¢ U and (z1,y) € U.
Similarly, if (z;,y) € U we can form the longer directed path 1 — 29 — -+ — 2; = y in
(e, U); thus we must have (z;,y) ¢ U and (y,z;) € U. However, this implies that there
are elements x; and x;41 such that (z;,y), (y,x;11) € U, which yields a longer directed
path ©1 — 29 — -+ = x; > y — x;41 — -+ — x;. Therefore, every y € (a/,U) is
related to at most [ — 1 elements in the chain z; — - - — x;.

Now consider a word v € R(a) and the corresponding word v" € R(a’) obtained by
deleting x1,...,x;. By the argument in the previous paragraph, the m + 1 — [ letters in
v create at most (m+1—1)(l — 1) graphical inversions with 1, ..., x;. Therefore, by (3)
and the induction hypothesis,

l
' < i 1-0){ -1 4
B im0 < g i+ (m 10002+ () @
[—-1)(2 2—1
= max Invpw + ( )@m + ) (5)
w' €R () 2

(- 1)@2m+2-1)

< max majyw +

w eR(a) 2
< ma ajy;w. 7
Jhax majy w (7)
OJ
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The proof of Lemma 6 also shows that a word w = wiwy_1 - - - w; with the property
maj;;(w) > max,er(a) invy v can be constructed by greedily “peeling off” directed paths
(i.e. descending chains) of maximal length from (e, U) and ordering them from right to
left, forming the subwords wy, ws, ..., w; in that order. These kind of words will be used
in the proofs that follow and when the relation U is understood, we will call such words
mazimal chain words in R(c).

Moreover, if invy and maj;; are equidistributed on R(e), equalities hold in (4), (6),
and (7). Exploiting this, one can derive conclusions of how the elements from different
chains in the maximal chain words are related to each other if maj;; and invy are equidis-
tributed on R(a). We list the properties that will be important later in a series of three
lemmas.

Lemma 7. Suppose maj;; and invy are equidistributed on R(a). Let w = wywy_1 -+ wy €
R(ex) be a mazimal chain formed from the mazimal chains wy,ws, ..., w,. Then

(i) For each of the maximal descending chains w; = Ti;_41Ti;_ 427 T

(xp,z5) €U or (xg,z,) €U forall i1 +1<r<s< iy, (8)

(11) Each letter y in a maximal descending chain w;, i > j, is related to exactly |w;| — 1
elements from w; = x4, | 1174, 12+ Ty, i.e., there is a unique r € {i;_1+1,...,4;}
such that (y,z,) ¢ U and (z,,y) ¢ U. Moreover, (zs,y) € U fori;_1+1<s<r
and (y,xs) € U forr < s <ij;.

Proof. Condition () is necessary for equality to hold in (4). The property (ii) also follows
from the fact that equality holds in (4) and the definition of a maximal chain word which
implies that the chain w; is be the longest one that can be formed among the letters in
WEWh—1 * * * Wj. ]

The following lemma shows that if maj;; and invy are equidistributed on R(a) the
elements in the maximal chains can be reordered, if necessary, so that within each of them
the following property holds: if x precedes y in the same chain of a maximal chain word
then (z,y) € U.

Lemma 8. If maj; and invy are equidistributed on R(a), then there exists a maximal
chain word w = wiwg_1 -+ - w1 € R(a) with subwords w; formed from descending chains
such that for any w; = Ti,  41Ti; 42 - Ty we have

(p,z5) €U forall ij_1+1<r <s<i,. (9)

Proof. Since the equality in (4) holds, the elements zy,xs,...,2; in the maximal chain
can be arranged so that they form (é) graphical inversions, which implies the statement
in the lemma. O

Lemma 9. Suppose maj;; and invy are equidistributed on R(a). Let w = wywy_1 - - wy
be a mazimal chain word in R(a) for U with mazimal chains wy, ... ,wg. If (z,y) € U
and (y,x) € U for some x # vy, then the o, copies of x and the o, copies of y are all in
the same chain w;.
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Proof. Without loss of generality, suppose there is an z that appears in a chain w;, and
a y that appears in the chain wj,, 71 > jo. Consider the chain w;, : by >y by 2¢ ... 2¢
b1 2v Yy 2v b1 2u ... 2v by. By Lemma 7, there is exactly one i € {1,2,...,m}
such that (x,b;), (b;,z) ¢ U, (b1, x),...,(bi—1,x2) € U, (x,bix1),...,(x,by) € U. If 1 < i
then the chain by >y by 2y - > b1 Z2v x 2y y 2u by 2u - .. 2v by, is a longer chain
than Wi, and if [ > ¢ then b1 >U bg >U >U bl_1 >Uy>UZL’ 2(] bl+1 >U >U bm is a
longer chain than wj;,. This contradicts the definition of a maximal chain word. O]

The remaining part of this section is devoted to proving that the relations U and U*
are both transitive modulo some relations (x, z) with o, = 1.

Lemma 10. Suppose maj; and invy are equidistributed on R(a). If (z,y),(y,z) € U
and o, > 1 then (z,z) € U.

Proof. Since (z,vy), (y,z) € U, by Lemma 9, all the z’s and y’s must be in the same
maximal chain of a maximal chain word. In particular, since two x’s are in the same
chain, part (i) of Lemma 7 implies that (z,z) € U. O

Lemma 11. Suppose maj;; and invy are equidistributed over R(a) and let x and y be two
distinct elements of X such that (x,y), (y,z) € U. For every z € {1**, ..., n%} \ {z,y},
we have

(z,z) € U if and only if (z,y) € U
and

(x,2) € U if and only if (y,z) € U.

Proof. 1If z = x then o, > 1 and the claim follows from Lemma 10. The same is true if
z =1y. So, suppose z # x, z # y. Because of symmetry, it suffices to prove

(z,2) e U = (z,y) €U (10)
(,2) e U = (y,2) €U (11)

To see (10), suppose that (z,2) € U, (z,y) ¢ U. We consider two cases.

Case 1: (y,z) ¢ U. Let w = wywi_y---w; € R(ax) be a maximal chain word that
satisfies (9). By Lemma 9, x and y are in the same chain w; of w. By Lemma 7, z is
in a different chain w; and by Lemma 9, (x,2) ¢ U. If j > ¢, notice that, by Lemma 7,
x cannot precede y in w;, so w; must be of the form w; = by -+ - bpybry1 - - - bixbyiq - - - by,
Then by - - - byzbgyq - - - bzybyyq - - - by, is a descending chain longer than w;. If j < ¢, then
w; = by bpzbyyr -+ - b By part (i7) of Lemma 7, (by, ), (y,bg+1) € U, which implies
that by - - - bpwybiy1 - - - by is a descending chain longer than w;.

Case 2: (y,z) € U. By Lemma 5, majy. and invye are equidistributed on R(ex). Let
w = ww_1 ---wp € R(a) be a maximal chain word for U¢ that satisfies (9). Suppose
x,y,z are in the chains w;, w;, wy, respectively. By Lemma 7, ¢ # j, ¢« # k. If i < j,k
and w; = by - - byxb;, 1 - - - by, then a different maximal chain word w’ could be constructed
by taking the same chains wy,...,w;_1 as in w and replacing w; by by - - - bybiiq -+ - by,.
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Since (z,y) € U¢, it follows from Lemma 7 that z is not in relation U¢ with some b,., r <
and therefore (z,x) € U€, which contradicts (z,xz) € U. The similar argument holds if
Jj<ik. Itk <i,jand wg =by---bzbyq - b, then y is not in relation U¢ with some b,.,
r > [, and a different maximal chain word for U¢ could be formed by replacing w;, with
by« bzbyyy - be_1ybyiq -+ by, Part (i) of Lemma 7 now implies that (z,z) € U¢, which
contradicts (z,x) € U. Finally, if j = k < ¢, then since (z,z) ¢ U¢ and (x,y), (y,x) ¢ U°,
Lemma 7 implies that (z,z) € U¢ and y precedes z in w;. Therefore, (y, z) € U¢, which
contradicts (y, z) ¢ U.

The implication (11) can be proved by considering completely analogous cases, so we
omit it here. ]

Proof of Theorem 3. Assume invy and maj;; are equidistributed on R(a). Let the
symmetric part of U be

SU)={(z,y) € X x X : (z,y),(y,x) € U for some y # x}

and let
Xy={rxeX:(z,y) € S(U) for some y € X}.

Let
U'=UU{(z,2): z € Xy,ap = 1}) \ {(z,2): ¢ Xy, = 1}.

We will show that U’ is bipartitional using the characterization given by Theorem 2,
which will imply that U is essentially bipartitional relative to a.

To show that U’ is transitive, suppose (z,y), (y,2) € U'.

First consider the case when z,y, z are all different. If (y,x) € U or (z,y) € U, then
(x,2) € U by Lemma 11. Hence (z,z) € U'. If (y,x),(z,y), (x,2) ¢ U then let w € R(a)
be a maximal chain word for U°. If z,y, z all appear in the same chain w;, by Lemma 8,
the elements in w; can be reordered to give a sequence z1, ..., z; such that (z,, z5) ¢ U for
all 1 < r < s < [. Thisis possible only if z precedes z and (z,z) ¢ U. Applying Lemma 11
to U¢, we get that (z,y), (v, z) ¢ U which contradicts the starting assumption. If not all
x,1y,z appear in the same maximal chain w;, assume, without loss of generality, that x
is the one that appears in the rightmost chain of the maximal chain word w € R(a) for
U¢. Suppose y does not appear in w;. Let ¢, be the unique letter in w; (guaranteed by
Lemma 7) not related to y in U¢. Then another maximal chain word can be constructed
in which ¢, in the maximal chain w; is replaced by y. Repeating this argument, we see
that one can construct a maximal chain word for U¢ in which z,y, 2z are all in the same
maximal chain, which we saw is impossible.

If not all x,y, z are different, one only needs to consider the case x = z # y. Then
r € Xy. fap, =1, (z,2) € U’ by definition. Otherwise o, > 1 and (z,z) € U by
Lemma 10.

To show that U’ has the second property from Theorem 2, assume that (z,y) € U’
and (z,y), (x,2) ¢ U'. If all z,y, z are different, then by the previous argument applied
to U¢, we get (x,y) ¢ U, which contradicts the assumption (z,y) € U. The only case
left to be considered is x = y # z. Then (z,z) € U’ and (z,2),(z,2) ¢ U. If o, > 1,
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then Lemma 10 applied to U¢ yields (z,z) ¢ U, which contradicts (z,z) € U'. If a, = 1,
then by the definition of U’, z € Xy. This means that (x,w), (w,z) € U for some w # .
Then x, z,w, are all different and by the preceding argument we get that (w,z) € U,
(z,z) ¢ U implies (w,z) € U. But then Lemma 11 applied to U yields (x,z) € U, a
contradiction. O]

4 Graphical Sorting Index

In this section we will prove Theorem 4. The “if” part follows from the following propo-
sition and (1), while the “only if” part follows from Lemma 14 and Lemma 16.

Assume U satisfies the properties of Theorem 4 and has blocks By, ..., B,. To each
word w € R(a), we associate a pair of two sequences: a sequence of partitions and a
sequence of nonnegative integers. This map is a generalization of the B-code defined for
permutations [1, 14]. Precisely, we define a map ¢ : R(a) — A, where A is a set of pairs

(big=bia= - Zbimibar = Zbomy;e o sber = = by ), (P1, D25 -+, Pk))
satisfying

(1°) for ¢ < k in each partition b;1 > -+ = b;,,, > 0 each part has size b; ; < m;4q +
My + -+ my, 1 <7 <my, while by, ; =0 for 1 < j < my,

(20) Pi = 0 if |Bz| =1land1 <pz < m; if |Bz| = 2.
For w =z, ---2; € R(a), ¢(w) is computed as follows.
(1) Set j =1.

(2) If Bj = {y1, y2} has two integers yo > y; then let p; =i be the position of y, in the
subword of w formed by the elements of B;. Otherwise set p; = 0.

(3) Sort the elements of the block B; and form the partition b;; > -+ = bjm, > 0
from the contributions to sorw (listed in nonincreasing order) by the elements of
B;j. Keep calling the partially sorted word w.

(4) If j < k increase j by 1 and go to step (2). Otherwise stop.
Consider, for example, the bipartitional binary relation
U= {<5’ 3)7 (57 2)7 (5v 1)’ (47 3)7 (47 2)7 <4a 1)7 (37 2)7 (37 1)}

with blocks By = {5,4}, By = {3}, B3 = {2,1} and ) = f2 = f5 = 0. Take the word
w = 42345411 € R(2,1,1,3,1). Since the subword formed by the 4’s and the 5 is 4454,
we have p; = 3. The steps for sorting the 4’s and the 5 are

4234541 53 42341415 13 49341145 13 42311445 =5 12314445
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and, therefore, the first partition in ¢(w) is 4 > 2 > 1 > 1. Then py = 0 and sorting the
3 yields 12134445, therefore the second partition is 1. Finally, p3 = 2 and

Since the parts of the partitions in the ¢(w) represent contributions to the sorting
index, the bound for their size b; ; < M1 + Mo+ - - - +my, easily follows. Therefore, the
¢(w) is clearly a map from R(a) to the set of pairs of sequences of partitions and integers
which satisfy (1°) and (2°), which we claim is a bijection. For describing the inverse, the
crucial observation is that for blocks of size 2, B; = {y1 < y2}, the contribution to the
sorting index is given by b;,.. Then given

((b1g=b12= - Zbimibar = = bomy;.o bk = 2 bim,), (P12, - -, D))

which satisfies (1°) and (2°), the corresponding word w € R(a) is constructed as follows.

(1) Let 7 =k and w be the empty word.

(2) Add to the end of w the elements of B; with their multiplicities, listed in nonde-
creasing order ;179 Tjm,-

(3) If |B;| = 1, then for i = 1,...,m;, swap z;; with the element of w which is b,
places to the left of x;;.

(4) If B; = {y1 < y2}, then let b;.’l > 2 b;mjfl be the partition obtained from

bji = -+ = bjm, by deleting the part b;,.. Then for ¢ =1,...,m; — 1, swap x;;
with the element of w which is b;l places to the left of x;;. Finally, swap x;,,, = ya
with the element in w which is b;,, +m; — p; positions to its left. (After this step
there are ;. elements from Bj, 1, ..., By and m; —p; elements from B; to the right

of ya.)

(5) If j > 1 decrease j by 1 and go to step (2). Otherwise stop.

Proposition 12. If U satisfies the properties of Theorem 4 and has blocks By, ..., By

then :
5 o[ ()

wER(ax) j=1

Proof. The ¢(w) is designed so that soryw = Zle Z;n:ll b; ;. The bijection described
above then yields the generating function for sory. Let p(j,k,n) denote the number
of partitions of n into at most k£ parts, with largest part at most j. It is known that

> om0 P, kyn)q" = [ij] The block B; contributes

m; n m; m; + M1+ My

J n=0
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to ZweR( o €Y, where the leading binomial coefficient counts the number of possible
values of p;. Thus we have

S ] KA RN | (D

weER(a j=1
In particular, we get the generating function for the standard sorting index for words.

Corollary 13.

sorw __ |&‘
Z 1 _[ml,...7mk}

weR ()
Finally, we prove the “only if” part of Theorem 4 via the following few lemmas.

Lemma 14. If sory, maj;, and invy are equidistributed over a fived rearrangement class
R(ax) then the relation U must be a subset of the integer order modulo relations (z,x).

Proof. Suppose the statistics sory, majy, and invy are equidistributed on R(a). By
Theorem 3, U must be essentially bipartitional relative to a. That means that there
are subsets I, J C {x: ay—1} such that U = (U \ {(z,2): 2 € I}) U{(z,x): x € J} is
bipartitional. Without loss of generality we may assume that I, J are chosen so that U’
does not have underlined blocks {z} of size 1 such that a, = 1. We claim that U’ is a
subset of the natural order.

First we will show that there are no underlined blocks in U’. Suppose the contrary.
Then there exist elements = and y such that (z,y), (y,z) € U’ (z # y or y is a second
copy of the same element with a, > 1). Because we have both (z,y) and (y,x) in U’
every word w € R(ax) has at least one U'-inversion. Therefore the minimum invy over the
rearrangement class R(a) is 1. On the other hand, sory 11---122---2---nn---n = 0.
This is a contradiction, and thus there are no underlined blocks in U’.

Now assume that U’ is not a subset of the natural integer order. Then there exist at
least two elements such that (x,y) € U’, but y > = with respect to the natural order.
Let By, Bs, ..., By be the blocks of U’. Now consider the words created by placing the
elements of B in some order followed by the elements of B placed to the right of By and
continue the process until the elements of By in some order are the last elements of the
word. The words of this type will have invy equal to the number of edges in the graph
(e, U’) as defined in the proof of Lemma 6. Therefore, the maximum invy is bounded
below by the number of edges in (e, U’) (it is in fact equal to the number of edges in
(e, U")). In the sorting algorithm, however, elements are only sorted over elements that
are smaller than them with respect to the natural order. Therefore x will never jump
over y, and thus the relation (z,y) will never contribute to the sorting index. Since each
edge of the graph (a, U’) contributes at most 1 to sory, we conclude that the maximum
of sory on R(a) is less than the maximum of invy. This is a contradiction, and U’ must
be a subset of the natural order. O

The next inequality will be used to prove the remaining part of Theorem 4.
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Lemma 15. For a,b € Z,
min{a,b}

> (0)=<("")

and equality holds if and only if b= 1.

Proof. 1f a < b then using the Vandermonde’s Identity we have

TS0 (00 -

and equality holds if and only if a = b = 1. Similarly, if a > b then

min{a,b} b b
Z a Z a Z a b a+b
= < =
=0 =0 =0
Lemma 16. Suppose U is a bipartitional relation with blocks By, ..., By, none of which

are underlined, such that sory, maj;, and invy are equidistributed over R(a). Then for
every 1 < i <k, |B;| <2 and if the equality |B;| = 2 holds then aumaxp, = 1.

Proof. By Lemma 14, the blocks By, ..., By are consecutive intervals with n € B; and
1 € Bg. If kK =1 there is nothing to prove, so suppose k > 1.

Let i(By,. .. Bg) and s(By, . .., Bg) denote the number of words in R(«) that maximize
invy and sory, respectively. Let By = {s,s+1,...,n}, s < n — 1. The words in R(«)
that maximize invy are exactly those formed by a permutation of the elements of B
(with their multiplicities) followed by a permutation of the elements from Bs, etc. So,
. k ms
i(B1,...,Br) =11, (a(éi)).

On the other hand, if w € R(a) maximizes sory then after sorting the n’s, one obtains
a word w' € R(a’) that maximizes sory for o’ = (aq,...,a,_1). The map w — w' is not
one-to-one. One can write w’ = uv where u is the longest prefix of w’ formed by elements
of By. Then the number of words w that yield w’ is at most Zyig{'u"a”} (“i"). Namely,
such a w can be obtained by appending the «,, copies of n to w’ and then swapping the
leftmost ¢ copies of n with ¢ letters from u and the remaining «,, — ¢ copies of n with the
first oy, — 7 letters of v.

Since, by Lemma 15,

min{|ul,an}
Z (]u\) < (]u\ + ozn) < (an +ap 1+ + ozs)
) s o,

i=0
with equality when «,, = 1, we have

an—i_anfl_'—"'—i_as
079

s(Bi,...,B) << )S(Bl\{n}a---aBk)7
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where s(By \ {n},..., Bg) is the number of words in R(a’) that maximize sory. So,
inductively, we get

an—i_anfl_'_"'_'—as m; .
By, ....B) < —i(By, ..., By).
( Qs, ..., 01, Oy )S( 25 B) H(a(Bi)> i(B 2

=1

S(Bla SR >Bk)

N

Since we have equalities everywhere, a,, = 1. We also get that s(By \ {n},...,By) =
i(By \ {n},..., By) and by the same argument, a,, = @, 1 = -+ = g1 = 1.

Now consider a permutation p of the multiset {1°*,2*2 ... (s — 1)*-'} which maxi-
mizes sory. By appending ag copies of s to p and then swapping them with the first as
letters of p we get the word

ss---sp.
—

As

One can readily see that the word
w=Mn-1)gs---sp's(s+1)(s+2)--(n—2) € R(c)
as—1

maximizes sory over R(a’). Also, there are exactly as+1 words w in R(a) that maximize
sory which can be obtained from w’, namely,

ngs---sp's(s+1)(s+2)--(n—2)(n—1),
(n—1ngs---sp's(s+1)(s+2)(n—2)s,
(n—1)sngs---sp's(s+1)(s+2)---(n—2)s,

as—3

(n—1)ss---snp's(s+1)(s+2)---(n—2)s,
(n—1)ss---snp"s(s+1)(s+2)---(n—2)a,

as—1

where a is the first letter of p’. However, as we saw above, if sory and invy are equidis-
tributed on R(e), each word w’ corresponds to exactly (a”+a";1+"'+“5) words w. So,

(an+an—1+"'+as)
=as+1
Qn

and therefore s =n — 1.
This proves that either By = {n — 1,n} with a,, =1 or B; = {n}. Since the block is
of this form, reasoning as in the proof of Proposition 12 one can see that

SOry W __ my mi + ma - Tt My soer
Z ! (a@) [ 2 .

wER (¢ wER (¢
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where R(a”) is the set of all permutations of the elements of By, ..., By with the multi-
plicities given by a. Since

invpw _ my mp+mg:---+my invy w
S = () [T S e

wER(ax) weR(a')

we conclude that sory and invy are equdistributed on R(a”) and inductively, we get that
each of the remaining blocks B, ..., By_1 has either size 1 or size 2 with the multiplicity
of the largest element being 1. O]

This completes the proof of Theorem 4.
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