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Asymptotic normality of statistics on permutation tableaux

Pawel Hitczenko and Svante Janson

ABSTRACT. We use a probabilistic approach to give new derivations of the
expressions for the probability generating functions of basic statistics defined
on permutation tableaux. Since our expressions are exact, we can identify the
distributions of such basic statistics as the number of unrestricted rows, the
number of rows, and the number of 1s in the first row. All three distributions
were known, via involution on permutation tableaux and bijections between
permutation tableaux and permutations, to be asymptotically normal after
suitable normalizations. Our technique gives direct proofs of these results, as
it allows us to work directly with permutation tableaux. We also establish
the asymptotic normality of the number of superfluous 1s. This last result
relies on a bijection between permutation tableaux and permutations, and on
a rather general sufficient condition for the central limit theorem for the sums
of random variables, in terms of a dependency graph of the summands.

1. Introduction

Permutation tableaux are relatively new objects that are in bijection with per-
mutations [Bu, CoN, SW]. They were introduced in the context of enumeration of
totally positive Grassmannian cells [P, W]. More recently, permutation tableaux
generated additional research activity when they were connected in [Co, CoW,
CoW1] to a particle model in statistical physics called the Partially ASymmetric
Exclusion Process (PASEP); see [BrE, BrCPRE, DDM, DEHP, DS, S, USW|
for more information on PASEP.

A permutation tableau [SW] is a Ferrers diagram of a partition of a positive
integer into non-negative parts, whose boxes are filled with Os and 1s according to
the following rules:

(1) Each column of the diagram contains at least one 1.
(2) There is no 0 which has a 1 above it in the same column and a 1 to its
left in the same row.

An example is given in Figure 1.
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FiGURE 1. Example of a permutation tableau.

The size parameter of a permutation tableau is its length, defined as the number
of rows plus the number of columns. For example, the tableau in Figure 1 has 6 rows
and 7 columns, so its length is 13.

Various statistics on permutation tableaux were defined in [CoW1, SW]. We
recall that a 0 in a permutation tableau is restricted if there is a 1 above it in the
same column. A row is unrestricted if it does not contain a restricted 0. A 1 is
superfluous if it has a 1 above itself in the same column. We shall be interested
in the number of unrestricted rows, the number of superfluous 1s, as well as the
number of 1s in the top row, and the number of rows. For example, the tableau
in Figure 1 has three superfluous 1s, six rows, three 1s in the top row, and five
unrestricted rows.

Most of the past research on statistics of permutation tableaux was based on
bijections between permutation tableaux of length n and permutations of [n] :=
{1,...,n}, and used known properties of permutations. This was not always easy, as
sometimes it is not that easy to see into what parameter a given statistic is mapped
by a bijection. In [CoH] a direct approach based on a probabilistic consideration
was proposed. It enabled the authors to compute the expected values of these
statistics in a simple and unified way. In this work we go one step further: we use
the approach proposed in [CoH] to compute the probability generating functions
of the quantities in question. This will allow us, in particular, to obtain new and
direct proofs of several results concerning the limiting distributions of (properly
normalized) statistics on permutation tableaux. The original proofs of these results
were based on bijective methods. As a matter of fact, since the approach proposed
in [CoH] allows for exact (and not only asymptotic) computation, in most cases
we shall be able to identify the distribution of a given statistic, exactly as was the
case with the bijective approach. As consequences, we shall see, in particular, that:

e the number of unrestricted rows in a random permutation tableau of
length n has the same distribution as the number of cycles, or the number
of records, in a random permutation of [n] (a record in a permutation
o = (0;) is any o; such that o; > o; for j < i);

e the number of rows has the same distribution as the number of descents
in a random permutation counted by Eulerian numbers (a descent in (o)
is any pair (0;,041) such that o; > 0;41);

e the number of 1s in the first row is, in distribution, one less than the
number of unrestricted rows.

Earlier proofs of the first two results follow from the analysis of known bijections
between permutations and permutation tableaux (see [CoN, SW]), while the third
is a consequence of an involution on permutation tableaux presented in [CoW1].
Howel S {fHfe 0 iRVSHRISn BRAHe5 87T Py “SPYTIRBieLRETS f3hietoN,

SW] are very straightforward. In addition, the first two results given above required
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differing bijections in [SW]. So, while these bijections carry more information, they
turn out to be rather cumbersome to work with. In contrast, our approach allows us
to work directly with permutation tableaux without the disadvantage of having to
appeal to the bijections and the involution given in [CoN, SW, CoW1]. Looked
at from this perspective, our approach provides a streamlined and unified derivation
of the above results.

As for the number of superfluous 1s, the situation is a bit more complicated.
Although we do derive its probability generating function, we do not deduce directly
from this the asymptotic normality of its distribution. Instead, we shall rely on the
fact that one of the two bijections between permutation tableaux and permutations
described in [SW] sends the number of superfluous 1s to the number of occurrences
of the generalized pattern 31—2, and we shall prove the central limit theorem for
the number of such occurrences in a random permutation of [n] (an occurrence of
the generalized pattern 31—2 in a permutation (o;) is any pair (i,5), 1 < i < j, with
0;—1 > 0j > 0;). Our proof is based on a rather general sufficient condition for the
central limit theorem developed in [J] and [JLR, Section 6.1]. Béna [B4] has used
the same method to obtain similar results on asymptotic normality for generalized
permutation patterns, but as far as we know the central limit theorem for the
number of occurrences of a generalized pattern such as 31—2 is new. Furthermore,
the number of permutation tableaux of length n with k& superfluous 1s is equal to
the number of permutations of [n] with k crossings (a crossing [Co] in (o;) is a pair
(4,7) such that ¢ < j < 0; < gj or i > j > 0; > o). It follows, therefore, that the
number of crossings in a random permutation of [n] is asymptotically normal.

2. Basic facts

Let T, be the set of all permutation tableaux of length n. We denote the
uniform probability measure on T, by P,, and E, will denote the expectation
with respect to P,. We denote by R,,, C,, U,, F,, and S, the random variables
representing the numbers of rows, columns, unrestricted rows, 1s in the top row,
and superfluous 1s, respectively, in a random tableau of length n. (We may allow
n = 0; there is a single empty permutation tableau of length 0, and Uy = F =
Ry = Cy = Sp = 0. It is sometimes convenient to start inductions with n = 0, but
for simplicity we often treat n > 1 only.)

If F is a o-algebra then E( - |F) denotes the conditional expectation given F.
If X is non-negative integer valued, for example one of the permutation tableaux
statistics just defined, we let gx(z) = Ez¥X be its probability generating function
(in general defined at least for |z] < 1; for the variables consider here, z can be any
complex number). We shall often omit the subscript X.

The arguments in [CoH] were based on a construction of tableaux of size k
from tableaux of size k — 1 by extending the latter from the south-west (SW) corner
either to the south (creating a new empty row) or to the west (creating and then
filling a new column). Note that each permutation tableau in Ty is an extension of
a unique permutation tableau in Tj_1. We refer the reader to [CoH, Section 2| for
details. We let M, indicate the direction of the move at the kth step (i.e., when
the length is increased from k —1 to k). We refer to My, as the kth move, and write
My =S or M}, = W to indicate its direction.

THE {oASRERIM PR EBEIRVAR AR RL e RIAET B R B (BHERT RO 6 and

are crucial here as well (see [CoH] for some details that are omitted here).
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e When extending a tableau by a W move, the new column must be filled
with Os and 1s; each restricted row must be filled with Os, but the unre-
stricted rows can be filled arbitrarily except that there must be at least
one 1. Hence, a tableau with U unrestricted rows can be extended by a W
move in 2V — 1 ways; since there always is a unique S move, the total
number of extensions is 2Y.

e We use T, to denote a generic element of T,, and use T}, to denote
the corresponding element of T,_; (i.e., such that T, is an extension
of T,,—1); welet U,, = U, (T},) be the number of unrestricted rows in 7}, and
Un—1 = Up—1(T,,—1) the number of unrestricted rows in T;,_1, and simi-
larly for the other variables that we study. In this way, P,, induces a prob-
ability measure (also denoted P,,) on T,,_1, namely each element of T;,_1 is
assigned a measure that is proportional to the number of tableaux from T,
that it generates when its length is increased from n — 1 to n. Note that
this differs from the uniform distribution P,_; on J;,,_;. Since |T,| = n!
and a tableau T from T,_; generates 2U»—1(T) tableaux of length n, the
relationship between these two measures is easy to find. One way to state
this relationship is that if X is any random variable on 7,,_; then

(2.1) E,X = % E,—1 (21 X),

where integration on the left is with respect to the measure induced on
Tn—_1 by P, and integration on the right is with respect to P,,_1. Equiv-
alently, if we let F,,_1 be the g-algebra on T,, generated by the mapping
T, — Ty_1, then dP,, /AP, 1 =2Y»-1/n on F,_;.

e The sequence of distributions of the number of unrestricted rows is given
as follows: Uy = 0, Uy = 1, and for n > 1 the conditional distribution
of U, given F,,_; (i.e., given T,,_1) is (under P,,)

(22) L(Un | ?nfl) =1+ BiIl(Uvn,]_)7

where Bin(m) denotes a binomial random variable with parameters m
and 1/2.
To illustrate how these facts are put together, consider the number of unrestricted
rows, U,. For its probability generating function we have:

g0, (2) = En 27 = En B (U | Fa) = B By (57P000) 7,y )

24+ 1\Un-1 2z 2+ 1\Un—
2.3 —E(T) T = 2R (2 ()
(2.3) 26 (21 : ( !

z Uy
[— En, 1 n—1 ,
~En1(z+1)
where we have used (in order) conditioning, (2.2), the obvious fact that ggin(m)(2) =

EzBin(m) = (2£1)™ "and (2.1). It follows by induction, and the fact g7, (2) = z,
that

e == () =T =01 +7)
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variable which is 1 with probability 1/k and 0 with probability 1 — 1/k. Since the



ASYMPTOTIC NORMALITY OF STATISTICS ON PERMUTATION TABLEAUX 87

product of probability generating functions corresponds to summing independent
random variables, we obtain the following statement

THEOREM 2.1. The number of unrestricted rows U, is distributed like

U, E S
k=1

where Jy, Jo, ..., are independent indicators with P(J, = 1) = 1/k. In particular,
if hp =>4 k" and hY = S ko1 k™2 are the nth harmonic and generalized
harmonic numbers, respectively, then

EnUn =) P(Jk) = hn, vara(Uy) =) var(J) =Y 4 (1 — k) = hn, —h,

k=1 k=1 k=1

and
U,—Inn 4

— N(0,1),
Vinn (0.1)

where N(0,1) denotes a standard normal random variable.

REMARK 2.2. It is seen from the above statement that the distribution of U,
coincides with the distribution of the number of cycles in a random permutation
of [n] (see for example [F, Chapter X, Section 6(b)] or [R, Chapter 4, Section 3)), or,
equivalently, the number of RL minima in a random permutation (which is known
to be equidistributed with the number of cycles). Indeed, the bijections between
permutation tableaux and permutations described in [CoN] map unrestricted rows
onto RL minima in the corresponding permutation.

REMARK 2.3. More generally, we may define on T,, permutation tableaux T} €
Tk for every k < n, such that Ty is an extension of T}, and let F be the o-algebra
generated by Tj. It can be seen by induction, similar to (2.3), that a permutation
tableau Ty of length k can be extended to (n — k)! (n — k + 1)U*(T%) permutation
tableaux in T,, and hence dP, /dPy = (n —k+ 1)V /(}) on Fj, 1 < k < n.
Furthermore, (2.4) can be generalized to

I'(z+n—k)k!
I'(z)n!
We can study further the sequence (Uy)}_, as a stochastic process under P,,; similar

calculations show that this is an inhomogeneous Markov process with transitions
given by L(Ug11 | Fr) = 1 + Bin(Uy, nﬁ—zil), which generalizes (2.2).

E.(zY" | Fp) = (z+n—k)Yr.

3. The number of 1s in the first row

Recall that F), denotes the number of 1s in the top row of a random permu-
tation tableau of length n. The following fact is a consequence of an involution
on permutation tableaux given in [CoW1]. Since this involution is not too easy
to describe, we provide a more direct justification of (3.1) based on the arguments
given in the preceding section.

THEOREM 3.1. For every n > 1, we have

d
(3.1) F,=U, —1.
Inp a'[r'/%scﬁlaffee offprint provided to the author by the publisher. Copyright restrictions may apply.
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and
—Inn d

vV lnn

To establish (3.1), it will be convenient to prove some auxiliary lemmas. Define
G, to be the position (counting only unrestricted rows) of the topmost 1 on the
kth move, provided that this move is W. Then

n
Fo=> Ig,-1.
k=1

Note that Gy, is undefined if the kth move is S. While it is inconsequential in this
section as we shall be interested in the event {Gj = 1}, for the purpose of the
subsequent sections it is convenient to set Gy, = Up_1 + 1 if the kth move is S. We
have

-4 N (0, 1).

LEMMA 3.2. For all k > 2
Pk(Gk =1 | 3‘“;@,1> = —

PROOF. A given tableau T € Tp_; has 2Us—1(T) extensions. The number
of extensions by a W move with a 1 in the topmost row (which always is unre-
stricted) is 2Ux-1(T)=1 gince the other Uj_1(T) — 1 unrestricted rows can be filled

arbitrarily. Hence the probability that G = 1 in a random extension of T is
2Uk=1(T)=1 /9Uk—1(T) — 1 /2, 0

LEMMA 3.3. For any complex numbers z,w and every k > 2,

z 4w <w+1>U’“1

Er(zforw | Fp_y) = —_—
k(27w | Fr_q) ww+1

2
PRrROOF. Let T € Ti_1. If T is extended with G = 1, i.e., by a W move with
1 added in the topmost row, then we may add 0 or 1 arbitrarily to all other unre-
stricted rows, and the rows with 1 added remain unrestricted. Hence, conditionally
given G, = 1, the extension has 1 + Bin(Ui_1(T') — 1) unrestricted rows. Recall
from (2.2) that without further conditioning, the number of unrestricted rows is
1+ Bin(U;—1(T)). Consequently, using also Lemma 3.2,

Ek(ZIkaUk | Sjk_l) =z Ek(wU’“IGk:l ‘ gjk_l) + Ek(wUkIGk?gl | Sjk_l)
= (2 = 1) Ex(w" Ig =1 | Fp—1) + E(w" | Fy1)
_ (Z . 1) Ek( 14Bin(Ug—1— I)IG 1 | gfk_l) + Ek(lerBin(Uk_l) | gfk_l)

Uk71 1 kal
1 1
(2= 1w <w+ ) Pk(Gk=1|§k1)+w(ﬂ)

2
Uk,1 Uk:—l
w w+1 w41
-1 - - -
=(z )w—i—l < 5 ) —I—w( 5 )

_ztw (w+l Uk 0
This is a free gﬁq[jnq_p[o jdedgo thg author by the publisher. Copyright restrictions may apply.
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LEMMA 3.4. The joint probability generating function of F, and U, is given

by
Fz+w+n-—1) L i twt k-2
E, Frn, Un) — _ .
(7 w) I(z + w)n! kl;IQ k
PRrOOF. By Lemma 3.3 and (2.1),
E,(zFrw) = E, Ep (25 Hon=19Un | 5, _1)
—E, (- 1wz+w(w+1>Un4
N w+1 2
z4+w 1
e S STPRRIL)
and the formula follows by induction. O
We can now complete the proof of Theorem 3.1.
PrROOF OF THEOREM 3.1. Taking w = 1 in Lemma 3.4 we obtain
" I'(z+1)n!’
which equals E,, zV»~! by (2.4). O

Note that we recover (2.4) by taking z = 1 in Lemma 3.4. We can also describe
the joint distribution of F), and U,.

THEOREM 3.5. For every n > 1, the joint distribution of F,, and U, is given
by

n

(an Un) g Z(thlkt)a

k=1
where the random vectors (Jy, I) are independent and J; = 0, Iy = 1, and, for
k22, P(l=1,Jk=0)=Px =0, J,=1)=1/k, Pl =0, Jy =0) =1 —2/k.

PrOOF. We have E(z7*w!s) = (k — 2+ 2 +w)/k if k > 2 and w if k = 1,
and thus the joint probability generating function of the right-hand side equals the
product in Lemma 3.4. O

COROLLARY 3.6. The covariance of F,, and U, is
covp (Fp,Up) = En(FoU,) — E, F, E, U, = —(h? —1).
PROOF. We have cov(Jy, I1,) = —EJLEI, = —k=2 for k > 2, and cov(Jy, ;) =
0, and thus by Theorem 3.5, cov(F,,,Uy,) = > 1 _, k2. O

It easily follows further from the central limit theorem for vector-valued random
variables, e. % with Lyapunov’s condition, that the normal limits in Theorems 2.1
T

and 1B SRR Qz&’{ﬂ{’dc‘%f’et%’?ﬁta‘H?Hit%%@”ﬂ”%r SrUR RS AR s B ard

normal variables. We omit the details.



90 PAWEL HITCZENKO AND SVANTE JANSON

4. The number of rows

In this section we consider the number of rows R, in a random permutation
tableau of length n. Since the rows of a permutation tableau correspond to S steps
in the process of its construction, we can write

n
R, = Z Iy, =s.
k=1

LEMMA 4.1. For 1 <k < n and any complex numbers z,w we have

-1
Er (2w = 7w(zk ) Epo1 (21 w1) +% Ero1 (27 (w+ 1)7%1).
PROOF. By conditioning on F_; we get
(41) Ek(ZRk’LUUk) = Ek (ZRk*l Ek(ZIM’c:S’wUlC | ?k,l)) .

Note that M, = S if and only if Uy = 1 + Ug_; and, conditionally on Fy_1, this
happens with probability 1/2V+-1. Hence, using also Lemma 3.3 with z = 1 (or the
argument in (2.3)),

Ek(ZIM’CZSU)U'C | Fr—1) = Ek((ZIMkZS - 1)wU’° | :}'“kil) + Ek(wU’€ | Fr_1)

Up_
w41 k—1
= Ek((z — 1)[Mk:swUk | ffk_l) —+ w <>

2
wltUk-1 w41 Uk-1

—w(z—1) (%)U“ +w (wTH>U .

Putting this into (4.1) and applying (2.1) proves the lemma. |

We can now compute the probability generating function of R,.

THEOREM 4.2. We have
e n -
o=y 37

where <k> are the Fulerian numbers counting the mumber of permutations o =
(01,...,0n) of [n] with k descents (recall that a descent is a pair (0j,0j41) such
that o; > o0j41). Thus R, has the same distribution as 1 plus the number of
descents in a random permutation of [n].

PRrOOF. Consider E, zf*». Applying Lemma 4.1 k times and collecting the
terms involving the expectation of the same expression, we see that it is of the form

k
1
(4.2) En P = ——— E Clm(2) En—g (an—k(m + 1)Un—k)

(for 0 < k < n), with certain coefficient functions ¢y, ., = ¢k m(2). Apply Lemma 4.1
again to each of the expectations in the sum to get

m+1)(z—1
En_k(ZRn—k,(m_'_ 1)Un_k) — % En_k_l(an,_k_l(m+ 1)Un—k—1)

This is a free offprint provided to the authgrpylthe publisher. Ig)opyright restrictions may_ apply.
+ — nflcflg n—k—1 (m + 2) n7k71).
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Putting that back in, we see that (n---(n — k))gr, (z) is equal to

k
> km(m+1)(z = 1) Ep_goy (2751 (m 4 1)Unr1)
m=0
k
+ 37 Chn(m 4+ 1) En g (28041 (m 4 2)Un=ro1),
m=0

By rearranging the terms this is

Ck’o(Z — 1) En,k,l(zR"‘k—l)

k
+ Z hm(m+1)(z = 1) En_pq (2751 (m + 1)Vn—-1)
m=1
k—1
+ 3 ckm(m+ 1) Engo (25052 (m 4 2) Vi)
m=0
+ Chk(ki + 1) Ep_k—1 (Z:R"”“’1 (k+ Z)U"”“’l)
=cpo(z = 1) Ep_gg 2tnk1
k
+ Z {ekm(m+1)(z —1) + mckm—1} En,k,l(zR"—k—l(m + 1)U"—"—1)
m=1

+ erp(k+ 1) Epopor (271 (k 4 2)Unr-1)
k+1
= > Cirrm Enopot (205 (m DT,
m=0

where the coefficients cy ,, satisfy the following recurrence: cj , = 0 unless 0 <
m < k, coo =1, and for 0 <m <k,
Chym = MCh—1,m—1+ (M+1)(z —1)ck_1,m-
It follows by induction that cx ,,(2) is a constant times (z — 1)¥=™, so
Chom = Qpm (2 — 1)F™,
where ago = 1 and

Mag—1,m—1 + (M4 1)ak_1,m, fO<m<E k21,
0, otherwise.

(43) Ak.m = {

If we now let k =n — 1 in (4.2) and use E; (21 (m + 1)V) = z(m + 1), then
we get

n—1 n—1
z z —1—m
(44)  gn,(2) = §_:0<m+ Den-tm = §_:O<m+ D atn1,m(z — 1)

The recurrence (4.3) is solved by

This is a free offprint provided to the author by {v% Q‘ibil er. Copyright restrictions may apply.
agm = m!

m+1/J’
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where {:fl} is the number of partitions of a k-element set into m non- empty subsets

(recall the basic recurrence {:;_11 (m+1)q,, +1} + {m} Hence, (4.4) becomes

9r,(2) = — Z__:m+1 { +1}(z_1)n(m+1)

= |2n:m'{ } (z=1)"™,

'm 0

where in the last step we shifted the index by one and used { } 0 f > 1.
This completes the proof, since for a complex z (see [K, Section 5.1 ])

XN S ;

r=1 m=0

Once the coefficients have been identified as Eulerian numbers we can use their
known properties (see, e.g., [DB, Chapter 10, pp. 150-154]) to obtain

COROLLARY 4.3. The number of rows R,, in a random permutation tableau of
length n satisfies

Ry —(n+1)/2 a

(4.5) (n+1)/12

N(0,1).

In fact, a local limit theorem holds as well (see, e.g., [CKSS] or [E]).
Moreover, for the number of columns in a random permutation tableau, by

definition, we have C,, = n — R,,. Further, let D,, denote the number of descents in

a random permutation; thus R, 4 D,, + 1 by Theorem 4.2. Hence C,, =n — R, 4

n—1—D, = A,, the number of ascents in a random permutation. By symmetry,
A, 4 D, 4 R, — 1, and thus we obtain the following symmetry property:

COROLLARY 4.4. The number C,, of columns in a random permutation tableau
satisfies C, 4 R, — 1. In particular,

Co—(n=1)/2 a

(n+1)/12 N0, 1).

The fact that R, — 1 4 Cn 4 D, 4 A, follows also, by the bijections described
in [CoN].
REMARK 4.5. The coefficients in (4.4) can be more explicitly written as

( 4 6) This IS a free offprint prfwded to thf quthor byx publisher. (Cgpyr/gijt rest(lctlons may ﬁ)/))ly

Un—1n—r—1 =
1< < <gr<n—1
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This can be seen by putting them in a Pascal-type triangle

ag,0
N\
a1,0 ai,1
N\ N\
NN
an—1,0 (n—1,1 v An—1n—2 Opn—1n—1

and observing that by (4.3), a move down (either SW or SE) from a coefficient
aj,m has weight m + 1. The value of a given coefficient at the bottom is obtained
by summing, over all possible paths leading to it from the root ag o, the products
of weights corresponding to the moves along the path. Any path contributing to
Gp—1pn—1-r, 0 < 7 < n —1 has exactly  SW moves, and if they are from levels
Jis.-+,Jr (with level 0 at the top and n — 1 at the bottom), then the path has
weight

(n =1 =) 1+ 1ja(Gs = 1) -+ (Gr — (r = 2)),

and (4.6) follows by renumbering the terms.
Expression (4.6) gives a direct way to get the moments; from (4.4) the proba-
bility generating function of R, — 1 is

=
IR, — :_'Z an lnrl(z_l)
r=0
and thus the rth factorial moment of R,, — 1 is
dr rl(n—r)
En((Rn - 1)(Rn - 2) T (Rn - ’F)) = Janfl(Z) I = Tanfl,nfrfl
rl(n—r1r)! L. .
R D D XU | A )

1< < <jr<n—1

In particular,

15 n—1 n+1
E,R,=1+E,(R,—1) =1+~ = — ’
R +En(R,— 1) +an 5 5

and

var(R,) = var(R, — 1) = E,((R, — 1)(Rp — 2)) + Ep(R, — 1) — (En(R,, — 1))?
2 . n—1 (n—1)2

e — -1 _

T ‘E: =1+ — 1
1<j1<j2sn—1

n=2)3n-5) n-1 (n-12 n+1

= + — = ,

This is a free offprilvf?provided to the %uthor by théLpublisher. égpyright restrictions may apply.

which explains the normalization in (4.5).
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5. Probability generating function of the number of superfluous 1s

Let S, be the number of superfluous 1s in a random tableau of length n.
n [CoH] calculations based on (2.1) and (2.2) were used to show that

(n—1)(n-2)

12 ’
In this section we use the same approach to derive the expression for the probability
generating function of S,,, see Proposition 5.3 or equation (5.5) below. Although
the form of the probability generating function looks rather unwieldy, it can be used
to compute (in practice low order) moments of S, in a relatively straightforward,
albeit a bit tedious way. We shall illustrate it by deriving the exact expression for
the variance of S, (see Proposition 5.5) below. However, there does not seem to be
an easy way to derive the central limit theorem for S,, directly from the probability
generating function. For this reason, in the next section we shall follow a different
approach to establish the CLT for S,,.

We write in this section
n
Sn = Z Vka
k=1

where Vi is the increase in the number of superfluous 1s when the length of a
tableau is increased from k — 1 to k. As in the preceding section, let G be the
row number of the topmost 1 (provided that the kth move is W and counting only
unrestricted rows), and recall that it is set to be Ug_1 + 1 if the kth move is S.
Then by the same argument as in Lemma 3.2,

Pu(Gr =7 | Fro1) =

1 .
?a ,7_1’"'7ka17
and

1

Pk(Gk - Uk-_l + 1 ‘ H:k-_l) - QUT

Moreover, the joint conditional distribution of (U, Vj) given Fy_1 is
(5.2) L((Uk, Vk) | f}'kil) = (Gk + Bin(Uk,1 — Gk),Bin(kal — Gk)) ,

in the sense that if we further condition on Gy = m, then the distribution equals
that of (m + X, X) with X ~ Bin(Uy_1 — m) (thus the two occurences of the
expression Bin(Ui_1 — Gg) in (5.2) signify the same random variable); further we
interpret Bin(—1) as 0.

LEMMA 5.1. We have, for all complex z and w, and k > 1

Ek(zv‘"’wU’C | H:k-—l)

“lrraemn () () (8

w 1
B ™) = {1 Tt Bt (P )

This is a free offprint provided to the author f the publister. Copy) gé;t restncgons m{ykap;j }

and

1+w
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ProoF. Using (5.2) we have
Ek(zvkak ‘ g‘k}*l) — Ek(ZBin(Uk,1—Gk)ka-FBin(Uk,]—Gk) | g‘k*l)

Ug-1
= 3 En((w)P U (G = m) | Fia)

m=1

+ w1 PG = U1 4+ 1| Fisi)

Q

Uk—1

H

k—

-3
”’“j(%) (><>
-5 )<5>U’““+w<%>”“

0

-(5)" 1{ eyt (%) ) v
“olimaemn (5 () (07

which is the first formula.
To prove the second, write

Ex (2% w) = Eg B (2w | Fi_1) = Ex (21 B (2Vrw* | Fy_1)),

) ((zw)BPWUr=—1=m) | F 1) 4w (%)

M\S

[

QS

~
I

and use the first part and the usual reduction by (2.1) from Py to Py_1.

For ¢ > 0, set by = by(2) = Zj:o 27 so that we have
(5.3) zbp+1=0bpy1 and 14 (z—1)by = AT

If we substitute by for w in Lemma 5.1 and use (5.3), we obtain the following.

LEMMA 5.2. For 0<k<n—1and ¢ >

En—k (ZS""‘bg""“) _ b (2471 En—k—l(zsn_k_lbgifk_l)

n—=k
+ (1 — Zﬁzil) En_k_l(zsn_k_lbgn_k_l)) .
PROPOSITION 5.3. We have

Sn n'zcn 1,(2)be(2

where the coefficients cpm ¢ = cme(2) satisfy coo =1 and for m > 0 the recurrence

This is a free gﬁﬁﬁﬁf%ﬁvi@@dftglthg azuthor l))g) fhgzjghg%rg 7do%yrigﬁtfr]eg%)létions may apply.

In particular, ¢y =0 unless 0 < € < m.
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PrOOF. Omitting the dependence of b,’s on z for notational convenience, we
show first that for 0 < k <n — 1 we have

k
1
(54) En ZSn — En ZSnbgn — ) E Ch.m Enfk ZS"_kbgL"_k.
m=0

n---(n—k+1

Indeed, assume inductively (5.4) for some k > 0 (k = 0 being trivial). Apply the
previous lemma to each of the terms E,,_j zS”*’“b%"”“ to get

k
1
Sn E —m—1 Spn—k—1pUn—k—1
Enz - m Ck,mbm{z En_k_l & ' 1bm+1

m=0

(1= 2 By 25l L

Separating the sums, rearranging the terms, and collecting the coefficients in front

of E,_p_q 25n—#=1b5" %=1 we obtain that E, 2% is equal to
1 { k+1 v }
§ (Ck,mflb'mflz_m + Ck,mb'm(l - Z_m_l)) En7k71 an_k_lbm"7k71 .
nee(n—k) m=0

This completes the inductive proof of (5.4) with the coefficients ¢, given by the
specified recurrence. Choosing k =n — 1 in (5.4), and using the observation that

Eq 25100 = by,
(because S; =0 and U; = 1), completes the proof. |

REMARK 5.4. Just as in the proof of Theorem 4.2, the coefficients ¢, can be
put in a Pascal-type triangle

€0,0
N\
C1,0 C1,1
N\ < N\
N VN
Cn—1,0 Cn—1,1 v Cn—1,n—2 Cn—1n—1

This time a SE move from a coefficient c,, , has weight z=*~1b,(2), and a SW
move has weight (1 — z7*~1)b,(2). As was the case with the number of rows, the
value of a given coefficient at the bottom is obtained by summing, over all possible
paths leading to it from the root cg g, the products of weights corresponding to
the moves along the path. This can be used to obtain an explicit expressions for
the coefficients (¢p_1,m). Any path from coo to cp—1n—1-r, 0 < r < n — 1, has
exactly 7 SW moves and n — 1 — r SE moves. The total weight of SE moves (they
are from c.g,¢.1,...,C pn_2_r) IS

This is a free offprint%ﬁd%g 1o tb?bé;l(tgj)r :by gne(pgbys%ﬁgoggzggt restrictions may apply.
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The SW moves may be from c.s,,...,c. ¢, forsome 0 <4 < ... <l <n—1—7r.
A SW move from c. z, has weight (1 — 2% ~1)by,(z). Therefore,

n—r—2 r

Cnfl,nflfT(Z) = Zi(ngr) H bk(z) Z H(l - Z_ej_l)blj (Z)
k=0

0<lh<... <l <n—1—r j=1

This gives an explicit expression for the probability generating function of S,
namely

(5.5) gsn<z)=$i (H bi(= ) (2),

where

T

H(l — 275Ny, (2).

0<0 <. .. Kbp<n—1—71j=1

(5.6) Anr(2) =

(]

(Note that all negative powers cancel in (5.5) since gg, () is a polynomial in z.)

Although the above expression looks quite complicated and it is not clear to
us at the moment how to deduce the asymptotic normality of S,, from it, some
information can be extracted from it. We shall illustrate this by deriving an exact
expression for the variance of S,,.

PROPOSITION 5.5. For n > 2, the variance of S, satisfies

~ (n=2)2n* +11n—1)
(5.7) var(S,) = 360 .
PrROOF. We compute the second factorial moment of S,:
1 d2 n—1
(5.8) En Sn(Sn —1) = — dZZ(j{:cn Libe)|

Notice that every path contributing to ¢,,—1,, for 0 < r < n — 3 has at least three
SW moves, and so its weight will have at least three factors of the form 1 — z77.
Hence if it is differentiated twice and evaluated at z = 1, it will vanish. It follows
that the sum on the right hand side of (5.8) reduces to the last three terms. For
k =mn — 3 we have

n—2

n—4

1 z7\ 2

mcn—l,n—Sbn—S = y (H bk) bn—BAmZ(Z) = G(Z)AH,Q(Z)a
k=0

where we have set
n—3
]_ _(n—2
m@:mzb)nm@
k=0
So, the second derivative of G(z)A, 2(%) is

G (2)An2(2) + 2G"(2) A, 5(2) + G(2) Ay, 5(2).

Since
This is a frﬁi ?;f();ft:prowdef the etlith_or Zl?;éé*ﬁf@/lgh% %cz;zylr/(g t restrlc( 0573 may apply.

1<l<m<n—2
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Ana(1) = A}, 5(1) = 0, so we only need G(1)A], 5(1). Now,
(5.9) :l'H k+1) %1)
To compute A 5(1), writing
(=21 =™ = hn(2), bros(bm1(2) = hal2),
we see that
W (1)ha(1) + 20 (Wl (1) + ha (DRG(1) = B (Dha(1) = 262m?

Therefore,

n—

2 m n—2
1
A1) =2) " m?> 7= 3 > mi(m+1)(2m +1)
/=1 m=1

m=1

= in(n —1)(n—2)(5bn —11)(2n — 1)(2n — 3),

180

and combining this with (5.9) we obtain

1 a2 (n—2)(5n —11)(2n — 1)(2n — 3)

nl a2 (Cnmta-sbu-s) | = 180 '
We next handle

Cn 1,n— 11 = < >
k=
™) oy
=

The last expression is the probability generating function of a sum of independent
random variables Wy, ..., W,,, where Wy = —n(n —1)/2 and for 1 < j < n, W is

a discrete uniform random variable on {0,...,j — 1}. So, with Y, = 3°7_( W; we
have
1 d2
Tl'chn 1,n— lbn lzzl_EY ZVBT ) —EYn
Now,
j—1
EWJ = Ta 1 < J < n,
so that .
1 ) n(n —1) n(n —1)
EY, = - Mzl mMezl)
32601 2 4

=1
Furthermore, for 1 <5< n

vy = 12 (41 _G-DG+D
W)= 53k (5) WD,

Therefore,

n
. . — n + . -
This is a free offprint provEed\;g,t Blavther %&MM}{HQM restrictions may apply.
— e 72
j=



ASYMPTOTIC NORMALITY OF STATISTICS ON PERMUTATION TABLEAUX 99

Finally, putting the above together we get

1 d? nn—1)2n+5)  n?’(n-12  n(n-1)
n—1,n— bn =
nl dz2 ottt 72 R TR
n(n —1)(9n? — 5n + 46)
B 144 '

It remains to handle ,cn 1,n—2bp—2. We write
Cn—l,n—an—Q = f(Z)An,l(Z)a

where
n—2
fz)= ("2 H bi(2)
k=0

and, according to (5.6),
n—2
Ana(z) = (1= 27Nby(2).
£=0
Then the second derivative of c,,—1 p_2b,_2 is

f1(2)Ana(2) +2f'(2) A, 1 (2) + F(2) A7 1 (2)-

At z = 1 the first product vanishes. For the remaining two, first notice that

1 e n—1 bj—l
A . >j1:[17

is a generating function of a legitimate distribution function. Therefore, f(1) =
(n—1)!and f'(1)/(n — 1)! is the expected value of a random variable represented
by f(z)/(n — 1)!. Since this expected value is

<n1> 2%2 n71)4(n72)7

£l = — (n—l)(n;Q)(n—l)!.

It remains to compute the first two derivatives of A, 1(z) at z = 1.

we obtain

n—1
A y(2) = (U (I =27 + bealz™71),
=1
so that
2n — 1)
(5.10) Z 6
Also
n—1
Al Z L1 =27 20 0 (1))

Since b,_,(1) = (¢ — 1)¢/2 we get

This is a frge Lfosmnt KZ‘V c(?d to the .§uthorj)<y the f%)l/sher adpyright )é%mc%fo@ may apply.

{=1
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Hence,
1 d2 1 ! / 1
st tnabuos| = 27 (A (1) + [ AL (1)
n—12mn-2)2n—-1) (n—1)(2n—1)
T 12 - 3
~ (n—-1)(2n—-1)(n*> — 3n+6)
T 12 ‘

Combining all of these calculations gives
(n—2)(5n—11)(2n — 1)(2n — 3)

E.S.(S,—1) = 150
(n—1)2n —1)(n? — 3n + 6)
- 12
n(n — 1)(9n% — 5n + 46)
+ 144
~ (n—2)(n—3)(5n* —n — 16)
B 720 '

By the same argument

E. S =

% % (Cnfl,nflbnfl + Cnfl,n72bn72)
= BVt o (P Ana(D) + ()AL (1)
Using A,.1(1) =0, f(1) = (n— 1)}, (5.10), and the value of EY,,, we get
nn—1) (m-1)2n-1) (n—-1)(n-2)

e 6 - 12

which conforms to (5.1). Finally,
var(S,) =ES,(S, —1) — (ES,)* +ES,

_ (n=2)(n—3)(5n* —n—16) ((n— 1)(n—2)>2+ (n—1)(n—2)

z=1

720 12 12
~ (n=2)2n*+11n—1)
- 360 ’
which proves Proposition 5.5. O

6. Asymptotic normality of 5,
In this section we provide a self-contained proof of

THEOREM 6.1. As n — oo we have

(6.1) Sn—n?/12 a, N(0,1).

\/n3/180
PRrROOF. As we mentioned, the form of the probability generating function of S,
obtained in the previous section does not seem to be convenient to yield the central
limit theorem. For this reason, we shall rely on a bijective result of Steingrimsson
and Williams [SW]. According to their result, the number of superfluous 1s in a

perm{Eth BRI Y WHBTIC A R Bt VIBHRER S EIRAHE M BSIBH BT Ba¢ ARfbhces

of the generalized pattern 31—2 in a random permutation of [n]. (An occurrence
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of the generalized pattern 31—2 in a permutation ¢ is a pair 1 < 7 < j such that
oi—1 > 0; > 0;.) To analyze that quantity, it will be convenient to think of a
random permutation as being generated from a sample of i.i.d. random variables

X1,...,Xn, each uniform on [0,1]. (The permutation is obtained by reading off
the ranks of Xq,...,X,,.) Iffor2<i<j<nweletI;;:= Ix, ,>x,;>x,, then
Sn == Z Ii,j'
2<i<j<n

Notice that from this representation we immediately recover (5.1), since

—1 1/n—1
ES,=E > Ii,J:(”Q )P(X1>X3>X2):8<n2 )

2<i<j<n
Similarly, we can easily obtain the asymptotic value of the variance: we write
var(S,) = Z cov(Ly, 5151y 50 )

11<J1

12<J2
and note that if {i; — 1,41,j1} N {ia — 1,42,jo} = & then I, ; and I,, ;, are
independent, and so their covariance vanishes. In the complementary case, the
main contribution comes from the cases that contribute ©(n3) terms to the sum.
We obtain

n3
var(Sn) ~ ? (COV(IQ;;, 1274) + COV(IQ,5, 1475) + COV(IQ,4, 1375)

+ cov(la5, I3,4) + cov(l23, 145) + cov(la 4, I4,5)>,
as all other cases contribute O(n?) terms to the sum. We calculate:

2
E 1273ﬁ12)4 = P(Xl > X3 > Xo, X7 > Xy > X2) = 2P(X1 > X3 > X4 > X2) = —,

4!
so that )
1 1
I 3, I =——|=) .
COV( 2,3, 2,4) 12 <6)
Similarly,
E .[275 ﬂI475 = P(X1 > X5 > XQ,Xg > X5 > X4)
1
:4P(X1>X3>X5>X2>X4) :%,
1
E 1274 01375 = P(X1 > Xy > Xo, Xo > X5 > Xg) = EO,
1
E 12,5 01374 = P(X1 > X5 > Xo, Xo > Xy > Xg) = EO,
E 12’3 ﬂI4)5 = P(Xl > X3 > Xo, X3 > X5 > X4)
1
ZSP(X1>X3>X2>X5>X4) :ZO,
1
E 12,4 ﬂ-1—4,5 = P(Xl > X4 > XQ,X3 > X5 > X4) = 4—0
Hence,

This is a free offprint py8videdo the guthor by the pubjlisher. Gopyrigft restrigtions mgp apply.
(6.2) var(Sn)~—~Z—+—+—+—+—+—f—>:—.
3 12 30 120 120 40 40 36 180
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REMARK 6.2. The exact value of the variance could be obtained by computing
the other terms.

Finally, to establish (6.1) we shall rely on results presented in [J] and [JER,
Section 6.1]; see [B6] for a closely related theorem proved by the same method. See
also [E] for a related simple proof of the asymptotic normality of the number of
descents, cf. Corollary 4.3 above. We let A = A,, :={a=(i,j): 2<i<j<n}
Then S, = > cala- Recall that a dependency graph L for {I, : o € A} is
any graph whose vertex set is A and which has the property that if Vi, V5 are two
disjoint subsets of A such that L has no edges with one endpoint in V; and the other
in V4, then the families {I, : a € V1} and {I, : « € V2} are mutually independent.
For our purposes it is enough to consider L defined by the following rule: we put an
edge between ay = (i1, j1) and ag = (i2, j2) iff {i1 — 1,41, 51} N {ia — 1,i0,jo} # 2.
If aq, ..., € A then the closed neighborhood of {aq,...,a,} in L is defined by

T
Np(a,....ap) = U{B €A: B=a;oro;f € E(L)},

i=1
where E(L) denotes the edge set of L. Note that in our case for every fixed r > 2
’NL(ozl, ...,ar_1)| = Oy(n), where O,( - ) means that the constant may depend
on r. Hence, trivially

> E(La|lays- -\ Ia,_,) = Or(n).
aENL(Oé17--<,Oér—1)
Since, cf. (5.1) for the exact value,
> EIL <Al =0,
acA
by [JER, Lemma 6.17] we conclude that the rth cumulant of S, (defined by
kr(Sp) = i’k(% log ¢, (0), where ¢x(t) = gx(e'!) is the characteristic function)

satisfies
|k (Sn)| = Or(n2 ~n“1) = Or(n”l).

Sn_n2/12 _ n’" 1n—%r =0
m<fﬁaﬁﬂ—@(+ ) = o(1)

as n — oo. Since £1(X) = EX and ko(X) = var(X) we have

Hence, for r > 3,

Sp —n?/12 0 S, —n?/12 o
T A ) K T A )
"\ /nP/180 *\ " /n?/180
and the theorem follows by the cumulant convergence theorem (see, e.g., [JER,
Corollary 6.15]). O

REMARK 6.3. Our results can be used to draw conclusions about some other
parameters. For example, let Y,, be the number of 1s in the random permutation
tableau T;,. Although we have not computed an explicit formula for the distribution
of Y,,, we can easily obtain its asymptotic distribution. Namely, as n — oo we have

This is a free offprint provided Ip;{haqg%/b[@y tiae publisherj Copyright restrictions may apply.
— N(0,1).

\/n3/180 ’
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This follows immediately from Theorem 6.1 upon noting that
Y,=5,+C,=5,+0(n).

It seems straightforward to prove a similar central limit theorem for Z,,, the
number of 0s in the random permutation tableau T;,, using further bijective results
of [SW]; the main difference is that we need to consider several generalized patterns
simultaneously, and the joint distribution of their numbers of occurrences. We leave
this to the reader.
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