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Preamble

Summary

The main branch of mathematics relevant to this dissertation is combinatorics. In
addition, we also use elements of graph theory, maps (i.e., graphs on oriented
surfaces) and probability. The results obtained by us are also of an asymptotic
nature. The dissertation consists of three chapters, and each of them is a separate
paper.

The first chapter is almost identical to the article entitled “Hydrodynamic limit
of the Robinson—Schensted—Knuth algorithm” [Mar22a] published in the journal
Random Structures and Algorithms. The starting point is the RSK algorithm, which
in its best known form takes as input a sequence of numbers and returns as output a
pair of Young tableaux with the same shape: the insertion tableau and the recording
tableau. The main tool we use is the result of Romik and Sniady describing the
asymptotic position of the last added box in the RSK algorithm applied to a random
sequence of numbers with a fixed last number z. The problem we consider is the
dynamics of the RSK algorithm from the viewpoint of a single box. More precisely,
we consider the evolution over time of the position of the box with the number
z in the insertion tableau when the RSK algorithm is applied to a sequence of
random numbers containing the number z. We prove that when the length of the
sequence tends to infinity, the typical trajectory after scaling converges uniformly
in probability to a certain deterministic curve.

The second chapter is almost identical to the article entitled “Quadratic Co-
efficients of Goulden—Rattan Character Polynomials” [Mar22b|] published in the
journal Annals of Combinatorics. The starting point is the Kerov polynomials,
which, for any Young diagram A, present the normalized character of the symmetric
group corresponding to the diagram A, as some polynomial of the free cumulants
of the diagram A. The main problem considered is the Goulden—Rattan Conjecture
of non-negativity of coefficients of Goulden—Rattan polynomials. By using the



combinatorial interpretation of the coefficients of Kerov polynomials given by
Dotega, Féray and Sniady [DFS10] and the relationship between these polynomi-
als, the Goulden—Rattan Conjecture translates to certain inequalities concerning
maps, i.e., graphs on oriented and connected surfaces. The main result is three
bijections based on the newly defined operation “edge sliding”, which prove the
Goulden—Rattan Conjecture in a special case.

The third chapter is a shortened version of a preprint, currently in preparation,
based on collaborative research with Piotr Sniady. This unfinished preprint is not
yet publicly available, but when completed, we plan to publish it as a joint paper.
The main problem we consider is the position of a new box when we apply one step
of the RSK algorithm to a random tableau with a fixed shape and a random number.
The main tool is the cumulative function of tableau F7r as the most natural random
variable to study the position of the new box. In addition, we define several types
of weighted graphs and identify with each graph a certain rational function. We
also use the fact that certain algebraic identities correspond to some combinatorial
operations on graphs. The main goal is to create a tool to study the random variable
Fr when the size of the diagram tends to infinity. The main result is a closed
formula for the cumulants of F7r. We believe that this formula will be necessary
for proving more precise versions of the results proved by Romik and Sniady. We
also hope that this formula, by its generality, will also be useful for studying the
position of the new box for different shapes of diagrams and will allow formulating
new asymptotic results.
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Chapter 1

Hydrodynamic limit of the
Robinson—-Schensted—Knuth
algorithm

1.1 Introduction

The final published version can be found in [Mar22a].

1.1.1 Notations

A partition of a natural number n is a break up of nintoasumn = A+ o+ - -+
where A\y > Ay > --- > A; > 0 are positive integer numbers. The vector
A = (A1, A2, ..., A) is usually used to denote a partition. Let A - n denote that
A is a partition of a number n. A Young diagram A\ = (A1, Ao, ..., \) is a finite
collection of boxes arranged in left-justified rows with the row length \; of the
jth row. Thus the Young diagram A is a graphical interpretation of the partition
A. A Young tableau is a Young diagram filled with numbers. If the entries strictly
decrease along each column from top to bottom and weakly increase along each
row from left to right, a tableau is called semistandard. A standard Young tableau is
a semistandard Young tableau with n boxes which contains all numbers 1,2, ..., n.
Figure 1.1 shows examples of a Young diagram and of a standard Young tableau.

The Robinson—Schensted—Knuth (RSK) algorithm is a bijective algorithm which
takes a finite sequence of numbers of length n as the input and returns a pair of
Young tableaux (P, ()) with the same shape A - n. The semistandard tableau P

11



31619
12|47
(a) (b)

Figure 1.1: The Young diagram of shape (4, 3,2) I 9 and|(b)|a standard Young
tableau of shape (4, 3,2) - 9.

74
74199 i C 74 | 99 : C 53199
23|53 |70 i C 2315370 i C 23137(70
16|37 |41 |82 : g 16|37 |41 |82 : g 16|18 |41 |82
() (b) ()

Figure 1.2: The original tableau P. The highlighted boxes form the bumping
route which corresponds to an insertion of the number 18. The numbers next to the
arrows indicate the bumped numbers The output of the RSK insertion step.

is called an insertion tableau, and the standard tableau () is called a recording
tableau. In particular, the RSK algorithm assigns to any permutation o a pair
(P, Q) of standard Young tableaux. A detailed description of the RSK algorithm
can be found in [Rom15, Chapter 1.6].

The RSK algorithm is based on applying the insertion step to successive
numbers from a given finite sequence (X;)}_,. The insertion step takes as input
the previously obtained tableau P (X 1, X9, 0, X j,l) and the next number X
from the sequence. It produces as the output a new tableau P (X 1, Xo, ..., X j)
with shape “increased” by one box; this tableau is obtained in the following way
(see Figure[I.2)). The RSK-insertion step starts in the first row with the number
x := X;. The insertion step consists of inserting the number z into the leftmost

12



box in this row containing a number y greater than x. We then move to the next
row with the number y and repeat the action. At some row we are forced to insert
the number at the end of the row, which will end the insertion step. The collection
of rearranged boxes is called the bumping route.

We can say that the boxes with numbers are moved along the bumping route
during an RSK insertion step.

1.1.2 Motivations

The RSK algorithm is an important tool in algebraic combinatorics, especially in
the context of Littlewood—Richardson coefficients and the plactic monoid [FH91,
Lecture 4].

For many years mathematicians have been studying the asymptotic behavior of
the insertion tableau when we apply the Robinson—Schensted—Knuth algorithm to
a random input. In the following paragraphs we will see several examples of such
considerations.

The Ulam—Hammersley problem [Rom15, Chapter 1.1] concerns the typical
length of the longest increasing subsequence in a random permutation. This
problem corresponds to the problem of finding the typical length of the first row in
the Young tableau obtained by the RSK algorithm from the sequence of independent
random variables (X;)%_, with the uniform distribution U(0, 1) on the unit interval
(0,1).

More generally, the RSK algorithm applied to the sequence of independent
and identically distributed random variables with the uniform distribution U (0, 1)
on the unit interval (0, 1) generates the Plancherel measure on Young diagrams
[Rom15, Chapter 1.8]. The Plancherel measure is an important element of the
representation theory of the symmetric groups because it describes how the left
regular representation decomposes into irreducible components [FH91, Chapter
3.3].

Logan and Shepp [LS77] and Vershik and Kerov [KV86a]] described the limit
shape of the insertion tableau P (X3, X», ..., X,,) obtained when we apply the
RSK algorithm to a random finite sequence.

Romik and Sniady [RS16] considered the limit shape of the bumping routes
obtained when applying an RSK insertion step with a fixed number w to an existing
insertion tableau P (X1, X, ..., X,,) obtained from a random finite sequence. In
[RS15] they also considered the limit shape of jeu de taquin obtained from the
recording tableau @ (w, X, Xs,..., X, ) made from a random finite sequence
preceded by a fixed number w.

13



1.1.3 The main problem

This paper concerns the asymptotic behavior of the insertion tableau when we
apply the RSK algorithm to a random input. What can we say about the evolution
over time of the insertion tableau from the viewpoint of box dynamics, when we
apply the RSK algorithm to a sequence of independent random variables with the
uniform distribution U(0,1)? How do the boxes move in the insertion tableau?
If we investigate the scaled position of a box with a fixed number, will we get a
deterministic limit, when the number of boxes tends to infinity?

More specifically, we consider the insertion tableau
P(X1,Xs,..., X, w,Xp11,...,X,) obtained by applying the RSK algorithm
to a random finite sequence containing a fixed number w at some index. The box
with this fixed number w 1s being bumped by the RSK insertion step along the
bumping routes. We will describe the scaled limit position of the box with the
number w depending on the ratio of the numbers m and n. This problem was also
stated by Duzhin [Duz19].

Our main result for describing the scaled limit position is Theorem [I.3.1] A
proof of Theorem |1.3.1]is given in Section|1.3

1.2 Tools

1.2.1 The function G(x)

Following Romik and Sniady in [RS15, Chapter 5.1] we define the functions
Fse, €, u, v needed to describe the macroscopic position of the new box in the
RSK insertion step and additionally the function G

1 1 4 —q2 L
Fsc(y):§ — (%ﬂﬂm ! (%)) (—2<y<2),

T
Q*(y):%<\/4—y2+ysin 1(—)) (-2<y<2),
u(x) = Fsd() (<z<1),
v(z) = Q. (u(z)) 0<z <),

14



Figure 1.3: The graph of the function G (xz) with specified values for the argument
z=00,2=02,2=04,2=062x=08and z = 1.0.

The function Fs¢ is the cumulative distribution function of Wigner’s semicircle
distribution. The function €, is the limit shape of the Young tableau sampled from
the Plancherel measure. This curve is called the Logan—Shepp—Vershik—Kerov
curve [LS77; KV86a]. The function z — (u(z),v(z)) is a special parameterization
of the function {2, and describes the limit position of the new box in the RSK
insertion step applied with the number z to the random Young tableau [RS15|
Chapter 5.1]. The continuous function G: [0, 1] — R? is the function (u(z), v(z))
rotated by 45 degrees (see [RSIS, Chapter 5.1]).
Figure shows the graph of the function G: [0, 1] — R2.

1.2.2 The result of Romik and Sniady

In the proof of Theorem [I.3.1] we will need the following result of Romik and
Sniady [R§15, Theorem 5.1].

Let (X;)52, be a sequence of independent random variables with the uniform
distribution U(0,1). Let O, (x) € N? denote the position of the box with the
maximal number in the recording tableau Q) (X1, ..., X,,, ) when we apply the
RSK insertion step for the number x € [0, 1] to the previously obtained tableau
P(Xy,...,X,).

15



Theorem 1.2.1. For each x € [0,1] the position O, (x), after scaling by \/Lﬁ
converges in probability to a specific point G(x) € R3, when n tends to infinity:

1.2.3 The partial order on the plane

We define the partial order < on the plane as follows: (x1,y1) < (x2, ) if and
only if 1 < x5 and y; > ¥ps.

For example the function G is increasing with respect to the relation <, that is.
if 21 < x5 then G(z1) < G(z2). Likewise, as each row of the insertion tableau is
nondecreasing, for each natural number n € N the function [J,, is increasing with
respect to the relation <, that is, if 1 < x5 then O, (z1) < O, (z2).

1.2.4 The random increasing sequence

Let w € (0, 1] be a fixed number and let <X J’>
j=1
dent random variables with the uniform distribution U (0, w). Forj € {1,2,...,m'}

we define z(7) as the jth order statistic, that is, the jth smallest number among

be a finite sequence of indepen-

X[, X}, , X/, The sequence (z (j ));n:l contains all elements of the sequence

/

<X ]’> in the ascending order. The sequence (z (j ))ﬂi will be called a random
j=1 =1
increasing sequence with the uniform distribution on the interval [0, w].

m/

In addition, the sequence <X J’> is some permutation IT = (11, Iy, ..., I1,,/)
j=1

of the sequence (= ( j));nzll Thus

m/ ’
<X;>j:1 = (z(l_[j));n:l =zoll,

where 2 is the function that acts pointwise on every element of the permutation II.
The permutation II is a random permutation with the uniform distribution. We see
that a finite sequence of independent random variables with the uniform distribution
U(0,w) has the same distribution as a finite random increasing sequence with the
uniform distribution on the interval [0, w] permuted by a random permutation with
the uniform distribution.
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Figure 1.4: The initial shape of the insertion tableau P (X, ..., X,, w) im-
mediately after the new box with the number w was added (the higlighted box
in the bottom row) for n = 400 and w = 0.5. The shape of the insertion
tableau P (Xl, ey X, Wy Xopgq,y e e ,XLTnJ) at the time parameter 7" = 2. The
highlighted boxes indicate the trajectory of the box with the number w. The red
smooth curve is the plot of H. |(c)| Analogous picture for 7' = 3.

1.3 The main result

1.3.1 Statement of main result

Our main result is Theorem [I.3.1] describing the asymptotic behavior of the box
with a fixed number. It states that when the number of boxes tends to infinity
then the (scaled down) trajectory of the box converges in probability to the curve
H: [1,00) — R?% given by

H(T) =VTG <%) .

The same curve H also happens to be the limit shape of the bumping routes
[RS16] in the RSK algorithm. Figure |1.4/shows the graph of the curve A and the
experimentally determined trajectory of the box with the number w = 0.5.
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More specifically, let w € (0, 1] be a fixed number. Let (X;)32, be a sequence
of independent random variables with the uniform distribution U (0, 1) on the unit
interval [0, 1]. For every n € N we define the function Pos,, : {n+1,n+2,...} —
N? by:

Pos, (j) = boxu (P (X1, X w0, X1, X))

forj € {n+ 1,n+2,...}, where for a tableau P we denote by box,,(P) € N?
the coordinates of the box with the number w.

Theorem 1.3.1. Let R € (1,00) be a real number. For each number T € [1, R]
the random variable Pos,, (LTnJ ), after scaling by \/%, converges in probability
to H(T), when n tends to infinity. Moreover, the convergence is uniform, that is,
foreach e > 0

Pos, (|Tn])

lim P | sup
n—00 T€(1,R]

1.3.2 The strategy of the proof of Theorem [1.3.1]

The proof will be presented in consecutive subsections of this section. Here we
present a sketch of the proof
First, we prove pointwise convergence in the following way.

* We reduce the case to numbers less than w.
* We restrict our attention only to the permutation generated by the numbers.

* We use the property of the RSK algorithm that the insertion tableau is equal
to the recording tableau of the inverse permutation.

* We return to the sequence of numbers from the interval [0, 1].

« We apply the Romik—Sniady result about bumping routes to deduce the
pointwise convergence.

Second, using Dini’s second theorem we prove the uniform convergence.

18



1.3.3 Pointwise convergence

First, we prove only pointwise convergence, that is, we prove that for each number
T € [1,00) and for each ¢ > 0

Pos,, (|Tn])

lim >e| =0.
n—oo

Proof. We apply the RSK algorithm to a random sequence of real numbers con-
taining the number w and investigate the position of the box with the number w in
the insertion tableau. Any insertion step applied to a number greater that w does
not change the position of the number w in the tableau, so it is enough to consider
only the subsequence containing numbers not greater than w.

Now we will use this observation in the proof. Let m = |T'n|. The probability
that the same number occurs twice in the sequence (w, X1, X5, ...) is equal to 0,

hence without losing generality we assume that the numbers w, X, X, ... are all
o

different. Let (X ;)Fl be the subsequence of the sequence (X j)jozl containing all

elements of the sequence (X j);il which are less than w. The sequence (X J’> is
- i=1

a sequence of independent random variables with the uniform distribution U (0, w).

Let n’ = n’(n) and m’ = m/(n) denote the number of elements, respectively,

of the sequences (X j);l:l and (X j);nzl which are smaller than w. Then there is an

equality:

Pos, (|Tn]) = boxy (P (X1,..., Xn, w, Xpi1, ..., X))
— box,, (P (X} XD w, Xy, ,X;n,)> .

n

The random variable n’ = » 7 [X; < w] counts how many numbers from the
sequence (X j);;l are smaller than w, so n’ is a random variable with the binomial

distribution with parameters n and w. We denote it n’ ~ B(n,w). Likewise, the
random variable m’ — n’ counts how many numbers from the sequence (X ]);n:n i
are smaller than w, so m’ —n’ ~ B(m — n,w). Moreover, the random variables
n’ and m’ — n’ are independent, because the random variables X7, X5, ... are
independent.

From the strong law of large numbers [Durl9, Theorem 2.4.1] we know that if
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n tends to infinity then the following limits exist almost surely:

o
JL%E:E[Xj<w]:]P’(Xj<w):w,

m' —n/

li =E X, <w| =P(X; < = w.
m m—n [ j w] ( j w) w
Therefore, also the following limits exist almost surely

/ I m—n

lim — =1+ lim =14+ lim =T
n—oo N/ n—00 n n—oo N
and
! ! /
.oon'm
lim — = lim —— =wT
n—oo m n—oo N n'

We define the function z : {1,2,...m/} U {m'+ 1,0’ + $} — [0,1] that as-

signs to a number j € {1,2,...,m'}, the jth smallest number among
X{, X%, , X/, and additionally z (m’ + 1) =wand z (n' + §) = w

From the property of the random increasing sequence with the uniform distri-
bution (Section|1.2.4]) we have:

/ /

X’)m :(Z H)m :,zol_[7
(%) = (=(m))
where (z ( ));n:1 is a random increasing sequence with the uniform distribution

on the interval [0, w] and IT is a random permutation of range m’ with the uniform
distribution. The function z acts pointwise on every element of the permutation
I1. Similarly, the function z acts on the insertion tableau by acting on each box
individually. The function 2 by acting on the input of the RSK algorithm changes
pointwise the numbers in the insertion tableau, since the function z is increasing.
Then

= boxy, <P (ML), ..., 2 (W) s w, 2 (Iyye) ..o 2 (Hm’))>

:bmwGOPULV“JMJﬂ+LHMm”wHWD

Pos,, (m) = box,, <P (X1, Xw, X, fﬂ,)>

:bmwﬂ(Pﬂh”wﬂwmﬂ+LHM%”wHW».
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We denote the inverse permutation to IT by 171 = (Hl_l, ceey an}) and we define
the permutation

HT: (Hl>"'aHn’am/+ 17Hn/+17"'7Hm’)

as a natural extension of the permutation II. Then I11~!= (HT;I, e HT;} +1>

where
I if IL'<n,
M= QI 1 if o/ <TG </
W+l if j=m'+1.

In addition, we will use the fact [Sch63] that for any permutation 11 the insertion
tableau of I11 is equal to the recording tableau of the inverse permutation IT11!:

P (1) = Q (1)
Therefore
Pos,, (m) = boxm 1 (P (T, Ty’ + 1T, ,Hm/)>
= boxu1 (Q (I117))

= boXm 41 (Q (7Y T + 1)) .

We want to rewrite this in terms of [, (z) so that we can apply Theorem [1.2.1]
Now, by replacing the number n’ + 1 with the number n’ + % we get the inverse
permutation IT~!

Pos,, (m) = box,41 (Q (It .. IO, + 1)>

1
= box,/11 (Q (HTI_I, e ,HT;},n’ + 5))
-1 -1 7 1
ZbOXm/ (Q (Hl ,...,Hm,,n +§)> .

Since the function z is increasing, when acting on the input of the RSK algo-
rithm it will not change the content of the recording tableau. Using the function
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z, we will get a sequence of independent random variables with the uniform
distribution U (0, 1). Indeed

1
Pos,, (m) = box, | Q (Hl—l7 N | 5))
—1 —1 / 1
= box,,/ ZOQ(Hl U BN ¢ —|—§)>

= box,y | @ (2 (Hl_l) ,...,Z(H;n}) 2 <n’—|— %))

The permutation II is a random permutation with the uniform distribution on
Sy, so II7! is also a random permutation with the uniform distribution on S,,.
If we act with a random permutation on a random increasing sequence with the
uniform distribution we will get a sequence of independent random variables with
the uniform distribution, thus the sequence

zoll™ = (z (Hl_l),...,z (H;;))

is a sequence of independent random variables with the uniform distribution
U(0,w).

We define the random variable A,, and the sequence (Y;)Tzll

o)

= forjel,2,...,m,
4 z(n'+3) _ z(n’)—i—z(n’—kl).

W 2w

The sequence (Y});”:/l is a sequence of independent random variables with the
uniform distribution U (0, 1), and the random variable A,, converges almost surely
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to the limit A = =

/ /
hmAn:hmz(n)—i-z(n +1)
n—o00 n—o00 2w
/ / 1 _ /
~ lm Z(n)—f—lim z(n'+1)—2z(n)

n—oo W n—o00 2w

Therefore

POSn( = box,1 (Q z ’Z(H;z}) .z (n/_‘_%))

Q c m Y

- bOXm '+1

—bOXm+1(Q Yla---a m’s ))
m (An) .

Let

The function [J,,/ is increasing with respect to the relation < (of Section [I.2.3)).
Hence G, is also increasing with respect to the relation <, that is, if z; < x5, then

From Theorem for each = € [0, 1] the random variable G,,(z) converges in
probability to the limit G(z), when n tends to infinity. Indeed

/' 1 Ow(x) o [Tw B
Gn(x) = W Tw o V7w G(z) = G(z).




1.3.4 The uniform convergence on the interval
In this section we prove the uniform convergence on the interval [1, R].

Proof. For each z, the sequence G, () converges in probability to the limit G(x),
when n tends to infinity. Both coordinates of each function G,,(x) are monotonic
and the limit function G(x) is continuous. Then from Dini’s second theorem we
get that for each z, the sequence G,,(x) converges uniformly in probability to the
limit G(x), when n tends to infinity.

Since

|Ga(Ay) — G(A)|| < [|Ga(An) — G(AL]| + ||G(An) — G(A)

)

the sequence G,,(A,,) converges uniformly in probability to the limit G(A), when
n tends to infinity. Then for each A € [1, R] and each ¢ > 0 we have:

lim P sup ||Gn(A,) —G(A)|| >€| =0.

n—oo AG[%,I]

Using the inequality 7" < R we obtain

lim P | sup VT|Gu(4,) — G(A)|| > VRe | =0,

n—oo

aelh]

Pos,, (|Tn])
lim P | sup ||————-H(T)|| > VRe | =0.
n—00 T€[1,R] v wn ( )

Thus for each € > 0 we have

Pos, (|Tn])

S —H D)

lim P | sup

1.3.5 Further questions

Instead of one box with the number w we can simultaneously observe the position
of  boxes. If r is finite, then Theorem [I.3.1] describes the hydrodynamic behavior
of all » boxes. Is this also true if 7 goes to infinity?
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The function H behaves asymptotically for 7' — oo like the function
<\/LT’ 2\/7) . The function H describes the asymptotic position of the box with a
fixed number w. The x-coordinate of this position after scaling tends to zero. If
we did not scale it, would it also be similar? Will the box with the number w be
moved to the first column? We expect that almost surely yes. How long will we
have to wait for this? We expect that if the number w appears in the RSK algorithm
after n steps, the waiting time for the number in the first column is O(n?). Is this
really true? More formally, let (X j);il be a sequence of independent random
variables with the uniform distribution U (0, 1). What is the probability that the
box with a fixed number w will be in the first column in the insertion tableau
P(Xy,..., X0, w, Xpy1,. .., X|n2)) depending on parameter 72
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Chapter 2

Quadratic Coefficients of
Goulden—-Rattan Character
Polynomials

2.1 Introduction

The final published version can be found in [Mar22b].

2.1.1 Normalized characters

Characters are a basic tool of representation theory. After normalization, they are
also useful in asymptotic problems.

If £ < n are natural numbers, then any permutation © € Sy can also be treated
as an element of the larger symmetric group S,, by adding n — k additional fixpoints.
For any permutation 7 € S, and any irreducible representation p* of the symmetric
group S,, which corresponds to the Young diagram A, we define the normalized
character

dimension of p*

Zﬂ()\) = .
0 otherwise.

Of particular interest are the character values on the cycles, therefore we will
use the shorthand notation



2.1.2 Free cumulants

Free cumulants are an important tool of free probability theory [VDN92|] and
random matrix theory [Voi191]. In the context of the representation theory of the
symmetric groups they can be defined as follows, see [B1a03]. For a Young diagram
A we define its free cumulants Ro()), R3(A),. .. as

1
Rk()\) = Sli)rglo S—kEk,1<S)\),
where the diagram s is created from the diagram A by dividing each box of A into
an s X s square.
The free cumulants have been defined in such a way as to be very helpful for
studying asymptotic behaviour of the characters on a cycle of length & when the
size of the Young diagram tends to infinity [B1a98].

2.1.3 Kerov character polynomials

Kerov [KerOO] formulated the following result: for each permutation 7 and any
Young diagram ), the normalized character () is equal to the value of some
polynomial K (Ry(\), R3(A),...) (now called the Kerov character polynomial)
with integer coefficients. The first published proof of this fact was provided by
Biane [B1a03]]. The Kerov character polynomial is universal because it does not
depend on the choice of \. We are interested in the values of the characters on
cycles; therefore, for 7 = (1,2, ..., k) we use the simplified notation

S = Ki(Ro, R, ...) 2.1.1)

for such Kerov polynomials. The first few Kerov polynomials K, are as follows:

K1 = Ry,

K> = R3,

K3 = Ry + Ry,
K, = Rs + 5R3,

Ks = R + 15R, + 5R5 + S8Ry,
K = R; + 35Rs + 35R3 Ry + 84Rj,
K; = Rg + 180Ry + 224R5 + 14R5 + 56 R3 + 469 R, + 84 Ry Ry + TORs.

Kerov conjectured that the coefficients of the polynomial K, are non-negative
integers. Goulden and Rattan [GRO7|] found an explicit formula for the coefficients
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of the Kerov polynomial K ; unfortunately, their formula was complicated and did
not give any combinatorial interpretation to the coefficients. Later, Féray proved
positivity [Fér09] and together with Dotega and Sniady found a combinatorial inter-
pretation of the coefficients [DFS10]. In this paper, we will use the combinatorial
interpretation given by them in the special case of linear and square coefficients.

2.1.4 Goulden—Rattan conjecture

Goulden and Rattan [[GRO7] introduced a family of functions C5, Cj, ... on the
set of Young diagrams given by Cy = 1, C; = 0 and
24

1
A . L B
= T S (Fen () = Ruaaod)

for k > 2.
gniady [Sni06)] proved the explicit form of C}, (conjectured by Biane [Bia0O3|])
as a polynomial in the free cumulants R, R3, ... given by

Ce= Y, <j2+j3+--~)!HM (2.1.2)

I
32,5350 i>2 Jic
2jo+3j3+=k

for k£ > 2. The aforementioned formula of Goulden and Rattan for the Kerov poly-
nomials was naturally expressed in terms of these quantities Cs, Cj, ... [GRO7].
More specifically, they constructed an explicit polynomial L with rational coeffi-
cients such that

Ky, — Rysr = Li(Ca, Cs, .. ). (2.1.3)

These polynomials are called the Goulden—Rattan polynomials. They formulated
the following conjecture:

Goulden—-Rattan conjecture. The coefficients of the Goulden—Rattan polynomials
are non-negative numbers with small denominators.
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The first few Goulden—Rattan polynomials are as follows [GRO7]:

Kl—RQZO
KQ—R3:0
K3_R42027
)
K4—R5=§C3,

K5 - RG — 504 + 802,

35
K — Ry = - C5 + 4205,

469 203
K}—R8:14%+—§{A+—g{€+l&m5

Linear coefficients of the Goulden—Rattan polynomials are non-negative, be-
cause they are equal to certain scaled coefficients of the Kerov polynomial:

1
[C5] Ly, = jTl[Rj]Kk-

In this paper we will prove that the coefficient of C3 is non-negative. We hope
that edge sliding we will define in this article will also be a useful tool in proving
non-negativity of the square coefficients [C;C;]Ly. The next step towards the
proof of Goulden—Rattan conjecture would be to understand the cubic coefficients
|C;C;C,] Ly; we hope that our methods will still be applicable there, nevertheless,
there seem to be some difficulties related to the inclusion-exclusion principle.

2.1.5 Graphs on surfaces, maps and expanders

We will consider graphs drawn on an oriented surface. Each face of such a graph
has some number of edges ordered cyclically by going along the boundary of the
face and touching it with the right hand. We will call it the clockwise boundary
direction. If we use the left hand and visit the edges in the opposite order, we will
call it the counterclockwise boundary direction.

By a map we mean a bipartite graph drawn without intersections on an oriented
and connected surface with minimal genus. The maps which we consider have
a fixed choice of colouring of the vertices, i.e., each vertex is coloured black or
white, with the edges connecting the vertices of the opposite colours. An example
of a map is shown in Figure
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w1 %

(a) (b)

Figure 2.1: [(a)| An example of a map with 4 vertices and 5 edges drawn on a torus.
@ The same map drawn for simplicity on the plane.

An expander [Sni19, Appendix A.1] is a map with the following properties.
* It has a distinguished edge (known as the root) and one face.

» Each black vertex is assigned a natural number, known as a weight, such that
each non-empty proper subset of the set of black vertices has more white
neighbours than the sum of its weights.

* The sum of all weights is equal to the number of white vertices.

The map from Figure [2.1]is an expander if each black vertex has weight 1 (any
choice of the root is valid).
Using the Euler characteristic we get

2-2g=y=V—k+1 (2.1.4)

where g denotes the genus of the surface, V' denotes the number of vertices and k
denotes the number of edges.

31



2.1.6 Combinatorial interpretation of the Kerov polynomial
coefficients

The following two theorems Theorem [2.1.1and Theorem [2.1.3] give a combina-
torial interpretation to the linear and square coefficients of the Kerov character
polynomials [DFS10, Theorem 1.2, Theorem 1.3]. The first is as follows.

Theorem 2.1.1. For all integers | > 2 and k > 1 the coefficient [R)| K}, is
equal to the number of pairs (01,03) of permutations o,,09 € S(k) such that
o109 = (12 -+ k) and such that o5 consists of one cycle and o, consists of | — 1
cycles. (We use the convention 0109 = 09(01) = 09 0 0y. )

The expanders are a graphical interpretation of these pairs of permutations.
There is a natural bijection between such pairs of permutations (o4, 02) and the
expanders with one face, one black vertex, [ — 1 white vertices and £ edges.
Additionally, one edge is selected as the root and the unique black vertex has a
weight [ — 1. More precisely:

* The edges are numbered 1, 2, ..., k. The edge with number 1 is selected as
the root.

» The counterclockwise angular cyclic order of the edges on a given vertex
(i.e., the order of edges ending at this vertex around it) corresponds to a cycle
of a permutation depending on the colour of this vertex, i.e., o; for white
and o5 for black (in this case we have a unique cycle of the permutation o5).

* The unique face corresponds to the unique counterclockwise boundary cycle
of the permutation (1 2 --- k).

Since there is only one face, the root determines the numbering of all edges. We
can reformulate Theorem as follows. (See Figure [2.2a] for an example.)

Theorem 2.1.2. For all integers | > 2 and k > 1 the coefficient | R)| K}, is equal to
the number of expanders with k edges, | — 1 white vertices and 1 black vertex with
the weight | — 1.

32



o1 =(1)(24)(35)
o0 = (12543)
o102 =(12345)

o1 = (142)(35)
oo = (13)(25 4)
o109 =(123405)

(a) (b)

Figure 2.2: Examples of expanders with 5 edges and their corresponding pair
of permutations o1, 02 such that o090 = (1 2 3 4 5). The root is assigned the
number 1. [(a)] The expander with one black vertex and three white vertices. [(b)|
The expander with two black vertices and two white vertices.

Similarly we use the second theorem [DFSlO, Theorem 1.3] for square coeffi-
cients.

Theorem 2.1.3. For all integers 11,1y > 2 and k > 1 the coefficient |R;, R;,| K, is
equal to the number of triples (01, 02, q) with the following properties.

* The permutations 01,09 € Sy, fulfill the equality 0109 = (12 --- k).

» The permutation oy consists of two cycles and the permutation oo consists of
ly + Iy — 2 cycles.

* The function q associates the numbers |y and ly to the two cycles of o;.
Furthermore, for each cycle c of o, there exist at least q(c) cycles of oy
which nontrivially intersect c.

Analogously, we can also reformulate Theorem (See Figure for an
example.)

Theorem 2.1.4. For all integers l1,ly > 2 and k > 1 the coefficient Ry, R;,| Ky, is
equal to the number of expanders with k edges, |, + lo — 2 white vertices and 2
black vertices with weights l; — 1,15 — 1.

33



2.1.7 Relationship between coefficients of Goulden—Rattan poly-
nomials and coefficients of Kerov polynomials

The formula (2.1.2)) allows us to express (C;) in terms of free cumulants; we see
that the coefficients of the terms R; R;, ;. ;, Rjz and Ry; in the expressions C;C},
Ciyj» C7 and Cy; are given for i # j by
CiC; = (1 —1)(j — 1)R;R; + OR;1; + (sum of other terms),
Citj=2(0—-1)(j—1)RR; + (i+j — 1)Ri4; + (sum of other terms),
C? = (j — 1)°R; 4 0Ry; + (sum of other terms),
Coj = (j — 1)’R3 + (2j — 1)Ry; + (sum of other terms).
Moreover, any product C;, C;, - - - C;, of at least ¢ > 3 factors does not contain any
of the terms C;C}, Uiy 5, Cf and Cy;. It follows that the square coefficients of the

Goulden—Rattan polynomial are related to the coefficients of the Kerov polynomial
via

O*Ly, _ 1 0K, -2 OL
0COC;| o i=DG-1OROR;| - "0Cu|
B 1 aQKk 2 8Kk
(7’ o 1)(] o 1) aRlaR] 0=R1=Ro=- (Z T 1) aRi+j 0=R1=Ro="
for i # j. Whereas the quadratic coefficients are related via
0°Ly 1 0K, o 9L
sy T G-1)? 0Rr2 aves
9C; 0=C1=Ca=+ (7 — 1) OR; 0=Ry=Rp=- 0Cs; 0=C1=Ca=--
B 1 0K} 2 0Ky
= 12 oR? (2 - :
(G — 1) OF; 0=Ri=Ry=" (2 = 1) ORy 0=Ri=Rp="--

for any natural number j. Thus, we obtain the explicit formula for the square
coefficients of the Goulden—Rattan polynomial:

1 1

[C5] Lk = o1 (B, — 5 (R (2.1.5)
and
1 2 .,
[CiCyl Lk = m[RiRj]Kk - ﬁ[&ﬂ]fQ fori # j.

(2.1.6)
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2.2 The main result

Let Y;(u) denote the set of expanders with &k edges, u — 1 white vertices and one
black vertex. Let X (¢, j) denote the set of expanders with k edges, i + j — 2 white
vertices and two black vertices with weights ¢ — 1 and j — 1. Using Theorem [2.1.2]
and Theorem [2.1.4| we can also reformulate the Goulden—Rattan conjecture for the
square coefficients in terms of expanders, as follows.

Conjecture 2.2.1. Let i # j be natural numbers. Then
(27 = 1) [|XeG)I = G =1 [[Ya@)]]
and

(i+7—1) | Xk )| =26 =1 = 1) [[Yali + )
for any natural number k.

These inequalities are equivalent to the positivity of the coefficients [CJZ]L r and
[C;C;| Ly, respectively. In this text we prove only the first inequality in the special
case j = 2. We hope to present a proof of Conjecture [2.2.1]in its general form in a

future paper.
Using (2.1.5) we can calculate several examples of the coefficient of C3 of the
Goulden—Rattan polynomials

[C3]Ly=0-0=0,

1
[O§]L5:5—§-15:0,
[C3]Ls =0—0=0,

1 203
L7 =224 — = - 469 = ——
[02] 7 3 69 37
[CLs =0—0=0.

Note that if & is even then [C%]L;, = 0 because there does not exist an expander
with 4 vertices and an even number of edges, since 2 — 29 = 2j — k + 1 by (2.1.4).
Additionally, [C2]L; = 0 and [C2] L3 = 0. Thus we can assume that the number of
edges k is odd and k& > 5.

Let

Xi = X4(2,2), (2.2.1)
Y; = Yi(4). (2.2.2)
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The set X}, consists of expanders with 2 black vertices and 2 white vertices such
that each black vertex is connected with both white vertices; each black vertex
necessarily has weight equal to 1. The set Y}, consists of expanders with one black
vertex (which necessarily has weight 3) connected with all 3 white vertices. From
now on we will omit the weights of the black vertices.

The main goal of this paper is to prove the following:

Theorem 2.2.2. The inquality
{1 X[} =[]

is true for any natural number k.

2.3 Edge sliding

In this section, we provide some necessary background details for the proof of
Theorem We will denote a transposition exchanging a and h by (a h). For
any set H C {1,2,...} such that a,h € H, we can treat the transposition (a h) as
a permutation of the set /1. (By adding fixed points to the transposition.) Therefore,
for any permutation 7 of the set H, the products 7 o (a h) and (a h) o 7 are also
permutations of the set /.

Let GG be a graph with edges numbered 1, ..., k drawn without intersections
on an oriented and connected surface with minimal genus. There is a natural
bijection between the graph GG and a multiset of cycles M (cyclic permutations
of a subset of {1, ..., k}) such that each number j belongs to exactly two cycles.
More precisely, the counterclockwise angular cyclic order of edges at a given vertex
of the graph G (i.e., the order of edges ending at this vertex around it) corresponds
to a single cycle of M. Two examples of a graph with its multiset of cycles are
shown in Figure 2.3

In this section, each end of every edge (or equivalently, each element of every
cycle) will have one of three values assigned to it: clockwise direction, counter-
clockwise direction, or no direction. Note that the two ends of the same edge can
be assigned different values. By default, we assume that a cycle element to which
we have not assigned a direction has an assigned the value no direction.
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(b)

Figure 2.3: (a) The graph with the multiset of cycles
{2)(1)(5 6 )( 3 5 6)(3 1)}. The graph with the multiset of
cycles {(2)(1)(5 6 4)(2 )(45631)}.

2.3.1 Edge sliding for a single number

Let M be the multiset of cycles of a graph G. Let a belonging to a cycle ¢ € Mg
be a number with assigned the clockwise direction. (The number "a" from a cycle
different from "c" and any number different from "a" from any cycle do not have
a direction assigned to them.) Let ¢’ # ¢ be the second cycle of the multiset Mg
containing the number i = ¢~!(a). We assume that the number a does not belong
to the cycle . We define the single edge sliding for the number a in the clockwise
boundary direction from the cycle c to the cycle ¢ along the number h as the
replacement of the cycles ¢, ¢ in the multiset M by two new cycles s(c), s'(¢)
given by

s(c) = [co(ah)]\ (a),
s'(d) = (ah)o [(a) ¢].

Note that the product ¢ o (a h) consists of two cycles: the cycle (a) and the
cycle formed from the cycle ¢ by removing the number a. Therefore, the above
transformation removes the number a from the cycle ¢ and adds it to the cycle
¢’ before the number h. Finally, we change the direction of the number a to the
counterclockwise direction. We can naturally think of such operations as sliding of
edges in a graph. An example of the single edge sliding is shown in Figure [2.4]
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(b)

Figure 2.4: An example of the single edge sliding for the number a = 4 in the
clockwise boundary direction from the cycle ¢ = (2 3 4) to the cycle ¢ = (1 3)
along the number i = 3. [(a) The initial graph G. The edge labelled a is dashed
and coloured red. Visualization of the single edge sliding. The result-
ing graph with two updated cycles: s(c) = [(234) 0 (34)]\ (4) =(23) and
s'(d)=(34)0[(13) (4)] =(143).

Analogously, we define the single edge sliding for the number a in the coun-
terclockwise boundary direction from the cycle c to the cycle ¢’ along the number
h = c(a) as the replacement of the cycles ¢, ¢ in the multiset Mg by two new
cycles s(c), s'(¢) given by

2.3.2 [Edge sliding for a sequence of numbers

Let My be the multiset of cycles of a graph G. Let aq,...,a; be a sequence
of successive but not all numbers belonging to a cycle ¢ € Mg, i.e. such that
a; = " !(ay) for each index j < [. Moreover, to each of the numbers aj, .. ., a; is
assigned the clockwise direction. Let ¢’ # ¢ be the second cycle of the multiset of
Mg containing the number h = ¢~ !(a;). We assume that the numbers ay, . .., q
do not belong to the cycle ¢/. We define the package edge sliding for the sequence
of the numbers aq, . . . , a; in the clockwise boundary direction from the cycle c to
the cycle ¢’ along the number h as the replacement of the cycles ¢, ¢’ in the multiset
Mg by two new cycles s;(c), sj(c’) obtained by recursion with initial conditions
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(b)

Figure 2.5: An example of the package edge sliding for the numbers a; = 4,
as = 5, az = 6 in the clockwise boundary direction from the cycle c = (234 5 6)
to the cycle ¢ =(13) along the number h =3. [@)] The initial graph
G. Edges numbered a;,as,a; are dashed and coloured red. Visual-
ization of the package edge sliding. The resulting graph with two up-
dated cycles: s3(c) =[(23456)0(34)0(35)0(36)]\ [(4)(5)(6)] =(23)
and s(c') = (36) 0 (35) 0 (34) 0 [(13) (4)] = (1456 3).

so(c) = ¢, sp(¢') = ¢ and a recursive step given for each 1 < j < by

sj(c) = |:$j_1(c) o (a; h)} \ (a;),
() = (a; 1) 0 [(a5) sj4()] .

Note that the package edge sliding for a sequence of numbers a4, . . ., a; is actually
equivalent to the sequential single edge sliding for numbers a4, . . ., a;. Therefore,
the above transformation removes the numbers a4, . . . a; from the cycle ¢ and adds
them in the same order to the cycle ¢’ before the number A. Finally, we change the
directions of the numbers ay, . . ., a; to the counterclockwise boundary direction.
Note that the single edge sliding is a special case of the package edge sliding. An
example of the package edge sliding is shown in Figure [2.5]

Analogously, we define the package edge sliding for the numbers a4, ..., q
in the counterclockwise boundary direction from the cycle c to the cycle ¢’ along
the number h = c(a) as the replacement of the cycles ¢, ¢ in the multiset M by
two new cycles s;(c), s;(¢’) obtained by recursion with initial conditions s¢(c) =
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¢, so(c') = ¢ and a recursive step given for each 0 < j <[ by

si(c) = [(aj h) o sj,l(c)} \ (aj) :
si(c) = [(aj) 5;71(0’)} o (a; h).

In other words, if we would like to slide a number a in the clockwise boundary
direction from a cycle c along a number h, then ¢! (a) = h or before that, a number
¢~ '(a) must be slid in the same direction. (Similarly for the counterclockwise
boundary direction and number c(a).) For each number « in a cycle ¢ with a
fixed direction, the number / along which it will be slid is uniquely determined.
Therefore, for simplicity, we will say that each of the numbers a4, . . ., a; from the
cycle cis slid in a fixed direction. Of course, we assume that at least one number
in the cycle ¢ has no direction assigned.

2.3.3 Edge sliding in the general case

We define the edge sliding on a graph as follows. We start from the graph G in
which some ends of certain edges are assigned a clockwise or counterclockwise
boundary direction. We assume that:

» At each vertex at least one edge has no direction assigned.

* Two consecutive edges do not have conflicting directions, i.e., there is no
situation in which a number a from a cycle c has assigned the counterclock-
wise boundary direction and the number c(a) has assigned the clockwise
boundary direction.

Any such set of directions can be decomposed into an package edge sliding system
for sequences of numbers:

aij,-..,ay; inadirection d; from the cycle ¢, to the cycle ¢} along the number £,

a1, - .-, ay, in a direction d, from the cycle ¢, to the cycle ¢, along the number h;.

Furthermore, we require that:

* The numbers, along which other numbers are sliding, are not themselves
sliding, i.e.,

{a;171, .. .,a,t7lt} N {hl, .. ';ht} = @

40



(b) ()

Figure 2.6: An example of edge sliding. |(a)| A graph with the slided edges dashed
and coloured red. The directions of the edge ends are indicated by arrows. [(b)] The
graph during the edge sliding in the clockwise boundary direction. |(c)| The graph
after the edge sliding. Directions have already been reversed.

* Two ends of the same edge will not appear in the same vertex, i.e., if
iy, = Qig,jas then
{Ciu C/i1} n {Cizv C/i2} = 0.
(This condition can be weakened to ¢’;, # ¢;,, but it is not necessary in this
paper.)

* On one side of the edge along which we slide, the numbers do not slide in
opposite directions, i.e., for each number /; belonging to the cycles ¢ # ¢/,
there is no situation in which a number ¢(h;) has assigned the clockwise
direction and the number ¢~ (h;) has assigned the counterclockwise direc-
tion.

We will call the selection of directions that satisfy the above conditions as correct.
We define the edge sliding as applying sequentially the package edge sliding

for all sequences in any order. Such an action is well-defined, since permutation

multiplication is associative and for any distinct numbers aq, as, hy, hy holds

(aq hy) o (ag he) = (ag ha) o (ag hq).

An example of the edge sliding is shown in Figure [2.6]

The edge sliding is an involution on the set of graphs drawn on an oriented
and connected surface with a correct selection of directions. Edge sliding is an
invertible transformation, with the inverse also given by edge sliding.
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In addition, it is easy to see that the edge sliding on a graph does not change
the number of faces of this graph.

In the rest of this article, we will treat the edge sliding as transformation on a
graph.

2.3.4 The set X; of maps

We consider any map from the set Xj. This map has one face and an odd number
of edges k£ > 5. We denote the black vertices by b1, b, and the white vertices by
w1, wy. There is at least one edge between each pair of the vertices of different
colours. Of course, deg(b;) + deg(b2) = k is an odd number. Without loss of
generality we may assume that deg(b;) > 0 is an odd number and deg(by) > 0 is
an even number. Let &y, ko > 0 denote the numbers of edges which connect the
vertex b; with the vertices wy, we, respectively. As deg(b;) = k; + ko is an odd
number, without loss of generality we may assume that %, is even and k5 is odd.
For example, the unique (up to choice of the root) map from the set X3 is shown in

Figure

2.3.5 The set Y} of maps

Let o be the cycle that encodes the clockwise boundary cyclic order of the corners
on the unique face of G. We will say that the vertex w; is a descendant of the
vertex w; (we denote it by w; — w;) if using the clockwise boundary order of the
corners on the unique face of the map we can move (by walking along the edges
and holding them with the right hand) in two steps from a certain corner c¢; of the
vertex wj to a certain corner c; of the vertex w;, i.e., o%(c;) = cj.

We consider any map from the set Y. Any such map has one face and an odd
number of edges £ > 5. We denote the black vertex by b and the white vertices by
wy, wa, w3. We will write the set Y, as a union of three sets which will be defined
below.

Let Y;24 C Y}, be the set of maps for which there exists an odd degree white
vertex (let us say it is w3) which has the other two white vertices as descendants,
i.e., w3 — w; and w3 — wy. Let TP be the set of all maps from the set Y244
with a distinguished vertex w3 with this property. Moreover, each edge between
the vertex w3 and the vertex b, has a clockwise boundary direction assigned at the
vertex b. The unique (up to choice of the root) map from the set 7294 is shown in

Figure[2.7b] Clearly
T2 > |y,edd). (2.3.1)
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w1 %

by
(a)

Figure 2.7: Examples of maps from the sets X5, Tg’dd, Tsven, Tgest.
Slided edges are dashed and coloured. The directions are indicated by arrows, and
the root is not marked.

()

Let Y;2V°" C Y}, be the set of maps such that there exists an even degree white
vertex (let us say it is w3) which has the other two white vertices as descendants,
i.e., w3 — w; and wg — wq. Let TV be the set of all the maps from the set Y;V"
with a distinguished vertex w3 with this property. Moreover, each edge between
the vertex w3 and the vertex b, has a clockwise boundary direction assigned at the
vertex b. The unique (up to choice of the root) map from the set 75" is shown in

Figure Clearly
T = [V (23.2)
Let Y C Y}, be the set of maps not included in the sets Y244 and Y28, i.e.,
Vit = v\ (Y oy, (2.3.3)

Consider some map m € Y;'*". Obviously w; — wy — w3 — w; or the other
way around. Without loss of generality we may assume that w; — we — w3 — w;
and as a consequence w, <~ Wy < Wz < W;.

Lemma. The map m has a white vertex of odd degree, greater than 1.

Proof. By contradiction, suppose this is not the case. The map m has at least
one odd degree white vertex, because deg(w, ) + deg(ws) + deg(ws) = k is odd.
Without loss of generality we may assume that deg(w; ) is odd. Since

deg(wy) + deg(wsy) + deg(wz) =k >3=1+1+1,
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w1 wh

ws w3
(a) (b)

Figure 2.8: The map m before replacement including the marked corner c.
A non-existent hypothetical map with four vertices and an even number of
edges.

it follows that deg(w;) = 1 and deg(ws), deg(ws) are even, because m does not
have a white vertex with odd degree greater than 1. The vertex w; is a leaf and
thus has a unique corner which we denote by c;.

Naturally 02(c;) is a corner of the vertex ws,. Note that 02 is a permutation of
the corners of the white vertices which has only one cycle, because the map m has
only one face. The corners of the white vertices can be labelled 1, 2, 3 according
to the names of the vertices they are in. If a corner ¢ has the label a, its descendant
02(c) has either the label a or 1 + a mod 3. There is only one corner which has
the label 1, so the corner labels of m (arranged in the cyclic order according to the
unique cycle of ¢%) are (1,2,...,2,3,...,3). Since there exists only one corner
co of the white vertex ws such that 02(02) is a corner of the vertex ws, then there
exists a unique corner ¢y = o(c2) of the vertex b such that o(cg) is the corner
of the vertex w3 and 0~ *(cy) is the corner of the vertex w,. Thus the clockwise
angular cyclic order of the edges around the black vertex b is as follows: one edge
connected to the vertex wq, a certain number of edges connected to the vertex ws,
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a certain number of edges connected to the vertex ws. Figure [2.8a] visualizes this
situation.

Let k' = k — (deg(wz) — 1). The number k' is even because k is odd and
deg(wy) is even. We remove all edges except one of the white vertex w, obtaining
anew graph m’ with £’ edges. Obviously, the clockwise angular cyclic order of the
edges around the black vertex b is as follows: one edge connected to the vertex w;,
one edge connected to the vertex w-, a certain number of edges connected to the
vertex ws. Whereas the corner labels of m’ are (1,2, 3, ..., 3). Therefore, m’ has
one face. Figure visualizes this situation. If m’ does not have selected a root,
we choose any edge of m’ as the root. If the genus of the surface on which the map
m/ is drawn is not minimal, we draw the map m’ on a surface with minimal genus.
As aresult, we obtain an expander from the set Y, with 4 vertices, one face and
an even number of edges £’. We get a contradiction because such a map does not
exist (see (2.1.4)). Therefore, the map m has a white vertex with an odd degree
greater than 1. 0

Now, we fix the directions. To all ends in the vertex b of the edges between
the vertex ws and b, we assign the direction in such way that among them there is
an even number with the clockwise boundary direction and an odd number with
the counterclockwise boundary direction. This is always possible, e.g. for a single
edge with the counterclockwise boundary direction.

Let 77" be the set of all the maps from the set Y;'*** with a distinguished white
vertex denoted by w3 with a fixed choice of the set of special edges together with
the directions of their ends satisfying the conditions just mentioned above. The
unique (up to choice of the root) example of the map from the set 7F** is shown in
Figure[2.7d Clearly

Tt > Vet (2.3.4)

2.4 Proof of main result

In this section we will construct three bijections which show the cardinalities of
the corresponding sets are equal. Using these equalities and the definitions of these
sets we will prove Theorem [2.2.2]
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(a)

Figure 2.9: The example of the first bijection for the 5-edged map. The map
from the set X5. [(b)| The map during the edge sliding. [(c)| The map after the edge
sliding. [(d){ The map from the set >4,

2.4.1 Three bijections

The first bijection between X, and 7094, We start from a map m € Xj,. Recall
that we have assumed that deg(b;) is odd. All edges connecting a vertex b; to white
vertices, have the counterclockwise boundary direction assigned at the vertices
w1, wo. The choice of directions is correct because m is a bipartite graph. We apply
the edge sliding to the map m. Then we change the colour of the black vertex b; to
white and its name to w3, and the name of the vertex b, to b. Of course, the degree
of the vertex w3 does not change and is odd. In addition, w3 — w; and w3 — wo,
because any map from the set X has at least one edge between each pair of the
vertices of different colours. We obtain a map from the set 7999, (At all times one
of the edges is selected as the root.) Moreover, each map from the set 7244 can be
produced in this way. Such a transformation is a bijection between the set X; and
the set 7244, since the edge sliding is reversible. Figure shows an example of
this bijection for k = 5. Thus

| Xe| = |TPY. (2.4.1)

The second bijection between X, and 77", We start from a map m € Xj.
Recall that we have assumed that deg(b,) is even. All edges connecting a vertex
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(a) (b) () (d)
Figure 2.10: The example of the second bijection for the 5-edged map.

b, to white vertices, have the counterclockwise boundary direction assigned at the
vertices wi, we. The choice of directions is correct because m is a bipartite graph.
We apply the edge sliding to the map m. Then we change the colour of the black
vertex by to white and its name to ws, and the name of the vertex b; to b. Of course,
the degree of the vertex w3 does not change and is even. In addition, w3 — w; and
w3 — w9, because any map from the set X, has at least one edge between each
pair of the vertices of different colours. We obtain a map from the set 7;V°". (At
all times one of the edges is selected as the root.) Moreover, each map from the
set 77" can be produced. Such a transformation is a bijection between the set
X}, and the set T."°", since the edge sliding is reversible. Figure shows an
example of this bijection for £ = 5. Thus

1 X,| = [T (2.4.2)

The third bijection. We start from a map m € Xj. Recall that we have assumed
that deg(b;) is odd. All edges connecting a vertex b; to white vertices, have the
counterclockwise boundary direction assigned at the vertex w; and the clockwise
boundary direction assigned at the vertex w». The choice of directions is correct
because m is a bipartite graph. We apply the edge sliding to the map m. Then we
change the colour of the black vertex b; to white and its name to ws, and the name
of the vertex by to b. Of course, the degree of the vertex w3z does not change and
is odd. In addition, w3 — w; and wy — w3 (and w; — w-), because any map
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(a)
Figure 2.11:|(a)|- |(d)| The example of the third bijection for the 5-edged map.

from the set X has at least one edge between each pair of the vertices of different
colours. We do not necessarily obtain a map from the set 7;°* (it may be that we
obtain a map from set 74%), but it can be seen that each map from the set 77t
can be produced. (At all times one of the edges is selected as the root.) Such a
transformation is a bijection between the set X, and some superset of the set 7044,
since the edge sliding is reversible. Figure [2.11]shows an example of this bijection
for k = 5. Thus

| X5| > |17 (2.4.3)

2.4.2 The conclusion of the proof

We can now proceed to the proof of Theorem [2.2.2] we have:
3[C3] Ly = 3[R3] Ky — [Ra] K by 2.1.5)
= 3| X,| — |V3] by @2.1), 22.2)
> [T+ T8 + 1T = Vil by @2D), @42, €43)
> [V + e + [ = [l by @30, @32, 239

= [vpid e by @33)
> 0.

]
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Chapter 3

The cumulants of the cumulative
function of a random Poissonized
tableau with a fixed shape

3.1 Introduction

3.1.1 Basic definitions

We start by recalling some basic combinatorial notions. For a more detailed
treatment of the topic, we refer to [Ful97].

Young diagrams, tableaux

A Young diagram is a finite collection of boxes on the positive quarterplane, aligned
to the left and to the bottom, see Figure This way of drawing Young diagrams
is called the French convention. To a Young diagram with ¢ rows we associate the
integer partition A = (A, ..., \;), where \; denotes the number of the boxes in
the j-th row (we count the rows from bottom to top). We identify a Young diagram
with the corresponding partition A and denote by |A| = A; + - - - + A, the number
of its boxes.
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4 szl 1z s 4 s
(b)

Figure 3.1: The Young diagram (4, 3, 1) shown in|(a)| the French convention, and

[(b)] the Russian convention. The solid red line represents the profile of the Young

diagram. The coordinates system (u, v) corresponding to the Russian convention
and the coordinate system (z, y) corresponding to the French convention are shown.

A tableau is a filling of the boxes of a Young diagram with numbers; we require
that the entries should be weakly increasing in each row (from left to right) and
strictly increasing in each column (from bottom to top). An example is given in
Figure We say that a tableau 7" of shape ) is a standard Young tableau if it
contains only entries from the set {1,2,...,|A|} and each element is used exactly
once.

Schensted insertion

The Schensted row insertion is an algorithm which takes as an input a tableau 7°
and some number x. The number x is inserted into the first row (i.e., the bottom
row) of 7" in the leftmost box which contains an entry which is strictly bigger than
x.

In the case when the row contains no entries which are bigger than x, the
number 1z is inserted into the leftmost empty box in this row and the algorithm
terminates.

If, however, the number = was inserted into a box which was not empty, the
previous content 2’ of the box is bumped into the second row. This means that the
algorithm is iterated but this time the number 2’ is inserted into the second row
in the leftmost box which contains a number bigger than ’; if necessary this is
repeated until some number is inserted into a previously empty box. This process is
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g 2

74199 C 74 | 99 C 53199
53 53

23153|70 C 23 153|170 C 23137(70
37 37

16 |37 |41 |82 C 16 |37 | 41 | 82 C 16 |18 |41 |82
18 18

() (b) (c)

Figure 3.2: |(a) The original tableau 7'. The highlighted boxes form the bumping
route which corresponds to a Schensted insertion 7' <— 18. The numbers next to
the arrows indicate the bumping entries. [(c)] The output 7" < 18 of the Schensted
insertion.

illustrated in Figures[3.2b]and [3.2c| The outcome of Schensted insertion is defined
as the new resulting tableau; it will be denoted by 7" < .

The bumping route consists of the boxes whose the content has changed by the
action of Schensted insertion, see Figures and 3.2

Robinson—-Schensted—Knuth algorithm

For the purposes of this article we consider a simplified version of Robinson—
Schensted—Knuth algorithm; for this reason we should rather call it Robinson—
Schensted algorithm. Nevertheless, we use the first name because of its well-known
acronym RSK. The RSK algorithm associates to a finite sequence
w = (wy, ..., w,) apair of tableaux: the insertion tableau P(w) and the recording
tableau Q(w).

The insertion tableau

P(w) = (((0 < w) « w) <) < w, 3.1.1)

is defined as the result of iterative Schensted insertion applied to the entries of w,
starting from the empty tableau ().

The recording tableau Q(w) is defined as the standard Young tableau of the
same shape as P(w) in which each entry is equal to the number of the iteration of
in which the given box stopped being empty; in other words the entries of
Q(w) give the order in which the entries of the insertion tableau were filled.
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Tableaux P(w) and Q(w) have the same shape; we will denote this common
shape by RSK(w) and call it the RSK shape associated to w.

The RSK algorithm is an important tool of algebraic combinatorics and rep-
resentation theory, especially in the context of the Littlewood—Richardson coeffi-
cients, see [Ful97;|Sta99].

3.1.2 Context and motivations

A fruitful area of research is to investigate the RSK algorithm applied to a random
input. We shall review below some selected highlights of this area.

Plancherel measure

The simplest example concerns the case when w = (wy, ..., w,) is a uniformly
random permutation in n letters. Since the recording tableau depends only on the
relative order of the entries which form the input, the probability distribution of
the recording tableau )(w) would not change if we replace the above probability
distribution and take w = (wy, ..., w,) to be a sequence of independent, identi-
cally distributed random variables with the uniform distribution U (0, 1) on the unit
interval [0, 1]. The corresponding probability distribution of RSK(w) is the cele-
brated Plancherel measure Pl,, on the set of Young diagrams with n boxes which
appears naturally in the context of decomposition of the left regular representation
of the symmetric group &,, into irreducible components. This measure associates
to a Young diagram A (such that |\| = n) the probability

()

n!

Pl,(\) = ,
where f* denotes the number of standard Young tableaux of shape \.

The most spectacular highlight related to the probability distribution of RSK(w)
is the solution of the Ulam—Hammersley problem [BDJ99; |(Oko00] which shows a
surprising link with the Tracy—Widom distribution which arises in random matrix

theory. For a pedagogical introduction to this topic we recommend the book
[Rom15].

52



Extremal characters of &,

If wy, wo, ... is a sequence of independent, identically distributed random variables
(possibly with a more complicated probability distribution which might have some
atoms), and

A = RSK(wy, ..., wy) (3.1.2)

denotes the RSK shape corresponding to a prefix of size n, we may regard the
growing sequence of Young diagrams

0 =\O 2 O A (3.1.3)

as a Markov random walk in the Young graph which is a directed graph having the
Young diagrams as the vertices and directed edges connecting pairs of diagrams
which differ by exactly one box. This random walk has some additional
convenient properties which are out of scope of the current paper. Vershik and
Kerov [VKS81; KV86b] proved that a classification of the random walks with such
additional properties (which is a problem on the boundary between probability
theory, harmonic analysis on the Young graph, and ergodic theory) is equivalent to
finding the extremal characters of the infinite symmetric group S .. In this way
Vershik and Kerov found a new, truly conceptual proof of Thoma’s classification of
such characters [Tho64]]. As a byproduct, there is a convenient bijection between
the extremal characters of G, and the probability laws of the random variables
(w,), and RSK provides a convenient, explicit way of generating the corresponding

random walk (3.1.3).

The key motivation: is RSK an isomorphism of dynamical systems?
The recording tableau

Qoo(wr, W, ... ) 1= lim Q(wy, ..., wy)

corresponding to an infinite sequence wi, Wy, . .. 1s an infinite standard tableau,
i.e., a filling of the boxes in (a subset of) the upper-right quarterplane such that
each natural number appears exactly once. Just like its finite counterpart from
Section each entry of the infinite recording tableau (). (wy, ws, ... ) is equal
to the number of the iteration of an infinite sequence of row insertions

(0 wy) < ws) -+~
in which the given box stopped being empty. This infinite recording tableau is

another way of encoding the the infinite path (3.1.3)) in the Young graph.
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The aforementioned link between RSK and the Plancherel measure can be
rephrased in a more abstract way as follows: (), is a homomorphism between the
following two probability spaces:

* the infinite Cartesian power [0, 1]°° of the unit interval, equipped with the
product of the Lebesgue measure (which clearly corresponds to a sequence
wy, W, . .. of independent, identically distributed random variables with the
uniform distribution on the unit interval),

and

* the set of infinite standard Young tableaux equipped with the Plancherel
measure (which in light of the aforementioned results of Vershik and Kerov
is fundamental for harmonic analysis on the infinite symmetric group S,).

In fact, each of these two probability spaces can be equipped with a natural measure-
preserving transformation (respectively, the one-sided shift and the jeu de taquin
transformation) in such a way that (), becomes a homomorphism between two
measure-preserving dynamical systems. It is natural to ask the following question.

Problem 3.1.1 (The key motivation). Is it true that (), is, in fact, an isomorphism
of dynamical systems? If yes, how to construct the inverse map?

The answer is not immediately obvious because in the finite case, when RSK is
applied to a finite sequence w, in order to recover w we need information about the
recording tableau Q(w), as well as about the insertion tableau P(w); the latter is
not available in the infinite case. An affirmative answer to Problem [3.1.1l would
shed light on some questions related to the harmonic analysis on G, for example
whether jeu de taquin is ergodic.

These motivations were the starting point for the work of Romik and Sniady
[RS15]]; we present their findings in the following. In fact, Problem has an
affirmative answer.

3.1.3 The main problem: position of the new box

For asymptotic problems it is convenient to draw the Young diagrams in the Russian
convention, see Figure [3.1b, which corresponds to the coordinate system (u, v)
which is related to the usual (French) Cartesian coordinates by

u=x—y, v=x+Y.
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For a finite sequence w = (wy, . .., w,4+1) we denote by

IIlS(U)l, e, Wh; wn+1) = (x'm yn)

the coordinates of the last box which was inserted to the Young diagram by the
RSK algorithm applied to the sequence w. In other words, it is the box containing
the biggest number in the recording tableau QQ(w). Above, (x,,y,) refer to the
Cartesian coordinates of this box in the French convention, i.e., x,, is the number
of the column and y,, is the number of the row. By

u-Ins(wy, ..., Wy Wpi1) = Ty — Yn

we denote the u-coordinate of the aforementioned box.

For later use, given a tableau 7" and a real number z we denote by Ins(T’; 2)
the coordinates of the new box which was created by the Schensted row insertion
T < z; in other words it is the unique box of the skew diagram

shape (T — z) \ shape T
the quantity u-Ins(7’; z) is defined in an analogous way as the u-coordinate of
Ins(7'; 2).

In the current paper we concentrate on the aforementioned fundamental case
when wy, ws, ... is a sequence of independent, identically distributed random
variables with the uniform distribution U(0, 1) on the unit interval [0, 1]. Romik
and Sniady [RS 15] noticed that the construction of the inverse map to () (and,
in consequence, a positive answer to Problem [3.1.1) requires a solution to the
following somewhat vague question about the usual (finite) version of RSK applied
to such a random input.

Problem 3.1.2 (The main problem). Let w = (wy,ws,...) be a sequence of
independent, identically distributed random variables with the uniform distribution
U(0, 1) on the unit interval.

What is the relationship between

* the value of the new entry w, 1, and
* the position of the corresponding newly created box

(Tn, Yn) = Ins(wy, ..., wy; Wyy1)? (3.1.4)
We are interested in this probabilistic question in the limit as n — oo.
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Figure 3.3: The recording tableau @Q,, = Q(w) (drawn
in the Russian convention) which corresponds to the sequence
w = (14,59, 75,91, 58,41, 48, 7,86, 79, 63) which was selected from the interval
J = [0,100]. The responsibility matrix (way) obtained by replacing each
entry of the recording tableau by the corresponding entry of the sequence w. The
following layer tinting was used: the four colors of the background correspond to
the values of the responsibility matrix in the four quarters of the interval ./, namely,
0, 25] (almost white), (25, 50] (beige), (50, 75] (blue), and (75, 100] (dark blue).

This problem can be visualized by replacing the number in any box
O = (z,y) of the recording tableau (),, = Q(w) by the entry of the sequence
w = (wy, ..., w,) which was responsible for the creation of [J. The resulting ma-
trix (wq,,) will be called the responsibility matrix, see Figure for an example.
In order to improve legibility and avoid writing real numbers, the entries of the
sequence w in the example in Figure [3.3] are integers sampled from the interval
J =0, 100].

Following the ideas of Pittel and Romik [PRO7, Section 1.1], the responsibility
matrix can be depicted geometrically as a three-dimensional stack of cuboids
over the plane R* x {0}, where wg,, is the height of the cuboid which has the
unit square [x — 1,z] x [y — 1,y] x {0} as the base. Alternatively, the function
(z,y) — wq,, can be thought of as the graph of the (non-continuous) surface of the
upper envelope of this stack. By rescaling the unit squares on the plane R? x {0}
to be squares of side length \/iﬁ (recall that n is the length of the sequence w), the
total base area of the cuboids becomes equal to 1, see Figure [3.4]for an example.
In Figures [3.3b] and [3.4] the elevation (i.e., the values of the responsibility matrix)
was indicated by layer tinting.
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-2 -1 1 2

Figure 3.4: An analogue of Figure for a sequence w = (wy, ..., w00) Of
n = 1000 independent, identically distributed random variables with the uniform
distribution U (0, 1) on the unit interval / = [0, 1]. The layer tinting indicates the
values of the responsibility matrix (szy): the four colors correspond to the values
in the four intervals [0, /4] (almost white), (1/4,1/2], (1/2,3/4], (3/4,1] (dark blue).
The red solid line is the Logan—Shepp—Vershik—Kerov limit curve €2,. The five
black dots indicate its natural parametrization; they divide the area between the
curve and the Oxy axes into four curvilinear triangles of equal areas.
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Monte Carlo simulations such as the one from Figure [3.4] suggest that the value
of the new entry w,,; in Problem [3.1.2] determines the ray (a halfline starting in the
origin of the coordinate system) on which the coordinates Ins(wy, . . ., w,; wy41)
will approximately appear (with high probability, asymptotically, as n — 00).
Small values of the new entry (i.e., w, 1 ~ 0) seem to correspond to the rays
closer to the Oy axis (the almost white area in Figure while large values
(wne1 = 1) seem to correspond to the rays closer to the Ox axis (the dark blue
area in Figure [3.4).

3.1.4 The limit shape and its parametrization

The first step towards understanding Problem [3.1.2]is the simple observation that
the newly created box Ins(wy, . . ., w,; w,1) must be located in one of the concave
corners of the Young diagram A\®) = RSK(wy, ..., w,). For this reason, for our
purposes it is beneficial to understand the asymptotic behavior of the random
Young diagram \™. Fortunately, the probability distribution of such a RSK shape
is simply the Plancherel measure on Young diagrams with n boxes for which the
limit shape is well-known; we will review it in the following. For a pedagogical
introduction to this topic we refer to [Rom15, Chapter 1].

Scaling of Young diagrams

The boundary of a Young diagram A\ is called its profile, see Figure [3.1a In
the Russian coordinate system the profile can be seen as the plot of the function
wy: R — Ry, see Figure[3.1b]

If ¢ > 0 is a positive number, the output cA C R% of a homogeneous dilation
with scale ¢ applied to the Young diagram A might no longer be a Young diagram.
Nevertheless, its profile is still well defined as

wer (1) = ¢ wy, (%) .

The Logan—Shepp—-Vershik—Kerov limit shape

Independently Logan and Shepp [LS77]] as well as Vershik and Kerov [VK77]
proved that a law of large numbers for the shapes holds true: as the number of
boxes n — oo tends to infinity, the scaled down profile of the random Young
diagram converges in probability to some explicit limit curve, see Figure [3.4]for an
illustration.
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Define the function 2, : R — [0, 00) by

%[usin_l (%)+\/4—u2} if —2<u<2,

[ul otherwise.

0. (u) = (3.1.5)

Theorem 3.1.3 (The limit shape of Plancherel-distributed Young diagrams [LS77;
VK77)). Let \' be a random Young diagram distributed according to the Plan-
cherel measure on Young diagrams with n boxes. Then we have a convergence in
the supremum norm in probability

P
ilelg WA (u) — Qu(u) — 0.

In fact, the rate of convergence is quite fast and there are some quite precise
results about the magnitude of the local fluctuations [BSO7]].

Location of a box with a specified entry

In the context of Problem |3.1.2] suppose for a moment that we do not know the
value of the new entry w,, ;. Then the complete answer to Problem [3.1.2] would
be the probability distribution of the new box (3.1.4). This probability distribution
coincides with the distribution of the box containing the entry n + 1 in a large
Plancherel-distributed random standard Young tableau. An analogous problem was
studied by Pittel and Romik [PRO7, Section 1.2] for a different class of random
tableaux.

Not very surprisingly, the probability distribution of this vector (after rescaling,
and in the Russian coordinates)

ot = (75

converges, as n — 00, to a certain probability measure ., which is supported on
the limit curve (2.. In order to specify this measure uniquely it is enough to find
the limit distribution for the u-coordinates, i.e., for the random variables (u,,). It
turns out that the sequence (u,,) converges in distribution to the semicircle measure
on the interval [—2, 2], see [RS15, Theorem 3.2]. The density of this measure is
given by

fsc(u) = %\/4 — 22 foru € [—2,2].
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We denote by Fsc: [—2,2] — [0, 1] the cumulative distribution function of this
semicircle law, given by

1 u
Fsc(u) :%/ Va4 —22dz foru € [—2,2].
-2

The natural parametrization of the limit curve

The following two RSK-trigonometric functions

RSKcos 2z = Fgd (2),
RSKsin z = Q. (F (2))

are defined for z € [0, 1]. The map
[0,1] 3 z — (RSKcos z, RSKsin ) € R? (3.1.6)

is a a two-dimensional analogue of the quantile function (the inverse of the cu-
mulative distribution function) in the context of the limit measure .. This map
provides a convenient parametrization of the limit curve €2,, see the five black dots
in Figure [3.4] It is a natural analogue of the parametrization of the unit circle by
the angle

z + (cos z,sin 2)

as well as the parametrization of the hyperbole by the hyperbolic angle
z + (cosh z, sinh 2)

since in all three cases the area of the curvilinear triangle between the the ray,
the curve, and the y-axis (respectively, x-axis) is proportional to the value of the
parameter z.

3.1.5 The main problem: asymptotic determinism of RSK in-
sertion and its fluctuations

The most convenient way to state an answer to Problem [3.1.2]is by conditioning,
i.e., assuming that the random variable w,,; takes some fixed value z € [0, 1]. The
following result of Romik and Sniady provides a first order asymptotics.
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Theorem 3.1.4 (JRS15, Theorem 5.11). Let z € [0, 1] be fixed; we denote by
(uo, vo) = (RSKcos z, RSKsin z)

the corresponding point on the limit curve ), via (3.1.6).
Let wy,wsy, ... be a sequence of independent, identically distributed random
variables with the uniform distribution U (0, 1) on the unit interval; we denote

(Tn, Yn) = Ins(wy, ..., wy; 2).

Then we have the following convergence in probability:

Tn — Yn -rn—i_yn P R
( \/ﬁ s \/ﬁ ) e (UQ,’UD). (317)

This relationship between the value of the new entry being inserted and the
location of the corresponding new box was visualized in Figure [3.4] by the layer
tinting. Theorem [3.1.4] was illustrated by a Monte Carlo simulation in Figure [3.5]

Sniady stated the following conjecture which would give the ultimate answer
to Problem[3.1.2

Conjecture 3.1.5 ([Sni20]). We keep the notation from Theorem m
Then the scaled sequence of random points

v [(m\/—ﬁyn xn\jﬁy) _ (UO,UO)] —

Tpn — Yn Tn + Yn
( \%y — e, \%y —{‘/ﬁvo) eR? (3.1.8)

converges in distribution to a centered, degenerate Gaussian distribution which is
supported on the line

{(u,v) s v = (uo) u}
which is parallel to the tangent line to the limit curve €2, in uy.

This Gaussian distribution is uniquely determined by the limit measure for the
u-coordinates, which is as follows:

Tn — Yn d
\/ﬁ[ = —uo] N (0,63).

It converges, as n — oo, in distribution to the centered normal distribution with

the variance
052%\/4—11(2). (3.1.9)
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4

} f > U

-2 -1 1 2

Figure 3.5: Grey circles indicate simulated (rescaled) positions of the new box
Ins(wy, ..., wy,; z) for the initial sequence wy,...,w, of i.id. U(0,1) random
variables of length n = 100 and the new entry z = 0.8. The uv coordinates of the
circles are the quantities which appear in the law of large numbers (Theorem 3.1.4).
The grid indicates the actual size of the boxes. The solid red curve is the Logan—
Shepp—Vershik—Kerov limit shape; the red dashed line is tangent to this curve at
the point which in the natural parametrization corresponds to z. The coordinates
of the circles in the blue (@, 7) coordinate system correspond to the quantities in

Conjecture [3.1.5]
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Figure 3.6: An analogue of Figure 3.5|for the length of the sequence n = 10* and
z = 0.8. The picture was zoomed to focus on the (u,v) coordinate system. In
order to improve visibility the grid with the actual size of the boxes was not shown.

This conjecture is visualized by Monte Carlo simulations in Figures[3.5]and[3.6]
The blue coordinate system (1, D)

(@,0) = Vn [(%, %) - (anvo)]

corresponds to the quantities which appear in the n-th random point (3.1.8).

A special case of Conjecture for z = % was conjectured by Wojtyniak
[Woj19] (with a slightly different form of the variance (3.1.9))) based on extensive
Monte Carlo simulations.

Conjecture [3.1.5] seems to be a special case of a more general result (Con-
jecture [3.2.2) which also provides a conceptual interpretation to the somewhat
mysterious formula for the variance (3.1.9).
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Figure 3.7: Concave corners (empty) and convex corners (filled) of a Young
diagram (4, 2,2, 2) and their u-coordinates.

3.2 The general form of RSK insertion fluctuations

3.2.1 Plancherel growth process

Let wy, wy, ... be a sequence of i.i.d. random variables with the uniform distribu-
tion U(0,1). Let
A = RSK(wy, ..., w,);

we say that the random sequence of Young diagrams
=20 A D A (3.2.1)

is the Plancherel growth process [Rom15, Chapter 1.19]. It turns out that is
a Markov chain; below we will describe its transition probabilities.

Note that the above construction is a specific case of a more general setup
which we already discussed in Section [3.1.2]

3.2.2 Transition measure of a Young diagram

For a given Young diagram A\ with n boxes we denote by xy < --- < xy, the
u-coordinates of its concave corners and by y; < --- < yp, the u-coordinates of
its convex corners, see Figure The Cauchy transform of \ is defined as the
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rational function [Ker93||

=) (=)
Gi(z) = CETA T Fp— (3.2.2)

The Cauchy transform can be written as a sum of simple fractions:

Gi(z)= ) ﬁixl_

—  z
0<i<L

with the coefficients py, ..., pr, > 0 such that py + - -- + pp = 1. We define the
transition measure of )\ as the discrete measure

fx = Dolxy + - + DLOx,

in this way

Ga(z) = / L da(a)

Z—x
is indeed the Cauchy transform of .
Kerov [Ker93| proved that the transition probabilities of the Markov chain
(3.2.1)) are encoded by the transition measure. More specifically, the conditional
probability that the new box will have the u-coordinate equal to x; is given by

P {u (M"*U \ M")) = x;

A = A} — p; = Resy, G, (3.2.3)

i.e., by the corresponding atom of the transition measure as well as by the residue
of the Cauchy transform.
We denote by

Kx(2) = pa((—00, 2])

the cumulative distribution function of .

3.2.3 Random Poissonized tableau of a given shape

By a Poissonized tableau |[GR19] we mean any tableau which has the real numbers
from the unit interval [0, 1] as the entries. The set of Poissonized tableaux with
shape \ will be denoted by 7*. There are two natural ways to equip 7> with a
probability measure, we will discuss them below.

Firstly, let us number the boxes of A in an arbitrary ways; it follows that each
element of 7> can be identified with an element of the unit cube [0, 1], where n
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is the number of boxes of A. The requirement that the rows and the columns are
increasing corresponds to a collection of inequalities between the coordinates of
the points in the cube; it follows that 7> can be identified with a convex polytope
contained in [0, 1]™. This polytope has a strictly positive volume therefore it is
possible to equip it with the uniform probability measure.

On the other hand, the canonical way of generating a random Poissonized
tableau 7" with a prescribed number of boxes 7 is to consider the insertion tableau
P(w), where w = (wy, ..., w,) is a sequence of i.i.d. random numbers with the
U(0,1) distribution. If we condition the random tableau 7" so that its shape is
equal to ), it becomes a natural candidate for the notion of a uniformly random
Poissonized tableau of shape ).

The following lemma shows that the above two approaches give rise to the
same probability distribution.

Lemma 3.2.1. Let w = (wy, . .., w,) be a sequence of i.i.d. random variables with
the U(0, 1) distribution and let \ be a Young diagram with n boxes.

The conditional probability distribution of the insertion tableau P(w) under
the condition that RSK(w) = A coincides with the uniform probability distribution
on T

The proof is postponed to Section [3.4.1]

3.2.4 The interaction energy

If 1 1s a probability measure on the real line and uy € R we define

S =[] s dute)duta) (324)

{(21,22): 21 <u0<22}

whenever this double integral is finite. This quantity will play an important role in
the statement of the conjectures of Sniady.

Let us interpret p as the distribution of the electrostatic charge along a one-
dimensional rod. If we split this rod at the point 1, the two parts will act on one
another with the electrostatic force. The integral (3.2.4)) can be interpreted as the
interaction energy between these two parts.

We now consider an alternative universe in which the space is two-dimensional
so that the electrostatic force decays as the inverse of the distance between the
charges. It follows that the double integral &, (uo) is equal to the electrostatic force
between the two parts of the rod.
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Figure 3.8: The contour C' on the complex plane.

If we separate the two parts of the rod by an additional distance [, the afore-
mentioned electrostatic force is the derivative of the total energy of the system
with respect to the variable [. It is worth pointing out that in our context the total
energy should be understood as the logarithmic energy which is ubiquitous in
random matrix theory, Voiculescu’s free entropy [[Vo194]], as well as in asymptotic
representation theory. For this reason we suspect that the interaction energy &, (uo)
can be found also in the context of random matrix theory.

Suppose that the support of the measure p is contained in some interval
[Umin, Umax]- We choose an arbitrary real number u_, such that u_,, < Uiy
and consider a contour C' on the complex plane shown in Figure This contour
was chosen in such a way that it crosses the real line in two points, namely, ©_
and ug.

In the special case when the support of 1 is a finite set and uy does not belong
to the support of ; we may apply Cauchy’s residue theorem and the interaction
energy is equal to the contour integral

1

il [Gu(z)]de, (3.2.5)

Eu(ug) = —

where




is the Cauchy transform of x. The formula (3.2.5) remains true for general measures
1 as long as the Cauchy transform is sufficiently regular in the neighborhood of u,
however the justification of its validity is more technically involved. In practical
applications the formula (3.2.5)) is more convenient than (3.2.4).

3.2.5 General form of the fluctuations

The following conjecture was stated by Sniady [Sni20].

Conjecture 3.2.2. Let i be a probability measure on the real line, and let z € [0, 1]
be a fixed number. Denote by ug = F, Y(2) the corresponding value of the
quantile function; we assume that the derivative f = F) ,/L(Uo) > (0 of the cumulative
distribution function exists and is positive (it can be interpreted as the density of
the measure |1 in ug).

For each integer n > 1 let \' be a random Young diagram and let a,, be a
random variable. We assume that the following conditions hold true:

(a) .
Ky (\/ﬁ U) PR Fiu(u)

holds true for each u € R in which F), is continuous;

(b) for each c € R
Vi [Kyo (Vita, + ¥ e) —2] s fe.

Let T™ be a uniformly random Poissonized tableau of shape \"™ and let
(%, Yn) = Ins (T™; 2).

o] o (54)

The requirement says that the (dilated by factor \/Lﬁ) Kerov’s transition

Then

measure of \("™) converges in the weak topology of probability measures to j, in
probability. In the simplest case when a,, = u are all deterministic, the require-
ment [(b)| says that in a direct neighborhood of the number w, this convergence
holds true very fast, with a specific rate.

Sniady [Sni20] also conjectured that the assumptions of Conjecture are
fulfilled if A" is the Plancherel-distributed random Young diagram; in this way
Conjecture [3.1.5| would be a consequence of Conjecture[3.2.2]

68



3.2.6 The content of the paper

The main goal of the current paper is to provide some computational tools (Theo-
rem [3.3.2)) which seem to be necessary to complete the proof of Conjecture [3.2.2]
The proof of Conjecture[3.2.2]is out of scope of the current paper and we intend to
address it in the future research.

3.3 The cumulative function of a tableau and its cu-
mulants

3.3.1 The cumulative function of a tableau

Let T" be a Poissonized tableau. For ug € R we define
Fr(up) = inf {z € [0,1] : u-Ins(T; z) > up };

we recall that the quantity u-Ins(7’; z) was defined in Section as the u-
coordinate of the box Ins(7’; z). In the case when the infimum runs over the empty
set, we declare that Fir(ug) = 1, see Figure for an example.

The function Fr: R — [0, 1] will be called the cumulative function of T'. Tt
has analogous properties as any cumulative distribution function of a probability
measure with a finite support. It can be regarded as an inverse of the insertion func-
tion z — u-Ins(7’; z); more precisely the relationship between Fr and u-Ins(7’; -)
is the same as between the cumulative distribution function of a measure and the
quantile function.

This relationship is the key motivation for studying the cumulative function F7.
Indeed, since Conjecture[3.1.5]and Conjecture [3.2.2]can be seen as limit statements
about the probability distribution of the (random) function

z +— u-Ins(T 2)

for some special choices for the random tableau 7', a natural direction for proving
these conjectures is to prove suitable limit results for its inverse function Fr.
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Figure 3.9: A Poissonized tableau 7" shown in the Russian coordinates. The red
line depicts its cumulative function F7.
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3.3.2 Asymptotics of the cumulative function of random tableaux

Let us choose somehow (randomly or deterministically) a Young diagram A, and
let 7" be a random Poissonized tableau of shape . We will study the asymptotics
of the random function uy — Fr(ug), in the limit as the number of boxes of A
tends to infinity.

A concrete version of this general problem is to take A to be a Plancherel-
distributed random Young diagram with n boxes. The resulting random tableau 7’
can be then alternatively generated as the insertion tableau
T = P(wy,...,w,) corresponding to a sequence of i.i.d. U(0, 1) random vari-
ables, see Lemma [3.2.1] The simulations (Figures [3.10]and [3.T1)) indicate that in
the asymptotic regime the cumulative distribution function F7r and the cumulative
distribution function of the transition measure ) are typically very close to each
other.

The main result of the current paper (Theorem [3.3.2) is an answer to the
following more modest problem related to the pointwise behavior of the cumulative
function.

Problem 3.3.1. Let )\ be Young diagram and let T' be a uniformly random normal-
ized tableau with shape ). For a given uy € R find the probability distribution of
the random variable Fr(uy).

3.3.3 Cumulants and moments

Let X be a random variable with the sequence of moments ()52, where my =
EXF*. The formal power series

= m
tX] _ k Lk
k=0
is its exponential moment generating function or formal Fourier—Laplace transform.

The coefficients (x)72 ; of its formal logarithm
X 1
logEle™*] = Z Koy
k=1

are called the cumulants [LHO2| of the random variable X . The first cuamulant is
the expected value and the second cumulant is the variance:

K1 IEX,
Ko = Var X.
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—20 —15 —10 -5 0 5 10 15 20

Figure 3.10: The insertion tableau 7" = P(wy, . .., w,) with n = 100 boxes was
sampled by applying the RSK algorithm to a sequence of i.i.d. U(0, 1) random
variables. The thin blue line shows the cumulative distribution function K of the
transition measure of the shape A of T'. The thick red line shows the cumulative
function Fr. The smooth black line is the cumulative distribution function of the
semicircle distribution supported on the interval [ —2/n, 2\/5] .

+ + + + + + +
—200 —150 —100 —50 0 50 100 150 200

Figure 3.11: An analogue of Figure for n = 10%.
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Cumulants are related with the moments via the moment-cumulant formula

me =Y ] 5w (3.3.1)

well ber

where the sum runs over all set-partitions 7 of the set {1, ..., k}, and the product
runs over all blocks of the partition 7. For example, for £ = 3 there are 5 set-
partitions of the set {1, 2, 3}, namely,

{{1}7 {2}7 {3}}’ {{172}7 {3}}’ {{173}7 {2}}’ {{2’ 3}7 {1}}’ {{17273}} :

Therefore

3 3
mg = K] + KeR1 + KoKl + Kok1 + K3 = K] + 3kak1 + K3.

3.3.4 Notation

By a directed graph we mean any graph in which every edge has been directed.
The edge outgoing from the vertex a and incoming to the vertex b will be denoted
by (a, b). The directed graphs we consider do not have multiple edges, but may
have loops, i.e., edges of the form (a, a). We will always assume that if a # b and
(a, b) is an edge of a graph then the opposite edge (b, a) is not an edge.

The graphs we consider will have their vertices colored black, red, or white.
For the convenience of the readers of the non-colored printed version of this paper,
the red vertices will be drawn with an additional ornament as crossed-out circles,
see Figure[3.18] For a given graph H, we denote the set of its vertices by Vj, the
set of its black vertices by By, the set of its red vertices by Ry, the set of its white
vertices by Wy, and the set of its edges by Ep.

We say that a graph is a weighted graph if each of its edges is assigned a
number called a weight. For a given edge e, we denote its weight by w(e) € R.

3.3.5 Decorations

Let X C R be a fixed discrete set. Also, let uy € R be a fixed real number. The
elements of the interval (—oo, ug| will be called small while the elements of the
interval (ug, 0o) will be called big.
For a given graph H we say that a function x: Vi — X is a ug-decoration of
the graph H if the following two conditions hold true:
x(b) is small for each b € By,

x(w) is big for each w € Wy.
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Figure 3.12: The unique non-crossing alternating tree with 1 vertex. The
unique non-crossing alternating tree with 2 vertices.

For simplicity we denote x,, = x(v) for v € V. The set of all ug-decorations of
the graph H will be denoted by Dy (ug). When the value of ug is clear from the
context, we will simply speak about decorations and write Dy = Dy (uy).

3.3.6 Non-crossing alternating trees

Let £ > 1 be a natural number. We say that a tree with £ vertices numbered
1,..., k is a non-crossing alternating tree if the following conditions hold true:

(a) each vertex is colored either black or white;

(b) if an edge connects the vertices b and w for b < w, then the vertex b is black
and the vertex w is white;

(c) there do not exist four vertices v; < vy < v3 < vy such that vy is connected
with v3, and v, 1S connected with vy,

see [Sta99, Exercise 6.19(p)] and solution to this exercise, as well as [GGP97,
Section 6]. The condition [(c)|has a natural graphical interpretation: after drawing
the vertices on the real line and the edges as arcs above the real line, we require
that the edges do not cross.

In the exceptional case £ = 1 we declare that there is only one non-crossing
alternating tree with 1 vertex: it consists of a single black vertex (see Figure [3.12a)).
With this convention, the condition [(b)|implies that the coloring of the vertices can
be uniquely recovered purely from the information about the edges.

We denote by T, the set of all non-crossing alternating trees with £ vertices.
For example, |T3| = 2 (see Figure[3.13), and |T4| = 5 (see Figure [3.14).

In the following we will treat any non-crossing alternating tree as a directed
graph in which any edge (b, w) is oriented from a black vertex and towards a white
vertex; in other words from the left vertex to the right vertex.
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Figure 3.13: All non-crossing alternating trees with 3 vertices.

‘o Ceew

1 2 3 4 1 2 3 4
1 2 3 4 1 2 3 4 1 2 3 4

Figure 3.14: All non-crossing alternating trees with 4 vertices.

3.3.7 Closed formula for cumulants

Let A be a fixed Young diagram. Let 7" be a uniformly random Poissonized tableau
of shape \, and Fr(ug) be the cumulative function of 7. We will now present a
closed formula for the cumulants of the random variable F'r(u). This formula is
convenient for proving that in a suitable asymptotic setting the random variable
Fr(ug) (after suitable shift and rescaling) converges in distribution towards a
Gaussian measure.

Assume that the discrete set X of the decoration values contains the set of
u-coordinates of all concave corners of \. In other words, we assume that the
support of the transition measure of \ is contained in X. For example, we may
take X = Z to be the set of integers. Note that the set D (ug) which is used below
depends implicitly on this choice of X.
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Theorem 3.3.2 (The main result). With the above notations, for each ug € R the
k-th cumulant of the random variable Fr(uy) is given by

(—1)B T ()
fe (Pr(uw)) = (k=11 > Y . — (3.3.2)

HEeTy xeD g (uo) (b)EEx (ZEw Tt W b)

where ji)(x;) denotes the probability corresponding to the atom xj of the transition
measure |iy.

The proof is postponed to Section[3.7.12].

Example 3.3.3. The expected value and the variance of Fr(ug) are given by

EFr (uo) = Y pa(z1), (3.3.3)
z1<uQ
1
Var Fr (up) = — u\(z x3). 334
T (uo) m;()@_leFlM( 1) pa(22) (3.3.4)
z2>ug

The unique summand on the right-hand side of (3.3.3)) corresponds to the tree in
Figure|3.12al and the unique summand on the right-hand side of (3.3.4)) corresponds
to the tree in Figure [3.12b| The third cumulant of F7r(ug) is given by

/{3 (FT (uo)) =
Z : )NA(fl) px(z2) px(zs)

($2—l’1+1)(l‘3—$1+2

z1<ug
T2,T3>UQ
- Z & pa(1) pa(2) pa(s),
. (.1?3 — T + 1)(133 — I —+ 2)
xr3>UQ

where the first summand on the right-hand side corresponds to the tree in Fig-
ure [3.13a] and the second summand corresponds to the tree in Figure 3.13b]

Remark 3.3.4. The right-hand side of (3.3.2)) can be interpreted as the expected
value of the random variable Z defined in the following way. Let xq,...,x;
be a sequence of independent, identically distributed random variables, with the
distribution given by the transition measure p. Let T3 denote the set of all trees
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H € Ty such that x = (x1, ..., xy) is a ug-decoration of the tree H, i.e., x € Dy.
The aforementioned random variable is defined as
(— 1)|BH\ 1

e D

X
HETY hw)eEy

3.3.8 Towards the proof. Rational functions associated to a
graph

Our proof of Theorem [3.3.2] is based on algebraic identities fulfilled by some
rational multivariate functions. It turns out that the class of the rational functions
which we consider is naturally indexed by oriented and weighted graphs, and the
aforementioned algebraic identities have a natural combinatorial interpretation as
removal of loops from the graphs. We present the details in the following.

For an oriented weighted graph H with the vertex set Vg = {v1, ..., v}, we
consider the rational function
1
- viy eyl ) = € vy ey do
fH fH(x 1 xt) H [x]—xl+w(e)] Q(‘rl ‘/Et)

€=(i,j)€EH
in the variables corresponding to the vertices of /. In the following we will usually
consider the special case when H has the vertex set Vi = {1,..., k} so that

fH = fH(.I'l,...,I'k) € @('xh'”axk)'
For each tree H € Ty, we define the weight of an edge e = (i, j) € Fy
wle) =w(i,j)=j—i (3.3.5)

as the difference of the endpoints. With this convention (3.3.2)) can be written as

ki (Fr(uo)) =

k—1)! Z Z |BH‘ 1fH(x1,...,xk)H;L,\(xj). (3.3.6)

HEeTy, XEDH(U()) Jj=1

3.4 Anti-Pieri growth process

The aforementioned results of Romik and Sniady were proved using the anti-Pieri
growth process [RS15, Section 4.1]. It should come as no surprise that we also will
use this growth process.

7



3.4.1 Proof of Lemma 3.2.1]
Proof of Lemma In the following we consider the unit cube

0,1]" = {(wy, ..., w,) twy,...,w, €[0,1]}

(equipped with the Lebesgue measure) with all hyperplanes w; — w; = 0 (over
1 <17 < j < n)removed. Since the removed hyperplanes have Lebesgue measure
zero, this removal is irrelevant from the viewpoint of the measure theory. The
hyperplanes divide the cube into n! isometric simplices, each with the volume
%. The simplices are in a bijective correspondence with permutations in S,,;
each simplex S, consists of the vectors with a prescribed linear order between the
coordinates.

For a given Young diagram \ we denote by 7 the set of Poissonized tableaux
of shape \, equipped with the Lebesgue measure. For simplicity we remove from
this set all tableaux which have repeated entries; again this removal is irrelevant
from the viewpoint of the measure theory.

With these notations, the Robinson—Schensted correspondence is a bijection

between the aforementioned cube [0, 1|” and the disjoint sum

| |7 % (3.4.1)

AFn

where f* denotes the set of standard Young tableaux of shape \. The second com-
ponent of this correspondence, the map (), restricted to the simplex S, is constant,
equal to the recording tableau )(¢). On the other hand, the first component of
this correspondence, the map P, restricted to S, acts by arranging the entries of
(w1, ..., w,) to the boxes of the diagram RSK(c). It follows that the Robinson—
Schensted correspondence is a piecewise isometry, hence it is a measure-preserving
map if we equip f* with the counting measure and each summand in (3.4.1) with
the product measure.

Conditioning over the event RSK(w) = A corresponds therefore to considering
the uniform measure (or, equivalently, the product measure multiplied by the scalar
factor #) on a specific summand of (3.4.1)), namely

T)\Xf)\

which completes the proof. 0
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3.4.2 Anti-Pieri growth process

We will use the following notation which is intended as an analogue of the falling
factorial

G)\<£IZ') G)\(l'—l) G)\(l’—k—i—l) lszl,
Gy(z) = -

k factors

1 ifk=0

for an integer £ > 0.
The following result is due to Sniady [[Sni20, Lemma C]. We provide its proof
for completeness.

Lemma 3.4.1. Let \ be a fixed Young diagram with n boxes and k > 1 be an
integer.
Let

)‘Zén/(fn+l/‘/(€n+k

be given by the Plancherel growth process starting at A and let
U = (Uy,...,Uy) be the sequence of the u-coordinates of the boxes added in
each step, i.e.,

Ui = u(&nyi \ §nyio1)
forie{l,... k}

(a) Let'T" be a random Poissonized tableau of shape ). Then for any uy € R the
moment of the random variable Fr(ug) fulfills

mi (Pr (u) = E | (Fr(u))"|

(b) ifUy > -+ > Uy, then the tuple U = (Uy, . .., Uy) can be uniquely written

in the form
a
x* = (IL’l,ZEl—1,...,[[’1—a1+1,...,l‘g,l‘g—1,...,$g—ag—|—1)
A g A o
Vv vV
a1 times ay times

with x = (z1,...,2¢) and a = (ay,...,a,), where xy > --- > x; are
u-coordinates of some concave corners of A and aq, . ..,a; > 1 are integers

such that ay - -+ a; = k.
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(c) Let x1,...,xy be the u-coordinates of some concave corners of \. Let
ai,...,ap > 1 be integers such that ay + - - - + ay = k. We assume that the
following condition holds true:

(X) foreachi € {1,...,(} the set
{IZ—sz—Q,,IZ—CLl‘i‘l}

and the set of u-coordinates of the concave corners of \ are disjoint.

Then
a (_1)%71 a;—1
PlU=x] =O(z1,....7) [[ ———mlz:) GY (i — 1), (34.2)
1<i<t @i
where
O(x1,...,m) = H (xi_xj)(zi_mj_ai+aj), (3.4.3)

\Cise T = T+ a) (5 — x5 — a;)
Note that the assumption guarantees that on the right-hand side of (3.4.2)
we do not evaluate the Cauchy transform G, or the function © in a singularity.

Proof. Proof of part|[(a)} Our general strategy is to create a coupling and to create
on a single probability space both a uniformly random Poissonized tableau with
shape )\, as well as a Plancherel growth process starting in A. A small additional
difficulty is that our model will require some conditioning.

Let wy, ..., w,k be a sequence of independent random variables with the
uniform distribution U(0, 1) and let =; = RSK(wy, ..., w;); then

Zo /o Bk

is the Plancherel growth process. For ¢ € {l1,...,k} we denote by
U; = u(ZE,4; \ Enrio1) the u-coordinate of the place where the growth occurs.

Clearly, the probability distribution of the Plancherel growth process
(&ny - -+ Enyr) starting at &, = A\ coincides with the conditional probability dis-
tribution of its counterpart (En, cee En+k), under the condition that =,, = A\. By
Lemma|[3.2.1] the probability distribution of the random Poissonized tableau 7" from
the statement of the lemma coincides with the conditional probability distribution
of the insertion tableau 7 := P(wy, ..., w,), under the condition =,, = \.
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These observations imply that it is enough to prove equality between the
conditional expectations

E[(Fru) | o(=)] = M E[1(u=th > >1) [o(2)]. G44)

where o (En) denotes the o-algebra generated by the random Young diagram =,,,
and 1{A} denotes the indicator random variable which takes the value 1 if the
condition A holds true, and 0 otherwise.

For a moment let us fix the values in the prefix z, ..., x,; the conditional
probability
P [FT(UO) > Wpy1 > 0 > Whik ‘ o(xq,... ,xn)] (3.4.5)

=F [IL {FT(UO) > Wpyp >0 > wn+k} ) o(x,... 7$n>}

= vol {($n+17 o Tnak) € [0,1]F: Fr(ug) > Wy > -+ > wn+k}

is then directly related to the value of the random variable F7(uy).
The event which appears on the left hand side of (3.4.5) can be alternatively
reformulated in the language of the Young diagrams =, 7 --- 7 =, as follows:
{Fr(up) > wyps1 > -+ > wyar ) = {ug 2 Uy > -+ > Uy} (3.4.6)
Indeed, the equivalence
Fr(ug) > wny1 <= uo > U
is a consequence of the definition of Fr(ug) while each of the equivalences
Wpyi > Wnpit1 = Ui > Ui

is the content of the Row Bumping Lemma [Ful97, page 9]. Thus, by taking the
appropriate conditional expectation of both sides of (3.4.5)), the desired equality

(3.4.4) follows immediately.
The part [(b)]is obvious.

The proof of part[(c)|is a straightforward but tedious calculation of the transition
probabilities of the Markov chain (,,,) (by taking the residue of the appropriate
Cauchy transform, see Section @D, and then the product of these transition
probabilities. Each of these expressions is a complicated rational function involving
many factors, the only difficulty is related to keeping track of the factors which
cancel. ]
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Figure 3.16: An example of a multi-spine graph with 9 vertices and 4 connected
components.

3.5 Decomposition into simple fractions

In this section we will decompose the product © defined in (3.4.3) into a sum of
simple fractions.

A spine graph with ¢ > 1 vertices is defined as a connected directed graph F
such that the set of its edges consists of £ — 1 elements and is of the form

EF = {(Ul,’l}g), ceey (Ug_l,l)g)}.

Note that the vertices vy, . . ., v, are all different; otherwise, the graph would not be
connected. We denote the set of all spine graphs with the vertex set V' = {1,...,/(}
by Se; obviously | Sy| = ¢!. An example of a spine graph is shown in Figure [3.13]

A multi-spine graph is defined as any directed graph such that each component
is a spine graph. In other words, a multi-spine graph is a forest of spine graphs. We
denote the set of all multi-spine graphs with the vertex set V' = {1, ..., ¢} by MS,.
An example of a multi-spine graph is shown in Figure [3.16]

Lemma 3.5.1. Let (ay, ... ay) be a sequence of numbers which has the property
that the sum of the entries of any non-empty subsequence is non-zero (this condition
holds, for example, if ay,...,a; > 0 are all positive).

Then the element © € R(xy,...,xy) of the field of rational functions defined
in (3.4.3) can be written as the sum

Br
O(zy,...,x) = E : (3.5.1)
FeMS, H (xj — it a"')
(,L)])GEF
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Above, for any graph F' € MS,, the constant b is defined as

e

Br = (1) = , (3.5.2)
I1 [(_1) : Z ai]
F' 1€V

where the product over F' runs over all connected components of the graph F.

Proof. To simplify the notation, we put

zj:xj—aj

: ]
b hi<ig<e

be the Cauchy matrix [Sch59]. Its determinant, called the Cauchy determinant, is
given by the following product formula [Sch59]

[T (@i—)(z —2)

1<i<j<e

[T (2 —2)

1<i,j<¢

for each index j € {1,...,(}.
Let

A:

det A =

The denominator of O differs from its counterpart in the Cauchy determinant only
by the missing diagonal factors x; — z; for i = j. Thus

14

O = H(xj—zj det A = Haj det A.

J=1

Using the definition of the determinant we express O as a sum over permutations

1370(0)
o) &

j=1 7€S H (IJ z Zz)
=1
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where ¢(o) denotes the number of cycles of the permutation . We can treat
each permutation 0 € &,, as a directed weighted graph with the vertex set
V, ={1,...,¢} and with the edge set

B, ={(1Lo(), ... (Lo(0) }.

We define the weight of an edge e = (4, 0(2)) as w(e) = a;. Therefore

4 L

O=]]a| D)% =" [[as | D[] (-1), 353)

J=1 o6y j=1 ceGy o’

where o’ runs over the connected components of the directed graph o; note that
each such connected component corresponds to a cycle of the permutation o.
Let o/ be a connected component of the directed graph . Using the identity

Zai:ij—Zzi: Z (zj — =)

ievo'/ jevo—’ ievo'/ (ivj)EEU’
we obtain
for Y ai=fo Y (xj—z)=> fr, (3.5.4)
i€V, (i,5)EE, . F’

where F” runs over all spine graphs obtained from the cycle o’ by removing exactly
one edge.
Equation (3.5.4)) can be written as

1
fU’ = Z aiZfF/;

FI

i€V

we apply this identity to each cycle ¢’ of the permutation o € &, on the right-hand
side of (3.5.3)). Note that the above equality holds true also in the special case when
the cycle ¢’ is a fix-point; in this case we remove the loop from the directed graph
o', and the unique resulting graph F” has one isolated vertex and no edges.

If we remove one edge from each cycle of every permutation in all possible
ways, we obtain each multi-spine graph on the vertex set {1, ..., ¢} exactly once.
In this way we proved that

14

o= [[o] > 5%

j=1 FeMS, F'

1€V

where F’ runs over the connected components of the graph F, as required. [
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3.6 The moments of the cumulative function

3.6.1 The first formula for the moments

A composition of a natural number k is an expression of &k as an ordered sum of
positive integers k = a; + - - - + a,. The set of all compositions of £ will be denoted
by Comp,. For a given composition a = (ay,...,a,) € Comp, we denote the
number of its parts by ¢ = /(a).

Using Lemma we obtain

mi (Fr(u)) =k > Y P[U=x?]

acComp;, x

(~1)!
= k! . — ; : ; — 6.
> 2 O x| [ mw) Gi @ - 1), G6)
acComp; X =1
where in each expression the second sum runs over x = (z1,...,2,) € X such
that
Ug > T > Tp > -+ > Ty (3.6.2)

and such that the condition [(X)] from Lemma 3.4.1]is satisfied.

The aforementioned condition turns out to be quite cumbersome in ap-
plications. For this reason our strategy is to obtain an analogue of the above
formula (3.6.1) which would involve summation over all 1, ...,x, € X which
fulfill (3.6.2)), i.e., to remove the requirement Regretfully, without this ad-
ditional condition it might happen that one of the factors in the falling product
Gii_l (x; — 1) is evaluated in a singularity; thus the right-hand side of might
involve division by zero.

In order to avoid this difficulty instead of Young diagrams we will consider
a more general class of objects, namely interlacing sequences, for which such a
division by zero can be easily avoided. The formulas for the Young diagram \ can
be then obtained by an appropriate limit.

3.6.2 Interlacing sequences

The following notations are based on the work of Kerov [Ker93|]. We say that

A: (X07"'7XL; Yh---,YIL) (363)
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is an interlacing sequence if its entries are real numbers such that
X<y <xg < <ypL <XL.

Following Figure and Section [3.2.2] each Young diagram can be regarded
as a specific interlacing sequence. Conversely, each interlacing sequence can be
visualized as the zig-zag curve analogous to the one from Figure for this reason
we will refer to the entries of the sequence xq, . .., Xy, as concave corners and to
the entries of the sequence vy, ..., YL as convex corners.

The Cauchy transform G, and the transition measure 5 of an interlacing
sequence A is defined in an analogous way as their counterparts for Young diagrams

in Section 3.2.2]

3.6.3 Moments for interlacing sequences

Let an interlacing sequence A be fixed. We assume that the set of concave corners
is generic, i.e., if i # j then x; — X; is not an integer. For the set of decoration
values X := {xy,...,x} we take the concave corners. Let v, be a fixed real
number. We define the k-th moment for the interlacing sequence A as

My = My (A, up) =
(=0
k! e — ) Gy — 6.
> 2 O w) [ [ ) G (@i = 1), 364)
acC, X i=1
where the sum over x runs over z1, ..., z, € X such that (3.6.2)) holds true, and

¢ = ((a) denotes the length of the composition a as before. The assumption that
the set of concave corners is generic guarantees that the right-hand side is well-
defined. One can ask if the quantity M (A, ug) has a probabilistic interpretation as
a moment of some natural random variable associated to the interlacing sequence
A; we expect that the answer for this question is negative. We will use M, purely
as an auxiliary tool for studying the moments of the random variable Fr(uy), see
below.

The right-hand side of (3.6.4) is very similar to its counterpart (3.6.1)); the only
difference is that the second sum on the right-hand side of (3.6.1)) runs over certain
sequences x which additionally fulfill the condition from Lemma [3.4.1f(c)

Let us fix an integer s € {0,...,L + 1} and consider the set Wy of
interlacing sequences A of the form (3.6.3) with the property that
Xq, X1, ..., Xs_1 < ug are all small and xq, ..., x1 > wug are all big; in other words
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s 1s the cardinality of small entries of the set X. Thanks to the aforementioned
removal of the condition the restriction of the function A — M (A, ug) to the
set W 1, 1s a rational function in the variables xq, ..., xg, y1,. .., yr. Our general
strategy is to investigate this rational function M.

The price we have to pay for the aforementioned omission of the condition
(X)| is that the rational function M}, is singular in (some subset of) the set of
non-generic interlacing sequences, in particular it is not clear how to evaluate
M. (A, up) in the special case when the interlacing sequence A corresponds to a
Young diagram A (which is clearly non-generic). On the bright side, Lemma [3.6.1]
below shows that there is a special way of taking the limit value of M, at the
singularity which provides a bridge with our main subject of investigations, the
moment my, (Fr (up)). In fact, from the proof of Theorem it will follow that
the aforementioned singularity is removable and thus an analogue of Lemma 3.6.1]
holds true for any way of taking the limit A — .

3.6.4 Regularization

Let a Young diagram \ be fixed and let A be the corresponding interlacing sequence.
For € > 0 we define the interlacing sequence

€ _ € €. € €
A _(X07"'7XL7 ylv"'aYL)

given by
X§ = X;j + J€, Y5 =y;+ Je.
Note that if € is small enough, the set of concave corners of A€ is generic so that
My, (A€, up) is well-defined.
The distance
X —Y; =X~ (3.6.5)

between any convex corner yj and the next concave corner to the right x does not
depend on the value of ¢, and is a positive integer which has a natural interpretation
for the original Young diagram A, cf. Figure

Lemma 3.6.1. We suppose that u, is not an integer number. With the above
notations, the moment my, is equal to the limit of the moment My, when e tends to

zero:
mi (Fr (uo)) = lim My (A, ug).

e—0
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Proof. Lets € {0,...,L+ 1} be the cardinality of the small concave corners of \;
with the notations of Section this means that A° € W 1 if |¢| is small enough.
By writing x; = x; we may write (3.6.4) as

Mk‘(Aga UO) -
] € € (_1)%_1 € ai=l, e
Y Y ek =) ] () GR (g, — 1),
acCy s>r1>>rp>1 i=1 v
(3.6.6)
Similarly (3.6.1)) can be written as
my (FT (UO)) =
k'ZZ@(x X )HMMA(X )Gai_l(x —1); (3.6.7)
. T19 * e J CLZ‘ T3 A T3 9 e

—_

aeCy, 1=

the consequence of the condition from Lemma [3.4.1]is that the second sum
runs over s > ry > --- > 1, > 1 which additionally fulfill

Xy, — Vi, > fori e {1,...,0}; (3.6.8)

in the special case when r; = 0 and vy is not defined the above condition is fulfilled
by convention.

Let us consider a summand of (3.6.6) which corresponds to a € C,, and a tuple
(r1,...,re) for which (3.6.8) is not satisfied thus 1 < x,, —y,, < a; — 1 for some

a;—1

choice of the index i. One of the factors in G- (x¢ — 1) is equal to

Gac(xp, — (<, —¥n,)) = Gac (x5, — (x5, —v5,) = Gae(ys,) =0

by the very definition of the Cauchy transform; as a consequence the whole
corresponding summand of (3.6.6) vanishes as well.

On the other hand, any summand in (3.6.6) for which (3.6.8)) is satisfied is
continuous at ¢ = (0 and clearly converges as ¢ — 0 to its counterpart in (3.6.7))
which completes the proof. [

3.6.5 Cumulants for interlacing sequences

For a given interlacing sequence A and u, we consider the corresponding se-
quence of moments M, My, ... with M), = My (A, ug) given by (3.6.4). We
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revisit Section [3.3.3] and consider the corresponding sequence of formal cumulants
Ky, K, ... with K} = Ky (A, ug) given by the expansion

k
log Z —t Z Ky o
k=1
Since each cumulant K can be expressed as a polynomial in the moments
M, ..., My, Lemma[3.6.T]implies the following result.

Lemma 3.6.2. Suppose that u is not an integer number. With the above notations,
the cumulants of the random variable Fr (ug) are given by

R (FT (UU)) = lli% Kk<A6, uo).

3.7 Proof of Theorem 3.3.2

3.7.1 The graph expansion for the moments

Using Lemma [3.5.1]and the fact that for any integer r > 1

,U/A 'rz'r
Ga( Z e m (3.7.1)

we may rewrite the formula (3.6.4) as follows.

Corollary 3.7.1. If the interlacing sequence A is generic then the moment M, is
given by

Myu(A, ug) = k! Z Z H pn ()

acCompy, xy<--<xz1<ug t=1

a;—1
r ,UA xzr ﬂF
H Z Tip — Ti + Z 0 (& —z+a) (3.7.2)

r=1 x; FeMS
or [(ij S

where { = ((a) is the length of the composition a. Recall that the constant B was
defined in (3.5.2). The above sums run over x;, x;, € {x1,...,x}.

In the following we denote
Ti0 = Zi.

Now we will define multi-caterpillar graphs and with them we will simplify

Corollary
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3.7.2 Multi-caterpillar graphs

By applying the distributive law to the right-hand side of (3.7.2) we obtain a sum
of a lot of terms; to each of them we shall associate a certain directed weighted
graph GG. Each term is a product of

¢ the numerical factor

|
k!ﬁFZHla—i

for some multi-spine graph F', and

* the reciprocal of the product of the polynomials of the form
(xiﬂ” — T50 —+ 7") or (.Tj70 — T50 + CL]').
The latter product of polynomials is in our focus.

We create a multi-caterpillar graph G with k vertices as follows. We create ¢
black vertices and k — ¢ red vertices. The black vertices correspond to the variables
T10,...,Te0. Foreach j € {1,..., ¢} there are a; — 1 red vertices connected with
the black vertex ;; they correspond to the variables x;1,...,2;4,-1. We tag
the vertices in such a way that the vertex which corresponds to the variable z; ;
is tagged by the pair (¢, j). Each factor (z;, ;, — ;, ;, + a) corresponds to the
oriented edge with the weight a from the vertex tagged (i1, j1) to the vertex tagged
(g, J2)-

Example 3.7.2. The graph shown in Figure (3.17| was obtained from the term

1

X
(IL‘571 — Ty + 1)(?[]572 — Ty —f- 2)(1‘3’1 — X3 —I— 1)(1’271 — X9 + ]_)
1

(.%'5 — T + 1)(513'4 — Xy -+ 3)(33'3 — T4 + 1)

which is one of the summands in Corollary which corresponds to
a=(1,2,2,1,3). Figure m shows the same graph without the Young diagram.
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-1 -10 -9 -8 -7 —6 -5 —4 -3 -2 -1 0 1 2 3 4 5 6 7

Figure 3.17: The multi-caterpillar graph considered in Example The com-
position a = (1,2, 2, 1, 3) was visualized as a configuration of white boxes which
could occur in the anti-Pieri growth. The vertices of the multi-caterpillar graph
(black vertices e and red vertices ®) correspond to the boxes of the Young diagram
where the Plancherel growth occurred. In order to improve visibility the weights of
the edges were not shown.

(5.1)  (52) (3,1) (2,1)

1 2 1 1
o ' e e °
(1,0) (5,0) (4,0) (3,0) (2,0)

Figure 3.18: The multi-caterpillar graph from Figure with the weights of the
edges shown.
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3.7.3 Multi-caterpillar graphs, the formal approach

More formally, a multi-caterpillar graph G with tagged vertices is a directed,
weighted graph with black and red vertices, for which there exists a tuple of
integers aq, . .., a; > 1 which fulfills the following properties.

Firstly, the subgraph composed of all black vertices and the edges between
them forms a multi-spine graph with ¢ > 1 vertices tagged (1,0), ..., (¢,0). For
each j € {1,..., ¢} the black vertex tagged (j,0) has at most one outgoing edge
to another black vertex; if such an edge exists, its weight is equal to a;.

Secondly, if we remove the edges between the black vertices, each connected
component of the resulting graph consists of a single black vertex (j, 0) for some
valueof j € {1,...,¢}, and a; — 1 red vertices tagged (j,1),...,(j,a; —1). There
are no connections between the red vertices; for each k£ € {1,...,a; — 1} there
is an oriented edge from the black vertex (j,0) to the red vertex (j, k); this edge
carries the weight k.

By MCffg we denote the set of all multi-caterpillar graphs with % tagged
vertices.

3.7.4 Three systems of naming the vertices

In the following, we will have twice to use the technique of double counting. For
this reason we will use the following three systems of naming the vertices in an
oriented weighted graph with k vertices:

* the elements of the set N x Ny will be called fags; the naming of the vertices
with tags (or, shortly, tagging) was used in Sections [3.7.2 and [3.7.3] An
example of a graph with tagged vertices is shown in Figure

o the elements of the set {1, ..., k} will be called labels; we will consider only
labelings with the property that if a pair of vertices vy, v € {1,...,k} is
connected by an oriented edge e = (vy, v7), its weight

w(e) = w(vy,vy) = vg — vy (3.7.3)
is equal to the difference of the vertex labels, see (3.3.5).

* by marks we understand the elements of an arbitrary fixed set which consists
of k elements; in order to avoid confusion between marks and labels we may
declare that the set of marks

{1,2,... .k} (3.7.4)



consists of k£ underlined integers. An example of a graph with marked
vertices is shown in Figure [3.19b]

3.7.5 Black-decreasing decorations

Let G be a multi-caterpillar graph with tagged vertices. The decoration x € Dg
is called black-decreasing if for any pair of black vertices (p,0) and (¢, 0) with
p < q the corresponding values of the decoration fulfill z,,o > x,. The set of all
black-decreasing decorations of a multi-caterpillar graph G will be denoted by D,.

Using Corollary we can write the moment M (A, ug) as a sum over
multi-caterpillar graphs, as follows. We replace the double sum in (3.7.2) over
compositions and over multi-spine graphs by the sum over multi-caterpillar graphs
G e MCZag. In addition, we replace the sum over the variables (z;) and (x;,) by
the sum over black-decreasing decorations. It follows that

My=k > > acfe (3.7.5)

GeMC,*® xeDg

where the constant o is defined as

—1
ac = (=D T maleiy) HW : (3.7.6)
G/

where G’ runs over all connected components of the graph G. Note that a; depends
also on the choice of the decoration x; in order to keep the notation lightweight we
will make this dependence implicit.

3.7.6 Double counting

Let MC™* denote the set of multi-caterpillar graphs with k marked vertices,
i.e., the set of weighted and oriented graphs G with the vertex set {1,...,k}
such that there exists a way to tag the vertices in such a way that G becomes
a multi-caterpillar graph with k tagged vertices in the sense considered in Sec-
tion Let MC;™ denote the set of multi-caterpillar graphs with k vertices
which are simultaneously tagged and marked. Examples of such graphs are shown

in Figure[3.19]
For any graph G € MCZag we have k! ways to mark its k& vertices by the

elements of (3.7.4).
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(a) (b)
(1,1) (2,1)

)
)
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v
|—=

(1,0) (2,0)
(©)

Figure 3.19: Examples of multi-caterpillar graphs: with tagged vertices; the
tags are printed black and belong to the set {(1,0), (1,1), (2,0), (2,1)}, with
marked vertices; the marks are printed blue and belong to the set {1,2, 3,4},
with tagged and marked vertices.
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Let G be a graph. Its decoration x € Dg; is called black-injective if x; # x;
for all pairs of black vertices i, j € B¢ such that ¢ # j. We denote the set of
all black-injective decorations of GG by Dé, and the set of non-black-injective
decorations of G' by D5 = D¢ \ D,

Moreover, for each black-injective decoration x of G € MC™* we can tag
the vertices of (G in a canonical way as follows. We tag the black vertices by
(1,0),(2,0),... in the opposite order to the one given by the decoration x. Next,
for each black vertex b with the tag (7, 0) we tag the white vertices connected with b
by (4,1),(4,2), ... according to the increasing order of their corresponding weight
of edges. In this way GG becomes a caterpillar graph with tagged vertices, and x
becomes a decreasing decoration.

Using these two observations and (3.7.5]), we obtain

My=k > Y acfa (3.7.7)

GEeMC*® xeDg

= Z Z agfa

GeMCi™ xeDZ,

= Z ZaGfG-

GeMCP*™* xe D7,

The constant a; was defined in (3.7.6)).

3.7.7 Sum over all decorations

Proposition 3.7.3. The following double sum over multi-caterpillar graphs and
their decorations remains the same when we restrict the sum to black-injective
decorations, i.e., for each integer k > 1,

Y. Yacle= Y, Y acle (3.7.8)

GeMCprark x€Dg GEMCPa* xe D7

Proof. We consider the difference of the left-hand side and the right-hand side of

(3.7.8)
A= ) Y acfe (3.7.9)

GeMCpatk xeDg

Our goal is to prove that A = 0.
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Let k be a fixed natural number, and let B = {by,...,0;} C {1,...,k} bea
fixed set. Let MS(B) denote the set of all multi-spine graphs F' with the vertex set
Vi = B. In particular MS ({1,...,k}) = MS;. Let G}'°(B) denote the set of all
multi-caterpillar graphs Gy € MC*™* with k marked vertices 1,. .., k such that

* the set of black vertices of Gy is given by Bg, = B, and

* there is no edge in Gy connecting two black vertices.

Let k be a fixed natural number. Every multi-caterpillar graph G € MC}™*™* can
be decomposed in a wunique way into the union of two graphs
Gp € GM(Bg) and F € MS(Bg). In other words, the graph F is the graph
composed of all black vertices of the graph G and the edges between them, and the
graph Gy is the graph composed of all vertices of the graph G and the remaining
edges. Furthermore, for each vertex v € Vp of the graph I’ we define the number
a, as the number of vertices in the connected component of the graph GGy which
contains the vertex v. With the notations from Lemma [3.5.1] the constant 5 given

by (3.5.2)) is equal to

IT a
— (_1)IVFl vEeVE
Br = (-1) g[(_D Vol (3.7.10)

where the product over G’ runs over all connected components of the graph G. In
addition, for each edge e = (i, j) € Er we define its weight as w(e) = a;.
Now we define the constant ¢, so that

ag = Br VG-
From and (3.7.10) we obtain that the constant
H KA (xv)

5 B % _ UEVGw
G ﬁF H Ay

UEBGQ)

depends only on the graph G and the decoration x.

In addition, for any set B C {1,...,k} the union of each pair of graphs
Gy € GMC(B) and F € MS(B) as above is a multi-caterpillar graph with & marked
vertices. Therefore, we can replace the sum in over all multi-caterpillar
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graphs with marked vertices by a triple sum over all possible sets of black vertices,
over multi-caterpillar graphs, and over all multi-spine graphs. It follows that

A= Y Y Yok

BC{L,....k} GEMCmark xeDg

- > Z > vafa, >, Brfr

BC{1,...k} GyegM€(B) xeD* FeMS(B)

Let B = {by,...,0;} C{1,...,k} be a fixed set and x5 = (zp,,...,Tp) be
a fixed non-black-injective decoration of B. Using the formula (3.5.1) (e.g., by
temporarily renumbering the vertices by, ..., b; into 1, ..., 1), we obtain that the
internal sum is equal to

Z 5FfF(l’bl,...,xbl) :@($bl,...,ajbl>:0

FeMS(B)

since at least one of the factors in the numerator of © is equal to zero. (Recall that
the definition of © was given in (3.4.3).) Thus A = 0 as required. O

3.7.8 The first formula for the cumulants

We denote by C{"@'% ¢ MC** the set of connected multi-caterpillar graphs with
k marked vertices. Its elements will be called caterpillar graphs with k marked

vertices.
Using Proposition we transform the formula (3.7.7) to

M, = Z ZaGfG~

GeMcpark xeDg

We can look separately at each connected component G’ of a multi-caterpillar
graph GG. The connected components correspond to the blocks of a set-partition.
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Thus

M= Y Y oacfa (3.7.11)

GeMCpatk x€Dg

= 2 12 eefe

GeMcrkr}ark G’ x€Dg

Y Y X ok

T bET G/ecll)nﬂrk x€Dgr

=>_ 11 %w

T bem

where 7 runs over all set-partitions of the set {1, ..., k}, and b runs over all blocks
of m. Above K is defined as

Ki:= > Y acfe (3.7.12)

GEC;.“&“‘ x€Dg

:% ST wae) | (=01 g

GGCJ‘.nark x€Dg \veVa

In our setting the moment-cumulant formula (3.3.1)) takes the form

My => T 5w

well, ber

(Here 7 still runs over set-partitions, and b runs over all blocks of 7.) It can be
viewed as a system of algebraic equations for the unknowns (K). This system of
equations has an upper-triangular form in the sense that the k-th equation allows us
to express the cumulant K, as the sum of the moment M, and some complicated
polynomial in the variables K1,..., K;_;. Such a system of equations can be
solved recursively and clearly has a unique equation. Equation (3.7.11)) shows that
the sequence (f( k) 1s a solution of this system of equations; since the solution is
unique, it follows that the cumulant

Ky = Ky
is given by (3.7.12) after the substitution j = k.
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(1,1) (1,2) (2,1) 2 3 5

(a) (b)

Figure 3.20: [(a)| A caterpillar graph with tagged vertices. |(b)| The same graph with
labeled vertices. The labels belong to the set {1, 2, 3,4, 5}.

3.7.9 Caterpillar graphs with labeled vertices

We say that a connected, weighted, oriented graph G is a caterpillar graph with
k labeled vertices if its vertex set is equal to {1, ..., k}, the weights of the edges
fulfill the convention (3.7.3)), and there exists some way of tagging the vertices of G
in such a way that G becomes an element of MCZag, see Section An example
of a caterpillar graph with labeled vertices is given in Figure [3.20b] The set of
caterpillar graphs with k labeled vertices will be denoted by C}2". This definition
may sound a bit abstract so we provide an alternative description below.

Note that for any connected of a graph G € MC}fg there is a unique way of
labeling the vertices so that the requirement is fulfilled, given as follows. We
start by assigning the number 1 to the unique black vertex with no incoming edges.
Then, in the order given by the weights of the edges, we number all endpoints of
the edges outgoing from this vertex number 1 by successive natural numbers. We
repeat the process at the unique black endpoint of an edge outgoing from 1, and
continue until we visit all black vertices. In this way for any edge e = (vy, vo) its
weight is equal to the difference of the labels of the endpoints: w(e) = vy —v;. The
outcome is clearly an element of C}?", and each element of C}*" can be obtained in
this way.
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Figure 3.21: An example of a caterpillar graph with £ = 7 labeled vertices. With
the notations of (3.7.13)) we have ¢ = 3 black vertices and by = 1, by = 2, by = 4;
additionally we use the convention that by = 8. The weights of the edges were not
shown.

The above procedure shows that the elements of C}*" can be characterized as
follows. For each G € C}** with the set of black vertices

Bog={bi,....b}C{l,....k}, bi<--<b (3.7.13)

we have that / > 1 and b; = 1. We will use the convention that b,,; = k + 1. The
black vertices are connected by a series of oriented edges

(bla b2)7 (b27 b3)7 ey (bf—la bﬁ)

Additionally, each black vertex b; (with i € {1,...,¢}) is connected to the red
vertices b; + 1,0; + 2,...,b;11 — 1 which immediate follow it by a collection of
oriented edges

(03 b + 1), (b bi +2), ooy (bisbipa — 1),

see Figure for an example.
In particular, since the structure of a caterpillar graph with labeled vertices is
determined by its set of black vertices, it follows that |C}2P| = 281,

3.7.10 The second formula for the cumulants

We continue the discussion from Section and revisit the formula for
the cumulant Kj. As we already mentioned, the connected graph G € C{" can
be labeled in a unique way so that it becomes an element of C}*". On the other
hand, for each graph G' € C}*", there exist k! ways to mark the vertices so that the
outcome is a caterpillar graph with £ marked vertices. In this way we proved the
following intermediate result.
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1 1

¢« u « o

1 2 1 2
(a) (b)

Figure 3.22: |(a)| Caterpillar graph with one black and one red vertices. |(b)| Caterpil-
lar graph with two black vertices.

Corollary 3.7.4. Let A be an interlacing sequence with a generic set of concave
corners. For each uy € R the n-th formal cumulant considered in Section is
given by the following sum over caterpillar graphs with k labeled vertices

Kp=Fk=10 Y > (=1%o I palzy). (3.7.14)

Gec}cab x€Dg jE{l ..... k}

For example, for k£ = 2 we obtain

Z pa(@)pa(z2) Z pa(@1)pa (w2)

T9—x +1 T9—x1 +1
r1<ug T2 2 1 + x1<ug r2<ug 2 1 +

The first summand corresponds to the caterpillar graph shown of Figure [3.22al and
the second summand corresponds to the caterpillar graph shown of Figure [3.22b]

3.7.11 Sum over non-crossing alternating trees

Proposition 3.7.5. Let A be an interlacing sequence with a generic set of concave
corners. For each ug € R the n-th formal cumulant considered in Section is
given by the following sum over noncrossing alternating trees

Kp= (k-1 > (=nPa-tyy, H ,UA ;). (3.7.15)

HeTy x€Dy je{l

.....

Ky = — Z (1, ...,z H MA%
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where

Q:k(l’l,...,l‘k) = Z (—1)|Bc‘fg($1,...,$k).
GeCpb
(11,...,$k)€DG

Similarly, the right-hand side of (3.7.15) can be written as

—(kj—l)! Z Tk($1,--~,l‘k) H MA(xj)a

L1y, TREX je{1,....k}

where

Ik(xlv"ka‘) = Z (_1)‘BH|fH(:L‘17"'7xk)'
HEeTy,
(z1,e-,x)ED Y

As a side remark note that Ty (zq,...,x) is a quantity which (up to a scaling
factor) is closely related to the random variable Z from Remark[3.3.4] The result
is a consequence of Lemma [3.7.6 below. O

Lemma 3.7.6. With the above notations,

Q:k(xh ce 7xk) = Sk(l‘h ce 756/6)

holds true for any k > 1 and any x1, ..., x; € R for which the left-hand side of
the equality does not involve division by zero.

Proof. In the special case k = 1 we have that the set of graphs C}** = T, which
contributes to &, (1), respectively to ¥; (), consists of a single element depicted

in Figure Thus

—1 1fI1 SUO,

Q:l(l’l) = 11(1’1) = {

0 if 1 > uyg.

Let k > 2. In the case when z;, < uy we obtain that
Tﬂvumwk =0

because the rightmost vertex of any non-crossing alternating tree [/ € T} is white
thus (z1,...,xy) is not a decoration of H and the sum runs over the empty set.

Let C'#P(V) and T(V') denote, respectively, the set of caterpillar graphs and
the set of non-crossing alternating trees such that their vertex set is equal to V.
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In particular C'** ({1,...,k}) = C}*> and T ({1,...,k}) = Ty for any natural
number k.

Let H € T} be a non-crossing alternating tree with & vertices. Obviously H
contains the edge e = (1, k) connecting the leftmost and the rightmost vertex. After
removing the edge e from the graph H, the resulting graph H \ e has two connected
components: H; € T;_y ({1,...,i—1}) and Hy € Ty—; ({i,...,k}) for some
i € {2,...,k}. In the special case when the graph H, consists of a single (white)
vertex, we change its color to black. This way, each non-crossing alternating tree
with the vertex set {1, ..., k} decomposes uniquely into a sum of the edge e and
two non-crossing alternating trees H; with the vertex set {1,...,7 — 1} and Ho
with the vertex set {i, ..., k}.

If i # k then (xq,...,x) is a decoration of H if and only if the prefix
(x1,...,2;_1) is a decoration of H; and the suffix (x;,...,z) is a decoration
of H,; the special case when ¢ = k and the tree H; consists of a single vertex has
to be considered separately. Therefore we obtain the following recurrence relation:

0 if 2, < wy,
Hai T ioa )
— i—1(T1yeey @i i Ty ®
zk(l'l’ e ’xk) - Z = xk*in:qul -
i=2
\ = if z, > up.

We will prove that the sequence of functions € satisfies the same recurrence
relation.

If £ > 2 and z), < ug then €(z1, ..., x;) = 0 because we can pair caterpillar
graphs from C}? into pairs that differ only in the color of the far-right vertex, and
the contribution of each pair to the sum is zero.

Let k > 2 be a natural number, let 2, > 1o and let G € C}?P be a caterpillar
graph. There is a unique path (i1, . ..,4;) with ¢ > 2 from the vertex 1 to the vertex
k which means that iy = 1 and i, = k, and (i1, i2), (i2,3), - - ., (i4-1, %) € Fg. In
the special case when e = (1,k) € Eg, we have t = 2 and e; = e. Using the
telescopic sum

t—1

xk_xl+k._1:2(xij+1 —.I'ij+’ij+1—’ij)
j=1
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we obtain

t—1

e —l’i.+ij+1—ij
fG(mla"'axk):Z J;ﬁ'lk—x]l—l-k’—l fG(xlw"axk)
j—l

_ Z fg\e] L1y .. Qi’k)

= k—l’l‘i‘k—l

where G \ e; denotes the graph G with the edge e; removed. Therefore,

- \B ‘ fG’\eJ Ty xk)
Q:<x1a"'7$k)_ Z Gzl'k—fl—‘—k'—l

GeClab J=1
(#1,...,x)EDG

In addition, every graph G € C}* after removing any edge e; splits in a
unique way into the sum of two caterpillar graphs G; € C}h ({1 1= 1})
and G» € C ., ({i,...,k}) for some i € {2,... k}. In the special case
when ¢ = k and the graph G5 consists a single (red) vertex, we change its
color to black; this case will require separate analysis. In this way we can write
&(z1,...,7x) as a triple sum over all possible choices of the number 7, over all
graphs
Gy € C™ ({1,...,i— 1}) and over all graphs G5 € C}**, | ({i,...,k}), ie.,

Q:(xla"wmk) =

-1

N

> y e e,
xp—11+k—1
G Gclabl({l, Z 1}) G2€C}fﬁ’i+l({i,...,k}) k !
(#1,.53-1)EDG, (%5 )EDGy

_1 |BG1‘
n Z (=1)Pelfa,
T — 1+ k—1
Glec;ilq(g,...,kq})
Bg,CB

[|
¥

i

o

1
Cima(mr, o i) @i (T ooy xg) Cpog (21,00, Tg1)

.Tk—ZL’1+I€—1 ZEk—I1+I€—1

s
[l
v

if zp > wug.
The sequences of rational functions €, and T satisfy the same recurrence
relation and have the same initial condition, which completes the proof. [
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3.7.12 Proof of Theorem 3.3.2

Proof of Theorem When the number v is not an integer, we apply Lemma|[3.6.2]
and evaluate the cumulant K}, (A€, ug) using Proposition
However, when the number u is an integer, the theorem is satisfied for any
number u € (ug, ug + 1), as shown above. Since Fr(ug) is a right-continuous
function, then
FT(U()> = lim FT(U),

uU—UuUQ

and Theorem [3.3.2] also holds for the number wq. O
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