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Abstract

We use representation theory of S), to analyze the mixing of cycle type statistics
aj(o) = {# of j-cycles of o} for any fixed j in permutations o; resulting from the ¢-
step random transposition walk on S,,. We also derive analogous results for the star
transposition walk. Our approach uses the method of moments; a key ingredient
is a new formula for the coeflicients in the irreducible character decomposition of
the Sy,-class function (a;)" (o) = {(# of j-cycles of )"} for any positive integers 7, j
when n > 2rj.

Mathematics Subject Classifications: 05E10, 60B15, 20C30

1 Introduction

In the symmetric group S, it is well known that for any fixed positive integer j, the num-
ber of j-cycles of a uniformly random permutation converges to a Poisson(1/j) random
variable as n — oo; see for instance [2|. In this paper, we examine the distribution of
j-cycles of random permutations obtained by sampling from the ¢-fold convolution of a
probability measure defining one of two simple random walks: the star transposition walk
or the random transposition walk, both defined in Section 2. We leverage the “method of
moments” [7], so it is useful to know that a Poisson(A) random variable has rth moment
equal to

ZT: S(r,a)\?,
a=0

where S(r,a) is the Stirling number of the second kind, the number of set partitions of
[r] into a blocks.

Let us clarify some notation on partitions before proceeding. We say that a weakly
decreasing sequence of nonnegative integers A = (A1, Ag,...) denotes a partition of size
|A|. We write \; for the size of the ith part of A\, and d) for the number of standard Young
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tableaux of shape \. We write A - n when |\| = n and frequently identify A\ with its Young
diagram. If A = (A1, \g,...), we use X to denote the partition obtained by transposing
rows and columns of A and ) to refer to the partition (A, A, . ..) of size |A| = |A\| — A\; so
that A = (A1, ). We say o € S, has cycle type a = (1™2™2 ... p™) if ¢ has m; j-cycles
for each j between 1 and n. The cycle type of a permutation determines which conjugacy
class of S, it belongs to. We will write partitions o = n indexing conjugacy classes in
decreasing order of cycle length; for example, the conjugacy class of a transposition is
indexed by the partition (2,1"72).

Our approach will use representation theory of S, to compute the moments of the
class function

aj(0) = {# of j-cycles of o}

over probability measures of interest. This analysis uses Theorem 1, our central algebraic
result, which gives the irreducible character decomposition of the class functions

(a;)"(0) = {(# of j-cycles of 7)'}

for any positive integers r, 5 when n > 2rj.

Theorem 1. Let r,n € N, j € Z>1, and 0 € S, with n > 2rj. Let

(a;)" (o) = {(#j-cycles of 0)"}.

Then we have the irreducible S, -character decomposition:

(a;)" = ]ir (Z mi,rXA> :

AFn

The (signed) integer multiplicity mf{ﬂ, is 0 unless X = (n — tj,\) for t € Ng,. For

A= (n—tj,N), it is given by
I A XT:S( ) a\ r—qa
mh, = Xy ra)l, )i
a=t

where X?\jt) is the irreducible Sij-character indexed by A evaluated on conjugacy class (5*)
and S(r,a) denotes the Stirling number of the second kind.

This decomposition is new for r > 1 except in the case that j = 1 (fixed points), where
it is known by several methods [5, 11, 13]. Its proof is inspired by the restriction-induction
Bratteli diagrams of Benkart, Halverson, and Harman [5], discussed in Section 6. The
irreducible character decomposition of a; is given by Alon and Kozma in [1] and stated
in Section 2.1. Additional context and representation-theoretic background for Theorem
1 is also given in Section 2.

We obtain three main results concerning the limiting distribution of cycle type statis-
tics in the star transposition and random transposition walk settings by applying Theorem
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1. Both walks are defined in Section 2.3, where an overview of a rich literature of related
results can also be found. We believe that Theorem 1 can be applied to analyze finite
j-cycle mixing in other random walks on S,, such as the random i-cycle walk as well.

The first application establishes a Poisson limiting distribution for the number of fixed
points in permutations obtained from ¢ = |nlogn+cn| applications of star transpositions.
Theorem 2 requires only the known j = 1 specialization of Theorem 1 given previously
by each of [5, 11, 13].

Theorem 2. For ¢ a fized real number, the distribution of the number of fixed points
after multiplying |nlogn + cn| star transpositions starting from the identity converges to
a Poisson(1 + e=¢) limit as n — oo.

This result parallels a recent result of Fulman [13], who used the method of moments
to prove a similar limiting Poisson distribution for fixed points of permutations obtained
via i¢-cycle shuffling. Since the total variation limit profile for this walk established by
Nestoridi [20] coincides with the same timescale, |nlogn + cn|, Theorem 2 confirms that
fixed points are among the last permutation statistics to mix for this walk.

The second application, Theorem 3, shows that, for 7 > 2, the finite j-cycles mix
considerably faster than fixed points in the star transposition setting, the critical timescale
being just |cn| many steps with ¢ a positive real number.

Theorem 3. Fiz an integer j > 2 and a real number ¢ > 0. The distribution of the
number of j-cycles after multiplying |cn| star transpositions starting from the identity

converges to a Poisson %(1 — e ) limit as n — 0.

Our final result describes the limiting distribution of finite j-cycles and their critical
timescale for mixing in the random transposition walk setting.

Theorem 4. Fix a positive integer j and a real number c. The distribution of the number
of j-cycles after multiplying L%(log n+(j—1)loglogn+-c)| random transpositions starting

from the identity converges to a Poz‘sson(%(l + e%)) limit as n — oo.

Theorem 4 generalizes a result of Matthews [18] that the fixed point count converges
to Poisson(1 + e~¢) after [ (logn + )| steps. In addition, it establishes a hierarchy of
critical windows ¢; >ty > --+ > ¢; = | (logn+ (j — 1) loglogn +c)] for the convergence
of finite-cycle statistics to their stationary Poisson laws.

Let us now give some probabilistic intuition for Theorem 4. We can see that at least
the mean number of j-cycles claimed at time ¢; is approximately correct using the Erdds—
Rényi random graph associated with the random transposition walk. Concretely, let
G = (V, E;) with vertex set V' = [n] and edge set E; containing edge (i, 7) if transposition
(77) has been selected and applied in the first ¢ steps of the random transposition walk.

Then G; = G(n, p;) with
1\ !
n
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where G(n, p) denotes the Erdés—Rényi random graph on n vertices with probability p of
any given edge being present. The Erdés—Rényi theorem then says that after t ~ cn steps
with ¢ > 1/2, a macroscopic connected component C; of size ©(n) exists in G; with high
probability. A conjecture of Berestycki [26, Conjecture 1.3] asserts that permutations
obtained from ¢ steps of the random transposition walk restricted to positions labeled
by vertices in C; are approximately uniformly distributed in Sj,|. Thus at time ¢; ~
2%. logn > %, we expect 1/j finite j-cycles to come from C;, .

Outside of C;;, we reason as follows. Gy, ~ G(n,p;,) with p,, = 1 — exp(—tj/(g)).
Because p;; — 0 as n grows, the probability that any connected component of size j
in G(n,py;) is a tree of size j is asymptotically 1. Now let E [T}] denote the expected
number of trees of size j in Gy;. One can check that, asymptotically,

which is already known from the theory of random graphs [3, Theorem 5.4]. Since repeated
transpositions occurring within connected components of size j are very unlikely (by the
same reasoning that finite-sized connected components are almost all trees), these trees
of size j each contribute (1 — 0,(1)) j-cycles, bringing the total expected number of j-
cycles in a permutation obtained from a random transposition walk of length ¢; steps

asymptotically to
1 e ¢

joog-at

The remainder of this paper is organized as follows. Section 2 provides useful facts
from the representation theory of S,, and symmetric function theory in 2.1 and 2.2; it
concludes with background on the random transposition and star transposition walks
including a framework for their representation-theoretic analysis in 2.3. Theorem 2 is
proved in Section 3, which examines the mixing of fixed points after repeated application
of star transpositions. Section 4 treats finite j-cycle mixing in the star transposition
setting and proves Theorem 3. Section 5 is dedicated to the mixing of finite j-cycles in
the random transposition walk setting and proves Theorem 4. Finally, Section 6 contains
proof of Theorem 1 using combinatorial tools.

2 Preliminaries

2.1 Representation theory of S,

In this section, we introduce some basic facts from the representation theory of S,, that
will be useful for our analysis. For a more thorough reference, see Sagan [24] or James
and Kerber [16].

The irreducible representations of S,, over C (isomorphic to Specht modules) are in-
dexed by partitions of n, and a classical result (Maschke’s Theorem) says that every
finite-dimensional representation of 5,, over C decomposes into a direct sum of irreducible
representations. We let S* denote the irreducible representation of S, indexed by A F n
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and x* denote its character, i.e. x*(o) = Tr(S*(o)). With A\, a F n, we write x to
denote the value the irreducible S,-character indexed by A evaluated on conjugacy class
. We assume familiarity with the Murnaghan-Nakayama rule, stated below.

Theorem 5. [24, Theorem 4.10.2] If A\ n and o = («v, ..., qx) is a composition of n,

then
Xa= Y, (=DM
puFn—ag
A a rim-aq hook
where & = a/a; = (ag,...,ar) and a Tim-aq hook is defined as a rim-hook having o
cells.

Identifying A with its Young diagram, the dimension of the irreducible representation
S* is equal to dy (equivalently Xf‘ln)), given by the famous hook-length formula of Frame-
Robinson-Thrall [14]:

dim S* = dy = o (1)
[Toex (D)
where h(O) is the hook-length of a box O in .
A function f : G — C is called a class function if it is constant on conjugacy classes of
G. The irreducible characters of S, form a basis for the complex vector space CF(S,,) of
class functions on S,,. Let R(S,,) denote the Grothendieck group of finite-dimensional S,,-
representations, so that R(S,,) ®z C consists of complex linear combinations of irreducible
representations (irreps for short). The character map induces an isomorphism

R(S,) ®zC — CF(S,),

and therefore every class function can be viewed as the character of a (complex) virtual
Sp-representation. We will consider class functions such as a;(0) = {# of j-cycles of o}
and the corresponding virtual representations p,, .

As an example, let o,, denote the n-dimensional defining representation of S,,, which

decomposes into irreps as
0n = S @ gn—11)

At any o € S, the trace of g,(0) is exactly the number of fixed points of ¢, which makes
it identical to p,,, which has the class function a;(c) = {# of fixed points of o} as its
character. Thus we have the irreducible character decomposition:

a; = ™ + (D

Alon and Kozma [1] provide an irreducible character decomposition of a; in general;
a specialization to the case n > 27 is given as Theorem 6 below.

Theorem 6. [1, Theorem 3] For 1< j < 3,

1 C o
aj =~ (1 + ) (=) >) . (2)
=0
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Now let 1;(c) denote the class function ja;(c) = {j (#j-cycles of o)} and let py, be
the (unique) virtual S,-representation with character ¢;. Translating Equation (2) from
characters to representations and letting ‘4’ and ‘—’ denote formal sum and difference
gives, for n > 27,

7j—1
pu, = S0 £y (—1)iS I, (3)
=0

One reason we consider py, instead of p,; is that the signed multiplicities of irreps

in the irreducible decomposition of pg are integers. These are precisely the coefficients

m{hr appearing in Theorem 1. We will see in Section 6 how to compute tensor powers
of py, using a restriction-induction Bratteli diagram, which in turn affords us the ability
to express the class function (a;)"(0) = {(#j-cycles of ¢)"} as a linear combination of
irreducible characters for any 7, j when n is large enough.

2.2 Symmetric and shifted-symmetric functions

We briefly recall some aspects of symmetric function theory used in Sections 5 and 6.
Standard references are Macdonald [19, Chapter 1] and Sagan [24, Chapter 4]. For ad-
ditional background on shifted-symmetric functions, see Okounkov and Olshanski [22] or
Okounkov and Pandharipande [23].

Let

A:@An

n=0

denote the graded ring of symmetric functions over Q, where A,, is the space of homoge-
neous symmetric functions of degree n. For a partition

a=(1"™2m2...) Fn,
define

zo = | [i™ @ m; ().

The power-sum symmetric functions are

pk:ZIf7 pa:Hpam
%

i1
and {p, : o F n} forms a basis of A,,. Another distinguished basis is the Schur basis
{sx : AFn},
which is orthonormal with respect to the Hall inner product,
(Sxs8u) = O

or equivalently,
<poz> pﬁ> = Za 504,8'
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The transition matrix between the Schur and power-sum bases is given by the irre-
ducible characters of the symmetric group. Writing x2 for the irreducible character of S,
indexed by A F n, evaluated on the conjugacy class of cycle type a - n,

=) &pa, Pa =D _ XS (4)

akFn AFn

This correspondence is encoded by the Frobenius characteristic map

ch: CF(S,) — A, _y e

Ra

where CF(S,,) denotes the space of class functions on S,,. In particular,
ch(x?) = sy.

Moreover, ch is an isometry between the standard inner product on class functions,

Fa)s. =5 3 Selglo) = 3 L)

" 0ES, akFn

and the Hall inner product on A,. Consequently, the orthogonality relations

Ay B
XaX
FEEE =Gy D XaXs = Zadap,
abn o AFn

translate precisely into the orthogonality of the Schur and power-sum bases.
Many operators arising in algebraic combinatorics are diagonal in the Schur basis. If

T An — An, T(S)\) = 9)\8)\,

then the eigenvalue function
A— 0 A

completely determines 7T'. Throughout this paper we freely pass between Schur-diagonal
operators and their eigenvalue functions on partitions.

Unlike ordinary symmetric functions, these eigenvalue functions naturally depend on
the shifted row coordinates of a Young diagram. To study such eigenvalue functions, it is
natural to work in the algebra of shifted symmetric functions, denoted A*. Following Ok-
ounkov and Olshanski [22], A* is the filtered algebra obtained as the inverse limit of shifted
symmetric polynomials, namely polynomial functions in the shifted row coordinates

that are symmetric in the variables x, s, ... and satisfy the usual stability condition.

Unlike the ordinary symmetric-function ring A, the algebra A* is naturally filtered, not

graded. The filtration is inherited from polynomial degree in the shifted coordinates:
ALy CAL CAL C -

?
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where A%, consists of shifted symmetric functions of shifted degree at most d.
A particularly useful family of shifted symmetric functions is given by the shifted
complete homogeneous symmetric functions i, defined by the generating series

U+ hi(A) r
i>1 r=0

which appears as Equation (12.3) of [22]. Okounkov and Olshanski prove that h} has

shifted degree r, that is,

hy € AZ,,

and that the family {h!},~o generates the filtered algebra A*. The generating series (5)
will play a central role in the proof of Lemma 22.
Another important generating family is given by the shifted power sums

PE(N) = ; [(/\ —z'—I—%)k— (—@'+ %)k

each of which has shifted degree k.

The main role of A* in this paper is to organize eigenvalue functions of Schur-diagonal
operators. Whenever an eigenvalue function can be recognized as a polynomial function
of the shifted row data of a Young diagram A, it determines an element of A*.

An example meriting further discussion is the cut-and-join operator on A, defined
by

k>, (6)

1 o 0
A=— a+b + = ab 7
5 > JPapy 75— T Z Path 55 (7)
a,b>1
Since A preserves homogeneous degree, it restricts to an endomorphism of each A,,.
Under the Frobenius characteristic map, left multiplication by the transposition class sum

in the center Z(C[S,]) corresponds precisely to the operator A. Since C(q) is central, it
acts by a scalar on every irreducible representation S*, and consequently A acts diagonally

on the Schur basis:
K(N)

2

Z)\ —2i+1)

is a shifted symmetric function of shlfted degree 2.
The terminology “cut-and-join” reflects the combinatorics of multiplying a permuta-
tion by a transposition. If the transposition exchanges two elements lying in different

AS)\ =

SX,

where
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cycles, those cycles merge into a single cycle; if it exchanges two elements lying in the
same cycle, that cycle splits into two. Correspondingly, writing

A:A++A_,

where

1 0 1 0 0
Ay = 3 Z(a+b)papb 5 ; A_ = 3 Z ab patb e Oy

a,b>1 Pa-+b a,b>1

the operator A, replaces one factor p,., by the product p.py, thereby increasing the
number of parts of the indexing partition by one, while A_ similarly decreases the number
of parts by one. Thus the two differential operators exactly mirror the two possible
outcomes of multiplying a permutation by a transposition.

This combinatorial interpretation will play an essential role in Section 5. Although
the eigenvalue function x(A) has shifted degree 2, multiplication by the transposition class
sum changes the number of cycles in a conjugacy class by at most one. Consequently, if

P, = span{p, : ((v) < (},

then
A(P<r) € Py

This fundamental property of the cut-and-join operator is used throughout Section 5.

2.3 Evolution of cycle type statistics over random walks

In this subsection, we make clear how one can make use of representation theoretic tools
to analyze the distribution of a statistic of interest as it evolves over the course of a
random walk on S,,.

Definition 7. Let P be a probability on a group G. The Fourier transform of P at
representation p is defined as P(p) = >~ P(9)p(9).

Suppose we have a random walk on G governed by probability law P. Concretely, we
mean that at each step we begin at element g € GG, sample an element A € G according
to P, and proceed to element hg € G. When we take multiple steps, say t of them,
each according to P, the result is equivalent to sampling A’ € G according to the t-fold
convolution measure P*' and stepping from g to h/g. A convenient property of the Fourier
transform (see Exercise 1 in [9]) is that

~

P*(p) = P(p)".

A natural way to study the evolution of a statistic over a random walk is to examine
the moments of its distribution after ¢ steps. Theorem 8, used implicitly by Fulman
[13], Diaconis [8], and others, explains a key connection that makes representation theory
useful in the study of random walks on S,,.
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Theorem 8. Let t € N, P a probability on S, with Fourier transform ]3, and v an
Sp-class function with irreducible character decomposition

v = Z CAX>\7

AFn

where the ¢y are C-valued constants. The expectation of v after t steps of a random walk
on S, governed by P starting from the identity permutation is given by

Epst[v Z cxIr ( ) .

AFn

Proof.

Ep-c[v] = )~ P*(m)v(m)

ﬂ'ESn

= Z P(m) Yy exM(m)

A-n

—ZC)\ZP*t )Tr(SA ()

=Y o (Z P*t(W)SA(W)>
Y (ﬁ?t(sk))
- ZC)\TI“ (ﬁ(S’\)t> . O

This gives us a highly flexible tool for analyzing random walks on S,;; for any statistic,
shuffling law pair (v, P), we can compute Ep«[v] for any t given only the irreducible
character decomposition of v and some knowledge of IS(S)‘). The irreducible character
decomposition of class function (a;)"(0) = {(# of j-cycles of ¢)"} will be a main concern
of Section 6. Let us conclude this section with a discussion of the two shuffles we analyze,
including expressions for their respective probability law Fourier transforms at any given
irrep S*. Note that we use walk and shuffle interchangeably to describe permutation
mixing processes throughout the paper.

Definition 9. The star transposition walk is defined by the probability measure )
on S, as follows.

—if 7 is one of the transpositions (17) 2<i<n.
Q(m) = .
0 otherwise

The star transposition shuffle, a natural variant of the random transposition shuffle,
was first analyzed by Flatto, Odlyzko, and Wales [12], who found the eigenvalues of the
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associated Markov chain using representation theory. Diaconis [8] subsequently proved a
mixing time of |nlogn + cn| steps, also using representation theory. He also found the
mean and variance of the distribution of fixed points after applying |nlogn + cn] star
transpositions both converge to 1 4 e ¢ for fixed ¢ as n — co. More recently, Nestoridi
[20] proved the total variation limit profile.

We follow the convention of [12], excluding the identity step as a valid star transpo-
sition, while [8] and [20] allow it. The eigenvalues of the Markov chain associated with
the random walk are nearly equivalent in either case and the asymptotics of the walk are
unaffected by the exclusion.

It is notable that () is non-constant on conjugacy classes, yet representation theory is
still useful in our analysis. The reason is that Q(S?) is diagonal in a suitable basis [8],
and we can still find a compact expression for Tr(@ (SM)?Y). The following Lemma, adapted
from [8], gives such an expression.

Lemma 10. Let Q) be the probability law on S, given by definition 9 with Fourier trans-
form Q, S* the irrep indexed by A\ - n, and t € N. Then

(@) = S (251

where \' denotes the partition of n — 1 obtained by removing an inner corner from the
ith row of X, and \; denotes the length of the ith row of \. The sum ranges over all
valid inner corner removals from X\, equivalently over all i such that \* has a valid Young
diagram.

We now turn our attention to the random transposition walk on S,,.

Definition 11. The random transposition walk is defined by probability measure P

on S,, as follows.
Ao if 7 is a 2-cycle
P(r) =4 ()
0 otherwise

A seminal paper of Diaconis and Shashahani [10] showed that the walk undergoes a
cutoff in total variation mixing after §logn steps with window size O(n). More specifi-
cally, they showed that if t = [Z(logn + ¢)], then

dT\/(P*t, U) TH—OO> 0 and dTv(P*t, U) M—OO> 1,

c— 00 c——00

where we denote the uniform measure on S,, by U. The total variation limit profile,
dry (P**,U) = dpy(Poisson(1 + ), Poisson(1)),

was later proved by Teyssier in [26]. The distribution of the number of fixed points after
t steps was shown to be Poisson(l 4+ e~¢) by Matthews [18]. On timescale ¢, the total
variation distance to stationarity of the walk mirrors exactly the distance between the
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fixed point count distribution under P*' and its distribution under the uniform measure
U, the stationary distribution of the walk. This fact is more than coincidence, as recent
results of Jain and Sawhney [17] and Teyssier [27] demonstrate.

One hope is that the analysis of finite j-cycle mixing can be extended to other random
walks of interest on S, such as the random i-cycle walk, a generalization of the random
transposition walk. A Poissonian total variation limit profile [21] and limiting distribution
of the fixed point count [13] were both proved recently in this setting.

The following Lemma will be useful for analyzing j-cycle mixing in the random trans-
position setting. It is well-known; see for instance [9] or [13].

Lemma 12. Let P be the probability law on S,, given by definition 11 with Fourier trans-
form P, S* the irrep indexed by A\ n, and t € N. Then

AN
Tr (P(SW) = d, (X—) ,
dx
where 2 is the character of S* evaluated on the conjugacy class (2,1"72) of permutations
containing a single transposition and n — 2 fixed points.

3 Fixed points and the star transposition walk

Using a method of moments, Fulman recently proved that the limiting distribution of the
number of fixed points after applying ¢; = [inlogn + cn] random é-cycles for i > 2 and
¢ € R fixed converges to a Poisson(1 + e~%) distribution as n — oo [13]. We show that an
analogous result holds for the star transposition walk, using k& as the step count in place
of t in this section to avoid confusion with the number of boxes ¢ below the first row in
partitions A = (n — t, \), which will be germane.

Recall the preliminaries of Section 2.3. In particular, we know the form of Tr(Q(S*)%)
(Lemma 10) for probability measure @) on S, given by definition 9 and its Fourier trans-
form Q (definition 7).

Proposition 13. The rth moment of the number of fived points after applying k star
transpositions starting from the identity is equal to

S Y (251) i,

AFn )\

where \' denotes the partition of n — 1 obtained by removing an inner corner from the
1th row of the Young diagram of A and miﬂ, is the coefficient of S* in the irreducible
decomposition of 0% .

Proof. The class function a;(0) = {# of fixed points of ¢} is equivalent to the character
of 0n = pa,. Thus, (a;)"(0) = {(# of fixed points of )"} is equivalent to the character of
02" and has irreducible decomposition

(a)" = mi ™
AFn
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By Theorem 8 and Lemma 10,

Egtl(@)] =32 dx (fj__ i )m

AR )i

which finishes the proof. ]

Our task now is to evaluate the limit of this expression as n — oo for k = [nlogn-+cn]|
with ¢ a fixed real number. We make use of the following Lemmas.

Lemma 14. If A = (A, \) is a partition of n with \y = n —t where n —t >t and \' is
the partition of n—1 formed by removing the inner corner from the first row of the Young

diagram of X\, then
dy ds
nt ot
as n — Q.

Proof. Applying the hook-length formula for dy:, we have

d)\l (n - 1)‘
o ®)
n ntlhyi (i, 7)

Note that A' = (n —t — 1,)) and that X} is the number of cells in column j of A

(allowing 0 if A has fewer than j columns). Now, writing out the hook-lengths of the first
row of A\!, we can expand (8) as

dy (n—1)!

nt optn—t—1+N)n—t—2+ X)) (n—2t+\)(n— 2t — )TThs(i, )

Since 22:1 5\;- = ‘5\’ ! = ‘5\‘ = t, notice that there are exactly ¢ multiplicative terms in the
denominator between (n — 1) and (n — 2t). Thus, as n — oo,
dy 1 _dx 0O

= =,
nt IThs (i, 7) t!
Lemma 15. If A is a partition of n satisfying \y = n—t where t s fixed, then for fixed c,

N — |nlog n+en] €_tcd5\
dyi . — 9
S (=) 0
as n — Q.

Proof. Note that for ¢ > 1,
<N —i<t—2.

Thus the sum (9) depends only on the term corresponding to A\! as n — oo:
| |nlogn+en|
A .
n—1
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Multiplying and dividing by n* and ignoring (asymptotically irrelevant) requirement that
the step count be integer-valued, we’ll compute the limit of

d)\l . (n—t— 1)nlogn+cn

Fn n—1
By Lemma 14,
d)\l dj\
nt

Now observe that

n—+—1 nlogn+cn ¢ nlogn+cn
- v - — (1=
< n—1 ) ( n— 1)

t
= exp((nlogn+cn) log <1 - —)) :
n—1

log(l — z) = —x + O(2?),

Using

we obtain

t tn(l ]
g+ enlog (1= 1) = ~EEES o (28,

Since O(logn/n) = o(1),

(1 _ ! )mgnm — exp (—M 4 0(1)> — e (14 o(1)).

n—1 n—1

Therefore

¢ nlogn+cn
nt (1 — 1) — et
n J—

and the result follows:

>\i o |nlogn+en) 7tcd’
E d)\i ! — ¢ A . O
v n—1 t!

We are now ready to prove Theorem 2.

Proof of Theorem 2. By Proposition 13 and Theorem 2.1 of [13], the rth moment of the
number of fixed points after k£ star transpositions is equal to

;S(T, G)ZZdA/(n_a)d)\i <n — 11) .

AFno e
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Since a Poisson(\) distribution has rth moment . _, S(r,a)A\?, it is sufficient to show

that as n — oo,
N — [nlogn+en|
dx/tm-aydyi | —
5% a2 (10)
A )@

tends to (1 + e )%
Rewrite (10) as

a )\Z i [nlogn+cn]
S S iy (n - 1) | (1)

t=0 ArFn A\t

A=n—t
a
dx/(n—a) = dy <t)

a a )\Z . [nlogn+ecn|
<t> > didy (n — 1) . (12)

t=0 AFn 2\
A1=n—t

For fixed a and n large enough,

Thus (11) becomes

By Lemma 15, this tends to

as n — o0o. Finally, since

(13) simplifies to

as needed. O

4 Distribution of j-cycles in the star transposition walk

The goal of this section is to prove Theorem 3 describing the distribution of j-cycles after
a star transposition walk of k = |en| steps for ¢ fixed in R*. Throughout this section, we
will assume that n > 2rj, which is reasonable since we care about the limiting distribution
as n — oo.

Recall that we write a; to denote the S,-class function a;(c) ={# of j-cycles of o}
and 1; for the class function (o) = {j (#j-cycles of 0)}. Meanwhile p,, and p,, are the
unique virtual .S, representations with characters 1, and a; respectively.
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Let us begin by assuming the hypotheses of Theorem 1 and inspecting the integer

coefficients mf\ﬂ,. Since mf\’r = 0 unless A = (n — tj,A), we can decompose the class
function (¢;)"(0) = {j"(#j-cycles of o)} as

()" =2 D mi i XY (14)

t=0 \-tj

J

We can further decompose the coefficient M i
n—tj,\),r

as

J

_d A
m(n—tj,j\),r - CZ:TX(jt)’

where the (nonnegative integer) coefficients cg’m are given by Theorem 32 and do not
depend on A. Applying this insight to Equation (14), we have the class function decom-
positions

(W) =D, > X" (15)
t=0 A-tj
and
. 1K 5 (netis
(a;)" == el > xgox" . (16)
TS N

Let us proceed by analyzing the inner sums of Equations 15 and 16 above.
Definition 16. Define the cluster of characters indexed by j and t as
D D S
-t
where n > 2tj is assumed.

This definition will prove useful. For now, notice that we now have the simplified

decomposition:
,

()" =Yl K, (17)
t=0

where the constants c;r are given by Theorem 32 in Section 6. As an example, based on
Figure 2 in Section 6, we can write

(1h2)? = 3K{ + 4K7 + K3,

so we have ¢, = 3, ¢, =4, and ¢, = 1. Note that ¢/, = 1 always.
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4.1 Expectation of clusters

Let us begin with a powerful and surprising lemma, and then discuss its implications for
computing moments of clusters over the k-fold convolution of probability measure ) on

Sh.-

Lemma 17. Let € denote the identity permutation in S,. For fived r,j € N with j > 2
and any n = 2rj,

Kg<€> = Z X?j”")d(n—’r‘j,jx) = (_1)T
AFrj
Proof. The proof proceeds using strong induction. Let us first check the base cases.

Case 1: r = 0. The r = 0 case is trivial since m’, = mgnm = 1forany j > 2 and d(,) = 1.

Case 2: r = 1. For the r = 1 case, we need to check

—

.

(_1)id(nfj,j7i,1i) - —1

Il
o

7

Recall the irreducible character decomposition of );:

—_

jf
Uy = X+ D (1), (18)

%

I
o

Evaluate (18) at the identity permutation, € in S,. The left hand side is 0 since the
identity contains no j-cycles when 7 > 2. The right hand side is

j—1
1+ Z(—l)ix("*j’j*i’lz) (€).

1=0

For the right hand side to equal 0, it must be that >>7-)(=1)"x (== (¢) = —1. Now
recall that the character of a representation of S,, evaluated at the identity permutation
is simply the dimension of the representation and the » = 1 case is satisfied.

Case 3: r = 2. The r = 2 case is checked in a similar fashion. Theorem 32 tells us that:
(15)* = (G + DE + (j + 2) K] + K3,
Evaluating both sides at € € .S,, and using the base cases already checked gives
0=j+1—(j+2)+Ki(e),

implying KJ(e) = 1 as desired.
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Now assume for the inductive step that K7 = (—1)" for all r such that 0 < r < m.
Consider the cluster decomposition of (v, )erl evaluated at the identity permutation
e€ S,

3
s

(wj)mﬂ(ﬁ) = sz-i-lKg(e)

t=0

I
NE

Cz,m ( )+C] +1,m+1 m+1( )

-
Il

0
m+1

—~

Ms

*

S(m+1,a)5™ “(j)(—l)t—i—KZHl(e),

t

I
=)

a=t

with (%) by applying Theorem 32. Since (¢;)"(€) = 0, it suffices to show

- K0 = 3 30 S0m + 1y (§) 1) (19)

t=0 a=t
Separating the m + 1 term again, the double sum expression above is equivalent to
m m ‘ - a m m -+ 1
>3 stm+ aree ()3 (M) (20)
t=0 a=t t t=0 t

Swapping the order of summation and rearranging the second sum means (20) is equiva-
lently

m a m+1
1
Z S(m + 1’ a)jm+1_a Z (CL) (_1)t + Z (m -+ )(_1)15 o (_1)m+1. (21)
a=0 = \! =0 t
Finally, applying the Binomial Theorem to (21) simplifies (19) to

— K (e) = —(=1)"",

and we are done by strong induction. O]

4.2 The limiting rth moment of a;
We require a few more Lemmas to compute the limiting expectation of (a;)" over Qrlend.

Lemma 18. If A is a partition of n satisfying Ay = n —t where t is fived, then for fixed
real number ¢ > 0,

Len]
) —e ' (22)

. de ( .

as n — Q.
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Proof. Note that for ¢ > 1,
—t< N —i<t—2.

Thus the sum in (22) depends only on the term corresponding to A\' as n — oo:

n—t—1)\
T )

1 n—t—1\" £\
—dy | ——— =(1- — et
dy ( n—1 > ( n— 1) “

as n — oo as claimed. O

Now observe that

With the lemma in hand, we can immediately obtain the limiting expectation of cluster
K} over the k = |cn|-fold convolution of @, the defining probability measure of the star
transposition walk.

Lemma 19. Let Q be the probability measure on S, given by Definition 9 and k = |cn
for real number ¢ > 0. Let j > 2 and K] be the cluster of irreducible S,-characters
previously defined in this section. Then,

Eg-+[K{] — (—1)te™",
as n — oQ.

Proof. Let A = (n —tj,\) and \* denote the partition of n — 1 obtained by removing an
inner corner from the i¢th row of the Young diagram of \.

Equ[K7] = 3\ Tr (@(SA)LC"J>

A-tj
~ N — len |
_ A . ?
=St X (757
A-tj i
-\ Len) -\ Len)
_ t] 3 /\Z — 1
-t (1-757) X T (7))
4 n—1 4 . n—1
ARtj At 22

Taking the limit as n — oo, we have

N
. t -
Eg.[K7] — lim (1 S ) D x{mda | +0

n—00 n—1 £
Netj
. i\ %
=t (12) i S
-t

— (_1)te—tjc,
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with the final equality by noting that

ZX (n—1—tj,\) — (_1)t

N7
for any j > 2 and n > 2t5 by Lemma 17. O]

We are now ready to prove Theorem 3, which provides the limiting distribution of
j-cycles for j > 2 after repeated application of star transpositions.

Proof of Theorem 3. We can expand (a;)" in terms of clusters with coefficients given by
Theorem 32. For any r, with k = |en| and ¢ € RT, we have

lim Eqge[(a;)] = lim Ege F ch,rf(g]

n—oo n—oo j —0

=— lim Eq [K7]
Z, 0

n—oo

g

t=0 a=t

- = (ti;(—l)te-m Z S(r.a) (t)g) .

Meanwhile, a Poisson distribution with parameter %(1 — €77¢) has rth moment

S S —1)'e (") by binomial i
; (r,a) Z T, a) Z( )'e <t> y binomial expansion

=0
I r—a _1\t,—tjc a
= ZS r,a)j Z( 1)'e (t)
t=0
IR .
= — (Z:(—l)tetjC Z S(r,a) (j) j’"“) by reversing the order,
J t=0 a=t

which matches exactly our expression for the limiting rth moment of a; over Q*l". [

5 Distribution of j-cycles in the random transposition walk
In this section, we compute the limiting raw moments

lim Epe;[(a;)"]

n—oo
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of the number of j-cycles after ¢; = L%(logn + (j — 1)loglogn + ¢)] steps of the random
transposition walk started from the identity for ¢ fixed in R.

The goal of this section is to prove Theorem 4. Notice that, unlike in the star trans-
position setting in which fixed points mix slower than larger finite j-cycles, Theorem 4
generalizes to fixed points as well. In this setting, we cannot rely on a dominant eigenvalue
argument to prove a random transposition analogue of Lemma 19 because of differences
of order n~2 in the character ratios,

Xs_n t5,\)
d(n—t33)

Y

depending on A which remain asymptotically significant when raised to the power t; =
©(nlogn).
To begin, see that by Theorem 8, Equation 16, and Lemma 12, we have

lim E,«;|(a = lim — m3 ,Tr( P(SMt
Tim Epey (0,)'] m]; | Tr(P(5)")

tj

- jm ()
At ti
> St ()

t=0 AHtj (nftj»)‘)

At t

:—Zc’j lim ZX (T—> .
T o0 (7t 4 (n—t5,3) -
R Ain—173

A Poisson distribution with mean A = %( 1 + x) has rth moment equal to

a

- 1
ZA“S(T a) ZS (r,a) 7a Z t(j) by binomial expansion
a=0

t=0

:_Zsm i thG)

=0
== Z xt Z S(r,a) <?> 4"~* by reversing the order
t=0 a=t

1
=— Z ¢ &' by Theorem 32.

Therefore, applying the method of moments, the task of showing that the j-cycle
count a; converges to Poisson(%(l + 6];,6)) in distribution after ¢; steps of the random
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transposition walk started from the identity reduces to showing

_ At b
. )\ T
nh_{glo E X(jf)d(n—tj,?\) ( ) - (j!)t’ (23)

o An—tj,3)

for fixed nonnegative integer ¢t and positive integer j.
For ease of notation, define

fn=logn+ (j —1)loglogn + ¢, gn:&‘
n
Let
_ X(nftjj‘) tj n
=) Xndoun | 57—+  ti=l5:fl
)\zl—t:j ’ "\ dn-i.x) 2j
We prove

to complete the proof of Theorem 4.

The proof strategy, roughly, is to make use of the preliminaries on symmetric and
shifted-symmetric functions from Subsection 2.2 to argue for strong cancellations in &,
using character orthogonality. We need several lemmas to proceed.

Lemma 20. Fix m > 1 and let A,, be the degree-m piece of the ring of symmetric
functions. For { >0, set

P, = span{p, : ((v) < (},

where p, =[], pu, and €(v) is the number of parts of the partition v.
Let p; € A* be the d-th shifted power sum generator, and let

Pasr = pi(A) sa (AFm)
be the corresponding diagonal operator on A,,. Then
Pd(Péf) C P<tva-t.

Proof. We argue by passing through the center of the symmetric-group algebra.
Let C, denote the conjugacy-class sum of cycle type v F m in the center Z(C[S,,]).
The Frobenius characteristic map identifies the class basis with the power-sum basis via

Pv
h(C,) = —.
h(C,) = -
Thus the filtration of A,, by the number of parts of the indexing partition corresponds
exactly to the filtration of the class basis by the number of cycles.
Now use the shifted-symmetric/central-character correspondence of Okounkov and
Pandharipande [23, Section 0.4]. Under this correspondence, the shifted power sum p}
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determines a distinguished central element of C[S,,], called the completed d-cycle. The
normalization used in [23] differs from ours by an additive constant depending only on d,
so the corresponding diagonal operators differ only by a scalar multiple of the identity,
which does not affect the filtration statement. Consequently, P, is represented, up to an
additive scalar, by multiplication by the completed d-cycle.

Okounkov and Pandharipande show that the completed d-cycle is an inhomogeneous
linear combination of conjugacy-class sums whose highest-support term is the ordinary
d-cycle class sum C'g), while every remaining term is supported on conjugacy classes with
strictly fewer than d non-fixed points. It therefore suffices to bound the change in the
number of cycles under multiplication by each such conjugacy class.

Let 7 be a d-cycle. Since

T = (a1a2)(a2a3) T (ad—lad)’

it is a product of d — 1 transpositions. A transposition changes the number of cycles of a
permutation by exactly one: if its two entries lie in the same cycle it splits that cycle into
two, while if they lie in different cycles it merges those cycles into one. Hence, for every
permutation o,

Uro) < l(o)+d—1,

where £(-) denotes the number of cycles.

Now let o be any permutation with strictly fewer than d non-fixed points. If ¢ moves
s < d points, then o can be written as a product of at most s — 1 < d — 2 transpositions.
Therefore multiplication by ¢ changes the number of cycles by at most d — 2, and in
particular by at most d — 1.

Thus every summand appearing in the completed d-cycle increases the number of
cycles by at most d — 1. Transporting this filtration statement through the Frobenius
characteristic map yields

Pa(P<e) € P<rya,

as claimed. O

The statement that “the operator P; changes the length filtration by at most d — 17
means exactly the display above. The next lemma shows that an operator with shifted-
symmetric eigenvalue function of degree at most r can change the length filtration by no
more than r — 1.

Lemma 21. Fiz integer r > 1 and let q; € A%, with
Qrsx=q;(N)sx  (AFm)
the corresponding diagonal operator on A,,. Then
Qr(P<t) € Pepyra.

Equivalently, if v m has ((v) = £, then every partition indexing a power-sum monomial
appearing in Q,p, has at most £ +r — 1 parts.
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Proof. Since
A" =Qlp1,p5, - -]

with degpj; = d, every element of A%, is a linear combination of monomials
PPy Pty dy+---+d <.

It therefore suffices to prove the claim for such a monomial.
Let

4y = Pa,Pay """ Pa,-
Since the operators P, are simultaneously diagonal in the Schur basis, the operator cor-

responding to ¢ is
Q, ="Pa,Pa, -+ Pa,-

Now apply Lemma 20 repeatedly. Starting from P,

Pa,(P<e) € Petya—1,

then
Qr(P<e) S Pyt ()
Since
t
Zdigr and t>1,
i=1
we have
t t
ddi—1)=) di—-t<r—1
i=1 i=1
Therefore

Q,(P<t) CPcpyr_1. O

We move next to expanding the dimension d,_,, 3 in terms of shifted-symmetric
polynomials.

Lemma 22. Fiz m > 1 and A\ - m. For each k > 1 there are unique coefficients

Dy(N), ..., Dp(\) such that

k —
n™ Dy (A ke
d(n,m;\) == W dj\ (1 + Z % + O(TL k 1))
a=1

Furthermore,

D,(\) € Az

<a’

and the associated diagonal operator on A, satisfies
Da(Pge) C Peryat-
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Proof. Using the hook-length formula (Equation (1)), we find

n! ds al n—m-—1i+1
(n—m)! m!izln—m—i+1+5\§'

d(nfm,j\) =

Dividing by - d,\ and setting
u=-n+m-—1 and =N\,

we obtain

m—1 .
n m/\) U+
(1“)Hm~ (24)

H u+i _Zh;ﬁ(:l?)’ W =uu—1)- (u—r+1),

u+1—x
i1 + v r>0

where h’ denotes the rth shifted complete homogeneous symmetric function.

Substituting « = —n +m — 1 and = X into the above expansion yields
A1 .
—m — 1 hE(N)
H n m . 1+ = Z (25>
izln—m—z—l—l—i—)\ (—n4+m— 1)

For each fixed r,

J
(— n+m—1 Zcmn ’

j=r

where the coeflicients ¢, ; depend only on m, with ¢,, = (—1)". Since this expansion
begins with n™", only terms with » < a contribute to the coefficient of n™%. Therefore the
coefficient of n=% in (25) is a Q-linear combination of

RE(NY, 5OV, RE(V).

Since h; has shifted degree r, this coefficient belongs to A%,
Multiplying by the scalar polynomial H’;Bl(l — t/n) preserves the shifted-degree
bound. The stated expansion therefore follows, with D,(A) € A%, and

Da(Péé) C P<ria
by Lemma 21. O

The next two lemmas give an expansion of the character ratio,

n—m,\
Y

d(n—m,)\)
and its ¢;th power appearing in ®,,.
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Lemma 23. For fized m and A+ m, we have the character ratio

) 2m  m? — 3m + k(\)
At 2y 7
d(nfm,j\) n n(n - 1)

where k(X)) = > \i(Ni — 20 + 1).
Proof. Applying a classical formula attributed to Frobenius,

¥ k0
dy nn—1)

If A = (n—m,)\), a direct calculation gives
k(A) = (n—m)(n—m —1)+ k(A) — 2m.
Straightforward algebraic manipulations complete the proof. n

From Lemma 23 and an argument similar to that of Lemma 20 using the cut-and-join
operator from (7), we have the following asymptotic expansion of

n—m,\ ty

o
d(n—m,j\)

in terms of shifted-symmetric polynomials.

Lemma 24. Fix m =tj, and set

- As —2m?2 k(A —m(m+3
As =m? =3m+r(\),  Bi= A2j _ Q) 2j< ).

For each integer k > 0, there exist shifted-symmetric polynomials
E,s € A%, 0<s<r<k)

such that, uniformly in A+ m,

Xgn—m,X) 17 L k ) r ETS(/_\) -
S ] =etn an }5 +O0(e™) ).

d(n—m,jx)

Moreover,
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Proof. Let

(n—m,j\) 2 A,
ij\:XT—:l——m—i-—)\.
dn—m.3) n n(n —1)

Since m is fixed and A - m ranges over a finite set, Ay is uniformly bounded in .
We first expand the logarithm of R, 5. Using

1 1 —
—_1> = ﬁ n s
n(n =
we have 5 A
m Y
R s=1—— —.
q=>2
Now apply

(_]_)p+1
log(14 u) = Z — P with u = R, 5 — 1.

p>1 p
Because u = O(n™!) uniformly in A, collecting powers of n™! yields

k+1

2 A5 — 2m? Ly(M
log R, 5 = _Tm T S RS Z o) +O0(n "2,

n? nd

q=3

where each L,()\) is an ordinary polynomial in A5 of degree at most ¢ — 1. In particular,
since Aj is affine-linear in x(\), each L, is a shifted-symmetric polynomial. More precisely,
Ay € AL, implies

Since the operator with eigenvalue Aj is a scalar shift of the cut-and-join operator, it
changes the length filtration by at most 1; hence the operator with eigenvalue L, changes

the length filtration by at most ¢ — 1.
The coefficient of n~2 simplifies to

Ay = 2m* = m? = 3m + k() — 2m* = k(A) —m(m + 3) = 25 55,

SO
. k+1 <
_ 2m  2j Py Ly(N) —k—2
IOan’)‘:_7+7+;37+O<n )
Next multiply by ¢;. Write
n
ti = —fn+0n, On| < 1.

The discrepancy term 6, log R,, 5 is O(n™1), hence of the same scale as a term of the form
enft, and it may be absorbed into the f, !-correction coefficients below. Thus, for the
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main expansion it suffices to keep the leading part % fn- Using &, = f,,/n, we obtain

Sxeney
tilog R, 5 = —tfo + Brcn + Y —=7el + O(eh™),

q=2 /"

for suitable shifted-symmetric polynomials C;;,. Each Cj is a polynomial in Aj of degree at
most ¢ — 1, hence C, € A <2(g—1)’ and its associated diagonal operator changes the length
filtration by at most g — 1.

Define

k
>\ k+1
Z q (877/ )7

so that
t

an\ — ¢ tn exp(ﬂ/\en + Z, )

Since Z, 5 = O(£2) uniformly, we may expand

k
,gn + Zn _\7
exp(ﬂj\sn + Zn’j\) = Z (5>\ o ’)\) + O(sﬁ“).

r=0

Expanding each power and collecting terms of total e,-degree r and total f, '-degree s
produces shifted-symmetric polynomial eigenvalue functions E, s such that

k r
exp(Bsgn + Z5) = D ZZ O(enth),
r=0 s=0

n

uniformly in .

Each monomial contributing to E, s is a product of factors drawn from 5 and the
C,(\). Since By changes the length filtration by at most 1, and C, changes it by at
most ¢ — 1, any monomial of total ,-degree r changes the length filtration by at most r.
Therefore the corresponding diagonal operator &, ; satisfies

ET,S (ng) - P<€+7"

Finally, the term with s = 0 comes only from the pure exponential exp(fse,), so

B
ET,O(A) - W
Combining the above expansions gives the stated formula for R;jx. [

Applying Lemmas 22 and 24, we now have, for any positive integer k,

_n“ef”zm (ZZ W*%“@))’ -

A-tj a=0 r=0 s=0
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where Dy()\) = 1 independent of \.

The next lemma is applied to show that the first non-negligible contribution in (26)
comes from the term where a,s = 0 and r = ¢(j — 1). Setting k = t(j — 1) will then allow
us to finish the proof of Theorem 4.

Lemma 25. Let

K(V) — (tj +3)

Bs= 2 :
where k(A) = >, Ni(A; — 2i + 1). Define the linear operator on Ay by
1 tj(tys +3
J 2j

where A is the cut-and-join operator and Asy = ”Tj‘)s;\. Then

B, jsx = Bxsx-

Moreover, if i
My = dsx{jo 55,

-tj
then

M,=0 forqg<t(j—1), M1y = (t5)! ((tj('j)t_ 1))!.

Proof. Since B, ; is diagonal in the Schur basis with eigenvalue 35, the definition of M,
may be rewritten as

M, = <Bg,j Pjt, p1t1> )

Pt =D XGnsn =Y diss,

\-tj A-tj

because

and the Schur functions are orthonormal for the Hall inner product.
Write the cut-and-join operator as

A=A, +A_,

as in Subsection 2.2.
Recall that the operator A, increases the number of parts of a power-sum monomial
by 1, while A_ decreases it by 1. The scalar term in B, ; preserves the number of parts.
Now p;+ has ¢ parts and py; has tj =t +¢(j — 1) parts. Hence any term contributing
to

(B;pjt prei)
must increase the number of parts by exactly ¢(j — 1). Since each application of B, ; can
increase the number of parts by at most 1, it follows immediately that

<ng Dbjt, pltj> =0
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for g <t(j —1).

For ¢ = t(j — 1), every one of the ¢(j — 1) applications must contribute a split coming
from A, ; no scalar term can appear, and no A_ term can appear, because either would
force the final number of parts to be strictly less than tj. It follows that the only con-
tributing terms are those in which every one of the ¢ factors is coming from the %AJF part
of B, ;. In particular,

i—1 —t(j i—1
[p1t] Bf(j )pjt — 70D [pyy] At(] )pjt.
Because A, is a derivation, we have

e (fg) = (f) e (g)

for all symmetric functions f,g. Applying this with f = g = p,; and then iterating gives

" (pye) = (e"+p;)".

Taking the coefficient of r*U=1 /(¢(j — 1))! yields the multinomial expansion

o j -1))
N DY HAH’J
=1

q1+-+q=t(j—1)

We now determine which compositions (g, ..., q) can contribute to the coefficient of
piti. Since AL increases the number of parts by exactly 1 each time, the support of A% p;
consists of monomials with at most a + 1 parts. To obtain p;; from p;, one needs exactly
J — 1 applications of A, so the coefficient of p(1;) in A4 p; is zero unless a = j — 1.

Moreover, the coefficient of p; in Ai_lpj is the classical number of ordered minimal
transposition factorizations of a fixed j-cycle, which by a classical result of Dénes [6] is

s ]AL py = 772

—1)

Therefore the only nonzero contribution to [pltj]A:Ej p;t comes from the unique choice

n==a=j-1

For that choice,

AN (t(j—1))! oA=L\t tG =D oo
[P1s] A e = (G — D) ([pw] A% p;) ((j_1>!)t=7 :

Since (pye, p1es) = (t7)!, the Hall inner product with py:; is obtained by multiplying
the coefficient of py; by (¢7)!. Hence

(G — 1) -
(G =1
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Multiplying by the factor j=*9=1 coming from B, ; gives

- R CCE 5 ) | N G =)
BY %ﬂ,pw>: i WZ DR im0 gy LU Z D) ot
(B ) = () Gy G

Since j'(j — 1)!" = (4!)?, this simplifies to

+(j-1) (L)'t = 1))!
<Bt,(; bjt, pltj> = () O
We now have all of the pieces to achieve the necessary cancellations in (26) and prove
Theorem 4.

Proof of Theorem /4. Begin by setting k = t(j —1) and write, starting from Equation (26):

ntig—tin o (= DoNE, (A) 1
e P IR (ZZ T )%F“(*))

= )] ZZ d;Xf\jt)Da(j\)Er,s(j\) n +0<5]Z) : (27)

fan®

Z dS\XE\‘\jt)Da(S\)ET,S<5\) — <Da gr,spjta pltj>

is bounded independently of n for any nonnegative integers a,r, s since there are only
finitely many partitions of ¢j. Furthermore, since (j') has ¢ parts and (1%) has tj parts,
we know immediately that

Z d}X?}t)Da(j\)Ens(;\) = <Da Er,spjta pltj> =0
-t

whenever a + 1 < t(j — 1) = k by the length filtration conclusions of Lemmas 22 and 24.
Hence all terms of total €,-degree strictly less than k in (27) vanish after summation.
It remains to consider the terms with a + r > k. We have the following cases.

Case 1: a+r > k. If a4+ r > k, then the contributing term,

r

. _ e
Z dﬂXf\jf)Da(A)Er,s(/\)ﬂ7
e fin
A-tj

is 0(e¥) regardless of s. This follows from

r r—s k
En :f" zo(f”) when a +r > k.

Sma a-+r _k’
fin n n
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Case 2: a+r =k and a > 0. Assume a+r =k and a > 0. Since
Du(P<t) € Pepia when a > 0,
by Lemmas 22 and 24 we have that
D&, spjt € Pgria—1 = Py = P<yj1.
But clearly pyt ¢ P<ij_1, so we conclude that

Z dS\X?\jt)Da(X)E’F,S(SQ = <Da gr,spjtu p1t1> = 0.
A-tj

Case 3: r =k, a =0, s =0. In the case that a = 0, r = k, and s = 0 since Dy(\) = 1
k

and Ejo(\) = %, we have

Zd;\xé\jt)Do(x)Ek,o(j\) = % = EZ?Z

-t

by Lemma 25.

Case 4: a+r =%k and s > 0. If a+r =k and s > 1, then the corresponding term has
an additional factor f,°. We have

g :O(ffi

nk

sincer —s=k—a—s<k,
fEne nk
n

and hence the term is o(F).

In summary, we obtain

o :nt]e_tf" (tj)!gt(j—l)+0(€t(j—1))
o) \gh !

S e t(j—1
ntie tfngn(J )

= —— (1 +0(1)).
(1)
Now
. t(j—1
Nt g—tin gtG=1) _ pti —t(logn+(j—1)loglogn-c) <logn + (j —1)loglogn + C) U=
n n 3
which simplifies to
e " (1+o(1)).
Hence
—tc
) e
A P = T -
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6 Bratteli diagrams and proof of Theorem 1

The main goal of this section is to prove Theorem 1. Let us first briefly recall the
motivation. We want to compute the moments of the class function

aj(0) = {# of j-cycles of o}

over probability measures of interest. This in turn will allow us to prove Poisson limits
for finite j-cycle count distributions of permutations obtained from random walks on S,,.

Translating from characters to representations, we seek to decompose tensor powers
of the virtual S,-representation p,; having character a; as a formal sum of irreducible
representations. Note that the j = 1 case (fixed points) corresponds to decomposing
tensor powers of the n-dimensional defining representation (identical to p,,) as a direct
sum of irreducible representations, which is achievable by several methods [13, 11, 5]. Ding
[11] uses a generating function approach. Fulman [13] uses connections with card shuffling.
Benkart, Halverson, and Harman [5] provide the approach that inspire our formula and its
proof. They introduce restriction-induction Bratteli diagrams that capture the notion of
“removing and adding a box” to Young diagrams in all possible ways at increasing levels
of a Bratteli diagram, which in turn corresponds to taking successive tensor products with
the defining representation.

Our method for computing the decomposition of the rth tensor power of p,; for fixed
J between 1 and - uses the main idea that, roughly, tensoring with the closely related
virtual representation py, corresponds to “removing and adding rim-j hooks” to Young
diagrams in all possible ways. The MN; restriction and induction rules we introduce
in Definition 27 can be seen as an alternate way (allowing signs in accordance with the
Murnaghan-Nakayama rule) to generalize restriction and induction of the group-subgroup
pair (S, S,—;) in the ring of virtual S, representations from the well-known rule 28 for
(S ny Sn*1>'

Subsection 6.1 provides useful background on restriction-induction Bratteli diagrams
for the pair (S, S,—1), which Subsection 6.2 extends to our new tool, MN; restriction-
induction Bratteli diagrams for the pair (S,,S,—;). Finally, Subsection 6.3 completes
proof of Theorem 1.

6.1 Restriction-induction Bratteli diagrams

In this subsection, we explain the machinery behind the restriction-induction Bratteli
diagrams that can be used to compute tensor powers of the defining representation of .S,,.

We immediately specialize to the case of the group-subgroup pair (S,, S,_1) for our
purposes. Further details including a discussion of restriction-induction Bratteli diagrams
for general group-subgroup pairs can be found in [4] and [5].

The restriction-induction Bratteli diagram for the pair (S, S,—1) is an infinite rooted
tree B(S,, Sn—1) whose vertices are organized into rows labeled by half integers ¢ in %N.
For ¢ = r € N, the vertices on row r are partitions of n, and the vertices on row ¢ = r + %
are partitions of n — 1.
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The edges of B(S,, S,—1) are constructed from the restriction and induction rules for
(Sn, Sn—1), which are well known (see Sagan [24] for example):

Res (SY) = @B s*,  Indi (8= @ s (28)
p=A—0 v=A+0
where the first sum is over all partitions p of n — 1 obtained from A by removing a box
from an inner corner of the diagram of A, and the second sum is over all partitions v of
n + 1 obtained by adding a box to an outer corner of \.
Applying these rules to the trivial S,,-module, we see that

Indg;_, (Resg;_,(S™)) = Indgy_ ($@7V) = ™ @ 80710 = g,

Crucially, the restriction and induction operators on .S,, modules satisfy the property
that for any (virtual) S,-module X,

Indg"  (Resy (X)) = X ® o,. (29)

We track the number of paths from (n) in level 0 to A at integer level £ = r in
B(Sy, Sn—1) by labeling vertex (A, r) with coefficient cy,. The ¢y, can be computed
recursively using

g Cr—L and Cursl = E Car-

wA/p=0 AA/p=0
An example of a restriction-induction Bratteli diagram for the pair (S7, Ss) is illus-
trated in Figure 1. See [4, 5] for more examples.
By construction, we have the following theorem from [5], which illustrates the power
of the restriction-induction Bratteli diagram as a tool for computing tensor powers of the
defining representation of S5,,.

Theorem 26. For r,n € N and n > 1, for all A = n, the signed multiplicity of irrep S
in 09" is given by

my, = Hpaths in B(Sy, Sp—1) from (n) in level 0 to X\ in level r}‘

6.2 MN; restriction-induction Bratteli diagrams

With the goal of taking advantage of a property like (29) to compute tensor powers
of py, for general fixed j by counting paths through a Bratteli diagram, we introduce
Murnaghan-Nakayama-j, (MN}) restriction and induction, defined on the Specht modules
as follows.

Definition 27. Let n,j € Z>; with n > j. Using notation of Sagan [24], we write I[(\/u)
to denote the leg length (the number of rows minus 1) of rim hook A/u. For At n,

RN = Y (-1,

puEn—j
A/p a rim-j hook
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(=1 OOII1no n
NN
=3 T 1 1] n
//// 2 \\\ // \\ \\\\\\\ [T 11
=2 []:I];I]:I] LJ II3II | Llj II1I = 0

Figure 1: Levels ¢ = 0, %, 1, %, 2 of the restriction-induction Bratteli diagram for the
pair (S7,Ss). Reading off coefficients and indexing partitions from the ¢ = 2 level of the

diagram gives the irreducible decomposition of o%?.

For ptn — 7,
IJMN(S") = Z (—1)Hm gA,

AFn
A/p a rim-j hook

These operations extend linearly in the complex representation ring R(S,,) ®z C and
coincide with ordinary restriction and induction when j = 1. Corresponding statements
in terms of symmetric functions amount to the following two dual restatements of the
Murnaghan-Nakayama rule:

pj‘s)\ = Z <_1)”(>‘/N)Su

pEn—j
A/p a rim-j hook

DSy = Z (_]_)”(A/#)S)\?

AFn
A/p a rim-j hook

and

where ij is the adjoint of multiplication by power sum p; with respect to the Hall inner
product.

To use the Bratteli diagram machinery developed in Subsection 6.1, we want to say
that taking a tensor product of (virtual) S,-representation X with py, is equivalent to
performing MNj-restriction followed by MNj-induction on X. Towards this claim, we
verify the following “tensor identity”.

Theorem 28. For X a virtual S,-module and Y a virtual S,_;-module, we have an
1somorphism of virtual S, -modules

CNRMNMX)®Y) =2 X o I'N(Y). (30)
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Proof. Translating to symmetric functions via the Frobenius characteristic map, the iden-
tity we seek to prove is

i (05 f*9) = f* (p9), (31)
for symmetric functions f and g of degrees n and n — j respectively with n > j. The
operators pj, pjl are linear and the Kronecker product * is bilinear. So it suffices to
consider f = p, and g = pg with o = n, § F n — j since the power sum symmetric
functions form a QQ-basis for the ring of symmetric functions. Recall that for partitions u
and v, the Kronecker product satisfies

Pu*Dv = 5#7’/ ZuPus

where z, = [],i™®Wm;(u)! and m;(p) is the signed multiplicity of the part i in u. No-
tice that if o does not contain j as a component, then both sides of (31) are 0. So
assume o = j U~y where U denotes concatenation of parts of partitions as multisets (e.g.
(4,2,1) U (3,3,1) = (4,3,3,2,1,1)). In this case, we have the following claim.

Claim 29. Assuming a = j U,

1, _ Ra
pj Po = Zp'y-

Proof of Claim 29. Let r = m;(a) be the signed multiplicity of the part j in . Let v be
the partition obtained by removing exactly one copy of j from «, so |y| = |a| — 7 and ~
contains r — 1 copies of j.

By definition of pj as the adjoint of multiplication by p; with respect to the Hall inner
product (see Macdonald [19, p. 76]):

(95 Pa: D7) = (Pas DiPy) = (Pas Pa) = Za-

On the other hand, if pjpa = ¢py, then (pjpa,p,) = ¢ (py,py) = ¢z, since the Hall
inner product is diagonal in the power sum basis. Therefore

Za
c=—,
Ry

and the claim follows. O

Returning to the proof of (31), let f = p, and g = ps and further assume that o = jU~y
(v contains j as a component). We have, for the left hand side of (31),

¥4
pi((p}pa) *ps) = b3 (py #ps)-
;

By the Kronecker product formula, p, * pg = 0 unless 8 = v, in which case p., x p, =
2y p~. Therefore,

1 Ra PjPy = Za Pa, if 6 =7
. "Dy ) * =
p; ((ypa) * ps) {()7 otherwise.
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Meanwhile, on the right hand side of (31), we have

Pa * (DjPB) = Da * Pjus-

If 8 =7, then

Pa * (pjpﬁ) = Pa * Pa = Za Pa-
If B # ~ then j U # j U~ = a and the right hand side is 0. The two sides of (31) thus
match exactly. O

With Theorem 28 in hand, we set Y equal to the trivial representation of S,_; in (30)
and obtain the key identity: for any virtual S,,-module X, we have

DNRN(X) = X @ p,, (32)

making use of the fact that '
pu, = L (STD).

Letting X be the trivial S,-module at the level 0 root, we can now compute tensor
powers of py, using a MN; restriction-induction Bratteli diagram for the pair (S,, Sn—;),
which we denote by MN (S, S,—;). In the example diagram given by Figure 2 below,
we compute a decomposition of pff valid for n > 8.

£=0 [ITTT1TTT1]
1\

L= o

N [ =

E

(=2 oo OO EEEEEE g EEEE .

Figure 2: Levels 0, %, 1, %, 2 of the MN, restriction-induction Bratteli diagram for the
pair (Ss, 5¢). Edges drawn in red indicate addition/removal of rim-hooks with odd leg

length.

Note the interaction of signed edges with the labeled coefficients in the diagram. When
a red edge connects a vertex p in level £ to one, say v, in level ¢ + %, the coefficient of

THE ELECTRONIC JOURNAL OF COMBINATORICS 33(3) (2026), #P3.86 37



vertex p is subtracted from the total in the calculation of the coefficient of v instead of
added. Concretely, the vertex labeled by A at level r of the diagram is assigned coefficient
mf\’T, which can be computed recursively by the rules

mi,r = Z (_1)ll(A/u)mi 1

pEn—j
A/ a rim-j hook

j i(x j
miﬂ”r% = Z (—1) ( /”)mf\ﬂ“.

AFn
A/p a rim-j hook

and

The stabilization of coefficients in the diagram as n grows is obvious. In the example of
Figure 2, the signed multiplicity of %) in pff; (with 0 <t <7 and Ak tj) is identical
for all n > 2rj. We conclude that for n > 8,

3
n n— n—2,12 min(¢,3—1 n—4,4—i,1* n—4,22
=0

Equivalently, we have the irreducible character decompositions
(¢2)2 — 34+ 4X(n—2,2) (n—2,1%) + Z m1n(7,3 (n 4,4—i,1%) + QX(n—zL,Q?)7

and
(as)? = i(S 44y (722 g (-2 SO Z mln(z3 N 44-i1%) 4 2X(n—4,22)).

By construction of MN (S, S—;), we have Theorem 30, which reduces the proof of
Theorem 1 to a path counting problem. The sign of mir should be negative when an
odd number of rim-hooks with odd leg length are added/removed, and positive when this
number is even. Note that the number of odd-signed edges in a path in MN;(S,, S,—;)
from (n) at level 0 to A at level r does not depend on the choice of path.

Theorem 30. For j,r,n € N with j > 1, n > 25 and any A+ n, let
S = {paths in MN;(S,,, S,—;) from (n) in level 0 to X in level 1}

and s be 0 if the number of odd-signed edges in any path in S is even, else 1. The signed
multiplicity of irrep S* in pw’” s given by

m = (=1)%|5].

T
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6.3 Proof of Theorem 1

The work of the previous subsection shows how to recursively compute the (integer-
valued) signed multiplicity of irrep S* in pgj’f by counting paths through a diagram. While
Theorem 30 makes only the assumption n > 2j for which p,, is defined on the size of n,
we will assume throughout this section that n > 2rj with the goal of proving Theorem 1.

Remark 31. It is quite possible that a compact expression for mi,r can be obtained with-
out requiring n > 2rj; with the goal of this paper being to describe the application of the
irreducible decomposition of pff; to the limiting distributions of cycle statistics of permu-
tations obtained from random walks on S,, as n grows large, we are content to leave it for

another day.

To prove Theorem 1, we need to show that for j > 1 and n > 2rj, the signed
multiplicity m3 . in pff]’_" is given by
j o Xéjt)cz,’l‘ When >\ = (n - t]? 5\)7 (33)
0 otherwise,

where ¢, = 3" S(r,a)($)5" .

Let us analyze the two multiplicative factors of mj).\ﬂn separately at first since it is not
clear from Theorem 30 why (33) should hold.

We can compute the magnitude of X(Ajt) as the number of paths from (n) in level 0 to
(n —tj, A) in level t of MN;(Sy, S,_;) (noting that Cz,t = 1). This can be equivalently
counted as the number of ways to assemble A using consecutive rim-j hook additions,
which has been previously analyzed in [15, 16, 25] and the references therein. Furthermore,
the Murnaghan-Nakayama rule guarantees that X(Ajt) carries the same sign as miyr when

A= (n—tj,\) and t < r. This sign tracks the number (even or odd) of components with
odd leg length in any rim-j filling of A, or equivalently the number of odd-signed edges in
any path from (n) in level 0 to (n — tj,A) in level 7 of MN;(Sn, Sn_;).

Meanwhile, the c{m can be computed by counting paths through MN;(S,,, S,—;) ar-
riving at a partition A = (n — tj, A) in level r having the property that xf‘jt) =1 A
sensible choice then is to analyze paths reaching A = (n — tj,%j) in level r from (n) in
level 0. Noting that there are no paths through MN;(S,, S,—;) started from (n) in level
0 to partitions (in any level) with first row lengths other than n — ¢j for nonnegative
integers t, we count paths from (n) in level 0 to (n — tj,tj) in level r > ¢ to obtain m{\vr
for A = (n — tj,tj) in a direct combinatorial manner. The following theorem provides a
closed formula involving the Stirling numbers of the second kind for this path count.

Theorem 32. Let j,t,r,n €N, j>1,n>=2rj and0 <t <r. The number of paths from
(n) in level 0 to (n —tj,tj) in level v in the MN; restriction-induction Bratteli diagram
for the pair (Sy, Sn—;) is given by

A= st (),
a=t
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where S(r,a) denotes the Stirling number of the second kind.

Proof. Let p{vr be the number of paths in r rim-j hook removal-plus-addition steps from
(n) to (n —tj,tj) and C‘Z’r be the sequence given by Theorem 32. We will show that p{m
satisfies the same recurrence relation and boundary conditions as CZJ and thus counts
the same thing. Let us begin with the CZT Using the Stirling recurrence S(r + 1,7) =
iS(r,i) + S(r,i — 1), we have:

r+1
s = 280+ 1) ()57

i=t

r+1 i
= Z (iS(r,i) + S(r,i— 1)) (t)jr+1—i

1=t

r+1 r+1
o cr4+1—1 _ cr+1—1
_Zerz() +ZSTZ 1)(t)] :

1=t

For the second sum, change the index by setting k =14 — 1:
r+1 r
kE+1
. 1 rHl—i k »rfk:. 4
Sosti-n(y)r= 3 sty gn

Now use the binomial recurrence (kjl) = (lj) + (:1) to split (34) into

3 AV E oo
Sswm(y)rt+ Y osen( S )t mdorda, @

Next treating the first sum in 34, we have

r+1 . r .
ZZS(TJ)(t)] —J;ZS(T,Z)(t)J ,

i=t

because S(r,r + 1) = 0. Applying the binomial identity

z(z) :t(i) +(t+1)(tj1),
we obtain

ng(m) (;)y‘ = yz; (t (z) +(t+ 1)(tj1>>5(r, i)j"
e £ s )

i=t+1
—J( td +(t+1)CZ+1r>
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Combining the two pieces (the contribution from the iS(r,i) part and the shifted
S(r,i — 1) part) yields

Ao = gte, +(t+1) ) + (d

r + Cgfl,r) :

)

Collecting terms and shifting gives the recurrence:
C’Z,r - szl,rfl + (j 1+ 1) Cg,rfl +J (t + 1) Cngl,rfl' (36)
We additionally have the boundary conditions:

e ¢, =1forr>0

e ¢/, =0 whenever t >, r <0, ort<0.

Now turn to counting paths from vertex (n) in level 0 to vertex (n—tj,tj) in level r of
MN;(Sp, Sp—j). Label a path of r full-level steps (2r half-level steps) starting at vertex
(n) in MN;(S,, Sn—;) as an ordered (2r + 1)-tuple of partitions, (Mg = (n), A= (n —
J)s--+,A\r), where partitions of n are indexed by integers 0, 1,...r and partitions of n — j
are indexed by half-integers %, %, e 2’”—2_1 For whole integers 7, \; is obtained from \,_1 by
the ¢th rim-j hook addition, and AF% is obtained from \;_; by the ith rim-j hook removal.
Let = (n —tj,tj) and PJ . be the set of all valid paths {(Xo,..., Ar) 1 Ao = (n), A\, = p}
so that |PJ.| = pl,.

We perform a last-step analysis. To arrive at A\, = p after the rth and final addition
step, any path in Pir must have \,._; belonging to one of three sets:

o Ay ={(n—(t—-1)j -1}
o Ag={(n—(+ 15+ NU{(n—(t+1)jtj,j—41):0<i<j—1}

In other words, we can express P/{ . as a disjoint union
3
Jj J
Pﬂﬂ“ - |_| PAiaT
i=1

where Pj&m is the set of paths {(Ao, ..., A\) : Ao = (n), \r—1 € A, A = pu}. The total path
count pz’r is then equal to the sum |Pﬁ;”‘ + |Pj;2’,,‘ + ’P£31T|.

Notice that p{—l,r—l counts the number of paths from (n) in level 0 to the lone element
of Ay in level r — 1. Furthermore, we can extend each path reaching A; in r — 1 steps
to connect to vertex (n — tj,tj) in level r via exactly 1 path by specifying )\L;l =
(n—tj,(t —1)j) and A, = pu, revealing ‘Pﬁlw| = p{—l,r—l'

We will show similarly that ‘szn"‘ = (tj + 1)pj,_, and }Piw‘ = j(t+ 1)p§+u_1,
yielding the desired recurrence relation.
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Notice that A; and Az have a similar structure. We prove the following claim, which is
useful in analyzing the contributions to pj, of paths through Ay and Aj, via combinatorial
argument.

Claim 33. Forintegers 1 <t <7, n > 2rj, let p = (n—tj,tj), Pl be the set of distinct
paths from (n) in level 0 to w in level r through MN ;(S,, Sn—j), and

S={(n—tj,(t—1)j,7—i,1):0<i<j—1}.

Denote by Pg’r the set of distinct paths in r full-level steps from (n) in level 0 to A\, € S
in level r through MN ;(Sy, Sn—;). Then |P§’T| =(tj—1) ‘Pﬂr‘

Proof of Claim 33. First, let us briefly describe how to identify a partition A with its j-
abacus configuration, in which rim-j addition and removal steps are conveniently realized
as bead moves on j runners.

The j runners are alternately referred to as columns. Rows are indexed by integers
with row labels increasing down columns. The empty partition has beads filling row 0 and
all rows indexed by negative integers above. Reading the j-abacus diagram corresponding
to integer partition A = (Ay, Ay, ...) from bottom to top and then right to left, \; is the
number of empty positions weakly above and to the left of the ith bead. See James and
Kerber [16, Chapter 2] for details.

The following example serves to make the above description clear. Let A = (n —
27,8,6,5,4,2%) - n with 3-abacus bead configuration displayed below.

1 2 3
-1 O O O
o - O
1 O :
2 O O
3 O
4 O
5

In the example above, the bead in row % is positioned so that \; = n — 27 with n
unspecified but assumed to be at least 2rj. In particular, the bead need not necessarily
occupy the third column as in the example above. Valid rim-j hook additions to A are
the possible downward bead moves (increasing the row index of the bead by 1), and valid
removal steps are performed by upward bead moves (decreasing the row index by 1). For
a path (Ao = (n),..., A\, = p) in PJ ., call addition step 4 the kth distinguished step if:
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e The bead with greatest row label (possibly ignoring the one labeled %) in column j
is moved from row k£ — 1 to row k.

e That bead is never again moved to row k—1 in subsequent removal steps i+1,...,7.

Every path in P/{’r is guaranteed to have exactly ¢ distinguished steps because the abacus
corresponding to partition (n—tj,tj) has a bead in row ¢ of column j, and no other beads
with row index greater than 0 besides the one in row *. In the procedures that follow, we
always ignore the bead in row % which gives A its long first row of length n — tj, unless
we say otherwise. For example, when we refer to “the bead with greatest row index in
column ¢”, we do not mean the bead in row x if it happens to be in that column.

We'll demonstrate that ‘Pg;’T} =(tj—1) |Pir| by showing both of the following.

1. Every path in P/Z,r has exactly t7 — 1 distinct modifications in ngr.
2. Every path in Pg;ﬂ" can be realized as a modification of exactly one path in Pg,r'

The procedure to modify a path p in P;Z,r to obtain a modification p' € Pg;m is as
follows.

1. Select one of the ¢ distinguished addition steps in p. Say the kth distinguished
addition step from A; _1 to A, is chosen.

2. Do one of the following to obtain \;, in p'.

(a) If k£ = 1, instead of moving the bead with greatest row index in column j
(ignoring *), move the bead with greatest row index in one of the other j — 1
columns, say column g.

(b) If £ > 1, move the bead with greatest row index in column g # j or move the
bead with the second greatest row index in column j (ignoring * again).

3. From );, onward, continue making bead moves in path p’ to match the ones made
in p. If a bead with dth largest row index in column c is moved in path p, move it
also in path p/, with the following exception. If in path p, the second-largest row-
indexed bead in column j moves downward to occupy the row directly above the
largest row-indexed bead in column 7, this move is not available in p’. Instead move
the second-largest row-indexed bead in column g downward in this case. When this
bead moves upward again in column j in path p, move it upward in column ¢ in
path p/.

See that for every path p € PIZ’T, there are exactly tj — 1 distinct modifications of p
that can be obtained by the procedure above, j of them for each of the ¢t — 1 distinguished
steps after the first one, and 7 — 1 of them by modifying the first distinguished step.

This procedure is reversible in the sense that a path p’ in Pé’r can be uniquely identified
as a modification of exactly one path p in Pir by doing the following.
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1. The partition A, in p’ belongs to set S, meaning that it has a bead in column j,
row t — 1, and another single bead with row index 1, in column g with 1 < g < J.
First, look at the bead move history for the bead with largest row index in column
j and identify the t — 1 distinguished moves for this bead. Then examine the bead
move history for the bead with largest row index in column g (or second-largest row
index if ¢ = j) and identify addition step i as the final index-increasing move this
bead experiences in p'.

2. Change addition step ¢ from A,_ 1 to A; in p, the reverse-modification of p’ so that
this step moves the largest-index bead in column j instead of the chosen bead in
column g.

3. Modify the remaining partitions )\H%, Aitl, .-, A in path p to match the bead moves
in the corresponding steps of p’. If a bead with dth largest row index in column
g # 7 would move to a row in column ¢ that is unavailable, move the corresponding
dth-largest row indexed bead in column j instead.

Since this reverse procedure results in exactly one path p € P;{,r for any path in Pévr,
this establishes the desired relationship, }Pg?r| =(tj—1) ’Pf”,’ O

Returning to the problem at hand, we next want to show that ’Pf‘w| = (tj+ 1)10{,%1-
Notice that for every path from (n) to (n —tj,tj) in r — 1 steps, there are two paths from
(n—tj,tj) to (n—tj,tj) in the rth and final step. These two paths are determined by the
choice of Az as either (n—tj, (t—1)j) or (n—(t+1)j,tj)}. Meanwhile there is one path
from each of the other partitions in A,, which have the form (n—tj, (t—1)j, 7 —1,1") with
0<i<j—1,atlevel r—1to (n—tj,tj) in level r (here Azr-1 must be (n—tj,(t—1)j)). By
Claim 33, the total number of paths in r—1 steps to partitions in {(n—tj, (t—1)7,j—1, 1%) :
0<i<j—1} aretj— 1 times as numerous as the paths to (n — tj,¢j) in r — 1 steps,
provided t < r (noting that if ¢ = r, there are no paths to (n — tj,¢j) in r — 1 steps). In
sum we have tj — 1+ 2 = tj + 1 paths from (n) to (n — tj,tj) through A, in r steps for
each path from (n) to (n —tj,tj) in r — 1 steps (p{ﬂ_l) as desired.

Finally, we show ‘Pz‘&A = j(t+ 1)p! +1,—1- There is exactly one choice of path from
each member of Az in level r — 1 to (n — tj,tj) in level r (via Azt = (n—(t+1)j,t7)).
Applying Claim 33 with integer ¢ + 1 in place of ¢, there are (¢ + 1)j — 1 paths in total to
partitions in {(n— (t+1)j,¢j,j—1,1") : 0 < i < j—1} inr—1 steps (provided t+1 < r—1)
for each one to (n—(t+1)j, (t+1)j) in r — 1 steps. Since (n— (t+1)7, (t+1)7) is itself an
element of As, this means there are j(¢ + 1) total paths from (n) in level 0 to (n — tj,tj)
in level r through As for each of the p{Hm_l paths arriving at (n — (¢t + 1)j, (¢t + 1)j) in
level r — 1. Hence ’Pﬂs’r| =j(t+ 1)73{“77_1 (again recalling that if t +1 > r — 1, p{+1,r71
=0).

Thus we have the recurrence relation,

pg,r = p{—l,r—l + (tj + 1)17?,r_1 + 3t + 1)pi+l,r—1’
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Figure 3: A path from (18) in level 0 to u = (12,6) in level 3 through MAN3(Sis, Si5),
a member of Pj’ﬁ. Here r = j = 3 and t = 2. The corresponding 3-abacus diagrams in
Figure 4 reveal that addition steps 2 and 3 are distinguished.
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Figure 4: Sequential bead moves on a 3-abacus corresponding to the path in Figure
3. Each abacus corresponds to a Young diagram-labeled vertex, and arrows correspond
to edges terminating at the level indicated by the half-integer labels in MN;(Ss, Si5)-
Beads are colored blue to emphasize they were moved in the prior addition/removal step.
Writing out the 5 valid modifications of this path in P¢ is a good exercise.
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with p{’r subject to the same boundary conditions as CZ’T, and the two sequences are
equivalent. n

With the discussion of distinguished steps and modifications from the previous proof
in mind, we are ready to complete the proof of Theorem 1.

Proof of Theorem 1. Let r,n,j satisfy the assumptions of Theorem 1. It is enough to
prove (33) for 0 < t < r, since every partition reachable from (n) after r full steps in

MN;(S,, S,—;) has the form

A= (n—1tj,\), A Ft,

for some 0 <t < r.

Fix such a t, set

= (n - tjvtj)a
and let P denote the set of paths in MN;(S,, S,—;) from (n) at level 0 to p at level r.
By Theorem 32, ’
‘Pl‘zﬂ‘ = CZ,T"
We will construct a bijection ‘ B ‘
Bl x Ti(A) — P§,,

where P){T is the set of paths from (n) to A = (n—tj, \), and T;()) is the set of rim-j-hook
tableaux of shape A and content (j*).

Represent each path as a sequence of 2r bead moves on a j-abacus. On each runner,
label the beads according to their order from bottom to top and preserve these labels as
the beads move. Thus the history of each individual bead is well defined. As before, we
ignore the bead determining the long first row unless explicitly stated otherwise.

Let ‘

p= (A= (n),)\%,)\l,...,)\r_%,)\r =p) € P,

The path p has exactly ¢ distinguished addition steps
1 < -ee < 1y

At the kth distinguished step, the bead with greatest row index in runner j moves down-
ward from row k — 1 to row k, and that displacement is not subsequently reversed.
Fix a rim-j-hook tableau

T:3=X0c AW c...cA® =}
where each A®) /A*=1) ig a rim-j hook. We modify p to obtain a path
pr=00= ), N, AL N )
2 2

as follows.
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At the distinguished step iy, replace the downward bead move in runner j from row
k — 1 to row k by the downward bead move corresponding to the addition

k=1 30,

At every non-distinguished step, perform the move of the corresponding labeled bead
whenever that move remains available. If, between i; and 75,1, a move of the bead with
second greatest row index in runner j is unavailable because of the modification at iy,
replace it by the corresponding move of the bead with the next greatest row index in the
runner used at step i,. Thereafter, whenever the original path moves the former bead,
the modified path moves the latter bead, until the corresponding inverse move occurs.
At that point, restore the original correspondence between the labeled beads. The same
convention applies after ;.

This procedure preserves the validity of every bead move. The matched downward—
upward moves have no net effect on the terminal abacus, while the t distinguished moves
have been replaced by the ¢ rim-j-hook additions prescribed by 7. Consequently,

and hence p’ € P/{ L
We next describe the inverse construction. Let

P = (N = (n), '%,/\/1,...,)\'

r

,laA;:)\) E‘Pir
2 b

For each labeled bead, match its downward and upward moves in last-in-first-out order:
a downward move from row a — 1 to row a is paired with the first subsequent, as-yet-
unmatched upward move from row a to row a — 1. Call a downward move persistent
if it remains unmatched. Equivalently, a persistent move represents a unit downward
displacement of a bead that remains present in the terminal abacus.

Apart from the bead determining the first row, the terminal abacus differs from the
initial abacus by a total downward displacement of ¢ rows. Therefore p’ has exactly ¢
persistent downward moves. Let

1< <ty

be the addition steps at which they occur. Reading these moves chronologically determines
a sequence
F=X0c XD c...cA® =}

in which every A*) /A(*=1) is a rim-j hook. Thus the persistent moves determine a unique
tableau T' € T;(\).

We recover p € P;Z,r by reading the bead moves of p’ in chronological order. At the
kth persistent addition step i, replace the corresponding move of p’ by the downward
move in runner j from row £ — 1 to row k. This becomes the kth distinguished addition
step of p. At every nonpersistent step, move the corresponding labeled bead whenever
the required position is available. If that position is unavailable because of an earlier
persistent move, perform instead the corresponding move of the bead in runner j having
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the same relative position among the beads not involved in the first k persistent moves.
Maintain this new correspondence until the inverse move occurs, and then restore the
original correspondence.

After all 2r half-steps have been processed, every matched downward—upward pair has
returned to its initial position, while the ¢ persistent moves have been replaced by the
successive moves

0O—1-—--—t

of the bead with greatest row index in runner j. The resulting terminal abacus is therefore
the abacus of

so the recovered path belongs to PZ’T.

The forward and reverse procedures are mutually inverse: the persistent moves of p’/
recover the tableau T', and replacing them by the distinguished moves in runner j recovers
p. Hence ' ' B

B, = B, xT;(})
is a bijection. B
By the Murnaghan-Nakayama rule, all tableaux in 7;(\) have the same sign, and

A ht(T
X = > (=M.

TeT;(A)

Moreover, the sign of the path corresponding to (p,T) is (—1)"*™). Since }Pgﬂ, =
Theorem 30 therefore gives

?T,

mg\,r: Z Z (_1)ht(T)

peP)  TET;(N)

‘P;{,r Z (_1)ht(T)

TeT;(N)

A
= CIZ,TX(jt)‘

This proves (33). Finally, since
1
a; = 5%‘7

the asserted irreducible character decomposition of (a;)" follows from that of (¢;)" by
multiplication by j7". O

Remark 34. It would be nice to have a bijective proof of Theorem 32, analogous to the
bijections given in Section 3.3 of [4].
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