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Random walks generated by the Ewens
distribution on the symmetric group

Alperen Ozdemir

ABSTRACT This paper studies Markov chains on the symmetric group S, where the transition
probabilities are given by the Ewens distribution with parameter 6§ > 1. The eigenvalues are
identified to be proportional to the content polynomials of partitions. We show that the mixing
time is bounded above by a constant depending only on the parameter if 6 is fixed. However,

if it agrees with the number of permuted elements (0 = n), the sequence of chains has a total
logn

variation cutoff at .
log 2

1. INTRODUCTION

The Ewens distribution on the symmetric group is defined by probabilities that are
exponentially proportional to the number of cycles of permutations, with a base pa-
rameter 6§ > 0. It originated in population genetics [12], then has gained a broader
reach. It is initially defined on partitions of integers, which is related to the symmetric
group by cycle decompositions. It arises from well-known cycle generating processes,
Feller Coupling and the Chinese restaurant process. (See [3].) Crane [6] has an exten-
sive survey on Ewens sampling formula.

The Ewens distribution can also be considered a deformation of the uniform dis-
tribution on the symmetric group. Hanlon [14] studied a Metropolis Markov chain
driven by random transpositions with stationary distribution as the Ewens measure.
The spectral analysis of this chain is further carried out in [10], and the mixing time is
studied. More recently, Jiang [15] showed a cutoff result for the random transposition
Metropolis chain.

The chains we study in this paper have transition probabilities given by Ewens
distributions. At each stage, a permutation is randomly chosen and multiplied by
the permutation of the current state. We are interested in finding the mixing time
of the chains depending on the base parameter 6 of the distribution. A more precise
description is as follows:

Let 0 and 7 be two permutations in S,,. Define (o) to be the number of cycles
in . For a given 6 > 1, possibly a function of n, we raise it to the number of cycles
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ALPEREN OZDEMIR

of permutations to obtain the probabilities. So, if the chain is at permutation o at a
certain stage, the probability of moving to 7 at the next stage is

grre )

(1) Py(ro™h) = )

where 0(—1@ is the normalizing constant. Explicitly,

n

9<">Zmeie(aﬂ)...(wnn,

=0

where m is a Stirling number of the first kind, which counts the number of permu-
tations of cycle length 7 in S,, (see [2, Section 1.4]).

Let us briefly mention some properties of our Markov chain. The chain is irreducible
and aperiodic, since the transition probability is non-zero for any permutation. It is
time-homogenous, simply because we have the same transition probabilities regardless
of the stage. It is also reversible, following from the fact that any permutation and its
inverse, which have the same cycle type, have the same probability of being selected
at any stage. From the very same fact, the transition matrix is also symmetric, which
implies it is doubly stochastic. Therefore, the stationary distribution is the uniform
distribution over S,,.

Next we define the distance concept used throughout the paper. Let the probability
assigned to o € S,, be P}(c) after running the chain for ¢ steps. The total variation
distance between P} and the uniform distribution 7 is

Q) o) = 1P —mlrv = 5 3 1Pi0) = (o) = max [PY(S) — #(S)].
oSy ="

Our goal is to investigate the convergence time with respect to the total variation
distance. It is a common phenomenon in this setting that the convergence to the
stationary distribution shows a cutoff, a sharp transition. The following definition of
cutoff is found in [20]. A sequence of Markov chains exhibits a cutoff at the mizing
time {t,} with a window of size {w,} if

(i) limy, 00 %: =0,

(if) limy—_ oo liminf, oo dry (tn +ywyn) =1,

(ifl) limy— oo limsup,, o drv (tn + yw,) = 0.
Also, see [8] for an insightful treatment of the concept and [24] for another definition
along with a long list of examples. Our result reads:

THEOREM 1.1. Let Py be the Markov chain on S, defined above in (1), and ¢ > 1 be
a constant.

(i) If t > cezTH, then dg(t) < C(0)e=¢ for some constant C(0) depending only

on 0.
(ii) If 0 = n, then the chains have a total variation cutoff at t, = llgig with
w, = 1.

For the rest of the paper, we first present the representation theory tools in Sec-
tion 2. Then we identify the eigenvalues of the Markov chain using Young-Jucys—
Murphy elements. They turn out to be functions of contents of Young diagrams. In
the following section, we prove the first part of Theorem 1.1 by using Plancherel
growth process. We also provide a simpler proof for only the integer values of 6. In
Section 4, we prove the second part of the theorem.
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2. REPRESENTATION THEORY TECHNIQUES

We summarize the techniques that are used in the following sections. We start with
the method developed in [11] to study the random transposition walk. For the con-
nection to the group representation theory, first consider the Fourier transform of the
measure p defined on a finite group G, evaluated at any representation A of G,

AN = u(g)M\g)-
el
Then its inverse transform is

wo) = 3 datr(Mg DA,
Alrred.
where the sum is over all irreducible representations of G and d) stands for the
dimension of the representation A. The inverse transform leads to Plancherel’s formula
stated below:

3) S lulg)l? = ﬁ S atr(EOVAN)T).
geG Airred.
It establishes the connection with the total variation distance if we take g on the
left-hand side to be the difference of two measures.
We also note a fact about the Fourier transform of convolutions of measures, as a
Markov chain at step ¢ can be viewed as t-fold convolution measure of the transition
probabilities. The convolution of two measures p and v is defined to be

prv(g) => plgh™ v(h).

heG
The Fourier transform of a convolution satisfies

(4) i v(g) = i(g)v(g).

2.1. YOUNG—-JUCYS-MURPHY ELEMENTS AND EIGENVALUES. We will focus on the
symmetric group S,,. The irreducible representations of .S,, are indexed by partitions
of integers. We use the notation A = (A1, Ag,...) F n for partitions of n. X refers to
the conjugate partition of A\. The dimension of an irreducible representation A, dy, is
equal to the number of standard Young tableaux of shape A. See, for instance, [23,
Chapter 2].

First we state an upper bound theorem, which was proved in [7, Chapter 3B] using
Plancherel formula (3). As we identify the eigenvalues, we construct the upper bound
at the same time. We first note that the irreducible representations of the symmetric
group S, are indexed by partitions of n; see [23, Chapter 2].

LEMMA 2.1 ([7]). Let u be a probability distribution over S, and w be the uniform
distribution. Then,

1 PR
=7l < 5 D0 dtr@NEN).
AFn
X (n)

In our case, we replace p by PJ. The first of the two observations to be made on Py,
in order to simplify the right-hand side, is P} is ¢-fold convolution of Py. Therefore,
by (4), BJ()) = By(\)" R

For the second one, first consider Py as an element of the group algebra, C(S,).

A well-known fact about the center of the group algebra, Z(C(S,)), is that it has
basis consisting of the sum of the all elements in the same conjugacy class. Since the
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density function defined by Py has an equal weight for the permutations in the same
conjugacy class, ﬁ;()\) is in Z(C(S,)). But then Py is a constant times the identity
matrix of the same dimension with A, since the representation of any element in the
center is in that form as a result of Schur’s lemma. We have more to infer from this
fact, but for now we use below the implication Py(\) = Py(A\)7.

Putting two observations together, the upper bound can be expressed as

(5) 1P~ Ullry < 7 3 datr(Bon)).
AFn
A#£(n)

Next, we evaluate Py (A). We already stated that 1/3;()\) is a constant multiple of
the identity matrix. In order to identify the constant we first introduce Young—Jucys—
Murphy elements. The detailed treatment of the subject can be found in [5, 26]. For
i =2,...,n, consider the following elements R; € C(S,,):

(6) R, =(1,0) +(2,4) +---+ (i — 1,7),

which were independently introduced in [16] and [22]. These elements form a basis
for the Gelfand—Tsetlin subalgebra of C(S,,), which is generated by the centers of
the symmetric groups Si, .., S,. It is a maximal commutative subalgebra, and is the
algebra of all operators diagonal in the Gelfand—Tsetlin basis. The diagonal entries of
the irreducible representations of R; are the contents of boxes that contain ¢ in the
standard Young tableaux. The content of a box in the Young diagram of is defined by
its position in the diagram, it is the column number of the box minus the row number
of it.

To be more specific, let us take a partition A of n. There are d) standard Young
tableaux of A, each of which is associated with a fixed diagonal entry of A\(R;) for all
t = 2,...,n. In fact, the order of the diagonal entries does not matter for our purpose
(see Corollary 2.4), so we only consider the first entry. We let the upper-left diagonal
of A(R;) be determined by the position of i in the standard Young tableau which has
entries according to the lexicographic order, i.e., 1 through A; in the first part, A; +1
through A1 + X241 in the second part and so on. Denote the upper-left corner element
of A(R;) by cx(@). So the dy x d) diagonal matrix A(R;) is in the form

ex(?)
ES

A(R;) =

*

We give an example below: We give an example below:

EXAMPLE 2.2. Let A = (3,1) - 4. The Young tableaux for this partition are

T — le 2[3] T, — ;, 2[4] T, — % 3[4]

The ith diagonal entry of A(R;) is the content of the box containing j in T;. So we
have

10 0 200 ~100
MRy)= (010 |, MR3)={0-10] and A(Ry)=| 0 20
00 -1 001 002

Although no R; for i € {2,...,n} is in the center of the group algebra, any sym-
metric polynomial with variables Ra, ..., R, is in Z(C(S,)). See [13, Lecture 2| for the
details. We are particularly interested in the elementary symmetric functions of YJM
elements, the reason is the following theorem:

Algebraic Combinatorics, Vol. 6 #4 (2023) 910



Random walks generated by Ewens dist. on the symmetric group

THEOREM 2.3 ([9]). Let R; be defined as in (6). The kth elementary symmetric func-
tion in Rs, ..., R, is the sum over all permutations in conjugacy classes of S, with
n — k cycles in the group algebra, i.e.,

ex(Ra, ..., Ry) = > Ry-Ry= Y o

2<i1 < <ip<n ocES,
y(o)=n—k

A useful corollary, which is related to our observations on the representations of R;,
is as follows:

COROLLARY 2.4. Let A be an irreducible representation of S,. Then
Aler(Re, ..., Rn)) = ex(ca(2), ..., ex(n)) L, .

Proof. Since ep(Rg, ..., Ry,) is the sum of elements in the same conjugacy classes, it is
in the center of the group algebra. Therefore, its representation is a constant multiple
of the identity matrix by Schur’s lemma. So it suffices to consider the upper-left corner
entries of each A\(R;) for i € {2,...,n}, which are ¢, (4)’s. O

Now we are ready to calculate 73;(/\). By Theorem 2.3 and its corollary,

BN =3 Pio)Ao)

oES,
n-1l gn—k
- Z o(n) Z o)
k=0 g€Sy
vy(o)=n—k
n—-1 gn—Fk
= A(ek(Ra, ..., Ry))
o)
k=0

Next, we use the identity

to obtain above,

Since ¢y (1) = 0 for all A - n, the expression eventually simplifies to

i A= (11 (529) )

=1
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Since Py is a symmetric matrix, the eigenvalues of irreducible representations give
complete list of eigenvalues of Py. See [11, Section 4] for the details. Hence, the
eigenvalues of Py with their multiplicities are
- ( 0+ e (i)

(8) Bre = H 9—H—1> with multiplicity di for A\ Fn.
i=1

1 1 1 1 1
o-1 |_6 L O+Az—1
0+X1 O+X1+1 0+X1+X2—1]
0—2 0—1
O+ + Ao [0+ 1+ 2+1

0—X\|+1
O4+n—Ai

FiGURE 1. The factors of (), the eigenvalue associated with A =
(A, k) Fn

Therefore the upper bound on the total variation distance (5) is reduced to

1 T 0+ i)\
do(t) < 7 ) @w((ﬂ(ailﬁ(i) )%)

AFn
#(n)
1 NN
9 < = d? - A
9) 4 ; A 1;[1 (0+i1
N#(n)

3. PROOF OF THEOREM 1.1 PART (I)

In this section, we prove the first part of the theorem. It can be explicitly stated as
saying that the convergence (to their stationary distributions) times of the Markov
chains defined on S,, by the Ewens distributions with a fixed parameter ¢ are bounded
above by a constant, which depends on only 6, for all n.

We first study a sum

(10) Z(0) =Y d3B34,

AbEn

which is none other than the sum of the eigenvalues of P92. We will relate this ex-
pression to upper bound on the mixing time. Observe that unlike (9) we included the
trivial partition (n). We will calculate it explicitly. First we need some definitions.

Algebraic Combinatorics, Vol. 6 #4 (2023) 912
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3.1. PLANCHEREL GROWTH PROCESS. Let Y denote the Young’s lattice, which is the
lattice of all integer partitions. A partial order on Y is defined by the inclusion of
Young diagrams, i.e., for A\, u € Y we say p is covered by A, and denote it by p 7 A,
if A can be obtained from p by adding a box to an admissible position in its Young
diagram. This box adding process gives a Markov chain on Y, known as the Plancherel
growth process; see [17]. Its transition probabilities are given by

da
|A|dx

The law of the chain at stage n is the Plancherel measure on S,,, which is defined as

p(AA) = for A /A

d2
PN = —>" for A+ n.
n!

We use this process to compute (10) recursively. Let us list some properties that the
transition measure satisfies. Firstly,

(11) dy= Y dy and dy= Z d.

XA A AAA

Secondly, we state the relation of this measure to contents, similar to the way it is
presented in [18, Section 10]. Let X be the content of the random box added to the
diagram of A\ according to the transition measure. We have

E)\(X) = A;/\ (A N A) ‘A|d)\ 07
(12) , L da

LEMMA 3.1. If Z,,(0) be defined as in (10), then

2,(6) = (n—&—f—l)/(n—i—z—l)%

Proof. By the first equation in (11), we have

N X 1(0)

AFn pkn—1 )\ p,/‘)\

Next, using the formula (8) and the equations in (12),

dy (0+c(A~p)\°
70)= ¥ d 3 (
pkn—1 )\u/‘/\d” nto-1
_ 2 2 2
= n+9 5 Y d2Br, (B(60) + E(20X) + B(X?))
Mkn 1
n+92—1
—n— 7. 1(0).
n(n+9—1)2 1(6)

Since Z7(0) = 1, the recursive relation above gives the result.
O

We also note the following combinatorial identity. Since Z(f) is in fact the sum
of the eigenvalues of P7, it will agree with the trace of P}. Each element along the
diagonal of P} is obtained by the sum of squares of elements in any row, since Py is
symmetric. Putting these observations together, we obtain:

Algebraic Combinatorics, Vol. 6 #4 (2023) 913
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1 (o) _ (MO —1
EZG’Y _< n ’

ocESy,
If we let Y () be the number of cycles in a uniformly chosen permutation w € S,,,
and define T, (1) = 6Y (™) we have

E(Fn)=<n+9_1) and E(ri);(

n+6%—1
" .
The first identity above is obtained by computing the trace of Py.

n

3.2. UPPER BOUND. Before evaluating the upper bound on the total variation dis-
tance, we give an upper bound on the eigenvalues. In particular we show that the
eigenvalue associated with A = (n — 1,1) is the largest among all but the trivial
partition (n).

LEMMA 3.2. Let A # (n) be a partition of n. Then B(Qn—1,1),9 > 53,6 for all 0 > 1.

Proof. We will compare the factors of the eigenvalues 3 ¢ and 3(,,_1 1) ¢ going through
all boxes in their diagrams according to lexicographic order. We ignore the product of
denominators in (8), 6(") | as its common to all partitions. Every partition has a box
in the upper left corner of its diagram, so the first factors agree. Since A is not the
trivial partition, its diagram also includes a box in the leftmost position of its second
row, which we cross out with the box of (n — 1,1) in the same position. Finally, we
distinguish two cases, the positive (1) and the negative (2) factors of 8 g. Since § > 1,
B(n—1,1),0 does not have a negative factor.

Skipping the aforementioned two boxes, we start with the box in the first row and
the second column of (n—1,1). It has the factor §4+2—1 = #+1. While the partition A
can have a box at the same position or a box at the second row and the second column
or at the third row and the first column. In the last two cases, the factor is 6 — 1,
which is positive and smaller than of (n —1,1). We repeat this argument for all boxes
with positive factors.

Suppose the kth box of A has a negative factor, i.e., 0+cy(k+2) < 0. Since cx(k+2)
is minimized if the first k& boxes of A are located in th first column, we have ¢y (k+2) >
—(k + 1). On the other hand, the kth factor for the partition (n — 1,1) is 6 + k.
Since 6 > 1, we have |0 + k| > |0 + ca(k + 2)|, which proves the second case and the
lemma. ]

We are ready to take on (5),

do(t) < Y BpHY
AFn
N#(n)
t

(13) < | max 5| (2(0) - 1)
X (n)

_(_0-1 021\ (n+60-1\"
S \f04+n—1 n n '
Next, we bound the binomial terms in the sum. Let us take k < 8 < k+1 for k € Z+.

For the first term, we have

n k2!

(n +6% — 1) n(k+1)’

Algebraic Combinatorics, Vol. 6 #4 (2023) 914
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We need a lower bound for the latter,

n+60-—-1 nk
> .
n (k+1)!

2
So, if we take t = cEL for some ¢ > 1,

dolt) < 1 nk+D? (] 4 1)12 E—1 \c*+D
PSR n2k k+n-—1
=C(k)n'~

where C(k) is a some constant depending only on k = |6]. Since ¢ is also independent
of n, we can take any fixed value for n, say n > 3, and conclude that dy(t) < C'(k)e™ ¢
This concludes the proof of Theorem 1.1 part (i).

3.3. AN ELEMENTARY PROOF FOR INTEGER PARAMETERS. Let k € ZT. By the hook-
length formula, we may write Z (k) explicitly as

B E+ex(i+1)
(19 20 =Y. [ QH( D),

AbFn
Then we can rearrange it as the following:

Z(k) = ; (Hn_l;iz_l)Q (: W)Z
_ <n+k— 1)2233(1’“

AFn

(15)

where s,(1%) =[], k',:(cz()‘) is the Schur function with k non-zero variables, each
being equal to 1. Note that sy(1¥) is zero unless A\ < k. See [21, Section I-3] for
details.

Consider the Cauchy identity,
[[a-ziy)™ = D sax)saly)
4, A part.

where x = (21, x2,...), ¥ = (Y1, Y2, ...) and the sum is over all partitions \ of any size.
The proof is found in [21, Section I-4]. We are interested in partitions A such that
|A| = n, so we consider the coefficient of ¢ for the generating function

F(x,y;t) = H(l —ziyit) "t

4,J

Then we take z1 = --- =z, = 1 and x; = 0 for | > k. We do the same for y to obtain
S 0% - [IIJa-0" = (-0

A part. i=175=1
The right-hand side is the generating function for complete symmetric functions, and

: 2

the coefficient of " is given by h,, = (”H; _1). Therefore,
n+k?-1
San= ("),

AFn

We then can proceed as before and show the same upper bound. The reason that we
cannot simply extend the result from integers to continuum is the failure of eigenvalue
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monotonicity in the non-integer case. Observe that the eigenvalues are always non-
negative for integer values of 6, which is not true in general.

4. PROOF OF THEOREM 1.1 PART (II)

4.1. DEFINING REPRESENTATION. It follows from the definition of the total variation
distance (2) that

(16) do(t) > |P5(A) — m(A)]
for any subset A of S,. A statistic commonly used to choose an expedient subset
in (16) is the number of fixed points. Define By, to be the set of permutations with
less than or equal to k fixed points. This particular choice of subsets establishes an
important connection with the symmetric group representations.

The defining representation of S, is the n-dimensional representation p where

ory = {120 =1

0 otherwise

for o € S,,. Denote the character of the representation, in other words, the trace of
the matrices given above, by x,(0). Observe that x,(o) counts the number of fixed
points of o € S,,. Therefore o € By, if and only if x,(0) < k.

Next, we consider x, as a random variable under the law of the Markov chain at
step t. The defining representation is reducible and decomposed as

(17) p= S gy g(n—=1,1)
where S* is the Specht module associated with partition A of n, noting that the
partitions of n are in one to one correspondence with the irreducible representations
of Sy,. See [23, Chapter 2] for details. For the second moment of x,, we consider the
decomposition of p ® p as
(18) p®p =28 g 351D g gn-22) g g(n—21%)
Then we use the facts below,

Xp1®p2 = Xp1 + Xp2s

Xp1®p2 = Xp1 " Xp2>

and invoke some Fourier analytic results, which can be found in [4, Chapter 16] with
detailed proofs and in [7, Section 2C] in most relevance to our case, to calculate the
first two moments of x,. We have the following expressions for the first two moments
of a distribution u over S,.

gy Brl) = (3l + (it~ 1,1),
E.(2) = 2tr((n) + 3tr(i(n — 1,1)) + tr(ji(n — 2,2)) + tr(is(n — 2,1,1)).
Then using the first two moments, the probabilities can be bounded by Chebyshev’s

inequality,

Var(x,)
(20) Pr(x, <E(x,) —a) < Var(x,) + @

In particular, the distribution of x, under the uniform distribution over S, is well-
known from the classical matching problem. It is given by

1 (=)
21 Bi) = Pra(y, > k) =
for k =1,2,..., whose limiting distribution is Poisson with parameter one. See [25]

for various derivations of this result.

Algebraic Combinatorics, Vol. 6 #4 (2023) 916
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4.2. LOWER BOUND. The decompositions (17) and (18) of the defining representation
allow us to evaluate the expression in (19) with respect to the law of Pf. We first

identify the traces of the Fourier transform by our previous derivation (7) for Pj(\)
for A n.

tr(Pi(n)) = 1,

te(Fy(n —1,1)) = (n— 1) ("‘1)

0+n—1

— nn—3)/ 0-1 \'[ 0-2 \'
tr(Pi(n —2,2)) =
H(F(n=2,2)) 2 (9+n—1> <6+n—2> ’

— —D)(n—-2)( 6-1 \' 9 ¢
te(Pl(n—2,2) = ™ .
r(Fy(n =2,2)) 2 0+n—1 0+n—2

logn
If we take t = log(G—i—ng)—log(O) — 10g(9+n’;—10g(9) where v > 0, then
lim Epi(x,) =1+¢
nan;OEpg(Xf)) =2+3(1+e") + 2.

Therefore, Var p: (xp) is asymptotically 4 + €7.
We take n large enough and define A to be the set of permutations with less than
or equal to e?~1 + 1 fixed points, i.e.,

A={oc€ S, :x,l0) <P 41}
Then by Chebyshev’s inequality (20),

4+e7 1
t _ -1
PG(A)*PrPg(ng 1+e77) < 4+ e7 +e2r2 < er—2"

For the uniform distribution, we have

_ 1
T(A) =Prp(x, <1+ 1) >1- o
by (21). Putting them together,
_ 4 _
(1) = ypax [PE(S) = 7(5)
>|Pj(A) — m(A)|
1 1 1
Pl-Si o=t
Therefore, we have the lower bound
1 logn 1
(22) dy (22 ) =P —a| z1-—
log 2 v ev

4.3. DIMENSION BOUNDS AND A PARTIAL ORDER ON PARTITIONS. We present bounds
on the sum of d3’s for certain sets of partitions to be used in the proof of the theorem.
A bound for a fixed length of the first row is given by

LEMMA 4.1 ([7]). Let |\| = n and A1 be the length of the first row of \. Then,

(23) 3 )di < (Z)z(n—Al)!.

A=(A1,...

Algebraic Combinatorics, Vol. 6 #4 (2023) 917



ALPEREN OZDEMIR

The proof in [7] is by bounding the number of standard Young tableaux. First
choose A\ elements for the first row, then count all possible standard Young tableaux
that can be formed from the remaining cells.

Next, by Lemma 4.1, we bound the sum of dimension squares for the partitions
with their first row larger than a linear order of n. We use the notation f(n) = O(g(n))

f(n) fn)| _
a(n) oy | = 0-

LEMMA 4.2. Let [A| = n and a € (0,1). Define Q1 = {A\ F n : an < M} and
ng{)\l—n:ang)\land%g)\gé)\l}.Asn—>oo,f07"alle>0,

(1) E)\EQ1 di = O(n(l—a+e)7l)
(ii) Z/\EQQ d%\ _ O(n(lfforFe)n)

Proof. The binomial term in (23) is simply bounded by 4™ considering

()< ()-=

The second term in (23) is bounded by the inequality, (n — A;)! < n"~*1. Combining
the two observations, we have

> B () e

an<
< 4"Z(n—om—i)!
i

< n4nn(1—a)n _ O(n(l—a—i-e)n)

to mean limsup,,_,

< o0, and f(n) = o(g(n)) for limsupn_wo‘

for all € > 0, which proves part (i).
To prove part (ii), first note that the proof of Lemma 4.1 can easily be extended

to yield the fact
n\ 2 n—M 2
> dig()\) < \ > (n— X — AL,
A=(A1A2,nn) 1 2

Therefore, similar to part (i),

Y O

an<>\1 Tlg

e
2
o ) (r, ) o Ban iy
n-+1 50N+ j 2

< n242nn(17§a)n _ O(n(1*%a+6)n)'
O

Next, we define a partial order on the partitions of a fixed natural number n, known
as the dominance order, which is to be used in the proof.

DEFINITION 4.3 ([21]). Let A = (A1, Mg, ...) and p = (p1, pa, ...) be partitions of n. We
say that A dominates p, and denote by A\ = u, if

J J
Z)‘i > Z,ui forall j >1
i=1 i=1

If A = o and X # p, then we write \ > p.
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4.4. UPPER BOUND. Let us take 8\ = 5. The idea is to show that the large eigen-
values have small multiplicities and vice versa. In summary, we first divide {A : A\ F n}
into regions with respect to the length of the first two rows, and identify the parti-
tions which dominate every other partition in those regions. Then the bounds on the
dimensions given above are employed.

We start by defining two sets of partitions, of which the eigenvalues are computa-
tionally manageable. The first set consists of partitions where the cells in the Young
diagram are stacked up and right as much as possible for a fixed ratio of the length
of the first row to the total numbers of boxes. Formally, for a fixed a € (0,1),

(24) () = (an,...,an,rn)

where ag + r = 1 for some ¢ € N and 0 < r < a. Although the definition makes
sense only if an and rn are integers, one can choose the closest integers as n tends to
infinity and the proof below works properly.

The set of partitions defined above respects the dominance order (see Definition 4.3)
in the sense that /\’(71) = )\fl) if and only if n > (. In fact, more is true. It is easy to
check that

(25) ‘(Xl) =X ifand only if A\ < an.

In the second set of partitions, the length of the second row is fixed to be the half

of the first row’s length if the length of the first row is less than 7, otherwise it is half

of the number of remaining cells. More precisely, the definition is as follows:

(26) o . (CW% %n,%n,Fn) a € (07 %]
(2) = (a’n,’ kTan, 17?0471) o € (%7 1

where 0 < 7 < % Similarly,

1_
(27) ?2) =X if A <an, Ay <min {gn, 2an}

{Af) }a lies through the upper sides of the triangle in Figure 2, while {A%;) }q lies
strictly below it through the inscribed triangle in the figure. Then the dominance
order can be interpreted as )\?i) dominates every partition to the right under the
triangle it lies on.

Next, we estimate the eigenvalues corresponding to those partitions defined above.

LEMMA 4.4. Let |\ =n and aqg+ 1 =1 for some fized o as in definition (24). Then
we have,

(1+ a)‘](lJra)n (1+ r)(1+r)n
BA&) < c 92n )

where C' is a constant depending on a.
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Proof. We use the formula for the eigenvalues (8) to have

q an ™

n—it+j n—q+j
a X
ﬁ)‘m HHnJr (i—Dan+j—-1 H2n—rn+j—1
1=17=1 j=1
q an rn .
n+ n+
HHn+ zfljom+ XHanranr‘
i=1j=1 ‘] Jj=1 J

q

7

_ (a+ ) )7 [(L + r)n]!
(nh)7 (2n)!

For n large enough, applying the formula (see [1, 6.1.38])

(28) 2l = V22 i T | for some 0 < £ < 1,

to the factorials above, we obtain

(I+a)(l+7r) 1+ a)Q(1+o¢)n (1+ T)(l-i—r)n

b S 2 92n

(1 =+ a)Q(1+‘1)n (1 + 7,.)(1+7')7z
22n :

In fact, for our purpose, only the cases where either r = 0 or r =
For the second set of partitions, we have the following lemma.

LEMMA 4.5. Let |A| = n and 7 = 0 in the definition (26) for a € (0,

exists ¢ € N such that ag = 2. The eigenvalues are bounded as

a\ an/2
< (1 + —) Byasa,
2 A

Bae

(2)
where C' is a constant depending on a.

Proof. The eigenvalue formula (8) gives

G—2an/2

n—1t+j
Pryy = HHn+ i+ 41
i=1 j=1
_aﬁQ +M+ 1 Li_[laﬁQ ’n—l—f—j
_jzlnf g—1)+j n+i%t+j—1

_ TL—F%—l an/ZB
S\n—(@-1 <0

c(1 o\ an/2
= (1+3) " Py

for some constant C.

[¥]]s)

(1 —|— a' [T+ (i —Da)n]!  [(T+r)n)! [(1 + ga)n]!
<]l (L +in! 2n)!

O

are relevant.

%] . Then there

O

Having established bounds on set of eigenvalues, we then bound the total variation
distance for § = n using the upper bound formula (9). We separate the range of the
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A2

0 n/13 n/2  n/3 N

FIGURE 2. Planar representation of partitions with respect to the
length of the first two rows of Young diagram

sum into four regions as depicted in Figure 2. In set notation, they are

Rlz{mnmg%},

n n .S
RQ:{)\I—n:13<)\1<3,m1n{;, 21}§>\2},
n n . )\1 1—/\1
= : <7a ) )
R3 {)\"’I’L 13 <M 3 )\2<m1n{ 5 2 }}

R4:{/\I—n:%<)\1<n}.

We take t* = 11ng throughout the proof. Also note that
g

2

(29) 3= g =t O,

4.4.1. Region 1. We show that the eigenvalues are small enough after a linear order

of n, so that when multiplied with d3 the sum is of smaller order than a constant.
We take r = 0 in the statement of Lemma 4.4, therefore o = % for some ¢ € N. By

Lemma 4.4,
1 1
log Bxe :(q<1+>log<1+>—210g2)n
(1) q q
1 1 1
=1(1 - ——+-—=—- ) —2log2
(( +Q)<q 2q2+3q3 ) 0g>n
1
(30) <(1+2(1210g2>n

Then we bound (29).

2t* 9
log,, (BAE”I) ) “log2 log fxe,
2

1
=|—+—F—--4

(log2+qlog2 )n
1.44
R~ ( - 1.11) n
q

2t*
So if we choose ¢ large enough, or equivalently « small enough, (,6’,\?1)) <n "
It turns out that the smallest integer ¢ that satisfies the inequality is 13. We have,
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2t
§ : 2 p2t™ § 2
d}\ by g (6)\(11/)13) dA

AER; An
A<n/13

gn—l.Oln E di
AFn

—1.01n
<n n!

:O(n—0.01n).

4.4.2. Region 2. First we briefly justify the need for the restriction on the length
of the second row of Young diagrams. Consider the partition A = (%, %), and the
corresponding eigenvalue

n/2 ) Sp—1 3n/2 3n/2 n
B e Y T
2

i=1

for some constant C'. Then,

62;* = Cn@n[{jlog&ﬂogz] ~~ O~ 0497
(3.3)
On the other hand, > d%\ is of order at least 7!. To see this, first fill out the
A=(2,...)
first row by 1,2,..., 5, then there are exactly %! ways to obtain a standard Young
diagram, which gives a lower bound. But since n(1/2=9" = o(%!), . (Z; )d%\ B%t%*%)
=(z,
is of order larger than a constant.

We restrict our attention to a smaller region, and use part (ii) of Lemma 4.2 to
bound the dimensions. First, we choose a sequence of partitions {A?‘l)}l in this region,
2
5

for which ag = %,al = 1 and o; = % for ¢ > 3. By the dominance order

2
relations (25), we have

PIEACNESY (,8%)%* S &

AERy i AER>
aipin<A<ain

Qo =

Then by part (ii) of Lemma 4.2,

2t* 2" 34 )n
Z di (B)\) é Z(ﬂ)\?‘f}) n(l 2 1+1) .

AER> 7

Next, we bound the eigenvalues. For ¢ = 0,1 and 2, we have the following calcula-
tions by Lemma 4.4:

5 5 4 4
) < (log—l—log —210g2)n< —0.157n,

log 1) = log 52 glogg +zlogg

2n n
33

3
Qi P —
log ﬂ(l) = log ﬂ(%%) < (3 log 5 2log 2> n < —0.17n,

14 7 6 6
Q2 __ — — - —
1ogﬁ(1) = logﬂ(zgl’ng’%) < < 5 log 3 + 5 log 5 210g2) n < —0.22n.

Further computations using (29) yield

2t* .
(31) Z ﬂ)\ai) n(l—%ai+1)n — O(TL_O'OQn),
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For i > 3, since a;; = 1, we can use the bound (30) to obtain
1 1 ! 2log 2
og ﬂ(l) + % og2|n
Then by (29),

2t*
E (5,\%) n(l=8ait)n
)
3

2

1 3
= 4+_+1—‘>nlogn}.
; {(ng ilog2 2(i+1)

It is easy to see that the right-hand side is a decreasing function of ¢ for ¢ > 3.
Therefore, if we plug in ¢ = 3 and carry out the calculations,

1 3
Z(ﬁ/\(l)) n(lf— it+1) <Z {<1g2 4+3log2+18)nlogn}

123 123
( 70.008n)'

=o(n
Combining with (31), we eventually have

> & (B = o(n=0 ),

AER>

4.4.3. Region 3. This region is treated very similar to Region 2. We consider the
second set of partitions (26) this time with the same choice of ;’s as in the previous
case.

By the dominance order relations (27) mentioned above, we have

* 2t
Z di (5A)2t < Z (ﬂ/\?;)) Z di-
AER3 i AER3
a;ip1n<AI<ogn
By part (i) of Lemma 4.2,
Z di (5)\)% < Z (ﬁ)\(21>) (1—oci+1)n.

AER3

For ¢ = 0, we can bound the eigenvalue by direct calculations,

2
B =Bz pny =11

1=1

n/6
H n—1+j
ph V(-1 -1
()14%/6( )577,/3

<CT,13’

which follows from the proof of Lemma 4.4. Similarly,

. (3™ (1)
55 =0 gy < O

(§)18n/5 ( )777,/5
5 5

5 57515

P =Pz 4.4.4) <C

22n
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Therefore,
,8(2) (164 logg + glogg —2log 2> n < —0.175n,
log ﬁ(z) (5 log% + glogg —2log 2) n < —0.22n,
log 6(2) ( 58 log — 6 + - ! logZ — 2log 2) n < —0.25n.

5 b 5

Then we have
2

2t*
(32) Z (BA(z)) nitamn = o(n_0'005").
0

=

For i > 3, we apply Lemma 4.4 and 4.5 to obtain

o 1 . 1
logﬁ(g)<(Qilog(l—&-%)+22<1+2i>log<1+2i>—2log2>n
1 1 1 1 1
2i+1 4 — — — 4+ ... )| —2log2
<<Z+ +2><21 82 T 24 G4t | > Og)”

1 5
<14+ —=4—= —2log2
(+4+ 2472 og)n
Then by (29),

12

2t
o (I1—aiq1)n
z; (ﬂA(%) "

1=

1 5 1
_ 4 1- logn b .
Z {<1g2 t oilog2 T 12%log2 (z‘+1))"°g”}

Now we observe that
2 5 2 5
— = < - )
log 2 3t 12i2log2 ~ log?2 3t 1081og 2 <0

for ¢ > 3. One can also verify that Wiw -~ @D
i > 3. Therefore, we can plug in 7 = 12 to obtain an upper bound.

12

Putting together with (32), we have

> B (B = o(n~ 0%,

AER3

4.4.4. Region 4. The cases covered above allows us to conclude that if ¢ >

+ v for v > 0.

logn

Region 4 determines the convergence rate. Take t = Tog 2

Let m = n — A\;. Then we have

H’” n+j—1
/8()\1,”—)\1) = .
i 2n—m+j5—1

< n+m m
2n
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2t (1—ciy1)n = 1 1 1 _ —0.06n
zz (B)Yz)) " = gexp 144log2 13 nlogn = oln )

log n,
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Using the fact that log(1+z) < x
2

33 10g Bin—m.m) <m |—log2+ log 1+@ <—mlog2—|—m—7
( ,m)
n n
which implies
21100g2n 2y 2m? o,
B(n m,m) B(n m,m) B(nfm,m) nnios2 B(n 1,1)

2y
27n2 —2m 1
< n log 2 — .
()
Therefore, by Lemma 4.1 and (33),

dBR =D &

AERy 2n/3< A <n—1

1 2y /8 n 2 2m?
<[ = | logz —2m
(2) 2 () o

m=1

To bound the factorial term, we employ the fact (:1) <

n/3

1 n 2m?
> B < Y e

An application of Stirling’s formula gives

2m2
TL/3 m 1nn{§g2

1 1
2 92t 1/n
g ds By g—m 1+ o E m3/2 o +0(n'"m)

AERy

Let

2
em—lp sz 2m?logn
Next we show that f(m) is less than 0 in the range of the sum. Taking derivatives,

we have

4logn 1 1
>0
nlog2 m m?

f'(m) =
for m > 3. Therefore f is a convex function, so

f(m) <max{f(3), f(n/3)}

for all m € [3,n/3]. It is easy to check that both f(3) and f(n/3) are less than zero,
hence f is strictly smaller than zero in the range of the sum. As a result of this,

n/3

1
Zd)\ A \7 1+ \/—ng/g nl/n)

AERy
< 41v( +2+\/ﬂ( (3/2)—1))
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Finally, by (9) we have

logn
dn =
(log 2" 7) ‘

Combining with (22), we conclude that the chain has a total variation cutoff. This
concludes the proof of Theorem 1.1 part (ii).

< 1
X -
v 4

log n
+v

log 2 _
Pt9

5. CONCLUSION

The Plancherel growth process does not seem to be fully exploited in this context.
Further work could require estimates on the moments of contents with respect to the
transition measure. Some explicit formulae for the moments are provided in [19]. The
computations in Section 4.2 suggests the following:

CONJECTURE 5.1. Let Py be the Markov chain on S, defined in (1).
(i) If 8(n) = O(nP) for some B < 1, then the mizing time is bounded above by a
constant independent of n.
(ii) If n = O(B(n)), then the chain has a total variation cutoff at t, =

logn . . . 1
log(n+0(n§)flog9(n) with a window Of s1z¢€ log(n+60(n))—logO(n) *

To compare it to a well-known example, we expect that Py has the same rate of

convergence with the random transposition walk on the symmetric group [11] provided

that lim,, e % =1
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