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Abstract

We show that in any dimension d > 1, the cycle-length process of stationary random stirring
(or, random interchange) on the lattice torus converges to the canonical Markovian split-and-
merge process with the invariant (and reversible) measure given by the Poisson—Dirichlet
law PD(1), as the size of the system grows to infinity. In the case of transient dimensions,
d > 3, the problem is motivated by attempts to understand the onset of long range order in
quantum Heisenberg models via random loop representations of the latter.

1 Introduction and Result
1.1 General Introduction

Representations of the Bose gas in terms of random permutations date back to the classic [8],
where the Feynman—Kac approach was first used in the context of quantum statistical physics.
Since, due to Holstein—Primakoff transformations, quantum spin systems are reformulated as
the lattice Bose gas with interactions, the Feynman—Kac approach can be transferred to the
quantum Heisenberg models, too. An early version of representation of the spin-% quantum
Heisenberg ferromagnet in terms of random permutations appears in the unjustly forgotten
paper [16].

It looks like the stochastic permutation (or, random loop) approach to the Bose gas
and quantum spin systems, based on Feynman—Kac, became main stream objects in math-
ematically rigorous quantum statistical physics and probability in the early nineties, with
independent and essentially parallel works where the Bose gas in continuum space [18], the
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quantum Heisenberg ferromagnet on 74 [5,19,20], and the quantum Heisenberg antiferro-
magnet in Z! [1], had been considered, via random loop representations. The latter paper
contains a derivation of a general, Poisson processes based, functional integral representa-
tions of quantum spin states on finite graphs. We refer to [13] for a more recent exposition
of this general approach.

The random stirring (a.k.a. random interchange) process on a finite connected graph is a
process of random permutations of its vertex-labels where elementary swaps are appended
according to independent Poisson flows of rate one on unoriented edges. The process was first
introduced by Harris, in [12] and since then, due to its manifold relevance and intrinsic beauty,
has been the object of abundantly many research papers. In particular, it turned out that the
asymptotics of the cycle structure dynamics of random stirring on the d-dimensional discrete
tori TV, as N — 00, is of paramount importance for understanding the emergence of so-called
off-diagonal long range order in the spin-% isotropic quantum Heisenberg ferromagnet (for
dimensions d > 3)—a Holy Grail of mathematically rigorous quantum statistical physics.
For details, see [20] or the surveys [10,21].

The main and best known conjecture in this context (see [20]) states that, for dimensions
d > 3, there exists a positive and finite critical time . = B.(d) beyond which cycles of
macroscopic size of the random stirring emerge. For a precise formulation see Conjecture 1
in Sect. 1.6 below.

Note that in the Feynman—Kac (a.k.a. imaginary time) setting the time parameter corre-
sponds to inverse temperature. Accordingly, the critical value of time, S, corresponds, in
physical terms, to critical inverse temperature. This is reflected by our choice of notation.

Inspired by the exhaustive analysis of the Curie-Weiss mean field version of the problem
by Schramm, cf. [17], and supported by numerical evidence, a refinement of this conjecture
(see [10]) claims that beyond the critical time B, the macroscopically scaled cycle lengths
converge in distribution to the Poisson—Dirichlet law PD(1). For a precise formulation see
Conjecture 2 in Sect. 1.6 below.

The work presented in this note is primarily motivated by the following further refine-
ment of the above conjectures. On the time scale of the random stirring process, due to the
macroscopic number of edges connecting different cycles of macroscopic size, respectively,
connecting different sites on the same cycle of macroscopic size, the cycle structure of the
permutation changes very fast. However, looking at a time-window of inverse macroscopic
order around a fixed time v > B, and slowing down the time scale accordingly, we expect
to see the cycles join and break up like in the canonical split-and-merge process. Somewhat
refining Schramm’s arguments, [17], this can be proven in the Curie-Weiss mean field setup.
In the d-dimensional setup, however, this seems to be a serious challenge, formulated as
Conjecture 3 in Sect. 1.6 below. The point is that in this scaling limit the underlying d-
dimensional geometry is smeared out by the (expected) close-to-uniform spreading of the
various macroscopic cycles.

The main result of this note is formulated in Theorem 1 and its Corollary 1 in Sect. 1.5,
which settles Conjecture 3 for T = oo. That is, we prove that in the stationary regime of
random stirring on TV, indeed, the appropriately rescaled and slowed down cycle-length
process converges in distribution to the canonical split-and-merge process, which has PD(1)
as its unique stationary (and also reversible) law.
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1.2 Notation

Let €2 be the set of ordered partitions of 1,
Q= {p:(Pi)i>1 pi€l0 1], pi=pr=--=0, Y pi=1
i

endowed with the ¢! -metric

dip.p) =Y _|pi — i )
i
which makes 2 a complete separable metric space.
Given N € N, let £V be the symmetric group of all permutations of {1, ..., N} and

oV :={1=(li)i>1 heN, hzhz- 20, lezN}
1

:ia:(ak)kzl cap €N, Zkak:N}. 2)

k

The identification between the two representations of Q% is done through the formulas
ax =#{i :l; =k}, [ = max {k DY ap = i}.

We embed naturally Q¥ c  as

[
QN:[pEQ5Pi:1<], lieN, hzh=---20, ZII:N}, 3)
1

The three representations in (2) and (3) are naturally identified as three encodings of the same
set V. We will think about them as being the same and will use the three representations
freely interchangeably.

Giveno € TV denote by ¢ (o) = (%i(0))i>1 the cycle decomposition of the permutation
o, listed in decreasing order of their sizes, so that in case of ties the order of cycles is given
by the decreasing lexicographic order of their largest element. The cycle lengths of the
permutation ¢ € S are encoded in the three (equivalent) maps: 1,a,p : =V — QN

ho) =GO ao) = #k: G =1 pito) =

Let 1 be the uniform distribution on £V and 7" the probability distribution (on Q% ) of
the ordered cycle lengths of a uniformly sampled permutation from $:

N =pNe 1) =D, V@) =uNo:a@)=2), V@) :=u"©o:p0>)=p).

By Ewens’s formula (see e.g. [2]) we have

-1

V@ = |]]jv'| . “4)
j
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which transfers to 7V (1) and ¥ (p) by the one-to-one identification of the three representa-
tions of QN on the right hand side of (2), (3). Considering QN as embedded in € (see (3))
the sequence of probability measures 7 converges weakly to

The Poisson—Dirichlet measure w of parameter 6 = 1 on 2. This is the distribution of the
decreasingly ordered sequence (§;) j>1, where

Xj

Zkz] Xk,

Above PPP stands for Poisson Point Process. See e.g., Section 7 in [10] for a concise
exposition. We will also refer to the Poisson-Dirichlet law of parameter 6 = 1, as PD(1).

£j = (Xj)j=1 ~ PPP(m(dr)),  m(dt) =t"e "dr. )

1.3 Random Stirring on the d-Dimensional Torus

The dimension d will be fixed for ever in this note, and therefore it will not appear explicitly in
notation. Forn € Nand N = n?let TV := z/ n)4 be the d-dimensional lattice torus of linear
size n and, accordingly, of volume N, and BV the set of nearest neighbour unoriented edges
b of TV. We think about the vertices of the graph TV as being listed in a fixed lexicographic
order.

The random stirring (or, random transposition) process on TV is the continuous time
Markov process ¢ — 7V (¢) on the finite state-space £V, generated by independent Poisson
flows (of rate one) of elementary transpositions 7, along the unoriented edges b € BV, Its
infinitesimal generator, acting on functions f : £V — R, is

LN fe) =) (f(mo) = f(0).

beBN

The uniform distribution of permutations, ,uN , is the unique invariant measure of the Markov
process t > n™ (t) which is also reversible under this measure.
In the sequel we shall work with appropriately rescaled (slowed down time) version 5™

of 7V
o= ( : )
Nd

By construction 7% has unit total jump rates at any o € . We will consider the stationary
process t +— n™ (¢), with one-dimensional marginal distributions ulN

The process £V . The main object of our note is the process of normalized and ordered cycle
lengths of the stationary random stirring ™ (r),

Nty == p" (1) (©6)

The process t +—> eN(t) takes values in QV and it is stationary, with one dimensional
marginals 7V, cf. (4). However, it is by no means Markovian. As long as N is finite, it reflects
the geometry of the graph TN . Our result, Theorem 1 states, however, that, as N — oo, the
process &V (1) stays close in distribution to a reversible Markovian coagulation-fragmentation
process ¢ — ¢V (1) € QV defined in the next subsection. Thus the process £V (¢) inherits
from its Markovian sibling ¢V (¢) the weak convergence to the canonical split-and-merge
process t > ¢ (t) € €2, also defined below.
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634 D. loffe, B. Téth

1.4 Split-and-Merge

The canonical split-and-merge process is a continuous time coagulation-fragmentation
Markov process ¢t — ¢(t) € Q2 whose instantaneous jumps are either mergers of two different
partition elements of size p’ and p” into one element of size p’ + p” happening with rate
p'p”, or splitting of a partition element of size p into two parts of sizes p’ and p” = p — p’,
uniformly distributed in [0, p], with rate p2. Note, that the total rate of coagulation and
fragmentation events is exactly 1. The action of the infinitesimal generator of the process

on bounded continuous f : Q — R, is

Gr@ =2 pip; (fMijp) — f(p)) +Zp,/ (fSiP) — f(p)) du

i<j

where, for 1 <i < j, the map M;; : Q — € merges the partition elements p; and p; into
one of size p; + p;, and subsequently rearranges the partition elements in decreasing order,
whereas, for 1 < i and u € [0, 1), the map S:-‘ 1 Q — Q splits the partition element p;
into two pieces of size up;, respectively, (1 — u) p; and subsequently rearranges the partition
elements in decreasing order. Since the total rate of mergers and splittings is

2 pip; +Zp, =1,

i<j

there is no technical issue with the path-wise construction of this process or with the identi-
fication of the domain of definition of its infinitesimal generator ¢. This canonical process
is much studied and well understood. In particular, it is a known fact—see [6,14]—that the
Poisson—Dirichlet measure 7 on 2 is the unique stationary measure for the process ¢ — ¢ (t)
which is also reversible under this measure.

The process V. Given N € N, we define the finite state space Markov process ¢ >
V(1) € QN as a discrete (in space) approximation of r — ¢(¢) € Q. It is the coagulation-
fragmentation process of partition elements of size k/N, k € {1, ..., N}, where elements of
size k' /N and k” /N merge into an element of size (K’ + k”)/N with rate k’k” /(N (N — 1))
and a partition element of size k/N splits into two elements of sizes k'/N and k" /N, with
kK =1,...,k—1and k" = k — k', with rate k/(N(N — 1)). Its infinitesimal generator,
acting on functions f : QN S5 R, is

2N
N @) = 2 pivi (FMyp) = £ ()

i<j
Npi—1
+—Zp, )3 ()~ f ) ™
=2 0N (FMp = @) + 3 > Ve (£67 " p - f @)
i<j j k=1

For future reference let us record the exact expressions for the jump rates above as
Mean-field (see Remark 1 below) jump rates Ul D VN QN [0, 1],

2N]1{,<J

1
ﬁlh[)/» and Vk(p) 7P/ﬂ{l<k<Np,} ®)

N .
U,;J-(P) = 1
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Note that the total rate of mergers and splittings of the process ¢V is also exactly 1. Indeed,

2N 1
NPty Ve =D =1,
i<j i
which is just the combinatorial identity for the complete probability of sampling two integers
from {1, ..., N} without replacement. The process ¢V with generator (7) is also well under-
stood and, in particular, it is known that Ewens’s measure N of (4) is its (unique) stationary

and reversible distribution [6,14].

Remark 1 The process ¢ — ¢V (¢) is actually the cycle length process of Curie-Weiss mean
field random stirrings. That is,

N B ~N 2t
T =p (” (N(N - 1)))’

where ¢ — DV (¢) is the stationary random stirring process on the complete graph KV with
unit stirring rate per unoriented edge. However, this representation of the process ¢ — ¢V (1)
will not be used later in this note.

It is a well established fact—see [6,14]—that, on any compact time interval ¢ € [0, T'],
the sequence of processes ¢ — ¢ N (¢) converges in distribution to the process t +— £(z), as
N — oo, in Q endowed with the ¢!-metric (1).

1.5 Result

The results reported in this note are the following.

Theorem 1 Let d be fixed and N = n?, n € N. There exists a sequence N +— T*(N) with
limy_ oo T*(N) = 00 and a coupling (that is: joint realization on the same probability
space) of the stationary processes t +—> N (@) and t — V@), with nVN (0) ~ uV and
N (0) = £N(0), such that for any § > 0

lim P( max N)d(SN(t), Ny > 5) =0. 9)

N—o0 0=r=T*(
Note In the coupling of Theorem 1 the marginal processes t — 5™ (f) and t — ¢V (¢) are
stationary but the coupled pair ¢ +— (nN ),V (t)) is not.
Corollary 1 On any compact time interval t € [0, T']
MOE2408

as N — oo, where = denotes weak convergence in the space of c.a.d.l.a.g. trajectories in
Q, endowed with the Skorohod topology based on the distance (1).

1.6 Conjectures

In the following three conjectures the random stirring process ¢ — 75" (¢) starts from the
initial state 7V (0) = id rather than being stationary and runs on the original time scale of
unit stirring rate per edge. We use subscript 0 in Py (-) to stipulate this initial condition.

The conjectures are formulated in their increasing order of complexity: each being a
natural refinement of the previous one.
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636 D. loffe, B. Téth

The basic and best known conjecture in the context of random stirrings on TV is the
“long cycle conjecture” originating in the stochastic representation of the spin—% quantum
Heisenberg ferromagnet of Toth [20]. Affirmative settling of part (ii) of this conjecture would
be essentially equivalent to proving existence of off-diagonal long range order at low tem-
peratures for the isotropic spin-% quantum Heisenberg ferromagnet, in dimensions d > 3 —
a Holy Grail of mathematically rigorous quantum statistical physics. For details see [20].

Conjecture 1 (i) In dimension d = 2, for any t € [0,00), anyi € {1,2,...} and any
e>0

Jim P (piGY (1) = ¢) = 0. (10)

(ii) In dimension d > 3 there exists B, = B.(d) € (0, 00), such that ift € [0, B.) then (10)
holds, while if t € (B¢, 00) then for anyi € {1, 2, ...} and ¢ sufficiently small

lim Po (pi(ﬁN(t)) > e) ~ 0.

N—o00

Furthermore, the function
k
= lim i E(-NNt)
m(t) kin;oNgnool; o (i G (@)

is a well defined non-decreasing continuous function from [0, 00) to [0, 1], such that m(B.) =
0, m(t) > 0 fort > B, and lim;_ oo m(t) = 1.

The quantity m(?) is the total fraction of sites belonging to cycles of macroscopic size, in
the thermodynamical limit N — oo. The probability that at least one transposition occurs
across a bond b by time ¢ is = 1 — e, which may be viewed as a percolation probability
across b. Evidently, at time ¢ macroscopic size permutation loops can lie only inside the
corresponding macroscopic connected clusters. In particular, B.(d) should be at least as large
as —log (1 — g.(d)), where g.(d) is the critical value for the Bernoulli nearest neighbour
bond percolation on Z¢. Unlike in the Curie—Weiss mean field setting studied by Schramm
[17], on Z the mass function m(¢) which appears in Conjecture 1 is strictly smaller than the
density of the unique macroscopic-size percolation cluster, see the proof in the recent paper
[15].

Based on the mean-field (Curie—Weiss) results of Schramm [17] and compelling numerical
evidence Ueltschi et al. [10,21] have formulated a refined version of Conjecture 1, which
not only affirms appearance of cycles of macroscopic size beyond a critical stirring time, but
claims that the joint distribution of cycle lengths, rescaled by the total amount of gel, weakly
converges to the Poisson—Dirichlet measure 7, just like in the mean field (Curie—Weiss)
setting proved by Schramm [17].

Conjecture 2 Assume d > 3 and let B, and m be as in Conjecture 1(ii) and T > B.. For any
k € N and for any bounded and continuous function f(§) = f(&1, ..., &),

lim Eo (£on(0"pGY (1)) = f fd.
N—oo Q
The work presented in this note is primarily motivated by the following further refinement
of the above conjecture. As indicated above the mass function m(¢) lives and grows on the

time scale of the random stirring process 7" . On the other hand, the cycle structure of the
permutation changes very fast on this time scale, due to the macroscopic number of edges
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Split-and-Merge in Stationary Random Stirring 637

connecting different cycles of macroscopic size, respectively, connecting different sites on
the same cycle of macroscopic size. However, looking at a time-window of order N ~! around
T > B, and slowing down the time scale accordingly, we expect to see the cycles join and
break up like in the canonical split-and-merge process ¢.

Conjecture 3 Under the conditions and notation of Conjecture 2, for T > P,
(1= m@ B ( + WD) ') = (> L)

Corollary 1 is the special T = oo case of this conjecture.

1.7 Random Loops in the Quantum Heisenberg Model

Let Pg be the restriction of the random stirring measure Py with initial condition id to the
time interval [0, 8]. Given a permutation n € XV let £(n) denote the number of different
cycles of n. In the language of Sect. 1.6 the isotropic spin-% Heisenberg ferromagnet at
inverse temperature 8 corresponds to a random stirring # > 7 (¢) on the time interval [0, 8]
subject to the modified path measures Pg'ﬂ );

with 6 = 2. Measures Pg’ﬂ with other values of 6 # 2 are perfectly well defined. As noted in
[21], integer values 6 = 2, 3,4, ... are related to stochastic representations of quantum spin
systems with spin s = 951 with pair interactions, which for s = % are exactly the isotropic

ferromagnetic Heisenberg models, but for s > 1 are of more complex form. See [21] for a
fuller discussion. (Fractional values of 8 do not correspond to quantum spin systems.)

On the other hand, as it was discovered and discussed in [21], in the 6 = 2, or, spin-%
case there is a whole family of modified stirring processes Py  which interpolate between
the ferromagnetic and anti-ferromagnetic models at the anisotropy parameter u € [0, 1]. In
the notation of [21] our random stirring measure could be recorded as Py = Py 1. This way
[21] provided an alloy of the random loop representations of the ferromagnetic (u = 1) and
antiferromagnetic (u = 0) Heisenberg models, cf. [20], respectively, [1].

In the Curie—Weiss mean field case, phase transition and Poisson—Dirichlet structure of
Py, for & = 1 and u € [0, 1], was worked out recently in [4], extending the study of the
pure random stirring case, 8 = 1 and u = 1, in [17]. However, even in the mean-field

case (Curie—Weiss), there are no direct matching results for Pﬁ:f when 6 # 1. The point is

that for 6 # 1 the family of measures !Pg:f ] has polymer structure: Namely, Pg:f is not a

!
relativization of ng for B < B’. In fact, under Pg:f the process 7 is a continuous time

Markov chain with time inhomogeneous jump rates J 5 f, (1); t € [0, B], given by

WP, )
he-B(t, )
and where J,, , are jump rates of the modified stirring process Py y (thatis at 6 = 1).

In this respect, although Conjecture 1 is expected to hold as is, it is not obvious what should
be a proper reformulation of Conjectures 2 and 3 of the previous section for the family of

~N ~
Jj”f/(t) = Jp.ys where h%P(1,m) = Eqg (‘9“77 O 77)» (12)

measures Pg‘f . For instance, even if we assume Conjecture 1 and take 8 > f., it is not
clear what should be an adequate answer to the following question: Is it indeed reasonable
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638 D. loffe, B. Téth

to expect that, for # > S, jump rates Ji’}f (#) in (12) are essentially constant on slowed down
time scales of order 1/N?

Furthermore, it is not even clear what should be a proper formulation of the stationary
dynamics at B = oo. As it was noted in Section VIII of [21] the modified uniform measure
u™Nf () o 04D N () is reversible with respect to the dynamics with jump rates

gL
]’7»’7/ FO) ’ (13)

but it is not clear whether jump rates (13) could be recovered, as an appropriate limit, from
(12). If, on the other hand, we take (13) as the definition of modified jump rates for the random
stirring on the lattice torus TN, then, at least in the u = 1 case, there is a straightforward
adaptation of all the techniques and ideas we develop below, which leads to a modification
of Theorem 1 with limiting asymmetric split and merge dynamics which is reversible with
respect to the Poisson-Dirichlet law PD(6).

2 Proofs

Our proof of Theorem 1 is based on a coupling construction which is developed in Subsec-
tion 2.1. This construction paves the way for a careful control of mismatch rates between
processes N () and £V (r) = p(nN () which start at time zero at the same configuration
sampled from Ewens’s measure 7"V in (4); as developed in Sects. 2.2-2.4. We would like to
stress that the coupling which we construct here is not just a basic coupling where processes
jump together with maximal possible rates. Splitting components of the dynamics happen to
be too singular, and we need to introduce smoothing parameter M asin (22). M — oo playsa
crucial role in our main variance estimate (44) below. In this way we permit small alterations
of the distance between the two processes we try to couple, and control probabilities of big
mismatches. This is, arguably, a novel idea, and we prefer to give full detail on the level of
developing direct upper bounds on probabilities of big mismatches.

In the concluding Sect. 2.5 we sketch an alternative proof via Gronwall’s inequality,

which gives an asymptotically vanishing upper bound on E(maxsft d (E Nes), eV (s)) )

This alternative proof is based on the very same coupling constructions and mismatch and
variance estimates as developed in Sects. 2.2-2.3 and a fully worked-out version would be
of comparable length and complexity as the proof presented below.

2.1 Construction of Coupling

All processes constructed below are piecewise constant and c.a.d.l.a.g. The ingredients of
the construction are the following fully independent objects:

e The initial state n™ (0) ~ u® distributed uniformly on V.

e A collection of i.i.d. Poisson processes of rate (dN)1, (vb ) : be IB%N). Their sum
v(t) = ZbEBN vp(?) is a Poisson process of rate 1. Denote 6y = 0, 8, the time of the
n-th jump of the cumulative process v(¢) and by 8, € B" the edge on which the event

occurred.
e Another Poisson process v'(¢) of rate 1. Denote §) = 0 and 6, the time of the n-th
jump of process v'(¢). For later use let v”(z) := v(t) + v'(¢) (a Poisson process of
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rate 2), and (0)/),>0 the jump-times of this process (that is: the ordered sequence of
{6, :n>0}U{6;, :n>0})

e Two independent sequences of i.i.d. UNI([0, 1]) random variables, «;,, oz,’l, n > 1 serving
as source of extra randomness at the jump times 6, and 6/, when needed.

First we construct the slowed-down random stirring # n™ (¢) as follows:

— ™ (0) is sampled uniformly from V.

— N (1) is constant in the intervals [6,_1, 6,), n > 1.

— At times 0,1, n > 0, n™ () jumps from its actual value 5™ (6,) to N @,11) =
TBu+t1 UN (6n).

Summarizing: V(@) = T8, - T n™N (0) for 1 € [6,, 0,+1). As indicated in (6) we denote
EN@) ==p(™N ().

In order to construct the process ¢ +—> V@) coupled to ¢ n™ () we need some further
notation. Let

G (N (1))
& (1) =60 1), g = |N7|
For 1 <i < j and an unordered pair of sites b, let {; <L> ¢;} denote the event (in =N)
that the bond be BY connects the cycles ¢; and ¢, and hence, under the transposition 7y,
they would merge into one cycle of length |%;| + |<€j | Similarly, For I < i, 1 < k and an

. . b, k
unordered pair of sites be BN, let {¢; <— %} denote the event that | < k < || and the
bond b connects two elements of the cycle 4; separated by exactly k-steps along the cycle.
. . . , k b,|€; |-k
Note, that in this notation the events {%; <b—> %;} and {6; <u> %;} are the same. We
introduce the indicators

N N N
‘P,,J,b(t) QD,,/,b(n 1) {i<j} N b ?o”JN(t)}’ (14)

1
N N N —
Viko® =Yg p (1) --(51{#1%,”0)/2} + 1{k=NE,-”(f>/2}>1%%0%34““«)}' ()

and the variables

1
X=X 0N 0) = 2 3 7 9 0, (16)
beBY
1
Y@= Y@M @0) = = Y0 ), (17
beBV

1
235 0:= 235N 0) =D Jwyen (e DY) = = 3 7 Y Jwyen (e, DU (),
l beBN
(18)

where the weights wy, (k, [) are defined form > 2,1 < k,l <m —1and M € N as follows:
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1
itm < M+2: wyk, D)= 1p<kicm)y—
m—1
itm>M4+2: wyk, 1) = 1<k i<mX
] #{l'e[l,m—1]:|I'—k| € [1, M]}

if [k —1]=0,
] 2M + 1
if [k —1] € [1, M],
2M + 1
0 if [k—=1|> M.

19
Note that wy, (k, 1) = wp,, (I, k) and >, wy, (k, 1) = 1.

The variables X IN j and Y,N « 10 (16) and (17) describe instantaneous rates at which loops
merge and split under the 1V -dynamics. More precisely, X lN j () is the instantaneous rate of
merging (ﬁiN (1) and %JN (1), and YIAQ (1) is the instantaneous rate of splitting %”iN (t) into two
%N (t)| — k. Furthermore,

cycles of length k, respectively,
PR HNOEDIPMAOES
ij J ok

The proof of Theorem 1 boils down to verifying that under the stationary dynamics these rates
are, in an appropriate sense, close to the mean-field rates (8). Small cycles and exact splittings
are harder to control. Therefore, the variables Z iv « Tepresent cutoffs and randomization (or,
in other words, smoothening) of splitting rates ¥ JN « and they are designed in order to facilitate
the control of the d-distance in (9). Note, however, that the total rate of splitting is preserved:
For any cycle %jN ,

DY = 250
k k

The parameter M will be later chosen so that | < M <« N,as N — oo.
Given the ingredients listed above, we construct the process t — ¢ (¢) as a piece-wise
constant c.a.d.l.a.g. process on Q¥ as follows.

— Start with ¢V (0) = £V(0) = p(n" (0)).
— Keep ¢V (t) = ¢N(0))) constant in the intervals [6)/, 6,/,1),n > 0. Recall the mean field
rates (8) and let

ulw =0l (Vo) VN =V (Vo). (20)
- Attimes 6, ,n >0,¢ N(t) jumps from its actual value ¢V () as follows.
o If 9, | = 6, for some m > 1 then
o If at time 6,,, in the random stirring process 1™, the cycles %N and ¢ /N merge,
then

min { ;6. U, @)

M;;¢N () w. prob.

XN(QH)
N g/ _ Lyn
(1) = (21
¢ n+1 (XN(QN) _ UN(QI/I/))
N 9// b J " b +
IS 9] w. prob. XV @) ,
i,j\'n
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Split-and-Merge in Stationary Random Stirring 641

e If at time 0,,, in the random stirring process n", the cycle %”l.N splits into two
cycles of lengths k&, respectively, (fiN | — k then

1/(NeN @)
Si/( ti ("))Q“N(G,’/) w. prob.
WyeN gy ks D+ 0 o (NEY OF) = k. D)
X
2
min {ZZNZ . vy (9;;)}
N (g
{N(QH )= Zi,[(g”)
n+17 7 N gy w. prob.
Wy eN gy kD) Fwyen o (NEN @) — k. 1)
1 ]
X
- 2
(zNen - vien),
zN 6
(22)

Note, that the first alternative of (22) makes sense only if / < N {iN (). This,
however, does not cause any formal problem in the above algorithm, as the
probability of that alternative becomes 0 if [ > N {iN ))), see (20).

Use the UNI([O, 1])-distributed random variable «;,, to decide between the choices in
(21), respectively, (22).
o If 0,’1/_H = 0, for some m > 1 then
M cN @) w.prob.  (UY,@) - xY, (0;[))+ ,
N Ny
’ ’ +

S C) otherwise.

Use the UNI([O0, 1])-distributed random variable «,, to decide between the choices in
(23).

From this construction it is clear that
e The jumps ¢V — M;;¢V occur with rate
. N N
min {Xl.’j(t), Ui’j(t)]
N
Xi,j (1)

XN + (o -xV0) =uo.

1/(NgM)

e The jumps ¢V — S, ¢ occur with rate

vy 06D e S(NEN =k min {750, V)]
Z Yllk(t) 2 ’
k

+ (Vo -zhw), = v,

zN)

not depending on the path ¢ +— n™V (1), and thus t — ¢V (r) is exactly the Markovian split-
and-merge process whose infinitesimal generator is ¢ given in (7).
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642 D. loffe, B. Toth

2.2 Mismatch Rate

The process t +— N (1), ¢V (1)) constructed above is clearly a Markov jump process on the
state space £V x Q. The jump at time 6” .1 18 called mismatched if either the second case
in (21) or (22) occurs:

Ot =Oms 0O ) E0VE), V) =6,
or the first or second case in (23) occurs:
et =6 0V G =1"@). MO #VE).
Denote by % the time of first occurrence of a mismatched event:
NMi=inf{t > 0:" ") £V ) AN =Ny v
@M@ =N a7y A Ve #Na)

A straightforward computation shows that the instantaneous rate of occurrence of vV

V=Y X0 - Ul o) +Z |z o= v, 4)
i.j
Recall the mean field rates (8) and n™ -dependent flip rates (16)—(18), and denote
~ 2N ~ ~

R0 =0l (5 0) = =L g o, e = x0 - X0,
(25)

200 =V (8 0) = —s OLpceaneron: 2o = ZJ50 = Z), 0.
(26)

As we shall see in Lemma 8 below, the above quantities match proper centering of X lN j (1)
and Z 5\’ «(#), conditional on &N (1), under the equilibrium uniform distribution of ™ (r) on
LI

From (24), (25) and (26) we readily obtain the following upper bound on the mismatch
rate o™ (¢)

HOEDY ‘X (f)‘+Z‘ZNk(f)‘+Z‘X,N,(’) ,-’.Vj(t)‘+2‘fﬁk(t)—‘7.,-’f'k(t)
J.k
<Z‘XN 0|+ Z\Z k(t)\+13d(é”(z) N ). @7

In the last step we have used the following straightforward estimates.

> [u e - v < e o and Z\ A© Vo = e 0.
i<j

(28)

The details of these last computations are safely left for the reader.

Next we bound from above the d(£V (¢), ¢V (¢))-term on the right hand side of (27). The
eventual bound is recorded in Corollary 2 below. It is based on the following lemma, which
is used to control the growth of ¢!-distance under splits and merges:
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Lemmal Foranyx,y € Q,i,j €N, i < j,andu,v € (0, 1) the following hold:

dM; jx, M; jy) < d(x,y) (29
d(S¥'x, S7y) <d(x,y) + 2 |ux; — vyl (30)
dM; jx,y) <dXx,y)+x;+y; 3D

a(sixy) < dx.y) + 02 (32)

In the proof of Theorem 1 we will use only the bounds (29) and (30). The bounds (31) and
(32) will be used in the alternative sketch-proof of Sect. 2.5.

In proving these bounds we rely on the alternative, equivalent expression of the £!-distance
on

Lemma 2

dx,y) =inf > xi = o] (33)
L

where the infimum is taken over all bijections of N. In view of (1) the infimum in (33) is
actually a minimum which is attained at the trivial bijection 7w (i) = i.

Proof of Lemma 2 For any bijection 7 : N — N, we have

o0
Z |xj - yﬂ(j)| = Z/o (]lxiff<.Vn<j> + 1)’n</)Sl<xi)d’
J

J
o0
:/0 (#{j:xj'§t<yﬂ(]’)}+#{jIyﬂ(j)§t<xj‘})dl‘.
However,
o yey St<xjy = (U x>0y —#j 1y > 1)),
#ixj<t<yzpy=#j:x; >0 —#j:y; >1})_.

Therefore, for any bijection 7 : N — N,

o0
Dl = vl Z/O [# x> b=y > alde =3 |x; — v

J J

)

where the last equality is just an expression for the excluded area between two scaled Young
diagrams, and this completes the proof of the equality of the right hand sides of (33) and (1).
[}

Proof of Lemma 1 We will prove in turn the inequalities (29), (30), (31) and (32). The proofs
rely on Lemma 2 and elementary triangle inequalities.

dMi X, Mijy) < > e =yl + [ + x5 — yi —
kik#i,j

< Y b= wd =il + [ — vl
kiks#i, j
=d(x,y).
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d(S{x,SPy) < Y I — yil + lux; — vyl + (1 = w)xi — (1 = v)yil
kk£i

<) — el + 2fuxi — vy;
k

=dX,y) +2ux; —vyil.

dMi X, y) < Y =yl +10 = yil + |xi +x; — y,

kiki, j

< ) b=yl +xi 4y
k:k#i

<dx,y) +xi + yi.

d(S{x,y) < Y Ix — yel + Imax{u, 1 — u}x; — yi| + [minfu, 1 — u}x; — 0|

k:k#i
< Z |xk — yk| +max{u, 1 —u} |x; — yi| + minfu, I — u}(x; + yi)
kiki
<d@y) + 2T
2 O
Corollary 2 Aslong ast < ™, we have
N N 2M
dE7 (1), 7 (@) = Wv(t)' (34

Proof of Corollary 2 Indeed, up to the first mismatch time tV the distance d(£" (r), ¢V (1))
will change only at the jump times 6,,, when the first alternative in (21) or (22) occurs. When a
merge-event, (21) occurs, according to (29) the distance d (SN , ;N ) does not increase. On the
other hand, when a split-event, (22) occurs, then, according to (30) the distance dEN, N
increases by at most

k ooy 1

: _ 201 _2|M]
NENT Ny '

N - N

NC

From (34) and (27) we get

0 (r)n{,<,N}<Z‘X (’)‘+Z’Z k(r)‘ v(t)

and hence

P(cV < 7| (nN(t)>l>0) =1—exp {—/OT (
- .
T
5/0 ( Nl + Z\Z o]+ 2 (r)) dr.

Y0+ 2|2 0]+ 2
J.k

)
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Hence, exploiting stationarity of the process ¢ — n™ () we obtain

N vN ZN
P(T < T) <TE( X ‘Xi,j‘ URIEDD ’Zj,k‘ Liey <o)
i,j i J.k )

TN SN
+TE( > 'Xi,j‘ UREEDD ‘Zj,k’ Ligh>e)
i,j J.k

M
1372 —,
+ N

where ¢ > 0 is fixed for the moment and will be sent to O at the end of the argument.
Next, using the straightforward upper bound

IR NNEY St

which is direct consequence of the definitions of the variables Xl. Zivk, XIN/, Z;Vk, XlN/,
2;‘”,6 in (16), (18), (25) and, respectively, (26) , we get

M
N 2 N
P(c¥ <7) <137 - +7TZE($j 1{57”4})
+TZ ( (‘X “E ) Est})""ZE(E(‘Z;\,’k“‘?N) l{s;"zg})
ij In .

(35)

2.3 Variance Estimates
In order to simplify the formulas below we use generic notation P and E for the probability

and expectation with respect to the uniform measure 1" on . This section is devoted to
the proof of the following Lemma.

E(|XY][e") < en 21y faNeN (36)

SOE(|Z)|leY) = on el 37)
k

Lemma3

Recall the variables (pNj p and ka p from (14) and (15). As we have already indicated,

variables X ; and ZN ' are centered under conditional expectation E (-|€V). Here is the
precise clalm

Lemma 4

2N
E(g));|6") = UM EN) = S 1u<p&"E),

1
N N
( 11b|5 = Vix( )=ﬁ1{151<1vs,.”}55

Proof of Lemma 4 The proof is a straightforward combinatorics for uniform distribution on
LS O
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Consequently, the expressions on the left hand side of (36) and (37) are bounded above
as,

_ ! 1
E(X{Yj‘|gN)5 Var | == 3 ol eV | =~ [ D0 C"V(‘/’i],v./,b"/’i],vj,c’yv)

beBN b,ceBN
(38)

beBN [

E(’Zf’k‘ |§N) < |var ﬁ > D wnenk Dy eV
A

D 3wy s Dwyen (k, 1)Cov (W w, [6Y) (39)

b,ceBN LI

In the following lemma we summarize the computational details on which the proof of
Lemma 3 relies.

Lemma5 There exists a constant C < oo such that the following upper bounds hold uni-
formlyin N =n%;n e N:

N N N NN EN_'—E]N
[Cov (67", - 0l o[V | = €8N ( Lozt + " Tonems (40)

N

&' ! &
[Cov (v 0 il &™) = € ( Tomelins + - Lipnemt +

2 Lone= w) (41)

Above | ~ I' means that either | =1 or| = NEN —1'.

Proofof Lemma 5 The bounds (40) and (41) follow directly from the exact formulas (56) and
(57) stated in Lemma 8 of the Appendix. O

Proof of Lemma 3 From (38) and (40) it follows that

!/

(‘X “5 ) <Var(XN |'§ ) (Nd)2 Z COV(‘/’,Jb ¢IJC|€N) =< Nf,-Nng.

(42)

In the last step we use (40) in a straightforward way. (36) follows.
Turning to (37), point-wise covariance estimates (41) imply that

Var (ZlNk|§ ) < (Nd)2 b%:BN [Xl;w,\,gzv(k Dwyen (k, 1")Cov (1,0, b w, clé )

1 ceN
< (Nd)? Z N Z (wN%N (k,)* + WyeN (k, l)ng[N(k, NEiN _ l))
beBN !
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cel
(Nd)2 Z 5> wyen (kb Dwyen (k1)

b,ceBN LU
bNc|=1
C(sN)2
(Nd)z Z ZwNEiN(k’Z)wNEiN(k’ ) 43)
b,ceBN LU
bNc=p

The last two terms on the right hand side above are of order 1/N3. From the definition (19)
of the weights w,, (k, [) it follows in a straightforward way that

Z (wm (&, D + wy (k, Dwp, (ke m — D) < Liminfk,m—k}<M}} +

- 2M +1°

Plugging this into (43), finally we get

V. N eN) < N (L LI 44
ar(zi,k|5 )5 & ﬁﬂ{min{k,NgN—k}gM}"‘NzM+ﬁ 11{15k<1v.x;!"} (44)

and hence, via Schwarz

NgN -1
3 E(Z{Yk‘yg’v) < /NEN — 1. ZVar(zﬁ’k\gN)
k=1 k
M gN &N
<ClgN |42 4 20
§i N + M +
Finally, choosing M = N''/? we arrive at (37). O

2.4 Proof of Theorem 1: Concluded

Plugging M = N'/2,(36) and (37) into (35) we obtain:
P( N T) <cN1272 T S E(eM1
<T)= + Z]: § Ligh <e)

+CN*1/2TZE<\/@%]NZH> +CN*1/4TZE<5JN1{%N25}>~
i<j J

(45)

Lemma 6

gi_rfblvli_r)nooE(ZS I, <8>_11mE(Z$/ﬂ{gj<e>:0, (46)

i i B 5610 ) =BV <o “
2
lim ngnooE(;\/siN%]” Lt 1) = E((; VE) ) <o Gy
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Proofof Lemma 6 The N — oo limits follow from uniform-in-N boundedness:
N N —1/2
DUE =1 2 VE ey =
j J

and dominated convergence. The ¢ — 0 limits follow from monotone convergence.

It remains to prove the upper bound in (48). We will use the representation (5) of the joint
distribution of the random variables (&;);>1. Let (¢x)x>1 be the decreasingly ordered points
of a Poisson point process on R, with intensity m(dt) = t~'e~'dt. Then

(£ va))=e((Svem) )

However, the moment generating function of the random variable ) =1 Tk /t1 is explicitly
computable, and finite for any u € R:

E[expiu) Va/a =/0 E eXP{“Z\/fk/Z}’Q:Z e g (7).

k>1 k>1

[o¢] z

=eu/ exp{/ (eu\/m_ l)dm(x)}e_m(lz’oo))dm(z)
0 0
o) Loy _ 1

:eu/ exp{/ eie—zydy}e—qu,oo))dm(z)
0 0 y

leuﬁ_l
§e”exp{/ 7dy} < 00.
0 y

From (45) and (46), (47), (48) we conclude:

Corollary 3 There exists a sequence N +> T*(N) such that limy_ T*(N) = o0,
limy 0o N“V4T*(N) = 0, and

lim P (zN < T*(N)) —o.

N—o00

Finally, Theorem 1 follows from Corollaries 2 and 3 with 7*(N) as in Corollary 3.

2.5 A Sketch of a Direct Approach Using Gronwall’s Inequality

We continue to employ the simultaneous coupling construction of the processes
(n™ (@), ¢N (1)) as introduced in Sect. 2.1, and consider £V (1) = p (»™ (1)). In particular,
N () is stationary and reversible with respect to the uniform measure wNon TN, and ¢V (1)
is stationary and reversible with respect to the Ewens’s measure 7% in (4). Furthermore, at
time zero ¢V (0) = £V(0). In the sequel, P and E denote the distribution and the expectation
of the process (nN(-), §N(~)), and .7, is the o -algebra generated by {(nN(s), {N(s))}

s€l0,11°
Let us introduce the following notation:

6" (1) = maxd (6" (). ¥ )
=Y and (V6N o).

0<s<t
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where, for a piecewise constant cadlag function f we set
Ay f(s) =max {f(s) — f(s7),0}.
Clearly ,
sV @) <8V (). (49)
We claim that

Proposition 1 There exists C < oo such that

~ l ~
E (5%)) <C (/0 E (5N(s)) ds + ﬁ) (50)
forall N and t.

By Gronwall’s inequality and (49) we conclude:

Corollary 4 There exists C < 0o such that

E (Tg;gd GO ;N(s))) <E(3"0) < 13-

!/

(5D

forall N and t.

Evidently, (51) implies a somewhat quantitative version of Theorem 1. For the rest of this
section we shall focus on sketching how (50) follows from the techniques and ideas developed
in Sects. 2.2-2.3. We will, however, not spell out all details of the proof.

Recall our construction of coupling in Sect. 2.1. In particular recall that in the notation
introduced therein jumps of either £ or ¢V can occur only at arrival times (9,’1’ ) of Poisson
process v”. Let ¢ € (6)), and let us rely on Lemma 1 for pinning down possible expressions
for A+:§N (t) = Ayd (é‘,:N(t), ;‘N(t)), and we shall use notation introduced in Sect. 2.2 for
writing down expressions for instantaneous rates of occurrence of the corresponding jumps.
There are several cases to be recorded:

CASEOQ. Neither n™V nor ¢V jumps. Then, A+3N ) =0.

CASE 1. Matched merging of M;; type. In this case, due to (29), A+3N (t)=0.

CASE?2. Matched splittings of (SY, S) type. In this case, due to (30), A" (r) < 2M /N,
which, due to our choice M = +/N below, is just2N~ 1/2 The instantaneous rate of matched
splittings of (S?, SY) type is at most 2.

CASE3. Mismatches of M;; type. In view of (31), in this case A}8" (1) < ng (1) + ;jN ).
By construction the instantaneous rate of the M;; mismatch is bounded above by

XY = UM | = [xN0 —E (X0l o)| +|ul e o) - vl eV o).

CASE4. Mismatches of S¥ type. By (32), in this case A 3" (1) < (8N (1) + ¢ (1)) /2. For
u e { k/(N éiN ), k/(N {iN (t))} such mismatches occur at instantaneous rates

2000 = VY (Y 0)| = |2is0 B (2 0¥ 0) | + 226 @) - 23V ).
We conclude:

Lemma 7 The following upper bound on instantaneous growth of 8N (t) holds:
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1/~ ~ aMm
li “E(SNe+h) -8V | F) < —
11;1_)5:)1ph ( (t+h) ) | ’)_N

+ 3 (| 0-E (xY,wl¥o)|+

vl o-vl N o)) (6 o+ o)

) (52)
- X (08 0k 0) 4z 0 -z o) TOEC,
Jj.k
(53)

Indeed, the three terms on the right hand side above correspond to Cases 2—4 just discussed.
Let us derive upper bounds on the E-expectations of the sums (52) and (53).
Upper bound on the E-expectation of (52) Let us start with the second term in (52). By the
first of (28)

RAGE Ui’f’j(;“)’ (& +¢)=2)

i<j i<j

12N
N -1

d(§, ¢).

Ul - Ul =

Next, as far as the expectation of the first summand in (52) is concerned, note that

5= o B () 6+ )

i<j
3 it ()| e+ )

i<j
<) |xY, - (xN[eV)] Jee) +2a@Y. ).
i<j

Hence, recalling that ), EiN = 1, we infer by Cauchy—Schwarz and (42) that

E (Z XY, —E (XY, 0l o)) s,-Nms;V(t)) < /%

i<j

Putting these bounds together we conclude that the E-expectation of the expression in (52)
is bounded above as

(=

i<j
2JC’ Now N 2V C’ -y
< T HISE (a0, eNay) = T IE (). (54)

Upper bound on the E-expectation of (53). By the second of (28),

XM —E (xMwleV o)+

vl o) - uN, Vo) (Vo + ¢ (r)))

o+

%; 124" @) = 2,4V 9|

=3 |ZiaE @) - ZiaeN )
J.k
<7dEN @), ¢V @)
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On the other hand in view of (37),

§ 0+
B Y |20 (20l o) | —F-L—
J.k
N N N
efc Zgj(t)(sj(rwr;“,» (t)) <
N1/4 - 2 N1/4
J

Putting these bounds together we conclude that the E-expectation of the expression in (53)
is bounded above as

B> (|2)0-E(2V 0" 0)|+|Z)06 0) = 24V 00)]) W
J.k
< % +15E 3V (). (55)

Proof of Proposition 1 Readily follows from Lemma 7 and upper bounds (54) and (55). O
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Appendix: Exact Formulas for Conditional Covariances

The computations behind the formulas listed below are based on the fact that under the
uniform measure 1"V on ¥V the conditional on cycle structure £V distribution of vertices
into particular cycles is multinomial Multi (N ;€ lN s SZN e ) . We will use the following Union
Jack partition of the set of pairs of integers U, :={1,...,m — 1} x{1,...,m — 1}

o

={k, ) e Uy k=1=m/2},

Ap = {,)) € Up ik =1#m/2yU{(k,]) € Up : k =m —1 # m/2},
G =k, 1) €Up 1k £1=m/2} U{(k,]) € Up, : | #k =m/2},
Ry i= Up \ (Cou U Ay U G).

The symbols U, C, A, G and R denote in turn Union Jack, Centre, St Andrew’s Cross, St
George’s Cross, and The Rest.
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Lemma 8

N N [gN
E<(pi,j,b‘pi,j,c‘§ )

2N N.N .
mgi §; iflonc =2,

_ N—nggN <5N + &N — 2 iflbNnc =1, (56)
Tl (N=DWN —32) AR ;N ’
4

1 1 .
giN%—]N <€iN - N) (‘EjN — N) if lbNnc|=0.

(N =DN =2)(N —=3)

N N N _
E (wi.l,bwi,l/,ck ) = LveN smax(t,v)+1)

N
%(M(l,//)ecm!\,}"r %1[(1,1’)6AN5!\/}) iflbne =2,
N I l .
m(iﬂ{(l,l’)eANéw} + H{(”")GGN;:.N} + 1{(1,[’)€RN$!V)) iflbnc =1,
NE)? e l
(N-DWN -=2)(N=3) (N—-DWN=2)(N-3) if lbNcl =0.
(ﬂul,z')ecNEiN} F3aneay n F NG v AR N

(57)

Proof of Lemma 8 The proof of these identities is elementary—though, tedious—enumerative
combinatorics. We omit the details. O
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