20
W Durham

University

Durham Research Online

Deposited in DRO:
06 October 2021

Version of attached file:
Accepted Version

Peer-review status of attached file:

Peer-reviewed

Citation for published item:

Rahman, Mustazee and Virdg, Bélint and Vizer, M&té (2019) *Geometry of Permutation Limits.’,
Combinatorica., 39 . pp. 933-960.

Further information on publisher’s website:
https://doi.org/10.1007/500493-019-3817-6

Publisher’s copyright statement:

This is a post-peer-review, pre-copyedit version of a journal article published in Combinatorica. The final authenticated
version is available online at: https://doi.org/10.1007/s00493-019-3817-6

Additional information:

Use policy

The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or charge, for
personal research or study, educational, or not-for-profit purposes provided that:

e a full bibliographic reference is made to the original source
e a link is made to the metadata record in DRO
e the full-text is not changed in any way

The full-text must not be sold in any format or medium without the formal permission of the copyright holders.

Please consult the full DRO policy for further details.

Durham University Library, Stockton Road, Durham DH1 3LY, United Kingdom
Tel : +44 (0)191 334 3042 | Fax : +44 (0)191 334 2971
https://dro.dur.ac.uk


https://www.dur.ac.uk
https://doi.org/10.1007/s00493-019-3817-6
http://dro.dur.ac.uk/34082/
https://dro.dur.ac.uk/policies/usepolicy.pdf
https://dro.dur.ac.uk

arXiv:1609.03891v4 [math.PR] 1 Nov 2018

GEOMETRY OF PERMUTATION LIMITS

MUSTAZEE RAHMAN, BALINT VIRAG, AND MATE VIZER

ABSTRACT. This paper initiates a limit theory of permutation valued processes, building
on the recent theory of permutons. We apply this to study the asymptotic behaviour of
random sorting networks. We prove that the Archimedean path, the conjectured limit of
random sorting networks, is the unique path from the identity to the reverse permuton
having minimal energy in an appropriate metric. Together with a recent large deviations
result (Kotowski, 2016), it implies the Archimedean limit for the model of relaxed random
sorting networks.

1. INTRODUCTION

The objective of this paper is two-fold. First, to develop a limit theory of permutation val-
ued stochastic processes that it is applicable to study their asymptotic properties. Second,
to apply this theory to study random sorting networks.

1.1. Permutations limits. Recently, the language of permutons has been developed to
study asymptotic properties of permutations. Examples within this theory include the study
of finite forcibility, pattern avoidance, property testing, pseudorandomness, the Mallows
model, etc. (see [7, O, 11, 16] and references therein). We begin with a discussion of
permutons as it is pertinent to Theorem [I], our first result.

Let &,, be the symmetric group of n elements. The empirical measure of o € &,, is
1
.y M= 2 s
(2

This is a probability measure of [—1, 1]2. One defines a sequence of permutations {o,} with
size |op| — 00 to converge if p7" converges weakly to a Borel measure p.

A permuton pu is a Borel probability measure on [—1,1]? with uniform marginals. (In
the literature, this definition is often w.r.t. the unit square [0,1]? but it is convenient for
us to use [—1,1]2.) It is proven in [9] that limits of permutations in the above sense are
permutons and that every permuton may be realized as a limit of permutations.

In this paper we study not a sequence of single permutations but rather a sequence of
sequences of permutations. For an integer n, let [n] = {1,...,n}. Suppose that

(1.2) o" = (o7 t € [tn])
is a Gy,-valued sequence. We say that o™ is a permutation process of &,, or simply a

permutation process when there is no ambiguity. We always set o to be the identity

permutation. Our goal is to find an appropriate representation of the limits of sequences of
1



2 MUSTAZEE RAHMAN, BALINT VIRAG, AND MATE VIZER

permutation processes growing both in the size, n, of the permutations and the length, ¢,
of the sequence.

An example of a permutation process is a sorting network. A sorting network of &,
is a path of minimal length from the identity id,, = 1,...,n to the reverse permutation
rev, =n,n—1,...,1 in the Cayley graph of &, generated by the adjacent transpositions
(i,i+ 1), for 1 <i <n—1. It is a permutation process of length ¢, = (g) The adjacent
transpositions are also called swaps. An example of a sorting network is the bubble sort
algorithm applied to rev,, and viewed in reverse time.

Another example of a permutation process is the interchange process on finite paths. In
this setting the permutation process is random. As the path lengths tend to infinity, the
interchange process converges in probability to a limit: stationary Brownian motion on an
interval. This is explained in Section [2.1

1.2. Limits of permutation processes. Given a permutation process o” of &, as in
(1.2), the rescaled trajectory of particle i € [n] is the function
207 (%
(1.3) T7 (t/tn) = 201(0) _ 1 fort € [ty].
n

After linearly interpolating between the discrete times t¢/t,,, we may consider T as a con-
tinuous function from [0, 1] to [—1,1]. The trajectory process of ¢™, denoted X™, is the
trajectory of a particle chosen uniformly at random:

1 n
1.4 X" =— On.
(1.4) ngT

Observe that for every t € [t,] the distribution of X™(t/t,) is uniform over the set {2 —1;i €
[n]} due to o' being a permutation. Moreover, ¢" can be reconstructed from X" and
th.

Let C denote the space of continuous functions from [0,1] to [—1,1] in the topology of
uniform convergence. The trajectory process is then a Borel probability measure on C.
Given a sequence of permutation processes {c"}, its limit is defined to be the weak limit of
its associated trajectory processes as Borel probability measures on C. In other words, {c"}
converges if there is a stochastic process X = (X (¢),0 < t < 1) with continuous sample
paths such that for every uniformly continuous and bounded F': C — R,

(1.5) E[F(X"] = - SR F BIF(X)].
=1

Our first result characterizes the limits of permutation processes.

Definition 1. A permuton process is a [—1,1]-valued stochastic process X = (X (¢),0 <
t <1) with continuous sample paths and such that X (¢) ~ Uniform[—1, 1] for every t¢.

Theorem 1. For each n, let 0" = (of;t € [tn]) be a permutation process of &, with
t, — 00 as n — oo. Suppose {c™} converges to a limit X in the sense of . Then X
is a permuton process. Conversely, given any permuton process X, there is a sequence of
permutation processes that converges to X.
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Theorem [I] extends the limit theory of single permutations to permutation processes.
Indeed, if a sequence of permutation processes {¢"} has a limit X then for every s € [0, 1]
the limit of o', | is the permuton with the distribution of (X(0), X(s)). Moreover, for any

set of times s1,..., Sk, the empirical measure of the k-tuples (Ufsj tn] (1);1 <j < k) as 1

ranges over [n] converges weakly as measures rescaled onto [—1,1]* to the distribution of

(X (s1),...,X(sk)).

1.3. Random sorting networks. Recall from the previous section that a sorting network
of &, is a shortest path from id, to rev, in the Cayley graph generated by adjacent
transpositions. The number of sorting networks of &,, was enumerated by Stanley [15],
and later a combinatorial bijection with staircase shaped Young tableaux was provided by
Edelman and Greene [6].

The number of permutations in a sorting network of &, is always N := (Z) A random
sorting network of &, is a sorting network of &,, chosen uniformly at random. We denote
this random permutation process as RSN” = (RSN};0 < ¢ < N) (thus, RSN} is the t-th
permutation in RSN").

The asymptotic behaviour of RSN™ was first studied by Angel et. al. [3]. It is shown that,
as n — 00, the spacetime process of swaps of RSIN™ converges to the product of semicircle
law and Lebesgue measure. It is also shown that, in the limit, the particle trajectories are
Hélder-1/2 continuous, and the support of the permutation matrix lies within a certain
octagon. Additional results about the asymptotic behaviour of RSN" have since been
proved; see for example [2] and the references therein. However, the main conjecture of [3],
the Archimedean path conjecture, remains open. To state the conjecture and our results
we first introduce the Archimedean measure.

The Archimedean measure is the unique probability measure on the plane with the prop-
erty that all of its projections onto lines through the origin have the Uniform[—1, 1] distri-
bution. Its density, supported on the unit disk, is given by (27n/ 1—22— y2)71 dxdy. It
is in fact the projection of the normalized surface area measure of the 2-sphere onto the
unit disk. Let (A., A,) denote a random variable whose distribution is the Archimedean
measure. The Archimedean process A = (A(t);0 <t < 1) is the permuton process defined
by

(1.6) A(t) = cos(mt) A, + sin(mt) A,.

The Archimedean path conjecture [3, Conjecture 2] states that for every ¢ the random per-
mutation RSN,y converges to the deterministic permuton (A(0), A(t)). The Archimedean
path is the permuton valued path A = (A(t);0 <t < 1) such that

(1.7) A(t) ~ (A(0), A(t)) for every 0 <t <1.
Thus, the Archimedean path conjecture is that the empirical measures of permutations in
RSN" converges to the Archimedean path; see Figure Observe that the Archimedean

process is a random sine curve. The sine curve conjecture [3, Conjecture 1] asserts that the
trajectories of particles are close to random sine curves with high probability; see Figure

2
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FIGURE 1. Support of the Archimedean path (top) and RSN®% (bottom).
Bottom figure is from [3, Figure 5].

FIGURE 2. Some scaled particle trajectories from RSNZ% from [3, Figure 1].

The Archimedean path conjecture and the sine curve conjecture may be viewed under a
common framework as permuton processes as follows. It is a stochastic process version of
the Archimedean path conjecture (and implies it). It also implies that typical trajectories
of RSIN"™ are close to sine curves.

Conjecture 1. RSN" converges in probability as a permutation process to the Archimedean

process (|1.6)).
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We emphasize that this conjecture states the random trajectory process of RSN" con-
centrates around a deterministic limit, which is the Archimedean process.

1.4. Variational characterization of Archimedean process. The (Dirichlet) energy
of a stochastic process X = (X(¢);0 <t <1)is

9

k
E [|X(t:) — X(ti-1)[?]
EX] = su
] Hp ; ti —ti—1
where the supremum is over all finite partitions IT = {0 = tp < ¢; < --- < t; = 1} of [0, 1].
If X has continuously differentiable sample paths then £[X] = fol E [X'(t)?] dt. Thus, for
example, a simple calculation shows that £[A] = 72/3.

Theorem 2. Among all permuton processes X with the property that X (1) = —X(0), the
Archimedean process A uniquely minimizes the energy.

The theorem allows for a characterization of stationary random permutation processes
which converge to the Archimedean process in terms of the second moment of their speed.
Random sorting networks are invariant under e-shifts which take a trajectory X(¢) to
X (e+t). More precisely, the e-shift makes the trajectory periodic with reversing boundary
conditions, so the e-shift is defined as

((—1)L€+tJX(e+t mod 1), 0 < t < 1) .

We call a random trajectory process e-stationary if its distribution is invariant under e-shift
of all individual particle trajectories.

Corollary 2.1. Let X" be a tight sequence of random trajectory processes that are €p-
stationary with €, — 0. Assume that

E[(X"() - X"(0)] _ =

-3

Then the sequence converges in probability to the deterministic limit given by the Archimedean
process.

(1.8) lim sup lim sup

t—0 n— o0 t2

The trajectory process of RSN™ is N~ -stationary because of stationarity of the swaps
of RSN", [3, Theorem 1]. Tightness of the random trajectory process of RSN" follows
from [3, Theorem 3], which states that for any § > 0, with probability tending to 1, all
individual trajectories T of the particles in RSN" satisfy

IT™(t) — T™(s)| < V8|s — t|'/2 +§ for every s, t.
Corollary is proved in Section [

Random sorting networks can also be studied in the setting of large deviation theory
of the interchange process on paths. Consider the discrete time interchange process on
the n-path, which is the path graph with n vertices. A random sorting network is the
interchange process on the n-path conditioned to be at rev,, in the shortest possible time
N. Instead, one can consider relaxed random sorting network, which is the interchange
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process conditioned to be close to rev,, in time n?T* for some a € (0,1). One can study

the relaxed network using large deviation theory in the following sense.

Suppose we fix a permuton process X that satisfies X(0) = —X(1). One can ask what
is the probability that the trajectory of a relaxed random sorting network on the n-path is
close to X. This is the problem addressed in [12]. It is shown that this probability satisfies
a large deviation principle whose rate function is the energy of X. Then Theorem [2] implies
relaxed random sorting networks have to be close to the Archimedean process with high
probability. This proves the Archimedean path conjecture for the relaxed networks.

1.5. Variational characterization of Archimedean path. The 2-Wasserstein distance
(henceforth, Wasserstein distance) between two Borel probability measures u, v on a metric
space K is defined by

1.9 Wy, v)? = inf E [d(V,W)?].

( ) (,U ) couplings (V,W) s.th. V~p, W~v [ ( ) ]
We study permutons in the Wasserstein metric, whereby K = [—1,1]? in the Euclidean
metric. Let id denote the identity permuton (X, X) and rev denote the reverse permuton
(X,—X), where X ~ Uniform[—1,1].

Theorem 3. Let pn = (u(t);0 < ¢t < 1) be a permuton valued path from (0) = id to
w(1) = rev. Then the energy of i in the Wasserstein metric satisfies E[u] > E[A] = 72/6,
where A is the Archimedean path (1.7). If there is equality then u(t) = A(t) for every t.

The main tool used in proving Theorem [3| should be of independent interest. We show
that for a permuton valued path y, there exists a [—1, 1]?-valued stochastic process X such
that the fixed time distributions of X is given by u and the energy of X in the L2-metric
equals the energy of u in the Wasserstein metric. One may think of X as being an optimal
coupling of the measures along p. We prove such a ‘realization theorem’ for measure valued
paths in a fairly general setting as stated in Theorem

A motivation for Theorem [ is that the Wasserstein distance is a natural metric on
permutons. It is also related to sorting networks in the following way. A two-sided random
sorting network is a shortest sequence of permutations from id,, to rev,, so that in each
step the permutation is multiplied by an adjacent transposition either on left or on the
right. This means that in each step, two adjacent columns or two adjacent rows of the
permutation matrix are exchanged. Thus the 1s in the permutation matrix can be thought
of as particles moving horizontally or vertically.

After scaling, we may consider the [—1,1]?-valued trajectories for the n particles in a
uniformly chosen two-sided sorting network. It can be shown that Conjecture [I] would
imply that the trajectory process of two-sided random sorting networks converges to an
optimal coupling of the Archimedean path A.

1.6. Permuton geometry. Let P denote the space of all permutons. Motivated by the
great circle conjecture about random sorting networks it is natural to study P in the Wasser-
stein metric since it is an infinite dimensional analogue of the permutohedron embedded
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into the Euclidean sphere. (The permutohedron of order n embeds naturally into an (n—2)-
dimensional sphere in R™.) In analogy with the sphere, one may ask whether the sum of
distances squared, W (id, P)? + W (P,rev)?, is uniquely minimized by the Archimedean
measure over all P € P?

Theorem 4. The function P — W (id,P)? + W(P,rev)? is minimized by a permuton
P ~ (X,Y) if and only if the pair (X\EY,X—\;%Y) 1s also a permuton. In particular, the

Archimedean measure is not the unique minimizer.

In proving this theorem we will find a nice formula for the Wasserstein distance from any
permuton to the identity, as stated in Theorem [6]

One can also ask whether there is a unique minimal energy path from id to a given
permuton P? A motivation for this question is to understand minimal length paths from
the identity to arbitrary permutations of the permutohedron. These are called reduced
decompositions. Counting reduced compositions is a deep and difficult combinatorial prob-
lem. We may get insights by studying related questions in the space of permutons. For
instance, are there analogues of the Archimedean path conjecture for reduced decompo-
sitions of permutations approximating a target permuton P? Can large deviation theory
provide an asymptotic count for the number of relaxed reduced decompositions of P, a la
sorting networks? We pose the following two open problems.

Question 1.1 (Uniqueness of minimal energy paths). Under what condition does there
exist an unique minimal energy path in P from id to a given permuton P? What about for
the Lebesgue permuton?

Question 1.2 (Diameter of permuton space). Suppose P is a permuton. Does the minimal
energy path(s) from id to P have energy at least that of the Archimedean path?

Remark. Proof of the conjectures from [3] have been announced in [4]. The proof uses the
framework of permuton processes and the main step involves proving Conjecture [I The
proof also relies on the local structure of random sorting networks and additional local-to-
global properties from [1I, [5] [§].

Outline of the paper. We prove Theorem [I] in Section 2] In Section [3] we define path
energy in metric spaces and discuss some of its basic properties. In Section [3.1] we prove
Theorem [5] about realizing measure valued paths as stochastic processes. In Section [4] we
prove Theorem [2] and Corollary In Section [5] we prove Theorem [3] Finally, in Section
[6] we prove Theorem

2. LIMITS OF PERMUTATION PROCESSES
In proving Theorem [l| we state a lemma about approximating continuous processes by
their piecewise linear parts. The proof is in the Appendix.

Lemma 2.1. Let Y = (Y (t);0 <t < 1) be a continuous [—1, 1]-valued process. Consider its
modulus of continuity m®(Y) = SUP; p:|s—t)<s |Y (8) = Y (¢)[. Then E [m®(Y)] = 0 as 6 — 0.
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Moreover, if Y and Y are continuous processes then |m®(Y) — mé(Y)| < 2||Y — V||so.
Finally, let Lin(n,Y") be the process obtained from Y such that it agrees with Y at times
t=1i/n for 0 <i<n and is linear in between. Then E]||Lin(n,Y) — Y||s] = 0 as n — oc.

Proof that limit of permutation processes is a permuton processes. Suppose that
the trajectory processes X" of a sequence of permutation processes (0}';t € [t,]) converges
to a continuous process X. By Skorokhod’s representation Theorem, we may assume that
the X™ and X are realized on a common probability space and || X" — X||oc — 0 almost
surely. For a fixed ¢, we may choose s, € {i/t,;0 < i <t,} such that |t — s,| < 1/t,. Then
by triangle inequality and Lemma

(1) = X" (s0)] < |IX = X"Jog + m " (X™) < 3]|IX = X "o + m"/ ™ (X).

The term m!/t»(X) — 0 almost surely in the sample outcomes of X due to continuity, and
[| X" — X||oo — 0 almost surely as well. Thus |X(t) — X"(sy,)| — 0 almost surely. The
distribution of X" (s,) is uniform on the set {2 —1;i € [n]} as remarked earlier. Therefore,
X"™(sp) converges weakly to Uniform[—1, 1] and it follows that X (¢) ~ Uniform[—1, 1].

Proof that a permuton process is a limit of permutation processes. Let X =
(X(t);0 <t < 1) be the permuton process that is to be approximated by permutation
processes. We will construct a sequence of random permutation processes and show that it
converges almost surely to X. For n > 1 set II,, = {i/n;0 < i < n}. The following defines
a random permutation process (0};t € [n]) of &,,.

Let X1, Xo,... be i.i.d. copies of X. We may assume that for every ¢ in the countable set

Upll, the Values Xq(t ) Xo(t), ... are all distinct. For each n, consider the order statistics
of X1(0),...,Xn(0): X1)(0) < X99(0) < --- < X(n)(O). Let m(i) be the index such that
X (0) = ,T(Z y(0). For t e [n], define the permutation o' by

oy (i) = rank of X, (t/n) among X1(t/n),..., Xn(t/n).

For fixed t € [0,1], set A;; = Lix, ()<x;(t)y — (Xi(t) +1)/2. As the rank of z; among
T1y. .5 Tp 18 305 1p <oy, we have that for ¢ € I,

207, (1)) 2 &
(2.1) S -1 - X(1) = H;Am.

Observe that |A; ;| < 1. Also, for j # i, E[A;; | X;(t)] = 0. This is where we use the
fact that X (t) ~ Uniform[—1, 1] for every t. Moreover, for all j such that j # i, the A, ;s
are mutually independent conditional on X;(¢). Therefore by Bernstein’s concentration
inequality we infer that for ¢ > 0 and every 4,

52(77.—1)

Xl(t) <2e 1

> €

1

J:gF#i

The right hand side (r.h.s.) of 1j is bounded in absolute value by 2 + W

Therefore, taking an union bound over all ¢ € II,,, setting € = n= /4 in , then taking
expectation over X;(¢) and another union bound over all particles i = 1,...,n, we infer
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that for all large n,

2 n ) 7L1/2
2om (i) _ L= Xom ()] > on M4 4 2n_1] <2n%e s
n

(2.3) P [ sup

1<i<n, tell,

Recall that the trajectory of particle ¢ is T)*(t) = (2/n)o}},(i) — 1 for t € II,,, and T} is
linearly interpolated in between the times in IL,,. Let
Ao=  swp [T — Xe(D)].
1<i<n, t€ll,
Let Lin(n, X;) be the piecewise linear function that agrees with X; at times ¢ € II,,. Observe
that || 77" —Lin(n, Xx(;))lleo = supser, |17 (t) — X (t)| because both functions are piecewise
linear between the times ¢t € II,,. Let

1 .
B, = - Z || X — Lin(n, X;)||co-
7

From another application of Bernstein’s inequality we deduce that

nl/2

P[B, > E[||X — Lin(n, X)|o] + 01 < ™55

The r.h.s. above is summable over n and Lemma[2.1]implies that E [|| X — Lin(n, X)|[o] —
0 as n — oo. Furthermore, P [An > 4n~1/ 4] is summable over n due to . Therefore
the Borel-Cantelli lemma implies that there is a subset € of outcomes of the X;’s having
probability 1 such that both A, B, — 0 if w € Q.

Let I ~ Uniform([n]) and let E; denote expectation w.r.t. I, that is, the outcomes of the
Xp.s are kept fixed. Then,

ErllIT7 = Xa(nlloo] < Er[[|T7 — Lin(n, Xr(1))lloo] + Er[|[Lin(n, X (1)) — Xr(1)lloo]
< A, + B,.

Consequently, if w € € then for every uniformly continuous and bounded F' : C — R we
have that E;[F(17) — F(Xx1))] — 0.

The distribution of X () over the random I is the empirical measure (1/n); dx, on C.
As C is a Polish space, the strong law of large numbers for empirical measures on Polish
spaces [I0] implies that there is a subset Q' of outcomes of the Xjs having probability 1
such that X 1) converges weakly to X if w € Q.

If w e QN then for every function F' as above we have that E;[F(T}')] — E [F(X)].
We thus conclude that almost surely in the outcomes of the Xys, the function 77" converges
weakly to X. This means that the sequence {¢"} converges almost surely to the process X.
Selecting any such good outcome of the Xs gives a deterministic sequence of permutation
processes converging to X.

2.1. Convergence of random permutation processes. The limit notion for permuta-
tion processes naturally defines the limit notion for random permutation processes. More
precisely, if ¢™ is a sequence of random permutation processes of &,, then it converges if its
trajectory processes converge weakly as random measures on C. The limit in this case is
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a random permuton process, that is, a measure on permuton processes. We illustrate this
with two contrasting examples.

First, consider the interchange process, Int”, on the n-path. It is a random permutation
process of &,, generated by first sampling i.i.d. uniform random adjacent transpositions
T1,T2,..., and then setting Int}’ = Int}" { oy for ¢ > 1 with Intj = id,,. The stationary
distribution of this process is the uniform measure of &,, and its relaxation time is of order

n3. Thus, one expects a limit of this process to exist if it is run until time n?.

It is shown in [I3] that if Int” is run until time n3 then it converges to a deterministic
permuton process: stationary Brownian motion on [—1,1]. (Actually, [I3] considers the
continuous time interchange process but the conclusion also holds for the discrete time
process.) Observe that the trajectory of each particle of Int” is a simple random walk
on the n-path. So by Donsker’s Theorem [10], after appropriate rescaling, each trajectory
converges to Brownian motion on [—1,1]. However, this alone does not imply that the
trajectory process converges to stationary Brownian motion.

The convergence to the deterministic limit occurs because the trajectories become “asymp-
totically independent”, which means the following. Let X be the trajectory process for a
sample outcome w of Int". Let 77 and 77! be two samples from X, that is, the trajectory
of two particles I; and I» chosen independently and uniformly at random from X[. Then,
for every continuous and bounded function F': C — R,

2
Ew.., [F(TE)F(T})] = Eu, [F(T)]T "5 0.

Asymptotic independence suffices to ensure that random permutation processes have deter-
ministic limits; see [13] for the details.

The second example illustrates a random limit of permutation process. Consider n par-
ticles placed on the vertices of the n-cycle. At each time step, rotate the cycle one unit
clockwise or counter clockwise (by 27/n radians) independently and uniformly at random.
This gives a random permutation process ¢” whereby each particle performs a simple ran-
dom walk on the n-cycle. However, note that the distances between particles remain fixed.
When run until time n3 this process has the following limit. Periodic Brownian motion
on [—1,1], denoted BP°r°di¢ is Brownian motion started from a uniform random point of
[-1,1] and run in a period by identifying the endpoints +1. Let U ~ Uniform[—1, 1] be
independent of BPeriodic  The limit of {o™} is the random permuton process w — X,, such
that for a sample outcome U, of U,

X, '% U, 4 Breviodic (mod [-1,1]).

In other words, [—1,1] is first rotated by U, (by identifying +1) and then rotated indepen-
dently according a periodic Brownian motion. Two samples from X, provide two periodic
Brownian motions that start from a common point w—-almost surely.

3. METRIC AND ENERGY FOR PERMUTONS

Let (K,d) be a metric space. A path v = (y(¢);0 <t < 1) is a continuous function from
the interval [0, 1] into K. A finite partition of the interval [a,b] is a set of ordered points
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MI={a=ty<t; <---<t,=>b}. Let Part[a, b] denote the set of all finite partitions of the
interval [a,b]. The mesh size of a partition II is A(II) = max;<j<n{|t;i — ti—1]}.

The energy of a path v with respect to a partition IT € Part[0, 1] is

5[’)/, H] — Zn: dQ(’y(ti)vv(tifl)) )

— t; —ti1

The energy of v, denoted £[v], is

(3.1) Ehl = i {5 [, H]} :

The energy of v restricted to the interval [a, ] is

Elv,la,b]] =  sup {E[V,H]}-
II€Part[a,b]

Notice that if a < b < ¢ then we have
(3.2) Elv:lasd]] = €Ly, [a, b]] + E[v, [b, c]].
In particular, if tg < t; < ... <t, then [, [to, tn]] > D1y [, [tim1, i]]-

For partitions II, II' of [0, 1], we write II C II' (II' is a refinement of II) if I’ contains
all points of II. The energy of a path is non-decreasing under refinements, as Lemma
[3-1] below shows. The proof is in the Appendix. We will use this lemma throughout our
arguments.

Lemma 3.1. Suppose I C I’ are two finite partitions of [0,1]. Then E[y, 1] < E[,IT'] for
any path v in K.

Using Lemma 3.1 we observe that for a path 7 there is a sequence of nested finite partitions
Il ={0,1} C II; C Iy... such that [y, I1,] * £[y]. We may also assume that A(II,,) — 0.
Thus U,IT,, is a dense set of points in [0, 1].

We consider paths in two types of metric spaces. First, given a probability space (2, %, P)
we take K = L?(P,[—1,1]), the Hilbert space of all square integrable random variables
Z :Q — [-1,1]. A path in K is then a stochastic process X = (X(¢);0 < ¢t < 1)).
Permuton processes fall within this setup. Second, we take K to be the space of permutons
P in the Wasserstein metric, which is the setting of Theorem The Wasserstein metric
induces the topology of weak convergence on P (see Lemma , and P is compact in the
weak topology by Phokhorov’s Theorem.

Finite energy paths in the space of Borel probability measures of a compact metric space
K, under Wasserstein metric, are related to finite energy K-valued stochastic processes, in
L? metric. We may realize the former as the latter in an energy preserving manner. This
is the content of Theorem [5| below, which is used to prove Theorem

3.1. Realizing measure valued paths as stochastic processes. Throughout this sec-
tion (K, d) denotes a compact metric space and M (K') denotes the space of Borel probability
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measures on K in the Wasserstein metric. A path v =
alized by a K-valued stochastic process X = (X (¢);0 <
holds.

(v(#);0 <t < 1) in M(K) is re-
t < 1) if the following conditions

(1) X(t) ~~(t) for every t.
(2) X has continuous sample paths almost surely.
The energy of X is as given by with respect to the L? metric:
da(X(8), X(s) = E [d(X (1), X ()] /7

Theorem 5. Suppose that v is a M(K)-valued path with finite energy with respect to the
Wasserstein distance. There is a stochastic process X that realizes v in a energy preserving
manner: E[X] = E].

We refer to the process X as an optimal coupling of ~.

The rest of the section proves Theorem [5l To begin, note the following fact. If v,/ €
M(K) are two Borel probability measures then there is a coupling (V, W) of v with 1/

such that W(v,') = E [d(V,W)?] 2 This is because K is compact. Using this fact we
inductively build up optimal couplings by using the following lemma.

Lemma 3.2. Let vo,...,v, € M(K). There exist jointly distributed K—valued random
variables (Xo, ..., Xy) such that X; ~ ~; and E [d(Xi,l,Xi)Q] =W (vie1,%)? forl <i<n.

Proof. We proceed by induction. The case for two measures is mentioned above (see Lemma
7.2). To carry out the induction step we will need the following measure theoretic fact. It
is often known as the Disintegration Theorem (see [10, Theorem 5.10]).

Fact: Let (X,Y) € K2 be jointly distributed random variables. There is a measurable
function g : K x [0,1] — K? such that if U ~ Uniform[0, 1] and U is independent of (X,Y")
then (X, ¢g(X,U)) has the same joint distribution as (X,Y).

Suppose the statement of the lemma holds for vy, . . . , 7,—1 with jointly distributed random
variables (X, ..., X,—1). Using Lemma we find a coupling (X _, X)) of v,—1 with v,
such that W (v,—1,7)* = E [d(X],_4, X,,)?]. Let U ~ Uniform[0, 1] be independent of all
the random variables Xy, ..., X,_1, X, _; and X],. Let g be as mentioned in the fact above

n
for the pair (X/_;,X},).

Since X,,_1 has the same distribution as X/, and U is independent of all other random
variables, the pair (X,_1,9(X,—1,U)) has the same distribution as (X] _, X}). Let X,, =

n—1 “*n

9(Xp—1,U). Thus, W(vp—1,7)* = E[d(X]_4,X},)?] = E[d(Xn-1,Xn)?]. The random
variables (Xp, ..., X, ) provide the desired coupling. O

Now suppose v is a M(K) valued path. We may choose a sequence of nested finite
partitions IIy C II; ... such that A(Il,,) — 0 and E[v,I1,,] 7 E[Y].
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For each n, we apply Lemma to find coupled random variables (X,,(t);t € II,,) such
that ian:{OIto <... <tk:1} then

E [d(Xn(ti),Xn(ti_l))2] = W (y(t;), y(ti_1))* for every 1 <i<k.

Fix an zg € K. Set II, = U,ll, and extend X,, to Il by setting X,,(t) = x¢ if t €
oo \ IL,..

The process X, takes values in K= for every n. As K> is compact in the product
topology, by applying Prokhorov’s Theorem we can find a subsequence n; — oo and a
process (X (t);t € Il such that X,,, — X weakly. As the partitions II,, are nested we may
assume w.l.o.g. that n; = n, that is, X;,, — X weakly.

Consider the process (X (¢);t € Il). We must extend X continuously from the dense
subset I, to [0,1]. First, we show that X has finite energy along Il,. Let
E[X, ] := lim &[X,1L,],
n—oo

which exists by monotonicity.

Lemma 3.3. The pmcess (X t);t ell ) satisfies E[X, o] < E[y]. Moreover, for every
s<tinlly, E[dX N?] < (= s)E, [s,1]].

Proof. We begin by showing E [d(X (t), X (s))?] < (t — s)E[7,[s,t]] for s < ¢ in . Sup-
pose that s < t are both in II,. From weak convergence of the X, and compactness
of K we have that E [d(X(t), X(s))?] = limpoo E [d(Xn(t), Xn(s))?]. We now bound
E [d(X,(t), Xn(s))?]. As s,t € I, there is an N such that s,t € II,, for n > N. Suppose
that the points of II,, between s and ¢ are s = tg, < t1, < ... <1, = t. Using Lemma
we deduce that for n > N,

E [d(Xn(0), Xn(8)?] _ Q= E [d(Xa(tni), Xn(tni-1))?]
t—s = tni— tni-1
— il W(’Y(tn,i)a'y(tn,ifl))Q
P tni — tni-1
< &y, [s,t]].

The last inequality follows due to the t,; forming a partition of [s,t]. By letting n — oo
we conclude from the above estimate that E [d(X (t), X (s))?] < (t — s) E[v, [s, t]].
For the partition IT,, = {0 =ty < ... < t, = 1} we deduce from the inequality above that

" E[d(X(ti) (ti_1)

(3.3) > o <Z<€% i1t

i=1
From the inequality (3.2) we now deduce that Zi:l [, [ti—1,t]] < &[y]. Therefore,
E[X, ] < &[] as required. O

We now show that X has a continuous extension to a process defined for times ¢ € [0, 1].
Let (£2,%, ) denote the probability space where (X (t),t € Ily) is jointly defined and
let X, (¢) denote the outcome of X(t) for w € Q. The inequality E[X, 1] < E[y] from
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Lemma implies that for p-almost every w the energy of the discrete K-valued path
(Xu(t),t € Ily) is finite. In particular, for p-almost every w there exists a constant C,,
such that
d(Xu,(t), Xw(s)) < Cu/|t — | for s,t € Il.

Since I, is a dense subset of [0, 1], Lemma from the Appendix implies that (X, (t);t €
II) has a continuous extension to times ¢ € [0, 1] for p-almost every w. We denote this
extension by X = (X (¢),0 < t < 1), which is then a K-valued stochastic process with
continuous sample paths.

Now we show that X realizes . Certainly, X (t) ~ (t) for ¢t € Il because X, (t) — X (t)
weakly and X,,(t) ~ ~(t) for all large n due to the partitions II,, being nested. Suppose
that t € [0,1] \ IIoo. Choose a sequence t,, € II,, such that ¢, — ¢t. By continuity of X and
the bounded convergence theorem we conclude that E [d(X (¢,), X (¢))] — 0. This implies
that X (t,) — X (t) weakly. The distribution of X (t,) is y(t,) and y(t,) — ~(t) weakly
because the path 7 is continuous due to having finite energy. Therefore, X (t) ~ ~(t) for
every t.

Finally we show that £[X] = E£[y]. As X realizes v, E [d(X(t), X (s))?] > W(v(t),7(s))*.
Hence, £[X] > £[v]. To get the reverse inequality first recall from Lemma |3.3| that

E [d(X(t),X(s))?] < (t—s)E[y,[s,t] for every s,t € Ilo with s < t.

Suppose s < t are two arbitrary points in [0, 1]. Choose sequences {s,} and {¢,} such that
Snytn € iy, sy < ty, Sp \( s and t,, " t. From continuity of X and the bounded convergence
theorem we have that E [d(X (t), X (s))?] = limy—e0 E [d(X (tn), X (sn))?]. Since

E [d(X (tn), X (5n))?] < (tn = sn) €[V, [sn, tal] and E[y, [sn,ta]] < E[y, [5,1]],
we conclude that E [d(X (¢), X (s))?] < (t —s) €[y, [s,t]] for every s < t. For an arbitrary
partition IT = {0 = tp < ... < t, = 1} we use this inequality to deduce that E[X,II] <

S €, [ti—1,t]]. The inequality (3.2) implies that Y ;" | €[y, [ti—1, )] < E[7]. As II was
arbitrary it follows that £[X]| < £[y]. This completes the proof.

4. MINIMAL ENERGY PERMUTON PROCESSES FROM IDENTITY TO REVERSE

In this section we prove Theorem [2] and Corollary The proof of Theorem [2] uses the
following lemma about minimal energy paths on a Hilbert sphere. A proof is provided in
the Appendix.

Lemma 4.1. Let v be a path on the unit sphere of a Hilbert space between two antipodal
points ¥(0) and —y(0) = v(1). Then E[y] > 7% with equality if and only if

v(t) = cos(mt)y(0) + sin(mt)y(1/2).

Proof of Theorem[3. Suppose X = (X(t);0 <t < 1) is a permuton process with X (0) =
—X(1). Since E [X(t)?] = 1/3, the process X is a path between two antipodal points on the
sphere of radius 1/4/3 in the Hilbert space L?(Q, X, P), where (Q, %, P) is the probability
space over which the process X is defined. From Lemma we see that £[X] > 7%/3
with equality if and only only if X (¢) = cos(7t) X (0) + sin(7t) X (1/2). In case of equality,
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since X (t) ~ Uniform[—1, 1] for every ¢, this equation for X implies that the projection
of (X(0),X(1/2)) onto any line through the origin has the Uniform[—1,1] distribution.
Thus, (X(0),X(1/2)) is distributed according to the Archimedean measure and X is the
Archimedean process. ]

Proof of Corollary[2.1. Theorem [2] implies that all limit points of X™ are supported on
permuton processes with energy at least 72/3. Due to the uniqueness of energy minimizers,
X™ will converge to the Archimedean process if the expected energy of any limit point X
of X™ is at most 72/3. By bounded convergence theorem and assumption (T.8)) we have
mt)?
E[(x() - x(0))7] < T
The e,-stationarity of X™ implies e-stationarity of X for all € > 0, so

E[(x(t) - X(s))] < ZE=D°

- 3
and therefore for every partition Il = {ty = 0,...,tx = 1} we have
k 2 2
E|(X(t;)— X(ti—
t; —ti1 3

i=1

Note that conversely, the Archimedean process limit and the bounded convergence theo-
rem would imply that for every ¢, E [(X"(t) — X"(0))?] — %(1 — cos(mt)).

5. MINIMAL ENERGY PERMUTON PATHS FROM IDENTITY TO REVERSE

In this section, we prove Theorem 3] Using Theorem [f| we transfer the study of paths in P
to [—1, 1]?-valued stochastic processes. Then we solve the corresponding energy minimiza-
tion problem for stochastic processes. We verify that there is an unique energy minimizer
and its fixed time marginals agree with the Archimedean path.

1-dimensional energy minimization. In proving Theorem 3|we will reduce the 2-dimensional
energy minimization problem to a pair of 1-dimensional energy minimization problems. Here
we solve that 1-dimensional problem.

For continuous f : [0,1] — R, let &[f] and £[f,1I] denote energy w.r.t. the Euclidean
metric on R.

Lemma 5.1. Let X = (X(¢);0 < t < 1) be a continuous R-valued stochastic process
such that E[X(t)] = 0 and E [X(¢)?] < oo for every t. Set o(t) = E [X(t)2]1/2. Then
E[X] > E[o]. Here the energy of X is w.r.t. the L?-metric and the energy of o is w.r.t. the
Euclidean metric.

Moreover, suppose that E[X] = E[o], E[o] < 0o and o(t) > 0 fort > 0. Then the following
holds almost surely,
t
X(t) = "(( )

—= X(1) for every 0 <t <1.
o(1)
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Proof. We have that E [|X(t) — X(s)]?] = o(t)* — 2E[X(t)X(s)] + o(s)>. The Cauchy-
Schwarz inequality implies E [X (t) X (s)] < o(t)o(s), and hence, E [| X (t) — X (s)|?] > (o(t)—
o(s))?. From this inequality it is immediate that £[X] > £[a].

Now suppose that E[X] = £[o], £[o] is finite and o(t) > 0 for every t > 0. If we show that
X (t)/o(t) is almost surely constant on the interval [e, 1], for any € > 0, then the continuity
of X implies that X (¢)/o(t) is almost surely constant on [0, 1]. Therefore, we may assume
that o(t) > 0 for t € [0, 1].

Set d = infycpp1) o(t). Then 6 > 0 since o(t) is continuous and positive on [0,1]. Set

V()= 5F For0<s <t <1,

E[|IX(t) = X(s)’] = lo(t) —o(s)”
o(s)o(t)
E[|X(t) = X(s)[*] — lo(t) — o(s)]?
< 52 .
The estimate above implies that for any finite partition II of [0, 1],
EY, 1] < 6 2(E[X, 1] — E[o, 1)) < 6 2(E[X] — &[0, 10]).

E[[Y(t) - Y(s)I’] =

Choose a sequence of nested partitions IIy C IIj C --- such that £[o,II,] — E[o]. We
deduce from the above that E[Y,II,] — 0 due to £[X]| = E[o]. Since £[Y,1I,,] is monotone
increasing we conclude that E[Y,II,] = 0 for every n. Set II = U,II,. Then for every
s, t ell,

E[|Y(t) - Y(s)m <|t—s|- <51711p Ely, Hn]> =0.

Fix an arbitrary p € II. We deduce from the above that for every ¢ € II, P[Y(q) = Y (p)] =
1. Taking the countable intersection of these events over all ¢ € II we conclude that

P[Y (q) = Y (p) for every ¢ € IT] = 1.

The continuity of Y and the fact that II is a dense subset of [0, 1] imply that almost surely,
Y (t) = Y(p) for every t € [0, 1]. In other words, X (¢) = % X (1) for every t, almost surely,
as required. ]

Proof of Theorem [3] Let P = (P(t);0 < ¢ < 1) be a path in P from id to rev such that
E[P] < oo in the Wasserstein metric. Using Theoremlwe may realize P as a [—1, 1]%-valued
continuous stochastic process X such that £[P] = £[X].

Write X (t) = (z(t),y(t)). Then z(¢) and y(t) are distributed as Uniform[—1, 1] since P(t)
is a permuton. Also, z(0) = y(0) and z(1) = —y(1) due to P(0) = id and P(1) = rev.
Set
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Then E [u(t)] = E[v(t)] = 0 for every t. For the boundary conditions we have u(0) = 0
and u(1) = v/2z(1), while v(0) = v/22(0) and v(1) = 0. Set

o2(t) =R [u(t)Q] and ¢2(t) =E [v(t)Q] .

Since u(t)? 4+ v(t)* = z(t)* + y(t)?, we see that o2 (t) + o2(t) = E [z(t)* + y(t)?] = 2/3 due
to z(t) and y(t) being distributed as Uniform[—1, 1].

The map t — (0,(t), 0,(t)) is a path on the circle of radius 1/2/3 that begins at (0, \/2/3)
and ends at (1/2/3,0). It is well known that there is a unique path of minimal energy on
such a circle from (0,+/2/3) to (1/2/3,0). This is the minor arc going from (0,+/2/3) to
(1/2/3,0), and uniquely parametrized by ¢t — 1/2/3 (sin(5¢), cos(3t)). The energy of this

path is
2

7T2/1(303 (Et>2+sin <Et>2 dt—ﬂ—
6 Jo 2 2 6

Consequently, £[(oy,0,), 112 > 72 /6. In case of equality we must have

(5.1) ou(t) = \/2/3 sin (gt) and o(t) = \/2/3 cos (gt).

where the distance for X

i
Elu] + E[v]. Lemma then

Note that E [| X (t) — X (s)[*] = |u(t) — u(s)[* + [v(t) — v(s
is in the Euclidean metric of R?. This implies that £[X] =

implies E[u] 4+ E[v] > E[oy] + E[oy]. Therefore,
&N = E[X] = Elu] + o] = Elow] + Eloy].
However, E[o,] + E[oy] = E[(0w, 0v)] > 72/6.

We have deduced that £[y] > 72/6 for any path v in P. As £[A] = 72/6, we deduce that
(A(t);0 <t < 1) has minimal energy among all paths from id to rev in P. If £[y] = 72/6
then the functions o, and o, must equal the functions from . In this case we may
apply the case of equality from Lemma to the processes u(t) and v(t) to conclude that
u(t) = v2sin(3t) z(1) and v(t) = v2cos(3t) z(0) for every ¢, almost surely. In terms of X
we get that almost surely, for all 0 <t <1,

(5.2) 2(t) = cos (gt> 2(0) + sin (gt) (1)
y(t) = cos (gt) x(0) — sin (gt) z(1).

We claim that implies (z(0), z(1)) is distributed as the Archimedean measure. If this
holds then we have ~(t) = A(t) because X (t) ~ ~(t) and implies that X (t) ~ A(t).
The latter holds because the formula above implies the density function of X (¢) agrees with
that of A(t) if (z(0),z(1)) is distributed as the Archimedean measure.

To see that (z(0),z(1)) is distributed as the Archimedean measure observe that z(t) is
the projection of (2(0),z(1)) onto the line through the origin with angle ¢. Also, y(t) is
the projection of (z(0),x(1)) on the line through the origin with angle —5t. As z(t) and
y(t) are distributed as Uniform[—1,1] for every ¢, it follows that the distribution of the
projection of (x(0),z(1)) onto any line through the origin is Uniform[—1,1]. This property
determines the Archimedean measure. This completes the proof of Theorem
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6. PERMUTONS IN WASSERSTEIN METRIC

In the final section of the paper we establish a formula for the Wasserstein distance from
the identity to any permuton and use it to prove Theorem

Lemma 6.1. Let o and 7 be permutations in &,. Then,

Whtor 0r) = 5 it 37— (D)) + (o) = 7((0)).

The proof is in the Appendix.

Theorem 6. The Wasserstein distance of the identity permuton id from any permuton
P = (X,Y) is as follows. Let (X',Y') denote an independent copy of (X,Y). Then,

W(id, P)? = g — 2F [max {X + Y, X' +Y'}] .

Proof. We first derive the analogue of the above formula for permutations and then take
limits to get the final result. For a permutation o € G&,, consider

Z(i—w(z’))2+( —4Zz —22 ) + o7 (i)).

-1

Reindexing the latter sum by setting i := 7'['_1(@) and replacing m by 7+ we get that

wiGHan Z(z—ﬂ'(z))z (1 —omn( —4Zz2 —2supz )@+ o(i

The sum ), (i) - (i + o(¢)) is maximized by choosing 7(i) to be the rank of i + o(7)
in the sequence 1+ o(1),...,n + o(n). We can write the maximizing permutation 7 as

(1) = Zj 1{j+a(j)<i+o—(')}, whence,

supz (i+o( Zzl{ﬂ+0 y<ito(i)) (1 + 0 (i)
:Zmax{wo-( )i+ ()}

Therefore,

(6.1) inf | (i —7(i)* 4 (i — om(i) —422 —Zmax{z+a J+o(h)}

7Te6n
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Let py be the empirical distribution associated to o. If (X,Y) and (X',Y’) are two
independent random variables with distribution p, then from (6.1)) and elementary simpli-
fications we get

E[max{X +Y, X +Y'}] = ;Zmax{i+a(i) _ 17j+0(j) _1}

n n

Z‘?j

= 22 i Y- w@) + - o(n(@)] - 2

2 2 n? id” | o\2
7

where the last equality follows from Lemma Since Y, 4% = n3/3 + O(n?), the above
implies

. 4
W (", u7)? = 5 = 2B [max {X + ¥, X"+ Y'}] + O(1/n).

There exits permutations ¢” € &,, such that u”" converges to P in the Wasserstein dis-
tance by [9, Theorem 1.6] and Lemma Therefore, W (id, P)? = lim, E [W (4", u")?].
The formula for W (id, P)? follows from this convergence upon taking the large n limit of
the formula above. O

Observe that for a permuton P = (X,Y) we have W((X,Y),rev) = W((X,-Y),id).
From Theorem |§| we conclude that for any permuton P = (X,Y),
(6.2)

W(id,P)* + W(P,rev)? = g —2E [max{X +V, X'+ YV} + max{X -V, X' - Y'}] .

Proof of Theorem [ Given P = (X,Y), let W = %7 V= X—\‘/%Y Define (W', V') analo-
gously for the pair (X', Y”). From (6.2)) we have

W(id)P)2 + W(P, I‘eV)2 = g — 2\/§E [maX{W, W/} + maX{V7 V/}] ‘

Suppose Z is an integrable random variable and Z’ is an independent copy of Z. Then
E [max{Z,2'}] =2E [ZP[Z < Z]| +E [ZPy[Z = Z]].
Define F(z,u) = P[Z < z]+ulP[Z = z] for z € Rand 0 < u < 1. The function F is called the
“distributional transform” of Z. If U is independent of Z and distributed as Uniform][0, 1]
then F'(Z,U) is distributed as Uniform|0, 1] as well [14], Proposition 2.1]. From the definition
of F(z,u) we obtain
1
E[ZP[Z' < Z]| =E[ZF(Z,U)] - 5E (ZPy [z =2").
In particular, E [max{Z, Z'}] = 2E[ZF(Z,U)]. Hence,
E [max {W, W'} + max {V,V'}] = 2E[WF(W,U) + VG(V,U)],
where F' and G are the distributional transforms of W and V.
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Set F(x,u) = 2F(x,u) — 1 and G(z,u) = 2G(x,u) — 1. Observe that

WFW,U) W VG UWV) V
T Tt o
We take expectations of this equation and use that E[W] = E[V] = 0. Then in order
to bound the expectation of the r.h.s. we use the inequality ab < #. This gives that
WEW,U) < (W2+F(W,U)?)/2and VG(V,U) < (V2+G(V,U)?)/2. Since E [W? + V?] =
E [X? 4+ Y?] = 2/3, we conclude that

WEW,U)+VG(V,U) =

1 R R
E[WF(W,U)+VG(V,U)] < | E W2+ E(W, U2 +V2+G(V, U)Q] =

Furthermore, there is equality if and only if W = F(W,U) and V = G(V,U), which is
equivalent to (W, V') being a permuton. As a result,

8 — 442
W(id P)? 4+ (P rev)? > 5=V
X-Y X+4Y) :
with equality if and only if (—f R ) is a permuton. U
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7. APPENDIX

Proof of Lemma 2.1]

Proof. Note that m?(Y) is non increasing in § and converges to zero as § — 0 almost
surely since t — Y'(¢) is uniformly continuous. Also, m®(Y) < 2, and thus, E [m‘s(Y)] —
0 as § — 0 by the bounded convergence Theorem. For the second claim observe that
[[Y (t) =Y (s)|— |V () —Y/(S)H < 2||Y —Y||oo by the triangle inequality. Therefore, m®(Y) <
mO(Y) +2||Y — Y||s and vice-versa, which implies the claim. Finally, for the third claim
notice that

i

[Lin(n, Y)(8) Y ()] = Z Y-y @ (¥ )= D s (1) < 2mn ()

n

The claim now follows from the assertion of the first claim. O
Proof of Lemma [B.1]
Proof. Suppose that I1 = {0 =ty < t1... < t, = 1}. As IT' is a refinement of II it

contains points between the ¢;. Suppose the points of II' are indexed as ¢;; for 0 < i <n
and 0 < j < k; such that t; = t;0 < t;1 < ... < tik, = tit+1,0 = ti+1. From the triangle
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inequality, d(y(t;),v(ti—1)) < Z T d(y(ti—1,4),v(ti—1,j—1)). So we deduce from the Cauchy-
Schwarz inequality that

ki—1
ot () < Z Y ey d(y(ti-14),7(ti-1,5-1))
=

V8-t — tic1,j-1

1/2
ki1
d i1 s tiq i 2
< ti —ti1 Z (7( J 17])77< i—1,5 1))
s} ti—1 —ti—1,5-1
We conclude that
fei_
d(y(t:),v(ti-1))? < z:l d(y(tic1,5),y(tic1,5-1))
ti —tiq = ti—1,5 —ti—1,5-1
]7
Summing the inequality above over i implies that E[y,II] < &[y,IT']. O

Proof of Lemma (4.1

Proof. Suppose that 7 is a path on the unit sphere of a Hilbert space H from the vector ~(0)
to its antipode —(0). For unit vectors a and b it is easily seen that ||a — b||? = 4sin(0/2)?
where § = arccos((a, b)) is the unique angle between a and b in the interval [0, 7]. Let 0(s, t)
denote the angle between «(s) and «(t). Using the inequality x — (23/6) < sin(z) < x for
0 <z < m, we see that for any partition I ={0 =ty < ... <t, = 1}

n
G(t,-_l ti) tz 1
1 —§(11))? —— < ot ,
( (D) ; ti-1— 1 ; ti— l_tz
where 6(IT) = max;{6(t;_1,t;)?}/24. Note that 6(s,t) is continuous as v is continuous,
and in partlcular d(II) — 0 as the mesh size A(II) — 0. This implies that [y] =
supr Y, t: 11’ -

If a,b and ¢ are unit vectors in H then the corresponding angles between them satisfy
f(a,b) +0(b,c) > O(a,c). This elementary fact can be deduced by considering unit vectors
in R3 since a, b and c¢ lie is a 3-dimensional subspace. In particular,

Z O(ti_1,t;) > 60(0,1) =
because v(0) and (1) are antipodal. From the Cauchy-Schwarz inequality we conclude that
O(ti1,t:)* O(ti1,t:)?
m < t : —_— _ — e
Z T Ewmv Z tio — 1
with equality only if G(ti,l, t;) = m(ti—1 — t;). We may now conclude that £[y] > 72, and
moreover, if there is equality then 0(s,t) = 7w|s — t|.

Now suppose that £[y] = 72. We show that () = cos(t)v(0) +sin(7t)y(1/2). From the
fact that 0(s,t) = |t — s| we see that 6(0,¢) = 7t and we may write

~(t) = cos(mt) v(0) + sin(wt) x(t),
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where z(t) is a unit vector that is orthogonal to (0). Noting that z(1/2) = v(1/2) we
have that (y(t),v(1/2)) = sin(nt) (z(t),z(1/2)). Now (v(t),7(1/2)) = cos(0(t,1/2)), which
equals sin(rt) because 6(t,1/2) = n|t — 3|. Therefore, (z(t),2(1/2)) = 1for 0 < ¢t < 1,
which implies that z(t) = x(1/2) as both of these are unit vectors. Consequently, v(¢) =
cos(mt)y(0) + sin(mt)vy(1/2). O

Proof of Lemma [6.1]

Proof. Couplings between i, and pi, are supported on the points (% -1, QUT(Z) -1, %7 -1, 277(‘7) — 1)

for 1 <4,j < n. Thus, a coupling (V, W) between u, and p, is always described by the
array of numbers [0 j]i<i j<n such that

(7.1) ai; =P {V_ <2Z 1, QUn(i) ~ 1) W= <27j .70 1)} .

n n

The constraints V' ~ p, and W ~ p is equivalent to the matrix M = [na; ;] being doubly
stochastic. Denoting M = [m; j|, we get that

(7.2 BV = WIP) = 5 3 maglli = + (o) 7))

Let B,, be the set of all n xn doubly stochastic matrices. The map taking M = [m;] € By, to
the r.h.s. of is linear, and hence minimized at one of the extreme points of the convex
set B,,. These are the permutation matrices P, for m € G,,. For a permutation matrix P;,
we have that Y, miy[(i — )% + (0(i) — 7())?] = 2400 — 7(D)? + (0(3) — T(x(D)))2. As a
result, we conclude from that

4

Wto pr)? = | inf 3= w(0))? + (o(0) — ((0)))*

The proofs of the following lemmas use standard arguments. We omit them for brevity.

Lemma 7.1. Let (K, d) be a compact metric space. Let v, be a sequence of Borel probability
measures on K. Then v, converges weakly to a measure v if and only if W (vy,,v) — 0.

Lemma 7.2. Let v,v/ be Borel probability measures on a compact metric space (K, d).
There exists a coupling (V,W) of v with v/ such that W (v,v') = E [d(V, W)z]l/z.

Lemma 7.3. Let K be a complete metric space and S C [0,1] a countable dense set.
Suppose f : S — K has modulus of continuity m on S, i.e., d(f(t), f(s)) < m(|t — s|) for
s,t € S. Then f has an extension to [0, 1] with modulus of continuity m.
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