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Classical patterns in Mallows permutations
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Abstract

We study classical pattern counts in Mallows random permutations with parameters
(n, gn), asn — co. We focus on three different regimes for the parameter ¢ = ¢,,. When
n® 2(1 — ¢q) — 0, we use coupling techniques to prove that pattern counts in Mallows
random permutations satisfy a central limit theorem with the same asymptotic mean
and variance as in uniformly random permutations. When ¢ — 1 and n(1—q) — oo, we
use results on the displacements of permutation points to find the order of magnitude
of pattern counts. When ¢ € (0,1) is fixed, we use the regenerative property of the
Mallows distribution to compare pattern counts with certain U-statistics, and establish
central limit theorems. We also construct a specific Mallows process, that is a coupling
of Mallows distributions with ¢ ranging from 0 to 1, for which the process of pattern
counts satisfies a functional central limit theorem.
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1 Background

1.1 Mallows random permutations

Fix a real parameter ¢ > 0 and a positive integer n > 1. We say that a random
permutation 7, follows the Mallows distribution with parameter ¢ on the symmetric
group &,,, denoted 7, ~ Mallows(n, q), if:

qinv(a)
forallo € 6,,, P(r,=0)=
Znq
where inv(o) := |[{(i,j) € [n]* : i < j, 0(i) > o(j)}| is the number of inversions of o, and

A
I, = HZ':l 11__qq is a normalizing constant. The parameter g serves as a “bias” on the
number of inversions of 7,. The number of inversions of 7,, grows stochastically as ¢
grows: if ¢ = 0 then 7,, = id,, := 12...n almost surely, if ¢ = 1 then 7,, ~ Unif(&,,) is

uniformly random, and if ¢ — oo then 7, — id};” :=n...21 in probability.
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The Mallows distribution was introduced in [34], motivated by ranking problems in
statistics. There actually exists a wide range of Mallows-type models [34, 16, 36, 44]
that use various other statistics instead of the number of inversions. The present model
is related to several topics, such as g-exchangeability [19, 20], the Bruhat decomposition
[15], and the asymmetric simple exclusion process [10, 8]. A number of properties of
Mallows random permutations have been studied extensively by many authors: this
includes mixing times of related Markov chains [14, 4], scaling limits [42, 43], longest
monotone subsequences [35, 6, 3], the degree process [7], the cycle structure [17, 22],
the secretary problem [32, 40], binary search trees [2, 12], logical limit laws [37], and
more. When studying the asymptotics of such properties as n — oo, interesting phase
transition phenomena often appear when ¢ is allowed to depend on n.

A common question when studying random permutations is that of pattern occur-
rences and avoidance: given a fixed permutation m € &,. and a random permutation
T € G,,, what is the distribution of the number of occurrences of 7 as a (classical, consec-
utive, or vincular) pattern in 7, and what is the probability that 7 avoids it? This question
has been partially addressed for Mallows random permutations. Central limit theorems
have been established for the number of inversions [14, 15], for the number of descents
[9, 23], and for the number of consecutive pattern occurrences [13]. Growth rates for
the probability of avoiding a consecutive pattern [13] or a classical pattern of length
three [38] have been studied, and thresholds for the appearance of a given pattern have
been established in [5]}. However, except for inversions, there seems to be a lack of
results concerning the number of occurrences of classical patterns. This paper initiates
this study for three different regimes of ¢ = ¢,.

Note that these questions have well-studied analogs in the field of random graphs.
Indeed, Mallows random permutations are analogous to Erd6s-Rényi random graphs (the
permutation graph of a Mallows permutation is an Erd6s-Rényi graph conditioned to be a
permutation graph), and pattern occurrences then correspond to subgraph occurrences.
Subgraph counts and subgraph avoidance in Erd6s-Rényi random graphs have been
studied extensively (see e.g. [30] and references therein); this further motivates the
questions raised here.

1.2 Previous results on pattern counts

Let 7 € 6,, be a permutation and I = {i; < --- < i,} C [n] be a subset of r indices.
The pattern induced by 7 on I, denoted pat (I, 7), is the permutation o € &, defined by:

forall j,k e [r], o(j) <o(k) <= 7(ij) <7 (ir).

Now fix m € &,.. A classical occurrence of w as a pattern in 7 is a subset I C [n] such
that pat(I,7) = 7. For instance, a classical occurrence of the pattern id, := 12...r is an
increasing subsequence of length r, and a classical occurrence of the pattern 21 is an
inversion. The number of classical occurrences of 7 as a pattern in 7 is then:

Occe(m,7) :== |{I C [n] : pat(,7) =7},

with the convention Occ(w, 7) := 0 if |7| > |7|. In this paper we are only interested in
these classical (not consecutive, nor vincular) pattern occurrences, so we will simply call
them pattern occurrences. They have notable applications to independence testing [25]
and parameter testing [27].

1The paper [5] is about random permutations with a given number of inversions rather than Mallows random
permutations, but using concentration results on the number of inversions in Mallows random permutations
(see e.g. [5, Proposition 29], and Equation (A.1) here), the results of [5] can be transferred from their model to
ours.
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The question tackled in this paper is that of the asymptotics of Occ(7, 7,,) as n — oo,
when 7 € &, is fixed and 7, ~ Mallows(n,q,). In this framework, we can assume
w.l.o.g. that 0 < ¢, < 1. Indeed, the reversed permutation 7V := 7,(n)...7,(2) 7, (1)
follows the Mallows(n, ¢,, ) distribution, and Occ(w, 7,,) = Occ(n™, 75°V) for all patterns
7. Before stating our results, let us review the state of the art on this question.

1.2.1 The uniform case

Since Mallows(n, 1) = Unif(&,,), it is instructive to consider the simpler case of uniformly
random permutations before studying general Mallows permutations. In this case, the
asymptotics of Occ(m, 7,,) are well known:

Theorem 1.1 ([31]). Fixr > 2 and = € &,.. For each n, let 7, ~ Unif(&,,). Then we have
the following convergence in distribution:
Oce(m, ) — & ("
(7 7n) — 7 (r) . N(O, V72r) 7

nr—1/2 n— 00

for some explicit v, > 0, where N’ (0, 1/721.) is the centered normal distribution with variance
v2. This also holds with convergence of all moments, and jointly for any finite family of
patterns (with explicit covariances).

Many more results, such as concentration inequalities and bounds on the speed of
convergence, are available in the uniform case. However, the focus of this paper is on
the first- and second-order asymptotics of Occ(m, 7).

1.2.2 First-order convergence through permuton theory

The first-order asymptotics of pattern counts are closely related to the theory of per-
mutons, which are defined as probability measures on [0, 1]? with uniform marginals
and serve as scaling limits for large permutations [26, 18]. Indeed, for each integer
n, let 7, € 6,, be a random permutation. Then 7,, converges in probability as n — oo
to a limit permuton p if and only if for all » > 1 and all 7 € &,,, the random variables
(f)flocc(w, T,) converge in probability as n — oo to the quantity

dens(m, p) := / Z La,y<o<ao i Ly,oy <<y (dT1, dyr) - . p(dy, dyy),
([O’I]Z)TU,pEG,V,p—loa:ﬂ

see [26] for details. In general, it may happen that dens(m, 1) = 0; the correct order of
magnitude of Occ(m, 7,,) should then be determined by different methods.

The permuton limits of Mallows random permutations are well understood. Suppose
that n(1 — ¢,) = B for some S € [0, 00]. Then:

» If B < oo then 7, converges in probability to an explicit deterministic permuton pg
[42] with a positive density. Thus

—1
(n> Occ(m, 1) —> dens(m, ug) >0 (1.1)

r n—00

in probability, for all patterns 7. If 3 = 0 then g is the Lebesgue measure on [0, 1]?
and dens(m, pug) = %+ in this regime, the first-order asymptotics of Occ(r,7,,) are
the same as in the uniform case.
e If 8 = oo, the permuton limit of 7,, can be found with [6, Theorem 1.1]. Indeed, for
any € > 0:
foralli € [n], P(|7,(7) —i| > en) < 2q¢;"
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where ¢5" — 0 asn — oo, thus L |{i € [n] : |7,,(i) — i| > en}| converges in probability

to 0. As a consequence, 7, converges in probability to the diagonal permuton ua,
which puts uniform mass on the diagonal of the unit square. Therefore:

—1
" 0 ifm#£id,;
(r> Occ(m, 7,) — { 1 ifr =id,; .

in probability, as n — co. When 7 # id,., this does not provide the correct order of
magnitude for Occ(7, 7,).

1.2.3 Asymtotic normality of inversions

To our knowledge, the only pattern for which more is known is the inversion pattern
m = 2 1. First-order asymptotics for the number of inversions, in many regimes of g, are
given in [39]. As remarked below Property 4 in [14], a central limit theorem can also be
proved; we state it in a restricted case for simplicity, and provide a proof in Appendix A
for completeness.

Theorem 1.2. For each n, let 7, ~ Mallows(n, ¢,,). Suppose thatn(l1—g,) — 0 asn — co.
Then

Efinv(r,)] = in° — & (1 —gu)n’ + o (n3/2 +(1— qn)n?’) ; Varfinv(r,)] = 550”4+ 0 (n%).
Furthermore, we have the following convergence in distribution:

inv(7,) — Elinv(r,)] — N(0,1).

Var[inv(Tn)]l/2 n—oo

Note that when ¢,, = 1, we retrieve the famous central limit theorem for the number
of inversions in a uniformly random permutation:

. 1,2
Iv(m) 47, wr0,1). (1.3)

%n3/2 n—00

2 Overview of our results

The aim of this paper is to broaden the asymptotic study of Occ(r,7,,) for 7 # 21 and
Tn ~ Mallows(n, ¢), in three different regimes of ¢ = ¢,. Our results are summarized
in the following sections: we present in Section 2.2 a central limit theorem when
n3/2(1 — q) — 0, in Section 2.3 first-order asymptotics when ¢ — 1 and n(1 — ¢) — 0, and
in Section 2.4 joint central limit theorems when ¢ does not depend on n.

2.1 Notation

Let us introduce some notation beforehand. Throughout this paper, the parameter
q € (0,1) may depend on n (this is the case in Sections 2.2 and 2.3), but we often write ¢
instead of ¢,, for simplicity.

We let N := {0, 1,2,...} be the set of nonnegative integers, N* := {1,2,3, ...} be the
set of positive integers, and [n] := {1,2,...,n}. If 0 € &,,, the size of ¢ is the integer n
and denoted by |o|. We let & := J,,.iy- ©, be the set of all finite permutations, and &,
be the symmetric group on IN*.

We write permutations o € &, in one-line notation ¢ = o(1) 0(2) ... o(¢). The direct
sum of 0 € G, and p € G,, is the permutation o & p € &y, such that

c@p=0(1)a(2) ... a(0) (p(1)+€) (p(2)+0) ... (p(m)+1).
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Note that the ¢ operator on G is associative. When a permutation ¢ € G can not be
written as the direct sum of two non-empty permutations, we say that it is indecompos-
able, or that it is a block. For example, the only indecomposable permutations in G3 are
231,312, and 321. Conversely, o is decomposable if there exists k € [n — 1] such that
{o(1),...,0(k)} = [E]. It is a classical fact that any permutation ¢ € & can be uniquely
decomposed as a sum of blocks ¢ = o1 & - - - @ 04, and we call the integer d € IN* the
number of blocks of o.

If X is a positive random variable with finite moments and « € R, we write E[X %] for
the expectation of the random variable X*, whereas E[X]” is used to denote the a-th
power of the number E[X]. If (F,)nen is a sequence of events, we say that E,, happens
with high probability (w.h.p.) when P(E,,) — 1 as n — oo. If (X,,)nen and (Y,,),en are
sequences of positive r.v.’s, we write X,, = Op (¥,,) when:

supP(X,, >CY,) — 0,
neN C—+4o0

or equivalently when (X,,/Y,,), . is tight. Also, X,, = op (Y,,) means that X,,/Y;, — 0 in

probability as n — oo. B
In this paper, we use the notation x,, = © (y,,) when there exist constants «, 8,7 > 0
and ng € IN such that:

foralln > ng, ay, <z, <B(ogn)” y,.

Note that this slightly differs from the usual O notation: here, there is no logarithmic
factor in the lower bound. Next, if X,,, Y,, are positive r.v.’s, we write X,, = ép (Y,,) when
there exist constants 3, > 0 such that for any € > 0, there exist a. > 0 and n. € IN such
that:

foralln >n,, P(a Y, <X, <pB(logn)"Y,) >1-—c¢

Informally, this means that X,, has the same asymptotic order as Y,, in probability, but
the upper bound suffers a logarithmic factor.

2.2 Stability close to the uniform regime

One might expect the Mallows(n, ¢) distribution to have similar properties to Unif(&,,)
when q is close enough to 1. For instance, by Theorem 1.2, the convergence (1.3) holds
for 7,, ~ Mallows(n, ¢) if n3/2(1 — ¢) — 0 (otherwise E[inv(,)] has an additional term
above n3/2). The same stability phenomenon occurs for all patterns, as can be deduced
from a coupling lemma:

Lemma 2.1. Letn € IN* and g € (0,1) such that n(1 — ¢q) < 1. It is possible to couple
Tn ~ Mallows(n, q) with u,, ~ Unif(&,,) in such a way that there exists H,, C [n] satisfying
pat([n] \ Hn, ) = pat([n] \ Hn,u,) and E[|H,|] < %nQ(l —q).
Corollary 2.2. Fixr > 2 and 7 € &,.. Suppose that n*/%>(1 — q) — 0 as n — oo, and for
each n let 7, ~ Mallows(n, ¢). Then we have the following convergence in distribution:
Oce(m, 1) — & (™
( ) r! (7‘) — N(O, l/f_) ,

nT_l/Q n—o00

for the same v, > 0 as in Theorem 1.1. This also holds jointly for any finite family of
patterns, with the same covariances as in Theorem 1.1.

This is proved in Section 4. Let us stress that the assumption on the parameter q is
in a sense tight. If n3/2(1 — ¢q) — 0 does not hold, then neither does the convergence of
Corollary 2.2: indeed, for the inversion pattern 7 = 21 by Theorem 1.2, there is at least
one additional term in the asymptotic mean.
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There are several ways to prove Lemma 2.1; for example, we could use a point
process approach and [35, Lemma 4.2]. Here, however, we rather opt for a coupling via
inversion sequences, as it is more in line with the rest of the paper and relies on different
ideas. We believe that our approach is interesting on its own, and that appropriate
variants of it could be used to study other statistics of Mallows permutations. It starts
from the construction of Mallows permutations using independent truncated geometric
variables with parameters (k, q) (see Section 3).

If n2(1 — q) — 0, then it is possible to couple the TruncGeom(k, 1—¢q) variables with
Unif([k]) ones so that they are all equal with high probability (see the computation
in [37, Lemmas 7.2 and 7.3], and [3, Remark 2]). In this regime, the permutation
Tn ~ Mallows(n, q) can be replaced by a uniformly random permutation u,, ~ Unif(&,,)
with high probability, and the convergence of Corollary 2.2 is straightforward.

In our regime, that is when n3/ 2(1 — q) — 0, such a strong coupling is no longer avail-
able. A naive idea would be to couple TruncGeom(k,1—g¢) with Unif([k]) so that as many
variables as possible are equal, but this would not translate well into pattern occurrences.
The coupling of Lemma 2.1 is more subtle: when some TruncGeom(k, 1—¢q) variable does
not equal the corresponding Unif ([k]) variable, the subsequent TruncGeom(k’, 1—q) vari-
ables should rather try to be equal to an appropriate “local shift” of the corresponding
Unif([k']) variables. This shift is chosen so that 7,, and u,, have a large pattern in common,
with high probability. See Section 4 for more details.

2.3 First-order asymptotics in the transition regime

Now suppose that ¢ — 1 and n(1 — ¢) — oo as n — oco. In this regime, (1.2) only tells
us that Occ(m, 7,) = op (n") for m # id,. The following theorem describes the correct

first-order asymptotics of Occ(m, 7,,), up to logarithmic factors.

Theorem 2.3. Let g = g, € (0,1) such that ¢ — 1 and n(1 — q) - o0 asn — oo. Fix
7w € &,., written as a sum of blocks m = 71 ® - - - ® mq. Then, if 1,, ~ Mallows(n, q):

_ d
Occ(m,7,) = Op (n) )

(1—q)—1

Moreover, for all p > 0:

E[Occ(m, 7,)"] = © ((u_”:)d)p) .

In particular if ¢ = 1 — ¢n™? for some ¢ > 0 and x € (0, 1), then Occ(w, 7,,) has order
n*r+(1=2)d yp to a possible logarithmic factor in the upper bound. This shows how the
first-order asymptotics of Occ(m, 7,,) interpolate between n? for fixed ¢ (see Section 2.4)
and n" for bounded n(1 — ¢q) (recall (1.1)). For 7 = 21 (then » = 2 and d = 1), this also
coincides with [39, Theorem 1.3]. Let us stress that the constants 8 and  implicit in the
O notation depend on r and d.

Theorem 2.3 is proved in Section 5. The idea behind the proof is that, while the
permutation 7,, ~ Mallows(n, ¢) is in general indecomposable if ¢ — 1, it can be approxi-
mated by a decomposable permutation after removing a fraction of points if n(1—¢) — oc.
This allows us to approximate 7,, by a sum of subpermutations 7, 1 & --- ® 7,,,,, and it
remains to estimate the number of pattern occurrences in these subpermutations. The
upper and lower bounds are then proved separately: the former hinges on a trivial upper
bound for the number of pattern occurrences, while the latter makes use of (1.1) by
finding smaller subpermutations in 7,, which are Mallows(ny, ¢) distributed with bounded

ng(1—q).
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2.4 Joint and process convergence in the regenerative regime

In this section, ¢ € (0,1) does not depend on n. This regime is called “regenerative”
for Mallows random permutations, because 7,, ~ Mallows(n, ¢) can be decomposed into
a truncated sum of i.i.d. blocks. This property comes from the embedding of finite
Mallows permutations into the infinite Mallows permutation ¥ ~ Mallows(IN*, ¢). This
permutation, introduced in [19, Definition 4.4] and recalled in Section 6.1, is a random
element of &, with two notable properties. The first one is that pat([n], X), the pattern
induced by ¥ on [n], follows the Mallows(n, q) distribution (Lemma 6.1). The second one
is that X is regenerative in the sense that

Y=B% OB ...

where (B}),cn- is an infinite sequence of i.i.d. random finite blocks (Lemma 6.2). We
say that By € G is a Mallows block with parameter ¢, and we denote by MBlock(q) its
distribution.

The MBlock(q) distribution is essential when describing the asymptotics of Occ(w, 7).
If 7 € G is written as a sum of blocks 7 = 71 @ - - - @ 74, define

d
E[Occ( 7rj, B)]
(2.1)
1;[ E[|B]]

where B ~ MBlock(g). Another equivalent expression of e, , will be given later in
Section 7.2, Equation (7.5). Our results show the expansion

Occe(m, ) = (;L) Crq+ ndfl/QN(O’%Qr) +op (ndq/z)

for some 2 > 0, where d € IN* is the number of blocks of 7 € &. When 7 is not increasing,
the Gaussian fluctuations are non-degenerate in the sense that 42 > 0 (Proposition 2.5).
When 7 is increasing, non-degenerate Gaussian fluctuations can be found at a lesser
order (Theorem 2.6). We prove two multivariate versions of this central limit theorem:
the first one, Theorem 2.4, holds jointly in all patterns having d blocks; the second one,
Theorem 2.7, holds jointly in ¢ € (0,1) for a certain continuous-time coupling of the
Mallows(n, ¢) distributions.

In what follows, if d > 1 is fixed, we write “mr = 71 & --- ® 74" to mean that 7 runs
over the set of patterns in & having exactly d blocks, without size constraints.

Theorem 2.4. Fixd > 1 and q € (0,1). Let ¥ ~ Mallows(IN*, ¢), and 7, := pat([n],X) for
eachn > 1. For any m = 7 @ --- @ w4, we have the following almost sure convergence:

1 1
mOcc(ﬂ,Tn) — aeﬂ’q. (2.2)

Moreover, jointly in all patterns having d blocks, we have the following finite-dimensional
convergence in distribution as n — oo:

<OCC(7T,Tn> - (Z)ew,q> . N(O F(d)) (2.3)
T=m1@--B7g

nd—1/2

for some infinite covariance matrix T'?) described by (6.6). This also holds with conver-
gence of all joint moments.

In order to understand the (non-)degeneracy of the limit variables in (2.3), as well as
the asymptotic correlation between pattern counts, we further study the matrix I'(4),
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Proposition 2.5. Fixd > 1, ¢ € (0,1), and let 'Y be the infinite matrix of Theorem 2.4.
Then for any fixed m = m; & --- & mq which is not an identity permutation, the central
limit theorem for Occ(w, 7,,) is non-degenerate in the sense that PSE,ZT > 0. On the other
hand, Fi(gi,idd = 0. Furthermore for any r > d, if we denote by I'(“") the restriction of T(?)
to patterns in G,.:

e ifd =r, then """ = (0);

 ifd =r—1, then I'(4") is invertible;

e ifd=r—2, thenT(®") has rank 7 if d = 2, and rank 4d if d > 3. Its size is (%) + 3d,
thus it is invertible if and only if d < 3;

e ifd = 1, then L") js invertible.

In particular, note that the matrix I'(“") is not always invertible. The fact that
Fi(i)i 4 = 0 implies that the convergence (2.3) is degenerate for 7 = id. The fluctuations of
Occ(id, 7,,) can actually be found at a lower order:

Theorem 2.6. Fixr > 2, ¢ € (0,1), and let 7,, ~ Mallows(n, ¢) for each n > 1. We have
the following convergence in distribution as n — oco:

Occ(idy, 7)) — () 4 (.) (r — 1) BBl
(id;, 7) (7)T_§;2_1)( ) I N(0,42)
n

where B ~ MBlock(q), and v2 > 0 is given by (6.11). This also holds with convergence
of all moments.

The previous three results are proved in Section 6.2. They heavily rely on the
regenerative property of Mallows random permutations, which allows us to approximate

d
Occ(m, ) = Z H Occ(wj7 Bkj) , (2.4)

1<k <--<kg<K, j=1

where K, is the (random) time needed to reach a certain threshold. One may recognize
here a specific type of U-statistic; the proofs then follow with the same techniques as in
[28, 29]. In Appendix B, we recall the results of [28] needed to study the asymptotics of
such U-statistics.

A recent line of work is the introduction of continuous-time Mallows processes in
[11]. There, a (continuous-time) Mallows process is defined as an &,,-valued cadlag
stochastic process (Tn’t)te[o’l) with Mallows marginals, i.e. 7, ~ Mallows(n,t) for all
t € [0,1). Here we propose an ad hoc, albeit natural, construction of a Mallows process.

We define the continuous-time infinite Mallows process (Et)te[m) ~ Mal_lc:ws(]N*) in
Section 7.1, which is an infinite analog of the regular Mallows process in [11], and a
“unilateral” variant of the bi-infinite Mallows process in [1]. Then, for each n € IN*,
define a finite Mallows process via (7y,¢),co.1) == (Pat([n], Et))te[o,l)'

An important property of the continuous-time infinite Mallows process is that for any
q € (0,1), the restricted process (2¢),¢(o , can be decomposed into a sum of i.i.d. per-
mutation processes, called g-block processes (Theorem 7.3). Thanks to this, Occ(r, 7, +)
can be approximated by a U-statistic as in (2.4), jointly in ¢ € [0, ¢] for any fixed ¢ € (0,1).
This yields the following process convergence:

N
Theorem 2.7. Let (¥,),¢ (g ;) ~ Mallows(IN*), and 7, := pat([n], %) for all n € N* and
t € [0,1). Fix a pattern m € & with d blocks. Then, as n — oo, the finite-dimensional
distributions of the stochastic process

Oce(m, Tpt) — (Z) [
nd—1/2

tel0,1) —

EJP 31 (2026), paper 21. https://www.imstat.org/ejp
Page 8/39


https://doi.org/10.1214/26-EJP1480
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Classical patterns in Mallows permutations

20000 1 —— Number of inversions in a Mallows process —— Centered number of inversions in a Mallows process

Lot
t -t

17500

15000

12500

10000

7500

5000

2500

—— Centered number of inversions in a Mallows process

-100

-200

=300

—— Centered number of inversions in a Mallows process

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Figure 1: The first figure shows a simulation of (inv(7,.)) and its first-order

t€(0,q]

limit (n €1, = ln—jt) 0’ The other three show simulations of the centered process
te(0,q

(inv(7n,t) = n€21,t) ¢ (g 4 @PProXimating v/n - (Xa1,¢),¢ g - This is done with n = 5000 and
up to time ¢ = 0.8. Note that the variance of the process (X1 ;) seems to increase as t
gets closer to 1: this is unsurprising when taking into account the fact that Occ(7, 7.+, )
has a higher order of magnitude when t,, — 1.

n—oo

weakly converge to that of the centered Gaussian process (Xr), €[0,1) with covariance

function H, defined by Equation (7.7)?. This also holds with convergence of all joint
moments.

Simulations of the random process (Occ(m, 7y.¢)) are shown in Figure 1 for

telo,1
m = 21, and in Figure 2 for three other patterns. The val[ue)of er,¢ is known to be ﬁ for
7 € {21, 132,213} (see Theorem 6.5), but is unknown for most other patterns. Simulations
suggest that e, ; might be proportional to # for m € {231, 312,321}.
Finally, we study the regularity of the limit processes.

Proposition 2.8. For any pattern m € G, the following holds:

 The functiont € [0,1) — e, is locally ~y-Holder-continuous, for every v € (0, 1).

» The Gaussian processt € (0,1) — X, admits a version that is locally vy-Hélder-
continuous, for every v € (0, %)

The proof of Theorem 2.7 is given in Section 7.2. It uses once again the tools of [28],

as for the proof of Theorem 2.4. Then, in Section 7.3, we establish some estimates on

the number of “jumps” occuring in (Et)te[o,l)' before proving Proposition 2.8.

2The formula given in (7.7) for H (s,t) involves the law of the g-block processes, for an arbitrary choice
of ¢ > max(s,t). Although this law depends on ¢, the value of H(s,t) does not, since the discrete process
Occ(m, Tn,.) is independent of q.
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Figure 2: The first two figures show simulations of the processes (Occ(m, 7,¢))
and (OCC(ﬂ',Tmt) — (g)eﬂ»t)te(o,q]
(Oce(m, TTL’t))tG(O g forme {312, 3421}, for which the expression of e, ; is unknown. This

is done with n = 5000 and up to time ¢ = 0.8.

t€(0,q]
for m = 213. The other two show simulations of

2.5 Open questions

There is still much work to be done in the study of classical pattern occurrences in
Mallows random permutations. Below, we list a few questions for further research on
this topic.

Question 2.9. In the “thermodynamic” regime n(l — ¢) — 8 € (0,00), the Mallows
distribution has a non-trivial permuton limit. The convergence (1.1) shows a phase
transition for the first-order asymptotics of Occ(w, 7,), but what are the asymptotic
fluctuations?

Question 2.10. In Theorem 2.3 we gave a rough estimate for the first-order asymptotics
of Occ(m, 7,), but what are the next terms in its expansion? Does a central limit theorem
hold under appropriate assumptions?

Question 2.11. Can we find an explicit formula for e, 4, for general patterns 7?

Question 2.12. Theorem 2.7 uses an ad hoc Mallows process (7y,t):c[0,1) Whose defini-
tion is partly motivated by Theorems 7.2 and 7.3. It would be interesting to extend our
results to other types of Mallows processes studied in [11], notably smooth and regular
Mallows processes.

Question 2.13. In Theorem 2.7 and Proposition 2.8, we proved a finite-dimensional
convergence on [0, 1) towards a Gaussian process X, . which is continuous on the open
interval (0,1). Does X . admit a continuous version on the semi-closed interval [0, 1),
and does the convergence hold in the Skorohod space? Note that when the limit process
is continuous, this corresponds to uniform convergence on all compact subsets of [0, 1).
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3 Preliminary results on inversion counts and Mallows distribu-
tions

In this section we collect a few classical facts about the left- and right-inversion
counts of permutations, and see how they relate to the Mallows distributions.
Let 0 € G,,. We define its left- and right-inversion counts as

tilo)=WRjeln]:j<i,o()>c@} ; rilo)=Hielnl :j>i o(j)<o(i)}

usually called the inversion sequence of o; we avoid using this name here, since the
sequence (75(0)); <;<,, is just as important for our study.
The maps

for i € [n]. Clearly, Y3/, ti(0) = >3;_  ri(0) = inv(o). The sequence (£;(0)),;,, is

On:0 € G, — (Ei(a))lgign i Y0 €B, — (ri(a))lgign

are both one-to-one, and their ranges are given by:
Lemma 3.1. Let ({;)1<i<n and (r;)1<i<n be sequences of nonnegative integers. Then:

(ﬁi)lgign € ¥n (Gn) & Vi, b € {0, 1,... ,i*l}

and
(Tz')lgign S ¢n (Gn) = Vi, r; € {O, 1, A ,’I’L—i}.

The respective preimages of ¢, and 1, can be constructed from left to right by two
insertion procedures:

* If ({;)1<i<n = pn(0), we can recover o by iteratively constructing ¢(*) = pat([k], o)
for k = 1,2,...,n. First, set o) = 1. Then, if 6*) € &, is constructed for
some k € [n—1], define ¢**Y) € &, by setting etV (k 4+ 1) = k +1 —
and o+ (i) = o™ (i) + 1,00 (454 11-¢,,, TOr €ach i € [k]. In words, we “insert” a
new point at the {5+ 1-st position from the top, and “push” the previous points
accordingly. This produces the only permutation o(*+1) with last left-inversion
count /441 and such that pat([k],o*+)) = (k). Therefore for each k, c(* is the
unique permutation with left-inversion counts (¢;);<;<k, and in particular ¢ = .

* If (r;)1<i<n = ¥n(0), we can recover o by iteratively constructing the values o (k)
for k = 1,2,...,n. First, set o(1) = r1+1. Then, if 6(1),...,0(k) are constructed
for some k € [n — 1], define o(k + 1) as the (rp41+1)st lowest number in the set

[P\ {o(1),...,0(k)}.

Note that we could opt for right-to-left constructions by exchanging the two algorithms,
since the sequence ¢, (¢"V) is obtained by reversing the sequence v, (o).

These notions can be extended to infinite permutations, i.e. bijections of IN*. We
define the left- and right-inversion counts of ¥ € G, as

LX) =7 eN": j<i, Z() >E@)}H 3 mE)=HjeN" :j>i 3(j) <Z(0)}
for i € IN*. The maps
Voo : 2 E By (&(2))121 i Voot X E G > (ri(E))i21

are again one-to-one, but their ranges are rather different from the finite case. Let us
focus on Y.:

Lemma 3.2. Let (1;);>1 be a sequence of nonnegative integers. Then:

(ri)i>1 € Yoo (6s) <= 1; = 0 for infinitely many i’s.
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The map 1o, can be inverted by an infinite analog of the previous left-to-right insertion
procedure, namely: for each k£ € IN*, ¥(k) is the (r4(X)+1)st lowest number in the set
IN*\ {2(1),...,X(k—1)}. This procedure is the only one we will use in this paper; the
infinite case (on IN*) introduces an asymmetry between ¢, and ¢, and the range of
the former is less explicit (see [1, Remark 3.10] for a related discussion).

Left- and right-inversion counts are fundamental tools in the study of Mallows ran-

dom permutations. Indeed, for k¥ € IN* and ¢ € [0,1), define the truncated geometric

Jj—1

distribution TruncGeom(k,1—¢) on [k] by giving mass (171% to each integer j € [k].

Equivalently, the TruncGeom(k, 1—¢q) distribution is the Geom(1—g) distribution condi-
tioned to the set [k]. Then:

Lemma 3.3 ([34]). Let 7, ~ Mallows(n,q). The random variables L; := {;(1,) + 1
are independent for i € [n] and have distribution TruncGeom(i,1—g¢). Similarly, the
random variables R; := r;(7,) + 1 are independent for i € [n] and have distribution
TruncGeom(n — i+ 1,1—gq).

As is usual in probability theory, describing a random variable as the image of
independent r.v.’s through a simple function proves to be very useful. The infinite
Mallows distribution is defined in an analogous way; see Section 6.1.

Lemma 3.3 has interesting consequences for the Mallows distributions. For instance,
an immediate consequence is that if 7, ~ Mallows(n,¢) and k¥ < n then pat([k], 7,) ~
Mallows(k, ¢). Along with a translation invariance property, the authors of [6] deduced
the following stability property:

Corollary 3.4 (Corollary 2.7 in [6]). Let 7, ~ Mallows(n, ¢) and let I C [n] be an interval
of size k. Then pat(I,1,) ~ Mallows(k, q).

We end this section with a simple but handy description of decomposability via
right-inversion counts.

Lemma 3.5. Let 0 € &,, with right-inversion counts (1;)1<i<n, and let M € [n]. We can
write o = p @ o’ for some p € &), and o’ € &,,_ ), if and only if:

foralli e [M], r, <M —i. (3.1)

Proof. First suppose that o = p @ o’. By definition of the direct sum, no couple (¢, j) with
i < M and j > M can create an inversion for ¢. Thus r;(c) = r;(p) for all € [M], and
Equation (3.1) follows.

Reciprocally, suppose that (3.1) holds. By Lemma 3.1, there exists p € G, such that
ri(p) = ri(o) for all i € [M]. Recall that the insertion procedure constructs successively
o(1l),...,0(n) using r1,...,r,. The first M steps of the procedure are the same for o as
they are for p, thus o(i) = p(¢) for all ¢ € [M] as desired. O

In the same way, an analogous lemma for the infinite case readily follows:

Lemma 3.6. Let X € G, be the infinite permutation with right-inversion counts (7;);>1.
We can write ¥ = p1 & --- @ pr, @ ... for some infinite sequence of finite permutations
pr € Su,, k> 1, if and only if (r;);>1 is an infinite concatenation of sequences satisfying
(3.1), that is:

forallk € N* andi € [Mk], TMy4 ot My +i < My, — 1.

4 The almost uniform regime: Coupling and stability

This section is devoted to the proofs of Lemma 2.1 and Corollary 2.2. We start with
two useful lemmas.
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Lemma 4.1. Let 0 < ¢ < 1 and m € IN* such that m(1 — ¢q) < 1. Let Y,,, ~ Unif([m]) and
X ~ TruncGeom(m, 1 — ¢). Then for any j € [m]:

[P(Xon =) ~ (¥ = )| = [P(Xpu =) — | <301 —0).

Proof. This can be found in the proof of [37, Lemma 7.2], but we include the computation
here for completeness. Recall that for any = € [0,1] and j € IN, we have |(1 — z) — 1| < ja
and |(1 —z)? — (1 - ja)| < 3j%®. Therefore we can write ¢/ = 1+ Oy (j(1—¢)) and

¢/ =1—3j(1—q)+ Oy (j*(1 — ¢)*) where the notation Os(t) means that |O5(t)| < 6t.

Hence, for all j € [m]:

i
P =) - PO =)l = |00 -
_mO gt~ (g™
m(l —q™)

\m(l—m (1 Lo <j<1—q>>) _ m(1=q) + s (m*(1—q)?)

m (m(l—q) — %mQ(l—q)Q)

IN

In the following lemma, we write drv (-, -) for the total variation distance, and ¢*L
for the pushforward of a probability distribution £ by a measurable function ¢.

Lemma 4.2. Let L1, Ly be probability distributions on R, and ¢, ¢ : R — IN be mea-
surable functions. Let ¢ > 0 and suppose that drvy (9L, ¢p3L2) < e. Then there exists a
coupling (X1, X5) of L1 and L, such that

P(g1(X1) # ¢2(X2)) <.
Proof. Tt is well-known that there exists a coupling (Y7, Y2) of ¢ £, and ¢5L such that
PY1 #Y) <e.

Now for each ¢ € {1,2}, construct X; as follows. For each y in the support of ¢} L;, define
L;, as the probability distribution induced by £; on the fiber ¢; ' ({y}), that is:

{z e A:¢i(r) =y})
{z eR:¢i(x) =y})

Then let X; have distribution £, y,, conditionally given Y;. That way, for all measurable
ACR:

for all measurable A C R, L;,(A):= ?

Li({zxeA:di(x)=y})
( ) yENP(EY;=y)>O Li({z eR: ¢i(z) =y}) ( 2

- 3 Li({reA:di(x)=y})=Li(A),

yEN,P(Y;=y)>0

i.e. the law of X; is £;. Furthermore ¢;(X;) = Y; a.s., whence the desired inequality. O
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Proof of Lemma 2.1. Here we opt for the construction of 7,, ~ Mallows(n, ¢) via its left-
inversions: let L1,..., L, be independent r.v.’s such that Ly ~ TruncGeom(k, 1—g,) for
each k € [n]. We define, recursively for 1 < k < n, T as the only permutation of [k]
such that 7%(k) = k — L;, + 1 and pat([k: 1],7%) = 7F=*. Then 7,, := 7* ~ Mallows(n, q)
by Lemma 3.3, and pat([k],7,) = 7* for all k. Similarly, we can construct u,, ~ Unif(&,,)
using independent r.v.’s Uy, ~ Unif([k]) for k € [n].

Our goal is to couple the Ly’s with the Uy’s in such a way that some large pattern of
T, coincides with some large pattern of u,,. More precisely, recursively for 1 < k < n, we
shall construct a well-chosen coupling of L; and U conditionally given the o-algebra
Fi—1:=0(L1,Uy,...,Lg_1,Ux_1). Then the marginal laws of L and Uy, conditionally
given Fj_1, will be TruncGeom(k, 1—g,) and Unif([k]), thus the associated permutations
Tn and u,, will indeed have distributions Mallows(n, ¢,,) and Unif(&,,). In parallel to this,
we shall recursively construct an Fi-measurable set H; C [k] of “errors”, with size
denoted by Hy, satisfying pat([k] \ H, 7%) = pat([k] \ Hp, uk).

First, set L; = U; = 1 a.s. and H; = 0. Then, assume that we have constructed
L,Uy,...,L, Uy and Hjy as desired, for some k£ < n. For ¢ € &, define a func-
tion ¢5 : x € [k + 1] = =+ > ) cy, Lock—o(n)+2 (this definition is motivated later in
the proof). The function ¢, is nondecreasing and onto [1 + Hy, k + 1]. In particular,
Zf;l v, (|651({5})|—1) = Hy. Below, for notational convenience, we allow ourselves
to write Liy; and U4y for generic variables with laws TruncGeom(k+1,1—g¢,) and
Unif([k+1]), although their coupling has not yet been defined. Henceforth, conditionally
given Fj, and using Lemma 4.1 on the fifth line:

drv (¢r6 (Ligr) , ur (Uks))

k+1
=1 3 [P(bns (Liw) = 5) — P60 Uir) = 5)]
J=1+H,
k1 $ue (17})
-1 ¥ P(Liyr € o () - ;;HI
J=1+H,
" =) )
<1 Z P(Lk+1€¢ ({J })) k:—|—1 ‘ kE+1 ] H
Gj=1+Hj,
o oo o] -1
<1 Y [31-9 ¢;§({j})’+ P ‘
G=1+Hy
<pk+DA-0)+ klikl'

Thus we can apply Lemma 4.2: there exists a coupling of Ly, and U1, conditionally
given Fj, such that

. H
P( ¢k (Liy1) # Gur (Ukgr) | Fi) < 5(k+1)(1—q) + k+’“1. (4.1)
Now, note that the last value of pat([k+1]\ M, 757") and of pat([k+1] \ Hy,ul*!) are
given by
Pat([ 1\ Hy, k+1) (k+1-Hy) = 7_7I:+1( +1) — Zhe?—tk Tk (h)<rF T (k41)
pat([ 1\ Hy, k+1) (k+1-Hy) = UELH( +1) — Zhe?—[k uk (h)<ubT (k1)

Recalling that 7°T1(k + 1) = k +2 — Ly, and likewise u***(k + 1) = k +2 — Uy 1, the
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™=25134 w=35142
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H H
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Figure 3: Illustration of our coupling, and how it adapts to errors. Here, the first error
happens at step k£ = 5 (in orange). The following left-inversion counts are coupled using
the functions ¢,s : x — z + 1,3 and ¢,5 : * — x + 1,.5. No error happens at step
6, since ¢,s(Lg) = 4 = ¢,5(Us). Observe that pat([6] \ {5},7%) = pat([6] \ {5},u®), as
expected.

previous two numbers are equal if and only if
Ligi+ Y Upcnmriyae = Ukir + D Lo chouk(n)s2
heH heH
i.e. if ¢rk (Lkt1) = ¢yur (Uk+1). When this is the case, under the assumption that
pat([k]\ Hy, %) = pat([k]\ Hy, ut), we deduce that
pat([k + 1]\ Hy, T:+1) = pat([k + 1] \Hk,uﬁ+1) ,
and we can set Hy1 = Hy. Otherwise, if ¢,x (Lg11) # ¢ur (Uk+1), we can simply set
Hi+1 = Hi U {k + 1} and thus:
pat([k + 1] \7—[;@_;_1,7:“) = pat ([k] \Hk,T,’f)
= pat([k] \Hka ufz) = pat([k + 1] \HkJrhu]:LJrl) .

This coupling is illustrated in Figure 3.
We have thus defined our coupling of 7,, and u,,, and need to study the total number
of errors H,,. Using (4.1), we have for each k < n:

oy k+2
= H
T Erl "l

E[Hyy1 | Fi] < Hp+ 3(k+1)(1—q) +3(k+1)(1 —q),

whence
E[Zl’j:; fk} < %* 2(1—-q).
We deduce by induction that
E[f’jﬂ < 3(1—qk (4.2)
EJP 31 (2026), paper 21. https://www.imstat.org/ejp
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L I, .. I, I,

Figure 4: On the left: the intervals defined in the proof of the upper bound of Theorem 2.3.
Under the event F, all points (i, 7,(¢)) are contained in the grey area. On the right: the
sets introduced in the proof of the lower bound of Theorem 2.3. An index ¢ in the interval
I} isin I,f) (resp. I,El) or 1,53)) if the point (7,7, (7)) is in (resp. below or above) a rectangle
of height 13—_’\q centered around the diagonal; this is the orange (resp. yellow) area. The
sets J,gl), J,EQ), and J,EB) contain the indices i € I, such that the point (i, 7,,(¢)) belongs to
the lowest, median, and highest third of the points. The points (4,7, (¢)) with i € J,gQ) are
circled on the figure. In this case k ¢ H;, since the orange area contains at least two
third of the points (and therefore J ,22) clI ,EQ)).

since H; = 0. Applied with k + 1 = n, this yields E[H,] < 2n?(1 — q). O

Proof of Corollary 2.2. Using Lemma 2.1, this is straightforward.
Since n*/?(1 — ¢) — 0, we have H,,/\/n — 0in L' as n — oo, hence H,, = op (v/n).

Furthermore, 7, = @, where 7, := pat([n] \ H,,7,) and @, := pat([n]\ Hn,u,). By
bounding the number of subsets of [n] having a non-empty intersection with #,, we
have:

|Oce(r, 7,) — Oce(m, 7,)| < n" ' H,

and likewise for u,,, thus:

Occ(m, 7,) = Oce(m, uy,) + op (nr71/2> 7
where op (n“l/Q) is uniform in 7. Using Theorem 1.1, this proves Corollary 2.2. O

5 The transition regime: Near decomposability

This section is devoted to the proof of Theorem 2.3. Our proof requires good control
over the displacements of points in random Mallows permutations, specifically:

Theorem 5.1 ([6]). Let ¢ € (0,1) and 7 ~ Mallows(n, q). Then for all i € [n] and t > 0:

P(r(i) il > 1) < 2¢".

Proof of Theorem 2.3. We prove separately an upper and a lower bound on Occ(w, 7,),
with similar techniques. The intervals used in the proof are illustrated in Figure 4.
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Upper bound Consider an arbitrary sequence (),) such that A\, —logn — +oo as

A } Then by Theorem 5.1
q

n — oo, and define the event F := {Vz‘ €n], |m(i)—il <
along with a union bound:

An n
1—P(E)=P<Eii€ ], |mn(i) —i] > i ) SQnelﬁq 080 < ope™?n — 0. (5.1)
n—o0

This controls the distance of all points (¢, 7,(¢)) to the diagonal, and will allow us to
restrict the patterns of 7,, in a sequence of overlapping intervals. First set m := [M]

)\n

and I, := [1 + L(k:?”j ) ’f%’éj A n} for 1 < k < m. These disjoint intervals cover [n].
Now, let 7; € 67.j be ablockof randlet1 < 4; < --- < ir, <M be such that
pat({i1,...,ir,},7,) = 7;. For each ¢ € [r;], define k; € [m] by i; € I,. Then we claim

that under E, |k,y1 — ke| < 2 for all £ € [r;—1]. Indeed, suppose that k1 > k¢, + 3 for
some ¢y € [r;—1]. Then for any £ < ¢, and ¢ > ¢y + 1:

An . An koo +1) A,
Tn(i€)<i£+fq§%+ <(ZO+ )

1-¢g = 1—¢q
- (kgos1—2)An A A

< 1_q <i[0+1— 1_q Sigl—inq <Tn(7:£/).

This contradicts the indecomposability of pat({il, R 4 Tn) = 7, and proves the claim.

This leads us to define J, := [y Ul 41U - Ul o(—1) for each k € [m —2(r—1)]. By the
previous claim, if pat({iy,...,ir, },7,) = m;, then there exists k € [m — 2(r—1)] such that
i1,...,ir; € Jy. Subsequently, if pat({i1,...,i,},7,) = 7, then there exist k; < --- < kg
such that 4, y..1r; 41, ,0r 4...4r; € Ji, for all j € [d]. This implies the following
inequality under E:

Occ(m, 7,) < Z H Occ(wj,pat(ka7Tn))

1<k; <---<kg<m—2(r—1) 1<j<d

Z H |ka||7rj|

1<k <--<kg<m—2(r—1) 1<j<d
27\, \ "

<m® (=) .
1—¢

d
Using m¢ < 241 <1 + ("(}\7:1)) ) and 1 < n(1 — ¢), we get under E:

IN

d
(5.2)

Occ(m, 7)) < 247 1Hrpr ()\Tl + )\,._d(n(l—q))d) < gdtr,ryr
T B ) L ¢ S L n

To deduce the probability upper bound, set )\, := 2logn, then 3 := 2¢(4r)" and v := r:

(1—q)—1

Tld
P<OCC(7T,7—n) S /B (IOg TL)A/ (1_q)7—d> Z P(E) n:zo !

by (5.1). To obtain a moment upper bound, we can set \,, := (rp+1) logn for any desired
p > 0. By (5.1) and (5.2):

nd P
— | +n"P (1 -P(E
(1- Q)Td> (- P(E)

< 2% (2(rp41)r)"P (log n)™? (

E[Occ(m, )] < 29P(2r)"P(\,,)™P (
n ? +1_—(rp+1)1
) opretiemehlogn,

(1- Q)Td)

The desired upper bound readily follows.

EJP 31 (2026), paper 21. https://www.imstat.org/ejp
Page 17/39


https://doi.org/10.1214/26-EJP1480
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Classical patterns in Mallows permutations

Lower bound This time, the idea is to consider a disjoint sequence of boxes that
contain a good proportion of permutation points. The box sizes shall be tuned so that
the induced sub-permutations are random Mallows permutations in the thermodynamic
regime, and we can apply (1.1).

Fix A > 0, then set m := L%j and [, := {1 + Lg(’;:}])ﬂ , Lg(k;?;“” forl <k <m.
These are disjoint intervals in [n], and the induced permutation 7,, ;, := pat (I, ,) follows
the Mallows(ng, ¢) distribution for each k € [m] by Corollary 3.4, where ny := |I| =
%q + O(1) uniformly in k.

We could apply (1.1) to these induced permutations; however, some occurrences of
m;’s in T, 1’s might overlap vertically, thus not yielding an occurrence of 7 in 7,,. We solve

this by cropping the 7, ;’s vertically, as illustrated in Figure 4. For each k € [m], set

Ilgl) = {z el : (i) < 73(k;1)A_A};

1 = {iefk; M<Tn(~)_w}’

1—q 1—g
I(B) {ze[ W<Tn(i)};
and
J,il) {ze[k Tnk( ) [%n 1}
J? = { € lp: [in] <7 (7) < nkJ};
J® :{iefk el < (D)}
with the notation 4 := i — Ls(’;:l))‘j. The reason we introduced I,f) is thatif i € I]?) and

i’ € IS) for k < k', then 7, (i) < 7,(¢’). Therefore:

d
Occe(m, 1) > Z H Occ(wj,pat (I,S),Tn)> . (5.3)
1<k1 < <kg<m j=1

On the other hand, the definition of J, 2) is motivated by the fact that the random
permutation T( ) = pat (J( ) Tn) is Mallows($n,+O(1),q) distributed. Indeed it can

—1
be written as pat([H— [Tng], [2ne]] 70 k) , which follows the claimed distribution by

Corollary 3.4 and the fact that if 7 ~ Mallows(n’, ¢) then 7! ~ Mallows(n/, q).
We shall now prove that for many k’s, J,E,Q) - I,Ez) and Occ(7;, 7 1) has order nl:jl. For
each k € [m] and i € Ij:

A ozg
P(ig 1) < P(mu) —i > 1(1) < 265

< 2¢
by Theorem 5.1. Hence [ Hl,il) U I,Ef” H < 2nie?, and by Markov’s inequality:
1
p(\z;U U I,§3>’ > 3nk> < 6
Thus H; = {k €| ’I(l) ul 3)’ > nk} satisfies E[|H,|] < 6me~*, and:
1 .Y
P(|H| > Zm < 24e™ 7. (5.4)
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Let k € [m] and suppose that & ¢ H;. Then ‘I,il)‘ < %nk. Since max,_ ;o) Ty k (z) = ‘I,El) ‘
k

we deduce that I,il) C J,El). Likewise, it holds that I,gg) c J,gg). Subsequently J,EQ) - I,EZ),
and (5.3) implies:

d
Oce(m, ) > Z HOCC(’]TJ',TT(L?I)W) Ly, ¢m, - (5.5)

1<ki<-<kg<m j=1

Recall that 77(12,1 ~ Mallows(3ni + O(1),q), where 3ni(1 —q) — $X as n — oo. Write
rj := |m;| for j € [d]. Then by (1.1), uniformly in j € [d] and k € [m]:

@) - 1 n
P<OCC(7Tj,Tn,k> < §deHS(7Tj7M,\/3) 3”];“]‘!) e 0.

Set ¢, = Ldemlmmas) ang g, = {k €[m]: 35 € [d, OCC(T('j,Tff,i) < cmnzj}. Then by

2 37.-7 ’I‘j!
Markov’s inequality:

P(Occ(wj,ﬁ(ﬁ) < cMn;j) — 0. (5.6)

n—oo

Now (5.5) yields:

Occ(m, 1) > Z H Occ (Wj,ﬂ(f;)cj) Ly ¢m Lr;¢m,

1<k <---<kg<m j=1

d
Tj
Z chvAnkj]lkjeHI]lkjéHQ

1<k <---<kg<m j=1

d A T
> e (1_(] - 2) Lyjgr L e,

1<ky < <kg<m j=1

> ex(1—q) " (m— |Hi| - |Hy|)*

\%

v

for some ¢, > 0. Therefore, using (5.4) and (5.6) and setting c} := 3cx/(6A)%:

n

P( Occ(m, 1) > ¢\ ——m—
(ocerm ) > &

1
) > P(H1| + |Ha| < 2m> >1—24e ™ —o(1)

Since 24e~* goes to 0 as A\ — oo, this concludes the proof of the probability lower bound.
The moment lower bound is then straightforward:

n? P
E[Oce(m, 7,,)F] > (1 — 24~ — o(1)) (Cg‘(l—q)T—d> ,

for any fixed A > 0 such that 24e=* < 1. O

Remark 5.2. In the lower bound of the previous proof, we could replace the sub-
permutations pat (J,QQ), Tn) by pat (I,f), rn), which follow the Mallows distribution by [17,

)

Lemma 3.15]. In this case, instead of using the fact that many J,gQ)’s are in I}gz ’s, one

sould rely on the fact that many ,9)’5 have size at least Q(ny).
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6 The regenerative regime

6.1 Infinite Mallows permutations

The authors of [19] defined an infinite version of the Mallows distribution, as a
random element of G,. In this section we recall their construction, and present a few
key properties.

Fix ¢ € [0,1), and let (R;),~, be a sequence of i.i.d. Geom(1—¢) r.v.’s. The sequence
(R;—1);>1 almost surely satisfies the condition of Lemma 3.2, and we say that the random
permutation ¥ € &, with right-inversion counts (R; — 1);>1 follows the Mallows(IN*, ¢)
distribution. An important property of the Mallows(IN*, ¢) measure is that it can be seen as
the projective limit of Mallows(n, ¢) measures, in the following sense [19, Proposition A.6]:

Lemma 6.1. If ¥ ~ Mallows(IN*,q) then for any n > 1, the finite sub-permutation
Tn, := pat([n], X) follows the Mallows(n, ¢) distribution.

Lemma 6.1 allows us to define 7,, ~ Mallows(n, ¢) as a sub-permutation of the infinite
permutation ¥ ~ Mallows(IN*, ¢), and to study its asymptotic properties as n — oo for
fixed g € [0,1). We call this regime regenerative because of the following property [41,
Corollary 5.1] (see also the discussion at the beginning of [3, Section 3]):

Lemma 6.2. Let ¥ ~ Mallows(IN*, ¢). Then we can write ¥ = B; @ --- ® B, @ ... where
(Bk)r>1 is a sequence of i.i.d. random blocks. Conditionally given its size | B:|, the permu-
tation B is a random Mallows(|By |, ¢) permutation conditioned to be indecomposable.

With the notation of the above lemma, we say that B; is a Mallows block with param-
eter ¢, and we denote its distribution by MBlock(g). In [23], the random permutations
(Bk)k>1 are called the excursions of X. In [3], their cumulative sizes are called regenera-
tion times because for each k > 1, the processes (X(t)),~, and (X(|B1| + - - - + | Br|+t)),>,
have the same distribution. - B

The exact laws of the regeneration times are described in [41, Corollary 5.1 (iv)]
and rather intricate. Nonetheless, they can be expressed as the return times of the
process (max,»e[n] (i) — n)n>1, which can be shown to be a recurrent Markov process
with explicit stationary distribution. Relying on this, along with a recursive description
of this Markov chain using geometric random variables, the authors of [3, 23] proved
that the excursion lengths (or, equivalently, the regeneration times) have finite moments:

Proposition 6.3 (Proposition 4.6 in [3] and Proposition 3.4 in [23]). For all p > 0, the
random variable | B, | is in L?, that is, E[|B; |] < co.

As a consequence of Lemma 6.2, the sub-permutations 7,, = pat([n],X) are in a sense
“almost regenerative”. Indeed, let K, := max{k > 0: |B1| + -+ |Bx| < n}. Then 7,, can
be written as

Thn=B1® - ®Bg, Do, (6.1)

for some pattern o, of Bk, 1. Thanks to Proposition 6.3, it is well-known that K,
satisfies a law of large numbers and a central limit theorem (see e.g. [28, Theorems 3.7,
3.8, 3.16]). More importantly, it will be important to argue that the contribution of the
remainder o, is negligible in the study of 7,,. To this aim, we can use standard facts
about renewal processes and their arrival times, see e.g. [21, Section 5]. For instance,
the random variable | Bk, +1| asymptotically follows the size-biased distribution of |By|:

SP(‘Bl| = S)
P(|B = NN
(‘ Kn+1| S) N0 EHBln

Non-asymptotic formulas can be found e.g. in [21, Equation (5.70)], and together with a
dominated convergence argument, we derive from Proposition 6.3 that:

Proposition 6.4. For all p > 0, it holds that limsup,,_, . E[|Bk, +1|F] < cc.
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6.2 Pattern-joint CLT
This section is devoted to the proofs of Theorem 2.4, Proposition 2.5, and Theorem 2.6.

Proof of Theorem 2.4. We will use Equation (6.1) and Theorem B.1, as in [29]. Through-
out the proof, B denotes a generic MBlock(¢q) random variable.

First, fix a pattern 7 = m; @ - - - ® mqy € 6. Observe that any occurrence of a block 7,
in 7,, is wholly contained in a single term of the sum 7, = B; & --- & Bk, ® 0,. Define
Occi™ (m,T,) as the number of occurences of 7 in 7,, where all 7;’s are contained in
distinct B;’s, that is:

d
Occ™ (m,70) = Z H OCC(Wja Bkj) : (6.2)

1<k < <ke< K, j=1

It will be sufficient to prove the desired result for Occ™ (7, 7,,), after showing that it
approximates Occ(m, 7,) well. For any occurrence of 7 in 7, which does not contribute
to Occ™ (m,7,), either some m; appears in the same By, as 7;41, or mq appears in Bk, +1
(recall that o, is a sub-permutation of By, 11). The first type of contribution is bounded
by

d—1 d—1
Occy < Z Z Occ(m,BkiH)HOCC(WJ,B;CJ.) < Z Z H‘Bkj"ﬂl,

i=1 1<k; <Ky, j#i j#i i=1 1<k;<n, j#i j#£i
while the second one is bounded by

d -1
Occ; < Z Occ(me @ -+ ® 4, Bx, +1) Z HOCC(ﬂ'j,Bkj)
=1

1<k, <K, j<t j=1
d—1 -
|| ”
< d |Bx,+1] > 111851
1<k;<n, j<d j=1

Recall that (|Bg|)r>1 is a sequence of i.i.d. random variables with finite moments of all
orders (Proposition 6.3). Together with Proposition 6.4, we get:

E[|Occ(m, ) —Occ™ (7, 7,)|] < E[Occy 4 Occy | <O (n?71),
and more generally, for any p > 0:
EUOCC(W,Tn)—OCCinj (F,Tn)’p} < E[(Occl_ + Occg)p} <O ((nd_l)p) .

Thus it suffices to prove Theorem 2.4 with Occ(7, 7,,) replaced by Occ™ (7, 7,).
Now, fix d > 1 and a real vector A = (\;) with finite support. Using (6.2),
we can write

d
Z A Occ™ (7, 7,) = Z Z py H Occ (Tl'j, Bkj)

T=m1@--D7g 1<k < <kqg<K, m=m1@-Omq j=1

=: Z fA (Bk17~-~7Bkd)

1<k < <kqg<K,

=1 @ Py

One may thus recognize an asymmetric U-statistic stopped at some threshold time, as
studied in [28]. From Theorem B.1 we get:

d
1 ini 1 E i, B
- Z A, Occ™ (7T, Tn) E Z Ar H [OCC(T"J’ )]

nd !
T=m1D-- D7y T=m1 DDy J=1
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almost surely, which concludes the proof of (2.2), and

Zﬂ‘:ﬂ‘l@---@ﬂ‘d )\WOCCinj (7T7 Tn) - (Z) Zﬂzﬁl@-“@ﬁd )‘ﬂ'eﬂ'aq
nd71/2

— N(0,73) (6.3)

in distribution, for some v, > 0. This also holds with convergence of all moments by
Proposition 6.3 and Theorem B.1. To describe the asymptotic variance v3, we first need
to introduce the (non-centered) univariate projections:

Occ(r;, ¢
faj(B) :=E[fa (B1,...,Bq) |Bj = B] = Z Ar [OCSCF; H [Occ(my, B)],
T=m1 DD, ]7 k=1
i (6.4)

for j € [d]. Note that E[Occ(m, B)] > 0 for all 7 € & and ¢ € (0,1), since the support of B
is the set of indecomposable permutations, and any given pattern is contained in at least
one indecomposable permutation. By Theorem B.1:

el S () (M) ot B (5]

1<i,j<d

—2d d
%( Z H [Oce(ry, B >ZCOV|B| fa,i(B)]

T=m1P--- Py =1

E[| B> - 2
+W Z H E[Occ(mg, B)] | Var[|B]]. (6.5)

T=m1D D7y k=1

Substituting in (6.4) and expanding, we can write 73 = ATT(@ A where, for all patterns
T=m1® D7y andp:pl@...@pd:

d) _ o e 1 i+j—2\ (2d—i—j\ Cov[Occ(nj, B), Occ(p;, B)]
o Ewm7”p”<@d ! 23 (i—1>< d—i )Epm@%BﬂEpm@mBﬂ

Cov[|B|, Occ(p;, B)]  Cov]|B|, Occ(m;, B)]
(d-1) 'd' Z( E[|B|] E[Occ(p;, B)] * ]E[B]]E[Occ(m,B)])

1 Var[B|]
(d—1)"* E[|B|)? ) ©0)

Then (2.3) follows from (6.3) and (6.6) along with the Cramér-Wold theorem.

Finally, to prove convergence of all joint moments in (2.3), by uniform integrability it
suffices to argue that all joint moments are bounded as n — oo. This simply follows from
Holder’s inequality, and the fact that (6.3) holds with convergence of all moments. O

Remark 6.5. For m = 21, the asymptotic equivalence E[inv(r,)] ~ Z.n as n — oo is
known [5, Proposition 29]. This shows the equality
Efinv(B)] ¢

E[B]]  1-¢’

€21,q =

for which we do not have a direct proof. Since e, ; =[] j€nia this also implies explicit
formulas for patterns whose blocks are only points or inversions. For example, we have
€132, = €213, = 7. For other patterns m, computing e , seems difficult.

Before computing the ranks of specific sub-matrices of I'4), we state and prove a
simple lemma which will be useful in the proof of Proposition 2.5.
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Lemma 6.6. Fix an integer d > 2. Consider the linear system
Vield, Y X+ Axk=0 (E)
i<j k>j
in the real variables (i k), <, .<q-
If d = 2 then this system has rank 1, and if d > 3 then it has rank d.

Proof. The linear system (E) has d equations and (g) unknowns, thus we aim to prove
that it has full rank. If d = 2, this is immediate. If d > 3, it suffices to find an invertible
sub-system of size d x d. The system (E) restricted to the variables A\; 2, A1 3,..., A1 4 and
Ad—1,4 Tewrites as:

Z AME=0; M2=0; A 3=0; ...5 A g—2=0; A g—1+Ag—1,d = 0; A g +Ag—1,4 =0,
E>1
which is easily seen to be invertible. This concludes the proof. O

Proof of Proposition 2.5. First, fix a pattern 7 = 7, & - - - @& m4. As in the proof of Theo-
rem 2.4, we can use the results of [28] recalled in Section B. In this case, the real vector
is set to A := (]lp ,,)p 1B Bpa and the uncentered univariate projections of (6.4) are

given by fa ;(B) = H%Ci&’%))] Hk 1 E[Occ(mi, B)] for j € [d]. Therefore by Theorem B.1,

rSff; = 0 if and only if for all j € [d]:

d d
Ewm(ﬁ%ﬁgjgﬂ—Q!}Emmwm3n=03| s151) ] Bloce(rs. )

almost surely. Since HZ:1 E[Occ(mg, B)] > 0, this happens if and only if for all j € [d]:
Occ(m;,B)  |B|
E[Occ(m;, B)]  E[B]]
almost surely. If 7 is not the identity permutation, then at least one of its blocks 7; has
size at least 2. Since P(|B|=1) = P(X(1) =1) =1 — ¢ > 0, the event {Occ(7;, B) = 0}
then occurs with positive probability. Since P(B = 7;) > 0, the event {Occ(r;, B) > 0}

also occurs with positive probability. Hence rS:er > 0 in this case. On the other hand,
if 7 = idy4 then |7;| = 1 for all j € [d], therefore Occ(n;, B) = |B| a.s. and this implies
Fi(j)id = 0. This concludes the proof of the first claim, about (non-)degeneracy of the
ma’rginal CLT.

For any r > d, we can compute the rank of the finite matrix I'(“") by describing
its kernel. Fix a real vector A = (M), _, o .@r,cs,  Then ATT@MA = 42 is given by
Equation (6.5). As before, by Theorem B.1, v = 0 if and only if for all j € [d]:

fa;(B) = |B] W

almost surely. Before studying this relation in more detail, let us rewrite the univariate
projection fy ; of (6.4) as:

d
fay(B) = > Ar _Ocelmy, B) H [Occe(my, B)]

Occ(mj
T=m1 @ OTIES, E| i B

Occ(p d
Z Z Ar Occ kl;[l [Oce(mg, B)]

pESG T=m1D - BOTIES,, Tj=p

= Aoy Occ(p, B)

pES

(6.7)
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where, for any j € [d] and p € &:

Apj = > Ar [ ] ElOce(me, B)] - (6.8)

T=m1 @ - PrIES,, Tj=p k#j

Note that A, ; = 0 whenever |p| > r —d + 1. Let us consider two complementary cases:
suppose that A, ; = 0 for all j € [d] and all p € & such that |p| > 2. Then fs ;(B) = A1 ; | B|
a.s. for all j € [d], thus (6.7) is satisfied and v, = 0. On the other hand, suppose that
Apo.j # 0 for some j € [d] and some py € & such that |pg| > 2, and take such a py with
minimum size. The event {B =1, fa ;(B) = A1 ; |B|} has positive probability, and the
event {B = po, fa;(B) = A1;|B|+ A,,;} as well. Hence the ratio f, ;(B)/|B]| is not
constant a.s., so (6.7) does not hold and we deduce vy, > 0.

The above discussion shows that vy = 0 if and only if A\, ; = 0 for all j € [d] and all
p € G such that |p| > 2, where Ap,j is defined by (6.8). We can use this criterium to study
the rank of I'(¢:"),

e If d = r, then the only pattern in &, wih d blocks is the identity permutation. It has
already been established that FSQ =0.

e If d = r — 1, then there are exactly r — 1 patterns in G, with d blocks: for each
j € [r — 1], the adjacent transposition 7(/) which swaps j with j + 1. The only
non-trivial block of 7(/) = 7r§j ) DD ﬂéj ) is 77§j ) = 21. Therefore we simply have

Xa1; = Mo E[|B]]" 7 for all j € [d]. By the above discussion, ATT"~17)A = 0 if

and only if A, = 0 for all j € [d], that is if A is the null vector. Hence I'"~17) is

invertible.

¢ The case d = 1 corresponds to indecomposable permutations in &,.. Equation (6.8)
then becomes trivial: for each indecomposable 7 € &,, A;1 = A;. Therefore
AT A = 0 if and only if A is the null vector, and thus I'(*") is invertible.

o Ifd =7 —2 > 2, then there are two types of patterns in &, with d blocks: for each
1 < i < j < d, the bi-adjacent transposition 7(*/) which swaps i with i + 1 and
J + 1 with j 4+ 2, whose only non-trivial blocks are wgi’j ) = w;i’j ) =2 1; and for each
j € [d] and p € {231, 312,321}, the permutation 7(”7) whose only non-trivial block is
w;p’j) = p. Thus for each j € [d]:

Aoj = Ao BB forall p e {231,312, 321};
r—4 r—4
A21j = D 1cici M BB + 2 pcg A E[IB]]

The equation ATT("=27) A = 0 is then equivalent to the following for all j € [d]:

Aoy =0 forall p € {231,312,321};
Zl§i<j >\7r(iﬁj) + Zj<k§d A71—(137&‘) =0.

If this holds then the variables ()\Wu,j))lgiqu solve the linear system (E). By
Lemma 6.6, the solution space of ATT'("=27)A = () has dimension (g) —difd >3,
and dimension (g) —1=0ifd=2.

There are (%) + 3d patterns in &, with d = r — 2 blocks. If d = 2 then the matrix
4" = T'24 is invertible, and has full rank 7. If d > 3 then the matrix I'*" has rank
(4) +3d — (%) + d = 4d; it is invertible only if d = 3.

This discussion concludes the proof of Proposition 2.5. O
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Proof of Theorem 2.6. We have the following trivial identity:

3" Oce(m,m) = (’;)

71'667‘

We can distinguish between three types of patterns in &,.: the identity permutation; the
adjacent transpositions (which have r — 1 blocks); and the patterns which have at most
r — 2 blocks. The contribution of the latter to the above sum is bounded by Theorem 2.4
and (2.2):

Z Oce(m, 1) < Op (n"_z) ,
T=m1 P BrI€S,,d<r—2
whence:
Occ(id,, ) = (Z) — Z Oce(m, 7)) — Op (nr—2) . (6.9)

T=m1 P D 1ES,

The contribution of adjacent transpositions is given by the joint convergence in distribu-
tion of Theorem 2.4:

n 1 HOcdw;,B
Z‘ﬂ':‘ﬂd@'"@ﬂ'r71€6r OCC(TF’T") - (r—l) Eﬂ' TP O 1€6, Hr A ]EI((‘BJH :
nr—3/2

— N(o, ATl“(’"‘l)A) . (6.10)

n—oo

where A = (]llﬂzr)m@...@ﬂ _,ee- Since adjacent transpositions contain 7 —2 trivial blocks

and one 21 block, the asymptotic mean simplifies as:

Occ7r]7 E[Occ(m;, B)] . Elinv(B)]
2 H Eial "V TEBT

T=m1D - Pr,r_1€S, j=1

It remains to compute the asymptotic variance ATDP=DA = 73. It is positive, since the
matrix I'"~17) is invertible by Proposition 2.5. Furthermore it can be expressed via (6.4)
and (6.5):

fa3(B) = inv(B) E[|B|""" + (d - 1) |B| E[|B|"" E[inv(B)]

for all j € [d], with d := r — 1. Subsequently:

E[|B[ Z (”J 12> (zdd‘_lZ >(2dl_1)!\/ar[inv(B)E[|B|]—|—(d—1) |B| Efinv(B)]

—3
_ %dzmmvwﬂ Cov[|B|,inv(B) E[| B[]+ (d—1) | B| E[inv(B)]]
-3
+ (d[Bl])d2 [inv(B)]° Var[|B]] .

To simplify this expression we can use the formula 3°,; ., (/7% (*%, ;7)) = %.

which can e.g. be obtained via Beta integrals, or combinatorially®. Therefore:

V2 = E[|B|]”* (e1Var[|B|] + c2Cov[| B| , inv(B)] + ¢3 Var[inv(B)))

3Indeed, rewrite it as
D Gaby b B b ot iy B G RE =

where the middle equality comes from counting pointed subsets F of [2d — 1] with d elements: k is the pointed
element of E, and ¢ — 1 is the number of elements in F lower than k.
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where
12 207 2 . .
er = ({3 — 24 + i) Blime (B = Bl ()
— 2 . — .
e = (fi - ‘(%ﬁ)ﬁ!) Elinv(B)) E[|Bl] = G=rElinv(B)] [ BI];
2
C3 = WEHBH :
Finally, we can write
E[| B[]
V2 = (d[_g)'QVar [Elinv(B)] |B| — E[|B|] inv(B)] (6.11)

with d = r — 1. Convergence of moments also holds as usual, and this concludes the
proof. O

7 Patterns in the continuous-time infinite Mallows process

7.1 The continuous-time infinite Mallows process

In order to define a continuous-time coupling of ¥; ~ Mallows(IN*,¢) for ¢ € [0,1), we
use continuous-time geometric processes along with Lemma 3.2. In [1, Section 3.2] this
is done for the bi-infinite Mallows distribution (on Z), which is trickier to construct than
the “unilateral” version (on IN*) considered here.

Say that a stochastic process X : Ry — INU {co} is a birth process if it is cadlag,
time-inhomogeneous Markov, and admits infinitesimal birth rates p(j,t) > 0 such that:

P(Xt+h =] | Xt = J) =1—"hp(j,t) + o(h);

] , ’ ash — 0. (7.1)
P(Xipn = j+1| Xi = j) = hp(j, t) + o(h);

forallt > 0and j € N, {

The law of X is then uniquely determined by these birth rates along with the law of Xj.
Conversely, these birth rates are uniquely determined by the functions ¢ — P(X; = j),
7 € IN. This follows from the Chapman-Kolmogorov forward equation (see e.g. the proof
of [1, Proposition 3.5]).

Lemma 7.1 ([1]). Let R : [0,1) — IN* be the birth process with Ry, = 1 and birth rates
p(j,t) = ﬁ for j € N*, t € [0,1). Then R is non-explosive (i.e. it is a.s. well-defined
on [0,1), and has finitely many jumps on any proper subinterval), and has marginal
distributions R; ~ Geom(1—t) for allt € [0,1). Conversely, if R : [0,1) — IN* is a birth
process with marginal distributions R, ~ Geom(1—t) for all ¢t € [0,1), then it has birth
rates p(j,t) = ﬁ forj e N*, t € ]0,1).

The process R of Lemma 7.1 shall be refered to as the geometric birth process. We
can now state an infinite analog of [11, Theorem 1.1]. Note that the authors of [11]
and [1] chose to work with left-inversion counts, but for the purpose of this paper,
right-inversion counts seem better adapted. In particular, we do not know if an analog
of Theorem 7.3 would hold with left-inversions.

Theorem 7.2. There is a unique time-inhomogeneous Markov process ¥ : [0,1) = S
such that:

1. forallt € [0,1), 3; has marginal distribution Mallows(IN*, ¢);
2. the right-inversion counts r;(X) : [0,1) — IN, ¢ > 1 are independent birth processes.

Furthermore, we can write r;(¥;) = R;;—1 foralli > 1 andt € [0,1), where (R; ;)
(R27t)t€[0 1), - are i.i.d. geometric birth processes as defined in Lemma 7.1.

te[0,1)”

We call the process ¥ = (X),c(o ;) of Theorem 7.2 the continuous-time infinite

—
Mallows process, and write Mallows(IN*) for its law.
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Proof. Let (R;.),., be i.i.d. geometric birth process. By the Borel-Cantelli lemma,
for any fixed ¢t € [0,1), almost surely R;; = 1 for infinitely many i’s. Since the pro-
cesses (Ri’t)te[o,l) are monotone, almost surely, this holds for all ¢ € [0,1). Therefore
by Lemma 3.2, almost surely, we can define ¥; € &, with right-inversion counts
T (Et) = Ri,t —1forallt e [O, 1)

For each ¢t € [0,1), ¥; ~ Mallows(IN*, ¢) by definition. Since there is a one-to-one
correspondence 1), between infinite permutations and admissible sequences of right-
inversion counts, the Markov property of (), ;) follows from that of the independent
processes (R; ), €[0,1)’ ¢ > 1. Hence this proves the existence of continuous-time infinite
Mallows processes.

Now, let ¥’ be a time-inhomogeneous Markov process of infinite permutations, sat-
isfying Properties 1 and 2 in Theorem 7.2. Then for any fixed ¢ € [0,1), by Property 1,
the sequence (R;yt)i>1 1= (ri(¥}) +1),5, is a sequence of i.i.d. Geom(1 —t) r.v.’s. Thus
by Property 2, the processes (ngt)te[o "
metric marginal laws; therefore, by Lemma 7.1, they are i.i.d. geometric birth processes.
Using the one-to-one correspondence v.,, we see that the process (E{t)te[m) has the
same distribution as (3¢),¢(0 1)- O

1 > 1, are independent birth process with geo-

When studying the infinite Mallows permutation ¥ ~ Mallows(IN*, ¢), it is useful to
decompose > = By @ By & ... as an infinite sum of i.i.d. blocks. Analogously, in order

to study the continuous-time infinite Mallows process ()¢ 1) ~ Maﬁ)ws(]N*), we
introduce i.i.d. block processes such that ¥, = B; ;®By;®... fort > 0. Although we call
them “block” processes, the permutations B;; shall not necessarily be indecomposable
at all times ¢. It is more convenient for the i.i.d. property that these processes do not
“overlap”, thus we require the sizes |B; ;| to be constant over ¢. The fact that ¥;(1) — o
as t — 17 a.s. then forces us to restrict our processes to an arbitrary sub-interval
[0,4] C [0,1).

Let us define MB_lg)ck(q) for any fixed ¢ € [0,1). First, let B¢ ~ MBlock(q) be a
Mallows block with parameter ¢ (as defined in Lemma 6.2) and set M := |B?|. Then,
conditionally on BY, let (Rl,t)te[o’q] e (RM,t)te[qu] be independent geometric birth
processes conditioned to satisfy R; , = r; (BY) + 1 for all ¢ € [M]. Finally, for all ¢ € [0, ¢],
define B} € &), as the permutation with right-inversion counts r; (B{) := R;; — 1. This
is well-defined by Lemma 3.1, since R;; —1 < R; , — 1 < M —iforallt < q. We say that

(B{)ie[0,q) is @ g-block process, and denote by MB—l(;ck(q) its law.

Note that B7 ~ MBlock(g) is a.s. an indecomposable permutation, but this might not
be the case for all BY, t € [0,¢). For instance, B{ is a.s. an identity permutation. It is
easy to check with Lemma 3.5 that if Bf is not indecomposable for some ¢, then neither
is B}, for all t’ < ¢.

—
Theorem 7.3. Let (£,),¢(y ;) ~ Mallows(IN*). Then, for any fixed q € [0,1), we can write

te|

Yw=B{,® - ©B, ...

for allt € [0, q], where (B,‘i t) 0’ k > 1, are i.i.d. g-block processes.
7"/ tel0,q

Proof. By Lemma 6.2, we can write ¥, = B{ ® --- ® Bl @ ... where B{,...,B],...
are i.i.d. random blocks with MBlock(q) distribution. By Lemma 3.6, since the right-
inversion counts of (Zt)te[o,q] are non-decreasing as t goes from 0 to ¢, we can write
¥t =B{,® - @B}, ®... foralltc [0,q], where B}, has the same size as B for all
k > 1 (but might not be indecomposable).
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Foralli > 1andt € [0,¢], let R;; := r; (£;) + 1. By Theorem 7.2, the processes
(Ri,t)te[o)q] are i.i.d. geometric birth processes. Write M} := ‘Bg,t‘ forall k > 1. An
important observation is that the cumulative sums M; + - - - + M), are stopping times for
the i.i.d. sequence of processes (Ri,.)pl. Indeed, M, + - - - + M, is the first index m for
which the sequence Ry g4, ..., R,, , defines a sum of k blocks. Furthermore, the sequence
(Ri,.);< s, is independent from the sequence (R;,.),. ,, . and the latter is distributed like

(Ri,.),~,- As a consequence, the permutation processes (BZ t) o0l k> 1areii.d., and
= "/ tef0,q
it remains to check that they are distributed like ¢-block processes.

Conditionally given ¥, the processes (R; ), €[0.q)’ ¢ > 1, are independent geometric
birth processes conditioned to satisfy R; , = r; (£,) + 1. Thus (Rit)yeo,q & € [M;], are
independent geometric birth processes conditioned to satisfy R; , = r; (B{) + 1. Hence
the permutation process (Bi]’t>te[0,q]' which has right-inversion counts r; (Bf’t) =R;;—1
for ¢ € [M], is indeed a g-block process. O

7.2 Time-joint CLT and limit Gaussian process

We construct a continuous-time coupling of finite Mallows permutations as follows:
let (X¢),¢0,1) be a continuous-time infinite Mallows process as defined in Theorem 7.2,
then let 7, ; := pat([n], ¥;) for alln € N* and ¢ € [0, 1).

For any n € IN*, the process (Tnyt)te[o’l) has Mallows(n, t) marginals by Lemma 6.1.
Using the terminology of [11], it is therefore a Mallows process. However it is not
monotone (nor smooth), i.e. its number of inversions is not monotone. Moreover it
is not clear whether it is regular (with respect to its right-inversions rather than its
left-inversions), i.e. whether its right-inversion counts are independent and Markov.

Proof of Theorem 2.7. Arbitrarily fix ¢ € (0,1). By Theorem 7.3, we can write (3;)
as a sum of i.i.d. ¢g-block processes:

t€[0,q]

Yy=B{,©---©B],®...
forall ¢ € [0, ¢]. Therefore
Tn,t = Bi],t DD B(I](mt Don,t

forall ¢t € [0, ¢, where K,, := max{k > 0: |B{|+---+ |B}| <n} and 0, is a pattern of
Bj ... Note that K,, depends on ¢, but not on ¢. As in the proof of Theorem 2.4, we

can define
d
inj L q
Occ™ (7, T 1) == E H Occ(m,Bkj,t) ,
1<k <--<kg<K, j=1

and for any p > 0 we have
E|:’OCC(7T,Tn,t) — OccM (W,Tn,t)’p:| <0 ((nd_l)p) (7.2)

for all ¢ € [0,¢], where the constant inside the O depends on ¢ but not on ¢. Now, fix
0<t; <--- <ty < qandareal vector A = (\¢); .y, We can write

m
S MO (mmg) = > fa (Bl B (7.3)
£=1 1<k1<-+<kq<K,
where
m d
q q _ . RY
fa (Bkl,_, o Bkd’,) =S N]] occ(wj, Bkj,t[) .
=1 j=1
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One may thus see (7.3) as an asymmetric U-statistic with the underlying i.i.d. random
variables B} = = (BZ t) for k > 1, and stopped at the threshold time K,,. Using
' v/ telo.q

Theorem B.1 and (7.2), we 7deduce that
m n m d IE|{Occl Wj,Bf
S0ty AeOce(m, Tg,) = () o0k A IT;- %
nd—1/2

— N(0,73) (7.4

—
in distribution, for some n3 > 0, where (B{) ~ MBlock(g). When applied with

m = 1, this yields

te[0,q]
n\ & E[Occ(n;, BY)]
o) Occlm T — 1

almost surely for each 0 < ¢t < ¢ < 1. Using Theorem 2.4 or the fact that ¢ € [t,1) is
arbitrary, we deduce that

d d

E[Occ(m;, B E[Occ(nj, Bf)]
H |Bq| H ST R (7.5)

forall 0 <t < g < 1, which is a useful identity in itself. Thus (7.4) becomes

27:1 AeOce(m, T 1, ) — (Z) ZZL Avert,
nd—1/2

— N(0,73) . (7.6)

The asymptotic variance 73 is expressed in terms of the (non-centered) univariate
projections:

Ini (Bicwq) =B|fa (BL.....BY.) | BL. = BY]
Occ(m;, BY,)

zm: WH [Oce(mi, BY)]

(=1 k=1

Occ(p,Bg)

for j € [d], where we set Hoop BN] = 1 for all p ¢ {id,,r > 1} by convention. Note that
» Do

E[Occ(m, Bf)] > 0 forall m € G and 0 < ¢t < ¢ < 1, since the support of B/ contains the
set of indecomposable permutations. Also, E[Occ(id,, Bd)] > 0 for all » € IN* since the
support of B{ is the set of identity permutations. Then by Theorem B.1:

=m0 S () () G Contin (B s (59

1<i,j<d

2]E[|Bq —2d m d ,
- 1) ZMHE [Occ(my, BY,) ZCOV 1BI|, fai (BY)]
/=1

+— e ”BQH_M : (iA ﬁE[O ( Bq)]>2v 18]
71 '2 Y CC|\ T, to ar s
k=1

—
where B! = (B]) ~ MBlock(q). As in the proof of Theorem 2.4, we can write

t€[0,q]
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2 = ATH,A where forall 0 < s,t < ¢:

B [1B9|] Occ(mj, BY) Occ(m;, BY)
() = ew,s€mt< 2d—1) 1<zzj:<d E[OCC(WjaBg)]’ E[Occ(m, BY)]

| E[BY) & [ IBY  Oce(m;, BY) Oce(m;, BY) ]
(d—1)ld! = E[|BY|]” E[Occ(m;, B)]  E[Occ(m;, BY)]

o B [ 12 })7 7.7)

(d-1) " [E[|B]

where Cf; := (73 (>4 77 and % =1forall p ¢ {id,,r > 1} by convention.

The identity ATH,A = 77/2\ > 0 for all vectors A shows that H is positive semidefinite,
thus there exists a centered Gaussian process (Xr ), c[0.4] with covariance function H.
Since (7.4) holds for all A = (\¢)1<¢<m € R™, the Cramér-Wold theorem implies that the

random vector
Oce(m, Tht,) — (Z)e,r,t[
nd—1/2
1<t<m

converges in distribution, as n — oo, to a Gaussian vector with covariance matrix
(Hﬂ(tg,t[/))1<e7é,<m. Since this holds forany 0 < t; < --- < t,, < g < 1, this proves the

finite-dimensional convergence in distribution of % to X, and also that
H, does not depend on ¢ (hence X, . can be extended to [0,1)). Convergence of joint
moments holds as usual, by Theorem B.1, (7.2), and Holder’s inequality. O

7.3 Continuity of the limit Gaussian process

The goal of this section is to prove Proposition 2.8, using in particular the Kolmogorov
continuity theorem. This requires moment estimates on Occ(r, Bf) — Occe(r, B?) for all
me€ G and 0 < s <t < g <1, which we obtain by comparison with the number of jumps
in a continuous-time infinite Mallows process.

In what follows, we write ;** for the convolution of a measure ; with itself k times. If
u is a probability distribution, then p** is the distribution of the sum of k i.i.d. random
variables with law p.

Lemma 7.4. Lets € [0,1) and k € IN*. Let (R¢),¢(s
with birth rates p(j7 t) = ﬁ for j € N*, t € [s,1). Its marginal distributions are given by

) be a birth process started at R, = k,

Rtw(}eom(1 §> forallt € [s,1).

Proof. Forallt € [s,1) and j € IN, write p 5.+(j) := P(R, = j| Rs = k) for the conditional
law of R,. Clearly, uy s,.(j) = 0 whenever j < k, and i s s = 0. Moreover, the Chapman-
Kolmogorov forward equations (see e.g. the proof of [1, Proposition 3.5]) yield:

7—1 N J
s s —1)=—— — s 3 4
Oepik,s,t(J) = kst (4 — )1 7 Bk, ,t(])l —

for every j € IN* and ¢ € [s,1). The only solution of this system is given by

metd= (12 (122) (122

for all j > k. Indeed, this follows from the equality

(ij)(jk)ut) (ij)k(t 5) = (‘;:?)(jl)(ls) (ij)j(ts)’
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which can be checked using the identity (j — k)(]"}) = (j — 1)(]~3). Hence py, s, is

*xk
indeed the Geom(%) distribution. O

Remark 7.5. The expression p** of the distribution of R; in Lemma 7.4 can be related
to a “branching property”; it is a simple consequence of the fact that the birth rates are
of the form p(j,t) = j - p(t).
Corollary 7.6. Let (R;),c(o ) be a birth process started at Ro = 1, with birth rates
p(4,t) = ﬁ forj e N*,t €[0,1). Forall0 < s <t < 1, we have:

t—s (t — s)(1 + st — 2s)
——— ; Var[R;— Ry] =
1—s)(1—1) alfe = B = =3 a2
Proof. Recall that R; ~ Geom(1 —t) for all ¢ € [0,1) by Lemma 7.1, therefore:

1 1 t—s
Bl =R = T "G sa—n

E[R, — R,] =

*Rg
Furthermore, by Lemma 7.4, the conditional law of R; given R, is Geom ( i:i) . Hence,

by the law of total variance:

Var[R; — R,] = Var[E[R, — R, | R;|] + E[Var[R; — R, | R]]

1-s (t—3s)(1-135)
:Var[Rslt —Rs} +E[RS(1 e }
s t—s\> 1 (t—s)(1-2s)
_(1—3)2(1—15) R (1 —1t)2
_ (t—=s)(1+ st —2s)
(1— 2102
as announced. O

Lemma 7.7. Let ¢ € (0,1). There exists a constant ¢ = ¢, > 0 such that for all
0<s<t<q:

Efinv(BY) — inv(BY)] < c(t — 5) E[(inv(Bg) —inv(Bg))Q] <eft—s),
where BY ~ MB_lg)ck(q).

N
Proof. Let ¥. ~ Mallows(IN*), and let (R;,.)
For n € IN*, define:

i>1 be its sequence of right-inversion counts.

n
J’I’L,S,t = Z (Ri,t - Ri,s) .
i=1
On the one hand, since this is a sum of i.i.d. random variables, we can use Corollary 7.6
to compute its moments:

_ n(t—s) n(t—s) - _ n(t—s)(1+st—2s) _ 2n(t—s)
el ST S e el T e S g

On the other hand, recall that . = Bf @---®B] ... by Theorem 7.3, where (B,‘i’_ .

is a sequence of i.i.d. ¢-block processes. Let K, := max {k >0 : |B‘f’.| +oe ’Bg ‘ <n

and
Ky

J,’Ls,t = Z (inV(BZ,t) —inv (BZJ)) .

k=1
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Then J,, s = J,

n,s,t T Z:L:‘ny_‘+--<+(3;§m‘+1 (Ri+ — Ri s), and thus

2
) (7.9)

! : q : q q
[Tt = Toe| < m"(BKml,t) - lnv(BKn'i'LS) < ’BKnJrl,-

which is bounded over n in L? for all p > 0 by Proposition 6.4. Since J, ., is a U-
statistic stopped at a renewal time, we can apply Theorem B.1 and get the asymptotic

equivalence:
E[inv(B{) — inv(BY)]

as n — oo, where B? ~ M]ﬂ)ck(q), and
, Var[inv(B{) — inv(B?)]
Var [‘]n,s,t] ~ n( E[t|B.(1|]
B 2E[inV(Bf) — inv(BY)] Cov||B!|,inv(B]) — inv(BY)]
E(|BY|*
E[inv(B{) — mv(B;;)]? Var[|B?|] | 7.11)
E[|BY]]

Using the L! bound from (7.9), we can identify the first equality of (7.8) with the
asymptotic equivalence (7.10) and deduce that:
. . t—s
Bfinv (BY) — inv(B)] = BB (7= oy 5 < ealt — 9)

for some constant ¢, > 0. Subsequently, the last term inside the brackets (7.11) is
bounded by O(1)(t — s)2 < O(1)(t — s). Then, using inv(BY) — inv(B?) < |B?|?, the second
term in (7.11) is bounded by O(1)E[inv(B{) — inv(B?)] < O(1)(¢t—s). Therefore, thanks to
the L2 bound from (7.9), we can identify the second equality of (7.8) with the asymptotic
equivalence (7.11) and obtain:

Var[inv(B{) — inv(B{)] < ¢ (t — s)
for some constant c’q > 0. Finally, we can write
E[(inv(Bf) — inv(Bg))2] <t—s)+c(t—s5?><(c,+c)(t—s)
to conclude the proof. O
Lemma 7.8. Let 0,0’ € &,, such that for alli € [n], r;(c) < r;(0’). Then, forall p € &,.:
|Occ(p, @) — Oce(p,o’)| < 2 (inv(o’) —inv(a)) n" L.

Proof. By induction, it suffices to prove the inequality when inv(¢’) = inv(o) + 1. In that
case, there exists iy such that r;,(¢’) = r;,(0) + 1 and 7;(¢’) = r;(o) for all i # ig. It

is easily checked that ¢’ is then obtained from o by swapping o(ip) with o(jy), where
o(jo) =min{c(j) : j > i0,0(j) > o(ip)}. Consequently:

|Occ(p, 0) = Oce(p, 0’)| < HI € <[:]> : 1N {ig, jo} # @H < ol

as announced. O
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Corollary 7.9. Forallm € G, g € (0,1), v € (0,1), there exists ¢ > 0 such that:
forall0 <s<t<gq, |ext—ers| <c(t—s)".
Proof. We can assume w.l.o.g. that v > 1/2. Recall that e;; = H?Zl %ﬂ’ﬁg?)] for
all ¢t € [0,q] by Equation (7.5). Therefore it suffices to prove that for all p € &, the
function ¢ € [0, q] — E[Occ(p, Bf)] is v-Holder-continuous. Using Lemma 7.8 and Holder’s
inequality, we can write forall 0 < s <t < gq:
[E[Oce(p, BY)] ~ E[Oce(p, B)]| < B2 (inv(Bf) — inv(BY) | B 7]

1—y

< 28 (inv(Bf) - inv(Bg))l”}7 ||/
Then, using the inequality (inv(B{) — inv(Bg))l/W < (inv(Bf) — inv(Bg))Q, Lemma 7.7
and Proposition 6.3, we deduce that:
|E[Occ(p, BY)) - E[Occ(p, BY)]| < clt - 5)7
for some ¢ > 0. This concludes the proof. O
Corollary 7.10. Forallm € 6,0 <e< g <1, and v € (0,1), there exists ¢ > 0 such that:
foralle < s,t,u <q, |Hp(t,u)— Hy(s,u)] <cl|t—s|",

where H, is defined by (7.7).

.
Proof. We can assume w.l.0.g. that v > 1/2. Let B? ~ MBlock(q). Write 7 = 71 & - - - ® 7y
as a sum of blocks, and set 7y := 1. Then for each 0 < 7,5 < d, define

Occ(m;, B?) Occ(mj, BY)
E[Occ(r,, BY)]" E[Occ(r,, BY)]

forall0 <s,t <1, fi;(s,t):= Cov[

:=1for all p ¢ {id,,r > 1}. Since Occ(my, B) = |B

where ]EOCC(p .55) , Equation (7.7)

Hocd(p,53)]
rewrites as:
forall 0 < s,t <1, Hny(s,t)= Y CijirqCnsentfij(st) (7.12)
0<i,j<d
for some constants c; j » 4 > 0. Therefore it suffices to prove that for each fixed 0 <4, j <
d, there exists ¢ > 0 such that:

forall e < s,t,u < g, |e,,7ueﬂ7tfiyj(t, u) — eﬂ_yueﬂ,sfiyj(s,uﬂ <cl|t—s|".
To this aim, let us state a few preliminary facts:

(a) The random variable | B?| has finite moments of all orders by Proposition 6.3. For
each 7 and ¢ € [0, ¢, since Occ(w, Bf) < |B.q||ﬂ, the random variable Occ(7, Bf) also
has finite moments of all orders.

(b) The function ¢ € [0, g] — ex is continuous by Corollary 7.9. Therefore, e, can be
bounded by a O(1) which only depends on 7 and ¢, uniformly in ¢ € [0, g].

(c) Foreachi € [d], the function t € [e, q] — e, + is continuous and positive (indeed, the
support of the random variable B{ for ¢ > 0 contains the set of all indecomposable
permutations). By (7.5), it follows that

1 <0(1)

forallie[dand e <t <¢q, —~———Fa=
oralli e [dand e <t <g, E[Occ(ms, Bf)] ~

where the latter only depends on 7, ¢, and q.
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(d) Combining facts (a) and (c), we get that
foralli,je[dlande <s,t <gq, fi;(s,t)<O(1)
where the latter only depends on 7, ¢, and gq.

In what follows, all O(1) bounds may depend on 7, ¢, g, 7, but not on u, s,t. We have:

’eﬂ,ueﬂ',tfi,j (t7 u) - emuemsfi,j (Sa ’U,)’
< |67r,u (emt - 671'78) fi,j(tau)‘ + |€7r,ue7r,s (fi,j(t?u) - fi,j(svu))’
<0(1) |67r,t - ems’ +0(1) |€7r,-,u€m,s (fi,j(t, u) — f,-7j(s,u))| (7.13)

where the first O(1) bound comes from facts (b) and (d), and the second O(1) bound
comes from (7.5) and fact (b). The first term of (7.13) is bounded by O(1) |t — s|” by
Corollary 7.9. Then, let a, & € (1, 00) be arbirtrary Holder conjugates. Recall that 7; and
m; are indecomposable, and use (7.5) to write:

|67T.7‘7u€777:»5 (fi,j(tau) — fi(s, U))|

e o COV|: Occ(mj, BY) Occ(m;, Bf)  Oce(mi, BY) ”
U8 E[Occ(rj, Bi)]” E[Occ(m;, Bf)]  E[Occ(m;, B)]
:]E[e M—l y Oce(mi, BY) ~ Occe(m;, BY) H
™ | E[Occ(ry, BY)] " [ B[Oce(r;, BY)] - E[Oce(mi, BY)]
< E ‘Occ(ﬂj,Bg) e a] 1/(!'6 EH Oce(m;, Bf)  Occ(m;, BY) a} He
= E[|B4|] A "2 | E[Oce(m;, BY)]  E[Oce(m;, BY))

(7.14)

The first term of (7.14) is bounded by a O(1) thanks to facts (a) and (b). For the second
term, by Minkowski’s inequality we have:
a:| 1/a

a:| 1/a

aql/a
] . (7.15)

Occ(m;, BY) Occ(m;, BY)

EH E[Occ(r;, B))]  E[Occ(m;, BY)]

Occ(m, Bf)  Oce(mi, BY)
E[Occ(m;, BY)] E[Occ(m;, B)]
n Oce(mi, BY)  Occ(m;, BY)

22 | EOce(m, BY)] ~ E[Oce(m, BY)]
. H Occ(m;, BY) Occe(m;, BY)

aql/a

E[Occ(m;, BY)]  E[Occ(m;, BI)] ]
1 _ 1
* | E[Occ(m;, BY)] ]E[Occ(ﬂ'i,Bg)]’

S 67‘(,;,S]E|:’

We have:

= E[Occ(m;, Bf)a]l/o‘ “er,,

ce(m;, BY)® Lo
= E]iJ[B(?JHI(E[Oi(er—]BE)} - |E[Oce(m;, BE)] — E[Occ(m;, BY)]| (7.16)

where we used (7.5) to get the last line. The first term of (7.16) is bounded by a O(1)
thanks to facts (a) and (c). Therefore (7.16) is bounded by O() |t —s|" fore <s <t <qby
Corollary 7.9. Then let 3, 5 € (1, 00) be arbitrary Holder conjugates, and use Lemma 7.8
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to write:

Occ(m;, BY) Occe(m;, BY)
em, E[Occ(m;, BY)]  E[Oce(m;, Bl)]

a:| 1/

1/«

1 . o
— m]EHOcc(m,Bt) — Oce(m;, B9[]

. 0(1) E {(IHV(BEI) 7 inV(Bg))a |B‘q|04(‘7ri|71):| 1/«

S

af 3 af
gO(l)E[(inv(Bf)—inv(Bq))aﬁT/( )E[|B?|“5(‘”f‘“”r/( g (7.17)

If we choose «, 3 to satisfy a3 = 1/, then this is bounded by O(1) |t — s|” by Lemma 7.7
(recall that 1 < 1/+ < 2). Using the bounds on (7.16) and (7.17), we deduce that (7.15),
and therefore (7.14), is bounded by O(1) |t — s|”. Hence such a bound holds for (7.13).
Thanks to (7.12), this concludes the proof. O

The proof of Proposition 2.8 now follows readily.

Proof of Proposition 2.8. The first item is just Corollary 7.9. For the second item, we
study the moments of X, — X, forfixed 0 < e <g<landalle <s <t <gq. The
random variable X ; — X, follows the N'(0, H,(t,t) + Hr(s,s) — 2H.(s,t)) distribution,
thus for all p > 0:

E[| Xzt — Xpal?] = p (Ha(t,t) + He(s, s) — 2H (s, 1))"

S 2pcp (|H‘n’(t7t) - HW(57t)|p/2 + |H7r(57t) - Hﬂ(575)|p/2) )
where ¢, = E[|[Y|"] for Y ~ N(0,1). Let v € (0,1). Using Corollary 7.10, we can write
B[ X — Xns|"] < (t — 5)77/2

for some ¢’ > 0 and all ¢ < s < t < ¢. Choosing p such that yp/2 > 1 allows us to apply
the Kolmogorov continuity theorem (see e.g. [33, Theorem 4.23]): there exists a version

1
of (Xr.t), €led] that is locally y-Holder-continuous, for every ¥ < %1. Since this holds
forany 0 < e < g <1, v € (0,1) and large enough p, this concludes the proof. O

A First appendix: Inversions in the globally uniform regime

In this appendix, we provide a proof of Theorem 1.2 concerning the first- and second-
order asymptotics of inv(7,,) in the regime n(1 — ¢) — 0. We call this regime “globally
uniform” because 7,, has the same large scale limit as uniform permutations; indeed, the
limit permuton is the Lebesgue measure on [0, 1]?. Note that the same approach can be
used to tackle other regimes of ¢ = ¢,,.

Proof of Theorem 1.2. Using Lemma 3.3, we can write
n
inv(r,) = ZLk -n (A.1)
k=1

where L; ~ TruncGeom(k,q) are independent random variables. According to [14,
Property 4], we have:

ng R gl ng n g0
Efinv(7,41)] = - _and Var[inv(r,41)] = N LT
B T T=gp Z;(l—qw
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The rest of the proof is standard computation. Since n(1—¢) — 0, we can write uniformly
injen+1j:

¢’ = exp[jlog (1 - (1—q))]
=exp [j (—(1—q) — $(1—q)* — 3(1—¢)* - (140(1)))]
=exp [—j(1—q) — 35(1—q)* — 3i(1—q)* - (1+0(1))]
=1-j(1—q) - 5i(1—q)* — 3j(1— ) - (140(1))
+35((-g) +5i(1-9)* + §i(1—¢ 1+01))
—L(j(1—q) + 3i(1—q)* + Li(1—q)* - (1+of 1)) (1+0(1
=1-j(1—q)+(1—q)* (35° — 3J4) + (1 0)* (—¢5° + 33% - )(1+0(1))~

Then:

91— j1—g)+ (1= (57 — L) (1+o(1)

1—¢’
(J(=q) = (1=q)? (35° — 34) — (1=9)* (=35° + 35° — 3J) (1+0(1)))
=j(1—j(1—q)+ (1-9)* (35° — 1j) (1+0(1)))
FTMA=q) 7 (1= (1—q) (35— 3) — (1—q)* (—25° + 35 — 3) (1+0(1)))
= (A=) =5+ (1—q) (35° - 3j) (1+0(1)))
1+ (-9 (35— 3) + (1—9)* (4% — 35) (1+0(1)))
=(1-¢) '+ (—3i—3) +(1—q) (155° — 15) (1+0(1)).

-1

-1

We can deduce the desired estimate for the mean:

n+1

Elinv(ra1)] = —— —n— Y (1-q) " + (=4j — ) + (1-9) (5* — &) (1+0(1))
1—q
i=2

in? — L(1-gn®+o <n3/2 % (l—q)n?’) :

Now, let us turn to the variance. We have, uniformly in j € [n 4 1]:

TP (151 + (- (557 - L) (Lo(1))
(1—¢9)? 2
(j(1—q) — (1—q)* (35° - zj) (1—g)? (=173 + 152 = L) (1+0(1)))
=57 (1=j(1—q) + (1-9)* (34 — 3J) (1+o( ))
212 (1- (1) (37— 3) — (1-9)* (-} — 1) (1+o(1))
= (1= —j(1-q9 "+ (34° - 53) 1+0 (1))
I+ (-9 (G -1+ (1-9)* (55° — 55 + 13) (1+0(1)))
=(1-¢) 7 = (1-q) ' + (- 555° + 15) (1+0(1)) + O ((1-9)5*) ,
therefore:
Var[inv(7,,41)]
n n ntl
- > (-9 = (=) '+ (- 5%+ &) (1+0(1) + O ((1-q);°)

T - (1-q)

= 3—16n3 —|—0(n3) .
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It remains to deduce the announced asymptotic normality; it suffices to prove it for
w—1 Li. Since this is a sum of independent variables, it suffices to check Lyapunov’s
condition. For any § > 0, we have:

1

Var[inv(7,)]

- 216 O(1) 215 O0@1) 345
176/2 ZEDL’C — ELy| } S 3rs Z R < sy AU
k=1 k=1

We can thus conclude with Lyapunov’s CLT. O

B Second appendix: Renewal theory for asymmetric U-statistics

In this section, we recall the main results of [28] that we profusely use in our study
of the regenerative regime (see Sections 2.4, 6 and 7).

With our notation, the context is as follows. Let (B )r>1 be a sequence of i.i.d. random
variables taking values in an arbitrary measurable space S, let |- | : S — R’ be
a measurable function, and let f : S — R be a multivariate measurable function.

Introduce:
k

U SIBL s Gm Y (B

=1 1<i1 < <1q<k

for £ > 0. These are U-statistics in the usual sense, as studied by Hoeffding in [24].
Note however that ij is an asymmetric U-statistic, because the function f is a priori
not assumed to be symmetric. One of the main results of [24] is a (possibly degenerate)
central limit theorem for such U-statistics. The asymptotic variance is expressed in
terms of the (non-centered) univariate projections:

[i(B) :==E[f (Bi,...,Bq)| Bj = B

for B € S and j € [d]. The results from [28] we use, in our study of the regenerative
regime, concern the asymptotics of one U-statistic stopped when the other reaches a
given threshold. That is, we are interested in the asymptotics of U, where

K, :=sup{k: U <n}

forn > 1.

Theorem B.1 (derived from Theorems 3.9, 3.11, and 3.18 in [28]). If |B;| € L' and
f(By,...,By) € L* then: B
u 1 E[f(B,...,B
K, _, LE[f(Br..... Bo)
n dt E[|B]
almost surely as n — oc. If |By| € L? and f(B;,. .., Bg) € L? then:

U, (™) Ef%i“gl.‘.],fd)]
17 — N(0,7%) (B.1)

in distribution as n — oo, where

pemlml S (T (M) o )

1<4,5<d
B 21E[|B|}_2;dlE_[f1()€ll!a > Ba)] 1;dCov[|B1| (B
. E“B|]2d1<]§[f ffl BB
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Moreover:
v=0 <= foralljel[d], f;(B1)E[B]|=|Bi|E[f;j(B1)] almost surely.

Furthermore, if |By| € LP and f(By,...,By) € L? for every p > 1 then (B.1) holds with
convergence of all moments.
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