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Abstract

We propose a new approach to conjugation-invariant random permutations. Namely,
we explain how to construct uniform permutations in given conjugacy classes from
certain point processes in the plane. This enables the use of geometric tools to study
various statistics of such permutations. For their longest decreasing subsequences, we
prove universality of the 2,/n asymptotic. For Robinson—-Schensted shapes, we prove
universality of the Vershik—Kerov—-Logan—Shepp limit shape, thus solving a conjecture
of Kammoun. For the number of records, we establish a phase transition phenomenon
as the number of fixed points grows. For pattern counts, we obtain an asymptotic
normality result, partially answering a conjecture of Hamaker and Rhoades.

Keywords Random permutations - Conjugation-invariance - Longest increasing
subsequences - Robinson-Schensted correspondence - Records - Patterns
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1 Introduction
1.1 Conjugation-invariant random permutations

We say that a random permutation t of [n] := {1, ..., n} is conjugation-invariant
when for any fixed permutation p, the conjugate p o 7 o p~! follows the same law
as 7. Standard examples of conjugation-invariant permutations are uniformly random
permutations, random involutions, Ewens random permutations [12], their general-
izations [6, 28, 37], and many more.

An equivalent description of conjugation-invariance makes use of the cycle decom-
position. Define the cycle type of T as the sequence t = (11, 12, ..., t;) where 1, is the
number of p-cycles in 7. We also say that ¢ has size Z';,: | ptp = n and that 7 is t-
cyclic. Since the cycle type is a total invariant for conjugation in the symmetric group,
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a random permutation 7 is conjugation-invariant if and only if, when conditioned
on its cycle type ¢, T is a uniform ¢-cyclic permutation. Thus, studying conjugation-
invariant random permutations often amounts to studying uniform permutations with
given cycle types.

There are reasons to believe in universality phenomena for several statistics of
conjugation-invariant permutations, with a dependence on the number of fixed points
and sometimes 2-cycles. Recent advances motivate this idea by generalizing asymp-
totic properties of uniformly random permutations to conjugation-invariant random
permutations under certain hypotheses [13, 15, 18, 25]. The aim of this paper is to
make further progress in this direction by introducing a “geometric”’ construction for
random permutations in given conjugacy classes, see Lemma 1.3 in Section 1.2. This
new point of view allows us to establish asymptotic results on the longest monotone
subsequences, Robinson—Schensted shape, number of records, and pattern counts.

Longest monotone subsequences. The maximum length of a monotone subse-
quence in a uniform permutation famously
behaves as 2./n [38]. Baik and Rains [5] showed
similar asymptotics for random involutions, with
a dependence on the number of fixed points, and
Kammoun [25] proved that the 2./n asymptotic
holds for conjugation-invariant random permuta-
tions with few cycles. In Section 2.1 we extend
these results to general conjugation-invariant
permutations for their longest decreasing sub-
sequences. Longest increasing subsequences are
harder to handle, and we only provide such
asymptotics up to a multiplicative constant.

Robinson-Schensted shape. The Robinson—Schensted shape of a uniform per-
mutation converges, after suitable rescaling, to a
limit curve [30, 38]. Kammoun [25] extended this
result to conjugation-invariant permutations with
few cycles, and conjectured that this assumption
could be lifted. In Section 2.2 we provide a pos-
itive answer to this conjecture.

Records. The numbers of records in uniform permutations
are known to satisfy asymptotic normality. In
Section 2.3 we prove a general limit theorem
for the number of high records (or left-to-right
maxima) in conjugation-invariant permutations,
showcasing a phase transition as the number of
fixed points grows. More precisely, the number of
high records interpolates from logarithmic with
Gaussian fluctuations to asymptotically Gamma,
when the number of non-fixed points is of order
n/+/log n. We also find the first order asymptotics
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of low records (or left-to-right minima), and their
second order asymptotics in some cases.

Pattern counts. Janson et al. [24] established asymptotic normal-
ity for all pattern counts in uniform permuta-
tions. Kammoun [26] and Hamaker and Rhoades
[18] extended this to conjugation-invariant per-
mutations, under certain assumptions on their
cycles. The authors of [18] conjectured that the
(non-degenerate) asymptotic normality of pat-
tern counts holds for all conjugation-invariant
permutations, where the asymptotic variance
depends on the numbers of fixed points and 2-
cycles. In Section 2.4 we partially answer this
conjecture, by proving asymptotic normality for
all conjugation-invariant permutations, and non-
degeneracy in some cases.

Our results can be applied to most models of conjugation-invariant permutations,
with virtually no restrictions on their cycle types. For example, they are novel for
random permutations with cycle weights, some of which have a lot of cycles [6, 11],
and for central virtual permutations, some of which have a macroscopic number of
fixed points [37].

1.2 A geometric construction

We begin by recalling the notion of standardization: if (yq, ..., y,) is a sequence of
pairwise distinct numbers, define T = st(yy, ..., y,) as the unique permutation of [r]
such that:

foralll <i,j<n, () <7t(j) &y <Yj.

The following two results are classical and easy to check:

Lemma 1.1 Let u be an atomless probability distribution on R, and let Yy, ..., Y, be
i.i.d. random variables distributed under . Then Y1, . .., Y, are a.s. pairwise distinct,
and the permutation st(Yy, ..., Y,) is uniformly random in G,,.

Lemma 1.2 Let t be a cycle type of size n, and let s be an arbitrary fixed t-cyclic
permutation. If o is a uniformly random permutation of &, then o o s oo ' is a
uniformly random t-cyclic permutation.

Now, consider a finite subset P = {Z; = (X(,Y1),...,Z, = (X,,Y,)} of R2
with no redundant x- or y-coordinates. We can define a permutation 7 of [n] by
letting ©(i) = j when the i-th point from the left in P is the j-th point from the
bottom; equivalently, T = st(Y(1), ..., Y(n)) Where Z, ..., Z) are ordered such
that X1y < -+ < X(). We denote by 7 = Perm (P) this permutation.

By considering adequate planar point processes P, we may obtain random permuta-
tions t with various laws: for instance if Z1, ..., Z, are i.i.d. Unif ([0, 1]2) variables
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$ (Ui)i<i<iz = (:31,.78,.38,.13,.33, .7,
O 25,.95, .56, .11, .06, .91)

el r=111612531024789
= (5)0(7,10) 0 (3,6) 0 (4,12,9) 0 (1,11,8,2)

Fig. 1 The geometric construction of a random ¢-cyclic permutation for t = (1,2, 1, 1). Here we used the
arbitrary ¢-cyclic permutation s := (1)0(2,3)0(4,5)0(6,7,8)0(9, 10, 11, 12). The resulting permutation
7 is written in one-line notation and in cycle product notation, and its cycles are highlighted on the point
set. For example, the points (Ug, U7), (U7, Ug), (Ug, Ug) are linked by the red dotted line, and correspond
to the 3-cycle (9,4,12)int

then t is uniformly random, and if we symmetrize this family with respect to the
diagonal of [0, 1]? then 7 is a uniform involution of size 2n with no fixed point. The
latter construction was notably used by Baik and Rains in [5]. An asset of this point
of view is that some properties of T may be easier to derive directly from P: see e.g.
[1] for a study of increasing subsequences in uniform permutations, and [29] for the
case of involutions. Lemma 1.3 generalizes the geometric construction of Baik and
Rains for random involutions [5] to uniform permutations in any conjugacy class.
Although simple, this lemma is fundamental to our analysis: general conjugation—
invariant permutations do not benefit from the same valuable algebraic properties as
uniform permutations or involutions, and our geometric construction bypasses this
problem.

Lemma 1.3 Let t be a cycle type of size n, and let s € G,, be an arbitrary t-cyclic
permutation. Let (U;);¢p,) be a sequence of i.i.d. Unif ([0, 1]) random variables. Set
Z; = (Ui, Us(l-))for eachi € [n), and P :={Z;,i € [n]}. Then t := Perm (P) is a
uniform t-cyclic permutation.

See Figure 1 for an illustration. In practice, instead of an arbitrary 7-cyclic per-
mutation s, we will use a canonical one on an ad hoc set of indices: let V; =
{(p.k.D): pelnlkel,).lelpl}, and s : (p.k, 1) — (p.k,l+1) where
[ +1 is taken modulo p. Then the construction of Lemma 1.3 works with a fam-

il (U’ ) f iid. Unif ([0, 1]) rand iables, the points Z. , :=
iy .k DV, of 1.1 nif ([ ]) random variables e points Z

(Ué,k, Ul’,f,j), and the point set P := [z;’k C(pk,D) € Vt}. With this notation,

we say that P is a geometric construction of t.

ProofofLemma 1.3 Let o = (o0q,...,0,) = st{(Uj, ..., U,), i.e. U; is the o;-th
lowest number in U/ := {U;, i € [n]}. Observe that I/ is the list of x-coordinates of P
and its list of y-coordinates as well; consequently, U; is the o;-th lowest x-coordinate
of points in P and Us(; is the os(;)-th lowest y-coordinate of points in P.. Since
(Ui, Us(,-)) isin P, this precisely means that 7 (0;) = 04(;). Therefore, 7 = o osoo L,
Using Lemmas 1.1 and 1.2, this concludes the proof. O
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(2,1,1)

(3,1,2) (3,2,2)
(5,1,1) (5,1,2)
(1,1,1) (1,2,1) (3,1,1) (3,2,1)
] [ ]
(5.1,5 (5,1,3)
(3,1,3) (3,2,3)

(2,1,2)

Fig.2 The dependency graph £, associated with the cycle type r = (2, 1,2,0, 1)

As we explain in Section 2.1 to 2.3, monotone subsequences and records of T =
Perm (P) can be read directly on P. This allows us to study these statistics of the
permutation by investigating the behavior of the point process in certain regions of
the plane. To this aim, a list of useful properties of the geometric construction may be
found in Section 3. Regarding pattern counts, we rather use the “weak dependency”
of points in P (see Section 2.4 for more details).

1.3 Notation

We denote by &, the set of permutations of [n#] and by A the diagonal of [0, 112.
Throughout this paper we consider the standard partial order on R? defined by (x, y) <
(x’,y)whenx < x"and y < y'.

Let ¢ be a cycle type of size n, and let P be a geometric construction of 7. We can
decompose it into its cycles P = Upe[n] kelty] 73,, x Where P 1= {Zé,k 1l e [p]}.

We can also decompose it into Po := P N A and P =P \ A, and we write
{:=(0,n,t,...,1t,) for the cycle type of size i := n — 1 with no fixed point. It is
straightforward to check that Pisa geometric construction of 7.

Define a graph £, := (V;, &) with vertice V; and edges between i and s(i) for each
i €V, (forgetting self-loops). We refer to £, as the “dependency graph” associated
with 7. See Figure 2 for an example, and Section 7.1 for an explanation of this name.

Let (a,)nen be a sequence of positive numbers. We say that a sequence of random
variables (X,,)qen is a Op(a,) as n — oo if

supP (| X,| > a, M) —> 0.
neN —+o0

Also, (Xp)nen 18 a op(a,) as n — oo if X,,/a, —> 0 in probability. Finally, a
n—oo

sequence (A,)neN of events happens with high probability (w.h.p.) as n — oo if
P, — 1.

n—oo

2 Results: universality and beyond
2.1 Longest monotone subsequences

Let 7 be a permutation of [#]. An increasing subsequence of 7 is a sequence of indices
i1 <---<igsuchthatt(i;) < --- < t(i¢), and the maximum length of an increasing
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subsequence of t is denoted by LIS(7). We may define analogously LDS(r) as the
maximum length of a decreasing subsequence of t.

The study of monotone subsequences in permutations has been an active and capti-
vating field of research; see [33] for an introduction. In particular when 7, is uniformly
random, the law of LIS(z,,) (which is the same as that of LDS(z,,) in this case) is now
well-understood: it behaves asymptotically as 2./n [38], satisfies a large deviation
principle [10, 35], and admits Tracy—Widom fluctuations of order nl/6[4].

One might expect these results to mostly hold when the law of 7, is conjugation-
invariant. The first advance on this question was obtained by Baik and Rains, who
studied random involutions [5]. More recently, Kammoun [25, 27] and Guionnet [17]
could settle the case of conjugation-invariant random permutations with few cycles.
Here we start by stating first order asymptotic results and concentration inequalities
for the longest decreasing subsequences of uniform permutations with given cycle
types and no fixed points.

Theorem 2.1 For any § > 0 there exists cs > 0 such that the following holds. For

each n, let t") be a cycle type of size n such that t(")

1 _cyclic permutation. Then:

= 0 and let 1, be a uniform

1
P (ELDS(rn) <21 — 8)) < exp ( — can) ;

P (%LDS(rn) >2(1 + 8)) < exp (—cs/n).

In particular -=LDS(z,) —> 2 in probability and in L4 for all ¢ > 1.
\/7’ n— o0

It is not difficult to add fixed points in the previous theorem, and to consider random
cycle types instead of deterministic ones. This yields the following corollary.

Corollary 2.2 For any 8 > 0 there exists cs > 0 such that the following holds. Let
(Tn)n be a sequence of conjugation-invariant random permutations, where t, has size

n and (random) cycle type t™. Then for any n:
P (LDS(1,) <2(1—8)/n—1") <E [exp( cs (n (”)))] :
) <elolh )]

LDS(‘[,,) — 2 inprobability

P | LDS(z,) > 2(1 4+ 96)

Inparticularifn —tl(n)

— o0 in probability then ———
1+‘/n t
and in L1 forall g > 1.

Although increasing and decreasing subsequences share the same distribution in
uniformly random permutations, this fact does not hold for conjugation-invariant ran-
dom permutations. The study of increasing subsequences in this context is trickier,
and we were only able to derive their first order asymptotics up to a multiplicative
constant. As before, we start by stating our result for uniform permutations with given
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cycle types and no fixed points, and then we generalize it to all conjugation-invariant
permutations.

Proposition 2.3 For any 6 > 0 there exists cs > 0 such that the following holds. For
each n, let t"™ be a cycle type of size n such that t](”) = 0 and let 1, be a uniform

t™_cyclic permutation. Then:

P (%LIS(T,I) < 2(1 — 5)) <exp(—csn)

1
P (ELIS(rn) > 2(1 + 5)@) < exp (—csv/n).

Corollary 2.4 For any 8 > 0 there exists cs > 0 such that the following holds. Let
(Tn)n be a sequence of conjugation-invariant random permutations, where t, has size
n and (random) cycle type t™. Then for any n:

P (LIS(ty) < 2(1 — 8)/n) < exp (—csn);
P <LIS(Tn) >t +2(1+96) /3 (n — tf’”)) <E [exp (—cam>} .

In particular if \/Lﬁtl(") — «a > 0 in probability then \/iELIS(rn) is asymptotically

bounded between 2 and « + 2+/3 in probability.

Let us briefly explain the techniques used to prove the results of this section.
Deuschel and Zeitouni [9] studied the first order asymptotics of longest monotone
subsequences in Perm (Zy, ..., Z,), where Zy, ..., Z, are i.i.d. under certain prob-
ability densities on [0, 1]?> (such random permutations are called locally uniform in
[36]). This is made possible by the following key observation: increasing and decreas-
ing subsequences of T = Perm (P) correspond to up-right and down-right paths of
points in P. The authors of [9] then slice the unit square into small rectangles in which
the points are almost uniformly distributed, so that they may locally apply the result of
[38], and finally stitch these local paths of points into one global path. When studying
uniform permutations in given conjugacy classes, the same method can be adapted to
the geometric construction of Lemma 1.3.

Finally, we state a reasonable conjecture in the direction of Proposition 2.3 and
Corollary 2.4. It was already established for random involutions in [5], and for
conjugation-invariant random permutations satisfying certain cycle constraints in [25,
Theorem 1.2] and [27, Theorem 3].

Conjecture 2.5 Let (1), be a sequence of conjugation-invariant random permuta-
tions, where T, has size n and (random) cycle type t"D. Suppose that tf") /a/n— Qin
probability. Then

1

in probability.
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Remark 1 Baik and Rains actually proved [5, Theorems 3.2 and 3.4] that if 7, is a
uniform ™ -cyclic permutation where 1™ = (tl("), 12("), 0,.. ) satisfies tl(n) /N —

a > 0, i.e. if 7, is a uniform involution with a.y/n + 0(+4/n) fixed points, then

2 ifa <1

1
—US(m) — {a +Llifa>1

\/ﬁ — 00

in probability. We could expect the same first order asymptotics for any sequence of
conjugation-invariant random permutations such that tl(")/ J/n — «a in probability.
However we chose not to include this refinement of Conjecture 2.5 in its statement,
as it might be more speculative.

The results of this section are proved in Section 4.

2.2 Robinson-Schensted shape

Let T be a permutation of [n]. If x > 0, we call x-decreasing subsequence any union
of [x] individually decreasing subsequences, and we define LDS, (7) as the maximal
size of an x-decreasing subsequence of t.

The study of x-decreasing subsequences in permutations is partly motivated by
their fundamental link with the Robinson—Schensted correspondence. This is a one-
to-one correspondence between permutations and pairs of standard Young tableaux
with the same shape. This shape, which is a Young diagram, is called the RS shape
of the permutation: it appears in several domains, such as integrable probability or
representation theory. A well-known theorem of Greene [16] states that for any integer
k, the number of boxes in the first k£ columns of the RS shape of 7 equals LDS; (7).
Equivalently, the length of the k-th column equals LDSk(t) — LDS)—1 (7). A similar
connection can be made between increasing subsequences of 7 and the row lengths of
its RS shape.

Historically, studying the asymptotics of LIS(t,,) and LDS(z,) when t,, is uniformly
random actually required finding the asymptotics of its entire RS shape. The law of
this shape is known as the Plancherel measure, for which Vershik and Kerov and
simultaneously Logan and Shepp established the following.

Theorem 2.6 ( [30, 38]) For each n, let t, be a uniformly random permutation of [n].
Then there exists an explicit nondecreasing, concave function Fiskv : Ry — Ry
such that for eachr > 0:

1
;LDSrﬁ(fn) 2 Fskv()

in probability.

According to Greene’s theorem, Fiskv(r) thus describes the asymptotic proportion
of boxes in the first [ r+/n] columns of the RS shape of 7,,, and the derivative of Fiskv
describes the limit curve of this shape.
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A classical property of the Robinson—Schensted correspondence is that it induces
a bijection between involutions and (single) standard Young tableaux. If (7,) is a
sequence of uniformly random involutions, the proofs of [30] and [38] can then be
adapted to show that Theorem 2.6 still holds (see e.g. Equation (24) in [31] and the dis-
cussion below). More generally if (t,) is a sequence of conjugation-invariant random
permutations, Kammoun proved that Theorem 2.6 still holds under the assumption
that the number of cycles in 7, is sublinear [25, Theorem 1.8]. He later conjectured
that this assumption could be lifted, provided we take into account the proportion of
fixed points [27, Conjectures 6 and 7]. The main difficulty is that none of the previous
approaches (via hook-length formula [30], representation theory [21, 31], coupling
[25]...) work in this wider setting. Here, using our geometric construction, we solve
this conjecture.

Theorem 2.7 For each n, let 1™V be a cycle type of size n with no fixed point and let
1, be a uniform t"-cyclic permutation. Then for each r > 0:

1
LDS, ja(m) =2 Fiskv(r)

in probability.

Corollary 2.8 Let (1), be a sequence of conjugation-invariant random permutations,
where T, has size n and (random) cycle type t". Suppose that n — tl(")
probability. Then for each r > 0:

— o0 in

1
—— LDS R
n— tl(n) rm(fn) n—oo LSKV(F)

in probability.

Let us briefly discuss the strategy of proof. As in Section 2.1, k-decreasing subse-
quences of T = Perm (P) have a nice visual interpretation: they correspond to unions
of k down-right paths in P. In the continuity of [9], where the longest monotone subse-
quences of locally uniform permutations were studied with geometric tools, Sjostrand
[36] recently studied the limit RS shape of locally uniform permutations using more
advanced analysis. His approach broadly consisted in computing the “score” associ-
ated with a bundle of decreasing curves, by decomposing the unit square into small
regions where the sampling density is almost constant and the curves are almost par-
allel. In Lemma 3.3 we show that the points of our geometric construction, when
restricted to any rectangle outside the diagonal of the unit square, are i.i.d. uniform.
This simple fact is at the basis of how we apply and adapt the results and methods of
[36].

The results of this section are proved in Section 5.

2.3 Records

Let t be a permutation of [rn]. We say that a position i € [n] is a high record (or
left-to-right maximum) for 7 if for any j < i, we have t(j) < t(i). We say thatitis a
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low record (or left-to-right minimum) for 7 if for any j < i, we have t(j) > 7(7). We
denote by rec’ () and rect () the numbers of high and low records in , respectively.
Records and their many variants are standard statistics in enumerative combinatorics.

The numbers of low and high records in uniformly random permutations are well-
understood: thanks to a classical bijection they follow the same law as the number of
cycles (see e.g. [3, Section 1.2]), and this yields the following asymptotic normality
(found e.g. in [2, Equation (1.31)]).

Theorem 2.9 For each n, let T, be a uniformly random permutation of [n]. Then we
have the following convergence in distribution:

rect (z,) — logn
—_—— S N0, 1.
Jlogn n—>00 ©.1

The same holds for rect (tp).

Records can be interpreted nicely when the permutation is obtained from a family
of points in the plane. If T = Perm (P), a point Z = (X, Y) € P corresponds to a
high record in T when no other point lies in its up-left corner [0, X] x [Y, 1]. Similarly,
Z corresponds to a low record in 7 when no other point lies in its down-left corner
[0, X] x [0, Y]. We write rec’ (P) and rec’ (P) as shortcuts for rect (Perm (P)) and
rect (Perm (P)).

There is no more link between the numbers of cycles and records in conjugation-
invariant permutations, but the geometric construction enables a new approach. We
prove a limit theorem for the number of high records, showcasing a phase transition
as the number of fixed points grows. First recall that, for n € N* and & > 0, the
Gamma (n, ) distribution is defined as the n-th convolution power of the Exp (1)
distribution. By convention, Gamma (n, +00) is the a.s. null distribution.

Theorem 2.10 For each n, let t™) be a cycle type of size n and let T, be a uniform t™ -

cyclic permutation. Write n := n — tl(") for the number of non-fixed points. Suppose

thatn — oo and that
n—0oo

v

n
—_— —
n//logn n—>o0

for some a € [0, 00]. Then we have the following convergence in distribution:

rec’ (1) — log (ﬁ) o 1
—

R
1 i+ Jlog (i) "X T a+

where Y and Ty are independent N (0, 1) and Gamma (2, 1) random variables. In

I

n

Jlogn

asn — oo then:

particular if n = w (

rec! (7,) — logn
— = S N(@O1.
/logn n—oo ( )
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Similar to the case of monotone subsequences, the study of low records in
conjugation-invariant random permutations differs from that of high records. This
asymmetry is already seen in some regimes for the first order asymptotics, as shown
in the following theorem.

Theorem 2.11 For each n, let t™ be a cycle type of size n and let T, be a uniform
1 _cyclic permutation.
1. If tl(n) =0 (ﬁ) then we have the following convergence in probability:

rect (1)

— 1.
logn n—oo

2. If Jn K tl(") Ln ieJn=o (tl(n)) and tl(") = o(n), then we have the following
convergence in probability:
rect (1)

— 2.

logn — log tl(") n—00
31071 = © (n) then rect (1,) = Op(1).

We could not compute fluctuations for the number of low records in general. To
simplify the analysis, we restrict ourselves to products of 2-cycles and products of
3-cycles, for which exhibit different fluctuations.

Proposition 2.12 For each n, let t™ be a cycle type of size n such that tl(") =0 (ﬁ),
and let T, be a uniform t™-cyclic permutation.

1. Suppose that tf") + 2t§") = n. Then we have the following convergence in distri-
bution:

rect (1,) — logn
—— — N(0,2).
/]()gn n—o00 ( )

2. Suppose that t{") + 3t3(") = n. Then we have the following convergence in distri-
bution:

rect (1,) — logn
/]()g n n—o00

It would be interesting to find the interpolation between the two items of Proposition
2.12. However this would notably require understanding the interaction between 2-
cycles and other cycles, and its effect on the law of low records, which seems difficult
to grasp.

N(@O,1).

Remark 2 Asin Corollaries 2.2, 2.4, 2.8 and 2.16, the results of this section remain true
if (7,,) is a sequence of conjugation-invariant random permutations and the hypotheses
hold in probability.

The results of this section are proved in Section 6.
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2.4 Pattern counts

Lett € G, and I = {i; < --- < i,} be asubset of [n]. We may define a permutation
m € G, by the following rule: for any j,k € [r], m(j) > m(k) if and only if
7(ij) > t(ix). We write pat(/, t) for this permutation, and say that this is the partern
induced by t on 1.

Permutation patterns are a natural notion of substructures for permutations, and as
such they have attracted a lot of interest. A central question is that of pattern counts:
given a permutation 7 of [r], how many subsets of T induce 7 as a pattern? In other
words, we are interested in the statistic

X (1) = Z lpat(l,r):ﬂ
re()
where (['r”) denotes the subsets of [n] of size 7. For example, X7 | (t) counts the number
of inversions in 7, and X2 ,(7) counts the number of increasing subsequences of
length r in t.
Pattern counts in uniformly random permutations are known to be asymptotically
normal since the works of Béna for monotone patterns [7], and later Janson et al. for
all patterns:

Theorem 2.13 ( [24]) For each n, let T, be a uniformly random permutation of [n].
Then for any r € N*:

(x,,(m - (5

a1/ ) SN0
TeS,

for some matrix X, of rank (r — )2 and such that Yrx >0forallnm € G, ifr > 2.

The convergence result in this theorem can be established via the method of depen-
dency graphs. To prove non-degeneracy, i.e. that X ; is positive, Bona was able to
find a lower bound for the variance of X, by expressing it in terms of covariances,
while the authors of [24] used the method of U-statistics.

In [13], Féray established a central limit theorem for pattern counts in Ewens random
permutations, and conjectured its non-degeneracy. Kammoun [26, Proposition 31]
and Hamaker and Rhoades [18, Theorem 8.8] could generalize the non-degenerate
asymptotic normality of Theorem 2.13 to conjugation-invariant permutations, under
certain conditions on their cycles. It was conjectured in [18, Problem 9.9] that those
conditions could be lifted, and that the asymptotic variance would only depend on the
proportions of fixed points and 2-cycles.

Here, using the geometric construction of Lemma 1.3, we extend the convergence
of Theorem 2.13 to most conjugation-invariant permutations. If 7,, is a uniform #-cyclic
permutation then we can write, for any 7 € G,:

Xn(th) = Z 1perm(z; ieh=n (1)
e’
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with the notation of Section 1.2. Thanks to the dependency graph £; defined in Section
1.3, we derive a limit theorem for X, (t,). More precisely, Stein’s method yields
explicit bounds on the speed of convergence. In the following, we denote by dg the
Kolmogorov distance between two probability distributions.

Theorem 2.14 Let Y ~ N (0, 1). For each n, let t™) be a cycle type of size n and T,
be a uniform t™-cyclic permutation. Fix r € N* and = € &,. Then for any n:

(Xn(m —E[Xx ()] ) r n2r=3/2 r n3r=2
d LY < +72 }
N Var [ X7 ()] (r—1)!12 Var [Xy ()] (r—D1 Var [X5 (ta)13/?

Furthermore, if Var [X;(t,)] = on?r—1 4 o(nzr_l)for some o > 0asn — o0,
then

Xl “EXn@) _, (g, 2)

nr_l/2 n—o00

in distribution, and if & > O then the previous distance is bounded by O(n=1/%).

Thanks to [18, Proposition 7.2 and Theorem 8.14], the condition Var [X; (1,)] =

o2n? 1 +0(n* 1) holds under the simple assumption that tl(”) /n and tz(") /n converge.
We may still want to find an explicit formula for o, and to understand in which cases
o > 0. For this we use the method of U -statistics developed by Hoeffding [19], as
was done in [24]. Before stating our results, we need a few definitions.

Fix r € N* and p; € [0,1]. Then let Zi, ..., Z, be i.i.d. variables distributed
under pjLebp + (1— pl)Leb[O’ 12 where Leba denotes the Lebesgue measure on the
diagonal A of [0, 1]%. Define, for any z € [0, 1]*:

YPl(z) =P (Perm (21, o 2r-1,z) - n)
and
ubt =P (Perm (21, ey 2,) = n) —F [%1;1 (Zr)] .

Theorem 2.15 Let (™), be a sequence of cycle types of size n such that tl(") =

np1 + o(y/n) and 2t2(") = npy + o(n) as n — oo, for some pi, p» € [0, 1]. For
each n, let T, be a uniform t"-cyclic permutation. Then for any r € N*, we have the
following convergence in distribution:

n"—l/2 n—o0

_(n),, P
(Xﬂ(fn) () ) — N (0, ZP1P)
eSS,
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where for any w, p € &,, if U, V, W are i.i.d. Unif ([0, 1]) variables:

(r—DPT2u7 = piCov [y (U, U), ¥/ (U, U)]
+(1=pn)Cov [y LU, V), yJ1(U, V)]
+p2Cov [y 21 (U, V), ¥ (V. U)]
+2(1—p1—p2)Cov [y 21 (U, V), Y1 (V, W)].

Corollary 2.16 Let (1), be a sequence of conjugation-invariant random permutations,
where T, has size n and (random) cycle type t"V. Suppose that tl(’l) = np1 + op(/n)

and 2t2(”) = npy + op(n) as n — oo, for some py, pa2 € [0, 1]. Then the convergence
of Theorem 2.15 holds.

Note that Theorem 2.15 states a joint convergence, rather than the marginal con-
vergence stated in Theorem 2.14. We stress that the true novelty of Theorem 2.15
lies in the computation of the variance, carried out by the method of U -statistics, and
not in the joint convergence. Indeed, Theorem 2.14 could have been stated for joint
convergence, but we chose not to do so for convenience.

The matrix 27172 turns out to be rather difficult to study when p; € (0, 1). Without
further hypotheses, we could only prove that X (t,,) satisfies non-degenerate asymp-
totic normality if 7 is an involution.

Proposition 2.17 If p; < l and 7w € &, r > 2 satisfies 1 = 7, then L7 > 0,

When fixed points vanish, i.e. when p; = 0, Theorem 2.15 greatly simplifies. This
allows us to prove non-degeneracy for any non-trivial pattern and to compute the
dimension spanned by the limiting Gaussian variable, as in Theorem 2.13 of [24]. We
use the notation of Theorem 2.15 and drop the index p; when it is null.

Theorem 2.18 Let (™), be a sequence of cycle types of size n such that tl(”) = o(/n)
and2t2(") = npr+o(n)asn — oo, forsome py € [0, 1]. Foreachn, let T, be a uniform
t™W_cyclic permutation. Then for any r € N*, we have the following convergence in
distribution:

(u) 2V (0.27)
e,

nV*1/2 n—o00

where for any w, p € &, if U, V are i.i.d. Unif ([0, 1]) variables:
(r=1D1P? 22, = Cov [Yx (U, V), Y, (U, V)] + p2Cov [y (U, V), ¥, (V. U)].

The matrix £P2 has rank (r —1)? for any p» < 1, and rank r(r —1)/2 for p» = 1.
Moreover, 271;,2,, > O forany pp € [0,1]andm € &,, r > 2.

Remark 3 1In parallel to this work, Féray and Kammoun [14] were able to prove a more
general result than Theorem 2.15 and Proposition 2.17, using the method of weighted
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dependency graphs. They could prove non-degeneracy for any (classical) non-trivial
pattern, i.e. that Z,’,’};sz > O forany p; < l and 7 € &,, r > 2. However, bounds
on the speed of convergence as in our Theorem 2.14 seem to be out of reach for their

methods.

Remark 4 Our method of (non-weighted) dependency graphs also allows the applica-
tion of [23, Theorem 2.1] to Equation 1 for large deviation estimates. Namely, for any
t>0:

—2(r =1 2
POXM%)—EH&@M|Zﬁizap(_ﬂ?_l;%j>

Remark5 A popular generalization of patterns is that of vincular patterns, where
we require some positions of the pattern to be adjacent. Descents, peaks and valleys
are classical examples of vincular patterns. Asymptotic normality of vincular pattern
counts in uniform permutations was established in [20]. Regarding conjugation-
invariant permutations, the convergence results of [14, 18, 26] all hold within the
general context of vincular patterns. Unfortunately, it seems unlikely that our methods
would work for vincular patterns.

The results of this section are proved in Section 7.

3 Properties of the geometric construction

In this section, we present several interesting facts about the geometric construction
of Lemma 1.3. These will be essential to prove the results of this paper, generally
by reducing the study of conjugation-invariant permutations to uniformly random
permutations. We use the notation of Section 1.2 and 1.3.

Lemma 3.1 Let t be a cycle type of size n such that t; = 0, and let P be a geometric
construction. Then it can be decomposed into an a.s. disjoint union

p—phyp@ L pd

where each PV is a family of i.i.d. uniform points in [0, 112, of (deterministic) sizes
ni, na, n3 bounded between n/3—1 and n/3+1.

Proof The idea is to define the three subsets P(1), P?) PG by assigning them the
points of each cycle in an alternating order. The rule for ensuring the i.i.d. uniformity
property is that whenever some point Z;‘ ¢ lies in P® | then the adjacent points Z;ikl

shall not belong to ). To construct the P’s in a balanced way while satisfying
this rule, we do the following:

e For each p such that p =0 mod 3 and 1 < k < 1, the points of P, ; can be put
in the three subsets by simply alternating:

1 D 2 2) 3 3) 4 1 V4 3
Zp’keP(),Zp’keP(),Zp,keP(),Zp,keP(),...,Zp,keP().
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Then each P, ; N P® has size p/3 and contains i.i.d. uniform points.

e For each p suchthat p =1 mod 3 and 1 < k < 1, the points of P ; can be put
in the three subsets by simply alternating, but then one subset will get a surplus.
Thus two of the subsets P, ; N P have size (p—1)/3, the other one has size
1 + (p—1)/3, and they each contain i.i.d. uniform points. Namely if (i1, i2, i3) is
a permutation of (1, 2, 3) then the choice

Z},.k € 77("1),2[2,‘,( e P, Z;k 673(13),22’1{ e P ., Z;”;l € 73("3),25,,( e P

yields a surplus for P2). For each such (p, k) we can choose which subset gets
a surplus in order to balance out those surpluses over the (p, k)’s. Consequently
the sets

U PpiN PO

p=1mod 3,1<k=t,

have sizes of the form m + ¢; for some integer m and ¢; € {0, 1},i =1, 2, 3.

e Foreach p =2 mod 3 and 1 < k < ¢, a similar reasoning can be made, except
this time one subset will get a deficit. By balancing out the deficits as before, we
can construct the sets

U Ppunp®
p=2mod 3,1<k<t,

in such a way that they each contain i.i.d. uniform points and have sizes of the
form m’ — §; for some integer m" and §; € {0, 1},i = 1,2, 3.

In the end, by balancing out the surpluses with the deficits, the subsets P®) have sizes
m"” +n; forsome integerm” and n; € {0, 1},i = 1, 2, 3, and each contain i.i.d. uniform
points. The lemma follows. O

Thanks to Lemma 3.1, we can apply Chernoff-type bounds to control the number
of points in any zone of the plane. Recall that P := P \ A is a geometric construction
forf:=(0,r,...)of size i :=n — 1.

Corollary 3.2 Let t be a cycle type of size n and P be a geometric construction. If C
is a measurable subset of [0, 11> then ‘73 nc ‘ is distributed like a (correlated) sum
of Binom (n;, Leb(C)) variables, where |nl~ - ﬁ/3| <1 fori =1,2,3. In particular

for any § > 0 there exists a constant ¢ > 0, which depends only on § and Leb(C),
such that:
dl

The following two lemmas informally state that conjugation-invariant random per-
mutations are, in some sense, “locally uniform”.

PN c‘ — Leb(C)

> 8) <exp(—cn).

1
n
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Lemma 3.3 Let t be a cycle type and P be a geometric construction. If I, J are two
essentially disjoint intervals of [0, 1] then the set P N (I x J) is a (random-sized)
family of i.i.d. uniform pointsin I x J.

Proof It suffices to prove the lemma for each set P, . Fix (p, k). Note that if some

point (Uf”k, U;Jfk]) isin I x J then a.s. neither (Ull;kl, Ué’k) nor (U;Jfk], Uﬁsz) are

in I x J, where all exponents are taken modulo p in [p]. Moreover, (U [[,’ U lljkl) is
independent of

Pra \ (U UL ). (Ul U (UL Ui

Thus for any [, ..., [}, the event

{Pp,k NUx D) ={Upe U (U U;{Zl)}}

is either negligible or essentially rewrites as

Ul UMY erxd L (U U e Txd
(D) P\ (U8 U)o U U ) = 0

Conditionally on this event when it is non-negligible, these points are i.i.d. uniform in
I x J. This concludes the proof. O

Lemma 3.4 Let t be a cycle type of size n and P = {(U,-, Usiy) 1 i € V,} be a geo-
metric construction. Then conditionally given the unordered set {U; : i € V;}, the
following holds a.s.:

1. Perm (P) is a uniform t-cyclic permutation.

2. If 1, J are two essentially disjoint intervals of [0, 1] then, conditionally given
[P NI x J)|, the permutation Perm (P N (I x J)) is uniformly random of size
PN x J).

Proof The conditional law of P given {U; : i € V;}canbe a.s. re-described as follows.
Sort{U; : i € Vi}asU(y < - -+ < Uy, let p be auniformly random bijection from [7]
to V;, then set V; := U1, forany i € V;, and finally P = {(V;, Vo)) : i € Vi }.
The first claim then follows from the same argument as in the proof of Lemma 1.3.
For the second claim, notice that P N (I x J) is a random subset of the finite
grid {(U(i), U(j)) 1i,j € [n]} N (I x J). Consider 0 < m < n and indices

i1y« sim, J1s - .» jm € [n] such that for each r € [m], Ug,) € I and U(j,) € J.
The sets of indices {i, ..., i} and {j1, ..., jm} are then a.s. disjoint. Furthermore,
the probability

P (Vr € [m], (Ug,),Ug,)) € P) =P r € [m],
(Voins Vo) € P =P (Vr €[ml, p(j,) =s(p(pr)))
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only depends on iy, ..., iy, ji,..., jm through m. This readily implies that condi-
tionally given {U;,i € V;}and |P N (I x J)|, the permutation Perm (P N (I x J)) is
uniformly random. O

4 Proofs of the results on monotone subsequences
4.1 Decreasing subsequences

Proof of Theorem 2.1 Throughout the proof we fix § > 0 and let P be a geometric
construction of ;.

Upper tail bound: Suppose, without loss of generality, that 6 = 1/ for some integer
B. Fix an arbitrary integer K > 1682 and set Ax := 1/K. Slice [0, 1]? into a regular
grid (C,-,j) I<i j<K made of square cells

Cij =[G —1Ax,iAx] x [(j — )Ax, jAx].

Notice that any down-right path of points can only visit at most one diagonal square
cell C; ;. Therefore:

LDS(t,) = LDS(P) < LDS(73) + max LDS (P N Ci;) )

<i<K

where P is the restriction of P to the cells C;,j with i # j. For each i, Lemma
3.1 asserts that P N C; ; is a superposition of three (correlated) random-sized sets of
1.i.d. uniform points in C; ;. Writing L,, for the LDS of a uniform permutation of size
m, we obtain:

. 26
P (LDS(P NCii) > 23@) <3 max P (LDS(P(-’) NGiJ) > ?ﬁ)

=J=3

26
<3 max P(L'P(j)ﬂci‘i| > ?ﬁ)

1<j<3

Since each size [PY) N C; ;| is stochastically dominated by Binom (n, K %) and the
variables L,, are stochastically nondecreasing in m, this yields:

26
P( max LDS(PNC; ;) > 26«/5) < 3KP (LBinom(n,K2) > ?\/ﬁ> . 3

I<i<k
First off, Chernoff bounds imply
P (Binom (n, K_z) > ZnK_z) < exp (—csn) 4)
for some constant ¢s > 0 which depends only on § and whose value may change
throughout the proof. Then, since 2+/2K ~! < +/282/8 < 25/3, [35, Theorem 2]

implies
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—_
)

DO W = Ct & 1 0o ©

e—

Fig.3 Representation of the down-right sequence of cells (highlighted) encoded by the admissible sequence
((10,8), (8,7), (5, 4), (4,4), (4,2)), with K =5 and =2

268
P (LGKz > ?ﬁ> < exp (—cs/n) 3)
for some other ¢s > 0. From Equations 3 to 5 we deduce

P < max LDS(PNC;;) > 28\/_> < exp (—cs+/n)

1<i<K

for some constant ¢s > 0. Then by (2):

(LDS(t,,) > 2(1 +35)f) <P (LDS(P) > 2(1 +28)y/n) + exp (—cs+/n) 6)

To study the remaining term, we can broadly rewrite the proof of [9, Lemma 9]. Set
Ay := Ax/B = 1/(Kp) and slice [0, 1]? into a thinner grid (C; ;)
made of rectangular cells

1<i<K,I<j<Kp

Cij =1 —1)Ax,iAx] x [(j — DAY, jAY].

Say a sequence of indices (a,b) = (a;, bi)1<i<k is admissible if it satisfies 1 <
bit1 <ajy1 <bj <a; < KBforalli € [K — 1]. Informally, it encodes a down-right
sequence of cells where a;, resp. b;, is the highest, resp. lowesthell in the i-th column.
See Figure 3 for a representation. Fix such (a, b) and write P, 1) for the restriction
of P to the cells associated with (a,b). Foreach 1 <i < K, write

R = — 1)Ax,iAx] x [(b; — 1)Ay,a;Ay]
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for the i-th column of (a, b), and set h; := a; — b; + 1. Since (a, b) encodes a
down-right path, we can write

K
LDS(Pap) < ZLDS(fs NR). (7

i=1

Furthermore, at most one column R; can intersect the diagonal square cells C; ;. When
this happens, write io for the corresponding index, and arbitrarily setip := 1 otherwise.
Now notice that, by the Cauchy—Schwarz inequality:

K'Y hidxAy < JKAxAy(K + KB) =1+

i=1

where the middle inequality is obtained by noticing that a down-right path has at most
K + K B cells. This yields

K
1428 >8+VT+8)  VhiAxAy. 8)

i=1

Using Equations (7) and 8, we deduce:

P (LDS(Pap)) > 2(1 +26)/n) <P (31’ £ip, LDS(PNR;) > 241+ Sa/nh,‘AxAy)
+P (LDS(P N R;,) > 26¢/n). o)

We can decompose the family PN R;, = (PN A)u (PN B) into its points above and
below Cj, ;.. Since we have Leb(A) < Ax < 82/16, Corollary 3.2 yields:

82
P (|73 NA|l> 1—6n) < exp(—csn),

and likewise for B. Lemma 3.3 asserts that the sets P N A and P N B consist of
i.i.d. uniform points, hence:

P (LDS(P N R;y) > 263/n) <P (Lipnaj > 8/n) + P (Lipap) > /1)

<2P (L 2 > 8ﬁ> + exp(—csn).

6"

Therefore, by [35, Theorem 2]:
P (LDS(P N R;,) > 28+/n) < exp (—es/n) . (10)
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The first term of (9) is handled in a similar way. If i # ip, by Corollary 3.2:
P < [ PNR;| > (1+ %)nhiAxAy> < exp (—csn).

We can then use Lemma 3.3 and [35, Theorem 2] as before:

p (Eli £ i, LDS(P N R;) > 241 F 5\/nhiAxAy)

< Kexp(—csn) + Krir;g;(P (L(H-%)nh,'AxAy > 24/1+ 8\/nhl~AxAy)
<exp(—csv/n). 1D
Finally, putting together Equations 9 to 11:
P (LDS(Pap)) > 2(1 +28)/n) < exp (—cs</n) .

Since any down-right path of points defines an admissible sequence and the number
of admissible sequences is bounded by (K 8)?X, we deduce:

P (LDS(75) > 2(1 + 28)Jﬁ> < exp (—cs /)
for some constant ¢ > 0 which depends only on §. Using (6), this concludes the proof
of the upper tail bound.
Lower tail bound: Define C := [0, 1/2] x [1/2, 1] and C* := [1/2, 1] x [0, 1/2].
Then:
LDS(P) > LDS(PNC) +LDS(PNCH).
We can apply Corollary 3.2 to obtain
P ( PNC| < (1— 5/2)%/4) < exp (—2csn)
for some cs > 0. Therefore, by Lemma 3.3 and [10, Theorem 1]:
p (LDS(P nNey < (1— 5)\/5) < exp(—2csn) + P (L(l_(;/z)z,,/4 <2(1— a),/n/4)
< exp(—csn)
and likewise for C*. Finally:
P (LDS(r,,) < 2(1—5)\/5) <P (LDS(P ne) < (1—5)\/5)
4P (LDS(P ncH < —a)ﬁ) < exp (—csn)

for some c5 > 0, as desired.
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Convergence in probability readily follows from these inequalities. To obtain
LY convergence for all ¢ > 1 we simply need to prove boundedness in n of

E [(LDS(tn)/\/ﬁ)ql] for any ¢’ > 1. This follows from

E[(LDS@)/Va)! | = @+8)7 + (r/m exp (—esv/n) = O (1)

where § > 0 is arbitrary. This concludes the proof of Theorem 2.1. O

Proof of Corollary 2.2 We work conditionally given ™. Then for each n, T, is a uni-

form ¢™-cyclic permutation. Let 7 be a geometric construction of 7, and P be its
points outside the diagonal. Define 7™ as the cycle type (0, t(”) ("), .) of size
n=n-— t1 ") Then according to Lemma 1.3, 7, := Perm (73) is a uniform 7 -cyclic

permutation. Since fixed points contribute at most 1 to LDS(t,), we can write:
LDS(%,) < LDS(t,) < 1+ LDS(%).

Thus by Theorem 2.1, for any § > 0 there exists a universal constant ¢s > 0 such that
for any n:

P (LDS(r,,) > 2(1 + 5)@) <E [P (LDS(fn) > 2(1 + 8V ‘N’))]
<E [exp (—csx/rtz)] s

and likewise for the lower tail bound. If 77 — oo in probability then the right-hand
side goes to 0 as n — 00, and this proves convergence in probability. Convergence in
L4 follows as in the proof of Theorem 2.1, bounding LDS(z,,) above by n — " + 1
and using the fact that the previous tail inequalities hold a.s. conditionally given .

]

4.2 Increasing subsequences

The study of increasing subsequences is subtler than that of decreasing ones in our
geometric construction. Indeed, while down-right paths tend to stay away from the
diagonal of [0, 1]?, allowing us to use Lemma 3.3, up-right paths tend to stay very
close to it. Consequently, we settle for mere bounds here.

Proof of Proposition 2.3 Fix § > 0. Let P be a geometric construction of 7, as in
Lemma 1.3.

Lower tail bound: Set K = [2/48] and let (C; j)1<; j<k be a regular square grid
defined by

Cij=1G=D/K,i/K]x[(j=D/K, j/K].
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Then:

K—1
LIS(t,) = LIS(P) = Y " LIS(P N C; 1) (12)
i=1

Using Corollary 3.2, there exists ¢s > 0 such that:
P ( PG| < (- 8/2)211/](2) < exp (=2c5n) .

Then by [10, Theorem 1] along with Lemma 3.3, denoting by L,, the LIS of a uniform
permutation of size m:

) 2
( \/_ ) <P (L(13/2)2n/1<2 <=9 K{’i)

+exp (—2csn) < exp (—csn)

since 1—;/ 2> [1(;_5] Finally, using Equation (12):

P(LIS(rn)<(1—a)2ﬁ) < (K1) max (LIS(POC, ) < ( Zf)
<i<

< exp(—csn)

for some ¢5 > 0.
Upper tail bound: For this, simply use Lemma 3.1 and a rough union bound. Since

LIS(t,) = LIS(P) < LIS(PW) 4+ LIS(P?) + LIS(P®),

we can use [35, Theorem 2] to deduce

p (LIS(rn) > (14 8)2x/3_n) <3P (LWH] > (1+ 5)2,/;:/3) < exp (—cs/n) .

for some c¢s > 0. This concludes the proof. O

Proof of Corollary 2.4 The method is the same as in the proof of Corollary 2.2, using
rather the bounds

max (rl n) LIS(r,,)) < LIS(r,) < " + LIS(%,)

and discussing whether t(n) > (1 — 8)2./n for the upper tail bound. O
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5 Proofs of the results on Robinson-Schensted shapes

In [36], Sjostrand studied the limit RS shape of so-called locally uniform permu-
tations. The latter are random permutations of the form o, = Perm (P,) where
Pn={Z1,...,Z,}arei.i.d. random points distributed under some absolutely contin-
uous distribution p. In particular, he proved [36, Theorem 10.2] that the limit

1
lim —LDS, /; (on)

n—-oon

exists for any > 0. It is denoted by Fiax (), where the dependence in p is implicitly
understood, and is characterized by some variational problem:

Frax(r) = sup Fy(u).
ueldo » ((0,1)2)

Precise definitions are postponed to Section 5.1. The approach in [36] relies on a
shift in point of view: instead of looking for large r/n-decreasing subsequences in
oy, one looks for suitable functions w, € U, s ((0, 1)?) that “fit” the point set P,.
The quantity F,(u) is constructed so that it can be thought of as a “score” associated
with u, that is, a measurement of how well the function u should fit the decreasing
subsequences of P, after rescaling. [36, Proposition 4.5] shows that the function F),
can be used to locally approximate LDS, ; (0,); it is also reformulated in handier
terms into [36, Lemma 8.2] which yields a global upper bound, and [36, Lemma 6.3]
which yields a local lower bound.

The difference between our setting and Sjostrand’s is that the points of our geometric
construction P are not globally independent. Nonetheless, they are locallyi.i.d. thanks
to Lemma 3.3, allowing us to use the same techniques as in [36]. Moreover, the local
sampling density is constant in our case (p := 1), thus greatly simplifying several
steps of the proof.

This section is organized as follows. First, in Section 5.1, we recall the definitions
and results from [36] that will be relevant in our setting. Then, in Section 5.2, we
illustrate them with the case of i.i.d. points sampled uniformly inside an arbitrary
domain. Our contribution comes in Section 5.3, where we use these results to establish
Theorem 2.7, and finally Corollary 2.8.

5.1 Preliminaries

Let © be an open subset of R%. If u : Q — R is Lebesgue-measurable, write ||u | 1.Q =
/; o lul dLeb for its L' norm. Recall that we use the partial order on R? defined by:

(x,y) < (x’,y) ifandonlyif x <x'andy <y’
Then, we call u doubly increasing if u(x, y) < u(x’, y’) whenever (x, y) < (x', y').
Denote by U/(£2) the set of doubly increasing functions on €2, and by U, - (£2) its subset

consisting of functions with values in [/, h + r]. For any u € U(2), define
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- ulzy) = | |

- ulzy) =2 A
A u(z,y) =1

Fig.4 Left: adoubly increasing functionu € Uy , ( (0, 1)2 forsome 3 < r < 4, withits integer level lines.

Darker colors indicate greater values of u. The set D () is highlighted in red. Right: in red, a 3-decreasing
point set P. The function « p indeed satisfies D(kp) = P. Its values range from 0 to 3, with lighter colors
indicating lower values and darker colors indicating higher values

D) = {(x,y) €Q: ulx,y) € Zandu(x', y)

<u(x,y) forany (x', y') € Q\ {(x, )} s.t. (', y) < (x, 0}

In words, D (u) is the set of “‘south-west corners” in the integer level lines of u. Also, if
P is afinite subset of @, definekp : (x, y) € Q > LIS (P N ((—00, x] X (=00, y])).
See Figure 4 for an illustration.

It is easy to check that if u € Uy ,(£2) then D(u) is an |r]-decreasing subset of €2,
see [36, Lemma 6.2]. Reciprocally, one can also check that if P is a k-decreasing subset
of Q2 then « p is in Up 1 (£2) and satisfies D(kp) = P, see again [36, Lemma 6.2]. Now,
if P is a finite point set in €2, recall that LDS; (P) can be expressed as the maximum
of [P N P| where P ranges over k-decreasing subsets of 2. Subsequently, by [36,
Lemma 6.2]:

LDSi(P) = glaxm |D(u) NP|.

ueto k

We shall use this equation after rescaling, that is:

LDS, ;(P)= max |D(w/n)NP|. (13)
wello, ()

The main tool that we will use from [36] is a function Fq : U(2) — R that
serves as a “score” associated with u: the quantity Fq(u) is a limit approximation of
% |D(wﬁ) N o, |, where oy, is a homogeneous Poisson point process with intensity
n on 2 and w is close to u. The definition of Fg hinges on the following lemma:

Lemma 5.1 (Theorem 3.2 in [36]) For 8 > 0, define
Qp = {(x,y)eR2 : O<x+y<«/§and0<y—x<,3«/§}.
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Fory > 0, let o, be a homogeneous Poisson point process on R? with intensity y . Then
foreachr > 0, as B and y tend to infinity, the random variable #LDS, N (oy N 52,3)

converges in L' 10 a constant ¢ ().

Then, for @ > 0, define L(0) := ¢(+/26). Finally, recall that each u € U(2) admits
partial derivatives almost everywhere, and define Fqo(u) = ||L(dxu dyu)ll1 o. The
following two lemmas justify the aforementioned idea that Fq(u) can be interpreted
as a score associated with u:

Lemma 5.2 (From Lemma 8.2 in [36]) Let 2 be an arbitrary open subset of R%, and
let 0, be a homogeneous Poisson point process on 2 with intensity n. Then for any
u € UQ) and any € > 0, there exists 5 > 0 such that, with high probability as
n — oo:

1
sup — |D(wﬁ) N a,,| < Fq(u) + €.
weld(Q), [lw—ull;.o<8 1

Lemma 5.3 (From Lemma 6.3 in [36]) For a, b, B > 0, define
Qupp = {(x, y) €R? : |ax + by| < 1 and |ax — by| < ,3}
and for ¢ > 0, define
Ugpe: (X,Y) € Qqpp > clax + by).
Let 0, be a homogeneous Poisson point process on Qg p, g with intensity n. Then with

high probability as n — oo, for any d € R, there exists w™ € Ua,2¢(Ra,p,p) such
that:

1 6
— ‘D (w(")ﬁ) N 0,,‘ > Fo,,p (Ma,b,c) - ELeb (Qa,b,ﬂ) ,
n b,

or equivalently:

) ‘D (w(”)ﬁ) Noy,

n-Leb (Qa,b,ﬂ

6
> L (ca-ch) — —.
> L (ca - cbh) B

Contrary to Lemma 5.2, which yields a global upper bound, Lemma 5.3 yields a
local lower bound. In order to get a global lower bound, the broad idea is to cover most
of the global domain €2 by a family of adequate local parallelograms, apply Lemma 5.3
on each of them, and carefully “patch” the resulting family of local doubly increasing
functions into a global one. Let us introduce some notions from [36] to that aim.

Throughout, 2 denotes an arbitrary open subset of R2.
Ifu e U(R) and ¢ > 0, we call (u, ¢)-parallelogram any parallelogram P of the
form

P:{(x,y)e]RZ:

il (x —xp) +55(y - )’P)‘ <cp and |7 (x —xp) —55()’ - )'P)‘ < CP}
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where (xp, yp) is a differentiability point of u, cp > 0, ﬁf = 3V dulxp, yp)
and i?f =3V dyu(xp, yp). We write uf and u;J for the partial derivatives of u at
(xp, yp), and say that P is well-behaved if ul = u¥ and uf =ul.

Lemma5.4 (Lemma 7.4 in [36]) Let P be a (u,t)-parallelogram. Then for each
(x,y) e P:

lx —xp|+ |y — ypl < cp(l+ 0.

Lemma 5.5 (FromLemma7.7in[36]) Letu € U() ande > 0. Foreach(Q <1 < 1/2
there exists a measurable subset S, C Q on which u is differentiable, and a finite
collection B, of disjoint (u, v)-parallelograms, such that:

(a) S, S UPG‘»BL P;
(b) dxu and dyu are bounded on | Jo_, -1 > Si;
(c) Leb(2\ S) < €+ o0,(1);

and for each P € ‘B,:

(Cl’) P g Qa}’ld (va yP) € SL;
(f) forall (x,y) € P:

ux, ) = (uGep, yp) + = xp)ul + (v = ypul )| < (e = xpl +1y = yp s

(g) #(P)Fp(u) - L(ufuf) <L

In words, the set S, covers most of the domain €2, and on each parallelogram, the
function u is almost linear and the function L(0yu dyu) is almost constant. This will
allow use to use Lemma 5.3 on each parallelogram. Then, patching the resulting local
doubly increasing functions into a global one will mainly rely on item (f) above and
on the following lemma:

Lemma 5.6 (FromLemma9.1in[36]) Let S be an open subset of 2, and letu € U(S).
Then, there exists w € U () such that w|s = u and u(S) = w(Q).

Finally, let us state a lemma about parallelograms that we could not find explicitly
stated in [36] but that we will need nonetheless:

Lemmab5.7 Letu € U(R), 0 < ¢ < 1/2, and P be a (u, v)-parallelogram. Let P’
denote the open parallelogram obtained by shrinking P by a factor 1—2t in width and
height, that is:

~P P
P = {(x,y) eR*: u—"(x—xp)Jr—y(y—yp) <1
(1 —20)wcp (1 —20)cp
~p ~P
uy u, 1
and | e & T T A e, Y TP L}'

@ Springer



272 V. Dubach

Let (x1, y1) < (x2, y2) such that (x1, y1) is in P" and (x2, y2) is on the boundary of
P. Then necessarily (x2, y2) lies on the northeast boundary of P, that is:

il (x2 —xp) + Zff(yz —yp) =tcp.

Proof Obviously, (x2, y2) cannot lie on the southwest boundary of P. Assume that it
lies on the northwest boundary of P, that is:

iy (xa —xp) — @y (y2— yp) = —cp.
Since (x1, y;) € P/, we have that:
iy (x1 —xp) — iy (yi — yp) = —(1 = 20)cp,
whence:
0y (yy—yp) =1L (xa— xp) +cp = 0y (x1 — xp) +cp = i} (y1 — yp) + 2ucp.
Therefore:

(o —xp) +iy (y2— yp) =0y (x1 — xp) + 10y (yi — yp) + 2tcp

> —(1 — 20)iwcp + 2icp = wep + 21%¢p,

contradicting the definition of P. The computation works the same if we assume that
(x2, y2) lies on the southeast boundary of P, and this concludes the proof. O

5.2 The uniform case

Now, let us illustrate the results recalled in the previous section with the case study
of i.i.d. uniform points inside an arbitrary domain. Note that this is a much simpler
framework than the one considered in [36] (since here we have p = 1), and that
Theorem 5.8 below is wholly contained in [36, Theorem 10.2]. Nonetheless, stating
it and recalling its proof will be useful for our proof of Theorem 2.7.

Theorem 5.8 (From Theorem 10.2 in [36]) Let Q be an arbitrary open subset of R?,
and let o, be a homogeneous Poisson point process on 2 with intensity n. Then for
each r > 0, the following convergence holds in probability as n — oo:

1
—LDS,ﬁ(o,l) —  sup Fqu).
n ueld, ()

Proof Fix r > 0. Thanks to Equation (13), our goal is to bound |D(wﬁ) N a,,|
above and below, uniformly over w € Up - (S2). Fix € > 0. As stated in the previous
section, the upper bound uses Lemma 5.2 whereas the lower bound uses Lemma 5.3
and requires more work.
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Upper bound: For each u € Uy ,(€2), use Lemma 5.2 to find 6, > 0 such that:

sup 1 |D(w/n) Noy| < Fou) + € (14)

weldo, (), [w—ull;, o <8y

holds w.h.p. as n — oo. Write B, := {w eUo, () : lw—uliq< 8,,}. Then let
us use [36, Proposition 9.2], which states that U4 , (€2) is compact for the L' metric.
Since the open subsets B, cover Uy, (2) when u ranges over Uy , (€2), there is a finite
subcover

u(),r (©) < Bul U"'UBuk~

By applying (14) to uq, .. ., ux, we get that

1
sup — |D(wﬁ) ﬂon‘ < sup Fo(uj)+e (15)
weldy ,(2) 1 1<j<k

holds w.h.p. as n — oo.

Lower bound: This bound is broadly contained in the proof of [36, Lemma 10.1]. Fix

u € Up,»(R2). Wewishto find w,, € Uy, () suchthat 1 | D(w,v/n) Noy| = Fo(u)—e

holds w.h.p. as n — oo. _
Foreach 0 <t < 1/2, let S, and ‘B, be given by Lemma 5.5. Denote by 3, the set

of well-behaved parallelograms in 33,. For each P € B,, let up € U(P) be defined

by

forall (x,y) € P, dip(x,y) :=uxp, yp) + (x —xpuy + (y = yp)uy

if P e 53“ and by up := ulp it P € P, \ ‘:]v3l. For each P € ‘B, let P’ denote the
open parallelogram obtained by shrinking P by a factor 1—2: in width and height, as

in Lemma 5.7. Now, For each P € ‘[3,, let us apply Lemma 5.3 to the linear function
S S N oy
T (1-20)wcep’ T (1-20)wep?
c:= (1 —2)wp,and B := 1/t. We get that, w.h.p. as n — 00, there exists wgl) €

Un(xp,yp)—(1=20icp,2(1—=20cp (P') such that

iip on the domain P’, with corresponding values a

1
n - Leb(P') ‘ wp~/n) N on

> Ll ul) —o/(1) (16)

where 0,(1) — 0 as ¢ — 0, uniformly in P and n. By [36, Lemma 4.9] and item (b)
of Lemma 5.5, the function L is increasing and uniformly continuous on the bounded
set

[, ) dyuce ) = o e

5.}
O<t<1/2
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and satisfies L(0) = 0. By definition, forany P € &]3[\‘3‘31 we have min (uf, uf) <3,
and thus L(uP P) < L(M3) = 0,(1) where M > 0 is the absolute bound given by

item (b) of Lemma 5.5. Therefore, for each P € P, \ ‘Bl and any w(") € U(P),

Equation (16) trivially holds (with an adequate o,(1)).

For fixed ¢, under the event that wg')

exists for all P € ‘}NSL, deﬁne a function w,,
on UPe‘B P U (Q \Upes, ) as follows: w,, coincides with w ) on P’ for each

P € ‘,]3“ whereas is coincides with u on Q \ | Pef, p (we use the notation P to
denote the interior of P). Let us check that w, is doubly increasing on this domain.
First consider (x1, y;) < (x2, y2) such that (x|, y;) € P’ for some P € 3, and
(x2, y2) is on the boundary of P. According to Lemma 5.7, we have:

iip(x2, y2) — u(xp, yp) = (x2 — xp)uy + (y2 — yphuy = icp. (17)

Since wi’?’ € Uu(xp,yp)—(1-201cp,2(1—200cp (P') and (x1, y1) € P’, we have:

‘w(")(m y1) —u(xp, yP)‘ < (I = 20cp. (18)

Also, using item (f) of Lemma 5.5 and Lemma 5.7:

‘wf:)(xz, y2) —up(x2, }’2)‘ = [u(x2, y2) — up(x2, y2)|

< (x —xpl+1y—ypD
<cp(1 4003 < 2cpl. (19)

Finally, putting Equation (17) to 19 together:

w (2, y2) — w (xr, y1) = ip(xa, y2) — ulxp, yp)

=W e v = uten, v

- ‘wgl)(xz, y2) — up(x2, yz)‘

>1wcp — (1 —20)wcp — 2CPL2 =0,

that is, w,,({g, v2) > wy(x1, y1). If (x1, y1) < (x2, y2) are such that (x2, y») € P’ for
some P € ‘B, and (x1, y1) is on the boundary of P, it can be proven in the same w ay
that w;, (x2, y2) > w,(x1, y1) Since wy, is doubly increasing on each P’ for P ' € Pty
and also on Q \ Jp e, P, and since the parallelograms forming the family ‘1’3[ are
disjoint, this suffices to prove that w,, is doubly increasing on its domain of definition.

Using Lemma 5.6, the function w, can be extended from
Upeg, P’ U (Q \Upeg, P) to 2, and we still write w, € U(SQ) for this func-

tion. Since u € Up - (£2), by construction we also have that w, € Uy (€2). Using (16),
we can write w.h.p. as n — oo:
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%}D(wnﬁman{ =y %{D(wnﬁmanw’}z > Leb(P) (L@l ul) = ouD))
PeB, PeP,
(20)

where 0,(1) is independent of P and n. By item (g) of Lemma 5.5:
> Leb(PHLufub) = (1=20)2 > Leb(P)Luful) > (1—2L)2FU%P(M) — o (D).

PepR, PesB,
(21)

Let us also use [36, Lemma 4.9], which states that 0 < L(dyu dyu) < 1. Along with
items (a) and (c) of Lemma 5.5, we get:
Leb | | P | =Leb(Q) —e—o (D).

PeR,

This implies FUsp pw) > Fqo(u) — e — o,(1). Along with (20) and (21), for small
enough ¢ this yields:

1
~ |D(wav/n) Noy| = Fa(u) —2¢
n
w.h.p. as n — oo. Since this holds for abitrary u € Uy (2), we get that:

1
sup  —|D(w+/n)Noy| > sup Folu) —3e (22)
weldp,, () 1 uelly, ()

holds w.h.p. as n — oo.
Putting Equation (15) and 22 together, we deduce that:

1
sup  —|D(w+v/n)Noy| —  sup  Fo(u)
weldy () 1 ueldy,r ()

in probability as n — oo. Thanks to (13), this concludes the proof. O

Theorem 2.6 can in particular be applied to the domain Q = (0, 1)?. Using Theorem
5.8, this yields the formula:

Fisgkv(r) = sup  Fg 12 (). (23)
uelly, ((0.1)2)

@ Springer



276 V. Dubach

By

Fig. 5 The bands defined in the proof of Theorem 2.7. On each A; and each B;, P is almost distributed
like a homogeneous Poisson point process

5.3 Application to our setting

We are now ready to prove Theorem 2.7. Thanks to Lemma 3.3, the proof is very close
to that of Theorem 5.8; the main difference is that we need to work individually on a
family of rectangular domains which do not intersect the diagonal of (O, 1)2, and we
combine them together with the same techniques as in the proof of Theorem 5.8.

Proof of Theorem 2.7 Fix r > 0. Let P be a geometric construction of 7,. As in the
proof of Theorem 5.8, we wish to bound ‘D(wﬁ) N 7?| above and below, uniformly
over w € Up »((0, 1)?). Consider two essentially disjoint intervals 7, J of [0, 1] and
write A for the symmetric difference of sets. Thanks to Corollary 3.2 and Lemma 3.3,
one can construct a homogeneous Poisson point process with intensity n on  x J,
say oy, such that |0, A P|/n — 0 as n — oo almost surely.

Fix a large integer K, set € := 1/K?, and define bands

i—1 i i i i+1 i
Aj = s X 1 and B; := s x |10, ——
K+1 K+1 K+1 K+1 K+1 K+1

fori € [K], see Figure 5. These bands each fit in the setting of Lemma 3.3, and they

satisfy Leb(C) = %_H where C := (0, 1)2\ (Ul A; U Bi). Moreover, using Corollary

3.2 and Lemma 3.3 as above, one can construct a point process o, on (0, 1) such that:

1. for each i € [K], 0, N A; and o, N B; are both distributed like homogeneous
Poisson point processes with intensity n;
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2. o, coincides with P on C;
3. |lon AP| /n — 0asn — oo, almost surely.

From here, the arguments for the lower and upper bounds differ.
Upper bound: For each i € [K], we can apply Lemma 5.2 to 0, on A;. Hence for
each u € U(A;), there exists §,, 4, > 0 such that:

1
sup —|D(w\/ﬁ)ﬂanﬂAi|<FAi(u)+e

weld(Ap). w—ull1,a; <bu.,

holds w.h.p. as n — oo. The same holds with B; instead of A;. Moreover, a.s. for any
n:

1
sup —

1 1
|D(wv/n)No,NC| < =lo,NC|=—|PNC].
weld(C) n n

Moreover:

K K

Fo12(u) = Fc(u) + Z(FA,v (u) + Fp;(u)) > Z (FA[ (u) + Fp, (M)) .

i=1 i=1

By summing the previous inequalities we deduce that for each u € U ((O, 1)2), with
8y :=minj<j<k 8y A; N Su,B;:

1 1
sup — |D(w/n) Noy| < Fg12u) +2Ke+—[PNC]
weld (0,1)2), lw—ull; (o 12 <8 n

w.h.p. as n — oo. Therefore:

1 1 1
sup - |D(wv/n)NP| < F(O,l)z(u)—i-ZKe-i-ZIPﬂCI-i-

weld ((0.12). w—=ull; o )2 <bu

lon &P

n

w.h.p. as n — oo. Recall that € = l/I(2 and that % lon AP| — 0as.asn — oo.
Moreover, Corollary 3.2 implies that %IP NC| — Leb(C) = 1/(K + 1) as. as
n — oo. Hence for each u € U ((0, 1)2):

1
sup - \D(w\/ﬁ) N P| < Fo ) +4/K
weld ((0,1)?), lw—ully 1y2 <8u

w.h.p. as n — oo. Using the fact that U , ((O, 1)2) is compact for the L' metric, as
in the proof of Theorem 5.8, we get:

1
sup  — |[Dwv/n)NP| < sup  Fg ) +4/K 24)
wello, (0, "t uello,((0,1)2)
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w.h.p. asn — oo.

Lower bound: This bound is almost the same as the upper bound of Theorem 5.8,
mutatis mutandis. Fix an arbitrary u € Up,» ((0, 1)?); we wish to exhibit a well-crafted
wy € Uo,r ((0, 1)?) such that 1 |D(w,/n) N'P| = Fy 1)2(u) — € holds w.h.p. as
n — oo.

First apply Lemma 5.5 to each domain A; U B; fori € [K]. Foreach0 < ¢ < 1/2,
let S and P! be the resulting sets. Then define S, := Uieixy Siand P, := Userx) DL
Denote by ‘R the set of well-behaved parallelograms in ®B,. For each P € B,, let P’
denote the open parallelogram obtained by shrinking P by a factor 1 —2: in width and
height, as in Lemma 5.7.

Note that any parallelogram contained in A; U B; is either wholly contained in A;,
or wholly contained in B;. Since o, is distributed like a homogeneous Poisson point
process with intensity n on each A; and each B;, we can use Lemma 5.3: for each
P e ‘BL, w.h.p. as n — o0, there exists wP € Un(xp,yp)—(1—20icp,2(1—20)icp (P’) such
that

D (wf,?)\/ﬁ) No, NP

n - Leb(P’) ‘ > Lufuy) = o,(1) (25)

where 0,(1) — 0 ast¢ — 0, uniformly in P and n. This also holds for any P € 53, \‘iﬁ
and any wg’) € U(P'), for the same reason as in the proof of Theorem 5.8.

Under the event that wf,f) existsforall P € ‘1~3[, define a function w, on (_J P, P'U
((0 IDEA Upqu ) as follows: w, coincides with w(") on P’ for each P € B,,

whereas is coincides with u on (0, 1)% \ Up e P. As in the proof of Theorem 5.8,
one can check that w,, is doubly increasing. Then by Lemma 5.6, this function can be
extended to w,, € Up , ((0, 1)2). Therefore, using (25), we can write w.h.p.asn — oo:

% |D(wn/m) Now| = D % DM Now N Pz Y Leb(P) (L uf) = 0iD)  (26)
PeP, PepB,
where o,(1) is independent of P and n. By item (g) of Lemma 5.5:
> Leb(P)HL(ufub) = (1—20)2 > Leb(P)L(ufub) > (1—21)2FU%P(M) —o(D).
PeR, PeP,

27)

Let us also use [36, Lemma 4.9], which states that 0 < L(dyu dyu) < 1. Along with
items (a) and (c) of Lemma 5.5, we get:

Leb | [ JP ]| =Leb| | J 4UB;i | —Ke—0,(1)=1-2/K —o,(1).
P ielK]

@ Springer



A geometric approach to conjugation-invariant random permutations 279

This implies FU‘13 pu) > Fo1y2(u) —2/K — o,(1). Along with (26) and (27), this
yields:

1
D) Nou| 2 F ) = 2/K = 0,(1)

w.h.p. as n — oo, where 0,(1) is uniform in n. Take ¢ such that this o, (1) is less than
1/K . Using the facts that this holds for any u € Up,, ((0, 1)) and that |0, A P| /n —
0, we deduce that:

1
sup  —|[Dwv/n)NP| >  sup  F e —5/K (28)
weldy,((0,1)2) 7 uello,r ((0,1)2)

w.h.p.asn — oo.
Putting Equation (24) and 28 together, along with (23), we get that:
1
sup - |D(w\/ﬁ) N 73| — sup Fo.1)2(u) = FLskv(r)
weldo,((0,1)) ueldo, - ((0,1)%)

in probability as n — oo. Thanks to (13), this concludes the proof. O

Remark 6 With the same arguments as in the proof of [36, Lemma 10.1], we could
refine our proof of Theorem 2.7 to show that the longest decreasing subsequences of
P are located on the same limit curves as in the uniform case (see [36, Theorem 10.2
(a)] for a precise statement).

Proof of Corollary 2.8 Let P be a geometric construction of 7,,. Since each decreasing
subsequence of 7, contains at most one fixed point, we can write:

LDS (%) < LDSy(t,) < LDSi(%,) +k
for any £ > 0. Hence:

p(l

~LDS, /7 () = FLskv(r)

1
<P(|<LDS ~() - F
> E) < <‘ﬁ /i (Tn) — FLskv (r)

. en)
/i

where €, := € — == — ¢ in probability. Then by Theorem 2.7 and dominated
n—o00
1
r <

gLDSr\/g(fn) — FLsgv(r)| > €n>
_E [P ( !

~LDS, 5 (Ta) — Fiskv (r)

convergence theorem:

> €,

t(")>i| — 0,
n—oo

which concludes the proof. O
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6 Proofs of the results on records

6.1 High records

Lemma 6.1 For each n, let t") be a cycle type of size n such that tl(") =0, and P be
a geometric construction. Set C := [0, 1/2] x [1/2, 1]. Define Zj.n; = (Uleﬁ, V[gﬁ) as

the leftmost point in P, Zlcc:ﬂ = (U lgfz’ Vlecﬁ) as the leftmost point of P N C, and let

Zups ZL% be the upmost analogues. Those points are well-defined w.h.p. as n — 00
and:

(Wi V) 2, (. E) & Uy 2 28 n (1) =2 28

n—o00 n—o00

in distribution, where E, E' are independent Exp (1) variables. Furthermore, w.h.p. as
n — oo the inequalities Ul < Ulgﬂ < Vit hold.

Proof Recall from the geometric construction that the lists of x- and y-coordinates of
points in P are both equal to the same family {U;}; <), of i.i.d. Unif ([0, 1]) variables.
Thus Uy =: Uq) is their minimum and Vyp =: Uy, is their maximum. For any
s, t > 0 we have:

P(nUgy=s, n(1=Uyw) =1t) =P(Vi, U €[s/n, 1 —1t/n])

={0-=(G6+0/n)" — e Se .

This proves the first convergence in distribution. For the second one, use Lemma 3.3
and write, conditionally given |P N C|:

[PNC|
P (nUlgft > s) = (1 - S/l(/zj)> = (1 —2s/n)/PNCl.

According to Corollary 3.2, |P N C| is concentrated around n /4. This readily implies
P (n Ulgﬁ > s) — ¢ 3/2asn — oo,and proves the second convergence in distribution.
The third one follows similarly.

For the last claim, it suffices to note that Ujer; and Ulgﬂ are both op (1) whereas Vief
has distribution Unif ([0, 1]), and Ujery < Ulgft by definition. O

Proof of Theorem 2.10 Let P be a geometric construction of t,,. Decompose it into its
points outside the diagonal P and its points on the diagonal Pa. We shall use the
notation of Lemma 6.1, applied to the set P of size ii :=n — tl("). According to this
lemma, w.h.p. the point Zjf is above the diagonal A and the rectangle [Ulefi, Ulgft] X
[Vieft, V]ecft] does not intersect A. Likewise, w.h.p. the point Zy;, is above the diagonal
and the rectangle [chl;, Uypl x [Vu%, Vup] does not intersect A. Under those events,
the records of P are all contained in
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Fig.6 The zones in which we can find records (high ones on the left and low ones on the right)

(An10. V) | Wier UG  Vier VG U

C U W05 Ul x V5 Vel J (201 117).

This zone is shown on the left-hand side of Figure 6. Note that the rectangles
[Utett, Ul X [Viet, VSl and [US,, Unp] X [VS, Vip] may be flat, i.e. the identities
Ulett = Ulgﬁ and Vu% = Vyp may occur with non-negligible probability.

Invertly, all points of Px in [0, Uert]* U [Vup, 113, as well as the ones which are
high records in P N C, are high records in /P. From the previous two observations we
deduce the following inequality w.h.p. as n — oo:

|recT (P) — (recT (ﬁ N C) + Sn)

< ‘ﬁ n ([Uleft’ Uerdd X [Viet, Vlgft]>‘

+ ‘ﬁ N ([Ulg), Uypl % [Vu%’ V“p]>‘

where S, = |PA N o, U]eft]2| + |77A N [Vap, 1]2|. For any M > 0, we may apply
Corollary 3.2 to the rectangle [0, M /] x [0, 1] to obtain |75 N ([0, M /n] x [0, 1])| <

2M w.h.p. as n — oo. Since ﬁUlgft is tight by Lemma 6.1, it holds that Ulgft <
M /i with probability tending to 1 as M — oo, uniformly in n. This implies that

the random variable ‘75 N ([Uleft, Ulgft] X [ Vieft, Vlecﬁ])‘ is a Op(1). With the same

reasoning applied to 1 — Vu% and the corresponding rectangle, we deduce:

)recT P) — (recT (75 N C) + S,,)

= Op(1). (29)

Now it remains to analyze both terms in the sum. According to Lemma 3.3 and
Corollary 3.2, P N C is a family of i.i.d. uniform points in C, with size 7i/4 + op (i1).
We can thus apply Theorem 2.9 to deduce
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rec’ <75 N C) —logn

Jlogn

in distribution. Let us turn to the fixed points. P and P, are independent, so
(Uleft, Vup) and P are as well. Therefore, conditionally given (Ulet;, Vup), S, fol-

lows a Binom (t] , Uleft+1— Vup> law. Recall from Lemma 6.1 that

:ZON(O, 1) (30)

n (U]eft +1- Vup) = Gamma (2, 1) := Exp (1) * Exp (1)

in distribution, where Exp (1) * Exp (1) denotes the law of the sum of two independent
Exp (1) random variables. If tl(")/ﬁ = 0O()asn — oo then S, = Op(1) (use e.g. the
Bienaymé—Chebyshev inequality), whereas if tl(") /i — oo as n — oo then

v

2 s, — Gamma (2, 1) G1)

(") n—00

in distribution. Now we can use Equation (29) to 31 to identify three regimes in the
asymptotics of rec’ (P).

“Mostly uniform” regime: Assume ——7— — oo. Then logn ~ logn asn —

l ogn
(n>
oo, and since t< ") < n, we have t‘— — 0. Consequently the fluctuations of
na/logn
rec’ (P NncC ) dominate, and
T (P) — logii
rec! (P) —logn LN ).

/logﬁ n— 0o

“Mostly fixed points” regime: Assume

— Oasn — o0. Sincelogn < logn

11/4/10g n
()
and t(n) = n—n,wehave ——— — o0. Consequently the fluctuations of S,, dominate,
na/logn
and

7t

> (recT P) — logﬁ> — Gamma (2, 1).
n—0o0

»—-/-\

“Intermediate” regime: Assume

(n)

/—l«/@ — « € (0, 00). Thenlogn ~ lognasn —
(n)

=n —n, we deduce tl—() — 1/a. Thus we need to understand
na/log(n
the interplay between the limit laws of Equation (30) and 31. To do this, notice that

conditionally given (Ulen, ) the variables S, and P NC are independent. Recall

00, and since ¢;

that under this conditioning, S, follows a Binom (’1 , Uleft+1— Vup> law. According

to Lemma 3.4, the conditional law of Perm (77 ncC ) given (U]eft, Vup) = (U(l), U(n))
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and ‘75 nc ‘ is uniform. From this property we deduce independence of the limit laws
in Equation (31) and 30, whence:

rec’ (P) — log rect (7? N C) —log s,
7] = > Ko +op(l)
logﬁ (1~|—1/a+0(1))vlogn (I+a+o0(1)L '
— N (@O, 1) % Gamma (2, 1)
n—oo o + 1 o
in distribution, as announced. O

6.2 Low records

Lemma 6.2 For each n, let t" be a cycle type of size n such that tf") =0, and P be
a geometric construction. Fix € > 0 and define B, := [0, e/ﬁ] X [e/ﬁ, 1] and
B :=[e//n, 1] x [0, €//n]. Then

|P N B, |P N B}
LI T — 1

e\/ﬁ n—00 ’ eﬁ n—00

in probability. In particular w.h.p. we can define Z2 down = (U B yB

down’ " down
downmost point in P N B, and Zleﬁ = (Ulljﬁ, Vleﬁ> as the leftmost point in P N B}},
and they satisfy:

) as the

ex/ﬁVdﬁwn—eznjgoExp(l) : 6‘/—Uleft €2 —>Exp(1)

in distribution.

Proof By Corollary 3.2, [PNB,| is distributed like a sum of three
Binom ([n/3] +1, (1 — e/f) e/f) and likewise for B}. The first claim read-
ily follows from standard concentration 1nequa1ities. Then w.h.p. as n — 00, the sets

PN B, and P N B are non-empty and 7B Jown® Zl’g; are well-defined. According to
Lemma 3.3, cond1t10nally given [P N By|, the set P N B, consists of i.i.d. uniform
points in B,,. We can thus write, for any s > 0 and large enough n, conditionally given
[P N B,l:

B 2 B s 1 s P
P(eﬁvdown >s+4e€ ) =P<VdOWn > 7 +6/ﬁ> = (1 - mﬁ)

Hence P (eﬁvdﬁwn > 5+ 62) — e~¥ asn — 00. The same holds for Ulf;, and this
concludes the proof. O

Proof of Theorem 2.11 For each n, let 1™ be a cycle type of size n and P be a geometric
construction of 1™, Fix € > 0.
Case 1: Suppose 1" = O (V7).
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2 .
Define C,, = [O, e/\/ﬁ] . Then ‘P N C,| is distributed like a sum of three
Binom ([71/3] + 1, €2/71) variables by Corollary 3.2, and |Px N C,| follows a
Binom (tl(n), €/ «/ﬁ) law. Therefore, there exists §(€) = 00 (1), independent of n,
€e—

such that:

limsupP (PN C, # ) < (e). (32)

n— oo

Define B, := [O, e/\/ﬁ] X I:E/\/ﬁ, 1] and By := [e/\/ﬁ, 1] X [0, e/x/ﬁ].According

B
down

PN B, and Z5, = (Ulfft, Vg{:) as the leftmost point in P N BY. See the right-hand
side of Figure 6 for a representation.
Define the event E,, :={PNC, =0} N {75 N B, # (2)} N {75 N B # Q)}. Under

this event, all points which are low records in PN B, or in PN B are also low

to Lemma 6.2 we can define w.h.p. Z = (U (fjwn, lef)wn) as the downmost point in

records in P. Reciprocally, all low records of P lie in By, in B}, or in [e / N , Ulfft] X

[e/«/ﬁ, VB

down

]. Hence under E,;:

’re& (P) — rect (75 n Bn> —rect (75 n B:)

< [P ([ Uly] x [erVi V]|
(33)

Using Lemma 6.2 and the fact that 1" = O (v/n) we obtain:
‘P N ([e/\/ﬁ, Ug;;] x [e/\/ﬁ, VdﬁwnD‘ = Op(1)

as n — oo, for fixed € > 0. Thus it suffices to study the records in B, and B;;. We
can apply Lemma 3.3, Lemma 6.2 and Theorem 2.9 to obtain

rect (73 N Bn)
_ — 1

%]Og (I’l) n—oo

in probability, and likewise for B;. Using Equation (33) and 32 we deduce that for
any n > O:

rect (P) B

i 2
5 log (n)

n—oo

lim sup P ( > n) < é(e).

Since this holds for any € > 0, the desired convergence in probability follows.
Case 2: Suppose /1 = 0 (tl(")).
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Let Zx = (Ua, Up) be the leftmost point of Pa. Then it is standard that

1" U — Exp(1) (34)
n

in distribution. By Corollary 3.2 and since 71/(+"")2 — 0, w.h.p. it holds that 7 N
[0, Ur]? = ¢. Define two bands Ba := [0, Ua] x [Ua, 1] and BZ = [Up, 1] x

[0, UA]. Then under the event {75 N[0, Upl? = (()} we may write:
rect (P) = 1 + rec’ (75 N BA) + rect (75 N BZ) . (35)

Using Corollary 3.2 and Lemma 3.3 conditionally given Ua, P N By is a fam-
ily of i.i.d. uniform points in B whose size is distributed like a sum of three
Binom (Lﬁ/3j +1,UAr(1 — UA)) variables. The same holds for BY.
e Ifn=0 (tl(n)) then, by Equation (34), |P N Ba| and |P N BZ| are both Op(1)
as n — oo. Thus by Equation (35), rect (P) is also a Op(1).
(n)
o If tf") = o(n) then, by Equation (34),

ho
n
Therefore:

|P N Ba| —> Exp (1) in distribution.
n—0o0

log |P N Ba|
- —
log (n/tf'”) n—oe

in probability. In particular [P N BA| — oo in probability and we can apply
Theorem 2.9 to deduce:

rect (P N By)
— H
log |P N Bp| n—oo

in probability. The same holds for B, and the previous two equations along with
Equation (35) yield:

rect (P)
)
log (n/tl(")> n=oeo

as desired.

This concludes the proof of Theorem 2.11. O

Proof of Proposition 2.12 We use the same notation as in the proof of Theorem 2.11.
Recall that under E,;:

rect (P) — rec’ (75 N B,,) — rect (75 N B;‘) < Op(1) (36)
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where by Lemma 3.3, Lemma 6.2 and Theorem 2.9:

rect (75 N Bn) — %logn
— N (0, 1) (37)

/% logn n—oo

in distribution, and likewise for B. It remains to understand how rect (P N B,) and
rect (P N B}) are correlated.
(n)

Products of 2-cycles: Suppose that tl(") +2t, ' = n,i.e.that 7, is arandom involution
with ¢ 1(") fixed points. Then the sets PNB, and PN B are a.s. symmetric with respect to

the diagonal. Therefore, Perm <75 N B,,) and Perm <75 N B ) are a.s. inverse of each

other, and rect (Perm (75 N Bn>) = rect (Perm (75 N B )) almost surely. Using
Equation (32), 36 and 37 this yields:

¢ _
rect (P) —logn L N(0.4)
n— o0
,/%logn

as announced.
Products of 3-cycles: Suppose that 1(") + 3t3(”) = n, i.e. that 7,, is a random product of
3-cycles. We claim the following: conditionally on the event E,, and given the family
‘P N By, the permutation Perm (P N B;’l‘) has size |P N B,| and is uniformly random.
Let us explain why.

Set €, = e/«/ﬁ and D, := [0, 1]? \ (C,, UB,U B;f) Consider three indepen-
dent variables U, V, W distributed under Unif ([0, 1]). We may a.s. distinguish four
outcomes:

e U,V, W are all less than ¢,,, i.e. (U, V), (V, W), (W, U) all lie within C,;;

e U,V W are all greater than ¢,, i.e. (U, V), (V, W), (W, U) all lie within D,;

e at least one point, say (U, V), is in B,. Then either W < ¢,, in which case
(V,W) € B¥and (W,U) € Cy, or W > ¢,, in which case (V, W) € D, and
(W,U) € By.

This holds for each triple U31’ o U32’ o U; « in the construction of 2. Under the event Ej,,
only two possibilities remain: either Zé’ o Z%y i Zg’ « € Dy, or exactly one point is in
B, and another one is in B, and they share a coordinate. The conditional law of PN B¢
under E, and P N B,, can thus be described as follows: write P N B, = {(U;, V;)}; let
(W;) bei.i.d. Unif ([€,, 1]) variables; and set PN B, = {(W;, U;)}. One can easily see
that for any distinct uy, ..., u,, if Wi, ..., W, are i.i.d. Unif ([¢,, 1]) variables then
Perm (W1, u1), ..., (W;, u,)) isuniformly random (e.g. switching W; with W; shows
that this is the Haar measure on the symmetric group). This proves that conditionally
on the event E,, and given the family P N B,,, the permutation Perm (77 N B ) has size
|P N B,| and is uniformly random.

This claim implies that conditionally on the event E, and given the number
|P N By, the permutations Perm (P N B,) and Perm (73 N B,’;) have size |P N B,|
and are independent uniform. Using Equation (32), 36 and 37 we deduce:
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rect (P) — logn

— N(0,2),
1 n—00
/3 logn
and this concludes the proof of the proposition. O

7 Proofs of the results on pattern counts
7.1 Dependency graphs and asymptotic normality

We recall the notion of dependency graph, as introduced in [32]. Let (Z;);cy be a
family of random variables indexed by some set V. We say that a graph (V, E) is a
dependency graph for (Z;),cy if it has the following property: for any disjoint subsets
Vi, V5 of V which are not linked by any edge in E, the two families (Z;);cy, and
(Zi)iev, are independent.

Let 7 be a cycle type of size n, and £; be the graph defined in Section 1.3. The
following lemma is a direct consequence of the definitions.

Lemma 7.1 In the geometric construction of Lemma 1.3, the graph L, = (V;, &) isa
dependency graph for the variables (Z;);cy,.

Now we can use L, to construct another dependency graph. Let (E’) denote the set
of subsets of size r in V;. Define a graph (/‘; ’) with vertices (]j’) as follows: /1, J € (E’ )
share an edge if and only if there existi € / and j € J suchthati = jori ~ j in
L;. Using Lemma 7.1, it is straightforward to check that (lr:’) is a dependency graph
for the family of random variables ((Z;)ic/),. ¥y

The idea that the variables (Z;);c)), are “partly dependent” is motivated by the fact
that these graphs have low degrees: the degrees of £, are bounded by 2, and a rough
upper bound for the degrees of (Er’) is 3r (rfl) =0 (n’_l). We could then apply
[22, Theorem 2] to deduce asymptotic normality for the pattern count X (z,,), but we
rather use Stein’s method to obtain a stronger result.

Proof of Theorem 2.14 We aim to apply [20, Theorem 3.5], which is based on the
results of [8] and [34], to the decomposition (1) of X (7,). According to Lemma 7.1
and the discussion following it, (Lr’) is a dependency graph for the family of random
variables (lperm(zi‘,-el):ﬂ)le(v,). Thus we can use [20, Theorem 3.5] with B = 1,
D < 3r (rfl), and N = (’;) This yields the announced bound on the Kolmogorov
distance.

Now suppose Var [ X (7,)] = o2n? 1 4 o(n? 1y asn — oo, for some o > 0. If
o = 0 then

Xr(ty) —E[Xz(T0)] — 50

nr—1/2 n—00

in probability, by Bienaymé—Chebychev’s inequality. If o > 0 then the previous bound
on the Kolmogorov distance is a @(n~!/?). In particular it goes to 0 as n — o0,
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which implies convergence in distribution of the random variables. This concludes the
proof. O

7.2 Computation of the variance

Proof of Theorem 2.15 We only prove marginal convergence, for convenience. Joint
convergence is proved by the same method, using the Cramér—Wold theorem.

Fix a pattern 7 € &,. Throughout the proof we may omit the indices 7, p1, p2, n.
Thanks to Theorem 2.14, it suffices to compute the mean and variance of X := X (7).
Let P = (Z;)iey, be a geometric construction of 7,. The first idea is to approximate
X with a new variable

Y = Z lPerm(Z[,iel)=na
1e(M") indep.
where the sum ranges over all subsets I € (E’) which induce an independent
(i.e. empty) subgraph of L. Since the number of non-independent r-sized subgraphs
of £ isbounded by 2(r —1)(," ), almost surely itholds that | X — Y| < 2(-—1)(," ).
In particular E[X] =E[Y]+ O (n’_l) and «/Var [X] = /Var[Y]+ O (n’_l), S0 it
suffices to prove the desired result for Y. To do this, we shall rewrite Y while keeping
track of how many fixed points are picked in the sum.

Decompose V; as ViUV, uV3 where V,,, := {(p, k,[) € V; : p =m}form € {1, 2}
correspond to fixed points and points in 2-cycles, and V3 := {(p,k,I) € V, : p >
3} corresponds to all other points. Let Uy, ..., U, Vi, ..., V, be i.i.d. Unif ([0, 1])
random variables. For any ¢ € {0, 1, ..., r}, define:

l’Lq = P (Perm ((Ulv U1)7 ety (Uqa Uq)v (Uq+1, Vq-‘rl)v R (Ura Vr)) = JT) )

so that

.
r _
po=pht =" (q)p‘]’(l —pD) g

q=0

Define 7, := {I e (V) indep., |1 N V| = q} and ¢, := |Z,|. For any I € T, the
variables Z;, i € I are independent by Lemma 7.1, and P (Perm (Z;,i € ) =m) =
g Therefore, we can write EY = Z;:O 4 g - Since the number of non-independent

I e ()f’) is O(n"~!) and the total number of I € (]j’) with [I N V| =gq is

('V‘ ') ('Vr \Vi |> _ 1) + 0@ (n(1=p1)) 7 + o)
4N 7 r=)!

= (”) (r)pf (1=p1)"™ + o(n"172),
r q
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we deduce EY = (f)u +o(n"~1/2). It remains to study the variance of Y, and for this
we rely on the method of U -statistics developed in [19]. The idea is to decompose Y
using its univariate projections. First define:

r
Yi=Y-EY=D) Y ¢4(Z.iel) where ¢g(z1.....2) = perm(zy,...cr)=n — Kg-
q:O]EIq

Then set forany g € {0, 1,...,r—1}and z € [0, 1]2:

¢q(2) =P (Perm (U1, Uy). ... (Ug. Ug), Wgg1. Vag1)s - (Up—1. Vo) 2) = ).,
so that for any z € [0, 11%:

r—1

—1
Y@ =yl @ =Y (r . )p? (1= p1) "0, (). (38)

q=0

It follows from definition that for any I € Z, we have:

0g-1(Zj) — g if j e INVy.
Now forany I € 7, and (z;);es € ([0, 1]2)1, define the “residual function™:

¢iGiieD) =¢Giie D= Y (pg1) —ig) — Y. (904G —1tg) -

ielNV; iel\V

Notice that if the sum over i € I NV is non-empty then ¢ > 1ie.g—1 > 0.
A key property of ¢j is that its univariate projections vanish: for any j € I,
as. E [qb}"(Zi, iel) |Z.,~] = 0. This is checked directly by distinguishing between
j €Viand j ¢ V; to use (39), observing that most terms have zero mean and that
two of them cancel out. With this notation, we can decompose Y as:

.
Y=Y ¢jZ.ieD+) ) ( o ezt Y. wq(zi)—mq)
IE(‘:Y’) indep. q=0 IEIq ielNV; iel\V

=Y. +7Y.

When expanding Y*z, one can distinguish the pairs (/, J) of r-sized independent sub-
graphs of £, into three categories: the ones sharing no common vertex and connected
by no edge; the ones sharing exactly one vertex or connected by exactly one edge; and
the others. If (1, J) is in the first category then E [ (Z;, i € 1)¢*(Z;, j € J)] = Oby
independence (see Lemma7.1). If (1, J) is in the second category, write (o, 8) € I x J
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for the unique pair of connected or equal vertices. Then I \ {«} is independent of J \ {8}
and we can write a.s.:

E[¢](Zi.i € D$J(Zj.j € ) | Za, Zp]
=E[¢;(Zi.ieD | Z,|E[¢5(Z;,j € )| Zp] = 0.

In particular E [¢;‘(Zi, ielgi(Zj,je J)] = 0. Since the number of pairs in the
third category is bounded by 972(") ("), we deduce E [¥2] = O (n* %) asn — oc.

Thus v/VarY = v Vary + O (n"~1), and it suffices to study Y. Since > y=0Caltqg =
(:’)/1, +o0 (n’_l/Z), we can rewrite it as:

d r—1
Y = Z Zci,q‘qul(zi) + Z Zci,q%(zi) _ ”(’rl)li Yo (n’_l/z) ’

ieV) g=1 ieVi\V q=0

where the o is deterministic, and for any ¢ € {0,1,...,r}and i € V;, ¢; 4 is the
number of / € 7, containing i. These numbers satisfy, as n — o0:

ciqg = (PRGN + 00 = (1) (2D P! A= p 0+ o)

uniformly ini € Vy;
ciq = () T + 00 = (20wl A= p 0 o)
uniformly ini € V; \ V.

Then define
?::( " >Z(W(Zi)—ﬂ)~
r—1
iEVt
The previous calculation and (38) imply that ‘l? -Y ‘ = o(n"~1/2) as. for some

deterministic o, hence as before we just need to compute the variance of Y. Using
Lemma 7.1 we can write:

> Cov[v(z), v(Z))]
i,jeV,
D Var[y(Zi)l+ Y Cov [¥(Z), ¥ (Zs))]
i€V, i€V,
+ D (Cov [Y(Z). ¥ (Zsi))] + Cov [Y(Zi). ¥ (Ze-13)])
ieVs
= np) Var [y (U, U)]
+n(1=p)\Var [y (U, V)] + npaCov [y (U, V), ¥ (V, U)]
+2n(1=p1—p2)Cov [y (U, V), ¥(V, W)l + o(n)

s
=
| —
2N
~
| 3
S~
|
1§
1
Il
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where U, V, W are i.i.d. Unif ([0, 1]) variables. Thus Var [X] = ¢2n¥ ! + 0?1
with 02 := B/ as defined in the statement of Theorem 2.15. Thanks to Theorem
2.14, this concludes the proof. O

Proof of Corollary 2.16 Recall that conditionally given ", ,, is a uniform " -cyclic
permutation. Using Theorem 2.15, we can thus write for any x € R:

P (Xﬂ(rn) - (Z)Mﬁl < nr_l/2x>

=K [P (Xr[(fn) _ <n>uj[;1 < nr—l/2x (t(n)> >:| - gTI;IsI’Z(x)
r n n—oo

by dominated convergence theorem, where g2'*’? is the distribution function of

N (O, DN 2). Joint convergence is proved by the same method and the Cramér—Wold
theorem. o

7.3 Non-degeneracy for involutive patterns

Lemma 7.2 For any p € [0, 1] and © € &,, the function ¥%' is (r —1)-Lipschitz
with respect to the L'-norm on [0, 11%. Moreover, its restriction to {0} x [0, 1] is a
polynomial which is non-constant if py < 1 andr > 2..

Proof Write ¢ := wjf ! Recall the variables Z Iy enes 2, used to define ¢ . For any
z=(u,v),7 =@, v)el0, 1%

A

V() — ()| < P(Perm (21,...,2,_1,z> # Perm (21,...,2r_1,z/>).

Define B, ./ as the set of points in [0, 1]? having x-coordinate between u and u’ or

y-coordinate between v and v’. For the permutations Perm (2 Loeees Zr_1, z) and

Perm (2 Lsvvns 2,_1, 7 ) to differ, there needs to be a Z whose position with respect
to z (NW, NE, SW, or SE) is not the same as with respect to z’. Therefore:

r—1

V@ —yE)| <Y P (z c BZ,Z/) <=1 (lu— | + v =)

i=1

and v is indeed (r —1)-Lipschitz. Now fix v € [0, 1] and let Q be the number of Zl/ S,
i < r—1 on the diagonal A. The random variable Q follows a Binom (r —1, p1) law.
Now let g, jsw, JSE, JNEs JNW, ksw, kNE be nonnegative integers satisfying

qgef{0,1,...,r—1}

Jsw + Jsg + JNE + jNw +ksw +kng =7 — 15

ksw + kN = g (40)
Jsw + jsg +ksw =m(1) — 1;

JNE + jnw +kng =17 — 7w (1);

@ Springer



292 V. Dubach

(the last line is redundant, but we keep it for clarity). Under this condition we write
Ag.jx(v) for the event that O = ¢; jsw, jSE. /NE, jnw are the numbers of non-
diagonal Z;’s in each quadrant defined by (v, v); and ksw, kNE are the numbers of diag-
onal Zi’s lying southwest, resp. northeast of (v, v). If Perm (21, e, Z,_l, 0, v)) =
7 then Ay jk(v) is verified for some g, j, k satisfying (40). Moreover, conditionally
on Ay jk(v), the probability of this event does not depend on v. Indeed one can con-
struct a straightforward coupling between (2,-)15,-5,_1 conditioned on A, j k(v) and

(25)15,5,_1 conditioned on A, j k(v') such that a.s. Perm (21, (1) v)) =

Perm (2’1, s Zy 1,0, )) Therefore:

yo.v= Y P (Perm (21 ,,,,, Zr_1, (0, v)) - ‘ Aq,j,k(u)) P (Ayjx(v)
¢.jk st (40)

r—1 g r—qg—1
= > Cﬂ,q.j,k( p )P?(l—m)'ﬂ”(. L >

2k st 40) JSW JSE> JNE> JNW

VRSWHZISWHISETINW (1) )ANEFZ/NEH/SEHINW

- r—1 - r—g-1
="y % cn,qﬁj,k(q )p?(l—pl)’W(. e )

2.ik st 40) JSW JSE> JNE> JNW

VISWHINW (1) /NETISE

—1r—q-
71(]) 1 U)r (1) Z Z nqm m(l_v)rqulfm

for some non-negative constants ¢y 4 j k and ch gm Thus ¥ (0, v) is a polynomial in
v. It remains to see that it is non-constant if p; < 1 and r > 2.
First suppose that w(1) # 1. The polynomial ¥ (0, v) contains a monomial
p(H-1 Zq —0Cp.q.0 Where ¢, o > 0, along with terms of higher degrees. Since
p1 < 1, the event Ag j o(v) has positive probability for any (0, j, 0) satisfying (40),
and also ¢z 0,j,0 > 0. In particular for jsw + jnw = 0, we deduce C;r,o,() > 0. Thus
¥ (0, v) is indeed non-constant.
On the other hand if 7(1) = 1 then w (1) # r and we can do the same reasoning
with the polynomial v (0, 1 — v) to conclude. O

Proof of Proposition 2.17 By the law of total covariance, if U,V, W are i.i.d.
Unif ([0, 1]) variables:

Cov[y (U, V), ¥(V,W)] =E[Cov[yU, V), ¥V, W) |V]]
+Cov [E[y (U, V) |[V].E[v (V. W) |V]].

Conditionally given V, the variables ¥ (U, V) and ¥ (V, W) are independent, and
thus the first term is null. Now let us study the second term. Since 7 is an involution,
for any u1, vy, ..., u,, v, we have Perm ((u1, v1), ..., (ur, v,)) = m if and only if
Perm ((v1, u1), ..., (vr, u,)) = m. Since the distribution p1Leba + (1 —pl)Leb[O’“z
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is symmetric with respect to A, we deduce that ¥ (u, v) = ¥ (v, u) for any (u, v) €
[0, 1]2. Hence:

Cov [y(U, V), ¥(V,W)] =Cov [E[y(U, V) |[V],E[y(W, V) |V]]
= Var [E[y(U, V) |V]] =0,

and in particular (r — 1)!> 277> > (1—py +p2)Var [ (U, V)]. By Lemma 7.2, ¢

is continuous and non-constant on [0, 1]?, and thus Var [v(U,V)] >0.As p; <1,
this concludes the proof. O

7.4 Cycle types with few fixed points

In this section we suppose p; = 0, and drop the index p;. In particular u, = 1/r! for
any 7 € S,

Yr(2) = P(Perm (21,-..,2r_1,z) = 7;)

where 21, R Zr_l are i.i.d. Unif ([0, 1]2) variables, and the matrix of Theorem 2.15
rewrites as:

(r=DPEP2 = Cov[Yx (U, V), Yo (U, V)] + paCov [z (U, V), ¥, (V, U)]
+2(1—p2)CoV [ (U, V), Y, (V, W)]

where U, V, W are i.i.d. Unif ([0, 1]) variables. To establish Theorem 2.18, we need
to study the function i a bit more.

Lemma?7.3 If py =0 then foranym, p € G,:

Cov [V (U, V), ¥, (V, W)] = 0.
Proof For any distinct wuj, vy, ..., U, vy € [0,1], we can write
Perm ((uy, vy), ..., (uy,v)) = 02_1 o o1 where 01,02 € G, are characterized by
Ug (1) < - < Ug(r) and Vor(1) < *+° < Voy(r)- If (U], Vl), ey (Ur, Vr) are
i.1.d. Unif ([O, 1]2) variables then o1, oo are i.i.d. uniform permutations of size r.
Conditionally given (V1, ..., V), 02 is determined and o7 is still uniformly random
in G,. Subsequently
P (Perm (U1, V1), ..., (Un, V) =7 [V1,..., V) =P (0 = 0207 |02) = 1/r!

almost surely, and similarly

P (Perm (U1, Vi), o (Ur, V) = p [UL, .. Ur) =P (o2 = 01007 o) = 17!
almost surely. We can thus write
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E [y (U, VYo (V. W) [V] = E[yU. V) |[V]E[y,(V.W)|V] = (1/r})?
a.s., and the lemma readily follows. O

This yields the announced formula for $7?%,. It remains to compute the rank and
show non-degeneracy. For this we shall give an explicit polynomial formula for 1/ ;
it can already be found in [24] (see Equation (5) therein for its rescaled expression)
but we provide a proof below for completeness.

Lemma7.4 Let w € G,. We can write, for any (u, v) € [0, 17%:

1

Yr (U, v) = Y ; &i () gxn(i)(v)

where for any j € [r]land w € R, g;j(w) := (;:})wffl(l — w) ~J. Moreover if
r > 2 then the symmetrized function (u, v) +— w;ym(u, v) = Yy (U, v) + ¥z (v, u)

is not constant.

Proof We omit the indexA 7T in thisA proof. Write = ¥ +- - -+, whereforanyi € [r]
and (u, v) € [0, 11%,if Zy, ..., Z,— denote i.i.d. Unif ([0, 1]*) random variables:

Yi(u,v) =P (Perm (21, e Z,_l, (u, v)) =, (u,v) isi-th from the left) .

For this event, say A;(u, v), to be realized, there needs to be exactly i — 1 points
left of (u,v) and (i) — 1 below (u, v). More precisely there needs to be exactly
JSW, JSE, JNE, JNW points in each quadrant defined by (u, v), where these quantities
depend only on 7 and i. Let B; (u, v) be this last event; its probability can be written as
(e /.S;*/.‘NE o)t (A=) == (1 — )= Then conditionally on B; (u, v),
the probability of A; (u, v) does not depend on (u, v) anymore. Indeed by a coupling
argument, one can e.g. see that P (Ai (u, v) |Bi (u, v)) is the probability that jgw uni-
form points in [0, 1/2]2, Jsg uniform points in [1/2, 1]x [0, 1/2], jNg uniform points
in [1/2, 112, and JjNw uniform points in [0, 1/2] x[1/2, 1], all independent, form the
permutation induced by 7 on [r]\ {i}. Hence P (A; (u, v)|B;(u, v)) equals a positive
constant, independent of (u, v), and we deduce that

i (u,v) = P (A u, v) | B (u, v)) P (B (. v)) = cju’ (1 — ) "1™ D (1 — )70

To find the value of ¢;, first notice that E [v; (U, V)] = %% Then in the previous

formula:
11 . . . .
= ciB(i,r—i+1)B(m (i), r—m@i)+1)

where B denotes the Beta function, and thus

o r— 1! _ 1 r—1 r—1
= (i —DIr=D(a@)—DIr—m@)!  (—1)! (i—l)(n(i)—l)
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This yields the announced formula for ¥ = )", ¥;. Now let us turn to the last claim
of the lemma. By reindexing we can write Y™ (u, v) = > ;_, WA —u) " Q;(v)
where

Qi(v) = Civﬂ(l')fl (1 _ U)I‘*?T(i) +Cﬂil(i)vﬂ71(i)71(1 _ U)rfﬂfl(i).

Suppose that Y™ is constant on [0, 1]>. Then by setting u = 0 we see that the
polynomial Q;(v) is constant in v. If w(1) > 1 then 77 1(1) > 1 and the lowest
degree term of Q1 has positive degree and coefficient, which contradicts the fact that
Q) is constant. Hence (1) = 1. Likewise by setting u = 1 we see that Q, is constant,
which implies 7 (r) = 1 or 7~ 1) = 1. Hence r = 1 and this concludes the proof. O

Proof of Theorem 2.18 First, let us show non-degeneracy. Fix p, € [0,1], r > 2,
m € 6,. Since ¥ is continuous and not constant on [0, 1]2 according to Lemma 7.4,
it holds that Var [y, (U, V)] > 0.

By Cauchy—Schwarz inequality, |Cov [V (U, V), ¥ (V, U)]| < Var [{, (U, V)].
Suppose by contradiction that $F% = 0. Then necessarily p, = 1 and
Cov [V (U, V), ¥ (V,U)] = —Var [y, (U, V)]. This equality case can only hap-
pen if ¥ (U, V) and ¥, (V, U) are linearly dependent, and here we would have
Y (U, V) = —(V,U) almost surely. However it follows from Lemma 7.4 that
Y (U, V) + ¥, (V,U) is not a.s. constant, and this proves by contradiction that
=P > 0.

Now, Let us study the rank of 72, Fixar, 8 > Osuchthata®+ 8% = 1and2ap = p>
(this is possible since p < 1), and define for any 7 € &, and (u, v) € [0, 11%:

X, 0) i= (r — D! (a¥z (u, v) + B (v, 1))

where W, == ¥y — % Then:

1
mCOV [xx (U, V), xp(U, V)] = Covla, ¥, (U, V)

+ Y= (V. U)ay, (U, V) + B (V. U)
= (& 4 B)Cov [V (U, V), ¥, (U, V)]
+ Z(Y,BCOV [Wn(Ua V)? I//,0(‘/7 U)]
=@ —-Drs2,.
Hence, up to a multiplicative constant, X2 is the Gram matrix associated to the family

(Xn)res, In L2([0, 1]%). Therefore, the rank of X2 equals the rank of this family.
Recall the notation of Lemma 7.4. For any (u, v) we have:

=" Yalw.v)= )Y ﬁZgi(u)gﬂi)(vb > gilwg ().
Ti=1

TeS, TeS, 1<i,j<r
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Thus as in [24] we can write:

i -1 1 " 1 1
Yo (u, v) = o + - Zgi(u)gn(i)(v) = ] Z (SJ',n(i) - ;) gi(w)gj(v)

i=1 1<i,j<r

where § is the Kronecker symbol. Define A™ as the matrix (8 Jo) — 1 ) . Then

r/1<i,j<r

fnlw,v) = 3 (AT + AT ) g ).

1<i,j<r

Since the family ((u, v) — gi(u)g;(v)) is linearly independent in L2([0, 11?),

I<i,j<r

the rank of (xr)ree, is equal to the rank of the family (otA” + ,BA(”_I)) in

eSS,

M, (R). As explained in [24] (see the proof of Theorem 2.5 therein), the family
(A™)zes, spans the space of matrices with rows summing to 0 and columns summing
to 0, and thus has rank (- — 1)2.

First suppose p» < 1, which corresponds to & # B. This implies that each matrix

. . . . . . . -1 .
in (A")ze@, is a linear combination of matrices in (ozA” + BAT )> o and vice
Te®©,

versa, hence the latter family also has rank (r — 1)2.
Now suppose p» = 1 ie. « = p. It is easily checked that the family

-1 . . . :

(A” + AT )) o spans the space of symmetric matrices with rows summing to 0
neS,

and columns summing to 0. Such a matrix A is exactly characterized by its coefficients

A; j withi < j < r, hence this space has dimension r(r — 1)/2. This concludes the
proof. O
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