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We study the number of occurrences of any fixed vincular permutation pattern. We show that this statistics on
uniform random permutations is asymptotically normal and describe the speed of convergence. To prove this central
limit theorem, we use the method of dependency graphs. The main difficulty is then to estimate the variance of our
statistics. We need a lower bound on the variance, for which we introduce a recursive technique based on the law of
total variance.
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1 Introduction

Permutation patterns are well studied objects in combinatorics and, more recently, also in probability
theory. In combinatorics, most of the research is focused on pattern avoidance, i.e. finding the number of
permutations with no occurrences of a given pattern, see Béng (2012); Kitaev (2011)). Another problem is
the study of statistics and their distribution. Those objects are studied combinatorially, for instance with
multivariate generating functions as in [Chatterjee and Diaconig (2017); [Crane et al] (201€), but also in
probability theory. One statistics of interest is the number of occurrences of a given pattern in a random
permutation, where various distributions on permutations are considered. Often, people study the case of

uniform permutations, as in [Béna (201()); Fulmar] (2004); Janson et al| (201). Among patterns, descents
and inversions are the most well-known, see (ROO4)).

The problem we consider in this article is the following: for a fixed pattern 7, what is the asymptotic
behaviour of the number of occurrences of 7 in a uniform random permutation o,, of size n going to
infinity? We consider this problem when 7 is a so-called vincular pattern.

To explain the precise meaning of this problem, we begin by describing different types of permutation
patterns. When we study patterns, permutations are represented in one-line form, i.e. as a sequence. A
permutation of size n is a reordering of the monotone sequence 12. .. n. The study of patterns is the study
of subsequences and their order. For example, consider the permutation
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and its subsequence 524. The unique permutation whose elements are listed in the same relative order
is 312. We say that the subsequence 524 is an occurrence of the classical pattern 312. Occurrences of
classical patterns can be any subsequences. Additional constraints on the subsequences lead to different
types of patterns: tight, very tight, vincular and bivincular patterns (terminology from ); Ki-
taev ()). To count as an occurrence of such a type of pattern, a subsequence must fulfil the constraints
listed below:

Tight: all entries have adjacent positions.

Very tight: all entries have adjacent positions and values.

Vincular: some entries have adjacent positions or in other words appear in blocks.

Bivincular: some entries have adjacent positions and some (maybe different) entries have adjacent
values.

In the literature, patterns are sometimes called consecutive instead of tight and generalized or dashed
instead of vincular. Note that vincular patterns generalize both classical and tight patterns.

As an example of a vincular pattern, consider 312 where the underlined symbols indicate that the last
two entries are required to be in adjacent positions. In the permutation o above, the subsequence 524 is
therefore not an occurrence of this vincular pattern, but the following are: 513, 534, 813, 834, 847. The
number of occurrences of 312 in ¢ is 5. We say the pattern 312 has two blocks, the first is one isolated
entry and the second consists in two adjacent entries. Formally, we write a vincular pattern as a pair
(mw, A), where 7 is a permutation giving the order constraint and A gives the required adjacencies.

Instead of counting occurrences of a pattern in a deterministic permutation o as above, we look at
oy, Which is a uniform permutation of size n. Considering a random variable counting the number of
occurrences of a fixed pattern of size k in 0,,, we ask how it behaves asymptotically, as n goes to infinity.
Since there are different types of patterns, there is actually a whole family of such problems.

The following answers to these problems are known.

e In , J. Fulman proves asymptotic normality for inversions and descents (classical and
tight patterns of size k = 2). In addition, he provides a rate of convergence.

e M. Béna establishes in (RO10)) asymptotic normality for classical and tight patterns which are
monotone (increasing or decreasing).

e InJJanson et al) (R015)), asymptotic normality is shown for all classical patterns. In fact, the authors
also establish the joint convergence.

e In (, , Section §), asymptotic normality and a rate of convergence are provided for
tight patterns of size £ > 3 in random permutations distributed with the so-called Mallows measure

of parameter q (for ¢ = 1, this measure specializes to the uniform distribution which is of interest
in this article). These results are obtained under the assumption that the highest degree component
of the variance does not vanish. Proving this kind of variance estimate is often difficult, as we will
discuss later in the introduction.
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e L. Goldstein provides in ([Goldsteir], P00, Example 3.2) a rate of convergence for tight patterns in
case of the uniform measure. Asin [Crane et alj (IgOlg), this rate depends on the variance. In contrast
to [Crane et al] (R016]), the method used to obtain this rate applies to a larger family of statistics.

e Very tight patterns behave differently: for £ = 2, they are asymptotically Poisson distributed, see

[Corteel et al] (2006); [Kaplansky] ([943). It is easy to see that for k& > 2, the probability to find such
a pattern tends to zero (see (Corteel et all, 2006, p. 3—4)).

o In|Crane and DeSalvd (R017), Poisson limit theorems are also obtained for tight patterns in Mallows
permutations of size n, if the parameter of the Mallows distribution ¢(n) is a function of n of
a specific form or if ¢ is fixed but the size of the pattern tends to infinity. This setting is quite
orthogonal to the one of other papers (including this one).

In the present article, we generalize the result of asymptotic normality to vincular patterns and we also
describe the speed of convergence. Our main result, proved in Section , is the following.

Let Z denote a standard normal random variable and dx denote the Kolmogorov distance which is
the maximum distance between distribution functions. Denoting X (™:4)(g,,) the renormalized (mean 0,
variance 1) random variable which counts the number of occurrences of (w, A) in oy, it holds that for
some positive constant C,

dic (XTA(0,), 2) < Cn~'/2.
This implies immediately that
X@A) (5,) % Z,

d e . . . .
where — denotes convergence in distribution, hence proving asymptotic normality. In addition, the bound
on dx quantifies the accuracy of the approximation of X (7-4)(g,,) by Z. Note that this result encompasses

the results from [Bénd 010); Crane et al] (2016); Fulmar (004); Goldsteid (2003); ffanson et al] (2013)

previously mentioned except for the joint convergence in Janson et al] (P013) and the case of a general

parameter ¢ # 1 in [Crane et al] (R016).

Let us now discuss the method of proof. In the literature, the following methods have been used for
normal approximation:

o U-statistics in [Janson et al] (R015]). However, the number of occurrences of vincular patterns is not
a U-statistics (unlike for classical patterns).

o Exchangeable Stein pairs in ( for patterns of size k = 2. Here, we did not succeed in
finding such a pair for patterns of any size.

e Size-bias couplings in (R003) for tight patterns. We are not aware of such a coupling for
vincular patterns.
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e Dependency graphs in [Béngd (2010) and [Crane et al] (2016). Such a graph captures the depen-
dencies in a family of random variables. This is useful for our problem since X ("4)(s,,) can be
decomposed as a sum of partially dependent random variables (see Equation (E), p- ﬂ)

The last three methods are based on Stein’s method (except for dependency graphs in ()). This
method is used to prove convergence in distribution as well as to describe the approximation error, see
Section @ for more details.

In Section E, we present two approaches to bound the Kolmogorov distance both based on dependency
graphs: one using the Stein machinery following [Chen and Réllin (R010); Rosq (2011)) and one using the
moment method following [Féray et al] (R016)); Jansor| (198§);[Saulis and Statulevi¢iug (1991)). While their
application is easy, there is one difficulty: we need a lower bound on the variance of X (™4)(¢,,) to prove

that d (X (m4)(0,,), Z) goes to 0.

The method to find that lower bound is discussed in Section t.2]. First, we show that Var(X (™4 (g,,))
is a polynomial in n. Denoting j the number of blocks of the vincular pattern (7, A), the polynomiality
implies that

Var(X ™4 (5,)) = Cn¥ =1 4 O(n?~2), with C > 0.

If we can show that C is different from 0, then $Cn? ~! is a sharp lower bound (for n big enough). The
most natural approach to prove that C'is larger than 0 is to find a formula for C' by expressing the variance
in terms of covariances (see Equation (E), p. ). This is Béna’s approach in . Such a formula
for C'is a signed sum of binomials, which in our case is hard to examine. Instead, we introduce a new
technique: a recurrence based on the law of total variance. It provides a lower bound for Var(X (™4) (¢,,))
of the form C'n?~3/2, Thanks to the polynomiality, this is enough to prove that C is larger than 0 (see

Section @).
‘We conclude this introduction with further directions of research.

o In this article, we establish the asymptotic normality for vincular patterns. Moreover, the asymptotic
behaviour of very tight patterns is characterized in [Corteel et al] (R00€): as Poisson distributed
(k = 2) or rare (k > 2). Both these types are contained in the larger class of bivincular patterns.
One could try to classify such patterns in terms of their limiting distribution.

To study the asymptotically normal case, we suggest using so-called interaction graphs or weighted
dependency graphs introduced in Chatterjee and Diaconi (R017); [Féray| (201€)). In Chatterjee and
Diaconis (), interaction graphs are used for a similar statistics, “number of descents plus num-
ber of descents in the inverse” which also has constraints in positions and values. The classical
tool of dependency graphs does not apply anymore since constraints along these two directions im-
ply that the random variables in a natural sum decomposition are all pairwise dependent (unlike in
Equation (), p. ﬂ). Using the mentioned extensions of dependency graphs avoids this problem, but
the main difficulty will again be estimating the variance.

e In Jlanson et al] (2013), joint convergence is established for classical patterns and (Janson et all,
D013, Theorem 4.5) describes how dependent the single limit random variables are (for patterns of

the same size). It would be interesting to study these questions for vincular patterns. Moreover, one
could try to examine the speed of convergence in the multivariate case.
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e The optimality of the bound on dx obtained in this article could be investigated. We believe it is
optimal since no better bounds are obtained in similar problems (e.g. subgraph counts in random
graphs), but we do not have concrete mathematical evidence for it.

The outline of this article is as follows. In Section , we give all the necessary background and set up
the notation. In Section E, we show two approaches to prove the main result. Both approaches rely on a
lower bound on the variance, which is established in Section H

2 Background and notation

Throughout this article, we write a permutation ¢ in one-line notation, i.e. ¢ = 0102 . . . 0,,. The length of
the sequence 0105 . . . 0y, is the size of o, denoted by |o|. The set of all permutations of size n is denoted
by S,. We use [n] to denote the set {1,2,...,n} and ([Z]) for the set of all subsets of [n] which are of
size k.

2.1 Vincular patterns

We refer to Bénd (R013) and [Kitaey (R011]), which discuss the notion of permutation patterns. In
(R012), the reader can find information about classical patterns while () discusses patterns in
more generality, e.g. also the case of vincular patterns. A classical pattern is defined as follows.

Definition 2.1. Let 0 € S, and m € Si. An occurrence of the classical pattern 7 in o is a subsequence
04,0y - .. 04, Of length k of o such that:

o T, < Ty = oy, <oy, forallr,s € k]

We say that o has an occurrence of the classical pattern 7 at positions i1, 13, . . . , ik.

Example 2.2. Let 0 = 2374561. The subsequence o20507 = 351 is an occurrence of the classical
pattern m = 231.

In contrast to classical patterns, vincular patterns have additional constraints on the subsequences that
are allowed to be counted as an occurrence of the pattern. Certain parts of the pattern are required to be
adjacent or, in other words, to appear in blocks.

Definition 2.3. Let o0 € S,,, m € Sk and let A C [k — 1]. An occurrence of the vincular pattern (, A) in

o is a subsequence 0, 0;, . . .0y, of length k of o such that:

® 0,0, ...04, Is an occurrence of m in the classical sense,

® i1 =14+ 1 foralla € A

We call A the set of adjacencies.

Example 2.4. Let 0 = 2374561. The subsequence oo0307 = 371 is an occurrence of the vincular
pattern (7, A) = (231, {1}). Note that the subsequence from the previous example, 020507 = 351, is not
an occurrence of (m, A) since 3 and 5 are not adjacent in o.
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Remark 2.5. In , , Definition 1.3.1), the definition of vincular patterns is even more general,
allowing also constraints on the beginning and on the end of a pattern occurrence. However, such con-
straints are rarely considered in the literature, and not included in the present work. The central limit
theorem would not hold if we constraint the first entry of the pattern occurrence to be at the beginning, as
can be seen in the pattern 12 with 1 forced to be the first entry of the permutation.

In this article, we will work with the above definition but sometimes, it iS more convenient to see
adjacencies as blocks. By block, we mean a maximal subsequence of the pattern whose entries are required
to be adjacent. An equivalent way to encode the adjacency information of a vincular pattern is to give a
list of block sizes. For example, the vincular pattern (231, {1}) would be written as (231, (2,1)), where
the list (2, 1) describes a first block of size 2 followed by a block of size 1. This idea appears also in
(KitaeV, PO11], Definition 7.1.2), where the list of block sizes is called the type of a vincular pattern.

Now, note that the block sizes add up to the size of the pattern, leading to the notion of composition.
The following definition can be found in (Flajolet and Sedgewick}, 2009, p. 39).

Definition 2.6. A composition of an integer n is a sequence (x1, %2, . .., xyg) of integers, for some ¥, such
thatn =x1 +xo+ -+ x¢ and x; > 1 for all 1.

For example, (2, 1) is a composition of 3. How one can go from one encoding of vincular patterns (by
adjacencies or block sizes) to the other is explained by a bijection between subsets of [k — 1] and compo-
sitions of k, where k = |r|. This bijection associates for instance the composition (4, 2,2, 1) of size 9 to
{1,2,3,5,7} C [8]. The formal construction of the bijection is given below. It will help understanding
the rephrasing of the adjacency condition.

For A C [k — 1], consider j = k — |A| and {c1,¢2,...,¢;} = [k] \ Awithc; < ca <--- <¢; =k, and
construct iteratively:

bl = C1,
by =cy—cy, "
bj =Cj —Cj—1-

Then, (b1, b2, . .., b;) is acomposition of k, since Zle b; = ¢; = k. On the other hand, if (b1, bo, ..., b;)
is a composition of k, then the inverse construction is:

A= Y b

i=1,...,0

celi}.
which is a subset of [k — 1].

So, indeed, a vincular pattern (m, A) can be equivalently defined as (m, (b1, b2, ..., b;)), where the
adjacency condition is rephrased by:

® igp1 =1iq+ 1, foralla e [K\{>,_, ,bi| <}

or, in other words, the first b; elements should be adjacent, the next b, also, and so on. We say the
vincular pattern (, (b1, ba, ..., b;)) has j blocks, numbered from left to right, where b1, bo, ..., b; are

.....
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the respective block sizes. When we speak about a vincular pattern (m, A) with j blocks, it is the above
bijection which is underlying.

In the literature, vincular patterns are commonly represented as permutations where some adjacent parts
may be underlined, see (, , Definition 1.3.1). What is underlined are the non-trivial blocks of
the pattern, i.e. blocks of size at least 2. This representation is visual and we will use it when we work with
concrete examples. For example, we would write 231 for the vincular pattern (231, (2, 1)), or equivalently
for (231, {1}).

2.2 Vincular pattern statistics on uniform permutations

Let 0, be a uniform random permutation of size n and let (7, A) be a vincular pattern of size k. The vincu-
lar pattern statistics for the pattern (7, A) on o, is a random variable counting the number of occurrences
of (m, A) in o,,. We denote it by X (™4 (g,).

Since it is a counting statistics, X (™-4) (0,) can be naturally decomposed as a sum of indicator random
variables. First, we introduce a notation to collect all sets of positions that are admissible for occurrences
of (m, A) in a permutation of size n:

la41 =g+ 1, foralla € A, wherei; <is < --- < z’k}.

T(n,k, A) =={{iv iz, . ix} € ([Z]>

Now, the sum decomposition of X (™4)(s,,) is the following:
X(mA)(Un) = Z X7 (o0), (@)
IeT(n,k,A)

where X7 (0,,) is 1 if o, has an occurrence of the (classical) pattern 7 at positions given by I and it is 0
otherwise.

In (R010), the reader can find this sum decomposition for other types of patterns. The difference
lies in the positions over which the summation runs. In our case, the total amount of admissible positions
is counted as follows.

Lemma 2.7. Forn > k — j, where j = k — |A|, it holds that:

(Z(n, k, A)| = <” —k ”).
J
Proof: As for patterns, a set of positions {i1, o, ...,ik} € Z(n,k, A), with iy < iy < -+ < i, can be
split into j blocks using the adjacency information of A. These blocks are ordered and of prescribed size.
So, essentially, the set {41,142, ...,4x} is determined by the set {41,4¢, +1,%c,41,- -, %c;_,+1}» CONtaining
only the first position for each block (see Eq. (E[) for the description of ¢;). The trick is to count such sets,
but we have to be careful that between the first entries of the blocks there is enough space for the whole
blocks. To overcome this problem, we shift everything according to the block sizes, as it is illustrated in
Fig. EI More precisely, we associate to {i1,io, . . ., ik} a set of positions in (["_’.”j]) where each element
ic,+1 is shifted to ic, 11 — (c; — t). For example, to the set {3,4,5,8,9,10,11} € Z(11,7,{1,2,4,6})
corresponding to 3 ordered blocks of sizes 3, 2 and 2, we associate the set {3,6,7} € ([?), as shown in
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Figure 1: Illustration of the bijection.

Fig. IIl It is easy to see that this construction describes a bijection between Z(n, k, A) and ([”7;?”]), S0

that we have:
n—k+j n—k+j
zoran=|(" 75| ("75) :

Remark 2.8. The restriction n > k — j is necessary, since otherwise the binomial coefficient is not
defined, but for n < k, we simply have |Z(n,k, A)| = 0.

2.3 Representation of uniform permutations

We start with the definition of reduction, which is given in (Janson et al, 014, p. 1).

Definition 2.9. Let x125 ...z, be a sequence of n distinct real numbers. The reduction of x12s . .. Ty,
which is denoted by red(x12o ... xy,), is the unique permutation o € S,, such that order relations are
preserved, i.e. 0; < o if and only if x; < x; foralli,j € [n].

As pointed out in (Janson et al}, P013, proof of Theorem 4.1), it is a standard trick to construct a
uniform permutation of size n as the reduction of n independent and identically distributed (i.i.d.) random
variables which are uniform in the interval [0, 1].

Lemma 2.10. Let Uy, ..., U, be i.id. random variables, uniform in [0,1]. Then, red(Uy...U,) is a
uniform permutation of size n.

Since we could not find a reference where Lemma is proved, we provide a short proof here.

Proof: First, the random variables Uy, . . . , U, are almost surely all distinct. Now, let o € S, be arbitrary.
Because the random variables U; are i.i.d., we have for any = € .5,,,

P(red(U;...U,) = 0)

P(red(Ux, ...Us,) =0)
P(red(U;...Up)mw = 0)
P(red(Uy...U,) =0 '),

showing that red(U; ... U,) takes all values in S,, with the same probability. So, red(U;...U,) is a
uniform permutation in S,. O

This representation of a uniform permutation is particularly adapted for our purpose since it relies on
independent random variables.
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2.4 Dependency graphs

The dependencies, and not only the pairwise dependencies, within a family of random variables can be
represented in a graph as follows, see Baldi and Rinot{ ([1989); Bénal (R010); Féray et al| (R016); Rinot{

({1999

Definition 2.11. A graph G with vertex set V is called a dependency graph for a family of random
variables { X, },cv if it satisfies the following property:

If Vi and Vy are disjoint subsets of V which are not connected by an edge in G, then the sets
of random variables { X, } yev, and { X, }vecv, are independent.

A family of random variables may have several dependency graphs, capturing sometimes more, some-
times less dependency information. The least information is contained in the complete graph, which is
always a dependency graph. As pointed out in [Féray et al] (2016), dependency graphs are often used
to work with sums of partly dependent random variables. For example, X (™4)(¢,,) decomposed as in
Eq. (@ falls in this category. In Section , we will see two methods to show asymptotic normality of
X (™4 (g, using the concept of dependency graphs.

2.5 Law of total variance
The following decomposition formula for the variance can be found in , , p. 385-386).

Proposition 2.12. For two random variables Y and J, defined on the same probability space, the follow-
ing holds:

Var(Y) = E[Var(Y'|J)] + Var(E[Y|J]).

This is called the law of total variance. It relates the variance of a random variable to its conditional
variance and its conditional expectation. The proof uses the fower property: E[E[Y|G]|H] = E[Y|H]
with H = {0,Q} and G = o(.J), the smallest o-algebra such that .J is measurable.

It is a natural question if a statement similar to Proposition holds for the conditional variance. The
equivalent result is called the law of total conditional variance and its proof uses the tower property with
H = O'(Jl) and g = O'(Jl, JQ)

Proposition 2.13. For three random variables Y, Ji and Js, defined on the same probability space, the
following holds:

Var(Y|J1) = E[ Var(Y|J1, J2)|J1] + Var (E[Y | J1, Jo]|J1).

A similar expression can be found for Var(Y'|.J1, J2), the inner conditional variance term in the above
equation, and also for more conditioning random variables. Starting from Proposition and iteratively
using these expressions for the inner conditional variance terms, we can obtain an expression for the
variance involving several random variables as conditions.

Proposition 2.14. For some random variables Y and J1, Js, . .., Jm, all defined on the same probability
space, the following holds:

Var(Y) = E[Var(Y |1, ., )] + > E[Var (BY|Jy,..., Jigal] 1,0 )]

Observe that the summand for i = 0 simplifies to Var(E[Y'|J1]).
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The only reference we could find for these formulas is (Bowsher and Swain|, P012, Egs. 13 and 15),
but it is likely that they appeared independently in other sources. This general decomposition formula for

the variance will be very helpful in Section @, where we need to find a lower bound for the variance of
XA ().

2.6 Asymptotic notation
Since we will speak about the asymptotic behaviour of functions, we recall some standard notation.

Definition 2.15. Let f, g : N — R be two functions. We say that:
o fis O(g), written f = O(g), if: 3 C > 0,n¢ such that¥V' n > ng, |f(n)| < C|g(n)],
e fisof order g, written f < g, if: f = O(g) and g = O(f),

e f is asymptotically equivalent to g, written f ~ g, if: lim % =1
n—oo

Remark 2.16. 1. If there exists C such that f ~ CnF, then f =< n*.

2. Let p be a polynomial in n. If p < n*, then there exists C such that p ~ CnF.

2.7 Stein’s method for central limit theorems

Stein’s method is a technique invented by Charles Stein to bound the distance between two probability
distributions. It is used to prove central limit theorems as well as approximation by the Poisson, exponen-
tial and other distributions. The survey article ( gives an overview of applications to different
distributions and discusses methods to further analyse the bounds. We recall that applications of Stein’s
method to permutation patterns can be found in Crane and DeSalvd (R017); Crane et al] (2016); Fulman|
(R004); Goldstein (R003)). To illustrate the main concept of Stein’s method for central limit theorems, we
follow (, p. 6-9).

First, recall that the Kolmogorov distance is a probability metric defined as follows, see (Chen and
Roéllin, 010, p. 9), (Rosd, RO11}, p. 5).

Definition 2.17. For two R-valued random variables X and Y, let F'x and Fy be their distribution
functions. The Kolmogorov distance between X andY is defined as:

dr(X,Y) =sup|Fx(t) — Fy (t)|.
teR
In particular, since convergence of the distribution functions in all continuity points implies convergence
in distribution (denoted i>), we have the following.
Lemma 2.18. Ler (X,,)nen be a sequence of R-valued random variables and let Y be some R-valued

random variable. Then.:

dg(XnY) —» 0 = X, 5V

n—r oo

In general, Stein’s method proves convergence in distribution using a functional equation. The next
lemma can be used to prove a central limit theorem (CLT), see (, , Lemma 2.1).
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Lemma 2.19 (Stein’s Lemma). Define the functional operator A by

Af(x) = f'(x) — 2f(2).
Then, for a real-valued random variable X, the following are equivalent.

1. X has the standard normal distribution.

2. For all absolutely continuous functions f : R — R such that E[|f'(X)|] < oo, it holds that
E[Af(X)] =0

The first direction (1) = (2) is simply integration by parts. More interesting is the second direction.
Let Z be a standard normal random variable, F'; its distribution function and I, the indicator function
which is 1 if and only if condition ¢ holds. In (, , Lemma 2.2) it is shown that for any ¢ € R,
there exists a unique bounded solution f; of the differential equation

fi(x) = zfe(z) = Li< — Fz(1). (3)
Taking X to be any real-valued random variable, we obtain the equation
B[f{(X) = X fi(X)]| = [Fx(t) — Fz(1)]. @
Hence, the maximum distance between the distribution functions of X and Z is given by

dr (X, Z) = sup [Fx(t) — Fz(t)] = sup B[ (X) = X fo(X)]|.

By Lemma , to prove the second direction (2) = (1), it is enough that (2) holds for all f; with
t € R which are solutions to Eq. (H).

To prove a CLT, we prove that (X, )nen almost satisfies the functional equation in Stein’s Lemma. We
use Eq. (E) to bound dx (X,,, Z) which also quantifies the rate of convergence. In practice, Stein’s method
is useful because there exist various techniques to estimate the quantity E[f/(X) — X f:(X)]: dependency
graphs, exchangeable pairs, zero- and size-bias couplings. Theorem B.§ used in Approach I relies on the
dependency graph method which is often useful if the random variable X is a sum of partially dependent
random variables like X ("4)(c,,). However, Stein’s method may also be used for random variables with
different structures.

We conclude this short summary of Stein’s method with two remarks.

Remark 2.20. 1. The Stein-Chen method is a version developed for Poisson approximation, see Bar-

bour et al. ([[992); [Crane and DeSalvd (R017).

2. It is sometimes easier to study other probability metrics than the Kolmogorov distance. For normal
approximation, often the Wasserstein distance is studied, see [Rinot] ({1994). In Crane and DeSalvd
), the total variation distance is studied for Poisson approximation.
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3 Central limit theorem

In this section, we prove a central limit theorem (CLT) for our random variable X (m,4) (o), the vincular
pattern statistics on uniform permutations. Let (7, A) be a fixed vincular pattern and assume n > || > 2
(the other cases are trivial). We normalize X ("4 (g, ):

S (m,A) —
XA (g,) = w,
Vo

where v, = Var(X(™4)(a,)), e, = E[X(™4)(g,)]. The following theorem is the main result of this
article, where A/(0, 1) denotes the standard normal distribution.

Theorem 3.1. Let Z ~ N(0,1), let (m, A) be a fixed vincular pattern and for any n, let o, be uniform in
Sn. Then, there exists C > 0,ng such that for n > ng:

dx (X(w‘,m(an),z) < on~V2,
Consequently, it holds that:
X@A) (5,) % Z.

Remark 3.2. The second claim of Theorem B. 1| follows from the first claim and Lemma .

Note that Theorem @ is not only a CLT result. It also contains information about the speed of conver-
gence, measured in the metric dx . We present two different approaches to prove Theorem . One works
with Stein’s method and the other one with cumulants, but both have in common that they use dependency
graphs. Before we start the two different proofs, we give a dependency graph for our problem.

3.1 Dependency graph for the XJ(o,)’s

We need the following observation about the dependencies between the X7 (0,,)’s from the sum decom-
position of X (™4)(a,,) (see Eq. (), p. ). In (Crane and DeSalvd, P017, Lemma 5.3), this is called the
property of dissociation.

Lemma 3.3. Let (7, A) be a vincular pattern with |r| = k and let Fi,F2 C I(n,k,A). If Fi and
Fy are such that | ;. 7 I and Ure 7, I are disjoint, then the corresponding families of indicators,
{XT(on)}1er, and {XT (o)} 17, are independent.

Proof: Let Uy, . .., U, be independent and uniform in [0, 1]. By Lemma , we can represent a uniform
permutation as red(U; ... U,). Since pattern occurrence in non-intersecting subsequences depends on
disjoint subsets of the set {U7,...,U,}, the independence of these subsets proves the independence of
the corresponding families of indicators. o

With the help of Lemma E, we can now construct a dependency graph for the family of indicator
random variables { X7 (0,) } rez(n,k,4)> Where k = |7|. We define its vertex set V;, and its edge set F, as
follows:

{Vn =T(n,k, A), )

E, = {{Il,lg} - I(n,k,A)| L #L, [ NI # (Z)}
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If 71 and F> are disjoint subsets of Z(n, k, A) that are not connected by an edge in the graph, then by
construction, Lemma .3 applies to F; and Fo, ensuring that {X7(0,,)}rex, and {X7(0)}1ex, are
independent. Hence, the dependency graph condition is fulfilled.

An important parameter is the maximal degree of the dependency graph.

Lemma 3.4. For a fixed vincular pattern (7, A) with j blocks, let D — 1 be the maximal degree of the
dependency graph given by (E). Then:

D=ni"t

Proof: Let k = |r|. In the proof of Lemma P.7, we have counted |Z(n, k, A)|. It is of order n7. Now, for
any fixed vertex H € Z(n, k, A), consider the quantity |{I € Z(n, k, A)| I N H # (}|. It can be bounded
from above and from below as follows:

I}fleaéd{f €ZI(n,k,A)hel}| <|{IeI(nk, A)|INH#0D}

<> KIeZ(nk A)lhel},

heH
with

{Ie€Z(n,k, A)|hel} = Z {I € Z(n,k, A)| his in the ¢-th block of T}|.
£€(4)

The quantity [{I € Z(n,k, A)| hisin the ¢-th block of I}| is counted similarly to |Z(n,k, A)|. The
constraint ”h is in the /-th block of I”” means that 7., may admit only a finite set of values (see proof
of Lemma @, setting ¢o = 0). Compared to |Z(n, k, A)|, not j but only j — 1 blocks are free which
decreases the order from n’ to n~1. Since the number of terms in the two sums is independent of n, we
have:

D= ITeInk, A\|IT+H INH 1=<ni—h O
Herzrggf;A)l{ €Z(n,k,A)|I+#H, #0}H+1=xn

The dependency graph we just constructed will be used in the next two sections to prove Theorem .

3.2 Approach I: Dependency graphs and Stein’s method
The following theorem can be obtained from results of [Chen and Rollin| (2010) and Rosq (R011)).

Theorem 3.5. Let Z ~ N(0,1). Let G be a dependency graph for { X;}~_, and D — 1 be the maximal
degree of G. Assume there is a constant B > 0 such that |X; — E[X;]| < B for all i. Then, for
w=1 ZZJ\; (X; — E[X;]), where o2 is the variance of the sum, it holds that:

8B2D3/2N1/2 N 8B3D2N

dx (W, Z) < ;

o o3

In particular, if o2 < B2DN (or ® > CB2DN for some constant C > 0), then:

D

w2 -0(,2).
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Proof: Without loss of generality, we assume that E[X;] = 0 for all i. Let

A; ={i} U{1 < j < N] vertices ¢ and j are connected in G'}.

Clearly, |A;| < D for all i. Using (Chen and Rollin, 010, Construction 2B) we obtain a Stein coupling

for W so that with (Chen and Réllin, P01, Corollary 2.6) (for o = M =D B) we have:
2 8B°D"N D2N
dgW,Z2) < — |V X; X 6
KW,2) < 5 (zz )+ ©

Under the assumption of a dependency graph, from the end of the proof of (, , Theorem 3.5), we
have that:

N N
Var<z > Xin> <13D*) "E[X]] < 13B*D*N. ()

i=1 jeA; i=1
The final bound follows from Egs. (E) and (ﬂ). O

We apply Theorem E to our problem.

Proof of Theorem P.1] (variant I): Let (m, A) have j blocks and let k& = |x|. Consider the family
of random variables { X7 (0)}rez(n,k,4) and the dependency graph constructed for it in (B). Denote
by N the size of the family and denote by D — 1 the maximal degree of the dependency graph. Set
v, = Var(X(™4)(s,)). From Lemma .7 and Lemma .4} we have:

Nx=nl, Dx=nl"l
We will see in Theorem @ that we have:
2j—1

Up XN

The proof being technical, it is postponed to Section E Clearly, it holds that v,, < DN. Moreover, for all
I € I(n, k, A), we have:

|XT () — E[XT ()] < 1.

Using Theorem E with B = 1, we obtain:

4 (X070, 2) = 0( . ) _ O(n-1/?), .

Remark 3.6. Almost the same bound as in Theorem @ (giving also a O(n~1/?) in our case) has been
obtained by Y. Rinott (Rinotl, [[994, Theorem 2.2).

Remark 3.7. Using ( , Theorem 3.5), the same bound as in Theorem @ can be obtained for
the Wasserstein distance dyy, which is defined in ( D011, p. 5). The bound on dy, would then give a
bound on dg;, however not an equally good one as Theorem 3.1 (n=/* instead of n='/?) .
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3.3 Approach Il: Dependency graphs and cumulants

For any random variable X, denote by (") (X) its 7-th cumulant. As in (Saulis and StatuleviGiug, [[991],
p. 16), we say that X satisfies condition (S, A) for some v > 0, A > 0 if:

(rh)i+y
AT—2 ’

M (X)] < forall r > 3.

The following result can be found in (Saulis and Statuleviciug, [[991], Corollary 2.1).

Theorem 3.8. Let Z ~ N (0,1). For any random variable X satisfying condition (S~ ), it holds that:

108

(+#)

To prove that condition (S, a) is satisfied by our random variable X (™4)(s,,), we use the following
result from (Féray etal] 016, p. 71) giving a bound on cumulants of sums of random variables. A slightly

weaker version has been established by S. Janson (Jansor], [[988, Lemma 4), see also (Féray et al], P01,
p. 71).

Theorem 3.9. Let { X, },ecv be a family of random variables with dependency graph G. Denote by N
the number of vertices of G and by D — 1 the maximal degree of G. Assume that the X,,’s are uniformly
bounded by a constant B. Then, if X = X, for any integer r > 1, one has:

veV
k(X)) <27 ND B
With the help of Theorem E, we apply Theorem @ to our problem.

Proof of Theorem B.1] (variant IT): Let (7, A) have j blocks and let k& = |x|. Consider the normalized
indicator random variables X (oy,):

X7 (on) —er
/Un ’

where v,, = Var(X (™4 (0,)), e; = E[XT(0,,)]. Clearly, X(™4)(q,,) is the sum of the X (0,,)’s. It
is easy to see that the dependency graph constructed in (E) is also a dependency graph for the family
{XT(on)}1€z(n,k,4)- Denote by N its number of vertices and denote by D — 1 its maximal degree. By
Lemma E and Lemma E, there exist C7, Co > 0 such that:

X7 (on) =

N S Clnj, D S anjil.

By Theorem [t 1] (whose proof is postponed), we have v,, =< n2/~1. Since | X7 (5,,) — er| < 1, there exists
C3 > O such that forall I € Z(n, k, A):

XF (o) < Con'/27.
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We now use Theorem@ to estimate the cumulants of X (™-4) (¢, ). We use the following simple inequal-
ity for factorials: r" < rle”, valid for » > 1. For any > 3, we obtain that there exists C' > 0 such
that:

kM (X @A) (6,))] < 271" =2(O1nd ) (Cond ~1) "~ H(Cyn/2-9)"
(X)) < (Cond)(Con? =) (Cn )

< Crrln~(r=2)/2

7!
< A2

where A = C~3n!/2, Here we used that r/(r — 2) < 3 for all r > 3. Since condition (S, A) is satisfied
with A and v = 0, by Theorem E, we obtain:

dx (m Z) = O(n~Y?). 0

4 Variance estimate

The main result of this section is the following theorem about the asymptotic behaviour of the variance
of X(™4)(g,,) (we still assume |7r| > 2). This result has been used in both proofs of Theorem B.1 given
above.

Theorem 4.1. For a vincular pattern (w, A) with j blocks and for o,, uniform in S,,, there exists C' > 0
such that:

Var(X ™4 (0,)) ~ Cn¥ 1,

The proof consists in two steps. First, we show in Section @ that Var(X (™4)(g,)) is a polynomial
in n of degree at most 2j — 1. This immediately implies that Cn?/~! is an upper bound for the variance
(see Corollary @). The second step is to find a lower bound of the same form (see Proposition @). The
lower bound is more important for the CLT result, but it does not follow from the polynomiality. To find
it, we present in Section @ a proof technique building a recurrence from the law of total variance.

4.1 Polynomiality and upper bound
Using the sum decomposition of X (™4 (g,,) (see Eq. (ﬂ), p- ﬂ) and Lemma @, we have:

Var(X" (o)) = Y Cov(X[(0n), X7 (0n)). 8)

I1,J€Z(n,k,A):
INJ#0

By Lemma B, the covariances are 0 for any I,J € Z(n,k, A) that do not intersect, explaining the
summation index in the above formula.
We use this expression to prove that Var(X (™4)(,,)) is a polynomial in 7.

Lemma 4.2. Let (7, A) be a fixed vincular pattern of size k with j blocks and, for n > 1, let o,, be
uniform in S,,. Then, for n > 2(k — j), Var(X(™4)(5,,)) is a polynomial in n whose degree is at most
2j — 1.
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Proof: The proof idea is to split the sum in Eq. (E) according to I, J that have the same covariances,
and then to count the number of pairs (I, J) in each of these covariance-groups. We will see that the
cardinalities of all those groups are polynomials in n and that the number of groups and the covariance
values do not depend on 7. Then, this implies that also Var(X (™4)(s,,)) is a polynomial in n.

LetI,J € I(n,k,A), I = {il,ig,...,ik} withi; < iy < -+ < gpand J = {jl,jg,...,jk} with
J1 < Ja < -+ < ji. To split the sum, we consider I U J = {uy,ug,...,us} withug < ug < -+ < uy
and k < t < 2k. Note that t = 2k if and only if I N J = (). Depending on the intersections between I and
J, I U J looks different, see Fig. E Each u, in I U J comes either from I, or from J, or from I N J here

e o o o o o o e o o I
e o o e o o o e o o J
e o e e o o o e o o TUJ

Figure 2: Block structure of 1 U J.

shown in orange. The following function fr ; : [t] — {I, J, (I, J)} gives to each position s the origin of
Us:

I ifus € I butus ¢ J
f[)J(S) = J if us € J but ug §§ I .
(I,J) ifuselInJ

Since o, is uniform, Cov(XT (0y,), X7 (0y)) depends on I, J only through the positions of the inter-
sections of I and J. In the example of Fig. E, I and J intersect at one position only: position 3 in
I and 2 in J. In particular, when two functions f7 y and fr, j are the same, then the covariances
Cov(XT (0n), X7 (04)) and Cov(XT. (0,), X7 (0,)) are the same. We split the sum:

2k—1
> Cov(XT (o), X5(on) = Y > > Cov(XT(0n), X7 (o).
I1,J€Z(n,k,A): t=k f:[t]={I1,J,(I,J)} I,JEL(n,k,A):
INJ#0 \1UJ|=t, f1,5=f

Each pair (¢, f) defines a covariance-group. The number of such pairs and the covariance associated to a
pair (¢, f) are independent of n. To count the size of the groups, we consider the blocks of 7UJ. Similarly
to patterns, I and J come in blocks. The inherited block structure of I U J has three different types of
blocks: blocks from I, blocks from J and merged blocks, coming both from I and J. In Fig. E, the block
of size 3in I U J is a merged block. Instead of blocks, it is equivalent to describe the adjacencies of 1 U J.
As the blocks, they are inherited from I, or from J, or both from I and J. Neighbouring (as in Fig. E)
or shared adjacencies from I and J take care of the block merges. If us € I, then define r;(s) as the
index ¢ such that us = ¢, and similarly for r ;. For a function f : [t] — {I, J, (I, J)}, we define the set



18 Lisa Hofer
A; C [t —1]by:

ced; e {f(s) € {I,(I,J)} and r1(s) € A,

or f(s) € {J,(I,J)} and r;(s) € A.
IfI,J € Z(n,k, A) with |[I U J| = ¢ and fr ; = f, then Ay is the set of adjacencies of I U J. More
precisely, then I U J € Z(n,t, Af). But not every f can occur this way since it has to respect the block
structure of T and J given by A. For example, f(s) = I or f(s) = (I, J) withry(s) € Abut f(s+1) = J
for some s, is not valid. For a fixed pair (¢, f), one of the two following cases occurs:

e Thereareno I, J € Z(n,k, A) with f; ;= f.

{(I,J)EI(TL,k,A)ﬂf]_],]:f} %I(nvtaAf)v

(I,J) —=1TUJ,
Indeed, if K € Z(n,t, As), then (I, J) can be reconstructed from K = T U J and f = f; ;. By
construction of A, I and J will be in Z(n, k, A).

e The map { is a bijection.

So, the cardinalities of the covariance-groups are either 0 or given by the cardinality of the corresponding
Z(n,t,Ay). By LemmaR.q, forn >t — (t — |Ay|) = |Af|, we have:

n—t+(t—|Az]) n—|Afl
ot A9 = ( - .
g t— |4yl t— |4yl
This is a polynomial in n, since ¢ and |A;| do not depend on n. The maximal value |Af| can take is
2(k — j). So, for n. > 2(k — j), Var(X(™4)(g,,)) is the sum of polynomials in n, which is again a

polynomial in n. Its maximal degree is the maximal value for ¢ — |A| (the number of blocks of I U J)
which is 25 — 1. o

Remark 4.3. This polynomiality result can be used to compute expressions of the variance for small
patterns by polynomial interpolation (whence the desire to be precise on the range of values of n for
which the polynomiality holds).

From Lemma .2, we directly obtain an upper bound for Var(X (™4)(5,)).

Corollary 4.4. Let (m, A) be a fixed vincular pattern of size k with j blocks and let o, be uniform in S,,.
Then, there exists C > 0, ng such that for n > ng:

Var(X ™4 (0,)) < Cn¥ 1.

4.2 Lower bound

Our proof technique for finding a sharp lower bound on Var(X (™4)(¢,,)) uses a recurrence that we obtain
from the law of total variance. Working directly with the variance decomposition (see Eq. (E)) would be
more difficult since covariances can be negative whereas the law of total variance involves only non-
negative terms. We first discuss what conditioning we want to use in the law of total variance. Then, we
show how to obtain the recurrence relation. And finally, we deduce a recursive estimation from which we
then derive the lower bound.
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For the rest of this section, let (7, A) be a fixed vincular pattern of size k with j blocks. Let Uy, Us, . . .
be independent and uniform in [0,1]. For any n, set 0, = red(U;...U,). By Lemma .10, o,, is
uniform in S,,. Moreover, for any n, we define v,, = Var(X (W’A)(O'n)). For simplicity, we also set
Y = X(m4(q,).

We apply the general law of total variance (see Proposition ) on Y where we shall condition on
the last few entries of o,,. The number of these entries is the size of the last block of the pattern (7, A),
denoted b;. More precisely, we condition on Uy, Up,—1, . . ., Up—p,+1. We obtain the following expression
for v,,:

vp = Var(Y) = E[Var(Y|Uy, ..., Un—p,+1)]
+ Y E[Var (EY|Un,....Unil|Un, .., Un-it1)]. )

We now turn to the recurrence where we will see why this conditioning is a good choice. We split Y in
two parts as follows: Y = B 4+ C' with

B= > X7 (on), C= > XT (o).

I€Z(n,k,A): n¢l I€Z(n,k,A): nel

Observe that B = X(T’VA)(an,l), since oy, is uniform in S,, and o,,_; is uniform in S,,_;. Applying
Proposition on B, with the conditions Uy, —1, . . ., Up—p;+1, we have:

vn—1 = Var(B) = E[Var(B|U,,—1,...,Un_p,+1)]
+ Y E[Var (BIB|Un-1,....Un—ict)|Un-1,-.. . Uny)]. 1O

i=0,...,b;—2

In the expression for v, Eq. (E), we want to recover v, 1 from E[Var(Y'|U,,...,U,_p;4+1)]. Since
Y = B + C and since B is independent of U,,, we have:

E[Var(Y|Uy,...,Un—p,41)] = E[Var(B|Up—1,...,Un—p;41)]
+E[Var(C|Un, ..., Un—p;+1)] (11)
+ 2E[Cov(B, C|Uy, ..., Un—p;41)]-
Because E[Var(B|U,_1, ..., Un—u,+1)] also appears in the expression for v,,_1, using Eqs. ), ()
and (), we obtain the following recurrence relation:
Vp — Vp—1 = 2E[Cov(B,ClUp, ..., Up_p;41)]
+E[Var(C|Us, ..., Un—p;+1)]

+( > E[Var (BY|Un,...,Un-il|Un, ..., Un-it1)]
i=0,...,b;—2 (12)

— Z E[Var (]E[B|Un—17-'-7Un—i—l”Un—17'"7Un—i)])
i=0,...,b; —2

+E[Var (E[Y [Un, -, Un—ty+1]|Uns - - s Un—,+2)].



20 Lisa Hofer

The right-hand side of Eq. ) is grouped in four terms. To find a lower bound with the help of this
recurrence relation, we examine all these terms. We will need the following result which can be proved
very similarly to Lemma E

Lemma 4.5. Let (w, A) be a vincular pattern of size k with j blocks and a last block of size b;. Let
Us, ..., U, beindependent and uniform in [0, 1] and let o, = red(Uy ... U,,). Then, for I, J € I(n,k, A)
withINJ C{n—b;+1,...,n}, conditionally on Uy, _p, 11, . .., Uy, the random variables XI(W’A)(Un)
and X Y"m (0y,) are independent.

Lemma is the reason why we want to condition on the last b; entries of 0,,. Moreover, we need the
following definition in order to work with sorted sequences.

Definition 4.6. Let x1x2 ...z, be a sequence of n distinct real numbers. Then, sort(xy ...x,) is the
sorted sequence which contains x1,xs, . .., T, but in increasing order.

We now examine separately the four terms of the recurrence relation (see Eq. ()). We want to find
lower bounds for each of them. The following computations hold for n large enough.

First term First, we have:

Var(C|Un, ..., Up—t;+1) = > Cov(XT(00)s XT(00)|Uny - -+, Un—p, +1)-
I,J€Z(n,k,A): neINJ

The constraint n € I N J means that  and J intersect at least in the whole last block. By Lemma @,
for the above covariances to be non-zero, I and J must intersect at least in one more block. Similar
arguments as in the proof of Lemma @ show that the number of non-zero covariances is O(n?/=3).
Since the covariances are bounded by 1, this implies:

Var(C|Uy, ..., Up—p,41) = O(n*73).

Note that the constant in the O-term does not depend on U,,, ..., Up_p, 1, which is important when we
take the expectation. Then, by the Cauchy-Schwarz inequality, it holds that:

| Cov(B,C|Un, ..., Un—p,+1)| < Var(B|Uy, ..., Up—p,+1)/>O0(n?=3/%).
And by the Jensen inequality:
E[| Cov(B,C|Up, ..., Up—p,+1)|] < E[Var(B|Un,...,Un—p,+1)]"/20(ni=%/?2).

Equation (IE) implies that E[Var(B|Up, ..., Un—p;4+1)] < vp—1, so that:

E[| Cov(B, C|Up, ..., Up_p,+1)|] < vi/%0(nI=3/?).
Finally, there exists C; > 0 such that:

2E[Cov(B, C|Un, ..., Up_p,11)] > —Cind =32}/ (13)
Second term We will simply use the trivial inequality

E[Var(C|Uy, ..., Un_p,+1)] > 0. (14)
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Third term For 0 < m < b; — 1, define

A, = > XT (o),
I€Z(n,k,A):
n,...,n—m+1¢I,n—mel

Ay, = Z X7 (on).

I€Z(n,k,A):

Clearly, Y = Ao + Ay + - + Ap,, while C = Ag and B = Ay + Ay + --- + Ap,. Note that for

0 <m < bj, Ap, is independent of Uy, ..., Up—y41. Forany 0 < ¢ < b; — 1, we have:
i bj
E[Y|Un,...,Un-i] = > E[Am|Un_m, ..., Un-il + > E[Apn].
m=0 m=i+1

Taking the variance, the second sum will not contribute since it is deterministic. For the first sum, i.e. the
case 0 < m < i, we compute E[A,,,|Uy,—m, - .., Un—;]. Before giving the general formula, we consider a
simple example.

We explain how to obtain a formula for the random variable E[Ag|U,,,U,—1]. Consider the pattern
m = 54231. Then, Ay is the sum of the indicators X7 (c,,) for I € Z(n,5,{3,4}) such that n € I.
This implies automatically that n — 2,n — 1 € I due to the adjacencies of the given pattern. Assume
I = {is,iqg,n —2,n —1,n} with i5 < iy < n — 2. Then, we have:

]P)(X}T(Un) = 1‘Un, Un—l) = P(I‘ed(UisUmUn_gUn_lUn) = 54231‘Un, Un—l)

- ]P)(Unfl > Un72 > Un|Un7 Unfl)P(Uiy) > Ui4 > Un71|Un71)HUn,1>Un

1-Uy1)?
= (Un-1— Un)%ﬂwﬁowa

where I, is the indicator function which is 1 if and only if condition x holds. We used that the U;’s are
independent and uniform in [0, 1. Since there are (") choices for i5 and i4, we have:

E[Ao|Up, Un_1] = > P(X] (0n) = 1|Up, Un—1)
I1€Z(n,5,{3,4}): nel

TR

This is the explicit formula for the random variable E[Ao|U,,, Up—1].

For the general formula, let ay...a14i—m = sort(wk_(i_m) ...7) (fixed, since 7 is) and define
Oy, .. liyi—msuchthat Uy, ... Uy, . = sort(Uy—;...Uyp_pm) (not fixed). Then:

E[An|Un—m; -y Un—i] = Bm(n) X S(Up—my- -, Un—i),
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where
Bt = ("7 AT,

j—1

S(U U ) _ UZlil(ng - Ugl)GQ—U«l—l Ce (1 — Uf1+i,m)k_al+i7m ;
T (a1 = Dlag —ay = 1)l (k = arpiom)! :rfi(grlilli?iﬁb'

The binomial coefficient counts the number of I € Z(n, k, A) fulfilling the constraints for A,,: this set
is in bijection with Z(n — b; — m, k — b;, A N [k — b;]) so that its cardinality is given by Lemma .7,
For each such I, the probability that the corresponding values in o,, are in the good order is given by the
fraction. The indicator takes care of the order of the given U;’s.

We need these computations to compare the expectations (of Y and of B) appearing in the third term
in Eq. (@). For Y, we have:

E[ Var (E[Y|Un, ..., Un—i]|Un, -, Un—it1)]

_ E[Var<n§Bm(n)S(Un_m, e Unt)

Un,....,Un—;
“ﬂ (15)

i

1
Z WS(Unfm, ey Unfz)

m=0

=n? 2R {Var (

Un, ey Uni+1):| + O(?’L2j—3).

And for B, we obtain:

E[Var (E[B|Un-1, .-, Un—i—1)|Un-1, ..., Un—i)]

Un—lu LR Un—z>:|
i+1 1

= n2j2IE[Var< > MS(Un,m, o Uncin)

i+1
= E[Var( > Bu()SWUn-m, -, Un—i-1)
m=1

Unfl, ey Unz>:| + O(n2j73)

m=1
7

1
> MS(Un_m, ey Un—i)

m=0

=n? 2K [Var (

Unu cv ey Un—i+l>:| + O(n2j_3)7

where the last step uses that the U;’s are independent and identically distributed (i.i.d.) so that we can
replace (Up—1,...,Un—i—1) by (Un, ..., Up—;). In particular:

> E[Var (BY|Un,....Unil|Un; ..., Un-it1)]

- > E[Var (E[B|Un-1,..-,Un-i-1l|Un-1,..., Un_i)] (16)
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Fourth term From Eq. ), we have:
E[Var (E[Y [Un, .., Un—t;41)|Uns - - s Un—ty42)] = 02 2B[f (Un, . .., Un—, +2)] + O(n¥73),

where

1
Z (75((]77,—77’7,7 B Un—bj-i-l)

JWhs oo Unpjq2) = Var(m_o F—

Un7 tty Un—bj+2) .

Note that with positive probability, red(Uy—p, 2 ...Un) = red(mgx—p;42...7x). On this event, as a

function of U, 4,41, the random variable Zmzo,...,bj—l S(Un-m>---yUn—p;+1) is not a.s. constant

(in particular, L oq(s Un)=red(m4_p. +1...m,) takes value 1 or 0 with positive probability each). So,
J

n—b;41-
with positive probabilit]y, f(Un,...,Un_p;12) is non-zero which implies E[f(U,,...,Un—p;4+2)] > 0.
Furthermore, since the U;’s are i.i.d., E[f(Up, ..., Un_bj+2)] does not depend on n. Hence, there exists

Cs > 0 such that:

E[Var (E[Y|Un, ..., Un—p,41]|Un, .., Un—t,42)] = Con® 2. (17)

Conclusion Putting Egs. ), (@), @ and together, we obtain for some C5 > O:

Uy > Up_1 (1 — Clnj*?’/zv;if) + Con®72 4 O(n?73)

, _ (18)
Z Un—1 (1 — Clnjfg/zv;i?) + Cg’ﬂzin.

Using first Eq. () and then Eq. ([L3) (where i = 0 gives E[Var(E[Y|U,])] = Var(E[Y|U,])), we
directly obtain:

1
(G -1

v = Var(E[Y [U,]) = %~ Var< s(m)) O,

where

Um (1 - U,
S(Un) = (e — DIk — mp)!

Because we assume k > 2, S(U,,) is not a.s. constant. Moreover, its variance does not depend on n, so
that there exists Cy > 0 such that:
vy, > Oyn? 2. (19)

Using Eq. (@) for v,,_1, we can refine Eq. @ for some C'5 > 0:
Un > Vo1 (1 = Csn™Y2) + C3n® =2, (20)

Equation (R() is the recursive estimation that we now use to obtain a lower bound for the variance
v, = Var(X (™4 (s,,)) which is sharper than the one given by Eq. (1.
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Proposition 4.7. Let (7, A) be a fixed vincular pattern of size k with j blocks and let o,, be uniform in
Sn. Then, there exists C > 0,ng such that for n > ng:

Var(X (™4 (0,,)) > Cn® 1.

Proof: For any n, let v,, = Var(X(’TVA)(Jn)). Let n; be large enough such that 1 — fﬁ > ( and such
that Eq. (@) holds for n > n;. By Eq. (@), we recursively obtain:

on > zn: Cayl?=2 ﬁ (1 - %)

l=n1 m=~+1

Since 1 —z > e2* > 1 — 2z for x < 1, we have for ¢ big enough:

m=~¢+1 m=~+1 m=~+1

Hence, there exists Cs > 0 such that for n big enough:

vn > Zn: C3£2j—2(1—2c5 zn: %)

Z:nfcg\/ﬁ mzf"l‘l

n - CG\/H
> Cyl?72(1 — 205 ———
> ) Gyl (1-4C5C)

L=n—Cs~/n
> Cs(1 — 40506)06\/5(3)%72

> C7n2j73/2 )

for some C7 > 0. Because vy, is a polynomial in n for n > 2(k — j) (see Lemma @), there exists C' > 0
and ng > 0 such that for n > ng, v, > Cn2~1. |
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