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Abstract: We combine the method of exchangeable pairs with Stein’s method for functional ap-
proximation. As a result, we give a general linearity condition under which an abstract Gaussian
approximation theorem for stochastic processes holds. We apply this approach to estimate the dis-
tance of a sum of random variables, chosen from an array according to a random permutation, from a
Gaussian mixture process. This result lets us prove a functional combinatorial central limit theorem.
We also consider a graph-valued process and bound the speed of convergence of the distribution of its
rescaled edge counts to a continuous Gaussian process.

Résumé: Nous combinons la méthode des paires échangeables avec la méthode d’approximation fonc-
tionnelle de Stein. De cette fagon, nous obtenons une condition générale de linéarité sous laquelle un
résultat abstrait d’approximation Gaussienne est valide. Nous appliquons cette approche & ’estimation
de la distance entre une somme de variables aléatoires, choisies dans un tableau par le biais d’une per-
mutation aléatoire, et un mélange de processus Gaussiens. A partir de ce résultat, nous prouvons
un théoréme central limite fonctionnel combinatoire. Nous considérons également un graphe aléatoire
et fournissons des bornes pour la vitesse de convergence de la loi de son nombre d’arétes (aprés un
changement d’échelle) vers un processus Gaussien continu.

MSC 2010 subject classifications: Primary 60B10, 60F17; secondary 60B12, 60J65, 60E05, 60E15.
Keywords and phrases: Stein’s method, functional convergence, exchangeable pairs, stochastic
processes.

1. Introduction

In [32] Stein observed that a random variable Z has the standard normal law if and only if
EZf(Z) = Ef(Z) (1.1)
for all smooth functions f. Therefore, if, for a random variable W with mean zero and variance 1,
(B (W) — EW (W) (1:2)

is close to zero for a large class of functions f, then the law of W should be approximately Gaussian. In
[33], Stein combined this observation with his exchangeable-pair approach. Therein, for a centred and scaled
random variable W, its copy W' is constructed in such a way that (W, W’) forms an exchangeable pair and
the linear regression condition:

E[W' —W|W]=-\W (1.3)
is satisfied for some A > 0. This, in many cases, simplifies the process of obtaining bounds on the distance
of W from the normal distribution.

This approach was extended in [29] to examples in which an approximate linear regression condition holds:

E[W — W[W]=-AW + R

for some remainder R. A multivariate version of the method was first described in [9] and then in [27]. In
[27], for an exchangeable pair of d-dimensional vectors (W, W’) the following condition is used:

E[W — W|W] = —AW + R (1.4)
1
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for some invertible matrix A and a remainder term R. The approach of [27] was further reinterpreted and
combined with the approach of [9] in [24].

On the other hand, in the seminal paper [1], Barbour addressed the problem of providing bounds on
the rate of convergence in functional limit results (or invariance principles as they are often called in the
literature). He observed that Stein’s logic of [32] may also be used in the setup of the Functional Central
Limit Theorem. He found a condition, similar to (1.1), characterising the distribution of a standard real
Wiener process. Combined with Taylor’s theorem, it allowed Barbour to obtain a bound on the rate of
convergence in the celebrated Donsker’s invariance principle.

This paper is an attempt to combine the method of exchangeable pairs with functional approximations.
We provide a novel approach to bounding distances of stochastic processes from Gaussian processes. Our
approach is influenced by the setup of [29] and [1].

1.1. Motivation

We are motivated by a number of (finite-dimensional) examples studied in Stein’s method literature using
exchangeable pairs, which could be extended to the functional setting. Functional limit results play an
important role in applied fields. Researchers often choose to model discrete phenomena with continuous
processes arising as scaling limits of discrete ones. The reason is that those scaling limits may be studied using
stochastic analysis and are more robust to changes in local details. Questions about the rate of convergence
in functional limit results are equivalent to ones about the error those researchers make. Obtaining bounds
on a certain distance between the scaled discrete and the limiting continuous processes provides a way of
quantifying this error.

We consider two main examples. The first one is a combinatorial functional central limit theorem. The
second one considers a process representing edge counts in a graph-valued process created by unveiling
subsequent vertices of a Bernoulli random graph as time progresses.

The former is a functional version of the result proved qualitatively in [19] and quantitatively in [10] and
an extension of the main result of [2]. It considers an array {X; ; : ¢,j =1,--- ,n} of i.i.d. random variables,
which are then used to create a stochastic process:

Lnt)

1
L= — Z Xiﬂ'(i)? (15)
Sn o1
where s2 is the variance of Dy Xir(:) and 7 is a uniform random permutation on {1, - -- ,n}. The motivation

for studying this and similar topics comes from permutation tests in non-parametric statistics. Similar setups,
yet with a deterministic array of numbers, and in a finite-dimensional context, have also been considered by
other authors (see [35] for one of the first works on this topic and [5], [18], [25] for quantitative results).

The second example, which considers Bernoulli random graphs, goes back to [20]. It was first studied
using exchangeable pairs in a finite-dimensional context in [28], where a random vector whose components
represent statistics corresponding to the number of edges, two-stars and triangles is studied. The authors
bound its distance from a normal distribution. We consider a functional analogue of this result, concentrating,
for simplicity, only on the number of edges. Our approach can, however, be also extended to encompass the
number of two-stars and triangles using a multivariate functional exchangeable-pair methodology which
we leave for future work. All of those statistics are often of interest in applications, for example, when
approximating the clustering coefficient of a network or in conditional uniform graph tests.

1.2. Contribution of the paper

The main achievements of the paper are the following:

(a) An abstract approximation theorem (Theorem 4.1), providing a bound on the distance between a
stochastic process Y,, valued in R and a Gaussian mixture process. The theorem assumes that the
process Y, satisfies the linear regression condition

E{Df(Yn) [Y;L - Yn} |Yn} = _)\an(Yn)[Yn] + Rfv
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for all functions f in a certain class of test functions, some A, > 0 and some random variable Ry =
R;(Y,). Crucially, the bound in Theorem 4.1 is derived with respect to a class of test functions
so rich that the bound approaching zero fast enough, under certain assumptions, implies the law of
Y, converging weakly in the Skorokhod and uniform topologies on the Skorokhod space. The exact
conditions under which this convergence occurs are stated in Proposition 2.2. Theorem 4.1 is used in
the derivation of the remaining results of this paper.

(b) A novel functional combinatorial central limit theorem. In Theorem 5.1, we establish a bound on
the distance between process (1.5) and a Gaussian mixture, piecewise constant process. Furthermore, a
qualitative result showing convergence in distribution of process (1.5) to a continuous Gaussian limiting
process is provided in Theorem 5.5. Thus, we extend [2], where similar results were proved under the
assumption that all the X; ;’s for 4,5 = 1,--- ,n are deterministic. Our bound is also an extension
of [10], where a bound on the rate of weak convergence of the law of i S Xir(iy to the standard
normal distribution is obtained.

(¢) A novel functional limit theorem for a statistic corresponding to edge counts in a Bernoulli random
graph, together with a bound on the rate of convergence. We consider a Bernoulli random graph G(n, p)
on n vertices with edge probabilities p. Letting I; ;, for 4,5 = 1,--- ,n be the indicator that edge (i, j)
is present in the graph, we study a scaled statistic representing the number of edges:

nt —2 L]
T, (t) = > L, telo1].

3,7=1

Theorem 6.3 provides a bound on the distance between the law of the process
t— T,(t) —ET,(t), te]l0,1] (1.6)

and the law of a piecewise constant Gaussian process. Theorem 6.4 bounds a distance between the law
of (1.6) and the distribution of a continuous Gaussian process. Weak convergence of the law of (1.6)
in the Skorokhod and uniform topologies on the Skorokhod space to that of the continuous Gaussian
process follows from the bound as a corollary.

1.3. Stein’s method of exchangeable pairs

The idea behind the exchangeable-pair approach of [33] was the following. In order to obtain a bound on a
distance between the distribution of a centred and scaled random variable W and the standard normal law,
one can bound (1.2) for functions f coming from a suitable class. Supposing that we can construct a W’
such that (W, W') is an exchangeable pair and (1.3) is satisfied, we can write

0 =E[(f(W) + F(W)(W — W)
=E[(f(W') = fW))(W = W')] + 2E [f(W)E[W — W'|W]]
=E[(f(W') = fW)(W — W')] + 2AE[W f(W)].
It follows that

LE[(r) - rvy)w —w)).

EW (W) = 55

Therefore, using Taylor’s theorem,

B[ (W)] - IE[Wf( )]l

~ B o)+ R0 - s - W)

<[ 0) - grEr e - we|+ Ull=mpw -
<7l B | v = w2 | = 1]+ Ly v
W T+ L g
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which provides the desired bound.

Before the publication of [9, 27, 24] the method was restricted to one-dimensional approximations. It was,
however, also used in the context of non-normal approximations (e.g [7, 8, 30]). More recently several authors
have extended and applied the method. Débler extended it to Beta distribution in [14] and Chen and Fang
used it for the combinatorial CLT [10].

1.4. Stein’s method in its generality

The aim of the general version of Stein’s method is to find a bound of the quantity |E, h — E,h|, where
w is the target (known) distribution, v, is the approximating law and h is chosen from a suitable class of
real-valued test functions H. The procedure can be described in terms of three steps. First, an operator A
acting on a class of real-valued functions is sought, such that

(Vf € Domain(A) E,Af=0) <<= v=u,
where p is our target distribution. Then, for a given function h € H, the following Stein equation:
Af =h—E,h

is solved. Finally, using properties of the solution and various mathematical tools (among which the most
popular are Taylor’s expansions in the continuous case, Malliavin calculus, as described in [26], and coupling
methods), a bound is sought for the quantity |E, Afp|.

1.5. Functional Stein’s method

Approximations by laws of stochastic processes have not been covered in the Stein’s method literature
very widely, with the notable exceptions of [1, 2, 31, 11, 12] and recently [21, 22, 3, 13, 6]. In [31], Stein’s
method is developed for approximations by abstract Wiener measures on a real separable Banach space.
References [21, 3] establish a method for bounding the speed of weak convergence of continuous-time Markov
chains satisfying certain assumptions to diffusion processes. Reference [22], on the other hand, treats multi-
dimensional processes represented by scaled sums of random variables with different dependence structures
and establishes bounds on their distances from continuous Gaussian processes. The recent reference [6]
introduces a Dirichlet structure and the corresponding Gamma calculus in an infinite-dimensional context
and combines it with the methodology of [31] to derive bounds on distances from Gaussian random variables
valued in Hilbert spaces.

The bounds in references [1, 2, 21, 22] are obtained with respect to convergence-determining classes of
test functions and weak convergence results in the Skorokhod topology follow from the bounds as corollaries.
These references all use and adapt the setup of [1]. Therein, the author studies Donsker’s theorem saying
that for a sequence of i.i.d. real random variables (X,)$2; with mean zero and unit variance, the random
process

[nt]
Yo(t)=n""2>"X;, tel0,1] (1.7)
i=1

converges in distribution to the standard Brownian motion with respect to the Skorokhod topology. Through a
careful and technical application of the general Stein’s method philosophy explained above, and a subsequent
repetitive use of Taylor’s theorem, Barbour [1] proved a powerful estimate on a distance between the law of
Y, in (1.7) and the Wiener measure. Specifically, he considered test functions g acting on the Skorokhod
space D ([0,1],IR) of cadlag real-valued maps on [0, 1], such that g takes values in the reals, does not grow
faster than a cubic, is twice Fréchet differentiable and its second derivative is Lipschitz. Denoting by Z
Brownian motion on [0, 1] and adopting the notation of (1.7), his result says that

E| X, > + ViIogn
[Eg(Y..) - Eg()] < ¢, DL VIoen

vn
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where Cy is a constant, independent of n, yet depending on the (carefully defined) smoothness properties of
g. Among the applications and extensions considered by Barbour are an analysis of the empirical distribution
function of i.i.d. random variables and the Wald-Wolfowitz theorem often used to construct tests in non-
parametric statistics [34].

The results of [11, 12, 3, 13] consider a totally different setup. Therein, the authors develop a Stein
theory on a Hilbert space using a Besov-type topology. Their bounds do not imply weak convergence in
the Skorokhod topology and, for most of the natural examples one can consider, the continuous mapping
theorem does not apply in the setting they work with. For instance, as opposed to the results of [1], those
of [11] do not allow one to draw conclusions about convergence of the supremum of a process. For these
reasons, the setup we use to obtain the bounds in the current paper is analogous to that of the former class
of references [1, 2, 21, 22]. We consider it more flexible than the one of the class of references [11, 12, 3, 13].
It is also more suited for applications to processes belonging to the widely-used Skorokhod space than the
one of [31], which only caters for separable Banach spaces.

1.6. Structure of the paper

The paper is organised as follows. In Section 2 we introduce the spaces of test functions which will be used
in the main results. We also quote a proposition showing that, under certain assumptions, they determine
convergence in distribution under the uniform topology. In Section 3 we set up the Stein equation for
approximation by a pre-limiting process and provide properties of the solutions. In Section 4 we provide an
exchangeable-pair condition and prove an abstract exchangeable-pair-type approximation theorem. Section
5 is devoted to the functional combinatorial central limit theorem example and Section 6 discusses the
graph-valued process example.

2. Spaces M, M*, M?, M°

The following notation is used throughout the paper. For a function w defined on the interval [0,1] and
taking values in a Euclidean space, we define

[w] = sup |w(t)]-
te[0,1]

We also let D = D([0,1],R) be the Skorokhod space of all cadlag functions on [0, 1] taking values in R. We

will often write EV[-] instead of E[- |W].

Let us define:

()]
fllp = sup T,
17z = s T e

and let L be the Banach space of continuous functions f : D — R such that ||f]|L < oo. Following [1], we
now let M C L consist of the twice Fréchet differentiable functions f, such that:
ID?f(w + h) = D*f(w)[| < kgllhll, (2.1)

for some constant ks, uniformly in w, h € D. By DF f we mean the k-th Fréchet derivative of f and the norm
of a k-linear form B on L is defined to be || B = supyy =1} |B[h; ..., h]|. Note the following lemma, which
can be proved in an analogous way to that used to show (2.6) and (2.7) of [1]. We omit the proof here.

Lemma 2.1. For every f € M, let:

Ul sup LWL IDIG@ DA @) D2 w4 h) — DA ()]

wep 1L+ [wl? * wep T+ [Jwl* ~wep 1+ |wll when il

Then, for all f € M, we have ||f||am < oo.

For future reference, we let M* C M be the class of functionals g € M such that:

D?g(w + h) — D?
+ sup [ Dg(w)]| + sup [D2g(w)]| + sup 29T =D 5 9)
weD weD w,heD Hh”

lg(w)|
1:=8SUp —————
g2z S WP
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and M? C M be the class of functionals ¢ € M such that:

D D? D? — D2
lgllage = bupM+sup IDgC)ll o 1P%9 )l [1D7g(w + R) gl _ (2.3)

pl+llwlP " uep 1+ lwll " wep L+ fwll * whep 7]

We also let MY be the class of functionals ¢ € M such that:

D2g(w + h) — D?*g(w
lgllaro := sup |g(w)] + sup || Dg(w)|| + sup | D*g(w)|| + sup 12" ) DL
weD weD weD w,h€D ”h”

We note that M° ¢ M! C M? C M. The next proposition is [2, Proposition 3.1] and shows conditions,
under which convergence of the sequence of expectations of a functional g under the approximating measures
to the expectation of g under the target measure for all g € M° implies weak convergence of the measures
of interest.

Proposition 2.2 (Proposition 3.1 of [2]). Suppose that, for each n > 1, the random element Y,, of D is
piecewise constant with intervals of constancy of length at least ry,. Let (Zy),~, be random elements of D
converging in distribution in D, with respect to the Skorokhod topology, to a random element Z € C ([0, 1], R).
If:

[Eg(Y.) — Bg(Zn)| < CTlgllaro (2.4)

for each g € M° and if T, log*(1/ry,) 2750, then the law of Y,, converges weakly to that of Z in D, in
both the uniform and the Skorokhod topologies.

3. Setting up Stein’s method for the pre-limiting approximation

The steps of the construction presented in this section will be similar to those used to set up Stein’s method in
[1] and [22]. After defining the process D,, whose distribution will be the target measure in Stein’s method, we
will construct a process (W, (-, u) : w > 0) for which the target measure is stationary. We will then calculate
its infinitesimal generator A,, and take it as our Stein operator. Next, we solve the Stein equation A, f = g
using the analysis of [23] and prove some properties of the solution f, = ¢,(g), with the most important
one being that its second Fréchet derivative is Lipschitz.

3.1. Target measure

Let
Do(t)= > ZipipJisin(t), t€[0,1], (3.1)

i1,y im =1

where Z;, ... ;,.’s are centred Gaussian and:

A) the covariance matrix X, € R(™™)*(n™) of the vector Z is positive definite, where Z € R(™™) is formed
out of the Z;, ... ; ’s in such a way that they appear in the lexicographic order.
B) The collection {J;, ... ;,, € D([0,1],R) : i1, -+ , 4y, € {1,--- ,n}} is independent of the collection

Ziy i, 201y im € {1, ,n}} A typical example would be J;, ...

)Z’HL

=14, ., for some mea-
stm

stm i1,

surable set A;, ... ;.

Remark 3.1. [t is worth noting that processes D,, taking the form (3.1) often approximate interesting
continuous Gaussian processes very well. An example is a Gaussian scaled random walk, i.e. D, of (3.1),
where all the Zil,... jim 8 are standard mnormal and independent, m =1 and J; = 1/ 1) for alli =1,--- ,n.
It approzimates Brownian Motion. By Proposition 2.2, under several assumptions, proving by Stein’s method
that a piece-wise constant process Y, is close enough to process Dy, proves Y, ’s convergence in law to the
continuous process that D,, approximates.
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Now let {(Z%, . i, (W), u > 0) 191, -+ ,im = 1,...,n} be an array of i.i.d. Ornstein-Uhlenbeck processes
with stationary law A(0,1), independent of the J;, ... ;, ’s. Consider % (u) = (En)1/2 Z (u), where 2 (u) €

R"™" is formed out of the 27, ... ;. (u)’s in such a way that they appear in the same order as the Z;, ... ;s
appear in Z. Write Uiy e iy (1) = (@(u))l( - using the bijection I : {(i1, -« ,im) @ @1, ,im =
115 5tm
1,---,n} = {1,--- ,n™}, given by:
I(iv, - yim) = (i1 = )0+ oo 4 (i1 — 1)1+ iy (3.2)

Consider a process:
Waltu)= > Ui, (Wi, (£), tE€[0,1],u>0.
i1, i, =1

It is easy to see that the stationary law of the process (Wy(-,u)), s, is exactly the law of D,,.

3.2. Stein equation

By [22, Propositions 4.1 and 4.4], the following result is immediate:

Proposition 3.2. The infinitesimal generator of the process (Wpy(-,u)),~, acts on any f € M in the
following way: a

Anf(w) = =D f(w)[w] + ED*f(w) [Dy, Dy] .

Moreover, for any g € M such that Eg(D,,) = 0, the Stein equation A, f,, = g is solved by:
oo
fo=6ulg) =~ [ Tuugdu. (33)
0
where (T, f)(w) = E [f(we™ + V1 — e=2D,, ()| Furthermore, for g € M:

2 4
) 106u() ) < gl (14 3 l? + FEID,I?)

1 E|D,
B 1%, (6) )l < gl (5 + 150+ Z2eL),

|1D?6n(@)w + 1) = D*6@)w)]| 1D+ )w+h) — D(g+)w)]

) :
[ wheD 3[R

for any constant function ¢ : D — R and for all w,h € D. Moreover, for all g € M*, as defined in (2.2),

A) Do) ()l < llgllar,

1
B) [|ID*¢n(g)(w)]| < 3 lgllar
and for all g € M?, as defined in (2.3),

[1D¢n(g) (@) < llgllazz-

4. An abstract approximation theorem

We now present a theorem which provides an expression for a bound on the distance between some process
Y, and D, defined by (3.1), provided that we can find some Y, such that (Y,,Y)) is an exchangeable
pair satisfying an appropriate condition.
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Theorem 4.1. Assume that (Y,,Y],) is an exchangeable pair of D ([0,1],R)-valued random variables such
that:
EY"Df(Y,) Y, — Y. = =A\Df(YR)[Y,] + Ry, (4.1)

n

where EX[] := E[|Y,], for all f € M, some A\, > 0 and some random variable Ry = R¢(Y,,). Let D,, be
defined by (3.1). Then, for any g € M:

|]Eg(Yn) - Eg(Dn)‘ <e€1+€+ €3

where

e = W9y e,

120,
€9 = %ED%‘(YH) Y. -Y.,.Y,-Y ] -ED?f(Y,)[D,,D,]|,
L ERy|
€q = —
3 )\n Il

and f = ¢n(g), as defined by (3.3).

Remark 4.2 (Relevance of terms in the bound). Term e; measures how close Y,, and Y, are and how large
An 1s. Term ey corresponds to the comparison of the covariance structure of Y, — Y/, and D,,. Estimating
this term usually requires some effort yet is possible in several applications (see Theorem 5.1 and 6.3 below).
Term €3 measures the error in the exchangeable-pair linear regression condition (4.1).

Remark 4.3. The term

1
S EDH (Y)Y, = Y1, Y, = Y1) - ED*/(Y,) (D D,
in the bound obtained in Theorem 4.1 is an analogue of the second condition in [24, Theorem 3]. Therein, a
bound on approzimation by N (0,%) of a d-dimensional vector X is obtained by constructing an exchangeable
pair (X, X') satisfying:

EX X' - X]=AX+F and BEX[(X' - X)(X' - X)T]=2AS + F'

for some invertible matriz A and some remainder terms E and E'. In the same spirit, Theorem 4.1 could be
rewritten to assume (4.1) and:

EY"D?f(Y,) [Y), = Y0, Y, = Y] = 20, D*f(Y,) [Dy, Dy] + R}

The bound would then take the form:

Eg(Ya) ~ Bo(D,)| < Vg [y, —v1)) + 1 [BRy| + 51— [ER}|
n n n

Remark 4.4. While Theorem 4.1 is formulated for univariate stochastic processes belonging to the Skorokhod

space D([0,1],R), its proof below is valid for processes belonging to D([0,1],RP), for any p > 1.

We only present the univariate case here since in the modern approach to multivariate Stein’s method of
exchangeable pairs, presented in [27, 28, 2/], the exchangeable-pair condition for multivariate approximations
is written not in terms of a real A, as in (4.1), but in terms of a matriz-valued coefficient A, as in (1.4).

While it is possible to rewrite condition (4.1) appropriately, in terms of a matriz A,,, prove a corresponding
bound and use it in interesting applications, we think of it as a separate problem and leave it for future
research.

Proof of Theorem 4.1. Our aim is to bound |Eg(Y,) — Eg(D,)| by bounding |EA, f(Y,)|, where f is the
solution to the Stein equation:
Anf =g —Eg(Dy),
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for A,, defined in Proposition 3.2. Note that, by exchangeability of (Y,,Y,) and (4.1):
0=E(Df(Y;,)+ Df(Yn)) [Yn - Y]

=E (Df(Y;L) - Df(Yn)) [Yn - Y’I/’L] + 2E {EY"Df(Yn) [Yn - Y;z]}
and so:
EDS(Y,)[Y,] = 5 (B (Df(Y,) - DF(Y,)[Y, — Y} + 2Ry}
Therefore:

‘ 1

= |5 E(DF(Ya) = DY) Y, ~ Y,] ~ ED*f(Y,) [D,. D, + 1IERf‘

An
< |G E DIY) = DAY ¥ = Yo = 5 BDH (Y)Y, - Yo Y, = Y

n

1 1
| B (V) ¥, ~ YL, Y~ Y1) - EDA(Y,) D, D, | + 1|
<lglla 1
= 12)\71 [HYH - Y’I/’L||3:| + x'ERf‘

+ KIED%"(Y”) [Yn - Y;L’Yn - Y;J - Esz(Yn) [DmDn} )

where the last inequality follows by Taylor’s theorem and Proposition 3.2. O

5. A Functional Combinatorial Central Limit Theorem

In this section we consider a functional version of the result proved in [19]. Our object of interest is a
stochastic process represented by a scaled sum of independent random variables chosen from an n X n array.
Only one random variable is picked from each row and for row 4, the corresponding random variable is picked
from column 7 (), where 7 is a random permutation on [n] = {1,---,n}. Theorem 5.1 establishes a bound
on the distance between this process and a pre-limiting process and Theorem 5.5 shows convergence of this
process, under certain assumptions, to a continuous Gaussian process.

Our analysis in this section is similar to that of [2], where the summands in the scaled sums are chosen
from a deterministic array. The authors therein also establish bounds on the approximation by a pre-limit
Gaussian process and show convergence to a continuous Gaussian process. Furthermore, they establish a
bound on the distance from the continuous Gaussian process for a restricted class of test functions. For
random arrays the situation is more involved.

Our setup is analogous to the one considered in [10], where a bound on the rate of convergence in the
one-dimensional combinatorial central limit theorem is obtained using Stein’s method of exchangeable pairs.

5.1. Introduction

Let X = {Xj; : 4,5 € [n]}, where [n] = {1,2,--- ,n}, be an n x n array of independent R-valued random
variables, where n > 2, EX;; = ¢;j, VarX;; = o7; > 0 and E|X;;|* < co. Suppose that ¢;. = ¢.; = 0 where
ci. = Z;L L =EX ), ¢j =2y 2. Let be a uniform random permutation of [n], independent of X
and for
1 ¢ 1O
a-lyai Ly (5.1)
ij=1 ij=1

let
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We note that s2 = Var [Z?Zl Xm(i)]7 by the first part of [10, Theorem 1.1]. The process Y, is similar to
the process Y considered in [2] and defined by (1.4) therein with the most important difference being that
we allow the X ;’s to be random, whereas the authors in [2] assumed them to be deterministic. Bounds on
the distance between one-dimensional distributions of Y,, and a normal distribution have been obtained via
Stein’s method in [10, Theorem 1.1].

5.2. Exchangeable pair setup

Select uniformly at random two different indices I, J € [n] and let:

1 1 1 1
Y, =Y, - :XIW(I)]]-[I/n,l] - ;XJW(J)I[J/n,l] + ;th(J)]l[I/n,l] + ;XJW(I)]l[J/'rL,l]'

Note that (Y,,Y?) is an exchangeable pair and that for all f € M:

EY" {Df(Y.)[Yn— Y]}

1
Z*EY" {Df(Y2n) [ Xtr) Lty + Xon L/t — Xir) Liyna) — Xonn L/na) }

= Z EY" {Df(Yn) [Xir() Lii/n) + Xin() Li/ma) = Xin() Li/n) = Xime L)) }

n—l

:n_lDf(Yn)[Yn] PCESI Z EY"Df(Yn) [Xix()Li/ma] -

Therefore:
Y, / 2
E*r {Df(Yn)[Yn - Yn]} = n— 1Df(Yn) [Yn] n — 1 Z [ i,ﬂ(j)]]l[i/n,l]] : (5-2)
So condition (4.1) is satisfied with
)\n = n_1 and Rf = Z Df [ 7471-(])] [/n,l]] .
i,j=1
5.3. Pre-limiting process
Now let Z; = \/7 > Xl ( Z] 1 Zjl); for X" = {X : 4,7 € [n]} being an independent copy of
X and Z;;’s i.i.d. standard normal, independent of X U X'. Then, let
1 Lnt]
D,(t) = — Z;, tel0,1]. 5.3
=5 32 teba 5.3

We will compare the distribution of Y,, with the distribution of D,,. D,, is a conceptually easy process with
the same covariance structure as Y,,. It is constructed in a way similar to the process in [2, (3.13)]. Note
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that ZZ has mean zero for all 7 and

5 1 < 1<
EZ?ZEEE[X?JE Zil_ﬁjglzjl

1 1 & 1 &
+ = Z E[XyXu]E || Za - - Z Zji Zik — I Z Zjk
1<l#k<n j=1 j=1

1
E[Xx2](1-=
n—1 Z ( + )
:fZIE]Xfl
" =1

1 n n
— 2 2
=53 <2(n -1)) EX]+ 2ZIEXiT>

=1 r=1

2n 1<k#l<n 1<k#l<n =1
1 9 =
5| X E (X = x| +2> 02 (5.4)
1<k#l<n r=1

as ¢;. = 0, and, for i # j,

.. 1 n
EZ:Z, Z E(Xi, X)) E

m*(n—1) \ = —
1
o (2 D EXaBXjp -2 ) BXyBEXj
n(n —1) 1<k#I<n 1<k#l<n
1
= > B(Xu — Xa) (X — Xj). (5.5)
n(n—1) 1<k£l<n

5.4. Pre-limiting approximation

We have the following theorem, comparing the distribution of Y,, and D,,:
Theorem 5.1. ForY,, defined in Subsection 5.1, D,, defined in Subsection 5.3 and any g € M*, as defined

in (2.2),
|E9(Yn) - ]Eg(Dn)|
<2”9% Z E| Xk > + 5E| X *E|X| + 9E| X *E| X ;1| + 5E| Xk |*E| X |
2n (n o 1) 5 1<i4,5,k, L, un

+ 14E) Xk [E| X |E|X 1| + 2E| Xog [EIXa|E|Xou| + 6E| Xik [EI X1 E| Xiu| + 2E[| Xt ]| Xor ]
+ AE[ Xoup Xix B X | + 4E| Xoup Xix ] X 1| 4 8E| Xyp [ Xin || X1 | + 2E[ Xoup Xin X



Mikotaj J. Kasprzak/Functional Stein’s method with exchangeable pairs 12

)

Remark 5.2 (Relevance of terms in the bound). The first long sum in the bound corresponds to €1 and

(to a large extent) ea of Theorem 4.1. It represents the usual Berry-Esseen third moment estimate arising
2Hgl|Ml
n

2| X i |E| Xik [B| X | + IE (2| Xix| +6|X;1]) (Z E| X |? +

n

2llgllarr  Nlgllar Y o2

+
vn n2s2 *

ij=1

as a result of applying Taylor’s theorem. Term also comes from the estimation of ea. The last term

corresponds to €3.

Remark 5.3. Assuming that s,, = O(y/n), we obtain that the bound in Theorem 5.1 is of order ﬁ

Remark 5.4. If we assume that E| X3 < B3 for alli,k = 1,--- ,n then the bound simplifies in the following
way

4033n2 8ﬁ§/3
‘]Eg(Yn) - Eg(Dn)| S HgHMl (TL _ 1)8% + 83 Z CZT’C]’I" = 7’L2 2 Z

1,7,r=1 7,7=1

We will use Theorem 4.1 to prove Theorem 5.1. In the proof, in Step 1, we justify why Theorem 4.1
may indeed be used in this case. In other words, we check that D,, of (5.3) satisfies the conditions D,, of
Theorem 4.1 is supposed to satisfy and that the exchangeable-pair condition for Y, holds. In Step 2 we
bound terms €; and €5 coming from Theorem 4.1. This is relatively straightforward due to the Y, and Y/,
of Subsection 5.2 being constructed in such a way that they are close to each other and Ry of the same
subsection being small. Then, in Step 3, we treat the remaining term using a strategy analogous to that
of the proof of [2, Theorem 2.1]. The strategy is based on Taylor’s expansions and considering copies of Y,
which are independent of some of the summands in Y,,. Finally, we combine the estimates obtained in the
previous steps to obtain the assertion.

Proof of theorem 5.1. We adopt the notation of Subsections 5.1, 5.2 and 5.3. Furthermore, we fix a function
g € M1, as defined in (2.2) and let f = ¢,(g), a solution to the Stein equation for D,,, as defined in (3.3).
Step 1. We note that D,, can be expressed in the following way:

n

X/
D, = Zi — — Jiy, where J; )= — 1y, 11(0),
2\ Z | N

which, together with (5.2), lets us apply Theorem 4.1.
Step 2. For the first term in Theorem 4.1, for any g € M*:

-1 1
120, 24

We note that:

16 ) ) . )
E|Y, - Y, | < = (BIX 10 + ElX g P + El X 12> + Bl X r(n)]?)

n

16 3 3 3
= (TL—].)S?’ Z ]E‘pr(z| +]E| 7r(j)| +]E‘Xi7r(j)| +]E|Xj7r(i)| )
it
32
= n(n—1)s3 Z E| Xin (i) N + E[Xir(j)| )
i#]

- S B,

1,j=1
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Hence,
8llgllar <
<3 > EIX)R. (5.6)
noog5=1
Furthermore, by Proposition 3.2:
1
Z EDf(Yn) [Xin() Liojmn]| = - Z EDf(Yn) [XijLii/n,]
1,j=1 7,j=1
<|lg] L g Z X1
S|g M1n8n ijLi/n,1)
1,7=1
2
2|lgll -
< s, E Z:le'j
i,j=

2llgllar
< 2
<\ 2

<2||9||M1

SV A

where we have used Doob’s L? inequality in the second inequality and (5.1) in the last one.
Step 3. We will follow a strategy similar to that of [10]. Define a new permutation m;;; coupled with ,
such that:

(5.7)

AC('/Tijkl) = £(7T|7T(Z) =k, ’/T(j) - Z),

where £(-) denotes the law. As noted in [10, (3.14)], we can construct it in the following way. For 7;; denoting
the transposition of 4, j:

T, ifl=wn(j),k=mn()
T Tr=1(k),is lfl:W(j)7k§é7T(Z)
Tijkl = ) ) )
T Tr=1(1),5> it/ 7é W(])7 k= 7T(Z)
T Tee1(1)i " Te—1(k),j * Tij» it | # 7(jf), k # 7(i).
We also let
nzjkl ZX’L ijnl (4 ]l[% /m1]
Sn =1

Then L(Y, ijk1) = L(Y,|7(2) = k,w(j) =) (recalling that £(-) denotes the law). Also, for each choice of 7 #
j, k # 1let XUk .= {XZ?;?I i, € [n}} be the same as X := {Xj;;4,j € [n]} except that { Xk, X, Xk, X1}

has been replaced by an independent copy {X/,, X| X]k’ X’ 1} Then let

il

) kl 17kl
Y/ Z X Vit oy

Sn,1

and note that Y#* is independent of { Xk, Xi1, Xk, X;i} and L(YF*) = £(Y,,) (where £ denotes the law).
Now, by Lemma 7.1, proved in the appendix, for e of Theorem 4.1,

€2 = K]ED2f(Yn) [(Yn - Y;),Yn - Y;z] - EDQf(Yn)[Dm Dn]

<A+ B (5.8)
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where
1 (X — Xu)? 7? 2 2 ikl
A=|—F E — L D?f(Y,iik1) — D YY Lii/nu1li/n
”(”_1)5%1@,%;1@ { 5 —= | (D2 (Ynigt) = D2 (Y3I™)) [Li/m1) Ligm]
i#7,k#l
1 (Xie — Xa) (X1 — Xjk) 5 5
P S E { [ J 2.2,
n(n —1)s3 1<z,j,zk,l<n 2n
i#7,k#l

(D*f(Yn,ijm) — D2 f (Yfljkl)) [Lii/n,1) L jn1) } ) (5.9)

1

Pl 2

" 1<i,g,k,l1<n
i#7,k#l

n : _11) S OE { [(Xik — Xa) (X — Xjk) ZZ}]

2n
n 1<i,j,k,l<n
1#7,k#l

(X — Xa)? 72

4

2n n—1

D*f (Y7 [ﬂ[z‘/n,ul[i/n,lﬂ}

D*f (Y7™) [Lignags Ljmoa] } :

Recalling that Y#*! is independent of {X;x, X, Xjk, X;i} and L(YJ*) = L(Y,),

1

B (Xa — Xu)? 22
b= n(n —1)s2 Z E

7

E{D?f (Y) [Lii/nLii/ny] }

2n
n1<z] k,Jl<n
1#7,k#l
1 (Xaw — Xa) (X — Xjx) 5 5 2
tom e 2 E [ o™ = ZiZ;| BE{D*f (Yn) [Lijn)s L/
1<4,5,k,l<n
i,k
< _Ngimr llgll art Z ZU
n?(n—1)s2 o
1<i#j<nr=1
llgll art - 2

"oig=1

where the inequality follows by (5.4), (5.5) and Proposition 3.2. Furthermore, by Lemma 7.2, proved in the
appendix,

A g%i,(f”_ﬂl) > {]E|Xik|3 + 5E| X1 |2 E| Xa| 4+ 9E| Xir|2E| X ;1| + S5E| X |2E| X |

n 1<i,4,k, L, u<n
+ 14E| X |E| Xy |E| X ;| + 2E| X |E| X | E| Xi0u| + 6E| X |E| X | El X0 + 21E[|Xuk||Xik|2]
+ 4B | X Xix | E[ Xy | + 4E[ X 0w Xk B X | + SE| Xk | E[ Xk B[ X | + 2B X0 Xin X |

R

irCir

2 n
+2E| Xk [B Xt [B| X x| + ~E (2| Xig| + 6 X, -<ZE|XZ-,.|2+

We now use (5.6),(5.7),(5.8),(5.10),(5.11) to obtain the assertion.
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5.5. Convergence to a continuous Gaussian process

Theorem 5.5. Let X and Y, be as defined in Subsection 5.1 and suppose that for all u,t € [0,1],

|nt] [nu| n
1 1Y nooo
2mo1) Z Z ZEXikak; (57,’,]’ - n) 272 o(u,t) (5.12)
n

i=1 j=1 k=1

and
|nt] [nu] n

siz DD BXaX; 5 0P (ut) (5.13)

" oj=1 j=1 l=1
pointwise for some functions o,o? : [0,1)> = R.y. Suppose furthermore that

n n

sup 21 7 ZZ Var [X3] < co. (5.14)

neN N8y 5T

and

[nt] n 2
1 1" P

=1 =1

pointwise for some function c:[0,1] — Ry and

1
lim ———FE| su XIZall = 0. 5.16
L L—L..‘?,n' : n] (5.16)

Then (Y, (t),t € [0,1]) converges weakly in the uniform topology to a continuous Gaussian process (Z(t),t € [0, 1])
with the covariance function o.

Remark 5.6. Assumption (5.13) could also say that

[nt] [nu] n

1
EP IR

no=1 j=1 I=1

simply converges pointwise rather than giving the limit a name. However, we will use o in the proof so it
is convenient to use it in the formulation of the Theorem as well.

Remark 5.7. Assumption (5.15) is necessary for the limiting process in Theorem 5.5 to be continuous. It
essentially corresponds to the the assumption that the quadratic variation of the following process

I_’ﬂtJ n

D) = g 3> Xz

i=1 [=1

converges to the function ¢ pointwise in probability, which then implies the weak convergence of the process
DS) to a continuous process. While it is relatively easy to show that Dg) =D, — DSE) converges to a

continuous limit, we had to explicitly add this assumption to ensure that D,, does as well.

The proof of Theorem 5.5 will be similar to the proof of [2, Theorem 3.3]. The pre-limiting approximand
D,,, defined in Subsection 5.3, will be expressed as a sum of two parts. In Steps 1 and 2 we prove that
each of those parts is C-tight (i.e. they are tight and for each of them any convergent subsequence converges
to a process with continuous sample paths). In Step 3 we show that the assumptions of Theorem 5.5
trivially imply the convergence of the covariance function of D,,, which together with C-tightness implies
the convergence of D,, to a continuous process. Theorem 6.3 will then be combined with Proposition 2.2 to
show convergence of Y, to the same limiting process. Finally, the combinatorial central limit theorem for
random arrays, proved in [19] and analysed in [10], will imply that Z is Gaussian.
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Proof of Theorem 5.5. We will use the notation of Subsections 5.1 and 5.3.
Step 1. Note that D, D(l) + D(2) where:

Int] n Int] n
DI(t) = \/;ZZ Zy, DP(1) = \/722
=1 [=1 i=1 [=1

for Zl = %Z;‘lzl Zjl.
Now, note that, by (5.15):

<D53>>t Poet)

pointwise, where (-) denotes quadratic variation. Therefore, by [16, Chapter 7, Theorem 1.4] and using (5.16),
we obtain that Dg) converges weakly in the Skorokhod topology on D|0, 1] to a continuous Gaussian process
with independent increments.

We now note that the Skorokhod space equipped with the metric (topologically equivalent to the Sko-
rokhod metric) with respect to which it is complete. It is also universally measurable by the discussion at

the beginning of [15, Chapter 11.5]. Since it is also separable and DEP = Z, for some continuous process

Z1, in the Skorokhod topology, [15, Theorem 11.5.3] implies that (D%l))n21 is C-tight.
Step 2. Also, note that for u > ¢ s.t. [nu] > |nt] +1,

1
E [’Dg)(u) ‘ Z’Z,Z,l E :| TL — 1)82 Z Z X

" I=1 \i=|nt]+1

[nu] — [nt]
< X
n(n —1)s2 Z
I=14i=|nt|+1
and
E “Dg)( ) —D® (1) ' ‘ nilen ]} =0, foru>tst. [nu]=|nt].
Since ( i le [n]) is Gaussian for u, such that [nu| > |nt] +1,

E ‘Dﬁf)(u) _ Dg)(t)r —3E { (]E “Dg)(u) D (¢ ‘ ’ RNRS [n]Dz}

2
[ - LntJ>2 2
<32 —H ) E X:
- ( n(n —1)s2 ;i_%iﬂ !
w N2 | [ 2 ,
3( n_182> Y x| £y Y (IEXfl—(IEXfl))
n =1 i=|nt]+1 =1 i=[nt]+1

co(z=luy; 1)
)-

for some constant C, by (5.14). Now, note that:

[nt] [nu] n
1
Cov (DP (1), DR (W) = > > > EXuX; “ 0@ (t,u),

n i=1 j=1 I=1

by (5.13). Consider a mean zero Gaussian process Zy with covariance function EZy(t)Zo(u) = 0 (t,u). The
finite dimensional distributions of Dg) converge to those of Zs. We can now construct Dg) and Zs on the
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same probability space and use Skorokhod’s representation theorem, Fatou’s lemma and (5.17) to conclude
that:

E (|Z>(w) - Zo(t)]') < lim B <‘D53>(u) - D5f>(t)\4> < Clu— 1)

n—oo

By [4, Theorem 12.4], we can assume that Zy € C0, 1]. Now, note that for 0 <t <v <wu < 1:

£ [P (0) - D[ [D () - DP W) <\/B[DP) - D) E[DP () - D )]
G170, (L] — Lnt])(Lnw) — o))
= ¢ (n— 1)
<C(u—1)%

for some constant C. Therefore, by [4 Theorem 15.6], D(Q) = Z5 in the Skorokhod and uniform topologies
and so, by [15, Theorem 11.5.3], D n is C-tight.
Step 3. Since both Dﬁf) and D% are C-tight, so is their difference D,,. Now:

[nt] [nu] n

Cov(D,(t), Dy (u) = poy SN B{XuXi (Zi — Zi) (20— Z1) }

zl]lkll

[nt] [nu] n

Fn 2 2 2 B AKXk (Zi — Ze) (Zix — Z))

i=1 j=1 k=1
[nt] [nu] n 1
n— oo
ZZZEszXw(u 1) 22 o),
i=1 j=1 k=1

by (5.12) and we obtain that D,, converges to a random element Z € C[0, 1] with covariance function o in
distribution with respect to the uniform and Skorokhod topologies.

Proposition 2.2 and Theorem 5.1 therefore imply that (Y, (¢),t € [0, 1]) converges weakly to (Z(t),t € [0, 1])
in the uniform topology. Using, for example, [10, Theorem 1.1], we conclude that Z is a Gaussian process. [

6. Edge and two-star counts in Bernoulli random graphs

In this section we consider a process representing a properly rescaled number of edges in a Bernoulli random
graph with a fixed edge probability and |nt| edges for ¢ € [0,1]. A similar setup has been considered in [28],
where the authors established a bound on the distance between a three-dimensional vector consisting of a
rescaled number of edges, a rescaled number of two-stars and a rescaled number of triangles in a G(n, p) graph
and a three-dimensional Gaussian vector. We first compare our process to a pre-limiting Gaussian processes
with paths in D([0, 1], R) and bound the distance between the two in Theorem 6.3. Then, in Theorem 6.4,
we bound the distance of our process from a continuous Gaussian process.

6.1. Introduction

Let us consider a Bernoulli random graph G(n,p) on n vertices with edge probabilities p.

Let I; j = I;,; be the Bernoulli(p)-indicator that edge (i, j) is present in this graph. These indicators, for
(i,5) € {1,---,n}? are independent. We will look at a process representing at each ¢ € [0,1] the re-scaled
total number of edges in the graph formed out of the given Bernoulli random graph by considering only its
first [nt] vertices and the edges between them:

[nt]
nt] —2 nt] —2
T, (t) = L > I,J—i > iy

4,3=1 1<i<j<|nt]

Let Y, (t) = Ty (t) — ET,(t) for t € [0,1].
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Remark 6.1. Note that, for allt € [0,1], ET, (t) = %(Lzﬂ)p. Furthermore, note that, by an argument
similar to that of [28, Section 5], the variance of T, (t) —ET,(t) is given by

gy (ln)
2 =20 nf)( )1 - p).

Remark 6.2. While one might often be interested in the asymptotic properties of the number of two-stars
or the number of triangles in the above mentioned Bernoulli random graph, it is difficult to prove useful
exchangeable-pair conditions for those. Specifically, one encounters several problems which were overcome in
[28] (in the finite-dimensional setting) with the so-called embedding method (introduced in [28, Section 3]).
Indeed, the problem becomes easier when the distribution of the number of edges, the number of two-stars
and the number of triangles is considered jointly rather than considering the one-dimensional marginal laws
separately. We therefore leave the problem of establishing bounds on the functional approximations of those
statistics for further research, related to the multivariate method of exchangeable pairs (cf. Remark 4.4).

6.2. Exchangeable pair setup

n

2

We now construct an exchangeable pair, as in [28], by picking (I, J) according to P[I =1i,J = j| = ﬁ for
1<i<j<nlIfI=iJ=j, wereplace I; ; = I;; by an independent copy I/ ; = I} ; and put:

|nt] — 2
T, (t) = T,(t) — — (I1.0 = I7.5) Ym0 /ma (2)-
We also let Y}, (t) = T}, (t) — ET,(¢) and note that, for Y,, = (Y,(¢),¢ € [0,1]) and Y], = (Y, (¢),t € [0,1]),
(Y,,Y]) forms an exchangeable pair. We note that for any f € M, as defined in Section 2,

EY" {Df(Yy) [T}, — Tal}

n

n-|—2
_EYn {Df(Yn) [LTJLQ (I7.5—11.7) ]]-[I/n,l]ﬁ[J/n,l]:| }

:% SCEY (DAY (0] = 2) (T2, = Iis) Vg pmonigmn] 1T =0T = 5}

n—1 =
DY WTo] + ——p S DFY) [([7) = 2L /]
(%) n3(n —1) =
1

= — ﬁDf(Yn)[Tn() - ETn(')]
and so
EY"Df(Yn) [Y;z - Yn] = _)\an(YTL)[Yn]?

where
2

n(n—1)
Therefore, condition (4.1) is satisfied with A, of (6.1) and Ry = 0.

A =

6.3. A pre-limiting process

Let Z;; = 0 for all © € [n] = {1,...,n}. Furthermore, assume that the collection {Z;; : i,j € [n],i # j} is
jointly centred Gaussian with the following covariance structure:
PO, i=k=Li#

EZ;iZy = 2nt
K {0, otherwise.

Let
[nt]
D, =(nt| =2) Y Zy, telo1].

ij=1
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6.4. Distance from the pre-limiting process

We first give a theorem providing a bound on the distance between Y, and the pre-limiting piecewise
constant Gaussian process.

Theorem 6.3. Let Y, be defined as in Section 6.1 and D,, be defined as in Section 6.3. Then, for any
g€ M,

1 _
[Eg(Yn) = Eg(Dn)| < llgllan™

In Step 1 of the proof, which is based on Theorem 4.1, we estimate term €; thereof. It involves bounding
the third moment of ||Y,, — Y/, || for Y/, constructed in Section 6.2. In Step 2 we treat ez, which requires
some more involved calculations. Term €3 is equal to zero as Ry of Section 6.2 is equal to zero.

Proof of Theorem 6.3. We adopt the notation of sections 6.1, 6.2, 6.3. We will apply Theorem 4.1. Let g € M
and let f = ¢(g), as defined in (3.3).
Step 1. First note that

(n

—2)3 3 n—2)3
T)}[LJ,[}A <!

E[|Y,-Y,|’] <E 5

where the second inequality follows because |I7,; — I7 ;| < 1. Therefore,

gl as a1 lgllar
< 190m — < . )

Step 2. For ¢ in Theorem 4.1, we wish to bound

€ = FOYn) Yo=Y, Yy = Y] = ED?f(Y,) Dy, D]

2)\

W]EDQf(Yn) [Ty — T}, Ty = T}, = ED*f(Y,,) Dy, D]

For fixed i,5 € {1,--- ,n}, let Y be equal to Y,, except for the fact that 1I;; is replaced by an independent
copy, i.e. for all ¢ € [0, 1] let:
ij [nt] —2
T,/ (t) = Tu(t) - — (Zi5 = Liy) Ljijn1jnfi/n,a) (1)
and let Y% (t) = T (t) — ET,(t).
By noting that the mean zero Z;;, and Z;; are independent for i # i’ or j # k, we obtain:

-1
= n(n4 )ED2f(Yn) [Tn o T/nv T, — T;m] (6.3)
—- Y ED*f( Z Za(| Liifn, 110k /n,1]5 Z Zij([n-] = 2)1 [z’/n,um[j/n,l]]
G.k=1 i=1

1
yet Z E {(I;; — 2pLij + p) D* f(Y,) [([n-] = 2) L jm1jnjmags (0] = 2) L jmagngi o] }
1<i#j<n

— Z { IEDQf(Y ) [(1n] = 2) L jm1j/m)s ([7] = 2) L jn 1)l /no)) }

1,5=1

> E { (47114(11'3‘ —2plij+p) - E (Zij)2>

1<i#j<n
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“D?f(Y3) [(Ine] = 2) L jmjegg na)s ([00] = 2) L m110 /011 } ’

A(D*F(X0n) = DY) [(Ine] = 2)Lpijm1ntssna)s (0] = 2)Liasn1)np/n0] } ’

s”é”nﬁ’ Y. Bl —2pL; +p)| [ Ya = Y|
1<i#j<n

B (6.4)

where (6.4) follows from Proposition 3.2. Now,
Y, - Y| < L L — I
v -l < ey -1
and so, by (6.4),

1<ij<n

where the last inequality holds because |I;; — 2pl;; + p| < 1 and |I;; — I£j| <1foralli,je{l,---,n}.
Using Theorem 4.1 together with (6.5) and (6.2) gives the desired result. O

6.5. Distance from the continuous process

We now establish a bound on the rate of convergence of Y, to a continuous Gaussian process whose covariance
is the limit of the covariance of D,,. We do this by bounding the distance between D,, and the continuous
process via the Brownian modulus of continuity and using Theorem 6.3.

Theorem 6.4. Let Y, be defined as in Subsection 6.1 and let Z be defined by:
B 1/2
Z(t) = (p(12 p)) tB(t?), telo,1],

where B is a standard Brownian Motion. Then, for any g € M?:

Eg(Ys) — Eg(Z)| < lgllasz (90" + 9002\ logn) .

Remark 6.5. Theorem 6.4, together with Proposition 2.2, implies that Y, converges to Z in distribution
with respect to the Skorokhod and uniform topologies.

In Step 1 of the proof of Theorem 6.4, we provide a coupling between D,, and a standard Brownian
motion. Using this Brownian motion, we construct a process Z, having the same distribution as D,. In
Step 2 we couple Z,, and Z and bound the first two moments of the supremum distance between them,
using the Brownian modulus of continuity. In Step 3 we use those bounds together with the Mean Value
Theorem to obtain Theorem 6.4.

Proof of Theorem 6.4.
Step 1. Let B be a standard Brownian motion and let Z,, be defined by:

2,,(1) =" ‘?ﬁp(l —Ppg (Lntj(tng - 1)) |
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Now, note that D,, s Z,,. To see this, observe that for all u,t¢ € [1/n, 1],

ED (9D (1) =([nt] ~ 2)([nus] = 2)n(e A (Lt A )] - )PE P

=EZ,(t)Zy(u). (6.6)

Step 2. We let Z and Z,, be coupled in such a way that Z is constructed as in Theorem 6.4, using the
same Brownian Motion B, as the one used in the construction of Z,,. In Lemma 7.3, proved in the appendix,
we derive bounds for moments of the supremum distance between Z and Z,,:

3 . 36+/logn

E|Z, — Z| <
17— < — + 20
5 491ogn
E||Z, — Z|* < > + ——¢
n n
1
E[|Z|* < 5 (6.7)

Step 3. We note that |[Dg(w)| < ||gllar2(1 + [[w]]) and therefore, by (6.7):

MVT
[Eg(Z) — Eg(D,)| < E

sup ||Dg(Z + c(Z,, — 7)) |Z — anll
c€[0,1]

<llgllrr=IE

sup (1+ [|Z+c(Z, — Z)|))|Z - ZnI]
c€[0,1]

<Nl [IZ = Zull + |ZIZ = Zull + |12 — Zo ]
<lgllasz [ENZ = Zull + VEIZPEZ = Z, [P + EIIZ - Z,?]

<|g|| a2 ((3 };5 + 5) n~!l+ 90n_1/2\/10gn> ,

which, together with Theorem 6.3 gives the desired result. O

Remark 6.6. The representation of Z in terms of a Brownian motion comes from a careful analysis of the
limiting covariance of D,,. Indeed, (6.6) provides an explicit derivation of the covariance, which converges
to the covariance of Z.
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7. Appendix - technical details of the proofs of Theorems 5.1, and 6.4
7.1. Technical details of the proof of Theorem 5.1

Lemma 7.1. In the setup of Theorem 6.3 and for ex defined by Theorem 4.1,

1
€ = ‘”\EDQf(Yn) Y, -Y.,.Y,-Y,]—ED?f(Y,)[D,,D,]

<A+ B,

for
(Xir — Xa)> 22

i o — (D?f(Ynijie) — D (YF*) [Lpijnt) Liijno]

1
=, 2

" 1<i,jkl<n
i, kAl

P S > E{[<Xik — Xa) (X5 = Xjw) _zyzg}

n(n —1)s2 < Tien 2n

i#g,kF#l

(D2 f (X nnt) — D*F () [Ty L ma] } :

(X — Xu)? z}

)

2n n—1

1
B=lome 2 E{ D2f (Y;7M) []1[i/n,11]1[i/n,1ﬂ}

"1<i,j,k,1<n
i#j,k#l

| Xip — X)X — Xo) o )
b ) EH( O = X) _ ZiZa‘] D2f (Y5 [Limangs L] }

n(n—1)s3 1<i,j,k,l<n 2n
Titg kAl
Proof. Note that
1
€9 = ‘ 5 ED?*f(Y,)[(Y.-Y,),Y, Y. —ED*f(Y,)[D,,D,]
n—

LED? (Y)Y, — Y. Y, — Y.~ ED*f(Y,)[D,.D,]

4
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and
i ; 1IED2f(Yn)[Yn ~ Y'Y, — Y]~ ED2f(Y,)[Dy,D,]
1 n
=5 > B{(Xin() = Xin())*D*f(Y) [Ljs/n Lii/m)] }
ngi=1
1 n
t 5,2 > EA{(Xin) — Xin(5) Xjni) — Xjn()) D*F(Yn) [Li/nays Ly /moy] } — BD?£(Y3)[Dy, Dy

1,j=1
= L E{( X — Xu)? -D?*f(Y,) [1 1 ) =k,m(j) =1
e 2 BAa = X DY) [y Ligm] | 7(0) = ko) = 1}
1<4,5,k,I<n

i, kAl

+ ;2 > E { [(Xik — X)X - Xjk)] D*f(Y) [Ljnay L] |7(i) = k,7(j) = l}

n(n —1)s3 1<4,4,k,1<n 2n
it g kAL
1 PN 1 .
_ 572 E[ZZZJ]EDQf(Yn)[]l[z/n,l]7]1[]/77,,1]] - (nif 1)52 Z E[ZZQ]]EDQf(Yn)[]I[z/n,l]al[z/n,l]]
n1<itj<n n1<itj<n

1
:m Z E {(Xik - Xil)2D2f(Yn,ijkl) [l[i/n,l]:ﬂ-[i/n,l}]}

2
" 1igi<n
17,k
1 (Xir — Xa) (Xj1 — X)) 12
- E D2F(Y. i) [ 10
+ O Z { 50 F(Yoint) [Xjinaps L/na)
1<4,5,k,l<n
i,k
1 A
————— > BIZZED*f(Ynijx) L) Lj/m,]
nin—1)s2 <
1<i,5,k,l<n
i kAl
1 N
————5 Y, EIZIED*f(Ynij) Lji/naps Li/may)- (7.2)
nin—1)2s2 £
1<4,5,k,0l<n
i,k
Now, the lemma follows by taking the absolute value in (7.2) and combining it with (7.1). O
Lemma 7.2. For A of (5.9),
lgllar 3 2 2
A< Nglm E| X1 ° + 5E| X4 |[E| Xu|? + TE| X2 E| X
“n3(n—1)s3 1<”;u<n | Xik|” + | Xk B[ Xa|® + | Xk “E| Jl|

+ 5E|X¢k|2]E\Xjk| + 16E| X |E| Xy |E| X | + 2E| X0 | E| X, | E| X |
+A4AE| X0 | E| X | E|X k| + 6B X k| E| Xk | E| X ;| + 2E|X k| E| Xk | E| X ;x|

1 n
+— (2B | Xop| + 2B [ Xji| + 2| Xun| + 2B Xo]) - > (BIXa > + |ci,.cjr|)} :

r=1

Proof. Let us adopt the notation of the proof of Theorem 5.1. Define index sets Z = {i, j, 7~ 1(k), 7= (])}
and J = {k,l,7(¢),7(j)}. Then, letting S = i Zi’eZI Xirn(iry Uit yn,1), We can write:

1 ijkl 1 ikl
Yokt =S+ — D Ximpu@)lpmay YN =8+ =3 X700 T /ma
"ireT " ireT

Since S depends only on the components of X outside the square Z x J and {7 (i) : i € Z}, S is independent

of:
ikl
{Xiz, Xk, Xik, Xji, Z Xitmi (i) Z Xi?ﬂ(i/)} ,

V€T V€L



Mikotaj J. Kasprzak/Functional Stein’s method with exchangeable pairs 25

given 71 (k), 7= 1(1), 7 (3), 7 (5).
Note that, by Proposition 3.2,

1 3 Xix — Xa)?  EZ?
14§4JEﬂM4f 5 {HYﬁMM_,YgMH<‘<zk%lzn _ EZ

1<i,5,k,l<n
i#7,k#l
X — Xa) (X1 — X ..
o RSt pz.2,) )}
2n
||g||1\/f1 ijkl
Sn(n 1)s3 Z ‘XZ i) ™ Xiin(ar)
™ 1<4,9, k <n €T
i#7,k#l
Xie — Xu)2  EZ2 Xip — X)) (X — X .
| Xk ) i (Xix i) (X ]k)—IE(ZiZj)
2n n—1 2n
llgllas: ijkl ijkl i ijkl
Sy > (’Xk X ‘XJI—XJ;(J ‘+‘Xﬂ_1(k)7k—Xﬂj ‘+’X g — X WD

5n 1<i,j,k,l<n
i#5,k#l

(‘ (X — Xu)?2  EZ?

—~E(Z:Z;)

2n n—1 2n

N ’ (X — Xa) (X1 — Xjx)

)

| X l|+‘X”kl ’+|X7r 1(k)k|+‘kal

||9||M1 ijkl
S2n(n 1)2s3 2 {(‘Xlkl + ‘Xmm ()

" 1<i,5,k,01<n
i#],k#l

Xl + X 00]) <|X¢k|2 + [ Xal” + 2| Xux Xu| + 2E

o]

2
|+ XX + | X X

+|Xu Xl + |1 XaXjk| +2(n—1) )E(Zizj)‘)}

gllar
Sotn— 17 _ 2 Xkl + B Xl + X0l + B Xl + | Xn] + B[ Xoe] + | Xutl + E[Xut])
" 1<4,g,k, L, uln

1#£7, k;él

2 n
X X 4 2 X X + =Y EIX ) 4 [ X X1+ | X X ]
n

)

||g||M1 3 2 2 2
“2n2(n —1)2s3 > jEk l:u<n ‘ k| | k| ‘ l| ‘ k‘ | Jl| | k| | ]k?‘

+ 14E‘Xik‘E|Xil|]E|le| + 2E| X |E| X | E| X | + 6E|X¢k|E|Xﬂ‘E‘XW| + 2E[|Xuk||X1k‘2]
+AE| X e Xin | E| X | + 4E| X0k Xik B X7 + 8E| Xk | E| Xk |E| X 1| + 2E| X 0w Xin Xk |

)

which finishes the proof. O

n

>
- CirCjr
n J

r=1

+ [ XX + | XaX el +

+2B| X i | E| Xk [ B| X | + IE(2\XZ;€\+6\XJZ| <ZEXZT

7.2. Technical details of the proof of Theorem 6.

Lemma 7.3. Using the notation of Step 2 of the proof of Theorem 6.4,

3 . 36+/logn
V2n Vn

E Hzn - Z” S
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491
E|Z, - z|? < > + 2lgn
n n
1
E||Z| < 5.
2
Proof. Note the following
1. By Doob’s L? inequality,
t| —2
E| sp BE)|| <2 anda | t‘ <3 forallteo1] (7.3)
t€0,1] n n
2. Using [17, Lemma 3] and the fact that
[t (] = 1) | | (ot = [nt])(nt + [nt])| 1 _ 3
n2 n2 n-n
we obtain
t t] —1 30 310g (QJ)
e[ ap [ (L =0 o] 2305 -
te[0,1] n nt/2\/mlog(2)

Now, we can bound E ||Z,, — Z|| in the following way:

- P D) | o |t =25 (Int(nt] — DY 5o
E|Z, — Z| < 75 E B B( g ) tB(t?)
p(1—p) “u nt] —2 2
= V2 {]E oo ( n t) BE)
B wpvmzb<muw§n>3w)}
t€[0,1] n n

n o nl/2 /mlog(2)

(73),(74) \/p(1 —p) [ 6 30v/3logn
S t VT
V2

< 3 +36\/10gn
~V2n Voo

Similarly, using Doob’s L? inequality and [17, Lemma 3],

\_ntJn_ 2B (LntJ(L:Z’;J — 1)) _ tB(tz)

<W - t) B(t?) i

2

E||Z, — Z||2 SM]E

5 sup

te[0,1]
Sp(l —p) <E

~18p(1 —p)  135p(1—p)log (2n)

- n? log(2) n
5 491logn

<=+

—n? n

sup + E

t€(0,1]

sup

2
t€l0,1] n

\}

n

p (L) e

)

Furthermore, by Doob’s L? inequality,

p(1 —p)
2

E

E|Z[* <

DN =

sup t* ‘Bl(tQ)IQ] <2p(1-p) <
te[0,1]

This finishes the proof. O
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