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DISCRETE MALLIAVIN-STEIN METHOD: BERRY-ESSEEN
BOUNDS FOR RANDOM GRAPHS AND PERCOLATION!

BY KAI KROKOWSKI, ANSELM REICHENBACHS AND CHRISTOPH THALE
Ruhr University Bochum

A new Berry—Esseen bound for nonlinear functionals of nonsymmet-
ric and nonhomogeneous infinite Rademacher sequences is established. It is
based on a discrete version of the Malliavin—Stein method and an analysis
of the discrete Ornstein—Uhlenbeck semigroup. The result is applied to sub-
graph counts and to the number of vertices having a prescribed degree in the
Erd6s—Rényi random graph. A further application deals with a percolation
problem on trees.

1. Introduction. The Malliavin—Stein method has become a versatile device
for proving quantitative limit theorems. It combines the Malliavin calculus of vari-
ations with Stein’s method. The results obtained this way typically fall into two
categories. The first category consists of limit theorems for nonlinear functionals
defined on the Wiener space with notable applications to Gaussian random pro-
cesses, especially the fractional Brownian motion [19, 20, 22], random matrices
[21] and random polynomials [1]. The other brand comprises limit theorems for
functionals of Poisson random measures and their applications to stochastic ge-
ometry [6, 15, 17, 18, 28, 36], U -statistics [4, 6, 16, 28, 33], nonlinear statistics of
spherical Poisson fields [5] and the theory of Lévy processes [6, 17, 26].

On the other hand, the Malliavin—Stein method has left only few traces in that
part of probability theory in which discrete random structures are investigated.
One exception is the paper [24] where Stein’s method for normal approxima-
tion has been combined with tools from discrete stochastic analysis for symmet-
ric Rademacher sequences to deduce quantitative central limit theorems with re-
spect to probability distances based on smooth test functions. Here, by a symmet-
ric Rademacher sequence we understand an infinite sequence of independent and
identically distributed random variables taking the values 41 with probability 1/2
each. This approach has been extended in [14] to deduce Berry—Esseen bounds,
that is, estimates for the Kolmogorov distance in related central limit theorems.
The applications considered in [14, 24] concern the number of two-runs, a quanti-
tative version of a combinatorial central limit theorem as well as traces of powers
of random Bernoulli matrices. While the previously mentioned papers were con-

Received March 2015; revised November 2015.
1Supported by the German Research Foundation (DFG) via SFB-TR 12.
MSC2010 subject classifications. 05C80, 60F05, 60H07, 82B43.
Key words and phrases. Berry—Esseen bound, central limit theorem, Malliavin—Stein method,
Mehler’s formula, percolation, Rademacher functional, random graph, sub-graph count, tree.

1071


http://www.imstat.org/aop/
http://dx.doi.org/10.1214/15-AOP1081
http://www.imstat.org
http://www.ams.org/mathscinet/msc/msc2010.html

1072 K. KROKOWSKI, A. REICHENBACHS AND C. THALE

cerned with the symmetric case, we work with general nonlinear functionals of
nonsymmetric and even nonhomogeneous Rademacher sequences in order to bring
a rich class of examples, that were not accessible before, within the reach of the
Malliavin—Stein method. Moreover, we emphasize that some of the examples we
present below are not within the reach of any of the traditional approaches using
Stein’s method.

One of the main tools of the Malliavin—Stein method on the Wiener or the Pois-
son space is the so-called multiplication formula for multiple stochastic integrals;
cf. [27] for a general overview. The main difficulty in the discrete set-up is that
no such multiplication formula for discrete multiple stochastic integrals based on
nonsymmetric or nonhomogeneous Rademacher sequences is available. Conse-
quently, a new type of abstract Berry—Esseen bound needs to be developed, which
is getting along without this technical device. Such a result, namely Theorem 4.1
below, is one of our main contributions. It can be interpreted as a kind of ‘second-
order Poincaré inequality’ and is the discrete analogue of corresponding results
on the Wiener or the Poisson space; cf. [17, 23]. It relies on a generalization of
the Malliavin—Stein bound established in [14] and on an analysis of the discrete
Ornstein—Uhlenbeck semigroup. To make this approach work, we also have to
develop further some facets of the discrete Malliavin calculus of variations. In par-
ticular, we present a generalization of the integration-by-parts formula, which is
one of our crucial devices. The Berry—Esseen bound we obtain this way is partic-
ularly well suited for the study of discrete random structures. This is due to the
fact that the chaotic decomposition of the functional at hand does not have to be
specified. Instead, the impact of local perturbations on the functional measured
by means of a certain difference operator (discrete Malliavin derivative) has to be
evaluated. A sufficient condition for asymptotic normality is that moments of first-
and second-order discrete Malliavin derivatives of the functional are sufficiently
small.

To highlight the versatility of our general limit theorem, we now present a cou-
ple of concrete applications. The first one deals with the triangle counting statistic
associated with the Erdds—Rényi random graph. Introduced in [7], the model has
since then become one of the most popular models in discrete probability; cf. [10]
for an exhaustive list of references. Informally, the random graph G(n, p) is a
graph on n € N vertices in which each edge between two vertices is included with
probability p € [0, 1], independently of the other edges (for a detailed construction
see Section 5 below and see Figure 1 for simulations). In what follows, we allow
p also to depend on n, but for practical reasons we suppress this in our notation.
The random variable in the focus of our attention is the number 7 = T (n, p) of
triangles in G (n, p), that is, the number of sub-graphs of G (n, p) that are isomor-
phic to the complete graph on 3 vertices. A comprehensive central limit theorem
for the normalized random variable F := (T — E[T])/+/Var|[T] has been derived
in [34] by the method of moments. In particular, it provides a necessary and suffi-
cient condition on n and p, which ensures asymptotic Gaussianity for F. Namely,
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FI1G. 1. Realizations of Erdés—Rényi random graphs with n = 50 vertices and p = 0.04 (left) and
p= n~Y2x~0.14 (right). The graphics were produced by means of the freely available R-package
igraph.

as n — oo, one has that
F-% N ifand onlyif np—oo and n*(1—p)— oo,

where N ~ N(0, 1) is a standard Gaussian random variable and A, indicates
convergence in distribution. Using Stein’s method for normal approximation, a
rate of convergence in this central limit theorem measured by some sort of bounded
Wasserstein distance has been established in [2]. If p € (0, 1) is fixed,

E[h(F)] — E[h(N)]| B
d F, N = = O )
R A T I T (™)

where H is the class of bounded functions % : R — R with bounded first derivative

and where | - ||co denotes the supremum norm. For the case that p = 6n~% with
a € (0,1) and 8 € (0, n*) such that 6 =< 1 the result in [2] delivers the bound
di(F. N (’)(n_l+“/2), if0<oe§%,
1(F,N) =
om0 ifl <a <.

We use the following standard notation for comparing the order of magnitude of
two real sequences: We write a,, =< b, for two real sequences (ay),en and (by)neN

whenever
. . ay ay
¢ < liminf|— —|<C

iminf) < lim sup

n—oo

n n

for two constants 0 < ¢ < C < oco. We also write a,, = O(b;,) for two nonnegative
sequences (a,)neN and (b, ),en if there is a constant ¢ € (0, co) such that a, < cb,
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for sufficiently large n. Applying a standard smoothing argument, one can show
that the more prominent and more natural Kolmogorov distance

dg (F,N):=sup|P(F <x) — P(N <x)|

xeR

between F and N is bounded by a constant multiple of the square-root of
di(F, N); cf. [29], Proposition 2.4. However, this typically leads to a subopti-
mal rate of convergence for the Kolmogorov distance dg (F, N). For example, in
the special case of a fixed p € (0, 1) one expects that also dx (F, N) is of order
n~!. Our main contribution in this context is the following Berry—Esseen bound,
which in particular confirms that this is in fact true. We emphasize that we are
not aware of any other technique, which could be used to provide bounds on the
Kolmogorov distance of this quality if p is of the form On~% with « € (0, 1) and
0 € (0,n%) such that 6 < 1. In what follows, we treat both set-ups simultaneously
and contribute thereby to a long standing problem in this area.

THEOREM 1.1. Denote by N ~ N (0, 1) a standard Gaussian random vari-
able. Let p =0n~% witha € [0, 1) and 0 = 6,, € (0, n®) such that 6 < 1. Then

O(n=119), if0§a§%,
dg(F,N) =1 O(n=¥*e/2) jfl <o <3,
O(n=30-0/4) iff<a<l.
In particular, if p is constant, that is, if « =0,
dg (F,N)=0(n"1).

To underline that not only triangle counts are within the reach of our meth-
ods, we now consider the problem of counting copies of general sub-graphs I" in
the Erd6s—Rényi random graph G (n, p). Formally, we denote by S = S(n, p) the
number of copies of I' in G(n, p) and by F := (S — E[S])/+/ Var[§] the normal-
ized sub-graph counting statistic. We assume that I" has at least one edge and in

contrast to Theorem 1.1 we also assume that the success probability p € (0, 1) is
fixed and does not depend on 7. In this situation, Theorem 2 in [2] says that

di(F,N)=0(n""
and our abstract Berry—Esseen bound can be used to conclude that the d;-distance
can be replaced by the Kolmogorov distance.
THEOREM 1.2. Denote by N ~ N (0, 1) a standard Gaussian random vari-
able and fix p € (0, 1). Then
dg(F,N)=0(n"")

for all graphs I having at least one edge.
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It should be pointed out that Theorem 1.2 can alternatively be obtained from
the sharp cumulant estimate in [8], Proposition 10.3, together with [35], Corol-
lary 2.1 or from the Berry—Esseen bound for decomposable random variables in
[32], Theorem 5.1.

Besides the number of triangles or general sub-graphs, there are several other
random variables associated with the Erd6s—Rényi random graph that have found
considerable attention in the literature. One statistic that has been object of much
study is the number of vertices having a prescribed degree. For example, in [12]
a central limit theorem for the number of isolated vertices was given, which
for general degree is a result in [11]. A rate of convergence for the di-distance
as introduced above has been obtained in [2]. A technically highly sophisti-
cated version of Stein’s method was developed in [9] to deduce a correspond-
ing Berry—Esseen bound in case that the success probability is p = 6/n. Using
our general Berry—Esseen bound, we are able to present a quick and streamlined
proof of an extended version of this quantitative central limit theorem. We de-
note for d € {0, 1,2, ...} by V,, 4 the number of vertices of degree d in G(n, p)
in case that the success probability satisfies p = 6n~* for suitable « € R and
0 € (0,n%) such that 6 < 1. We finally define the normalized random variable

Gn,d = (Vn,d - E[Vn,d])/\/ Var[vn,d]a neN.

THEOREM 1.3. Denote by N ~ N (0, 1) a standard Gaussian random vari-
able and fix d € {0,1,2,...}. Let p=6n"% with o € [1,2) and 0 € (0, n%) such
that 0 < 1. Then

O(n—l-i-a/Z)’ ifd=0,a€[l,2),
dx(Gpa, N) = O(n!/2-34/2—a+30d)2), ifdeN,ae [1, ;Z—_D

In particular, if x = 1,
di (Gn.a, N) = O(n™'7?)
foralld €{0,1,2,...}.

Our final application deals with the number of connected components arising
from bond percolation on a tree. We recall that a rooted tree .7 is an undirected
graph with one distinguished vertex, the root of the tree, in which any two vertices
are connected by a unique self-avoiding path. We denote for n € N by .7, the sub-
tree of .7, which consists of all vertices of .7 that have graph-distance at most n
from the root. By |.7,|, we denote the number of edges of .7,. In what follows, we
assume that each vertex of .7 has degree bounded by D + 1 with D € N and that
7 has infinitely many vertices. If the degree of the root is D and if the degree of
each other vertex of .7 is D + 1 for some fixed D € N, we say that .7 is a D-
regular tree. Fix p € (0, 1) and assign to each edge ¢ of .77, independently of the



1076 K. KROKOWSKI, A. REICHENBACHS AND C. THALE

@@
@‘ .0 3‘0
g o0 D
@) @
& d’d
® @ .
MR é” .@g
® o2 ® 00 f@
“Oa® o’ o0 ©°
FIG. 2. 5 of a 2-regular tree 7 (left). Realization of I5(p) with p = 1/2 (right). The colour red

means that the edge is included, while green indicates that the edge has been removed. The graphics
were produced by means of the freely available R-package igraph.
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other edges, a Rademacher random variable X, such that P(X, =+1) = p and
P(X,=—1)=1— p. We now remove from .7 all edges ¢ for which X, = —1
and indicate by .7 (p) the resulting random graph; see Figure 2 for a simulation. Its
restriction to .7}, is denoted by .7, (p) and we let C,, (p) be the number of connected
components of .7, (p). Here, by a connected component we understand a maximal
connected sub-graph of .7, (p) consisting of at least one edge; isolated vertices are
not counted. Our next result is a Berry—Esseen bound for the normalized random

variable H, (p) := (C,(p) —E[C, (p)])/+/ Var|C, (p)]. This adds to the qualitative
central limit theorem in [37].

THEOREM 1.4. Fix p € (0, 1) and denote by N ~ N (0, 1) a standard Gaus-
sian random variable. Then

d (Ha(p), N) = O(1 7] ~'?).
In particular, in case of a D-regular tree one has that
O(n=1/2), ifD=1,
dg(Hn(p),N) =
K( n(P) ) O(D_”/z), ifD>2.
The rest of this paper is structured as follows. In Section 2, we collect some
background material related to the discrete Malliavin calculus. An analysis of the
discrete Ornstein—Uhlenbeck semigroup is the content of Section 3. This is used
in Section 4 to derive our abstract Berry—Esseen bound, which in turn is applied
in Section 5 to the Erd6s—Rényi random graph and in Section 6 to the percola-

tion problem on trees. These sections also contain the proofs of Theorems 1.1-1.4
presented above.
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Note added in proof: After submission of the paper, it came to our attention
that a multiplication formula for discrete multiple stochastic integrals based on
nonsymmetric and nonhomogeneous Rademacher sequences has been developed
in a manuscript by Privault and Torrisi that was not available to us, but has now
appeared as [31]. See also [13].

2. Preliminaries.

2.1. Set-up. Foreach k e Nlet0 < py <1 and put g := 1 — p;. We abbrevi-
ate the sequences (p)ren and (gx)ken by p and g, respectively. By X := (Xg)ren
we denote a sequence of independent random variables such that

PXr=4+1)=p;r and PXx=-1)=gqy, k e N.

This is what we call a (nonsymmetric and nonhomogeneous) sequence of in-
dependent Rademacher random variables. We construct them in the canonical
way by taking (Q,F, P) as probability space, where Q := {—1,+1}N, F :=
P—1,+1)®N and P := @2, (prds+1 + qrd—1), with P(M) being the power
set of a set M and 64 being the unit-mass Dirac measure concentrated at 1. We
then put Xi(w) := wy for each k € N and w := (wr)ren € 2. Note that X has
mean pi — g and variance 4 piqr.

2.2. Discrete multiple stochastic integrals. Denote by « the counting mea-
sure on N and put ¢2(N)®" := L2(N"*, P(N)®" «®") for n € N. In the follow-
ing, we refer to the elements of £2(N)®" as kernels. By ¢2(N)°" we denote the
class of symmetric kernels and E%(N)O” stands for the sub-class of symmetric
kernels vanishing on diagonals, that is, vanishing on the complement of the set
Api={(1, ... i) € N" 1 iy # iy for k # £}. We further put £2(N)®0 := R,

For n € N and a kernel f € E%(N)c’”, we define the discrete multiple stochastic
integral of order n of f as

I(f)=nt > fl1.... i)Y Y,

1<ij<--<ip<oo

where (Yp)ren with Yy := (X — pr + qr)/(24/pkqr) stands for the normalized
sequence of independent Rademacher random variables as introduced above. We
also put Jo(c) = ¢ for ¢ € R. The space spanned by the random variables of the
form J,(f) with f € Z%(N)O”‘ is called the Rademacher chaos of order n.

Discrete multiple stochastic integrals of different orders are mutually orthogonal
and satisfy the isometry relation

2.1) E[J0(f)Im ()] = Lin=myn!(f, &) 2 vy

for all n, m € N and kernels f € E%(N)(’”, ge E%(N)O’”. Moreover, it is a classical
fact that every F € L*(Q) (i.e., every square-integrable Rademacher functional)
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admits a chaotic decomposition

o0
(2.2) F=E[F]+ ) Ju(fa)

n=1
for uniquely determined kernels f, € E%(N)O”, where the series converges in
L2(); cf. [30], Proposition 6.7. Together with the isometry relation for discrete
multiple stochastic integrals this decomposition implies that the variance of F is
given by

o0
Var[F1= "3 n!ll full3 qyyen-
n=1

2.3. Malliavin calculus. In this section, we introduce some basic notions from
discrete Malliavin calculus and refer to [30] for further details and background
material. Let F € L?(R). The discrete gradient of F in direction k € N is given by

(2.3) DiF = /prak(F — Fy),
where Fki(a)) = F(wy,...,0—1,x1, k41, ...). Note that the normalization

in (2.3) is chosen such that DY, = 1.
The discrete gradient satisfies the following product formula. Namely, if F, G €
L?*(2) and k € N, then
X
kqk

2.4) Di(FG) = (DyF)G 4 F(DG) —

(Dx F)(DrG),

see [30], Proposition 7.8. We remark that in contrast to classical Malliavin calculus
(see [25]), the product formula in the discrete set-up carries the additional term

—(Xk//Prai) (D F) (D G),

which is not present in the continuous framework. A similar effect also happens
on the Poisson space; cf. [26] and the references cited therein.

The iterated discrete gradient D" F := (D}f1 ’’’’’ Ky KL €N of order n > 2
is defined by D,’(’l i F= Dkn(Dl?]_,.%.,kn,l F) for k1,...,k, € N, where we put
D!F := DiF.

We now present a formula which allows to compute the kernels f;, in a chaotic
decomposition as in (2.2). In the framework of classical Malliavin calculus, this
is known as Stroock’s formula. Since we have not found such a result for general
Rademacher functionals in the literature, we provide the detailed arguments (for
the special symmetric case see Lemma 2.2 in [14] and Section 2.4 in [24]).

.....

PROPOSITION 2.1 (Stroock’s formula). Assume that F € L*(Q2) has chaotic
decomposition F =E[F1+ Y72 J,(fu). Then for every n € N it holds that

(2.5) E[D} . F]=E[FY Y],  (ki.....ka) € Ay,

.....
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and

2.6) E[D} . Fl=nlfutki,....ks),  (kiv... k) €N

.....

PROOF. We start by proving (2.5) by induction. Choosing G = Y; with
DyG = DYy =11n (2.4) yields

Xk
Di(FYr) = (DyF)Yr + F — Dy F
~/ Pkqk
and hence
2 XYk
(2.7) Di(FY)Yy = (DyF)Y? + FY; — DiF.
A/ Pk4k

It immediately follows from (2.3) that, for every F € L?(2), DiF is independent
of Xj. Therefore, by taking expectations on both sides of (2.7) and computing

E[X Yr] =2./Prqk, We get
0=E[DyF]+ E[FYi] —2E[Dy F]1 =E[FY;] — E[D F],

which proves (2.5) for n = 1. Now, assume that (2.5) holds for some fixed n € N
and consider

F] E[Dkn-H (Dkl ..... kn F)]

F]1=E[(D},....tu F) Y]

.....

----- n+1

and since Yg,,, behaves like a constant from the point of view of Dy, . our

assumption leads to

i F1=EIDE, g, (FY, )] = BIF Yy - Y, ],

,,,,, +1

which completes the proof of (2.5). Identity (2.6) then immediately follows
from (2.2) for (ki,...,k,) € Ay,. For (ki,...,k,) € A, both sides of (2.6) are
equal to zero. [J

For the rest of this section, let F € L*(Q2) have chaotic decomposition F =
E[F]1+4 Y52 Jo(fy) with kernels f, € Z%(N)"" for n € N. Since Dy F € L*()
for every k € N, the discrete gradient also has a chaotic decomposition. Note that
the kernels of this decomposition can be deduced from the chaotic decomposi-
tion of F using Stroock’s formula. More precisely, the nth kernel of the chaotic
decomposition of Dy F evaluated at (kq, ..., k,) € N" is given by

.....

1 1
Bk, (DeF)] = — E[Dp*  Fl=0+ 1) fupi(i, ..ok ).
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Thus, the discrete gradient can be written as

[e.e]
(2.8) DiF =Y ndy_i(ful-. k),

n=1
where f,(-, k) € K%(N) on=1 denotes the kernel fn with one of its components fixed,
thus acting as function in n — 1 variables. For F € L%(2) as above and m € N, we
say that F € dom(D™), if

00 2
2 n! )
E[|D"F |2 qyen] = n;n((n - m)!) (1 = m)l| full2 gyyon < 00-

Next, we define the Ornstein—Uhlenbeck operator L and its (pseudo-)inverse
L~'. The domain of L is the class of all F € L(Q2) for which

00
E[(LF)Z] = Z nzn!llfn||§2(N)®n < 0.

n=1

For F € dom(L), we put

LF ==Y nJy(f).
n=1

The discrete Ornstein—Uhlenbeck semigroup (Ps);>¢ associated with L is defined
as

o0
(2.9) PF:=Y e ™IL(f), t>0.

n=0
The properties of this semigroup will be discussed in detail in Section 3 below.
Moreover, for centred F € L%(2) we put

o0

1
L'Fi==3" —In(fa)

n=1

and call L™ the (pseudo-)inverse of the Ornstein—Uhlenbeck operator L.
Furthermore, we introduce the discrete divergence operator § and its domain
dom($). For u := (uy)ren € (LZ(Q))N with

U 1= Z Jn(gn+1(‘a k)),

n=0

where g,+1 € E%(N)O" ® ¢2(N) forn € N, we say that u € dom(§), if

o
(2.10) Y+ DU 1La, . g qyenit < 0.
n=0



DISCRETE MALLIAVIN-STEIN METHOD AND APPLICATIONS 1081

Here, and in the following f(kl, o ky) = % > o fkoqty, .. ko)) denotes the
canonical symmetrization of a function f in n variables, where the sum runs over
all permutations o of the set {1, ..., n}.

For u € dom(§), the discrete divergence operator is defined as

[e.e]
8(u) =Y Jns1(gnr1la,.)-
n=0

Note that, for u € dom(d), (2.10) is equivalent to

E[8(u)?] < o0.
As the adjoint of the discrete gradient, § satisfies the integration-by-parts formula
(2.11) E[F5(u)] :IE[(DF,u)Ez(N)]
for F € dom(D) and u € dom(d); cf. [30], Proposition 9.2. The operators D, L
and 4 are related by the identity
(2.12) —5sD=L.

In this paper, we make use of the following crucial consequence of (2.11)
and (2.12). If f: R — R is measurable and F € L2() is centred with f(F) e
dom(D), then
(2.13) E[Ff(F)]=E[(Df(F), —DL’lF)Zz(N)].
Indeed, using (2.11) and (2.12) we have that
E[Ff(F)]=E[LL™'Ff(F)] =E[-8DL™'Ff(F)]
=E[(Df (F), —=DL™"F)py,]-

Now, we present an analogue of the integration-by-parts formula (2.11) for
functionals F € L%(Q) that do not necessarily belong to dom(D) (we refer to
Lemma 2.2 in [17] for a related result on the Poisson space).

;ROPI(\)ISITION 2.2. Let F € L*(Q). Furthermore, let u = (up)ren €
(L7 ()" with
o

up =y Ju(gns1(. k),
n=0
where gn41 € E%(N)"” ® £2(N) forn € N and

o0

(2.14) Y+ Dlignr 1l ggen < 0.
n=0

Further assume that (Dy F)uy > 0 P-almost surely for every k € N. Then u €
dom($) and

(2.15) E[FSu)] =E[(DF,u)pqy]-
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PROOF. Note that (2.14) implies (2.10), and hence u € dom(§). Since F €
L?(Q), it can be represented as

F=Y J(f)

n=0
with kernels fo:=E[F]and f, € ZZ(N)O” for n € N. The isometry in (2.1) yields

[FS(M) |:<Z Jn (fn )(Z Jn+l(ggl:u-A,1+1)>:|

n=0
(2.16) = Z(n + DU fur1s 8nr1la,, )2 quent
n=0

o0
= Z(” + DIfat1, nt1) 2 qpy@n+1-
n=0
Note that the last step in (2.16) is valid, since, for every n € N, f,, is symmetric
and vanishes on diagonals.
Since (D F)uy > 0 P-almost surely for every k € N and by the isometry for-
mula for discrete multiple stochastic integrals, we get

o

E[(DF,u)pqy] =Y E[(DiFu]

~
Il
—_

o

[(i(rz + DI (far1 k))) (i Tn(gn1C, k)))}

n=0 n=0

»
Il
—_

(2.17) Z 1+ DY fas1 G5y g1 (5 K2 pyon

8||PH18

e}

=2 (DY (furt (k) gnt1 G )2 yyon

n=0 k=1

3

= Z(n + DY fu+1, gn+1>({2(N)®n+l .
n=0
Note that the exchange of summation in the penultimate step of (2.17) is valid by
Fubini’s theorem, since a repeated application of the Cauchy—Schwarz inequality
yields that

oo o0

331+ DY far1 KD, gngt G2 ayyen|

n=0k=1

00 00
= Z(n + 1)! Z ” fn+l (- k) ”(Z(N)Q?n Hgn+1 (-, k) ”gZ(N)cbn

n=0 k=1
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00 00 172 / 0o 1/2
=< Z(n + 1)'(2” fn-i—l('a k) ”ﬁz(N)@”) <Z”gn+1('v k) ||?2(N)®n)

n=0 k=1 k=1

o0
= Z(n + DU fattllezqpyen+t 18n+11l 2 qvy@n+1
n=0

oo 172 / oo 172
=< <Z(n + 1)'||fn+l ||§2(N)®n+l> (Z(n + 1)'||gn+l ||%2(N)®n+1>
n=0

n=0

o0

12
< (B[F?])" 2(Z<n + 1)!||gn+1||§2(N)®n+l> < 0.
n=0

Comparing (2.16) and (2.17) completes the proof. [l

Finally, we recall the following Skorohod isometric formula for the discrete
divergence operator. Namely, for all # € dom(§) it holds that

(2.18) E[8(u)?] = E[H”H%z(N)] + E[ > (Dkue)(Deuk)}
k=1

according to Proposition 9.3 in [30].

3. The discrete Ornstein—Uhlenbeck semigroup. For real # > 0, define the
random sequence X' := (X,t()keN by

Xi = X Lzp<n) + XLz, 1),

where (X})ken is an independent copy of the Rademacher sequence X = (X )ken
and (Zy)ren is a sequence of independent and exponentially distributed random
variables with mean 1, independent of all other random variables.

Our first result is a discrete analogue of Mehler’s formula on the Wiener or Pois-
son chaos for which we refer to [20] and [17], respectively. It expresses the discrete
Ornstein—Uhlenbeck semigroup (#;);>o defined at (2.9) in terms of a conditional
expectation. Note that this has already been shown in [30], Proposition 10.8. Since
Mehler’s formula is a central device in our approach, we include an elementary
and direct proof.

PROPOSITION 3.1 (Mehler’s formula). Let F € L*(S2). The process (X");>0
is the Ornstein—Uhlenbeck process associated with (Py);>0 by the relation

P F :E[F(X’)|X] P-a.s.
forallt > 0.
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PROOF. We first notice that for each ¢t > 0, (X i)keN is a sequence of inde-
pendent Rademacher random variables with the same distribution as the sequence
(X©)ken- Thus, if F=E[F]+ Y72, J,(fn), then F(X") has chaotic decomposi-
tion

oo
G.1)  F(X")=E[F1+>_nt > falit,....inY} Y],
n=1 1<ij<--<ip<o0

where both decompositions share the same kernels f, € E%(N)O", for n € N, and
where the sequence (Y,ﬁ )keN With

(3.2) Y{ = (X} — pk +q1)/ 2/ Pkqr) = YLz <) + Yil(z>1),

for t > 0, is the normalization of the sequence (X ,’<) reN- Here, the random variable
Y} is the normalization of X for every k € N. Using the independence of the
sequences (Xi)keN, (X;)ken and (Zy)ren, we deduce from (3.2) that

E[Y{| Xk =E[Y}] - P(Zx <1) + Yk - P(Zx > 1) = Yye .

For a functional F; only depending on the first d Rademacher random variables
we compute by using the chaotic decomposition in (3.1) as well as linearity and
independence,

E[Fa(X), ..., X})IX]
=E[Fs(X1,....Xa)]

d
+3n Y DGy, iEY X - B[V 1XG, ]
n=1

1<ij<--<ip<d

(3.3) )
=E[Fa(X1.....X)]+ D> e ™nl > Dy, i)Yy - Y,
n=1 1<ij<--<ip<d
d
=E[Fy(X1,....X)]+ Y e "L (f©)
n=1

=P Fy(X1,..., Xa).

The general case follows from (3.3) due to the fact that the set of functionals de-
pending only on finitely many Rademacher variables is dense in L*(£2) and that
both sides of (3.3) are continuous functions of Fy;. [

As a next step, we derive an integral representation for the expression
—D"L~'F, that is, the m-fold iterated discrete gradient applied to —L ™! F.
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PROPOSITION 3.2. Form,ky, ..., k, € Nand centred F € dom(D™) one has
that

o
_DlTl,...,kmL_lF: e P,DJ . Fdt P-a.s.

PROOF. Since F € L2() is centred, there are kernels fn € Z%(N)‘)", neN,
such that F = Y02 | J,(fn). Fix d € {m,m + 1, ...} and consider the truncated

functional Fy := ij:l Ju(fn). Then

-D} . L7'Fy
d
(n—1)!
(3.4) = 7Jn—m(fn('»kl,---,km))
= (n—m)!
Y _m,Xd:;n! e g (fu e Ky km))dt
() n:m(n_m)! n—m n k) s Vm ’

,,,,,

show that the right-hand side of (3.4) converges to
o0
/ e ™PDY . Fdt
0 seesKm

in L%(R), as d — 0o, we consider the remainder term

.....

and show that E[Ri, 4] vanishes, as d — o00. First, use (3.4) to see that

o0

o0 n‘
Rm = —mt —_— _(n_m)t-]nfm n‘,k,---,km dr.
a=["e 2 (fu e )

We then apply Jensen’s inequality, Fubini’s theorem and the isometry property of
discrete multiple stochastic integrals to conclude that

E[R;, 4]
3 2
EK/ Tem Y T 0 (faCo ki ))dt”
= e D — n—m(fnC k1, ... ki
0 n=d+1 (n —m)!
3 2
=k /OO “emmr Y n—!e’(”*’”)’J (ful k km)) | dt
. 0 ) n=d+1 (n —m)! n—m\Jns Kls - oo s Km
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2 oo n! 2 2
= [ e 3 (G ) e

n=d+1

X H fn(', kl PR km)H[Z(N)@(nfm) dt

where we used that fooo e~ @=Dt gt — 2n — 1)~ < 1. Since F € dom(D™), the
latter expression is finite and converges to zero, as d — oo. This completes the
proof. [

) 1= 1 okt o) oyt

Our next result combines the previous two propositions and is one of the key
tools in the proof of our general Berry—Esseen bound in Section 4. Similar rela-
tions also hold on the Wiener and the Poisson space for which we refer to [23]
and [17], respectively. Although from a formal point of view the statement looks
similar to these results, we emphasize that the proof as well as the meaning and
the interpretation of the involved Malliavin operators in our discrete framework
are different.

PROPOSITION 3.3. Form,ky,...,k, € N, a > 1 and centred F € dom(D™)
one has that

E[|Dg. . L7'FI"] <E[|D . F|"].

.....

PROOF. According to Proposition 3.2, we have that

..........

o0
E[|D} 4 L_1F|a]:IE[/ e~ P,D}!
m 0

Then, using Proposition 3.1 together with Jensen’s inequality, we deduce that

a]zE‘f e ME[DY i, F(X )|x]dt“}

.....

e —mt m
EH\/(‘) e Pl’Dkl kmth

~~~~~~~

and complete the proof. [J

As a first application of Proposition 3.3 we now deduce the following discrete
Poincaré-type inequality. This result can already be found in [30], Chapter 8, where
it is proved by means of the Clark formula. We present an alternative proof without
resorting to this formula.
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PROPOSITION 3.4. Suppose that F € dom(D). Then
(3.5) Var[F] < E[||DF||§2(N)].

PROOF. Choosing f in (2.13) as the identity map on R yields
Var[F] = E[(F — E[F])’] = E[{D(F — E[F]), —~DL™'(F — E[F]))q]

- E[i(akw —E[F]))(=DiL™'(F - E[FJ))]

k=1

o0
< E[Z\Dk(F —E[F))||De L™ (F — E[F])q.
k=1

Exchanging expectation and summation, and using the Cauchy—Schwarz inequal-
ity, we see that the latter expression is further bounded by

o0

> (E[(De(F - ELF)*) *E[(DeL ™ (F — ELF)*) ™.

k=1
The proof is now concluded by applying Proposition 3.3 with m =1 and o =2
and using the fact that Dy (F — E[F]) = Dy F. O

REMARK 3.1. Proposition 3.4 remains valid for F € LY(Q) \ dom(D), since
in this case the right-hand side of (3.5) is infinite.

4. A general Berry—Esseen bound. The main result of this section is a
Berry-Esseen bound for square-integrable Rademacher functionals F. By such
a result, we mean an upper bound for the Kolmogorov distance between F and a
standard Gaussian random variable, where we recall that the Kolmogorov distance
between two random variables X and Y is defined as

dg(X,Y):=sup|P(X <x) — P(Y <x)|.
xeR
A first result in this direction has been shown by the authors in [14] in the special
symmetric case that the sequence p = (pr)ren is constant and equal to 1/2. In the
present situation, we need the following generalization to arbitrary sequences p.
Since the proof follows straightforwardly along the lines of that of Theorem 3.1 in
[14], we omit the arguments.

PROPOSITION 4.1. Let F € dom(D) with E[F] =0 and let N ~ N (0, 1) be
a standard Gaussian random variable. Then

dkg(F,N) <E[|l — (DF, _DL_1F>62(N)H

V2
NTE

3 [((pg)~'/2(DF)?,

+

DL_IFDeZ(N)]
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1
+ 5E[<(pq>‘”2<DF)2,

)eZ(N)]

+ supE[{(pg) ™ lea]-

xeR

One disadvantage of the bound in Proposition 4.1 is that it involves the inverse
of the discrete Ornstein—Uhlenbeck operator. In applications this means that the
chaotic decomposition of the Rademacher functional F has to be computed ex-
plicitly in order to evaluate the expression —DL~!F. A further analysis of the
bound then requires a multiplication formula for discrete multiple stochastic in-
tegrals, which expresses a product of two discrete multiple stochastic integrals as
linear combination of discrete multiple stochastic integrals. We transfer the bound
of Proposition 4.1 into a form, which can be evaluated without using a multiplica-
tion formula. Our next result is a combination of Propositions 4.1 and 3.3, and pro-
vides an upper bound for dg (F, N) in terms of the first- and second-order discrete
gradient only. A result of this structure is what is called a ‘second-order Poincaré
inequality’ in the literature; see [3, 17, 23]. The discrete Poincaré-type inequality
in Proposition 3.4 says that a Rademacher functional F is concentrated around
E[F] in terms of the variance if the contribution of the first-order discrete gradient
is small. Our discrete second-order Poincaré inequality additionally implies that if
the contribution of the second-order discrete gradient is also small, then F is close
to a standard Gaussian random variable.

THEOREM 4.1. Let F € dom(D) with E[F] =0 and E[F?*] =1, and let N ~
N (0 1) be a standard Gaussian random variable. Further, fix r, s, t € (1, 00) such
that 1 e ol +——l Then

dg(F,N)

o 1/2
(4 > (E[(D;F)*(DcF) ])I/Z(E[(DeDjF>2(D‘5D"F)2])1/2>

Jik, =1
3 1/2
+ (Z Y ——E[(D¢D;F)*(D¢DiF) ])

J.k = 1

2 & 1
Z E[| Dy F|*]
k=1 Pk4k
E[|F|] ””fj L (D F P ) B[ DeF 1)

k=1 pqu

4 (i LE[(D,(F)“]) -

k=1 Pkdk
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< 1/2
+ (6 > —(E[(Dmﬂ)”2<E[<DeDkF>4])”2)

k=1 Pkqk

00 | 1/2
+ (3 > 7E[(DngF)4]> :
(=1 Prakpeqe

Let us comment on the second-order Poincaré inequality in Theorem 4.1. Its
form differs from that in the Wiener or Poisson case treated in [17, 23]. The main
difference is the fourth term, which involves the parameters r, s and ¢, and hence
higher moments of F and Di F. In many applications, one can choose r = 2 and
s =t =4, but there are situations in which the additional flexibility to choose r, s
and ¢ differently turns out to be crucial. We shall meet such an example in the
proof of Theorem 1.1 on the triangle counting statistic in the Erd6s—Rényi random
graph.

PROOF OF THEOREM 4.1. Our proof follows the general scheme to estab-
lish a second-order Poincaré inequality, which is used in the literature [3, 17, 23].
Namely, we build on Proposition 4.1 by further estimating each summand of the
bound there. We start with the first summand, to which we apply the Cauchy—
Schwarz inequality:

E[|1 - (DF, _DL_IF)EZ(N)H < (E[(1 - (DF, _DL_1F>(12(N))2])1/2-

Taking f as the identity on R in (2.13) shows that E[(DF, —DL_IF)gz(N)] =
Var[F] = 1. Thus, E[(1 — (DF, =DL™'F) )] = Var[(DF, —=DL™'F) 2]
and an application of Proposition 3.4 (see also Remark 3.1) yields

E[(1 - (DF. =DL™ Flpa)’] < E[| D(DF. =DL™' F)asy) |2

4.1 = E[i (Dg(i(DkF)(—DkL_lF)>>2]

=1 k=1

= E[i (i Dg((DkF)(—DkL_lF))>2},

e=1 \k=1
where the exchange of D, with the summation in the last step can be justified
as follows. Since E[(DF, —DL_IF)Ez(N)] =1, (DF, —DL_]F)Zz(N) is P-as.
finite. Thus, (DFEE, —DL_IF;E) 2y as well as the pathwise representation of
Dy((DF, —DL_IF)@z(N)) as at (2.3) are P-a.s. finite for £ € N. As a consequence,
we see that

D¢ ((DF, —DL_IF)ZZ(N))

= Vpeqit((DFf . —DL™' Ff )y — (DF; . =DL™'F{ ) o)
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Il
ﬁ
~
Q9

(i(DkF )(=DkL7'F}) — kaF DkL'F[)>

k=1

Tl

Deqe Z DyF)(—=DkL™'F}) — (D F; ) (= Dk L™ F)))

Dy((DyF)(—=DyL™'F))  P-as.

t”18

,\N
I

1

for £ € N. Now, we further estimate the quantity D;((Dy F)(—DyL™'F)) in (4.1)
using the product formula (2.4). This yields

|De((DeF)(—Dk L™ F))

= |(D5DkF)(—DkL_1F) + (DkF)(—D¢ Dy L™'F)

— ———(D¢DyF)(—D¢DyL™'F)
v Peqe

< |(D¢DyF)(—=DxL™'F)| 4 |(Dy F)(— D¢ Dy L™' F)|

_l’_

|(D¢DyF)(—D¢ Dy L™'F)|.

1
N Peqe

Using this together with the Cauchy—Schwarz inequality, it follows from (4.1)
that » 5
4.2) E[(1 - (DF,—DL F)eZ(N)) <3+ T+ T13),

where 71, T> and T3 are given by

T ::E—i(ihD(ngF)(—DkL_lF)|>2},

Lé=1 \k=I

[ oo o0 2
T:=E Z(Z\(DkF)(—DngL_lFH) }

Le=1 \k=1
0o 1 2
T;:=E Z — <Z|(D5DkF)( D¢D;L™! F)|) ]

—1 Deqe
Each of these terms is now further estimated from above. Considering 77, an appli-
cation of Propositions 3.2 and Proposition 3.1 as well as Jensen’s inequality yields
for £ € N that

) 2
<Z|DngF|;DkL—1F|>

k=1

00 2
(Z |DngF|‘/ ’P,DdetD

k=1
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<Z|DngF|‘/ E[DyF(X )|X]dtD2

(Z|DEDkF|/ e 'E[| Dy F(X ’)||X]dt>2.

k=1

By virtue of the monotone convergence theorem, we get for £ € N that

(];|D5DkF|/ e 'E[|DyF(X )\|x]dz)2

= (/Ooo e’ i |D¢ Dy F|E[| Dk F(X")[1X] dt>2

k=1
00 o 2
=</ e"E[Z|DngF||DkF(Xt)|‘X} dt) .
0 k=1

Using Jensen’s inequality again as well as the Cauchy—Schwarz inequality, we now
conclude for £ € N that

(/Oooe_’ELg|D5DkF|\DkF(X’)\‘Xj| a't)2
5/000 [(wakFHDkF ) (X]dz

_/ _’E[ 3" ID¢D;F||D;F(X ’)||DngF||D/<F(X’)|‘X] dt
k=1

A |
T2 T2 Tl

—

e.¢]
|DngF||DngF|/O ¢'E[|D; F(X")|| Dy F(X")||X] dt

~
—_

|DngF||DngF|/OOOe’(}E[(DJ-F(X ) (DeF(X')*1X])" 2 dt

~.
—_

IA

|D¢D;F||D¢DyF|

~

< < /0 ¥ e E[(D; F (X)) (DeF(x7)1X] dt)l/z.
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Thus, another application of the Cauchy—Schwarz inequality leads to the bound

T1§1E[ Y |D¢D;F||D¢DyF|
ik 0=1
00 172
([ B0, PO DK 1 ]
< Y (B[(DeD; F)X(De D F)*)'?
k=1
(4.3)
00 1/2
< (E[/O e E[(D; F(x")X(Dy F(X") |X]dt]>
= 2 an12( [ - 2 2 1/2
= Y (E[(D¢D;F)*(D¢DiF)*)) (/O e "E[(D;F)*(DyF) ]dt)
k=1
= 3 (E[(DeD; F)X(De Dy F)2)) 2 (E[(D; FYX(DkF)?]) 2.
k=1
Using similar arguments and Proposition 3.2 for m = 2, one shows that
1 o
“4) D<o Y (BD;FDOeF)) A ELDeD; FY (DD F)])
k=1
and
1 &1
(4.5) T3 < 4,;@ 1%E[(DZD jF)}(D¢DyF)?].
Thus, combining (4.3)—(4.5) with (4.2), we get
E[[l ={DF, =DL™'F)py)|]
00 12
4.6) < ( 3 (E[(D,; F)*(DxF) ])1/2(E[(D5DjF)Z(DngF)z])m)
Jk, =1

3 00 1 1/2
+<Z > —E[(DeDjF)z(DeDka])

as an estimate for the first summand of the bound in Proposition 4.1.
For the second summand, we obtain

E[{(pg) "2 (DF)*, [DL™'F )]

4.7) Z (prqe) " PE[(Di F)?| Dy L' F|]
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< (prago) PE[IDF P E[| DL FF)
k=1

<> (prar) " PE[IDiFI?)
k=1

by means of Holder’s inequality with Holder conjugates 3 and 3/2, and Proposi-
tion 3.3. Applying a generalization of Holder’s inequality with Holder conjugates
r,s,t e (1,00) with % + % + % =1 as well as Proposition 3.3 to the third summand
of the bound in Proposition 4.1 immediately yields

E[((pg)" 2 (DF)* |[F - DL7'F|) o]

Z (prqe) " PE[|F (D F)? | Dy L™ F ]
(4.8) k= .
< ENFIDY" Y (g PE[IDFIZ) ' (B[ DL~ FI]) Y
k=1
< EOFIYY Y (kg " V2E[ D FIP) ' E[ Dk FI)) .
k=1

We now apply the integration-by-parts-formula (2.15) in order to bound the
last term in Proposition 4.1. To this end, we note that Dk]l{F>X}DkF|DkL_1 F|>
0 for every k € N and we need to verify the summability condition in (2.14) in
Proposition 2.2. The latter will be verified subsequent to the following calculation.
Using the integration-by-parts-formula, we obtain that

E[((pq)”"*(DF)D1F=y), Jeao]
=E[(DL{Fr>x). (pq)"*(DF)|DL™ FD(Z(N)]
(4.9) =E[1(r-x8((pg) /> (DF)|DL™'F|)]
<E[|s((pg)""*(DF)|DL™'FI)]]
< E[(5((pg)~*(DF)| DL F|))])
From the isometric formula (2.18) for the divergence operator it follows that
E[(3((pq)~">(DF)|DL™'F|))’]
=E[|(pg)”A(DF)(DL™'F) 2]

1/2

(4.10) +E[ Y (pego) V2 Di((DeF)| DL~ F|)
k,t=1
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x (PkCIk)l/zDe((DkF)|DkL1F|)}
E[|(pg) > (DF)(DL™"F) |2 ]

+IE[ i <pqu>—1(DA(DkF)(DkL—lF)))z}

k=1
=:Ty4+ Ts.

The term Ty can easily be estimated by means of the Cauchy—Schwarz inequality
and Proposition 3.3, which yields that

Ty = (prgo) 'E[(De )} (Dk L™ F)?]
k=1

(4.11) SZ(pqu) YE[(DF)*)) A (E[(De L' F)*])

8

<Y (pra) "E[(DiF)*.

k=1

To handle T5, we first compute E[(D¢((DrF)(Dx L™ F)))?] by using the product
formula (2.4), the Cauchy—Schwarz inequality as well as Proposition 3.3. This
leads to

E[(De((DeF)(DkL™"F)))’]
=E[((D¢ Dy F)(DyL™'F) 4 (DyF)(D¢ Dy L™ F)
— (peqe) ™" Xy (Dy Dy F) (D¢ Dy L™ F))]
< 3E[(D¢ Dy F)*(Dx L™ F)*] 4+ 3E[(Dx F)*(Dy Dy L' F)°]
(4.12) +3(peqe) "E[(D¢ Dy F)*(Dy Dy L™ ' F)?]
<3(E[(De D)) PE[(DLTF)
+3E[(DxF)*) P B[(De DL F)Y) 2
+3(pege) ™ E[(DeDeFYY]) P (E[(De DL~ F)*))
< 6(E[(DeF)*]) 2 (E[(DeDxF)*])? + 3(pege)  E[(De D F)*].
We now justify the validity of the summability condition (2.14). Assume that

(4.13) E[ > (Dkw)Z] <00

k=1

1/2
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where ug := (peqe)~V/*DyF|D¢L™'F| = o 1 Jn(gn+1(-, 0)). Then we obtain
that

E[(Dyue)?]

{gm]-,

k=1

nn! ||gn+1 (‘, k, E) ||§2(N)®nfl

!
2

Tl e

~
—_
3
Il
_

r”18

nn: ||gn+1 ”gZ(N)@n—%—l ,

3
I
—_

which implies that

o0 o0
Yo+ Dnllignit o gyenst < 2E[ > (Dkue)z} < 0.

n=1 k=1

Thus, the summability condition (2.14) is verified, once condition (4.13) is sat-
isfied. Since T5 = E[Z,‘:’Z:] (Dyug)?], condition (4.13) is verified, once our error
bound is finite. Otherwise, the error bound holds trivially. Combining (4.9)—(4.12)
yields

SuﬁER(PQ) Y2(DF)D1p-yy. [DL™ F|>z2(N)]
xe

00 1/2
< (Z(pqurlE[(DkF)“])
(4.14) k=l

o 12
i (6 > (pqu)1(E[(DkF)4])I/Z(E[(DeDkF>4])l/2>

k=1

(3 > — DngF)A']) ]/2.

K21 PkakPeqe

This completes the proof. [

5. Application to the Erdos—Rényi random graph and proof of Theorems
1.1-1.3. In this section, we apply Theorem 4.1 to counting statistics associated
with the Erdds—Rényi random graph and establish thereby Theorems 1.1-1.3. First,
we formally introduce the model and fix some notation. For n € N and a real num-
ber p € (0, 1), let G be the set of all simple and undirected graphs with vertex set
[n]:={1,...,n}. We consider the probability space (G, P(G), P), where P(G) is
the power set of G and P is the probability measure given by

P(G) = p* @ (1 — p)B) =@,
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where for G € G, ¢(G) denotes the number of edges of G. The identity map on
G is called the Erd6s—Rényi random graph and is usually abbreviated by G(n, p).
We refer to the book [10] for a detailed account of the theory of random graphs.
We are interested in the number 7 of triangles in G (n, p), that is the number of
sub-graphs in G (n, p), which are isomorphic to the complete graph on 3 vertices.
To analyse the asymptotic behaviour of this random variable, we typically allow p
to depend on 7n. Following the literature and to simplify the notation, we will often
suppress the dependence on n of several (random) variables. In order to apply The-
orem 4.1 to the normalized triangle counting statistic ' := (T — E[T])/+/Var[T ],
we first have to embed the model into the framework of Section 2 and Section 4. If
one labels the (’;) edges of the complete graph on n vertices in a fixed but arbitrary
way, G (n, p) can be regarded as an outcome of (’;) independent Bernoulli trials,
with success probability equal to p. Here, success in the kth Bernoulli trial means
that the kth edge is visible in G (n, p). Hence, G(n, p) can be identified with the
vector (Xq1,..., X (;)) of independent Rademacher random variables with param-

eter px = p, where Xy = +1 indicates that the edge with number £ is visible in
G (n, p). From now on, we fix an arbitrary enumeration of the edges in the com-
plete graph on the vertex set [n], write I := {1, ..., (3)} for the set of labels and
denote by e, k € I, the kth edge of the graph.

Recall from Lemma 3.5 in [10] that

93n*—, ifo<a<
(5.1) Var[T] =<

1
27
937’13(1_“), 1,

ﬁ%<a<
where we recall that the success probability is given by p =6n~% with « € [0, 1)
and 6 € (0, n%) such that 6 < 1.

PROOF OF THEOREM 1.1. First, we notice that the assumptions of Theo-
rem 4.1 are satisfied since F' is normalized and only depends on finitely many
Rademacher variables.

To evaluate the bound in Theorem 4.1, we have to control the random variables
DyF and DD, F fork, j € {1,...,(3)}. We have

DkF:«/ﬁ(FI:r_FI:):ﬂ(Tk+_Tk_)

Var[T]
and hence
 Var[T
VTl o+ — 1.
v P4

Now, we notice that Tk+ equals the number of triangles in the random graph
G (n, p) with ¢ visible, while 7}~ equals the number of triangles in the random
graph G(n, p) when e is not visible. Thus, TkJr — T, is the number of triangles
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that have edge e; in common, which shows that the random variable TkJr - T,
has a binomial distribution Bin(n — 2, p%) with parameters n — 2 and p?. This is
a consequence of the fact that there are n — 2 possible triangles being attached to
the kth edge and each of these triangles is a sub-graph of G (n, p) with probability
p?, independently of all other triangles. Hence,

(5.2) vVailTl F ~Bin(n — 2, p?)
. m k P ).

Next, we consider the second-order discrete gradient and obtain that

] +_ -
DkDJF_ka(Tj T;)

= «/%[T]((TJ—F)I—(Ir - (Tj+)k_ o ((Tj_): B (Tj_)k_))’
whence
VAT
pr4q

The random variable (TJ.JF),’{'r — (T;L),: counts the number of triangles in G(n, p)
adjacent to the kth edge ey, conditioned on the event that the jth edge e; is visible
in G(n, p). Similarly, (Tj_)fcL — (Tj_)k_ counts the number of triangles adjacent to
e; when e does not belong to G(n, p). Therefore, (T].Jr);{r - (T].Jr),; — ((ij),j —
(Tj*),:) is the number of triangles with common edges e, and e;. The number of
vertices shared by both edges ey and e; is |ex N ej|. Then, if |ex Nej| € {0,2},
(TJ.JF)Zr - (TJTL),: - ((Tj_),"(F —(T;);) =0 and if |ex Nej| = 1, we have ex =
{r,s} and e; = {r, t} for some r,s,t € [n], s # t. In this case, (TJ.JF),J(r — (T;r)k_ -
((Tj_),;Ir — (Tj_),:) is either 1 or 0, depending on whether the edge {s, ¢} belongs
to G(n, p) or not. Thus,

DD F = (T7)] — (1) — (T7)) = (T7)).

Var[T ~ Ber(p), iflexNei|=1,
(5.3) / Var[ ]DijF (p) . lex Nejl
rq =0, if [ex Nej| € {0, 2},

where Ber(p) = Bin(1, p) indicates a Bernoulli distribution with parameter p.
Note that the random variables Dy Dy F and DyD; F are independent whenever
k # j.Indeed, fix £ and let k # j, and suppose that |e; Ne¢| € {0, 2} or |e; Neg| €
{0,2}. Then D¢DyF and D¢D;F are independent, since at least one of them is
equal to zero. Now, consider the case that |ex Neg| =1 and |e; N eg| = 1. In this
situation, the three edges e, ¢;, e; can have the following form. Either

5.4) er=/{s,t}, e; ={u, v}, ec = {t, u}, sFu, v#£L,

or

(5.5) er={s,1t}, ej ={u,t}, eo ={v, 1}, s F v, u#v.
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In the situation of (5.4), we have {s,u} = e, and {t, v} = e, for some a,b € I,
a # b, and thus
Var[T] Var([T']
———D¢DyF =1(x,=1y and ———D¢D;F =1x,—1),
r4q r4q

which implies the independence of Dy Dy F and D, D; F in this case. In the situa-
tion of (5.5), we obtain {s, v} = e, and {u, v} = ¢, for some a,b € I, a # b, and
hence

Var[T] Var[T]
TDZDszﬂ{X,I:l} and TDéDszjl{szl}’

which implies the independence of D¢ Dy F and D, D; F in the second case.

In view of (5.2) and the bound in Theorem 4.1, we need an expression for the
fractional moments of a binomial random variable Z ~ Bin(n, p) with n € N and
p € (0, 1). It is well known that

ﬂ .
E[zﬂ]xi(’”’) Mmoo g o0,

np, if np — 0,

As a consequence, we deduce that for n € {3,4,...}, « € [0,1) and 8 € (0, n%)
with 6 < 1, the binomial random variable Z ~ Bin(n — 2, 9211_2“) satisfies
0PnPU—200  if0<a <1

-2 B el,00).

5.6 E[zP] =
G0 2] {enl—’z“, if I <a<l,

With (5.2), (5.3) and (5.6) at hand, we are now prepared for the evaluation of
the bound in Theorem 4.1. The following terms have to be considered:
1/2
1/2 1/2
A= ( 3 (E[(D; F)2(DyF)2)) P (B[(De D F)*(De D)) ) ,
Jok,Lel

1 2 2 12
A; ::( > —E[(D¢D;F)*(D¢DiF) ]) :

J.k,lel
|
Ay =Y ——E[|DiF|?],
V=L Zpg U
As:= E[FIDY S — E[DFIP) €D FI
4= (E[IFI]) ;; ,—pq([|k|]) (E[IDyF|'])
1 1/2
Asi= (Z—E[(DkF)“]) ,
kel 4q
1 aq\1/2 a2\
As :<Z — (E[(Dx F)*]) " (E[(De Dr F)7)) ) ,
kee1 P4
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1/2
A= (ZE(DngF) ]) ,

P9 N\ eer

where in A4, r,s,t € (1, 00) are such that 1 + —I— + = 1. Let us begin with the
term Aj. Using the independence of Dy DkF and DgD i F for k # j as well as the
Cauchy—-Schwarz inequality we obtain

3 (E[(D; F)2(DkF)2)) *(E[(DeD; F)}(De Dy F)?))
jkeel
= > (E[D; ) E[(D.D; F)*])'?
j.eel
+ Y (EB[D;F*(DkF))) A (E[(DeD; F)) ' B[(De Dk F)2])
J.ktel
(5.7) 7
< 3" (E[D; ) (E[(DeD,; F)*)'?
j.lel
+ Y (E[D; P E[(D P
J.k,tel
ket j

x (E[(D¢ D, F)*))"*(E[(D¢ Dy F)*])"/*.

We consider the two summands of the last estimate separately. Denote by w4
the fourth moment of a Bin(n — 2, p2)—distributed random variable. Using (5.2)
and (5.3), we see that

> (E[D;F)*) E[(DeD; F)*)

j.Lel
(pg)° [ VVar[T] 4] 1/2
~ (Var[T])? ;,( ( N7 ) )

(5.8) : (EK@DZD"FY‘DW

(pg)’ 12 12
= 0 Z P Leine =1}
~ (VarlT)? 2, ,

_ (P9 1p 12 )
= Va2t P ( 2n=2)

(ra)?  1p 12,3
= a2t P
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For the second summand on the right-hand side of (5.7), we obtain

> (B[ F)*) B[ F)*) HE[(DeD; FY)) A (E[(De Dk F)?)

Jktel
kst j
(pg)?
== ) Ui 1y PL{je ner=1 Litexrenl=1)
(Var[T]) jhter J
j#k
(@)’ ap (”)
(5.9) = v P 2(n —2)(2(n —2) — 1)
(Pa)?  1p

= Va2t P!
@ o apns 12,
= (Var[r)2"4 PP

Comparing (5.8) with (5.9), one can see that the second summand in (5.7) de-
termines the asymptotic behaviour of Aj, since p!/?n = 01/2p17%/2 - o0, as
n — o0o. By use of (5.1) and (5.6), we obtain

-4 —242
(510) (pq)3 1/2 !9 n +Ol, 1f0<0[<27

(Var[T])? Ha ' 032y =324 if 1 3 <a<l

Combining (5.7)—(5.10) yields that

A =( S (EB[(D; F)X(DyF)2])

jk el
12 1/2
(5.11) x (E[(D¢D; F)*(D¢ Dy F)*)) )
_ O(n=11e), 1fO<oz<§,
O(n=3/4+a/2), if 3 <a<l.

With the same arguments as above and by using the additional information on the
asymptotics of the third moment of a Bin(n — 2, pz) random variable from (5.6),
we obtain the following bounds for A,, A3, As, Ag and A7:

O(n=2+3/2), 1fO <a<3,
Ay {O(n”"/z), 1f0<o¢<2,
(n_3/2+3“/2), if 1 3 <a<l,
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o [ot) ifo<a<i,
5= O(n=3/2+3/2), if% <a<l,

(5.13) ) O(n=3+7/4)  if0<a <l
6= O(n_5/4+5a/4)’ if% <a<l,

-, ) O(n=52+72/2) ifo<q <},
‘ 7= O(n=3/2+3/2), if 1 <a<l.

To describe the asymptotic behaviour of

1/r
Ay=(E[IFI]) —
,; P4
withr, s,t € (1, 00) and % + % + % = 1, we use the following moment asymptotics,
which is taken from the proof of [34], Theorem 2. As n — o0, it holds that

0, if K € Nis odd,
(5.15) E[FF] < k!
(k/2)12k/2°
We will choose r in such a way that A4 converges to zero at least as fast as

all the other terms Ay, ..., A7 that have already been computed. So, fix an even
integer » > 2 and choose s, ¢ € (1, 00) such that % + % + % =1.For 8 €1, 0),

(E[IDcF1*]) " (E[IDeFIT]) !

if k € Nis even.

let g be the moment of order B of a Bin(n — 2, p?) random variable. Using (5.2),
we obtain

J%(EnDkFFS])”S(E[leFV])‘”

() )

516 ~ /Pq (Var[T1)3/2 JPq
’ 1\ 1/¢
(e[ (o) )
NIz
pq /s 1/t

= (Varry32te M

Note that the absolute values are omitted since Dy F' is nonnegative. Resorting to

(5.1) and (5.6) and using that % + % =1—-1 we get

r’
__Pa s
(Var[T])3/2M25 My
9_7/271_34-(1/27 if0<a< l’
9=5/2=1/r, =7/2+30/242a/r=1/r

(5.17)

~
~

if%<a<1.
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Combining (5.15)—(5.17), we obtain that for all even integers r > 2,
O(n~1+1/22), ifo<a<l,
A4={ (7 12) <ax)

(5.18) O(n~3/2+30/242a/r=1/r), if% ca<1
If0<ac< % the bound in (5.18) does not depend on r and is of lower order

compared to the bounds in (5.11)—(5.14). In the case % <a< %, the term A

in (5.11) determines the leading-order asymptotics among the bounds in (5.11)-
(5.14) if r > 2 is chosen in such a way that
3 3 2 1 5 5 - 4Q2a —1)

——t+ at-—a——-<-—-"+4 Za, or, equivalently, r >
r

2 2 r 4 l—«o

. 4Qa—1)
Namely, we put r as the smallest even integer larger or equal to max{2, ={——

and conclude from (5.18) that

(5.19) A On™ 7). fosa=s,
. 4=
O(n=>/4+3a/4), if% <a<l.

Moreover, if % < a < 1, the Kolmogorov distance is dominated by the term Ag.
This completes the proof. [J

After having established Theorem 1.1, we turn to the proof of Theorem 1.2.
Recall that in this situation p € (0, 1) is fixed and that I" is a graph with at least
one edge. Furthermore, S is the number of copies of I" in G(n, p) and F := (S —
E[S])/+/Var[S] denotes the normalized sub-graph counting statistic. Let us recall
from [10], Lemma 3.5, that

(5.20) Var[$] < c(p, Dn?' 72,

where c(p,I") € (0, 00) is a constant only depending on p and I', and where v =
v(I") stands for the number of vertices of I'. Finally, we recall that / stands for the
set {I,...,(5)}andputg :=1— p.

PROOF OF THEOREM 1.2. First, we assume that n > v > 4. Note that for
kel, S,j and S, are the number of copies of I' if edge ¢, is present in G (n, p) or
not, respectively. Thus, S,j — 8, is the number of copies of I' in G (n, p) sharing
edge ex. Since there are ("~3) choices for the remaining vertices needed to build
such a copy, we have that

VPD o+ o ~1
DiF =——"—=—(5-S5,)=0 , kel,
k Var[S]( k i) (n™) €

where we also used (5.20). Next, we consider the second-order discrete gradient

Pq _ _ o
DkaF:\/T[S]((SIj)EF_(SIj)E — (S0)y +(S0)e) k,tel.
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If |ex Ne¢| =0, v — 4 further vertices are needed to build a copy of I" containing

the edges ex and e,. Since there are (:’):1) choices for these vertices and because
of (5.20), one has that

(5.21) D¢DF = O(n™3).

Similarly, if |ex N e¢| = 1 we find that

(5.22) DyDyF = O(n?)

and if ey Ney| =2 we have k = £, and hence

(5.23) DyDyF =0.

We can now evaluate the terms arising in Theorem 4.1, which we denote by
Ai,...,A7. For Aj, we have that

2 15

A== 3 (B[D; (D)) A E[(DeD; FY (DD F)]) .

kel

Using the Cauchy—Schwarz inequality, we see that

RORE

< (R ) el ) )

Lel “kel

and a distinction of the cases |ex Neg| =0, |ex Neg| =1 and |ex Neg| = 2 yields
A =01
by (5.21)—(5.23). Similar considerations with » =2 and s =t =4 lead to
Ag:@(n_z), A3:(9(n_1), A4=(’)(n_l),
As=0(n"), Ag=0(n=3?), A7 =0(n"%?)

and hence to dg (F, N) = O(n™").

The case that I' has exactly two vertices is covered by the classical Berry—
Esseen theorem for a binomial distribution with parameters () and p. If T has
exactly three vertices, then I is either the complete graph on 3 vertices (as already
covered by Theorem 1.1) or a graph with 1 or 2 edges on 3 vertices, respectively.
In these cases, instead of (5.21) one has that Dy Dy F' = 0 if |e; Ney| =0 and one
obtains that dg (F, N) = O(n~"). This completes the proof. [

Finally in this section, we turn to the proof of Theorem 1.3 for which we use the
same set-up as in the proof of Theorem 1.1. In particular, we denote by I the set
{1,...,(5)} and recall that p = On~ with suitable € R and 6 € (0, n%) such that
0 =<1 Wealsoputg:=1—p.Ford €{0,1,2,...} we denote by V,, 4 the number
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of vertices of G (n, p) withdegree d and put G, 4 := (Vy.a —E[Vy.4])//Var[Vy 4]
Let us recall from Chapter 6.3 in [10] that

(5.24) Var[V,,.0] < 20n%p = 200>~ a€ll,2),
and ford € N,

. ar[V, 4] < ¢ n =c(d,0)n" " 7%, acll, I+ )
(5.25) Var[Vy.q]l < cd,O)n? p? = c(d, 9)n?t1-2d [1,1+1/d)

with a constant c(d, 8) € (0, 0o) only depending on d and on 8. From Theorem 8 in
[2] it is known that a central limit theorem for G, ¢ holds if and only if n? p — 00
and np — logn — —o0, as n — o0. In our case that p = 6n~* this is equivalent
to o € [1, 2). Moreover, [10], Theorem 6.36, says that for d € N, G, 4 satisfies a
central limit theorem if and only if n?*! p¢ — 0o and np — logn — dloglogn —
—00, as n — 00. Again, in our case this is equivalent to o € [1, 1 + 1/d), whence

the conditions on « in (5.24) and (5.25).

PROOF OF THEOREM 1.3. At first, we notice that adding or removing an
edge from G(n, p) can change the number of vertices with degree equal to
d €{0,1,2,...} by at most 2. This implies that

2/Pq
(5.26) IDeGpal < -4 el

= YVarlV, 41’

Next, we observe that (pq)_1 |DiD¢Vy.al €10, 1,2} for all k, £ € I. We also have
that Dy D¢V, 4, and hence Dy D¢G, 4 is zero whenever the two corresponding
edges e and e, are identical or do not share a common vertex. Resorting to the
definition of the random variable G, 4, we thus conclude that

2pq
5.27 Dy DGy 4| € ————=1 =1}
(5.27) |DxD¢Gp.al < VarlV, 4] {lexNegl=1}
We can now evaluate the bound in Theorem 4.1. We start with the case d = 0.
Since the computations are almost identical for each of the terms there, we restrict
to the first term A1, which is given by

k,lel.

15 1/2
Api= (Z ) (JE[(D,-Gn>2<Dan)2])”2(E[(DngGn)z(DeDanﬂ])”z) .
J.ktel

Using (5.26) and (5.27), we see that

a2 < 009 60(pq)3 3

2 {\e_/'ﬂeﬂ—l}]l”ek €€|—1}
n,

Jj.k.tel

_ 60(pg)* (n 2
= v () @0 =2

(5.28)
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Now, we use that p = On~* as well as the variance asymptotics at (5.24). This

allows us to conclude that A; = O(n~%/?). Denoting the other terms arising in
Theorem 4.1 by Ay, ..., A7, we conclude by similar computations and by taking
r=2,s =t =4that

AZ — O(n—(x/Z)’ A3 — O(n—l+a/2)’ A4 — O(n—l'f—d/Z),
As=On~'72),  Ag=0n"'?),  Ar=0@n"'?).

Thus, dg (G0, N) = O(n~1+e/2). Turning to the case d € N, we start again with
the term A and obtain by using (5.28) and (5.25) that A| = O(n!—d—3¢/2+ad)

Moreover, one sees for the other terms Aj, ..., A7 in Theorem 4.1 that
Ay = O(nl—d—3oe/2+ad) Az = O(n1/2—3d/2—a+3ad/2)
Ay = O(n1/2—3d/2—¢¥+3ad/2) As = O(n—d—a/Z-i-ad)

Ag = O(nl/Z—d—ot—l—ad) Ag = O(nl/Z—d—oH-ad)‘

Thus, for d € N, dg(Gn.q, N) = O(n!/>734/2-a+32d/2) " provided that o €
[1, (3d — 1)/(3d — 2)). This completes the proof. [l

6. Application to percolation on trees and proof of Theorem 1.4. Let us
recall some notation and embed the objects into the framework of Sections 2
and 4. We denote by .7 an infinite rooted tree such that each vertex has de-
gree bounded by D + 1 with D € N. By .7, n € N, we indicate the finite
sub-tree of .7 consisting of all vertices with graph-distance at most n from the
root. We now embed .7 into the Euclidean plane by the following procedure,
which is illustrated in Figure 3. The root is mapped to the point with coordinates
(1,1) and the vertices adjacent to it are mapped to the points with coordinates
(1,2),...,(N(1),2) with N(1) < D in an arbitrary order. Next, the vertices ad-
jacent to these are mapped onto (1,3),..., (N(2),3), where (from left to right)

FIG. 3. Embedding in the plane of 73 of a 2-regular tree 7 .
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the first points in this list are adjacent to (1, 2), the next points to (2, 2), etc. Con-
tinuing this way, the vertices with graph-distance n to the root are mapped onto
(I,n+1),...,(N@n),n+ 1) with N(n) < N(n — 1)D and the infinite tree 7 is
embedded into the upper right quadrant of the Euclidean plane. A vertex of the em-
bedded tree with coordinates (i, k) fork e Nand i € {1, ..., N(k)} receives the la-
bel 1+ N(1)+---+ N(k—1)+i and an edge of the embedded tree whose adjacent
vertices have coordinates (i, k) and (j,k — 1) fork € {2,3,...},i €{l,..., N(k)}
and j € {1,..., N(k — 1)} finally receives the label of its endpoint minus one,
thatis, N(1) +--- + N(k — 1) + i; see Figure 3. This numbering of vertices also
corresponds to that in Figure 2.

This construction puts us in the position to interpret our percolation problem
on .7 in terms of the framework of Theorem 4.1. Namely, for fixed p € (0, 1)
let (Xx)ren be a sequence of independent Rademacher random variables with
P(Xy=+1)=pand P(Xy =—1) =1 — p. For each k € N, assign the random
variable X to the uniquely determined edge e; of the embedded tree with label k.
The random graph .7 (p) consists of all edges e of the embedded tree with label
X = +1 together with their two adjacent vertices. Thus, .7 (p) is described by
the Rademacher sequence (Xj)xen and its restriction 7, (p) to .7, is described by
a finite sub-sequence of (X¢)xeN-

For n € N, we denote by C,(p) the number of connected components of the
random graph .7, (p), where, as already discussed in the Introduction, by a con-
nected component we understand a maximal connected sub-graph with at least one

edge. By H,(p) := (Cn(p) —E[Cy,(p)])/+/Var[C,,(p)], we denote the normalized
version of C,,(p) and notice that C,,(p) is a Rademacher functional.

PROOF OF THEOREM 1.4. We start by investigating the first- and second-
order discrete gradient applied to H, (p). By definition, we have that

__ P4 ___ NP1 + _
mm@y-vmqwnmqu-vmgwﬂmek(Q@my

where k e {1,..., 14+ N(1) +---+ N(n)}. Note that D;C,(p) is a local quantity
since it depends only on the edges adjacent to k. Adding or removing the edge with
label k can change the number of connected components by at most 1. Therefore,
we have that

VP4
6.1 Dy H, <~ 1
(6.1) | DiHy (p)| NalC. )]

forallke{l,...,1+N()+---+ N(n)}. Next, we consider for k, j € {1,..., 1+
N()+---+4+ N(n)} the second-order discrete gradient

Pq +\+ 4\ —
m(((Cn(p))j )i = ()]s

= (€PN + (Ca)))0))-

DyDjH,(p) =
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For most choices of j and k, Dy D;H,(p) is zero. A nonzero contribution only
arises if the edges e; and e, with labels j and k, respectively, share precisely one
common vertex. We indicate this situation by |e; Nex| =1 and write |e; Nex| €
{0, 2} otherwise. Thus, we can use the triangle inequality and the estimate (6.1) to
conclude that

=0, if le; Neg| € {0, 2},

(6.2) [DiDeHA(p)| |~ 2Pq
= VVar[C,(p)]’
We use a lower bound for the variance of C, (p), which can be found in [37],
Identity (2.3), in case of a D-regular tree, but the proof is easily seen to carry over

to our situation. More precisely, there exists a constant c(p) > 0 only depending
on p such that

(6.3) Var[Cp (p)] = c(p)|Zn].

Estimating the terms in Theorem 4.1 with r =2 and s =t = 4 there by means
of (6.1)—(6.3) yields (after a straightforward computation similar to the one in the
proof of Theorem 1.3) that

dk (Hu(p), N) = O(17,|7'7).

In case of a D-regular tree, we have that |.7,;,| = D +---4+ D" = (D"t! —1)/(D —
1)—1,if D>2, and |9,| =n, if D = 1. Thus, |.7,| behaves like D", if D > 2,
and like n, if D =1, as n — oo. This completes the proof. [J

if [ej Neg| =1.
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