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Random connection models in the thermodynamic
regime: central limit theorems for add-one cost
stabilizing functionals®
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Abstract

The paper deals with a random connection model, a random graph whose vertices are
given by a homogeneous Poisson point process on R¢, and edges are independently
drawn with probability depending on the locations of the two end points. We establish
central limit theorems (CLT) for general functionals on this graph under minimal
assumptions that are a combination of the weak stabilization for the add-one cost and
a (2 + §)-moment condition. As a consequence, CLTs for isomorphic subgraph counts,
isomorphic component counts, the number of connected components are then derived.
In addition, CLTs for Betti numbers and the size of the largest component are also
proved for the first time.
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1 Introduction

Given a configuration P of a homogeneous Poisson point process on the d-dimensional
Euclidean space R¢ with density A > 0, and a measurable symmetric connection func-
tion p: R? — [0,1], connect any two distinct points z,y € P with probability ¢(z — y)
independently of the other pairs. The resulting random graph G, (P) is called a ran-
dom connection model (RCM) with parameters (A, ¢). For a special choice of ¢ that
p(z) = I(|z| < r), where I is the indicator function and |z| is the Euclidean norm of z,
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Random connection models: central limit theorems

(a) Random connection model (b) Random geometric graph

Figure 1: Illustration of (a) a random connection model with A = 1 and ¢(z) = e lel?
restricted on the rectangle [—5, 5]%, and (b) a random geometric graph on the same set
of vertices with r = 1.

G4(P) becomes a random geometric graph G(P, r), where two vertices are connected, if
their distance is less than or equal to the threshold » > 0. Figure 1 illustrates a RCM and
a random geometric graph built on the same set of vertices. RCMs, including general
models where a point process is taken in an abstract space, have been known as a very
useful model with many applications in physics, epidemiology and telecommunications,
see e.g. [5]. Therefore, they have gained a great interest from many scientists in different
branches of science [15, 20, 27]. In particular, for the mathematical side, problems such
as connectivity, diameter, degree counts and the number of connected components have
been studied [4, 6, 11, 17].

In this paper, we focus on studying the asymptotic behavior of general functionals
on the RCM for fixed parameters ()\,¢). Assume that f is a functional defined on
finite graphs. For a bounded window W C R, let G,(P)|w be the restriction of the
random graph G,(P) on the set of vertices lying in W. Our aim is to establish a central
limit theorem (CLT) for f(G,(P)|w) as the window W tends to R? under the so-called
weak stabilization condition and a moment condition. The notion of weak stabilization
was introduced in [24] to study a CLT for a general functional h(P|y ) with P|y the
restriction of the homogeneous Poisson point process P to a bounded window W. Here
the functional 4 is a measurable real-valued map defined on finite sets of points X C R®.
Assume that h is translation invariant, that is,

h(X) = h({y + z}sex), forall X c R% ye R

When windows IW’s of interest are restricted to be cubes (sets of the form W = Hf[%‘, T+
1), z; € R,l > 0), the weak stabilization is defined as follows. The functional & is weakly
stabilizing if for any sequence of cubes {W, }, tending to R?,

D,h(Wy,) := h({o} UP|w, ) — h(Plw,) = A in probability as n — oo,

for some random variable A. The functional Dyh(W,,) is called the add-one cost of h
at the origin o. Then a CLT for h(P|y ) holds as cubes W’s tend to R? provided that h
is weakly stabilizing plus a moment condition [24, 29]. Back to RCMs, we modify the
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concept of weak stabilization and obtain an analogous result: a CLT for f(G,(P)|w ) holds
under assumptions that the functional f is weakly stabilizing and satisfies a moment
condition.

Let us introduce the result in more details. Let G(PU{0}) be a random graph obtained
from G(P) = G, (P) by adding the origin {0} and edges {o, 2}, = € P independently with
probability ¢(x). We define the add-one cost of f as

Do f(W) := f(G(PU{ob)lw) — f(G(P)lw),

where W is a bounded subset of R?. This is the cost paid by adding a point at the origin.
Then the functional f is said to be weakly stabilizing if there is a random variable A,
called the limit add-one cost, such that for any sequence of cubes {I,},, tending to R?,

D,f(W,) = A in probability as n — occ.

Our CLT is stated as follows.

Theorem 1.1. Assume that the functional f is weakly stabilizing and satisfies the
following moment condition

sup  E[|Dof(W)[P] < oo,
oeW :cube

for some p > 2. Then as the sequence of cubes W ’s tends to R¢,

F(G(P)lw) — E[f(G(P)|w)] 4 A7(0, 0%) Varl[f(GP)|w)] , »
W] . W '

Here “%’ denotes the convergence in distribution, |W| is the volume of the cube W and
N(0,0?) denotes the normal distribution with mean zero and variance o2. Moreover,
the limiting variance o2 is positive, if the limit add-one cost is non-trivial, that is,
P(A #£0) > 0.

An extended version of Theorem 1.1 is stated as Theorem 2.15. It is worth mentioning
that this is a result in the thermodynamic regime where the connection function ¢ is
fixed (and will be assumed to satisfy the condition [, ¢(x)dz € (0,00) in all examples
in this paper). The terminology is based on the study of random geometric graphs
G(Plw,r =r(W)) [23] in which three main regimes are divided according to the limit
of the radius r(W): sparse regime (r(W) — 0), critical or thermodynamic regime
(r(W) — const) and dense regime (r(W) — o).

To prove Theorem 1.1, we use the idea of generating the random connection model
(M, ¢) from the so-called edge marked Poisson point process from [17]. In fact, we
establish general CLTs (Theorem 2.4) for weakly stabilizing functionals on edge marked
Poisson point processes from which the above theorem is just a particular case. Note that
a direct generalization of CLTs for weakly stabilizing functionals in [24, 29] to marked
Poisson point processes leads to different CLTs (cf. Theorem 3.1 in [25]) that might be
difficult to apply to RCMs. See Remark 2.5 for more details.

Examples of weakly stabilizing functionals include isomorphic subgraph counts,
(isomorphic) component counts, Betti numbers of the clique complex of a graph, and
the size of the largest component. Thus, CLTs for those quantities are obtained from
the above general result. We would like to emphasize that in our results the connection
function ¢ may have unbounded support. This allows unbounded connections which
result in some non-trivial difficulties in establishing the weak stablization and a moment
condition, especially in the cases of Betti numbers and the size of the largest component.
We also remark here that upper bounds for the normal approximation in the Wasserstein
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and the Kolmogorov distance of functionals on edge marked Poisson processes and their
applications to RCMs were established in [17], which extends those of functionals on
Poisson point processes in [16]. The work [16] is related to the strong stabilization
condition which is defined in [24, 29] when dealing with binomial point processes or
non-homogeneous Poisson point processes. As indicated in the terminologies, the strong
stabilization implies the weak one. However, it is hard to relate the weak stabilization
condition and the range of applications of general results in [16, 17].

CLTs with rate of convergence for isomorphic component counts were established
in [17]. By approximation, a CLT (without rate) for the total number of connected
components was then derived. CLTs for Betti numbers in this paper are generalizations
of that result, because the zeroth Betti number is nothing but the number of connected
components. Moreover, in Section 4, we establish the CLT for the size of the largest
cluster of the random graph provided that ) is large enough and ¢ satisfies two conditions
(C1) and (C2). Roughly speaking, the condition (C1) requires that ¢ is a radial function
with lim,_,q p(x) = 1, while (C2) is a moment condition on ¢. As far as we are concerned,
our results for Betti numbers and the size of the largest component of random connection
models have not been known before. It should be an interesting problem to obtain upper
bounds for the normal approximation of those functionals, by using the approach in [17],
or by using some new approach.

The paper is organized as follows. In Section 2, we establish a general result for
weakly stabilizing functionals on marked Poisson point processes, and then the CLT for
random connection models with general functionals is derived. Thenceforth, we apply
these results to establish CLTs for isomorphic subgraph counts and Betti numbers in
Section 3, and for the size of the largest component in Section 4.

2 General results

2.1 CLT for weakly stabilizing functionals on edge marked Poisson point pro-
cesses

In this sub-section, we consider a random graph with marks built on a special marked
Poisson point process under which the random connection model (A, ¢) can be generated.
Let 7) be a Poisson point process on S := R% x [0, 1] x [0, 1]N*N with the intensity measure
MgRL20Q, where A > 0 is a constant, ¢, is the Lebesgue measure on R4, ¢is the Lebesgue
measure on [0,1] and Q = (®N*¥ jg the product measure of £ on M := [0, 1]"*N, To a
point (z,t, M) = (z,t, (u; ;)) € S, the first component points out the location in R, the
second one is regarded as its birth time and the third one is a double sequence of marks.

Let { By }rew be an enumeration of all unit cubes from the lattice Z?. To be more
precise, each By, is of the form Hle[ni, n; +1),n; € Z. For a locally finite set n C S (the
number of points of n in any compact set is finite) whose birth times are all different,
the edge marking mapping T associated with {By} is constructed as follows [17]. We
first order the points of n in each cube Bj, according to their birth times. Then for two
points s; = (z,t, (u;;)) and sp = (y, s, (v; ;)) in n with ¢ < s and s; the mth oldest point in
B,, the edge {z,y} is marked with v,, ,,. The resulting image 7'() consisting of points
of the form ({z,y},u) is viewed as an edge marked graph with edges {z,y} marked
with u. Formally, T is a measurable map from N(S) to N((R%)? x [0, 1]), where N(X)
denotes the space of locally finite subsets of a topological space X and (]Rd)[Q] denotes
the space of undirected edges. We call T(7}) an edge marked Poisson process. Given
a connection function ¢, which is a measurable symmetric function ¢: R — [0,1], a
random connection model with parameters (), ¢) can be generated from 7 by

= T() = { {9} = (v} u) € (), u < oo — 3) }. @.1)
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We will study more about RCMs in the next section.

For n € N(S), and W C R¢, denote by 7|y the restriction of  on {(z,t,M) : x €
W} and T'(n)|w the induced subgraph of T'(n) with vertices in W. Note that by the
construction T(9)|w = T(A|lw), if W is a union of sets from the collection {Bj}. For
general W, two graphs T'(7)|w and T'(7|w ) have the same set of vertices, but edges may
be different. However, they have the same distribution. This is because conditional on
the configuration of points in W, each edge is independently marked with a random
variable uniformly distributed on [0, 1].

Let f be a (measurable) functional defined on finite subsets of (R%)[ x [0, 1]. Then
the subtract-one cost of f, the functional on finite subsets of S, is defined as

Atanf) = F(TU{(z,t, M)})) = f(T(nU{(z,t, M)}) \ {z}), ncCS. (2.2)

Here for (z,t, M) € n, the graph T'(n) \ {«} is obtained from 7'(n) by removing the vertex
2 and all corresponding edge marks.

SetQ=QxMandP =P® Q, where (Q, F,P) is the underlying probablhty space
for the point process 7. We will use I£ to denote the expectation with respect to p.

Definition 2.1. (i) The functional f is said to be translation invariant if for any z € R4,
and any finite set {({z:,y:},w:) yier C (R x [0,1],

Tz ik wi) tier) = FHHz + @i 2 + yi} wi) bier)-

(ii) The functional f is said to be weakly stabilizing if it is translation invariant and
there is a random variable A1 = Ay (w, M) (defined on €?) such that for any sequence
of cubes {W,,},, tending to R¢,

P

A f(lw,) = AL

Here ‘5 denotes the convergence in probability with respect to P and o =
(0,...,0) € R? denotes the origin.

Remark 2.2. Note that 7'(7|w U {0, 1, M }) is obtained from T'(7)|y) by adding the vertex
o and new edges connected to it. Thus,

1, f(lw) = fF(T(hHlw U{o,1,M})) — f(T(Dw))
is an add-one cost.
From now on, assume that the functional f is translation invariant.
Definition 2.3. The functional f is said to satisfy a moment condition if for some p > 2,

sup B Aq,100 f(ilw)[P] < 0. (2.3)
oeW:cube

Our main result in this paper is the following central limit theorem.

Theorem 2.4. Assume that the functional f is weakly stabilizing and satisfies the
moment condition (2.3). Then for any sequence of cubes W's tending to R4,

f(TGlw)) = BT (lw))] 4 A

0,0%),
W

for a constant o2 > 0 given in (2.4) below. Here recall that |W| denotes the volume, or
the Lebesgue measure (4(W) of W. Moreover, the limiting variance o is positive, if the
limit add-one cost A; is non-trivial, that is, P(A; # 0) > 0.
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Remark 2.5. (i) For marked Poisson point processes, central limit theorems have
been established for functionals A of the form

h(n) = &((wirti, M), m)),
il
defined on finite subset n = {(x;,t;, M;)}icr of S, provided that the functional
¢ is stabilizing plus some moment conditions [1, 26]. (Notice that the notion
of stabilization in [1, 26] is slightly different from ours). Isomorphic subgraph
counts are typical examples of such functionals in which &((x;, ¢;, M;),n)) is the
number of isomorphic subgraphs containing the point «;, divided by a constant. For
RCMs studied in the next section, we will show that subgraph counts are weakly
stabilizing (in the sense of Definition 2.1). However, when the connection function
satisfies ¢ € (0,1), one may immediately see that in the simplest case where the
number of edges is considered, the corresponding functional ¢ is not stabilizing (in
the sense of [1, §2.3.1] or [26, Definition 2.1]). And thus, those general results are
not applicable to the RCM (2.1) constructed from a marked Poisson point process.
(ii) A CLT for weakly stabilizing functionals (in the case without marks) was first
established in [24] under a fourth moment condition (a similar condition as the
moment condition (2.3) with p = 4). It was slightly improved to the case p > 2 in
[29]. We extend the approach in [29] to prove Theorem 2.4. It is worth noting
that a direct generalization of CLTs from the above two papers to a marked case
would lead to a CLT for a functional h defined on finite subset n = {(x;, t;, M;) }icr
of S with the stabilization concept being defined by using the add-one cost (cf. [25,
Theorem 3.1])
Dy ianyh(n) = hinU{(z,t, M)}) - h(n).
To apply to the RCM (2.1), we would consider a functional of the form h = fo T,
and thus the add-one cost is given by

Daanyh(n) = f(T(nU{(z,t, M)})) — f(T(n))-

From the construction of 7', it is clear that T'(n) is not a subgraph of T'(n U
{(z,t, M)}), in general, which causes a difficulty in this direction. The idea here is
to modify the add-one cost to the subtract-one cost defined in the equation (2.2), the
difference of f on T'(nU {(z,t, M)}) and its subgraph T'(nU {(z, ¢, M)}) \ {z}, which
is originated from [17] to define the weak stabilization. The main contribution of
this paper is to introduce a suitable concept of weak stabilization and to establish
the limiting variance formula stated in Lemma 2.8.

Remark 2.6 (A quenched CLT). We state here a quenched version of Theorem 2.4. For

simplicity, assume that the underlying probability space is written as the product

(Q,F,P) = (1, F1,P1) X (Qa, Fa,Py)

for which the first component of 7 is defined on (2;, and the second and the third ones
are defined on (), that is,

H(w) = {(z(w1), t(wz), M(w2))}-
Assume that the functional f satisfies the conditions in Theorem 2.4. Let

FT(lw,)) — Eo[f(T(Alw,.))]

Vvn ’
where IE5; denotes the expectation with respect to IP,. Then there exists 0 < 03 < o2 (the
variance in Theorem 2.4), such that with high probability (in w;) the random variables

Zn(wla Cdg) -
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(Zn(w1,-))n>1 converge weakly to N'(0,07). The detailed statement (see (A.1)) and its
proof are given in the Appendix A.

We need some preparations before proving the main result. A cube is called a lattice
cube if it is of the form Hle[ni, n; +m), with n; € Z and m € IN. Clearly, a lattice cube
is a union of cubes from the collection {By}.

Lemma 2.7. Assume that the functional f is weakly stabilizing. Then there is a random
variable A; (defined on ) such that for any sequence of cubes {W,,} tending to R4,

A P
Agoean f(ilw,) = A
Proof. The proof is based on the following two observations

(i) under P, the two graphs T'(7j|w U {(o0,t, M)}) and T(#j|w U {(0,1, M)}) have the
same distribution;
(ii) for any lattice cube V witho eV C W,

At (W) = Dioean FAIV) 2 Aoran FAlw) = Aoaan f(Av)-

Here ‘=’ denotes the equality in distribution. Then similar arguments as those will be
used in the proof of Proposition 2.14 work to show the weak stabilization of A, ; 1) f for
any t € [0,1]. Let us omit the details to continue the main stream. O

For n € N(R? x [0,1] x M) and ¢ € [0,1], we write 7; for the restriction of 7 to
R? x [0,) x M, and E[:|;] denotes the conditional expectation with respect to the
sigma-field generated by 7).

Lemma 2.8. Assume that the functional f is weakly stabilizing and satisfies the moment
condition (2.3). Then for any sequence of cubes W's tending to R¢,

Var[f(T'(lw))] /
E[A |dt = 2.4
|W| — A f‘nf :o? ( )

The limiting variance o2 is positive, if]P(Al #0) > 0.

Remark 2.9. In the case without marks as in [24, 29], the limit A = A; does not depend
on t and M, and thus the limiting variance is written as

o? = )\/O E[E[A|#;]?]dt

The above lemma shows that o > 0, if P(A # 0) > 0. Note that under the assumption of
strong stabilization, Theorem 2.1 in [24] states that the limiting variance o? is positive,
if A is nondegenerate, that is, A is not a constant.

The proof of the above lemma relies on the following variance formula.

Lemma 2.10 ([17, Theorem 5.1]). Let f: N((R%)" x [0,1]) — R be measurable with
E[f(T(H|lw))?] < oo, where W C R%. Then

Varf(T(lw))] = A / / E[A (o 0.0 f ()|t

Proof of Lemma 2.8. Assume that the functional f is weakly stabilizing and satisfies the
moment condition (2.3). By Lemma 2.7, for any sequence of cubes {W,},,>1 tending to
Riand0 <t <1,

P

Aoy f(Alw,) = Ay
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Moreover, by the moment condition for any 1 < ¢ < p, the sequence {|A¢ ) f
(Mlw,,)|?}n>1 is uniformly integrable. Therefore,

Ao f(@ilw,) = A in LI(Q). (2.5)
In particular, with ¢ = 2 we have
E[A o000 f (lw,) — Ad?] — 0,

and it then follows that

1
/ E [|A o000 f(ilw,) — Al dt — 0.
0

Then, by using Jensen’s inequality for conditional expectation, we obtain that

1
/0 E [[B[A o.1,a0) f (Alw, )] — E[A|7:][*] dt — 0.

Consequently,

me:AEmMWMﬂ%M%mﬁ%AEmmmmﬁ:ﬁ

The convergence holds for any sequence of cubes {W,} tending to R¢. Thus, it is
straightforward to show that for any € > 0, there is a radius r > 0 such that

|n(V) —d®| <e, if B.(o)C V. (2.6)
Here B,.(0o) = {x € R?: |z| < r} denotes the closed ball centered at o of radius 7.
It now follows from the variance formula and the translation invariance that
1
VarlF(T Gl )} = 3 [ [ BB G £l ) e
0

:A%;MW—xMx

For given € > 0, take r such that the condition (2.6) holds. Then divide the above integral
into two parts according to B,(0) C W — z or not. For the part with B, (o) C W — z, the
integrand h(W — x) is different from a? by at most ¢, while the integral over the other
part divided by |W| clearly vanishes as W tends to R?¢. Consequently,

Varlf(T(ilw)] _

A
i ma&mW—@mﬁmf:ﬁ as W — R%,

which proves the desired convergence (2.4).
Next, we show the positivity of o2 under the condition that P(A; # 0) > 0. Our aim is
to show the continuity of E[E[A,]7]?] at ¢ = 1, that s,

E[E[A7]?] — E[A2] as t— 1. (2.7)

This clearly implies the positivity of o2, because E[AZ2] > 0. We will show the continuity
through several steps.
Step 1. Recall that as W tends to RY,

fE[IA(o,t,M)f(ﬁlw) - Azt|2] — 0,

EJP 27 (2022), paper 36. https://www.imstat.org/ejp
Page 8/40


https://doi.org/10.1214/22-EJP759
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Random connection models: central limit theorems

and moreover the expectation does not depend on ¢, if W is a lattice cube.
Step 2. For any finite cube W,
Aoy f(Nlw) = Aeo,1,00f(lw) in probability as ¢ — 1.

This is because the two functionals coincide on the event that there is no point in
W x [t, 1] x M whose probability tends to 1 as t — 1. Then the convergence in L? holds
as a consequence of the moment condition.
Step 3. The results in Step 1 and Step 2, together with the triangular inequality,
imply that as ¢t — 1,
At — Al in L2.

Then using Jensen’s inequality for conditional expectation, we obtain that
B[E[A; — Ay]7]2] =0 as t—1,

and thus,
E[E[A %)% — B[E[A|7,]?] =0 as t— 1.

Step 4. We claim that for any finite cube W,
E[A o,1,00)f (0w) 7] = A(o,1,00)f (71|w) in probability, and then in L?ast— 1.

It suffices to show that for each M, the above convergence holds in probability with
respect to P. Let M be fixed. First we write the conditional expectation as

E[A o100 f (1w 7] = B [A o 1,000 f (e lw + 2w,

where E?" denotes the expectation with respect to a Poisson point process 7' on R¢ x
[t,1] x M independent of #;. Then by expressing the conditional expectation further as

Ao,y f (|l w )P (Ag) + E" [A o100 f (elw + 7 [w) L ac],

where A, is the event that 7 has no point in W x [t, 1] x M, we see that

E[A o, 1,00 f (0w )I0e] — Ao,1,00) f (e |w)

= A1) f(elw ) (P(Ar) — 1) + E" [Ao1,00).f (Nelw + 7 [w) L ac]
— 0 in probability as ¢t — 1.

Here Holder’s inequality has been used to show the second term in the second last
equation converges to zero. In addition, A, 1 ar).f(7:|w) — A(o,1,a0).f (1|w) in probability
(by the same reason as in Step 2). These imply the desired convergence.

Step 5. Taking the limit as W — R? in Step 4, we obtain

E[A1]7:] — Ay inL*ast — 1,

which, together with Step 3, yields the continuity (2.7). The proof of Lemma 2.8 is
complete. O

We also need the following Poincaré inequality which is a direct consequence of the
variance formula by using Jensen’s inequality.

Lemma 2.11 ([17]). Let f be a functional defined on finite subsets of (R%)1? x [0, 1].
Assume that

E[f(T(ilw))?] < oo

Then the following Poincaré inequality holds

VarlF(T (il )] < 0 | BIA G il Pl
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Proof of Theorem 2.4. We sketch some key steps in the argument because it is similar
to the proof of Theorem 3.1 in [29]. Let us consider the sequence of cubes W,
[-n'/?/2,n'/4/2)?, where n > 0. Because of the translation invariance, it suffices to

show that as n — oo,
F(TGlw,) = BFTGw)] 4y 2y VU@ | 2 g
\/ﬁ ) ) n ) .

for some o2 > 0. For L > 0 with L}/? an integer number and for each n, divide the cube
W,, according to the lattice L'/9Z% and let {C;}‘" | be the lattice cubes entirely contained
in W,,. Then it follows from the construction of the graph 7' that

- (@tile

=
fz( T(ilw, le.) = B (TG, )lc.)]).

M(\

- E[f(T(7

)

nL =

The first expression shows that X, ;, is a sum of i.i.d. (independent identically dis-
tributed) random variables. Thus, for fixed L, a central limit theorem for {X,, 1} holds,
that is,

Xop S N(0,02), Var[X, ] — o = L™ Var[f(T(i|c,)))- (2.9)

The second expression helps us to make use of the Poincaré inequality

{ﬂT(lewn)) — E[f(T(lw,))]
vn
2%
é /W HA(I,LM)JC Mw,) ZA(I,LM)J[(MC (z € C))

n

Var

- Xn7L:|

IN

2
]dx

n

A A .
_2 / B A 10y f o, )|P)de
W, \U; Cs

+ = Z/ A1) f(lw,) — A($71,]\/1)f(77|0i)‘2]dx'

Here I denotes the indicator function. Then using the weak stabilization together
with the moment condition, we can argue in exactly the same way as in the proof of
Theorem 3.1 in [29] to show that

T(H —E[f(T(n
Jim limsup Var {f( (Mlw,.)) — E[f (T (Alw,))] x| =0 (2.10)
L—oco psoo \/777/ ’
The two equations (2.9) and (2.10) imply our desired CLT (2.8) (see [29, Lemma 2.2]).
The proof is complete. O

Corollary 2.12. Assume that functionals {f;}", are weakly stabilizing and satisfy the
moment condition. Then as the sequence of cubes {W,,} tends to R4,

(ﬁ(T(ﬁWn)) Em(T(mm))])” 4N .5)
‘ ) )

Wl

i=1

where ¥ = (04;){";_; is a nonnegative definite matrix,

~ ~ 1
o, = lim COV[fi(T(mW'/%;&)a'fj(T(nWn))] _ )\/ ]AE[]E[A?)W):]]E[AEj)Iﬁt]]dta (2.11)
n—00 n 0
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with {A()}7 | the limits of the subtract-one cost of functionals { f;}!,, precisely for any
i=1,...,mandt e [0,1],

R P i
Aoran fililw,) = AP,

Here N (0,Y) denotes the multidimensional Gaussian distribution with mean zero and
covariance matrix ¥.

Proof. Observe that the desired multidimensional CLT follows, if we can show that for
any a = (a1, ...,a,) € R™, the following hold for f = Y"" | a;fi,

F(T(ilw)) = BUTGw)] 4 ) Var[f(T(7i|w))]
W W

(0, U?‘), — 0]20 =a'Ya.

The functional f is clearly weakly stabilizing and satisfies the moment condition, and
hence a CLT for f follows from Theorem 2.4. To see the convergence of the covariance
and the formula O'J% = a'Ya, it remains to show the convergence (2.11). However, it is an
easy consequence of the convergence of variances when applying Theorem 2.4 to the
functionals (f; & f;) by noting that Cov[X,Y] = }(Var[X + Y] — Var[X — Y]). The proof
is complete. O

In the following lemma, we give a criterion to check the weak stabilization that will
be used in Proposition 2.14.

Lemma 2.13. Assume that for any increasing sequence of cubes W = {W,,}5°, tending
to R, the sequence {A(, 1 ) f(filw,)} converges in probability to a limit AOY). Then the
functional f is weakly stabilizing.

Proof. We first show that the limit A®V) is unique. Let V = {V,,} and W = {W,,} be two
increasing sequences of cubes tending to R?. Then by the assumption,

. P R P
Aporanfilw,) = A A ian filv,) = A,
We form a new sequence from subsequences of V and WV in a way that
icWw, cV;, cW;, C . ARY

Along this sequence, the limit of the add-one cost exists, implying that AM) = A(V)
(IP-almost surely). Thus, there is a random variable A such that for any increasing
sequence {W,,} tending to RY,

A1) f(Hlw,) EA.

Now let {W,,} be an arbitrary sequence of cubes tending to R?. Assume for contra-
diction that {A, 1,0 f(7|w,)} does not converge in probability to A. Then there are
e > 0,6 > 0, and a subsequence {W,,, } such that

]13(|A(o,1,M)f(77|Wnk) —Al>¢) >0

Since the sequence {W,,, } tends to R?¢, we can always extract a further increasing
subsequence along which the sequence of the add-one cost converges to A, making a
contradiction. The proof is complete. O

We conclude this sub-section by discussing equivalent conditions for the weak stabi-
lization. The conditions will be used in the next sub-section when studying the random
connection model.

EJP 27 (2022), paper 36. https://www.imstat.org/ejp
Page 11/40


https://doi.org/10.1214/22-EJP759
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Random connection models: central limit theorems

Consider the add one-cost functional in a slightly different way

Ao f(W) = F(T(HU{(0,1, M)})|w) — F(T(H)|w).

Here we first construct the infinite graph 7'(7 U {(0,1, M)}) and then take the restriction.
Its advantage is the increasing property of a sequence of graphs. The two add-one cost
functionals coincide, if W is a union of cubes from the collection { By, }.

Proposition 2.14. The following are equivalent

(i) the functional f is weakly stabilizing;
(ii) for any sequence of cubes {W,,} tending to R%,

X P
A(o,l,M)f(Wn) — Ay;

(iii) the sequence {A(O,LM)f(Wn)} converges in probability to a limit for any sequence
of increasing cubes {W,,} tending to R.

Proof. The equivalence of (ii) and (iii) is quite similar to Lemma 2.13, and hence its proof
is omitted. We now prove the equivalence of (i) and (ii).

Let V C W be a lattice cube. Note that the two graphs T(7j|w U {(0,1, M)}) and
T(nUJ{(o,1,M)})|w have the same distribution. In addition, since V is a lattice cube,
Aoy f(Nlw) — Ago,1,00) f(1]v) can be written as a function of T'(5 U {(o, 1, M)})|w by
restriction. In the same manner, A(O,LM)f(W) - A(OJ,M)f(V) can be written as the same
function of T(7 U {(0,1, M)})|w. Consequently,

AoranfAlw) = Aoran F@AIV) 2 ApranfW) = Apaan f(V). (2.12)

Let us show that (i) implies (ii). Assume that (i) holds. Let {I¥,,} be any sequence of
cubes tending to R¢. We take a sequence of lattice cubes {V,,} tending to R such that
V., Cc W,, for each n. We assume without loss of generality that o € V,,, for any n. The
condition (i) implies that

A f@lw,) 5 AL, Agaanfil,) 5 Al
It then follows that R
. . P
A flw,) = Awaan f(lv,) = 0,
and hence X
Aoy f(Wn) = Doi,ar) f (Vi) 5 0, (2.13)

by the identity in distribution (2.12). In addition, since V,, is a lattice cube,

A(o,1,M)f(Vn) = A1, f(0lv,) 5 A (2.14)

Adding the two equations (2.13) and (2.14), we get the desired convergence in the
statement of (ii). The converse can be proved similarly. The proof is complete. O

2.2 CLT for random connection models

Let P be a homogeneous Poisson point process on R? with density A\ > 0. Let
¢: R? — [0,1] be a measurable, symmetric function, that is, ¢(r) = ¢(—x). Given a
configuration P which is a locally finite subset in R? (almost surely), connect any two
points z,y € P independently with probability ¢(x — y). (In general, we can consider
a connectivity function ¢: RY x R? — [0,1] with o(z,y) = ¢(y,x) the probability of
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connecting two points x and y. The model here is the case where the translation
invariance is assumed.) The resulting graph, denoted by G(P), is called a random
connection model with parameters (}, ¢). If we take ¢ as

(@) = {1, ol <,

0, otherwise,

for some r > 0, then the RCM G(P) reduces to a random geometric graph.

The graph G(P) can be generated by using the random graph with marks in the
previous section as follows [17]. Let 7 be a Poisson point process on R? x [0, 1] x [0, 1]%*N
with the intensity measure \; ® / ® Q. We regard P as the projection of 7 to R?. Then
define the graph G(P) as the one with the vertex set P, and edges {z,y}, if u < p(z —y),
for (z,y,u) € T(77). In other words, G(P) = «(T'(#})) is the image of T'(7)) under some
mapping ¢ defined on N((R%)? x [0,1]).

For a bounded subset W C R?, let G(P)|w be the induced subgraph obtained from
G(P) by restricting the graph on the vertex set in P|y. Note that G(P)|w has the same
distribution with the graph G(P|w ) generated by connecting a pair z,y € Pl with
probability ¢(z — y) independent of the others. Let f be a functional defined on finite
graphs. Then

FGP)lw) = F(UT(@D)w))-

Clearly, the functional f o is translation invariant.

The functional f is said to be weakly stabilizing on G(P) if f o is weakly stabilizing
as in Definition 2.1. In this model, this concept is equivalent to the following. Let
G(P U {o}) be a random graph obtained from G(P) by adding the vertex {0} and new
edges (0,z),z € P independently with probability ¢(z). For a bounded subset W C R,
let

Dof(W) = f(G(PU{oDlw) — F(G(P)lw)

be the add-one cost of f. Then using equivalent conditions in Proposition 2.14, the func-
tional f is weakly stabilizing on G(P), if and only if one of the following two conditions
holds

(i) there is a random variable A such that
P
D,f(W,) = A,

for any sequence of cubes {W,,}°° , tending to R

(ii) for any increasing sequence of cubes {W,}, the sequence {D, f(W,,)} converges in
probability to a limit.

The following result follows directly from Theorem 2.4 and Corollary 2.12.

Theorem 2.15. (i) Assume that a functional f is weakly stabilizing on G(P). Assume
further that for some p > 2,

sup  E[|D,f(W)|P] < oc. (2.15)
o€W:cube

Then as the sequence of cubes W's tends to R¢,

F(GPhw)) ~ BECPIW] 0 2y VRGP |

(W W

The limiting variance is positive (¢ > 0), if P(A # 0) > 0.
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(ii) Assume that functionals {f;}7*, are weakly stabilizing on G(P) and satisfy the
above moment condition. Then as the sequence of cubes W'’s tends to R?,

(fz(G(Ph’V)) - E[fi(G(Plw))] > : S N(0,%),

(W
where Y. = (0y;)}";,_, is a nonnegative definite matrix,

Cov[fi(G(Pw)), £i(G(Plw))]
WSRE 114 .

3 Isomorphic subgraph counts and Betti numbers

3.1 Isomorphic subgraph counts

Consider the random connection model (), ¢) with the assumption that

0 <my :/ p(z)dr < co.
R4

Let A be a connected graph on (k + 1) vertices. For given (k + 1) distinct points
{x1,29,..., 241} in R, denote by I'(z1,xs,...,7,1) the random graph generated by
independently drawing an edge between any two vertices z;, z; with probability ¢(z; —z;).
Let
P(T(x1,x2,...,x541) =~ A), if {z;} are distinct,

0, otherwise,

wA(xl,xg,...,ka) = {

‘

where ‘~’ denotes the isomorphism of graphs. Then it is clear that ¢ is translation
invariant, that is,

Yalz+x1,2+ 29, ..., 2+ Tpy1) = Ya(x1,29,...,2541), foranyz e RY.

Lemma 3.1. Let A be a connected graph on (k + 1) vertices. Then the expected number
of induced subgraphs containing the origin o in G(P U {o}) isomorphic to A is given by

)\k
ha :7// P(T(o,z1,...,2k) = A)dzy - - - dzy,

)\k
:ﬁ// dk¢A(0’x1""’xk)d9€1"'dmk<OO. (3.1)
(R)*

Proof. We first show that the integral in (3.1) is finite. Although this result was already
proved in Theorem 7.1 in [17], we give here a slightly different proof. We claim that
for a connected graph A, there are at least two vertices such that after removing each
of them together with all edges connected to it, the remaining graph is still connected.
Indeed, let B be a spanning tree of A, that is, a connected subgraph of A with exactly
k edges. Then the sum of degrees of all vertices in B is 2k, implying that at least two
vertices have degree one. Note that by removing a vertex of degree one from the tree,
the remaining is still a tree, which proves our claim.

Now let A = (V, E)) be a connected graphon V = [k+1] := {1,2,...,k+1}. The graph
I'(o,21,...,x)) is isomorphic to A, if there is a permutation 7 € $;41 such that {i,j} is
an edge on A4, if and only if {z,,,z,,} is an edge on I'(zx11 = 0,21, ...,2%). Therefore

// P(T(o,z1,...,x) = A)dxy - - - dxy,
(R)k
: Z //(]R H w<$ﬂi_ij)d$1~-~dxk,

TESk41 O {i,j}eE
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Then it suffices to show that
/ / o(x; — xj)dzy - - dxy < 0.
R {1, J}EE

Let m # k + 1 be a vertex such that the induced subgraph A’ = (V', E’), where V' =
V' \ {m}, is still connected. Let n be a vertex connected to m. Then

/ / I et —x)day - day

{z JIEE
<_/.../]Rd,)k—1( H o(z -—xj)</Rdgp(xn—xm)dxm>del
{i.i}eE’ I#m
fmtp / / (l’iij) Hd:ﬂl
(ROE 4 J}eE' i#m

Since A’ is again a connected graph, we continue this way to see that the above integral
is bounded by (m,)* < cc.

Next by the multivariate Mecke equation (Theorem 4.4 in [18]), the expected number
of induced subgraphs containing the origin o in G(P U {o}) isomorphic to A can be
written as

I Z Yalo,x1,22,. .., 2x)

{z1,z2,...,.x, }CP

)\k
_ﬁ/‘/ dkwA(O’wl’”"xk)d‘rl"'dxka
’ (R)¥

which completes the proof. O

The graph A is said to be feasible if h4 > 0. Equivalently, the graph A is feasible,
if the probability P(I'(0,z1,...,2;) =~ A) is positive on some set in (R?)* with positive
Lebesgue measure. In particular, in case ¢ € (0,1), any connected graph is feasible. Let
¢5") be the number of induced subgraphs in G (P,) isomorphic to A, where P,, = P|w,,
with W,, = [— ";/d, "IQ/d )4. By direct calculation using the Mecke formula, we can show
the following asymptotic behaviors, natural extensions of those for random geometric
graphs in [23, Chapter 3].

Lemma 3.2. (i) Let A be a feasible connected graph on (k + 1) vertices. Then as

n — 0o,
E| 7(lA)] A k1
= ~ A)dx.
n Ry *+1) / /RM o) = A)dzyy
Here x1) denotes the set {1, ..., v} and dxr) stands for dzy - - - dxy,.

(ii) Let A and B be two feasible connected graphs on (k+1) vertices and (I+ 1) vertices
with k <[, respectively. Then

- Cov| (A), T(LB)]

n— o0 n (:: O—A’B)

k+1 Aktl+2-m

:;m!(k“—m)!(ul—m)!

X// P(T(0, 2(4)) ~ A, T(0, Zpm—1], Yt 1-m]) ~ B)
(Rd)k+i+1—m

X A2 () dYj41-m]s
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where the two graphs I'(o, 2(;)) and T'(0, Z[;,—1), Yj1+1—m]) are coupling as induced
subgraphs of T'(0, 2, Yj14-1—m])-

Proof. (i) By the multivariate Mecke equation, we see that
E[&'SLA)] :]E|: Z ¢A<x17x27“'7‘rk+1):|

Z(k+1)CPn
)\k+1

.. dxid. -d
k—|—1 / /W o A(Il,fl?z, Ik+1) xr1ax - Tk41

2e+1
(k;—i—l/ dﬂik+1/ / S (0,21, 2, ... ,xK)dx1dry - - - dT).

Since the integral in (3.1) is convergent, it follows that for any € > 0, there is a radius
r > 0 such that if B,.(0) C W,

k!
’/ /kwA 0xl,arg,...,xk.)dxlde-~-dajk—ﬁh,A <e
w

Then by dividing the integral with respect to x,1 into two parts according to B,.(0) C
W,, — xr+1 or not, we can deduce the desired result
A
E¢t] A

li = ha.
nggo n k+1 A

(ii) Let us begin with the following expression for | T(LA) ,(LB)]

k+1

ZT(k+1],Y[1+1] CPn,
|2 (k411 NY[ 41y |=m
To be more precise, the two random graphs I'(z;41)) and I'(y;41)) are coupling as
induced subgraphs of a random graph on the set ;1) U y;;41). Note that the term with
= 0 coincides with EJ (A)]]E[ (B)] (by using the multivariate Mecke equation and the
fact that the two random graphs are independent). Thus, the covariance Cov[ , (B)]
is given by

k+1
Cole, 621 = 3B X P(legee) = ATl = B
m=1 " " Tpi1) Y1) CPne

| (k11 Y1) [=m

For m > 1, to choose the sets x ;) and y1) with m points in common, we first select
m common points, and then select the remaining points of x’s and y’s. Again, using the
multivariate Mecke equation, the corresponding term can be expressed further as

)\k+l+2—m
ml(k+1—m)(l+1—m)

/ /W S (C(@pr1)) = AT (@] Yps1—m)) =~ B)d2 o1 dYps1—m)-

Then similar to the proof of (i), we can show that the above integral, divided by n (the
volume of W,,), converges to

/. . ./]Rl)qul“ P(T (o, Qf[k]) ~ A,F(O,x[m,l],y[l+1,m]) o~ B)dl‘[k]dy[lJrl,m],

where the integral is finite. The proof is complete. O

EJP 27 (2022), paper 36. https://www.imstat.org/ejp
Page 16/40


https://doi.org/10.1214/22-EJP759
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Random connection models: central limit theorems

Remark 3.3. Lemma 3.2 implies the following weak law of large numbers

@

%
n k+1

ha in probability as n — oco.

Theorem 3.4. Let {Ay, ..., A} be feasible connected graphs. Then

(Ai)_ (Ay) m
(W) SNO,D), L= (04,40

i=1

Here o, 4, > 0.

Proof. Let A be a feasible connected graph and let f be the functional counting the
number of induced subgraphs isomorphic to A. By Theorem 2.15, it suffices to show the
weak stabilization property and the moment condition for f.

By definition, D, f(W) is the number of induced subgraphs in G(PU{o})|w containing
the vertex o isomorphic to A,

Dof(W) =Y I(T(o,xp)~ A).

2 CPlw

Here recall that I denotes the indicator function. Thus, the functional f is weakly
stabilizing. Indeed, by the monocity of D, f,

Dof(Wn) = A= > I(T(o,z) ~ A) as. (3.2)
a:[k]CP

Moreover, since A is feasible, Lemma 3.1 implies that the limit A is finite (almost surely)
and non-trivial.
For the moment condition (2.15), observe that

sup E[|D,f(W)]*] < E[A?]. (3.3)
o€ W:cube

Thus, our remaining task is to show that IE[A3] is finite. Similar to the proof of Lemma 3.2
(see also [8, Lemma 3.4]), we see that there exist constants {C'(k,r,s,t) : 0 <r, s, t <k},
such that

E[A%] (3.4)
k—1k—1min{k—r,k—s}

= Z Z C(k,r,s,t)/ PAWYK] Zk—1]s Wik—u] ) AY (1] A2 —r] AW 1),
r=0 s=0 t=0 (R4)*

where ¢ = 3k — 7 —u, u = s+t and pa(Y[x], 2k—r]> Wk—v]) 1S the probability that the
following three events happen

Lo, ym) = A, T(o,yp), 2ik—r) = Ay T(0,Y]s 2] Wik—v)) = A

In addition, each integral in the above expression is finite, which can be proved in the
same way as in Lemma 3.1. Therefore E[A3] < co. The proof is complete. O

The following result on component counts was shown in [17] by a different approach
for which the rate of convergence in the CLT was also known. The multidimensional CLT
itself can be easily derived from Theorem 2.15 here.
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(a) A graph (b) An intermediate (c) The clique complex

Figure 2: The clique complex of a graph.

Theorem 3.5 ([17]). (i) Let A be a feasible graph on (k + 1) vertices. Let C,(LA) be the
number of components in G(P,,) isomorphic to A. Then asn — oo,

)\k+1
k‘—i—l / /]Rd I(zg =o0,21,...,21) ~ A)

X exp (/}Rd Ll})(l—go( —xi))—ll dy) dzxy---dxg > 0,

in probability.
(ii) Let {Ay,..., A} be feasible connected graphs. Then

il (S S AT
< NG >i_1 — N(0,%),

with explicit formula for X..

3.2 Betti numbers

For a bounded subset W C R, denote by &y the clique complex of the graph G(P)|w,
that is, the abstract simplicial complex formed by the cliques (or complete subgraphs) of
G(P)|w. (A simple example of the clique complex of a graph is given in Figure 2.) Let
Br (W), or B, (Xw ) be the kth Betti number of the simplicial complex Xy,. We are going
to establish a LLN and a CLT for 8, (W) as W — R<.

Let us give a quick review on Betti numbers and some necessary properties needed
in the arguments. We refer the readers to the book [21] for more details.

Let K be an abstract simplicial complex, that is, a collection of nonempty subsets
of a finite set V closed under inclusion relation. An element ¢ € K is called a simplex
and more precisely, a k-simplex, if |o| = k + 1. For each k, denote by ;. the set of all
k-simplices in K, and let

Cr(K) = {Zaim ca; €F 05 € ;ck}

be a vector space on some fixed field F, where (o) denotes the oriented simplex. For
k > 1, the boundary operator 9y : Cx(K) — Ci_1(K) is defined as a linear mapping with

O ((vg, ..., v)) = Z(_mi(vo, e Diy e UR),
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on any oriented k-simplex (vp, ..., vx). Here the symbol ~ over v; indicates that the vertex
v; is removed from the sequence. (The operator dy: Cy(K) — {0} is defined to be a trivial
one.) We can easily check that 930041 = 0, and thus By (K) := Im 0x11 C Z;(K) := ker J.
The two are called the kth boundary group and the kth cycle group, respectively. The
quotient space

Hy(K) = Zx(K)/Br(K)

is called the kth homology group of K, and its rank is the kth Betti number,
Br(K) = rank Hy(K) = dim Zx(K) — dim B (K).

Note that the zeroth Betti number coincides with the number of connected components
in the undirected graph G = (V, E), where E = K;.

Let {K(i)}ie 1 be a finite collection of disjoint simplicial complexes. Then the disjoint
union L;c;K* is again a simplicial complex, and the following identity holds

Be( LKD) =3 Bk, (3.5

icl iel
This property follows directly from the definition. Another useful property is the following.
For two finite simplicial complexes K C K, and any k& > 0,

k+1

1Bk (K) = Br(K)| < D (5;(K) — 55(K)), (3.6)

i=k

where S;(K) (resp. S;(K)) denotes the number of j-simplices in K (resp. K). The proof of
this inequality can be found in [28, 30].

The following LLN for Betti numbers is analogous to a LLN for Betti numbers in the
thermodynamic regime [7, 30].

Theorem 3.6. As the sequence of cubes {W,,} tends to RY,

ﬁk(Wn)

— B),  in probability,
Wl

where By, is a constant. The limit §j, is positive, if ¢ € (0,1).

Proof. We will only show the convergence of the mean, because the convergence in
probability is a consequence of the CLT below. It suffices to consider the sequence of
cubes W,, = [-n'/4/2,n'/?/2)4 as n — co. For L > 0, divide the cube W,, according to
the lattice L'/?Z and let {Ci}fgl be the lattice cubes entirely contained in W,,. It is
clear that ¢,,/n — 1/L as n — oo. Let

be the disjoint union of {X¢,} which is a subcomplex of Xy, . It follows from the
estimate (3.6) that

1Bk (Xw,,) — Br(K)| < Z (S;(Xw,,) — S;(K)).

Then by taking the expectation, we obtain that

k+1 )] 1 Ln
<3 (Bl L 5 e )

i=1

E[fu(Xw,)] 1
B 2} [B(Xc.)]
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Here we have used the fact that K is the disjoint union of {X¢, }. In addition, note that
all X¢, have the same distribution. Therefore

E[Br(Xw,,)]

= <E[5j (Xw,)l

~Lep | <3 - ZBfs ()] )

By letting n — oo, it follows that

k+1
lim sup ELeGw)]  ElBe(Xo)] | (mHM%wmn_M%mmg,
n—o00 n L ik n— o0 n L
g B )] BG(Xo)] N () EIS ()] ELS; (Yo,
n—00 n - L = n— o0 n L )

and hence
lim sup w —lim infw
S EIS ()] BISi (Xey)]

Since S; counts the number of complete subgraphs on (j + 1) vertices, Lemma 3.2(i)
ensures that the limit of E[S;(Xw, )]/n exists. This also implies that the right hand side
of the above equation goes to zero as L — oo. Therefore, the limit lim,, o, E[Br(Xw,,)]/n
exists. We will show the positivity of 3; at the end of this section. The proof is complete.

O

Next, we establish a CLT for Betti numbers. Related results are CLTs for Betti
numbers and persistent Betti numbers in [10, 30], respectively.
Theorem 3.7. As the sequence of cubes W's tends to R?,
W)—E w
ﬂM)|$?(HgN@ﬁ%

for a constant o7 > 0. The limiting variance o3 is positive, if p € (0,1).

This is again an application of Theorem 2.15. Thus, we need to show the following

(i) Betti numbers are weakly stabilizing;
(ii) the moment condition (2.15) holds;
(iii) and the limit add-one cost is non-trivial, if ¢ € (0, 1).

The moment condition (2.15) follows immediately from that for subgraph counts, and
hence the proof is omitted. We now show the weak stabilization and the non-triviality.

Lemma 3.8. Let {IC(”)},,OLO:1 be a sequence of increasing simplicial conzp]exes. Assume
that K, is a finite set of complexes which is disjoint from K™ such that K™ := K" L K
is also a simplicial complex for all n. Then the following limit exists

nler;o(ﬁk(I@(”)) — Be(K™)).

Proof. From the definition of Betti numbers, we can write

Br(R) = B () = {dim Z{" — dim 2"} + {dim Z{", — dim Z{7}; }
— {dim é',(ﬁ_)l — dim C}Si)l} .
EJP 27 (2022), paper 36. https://www.imstat.org/ejp
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Here we use the superscript (™) and that with the symbol ~to indicate quantities of
K and £, respectively. It follows from the assumption K™ = K U K|, that the
difference (dim C‘,gi)l —dim C,ETl) is a constant.

Let 9 : C"™ — ¢ denote the boundary operator for K"+, Since K™, K™
and K("*+1) are sub-complexes of K("*1), we get that

ZM =kero, nC™M, Z"W =kerdpyn C, 2" = kergp n Y.

As subspaces of CN’,inH), we can easily check the relation

Cﬂ]in) N C£7L+1) _ O]Sn);
from which we deduce that B

Zlgn) n Z’gn-&-l) _ Z]gn)
It then follows that

dim Z{™ = dim Z{" + dim Z"™ — dim(Z{" + z"™Y)
> dim Z,gn) + dim Z,EnJrl) — dim Z}gn+1).

This implies the increasing property of the sequence {~dim Z ,E,”) —dimZ ,i")}n. Since the
roles of k and k + 1 are equal, we conclude that 8,(K(™) — 8, (K(™) is an increasing

sequence. In addition, it is bounded by taking into account of the inequality (3.6).
Therefore, the limit exists, which completes the proof. O

Lemma 3.9. 3 is weakly stabilizing.

Proof. Let W,, be a sequence of increasing cubes tending to R?. Let w € Q be such that
the set P is locally finite and that the graph G(P U {0}) has a finite number of edges
connected to o. Note that the set of such w has probability one. Then there is a number
N (depending on w) such that for n > N, W,, contains all vertices connected to o. Let
K™ = Xy and let K™ be the clique complex of the graph G(P U {0})|w,. Then for
n>N, Ky =K® \ K(") does not change. By definition of the add-one cost, it holds that

D,Br(Wy,) = 5k(/€(”)) _ ﬂk(/C(")),
from which the weak stabilization follows from the above lemma. O

On the positivity of 3, and o?. Let Oy be the graph on [2k + 2] with all except
the following edges {{1,k + 1},{2,k + 3},...,{k, 2k + 2}}. The clique complex Xp, is a
boundary of the (k + 1)-dimensional cross-polytope (Definition 3.3 in [13]). It was known
that [12] Bk (Xo,) = 1, and that S, (X4) = 0 for any graph A on less than 2k + 2 vertices.

Lemma 3.10. Assume that the graph O, is feasible. Thgn Br > 0 and a,% > 0. In
particular, if ¢ € (0,1), then Oy, is feasible and hence, both 3, and o3 are positive.

Proof. Assume that Oy, is feasible. Recall that Q(lo’”’) denotes the number of components
in G(P,,) isomorphic to O. It follows from the property (3.5) that,

Bk(Wn) Z Cr(LOk)v

and then from Theorem 3.5 that
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Next, for the positivity of the limiting variance, we will show that A is non-trivial. Let
Qo be the event that the component containing o in G(P U {o}) is isomorphic to O. Then
by using the multivariate Mecke equation, we can prove that

>\2k+1
Qo)
P(S) 2](5 + 1! / /]Rd)2k+1 ka Ot 2k+l])

2k+1

X exp (/}R [ [T Q= ew—=)) - 1} dy>dx[2k+1] > 0.

i=0

(See also Proposition 3.1 in [17].) On £y, when the cube W is large enough,

Dof(W) = Br(Xr(o,zpmi11) — Br(AXr(zpar 1) = Br(Xo,) > 0.

Therefore, A(w) > 0 on Q, that is, A is non-trivial. The proof is complete. O

4 Size of the largest component

In this section, we aim to prove the central limit theorem for the size of the largest
cluster of G(P|w ), or of G(P)|w as W — R? under some conditions on the connection
function ¢ as follows. We suppose that there exists ¢: R, +— [0, 1], such that ¢(z) = ¢(|z|)
for all z € R? and

(C1) the function ¢ is continuous at 0 and ¢(0) =1,
(C2) there exist positive constants Cy, €g such that for all » > 0,

d(r) < Cor~Bdte), (4.1)

For any cube W C R%, we denote the largest connected component of G(P)|w (resp.
of G(P|w)), that is, the connected component with the largest number of vertices, by
C(W) (resp. C(P|w)). When there is more than one component achieving the largest size,
then we choose C(WW) to be the component having the vertex with smallest coordinate
in the lexicographic order. We will need the following result on the uniqueness of the
infinite cluster in the graph G(P).

Lemma 4.1 ([22, Section 6.4]). Assume that fRd (x)dx € (0,00). Then there is a critical
parameter A, € (0,00) such that when A € (0, \;), all the connected components of the
random connection model are finite a.s., whereas when A > ). the random graph has a
unique infinite connected component.

Theorem 4.2. Assume that the conditions (C1)-(C2) hold. Then there exists \* € (A, ),
such that for any fixed \ > \*, as the sequence of cubes W'’s tends to R?,

IC(W)| = Eflc(W

EICON 4 0,02,

where 0% = 02()\) > 0.

Proof. Let us begin with an expression for the add-one cost. Let W be a cube containing
the origin o. Recall that C(W) denotes the largest connected component in G(P)|w.
Note that G(P U {o})|w is obtained from G(P)|w by adding one vertex o and edges from
o. To identify the largest component in G(P U {o})|w which is denoted by C'(W), there
are three cases to consider.

Case 1: the vertex o is connected to C(W). Then it is clear that the largest component
in C'(W) is the connected component containing C(WW). Thus, the add-one cost is written
as

A(W) = Dof(W) = |C'(W)] = [C(W)| =1+ #{z € Plw : 2 & o0,z ¢ C(W)}.
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Here 2 <& o means there is a path v = (z;)l_, C P|w starting from = = x(, ending at
d
x;=o0and x; ~ x;41 foralli =0,...,l — 1. For simplicity, we write x <> o in case x H<i> 0.

Case 2: the vertex o is not connected to C(W) and the new component containing o
becomes the largest one. In this case,

AW) =1+ #{z € Plw : 2 & o} — |C(W)|
=1+ #{zePlw: 280z CW)}—|CW).

Case 3: the vertex o is not connected to C(W) and the new component containing o
has size smaller than C(W). When it happens, then C'(W) = C(W), and hence A(W) = 0.

To apply Theorem 2.15, we will show the weak stabilization and a moment condition
with p = 3,

sup E[A(W)?] < cc. (4.2)
o€W:cube
Define
AA:H@NC@ﬂK1+#@EP:xqugcmﬂD, 4.3)

where C(R?) is the unique infinite cluster in G(P), and o ~ C(RY) is the event that o is
connected to C(R?). For the weak stabilization, we will prove in Subsection 4.2.1 that as
a sequence of cubes W’s tends to R,

AW) 5 A (4.4)

The idea is that, with high probability, C(W) belongs to C(R?), and Case 2 does not
happen. For the moment condition, by using an estimate that

0<AW) <14+ #{z e Plw: a8 ozg (W)}
showing the moment condition reduces to a problem of estimating the probability
P(z & o,z & C(W)).

We will show it in the next sub-section.
Finally, note that when A\ > )., we have P(A # 0) = P(o ~ C(R%)) > 0. Hence by
Theorem 2.15, the limiting variance ¢2 > 0, which completes the proof of Theorem 4.2.
O

Remark 4.3. We guess that Theorem 4.2 holds for all A > A.. To reduce the condition
that A > A\* to A > )., it appears to us that we need some renormalization of Russo-
Seymour-Welsh type, as done in [23, Chapter 10] for the random geometric graph.
However, this task for general random connection models is more complicated and
highly nontrivial, so we leave it for future research. In fact, key tools in the proof of the
weak stabilization (4.4) and the moment condition (4.2) are the renormalization steps
to estimate the decay of the probability that there exists a long path not intersecting
the largest cluster; see Proposition 4.5 and Lemma 4.9. In this estimate, we need A
to be large enough for an initial ingredient of the renormalization procedure, see in
particular Lemma 4.4 and the condition (4.42). A precise formula for A* can be given as
A* = max{ Ao, A1} with \g and \; as in Lemma 4.4 and Proposition 4.5. We do not try to
figure out an exact bound for \*, since it costs many computations and the bound would
be far from the critical value A..

In the next subsection, renormalization estimates and some preparations are proved.
The proofs of the weak stabilization and the moment condition are then given in Subsec-
tion 4.2.
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4.1 Renormalization and preliminaries

For each ¢ > 0, we tessellate the whole space R¢ to cubes of size § and denote the
collection of cubes by I'. Let G be the random graph obtained from G(P) by deleting
the edges between vertices in non-adjacent cubes (that is, keeping only edges between
vertices in the same cube or in adjacent cubes). For each cube B € I', when BNP # &,
we choose an arbitrary point in BNP # & (in some deterministic way), say =, to be the
representation of B. Let Per(d) be the induced subgraph of G, restricted on the vertex
setV ={zp: BeT,BNP # a}. Then for each cube A, we define

Cy*"(A) = the largest cluster of Per(d)|a,

and
Cs(A) = the connected component of Gs|s containing C5 (A).

For all t > 2s > 0, define

B5(t) = P(Cs5(Bo(t)) ¢ Cs(R7)), (4.5)
vs(s,t) = sup P(Cs(By(s)) & Cs(Bs(t))). (4.6)
Y:|Yloo <t—s
Here |z|.c = maxj<;<q|z;| denotes the infinity norm of =z = (z1,...,24) € R4, and

B.(t) = {y € R?: |y — 2| <t} denotes the closed ball of radius ¢ centered at = with
respect to the infinity norm. Notice that we have used B, (z) to denote the closed ball
of radius r centered at x with respect to the Euclidean norm. In this section, for the
simplicity of notation we denote the closed ball under the infinity norm by B, (r).

We define a function

q(9) = inf{p(s) : 0 < s < Vd+ 36}, (4.7)

with ¢ the function in (C2).

Lemma 4.4. Assume that the conditions (C1) and (C2) hold. Then there exist positive
constants ¢y, g, Ao satisfying q(do) > 1/2 with ¢(-) as in (4.7) and the following assertions.

(i) Suppose that A > \q. Then for all s,t sufficiently large,
(ia) if By(s) C By(t) then

P(Cs,(Ba(s)) € Cs,(By(t)) < exp(—cos);
(ib) if £ > s >/t then
Vsy(s,t) < exp(—cos);
(ic) we have
Bs, (t) + P(|Cs, (Bo(1))| < cot?) < exp(—cot).
(ii) For any A = [0,a],

2d
P(Cs,(A) # Pla) < (;0 + 2) ((A65)2 + 2) exp(—AdG/4).

We postpone the proof of Lemma 4.4 to Appendix B. In this proof, we will see that
we can take dp = argmin{g(d) : § < 1, ¢(§) > 1/2} and A\g = ¢g(do) with g(-) defined as in
(B.2). Notice also that by (C2), ¢(§) — 1 as § — 0, and so ¢y € (0,0).

We define for u € R?, and «,t > 0,

A(u,a,t) = {32,y € P i |z — uloo <28, ~y, |x — Yloo > at}. (4.8)
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Note that the probability of A(u, «r,t) does not depend on the position of u, so we can
define

k(o t) = P(A(u, a, t)). (4.9)
It follows from the condition (C2) that
k(o t) < O(1) x / da / x—dy?iw < Ot~ Bdteo)), (4.10)

[—2t,2t]4 yily—z|oo >at

with ¢y as in that condition. Here O is the big O notation with a constant that does not
depend on t.

From now on, we fix § = §; with d§p as in Lemma 4.4 and omit § in the notation of v
and f3. Define for J C [d], with [d] = {1,...,d}, z € R¢,t > 5> 0,

Ao, (@,5,8) = {37 = (@)img C P12~ wivn,mi € B (1) \ C5(B] (1),

(i =0,....1= 1),z € BJ(s), & € B/ (2t) \ B (1)}, (4.11)
where
Bl(r)y ==+ [[l-r.7]x ] [0,20]. (4.12)
jeJ FE[d\J

Here we also omit ¢ in the notation. We refer to Figure 3 for an illustration of the sets
BY and events Ay, . Notice that by the translation invariance and the rotation invariance,
P(Ag, (z,s,t))=P(Ag,, (0,s,t)) for all z € R¢, and all J, J' with |J| = |J'|. Thus, we can
denote

ej(Tle;at) = IP(AHJ (33, Ttﬁﬁt)>7

for any J with |J| = j < d and = € R¢. Define also

1 _ 1
0(15:t) = max 0;(55,1)-

Proposition 4.5. Suppose that the conditions (C1) and (C2) hold. Then there exists a
positive constant Cy = Cy (e, Co,d), such that when A\ > \; := C; /§4*1, we have

H(Tlﬁ;’ t) < Clt_(3d+€”),

with €y, Cy as in (C2).

The proof of Proposition 4.5 is given in Sub-section 4.3.
Remark 4.6. It would be more natural if we can replace Cs(B; (t)) by the largest cluster
C(BZ(t)) in the definition of Ay, (, s,t) in (4.11). However, the proof of Proposition 4.5
requires some prior estimates as in Lemma 4.4, which are currently not available. More

precisely, Proposition 4.5 still holds if we substitute the family of connected components
{Cs5(By(t))}+>1 by any other family {C'(B,(t))}:>1 satisfying

B'(t) = P(C'(B,(t)) ¢ C'(R7)) < exp(—c(logt)?),
V(s,t)= sup  P(C'(By(s)) & C'(Bo(t))) < exp(—c(log s)*),

Y:|yloo <t—s

with ¢ a positive constant, for all ¢, s large real numbers such that % > s > \/t, and
satisfying the inequality (4.42) (which is a consequence of Lemma 4.4 (ii) when con-
sidering {Cs(B,(t))}+>1). We could not prove directly these properties for the family of
largest clusters {C(B;(t))}:>1. Instead, we show in Lemma 4.4 that the properties hold
for {Cs(B,(t))}+>1 by using the comparison with percolation.
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Figure 3: Illustration of events Ay,

Corollary 4.7. Suppose that the conditions (C1) and (C2) hold and A > \; with A\ as in
Proposition 4.5. Then there exist C,e; > 0, such that

P (EIC a connected component of G(P)|p, ) : C NCs(B,(t)) = 2,[C| > td(l*l))
< Ot~ Bdtea), (4.13)

and
P (Cs5(Bo(t)) = C(Bo(t)) C C(RY)) > 1 — ¢~ Bdren), (4.14)

Proof of Corollary 4.7. Let € be a small positive constant. We first observe that

P (3 €PN B,(1) : [Bu(t'~2) N P| > #1079)

< E( > I(B.(t ) NPl > td“*f)))
zEPNB,(t)
= )\d/ P(|B,(t' ) nP| >t "9)dw
B, (t)
= )P (Poi((2At172)) > #1079 ) < exp (- etd172), (4.15)
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for some ¢ > 0. Moreover, for any connected set C, if do (C) = max, yec | — yloo < t172€
then C C B, (t'72¢) for any z € C. Thus

P (HC a connected component of G(P)|p, (1) : [C| > t*17) d(C) < tl_zs)
< exp(—ct?1729), (4.16)

Now suppose that C C B,(t) is a connected set satisfying d..(C) > t'72¢ and C N
Cs(B,(t)) = @. Then there exists v = (z;)!_, C B,(t) \ Cs(B,(t)) such that z; ~ x;11
foralli=0,...,0—1and |zg — 2|0 > t' 7%

We divide the cube B, (t) into cubes of side length ¢'~2¢/16, and call the center of these
cubes by (y;)/~, with L < #*%. Then there exists an index io such that 29 € By, (t'~%/16)
and thus if Cs(By, (t'72¢)) C Cs(B,(t)) foralli = 1,..., L, then v = (x;)._, is a realization

of A, (Yi» %, t172¢). In the other words,

{3C a connected component of G(P)|5, ) : CNCs(Bo(t)) = D, doo(C) > t' 7>} NE C &,

where

tl—?e

81 = ﬁz'LZI{C(S(Byz‘ (tl_Qs)) C C5(Bo(t))}’ 52 = UiL:1A9[d] (yl> T7t1_26)'
Thus

P (EIC a connected component of G(P)|p, ) : CNCs(Bo(t)) = D, dso(C) > t1—26)
S ]P((‘:Q) + ]P(gf) S L (y({;l—Qe,t) 4 ad( 1 t1—2e))

16°
< Ct7(3d+eo)(1726)+2d5 < Ct7(3d+eg/2)’

for € small enough, by using Lemma 4.4 and Proposition 4.5. Combining this estimate
with (4.16) we obtain (4.13).

We turn to prove (4.14). By (4.13), with probability 1 — O(t*Sd“l), all the connected
components in B,(t) that are not intersected with Cs(By(t)) have size smaller than
t¥1=€1)  In addition, by Lemma 4.4(ic), |C5(B,(t))| > ct? and Cs(B,(t)) C C5(R?%) with
probability 1 — exp(—ct), for some ¢ > 0. Suppose that the two above events occur. Then
Cs(Bo(t)) is the largest component in B,(¢) and thus Cs(By(t)) = C(By(t)). Hence,

P(Cs5(Bo(t)) = C(Bo(t)) C Cs(RY)) =1 — Ot~ 34+, (4.17)
Using Lemma 4.4 (ic) again,

P(|Cs(RT)| = 00) > liminf P(C5(Bo(t)) C C5(R7), [Cs(Bo(t)| = ct) = 1.

Therefore, Cs(R?) is an infinite component of G(P). Moreover, by Lemma 4.1 C(R?) is
the unique infinite component of G(P). Therefore, Cs(R?) C C(R%). This together with
(4.17) yields (4.14). O

4.2 Weak stabilization and moment condition
4.2.1 Proof of the weak stabilization (4.4)

Let {I,} be an increasing sequence of cubes tending to R?. Let A be the event that the
vertex o is connected to the infinite cluster C(R¢). Recall the expression of A,, = A(W,,)
in three different cases in the proof of Theorem 4.2. Recall also the definition of the limit
add-one cost

A= ]I(A)(l +#{zeP:x o,z &’C(Rd)}).
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Define
Al = ]I(A)(l t#{zePlw, 2 Boad C(Rd)}).

It is clear that with probability one, A/, — A, and thus, Al, E) A as n — oo. Therefore,
for the weak stabilization, it suffices to show that

A,—A 50 as n— oo (4.18)
Denote by A,, the event that
A, = {C(W,) C C(RY)}.

On the event A, denote by z1,..., 7, the points in the infinite cluster C(R¢) directly
connected to o. Let B,, be the event that

B,,L:{WEA‘]:ZEC(W”),Z:I’7k}CAn

Then we claim that
P(B,) > P(A) as n— 0. (4.19)

Indeed, for m > n, note that
AN A, N {C(W,) C C(W)} N {z; & C(Wy),i=1,...,k} C By,
which implies
P(Bn) =2 P(A) = P(A7) — P(C(Wn) € C(Whn))
—IP(AmAnﬁ{Ellgigk:xi e C(Wn)}). (4.20)

If AN A, occurs then both {z1,...,7;} and C(W,,) are subsets of C(R?) and thus the two

. C(RY)
sets are connected, i.e. {z1,...,z;}

and so for any fixed n,

C(W,,). Moreover, W,,, tends to R as m — oo,

W
limsup (AN A, ({1 i <hia; 4 C(W)}) =0, (4.21)

m—00
Furthermore, using the equation (4.14) and Lemma 4.4(ia),

P(C(Wn) & C(Wi,))
< PC(Wn) #Cs(Wn)) + P(C(Win) # Cs(Wim)) + P(Cs(Wn) & Cs(Wim))

= O(s, Bdra)), (4.22)
where s, is the side length of W,, and ¢; is as in (4.14). By (4.14) again,
P(AS) = O(s;, Bdter)), (4.23)
Combining (4.20)-(4.23) yields that for any fixed n,

P(A) > limsup P(B,,) > liminf P(B,,) > P(A) — O(s,, 3¢te)).

m—oo m—oo
Now letting n tends to infinity, we get the claim (4.19).
It follows from the definition of the event B,, that on B,,,
A, =1+#{z €Plw, : Do ZC(Wp)}
=1+#{z Py, 2 0,0 g CRY} =AL.
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Now let us write
= AL (I(By) —I(A)) + An(I(A) = I(B,)) + A,I(A°).

The first and the second terms converge in probability to zero by the claim (4.19). It
remains to show that the third term converges to zero in probability. But it is an easy
consequence of the fact that on the event A¢, the finite component containing the vertex
o is of course smaller than the largest component when n is large enough. And thus,
when n is large enough, A,, = 0 (Case 3 in the expression of A,,). The proof of the weak
stabilization is complete.

4.2.2 Proof of the moment estimate (4.2)

Let W > o be a cube. Recall the following upper bound for the add-one cost
0<AW) <1+ #{zePlw: 28 o0,z ¢ C(W)}
=1+ Y Iz & oz g C(W)).

z€P|w

Thus

A(W)? < 4+4< S @& o ¢C(W)))3

z€P|w
=4+20 > Mz Boy ooy zgC(W)) (4.24)
{z,y,2}CP|lw
W W W
+24 Z I(z < 0,y & 0,2,y €C(W)) +4 Z I(z <> 0,2 & C(W)).
{z,y}CP|lw z€P|w

Here the first and the second sums are taken over subsets of three elements, and two
elements of P|y, respectively.

For x € R? and a finite subset X C R? with o ¢ X, let G(X) be a random graph
generated by connecting any two points (y, z) of X with probability ¢(y — z), and G(X U
{z}), when z ¢ X, be the random graph obtained from G(X') by adding the vertex x and
new edges connected to z (independently with probability ¢(x — y),y € X). Similarly,
let G(X U {x,0}) be the random graph obtained from G(X U {z}) by adding the vertex o
and new edges from o. Denote by C(G) the largest connected component of a graph G.
Define &(z; X) to be the probability that = and o are in the random graph G(X U {z, o})
and = does not belong to the largest component of G(X U {z}),

E(z; X) =Po(z ¢ o,z € C(G(X U{z}))).

Here we may consider P = IP; ® Py, where IP; and P; are the probability measures for
the Poisson process and for connecting edges, respectively. With those notations, by the
Mecke formula, the expectation of the last sum in the estimate (4.24) can be written as

E{ S 1@ ou gZC(W))] —El{ 3 5(x;P|W)}

z€P|w z€P|w

= )\/ Eq[€(x; Plw)]dx. (4.25)
Jw

Note that E; [¢(z; P|w)] is nothing but the probability of the event that z is connected
to oin G(P|w U{z, o}) and z does not belong to the largest component of C(G(P|w U{z})).
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The latter condition implies that C(G(P|lw U{z})) = C(G(P|w)) = C(W), because G(P|w)
is a subgraph of G(P|w U {z}). Therefore, we deduce that

E[§(z; Plw)] < P(A.), (4.26)
where
Ay = {3(2:)izg € Plw U{z, 0} \C(W) s i ~ mig1,i = 0,...,1 =1, (z0 = 0,2 = x)}.

Lemma 4.8. Assume that A > \; with A\ as in Proposition 4.5. Then there exist positive
constants Cs, €5, such that
P(A;) < Colz| 30+ (4.27)

We postpone the proof of Lemma 4.8 for a moment and finish the proof of (4.2) first.

Proof of the moment condition (4.2). The expectation of the third sum in (4.24) is uni-
formly bounded by combining equations (4.25)-(4.27). Let us now show the uniform
boundedness of the expectation of the first sum.

For z,y,z € W, and a finite set X C W, we build random graphs in the same way as
above in the order that

G(X) - GXU{z}) - GX U{x,y}) = GX U{x,y,2z}) = G(X U{z,y, 2, 0}).
Define
&(z,y,2;X) =Pao(z <> 0,y < 0,2 ¢ 0,and z,y, 2 € C(G(X U {x,y,z}))).

Then by the multivariate Mecke equation (Theorem 4.4 in [18]), the expectation of the
first sum is written as

E Z ]I(z<V—V>0,y<v—v>0,z<vl/>o,z,y,z¢C(W))
{z.y,2}CPlw
)\3

6 E1[&3(2, y, 2, Plw)] dedydz.
(w)3

Note that E;[£3(z, y, z; P|w)] is the probability of the event A, , . that x,y and z are
connected to o in the random graph G(P|w U {x,y, z,0}) and z,y and z do not belong to
the largest component of G(P|w U {z,y, z}). The latter condition implies that

C(G(Plw U .y, 21) = C(G(Plw U{z,y})) = C(G(Plw U {x})) = C(W).
Note that A, , . is not included in A, N A, N A,. However, it holds that
Ay CA,NA, NAL,
where A’, A; and A/, are events obtained by replacing the condition
I(zi)t_y € Plw U {z, 0}
in the definition of A, A, and A, respectively, to the condition that
I(xi)iey € Plw U{z,y, 2,0}.

We can show that the probabilities of A’, A} and A’ also satisfy analogous estimates as
those for A,, A, and A, in Lemma 4.8, that is, there exist positive constants C3, €3, such
that

P(A) < Cslu|7B%) we {z,y,2}. (4.28)
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Together with the following inequality
. 1/3 1/3 1/3
P(A, 1A, N AL < min{P(A}), P(A]), P(AL)} < P(A,)PR(AL)VP(A)Y,
we deduce that
E: [&(2,y, 2 Plw)] = P(Asyy,z) < max{L, Clz|[~|y| =< [2| 79} = M(x,y, 2),

for some constants C and e. Note that the function M is integrable over (R¢)3. Therefore,

/ Ex(és(y, 2 Plw)] dadydz < | Mz, 2) dudyd=
(W)3 (W)3

< M(z,y,z) dzdydz < oo,
(Rd)3

implying the uniform boundedness of the expectation of the first sum follows. Similar
argument yields the uniform boundedness of the expectation of the second sum in the
estimate (4.24). The moment condition (4.2) is proved. O

Proof of Lemma 4.8. Let W be a cube containing the vertex o. Let u = (u1,...,uq) be
the point such that W has the expression W = H?:I[U;j, uj + h] with h the size of W.
Since o € W, we have u; <0 forall j =1,...,d. Without loss the generality, we assume

that o is in the lowest corner of W, that is, o € H?:l [uj,u; + %]

For each J C [d], we denote by u” the vertex such that u] = 0 for j € J and u] = u;
for j € [d] \ J. We claim that there exist positive constants ¢ and {c;, J C [d]}, such that
forall 0 < ¢ < h, one has B/, (ct) C W for all J C [d], where

B;C](T):CC—FH[—’I‘,’I‘] X H [0, 2r],

jed Jeld\J
and
{EI (x)lg C Wt 20 = 0,| %00 >ty ~ i1 Vi=1,.. .,l} N A(u, e, t)¢

c | A esm), (4.29)

where A(u, ¢, t) is defined as in (4.8) (including two more points {z, 0}) and
Aj(z,s) = {3’}’ = (yi)ieo CP:y; € BJ(8),yi ~yis1Vi=0,...,1— 1,
w € BY(55), w € BL(29)\ B{(s)},

with B/(s) defined as in (4.12).
Assuming this claim, we return to estimate P(A4,). By Lemma 4.4(ia), Corollary 4.7
and the estimate (4.10),
P(£) < Cla|~ @49, (4.30)

for some C, ¢ > 0, where
£ = {Cé(B;{J(CJ‘xloo)) CCs(W)cC(W)VJC [d]} N A(u, e, |2|00).

Suppose that A, N € happens. Then there exists v = (x;)l_, € W\ Cs(W) such that
xo =o0,x; =x,x; ~x;_1 fori=1,... 1. Hence, using (4.29) we obtain that on &, there
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exists J C [d], such that the event Ay, (u’, %,c J|*|s) happens. Therefore, using
Proposition 4.5 we have

P(A, NE) <24 Jax 0; 0; (3.

clzlee) < Cla| 29,

for some C, ¢ > 0. Combining this with (4.30), we obtain the desired estimate (4.27).
Now we show the relation (4.29) for d = 2, the proof for d > 3 is similar and hence is

omitted. Here, we have o € u+ [0, 4]?> and 0 < ¢t < h. We take ¢ = 27°. There are four

cases corresponding to the relative position of o and u as follows.
First, if o — u € [0, %)% we consider J = @ and ¢y = 27!, v7 = u. Define m =

inf{i : @; ¢ B2, (cot)} (recall that B2, (s) = u? + [0,2s]%). We have z,,, € B2, (2cot), as

Tm-1 € B, (cot) and |z, — Tpm-1]oo < ct by A(u, ¢, t)°. Then since

1%

0€ B%, (%) C B (cat) C W N [—t,1]?,
the path (z;)™, is a realization of A (u?, cat).

Second, 1fo—u € [, 4] x [0, %], then consider J = {1}, u{!} = (0,u2), ¢y =27 and
observe that

1 criyt 1
oe Bl (92 ¢ BUY (cyt) c wn [0

Then by the same argument as in the first case, we have A’{l}(u{l}, cq1yt) happens.

Third, if o — u € [0, %] x [Z, 2], using the same argument as above, we have
A’{Q}(u{Q}, c{23t) occurs with ¢ggy =274

Finally, if the above three cases do not hold, then uy, us < —2% and hence

o€ BEL (&) ¢ BY) (ept) € W [, 42,
with ul?l = 0, ¢ = 27%. We then can conclude that Ay, (ul?, ciyt) happens. The proof of
(4.29) is completed. O

4.3 Proof of Proposition 4.5

For any t > 25 > 0, a € (0,1/4), and = € RY, recall 5(t) and v(s,t) and x(a,t) from
Sub-section 4.1.

The key to the proof of Proposition 4.5 is the following recursive relation of 6(-,t),
which is inspired by the ideas in the study of Boolean percolation in [3, Lemma 4.2] and
[14, Proposition 3.1].

Lemma 4.9 (Renormalization estimate). There exists a positive constant K = K(d) > 1,
such that
0(=,1) < K5k, 1) + Kv(gh,t) + K (0(%, &) +0(3, &)

Proof. We have to prove that forall 0 < j <d,
0;(F5,1) < k(g 1) + Kv(r,6) + K (035, %) + 0(5, %)) (4.31)

For simplicity, we prove here the case j = 0 and d = 2 because the proof of general cases
is essential the same.
We recall

90(16’ ) (Aaz( 7167t))7 (432)

where Ay, (z,s,t) and B(r) are defined as in (4.11) and (4.12).

We call 4 = (2¢,0), B = (2¢,2t),C = (0,2t) and 4; = (},0),B; = (£,%),Cy = (0, %)
and A; = (3,0), By = (3£, 3}),C, = (0,3F). Then we cover the segments A; By U B1Cy
by squares Si,4,51,c,51,1,---,51,k,, Wwhere S} ,,S51 . has the length size t/2% and are
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Sic

C, = (0 t) S== o B, = (t t)
1=02)] s, =72

Si;

0| Sy

Sia

Sia
_ t
0 = (0,0) m:&ﬁ)

Figure 4: Illustration of the cover of A1 B, U B1C}

adjacent to OA, OC respectively, and S 1, ..., S1 k, have the length size t/21°. Similarly,
we cover the segments A, B, U BoCy by squares S3 4, 52.¢, S2.1,--.,592 k,. See Figure 4
for an illustration of the cover. Notice that for: =1, 2,

Sia =B (&), Si.=BE(L), S.S..CS (4.33)
where
S=[0,2t2 S/,:=B (%), Si.:=B (L) (4.34)

Similarly, if we call y; ; with i = 1,2 and 1 < j < K, the center of the squares S; ;, then
Sij =By, ,(5), Sij=By ,(5)CS. (4.35)
Define
Au(t) = {Cs(S74),Cs(S7 ), Cs(S ) € Ca(5), Vi=1,21 < j < K;}.
We then claim that
Ao, (0, &,t) N A(0,2710,1)° N A, () C Bi(t) N Balt), (4.36)

where A(0,2719t) is defined as (4.8), and fori = 1,2,
K,
Bi(t) = Agy, (A, o o) U Aay,, (Ciy o, o) U 0y Wi 37, 37 )- (4.37)

Assuming this claim for a moment, we prove the lemma. Notice that B;(¢) depends only
on the configuration of the graph inside [0, 2!]?, whereas B;(t) is measurable to the the
configuration of the graph in [0, %]2 \ [0, %]2. Hence, the two events are independent,
and thus (4.36) gives that

Oo(5. 1) = P(Ag, (0, 75, 1)) < P(A(0,271%,1)) + P(A (1)) + P(B1(1))P(Ba(t))
< k(g ) + (K1 + Kz + 4)v(gr,£) + P(Bi (1)) P(Ba(1))-
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Moreover, by the union bound, fori =1, 2,
P(B;(t)) < (201(75, 35) + Kiba(75, 37))- (4.38)

Combining the last two estimates, we obtain (4.31) with K (K1 +2)(Ks +2).

Now it remains to show (4.36). Suppose that 4, (o, 16, t) N A(t) N A, (t) happens.
Then there exists a path v = (z;)!_, such that z € [0, %]* and z; € [0, 2t]* \ C5([0, 2¢]?)
fori=0,...,1 —1and z; ¢ [0,2t]? with positive coordinates.

Since S1,4,51,6,51,5,7 = 1,..., K, is a cover of A1 B; U B;(C and by the assumption
on A(0,2710. )¢, |z; — 2i41]ee <270 foralli =0,...,] — 1, there must be some vertices
of the path v lying in these cubes. So we can define

Ky
llmln{ [1[*1] Z‘zeslaUS1pUU51J}

j=1
Suppose that z;, € 51 4. Define also
Iy =minfi > 1 :2; ¢ 57 ,}.

Then by the definition,

i, €810 =By (&), meS =B (L) vi=l+1,...0 -1,
and since A(0,2710 )¢ holds,

z, € BY) (s + 510) \ By () © B (3) \ BY) ().

Moreover, we notice that by A, (),

@i  C5(S1 o) Vi=1l,...,1} — 1.

Hence, (z )ill ;, is a realization for the event Ay, (Ay, & 57 23) The cases that z;, € 51
and z;, € 51 ; for some j =1,..., K; can be treated similarly, leading to the realizations
of events .,49{1} (C1, 57 23,) and Ag 2 (1,55 Qfl , 27) respectively. In summary, the event B
happens.

By the same argument, we can also prove that the event 55 happens and the proof of
(4.36) completes. O

Lemma 4.10. Let (at)tzo, (bt)tZO C R+, O<er<e<l,and K >1,ty > 1 2
allt > to

(1) at < by + K(ae,t + aeyt)?
(i) 4K (beyt + beye)? < by,
(111) Qg < 2bt, for all to <t< t()/ﬁl.

Then, a; < 2b; for allt > tg.

Proof. By assumption (iii), we need to show a; < 2b; for all ¢ > ty/e;. We prove by
induction in k that this claim holds for [ty/e1 + k, to/e1 + k + 1]. Let ¢ be in this interval.
Then

ar < by + K(ac, s+ eyr)® < by + K(20e,1 + 2beyt)? < 20, (4.39)

Here, we used (i) and (ii) for the first and third inequalities respectively and for the second
one, we used the induction hypothesis with noting that for ¢t € [to/e; + k,to/e1 + k + 1],
one has ¢y < €1t < eat < to/e1 + k. O
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Proof of Proposition 4.5. Let K = K(d) be as in Lemma 4.9. Define
ar =0(,1), b =r(5k,t) + Kv(d,t), e=2"Te=27"
Then by Lemma 4.9, for all ¢t > 0,
ar < b, + K(aes + acypt)?.
Moreover, by (4.10) and Lemma 4.4 (ib),
b, < Ot~ Bdteo),
for some C = C(Cy,d) > 0 with ¢y, Cy as in (C2). Hence,
ar < by + K(ae,t + aey)?, (4.40)

with b, = Ct~(3d+¢)  There exists ty = to(€o, €1, €2, K,C) > e2/(1 — €3), such that for all
t > to,
4K (be,t + beyt)? < by (4.41)

By Lemma 4.4(ii),

ay = H(TlG,t)

IN

P (Cs([~t,1]") # Pli—4)

2d
(%;t + 2> ((A64)? + 2) exp(—Ad?/4) =t aj.

IN

Thus there exists C' = C’(t, C,¢;1) € (0,00), such that for all A > (C/§4+1)
a; < ap <2by, Vitg <t <to/er. (4.42)
It follows from (4.40), (4.41), (4.42) and Lemma 4.10 that for all t > ¢,
a; < 2b; < 201 BdFeo),
On the other hand, for all 0 <t < tg,

a <1< t(b;d—‘reot—(?)d-i-eo).

Combining the last two estimates and taking C; = max{C", 2C, 3}, we get the desired
result. O
A Quenched CLT

Let us first recall the setting of the quenched CLT. The underlying probability space
is written as the product

(Q,F,P) = (Q, F1,P1) x (2, F2,P3)

for which the first component of 7 is defined on (2;, and the second and the third ones
are defined on (), that is,

H(w) = {(z(w1), t(wz), M (w2))}-

We will use E; and Var;, (i = 1, 2) to denote the expectation and the variance with respect
to IP;. Let W5 be the second Wasserstein distance in the space of probability measures
on R having finite second moment

Wa(p,v)* = inf // |z — y[2dy(z,y),
YT (1,v) J JRxR
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where I'(p, v) is the collection of all measures on R? having i and v as marginal distribu-
tions. It is known that the convergence of probability measures under W, is equivalent to
the convergence in distribution plus the convergence of the second moment. Moreover,
for two mean-zero random variables X and Y defined on the same probability space, it
follows directly from the definition of the distance that

Wa(X,Y)? <E[(X —Y)? = Var[X - Y].
Assume that the functional f satisfies the conditions in Theorem 2.4. Let

FT(@lw,)) = Eo[f(T(lw,,))]
NG :

where W, := [-n'/4/2,n'/4/2)?, Then for each fixed w; € Q;, Z, is a random variable on
), of mean zero. We assume in addition that the (2 + §)th moment of Z,, is finite for any
n > 0, that is, for some § > 0,

Zn(w1,w2) =

E[|Z,|**°] < 00, for all n.
Then there exists 02 > 0 such that for any ¢ > 0,
Py (w1 : Wa(Zy(wr,-),N(0,07)) >¢) -0 as n— oo. (A.1)
In particular, w.h.p. (Z,(w1,-))n>1 converges weakly to N'(0,07).

Let us prove the above statement. We will use the notations in the proof of Theo-
rem 2.4. Define Y,, , =Y, 1 (w1, w2) as

Ln Ly
Vir = > (7T Gl ) ~ Bl (Tale)) = - > 5

Then for fixed wy, under Py, Y}, 1, is a sum of independent random variables with
1 &
Vars|Y, 1] = — Vi il
ary[Yn 1] = ; ara|[fi]

Note that the sequence {Vary[f;]}:", is i.i.d. under P;. Then the strong law of large
numbers implies that for almost surely w; € 1, as n — oo,

4
by 1 & o’?
Varg[Yn,L] = ;? ZVarg[fi] — TL7 O'IL2 = El [Varg[fi]].
=1

Similarly, by the finiteness of the (2 + §)th moment, we obtain that for almost surely
w1 € Q1,asn — oo,

12

S Eall i) - LRSI = BIA] < oo.
i=1

1

n
Then for almost surely w; € €2; (those w; such that the above two equations hold), by
using Lyapunov’s central limit theorem (see [2, Theorem 27.3]), we obtain that

Wa (Y, (w1, ), N(0,07%/L)) =0 as n — oo. (A.2)

Note that o7? may be zero.
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Observe that for any random variable X defined on () with finite second moment,
I, [Varg[X — Eo[X]]] = By [E2[X?] — Eo[X]?] < E[X?] — E[X]? = Var[X]. (A.3)

This implies that 07* < 07, and thus the sequence {¢7?/L} is bounded. Let o7 be a limit
of {o/?/L}, that is, for some subsequence {L;} tending to infinity,

12
o
. L
2: lim k

g .
k—oo Ly

We are going to show that for this 03, the quenched central limit theorem (A.1) holds.
(And thus crg is unique as a consequence.) It follows from the observation (A.3) and the
estimate (2.10) that

lim limsup E; [Vary [Z, — Y, 1]] = 0. (A.4)

L—oo pooo

This is a key estimate to show our result.
Next, by the triangle inequality, we see that

W2(Zn(w17 )7N(07 03)) < WQ(ZTH YmL) =+ WQ(YvaN(Ov U/LZ/L))
+ Wa(N(0,07% /L), N(0,07)).

Here for simplicity, we have removed (ws,-) in formulae. Let ¢ > 0 be given. By the
definition of 02, when k is large enough, for L = L,

Wa(N(0,07%/L), N(0,02)) <

WM™

For those L, the above triangle inequality implies that
P1(Wa(Zn, N(0,07)) > €)
€ €
<Py (WalZn Vo) = 5 ) + Py (WalYar N(O,072/D)) > 2.

Since as n — oo, the second term goes to zero by the almost sure convergence (A.2), it
follows that

limsupIPl(Wg(Zn,J\/'(O,ag)) >¢) < limsup Py (WQ(Zn,Yn’L) > %)

n— oo n—oo

2
< limsup Py (Var2 Z, —YoL] > Eg)

n—oo

9

< limsup -, [Vara[Z, — Y, 1]].
n—oo €

Here we have used the inequality W2(X,Y) < Var[X —Y] for mean zero random variables

X and Y defined on the same probability in the second line and Markov’s inequality in

the last line. The desired result immediately follows from the estimate (A.4). O

B Proof of Lemma 4.4

Proof. For the convenience, let us recall the construction of the connected component
Cs(A). For each 6 > 0, we tessellate the whole space R to cubes of size ¢ and call T the
collection of cubes. Let G5 be the random graph obtained from G(P) by deleting the
edges between vertices in non-adjacent cubes. For each cube B € I', when BNP # g,
we take arbitrarily a point in BNP # &, say xp, to be the representation of B. Let Per(d)
be the induced subgraph of G5 restricted on the vertexset V ={zp: Be€I,BNP # &}.
Then for each cube A, we define

C5"(A) = the largest cluster of Per(d)|x,
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and
Cs(A) = the connected component of G|, containing CJ (A).

If we consider each cube B € T as a point in Z? and then we obtain a percolation.
More precisely, each cube B € I is called open if BN P # & and thus

p = p(6) := P(a cube is open) = 1 — exp(—Ad?). (B.1)

For any two adjacent open cubes B; and Bs, we draw an edge between them if there is
an edge between their representations. In fact, the probability that the two open cubes
are connected is

TR, — T >q=q() = inf T1 — Tg) = inf s).
Plom —am) 2 a=q®)= il oo o) = inf (5

Then, Per(§) can be viewed as a bond percolation on Z< with the following rule. An edge
e = {a,b} is called open if both ¢ and b are open and the edge between a and b is drawn.
So Per(0) is indeed a locally-dependent percolation (since the statuses of e = {a, b} and
f = {e¢,d} are independent if {a,b} N {¢,d} = &) with parameters

pe = P(e is open) > p?q,

for all the edges e. By [19], there exists p’ € (0, 1), such that whence p. > p’ for all edges
e, Per(§) stochastically dominates the supercritical standard bond percolation on Z¢.
Observe that by (B.1),

1 p’
20>p e A>g(0) = —— -2 .
piqg>p A>g(9) (5d10g<1 q((5)> (B.2)

Hence, we choose
0o = argmin{g(d) : 6 <1, ¢q(6) > 1/2}, Ao = g(dp)-

Note that since p’ € (0,1) and ¢ — 1 as § — 0, we have §; > 0 and )¢ € (0, 0). Then for
all A > )¢ and 6 = dy,

pe > p’q >, (B.3)
for all edges e, and thus Per(d) stochastically dominates the supercritical bond percola-
tion. Thus for all ¢t > 0

B5(t) = P(Cs(Bo(t)) ¢ C5(R?)) = P(Cs(B,(t)) N C5(RY) = o)
< P(CF (Bo(t) N C3 (RY) = ) < exp(—ct),

for some universal constant ¢ > 0. Here for the first inequality, we used the fact that
Per(§) is a subgraph of G and for the last inequality we used stochastic domination
obtained above and standard estimates in Bernoulli percolation on Z¢, see e.g. [9]. By
the same arguments, we can also prove the other estimates in (i).

We turn to prove (ii). Fix § = dy. Observe that Cs(A) = P|p when for any pair
of adjacent small cubes, there exists an edge connecting them and all the subgraphs
constrained in cubes are connected. Hence,

P(Cs(A) # Pla) <P(3B €T, : G(P|p) is not connected) (B.4)
+P(3B, B’ € T|5 : B, B’ are adjacent and there is no edge between them),

where T'|5 is the set of cubes that intersect with A.
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Given two adjacent cubes B and B’, let X and X’ denote the number of vertices
of P in B and B’ respectively. Then X and X’ are i.i.d. random variables with the
Poisson distribution of mean \é?. Notice that each pair {z,y € P|g}, or each pair
{z € P|g,7' € P|’3} is connected with probability larger than ¢ € (0, 1]. Therefore,

P(G(P|p) is not connected | X) < P(Fz,y € P|p : d(z,y) > 2| X)
<P(3z,y€Plp:VzeP|g,xfzory L z|X)
< X(X -1 -¢)F?,

where d is the graph distance in G(P|p). Moreover,
PP(there is no edge between B, B’ | X, X') < (1 — ¢)*¥’.
Combining the above inequalities with (B.4), we obtain
P(C5(A) # Pla) < [TIAJE | X(X = 1)(1 = ¢) 2] 4 DL PE (1 - 9]

For A = [0,a]?, we have |T|5| < (% + 2)?. Notice also that if Y, Y’ ~ Poi(x) and ¢ € (0,1)
then

EY (Y - 1)e" % = pPexp((e—1p)
E¥Y] < Ela"]+P[Y’' =0] < 2exp((c — 1)p).
Therefore,
P(Cs(A) £ Pls) < (% + 2)d (A2 exp(—g?A0%) + 2 (% + 2)% exp(—gAd?),
< (% + 2)2d ((A69)2 + 2) exp(—Ad?/4),
sine X, X’ ~ Poi(Ad?) and q = q(&y) > 1/2. O
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