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Abstract. In this work we continue the investigation launched in Feige et al.
(2016) of the structural properties of the Layers model, a dependent percolation
model. Given an undirected graph G = (V, E) and an integer k, let Ti(G) denote
the random vertex-induced subgraph of G, generated by ordering V' according to
Uniform[0, 1] i.i.d. clocks and including in T;(G) those vertices with at most k—1 of
their neighbors having a faster clock. The distribution of subgraphs sampled in this
manner is called the layers model with parameter k. The layers model has found
applications in the study of ¢-degenerate subgraphs, the design of algorithms for
the maximum independent set problem and in the study of bootstrap percolation.

We prove that every infinite locally finite tree T" with no leaves, satisfying that
the degree of the vertices grow sub-exponentially in their distance from the root,
T5(T) a.s. has an infinite connected component. In contrast, we show that for any
locally finite graph G, a.s. every connected component of T5(G) is finite.

We also consider random graphs with a given degree sequence and show that if
the minimal degree is at least 3 and the maximal degree is bounded, then w.h.p. T3
has a giant component. Finally, we also consider Z% and show that if d is sufficiently
large, then a.s. Ty(Z?) contains an infinite cluster.

1. Introduction

Consider the following percolation model. Given a graph G = (V, E), every
vertex v of G selects independently at random an “age” X, from the uniform
distribution Uniform[0,1]. For any k € N, define Ly(G) to be the set of those
vertices that have exactly k — 1 younger neighbors. For an integer £ > 1, we call
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L;(G) the kth layer of G. The union of the first k layers is denoted by Ty(G) :=
Ule L;(G). By a slight abuse of notation we refer to the subgraph induced on T
also by T}, and omit G when clear from context.

Note that if a vertex v has m neighbors in G, then for any 1 < i < m+1 we have
that v € L;(G) with probability #H However, these events are not independent
for different vertices of distance at most 2. As standard in percolation models, we
say that v € V' is open (closed) if v € Ty (G) (respectively, v ¢ Ti(G)), where k is
clear from context.

The above procedure for sampling vertices from a graph has several useful prop-
erties which were exploited in the design of algorithms for finding large independent
sets in graphs (e.g. Feige and Reichman, 2015) and in the study of contagious sets
for bootstrap percolation (e.g. Reichman, 2012). For a list of algorithmic applica-
tions of the layers model see the related work section in Feige et al. (2016). In
Feige et al. (2016) the treewidth and the size of the largest connected component
of T5(G) and T»(G) were analyzed for various graphs.

In this paper we establish parallel versions of the aforementioned results from
Feige et al. (2016) for infinite graphs. We also generalize a theorem in Feige et al.
(2016) concerning random 3-regular graphs to random graphs with more general
degree sequences (see Theorem 1.6).

We denote by T' = (V, E, 0) a rooted-tree with root o. This is simply a tree with
some distinct vertex, denoted by o. The rth level of T, denoted by £,(T), is the
collection of vertices of T" which are at distance r from o. We denote the degree
of v € V by d,. In Section 2 we study 73 on infinite trees and prove the following
Theorem.

Theorem 1.1. Let T = (V, E,0) be a rooted-tree of minimal degree at least 3. If
there exist C > 0 and 1 < a < \/4/3, such that max,c,, (1) dy, < Ca’” for all r >0,
then T5(T) has an infinite cluster a.s..

Remark 1.2. As the following example demonstrates, the degree growth condition
in Theorem 1 is necessary, up to the value of a. Denote a, := 92" Consider
a spherically symmetric tree T rooted at o, in which every v € £,.(T) has degree
3—1,=¢ if r ¢ {ay, : n € N} and otherwise every v € ¢,(T) has degree |(,(T)| + 1.
Then for every n € N we have that |¢,, (T)| = 22i=1% = 2en(1+e()) Tet A, be
the event that ¢, (T) NT5 = (. By the Borel-Cantelli Lemma a.s. infinitely many
of the events A,, occur, which implies that there are no infinite clusters in T5.

It was shown in Feige et al. (2016) that for a bounded degree finite graph G of
size n, the largest connected component of T5(G) is w.h.p." of size at most O(log n).
In Section 3 we prove an analogous result in the infinite setup, while dropping the
assumption that G is of bounded degree.

Theorem 1.3. Let G = (V, E) be a locally finite graph with a countable vertex set
V. Then,
P[T2(G) has an infinite connected component] = 0.

The only infinite graph considered in Feige et al. (2016) is Z2, for which it was
shown that T4(Z?) a.s. has a unique infinite connected component (which we also
call an infinite cluster).

In Section 4 we consider Ty(Z?) for d > 2 and prove the following theorem.

lwith high probability - that is, with probability tending to 1 as n — oo.
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Theorem 1.4. T,(Z%) has an infinite cluster a.s., for all sufficiently large d.

In fact, we prove a stronger assertion than that of Theorem 1.4. Theorem 4.1
asserts that Ty (Z?) contains an open infinite monotone path” a.s., for all sufficiently
large d. We expect Theorem 1.4 to hold for all d, however it seems that even with
a more careful analysis, the argument in the proof of Theorem 1.4 cannot be used
to prove this, because of the restriction of the argument to monotone paths.

Question 1.5. Does T3(Z?) a.s. contain a unique infinite connected component for
alld > 17

In Feige et al. (2016) it was shown that for random 3-regular graphs, w.h.p.’
T3 contains a giant component’. In Section 5 we generalize the aforementioned
result by considering random graphs with more general degree sequences. Denote

[n] :={1,...,n}.

Theorem 1.6. Let d > 3. Let G = ([n], E) be a random graph chosen from the
uniform distribution over all labeled graphs satisfying that the degree of vertex i
equals d; for some sequence of numbers (d; : 1 <1i < n) such that ), d; is even and
3<d; <d, for all i € [n]. Then there exists a constant o = a(d) such that

P[T5(G) contains a connected component of size at least an] =1 — exp(—Q(n)),

where the probability is taken jointly over the choice of G and of the ages of the
vertices.

Note that in Theorems 1.1 and 1.3 we do not assume that the graphs are of
bounded degree. Similarly, in Theorem 1.6 we allow fairly general degree sequences.
This aspect of Theorems 1.1, 1.3 and 1.6 is interesting, since a-priori, it is not
obvious how to construct a canonical site percolation process, that has the same
marginal probabilities as the Layers model, which exhibits such behaviors.

It is interesting to note that “3” is the critical value for the Layers model, both
in the setup of Theorem 1.1 and of Theorem 1.6 (in the sense that 75 has an
infinite cluster (a.s. in the infinite setting) or a giant component (w.h.p. in the
finite setting)). This is not a coincidence. Our proof of Theorem 1.6 rely heavily
on the analysis of the layers model on trees. It is well-known that, in some sense,
the random graphs considered in Theorem 1.6, locally look like trees. Thus it is
natural to interpret the coincidence of the critical value “3” in Theorems 1.1 and 1.6
as an instance in which the critical parameter is a “local property”. Such locality
is conjectured to hold in greater generality for Bernoulli (independent) Percolation
Benjamini et al. (2011) (the results in Benjamini et al.; 2011 cover in particular the
case of large girth expanders).

1.1. An overview of our techniques. We now present a short informal discussion
which summarizes the main ideas in this paper.

Let G = (V, E) be a graph and k € N. Let Y, be the indicator of the event that
vertex v belongs to Ti(G). Clearly, if A C V and for any distinct v, u € A we have
that u and v are not neighbors and do not have a common neighbor, then (Y3 ),e

2A path w.r.t. an oriented copy of Z¢9.
30ver the joint distribution of the random 3-regular graph H and T3(H).
1A giant component is a connected component of size (n)
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are independent. However, if there exist u,v € A which are neighbors or have a
common neighbor, then typically (Y, ),c4 are not independent.

It is hard to analyze the possible global effects of such dependencies. To avoid
this, it is useful to consider a family of paths in G, I', and studying the first and
second moments of the number (or more generally, the “mass” with respect to some
measure on I') of paths in I' which are contained in Ty (G). This requires one to
deal only with dependencies between vertices along at most two paths.

A substantial amount of “paths” techniques were developed in the study of
percolation. The most relevant ones to this work are the second moment method
and the EIT property.

In Section 2 we study T3 on trees. As previously described, using paths tech-
niques, we reduce the complexity of dependencies we have to deal with. Exploiting
some hidden structure allows us to control the dependencies along two paths (a
similar hidden structure is exploited also in the proof of Theorem 1.4). Essentially,
we show that for every tree T as in Theorem 1.1 we have that T3(T") stochastically
dominates some super-critical quasi-independent percolation process on T (see (2.3)
for a precise statement). Unfortunately, the situation is more involved than that
and we cannot use results regarding quasi-independent percolation as a black box.
Instead, we perform a weighted second moment calculation.

The study of quasi-independent percolation on trees’ and its relations to inde-
pendent percolation is due to Lyons (1989, 1992) (see also Sections 5.3-5.4 in Lyons
and Peres, 2016).

The EIT method was introduced in Cox and Durrett (1983), where it was ex-
ploited for showing that the critical value for oriented independent bond percolation
on Z%is d='4+0(d~?). The method was further extended in Benjamini et al. (1998).
The novelty of our use of the EIT method is that we apply it in a dependent setup
using an auxiliary Markov chain which represents the different type of dependencies
between two vertices. This idea can be utilized in some other dependent percolation
models in which there is a bounded range of dependencies.

1.2. Notation and terminology. Given a graph G = (V, E), the connected compo-
nent containing v is denoted by C(v). We define the length of a path v as the
number of edges it contains and denote it by |y|. By abuse of notation we often
identify a path v = (y1,72,...,v&) with the set {y1,72,...,7}. Throughout, we
denote the ith vertex in v by v; (1 <i <|y|+1). We say that the path 7 is simple
(or self-avoiding) if ~; # ~,, for all i # j. We denote the collection of all simple
paths of length k starting from v € V' by I', ;, and the collection of all such infinite
simple paths by T',,.

Given a pair of vertices u,v € V their distance dg(u,v) is defined as the length
of the shortest path in G starting at u and ending at v”. For A, B C V, the distance
of A from B in G is defined to be dg(A4, B) := inf{dg(a,b) : a € A,b € B}. When
A and B are not disjoint, we define dg(A, B) = 0. When the underlining graph is
clear from context, we simply write d(A, B) and d(u,v). When A = {u} we write
d(u, B) instead of d({u}, B).

5Exponontial intersection tail.
6Also known as quasi-Bernoulli percolation.
If v and v are not connected by any path, then their distance is defined to be oco.
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For a pair of vertices u, v, we write u ~ v if d(u,v) = 1 and say that u is adjacent
to (or a neighbor of) v. We say that a graph G = (V| E) is locally finite if d, < oo
for all v € V. We say that a vertex v is a neighbor of a set A and write v ~ A (or
of a path v and write v ~ «), if d(v, A) = 1 (respectively, d(v,v) = 1). That is, if
v ¢ A (respectively, v ¢ ) and there is some u € A (respectively, u € 7) such that
v~ u If d(v, A) > 1 we write v =« A. When A = {u} we write v » u.

We often abbreviate and write w.p. for “with probability”. We call a random
variable which takes the value 1 w.p. p and the value 0 w.p. 1 — p a Bernoulli(p)
random variable. We denote the indicator of an event A by 14.

Several results that are used in the paper are quoted in the appendix (Section
6). All of these results are standard, with the exception of Theorem 6.4.

2. Infinite trees

In this section we study T3 on infinite trees and prove Theorem 1.1. Fix some
simple path ~ of length 2k — 1 for some k > 1. We shall dominate the restriction
of T3 to = using an auxiliary percolation process which is amenable to relatively
neat analysis. For this purpose we partition ~ into successive pairs, {v2i—1,v2:i},
t=1,2,...,k. For each ¢ we define a certain “good” event A;(7), depending only
on the ages of v2;_1,72; and of that of their neighbors which do not lie in 7. The
motivation behind the definitions shall be explain soon.

Let T = (V, E, 0) be a locally finite rooted tree. For any k € N, let I'y,_1 be the
collection of all self-avoiding paths of length 2k — 1 starting at o.

Definition 2.1. Let T = (V, E,0) be a locally finite rooted tree. For any v €
V' \ {o} the parent of v, denoted by v, is the unique vertex such that v ~ v and
d(o,7) = d(o,v) — 1. Let £, := {v € V : d(o,v) = r}, r > 0. Let v € T'gp_1. We
define N;(y) := {u ~ v; : u ¢ v} to be the set of neighbors of ; which do not lie in
~. For every i € [k] and j € [2k] we define

Mai—1(7) := {u € Naioa(7) U{y2i} : Xyoimy > Xu}l,
Mai(y) == [{u € Nai(v) U {r2i-1} : Xqy > Xu}|,
Kj(y) o= [{u € Nj(9) s Xy > X}
For all 1 < i < k, let A;(y) be the event that max(Maz;—1(7y), M2;()) < 1. Let
A1(7) (resp. Ag(7y)) be the event that Ki(v) < 2, Ka(y) < 1 (resp. Kaxr(y) < 2,
Kok—1(y) < 1). We say that a path v € T'g,_1 is good, if the event A, := ﬂle Ai(7)
occurs. For any path v € I'y, we set

(1) = 1 Zﬁl 1 4V, = w(y)1a, 1)
w*y._dOi:2d%_1an W )

Finally, we say that o is k-good, if >

Y€l 251 Y'Y 2 %

Note that by construction, a good path must be contained in 73. The idea
behind the definition of a good path is that for a fixed v € I's;p—1, the events
A1(7), Aa(¥), - .., Ar(y) are mutually independent, as they depend on ages of dis-
joint sets of vertices (since T is a tree). This avoids dealing with the accumulation
of dependencies, which may occur when working with the indicators of the vertices
along a certain path belonging to T5.
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Fix some path v € I'95_1. The analysis would have been much simpler if instead
of considering A1 (), A2(Y), - .., Ax(y) we could work with the events I (%), ..., I,
where I;(7) is the event that 7, is younger than all of its neighbors which do not lie
in 7. The events I; (%), ..., Iak(7y) are independent and for all ¢ we have that I;(v)
is contained in the event that ~; € T3. However, the I;(y)’s give rise to a critical
percolation process which does not suffice for our purposes.

We now describe a growth condition that shall be assumed throughout the sec-
tion. Whenever the minimal degree of T is strictly greater than 2, the condition
takes a simple form and coincides with the growth condition appearing in Theorem
1.1. In particular, our analysis implies the assertion of Theorem 1.1, but allows us
to deal also with vertices of degree 2.

For any v € T let 4(*) be the unique self-avoiding path in T which starts at o
and ends at v. We define ¢, == [{1 < i < \_%J : max(d’yéy) l’d'yé’-”) > 2}
Consider the following condition. There exist C' > 0 and 1 < a < 4/3, such that

d, — 1< Ca%d,, for allve V. (2.2)

Definition 2.2. For any distinct paths v,7" € Tox_1, let v A 4" be the furthest
vertex from o belonging to both paths. Let [y A /| := d(o,y AY') +1 (50 Vjyay| =
v A~"). Finally, we define

YNy = (71,9255 Vyay]) € Tiyay-

Essentially, we will show that the percolation process defined via the good-paths
is a quasi-(independent) Bernoulli percolation process (see Lyons and Peres, 2016
section 5.4 for a precise definition and details). More precisely, we show that there
exists an absolute constant M > 0 such that
P[A,]P[A./]
P[ALNA,]| > oy vy
[ v Y ] = MP[A'yﬂ'y’]
P A P A ’ d ’
PlA,NA,] > A4 Pyl
MP[Aoyn fyayh]

, for all v,~4" € a1 such that |y A+'| is even,

, for all v,~4" € Tax_1 such that |y A+'| is odd.
(2.3)

Although (2.3) bears a resemblance to the condition which defines a quasi-Bernoulli
percolation process, because the A;(v)’s are defined in terms of pairs of vertices,
we cannot use results concerning quasi-Bernoulli percolation as a black box.

Nevertheless, such results are useful in terms of intuition. Moreover, since the
main tool utilized in the development of the theory of quasi-Bernoulli percolation
is the second moment method, it is only natural to utilize the same technique when
attempting to transform our intuition into a rigorous proof.

As can be seen from (2.5) and (2.6) below, in conjunction with the indepen-
dence of the events A1 (), A2(7), ..., Ar(7), for each fixed v € T'g_1, the marginal
probabilities of the A,’s would have implied super-criticality for independent site
percolation, at least when T is of bounded degree. Thus, if we actually had a quasi-
Bernoulli percolation process in hand, then Theorems 5.19 and 5.24 in Lyons and
Peres (2016) (originally from Lyons, 1989, 1992) would have implied that T53(T") is
super-critical (at least when T is of bounded degree).

Theorem 2.3. Let T = (V,E,o0) be a rooted tree with no leaves. Assume that

condition (2.2) holds for some C' > 0 and 1 < a < 4/3. Then there exists some
constant ¢; > 0, such that o is k-good with probability at least ¢1/d,, for all k > 1.
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Proof: Fix some k > 1. For a path v € I'g,—; let Y, be as in (2.1). Then E(Y;) =
w(7), for all v € T'op—1. We define Zy, := 3, Y,. By the definition of w(7)
we have that 3° .~ w(y) = 1. Hence, E[Z;] = 1. By the Paley-Zygmund
inequality,
1
= 4E[ZY]
Thus our task is to estimate E[Z?] from above. Note that
A~ PlA, N A
E[Y,Y,] O Pt
=2 2 = 2 2 w0 R
v€l2k—1 7 €2k -1 v€l2k—1 7 €l2p—1
(2.4)
Let v € I'ap—1. We now calculate P[A,]. Since we are considering a tree, by
construction, the events A;(7), A2(7), ..., Ax(y) depend on ages of disjoint sets of
vertices. Hence they are independent. Denote r;(7) := la,,, ,>2+la,, >2. Fixsome
i # 1,k. There are three cases in which we can have {Ma;_1(y) < 1, My;(y) < 1}:
Case 1: Ko;—1(y) =0 = Ka;(y) - That is, both 72;_1 and ~; are younger than all of
their neighbors (resp.) which do not lie in v. Because Na;—1 ()N N, (y) = 0,

we have that Ko;_1(v) and Ks;() are independent and so the probability
they both equal 0 is @ 711)(d —
Y2i—1 Y24

Case 2: Ko;i—1(y) =1,X,,, > X,,,_,,K2(y) = 0 - That is, 2, is younger than all
of its neighbors which do not lie in -y, but older than ~9;_1, while ~;_1 has
exactly one younger neighbor not lying in y. There are d.,,; _, —2 possibilities
for the identity of the youngest member of Na;_1(7), which in fact has to be

) o P
the youngest in No;—1 (7)UNa2; (7)U{¥2i—1, V2: } (contributing a W

factor), while 2,1 has to be the second youngest in this set (contributing a

——L_ factor). Conditioned on that, the distribution of the relative
dyp;_qFdyy; =3

order between Na;(7y) U {v2;} is still uniform over all orderings, and so the
conditional probability that vo; is the youngest in this set is 1_1 . Overall,
Y24
dyyi1—2
2i—1 Tv2; =2)(drg; g Hdyy; =3)(dyy; —1)°
Case 3: Ko;i—1(y) = 0,X,,, < Xy ,,Ke(y) = 1 (same as Case 2, with
the roles of 2¢ — 1 and 2¢ exchanged), which has probability
dyp; —2
(d721 1y — 2)(d721 1y — 3)(d72i—1_1)'

Let f(z,y) == (@= (1:2:?1; 22);;1;)% 2 We get that:

P(o is k-good) = P(Z > 1/2) >

the probability of Case 2 is @

1+f(d’Y2i7 1 ’d’Y2i )

@i, -1y L <i<k
PlA;i()] = #2—1)7 i=1, 25)
2 .
@ s Dy =R

Claim 2.4. The function f(z, (xfgifyfé);g;l_)%*m

y) = attains its minimum in the
domain D := {(z,y) € R? : z,y >
1—

3} at (z,y) = (3,3) and f(3,3) = 1/3. Whereas
f(x,2):1—%andf(2,y) %
Proof: Observe that since (z + y)? < 222 4 2y%, we have that
2,2
lim sup sup f(z,y) = limsup sup L% =1/2

=00 (z,y)ED:x+y>r r—oo  (z,y)€D:x+y>r (I + y)
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Since f(z,y) < 1/3 < 1/2 this means that f has to attain a global minimum in the
domain D. We now verify that there is no solution to 0, f(x,y) = 0 = 9y f(z,y)

in D. Indeed, 8, f(z,y) = (yz;l(;i;;x(;f_zt%%; D whose only root which is greater

or equal to 3 is zo(y) = 1+ +/(y — 1)(y — 2). By symmetry, if 0, f(z,y) = 0, then
y =1vyo(zr) =14+ +/(x —1)(x —2). Hence if 9,f(x,y) = 0 = 9,f(z,y), we must

have that

r=1+ V-9 =1+y (/- D@ -2)(/- D-2) - 1)

which implies that z = \/(z — 1)(z — 2), a contradiction! Thus if the minimum is
attained at (z,y), we must have that either x = 3 or y = 3 (since the minimum
must be attained at the boundary of the domain). By symmetry, we may assume
that y = 3. Minimizing f(x, 3) over z > 3, it is not hard to verify that the minimum
is attained at x = 3. (|

Note that if 1 < ¢ < k and max(d,,, ,,d,,) = 2 (i.e. 7(y) = 0) we get that
P[Ai(v)] = 1, while if r;(y) > 0 (i.e. max(dy,, ,,d,;) > 2) then by (2.5) and Claim
24

PA(7)] !

>
B 3(d72i71 - 1)(d'72i - 1)
We now turn to the task of finding an upper bound on P[A, N A./] for v,~" €
I'oi—1. Fix some distinct v,~v" € T'y. If |[yAy'| € {2i—1, 2i}, we define B, . to be the
event that for j € {24 —1,2i} we have that [{u: X, > Xy, u ~v;,u g YUy} <1
and that also |{u : Xy > Xy, u Vi u g yUy} <1
Note that A;(y) N A;(y') C B,y Thus if [y Ay/| = j < 2k, then

, for all 1 <4 < k such that r;(y) > 0. (2.6)

k
A’Y N AV’ C ﬂ Al(’}/) N By~ N m Ai(’y/) , (27)
ie[k\{L4/2]} i=[j/2]+1
where if |y A 4’| = 2k — 2, the rightmost intersection does not appear. Moreover,
from the definition of B, ./, we have that the 2k — |j/2] events appearing in the
right hand side of (2.7) are jointly independent, as they depend on ages of disjoint
sets of vertices. Consequently, if |y A~'| = j < 2k then

PlA, N Ay < P[B, ]
PIA,JP[Ay] = P[A 2] (MIPIA/2) (V) TTo<i< j2) PIAION]

We now calculate P[B, ,/]. Assume that |y A~'| € {20 —1,2i}. If |y A/ = 24,
then B, . consists of two independent events, defined in terms of v,, , and 7,,,
respectively. Similarly, if |y A'| = 2i — 1, then B,/ consists of three independent
events, defined in terms of v,,_,, 7,, and 7, , respectively. A simple calculation
yields that:

(2.8)

(dbi71)((1&_%1)@172#1 —3) [y Ay =2i-1,i¢{1,2k—1},

Adyyy —2)"Ndy,, =17 Iy AY| = 26,0 ¢ {1,2k — 1},
PByy] = 48(do = 1)7(dy, = )7 Hdy, — )7L, Iy Ay =1,

A(do(dy, —2))71, YAyl =2,

8((dyay — 2)d72kd’yék)717 v A~ =2k —1.
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Plugging this and (2.5)-(2.6) in (2.8) yields that if [y A /| = j < 2k, then
P[A, NA,/] <

m < 8- (3/4)1<m<li/2lirm(M#0H (g, /2) H (dy, —1). (2.10)

1<i<;
Denote W (v) 1= > 5cr, .5 w(7) for every v € V' such that d(v,0) < 2k — 1. Note
that
d, H (dy, = 1) = #, for all v € I'yp—1 and j < 2k. (2.11)
W(v;)

2<i<j—1

Let 1 < a <4/3 and C > 0 be as in condition (2.2). Then a := 2% < 1. Recall that
from the definition of g,, from condition (2.2), ¢, = {1 <m < [j/2] : rm(7y) # 0}].
By condition (2.2), d,, —1 < Ca™i. Hence

1+ (dy, — 1)(B/™ < Cra®ud,
This, together with (2.10)-(2.11), implies that
P[A,NA,] _ Cia®id,

< , for all ,~4" € T'g._1 such that |y A+/| = j < 2k.
PA,P[Ay] = Wi(y;)
(2.12)

It is easy to verify that ;’[E;‘H]QE:W/]] < Clvgz,z’;)d" also when v = /. Note for all
2l ~!

7 € T'g_1 we have that > w(¥) < W(F,), for all r < 2k. Hence, by
(2.12) we have that:

FET 2k —1:|FAY'|=T

S EYY] < Cidow(y Z > w(y")a®s /W (7;)

v €lak_1 J=1v'€lag_1:|[7AY'|=] (2 13)

< Cdaw()2+ Y Va ST < Mdu(y),
3<j<2kidy, >2

for some constant M > 0. Hence

oY EY, )< Y Mdow(y) = Md,.

YEL2k—1 v €T 25 -1 ~vEl2,_1

Finally, by the Paley-Zygmund inequality, P(Z; > 1/2) > O

1
IMd, -
Lemma 2.5. Let G = (V, E) be an infinite connected graph. Let ¢ € N. For any
v €V, letY, be the indicator of the event that v € Ty(G). Then the tail o-algebra of
(Yy)vev is trivial. Consequently, P[As] € {0,1}, where A, is the event that T;(G)
has an infinite cluster.

Proof: One can readily verify that the tail o-algebra of (Y, ),ev is contained in the
tail o-algebra of (X,)yey. Thus it is trivial by Kolmogorov’s 0-1 law. It is easy to
see that Ay is in the tail o-algebra of (Y3 )yev - O

Corollary 2.6. Let T = (V,E,0) be a rooted tree with no leaves. Assume that
condition (2.2) holds. Then P[|Cy(T5)| = oo] > ¢1/d,, where Co(T53) is the con-
nected component of o in Ts and c1 > 0 is as Theorem 2.5. Consequently, Ts has
an infinite cluster a.s.
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Proof: The event |C (T3)| = oo contains the decreasing intersection (1,5, {Zx > 0}.

So by Theorem 2.3, P[|C,(T3)| = oo] > e1d,*. The proof is concluded using
Lemma 2.5. g

We end the section with a modification of Theorem 2.3 which we shall need in
Section 5.

Definition 2.7. Let T = (V, E,0) be an infinite tree rooted tree with no leaves,
satisfying condition (2.2). Let I C V be such that d(u,v) > 15, for all u,v € I.
Assume that d, > 3, for all v € V' \ I. Let k > 15 be an odd integer. We say that
a path v € Ty is nice if it is good (i.e. in the notation of Definition 2.1, the event

y = ﬂ0<i<% Ai(y) occurs) and y NI C Ty. Let W, be the union of all nice
paths in T'.

Lemma 2.8. There exist some b > 1 and c2 > 0 (both independent of k) such that
P [[W,x| > b*] > ca/do, for all odd k > 15. (2.14)

Proof: Let v = (y0,...,7) € I'y. Let C, be the event that v is nice. For any
0<i< % such that I N {vy2;,v2:+1} is non-empty, set f; = 2i and g; = 2i + 1
if yo; € I and set f; = 2i+ 1 and g; = 2i if yo01 € I. For 0 < i < 51 let
Di(v) = Ai() if I N {v2i,72i+1} is empty. Otherwise, set D;(7y) be the event that
vf, and g, are both younger than all their neighbors not lying in « (resp.) and
that -y, is younger than v,. A simple calculation, similar to (2.5), shows that
4P[D,(vy)] > P[A,], for all i. Note that D, := ﬂ0<i<% D;(v) C C,, and that

Do(v), D1(7), - .., D%( ) are jointly independent. Consequently,
P[D,] > P[A,]4~ 1AM, (2.15)

1 B
Similarly to (2.1), set w(vy) := |d, Hf;ll(dw - 1)} , Y, = Wj” and Zj =

> Y,.
YETL ° 7Y
Let 7,7 € Ty be such that |y A+/| € {2i,2¢ + 1}. If F, ,» be the event that
B, occurs and that if {v2;,v2i41} NI or {74;,75; 41 } N1 are non-empty, then vy, is
younger than 7, or 7}, is younger than v, , respectively. Then 2P[F, /] > P[B, /]
and similarly to (2.8), we have that
P[D,N Dy _ P[F, /]
P[D,P[Dy] = PID:(MIP[D:i(y)] [To<r<i PIDi(7)]

Similarly to the proof of Theorem 2.3, we have that

(2.16)

E[Z}] < dy/4ca, for some constant cg > 0.

Hence by the Paley-Zygmund inequality (Theorem 6.2), P[Z), > 1/2] > cody*

Note that by (2.15), (2.5) and (2.6) together with the independence of Ag(y), ...,

Ag—1(7), we have 1:1,”[8)] < b7%/2 for some constant b > 1 independent of k, for any
2 v _

v € T, . Hence on the event Zj > 1/2, it must be the case that |W,, x| > b¥. O

3. The first 2 layers

In this section we show that for any locally finite graph G with a countable vertex
set, all connected components of T5 are a.s. finite. This demonstrates that although
the marginal probabilities in 75 would be super-critical in the independent setup,
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for any infinite connected bounded degree tree, the dependencies affect the global
properties of T5. We start with a simple lemma.

Lemma 3.1. Given G = (V, E) let v = (v1,...,vs) be a simple path in G. Sup-
pose that {v1,...,vs} C To(G) and min(X,,,...,X,.) = X,,. Then the sequence
Xy sy Xo, 08 monotonically increasing. Moreover, for all 2 < i € [s], v; = {v; :
j€li—2]}. Consequently, To(G) is a.s. a forest.

Proof: If the sequence was not increasing, there would be a vertex v, € v such that
Xy, > Xy, and X, > X, ,. But by the definition of T, it cannot be the case
that v, belongs to T5, a contradiction! Now, if 2 < v; ~ v; for some j € [i — 2],
then using the monotonicity which was just established, X,, < X,,_, < X,,, so it
cannot be the case that v; € T5. O

As a warm-up, we first consider the case that G = (V| F) is of bounded degree,
as it is significantly simpler.

Theorem 3.2. Let G be a graph with a countable vertex set V and max,cy d,, =:
A < 0. Then, P[T2(G) has an infinite connected component] = 0.

Proof: We may assume w.l.o.g. that GG is connected. By Lemma 3.1, the event that
v € V belongs to an infinite cluster of 75 is equal to the event that there exists
some v € I'y o such that X, < X, for all ¢+ € N and that v C 7. Call the
previous event [, .

We now show that P[I, ] =0, for all v € V. Fix some v € V. For every n € N
we define I", ,, to be the collection of all v € T, ,, such that d,, > 2 and ~; = v;,
forall2</¢<n+landalll1<j<i—2<n-—1. ForeveryyeI!  wedefine
L. to be the event that v C T> and that v is the youngest vertex in ~. Define
Iy = Uvel“; . L,. By Lemma 3.1

i1

1
P[L'Y] S m, for all Yy S F’/U,’IN for all n. (31)

Clearly, |}, ,| < A". Hence by (3.1) and a union bound over all y € T
that

!/
v,n’

we get

An
Pll,n) < ———— — 0, as n — oc.
’ (n+1)!
By Lemma 3.1, the decreasing intersection ﬂn21 I, equals I 0. So P[I, o] =0,
for all v € V. We are done, since P[T5 has an infinite cluster] < Y i, P[I, o] =
O

0.

Theorem 3.3. Let G = (V, E) be a locally finite graph with a countable vertezx set
V. Then, P[T2(G) has an infinite connected component] = 0.

Proof: For all v € V and n € N we define I, , and I7, ,, as in the proof of The-
orem 3.2. As in the proof of Theorem 3.2, it suffices to show that P[I,,] — 0,
as n — oo, for all v € V. Instead of a straightforward union bound over all
v € F;)n, which is difficult to perform in the non-bounded degree setup, we per-
form a weighted first moment calculation which gives rise to a recurrence relation
with respect to n.

Fix some v € V with d, > 1. For every n > 1, we define

n d., d, +d,  —1
w(0) = T (7255) (B2), orevny im0 =) €T

’Yi_l
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We will show that

min k(y) = 00, asn — oo. (3.2)
VEL,

For every v € I‘;yn let L., be the event that v C T and that v has the minimal age
inv. Let Y, := 17 . We will show that for all n € N,

E Z k(7)Y,| < M, for some constant M = M (v), independent of n. (3.3)
YEY
Note that (3.3) in conjunction with (3.2) imply that lim, . E {Z'yel“’ Y’v] =0.
In particular, a union bound over all v € F;)n yields that

Pll,»] =P U L, < Z P[L,]=E Z Y,| =0, as n — oo,
YET, n VELS, YET, n

from which the assertion of the theorem follows.
We now prove (3.2). For all 1 < m € N we define n(m) to be the minimal integer
satisfying (1+—2—=)""~1 > m. Ify €T’ and max{d, : u € v} < md,, then

md,—1 v,n(m)
by the choice of n(m), we get that £(7) > [[,e\ 10 % > (14 —A)m=1 >,
We now show that for every v € T with max{d,, : v € v} > md,, we also

v,n(m)
) Consider

!
v,n(m

J:={1<iec[n+1]:d,y, >d,, forall je[i—1]}.

have that k() > m. Fix some v € T’

We can order the elements of J, as follows: J = {i1,i2,...,ix} (k =|J|), such that
if 1 < s <t <k, then the degree of v;_ is smaller than that of v;,. For typographical
reasons, for any s € [k] we denote us := ~;, and set ug = v.

Note that if 1 <z <y < 2, then x+271 ytz—l ””Jr;*l. Whence by induction,

y
Hle ""”:ij"*l > "Otg)’“_l, for any integers 1 < ng < nj < --- < ng. Thus,
dy,  +dy, —1 du  +dy, —1
iy [ Dt =L T e e )
Yis—1 Us—1
s€[k] s€([k]

> dyy + dy,, — 1 > max{d, : u € v} > m,
du, dy
as claimed. This establishes (3.2).

We now prove (3.3). Fix some n > 2 and some v € I ,,. Let B, be the event
that X, < X,,,, foralli € [n] and that for all 1 < i < n+1 we have that X, < X,
for all w ¢ « such that w ~ 7;. By Lemma 3.1, B, D L. For every 1 < i < n, we
denote

Ti(y) :=A{w s d(w{vi, virr, - }) < TP\ {via}
Set Ti(y) := Ta(y) U {v}. For i € [n] let Ci(y) be the event that ~; is the
youngest vertex in Tj(y). Note that B, = ()i, C;(v). Observe that the events
C1(7), ..., Cn(y) are mutually independent. One way to see this is to note that
the conditional distribution of (X, : u € Ti+1(7)), given C1(¥),...,Ci(y) and
(X, : j €[i]), is that of independent Uniform(X,, 1] random variables. Alterna-
tively, this follows from the fact that all orderings of T4 (y) (with respect to the ages
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of the vertices of T1(7y)) are equally likely. Thus,
1

Let m(y) := {u~ yni1 s d(u, {5 : j € [n]}) > 2} Forevery 7" := (31,72, -+ Yn2)
€ I, .41 we denote ¥'|jp1) := (91,5 741)- From the definition of T7, .y, if
v € Ty my1 is such that 4|, 1) = 7, then 7;,,5 € m(y). Moreover, the following

hold. L s )
n n + Yn+1
k(YY) = K(y) :
(d7n+1 - 1)d'Yn
ITi(v)] < |Ti(y")|, for all i € [n — 1],
ITos1(Y)] = dypiys [ Ta(V)| = dy,, and [T (7)| > doy,, + [m(7)],

(3.4)

Im(y)| < dy,,, — 1.
Hence, by (3.4) we have
n+1
> P[B, k(') = > s(v) [T 11T
Y EL, 1Y lnr11=Y YETY, Y =7 i=1
dn (d n+dn _1) - — Tn")/
< k(y) = +(1d T f); H|Ti(7)| ' Z %
e s VE, ¥ =y T
d (d,, +d -1 d
< R(y) i e - ndd P[B,]|m T < P[B,]x(%).
= (’7) (d'WH,l _ 1)d'yn [ ’Y]l (7)|d'yn+1 (d'yn + |m(7)|) — [ ’Y] (’7() )
3.5

Denote Z, := 1p_. From (3.5) we get the following recurrence relation,

E| Y s()Z/|<E| ) >, k(') 2y

Y ET, nia LYEL n Y ED, Y [t 1=

- (3.6)
<E Z k(1) Zy

Iterating, we get that E [EV/EF;’TL+1 ,{(7/)27/] <E [ZW'EFM H(V’)Z'y’} =: M(v),
for every 1 < n € N. This implies (3.3), since Yy, < Z,, for all 4/ € T'y n41 (as
By D Ly). O

4. The first 4 layers in Z¢
For every 1 <i<d, let e; € Z% be the vector whose ith co-ordinate is 1 and the
rest of its co-ordinates are 0. Let
78 = {(w1,...,2q) € Z%: 2, > 0,i € [d]}.

In this section we prove the following theorem, whose assertion is stronger than
that of Theorem 1.4.

Theorem 4.1. For all sufficiently large d, the vertez-induced graph on Ty(Z%) ﬂZ‘i
a.s. contains an infinite path (vi,va,...), such that viy1 —v; € {e; : j € [d]}, for
all 7.
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In the proof of Theorem 4.1 we use a variant of the EIT method, introduced in
Cox and Durrett (1983). Cox and Durrett attribute the argument to Harry Kesten.
As a warm-up, we first present in Lemma 4.4, a calculation taken from Cox and
Durrett (1983). We do not use Lemma 4.4 and we present it and its proof since the
proof of Lemma 4.5 uses some of the calculations from the proof of Lemma 4.4.

Definition 4.2 (EIT). Let p be a probability measure on infinite simple paths in
a graph G. Let @ € (0,1). We say that u has EIT(«), if there exists some C' > 0
such that for all k € N,

px p({(v:7") [y N > kY) < Cak,
where |y N ~'| is the number of vertices the paths v and 4’ have in common. In
simple words, the probability that two paths chosen independently, each from the
distribution g, will have at least k& common vertices, is at most Co*. If such u
exists, we say that G admits random paths with EIT(a). The same definition
applies when G is an oriented graph and the paths are oriented paths.

Definition 4.3. Consider a random walk with initial position 0 := (0,0,...,0),
whose increments distribution is the uniform distribution on {e; : ¢ € [d]}. Let uq
be the probability measure corresponding to the infinite trajectory of this random
walk. Then 4 is called the uniform distribution on monotone paths in Z*. We call
a path v a monotone path if y,41 —v; € {e; : j € [d]}, for all i € N. We denote the
collection of all monotone paths of length k starting from 0 by I'}'°".

Lemma 4.4. pi4 has EIT(ay) for some ag = 1/d+(1/d)>+O(d=3), for any d > 4.

Proof: Let (Sk)72, and (S},)72, be two independent random walks with distribu-
tion pg. Let 7:=inf{k > 1:S, = S;}. Then,

P(r=1)=d ",
P(r=2)=d?*-d>?, (4.1)
P(r =3) < 3d3,
as
P(r=3)=

< 3d73.
By the independence of (Sk)32, and (S},)72,
(T_k)<PSk—Sk ZPSk—I )
< maxP(Sk = 1), for any k > 4.

If 4 < k < d, then for any z € Z‘i, with d(x,0) = k, we have

k
P(S, =) = <x1 xd) d=F < Ekla=*. (4.3)

Since the right hand side of (4.3) is non-increasing in k for 4 < k < d, (4.2)-(4.3)
imply that,

d
PA<rT<d) <) Kd*<4ld*+5d°+(d—6)6ld°=0(d*).  (44)
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If df < k < d({+1) for some ¢ € N, then for any z € Z4 with d(z,0) = k,

k _ k! —k
P(Sk:I): (xl,...,l'd)d = pld— k+d€(g+1)|k déd
_ 4.5
o) " de _ (an)! (4.5)
gt bl d(l +1) — Qldgde
By Stirling’s formula (e.g. Feller, 1971 page 54),
|
e 1/13 < _ <1, forallneN.
ne "/2mwn
Plugging this estimate in (4.5), we get by (4.2) that:
P(r>d) <) P(dl<7<d(l+1)) deg
=1 =1
(4.6)

112

()" d@md)' 2 s o — Z ey
i (Pte=13/270)dda

~
Il

The last sum is finite since d > 4. Since e'/13 < /27, the last expression approaches
zero exponentially rapidly as d — oo.

In conclusion, P(T < 00) < 1/d + (1/d)? + O(d=?). The assertion of the lemma
now follows from the strong Markov property, applied to the random walk (Sy —
Sk)izo- O

We adopt the convention that for any i € N, O(d~%) can be a negative term
whose absolute value is O(d™%) in the usual sense.

Lemma 4.5. Let (S)2, and (S},)52, be two independent random walks with dis-
tribution pg. Denote

p12.3.4:=P[{In>2,d(S,,S]) =2} | S2=e1 +e3,5 = ea+ e4),
p12:=P[{3n > 2,d(S,, S},) = 2} | Sa = 2e1,55 = 2ey],
p123:=P[{In > 2,d(Sn, S},) =2} | Sa = 2¢1, 5% := ez + e3],
as :=P[{3n > 1,d(S,,S),) =0} | S1 = e1,5] = ea].

Then,

ax =d 24+ 0(d?),
pr2=d >+ 0(d?),
3

(4.7)
P23 =2d"2+0(d7?),
p1721374 = 4d + O(d 3)
Proof: Let 7 :=inf{k > 1: S5, =S}, }. By symmetry of the lattice
Pl d=24+0(d3
4y =Plr<oo|r>1)=hsr<od dFHOWT) oo g3y

Plr>1 1-d!

Let 7' := 7 — 4. Note that if d(S2,5%) = 4, then 7/ > 0. Moreover, P[7/ = 0 |
(S2,85) = (2e1,2e2)] = d~%, P[7/ = 0| (S2,5%) = (2e1,e2 + e3)] = 2d~* and
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P[r' =0 (S2,55) = (e1 + e3,ea + e4)] = 4d~*. Similarly to the proof of Lemma
4.4, for any (z,2') € {(2e1,2e2), (2e1,e2 + e3), (e1 + e3,e2 + e4)} we have that
Pl< 7/ <oo|(82,8) = (2,2)] < ) PlSkt2 = Spyo =01(52,9) = (2,2)] =
k=3
D PSk— S =2 —2] <3%d° +4Pd70 + ) maxP(S; = z) = O(d"°).
k=3 k=5
By the strong Markov property,
Pl <00 (82,5%) = (2e1,2e2)]  d™*+0O(d?)
p1.2:= 3 T d2+0(d )

The proofs of the last two equations in (4.7) are concluded in the same manner. O

=d?+0(d™).

Proof of Theorem j.1: Let v € I'5°", (where I'f}*", is as in Definition 4.3). To
have symmetry in our construction, for reasons that shall soon be clear, we define
Yo := —e1 and Yop41 = Y21 + €1. For any i € [k], we define

M2i*1(7) = |{u ~Y2i—-1 U 7£ Y2i—2, Xy < X'Y2i—1}|7

and
Mai(v) == {u ~ vy2i 1 u # Y2i1, Xu < X, H-
Define
Ai(7) = {M2i—1(7) < 2} N {Mai(y) < 2},
and denote i
A(y) = () Ai().
i=1

By construction, on A(y), 7 is contained in Ty(Z%). Notice that y9;_; and ~y2; do
not have a common neighbor, for all ¢ € [k]. Whence, similarly to the proof of
Theorem 2.3, we can calculate P[A;(~y)] by a direct calculation which is completely
elementary.

Proposition 4.6. For alli € [k] we have that P[A;(7)] > (a/d)? for some absolute
constant a > 1.

Proof of Proposition /J.0: For the sake of concreteness, we show that for i € [k],

2N (2d — 3) 3(2d — 3)
PlAi()] = (2d— 1) T - 2ad—3)ed—1) T @i—24d—3)ad—5)
9
>8F'

Before explaining this inequality we note that the exact term 9/8 shall not be used
in what comes. Denote

Mj’(v) =Hu~yjcudy, Xo < Xy}, j=20—1,2i

The first term above comes from the case that M3, ;(v), M3, (y) < 1. The middle
term comes from the case that M, (v) = 2, M3, ,(v) <1 and ~9; is younger than
all of the vertices in {u: u ~ y2;-1,u ¢ v} U {72;—1} and the corresponding case in
which the roles of 2¢ and 2¢ — 1 are reversed. The last term comes from the case
that M4, (y) =2, Mj,_,(v) = 1 and the unique neighbor of 72,1 not belonging to
~ which is younger than vs;_1 is also younger than 7,; which in turn is younger
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than ~y;_1, together with the corresponding case where the roles of 2i and 27 — 1
are reversed. (]

Note that the events A1 (), ..., Ax(y) are usually not independent, since vertices
of distance two in  can have a common neighbor. Hence we need the following
proposition. Recall that in our convention v ~ A C V iff d(v, A) = 1 (in particular

v ¢ A).

Proposition 4.7. Let v € I'5*",. Denote X := (X, :a~7), Y = (X, :uen).

(i) The events A1(7),..., Ax(y) are positively correlated.
(ii) The conditional distribution of X, given A(7y), stochastically dominates its
unconditional distribution.

Proof of Proposition 4.7: Fix some ~y := (v1,...,v2) € ', Let [0,1]7
(resp. [0, 1]{#:@~7}) be the collection of vectors whose co-ordinates take values in
[0,1] and are labeled by the set v (resp. {a : a ~~}). For any j € [k], let f;(X,Y)
be the indicator of A;(y). Observe that fi(X',Y’),..., fr(X',Y’) are increasing
functions of X’ (X’ € [0, 1]{¢:e~7}), for any fixed Y’ € [0,1]7.

For any w € {1,2}*, we define a partial order <., on v as follows. For any j € [k],
if w(j) = 1, then vy; <y v2;—1 and if w(j) = 2, then vej_1 <y ve; (and these are
the only relations in <,,). Let S, be the event that for all i € [k], X,,, , < X,
iff vg; 1 <4 voi. For any w € {1,2}* let Y,, be a random vector distributed as Y’
conditioned on S,,. Denote by Ex the expectation with respect to X where Y (or
Y, ) is treated as a constant vector. For each w € {1,2}*, we say that Z € [0,1]"
respects <y, if va,l < va. i vo; 1 < V95

Let Z1,Z, € [0,1]7 and w € {1,2}*. Note that if Z; > Z, coordinate-wise and
both vectors respect <., then for any j € [k], f;(X', Z2) > f;(X', Z1), for all X' €
[0, 1]{@:@~7} . Consequently, Ex[f;(X,Y,)] (a shorthand for Ex[f;j(X,Y) | S,]) is
a decreasing function of Y,,, for any j € [k] and w € {1,2}*. Let Ey, be the
expectation with respect to Y conditioned on S, (that is, Ey, [] = Ey[- | Su]).
Observe that by symmetry we have that

P[A;(7) | Sw] = P[Ai(7)], for any i € [k] and w € {1,2}".

Let G(X) be the indicator function of some increasing event B with respect to
X. By an application of the FKG inequality (first and second inequalities) and of
the correlation inequality for affiliated random variables from Theorem 6.4 (third
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inequality) we have that,

P[BQA(V)mSw]:P[Sw]EYw,X g H fJ X Y
JE[K]

= P[Su|Ey, BEx |9(X) [] £i(X.Yw)| > PSLIE[g(X)|Ey,Ex | [] £(X.Y.)
JE[K] JE[K]

> Elg(X)|P[Su|By, | [] Bxlf;(X.Y)]| > PBIPIS.] ] Bv, Ex[f;(X,Y.)
JE[K] J€Elk]

Su] ] PlA Su] [] PlA
jelk] JE[K]
(4.8)

Taking B to equal the entire probability space and summing over all w € {1,2}*
give that

N 4| =]]PA (4.9)

JE[K] JE[K]
Similarly, for any disjoint I;,Is C [k], by repeating the calculations in (4.8) and
the reasoning leading to (4.9), one can show that if we denote J; := ﬂ er, 4i(v)
(1 =1,2), then
P[J1 N J3] > P[J1]P[J3]. (4.10)
4.8),

Moreover, by the first inequality in (

P [BNA(Y) N Sw] > PISLJE[g(X)|Ey, Ex | [] £i(X,Yw)| =P[BIP[A(y) N Su),

Jek]
for any w € {1,2}*]. Summing over all w we get that P [B | A(y)] > P[B]. O
Set
Lags)
= for all v € TR, and Zj, := [T'5o" | ™! Y5. 4.11
v P[A(")/)] -1 1| Z ( )

YE€l2k—1

Clearly E[Z;] = 1. Similarly to the proof of Theorem 2.3, in order to prove the
assertion of Theorem 4.1 it suffices to show that for some positive constant 8 (which
may depend only on d) we have that

E[Z}] < B, (4.12)
since then, by Cauchy-Schwarz inequality (or Theorem 6.2 for r = 0)

1

P[Z; > 0] > E[Z,%]

> Bt >0. (4.13)

The event that Ty (Z) ﬁZi contains an infinite monotone path is a tail event. Since
it contains the decreasing intersection of the events ({Z; > 0} : k € N), (4.13) and
the 0-1 law of Lemma 2.5 imply the assertion of the theorem.
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Let v = (v1,...,v),y = (v},...,v5) € T5",. As in the proof of Theo-
rem 2.3, in order to estimate E[Z?] from above, we need to estimate P[A(y) N
A(]/(PIA()IP[A(7)]) from above.

As before, set vo, vy := —ey and vy, | 1= vy, 4-e1, Vary1 = vor+e1. Observe that
if i € [2k] and d(v;, v;) = 2, then given A(v), the conditional distribution of X, is
different than its unconditional distribution only if d(v}, {vi—1,vi+1}) = 1, in which
case by Proposition 4.7 (ii), its conditional distribution stochastically dominates
its unconditional distribution. This can only decrease the probability of the event
Api21(7') (hence plays in our favor).

For any i € [2k], set

Ni(7,7) = Nii={u~ v s u @ 7 U{vggq ), d(u,y) <13 (4.14)
If d(vi, v;) = 2, then |N;| < 4. Note that if d(v;, v}) = 2, then the distribution of X,
and of (X, :u ~ v},u ¢ N; U~) is unaffected by the occurrence of the event A(y).
Similarly to the proof of Theorem 2.3 where we considered the event B, ./, we now
define an event which contains A(y’), whose conditional distribution, given A(7),
is easier to estimate than that of A(v'). We define M;(v') in an analogous manner
to the definition of M;(vy). Namely, Ma;—1(v') := [{u ~ vh;_; : u # vh;_5, Xy <
Xyt and Mai(7') i= [{u ~ vy; : u # vy 1, Xy < X,y }|. For any j € [2k], we
define

Mj(7)7 d(’Uj,’U;) =0,
Kj:=qH{u~vj:ugyUN;u=y\{vj}, Xy < XU;}|, d(v;,v5) =2, (4.15)
M;(v'), d(vj,v}) > 2.

Define C; = Cj(v,7') == {K; < 2} and C' = C(7,7') := (Niepor) C5- Note that
A(y) N C D A(y) N A(y'). Using the above observations, we get the following
inequality.

Proposition 4.8. Assume d > 4. Let a be as in Proposition 4.0. Let jo,jo € N be
such that jo + jo < 2k. Assume that v; = v}, for any 1 < i < jo, that d(v;,v)) = 2,
for any jo + 1 < i < jo + j2, and that d(v;,v}) > 4, for any jo + jo + 1 < i < 2k.
Then there exists an absolute constant a’ such that 1 < a’ < a and

) 3d J2
PIA(y) N C(y, )] < PAMIP AW (d/d' )" | o] - (4.16)
a'(2d —7)

We note that the exact value of a’ is not important for our application, and the
key point is that d/a’ < d and that for d > 8, we have that #;*7) <d/3 <pt
where in the notation of Lemmata 4.4 and 4.5, p := P[d(Siy1, S7,,) = 2| d(S;, S}) =
2].

Proof of Proposition /.5: For simplicity, assume that both jy and jo are divisible
by 2, in which case we can take a’ = a. The other cases are treated in an analogous
manner and the possible small difference in the probabilities between the cases can
be absorbed by taking some sufficiently smaller a’ such that 1 < @’ < a.

We first observe that by construction (namely, by (4.15)) if jo +j2 +1 < 25 — 1,
then OQj*l n OQj = Aj (’}//) Denote,

Jo Jo+j2 2k—1
DO = ﬂ Oj, DQ = ﬂ Oj and D24 = ﬂ Cj.

j=1 Jj=jo+1 Jj=jo+j2+1
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We argue that the events A(y) N Dy and D>4 are independent. To see this, first
note that d({v} : jo +j2+1 < i <2k—1},7v) > 3. From the definition of K in the
case that d(vj,v}) = 2, the event Dy does not depend on the ages of the vertices in
{v}:jo+j2+1<i<2k—1} and also does not depend on the ages of any of their
neighbors, apart from v, whose age is irrelevant for D>4.

Jo+j2°
Moreover, from the definition of K; when d(v;,v}) = 0, Dy C A(y). Hence

P[A(7) N C] = P[A(y) N Dy N Dx4] = P[A(Y)]P[D2 | A(7)IP[D>4] (4.17)

Let (X!, : jo+1 < j < jo+j2) be i.i.d. Uniform[0, 1] random variables, independent
J
of (X, : v € Z%). For any jo+ 1 < j < jo + j2, denote

Fi(y,y) = Fj == {u~vj:u ¢y UNjue (v \{vj})}
(where the set NN is defined in (4.14)) and set
Ki:=H{ueFj: X, < X;;}|

Define

Jo+7i2

Bj:={Kj<2}andset B:= (| B;.

Jj=jo+1
Note that by construction |F};| > 2d — 8, for any jo+1 < j < jo + j2. Moreover, by
construction, the sets Fj i1,..., Fj 4, are disjoint and are also disjoint from the
set of vertices that the event A(vy) depends on their ages. Using this and Proposition
4.7 (ii) we get that

3 J2
PWﬂA@HSPBLMMS(%:7)- (4.18)
Denote
oz oy
Av= (] 40 4= () AN and Aza= () 4.
j€ljo/2] JE[2 41) JE[L +1]

Note that A>4 = D>4. By Proposition 4.6, P[Ag] > (a/d)?, P[As] > (a/d)’?. By
(4.10) the events Ag, A2 and A4 are positively correlated. Thus by (4.17) and
(4.18) we get that

3

J2
zxz) P (D=4l

Hmwmmgpmmﬂ(

< PGP 14d] (@/a)"P L4z (@) (52 ) Pl

. 3d J2
<P[AM)P[AM)] (d/a)® | ——=] . O
<PUGIP UG @/ (o5
Denote the uniform distribution on I';; by v2;_1. Denote the expectation opera-

tor with respect to vag_1 X vak—1 by Eog_1 X Eag_1. Pick two paths v = (v1,...,vak)
and 7' = (v}, ...,v5,) in I'5°" according to var—1 X Vag—1, where the choice of the
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paths is done independently of the layers model, that is, independently of the ages
of the vertices. Recall the definition of Zj in (4.11). Observe that

Bz =g 2 S DADNAR) P[A() N A(Y)]

PLAMIPIAGY)] 2t X B | ) [PIA(y)

¥,y €Tk 1
P[A(7) N C(7,7)]
< Eg;p—1 X Eg [ =: Pk,
PA(7)[P[A(Y)]
(4.19)
where the probability inside the expectation is taken with respect to the layers

model for fixed v,~" € T'5}?", and the expectation outside indicates that we take an

average according to random -y, v’ picked according to vop_1 X Va5_1, independently
of the layers model. By (4.13) and (4.19), we only need to find a constant S > 0
such that for any k, wy < 8. We find such 8 by combining Proposition 4.8 with
Lemma 4.5.

Let v = (v1,...,v2;) and v = (v1,...,v),) be random paths in I'5}°", chosen
according to vo_1 X vgr_1. We say that v and 4/ are at distance r at time 7 if
d(v;,v}) = r. We think about the paths as being exposed one vertex at a time
according to the random walks from Definition 4.3. Notice that for any ¢ € [2k],
d(vi,y") > d(vi,v;) — 1. Whenever v;_1 # v,_; but v; = v}, v and 7 intersect
each other for a random number of times (including time ) which is stochastically
dominated by a Geometric(1 — d~!) random variable.

Whenever the two paths are at distance 2 from each other, they have a chance
of % to stay at distance 2 in the next step. Thus, similarly to the previous
case, whenever d(v;_1,v,_;) # 2, but d(v;,v;) = 2, the two paths stay at distance
2 from each other for a random number of steps which is stochastically dominated
by a Geometric(1 — 3d~!) random variable. If d(v;,v}) = 2, then the conditional
probability that v;11 = vj , given that d(vit1,vj ;) # 2 is by (4.7) (and the
symmetry of the lattice)

d—2
0= 1734~ 4)d—2

Similarly, if d(v;,v;) = 2 then the conditional probability that d(viy1,vj,,) = 4,
given that d(viy1,vj, ) # 2, is

qoa:=1—d?—0(d™?).

Once the paths reach distance 4 from each other, by (4.7) (and the symmetry of
the lattice) the probability that the paths will ever be at distance 2 again is at most

Qo =4d 2 +0(d™?).

So the number of times the two paths will ever return from distance 4 to distance
2 is stochastically dominated by a Geometric(1 —4d~2 — O(d~?)) random variable.
As long as the paths are at distance at least 4, the events A;(y) and Ca;—;(v,7') N
Cyi(v,v") = A;(v) are independent. Hence, the only contributions to py come from
time intervals in which the paths stay at distance 0 from each other and from time
intervals in which the paths stay at distance 2 from each other. To be more precise,
one can extend Proposition 4.7 to cover also cases in which there may be several
time intervals in which the paths are at distance 0 or 2, where now jg and js would
be the total number of steps that the paths spend at distance 0 and 2, respectively,
from each other, so that (4.16) still holds. We omit the details.

=d?+0(d™).
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Let so = so(7,7') and s2 = s2(7,7’) be the number of time intervals in which
the paths are at distance 0 or 2 from each other, respectively. Set

— § ' NI =i+l —
Do : j>1(d/a’) d da/_17
_ 3d \’ - 3d 1 (4.20)
pei= X (rss ) G = ( ) -
2 ; <al(2d_7)> al(2d_7) 1—%

We now analyze the contribution to pi coming from the time intervals in which the
paths are at distance 0 or 2 from each other, respectively. Again, we employ the
random walk interpretation and think about v and 7’ as being exposed one vertex
at a time. By (4.16) and the aforementioned stochastic dominations by Geometric
random variables, each time interval in which the paths are at distance 0 or 2
contributes to pg a multiplicative term of at most pg or ps, respectively. Moreover,
since in the case k = oo, given (sg, s2), the lengths of the different time intervals
are independent, then given (sg, s2), the total contribution of all the different time
intervals is bounded by p°p52. Whence, in order to bound wy, it suffices to bound
Eop 1 X Bop_1 [pgo(’%’)’l)p;ﬂ’Yﬁ,) '

Let 2,0, 92,4,q4,2 be as above. Consider the following Markov chain with state
space {0,2,4,00}, whose initial state is 0. If the current state of the chain is 0,
then the next state is 2 w.p. 1. If the current state of the chain is 2, then the next
state is 0 w.p. g20 = d~2 + O(d~3) and otherwise (w.p. g2.4) it is 4. If the current
state of the chain is 4, then w.p. q4.00 := 1 —qs2 = 1 —4d™2 4+ O(d~3) the chain
moves to an absorbing state co and otherwise (w.p. ¢s2) it moves to state 2. Let
ro, T2 be the number of times this chain visits states 0 and 2, respectively, before
getting absorbed in co. Note that for any 1 < ko < ks € N

Plro = ko,r2 = ko] = q§°0 1q4]f2z " 4,00

= [d—2 + O(d_3)]ko 1[4d + O(d—3)]k2—k0 [1 442 i O(d_3)], (4.21)

By the above analysis, (rg,72) stochastically dominates (so(7,7v'), s2(,7’)), when
(7,7") is picked according to vog—1 X vor—1. Let d be sufficiently large so that
po,p2 > 1. Using the aforementioned stochastic domination on the increasing

function f(zo,x2) = p;°p5* in conjunction with (4.20) and (4.21), we get that

pr< > PP Plso = ko, 52 = ko] < D peepsPlro = ko, 2 = k] < bpopa =: B,

ko,k2 ko, k2
(4.22)
for some absolute constant b. This was noted earlier to imply (4.13), which con-
cludes the proof by the paragraph following (4.13). (]

5. The first 3 layers in random graphs

In this section we prove Theorem 1.6. Our approach utilizes an auxiliary random
graph, similar to an auxiliary construction considered in Feige et al. (2016).

5.1. Preliminaries. A connected component that contains a linear fraction of the
vertices of a graph is commonly referred to as a giant component. There has been
extensive work on the formation of giant components in random graph models and
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in percolation on random graphs (see for example Fountoulakis, 2007; Krivelevich
and Sudakov, 2013; Janson, 2009; Molloy and Reed, 1995).

We now state a few basic facts about random graphs with a given degree sequence.
Let d be a non-increasing sequence of n nonnegative integers and let d; be the ith
element of d. Throughout, we assume that > d; is even and that d; < d for some
d which does not depend on n.

We consider the random graph model G,, 7 in which a graph is sampled according
to the uniform distribution over all graphs labeled by the set [n] in which vertex
¢ has degree d;. We indicate that a random graph G has such a distribution by
writing G ~ G, 5. If G ~ G, ; we say that G is a random graph with a given
degree sequence d. In practice, we consider a sequence of degree sequences d(n),
where d(n) = (di(n),...,dx,(n)), and a sequence of graphs G,, ~ Gk, .d(n)> Where
limy, oo kn, = 00. We hide the dependence on n from our notation.

An intimately related model to G, ; is the configuration model P,, ;, which is a
model for generating a random multigraph whose vertex set is labeled by [n] and
vertex ¢ has d; “half-edges”. The half-edges are combined into edges by choosing
uniformly at random a matching of all “half-edges”. We indicate that a random
multigraph G has such a distribution by writing G ~ P, ;.

Given a multigraph sampled according to the configuration model, Molloy and
Reed (1995) provide a criterion for the existence of a giant component. We refer
to the condition in the Theorem 5.1 as the Molloy-Reed condition. The exact
statement of their result involves some technical conditions and parameters that
are omitted here due to our bounded degree setup.

Theorem 5.1. Let (d(n) : n € N) be a sequence of degree sequences. Assume that

sup,, d1(n) < co. Denote by \;(n) the fraction of vertices of degree i in d(n). Let

Qd(n)) =Y Xi(n)ili - 2).

i>1

Assume further that Q(d(n)) > € > 0 for all sufficiently large n. Let G, ~ P dn)-
Then the probability of G, not having a giant component is exponentially small in
n.

We now state a few elementary facts about G, ; and P, ; and their relations

(see e.g. Wormald, 1999 Theorem 2.6). We say that a set of variables XZ-(n) for ¢
in some finite set I, defined on a sequence of probability spaces indexed by n are
asymptotically independent Poisson with means A; if their joint distribution tends
to that of independent Poisson variables whose means are fixed numbers ;. When
d = (d,d,...,d) is the fixed sequence, we write G, 4 and P, 4 instead of Gn.q and
P,,.q> respectively.

Theorem 5.2. (i) Letd > 3. Let Xl-(n) be the number of cycles of length i in
Gn,d ~ Pn,a. Then Xl(n)7 e ,X]g") are asymptotically independent Poisson
with means \; := (d — 1)*/2i, for all k > 1.

(ii) Let d = (di,...,d,) be a degree sequence with di < d. Let Yi(n) be the
number of cycles of length i in G, 5 ~ P, g Then for all n and k > 1,
the joint distribution of Yl("), e ,Yk(") is stochastically dominated by that
ole("), . ,X,gn) from part (i).
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(iii) Let G, g~ P, q- Let Y;(n) be as in (ii). Given Y1 = Yo = 0, we have that
G~ Ynd

5.2. Proof of Theorem 1.0. Proof: Fix some odd k > 15 to be determined later.
Let G = ([n], E) ~ G, j for some degree sequence d := (dy, ..., dy) with dy < d. We
first argue that with probability 1 — exp(—£2(n)) there are less than = vertices
belonging to a cycle of length at most k+2 in G. Call this event F'. By part (iii) of
Theorem 5.2 it suffices to show that the same holds for H’ ~ P, ;. By Theorem 5.2
the expected number of vertices belonging to a cycle of length at most k + 2 is
O(1). Consider the exposure process of H' in which the half edges are exposed
one at a time. Consider the Doob’s martingale of the number of vertices belonging
to a cycle of length at most k£ 4+ 2 w.r.t. this exposure procedure. The increments
of this martingale can be bounded by d**2. Indeed, using the description of the
configuration model, the increments can be bounded by the maximal change in
the number of vertices belonging to a cycle of length at most k + 2 possible by
the operation of adding a single edge to a graph with degree sequence d. Indeed,
to control the increments, after exposing a certain edge by matching together its
two half-edges, we can now increase the number of half-edges at the corresponding
vertices by one (or 2 if the exposed edge was a self loop) and the distribution of the
remaining edges will remain unaffected. This idea can be used for bounding the
increments both from above and below (we leave the details as an exercise). Hence,
using Azuma inequality we obtain the desired bound.

On the event F, there exist a constant ¢ = ¢(d) and a set I C [n] with |I| > ¢n
such that every two vertices in I are of distance at least 15 from one another and
the ball of radius k 4+ 2 around each of them does not contain a cycle. Thus on the
event F, there are two sets A, B both of size [¢n] such that every vertex in A is
adjacent to exactly one vertex in B (and vice versa) and the ball of radius k + 1
around every vertex in A U B does not contain a cycle.

Assuming the event F' occurs, fix such sets A, B. Consider the graph G’ obtained
by removing from G all the edges between A and B. Denote the set of deleted edges
by M. Note that given G’ and the set D := A U B, the conditional distribution of
M is uniformly distributed among all perfect matchings of the set D (we assume
G, A and B are unknown and only G’ and D = AU B were exposed).

Consider the vertex-induced random subgraph of G’ (induced w.r.t. G') on the
vertex set

{uen]\D:ueT5(G)}U{ue D:ueTyG)}, denoted by R.

We use the same source of randomness to generate the ages of the vertices in T5(G)
and in T3(G"). Note that for u € [n] \ D, we have that u € T3(G") iff u € T3(G) as
the set of neighbors of u in G is the same as the set of its neighbors in G’. Also,
note that since for every u € D the set of neighbors of u in G’ is contained in the
set of its neighbors in G and is smaller by one neighbor. Hence if u € T»(G’), then
it must be the case that u € T5(QG).

Consider the following (random) set of edges M’ := {{v,u} € M : v,u € R}.
The requirement {v,u} € M implies that v,u € D and thus the requirement that
v,u € R implies that they belong to T»(G’). Whence RU M’ C T3(G), where by
R U M’ we mean the graph obtained by adding the edges of M’ to R. Hence it
suffices to show that RUM' has a giant component with probability 1—exp(—(n)).
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For every u € D let C! be the intersection of the connected component of u in
R with the set {v : dg(u,v) < k}. Notice that for every u € D, we have that C,,
depends only on the ages of the vertices of distance at most k£ + 1 from u (distance
w.r.t. the graph G’). Since (by construction) up to a distance of k + 1 from any
u € D the graph looks like a tree, by Lemma 2.8 there exist some constants ¢ > 0
and a > 1 (both independent of k) such that every u € D satisfies |C/,| > a* with
probability at least éd~!. We call a vertex u € D which satisfies |C/,| > a* good.
The occurrence or non-occurrence of the event that a vertex v € D is good can
affect the conditional probability of the event that u € D is good only for those
u € D such that deg/(v,u) < 3k. Denote the set of good vertices by Good (C D).
Let D(£) be the event that |Good| > £. By the assumption that the bound on the
maximal degree, d, is a constant, Azuma inequality (Theorem 6.1) implies that for
some constant ¢ = ¢/(d) > 0 (independent of k)

P[D(c'n) | F] > 1 — exp[—Q(n)]. (5.1)

On the event D(c¢'n)NF we have a collection of at most n/a* connected components
of R each of size at least a* and the union of these connected components contains
at least ¢'n vertices of D. If a connected component is of size greater than a*, then
in what comes we artificially treat it as several distinct connected components each
of size between a* and 2a* by partitioning it in a arbitrary manner into (disjoint)
sets of sizes between a* and 2a*. Call the collection of all “large” components of
R we obtain in this manner L (where we say a component is “large” if its size is
between a* and 2a*). Note that

dna™* <|L| <na™". (5.2)

Construct now an auxiliary (random) multigraph H with two sets of vertices,
Uy and U,. Every component in L serves as a vertex in Uy, and the number of good
D vertices in a component serves as the number of half-edges of the corresponding
Ui-vertex (to avoid confusion we shall refer to the vertices in Uy as super-vertices
(following the terminology of Feige et al., 2016). Hence, on D(¢'n) N F, we have
that ¢'n/a® < |U;| < n/a* and as every good vertex in D within a component in
L contributes one edge to the degree of the super-vertex of H corresponding to its
component in T3(G’), we get that

> du=cn. (5.3)

uelU;

The set Us consists of all the non-good vertices in D. Every vertex in Us has degree
1.

Consider now the configuration model for generating random multigraphs with
vertex set and number of half-edges for each vertex as described above and call the
resulting random multigraph H. The distribution of G given G’ and D (conditioned
on the event D(¢'n)NF whose probability is 1 —exp(—£2(n))) can be coupled with H
in a natural manner. Since the number of vertices of H (on the event D(¢'n) N F))
is Q(n), if H contains a giant component then so does T5(G). Namely, a giant
component in H of size at least dan implies a giant component in T3(G) of size at
least an.

To determine that H is likely to have a giant component we use Theorem 5.1.
We first need the following proposition taken from Feige et al. (2016).
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Proposition 5.3. Consider two vertices of degree v and v > r + 2. Then the
expression ), a;di(d; —2) > 0 decreases by replacing them by vertices of degrees
r+1andr’ —1.

Proof: Initially the contribution of the two vertices is r(r — 2) + /(' — 2). After
replacement it is (r+1)(r —1)+ (+' —1)(r' — 3), which is smaller by 2(+' —r—1). O

Observe that on D(c¢'n) N F, by (5.2) and (5.3) the average degree of a super-
vertex in U; is at least c;a® and the fraction of U; vertices in H is at least coa™*
for some constants c1,ca > 0 independent of k. Let ¢(k) := |c1a®]. We denote
the degree sequence of H = (V',E') by di(H),...,d)y/(H). The above propo-
sition, together with the fact that the expression ) .., co;d;(H)(d;(H) — 2) is a
monotone function of the d;(H)’s, implies that for the graph H, the expression
Y iso @idi(H)(di(H) — 2) is minimized (on D(c¢'n) N F') when all vertices of U; are
of degree £(k). The fraction of U, vertices of H can be bounded from above by 1.
The Molloy-Reed condition is indeed satisfied whenever k is sufficiently large, as

> aidi(H)(di(H) = 2) > 1+ (=1) + caa” (k) (L(k) — 2) > €,

i>0
for some constant € > 0. So if we fix such k£ we have that the Molloy-Reed condition
indeed holds for H. O

5.3. Possible extensions. We now discuss some technicalities related to possible
relaxations of the assumptions on the degree sequence in Theorem 1.6. We then
discuss the connection of Theorem 1.6 (and the aforementioned relaxations) to the
analysis of T5(G(n,c¢/n)). We end by discussing an alternative approach that can
cover the more general case of large girth expanders and some of the difficulties
related to that approach.

The assumption in Theorem 1.6 that the minimal degree is at least 3 could be
relaxed to allow degree 2 vertices and is present mostly for convenience. To see
this, observe that the existence of degree 2 vertices (as long as we also have some
fraction of vertices of strictly larger degree) in our random graphs setup, would
still allow one to get a parallel version of Lemma 2.8 with smaller a > 1 and larger
k. The assumption that there are no degree 1 vertices is more substantial, though
with some work the proof can be adapted to the situation where the fraction of such
vertices is sufficiently small, although this would complicate manners substantially.
The difficulty would then be showing that a parallel statement to Lemma 2.8 still
holds in such a setup.

Hence it is reasonable to expect that if ¢ > 1 is sufficiently large and G ~ G(n, )
(i.e. G is an Erdés-Rényi random graph with parameter ¢/n), then T3(G) has a giant
component w.h.p.. Note that G would not be of bounded degree, but this turns
out to not be a major difficulty (for sufficiently large d = d(c) and k = k(c) € N,
the number of vertices which would not have a vertex of degree more than d in a
ball of radius k£ around them in G is w.h.p. linear in n). We know that when ¢ — 1
is positive but sufficiently small, then w.h.p. all components of T3(G) are of size
O(logn). Whence one should expect a phase transition with respect to ¢ for the
existence of a giant component in T5(G). It is left as an open problem to verify
this and to find the critical ¢. We note that a-priori it is not clear that there is
monotonicity w.r.t. ¢ for the existence of a giant component w.h.p. in T5(G), but
we believe this is indeed the case.
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Question 5.4. Let G ~ G(n,c/n). What is the critical ¢ for the existence of a giant
component in T5(G)?
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6. Appendix

In this section we state a few theorems that where used in this work. We start
with Azuma inequality (see e.g. Theorem 13.2 in Lyons and Peres, 2016).

Lemma 6.1 (Azuma inequality). Let Xy, ..., X,, be a martingale such that for
every 1 < k < n it holds that | Xy, — Xp—1| < cx. Then for every nonnegative integer
t and real B > 0

— B2
P(X;—Xo<—B) <exp m .

The following Theorem is due to Paley and Zygmund (see e.g. Lyons and Peres,
2016 pg 162)

Theorem 6.2 (Paley and Zygmund’s inequality). If X is a random variable
with mean 1 and 0 <t < 1, then

(1-1)?

P(X >t)> EX7
Suppose that we have a countable (possibly finite) set of vertices, S, and a state
space € := RS, with the product topology and the corresponding Borel o-algebra
B. We now define the notion of stochastic domination. Given wi,ws € §2, we say
that wy < wy, whenever wq(s) < wa(s) for any s € S. We say that a measurable
function f : Q — R is increasing, whenever w; < wy €  implies f(w1) < f(w2).
When we have real valued random variables X = (X : s € S), we sometimes say an
event is increasing with respect to X. By this we mean that the indicator function
of that event may be written as f(X) for some increasing function f : Q — R. We
say it is decreasing when —f is increasing. Given two Borel probability measures
on 2, p and v, we say that p stochastically dominates v, and denote this by p > v,

if for any continuous increasing function f we have

fdpw = [ fdv.
Q Q

We say that an event is increasing (respectively, decreasing) if its indicator function
is increasing (respectively, decreasing). It is not hard to prove that it suffices to
restrict to the case that f is an indicator of an increasing event. Moreover, by a
simple limiting argument, it suffices to consider increasing indicators of events that
depends only on finitely many co-ordinates.

The following Theorem is due to Harris (1960). For a proof, see e.g. Section 2.2.
of Grimmett (1999).
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Theorem 6.3 (Harris/FKG inequality). Suppose that we have a countable (possibly
finite) set of vertices, S, and a state space Q = R®. Assume we have independent
R valued random variables X := (Xs:s € S). Let f,g: Q — R be increasing, then

E[f(X)g(X)] > E[f(X)]E[g(X)].
The same holds when both f and g are decreasing. If f is increasing and g is
decreasing the inequality holds in the reverse direction.

We now present a more general Theorem we shall need. Let £ € N. For any
x,y € R¥ denote by x Ay and x V y their coordinate-wise minimum and maximum,
respectively. A set S C R* is called a sub-lattice if whenever =,y € S so are Ay
and = V y.

Theorem 6.4. Let X := (X1,..., X}) be independent real valued random variables.
Let S C R¥ be a sub-lattice so that P[X € S] > 0. Let A, B be two increasing events
with respect to X. Then,

P[ANB|X € S] > P[A|X € S]P[B|X € S]. (6.1)

Random variables that satisfy (6.1) are called affiliated. It is well-known (e.g.
the appendix of Milgrom and Weber, 1982) that if (X7, ..., Xx) have a joint density
function f which satisfies

flavy)f(@ny) = f2)fy), (6.2)

for Lebesgue a.e. (z,y) € R?*, then (X1,..., X) are affiliated. We call such a non-
negative function satisfying (6.2) affiliated. It is easy to verify that if f(z1,22) =
9(z1)h(z2) and g and h are affiliated, then so is f. Since any non-negative g : R — R
is trivially affiliated and a joint density function of independent random variables
factors to a product of the marginal densities, we indeed get that independent
random variables are always affiliated as stated in Theorem 6.4.
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