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We study a class of reinforcement models involving a Poisson
process on the vertices of certain infinite graphs G. When a vertex
fires, one of the edges incident to that vertex is selected. The edge
selection is biased towards edges that have been selected many times
previously, and a parameter « governs the strength of this bias.

We show that for various graphs (including all graphs of bounded
degree), if @ > 1 (the very strong reinforcement regime) then the
random subgraph consisting of edges that are ever selected by this
process does not percolate (all connected components are finite).

Combined with results appearing in a companion paper, this proves
that on these graphs, with « sufficiently large, all connected compo-
nents are in fact trees. If the Poisson firing rates are constant over
the vertices, then these trees are of diameter at most 3.

The proof of non-percolation relies on coupling with a percolation-
type model that may be of interest in its own right.
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1. Introduction. Pdlya-type urn models are random processes where
balls are repeatedly sampled from an urn, and additional balls are added
depending on the colours of the sampled balls. Since their introduction in
1931 [20], there have been many generalisations of Pélya urn models (see
e.g. [18, 15]), and many more examples of random processes with reinforce-
ment (see e.g. [19]). Some of these models take place on (hyper-)graphs and
have been introduced as toy models for market competition or for neuronal
connections in the brain (see e.g. [1, 2, 9]).

In this paper we study a version of the so-called WARMs introduced in [9],
but defined on infinite graphs. These models involve a parameter «, which
in this paper will always be larger than 1, and typically much larger. For
finite graphs o > 1 has been studied in [9, 10]. Situations (infinite or finite
graphs) with @ = 1 and @ < 1 are studied in [11] and [3] respectively.

The fact that the underlying graphs G = (V, E) are infinite means that
the definition of the model is more technical. Time ¢t € [0,00) in this paper
is continuous (note that ¢ € Z4 in [9, 10]), and N¢(e) € N denotes the edge
count of edge e € F at time t. Starting with edge counts Ny(e) = 1 for
each e € FE, the dynamics is induced by Poisson-based firings with rates
Av := (Ay)yev at the vertices V' as follows:

1. When a firing occurs at v € V, choose an edge from those incident
to v with probability proportional to the current count raised to the
power a, i.e., choose e ~ v with probability proportional to N.(e)*. (If
there are no edges incident to v, do not choose an edge).

2. Increment the count of the chosen edge (if one was chosen).

When the graph G is finite and all vertices fire at the same rate, the jump
process of our model is the discrete-time WARM process studied in [9, 10].
In general in the infinite graph setting, because of possibly infinite depen-
dencies, some restrictions (see Definition 1 below) are required on G, Ay to
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WARM PERCOLATION 3

even ensure that the process is well-defined.

In this paper we are interested in the random subset of edges N’ = {e €
E : sups~q N¢(e) = 1} that are never reinforced, or more precisely it’s com-
plement V¢ = E\ NV.

Given G, a, and Ay, let Pg 4 a,, denote a probability measure on a mea-
sureable space under which Ng := (N¢(€))t>0,ccr has the law of a WARM
on G with firing rates Ay and reinforcement parameter .

The following is straightforward to prove.

LEMMA 1. Let G = (V, E) be a graph on which the process is well defined,
and a > 1. Then Pgon, (e € N) =0 <= e is incident to a leaf of G.

This shows that except on star graphs, N is non-empty with positive prob-
ability. Our main result is that on various natural infinite graphs, when « is
sufficiently large, all connected components of N¢ are finite. In preparation
for that result we define the following.

For a graph G = (V, E), let d, = d,(G) denote the degree of x € V. A
graph G is said to have bounded degree if 0 = O(G) := sup,¢y d is finite.
Standard examples include Z¢ (where 0 = 2d).

In this paper G = (V, ) denotes a random graph with law v. Examples
will include Galton-Watson (G-W) trees and the so-called Gilbert spatial
graph. The latter is defined as follows. Let ® be a homogeneous Poisson point
process in R? with intensity p > 0. That is, the expected number of points
in a region of volume 1 is . Then, the Gilbert spatial graph is the graph G
with vertex set V = ® and edge set £ = {(v,y) 1 v,y € V, |v —y| < 1}.

We will assume throughout this paper that the firing rates satisfy the
following condition.

CONDITION 1. There exists a constant L > 0 such that v-almost surely,
0< A\, <L for each v € V.

Condition 1 is of course implied by the following.
CONDITION 2. A, =1 for each v €V, v-almost surely.
Our main result is the following.

THEOREM 1. Let Ay satisfy Condition 1, where G is one of the following:

(a) a G-W tree with offspring distribution having finite mean, or
(b) any random (connected) graph for which the maximal degree is at most
a constant 0 < oo, v-almost surely, or
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4 HIRSCH, HOLMES, KLEPTSYN

(¢) a Gilbert spatial graph.

Then v-almost surely, for any o > 0 the WARM process on G is well defined.
Moreover, there exists ag > 1 such that for every a > «q: for v-almost every
G, all connected components of G\ N are finite, Pg o x,,-almost surely.

Examining the proof of Theorem 1 reveals that the parameter «g can
be taken to only depend on: (a) the offspring distribution; (b) the degree
bound 0; and (c) the spatial dimension and the intensity of the Poisson point
process, respectively. Note that if G = Z then oy = 1 (see Lemma 8 below).

In a companion paper [7], the finite clusters of (finite or infinite) graphs
are studied. As a consequence of Theorem 1 and the results of [7, 10], we
have the following corollary, in which £ = {e € € : sup,. g N¢(e) = oo}

COROLLARY 1. Let G, Ay be as in Theorem 1.

(i) If « > max(ag,2), then for v-almost every G, all connected components
of Ex are (finite) trees, Pg oz, -a.s.

(ii) If Condition 2 holds, then for a > max(ay,25), for v-almost every G
all connected components of E, are of diameter at most 3, Pg o a,,-a.s.

The conclusion of (ii) fails in general if Condition 2 does not hold, see [10,
Example 1].

Remarks. To say much more than what we have proved requires more
careful analysis. In particular we don’t know the natural general condition
on a graph and firing rates that makes the conclusion of Theorem 1 true.

The first conclusion of the theorem is that the process is well-defined. Note
that for graphs whose volume (number of vertices within graph distance n
of a fixed vertex) grows too quickly, there are infinite descending chains of
dependencies when Condition 2 holds (i.e. A = 1). The same is true if the
firing rates (rather than the volume) grow too quickly. Formally speaking,
it does not mean that the process is not well-defined, but it does motivate
the following.

OPEN PROBLEM 1. Is there an example of a graph G = (V, E') equipped
with intensities Ay satisfying Condition 1, for which the process is not well
defined? For instance, such that the limit of WARM processes on finite
subgraphs exhausting G does not exist?

We believe that for any o > 2 there exists a WARM process on a bounded-
degree graph with bounded firing rates that does contain an infinite con-
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WARM PERCOLATION 5

nected component of infinitely reinforced edges. This illustrates the non-
triviality of the conditions of the theorem, since the main conclusion (finite
connected components) cannot be extended to all large « on all bounded
degree graphs.

To be precise, we believe that for any @ > 2 one can find a regular
(so bounded degree) rooted tree T'(«) with firing rates (\y)yer(a) < 1 for
which &, almost surely contains an infinite component. The firing rates
in this example decrease exponentially with distance from the root, so in
particular the rates are not bounded away from 0. Moreover, by joining
such trees T'(a;) for various values of «; together (gluing them along an
integer line), we believe that the aforementioned construction will also give
rise to a tree 7" (with finite but unbounded degrees) with bounded firing
rates (Ay)yerr < 1 for which the WARM process is still well-defined, but
with the property that £, almost surely contains an infinite component for
any o > 2.

These examples motivate the following open problem(s).

OPEN PROBLEM 2. Let G be a graph on which the WARM process with
constant firing rates (A, = 1) is well defined for each a > 1. Now consider a
WARM process on G with e < A\, < e~! for some € > 0 and for every v € V
(i.e. that the firing rates are bounded away from 0 and oo). For this process,
does it follow that there exists ag . such that all connected components
of £ are finite for a > ag 7

OPEN PROBLEM 3. In the setting of Open Problem 2 when can one take
age =17

In this paper we are primarily concerned with the set A/ of edges that are
never reinforced, and its complement. This is important because (conditional
on N) the connected components of N'¢ behave independently of each other,
and this fact is exploited in [7]. One can of course also ask about other sets
of edges, such as the set of edges reinforced linearly over time. The latter
is the primary topic of interest in [7], and in particular it is proved therein
that if an edge is used infinitely often then it used linearly over time.

The rest of the article is structured as follows. In Section 2 we show that
the WARM process with bounded firing rates on any graph that “does not
grow too fast” is well defined, and we show that v-almost surely our graphs
G in Theorem 1 do not grow too fast. In Section 3 we couple the cluster
N¢ of a WARM process on a graph G with a percolation-type model whose
open clusters dominate N¢. In Section 4 we use this coupling/domination
to prove Theorem 1.

imsart-aap ver. 2014/10/16 file: Hirsch-Holmes-Kleptsyn-final-pre-proof.tex date: November 27, 2021



6 HIRSCH, HOLMES, KLEPTSYN

2. Construction of the process. In this section, we fix a a graph G =
(V, E) with vertices of finite degrees, and give an explicit construction of a
probability space on which the WARM process on G exists. Our construction
is more elaborate than what is required to prove existence, however the
additional complexity is used e.g. in the proof of Theorem 1. Since disjoint
components of G do not interact, we lose no generality in assuming that G
is connected in this section.

Let M = {(X,,,T,)}n>1 be a Poisson point process on G (to be precise,
on V x [0,00)) with intensity field Ay indicating the vertex-specific firing
rates. Here, we use an arbitrary enumeration of the Poisson point process,
and note that the times {T},},>1 are not increasing in n. The construction
of the WARM process relies on the concept of descending chains [4, 14].

DEFINITION 1. Let M be a Poisson point process on G, and m > 2.
A sequence {(Xy,, Tp;) bicpm) such that for every i € [m — 1],
(i) Xy, is adjacent to X,
(11) Tni > Tni+17
is called a descending chain of length m.
M admits infinite descending chains if there exists an infinite sequence
{(Xn,, Tn,;)}i>1 such that (i) and (ii) above hold for every i > 1.
A graph G is good if it has vertices of finite degrees, and the associated

Poisson point process with A, = 1 for every v € V a.s. does not admit
infinite descending chains.

41> and

Note that for any G with vertices of finite degrees, and Ay bounded, G
is good if and only if a Poisson point process M on G with firing rates Ay
does not admit infinite descending chains.

Let E, = {(v,v") € E} denote the set of edges incident to v € V. For each

z €V and n, = {n(e)}ecp, we first define a total ordering =< of the edges
incident to the vertex x. This ordering depends on an initial edge ordering
<o and the edge counts (n(e))ecp,. It is defined by imposing that

e = ¢if n(e) < n(€), or if n(e) = n(e’) and e g €.
That is, fatter edges are preferred. We then define the selection function
sely (5 (n(€))ecr, ) : [0,1] = Ey

such that sel, (u; (n(e))eck, ) is the uniquely determined edge e € E, satis-

fying
5 e ()" n<e>a+ze,gen<e/>a>

e <e

Ee’eEQC n(el)(w Ze’eEx n(e)e

u <
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WARM PERCOLATION 7

That is, higher values of u correspond to choosing fatter edges. This property
is convenient for coupling constructions appearing in Lemma 3.

LEMMA 2. Let G be good, oo > 0, and suppose that there exists L > 0
such that A, < L for every v € V.. Then the Pg o, - WARM process exists.

Proor. Fix G, a good graph. Since nothing happens when there is a
firing at an isolated vertex v € V, by removing such vertices we may assume
that G has no isolated vertices (i.e. every vertex v € V has an edge incident
to it).

Let (2, F,P) denote a probability space on which M = {(X,,Ty)}n>1
is a Poisson point process on V x [0,00) with intensity Ay, and U =
{Un(2)}mez, zcv is a family of ii.d. standard uniform random variables
that are independent of M. Since A\, < L for every v € V, M does not
admit infinite descending chains.

We construct a family of approximations (Ny;(e))i>0,icz, and first set
Nio(e) = 1 for all e € E. Then, letting Vx,, denote the set of vertices
consisting of X,, and all adjacent vertices, the initial layer

L1={(Xpm,Tn) EM: MnN (Vx,, x[0,T,)) =0}

consists of all firing events such that no firing event has occurred earlier
either at the considered vertex or at one of its neighbouring vertices. Then,
L1 is non-empty because there are no infinite descending chains.

For every (X, Tm) € L1 and e € Ex,, define

Nia(e) = Niole) + ]l{tsz,seIXm (Vo X (Nt 0Dty )=}

For other edges, we put Ny1(e) = Nyo(e).
For i > 1 we proceed recursively and define the (i 4+ 1)th layer

Lit1={(Xm,Tm) € M: MN (Vx,, x[0,T,)) C L}

as the family of all firing events such that all earlier firing events at this or
adjacent vertices are in layer £;. Let Q(x) denote the event that an edge in
FE, has been reinforced before the first firing time of x and

S () it m > 2
m\T) = .
Ur(z)1g) + Uo(2)lg(gye, ifm=1.

Note that U = (Un(2))sevim>1 are iid. since U was an ii.d. collection,
and that Q(x) is independent of Uy (z), Up(x).
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8 HIRSCH, HOLMES, KLEPTSYN
For every (X, T) € Li+1 \ £; and e € Ex, we put

Nyi+1(e) = Ngi(e) + ]l{tsz,selxm (0 m0m) XV ey, )=}
where Sy, (x) := #{(Tk, Xx) € M : T}, < T),, X, = x} denotes the number of
times that x has fired up to (and including) time 7},,. Again, for other edges
there are no changes. Note that, we use the Uy(X,,) variable to determine
the chosen edge at time Ty, if and only if Ny, _.;(¢/) =1 for every ¢’ € Ex,,
(otherwise we use Ug,, (Xp))-

Since Ng;(e) is increasing in i, and Nyi(e) < #{(Xm, Tim) : T < t, X ~
e}, the limiting count

Ni(e) := lim Ng;(e)

1—00

is well-defined, and a.s. finite. Finally, as the Poisson point process does
not admit infinite descending chains, we have U;>0L; = M. That is, every
Poisson firing event is indeed accounted for in this dynamics. |

Based on the above construction, we now provide an upper bound on the
probability that a firing at a vertex leads to a new edge being selected. Let

To(z) =inf{t >0: #(MnN ({z} x [0,t])) = n}
be the nth firing time of the vertex x € V', for n € N. Then,
Fom =0 ((Xm: Tm) : Trn < Ta(2)), U\ Upn(z))

denotes the o-algebra generated by M up to time T,(x) and all selection
variables except for Uy (). Moreover, K, (z) = #{e € E; : Np,(»)—(e) = 1}
denotes the number of edges adjacent to x that are not reinforced before
time T}, (x). Finally define,

me = ]P)G,a,)\v (NTn(ac)(e) =2 75 NTn(ac)f(e) for some e € Ex|fx7n)
LEMMA 3. Fiz G, Ay so that the process is well defined. Let n > 1 and
x €V be arbitrary, and o > 0. Then,

dy—1
Wam < : 5. on th t{K, dy}.
"= dy — 1+ maxeer, Np, () (€)° a.s. on the event {Kn(x) < d.}

ProOOF. Fix x,n and let k, = {e € E; : N, (5)—(e) = 1}. Letting m > 1
be such that T,,(z) = T),, the construction described above shows that on
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WARM PERCOLATION 9

the event {K,(z) < d,} we have Uy, (z) = Uy, (x), which is independent of
Fzn- Therefore, almost surely on {K,(z) < d.},

Wu’vm = IP)G,CY,AV (Selﬂ? (Un(ﬂf), (NTn(a:)—(e))eeEz) S ’in}fx,n)

< Kn(z)

T Kp(z) + ZeeEI\nn NTn(z)—(e)a

~ Ky(z) + maxeep, NTH(I)_(e)“
dy — 1

T dy — 1+ maxeep, NTn(x)_(e)a'
[ |

For a graph G = (V, E), let ¢, , denote the number of self-avoiding walks
of length n > 1 in G started from z € V. We will use the following lemma
to show that all of the graphs in Theorem 1 are good, v-almost surely.

LEMMA 4. Let G = (V,E) be a graph for which there exist r > 1 and
non-negative constants {Cy}rev such that

Cne < Cpr™,  foralln>1andxz eV,

Then G is good.

Proor. The fact that c,; is finite for every x implies that G has finite
degrees.

Next, note that for a fixed finite set Vj C V the probability that there is
an infinite descending chain {(X,,,Ty,)}i>1 with X,,, € V for each i is 0.
Since G is countable, the collection of finite subsets of G is also countable,
from which it follows that almost surely no infinite descending chain can be
found on a finite subset of G. Thus, (almost surely) an infinite descending
chain exists if and only if an infinite descending chain {(X,,,Ty,)}i>1 with
{Xn, }i>1 all distinct exists.

Let t > 0 and v € V be arbitrary. From the above, it suffices to show
that the expected number of descending chains of length n > 1 starting at
v before time t consisting of n distinct vertices, tends to 0 as n — oo. Let
v = (v1,...,v,) be a fixed self-avoiding path of length n in G starting from
vy = v. Then, we let £, denote the number of n-tuples {(Xy,, Tk,)}ic[n) of
points from M such that: (X,,..., Xz, ,) = v and t > T}, > Ty,,, for
every i € [n — 1]. By the multivariate Mecke formula [16, Theorem 4.4],
applied to the Poisson point process M and the mapping

((‘rl? tl)? R (xm tn)) = ]1{{:1:1:111' for every i < n}}]l{{t1>t2>--->tn}}
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10 HIRSCH, HOLMES, KLEPTSYN

we arrive at

n

tL)"
Egaay[£4] = H)\’Ui /[Ot]" Lt s ty>estyydtn -+ - dty, < ( n') .
i=1 ) '

Thus, the expected number of descending chains of length n starting from v
with all vertices distinct, is at most ¢, ,(tL)"/n!. By assumption there exist
Cy,r > 1 such that ¢, , < Cyr" for every n. Therefore

Cno(tL)" rtL)"
lim sup M < Cy lim sup (rtL)

=0,

as required. [ ]

ProposITION 1. All of the graphs in Theorem 1 are good, v-almost
surely.

ProOOF. For any graph G with maximal degree 0, the number of walks of
length n started from any x € V is at most 9", so by Lemma 4 G is good.
This verifies the claim for G almost surely having maximal degree at most
0.

For G-W trees with offspring distribution having mean u € (0, 00), M,, :=
p " K, is a positive martingale (where K, is the number of individuals in
generation n), so it converges almost surely. Thus, we have that sup,, p ™" K,, <
C for some (random) finite C' > 0, v-almost surely. In a tree, the number
of self-avoiding walks of length n started from x is precisely the number of
vertices of distance n from z. Since x is some distance k, from the root,
every vertex that can be reached from x in n steps can be reached from the
root in at most k, + n steps. Therefore, v-almost surely on the event that
x € V, there exists a C' > 0 such that

Cna < Z Kj <C Z ,U/] < Cxpn7
=0 =0

and the result follows by Lemma 4.
For the Gilbert spatial graph with intensity u let

N, =#{(X1,...,X,) € ®": X1 € [-1/2,1/2]%, {X; }1<i<n all distinct
and |X; — X;11| <1 for all i € [n — 1]},

denote the number of self-avoiding paths of length n starting from the unit
cube. In particular, ¢, ,, < N/, for every z € ® N [~1/2,1/2]¢, so that by
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WARM PERCOLATION 11

stationarity, it suffices to show that (v-almost surely) there exists C' > 0
such that N], < Cr" for every n.

Write By(x) for the Euclidean ball of radius 1 centered at 2 € R? and
kq for the volume of the d-dimensional unit ball in the Euclidean metric.
Applying the multivariate Mecke formula [16, Theorem 4.4] to the mapping

('Ila s ,xn) = 1{(216[—1/2,1/2}‘”’]]'{1171'+1€Bl($z’) for every i < n — 1}'

we obtain

E,[N] < u" / / . / 1dz, - - - dzodx;
[(-1/2,1/2]¢ J B1(z1) Bi(zn-1)

= ,u"nd/ / .- / 1dz,, - - - dzadzy
[-1/2,1/2]¢ J By(21) Bi(zn—2)

n, n—1
=W Ry -

In particular, writing » = (max{2, ur4})?, the Markov inequality gives that

1
V(N >r") < — 2,
Rd
Hence, by the Borel-Cantelli lemma, v-almost surely there exists a random
C > 0 such that N/ < Cr"™ for every n. [ ]

Lemma 4 amounts to a bound on the rate of growth of the number of
self-avoiding walks on a graph, started from fixed locations. It would be of
interest to consider what happens when Condition 1 is dropped, while still
assuming that the process M on G almost surely does not admit infinite de-
scending chains. The latter condition puts restrictions both on the growth
of the graph and the firing rates. In particular it would be of interest to con-
sider what happens when (\,),ey is an (unbounded) i.i.d. sequence, whence
the model becomes a reinforcement model in a random firing environment.

We finish this section with two examples that admit infinite descending
chains: an unbounded degree graph with bounded firing rates; and a bounded
degree graph with unbounded firing rates.

LEMMA 5.  Consider an infinite rooted tree T', for which all the vertices
at distance n from the root have 5(n +2)? children. Then almost surely T is
not good.

SKETCH PROOF. Call a vertex v at distance n from the root “nice” if

it has fired between moments ¢t = %—i—? and ¢ = T}rl It is an interval of
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12 HIRSCH, HOLMES, KLEPTSYN

time of length 0 Hence, the expectation of the number

n+1)1(n+2) > (nJiZ)Q'
of nice children of any vertex is at least 5, and in fact its law converges (as
we take vertices farther and farther from the root) to the Poisson law with
parameter 5. Hence, almost surely there exists an infinite (Galton-Watson-
like) subtree formed by nice vertices. Any infinitely growing branch of such

a subtree provides us with an infinite descending chain. |

LEMMA 6. The graph Z, , with A\, = (n!)? almost surely admits infinite
descending chains.

PROOF. Let A, be the event that n — 1 fires before n. Then P(A4,) =
1/(1 +n?), so P(A,, infinitely often) = 0. |

3. Corrupted compass models. In order to prove our main result, we
couple our highly dependent WARM process with an independent percolation-
type model that we call a corrupted compass model on a graph G.

DEFINITION 2 (Corrupted Compass Modelon G = (V, F)).  Let {p(s) }zev
be a collection of elements of [0, 1]. Every non-isolated vertex x € V' is inde-
pendently and with probability p(,} called corrupted. Let K C V' denote the
set of corrupted vertices. Independently at each non-isolated vertex y € V,
choose an edge 7, from E, uniformly at random, and define

(1) C::UExU{ny:er}CE.
ekl

The uncorrupted compass model is the choice pg,y = 0 for each z.

Corrupted compass models may be of interest in their own right, as on
regular lattices they can be viewed as examples of “degenerate random envi-
ronments” [12, 13], which are generalisations of directed percolation models.
Of particular interest is the case where pg,y = pq, (@), where d is the degree
of z, po(a) = 0 and for d > 1,

bnld) = ‘(;vg)a wd - py(e) = 1= J] (1= b))

We have the following elementary lemma.

LEMMA 7. Letd>1 and a > 1. Then, pg(e) < 1 and limgtoo pa(cr) = 0.
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WARM PERCOLATION 13

PROOF. Using the inequality log(z) > 1 —1/z for all x > 0 we obtain for
each a > 0, and each {j,}n>1 C (0,00)

H<1_afjn):Hafjn_exp{zlog(af] )}>exp{_az }

n>1 n>1 n>1

If 5, = (2V (n/d))® then the above sum is finite for a > 1, which proves the
first claim. Moreover, for this choice of j,, the sum is at most

2d 00

1 1 2d >~ 1 d 1
22—&+da > & < 2a+d°‘/ e = g1+ —],
n=2d+1 2d
which approaches 0 as o 1 co. This proves the second claim. |

For the graphs appearing in Theorem 1 we prove that for large « the
(random) set of edges in the corrupted compass model almost surely has
finite clusters. Therefore, the following result is fundamental to our analysis.

PROPOSITION 2. On the probability space of Section 2 one can define a
corrupted compass model (with p(z) = pa, () as above) such that N¢ C C.

ProOF. Recall the probability space of Section 2. Write (1) teg, for (n(f))ree,
when all such n(f) are equal to 1. Let 1, = sel, (Uo(z); (1) fep, ) and

S*={n:x€V}CE.

Let 7, = inf{t > 0 : N¢(e) > 1 for some e € E,} denote the first time that
an edge incident to x is reinforced. A vertex x € V is bad if there exists a
firing time T, (z) > 7, at = that reinforces a previously unreinforced edge
e € By, ie. Ny, (y)—(e) = 1 and Ng, (5)(e) = 2 (note that since T),(z) > 7,
this means that there was at least one €’ € E, with N, ;y_(e') > 2). Define

U E,.

x is bad

We now define a corrupted compass model on the probability space of Sec-
tion 2. The compass at (non-isolated) x € V is defined to be the edge
e = sely (Uo(z); (1) ek, ). The vertex z is corrupted if and only if Uy () <
by (d;) for some n € N. Note that these corruption events are independent
over x and are also independent of the compass selection process. Thus,
the above does indeed define a corrupted compass model on G with py,) =
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14 HIRSCH, HOLMES, KLEPTSYN

pd, (o) for each z. Let C denote the set of edges of this corrupted compass
model, as per (1). Then, to complete the proof it suffices to show that

(2) N¢cCCr, and
(3) C*cC.

To prove (2), suppose that e = (z,2') € N¢. Then, without loss of gen-
erality, the first time that e was reinforced was at a firing time 7, (x) at
x for some n. If e € §* then e € C*. Otherwise e ¢ S* so in particular
e # sely (Uo(z); (1) sk, ), so there must be some other edge ¢’ € E, that was
already reinforced before time T),(z). Thus, x is a bad vertex, so e € C*.

To prove (3), note that by construction §* C C is trivially true. Suppose
that x € V is bad. Then, at some firing time 7}, (z) at = there was an edge
e’ in B, such that Nr, ;y_(€') > 2 but an edge e € E, with Ny, ;)—_(e) =1
was chosen. Hence, recalling the notation and proof of Lemma 3,

U, (z) < K,(x) < d; —1
" T Ky(x) + ZeEEx\Kn NTn(x)—(e)a ~ dy — 1+ maxeep, NTn(x)—(e)a'

It also implies that maxee g, Nt (2)—(€) = 2V (n/d;), since at least one edge
is already reinforced, and after n clock rings at x at least one edge in F,
must have count at least n/d,. Thus,

dy — 1
Un(@) < 017 (2V (n/d))

o bn(d;r)7
so z is corrupt. This proves (3). [

REMARK 1. Notice that the construction (and hence the law) of the
corrupted compass model in the proof of Proposition 2 does not depend on
Ay at all. In particular, the conclusion of the Proposition holds as long as
Ay is such that the construction of the WARM process on G in Lemma 2
is valid.

4. Proof of Theorem 1. We let C, C V denote the connected cluster
of x € V in C. In view of Proposition 2, the proof of Theorem 1 reduces
to establishing that connected clusters C, with the choice pg,y; = pq, (@)
for each z, are finite almost surely for « sufficiently large. The latter is the
content of the following proposition.

PROPOSITION 3. Let G be any of the graphs in Theorem 1. Then there
exists ag > 1 such that for all a > ag: v-almost surely, all connected clusters
of C(G) (with the choice pryy = pa, (@) are finite, Pg a x,,-almost surely.
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WARM PERCOLATION 15
The following lemma illustrates this approach in the simplest setting.

LEMMA 8. If G =7 then for o > 1, all components of G\ N are finite,
almost surely.

PROOF. By Proposition 2, it suffices to show that all connected compo-
nents of C are finite. Let J; = {{2i,2¢ + 1} € C¢}. Then J; is the event
that: neither vertex in V; := {24, 2¢ + 1} is corrupt, and n9; = (2i — 1, 2i),
and n2i+1 = (2 + 1,2i + 2). Therefore P(J;) = ¢(«) > 0 since a > 1. How-
ever, since the vertex sets V/ for i € Z are disjoint, the events (J;);ez are
independent. Thus, we encounter an edge in {{2¢,2i + 1} : i € Z} NN af-
ter examining the status of at most a Geometric(c(a)) number of edges in
{{2¢,2i + 1} : i € Z} to the right of 0 (and similarly to the left). |

In the following subsections we will verify that (for every x € V') C, is
almost surely finite for each of the 3 different settings in the proposition.

4.1. Galton-Watson trees. Let V* = {(ng,n1,...,nx) : k,ng,n1,...,ni €
Zy}. Let € = (& )pev+ be i.i.d. random variables taking values in Z,, with
probability mass function f and having finite mean p = > - nf(n). Let
U = (Uy)ey+ and U = (U))yey+, and U" = (U!),ev~ be families of
mutually independent standard uniform random variables that are also in-
dependent of &.

We label the root (the unique vertex of generation 0) of our tree as (1),
and for any vertex v = (1,n;1 ...,ny) of generation k, its children are labelled
(v,1), (v,2),.... If v is not the root then its parent is denoted by v~!. Let
V, denote the vertices of generation n.

One could generate a Galton-Watson tree G with a corrupted compass
model on it iteratively over n by using the variables & to generate the children
(v,1),...,(v,&) of each v € V, and then deciding whether or not each
vertex of generation n is corrupted and whether or not its compass points
towards the root. Corruption occurs with probability pgy1(«) if the number
of children of v is k (unless v is the root in which case corruption occurs
with probability pg(«)). Similarly (unless v is the root) the compass at v
points towards the root with probability 1/(k + 1). We do not generate the
tree and corrupted compass this way.

Instead we generate the tree G and the corrupted compass model on it
as follows (also iteratively over n > 0). Given V), for each v € V,, decide
whether v is corrupted, and (if not) decide on whether 7, is the edge to
the parent or some other edge. Then generate the number of children of v
conditionally on these events.
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16 HIRSCH, HOLMES, KLEPTSYN

To be precise, let n > 1. Given that v € V,:

e v e Kif U, <q¢, where
4o =Y _ pn1(a)f(n).
n=0

e v ¢ K and 5, is the edge to v~! if U, > q¢ and U} < q5/(1 — q¢),

where
— (1 = pni1())
qp =)y —————f(n),
B nz% n+1

e otherwise v ¢ K and 7, is not the edge to v~1.

The respective probabilities of these events (given that v € V,,) are q¢, qB
and g := 1 — go — qp respectively.

Given that v € K, v has exactly k > 0 children if U7 € (Y2523 g¢(5), Y5—0 90 ()]
where

go(k) = g5 Pt (a) f(k).

Similarly, given that v ¢ X and 7, is the edge to v—!, v has exactly k > 0
children if U]} € (Z;:& gB(J), Z?:o gB(J)], where

on(h) = a5t PO )

Otherwise, v has exactly k > 0 children if U] € (Zf;é gr(J), Z?:o gr(4)],
where
1 k(1 = pria (@)
h_ 1 +
gr(k) == qg k—Hf(k)’ for k> 1

The case n = 0 (i.e. the corruption status and number of children etc. of the
root) is slightly different. It is a simple but tedious exercise to verify that
this construction defines a Galton-Watson tree G with offspring distribu-
tion having probability mass function f, together with a corrupted compass
model (with py,y = pg, () for each x € V) on it.

Proof of Proposition 3 — Galton- Watson trees. Let m¢o, mp, mp be
the means of random variables with probability mass functions g¢, gg, g re-
spectively. Let C,,, B;,, I}, denote the number of vertices in generation n that
are (respectively) corrupted, uncorrupted and have their compass pointing
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WARM PERCOLATION 17

to their parent, and uncorrupted with the compass pointing to a child. Fix
L € (0,00) and let A be such that A, < L for each v € V*.
Let P, x denote the annealed/averaged measure defined by

P,A(Ge€ A Ng € B):= / Pg.ax, (Ng € B)dv(G).
A

Under the annealed measure, conditional on v € V,,, and on the compass type
of v (C=corrupted, B=uncorrupted with edge to parent, or F=uncorrupted
with edge to child), the expected number of children of type a € {C, B, F'}
when v is of type 5 € {C, B, F'} is mgq,. Let ¢y, by, fr, denote the expected
number of vertices of each type in C(;) NV, under the annealed measure.
Then,

Cn+1 mcqc mpBqc Mfrqc Cn
bpt1 | = | mcqs mpBgp MmrgB by
frs1 moqr 0 qr In

Most of the entries of the update matrix are obvious, and correspond to
cases where every child of a given type is also in C(1) N Vy41. The entry 0 is
because if the compass of v € V, N C(1) N K points to its parent then any
child v" of v that is uncorrupted and whose compass does not point towards
v is not in C(y). Similarly, if v € V;,, N C(1) N K and its compass points to a
child v" of v then v can have at most one child (it would have to be v’) that
is uncorrupted and whose compass points away from v. The probability that
this child v’ has this property is ¢p.

To show that E,A[|C(y)|] < oo for a sufficiently large, it is sufficient
to show that the eigenvalues of the update matrix have absolute values
strictly less than 1 for a sufficiently large (since then E,A[[C1) N Vy]] is
decreasing exponentially in n and is therefore summable). The eigenvalues
are the solutions to the cubic equation

0= (A—mpgp)(qr — M)A+ megeA\mpqr — (gr — N)].

Now -
moqe = Y kpeia() f(k).
k=0

Since p is finite, and piyi(a) — 0 as @ — oo for each k, we have that
meqe — 0as a — oo. Similarly, as o — oo, the quantities gp(«), grp(a), mp(a), mp(a)
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18 HIRSCH, HOLMES, KLEPTSYN

converge respectively to

Zn—l—l 4 (>0) ::szinl)’

k k2 £ (k)

> heo kf+1 > heo kj—:-(l
mp(00) = =y mr(20) = =i
E:n:ﬂ n+1 E:n:O n+1

which are all finite and positive. It follows that as @ — oo the eigenvalues
of our update matrix approach the solutions to

0= (A= mp(0)gp(0))(gr(c0) — A)A.

The solutions are A = 0, A = gp(o0) € (0,1) and A = mp(c0)gp(cc) =
qr(o0) € (0,1). This proves that there exists ag > 1 such that Eq z[|Cy)|] <
oo for all @ > ag. From this one can conclude that E, z[[Cq|lize1y] < 00
for o > .

4.2. Bounded-degree graphs. Here we fix a graph G with degrees bounded
by 9, and let P = Pg 4., , and E the corresponding expectation. Since
Pa, () < pa(a) for every z € V, it is sufficient to show that for the corrupted
compass model with p, = ps(«) for every y € V, the expectation of the size
of the component of x is finite.

Proof of Proposition 3 — bounded degrees. Setp = p, = pp(«) (which
can be made arbitrarily small by taking « sufficiently large) for every y € V.
Fix x € V. Then

E[Co(a)] <14+) 3 Y P(ycO),

nZlvGVC%x_%U

where the interior sum is over the simple paths + from z to v of length n
(i.e. containing n edges), and 7 C C means that the edges of v are all in C.

For neighbours z, 2/, write  — 2’ if n, = {z,2'} or x € K, and = - 2’
otherwise. Clearly, for any simple path + of length n > 1 from 49 = = to
Y = v we have

P(yc C)=P(yCc C,v e k)
+P(yC C,v ¢ K, -1 = v)
+_P(W/C:(37U ¢ sz)_% Yn—15Tn—1 #élo‘
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WARM PERCOLATION 19

Define

cn(@) ::Z Z P(y C C,v € K).

Uev'y:xiw

fnla) = Z Z P(yC C,v ¢ K,yp—1 — v),

Uev’y:aziw

bo(a) = dy > Py CCu¢K,v—= Y 1,91 v),

veV yiz—sv

We claim that all these three sequences are exponentially decreasing for
sufficiently large ae. We are going to show that each component of the vec-
tor (Cp+t1, fnt1,bnt1) does not exceed the corresponding component of the
vector

@—Dp (@—1)p ZHp\ [c
0

(4) 0-1 % fn
0 o—-1 L] \b,

Note that for p sufficiently small, all the eigenvalues of the above matrix are
less than 1 in absolute value, since as p — 0, this matrix tends to

0 0 0
0—1
a-1 21 o |,
0 o-1 %!

and its eigenvalues are %, % and 0. Thus, iterations of this matrix are

exponentially decreasing, and we get the desired upper bound.
We now have to establish the upper bound for ¢, 41, fr+1, bn+1. Note that

Cn+1:Z Z P(yCc C,veKk)

veV 'y:xmv

= Z Z Z ]l{vgé'y*}P(’y* Cc C,vek).

ueV yF gy VY
Now

P(v* C C,v € K) = pg, ()P(v* C C) < pP(y* C C).
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20 HIRSCH, HOLMES, KLEPTSYN

Thus,

Cnt1 < pz Z P(y* C C) Z]l{vgé'y*}

ueV,Y*:xL)u VU
<pY (-1 Y [P CCuek)
ueV v

+P(y* CcCoug K,vpq — u)

+ Py CCoud K,u— v, 1,7 1 » u)

0—1
< p(0 = 1)len + ful +prn-

Similarly,

for1 = Z Z P(yCc C,v ¢ K,v, — v)

vev wzxMU

< Z Z Z ]l{vf'y*}P(’Y* cCu— ?})

ueV ey, VY

= Z Z Z]l{v@*}[IF’(’y* CCuek)+PH* CCud¢K,u— )

ueV Ay, VY

< Z Z Z Liygyy [P(Y" CCoue ) +P(y* CCou g Kooy — w)dy ).

ueV iy, VY

The first term is bounded by
d(du—1) > Py CCuek)<(d-1)cu
ucV v

The second term is bounded by

dufl * * 6*1
du Z ]P)(’}/ C Cf)/nfl —>U,U¢ IC) S Tf’n

ueV 'y*:xiw,
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Finally,

i =Y, Y, d-P(yCCogK,0—= Y, = v)

vev 'y:zri}v

= Z Z Zdvﬂ{v@*}ﬂ”(v* CCu¢ K,u—»0v)Pvé¢,v—u)

ueV i LN o]

< E Z Z]l{vﬁ*}IP(v* CCué¢Ku-—»v).

ueV i T VU

The interior probability is at most

P(y* CCoug K,y wusu—»v) + Py CCou g Kyypmy » uyu — v,_q)
<PH* CCug vy —u)+PY" CCué¢ K,y - uyu—v_q).

Thus,

b1 <D Y (d =P CCoudKm1 — u)
uev'y*:xim
+P(7* - C7'U, ¢ lCa’Yn—l - U, U — ’Yn—l)]-
It follows that
0— 1b
o

This gives us exactly the matrix in (4). [ |

bn+1 < (3 - l)fn +

4.3. Gilbert spatial graph. In the Gilbert spatial graph, it is convenient
to introduce additional structure to the Poisson point process, so that we
consider an augmented state space. All the events of interest in the corrupted
compass model will be defined on this particular space.

In our proof we will make use of the Slivnyak-Mecke formula [16, Theorem
4.1] in the following form, where {(X;, U;, U]) }i>1 is a Poisson point process
on R? x [0, 1]? with intensity ; under the measure v:

(5)

Ey| > f((X3, Ui, U A(X5, U, U Y1)

1>1

(6)
= N/ E, [f((xv U, u/)v {(XZ’ Ui, Ui/)}izl U {(337 u, u/)})]dxdudu/,
R2x[0,1]2
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22 HIRSCH, HOLMES, KLEPTSYN

where f: (R? x [0,1]2) x (R? x [0,1]%)*F — [0, 00) is a non-negative Borel-
measurable function and where (R? x [0, 1]2)F denotes the space of locally
finite subsets of R? x [0,1]2. Note that when viewed as a space of o-finite
measures (assigning mass 1 to each point in the set) (R x [0, 1]2)"F equipped
with the metric [5, A.2.6.1] is a metric space.

Given a set of points H = (zi,u;,ul)ic; € (R? x [0,1]?)LF we let H; =
(x;)ier, and we say that z; and xy (with £ # ¢) are neighbours if and only if
|zg—x;| < 1. The vertex set H; together with the edge set Fy, = {{z;,z;} €
H? : 0 < |z; — xj| < 1} defines a graph. Let n; denote the number of
neighbours of z;. If u; < p,,(«) then we declare z; to be corrupt and we
write z; — xy for every neighbour xy of x;. If u} > py, () then we write
x; — xp if x; and z, are neighbours and (7 — 1)/n; < u; < j/n; where z,
is the jth neighbour of x when the neighbours of x; are enumerated from
closest to farthest (with some fixed but arbitrary tie-breaking rule in the
case of tied Euclidean distances).

Let H = {(X;, Ui, U!)}i>1 be a Poisson point process on R? x [0, 1] with
intensity p, and let Hy = {X;}i>1. Let G = (H1, E,) be the graph defined
as in the previous paragraph. Note that H; ~ ®, so this graph is a Gilbert
spatial graph. The (U;);>1, (U])i>1 are independent standard uniform ran-
dom variables that are independent of (Xj);>1. It follows that the system
of arrows (as introduced in the previous paragraph, but applied to #H) is a
corrupted compass model on G with pg, = pd, («) for each x € H;. Let C
denote the set of edges in this corrupted compass model.

To prove Proposition 3, we use a re-normalisation argument to prove
absence of percolation in this corrupted compass model for large a > 1.
To describe the normalisation, for z € Z¢ and M > 2 we say that a cube
Qu(z) = 2+ [-M/2, M /2]% is M-nice if

1. all connected clusters C, starting from vertices x in Qps(z) are con-
tained in Q15r(2), and
2. every vertex in Qaps(z) is uncorrupted.

The cube Qar(z) is M-nasty if it is not M -nice. Note that whether Qas(2)
is nice can be determined by {(X;,U;,Uj) € H : X; € Qaar11)(2)}-

To prove Proposition 3, we show that nice cubes occur with high proba-
bility.

Fix L € (0,00) and let A = (A\;),cga be such that A\, < L for every v € R%.
As in Section 4.1, we write P, x for the annealed/averaged measure.
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LEMMA 9. It holds that

lim liminf P, x(Qn(0) is M-nice) = 1.
M—oo a—00
Before establishing Lemma 9, we discuss how it can be used to complete
the proof of Proposition 3.

Proof of Proposition 3 — Gilbert spatial graph. Fix G and C, and
suppose that C contains an unbounded component. Then there is some
infinite self-avoiding path (y;)icz. in C such that |y;—y;1+1| < 1 and |y;| — oo
as ¢ — 00. For each y; we have that C,, is unbounded and y; € Qnr(Mz;)
for some z € Z%. Clearly z; — 0o as i — oo. Moreover, since M > 1 and
lyi —yi+1] < 1, we see that Qpr(Mz)NQur(Mzig1) # D, ie., [|2i— zit1 oo <
1, where we write || - ||oo for the fo-norm. Therefore for M € N, the family
of M-nasty cubes of the form {Q(Mz) : z € Z%} percolates in the sense
that there exists a sequence (z;);>1 in Z% such that |z;| — oo as i — oo,
l|zi — zitilloo <1 fori>1and Qp(Mz;) is M-nasty for every ¢ > 1.

Next, assuming Lemma 9 we show that M-nasty cubes cannot percolate as
above when « is large, by using the theory developed in [17]. Note that since
M > 2, the fact that niceness (or otherwise) of Qas(z) can be determined
by {(Xi, Ui, Uj) € H : Xi € Qoar41)(2)} means that the niceness of the
cube Qp(Mz) is independent of the niceness of the cubes {Qn(M?2) :
llz—2'||oo > 2, 2" € Z}. In other words, the niceness of cubes is 2-dependent.
Now think of sites z € Z¢ such that Qs (Mz) is M-nice as carrying the label
1, whereas sites z € Z? such that Qu;(Mz) is M-nasty carry the label 0.
In particular, an application of [17, Theorem 0.0] together with Lemma 9
shows that for M sufficiently large, for all « sufficiently large (depending
on M), the family of M-nasty cubes does not percolate [in the setting of
[17, Theorem 0.0] this is achieved by ensuring that the complement of the
1-labeled sites does not percolate]. Therefore, for all « sufficiently large,
P, x-almost surely, all connected clusters C(G) are finite. In other words,
for v-almost all G, we have that all connected clusters of C(G) are finite
Pg.a a,-almost surely. |

Proof of Lemma 9. Let ¢ > 0. We show that for all M sufficiently large
(7) lim inf P, x(Qnr(0) is M-nice) > 1 —e.
a—r 00
Let

E.(M) = {every vertex in H1 N Qapr (M z) is uncorrupted}.
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Since H; is almost surely finite and lim,—,o0 pg(c) = 0 we conclude that for
each z € Z¢, M € N,

P, \(E.(M)) =1, asa— oo.

Now, given a set of points H = (2, u;, u})ics € (R? x [0, 1]2)LF | we define
for each x = x;, € Hy the forward cluster F = F/ (H) to be the

(wig wig 1))
set containing x as well as every &’ € H;p for which there exists n € Z
and x;,,...,z;, = 2’ such that (for each r = 0,...,n — 1) z;,, x;,, are
neighbours and (j — 1)/n;, < u;,. < j/n;, where x; ., is the jth neighbour

of z; . In particular, the forward clusters F. here do not depend on the
quantities (u});cr at all. Let E.(M) be the event that for every vertex = €
H1 N Qapr(Mz) the forward cluster F) consists of at most M/9 vertices.

It follows that if both E,(M) and E.(M) occur then for every vertex
2’ in Qpr(Mz), the connected cluster C,s is contained in Qq5p/(M2z), and
Qn(Mz) is M-nice. Hence, using translation invariance of the Poisson point
process, and applying the Slivnyak-Mecke formula (5) with the function

f(@,u,u'), H) = Ha € Qonr(M2)}{#F(, oy (H U{(x,u,u)}) > M/9},
we see that 1 — P, x(E.(M)) is equal to
(8)
PQA(#F(’X“U“UZ{) > M/9 for some X; € Qapr(M2))
(9)
< Ea,A[ S L#F 0 (H) > M/9}

Xi€Q2ns(0)

:,u/ / PQA(#F(’QWU,)(”HU{(x,u,u')}) > M/9) dudu/dz
2m(0) J[0,1] o

— u(2M)? /[0 . Pon(#F], 1y (U {(0,1,1)}) > M/9)du.

Writing F)f = F(’()’u’l)(?-{ U{(o,u,1)}), we will prove that there exist C,c > 0

(not depending on «, u) such that,

(12) Poa(#F* > M/9) < Ce™ VM,
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From this it follows that
1 — Py(EL(M)) < C'M%e VM,

hence we may choose M sufficiently large so that P, z(EL(M)) > 1 —¢/2
for every M > My. But for each M > My, Py x(E.(M)) — 1 as a — 00 so

lim inf P, A(Qusr(0) is M-nice) > lim inf PA(E.(M)NE,(M))>1—¢

as required.

Thus it remains to prove (12). Let E?\;g denote the event that all vertices
in Q317(0) have degree at most v/ M. Writing kg for the volume of the d-
dimensional unit Euclidean ball B;, another application of (5) gives that

1— Py A(ESE) < (3M)'p Y- Pax(#(HNBy) =k)
K>V

k
S (3M)du Z e—luid (/"“;’(‘1) .
k>V/M ’

Hence, by the Stirling formula, 1 — P, A(E?\;g) decays exponentially in /M.
It therefore suffices to show that P, )\(Ei;g N{#F; > M/9}) decays expo-
nentially in v/M. Conditioning on the spatial locations H1NQsas(0), at each
forward hop in E* there is a chance of at least M ~1/2 to backtrack. Hence,

Po (B3 O {#F7 > M/9}) = Box[L{ESE} Pax (55 > M/9[H1 1 Qs (0))

<(1- jM)M/g,

which decays at exponential speed in v M. |
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