DIPARTIMENTO DI MATEMATICA
“Francesco Brioschi”
POLITECNICO DI MILANO

Recent results on branching random
walks

Bertacchi, D.; Zucca, F'.

Collezione dei Quaderni di Dipartimento, numero QDD 94
Inserito negli Archivi Digitali di Dipartimento in data 2-5-2011

Piazza Leonardo da Vinci, 32 - 20133 Milano (Italy)



Recent results on branching random walks

Daniela Bertacchi
Dipartimento di Matematica e Applicazioni
Universita di Milano—Bicocca
via Cozzi 53, 20125 Milano, Italy
daniela.bertacchiQunimib.it

Fabio Zucca
Dipartimento di Matematica
Politecnico di Milano
piazza Leonardo da Vinci 32, 20133 Milano, Italy
fabio.zucca@polimi.it

Abstract

This paper is a collection of recent results on discrete-time and continuous-time
branching random walks. Some results are new and others are known. Many aspects of
this theory are considered: local, global and strong local survival, the existence of a pure
global survival phase and the approximation of branching random walks by means of
multitype contact processes or spatially confined branching random walks. Most results
are obtained using a generating function approach: the probabilities of extinction are
seen as fixed points of an infinite dimensional power series. Throughout this paper we
provide many nontrivial examples and counterexamples.
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1 Introduction

Branching random walks can be considered as processes which simultaneously generalize
the concepts of branching process and of random walk. A branching process is a very
simple population model (introduced in [17]) where particles breed and die (independently
of each other) according to some random law. At any time, this process is completely
characterized by the total number of particles alive. Branching random walks (in short,
BRWs) add space to this picture: particles live in a spatially structured environment and
the reproduction law, which may depend on the location, not only tells how many children
the particle has, but also where it places them. The state of the process, at any time,
is thus described by the collection of the numbers of particles alive at x, where x varies
among the possible sites. Although particles do not actually move, an observer would see
a random movement of the population. Moreover if we identify every particle with one of
its children (if there are any), then we may view the BRW as a system of random walkers
which may disappear (i.e. the corresponding particle has no children) or split into two or
more independent walkers (i.e. the corresponding particle has two or more children).

The basic question that one answers studying the branching process is whether it sur-
vives (i.e. with positive probability at any time there is someone alive); while the classical
question for random walks is whether the walker returns (with positive probability or, equiv-
alently, with probability one) infinitely many times to some fixed site. Transposed into BRW
theory, the first question asks whether there is global survival, that is, with positive proba-
bility at any time there is someone alive somewhere); while the second question deals with
local survival, that is, with positive probability the process returns infinitely many times
to some fixed site (this event, in contrast with the situation for random walks, may have
probability one only in trivial examples).

In the literature one can find BRWs both in continuous and discrete time. The continuous-
time setting has been studied by many authors (see [22, 24, 25, 29, 32] just to name a few).
As we see in Section 2.2, in this case one studies a family of BRWs which depends on
the choice of a parameter A\. There are two (possibly coinciding) parameters of interest:
Aw < As. If A < Ay, there is almost sure extinction, if A\, < A < Ag there is global but not
local survival and if A; < A there is local and global survival (see for instance [36, 38, 6, 7]).



The discrete-time case has been initially considered as a natural generalization of branch-
ing processes (see [1, 10, 11, 12, 13, 20]), but, since every continuous-time BRW admits
a discrete-time counterpart which has the same behavior, results in this setting naturally
extend to continuous time.

In recent years, there has been a growing interest about BRWs in random environment
(see for instance [14, 18, 21, 27, 28, 33]). This is an interesting subject that we do not
discuss in this paper.

Being at the crossroad between branching process and random walk theories, BRW
theory benefits of the techniques of both fields (to be honest, there is a third road at
this intersection, since BRWs can also be seen as interacting particle systems — although
particles do not interact). Indeed, recalling that the probability of extinction of a branching
process is the fixed point of a generating function associated to the offspring distribution,
one can associate to the offspring distribution of the BRW a (possibly infinite-dimensional)
generating function G (this is what we do in Section 2.5). Moreover it is possible to prove
that the extinction probabilities of the BRW are fixed points of this generating function.
This is a fundamental tool that we use in Section 4. On the other hand some tools borrowed
from random walk theory, such as generating functions of first return probabilities and
superharmonic functions, are particularly useful in the no death case (that is, the case
where every particle has at least one child).

The paper is a collection of recent results on BRWs: some of them are already known,
some are new and their proofs can be found in Section 6. A brief outline of the paper
and of main results follows. The paper is divided into five main sections. Section 2 is
a short technical introduction to the subject. There is a description of discrete-time and
continuous-time BRWs (Sections 2.1 and 2.2 respectively). Classical processes as edge-
breeding and site-breeding continuous-time BRWs are discussed and it is shown that, from
the point of view of survival vs. extinction, the class of discrete-time BRWs extends the
class of continuous-time BRWs. In Section 2.3, other models are presented along with their
relation with BRWs. In Sections 2.4 and 2.5 two important tools are discussed: trails and
generating functions. While the first one is more important from a theoretical point of
view, the second one is repeatedly used to study the behavior of a BRW. In particular a
mazximum principle for solutions of certain inequalities involving these generating functions
is proved.

Section 3 presents two particular families of BRWs: F-BRWs (Section 3.1) and BRWs
with no death (Section 3.2). The first class (which has been introduced in [42]), is a
natural generalization of the classes of continuous-time BRWs on weighted F-graphs (see [7,
Proposition 4.5]) and on F-multigraphs (see [6, Definition 3.1]). This class contains quasi-
transitive BRWs (for instance, edge-breeding continuous-time BRWs on quasi-transitive
graphs) and BRWs which are locally isomorphic to branching processes (for instance, site-
breeding continuous-time BRWs on regular graphs); nevertheless, as Example 3.3 shows,
the class of F-BRWs is strictly larger than the class of quasi-transitive BRWs even for edge-
breeding continuous-time BRWs (see also Example 4.25). As for BRWs with no death, which
are a natural generalization of random walks, we note that even though they represent a
limited subclass of BRWSs, many results can be extended immediately to the general class
of BRWs using a comparison introduced by Harris for branching processes (see [1, Chapter
1.12] and Section 3.2).



Section 4 is devoted to the study of the behavior of BRWs (survival vs. extinction). In
Section 4.1 the probabilities of survival are viewed as fixed points of an infinite-dimensional
generating function. Local survival is completely characterized through the knowledge of the
first-moment matrix M (Theorem 4.3). For global survival we give an equivalent condition
in terms of the generating function G (Theorem 4.7(1)). In terms of M we can only provide
an equivalent condition for F~-BRWs and a necessary one in the general case (Theorem 4.9).
Example 4.15 shows that many conjectures about sufficient conditions for global survival are
false. In continuous time, Corollary 4.5 identifies A\s and states almost sure local extinction
at A = Ag; a characterization of )\, through the existence of solutions of certain inequalities
is given in Theorem 4.12. In the case of F~-BRWSs, Corollary 4.10 provides a more explicit
expression for A, (this expression is a lower bound in the general case), and states global
extinction at A = \,,. Example 4.13 shows that in the general case global survival is possible
at Ay. Clearly local survival implies global survival and the converse is false. When the two
events coincide (and have positive probability) we say that there is strong local survival.
Proposition 4.19 claims that quasi-transitivity and local survival imply strong local survival;
Theorem 4.21 characterizes strong local survival, generalizing [31, Theorem 3.1] which was
stated for the no death case. Examples 4.35 and 4.36 show that even when the BRW is
locally isomorphic to a branching process (i.e. the reproduction law does not depend on
the site) non-strong local survival is possible. Moreover Example 4.31 is an edge-breeding
continuous-time BRW on a homogeneous tree with a loop where, for small and large values
of A there is strong local survival while for intermediate values we have non-strong local
survival. This shows that, unlike local and global survival, for strong local survival there
is no monotonicity in A. Irreducibility guarantees that if there is local survival at some y
(or global survival) starting from some zg, then there is local survival at any w (or global
survival) starting from any x. Clearly the probabilities of global or local survival may depend
on the staring point even in the irreducible case (see Example 4.18). Example 4.4 shows
that in the reducible case there can be local extinction at x starting from x for all z € X,
but local survival at some y starting from some x # y; in addition, this example shows that
in the reducible case it there might be global extinction starting from = but global survival
starting from some y # x. Example 4.32 proves that, even in the irreducible case, if there
are vertices where particles have at least one child almost surely, then it might happen
that there is strong local survival starting from some vertex and non-strong local survival
starting from other vertices. In Example 4.17 we find a BRW which survives globally even
if the law at each site gives a branching process which dies out. The main tool that we use
in many examples is the discussion in Remark 4.1 which relates the probability of visiting a
subset A C X, the probability of local survival at A and the probability of global survival.
Section 4.5 is devoted to pure global survival, that is when the process survives globally
but not locally. For /-BRWs the existence of a pure global survival phase is equivalent to
nonamenability (Corollary 4.24). Theorem 4.23 gives an equivalent condition on the first
moment matrix M, in the general case, for nonamenability. Unfortunately, the existence of
a pure global survival phase is not equivalent, in general, to nonamenability: Example 4.27
shows that there exists an amenable edge-breeding, continuous-time BRW without pure
global survival and, conversely, according to Example 4.28, there exists a nonamenable edge-
breeding, continuous-time BRW with pure global survival. Theorem 4.29 gives a sufficient
condition for no pure global survival of a continuous-time BRW. In Section 4.6 we treat the



special case where the reproduction law is independent of the site.

In Section 5 the question of the approximation of a BRW is studied. In particular
in Section 5.1 we obtain an approximation of a general BRW, which is not necessarily
irreducible, by means of a sequence of spatially confined BRWs (Theorem 5.2). This results
is a corollary of a generalization of a theorem due to Sarymshakov and Seneta (see [37,
Theorem 6.8]) which deals with nonnegative matrices (Theorem 5.1). Here we obtain, as
a particular case, that if we have a surviving process, then by confining it to a sufficiently
large (possibly finite and not necessarily connected) proper subgraph the resulting BRW
survives as well; this result was already known for irreducible BRWs confined to connected
subgraphs. In Section 5.2 we study the approximation of the BRW with a sequence of
truncated BRWs (which are, in fact, multitype contact processes). The key to obtain such
a result is the comparison of our process with a suitable oriented percolation (as explained
n [8, 42]). The strategy is then applied to some classes of regular BRWs in discrete-time
and continuous-time.

In Section 6 all the proofs of new results can be found, along with some technical lemmas.

2 Basic definitions and preliminaries

2.1 Discrete-time Branching Random Walks

We start with the construction of a generic discrete-time BRW {7, }nen (see also [7] where
it is called infinite-type branching process) on a set X which is at most countable; n, ()
represents the number of particles alive at x at time n. To this aim we consider a family
= {pz }zex of probability measures on the (countable) measurable space (Sx,2°%) where
Sx ={f: X = N:3> f(y) < oo} To obtain generation n + 1 from generation n we
proceed as follows: a particle at site x € X lives one unit of time, then a function f € Sx
is chosen at random according to the law p, and the original particle is replaced by f(y)
particles at y, for all y € X; this is done independently for all particles of generation n. Note
that the choice of f assigns simultaneously the total number of children and the location
where they will live. We denote the BRW by the couple (X, u).

Equivalently we could introduce the BRW by choosing the number of children and
then their location. Indeed define H : Sx — N as H(f) := >_ cy f(y) which represents
the total number of children associated to f. Denote by p, the measure on N defined
by pz(-) := pe(H7L(-)); this is the law of the random number of children of a particle
living at x. For each particle, independently, we pick a number n at random, according
to the law p,, and then we choose a function f € H~!(n) with probability p.(f)/pz(n) =

1z (f)/ D ger-1(n) Ha(g) and we replace the particle at z with f(y) particles at y (for all
y € X).

To be precise, to construct the process, pick a family {fina}inenzex of independent
Sx-valued random variables such that, for every z € X, {finz}inen have the common law
tz, and an initial state no such that )y no(x) < 4+o00. The discrete-time BRW {1, },en
is defined iteratively as follows

7 (y)
77n+1 Z Z fzny Z Z]l{nn(y) =5} Zfz n,y (21)
yeX i=1 yeX j=0



Even though in this paper the initial state will always be deterministic, considering a random
initial distribution )y no(x) < 400 a.s., would not be a significant generalization.
While in random walk theory a fundamental role is played by the transition matrix,
in BRW theory a similar role is played by the first-moment matrizc M = (mgy)zyex,
where mgy 1= > rcg f(y)ua(f) is the expected number of particles from z to y (that
is, the expected number of children that a particle living at = sends to y). We suppose
that sup,cx ZyEX Mgy < +00; most of the results of this paper still hold without this
hypothesis, nevertheless it allows us to avoid dealing with an infinite expected number of
offsprings. Note that the expected number of children generated by a particle living at = is
> yex May = D50 MPx(n) =: pz. Given a function f defined on X we denote by M f the

function M f(z) := Eye x May f(y) whenever the RHS makes sense. We denote by mg:f,) the
entries of the nth power matrix M™ and we define

T o/ (n)  Tim s / (n)
My(z,y) = hrrfl—?gp Moy, My(z) = hnrr_1>1£f n ;{mxy ; Vr,y € X. (2.2)
y

From equation (2.1), it is straightforward to prove that the expected number of par-
ticles, starting from an initial state 7, satisfies the recurrence equation E™ (1, 1(x)) =

Z:yeX My 10 (nn(y)) hence

E™ (na(2)) = Y mino(y)-
yeX

Remark 2.1. Note that a BRW can be seen as a random walk on NX (to be precise, on
Sx C NX), where 0 is an absorbing state. If p;(0) > 0 for all x € X then every state in
Sx \ {0} is transient. Basically this is due to the fact that the probability of going into the
state O starting from a state n € Sx in one step is [[ o x pw(O)"(“) > 0; hence the probability
of wisiting infinitely often the state n without ending in the trap state 0 is O (for a formal
proof in the case of a branching process see [20, Theorem 6.2]).

We introduce here some terminology borrowed from random walk and graph theory. In
general our definitions extend the classical ones which apply to graphs in the following way:
a discrete-time counterpart of an edge-breeding continuous-time BRW (see Section 2.2) has
the property P if and only if the underlying graph has the usual property P. The BRW
(X, ) is called non-oriented or symmetric if myy = my, for every z,y € X. (X, p) is called
nonamenable if and only if

My
inf{z””es"y;g“y:SgX,|S| <oo} = x> 0, (2.3)

and it is called amenable otherwise. The value ¢(x ;) is called isoperimetric constant since
in the case of a continuous-time, edge-breeding BRW (see the end of Section 2.2) this
is the usual isoperimetric constant of the underlying multigraph and, in that case, the
nonamenability of the BRW is equivalent to the nonamenability of the multigraph (see [6,
Section 3.3] for the definition).



For a generic discrete-time BRW, the set X is not a prior: a graph; nevertheless, the
family of probability measures, {u,}, induces in a natural way a graph structure on X
that we denote by (X, E,) where E,, := {(z,y) : mgyy > 0} = {(z,y) : 3f € Sx, p(f) >
0, f(y) > 0}. Roughly speaking, (z,y) is and edge if and only if a particle living at = can
send a child at y with positive probability (from now on wpp). We say that there is a path
from x to y, and we write z — y, if it is possible to find a finite sequence {x;}}", (where
n € N) such that g = , 2, = y and (z4,241) € E, foralli =0,...,n—1. If x — y and
y — x we write x = y. Observe that there is always a path of length 0 from x to itself.

We call the matrix M = (Mgy)syex trreducible if and only if the graph (X, E,) is
connected, otherwise we call it reducible. We denote by deg(x) the degree of a vertex x, that
is, the cardinality of the set N := {y € X : (z,y) € E,}. Note that if (X, 1) is non-oriented
then the graph (X, E,) is non-oriented (that is, (z,y) € E,, if and only if (y,z) € E,,).

Definition 2.2. The colony can survive in different ways: we say that the colony survives
locally wpp at y € X starting from x € X if

PO (lim sup 77, () > 0) > 0;

n—o0

we say that it survives globally wpp starting from x if

IP"SZ< Z N (w) > 0,Yn € N) >0
weX

(or, equivalently, PP (imsup, . > pecx Mn(w) > 0).

Let us define the probabilities of extinction q(x,y) := 1 — P% (limsup,,_,.. 7.(y) > 0) and
qg(x) =1 —IP)‘SZ(Ewex Nn(w) > 0,Yn € N). Following [18], we say that the there is strong
local survival wpp at y € X starting from x € X if

q(z,y) = q(r) <1.

Finally we say that the BRW is in a pure global survival phase starting from x if

q(z) < q(z,z) = 1.

From now on when we talk about survival, “wpp” will be tacitly understood. Often we will
say stmply that local survival occurs “starting from x” or “at x”: in this case we mean that

r=y.

Roughly speaking, there is global survival if there are particles alive somewhere at all
times wpp and there is local survival at y if there are particles alive at y at arbitrarily
large times wpp. Strong local survival at y starting from x requires that the probability of
local survival at y equals the probability of global survival starting from x and that they
are both positive. Equivalently, there is strong survival at y starting from z if and only if
the probability of local survival at y starting from x conditioned on global survival starting
from x is 1. One can show that strong local survival implies that for almost all realizations
the process either survives locally and globally or it goes extinct. The typical case (but not
the only one) where there is global but no strong local survival is being in a pure global
survival phase.



Clearly local survival at some y starting from x implies global survival starting from =z,
since ¢(z) < q(z,y) for all x,y € X. It is easy to construct examples where g(z) < 1 =
q(x,y) (see Section 4.5). One may wonder whether it is possible to find examples of BRWs
where ¢(z) < q(z,y) < 1; according to Examples 4.31 and 4.35 the answer is positive.

We observe that if © — y then local survival at x implies local survival at y starting
from any w such that w — z (¢(w,y) < ¢(w, ) for all w € X). Analogously, if z — y then
global survival starting from y implies global survival starting from z (indeed g(z) < ¢(y)).
Moreover if z — y, w — w’ and g(w’,x) < 1 then ¢(w,y) < 1. In particular if x = y
then local (resp. global) survival starting from x is equivalent to local (resp. global) survival
starting from y. As a consequence, if M is irreducible then the process survives locally
(resp. globally) at one vertex if and only if it survives locally (resp. globally) at every
vertex. In this case q(z,y) = q(x,z) for all ,y € X (see Section 4.1 for details). Note that
even if in the irreducible case one cannot guarantee that ¢(z,x) = q(y,y) or q(z) = ¢(y)
when x # y (see for instance Example 4.18).

Assumption 2.3. We assume henceforth that for all x € X there is a verter y = x such
that puy(f 32 wey f(w) = 1) < 1, that is, in every equivalence class (with respect to =)
there is at least one vertexr where a particle can have inside the class a number of children
different from one wpp.

Remark 2.4. The previous assumption guarantees that the restriction of the BRW to an
equivalence class is nonsingular (see [20, Definition 11.6.2]). There is a technical reason
behind the previous assumption. The classical Galton—Watson branching process is a par-
ticular BRW where X := {x} is a singleton and Sx and p, can be identified with N and a
probability measure on N respectively. It is well-known that

o if uy(1) =1 then my, = 1 and there is survival with probability 1;
o if u, (1) <1 then there is survival wpp if and only if my, > 1,

(see also Example 4.2). Hence the condition my, > 1 is equivalent to survival under As-
sumption 2.3.

For a generic BRW, we call diffusion matriz the matrix P with entries p(x,y) = may/pe.
Note that P is a stochastic matrix which defines a random walk on X, but it is not true in
general that the offsprings are dispersed independently according to P. This last updating
rule characterizes a particular, but meaningful, subclass of discrete-time processes that we
call BRWs with independent diffusion: a particle at site x lives one unit of time and is
replaced by a random number of children (with law p,) which are dispersed independently
on X, according to a stochastic matrix P. This rule is a particular case of the general one,
since here one simply chooses

) (SO
pa(f) = pu <§y: f(y)> . 7t 1;[10( )W, vf e sy (24)

Clearly in this case the expected number of children at y of a particle living at x is

May :p(wvy)ﬁﬂﬁ (25)



2.2 Continuous-time Branching Random Walks

Continuous-time BRWs have been studied extensively by many authors; in this section we
make use of a natural correspondence between continuous-time BRWs and discrete-time
BRWs which preserves both local and global behaviors.

In continuous time each particle has an exponentially distributed random lifetime with
parameter 1. The breeding mechanisms can be regulated by means of a nonnegative matrix
K = (kyy)zyex in such a way that for each particle at z, there is a clock with Exp(Akzy)-
distributed intervals (where A > 0), each time the clock rings the particle breeds in y.
We say that the BRW has a death rate 1 and a reproduction rate Ak;, from z to y.
We observe (see Remark 2.5) that the assumption of a nonconstant death rate does not
represent a significative generalization. We denote by (X, K) a family of continuous-time
BRWs (depending on the parameter A > 0), while we use the notation (X, u) for a discrete-
time BRW.

Equivalently, one can associate to each particle at x a clock with Exp(Ak(x))-distributed
intervals (k(x) = 3, kzy): each time the clock rings the particle breeds and the offspring
is placed at random according to a stochastic matrix P (where p(z,y) = kzy/k()).

To a continuous-time BRW one can associate a discrete-time counterpart; here is the
construction. The initial particles represent the generation 0 of the discrete-time BRW; the
generation n + 1 (for all n > 0) is obtained by considering the children of all particles of
generation n (along with their positions). Clearly the progenies of the original continuous-
time BRW and of its discrete-time counterpart are both finite (or both infinite) at the
same time. Moreover, almost surely, the two processes have the same local and global
behavior. In this sense the theory of continuous-time BRWs, as long as we are interested in
the probability of survival (local, strong local and global), is a particular case of the theory
of discrete-time BRWs.

Elementary calculations show that each particle living at x, before dying, has a random
number of offsprings given by equation (2.4) where

14 Mk(x) <1+)\k(a:)> ey = Wl{)

and this is the law of the discrete-time counterpart; note that the discrete-time counterpart
of a continuous-time BRW is a BRW with independent diffusion. Note that p, depends
only on Ak(z). Using equation (2.5), it is straightforward to show that mg, = Akg, and
pz = k(z). Note that, for a continuous-time BRW the first-moment matrix M equals AK.
From equation (2.6) we have that, for any A\ > 0, the discrete-time counterpart satisfies
Assumption 2.3.

(1) (2.6)

Remark 2.5. The same construction applies to continuous-time BRWs with a death rate
d(z) > 0 dependent on x € X. In this case the discrete-time counterpart satisfies equa-
tion (2.4) where

N d(x) Ak(z) ! kg
Pa(D) = Ty k(@) (d(:c) n )\k:(:c)) o Py = ey

Hence, from the point of view of local and global survival, this process is equivalent to a
continuous-time BRW with death rate 1 and reproduction rate Akgy/d(z) from x to y.



All the definitions given in the previous section extend to the continuous-time case: a
continuous-time BRW has a certain property if and only if its discrete-time counterpart has
it. In particular, we observe that, for a continuous-time BRW, the isoperimetric constant
defined in equation (2.3) equals to Ai(x k) where v(x f is the constant when A = 1. Hence
either the BRW is nonamenable for all A > 0 or it is amenable for all A > 0.

Given xy € X, two critical parameters are associated to the continuous-time BRW: the
global (or weak) survival critical parameter Ay, (o) and the local (or strong) survival critical
parameter \s(zg). They are defined as

No(wo) = inf {A> 0 P (37 mu(w) > 0,%) >0},
weX
As(z0) := inf{\ > 0 : PP (limsup m (o) > 0) > 0},
t—00
where 0 is the configuration with no particles at all sites and P%o is the law of the process
which starts with one individual in zg. The process is called globally supercritical, critical
or subcritical if A > Ay, A = Ay, or A < Ay; an analogous definition is given for the local
behavior using s instead of A,,.

If the graph (X, E,) is connected (that is, the BRW is irreducible) then these values do
not depend on the initial configuration, provided that this configuration is finite (that is, it
has only a finite number of individuals), nor on the choice of zg. If we have (X, K) and (Y, K)
such that Y C X and kyy > kyy for all 2,y € Y then for all z € Y we have A (z) < \Y ()
and \X(z) < AY(x). In particular we say that there exists a pure global survival phase
starting from x if the interval (A, (z), As(z)) is not empty; clearly, if A € (Ay(x), As(x))
then the BRW is in a pure global survival phase according to Definition 2.2.

Given a continuous-time BRW (X, K') we define the following two families of parameters

K(x,y) := limsup 1 kéz), Ky(x) ;= liminf ",Z k::(!;), Va,y € X, (2.7)
n—00 n—00 yeX

introduced in [6, 7] where they are called My and M,,. Note that supermultiplicative
arguments imply that K(x,z) = limn(kgi(m)n))l/d(x)” where d(z) := ged{n > 0: m{? > 0}
is the period of x € X (see [40, Definition 2.19]; hence, for all x € X, we have that
Ky(z,z) < Ky(z). If the BRW is irreducible then K(x,y) and K, (z) do not depend on
x,y € X.

Two special cases are particularly interesting in the continuous-time setting: site-
breeding BRWs and edge-breeding BRWs. We say that a BRW is site-breeding if k(z) does
not depend on z € X (cfr. Definition 3.1); on one hand the number of children of a particle
is independent of the site, on the other hand, clearly, the diffusion matrix P = (p(x,¥))zyex
can be inhomogeneous. We say that a BRW is edge-breeding if X has a multigraph structure
(see [6, Section 2.1] for a formal definition) and k., is the number of edges from z to y;
in this case to each edge there corresponds a constant reproduction rate A. Thus the total
reproduction rate for a particle living at x is A - deg(z) where deg(z) is the number of edges
from x. The diffusion matrix P in this case is the transition matrix of the simple random
walk on the underlying multigraph. Note that if the multigraph is regular (i.e. deg(x) does
not depend on z) then the edge-breeding BRW is site breeding.
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2.3 Other dynamics

We describe some slightly different dynamics which, in fact, have a natural discrete-time
counterpart which has the same local and global behavior.

Multitype BRWs has been studied by some authors (see for instance [26]). In these
processes there is a metapopulation which consists of individuals carrying a certain char-
acteristic chosen among a family I of types. A particle of type i € I living at z € X
generates a random number of children of any type which are randomly placed in X. More
precisely, this can be seen as a discrete-time BRW where the space is X x I and the family
of probability measures {ji,;}zex icr are defined on Sx . Thus, a particle of type i living
at = at the end of its lifetime dies and generates f(y,j) children of type j at y (for all
y € X and j € I) with probability p,;(f). For the multitype BRW the global survival
of the metapopulation (resp. the local survival of a fixed type) is equivalent to the global
(resp. local) survival of the single-type BRW on X x I. On the other hand, the global
survival of a fixed type i is equivalent to the survival in the subset X x {io}, while local
survival at x of the metapopulation is equivalent to the survival on {x} x I.

Time-dependent BRWs can be described similarly, if we have a time-dependent family
of laws {fiz n }zex nen we can construct a BRW on X x N where, at the end of its lifetime, a
particle at (x,n) dies and generates f(y) children at (y,n+1), for all y € X, with probability
Mx,n(f )-

We could define a continuous-time BRW where a particle living at x is endowed with
a Poisson clock of parameter Ak(x); when this clock rings it picks a function f € Sx with
probability u.(f) and reproduces accordingly. All particles reproduce a random number
of times during their exponentially distributed (with mean 1) lifetime. This process has
a discrete-time counterpart which can be constructed as in Section 2.2. In this case the
discrete-time counterpart in general does not satisfy equation (2.4).

Another definition of BRW, which is used by some authors (see for instance [23] or
[41]) is the following. Each particle moves according to a random walk on X. After a
random number of steps it dies and is replaced by a random number of children, whose law
may depend on the final position. Again this process has a natural counterpart: if in the
original BRW a particle starts its life at = and dies at y giving birth to n children then
in the discrete-time counterpart this particle does not move and, after one unit of time, it
generates n children at y. Note that in terms of local and global survival these two processes
are equivalent.

2.4 Reproduction trails

A fundamental tool which allows us to give an alternative construction of the BRW is the
reproduction trail (see [36]). We fix an injective map ¢ : X x X x Z x N — N. Let the
family {f; .z }iczn>02zex be as in Section 2.1 and let 7y be the initial value. For any fixed
realization of the process we call reproduction trail to (x,n) € X x N a sequence

($0,i0,1),($1,i1,j1),...,(-’,Un,in,jn) (28)

such that © = x,, —no(z0) <90 < 0,0 < 51 < fii 1 i—1,0 (@) and ¢(x—1, 27,91, 1) = i,
where 0 < [ < n. The interpretation is the following: i, is the identification number of the
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particle, which lives at x, at time n and is the j,-th offspring of its parent. The sequence
{zg,1,...,2,} is the path induced by the trail (sometimes, we say that the trail is based
on this path). Given any element (x;,7;,7;) of the trail (2.8), we say that the particle
identified by 1%, is a descendant of generation n — [ of the particle identified by 4; and the
trail joining them is (xy,4;, ji), - - -, (Tn, in, jn). We also say that the trail of the particle i,
is a prolongation of the trail of the particle ;.

Roughly speaking the trail represents the past history of each single particle back to its
original ancestor, that is, the one living at time 0; we note that from the couple (n,i,),
since the map ¢ is injective, we can trace back the entire genealogy of the particle. The
random variable 7, (x) can be alternatively defined as the number of reproduction trails to
(z,m). This construction does not coincide with the one induced by the equation (2.1) but
the resulting processes have the same laws.

2.5 Generating functions

Later on we will need some generating functions, both 1-dimensional and infinite dimen-

(n) (n)

sional. Define T3 := 7 oy may and @ay = 3, o e\ gy} Maw Marzs ** May,_1y (BY
definition gog(g(?? =0 for all z,y € X). T is the expected number of particles alive at time
n when the initial state is a single particle at . Roughly speaking, gpg(ﬁz) is the expected
number of particles alive at y at time n when the initial state is just one particle at = and
the process behaves like a BRW except that every particle reaching y at any time ¢ < n
is immediately killed (before breeding). In other words go(xg) is the expected number of
particles alive at y at time n whose trail did not hit any (y, i, k) with k < n.

Let us consider the following family of 1-dimensional generating functions (depending

on z,y € X), where \ € C:

T(z,ylA) : mey, Oz, y|A) : Zw

To compare with random walk theory, I" is the analog of the Green function (cfr. [40, Section
1.C]) and @ is the analog of the generating function of the first-return probabilities (cfr. the
function U of [40, Section 1.C]). It is easy to prove that I'(z, z|\) = > ;. (2, z|A)* for all
A > 0, hence

[(z,2|)\) = YA€ C: |\ < M(z,z)" ",

1
1—®(z,z|\)’
and we have that M(z,2)~! = max{\ € R : ®(x,2|\) < 1} for all z € X. In particular
®(z,z|1) < 1if and only if Ms(z,z) < 1. The interpretation of I'(z,y|1) is the expected
value of the total number of descendants at y of a common ancestor living at . On the
other hand, ®(x,y|1) is the expected number of descendants at y, of a common ancestor
living at =, whose trails start from x and arrive at y for the first time.

The classical approach to branching processes (see for instance [20]) makes use of the
one-dimensional generating function of the offspring distribution p: G (2) = D penp(n)2",
whose minimal fixed point is the probability of extinction (see also Example 4.2). Inspired
by this approach, we associate a generating function G : [0,1]%X — [0,1]¥ to the family
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{14z }ze x which can be considered as an infinite dimensional power series (see also [7, Section
3]). More precisely, for all z € [0,1]X the function G(z) € [0,1]¥ is defined as the following
weighted sum of (finite) products

Gzla) = Y ) I 2™, (2.9)

fESX yeX

Note that G is continuous with respect to the pointwise convergence topology of [0,1]% and
nondecreasing with respect to the usual partial order of [0, 1]% (see [7, Sections 2 and 3] for
further details). Moreover, G represents the 1-step reproductions; we denote by G™ the
generating function associated to the n-step reproductions, which is inductively defined as
G (2) = G (G(2)).

The generating function G can be explicitly computed in some cases: for instance,
for a BRW with independent diffusion (i.e. if equation (2.4) holds). Indeed in this case
it is straightforward to show that G(z|z) = Fy(Pz(x)) where Fy(y) = > .2, pz(n)y" is
the generating function of the number of children and Pz(z) = >_ v p(z,y)z(y) is the
transition operator of the corresponding random walk. In particular if p,(n) = ﬁ( T fjﬁm )"
(for instance if we are dealing with the discrete-time counterpart of a continuous-time BRW,
see equation (2.6)), we have G(z|z) = m (see [7, Section 3.1]), that is,

1

G(z) = R v T (2.10)

where 1(z) := 1 for all x € X, the ratio is to be intended as coordinatewise and Mv was
defined in Section 2.1; in this case my, is given by equation (2.5), thus M = AK.

The following proposition is a sort of maximum principle for the function (z —q)/(1—q)
where G(z) > z (see Section 3.2).

Proposition 2.6. Let z € [0,1]%, 2z > ¢ be a solution of the inequality G(z) > z. If § < 1
and we define z := (z — q)/(1 — q) (by definition Z(z) := 1 for all x such that g(xz) = 1)
then for all x € X such that the set Ny = {y : (z,y) € E,} is not empty, either Z(y) = z(z)
for all y € Ny or there exists y € Ny such that Z(y) > z(x). In particular if Z(x) =1 then
for all y € N we have Z(y) = 1. The same results hold if we take the set {y € X : x — y}
instead of Ny.

The proof, which makes use of some arguments of Section 3.2, can be found in Section 6.
We observe that in a finite, final irreducible class (for instance if the BRW is irreducible
and the set X is finite) then 2 is constant if z > ¢ is a solution of G(z) > z. Since the
probabilities of extinction {q(-, A)}acx (see Section 4.1 for the definition) are solutions of
G(z) = z, Proposition 2.6 applies with z(-) = ¢(-, 4) for all A C X. In this case z(x)
can be interpreted as the probability of local extinction in A conditioned on global survival
(starting from z). Note that if u,(0) = 0 for all x € X (see Section 3.2) then ¢ = 0 and
zZ =z

As an application, if we have an irreducible BRW on N where mg,, > 0 implies [z —y| < 1
we get the following behavior of the extinction probabilities: for all A C X, there exists
xg € NU {400} such that g(x, A) = q(0, A) for all x < xg and g(x, A) < g(x + 1, A) for all
T > xg.
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3 Special processes

3.1 F-BRWs

Some results can be achieved if the BRW has some regularity; to this aim we introduce the
concept of F-BRW (see also [42, Definition 4.2]).

Definition 3.1. We say that a BRW (X, u) is locally isomorphic to a BRW (Y, v) if there
exrists a surjective map g : X — 'Y such that

V() (-) = o (5 (1)) (3.11)

where 7g : Sx — Sy is defined as mg(f)(y) = X.cg-1(y) f(2) forall f € Sx, y €Y. We
say that (X, p) is a F-BRW if it is locally isomorphic to some BRW (Y,v) on a finite set
Y.

Clearly, if (X, p) is locally isomorphic to (Y, v) then

Gx(zoglz) = Gy(zlg(x)) (3.12)

for all z € [0,1]Y and z € X. Indeed m, is surjective and

x(zoglr) = Y pa(f) [T (@)™ = > > pwa(f) [] 2(g(w))’™

fESX weX heSy f@rfl(h) weX
=2 > w]l 11 -
heSy fenyl(h) veY weg=1(v)
= Z M ﬂ'g_ H 2(v)M)
heSy veY
= 3 vy () [ 20" = Gy (lg(a)).
heSy vey

By induction on n
G (z0g) = Gx (G (z09)) = Gx (G (2) 0 9) = Gy (G (2) 0 g = GV (2) 0 g,

whence

P (z0g) =GP (2)0g (3.13)

for all n € N. We note that, since p is uniquely determined by G, equation (3.12) holds if
and only if (X, p) is locally isomorphic to (Y, v) and g is the map in Definition 3.1. To see the
“only if” part, define ¥ by using equation (3.11) (substitute v with ), then equation (3.12)
holds with G instead of Gy; thus G = Gy and this implies that equation (3.11) holds for v.

Using equation (3.13) and the fact that § = lim,, ., G (0) (see equation (4.15) with
A = X), it is possible to prove that there is global survival for (X, u) starting from z if and
only if there is global survival for (Y, v) starting from g(x) (see [42, Theorem 4.3]).

In particular note that the total offspring generating functions G(t1|z) satisfy Gx (t1x|x) =
Gx(tly o glx) = Gy (tly|g(x)), hence the offspring distribution of a particle at « behaving
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according to (X, p) is the same of the offspring distribution of a particle at g(x) behaving
according to (Y, v).

If (X, u) is locally isomorphic to a BRW (Y, ) where Y is a singleton (equivalently, if
the law of the total number of children p, does not depend on = € X) then we say that
the BRW is locally isomorphic to a branching process (this case is discussed in details in
Section 4.6).

It is easy to prove that Y, oy m,v(z) = %Gx(l —(1—t)v|x)|4=1 for allz € X and v €
[0, 1], hence, using equation (3.13), we have Y, .y m2,2(g(z)) = > ey m;/(x)yz(y), for all

€ X and z € [0,1]Y. This, in turn, implies that 3, x maa " 2(g(w)) = X ey my i 2(y)

for all n € N. In particular, when n = 1 and z = 1 we have p\ = ﬁ;/(x).

In continuous time (see [7]) we say that (X, K) is locally isomorphic to (Y, K) if and

only if there exists a surjective map g : X — Y such that Zzeg—l(y) kyr = %g(x)y for all

z € X and y € Y. We observe that (X, K) is locally isomorphic to (Y, K) if and only if
the discrete-time counterparts satisfy Definition 3.1; this can easily be checked by proving
that the equation (3.12) holds when Gx and Gy satisfy equation (2.10). Note that a
continuous-time BRW is site-breeding if and only if it is locally isomorphic to a branching
process. On the other hand a continuous-time, edge-breeding BRW is locally isomorphic to
another edge-breeding BRW if and only if the underlying multigraphs satisfy [6, Definition
3.1].

Definition 3.2. Let v : X — X be an injective map. We say that p = {uz}zex i
y-invariant if for all v,y € X and f € Sx we have pz(f) = piy(z)(f 0 .

Moreover (X, u) is quasi transitive if and only if there exists a finite subset Xg C X
such that for all x € X there exists a bijective map v : X — X and xog € Xo satisfying
v(xo) = x and p is y-invariant.

The previous definition generalizes the usual one (which applies to graphs) in the fol-
lowing way: a discrete-time counterpart of an edge-breeding continuous-time BRW is quasi
transitive if and only if the underlying graph is quasi transitive (that is, the action of the
group of automorphisms has only finitely many orbits).

We note that every quasi-transitive BRW is an /~-BRW. Indeed, consider the equivalence
relation x ~ y if and only if there exists a bijective map v : X — X such that v(x) = y.
Clearly if Y := X/ then #Y < #Xj. Let g be the usual projection from X onto X/. and
Vg(z)(+) = ,uz(wg_l(-)). We have to show that the last definition is well-posed. Note that if
p is v invariant then g = g oy which implies 74(f) = mgoy (f) = 74(f 0 v71); indeed

(N = D, f= >, f= > 6
z€g(y) z€(goy) ™ H(y) z€g(y)
whence for all h € Sy
pa (g (h) = () ({F oy~ s mg(f) = hY)
= py({f oy~ i mg(f o) = h}) = py(m, ' (h)).

The class of F-BRWs is strictly larger than the class of quasi-transitive BRWs. An example
is given by the BRW described in Example 4.35. Another one is the following (a further
example can be found in [6, Example 3.2]).
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Figure 1: The regular graph of Exam- Figure 2: The graph X of Example 4.27.
ple 3.3.

Figure 1:

Example 3.3. [6, Example 3.1] Take a square and attach to every vertexr a branch of
a homogeneous tree of degree 3, obtaining a reqular graph (of degree 3) which is not quasi
transitive (see Figure 1). If we attach now to each vertex a new edge with a new endpoint
we obtain a non-oriented, nonamenable F-graph (X, E(X)) (see [6, Definition 3.1]) which
is neither reqular nor quasi transitive. It is easily seen (see [6, Lemma 3.2]) to be locally
isomorphic to a multigraph with adjacency matrix

3 1
N = <1 0) .
The corresponding continuous-time, edge-breeding BRW is an F-BRW which is defined on

a (nonamenable) multigraph which is neither reqular nor quasi transitive (thus, the process
is not quasi transitive).

3.2 BRWs with and without death: a comparison

Some authors (see for instance [14, 18, 26, 33, 34] and some results of [31]) have extensively
studied the special case where p,(0) = 0 for all € X or, that is the same, p,(0) = 0 for
all x € X. We call this kind of process a BRW with no death; to be honest, in the usual
interpretation each particle still dies but it has at least one descendant almost surely. On
the other hand one can think that particles never die (in this case, p;(n) must be interpreted
as the probability of having n — 1 children). We stick with the first interpretation.

Being the global survival trivial in this case, it is interesting to explore the local behavior
of the BRW. This situation is the closest one to the random walk theory. In particular, the
process can become extinct locally at = with probability one (some authors call the process
transient in this case) or survive locally with positive probability. While in the general
situation the colony cannot always survive with probability one (if p,(0) > 0 the process
starting from x might die at the first step), a BRW with no death can survive locally at
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x either with probability one (strong local survival or recurrent BRW) or with a strictly
positive probability different from one (weakly recurrent BRW).

In this section we want to discuss how we may interpret results on BRWs with no death
in the general case. The first idea, which was introduced by Harris in the case of a branching
process (see for instance [19] or [1, Chapter 1.12]), is to condition on global survival. It is
clear that a generic BRW, such that g(z) < 1 for all z € X, conditioned on global survival is
not a BRW with no death (it is not even a BRW). Indeed, for the conditioned process, the
behaviors of different particles of the same generation are not independent: the probability
of dying without breeding is strictly positive but the probability that all particles in the
same generation die out without breeding is 0. Nevertheless it is possible to associate to a
generic irreducible BRW, with a fixed starting configuration, a BRW with no death. Given a
generic irreducible BRW {1, },en consider the event Qoo = {>_ cx 7(x) > 0, Vn € N} and
define the process {N,}nen as follows: 7, (x,w) equals the number of particles in 7, (x,w)
with an infinite line of descent when w € Q) and it equals 0 when w & Q.. It can be
shown that this process, restricted to Qs is a BRW (that we call again {7, }nen) and its
generating function is

A G(v(z)|z) — q(x)

G(z|z) - 4@ (3.14)
where ¢(x) is the probability of global extinction starting from x € X (see Sections 2.1
and 4.1), G is the generating function of the original BRW and v : [0,1]% — [0,1]¥
defined as v(z|z) := (j( )+ z(x)(1 — g(x)). In a more compact way equation (3.14) can
be written as G = T, o G o Ty where Ty, : [0,1]% — {2z € [0,1]¥ : w < 2} is defined as
Twz(x) == z(x)(1 — w( )) + w(x); note that T, is nondecreasing and, if w(z) < 1 for all
x € X, bijective. More explicitly

Glzle) = Y fu(f) [T 2(9)/®

fESX yeX
deSx g>f pa (9 yeX ( ) ) =TW(1 — g(y)) ) i F 20
where fip(f) = 1—q(z) itf#
0 if f—o0.

Indeed {7, }nen is a Markov process and if we consider the offsprings of a particle living
at x at some time n, then its reproduction law conditioned on the global survival of the
process and on having an infinite line of descent is equal to the reproduction law of an initial
particle at y conditioned on A,, that is

P(m = f)
B = fld) =4 1—q@) I 7°
0 f=0

where A, is the event that there is global survival (i.e. the first particle has an infinite line
of descent) starting from one particle at z € X (clearly P(A;) = 1 —g(z)). Hence, if f > 0,

P = 1140 = s 3 o) TT ()0 - an) @70

q(z) geSx:g>f yey )
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This implies that

Gzlz) = > P = flA) [] 2(v)'®

feSx yey

= > M s () ema - am) e

Y

geSx:9>0 fESx:0<f<gyeY
Hz\g _
- > e - T awe
gE€Sx:9>0 q yey yey
1 1

= [G(Tyz|z) — G(g|z)] =

e (G(Tyzle) — ()]

1-q(=)

It can be shown, following [1], that many results about survival are true for {n, }nen if
and only if they are true for {7, }nen. Proving this equivalence in details goes beyond the
purpose of this paper. Nevertheless we observe that, if ¢ < 1 then 77 is a bijective map
from the set of fixed points of G to the set of fixed points of G. Moreover, since {7, }nen
is obtained by {1, }nen by removing all the particles with finite progeny, which are clearly
irrelevant in view of the survival due to the fact that g(z) < 1 for all z € X, we have
immediately that the probability of local survival of {7, }nen in A (for all A C X), starting
from x is equal to the same probability for {m,}nen, that is, ¢(z, A). In particular the
probability of local survival at A starting from x conditioned on A, is 1 — (T Y-, A)(z) =
(1 q(z, 4))/(1 — q(x)).

We call the process {7, }nen conditioned on A, the no-death BRW associated to {n, }nen
starting from x € X.

4 Survival

4.1 Probabilities of extinction

Define g, (x, A) as the probability of extinction before generation n 4+ 1 in A starting with
one particle at z, namely g,(z,A) = P(nk(x) = 0, Vk > n+ 1,V € A). It is clear that
{gn(x, A) }nen is a nondecreasing sequence satisfying

{Qn('>A) = G(gn-1(4)),  Vn=>1 (4.15)

go(z, A) =0, Vz € A,

hence there is a limit ¢(z, A) = lim, o0 ¢n (2, A) € [0,1]% which is the probability of local
extinction in A starting with one particle at z. Note that equation (4.15) defines completely
the sequence {gy (-, A)}nen only when A = X (otherwise one needs the values go(z, A) for
x ¢ A). Since G is continuous we have that (-, A) = G(q(-, A)), hence these probabilities
are fixed points of G (and Proposition 2.6 applies). Note that ¢(-,0) = 1, q(-, X) = q(-)
and ¢(-,{y}) = q(-,y) (see Definition 2.2). It can be shown (see [7, Corollary 2.2]) that g is
the smallest fixed point of G(z) in [0,1]%, since it is § = lim,, oo G (0). Using the same
arguments, one can prove that ¢ is the smallest fixed point of G(™ for all m € N.
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Note that A C B implies ¢(-, A) > q(-, B). In particular, ¢(-,y) > ¢ for all y € X. Since
for all finite A C X we have q(z,A) > 1 -3 (1 —q(z,y)) then, for any given finite
ACX, g(x,A) =1if and only if g(x,y) = 1 for all y € A.

Moreover, given a BRW (X, ) nd Y C X, consider (Y,r) obtained by killing all
particles outside Y; in this case ¢% (v, 4) < ¢¥ (z,A) forallz €Y, ACY.

If v — 2’ and A C X then ¢(2/, A) < 1 implies g(x, A) < 1; as a consequence, if x = 2’
and y = 3/ then ¢(z,A) < 1 if and only if g(2’,; A) < 1 and ¢(z,y) = ¢(z,y’). In the
irreducible case ¢(x,A) < 1 for some z € X if and only if g(w,A) < 1 for all w € X;
in particular g(z) < 1 for some x € X if and only if g(w) < 1 for all w € X. Moreover
q(z,A) < 1 for some z € X and a finite A C X if and only if g(w,B) < 1 for all w € X
and all finite B C X. Indeed, in the irreducible case, one can prove that q(z, A) = q(x, )
for all x € X and every finite A C X: since surviving in a finite subset A is equivalent to
surviving in at least one of its points, then it is enough to prove it in the case A := {y} for
y € X; in this case the conclusion follows from a Borel-Cantelli argument.

In the irreducible case, if p(0) > 0 for all z € X, we have that g(x) = g(x, A) for some
x € X and a finite subset A C X if and only if g(y) = q(y, B) for all y € X and all finite
subsets B C X. Indeed, if g(x) =1 then ¢(y,B) =1 for all y € X and B C X and there is
nothing to prove. Suppose that g(z) = ¢(z, A) < 1 and ¢(y) < q(y, B) for some z,y € X
and A, B C X finite. By irreducibility ¢(z, A) = q(z,x) = ¢(x, B) hence we can assume
that A = B. We know that there is a positive probability that the process, starting from x
has at least one descendant at y. There is also a positive probability that all the particles
(except one at y) die out and the progeny of the surviving particle survives globally but
not locally at A. Thus, there is a positive probability, starting from x, of surviving globally
but not locally at A and this is a contradiction. Observe that if we drop the assumption
pz(0) > 0 for all x € X, we might actually have g(z) = q(z, A) < 1 and ¢(y) < q(y, A) for
some z,y € X and a finite A C X (see Example 4.32).

Remark 4.1. We observe that the following assertions are equivalent for every nonempty
subset A C X.

(1) q(z, A) = q(z), for all z € X;
(2) qo(z, A) < q(z), for all v € X;

(3) the probability of visiting A at least once starting from x is larger than the probability
of global survival starting from x, for all x € X:

(4) for all x € X, either q(x) = 1 or the probability of visiting A at least once starting from
x conditioned on global survival starting from x is 1 (strong local survival in A starting
from x);

(5) for all x € X, either g(x) = 1 or the probability of local survival in A starting from x
conditioned on global survival starting from x is 1.

Indeed, since {qn (-, A)}nen is non decreasing, qn(-,A) = G(gn-1(-,A)) and q is the
smallest fixed point of G, we have immediately that

q(-A) = () = (-, A) < q(-), (4.16)
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that is, (1)<=(2). Moreover the event “local survival in A starting from x” implies both
“global survival starting from x” and “visiting A at least once starting from x”, hence
q(x, A) = q(x) if and only if the probability of visiting A infinitely many times starting
from x conditioned on global survival is 1 and (1)<=(5)=(4). Trivially (2)<=(3) and
(4)=(3). This proves the equivalence.

Hence if there exists v € X such that q(z, A) > q(z) (that is, there is a positive probability
of global survival and nonlocal survival in A starting from x) then there exists y € X such
that qo(y, A) > q(y) (that is, there is a positive probability that the colony survives globally
starting from y without ever visiting A). Of course, qo(x, A) > q(x) implies q(x, A) > G(x)
but the converse is not true. In particular for a BRW with no death there is strong local
survival in A starting from x for all x € X if and only if the probability of visiting A is 1
starting from every vertex. This is the BRW counterpart of an analogous result in random
walk theory; a vertexr x is transient if and only if there exists a vertex y such that with
positive probability the walker never visits x starting from y.

We note that, a priori, there is not an order relation between the events “visiting A at
least once starting from x” and “global survival starting from x”. Nevertheless if, for all
x € X, the probability of “visiting A at least once starting from x” is larger or equal to the
probability of “global survival starting from x” then, using equation (4.16), we have that the
probability of “global survival starting from x never visiting A” is 0.

An application of the previous remark to the construction of a BRW which survives
globally and locally, but not strong locally, is given in Example 4.31.

If G has only one fixed point z < 1 then ¢(-,y) = 1 or ¢(-,y) = ¢(-). More precisely,
if one can prove that ¢(-,y) < 1 then ¢(-,y) = ¢(-,4) = q(-) for all A > y. In this case,
global survival starting from z (i.e. g(z) < 1) is equivalent to local survival at y starting
from z and it implies strong local survival at y starting from x. If for some y € X we have
q(-,y) = q then the global survival starting from x implies the strong local survival at y
starting from x.

If equation (2.4) holds and p(n) = ﬁ(l fzﬁz)”, we have that the survival probability
in A, vq :=1—q(-, A), satisfies the equality Mv4 = v4/(1 —vy) (see equation (2.10)). In
particular in the continuous-time case we have AKvg = v4/(1 —vy).

Example 4.2. In the case of a Galton—Watson branching process, the generating function
is G(z) = Y nen i(n)2" and its smallest fized point q € [0, 1] satisfies ¢ < 1 if and only if
1< LG02)|m1 = 3, ennu(n) = myy (cfr. Assumption 2.3 and Remark 2.4) .

If we are dealing with a continuous-time branching process with reproduction rate Ak,
then G(z) = 1/(1 4+ Mkge(1 — 2)) and ¢ = min(1,1/Akzy). We see that, according to the
general case, ¢ < 1 if and only if Akyy > 1.

4.2 Local survival

The fact that there is local survival or not, depends only on the first-moment matrix M.
Indeed we have the following characterization which contains [42, Theorem 4.1] (some hints
about the proof can be found in Section 6). We note that the following result still holds
without the hypothesis sup,ex >, ¢ x May < +00.

Theorem 4.3. Let (X, p) be a BRW.
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(1) There is local survival starting from x if and only if Mg(x,z) > 1.

(2) If SUPye x sy Ms(w,w) > 1 then there is local survival at y starting from x. More-
over if the cardinality of w € X : x — w — y is finite (for instance if X is finite) the
converse s true.

We recall that a useful characterization M (z,z) = (max{\ € R : ®(z, z|\) < 1})"" was
given in Section 2.5. Clearly, since t — ®(x, z|t) is left continuous and strictly increasing,
Ms(z,z) > 1 if and only if ®(z,z[1) > 1, which is another condition equivalent to local
survival at . Note that M,(x,x) depends only on the values {1y }w,y—z. Thus the BRW
survives locally at x if and only if it does so when restricted to the irreducibility class of x.
If the BRW is irreducible then M(x,z) = Mg(w,y) for all z,w,y € X; hence there is local
survival at y starting from z if and only if M,(w,w) > 1 for some w € X (equivalently, for
all w e X).

To compare with random walk theory, the reader might recall the definition of spectral
radius of a random walk on X with transition matrix P as 1/limsup,,_,., /p™(z,z) (see
the discussion after Proposition 4.33 and [40, Section 2.C]). If limsup,,_, ., v/p(™ (x,z) <
1 then the random walk is transient, i.e. it returns to x a finite number of times al-
most surely (where p(™(z,z) are the n-step return probabilities); on the other hand if
limsup,,_,o, /p"(z,7) = 1 then the process may be either recurrent or transient. We
observe that, while for a random walk the probability of returning to a site infinitely many
times obeys a 0-1 law, a BRW can survive locally with any probability in [0, 1]. Of course,
survival with probability one is possible only in the no-death case.

We show that the sufficient condition sup,,ex.;—yy—y Ms(w,w) > 1 stated in Theo-
rem 4.3 is not necessary in the reducible case when the cardinality of X is infinite.

Example 4.4. Let X := N x {0,1} (see Figure 1), fixr p > 1/2 and consider the BRW with
the following reproduction rules:

(a) every particle at (i,0) has 2 children at (i +1,0) and 1 child at (i,1) with probability p
and no children with probability 1 — p (for all i € N);

(b) every particle at (i,1) has 2 children at (i —1,1) with probability p and no children with
probability 1 — p (for alli > 1);

(c) every particle at (0,1) has 1 child at (0,1) with probability p and no children with
probability 1 — p.

Clearly lim sup,, , ., \ mq(;ll)u =0 for all x € X. Nevertheless, there is local survival at (i,1)

for all i € N starting from (j,0) for any fized j € N (note that there is no local survival at

any (i,0) for every starting point).

In the case of continuous-time BRWs with rates {Akgy}zycx one is also interested in
the characterization of the local critical parameter \s(x). Moreover one may also wonder
whether at A = \s(z) there is survival or extinction. We already observed that the behavior
of the continuous-time BRW is equivalent to the behavior of its discrete-time counterpart
(that is, the BRW with independent diffusion where {p,}.cx is given by equations (2.4)
and (2.6)). If we apply Theorem 4.3 then we obtain the following corollary, which gives the
strong critical value and states that at the local critical value there is local extinction a.s.
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Figure 1: The graph N x {0, 1} of Example 4.4. Figure 2: The graph of Example 4.28

(the circles are loops).

Figure 2:

Corollary 4.5. [7, Theorems 4.1 and 4.7] Given a continuous-time BRW (X, K),

As(z) = 1/Ky(x,2) = 1/limsup,,_,, \ 308 If X = X\s(x) then there is local extinction at
T.

It is worth mentioning that, for a edge-breeding, irreducible BRW the critical value A4
(not depending on x) was already identified in [36, Lemma 3.1], even though the critical
behavior was not known.

Another result about local survival, in the context of irreducible BRWs with no death,
is the following which relies on the existence of positive superharmonic functions; this one
has a well-known counterpart in the random walk theory (see [40, Theorem 6.21]).

Theorem 4.6. [33, Theorem 2.1] Let (X, ) be an irreducible BRW such that p5(0) = 0
for all x € X. There is local extinction if and only if there exists a strictly positive function
f on X such that M f < f.

The proof of the previous theorem is inspired by the proof of Theorem 4.21. Note that in
the irreducible case with no death, one can obtain Theorem 4.3 directly from Theorem 4.6
Indeed, see [39, Section 7.A], My = min{t > 0:3f : X — (0,400), M f < tf} (remember
that in the irreducible case M;(z,y) does not depend on z,y € X).

4.3 Global survival

The classical approach to estimate the probability of extinction of a branching process uses
the fact that this probability is the minimal fixed point in [0, 1] of the generating function
of the law of the number of children. Theorem 4.7 extends this approach to BRWs; indeed
in this case the vector of global extinction probability g € [0, 1]X is the smallest fixed
point of the infinite dimensional generating function G (see Section 4.1). Global survival is
equivalent to the existence of a fixed point of G strictly smaller than 1. We remark here
that given v,w € [0,1]%X by v < w we mean, as usual, that v < w and v # w, that is
v(z) < w(z) for all z € X and v(zg) < w(wp) for some zg € X. Theorem 4.7 gives an
equivalent condition for global survival and a necessary one.
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Theorem 4.7. [42, Theorem 4.1] Let (X, ) be a discrete-time BRW.

(1) There is global survival starting from x if and only if there emists z € [0,1]%, z(x) < 1,
such that G(z|y) < z(y), for all y € X (equivalently, such that G(zly) = z(y), for all
yeX).

(2) If there is global survival starting from x, then there exists v € [0,1]%, v(z) > 0, such
that Mv > v. Moreover, for all y, Mv(y) = v(y) if and only if G(1 — (1 — t)v|y) =
1—(1—1t)v(y),vtel0,1].

It is easy to show (see for instance [7, Section 3]) that the first condition implies that
G < z < 1, that is, z is an upper bound for the probabilities of global extinction. As for
the second condition, one has that if § < 1 then taking v = 1 — ¢ (the probabilities of
global survival) one obtains the inequality Mv > v. This is the analog for a BRW of the
well-known result which states that a branching process survives if and only if the expected
number of children is strictly larger than one. Nevertheless, for a BRW, even if we prove
that Mv(y) > v(y) for all y € X and some v # 0 this does not suffice for global survival: a
counterexample is given by Example 4.16.

In particular cases we can characterize global survival in terms of M: the following
corollary follows easily from Theorem 4.7(1) and equation (2.10) by taking z =1 — v.

Corollary 4.8. Suppose that the generating function of (X, u) satisfies equation (2.10) (for

instance, if (X, p) is a BRW with independent diffusion where pg(n) = ﬁ(l—%ﬁz )") then

there is global survival starting from x € X if and only if there exists v € [0,1]X, v(x) > 0
such that

Mv >v/(1—v), (equivalently, Mv =v/(1 —v))
(where the ratio is taken coordinatewise).

Observe that the solution v in the previous corollary provides a lower bound for the
probabilities of global survival 1 — ¢; moreover, among all the solutions of either equations,
the largest one is 1 — q.

Now we notice that in order to characterize local survival we studied the behavior of
the expected number of n-th generation offsprings coming back to x, that is mg;), see
Theorem 4.3. For the global survival problem, we are naturally lead to investigate the
behavior of the expected number of n-th generation offsprings whose ancestor is a single
particle at x, that is Ey m;(,;n). First of all, observe that it is easy to show, by using
supermultiplicative arguments, that M,,(x) > Ms(z,x). moreover, for an irreducible BRW,
M,,(x) does not depend on x € X.

A complete description of global survival in terms of M, (z) is not possible in general
(we have a necessary condition); indeed Example 4.16 shows that global survival does not
depend on M alone. Nevertheless, a characterization of global survival by means of M, (x)
holds for the class of F~-BRWs.

Theorem 4.9. [42, Theorems 4.1 and 4.3] Let (X, 1) be a discrete-time BRW.

(1) If there is global survival starting from x, then M, (z) > 1.
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(2) If (X, p) is an F-BRW then there is global survival for (X, p) starting from x if and
only if My,(x) > 1.

We already observed that if the BRW is irreducible then ¢ < 1 implies g(z) < 1 for
all x € X; Example 4.4 shows that in the reducible case it might happen that § < 1 and
g(z) =1 for some x € X.

In the case of continuous-time BRWs, one is interested in identifying A, (z) and the
behavior of the process when A = A\, (). The following result is a corollary of Theorems 4.7
and 4.9. It characterizes A\, (x) in the case of F-BRWs and gives a lower bound in the
general case.

Corollary 4.10. [7, Theorems 4.3 and 4.8, Proposition 4.5] Consider a continuous-
time BRW (X, K).

(1) Mo(z) > 1/Ky(x) = 1/liminfpey {/3,cx k5

(2) If (X, pn) is an F-BRW then A\y(x) = 1/K(z). Moreover, if A = A\, () then there is
global extinction starting from x.

(3) Suppose that for ally € X there exists x € X such that x — y. If there is global survival
starting from x, then there exists v € [0,1]%, v(z) > 0, such that AKv > v.

Note the difference between Theorem 4.7(2) and Corollary 4.10(3): in the second case we
have the strict inequality Mv = AKv > v. As a consequence of the previous corollary we can
compute the global critical value for two frequently used classes of continuous-time BRWs
which are locally isomorphic to a branching process: for a site-breeding BRW A\, (z) = 1/k
for all x € X (where k(x) = k for all x € X), while for an edge-breeding BRW on a regular
graph of degree d we have that A\, (x) =1/d for all z € X.

Remark 4.11. Consider a BRW (X, u) where X s finite. Following [7, Remark 4.4] one
can prove that My,(x) = maxy.;—w Ms(w, w); remember that global survival starting from x
is equivalent to global (hence local) survival in some class (hence at some point w) since X
is finite. For a continuous-time BRW, this means that K, (x) = maxy.q—w Ks(w,w) and
hence Ay () = Ming.;— As(w). If the BRW is finite and irreducible then there is only one
class of irreducibility and the previous results hold without max and min.

Still in the case of continuous-time BRWs, we have a characterization of A\, (x), which
makes use of the existence of a solution of certain systems of inequalities.

Theorem 4.12. [7, Theorem 4.2] Let (X, K) be a continuous-time BRW and let x € X .

(1) For any fized X > 0 there is global survival starting from x € X if and only if there
exists a solution v € [0,1]%X of the inequality \Kv > v/(1 —v) such that v(x) > 0.

(2) If N < \y(z) and v € [0,1]% is such that \Kv > v/(1—wv) then infy..y >0 v(y) = 0.

(3)
Aw(z) =inf{A € R: Jv € IT(X),v(x) > 0 such that \Kv > v/(1 —v)}.
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(4) For allm € N, n > 1 we have

Aw(x) =inf{A € R: Jv € I (X),v(x) > 0 such that \"K"v > v}.

We note that, by taking n = 1 in Theorem 4.12(4), we have that A\, (z) = inf{rx(v) :
v €1°(X),v(z) = 1} where rg(v) is the lower Collatz- Wielandt number of v (see [15], [16]

and [30]). In particular, according to Theorem 4.12(4), we have that for a continuous-time
BRW

Aw(z) =1inf{A > 0: Jv € IT(X),v(x) > 0 such that AKv > v}
=inf{\ > 0:3v € IF(X),v(x) > 0 such that AKv = v}

while, according to Theorem 4.6, if the BRW is irreducible,
As :=max{A > 0: Jv > 0 such that AKv < v}.

Finally, we know that a continuous-time BRW dies out locally at x when A = A4(z)
(see Theorem 4.3). Theorem 4.12(2) states that the vector of probabilities of survival v of
a generic BRW at the critical point A, () if it is not equal to 0 it satisfies inf,ecx v(y) = 0.
This proves immediately that an irreducible /~-BRW dies out globally when A = A\, (which
is independent of z € X). Theorem 4.12(2) is the most reasonable result we can expect in
full generality; indeed, here is an example of an irreducible BRW which survives globally
when A = \.

Example 4.13. [7, Example 3] Let X := N and K be defined by ko1 := 2, knni1 :=
(1+1/n)%, kpp_1 = 1/3" (for alln > 1) and O otherwise. Note that the corresponding
continuous-time BRW is irreducible. In order to show that A\, = 1 we look for solutions of
the inequality \Kv > v/(1 —v). The system becomes

{mm > 0(0)/(1 = v(0))
Ao(n+1)(1+1/n)? +v(n—1)/3") >v(n)/(1 —v(n)) for alln > 1.
Clearly, for all A > 1, v(0) = 1/2 and v(n) :=1/(n+ 1) (for all n > 1) is a solution; this

implies, according to Theorem 4.12(1), that there is global survival for A > 1, thus A, < 1.
If X < 1 then there are no solutions in I°(X). Indeed one can prove by induction that any

2
solution must satisfy v(n+1)/v(n) > % (#) (1—3%) for alln > 2. Thus v(n+1)/v(n)
is eventually larger than 1+ ¢ for some € > 0, hence either v =0 or lim, v(n) = +o00. This
implies that A\, = 1 and there is global survival if A = Ay.

Another result, which applies to edge-breeding, irreducible, continuous-time BRWs and
which deals with the relation between K, and ), is the following.

Theorem 4.14. [6, Theorem 3.3] Let (X, K) be an edge-breeding, irreducible, continuous-
time BRW on a multigraph X ; let us suppose that there exists xto € X, Y C X and ng € N
such that

(1) for all x € X we have that BT (x,ng) NY # 0;
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(2) for all y € Y there exists an injective map ¢, : X — X, such that p,(z9) = y and

kcpy(w)cpy(z) > kg, forallz,z € X,

where BT (x,ng) is the set of all vertices which can be reached from x in at most ng steps.
Then Ay = 1/ K.

The previous theorem is based on the following result (see [6, Theorem 3.1]) which gives
an interesting sufficient condition for the equality A, = 1/K,,. If the multigraph satisfies
this geometrical condition:

Ve >03n =n(e) :sup /I > K, —e,Vx € X

n<n

then A, = 1/K,,. Note that, by definition of K, for all fixed € > 0 and x € X, there exists
ng such that "¢/T;* > K, —e. The above condition is a request of uniformity in z. An
application of Theorem 4.14 is given in the following example.

Example 4.15. [6, Example 3.3] Given a sequence of positive natural numbers {my,}r>1
we construct a non-oriented, rooted tree T (with root o) such that if x € T satisfies d(o,x) =
k then it has myy1 neighbors y such that d(o,y) = k + 1 (where d is the natural distance
of a non-oriented graph). We call this radial graph Ty, y-tree. If the sequence is periodic
of period b, then Theorem 4.14 applies with oy = o, ng = b, Y := UpenS(o,nb) (where
S(o,nb) is the sphere with center o and radius nb with respect to the distance d) and @,
(where y € Y ) maps isomorphically the tree T onto the subtree branching from y; in this case
the global critical parameter A\, of the (irreducible) edge-breeding, continuous-time BRW on
the tree equals 1/K,,. Note that for every periodic sequence the BRW is not an F-BRW,
hence Corollary 4.10(2) does not apply.

We already observed that local survival depends only on the first moment matrix M.
It is clear that if we investigate the global survival in a class of BRWs where there is a
one-to-one correspondence between first moment matrices and processes (as in the case of
continuous-time BRWs), then also the global survival depends only on M. This is also true,
by Corollary 4.8, for a BRW with independent diffusion satisfying equation (2.6). On the
other hand, for a generic BRW, according to the following example, the global survival does
not depend exclusively on M; in particular, even M, (x) > 1 does not imply global survival
starting from z.

Example 4.16. [42, Example 4.4] Let X = N and consider the family of BRWs (N, u)
with pu; = pi(sniﬂ{i+1}+ﬂ{i_1}+(1_pz‘)50 (for alli > 1) and po = p05n01{1}+(1—p0)50- Roughly
speaking, each particle at i > 1 has n; children at i + 1 and 1 at i — 1 with probability p;
and no children at all with probability 1 — p;; each particle at 0 has ng children at 1 with
probability py and no children at all otherwise.

According to Theorem 4.7(1) global survival starting from 0 is equivalent to the existence
of z € [0, 1], 2(0) < 1, such that G(z|i) < z(i), for all i where

i+ Diz(i— 1) +1—p; i>1
Gloli) = pZ(ZJ;) Zi=1+1-p i
poz(1)™ +1 — po i=0.
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The trick is to choose the sequences {p;}ien and {n;}ien such that p; — 0 fast enough and
pin; = 2 for all i € N; this way, the unique solutions of G(z) < z is z = 1. All the details
can be found in [42, Example 4.4].

On the other hand, if the BRW is given by p; = 1/2 54]1“+1} +pi(5]]{i_1} +(1/2—=pi)do (for
alli > 1) and po = 1/2041,, +1/260 (where p; is the same as before) then the first-moment
matrix M is the same as before, but in this case the process survives globally (the total
number of particles dominates a branching process with p = 2). Moreover, M, (zg) > 2
since at each step the expected number of children p, is at least 2 for all x € X.

Another legitimate question arises from Theorem 4.9: is it true that Zye My < 1
for all z € X implies global extinction? According to the following example (see also [7,
Example 1]), the answer is negative.

Example 4.17. We start by considering a reducible BRW. Let X = N, {pp}nen be a
sequence in (0,1] and suppose that a particle at n has one child at n+ 1 with probability py,
and no children with probability 1 — py,. The generating function of this process is é(z|n) =
1 —pn +pnz(n+1). The probability of extinction of this process, starting with one particle
at n, equals z(n) =1 —T[2, pi (¢ is the smallest solution of G(z) = z); hence it survives
wpp, if and only if Y2, (1 — p;) < +oo.

This process is stochastically dominated by the irreducible BRW where each particle at
n > 1 has one child at n+1 with probability p,, one child at n—1 with probability (1 —p,)/2
(if n = 0 then it has one child at 0 with probability (1 — po)/2) and no children at all with
probability (1 — py,)/2. The generating function G can be explicitly computed

Glzln) = 1:2”” + 11—:2”",2(71 — 1) 4+ppz(n+1) n>1
20+ 20 2(0) + poz(1) n=0.

By coupling this process with the previous one (see [42, Section 3.3]) or, simply, by applying
Theorem 4.7(1) (2(n) = 1—T[;2, pi is a solution of G(z) < z) one can prove that "2, (1—
pi) < +oo implies global survival. Note that here 3 ,cymij = (1 + pi)/2 < 1; clearly,
My (i) = 1.

The following example shows how to apply the results of this section to the study of a
couple of interesting branching processes. The first one appears for instance in the proof of
[34, Proposition 3.6] (see also Corollary 4.38).

Example 4.18. Let p be a measure on N with generating function ¢(z) := Y np(n)z"
and denote by p = %¢(z)|zzl (suppose that p(0) < 1). Consider the following Galton-
Watson branching processes. BPy is the process where each particle gives birth to n children
with probability p(n) and each newborn particle is killed (independently) with probability
1 — p. BP; is the process where each particle is killed (independently) before breeding with
probability 1 — p, otherwise it gives birth to n children with probability p(n). We suppose
that p € (0,1) to avoid trivial situations.

In order to study these two branching processes simultaneously, consider the BRW

{Nn}nen defined by X :={1,2} and

0 ifb#0 > 2
0 ifat0 fo#0oraz
ui(a,b) == ) ifa=0 pa(a,b):==<1—p ifa=b=0
P - P ifa=1,b=0,
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where p15(a,b) = pi(f: f(1) = a, f(2) =b). Clearly
G(z1,22) = (6(22),p21 + 1 —p), Vz1, 22 € [0, 1].

Note that {nan(1) }nen and {n2n(2)}nen are realizations of BPy and BPy respectively. Indeed
the 2-step generating function of {nn}nen is giwven by G3 (21, 23|1) = ¢(pz1 +1 —p) and
G (21, 2)2) = po(z2) +1 —p; z — ¢(pz + 1 — p) is the generating function of BPy
and z — pop(z) + 1 — p is the generating function of BPy. Note that there is no distinction
between local and global survival for the BRW since it is irreducible and X is finite. Moreover
the survivals of the BRW, the BP1 and the BPs are all equivalent and, in turn, they are
equivalent, for instance, to 1 < %(l)(pz +1—p)|l.=1 = pp (see Example 4.2). The vector of
extinction probabilities satisfies ¢ = G(q) that is

{(q( ) = a(1)
(1) +1—p=q(2).

Note that q(1) (resp. 4(2)) is also the extinction probability of BPy (resp. BPsy) since § =
(g(1),(2)) is also the smallest fized point of G (see Section 4.1). Clearly G(1) < 1 if and
only if ¢(2) < 1 and, in this case, p(q(2) — q(1)) = (1 —p)(1 — @(2)) > 0. This implies
that if there is survival then the probability of survival of BPy is strictly larger than the
probability of survival of BPy. The same result can be obtained by convexity and by the fact
that ¢(1) = 1 which implies the following order relation between the generating functions
of BPy and BPy: ¢(pz +1—p) < pod(z) + 1 — p whenever z # 1 and p € (0,1), whence
d(1) < q(2). Finally if we denote by & the probability of extinction of BPy when p =1, that
is, the smallest solution in [0,1] of ¢(z) = z, from the inequality ¢(q(2)) = q(1) < q(2) we
have also ¢(q(1)) < #(q(2)) = (¢(1)). Hence & < min(g(1),q(2)).

4.4 Strong local survival

The main result of this section is the following proposition.

Proposition 4.19. Let (X, u) be an irreducible and quasi-transitive BRW. Then the exis-
tence of © € X such that there is local survival at z (i.e. q(x,x) < 1) implies that there is
strong local survival at y starting from w for every w,y € X (i.e q(w,y) = g(w)).

In the particular case of a quasi-transitive, irreducible BRW with no death and with
independent diffusion, Proposition 4.19 was proved in [34, Theorem 3.7]. The proof we
give in Section 6 is of a different nature and it is a corollary of the following result which
describes some properties of fixed points of GG in the case of an F-BRW.

Theorem 4.20. Let (X,u) be an F-BRW. Then, there exists at most one fixed point z
for G such that sup,cx z(xz) < 1, namely z = q. Hence for all x € X, q(-,x) = q(-) or
sup,ex ¢(w, x) = 1. In particular when (X, ) is irreducible then it is either q(z,z) = g(x)
for all z € X orsup,cyq(z,z) =1.

The proof of this theorem, which can be found in Section 6, relies on Lemmas 6.1 and 6.2
which guarantee the strict convexity of the function G evaluated on a line in [0,1]%. The
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existence of an example of an irreducible F~-BRW where q(z) < ¢(z,z) < 1 for all z € X is
given in Example 4.35.

In particular we can describe the case when X is finite (not necessarily irreducible).
Clearly in this case g(w) = minge x.w—z ¢(w, ), hence for all w such that g(w) < 1 there
exists « such that ¢(w,z) = g(w). Moreover, using Theorem 4.20, for all z € X we have
that it is either ¢(-,z) = g(-) or there exists w € X such that ¢(w,z) = 1. If the BRW is
irreducible (and X is finite) then it is g(w) = q(w,w) for all w € X or g(w,z) = 1 for all
w,z € X. Recall that, in the irreducible case, if p,(0) > 0 for all x € X, then strong local
survival is a common property of all vertices as local and global survival are (see discussion
in . Section 4.1). This is clearly false in the reducible case but it might be false as well in
the irreducible case if we drop the assumption p,(0) > 0 for all x € X as Example 4.32
shows.

If we are dealing with a continuous-time BRW, it might happen that if A is small enough
or large enough there is strong local survival but in a intermediate interval for A there might
be global and local survival with different probabilities. You can find this behavior in the
BRW of Example 4.31 which is inspired by Remark 4.1. In particular this shows that, unlike
local and global survival, strong local survival is not monotonic.

The following result is a natural generalization of [31, Theorem 3.1]. We give a sketch
of the proof in Section 6.

Theorem 4.21. Let (X, u) be an irreducible, globally surviving BRW. Then there is no
strong local survival if and only if there exists a finite, nonempty set A C X and a function
v € [0,1]% such that ¢ < v and

(740) (0) > maxgea(rgv)(z)  for some zo € AL, (4.17)

{G(v|x) > v(z), va € AL,
where v = (v — q)/(1 — q) is the inverse of the map Ty defined in Section 3.2 (and the
ratio is taken coordinatewise).

It is worth mentioning at least one result for irreducible BRWs with no death. The
following proposition gives a general criterion for the strong local survival of a BRW with
no death and with independent diffusion.

Proposition 4.22. [34, Lemma 3.4] Let (X, p) be an irreducible BRW with independent
diffusion where p,(0) =0 for all x € X. If for some ¢ > 0 the set C :={z : q(x,z) <1—c}
1s visited infinitely often by the BRW, then there is strong local survival.

As a corollary one can prove Proposition 4.38 concerning BRWs which are locally iso-
morphic to branching processes. Note that, since in the previous proposition we deal with
BRWs with independent diffusion, it is possible to substitute the hypothesis that “the BRW
visits infinitely often the set C” with “the set C' is recurrent for the random walk (X, P)”.

In view of the discussion of Section 3.2, a reasonable hypothesis for a generalization of
the previous result to a BRW where p;(0) # 0 for some x € X, could be the fact that the
BRW visits infinitely often the set C := {x : (1 — ¢(x,z))/(1 — g(z)) > ¢} for some ¢ > 0.
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4.5 Pure global survival

The idea of pure global survival has been introduced in continuous-time BRW theory (and,
more generally, in interacting particle theory) to define the situation where Ag(z) > Ay ().
In this case for every A € (Ay(2), As(z)] there is a positive probability of global survival
starting from z but the colony dies out locally at x almost surely. We know that when
A = As(x) there is local extinction at x due to Corollary 4.5, while if A = Ay (x) both
global extinction or global survival starting from z are possible (due to Example 4.13 and
Corollary 4.10(2) respectively). Hence it is conceivable that when A = A\, (z) = As(x) it
might happen that the process dies out locally but survives globally (we do not know of any
example though). From now on we agree with many authors by defining the phase of pure
global survival at x when A\, () < Ag(x). A necessary condition for the existence of a pure
global survival phase starting from x is clearly that K,(z,z) < K, (z); indeed, according to
Corollary 4.10(1), if Ks(z,x) = Ky (x) then there is no pure global survival starting from
x € X since 1/Ky(z) < Ay(x) < As(x) = 1/K4(x,z). In some cases this condition is also
sufficient (see for instance Corollary 4.10(2) and Theorem 4.14).

We note that for an irreducible BRW, given A C X, ¢(z, A) < 1 for some z € X if and
only if ¢(y, A) < 1 for all y € X; thus, the existence of pure global survival does not depend
on the starting vertex. It has been observed that the existence of a pure global survival
phase is in many cases associated with nonamenability. We start with a characterization of
nonamenability for irreducible, non-oriented discrete-time BRWs.

Recall that for an irreducible BRW M;(z,y) = Mg and M, (z) = M,, for all z,y € X.
Analogously Ay (z) = A, and As(z) = Ag for all z € X in the case of an irreducible
continuous-time BRW.

Theorem 4.23. Let (X, u) be an irreducible, non-oriented F-BRW. Then the following
claims are equivalent:

(1) the BRW is nonamenable;
(2) Mg < M,,.

A sketch of the proof of this result can be found in Section 6. Note that an irreducible
discrete-time F-BRW is in a pure global survival regime (i.e. there is global survival and local
extinction) if and only if My <1 < M,,. Hence, the equivalent conditions in Theorem 4.23
are necessary but not sufficient for global survival.

On the other hand, in the irreducible continuous-time case, the existence of a phase of
pure global survival is equivalent to A, < As. According to Corollaries 4.5 and 4.10, for an
F-BRW, A\ = 1/Ks = A\/M; and \,, = 1/K,, = \/M,,, thus we have the following corollary.

Corollary 4.24. [6, Theorem 3.6] Let (X, E(X)) be an irreducible and non-oriented,
continuous-time F-BRW. Then Ay, < As if and only if (X, E(X)) is nonamenable.

We observe that in the irreducible case in the pure global survival phase, the colony
survives globally by clearing all finite subsets A C X. We might think of it as a sort of
drifting towards some sort of boundary of the graph (we do not want to give more details
on this).
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Example 4.25. The classical examples of amenable and nonamenable graphs are Z (for
alld € N) and Ty (with d > 3) respectively. These properties can be verified by computing
explicitly As and My, for the edge-breeding continuous-time BRWs on these graphs.

Let us consider the Euclidean lattice X = 74 and the edge-breeding BRW on X. In this
case Corollaries 4.5 and 4.10 apply and Ay = Ay, = 1/2d since p = 2)\d. Indeed Z% is an
amenable graph.

If we consider an edge-breeding BRW on the homogeneous tree Ty, where each edge
has d > 3 neighbors, the situation is different. Easy computations show that A\, = 1/d
(since the graph is regular) and A\s = 1/2v/d —1. Indeed, observe that, in this case,
As = r/d where r = max{t € R : F(x,z|t) < 1} (as explained in Section 4.6 after
Proposition 4.33). In this case it is easy to find the explicit expression of the function
F(z,z|t) = (d — \/d?*> — 4(d — 1)t2)/(2(d — 1)t) (see, for instance, the proof of [39, Lemma
1.24]), whence r = d/2v/d — 1. We have verified by direct computation that Ay, < As.

Pure global survival is a fragile property of a BRW. Finite modifications, such as for
an edge-breeding BRW attaching a complete finite graph to a vertex or removing a set of
vertices and/or edges, can create it or destroy it as we show in the following remark.

Remark 4.26. [6, Remark 3.2] For simplicity, in this remark we consider only edge-
breeding BRWs on multigraphs, that is, continuous-time BRWs on X where kg, is the
number of edges from x to'Y for all x,y € X. Note that if (Y, E(Y)) is a submultigraph of
(X, B(X)) then XX <XV AX <AV KX >KY KX >KY.

Suppose that there exists a finite subset S C X such that X \ S is the disjoint union
of a finite number of connected multigraphs X1, ..., X, then, the existence of a pure global
survival phase on X, implies the existence of a pure global survival phase on some X;.
Indeed for every A € (Ay(X), As(X)) the A\-BRW leaves eventually a.s. the subset S. Hence
it survives (globally but not locally) at least on one connected component; this means that,
although As(X;) > As(X), A\p(X;) = Ap(X) for all i = 1,...,n, there exists iy such that
Mw(Xiy) = A(X). The existence of a pure global survival phase on X;, follows from
As(Xig) 2 As(X) > Au(X) = A (Xig).

Moreover if there exists a subset S as above such that \y,(X;) > Ay(X) for all i, then
there is no pure global survival for the BRW on X. Take for instance a graph (X', E(X"))
and k € N such that 1/k < A\ (X'). Attach a complete graph of degree k to a vertex of X'
by an edge (a complete graph is a finite set where every couple (x,y) is an edge), we obtain
a new graph X such that A\s(X) = Ay(X) < 1/k < Ay(X'); hence even if the BRW on X'
has a pure global survival phase, the BRW on X has none. Nevertheless, using the same
arguments as in Fxample 4.31, if the original BRW has a pure global survival phase, the
new one has non-strong local survival.

There are examples of irreducible amenable BRWs with pure global survival (see Ex-
ample 4.27) and of irreducible nonamenable BRWs with no pure global survival (see Ex-
ample 4.28 which makes use of Remark 4.26). Recall that, for an edge-breeding BRW on a
graph (or a multigraph), nonamenability is equivalent to the usual nonamenability of the
graph.

Example 4.27. Consider an irreducible, edge-breeding continuous-time BRW on the (non-
oriented) graph X obtained by attaching to a copy of N one branch T of the homogeneous
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tree T3 (see Figure 2). The BRW is amenable by the presence of N. We claim that \X = \I3
and \X = N3 Indeed T C X C T3, hence AL > XX > ATs and AT > \X > A5, But by
approximation, )\f = )\33. Indeed )\z > Alr3 and does not depend on the starting vertex;
moreover T contains arbitrarily large balls isomorphic to balls of T3, hence by Theorem 5.2
their critical local parameters coincide. Note that by Remark 4.26 since T is a disjoint union
of three copies of T, then NI = XIs. Using Evample 4.25 we have \;x = AL < \Is

It is worth mentioning an alternative proof of XL = AL which makes use of Theo-
rem 4.12(4). Indeed \23 = 1/3 and it is clear that the function v € 15°(T3) defined by

1 T=o0
vie) = {5 —227" d(x,0) =n

(where o is the root of T and d(x,0) denotes the natural distance on the graph between x
and o) is a solution of $Kv = v; this implies N[ < 1/3.

Example 4.28. Consider a nonamenable graph X' such that the corresponding edge-breeding
continuous-time BRW has a pure global survival phase (take for instance X' := Tg the ho-
mogeneous tree with degree 3). Following Remark /.26, attach to a vertex of X' a complete
graph with degree k > 1/)\5/ by an edge (see Figure 2). It is easy to show that the resulting
graph X s still nonamenable, nevertheless, according to Remark 4.26, there is no pure global
survival for the corresponding edge-breeding BRW. Roughly speaking, since \s < 1/k < 1/3,
then for every A € (\X,1/3) the process cannot survive globally in X' := T3 hence it hits
infinitely often with positive probability the complete graph, hence X = \X.

The following result gives a useful sufficient condition for the absence of pure global
survival for a continuous-time BRW (X, K') which is based only on the geometry of the
graph (X, Ex) generated by the BRW (where Ex := {(z,y) € X? : kg, > 0}). It is a slight
generalization of [6, Proposition 2.1].

Theorem 4.29. Let (X, K) be a continuous-time non-oriented BRW and let xyp € X.
Suppose that there exists k € (0,1]% and {c,}nen such that, for alln € N

{’f(y)//@(ﬂﬁo) <ec, Vye B(xg,n)
Ii(l‘)kxy = K(y)ky:t Vx,y S X,

where B(x,n) is the ball of center x and radius n w.r. to the natural distance of the graph

(X, Ek). If /e, = 1 and {/|B(xg,n)| = 1 as n — 1 then K(xo,x0) = Ky(xo) and there
18 mo pure global survival starting from xg.

The condition {/|B(z,n)| — 1 as n — 1 is usually called subexponential growth. The
previous result applies, for instance to BRWs on Z? or d-dimensional combs (see [5] for the
definition). This result extends easily to discrete-time non-oriented BRWs using M,,(x) and
M;(z,x) instead of K, (x) and K(x,x) respectively.

Remark 4.30. We can apply the previous arguments to the family of rooted trees in Ez-
ample 4.15. X 1is nonamenable if and only if T1 is nonamenable, that s, if and only if there
exists © such that m; > 2. In this case, according to Theorem 4.23, /\5 < /\f, hence by
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Remark 4.26 (considering X \'Y ) there exists i such that \XIi < XIi. This means that for all

i=1,...,b we have XLi < \Ti and there is pure global survival on T;. On the other hand, if
m; =1 foralli=1,...,b the graph has subexponential growth, then there is no pure global
survival.

Finally we construct an example of a continuous-time BRW, where if A is small enough
or large enough there is strong local survival but in a intermediate interval for A there
is global and local survival with different probabilities. This is obtained by modifying
the edge-breeding BRW on a particular graph, namely the homogeneous tree T4. The
crucial property that we need here is the existence of a pure global survival phase, thus the
procedure applies to every BRW with such a phase.

Example 4.31. Consider the edge-breeding continuous-time BRW on the homogeneous
tree Ty with degree d > 3. We know from Ezample 4.25 that if A < 1/d the probabilities of
survival are 0, if X > 1/2+/d — 1 there is strong local survival (according to Proposition 4.19)
and if X € (1/d,1/2v/d — 1] the probability of global survival is positive and independent from
the starting point and the probability of local survival at any finite A C X is 0.

Fiz A € (1/d,1/2+/d — 1]. According to Remark 4.1, there exists x € X such that there
18 a positive probability of global survival starting from x without visiting A. In this case,
any modification of the rates in the subset A provides a new BRW such that there is still
a positive probability of global survival starting from x without ever visiting A (since, the
original BRW and the new one coincide until the first hitting time on A). On the other
hand, if there is y € A such that x — y and we add a loop in y and a rate kyy > 1/X then
q(x) < q(z,y) < 1; the first inequality holds by the discussion above on local modifications
and the second one holds since Akyy, > 1 implies local survival at y (then irreducibility
implies local survival at y starting from x). This means that, for this fized value of A, we
obtained a locally and globally (but not strong-locally) surviving BRW at y starting from x.

Suppose now that ky, > d; then (see Remark 4.26) we have a new BRW such that
Ny = N, < 1/ky,. In this case, when A < X, there is global extinction. When A > 1/2v/d — 1
there is strong local survival for the original BRW (by Proposition 4.19) which implies strong
local survival for the new one (the probability of hitting x conditioned on global survival is 1
for both processes and Remark 4.1 applies). If X € (N,,,1/d] there is local and global survival
with the same probability since in order to survive globally, the process must visit x infinitely
many times (it cannot survive globally in the branches of Ty). If X € (1/d,1/2v/d — 1] then,
according to the previous discussion, there is non-strong local survival for the new BRW.

We show that even in the irreducible case, if p,(0) = 0 for some = € X, we might have
strong local survival starting from some vertices and not from others.

Example 4.32. Let us consider a modification of the discrete-time counterpart of the edge-
breeding BRW on Ty with degree d > 3 and X\ € (1/d,1/2v/d — 1] . Let us fix a vertex y; in
this modified version we add, with probability one, one child at y for every particle at y. In

this case q(y) = q(y, A) = 0 for all A C X. On the other hand according to the discussion
in Example 4.31, there is a vertex y such that g(x) < q(x,y).
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4.6 An application: BRW locally isomorphic to a branching process

This class of BRWs is very easy to study and it gives an immediate connection with the
theory of random walk. Recall that a BRW (X, u) is locally isomorphic to a branching
process if and only if the laws of the offspring number p, = p is independent of z € X (see
Definition 3.1). In this case the branching process can be constructed as the BRW ({0}, v),
where vy := p. All the results of this section also apply to continuous-time BRWs where
Pz is independent of & € X, since their discrete-time counterpart is locally isomorphic to a
branching process. In particular, for a continuous-time BRW (X, K), p, is uniquely deter-
mined by k(z) = >, c x kzy (and by A), hence (X; K) is locally isomorphic to a branching
process if and only if k(x) does not depend on z € X.

The following result characterizes local and global survival for this class. Remember
the definition of the diffusion matrix given in Section 2.1 as p(z,y) := Mgy /ps; note that,
for a BRW with independent diffusion, the diffusion matrix coincides with the transition
probability matrix P. In this proposition we denote by F' the generating function of the
hitting probabilities, (cfr. the function U of [40, Section 1.C]).

Proposition 4.33. Let the BRW be locally isomorphic to a branching process and denote
by p the common offspring law. Then

(1) there is global survival if and only if p > 1;

(2) there is local survival at x if and only if p > 1/limsup,,_,., V/p"(z,);
(3) there is local survival at x if and only if either F(x,x|p) > 1 or F(x,y|p) diverges.

A sketch of the proof can be found in Section 6. We note that there is local survival at
x if and only if
p>max{t e R: F(x,z|t) < 1} = r(x,z)

where r(z,z) = 1/limsup,,_,., ¥/p™(z, ) is the spectral radius of the random walk P (see
[40, Section 2.C]). As a corollary one derives the critical parameters for continuous-time
BRWs which are locally isomorphic to a branching process: A\, = 1/k and \s(z) = r(z,z)/k
(where k = k(x) for all z € X).

It is clear that, in the irreducible case, there is pure global survival (see Section 4.5) if
and only if 1 < p < r (where r = r(x, ) in this case does not depend on z € X due to the
irreducibility). This is possible if and only if > 1 which is equivalent to nonamenability
(see Theorem 4.23) since in this case Ms(z,y) = p/r and M, (x) = p. Notice that if there
is pure global survival then P defines a transient random walk but the converse is not true:
if P is the simple random walk on Z¢ there is no pure global survival for any p and d.

In general there is no strong local survival, even if the BRW has independent diffusion
as Examples 4.35 and 4.36 show. Before discussing the examples we need an easy lemma,
whose proof can be found in Section 6.

Lemma 4.34. Let {o;}ien and {k;}ien be such that o; € (—o0,1) and k; > 0 for alli € N.
Then

Zk‘iai < +00 <— H(l — Oél')ki > 0.

1€N 1€N
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Moreover if a; € [0,1) and k; > 1 eventually as i — oo then

Zkiai < +00 < H(l — Oéi)ki > 0.
€N €N

Example 4.35. Fiz X := N and consider a BRW with the following reproduction probabil-
ities. Ewvery particle has two children with probability 3/4 and no children with probability
1/4. Each newborn particle is dispersed independently according to a nearest neighbor matrix

P on N. More precisely
p(z‘j):—{p" g
’ L—pi ifj=i-1,
and po = 1. The process described above is an irreducible F-BRW for every choice of the
set {pi}ien (o}-

The generating function of the total number of children is z v 322/4 4+ 1/4 and its
minimal fized point is 1/3 = q(x) (for all x € N).

Choose p1 < 5/9; it is easy to show that the process confined to {0, 1} survives (since the
expected number of children at 0 every two generations (starting from 0) is (3/2)%(1—p1) >
1). By irreducibility this implies that q(x,y) < 1 and g(x) <1 for all z,y € N.

Choose the p;s such that [[;2, p?z > 0, which, according to Lemma 4.34, is equivalent to
Sy 2i(1 —p;) < +o0. Consider the branching process Ny, representing the total number of
particles alive at time n: for all n, N, < 2" almost surely. The probability, conditioned on
global survival, that every particle places its children (if any) to its right, is the conditioned

expected value of [[2, pfv' But H;’ilpf\[’ > [12, p¥ > 0 almost surely. Hence, conditioning
on global survival there is a positive probability of non-local survival. This implies q(-,y) # @

for every y € N. Note that, according to Theorem 4.20, sup,cy q(z,x) = 1.

The key in the previous example is that the total number of particles alive at time n
is bounded. This is not an essential assumption. The following example shows that, given
any law p of a surviving branching process (that is, p = >, .y p(n) > 1), it is possible to
construct an irreducible BRW which is locally isomorphic to a branching process with no
strong local survival.

Example 4.36. Let X = N and p; := p for all x € N; p being the law of a surviving
branching process. We know that q(z) = q for all x € N where ¢ < 1 is the smallest fized
point of z+— > . p(n)z". Pick a sequence of natural numbers {N;}icn satisfying

[T ([0, Nipa )= > g, (4.18)
1€EN
where Ny := 1. Note that the probability of the event A where every particle alive at time i
has at most N;y1 children for alli € N is bounded from below by the LHS of equation (4.18).
Thus, from equation (4.18), with a probability larger than [,y p([0, Ni )= — g >0
the colony survives globally and the total size of the population at time n is not larger than
H?:o Nj (i.e. the intersection between A and global survival has positive probability).

35



We define a BRW with independent diffusion where P is as follows

p(i,j):==ql-p j=i-1,i>1
1—po i=j=0.

Let py such that (1 — po)p > 1; this implies local survival. We choose the sequence {p;}icn,
where p; € (0,1) in such a way that

[1p=™ > o0. (4.19)
ieN

Using equation (4.19), if we condition on A, the probability that, every particle places its
Hézo N

children (if any) to its right is bounded from below by [, p;
s a positive probability of global, non-local survival.

The choice of the sequences {N;}ien and {pi}tien satisfying equations (4.18) and (4.19)
respectively can be done as follows. Choose a sequence {;}ien such that o; € (0,1)
for all i € N and [[,cyoi > 1 —q.  Then, iteratively, if we fized Ny, ..., Ny, since

k .
limy 00 ([0, 2]) = 1 there exists N1 € N such that p([0, Ni41]) > a,lgil}:o N, Moreover,

. This implies that there

according to Lemma 4.84, equation (4.19),.1'8 equivalent to ZieN(l — Pi)H;:o N; < oo,
hence let us take, for instance, p; > 1/(i - ITj—o V)

We note that the class constructed in this example includes discrete-time counterparts
of continuous-time BRWs where p can be chosen as in equation (2.6) where k(x) does not
depend on x, kyy := k(x)p(x,y) (where P is defined as before) and X > X\ is fized. Finally
we observe that this example extends naturally to an example of a site-breeding BRW on a
radial tree where the number of branches of a vertex at distance k from the root is at least

1/p(k,k+1).

The following easy theorem gives another sufficient condition for the strong local survival
of a BRW which is locally isomorphic to a branching process. The proof can be found in
Section 6.

Theorem 4.37. Suppose that (X, ) is an irreducible BRW with independent diffusion such
that P is the transition matriz of a recurrent random walk and p, = p for all x € X. Then,
global survival starting from some x € X implies strong local survival at y starting from w
for allw,y € X.

In case of a BRW with no death and with independent diffusion one can prove the
following proposition which makes use of Proposition 4.22. By U(x, y|z) we mean the usual
generating function of the first-return probabilities of the random walk P as defined in [40,
equation (1.26)]; in particular U(z,y) is the probability of visiting y after starting from x.

Proposition 4.38. [34, Proposition 3.6] Let (X, ) be an irreducible BRW with inde-
pendent diffusion where p, = p for all x € X and p(0) = 0. If p > sup,ex 1/U(x, x) then
there is strong local survival.
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A result like this one could be proved without the no-death hypothesis using the com-
parison described in Section 3.2; in this case a reasonable hypothesis should be p >

supyex 1/U(x, z[1 — p(0)).

Remark 4.39. In order to extend some results, as Proposition 4.38 for instance, from the
homogeneous case (p, = p for all x € X ) to the inhomogeneous case, we have to find suffi-
cient conditions such that the infimum of the probabilities of survival of the branching pro-
cesses with laws {psz}zex is strictly larger than 0. Observe that if p = p then for all nonde-
creasing, positive, measurable function f we have Y . f(n)p(n) > 3" o f(n)p(n) which,
in turn, implies Y, 2"p(n) < Yo cn2"p(n) for all z € [0,1]. Hence if ), 2"p(n) < 2
then Y, cn2"p(n) < z. Thus if pp = p for all x € X then the probabilities of extinction
of the branching processes associated to the pys are all dominated by the probability of ex-
tinction of the branching process associated to p. Hence one possibility would be to assume
that for all x € X, p, dominates some law of a surviving branching process p. This way the
results for inhomogeneous BRWs are simply corollaries of the homogeneous case. Clearly
this is not a significant improvement.

One might guess that if the expected number of offsprings p. is sufficiently large then the
supremum of the probabilities of extinction of the branching processes with laws {pz}rex
is strictly smaller than 1. But clearly, if sup,cx pz(0) = 1 then the supremum of the
probabilities of extinction is 1. Even bounding pg(0),...,pz(k) (for all x € X) is not
sufficient. Indeed consider the set A of all probability generating functions and a subset
Aag,ar;....an,m defined as

R CER WUEIURIITS SOREY
i
Augarsapm = {6 € A: 6(2) = 3" p(D)#", pli) < o ¥i < k, 5> m)
i

(where a; € [0,1] and m € R, m > 1). In this case, either there is a surviving branch-
ing process (which does not necessarily belong to Aqq ai,....a,,m) whose law is stochastically
dominated by all p € Agg.a,.....an,m 0T the supremum of the probabilities of extinction is 1.

In order to prove this claim, let ky := max{i = 0,...,k : Z?:o a; < 1} and define
o(z) = Zfooazz + (1 - Zfooa) ko1 Clearly the branching process corresponding to
¢ (which might not belong to Agg.ay.....ap,m) 15 dominated by every branching process in
Aao.ar,....anm and ¢ < ¢ in [0,1] for every ¢ € Aqg.an....apm- Lhis implies that the minimal
fixed point, ¢ < 1, of ¢ is an uppev" bound of the minimal fized point of ¢ € Auyar,....arm
If ¢ < 1, that is, Zfio ia; + (1= > 2ga;)(ko +1) > 1 (i.e. the branching process survives)
there is nothing to prove. On the other hand, if c = 1 then consider

ko ko
ON = ZaizZ +wpy 2ot 4 (1 —wy — Zai)zN
i=0 j=

where wy = ( fio ia; —m+(1— Efoo a;)N)/(N —(ko+1)) € [0,1— ZZ o i) eventually as
N — oo (remember that ¢ = 1 if and only if 1 > %Q/g(zﬂz:l = Ziio ia;+(1— Sk 0 ai)(ko+
1)). Then %¢N(Z)’z=1 =m, ¢N € Aap,a1,....ap,m ond IMN_o0 N = a It is straightforward
to show that the minimal fized point cn of ¢n converges to c=1 as N — oo.
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5 Approximation

5.1 Spatial approximation

The first kind of approximation is based upon a result on approximation of nonnegative
matrices which is interesting in itself. Recall the usual classification of indices of a matrix
M = (myy)eyex (which is supposed to be nonnegative throughout this section) as described
in [37, Chapter 1]. For any index x we denote by [z] its class, that is, the set of indices
which communicate with . We define the convergence parameters R(x,y) := M(z,y) ™"
and R := inf, yex R(z,y). It is straightforward to show that M,(z,y) = Ms(z1,11) if
[z] = [x1] and [y] = [v1]; this implies that for irreducible matrices, R(x,y) is independent
of x,y € X.

Let { X, }nen be a sequence of subsets of X and denote by ,, R the convergence parameter
of M, = (May)zyex,; clearly, if the sequence {X,},en is nondecreasing, we have that
nR > 11 R. The following theorem generalizes [37, Theorem 6.8] (note that the submatrices
{M,, }nen are not necessarily irreducible); it is the key to prove our main result about spatial
approximation (Theorem 5.2).

Theorem 5.1. [42, Theorem 5.1]' Let {X,}nen be a general sequence of subsets of X
such that liminf, . X;,, = X and suppose that M = (May)zyex 5 a nonnegative matriz.
Then for all xy € X we have ,R(xo,x0) — R(xo,z0). Moreover if M is irreducible and

M, = (May)zyex, then nR — R as n — oo and, in particular, for all xy € X we have
nR(l‘o, ZL‘()) — R.

Note that in the previous theorem the subsets { X, },en can be chosen arbitrarily; in
particular they may be finite proper subsets. Moreover the result extends easily to the case
of a sequence of nonnegative matrices M, = (m(n)my)x,ye x,, where liminf, ., X,, = X,
0< m(n)xy < Mgy for all z,y € X,, and lim,_, m(n)xy = Mgy for all z,y € X (note that
m(n)zy is eventually well defined for all z,y € X as n — o0). The idea of the proof is
essentially contained in [42, Theorem 5.2].

Given a sequence of BRWs {(X,,, in) }nen such that liminf,, ,. X,, = X, we define
m(n)gy = Zfesxn f(y)pin,2(f) and the corresponding sequence of matrices { My, }ren. Note
that in the following result we are not assuming that the BRW is irreducible.

Theorem 5.2. [42, Theorem 5.2] Let us fix a vertex xyp € X. If liminf, oo X, = X
and m(n)gy < Mgy for all z,y € X,,, n € N and m(n)zy — mgy as n — oo then

(1) (X, ) dies out locally (resp. globally) a.s. starting from xo = (Xp,, n) dies out locally
(resp. globally) a.s starting from xzg for all n € N;

(2) (X, pn) survives locally starting from xo = (X, ) survives locally starting from x
eventually as n — oo.

Clearly the discrete-time counterpart of a spatially confined BRW in continuous-time is
obtained by spatially confining the discrete-time counterpart of the continuous-time BRW.
Hence, Theorem 5.2 yields an analogous result for BRWs in continuous time.

!'We observe that in [42, Section 5.1] the hypotheses that M is a nonnegative matrix is missing, even
though it is implicitly used.
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Corollary 5.3. [7, Theorem 3.1] Let (X,K) be a continuous-time BRW and let us
consider a sequence of continuous-time BRWs {(X,,, Ky) }nen such that limsup,, . X, =
X. Let us suppose that kyy(n) < kyy for alln € N, z,y € X,, and kyy(n) = kgy as n — 00
forall x,y € X. Then A\s(Xp, Ky) > As(X, K) and As(Xp, Kp) = As(X, K) as n — oo.

Among all possible choices of the sequence {(X,,, tn) }nen there is one which is induced by
(X, p) on the subsets {X,, }en; more precisely, one can take u,(g) := ZfESx:f\xn:g e (f)
for all z € X,, and g € Sx,. Roughly speaking, this choice means that all reproductions
outside X, are suppressed. In this case it is simply m(n),y = mg, for all z,y € X,,.

Since Theorem 5.2 deals with local survival, one can wonder what can be said about
global survival. First of all, if the process (X, ) survives globally and locally then eventually
(X, pin) survives locally and thus globally. The question is nontrivial when (X, p) survives
globally but not locally, which we assume henceforth in this brief discussion. In this last
case, if, for instance, X, is finite for every n € N and the graph (X,,, E,,) is connected
then, by Theorem 5.2(1), (Xy,, in) dies out (locally and globally) a.s. for all values of n € N.
On the other hand, the case where X, is finite for every n € N and the graph (X, E,,)
is not connected is more complicated and can be treated as in [7, Remark 4.4]. When
X, is infinite for infinitely many values of n, it is possible that there is no global survival
for infinitely many values of n. An example in the discrete-time case can be found in
[42, Remark 5.3] while an example in the continuous-time case can be constructed using
[6, Remark 3.2]. Taking the couple (X, i,) random, some results can be achieved as an
application of Theorem 5.2 (see for instance [8, Theorem 7.1] or [18, Theorem 2.4]).

Example 5.4. Consider the edge-breeding (continuous-time) BRW on Z*. We saw in
Ezxzample 4.25 that if A\ > As = 1/2d then there is local survival. Suppose that d > 1 and that
A < 1/2 and consider the infinite cylinder X,, = {x € Z% : |z(i)] < n, Vi = 2,...,d}. It
is clear that there is no local survival for the BRW restricted to Xo = Z C 7%, nevertheless
according to Corollary 5.3 there exists ng such that there is local survival on X, for all
n > ng. This shows a difference between random walks and BRWs: the simple random walk
on X, is recurrent for all n € N (as the simple random walk on Z); on the other hand,
while the BRW restricted to Xo = Z dies out locally, it survives when restricted to X, if n
is sufficiently large (in some sense the BRW on X,, approaches the BRW on Z% as n tends
to infinity).

Another consequence of Theorem 5.2 is the following (see also [42, Section 5]): consider
the edge-breeding continuous-time BRW on Z& (but the argument extends easily to any
translation invariant BRW in discrete and continuous time). Let us choose a connected
subset Y C Z% such that every finite subset A C Z¢ is a subset of a suitable translation
of Y in Z%. Then the strong critical parameter X, of the BRW restricted to Y is equal
to A\s = 1/2d. A possible choice is Y = {y € Z* : (y,y0) > ally|l - [|woll} for some fized
nontrivial yo € Z% and o < 1 (where {(-,-) and || - || represent the usual scalar product and
norm of Z% respectively).

5.2 Approximation by truncated BRWs

The family of discrete-time BRWs can be extended to the more general class of truncated
BRWs where a maximum of m € N U {oo} particles per site is allowed. We denote this
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process as a BRW,,,. The dynamics is described by the following recursive relation

N (y) o0 J
M (@) =mAY Y fing(@) =mA Y D Mgmiy—ip > finy(@).
yeX i=1 yeX j=0 i=1

Clearly the BRW, is the usual BRW and the BRW; is the well-known contact process.
Note that while for the BRW the reproductions of two particles are independent, this is not
true for the BRW,, which is a truly interacting particle system.

There is an analogous class of continuous-time processes that we still call truncated
BRWs which are subject to the same constraint (see [8]).

Remark 5.5. Even though the BRW,, is the only generalization that we need here, there
is a more general class of continuous-time processes, called restrained BRWs, which is
worth mentioning and which has been introduced and studied in [4] (an analogous construc-
tion in discrete-time is straightforward and we omit it). Consider an infinite connected
graph X and let n(x) be the number of individuals living at the site x € X. The lifes-
pan of each individual is an exponential random wvariable of mean 1. During its lifetime
each individual tries to reproduce following a Poisson process of intensity A. FEvery time
the clock associated to the Poisson process rings, the individual tries to send an offspring
to a randomly chosen target neighboring site. The target neighboring site is chosen us-
ing the transition matric P = (p(x,y))zyex of a nearest neighbor random walk on X.
Call the target site y. The reproduction on y is effective only with probability c(n(y))/A,
where ¢ : N — RT is a non-increasing and nonnegative function with c¢(0) = X. In this
case the population living at y increases by one individual, otherwise nothing happens.

Observe that the restrained BRW is a Markov process and the continuous-time trun-
cated BRW,, are special cases (c = X\ if m = oo and ¢ = )\]1{0,17”,,7”,1}) otherwise). Results
about survival and stationary measures of this process can be found in [4]; it is worth noting
that this process may have an ecological equilibrium, that is, a phase of local survival where
the expected number of individuals per site is bounded from above. This is not possible for
the BRW where local survival implies almost surely an unbounded population (see the proof
of [42, theorem 4.1(1)] and [20, Theorem 6.2]).

We observe that the discrete-time counterpart of a continuous-time truncated BRW is
not a discrete-time truncated BRW. Indeed, in order to construct the discrete-time counter-
parts we lose the original time scale: on one hand, particles which are in the same generation
in the discrete-time process might have disjoint lifespan intervals in the continuous-time
process and, on the other hand, particles living at the same time in the continuous-time
process might belong to disjoint generations in the discrete-time counterpart. Hence the
results about approximation of continuous-time BRWs by means of continuous-time trun-
cated BRWs (see [8]) cannot be considered as particular cases of the analogous results for
discrete-time processes (see [42]). Nevertheless, the techniques used are very similar and
the results essentially coincides.

The goal of this section is to study the approximation of a BRW {n,, },en by means of the
sequence of truncated BRWs {{n" },en}men. It is clear, by stochastic domination (see [42,
Section 3.3]), that if the BRW dies out locally (resp. globally) a.s. then any truncated BRW
dies out locally (resp. globally). We are going to prove here a result similar to Theorem 5.2
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as m tends to infinity. For discrete-time BRWs this has been done in [42] while the results
for continuous-time BRWs can be found in [8].

From now on we make some assumptions on (X, u1). First, we assume that X is count-
able. Indeed, the finite case is uninteresting since the the truncated BRW {n/"},en do
not survive for any m € N in discrete and continuous time (by standard Markov chain
arguments, being 0 an absorbing state). Second, we require that the graph (X, E,) has
finite geometry, that is, sup,cy deg(x) < 400 and that the matrix M is irreducible- We
denote its convergence parameter by I2,,. We observe that, using this notation, according to
Theorem 4.3, local survival is equivalent to R, < 1. For a continuous-time BRW (X, K') we
denote the convergence parameter of the matrix K by Ry and we observe that according
to Corollary 4.5, local survival is equivalent to 1/Rx < A.

Finally, we suppose that

sup pz([n, +00)) — 0, as n — +00. (5.20)
reX

This assumption allows to use the measure p defined as

p(n) = sup pz([n, +00)) — sup pz([n + 1, +00)),
rzeX zeX

to stochastically dominate all the laws {p; }zex. Indeed equation (5.20) is equivalent to the
existence of a measure which dominates the p;s. The measure p has finite second (hence
first) moment if and only if [ sup,cx pz([V¥, +00))dt < 400 (that we assume henceforth).
For a continuous-time BRW (X, K) we simply assume that sup,cy k(z) < +oo and this
implies immediately the stochastic domination by means of a continuous-time branching
process with parameter sup,cx k(x) (see [8] for details).

We start with the result on the approximation of the local behavior of a BRW by means
of the sequence of truncated BRWs {{n" }.en} men-

Theorem 5.6. [42, Theorem 6.3]
Suppose that at least one of the following conditions holds

(1) (X, u) is quasi transitive and irreducible;
, 1) is irreducible and there exists v bijection on X such tha
2) (X s irreducibl d th sts v bijecti X h that
(a) p is y-invariant;
or some xg € X we have xo = "z if and only if n = 0.
() f X we b Y0 if and only if n= 0

If if {nn tnen survives locally (starting from xq) then {n*},en survives locally (starting from
xo) eventually as m — +o0.

In the continuous-time case there is an analogous result which gives an approximation
of A\g by A7*, where A" is the local critical parameter of the truncated BRW with (at most)
m particles per site.

Theorem 5.7. [8, Theorem 5.1]
Let (X, K) be a continuous-time BRW and suppose that at least one of the following condi-
tions holds
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(1) (X, K) is quasi transitive;
(2) (X, K) is irreducible and there exists v bijection on X such that

(a) w is y-invariant;

(b) for some xy € X we have xy = y"xqg if and only if n = 0.

Then
lim A=A > lim A > Ay

m——+00 m——+00

Moreover if As = Ay then A Jm—too Aw-

Let us consider now the global behavior; as before, we start with a discrete-time process.
We take (X, p) with X = Z x Y (for some set Y') and we denote by g : X — Z the usual
projection from X onto Z, namely g(n,y) := n. In the following we use the same notation
as in Section 3.1. We suppose that v = o0 g~! is translation invariant (that is, y-invariant
according to Definition 3.2 for every translation operator v on Z) and we denote the common
distribution and the expected number of offsprings of the BRW by p and p = Zye 5 May;
observe that they. do not depend on x € X or ¢ € Z since v is translation invariant.

Theorem 5.8. [42, Theorem 6.5] Let X =7 x Y and suppose that the BRW (X, u) is
locally isomorphic to (Z,v) where v is translation invariant. If my, = 0 whenever |g(x) —
g(y)| > 1 then

(1) the BRW survives globally starting from x if and only if p=3_ <y may > 1;

(2) if the BRW survives globally (starting from x) then then the BRW,, survives globally
(starting from x) for every sufficiently large m.

Note that the hypotheses that we made in the previous theorem implies that the BRW
(Z,v) is “nearest neighbor” in the sense that reproductions are possible only in the same
site or towards neighboring sites (in the usual graph Z). Theorem 5.8 applies to translation
invariant BRWs on two particular graphs: Z? and the homogeneous tree T, with degree r.
In particular the application to T, is possible since the product Z x Y is meant as a set
product and not a graph product; indeed the set of vertices of T, can be seen as Z? and the
projection g as the horocyclic map (see [39, Section 12.13]).

Corollary 5.9. [42, Corollary 6.6] If the BRW (Z%, 1) is translation invariant and there
exists a projection g on one of the coordinates such that my, = 0 whenever |g(x)—g(y)| > 1,
then

(1) the BRW survives globally (starting from ) if and only if p =3 7 May > 1

(2) if the BRW survives globally (starting from x) then the BRW,, survives globally (starting
from x) for every sufficiently large m.

Corollary 5.10. [42, Corollary 6.7] Let T, be a homogeneous tree and suppose that
the BRW (T, u) is y-invariant for every automorphism v of Tr. If u.(f) # 0 implies
supp(f) € B(z,1) (where B(x,1) is the usual ball of radius 1 and center x of the graph T, )
then
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(1) the BRW survives globally (starting from ) if and only if p =3 c7May > 1

(2) if the BRW survives globally (starting from x) then the BRW,, survives globally (starting
from x) for every sufficiently large m.

Let us consider now the continuous-time case; there are analogous results which give
an approximation of A, by A', where A7 is the global critical parameter of the truncated
BRW with (at most) m particles per site. From now on we deal with a site-breeding BRW;
thus, k(z) = k for all z € X, that is, we set kyy, = kp(z,y) where P is a transition matrix of
a random walk. We stress that in this case A\, = 1/k. We are concerned with the question
whether A" | A\, = 1/k or not. Under the hypotheses of Theorem 5.7, this is the case
when the BRW has no pure global survival phase (i.e. » = 1 where r is the spectral radius
of the random walk P). The interesting case is > 1. Most natural examples are drifting
random walks on Z¢ and the simple random walk on homogeneous trees: as for discrete-time

processes, in both cases we show that A\l Z%° Ao

Theorem 5.11. [8, Theorem 6.1] Let P be a transition matric of a nearest-neighbor,
translation invariant random walk on Z. Then limy, oo A\l = 1/k =

This result immediately extends to the case of a class of more general spaces (including
multidimensional lattices Z?) in the following way.

Corollary 5.12. [8, Corollary 6.1] Let us consider the BRW (Y x Z,K,) where K, =
a(l¥ x P)+ (1 —a)(Q x I%) and Q and P are transition matrices of a random walk on Y
and of a tmnslation z'm)am'amf random walk on Z (as in Theorem 5.11) respectively. Then

limy, s o0 Ay, = 1/k =
For a homogeneous tree the following result holds.

Theorem 5.13. [8, Theorem 6.2] If X = T, is the homogeneous tree of degree d and P
is the simple random walk on X then limy, oo Ay = 1/k =

Observe that Theorem 5.13 can be immediately extended to the edge-breeding BRW on
T4 (on regular graphs, the edge-breeding BRW is a particular site-breeding BRW). In the
edge-breeding case we have that limy, 400 A} = 1/d = Ay; on the other hand, according
to Theorem 5.7, limy, 100 A" = 1/2¢/d — 1 = As. Thus AI! < A" eventually as m — oo
(pure global survival phase for truncated BRWs). In particular in [35] it was shown that
AL < Al hence we conjecture that A\™ < A™ for all m € N.

Discussing the details of the proofs goes beyond the purpose of this paper. We just
observe that they rely on a comparison between the processes and a suitable oriented per-
colation. Such a strategy has been introduced in [9] and widely used since then. The
difference in our case is that the percolation is not even one-dependent and this brings some
additional difficulties from a technical point of view (see [8, Section 4] and [42, Section 6.1]).
Some applications and a slight generalization of these results of approximation can be found
n [2, Theorem 3.4] and [3, Theorem 1].
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6 Proofs

Here we sketch the proofs of the new results.

Proof of Proposition 2.6. Without loss of generality we can suppose that g(z) < 1 for all
z € X. Indeed, given ¢ such that g(z¢) = 1 then for all z € N, we have g(x) = 1. Since
we defined Z(z) := 1 whenever g(z) = 1 we can remove these vertices obtaining a new set
X' C X. Consider the restricced BRW on X’ (obtained by killing all the particle going
outside X’). The generating function G’ of the new BRW satisfies G'((z|x/)|x) > G(z|x)
for all x € X', hence G(z) > z implies G'(z|x+) > z|x/. Moreover Z satisfies the conclusions
of the proposition if and only if z/|\X/ = Z|x+ does. Thus, it is enough to prove the result for
the BRW restricted to X'.

We use the notation of Section 3.2. Note that 2 := Tgl(z), thus G(z) > z is equivalent
to CA?(/Z\) > Z. Hence it is enough to prove the proposition when p,(0) = 0 for all x €
X which implies § = 0 and Z = 2. Suppose that A, is nonempty, z(y) < z(z) for all
y € N and z(yo) < z(x) for some yo € N,. Then, using the fact that z < 1 and that
[Tyex 2(y)TW) < z(z) if H(f) > 1, we have that z(z) < G(z]z) < > reSy:fyo)=0 Ma(f)2(z)+
> fesx:f(yo)>0 e (f)z(yo) < z(x) which is a contradiction. As for the second part, since
2(y) <1 = z(z) for all y € X then we have z(y) = 1 for all y € X. Finally, by induction
we obtain the result for the set {y € X : 2 — y}. O

Proof of Theorem 4.3. The first part of the theorem is [42, Theorem 4.1]. The sufficient
condition in the second part follows easily from the first part. Clearly, it is equivalent to
study the BRW restricted to Y := {w : * — w — y} which is finite. In this case ¢(w,w) =1
for all w in a finite irreducible class implies a.s. extinction in the class; if the number of
classes is finite then ¢(z,y) = 1. O

Before proving Proposition 4.19 and Theorem 4.20 we need two technical lemmas.

Lemma 6.1. Let (X, ;1) be a BRW and fiz z,v € [0,1]% such that z +ev € [0,1]% for some
e > 0. Then the function t — G(z + vt|z) is strictly convez if and only if

3f cpe(f) >0, > fy) =2, supp(z) Usupp(v) 2 supp(f). (6.21)

yEsupp(v)

Proof of Lemma 6.1. Let us evaluate the function G on the line ¢ — 2z + tv where t € [0,7)
and T :=sup{s > 0: 2z + sv € [0,1]X}.
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f(y)

G(z + tolz) = Z o (f H Z <f(ly)> Z(y)f(y)fiv(y)iti

feSx JEX im0
= fEZS:X fia(f) geg;gsf yg( (*5 EZ;) () D=9 y(y)9®) 49 W)
_ fezS:X pa(f) gesxz;,qtmg) 1I (; 8) ()T =90) () 9)
R SO S

The strict convexity of a power series in ¢ with nonnegative coefficients is equivalent to the
strict positivity of at least one coefficient corresponding to ¢* with i > 2. Hence it is easy to
show that each of the following assertions is equivalent to the next one and that they are
all equivalent to the strict convexity of ¢t — G(z + vt|z)

1. 3f,9:H(9) 22, f 2 g, pa(f) > 0: supp(v) 2 supp(g), supp(z) 2 supp(f — g);
2. Af,9:H(g) 22, f > g, pa(f) > 0: g = flgupp(v)» supp(2) 2 supp(f) \ supp(v);
3. 3f + p1a(f) > 01 3, cqupp(ey F(¥) = 2, supp(2) 2 supp(f) \ supp(v);
4. 3f t 1a(f) > 00 3 cquppe) f(¥) = 2, supp(2) Usupp(v) 2 supp(f);
5. 3f 1 pa(f) >0 3 cqupp(e) f(¥) = 2, supp(z + v) 2 supp(f).
O

Lemma 6.2. Let (X,pu) be a BRW and fix x9 € X. Suppose that for some T in the same
irreducible class of o and f € Sx we have that pz(f) >0, >0,y f(w) > 2. We can fix
n € N such that if the process starts with one particle at xy € X then we have at least 2
particles at xg in the generation n wpp.

Proof of Lemma 6.2. Consider a path zg,z1,...,2,, = T and let f € Sx be such that
pz(f) >0and 32 .. f(w) > 2. We can have two cases.

(a). There exists x;,4+1 € X such that z,,4+1 = zp and f(2;,+1) > 2; in this case consider
the closed path zg,z1,29,...,Zm, Tm+1,--.,2Zn = To and take n := n. Since any particle
at x; has at least one child at z;1.1 wpp and a particle at  has at least 2 children at z,, 1
wpp, then any particle at zg has at least 2 descendants at x( in the nth generation. Indeed,
denote by f; € Sx such that pg,(fi) >0, fi(xiy1) > 1foralli =0,...n — 1 (f, being f),
then the probability that a particle at zg has at least 2 particle at xg in the nth generation
is bounded from below by [[:" 1 (/) H] 1 M (fi)2.
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(b). There exists a couple of different vertices zp+1, Ym+1 such that zp,41, ym+1 = o and

f(@m+1)s f(Ym+1) > 1; in this case consider the paths zg, 21, . .. Tm, Tm+1, - - -, Tny = To and
T0, L1y - Ty Ymet1s - - - » Yny = X0 and take n := GCD(ny,n2) (the conclusion is similar as
before). O

Proof of Theorem 4.20. For every z fixed point of G, we know that z > ¢ and 2z < 1x;
this implies that if sup,cx 2(z) < 1 for some fixed point then necessarily sup,cx g(x) < 1.
Hence, if ¢ = 1 there is nothing to prove. Otherwise, we show that if G(z) = z and z # ¢
then sup,,cx 2(w) = 1. Suppose that the BRW is locally isomorphic to (Y, v) through the
map g and define h(y) := sup,ey-1(y) 2(w). Clearly h € [0, 1]Y and h o g > z which implies
that Gy (h) > h. Indeed

Y

Gy(hly) = sup Gy(hlg(z))= sup G(hoglz)

zeg—1(y) xeg~1(y)
> sup Glela) = sup x(z) = h(y).
xeg~1(y) xcg—1(y)

If Y finite then we can choose y € Y which minimizes

1-q"(y)
h(y) — ¥ (v)

(where t(y) := +oo if h(y) = ¥ (y)); note that t(y) > 1 for all y € Y and () < +oc.
By applying the maximum principle (Proposition 2.6) to the function 1/¢(y) (where y is
ranging in the set {w : ¢ (w) < 1}) we have that it is constant on {y : ¥ — y}. Since
g (y) < 1 and Y is finite, then there exists 3o such that i — yo and there is local survival
at yo starting from yo. Since (Y, v) satisfies Assumption 2.3 then there exists y = yo such
that a particle living at 4 wpp has at least 2 children in the irreducible class of 9. Then by

taking yg instead of xg in Lemma 6.2 we have that we can find 7 € N such that the function

t(y) =

o(t) = G (@ +t(h— 7 )lwo) — @ (wo) — tlh(wo) — 7 (v0))

is strictly convex by Lemma 6.1. Indeed Ggf ) is the generating function of the BRW con-
structed by considering the n-th generations of the original BRW where 71|n and, under our
hypotheses, it satisfies equation (6.21).

Note that ¢ is well defined in [0, ¢(yo)] since

re(y) =" () +t(h(y) = ¢ (1) <@ () + t(yo) (h(y) — 7" () < 1

hence r; € [0,1]Y for all ¢ € [0,%(yo)].

Clearly every fixed point of Gy is a fixed point of Ggf )
Ggf)((jy) = ¢, whence ¢(0) = 0 and ¢(1) = Ggf)(h\yg) —h(yo). Now, using equation (3.13),
Ggf)(h) > h and this, in turn, implies ¢(1) > 0. Since ¢ is strictly convex we have that
(t) > 0 for all t € (1,#(yo)] If £(yo) > 1 then 0 < G(t(yo)) = G\ (ryyey|yo) — 1 but this
is a contradiction since 7y, € [0,1]* and Gg@ (Te(yo)) € [0,1]Y. In the end #(yo) = 1, thus
1 = h(yo) = sup,ex z(w). O

. in particular, G™(z) = z and
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Note that, from the previous proof, if the BRW on Y is irreducible then by the max-
imum principle we have that (h — ¢@¥)/(1 — ¢*) is a constant function, thus h(y) =
SUPyeg-1(y) 2(w) =1 for all y € Y.

Proof of Proposition 4.19. Since (X, E,,) is irreducible we have that ¢(z,y) = ¢(z, x) for all
z,y € X and if § < 1 (resp. ¢(-,y) < 1) then g(x) < 1 (resp. q(z,y) < 1) for all x € X.
Moreover, quasi transitivity implies that if ¢(-,y) < 1 then sup,cyx ¢(x,y) < 1. Thus,
according to Theorem 4.20, ¢(-,y) # 1 implies ¢(-,y) = q. O

Proof of Theorem 4.21. According to Section 3.2, there is strong local survival at y starting
from z for the BRW {n,, } en if and only if there is a.s. local survival at y for the associated
BRW with no death, that is, {9, }nen conditioned on A, (global survival starting from z).
Moreover v satisfies equation (4.17) if and only if vy 1= T v satisfies

v1(xo) > maxzeavi(x) for some xy € AE,

{ém!x) > vy (z), va € AL,

which is equation (4.17) in the case of the associated BRW with no death. Hence it is
enough to prove the result for the case p;(0) =0 for all z € X.

For completeness, we sketch the proof of [31, Theorem 3.1]. Suppose that there exist a
function v and a set A as in the statement of the theorem. Recall the definition of G given
by equation (2.9), define @, := [[,cx v(x)"®) and ¢ := min{n € N : > zeaM(z) > 0},
where {1, }nen is a realization of the BRW. As usual min{) := +oo. Let Q, := @n/\a- If
0(x) := E[Qn+1|nn = 5] then it is easy to show that © = G(v). Using the same arguments
as in [31, Theorem 3.1] we can show that {Q,}, en iS a nonnegative supermartingale,
hence there exists Qoo = lim, 00 @, in L' and almost surely. Clearly E[Qs] > E[Qo]. If
no 1= 0y, Where xg ¢ A satisfies the hypotheses of Theorem 4.21 and if there were strong
local survival then at least one particle would hit A a.s., thus Qs < maxgeav(z) < v(zg)
which is a contradiction. This yields the first part of the proof.

Assume now that there is no strong local survival. Fix z € X and A := {Z}. Define
v(z) = qo(z, A), the probability of never hitting A starting from z. Since the BRW is
irreducible, then there is no strong local survival if and only if v(z) > 0 for some x. Clearly
v(Z) = 0 < v(zg) for some xo ¢ A and

o@) = S o) [ o)™ < Glole), Va#z

g€Sx:9(z)=0 yeX
and the theorem is proved. ]

Proof of Theorem 4.23. The proof is essentially the same as in [6, Section 3.3]. We just
sketch the main steps. Let Y be the finite set onto which X can be mapped by definition
of F-BRW. Instead of the operators N and N we use M f(x) := > x Mgwf(w) (for all

x € X) and Mf(y) = > ey Mywf(w) (for all y € Y) where may = m2, and my,, =
m;/w. These are well-defined, bounded, linear operators from [2(X) and I2(Y) into itself
respectively. One can prove that ||M|| = p(M) = M, where p(M) is the spectral radius
of the operator (this can be done as in [6, Lemma 3.3] and [38, Lemma 2.2]). Similarly

HMH = ,O(M) = Ms = Mw = M,, (here we use the finiteness of Y).
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Moreover, it can be shown that for nonamenable BRWs there exists ¢ > 0 such that, for
all f € 1?(X),
1fIp@) = cll fll2;

where the Dirichlet norm is defined as
1/2

1l = | D maeylf@) = F)I?

z,yeX

The proof of this inequality is analogous to the one of [38, Theorem 2.6], the only difference
being the presence of mg, which can be easily dealt with.

The rest of the proof is the same as [6, Theorem 3.6] using the term 3, g gt May
instead of |0gS| and using the graph G? induced by M?2. O

Proof of Theorem 4.29. Note that /ﬁ(:ﬁ)kg(gz) = /ﬁ(y)kzz(,g) for all z,y € X, n € N. Moreover,
by the Cauchy-Schwartz inequality, for all n € N,

2
2n 2n) n 2’%('7’.0) (Zy moy)
Ko(wo, o)™ 2 kT, = Y kpkizy = > (ki) w(y) = ealBlao,n)]
yeX y€B(zo,n) " ’

2n
Ky(xg) = hIn inf , Z k(oy = lim inf
Vv

Proof of Proposition 4.33. (1) and (2) follow easily from Theorems 4.3(1) and 4.9(2). As
for (3), we note that m(™ (z,y) = p"p"™ (z,y) and that the generating function ® defined
in Section 2.5 satisfies ®(z,y[t) = F(x,y[tp). Thus, ®(x,z|1) > 1, which is equivalent to
local survival at x, is equivalent to F'(x,z|p) > 1. O

Hence 5
(=, 5%)

-— <K .
ealBlag,m)] = r(0-0)

O

Proof of Lemma 4.34. Clearly [[;cn(1 — ;)% > 0 if and only if > ien kilog(l — ;) > —oo0.
Observe that log(l — z) < —z for all x < 1 hence

Zkiai < —Zki log(l — Ck,‘) < 0
ieN €N

If a; € [0,1) and k; > 1 eventually as i — oo then there is no loss of generality by
assuming that a; € [0,1) and k; > 1 for all 4. In this case, since k; > 1 both sides imply
a; — 0. Thus log(1 — «;) ~ —a; and

Zki log(l — o) > —00 <= Zk‘iai < 0.
ieN ieN
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Proof of Theorem 4.37. Since p satisfies equation (2.4) then G(z|x) = >, pa(n)(Pz(z))"
where Pz(2) = 3, ¢ x p(z,y)2(y). On the other hand, p, = pforallz € X, thus g(z) = g for
all z € X where ¢ 1s the smallest fixed point in [0,1] of t — G(t1|z) = Y 7, p(n)t" =: F(t).
Clearly, any fixed point z of G must satisfy the inequality z(z) > g(x) = ¢. Since F(t) <t
for all t € (g,1) then

2(2) = G(2l2) = P(P2(x)) < Px(a),

hence z is a bounded subharmonic function. It is well known that the existence of non-
constant subharmonic functions which are bounded from above is equivalent to transience,
thus, in the recurrent case we have necessarily z = ¢1 which implies that ¢ = F(¢) and
t € {q,1}. Suppose that g < 1, since the random walk is recurrent, then ¢o(-, A) < gl (for
all A C X), hence by Remark 4.1 ¢(-, A) = g1 which is equivalent to strong local survival
in A. O
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