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Abstract

We study a branching Brownian motion Z in R¢, among obstacles scattered accord-
ing to a Poisson random measure. Obstacles are balls with constant radius and each
one works as a trap for the whole process when hit by a particle. Considering a
general offspring distribution for branching, we find the decay rate of the annealed
probability that none of the particles of Z hits a trap, asymptotically in time ¢. This
problem motivates the proof of a more general result about the speed of branching
Brownian motion conditioned on non-extinction. On the way, we make use of the
skeleton decomposition of the Galton-Watson process that underlies Z, and show
that the skeleton alone is responsible for both the conditional speed of branching
Brownian motion and the asymptotic decay rate of the annealed trap-avoiding prob-

ability of the system, that is, the non-skeleton particles play no role.
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Ozet

Bu tezde, Poisson rassal dlciime gore dagilmis engeller arasinda R¢ iizerinde seyreden
dallanan Brown siireci Z ¢alhigsilmigtir. Engeller, sabit yaricapa sahip toplardir ve her
biri bir parcacik tarafindan degildigi zaman tiim sistem igin bir tuzak gorevi gortir.
Dallanma igin genel bir dagilim ele alinarak, Z’nin hicbir pargaciginin bu tuzaklara
diismeme olasiliginin zaman sonsuza giderken asimptotik azalma hizi hesaplanmigtir.
Bu problemin ¢oéziimiine yonelik olarak ayrica, dallanan Brown hareketinin soyu
tiikkenmemesi garti altinda hizi bulunmusg ve ispatlanmigtir. Yapilan ispatta, dal-
lanan Brown siirecinin altinda yatan Galton-Watson siirecinin iskelet ayrigmasindan
faydalanilmig ve sonunda hem soyu titkenmeme koguluyla dallanan Brown stirecinin
hizina, hem de sistemin asimptotik olarak tuzaklara diigmeme olasiligina sadece
iskeletin katki yaptigi, bir bagka deyisle iskelete mensup olmayan parcaciklarin bir

katkis1 olmadig1 gosterilmistir.
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E expectation corresponding to branching process
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Chapter 1

Introduction

1.1 Motivation

A typical class of trapping problems involves a randomly moving system of particles
in space, which contains a collection of randomly located traps. The main object of
interest in such problems is the probability that the system of particles avoids the
traps up to time t averaged over all trap configurations. The particles and traps are
usually spheres or points. Trapping problems of this sort find various applications
in chemistry and physics (see [21]), and in some models the particles branch or
reproduce randomly as they move in space.

Branching Brownian motion (BBM) among random obstacles functioning as
traps has been studied recently in [14, 15, 17, 28]. This thesis concerns a BBM
that evolves in R?, where a random field of Poissonian traps are present. We are
mainly interested in the trap-avoiding probability of the system up to time ¢ asymp-
totically as t tends to infinity, where the Galton-Watson process (GWP) underlying
the BBM has a general offspring distribution. The problem in this thesis originates
from two articles, Englandér [14], and Englandér and den Hollander [15], where the
same problem was solved for the case of strictly dyadic branching for the underlying
GWP. We aim at extending their results to BBMs with general offspring distribu-
tion. Investigation of this problem leads us to finding the speed of BBM conditioned

on non-extinction, which is of independent interest.

1.2 Problem description and notation

Our model involves two major random components: a branching Brownian motion,
which is an extensively studied example of a spatial branching process, and a Pois-

sonian field of random traps in RY, which makes a popular setting for contemporary



random media problems [41].

Let Z = (Z(t))t>0 denote a d-dimensional BBM with branching rate g > 0
and offspring distribution A, where X is a probability measure on N = {0,1,2,...}.
The process starts with a single particle at the origin, which performs a Brownian
motion in R? for a random time which is distributed exponentially with constant
parameter . Then, the particle dies and simultaneously gives birth to a random
number of particles distributed according to A. Similarly, each offspring particle
repeats the same procedure independently of all others and of the history of the
process up to her birth, starting from the position of her parent. In this way,
one obtains a measure-valued Markov process Z = (Z(t))i>0, where Z(t) can be
identified as a particle configuration for given ¢ > 0. By assumption, Z(0) = g,
where 0 denotes the origin. The total mass process | Z| = (|Z(t)|)¢=0 is a continuous-
time Markov branching process with rate [ and offspring distribution A, and the
number of particles in generation n of Z is a (discrete-time) Galton-Watson process
N = (N(n))nen with offspring distribution A. The particle present at ¢ = 0 makes
up the 0" generation, the offspring of the initial particle make up the 1% generation,
and so forth. We denote the extinction time of the process | Z| by 7, formally written
as 7 = inf {t > 0:|Z(t)] = 0}, where we use the convention that inf() = co. We
then denote the event of extinction of the process |Z| by &, and formally write
E = {7 <oo}. We use the term non-extinction for the event £°. Let P be the

probability law for the process Z, and E the corresponding expectation.

We now create a random environment in R? via a Poisson random measure
(PRM), which will be the second major random component of our model. Let
B(R?) be the collection of d-dimensional Borel sets, and let IT denote a PRM on
B(R?), with a boundedly finite mean measure v such that dv/dz exists, where dz
is for the Lebesgue measure. In this work, two instances of v will be considered.
Firstly, as standard, we will work with a uniform field of traps, which corresponds
to

dv/de =wv (1.1)

for some constant v > 0. Then, we will consider a radially decaying field of traps,

where dv/dz is continuous on R? and

dv l

It is the PRM with mean measure as in (1.2) that makes our problem much richer,

and leads us to finding the speed of BBM conditioned on non-extinction. The



random trap configuration with radius a attached to II on R? is defined as

K:== |J B(wa), (1.3)

x;€supp(I1)

where B(z,a) is the closed ball of radius @ > 0 centered at € R%. Let P be
the probability measure for the PRM, and E the corresponding expectation.
The branching Brownian motion Z is assumed to live in the random environment

consisting of Poissonian traps. For t > 0, let

R(t) = | supp(Z(s)) (1.4)

s€[0,t]

be the range of Z up to time t. Note that R(t) is the totality of all points in R?
that are hit by Z up to time ¢t. Now let T" be the first time that Z hits a trap,

T=if{t>0:Rt)NK #0}. (1.5)

Then, the event of trap-avoiding up to time t of Z among the Poissonian field of

traps is given by {7" > t}. Our main quantity of interest in this work is
(E x P)(T >t),

the annealed (averaged) trap-avoiding probability of the system up to time ¢, for a

BBM with a general offspring distribution .

1.3 History of the problem

The history of the present problem dates back to 1975, when Donsker and Varadhan
considered a single particle performing Brownian motion in R? and studied the
asymptotic behavior of the volume of its associated Wiener sausage [11]. The Wiener

sausage with radius a is defined as

S¢ = |J B(W(s),a),

0<s<t

where W = (W (s))s>0 stands for the Wiener process (Brownian motion) in R?, and
B(z,a) is the open ball with radius a centered at x. The asymptotic distribution of

the volume of the Wiener sausage is characterized by the result
tli}m ¢ log FE exp(—v|S}|) = —c(d,v), (1.6)

3



where E is the expectation corresponding to the Wiener process, ¢(d, v) is a constant
depending on v > 0 and the dimension d, and |S{| is the volume of the Wiener

sausage accumulated by time t.

By Tonelli’s theorem, it is easy to see that

Eexp(—v|SY) = F [e—vlst“'@'i?’)o] =(ExP)(T>t)=(ExP)(T>t), (L7
where T is the first time the Brownian particle hits a uniform field of Poissonian
traps with intensity v > 0. In (1.7), P and E stand respectively for the probability
and expectation corresponding to the PRM as before. In 1998, in view of the
equivalence in (1.7), the work of Sznitman [41] provided an alternative proof of
(1.6) in the context of Brownian survival among Poissonian traps. Note that (1.7)
casts the original problem of Donsker and Varadhan as a trapping problem similar
to our problem, but without branching, so we may regard (1.6) as a solution to our
problem when p; = 1, and see that the tail of the annealed probability of trap-
avoiding decays subexponentially (as reflected by the factor ¢t~%(4+2) in (1.6)) when

there is no branching.

In 2000, Englinder added branching to the problem of Brownian survival in a
Poissonian field of traps [14], where he considered a uniform PRM with mean mea-
sure as in (1.1). He studied the case of strictly dyadic branching, where each particle
produces precisely two offspring upon branching, which corresponds to ps =1 ac-
cording to our notation. We emphasize that henceforth, the notation that we use
will be consistent with the notation described in the previous section. Englander’s

result from [14] is

1
lim —log(E x P)(T >t) =—p for d>2. (1.8)

t—oo t

The key feature of the result above is that the asymptotic decay of the annealed trap-
avoiding probability has become exponential as a result of branching, and moreover
the dominating effect of branching over spatial motion is clear, since the result

depends only on a branching parameter.

In 2003, in search for extending the result (1.8) to d = 1, Englénder and den
Hollander [15] considered a radially decaying field of traps, where the trap points
were given as the atoms of a PRM with mean measure as in (1.2). Their result is

as follows:

tlggoi log(E x P)(T > t) = —I(I, 3, d), (1.9)

where [ is given as a variational formula, and depends on the trap intensity [ > 0,

4



branching rate § > 0, and dimension d > 1. Note that a uniform mean measure
is a special case of (1.2) when d = 1, hence the result in (1.9) is an extension of
(1.8) when d = 1. Similar to the case of a uniform field, in this case of radially
decaying traps, we see that the tail of the annealed trap-avoiding probability decays
exponentially. As opposed to the case of a uniform field, now the motion component
has also become important in that the rate of decay, namely I, depends on the spatial
dimension and the trap intensity, as well as on the rate of branching.

The starting point of the present work is the observation that in both works
described above, namely in [14, 15], the branching was assumed to be strictly dyadic,
so there was no randomness coming from branching. We wish to allow a general
branching mechanism for particles, thereby to introduce a new level of randomness
into the problem.

The reader is referred to [16] for an interesting survey article on the topic of

BBM among Poissonian traps, and to [17, 28] for various related problems.

1.4 Outline

The thesis is organized as follows. In Chapter 2, we focus on the Galton-Watson pro-
cess and the continuous-time Markov branching process, underlying the branching
Brownian motion. We first provide some general theory on Galton-Watson processes
and continuous-time Markov branching processes, and then building on this general
theory, prove two results (Proposition 2.9 and Proposition 2.14) that are central in
the proof of Theorem 3.9, Theorem 4.1 and Theorem 4.4. Proposition 2.9 provides
a decomposition of supercritical GWPs into two sets of particles, one of which is
composed of ‘skeleton’ particles, which have infinite lines of descent and constitute
the ‘skeleton’ of the process, and the other set is composed of particles with finite
line of descent, the so-called ‘doomed’ particles. Proposition 2.14 shows that the
decomposed process can be regarded as a two-type GWP. This chapter is written
to be mostly self-contained with the exception of a few technical results, which are
stated without proof.

Chapter 3 is devoted to finding the speed of a BBM, conditioned on non-
extinction, where the underlying GWP has a general offspring distribution. First, we
introduce the notion of ‘speed’ for a BBM, followed by some historical development
of the subject. Then, we give the famous result of McKean [30, 31], which holds
when d = 1 and the underlying GWP has py = 0, as a proposition, followed by its
proof for the sake of completeness. We generalize McKean’s result to all dimensions

in Proposition 3.8, and finally to the case where py > 0 in Theorem 3.9, where we



condition the BBM on non-extinction. Theorem 3.9 is the main result of Chapter 3,
whose proof is based heavily on the skeleton decomposition of supercritical GWPs,
and on the interpretation of this decomposition as a two-type GWP, both of which
were studied in Chapter 2. In the proof, it is shown by a comparison argument that
the doomed particles do not contribute to the conditional speed. We emphasize
that the problem of the conditional speed of BBM emerges naturally on the way to
proving Theorem 4.4.

Chapter 4 brings the BBM in contact with the random environment composed
of a Poissonian field of traps in R?. We always work with a BBM with a general
offspring distribution. We first consider the simple case of a random environment
with a uniform field of Poissonian traps, and prove a result similar to (1.8) in The-
orem 4.1. Next, we consider the more complicated case of a radially decaying trap
field, with corresponding mean measure given by (1.2), and prove a result similar to
(1.9) in Theorem 4.4, which arises as a non-trivial application of Theorem 3.9. In
both instances of the Poisson random measure, we show that, conditioned on non-
extinction, the doomed particles of the decomposition of the supercritical GWP do
not contribute on an exponential scale to the asymptotic decay rate of the trap-
avoiding probability. Finally, we prove Theorem 4.5, which is a technical result

identifying the rate function of Theorem 4.4 through analysis.



Chapter 2

Skeleton Decomposition of a
Supercritical (Galton-Watson

Process

In this chapter, we first define a Galton-Watson process, which is a discrete-time
Markov chain on the nonnegative integers. We state and prove the extinction crite-
rion for GWPs. Then, we define a continuous-time Markov branching process, which
can be thought of as the continuous-time analogue of a GWP. After proving two
results regarding continuous-time Markov branching processes, we give the central
result of this chapter, the skeleton decomposition of a supercritical GWP. Finally,
we introduce the notion of a multitype GWP, and translate the aforementioned
decomposition into the language of multitype GWPs. This chapter is intended to
present the relevant background on branching processes that underlie a BBM. The
material in this chapter is standard except the computation of the mean matrices
(2.38) and (2.39), and in general could be found in standard monographs on branch-
ing processes such as [20] and [4]. The main results of this chapter are central in

proving Theorem 3.9, Theorem 4.1, and Theorem 4.4.

2.1 Galton-Watson process

Galton-Watson processes are the simplest example of branching processes. They
were introduced by Francis Galton in 1873 as a model for the evolution of last
names, after which he published [19] with Henry William Watson. We refer the
reader to [20] and [4] for a detailed treatment on GWPs.

Let A be a probability measure on N = {0,1,2,...}, and set pr = A(k) for k € N.
Throughout this thesis, (py)ren Will be used to denote the offspring distribution, and

7



P and E will denote the probability law and corresponding expectation, respectively,

for branching processes unless otherwise stated.

Definition 2.1. Let ¢ be a random variable having the probability distribution
P(¢=k)=py, k € N. A Galton-Watson process with offspring distribution (pg)xen is
a Markov chain N =(N(n)),en on the nonnegative integers, which evolves according

to the following recursion:
N(n)
NO) =1, Nn+1)=Y &, (2.1
k=1

where ¢, k > 1, n > 0, are independent random variables that are identically
distributed copies of £. If N(n) =0, then N(n + 1) = 0 with probability 1.

Equation (2.1) is called the branching process equation, and gives the transition

probabilities
P :=P(N(n+1)=j|N(n)=1), i4,jn=0,1,2...

for the Markov chain N, provided that the conditional probability above is well
defined, i.e., P(N(n) =) > 0. If P(N(n) =) =0, then P,; = dy;.

We interpret the process N as a population evolution model as follows. Consider
a population of particles, where N(n) represents the population size in the nth gen-
eration. The population starts at time 0 with 1 particle, and each particle in the
nth generation gives birth to a random number of offspring, distributed according
to (pr)ren, independent of the history of the process and all other particles existing
at the present. The recursion (2.1) states that the population size at the (n + 1)st
generation is the sum of the number of offspring of the particles in the nth genera-
tion, where each particle in the nth generation produces offspring according to the
distribution (pg)ken, independently of all others.

Let f:[0,1] — [0,1] be the probability generating function (p.g.f.) for ¢,

f(S) = Zpksku
k=0
and let p© be the mean number of offspring for a particle,
pi=> kpy= f'(1-).
k=0

We suppose that |s| < 1 for all probability generating functions considered hence-
forth, and interpret 0° = 1 so that f(0) = po.

8



Note that if N(n) = 0 for some n > 0, then N(m) = 0 for all m > n, that
is, if the population has died out by generation n, then it will not reappear after

generation n. Define the extinction time for N as
T:=inf{n >0: N(n) =0},

and let £ be the event of extinction, formally defined as € := {7 < oc0}.
If £ occurs, we say that the process has become extinct. Let ¢ := P(£). Then,

qg = P(N(n) =0 for some n)
— P(U, {N(n) = 0})
= lim P(N(n) = 0), (2.2)

where we have used the continuity from below of measures in passing to the second
equality (note that {N(n) =0} & as events). We now give a preparatory lemma,
followed by the extinction criterion for GWPs. Generating function methods will
be used in the proof. Let f, : [0,1] — [0, 1], given by

fuls) = fj P(N(n)=k)s*, n=0,1,2,..., (2.3)

be the p.g.f. for the number of particles in the nth generation.

Lemma 2.2.

fni1(s) = fulf(s)) = f(fu(s)) VneN (2.4)

Proof. Using the definition of f,,,; and conditioning on the number of particles in

the nth generation,

P(N(n+1) =k)s*

hE

fn+1(5) =

£
Il
o

P(N(n+1) = k|N(n) = j)P(N(n) = j)s"

e
NE

£
Il
o

<
Il
o

o
hE

P(N(n) = j)P(& + ...+ & =k)s*

~
I
o

<
Il
<)

I

P(NM) = ) S P + ...+ & = k)s*, (2.5)

J

where we have used (2.1) in passing to the third equality, and changed the order
of summations (since all terms are nonnegative) in passing to the fourth equality.

Since &', r =1,..., 7, are independent identically distributed random variables with
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common probability generating function f, the sum &' +. ..+ &7 has the probability

generating function f7, so that (2.5) becomes

Fra(s) =§°:OP<N<n> = ()P
:fn(f(s))a

where we have used the definition of f,, in passing to the last equality. Then, by

induction, it follows that

fn—l—l(s) = f(fn(3>>
O

Proposition 2.3 (Extinction criterion). Assume that p; # 1. Then, the probability
of extinction for a GWP with mean p is 1 if p <1 and less than 1 if u > 1.

Proof. Suppose that pg+p; = 1. Then, there is at most 1 particle in any generation.
Therefore, JLIQOP(N(n) =0) = lim (1 - P(N(n) =1)) =1 — lim (p1)" = 0, which
implies that extinction is certain, i.e., ¢ = 1. Now assume that pg + p1 < 1. Then,
f is strictly convex in (0, 1) since f”(s) = S22, k(k — 1)prst=2 > 0.

First, we show that ¢ of (2.2) solves the equation

f(s)=s. (2.6)

This follows since, in order for the process to become extinct, either the initial
particle should have 0 offspring, or all of the subprocesses initiated by the offspring
of the initial particle should become extinct. Conditioning the process on N(1), by

independence of particles, this translates to

q=po+piq+pg +...= fq).

Next, we show that ¢ is the smallest nonnegative root of (2.6). Let x be a

nonnegative root of (2.6). Then, as each f, is nondecreasing,

fa(0) < fulz) = =, (2.7)

where Lemma 2.2 is used n — 1 times to conclude that f,(x) = z. Taking the limit
as n — oo on both sides of (2.7), and using (2.2), we conclude that ¢ < z. So far,
we have proved that ¢ is the smallest nonnegative root of (2.6).

Recall that as pg+p; < 1, f is strictly convex, hence has strictly increasing first
derivative on (0,1). Also, note that 1 is always a solution to (2.6), i.e., f(1) = 1. If

10



p= f'(1-) <1, then f(z) = z for some x € [0,1) together with f(1) = 1 would
imply by the mean value theorem that there exists a point y € (z,1) such that
f'(y) = 1, which contradicts f’ being strictly increasing on (0, 1) (since xlg{l_ fl(z) =
f'(1=) by Abel’s theorem). Hence, if = f'(1—) < 1, then ¢ = 1.

Suppose that u > 1. If pg = 0, then clearly 0 is the smallest nonnegative root of
(2.6), and ¢ = 0. Now assume that py > 0. As p = f'(1—) > 1, there exists a point
xo in the left neighborhood of 1 such that f(zg) < zo. Together with f(0) = py > 0,
this implies, by the intermediate value theorem, that there exists a point z; € (0, x¢)
such that f(z1) = 2. This shows that ¢ < 1 when p > 1. O

We refer the reader to the books of Harris [20], and Athreya and Ney [4] for more

results and historical notes on GWPs.

2.2 Continuous-time Markov branching process

We would like to define a time-homogeneous Markov process X = (X (¢));>o that is
a natural extension to continuous-time of a GWP described in the previous section.
The description below follows [20, Chapter 5] closely. Let X be a random function
on N, representing the size of a population, with the properties that for any tg, if
X(tg) = 1, then

e the subsequent history of the population depends only on i, and not on the

history of the population before ¢y, and not on the absolute time ¢,

e the families initiated by the particles at time ¢y are independent of one another.

The first property makes X a time-homogeneous Markov process, and implies that
all particles are of the same type (i.e., they behave in the same way probabilistically).
We must impose that the lifetimes of particles are independent and identically dis-
tributed exponential random variables in order to satisfy the first property. The
second property is the branching property that singles out X from other Markov
processes. As the process is time-homogeneous, it is enough to consider the tran-
sition probabilities P;;(t) := P(X(t) = j|X(0) = i) for 4,5 € N. The branching

property is equivalent to the condition that

Pit) = > Pu(O)Pu,(t) - Pir(t), (2:8)

ri+ro+...4ri=j

which, along with time-homogeneity, says that for any tq,¢ > 0, the population size
at time ty + t, starting with ¢ particles at time tg, is distributed as the sum of @

independent populations, each starting with one particle.

11



As before, let A be a probability measure on N, p, = A(k) for k£ € N, and let
0 < B < oo be a real number. A continuous-time Markov branching process is
constructed as follows. It starts with a single particle. If a particle is alive at a
certain time, then its additional lifetime is an exponential random variable with
parameter 5. Upon death, it gives birth to k offspring with probability pi, & € N,
independent of other particles that are alive and of the history of the process. Hence,
if ¢ particles are present at a given time, the rate at which a death occurs is 7, and
the new population size is j > ¢ — 1 with probability p;_;+;. The process thus
obtained is called the minimal process. Now we are ready to formally define a

continuous-time Markov branching process.

Definition 2.4. A continuous-time Markov branching process with rate 0 < 5 < 0o
and offspring distribution (p)ren is a time-homogeneous Markov chain on N whose

transition probabilities (P;(t) : 4,5 € N) satisfy the Kolmogorov forward equations:

d ‘ j+1
g L(t) = —jBP;(t) + 5 Y kPuk(t)pj—kr1,  Py(0+) = by, (2.9)
k=1

where 6;; is the Kronecker delta symbol.

It is proved in [20] that the forward equations (2.9) are solved by a unique
set of transition probabilities, and that these transition probabilities indeed satisfy
the branching property (2.8). However, without any restriction on the offspring
distribution, it is possible that the unique set of solutions to (2.9) satisfy >=; P;;(t) <
1 for some ¢t > 0. In this case, with positive probability, the process produces
infinitely many particles in finite time, i.e., explodes. In order to avoid an explosion,
we must have 3-; P;(t) = 1 for all t. The following proposition provides a sufficient
condition for }°; P;;(t) = 1. The proof may be found in [20, Section 5.9].

Proposition 2.5. A continuous-time Markov branching process is non-explosive if
the mean number of offspring for a particle is finite, that is, if p = Y72, kpr < 0.

In this case, P(X(t) < o0) = 1, where X is the minimal process.

In the rest of this manuscript, to avoid explosions, we assume that pu < oo for all
branching processes considered. Also, note that so far we have defined a continuous-
time Markov branching process only in the sense that we have given its transition
probabilities. In order to complete the definition, we note that we may and always
do assume that the path of the process X = (X (¢))t>0 is a right-continuous step
function.

Next, we give the extinction criterion for continuous-time Markov branching

processes. As is probabilistically obvious by considering the number of individuals
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in generation n, the result is identical to that of GWPs. A rigorous proof may be
found in [20, Section 6.5].

Proposition 2.6. Assume that p1 # 1. Then, the probability of extinction for a
continuous-time Markov branching process with rate 0 < 3 < oo and offspring mean

wis 1if u <1 and less than 1 if p > 1.

When a particle in the population gives birth to exactly 1 offspring, the state of
the process does not change, hence this scenario cannot be included in the underlying
jump chain. It is probabilistically clear that a nonzero p; can be absorbed into the
branching rate 5. We see how to do this in the following lemma. Throughout this

thesis, we assume that 0 < § < co.

Lemma 2.7. (Reduction to p, = 0) A continuous-time Markov branching process
with rate 5 and offspring distribution (py)ren s equal in law to a continuous-time

Markov branching process with rate (1 — p1) and offspring distribution (pr)ren,
where py = 0 and p; = p;/(1 —p1) for j # 1.

Proof. Using standard theory of Markov chains, the g-matrix, where ¢;; = P/;(0+),

for the process is obtained from the forward equation (2.9), and is given as follows:

0 ifj<i—1,
Gij = {—iB(1 —p) ifj =1, (2.10)
WBpj-it1 ifj>i—1,7#1.

Let T; be the sojourn time in state ¢ € N and let P,; := P(X(T;) = j|X(0) = i),
i,7 € N be the transition probabilities for the underlying jump chain. Using P;; =

i and (2.10), we have
q7474

Picitl  jf 5 >4 —1,5#4,9>1
py= | tw HIEITLIALE (2.11)
0 otherwise .

Since all particles in the population are of the same type and independent of each

other, it suffices to consider the particle present at time ¢ = 0. Setting ¢ = 1 yields

—qu =B(1 — p1),
p, | iz 0i#1
0 if j = 1.
The claim follows. O]
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Above, we have given an analytic proof of Lemma 2.7. Probabilistically, the
process has the following structure. The probability P;; that the process makes a
transition from state ¢ to state j, i # 7, is the same as the probability that a particle
gives birth to 5 — ¢ + 1 new particles, conditioned on not giving birth to exactly 1
particle. Hence, we obtain the jump probabilities in (2.11). As for the sojourn time
in state 1, it is not the same as a particle lifetime since a particle may have exactly
1 offspring. The sojourn time in state 1 is a geometric sum with parameter (1 — p;)
of independent exponential random variables, all with the same parameter 5. In

other words, if we let T" to be the sojourn time in state 1, then
T=T +...+ Ty, where M ~ Geo(1 — py),

where each T} is an exponential random variable with parameter 3, and Geo(p)
is written for the geometric distribution with parameter p. It is well known that
a geometric sum with parameter p of exponential random variables, all with same
parameter 3 is also exponential, with parameter Sp. Hence, the conclusion follows.
We may and do assume henceforth that p; = 0 for all continuous-time Markov

branching processes considered.

The next result gives the expected population size for a continuous-time Markov

branching process at any given time.

Lemma 2.8. (Ezpected population size) Let X = (X(t))i>0 be a continuous-
time Markov branching process with rate 5 and offspring distribution (py)gen, with
corresponding probability generating function f. Let p = Y32 kpr be the mean
number of offspring. Then,

E[X(t)] = "™, (2.12)

where m =y — 1.

Proof. Let pp(t)=P(X(t)=k), and let ¢(s,t) = 33, pr(t)s* be the p.g.f. for X(t).
Also, let o(t) = E[X (t)]. Conditioning on the first branching time, we have

0o k)1+...+k:j:k:
p050k+zpj Z pk1(t_7—)'”pk]’(t_7—)

j=1  k1>0,..k;>0

pr(t) = /Ot drpBe """
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By definition of ¢, we have

o kittki=k

o t i
o(s,t) = Sk/ drBe™ podor + D p; Y. Dt —T) - (t—T)
k=0 70 i j=1  k1>0,..,k;>0

[o%s) k‘1+‘..+k‘j=k‘

t 0 [
:/0 drﬁe_ﬁTZsk p050k+2pj Z pkl(t—T)"'pkj(t—T)
k=0

G=1 k120,..k;20

k1+...+k‘j=k

p0+ipji5k Z pkl(t_7_>"'pkj(t_7_) )

=1 k=0  k1>0,...,k;>0

t
:/ drBe=P"
0

where, in passing to the second equality we have changed the order of summation
and integration, and in passing to the third equality we have changed the order
of two summations, since all quantities involved are positive. Observe that the
coefficients of 3°p°, s ZzgoJrk,j;% Pk, (t = 7) -+ pr;(t — 7) are the j-fold convolution

of the power series ¢(s,t — 7) = S5, pi(t — 7)s* with itself. Hence, we have

¢@¢>=A%ﬂkﬁme+§§mw@x—Tw)

j=1

= /Ot drBe P f (p(s,t — 7)), (2.13)

where we have used the definition of f in passing to the second equality. We have

thus obtained an integral equation (2.13) for ¢(s,1).

Now observe that

00D S () = o(t). (2.14)
s s=1 k=1
By (2.13),
0o(s,t) ot Br .\ 0o(s,t —7)
S0 = [laraes - 2=

t Ob(s,t —

:/0 dTﬁG_BTf/(l) ¢(Sai 7—) .
t o _

:/0 drBe "y ¢(Séi 7) B (2.15)

where f’ is the derivative of f, and we have used that ¢(1,t— 7) = 1 (the condition
> P;;(t) = 1 is used here) and f’(1) = p in passing from the first to second, and
second to third equality, respectively. From (2.14) and (2.15), it follows that

o(t)=p /Ot drBe "o (t — 7). (2.16)
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Multiplying both sides of (2.16) by ¢”* and making the change of variables u =t — 7
yield

o(t)et = up /Ot due "o (u).

Differentiating both sides and simplifying, we arrive at

do(t)
dt

— (u—1)8o (). (2.17)

Recall that p1 — 1 = m. Solving the first order differential equation (2.17) with the
initial condition o(0) = 1 gives
o(t) = em.

]

We note that an alternative shorter proof of Lemma 2.8 may be given using the
Kolmogorov forward equations (2.9), however we prefer to give the proof above as

it is more direct.

2.3 Galton-Watson process conditioned on non-

extinction

In this section, we describe a GWP conditioned on non-extinction. Recall that
N = (N(n))nen denotes a GWP with offspring distribution (pk)ren, and extinction
is the event {N(n) — 0}. We say that a particle is of infinite line of descent if the
family initiated by that particle does not go extinct, and call such particles skeleton
particles. Following the terminology in [40], particles which are not of infinite line of
descent will be called doomed. It is clear that the event of non-extinction occurs if
and only if the initial particle is a skeleton particle. In other words, if we let N*(n)
be the number of skeleton particles in generation n, then N*(0) = L{y(n)0}, Where
1 4 is the indicator function for event A.

Note that if g < 1, then extinction is certain, and all particles are doomed. On
the other hand, if py = 0, then each particle is certain to give at least 1 offspring,
so all particles are of infinite line of descent. The following lemma provides a de-
composition for GWPs conditioned on non-extinction in the non-trivial case, where
the process is supercritical (i.e., p > 1) and py > 0. Note that > 1 and pg > 0
together are equivalent to 0 < ¢ < 1, where ¢ is the probability of extinction as

before. The proposition below and its proof are mostly taken from [29].
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Proposition 2.9 (Decomposition of the supercritical GWP). Let N = (N(n))nen
be a supercritical GWP with offspring distribution (px)ren, where pg > 0, and f
be the corresponding p.g.f. Let q be the probability of extinction for N, and define
q:=1—gq. Let N* = (N*(n))nen be the process, where N*(n) is the number of
particles in generation n that have an infinite line of descent. Let & and &* be

random variables that are identical copies of N(1) and N*(1), respectively.

(a) The joint p.g.f. of € — & and £ is

E s8] = fgs + q). (2.18)

(b) The law of N given extinction is the same as that of a GWP with p.g.f.

f(s) = f(gs)/q. (2.19)
(¢c) The law of N* given non-extinction is the same as that of a GWP with p.q.f.
fr(s) = [fla+aqs) —d/a (2.20)

(d) The law of N given non-extinction is the same as that of a processN generated
as follows: To each particle of N* having ng children, add n,; more children,
that each start an independent GWP with p.q.f. f, where ny has the p.g.f.

(D™ f)(gs)
(Do f)(q)

where D 1is the differentiation operator, and all ny and all GWPs added are

fnl(s) =

mutually independent given N*. The resultant process isN.

(e) Let X = (X(t))i>0 be a continuous-time Markov branching process with rate
B and offspring distribution (pg)ren, and let X*(t) be the number of skeleton
particles of X present at time t. Then, the process X* = (X*(t))i>0 given non-
extinction is equal in law to a continuous-time Markov branching process with

rate B(1 — f'(q)) and offspring distribution, whose p.g.f. is
F=1f(s) = fa)s]/(1 = f'(a). (2.21)

Remark. The reader should note that in (2.20), positive mass at 1 is allowed.

Proof. Let Y;"; be the indicator that the jth child of the ith particle in generation

n is of infinite line of descent. Observe that (Y;%);;>1 are independent copies of a
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generic random variable Y for each n € N, where P(Y =1) =g and P(Y =0) =

Let £ denote the number of offspring of the ¢th particle at generation n, where ™

of them are skeleton particles, so that

(a)

(b)

Z 1,57 n:07172a'-'7 121,2,

Let Y}, j = 1,2,... be independent copies of Y. Then,

B[ | =B[E [ |¢]
e[| B ]

—F E[ - Yty} ] =F [(qs + cjt)ﬂ

E-€4E | ¢

=f(as + qt).

We show that, conditional on the event { N (k) — 0}, given the o-algebra .%,
generated by &', k # i and &', m <n, k > 1, the p.g.f. of £ is f. Indeed,

E[s4 | Z0s, N(k) — 0] =E [s4 [ " = 0]
=E [s*Ue—oy] /o= B [0 /g

=f(gs +q0)/q,
where we have used that 0* = 1{py(x) in the third equality, and part (a) in the

last equality. Note that conditioning on .%#,, ; is necessary to show that particles

behave independently of each other.

The proof is similar to that of part (b). We show that conditional on the event
{&™ # 0}, given the o-algebra .7, generated by ", k # i and ™, m < n,
k> 1, the p.g.f. of £ is f*. Indeed,

B[ | 7

ca & A O] =B |5 g £ 0]
=B [s (1= Vemny)| /7 = [E 1595 = P& = 0)] /g
=(f(ql +qs) — a)/q,

where we have again used part (a) in the last equality.

Since N* contains all the skeleton particles, any particle that is added to N*

must be of finite line of descent, and hence starts an independent GWP with
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p.g.f. f, as shown in part (b). Therefore, it suffices to prove that

E s8¢ e = _ (Dnof)(qs)‘
1€ =] = G
By conditioning on £*, we have
B[] = it’“E (SR =k P& = k). (2.22)
k=0

Differentiating both sides of (2.18) k times with respect to ¢, setting ¢t = 0 and
using (2.22) yield
E s [ & = k| = ¢(D"f)(g9), (2.23)

where ¢ > 0 is a constant. Substituting s = 1 in (2.23) gives ¢ = 1/(D*f)(q).
Note that in (2.22), we have implicitly assumed that P({* = k) > 0 for each
k € N. Otherwise they can be excluded from the sum, and this does not affect

the argument.

We apply Lemma 2.7 to f*. Recall that p; = 0 and py > 0 by assumption.

(po +p2(q + @5)* + pslg + Gs)° +..) — g

[P0+ pog® + ps® + .. — q + (20207 + 3ps®T + Apad®T+ . s+

QR

Note that the constant term vanishes as g solves the equation r = 3772 p;ad.
The coefficient of the linear term is the probability of giving 1 offspring for
the process X* and equals f'(q). Hence the result follows by Lemma 2.7. We
check that f'(¢) < 1. To see this, note that by assumption, 0 < ¢ < 1. Since
f’ is strictly increasing on (0,1) and glgllﬁf/(x) = f'(1) > 1, we conclude that
f'lg) < 1.

O

2.4 A multitype Galton-Watson process

So far we have considered branching processes of a single type, that is, each par-

ticle in the process had the same probabilistic behavior. A natural extension is to

consider a process with a finite number of types, say k, where a particle of type

i, 1 < i <k, behaves probabilistically in the same way as other particles of type 1,
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but differently than particles of type 1 < j < k, 7 # i. As we did previously, we
first define the discrete-time version of such branching processes, and then proceed
with the continuous-time Markov version. Our main interest lies in translating the
decomposition of the supercritical branching process of the previous section into a
two-type continuous-time Markov branching process, and finding its mean matrix
(defined below). Hence, beyond the definitions of multitype branching processes, we
will only consider the mean matrix, and give a recipe as to how to find it, rather
than proving results. The interested reader is referred to the books of Harris [20],
and Athreya and Ney [4] for a detailed treatment on multitype branching processes.

Let T} be the set of all k-dimensional vectors whose components are nonnegative
integers. Let e;, 1 < ¢ < k, be the vector whose ith component is 1 and other

components are 0.

Definition 2.10. A multitype (k-type) Galton-Watson process with offspring prob-
abilities p'(r1,...,rx), 1 < i < k, r; € Nfor 1 < j < k is a time-homogeneous
Markov chain N = (N(n)),en on Tk, which evolves according to the following re-
cursion. If N(0) = e;, then N(1) has the p.g.f.

sty 8%) = Z P(re, .St s, 0<s; <1, j=1,...,k

7’1,...,7’k:0

where p'(ry,...,73) is the probability that a particle of type j has r; children of
type 1, ro children of type 2, ..., ry children of type k. If N(n) = (mq,...,my) € T,
then similar to the recursion (2.1) for a single type GWP, N(n + 1) is the sum of
mi + ...+ my, independent random vectors, m; of which are distributed according
to (P/(r1,...,1%) :71,...,mx €EN) for 1 < j < k. If N(n) =0, then N(n + 1) = 0,

where 0 denotes here the zero vector of size k.

Note that the transition probabilities Py, := P(N(n+ 1) = m | N(n) = r),
r,m € T}, for the process is given by the recursion described above in the same way
as in the single type case. Now let r = (11,...,7,) € T. In terms of coordinates,
we write N(n) = (Ny(n),...,Nk(n)). We write N*(n) = (Ny(n),...,Nj(n)) if
the process starts in state r, where N7 (n) is the number of particles of type j at

generation n if the process starts in state r. Furthermore, let N*(n) = N®(n).

Definition 2.11. Let M;; = EN;(l) be the expected number of particles of type j
that a single particle of type ¢ produces in one generation. The mean matrix M for
the multitype GWP is defined to be the k x k matrix whose (i, j)th entry is M,;,
that is, M = (Mj;)ij=1,. k-
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Let s = (s1,...,sk). It is easy to see that M;; = %
J
=1
Now we define the continuous-time multitype Markov Sbranching process. The
passage from discrete-time to continuous-time is performed in the same way as

before, where each particle of type j lives an exponential lifetime with rate 3;.

Definition 2.12. A continuous-time multitype (k-type) Markov branching process
with rate vector 8 = (B4, . .., B) and offspring probabilities p*(ry,...,7%), 1 <i < k,
r; =0,1,2,... for 1 <j <k is a time-homogeneous Markov chain X = (X(¢))¢>0 on
T, whose transition probabilities (P (t) : r,m € T},) satisfy the branching property

1 r1+r2 rit Tk
Pem(t) = > [1Ps(t) TI Posi(t) - II P,
sl+---+s,.1+...+7-k=m =1 1=r1+1 =r1+-4ry_1+1

where r = (ry,...,7%), m = (my,...,my), Pjs,(t) := P (t) along with the Kol-

mogorov forward equations

d

k
%Pim(t) =— ; Bim; Pim(t)

k

_'_Zﬁﬂ Z ijiP(t>pl(m1_p17"'7mj_pj+17"'7mk_pk)7
Jj=1 1<pj<m;+1
0<pi<my, I#j

sz(0+) - (5eim7 1 <1< k.

The corresponding minimal process is constructed as follows. We assume that it
starts with a single particle of a given type. If a particle of type 7 is alive at a certain
time, then its additional lifetime is an exponential random variable with parameter
B, at the end of which, it gives birth to offpring of types 1 < ... < k according to
the distribution p‘(r), r = (ry,..., ) € Tk, independent of other particles and the
history of the process.

In terms of coordinates, similarly as before, we write X (t) = (X1(¢), ..., Xk(t)),
and if the process starts in state r, we write X*(t) = (XJ(¢),...,X}(t)), where
X;(t) is the number of particles of type j at time t if the process starts in state r.
Furthermore, let X*(t) = X (t).

In order to avoid the process from producing infinitely many particles in finite

time, we assume that ‘
of'(s)

Os; < oo forall i,jy. (2.24)

s=1
Note that this is a sufficient condition, which also ensures that 3,7, Prm(t) =1 for

all t. The mean matrix for the continuous-time process is defined as follows.
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Definition 2.13. Let M;;(t) = EX!(t) be the expected number of particles of
type j at time t given that the process starts with a single particle of type ¢ at
t =0. The mean matrix M (t) for the continuous-time multitype Markov branching
process is defined to be the k x k matrix whose (7,7)th entry is M;;(¢), that is,
M{(t) = (Mij)ij=1,....n-

One can show that (2.24) implies that M;;(t) < oo for any ¢,7,¢ > 0. Further-
more, it can be shown from the Kolmogorov equations that M = (M(t));>o forms
a strongly continuous semigroup when regarded as acting on the Banach space R¥,
that is,

M : R, — L(R¥)
M(t) : R¥ = R for every t >0,

where L(R¥) is the Banach space of all bounded linear operators on R*, and M

satisfies

M(0) =1,
M(s+1t)= M(s)M(t), s,t>0
lim M(t)v=uv foreach v¢€ R

t—0+

where I is the identity operator (k x k identity matrix in this case). Since RF is a
finite dimensional Banach space, any strongly continuous semigroup is necessarily
uniformly continuous, and hence there exists a bounded linear operator A on R*
such that M (t) can be represented as
o0 A'f't'r‘
M(t) = exp(At) =

r=0

i (2.25)

where the series converges in the norm. The linear operator A can be identified as

the matrix A = (a;;), where

0f'(s)
aij = Bibij, by = Os.
J

— 0y (2.26)
s=1
Note that (2.25) and (2.26) give a recipe as to how to compute the mean matrix.
Now we translate the decomposition of supercritical GWPs in Section 2.3 into
the language of multitype GWPs, and show that the decomposed process can be
interpreted as a two-type GWP, where the types are skeleton and doomed particles.
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Proposition 2.14. Let N be a supercritical Galton-Watson process with offspring
p.g.f. f and extinction probability 0 < q < 1, and let N* be the process generated
by the skeleton particles. Let ¢ = 1 — q. Then, the process N conditioned on
non-extinction is a two-type Galton-Watson process N = (N*, N — N*), with types
composed of skeleton and doomed particles, and with offspring p.g.f.s

fl(s.t) =[f(as +at) — fat)]/q. (2.27)
f2(s,t) =f(at)/a, (2.28)

respectively for skeleton and doomed particles, and where N(0) = (1,0).

Proof. Since N*(0) = L{n(n)0}, it follows that conditioning N on non-extinction is
equivalent to imposing that N(0) = (1,0). Parts (c¢) and (d) of Proposition 2.9 imply
that, conditioned on non-extinction, for any n € N, N(n+ 1) depends only on N(n),
and is independent of N(m) for m < n, and of n. Hence, N is a time-homogeneous

Markov chain on T5.

Let f!, f? be the offspring p.g.f.s for skeleton and doomed particles, respec-
tively. The p.g.f. for doomed particles has been previously computed in part (b) of
Proposition 2.9. Following the notation in the proof of Proposition 2.9, the p.g.f.
for skeleton particles is the same as the joint p.g.f. of £ — &* and &* conditioned on
the event {&* > 1}. We have

E[Sf*tf—f* ﬂ{£*21}]

B[S 15 € e > 1) =

P& = 1)
:E[sf*tﬁ—f*] — B[sF 157 Ligegy]
q
:f(qs + qt) — f(qt) (2 29)
7 , :

where we have used that E[s¢t*7¢] = f(gs + qt) in the second equality, and part
(b) of Proposition 2.9 in the last equality.

In order to show that N = (N*, N — N*) is a two-type GWP, we show that
Loi(sit) = fH(fi(s,t), fi(s,t)) for n € N, where f! is the p.g.f. of N(n) when
N(0) = (814, 09;) (see [20, Theorem 3.1]). One can show using part (a) of Proposi-

tion 2.9 that
E[sN i N=NIM] — £ (gs + qt), (2.30)

23



where we use the notation introduced before Lemma 2.2. Then,

Fapi(s:) = Bl ORI N(0) = (1,0)]
E[SN*(n+1)t(N—N*)(n+l)IL{N
P(N(0) = (1,0))
[E[SN*(n+l)t(NfN*)(n+1)] o E[tN(nJrl)

(0)=(1,0)}]

1in)=01)}]]

[frs1(as + qt) — fara(qt)] (2.31)
[f (fnlgs +qt)) = f(fn(qt))]

[f(@(fu(@s + qt) = fulat))/q + afulat) /@) — fafulat)/q)]
[F(@fa(s,t) +af2(s,0) = Flaf2(s,1))] (2.32)
Hfals 1), fals, 1),

~ QPR PR QPR

where we have used Lemma 2.2 throughout, (2.30) and part (b) of Proposition 2.9
in passing to (2.31), (2.28) and (2.31) in passing to (2.32), and (2.27) in the last
equality. O

We now give the mean matrix M for the discrete-time two-type process N using

the formula M;; = 8’;@ |s=1. As we have a two-type process, let us set s = (s,1).
J

Then, setting s = 1 in (2.29) yields the p.g.f. for the number of doomed offspring
for a skeleton particle:

E[t§7§*|£* > 1] _ f((j+ qt) — f((]t) (233>

q

Differentiating (2.33) with respect to ¢ and setting t = 1 gives the desired expectation

of'(s)
ot

— (f'(1) - f’(q»;{. (2.34)

s=1

It is clear from parts (b) and (c) of Proposition 2.9 that

af'(s)

o -y, (239
JROI

o | O (2.36)
S (287



Setting u = f'(1), k = f'(q), it follows that
Y’
M = (“ (u “)@) . (2.38)

It is clear that if X = (X (¢));>0 is a continuous-time Markov branching process
with rate £ such that the number of particles in generation n of X is N(n) for n € N,
and if X*(¢) is the number of skeleton particles of X present at time ¢, then the
process X = (X(t)):>o given non-extinction is a continuous-time two-type Markov
branching process X = (X* X — X*) with rate vector § = (f,) and offspring
p.g.f.s (2.27) and (2.28) for skeleton and doomed particles, respectively.

We conclude this section by computing the mean matrix M (t) for process X. In

accordance with the recipe given in (2.25) and (2.26), and using (2.38), we obtain

eﬁt(“_l) g[eﬁt(“_l) — elgt(’%_l)]
M(t):( o e , (2.39)

where M;;(t) above is the expected size of the population of type j at time ¢ given
that the process starts with a single particle of type 7.

Upon concluding this chapter, we note that the decomposition of supercritical
GWPs, the mean matrix M computed above, and the mean matrix M (t) for two-
type continuous-time Markov branching processes will be central tools in the next

chapters in the proof of our main theorems.
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Chapter 3

Conditional Speed of Branching

Brownian Motion

A branching Brownian motion is a spatial branching process, which is a continuous-
time Markov branching process in space where the initial particle starts her motion
from the origin and each particle that is alive performs a Brownian motion indepen-

dently of others during her lifetime. We define Brownian motion as follows.

Definition 3.1 (one-dimensional Brownian motion). A real-valued stochastic pro-

cess B = (B(t)):>0 is called a Brownian motion started at = € R if:
1. B(0) ==,

2. B has independent increments, i.e., for all 0 < t; <ty < ... < t,, the incre-
ments B(t,) — B(t,_1), B(tn—1) — B(tn_2), ..., B(t2) — B(t1) are independent

random variables,

3. B has stationary increments that are normally distributed with mean 0 and
variance that equals the length of the increment, i.e., for all £ > 0 and s > 0,
B(s +t) — B(s) has probability density function given by

1 22

e 2t

\ 27t ’

Py T

4. the function t — B(t) is almost surely continuous.

We refer the reader to the monograph by Morters and Peres [32] for the proof
of existence of Brownian motion, its sample path properties, and much more on the

subject. By a d-dimensional Brownian motion, we mean the following.
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Definition 3.2 (d-dimensional Brownian motion). A vector-valued stochastic pro-
cess B = (B(t));>0 taking values in R? is called a d-dimensional Brownian motion

started at x = (21,...,24) € R? if
B(t) = (Bu(t), ..., Ba(t)),

where Bi,..., By are independent Brownian motions started at zq,..., x4, respec-

tively.

Henceforth, when we say Brownian motion, we mean a d-dimensional Brownian

motion started at the origin unless otherwise stated.

A detailed informal description of BBM was given in Section 1.2. For a formal
treatment, we refer the reader to the series of three papers by Ikeda, Nagasawa
and Watanabe [22], where the process of BBM was formally introduced, and for a

simpler treatment to [33], where the concept of a ‘marked tree’ was introduced.

A natural question to ask is how much a BBM spreads out in space as time
grows, which leads to the concept of speed of the process. The first result on the
speed of BBM was given by McKean in [30, 31], where the problem was linked to
a well-known partial differential equation, called the F-KPP equation, which was
introduced in [18] by Fisher, and in [25] by Kolmogorov, Petrovskii, and Piskunov.
Later, the speed of BBM proved to be a rich topic in that many refinements and
extensions of McKean’s result were obtained [7, 8, 10, 27, 26, 1]. However, the case

where the particles could give zero offspring was left uncovered.

In Section 3.1, we define the concept of speed of a BBM, and give a brief survey
of previous work. In Section 3.2, we state and prove the well-known convergence in
probability result due to McKean [30, 31], which holds when d = 1 and when each
particle is certain to give at least one offspring, i.e., when py = 0. We then extend
this result to dimension d > 2 in Section 3.3, and finally to the case where py > 0

in Section 3.4. The results of this section are central in proving Theorem 4.1.

3.1 Definition and history

Consider a one-dimensional branching Brownian motion Z = (Z(t)):>0 in R with
constant branching rate 8 > 0, offspring distribution (pg)gen, and initial measure
Z(0) = 0p. Let XT(t) be the position of its rightmost particle at time ¢. In accor-

dance with the classical formula ‘distance = speed x time’ from physics, the speed
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at time ¢t of BBM is defined as

ct(t) = : (3.1)

where c is used to denote speed. This definition can be modified to cover all d > 1

by writing
c(t) == ——=, (3.2)

where X (t) := inf {7’ >0 :supp(Z(t)) € B(0, r)} is the radius of the minimal ball
centered at 0 containing the support of the BBM at time ¢t. Studies concern-
ing the quantity in (3.1) date back to 1975, where McKean [30, 31] showed that
P(X™(t) < x) satisfies the partial differential equation of Fisher and Kolmogorov-
Petrovskii-Piskunov (F-KPP) [18, 25], and showed that the speed ¢t converges to
V2m in probability as ¢ — oo, under the assumption that py = 0 and p; < 1.
Recall that m = p — 1, where p is the expected number of offspring for a particle.
After McKean, Bramson [7, 8] proved a stronger result, showing that ¢t converges
to v/28m almost surely as ¢ — oo. Later, Chauvin and Rouault [10] studied the
probability of existence in the sub-critical area, and found asymptotic results for
P(Z(t)(ct,0) > 0) for ¢ > ¢*. Kyprianou’s work [26] extended the existing results
to the multidimensional case, where he showed that ¢, defined in (3.2), converges
to v/2fm almost surely in any dimension. We emphasize that in all the works

mentioned above, it was assumed that py = 0.

The definition of speed that we use in this work is slightly different than the
classical definition given in (3.2). As the distance by which a BBM spreads out in
space, instead of considering the support of the process at a given time, we consider
the range (see (1.4)) of the process starting from ¢t = 0 up to the given time. In

other words, we define the speed at time t of a BBM as

v(t) == ——=, (3.3)

where M (t) = inf {7’ >0: R(t) C B(O0, r)} is the radius of the minimal ball centered
at 0 that contains the range of the BBM up to time ¢. Note that the definition in
(3.3) makes sense for all spatial dimensions. Also, by comparing the two definitions,
(3.2) and (3.3), one immediately sees that c(t) < v(t) for all t > 0.

In the next section, for the sake of completeness, we provide a proof of McKean’s
result on the convergence in probability of the speed of BBM with py = 0 and d = 1,

as we use this result in the proof of Theorem 3.9.
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3.2 McKean’s result

Consider the partial differential equation on R x [0, 00)

ou 10%u
9 202 + g(u), (3.4)
where
gu)=p (ijuj — u) , wuel0,1], (3.5)
i=1
with

5>07 ijzla pjzoa p1<1
j=1

subject to Heaviside initial condition
u(z,0) = Lje0)(x) (3.6)

Equation (3.4) has been first studied by Kolmogorov, Petrovskii and Piskunov [25],
and Fisher [18] in the more general case, where g € C*[0, 1] is such that

g(0)=g(1)=0, g(u)<0 for ue(0,1)

and
g(1) >0, ¢'(u)<dg() for uel01].

o0

Observe that the function in (3.5) satisfies these conditions since Y52, jp; > 1.

Lemma 3.3. Let u be the distribution function of the position of the rightmost
particle of a one-dimensional BBM with rate 5 and offspring distribution (p)ken,
i.e., u(x,t) = P(XT(t) < x). Suppose that py = 0 and p; < 1. Then u solves the
initial value problem (3.4) with g in (3.5) and initial condition (3.6).

Proof. By assumption, the BBM starts with a single particle at the origin. Hence,
the initial condition (3.6) is trivially satisfied. Let W(t) denote the displacement of
the initial particle at time ¢, and T be the time that it branches. Conditioning on

T, we have for ¢t > 0

u(z,t) =P(T > t)P(W(t) < x)

+/0t P(T € ds) /oo P(W(s) € x—dy)ipjuj(yjt— s)

—00 =1

=P (t) < @) + /ot s | O;Ps(rv, y) D pi (y,t — s)dyds,

— =
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where p,s(z,y) = 1/(V/27s) exp(—%) is the Brownian transition density. Substi-

tuting s for t — s yields
S t [eS) .
u(z,t) = e‘ﬁtP(W(t) <uz)+ Zp]ﬂe_ﬁt/ 668/ pi—s(z, y)u’ (y, s)dyds.  (3.7)
j=1 0 —0o0

Note that p; is differentiable for every ¢ > 0. Differentiating (3.7) with respect to ¢

and using the Leibniz rule, we obtain

)
SPW () <)

S t [e'e) .
=Syt [ [ p(ay)el (g, 5)dyds
j=1 o

w(z,t) = — e PPW () <z)+e

00 t a 00 A o .
+]le]ﬂe—ﬂt/0 eﬂsa U_Oo pt_s(ar,y)uﬂ(y,s)dy} ds+ 8 pjui(z,t). (3.8)

=1
Note that P(W(t) < x) satisfies

0 1 0?
- < _ -
POV() < 2) = 55

g PW(t)<z) for ze€R, t>0, (3.9)

which is a special case of a more general result, which goes as follows. Let B =
(B(t))t>0 be a Brownian motion, and E be the corresponding expectation. Then,
for any bounded Borel function f : R +— R,

1 02

)
SElf@+WH) = S35 Elfa+ WD) for zeR, t>0, (3.10)

Equation (3.9) follows from (3.10) since for x € R and ¢ > 0,

POV <2) = [ gln(e,y)dy = Elglx + W),
with
B 1 y>0
9(y) = { 0 y<0.

Note that g : R +— R is bounded and Borel. For a full proof of (3.10), refer to [23,
p.209-210]. The crucial ingredient in the proof is that

0 102

apt(:v,y) = iﬁpt(as,y) for zeR, t>0. (3.11)

As a historical note, the realization that the Brownian transition density solves the
heat equation (3.11) dates back to 1905, where Einstein [13] derived this result from
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physical principles coming from the molecular-kinetic theory of heat. Continuing
the proof, (3.10) implies that
1 02

iz, t) = — Be P"P(W(t) < z) + 597 (e P(W(t) < 1))

0 t 00 )
—Zpaﬂ%_ﬂt/o 65st/ Pe—s(z,y)u (y, s)dy
= —o0

oo

1 R . .
350 opiBe ™ [ eds [T pi (o) (y )y o+ B pd (o)
j=1 oo

2 0x? j=1

(3.12)

Grouping the first and third, and second and fourth terms of (3.12), and comparing

with (3.7), we arrive at

du(x,t)  10%u(x,t S )
=7 e (Bten )

Now let @ :=1—w and f(u) = 332, pju’. From (3.4), (3.5) and (3.6), it follows
that u(x,t) satisfies the partial differential equation

ou  10%u _
where
h@) = B0~ f(1— 1)), (3.14)
subject to the initial condition
w(x,0) = L—oo0) (). (3.15)

Since f(0) =0 and f’(1) > 1, the function h satisfies the following properties:

h(0) =1 = h(1),
h € C'0,1],
h(u) >0 Yue (1),
h'(0) > 0,
h'(u) < B'(0) Y wue(0,1]. (3.16)
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It follows from the results in [2, 3] that
c>1/2K(0) = tli)r?oﬂ(ct,t) =0 (3.17)
le| <4/2R'(0) = tllrgloﬂ(ct,t) =1. (3.18)

Recall that 4 = 1 — u so that by Lemma 3.3, u(z,t) = P(X*(t) > z). Define
m:= f'(1) —1 = 1'(0)/B. Then, equation (3.17) implies that

XT(t)
t

Ve >/26m, P( >c>—>0 as t — oo. (3.19)

On the other hand, let —/20m < ¢ < /20m. Then, Lemma 3.3 and equation (3.18)
imply that P (@ < c) — 0 as t — oco. By monotonicity of the event {@ < c}
in ¢ € R, this implies that

+
Ve<y/26m, P (X t(t) < c) —0 as t— o0. (3.20)

Equations (3.19) and (3.20) imply the following convergence in probability for the

speed of BBM, which we state as a proposition.

Proposition 3.4 (McKean). Let ¢*(t) be the speed (as defined in (3.1)) at time t
of a BBM evolving in R with rate B > 0, and offspring law (px)ren having py = 0
and p1 < 1, and let f be the corresponding p.g.f. Let m := f'(1) — 1. Then

) 5 \/28m as t— oo, (3.21)

where 5 denotes convergence in probability.

Remark. Note that m is the expected net growth per particle since a particle dies
upon branching. Also note that if p; = 1, then the system has a single Brownian
particle. In this case, as Brownian motion is diffusive, one can easily show that for
any ¢ > 0, P(X(t) > et) — 0 as t — oo. This implies that ¢ = 0 when p; = 1,
consistent with the proposition above, since in this case m =y —1 = 0.

Section 3.3 and Section 3.4 below are based on [35].

3.3 Extension to higher dimension

In this section, we extend McKean’s result to higher dimension, i.e., d > 2. First,
a preparatory lemma is given on Brownian hitting times in R?, extending the well-

known one-dimensional result (see for example [24, Eqn.7.3.3]) which holds when
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d = 1. Then, with the help of this lemma, McKean’s result is extended to d > 2 in
Proposition 3.8.

Lemma 3.5 (Brownian hitting times in R?). Let B = (B(t));>0 be a Brownian
motion in R? starting at the origin, with probability law Py, and let k > 0. Then, as
t — 00,

P < sup | B(s)| > kt> = exp {—’?(1 + 0(1))} . (3.22)

0<s<t

Furthermore, for d = 1, even the following stronger statement is true. Let m(t) =
infocs<y B(s) and M(t) = supg,<; B(s). (The process M(t) — m(t) is called the
range process of B.) Then, ast — oo,

Po(M(t) — m(t) > kt) = exp {—k;t(l + 0(1))} : (3.23)

Proof. For d = 1, recall that [24, Eqn.7.3.3| for any a > 0,

Py (Oiligt\B(s)] > a) = \/E/;j/% exp(—y?/2)dy. (3.24)

Setting a = kt above, we see via I’Hopital’s rule that

Py < sup |B(s)| > kt) = exp {—k%(l + 0(1))} . (3.25)

0<s<t 2

We now extend this result to d > 2. Note that the lower bound holds trivially since
the projection of a d-dimensional Brownian motion onto the first coordinate axis is

a one-dimensional Brownian motion. In order to prove the upper bound, we first
prove (3.23).

Let d = 1. Define
0. =inf{s >0: M(s) —m(s) =c}.

According to [9, p.199] and references therein, the Laplace transform of 6. satisfies

Ee )\29 2 A>0
xp|——=0.| = ——~—, .
P\77 1 + cosh(Ac)

Hence, by the exponential Markov inequality,

A2 A2 A2 2
Py0.<1t) < —t| K ——0.] = —t | —.
(6 < 1) < exp < 2 ) exp ( 2 ) P ( 2 ) 1 + cosh(Ac)
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Taking ¢ = kt, one obtains

2

/\2
Po(My —my > kt) = Py(0y < 1) <exp | ot ) —————.
o (M — my > kt) 0(Ort < )_exp< >1+cosh(/\/€t)

2
Optimizing over A, the estimate is the sharpest when A = k, in which case, we
obtain the desired upper bound. Since P, (supogsgt | Bs| > k;t) < Py(My — my > kt),
the lower bound coincides with the upper bound, which implies (3.23).

For d > 2, let us consider more generally the Brownian motion started at x,
denoted by B*, x € R? and let r = |z|. We will use the well known fact [37,
Example 8.4.1] that if R = |B*| and r > 0, then the process R, called the d-
dimensional Bessel process satisfies the integral equation

Ry =r+ [ t SR_(;) ds + W (1) (3.26)

on [0, 00) almost surely, where W is the one-dimensional Brownian motion started
at 0. Using the strong Markov property of Brownian motion, applied at the first
hitting time of the p-sphere (we call B(0, p) the p-sphere), it is clear that in order to
verify the lemma, it suffices to prove it when B is replaced by B*, with |z| = p > 0.
This follows, since for every fixed p such that 0 < p < kt, we have

Py <sup |B(s)| > kt) <P < sup |B(s)| > kt) =P, <sup R(s) > kt) , (3.27)
0<s<t 0<s<t+7 0<s<t

where 7 is the first hitting time of B on the p-sphere, and P, is the probability law
for R = |B”|.

Now let P be the probability law for W, consider R = |B*| (where || = p > 0)
and define the sequence of stopping times 0 =: 1) < 09 < 71 < 07 < --- with respect
to the filtration generated by R (hence, also with respect to the one generated by
W) as follows:

oo :=inf{s > 0: R(s) = p/2},

and for i > 1,
Tiv1 = inf {s > 0, : R(s) = p}, o041 :=inf{s > 141 : R(s) = p/2}.

Note that by (3.26), for i > 0 and s € [1;, 0;],

s d—1
R(s) = p+

SR EFWE =) < prp (@= DA W () =W (n), (328)
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where A} :== 5 — 7.
Since R(s) < p for 0; < s < 747 and ¢ > 0, it is also clear that for ¢ > p/k, the

relation supy.,<; (s) > kt is tantamount to

sup sup R(s) > kt.

>0 TiNt<s<o; At

Putting this together with (3.28), it follows that P,(supy<,; R(s) > kt) can be

estimated from above by
P(3i>03nAt<s<oAt:W(s)—W(n)>kt—p '(d— 1A - p).

This can be further estimated from above by

2 (M(t) —m(t) > [k - ‘i;l - 6]t> ,

for any 0 > 0, as long as t > p/d. To complete the proof, fix p, § > 0, let t — oo,
and use the already proved relation (3.23), along with (3.27). Finally let 6 — 0 and
p — 00. O

Lemma 3.6 (Overproduction). Let § > 0. Then for anyt >0
P(|Z(t)| > Pmito)y < 70,

Proof. By Lemma 2.8, we have E|Z(t)| = e™. The result follows by applying the
Markov inequality to P(|Z(t)] > e®m+9). O

Lemma 3.7 (Comparison). Suppose that py = 0. Let B C R be open or closed.
Let x € B. Let P, be the law of Brownian motion, denoted by W, starting from x,
and let Ps, be the law of BBM starting from d,. Define the first exit times from B

as

Yp =inf {t > 0: W(t) € B}

g =inf{t >0: R(t)N B #0}. (3.29)
Then for any k € N andt >0
Ps, (b > H|Z()| < k) = [Pa(dp > D).

Proof. See the corresponding proof in [15], which is written for strictly dyadic

branching, and note that the proof can easily be extended to cover for the case
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of BBM whose offspring distribution (pg)ren has py = 0, since the population does
not decrease for such processes, that is, for any ¢t > 0, |Z(s)| < |Z(t)| for all
s € [0,t]. The idea behind the proof is that, comparing a system with & inde-
pendent Brownian particles to a BBM conditioned on the BBM having at most k
particles throughout [0, ¢], the probability of escape in [0, ] is smaller for the BBM
due to correlations between paths of descent of different particles. Each particle of
BBM has a Brownian path of descent, but the paths of descent of different particles

are not independent. O

Recall that M(t) = inf {r >0: R(t) C B(0, 7")} is the radius of the minimal ball

centered at the origin containing R(t).

Proposition 3.8 (Speed of BBM). Suppose that po = 0. Then, for d > 1, MT@)

converges to /20m in probability as t — oo.

Remark. It is easy to see via Lemma 2.7 that the quantity Sm is invariant under
changing the setting from the ‘canonical one’ (that is, putting zero mass at 1 (p; =

0)) to a non-canonical one (that is, assigning positive mass to 1).

Proof. Let d > 1. Since the projection of Z onto the first coordinate axis is a one-
dimensional BBM with the same parameters as Z, the lower estimate for convergence

in probability follows from Proposition 3.4 and the inequalities

P(M(t)/t > \/2Bm — &) > P*(M(t)/t > \/28m — €) > P*(X*(t)/t > \/28m — ¢)

for every € > 0 and for every t > 0, where P* denotes the law of the one-dimensional
projection of Z. To prove the upper estimate for convergence in probability, let ¢ > 0
and let B = B(0, (v/28m + ¢)t). Pick § > 0 such that

;(\/Qﬁm—i—a)? > fm + 0. (3.30)

Recall the definition of exit times from (3.29), and see that the following events are
identical: {M(t)/t > \/20m + 5} = {@B < t}. Estimate

P (M(t)/t > \/25m+g) < P(12(#)] > [Pm)) +
P(yp <t||Z(t)] < [PmH). (3.31)

By Lemma 3.6, the first term on the right-hand side tends to zero exponentially

fast. Now consider the second term. By Lemma 3.7, we have the estimate

Ps, (1/33 > t|Z(t)] < Le(ﬁmw)tJ) > [Py(tp > t)]te(ﬂm+5)tj'
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By Lemma 3.5,

[P > 1))« = 0

e(Bm+d)t| [1 ~exp (_ [(V28m + e)t]? ] S (3.32)

) exp(o(t))

By (3.30), using the binomial expansion, the right-hand side of (3.32) tends to 1
exponentially fast as t — oo, so that (3.31) yields the desired upper estimate

P(M(t)/t> 26m+6>—>0 as t— oo,

which completes the proof. O]

3.4 Extension to possibility of zero offspring

In this section, we allow the particles of the BBM to give zero offspring with positive
probability, namely, we put po > 0. In doing so, the probability of extinction for
the GWP that underlies the BBM becomes positive, hence we must condition on
non-extinction before we prove results concerning the speed of BBM. We now state

the first major result of this thesis.

Theorem 3.9 (Conditional speed of BBM). Suppose that the GWP underlying the
BBM is supercritical, i.e., m > 0. Then, for d > 1, conditioned on non-extinction,

M(t) . Y.
=~ converges to \/28m in probability as t — oo.

For d > 1 and py = 0, we have already found the speed in Proposition 3.8.
Theorem 3.9 covers the general case where py can be nonzero. In this result, we
see that conditioned on non-extinction, the speed remains /28m, which can be
explained as follows. When the supercritical GWP that underlies the BBM is de-
composed into skeleton and doomed particles (see Proposition 2.9), the doomed
particles do not contribute to the speed, and the skeleton particles alone form an-
other GWP with the same offspring mean as the original (undecomposed) process
before conditioning on non-extinction.

We first give two lemmas that are needed in order to prove Theorem 3.9. Recall
the definitions of f and f* from (2.19) and (2.20), respectively, and recall that
g = 1 — q, where ¢ is the probability of extinction.

Lemma 3.10. If s € [0,1], then f*(s) < f(s).
Proof. By (2.19) and (2.20), we need to show that if s € [0, 1], then
[flg+as) —dl/a < flgs)/q- (3.33)
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The left-hand side of (3.33) is equal to [f(s+q(1—s))—¢|/(1—gq). Since f is convex,

by Jensen’s inequality, it is enough to show that

[s+ (1 —s)f(q) —ql/(1—q) < f(gs)/q-

Since f(x) > x when z € [0,¢q], s € [0,1] implies that f(gs) > ¢gs. We now have,
using f(q) = ¢, that

st(l-s)fl@-gq¢_s+-slga—q_ _ flas)
1—¢q l—gq - g

]

Lemma 3.11. Let Zy = (Z1(t))i>0 and Zy = (Zs(t))i>0 be two BBMs with the
same branching rate > 0, and offspring distributions with probability generating
function ¢y and ¢s, respectively. Let Ps{x and ij be the corresponding probabilities
for processes that start at time s with a single particle at position x € RY. Assume
that ¢1 < ¢ on [0,1]. Then, for any Borel set B, and any fized time t > s,

P,,(R'(t) C B) < P} (R*(t) C B), (3.34)
where RI(t) is the range of process Z; up to time t for j =1,2.

Proof. Clearly, if ¢ B, then P/ (R'(t) C B) = 0 = P? (R*(t) C B), so the
inequality in (3.34) is trivially satisfied. Now, assume that = € B. Define

W (s,x,t) =Pl (R(t)C B), s<t for j=1,2 (3.35)

Let 77, j = 1,2, be the first branching time after s, for the initial particles of Z;
and Z,, respectively. Then, 77 is exponentially distributed with parameter 3 for
J = 1,2. Conditioning on the event 77 € [s,t] and using the strong Markov property
along with the branching property, we obtain for j = 1, 2, that

) 3 .
W (s, z,t) :/ g(r,s)m(r —s,z, B) ngx@ (uj(r, Wr,t)) dr
+ e P (t — 5,2, B), (3.36)
where g(r,s) = (e P0=)) /(1 — e=#¢=9)) and 7(t — 5,2, B) is the probability that
a single Brownian particle, with position given by W = (W,.),>, that starts at time

s and position x € R? remains in B until time ¢, while Eg’?c denotes the expectation

corresponding to W conditioned on the event that W remains in B within the time
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interval [s,r|. Thus, ¢; < ¢, implies that

(u' —u?)(s,2,t) < tg(r, s)m(r — s, x, B)X

ED) (61 (u! (r, Wi, 1)) = 61 (w?(r, Wi 1)) | dr. (3.37)

Set s = 0, abbreviate 7(r) := 7(r,z, B) and g(r) := g(r,0) to arrive at

(u' — u?)(0,,t) < /0 t g(r)m(rES) [61 (u! (r, Wi, 1)) = 1 (u?(r, W, 1)) | dr. (3.38)

Letting v/ (z,t) := u’(0,x,t), j = 1,2, and making the substitution r — t —r,

t

(0 =) 1) < |

0

gt =)t = EG" |61 (0! Wiy, 1) = 61 (0* Wiy, m) )|

(3.39)
Now let w := (v! —v?) V 0, where V denotes maximum. Recall that ¢; is monotone
nondecreasing and convex on [0, 1], having a bounded derivative. Hence ¢;(v') —
#1(v?) > 0 holds if and only if v! —v? > 0, in which case ¢; (v') — ¢ (v?) < C(v' —v?)
for some C' > 0. Therefore,

t
w(z,t) < C / g(t — Pyt — ) EL w(Wi_,, ) dr. (3.40)
0

Note that if w(x,t) = 0, then (3.40) holds since the right-hand side is nonnegative,
and if w(z,t) > 0, then (3.40) holds by definition of w and by (3.39). Define
F(r):= ]Eg;r)w(ﬁ_r, r), and note that F(t) = w(x,t). We have

F(t) < C’/Otg(t )t — 1) F(r) dr,

and, by Gronwall’s inequality, we conclude that F'(t) < 0. Hence, w(x,t) < 0. But
w(z,t) > 0 by definition, therefore w(z,t) = 0, that is v! —v?* < 0, which means

that u' < u?, as claimed. O

3.4.1 Proof of Theorem 3.9

We emphasize that in this proof, the branching rate for all types of particles for all
processes considered is constant and equal to 3, and all probabilities written should
be understood as conditioned on the non-extinction of the GWP that underlies the
BBM.

First, use the decomposition of supercritical GWPs into two sets of particles

as described in Proposition 2.9 (particles with infinite line of descent, which are
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called skeleton particles; and particles with finite line of descent, which are called
doomed particles) to decompose the BBM conditioned on non-extinction into skele-
ton and doomed particles. Then, interpret the decomposed BBM conditioned on
non-extinction as a two-type process as described in Proposition 2.14, where we let
the skeleton particles to be of type 1, and the doomed particles to be of type 2. We
have the following decomposition for the BBM:

(Z(t))z0 = (21 (1), Z*(t)) o0,

where Z! is the process consisting of the skeleton particles, and Z? is the one con-
sisting of the doomed particles. Note that Z! by itself is a BBM, however, Z2 is not.
Let [Z7(t)], j = 1,2 be the number of particles of type j existing at time ¢. Recall
that by Proposition 2.14, the offspring p.g.f.s for skeleton and doomed particles are

f1(s,t) =[f(qs +qt) — f(qt)]/q, and
(s, t) =f(at)/q,

respectively. It is clear that skeleton particles can produce both skeleton and doomed
particles, whereas a doomed particle can only produce particles of its own kind.
Recall that conditioning Z on non-extinction is equivalent to the initial condition
(|1Z1(0)],]12%(0)|) = (1,0), which says that the process starts with one skeleton par-
ticle, hence never dies out. For d > 1, let us define the range of Z! as R!, and the

range of Z2 as R?. Similarly, define

M*(t) ;= inf {7‘ >0:R'(t) C
M?(t) :=inf {T >0: R (t) C

Recall the definitions of f* and f from (2.20) and (2.19), and observe that f!(-,1) =
f*(-)and f2(1,-) = f(). It is easy to see that (f*)'(1) = f/(1) = pand f'(1) = f'(q).
Define x := f'(q) and k =: k—1. Now since M (t) = max {M'(t), M?(t)}, f*(0) = 0,
(f*)'(1) =1 = m, and fm is invariant under how one describes the branching (see
the remark after Proposition 3.8), Proposition 3.8 immediately gives the desired

lower bound for the speed: Ve > 0,

P(Mt(t)> 2ﬁm—€>2P<Ml(t>> 26m—5>—>1 as t—oo. (3.41)

By the same reasoning as above, the process Z! satisfies the desired upper bound,

so in order to obtain the desired upper bound for Z, we need to control the spread
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of doomed particles in the system, and to show that Ve > 0,

P (Mjft) > \/26m + 8) —0 as t— oo (3.42)

The idea is to control the number of doomed particles at not just time ¢, but in the
entire interval [0, ¢]. The reason is as follows. We wish to compare the spatial spread
of doomed particles in the time interval [0,¢] to the spread of as many independent
Brownian particles as there are doomed particles present in the system at time ¢,
hence we do not want to have an instant in [0,¢], where the number of doomed
particles are more than that number at time ¢. To be precise, we wish the following
condition to hold:

|Z2(s)| < |Z%(t)| for all s € [0,t]. (3.43)

Since the doomed particles of Z give zero offspring with positive probability, the
condition (3.43) does not hold. The strategy now is to introduce a new two-type
BBM, which is comparable to the original two-type process Z in a sense that will be
clear shortly, prove the equivalent of (3.42) for the new process, and finally conclude
that (3.42) holds for the original process by comparison. We introduce a new BBM
as follows. Let Z = (Zl ,ZQ) be a two-type BBM, P be the corresponding probability,
and f!, f2 be the offspring p.g.f.s for particles of type 1 and type 2 respectively,
such that for every 0 < s <1 and every 0 <t <1,

fi(s,t) =f1(s,1), (3.44)
Pt =3 (Lot (3.5

where pl(j,i) is the probability that a particle of type 1 of the process Z gives j
offspring of its own type and ¢ offspring of type 2 upon branching. Equations (3.44)
and (3.45) say that particles of type 1 of Z and that of Z behave exactly alike,
whereas a particle of type 2 of Z produces no offspring of type 1 similar to Z, but
produces offspring of her own type just as a particle of type 1 of Z produces offspring
of type 1, with mean g > 1. Hence, the condition (3.43) is satisfied for particles
of type 2 of the new process. We proceed by finding the mean matrix at time ¢,
denoted by A(t) (see Section 2.4) for Z. Following the recipe in (2.25) and (2.26),

we obtain
_ Btm 4 (m — k) Btedtm
At) == (6 i(m = k)ste ) (3.46)
0 eﬁtm

Define similarly as before the range of 7" as E’l, and the range of 7' as K. Further
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define

M'(t) :=inf {r > 0:R (t) € B(
M(t) =inf {r > 0:F'(t) € B(0,r)}.

Since particles of type 1 of Z and Z behave probabilistically alike, and particles of
type 2 of Z produce offspring according to f* while particles of type 2 of Z produce
offspring according to f, Lemma 3.10 and Lemma 3.11 imply that for any e > 0 and

any t > 0,
2
P (Mt(t) > \/28m + e) > P (Mi(t) > \/28m + 5> . (3.47)

Then, to complete the proof it suffices to show that

—2
— (M (t
P(t()> 25m+5)—>0 as t—oo forany e>0. (3.48)

We proceed as in the proof of Proposition 3.8. Let B = B(0, (v/28m + ¢)t), and
let § > 0 satisfy (3.30) as before. Define ¢ = inf {t >0 :Fiz(t) N B¢ # @}, and

estimate

P (Mt@ > \/2pm + 5) < P(lZQ(t)] > Le(ﬁmw)tJ)

+P (g <t |2 (1)] < [Pmr)). (3.49)

By the fact that Aj,(t) = Hm —k) BteP™ and the Markov inequality, the first term
on the right-hand side of (3.49) tends to zero. The second term on the right-hand
side tends to zero by an extension of Lemma 3.7, via comparison of type 2 particles
of Z with | e(®™+9) | many independent Brownian particles that start motion at ¢ = 0
from the origin as in the proof of Proposition 3.8. Note that since each particle of
type 2 of Z produces at least one particle of its own type (i.e., f2(s,0) = 0), we may
extend Lemma 3.7 to apply to particles of type 2 of Z. This completes the proof of
Theorem 3.9. O
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Chapter 4

Branching Brownian Motion

Among Poissonian Traps

In this chapter, we find the trap-avoiding asymptotics for a BBM evolving in a
Poissonian field of traps in RY, for the cases of uniform trap intensity and a radially
decaying trap intensity. The result for the case of radially decaying field of traps is
a direct application of Theorem 3.9. Section 4.1 is based on [34, 36|, and Section 4.2
is based on [35]. In the paragraph below, we briefly describe the model. We refer
the reader to Section 1.2 for details regarding the model of BBM in a Poissonian
field of traps, and to Section 1.3 for a brief history of the problem.

Throughout this chapter, we consider a branching Brownian motion Z living in a
random environment consisting of Poissonian traps, which is constructed as follows.
Let B(R?) be the collection of d-dimensional Borel sets, and let IT denote a Poisson
random measure on B(R?) with a boundedly finite mean measure v such that dv/dx
exists, where dz stands for the Lebesgue measure. A random trap configuration K

with radius a on R? is defined as

K= U B(xi,a),

x;€supp(Il)

where B(x, a) is the closed ball of radius a > 0 centered at . Letting P be the prob-
ability measure for the Poisson random measure, [E the corresponding expectation,
and T the first time that Z hits a trap, i.e.,

T=inf{t>0: Rt)NK # 0},

where R stands for the range of the BBM. Then, the event of trap-avoiding up
to time ¢ of Z among the trap field is given by {7 > t}. In this chapter, we are
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after the asymptotic behavior as time tends to infinity of the annealed trap-avoiding
probability
(E x P)(T > 1),

for a BBM with a general offspring distribution (p)xen-

4.1 Uniform trap intensity

In this section, we consider a uniform field of traps, distributed in space according
to a PRM with uniform mean measure v, where v(dz) = v dx and v > 0. Below,

we state the main result for this section, and then give its proof.

4.1.1 Main result

Suppose that p; < 1 so that branching phenomenon is present in the system. Given
this assumption, recall from Lemma 2.7 that we may assume without loss of gener-
ality that p; = 0. Also, recall that f is the p.g.f. for the offspring distribution, pu is
the mean number of offspring, m = p — 1, and assume that u < oco. Let ¢ = P(€)
be the probability of extinction for the GWP underlying the BBM as before, and
let

a=1-[(q).

Note that pg = 0 implies ¢ = 0 since two or more offspring is produced each time a
particle branches. When py = 0, it then follows that a = 1 as f’(0) = py, and p; =0
by assumption. Also, ¢ = 1 when pu < 1 as shown in Proposition 2.3, and ¢ € (0, 1)
when py > 0 and p > 1.

Theorem 4.1. The trap-avoiding asymptotics for the problem of BBM among uni-

form field of Poissonian traps is as follows.

1. If po =0, then

1
tli}m;log(E XxP)YT>t)=—p for d>2 (4.1)
! -3 for d=1, v> v,
lim — log(E x P)(T > t) = (4.2)
oot _6£ f07" d= 17 v S Ver,
where v 1= 5 % is the critical trap intensity for d = 1.
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2. If po > 0 and pu < 1, then
tlLrgo(IE x P)Y(T >t)=(Ex P)(T>r1)>0, (4.3)

where T :=1inf {t > 0: |Z(t)| = 0} is the extinction time for the BBM.

3. If po > 0 and > 1, then

1
Jim 7 log(E x P)(T > t|€°) = — pa for d>2 (4.4)
1 —Pa for d=1, v> v,
lim —log(E x P)(T > t|€°) = (4.5)
t=oot —Ba™ Jor d=1, v <.

Remark. Note that the most interesting case is when
w>1 py>0 and d>2. (4.6)

In this case, from (4.4), we see that allowing the particles to give zero offspring
with positive probability contributes an extra factor a to the result, which naturally
depends on f. This extra factor appears due to the modified p.g.f. for the offspring
distribution of the skeleton, which is a part of the decomposition of the supercritical
GWP conditioned on non-extinction (see Proposition 2.9). It is easy to see that
0 <a <1 when g >1and py > 0.

4.1.2 Preparations

In this section we give preparatory results that will be needed in the proof of The-
orem 4.1. Proposition 4.2 is a well-known general result coming from the spectral
theory of compact self-adjoint operators, whereas Lemma 4.3 is a special result con-
cerning the confinement of Brownian particles to balls, and is used directly in the

proof of Theorem 4.1.

Spectral decomposition of the killed Brownian transition density

For a Borel set B C R, let pg(t,z,y) be transition densities for Brownian motion
killed upon exiting B, and let PP be linear operators acting on the Hilbert space
L?(B) as follows:

PP . I*(B) — L*B),

PEf(@) = [ pota.y)f()dy for every 1> 0.
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Suppose that B has finite non-zero Lebesgue measure. Then, it is well known
that PP is a compact self-adjoint operator on L?*(B), and by the spectral theorem
admits an eigenvalue expansion in terms of the eigenvalues and eigenfunctions of
the Dirichlet Laplacian on B. In more detail, consider the eigenvalue problem for
the Dirichlet Laplacian,

—%Agb = X on B,

=0 on O0B. (4.7)

Proposition 4.2. If B has finite Lebesque measure, there exists a discrete set of
real eigenvalues 0 < Ay < Ay < ... < 00 and a corresponding complete orthonormal
set of eigenfunctions ¢; in L*(B) that satisfy (4.7). Furthermore, if we let yu be the

restriction of the Lebesque measure to B, then

(a) the densities pg(t,z,y) admit the eigenfunction expansion

[e.9]

B(t,z,y) = Ze“@ )9i(y), (4.8)

for p?-almost every pair (x,y), where the convergence is absolute, and takes
place in L>®(B x B),

(b) if f € L*(B), then
PBf Ze fa (bz) ¢z> H—a.c., (49)

where the convergence is absolute, and takes place in L™ (B), and (f, g) is used
to denote [ f(x)g(x)dz,

(c) if for some t > 0 we have pg(t,z,y) > 0 for u*-almost every pair (z,y), then
A < Ay and ¢1 > 0 p-almost everywhere.

Proposition 4.2 is taken from [5]. We refer the reader to [5] and references therein
for a proof of parts (a), (b) and (c), and more on the theory of compact self-adjoint
operators on Hilbert spaces. Note that part (c) is applicable when B is an open
connected set.

The lemma below is a standard result on Brownian confinement to balls. The

proof presented here is similar to the proof of [11, Theorem 2.1].

Lemma 4.3 (Lower bound on probability of confinement). Let B = B(0,r) be the
open ball in R with radius r, centered at the origin. Let W be the standard Brownian

motion, and (P, © € R) be the corresponding probabilities for processes that start
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at x € R. Then,
Py(W[0,4] € B) > c(d) e ",

where W0,t] :== {W(s): 0 <s <t}, \is the principal Dirichlet eigenvalue for the

open unit ball in R?, and c(d) is a constant that depends on the dimension.

Proof. Let pg(t,z,y) = 22, e Nitgy(x)d;(y) be the eigenfunction expansion for
transition densities of Brownian motion killed upon exiting B, and 1z be the in-
dicator function for the set B. Observe that (PP1g)(z) = [ ps(t,z,y)dy is the
probability that a Brownian particle starting at x € B remains in B in the period
[0,t], that is, (PP1g)(z) = P.(W|0,t] € B). By part (a) of Proposition 4.2 and the

orthonormality of the eigenfunctions, we have

/BpB(t, z,y)o1 (y)dy = e Mgy (x) for ae. z € B. (4.10)

By part (c) of Proposition 4.2, which is applicable here since B is open and con-
nected, ¢1 > 0 p-almost everywhere on B. Along with (4.10), this implies that there
exists xg € B such that |¢1(zo)| =: ¢; # 0 and

/ot a0, v)or(w)dy = 01 (a0). (4.11)

Let (¢, x,y) be unkilled Brownian transition densities. Since pg(t,x,y) < q(t,x,y),
it follows that pp(t, z,y) is supported on y € B, where it is bounded for each ¢ > 0.
Then,

|/BpB(t,:)s,y)gb1(y)dy‘ < 02(75)‘/34251(9)0@ < c3(t), (4.12)

where ¢y(t) and c3(t) are time-dependent constants, and we have used that ¢; €
L?(B) implies that ¢; € L'(B) since B has finite volume. It follows from (4.10) and
(4.12) that ¢ € L*(B). From (4.11), we have

6—>\1t

1 < esssup|¢1(x)|/ p(t, zo,y)dy.
z€EB B

Using [ ps(t, z,y)dy = P,(W][0,t] € B), we conclude that

€1 At
P (W0.f]€ B) > — 1 _nt
o(W[0,7] € B) esssup]¢1(x)]€

zeB

Finally, use that Py(W10,t] € B) > By(W|0,t + 7] € B) = P,,(W|0,t] € B), where
7 is the first hitting time of the |zy|-sphere by a Brownian particle starting at the
origin, along with the fact that the principal Dirichlet eigenvalue () for B(0,r)
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scales as A\;(r) = \/r?. O

4.1.3 Proof of Theorem 4.1

We prove case by case.

1. Let pp = 0 and d > 2. Recalling that p; = 0 by assumption, and comparing
Englinder’s result (1.8), which holds when p, = 1, with the general case of py =
p1 = 0 yields

lim sup 110g(E < P)(T > 1) < -8 (4.13)

t—00
since introducing extra independent particles to the system decreases the survival
probability for every ¢ > 0 and for every trap configuration. Note that one way for
the system to survive is to suppress branching while the single Brownian particle
avoids the traps. As the branching and motion mechanisms are independent of each

other, it follows that for every ¢ > 0,
(E x P)(T >t)>e P (Ex P)T > t), (4.14)

where e~# is the probability that the initial particle does not branch before time ¢,
and T is the first trapping time of a Brownian particle. Since (E x P)(I" > t) decays
subexponentially as ¢t — oo according to (1.6) and (1.7), we find from (4.14) that

1
liminf - log(E x P)(T > 1) > . (4.15)

Now, (4.13) and (4.15) together imply the result for d > 2. The result for d =1 is

a special case of Theorem 4.4, which will be proved later.

2. Firstly, see that 1tlgono (Ex P)(T > t) exists by the Bolzano-Weierstrass theorem
since (E x P)(T > t) is non-increasing in ¢ and bounded below by 0. Now, let us
bound this probability from below by a positive number. For instance, consider
the following event: the initial Brownian particle starting at the origin remains in
B(0,1) until the time of first branching which occurs in the time interval [0, 1] and
gives zero offspring, and there are no traps in B(0, 1+ a). Since the mechanisms for
branching, motion, and trap configuration are independent of each other, this event

has positive probability, and the inequality in (4.3) follows.
We now prove the equality. If pg > 0 and g < 1, then P(E) = 1, so that 7 < oo

almost surely. Fix a trap configuration w and let P¥ denote the probability law for

Z, given this trap configuration in R?. First we find tli}m P¥(T > t), and to that end
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write for every t > 0,
PY(T >t)=P(T>t,7>t)+ P (T>t>1). (4.16)

Note that the first term on the right-hand side in (4.16) is bounded by P“(7 > t),
and that tli)m P“(t > t) = 0 by monotone convergence of measures since 7 < 00
almost surely. We now concentrate on the second term. The following holds for

every t > 0:
PYT>71)=P°(t>T>71)+P(T>t>71)+P*(T>71>t). (4.17)

We see that the left-hand side of (4.17) is a constant, free of ¢, so remains the same
when we take the limit as ¢t — oo. The third term on the right-hand side is bounded
above by P“(r > t), hence tends to zero as t — oo. The first term on the right-
hand side is P¥(t > 7,7 > 1) = P¥(t > T|T > 7)P“(T > 7), and we see that
PY(t>T|T > 1) =0since T > 7 implies that 7' = oo almost surely. Since we have
shown that the first and third terms on the right-hand side of (4.17) tend to zero as
t — 00, (4.16) yields

lim P“(T > t) = P*(T > 7). (4.18)

t—o0
Now, observing that P“(T" > t) for each t is a random variable on the probability

space for traps, and applying bounded convergence theorem, we arrive at
tle (Ex P)(T >t)=(Ex P)(T > ).

3. The result for d = 1 is a special case of Theorem 4.4, and will be proved
later. Now let d > 2. We obtain the desired upper bound on the annealed survival
probability conditioned on non-extinction by considering the skeleton of Z alone,
and applying part (e) of Proposition 2.9. Next, consider the trap-avoiding scenario
below, which yields the desired lower bound on (E x P)(T" > t|£°).

(a) Recall that the first particle must be of infinite line of descent since the pro-
cess is conditioned on non-extinction. Suppress the branching so that there is
precisely one skeleton particle in the system up to time ¢. This is equivalent to
requiring that whenever a skeleton particle branches within the period [0, t], it
gives precisely one offspring of its own kind along with perhaps some doomed

offspring. Therefore, by part (e) of Proposition 2.9, this event has probability
exp|—Pat].
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(b) Empty the ball B(0,7(t)), where ¢t — r(t) is a nonnegative mapping such that
r(t) = o(t"/?), and lim,_ r(t) = co. By emptying a region, we mean clearing
a region from trap points. By the upper bound above on r(t), the definition

of a Poisson random measure gives that the probability to empty B(0,7(t)) is
explo(t)).

(c) Confine the single skeleton particle to the smaller ball B(0,7(t)/2) up to time t.
Since r(t) — oo as t — oo, by Lemma 4.3, this event has probability exp[o()]

as well.

(d) Confine all the doomed particles that are created within the period [0,¢] to
the larger ball B(0,7(t)) up to time ¢. Since the number of occurrences of
branching up to time ¢ along a single ancestral line is a Poisson process with
mean [t, and by (2.38) a skeleton particle on average produces (u — k)q/(1 —q)
doomed particles every time it branches, it follows that at most | 5t(u—r)q/(1—
q)] doomed particles are produced along the single skeletal line up to time
t with probability exp[o(t)]. Let the radii! of the subtrees initiated by these
|5t — k)q/(1 — q)| =: n(t) doomed particles be pi, pa, ..., puw. If K(t) =
max { P1y P2y - - - s pn(t)}, then by independence of the subtrees,

P(K(t) < r(t)/2) = P(py < r(t)/2)"®. (4.19)

Now, since a doomed subtree is almost surely finite, lim; ., 7(f) /2 = oo implies
that P(p; < r(t)/2) — 1, which in turn implies that the probability in (4.19) is
explo(t)]. We have already confined the single skeleton particle to the smaller
ball B(0,r(t)/2) up to time t. Since each doomed particle that is produced along
the single skeletal line in the period [0, ¢] must be produced within the smaller
ball B(0,r(t)/2), and the dimensions of the larger ball B(0,r(¢)) all exceed the
corresponding dimensions of the smaller ball by r(t)/2, we conclude that all of
the doomed particles that are created within the period [0,¢] stay inside the
larger ball with probability exp|o(?)].

Since the motion, branching and trap formation mechanisms are independent of
each other, the desired lower estimate for (E x P)(T > t|£¢) follows from combining
the steps listed above. Note that the survival scenario described above is composed
of only one large deviation event, that is, suppressing the skeletal branching for a
linear time. The remaining components are not large deviation events and do not

have exponential probability costs.

1By radius we mean the radius of the smallest ball centered at the root of the subtree, containing
the (finite) range of the subtree.
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4.2 Radially decaying trap intensity

In this section, we consider a radially decaying field of traps, distributed in space
according to a PRM with mean measure v such that dv)/dz exists, is continuous

on R? and satisfies the following asymptotic equivalence,

dv [
— o~ — — [>0. 4.20
d$ ym‘dilﬂ |:E| OO, ( )
For r,b > 0, define
dx
b) = / e 421
gd(r ) B(0,r) ‘l’ + bel\d“ ( )
where e; = (1,0,...,0) is the unit vector in the direction of the first coordinate.
Finally, let
I
=1 d) = —\|— 4.22
cr cr(m7ﬁ7 ) Sq 2m7 ( )

where s is the surface area of the d-dimensional unit ball (s; = 2, so = 27, s3 = 4,
etc.). As before, let f denote the p.g.f. of the offspring distribution of the underlying

GWP. Below, we state the main results for this section, and then give their proof.

4.2.1 Main results

Theorem 4.4 (Variational formula). The trap-avoiding asymptotics for the problem
of BBM in a radially decaying field of Poissonian traps, where the corresponding
PRM has density as in (4.20) is as follows. Define

02
I(1, £, B.d) = : C L lg.(v28m(1 =), ) b 4.23
trod= min {dens ol -0 029

(Forn=0,c=0, set ¢*/2n =0, and forn =0,c > 0, set ¢*/2n = c0.)

1. If po =0, then

y%b%@xmuvw_—mjﬁm.

2. If po > 0 and m > 0, then

lim ~ log(E x P) (T > t|€°) = —I(L, f, 8,d).

t—oo t
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3. If po > 0 and m <0, then
tli)rgo(ExP)(T>t):(ExP)(T>T)>0,

where 7 = inf {t > 0: |Z(t)| = 0} is the extinction time and £ is the event of
extinction for the BBM.

Remark. In comparison with the variational result given in [15, Theorem 1.1] for
dyadic branching, Theorem 4.4 contributes two extra factors in the expression for
the rate function (4.23), where both factors naturally depend only on f. The extra
factor « in the first term appears when py > 0 (if p(0) = 0, then a = 1). It is a
consequence of the modified p.g.f. for the offspring distribution of the skeleton. The
extra factor m inside g; appears, because the speed of BBM is now no longer /273
but v/2fm. Since a« = 1 = m for strictly dyadic branching, the result in [15] is

recovered by (4.23) as a special case.

The next result is purely analytic, and solves the variational problem for the rate
function I(l, f, ,d). We generalize the corresponding result in [15]. Recall that [
is the constant in the definition of v in (4.20), and a is the constant trap radius in
(1.3).

Theorem 4.5 (Crossover). Fiz f,5,a.

1. For d > 1 and all I # I, the variational problem in (4.23) has a unique
minimizing pair, denoted by n* = n*(l, f, B,d) and ¢* = c*(I, f, B,d).

2. Ford=1,

Il T0.f,5,d) = Bpe

I>1..: I, f 5,d) = Pa, (4.24)
and

[ <ly: 7°=0, & =0,
[>1lp: n'=1 ¢ =0, (4.25)

where ., = al}, = %\/%.
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3. Ford > 2,

l
lélcr: [(lafaﬁvd)zﬁlTv
l
I>1: I, f,5,d) < BlaA ZT), (4.26)
and
l<l,: n"=0, =0,
I>1,: 0<n"<1, 0<c <4/20, (4.27)
where 1., = vql?,., with
—14 /14 4maM
pr— 4-2
Vd ZdeQ € (07 OJ), ( 8)
where .
M, = max [ga(R,0) — ga(R,1)]. (4.29)

254mM RE(0,00)

Furthermore, ¢* > \/26m(1 — n*) when | > I,.

Remark. Comparing this theorem to the corresponding one in [15], we see that in
this case the extra factors a and m appear ubiquitously in the formulas. Again, we
note that the formulas above reduce to the corresponding ones in [15] upon setting

a=1m=1.

4.2.2 Preparations

Here, we state and prove two lemmas that will be needed in the proof of Theorem 4.4.
Lemma 4.6 is about the expected number of trap points contained in balls according
to the trap intensity in (4.20), and Lemma 4.7 is about Brownian displacement in
R,

Lemma 4.6. Letr >0 and b > 0. Then,

1
lim l—y(B(btel,rt)) = ga(r,b).

t—oo [t

Proof. By substituting y = x/t, we see that

dz dy
t,bt:/ —:t/ gl b). 4.30
ga(rt, bt) B(@G.rt) |x + btey|d! B(@G,r) |y + beq|d-1 ga(r,b) (4.30)
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Note that by assumption dv/dx is locally finite, so it will not blow up near the ori-
gin. Recall that integrals of asymptotically equivalent positive continuous functions
are asymptotically equivalent if one of the integrals diverges. Apply this result to
the radial integral to justify the asymptotic similarity below in (4.31). By assump-
tion, dv/dx is continuous on RY. As the d-dimensional volume element in spherical
coordinates has radial component |z|¢~'d|z|, the integrands of both radial integrals

below are continuous on R, . Hence, we have

dv l
V(B(bter, 1)) = / Y 4 ~ /B ey T = laalrts b0, (431)

B(btey,rt) dz
where the first and third equalities hold by definition of v and g4, respectively.

Combining (4.30) and (4.31) yields Jlim %&T)t)) = 1, which implies the result. [J

Lemma 4.7. (Brownian displacement in R%) The probability that a Brownian
particle starting from the origin moves to a distance [ct,ct + g(t)] from the origin

during time t in R? is
2
exp [—Qt + o(t)] )

if g(t) > 1 for allt, and g(t) = o(t) as t — oc.

Proof. Recall that the transition density for d-dimensional Brownian motion is

2
p(t,z,y) = (2mt)" Y exp (—lx 2ty| > :

It follows that the desired probability is

ct+g(t) 2
k’(d)/ ’ (2mt) =42 exp <_;t> ri=ldr,

t

where k(d) = explo(t)] is a constant that depends on the dimension, coming from

the angular integral. The radial integral is bounded as follows:
—le 2 ct+g(t) 2
g™ (@) 2 2 < [ @rt) e (m) i1y
ct
—c2t
< g(t)e = (ct + g(t)) ' (2mt) =2,

Now since 1 < g(t) = o(t), it follows that g(t) C explo(t)]. The desired result then
follows since t* C explo(t)] for any a € R. O
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4.2.3 Proof of Theorem 4.4 and Theorem 4.5
Proof of Theorem 4.4

Part 3 of the theorem follows since 7 < oo almost surely for a non-supercritical
process, by an argument identical to the one given in the proof of the corresponding
case of Theorem 4.1. Since py = 0 implies that « = 1 and P(£¢) = 1, conditioning
the process on £¢ is the same as not conditioning it when py = 0. Hence, we may
extend part 2 to cover for the case pg = 0, and prove the first two parts of the
theorem together. Note that the key ingredients in the proof are results concerning
the decomposition of supercritical GWPs and the conditional speed of BBM, namely
Proposition 2.9 and Theorem 3.9.

Proof of the lower bound

Let m > 0. Fix 8, d, f, n and c¢. The trap-avoiding scenario below yields the desired
lower bound for the annealed survival probability conditioned on non-extinction,
ie., (Ex P)(T > t|&°).

1. Similar to the corresponding part of the proof of Theorem 4.1, the initial
particle is of infinite line of descent since the process is conditioned on &£°¢.
Suppress the branching so that there is precisely one skeleton particle in the

system up to time nt. This event has probability
exp[—fBant].

2. For d > 2, empty the two-sided cylinder ("tube") T;, defined by

n:{x:(;cl,...,xd)eRd:yx1| < kt + h(t), \/x§+...+xfl§r(t)+h(t)},

where k > ¢, and t — 7(t) and ¢t — h(t) are nonnegative mappings that are
picked such that lim; ,o, 7(t)/t = 0, lim; o r(t) = oo and lim, . h(t)/t = 0,
lim; . h(t) = oco. By the upper bounds above on r(t) and h(t), Lemma 4.6
gives that the probability to empty 7} is explo(t)] for d > 2. For d = 1,
empty the line T} := {z; € R: |z1| < 2h(t)}, which again costs a probability
of explo(t)].

3. For d > 2, move the single skeleton particle (see the remark after Proposi-
tion 2.9) during the period [0, nt] so that it is at a distance ¢t + o(t) from the

origin at time nt (assume without loss of generality that the specific site has
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first coordinate ct + o(t) and all other coordinates zero), and confine it to the
smaller tube T}, defined by

ﬁ:{x:@humeHW:Mﬂékt ﬁ+~~+ﬁ§r@},

up to time nt.

Let Py be the probability law for d-dimensional Brownian motion, W' be the
projection of the d-dimensional Brownian motion onto the first coordinate axis
(W1 lives in R?), and decompose the Brownian motion into an independent
sum W = Wl + Wil where W% ! is hence implicitly defined. Define the

events

Ay
B,

{et < W nt)| < et +o(t)},
{IW'(s)] <kt VO <s<nt},
Co={W*(s)| <r(t) YO <s<nt}.

Note that the event A; N B; N C, is exactly the desired scenario for this part.
Lemma 4.7 gives Py(A;) = exp[—%t + o(t)], and Lemma 3.5 gives Py(BYf) =
exp[—%t + o(t)], so it follows that

2

exp [_;ﬁ + o(t)] =Py(A) > Po(A N By) > Py(A) — Po(BY)

oo Lot - exs[-Es o)

2
=exp —%t—i-o(t) :

which yields

Py(A: N By) = exp [—ch?t + O(t)] . (4.32)

Since r(t) — oo, Lemma 4.3 implies that Py(C;) = exp|o(t)]. Combining this
with (4.32) and using the independence of W' and W21 we arrive at

2
PO(At N Bt N Ct) = eXp [—%t + O(t)‘| .

For d = 1, it turns out that the function in (4.23) is minimized when ¢ = 0
(see the proof of Theorem 4.5). Confine the single skeleton particle to the
one-dimensional tube T} := {z; € R : |z;| < h(t)} up to time nt. Since the
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length of the tube tends to infinity as ¢ tends to infinity, Lemma 4.3 implies
that the probability of this event is exp|o(t)].

. Confine all the doomed particles that are created within the period [0, nt] to
the larger tubes T} and T}! for d > 2 and d = 1, respectively, up to time ¢. Since
the number of occurrences of branching up to time t along a single ancestral
line is a Poisson process with mean (t, and by (2.38) a skeleton particle on
average produces (1 — k)q/(1 — ¢q) doomed particles every time it branches,
it follows that at most |Snt(n — k)q/(1 — q)| doomed particles are produced
along the single skeletal line up to time nt with probability exp[o(t)]. Let the
radii of the subtrees initiated by these |Snt(x — k)q/(1 — q)] =: n(t) doomed
particles be p1, pa, ..., pn. If K(t) := max {,01,,02, . ,pn(t)}, then

P(K(t) < h(t)) = P(p1 < h(t))"". (4.33)

Now, since a doomed subtree is almost surely finite, lim; ., h(t) = oo implies
that P(p; < h(t)) — 1, which implies that the probability in (4.33) is exp|o(?)].
We have already confined the single skeleton particle to the smaller tube T,
for d > 2 (T} for d = 1). By an argument identical to the corresponding one
in the previous section, we conclude that all of the doomed particles that are

created within the period [0, nt] stay inside the larger tube with probability
explo(t)].

. Empty a v/28m(1 — n)t-ball around the position of the single skeleton particle
at time nt. By Lemma 4.6, this event has probability

exp [—lgd(\/QBm(l —n),c)t+o(t)| .

. Require the branching system initiated by the single skeleton particle present
at time nt to stay inside the v/28m(1 — n)t-ball during the remaining time
(1 —n)t. When m > 0, by Theorem 3.9, the probability of this event condi-

tioned on non-extinction is exp|o(t)].

Since the motion, branching and trap formation mechanisms are independent

of each other, minimizing the cost of all these events over the parameters n and
¢ provides us with the desired lower estimate for (E x P)(T > t|£°). Note that

the survival scenario described above is composed of three large deviation events:

suppressing the skeletal branching for a linear time, moving the Brownian particle

to a linear distance, and emptying a ball with linear radius. The remaining three
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components, namely parts two, four and six are not large deviation events and do

not have exponential costs.

Remark. The Poisson intensity in (4.20), namely % ~ m% is interesting, because
it creates a competition between the costs of suppressing the branching for a linear
time, and emptying a ball with radius linearly growing with time. A ball with radius
linearly growing with time is relevant, because a BBM travels a linear displacement
with time. In other words, if we use any other exponent than d — 1 in (4.20),
the competition mentioned above will be lost, and the optimal survival scenario
will involve exactly one of suppressing the branching in the entire period [0, ¢], or

emptying a ball with radius equal to the displacement of the "free" BBM in [0, ¢].

Proof of the upper bound

Fix g, d, f. Let 0 < e < 1. Recall that |Z(t)| is the number of particles in the
system at time ¢, | Z*(t)| of which are skeleton particles. For ¢ > 1, define

me=sup {n € [0,1] : |2* ()| < [4+°]}.

Before we proceed, we prove the following lemma:

Lemma 4.8. . '
p (Z <l 5C> — exp[—Bat + oft)].
n n

Proof. Observe that {% < nt} = {|Z*(%t)| < |tde] } By part (e) of Proposition 2.9,
we know that the process |Z*| conditioned on non-extinction of |Z| is equal in law
to a continuous-time branching process with rate 5(1 — f'(¢)) = Ba and offspring
distribution (p)ren, where py = p; = 0. On the event £°, since the first particle is
of infinite line of descent and ¢ > 1, the inequality P(L < n,|&¢) > exp(—pait) for
every t > 1 follows trivially.

Now consider a strictly dyadic branching Brownian motion Z. We have P(|Z(t)| =
k) = e P(1 — e P)FL for every k € N and for every ¢ > 0, see [24]. It follows
that P(|Z(t)] > k) = (1 — e #)*. Using the binomial expansion (1 — z)" =
1 —nz+ (Z)xz — ...+ (=1)"2", we obtain

P(1Z(1)] < [t**])

=1 — (1 — e Pl

e (W ] - (“d; EJ)e'Bt - <—1>Ltd*leeﬁtvd+EJ1>
<e P[#7e ] = exp[—ft + o(t)].
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The result follows by comparison with the strictly dyadic case, since po = p; = 0. [

Henceforth, all probabilities written should be understood as conditioned on £°¢.

Now, for every n € N, conditioning on 7;, we have
(Ex P)(T >1t)

ZEXP ({T>t}m{zgnt<
0 n
1

1+ 1

}>+(E><P)({T>t}ﬁ{7h:1}>

S .
I||

IN

exp [—ﬁa;t + o(t)] (B x P {T > t} 4 exp[—5t + o(t)], (4.34)

Il
=)

%

where we use Lemma 4.8 in passing to the inequality, and introduce the conditional

probabilities

1
Lap <
n n

P =P (-

), 1=0,1,...,n—1.
See that {n; < (i+1)/n} = {|Z*(t(z +1)/n)| > Ltdﬁj}. Let A i =0,1,...,n—1

denote the event that at most [t47¢| out of |Z*(t(i + 1)/n)| skeleton particles alive
at time ¢(i + 1) /n are such that the ball with radius

P (1 — &)y /2Bm(1 — Z; Ly (4.35)

around the particle is non-empty, i.e., contains a trap point. Estimate

(B x PE")T > 1) < (B x PO)(AFY) + (B x POYT > ¢ ] [AF™7]9). (4.36)

On the event [AEZ"")]C there are more than [#¢"¢| balls containing a trap point, and
by Theorem 3.8 and (4.35), the sub-BBM emanating from the center of each ball
exists this ball in the remaining time (1 — (i + 1)/n)t with a probability tending
to 1 as t — oo. Hence, with negligible error, we may assume that each of |t%+¢]
sub-BBMs exit their respective balls that contain a trap point, in the remaining
time. By geometric considerations, upon exiting this ball, each sub-BBM hits a trap
inside this ball with a probability at least Cy/[p{"™]¢~1, where Cy > 0 is a constant
depending on dimension and on a, which is the fixed radius of each trapping ball.
Hence, the second term in the right-hand side of (4.36) is bounded above by

C LthraJ
: ] < exp[—Cot' 9] (4.37)

e

uniformly in all parameters, where C5 > 0 is another constant. Note that we use
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the elementary estimate (1 + Z)" < e in passing to the inequality (4.37), which
implies that the second term on the right-hand side of (4.36) is superexponentially
small (SES) in ¢.

Now consider the first term on the right-hand side of (4.36). Since gq(rt,bt) =
tgq(r, b) for r,b > 0, the cost of clearing a ball with radius linear in ¢ is exponentially

small in ¢ for large t. Then, for large ¢, we have

(B x PEDY(AC™ 127 (40 + 1) /n)] = [#77%] + )
> (B x PUY)(APY 12740+ 1) /n)| = [9) + (5 + 1)

for every j € {1,2,...}. It follows that
(E x BEMY(A,0M) < (B x PEYAY™ |25t + 1) /n)| = [1475] + 1), (4.38)

Having further conditioned on {|Z (ti+1)/n)| = [t¥e] + 1}, we continue to esti-
mate from above as follows. Each skeleton particle alive at time t(i + 1)/n is at a
random point, whose spatial distribution is identical to that of W (¢(i+1)/n), where
W denotes the standard Brownian motion. Let xy be the center of the empty ball
at time ¢(i 4 1)/n that is closest to the origin. Let 0 < ¢ < 00, § > 0, and define Bj,
j=1,...,[t%¢] + 1 to be the event that jth skeleton particle at time #(i + 1)/n is
at a distance ¢t < r < (¢ + §)t from the origin and that the pgi’")-ball around it is
empty. Then,

(Ex PN (AY™ A {ct < |zo| < (c+ 0t} | |Z*(t(i +1)/n)| = [t4T¢] + 1)
S(E X Pt(27n)>(Bl u...u BLtd+5J+1)
<([t7] + 1)(E x PM)(By)

2

—([t%*] + 1) exp [_Wt + o(t)]

X exp [—lgd ((1 —e)y/268(m—1)(1— il

), c) £t o(t)} , (4.39)

where we have used the union bound in passing to the second inequality, and
Lemma 3.5, Lemma 4.6, along with the independence of BBM and trap mecha-
nisms in passing to the equality. Indeed, on the event Aﬁ’*”) conditioned on |Z*(t(i+

1)/n)| = [t4¢] + 1, there is at least 1 skeleton particle with an empty ball around
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it. From (4.36),(4.38) and (4.39), conditioning on |zy|, we obtain

(ExP™Y(T > t)

gz::Eth”‘) ({ \rt<\x0]<\/7t}ﬂAm)>
+ (E x Py <{]x0|>\/7t}ﬂAm)>+SES

< Z td—f—a + 1) exp [ (592/ 2 +O(t)‘|

=0 1)/n
X exp {—lgd ((1 —e)\/2pm(1 — ! —7: 1), il\/%) t+ o(t)]
+ exp[—ft + o(t)] + SES. (4.40)

Here, the SES comes from the second term in the right-hand side of (4.36). Also,
in passing to the last inequality, we have used that the probability of the event
{|330\ > \/ﬁt} is bounded above by the probability that a single Brownian particle
is at a distance more than /20t at time ¢, which is exp[—/St + o(t)]. Substituting
(4.40) into (4.34), and optimizing over 7,5 € {0,1,...,n — 1} gives

1
lim sup log(E x P)(T > t)

. Bai  Bj*/n® / i+l
== iGe{0n—1} { n (i+1)/n T 19a ((1 ~e)y28m(1 - n ) n\/ﬁ>} '

Now let n =i/n, c = j/n\/2p, let n — oo, use the continuity of the functional form

from which the minimum is taken (in order to extend the domain under which the
minimization is performed from points with rational coordinates of [0,1] x [0, v/20]
to the entire [0,1] x [0,1/20]), and finally let ¢ — 0 to obtain the desired upper
bound,

limsupilog(]E x P)Y(T >t)<—I(l, f,B,d).

t—o00

Note that ¢ > /23 cannot minimize

{6om + ;27 +1ga(y/26m(1 —n), c)}

since this makes it greater than (3, which can be improved by setting ¢ = 0 and

n = 1. This completes the proof of Theorem 4.4.
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Proof of Theorem 4.5

Let
Ban+ & +1ga(v2Bm(1 —n),c)  for e (0,1], c€[0,v2,
Ga(n,c) = { lsq\/2Bm for n=0, c=0,
00 for n=0, ce(0,v20]
(4.41)
so that
I(l, f,B,d) = min Ga(n,c). (4.42)

n€f0,1], ce[0,4/26]

To see the existence of the minimizers n*, ¢* of (4.41), note that G4 is lower semi-
continuous on the compact subset [0, 1] x [0, /23] of R? since

(n,c%ig(lo,o) (Bom + lga(y/26m(1 —n), c)> = lsg\/28m

and % > 0. We refer the reader to [15] for the proof of the uniqueness of the
minimizers when [ # [,.

Consider d = 1. Since gy(r,b) = 2r, the minimum over ¢ in (4.41) is taken at
¢* =0, so that (4.42) reduces to

10.£.5,1) = min { Ban +20,/28m(1 )

= min {n(ﬁa —20\/2pm) + 21 2ﬁm} :
n€l0,1]
This proves (4.24) and (4.25), and identifies /.. as the solution to fa = 21,/28m.
Now consider d > 2. Set ¢?/2n = 0 when n = 0. We have

2

Ga(n, ¢) — Ga(0,0) = Ban + ;7 +1ga(\/28m(1 = 1), ) — ga(/26m,0)],  (4.43)

where the last term in the right-hand side is less than or equal to zero, with equality
if and only if (n,¢) = (0,0) (this follows from the definiton of g;). Suppose that
(n,¢) = (0,0) is a minimizer when [ = ly. Then, by uniqueness of minimizers, the
right-hand side of (4.43) is strictly positive for all (n,c) # (0,0) when [ = l,. As the
last term in the right-hand side of (4.43) is strictly negative for all (n,c) # (0,0), it
follows that for all [ < [y, the right-hand side of (4.43) is zero when (n,c) = (0,0)

and strictly positive otherwise. Therefore, there must exist an I, € (0, 00) such that

1. (n,¢) = (0,0) is the minimizer when [ < [,
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2. (n,¢) = (0,0) is not the minimizer when [ > [,.

Henceforth, we will take this as the definition of [.. for d > 2. This proves the first
parts of (4.26) and (4.27). Note that [, € (0,00), because the last term in the
right-hand side of (4.43) decreases without bound as [ — oo and tends to zero as
[ — 0 for fixed (n,c) # (0,0).

Now let d > 2 and [ > [... We know that (n,c) = (0,0) is not a minimizer. The
combination n* = 0, ¢* > 0 is not possible because G(0,¢) = oo for all ¢ > 0. The
combination n* > 0, ¢* = 0 is ruled out as well because G(n,0) takes its minimum
either at n =0 or n = 1, so n* > 0 would imply that n* = 1. However, n* = 1 can
be excluded via [15, Lemma 4.1]. Also, ¢* = /2f3 is not possible since this yields
G4 > (B, whereas (n,¢) = (1,0) is not a minimizer yet yields G, < § since a € (0, 1].
Hence, we conclude that the minimizers for d > 2 and [ > [, appear in the interior
of [0,1] x [0,+/2/]. This proves the second parts of (4.26) and (4.27).

In the rest of the proof, we find [.. for d > 2. For R > 0, let

dz
R) — / @ 4.44
9a(R) B@.R) |7 + e1]?! (444)

Then, we may write (4.41) as

2 ( V2Bm(1 —n) ) _ (4.45)

c
Ga(n,c) = Ban + on +legq
n c

The stationary points are the solutions of the equations 294 = 0 and 294 = (), which
on dc

yield
0 =Ba — Bmv* — 11/2Bmg)(u)
0 =y/28muv + l[ga(u) — ugy(u)] (4.46)

upon setting

g Y2md=n ¢ (4.47)

c V2pmn

Eliminating ¢/, in (4.46) gives

[ 1
= —v+ —u(a — mv?). (4.48)

\/2ﬁ_mgd(U) m

It follows by (4.45), (4.47) and (4.48) that for d > 2 and [ > .,
I(1, f, 8,d) = Ga(u",v") = Bla —mv™®). (4.49)
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Since the minimizer (u*,v*) must satisfy (4.48) (note that there may be more than
one pair (u,v) that satisfies (4.48)), we conclude by (4.49) that v* is the maximal
value of v > 0 on the curve in the (u,v)-plane given by (4.48).

The following lemma is taken from [15], where a proof is given as well.

Lemma 4.9. R — ¢/(R) is strictly increasing on (0,1), infinite at 1, and strictly

decreasing on (1, 00).

Using (4.22), we may write (4.48) as

ga(u)l 1
Ssymls —v + %u(a — mo?). (4.50)

Since gq(u) ~ squ as u — oo by (4.44), we obtain from Lemma 4.9 that the left-hand
side of (4.50) is strictly convex on (0, 1), has infinite slope at 1, is strictly concave
on (1,00), and has limiting derivative [/(2ml,) (see [35, Figure 1]).

Firstly, see that [, < al},. Indeed, assume the contrary. Then, there exists
| € (al%,, 1), which implies that (1, c) = (0,0) is the unique minimizer for G4 when
I = I. However, G4(0,0) = BI/I*. > Ba = G4(1,0), which contradicts (1, c) = (0,0)
being the minimizer. This implies that [, < al¥.. We claim that [, can be identified

by the following formula:

[ 1 1 [ 1 1
lo :=sup {l >0: - 2$dmgd(u) > —J - (oz - lcr*> + %lcr*u Yu € (O,oo)} :
(4.51)

In order to prove our claim, i.e., [y = l.., we need to show that (n,c) = (0,0)
is the minimizer for G4, when [ < [y, and (n,¢) = (0,0) is not the minimizer when
[ > ly. Equivalently, as G4(0,0) = 8l/I7,, we need to show via (4.49) that for [ > [y

there exists a v > \/1/m (av = 1/l ) such that v satisfies (4.50) for some u > 0, and
that for [ < [y there is no such v. As we know that /., > 0 and (7, ¢) = (0,0) is the

unique minimizer when [ < [, there must exist an /; > 0 such that the inequality
in (4.51) holds for all v € (0,00) when | = Iy, hence 0 < I; < l,. Now take any
0 < Iy < Iy, and see that the inequality in (4.51) holds for all u € (0, 00) also for
[ = l,. This implies that if [ < [y, then the curve on the left-hand side of (4.50) and
the line on the right-hand side do not intersect when v = \/ 1/m(a—1/l4). As
both terms on the right-hand side of (4.50) decrease as v increases and the left-hand
side of (4.50) does not depend on v, the curve on the left-hand side of (4.50) and
the line on the right-hand side do not intersect for v > \/ 1/m(a—1/l) as well
when [ < (.
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Now consider | > [y. By definition of [y, there exists u € (0,00), say u, such that

h 1 ga(u) = —J l (a— lo ) + L b u. (4.52)

lcr* QSdm m lcr* % lcr*

Note that since gq(u) < squ for all u € (0, 00), (4.52) implies that we have the strict
inequality lp < alf.. Now take any l; € (lp,al’.), and observe that at u = u, the
right-hand side of (4.52) becomes greater than the left-hand side if we replace Iy
by I;. Also, since gq(u) ~ squ, the left-hand side of (4.52) must be greater than
the right-hand side for large u if we replace [y by l;. As the functions on both
sides of (4.52) are continuous with respect to w, it follows by the intermediate value
theorem that there exists u € (0, 00), say @, such that (4.52) holds, with [y replaced
by /. This in turn implies that Gy4(u,v) = G4(4, \/1/m(oz — U1 /le)) = Bl /1%, but

cr)

since the minimizer is unique, this shows that (n,¢) = (0,0) is not the minimizer
for Iy < Iy < If. As we have shown that (n,¢) = (0,0) is not the minimizer when
l € (lp, %), we conclude by definition of [, that (n,c) = (0,0) is not the minimizer
for G4 for all [ > ly. Hence, Iy = [,.

Now put

1
Ga(u) = squ — ga(u), My= 28dm£(%>§)gd'

Then, (4.51) reads

This implies that

which completes the proof of (4.28) and (4.29).

We finally show that «* € (0,1) when [ > [.,.. Note that for a fixed v, if the line
on the right-hand side of (4.50) cuts the curve on the left-hand side at more than one
point, then by (4.49), this v cannot be v* since the minimizer is unique. Hence, we
look for a v value such that (4.50) is satisfied for exactly one u value, and this pair
is (u*,v*). This implies that when v = v*, the line on the right-hand side of (4.50) is
tangent to the curve on the left-hand side at v = u*. Since v* > \/l/m(a — /),
the slope of the line on the right-hand side of (4.50) is less than 1/(2m)(l/I%.). Then,
since the left-hand side of (4.50) has infinite slope at u = 1, is concave on (1,00),
and decreases asymptotically to 1/(2m)(l/I%.), it follows that u* € (0,1). By (4.47),
we conclude that ¢* > 1/28m(1 — n*). This completes the proof of Theorem 4.5.
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Chapter 5

Conclusion and Future Work

This thesis has originated from a trapping problem in which a randomly moving and
branching system of particles, namely a branching Brownian motion, is evolving in
a field of randomly located traps in R?. The particles and traps are taken to be
pointlike and spherical, respectively. The quantity of interest is the large time trap-
avoiding probability of a system with a general branching mechanism. The main
mathematical object of interest of this thesis is a branching Brownian motion, which
is the most studied example of spatial branching processes, and which is built on two
simpler Markov processes, namely, a Galton-Watson process and a continuous-time
Markov branching process.

In search for finding the asymptotic rate of decay of the trap-avoiding probability
in a trap field that is distributed according to a Poisson random measure, we have
been led to the problem of the speed of BBM. We have decomposed the branching
processes that are supercritical, and where the particles give zero offspring with
positive probability, into skeleton and doomed particles, and then have shown that
the process could be interpreted as a two-type branching process.

In particular, we have found the asymptotic speed of BBM with a general off-
spring distribution, conditioned on non-extinction. The challenging case is when the
process is supercritical, and the probability of giving zero offspring for particles is
nonzero. In the proof, the skeleton decomposition of the GWP and its interpretation
as a two-type GWP have been centrally used, and it has been shown via a compari-
son argument that the skeleton alone determines the asymptotic speed, whereas the
doomed particles play no role.

Coming back to our original trapping problem, we have first found the relevant
trap-avoiding asymptotics in the case of a uniformly distributed field of traps in R¢,
where the skeleton decomposition of the branching Brownian motion is again used,

along with some properties of Brownian motion. Our result extends the previous
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work, where the branching is assumed to be strictly dyadic. As an application
of the conditional speed of branching Brownian motion, we have then studied the
case of radially decaying field of traps, and have extended previous results where
the branching was again strictly dyadic. The rate function, which is expressed
as a variational formula, has two parameters coming from the general branching
mechanism: one coming from the conditional speed of the branching Brownian
motion, and the other coming from the effective rate of branching for the skeleton.
Once more, our results show that the skeleton alone is responsible for the large-time
asymptotics of the trap-avoiding probability.

Several variations of the problem can be considered as future work. Some open

problems are as follows.

Branching Brownian motion in a moving trap field

A popular class of trapping problems is concerned with mobile traps as opposed to
frozen traps. One natural model is a uniform field of Poissonian traps in R?, where
each atom is moving under Brownian motion independently of others. This model is
an instance of a time dependent random medium, and is called a dynamic Boolean
model [6] in the context of stochastic geometry. In this model, a fundamental prob-
lem is the time until a moving target point is caught by the traps, which is called
detection. If the target particle is Brownian, and its motion is independent of the
moving trap field, then this can be viewed as an extension of the problem in [11] in
the sense that the Brownian particle is trying to survive in a randomly moving field
of traps as opposed to frozen traps. Several results about the trap-avoiding asymp-
totics for this problem have been obtained in [38, 39] for dimensions d = 1,2, and
in the discrete setting of random walks in [12]. However, in both discrete and con-
tinuous settings, the problem remains open when d > 3, where only upper bounds
on the trap-avoiding probability are obtained as time tends to infinity. Once the
case of a single target particle is resolved, one can then allow the target particle to
branch, and study the survival of an entire branching Brownian motion among the

moving trap field.

Optimal survival strategies

In the context of trapping problems, an optimal survival strategy is a set of events
indexed by time ¢, that are bound to happen as ¢t — oo, given that the system
avoids the traps up to time ¢. In the setting of BBM among Poissonian traps in
R9, it is natural to seek results regarding three types of optimal survival strategies,

concerning the population growth of the system, position and radius of trap-free
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regions, and the range of the BBM. We believe that existing results for the case with
Poisson intensity (4.20) on optimal survival strategies concerning the population
growth of the system (see ([15])) are not sharp, and more restrictive bounds could
be obtained.

Quenched asymptotics

There are two sets of results in random media problems. Results that hold for almost
every environment are called quenched results, while results that are obtained after
averaging over all possible environments are called annealed results. It would be
interesting to find quenched analogues of the survival asymptotics found in this
thesis, where only annealed results are obtained. On the other hand, in the setting
of the dynamic Boolean model with a Brownian target particle, [38] and [39] study
annealed asymptotics only. One could possibly find quenched results in the same
spirit as in [12], where the same problem, appropriately adapted to the discrete
setting of random walks, has been considered in both the annealed and quenched

settings.

Soft obstacles

Instead of killing the BBM when it first falls into a trap (traps of this sort are
called hard obstacles), we may think of traps as regions where the branching rate of
the BBM is smaller than outside of traps, and investigate the growth of the total
population size in this setting. Traps that tend to suppress growth rather than kill
the process are called soft obstacles. The effect of reduced branching rate in the
traps on the total population size is a non-trivial question, as studied in [17] for a
strictly dyadic BBM. For this problem, it would be interesting to consider general
branching, in particular to allow particles to give zero offspring, since in this case
the traps do not necessarily suppress population growth. The techniques employed
in this thesis regarding the skeleton decomposition and conditional speed of BBM

may be useful in investigating the soft obstacle problem with general branching.
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