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Abstract

We study several spatial branching processes with inhomogeneities. Branching
processes are a fundamental building block in mathematical models related to growth.
Often growth happens in space: the spread of an epidemic, a selective sweep in the
genetics of a population, the spread of a chemical reaction or the spread of an opinion
in a social network. On the level of stochastic processes, branching Brownian motion
is used to understand the interplay of effects in a spreading population, and indeed
the front of branching Brownian motion exhibits wave-like properties.

We study several variants of branching Brownian motion, in all of them we move
away from homogenous Euclidean space. First, we study branching Brownian motion
in two-dimensional space where one direction of space improves the reproduction rate
of particles. Here we show that this inhomogeneity in the branching rate leads to
significant corrections to the speed of the front. Secondly, we study a discrete analogue
of branching Brownian in a high dimensional random environment. Here we show that
the exponential number of particles produces a law of large numbers effect and that
the first order of the speed of the front is linear and non-random. Thirdly, we study
branching Brownian motion in two-dimensional hyperbolic space. Here we that the
limit of the empirical population measure on the boundary of the space is determined
only by typical particles and we use this to compute the Hausdorff dimension of its
support. The collection of these results show the emergence of interesting phenomena

when inhomogeneities are added to branching Brownian motion.



Acknowledgements

I very much enjoyed my DPhil and this could have not been possible without in-
teresting mathematical problems. For these I thank my supervisor Julien Berestycki,
as well his passionate, cooperative, and relatable approach to mathematics. I also
thank my second supervisor, Matthias Winkel, who especially supported me in the
beginning with a well-structured style of supervision.

Mathematics can only be enjoyable if you are not stuck on problems by yourself,
I thank my coauthors Julien Berestycki, Nina Gantert, Quan Shi and Michel Pain
for their cooperation. I also enjoyed the probability community as a whole and many
interesting conferences. I would also like to thank my former undergrad supervisor
Markus Heydenreich who lead me to joining this field. I also thank my assessors
Christina Goldschmidt and Bastien Mallein for carefully reading this thesis and for
an interesting viva.

The probability group in the stats department was a great workplace. I would like
to thank all my friends there, in particular Peter (whose relentless productivity was a
shock), Rivka, Félix, Bastian, Ruairi, Matt, Serte, Gabriel, Dan, Zhixiao and Adrian.
Being part of the teaching team at LMH was a stimulating experience, I especially
thank the two other junior mathematicians, Sam and lan, for sharing many free
lunches.

A key part of my life in Oxford was spending nearly as much time on the river
as at the desk, I thank the Wolfson college boat club for its welcoming environment.
This especially applies to my former crewmates, Adam, Thomas, Dominik, Giovanni,
Mads, Karim, Will, Ed, Mantas, Joe, Kirsty, Christian and Mary.

I would have not made it through nine years of studying at university without
the continuing support from my parents Stefanie and Ulrich (and my brother Felix).
Most importantly, I would like to thank my partner Anna (currently fiancée, to be
updated soon) for her love and support. She endures my mathematical ramblings

and supports me in every aspect of life.



Declaration

I hereby declare that except where specific reference is made to the work of others,
the contents of this dissertation are original. Some chapters are joint work with other
authors, this is detailed in the beginning of the thesis. This thesis is submitted to the
University of Oxford for the degree Doctor of Philosophy, and has not been submitted
in whole or in part for consideration for any other degree or qualification in this, or

any other university.

David Geldbach
September 2025



Contents

1 Introduction

1.1

1.3

1.4

1
Structure of this thesis . . . . . . ... ... o000 1
1.2 Background on branching processes . . . . . . . ... ... ... ... 2
1.2.1 Non-spatial branching processes . . . . . . . . ... ... ... 2
1.2.2  Classical spatial branching processes: BBM and BRW . . . . . 3
Related work - inhomogenous BBM and BRW . . . .. .. ... ... 7
1.3.1 Time varying BBMand BRW . . ... ... ... ... .... 7
1.3.2  Increasing branching rate. . . . . . . .. ... ... 9
1.3.3 Catalytic branching . . . . . .. ... .. ... o0 11
1.3.4 Random branching rateson Z . . . . . . .. ... .. ... .. 13
Projects in this thesis . . . . . . . .. ... o Lo 14
1.4.1 Polynomial slowdown in space-inhomogeneous branching Brow-
nian motion . . . ... Lo Lo 14

1.4.2

Biased branching random walks on Bienaymé-Galton—Watson
trees . . . . .o 16

1.4.3 Hyperbolic branching Brownian motion: the empirical limit

MEASUTE . .« v v v v vt e e e e e e e e e e e e e 17
2 Polynomial slowdown in space-inhomogeneous branching Brownian

motion 19
2.1 Introduction . . . . . . .. Lo 20
2.1.1 Model and main result . . . . . ... .. o000 20
2.1.2 Related work . . . .. ... ... ... . 23
2.1.3 Heuristics and structure of the paper . . . . . ... ... ... 24
2.1.4  Open questions and remarks . . . . . . ... ... ... .... 27
2.1.5 Notation . . . . . . ... L 29
2.2  Brownian motion weighted by an integral via PDEs . . . . . . .. .. 30
2.2.1 Connection with a PDE via Feynman—Kac formula . . . . . . 31



2.2.2 Associated Sturm-Liouville operators . . . . . . ... ... .. 35
2.2.3  Proof of Proposition 2.2.4 . . . . .. .. ... 38
2.2.4 Approximating the inhomogeneity . . . . . .. ... ... ... 42
2.2.5  General properties of the coefficients ¢, (t) . . . ... ... .. 45
2.2.6 Precise estimates for the coefficients ¢, (¢) . . . . . . . ... .. 47
2.2.7 Technical bound on a series . . . . ... ... ... ... ... 50

2.3 Brownian motion weighted by an integral via probability . . . . . .. 51
2.3.1 Comparing G to G . . . . . . 51
2.3.1.1  Preliminary results . . . . . .. ... ... .. ... . 52

2.3.1.2 Localizing typical paths . . . . ... ... ... ... 55

2.3.1.3  Proof of Proposition 2.3.1 . . . . .. ... ... ... 57

2.3.2 Bounding the total mass of G 58
2.3.3 Bounding the tail of G oo 60

24 Many-tofew lemmas . . . . . ... ..o 62
2.5 Upper bound for the maximum . . . .. .. ... .. ... ...... 63
2.5.1 An upper bound on the branching rate . . . . . ... ... .. 63
2.5.2  The pseudo-derivative martingale . . . . . ... .. ... ... 65
2.5.3 Localization of the trajectory of an extremal particle . . . . . 66
2.5.4  Proof of the upper bound . . . . .. ... ... ... ..... 74

2.6 Lower bound for the maximum . . .. ... ... ... .. ...... 7
2.6.1 A lower bound on the branching rate . . . . . ... ... ... 78
2.6.2 First moment estimate . . . . . .. ... .o 0L 79
2.6.3 Second moment estimate . . . . . .. ... 81
2.6.4 Proof of the lower bound . . . . . .. ... ... ........ 83

Biased branching random walks on Bienaymé—Galton—Watson trees 86

3.1 Introduction and main results . . . . . .. ... ... ... ... ... 86
3.1.1 Themodel . . . . .. ... .. .. .. 87
3.1.2 Results. . . . . ... 89
3.1.3  Outline of the proof of Theorem 3.1.1 . . . . . .. . ... ... 93
3.1.4 Related work . . . . ... .. ... ... o 94

3.2 Proofs of mainresults . ... ... ... ... . L L. 95
3.2.1 Preliminaries: biased random walks on a BGW tree . . . . . . 95
3.2.2 Strong recurrence and transience . . . . .. .. .. ... ... 97
3.2.3 0 —1 laws, proof of Proposition 3.1.5 . . . . . ... ... ... 100
3.2.4 Annealed probability of fast particles, proof of Proposition 3.1.4 107

ii



3.2.5 Proof of Theorem 3.1.1 . . . . . . .. ... ... ... ..... 116
3.2.6  Proof of Theorem 3.1.3 . . . . . . .. ... ... ... ..... 117
3.2.7  Annealed probability of slow particles, proof of Proposition 3.2.13118
3.3 Open questions . . . . . . . . .. . e 120

4 Hyperbolic branching Brownian motion: the empirical limit mea-

sure 122
4.1 Introduction . . . . . . . ..o 123
4.1.1 Themodel . . . . . . . . . .. ... 124

412 Results. . . . . .. . 125

4.2 Typical particles . . . . . . . . ... 127
4.3 From typical particles to empirical measure . . . . . . . ... ... .. 134
4.4 More properties of fioe - . . . . oL 136
4.5 Open questions . . . . . . . . . . e 145
Bibliography 147

iii



Chapter 1

Introduction

1.1 Structure of this thesis

This thesis is an integrated thesis. This means that Chapters 2, 3 and 4 are repro-

ductions of the preprints

[17] J. Berestycki, N. Gantert, D. Geldbach, and Q. Shi. Biased branch-
ing random walks on Bienaymé-Galton—Watson trees, 2025. Preprint,
arXiv:2502.07363, submitted to AIHP,

[18] J. Berestycki, D. Geldbach, and M. Pain. Polynomial slowdown in
space-inhomogeneous branching Brownian motion, 2025.  Preprint,
arXiv:2506:10623, submitted to EJP,

[51] D. Geldbach. Hyperbolic branching Brownian motion: the empirical
limit measure, 2025. Preprint, arXiv:2509:06730, submitted to CPAM,

which differ only in typesetting from the versions submitted to the journals. I
would also like to point out that Polynomial slowdown in space-inhomogenous branch-
ing Brownian motion is joint work with my supervisor Julien Berestycki and our co-
author Michel Pain. Similarly, Biased branching random walks on Bienaymé—Galton—
Watson trees is joint work with my supervisor Julien Berestycki and our co-authors
Nina Gantert and Quan Shi. In both projects I have contributed significantly to all
stages of the project, from formalising model and results, to the proofs, to polishing
the presentation.

During my PhD, I have also worked on a different project,

[50] D. Geldbach. Continuum asymptotics for tree growth models, 2023.
Preprint, arXiv:2309.04336, submitted to ALEA,

which is not included in this thesis for thematic reasons.



This introductory chapter discusses the background needed to understand the
following chapters and to put their results into context. This means we present the
basics of (spatial) branching processes in the form of branching Brownian motion and
branching random walks in Section 1.2. Then we discuss how inhomogeneities can
be added to these models and how this effects the methods required to understand
them. We do this by looking at various existing results in the literature in Section

1.3. In Section 1.4 we present brief summaries of the projects in Chapters 2, 3 and 4.

1.2 Background on branching processes

Branching processes are a ubiquitous building block for mathematical models when-
ever there is growth or self similarity. This covers essentially all fields of science;
biology, chemistry, epidemiology, physics, et cetera. Naturally, in parallel mathe-

maticians are trying to understand branching processes rigorously.

1.2.1 Non-—spatial branching processes

The simplest model for a probabilistic branching process is a Bienaymé—Galton—
Watson process': this is a Ny-valued stochastic process (Z,,n > 0). The initial
condition is Zy = 1, that is we start with one individual, and we obtain Z,,; from
Z, by

Zn

Zni1 = &ins i ~ by 1.0.d.,

i=1
where 1 = (ug, k € Ny) is a reference probability probability measure. The interpre-
tation here is that in every time step an individual is replaced by a random number
of offspring, and everything happens independently and with the same distribution.
The main result here is that there is a phase transition depending on the mean of .

Let m = 37> kpy. This results goes back to Bienaymé, Galton and Watson, see for

example [43, Theorems 4.3.10-12] for a proof.
Theorem 1.2.1. Assume p; <1 and m < oo.
1. Ezxtinction: if m < 1, then Z, — 0 almost surely.

2. Survival: if m > 1, then with positive probability we have for all n that Z, > 0.

10ften also called Galton-Watson process or Bienaymé process. See [1] for a discussion on
nomenclature.



This result suggests that the study of branching processes needs to differentiate
between three phases: subcritical (m < 1), critical (m = 1) and supercritical (m > 1).
In this thesis we are interested in supercritical branching processes. In this phase, the
number of particles grows exponentially, which can be formalised with a small extra

assumption on p.

Theorem 1.2.2 (Kesten-Stigum 1966). Assume 3>, klog(k)ux < oo. Then there
exists a random variable W such that m="Z, — W almost surely as n — oo and

W > 0 almost surely conditional on survival.

See for example [70, Chapter 12.2] for a proof.

We also want to note that this process is endowed with a tree structure, which we
may define recursively: let o be the root of the tree. If a vertex in generation n has
&in children, add &;,, new vertices and connect them to their parent. We will make

use of this tree structure in multiple ways later.

1.2.2 Classical spatial branching processes: BBM and BRW

In a supercritical branching process the number of particles grows exponentially. We
now extend our model to endow the particles with spatial information so that the
particles form a growing cloud in space. One classical way of doing this is branching
Brownian motion (BBM). This is a process in continuous time and space.

A description of the process is as follows: at time 0, there is one particle located at
the origin, X,(0) = 0, where w is its label. This particle moves according to a Brown-
ian motion in R until an exponential rate-1 clock rings. Then the particle splits into
two, both offspring particles start at the position of the parent. They then (indepen-
dently) perform Brownian motions and split (independently) after exponential times.
See Figure 1.1 for an illustration. We denote the particles alive at time t by N (t)
and their positions by (X,(t),u € N(t)). Note that this is a simplified version of the
process: we could change the branching rate from 1 to § and instead of splitting into
two we could split into a random number of offspring.

One of the main objects we are interested in here is the position of the rightmost
particle,

M, = X .
¢ = max X.(t)

Bramson, Lalley and Selke [32, 33, 66] have shown the following result.
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Figure 1.1: A simulation of branching Brownian motion.

Theorem 1.2.3. Let m(t) = /2t — % logt, then

)
t—o00

lim P(M; —m(t) <z)=E [e_CD“)eﬁx}
where ¢ > 0 and Do, > 0 is a martingale limit.

The martingale limit is determined by the behaviour of the so-called derivative

martingale,

D= Y (V2t— X)) exp (—V2(V2t - X,(t)), >0

ueN(t)

The idea is that it captures the behaviour of BBM at early times. The proofs of
these classical results make use of the connection between BBM and the Fisher,

Kolmogorov, Petrovsky, Piskunov (F-KPP) equation,

v = $0,,v + Po(l —v),
v(0,2) = g(z),

where v : Ry x R - R, > 0and g : R — [0,1]. McKean [75] has shown that this



can be represented using branching Brownian motion,

v(t,z) = E,

I1 g(Xu(t))] :
ueNt)
In particular, if we choose g(x) = 1(_s00)(2), then v(t,z) = P(M, < x). This also
means that any result about (X,(¢),u € N(t)) can be translated into a result for v
and vice versa.

Let us provide a quick justification for the choice of m(t) in Theorem 1.2.3. By

linearity

P (M, > m(t)) <E

> ﬂ{xu<t>zm<t)}] = ¢'P(B, > m(t)),
ueN(t)

and using the tail of the Gaussian distribution

m(t)? 1

S — 5 lost) + 0(1)> .

e'P(B; > m(t)) = exp <t -

This suggests that we should choose m(t) = /2t — ﬁ log(t). Compare this to the
true value of m(t) in Theorem 1.2.3: we are missing a factor of % log(t). To find this
factor, we need to observe that we have a restriction on the trajectories due to the
covariance structure. Let u be a particle such that X, (¢) ~ v/2t. Then for any time
s < t the ancestor of u at time s will satisfy X,(s) < +/2s + K with high probability
where K is some large constant. If we include this as barrier in our computations,
that is we look at the event {Vs < t,Vu € N (t) : X,(s) < v/2s}, then we obtain a
term like
Py (Vs <t:B,> —1|B, =0) ~ g

where ¢ is a constant.
See Figure 1.2 for a simulation of BBM with this barrier. On the technical level
this is achieved by looking at v/2s — B, and applying Girsanov’s theorem. Going back

to the previous heuristic, we obtain

m(t)* llog(t) — log(t) + 0(1)> :

2t 2

which now correctly suggests m(t) = /2t — ﬁlog(t). It is possible to make this
heuristic rigorous though it is computationally intensive, see [78].
In this section we have so far considered branching Brownian motion where time

and space are continuous. The discrete analogues are branching random walks (BRW).
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Figure 1.2: BBM with a barrier at s + 1/2s + K. The process will hit this barrier
only finitely many times almost surely.

They are defined in discrete time: we start with one particle located at 0. In every

time step, a particle located at x is replaced by offspring particles located at
x+ L,

where L is a reference point process on R (or rather an independent copy thereof).
Here we need to assume E[|£|] > 1 to be in the supercritical regime. Formulating
BRW using a point process means that children of the same parent are allowed to have
dependent displacements even though their offspring will be independent conditional
on the position of the parent. Denote the resulting branching random walk in discrete
time by (X,(n),u € N(n)). Essentially any result about the asymptotics of BBM,
like Theorem 1.2.3, also applies to BRWs though one has to be careful to handle
phenomena arising from the discreteness of the process. For example if there are
constants a,b such that £ is supported on aZ + b, then the BRW will always be
supported on a countable set and might display periodic behaviour. Nevertheless, a
slightly weaker version of Theorem 1.2.3 still holds. We refer to [74, Theorem 1.1] for

an analogue of Theorem 1.2.3 for branching random walks; this was first proved by

[3].



1.3 Related work - inhomogenous BBM and BRW

Although homogenous BBM and BRWs are well understood objects, they remain an
active field of research. There is lot of work on related models where inhomogeneities

have been added to the original models. We present some of them in this section:
1. time varying diffusivity,
2. increasing branching rates,
3. catalytic branching,
4. and random branching rates.

In each of these cases we focus on the behaviour of M;, the maximal displacement.

We also briefly state the key ideas and methods involved.

1.3.1 Time varying BBM and BRW

One simple way of adding inhomogeneity is by changing the reference process. Instead
of standard Brownian motions, Maillard and Zeitouni [71] consider Brownian motions
that move with a time dependent diffusivity. Let 7' > 0 and let o € C?([0, 1], R). For
time varying branching Brownian motion, particles still branch at rate 1 but move

with instantaneous variance (/7). Define
m(T) = v(1)T — w(1)TY? — o(1) log(T),

where v(t) = [J o(s)ds, w(t) = 27Y3ay [1 o (s)/3|0’(5)|** ds, a; ~ 2.33, and where
(—ay) is the largest zero of the Airy function of the first kind.

Theorem 1.3.1 ([71]). Assume that o is strictly decreasing, o(1) > 0 and that
infscjo,1) |0’ ()] > 0. Then the sequence (M; — m(t))i>o is tight.

This result is very similar to Theorem 1.2.3. The main difference is that the
correction after the linear order is polynomial rather than logarithmic. The above
results improves on [47] which found the T*/? correction in this model. Tightness can
also be improved to convergence in distribution, although this requires a less explicit
choice of m(t).

The proof of Theorem 1.3.1 consists of a first and second moment approach.
The first moment calculation includes counting the number of particles that hit the
curve vy where yr(t) = Tv(t/T) — T 3w(t/T) for t € [0,T]. See Figure 1.3 for an
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Figure 1.3: Time varying BBM with o(s) = 1 — 0.7s and T' = 7 including a curved
barrier vy + K. Observe how the diffusivity of particles decreases for larger times.

illustration. In this computation, after applying Girsanov’s theorem, we encounter

an expression like

1 /T
E, [exp <_T/o q(t/T)B, dt) H{Vte[O,T]:Bt>O}] ;

where ¢ is an explicit function defined in terms of . By rescaling the integral, this

is equal to
E; [GXP (—ﬁ/ol q(r)B, dT’) H{Vte[o,l]:BtEO}}
=E, {exp <—Q/01 q(r)\/20B, dT) Tgvee(o,11:B,>03 | »
where p = 2713713, By the Feynman-Kac formula this is connected to the PDE
Ow = 9 (0w — q(t)w) .

The inhomogeneity in the model is reflected in ¢(t) not being constant. If ¢ were
constant, the PDE would be easy to understand as it is linear and falls into the

framework of Sturm—Liouville theory. Thus the difficulty in the analysis of the PDE



consists of quantifying the effect of a non-constant choice of ¢q. The solutions to the
PDE decay exponentially in p, hence the expectation above decays like exp(—ch/ 3)
for some ¢ > 0.

A similar model can be studied for branching random walks, see [72]. Analogously,

it exhibits a n'/? correction.

1.3.2 Increasing branching rate

Instead of changing the diffusivity of the underlying Brownian motions and keeping
branching homogenous, we consider non-constant branching rates. Consider branch-
ing Brownian motion where particles move as standard Brownian motions and split
into two at rate S|z’ where 5 > 0 and p € (0,2]. This means that particles are
rewarded with a higher branching rate when they deviate upwards. Consider M,
the maximum displacement. Because the branching rate increases for the maximal
particles as M; — oo, the non-constant branching rate speeds up M;. See Figure 1.4

for an illustration.
Theorem 1.3.2 ([54]). The mazimal displacement M, satisfies almost surely:

1. If pe (0,2) :

2. Ifp=2:

log M,
Jim =5 =28
In the heuristics for Theorem 1.2.3 (the asymptotics for M; for homogenous BBM)
we have seen that maximal particles roughly follow the path s — v/2s up to deviations
of sublinear order. Something similar is true here. However, since the environment is
now inhomogeneous it is not clear what the optimal path looks like. Let g € C*(R,,R)
be a reference path. Combining Schilder’s Theorem for large deviations of Brownian

motion with the exponential growth at rate §|z|P yields

E[#{ue N(t):Vs <t,X,(s) is close to g(s)}] ~ exp(/ot Byg(s)? ds —/Otg/(;)z ds) :

This motivates us to look at the martingale

M= 3 e [gane - [ (L85 sxor) as).

ueN(¢t)
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Figure 1.4: BBM with location dependent branching rate §|z|? for 5 = 0.4 and p = 1.
The dashed line t — 0.2¢% + 2 illustrates the first order of the maximal displacement.

The exponential is made up of two parts, — fg Bl Xu(t)|P ds compensates the growth

of the process and [f ¢/(t) dX,(s) — [3 g/(;)z ds arises from Girsanov’s theorem. The
key idea of the proof of Theorem 1.3.2 is to determine if My(t) has a non-trivial limit.
This depends on the choice of reference path g. In the case p € (0,2) they consider
g(s) = as® for a,b > 0, and in the case p = 2 they consider g(s) = e** for s > 0.
They also make use of spinal techniques: they force a particle to follow g (that is, its
movement is ¢ — g(t) + B,;) and look at the change of measure that is required.

The idea of looking at the process along special paths is further studied by [16]
for p € (0,2). Consider a path g that satisfies

t t q'(s)2 t/2 t/2 o' ()2
/ Bg(s)Pds — / g(s) ds >0 and / Bg(s)Pds — / g(s) ds < 0.
0 o 2 0 0 2

This means that in the heuristics we should have an exponentially large number of
particles following g at time t yet also an exponentially small number at time ¢/2.
This is an indication that the almost sure behaviour of the process does not agree
with the behaviour in expectation. This is indeed what the authors of [16] show: the

process essentially becomes extinct along g at time ¢/2 before the large branching

10



rate at the end of g takes effect. To show this rigorously, one needs to pick a time
horizon T and rescale a reference path g : [0, 1] — [0, 00).
A similar group of authors [15] studies this in the case p = 2 focussing on the total

population growth.

1.3.3 Catalytic branching
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Figure 1.5: A simulation of catalytic BBM: the catalytic branching is approximated
by branching at rate 5/(2¢) in the interval [—¢, £]. Note that the path of the rightmost
particle at the final time stays near 0 before jumping to the maximal position.

Another choice of inhomogenous branching rate on R is catalytic branching: par-
ticles branch at rate S dL; where 8 > 0 and L, is the local time at 0. Equivalently,
if T' is the time of the first branching event, then conditional on the path of the first
particle (Xs)s>o the distribution of T" is given by P(T" > t|(Xs)s>0) = exp(—/SLy).
This means that as soon as we move away from 0 we stop branching. Heuristically,
the optimal strategy for particles to achieve the maximum should be to remain near
0 for some time and then to do a big jump. See Figure 1.5 for an illustration. The

equivalent to Theorem 1.2.3 is the following.

11



Theorem 1.3.3 ([24, 25]). For any y € R we have

t—o0

| 8 - »
lim P (Mt — §t <yl|=E [exp (—Gooe y)} ,
where G 1s the almost sure limit of the martingale

Gi=e 50 Y exp(—BIXL(0)),

ueN(¢)

and G > 0 almost surely.

Note that unlike in Theorem 1.2.3 there are no logarithmic corrections to the
linear speed. Let L} be the local time of X, (¢) at 0. Consider the martingale G;. We
can write 52

Gi= X e (<00 + 51¢ - Gt exp (-5L1).
wEXy (t)

The second factor, exp (—fL}), compensates the growth along the path of X,(¢).
The first factor exp (—ﬁ|Xu(t)\ + LY — %t) is related to the change of measure that
turns standard Brownian motion into Brownian motion with drift 5 towards the
origin. Note that such a change of measure results in a bigger local time at 0 and
hence more branching. The authors of [24] use this transform explicitly in the form
of spinal techniques.

There is an interesting modification of this model studied by [26]: assume now
that the branching happens at rate § everywhere and at rate SydL; at 0. This is
a combination of catalytic BBM and homogenous BBM. The optimal strategy for a
particle to be maximal will still be to remain at 0 for a while and then to do a big
jump though now the ideal proportion between these two blocks depends on 3 and

Bo- In [26] the authors show that

im Me _ [ t3b i B <55
V2B it 82> 36.
Note that /273 is the speed of BBM without catalytic branching.
Catalytic branching can also be studied for branching random walks. For a branch-
ing random walk on Z, particles branch only at 0. A result analogous to Theorem

1.3.3 is shown by [36] though it is harder to state due to the discreteness of Z. Nev-

ertheless, there is still a martingale limit and no logarithmic correction.
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Figure 1.6: A simulation of a BRW with a random branching rates on Z: the shaded
regions correspond to integers where the branching rate is high. Observe that the
path of the rightmost particle (in red) seems to spend more time in these regions.

1.3.4 Random branching rates on 7Z

Instead of deterministically varying the branching rate like in the previous two sec-
tions, we can choose it to be random as well. This is best done in a discrete setting.
Let (£())zez be an 4.4.d.family of R —valued random variables. Conditional on these,
consider a continuous time branching random walk on Z. Particles move at rate 1
according to a simple symmetric random walk and particles located at x € Z split
into two at rate £(x). Because of the two layers of randomness, there are two proba-
bility measures: P, considers only the randomness of the BRW, that is we condition
on (£(z))zez, whereas P considers (£(z))zez to be random as well. We call P¢ the
quenched measure and P the annealed measure, we have that P(A) = [P¢(A)P(df)

where we integrate over the distribution of &.

Theorem 1.3.4 ([90]). Assume that there are 0 < a < b < oo such that P(§ €
la,b]) = 1. There are 0 > 0,v > 0 such that the process

M,; —ont £>0
oyn T )7

13



converges to standard Brownian motion as n — oo, in distribution under P.

This is not quite analogous to Theorem 1.2.3 but similar in spirit. A key difference
here is that the process is rescaled by /n. One can also show that there exists a
function m(t) such that (M;—m(t));>0 is tight, see [65], though m(t) is very inexplicit.
Nevertheless, already knowing that the first order of M, is vt (which is implied by
Theorem 1.3.4) is non-trivial.

Due to the random environment the proof of Theorem 1.3.4 is very technical. At
its heart there is a first and second moment argument. For any v, ¢ > 0 we have under

the quenched measure that

E 4 {u € M (1) X,(0) = Lot]}] = Be [Lapp exp | 602 as)].

where (Y}):>0 is a continuous time simple random walk moving at rate 1. This suggests
that one needs to understand ff £(Y,)ds and the authors of [90] do this by applying

a local limit theorem.

1.4 Projects in this thesis

In this section we present brief summaries of the projects founds in Chapters 2, 3 and

4. Each Chapter includes a more detailed summary of the respective project.

1.4.1 Polynomial slowdown in space-inhomogeneous branch-
ing Brownian motion

We study a spatially inhomogeneous version of BBM in R?, where the branching rate
of a particle depends on its angular coordinate. The goal is to capture the effect
of the inhomogeneity on the maximal displacement. Particles move according to 2d
Brownian motions, and a particle located at a point of polar coordinates (r, ) splits
into two particles at rate b(f) where b : R — [0,00) is a 27 periodic, measurable
function. We denote by N (¢) the set of particles alive at time ¢ and, for u € N (t),
and by (X,(t),Y,(t)) the position of particle u € N () at time ¢.

We are interested in the asymptotic behaviour of
My = max [|(Xy(t), Yu(£)]], -

We need to put some assumptions on the function b, we assume that

14



(A1) b is continuous and reaches its maximum on [—7, 7| at 0 only, that is

sup b(d) <1, forall 6 > 0.
|0]>0

(A2) there exist @ € (2/3,2) and B8 > 0 such that b(f) = 1 — S10|* + O(6?), as
8 — 0.

To state our result, we introduce

24 a BYCH)

U= Ao 9 _ o 220/(ta)’

where Ay > 0 is a constant depending only on « defined as the smallest eigenvalue of

a differential operator defined later, and

191 3 (0%
£) = Vot — 2Lt/ (2ra) - log t.
m(t) = v2 V2 2v2  2V2(2+«) o8

Theorem 1.4.1. Ast — oo, we have
Equivalently, the process (M; —m(t))i>1 is tight.

This should be compared to Theorem 1.2.3 where m4(t) = /2t — T%log(t) is
the asymptotic behaviour of M; for homogeneous 1d—branching Brownian motion.
Notably, the inhomogeneous branching rate causes a polynomial correction.

The proof of Theorem 1.4.1 is based on a first and second moment argument. In
particular, this means that we need to identify which trajectories lead to particles

that contribute to M;. These will be particles where
X, (t) =~ V2t and |Y,(t)| ~ /),

Particles like these have an angular coordinate of approximately Y, (¢)/(v/2t). Com-

bining this with assumption (A2) on the branching rate leads us to expectations like
Y

o ()]

where (Y;)s>0 is a 1d-Brownian motion. We analyse this by using the Feynman-Kac

formula and studying the resulting time-inhomogeneous partial differential equation.

We provide more detailed heuristics in Section 2.1.3.
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1.4.2 Biased branching random walks on Bienaymé—Galton—
Watson trees

The goal of this project is to study the maximal displacement of a branching ran-
dom walk in random environment. There are now three sources of randomness: the
environment, the branching and the movement.

Let p = (pr,k = 0,1,2,...) be a probability measure on Ny and let BGW be the
law of a Bienaymé—Galton-Watson (BGW-tree) w with offspring distribution p. We
assume that

po=0and p; < 1. (1.1)

Conditional on w, we consider the A\-biased random walk on w. That is, (X,,,n >
0) is a Markov chain which starts at the root of the tree. If X,, = z, then X,, moves
to the parent of = with probability A/(A+ deg(x)) and to each child with probability
1/(A + deg(z)). Here deg(z) is the number of children of x and A > 0 is a fixed
parameter. If X, is located at the root, it moves to a uniformly chosen child of the
root.

We use this random walk to construct a branching random walk: let p = (ug, k =
0,1,2,...) be another probability measure. We start with a single particle at the root.
In each step, a particle is replaced by a random number of particles, independently
sampled from p. Each offspring particle then takes a step independently according to
the transition probabilities of the A—biased random walk. This results in a branching
random walk, denote it by (X(u),u € T) where T is the genealogical tree of the
branching random walk. The particles alive at time n are the ones satisfying |u| = n.

Because of the different sources of randomness, we associate two different laws
with the branching random walk: if we condition on the environment w, we speak of
the quenched law P,,. If we consider the environment to be random as well, we speak
of the annealed law P. They are connected via P(-) = [ P, (-)BGW(dw).

We now consider the maximum displacement of the branching random walk at
time n. To this end, for x € w, let |z| be the height of z, that is the distance to the

root in the graph metric.

Theorem 1.4.2 (Velocity of the maximal displacement). Let (X (u),u € T) be a A-
biased branching random walk with reproduction law p. Suppose that py =0, uy < 1,
m =3 >y kpy > 1 and m < oo. Then for BGW-a.e. w, we have

.1
lim , nax | X (u)| = vam, P, —a.s.

where vy, is a constant that only depends on A\, m and the tree offspring law p.
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This should be seen in relation to Theorem 1.2.3. In our theorem we show that
the speed for the maximal displacement exists and is non—random. This crucially
depends on the environment being statistically transitive, that is even though w is
not a transitive graph, different regions have the same law under BGW and therefore
lead to similar behaviour for the branching random walk.

Our proofs depend on a careful interplay between the annealed and quenched
measure. Interestingly, we need different approaches depending on the recurrence or
transience of the process. Depending on the bias A and the branching rate m, there is
a regime where almost surely only finitely many particles visit the root. Conversely,
outside of this regime, there are almost infinitely many particles that visit the root.
We determine this regime in Theorem 3.1.2. For particle processes like this, these

two regimes are called transience and strong recurrence.

1.4.3 Hyperbolic branching Brownian motion: the empirical
limit measure

We study branching Brownian motion in hyperbolic space. The goal is to better
understand the distribution of the bulk of the particles.
Hyperbolic space is often modelled using the hyperbolic disk: let D = {(x,y) €
R? : 22 +y? < 1} be the interior of the unit disk and consider the hyperbolic Laplacian
(1— (2% +y%))?

Lp = 1 (ai + 05) )

We discuss hyperbolic space in more detail later. The operator Lp can be used to
generate hyperbolic Brownian motion, denote the corresponding stochastic process
by (X3, Y:)i>0, started at the origin. This process behaves like regular 2d-Brownian
motion except that it slows down as it approaches D = {(z,y) € R? : 2% +¢* = 1}.
In fact, one can show that (X, Y;); converges to a random point on 0D.

We use this to build a version of branching Brownian motion: we start with a
single particle at the origin. Particles move independently according to hyperbolic
Brownian motions, and particles split in two at rate g > 0. This results in a cloud of
particles, we denote it by ((X, (), Y.(t)), u € N(t)) where N (¢) is the set of particles
alive at time ¢.

The goal of this project is to study the empirical measure of the process. The

normalised empirical measure at time t is given by

B 1
M= IV

DR RORACE
ueN(t)
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There is a random probability measure i, supported on dD such that almost surely
w1 converges weakly to .. This is shown with martingale arguments. We compute

the Hausdorff dimension of the support of ji.
Theorem 1.4.3. For any 5 > 0, almost surely dimsupp poo = 1 A (23).

We also show more properties of p., in particular that it is almost surely non-
atomic and that for 5 > 1/2 it admits a Lebesgue density.

This theorem has to be understood in comparison to a result by Lalley and Selke
[67]. There they consider A, the set of all accumulation points of {(X,(t),Y,(t)),t >

0}, and show that almost surely

dim A — s1=vI=83) pB<1/8,
1 g >1/8.

In particular this means that for any § < 1/2, supp pie is a proper subset of A. Fur-
ther, 5 = 1/8 is also the threshold for local recurrence or transience. It is surprising
that transition from transience to recurrence does not affect the behaviour of fi...
The proof of Theorem 1.4.3 is based on the idea that we can approximate iy,
the empirical measure of all particles, by the empirical measure restricted to typical
particles. Those are particles whose trajectories match the almost sure behaviour
of hyperbolic Brownian motion. That is they move at speed 1/2 in the hyperbolic

metric away from the origin while exhibiting Gaussian fluctuations.
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Chapter 2

Polynomial slowdown in
space-inhomogeneous branching
Brownian motion

400
20
10 o= % 200
a=1
0 =2 0
-4
—10
Bl =1 200
—20
—400
—20  —10 0 10 20 —400  —200 0 200 400

Figure 2.1: On the left, a realisation at time ¢ = 16 of space-inhomogenous BBM with
a € {1/2,1,2,4} and branching rate b(6) = 1 — |sin(6/2)|", as well as homogenous
BBM in black (which can be seen as o« = 00). The processes are coupled in such
a way that every particle that exists for a smaller « also exists for a greater value
of a. On the right, a realisation of a version of the model with discrete time and
positions in Z2. In this model, each particle at time n and with angular coordinate
6 has 2 children at time n + 1 with probability b(f) and 1 child otherwise, and each
child jumps to one of the four nearest neighbour sites, or stays at its present site with
equal probability. This discretisation allows us to push the numerical simulation to
larger times, here n = 500, but it changes the limiting shape of the process. However,
the behaviour of the maximal displacement, with the appearance of a polynomial
slowdown for o < 2, should be universal.
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2.1 Introduction

2.1.1 Model and main result

The standard, one-dimensional Branching Brownian Motion (BBM) is a system of
particles on R: at time ¢ = 0, there is a single particle at the origin. This particle
performs a Brownian motion up to an exponential random time with mean one when
the particle is replaced by two particles at the same position. Each daughter particle
then starts an independent copy of the same process, and so on. This results in an
exponentially growing cloud of branching, diffusing, particles (X4(¢),u € N4(¢));>0
where X4(t) is the position of particle u at time ¢ and N4(¢) is the set of particles
alive at time ¢. This is a well studied process with an extensive literature, including

a particular focus on the study of the maximal displacement at time t,

Classical results by [32, 33, 66] determined the asymptotic behaviour of M} let

1(t) = V2t — 335 logt,

lim P (Mld —md(t) < m) ) {e—che

V2z
t—o00

, (2.1)
where ¢ > 0 and D,, > 0 is the limit of the so-called derivative martingale. Further
results include for example the convergence of the extremal process [2, 5] and a precise
description of its limit [39, 77, 14, 57]. More generally, the behaviour of the maximal
displacement for variants of the BBM model has been a topic of intense research in
the recent past and we discuss some of these results in the next subsection.

In the present work, we study a spatially inhomogeneous version of BBM in R2,
where the branching rate of a particle depends only on its angular coordinate, with
the goal of capturing the effect of the inhomogeneity on the maximal displacement.
Let b: R — [0,00) be a 2m-periodic function. We start with one particle at (0,0)
at time 0. Each particle moves according to a 2d Brownian motion and a particle
located at a point of polar coordinates (r, §) splits into two particles at rate b(6). We
denote by N (t) the set of particles alive at time ¢ and, for u € N (t), by (X, (t), Y. (t))
the position of particle u at time t. For s < ¢, we also write (X,(s),Y,(s)) for the
position of the ancestor of u alive at time s. Finally, we denote by (R, (t),0,(t)) the
polar coordinates of (X, (t), Yy, (t)).

We are interested in the asymptotic behaviour of

M= g T
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in the case where the function b reaches its maximum on [—m, 7] at a single point,

say 0. More precisely we assume

(A1) b is continuous and reaches its maximum on [—7, 7] at 0 only, that is

sup b(d) <1, forall 6 > 0.
|0]>0

(A2) there exist @ € (2/3,2) and B > 0 such that b(f) = 1 — S10|* + O(6?), as
0 — 0,

Instead of Assumption (A1), one can assume the weaker assumption
(A1) b <1 and, if b(d,) — 1 for some sequence (6,),>0 € (—7, 7", then 6,, — 0.

This assumption does not require continuity anymore, but ensures that b can approach
the value 1 only at 0 (and other multiples of 27). Note that by Assumption (A2) we
still have continuity at 0.

To state our result, we introduce

U= Ao 9 _ o 220/Cta)’

where \g > 0 is a constant depending only on « defined as the smallest eigenvalue of

a differential operator in Lemma 2.2.8, and

191 3 (6%
£) = Vot — 22/ (2ra) - log t.
m(t) NG 202 222 +a)) t

Theorem 2.1.1. Ast — oo, we have
M, = m(t) + Op(1).
Equivalently, the process (My; —m(t))i>1 is tight.

Recalling that the # = 0 direction is the one with maximal branching rate, it
is reasonable to expect that particles with the maximal displacement are located in
that direction. More precisely, we can deduce the following result from our proof,
which states that particles at a distance m(t) + O(1) from the origin at time ¢ cannot
have a too large Y-coordinate, so that their displacement is essentially all due to the
X-coordinate. The first part of this proposition is a direct consequence of Lemmas
2.5.3 and 2.5.4, and the second part then follows from the first part together with
Theorem 2.1.1.
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Proposition 2.1.2. For any € > 0 and a > 0, we have

P(3u e N(t): Ru(t) > m(t) — a, V()] > 1775 7) — 0.

t—o0

In particular, this implies

M, — max X,(t) —s 0.
ueN(t) t—o0

Theorem 2.1.1 has to be understood in view of equation (2.1). Compare m(t) and
m!4(t): introducing the inhomogenous branching rate results in a strong slowdown
of the maximal displacement proportional to t3~®/+®)  With our assumption of
a € (2/3,2), the exponent takes values in (0,1/2), see Figure 2.2 for an illustration.
This range of « corresponds to one of the phases of the model and we expect dif-
ferent behaviours outside of this range: for o > 2, the polynomial correction should
disappear and, for o < 2/3, the fact that the exponent becomes larger than 1/2 leads
to new effects resulting in additional polynomial terms in m(t). This is why we are
focusing on the case a € (2/3,2) and we leave other cases as open questions which
are discussed in Section 2.1.4. Another difference between Theorem 2.1.1 and (2.1) is
that we obtain tightness instead of convergence in distribution. We still believe that
convergence is true for our model but the random variable playing the role of D
would be the limit of an approximate martingale, instead of an exact martingale; see
Section 2.1.4 for more details.

A

0 2 1 2 «
3

. . . . 2_a
Figure 2.2: The exponent of the polynomial slowdown as function of a, o — 375

Note that our assumption «a € (2/3,2) corresponds to the exponent taking values in

(0,1/2).
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2.1.2 Related work

Our result should be compared to other variants of branching Brownian motion where
the maximal displacement has been studied. Firstly, BBM with homogenous branch-
ing rate, i.e. b = 1, has been studied in dimensions higher than 1. Convergence in
distribution of the maximal displacement after recentering, as well as of the extremal
process, has been obtained in a series of works [73, 83, 63, 19]. In particular, in di-
mension 2, the proper recentering is m?d(t) = /2t — % log t: comparing this to (2.1),

we see that changing the dimension yields a change in the logarithmic correction.

Space-inhomogeneous BBMs. Some models with a space-inhomogeneous branch-
ing rate have been studied in dimension 1. In [54], Harris and Harris considered a
BBM on R, where a particle located at = branches at rate |z|” for some p € (0, 2].
They proved that the maximal displacement grows like t* =) if p < 2, and exponen-
tially fast if p = 2. Further results on the growth of the population along any path
have been obtained in [15, 16]. In [79, 68], the authors studied a BBM with space-
inhomogeneous branching and death rate and a drift, which are tuned in a specific
fashion to exhibit a Gaussian travelling wave phenomenon.

Another space-inhomogenous version of branching Brownian motion is catalytic
BBM. Here particles move as Brownian motions on R and branch at rate [SydL;
where L, is the local time at 0 of a given particle. In [24], it has been proved
that the maximum grows at speed [y/2 a.s. and, in [25], that after centering by
(Bo/2)t the maximum converges in distribution. Note the absence of logarithmic
correction. Similar results had been obtained previously in [36] in the case of the
catalytic branching random walk. Finally, in [26], a BBM with branching rate 5 +
Lo dL; is studied and the linear speed is obtained.

Time-inhomogeneous BBMs. Another very related model is time-inhomogeneous
(or speed varying) branching Brownian motion, and its discrete time counterpart,
which has been introduced by Bovier and Kurkova in [31]. In time-inhomogenous
BBM, one starts with a profile o: [0,1] — [0,00) and a time horizon 7" > 0.
Particles then branch at rate 1 and move as Brownian motions on R with time-
inhomogeneous instantaneous variance o(¢t/T) at time ¢t < T. Note that, up to a
deterministic time change, the time-inhomogeneous variance can be transformed into
a time-inhomogeneous branching rate. The linear speed of the maximal displacement

at time 7" has been obtained by [31] in the discrete-time case, for general profiles o.
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Of particular interest to us here is the case where o is strictly decreasing, be-
cause in that case the maximal displacement exhibits a polynomial correction of
order T'/3 as proved by [47] for the BBM and [72] for the branching random walk.
Maillard an Zeitouni [71] proved the tightness of the maximum after centering by
m(T) = v, T — w,TY3 — %logT for some explicit constants v,,w,. Hence, our
space-inhomogeneous model provides another occurrence of such a polynomial slow-
down for the maximal displacement. However, two differences can be noticed. First,
our model is consistently defined for all time, it does not depend on the time horizon
T. Second, all exponents in (0, 1) for the polynomial corrections can be obtained in
our model, not only 1/3: indeed, Theorem 2.1.1 includes all exponents in (0,1/2) but
the case a € (0,2/3] should include the exponents in [1/2,1) as explained in Section
2.14.

Other cases for the choice of o have been studied, without any polynomial correc-
tion appearing in m(7"), but various possible coefficients for the logarithmic correction
[46, 28, 29, 30, 3]. Similarly, we believe that, for our model in the case o« > 2, m(t)
should not include a polynomial correction but a logarithmic correction with any

coefficient in (1/4/2,00), see Section 2.1.4 for details.

2.1.3 Heuristics and structure of the paper

Theorem 2.1.1 says that the maximal displacement at time ¢ is found at a distance of
m(t) + O(1) from the origin. In this section, we discuss informally how to arrive at
the right polynomial correction in m(t) and describe the broad strategy of our proof.

We want to find m(t) such that P(M; > m(t)) is strictly between 1 and 0. By a
union bound

P(My 2 m(t)) < E[#{u € N(t) : Ru(t) = m(t)}],

and so we want to find m(t) so that this expectation is of order 1. Note that this
union bound is not sharp enough to get the logarithmic correction in m(t), but is

sufficient to predict the polynomial term. By linearity we have that

E[#{u e N(0): Ru(t) > m()}] = E [exp ( /0 "b(6,) ds) ]lRth(t)} (22

where (Ry, 0;);>0 are the polar coordinates of a single two-dimensional Brownian mo-
tion of coordinates (X3, Y;)i>o (so that X and Y are two independent standard Brow-
nian motions).

Because b reaches its maximum at 0 only, we expect that the maximal displacement

will occur in the direction § = 0. This means that, on the event {R; > m(t)}, we
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expect that X, ~ R, ~ v/2t while Y; = o(t). The most efficient way for (X,Y) to
achieve this is to have X, ~ v/2s and Y; = o(s) for all s € [s¢, t] with some large but
fixed sy, meaning that the angle 6, can be approximated by Y;/(1v/2s). Therefore, the

expectation above should be close to the factorised expression

E {exp ( / "b(6,) ds) ﬂmm(ﬂ} ~E [exp ( / t b (é) dsﬂ IP’(Xt > m(t)). (2.3)

Hence, using that b(f) = 1 — 3|0|* + O(6*) as # — 0 by Assumption (A2) and

neglecting the error term, we should choose m(t) so that
Y,

e E [exp <—5 S: 35

Gaussian tail estimates yield P(X; > m(t)) = exp(—m(¢)?/2¢t + O(logt)). On the

other hand, we claim that

E lexp <—6 8: \Es

for some ¢ > 0. With this, (2.4) becomes

adsﬂ -]P’(Xt > m(t)) ~ 1 (2.4)

«

ds)] = exp (—ct(2_a)/(2+a) + O(log t)) , (2.5)

t 2
exp (t — 7o)/ @He) _ mQ(t> + O(log t)) ~ 1, (2.6)
and, solving for m(t), we obtain m(t) = v/2t — %t@_a)/(“‘” + O(logt).

Let us argue informally where (2.5) comes from. By the Feynman—Kac formula,
the expectation in (2.5) is connected to solutions at time r = 1 — 20 of the following
PDE on [0,1) x R:

O = 0 (@%xu —(1—=r) \x!au> : (2.7)
where o = c(a, B)t?2~®)/(*+) " The exponential decay of these solutions is governed

by the largest eigenvalue of the operator on the right-hand side of (2.7), which is
proportional to ¢ and thus leads to (2.5). The exponent (2 — «)/(2 + «) arises from

the scaling properties of f;o|ﬁ “ds. Note our treatment of the time-inhomogenous
PDE is inspired in large part by the approach of Maillard and Zeitouni [71].

There is another probabilistic way of seeing why exp(—ct(=®)/(2+®)) is the right
decay. The expectation in (2.5) is governed by a trade-off between the advantage
for Y to stay close to zero in order to minimize the integral in the exponential, and
the cost of doing so. We can expect that the optimal strategy is of the following
form A, = {Vs € [so,1],|Ys] < s7} for some parameter v € [0,1/2] which we need

to optimize. Note that, by the scaling property of Brownian motion, the cost of
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satisfying the constraint |Y;| < s is roughly the same on any interval of the form
[r,7+7?7] for r large enough. Moreover, the number of such intervals needed to cover
s0,t] is proportional to t'727, so we deduce that P(A,) ~ exp(—c;t'™27). On the

other hand, on the event A,, we have f;0|\}/§5 “ds ~ ottt -DIV0 - Therefore, we
Y,

A~ sup exp (_Cltl—zv + CQt[Ha(v—l)}vo) ~ exp (_Ct(2—a)/(2+o¢)) 7
~v€[0,1/2]

expect that

E [exp <—B t

where the supremum is achieved by v = a/(2+ «). While we don’t use this approach
in our proofs, this heuristic tells us the scale of Y, that should dominate the integral,

@/(2+2) This will be reflected in our proofs, especially in Section 2.3.

namely s

The structure of this paper follows these heuristics. In Section 2.2 we make the
connection between (2.5) and the PDE (2.7) rigorous, and we show precise estimates
on its solutions using Sturm-Liouville theory as well as methods inspired from [71].

Then, in Section 2.3, in order to incorporate the error term due to the approximation

b(fs) =~ 1— \\}%s

@ we deal with more general expectations of the form
}/; (0%

E [exp (—ﬁ Sz oD

where f is thought of as a small error term. The PDE approach we use in Section 2.2

e sroyas)] o8

does not allow us to incorporate f directly, so instead we use probabilistic methods to
justify afterwards that the contribution of this error term is negligible. The main idea
is to localize the trajectory of Y by showing that, on the event mainly contributing
to this expectation, Y stays of order s*/+%) so that we can bound the contribution
of the error term deterministically and compare with the case f = 0 covered in Sec-
tion 2.2. We briefly state the many-to—one and many-to-two lemmas in Section 2.4,
before turning to the proof of Theorem 2.1.1. In Section 2.5, we show the upper
bound in Theorem 2.1.1 relying essentially on a first moment calculation. The main
difficulty is to localize the trajectory of a particle u such that R,(t) > m(t), to be
able to justify the approximations 6,(s) ~ Y, (s)/(v/2s) and R,(t) ~ X,(t) and then
to add more precise barrier on the X-coordinate to determine the logarithmic correc-
tions. In Section 2.6, we prove the lower bound in Theorem 2.1.1 by performing a first
and second moment calculation on the number of particles such that X, (t) > m(¢),

while satisfying appropriate constraints on their trajectories.
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2.1.4 Open questions and remarks

1. In Theorem 2.1.1 we show tightness for (M; —m(t));>1. Can this be extended to
convergence in distribution? For this, one needs a quantity replacing the limit

of the derivative martingale in (2.1). The following process should work:
W i ¢o/2H0] eqp (19,12 24)

x 3 (V2t — X, (t))eV2 XV o <192Yu(t)>’

vt ta/(2+a)

where g, ¥; and 1, are introduced in Proposition 2.2.1. Note that the depen-
dence in X, () is similar to the definition of the derivative martingale. However,
here (W;);>0 is not an exact martingale, but only satisfies E[W;|F;] = W+ o0(1)
for s and ¢ large. We believe that (IW;);>¢ has a limit (in probability at least)
which plays the role of D, in the convergence in distribution of M; — m(t).
To go further, we can also ask the question of the convergence of the extremal

process.

2. In this work, we focus on the case a € (2/3,2). We leave the other cases as

open questions and briefly discuss here what behaviour we expect for m(t).

(v = 2) This is a natural case as this corresponds most naturally to the assumption

2—«
24«

expect no polynomial correction. Here, one can show (for example using
the methods of [49]) that

E leXp (—6 / t (i)z drﬂ ~ C(B) (j)i(\/@_l) @29

as t/s — oo, C(B) can be stated explicitly. This strongly suggests that

that b is smooth at 8 = 0. Furthermore, as o 2 we have — 0, so we

the appropriate correction for the maximum is

m(t) = V2t — ( i + 1+85_1>10gt.
2/2 4+/2

This guess relies on the fact that trajectories of extremal particles should
satisfy ¥; = O(y/t) and therefore R, = X, + O(1). The coefficient of the
logarithmic correction contains two terms: the first one comes from the fact
that the X-trajectory has to stay below a straight line (as for the 1d BBM),
whereas the second one comes from the constraint on the Y-trajectory and
(2.9). Note that this coefficient interpolates between —3/(2v/2) as 8 — 0

and —oo as  — oo.

(2.10)
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(ov > 2) In this case, the constraint on the Y-trajectory of an extremal particle is

IN
wWIN

weaker: if |Y;| grows at most like s7 with v < 1 — X, then the integral
fsto|%|°‘ds does not diverge and everything behaves as if the branching
rate was equal to 1. Therefore, a good proxy for our model would be a
2d BBM with branching rate 1, but where only extremal particles with an
angle 0, = O(t~'/*) are taken into account. But heuristics coming from
the study of 2d BBM [72] tell us that the behaviour of extremal particles

in two disjoint cones of angle t~1/2

is roughly independent. Altogether,
this suggests that m(t) should be the same as for the maximum of ¢/2-1/@

independent 1d BBMs, which leads to

m(t) = V2t — \}i (1 + ;) log t.

Note that the coefficient of the logarithmic correction interpolates between
—3/(2v/2) and —1/(2v/2), that is between the 1d and the 2d BBM.

Results in Sections 2.2 and 2.3 concerning Brownian motion weighted by
an integral are proved for any a € (0, 2), so in particular (2.5) still holds for
a < 2/3. Hence, we believe that (a weak version of) our methods should

be enough to prove
)
M, = /2t — 71252’“)/(2*&) (14 0p(1)).

However, getting the asymptotic expansion of M; up to O(1) seems much
harder and we do not have a precise conjecture for the right choice of m(t)
in that case. More polynomial terms probably need to be added in the

definition of m(t), for several reasons listed here:

o A simple reason already appears in the simplified heuristics that led
0 (2.6). Indeed, solving (2.6) for v < 2/3 requires us to add more and
more polynomial terms to m(t) as a decreases. However, as explained

in the following points, (2.6) is not the right choice for m(t) anymore.

» Because m(s) is roughly the position of extremal particles at time s,
an extremal particle u at time ¢ has to satisfy X,(s) < m(s) for any
s <t. Ifa € (2/3,2), the exponent (2—a)/(2+«) is less than 1/2 and
staying below this barrier has the same cost as staying below a straight
barrier with the same endpoints, that is a polynomial cost, which is
responsible for the —% logt correction to m(t). On the other hand,

if a € (0,2/3), this exponent becomes larger than 1/2 and staying
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below this barrier has a stretched exponential cost, which results in a

polynomial correction to m(t).

o Lastly, the approximation 6, ~ Y,/X, ~ Y,/(v/2s) used in the heuris-
tics in Section 2.1.3 is not good enough anymore. Indeed, we expect
that X, — v/2s is of order s©=®/(+®) and therefore the resulting error
term in the integral in (2.5) is not negligible when o < 2/3: instead,
it should grow polynomially fast and therefore result in another poly-

nomial correction to m(t).

3. We finally mention two models that can be seen as a limit as @ — 0 of our model.
One of them would be a 2d BBM in which a particle at (x,y) branches at rate
b(y), where b is continuous, b(0) = 1 and b(y) — 0 as |y| — co. In that case, we
expect that the linear order of m(t) would depend on b and would be smaller
than v/2, but there would be no polynomial correction, only a logarithmic one.
We believe that a lot of the analysis would rely on understanding BBM in a
strip R x [—L, L] using the results of [55]. Another interesting model might be
a catalytic 2d BBM, where a particle branches at rate 5 + 5oLy, where LY is

the local time of the second coordinate of the particle at 0.

2.1.5 Notation

Throughout the paper, C' and ¢ denote positive constants that can change between
occurrences. They can depend on some other parameters in a way which is made
clear in the statement of each result; in the proof of such a result allowed depen-
dencies are the same as in the statement. We use standard Landau notation: for
f:]0,00) = R and g: [0,00) — (0,00), we say, as t — oo, that f(t) = o(g(t)) if
limy oo f(t)/g(t) = 0, that f(t) = O(g(t)) if limsup,_, . |f(¢)| /g(t) < oo, and that
FE) ~ g(2) if limyroo £(8)/9(2) = 1.

It is sometimes convenient to work under probability measures other than P. We
denote by P ., the probability under which our inhomogeneous BBM starts at time
s from a single particle located at (z,y). Moreover, under P ,.,), (X¢,Y;)i>0 denotes
a 2d Brownian motion starting at time s from (z,y). If s = 0, we drop the first index
and simply write P, . If the event considered involves only X, then we keep only

the starting point of X as index; and similarly for Y.
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2.2 Brownian motion weighted by an integral via
PDEs

We define the kernel G for x,y € R and 0 < s <t by

O(dr> B, = y] ,
(2.11)

where, under P(,,), B is a Brownian motion starting from z at time s. Note that

B,
V2r

under P,y and given By = y, (B,),c[s is a Brownian bridge from (s,z) to (Z,y).

The kernel G satisfies, for any measurable function f: R — R,

B,

V2r

[ 100Gty =B oo (=5 [ | 2 ar) s o

The goal of this section is to prove the following result.

Proposition 2.2.1. Let a € (0,2), k :=2a/(2+ «) € (0,1) and 8 > 0. There exist
K,C,c> 0 such that, for any v,y € R, s > K andt > s+ Ks", we have

K —K —K ’19 T '19 y
(st)/* exp (91 (#7 = s'7)) G, w:t,y) — Va0 <Sf/2> o (tf/2>

K—1 —c(t—s)/t" . |J]| ¢ o ’y| ¢
SC(S Te )eXp< C<Sn/2> )eXP< C<tn/2

where g is defined in Section 2.2.2 together with the constant A\g > 0 (and they only
depend on o) and we set 91 = \gB%/ 2+2)2720/(2%0) /(1 — k) and ¥y = (23)Y/ 2+,

By Proposition 2.2.7, ¢ is an even positive function such that [|¢o|, = 1. See
Figure 2.3 for an illustration.
By integrating these bounds in the y coordinate and bounding them uniformly in

the x coordinate we obtain the following corollary.

Corollary 2.2.2. Let o € (0,2) and > 0. There exist K,C,c > 0 such that the
following holds for any s > K and t > s + Ks"*, the following holds.

1. For any x € R,
/ G(s,z:t,y) dy < O(t/s)" exp (D (s — £17%)) .
R

2. For any |z| < s/,

/|y<t~/2 G(s, a5t y) dy > c(t/s)"* exp (191(31*” — tlw)) .
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Figure 2.3: A plot of ¢ for different values of «.

2.2.1 Connection with a PDE via Feynman—Kac formula

In this section, we first work in a slightly more general context and consider the
following PDE on [0, 7] x R, for some 7,0 > 0 and some function k: [0,7] x R — R,

52
Oyu = ?Qixu + ku. (2.13)

We write C12(I x R) for the space of functions u on I x R such that du, d,u and
02, u exists and are continuous on I X R. A fundamental solution T of (2.13) is a
function of (7,¢;t,x) defined for any 0 < 7 <t < T and any £,z € R such that, for
any 7 € (0,7,

o for any £ € R, the function I'(7,&;-,-) is in CM?((7,T] x R) and satisfies (2.13)
on (1,7] x R;

o for any f: R — R continuous with compact support and any zy € R,

lm [ T(r.&t,2)£(6)d€ = f (o) (2.14)

(t,z)—=(7,x0)

The following result shows existence of a fundamental solution under appropriate

conditions on the function k and expresses it in terms of a Brownian motion.

Lemma 2.2.3. Assume k < 0 and k is Holder continuous on any compact subset of
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0, 7] x R. Forany 0 <7 <t<T and any £,z € R, let

[(1.&t,x)

::277021@—7-) exp (—M) E¢z) {exp (/Tt k(t+71—r,0B,) dr)

Then, T is a fundamental solution of the PDE (2.13).

oB = f]

oB; = x] i

Proof. We first mention that the fact that the two expressions for I'(7,¢;t,z) are
equal follows from the fact that if (P;)sc[-y is a Brownian bridge from (7,z/0) to
(t,&/0), then (Pyyr—s)selry is a Brownian bridge from (7,{/0) to (t,z/0).

Let 7 € [0,7) and f: R — R be continuous and bounded. Then, by [6, Theorem
I11] applied with A = 0 and « > 0 small enough’, there exists a solution u € C°([r, T| x
R)NCY%((7, T) X R) to the PDE (2.13) with initial condition u(7, z) = f(x) for z € R,
and there exists C' > 0 such that

V(t,z) € [0,T] x R, |u(t,z)| < C (|a[* +1).

Therefore, we can apply Feynman—Kac formula [62, Theorem 7.6] to v(t,z) = u(T +
T —1,x) to get, for any ¢ € [7,T] and = € R,

u(t, ) = Eqa/0) {exp </T
= [Trgtaf©)de, (2.15)

by conditioning on ¢B; = & and using the first expression for I'(r,&;t,x). This,
together with u € CO([r,T] x R)) and u(r,-) = f, proves that I satisfies (2.14).

Now, fix some (7,§) € [0,7) x R. It remains to check that I'(7,¢;-,-) is in
CY2((7,T] x R) and satisfies (2.13) on (7,7] x R. For that consider s € (7,t). As a
consequence of Markov’s property at time s together with the second expression for
(1, &;t,x), we have

t

k(t+1—r0B,) dr) f(UBt)]

D(r.&ta) = [ T(r&s,y)lisyita)dy,

But, the function y — I'(7,&;s,y) is bounded and continuous: this is shown using
k <0, continuity of k£ and the fact that if (P, ),¢[-s is a Brownian bridge from (7,&/0)

IFirst note that their assumptions stated in [6, Eq. (2.1)-(2.3)] are satisfied with v = k; = 02/2,
A =0 and any kg, ks > 0. Then, existence of v is proved up to time T, = min(7,1/(25(«))) (see
before Eq. (2.4) there) and f(«) can be made arbitrarily large by choosing «, ks, k3 small enough,
so that we get T,, = T.
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to (s,0), then (P.+y(r—7)/(5—7))rejrs is a Brownian bridge from (7,£/0) to (s,y).
Therefore, by (2.15) and the discussion before, I'(7,¢;,-) is in C1?((s,T] x R) and
satisfies (2.13) on (s, 7] x R. Since this is true for any s € (7,7, this concludes the
proof. n

Using this connection, the proof of Proposition 2.2.1 boils down to the study of
the following PDE on [0,1) x R

du = o (aizu — (1=t \x|au> : (2.16)

where o > 0 is a parameter meant to be large. More precisely, let g denote the
fundamental solution of (2.16) given by Lemma 2.2.3 (it is defined consistently on
[0,7] for any T' < 1). The remainder of Section 2.2 is dedicated to the proof of the

following result.

Proposition 2.2.4. Let o € (0,2) and k = 2a/(2+ «) € (0,1). There exist C,c >0
such that, for any 0 > 40, ,£ € R, T € (0,1) and § > 0 satisfying

20 1 1 T?%
T>= 1—-7)'"*>10 RN Ry —
o’ ol ) =10, o(l—T)'=#»="=—10 100’
we have
T dS —5/4 7!{/2
exp Ao@/ 9(0,6 T, ) — @o(€) - (1 = T) ™0 (1 =T) )
0o (1—s)~

< O (54 e7) (1= )7/ (T g emeled D)

" [exp (—c ((1_|3:T!W><2+a>/z)
texp (—c(gu — 1) 7512 (1 + ((1—|IT|)/2> “)) ] ’

where Xy, po are defined in Proposition 2.2.7.

Remark 2.2.5. If the constraints on ¢ and T are satisfied, then the condition on ¢ is
non empty, that is one can check that
1 1 T2
N
o(1—=T)=+ =10 100
The fact that the left-hand side is at most 1/10 is direct. To prove that it is less
than T20/100, one can distinguish two cases: if (1 — T)'™* > 1/2, it follows from

T > 20/p and, in the opposite case, one has necessarily 7" > 1/2 and so it follows
from o(1 —T)'=* > 10 and o > 40.
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As a consequence of this remark, it is always allowed to take § = 1/(o(1 —T)'™*)
in the previous result, if the other assumptions on ¢ and T are satisfied. This gives

the following simpler bound, where we do not try to optimize the tails in & and z.

Corollary 2.2.6. Let a € (0,2) and k = 2a/(2+ «) € (0,1). There exist C,c > 0
such that, for any 0 > 40, z,£ € R, T € (0,1) and 6 > 0 satisfying T > 20/0 and
o(1 —T)'* > 10, we have

exp (AOQ/OT ui&l)ﬁ) g(O,g;T, :E) — QOO(§) . (1 _ T)_HMSOO ((1 . T)—H/2x>

1 —coT —r/4_—clg]® |z| "
< (G ) 0= e (< () )

Before diving into the proof of Proposition 2.2.4, we first explain how to deduce

Proposition 2.2.1 from the corollary above.

Proof of Proposition 2.2.1. By definition of G in (2.11) and the scaling property of

Brownian motion, one has, for any 0 < s < t and z,y € R,

VG (s, V't t, y\/¥>
Vi (y —x)? a2 (V] B |
=Ty ) e o (- [ o)
i S o]

setting 7 = s/t and g such that 8! /22792 = p(20)*/? i.e. g= %/ (2+)Q=2a/(2Fa) l=r
On the other hand, using the first expression for g given by Lemma 2.2.3 with ¢ =
V20, we have

B

g(anu 1- T, I)
e o) Bl o)
= exp | — E /o) | €XP _Q/ dr
2no?(1 — 1) ( 20°(1 =) (Oe/e) 0

Doing a time shift by 7 for the Brownian motion in the last expectation, we obtain

oB,
T+

oBy_, = y] .

the following relation

[20 120 s |20

Then, the result follows from Corollary 2.2.6 with ¢ given above and T'=1— 2. [
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2.2.2 Associated Sturm—Liouville operators

Fix a > 0. An important tool in the study of the PDE (2.16) is the following family
of Sturm-Liouville operators: for any ¢ > 0, let £, be defined by

(Lof)(@) = —f"(z) +qlz|" f(z), z€R,

for any f in the domain

D(L,) = {f € L*(R) : f, f absolutely continuous on R, L,f € L*(R)}.

These operators are densely defined on L?(R) [85, Lemma 9.4] and self-adjoint [85,

Theorem 9.6]. In the case ¢ = 1, we simply write £ = L;.

Proposition 2.2.7. Let a > 0.

1.

The spectrum of L is discrete and consists of the eigenvalues 0 < Ay < A\ <
Ao < -+ which all have multiplicity 1. Let @, be an eigenfunction associated to
An, then it has exactly n zeroes, so it can be chosen uniquely such that ||p,|l, = 1
and @, (z) > 0 for any x greater than its largest zero. Moreover, (pn)n>0 i an

orthonormal basis of L*(R).

Let ¢ > 0. The previous point also holds for L, with eigenvalues (Agn)n>0 and

eigenfunctions (pgn)n>0 such that, for anyn >0 and x € R,

Mg = ¢/ PFIN, and Pgn(x) = q/BEHI (/@) (2.18)

Let co =2 [y /T—u*du. Then, as n — oo,

20/ (a+2)
A, ~ (") . (2.19)

Ca
For any n > 0, the function p,, has the same parity as n.

There exists C' > 0 depending on « such that, for any n > 0 and x € R,

L))

There ezist Cyc > 0 depending on « such that, for any v € R, |¢p(z)| <
Comelal 2,

lon(z)] < C(n+1)3 {1 A exp (—2
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Proof. Part 1. The fact that the essential spectrum of £ is empty follows from [13,
Proposition 4.5.4] together with the fact that any self-adjoint realization of — f” +
|z|* f in L*((0,00)) or L*((—o0,0)) has empty essential spectrum by [13, Theorem
4.5.8]. Then, it follows from [13, Theorem 6.1.9] that the discrete spectrum is bounded
from below so it can be written \g < A\; < Ay < ---. Moreover, eigenvalues have
multiplicity 1 (this is more clearly stated in [88, Theorem 10.12.1.(8).(ii)]) and an
eigenfunction ¢,, associated with A\, has n zeroes. We now chose ¢,, uniquely as in
the statement. The fact that Ay > 0 is obtained by contradiction: if A\g < 0, then
wo(x) = (Jz| — Mo)wo(x) > 0 for any z € R (using o > 0 because it has no zero),
S0 g is convex in R, which contradicts ¢y € L?. Finally, (,),>0 is an orthonormal
basis of L?(R) by [85, Corollary 4.2.3].

Part 2. This follows from a direct verification.

Part 3. This is a consequence of [13, Theorem 6.1.12], see [13, Example 6.1.13,
Part 5.

Part 4. Let n > 0. Since L preserves parity, the even and the odd parts of ¢,
are also eigenfunctions associated to A, so one of them must be zero because A, has
multiplicity 1. So ¢, is either even or odd. If ¢, is odd, then it has an odd number
of zeroes. If p, is even, then ¢/ (0) = 0 and therefore ¢,,(0) # 0 (otherwise ¢,, = 0),
so ¢, has an even number of zeroes. But, ¢, has n zeroes by Part 1 so ¢, has the
same parity as n.

Part 5. This part relies on some preliminary results established in Lemma 2.2.8
below. Let n > 0 and x > 0 (by parity the result for z < 0 follows). Let b =
aV (22,)/*. We consider the function 1, defined on [b, 00) by L1, = A1, together
with the initial conditions t,(b) = 1 and ¢/, (b) = £6*/2. Then, the Wronskian

is a constant. Moreover, by Lemma 2.2.8.1, ¢, > 0 and ¢/, < 0 in [b,00) and it
follows from a similar argument that v, is convex in [b, c0) and therefore ¢/, > 0 and
¥, > 0. Therefore, for any x > b,

W) W
R TAE)

We first bound W by taking its value at b: we have W = 1b°/2¢,,(b)— ¢/, (b). Moreover,

using Lemma 2.2.8.1,

(2.20)

1/

1 (\1/ An
(/)] < /

Yo

|on ()] dz,

|on(B)] <

36



where yo is a zero of ¢/, in [0, \1/?] (one can see it exists using that either ¢/ (0) = 0
or ©,(0) = 0 by Part 4). Then, using ¢! (z) = (|z|* — \)pn(x), we get

1/

|en ()] < / © A Jpa(@)| de < OAETV/ (4 1)/ R+

Yo

applying Lemma 2.2.8.3. On the other hand, b*/2p,(b) < CAY?(n + 1)*/RC+o) by

Lemma 2.2.8.3 again. Hence, we get
W < et/ 4 1)2/BEHl < O(n 4+ 1)3, (2.21)

using (2.19). Now, we aim at proving a lower bound for ¢/,. For this, we introduce

the following function

1
— 24+a)/2 _ 1(24a)/2
g(x) = exp (2—|—a (x b )), x >b.

Then, ¢'(x) = %xo‘ﬂg(x) and ¢"(z) = (32 4 22*72/%)g(z). In particular, for any
x> b, we have ¢"(z) < 32%g(x) < (#*—\,)g(x), where the first inequality uses b > o
and the second one b > (2)\ )1/, On the other hand, g(b) = 1, (b) and ¢'(b) = ¥/, (b).
Hence, we get g < 1, and ¢’ <)/, on [b,00). Combining this with (2.20) and (2.21),
we get, for any x > b,

1
3, —a/2 _ (2+a)/2 _ 1(2+a)/2
lon(x)] < C(n+ 1)z exp( 2—1—04(3: b ))

The result follows by noting that b*+%/2 < Cn by (2.19) and using that we already
now that ||¢,|l,, < C(n+1)* by Lemma 2.2.8.3.

Part 6. By Part 5, we have |¢o(z)| < Ce=kl™*™” and so loh(x)| <C'x|
using A9 > 0. Then, for x > 0, we have |¢'(x)| < [77|¢0(y)| dy by Lemma 2.2.8.2
and the result follows. O

@ —C‘I|<2+a>/2

Lemma 2.2.8. 1. For anyn >0, @, is conver and decreasing in [A/* 00);
2. For anyn >0, ¢, and ¢, tend to zero at infinity;
3. There exists C = C(a) > 0 such that, for anyn >0, ||on|., < C(n+1)2/BEF,

Proof. Part 1. Note that in [\Y/% 00), ¢ and ¢, have the same sign (considering
zero has both signs). Therefore, |@,| is convex in [AY/®, 00). By contradiction, assume
¢n has a zero xg in [\ 00). Then, ¢/ (z¢) # 0 (otherwise ¢,, = 0). Then, convexity
of |¢,| implies that |¢,| — oo, which contradicts ¢,, € L. Therefore, ¢,, has no zero

in [A/* 0o) and hence it is positive (by our choice of ¢,) and so it is convex. If ¢/,
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takes a nonnegative value at 11 € [A\Y/* o0), then ¢, (x) > @,(x1) for all x > z; and
this contradicts ¢, € L2 So ¢!, < 0 and ¢, is decreasing in [A/®, 00).

Part 2. This is a consequence of Part 1, using again that o, € L.

Part 3. The idea is to argue that, if ¢, takes a large value at some point, then
it creates some mass proportional to this value to its L? norm, which is fixed to 1,
hence providing an upper bound for this value. Since ¢, is continuous and vanishes at
infinity by Part 2, there exists y € R such that |¢,(y)| = ||¢nll,, and we can assume
y > 0 by parity of ¢,,. Then, ¢/ (y) = 0 so, for t > 0,
-2

sup |y ()]
z€[y,y+t]

lon(y + )| = len(y)

Then, on the one hand, we have y < A\1/* as a consequence of Part 1. On the other
hand, for z € [0, (2A,)Y9], |¢"(2)] < [2® = A - |on(z)] < A ll@nllo. Therefore, for
any ¢ € [0, \1/7],

t2
[n(y + 0] 2 lenlloc = 5 A llenllo

There is a constant ¢ € (0,1) depending only on « such that ¢\ /2 < A/« for any
n > 0. Then, we write
—1/2

9 cAp 9
t=lealb 2 [ louly + o) at

2

eAy 2 t A
> H%Hio/o (1 - 2/\n> dt = [|pa]|% A2 (C_ 6) |

and therefore |¢,|l,, < CAY* and the result follows from (2.19). O

2.2.3 Proof of Proposition 2.2.4

In this section, apart from some postponed lemmas, we prove Proposition 2.2.4 con-
cerning the fundamental solution estimate for the PDE (2.16). We follow ideas
from [71, Proposition A.2|, which studies the case @ = 1 and where the function
(1 —¢)~ is replaced by a C! function on [0, 1] (hence, with no explosion at 1). More-
over, we aim at getting better error terms, in particular with explicit tails in terms
of x and y.

Fix some horizon T' € (0,1). For ¢: [0,7] — (0, 00) a Lipschitz continuous func-

tion, we consider the more general PDE on [0,7] x R
Ot = 0 (92,0 — q(0) ]l u) (2.22)
for some a > 0 fixed and ¢ > 0 which is a parameter meant to be large.
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Fix some £ € R. Recall our aim is to estimate ¢(0,&; T, x). To do this, we study
the PDE (2.22) with ¢ = ¢, or ¢ = ¢*, where ¢, and ¢* are well-chosen functions on
[0,77], given by Lemma 2.2.9, which satisfy in particular ¢.(t) < (1 — )~ < ¢*(¢).
Then, if g, denotes the fundamental solution of the PDE (2.22) given by Lemma

2.2.3, it follows from this probabilistic representation that
Vte (0,T), VreR, gq(0.&80) < g(0.&8a) < g, (0.612),  (2.29)

so it is enough to estimate g, for ¢ = ¢, or ¢ = ¢".
Fix some Lipschitz continuous function ¢: [0,7] — (0,00). Omitting the depen-
dence in ¢ which is fixed, we define, for any ¢ € (0,7] and = > 0,

Wi(x) = gq(0,&;t, ) exp (@ /Ot Ag(s)0 dS) = g4(0,&;t,x) exp (Ao@/th(8)2/(2+a) d8> 7

(2.24)
where we used (2.18) in the second equality. Moreover, for any ¢t > 0, g,(0,&;t,-) €
L*(R) (it is dominated by a Gaussian function by Lemma 2.2.3) and so W; € L*(R)

and we can set, for any n > 0,

t
nt) = (atns W) = Putos 940, 1. exp (g [ a5 ds). (225)

Since (@g(),n)n>0 is an orthonormal basis of L*(R) by Proposition 2.2.7.2, we get

Vie (0,7], VzeR, Wyiz)=">_ cu(t)pqtn(). (2.26)
n>0
We also define
cn(0) = @qg(0),n(8); (2.27)

which makes ¢, continuous at 0 as mentioned in the forthcoming Lemma 2.2.10.

A key property of the functions ¢, and ¢* is that they are constant on intervals
[0,e1] and [T" — &9, T] for some parameters €1,£2. On these intervals, cy(t) stays
constant, while ¢, (t) for n > 1 decays exponentially fast (see Corollary 2.2.11). Filling
the gap between times £, and T — g5, we show in Lemma 2.2.13 that ¢y(7) ~ ¢(0)
and that ¢, (T) is small for n > 1. This lemma is a key tool in the proof of Proposition
2.2.4 below.

Proof of Proposition 2.2.4. We first choose the parameters €1, 5 > 0. The conditions

we need in this proof are the following

e1,69 <T/10 and go < (1-=T)/10, (2.28)
oe1 >1 and 0e2(1 =T)" > 1, (2.29)
02 <1 and  ps5(1-T) " '<1. (2.30)
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We set

‘ S 1/2 . 5(1 —T)1+H 1/2 S 1/2
g1 = <Q> and E9 = (g) = (1 — T) (W) .
(2.31)

We now check they satisfy the conditions listed above. The first part of (2.28) follows
from ey < &; and 6 < (T?p)/100, the second one from o(1—T)'"" > 10 and § < 1/10.
The first part of (2.29) is obtained by noting that § > 1/p and the second one
follows from § > 1/(p(1 — T)'="). Finally, (2.30) only requires 6 < 1 which is true.
Throughout the proof, we use only the properties of £, and e, listed in (2.28)-(2.29)-
(2.30) and express the bounds in terms of £, and €5. Their precise choice is only used
to deduce the proposition from these bounds. This highlights the separated roles of
€1 and ¢4 and hopefully can help to understand the precise choice which is made here.

By (2.28), we can apply Lemma 2.2.9 to consider functions ¢, and ¢* satisfying
the properties listed there. Now, note that, by (2.23), it is enough to consider ¢ = ¢,
or ¢ = ¢* and prove the bound for

ow (oo [ 25 ) 0.6 T )~ puleum ol 232

where we rewrote (1—T)"/4p((1—T)~"/2z) = ¢(1_7)-a o(2) by Proposition 2.2.7.2.
By the triangle inequality, we can bound (2.32) by T} + TQ + T3, where

T g
Tl = |eXp (AOQ/O (1—58)n> gq(O,f;T, .17) - WT(‘I) 3

Ty = (Wr(x) — ©q00),0(&)@q(r)0(x)

Y

Ts = |0q(0),0(&)Pq(r)0(x) — 800(5)90(17T)‘“70($)‘ :

We start with 75. By (2.26) and recalling that ¢g.,0(§) = co(0), we have

Ty < leo(T) = co(0)| yeryo(@) + 3 [en(T) pyry ()

n>1

1) + 6—69T> (6—0\5l(2+a>/2 + 6—0961(1+\§|a))

o(1=T7)'-
<q<T>1/<2+a>x>\) ,

by Lemma 2.2.13 (using here pe; > 1 by (2.29)) and (2.18). Using Lemma 2.2.8.5
and that ¢(T) > ¢(1 — T)~, the series on the right-hand side of the last equation is

S Cq(T)l/[2(2+a)] (

% (SDO<Q(T 1/2+a )+Ze coea(1-T)~

n>1
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at most
—coea(1-T)"n" |3 (1 — TY-ar2 g2
Cngle g2 n [1/\exp( c((l T) E C’n))}

< Ceees21=1)7" (exp (—c(l — 1)~/ |z /2> + exp (—0952(1 -7 |x]a)) ,
by Lemma 2.2.14 with u = pg5(1 —T)™% > 1 by (2.29) and v = (1 — T')~/2 |z|@T/2,
Using also Lemma 2.2.8.5 to bound ¢y, we get

1 (2+a)/2 a
_ T\ K/ —ceT —cl¢] —cee1 (1+[€[%)
T,<C(1-T) (9(1_T)1_H+6 )(e T meenn1tiel)

ool latim) ) el O () )

With our choice of €1 and €5 in (2.31) and using § > 1/(o(1 — T)*~*), this is smaller
than the bound appearing in the statement of the proposition.

We now bound T3. For this, we first fix some ¢ > 1 and note that, for any ¢,p > 0
such that p/q € [#7!,0] and any x > 0, using (2.18) and standard inequalities, with
constants C, ¢ > 0 that depend only on 0 and «,

|‘Pp0( )_90110( )|
’pu [224+)] q 2(2+a) ]‘ “o ( 1/(2+a)x) + ql/[2(2+a)] ‘% (p1/(2+a)$) . (ql/@*a)x)’

<C ( 1/[2(2+a)] q

1- 2
p

_4q o o

0

t>(pAg)t/ (ol

< C’pl/[2(2+a)] 1— 1/2 ’LE‘

)

| e (=1l )

using Lemma 2.2.8.5-6 and that (1 + t¥?¥®))e=t < Ce~ for t > 0 up to a modifi-
cation of c¢. By parity, the same inequality holds for x < 0. Therefore, we get, using

again Lemma 2.2.8.5 together with Lemma 2.2.9.7,

T3 < @q(0),0(8) ’%(T),o(l') - 90(17T)—a,0(l‘)‘ + pa-1)-e0(@ ‘% 0),0(§) — %00(5)‘
< C(l — T)_%e—c\ﬂ(yra)m exp (—C(l _ T)—a/Q |I| (2+a) /2)

X <|1—q(0)]+ 1—(1(]_(]7:))a

<C(1- T)_’*/4e_0\5|(2+a>/2 exp | —c L e (8 + =2 >
= P (1—T)? LTI T

With our choice of &1 and ey in (2.31), we have &1 < 7! + 4§ and &/(1 — T) <
(o(1=T)'=%)"1 + 4, so, recalling § > (o(1 —T)' )71, this last bound is smaller than

the bound appearing in the statement of the proposition.
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Finally, we bound T3. By definition of W (z), we have

T1 -

T
exp (AOQ/O ((1 _ S)fza/(2+a) _ q(s)2/(2+a)) ds) - 1‘ -Wr(z).

By Lemma 2.2.9.9, the quantity in the exponential above is bounded in absolute
values by 10\go(e? + 3(1 — T)~*71), which is itself at most 20\, by (2.30). Hence,

using that the exponential is Lipschitz continuous on (—o0, 20|, we get
Ty < C(0e} + 0s3(1 = T) ") W (x).

Now, note that Wr(z) < @o(§)@a—r)-—o(x) + T> + T3, so using again (2.18) and
Lemma 2.2.8.5, we get

T < O (e + 0531 — 1))
% (TQ + T3 + (1 _ T)—n/46—c|§‘(2+a)/2 exp (—C(]. . T)—a/Q |x’(2+a)/2)> ‘

With our choice of £, and &y in (2.31), we have g = pe3(1 — T)™""! = §, and
combining the bounds for T3, T> and T3 concludes the proof. O

2.2.4 Approximating the inhomogeneity

Lemma 2.2.9. Let o € (0,2). For any T € (0,1) and €1,e5 € (0,7/10) such that
g9 < (1-T)/10, there ezists functions ¢*, q.: [0,T] — [0, 00) that satisfy the following:

1. q«,q" are non-decreasing, Lipschitz continuous on [0,T], and differentiable on

[0, T except at finitely many points;
2. q.,q" are constant on [0,e1] and [T — e9,T;
3. For anyt € [2e1,T — 2¢e9), q.(t) = (1 — )~ = ¢*(¢);
4. Forany t € [0,T], q.(t) < (1 —1)"* < ¢*(t);

5. For any t € [0,2¢4],

q(t) q(t)
1 -4 < < <1+ 3e;.
TS opeS(@opec- TR
6. For anyt € [T — 2e9,T],
L2 al) W) e
I-T-(1-t) = (1-¢)— 1-T
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7. For any, t € [0,T],

¢-(t) ¢ (t)

1
< < < 2.
27 (1—t)y~ (1—-t)—
8. For anyt € [0,T] and q = q. or q*,
¢t . 8
q(t) = (1=1)
9. For any t € [0,T] and q = q. or q*,
T 10e2
5\ 2a/(24a) 2/(2+a) 2 Ve
jﬁ (1-1) q(t) |t < 106} + T e

Proof. We define ¢, and ¢* as follows (see Figure 2.4):
o fort € [0,e1], ¢.(t) =1 and ¢*(t) = (1 — &),

o for t € [e1,2e1], ¢"(t) = (1 —t)~* and ¢, is obtained by linear interpolation

between the values at the endpoints.
o forte [2e,T —2¢e5], qu(t) = ¢*(t) = (1 — 1),

o fort € [T—2ey,T—e5], q.(t) = (1—t)~* and ¢* is obtained by linear interpolation

between the values at the endpoints.
o forte [T —ey,T)],q(t) =(1 =T +ey) *and ¢*(t) = (1 —-T)"*.

Parts 1-2-3 are clearly true. For Part 4, the only non-trivial thing to check is that
q.(t) < (1 —t)~@ for t € [e1,2¢;1]. By convexity of s — (1 — s)~%, it is enough to

compare the left-derivatives at 2e;, which amounts to show that

(1—2e)—1

> a(l —2g)
€1

We have (1 — 2e1)™® — 1 > 2ae;, hence it is enough to show (1 — 2g;)7>7! < 2,
which is equivalent to e; < (1 — 27D This is true by noting that £; < 1/10 <
(1 —2718) < 1(1—27Y(+D) Hence, Part 4 is proved.

For Part 5, consider ¢ € [0,2¢;]. Then,

1 —2ag, ifa>1,
1—2,, ifa<l.

g:(t) 1
(-0 == (1=2)

o (1—261)a > {
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Figure 2.4: Construction of ¢, and ¢*.

This proves the lower bound. For the upper bound, using (1 —¢)~® > 1, we have

(1q—*(tt))°‘ <1 —e)@<l4ea(l—g) ! <1425(9/10)73, (2.33)

using €7 < 1/10 and « < 2. This proves Part 5.
For Part 6, consider ¢ € [T — 2e9,T]. Then,

A (t)
10

2(1_T+€2)_ :< n E9 > Zl—a €9

(1—T) 1-T 1T
by convexity of s+ (1 —s)~*. On the other hand,

q*(t)
(1—t)~

(1-T)
(]. - T+ 252)_0‘

<

2e5 \2 4y 4e2 5ey
=1 <l+-—=
1—T> LI R S PR

(2.34)

<(1+

using €5 < (1 —7")/10. This proves Part 6.

Part 7 follows directly from Parts 5-6 and the assumptions on £; and &s.

Part 8 is immediate for t € [0,e1] U [2e1, T — 2e5] U [T — &5, T|. For t € [e1, 2], it
has to be checked for ¢,: using ¢.() > 1 and then (1 — 2e;)™® < 1+ 4¢,(8/10)73 by
proceeding as in (2.33), we get

() _ (1—2e) 1 L
o) S e SH BT sET
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For t € [T — 25, T — ], it has to be checked for ¢*: using ¢*(t) > (1 — T + 2e5)
and then proceeding as in (2.34), we get

*\/ o —a _ —«
(@)@  (1=T) (1-T+2e) 5 _ 6’
q(t) e2(1 =T + 2e5)~ “1-T " 1—t

using that 1 — ¢t <1 —T + 2e5 < %(1 — T') by assumption on &,. This proves Part 8.
Finally it remains to prove Part 9. Using |1 — 2%+ < |1 — 2| for any = > 0,

we get

T
/0 ‘(1 B t)72a/(2+a) B q(t)Q/(QJra)‘ dt

T t
< / (1 _ L dt
0 (I—t)=
261 T 582
< / (1= 2e1)"4e, dt + (1-1)" dt,
0 T—2e; 1-T
using Parts 5-6. Finally, using (1 — 2¢,)™" < 5/4 yields the result. O

2.2.5 General properties of the coefficients ¢, ()

In this section, we establish several results concerning the coefficients ¢, (t) holding
for general functions gq. Recall their definition in (2.25) and (2.27) and that they
implicitly depend on «, p and £. Recall also the definition of the \,’s and ¢,’s in
Proposition 2.2.7.

Lemma 2.2.10. Leta >0, 0> 1, €R and T € (0,1). Let q: [0,T] — (0,00) be a
Lipschitz continuous function. Then, for any n >0, ¢, is continuous on [0, T].

If moreover q is differentiable at some t € (0,T], then ¢, is differentiable at t and,
writing c(t) = (co(t), c1(t), . ..), we have dye(t) = (—D(t) + A(t))c(t), where we set

D(t) = 0q(t)****)D, Alt) = C0 A,
D = Diag((Ai — Ao)izo), A= g5 (05, 20}) — (@6, 0i))ijz0-

Proof. Continuity of ¢, on (0,7 follows from the expression for g, given in Lemma
2.2.3 and properties of ¢, listed in Proposition 2.2.7. Moreover, ¢, is continuous at
0 because, as t — 07, @y4),» converges uniformly to ¢4y, and g4(0,§;t,-) converges
weakly to o.

Now, we assume ¢ is differentiable at some ¢ € (0,77]. Recall g,(0,&; -, -) solves the
PDE (2.22), hence 0,94(0,&;t,-) = —0Ly1)94(0,&; ¢, ). We use this together with the
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self-adjointness of Ly, we get

Orcn(t) = (0rPq(tyns W) + 0{Lgw)Pa(t) s W) + AOQQ(t)g/(Ha)(‘Pq(t),m W)

= —0q() T (N, — No)en(®) + D k() (Pt ks OePatty n)
k>0

where we used that g4, is an eigenfunction of L4 with eigenvalue Ay4)n =
q(t)? 2+ )\, Then, recalling from (2.18) that o, (y) = ¢/, (¢*/E)y) we

have
1

]‘ /
<%0q,k7 aqSOq,n> = m (2<€0k, 90n> + <<Pka y90n>) )

and therefore

cnlt) = =20 0 = MoJen(t) + 3 b)) (Showion) + onid))

= 2+ aq(t) \2
(2.35)
By integration by parts, using the decay at infinity of ¢, (see Lemma 2.2.8.5), we
have
(k) + 2{pn, B2y) = {0k, T07,) — (TP, Pn)- (2.36)
Combining this with (2.35) proves the result. O

A key observation is that when ¢ is constant on some interval, then A(t) = 0 on

this interval and the ODE satisfied by ¢(t) can be explicitly solved as follows.

Corollary 2.2.11. Let 0 < s1 < s < T'. Assume q is constant on [s1, s9]. Then, for
any n > 0,

Cn(82) = cp(s1) exp (—Q()\n — Xo)(s2 — sl)q(sl)z/(2+a)) :
In particular, co(s2) = co(s1).
Finally, we conclude this section with some rough bounds on the coefficients ¢, ().

Lemma 2.2.12. Leta >0, 0> 1, (€ R and T € (0,1). Let q: [0,T] — (0,00) be a
function Lipschitz continuous on [0,T], and differentiable on [0,T] except at finitely
many points. Then, the following holds.

1. The function t € (0,T] — |lc(t)]], is decreasing;

2. Let ¢(t) = (0,ca(t),c3(t),...). There exists C = C(a) > 0 such that, for
0<ty<t<T,

Je®)l < letto)llyexp (—o0 = Ao /tjq(s)z/mm 1)

+Clettol [ 11N exp (~o0 = ra) [ ot ar ) as
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Proof. Part 1. We use Lemma 2.2.10, noting that D is diagonal with Dy, = 0 and
other entries positive and that A is anti-symmetric, to get, for any t € (0,7 where ¢

is differentiable,
O [le(t)ll; = c()T (AT = DT + A(t) = D(t))e(t) = =2¢(t)" D(t)e(t) < 0.

Together with the continuity of the function ¢ € [0,T] + ||c(t)||2, this implies that it
is a decreasing function and hence the same is true for ||c(t)|,.

Part 2. Using again Lemma 2.2.10 and the fact that A is antisymmetric, we have

OO, = -0 1o
N o0
= TR, PO ||<>||2 (£) 2 At

|Q’<t)l
q(t)

using A, > A; for the first term and the Cauchy-Schwarz inequality in ¢ for the

< —0q(t) (A = Xo) [[e(t)l, + [eo(t)]

[(Aoj)j>1lly

second one. By (2.36), we have Ay = m(@j’%@@ + 2(pj, zyy)) and, using that
(¢j)j>0 is an orthonormal basis, it follows that ||(Ag;)j>1ll, < (2+a)( + 2 ||zgplls),

which is a finite constant depending only on a. Now, Gronwall’s inequality yields

[e(@)]ly < [fe(to)ll, exp (—Q(M — o) /t: q(s)¥ e ds)
o7 o
+C o ‘CO<S>| q(s) exp (_Q()\l — )\0)/8 q(r) /( )d’f’> dS,

and the result follows using that |co(s)| < [|c(s)|ly < |le(to)]], by Part 1. O

2.2.6 Precise estimates for the coefficients ¢, ()

In this section, we build upon the general bounds of Lemma 2.2.12 to prove more
precise estimates for ¢,(T") in the cas ¢ = ¢, or ¢ = ¢*. In particular, we use that
these functions ¢ are constant on [0, 1] and [T" — e5, T and rely on Corollary 2.2.11

on these intervals.

Lemma 2.2.13. Let a € (0,2), o > 1 and £ € R. Let T € (0,1), 1,69 € (0,7/10)
such that e; < (1 —T)/10. Let q be either q. or ¢* given by Lemma 2.2.9. Assume
0e1 > 1 and o(1 —T)'"" > 1. Then, there exist c = c(a) > 0 and C' = C(«a) > 0 such
that

)

C o o
lco(T) — co(0)] < AT (e—cvsl@+ 2L gmcon(1+e] ))
Q —_ K
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and, for anyn > 1,

ealT)] < o(

1 (24a)/2 « P
4 e—ceT (e—C\EI 4+ e—coer (14| )) e—cos2(1=T)"""n
o(1 =T)t==

Proof. Throughout this proof, constants ¢ and C' depend only on «.
Step 1: from 0 to e1. Since q is constant on [0, 1] by Lemma 2.2.9.2, we have by
Corollary 2.2.11, for all n > 0,

cn(e1) = ¢,(0) exp (—gel(/\n — /\g)q(0)2/(2+a)> : (2.37)

Since ¢,(0) = py0)n(€), ¢(0) > 1 and A, — Ag > cn?*/+) by (2.19), we get

Z Cn 81 < Z Pq(0),n eXp (_0961n2a/(2+a))

n>1 n>1

<Ccy n’ [1 A exp < o (|g|<2+a Cn))} exp (—cg51n2a/<2+a)) ’

n>1

where we have used (2.18), Lemma 2.2.8.5 and 1 < ¢(0) < C. Applying Lemma
2.2.14 (using here pg; > 1), we get

Z Cn(51)2 < Cleces (e—c\§|(2+a>/2 + e—cg£1|f\a> ]

n>1

On the other hand, co(e1) = co(0) = @40),0(§). In particular, using again (2.18),
Lemma 2.2.8.5 and 1 < ¢(0) < C, we get

le(en)lly < C (emdel® ™" 4 emean(i4le™) (2.38)

Step 2: from 1 to T — 5. By Lemma 2.2.10, recalling that Doy = 0, we have
Oico(t) = X551 Aoj(t)c;(t) as soon as ¢'(t) exists. Therefore,

) at < ¢ / @l q((f)) dt, (2.39)

using the Cauchy-Schwarz inequality and ||(Ag;);>1]l, < C (as seen in the proof of
Lemma 2.2.12). We now bound |[|¢(t)||,. By Lemma 2.2.12.2, we have

T —e) - < [

€1

Z Aoj(t)e;(t

j>1

(@)1, < lfe(en) |, exp (-gul %) [ 4(5)/@) ds)

#Cletenl | exp (<o = o) [ g ar) L5 as

t ds 1=e1 s dr) ds
< COlle(er)l], [ exp —CQ/E m +/1_t exp | —co ) s )
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using Lemma 2.2.9.7-8, replacing r by 1 — 7 and s by 1 — s in the second term, and
recalling that x = 2a/(2 + «). Then, we use that, for s > 1 — 1,

—trt 11—k cst=", otherwise,

/s dr 1 (Sl_ﬁ_(l_wl_n)2{0(1—75)%(5—(1—15)), if s < 2(1—1),

and simply bound fetl ufii)n > (t — 7). This yields

2(1-1) —x ds l—e1 1~ ds
()], < Cle(e emcelt=er) 4 emee=D ™" (=) 7 +/ e —
[e®ll, < C lle(z)l, ( o .

1
< —cg(t—al) .
>~ C ||C(€1)”2 <€ + Q(l _ t)1,€> ’ (2 40)

bounding by the integral from 1 —t to oo for the second term and using the inequality
e < % for x > 0 for the third term. Coming back to (2.39) and using again
q'(t)/q(t) < C(1 —t)~! by Lemma 2.2.9.8, we get

T=e2 [ e 1 dt
co(T' —€2) —coler)] < C ||C(51)||2/81 (6 etme) 4 o(1— t)l—n) 1_¢ (2.41)

Now, note that

Ty dt 1/2 T—ey dt
emeelt=e) < 2/ e~ dqt 4+ 1p_ / e
/21 1—t = Jo Tmea>1/2 1/2 1—t
C
< = qpeee]
=7 +e og =7
C
S R
0

using here the assumptions (1 —7)~' < /(=% and ¢ > 1. Coming back to (2.41),

we get

Clleen)ll

|C0(T — 62) - 00(81)| S W

(2.42)

Step 3: from T — ey to T. Since q is constant on [T' — &9, T, by Corollary 2.2.11, we
have, for all n > 0,

cn(T) = ¢, (T — e3) exp (—952(,\n _ /\o)q(T)Q/(QJ’a)) '
On the one hand, combining this with (2.37) and (2.42), we get

Cllefen)lly

co(T) — co(0)| = |eo(T — 2) — co(e1)] < ol = T)—+
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On the other hand, for n > 1, using (2.19), this yields
eu(T)] < (T — ) exp (—en/@+)gey (1 — T)~20/25))

1
< Cllefen)lly <€_CQT + _T)1H> exp (—en?/ ) gey(1 — T) 720/ 2+

o(1

using (2.40) and the fact that ey < T'/4. Combining the two last inequalities with
(2.38) yields the result. O

2.2.7 Technical bound on a series

Lemma 2.2.14. For any k € (0,1) and ay, az,as,aq > 0, there exists C,c > 0 such
that, for any u > 1 and v > 0,

Z nd (1 A e—al(v—azn)) €—a3un“ < Ce—cu (e—cv + e—cuv“) '

n>1
Proof. In this proof, constants C' and ¢ can depend on &, a1, as, as, as. First note that,
bounding e~%un" < ¢=%/2. ¢=03un"/2 e can get a factor e~®%2 in front of the series

and therefore, it is enough to prove

Z N (1 A 67a1(v7a2n)) efasun"”" <C (efcv + efcuv’*) . (243>
n>1
Letting ng := [v/ay V 2], we split the series into a part n < ny and a part n > ny.
The part n > ng equals

Z na,4€—¢13un"€ S (I+1>a4€—a3um"~ dx S Cu—a4/n/ ya4/m—1€—a3y dy, (244)

n>no no—1 u(no—1)*

bounding x 4+ 1 < 2z because x > ng — 1 > 1 and changing variables with y = ux”.
Noting that u~®/% < 1 together with y%/*~le=®¥ < Ce~®¥/2 and (ng — 1) >
(v/2as)", this shows the right-hand side of (2.44) is at most Ce%",

We now consider the part n < ng. If v/ay < 2, then this part of sum is smaller
than 1 and therefore than Ce™ with C' = €?*2. We now consider the case v/ag > 2.
Then, this part equals

no—1

—_ — — K _ _ K
Z n%e a1 (v agn)e azun < (,U/a2)a4+1€ a1 ax 01028—a3uT : (245>
n=1 IEG[L?J/G,Q]

where we bounded ny — 1 < wv/ag, which holds because v/ay > 2 so ng = [v/as].

Now, note that the function x — ajasx — aguz” is convex on [1,v/as], so it achieves
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its maximum on the boundary of the interval. This shows that the right-hand side of

(2.45) is at most
O(U/ag)a4+1 (e—awe—ag,u + e—agu(v/a2)~> <C (6_6” I e_cuvn) ’

using here again that u > 1 to argue that y%tle=®w" < Ce=®wW"/2 for any y > 0.
This yields (2.43) and concludes the proof O

2.3 Brownian motion weighted by an integral via
probability

In this section, we continue studying the heat kernel of Brownian motion weighted
by an integral, relying now on probabilistic arguments. Our two main goals are to
generalise the estimates of the previous section to cases including error terms in the
integral weight and to obtain sharper bounds on the tail of the kernel.

As in the previous section, we fix some parameters o € (0,2) and 5 > 0. For
f: R x (0,00) — R measurable, we define the kernel Gforz,ye Rand 0 < s <t by

_ o (=) /[2(t-9) ;
G(Sa xZ; ta y) = ]E(s,x) €xXp _5 /
27 (t — s) s

) (1+ f(B,1)) dr)

Bt:y‘|

(2.46)

The contribution of f should thought as an error term. More precisely, for some

B,
V2

L,a,b> 0, we work under the assumption f; ,, < f < ff,;, where we set

o)

(2.47)
where n = n(L, a, b, ) is chosen to be the largest possible real number in (0, 1/2] such
that, for any r > ry := (2L)"/*, the function y € [0,00) — (y/r)*(1 + frq,(y. 7)) is

non-decreasing. To see that such an 7 necessarily exists, use that Lr=* < 1/2 and

Y

r

fﬁa,b(y,f) = [L (’g

’ —|—7“b>} A1 and  fp (Y1) = — ([L (

note that the function u € [0, uo] — u®(5— Lu®) is non-decreasing if ug is chosen small
enough depending on «,a, L. Finally, note that we write f; ,, even if this function

actually also depends on « through 7.

2.3.1 Comparing G to G

Recall from Section 2.2 that, around time ¢, the natural time scale of G is t* and the
natural space scale is t*/2, where x = 2a//(2 + ) € (0,1). The first result of this

section establishes that, if a and b are large enough in terms of o, then G and G are

o1



of the same order as long as we are on a time scale longer than the natural one and

on a space scale not much longer than the natural one.

Proposition 2.3.1. Leta € (0,2) and 3 > 0. Let L > 0,a > (1-k)/(1-5) = 1—a/2
and b > 1 — k. Then, there exists eg = eo(cv,a,b) > 0 such that for all ¢ € (0,e),
there are C,c > 0 such that for s large enough, for anyt > s+ s*, any x,y € R with
lz| < s He)/2 and |y| < t5F9/2 and any function f satisfying Joap < F < [y we

have

G(s,z;t,y) = (1 +0(1))G(s, 251, y),

where the o(1) holds as s — oo, uniformly int,z,y, f (but depending on o, B, L, a, b, ).

2.3.1.1 Preliminary results

We prove here two preliminary lemmas. The first one gives some rough estimates on

the natural time scale.

Lemma 2.3.2. Let a € (0,2) and § > 0. There exist C,c > 0 such that, for any
s > 1,t € [s+ s s+ 3s| and any measurable function f: R x (0,00) — R, the
following holds.

1. If f <1, then, for any M > 1, |x| < Ms*? and |y| < Mt*/?,

—CM?
G(s, 25t y) > &

$r/2

2. If f > —1/2, then, for any x,y € R and n > 0,

e~ (w—=2)?/12(t—s)] t
]E(sgc) €Xp _6 /
27(t — s) s

B, |*
ﬁ (1+f<BT,T))d7’>

X Lgrcls g B 2rtetn 2

Bt:y]

Comar (2T ()T
§C’exp< ct C<3n/2> c<t"‘/2 ) (2.48)

Proof. Part 1. We use that (y — z)2/(t — s) < (2M#%/2)?/s* < CM? and that f < 1

to get
~ e‘%?ﬂiz t| B a
G(S,I‘; tv y) 2 —F s,x) | €XP (-2&/ " d’r‘) ‘Bt = y]
27(t — s) (52) s [V2r
0670M2 )
> WP(S@) (‘v"r’ € [s,t],|Br] < 3IM it/ ‘Bt = y) ’ (2.49)
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where we restricted ourselves to the event where the Brownian bridge is bounded
by 3Mt"/% so that we can bound [;|Z2|*dr < CMetrtes/2=e = C'M® because k +
ark/2 —a = 0. Now, recall the following formula (see e.g. the proof of Lemma 2 in

[32]): for any 0 < s <t and any z,y < K,

(2.50)

Py (3r € [s,t], B, > K|B; = y) = exp <_2(K —z)(K — y)) .

t—s
Using this (and its symmetric version for the event {3r € [s,t], B, < —K}), we get
that, for s, t, x,y satisfying the assumptions of Part 1,

2 2MtF/2 - 2MtR/?
Ps.z) (Vr € [s,t],|B,] < 3Mtn/2‘Bt = y) >1—2exp (— )

t—s
>1—2e7%3 >0,

where we used t — s < 3s" < 3t" and M > 1. Coming back to (2.49), this yields the
result.
Part 2. Using f > —1/2 and t — s < 3s", the left-hand side of (2.48) is at most

. t B,
6_(y_w)2/(65 )E(s,x) lexp <_§/S E Bt = y‘| 5 (2'51)

which we now aim at bounding. We distinguish several cases. First, assume that

«
d’l“) 13r6[s,t],\3,«|25(”+”)/2

2|V |y| < s"+M/2/2. Then, keeping only the event in the indicator function and then
applying (2.50), we get that (2.51) is at most
K+n n
(stn)/2| B, — __5 _5
Piow) (3r € [5,1], [B.] > s B, =y) < 2exp < 2= S>> < 2eXp< G ) :
which is smaller than the right-hand side of (2.48) in this case (note that s > t/4 and
o < 2). We can now assume that |z| V |y| > s"+7/2 /2 We restrict ourselves to the
case where |z| = |z| V |y| and = > 0, the other cases being treated similarly. On the
one hand, if y < x/2, then, bounding the expectation by 1, (2.51) is at most
" . 1 [(sttm/2)2)2 g2 g2
—(y—2)?/(65") ~ ,—2?/(24s") ~ _ 47
‘ = —eXp< 243“( 35 3 73))
which is smaller than the right-hand side of (2.48). On the other hand, if y > z/2,
then (2.51) is at most
B, |
dr)

Bt
E(s ) lexp (—2/8 \/57“ By =y

5 t

=E;0) |ex _7/
(,)[ P( 3/ \/57“
+ P(ow) (37 € [5,t], B, < /4B, = )

< exp (—B(t —3) a) + exp (—WM> , (2.52)

2 t—s

d?") ]]-Vre[s,t],BTZx/él Bt = y‘|

X

4/2s

93



using (2.50) for the second term. Using s* < t — s < 3s" and @ — k = ak/2, the
right-hand side of (2.52) is at most exp(—cz®/s**/?) 4 exp (—cx?/s"*), which is again
smaller than the right-hand side of (2.48). This concludes the proof. O]

Before stating the next lemma, we define, for 0 < s < t and z,y > 0,
G (s,x5t,y) = G(s, 3 t,y) + G(s, 231, —y). (2.53)

It can be rewritten in the following way:
e~ W—2)?/[2(t=9)] 4 o—(y+2)?/[2(t—s)]

27(t — s)

t| B,
exp (—ﬁ/s 7\/57‘
If f(-,7) is even for any r > s, then f(B,,r) can be replaced by f(|B,|,r), and GI'

can be seen as the heat kernel of reflected Brownian motion weighted by an integral.

GHl(s, z5t,y) =

X E(s,x)

8 +f<Br,r>>dr)||Bt| - y] (250

Moreover under this additional assumption, for any 0 < s < t and z,y > 0, we have
G'(s,z;t,y) = G(s,z;t,y) + G(s, —x; 1, y), (2.55)

because G’(s, —x;t,y) = é(s, x;t, —y) by symmetry of Brownian motion and of f. It
is convenient to work with this new kernel in the following result for coupling reasons

which appear in its proof.

Lemma 2.3.3. Let a € (0,2) and B > 0. Let f: R x (0,00) — R measurable and

ro > 0 be such that, for any r > ro, the function f(-,r) is even and the function

y € [0,00) — (y/r)*(1 + f(y,7)) is non-decreasing. For anyro < s<t, 0<az' <z

and 0 <y <,

(@ —y)? = (x—y)’
2(t — s)

GM(s,x5t,y) < 2exp ( ) (s, a5t y).

Proof. We use expression (2.54) to compare G''l(s, z:t,y) and G'(s,2’;t,3). For the
prefactor, we bound crudely
e~ W=2)2/2(t=9)] 4 o—(v+2)?/[2(t—s)] - 9e—(W—2)?/12(t—s)]
e (7209 o WA/ = g (w205

For the expectation, one can couple’ a reflected Brownian motion bridge X! from

(s,7) to (t,y) with a reflected Brownian motion bridge X? from (s, z’) to (¢,y’) such

2To do so, consider X2 a reflected Brownian motion bridge from (s,2’) to (¢,3') independent of
X!, On the event where X! and X2 do not intersect, we set X2 = X2 On the complement of this
event, let S be the first hitting time of X' and X2 and L the last hitting time: we set X2 = X2 on
[s,t] \ [S, L] and X? = X! on [S,L]. By continuity of the paths, this ensures that X! > X?. The
fact that X? is a reflected Brownian motion bridge from (s, ') to (t,3’) follows from the backward
strong Markov property stated in [37, Theorem 2]. This coupling is often referred to as a Doeblin
coupling.
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that X! > X2 for any r € [s,t]. [37] By the assumptions on f, we then get

exp <—5/9t \j%lr ) <1—|—f(X,%,r)) dr) < exp (—B/St \)/%TZT

Combining this gives the desired inequality. O

) (1 + f(Xf,r)) d?“) )

2.3.1.2 Localizing typical paths

The main ingredient of the proof of Proposition 2.3.1 is the following result localizing

the paths contributing to G (s, y;t, 2).

Lemma 2.3.4. Let a € (0,2) and 8 > 0. For any € € (0,1 — k] and n > 2¢/a, there
are C,c > 0 such that the following holds. Let f: R x (0,00) — [—1/2, 1] measurable
and o > 0 be such that, for any r > ro, the function f(-,r) is even and the function
y € [0,00) — (y/r)*(1 + f(y,r)) is non-decreasing. For any s > 1o, t > s + 5",
|x| < s(5+e)/2 g d ’y| < t(“+€)/2,

ef(y*w)z/[2(t*8)}E [ ( 8 t| B, 0‘( (B ))d) B ]
s,z) |€XP | — / 1+ ry T r| 1 rels,t],| By |>r(rtm/2| Pt — Yy
2t — ) (s,2) s |vo2r Irels,t],|Br|>r(stn

< Cexp (—cs”a/2) G(s,z;t,y). (2.56)
Proof. We divide [s, ] into shorter intervals by choosing s = sp < sy < -+ < s, =t

such that for any 0 < k <n — 1, sgq1 € [sg + 5§, sy + 3s;]. By a union bound, the
left-hand side of (2.56) is at most
n=lo=(y—2)%/[2(t—s)]

D

k=0 1/27(t —s)

t Br
X E(&x) |f3Xp <—6/ \/57"

and we now aim at proving, for any 0 < k <n —1,

A+ £(Bor)) dr) Lo o5 fortern

Bt:y‘|>

e~ (W—=)%/[2(t—s)]

27(t — s)

t| B, |
X E(s.) [GXP (‘5/ Var (L4 f(By,r)) d7“> Ly elsy sppa], By 2rtstn/z | By = y]
< Cexp (—cszaﬂ) G(s,z;t,y). (2.57)

The desired result then follows by summing these inequalities and using that
n—1
> exp (—csza/2) < Cexp (—cs”"‘/2) . (2.58)
k=0
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Indeed, we have s;1 > sp+s; > sp+5", s0 s > s+ks”, and using this together with
a sum-integral comparison proves (2.58) (up to a polynomial prefactor in s which can
be absorbed in the exponential by modifying ¢). Hence, it remains to prove (2.57).

We start with the case 1 < k < n — 2. Applying Markov’s property at times s
and sgy1 and then Lemma 2.3.2.1 (with M = 1) after having restricted the range of
integration, we get

G(Saﬂf;t,y) :/R/RG(S,QT; Sk,fﬂk)G(Sk,xk;8k+1>$k+1)G(5k+1,$k+1;t,y) day, drg

C ~
> / s / 12 G(8, 581, ) G(Sper1, Tpgas T, y) Ay A
xk+1 SS

SZ—/FQl k41 ‘mk|§52
c sn/2 sm/2
k ~ k4+1 =
= %2 / Gl'l(&x;sk,l‘k)dxk / " G|"(8k+1,9€k+1;tay)dxk+1 )
Sk1 \70 0
(2.59)

using the definition of GI' in (2.53) for the second integral in the last line, as well
as (2.55) for the first integral. On the other hand, proceeding similarly but with
Lemma 2.3.2.2, the left-hand side of (2.57) is at most

C'exp (—0321/12) (/0 @"(s,x; Sk, Tj) €XP (—c (Lﬁ’g) ) dxk)
k
oo x
X (/0 G‘.|(8k+1,$k+1;t,y) exp (—c(| :72”) ) dxk+1>. (2.60)
s

k+1

Then cutting [0, c0) into intervals of length SZ/Q

/OOO G''(s, z; 51, T1) exp (—c <|?;2|> ) dxy,
Sk

K/2
(L+1)s,

< z:e—céa/ﬁ/2 G’H(s,x; Sk, T ) dxy,

K/2 1\2
S (x —x7,)

< ~ 000 RZ

_O/o eXp(Z(sk—s)

, we get

) G (5, s, 2, )

where we used Lemma 2.3.3 to compare Gl (s, z; sy, xy) and Gl(s, z; sy, xy) with o), =
xk—ﬁszﬂ and bounded exp{(z—x})?—(z—x1)?/(2(sk—s)} < exp{(z—2})*/(2(s1.—s)}.
Using here that |z| < s"*+9)/2 we have (v — x})? < 4s§™. Moreover, we bound

Sk — S > Sk — Sk_1 > S§_y > (s;/4)" and therefore we get

0o a s:/Q ~
/D G"'(s,x; Sk, Tj) €XP (—c <’i];2’> ) dx, < Cexp (C’si)/o G"'(S,x; Sk, Tk ) dzg.
Sk
(2.61)
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Proceeding similarly, the second integral in (2.60) is at most

Kk/2 2
Skt Try1 — Y =1
C/o exp <(+1)> G (spr1, Tpan; ty) dogs

2(t — sp11)
2thte i =
< Cexp () / el (Spat1s Thpa; b, y) dopsy
= Sgt1/) Jo
Sn/2
€ k+1 ~|| .
< Cexp (03k+1) /o G"(Ska1, Tpa1; t,y) dTpgt, (2.62)

where, in the first inequality, we bound (2}, — y)* < 4¢"*¢ and, in the second one,
we note that, if s > ¢/2, then t°7°/(t — sp41) < (25541)"7 /s, < 2554, and, if
Spr1 < t/2, then t°7¢/(t — spqq) < 2t57¢71 <2 because € < 1 — k. Combining (2.59),
(2.60), (2.61) and (2.62) proves (2.57), noting that the factors sgfl and exp(Csi,)
can be absorbed into exp(—csZi/f) up to a modification of ¢ (recall that n > 2¢/a).
We now consider the case k = 0. Proceeding as in (2.59) and (2.60) but applying

the Markov property only at time s, = s; yields

K/2

c s A
G(s,z;t,y) > 5“/2/0 el (51, 215 t, y) day, (2.63)
1

and shows that the left-hand side of (2.57) is at most

Cexp (—03’170“/2> /000 G (sy, z15t, y) exp <—c< ’i}i) ) dzy. (2.64)
S1

Then proceeding as in (2.62) proves (2.57). The case k = n — 1 is covered similarly,

but applying the Markov property only at time s = s,_;. Finally note that this
argument for cases £ = 0 and &k = n — 1 works only if 0 < n — 1. But in the
case n = 1, (2.56) is a direct consequence of Lemma 2.3.2.1 (with M = ¢°) and
Lemma 2.3.2.2. O

2.3.1.3 Proof of Proposition 2.3.1

Proof of Proposition 2.5.1. We first note that increasing values of f results in de-
creasing G. Therefore, it is enough to prove the result for f = Jrapand f = fZa,b'
We assume we are in one of these two cases. Then, the function f satisfies the as-
sumptions of Lemma 2.3.4: for f = f;’%b this is direct with rq = 1 for example,

and for f; ., this follows from our choice of 7 in its definition, with ry = (2L)Y/%).
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Therefore, if ¢ <1 — k and n > 2¢/a, we get

_ o~ (y—2)?/[2(t-)
Gls,it,y) = (1+ o(1))
27(t — s)

tl B
X E(SJ) lexp (—ﬁ/ .

V2r

where the o(1) holds as s — oo, uniformly in ¢, z,y, f (as required in the statement
of the proposition). On the event {Vr € [s,t],|B,| < r**"/2} using also |f(y,r| <

L(]%]*4+r~"), we can bound

(L+ f(Br,1)) dT) Lyrefs g, 1B, | <rtstm/2 By = y] )

t1 B t
/ = f(By,r)dr < L/ pelrtn)/2—a (r“('**”)/%a + r*b) dr
_ L/t (r_n—a(l—ﬁ/2)+(oc+a)n/2 + T—n—b-i—om/Q) dr, (265)
using in particular that ak/2 — @ = —k. The two exponents on the right-hand side

of (2.65) can be made smaller than —1 by choosing

a(l—;)—(l—/ﬁ)/\b—(l—:‘Q).

(2.66)

< =2
= "o ( a+ o o

By our assumptions on a and b we have 1y > 0, so if we choose ¢ < any/2, it is
possible to choose such an 1 which also satisfies the previous condition n > 2¢/a.
Then, the right-hand side of (2.65) is a o(1) in the same sense as before. Hence, we

get that é(s, z;t,y) equals
e~ (w—=2)?/12(t—s)] t
(14 o(1) B o0 (=6
27(t — s) s

= (14 0(1))G(s,2:t,y),

B,

V2r

d?”) ﬂVre[s,t],\Br|<r(“+’7)/2 By = y‘|

where the last equality follows from Lemma 2.3.4 but with f = 0 (for which G = G).
This concludes the proof. O

2.3.2 Bounding the total mass of G

We now bound the total mass of G, which can be written as

/]R G(s,x;t,y) dy = B [exp <_3 / t (1+ f(By, 1)) drﬂ . (2.67)

B
N

This is analogous to Corollary 2.2.2 for G.
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Proposition 2.3.5. Let o € (0,2) and > 0. Let ¥; > 0 be defined as in Proposition

2.2.1. Let L>0,a> (1-r)/(1=%) andb > 1—x. Letn > 0. There exist K,C,c >0

such that the following holds for any s > K and t > s + Ks" the following holds.

1. For any x € R and any function f satisfying f > [fr .4
/ G(s,z;t,y)dy < C(t/s)"* exp (191(31_” - tl_"‘)> . (2.68)
R

2. For any |z| < s"? and any function f satisfying f < ff’a’b,
B

t (0%
E(s,2) [exp <—5/s \/%r (L4 f(By,1)) d7"> Ly, <enr2 ﬂvre[s,t},|B7.|§r<f€+n)/2]

> ¢(t/s)"* exp (191(31’” - t1’”)> : (2.69)

Proof. Part 1. By monotonicity, it is enough to prove the result for f = f; ;. Then,
f(-,7) is even so we can assume x > 0 by symmetry and write f(B,,r) = f(|B;|,r)
in (2.67) so that the expectation on the right-hand side of (2.67) can be seen as
depending only on a reflected Brownian motion starting at (s, z). But one can couple®
a reflected Brownian motion X! starting at (s,z) with a reflected Brownian motion
X? starting at (s,0) such that X! > X? for any r > s. Recalling that the function
y €[0,00) = (y/r)*(1+4 f(y,r)) is non-decreasing (by definition of f,,,), this shows
the expectation is maximal for x = 0 so we can focus on this case.

Now, we decompose

LOotydy= [ G 0ty)dyt G(s,0:t,y)dy  (2.70)
R y|<tr/2

|y\2t”/2

In the first term in (2.70), we can bound G(s,0;,y) by 2G(s,0;t,y) by Proposition
2.3.1 and then get the desired bound by Corollary 2.2.2.1. For the second term in
(2.70), applying the Markov property at time r € (s,t) such that r + r® = ¢, it is at

most

/ G(s,0;r,w) (/ G(r,w;t,y) dy) dw
weR ly|>t</2

<C G(s,0;7,w) exp (—c < |u;|2> > dw, (2.71)
T'ff

weR

3This is again a Doeblin coupling as in Footnote 2, but in the simpler context of Markov processes
instead of Markov bridges. Consider X? a reflected Brownian motion starting at (s,0) independent
of X!, and define X2 as X2 up to the first hitting time of X' and X2, and then as X'. Here the
fact that X2 is a reflected Brownian motion starting at (s,0) follows from the usual strong Markov
property.

)
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by Lemma 2.3.2.2 (with n = 0, note that the indicator is automatically satisfied
because |y| > ¢*/2). Then, by definition of Gl and cutting the integral, the right-
hand side of (2.71) is at most

C Z e /

>0 brr/2

(e+1)rm/2 re/2
G(s,0;r,w)dw < C’/ G(s,0;r,w) dw, (2.72)
0

using that Gl'l(s,0;r,w) < 2G!(s,0;7,w') for any 0 < w' < w by Lemma 2.3.3.
Finally, on the right-hand side of (2.71), we can bound Gl (s,0;7,w) by 2G(s,0; 7, w)
by Proposition 2.3.1 and then get the desired bound by Corollary 2.2.2.1 (note that
r!=r > =% —1). Note that we have to take the constant K larger than in Corollary
2.2.2 to ensure that we can apply Corollary 2.2.2 between times s and 7.

Part 2. By monotonicity again, it is enough to prove the result for f = fzr’a’b. We

first claim that, for any |z| < s%/2,

/lquﬂ/2 G(s,z;t,y) dy > c(t/s)"* exp (191(81—& _ t1_m)> ‘ (2.73)

Indeed, we can apply Proposition 2.3.1 to write G(s, x;t,y) > G(s,z;t,7)/2 on the
right-hand side, and then Corollary 2.2.2.2 concludes the proof of (2.73). Then, note
that the difference between the left-hand side of (2.73) and the left-hand side of (2.69)

equals
B,

t
E(s,x) [eXP <_B/s \/§7"
< Cexp (—cs"aﬂ) / é(s, z;t,y)dy

‘y|§tn/2

(1+ f(Br,1)) dT) L, <t Lapels g, B >ristm /2

by Lemma 2.3.4. Choosing K large enough the prefactor in front of the last integral
is less than 1/2 and we get the desired result. ]

2.3.3 Bounding the tail of G

We prove here the following bound on the tail of é(s,x;t,y) for y in some time-

dependent window.

Proposition 2.3.6. Let a € (0,2) and f > 0. Let L >0, a > (1 —x)/(1 — %) and

b>1— k. There exist C,c > 0 such that, for s large enough, for anyt > 2s, v € R,
ly| <t, and any function f satisfying f > fr .4

G(s,z:t,y) < ¢ ex (19 (sl’ﬁ—tl’“)>ex —c ] e
y L3, Y) > (St)ﬁ/él p 1 p tn/Q .
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Note that, up to constant factors, this bound is better than the upper bound
given by Proposition 2.2.1 for G: the exponent for the tail in y would be « there
(because of the error term), whereas it is (2 + «)/2 here. Moreover, (2 + «)/2 is the
exponent appearing in the tail of gy (see Proposition 2.2.7.5) and it reappears here

via a probabilistic argument.

Proof. By monotonicity, it is enough to deal with the case f = f; ,,. Then, by
symmetry of f(-,r), we can assume w.l.o.g. that y > 0. Let r € [3t/4,t — ¢*] which

will be chosen in terms of y later. Applying Markov’s property at time r, we get
é(s, xt,y) = / é(s, T, w)C:'(r, w; t,y) dw. (2.74)
R

To bound CNJ(T, w;t,y), we use f > —1/2 and then distinguish according to whether
the event E = {Vq € [r,t], B, > y/2} holds or not: this yields
B,

& ) e—(y—w)?/[z(t—rnE l < Bt ad 5
rowst,y) < raw) | €XP —*/ q =y
(rw) 2 Jr [V2q !

2r(t —r)
e~ (—w)?/[2(t—7)] Bt «
< (exp (— dq) + Pl (E°| By = y)) )

on(t —1) 2 )

/2
V2q

If w > 3y/4, then P, .\ (E°|B; = y) < e~V /I(t=r)] 1y (2.50). On the other hand, if
w < 3y/4 then e~W—w)?*/R(t=n] < ¢=v*/BE=7)]  Combining this and using ¢ > r > 3t/4
yields

oy 1 (e} «
G(r,wit, y) < (emeltmmw 17 g emv? /I8l (2.75)

Vi—r
Note that the right-hand side is optimized when r is chosen such that ¢t — r is of the
same order as y(2~)/2t%/2 = (y /1#/2)2=2)/2¢% yecalling k = 20/ (2+a). This motivates
the following choice, which also fulfils the constraint r € [3t/4,t—t"] (recall y € [0, ]):

1/ y \@-o)2 i

With this choice of r, using that / — r > t*/2, (2.75) becomes

_ C y \ (2+e)/2
G(r,w;t,y) < oz OXD | ¢ (W) , (2.76)

where we used in the case t — r = t* (or equivalently y < 4%(2~®)¢%/2) that the
exponential on the right-hand side is lower bounded by a positive constant. Plugging

this into (2.74) and applying Proposition 2.3.5.1 yields
_ 1 y (2+a)/2
. K/4 S A . _J
G(s,z;t,y) < C(r/s)™* exp (191(3 r )) 1oy3 €XP ( c (tﬂ/Q) . (2.77)
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Finally, using that (1 —z)'™* > 1 — Cz for x € [0,1/4], we get

P . 1 (2-a)/2
e S E R r < Otl—’fir =C|= y vVi1|.

Note that the exponent (2—«)/2 appearing here is smaller than the exponent (2+a/) /2

appearing in the last exponential in (2.77). Therefore, when y > K"/ with K large
enough chosen in terms of the previous constants ¢ and C', the error made when
replacing 77" by t'7* on the right-hand side of (2.77) can be included in the last
exponential factor (up to replacing ¢ by ¢/2). On the other hand, when y < K#%/2, the

error can simply be bounded by a constant factor. This gives the desired result. []

2.4 Many—-to—few lemmas

Two typical tools from the study of branching processes are the many—to—one and
many—to—two lemmas. They allow us to reduce the certain expectations of the branch-

ing process to expectations of just one or two particles.

Lemma 2.4.1 (many—to—one). Let f be a measurable functional of t and the path of
a particle up to time t. We then have for all x,y € R?* and t > 0 that

B | 3 1 ((Xu(s)YalDueton) |= B[ £ (X Yhoa) exp ([ 00X, ¥2) as)]

ueEN(t)

where (X, Y;)sep, is a Brownian motion on R?

For a proof see [53, Theorem 8.5], they deal with the one-dimensional case but
the proof does not change. Similarly, we need a version of the many-to—two lemma
for our process. Again we do not prove this as a proof is messy, a more general result
is the many—to—few lemma [56, Lemma 1] which also incorporates the inhomogeneous
branching. To state the many-to-two lemma, we need two particles ¢! and £2" that
move as R*-Brownian motions such that 2" = ¢! until time r after which they move

independently.

Lemma 2.4.2 (many—to—two). Let f and g be measurable functionals of t and the
path of a particle up to time t. We then have for all x,y € R* and t > 0 that

Bay | > F((Xu(5), Ya(5))scion) 9 (Xo(), Ya(s))seton)
u,vEN (t),u#v
= /0 E(zy) [f ((fsl)se[o,t]> g ((éi’r)se[o,ﬂ) b(ED) exp (/0 b(el) ds —1—/7“ b(EXT) ds)] 2dr.

(2.78)
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Proof. We derive this expression from [56, Lemma 1]. There, we have a stopping time

T which is given by
t ~
inf{t >0 :/ (&) ds >T},
0

where T is an exponential random variable of rate 2 which is independent of ¢! and

£?. Observe that conditional on (£!)s>0 we have

P(T > rleh) —exp (=2 [ beh) ds)

and therefore )
P(T € dr|¢') = 2b(e}) exp (-2/0 b ds> dr.

Then [56, Lemma 1] states that the left-hand side of (2.78) equals
Ezy) [H{Tq}f ((Si)se[o,t]) g ((ff’T)se[o,tO

X exp (/OT b(el) ds + /Ot b(gg)ds+/0tb(g§f) ds)].

Conditioning on ¢! and &2, and using the density of T yields our version of the many—

to—two lemma. ]

2.5 Upper bound for the maximum

The goal of this section is to show that with high probability there are no particles

with a modulus much greater than m(t) in the sense that

lim sup limsup P (M; > m(t) + a) = 0.

a—00 t—o00

This shows the upper half of the tightness claimed in Theorem 2.1.1.

2.5.1 An upper bound on the branching rate

We start this subsection by introducing a useful event. First note that, dominating
by a one-dimensional BBM with branching rate 1, we have (see e.g. [66, Eq. (20)])
max X, (s) — v2s =25 —o0.
u€N(s) $—00

Therefore, setting
A, = {‘v’s > S0, mj\z%gi) Xu(s) < V2s — 1}, (2.79)
ueN (s
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we have
P(As) — 1. (2.80)

S0—00
Hence, in this section, we can and will regularly restrict our study to the event A,

with sg large enough. It is also sometimes useful to consider the larger event

Agr = {Vs € [so,t],urena}fg

1 )Xu(s) < V25— 1} : (2.81)

In particular, working on these events is useful to get the following upper bound
on the branching rate. Recall (X, Y})se04 denotes a Brownian motion on R* and

(Rs, Hs)se[gvt] denotes a representation of its polar coordinates.

Lemma 2.5.1. There exists o, L > 0 such that, for any 0 < so < t, on the event
{Vs € [s0,1], Xs < V2s and |0,] < o} as well as on the event {Vs € [so,t], X, <
V2s and |Ys| < os}, we have

«

(14 f(Ys, 5)) ds,

S

/Ob(es)dsgt—ﬁ E

S0

S

where [ = fro 01 = — ([L(
(2.47).

y> = —1—5_1)} /\77) where n € (0,1/2] is chosen in

Note that the parameters a = 2 — « and b = 1 appearing here in f; ,, satisfy the

o

5 and b > 1 — x of the propositions of Section 2.3.

assumptions a > 1 —

Proof. By Assumption (A2), b(0) = 1— 10|+ O(6?) as § — 0, so there exist K > 0
and o € (0,7/2) such that, for any |0 < aq, b() < 1 — 316|" + K6%. Moreover, one
can choose oy small enough such that the function 6 € [0,00] — 1 — 3|0|" + K6? is

decreasing. On the other hand, by Assumption (A1) or (A1), sup_, -\( b <1

—00,00

Hence, choosing oy small enough, we get

1—B|0|Q+K92, if 0 € [—0'0,0'0],
1—Bloo|” + Ka?, if e [—m,7]\ [—00,00,

b(6) < b(0) = {

and the function b is non-increasing on [0, 7).
We now work on F;, = {Vs € [so,t], X, < v2sand |6,] < o} or By = {Vs €
[50,t], Xs < /25 and |Ys| < os}. Then, for any s € [sg, ] such that 6, € [0,7/2), we

have
s Y, 1/ Y,

3
0, = arctan (Y) > arctan £ > 5 =8
s Xs B \/58 - \/§S 3 \/55 ’
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and therefore X
_ - [ Y. 1 Y,

b(By) < b)) <b| —— — = | —= )

(6.) < B(6.) (ﬁ 3(ﬂ)>

Then, one can choose ¢ small enough such that the last argument of b necessar-

ily belongs to [0,00] both on E; and on FEs, and therefore we get, for some L =

L(K, O—Q,Of,/B) > 0, 2
e ( 7 ) (2.82)

and the same holds if 05 € (—7/2,0] by the same argument. On Ej, it is enough to

Y

S

b(6.) <1—/a\

consider the case 05 € (—7/2,7/2) by choosing o < m/2. On E,, we could also have
0, € [—m, 7|\ (—m/2,7/2), but then b(0;) < 1—f3|o¢|*+ Ko and the inequality (2.82)
stays true if o is chosen small enough. Finally, 0 can be chosen small enough such
that, on E; or on Ej, L|Y,/s|*~* <, where n appears in the definition of f, ,, in
(2.47), so that (2.82) becomes

( < 1- 1 + fL_,Qfa,l(Ysﬂ S)) )

Then, the result is obtained by integrating this inequality for s € [so, ] and by using
b <1forsel0,s). O

2.5.2 The pseudo-derivative martingale
For t > 0, let

Zy =t exp (191251’”) > (V2 - X, (t))eV2Xu)=v20), (2.83)
ueEN(t)

This quantity naturally appears in the upper bound argument when computing the
conditional first moment given JF;, so we need to bound its first moment. Note that
this is not a martingale, but it is defined analogously to the derivative martingale for
the standard BBM introduced by Lalley and Sellke [66]. The goal of this section is

to prove the following result.

Lemma 2.5.2. For any so > 0, there exists C' > 0 such that, for any t > sy,
E|Z1a,,] <C.
Proof. By the many-to-one lemma (Lemma 2.4.1),
E|Z1a,,,]

t
<+ oxp (ﬂltlﬁ)E[exp ( /O b(0,) ds) (Vat - Xp)eV?Xern oo
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Let 0 > 0 be the constant given by Lemma 2.5.1. Define the events E = {Vs €
[s0,t], |Ys| < os} and, for k& > 1,

Fy, = {3s € [2" 50, 2%50) : |Ya| > o5} N {Vs € [2F50,1] : |Yi| < 05},

Let k, = min{k > 1 : 2%sy > t}. We have E¢ C U, Fy, so we use the bound
1<1p+Y5, 1p,.
Using Lemma 2.5.1, the part on the event E is at most

/A exp (19 tl_"“)

x E lexp < 6/ 1 + f(Yjsa S)) dS) (\/§t - Xt)e\/iXtitHVSG[so,t},ngx/is

< Csy"™*exp (1913 ”“) x E {(\/ﬁso - Xso)e‘/iXSO_SO} : (2.84)

using independence between X and Y, Proposition 2.3.5.1 for the Y-contribution and
the fact that ((v/2t — X,)eV2Xet "Lysels.r],X.<v3s 250 18 & martingale. The right-hand
side of (2.84) is a constant depending on sg, so it concludes this part.

We now bound the part on event Fj for some 1 < k < k;. Using Lemma 2.5.1

between times 2¥s, and ¢, this part is at most
Y (0%

/4 exp (191251_ ) lexp( I6] T
2s

E {(\/ﬁt - Xt)e\/iXtitHVSE[so,t],ngx/ﬁs}
< C(s0)(2%s0) ™4 exp (191(2k80)1_”) P (Els € [2F7sg, 2%s0) ¢ Y| > 03) , (2.85)

2k so

(]- + f(YS7 3)) dS) 1386[2k15072k80):|Y5>08]

proceeding as in (2.84). Then, this last probability can be bounded by

]P’( max |V, > 027! )
s€[0,2F s0]

< 2-1@( max Y, > g2""! ) = 2P ([Yory | > 02 7s0),  (2.86)

s€[0,2F s0]

using that max,ejor]Ys has the same distribution as |Yr| for any 7" > 0. Together
with the tail bound P(|Yr| > x) < 2e=2*/CT) for z. T > 0, we get that the right-hand
side of (2.85) is at most C/(sg) exp((2¥s)t " — %22"”80). Summing over k£ > 0, this
is bounded by C(sg), so it concludes the proof. O

2.5.3 Localization of the trajectory of an extremal particle

In this section, we prove several properties of the trajectory of an extremal particle,
that is a particle u € N(¢) such that R,(t) > m(t) + O(1). In this first lemma, we
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show that such a particle typically has a small angle after time ¢/2. This allows us
afterwards to restrict ourselves to angles smaller than o given by Lemma 2.5.1, so

that we can bound the branching rate.

Lemma 2.5.3. For any n > 0, there exists ¢ > 0 such that, for any a > 0, fort large

enough,

s€[t/2,¢]

<E|u€./\f() W(t) > m(t) — a, max |9()|>77>§e“.

Proof. Before diving into the proof, we recall some facts on the polar coordinates
(Rs, 05)s>0 of the planar Brownian motion. Firstly, (Rs)s>o is a 2-dimensional Bessel

1/2 and its density at time s > 0 is given by (see

process starting from r = (2% + 3?)
27, Eq. 4.1.0.6))

Py (Ry € de) = Ze /20, (7:) dz, (2.87)

where Ij is the modified Bessel function defined by In(z) = x>0(2/2)%*/(k!)%. Note
that, for z > 0, Ip(z) < (e¥/?)? = €%, so we get the following upper bound for the
density of Ry:

Pay(Re € dz) < Ze G725z, (2.88)

%H\z

Concerning the angular coordinate (6;)s>0, note that the representation can be chosen
to be continuous, except at s = 0 if the Brownian motion starts from the origin.
Moreover, we have the following skew-product representation: for any s > 0 (s > 0 if
the Brownian motion starts from the origin), there exists a Brownian motion W on

R starting from 0 at time 0 and independent of R such that
Vt>s, O =0+ W, with 7(t / R, 2dq (2.89)

see e.g. [61, Corollary 19.7]. We now split the proof into three steps.
Step 1. We first prove that an extremal particle needs to have a large radial

coordinate on [t/2,t], more precisely: for any a > 0, for ¢ large enough,

(Elu eN(t): Ry(t) > m(t) —a, min R,(s) < ft) <e . (2.90)

se[t/2 t]

As in the statement of the lemma, the constant ¢ throughout the proof does not
depend on a, but the threshold involved in the “¢ large enough” statement can. By
the many—to—one lemma (Lemma 2.4.1) with the crude bound b(f;) < 1, we can
bound the probability in (2.90) by

2
el P <Rt > m(t) —a, min Ry < \/_t> -E[o(To)Lpy<t] (2.91)
" selt/2,) 4
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using Markov property at the stopping time Ty := inf{s > ¢/2 : R, < v/2t/4} and
setting @(s) = P 54 (Ri—s = m(t) — a) for s € [t/2,t), where (Ry)>0 starts from
V2t/4 at time 0 under P 54 Using the upper bound (2.88), we get, for ¢ large
enough and uniformly in s € [t/2,1),
Ct
) < / 2=V2/4?/2t-9) 4, < e~ (m()—a—V2/4)?/(t—s)  ,—9t/8+o(t)
at—s s Vi—s =
Coming back to (2.91), this proves (2.90).
Step 2. We now prove that the angle of an extremal particle cannot be far from
0 on the whole interval [t/2,t], that is, for any a > 0, for ¢ large enough,
<3u e N(t): R,(t) > m(t) —a, min |0,(s)| > 727) <e (2.92)

sE[t/Q t]
By Assumption (A1) or (A17), we have c¢(n) = sup_, «j\(=n/2m/21 0 < 1. Therefore,
using the many—to—one lemma and bounding b(f) by ¢(n) for s € [t/2,t] and by 1
otherwise, we get that the probability in (2.92) is at most

exp (; + tc(n)) P(R, > m(t) — a) = exp (t

. S = 1) +o(t))

using that P (R, > m(t) —a) = e °® as a consequence of (2.88) and standard
Gaussian bounds. This proves (2.92).
Step 3. Finally, it is enough to prove that, for any a > 0, for ¢ large enough,

(EIUGN() W(t) > m(t) — a, min R()Z\/ﬁt,

sEft/2,4) 4

T] —ct
< — < . '
Jin 0u(s)] < 5, max [0u(s)] >n> <e (2.93)

The key idea is that this event requires an angular displacement of at least 1/2 over the
time interval [t/2, ], which has a cost exponential in ¢ for a 2d Brownian motion with
radius of order ¢t. We first apply the many—to—one lemma with the bound b(f) < 1
to get that the probability in (2.93) is at most

2
et-P<Rt2m(t)—a min R, > \fl_t,Tlgt,ngt), (2.94)

sE[t/2,t]

with Ty = inf{s > ¢/2 : |0,| < 2} and T = inf{s > /2 : |6] > n}. There are two
cases to distinguish, T} < Ty and Ty < T}, but they are treated similarly, so we focus

on the case T} < T,. By Markov property at time 77,

2
P (Rt > m(t) — a, n[r%}glt] R, > \fl_t,Tl <T, < t) < E[x(T1, Rpy) 1<), (2.95)
se
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where we set, for any s € [t/2,t) and r > 0,

q€]s,t]

2
X(8,7) = P2 <Rt > m(t) — a, min R, > [t,Tg < t) ,
where under Py, ., /2) the process (R, 04)4>s starts from (r,7/2) at time s. Now, using

the representation of the angle in (2.89), we get

V2 U
< P s,r R > t) — y i R Z 71;7 W Z 9
X(8,7) < Plsrns2) ( ¢ 2 mlt) —a, min Ry 2 =t max Wy =5

U
< Plsrayz) <Rt > m(t) —a, max W, > 2)

2

n°t
< 2exp (—32> “Psrmy2) (B > m(t) —a),

using the independence of R and W and proceeding as in (2.86) to bound the proba-
bility involving W. Coming back to (2.95) and using again Markov property at time
Ti, the right-hand side of (2.95) is at most

2t

2
n 13 n —t—ct
2 exXp ( 39 ) P (Rt m(t) CL) exp ( 39 t+ O(t)) e

Proceeding similarly in the case T < T, we get that (2.94) is bounded by e~ which
concludes the proof of (2.93) and hence of the lemma. O

In the next lemma, we prove that the final position of an extremal particle u
needs to have a final y-coordinate Y, (t) of order roughly ¢*/2, which is the typical
space scale of the Brownian motion weighted by an integral via PDEs studied in
Sections 2.2 and 2.3. In particular, we deduce Y, (t) = o(v/t), which together with
R, (t) > m(t) implies that R, (t) = X,(t)+o(1), allowing us afterwards to replace the
radial coordinate of an extremal particle by its z-coordinate. We also note that this

lemma, together with the previous lemma, implies Proposition 2.1.2.

Lemma 2.5.4. There exists n > 0, such that, for any € > 0 and a > 0, we have

P <E|u e N(t): Ru(t) > m(t) —a, max |0,(s)| <n,|Yu(t)] > t;+5> — 0.

sE[t/2,t] t—00

Proof. We assume that n < o, where o is given by Lemma 2.5.1. By (2.80), it is

enough to work on the event A,, for some large so. By a union bound over u € N (¢),
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the branching property at time ¢/2, the many-to-one lemma (Lemma 2.4.1) and

E/z)

a +f(Ys,s))ds>

Lemma 2.5.1, we get

P (Aso N {Elu eN(t): Ry(t) > m(t) —a, max |0,(s)| < n,|Yu(t)] > t;JrE}

" seft/2,1]

(e}

Y
V2s

t
<ela, . > Eupxueovae) [exp <—5
ueN(t/2) t/2

X ﬂthm(t)_a,m|e[w/2+e,2nt}] )
(2.96)

also noting that, on the event in the probability, we have |Y,(¢)| = | X, (t) tan 6, (t)| <
2nt, by choosing 1 small enough such that tann < v/2n. Then, for any z <t/v/2 —1
(recall that on Ay, ;/» we have X, (t/2) < +/2-t/2—1) and for any y € R, we have to
bound

«

E HIRE
(t/2,x,y) [exp <_ﬁ 12 \/55

_ Pye/o.) («/XZ + 22> m(t) — a) G(t/2,y:t, 2) dz, (2.97)

|2|€[tr/2F 2]

(1+ f(Ys,s)) ds) LR, >m(t)—a,|ve|€[te/2+ 2]

where G is defined in (2.46). Choosing 1 < 1/4/2, we have, for ¢ large enough, for any
|z| < 2nt, |z] < m(t) — a, and therefore \/(m(t) —a)2—22>m(t) —a—2*/(m(t) —
a)? > m(t) —a— 22/(2t). Hence, for t large enough, for any = < t/v/2 and |z| < 2nt,

we get

Pe/2,2)

7N\

VXE+22>m(t) — a>

2 2 t
< exp <— — VIR T - D (\/5 + a:) + O(logt)> ,
where we wrote m(t) —a —x = 75 +7 — %tl_“ + O(logt) with T :=t//2 — x > 1,

we used that x € (1/2,1), and noted that m(t) —a — z — 22/(2t) > 0 if n is chosen
small enough in order to apply the Gaussian tail bound P(A(0,v) > u) < e /2 for

u > 0. Furthermore, maximizing in Z, we can bound

22 [t L T2< 22 N 24 <z2
J— E— x _ — —_— —_— —_
2 \V2 t T V2t A Tt
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by choosing 7 small enough. Coming back to (2.97), we get

«

Y,
E/2,0,) [exp <_5 12 | /25 (1+ f(Ys,8)) ds) LR, >m(t)—a,|ve|e[t</2+ 2]

< exp (—; — V2T + 917" 4+ O(log t)) /I & G(t)2,y:t, 2) dz

z|€[tr/2+e 2nt]

t 2 24a)/2,—a/2
zle

tﬁ/2+572nt}
using Proposition 2.3.6 and that k = 2a/ (2 + «). Note that, if 1 is chosen small
enough, one has 22/t — ¢ |z|*T®/2 g=o/2 < — tc|z |(2Fe)/2 4=a/2 for | 2| < 2pt. Thus, the
last integral is a O(exp(—c/t=@+2)/2)), Commg back to (2.96), we get
’ (Aso n {3“ EN(B): Rult) 2 m(t) - a, max [6,(s)] <. Vu(t)] 2 t} fw)

se[t/2 t]

< exp (ﬁl(t/Z)kn _ JEre)/2 O(log t)) T4 Z eV2(Xu(t/2)=V2:1/2)

ueN(t/2)

50,t/2
< exp <_C,t6(2+a)/2 + O(log t)) ' ]11450,15/2 Zt/?a

using that 1 < (v/2-#/2— X, (t/2)) on Ay, ;/o. We conclude by taking the expectation
and applying Lemma 2.5.2. ]

In the next lemma, we improve the straight barrier given by the event A, to
replace it by a curved barrier which includes the same polynomial correction as m(t).
For s > 0, let

9
m*(s) == v2s — 71251—” +101log s. (2.98)

Note that m™(s) is above m(s), at a distance of order logs. The coefficient 10 here

has been arbitrarily chosen.

Lemma 2.5.5. We have

P (Elu e N(t) : max (X,(s) —m™(s)) > O) —— 0.

s€t/2,1] t—00
Proof. In order to discretize time afterwards, we first argue that with high probability
no particle moves by more than 1 on a time interval of length =2 between times ¢/2
and ¢: by a union bound over s and over u € N(s) and the many-to-one lemma
(bounding the branching rate by 1), we have
P (Els €t/2,t+t Nt 2Z,Fue N(s): max |X,(r) — Xu(s)| > 1)

r€[s—t=2,s]

S Z 68-P<max2 |B|>1>§t36t46_t2/2 0
[t/2,t+t=2]Nt=2Z rel0,t72) —>t—>oo
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using in the second inequality that max,¢jo ;-2 B, is distributed as |B,-2| and a clas-

sical Gaussian tail bound. It follows that it is sufficent to prove that

P (Elu eN(t): max (X,(s)—mt(s)+1)> O) —= 0. (2.99)

s€[t/2,tNt—2Z

Recalling that P (A;)) — 0 as sp — oo by (2.80), it is enough to prove that

P <A50 N {Elu eEN@®): max (X,(s)—mt(s)+1) > 0}) —— 0, (2.100)

SE[t/2,t]Nt—2Z

for any fixed so > 0. Using a union bound over s € [t/2,t] Nt~%Z, the left-hand side
of (2.100) is at most

> P (ASO N {Elu e N(s) : Xu(s) >mt(s) — 1})

s€[t/2,Nt=2Z
< ¥ (IP (Aso N {Elu € N(s): Xu(s) > mt(s) — 1, max |0u(r)] < o—}>

sE[t/2,t]Nt—2Z r€ls/2,s]
+ 6_08) ,

where o0 > 0 is given by Lemma 2.5.1 and ¢ is then given by Lemma 2.5.3, noting

that X, (s) > m*(s) — 1 implies R,(s) > m(s). Therefore, it is now enough to prove
that
— < =o(t3 :
P (Aso N {Elu eN{): X, (1) >mt(t) — 1, I [6u(s)] < a}> o(t*), (2.101)

as t — oo, for any fixed s¢ > 0.
We first work conditionally on F;/,. By a union bound over u € N/(t), the branch-

ing property at time ¢/2, the many-to—one lemma (Lemma 2.4.1) and Lemma 2.5.1,

]:t/2>

(14 f(Ya,s) ds)

we get

]P’(Asom{ﬂueN() W(t) >mT(t) — 1, max ]9()!§a}

sE[t/2,¢]

[e7
s

V2s

t
<ela, . > Eupxue/2vaee) [exp <—5
ueN(t/2) t/2

X ]lXt>m+(t)1]

<Pl 3 Coxp (90 (/2 = 677)) Pgaaa (Ko > m* (1) = 1),
ueN(t/2)
(2.102)
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using the independence between X and Y and applying Proposition 2.3.5.1 to the Y
part. For the X contribution, note that, under P /2 x,(1/2)), X is Gaussian with mean
X, (t/2) and variance ¢/2. Moreover, note that on event A, ;/» we have X, (t/2) <
V2 -t/2 so that m*(t) — X, (t/2) > 0. Hence, we can apply the Gaussian tail bound
PN(0,v) > a) < e~ /2 for q > 0 to get

Pre2,xu(t/2)) (Xt >mt(t) — 1)
< exp (—t/Z — \/5(\/575/2 — X, (t/2)) + 94t — 10v2logt + \/5) |

Therefore, the right-hand side of (2.102) is at most

C—10v2 exp (191 (t/2>1fn> 14 Z e~ V2(V2t/2-Xu(t/2)) < Ct*10ﬁ+ﬁ/4]1A

ueN(t/2)

Zt/27

s0,t/2 50,t/2

using that on A, ;2 we have 1 < (v/2t/2 — X, (¢/2)). Taking the expectation and
applying Lemma 2.5.2 yields (2.101) and concludes the proof. O

We conclude this subsection by the following corollary which gathers the three
previous lemmas and is the starting point of the proof of the upper bound of Theorem

2.1.1 in the next subsection.

Corollary 2.5.6. Recall the definition of m*(s) in (2.98). For anyn > 0 and a > 0,

ast — oo,
P(M, >m(t)+a+1)

< IP(EIu e N(t) : Xu(t) > m(t) +a, max |0,(s)] <mn,

SE[t/2,t] -

SE[t/2,t]

max X, (s) —m™(s) < 0) + o(1).

Proof. Let n > 0 and a > 0. First note that if the result holds for some 7, then it
directly holds for any other ' > 71, hence we can assume that 7 is smaller than the
one given by Lemma 2.5.4. Fix ¢ > 0 such that /24 < 1/2. By Lemmas 2.5.3 and

2.5.4, we have
P(M; >m(t)+a+1)

=P (Elu eN(t): R,(t) >m(t) +a+1, max, 10.(s)] <, |Yu(t)] < t§+6> +o(1).
se s

Now consider u € N (t) satisfying the properties in the last probability. We can
assume 7 < 7/2 so that X, (t) > 0. Then, we have R, (t) = X, (t)+O(Y,(¢)*/ X, (t)) =
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X.(t) + o(1), because X,(t) is necessarily of order ¢ while Y, (t) = o(v/t). Therefore,
we have X, (t) > m(t) + a for t large enough (but deterministic). This proves

P(M,>m(t)+a+1) <P <E|u e N(t) : X, (t) > m(t) + a, max, 10.,(s)] < 77) +o(1).

sEt/2,¢

The conclusion of the corollary then follows directly from Lemma 2.5.5. O

2.5.4 Proof of the upper bound

Proof of the upper bound in Theorem 2.1.1. We prove here that

limsup lim sup P (M; > m(t) + a) = 0. (2.103)

a—00 t—00

Let 0 > 0 be the constant given by Lemma 2.5.1. By Corollary 2.5.6 and (2.80), it is
enough to prove, for any sq > 0,

limsup limsup P (E) = 0, (2.104)

a—00 t—o00

where we define
E = Ag2N {Elu e N(t) : Xu(t) > m(t) + a,

sy u(o)] < 0, max, Xuls) < m+(s)}’

which depends implicitly on ¢, a and sg. We summarize shortly the proof before
diving into the details. Let 0 < § < x and set ty = t — t9. The proof consists of
three steps: we first work conditionally on J;,, then on F;/; and finally bound the
non-conditional probability. A key idea for the first step is that the upper barrier at
m*(s) is too crude to get a good bound on the end of the trajectory. Instead, we
compare the z-coordinate of our BBM on time interval [to,¢] to a one-dimensional
BBM with branching rate 1, for which sharp bounds are known. This comparison is
sufficient because 6§ < &, so the time window ¢’ is smaller than the typical time scale
t" where the fact of having a varying branching rate plays a role. The second step
deals with the time interval [t/2,to] and consists in calculating the conditional first
moment of the bound obtained in the first step, and in bounding it in terms of the
pseudo-derivative martingale Z; /. The final step, which deals with [0,¢/2] is a direct

application of Lemma 2.5.2.
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Step 1. Fix some a > 0. We condition on F;, and count the number of particles

at time ¢y which have a descendant that exceeds m(t) + a at time ¢,

P(E|F) <Ta, .. Do Lvset/atol ou(s)i<o Lvselt/2to]. Xu(s)<m (s)
ueN (to)

X P(t07Xu(t0);Yu(tO)) < max Xv(t) > m(t) + a) . (2.105)

veEN(t),u<v

Next, we can dominate max,en(s)u<o X,(t) by the maximum of a one-dimensional

BBM with branching rate 1, call M!? its maximum at time s,

P(10,Xu(10),Yu ) (Ue max  X,(t) = m(t) + a) < Plo.x. o) (ME 2 m(t) +a)
(2.106)

where we used that t — to = t°. Now, we use the following bound for the tail of M4,
which follows from [4, Corollary 10]: letting m'd(s) = v/2s — % log s for s > 1, there
exists C' > 0 such that, for any x € R and s > 1,

2
P (M;d > m!(s) + x) < C(zV1)e V¥ exp <—Z+> , (2.107)
S

where z, = max(x,0). We apply this to (2.106) with s = ¢° and

_ _pld (g0 0 — _ a—ﬁl_“—§ o K logt
v = m(t) =t (1) = Xulto) +a = V3o~ Xulto) +a— 5t (2<1 5) ) .

Moreover, recall tg =t —t° and 6 € (0, k), so we have t'=% = ¢} 7* + o(1) and

m(t) — m' () +a=m"(ty) — (10\/5 + 2(1 —9) — Z) 10\}%; +a+o(1) <mt(ty).

for ¢ large enough depending only on a. Hence, we get
Po.x. (o)) (ME > m(t) +a) < C ((m*(tg) — Xu(t)) v 1) e VAV o= Xullo) eyt

w 130-0-% oxp (_ (m(t) — mld(tzﬁ— Xu(to) + a)i) ‘

Note that the last exponential is a non-increasing function of a, so we can replace a
by 0. Going back to (2.105), this yields

]P(E|.Ft0) S Ce—\/iae’ﬂltlfmt%(l—&_% ]]-A Ttoa (2108)

s0,t/2
where we set

t) —m'(t°) — X, (t))3
Ty= Y <m+<to>—Xu@o)+1>eﬂ<xu<fo>—ﬂto>exp<—(m() ml 0))+>
ueN (to)

X Lyse(t/2,t0],10u(s) <o Lvse[t/2,t0], Xu (s)<m* (s)»
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and used that X, (tg) < m™ (o) to bound (m™(tg) — X, (to)) V1 < m™(tg) — Xu(to) + 1.

Step 2. We now aim at bounding P(E|F;2). By (2.108), it is enough to bound
E[Y4,|Fi/2). By the branching property at time ¢/2, the many-to-one lemma (Lemma
2.4.1) and Lemma 2.5.1 (note that X,(s) < m™(s) ensures that X,(s) < v/2s), we
get

E[Tto|ft/2]

t o
< > Euoxaw2)vat/2) [exp ((to B 2) - ﬁ/t

weN (t/2) /2

Y
V/2s

_ o ld(g0y X 2
X (m*(to) = Xoy + 1)eV2Xte=V20) oy, (_(m(t) mld(#%) t0)+>

(14 f(Ya,s) ds)

49

X ﬂ‘v’se[t/Q,to},nger(s)] .

Then, using the independence between X and Y and applying Proposition 2.3.5 to
the Y part, we get

B{TulFi) S oxp (to— 5+ (027~ 47)) 3 x(V2-1/2- Xul(/2),
ueN(t/2)
v (2.109)

where we set, for any = € R,

x(7) = Et/o,va/2-a) (m™(to) — X + 1)eﬂ(xto_‘/§t0)

m(t) —m' () — X,,)?
X exp (_( ( ) 4]5((S ) t0)+> I]-Vse[t/Q,to},XSSm+(s)] .

By Girsanov’s theorem and invariance of Brownian motion by reflection, note that,
under the measure with density e~V2(Xto=[V2t/2=a])+(to=t/2) 1 ¢ P jov/5i/2-) the
process (v/2s — X,)s>t/2 has the same distribution as (X;)s>¢/2 under P/ ). There-

fore, we get

: m(t) — m'(t0) + X, — /2t)>
X(x) = e V2R, [(Xto — f(to) + 1) exp (—( *) ( it‘S = V2 0)+>
X Lvselt/2,t0), Xs> f(s)] ;

with f(s) == v2s — m*(s) = %31_“ — 10log s. Note that x(x) = 0 if x < f(t/2),

so we consider now = > f(t/2). Since f is concave on [t/2,t] for ¢ large enough, it
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stays above the straight line between its endpoint (¢/2, f(t/2)) and (to, f(to)), that
we denote by fine. Therefore, for any y > f(¢y), we have

Prjo.e) (Vs € [t/2,t0], Xs > f(5)| X4y = y)
< Pujoq) (Vs € [t/2,t0], Xo > fiine(s)| Xs, = v)
_ 20— f(1/2)(y ~ J (1)
B (to —1/2) ’
by [32, Lemma 2]|. Therefore, integrating w.r.t. X;, first and noting that the density

of Xy, under P9, is upper bounded by 1/4/27(ty —t/2), we get

() < Gmen Tt e (m(t) = m(t%) +y = V22 |
= o — 17292 S0 440 v

(v — Flto) + 1)? exp(—

Then, recalling that '™ = tJ7" 4 o(1), we have m(t) — m'4(t%) — /2ty = —f(to) +
O(logt) and therefore, the integral in the last displayed equation is at most Ct3/2
for ¢ large enough. On the other hand, we have t, — t/2 > ¢/3 for ¢ large enough.

Combining this, we get

X(ZE) S CIt(5_1)3/26—\/§m—t0+% .

Coming back to (2.108) and (2.109) and using again that t5 " = t'=% + o(1), we

obtained that, for any a > 0 for ¢t large enough,

oo O (V20t/2— X, (1/2))e VAV Xul/2)
ueN (t/2)

= Ce V7,1, (2.110)

s0,t/27

recalling the definition of the pseudo-derivative martingale 7,/ in (2.83).
Step 3. Taking the expectations of (2.110) and applying Lemma 2.5.2, we finally
get: for any a > 0, for ¢t large enough,

P(E) < Ce V2,

This implies (2.104) and therefore concludes the proof. O

2.6 Lower bound for the maximum

The goal of this section is to show that with high probability there will be particles

at time ¢ with a modulus close to m(t) in the sense that
liminf liminf P (M; > m(t) —a) = 1.
a—00 t—o00
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This shows the lower half of the tightness claimed in Theorem 2.1.1. The proof relies
on a first and second moment calculation on the number of such particles satisfying

further path conditions.

2.6.1 A lower bound on the branching rate

Before defining precisely the set of particles we consider, we present a key tool for
the proof, which is a lower bound for the branching rate of particles with appropriate

trajectories. Recall that Lemma 2.5.1 provided a upper bound for the branching rate.
Lemma 2.6.1. Lete € (0,2k—1). There exist o, L > 0 such that, for sq large enough
and t > sg, on the event {Vs € [sg,t] : Xg > @s — sU+9/2 Y| < o5}, we have

t

Yy
V2s

T 5_(1_5)/2)] A1 which is defined in (2.47).

/t b(0,) ds > (t — s0) — (14 F(Vers)) ds.

S0 S0

Yy
s

where f = fL+,2—a,(1—s)/2 = {L(

We remark that the parameters ¢ = 2—a and b = (1—¢)/2 appearing in f,_,,_s
satisfy the conditions of the propositions of Section 2.3, which are a > 1 — «/2 and
b>1-—k.

Proof of Lemma 2.6.1. We work on the event appearing in the statement. First note
that m(t)/t = V2 + O(t™") > /2 — t~(79)/2 for 5 large enough, because x > 1/2 >
(1 —€)/2, and therefore, we have X, > v/2s — 25(1+9)/2 for any s € [sg,t]. To obtain
a lower bound on the branching rate, we need an upper bound on the angle: using
arctan(z) < x for x > 0 together with X, > /25 — 25079)/2 we get

Y, Y,
_ Yoy | X ~(1-9)/2
|0s| = arctan (‘Xs ) < ‘Xs (1 + 2s ) :
(2.111)

for sy large enough. Observe that our assumption on the trajectory also entails that
10, < Co for sy large enough. By Assumption (A2), b(0) = 1 — 30| + O(6?) as
6 — 0, so there exist M > 0 and o € (0,7/2) such that, for any |0 < oy,

s 1 Y,
< <
- |\/§s 1 — 25 (=92 — ‘\/ﬁs

b(0) > 1 - B10]* — M |0]”.

Take 0 < C~! and combine this with (2.111), for any sy large enough we have

1+ 28—(1—5)/2>>

b0, >1—/a|

14+ —
Al

2—a
+ S—(l—s)/2>> 7

78

1 + 25—<1—€>/2
V/2s

<1+L<Ys

S

_5’

V2s



for some L > 0. Lastly, note that L(]Y,/s[>~® + s~(179)/2) < 1 when we choose o
small enough and s large, so that this term equals f;Q_a7(1_a) /2 The statement of

the lemma then follows by integrating over s. O

We can now introduce the set of particles we consider for the first and second
moment argument. Recall that o € (2/3,2) implies k € (1/2,1). Let ¢ € (0,2k — 1)
and ¢ be small enough so that the conclusions of Lemmas 2.5.1 and 2.6.1 are satisfied.
These two parameters € and o are now fixed for the whole section.

For 0 < sy < s <'t, we set

g (s) = "W (5= so) A (1 — 5)1"2

g (s) = ™0

Lo (t) = {u € N(t) : Xu(t) € [m(t) — 1,m(t)],
75 € [so. 1] : [Yu(s)| < 05, Xu(s) € [g7 ()67 ()]} (2112)

S — S(1+6)/2,

The parameter so will be chosen large enough throughout the section.

2.6.2 First moment estimate

Lemma 2.6.2. For sy large enough, there exists ¢ > 0 such that, for any t large
enough, for any = € [\/3s0 — 255, V350 — v/5il, y €[5/, 53/,

Bz [[Tso (D[] > c.

Proof. Throughout the proof we absorb dependencies on sy into the constants. There

are three events that contribute to Iy, (%),

By ={X, € Im(t) — 1,m(t)]}, By = {Vs € [so,t], Xs € [gt_(s),g;r(s)]} :
Bs = {Vs € [so,t],|Ys]| < os},

we define them for the Brownian motions (X5, Ys)s>o. They arise when applying the

many—to—-one lemma, Lemma 2.4.1,

t
Eoan) [T ®)l] = By [T m s ([ 06 ds)|. 2113)

S0
Because we work on the event By N Bs, we can apply Lemma 2.6.1. As a consequence

of this, the X and Y contributions decouple and (2.113) is at least

«

Y
V2s

t
et_so]P)(sO,z) (Bl N BQ) ]E(Smy) [133 exp (—ﬁ
0

(1 +f(YS,s))ds>] . (2.114)
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For the Y—contribution, we have by Proposition 2.3.5.2 applied with any n € (0,2—k),

noting that s*+M/2 < gs for any s > sy by choosing sq large enough,

«
S

V2s

where the factors depending on sy have been absorbed in c.

t
E (s0,9) [1133 exp (—6 (L+ f(Ys,8)) ds)} > ct*texp (=0it' %), (2.115)
50

We now consider the X-—contribution. By Girsanov’s theorem with drift A =
m(t)/t, we have

2
et—sop(so’x) (BN By) = 6(1_%)“_50@(50@430) [1311326—A(Xt—xso) ’
where, recalling the definitions of g~ and g; in (2.112),

Bl = {Xt € [_170]}7
By = {Vs € [s0,1], X € [—s"972 — ((s = s0) A (£ — 5))" 7] }.

Noting that 1 — %2 = 0t + (3 — £)18L 4 (1) and bounding e *X+=%s0) > ¢ by

using X; € [—1,0] and our assumption on x, we get
€ OB ) (By N Ba) > et/ P o o) (BiN By). (2.116)
Shifting time by s and integrating w.r.t. the final value X,_,,, we have
]P)(so,xf/\so) (él N éQ)

~1/2
Z /_1 P(O,x—)\so) (VS € [O,t - 30]7 Xs € Ilet—so = y) IP)(0,1‘—)\50) (Xt—so € dy) )
(2.117)

where I, = [—(s 4 s9) /2 — (s A (t — 5o — 5))" /%], Note that we restricted our-
selves to y € [—1,—1/2] to be at distance at least 1/2 from the upper barrier at the
end. Then, on the one hand, for ¢ large enough, P(g ;- rs)(Xi—s, € dy) > ct=/2dy.
On the other hand, note that our lower barrier satisfies
1 1 1 1
—(s+ SO>(1+5)/2 < _58(()1+s)/2 _ §S(1+s)/2 < —§sél+€)/2 -3 (s A (t— 50— 8))(1+a)/2

and by our assumption on xy we have x — Asy € [—2./50, —/50/2] for s large enough,
so by [63, Lemma 2.8], for ¢ large enough,

c c
Po,—xs0) (Vs € [0, — s0], Xs € L|Xy—sy = y) > E()‘SO —z)(—y) > 7
Combining this with (2.116) and (2.117), the total X—contribution is
0Py 4y (By N By) > et~ /4t ™", (2.118)

Going back to (2.114), combining (2.118) with (2.115), we get the desired result. [
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2.6.3 Second moment estimate

Lemma 2.6.3. For sg large enough, there exists C' > 0 such that, for any t large

enough, for any x € [v/2so — 2v/30, V250 — /50, y € R,
E (s [T (D] < C.

Proof. Throughout the proof, we absorb dependencies on s; into the constants. First,
note that it is enough to prove E(s, ) [|I'so(t)] (|T'so(t)] — 1)] < C. Indeed, we then

have

E(oz) [0 )] = Eso.o) [Teo (0)]] + Eaozyy [T (8)] (T ()] = 1]
1/2
< B [T @] +C

which yields the result because 22 < z + y implies z < 1 + y'/2 for any z,y > 0.
To compute E(sz)[|Ts (8)] ([T (£)] = 1)], we want to apply the many-to-two
lemma. To this end, define the events for i € {1, 2},

B ={&,elmt)—1,m®)},  BY ={Vs €518, € o (s)g ()]},
BBi) = {VS < [507t]7 |£§,s| < 08}7

where &}, and &, denote the X and Y-coordinate of & respectively. Then, the

many—to—two lemma (Lemma 2.4.2) yields

Esoz.9) [[Tso (0] ([T ()] = 1)]
= /Z Eso.a) [ e s b(&) exp (/z b(f;)dva/:b(ng’T)ds)] 2dr.  (2.119)

Choosing sy large enough, we have g;"(s) < v/2s for any s € [s¢,t], and there-
fore Lemma 2.5.1 can be applied on the event BY’ N BY” to bound b(El) < 1-—
Bl /V2s|*(1 + f(& . s)), where f satisfies the assumptions of Proposition 2.3.5.1,
This then completely decouples the X and Y—coordinates of (2.119). We now bound
the indicators of BS” by 1 and use b(&}) < 1 to bound (2.119) by

[ e R (m )

S0 i=1j=1
51
V2s

(1+ f(&,s) ds—ﬂ/ 1+f(§§’r,s))ds>] dr.

(2.120)

X E(so,x,y) lexp (

S0
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Recalling the definition of G from (2.46), the expectation in (2.120) equals

2
J é(sO,y;r,m[/ éw;t,z)dZ] 4 < CHr/2p=rlAehr' =2 (9 191
R R

using Proposition 2.3.5.1 twice and incorporating the sy dependencies into C. We now
focus on the probability in (2.120). Integrating first w.r.t. £&" = 2" and weakening

the barrier, we get

2 2
P (s0.2) (ﬂ N B§”) (2.122)

i=1j=1

ot () o 2 e/ 2r—s0)
< / IED(so,.r) (Bé o] Xr = Z/) ]P(r,y) (Bl N B£ 7t}) dy7
—c0 27((7’ — 80)

(2.123)

where By = {X; € [m(t) — 1,m(t)]} and BS = {Vs € I, X, < As} with A\ = m(t)/t.
By [32, Lemma 2], we have

2(Asg — x)(Ar — y) AL < Cly+1)

Plog.e) (B5"" s
(0’)( 2 r — So T (r—so+1)

X, = y) <
writing ¥ = A\r —y and using the assumption on x. On the other hand, by Girsanov’s
theorem, we have

T, _ _ ] _ﬁ r
Py (Bl N B ﬂ) = E(so.y—ar) |:]]'{Xt€[1,0]}]]-{V8€[T,t]7xr<0}€ AXe=Xog) = (t=7)

Cy+1) e—/\@—g(t—r)

< @ 7
T (t—r+1)%2 ’

where we used e M¥+=Xs0) < ¢~ and bounded the remaining probability by first
integrating w.r.t. X; and then applying [32, Lemma 2| again. Coming back to (2.123),

using also

e—(y—x)2/[2(r—50)} _ e—(/\(r—so)—@—x+/\30)2/[2(r—30)} < e—%(r—so)—&—)\@—i—x—)\so) < Ce—%r—i-/\?’

and changing y for 7 in the integral, we obtain

ey +1)°dy

< Ce— Nt o0
- (7" — So + 1)\/7" — Sg(t —r—+ 1)3 /((7‘50)/\(757“))(15)/2
O3~ %5 o 204201177 gr—dirt =" —(5-5)  log(t)

(r—so+ 1)y/r—so(t —r+1)>3

e~ ((r=so)A (=) 1=/
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using ’\72 =1— 0t — (3 — £)18L 4 5(1) for the prefactor, and e (7 + 1)> < Ce™?

1
t
for the integral. Combining this with (2.121), we get that (2.120) is at most

t e T
Cts/ pr/A
50 (r—so+1)y/r—so(t—r+1)3

Then, using that s > sy — (logs)/s is decreasing for sy large enough, we have

91 (rl=F—rt=5)— (2 —E) T log(t)
: T rsnan) 1 g (2.124)

K

eiT108() < pr/4 and e 37 lo8(t) — -3/2p35 los(t) < t=3/2(t — r)32. Moreover, there
exists C(k) > 0 such that r'=% —rt=" < C(r A (t — r))' 7" for any r € [sg,t]: this is
direct for r < t/2 and, for r > t/2, one has

A A (1 - (1 ! ; 7a)m> < C(n)tl_“t_tr < C(r)(t—71)'".

It follows that ¢?1(r "=t ") =((r=so)A(t=r)=/2 < C', where we recall that C' can depend

on sg. Applying these facts to (2.124) shows

dr < C,

t 1
Es oo [Ts ()] (ITs. ()] — 1] < t3/2/
(07 71/)“ 0( )|(| 0( )| )]—C so (T—SQ+1)m(t—7ﬂ+1)3/2

which concludes the proof. O

2.6.4 Proof of the lower bound

We are now in a position to show the lower bound of Theorem 2.1.1. To be precise,
we show that, for any § > 0, there exists x € R such that

limsupP (M; < m(t) —x) <é. (2.125)

t—o00

Proof of the lower bound in Theorem 2.1.1. We use the moment bounds on |I'k(%)]

to show that there are particles near m(t) at time ¢. For sy > 0, we consider the box
B, = [V2s0 — 21/50, V20 — +/50] x [—s5"%, s5"?). (2.126)

In the sequel, we consider sy large enough to satisfy Lemmas 2.6.2 and 2.6.3 as well
as other properties mentioned below.
Combining Lemmas 2.6.2 and 2.6.3, as well as the Cauchy-Schwarz inequality,

there exist ty > sg and c¢g > 0 such that for all ¢t > ¢, and (z,y) € By,,

E s, [[Tx (8]
E(507x7y) [|FK (t) |2]

From this it follows that we also have, for all t >ty — so and (x,y) € Bs,,

Plagay) (M 2 m(t) = 1) = Prag ag) (T (b)) 2 1) = > ¢ > 0.

P(O,x,y) (Mt > m(t) — 1) > P(So7m7y) (Mt—l-so > m(t + S(]) — 1) > co > 0, (2127)

83



using that m(t + sg) > m(t), if so is chosen large enough.
Let 0 > 0. By Lemma 2.6.4 below, for every N € N, there is » > 0 such that

Ploooy (# {u € N(r) : (Xu(r), Ya(r)) € By} > N) > 1—6/2. (2.128)

Hence, restricting ourselves to the event in (2.128), applying the branching property
at time r and then (2.127) to the BBMs starting from particles in By, at time r, we
get, for any t > tg — sg + 7,

Plooo) (M >m(t—r)—1) > (1-¢/2) (1= (1= c)¥) > 13,
for N = N(0, ¢q) large enough. And therefore we have
Piooo) (My > m(t) = v2r —1) > 13,
for ¢ large enough such that m(t —r) > m(t) — v/2r. This proves (2.125). O

Lemma 2.6.4. For sy large enough, recalling the definition of By, in (2.126), we

have P(g,0,0)-a.s.
#{u € N(D) 1 (Xul0),Yal0) € By} - oo

Proof. As sp — oo, the angular coordinate of points in B, is uniformly going to 0,
so, using Assumption (A2), we can choose sy large enough so that the branching rate

is at least 1/2 on By,. We also introduce a family of square boxes, indexed by L > 0:
3
BE = (ﬂso Vet [—L,L]) < [—L, L. (2.129)

We also assume that sg is large enough such that B3 C By,. We now fix so.
We define a spine (&);>0 with & € N (t), starting with the root and then choosing
one of the two children uniformly at random at each branching point. We now make

the two following claims
e Claim 1: The spine branches infinitely many times in the box Bgo almost surely.

o Claim 2: There exists ¢ > 0 such that, for all (z,y) € B?

E

P <# {ue N (1) : (Xu(b),Yalt)) € BL} — oo> > e (2.130)

t—o00
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Combining these two claims together with the branching property along the spine
and the second Borel-Cantelli lemma yields the result.

We now prove the claims. For Claim 1, note that the trajectory of the spine is

1

a two-dimensional Brownian motion, which is recurrent, so a.s. the spine enters B ,

2

5,» and so on infinitely many times.

then leaves BZ, then enters B] , then leaves B
Because the branching rate is at least 1/2 on BZ as mentioned at the beginning of
the proof, the probability that the spine branches between an entry time of B;O and
the next exit time of B2 is bounded away from 0 uniformly in the entry point in By .
Therefore, Claim 1 follows from the second Borel-Cantelli lemma.

We now deal with Claim 2. Using that the branching rate is at least 1/2 on Bgo, it is
enough to prove the claim for a BBM with branching rate 1/2 and where particles are
killed when leaving B;‘O. But this branching Markov process is supercritical, because
the largest eigenvalue of the Laplacian with Dirichlet boundary condition on Bﬁo is
—%(Z—;), which is larger than the opposite of the branching rate. The fact of being
supercritical implies the claim as shown in [80] or [86]. More precisely, let ui(x,y) be
the extinction probability when starting from (x,y) € Bj,. Then, [86, Theorem 2.1]
implies that u; is continuous on By and [86, Theorem 2.2] shows that u; < 1 on the
interior of B , so there exists ¢ > 0 such that, for all (z,y) € B2, wi(z,y) < 1—c.

But [86, Lemma 2.1] proves that 1 — u;(z,y) equals the probability in (2.130) O
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Chapter 3

Biased branching random walks on
Bienaymé—(Galton—Watson trees

3.1 Introduction and main results

Branching particle systems have become a staple of probability theory. On the one
hand they appear naturally in random models of evolving populations, turbulence
cascades, or epidemiology to name but a few of the contexts where they have proven a
key tool; and on the other, in spite of their simple definition such processes have a rich
and sophisticated structure while being remarkably useful to study other important
mathematical objects such as reaction diffusion equations or log-correlated fields.
Unless there is extinction, a branching particle systems can be thought of as an
expanding cloud of particles in some space and the first question one wants to answer
is at what linear speed does this expansion happen? This is now very well understood
in homogeneous deterministic space (e.g. for branching random walks or branching
Brownian motion in R?). In discrete time and space, the random walk can be replaced
by any irreducible Markov chain and the corresponding branching Markov chain can
be described as follows. Start the system with one particle at the origin. After
each time unit, particles produce offspring according to a fixed offspring law and the
offspring particles choose a new location, independently of each other, according to
the Markov chain, starting from the location of the mother particle. This model is
also known as tree-indexed Markov chain. One may ask about recurrence/transience
of the branching Markov chain: is the origin (or any other site in the state space
of the Markov chain) visited infinitely often by some particle? Does the maximal
distance of the particles to the origin grow at a linear speed? In the transient case,
does the minimal distance of the particles to the origin grow at a linear speed? These

questions have also been addressed in cases where the Markov chain is a random walk
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in random environment, see Section 3.1.4.

Here, we consider a branching random walk on Bienaymé—-Galton—Watson trees where
the underlying Markov chain is the A-biased random walk on a Bienaymé-Galton—
Watson tree. The motion of a single particle is a well-studied model of a random walk
in random environment, although there are still fascinating open questions, see [70].
In a homogeneous environment, i.e. for a transitive Markov chain, it is well-known
that the origin is visited infinitely often by some particle if and only if the product
of the mean offspring number with the spectral radius of the Markov chain is strictly
larger than 1. We show that the same is true in our model, see Theorem 3.1.2.

If the Markov chain is statistically transitive and if the distance to the origin of
the Markov chain satisfies a large deviation principle, the maximal distance of the
particles to the origin grows at a linear speed which should be given as follows. The
linear speed v is such that the exponential growth rate of the number of particles
compensates the exponential decay of the probability for a single particle to be at
time n at a distance at least nv from the origin, see formula 3.4 for a precise statement.
We refer to Section 3.1.4 for known examples where this heuristics has been confirmed.
Indeed, this statement is true in our model: the main results of the paper, Theorem
3.1.1 and Theorem 3.1.3, characterize the linear growth rate of both the maximal and
minimal distances of the particles to the origin. While the proof of the upper bound
of the linear growth rate of the maximal distance to the origin follows a standard
argument (relying on a union bound and the many—to—one formula), the proof of the
lower bound is more complicated and involves several decoupling procedures.

The paper is organized as follows. In Section 3.1.1, we define the model and describe
our assumptions. In Section 3.1.2, we state our main results, Theorems 3.1.1 and 3.1.3.
We then give in Section 3.1.3 an outline of the proof of Theorem 3.1.1, which is mainly
based on Proposition 3.1.4 and Proposition 3.1.5. In Section 3.1.4, we describe some
related works. Turning to the proofs, we start by recalling large deviation statements
for A\-biased random walk (of a single particle) on Bienaymé-Galton—Watson trees in
Section 3.2.1. In Section 3.2.3 we recall a well-known zero—one law and use it to prove
Proposition 3.1.5. In Section 3.2.4 we prove Proposition 3.1.4 by using a comparison
with a branching process in random environment. We then show Theorem 3.1.1 and

Theorem 3.1.3. Finally, we conclude with some open questions in Section 3.3.

3.1.1 The model

First, we need a distribution for the environment: Let p := (pg,k = 0,1,2,...) be a

probability measure on Ny = {0,1,2,...}. Define BGW to be the law of a Bienaymé—
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Galton—Watson (BGW-tree) w with offspring distribution p. We will always assume
that
po=0and p; < 1. (3.1)

Then the Bienaymé-Galton—Watson tree is supercritical, without leaves, and
Mpew - — Z k'pk > 1.
k>1

Throughout this paper, we also suppose that
Mpay < O0.

The root of the tree w is denoted by o. For a vertex x € w, write |z| for its height,
that is the (graph) distance between x and o. Denote by x_ its parent, by , the
number of its children, and by zj € w its j-th child for j < k,. We will denote the
children of the root by 1,2,..., K, instead of 0l,02,...,0kK,. Let D, be the set of
vertices with height equal to n; we call D,, the n-th level of the tree. For every i < ||,
let x; € D; be its ancestor at the i-th level. Write x < y if z is an ancestor of y or
r=y.

Next, we need a branching mechanism: Let p := (u, k = 0,1,2,...) be another
probability measure. Define T to be another Bienaymé-Galton—Watson tree with
offspring distribution g, independent of w. This tree will act as the genealogy of
the branching random walk. To differentiate between T and w in notation, we call
vertices of T particles and typically denote them by u, v, w (as opposed to z,y, z € w).
Similarly, we denote the root of T by &, the number of children of a particle u by ~,
and we call |u| the generation of u.

Thirdly, given the environment w, we construct the A\-biased branching random
walk (BRW) on w in discrete time: We denote the branching random walk by
(X(u),u € T) and its law by P,. Unless otherwise noted, the initial particle @ € T
starts at the root 0 € w, i.e. X(&) = 0. Then we proceed inductively. At time n+1, a
particle u € T with |u| = n is replaced independently by -, children with probability

For j < ~,, each child uj € T is situated at a certain position in w, independently of

v, and the other children, according to the following rule:

1
PW(X(uj):i]X(u)zo):;, 1=1,2,...,Ko;

A
Po(X(uj) =2 |X(u) = 2) = === @ #0;

1
PW(X(uj):mﬂX(u):x):m, r#0,1=12 ... K.

88



We further assume that the BRW is supercritical with finite expectation, in the sense
that

m =Yk, € (1,00). (3.2)

k>1
Under this condition, it is well-known that the BRW survives with strictly positive
probability. In fact, for simplicity, throughout this paper we work under the stronger
condition that
po =0 and p; < 1, (3.3)

so that the BRW survives almost surely. If one assumes only (3.2), similar results
can be easily obtained by conditioning on the event of survival.

Lastly, when we consider the randomness of the environment together with the
randomness of the process, we speak of the annealed law (compared to the quenched

law P,). The annealed law is obtained by averaging P, over the environment,

P(-) = / P, (-)BGW(dw).

We denote expectations with respect to BGW by Eggy, e.g. E[ - | = Epgy[Ew[ - ]]. This is
to emphasise that the remaining randomness depends only on w but not the branching

random walk.

3.1.2 Results

The main purpose of this work is to study the asymptotic behaviour of the maximal
height of the branching random walk at time n, that is max,—, | X (u)|, as n — oo.

Because at generation n the branching random walk has of the order of m™ parti-
cles, a first moment argument and the so-called many-to-one formula suggest that the
highest particle should be at a height of order vy ,,n where v, ,, corresponds to the
point where the large deviations rate function of the A-biased random walk is equal
to logm.

More precisely, let vy be the velocity of a single A-biased random walk (see Theo-
rem 3.2.1). Then, the velocity v, is related to the rate function I, : [vy, 1] — [0, c0)
of the large deviation principle for A-biased random walks, obtained in [40] (c.f. Sec-

tion 3.2.1): we have
orm = sup{a € [on, 1] : Ta(a) < logm)} (3.4

In particular, if vy, < 1, vy, is the unique solution to I(vy,) = logm. Since
I\(vy) = 0, we have vy, € (vy,1]. Moreover, vy,, = 1 if and only if m > e =

(Ck>1 k%pk)_l. For any fixed \, vy, is strictly increasing with m in (1,e>()).
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Figure 3.1: An artistic interpretation of a branching random walk on a Bienaymé-—
Galton—Watson tree.
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Theorem 3.1.1 (Velocity of the maximal displacement). Let (X (u),u € T) be a A-
biased branching random walk with reproduction law p. Suppose that pg =0, uy < 1,
m =3 y>1 kpy > 1 and m < oo. Then for BGW-a.e. w, we have

1
lim , max | X (u)| = vam, P, —a.s.

where vy, s a constant that only depends on X\, m and the tree offspring law p and

is given by (3.4).

Besides the maximal height of a branching random walk, we can also study the
minimal height at time n, miny,—, | X (u)|, as n — co. The study of this quantity is
related to the question of recurrence and transience of the branching random walk,
or in other words its local extinction/local survival. Let dyi, = min{k: py > 0} be

the minimum offspring number of w and let
a, :=P,(VneNIJueT:|u >n, X(u)=2X@) =21,

the quenched probability that starting at x, there are infinitely many particles that
visit x. We show that the critical value for A\, namely d,;,, which is required for a
transient phase of the branching random walk is different from the critical value of A

for recurrence/transience of the A-biased random walk which is mggy.

Theorem 3.1.2. For BGW-a.e. w, a BRW (X (u),u € T) is transient in the sense that
a, =0 for all x € w if and only if

dmin + )\

27/ Momin

where m = >y~ kg > 1 is the mean offspring of the BRW.

A<dpn and m< (3.5)

Otherwise if X\ > dyi, orm > %, then the BRW is strongly recurrent, i.e. a, = 1

forall x € w.

We prove Theorem 3.1.2 in Section 3.2.2. We remark that part of this statement is
the non—existence of the weakly recurrent phase: there is no choice of A\, m, and = such
that we have o, € (0,1). The second part of condition (3.5) can also be written as
m < e~\(0) The expression for I,(0) (respectively the threshold in (3.5)) may seem
complicated. We note that 7,(0) = H(%ldi:i/\) where H(s|t) = slog ¢+ (1—s5)1= is
the relative entropy between two Bernoulli distributions with parameters s, ¢ € (0, 1).

See Figure 3.2 for an illustration of the different recurrence and transience regimes.
For the case A = 1, it is proven in [84] that a BRW is transient in the sense

that oo = 0 if and only if (3.5) holds. The fact that recurrence or transience is
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determined only by supp{px, k& > 1} and not by the actual distribution {pg, k > 1}
can also be compared to [38, Theorem 1.1] where the authors study a BRW in random
environment on Z?. There the the recurrence/transience criterion depends only on
supp @ (in their notation).

m

RW transient ' RW recurrent

BRW transient

BRW strongly recurrent

1
dppin+A :
2 dmin)\ 1
|
[

m <

O I
dmin Mpgw

Figure 3.2: The different recurrence and transience regimes for the A-biased random
walk and A\-biased branching random walk.

Clearly, in the strongly recurrent regime we have

lim min M
n—=00 yeT,|ul=n n

=0, P,—as. for BGW-—a.c. w.

In fact, the number of particles at the origin should grow exponentially. In the

transient regime we show the following.

Theorem 3.1.3 (Velocity of the minimal displacement). Let (X (u),u € T) be a A—
biased branching random walk as above. Assume that we are in the transient regime,

ie. that m < Gwintd gnd X\ < d... We also need to assume

2\/ Admin
Apin > 2. (3.6)
Then for BGW—a.e. w, we have
A -
lim — min | X (u)| = Oy m, P, —a.s.

n—oo n |u|:n

where Uy, € [0,v)\) is a constant that only depends on N\, m and the tree offspring

law p, see (3.7) below.
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The assumption (3.6) comes from the slowdown large deviations result [40, Theo-
rem 1.2]; see Theorem 3.2.3 below. With the large deviation rate function I : [0, vy] —
[0, 00) therein we have the identity

Uym :=1inf{a € [0,v)\] : I\(a) < logm}. (3.7)

Let us comment on the properties of 0y ,,: because dyi, > 2 and A < dpn, Iy is
strictly decreasing on [0,v,] and I,(0) is known, see (3.11) below. This implies that
Uxm > 0 if and only if m < 2{7#%. In the critical case when m = 2‘1\’/“#%, we have
Uxm = 0. The branching walk is still transient, which suggests that in the critical
case the minimum moves at sublinear speed. Also note that 0y,, < v, and that
Ux,m 1s strictly decreasing in m for fixed .

In the case of dy;, = 1, the branching random walk can only be transient (de-
pending on m) if A < 1. However this case is not covered by the large deviations
result and therefore is out of our reach for the study of the branching random walk.
Nevertheless, we believe the same results to be true.

The proof of Theorem 3.1.3 is very similar to that of Theorem 3.1.1. We will

discuss the differences briefly in Section 3.2.5.

3.1.3 Outline of the proof of Theorem 3.1.1

The main difficulty in showing Theorem 3.1.1 lies in showing a lower bound, i.e. to
show that there are particles that realise the speed (vy,, — €) for some € > 0 small.
Our approach is not dissimilar from the standard approach (see for example [81,

Section 1.4]) and consists mainly of the following two propositions.

Proposition 3.1.4. Under the assumptions of Theorem 3.1.1 we have for any a <

Uxm

P (lim inf max X (w)]

n—oo |u|:n n

Za>>0.

Proposition 3.1.5. Under the assumptions of Theorem 5.1.1 we have the following
0—1 law for any a > 0:

P, (hm inf max X (w)]

n—oo ‘u|:n n

> a) >0, for BGW—a.e. w

= P, <lim inf max [X(w)]

n—oo |u|:n n

> a) =1, for BGW—a.e. w.



We show Propositions 3.1.5 and 3.1.4 in Sections 3.2.3 and 3.2.4 respectively.

Although Proposition 3.1.4 looks close to Theorem 3.1.1 already, there are still
two more steps to do. One is to go from > 0 to = 1 which is provided by the P,,-
zero—one law, Proposition 3.1.5. The other one is to go from the annealed law P to
the quenched law P, for which we shall develop another zero—one law under BGW.
The main obstacle in proving Proposition 3.1.4 is that for two particles u,v € T with

|u| = |v| = n and u # v, the descendant populations
{X(w);we€ T,u <w} and {X(w);w €T,v<w'},

while being independent under P, are not identically distributed because they may
use different parts of w. When considered under P, they have the same law but are
not independent any more as they might depend on the same part of w. We overcome
this by careful analysis and comparing our process to an Ny—valued branching process
in random environment.

Regarding Proposition 3.1.5, it is not surprising that this holds as for fixed environ-
ment w the quantity lim inf, . max,—, |X7(17u)| is a tail-measurable random variable.
Nevertheless, the standard tools like Kingman’s subadditive ergodic theorem (as used
in [81, Section 1.4]) or Kolmogorov’s 0 — 1 law cannot be applied. Again, the issue is
that the increments, in any sense, are not identically distributed. Interestingly, our
proofs are different in the strongly recurrent and the transient regimes. In the tran-
sient regime, the crucial ingredient of the proof is that w, while not being a transitive
graph in the usual sense, is statistically transitive in the sense that for any = € w the

subtree {y € w: < y} has the same law as w under P.

Remark 3.1.6. Proposition 3.1.5 depends crucially on Bienaymé-Galton—Watson trees
being statistically transitive. Consider a 3—ary and a 4-ary tree joined at a common
root. While both trees are transitive, the combined tree is not. If the branching rate
for the branching random walk is low enough, Proposition 3.1.5 fails (and in fact
Theorem 3.1.1 as well).

3.1.4 Related work

Shape theorems for branching random walks on lattices or on R? are a classical
topic, going back to the work of [22, 52, 64], we also refer to [70] and to [81] for
additional references. In the one-dimensional case, not only the linear growth of
the maximal /minimal distance to the origin is known, but also the fluctuations, see

[8]. Also, there are, for the one-dimensional case, many finer results about point
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process convergence of the particle configuration, seen from the maximum/minimum,
we again refer to [81] for references. We remark that in the multidimensional case,
there are only few results in this direction but this is a very active field of research.

The question about the linear growth of the maximal/minimal distance to the
origin for branching random walks in random (spatial) environment was investigated
by [41] and [89] for one-dimensional random walk in random environment. For a
general model of multi-dimensional random walk in random environments, shape
theorems were proven in [38]. In the discrete setup, recurrence and transience for
branching Markov chains were investigated in [12],[48] and [76]. For branching random
walks on Galton-Watson trees, where the underlying Markov chain is a simple random
walk, the question about recurrence and transience was answered in [84]. There are
several papers studying the Martin boundary of branching Markov chains, relating
it to the properties of the underlying Markov chain, we refer to [20, 35, 60] among
others. The authors of [42] study the range of a critical branching random walk on
regular trees and are working on a similar result for random trees.

In the physics literature, there is interest in the study of F-KPP type reaction—
diffusion equations in random environment [21, 34, 58]. They are linked to branching
random walks by duality; in particular the front of F-KPP equation behaves similarly
to the maximal displacement of the branching random walk.

For background on the A-biased random walk we refer again to [70], to [81] and
to the survey [10] on biased random walks in random environment and the references

therein.

3.2 Proofs of main results

3.2.1 Preliminaries: biased random walks on a BGW tree

As mentioned in the introduction, the underlying motion to the BRW is the A-biased
random walk (S,)n>0 on w. We describe its quenched law P,,. This is a Markov chain

starting from Sy = o with transition kernel

1
Po(Spi1 =[Sy =0)= —, i=1,2,... ke
Ko
PulSps = 2|8, = 2) = s, 2 #
w (Pn — d—|Pn — - ) O;
==z x N x
Pw<Sn+1:$i|Sn:$):m, $3£0,i:1,27...,/€x.

Let P(-) := [ P,(-)BGW(dw) be the annealed law.
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This is one of the most well-studied models for a random walk in random envi-
ronment. For an introduction to the simple random walk on random trees see [70,
Chapter 17] and for a survey on biased random walks on random graphs see [10]. One

key fact about the random walk is the following.

Theorem 3.2.1 (Existence of speed [69, Theorem 3.1]). Assume that w has no leaves,

i.e. po =0 and that 1 < mggy < 0o. Then there is vy € [0,00) such that

Sn
P, <lirn |—’ = U/\> =1, BGW — a.s.

n—oo n
Moreover, vy > 0 if and only if A < mpgy.

The function A — v, is still not fully understood; in particular, the monotonicity
is a well-known open question except for small A, see [11].
Another result about the A-biased random walk which is crucial to us is the

existence of a large deviation principle.

Theorem 3.2.2 (Large deviations, speed-up probabilities [40, Theorem 1.1]). Sup-
pose that A\ < mgey < 00. Then, there exists a continuous, convex, strictly increasing

function Iy : [vy, 1] — [0, 00), with

L(va) =0 and I\(1)=—log) i

Pk,
=1 k+ A

satisfying, for b > a, a € (vy, 1],

15
n

1 1
lim long<|Sn‘ € [a, b)) = lim logIP’(
n n—oo n,

n—oo n,

la, b)> = —1I)\(a), BGW — a.s.
(3.8)

Theorem 3.2.3 (Large deviations, slow-down probabilities [40, Theorem 1.2]). Sup-

pose that mpey < 00 and that
either dpi, > 2 or X > 1. (3.9)

Then, there exists a continuous, convex, decreasing function Iy : [0,vy] — [0,00),
with Ix(vy) = 0, such that for 0 <b < a < vy,

1 n n
limlong<|S | |S—|€
n n

n—oo n,

1

€ [b, a)> = lim logIP’( b, a)> = —1I\(a), BGW — a.s.
n o0 n

(3.10)

If X > duin, then I (a) =0 for a € [0,v,]. If A < dwin, then Iy is strictly decreasing

on [0,v,] and
dmin + )\)

1,(0) = 1;{51 I\(a) = log (m

(3.11)
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3.2.2 Strong recurrence and transience

The recurrence property of a BRW is closely related to the spectral radius of the
A-biased random walk (.S,,) of a single particle on the tree w. This is the following

number, which is known to be the same for every x,y € w:

3=

Pw(N) :=limsup P, (S, =y | So=z)~.

n—oo

Proposition 3.2.4. Suppose that mpgy < co. Then for BGW-a.e. w,

1 A > dmin;
pu(A) = { v e (3.12)
%, A€ (0, dmin)-

For A = 1, this result can also be found in [84, Proposition 3.5].

“Liiis

\lj/ —+

o

Figure 3.3: The spectral radius p,(A) is determined by atypical regions of w: the set
A(x,2L) consists of L levels of a dV-ary tree and L levels of a d®-ary tree. The
choice of (dV),d®) depends on A: if A < dp, we choose dV) = d? = d,;, and if
din < A < mgey we choose dV) = dy and d® = d, where dy > mpey. Then the
set A(x,2L) acts as a trap for the random walk. Similarly, for the branching random
walk, A(z,2L) acts as a seed which facilitates local survival.

Proof. 1f the BGW tree has a.s. bounded degree, then it follows from [76, Lemma 2.8]
that p,(A) = e 2O with I,(0) as in Theorem 3.2.3', which leads to the desired

statement.

the computation of the value I5(0) does not require (3.9); see [40, Remark 7.1]
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In general, without the assumption of bounded degree, we provide a direct proof,

using ideas from the proof of [76, Lemma 2.8]. For BGW-a.e. w, we have for each £ > 0,

1
lim sup — log P,,(S,, = 0) < limsup — logP (|Sn| < ne) = —Ix(e).
n—oo

n—oo TN

Letting ¢ — 0 and by continuity of Iy, it follows that p,(\) < e ). To obtain the
lower bound p,,(\) > e~ 10 we treat the two cases A < dpin and A > dyin separately.

We first consider A < dpin. Let L € N and x € w. Denote by A(x,2L) the first
2L levels of the fringe tree rooted at x, i.e. A(xz,2L) = {y € w: = 2y, |y| < |z|+2L}.
Call z a (dpin, 2L)—nice vertex if A(x,2L) is a (dyin)—ary tree.

Such z exists for BGW-a.e. w and for simplicity we write A := A(x,2L). Consider
a (din, 2L)-nice vertex and let P2 be the law of a A-biased random walk killed on
leaving the subgraph A C w. Choose yy € A arbitrarily and denote the spectral
radius in A by p(\) := limsup,_,. PA(X, = yo | Xo = yo)». Naturally we have
PAX, = yo | Xo = ) < Pu(X, = v | Xo = wo) and therefore p2(\) < pu(N).
Therefore it suffices to study p”(\) in order to obtain a lower bound.

Let yo € A so that |yo| = |z| + L. Consider a random walk (S,,) starting from
So = yo and denote by T the first time that the random walk reaches the boundary
of A, ie. |S,| = |z] or |S,| = |z| + 2L. Because A is a (dyin)-ary tree, we can
compare P4 to a biased simple random walk on Z. Let Psrw(p) be the law of a simple
random walk on Z that moves up with probability p. Then the law of (|S,[,n > 1)
restricted to [|z|, |:1c| + 2L] is Pspw(p) with p = ﬁ For s,t € (0,1) let H(s|t) =
slog 2 + (1 — s)1=2, the relative entropy between two Bernoulli distributions. We
imitate the SRW-computations from [40, Section 3]. We can compare the biased
SRW to the symmetric SRW by performing a change of measure. In particular we
have for the large deviations of 7' which is now the first time of the SRW to reach
the boundary of [|x|, |x| + 2L] that

)(T>n)—H(1‘p>.

1 1
lim inf — log Psrw(p) (T' > n) > lim inf — log Pggyy(

1
n—o00 n—o0 n, 2

2
The large deviations of T for PSRW(%) are well understood, we have
2

o]
lim inf - log Pggryw( ek

y (T'>n)=—

1
2
Recall that p = dmin_ 5 and therefore H ( ‘p) = I1,(0). Thus

2

1 ™
hgggolf—logPSRw( y(T'>n) > —s 1,(0).
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1AN
)\"dein

even number n with en > L, using the Markov property at time [(1 — ¢)n] we have

We return to the A\-biased random walk on w. Let ¢ =

and ¢ > 0, then for an

Pf(Sn =yo | So =1v0) > Pﬁ(T > [(1—¢e)n| | So=wyo)c™.

It follows that
2
limsupn " log P2(S, = 4o | So = 50) > (1 — 5)( - ;? - ]A(O)> + eloge.

n—00

2

As ¢ is arbitrary, this yields p,(A) > p2(A) > —g= — 1,(0). Letting L — oo, we
conclude that p,(\) > e (),

We next turn to the case A > dyi,. Note that when A > mpey the A-biased
random walk is recurrent - hence the spectral radius is 1. It remains to study the
case Magy > A > dyin. The arguments are very similar as for the case A < d,,;, but we
consider a different subset of w, using ideas from [40, Proof of Theorem 1.2]. Recall
that (pg, k > 1) is the probability distribution that determines BGW. There is dy € N
such that pg, > 0 with dy > mgey > A, fix such dy. Next, we again consider a vertex
x € w where A(z,2L) takes a specific form: on the first L levels A(z,2L) is a dy—ary
tree, whereas on the next L levels A(x,2L) is a (dyn)—ary tree. More precisely, for
y > x we require k, = d if |y| < |z|+L and Ky = dmin if |2|+L < |y| < |2|4+2L. Such
a vertex x exists BGW-almost surely, fix « and abbreviate A = A(z,2L). Starting the
A-biased random walk at any vertex yo € A with |yo| = |z|+ L, we can again compare
it to a random walk on Z killed upon leaving [—L, L]. This is an asymmetric random

walk on Z with bias <% > 1 on Z_ and bias ~dmin_ < 1

on Z, . As this random walk

>\+d0 2 )\+dmin 2
on 7 is recurrent (when disregarding the killing), we deduce that limy_,, p}(\) = 1.
This also implies that p,(A\) = 1. O

Proof of Theorem 3.1.2. As A > 0, the A-biased RW is irreducible. By [76, Theo-
rem 2.12], a BRW starting from = € w is recurrent (strongly or weakly), if and only
if m > 1/p,(A). See also [48, Theorem 3.2]. Proposition 3.2.4 provides the value
of p,(N). It remains to show strong recurrence when m > 1/p,(A). We only give
details for the case A < dp;, as only a slight modification is needed for the case
Mpcy > A 2 dimin-

Fix an integer L > 0 (to be chosen later). As in the proof of Proposition 3.2.4,
let + € w be a (dmin, 2L)-nice vertex. Let P2 denote the law of a BRW killed
upon leaving A := A(z,2L). We have shown in the proof of Proposition 3.2.4 that
limy e p2(N) = pu()) and therefore for all L large enough we have m > 1/p()), fix
such L. By the definition of the spectral radius, for all k£ large enough the random
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walk (S,) satisfies P2A(S, = o | Sy = ) > m~*. Fix such a k and start a BRW
with law P2 at . The expected number of particles after time k at z is bigger than
1. Therefore, by considering the BRW at times (k, 2k, 3k, ...) and only keeping the
particles located at x, this yields a supercritical branching process, which has strictly
positive survival probability ¢ > 0. Note that ¢ is the same for all (dpin, 2L)-nice
vertices.

Now let us consider a BRW starting with a particle at o. We look at the ran-
dom walk (S*,n > 0) given by the ancestral lineage (S5 = X (@), 57 = X(1),S5 =
X(11),...). This is a A-biased random walk. Then the trace of this random walk a.s.
encounters (dmin, 2L)-nice vertices infinitely often. Indeed, let us explore the BGW-tree
as the random walk proceeds: let (Z;,i > 1) be the first vertices encountered by the
random walk on level 2Li. Note that the sets (A(Z;,2L),7 > 1) are disjoint. Fori € N
let (; = 1{Z; is a (dmin, 2L)nice vertex}, the indicator that Z; is a (dmin, 2L)nice
vertex. Consider now ((;,7 > 1), this sequence of random variables is 7.i.d. under
P. And furthermore, P(¢; = 1) > 0, i.e. there is a positive probability that Z; is a
(dmin, 2L)-nice vertex. This implies that P-almost surely, and hence also P,~almost
surely, (; = 1 infinitely often.

Having established that (S’,n > 1) encounters infinitely many (dmm,2L)-nice
vertices, let (ZF,i > 1) be a subsequence of (Z;,i > 1) such that for every i € N Z*
is a (dmin, 2L)-nice vertex. For each i, consider now a branching process with the
measure P2 where A = A(Z},2L) starting at Z; at the time when (S, n > 1) first
encounters Z*. This auxiliary process is realised as a subset of particles of our BRW.
As discussed above, this auxiliary branching process survives with probability ¢ > 0
under P, for every i. Also, for i # j, the auxiliary processes are independent. As
survival of these processes are i.i.d. trials, P —almost surely, infinitely many of them
survive. In particular, there exists ¢ such that the :—th auxiliary process survives.
This means that Z; is visited infinitely often and hence the branching random walk

is strongly recurrent. O

3.2.3 0 -1 laws, proof of Proposition 3.1.5

The goal of this section is to show Proposition 3.1.5. Interestingly, this requires
different proofs for the strongly recurrent and transient regimes. We do this by
showing various 0—1 laws for the environment BGW and for the A-biased random walk.
Let us start by recalling the following classical zero-one law (c.f. [70, Proposition 5.6]).
We slightly vary notation to stress that this lemma can be applied both to the law of
w and to the law of T.
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Lemma 3.2.5. [Zero-one law for inherited properties]

Consider a Bienaymé—Galton—Watson reproduction law satisfying (3.1) (no leaves)
and denote the corresponding probability measure on trees by BGW, its expectation by
Egey and the corresponding branching process by (Z,). A property A of trees, is called
an inherited property if A C {w : Vj < Ko @ w; € A} where w; denotes the subtree
rooted at j, for j = 1,...,Z1. This means that if a tree satisfies the property A then
all subtrees rooted at the children of the root also satisfy the property A. Then, if A
is an inherited property, we have BGW(A) € {0,1}.

Proof. Let A (resp. AY) be the collection of trees w (resp. w;) that satisfies property
A. Conditional on Zy, (AY),j < Z)) are independent copies of A. Therefore

a := BGW(A) < BGW( N A9 > = Eggy [ 12_1[ BGW(AU))] = Epey[?'],

i<z J=1

hence, a < ¢(a) where ¢(s) := E(s71). But, due to (3.1), the function ¢ is strictly
convex with ¢(0) = 0 and ¢(1) = 1. We conclude that a € {0, 1}. O

We now turn to Proposition 3.1.5 for the strongly recurrent regime for (A, m) as
in Theorem 3.1.2. Here we have a proper 0 — 1 law. We formulate the statements for
a fixed tree w, if the tree is chosen randomly according to BGW then the statement is

true for BGW-almost every w.

Proposition 3.2.6. Assume that w is any tree such that the A-biased BRW is strongly

recurrent. Then for every a > 0

X
P, ( lim inf max [X(w)]

n—oo |u|:n n

> a> € {0,1}.

Proof of Proposition 5.1.5 for the strongly recurrent regime. If (A, m) is chosen such
that the A—biased random walk is strongly recurrent for BGW—almost every w according
to Theorem 3.1.2, then Proposition 3.1.5 follows immediately from Proposition 3.2.6.

O

Before proving Proposition 3.2.6, we state one intermediate lemma.

Lemma 3.2.7. Assume that w is any tree such that the A—biased BRW 1is strongly

recurrent. Then for every a > 0 and x € w, set

X
Qoz = Pw<lim inf max [X ()]

n—oo |u|:n n

>a

X@ - :E) .
Then we have qq5 = Ga,o-
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Proof. Set T, o = inf{n > 0: Ju with |u| = n, X(u) = o}, which is a.s. finite thanks
to the strong recurrence. Let v be a particle such that |v| = T,, and X(v) =
o. Set X®W(u) = X(vu),vu € T, i.e. the subpopulation descended from v. As

MaXiy|=n | X (u)| > MaX|y|=n—T o X (vu), we have
> liminf max

(v) (v)
lim inf max X (w)] > [ X ()] — lim inf max M

n—00 \u|:n n n—0o0 |u|:n_Tm,o n n—0o0 \u|:n n

By the branching property, (X®)) is a BRW started from o. Therefore,

X
Qo = P <lim inf max X (w)] >aq

n—oo |u|:n n

X(@) = o) = Qa0
A similar argument shows that ¢, 6 > ¢q,z- ]

Proof of Proposition 3.2.6. Let A, = {liminf,_,o max,—, | X (u)|/n < a} and

AY) = {liminf, e max,—, [ X9 (u)|/n < a}. We claim that A, is an inherited
property, more precisely A, € N;<, AU This follows from the independence of the
subpopulations (X (u) := X (ju)) descended from each particle j < 7, under the
law P,,, given X (u), j < 7. Unfortunately we cannot apply Lemma 3.2.5 as the AY)
do not have the same law as they all still depend on the whole of w, not just their

respective subtree. Nevertheless, using Lemma 3.2.7, we have

Pw< N AY

i<ve

1— Qa0 = Pw(Aa) S Ew

X():J S%)]

~ B 11 (1= tox) | = Bul(1 = 0"

j=1
This implies that 1 — g, is equal to either 0 or 1, and the same applies to ¢, 0. [

We now turn to the proof of Proposition 3.1.5 in the transient regime. The lack of
strong recurrence means it is a priori difficult to compare two branching random walks
started from different vertices of (the same) w. Because of this the above methods do
not apply. Instead we need to use that w is statistically transitive.

To this end, we also introduce a killed version of the A-biased random walk which

is modified at the root, whose quenched law P is given by

1
P! (S,i1 =1|S, =0) = , t=1,... Ko,
F(Spe1 = 1S, = 0) N i K
P (Spe1 = 1S, =0) = ,
w( +1 ﬂ O) )\+K/0

P (Sni1 = 2|Sn = y) = Py(Suy1 = 2|5, = y) for y # o,
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where § is an additional cemetery point which is an absorbing state. Define the corre-
sponding BRWs with quenched and annealed laws denoted by P}, and P* respectively
(particles absorbed at T do not branch).

Proof of Proposition 3.1.5 in the transient phase. We focus on the phase of (m, A) in
Theorem 3.1.2 where a A-biased BRW is P -almost surely transient for BGW—almost
every w.

Consider a BRW X* of law P}. We can couple this killed BRW X* with a BRW
X of law P, by adding extra randomness. More precisely, for each particle u of
X situated at the root with X (u) = o, we kill each of its children with probability
q= ﬁ, independently of everything else. The resulting BRW has the same law as
X* restricted to w without t. Let N be the total number of particles of X that are
children of particles at the root o, that is N = #{uj € T: X(u) = 0,5 € N}. Then

N is P-a.s. finite, due to the transience assumption. Set

B, = A = {lim inf max X (w) > a}.

n—oo ‘u|:n n

If P, (B,) > 0, then we have
P}(B,) > P},(B,; no particles are killed) = E,, [1(5,)(1 — ¢)"] > 0.

Now we view T (w) = P, (B,) and T*(w) = P} (B,) as functions of the random
variable w under BGW. The previous considerations showed that Y*(w) > 0, BGW—
almost surely under the assumption that Y (w) > 0, BGW—almost surely.

Consider now
We={ueT:|X(u)|=F~FV<u:|XW)| <k}, (3.13)

the set of particles that first hit level £ in their genealogical line of descent. Note that
for u,v € W,, we might have X (u) = X (v) which we would like to avoid. Therefore
for each x € {y € w: Ju € Wy, with X (u) = y} pick a representative u € W, with
X(u) =xz. Let Wk C W, be the set of representatives. This means that for u,v € Wn
we have X (u) # X (v).

Fix w. We observe that for each k

X
1-T(w) =P, <lim inf max [ X () < a)

n—oo ‘u‘:n n

n—oo  |y|=n n
u=<v

<P, (Vu € Wk : lirginfmax [X()] < a) )
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Next, observe that for u,v € W;, conditional on X (u) and X(v), the descendant
populations of u and v are independent. This means that by applying the Markov

property we obtain

n—o Jyl=n N
u<v

P, (Vu € Wy : liminf max [X()l < a)

noo‘v| n

X
=E, H P, x () <hm1nfmax‘ (U)’<a> ,

UEVT})Q

where P, , corresponds to the process started from a single particle located at =.
Recall that for x € w we let F,(z) be the fringe subtree rooted at x, that is F,,(z) =
{y e w:y>=a}. We introduce killing again, this time we modify P, x(,) by killing
all particles that cross the edge (X (u), X(u)_), the edge from X (u) to its parent.
Denote the corresponding probability measure by P X(u)" As before, the process
with killing can be realised as a subset of particles of the process without killing,
and thus the maximal displacement, maxj,|—, | X (v)| in the process without killing
stochastically dominates the maximal displacement in the process with killing. Using

the convention max () = —oco we obtain

X X
Py x() (117?1 inf max M < a) <P xw (hm inf max (X()l < a)

—0  |u|=n n n—=oo  jy|=n n

=P (x(u) <hm inf max X ()] < a) =1-"T"(F,(X(u))).

n—0o  |v|=n n
This yields the inequality
1-Tw) <E,| I (1 - T*(FW(X(U))))
UEVF\V/k
Going to the annealed law, i.e. integrating over w, and rearranging this means
Eaeu [T(w)] >1-E| [] (1 - T*(FM(X(U))D
’UJEVF\v//v

Note that conditional on Wj, the (F,(z),|z| = k) are i.i.d. BGW-trees under E.

This means that we can improve the inequality to

Egge [T(w)] 2 1-E | ] <1 -1 (FW<X(U)))> =1-E [EBGW [1- T*(w)]‘ﬁ]k‘ :

UEVA\;k
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Lastly, we claim that as k — oo we have [Wj| — oo, we show this in Lemma 3.2.8
below. From this and Y*(w) > 0, BGW-almost surely we obtain that Eggy [T (w)] > 1.
This implies that T(w) = 1 for BGW-almost every w because T(w) < 1 as it is a
probability. O]

Lemma 3.2.8. In the setting of the proof of Proposition 3.1.5 in the transient regime,

we have that |VNVk| — 00, P-almost surely as k — oo.

Proof. We consider a tagged particle like in the proof of Theorem 3.1.2: We look
at the random walk (S¥,n > 0) given by the ancestral lineage (S5 = X (9), 57 =
X(1),55 = X(11),...). Let 1, denote the tagged particle in the n-th generation
so that S¥ = X(1,). This is a A-biased random walk. Inspect the trace of S*,
(Sk,n >0). Consider the set

R={rcw:IneN: 8=z VeN:S ¢ F,(x)\{z}}.

That is, x € R if §* encounters x but at the same time does not explore the subtree
associated with . An event which could cause x € R is the following: S* encounters
x*, the parent of z, moves to x, moves back to x*, moves to a different child of x*, and
then never visits z* again. By transience of S* we can see that |R| = oo, P-almost
surely.

For x € w, we define an event split(x) for the branching random walk:
1. We have x € R, let 7,, be the first time S* hits z.
2. The particle 1,, (which corresponds to S} ) has at least 2 children.

3. The particle v = 1,,2 (this is the second offspring particle of 1,, which does not

correspond to S} ;) moves to a child of z.

4. The lineage corresponding to v (that is particles of the form v1, for £ > 0) never

revisits x.

See Figure 3.4 for an illustration of this event. We use these events for a lower bound
of [Wl,
We| > 1+ Z Tysprit(a)}s (3.14)

zER:|z|<k

that is, whenever split(x) happens, |Wk| increases by +1. To estimate the probabil-

ities of split(z), we define a sequence of o—algebras (G,,),>1. To this end, conditional
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Figure 3.4: An illustration of the event split(x): the tagged particle S* (in solid
red) visits = but not F,,(x)\{z} (in light grey). While S* visits x, the BRW produces
a new particle v (in dashed green) that moves to a child of z and then never revisits
x.

on (57),s, we enumerate Ry so that we can write R = (21, 22, ...), P-almost surely.
We set
G,=o0 {(SZ)L,ZO ; (Ksy )ez0; split(a;) for 1 <i < n} :
Observe that F,(x,)\{z,} is independent of G,, under P because by our choice of
x, the random walk S* never explores F,(z,)\{z,}. Further, for i < n, split(z;)

does not depend on F,,(x,)\{x,}. Therefore we have

P (split(z,)|Gn)

= (1—1n) 3 _,?” P(A-biased RW never visits =
starting from a uniformly chosen child of x|G,,)
K

n IP)* ° — ,
A+ Ky, (7o = )

where in the second step we used that F,(x,)\{z,} is independent of G,. Thus
under the conditional probability the particle v sees a BGW—distributed tree which is
independent of G,,. The probability to never visit z again starting from 7 is at least
the probability of starting from zi, moving to a child of xi and then never visiting xi
again. This probability equals P*(7, = oo) where 7, is the return time to the root for
a A-biased random walk. We also switch from P to P* to ensure the correct transition

probabilities at the root.

Lastly, we estimate Aiﬁ’; > /\%rl and therefore for all n > 1 we have

1
A+1

P (split(z,)|Gn) = (1 — ju1)~———P* (74 = 00) > 0,
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because we are in the regime where the A\-biased random walk is transient. This
estimate is uniform in n, and does not depend on G,. Hence

3P (ep2it(x,)|G,) > Y (1 )5
- A+1

n=1 n=1

P* (7o = 00) = 0.

A conditional version of the Borel-Cantelli Lemma (see for example [61, Cor. 9.21])
tells us that therefore also >°07 | Tyspiit(a,)y = 00, P-almost surely. Together with
(3.14), we obtain that [W,| — oo as k — oo, P-almost surely.

O]

3.2.4 Annealed probability of fast particles, proof of Propo-
sition 3.1.4

The goal of this section is to show Proposition 3.1.4. That is we want to show that,

for any a < vy,

P (lim inf max X (w)]

n—oo |u|:n n

2a>>0.

The crucial idea is to look for trajectories that move from level D(;_y), to level
D;,, without revisiting level D(;_1), and that move quickly, that is in time less than
n/a. This allows us to use an approximation with an Ny—valued branching process
in random environment. If we can show that this branching process survives with
positive probability we are done.

We start by introducing some notation. For any u € T and n € N let
Ty :=inf{k <|u|: |X(ug)|=n} and L, := {ug,ue T},

that are the first hitting time of D,, = {x € w : |z| = n} along the ancestral lineage of
u and the collection of particles that hit D,, for the first time in their lines of descent
respectively. Moreover, we introduce two subclasses of £,: the particles that reach
D,, quickly, that is in fewer than cn steps (¢ > 1), and the particles that reach D,,

quickly without returning to the root:

L9 ={uecL,:|u <en}, (3.15)
L% =fue Ly |ul <en, X(ug) #0,Vk=1,...,|ul}. (3.16)

Specifically, we fix £ > 0 and n > 0. Set Z{" = {@} and
ZMW = fue LYV u| > (a+e) 'n}.
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For i € N, we define recursively a family of particles

Zz(z)l :{u € £(i+1)n . UT;:L S Zz(n),

(a+e)™n < |ul = T < a™'n, X (uy)] > in, Tih < k < |ul}.

These are the particles that, for j < ¢, move from level Dj, to D), without
revisiting D;,. Further, we impose that the particles move quickly but not too quickly.
The intuition behind requiring the particles not to move too quickly is that they have
time to branch before reaching D(i;1),. We claim that particles like these exist for

all 7 with positive probability.
Lemma 3.2.9. There exists ng > 0, such that for every n > ny,
P(#2™ >0 for alli > 1) > 0.

Proof. We want to compare #Zl-(n) to an Ny—valued branching process in random
environment. We stress that (#Zi(n),i > () itself is not a branching process under
the annealed law IP. The reason for this is that two particles that are counted in Zi(")
may or may not have been located at the same vertex in D(_y),. In this case they
depend differently on different regions of w and do not have a consistent structure of
independence/dependence. See Figure 3.5 for an illustration.

We compare this to a process where all particles start from the same vertex in
w at times (in,i > 0). Informally, this increases the dependence between particles
as they now all use the same environment. The increased dependence should lead
to a higher probability of extinction. This also means that if this modified process
survives with positive probability, so should the branching random walk.

We start by choosing ng large enough so that for all n > ny we have
Esou [log By [#21"]| > 0. (3.17)

We prove that such ng exists in Lemma 3.2.11 below. Fix n > ng and drop the
superscript to write Z; := #ZZ-("). We define an auxiliary branching process in random
environment (Z/,i > 0). Let & := (w;);>1 be a family of i.i.d. BGW-trees with
distribution BGW. Set Zj = 1 and define inductively

z,
Zz{—l-l = Z fz{,ja
7=1

where each ¢ ; is an independent copy of Z; under the quenched law P, using w; as

environment. Denote the quenched law for (Z/,7 > 1) by P4 and the annealed law
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Figure 3.5: An illustration of the trajectories counted in Z™ . Observe that the

(2
trajectories are allowed to backtrack but not below level D;_), so that the trajectories
in different cones are independent. Under P the grey cones are independent copies of
w. Each cone may have multiple particles starting in it, we compare this to a process
where all particles use the same cone.

by P’. The consequence of (3.17) is that this is a supercritical branching process in
random environment, see e.g. [7, Section VI.5]. In particular, the annealed survival

probability is strictly positive, i.e. there exists ¢ > 0, such that
P(Z;>0foralli>1)>c.

We set
0ip =P(Z,=0|Zy=1) and 92‘,@ =P (Zé = O|Z(’) =1),

the annealed probabilities of extinction after ¢ steps when starting with ¢ particles.
Note that for both P and P, all starting particles use the same environment. This

means we have
0i7g = ]EBGW |:PW(Z£ = O)Z:| and 0;’12 = ]EBGW |:P£3(Zé = O)Z:| .

By construction, Z; and Z] have the same distribution and therefore for all 7 > 1 we

have 6;; = ¢; ;. In particular,
9271 Z 02',1 for all 7 Z 1.
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We now show by induction that for all £ > 1 we have
Oi0 > by for all + > 1.
For any 7,7 > 1, Jensen’s inequality leads to”
Oirrj0 = Bray |[Pu(Z0 = 0)"| > Baey [Pu(Zy = 0)'| Egay |[Pu(Ze = 0)| = 0:.0;.

Inductively, we also have for ay, ..., a, € N¥ with ¥F  a; = L that

k
H eai:j < '9L,j‘ (318)

i=1

We want to apply the branching property. To this end, for x € D, let
Zho=#{ue Z: X(u) =z},

the number of particles in Z; that are located at x. Note that >°,cp 721, = Z;. With
this (and using the convention that the empty product is 1) we have for any ¢ > 1,

P,(Zy1=0)=P, (Zl =0 or Yu € Z; : the corresponding Zé“) = 0)

—Ew[ I1 PFW(I)(ZK—O)Z“].

IEDnZZLx>O

Then by taking the annealed expectation and by applying (3.18) to (Z1 .,z € D,,)

0; 041 = Epgu [Ew l 11 921,174 ]

x€DR:Z1,:>0
< Egew {Ew []1{21:0} + 921,z1{21>o}]z] =E [(QZLK)Z} -

Recall that Z, and Z] have the same annealed distribution, let Z] be a copy of Z;
which is independent of (Z/,¢ > 1). Combining this with the above and the induction
hypothesis yields

Oiorr E[(02,0)] SE[(07,0)] =B [(63 )]

Lastly, we observe that the right hand side is equal to ¢; ,,, by the Markov property

for (Z!,i > 1). Hence we have shown by induction
%J > O, for all £,7 > 1.
We conclude the proof using monotone convergence,
P(Z; >0foralli>1)= 1= lim 010> 1= lim 01, =P (Z;>0foralli>1)>c>0.

]

2The consequence of Jensen here is E[X?|E[X7] < E[X*7].
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It remains to prove (3.17), see Lemma 3.2.11 below, but before doing so, let us

show how one proves Proposition 3.1.4 assuming Lemma 3.2.9.

Proof of Proposition 3.1./. We first translate Lemma 3.2.9 about hitting times into
a statement in terms of the maximal displacement. We choose @ € (a,vx.,) to be
determined later, and consider (Z-("),z' > 0) as in Lemma 3.2.9 associated with a.

1

Consider u € ZEZZ) |» then we have
Lailn 1y < Lin g
a+e

and | X (u)| = |ai|n. By considering the descendants of u at generation in, we observe
that

iy ]
max | X (v)| > [di]n—(i— ~L(MJ >n2 (&— ~€ )z’n—<1+~ )n
|v|=in a-—+é¢e a-—+ € a—+e

We fix @ € (a,vzm) such that @ — = > a, then for all ¢ € N large enough we have
Max|y—in | X (v)| > ain. It follows from Lemma 3.2.9 that

P <lim inf max |X(u)|

i—0o  jul=in N

> a) > 0.
This proves the statement for a subsequence of times. To complete the proof, we
notice that, for j € [in, (i + 1)n) with ¢ > 0,

(X [ X(u)| —n
max . = max " .
=i J lul=(+1)n (i 4 1)n

Letting ¢« — oo, we conclude that

P (hm inf max X(W)] > a) > P (lim inf max |X(u)| > a) > 0.
j—o0 i—0o  |ul=in 1N

=3 ]

Remark 3.2.10. Proposition 3.1.4 still holds if P is replaced by P*.

This remark is true because the killing at the root is built-in into Zi(”) as we only
consider trajectories that do not revisit level D(;_;, before reaching level D;, - in
particular they do not revisit the root before reaching level D;.

It now remains to prove Lemma 3.2.11, see below, that we have used in the proof
of Lemma 3.2.9 for Equation (3.17). Recall the definition of £{®* from (3.16). We will
show that £{®* is supercritical in an appropriate sense under the annealed measure.

At this point we also mention a very useful tool that connects the BRW and the
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random walk of a single particle, the well-known many—to—one formula. For fixed w

and any f > 0 that is a function of a particle trajectory we have

E, | Y F((X(w),k<n))| =m"E,[f ((Sk, k <n)), n € N. (3.19)

lul=n

In our case, (3.19) follows from the linearity of expectation. See also for example [81,
Theorem 1.1] for a proof for a more general model of branching random walks on R.
Analogous formulae hold for the modified A-biased BRW as well as for the annealed

laws.

Lemma 3.2.11. Let vy < a < Ux,,. Then there exists € > 0 such that
lim inf Egey {Z log E,, [#{u e LYY || > (a+ 8)1H}H > 0. (3.20)
In particular, there is n* € N such that for all n > n* we have
Egey [log E, {#{u e LY |u| > (a+ 8)‘%}” > 0. (3.21)

Proof. Fix any ¢ > 0. For v € T with |v] = n we write 77 > n if Yk < n we have
X (vg) # o. Similarly, for the A-biased random walk (S;,j > 0) we set T,, = inf{j >
0:|S;| =n} and 7, = inf{j > 0: S; = o}. By the many-to-one formula (3.19),

E, [#{v: vl =[a'n],(a+e)'n<T’ <a'n7’> T;j}}

= m[“_IMPw((a + 5)*171 <T,<a‘'n,1 > Tn).

On the other hand, by the branching property at the stopping line £,, = {uru,u € T},

we have
E, [#{’U: lv|=Ta"'n],(a+e)"n<T' <a'n7’> Tf{}}

<E,| S mlanl-kiy

(1/a),* —1
= {uetl/ " ul>(a+e)1n}

The right hand side can be bounded from above by

<l Tng Tkl € L9 Jul > (a+2)7'n}].

Combining these considerations, taking the logarithm and rearranging leads to
log E,, [#{u € LY/ |u] > (a+ ) 'n}]

> (a+¢) 'nlogm + log Pw((a +e) n< T, <a'n1e > Tn).
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We integrate both sides in w with respect to BGW. This is the same as taking the
annealed law for the branching random walk on the left-hand side and the annealed

law for the non—branching random walk on the right-hand side,
Eseu |log By |#{u € LI Ju] > (a + ) 'n}]

> Epey {(a + &) 'nlogm + log Pw((a +e)tn<T,<a'n,T > Tn)] . (3.22)

This means we only have to estimate the latter probability for the A-biased random

walk. By Jensen’s inequality and an annealed estimate from [40, (4.7)] we have that

1
lim sup Eggy { log P, (Tn < (a+ g)*ln, To > Tn)]
n

n—oo

1 I
< limsup—logIP(Tn <(a+¢e)'n, > Tn) — _M‘
n—oo N a-+e

From [40, Page 255] we know that [*Tw) is strictly increasing for a > vy. It follows
that

o 1 _ _
hggggf Escy {n log Pw((a +e)n<T,<a'n, 7o > Tn)]
. 1 1
= hggg)lf]EBGw [n log P, (Tn <a n, T > Tn)] .
Going back to (3.22) we obtain

lim inf Egey [a log E,, {#{u € LY |u| > (a+ 5)1n}H
n—00 n

> lim inf Eggy {logm + 4 log P, (Tn <aln, > Tnﬂ — logm.
n—o0 n

(3.23)

a—+ €

Due to Lemma 3.2.12 below, the right-hand side is strictly positive for € small enough.
Note that this lemma is formulated for P}, instead of P,,, i.e. here particles are killed
when returning to the root. Because we consider the event {7, > T,} the killing
will not take place and both measures agree. This completes the proof of Lemma
3.2.11. O

As we have discussed above, it remains to complete the large deviation estimate,
used in (3.23), for the hitting times of the modified walk on the event that the walk
does not return to the root before reaching level n. The proof requires diving deeply

into [40] and the following lemma can be treated as a black box.
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Lemma 3.2.12. Let (Sj,j > 0) be the A\-biased random walk starting from o. Set
T, = inf{j > 0: |S;| = n} and 7o = inf{j > 0: S; = o}. Let a € (vy,1]. Then we
have

.. a . _

h,{gg)leBGW {n log P}, (Tn <aln o> Tn)} > —1I)(a).

In particular, if vy < a < Uy, With vy, given by (3.4), then I(a) < logm and
linlinf EBGw[logm + 4 log P}, (Tn <aln, o> Tn)} > 0. (3.24)
n—00 n

Proof. For any ¢ > 0, 6 € (0,1) and any large A € N, it follows from [40, Page
253] that there exists ng > 0, such that for every n > ng, which can be written as

n =ny; + NA with ny € [ng,no + A), the following inequality holds:

BGW(log P (Tn <a'n o> Tn> > log P}, (Tm <a'ng, 1o > Tm) + Nlog(éeA)>
>1—¢, (3.25)

where ep 1= P*(Ta < a A, 7, > Ta) is the annealed probability. Note that ex >
H%P(TA < ailA,To > TA)

The inequality (3.25) does not appear in this form in [40], so let us justify it here.
Note that, in [40] a slightly different version of the A-biased random walk is used,
which has a positive probability to stay at the root. Denote its quenched law by P, ,

which is given by

1
Pwo Sn :Sn: = 5 ‘:17--'7 o)
oS =il =0)= 1L "
PwoSn - Sn: - ;

Pw,o(Sn-i-l = 0|Sn = y) = Pw(Sn-‘rl = O|Sn = y) for Yy 7& o.

A random walk of law P}, differs from P, , only in its behaviour at the root: under
P} the random walker located at o is killed with probability ﬁ in the next step,
whereas under P, , it remains at o with probability ﬁ In particular, when we

restrict to not revisiting the root, their laws are the same and therefore we have
P,o (Tn <aln o> Tn) =P (Tn <aln, o> Tn>.

This enables us to translate the arguments in [40] into estimates about P}. Specifi-

cally, using the notation of [40], we have by [40, Equation (4.2) and Page 253] that
N—1
P’ (Tn <aln o> Tn) > P (Tn1 <alng, 1o > Tm)eg H Zp,vin(w),
=0
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and, for every k > 1,

> BGW(Z; < 6, By) < oo,
j=1

where (Z;,j7 > 1) and (By, k > 1) are certain measurable functions and sets, respec-
tively, defined on the space of trees. On the other hand, the uncertainty estimate [40,
Proposition 4.1] yields that there exists kg large enough such that BGW(By,) > 1—¢/2.
Taking ng large enough such that

> BGW(Z; < 6, By,) < ¢/2,

Jj=no

then we have for every n > ng, written as n = ny + NA with ny € [ng,ng + A),
BGW(log P (Tn <aln > Tn) > log P}, (Tn1 <a‘ng, 1o > Tm) + Nlog(éeA)>

> BGW( N {z; > 5}) >1—BGW(Bj, ) — > BGW(Z; < §,By,) >1—c.

Jj=no Jjzno

This completes the proof of (3.25).
Combining (3.25) and the trivial bound

PL(Tw<a'n1o>T,) > PL(Ty=n) > (1+X)7",
we deduce that
Epeu [“ log P, (T, < a”'n, o > Tn)}
n

> ( WM og(14+0) —

alN
— log(d —alog(1 .
NA . " og( eA)> alog(l+ \e

NA +
Letting N — oo, since § and € were arbitrary, we derive that

lim inf Eggy {a log P}, (Tn <aln 7> Tn)} > aA " logen.
n—o0 n

As lima ;00 A7 logea = —a™ 11\ (a) (see [40, Equations (4.7) and (4.10)]), we have
that

. a . _

hg_l)lolngBGw {n log P7, (Tn <a'n, o> Tn)} > —I)(a),

proving the claim. O]
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3.2.5 Proof of Theorem 3.1.1
With Propositions 3.1.4 and 3.1.5 in hand, we turn to the proof of Theorem 3.1.1.
That is we show under our assumptions that for BGW—almost every w we have

1
lim — max | X, | = vy m, P, —a.s.
n—=00 N, |ul=n ’

Proof of Theorem 5.1.1. We show upper and lower bounds separately. The upper
bound follows almost immediately from Theorem 3.2.2. We first assume v, ,, < 1 and

let a > vy . By the many-to-one formula (3.19) we have

. (m X ()

lu|l=n n

Za>§Ew

) 1{X(u>2an}] = m"Py, (|Sn] = an).

|ul=n

Since a > vy, we have I)(a) > logm and it follows from Theorem 3.2.2 that, for
BGW-a.e. w,

1 X
limsuplong<maX| ()] > a> < 0.

n—oco N lu|=n n

The Borel-Cantelli lemma implies that

X
lim sup max X ()]
n—oo |ul=n n

< a, P, —a.s.,

for BGW-almost every w. Because a > v, ,, was arbitrary, we get that

X
lim sup max X
n—oo |ul=n n

< Uxms Pw —a.s., (326>

for BGW-almost every w. When v, ,, = 1, this upper bound also holds automatically.
Most of the work for the lower bound has been done in Propositions 3.1.4 and
3.1.5. We consider P} again as introduced in Section 3.2.3 For a > 0 set

G, = {w: P <linl>infmax X (w)l > a) = O} :

n—0  |u|=n n

Let 1,2, ..., ko be the children of the root in w, and w® = F, (i) be the subtree rooted

at i =1,2,...,Ko. Then we claim that

{we G € (o' € Gal. (3.27)

i=1

To see that, let us consider a BRW under law P}, starting from one particle at the
root. With positive probability, we have one particle in the first generation, say wu,
located at the vertex i. If w' & G,, ie. P*,(liminf, max‘u‘:n% > a) > 0,

116



then P (liminf, maX|u|:n|X£L—")‘ > a) > 0, ie. w ¢ G,. This shows (3.27) and
therefore G, is an inherited property in the sense of Lemma 3.2.5. This yields that
BGW(G,) € {0,1}.

Let w € G, i.e. P} (liminf,_,o max,—p

X( | > a) > 0. Recall that by a coupling
argument 0 < P (lim inf,,_,o maxi,|—, Xw] (“” > a) < P,(liminf, . max,—, @ >
a).

We now conclude the proof by using Propositions 3.1.4 and 3.1.5. Let a < vy .
By Proposition 3.1.4 we have

n—00 |y|=n n

0<P <lim inf max
which implies BGW(G¢) = 1. This means that

X
P, (hmmfmax‘(u)‘ > a) >0, for BGW—a.e. w.

This allows us to apply Proposition 3.1.5 which implies

X
P, <11m1nfmax‘ ()] > a> =1, for BGW—a.e. w.

Together with (3.26), this shows Theorem 3.1.1. O

3.2.6 Proof of Theorem 3.1.3

In this section we consider the minimal distance to the root in the transient regime
and prove Theorem 3.1.3. Our proof does not provide full details, as the approach
closely follows that of Theorem 3.1.1 for the maximal displacement.

Switching from maximum to minimum, the trivial direction — corresponding to
(3.26) — now serves as the lower bound:

P, <hm inf mm X (w)]

> ﬂA,m> =1, for BGW — a.e. w. (3.28)

Indeed, letting € > 0, by the many-to—one formula (3.19) we have

X
P, <|min Xl Tam — g)
u|=n n

By our choice of Uy ,,, we have I(0y,, —¢e) > logm and it follows from Theorem 3.2.2
that, for BGW-a.e. w,

o 22 Y- n}]

ul=n

= m"P,, (|Sp] < T —€).

X
lim sup — logP (min X ()] < Oam — 5) < 0.
|ul=n n

n—oo N
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The Borel-Cantelli lemma implies that

X
lim inf min X (w)]
n—oo |u|:n n

> Uxm — €, P, —a.s.,

As e was arbitrary, this yields (3.28).

The upper bound for the minimum, that is, to show the existence of slow particles
with small linear velocity close to ¥y ,,, is similar to the lower bound for the maximum.
For this we need two statements analogous to Propositions 3.1.4 and 3.1.5. For
Proposition 3.1.5, only the transient case is relevant and the arguments requires very
little modification when considering the minimal displacement instead of the maximal

one. The statement corresponding to Proposition 3.1.4 is as follows.

Proposition 3.2.13. Under the assumption of Theorem 5.1.5 we have for any Uy ., <

a < Uy,

n—00 |ul=n T

P <lim inf min X (w)] < a) > 0.

We comment on the proof in Section 3.2.7. Combining Proposition 3.2.13 and the

zero—one law completes the proof of Theorem 3.1.3.

3.2.7 Annealed probability of slow particles, proof of Propo-
sition 3.2.13

We now prove Proposition 3.2.13. Similarly to Lemma 3.2.12, the first ingredient we
need is a large deviation estimate for the A-biased random walk that we show along
the lines of [40].

Lemma 3.2.14. Let (S;,j > 0) be a random walk starting from o with law P, . Set
T, =inf{j > 0: |S;| =n} and 7o = inf{j > 0: S; = o}. Let a € [0,v)). Then

.. a % _
llygglongBGw [n log P, (7’0 >T,>a 177,)} > —1I)(a).
In particular, for a € (O m,v\) with Uy, as in (3.7), such that I (a) < logm,
lim inf]EBGw[logm + Llog Pl (70 > T 2 aln)} >0, (3.29)
n—oo n

Proof. For any € >0, 6 € (0,1) and A € N, it follows from [40, Page 267] that there
exists ng > 0, such that for every n > ng, which can be written as n = ny + NA with
ny € [ng,ng + A), the following inequality holds:
BGW(log P (7’0 >T, > a’ln) > log P} (7’0 > T, > a’1n1> + Nlog(éeA)> >1—¢,
(3.30)
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where ep 1= P*(1, > Ta > a_lA) is the annealed probability. Indeed, this is again a
consequence of the uncertainty estimate [40, Proposition 5.1], which holds under the
assumption that dy;, > 2 and A < dpyy.

Moreover, for any k£ € N, by considering the event that a random walk moves
forward for the first two steps and then oscillates between the two levels Dy and D,
for [a~'k] — 2 steps, we have a lower bound

1 [a=1k] 1 [a= k]
PL (7o > T 2 a”'k) > (A+1> (A+K ) ’

where K, is the maximal outer degree of vertices in D; of the tree w. Combining this
bound and (3.30), we deduce that (cf. proof of Lemma 3.2.12)

lim inf Eggy {a log P}, (7‘0 >T, > a_ln)} > aA"logen.
n—oo n
As ima_ oo A7 logea = —a™1y(a) (see [40, Equation (5.3)]), we have that
.. a % _
hggg}leBGw {n log P7, (7’0 >T,>a 1n)} > —1I)(a).
]

We turn to the BRW under P},. As in the maximum case, we consider an embed-
ded discrete-time branching process. More precisely, instead of E%‘:) and its variations,
see (3.15), we now consider particles that take very long to reach level n without re-

turn to the root:
51(11/11),* _ {u €Ly |ul>a n, X(uy) Ao, Vk=1,..., |u|}

We regard this set as the first generation of the branching process. For the second
generation, we select from the descendants of the first generation those particles that
reach level Dy, slow enough without returning to D,,. We continue inductively.
More precisely, the branching process is defined as follows. For any particle u € T
and i,n € Nlet T := inf{k > 1: | X (ug)| = in} be the hitting time of level D;,, for
the ancestral lineage of u. Set Z{" = {@}. Fix € > 0 and define recursively the set

of particles, for i > 1,
ZAl(Z)l = {U € E(i-i—l)n D uTy c ZAZ»(n),
(a+e) " n > [ul = Tph > o n, |X ()| > in, T < k < Jul}.

For the first generation, we have Z\™ = {u € LI/ |u| < (a + ¢)"'n}. Using
Lemma 3.2.14 and the many-to-one formula, we deduce the following analogue of

Lemma 3.2.11 by similar arguments.
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Lemma 3.2.15. Let a < vy,,. Then there exists ¢ > 0 and n' € N such that for all
n>n'
Egcy [log E, {#{u e LY | < (a+ 5)‘%}“ > 0.

This lemma essentially states that (#ZAZ-(”),Z' > 1) is supercritical for each n large
enough under the annealed measure. Analogously to Lemma 3.2.9 we can now prove
that the branching process (’2(”),2' > 0) survives with positive probability. That is,

)

for every n > n' we have
P*(#Z™ > 0 for all i > 1) > 0.

The remaining part of the proof is essentially the same as for the maximal dis-

placement part, and we omit the details.

3.3 Open questions

We conclude with some open questions regarding our model and similar models. We

look forward to addressing some of these in future work.

1. Our result describes the leading linear term of the growth of the maximal dis-
placement. What can be said about the second term, i.e. the fluctuations of
maX|y|—y | X (u)] —n - vym? This is a active direction of research for branching
Brownian motion and branching random walks in the multi-dimensional case.
We refer to [8] for the “classical" result for one-dimensional branching random

walks.

2. To what extent can this result be generalised to other branching Markov chains?
More precisely, given a Markov chain with large deviation rate function I, what
assumptions have to be made so that the maximal displacement of the corre-
sponding branching Markov chain (with mean offspring m) has a linear speed

with velocity given by sup{a : I(a) < logm}?

3. For a branching Markov chain which is statistically transitive, i.e. the underly-
ing Markov chain is a random walk in a homogeneous random environment, is

it true in general that there is no weak recurrence phase?

4. In this work we have mostly treated the large deviation principle and the rate
function I, as a black box. What can be said about the environment in the

neighbourhood of the particles that achieve the maximum? What can be said
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about their ancestral path to the root? This can be compared to [9], where it is
proved that the environment seen from the A-biased random walk is absolutely

continuous with respect to BGW, but not identical to BGW itself.

. In our model, in the critical case when m = 2{7%, the minimal distance to

the root exhibits zero velocity, despite the biased branching random walk being

transient. What is the correct (sublinear) rate of escape in this scenario?
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Chapter 4

Hyperbolic branching Brownian
motion: the empirical limit
measure

Figure 4.1: Three simulations of hyperbolic BBM and the limit of its empirical dis-
tribution g, on the boundary. The branching rates are 5 € {0.12,0.4,1} from left
to right. The Hausdorff dimensions of the support of u., are {0.24,0.8,1} whereas
the Hausdorff dimensions of the set of accumulation points on the boundary are
{0.4,1,1}. Observe that in the middle picture where 5 = 0.4 there are a lot of paths
accumulating on the boundary that do not contribute significantly to fio.
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4.1 Introduction

Given a transient stochastic process, one can often define a natural extension of the
state space so that the process converges almost surely to a point on the boundary of
this space. We can think of the distribution of this limit as an exit distribution of the
process. These exit distributions form a well studied topic in their own right, but it
becomes even richer when combined with branching processes. The idea here is that
we have multiple, possibly infinitely many, correlated particles that all escape towards
the boundary. This induces different random subsets of the boundary, notably the
set A of accumulation points on the boundary, and the set S := supp o Which is the
support of the limit of the empirical measure pi,. Loosely speaking, A is determined
by all particles including rare exceptional particles, while S is determined only by the
bulk of the particles. We always have that S C A, and it is natural to ask if S can
be a proper subset of A and, if yes, how we can quantify the difference. This is the
aim of this paper in the case of branching Brownian motion in hyperbolic space.

Branching Brownian motion (BBM) on R is an interacting particle system. Parti-
cles move as independent Brownian motions and split in two at a given rate 5. Here
the exceptionally fast particles, that is the maximal displacement at time %, is a major
object of interest [2, 32]. On the other hand, the number of particles near the origin
always grows exponentially for any 5 > 0. If the underlying space is hyperbolic, the
behaviour of BBM is markedly different. Let §. = 1/8, then for any 8 < f. the
process eventually vacates any compact set almost surely. On the other hand, for
any 3 > ., the number of particles near the origin grows exponentially as in R.
The same is true for a discrete version of this model, a branching random walk on
a homogeneous tree. We give a precise definition of branching Brownian motion in
hyperbolic space in the next section, but also refer to the recent survey by Woess [87]
and the references therein for background on hyperbolic BBM.

The limit set A of hyperbolic BBM was first studied by Lalley and Selke [67] who
showed that A is a fractal-like random set and compute its Hausdorff dimension.
(See for example [45] for some background on fractals and Hausdorff dimension.)
Others have studied similar sets of accumulation points of branching random walks
on the boundary on discrete hyperbolic spaces, see for example [44, 59, 82]. Much
less is known about p. and its support. Even the existence of u. has only been
shown recently [35, 60]. In fact, we believe that this paper is the first work to show

quantitative properties of fis.
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4.1.1 The model

Hyperbolic space is usually modelled with the Poincaré disk model D or the upper
half plane model H. We use them interchangeably. They are Riemannian manifolds

with metrics given by

2v/dx? 4 dy?

1— 22 — 2 for (z,y) € D= {(z,y) € R* : 2 + ¢* < 1},

for the disk model and for the upper half plane model by

Vdxr? + dy?
xyjy for (z,y) € H = {(z,y) € R x R, }.

The two models are isometric, an isometry f : D — H is given by f(z) = z}%ﬁ where
we identify D and H with subsets of C by z = x + iy. Note that origin 0 € D
corresponds to ¢ € H. Both D and H are endowed with natural boundaries 0D and
OH given by 0D = {z € C: |z] = 1} and OH = {z € C: §(z) = 0}. The hyperbolic
Laplacian is given by

—121*)?

1
Ly =1 y

<8§ + 85) , respectively Lu = y> (85 + 85) .

From this we define hyperbolic Brownian motion to be the stochastic process with
generator %ED (respectively %ﬁH). In the upper half plane model we could also do

this by solving the pair of stochastic differential equations
dXt = }/tdWh d}/t - }/tch

where (W,); and (B;); are independent Brownian motions. This process is then canon-
ically started from (Xo,Yy) = (0,1). Observe that (Y;); is a geometric Brownian

motion, hence we can solve the SDE explicitly in the second coordinate,
t
}/t = eXp (—2 + Bt) .

This also tells us that X; is Gaussian with mean 0 and variance fg exp (—s + 2Bs) ds,
conditional on (B;)s>p. From this we can see that hyperbolic Brownian motion con-
verges to a random point (X, 0) on the boundary 0H where X, is Gaussian with
(random) variance [5° exp (—s + 2B;) ds.

Having defined hyperbolic Brownian motion, we define hyperbolic branching Brow-
nian motion (BBM) to be the following particle process on D: At time 0, we start

with one particle at the origin. Particles move as independent hyperbolic Brownian
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motions. At rate (3, each particle independently branches in two; both offspring par-
ticles branch and move independently. This results in a cloud of particles, we denote
those positions by ((X,(t), Y,(t)),u € N(t)), where N(¢) is the set of particles alive
at time t. By abuse of notation, we also denote the (isometric) process on H by
(Xu(t),Yyu(t)),u € N(t)). Here the process is started from a single particle at (0, 1).

We can relate certain expectations for hyperbolic BBM to expectations of hyper-

bolic Brownian motion by the many—to—one formula,

Ey) | 2 FI(Xu(5),Yul8))ozszd) | = "By [F(Xs, Yoozszd)] s (41)
ueN(¢)
for any (x,y) € D and measurable non—negative f. This follows from linearity due to

the independence of movement and branching.

4.1.2 Results

We are interested in the long term behaviour of the cloud ((X,(t), Y. (%)), u € N (1)),
especially related to the boundary. We define the normalised empirical measure at

time ¢ to be .

= ] ugf:@ O(Xu(®)¥a(1)-
One can show that there is a measure o, supported on the boundary, such that
converges weakly to (i, with probability one, see [87]. This follows a simple argument:
let h: D — R be a non-negative, bounded function which is harmonic with respect to
hyperbolic Brownian motion. Then (e N (¢)])(h, ;) is a martingale for hyperbolic
BBM and hence converges almost surely. To obtain weak convergence, one then only
needs to check that the space of harmonic functions is sufficiently rich. One can

also see (essentially from the many—to—one formula (4.1)) that for any measurable set

A CDUOJID we have
E (112 (A)] = P ( Jim (X, Y)) € 4)

from which it follows that p. is supported on the boundary almost surely. The goal
of this paper is to better understand pi,. See Figure 4.1 for a simulation of hyperbolic

BBM and pio,. One object that is slightly easier to understand is

A = {accumulation points of ((X,(t),Y,(t)),u € N(t));>0 in ID}.
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Lalley and Selke [67] have analysed this set and shown that its Hausdorff dimension

is almost surely given by

dim A — 1(1-y1=83) for 0<pB<1/8,
R for g >1/8.

Note the discontinuity at 5 = 1/8. Further, they have shown that for 5 > 1/8 we
actually have A = 0D almost surely. The threshold 1/8 isunsurprisingly also the
threshold for recurrence/transience, and at 5 = 1/8 the process is transient. In his
survey article about hyperbolic BBM [87], Woess asks several questions about the
relationship between A and p., in particular if the support of ., is a proper subset

of A. We answer these questions.

Theorem 4.1.1. The Hausdorff dimension of the support of i~ is almost surely
given by
23 for 0<p<1/2,

di o =
HHSIPD A {1 for B>1/2.

Consequently, supp pi is a proper subset of A for f < 1/2.

Note that this quantity is continuous in 8 and that the threshold g = 1/8 does
not appear here. This is quite surprising given that 1/8 is the threshold for local
survival. Also note that limg_, m
compared to dim A. We also give some more quantitative statements about the nature

of ps. Call

= 1. See Figure 4.2 for a plot of dim supp oo

0 — ns([0,0]), 0 €]0,2n],

the (random) cumulative distribution function of u., where [0, 6] denotes the arc

segment of 0D with angles between 0 and 6.
Theorem 4.1.2. Almost surely the following statements hold:
(i) For any B > 0, ps s purely non-atomic.

(ii) The (random) cumulative distribution function of ps is y—Hélder—continuous
for every exponent v < (1/2) A (5/3).

(iii) For 5> 1/2, pio has a density with respect the the Lebesgue measure on OD.

In the case § = 1/2 we believe that p., should not admit a Lebesgue density
almost surely though we do not prove this. The bound on the Hélder exponent « in
4.1.2 (ii) is not sharp, we believe it should hold for any v < 1 A (20).
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Figure 4.2: A plot of dimsupp ji and dim A as functions of 5.

Theorems 4.1.1 and 4.1.2 also partially answer some of the questions posed by
Candellero and Hutcheroft [35, Problems 4.2, 4.3]. In particular, they ask about the
behaviour of ps for branching random walks in hyperbolic space. While they pose
their questions about branching random walks in discrete time and discrete space,
this should not change the overall behaviour.

The main idea behind the proofs of Theorems 4.1.1 and 4.1.2 is that . is deter-
mined by typical particles. In this context, these are particles for which Y, (t) ~ e7%/2.
The structure of the paper follows this idea. In Section 4.2 we rigorously define what
it means for a particle to be typical and we compute the Hausdorff dimension of
the accumulation set of typical particles. In Section 4.3 we show that indeed pi
is determined by typical particles, we prove the upper bound of Theorem 4.1.1 and
a sketch the lower bound. In Section 4.4 we show Theorem 4.4 by computing the
expected moments of p(I) for intervals I. As a corollary, we obtain the lower bound
for Theorem 4.1.1. Lastly we discuss some open questions in Section 4.5, in particular
we discuss what should happen if you add a repulsive or attractive drift towards the
origin, and we pose a conjecture regarding branching random walks on hyperbolic

groups.

4.2 Typical particles

We work in H. We start by looking at typical particles and their accumulation set on

the boundary. Define the set of typical particles to be

T(K) = {u € N(oo) : ¥t > K :logV,(s) + /2 € —[t*/ %]} (4.2)
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where K > 0 is a parameter. We also consider the typical particles at time ¢,
T(K)={ueN(t):Jv e T such that u < v}.

Note that 7;(K) is not measurable with respect to the natural filtration (F;);>o of
the BBM. Let u € T(K). Then we necessarily have that Y, (¢) — 0 as t — oo and
X, (t) converges almost surely on OH. Let

T(K) ={Xu(o0),ueT(K)} (4.3)

be the accumulation set of typical particles on the boundary. The goal of this section

is to determine the Hausdorfl dimension of this set.

Proposition 4.2.1. For any > 0 and any K > 0, dim Y(K) = 2BA1 almost surely
on the event that Y(K) in non-empty.

We show this proposition in two steps: Lemma 4.2.3 for the upper bound and

Lemma 4.2.4 for the lower bound.

Lemma 4.2.2. For any f < 1/2 and any K > 0, there is C < oo such that
E[diam T(K)] < C.

Proof. Let My = sup,er, ) X (t) be the maximal displacement of a typical particle
in the z—direction at time ¢. Here we use the convention sup ) = 0 as there is nothing
to show in the case when Y(K) = (). It suffices to show that E[lim sup,_, . M;] < oc.

Let t > K and choose n € Ny such that t € K 4 [n,n + 1). By a telescoping sum

n—1

M, = Mk + (Z(MK+j+1 - MK+J’)) + (My — Mgcin).
§=0
For each summand, we bound the difference between the maxima by the maximal
positive increment at an intermediate time. This means that
(Miyjir — Mgyj) < sup sup (Xu(K +j+s) = Xu(K + )
uETK+j+1(K) s€[0,1]
< > sup (Xu(K 45+ s) = Xu(K +5)),

wETk 411 (K) s€[0:1]

where also used a union bound. This estimate is also true for the last summand,

(My = Micn) < 3 sup (Xu([t] +5) = Xu([2)))
weT; (k) S€[0,t—[1]]

< Z sSup (Xu<LtJ +S) _Xu(LtJ»

W€ T4y 1 (K) SE10,1]
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We therefore have that

My < M+ Y sup (X, (K ++5) - mmm)

7=0 (ueTK+j+1(K) s€(0,1]

< Mg+ ( sup (Xu(K +j +5) — Xu(K +j))) , (4.4)
=0 \u€Ti 4 11(K) 5€l01]

note that all summands in the infinite series are non-negative and that this bound is
uniform in ¢ > K.

We estimate the expected value of these summands. For fixed u and 7, the process
(Xu(K + J + 5) = Xu(K 4 J))sejo is @ Brownian motion with diffusivity Y, (K +j +
s). Hence, by conditioning on (Y, (K + j + 5))scjo,1) and by the reflection principle we
have the distributional equality

E [s?p] (oK ++9) —Xu(KJrj))‘(Yu(KH +s>>se[o,u]
s€l0,1

= EU)@(KH +1) = X, (K +j>!'(Yu<K+j + s))se[o,u].
Now (X, (K +j+1) — X, (K + j)) is Gaussian with mean zero and with variance
K+j+1
/ Yo (s)?ds < cexp (—j(1 + 0;(1)),
K+j

where we used that w is a typical particle and where ¢ = ¢(K) is a constant. Therefore

E [sup (Xu(K +j+5) —XU(KH))] = E“Xu(KH +1) - Xu(K+j)”

s€[0,1]
2c J
< Zexp <_<1 + oj(1))) .
T 2

This means we also have

E sup (X (K + 7+ 8) — Xu(K + 7))

uETic 4541 (K) S€[0:1]
2c J
<\ ZETiesn (Bl exp (-1 +0,(1)))

< Zew @ i+ e (<20 o). @3

where we also used the bound
E[|Trrjr (K] SE[N(K +j+1)[] = exp (B(K +j+1)).
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We apply this to (4.4) to see that uniformly in ¢

BIM;] < B[Mi] + S exp (30K ++ D) exp (21 + (1),

this sum converges because we assumed that 5 < 1/2. Further we have by the

many—to—one formula (4.1) that

E[Mk] <E

> IXu(K)I} = PEE[|1X|] < .
ueN(K)

Looking back at (4.4), the monotone convergence theorem now implies that the right-
hand side is almost surely finite. Because this is true for any ¢ > K, this implies that

E[limsup,_, ., M;] < oo by Fatou’s Lemma. O

Remark 4.2.1. The same proof strategy can also show that E[(diam T(K))*] < oo for
any k € N.

Clearly dim T(K) < 1. Therefore we need to show an upper for dim T(K) only
in the case § < 1/2.

Lemma 4.2.3. For < 1/2 and any K > 0, dim Y(K) < 283 almost surely.

Proof. We follow a similar idea to [67, Proposition 11]. For a particle u € T;(K),
consider

T!(K) = {X,(0):v € T(K) with u < v},
that is, the set of limits in OH of all typical descendents of u. Naturally, we have for

any t that

T = U YUE). (16)
ueT(K)

For u # v € T{(K), T!(K) and T (K) are independent conditional on (X, (t),Y,(t))
and (X,(t),Y,(t)). Let It C OH be the smallest closed interval that contains Y (K).
By isometries of H, Y! (K) is contained in an independent copy of T(K) scaled by
Y.(t), provided that ¢ > K. In particular, we have by Lemma 4.2.2 that for any
0<n<l1

E[|1%]"

Ya(t)] < Yu()"E[(diam T(K))"] < (C + 1Y, (1)". (4.7)

Let us return to (4.6). This decomposition implies that {I}},c7 (k) is an interval
cover for Y(K). Let € > 0 such that 28 + e < 1. We apply (4.7) to get

> > Yu<t>‘w+€]

teTi(K) teTi(K)

< (CH+ DE[T(K)[Jexp (=(28 +2)(t/2)(1 + oi(1)) ,

E < (C+1)E
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where we also used that Y, (t) = exp(—(¢/2)(1 + 04(1)) for typical particles. Further
we can bound E [|T;(K)|] < E[|N(¢)|] = exp(St), therefore

2
B T ] <@+ new (5 - 2 a)
teTi(K) 2
€
= (C+ 1) exp (—Qt(l —i—ot(l))). (4.8)
Using this for ¢ > 0 shows that
sup |It] =25 0,
ueTi(K)

almost surely. Lastly, by Fatou’s Lemma and applying (4.8) with ¢ = 0, we estimate
for 23-dimensional Hausdorff measure H?* of T(K),

E[H*(T(K))| <E

liminf ) ]15]2’3%] < liminfE
t—o0 t—o0
teTi(K)

3 |1;;y2ﬂ+f] < .

teTi(K)

In particular, this implies that H??(T(K)) < co almost surely. O

Lemma 4.2.4. For >0 and any K >0, dim Y(K) > 25 A 1 almost surely on the
event that Y(K) is non-empty.

A common tool to show lower bounds for Hausdorff dimensions is Frostman’s
Lemma, a corollary of which we state below as Lemma 4.2.5. See [45, Theorem 4.13]

for a reference.

Lemma 4.2.5. Let A be a compact subset of Euclidean space. Assume that there

exists a probability measure v on A such that

It =l vt <

where n > 0. Then the Hausdorff dimension of A is at least 7).

Proof of Lemma /.2.4. Throughout the proof, we work on the event that T (K) is
non-empty. To use Frostman’s Lemma, we need to define a probability distribution

on Y(K). We do this by defining a sequence (Up,)nen, of random variables such that
U, € %K(K)

1. Let Uy = u, where u € To(K) is the unique initial particle.

2. Given U,,_1, let U, be a uniform choice from {u € T,k (t) : Uy—1 < u}.
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Let U = lim,_, U, be the natural limit in 7(K) and let v be the distribution of
XU(OO)

Now let (U)), be a copy of (U,),, independent conditional on 7 (K). Let 7 =
inf{n : U, # U]}, the first time that U,, and U}, are different. Conditional on 7 = n,

Xy (00) — Xpr(o0) is Gaussian with mean 0 and variance at least

Var(Xu(oc) = Xur(00) = [ Yirls)? + Vi (5)7ds > 2exp (—nK (1 + 0u(1))

where we used that Y,(s) > exp(—(s/2)(1 + o01(s))) for typical particles for s > K.
In particular this implies that for n < 1,
E [| X0 (00) — Xu(00)|"| T(K), 7 = n]
— E[|2] "] [Var(Xy (00) — Xgr(00)) 2|T(K), 7 = n]
< cexp(nnk/2), (4.9)
for an independent standard Gaussian Z and some constant ¢ > 0.

Next, we need to understand the distribution of 7. Conditional on 7 and (U,),

we have that

ol
P (1> k|T, (Un)a) = P (Vi < kU = U| T, (U)n) =TT 57+
j=1°""J

where N; = #{u € Tk : U;—1 < u}, the number of descendants of U,_; in T;(K).
By Lemma 4.2.6 below

j=14VJ

1/n
: L
lim (H N) = exp(—fK),
almost surely on the event that 7 is non-empty. Combining this with (4.9) yields
E [ X1 (00) = Xp(00)| 7| T(K)]

< f:E [1X0(00) — Xu (00)| 7| T(K), 7 = n] B (v 2 n|T(K))

<c i exp(nnK/2) exp(—BKn(1+ 0,(1))

n=1

< 00,

for some ¢ > 0 and where in the last step we used that n < 28. By Frostman’s
Lemma, Lemma 4.2.5, this now implies that T(K') has dimension at least n for any
71 that satisfies n < 28 and n < 1. [
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Lemma 4.2.6. In the setting on the previous proof,

j=14VJ

1/n
) ool
lim (H N) = exp(—pK),
almost surely on the event that T is non-empty.

Proof. We sketch a proof of this fact, this proof can be made rigorous by carefully
applying the strong law of large numbers. We provide only a sketch because Lemma
4.2.4 will not be used to show the lower bound of Theorem 4.1.1. We comment on
this at the end of Section 4.3.

The key idea is that we can think of 7 (K) as a branching Brownian motion with

space and time dependent branching rate. Let
W(K) = {(z,y,t) € Hx [0,00) : Vs > K :log(y) +t/2 € [-/*, ]},
the space-time envelope of the definition of 7 (K). We also let
O(@,y,t) =Py (Vs 2 t 1 (Xu(s),Yuls), s) € W(K)),

the probability that a particle started from (z,y) at time t stays in W(K) forever.
Importantly, ¢(0,1,0) > 0, that is with positive probability the initial particle stays
in W(K). We now describe a new BBM:

1. At time 0, we start with one particle at (0, 1).

2. All particles move as independent hyperbolic Brownian motions conditioned to

stay in W(K).
3. Particles branch into two at rate So(x,y,t).

One can show that this modified BBM has the same law as the homogenous hyperbolic
BBM restricted to 7 (K). Now look at a marked particle in the modified BBM, that is
the initial particle is marked and, when it splits, the mark follows one of the offspring
particles chosen uniformly. This is similar to the construction of (U,), in the previous
proof. Let (X}, Y,")i>0 be the path of the marked particle. In fact, we have that

n—oo \ - .
j=1""J

n 1/n .
lim (H ]\17) = tlggoeXp (_1 /OK Bo(X:, Y7, s)ds> =exp (—Kp).

The reason for this is that along the marked path, we have that ¢(X Y s) — 1
almost surely. This is because log(Y;*) + s/2 will be of order s'/? < s2/3 so it is very
likely that for large s a particle started from (X* Y, s) will stay in W forever. [
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4.3 From typical particles to empirical measure

In the previous section we analysed the accumulation set of typical particles whose
definition we recall from (4.2). We slightly modify this. For any ¢, K > 0, let

TS(K) = {u eN(t) :Vs € [K,t] : logYy,(s) +s/2 € [_32/3782/3]}‘

The advantage of this modification is that 7;~(K) is F, measurable where (F;)i> is
the natural filtration of the BBM. Similar to u;, we define the empirical measure of

typical particles at time ¢,

1
m= e 2 Sy
NGIRE
t
Note that we chose to normalise this by |N(t)| which means that p is a sub-
probability measure. The following proposition states that p., is determined by
typical particles. In some sense this is a refinement of [87, Theorem 6.13] which

states that a typical sample of u; moves at velocity 1/2 in the hyperbolic metric.

Proposition 4.3.1. Almost surely, there exists a family of sub-probability measures
(uE) k=0 such that for every K >0

Hit = iy
weakly, ast — oco. Furthermore, for K < K' we have p* < p®" and as K — oo,
p = oo

Proof. Let h : H — R be a non-negative, bounded, C€ function which is harmonic for
hyperbolic Brownian motion. That is, for all (z,y) € H, we have E(,,[h(X},Y;)] =
h(z,y).

It suffices to check weak convergence only on harmonic functions as these are dense
in Cp(D, R) with respect to the uniform topology. This is because if h is harmonic
for the hyperbolic Laplacian, it is also harmonic for the Euclidean Laplacian on D.
The harmonic functions for the Euclidean Laplacian are well understood, for example
any h can be written as R(f) where f is a holomorphic function. This fact is also
discussed in the proof of [87, Theorem 6.7].

We define

wpy = PO ey = LS o, va)
weT= (K)
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Then (M (t))i>o is a non-negative supermartingale with respect to the natural fil-
tration of hyperbolic BBM. Indeed,

1 1
K
E [ M (t)|F] = el DR CEABRAS) Lg(t_) > h(Xv(t)aYv(t))’fs]
weTS (K) uweT=(K)
u=v
1
= % Z E’(Xu(s),yu(s)) [h(XfJ }/t)]l{Vr‘E[sVK,t}:log(YT)Jrr/QE[fr2/3,r2/3]}} )

ueTS (K)

where we used the Markov property and the many-to—one formula (4.1). Next we
use that h > 0 and that A is harmonic,

1
E M ()| 7] < & 2 Eueme X Y] = M (s).
ueT (K)
Because M<(t) is a non-negative, uniformly integrable supermartingale, it con-
verges almost surely and in L! to a limit, call it M/(co). Furthermore, let W =
lim; o € PN (¢)], where the limit is almost sure and 0 < W < oo almost surely.

Combining these limits gives us the almost sure limit as ¢t — oo,
. K 137K
Tim (R, uf) = WM (o0).

Because h is arbitrary, this implies that there is pX such that almost surely pf

converges weakly to . Next, for K < K’ and any h we have that M (t) < M/ (t)

and consequently M/ (co) < M (c0) almost surely. This implies that p% < uX'.
Lastly, to show that u% — 1., it suffices to show that

(1) — 1,

almost surely as ¢ — oo. Because 1(x,y) = 1 for all (z,y) € H is harmonic, this
is equivalent to showing that M (c0) — W as K — co. We know that Mf(c0) <
W, therefore it is enough to show that limg . E[MF(c0)] = E[W] = 1. By L;-
convergence and the many—to—one lemma (4.1) we have

lim E |M{(c0)| = lim lim E (M (#)]

K—o0

= lim lim P (‘v’s € [K,t] - log(Ys) + 5/2 € [/, 52/3]>

K—o0 t—00

= lim P (Vs > K :log(Ys) +s/2 € [—52/3,32/3])

K—o0

=1

Y

where we recalled that (log(Ys) + s/2)s>0 is a standard Brownian motion and hence

the complement of the last probability decays like exp(—cK'/3). O
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We can combine this with Proposition 4.2.1 to obtain the upper bound in Theorem
4.1.1.

Corollary 4.3.2. For any < 1/2, we almost surely have that dimsupp fie, < 2.

Proof. By Proposition 4.3.1 we have that almost surely

supp fio = |J supp i, © |J T(K),
K=1 K=
where T(K) is the set of accumulation points on JH of particles counted in uX, see
(4.3). This implies

dim supp ftoo < dim | J T(K) = sup dim T(K) = 2,
K=1 KeN
where we used that the Hausdorff dimension of a countable union is the supremum of
the Hausdorff dimensions, and that dim Y (K) = 24 almost surely on the event that
T(K) is non-empty by Proposition 4.2.1. Moreover, we almost surely have that for

K large enough T(K) is non-empty. O

We could do a similar proof for the lower bound in Theorem 4.1.1. Here we have
the bound
dim supp fise > dimsupp u%.

The issue is that it should hold that dimsupp p% = dim T(K), although this is
not obvious. Nevertheless, this is true: in the proof of Lemma 4.2.4 we construct a
probability measure v on Y(K) to then apply Frostman’s Lemma for a lower bound
on the Hausdorff dimension of Y(K). One can see that v is actually supported on
supp p, hence the lower bound on the Hausdorff dimension also applies to uX. We
leave the details of this to the reader and instead provide a proof of the lower bound

using different methods in the next section.

4.4 More properties of i

In this section we show the lower bound of Theorem 4.1.1 as well as the other prop-
erties of po, which we claimed in Theorem 4.1.2. The key tool is a second moment

computation.
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Lemma 4.4.1 (many-to-two). Fiz r > 0, under P", let (X!, Y})ss0 and (X2, Y2)s>0

CRA] RN}

be two hyperbolic Brownian motions that move together until time r and afterwards

move independently. Then we have for any interval I C R that
E [j0(1)?] = 28 / P (XL, X2 € 1) e dr.
0
Similarly for any K > 0,
B[] =28 [ (X;O,Xso el
0
Vs > K :log(Y]!) +5/2,1og(Y2) +5/2 € [—52/3,52/3]>e'37"d7’.

Proof. This is a variant of the classical many—to-two lemma. See [56] for the state-

ment and proof in the general setting. Applying the many—to—-two lemma to i, yields
t
E [u(I x R)?] =28 / P (X}, X7 € I) e dr + P (X} €1).
0

The dominated convergence theorem now completes the proof. We proceed analo-

gously for pf. O

To compute E [pioo (1)?], we first need an estimate on hyperbolic Brownian motion.
This is related to [67, Lemma 6] where the authors used geometric arguments to show
that X, has a bounded density with respect to the Lebesgue measure. We improve

on this by determining some dependence on the starting position.

Lemma 4.4.2. There is ¢ > 0 such that for any x € R, y € (0,00) and any interval
I C R we have

1
IP)(Ly)(XOO € I) < <C’y’> A1,

where |I| is the length of the interval.

Proof. Because X, is Gaussian with mean 0 and variance [;°Y2ds (conditional on
(Ys)s>0) we may restrict to the case of x =0 and [ = [—L, L] for L > 0 without loss
of generality. Let N(0,0?) denote a generic centered Gaussian with variance o2. We
have that

00 1

Py (Xoo € I) = Py (33 +N (o, / Y;?ds> c [> <P, <N <0, / des) c I) ,
0 0

(4.10)
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because decreasing the variance increases the probability to be in I. Further, for any

continuous function A : [0, 1] — (0, 00),

P <N <0, /O1 h(s)2d5> € I) _p (N(o, 1) e (/01 h(s)2d3>_1/2 x I>
< ([ wepas)

where we used that the density of A/(0,1) is bounded by 1. By Jensen’s inequality,

(/01 h(8)2d8>

We apply this to (4.10) by conditioning on (Y5)s>o,

—-1/2

< /01 h(s)"'ds.

| I | I
Pioy)(Xoo € 1) < |1[Eqy) [ /0 Ys‘lds} _ |y|E(071) [ /O Ys‘lds] _ c|y|.

The penultimate equality follows from the representation under E(,) that Y, =
yexp(—s/2+ Bs) where (Bs)s>o is a Brownian motion. In the regime where c% > 1,
we use the trivial bound P, ) (Xo € 1) < 1. O

Proposition 4.4.3.

(i) For any 8> 0 and 8 # 3 there is C, < oo such that

. E [j1 (1))
TP SR poncarary = 1< o0
|I|=¢

For B = 3, replace €* above by £*log(s71).

(ii) For any B > 0, any K > 0, and any 6 > 0, there is Cy = Cy(S, K, ) < 0o such

that [ }
E |pns(1)?
RSP S = Cr <o
VES

Note that there is a discrepancy between pf and p.: the exponent for pf is
2N (1428 —9) for any arbitrary § > 0 whereas for p, it is 2A (14 3/3). We believe
that the exponent 2 A (1 + 23 — 0) should also apply to ji. but this would require
better estimates, for example a uniform control in Cy(K). For u. and g = 3, the

extra logarithmic factor is an artifact of suboptimal estimates in the proof.
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Proof of Proposition /./.3 (i). Assume for now that 5 # 3. Without loss of general-
ity, we consider I = [—¢,¢€].

We use Lemma 4.4.1 and subdivide the integral into three parts, J; = [0, 1], J, =
[1,1og(e72)] and J3 = [log(e72),00). For i € {1,2,3}, let

T, = /J P (XL, X2 el)erdr.

We start with 7;. Here we bound e #" < 1 and then condition on the splitting

position at time 7,
T = /ol/HP(”’”’y) (Xoo € I)?P((X,.Y,) € (dz, dy)) dr.
We apply Lemma 4.4.2 to obtain
T < cé? /01 E [Yfﬂ dr < coe?, (4.11)

for some constants ¢y, co > 0.

Next we consider T5. By Lemma 4.4.2,
P (XL X2 € 1) = [ P(X,.Y2) € (dr, dy) Py (X € )

/ XraY; dQT dy)) rm,y)(Xoo € I)P(T,O,y)(Xoo € [)

< [ B((X,.%,) € (dn,d9)) P (X € 1 (c;m).

Hence
—2

log(e €
Ty < / E []IXOOEI <c A 1)] e Prdr.
1 Y,
We split this integral into two parts: for € [1,log(e~'/3)] we bound
E {]lXooeI (c; A 1)} < e [Ty er¥, ! = B [P(Xo € 1Y;)Y,
< %R [Y;,_ } = 226,

where we used Lemma 4.4.2 again, and where we recall that V"' = exp(r/2 — B,).

For 7 € [log(¢7%/3),log(c72)], we estimate
E {]IXOOEI <C; VAN 1>} S ]P(Xoo € I) S ce,
where we also used Lemma 4.4.2. Then our estimate on 75 becomes

log(==1/%) log(c~2)
T, < 0252/ e Prdr + cs/ e Prdr
1 log(e~1/3)

<c (82 LT 5””) : (4.12)
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for some c3 > 0. For T3, we estimate using Lemma 4.4.2
P(XL, X2 el) <P(XL €1) <cye.
Therefore
Ty < ce /OO e Prdr = ¢y, (4.13)
log(e~2)

for ¢4 > 0. To complete the proof, we combine (4.11), (4.12) and (4.13).

Lastly, in the case where 5 = 3, the final estimate on T5 is

log(e~1/3) log(e~?)
T, < 0252/ e¥e 3 dr + cs/ e ¥dr < c3e?log(e ).
1 log(e—1/3)
O
Proof of Proposition 4./.3 (ii). Without loss of generality, we consider I = [—¢,¢].

We proceed as in the proof for (i), splitting the integral of Lemma 4.4.1 into Ty, T3, T5.
For ease of notation, assume that K = 1, otherwise set 73 = [0, K| and T, =
[K,log(e7!)]. We use the same bounds on T} and T3 but a different one on 7.

For r € [1,log(e7?)], we integrate over the splitting location

P (X;O,Xfo € I,Vs>1:log(Y}!) +s/2,log(Y?) +s/2 € [—32/3752/3])

<

2
- /RX[65/252/3765/2+52/3] P((X“Y;) < (dx’dy))P(T’x’y) (XOO € I) ?

(4.14)

where the inequality comes from the fact that we kept the path restriction for Y only

for the splitting location. By Lemma 4.4.2 we have for any y € [e=%/275"" ¢=s/2+s*/%]

that
Py (Xoo € 1) < cee™ ansis

We apply this only to one factor of P, ;.\ (Xeo € 1) in (4.14),
P (X;O,Xgo € I,Vs > 1:log(Y]) + s/2,log(Y?) + s/2 € [—32/3,32/3])
< ot [
Rx[e

< ceePP(X € 1)

2/3
< 028267"/24—7" 7

]P)((Xra Y;) S (dl‘, dy))P(r,m,y)(Xoo € I)

75/2732/3 7675/24’52/3}
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where we applied Lemma 4.4.2 again, this time with (z,y) = (0,1). This then yields
the following bound on 75,

log(e~2)
T, < 0252/ /2T g 2 elt) (52 I E1+25—5) ’
1

for any 0 > 0 and a constant C'(5). Here we used that exp(log(¢~!)%3) grows slower
than €° for any § as ¢ — 0. Combining this with (4.11) and (4.13) completes the
proof. O]

We can use the same methods to derive bounds on the expected k—th moment of
pl (D).

Lemma 4.4.4. For any § > 0, any K > 0, any k € N>go, and any 0 > 0, there is
C3 = C5(8,K,k,6) < oo such that

E [uf(1)"]

lim < .
BSUP SUD 1)) = 8 < 0
[T|=¢

Proof. Due to considering the k—th moment we now need the many—to—few lemma.
This is tedious to state, so we only present the consequences that we need, the precise
formulation can be found in [56]. To state the many—to—few lemma, we need to
describe the joint law of k hyperbolic Brownian motions. We do this by describing
the behaviour of k¥ marks 1,... k.

1. We start with one particle carrying all marks.

2. All particles move as independent hyperbolic Brownian motions, branching at
rate 3.

3. For a particle carrying 7 marks, at a branching event, each mark is independently

attached to one of the two offspring particles with equal probability.

Let (X}, Y;ﬁg&gk denote the positions of the marks. The many-to-few lemma states
that there is an explicit function g((X},Y;’;1 <4 < k) such that

kil _
E [/’L(I) } - EllﬂfI{Xgoel}]lﬂf1{VsZK:log(Ysi)+s/2€[—52/3752/3]}

X exp (/OOO g(XLYH);1<i < k;)ds) ] (4.15)
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For ¢ > 2, let s; be the last time that the mark ¢ is carried by the same particle as a
mark 7 with j < 1. Set sy =0. Let G =0 ({si,Yz_,s >0,1<i< k}) Conditional

on G, we have

k k
P(Vi<k:Xe€11G) <[[Peoviy(Xeo €1) <CT] ((;) A 1> :
i=1 S

i=1
where we used Lemma 4.4.2. Assume that for all 7 > 2 we have that s; > K. Then

on this event we have control on Y7, therefore

k 2/3
P(Vi<k:X,€elIlG)<Ce]] ((56‘”/2“1‘/ ) A 1) :
=2

In fact, this still holds if s; < K by changing C'. Using the explicit representation of

g this becomes

k 2
E {,u(])k} < Cs/k ) [H <(€€Si/2+si/3) A 1) e‘ﬁsil dss .. .dsy
Ry Li=2
o s/2+4s2/3 —Bs ol
=Ce (66 A 1)6 ds
0
< Ce (6 + 525_5/(k_1)>k_1 ,
for any 6 > 0 and some C. O

From Proposition 4.4.3 we derive the following corollary which is Theorem 4.1.2 (i)
and (ii). We stated Theorem 4.1.2 (ii) for i, and consequently also F', defined on 0D.
The following corollary is stated for . viewed on OH. This is equivalent because the

isometry that maps H to D is a diffeomorphism and thus preserves Holder—continuity.
Corollary 4.4.5.

1. Consider F(x) = poo((—00,x]), the (random) cumulative distribution function
of theo- Then F is almost surely Holder—continuous for every exponent v <

(1/2) A (B/3). In particular, ps has no atoms almost surely.

2. Consider F¥(x) = pf ((—o0, x]), the (random) cumulative distribution function
of uk. Then FX is almost surely Hélder—continuous for every exponent y <
1 A28.

Proof. The key idea of this proof is to look at (z +— F(z)) as a stochastic process to
which we can apply Kolmogorov’s continuity theorem. By Proposition 4.4.3 we have

that for € small enough, uniformly in =z,
E[|F(z+e) - F(z)]?] < Ce*0+7/%),
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For 3 = 3 we use 279 for arbitrarily small § > 0. It now follows immediately from
Kolmogorov’s continuity theorem (see for example [61, Theorem 4.23]) that F' is
almost surely continuous because F' is non-decreasing and has cadlag paths. Further,
F' is Holder continuous for any v < (1/2) A (5/3).

We can improve on the bound on v if we consider FX. The same reasoning applies
but if we use Lemma 4.4.4 instead of Proposition 4.4.3 then Kolmogorov’s continuity
theorem provides us with Holder continuity for any v with
k—1 /\26(1{;—1)—5

k k '

v <

Because £ > 2 and 0 > 0 are arbitrary, we have Holder continuity for any v <
1A 28. 0

We also complete the proof of Theorem 4.1.1 by showing a lower bound on the

Hausdorff dimension.
Corollary 4.4.6. For any 3 > 0, we almost surely have that dim supp fie > 26 A 1.

Proof. By Proposition 4.3.1, we have that for any K

supp il C Supp floo,

and hence

dim supp fiee > dim supp ,ufo.

Choose K large enough so that pX is a non-trivial measure. This is almost surely
possible. Let FX be the cumulative distribution function for p as in Corollary
4.4.5. Tt is a basic fact of Hausdorff dimension that F'* being Holder continuous with
exponent v implies that

dim supp u% > 1.

This is essentially a consequence of Frostman’s Lemma, Lemma 4.2.5, which is called
the mass distribution principle [45, Principle 4.2]. This completes the proof as we can
choose any v < 28 A 1 by Corollary 4.4.5. m

Lastly, we prove Theorem 4.1.2 (iii).

Corollary 4.4.7. If f > 1/2, then po almost surely has a density with respect to the

Lebesgue measure.
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Proof. We first show that for any K, uX has a density with respect to the Lebesgue
measure. In the regime J > 1/2, we can choose ¢ small enough so that we have
1428 — 0 > 2, hence Proposition 4.4.3 states
sup E {ufo(fﬂ < Oe?, (4.16)
|IT|=¢
uniformly in ¢ small.
We construct a density of uX by approximations. Let R,n € N. Define
" bk, (k+1)/n))

K,R
pn’ (.T): 1 k/n,(k+1)/n)}-
3N n {relk/n.(k+1)/m)

We think of p/*® as an approximation to the density of uX on [—R, R]. We compute

the expected L? norm of pfF,

E {Hpﬁ(’RH%} _ nz—: lE [Nm([k/n7 (k? + 1)/”)) ] < nz_: g — 9RC,

2 =~

where we used (4.16). Note that this bound is uniform in n. This also means that

for every L > 0, by Markov’s inequality,

29RC)? ;..
(RC>LOO.

P (Jlon 2 > L) <~ (4.17)

By the Banach-Alaoglu theorem, sets of the form {f € L*([-R,R]) : ||fll. < L}
are compact in the weak topology. This means by (4.17) the sequence (p%7),, is
tight in L?([—R, R]) and by Prokhorov’s theorem there exists a weakly convergent
subsequence, call its limit pf©%.

On the other hand, let %" be the measure induced by the density p%. Clearly,

KREn converges almost surely weakly to plf|_gg. Hence pF is a density for

L
wX—rmr. As R — oo, pf|_gr converges weakly to pf. By a diagonal argu-

ment one can see that pf converges weakly to a function p which is a density for

.

We now turn to jis. For K < K’ we have that p®X < p% almost everywhere
because pX < ,ufo/ almost surely by Proposition 4.3.1. Define now p = limg_ o p&
taken along the sequence K € N, by monotonicity this limit exists almost everywhere
and p < oo almost everywhere. Because uX converges weakly to pis as K — oo by

Proposition 4.3.1, we get that p is a density for fio. O]
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4.5 Open questions

Question 4.5.1. For f = 1/2, show that p, does not admit a density with respect to
the Lebesgue measure. This is because we believe Proposition 4.4.3 to be sharp, that

is we cannot achieve the exponent 2.

Question 4.5.2. In Proposition 4.3.1 we have shown that p is determined by particles
that satisfy Y, () ~ e~"/2. It would be interesting look at the empirical measure of
particles that satisfy Y, (t) ~ e /2t
|A| < v/2B. In particular, if you look at A = 1/2 there should be a phase transition
when § = 1/8 because this is the threshold for local survival. For BBM on R, the

number of particles at a given speed is counted by the additive martingale; note that

This should be non—trivial for any A with

here in the hyperbolic setting

Z (Yu (t)))\eft()\2+)\72)/2
ueN(t)

has the same distribution as the regular additive martingale.

Question 4.5.3. It would be interesting to study A and supp jis in the presence of
a drift: assume that there is a drift of strength A\ € R away from the origin. If
A > —1/2; us should still be supported on the boundary. For A < —1/2, we should
almost surely have that p, is a Dirac mass at the origin, and for A = —1/2, y; should
not converge.

If we were to consider drift away from a point ¢ € 0D, the analysis becomes easy.
By isometry, we can choose ¢ = 1, which corresponds to the unique boundary point
oo at infinity in OH. Geodesics going through oo in H are straight vertical lines. This
means drift away from oo is a simple vertical drift of A (weighted by the hyperbolic
metric). This means that the calculations in this work and in [67] still apply and we
should get for A > —1/2,

dimsupp peo(A) = [26/2A + D] A1,

and

L1420 — /(14202 - 8p) for § < (22

1 else.

dimA(\) = {

We believe the same expressions should still hold for drift away from the origin rather

than from the boundary. The reason for this is that for z € D we can replace drift

away from the origin with drift away from —é. If we start a hyperbolic Brownian
motion Z; at z where z is far away from the origin, then —% should not vary much,
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hence we can replace drift away from the origin with drift away from a boundary

point.

Question 4.5.4. In this paper, the underlying stochastic process from which we build
the branching process is continuous in time and space. It is also natural to consider
a discrete setting, that is a branching random walk on a hyperbolic group. Let I" be
a non—elementary hyperbolic group, generated by a finite set S. Given a probability
measure v on S with supp (v) = 5, we can then construct a random walk on I" by
setting p(x,y) = v(z~'y), and hence a branching random walk (BRW) with branching
rate § > 0. Let |z| be the norm of z € I in the word metric induced by S. Then for
the random walk induced by v, (X,,n > 0), there are 0, v > 0 such that

X X, —
[Xn| 225 and KXol — v 4 » N(0, 1),
n n—00 02n n—00

see for example [23] and the references therein. That is, (|X,|)n>0 satisfies a strong
law of large numbers and a central limit theorem. Like the hyperbolic plane H, T"
can be endowed with a natural boundary OI' with metric d, where a > 1 is the visual
parameter. In this setting, we can again consider A, the set of accumulation points
of the BRW on 9T, and i, the limit of the empirical measure. There have been
multiple works studying A and its dimension, for example [82], but none studying fi..
We believe that the methods from this paper should transfer easily to this setting,
in particular because the LLN and CLT guarantee that an equivalent of Proposition
4.3.1 still holds true. We believe the following should be true.

Conjecture 4.5.5. In this setting, dim supp fie = (#;(a)) A dim 9" almost surely.

Note that dim I = log;a where 0 is the exponential growth rate of the volume of
I'. This would be in contrast to the complicated expressions for dim A, for example

determined by [82] and [59].
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