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Chapter 1

Branching Brownian motion

We introduce branching Brownian motion and its discrete-time analogue, the branching
random walk. The elementary but useful many-to-one formula is derived. The additive
martingale and the derivative martingale are introduced. The chapter ends with the second-

order asymptotics of the minimal position.

1. Branching Brownian motion

Branching Brownian motion is a simple spatial branching process defined as follows. At
time ¢ = 0, a single particle (also called an “individual”) starts at the origin, and moves
as a standard one-dimensional Brownian motion, whose life-time is an exponential random
variable of parameter 1. When the particle dies, it produces two new particles (we say
that the original particle “splits into two”), moving as independent Brownian motions, each
having a mean 1 exponential random life-time. These particles are subject to the same

splitting rule. And the system goes on indefinitely. See Figure 1 below.
Let

f(@) =10y,

and let Xy, Xy, ---, Xy (t) denote the positions of the particles in the system at time ¢.
Write
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Figure 1. Branching Brownian motion

By discussing on the value of the life-time of the initial ancestor, we see that
t
u(t, z) = e 'E[f(z+ B(t))] + / e *ds E[u*(t — s, z + B(s)]
0

_ e—tE[f<x+B<t))]+e—t/0terdsE[u2<r,x+B<s)], (rimt—s)

where (B(s), s > 0) denotes standard Brownian motion. We then arrive at the so-called
F-KPP equation (Fisher [61] who was interested in the evolution of a biological population,
Kolmogorov, Petrovskii and Piskunov [78])
ou 10%u
(1) ot~ 2012 2
This holds for a large class of measurable functions f. The special form of f we have taken
here is of particular interest, since in this case,
u(t, ) = P(lgrir%i]{]l(t) X;(t) > —x) = P(lgrlngvx(t) X;(t) < x) )

which is the distribution function of the maximal position of branching Brownian motion at
time ¢.

The F-KPP equation is known for its travelling wave solutions: let m(t) denote the
median of u, i.e., u(t, m(t)) = 3, then

lim u(t, x +m(t)) = w(z),

t—o00

uniformly in € R, and w is a wave solution of the F-KPP equation (1)) at speed 2'/2,
meaning that w(z — 2/2t) solves (ILI)), or, equivalently,

1
5w"+21/2w'+w2—w:0.
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It is proved by Kolmogorov, Petrovskii and Piskunov [78] that lim,_., ™ = 21/2 and by

t
Bramson ([36] and [37]) that

3
(1.2) m(t):21/2t—wlogt+0+o(1), t— 00,

for some constant C.
For further use, we mention a probabilistic interpretation of the travelling wave solution

w. By Lalley and Sellke [80], w can be written as
a1/2,
(1.3) w(z) = E(e—clpm /2 )

where C'; > 0 is a constant, and D, > 0 is a random variable whose distribution depends
on the branching mechanism (in our description, it is binary branching). The idea of this
interpretation is also present in the work of McKean [90]. We will come back to this point
in Section

The connection, observed by McKean [90], between the branching system and the F-KPP
differential equation makes the study of branching Brownian motion particularly appealing
As such, branching Brownian motion can be used to obtain — or explain — results for
the F-KPP equation. For purely probabilistic approaches in the study of travelling wave
solutions to the F-KPP equation, see Neveu [104], Harris [65], Kyprianou [79]. More recently,
physicists have been much interested in the effect of noise on wave propagation. We are going
to discuss on this feature in more details in Chapter [[I.

We study branching Brownian motion as a purely probabilistic object. Moreover, the
Gaussian displacement, of particles in the system does not play any essential role, which

leads us to study the more general model of branching random walks.

2. Branching random walks

Consider a one-dimensional discrete-time branching random walk. At the beginning,
there is a single particle located at the origin. Its children, who form the first generation

are positioned according to the distribution of a certain random vector .Z := (&, -+ -, §N)E

! Another historic reference is a series of three papers by Ikeda, Nagasawa and Watanabe [71], who were
interested in a general theory connecting probability with differential equations.

2As a matter of fact, the dimension of .# can be random (so . is a point process, describing a random
scattering of points in R), and can be possibly infinite. Also, unlike branching Brownian motion, it is possible
that P(§; = &;, for some i # j) can be positive.
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Each of the particles in the first generation gives birth to new particles that are positioned
(compared to their birth places) according to an independent copy of .Z; they form the
second generation. The system goes on according to the same mechanism. We assume that
for any n, each particle at generation n produces new particles independently of each other
and of everything up to the n-th generation. See Figure 2 below.

In the special case that N > 1 is a fixed integer, and that &, ---, £y are i.i.d. random
variables, we say that the branching random walk has i.i.d. displacements. It was the case
with branching Brownian motion. However, we will see that in the problems which are of
interest to us, the dependence structure between &; will seldom cause any serious trouble.

We denote by (V(x), |x| = n) the positions of the particles in the n-th generation, |z|
standing for the generation of the individual z. We always assume that E(N) > 1; i.e., the
branching is supercritical. [However, it is possible that E(/N) = co.] As such, the system

survives with positive probability.

3. Examples

We give here some examples of branching random walks, and more general hierarchical
fields.
In the literature, the branching random walk bears various names, all leading to equivalent

or similar structure. Let us make a short list.

Example 3.1. (Mandelbrot’s multiplicative cascades). Mandelbrot’s multiplicative
cascades are introduced by Mandelbrot [08], and studied by Kahane [73] and Peyriere [107],

in an attempt of understanding the intermittency phenomenon in Kolmogorov’s turbulence
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Figure 2. A branching random walk and its first three generations
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theory. It can be formulated, for example, in terms of a stochastically self-similar measure
on a compact interval. In fact, the standard Cantor set consists in dividing, at each step,
a compact interval into three identical sub-intervals and removing the middle one. Instead
of splitting an interval into identical sub-intervals, we can do it according to a given three-
dimensional distributions, and the resulting lengths of sub-intervals form a Mandelbrot’s
multiplicative cascade. If we look at the logathrithm of the lengths, we have a branching
random walk.

Mandelbrot’s multiplicative cascades also bear other names, such as random recursive
constructions (Mauldin and Williams [99]). A key ingredient is to study fixed points of
the so-called smoothing transforms (Durrett and Liggett [55], Alsmeyer [9], Alsmeyer,
Biggins and Meiners [10]). We will briefly come back to this point in Section [6l For surveys
on these topics, see Liu [81], Biggins and Kyprianou [27]. O

Example 3.2. (Gaussian free fields and log-correlated Gaussian fields). The two-
dimensional discrete Gaussian free field possesses a complicated structure of extreme values,
but it turns out possible to compare it with that of the branching random walk. By compar-
ison to analogue results for branching random walks, many deep results have been recently
established for Gaussian free fields and more general logarithmically correlated Gaussian
fields (Bolthausen, Deuschel and Giacomin [31], Madaule [89], Biskup and Louidor [30],
Ding, Roy and Zeitouni [51]). In parallel, in the continuous-time setting, following Kahane’s
pioneer work in [74], the study of Gaussian multiplicative chaos has witnessed impor-
tance recent progress (Duplantier, Rhodes, Sheffield and Vargas [53], Garban, Rhodes and
Vargas [63], Rhodes and Vargas [10§]).

Via Dynkin’s isomorphism theorem, local times of Markov processes are closely connected
to (the square of) some Gaussian processes. As such, new lights have been recently shed on
the cover time of the two-dimensional torus by simple random walk (Ding [50], Belius and
Kistler [16]). O

Example 3.3. (Directed polymers on trees). In [49], Derrida and Spohn introduced
directed polymers on trees, as a hierarchical extension of Derrida’s REM (Random Energy
Model) for spin glasses. In this setting, the energy of a polymer, being the sum of i.i.d.
random variables assigned on each edge of the tree, is exactly a branching random walk
with i.i.d. displacements. The continuous-time setting has also been studied in the literature
(Bovier and Kurkova [35]).

Directed polymers on trees also provide an interesting example of random environment
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for random walks. The tree-valued random walk in random environment is an extension
of Lyons’ biased random walk on trees ([82], [83]), in the sense that the random walk is
randomly biased. Chapter [IIl will be devoted to this model. 0

The list of interesting examples can be very long. Let us add just a couple more: Ar-
guin [I1] has given a series of lectures on his work in progress on characteristic polynomials of
unitary matrices, and on the Riemann zeta function on the critical line, whereas Aidékon [5]
has successfully applied branching random walk techniques to CLE (Conformal Loop En-

sembles).

4. The basic assumption

In order to obtain universality results, we need to exclude a few “pathological cases”.

Throughout, we assum =

(%) E( Y eV@) =1, B( Y v@e'®) =y,

z:|z|=1 z:|z|=1

and we call it Assumption (x). In terms of the point process .Z := (£, -+, {y), Assumption
() means E(3.N e 6) =1 and E(XN, &e &) =0.
In general, given a branching random walk (V' (z)), we should be able to find a > 0 and

b € R such that the linear transformation
17(:5) = aV(x) + blz|,

which gives another branching random walk, satisfies Assumption (x). However, the existence
of the pair (a, b) is not automatic. There are examples of branching random walks for which
the existence of (a, b) fails. Loosely speaking, the existence of (a, b) fails if and only if the
law of inf; & is bounded from below and E(}_, 1{¢,—supp,,.}) = 1, with supp,,;, denoting
the minimum of the support of the law of inf; ¢; (i.e., the essential infimum of inf; ;). In
particular, for a branching random walk with i.i.d. Gaussian displacements, the pair (a, b)
exist,.

For an elementary but complete discussion on the existence of (a, b), see the arXiv version
of Jaffuel [72], or Bérard and Gouéré [20].

$We implicitly assume in the second part that E(>" . o] =1 [V (z)|e "V ®)) < oo
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Exercise 4.1. Let (V(x)) be a branching random walk with i.i.d. displacements and satisfy
Assumption (x). Then E(&) > 0. As such, along each branch, the random walk has a
positive drift.

Special case: if the i.i.d. displacements are Gaussian, it must be .4 (2logm, 2logm),

where m := E(N) is the mean number of branches. O

5. The many-to-one formula

Assume E(}° .-, e”V@) =1, which is the first part of Assumption ().
Let Sp := 0 and let (S, —S,_1, n > 1) be a sequence of i.i.d. real-valued random variables

such that for any measurable function h: R — [0, c0),
(5.1) E[h(S))] = E( 3 e—V<w>h(V(x))) .
z:|z|=1

The law of Sy is well-defined due to our assumption E(3_, .- e V@) =1,

Theorem 5.1. (The many-to-one formula) Under Assumption (%), for anyn > 1 and

any measurable function g : R" — [0, c0), we hav
E[ Z g(V(xl), ) V(xn>):| = E[esng(sh ) Sn) )
z:|z|=n

where x; is the ancestor of x at generation i, with x, := x.

Proof. We prove by induction in n. For n = 1, this is the definition of the distribution of .S;.
Assume the identity proved for n. Then, for n + 1, we condition on the branching random
walk in the first generation; by the branching property, this yields

Bl Y g(V(), - Vi)

|z|=n+1

= E2B)| YD g(Vy) V) + VE), - Vi) + V(E),

ly|=1 |2]=n

where E is expectation with respect to the branching random walk (V(3)) which is inde-

pendent of (V(y), |y| = 1). By induction hypothesis, for any u € R,

E( S gutVE), - ut x”/(zn))) - E(e%(u, w+ Sy, e ut §n>),

|Z|=n

4For notational simplification, we often write D juj=n( ) instead of 30\ ().
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with the random walk (S;, 7 > 1) independent of (V(y), |[y| = 1), and distributed as
(S;, 7> 1) under P. Since

B| Y h(V(y)] = B[ h(s),

ly|=1
it remains to note that (E ® E)[esl+§”g(51, Si+ S, e, S+ §n)] is nothing else but
E[eS+1g(S), S, -+, Sny1)]. This implies the desired identity for all n > 1. O

Remark 5.2. (i) Under Assumption (x), we have E(S;) = 0, which means that (S, n > 0)
is a mean-zero non—degenerateH random walk. In particular, if the branching random walk
has i.i.d. displacements, the walk along each branch is strictly larger than the drift of the
new random walk (.5,,). As a matter of fact, behind the innocent-looking new random walk
(S,) is a change-of-probabilities setting, which we will study in more details in Chapter [V]

(ii) The many-to-one formula is ready for use in the computation of the first moment,
but requires some additional work for the computation of higher-order moments. For a

“many-to-few” version, see Harris and Roberts [67]. O

6. A pair of martingales

Under Assumption (x), there are a pair of martingales naturally associated with the

branching random walk:

M, = Ze_v(x),

|z|=n

D, = ZV(:);)e_V(I),

|z|=n

with respect to their natural filtrations. In the literature, (M,,) is referred to as an additive
martingale, whereas (D,,) is called a derivative martingale.
Since (M,,) is a non-negative martingale, it converges a.s. to a finite random variable; the

convergence does not hold in L', as (M,,) is not uniformly integrable:

Theorem 6.1. Under Assumption (x), we hcweH

M, — 0, a.s.

5That is, not identically zero.
6This is, in fact, a special case of a more general result called the Biggins martingale convergence theorem
(Biggins [25], Lyons [84]).
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Proof. Postponed to Chapter [V] O

We need to be careful with “a.s.” (or the forthcoming “in probability”). If the point
process .Z is empty with positive probability, the system dies out at finite time with positive

Y

probability. So “a.s.” really means almost surely on the system’s non-extinction.

A straightforward consequence of Theorem is

(6.1) ‘rr‘lin V(z) = oo, a.s.

So, under Assumption (x), even though the branching random walk can take negative values
at some sites, it becomes very large when the generation becomes large. Looking at the
derivative martingale D, = 7, _, V(z)e=V@); it is of no surprise that it also converges

a.s.

Theorem 6.2. (Biggins and Kyprianou [26]) If E[z:mzlv(x)2 e V@] < oo, then

(D, n > 0) converges a.s. to a non-negative limit, denoted by D...

We do not prove Theorem [6.2] though we will have enough mathematical tools in Chap-
ter [Vl Attention: even though D, exists, nothing guarantees that it is (strictly) positive,
because the positivity of D, requires some additional integrability condition. Biggins and
Kyprianou [26] and Aidékon [2] provided sufficient conditions for the positivity of D; re-
cently, a necessary and sufficient condition is established by Chen [47].

The positive random variable D, in (L3]) is the continuous-time analogue for branching
Brownian motion, and is proved to be positive by Lalley and Sellke [80]. As a matter of
fact, McKean [90] used M., (the limit of the additive martingale) in the expression (L.3])
for w (the uniqueness in law, up to a constant multiple, of the fixed point being known; see
the survey by Biggins and Kyprianou [27]). In view of Theorem [61] it is unfortunate that
McKean used the vanishing solution. It took about a decade to see the error fixed, by Lalley
and Sellke [80]H

Although we do not study the derivative martingale in depth in these notesE it plays

a crucial role when one looks for refined properties of the branching random walk. For

"The sufficient condition in [26] is slightly weaker than in the statement of Theorem
8 Actually, McKean [90] was not that wrong: it is possible (|8]) to prove that n'/? M, converges in prob-

ability to a positive constant. So the approach used by McKean [90] is all right, as long as the additive
martingale is multiplied by n!/2.
9And even completely neglect another fundamental martingale: the multiplicative martingale.
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example, it comes as of no surprise that it was exploited by Duplantier, Rhodes, Sheffield
and Vargas [53] in the study of critical Gaussian multiplicative chaos.
It is obvious that both M., = 0 and D, are fixed points (in distribution) of the following

smoothing transform:
7 (law) Z e—V(m)z(l,)’

|z|=1
where, conditioning on (V(z), |z| = 1), Z(x) are independent copies of Z. This is a simple

example to illustrate the importance of fixed points of smoothing transform.

7. Extreme positions

We work under Assumption (), and are interested in the minimal position minj,—, V ().
We have already seen in (G.I]) that

min V' (z) — oo, a.s.

|z|=n

The question is at which speed minj,—, V' (z) goes to infinity. A general result called the law
of large numbers for branching random walks (Biggins [24], Kingman [77], Hammersley [64])
applied under Assumption (x) yields that

1
(7.1) — min V(z) — 0, a.s.

n |z|=n

Here is the answer to our question, and is a weak analogue of Bramson’s estimate (L2I):

Theorem 7.1. Under Assumption (x) and suitable integrability condition, we have

3
Tog ‘x‘lzri V(z) — 3 in probability.
Proof. We only prove the lower bound (and outline the proof of the upper bound), namely,
for any € > 0,

P(minV(z)ﬁ(%—e)logn) — 0, n — oo.

|z|=n

LetK>0andO<a<%. Let

Zn = Z L{v(@)<atogn, V(w:)>—K, ¥1<i<n}-

|z|=n
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By the many-to-one formula (Theorem [5.]), we have,

E(Z,) = E{esn 1{Sn§alogn,SiZ—K,Vlgign}}

< n“P{Sn <alogn, ;> —K, V1 <i< n}

For n such that alogn > 1, we have P{S, < alogn, S, > —K} < m See Figure 3
below.

Since a < %, it follows that lim,,_,., E(Z,) = 0. A fortiori, Z, — 0 in probability.

We already know that minj,—, V(x) — oo a.s. This yields the desired lower bound:
P{minj, -, V(z) > (2 + €)logn} — 0 for all € > 0.

We provide a sketch for the upper bound: for all £ > 0,

P( min V(x) < (§

H < 2—|—€)logn>—>1, n — oo.

We are tempted to imitate the argument used in the proof of the lower bound by taking

= al=n Ly )<(34)logn, V(w:)>— K, V1<i<n}> Using the Cauchy-Schwarz inequality

and bounding E(Z,,) from below while bounding E(Z?) from above.
Unfortunately, E(Z2) is very large in this case. So we slightly reduce the size of the event

in Z, by considering (writing a, := (2 + ) logn)

Yn - Z 1{V(I)San,V(xi) 7”1 K,V1<i<n}

|z|=n

where K > 0 is a large but fixed constant. The first moment E(Y,,) can be estimated as

before. For the second moment E(Y;?), we argue that

E(Ynz) = E{ Z Z 1{V($)San,V(y)§an,V(wi) > K, V(y:)> % KV1<z<n}}

|z|=n y|=n
n—1
= EV,) + E{ D lweysemiok vi<iciy X

X Z Zl{vm yi)> 2k K,Vj<k§n,V(m)gan,V(y)San}}7

(@j+1,95+1) (T,9)
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alogn

—-K

Figure 3. Computing P{S, <alogn, S, > —K}

where, the double sum Z(xjﬂ’ yj+1) 1S OVET pairs ()41, @H) of distinct children of z, whereas
Y (z,y) 18 Over pairs (z, y) with |z| = [y[ = n such thatld x > z;,1 and y > y;41.

We apply the Markov property at generation j+1 and use the many-to-one formula to deal
with the (conditional) expectation of 37, . The (conditional) expectation of Z(xj+1,yj+1)
is taken care of by an appropriate assumption of integrability for the point process .Z :=
(&1, -+ -, &n). Finally, the expectation of Z|Z|:j, for any 7, is treated by another application

of the many-to-one formula. After some tedious computations, we arrive at:
E(Y;) < C[EY,)),
for some constant C' > 1 and all sufficiently large n (say n > ng). So
P(r;ﬂ:rrlLV(:B)S(gjte)logn) 2%, Vn > ng.
Our goal is to say that C' > 1 can be chosen as close to 1 as possible. This cannot be
achieved by making the computation as precise as possible, but can be easily done by means

of the tree structure. Indeed, fix n > 0, and let k = k(n) be sufficiently large such that

(1-— %)Nk < 77 Then

. 3
P{ ‘xr‘rzlhr}rk‘/(x) > max V(y) + (5 +¢) logn}

< [l S awan)] "

0By z > y, we mean either = y, or y is an ancestor of z.
"By doing so, we assume implicitly that N is not random. In the general case (i.e., when it is random),
we can apply a similar argument by taking a random k.
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which is bounded by (1 — £)V “ < 1. This yields the desired upper bound in Theorem [Z110J

The reason for which we have not given full details of the proof of Theorem [T.1] is that

the theorem is weak: much more is true.

Theorem 7.2. (Aidékon [2]). Under Assumption (x) and suitable integrability condition,
if the distribution of £ is non lattice then

3
‘Ir‘lin V(z) — 5 logn
converges weakly to a Gumbel distribution shifted at the random position log(c D), where

c € (0, 00) is a constant, and Do, > 0 is the almost sure limit of the derivative martingale.

This deep result, like the corresponding result of Lalley and Sellke [80] for branching
Brownian motion, shows the important role played by the derivative martingale in the asymp-
totics of the minimal position. See also the recent work of Bramson, Ding, and Zeitouni [38§].

We now look at the sample path of the branching random walk leading to the minimal
positio at time n. Intuitively, it would behave like a Brownian motion on [0, n], starting
at 0 and ending around %log n, and staying above the line ¢ — @z’ for0 <i < n. If
we normalise this sample path with the same scaling as Brownian motion, then we would
expect it to behave asymptotically like a normalised Brownian excursion. This is rigorously
proved by Chen [46].

More precisely, let |z}, | = n be such that V(z},,,) = minj, -, V(z), and for 0 <7 < n,

let 7}, ; be the ancestor of @, , in the -th generation. Let 0® := BE(}_,_, V(z)% V).

Theorem 7.3. (Chen [46]). Under Assumption (%) and suitable integrability condition,

(% teo, )

converges weakly in C([0, 1], R) to the normalised Brownian excursion.

12That is, no lattice supports .Z.

I131f there are several minima, one can choose any one at random according to the uniform distribution.

14A normalised Brownian excursion can be formally defined as a standard Brownian bridge conditioned
to be non-negative. Rigorously, if (B(t), ¢ > 0) is a standard Brownian motion, writing & := sup{¢t < 1 :
B(t) = 0} and © := inf{t > 1 : B(t) = 0}, then (w, t € [0, 1]) is a normalised Brownian
excursion.
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For any vertex x with |z| > 1, let us write

7.2 Vv = Vix; ,

(7:2) (@) 1= max V()

which stands for the maximum value of the branching random walk along the path connecting
the root and . How small can V(x) when |z| — oo? If we take x to be the (or a) vertex
on which the branching random walk reaches the minimum value at generation n, then we

12 Can we do

have seen in the previous paragraph that V(z) has the order of magnitude n
better?

The answer is yes.

Theorem 7.4. (Fang and Zeitouni [57]). Under Assumption (%) and suitable integrability

condition,

37r202>1/3

lim L min V(z) = ( 5

a.s.

Theorem [7.4, which will be useful in Chapter [II, can be proved by means of the many-
to-one formula.

There has been an important number of recent results on extreme values in the branch-
ing random walks. See for example Arguin, Bovier and Kistler [12], [13], [14] and [15],
Roberts [109], Aidékon et al. [6] for branching Brownian motion; Addario-Berry and Reed [1],
Hu and Shi [68], Madaule [88] for branching random walks, together with the references
therein. For a “spatial” version of convergence of the extremal process, see Bovier and
Hartung [34]. For extensions to models with a time-inhomogeneous branching mechanism,
see Fang and Zeitouni [58]-[59], Maillard and Zeitouni [93], Mallein [94]-[95], Bovier and
Hartung [32]-[33].



Chapter 11

Branching random walks with
selection

We study two models of branching random walks with selection, both proposed and
studied by Derrida and his coauthors. In the first model, an absorbing barrier is present
with a slope that is slightly greater than the asymptotic speed of the minimal position in
the branching random walk without selection. We study the asymptotic behaviour of the
survival probability when the difference between the slope of the absorbing barrier and the
speed of the minimal position tends to 0. In the second model, the number of individuals in
each generation is fixed to be N > 1; only the N individuals with the smallest spatial values
in each generation survive. Let vy denote the asymptotic speed of the system; we study the

asymptotecs of vy when N goes to infinity.

1. Branching random walks with an absorbing barrier

Branching processes were introduced by Galton and Watson in the study of survival
probability for families in Great Britain. In the supercritical case of the Galton—Watson
branching process, when the system survives, the number of individuals in the population
grows exponentially fast, a phenomenon that is not quite realistic in biology. From this
point of view, it sounds natural to impose a criterion of selection, according to which only
some individuals in the population are allowed to survive, while others are eliminated from
the system, as well as their descendants.

In this section, we consider branching random walks in the presence of an absorbing
barrier: any individual lying above the barrier gets erased. Although the study of branching
diffusions with absorption goes back to Sevast’yanov [110] and Watanabe [111], it is the

15
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work of Kesten [76] on branching Brownian motion with an absorbing barrier that is the
most relevant to the topic in this chapter. For recent progress on and refined properties
of branching Brownian motion, see Berestycki, Berestyki and Schweinsberg [22] and [23],
Aidékon and Harris [7]. For the corresponding study on the one-sided F-KPP equation, see
Harris, Harris and Kyprianou [66].

Let (V(x)) denote a branching random walk. Throughout the section, we work under

Assumption (x):

(%) E(Y V@) =1, E(Y V(@e'W) =0,

|z|=1 |z|=1

We recall that this implies (see (1)) in Chapter [) that + minj,—, V(z) — 0 a.s.

Let o(¢) denote the survival probability of the system with an absorbing barrier of slope
g, that kills all individuals whose position is above or on the barrier. According to Biggins,
Lubachevsky, Shwartz and Weiss [28], o(¢) > 0 if and only if ¢ > 0. What can we say about
o(¢) when ¢ | 07 This was a question raised by Pemantle [106].

Theorem 1.1. Under Assumption (x) and suitable integrability condition,

ole) =exp (= (1+o)rs), 240

where 0% = EQQ = V(z)2e V@),

The proof of Theorem [I1] relies on a second-moment argument by applying the many-
to-one formula (Theorem B.1] in Chapter [I). For more details, see [62], and also [20] for a
new proof, and some additional precision on the o(1) expression. For branching Brownian
motion, (much) more is known, see Berestycki, Berestyki and Schweinsberg [22], Aidékon
and Harris [7].

Theorem [I.1] also plays a crucial role in the study of branching random walks with

competition, described in the next section.

2. Branching random walks with competition

Starting from 1990s, physicists have been interested in the slowdown phenomenon in the

wave propagation of the F-KPP equation (Breuer, Huber and Petruccione [39]). Instead of
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the standard F-KPP equatio

ou  10%u
" 2g2 T
with initial condition u(0, #) = 1{z<oy. Brunet and Derrida [40] introduced the cut-off

version of the F-KPP equation:

and discovered that the solution to the equation with cut-off has a wave speed that is slower
than the standard speed by a difference of order (log N)~2 when N is largeH

Later on, Brunet and Derrida [41] introduced a related F-KPP equation with white noise:

ou  10%u

—+u(1—u)+(

u(l —u)\1/2
o 2022 )

N

where W is the standard space-time white noise. Once again, they found that the solution
to the noised F-KPP equation has a wave speed that is delayed, compared to the standard
speed, by a quantity of order (log N)™2 when N is large. This has been mathematically
proved by Mueller, Mytnik and Quastel [I01] and [102].

On the other hand, the following so-called N-BRW was introduced by Brunet, Derrida,
Mueller and Munier ([42], [43] and [44]): in the branching random walk (V(x)), at each
generation, only the N individuals having the smallest spatial values survive. The positions
of the individuals in the resulting N-BRW are denoted by (V¥ (z)). Since N is fixed, it is
not hard to check thatH

vy = lim 1 max VY (r) = lim 1 min V()
n—oo N, |z|=n n—oo N |z|=n
exists a.s., and is deterministic. Several predictions are made by these authors (see [43] in

particular), for example, concerning the velocity vy:

o’ ( B (6+0(1))loglogN)’

2(log N)? log N

(21) UN = N — oo,

'We have replaced u by 1 —u (thus considering the tail distribution, instead of the distribution function,
of the maximum of branching Brownian motion) in the F-KPP equation (1)) of Chapter [II

2The notation is unfortunate, because IV in this chapter has nothing to do with the random variable N
representing the number of children for individuals in the system.

3In order to avoid trivial discussions, we assume that there are no leaves in the branching random walks,
i.e., with probability one, every particle produces at least one child.
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where, as before, 02 := EQX - V(z)%e”V@). [Of course, what is really interesting in the

(640(1)) loglog N
log N

term.] All these predictions remain open, including a very interesting one concerning the

conjectured precision on the right-hand side is the universality of the main
genealogy of the particles in a suitable scale that would converge to the Bolthausen—Sznitman
coalescent, though there is strong evidence that they are true in view of the recent progress
made by Berestycki, Berestycki and Schweinsberg [23].

However, the following has been remarkably proved by Bérard and Gouéré [19] by means

of a rigorous argument:

Theorem 2.1. Under Assumption (x) and suitable integrability conditionH

w202

~N—_— N .
N S llog N)2 oo

where 0 1= B(Y -, V()%™ V).

Other rigorous results concerning the N-BRW (or the analogue for branching Brown-
ian motion) have been obtained by Durrett and Remenik [56], Maillard [92], Bérard and
Maillard [21], Mallein [96]-[97].

The proof of Theorem 2.]is technical, requiring several delicate couplings between the N-

BRW and the usual branching random walk in an appropriate scale. We describe a heuristic

7'('2(1'2
2(log N2

The basic idea is that the following two properties are alike:

argument to see why v"V should behave asymptotically like

(a) A branching random walk, with an absorbing barrier of slope ¢ and starting with N
particles at the origin, survives;
(b) An N-BRW moves at speed < .

In (a), the survival probability is 1 — (1 — o(¢))", which suggests that vy would behave
like ¢ = £(V) where ¢ is defined by

1
o(e) = N
Solving the equation by means of Theorem [[LT] we obtain:

2 2
© ™ 2Mog N2’
which gives Theorem 2.1

4Notation: By any ~ by, N — 0o, we mean limy_ o ‘;—j\\]’ =1.
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Bérard and Gouéré [19] have succeeded in making the heuristic argument rigorous. Un-
fortunately, it is believed that the heuristic will fail to lead to what is conjectured in (2.1I).
In other words, deeper understanding of the N-BRW will be required for a proof of (21).
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Chapter 111

Biased random walks on trees

So far, we have studied branching Brownian motion and branching random walks more
or less indifferently. This chapter is devoted to an application of branching random walks,
namely, randomly biased random walks on trees, and it concerns branching random walks
only: no version for branching Brownian motion is involved. Randomly biased random
walks on trees have been introduced by Lyons and Pemantle [85], extending the model of

deterministically biased random walks on trees studied in depth by Lyons [82]-[83].

1. A simple example

Before introducing the general model, let us start with a simple example.

Example 1.1. Consider a rooted regular binary tree, and add a parent 2 to the root @
The resulting tree is a planted tree. We give a random colour to each of the vertices of
the tree; a vertex is coloured red with probability p..q, and blue with probability ppue, with
Prea > 0 and ppie > 0 such that preq + Powe = 1.

A random walker performs a discrete-time random walk on the tree, starting from the
root &. At each step, the walk stays at a vertex for a unit of time, then moves to one of

the neighbours (either the parent, or one of the two children). The transition probabilities

are a|_; (moving to the parent), aiizi and afz()i (moving to either of the children) if the site

where the walker stays currently is red, or af, ., a&)le and a,(jl)le if the site is blue. As such,
T wn @ 1t (1) )

(2 .
Arod> Crods Qroq> Tolues Apne a0 @y, are positive numbers such that

a’;“red + aﬁi()i + aEz()i =1= a’Elue + a](il)le + a’l()le)Je :

—
IThe root @ is a vertex of the tree, but @ is not considered as a vertex of the tree.

21
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— —
We assume that @ is reflecting: each time the walk is at &, it automatically comes back
to @ in the next step. 0

The usual questions arise naturally: Is the random walker recurrent or transient? What
can be said about its position after n steps? What is the maximal displacement in the first

n steps?

2. The maximal displacement

Let T be a planted regular N-ary tree. For any x € T, let % denote the parent of x
(recalling that E is not considered as a vertex of T), and 2", ... 2 the children of
xz. Let (w(z),z € T) be a family of i.i.d. random vectors, with w(z) = (w(z,y), y €
{Z30{z®, ... 2M1). We assume that w(@, y) > 0 P-a.s., fory € {5}U{®(1), s, @MY
and that w(9, E) + 3N w(@, @9) = 1. In Example [T} w(2) (or any w(z), for = € T)
takes two possible values, with probability p..q and ppe, respectively.

For each given w (which, in Example [T, means that all the colours are known), let
(Xn, n > 0) be a Markov chain with X, = @ with transition probabilities

P,( X1 = <:)?|Xn =z) = w(z, 3?),
P,(Xpy1 =29 | X, =2) = w(z,2?), 1<i<N,
and Py(Xpy1 =y | X, =2)=0ify ¢ {z}U{z®, ... 2™},

Let us first do some elementary computations. Assume that the walk is recurrent. For

any vertex x € T, we define
T,:=inf{i >0: X; =z},

the first hitting time at z, and also
T :=inf{i>1: X; =0},

the first return time to the root.
Let x € T with |z] =n > 1. For any 0 < k < n, write

ag Z:Pw{Tm<Tg‘XOISL’k}.

Then ag =0, a, =1, and for 1 < k <mn,

w(Tk, Thy1) w(Tg, Tp-1)

ay = Ap+1 +
W(Tk, Tpy1) +w (T, Tp-1) " W(Tk, Tpy1) + W (T, Tr-1)

Ak—1,
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which means
w(!L"k, l"k—l)

wW(Zg, Tpt1)

Iterating the procedure, we obtain, for 1 < k < n,

W, 1)
Qg1 — A = @1 - ao

j=1 (A)(x], x]‘l'l)

Qg1 — Q= (ax — ag-1).

Ew

(xj, ©j_1q
) )=
))al,

j=1 x]7 Tjt

due to the fact that ¢y = 0. Summing on both sides over k£ € [0, n—1]NZ : on the left-hand

: -1
side, we have > _j(ag41 — ax) = a, —ag =1, so

with the notation H(;':1 := 1. This yields

1
Pw{Tx <T@|X0:I1}:a1 w(xj xj_1)
Z J=1 w(x;, zj41)
If the walk starts at Xy = @, we obtain:
I,
Pw{T:L‘ <TJ}ZW(®, zl)Pw{Tx <T@|X0:xl}_ ( a;lz; xj_1)
gotj—
Z =1 w(zy, xj41)

Writing

ly|—
_ Z Wlyo b)) ey, (g, = )

yu yH-l) ’
we immediately see that (V(y), y € T\{@}) is a branching random walk in the sense of the

previous chapters!
By definition, [[*_, &&efimt) — oVi@e)=V(@) g6 that

7=l wlzj, zjp1)

w(D, 1) ~ w(g, z1) eV @)  w(a, E)
LoV(agg)-Viz) Z?:l eViz) Z?:l eVizi)

PAT, <T}} =
k_

This simple formula tells us that V' plays the role of potential: the higher the potential value
is on the path {z1, -+, z,}, the harder it is for the walk to reach z.

We assume from now on

(%) E( Z e_V(””)) =1, E( Z V(:c)e_v(m)) =0.

|lz|=1 lz|=1
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A general theorem by Lyons and Pemantle [85] tells us that (%) ensures the recurrence
of the walk (for a proof using Mandelbrot’s multiplicative cascades, see Menshikov and
Petritis [100]). Viewing w from the point of view of V, it is now clear that instead of the
N-ary regular tree, we can define the walk on a more general supercritical Galton—Watson
treeld When V is associated with .Z = (&, -+, &n) = (log A, -+, log A), where A > 0 is
a fixed parameter, we recover Lyons’s A-biased random walk on Galton-Watson trees ([82],
[83]), who proved that the A-biased random walk is recurrent if and only if A > E(N).
For the A-biased random walk, it is known that ‘X—nl‘ converges a.s. to a constant, denoted
by v(A). Lyons, Pemantle and Peres [87] conjectured that A — wv(\) is non-increasing on
[0, E(N)). This monotonicity has been established by Ben Arous, Hu, Olla and Zeitouni [1§]
for A in the neighbourhood of E(N), by Ben Arous, Fribergh and Sidoravicius [17] for A in
the neighbourhood of 0, and by Aidékon [4] for A € [0, 1].

We often work under the “annealed measure”

by taking average over the “environment” w.
Writing, for n > 1,

H, =inf{i: |X;| =n},
the first time the walk hits the n-th generation. For any x € T with |z| = n, we have
H, <T,, so P,{H, < Tg} > P,{T, < T5}. Taking maximum over all vertices in the n-th
generation, this leads to:

w(2, 2) _ wle, D)

+ +1
P{H, <T}}> max PAT, <Tj} = R ey

e min =, V() ’

where V() := maxi<;<iz V(z;), as in (Z.2) of Chapter [l Applying Theorem [7.4 of Chapter

I, we obtain:

3 2 2 1/3
g ) =:—0, P-as.,

1
. . +
hgglfmlong{Hn <Tj}> —(

where 02 1= E(},_, V(z)%e~V @) as before.
Let, for any k£ > 1,

k
Lk) = Z 1{Xi:@} )
i=1

2 Actually, the genealogical tree is even more general than the supercritical Galton-Watson tree, because
we do not exclude the situation that a particle produces infinitely many children with positive probability.
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which stands for the number of visitsH at the root @ in the first £ steps. Then for any 7 > 1
and all € > 0,

)

PALn, > j} = [PAH, > T3} < [1 - e—<l+€>9“”3]J < exp ( —j e_(1+€)9”1/3>

P-almost surely for all sufficiently large n (say n > ng(w); no(w) does not depend on j).

Taking j := |12 | " we see that

N PALp, > [0} <00, Paas.

This implies, by the Borel-Cantelli lemma, that

log L,

pYE <4, P-a.s.

lim sup
n—oo

It is known, and not hard, to check that

lOg Lk .

s logk

which yields that

log H,
08 <4, P-a.s.

lim sup W ~

n—o0

Note that for all n and j, {H,, < k} = {maxj<;<x |X;| > n}. This implies that

o 1 2
i gy 125 X 2 g5 = gmpe . P

It turns out that (logn)? is the correct order of magnitude for max;<;<, | X;|, and the constant
ﬁ is not exactly optimal:

Theorem 2.1. (Faraud et al. [60]) Under Assumption (x) and suitable integrability con-
dition,

1
lim —— max |X 5 P-a.s.

n—oc (logn)3 1<i<n | =35

Theorem 2] tells us that the walk (X;) is very slow. In the next section, we study the

terminal position X,,, and see that, usually, the walk is even slower.

30ften referred to as the (discrete) local time.
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3. Weak convergence

Under Assumption (x), we have seen in the previous section that the maximal displace-
ment of the walk is of order of magnitude (logn)?. What about the terminal position X,,?

The study of the asymptotics of |X,,| is more delicate. Our answer says that |X,| is
usually much smaller than max;<;<,, | X;|. Let (m(s), s € [0, 1]) denote a standard Brownian
meander, and m(s) := sup,¢jo ;4 M(u). Recall that the standard Brownian meander can be
realized as follows: m(s) := w, s € [0, 1], where (B(t), t € [0, 1]) is a standard

§
Brownian motion, with g :=sup{t <1: B(t) = 0}.

Theorem 3.1. Under Assumption (x) and suitable integrability condition, for all u > 0,

]

(s <) - [ e s )

where o =EQ - Vi 12e™V@) as before, and n = SUDsepo, 17 M(s) — m(s)].

We mention that [;° WP( =7) dr = 1 because E(}) = (Z)'/2, see [T0]. The
proof of Theorem B.1l can be found in [69)].




Chapter 1V

The spinal decomposition

In Chapter [ we have introduced the fundamental tool: the many-to-one formula (The-
orem [B.1)). The proof is easy, but an important question remains: what does the new
one-dimensional random walk (.S;) represent? We are going to answer this question with
the spinal decomposition theorem. Let us start with the simple case of the Galton—Watson

process.

1. Galton—Watson trees

Let (p;, @ > 0) be a probability on {0, 1, 2,---}, i.e., p; > 0 for all @ > 0, such that
Yoo i = 1. To avoid trivial discussions, we exclude the case py + p; = 1.

Let (2, %) be the canonical space of rooted trees (so each w € Q is a rooted tree), and
let T : Q — Q be the identity mapping. There exists a probability measure P on ({2, %)
such that under P, T is a Galton—Watson tree with reproduction law (p;): each vertex has i
children with probability p; (for any ¢ > 0), and the reproductions are mutually independent
in a same generation, and also independent of everything up to that generation.

We do not describe the formalism of the canonical representation here, because it is not
required for our purposes (except for the fact that .# = \/;’fzogfnﬂ where %, is the sigma-
field generated by the individuals in generations 0 < i < n). All we need to know is its
existence. For full details, see Neveu [103].

For n > 0, let Z,, be the number of individuals in the n-th generation. We also write

o0

m::Zip,-,

1=0

'That is, .% is the smallest field generated by all .%,,, n > 0.

27
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and we assume that m < co. Let

M, = é , n>0.
mn
Then (M,, n > 0) is a non-negative martingale with respect to the filtration (.%,), and
E(M,)=1,Yn >0.
By Kolmogorov’s extension theorem, there exists a probability measure Q on (€2, .%)
such that for any n > 0,

Q\gcn =M, e Plyn )

where P|, and Q) denote the restrictions of P and Q on .7,, respectively. For any n,
Q(Z, >0)=E(1y,-0nM,) =EM,) =1.

As such, Q(Z, > 0, ¥n) = 1, which means Q-almost surely non-extinction of T. The tree

T under Q is called a size-biased Galton—Watson tree. Let us give a description of its

paths.
Let N be the number of children of the root @. If N > 1, then there are N individuals
in the first generation. We write Ty, Ty, - -+, Ty for the N subtrees rooted at each of the N

individuals in the first generation.

Lemma 1.1. Let k > 1, and let Ay, A, ---, A be elements of .%. We have

Q(N:k‘, TleAl,'-',TkeAk)

k
kpy 1
(L.1) = PN TP(A) - P(A)QA)P(Ai) - P(AL).
m k —
Proof. By the monotone class theorem, we may assume, without loss of generality, that A,
Ag, - -+, A are elements of .%,,, for some n. Then we have
Zn-‘rl
Q(N::k,T1€[h7H.’Tkez%)::E(nm+lhw:hT&AM”T&AM>.

On the event {N = k}, we can write Z,,; = Zle 7 where Z\” denotes the number
of individuals in the n-th generation of the subtree rooted at the i-th individual in the first

generation. Accordingly,

k
1 .
Q(N — k’ "H‘l E A17 e 7Tk E Ak) — mn-l,-lP(N = ]f) ZE{ZﬁZ‘) 1{T16A17~~.,Tk€Ak}

i=1

N =k},
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Since P(N = k) = py, and

E{Zr(zl) 1{T1€A17“‘7Tk€Ak} | N = k} = E[Zn 1{T€Ai}] H P(AJ) =m" Q(AZ) H P(Aj)a
j#i j#i
proving the lemma. 0

Equation (L)) tells us the following fact about the size-biased Galton—-Watson tree: The
k pr

root has the biased distribution, i.e., having k children with probability =Ft; among the
individuals in the first generation, one of them is chosen randomly (according to the uniform
distribution) such that the subtree rooted at this vertex is a size-biased Galton—Watson tree,
whereas the subtrees rooted at all other vertices in the first generation are independent copies
of the usual Galton—Watson tree.

Iterating the procedure, we obtain a decomposition of the size-biased Galton—Watson
tree with an (infinite) spine and with i.i.d. copies of the usual Galton-Watson tree: The root
& =: wy has the biased distribution, i.e., having k children with probability %. Among the
children of the root, one of them is chosen randomly (according to the uniform distribution)
as the element of the spine in the first generation (denoted by w;). We attach subtrees
rooted at all other children; these subtrees are independent copies of the usual Galton—
Watson tree. The vertex w; has the biased distribution. Among the children of w, we
choose at random one of them as the element of the spine in the second generation (denoted
by ws). Independent copies of the usual Galton—Watson tree are attached as subtrees rooted
at all other children of w,, whereas ws has the biased distribution. And so on. See Figure 4

below.

2. Branching random walks

Throughout this section, we assume that

E( Y eV@) =1,

z:|z|=1
Consider the additive martingale
M, = Ze_v(m), n>0.
|z|=n

Let Q be the probability measure on (£2, %) such that for any n > 0,

Q\gcn =M, e Plyn .
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Wy = J
o

Wa

Figure 4. A size-biased Galton—-Watson tree

As for the Galton—Watson tree, we see that Q(>_,_; 1 > 0) = 1. The process (V(z), z € T)
under Q is called a size-biased branching random walk.

The root @ =: wy has the biased distribution, in the sense that Eq[F(V(z), |z| =1)] =
E[F(V(z), |x| = 1)M;]. Among the children y of the root, one of them is chosen as w; with
(y)) We attach subtrees rooted

at all other children; these subtrees are independent copies of the usual branching random

probability proportional to e™V®) (i.e., with probability ¢

walk. The vertex w; has the biased distribution, shifted at position a := V' (w;). Among the
children y of wy, one of them is chosen as w, with probability proportional to e~V ®. We
iterate the procedure. See Figure 5 below.
By the description, V(w,) — V(w,_1), for n > 1, are i.i.d. under QH For any measurable
function h: R — R,
Eqlh(V (1)) =Ea| Y Lunenh(V ()] = Ea[Ea( Y Lanmnh(V ()] #1)].
|z[=1 lz|=1

We note that

—V(x)
EQ(Z 1{wlzm}h( |91> Zh w1 :l"gl) Zh
|z|=1 |z|=1 |x|=1
so that v
Balh(V(w))] = B | 3 h(V(2) 57— = B| 3 h(V(x)e V],
|z|=1 |z|=1

ZNotation: V(@) := 0.



§2 Branching random walks 31

Wy =<

Figure 5. A size-biased branching random walk

which is E[h(S)] by definition of S; in (B.1]) of Chapter [l Therefore, (V(w,), n > 1) under
Q has the same distribution as (S, n > 1) under P: the associated one-dimensional random
walk in the many-to-one formula is nothing else but the size-biased branching random walk

along the spine.

Example 2.1. Under Assumption (%), we have M, — 0 a.s. (see Theorem of Chapter
).

In fact, writing V(w,) = > | [V (w;) — V(w;—1)], where V(w;) =V (w;_1), i > 1, are i.i.d.
under Q with Eq[V (w;)] = E[S;] = 0, we have

liminf V' (w,) = —o0, Q-a.s.
n—oo

Since M,, = Z|m|:n e V(@) > e=V(wn) this implies that

lim sup M,, = oo, Q-a.s.
n—o0

According to Exercise 3.6 of Durrett ([54], p. QIO)H this is equivalent to saying that M, — 0
P-a.s. U

The idea of the spinal decomposition for branching random walks goes back at least to

Kahane and Peyriere [75] and to Bingham and Doney [29]. It has appeared in various forms

3Let (#,) be a filtration and let P et Q be probability measures on Z, = VS ,.%, such that Q. =
nn @ P, . Vn > 0. Then limsup,,_, . 7, = 00 Q-a.s., if and only if 1, — 0 P-a.s.
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in the literature. The formalism we use in this chapter comes from Lyons, Pemantle and
Peres [86] for Galton-Watson trees, and from Lyons [84] for branching random walks. For
branching Brownian motion, see Chauvin and Rouault [45].

The spinal decomposition is the tree version of Girsanov’s theorem, and is powerful in
the study of the branching random walk. However, it is stated for the branching random
walk under Q, which is not equivalent to P on .# (and not even on .%,). So one needs to

be careful when applying the spinal decomposition.



Bibliography

1]

[10]

[11]

[12]

Addario-Berry, L. and Reed, B. (2009). Minima in branching random walks. Ann.
Probab. 37, 1044-1079.

Aidékon, E. (2013). Convergence in law of the minimum of a branching random walk.
Ann. Probab. 41, 1362-1426.

Aidékon, E. (2014). Speed of the biased random walk on a Galton—Watson tree. Probab.
Theory Related Fields 159, 597-617.

Aidékon, E. (2013+). Note on the monotonicity of the speed of the
biased random walk on a Galton-Watson tree. Preprint available on:
http://www.proba. jussieu.fr/pageperso/aidekon

Aidékon, E. (2015+). The extremal process in nested conformal loops. Preprint available
on: http://www.proba.jussieu.fr/pageperso/aidekon

Aidékon, E., Berestycki, J., Brunet, E. and Shi, Z. (2013). Branching Brownian motion
seen from its tip. Probab. Theory Related Fields 157, 405-451.

Aidékon, E. and Harris, S.C. (2015+). Near-critical survival probability of branching
brownian motion with an absorbing barrier. (in preparation)

Aidékon, E. and Shi, Z. (2014). The Seneta—Heyde scaling for the branching random
walk. Ann. Probab. 42, 959-993.

Alsmeyer, G. (2013). The smoothing transform: a review of contraction results. Random
matrices and iterated random functions. Springer Proc. Math. Statist., 53, 189-228.
Springer, Heidelberg.

Alsmeyer, G., Biggins, J.D. and Meiners, M. (2012). The functional equation of the
smoothing transform. Ann. Probab. 40, 2069-2105.

Arguin, L.-P. (2015+). Work in progress, announced on:
http://www.dms.umontreal.ca/~arguinlp/recherche.html

Arguin, L.-P.; Bovier, A. and Kistler, N. (2011). The genealogy of extremal particles of
branching Brownian motion. Commun. Pure Appl. Math. 64, 1647-1676.

33


http://www.proba.jussieu.fr/pageperso/aidekon
http://www.proba.jussieu.fr/pageperso/aidekon
http://www.dms.umontreal.ca/~arguinlp/recherche.html

34

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[23]

[24]

[20]

[27]

28]

BIBLIOGRAPHY

Arguin, L.-P., Bovier, A. and Kistler, N. (2012). Poissonian statistics in the extremal
process of branching Brownian motion. Ann. Appl. Probab. 22, 1693—-1711.

Arguin, L.-P.; Bovier, A. and Kistler, N. (2013). The extremal process of branching
Brownian motion. Probab. Theory Related Fields 157, 535-574.

Arguin, L.-P.; Bovier, A. and Kistler, N. (2013). An ergodic theorem for the frontier of
branching Brownian motion. Electron. J. Probab. 18, Paper No. 53.

Belius, D. and Kistler, N. (2014+). The subleading order of two dimensional cover times.
ArXiv:1405.0888

Ben Arous, G., Fribergh, A. and Sidoravicius, V. (2011+). A proof of the Lyons-
Pemantle-Peres monotonicity conjecture for high biases. ArXiv:1111.5865

Ben Arous, G., Hu, Y., Olla, S. and Zeitouni, O. (2013). Einstein relation for biased
random walk on Galton—Watson trees. Ann. Inst. H. Poincaré Probab. Statist. 49, 698—
721.

Bérard, J. and Gouéré, J.-B. (2010). Brunet-Derrida behavior of branching-selection
particle systems on the line. Comm. Math. Phys. 298, 323-342.

Bérard, J. and Gouéré, J.-B. (2011). Survival probability of the branching random walk
killed below a linear boundary. Electron. J. Probab. 16, Paper no. 14.

Bérard, J. and Maillard, P. (2014). The limiting process of N-particle branching random
walk with polynomial tails. Electron. J. Probab. 19, Paper no. 22.

Berestycki, J., Berestycki, N. and Schweinsberg, J. (2011). Survival of near-critical
branching Brownian motion. J. Statist. Phys. 143, 833-854.

Berestycki, J., Berestycki, N. and Schweinsberg, J. (2013). The genealogy of branching
Brownian motion with absorption. Ann. Probab. 41, 527-618.

Biggins, J.D. (1976). The first- and last-birth problems for a multitype age-dependent
branching process. Adv. Appl. Probab. 8, 446-459.

Biggins, J.D. (1977). Martingale convergence in the branching random walk. J. Appl.
Probab. 14, 25-37.

Biggins, J.D. and Kyprianou, A.E. (2004). Measure change in multitype branching. Adv.
Appl. Probab. 36, 544-581.

Biggins, J.D. and Kyprianou, A.E. (2005). Fixed points of the smoothing transform:
the boundary case. FElectron. J. Probab. 10, Paper no. 17.

Biggins, J.D., Lubachevsky, B.D., Shwartz, A. and Weiss, A. (1991). A branching ran-
dom walk with barrier. Ann. Appl. Probab. 1, 573-581.



BIBLIOGRAPHY 35

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

Bingham, N.H. and Doney, R.A. (1975). Asymptotic properties of super-critical branch-
ing processes II. Crump-Mode and Jirina processes. Adv. Appl. Probab. 7, 66-82.

Biskup, M. and Louidor, O. (2014+). Conformal symmetries in the extremal process of
two-dimensional discrete Gaussian Free Field. ArXiv:1410.4676

Bolthausen, E., Deuschel, J.-D. and Giacomin, G. (2001). Entropic repulsion and the
maximum of the two-dimensional harmonic crystal. Ann. Probab. 29, 1670-1692.

Bovier, A. and Hartung, L. (2014). The extremal process of two-speed branching Brow-
nian motion. Electron. J. Probab. 19, Paper no. 18.

Bovier, A. and Hartung, L. (2014). Variable speed branching Brownian motion 1. Ex-
tremal processes in the weak correlation regime. ArXiv:1403.6332

Bovier, A. and Hartung, L. (2014). Extended convergence of the extremal process of
branching Brownian motion. ArXiv:1412.5975

Bovier, A. and Kurkova, I. (2004). Derrida’s generalized random energy models 2: Mod-
els with continuous hierarchies. Ann. Inst. H. Poincaré Probab. Statist. 40, 481-495.

Bramson, M.D. (1978). Maximal displacement of branching Brownian motion. Comm.
Pure Appl. Math. 31, 531-581.

Bramson, M.D. (1983). Convergence of solutions of the Kolmogorov equation to travel-
ling waves. Mem. Amer. Math. Soc. 44, no. 285.

Bramson, M., Ding, J., and Zeitouni, O. (20144). Convergence in law of the maximum
of nonlattice branching random walk. ArXiv:1404.3423

Breuer, H.P., Huber, W. and Petruccione, F. (1994). Fluctuation effects on wave prop-
agation in a reaction-diffusion process. Physica D 73, 259-273.

Brunet, E. and Derrida, B. (1997). Shift in the velocity of a front due to a cutoff. Phys.
Rev. E 56, 2597-2604.

Brunet, E. and Derrida, B. (2001). Effect of microscopic noise on front propagation. J.
Statist. Phys. 103, 269-282.

Brunet, E., Derrida, B., Mueller, A.H. and Munier, S. (2006). Noisy traveling waves:
Effect of selection on genealogies. Furophys. Lett. 76, 1-7.

Brunet, E., Derrida, B., Mueller, A.H. and Munier, S. (2006). A phenomenological
theory giving the full statistics of the position of fluctuating pulled fronts. Phys. Rew.
FE 73, 056126.



36

[44]

[45]

[46]

[49]

[50]
[51]

[52]

BIBLIOGRAPHY

Brunet, E., Derrida, B., Mueller, A.H. and Munier, S. (2007). Effect of selection on
ancestry: an exactly soluble case and its phenomenological generalization. Phys. Rev.
E 76, 041104.

Chauvin, B. and Rouault, A. (1988). KPP equation and supercritical branching Brow-
nian motion in the subcritical speed area. Application to spatial trees. Probab. Theory
Related Fields 80, 299-314.

Chen, X. (20134). Scaling limit of the path leading to the leftmost particle in a branch-
ing random walk. ArXiv:1305.6723

Chen, X. (20144). A necessary and sufficient condition for the non-trivial limit of the
derivative martingale in a branching random walk. ArXiv:1402.5864

Derrida, B. (1985). A generalization of the random energy model which includes corre-
lations between energies. J. Phys. Lett. 46, 401-407.

Derrida, B. and Spohn, H. (1988). Polymers on disordered trees, spin glasses, and
traveling waves. J. Statist. Phys. 51, 817-840.

Ding, J. (2012). On cover times for 2D lattices. Electron. J. Probab. 17, Paper No. 45.

Ding, J., Roy, R. and Zeitouni, O. (2015+). Convergence of the centered maximum of
log-correlated Gaussian fields. ArXiv:1503.04588

Ding, J. and Zeitouni, O. (2014). Extreme values for two-dimensional discrete Gaussian
free field. Ann. Probab. 42, 1480-1515.

Duplantier, B., Rhodes, R., Sheffield, S. and Vargas, V. (2014+). Log-correlated Gaus-
sian fields: an overview. ArXiv:1407.5605

Durrett, R. (1991). Probability: Theory and Examaples. Wadsworth, Pacific Grove, CA.

Durrett, R. and Liggett, T.M. (1983). Fixed points of the smoothing transformation. Z.
Wahrsch. Gebiete 64, 275-301.

Durrett, R. and Remenik, D. (2011). Brunet-Derrida particle systems, free boundary
problems and Wiener-Hopf equations. Ann. Probab. 39, 2043-2078.

Fang, M. and Zeitouni, O. (2010). Consistent minimal displacement of branching ran-
dom walks. (English summary) Electron. Comm. Probab. 15, 106-118.

Fang, M. and Zeitouni, O. (2012). Branching random walks in time inhomogeneous
environments. Electron. J. Probab. 17, Paper No. 67.

Fang, M. and Zeitouni, O. (2012). Slowdown for time inhomogeneous branching Brow-
nian motion. J. Statist. Phys. 149, 1-9.



BIBLIOGRAPHY 37

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[73]

[74]

Faraud, G., Hu, Y. and Shi, Z. (2012). Almost sure convergence for stochastically biased
random walks on trees. Probab. Theory Related Fields 154, 621-660.

Fisher, R.A. (1937). The wave of advance of advantageous genes. Ann. Human Genetics
7, 355-369.

Gantert, N., Hu, Y. and Shi, Z. (2011). Asymptotics for the survival probability in a
killed branching random walk. Ann. Inst. H. Poincaré Probab. Statist. 47, 111-129.

Garban, C., Rhodes, R. and Vargas, V. (2013+). Liouville Brownian motion.
ArXiv:1301.2876

Hammersley, J.M. (1974). Postulates for subadditive processes. Ann. Probab. 2, 652—
680.

Harris, S.C. (1999). Travelling-waves for the F-K-P-P equation via probabilistic argu-
ments. Proc. Roy. Soc. Edinburgh Sect. A 129, 503-517.

Harris, J.W., Harris, S.C. and Kyprianou, A.E. (2006). Further probabilistic analysis of
the Fisher-Kolmogorov-Petrovskii-Piscounov equation: one sided travelling waves. Ann.
Inst. H. Poincaré Probab. Statist. 42, 125-145.

Harris, S.C. and Roberts, M.I. (20114). The many-to-few lemma and multiple spines.
ArXiv:1106.4761

Hu, Y. and Shi, Z. (2009). Minimal position and critical martingale convergence in
branching random walks, and directed polymers on disordered trees. Ann. Probab. 37,
742-789.

Hu, Y. and Shi, Z. (2015+). The slow regime of randomly biased walks on trees.
ArXiv:1501.07700

Hu, Y., Shi, Z. and Yor, M. (2015). The maximal drawdown of the Brownian meander.
FElectron. Commun. Probab. (to appear)

Ikeda, N., Nagasawa, M. and Watanabe, S. (1968-1969). Branching Markov processes,
I, IT & III. J. Math. Kyoto Univ. 8 233-278, 365-410 & 9, 95-160.

Jaffuel, B. (2009+). The critical random barrier for the survival of branching random
walk with absorption. ArXiv:0911.2227 [Published version: Ann. Inst. H. Poincaré
Probab. Statist. 48, (2012) 989-1009.]

Kahane, J.-P. (1974). Sur le modele de turbulence de Benoit Mandelbrot. C. R. Acad.
Sci. Paris Sér. A 278, 621-623.

Kahane, J.-P. (1985). Sur le chaos multiplicatif. Ann. Sci. Math. Québec 9, 105-150.



38

[75]

[76]

[77]

[78]

[85]

[36]

[87]

[38]

[89]

BIBLIOGRAPHY

Kahane, J.-P. and Peyriere, J. (1976). Sur certaines martingales de Mandelbrot. Adwv.
Math. 22, 131-145.

Kesten, H. (1978). Branching Brownian motion with absorption. Stoch. Proc. Appl. 37,
9-47.

Kingman, J.F.C. (1975). The first birth problem for an age-dependent branching pro-
cess. Ann. Probab. 3, 790-801.

Kolmogorov, A.N., Petrovskii, I. and Piskunov, N. (1937). Etude de I'équation de la
diffusion avec croissance de la quantité de matiere et son application a un probleme
biologique. Bull. Univ. Moscou Série internationale, Section A, Mathématiques et
mécanique 1, 1-25.

Kyprianou, A.E. (2004). Travelling wave solutions to the K-P-P equation: alternatives
to Simon Harris’ probabilistic analysis. Ann. Inst. H. Poincaré Probab. Statist. 40, 53—
72.

Lalley, S.P. and Sellke, T. (1987). A conditional limit theorem for the frontier of a
branching Brownian motion. Ann. Probab. 15, 1052-1061.

Liu, Q.S. (2000). On generalized multiplicative cascades. Stoch. Proc. Appl. 86, 263-286.
Lyons, R. (1990). Random walks and percolation on trees. Ann. Probab. 18, 931-958.

Lyons, R. (1992). Random walks, capacity and percolation on trees. Ann. Probab. 20,
2043-2088.

Lyons, R. (1997). A simple path to Biggins’ martingale convergence for branching ran-
dom walk. In: Classical and Modern Branching Processes (Eds.: K.B. Athreya and
P. Jagers). IMA Volumes in Mathematics and its Applications 84, 217-221. Springer,
New York.

Lyons, R. and Pemantle, R. (1992). Random walk in a random environment and first-
passage percolation on trees. Ann. Probab. 20, 125-136.

Lyons, R., Pemantle, R. and Peres, Y. (1995). Conceptual proofs of Llog L criteria for
mean behavior of branching processes. Ann. Probab. 23, 1125-1138.

Lyons, R., Pemantle, R. and Peres, Y. (1996). Biased random walks on Galton—Watson
trees. Probab. Theory Related Fields 106, 249-264.

Madaule, T. (2011+). Convergence in law for the branching random walk seen from its
tip. J. Theoret. Probab. (to appear) ArXiv:1107.2543

Madaule, T. (20134). Maximum of a log-correlated gaussian field. ArXiv:1307.1365



BIBLIOGRAPHY 39

[90] McKean, H.P. (1975). Application of Brownian motion to the equation of Kolmogorov-
Petrovskii-Piskunov. Comm. Pure Appl. Math. 28, 323-331.

[91] McKean, H.P. (1976). A correction to: “Application of Brownian motion to the equation
of Kolmogorov-Petrovskii-Piskunov”. Comm. Pure Appl. Math. 29, 553-554.

[92] Maillard, P. (2013+). Speed and fluctuations of N-particle branching Brownian motion
with spatial selection. ArXiv:1304.0562

93] Maillard, P. and Zeitouni, O. (2013+). Slowdown in branching Brownian motion with
inhomogeneous variance. ArXiv:1307.3583

[94] Mallein, B. (2013+). Position of the rightmost individual in a branching random walk
through an interface. ArXiv:1305.6201

[95] Mallein, B. (2013+). Maximal displacement of a branching random walk in time-
inhomogeneous environment. ArXiv:1307.4496

[96] Mallein, B. (2015+). Branching random walk with selection at critical rate.
ArXiv:1502.07390

[97] Mallein, B. (2015+). N-Branching random walk with a-stable spine. ArXiv:1503.03762

(98] Mandelbrot, B. (1974). Multiplications aléatoires itérées et distributions invariantes par
moyenne pondérée aléatoire. C. R. Acad. Sci. Paris Sér. A 278, 289-292.

[99] Mauldin, R.D. and Williams, S.C. (1986). Random recursive constructions: asymptotic
geometric and topological properties. Trans. Amer. Math. Soc. 295, 325-346.

[100] Menshikov, M.V. and Petritis, D. (2002). On random walks in random environment on
trees and their relationship with multiplicative chaos. In: Mathematics and Computer
Science II (Versailles, 2002), pp. 415-422. Birkhauser, Basel.

[101] Mueller, C., Mytnik, L. and Quastel, J. (2008). Small noise asymptotics of traveling
waves. Markov Proc. Related Fields 14, 333-342.

[102] Mueller, C., Mytnik, L. and Quastel, J. (2011). Effect of noise on front propagation in
reaction-diffusion equations of KPP type. Invent. Math. 184, 405-453.

[103] Neveu, J. (1986). Arbres et processus de Galton-Watson. Ann. Inst. H. Poincaré
Probab. Statist. 22, 199-207.

[104] Neveu, J. (1988). Multiplicative martingales for spatial branching processes. In: Sem-
inar on Stochastic Processes 1987 (Eds.: E. Cinlar et al.). Progr. Probab. Statist. 15,
223-242. Birkhauser, Boston.

[105] Nolen, J., Roquejoffre, J.-M. and Ryzhik, L. (2015). Power-like delay in time inhomo-
geneous Fisher-KPP equations. Commun. Partial Diff. Equations 40, 475-505.



40 BIBLIOGRAPHY

[106] Pemantle, R. (2009). Search cost for a nearly optimal path in a binary tree. Ann. Appl.
Probab. 19, 1273-1291.

[107] Peyriere, J. (1974). Turbulence et dimension de Hausdorff. C. R. Acad. Sci. Paris Sér.
A 278, 567-569.

[108] Rhodes, R. and Vargas, V. (2014). Gaussian multiplicative chaos and applications: A
review. Probab. Surv., 11, 315-392.

[109] Roberts, M.I. (2013). A simple path to asymptotics for the frontier of a branching
Brownian motion. Ann. Probab. 41, 3518-3541.

[110] Sevast’yanov, B.A. (1958). Branching stochastic processes for particles diffusing in a
bounded domain with absorbing boundaries. Th. Probab. Appl. 3, 111-126.

[111] Watanabe, S. (1967). Limit theorem for a class of branching processes. In: Markov
Processes and Potential Theory (Proc. Symp. Math. Res. Center, Madison, Wisconsin,
1967), 205-232. Wiley, New York.



	Branching Brownian motion
	Branching Brownian motion
	Branching random walks
	Examples
	The basic assumption
	The many-to-one formula
	A pair of martingales
	Extreme positions

	Branching random walks with selection
	Branching random walks with an absorbing barrier
	Branching random walks with competition

	Biased random walks on trees
	A simple example
	The maximal displacement
	Weak convergence

	The spinal decomposition
	Galton–Watson trees
	Branching random walks


