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DERIVATIVE MARTINGALE OF THE BRANCHING BROWNIAN
MOTION IN DIMENSION d >1

ROMAN STASINSKI, JULIEN BERESTYCKI, AND BASTIEN MALLEIN

ABSTRACT. We consider a branching Brownian motion in R¢. We prove that there exists a
random subset © of S*~! of full measure such that the limit of the derivative martingale exists
simultaneously for all directions § € © almost surely. This allows us to define a random measure
on S%! whose density is given by the derivative martingale.

The proof is based on first moment arguments: we approximate the martingale of interest
by a series of processes, which do not take into account particles that travelled too far away.
We show that these new processes are uniformly integrable martingales whose limits can be
made to converge to the limit of the original martingale.

On considére un mouvement brownien branchant dans R?. Nous montrons qu’il existe
presque slirement un sous-ensemble aléatoire © de SY~' de mesure pleine tel que la limite de
la martingale dérivée existe simultanément pour toutes les directions 6 € ©. Cela nous permet
de définir une mesure aléatoire sur S~ dont la densité est donnée par la martingale dérivée.

La preuve est basée sur des arguments de premier moment: nous approchons les martingales
d’intérét par une série de processus, qui ne prennent pas en compte les particules qui ont voyagé
trop loin. Nous montrons que ces nouveaux processus sont des martingales uniformément
intégrables dont les limites convergent vers les limites des martingales d’origine.

1. INTRODUCTION

Consider a branching Brownian motion in dimension d > 1. This is a particle system in
which independent particles move in R¢ as Brownian motions and branch independently at rate
1 into two particles. This system behaves as a growing cloud of diffusing particles. Let us fix
the notation. We denote by P, the law of the branching Brownian motion starting from one
particle at position z € R%, (writing P for Py for simplicity). For all times ¢ > 0, we denote by
N; the set of particles alive at time ¢, and for each particle j € N; and s < ¢, we write X(j)
for the position that j, or its ancestor at time s, occupied at time s. The natural filtration of
the branching Brownian motion is denoted by (G, t > 0).

In [16], Mallein studied the maximal displacement of this model, i.e. the quantity

Ry = max 1 X: ()], ¢>0.

He showed that as t — oo

d—4
1.1 Ry = V2t + ——logt + O(1),
where O(1) is a process Y; such that limg o P(sup, |Yz| > K) = 0, thus generalising a famous
result of Bramson [5] for d = 1.

Imagine now that we want to know in which direction D(t) is the particle at distance R; at
time ¢t. Under Py, the process is completely spherically symmetric and it is thus evident that
the distribution of the direction D(t) of this extremal particle is uniform on the sphere S
However, if we first observe the process up to time s and then try to guess the direction of
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2 DERIVATIVE MARTINGALE OF THE BBM IN DIMENSION D > 1

the furthest particle at a later time ¢, the answer obviously depends on the configuration we
observe at time s, even in the limit ¢ — co. Advantages gained or delays incurred early in a
given direction are never forgotten.

It is believed that almost surely, for all measurable sets A C S41

lim hmIP’( (t) e A| Gs) = pn(A),

§—00

where 4 is a random probability measure which captures what happens early on in the life of
the process. What should this measure be?

To answer this question, it is instructive to look at the one-dimensional case. When d = 1,
it is well-known that the asymptotic behaviour of the extremal particles (i.e. particles within
distance O(t'/2) from the maximal displacement at time t) is mainly driven by the limit of the
so-called derivative martingale, defined by

Zt =3 (Vo — X,(j))e V2(Xi(j)-V2t)
JEN:

Although (Z;",t > 0) is known to be a non-uniformly integrable martingale, and clearly takes
both positive and negative values, Lalley and Sellke [13] proved that it does have an almost sure
limit ZF := limy_yo0 Zt+ which is positive almost surely, and moreover

2
X — Zlog ZT
max () — 5 108 Z

converges in law to a Gumbel random variable, where m; = /2t — f log t.
We introduce the maximal and minimal displacements, i.e. the largest displacement in the
positive and negative direction:

M = X, d M. := min X;(j
; max t(j) an p min +(4),

as well as the derivative martingale in the negative direction, which is the derivative martingale
of the BBM (—X;(u),u € V). In other words, we set

Zy =0 (V24 X (j))eY2X0 V20
JEN:

and Z := lim;,o Z; . As far as we are aware, the joint convergence in distribution of
(M, M;) had not been considered until now.

Theorem 1.1. There exists a constant c, such that for all y,z > 0 almost surely

gs> = exp (—C*Z;'oe_\/iy — C*Zo_oe_‘/iz> .

In other words, (]\@Jr —my — ‘[ log (e, Z2L) , —M; —my — i log (cxZ, )) converges in distri-

bution towards a pair of independent Gumbel random variables with scale parameter @

lim lim P<M+—mt <y, —-M; —my <z

§—00 t—00

As a consequence, conditionally on (Z1, Z3) the probability that the direction of the furthest
particle at a large time is in the positive direction is proportional to Z7.
Corollary 1.2. We have
Za

lim lim P (M > -M; | G,) = =T
o oo

§—00 t—00

a.s.

It is straightforward from the definition of the branching Brownian motion, that for all
6 € S%1, its projection on the direction  (the process (X;(j)-6,u € MN;)) is a branching
Brownian motion in dimension one. Thus, for each § € S*! we can define the derivative
martingale of X in direction 6 as

Zi(0) == > (V2 — X,(j) - )e2Xel)0-v2)
JEN:
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and for each § € S¥1, the limit lim; o0 Z;(0) = Zoo () exists a.s.

Coming back to the direction D(t) of the extremal particle, it is natural to think that, as in
dimension one, the random measure p should give more mass to regions where Z,(0) is large.
In fact, p should have a density given by the normalized version of 6§ — Z.,(#). That is, for
a measurable set B C S, we would expect j(B) = [5 Zoo(0)0(d0)/ fsi—1 Zoo(0)o(dB), where
o(df) stands for the surface measure of S41.

However, the problem is that we do not have a.s. existence of the limit Z.(#) for all § € S?~!
simultaneously and so the above integrals are not a priori well defined. Observe for instance
that by (1.1) one has

,dnf | Z(0) < =C(log #)t@=9/2 with high probability,

hence the derivative martingale may be very small in exceptional directions, at least in dimension
d > 4. This is due to the fact that in higher dimensions particles travel farther away from 0 than
in dimension one, which has the effect of lowering the value of Z;(0) in the (random) direction at
which these far away particles are located. As a result, one cannot hope for uniform convergence
to hold for the process (Z;(6)). It is nonetheless the main object of this paper to show how
one can make sense of the limit of the function 6 — Z;(0) in a weak sense. We also prove that
almost surely the limit of Z;(#) actually exists for all 6 in a set of full measure. Hence a rigorous
meaning can be given to the associated measure pu.

In this article we prove the weak convergence of (Z;(6),0 € S 1);50, seen as a random
measure on the sphere. For two measurable functions f,g: S !+ R we define

(.9)i= [, 1O0)00),

where ¢ is the Lebesgue measure on the sphere S, We sometimes write (f(6), g(6)) to clarify
how functions f and g depend on # € S%~1.
The main result of this article is the following.

Theorem 1.3. Almost surely there exists a measurable subset © of S*1 of full measure, such
that Zoo(0) 1= limy_yo0 Z4(0) exists for 6 € O, and for any bounded measurable function f

(1.2) tli}m (Ze, ) = (Zoo, f) a.s.,
writing Zso(0) = 0 for all 0 ¢ ©. Additionally, 0 < lim;_,o.(Z;, 1) < 0o almost surely.

Although we only consider the case of a binary branching mechanism (particles always split
into two daughter particles), it would be straightforward to generalise our results to a situation
in which an independent random number L of children is produced at each branching event, at
least under the assumption E(L(log L)>*%) < oo for some § > 0. Note that it was shown by
Yang and Ren [21] that, in the case of the one-dimensional branching Brownian motion, the
limit of the derivative martingale is non-degenerate if and only if E(L(log L)?) < co. This result
was then extended by Chen [8] to the case of branching random walks and recently Boutaud
and Maillard simplified and streamlined the proofs of these limit theorems in [4]. We believe
Theorem 1.3 would hold under similar optimal integrability conditions, but the proof would
require additional control on the law of a Brownian motion conditioned to stay below a curve.

Let us now formulate a conjecture regarding the full extremal point process, from which
the predicted behaviour of D(t) follows. This conjecture is a multidimensional version of the
description of the extremal point process of the one-dimensional branching Brownian motion
obtained by Arguin Bovier and Kistler [2], and Aidékon, Berestycki, Brunet and Shi [1]. Recall
from [16, Theorem 1.1] that

d—4
re =2t + ——= logt
t 2\/§ g
is, up to an O(1) error, the median of the maximal displacement of the d-dimensional branch-
ing Brownian motion. We also define the direction of a particle v at time ¢ by Dy(u) :=

Xo(w) /|| X (w)]| for t > 0,u € N;.
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Conjecture 1.4. There exists c; > 0 such that

Hm > 6p, )X ()| - = £(d6,dz) in law,

t—o00

ueN;
where L is a decorated Poisson point process that can be constructed as follows. Let (0;,&;)j>1

be the atoms of a Poisson point process with intensity CQZOO(G)U(dG)e_\/%dx and (Dj,j > 1)
be i.i.d. point processes on R with common distribution D. Then

L= Z Z 00, &+

j>1azeD;

To be more explicit, the decoration point measure D above can be constructed as the weak
limit of 3, n, 9)x,(u)|—r, (the extremal process of moduli seen from the largest displacement)

conditioned on Ry > 74+ % logt (c.f. [19] for a general result of convergence towards decorated

Poisson point processes). In particular, D only charges (—oo, 0].
Let us discuss briefly some implications that would follows from Conjecture 1.4. Firstly, an
easy Poisson point process computation would yield that

tliglo PR —rs <x)=E [exp (—CQ(ZOO, 1)6_\/550)} )

This is the multidimensional version of [13] that gives the convergence in law of the maximum
of the branching Brownian motion. Similarly, it would imply the following convergence for the
law of the direction of the furthest particle at time t:
1
lim lim P(D(t) € B | Gs) = 7/ Zoo()d0  as. ,BC S,
(Zoo: 1) JB

§—00 t—00

2. PROOF STRATEGY

Let us now review briefly how these results are usually proved in dimension d = 1. The idea
is to get rid of all particles that ever reach level /2t + A at some time ¢ (this is sometimes
referred to as a shaving argument). However, as we push the barrier away by letting A — oo
the probability that any particle ever hits the barrier decreases to zero. More formally, one
introduces the martingale

Zh = Y (VB A= X,(j)e RO,
JENA
where N = {j € NV} : X,(j) < 25+ A, s < t}. This martingale is non-negative (and uniformly
integrable) and therefore converges to some Z2. As in dimension one

sup sup | X¢(4)] — V2t < oo almost surely,
t>0 jeEN:
hence taking A large enough ensures that no particle is killed with high probability. This proves
that the derivative martingale converges and that almost surely Z,, = lima_, Z(;i. In larger
dimensions, however, one has
sup sup || X, ()] — V2t = oo,
t>0 jeN
and this is the moment where the standard argument breaks.

To overcome this difficulty we need to introduce a different way of removing particles that
fly too high. This is done by killing particles that reach a curved boundary /2t + (¢(t) vV A) at
some time ¢, with ¢ a well-chosen non-decreasing function. In particular, if ¢ grows fast enough,
we can ensure that no particle will be removed with high probability by letting A — oo. The
difficulty is then to find an analogue of the martingale Z4 for this curved boundary.

The outline of the paper is as follows: In Section 3 we study the standard Brownian mo-
tion killed when hitting the barrier ¢t — ¢(t) V A. We prove in particular existence of some
function R? allowing us to describe the Brownian motion conditioned to stay below ¢ V A as
a Doob h-transform. Then in Section 4 we prove that with high probability all particles of
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the multidimensional BBM do not escape a ball of an increasing radius, construct a family of
martingales that we use to approximate (Z;(0))gcgi—1, study their asymptotic behaviour, and
prove Theorem 1.3. Finally, in Section 5 we treat the one-dimensional case and look at the joint
law of the leftmost and rightmost particles in the branching Brownian motion.

3. BROWNIAN MOTION CONDITIONED TO AVOID ¢(t)

To prove Theorem 1.3, as explained in Section 2, we will need some estimates on the one-
dimensional Brownian motion conditioned to stay below a curve. In this section we gather
several results on this process, using Doob’s h-transform theory.

Let ¢ be a continuous function [0,00) — R such that ¢(t) = o(t'/?~) for some € > 0. We
start by studying the Brownian motion conditioned not to hit the function ¢ until some finite
time ¢. As the fluctuations of By, which are of order t!/2, are much larger than o(t), we expect
that for 1 < s < t the process B on [0, s] conditioned on not hitting ¢ until time ¢ behaves
roughly like a Bessel process (a Brownian motion conditioned not to hit 0).

More precisely, we introduce the relevant non-negative h-transform function R?® in Lemma
3.3. Defined as the renormalized probability of avoiding ¢, it makes

(R?(Bt, t)wsct, B <o(s)} )20

a martingale. In other words, R? is a harmonic function for the Markov process (B¢, t) confined
to {(z,t) : < ¢(t)}. The Doob h-transform obtained then describes a Brownian motion
conditioned to stay below ¢; we are going to denote the corresponding measure as P?. Tt will
also be important to show that there exists C' > 0 such that R¢(x,t) ~ —Cx as x — —o0, as
this will entail the ‘Bessel-like’ behaviour we want.

The function R? will then be used to define approximations of the derivative martingale of the
one-dimensional branching Brownian motion. Indeed, we wish to define a uniformly integrable
martingale that approximates the derivative martingale

(3.1) Zi =3 (V2t — Xy (j))eV2X0) V20,
JEN:

that would be of the form
(3.2) 3 H(Xi(j) — V2, t)eV2 X D-vE)

JENY

where H is some function and M¢ ={j € N;: Xs(j) < V25 + ¢(s), Vs <t} (so that the sum
in (3.2) is taken only over the particles that did not hit the boundary v/2s + ¢(s)). Assuming
that (3.2) is a martingale is equivalent to assuming that (H(By,t)l{vs<,B,<g(s)})e>0 is itself a
martingale. Hence, setting H(x,t) = C~1R?(x,t) gives the desired approximation of (3.1).

The rest of the section is organised as follows. In Lemma 3.4 we characterise the measure
P? as a limit of conditional distributions. In Lemma 3.5 we define a new measure PV, that
corresponds to a Girsanov transform adding a drift \/2 applied to a process with law P?. That
is, we can interpret PV as a measure of a Brownian motion with a drift v/2¢ conditioned on never
hitting v/2t + ¢(¢). In Lemma 3.6 we formalize the ‘Bessel-like’ behaviour under P?. Finally, in
Lemma 3.11 we study asymptotics of R?(z,t).

3.1. Brownian motion and non-linear barriers. For any continuous function ¢ : [0, 00) —
R set 7 = inf{u >0 : B, > ¢(u)}. The aim of this section is to give a precise asymptotic of the
quantity P, (74 > t) as t — oo for ¢ in a certain class. We are also interested in the dependence
of this probability on the shift of ¢, i.e. we are going to consider functions ¢¢(u) := ¢(t + u).

It is well-known that if ¢ grows slower than /2 as t — oo, in a sense to be made precise
soon, then 74 < 0o a.s. and P(7, > t) decays as t~1/2. More precisely, Uchiyama proved the
following upper bound.
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Theorem 3.1 ([20], Proposition 3.1. (i)). Let ¢ be a C'-class increasing function such that
$(0) = 0 and limy_,00 G(t)t~1/2 = 0. If

o(u) — %qb(t) >0 for0<u<t,

then there exists a constant C such that for allx € R and t > 1
1 V2 [t t 2
(3.3) Py(ry > t) < — i exp( T ¢(“)du+c/ ‘Z)(u? du).
1

t1/2 4 1 u3/2

Novikov [17] obtained a precise asymptotic of P(14 > t) as t — 0o, expressed as a function of
the law of B;,.

Theorem 3.2 ([17], Theorem 2). If ¢ is a continuous non-decreasing function such that
[ p(t)t~3/2dt < 0o and ¢(0) > 0, then

. 2
Jlim VIP(1y > t) = \/;IEBW, < oo.

We apply these two theorems to define and give the first property of the aforementioned
function R?, which will be a key object of interest in the rest of the article. We will restrict
ourselves to functions ¢ satisfying the following assumptions:

(H) ¢ increasing, concave, C'-class with ¢(0) > 0,

o(t)

and there exists a € (0,1/2) such that lim =0,
t—o00

that we refer to as assumption (H).

Lemma 3.3. Let ¢ be a function satisfying (H). Then the following limit exists for all t > 0
and x € R:

(3.4) RO(z,t) == \/Zslgloao VPy(1h, > 5).
Moreover, there exists C' > 0 such that for allt >0 and x < ¢(t),

R (,t) < C(1+ (9(t) - 2)).
Finally, (R‘z’(Bt,t)]I{T¢>t}>t>0 is a martingale.

The idea of using the renormalized survival probability to define an h-transform is classical.
Here we draw inspiration from [3] (in which the law of a random walk conditioned to stay
positive was constructed). There, as in the present work, we condition a random process not
to hit some region (in our case the process of interest is (B, t):>¢ and the region to avoid is
defined by J = {(z,t) : x > ¢(t)}).

In this setting the probability that the process (Bi,t);>0 never hits J is equal to 0, irre-
spectively of its starting position (x,%p). As a result, to define the h-transform allowing the
definition, in the sense of Doob, of the Brownian motion conditioned never to hit J, it is rea-
sonable to renormalise the probability not to hit the region J for ¢ units of time by ¢*/2 so
that the limit, that we denote by R?(xo,to), is non-degenerate. It remains to check that the
function R? which we defined is indeed a harmonic function for (By,t) on the domain J¢, i.e.

that (R¢(Bt, t>H{T¢>t})t20 is a martingale.

Proof. The assumptions on ¢ guarantee that Theorem 3.1 and Theorem 3.2 can be applied to
the function ¢, for all ¢ > 0. We note that for all ¢ > 0, s > 0 and x > ¢(¢), we have

PJC(Td)t > S) =0.



DERIVATIVE MARTINGALE OF THE BBM IN DIMENSION d > 1 7

Applying Theorem 3.2 to the function ¢;, we deduce that for all x,¢ such that x < ¢(t),
R(2,t) =K (By,,_,) €(0,00),

which proves that R? is well-defined and finite. Additionally, using that ¢ is concave, and hence
that ¢(t +u) — ¢(t) < p(u) — ¢(0), we observe that for all x € R, ¢ > 0 and s > 0, we have

VsPs (7, > 5) = VsPy_g) (Tm—qs(t) > 5) < VsPog(0) (T¢—¢(0> > 8) :

Using Theorem 3.1, and observing that the exponential term in bound (3.3) is increasing in ¢,
and hence may be bounded from above by its limit as ¢ — oo, we obtain for x < ¢(¢) and s > 0,

(3.5) VPs sty (To-o0) > 8) < CL+ (8(1) — 2)),

where C' > 0 is a constant that does not depend on x,t, s.

Thanks to this bound, we can now prove that (R?(By, )z >1y,t > 0) is a martingale using
the dominated convergence theorem. Indeed, using the Markov property, note that it is enough
to prove that for all ¢,s > 0 and = < ¢(t),

RO(2,1) = By [R?(By,t + 5)l (7, 5] -
Observe that by the Markov property of the Brownian motion, for all » > 0
(36) ]P’a;(T@ > S+ 7’) =E, [H{T¢t>s}]P)Bs (T¢t+s > T’)} .
By definition, we have /77 /2P, (74, > s + 1) — R?(z,t) as r — oo, and similarly, we have
Jim. rr/2Pg, (74,,, > 1) = R?(Bs,t + ) ass.

We now observe that by (3.5) we can bound /rPp, (74, , > r) uniformly in r > 0 by C(1 +
|Bs| + |¢(t + s)|). This quantity being integrable, letting » — oo, and applying Lebesgue’s
dominated convergence theorem in (3.6) we get

R¢(x7 t) =E,; {Rd)(Bs, t+ S)H{T¢t>5}:| )
which completes the proof. O

As mentioned above, the function R? can be used to construct the Brownian motion condi-
tioned to stay below ¢ in the sense of Doob, as a process with law P? defined by
dP?|  R?(Bi, oF
dP |~ R9(0,0) et
t

using the fact that R‘z’(Bt,t)]I{Td)N} is a non-negative martingale with mean R?(0,0). Law P?
corresponds to the limit of the law of the Brownian motion on the time interval [0, ¢] conditioned
on 74 > s when s — 0co. More precisely, it can be characterized in the following way.

Proposition 3.4. Assume that ¢ satisfies (H). For anyt >0 and A € F,
d) _ .
P?(A) = Sliglo]P’(A | T > 5).

The proof of Proposition 3.4 is inspired by ideas from the proof of Theorem 1 in [3].

Proof. Let A € F;. We observe that

. P(Aﬂ'(p > ) . E(HA]I{T¢>t}]P)Bt (T¢t >s—1))
IP)(A | T¢>8)_ P(T¢>S) N P(T¢>$) ’

Then by (3.4), we have that lims_,o /s5P(74 > s) = R?(0,0) and

lim sgIP’Bt (15, > 5 —1)) = R®(By,t) as.

§—00
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Moreover, using (3.5), we can apply Lebesgue’s dominated convergence theorem to obtain

S§—00

) Fa
lim 3§E(HAH{7—¢>1§}PB,5 (T¢z > 8 — t)) = E(HA]I{T¢>t}R¢(Bt7 t))
As a result, we have
. 1
B P17 > ) = g gy Bl BB 1) = PO
by definition. O

To complete the section, note that one can make a Girsanov-type change of measure to give
the Brownian motion we consider a linear drift. This additional change of measure will be
used when working with a multidimensional BBM. In particular, in Lemma 4.5 we describe a
decomposition of the size-biased law of the BBM with a spine particle that behaves similarly to
a Brownian motion with drift v/2 conditioned not to hit v/2t + ¢(t) for all t > 0.

More precisely, we introduce the hitting time

7y =1inf{u >0 : B, > V2u + ¢(u)}
and the process

R?(By — V/2t,t) 3Bt

‘/t = R¢(0, 0) H{f’¢,>t}€

The following result then holds.

Lemma 3.5. Assuming that ¢ satisfy (H), (V;,t > 0) is a mean one martingale. Defining PV

by % 7= Vi, PV is a probability measure corresponding to the law of a Brownian motion

with drift /2 conditioned to stay below /2t +¢(t) at all timest > 0 (in the sense of Proposition
3.4).

Proof. Set Y := eV2Bi=t Tt is then well-known that Y is a P-martingale and that the law
P =Y - P corresponds to the law of a Brownian motion with drift /2, by Girsanov’s theorem.
Observe that

dpv . R¢(Bt - \/it» t)H{r¢>t} e\/ﬁBt_t . R(b(Bt - ﬂt, t)]l{%¢>t} @
ap | N R%(0,0) N R%(0,0) ap| '

Using that under P, (B; — v/2t,t > 0) is a Brownian motion, we obtain immediately from
Lemma 3.3 that (R?(B; — \/it,t)]l{;¢>t},t > 0) is a non-negative P-martingale, and therefore
that V is a P-martingale.

Additionally, we have that

dpv R¢<Bt - \/it, t)]:[{‘l'¢>t}

P | R%(0,0)

hence by Proposition 3.4 we have that under PV, (B, — V2t > 0) is a Brownian motion
conditioned on not hitting the curve ¢, which completes the proof. O

3.2. Behaviour of the conditioned process. We describe here the behaviour of the process
B under the law P?. We prove that for the Brownian motion conditioned to stay below ¢, the
process localizes at time ¢ at position —t%/2t°()_ In other words, for any € € (0,1/2), for all ¢
large enough one has t1/2=¢ « _B, < 1/2+¢ PP_a.s. This result is similar to what happens with
the Bessel process, i.e. as the Brownian motion typically has v/¢ fluctuation, conditioning it to
stay below 0 or o(t'/27¢) does not make a difference, asymptotically.

Lemma 3.6. Let ¢ be a function satisfying (H). We have

log(—B 1
im M == P?—a.s.,
t—oo  logt 2

i.e. By = —t1/2t°() g5t — 00, P?-a.s.
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We split this lemma into several pieces. We begin with an upper bound for the probability
for B to be close to ¢(t) at time ¢ under the law P?.

Lemma 3.7. Let ¢ be a function satisfying (H). There exists C > 0 such that for all t,x >0
we have

T 3
PY(B, > é(t) —x) < C (W) .

Proof. Let > 0 and t > 1. Using the definition of P? we have

B(B, > $(t) — 2) = E (R(Be. )i, 20(0)—rs>1} )

< sup R(P(t) — 2, )P (By > ¢(t) — x, 79 > 1)
z€[0,x]

<C(l+z)P(B; > ¢(t) —x, 74 > t),
by (3.5). By the Markov property at time ¢/2, we have
P(B; > ¢(t) —x, 74 > t)
< P(ry > t/2) ilel]glP’Z(Bt/z > p(t) —x,Bs < o(t/2+ 5),s < t/2)

< Ct 2 supP.(Byj2 > $(t) — x, By < 6(t),s < 1/2),
zeR

using Theorem 3.1.
We now use time-reversal of the Brownian motion, observing that under P,, Bs := By/p —
By/o_ is a Brownian motion started from 0. We use it to estimate

SupPZ(Bt/Q > ¢(t) —z,Bs < ¢(t)75 < t/2)
z€R

= sup P.(Byy+2>(t) — 2,80+ 2 — By < ¢(t),s < t/2)
z€R

< sup Pz(ﬁt/Q > o(t) —z — x,Bt/z +z< qﬁ(t),BS > —x,5 <t/2)
z€R

= sup ]P)(Bt/z €2, 7 +x],B, > —x,5<t/2)
Z’eR

<P(B, > —x,s < t/4) sgﬂgP(ﬁtM € [z, z+z]),
z
using the Markov property at time ¢/4. Then, using again Theorem 3.1, there exists C' > 0
such that for all x > 0 and ¢ > 1,
P(Bs > —x,s < t/4) < C(1 4 z)/tY/2.
Additionally, we have P(Et/4 €lz,z+12]) < \/%x for all z € R, noting that the density of 3t/4
is bounded by \/% . Finally, we obtain the existence of C' > 0 such that for all £,z > 0

1+2z)3

BB, > o(t) — z) < -T2 O
( t—¢() :Ij)_ (1—|—t)3/2

We now use this result to bound from below the asymptotic behaviour of %

Lemma 3.8. Given ¢ a function satisfying (H), we have

log(—B 1
lim inf M >

t—oo  logt — 2 a5

Proof. To prove this result, we begin by using the Borel-Cantelli lemma to show that almost
surely, for all v < 1/2,

log(—B
(3.7) lim inf log(=B,) > as.

n— 00 logt,
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along a well-chosen sequence t, growing to co. We then use the observation that with high
probability the Brownian motion between times t, and t,41 stays within a distance O(t,+1 —
t,)'/? from B;,. Therefore, as long as (t,1—t,)"?/t) — 0, we can extend (3.7) to any sequence
growing to oo, which completes the proof.

Let v < 1/2. We assume without loss of generality that 7 is close enough to 1/2, such that
¢(t) = o(tY). Using Lemma 3.7 we have

PY(B, > —t7) < CP(173).

_ 5
As a result, setting ¢, = n60-2v)  we have

log(—B
(3.8) P? <Og(tn) < 7) < Cn~5/4,
logt,
hence, by the Borel-Cantelli lemma,
lim inf M >y a.s.

n—00 log tn
To complete the proof we now need to bound the maximal displacement of the Brownian
motion in the time intervals [t,,t,1]. Write A = ﬁ so that ¢, = n4 and compute for
neN

P? ( sup By > —t}/2, By, < t%)
s€|

tnytn+1]

= E <R¢(Btn+1 ) tn+1)H{T¢>tn+lvBinS—tl}H{SUpse[tn,tn_,_l] Bsz—t;{z/Q}) .

2/3

We can decompose this quantity depending on whether By, is smaller or larger than —¢, /.

Observe that for all ¢ > 1 we have
E (R?(By, ), r0y) < CE((1+ [Bi| + |6(8)) L, <215y

+4/3

< CE (|Bill g« _prsy) < Ce™ 77,

n+1

using that |@(t)| = o(t*/3) as t — oo and integrating with respect to the Brownian density.
Thus, there exists C' > 0 such that for all n € N

1/3
E <R¢(Btn+1,tn+1)]I{Btn+1<_t2/3 }> < Cexp (-1,1%1/2).

n+1

Hence, using that there exists C' > 0 such that R?(z,t,41) < C’ti/jl for all z > —ti/fl,

(39) E (R¢(Btn+1 9 tn+1)H{T¢>tn+1,BtnS_t;{z}H{SUPse[tn,tn+1} BsZ—tl/2}>

<ctBp <T¢ >tni1, sup By > —t1/2,B;, < —tﬁ) +Cexp (—t,01/2).

SG[tn,tThq]

We now bound P (7‘¢ > tnt1, SUPselty b ] Bs = —th/2, Bt, < —t;Yl). Using the Markov prop-
erty at time t¢,, we have

P <T¢, > tt, sup ]BS > —t1/2, B, < —tg> <E (Gn(Btn)H{th}ﬂ{Btng,tl}) ,
se tn7tn+1

where Gy (z) = P, <H{sup5§tn+1tn BsZ—t;{/Q}). As Gp(z) is non-decreasing in z, using the

Brownian scaling, for all x < —t) we have

Gn(z) < Gup(—t))=P_4 ( sup Bs > —1/2) :
s<(

tog1—tn)/te)
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By definition of A and t,, we note that

tgr —tn _ (n+1)4—nd A-1-2vA ~1/6
2y n2Ay ~ An = An
n

as n — oQ.

As the maximum of a Brownian motion on [0, s] is distributed as the absolute value of a Gaussian
random variable with parameter s, and using standard Gaussian estimates, we have

P_y sup By > —1/2 §]P’< sup 3321/2>
s§(1§n+1—tn)/t‘iW s<CAn—1/6

1 1
< A —
= VnCAn-i/6 P ( SCAn1/6>

Thus we deduce that for all x < —¢) we have Gp(z) < Ce=<""°. Since t, has polynomial
growth, we therefore obtain from (3.9) that there exists C,d > 0 such that

8
[ (R(b(Bth’t”+1)H{T¢>tn+17Btn<—t71}]1{5upse[tn, ]BS>_t:IyL/2}> <Ce™.

2tn+1

We now conclude, using (3.8), that

IP(b( sup Bs > _t;YL/Q)
neN SE[tnyt'rH»l]

< P(By, = -t + Y P? (Btn < —t1, sup Bs> —tg/2>
neN neN SE[tn,tn+1]

5
<C E no/* 4 g e " < oo,
neN neN

which completes the proof, by the Borel-Cantelli lemma. U
A similar simpler proof also gives an upper bound for log(—B;)/logt under the law P?.

Lemma 3.9. Given ¢ a function satisfying (H), we have

log(—B 1

limsupM <= a.s.

{00 logt 2
Proof. Let a > 1/2. We observe that for all n € N we have
1
TE < - ® ,
P (sé[glvf—‘rl] By = —n") < R¢(0,0)E(R (Bnt1m + 1)H{mf5€[nyn+u BSS—"“})
< Ceicn2a—1

using that R?(x,n + 1) grows at most linearly in —z, and the Gaussian concentration of
inf [y ny1] Bs. As a result, by the Borel-Cantelli lemma we conclude that

log(—B
lim sup M

<o a.s.
t—oo  logt

We complete the proof by letting o — 1/2. O

The proof of Lemma 3.6 is then a combination of Lemmas 3.8 and 3.9.

3.3. Linear growth. In this section we prove the key property of R?: the function grows
linearly in —x uniformly in t. We begin with the following lower bound on R?, which is a
straightforward consequence of the definition in Theorem 3.2.

Lemma 3.10. Let ¢ be a function satisfying (H), then for allt > 0 and x < ¢(1),
R(z,t) > ¢(t) — .
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Proof. Recall that for all s > 0 we have ¢:(s) = ¢(t + s) > ¢(t), as ¢ is increasing. Therefore,
by Theorem 3.2 we have 74 < 0o a.s. and

R?(z,t) = EB;,, , > o(t) — x,
completing the proof. O

To obtain a uniform upper bound on R?, we need to add an assumption on the growth rate
of the derivative of ¢.

Lemma 3.11. Let ¢ be a function satisfying (H), and assume additionally that ¢'(t) = o(t=1/2~¢)
for some € > 0. Then for all § > 0 and D > 0 there exists tg > 0 such that

(3.10) Vt > to, Vo € [¢(t) — Dt, ¢(t) — Dtg), R®(z,t) < (¢(t) — x)(1+ ).

Proof. Observe that by the assumption on the function ¢, there exists v < 1/2 and A > 0 such
that for all ¢ > 0 we have 0 < ¢/(¢) < Ayt”‘l. By integration we immediately obtain that for
all 5,6 >0
Dt +5) — () < h(t+s) — (1),

where we have set ¢(t) = At7. It is then straightforward to note that for all s,¢ > 0 and
x < o(t)

Po (Bu < 6(t +u),u < 5) < Py (By S w(t+1) — (1) + 6(t), u < 5).
As a result, by Theorem 3.2 and using that R?(x,t) = 0 for 2 > ¢(t), we obtain that

(3.11) R?(z,t) < RY(z + ¥(t) — ¢(t),1)

for all z € R and ¢t > 0. Therefore, we shall work with R¥ which will simplify some arguments,
and use (3.11) to prove (3.10).
For t,x > 0 set
Sw(xvt) = R¢(¢(t) - .I‘,t) —T= E—I(BTu;t—qp(t))'

Observe that as ¢ is concave, for all s > 0 we have that i (s) — () is decreasing with ¢.
Therefore t — S¥(x,t) is decreasing, hence for all D > 0 one has S¥(x,t) < S¥(z,z/D) as long
as x < Dt. We shall show that for any D > 0 we have SY(Dt,t)/t — 0 as t — c0.

Fix D > 0. For all A\,t > 0 define

1
W) = A+ N = D(V)),
and observe that by the scaling property of the Brownian motion we have
SY(AD,)\) 1
(312) f = XE,)\D(BTw)\_w(A)> = E_D<BT¢)‘).

Observe that (1), A > 1) decreases to 0 as A — oo. We can also note that the convergence is
monotone outside of a compact set. Indeed, for all u > 0,

1 dy* (u d /1
o= (5 (v —x)

= % ((1 — AT = (1 =29)(A+ u)\Q)“/ — A+ u)\Q)V_l) ‘

In particular, it appears there exists A\g > 0 such that for all v > 1 and A > Ay we have that
A —
dwd)fu) < 0. Therefore, setting w)‘(u) = 1/)>‘(u V1), we have

0< IE_D(BW) < E_D(BTW) —0 as \— oo,

by the monotone convergence theorem, using that * decreases to 0 when A — co. Therefore,
(3.12) yields

Jlim S¥(Dt.t)/t = 0.
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Choose 6§ > 0. There exists to > 0 such that for all ¢+ > to we have S¥(Dt,t) < §Dt. Then,
recalling (3.11), for all Dty <y < Dt we have

RO(p(t) —y,t) < RV(W(t) —y.t) =y + S (y, t) <y + SY(y,y/D) < (1 +9)y,

which, setting x := ¢(t) — y, completes the proof. O

4. MULTIDIMENSIONAL BRANCHING BROWNIAN MOTION AND UNIFORMLY INTEGRABLE
APPROXIMATIONS OF THE MARTINGALE

In this section we prove Theorem 1.3, showing that the derivative martingale almost surely
converges in almost every direction simultaneously. As we mentioned in the introduction, the
techniques are based on a shaving argument: removing all particles that travel too far away from
the origin, and therefore carry most of the fluctuations of Z. It turns the derivative martingale
into a uniformly integrable martingale. We use here the results obtained in the previous section
to construct a shaving argument with a function satisfying (H).

Before moving to the multidimensional setting, we are going to define the martingale Z¢ in
dimension 1, that will serve as a uniformly integrable approximation of the derivative martingale
Z. To be precise, set

NP = {j € Ni: Xo(§) < V25 + 6(s),s < t}.
The martingale Z? is then defined in the following way.

Proposition 4.1. Let ¢ be a function satisfying (H). We set R® as in (3.4). Then the process
defined for all t > 0 by

zZ¢ = > R?(X4(j) — \/itjt)e\/i(Xt(j)*\/it)
JEN?
is a non-negative martingale with mean R®(0,0).

Proof. We first note that by definition, EZg) = R?(0,0), and that for all ¢, z, we have R®(z,t) >

0. We thus only need to check that Zf’ is a martingale. By the branching property, for all
s,t > 0 we have

E(Z, | F) = Y Go(X:(5)),
JEN?

where we have set

G(x) :=E S RUXL() 1 — V2(t+ 5),t + s)eY 2NV
jeNS\/ﬁtwﬁz

= ¢V2e—V2)R Y RUX() = V2t + s),t+ s)eV 2N )V2)
jeNS\/itJrM*I

= e‘/i(x’ﬁt)eslﬁl(R‘ﬁ(Bs +x—V2(t+s),t+s)

. 6\/535—25]1 )
{VuSs,Bquxf\/ﬁtS\/iqugbt(u)} ’

by the many-to-one lemma (a corollary of Lemma 1 in [11]). Thus by Lemma 3.5 we obtain
Gs(z) = eﬁ(m_ﬁt)R‘z’(x —V2t, 1),

from which we deduce that E(Zf;s | Fy) = Zf’ a.s., completing the proof. O
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4.1. Construction of (Zf(@), t > 0): radial shaving. We may now turn to our main object
of interest : the d-dimensional branching Brownian motion X; = (X¢(4),7 € A;). Recall that
this is a d-dimensional branching particle system in which particles move according to i.i.d.
Brownian motions and split into two at rate one. For a direction 6 € S recall that

Z,(0) = Z (\ft—Xt( ) - 9)6\/§(Xt(j)-6—\/§t)'
JEN:
We now introduce the shaved martingale Z?, where the shaving is done along a curve ¢
satisfying (H). Set N = {j € Ni: X(5) - 0 < V25 + ¢(s), s <t} for t > 0 and ¢ € S¢ 1.
We now set
(4.1) Z20) = S RU(Xu(j) -0 — V2, t)eV 200V,
JeEND’
The function ¢ will be chosen to grow fast enough to guarantee that

hm ]P’(Vt> O ﬂ@egd 1N¢ VA6 M) =1.

We will show in Section 4.2 that choosing ¢ growing faster than % logt as t — oo is enough.

In Section 4.3 we prove (using classical spinal decomposition techniques along the lines of [12]
and [18]) that for all measurable bounded functions f the process ((Z¢, f),¢ > 0) is a uniformly
integrable martingale. We then use convergence of these martingales in Section 4.4 to show that
limy oo Zf’ () exists for almost all # € S¢~! almost surely. Finally, we complete the proof of
Theorem 1.3 by using that with high probability Z and Z¢ coincide asymptotically as t — oo,
for which we shall apply Lemma 3.11.

4.2. Bounds on the maximal displacement of the BBM. We prove here that with high
probablhty all particles in the multidimensional BBM are at all times ¢ within a ball of radius
V2t + log(t + 1) + A. First, recall the following lemma due to Mallein:

Lemma 4.2 ([16], Lemma 3.1). Let

3 t+1
= | 1
\fs—k \[ og(s+y) — >3 ogt_8+1+y

Then there exists C > 0 such that for any t > 1 and y € [1,V/1]
P (Elj e N, 3s < t:||X,(5)] > ré’y> < Cye V.

We use Lemma 4.2 to prove the following result.

Lemma 4.3. Let 7#(s) := /25 + log(l +s). For any € > 0 there ezists C, such that
P (3t > O EI] e NI X)) = 7(t) + Ce) <e

Proof. Observe first that by Lemma 4.2, for any y > 0 and ¢ > 0, we have
P (35 < 0.3 €L IXG) 2 Vs + G logls +3) + )
<P(3s <13 €N, [[ X ()] > rLY) < CyeV.
Hence, choosing y large enough such that C’ye*ﬁy < € and letting t — oo, we deduce that
P@Es > 0,5 € Ny : | X, ()]l > Vs + \f = log(s +y) +1) <
To complete the proof, it is therefore enough to choose C, as

-1 d—1
sup ——=log(t +vy) +y — —=log(t + 1) < oo. O
AATWo gt+y)+y Ve g(t+1)
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4.3. Uniform integrability of (Zf’,t > 0). Let f be a non-negative function such that
Jsa—1 f(@)o(df) = 1. By Fubini’s theorem, it is a straightforward calculation to verify that
the process defined by

20.8) = [, 20 0)0(0)
S 1

is a non-negative martingale. To prove its uniform integrability we use a spinal decomposition
method. This technique, pioneered by Lyons, Pemantle and Peres [15] for studying Galton-
Watson processes, and adapted by Lyons [14] to spatial branching settings, consists in an
alternative description of the law of the branching Brownian motion biased by the martingale
<Zf , ). More precisely, we define

dp/f

- N Y0} —1/7¢
| = R0.074ZE 7).

Gt

The spinal decomposition consists in a construction of the BBM under the law P/, where
a distinguished particle, called the spine, moves and reproduces differently to typical BBM
particles. The offspring of that spine particle then start independent copies of the original
BBM with law P, from their birth time and position.

Before presenting the spinal decomposition for the branching Brownian motion, we introduce
the law of the multi-dimensional Brownian motion biased by a martingale similar to the one
introduced in Lemma 3.5. This will allow us to describe the trajectory of the spine under the
biased law P7.

Let B be a Brownian motion in R?. For all § € S%~! we define a non-negative martingale
(Vi(0),t > 0) as

R?(B; -0 — /2t,t) J3B,6—t
RP(0.0)  Hre@>0¢

where 74(0) := inf{u > 0 : B, -0 —\2u > ¢(u)}. Writing B1) = B -0 and B? for the
projection of B on #+, we note that these are two independent Brownian motions. Applying
Lemma 3.5 to BY, we deduce that under the law defined as
dpV(®)
= V4(0)
dP G,
the process B is a d-dimensional Brownian motion with drift V26, conditioned on By - 0 <
V2t + ¢(t) for all t > 0 (in the sense of Doob).
The key point of Theorem 1.3 is to consider several directions at the same time. To do so,

we will consider integrated versions of the martingale V(). Given f a non-negative function
satisfying [sa—1 f(0)o(df) = 1, we set

Vi(0) :=

Ut = <V;f7 f>
and we define the measure PV by

dpY

— = Ut.

dP G,

Lemma 4.4. Let f be a non-negative function with [sa—1 f(0)o(df) = 1, then the process U is
a non-negative martingale. Moreover, setting 0y a random variable in ST with law f(0)o(d6)
and writing (By) for a process with law PV (%) conditionally on @y, the process (By,t > 0) has
law PY.

Proof. The process U is a martingale using Fubini’s theorem. Additionally, for all ¢ > 0 and
G € G; we have

p(6) = [ par=( [ viae.s) = [ BOG)s(0)a0.

gd—1

which justifies the description of B under the law PUV. O
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Observe that one can decompose
<Z1?7 f> = Rd)(oa 0) Z Ut(j)eita
JEN:

where

. BOXG(G) -0 — V2t 1) VEX, ()0
Ui(4) 2=< R9(0,0) <t XuGro—va<owne’ I F ).

Thanks to this decomposition we can describe the BBM under the law P/ in terms of a spinal
decomposition, which follows e.g. from [10, Lemma 6.7].

Lemma 4.5. Let f be a non-negative function with [sa—1 f(0)o(d) = 1. The law of the BBM
under Pf can be constructed as follows
(1) we pick a direction 0y according to a random variable on S¥=! with density f(0)o(df);
(2) conditionally on this direction we sample a trajectory (Z;) with law PY(%) that will be
followed by the spine particle;
(8) the spine particle creates offspring at rate 2;
(4) every child of the spine then starts an independent standard BBM with law P.

An analogous decomposition in dimension one was given in [7] or in [12]. We are now ready
to present the key lemma that states the uniform integrability of Zf) .

Lemma 4.6. Let ¢ be a function satisfying (H). For any bounded measurable function f the
martingale ((Zf, f>)t>0 s uniformly integrable.

Before we present the proof of Lemma 4.6, note that applying it in dimension one with the
binary function f (i.e. f(—1) =0 and f(1) = 1) we obtain the following corollary.

Corollary 4.7. For any 6 € S%1, (Zf(@))t>0 is a uniformly integrable martingale.

Proof of Lemma 4.6. Note first that without loss of generality we may assume that f > 0 and
that [sa—1 f(#)o(df) = 1, as otherwise we may write f as a linear combination of functions
satisfying these assumptions and consider each of these functions separately.

Set Z := limsup,_,.(Z7, f) (which is also equal to limy_so (Z7, f) P-a.s. because (Z¢, f) is a
non-negative martingale). Recall the following measure theoretic dichotomy (see e.g. Theorem
5.3.3. in [9)):

Theorem 4.8. Let (F,) be a filtration, and let Foo be the smallest o-field containing all F,.
Let P, Q be two probability measures on (§), Foo). Assume that for any n, Qz, < Pz, and let

X = i%‘;: and X := limsup,,_,., Xy which is P-a.s. finite. Then

Q(A) = E(XTj4y) + QAN {X = x0}), VA E Fu.

From Theorem 4.8 we obtain that

Z Z
e =1 /7&@ =1
<R¢(0,0) < °O> = ] ’¥0,0) ’

thus instead of proving that EZ = 1, we shall prove that under P¥, Z is almost surely finite.
To show that, we are going to use the spinal decomposition from Lemma 4.5.

Let Fo be the filtration generated by the movement and the branching of the spine =, and
B: be the set of branching times of the spine until time ¢. From the decomposition mentioned
above and the martingale property from Proposition 4.1 we see that

BI((Z0, )| Foo] = <Z RO(Z, -0 — V/3s, ) V2E0-V), f>

sEB:
+ (RO(E, -0 — V21, )eV2EA=V20, )
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To complete the proof it is enough to show that

(4.2) limsup P/ [(Z2, ) | Foo] < o0

t—o00

as by Fatou’s lemma we have

f lim inf (Z°
P lim inf(Z}", f) | Foo]

IN

. fr/ 79
htrgg)lfp [<Zt ) -7'—00]

< limsup P/[(Z7, f) | Fuo] < o0,

T to

which implies that P/-a.s., lim infsﬁoo<Zf, f) < co. Recalling the definition of P/, ((th), w1
is a non-negative Pf-supermartingale, hence it converges to a finite limit P/ almost surely. This
implies that P/ almost surely

hm 1nf<Zt , f) =lim SUP<Zt )

S§—00

from which we would deduce that limy_,o(Z¢, f) < 0o P/-a.s.

It remains to show (4.2). We first upper bound ||Z;|| = supy Z; - 0. Fix the direction 6y
in which the movement of the spine is altered. Observe that we can decompose the spine as
= = &0g + Y, where & and Y, are independent processes such that & is a Brownian motion
with drift v/2¢ conditioned on never hitting v/2t + ¢(¢) and Y is a (d — 1)-dimensional Brownian
motion living in the space 6. Thus

1Zel] = /1&[* + [[Y2]>.

By Lemma 3.6 almost surely for any & > 0 there exist Ci,tg such that for all t > tg,
€] < /2t — C1t/279. Similarly, by e.g. the law of the iterated logarithm, for any ¢’ > 0 there
exists Cy such that up to enlarging to, for all ¢ > to, ||Yy|| < Cot}/2T9. Choose 4,8 such that
d + 28 < 1/2, then for ¢ large enough,

1E]| < \/2t2 4 O241-2 _ 92\/2013/2=6 4 O21+20

<22+ (C1/2)21-2 — 2V/3(Cy J2)13/2-0
(4.3) = V2t — Cy /24?79,

Let Cy = supga—1 f(6). By Lemma 3.3 we know that for some C > 0, R?(z,t) < C(1+|z|+¢(t))
for all z € R,t > 0, thus since the spine particle has zero contribution in the limit,

limsuprKZf,ﬁ | Foo

t—00
<C < 3 (1 + (V25 — Ey - 0] + p(s))eV2E0-V29), cf>
SEBo

< PiiCCr S (14 V25 + [|Z4]] + ¢(s))e¥2IEsl1=v29),

SGBOO

where P; 1 is the surface area of a d dimensional sphere. Combining it with (4.3) we obtain
that almost surely there exists a constant C7 such that

limsup P/ [(Z7, f) | Foo) < P11CCy > (1+2v2s+ o(s))e =P O1/2,

t—o00 5€Bos

which is almost surely finite, as B is a Poisson point process with intensity 2. The proof is now
complete. O
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4.4. Simultaneous limits on the sphere. The main aim of this section is the proof of the
following proposition, which shows that (Z;(f)) converges a.s. both on a random set of full
Lebesgue measure, and as a random measure.

Proposition 4.9. Let ¢ be a function satisfying (H). Then almost surely there exists © C S?1

of full Lebesgue measure such that for all € ©, Z2 (0) = limy_,oo Zf(@) exists, and for any
bounded measurable function f,

. b N b
Jim (Z7, ) =(Z%,, f) a.s.
Moreover, the limit is almost surely finite.

Proof. Without loss of generality we may and will assume that f > 0 and [ga—1 f(0)o(df) = 1.
The integrated martingale <Zt¢ , f) is non-negative, hence it converges a.s. to some limit, and we

set Z = limt%oo(Zf , f). Furthermore, by Lemma 4.6 this martingale is uniformly integrable,
thus

EZ =E(Z§, f) = R*(0,0).
We want to show that
— T ¢
Z = <tli>r£lo Zt ’ f>
but a priori we don’t even know that the right hand side is well defined.
As Zfs(ﬁ) > 0 a.s., we observe that by Fatou’s lemma

RTIN O B iminf 79
(4.4) Z htrgg)lﬂZt ) > <htrg£th 1)
Note that liminf; o Z,? () exists simultaneously for all § € S—1,
On the other hand, by the uniform integrability of <Zt¢ , ) (Lemma 4.6) and Fubini’s theorem,
1 ¢ _ % ¢
EZ — lim E(Z{,f) = lim (EZ{. ).
Since the distribution of Zf’ () does not depend on 6 (used in the first equality), and again
using the uniform integrability, but of Zf) (0), and also Fubini’s theorem, we obtain that
: ¢ VAT @ _ ; ¢
}i{&(EZt 7f> - <t1i)r£1oEZt 7f> - <Etll>r£o Zt 7f>
e e b e e b
= (Ehtrggolf zZ7, f) = E(llg(l)glf zZ7 ).
Thus we have shown that
_ T @
EZ = E(htrgg)let 1),
and recalling (4.4) this means that almost surely
— i 3 ¢
Z = <hgg(1)£1th 1)
By Fubini’s theorem
E(limsup Z¢, f) = (E lim Z¢, f) = E(liminf Z?, f),
t—o0 t—00

t—o0
hence almost surely for almost all 6
limsup Z{ (0) = lim inf Z(6).
t—o0

t—o00

Therefore, almost surely lim; oo Zf’ (0) exists simultaneously for all  besides a random set of
measure 0, and

(20, f) = (lim Z7, f).

lim
t—o0
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4.5. Proof of Theorem 1.3. We start with the following technical lemma:

Lemma 4.10. Let ¢ be a function satisfying (H). If the function ¢ additionally satisfies
limy 00 () — Vlog(l +t) = 0o and ¢'(t) = o(t~Y/%7€), then for any bounded measurable
function f,

(4.5) hm < Z (V2t — X4(5) - 0 + ¢(t))e V2(X:(j)-0-V2t) f>

t—o00 0
jej\[t‘bx

:<lim 3 (V2= Xu(§) - 0+ b(t))eY 2 Xel)0-V2) f>

t—00 0
j€M¢7

almost surely and the limit is finite with probability one.

Note that there are two differences between Lemma 4.10 and Theorem 1.3: firstly, we don’t
take a sum over all particles, and secondly we have an additional term ¢ appearing. We solve
both of these issues in the remainder of this section.

Proof of Lemma 4.10. Recall the definition (4.1). Since

d—1
Jim (t) — NG log(1 +1) = oo,
from Lemma 4.3 we obtain that

lim inf (\[t—HXt( ||+ o(t )) +00

t—)OOJE

and

1
limsup  sup - (V2t— X;(j) - 0) = 2v2

t—00  geSd—1 jeN;

almost surely. We are now going to make use of the asymptotic behaviour of R?(z,t): we apply
Lemma 3.11 with D > 2v/2 and an arbitrarily small § to obtain that almost surely

(4.6) (28, ) = (Jim 37 (V2= Xy(j) - 0+ 6(1))eV DOV g,

j€M¢79

From Proposition 4.9 we know that
(2%, /) = lim (Z7, f).

and again, applying Lemma 3.11 with D > 2v/2 and an arbitrarily small §, we obtain that

(4.7) (2%, f) = Jim < 3 (V2 - X4(5) - 0 + 6(t))eY X0V, f> :
jeNy’
Combining (4.6) and (4.7) completes the proof. O

We now get rid of the term involving ¢ in (4.5):
Lemma 4.11. Let ¢ be such that ¢(t) = o(t'/?>=€) for some € > 0. Then

lim (¢ Ze 9)-0—v2t) 1>—()

t—o00 <
JEN:

almost surely.

Proof. Without loss of generality assume that ¢(t) is an increasing, concave, C!-class function
such that lim;_,o ¢(t) — f Llog(1 +1t) = oo and ¢/(t) = o(t~1/?7¢). Set t(t) := t1/2=</2 and
observe that by Lemma 4.3, for any 6 > 0 we can choose As such that with probability 1 — §
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none of the particles ever hit the sphere of an increasing radius v/2t + 4 5 f log(l +1t)+ As, thus
conditioning on this event

lim sup < Z (Xi(5) -0 — \ft) (X0 9>ft}ef(Xt(j)-6—\/§t)71>

t—o00 Ax 0
je./\/'tw+ S5

2 (@) + Aé)H{Xt(j)'GZ\/ﬁt}eﬁ(Xt @)o-vae), 1>

. Ag,0
]e./\/'z/"‘*‘ S5

o(t) + As VB(X1(j)0—/2t)
lliiizipw<>+A5< L AT

(4.8)

A
=)
wn
=
T
—

IN

Consider the following decomposition:
\@t - Xt(]) -0+ ¢(t) + A6 = (\/it - Xt(]) ' Q)H{Xz(j),gz\/ﬁt}
(4.9) + (V2= Xi(7) - ), 5y0<vay
+ ’gb(t) + As.

Note that only the first term on the right-hand side of (4.9) is negative. Since by Lemma
4.10

(4.10) hm < Z (\@t—Xt(j).9+w(t) +A5)€\/§(Xt(j)-0\/§t)7l>

t—00 A0
JEN, TS

exists almost surely, from (4.9), (4.8) and lim;_, ;4;(())7+ = 0 we deduce that the limit

lim sup < Z (¥ (t) —|—A5)e‘/§(X‘(j)'9_‘/§t),1>

t—00 A< 0
]6‘/\/’;1)4‘ &

is finite with probability 1—¢: if it wasn’t finite with probability larger than d, then by (4.8) and
(4.9), with positive probability (4.10) would diverge to infinity, as its negative part is negligible
in comparison to the positive one.

Since lim;— o0 z(( )) = 0, this implies further that with probability 1 — §
: V2(Xt(5)-0-V2t) -
tli%lo((b(t) + Ays) < Z e ,1> =0.
jeNSTAS?
Taking As arbitrarily large completes the proof. O

We are now ready to present the last step of the proof of Theorem 1.3. Recalling Lemma
4.10 we show that in fact we can sum over all the particles and we can still swap integration
with taking the limit. As was mentioned before, this is the step where we consider a sequence
of functions ¢ V A for A € N.

Proof of Theorem 1.3. Set ¢ = t'/2=¢ for some ¢ € (0,1). By combining Lemma 4.10 with
Lemma 4.11 we obtain that almost surely for all A € N

t—o00

(4.11) hm< S (V2 - Xy () - )eY X020 f>

= < lim Z (\@t — Xt(]) . 9)6\/5()(15@)'9—\/515)7 f> )

je./\/'tqﬁ\/A,Q
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By Lemma 4.3 for any é we can choose As such that the event defined by By := {Vs >
0,u € Ny : || Xs(4)|| < v2s+ ¢(s) V As} happens with probability P(Bs) > 1 — 6. Therefore,
conditioning on By and taking A > As in (4.11), we obtain that

(4.12)  lim < > (Ve — Xu(5) - G)e\/5<Xt(j>'9—ﬂt>,f>

t—o0 :
JEN:

t—00
JEN:
holds almost surely on Bs. Taking ¢ arbitrarily small we conclude that (4.12) holds with
probability one, which proves (1.2).
Finally, to show that (Z(6),1) > 0 we observe that by Fubini’s theorem

0= (Zoo(8) = 0)o(d6) = E [ /S T eooldd)|.

§d-1

- <lim 3 (V2t— X4(j) - a)e\/?<xf<j>'9—\/§f),f>-

which completes the proof. O

5. DIRECTION OF THE LARGEST DISPLACEMENT IN DIMENSION ONE

In this section we prove Theorem 1.1 but we start by showing how Corollary 1.2 follows from
Theorem 1.1. Set

GF = V2(M; —my — v2 log Z)
and Gy = V2(-M; —m; — glog Z.).
Then we can rewrite

]P(Mj > — M, ] ]-"5> =P (G;L +1og Zoo > Gy +log Z3, ’ gs> :

Theorem 1.1 tells us that (G}, G;) conditioned on G, converges in the double limit, first letting
t — oo and then s — oo, to a pair of independent standard Gumbel random variables. Thus
the proof of Corollary 1.2 is a consequence of the following lemma.

Lemma 5.1. Let Gy,...,G, be independent standard Gumbel-distributed random wvariables.
Then for any ai,...,an,
e
]P(G]_ + a1 > maX(CLQ + G27 cey Gy T+ Gn)> = W

Proof. Recall that the pdf of the standard Gumbel distribution is given by e~(*+¢") and the

cdf is given by e=¢ *. Then by simple computations, setting K := log(1+ > ", e%~), we have

]P’(al + Gy > max(az + Ga,...,an + Gn))

n

= /e*(glJre_gl) Hee—(aﬁ-gl—ai)dgl

R i=2
— /e—gl—e—gl(1+Ef:26“"_“1)dgl

R
:eiK\/ ei(glfK)ie_(gl_K)dgl

R
1 e

1+ Y fgem—ar 30 es’

We now prove the main theorem of this section.

Proof of Theorem 1.1. Let y,z > 0. Note that for all 0 < s <t we have

(51) P (Mt+ — my S Y, _Mt_ — my S z ‘ gs) - H Vs,t(XS(j)ay7 Z)
JENS
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by the branching property, where we have set
Vs (2, Yy, 2) —IP’(Mt s—my <y— Mt:S—mt§z+a:).

We now bound v, ; from above and from below to obtain an asymptotically tight estimate for
the joint cdf of (M,", M;") given gs We begin by computing a lower bound. Observe first that
since my —my_s = /25 + 2\[ log 52, from the inequality z/(z 4 1) < log(1 + ) < x we obtain
that

3 s
2 2 — = < s <V2s— ==
(5:2) vas ov2t—s T vas 2ft

Therefore, noting that for any events F,G one has P(F NG) > 1 — P(F°) — P(G¢), we obtain
that

S
Vs,t(l‘,y,z) Z 1_P<Mtt3_mts Zy (l'—\/iS) ft—S)

3 s
—-P({-M_,—mp_s > 2+ (x+ V2 —>.
( ! i 2+ (4 V29) 2V2t—s

From [6, Theorem 1] we know that P(M;" — m; > x) converges uniformly as t — oo to w(x),
which further satisfies

(5.3)

1—w(x) ~ cexe V2 as - oo
Hence, (5.3) yields
hgg)lf H VS,t(XS(j)’ Y, Z)
JENs
> ] [1-w(v2s = X)) +) - w(V25 + X,() + 2))]
JEN:
> 11 {1 _ {C*(\/is — X () + y)eV2Xe()=V25—)
JENS

+ (V25 + X,(j) + z))eﬁ(_XS(j)_ﬁs_z))}(l + e(s))],

where s — ¢(s) is a random process such that lims o €(s) = 0 a.s., where we used that
lim inf,_, o minjepn, {\/is — | X (])]} = oo a.s. This result follows plainly from the fact that the
additive martingale converges to 0 a.s. which can be found in [13].

Therefore, since for any numbers a; € (0,1)"

n n a;
H(l_ai) 26_2¢ T—a; >¢ 1- maxalz “l

=1

and recalling also that

lim max {|V2s — X,(j)]e V2021 = g

S—00 ]e_/\[

almost surely, we obtain from (5.1) that

lim inf lim inf P (M+ —me <y,—M; —my <z ‘ .7:3)

$§—00 t—o00

> hmlnfexp<—c* Z (y — (Xs(j) — V/25))e™ V2(y—(Xs(5)—v2s))

S— 00
JEN;

e Y (2 (Xa() + V2s))enVHEFOED),

JEN;
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Using again that the additive martingale > ;c ., eV2Xs(i)=V2s) converges to 0 a.s. we eventually
obtain that

(5.4) liminfliminf P (Mt+ —me <y,—M; —my <z ‘ .7-"5)

§—00 t—o0
> exp (—C*Zooe_ﬂy — C*Zo_oe_‘/iz) .

To obtain a similar upper bound, we use that for any pair of events F,G, P(F N G) =
1 —P(F°) —P(G°) + P(F°N G°), hence recalling (5.2),

3 s
<1-P(M'. —my_s>y—(z—V2s)— —=2
ngt(ﬂxy,z)_ ( t—s mi—s =Y (CU \/>S) 2\/§t>

- P <_Mt_s —my_s > 2+ (x4 V2s) — 2\3&?)
+ Gt (2,9, 2),
where
Cot(2,y,2) = ]P)<Mt+—s —my_s >y — (. —V2s) — if,
’ 22t
-M; —my_ s> 2+ (x4 V2s) — 35),
2V2
Note that
Cot(2,y,2) < P<Mt+s —Mmy_s > YNz+ V25— 2\%?)}

hence

lim sup G4 (7,9, 2) < w(y Az + V2s).

t—o0

As a result, with similar computations as in the proof of the lower bound, there exists a process
€(s) converging a.s. to 0 as s — oo such that,

limsup H Vs,t(Xs(j)ayaz)
t—o00 jEMs

< H [1 - {c*(\/is - X(5) + y)ex/i(xs(j),ﬁs,y)
JEN:

+ e (V25 4+ Xs(j) + z))eﬁ(*XS(j)*ﬁS*Z)
— (V25 +y A z)eﬁ(_‘/ﬁs_ym)}(l + e(s))}

Using that for any numbers a; < 1, [[i(1 —a;) < e~ 2 % and noting that for any C' € R
lim ) (V2s + C)e‘/i(_*/is_c) =0

§—00

JENS
almost surely, we obtain that

limsup limsup P(M;" —my <y, —M; —my < z | F)

§—00 t—o0
< exp(—c*Zooe_ﬂy — C*Zo_oe_\/iz),
which, together with (5.4), completes the proof. O

Remark 5.2. With similar computations to the ones made in the proof of Theorem 1.1 we would
be able to prove joint convergence in distribution of

(Z 5Xt(j)—mt7 Z 5_Xt(j)_mt)

JEN: JEN:
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towards a pair of decorated Poisson point processes with random intensities C*Zooe_‘/ixdx

and c*Zgoe*ﬁxd:U respectively, and such that these processes are independent conditionally on
(Zoo, Z5). This result can be thought of as a unidimensional version of Conjecture 1.4.
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