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A SIMPLE PATH TO ASYMPTOTICS FOR THE FRONTIER OF
A BRANCHING BROWNIAN MOTION

BY MATTHEW I. ROBERTS
Weierstrass Institute for Applied Analysis and Stochastics

We give short proofs of two classical results about the position of the
extremal particle in a branching Brownian motion, one concerning the median
position and another the almost sure behaviour.

1. Introduction and main results. Kolmogorov et al. [13] proved that the
extremal particle in a standard branching Brownian motion sits near /2¢ at time .
Higher order corrections to this result were given by Bramson [5], and then almost
sure fluctuations were proved by Hu and Shi [11]. These two remarkable papers,
more than thirty years apart, provide results which reflect an extremely deep un-
derstanding of the underlying branching structure. This article grew out of a desire
to know whether shorter or simpler proofs of these results exist.

We consider a branching Brownian motion (BBM) beginning with one particle
at 0, which moves like a standard Brownian motion until an independent expo-
nentially distributed time with parameter 1. At this time it dies and is replaced (in
its current position) by two new particles, which—relative to their birth time and
position—behave like independent copies of their parent, moving like Brownian
motions and branching at rate 1 into two copies of themselves. Let N (¢) be the set
of all particles alive at time #, and if v € N(¢), then let X, (¢) be the position of v at
time ¢. If v € N(¢) and s < ¢, then let X, (s) be the position of the unique ancestor
of v that was alive at time s. Define M; = maxyen () Xy (7).

1.1. Bramson’s result on the distribution of M;. Define
u(t,x) =P(M; <x).
This function u satisfies the Fisher—Kolmogorov—Petrovski—Piscounov equation
U= ey + 14" —u

(with Heaviside initial condition), which has been studied for many years both ana-
lytically and probabilistically; see, for example, Kolmogorov et al. [13], Fisher [6],
Skorohod [18], McKean [15], Bramson [4, 5], Neveu [16], Uchiyama [19], Aron-
son and Weinberger [3], Karpelevich et al. [12], Harris [9], Kyprianou [14], Harris
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et al. [8]. In particular (see [13]) u converges to a travelling wave: that is, there
exist functions m of ¢+ and w of x such that 1 — w is a probability distribution
function, and

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

uniformly in x as t — oo.

We note that m and w are not uniquely determined by this definition; since we
shall be concerned with the detailed behaviour of m, to be precise we set m(t) :=
sup{x € R:P(M; < x) < 1/2}. We offer a proof of the following result which is
shorter and simpler than the original proof by Bramson [5]:

THEOREM 1 (Bramson [5]). The median m(t) satisfies

m(t) =~/2t — logt+0(1) ast — oo.

As Bramson notes in [5], “an immediate frontal assault using moment estimates,
but ignoring the branching structure of the process, will fail.” That is, for y > 0
define 8 = /2 — % loz—gt + y and let G(¢) be the set of particles near 8¢ at time ¢.
If some particle has large posmon at time s < ¢, then many particles are likely to
have large position at time ¢, and therefore the moments of #G (¢) are misleading.

To get around this problem we consider a subset H (¢) of G(¢). A lower bound
for m(t) will follow if we can show that the first two moments of #H (¢) are well
behaved. Our approach differs from Bramson’s only in that our set H (¢) is simpler
than his, being the set of particles that stay below the straight line 8s + 1 for all
s <t and end near g¢. This drastically reduces the difficulty of the calculations re-
quired for bounding the moments and is one reason why our proof is much shorter
than the original.

For the upper bound we are forced to return to a more complicated set I'(¢)
which is the set of particles that stay below a carefully chosen curve f(s) +y + 1,
s <t, and end near gBt. Calculation of E[#I'(¢)] is more difficult than that of
E[#H (t)], but the two quantities turn out to be of roughly the same size. The
key observation now is that if a particle reaches f(s) 4+ y for some s < ¢, then it
has done the hard work and is likely to have descendants near ¢, even if we insist
that they stay below f(r) 4+ y 4 1 for all r € [s, ¢]. Thus the probability that some
particle reached f(s) + y for some s < ¢t cannot be much larger than E[#I"(¢)].

1.2. Hu and Shi’s result on the paths of M;. Having established Bramson’s
result on the centring term m(¢), we move on to the almost sure behaviour of M;.
We prove the following result, which is the analogue of a result for quite general
branching random walks given by Hu and Shi [11].
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THEOREM 2. The maximum M, satisfies

M, — /2t 3
(D) liminf — V2 =— almost surely
—00 log t 2«/5
and
M; — /2t 1
2) lim sup (= V2 =— almost surely.
t—00 log t 2«/§

Thus, although by Theorem 1 the extremal particle looks like m(#) for most
times ¢, occasionally a particle will travel much further from the origin. Techni-
cally the theorem as stated here is a new result as Hu and Shi considered only
discrete-time branching random walks, but it would not take too much effort to
derive it from their work. We proceed instead by directly applying the estimates
developed in the proof of Theorem 1. Only the lower bound in (2) requires a sig-
nificant amount of extra work, and for that we take an approach similar to that
of Hu and Shi in [11]. They noticed that although the probability that a particle
has position much bigger than m(¢) at a fixed time ¢ is very small, the probability
that there exists a time s between (say) n and 2n such that a particle has position
much bigger than m(s) at time s is actually quite large. Here we again simplify the
calculations by considering the number of particles staying below a straight line
rather than a curve, much as in our lower bound for Theorem 1.

1.3. Extensions and other models. 'We note that although we consider only the
simplest possible BBM, with binary branching at fixed rate 1, our methods can be
applied to rather more general models. There is, however, one important necessary
condition for the proof of our lower bound, that the mean and variance of the
number of particles born at a branching event must be finite. This is simply due to
the fact that we employ a second moment method.

Addario-Berry and Reed [1] (in their Theorem 3) proved an analogue of Bram-
son’s result (our Theorem 1) for a wide class of branching random walks. We
conjecture that the ideas presented in this article could also be used to give a new
proof of the Addario-Berry and Reed result, relaxing the conditions on bounded
family sizes and independence amongst families. However, this task would require
substantial extra technical work. The estimates on Bessel processes used to esti-
mate numbers of particles staying below straight lines can be replaced by small
deviations probabilities for random walks conditioned to stay positive (see [20]);
but calculating the expected number of particles staying below a curved line, our
Lemma 10, becomes much more difficult; see the footnote on page 756 of [11].
Finally, one must make sure that particles do not jump too far beyond this curved
line, which can be done with conceptually standard but technically delicate first
moment estimates.

In a sense, Bramson [4] improved the O (1) error in Theorem 1, showing that
under his definition one could choose m(#) such that the corresponding error
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was o(1). A related result for branching random walks was recently given by
Aidékon [2], showing convergence to a specified law for the recentred extremal
particle. This extra detail requires new ideas and is beyond the scope of our meth-
ods.

1.4. Notation. We will often use positive constants ci, ¢z, . .. that are indepen-
dent of all other parameters. We shall reset the subscripts at the end of each proof,
so the ¢ appearing in the proof of Lemma 4 is not necessarily the same constant
as the ¢ appearing in Lemma 5, for example. On the other hand, Cy, Ca, ... will
be positive constants that are fixed throughout the article.

2. Bessel-3 processes. We begin by recalling some very basic properties of
Bessel-3 processes. If W;, t > 0, is a Brownian motion in R3 started from (x, 0, 0),
then its modulus |W;|, t > 0, is called a Bessel-3 process started from x. For aes-
thetic purposes in this article we shall simply write “Bessel process” when we
mean “Bessel-3 process.” Suppose that B; is a Brownian motion in R started from
Bp = x under a probability measure Py; then X, := x_lB,IL{BS>0 vs<¢} 1 a non-
negative unit-mean martingale under P,. We may change measure by X;, defining
a new probability measure P, via

dP,

dPlz
(where F; is the natural ﬁlAtration of the Brownian motion B;) and then B;, t > 0,
is a Bessel process under P,. The density of a Bessel process satisfies

=X,

5 Z —(z—x)%/2t —(z4x)2 /2t
Py(B;edz) = —— (e &9/2 _¢ dz.

o xX~/2mt ( )

This and much more about Bessel processes can be found in many textbooks, for
example, Revuz and Yor [17].

LEMMA 3. Lety =2Y%/7'/2 Foranyt > 0and x,z >0,

2 2
ﬁe*zz/%*xz/% < Z (e,(zfx)2/2[ _ e7(2+x)2/2[) - ﬁ
/2 T X2 =pn

~

PROOF. The lower bound is trivial since
¥/ — ¥ = 2sinh(xz/1) > 2xz/t.
For the upper bound, note that
d

: (e~ @ 0/Q0) _ o= er0)?/20y _ ; (e~ @D/ | p=c+0?/20)
<

+ §(6—<z+x)2/(2z) _ e—(z—x)2/(2z>)

2x
<—
t
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50 e~ @02 _ o= @22 < oxprp [

The two lemmas that follow do much of the dirty work of Theorem 1 and Propo-
sition 15 (which is the most difficult part of Theorem 2) by calculating the expec-
tation of two functionals of two dependent Bessel-3 processes. These calculations
will not be motivated until later in the article, but we include them here as they are
facts about Bessel processes that do not contribute a great deal to the main ideas of
the proofs. We start with Lemma 4, which will be used in proving the lower bound
for Theorem 1.

Suppose that under P we have two processes Ytl and Y,2, t >0, and a time
T € [0, 00) such that:

° (Ytl, t > 0) is a Bessel process started from 1;

e T is exponentially distributed with parameter 2, and is independent of (¥,!,
t>0);

° Yt2 = Y,l forall t <t

e conditioned on t and (Y,l,t <71), (Y,%rt,t > () is a Bessel processes started
from Y, that is independent of (Y!, 7 > 7).

It is clear from this description that (t, Yfl, Ytl, Y,z) has a well-behaved joint den-

sity. Note that we continue to use P for this setup, as well as for the single Bessel
process (B, t > 0) seen above.

LEMMA 4. Let
3 logt 'y
- \/_ - + D)
g 2J2 t t
Ar={1<v'<2} and Ay={1<Y?<2)}.
There exists a constant C1 such that for all y > 0 and large t,

3

A _ _gyl _
P[leezz (3tlogt)/(21) ﬂY’ﬂAmAzm{rsz}]SCﬂ .

PROOF. We use the density of t to rewrite

A _ _pyl
P[leeZt (Brlogt)/(2t)—-BY; 1A10A2r’1{r§z}]

N .
— 2/ P[Ysle—(33 logl)/(ZI)_:BYsl:[]_AlmAzlt — S] ds.
0

The idea then is that the probability that a Bessel process is near the origin at time
t is approximately ¢ —3/2. If s is small, then we have two (almost) independent
Bessel processes which must both be near the origin at time 7, giving 3. If s
is large, then we effectively have only one Bessel process, giving >/, but the

exp(31§tgt s) gives us an extra >/2. When s is neither large nor small, the above
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effects combine so that things turn out nicely. In each case we apply the upper
bound from Lemma 3.
We first check the small s case:

1 A
/0 Py)e=Gslogn/@n=pYlq , 1o — (] ds
l A
< / P(A1NA|t=s)ds
0

1, o ~
ff p[/ P(Ytl,Ytze[l,Z]lf:s,Ysl:x)P(YSIedx)‘r:s}ds
0 0

S/Olﬁ[/:o(/lzﬁzs)mdz)zﬁ(ﬂ edx)’r:s}ds

<cpt73,

where the third inequality uses Lemma 3. For the large s case,

l A A
/ P[lee_(kbg’)/(z”_ﬁxf] 1a,n4,lT =s]ds < et 3P P(A)) < e3t73,
1—1

where we have used the fact that, since 8 > 1, xe P¥ < 1. (We will use the fact
that 8 > 1 throughout the article without further mention.) Finally the main case,
fors e[l,t —1],

t—1 1
/1 Plyle-Gslogn/@0=pYiq 10— (]ds

t—1 poo Z3
< / / _e—ﬂZ—(?)Slogl‘)/(Zt)
1 0

2 2x2 2
—d
53/2 </1 V2 (t —s)3 x)

(=1 g=Gslogn/@n) roo
<c —— z7e *dzds
4/1 $32(t — 5)3 /0

t—1 e—(3s10gt)/(2[)
<c ———ds,
= 5./1 $32(t — )3

where for the first inequality we applied Lemma 3. It is a simple task to bound the
last integral above by r~3 times a constant

t—1 e—(3sl0gl)/(2l)d ce (213 1 7 1=/t " logt
J G —sp T md”?s/z,/g ¢ s
cg 11 eBlogn/CVD)
HEN SV T

<ot ™3,

dzds

ds
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which completes the proof. [J

Our next lemma is very similar; it estimates a slightly different functional,
which will appear in Proposition 15 (the most difficult part of Theorem 2).
_ 1 logt _ 1 1 logt
LEMMA 5. Let ﬁt—[—mT andas,t—z—ﬁlogs—st.Ifef
s <t <2s,then

Aryl 2t—(tl 20)—p Y}
P[Y.L_e T (T Ogl)/( l) ﬂ[ rﬂ{lls,t-f'lSYSlSas,t+2}]l{1§Y,2§2}]l{T§S}]

1 1
—(slogn)/20) [ ___
= Coe (z5/2 NEEEET 1)3/2>

for some constant Cy not depending on s ort.

PROOF. Just as in the proof of Lemma 4, we use the density of t to rewrite

Ary1 2t—(tl 26)—p, Y}
Py; 2 = (Flen/@O=P¥eq 1 yica 42 i <r2 <o Lir=s)]

S
—(rl 20) p —B,Y}
22/0 e~ rloen/t I)P[Yre Bty ]l{as,,+15Y§gas,t+2}]1{15Y,252}|T =rldr

and then approximate the integral. Essentially the e~/ Y! term means our initial
Bessel process must be near the origin at time r; then two independent Bessel
processes started from time r must be near the origin at times s and ¢, respectively.
If r € [1, s — 1], then integrating out over le, applying Lemma 3 three times and

using the fact that [° z3e #%dz < oo,

Aryl,—6Y) _
P[Y,e ' rjl{as,t"‘lstlfas,r+2}jl{1§Y,2§2}|T —r]

=a ) SR T R %

< czr_3/2(s — r)_3/2(t — r)_3/2.

For r < 1 we are effectively asking two independent Bessel processes to be near the
origin at times s and ¢, giving s ~3/2¢=3/2 and for r > s — 1 we have just one Bessel
process which must be near the origin at times s and ¢, giving s —3/2(t —s + 1) 73/2,
These two simple calculations follow as in Lemma 4. Thus

N
—(rl 20) pryl ,—pY}
/O e—(rlogn/( ’)P[Yre B r]l{as,t+1§YS‘Sas,t+2}l{1§Y,2§2}|f:r]dr

_ e Sl etrhen/en - esetloen/@0)
=appn T 04/1 P2 — 13—’ T B2 —s+ 1)



ASYMPTOTICS FOR THE FRONTIER OF BBM 3525

Since s and ¢ are of the same order, and logs > lngts provided s, t > e, it remains
to estimate the integral in the last line above. We proceed again just as in Lemma 4.

First the small r case,

5/2 e~ (rlogn)/(21) 5/2 1
/ dr < 6‘6/ ——————dr
1 1

r3/2(s _ r)3/2(t _ r)3/2 73/253/243/2
< 9
= 3/2;3/2°
the large r case,
s—1 o—(rlogn)/(21) cge™(logn/ (20
r<<
K—s/;l/4 r32(s —r)32(t —r)32 " T s32(t —s 4+ 1)3/2
and finally the intermediate r case,
—s/tl/4 —(rl 2 3/4 _s/tl/4
/‘S s/t e (rlogt)/(21) dr < C9i fs s/t e—(rlogt)/(Zt) i
52 P32(s — )32 — )32 =5 [

174 1 4
< crgtgpye e/

CIl —(slogr)/(21)
= me )

where we have again used logs > lngts ands <t <2s. O

3. The many-to-one and many-to-two lemmas. We mentioned in the Intro-
duction that we will attempt to count the number of particles remaining below
certain lines and ending near B¢. To do this we will need to calculate the first two
moments of the number of such particles. In this section we state results for doing
so in the form that will be most useful to us. These are standard first and sec-
ond moment bounds for branching processes combined with one- and two-particle

changes of measure.

3.1. The many-to-one lemma. The many-to-one lemma is a simple and well-
known tool in branching processes. It essentially says that the expected number of
particles with a certain property equals the expected number of particles times the
probability that one particle has that property. To be more precise, let g;(v) be a
measurable functional of ¢ and the path of a particle v up to time ¢; so, for example,
we might take

g =1,z OF g(v) =1 Xo@ds,

Then the standard many-to-one lemma says

E[ > gz(v)} =¢'E[g,(8)].

veN (1)
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where &, t > 0, is just a standard Brownian motion under P.
Now, sometimes it will be easiest to calculate E[g;(£)] by using a change of
measure. Fixing & > 0 and f : [0, o0) — R such that f € C?, and defining

1 t oo/ ([t pren2
¢() = a(otJrf(l) —&)elo IOV AE—Uo A2 4 ris) vz

the following lemma is a result of Girsanov’s theorem and the knowledge of Bessel
processes at the start of Section 2. It will be useful for counting the number of
particles near St that have remained below o + f(s) for all s < ¢. For a proof see
Theorem 8.5 of [7].

LEMMA 6 (Many-to-one lemma).

1
E[ > g WLx, () <atf5) stz}] =€[@[—gt(§)},
vEN(1) é’(l‘)

where under Q, o + f(t) — &, t >0, is a Bessel process.

3.2. The many-to-two lemma. We also use a many-to-two lemma, which—
just as the many-to-one lemma reduces calculating first moments to consideration
of just one particle—will reduce calculating second moments to functionals of
two, necessarily dependent, particles. This is a natural idea, and Bramson uses a
basic many-to-two lemma in [5]. Again we will combine this idea with a change of
measure. [Note, however, that while we used a general C? function f in our many-
to-one lemma, we will need only f(s) = Bs here.] We do not prove Lemma 7—as
Bramson says, “a rigorous verification is quite messy”’—and refer to Lemma 3 of
[10] which gives a quite general formulation.

Suppose that under QQ, as well as the process &; seen in Section 3.1, we have two
processes S,l and 53, t >0, and a time T € [0, 00) such that:

o (1+pt— 5;1, t > 0) is a Bessel processes started from 1;

e T is exponentially distributed with parameter 2, and is independent of (S,l,
1=0);

° f;‘tz :511 forallt <T,;

e conditioned on 7" and (5,1, t<T),(B(T+s) —é%H, s > 0) is a Bessel processes
started from BT — é} that is independent of (étl, t>T).

Define
. . i_ @2
¢ty = (14 Br — gl)ePsi =P t/zjl{g;j<1+ﬂs Vs<t)

fori=1,2andt > 0.
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LEMMA 7 (Many-to-two lemma). Let g;(-) and h;(-) be measurable function-
als of t and the path of a particle up to time t, as in Section 3.1. Then

E[ Z &) h: (V)L(x, (s)<1+Bs Vs<t,X,(s)<1+Bs stt}]
u,veN (t)

TN
=g a6 1)
b
¢l@)
r (D)
HOIS0

= e3tQ|: L(r>1)81 (Sl)ht(fl)]

—}—e”(@[e l{rgt}gz(él)hz(éz)]

The dependence between the two Bessel processes reflects the dependence
structure of the BBM: any pair of particles (#, v) in the BBM are dependent up
until their most recent common ancestor. The first term on the right-hand side
above takes account of the possibility that the Bessel processes have not yet split
(which corresponds to the event that u and v are in fact the same particle) and oth-
erwise the second term incorporates the split time 7 of the two Bessel processes

(which corresponds to the last time at which the most recent common ancestor of
u and v was alive).

4. Proof of Theorem 1.

4.1. The lower bound for Theorem 1. Fix t > 0 and set (as in Section 2)

3 logt vy
SV, IR L
P 22 t t

Now define
H(y,t)=#u e N(): X,(s) <Bs+1Vs <1, Bt — 1< X,(t) <Bt}.

We shall show that the first two moments of H(y,t) give an accurate picture of
the probability that there is a particle near B¢ at time . We write g(y, t) < h(y,t)
if c1g < h < crg for some strictly positive constants ¢; and c¢> not depending on ¢
ory.

LEMMA 8. Fort>1landy €0, /1],

E[H(y,1)] = eV
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PROOF. We apply the many-to-one lemma with f () = ft and o = 1.

E[H(y,0)]= etQ[%ﬂ{ﬂt—lf&fﬁt}}

e PE+B1/2
e Q[mﬂ{ﬂt—l<&<ﬁt}}
= e PUPQBr — 1 <& < p1)
=32 VDQU < Br+1—& <2).

Now, Bt + 1 — & is a Bessel process started from 1 under @, so by Lemma 3,
2 7 3/2
QUspr+1-6 == [ Smdi=iP -
We now use the second moment of H (y, t) to get a lower bound for m(¢).

PROPOSITION 9. There exists a constant C3 > 0 such that fort > 1 and y €

[0, V11,

P@Eu e N(t): Xu(t) > V2t — 2=logt +y) > Cze V2.

2f

PROOF. By reducing C3 if necessary, it suffices to establish the claim for all
large . Fori = 1,2 let A} = {t — 1 <&/ < Br}. By the many-to-two lemma,

PR STER LS BOty i P,

{ (t) c (l‘){z(l‘) A NA, T <t}
t
=0 iy
L @[ET(/BT +1—ER)eP =B T2y, Méﬂ{@}]
(Bt +1— &N (Bt + 1 — E2)ePE +PE1 B
<E[H(y,1)]

2 1_p2
+ XTI QLT (BT + 1 — £7)ePo17F T/ZﬂAgnA;m{Tsr}]
<E[H(y.1)]
3 -2y .y
+at’e VPQ(BT +1-&7)

2T —(3T log)/(20)—B(BT+1-E}
x 2T —@Tlogn)/@)—p(BT+ ST)]IA/IQA/ZD{TSI}]’

where for the second equality we used that T is an exponential random variable of
parameter 2 independent of the path of £!, and for the final inequality we used that
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if y € [0, 4/1], then

logt 2
B2T =27 — 3£T QT+O(1)

Under Q, (Bs + 1 — ESI, s>0)and (Bs +1— §s ,s > 0) are Bessel processes
starting from 1 that are equal up to T and independent (given 7 and S}) after 7.
Thus, taking notation from Lemma 4, we have

_ A _ _ 1
E[H(y,)*] <E[H(y,1)] + c1t3e ﬁyP[leeZT Grlogn/CO=BYrq 4 (4 ne<n]-

Lemma 4 tells us that the f’-expectation is at most a constant times 3, so for
large t and y > 0,

E[H(y,1)*] < E[H(y, )]

for some constant c> not depending on y or ¢. Using Lemma 8 we deduce that

EHGy.OP 5

P(H(y,t) #0) > ElH (.0 > c3e ) 0

4.2. The upper bound for Theorem 1. We use a first moment method for an
object similar to H (y, t) together with an estimate of the probability that a particle
ever crosses a carefully chosen line. Again fix ¢, and define

3 ;
o) = 2\/_log(s+l) if0<s<t/2,
2\/_log(t—s—i-l) ift/2<s<t.

Unfortunately / is not differentiable at ¢ /2, so we now choose a twice continuously
differentiable function L : [0, t1] — IR such that:

o L(s)=I(s)foralls¢[t/2—1,t/2+1];
o L(s)=L(t—s)foralls €]0,¢];
o L'(s)e[—10/¢t,0) foralls € [r/2 — 1,1/2+ 1].

Let f(s) =Bs + L(s) for s € [0, ¢], and define
F=#{ueN@): X,(s) < f(s)+y+1Vs<t,pt —1<X,@1) <Bt+y}.

LEMMA 10. There exists C4 such that for all t > 1 and y € [0, /1],

E[T'] < C4(y +2)%e V2.

PROOF. By the many-to-one lemma with « =y + 1, we have

+1 [t torreN2
E[[] = et@[y — i = Ste Jo /(&) d&s+(fy f/(s) ds)/zjl{ﬂt_lfftfﬂf'f‘y}}’
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where under Q the process y + 1 + f(s) — &;, s > 0, is a Bessel process. Using the
fact that

t t
r0s= [ e+ [ fosds,
which follows from integration by parts, we obtain

E[T] < (v + 1)etQ[e—f/(t)€t+fé F(8)Es ds+(f3 f/<s>2ds>/21{&> 1]
. t
< (y+ e Py [eXP(—f/(t)ﬂt + [ rreds
t
+<y+1>/0 £7(s)ds

t VZ4 1 ! / 2
—fo f (s)Bsds+§/0 f () dS)Jl{B,sym}

2 tyren2 A toyn
— (y + l)et—ﬁ t/2—(fy L' (s) ds)/ZPy_H[efo L (S)(y—i_l_BS)dsjl{Btfy-i-Z}]s

where (B, s > 0) is a Bessel process under P. Note that t — %,BZt = %logt —
V2y +0(1), so

_ A trn R i
El'l<ci(y + 1)[3/26 vy Py+1[ef0 L7s)(y+1-Bs)ds 1{315)7+2}]‘
Now, let

(s + 1?3, if s <1/2,

K(S):{(t_s+1)2/3, if s >1/2;

then — fé L"(s)k(s)ds 1 k for some k € (0, o0). We know that on the event {B; <
v+ 2}, By — (y + 1) will stay well below the curve «(s) with exceedingly high
probability, so the 13y+1 -expectation above should look like a constant times (y +
2)3173/2 . The following calculations verify this fact. We split the event that By —
(y + 1) goes above «(s) into four possibilities. Either there is a sharp increase
over a small time interval, or By — (y + 1) is large at some time of the form j/¢
for j € N; in the latter case, either (y + 1)t4/3 <j<t—0O+ 1)#*/3, which is
so unlikely that we can forget about insisting that B; <y + 2, or j is close to 0
or 12, and we may apply the Markov property at time j/¢. Indeed, letting B =

(Bs —y = D/k(s),

A tyn _
Pyyy[el I OOTI=Bdsy o o]

<e“Pyi1(Bi<y+2)

o0
+ Ze(kH)"PyH( sup Bs €[k, k+1),Br <y +2)
Pt sel0,1]
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<e(y+2)% 72

% 1]
A o N k
+ ) ke s Py+1< sup By = (Bjji v Bijyny) + 7
: selj/t,(j+1D/1]

B <y+ 2)
00 [+Dr*3 .
+ > ekt Nt P (B = k/2, B, <y +2)
k=1 Jj=1
. [12—(y+1)1*/3] B
+ Y ekthe 3 Py 1(Bjj > k/2)
k=1 J=TOo+DA3+1
[ee) |—l‘2-|_1 ~
£ ekt 3 Pyy1(Bj/i = k/2, By <y +2).
k=1 J=2=(y+D4/31+1

The first double sum is bounded above by

o0 % y+2 ) ) i
Yot Syt sup  Boz By v Bieny) +k/2)
k=1 im0 YT selj/1G+D/1]

[

o0
<3 e® 3 org( sup B, >k/2)<c2t22e(k+l)" K8,
k= J =0 AG[O l/l‘] k=1

Writing out the Bessel density and applying the Markov property and then Lem-
ma 3, and using that z + y + 1 < z(y + 2) for all z > 1, the second double sum is
bounded above by

[o+D*31 | o ze—Gy=DX/2)

(k+1)x
e ———F—————P;(Bi—j; < y+2)dz
kz::l 12::1 KGRz (5 + D2y o

1) 2 s
< i e X)f Wf ze Ay (y+2)°
Bt kG2 2Tl (= /03

[+De¥3]

v +2)°} (k+1)x 172, ,—22/2
E z 1)/ “ze dz
C3— =, t3/2 = k(j/t)l/(’/Q(J/ )

3
- 0+2° ZOO ZOO . 2/3 kD —k2j 13 80113
k=1 j=1
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Writing out the Bessel density and again using that z + y 4+ 1 < z(y + 2) for all
z > 1, we see that the third double sum is bounded above by

[12—(y+ 143

- 12/2j
ie(kH)K 3 o ze=(@my=0%/ "
k=1 J=[( 37417 KR U/D/ 24y 4] (v + D27j/t
00 2—(+De*31 o i
=y e Y (/) Pze 2 dz

j 1/2 /9172
k=1 J=[(+Dt4/371+1 ki (j/Ott/=/2]

e}
< Z C4kt2/3e(k+l)l<—k2(y+l)1/3t1/9/8‘
Finally, the fourth double sum is essentially the time reversal of the second double

sum: applying Lemma 3 and the Markov property, and then writing out the Bessel
density, we see that the fourth double sum is bounded above by

o0 l,Z'l 1 VZ
(k+1)k /
‘ (Bt (<y+2)dz
Z j=I?— (y+1)z4/31 v /122 (D32 il
00
<3 elktDx
k=1
ft22'|:1 /oo /~y+2 yzwe —(w—2)2 /2(t— j/t)
X
y

Hi—j/+12Bk/2 o (/0322 (t — j[1)

J=I2=(+De/3]

[121—1

o0 2
(k+ 1)k y+2)
=< Z e Z CSW
k=1 J=[2—(y+Dr*/3
. / > L =120 g,
Y14+ —j/t+1)2B3k2 T — J [t

21-1

& 3

(y+2) o . 2

S Ze(k-‘rl)l( Z C6 3/2 / ' e (f _ J/t)l/zze Z /2dZ
k=1 j=|'l2—(y+1)t4/3] ! (t—j/t) / k/2

[2—1
(y+27 & . o
Cl—=7 — l3/2 Z Z k(t_J/t)2/3e(k+1)K k“(t—j/t) /8.
k=1 j=12—(y+1)14/3]

For t > 1 each of these terms is smaller than a constant times (y + 2)3t73/2, as
required. [
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PROPOSITION 11. There exists a constant Cs such that

PEu e N(1): Xu(t) > V2t — == logt +y) < Cs(y +2)%e V2,

f
whenevert > 1 and y € [0, 4/1].
PROOF. We need to check that with high probability no particles ever go above
Bs + L(s) + y for s € [0, ¢]. To this end define
v =inf{s € [0, 7]:3u € N(s) with X, (s) > Bs + L(s) + y}.
We claim that
E[l|t <t] > ¢y

for some constant ¢; > 0 not depending on ¢ or y; essentially if a particle has
already reached Bs + L(s) + y, then it has done the hard work, and the usual

cost e=V2Y of reaching Bt disappears. Choose s < ¢. On the event T = s, let v be
the particle at position 8s 4+ L(s) 4+ y at time s and define N, (r) to be the set of
descendants of particle v at time r, for » > s. Then on the event T = s

F2#{uENU(I):XM(r)—Xu(s)§,Bs(r—s)-|—1Vre[s,t],
Bs(t —s) — 1 < Xy (2) — Xu(s) < Bs (¢ —S)},

where B, = (8 — L(Y)ﬂ) A0. It is easy to check that By < /2 — 3 logt(tss) Thus
E[T|t =s] > E[H(1,t —s)], and by Lemma 8, if s < — 1, then

E[lt =s]>cs.

If s >t — 1, then E[I'|t = 5] is at least the probability that a single Brownian mo-
tion B,,r > 0, remains within [—1, 1] for all » € [0, 1], and satisfies B; € [—1, 0].
This establishes our claim, so

E[|t <7]>¢; and E[[] < Ca(y +2)e V2

But then

E[l'P(r <1) Bl _G —V2y
PO = By ETp<d -l TP

Applying Markov’s inequality, we have
P(3u € N(t): X, (1) > V2t — splogt +y) <P = 1) +P(r <1)

<3y + ke v

as required. [J
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PROOF OF THEOREM 1. We have shown that for t > 1 and y € [0, +/7], for
some constants C3, C5 € (0, 00),

3) Cze V2 <P(M, > V21 — S5 logt +y) < C5(y +2) e V2,

Thus there exists § > 0 such that if we define m(¢) := sup{x € R:P(M; < x) <
1 — 6}, then

m(t) =2t — 10gt+0(1)

Fix ¢ > 0. Choose L such that E[(1 — 8)_‘N(L)|] < ¢/2, and then a such that
P(M; < —a) < ¢&/2 where M, = minycn () X, () is the minimum at time . For a
particleu € N(L) andt > L, we let Mt(“) = MaXyeN(r): u<v Xv(t) be the maximum
position among descendants of u at time ¢. Then for ¢ > L,

P(M; <mi(t — L) —a)

<P(M; < )+1P>(M > _q, Mg}l\;;l();)M()<m(t L)—a)

<P(M] < —a)+E[P(M,_1 <m(t— L))"
<e/2+¢e/2=c¢.
Thus M; — m(¢) is tight, and we deduce that also

m(t) =2t — 10gt+0(1) 0

REMARK. It may be helpful to note that Bessel processes are not a necessary
ingredient in our proof. One may instead replace every appearance of a Bessel
change of measure with a calculation of the probability for a Brownian motion
to stay positive, using the reflection principle. Indeed the Bessel density can be
derived directly in this way, giving an indication that the two approaches are in-
terchangeable. Using the Bessel change of measure, however, conforms with a
method that works with a variety of similar problems. The general principle is that
if one wishes to calculate the number of particles in a certain set, then one finds the
martingale that forces one particle (the spine) to stay within that set, and studies
the corresponding measure change.

5. Proof of Theorem 2. For Theorem 2 we proceed via a series of four results,
each proving one of the upper or lower bounds in one of the statements (1) or (2).

LEMMA 12. The upper bound in (1) holds

M, — /2t 3

htrg g%f Tog? <- W almost surely.
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PROOF. To rephrase the statement of the lemma, we show that for any
e > 0, there are arbitrarily large times such that there are no particles above
\/it — (3/2\/5—8) logt. Choose R > 2/¢e,lett;y =1 and forn > 11lett, = eRin—1
Define

Ey = (3u € N(tn): Xu(ta) > V215 — (575 — £) log 1}
and
Fp={IN(t)| < €| Xu(tn)| < V21, Yu € N(1)}.
We know that F;, happens for all large n, so it suffices to show that
N k—1
]P(kon(Ek n Fk)> — Nli_r)noogl]P<Ek n Fk‘ JDH(EJ- n Fj)) 0  asn— .

For a particle u, let E}} be the event that some descendant of u at time f, has
position larger than V2, — (237 —¢)logt,. Also lets, =t, —t,—1 and

G, = {Elu e N(sy):

3 3 th —th—1
X, (s,) > V/2s — ——logs, + 10(" z >+slot}.

Then

k—1 k—1
]P’(Ek NF| (E;N F,-)) < ]P(Ek] N(E;N Fj))

j:n j:n

k—1
51@( U E! ﬂ(Eijj)>

ueN (tx—1) j=n

< X 1P(Gy)

Y
< Cs(log + 2)4t,f/R<1 - t—) 0,
k

where the last inequality used Proposition 11. Since we chose R > 2/¢, this is
much smaller than 1 when £ is large, as required. [

LEMMA 13. The upper bound in (2) holds

M, — /2t 1

lim su < — almost surely.
t— oop log t o 2«/5 Y
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PROOF. We show that for large ¢ and any ¢ > 0, there are no particles above
V2t — (1/24/2 — 2¢)logt. By Proposition 11,

P(3u € N(0): X (1) > V2t = (515 — ¢) log1) < Cs(logr +2)* 172,

Thus for any lattice times ¢, — oo, by Borel-Cantelli,

P(3u € N(ty): Xyu(ty) > V21, — (ﬁ — ¢)logt, for infinitely many n) = 0.

It is now a simple exercise using the exponential tightness of Brownian motion and
the fact that we may choose ¢, — ,_ arbitrarily small to ensure that no particle
goes above /21 — (zlﬁ — 2¢)logt for any time t. [

LEMMA 14. The lower bound in (1) holds:
M, — 2t 3
>

liminf - almost surely.

t—00 logt - 2ﬁ

PROOF. We show that for large ¢ and any ¢ > 0, there are always particles
above /21 — (237 + 3¢e)logt. Let

Ar={BueN@): X, (1) > 2t — ( V2¢)logt}

575 +2
and

B; ={|N(elogr)| > /2, X, (logt) > —v/2elogt Vv € N(glogt)}.
Define N (v; t) to be the set of descendants of particle v that are alive at time ¢. Let
l; =t — elogt. Then for all large ¢,

]P’(A,ﬂBt)fE[ [1 P(ﬂueN(v;t):

veN (elogt)
3
X, (1 >«/§t—(—+2«/§8>10 1| F )11 ]
u(t) 22 g ‘ logt | 1B
3
51@[ I1 P(,ﬂu:Xu(lt)>\f21,——loglt)]lgt}
veN (logt) 2\/5
<1 -cy”,

where C3 > 0 is the constant from Proposition 9. Thus by Borel-Cantelli, for
any lattice times f, — oo, P(A; N B; infinitely often) = 0. But for all large ¢,
IN (glogt)| > e€1080/2 = 1¢/2 and X, (elogt) > —~/2¢elogt for all v € N(log1),
so we deduce that P(A;, infinitely often) = 0. Then it is again a simple task using
the exponential tightness of Brownian motion to check that no particles move fur-
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ther than (3 — 2+/2)e log r between lattice times infinitely often (provided that we
choose 1, — t,,—1 small enough). [J

PROPOSITION 15. The lower bound in (2) holds:

, M, — /2t 1
lim sup > — almost surely.
t—>00 Ing 2«/5

PROOF. This is related to the proof of the lower bound in Theorem 1; the
basic idea is similar to that in the proof given by Hu and Shi [11]. We let g, =

V2 - ﬁk’%’ and
V()={veN@): Xy(r) < Br + 1Vr <t, fit — 1 < Xy(t) < By}

and define

2n
L= [ Livmzreydt.
n

We estimate the first two moments of I,. From our earlier lower bound on
P(H (y,t) # 0) (from the proof of Proposition 9, taking y = % logt) we get

2n on
E[1,] =/ P(V(t) # 2)dt > 01/ e~ W2oeD/IN2 gy ()

Now,

2 2n p2n
E[In]:E[/n _/’; ]l{V(s);é@}]l{V(z);éz}dsdt}

2n
:2/ /tIP’(V(s);é@,V(t);é@)dsdt.
But whenever s <t,
4 PV £, V@) #2) <E[|[VE||VO|] =E[|VEIE[|V®|IF]]

and letting N (u; t) be the set of descendants of particle u that are alive at time ¢,

E[[VOIF]= ) E[ > Lpevo fs]-

ueN(s) “veN(u;t)

Now for any s, > 0, let

Ai(s)={ueN(s): Xu(r) < Bir +1Vr <s}
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and
Bi(s)={ueN(s):fis —1 < Xu(s) < Bis}.

By the Markov property, and then applying the many-to-one lemma with f(r) =
B:(r —s)and a = B;s — x + 1, we have

E[ Z ]l{veV(t)}’]:si|
veN (u;t)

= Ljuea, (s))

XE[ Z :H-{Xu(r—s)+x<ﬂ,r+lVrft—s,ﬂtt—1§Xv(t—s)+x§[5,t}:|

veEN (t—s) x=X,(s)

(Brs —x + D1ygs—x—1<t_,<p1—x) }
Byt — x + 1 — &_)ePiki—s—B}(1=9)/2
s Bis—Xu(s)+1

ePH—BiXu(s)—Bi—BE(1—5)/2
< C3e—2stl/26(slogt)/(2t)

Bis — Xu(s) +1
X ]]'{MGAt(S)} d e—ﬁr;u(s) Q(ét € Bt(t)|$s :x)|x:Xu(s)’

= Jl{ueAz(s)}et_s@[ o
x=Xu(s

< Ljuea, )€’ QUL —x—1<8_y<prt—x}]lx=X,(5)

where for the last equality we used the fact that Bessel processes satisfy the
Markov property. Substituting back into (4) and applying the many-to-two lemma,
we get

P(V(s) # @, V(1) # )

SE[ Z ]l{ueV(s)}C3e_25t1/ze(s10gt)/(21)
u,vEN (s)

X Liyea, ) (Brs — Xo(s) + 1)ePrXo®
x Q(& € Bi(1)|& = x)|x:XU(s)]

17 _
:€3SQ|: { >S}1{g;egs(s)}03€ 2541/2 (s log1)/(21)

1)
x ¢ ()P 2Q(E) e Bt<r>|sﬁ)]

T .1
s Ky s

% é_Z(S)eﬁtzs/z(@(%‘tz € Bt(t)|€v2)j|
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< cat'?Q(g) € Bs(s), &} € B, (1))
(,Btr _ éjrl 4+ l)eT-ﬁ-ﬂtg}—ﬂsz/z
(Bis — &1 + DePrsl=Fis/2
< cat'?Q(g) € Bs(s), & € B, (1))
st 12e610e0/COQ(B,T — £L + l)eZT—(T10gt)/(2t)—/3z(ﬂzT—$}+1)

1/2
+cat!/ Q[ ﬂ{TSS}eS]l{SSIeBs(s),gtzeB,(t)}]

x ]l{TSs}IL{;}eBs(s),S,zeBz(l)}]'

We must now estimate the last line above. The Q(-) part of the first term is the
probability that a Bessel process is near the origin at time s, and then again at
time 7; so the first term is no bigger than a constant times ¢ !/2s=3/2(r —s 4+ 1)73/2,
Then using notation from Section 2, the expectation (O[] in the second term is

13[Ytlehf(rlogt)/(Zt)fﬂ,Yr' 1

{r=<s}

X ]l{(logs)/(Z«/E)—(slogt)/(2\/§t)+1§)’sl§(logs)/(2«/§)—(slogt)/(2\/§t)+2}]l{1§Y,2§2}]'

Thus by Lemma 5,
P(V(s) %@, V(1) £ D) <ce(t > +17 1t —s +1)*?)

and hence
2n pt
E[17] §2c6/ / (2417 — s+ 1)) dsdr < e,
n n
SO
P, > 0) > IP(I > [E[], ]/2) > E[I"]z > 0
n > = n — n = = > U.
aE[2] =

When 7 is large, at time 28 logn there are at least n® particles, all of which have
position at least —2+/28 logn. By the above, the probability that none of these has
a descendant that goes above +/2s — 21% logs — 2+/28logn for any s between

28logn 4 n and 26 logn + 2n is no larger than
(1—cp)".

The result follows by the Borel-Cantelli lemma since ) _, (1 — 08)”‘S <o0. O

PROOF OF THEOREM 2. The result is given by combining Lemmas 12, 13
and 14 and Proposition 15. [
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