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The extremal process
of two-speed branching Brownian motion*
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Abstract

We construct and describe the extremal process for variable speed branching Brown-
ian motion, studied recently by Fang and Zeitouni, for the case of piecewise constant
speeds; in fact for simplicity we concentrate on the case when the speed is o; for
s < bt and o2 when bt < s < t. In the case o1 > o2, the process is the concatenation
of two BBM extremal processes, as expected. In the case 01 < 02, a new family of
cluster point processes arises, that are similar, but distinctively different from the
BBM process. Our proofs follow the strategy of Arguin, Bovier, and Kistler.
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1 Introduction

A standard branching Brownian motion (BBM) is a continuous-time Markov branch-
ing process that is constructed as follows: start with a single particle which performs a
standard Brownian motion z(¢) with £(0) = 0 and continues for a standard exponentially
distributed holding time 7', independent of x. At time 7', the particle splits indepen-
dently of z and T into k offspring with probability py, where Y .o pr =1, > po; kpr = 2
and K = >, k(k — 1)py < co. These particles continue along independent Brownian
paths starting from x(7') and are subject to the same splitting rule. And so on.

Branching Brownian motion has received a lot of attention over the last decades,
with a strong focus on the properties of extremal particles. We mention the seminal
contributions of McKean [18], Bramson, Lalley and Sellke, and Chauvin and Rouault
[7, 6, 15, 8] on the connection to the Fisher-Kolmogorov-Petrovsky-Piscounov (F-KPP)
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Two speed branching Brownian motion

equation and on the distribution of the rescaled maximum. In recent years, their has
been a revival of interest in BBM with numerous contributions, including the construc-
tion of the full extremal process [3, 1]. For a review of these developments see, e.g.,
the recent survey by Guéré [13].

BBM can be seen as a Gaussian process with covariances depending on an ultramet-
ric distance, in this case the ultrametric associated to the genealogical structure of an
underlying Galton-Watson process. In that respect it is closely related to another class
of Gaussian processes, the Generalised Random Energy Models (GREM) introduced by
Derrida and Gardner [12]. While in BBM the covariance of the process is a linear func-
tion of the ultrametric distance, in the GREM one considers more general functions.
One of the reasons that makes BBM interesting in this context is the fact that the linear
function appears as a borderline where the correlation starts to modify the behaviour
of extremes [4, 5].

In the context of BBM, different covariances can be achieved by varying the speed
(i.e. diffusivity) of the Brownian motions as a function of time (see also [5]). This model
was introduced by Derrida and Spohn [9] and has recently been investigated by Fang
and Zeitouni [11, 10], see also [16, 17]. The entire family of models obtained as time
changes of BBM is a splendid test ground to further develop the theory of extremes
of correlated random variables. Understanding fully the possible extremal processes
that arise in this class should also provide us with candidate processes for even wider
classes of random structures.

1.1 Results

In [11], Fang and Zeitouni showed that in the case when the covariance is a piece-
wise linear function, the maximum of BBM is tight and behaves as expected from the
analogous GREM. In this paper we refine and extend their analysis: we obtain the pre-
cise law of the maximum, and we give the full characterisation of the extremal process.

For simplicity we consider the following variable speed BBM. Fix a time ¢. Then we
consider the BBM model where at time s, all particles move independently as Brownian
motions with variance

2
2 g7 0 S s < bt
= < 1. 1.1
a”(s) {0% t<s<t , 0<b< (1.1)
We normalise the total variance by assuming
2 2 _
oib+o5(1—b)=1. (1.2)

Note that in the case b = 1, 09 = oo is allowed.
We denote by n(s) the number of particles at time s and by {z;(s);1 < i < n(s)} the
positions of the particles at time s.

Remark 1.1. Strictly speaking, we are not talking about a single stochastic process,
but about a family {zy(s),k < n(s)}i??* of processes with finite time horizon, indexed

by that horizon, t.

In this case, Fang and Zeitouni [10] showed that

V2t — - logt + O(1), if oy < 09,
max z(t) = 2v3 %8 (1) 5 . ! 2 (1.3)
k<n(t) \/ﬁt(b()’l + (1 — b)Jz) — 2—\/5(01 + 02) logt + O(l), if 01 > o9.

The second case has a simple interpretation: the maximum is achieved by adding to
the maxima of BBM at time bt the maxima of their offspring at time (1 — b)¢ later. The
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Two speed branching Brownian motion

first case looks simpler even, but is far more interesting. The order of the maximum is
that of the REM, a fact to be expected by the corresponding results in the GREM (see
[12, 4]). But what is the law of the rescaled maximum and what is the corresponding
extremal process? The purpose of this paper is primarily to answer this question.

For standard BBM, Z(t), (i.e. o1 = 02), Bramson [7] and Lalley and Sellke [15] show
that

: = (F) <) = _ ,—CZe V2 .
}%Ioré]P (krggé) Zr(t) — m(t) < y) w(z) = Ee , (1.4)
where m(t) = /2t — logt Z is arandom variable, the limit of the so called derivative

martingale, and C 1s a constant
In [3] (see also [1] for a different proof) it was shown that the extremal process,

n(t)
lim & = g\g Z 537k(t)—7rn(t) = 57 (1.5)
k=1

tToo

exists in law, and £ is of the form
E=D 0, iat (1.6)
k,j

where 7 is the k-th atom of a mixture of Poisson point process with intensity mea-
sure CZ e‘ﬂydy, with C' and Z as before, and Agk) are the atoms of independent and
identically distributed point processes A(*), which are the limits in law of

Z 621 —max;<n(¢) (1) (1.7)

ji<n(t)

where Z(t) is BBM conditioned on max; <, &;(t) > v/2t.
The main result of the present paper is similar but different.

Theorem 1.2. Let x4(t) be branching Brownian motion with variable speed o2(s) as
given in (1.1). Assume that o, < 0. Then

1
3 ~ C'ye V2
lim P ( max x(t) — m(t) < y) =Ee™ , (1.8)
tToo k<n(t)
where m(t) = /2t — f logt, C' is a constant and Y is a random variable that is
the limit of a martingale (but different from Z!).

(ii) The point process

Y Sonw-mn = €, (1.9)
k<n(t)
ast T oo, in law, where
E=D 0, i (1.10)
k.j !

where 1y, is the k-th atom of a mixture of Poisson point process with intensity mea-
sure C’Ye_‘/ﬁydy, with C' and Y as in (i), and Agk) are the atoms of independent
and identically distributed point processes A*), which are the limits in law of

Z 0 (1) —max; <y 7 (1): (1.11)

ji<n(t)

where Z(t) is BBM of speed 1 conditioned on max;<, ) ;(t) > V20st.
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To complete the picture, we give the result for the limiting extremal process in the
case g1 > o0o. This result is much simpler and totally unsurprising.

Theorem 1.3. Let z4(t) be as in Theorem 1.1, but o5 < oy. Let £ = £ and ED i € N
be independent copies of the extremal process (1.6) of standard branching Brownian
motion. Let

m(t) = V2t(boy + (1 — b)oy) — i(01 + 02)logt — i(01 logb + o2 log(1 — b)), (1.12)

2v/2 2/2
and set
& = Z Oz (t)—m(t)- (1.13)
k<n(t)
Then
limé& =€, (1.14)
tToo
exists in law, and
g = 26016i+026(.i)’ (115)
'i7j J

(@)

where e;, e;  are the atoms of the point processes £ and £, respectively.

Remark 1.4. In the case 0; < 1, we see that the limiting process depends only on the
values of o0y (through the martingale Y ) and on o5 (through the processes of clusters
aoAF)). As oy grows, the clusters become spread out, and in the limit o5 = oo, the
cluster processes degenerate to the Dirac mass at zero. Hence, in that case the extremal
process is just a mixture of Poisson point processes. When o1 = 0, and b > 0, the
martingale limit is just an exponential random variable, the limit of the martingale
n(t)e~t. The case b = 1, o1 = 0 corresponds to the random REM, where there is just a
random number of iid random variables of variance one present.

Remark 1.5. We have decided to write this paper only for the case of two speeds. It
is fairly straightforward to extend our results to the general case of piecewise constant
speed with a fixed number of change points. The details will be presented in a separate
paper [14]. The general case of variable speed still offers more challenges, in spite of
recent progress [16, 17].

1.2 Outline of the proof

The proof of our result follows the strategy used in [3]. The main difference is that
we show that particles that will reach the level of the extremes at time ¢ must, at the
time of the speed change, b, lie in a \/#-neighbourhood of a value v/2(o5 — 1)t below the
straight line of slope /2. This is the done in Section 2. Then two pieces of information
are needed: in Section 3 we get precise bounds on the probabilities of BBM to reach
values at excessively large heights, and more generally we control the behaviour of so-
lutions of the F-KPP equations very much ahead of the travelling wave front. The final
results comes from combining this information with the precise distribution of particles
at the time of the speed change. This is done in Section 4 by proving the convergence
of a certain martingale, analogous, but distinct from the derivative martingale that
appears in normal BBM. The identification and the proof of L' convergence of this mar-
tingale is the key idea. Using this information in Sections 5 and 6, the convergence of
the maximums, respectively the Laplace functional of the extremal process are proven,
much along the lines on [3]. Section 7 provides various characterisations of the limit-
ing process, as in [3]. In particular, we describe the extremal process in terms of an
auxiliary process, constructed from a Poisson point process with a strange intensity to
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those atoms we add BBM’s with negative drift. Interestingly, the process of the cluster
extremes of this auxiliary process is again Poisson with random intensity driven by the
new martingale. The results stated above follow then from looking at the clusters from
their maximal points. In the final Section 8, we give the simple proof of Theorem 1.3

2 Localisation of paths

The key to understanding the behaviour of the two speed BBM is to control the
positions of particle at time bt which are in the top at time ¢. This is done using Gaussian
estimates.

Proposition 2.1. Let 0y < 09. For any d € R and any ¢ > 0, there exists a constant
A > 0 such that for all t large enough

P [ajgn(t) s.t. z;(t) > m(t) — d and z;(bt) — V202bt ¢ [—A\/i,A\/ﬂ] <e (2.1)
Proof. Using a first order Chebyshev inequality we bound (2.1) by

etE |:]1{gl\/lefﬁafbtg[fA\/f,A\/ﬂ}IP“D (0’2\/ (1 — b)twg > ’ﬁl(t) —d— 01\/&101)}

_ t V2t—o1Vbw o logt o d

= € E[l{wl—ﬁolx/ﬁﬁ[—A/’A/]}sz (w2 > oo 11—15 ' 2v202+/(1-b)t 02\/(1_b)t)}

= (R1)+ (R2), (2.2)
where w;,w, are independent A(0, 1)-distributed, A’ = ——A, P,,, denotes the law of

the variable ws. Introducing into the last line the identity in the form

I= ]l{\/ﬂ—olx/gw1<logt} + ]l{m—alx/gwlzlogt} (2.3)
we can write it as (R1) + (R2).
We first show lim;_,,(R1) = 0. Using the standard Gaussian tail estimate
> 2/2 1 2/2
/ e " /2dy <y e v / , (2.4)
(R1) is bounded from above by
e'P [\/ﬂ - alx/gwl < logt} < et(l_l/b"%’)“l/2 logt/bo? () ast — oo. (2.5)

For (R2) we can use again (2.4) to show that (R2) is smaller than
2
g e~ W /2
et(2m)~!
w201 VOIg[— A’ ,+A’] V2t o1Vb w
V2t—o1Vbw 2logt V1—bos o2vV1-b

2
X exp (_% (\/ﬂ_al\/E,u}_11/7()1g;tg,/;f\/§\/z)_d/\/z) ) dw.

(2.6)

We change variables w = v/201V/bt + z. Then the integral in (2.6) can be bounded from
above by

22
L/ e 203(-b) dz, (2.7)
V2131 = b) Jog-ar,an
where M is some positive constant. (2.7) can be made as small as desired by taking A
(and thus A’) sufficiently large. O
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Remark 2.2. The point here is that since o3 < o1, these particles are way below
maxy<n(bt) Tk (bt), which is near V/201bt. The offspring of these particles that want to be
top at time will have to race much faster (at speed \@03, rather than just V/205) than
normal. Fortunately, there are lots of particles to choose from. We will have to control
precisely how many.

We need a slightly finer control on the path of the extremal particle until the time
of speed change. To this end we define two sets on the space of paths, X : Ry — R,
The first controls that the position of the path is in a certain tube up to time s and the
second the position of the particle at time s.
Tor = {X|VozqzslX(@) = 21X (s) < (@A (s —q)) V1))
Goan = {X|X(s)—V207se€[-AsT,+A457]} (2.8)
Recall [7] that the ancestral path form 0 to z(s) can be written as x4 (q) = L2 (s)+3x(s),

where 3, is a Brownian bridge from 0 to 0 in time s, independent of x4 (s). We need the
following simple fact about Brownian bridges.

Lemma 2.3. Let 3(¢) be a Brownian bridge starting in zero and ending in zero at time
s. Then for all v > 1/2, the following is true. For all ¢ > 0 there exists r such that

lim P (5(a)| < (¢ A (s = 0) V1), Y0 < g <) > 1= 2.9)

Proposition 2.4. Leto; < 03. Foranyde R, A >0, v > % and any € > 0, there exists
constants B > 0 such that, for all t large enough,

P |:3j§n(t) : J,‘]‘(t) > Th(t) —dA T € gbt’Aé /\.T,‘j € gb\/szﬂ} <e. (2.10)
Proof. For B and t sufficiently large the probability in (2.10) is bounded from above by
P [ajgn(t) Laj(t) > m(t) —dAxj € Gy py Ay ¢ nt,r] (2.11)

Let w; and wy be independent A (0, 1)-distributed random variables and 3 a Brownian
bridge starting in zero and ending in zero at time b¢. Using a first moment method as
in the proof of Proposition 2.1 together with the independence of the Brownian bridge
from its endpoint, one sees that (2.11) is bounded from above by

B | L, it vastuelaviavi)Pus (02T = D)ty > () = d — oot )|

XP 5 & Torr] <, (2.12)
where the last bound follows from Lemma 2.3 (with € replaced by ¢/M) and the bound
(2.7) obtained in the proof of Proposition 2.1. O

Proposition 2.5. Let 0, < 0y. Foranyd € R,A,B > 0, v > % and any ¢ > 0, there

2
exists a constant r > 0 such that for all t large enough

Pl3j<ney 1 2i(t) >m(t) —d Ay € Gy a1 NGy i,

Nz (0VE+ ) = 25 (0VD) € Ty, | < € (2.13)
Proof. The proof of this proposition is essentially identical to the proof of Proposition
2.4. O
EJP 19 (2014), paper 18. ejp.ejpecp.org
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3 Asymptotic behaviour of BBM

Let Z(t) denote a standard BBM. We are interested in the asymptotic behavior of

P| max z;(t) >z + \@t} (3.1)
1<i<n(t)

for = at + bv/t, a € R4, b € R. Recall that P (maxj<,) Zx(t) > z) is the solution of the
F-KPP equation

Owu(t, ) = %8%11(75,3@) + (1 —u(t, x) Zpk 1 —u(t,z))~. (3.2)

with initial condition u(0,z) = 1,.¢. We are more generally interested in the behaviour
of solutions for such large values of x. The following proposition is an extension of
Lemma 4.5 in [3] for these values of x.

Proposition 3.1. Let u be a solution to the F-KPP equation with initial data satisfying
(1) 0 <wu(0,z) <1;
(i) for some h > 0, limsup,_, . 1 logft( +h) u(0, y)dy < —V72;

(iii) for some v > 0, M > 0, N > 0, it holds thatf u(0,y)dy > v forall z < —M;
(iv) moreover, [} u(0 y)ye2ydy < 0o0.
Then we have for x = at + o(t)

lim V2?2412t 2 + V/2t) = C(a), (3.3)

t—o0

where C(a) is a strictly positive constant. The convergence is uniform for a in compact
intervals.

Define for r > 0 the function ¥(r, ¢,z + v/2t) by

U(r,t, o+ V2t) = (3.4)

o ,2@,(#)
(ryy + V2r)e VIS 1 - e dy.

V2 /OO
2r(t —r) Jo
Lemma 3.2. Forx = at + o(t) we have, under the assumptions of Proposition 3.1,

lim eV2%e® /Qttl/zkll(r t,x+ \[t) (3.5)

t—o0

\/ﬂ/ —a’r/2 (7, y—l—fr) (V2+a)y ( 672ay) dyEC’(na).

The convergence is uniform for a in a compact set.

Proof. Using (3.4) we have

lim eV2%e x2/2tt1/2\11(7" t,x +V2t)

t—o0

t e _w—n)?
= lim 7\[ % /2t u(r, y—|—\[r) ‘[ye 2(t=7)

oo fom(t — ) o

+ logt
X [1 — exp (—Qy (W))] dy. (3.6)
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Next we show that we can use dominated convergence to take the limit ¢ — oo into the
integral. First, the integrand is bounded by

Be~ %" 2u(r,y + V2r)e(VEHat Dy, 3.7)
where B > 0. As was shown by Bramson [6] (and used in [3]), the solution of the F-KPP

equation can be bounded by the solution u(? (¢, z) of the linearised F-KPP equation

1
ou? = 5“&? —u® (3.8)

with the same initial condition (?)(0,z) = u(0,z). Moreover there exists y, such that
forany x > 0 ,
uP (t,z) < ete™® /2tevon/t (3.9

Thus we get that
/ Be_aQT/Qu(r7 y+ \/ir)e(‘/ﬂa“)ydy
0
< / B(r)e_azr/Qe_yz/QTe(a+1)ydy < 0. (3.10)
0

where B(r) is a constant that only depends on r. Hence we can apply dominated con-
vergence to (3.6) and obtain

+ log t
\/1 /OO u(r,y + \/ir)eﬂy lim fye e zﬁ 1- 672y< - > dy
27‘(‘ 0 ’ t—o00
_ / ~a*r/2y(p 4+ v/2r)e f+a)y( —e72%) dy, (3.11)
V2T
This proves the lemma. O

Proof of Proposition 3.1. Due to the assumptions (i),(ii), (iii) and (iv) we can use Propo-
sition 4.3 of [3] for ¢t > & and z > 8r — ﬁ logt and r large enough:
A YO (r b @+ V2t) < u(t,x + V2) < ()Tt + V20, (3.12)

where v(r) does not depend z and ¢ and lim,_, ., y(r) = 1. Since y(r) — 1 as r — oo this
implies

lim sup eﬂwem2/2tt1/2u(t, z 4+ V/2t) < liminf C(r, a) (3.13)
t—o00 r—oo
and
htrgmfe” w*/2041/20 (¢ 3+ \/2t) > limsup C(r, a) (3.14)
oo r—>00

Hence lim,_, ., C(r,a) = C(a) exists. Moreover,

lim eﬂwezz/%tlmu(t, T+ \/it) (3.15)

t—o0

exists and is equal to C(a). It is left to show that C'(a) # 0 for a > 0. If C(a) = 0 we
would have

lim eV2%e™ /20412y (t, 2z + v/2t) = 0, (3.16)
t—o0
but 2
lim eV e” P20t @ 4+ V/2t) > C(ry a)y(r) 71, (3.17)

t—o0

for r large enough, by (3.12). This contradicts (3.16). The same proposition implies

lim V22 220t 1 V/2t) < C(r, a)y(r). (3.18)
— 00

Hence C(a) # oo. Proposition 3.1 is proven. O
EJP 19 (2014), paper 18. ejp.ejpecp.org
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4 The McKean martingale

In this section we pick up the idea of [15] and consider a suitable convergent mar-
tingale for the time inhomogeneous BBM with o1 < 02. Let z;(s), 1 < i < n(s) be the
particles of a BBM where the Brownian motions have variance 0% with 0% < 1. Define

n(s)
Y, = ZG*S(HU?H\@IKS). 4.1)
i=1
This turns out to be a uniformly integrable martingale that converges almost surely to
a positive limit Y.

Remark 4.1. Note that in terms of statistical mechanics, Y; can be thought of as a
normalised partition function at inverse temperature alﬁ (for ordinary BBM). Here
the critical temperature is v/2, so that we are in the high-temperature case. In the case
of the GREM, where the underlying tree is deterministic, this quantity is known to even
converge to a constant [4].

Theorem 4.2. The limit lim,_,, Y; exists almost surely and in L', is finite and strictly
positive.

The assertion of this theorem follows immediately from the following proposition.
Proposition 4.3. Ifo; < 1, Y; is a uniformly integrable martingale with E[Y;] = 1

Remark 4.4. We would like to call this martingale McKean martingale, since McKean
[18] had originally conjectured that this martingale (with 01 = 1) was the martingale
in the representation of the extremal distribution of BBM, which, as Lalley and Sellke
showed is wrong as it is actually the derivative martingale that appears there. We find
it nice to see that in the time-inhomogeneous case with o1 < 1, KcKean turns out to be
right! We will see in the proof that the uniform integrability of this martingale breaks
down at oy = 1.

Remark 4.5. Note further that if oy = 0, then Y; = e 'n(t) which is well known to
converge to an exponential random variable.

Proof. Clearly,
E[Y;] = €°E [e—(1+0?)5+\/§r1(s)} - 1. (4.2)

Next we show that Y; is a martingale. Let 0 < r < s. Then

n(r) n;(s—r)

E[Y.|F,] ZIE Z e~ AoV (= tai(m) | 7 || (4.3)

where for 1 < i < r: {x;(s —71),1 <j<ny(s—r)} are the particles of independent
BBM'’s with variance o? at time s — r. (4.3) is equal to

n(r)
Z e e +V2i(r) _y, (4.4)
i=1
as desired.
It remains to show that Y is uniformly integrable. We will write abusively z(r) for
the ancestor of xj(s) at time r < s and write z; for the entire ancestral path of xj(s).
Define the truncated variable

n(s)
YA = Z 67(1“%)”‘@“(5)ﬂ{miegs,A,l/z,meTS,r}- (4.5)
=1
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First Y, — Y > 0, and a simple computation using the independence of z;(s) and
wy(r) — Zx(s) together with Lemma 2.3 shows that

A K * — o2)s so1x —z? x
E[YS —Y; ] < ¢ /_Ooe (1+01)s+v2s x]l{zf\/%o'lg[fA,A]}e @ /2\;1?74_6
_ —22/2 dz_
= e +e (4.6)
/Z>A Var

which can be made as small as desired by taking A and r to infinity. The key point is
that the the second moment of Y is uniformly bounded in s.

n(s) 2
: i(s _
E [(YSA)Q] E D (Z e_(1+0'1)3+\/§931,( )]l{miegs,A,l/2m7—s,r}> = (Tl) + (T2>7 (47)

=1
where
n(s) )
(Tl) = 262((1+01)5\/5:1772(5))]]_{.’I;,iEgS,A,1/2n7;,r}‘|
2 i(s)+x;(s
(T2) - Z 672(1+01)S+\/§(11( )+ ( ))l{xi,xjégs,A,l/zﬁTe,r}} (48)

i,j=1

i#]

We start by controlling (7'1).

.2
62\/250'1116 z /de

6(5—23(1-1-0'%) V2s01+A/0y
ry< = —— [

V2
e—(l—of)s Afor

= e~ 24y < e~(1=9Ds 0 as s — oo, (4.9)

V2r o Joaje

Now we control (72). By the sometimes so-called "many-to-two lemma" (see e.g.[6],
Lemma 10), and dropping the useless parts of the conditions on the Brownian bridges

V202 I (q,s V202s+A/5—x
(T2) < Ke® / / vt )</ AV 6*8(1+Uf)+\/§(w+y)

V2so1—Ajo1

202q—1I1(q,s) V203s—As—x
2 22
‘h j
Xe 207(-a) dy e 2471 dacdiqz , (4.10)
o1y/27(s—q) \2moiq

where K = Y7, ppk(k — 1) and I;(q,s) = Aq/v/s+ ((¢ A (s —q)) V). Moreover We
change variables x = z + ﬁo%q and obtain

I (g,s V202(s—q)+A/s5—2
Ke/ /+ 1(q )(/ i(s=a)+AVs e—s(1+oD)+V2(z+V207 g+y)

I (q,s) V207 (s—q)~Ays—2
T _vaote)?
we 202G dy e 207 _dzdg (4.11)
o1y/27(s—q) 2noiq

Now we change variables w = —

Y = V201,/5 — q. (4.11) is equal to

s— 2
s +11(gq,s) +Af;7z (z4+V20%q)?
K/ efq(1720'%)/ 6+2\/§z \/Crl 5T 67w2/2 dw 67 207q dzdq (4.12)
0 ~I1(q,9) = Ve vaneia

o1Vs—q
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Now the integral with respect to w is bounded by 1. Hence (4.12) is bounded from

above by
s +1I ,8)/o
K/ efq<1f2af>/ TN o g (4.13)
0 —Ii(q,s)/o1v/a ver

We split the integral over ¢ into the three parts R;, Rs, and R3 according to the integra-
tion from O to r, » to s — r, and s — r to r, respectively. Then

o= 3 (11(a.9)/01a—V201/3)°
V27 (V20143 — T1(g,8) /o1,/q

Ry < K/ e—a(1=207) )dq (4.14)

This is bounded by
s—r g2 . C 3 s
K e~ (1=o0)a+0(@) gy < = _p—cll=oi)r (4.15)
r N O—%
For R, the integral over z can only be bounded by one. This gives
Ry < K/ e27i-Dagq = Dy (1), (4.16)
0

R3 can be treated the same way as R, and we get

e~ (1=oD=+0() 0 as s — 00, (4.17)

Rz < K/ e~ (1=01)a+0() g0 < K
- o—r - 1- 0’%

Putting all three estimates together, we see that sup, E {(YSA)ﬂ < Do(r). From this it

follows that Y; is uniformly integrable. Namely,

E[Y;ly,>.] = B ly.]+E[(Y, - Y1y, (4.18)
E[Y M yas. o] + BV Ly = Lyaszp)| + B[V - Y1y,

For the first term we have

E[Y lyas. )] < %]E [(YSA)Q} < %DQ(r). (4.19)
For the second, we have
E [V (Lv,>: — Lyas.po)] < E[YA Ly yas.plyac.)s] (4.20)
< glP (Yo = YA) > 2/2] <E[Y. - YA

The last term in (4.18) is also bounded by E [V, — Y;*]. Choosing now A and r such that
E [V, — Y{*] < ¢/3, and then z so large that 2D,(r) < €/3, we obtain that E[Y,1y,~.] <,
for large enough z, uniformly in s. Thus Y is uniformly integrable, which we wanted to
show. O

Proof of Theorem 4.2. By Proposition 4.3 Y, is a positive uniformly integrable martin-

gale. By Doob’s martingale convergence theorem we have that limY; = Y exists almost
1

surely and is finite. Moreover Y is positive and Y Ly I particular, this implies

Y #0. O

We will also need to control the processes YA = Sl em(toD)stV2eil) o

1=

Lemma 4.6. The family of random variables 17;’47, s,A € Ry,1 >~ > 1/2 is uniformly
integrable and converges, as s T oo and A 1 co, to Y, both in probability and in L'.
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Proof. The proof of uniform integrability is a rerun of the proof of Proposition 4.3,
noting that the bounds on the truncated second moments are uniform in A. Moreover,
the same computation as in Eq. (4.6) shows that E|Y; — K’fkl < ¢, uniformly in s, for A
large enough. Therefore,
. . . A
}‘1%10 limsup E[Y — Y7 [ =0, (4.21)

sToo

which implies that Y, — Y;‘W converges to zero in probability. Since Y converges to Y
almost surely, we arrive at the second assertion of the lemma. O

5 Convergence of the maximum of two-speed BBM

Using the results established in the last three sections, we show now the conver-
gence of the law the of the maximum of two-speed BBM in the case 01 < 03.

Theorem 5.1. Let {z4(t),1 < k < n(t)} be the particles of a time inhomogeneous BBM
with o1 < o2 and the normalising assumption o?b + o3(1 — b) = 1. Then, with 7(t) as in
Theorem 1.1,

lim P { max xg(t) —m(t) < y} =E [exp (—agC(a)Yefﬁy)} . (5.1)

t—oo  |[1<k<n(t)

Y is the limit of the McKean martingale from the last section, and C(a) is the positive
constant given by

C(a) = lim / e /2P [ max Z(r) >z + \/57“} e(V2ta)z (1—e7%%%) dz, (5.2)
0

T—00 k<n(t)
where {7 (t), k < n(t)} are the particles of a standard BBM and a = v/2(c5 — 1).

Proof. Denote by {z;(bt),1 < i < n(bt)} the particles of a BBM with variance o; at
time bt and by F;; the o-algebra generated this BBM. Moreover, for 1 < i < n(bt), let
{z5((1-b)t),1 < j < ni((1—-b)t)} denote the particles of independent BBM with variance
o9 at time (1 — b)t.

Let us first observe that by the analog of Theorem 1.1. of [10] for two-speed BBM!
we know that the maximum of our process is not too small, namely that for any ¢ > 0,
there exists d < oo, such that

P t) —m(t) < —d| <e/2. 5.3
Lgr?§35<t>xk() m(t) < ] <e/ (5.3)
Therefore,
Pl-d< —m(t) < < P —mt) < )
ds 1§?§§(t)xk(t> m(t) < y] = L;ng(t) z(t) —m(t) < y} (5.4)
< Pl-d< t) —m(t) <
< Ploas e )00 <]
+  +e/2

1As pointed out in [11], the arguments used for branching random walks carry all over to BBM.
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On the other hand, by Proposition 2.1, we have that there exists A < oo, such that
P [Vicksno{—d < o(t) = m(t) <y} N {wn € Gy a 3] (5.5)

<P |-d< t) —m(t) <
<P |-d< o)) <3

=P [V1chano{~d < an(t) = m(t) <y} 0 {ox € Gypay} |

P [Bickani{—d < 24(t) = () < y} 0 {mk & Gy}

<P {nggn(t){—d Sap(t) —m(t) <ypni{z, € gbt,A,%}} +¢€/2
Combining (5.4) and (5.5), we have that

P [Vlﬁkﬁn(t){_d Sap(t) —m(t) <y} iz, € gbt,Aé}}
<P [Vickenip{—d < zi(t) — m(t) < y}] (5.6)
)

Thus we obtain

P ) —m(t) <
ngg;f(t)ﬂfk() () _y}

=P [ max max
1<i<n(bt) 1< <ni ((1-b)e)

— 7;. _ < -~ - )
Bl 1l P[lsjsﬁg?ﬁ—bm%((l b)t) < m(t) %(bf)erfbt]

1<i<n;(bt)

<E P “lpi(] — < oY (m(t) — 1.

< 11 [1<j<£2?()ib)t)02 z5((1=b)t) <oy (m(t) xz(tb)+y)|fth
1<i<n(bt)
miGQbmA%

+e. (5.7)

Of course the corresponding lower bound holds without the e.
Observe that the last probability in (5.7) is equal to

— _i, — —1 (= — .
1-P ngg%ﬁbm (1= b)t) > oy (m(t) — 2i(th) +y) | ]-}b] , (5.8)

where f;((l —b)t) are the particles of a standard BBM. Using Proposition 3.1 for (1 —b)¢
and u(t,z) = P (max z’(t) > z), and setting

Cy(z) = V2" /2041/2 (¢ o0 4 /2t), (5.9)
we can write the probabilities in the last line of (5.8) as
u (1= b)t, o5 (m(t) — 2;(bt) +y)) (5.10)
= Caiye (03 () — i(bt) + ) — £v/2(1 — 1)) )
,\/g(ww—wi(bmy7\@(14”) e*2<1ib>t (ﬁz(t)—xi(btny 7\5(171)”)2((1 B b)t)‘1/2

T2 T2

xXe

Now all the x;(bt) that appear are of the form xz;(bt) = v/207bt + O(v/1), so that

Clb): (agl(m(t) —ai(bt) +y) — V2(1 — b)t)) = Cupe(a(l = b)t+ O(VD),  (5.11)
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with (using (1.2))

_ 2
— (ﬁ ﬁglbﬁub)) = V2(0s — 1), (5.12)
1-0b g9
But then, by Proposition 3.1,
lim Caye (03 02(t) = 24(b1) + ) = V2(1 = D)) = C(a), (5.13)

with uniform convergence for all ¢ appearing in (5.7) and C(a) is the constant given by
(5.2). Thus we can rewrite the expectation in (5.7) as

-1, 1/~
Bl II P|_ e, o'a-00<o; <m<t>xi<tb>+y>|ftbﬂ
1<i<n(bt)
zi€Gpt,A,1/2
m(t)—xz,;(bt)+y
V2| ———=—/2(1-b)t
=F H {1—C(a)e < o2 ( ))

1<i<n(bt)
T;€Gpt,A,1/2

__ 1 ﬁ%(t)fwl(bt)+y7\/§ b 2
e 2(1—b)t( o2 (1 )t) ((1b)t)1/2(1+0(1))}]~ (5.14)
This is equal to
N 2 (5))?
_ v —1/2 <1*b)t*‘(m(t2)(ﬁb)w(§t))
El ]I 1—Cla)((1—b)t)" 2% P (140(1) . (5.15)
1<i<n(bt)

z,€Gpt,A,1/2

Using that x;(bt) — v/207th € [~ A+/t, AV/t] we have the uniform bounds
exp ((1 byt — W) < exp ((1 — 02)(1 - b)t +logt + A\/i) . (5.16)

Observe that the right-hand side of Eq. (5.16)— 0 as t 1 oo, since o% > 1. Hence (5.15)
is equal to

(M (t)+y—:(bt))*

[I oo (—C(a)((l ) R oL B (O o<1>>>]. (5.17)

1<i<n(bt)
i €Ght,A,1/2

E

Expanding the square in the exponent in the last line and keeping only the relevant
terms yields

(V2totb — J(;i(bt))2

2 2(1 — 202t — /2, (bt
V2y +to2 (1 — b) + 2020t — V2 (bt) + S0 byl

(5.18)
The terms up to the last one would nicely combine to produce the McKean martingale as
coefficient of C(a). However, the last terms are of order one and cannot be neglected.
To deal with them, we split the process at time byv/t. We write somewhat abusively
2i(bt) = 2;(bv/t) + =" (b(t — /1)), where we understand that z;(b/f) is the ancestor at
time b/t of the particle that at time ¢ is labeled i if we think backwards from time ¢,
while the labels of the particles at time b/t run only over the different ones, i.e. up to
n(by/t), if we think in the forward direction. No confusion should occur if this is kept in
mind.
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Using Proposition 2.4 and Proposition 2.5 we can further localise the path of the
particle. Recall the definition of G 4 o and 7, 5, we rewrite (5.17), up to a term of order
€, as

E

II E

1<i<n(bVt)
:megb\/g,Bﬁ

H exp <—C’(a)((1 —b)t)~Y/? (5.19)

1§1§n§i)(b(t—ﬂ)>
x (D)
uegbt,A% IEs) en(t—ﬁ),r

D —a; (0B —2) (b(t— 2

Using that 2; (bv/%) + 2{” (b(t — V) — V203tb € [~ AV, AV] and 1 = V2 — ;1= logt, we
can re-write the terms multiplying C(a) in (5.19) as
i 1
exp ( — (14 o2)bt + V2(x; (0VE) + 27 (b(t — V1)) — 5 log(1—b) - V2y

2 (b)) +2 D (b(t—/1)) =202 bt)?
_( ( ) 12((1£b)0-§t)) 1bt) +O(1/\/i)>

= Ewi, 7)) = B(a(0VE), 2" (b(t — V1)) = BE(z:(bv/2), :(bt) — 2:(bV2)).

(5.20)
Now (5.19) takes the form
El [ E exp{ - - C(a)E(mi,xgi))(l+o(1))}’]—'bﬂw. (5.21)
1<i<n(bvi) 1<i<n® (b(t—vA)
z,€G, 3. ~ Lo
e, ﬂ”egbt,A,%?w; )67;~,b(t—ﬂ>
Using the inequalities
1
1—x§e—f§1—m+§x2, x>0, (5.22)
for
z= > Cla)E(xzi, 2")(1 + o(1)) (5.23)
1<1<n D (b(t=vD)
xieght,A,%?Igl)eTr,b(t—ﬂ)
we are able to bound (5.21) from below and above. First,
_ o2 t T — 7 2
Elz2|F, 5] < e 2(14+07)bvi+2v22; (0V1) —2v2y {(Y},ﬁ_\/z)) ] (I4+0(1)), (5.24)
where Y4 is the truncated McKean martingale defined in (4.1). Note that its second

b(t—/'t)
moment is bounded by Dy(r) (see (4.19)). Second, computing the conditional expecta-

tion given F, ; yields, up to factors 1+ o(1),

Elx|F, ] = E[ 3 C(a)E(mi,mIm)‘fbﬂ} (5.25)

1<1<n () (b(t— VD)
" 0!
'Liegbt,A,% i €T (- v

Ki+AVt ) (z+2; (bV) —V2oTbt)? 5. o
< eb(oft—ﬁ)—ﬁy/ V2w (V) = T R aedie - v g,
B Ki—AVt \/QTI'O'fb(t—\/z)
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where K; = v/2tbo? — z;(b\/t). Performing the change of variables » = w + K this is
equal to

AVt w? w2

—(1+of)b\/i+\/§xi(b\/£)—élog(l—b>—\/§y/ T 20F00-VD T 20300 dw (] 4 (]
e _A\/e ! : \2ra?b(t— \/)( o(1))
2 1 /2 AV
— e—(1+01)b\/2+\/§3:7;(b\/f)—§log(l—b)—\/ﬁy< o5(1=b) ) e W /2t _dw_ (1+0( ))
1—02b/V/t AVE V2
— o2 x; — a5 1/2
_ o (eI (VD) ﬁy(mfi/%) (1—e)(1+0(1)), (5.26)

where o(1) < O(t?~!). Using Lemma 2.3 together with the independence of the Brown-
ian bridge from its endpoint, we obtain that the right hand side of (5.26) multiplied by
an additional factor (1 — ¢) is also a lower bound. Comparing this to (5.27), one sees
that )
L[I [Foyil < Dz(?")e_(H”?)b\/z*‘/ﬁ“(bﬂ) < Qe (1=oDpVE+0(E77?) (5.27)
Efz|F, 4 - ’
which tends to zero uniformly as ¢ T co. Thus the second moment term is negligible.
Hence we only have to control

i (1402 bV Ze s (b/E) —/E o2 \V/?
El ]I (1_0() (1+02)bv/T+V/3a; (bv/D) — y(m) )
L 1<i<n(bV1)
ajiegb\/?,Bw
[ 1/2
= E eXp(— Z C(a)e —(1+07)bvE+v22: (bVE) =2y (#%/\/E) >(1+0(1))]
L 1<i<n(bVE) '
€9, T, By
_ .2 12 s5oop
= E|exp <—C’(a) (1 Uli/\/> be\/ )(1+0(1)) (5.28)
where
n(bv/1) )
yb\[,7 Z e_(1+01)b\/z+\/§w(b\/z)]lz,;(b\/f)—\/iafb\/fe[—Bt“f/2,Bt7/2]' (5.29)

i=1

Now from Lemma 4.6, Y2 converges in probability and in L' to the random variable

bVt,y
Y, when we let first ¢+ and then B tend to infinity. Since Y2, > 0 and C(a) > 0, it

bVt
follows

. . . 0'2 1/2 _
élglo hffrTl;oanE {exp (—C(a) (T@/\/{) Yb]\gfﬁ,e ﬂy)}

= lim limsupE[GXp( 02C(a)Y, %5 e_ﬂy)}

T oo
= E [exp <_JQC(Q)Y€_\/§y):| . (5.30)

Finally, letting r tend to 400, all the e-errors (that are still present implicitly, vanish.
This concludes the proof of Theorem 5.1. O

6 Existence of the limiting process

The following existence theorem is the basic step in the proof of Theorem 1.1.

Theorem 6.1. Let 01 < o03. Then, the point processes & = Zk<n(t) Oup.(t)—m(t) con-
verges in law to a non-trivial point process £.
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Proof. It suffices to show that, for ¢ € C.(R) positive, the Laplace functional

()= o (- [ oweian)]. 6.1

of the processes &; converges. First observe that this limit cannot be zero, since the
maximum of the time inhomogeneous BBM converges by Theorem 5.1. As for standard
BBM (see e.g. [3]), it follows

lim lim P [&(B) > N] =0, for any bounded B C R, (6.2)

N—o0 t—00

which implies the locally finiteness of the limiting point process. As in [3] we decompose
Uy(0) = V(o) + ¥7°(9), (6.3)

where

U%(¢) = E {GXP (—/gb(y)é‘t(dy)) ]lmaxé}gé:|

U0 (¢)

E [exp (— / ¢<y)a<dy>) umaxgpé} | (6.4)

Here we write shorthand max &; < ¢ for maxjy<,, (2 (t) —m(t) < 6. By Theorem 5.1 we
have
lim sup lim sup ¥;% (¢) < lim sup lim sup P[max & > 6] = 0. (6.5)

d—00 t—o00 d—00 t—o0

Hence it remains to analyse the behaviour of \Iff5(¢). We claim that

lim lim ¥ 0(¢) = W(¢) (6.6)

d—o0 t—r0o0

exists and is strictly smaller than 1. To see this set

P(2) = Pp(022) (6.7)
and .
95(2) = e, <5y (6.8)
Moreover, define
us(t,2) =1-B | J[ 9z—z;1)]. (6.9)
j<n(t)

where {Z;(t),1 < j < n(t)} are the particles of a standard BBM with variance 1.
We observe that by [18] us(t,z) solves the F-KPP equation (3.2) with initial condition
us(0,z) = 1 — gs(x). Next we verify Assumptions (i)-(iv) of Proposition 3.1. (i) is clear.
Moreover, gs(x) = 1 for x large enough in the positive , and gs(z) = 0 for —z large
enough, so that Conditions (ii)-(iv) of Proposition 3.1 are satisfied. Now

Ve = Bl ] B IT  9s(tm() = zi(bt) —25((1 = b)t)) fon)| Fu

Li<n(bt) @i <ni((1-b)1)

= Bl [T Bl II  9s(0n(t) — wiet)/or = 25((1 = 0)0)| Fur | | .

Li<n(bt) &l <ni((1-b)1)

E6.10)
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where for each 1, f; are the particles of iid standard BBMs. By Proposition 3.1 and the
same calculations as in the proof Theorem 5.1 we have that this converges, as t — oo,
to

E [exp (—02C(a, ¢,0)Y)], (6.11)
where C(a, ¢,0) is the constant that appears in Lemma 3.2, with initial condition gs(z),
i.e.

1 e 2
d) = lim us(t, z + /2t e(V2ta)z—a®t/2(] _ o—2za dz, 6.12
Claron) = Jim —= [ ul ) ( ) (6.12)

where a = \/i(ag — 1) and u; is the solution to the F-KPP equation (3.2) with initial
condition u;(0,2) = 1 — e~ ®®1,,, <45y Thus the limit lim;_,o U (¢) = ¥<%(¢) exists.
The limit § T oo then exists by the same argument as in the proof of Theorem 3.1 of [3]:
the function

6 — U<O(g) (6.13)

is increasing and bounded, Moreover, the maximum is an atom of & and ¢ is nonnega-
tive, and so

U(¢) < E [exp (—¢(max &) Limax e, <5} ] (6.14)

The limit as ¢ — oo and § — oo of the right hand side of (6.14) exists by Theorem 5.1.
Hence

¥(9) = lim Wo(g) < 1, (6.15)
—00
by monotone convergence. This implies the existence of the limiting process. O

Proposition 6.2. Letv(t,z), vs(t,x) be solutions of the F-KPP equation with initial data
v(0,z) =1—e7*" and vs(0,2) = 1 — e~ ?(=® 1, s respectively. Set

(V2+a)z—a?t/2 e 2az
C(a, ¢,9) _tlir&\/g/ vs(t, 2+ V2t)e (1- ) dz (6.16)
Then lim;s_, o, C(a, ¢, d) exists and is given by
1 &0 2
= li — _ (V2+a)z—a®t/2
C(a, ¢) 615210 C(a,¢,9) = tli)rglo \/%/0 v(t,z +V2t)e dz. (6.17)
Moreover,
tl'gn U, (¢) = Elexp (—02C(a,)Y)]. (6.18)
Proof. First we note that
> (V2+a)z—a?t/2
C(a, ¢.6) = lim f i vs(t, 2 + V2t)e dz. (6.19)
To see this, note that for any K < oo,
lim 7/ vs(t, 2 4+ V20)eVEFDF 2, < iy L geott2 Bk _ o (6.20)
t—o00 \/27‘( t—o00 27‘(‘
Obviously,
1 o 2
< limi (V2+4a)z—a?t/2
C(a,¢,0) < htlgggf o) vs(t, z +V2t)e dz. (6.21)

Due to (6.20), for any K < oo,

1 oo
C(a, ¢,9) —limsup Nor: / vs(t, 2 + V2t)eVErDE—a’t/2 g,
T Jo

t—o00
K1 1 > V2 2t/2
> e ¢ hmsup—/ v(;(t,z—i—\/ﬁt)e( ta)z—a’t/2g, (6.22)
t—oo V21 Jo
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Since this holds for all K, and since the finiteness of the limsup in (6.22) follows from
the finiteness of C(a, ¢, ), we also have that

1 o0

C(a, ¢,8) > limsup —/ vs(t, 2 + V/2t)eVETz—a%t/2 g, (6.23)
t—oo 2 0

and Eq. (6.19) follows. It remains to control the limit as § 1 oo of the right-hand side

of (6.19). But an exact rerun of the proof of Lemma 4.10 in [3] using Lemma 6.4 below

instead of Lemma 4.8 of [3] yields that

lim lim [ vs(t, 2z + V20)eV2H 9= 2q, = lim F(5) = F (6.24)
dtoo ttoo Jg 6too

exists. By (6.11) and (6.24) we have

. <4 _ _ _ _ g2

tlggo U%(¢) = Elexp (—02C(a,9,0)Y)] = E {exp ( \/%F((S)Y>} . (6.25)

This converges for § — co to

02
E — FY )|. 6.26
oo () 629
Hence F' = 0 would imply

lim lim W,(¢) =1, (6.27)

d—o0 t—00

which contradicts (6.15) and Theorem 6.1. Hence F' > (0. Moreover, (6.26) implies
(6.18), which concludes the proof of Proposition 6.2. O

We recall the following estimate for the tail probabilities of standard BBM.

Lemma 6.3 ([2], Corollary 10). There exists ty < oo, such that for z > 1 and t > tg
2

3 z 3z logt
P | max Z,(t) — V2t + —_1lo tzz}g 2 ex (—\/iz——i—
2o Bi(t) 22 8 peesp 2t 9o t

for some constant p > 0.

) . (6.28)

Lemma 6.4. Let u be a solution of the F-KPP equation with initial data satisfying As-
sumptions (i)-(iv) of Proposition 3.1. Let

1 e 2
C(a) = lim —/ u(t, z + Vot e(V2Ha)z—a®t/2, (6.29)
(@)= tim —— [ )
Then for any z € R:
1 > 2
lim — ult,x + 2+ V2t e(V2Ha)z—a®t/2q, — (0(g)e(V2Ha)T, 6.30
M om /0 ( ) (a) (6.30)

Moreover, for any bounded continuous function h(z), that is zero for x small enough

0
1 2
1 7 _ —(vV24a)y—a?t/2
tlirrolo - E [h (y + max Z;(t) \/it)} \/ﬂe dy
= C’(a)/ h(2)(V2 + a)e” (V2H)2 gy, (6.31)
R

where {Z;(t),i < n(t)} are the particles of a standard BBM with variance 1. Here C(a)
is the constant from (6.29) for u satisfying the initial condition 1(,<o;.
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Proof. We have by a simple change of variables

1 > 2
— u(t, z + V2t e(V2ta)z—a®t/24, (6.32

= ) )

(V2+a)z oo
(& 2
= — u(t, x4+ z + V2t e(VZra)z—a’t/2g,
ol ( )
Moreover, lim;_, o, u(t, z + z + v/2t) = 0 implies
0

ult,z + 2 + V2t)eV2Ha)z—at/2q, — (6.33)

1
lim —

t—00 4/ 27'( —x
which proves (6.30). Moreover, (6.30) with initial condition 1(,<q; implies that (6.31)
holds for h(z) = 1), b € R. For general h (6.31) follows in the same way as Lemma
4.11 in [3] by linearity and a monotone class argument. O

7 The auxiliary process

We define the following auxiliary process that has the same limiting behaviour as
that of the two-speed BBM. We will denote the law of these processes by P and expec-
tations by F. If desired, all ingredients of the auxiliary process can be thought of to
be defined on a new probability space. Let (1;;i € IN) be the atoms of a Poisson point
process 7 on (—oo,0) with intensity measure

2 (Vaa)zemett/2g, (7.1)
For each i € IN consider independent standard BBMs #*. The auxiliary point process
of interest is the superposition of the i.i.d BBMs with drift shifted by 7; + ﬁ logY,
where a is the constant defined in (5.12):

I, = ;6(7“

Remark 7.1. The form of the auxiliary process is similar to the case of standard BBM,
but with a different intensity of the Poisson process. In particular, the intensity decays
exponentially with t. This is a consequence of the fact that particles at the time of the
speed change were forced to be O(t) below the line \/2t, in contrast to the O(+/t) in the
case of ordinary BBM. The reduction of the intensity of the process with t forces the
particles to be selected at these locations.

+ﬁlogY+f}‘c(t)—ﬁt)o'2' (7.2)

Theorem 7.2. Let &; be the extremal process of the two-speed BBM. Then
lim & "2 lim TI,. (7.3)
t—o00

t—o0

Proof. Using the notation ¢(z) = ¢(022) and by the form of the Laplace functional of a
Poisson point process we have

E [exp (_ / ¢(:c)Ht(dx))]

eXp(—GQ/_OOO{l—E exp —k ¢(Z+xk(t>_\/§t+\ggfa> }

<n(t)

E

xe(‘/ng“)zeazt/de)

i 1
= F [exp <\(/T2277r/ U <t, 2+ V2 — Jita log Y> e(\/ﬂa)ze“ztmdz)} , (7.4)
0
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with

u(t,r) =1—F |exp | — Z A~z +z(t) | |- (7.5)

k<n(t)

By Lemma 6.4 we have

1 > 1 ,
lim — ult,z+ \/§1§ — lo Y) e(\/§+a)ze—a /2,
t—=00 \/2 /0 ( V2+a &
1 e 2
= im —— (V24a)z ,—a’t/2
== m/o ulty 2 + VIRV EOTem s, (7.6)

which exists and is strictly positive by Proposition 6.2. This implies that the Laplace
functionals of lim;_, . II; and of the extremal process of the two-speed BBM are equal.
O

The following proposition shows that in spite of the different Poisson ingredients,
when we look at the process of the extremes of each of the z¢(t), we end up with a
Poisson point process just like in the standard BBM case.

Proposition 7.3. Define the point process

ert
Ht - Z 5(7],4»#_*_0 log Y +maxy<n, (1) i}'c(t)fx/it) s’ (7.7
Then
: ext law —
Jim T2 Py = > 6, (7.8)

ieN
where Py is the Poisson point process on R with intensity measure o5C (a)Y\/ie_\/E””da:.
Proof. We consider the Laplace functional of T1¢*. Let M()(t) = max :E,(f)(t) and as
before ¢(z) = ¢(022). We want to show

lim B | exp <— Z G + MO (t) — \/itﬂ
= exp (—0’20(@) /OO (1 — e_¢(z)) \/ie_ﬁzdl) . (7.9)

Since 7, is a Poisson point process and the M () are i.i.d. we have
E lexp <— Z (i + MD(t) — \625)]
0 by 2 dz
= exp (—02/ E [1 - e*¢<Z+M<f>*ﬂf)} e~ (V2+a)z—a ”2) . (7.10)

oo V2

where M (t) has the same distribution as one the variables M()(t). Now we apply
Lemma 6.4 with h(z) = 1 — e~?(*), Hence the result follows by using that ¢(z) = ¢(022)
and v/2 + a = V20, together with the change of variables = = o52. O

The following proposition states that the Poisson points of the auxiliary process con-
tribute to the limiting process come from a neighbourhood of —at.

Proposition 7.4. Let z € R,e > 0. Let n; be the atoms of a Poisson point process with
2
intensity measure Ce~(V2+®)2=a"t/24y on (—oc0,0]. Then there exists B < oo such that

sup P (Eli,k M T (t) — V2t > z,m; & [—at — BV, —at + B\/ﬂ) <e. (7.11)
t>to
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Proof. By a first order Chebychev inequality we have

P (Eli,k 4+ 20 (8) — V2> 2 > —at + B\/%)
0

C P (maxi’k(t) > V2 —x+ z) e~ (VZta)z—a’t/2 g,
—at+BVt

IN

at—B+t .
C/ P (mangk(t) > V2 +x+ z) e(V2Ha)zo—a®t/2 g, (7.12)
0

by the change of variables x — —z. Using the asymptotics of Lemma 6.3 we can bound
(7.12) from above by

at—B+\t . .
pC’ / t*1/267\/§(x+z)67(r+z)z/2te(\/§+a)xefa2t/2dl,
0

B
< pC e 2dz(1 4 o(1)), (7.13)
—av't

by changing variables 2 — x/v/t — ay/t. This is a Gaussian integral and can be made as
small as we want by choosing B large enough. Similarly one bounds

P (Hi, ko4 xh(t) — V2t > 2z, < —at — B\/E) < Op/ e 2dz(140(1)).  (7.14)
B

This concludes the proof. O
The next proposition describes the law of the clusters :E,(f). This is analogous to
Theorem 3.4 in [3].

Proposition 7.5. Let x = at + o(t) and {Zx(¢),k < n(t)} be a standard BBM under the
conditional law P (-|{max & (t) — v/2t — 2 > 0}). Then the point process

Z 5ik(t)—\/§t—w (715)
k<n(t)

converges in law under P (-|{max #;(t) — V2t — x > 0}) ast — oo to a well defined point
process £. The limit does not depend on = — at and the maximum of € shifted by = has
the law of an exponential random variable with parameter /2 + a.

Proof. Set & = Y, 0z, (1)_var and max & = maxZ(t) — v/2t. First we show that for
X>0 - B
tlim P (maxé't > X + x| max & > x) — e~ (VZHa)X (7.16)
—00
P[maxgt>X+z]

— and use the uniform
P [max Er >x]

To see this we rewrite the conditional probability as

bounds of Proposition 4.3 in [3]. Observing that

lim \I/(ﬁ t, X+z+ \/Qt) _ 67(\/§+a)X

, (7.17)
t=oo  W(r t, x4+ /2t)

where U is defined in Equation (3.4), we get (7.16) by first taking ¢ — oo and then
r — oo. The general claim of Proposition 7.5 follows in exactly the same way from

(7.16) as Theorem 3.4. in [3]. O
Define the gap process
D, = Z(Si’k(t)fmaxj- 5 (t) (7.18)
k
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Denote by &; the atoms of the limiting process &, i.e. £ = Zj d¢, and define

DEZ&AJ,, Aj =& — maxg;. (7.19)
J

D is a point process on (—o00.0] with an atom at 0.

Corollary 7.6. Let x = —at + o(t). In the limit t — oo the random variables D; and
x 4+ max &; are conditionally independent on the event {x + max&; > b} for any b € R.
More precisely, for any bounded function f,h and ¢ € C.(R),

lim B {f (/ ¢(z)Dt(dz)> he + maxE)|z + max€ > b

. {f </ qb(z)D(dz))} L~ h(z)(f(tg:);(ﬁﬂ)zdz. (7.20)

Proof. The proof is essentially identical to the proof of Corollary 4.12 in [3]. Let us
outline, for the benefit of the readers, the structure of the proof. First, by Proposition
7.5 the pair (&, max&; — z), converge under the law conditioned on max&; —x > 0 to
(€,e), where e is an exponential random variable with parameter V2 4+ a and € is inde-
pendent of the precise value of the conditioning. A general continuity lemma, stated
and proven as Lemma 4.13 in [3], shows that this implies the convergence of the pro-
cesses (D¢, max&; — z) to a pair (D,e) where D; is given in (7.18) is related to & by
a random shift of its atoms. The fact that D and e are independent follows from an
explicit computation, just as in the proof of Corollary 4.12 in [3]. We do not repeat the
details. O

Finally we come to the description of the extremal process as seen from the Poisson
process of cluster extremes, which is the formulation of Theorem 1.1.

Theorem 7.7. Let Py be as in (7.8) and let {D(i),i € IN} be a family of independent
copies of the gap-process (7.19) with atoms A]@. Then the point process £; converges
in law as t — oo to a Poisson cluster point process £ given by

'3

p1+02A_§i)' (7.21)

4,3

Proof. Also this proof is now very close to that of Theorem 2.1 in [3]. First note that the
Laplace functional of the process £ is given by

E [exp <— / (b(x)é'(dx)ﬂ (7.22)
—E {exp (—UQC(a)Y /R E[1— e/ orta D] \/ﬁe_ﬁydyﬂ .

Thus, by Theorem 7.2, we have to show that the Laplace functional of the processes II;
converge to this expression. In the proof of that theorem, we have seen that

tliTmE [exp (—/qﬁ(x)ﬂt(dx))} (7.23)
0 B B e—(\/§+a)z—a2t/2
=F |exp [ —02Y lim E|l—exp|— z+ x)&(dx ——dz || .
(o [ ()] =
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We rewrite

/0 E [1 —exp (—/fb(z + l‘)gt(daj))] \/%e—(\/i-Fa)z—azt/QdZ

0
= [ E [f (/ {Tz+maxst¢(x)}Dt(dﬂc))] %e*W*a)Z*azt/?dz, (7.24)

2w

where f(z) = 1 —e™ %, T,¢(z) = ¢(z + x), f(0) = 0. Using the localisation estimate of
Proposition 7.4 we have that (7.24) is equal to

—at+BVt _ 1 (V2+a)z—a?t/2
0.(B > T _ D.(d e a)zattizd 7.25
B+ [ ([ T dle)} Dilan) )| e B

where limp ;o0 SUP;>4, O2:(B) = 0. Let mg be the minimum of the support of 6. we
observe that

f < / {T.smaxe, o) } Dt(dx)) =0, (7.26)
when z +max & < mgj. Moreover, P [z + max& = mg| = 0. Hence
Ef (/ {T,  axe, d(2)} Dt(dw))] (7.27)
= F f (/ {Tz+max5t($(m)}Dt(d$)) IL{ermax(‘,'t>m¢}:|

= F —f (/ {Tz+maxgta§(x)} Dt(dac)) |z + max & > m¢] P [Z-!-Inaxgt > mqg] .

Now by Corollary 7.6, for z in the range of integration in (7.25), on the event we are
conditioning on in (7.27), the random variables D; and max&; + z — mg converge to
independent random variables (D,¢), where e is exponential with parameter /2 + a.
Hence

lim E [f ( / {T.tmaxz, 9(2) } Dt<dx>) |2 + max &, > mqs]

t1Too

_ /OOO(\@+ a)e-(VE+au [f (/ B(u+my +x)D(dx)>} du  (7.28)
_ m°°(¢§+ a)e~(VEra)u-m;) | [ f ( / Bu+ x)D(d@ﬂ .

Note that this expression is independent of z. Thus it remains to compute the integral of
P [z +max & > mg]. But this converges to e~ (V2+a)m; by (6.30) in Lemma 6.4, together
with the localisation estimates of Proposition 7.4 (which this time allows to re-extend
the range of integration). Putting this together with (7.28) and changing variables
x = o9z shows that the right-hand side of (7.23) is indeed equal to the right-hand side
of (7.22). This proves the theorem. O

8 The case 0; > 0,

In this section we proof Theorem 1.3. The existence of the process £ from (1.15) will
be a byproduct of the proof.

The following result is contained in the calculation of the maximal displacement in
[10].
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Lemma 8.1. ([10]) Foralle > 0,d € R there exists a constant D large enough such that
fort sufficiently large
P[3k < n(t) : zx(t) > m(t) + d and z,(bt) < mq(bt) — D] < e. (8.1)

Proof of Theorem 1.3. First we establish the existence of a limiting process. Note that

m(t) = my(bt) + ma((1 — b)t), where m;(s) = /20,5 — 2\[01 log s. Recall
#(2) = p(022) (8.2)
and )
gs5(2) = e_qb(_z)]l{,zgg}. (8.3)

Using that the maximal displacement is m(t) in this case we can proceed as in the proof
of Theorem 6.1 up to (6.9) and only have to control

o) =k | [T Bl I gs((m(t) = zi(bt)) /oo — Z5((1 = 1)) | Fin | |, (8:4)

i<n(th)  [j<ni(1-b)D)

where 7’ ((1 — b)t) are the particles of a standard BBM at time (1 — b)t and x;(t) are the
part1c1es of a BBM with variance o; at time bt. Using Lemma 8.1 and Theorem 1.2 of
[10] as in the proof of Theorem 5.1 above, we obtain that (8.4), for ¢ sufficiently large,
equals

E [T el I os(@0ml) g —b)e)|Fu|| +06). @5
i<n(bt) §<n;((1-b)t)
x;(bt)>mq (bt)—D

The rest of the proof has an iterated structure. In a first step we show that conditioned
on Fy; for each i < n(bt) the points {x;(bt) + z%((1 — b)t) — m(t)|x;(bt) > ma(bt) — D}
converge to the corresponding points of the point process x;(bt) —m; (bt) + 02€®, where
EM are independent copies of the extremal process (1.6) of standard BBM. To this end
observe that

us((1=b)t,2) =1—F T 9s(z— i1 —bjp) (8.6)

7<n((1-b)t)

solves the F-KPP equation (3.2) with initial condition us(0,2) = 1 — e 21 4.
Moreover, the assumptions of Lemma 4.9 in [3] are satisfied. Hence (8.5) is equal to

~ _ M (bt)a—aci(bt)
e+ 11 (IE e~ C(9:0)Ze | Fe| O+ 0(1))> . (8.7)
Ii(bt)ggL(f&t)fD
Here C(¢,0) is from standard BBM, i.e.
C(4,6) —}%m[/ us(t,y + V2t yeV?dy, (8.8)

see Eq. 4.49 in [3]. Note furthermore that already in (8.7) the concatenated structure
of the limiting point process becomes visible. In a second step we establish that the
points x;(bt) — m;(t) that have a descendant in the lead at time ¢ converge to €.
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Define

1

ho o (y) = {E {exp ( C(o,0)Ze Z*y)} , ?f oy <D, (8.9)
1, if oy > D.

Then the expectation in (8.7) can be written as (we ignore the error term o(1) which is
easily controlled using that the probability that the number of terms in the product is
larger than N tends to zero as N 1 oo, uniformly in ¢)

E| J] hop(mi(bt)/or—z:()| (8.10)
i<n(bt)

where now Z is standard BBM. Defining

vsp(t,2)=1-B| [[ hsplz—z:(bt)| (8.11)

i<n(t)

vs,p is a solution of the F-KPP equation (3.2) with initial condition vs p(0, z) = 1—hs p(2).
But this initial condition satisfies the assumptions of Bramson’s Theorem A in [6] and
therefore,

v(;,D(t,m(t)er)%]E[ C(D.2,0(6.6)Ze= V> | (8.12)
where Z is an independent copy of Z and
c(D, Z,C(8,5) _}glo\f/ sty + V2t yeV2dy. (8.13)
By the same argumentation as in standard BBM setting (see [3]) one obtains that
&m%@ﬁgy@%m&-g%f/wuﬁfﬂfw,(M®

where v; is the solution of the F-KPP equation with initial condition v(0,2) = 1 — hs(2)
with
hs(z) =E [exp <fC(<;_5, 6)Ze_‘/§7§z)} : (8.15)

The next step is to take the limit § — co. Using Lemma 4.10 of [3] we have that C (57 0)
is monotone decreasing in ¢ and lims_, ., C(¢,d) = C(¢), exists and is strictly positive,

where
_hm\f/ u(t,y + V2t)yeVdy. (8.16)

tToo

Here u(t,z) is a solution to the F-KPP equation (3.2) with initial condition u(0,z) =
1 — e~?(=%)_ Using the same monotonicity arguments shows that also

Jim. C(Z,C(,68)) = C(Z,0(d)). (8.17)

Therefore, taking the limit first as D 1 oo and then § T oo in the left-hand side of (8.12),
we get that

1 . = <6 .
A Pt + o) = g WL+ ) (6.18)
= lim lim lim vsp(t,m(t)+2z)=E e~ C(Z.C@)Ze™™

§too Dfoo t—>00
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To see that the constants C'(Z, C(¢)) are strictly positive, one uses the Laplace function-
als U;(¢) are bounded from above by

1
B o (-0 (g 200+ s, 000 =) )] o
Here we used that the offspring of any of the particles at time bt has the same law. So
the sum of the two maxima in the expression above has the same distribution as the
largest descendent at time ¢ off the largest particle at time 6¢t. The limit of Eq. (8.19) as
t T oo exists and is strictly smaller than 1 by the convergence in law of the recentered
maximum of a standard BBM. But this implies the positivity of the constants C. Hence
a limiting point process exists. Finally, one may easily check that the right hand side
of (8.18) coincides with the Laplace functional of the point process defined in (1.15) by
basically repeating the computations above. O

Remark 8.2. Note that in particular, the structure of the variance profile is contained
in the constant C(D, Z,C(,6)) and that also the information on the structure of the
limiting point process is contained in this constant. In fact, we see that in all cases we
have considered in this paper, the Laplace functional of the limiting process has the
form

lim W (§(- + 2)) = Eexp (—C’(¢)Me‘*/§““') , (8.20)

where M is a martingale limit (eitherY of Z) and C' is a map from the space of positive
continuous functions with compact support to the real numbers. This function contains
all the information on the specific limiting process. This is compatible with the finding
in [16] in the case where the speed is a concave function of s/t. The universal form
(8.20) is thus misleading and without knowledge of the specific form of C(¢), (8.20)
contains almost no information.
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